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Additional Praise for

Practical

Process

Research

Development

This volume was clearly written by someone experienced with the transition from

being classical organic chemist to being process chemist and taking laboratory

chemical conversions into manufacturahie chemical processes Andersons use of tips
real-life examples and sumnsary tables makes this must reference on every process

chemists both the novices and the experienced practitioners desk This will be

required reading by all new chemists engineers and analysts in my department

S-SEAN Senior Director Chemical Sciences hear/c Research and Development

Neal Anderson has assembled an immense amount of practical information that is

absolutely essential to the design and execution of safe reliable and efficient large-

scale syntheses Critical facts once hidden in obscure sources or chemical folklore are

now organized for ready access Countless illustrative reactions and sequences from

the latest literature are discussed lucidly and impress upon the reader the scope and

sophistication of modern organic process chemistry This book is must for begin

ners and old hands alike

--RAYM Nu oNrci Assistant Technical Director C/urn ical Preparations Research

Icon Lahoratories

In writing this hook Anderson has done great service to the chemical community

especially those chemists who are starting industrial Rl positions after their academic

work He has done superb job of identidng the key elements of best practices in

process RD by providing large number of judiciously chosen examples to illus

trate these practices In addition plenty of useful data on key reagents and practical

suggestions on how to use these data in process chemistry can be found throughout

the hook Even though the book is primarily aimed at process chemists others in

academic laboratories as well as in pharmaceutical and agricultural discovery groups

will find it immensely valuable The new awareness that this hook brings might even

help to dispel some of our old inherently unsafe and environmentally questionable

habits To those of us who are im the teaching business this book will serve as an eye

opener by showing the disparityhetween what we teach and what we practice predict

that tIns book will also hecothe standard reference book used by synthetic chemists

everywhere

RAIA hAl IU Prok sor ot In flu ti I/u Ohio StaU tin rs
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Foreword by Barry Sharp less

Process chemists are breed apart While their backgrounds may vary they share

common preoccupation with understanding chemical reactivity The best ones

seem able to anticipate much of what can go wrong in proposed reaction

sequence and thus avoid most of the traps barriers and dead ends that impede

the rest of us They gain profound satisfaction from being able to steer complex

reaction along one of many possible paths creating the sense albeit whimsical of

wielding power over the molecules

The process chemists special sense for which reaction variables offer the most

leverage in given case is founded on the ability to absorb vast amounts of infor

mation about factors that affect reactivity and to sort them into coherent and

flexible intuition Information both theoretical and empirical in nature con

tinuously added and intuition is thus continuously refined It is therefore virtually

impossible for young process chemist to avoid learning many crucial lessons the

hard way.Whenever old-timers are in the mood for giving out tips vide infra

always pay attention

Process chemists thus play crucial role in advancing both basic and applied

chemistry Given that man-made chemical products would not exist without their

skills it is odd and unfortunate that they rarely have much say
in selecting the

molecular targets for which they must devise practical commercial syntheses

Nowhere is the exclusion of process chemists from the discovery process more

unfortunate than in the pharmaceutical industry Here discovery takes the form of

skysthelimit search wherein chemistry that is feasible let alone ideal for

application on practical scale is all but ignored The pharmaceutical industry

therefore needs more prqcess chemists than any other field and the challenges

they face are by far the most daunting of chemists in any area of pure or applied

chemistry

Neal Anderson one of the outstanding practioners of pharmaceutical process

research and development has given us here the best text ever written on the

xv



xvi Foreword by Barry Sharpless

subject This accomplishment is all the more impressive because the aforemen

tioned no holds barred chemistry style favored by the discovery team means

that the process chemist has to be ready and willing to deal with organic synthesis

challenges reaching froni simple to nearly impossible Everything you always

wanted to know about process research is here arid this tnoriographi will no

doubt be pored over carefully by all newcomers as well as afficionados of this sub

ject Readers will especially enjoy the many highlighted tips ranging from all

manner of advice on experimental detail and procedures to general issues and

trends concerning the process chemists world This desire to pass on the tricks of

the craft for controlling and simplifying reaction is the distinguishing trait shared

by all real process chemists In this way at least too fit the description for the

past several years have based my TSRI graduate course lectures on files accumu
lated over the years describing various best procedures advice tips etc on

wide and eclectic range of processes These arise in some guise or other almost

daily in the work of process chemist

first realized was process chemist after Seemon Pines invited me to the

Organic Reactions and Processes Gordon Conference almost 30 years ago This

meeting has drawn the process chemistry faithful to New Hampshire for the past

40 summersWhile the attendees bring with them diverse range of experiences

and specific interests their differences are barely noticeable next to the main pas

sion they all share which is the discovery development and largescale imple

mentation of useful reactions and reaction sequences Since the discovery part of

the dream is fulfilled only on rare and unpredictable occasions always in someone

elses laboratory it is not reliable generator of new material for presentation

and discussion Fortunately process cheniists are delighted by the more everyday

strategy/control aspect of their field and for good reason Choosing the right

sequence of reactions for largescale synthesis and then optimizing each of them

demands niany talents with mechanistic acuity at the head of the list Even

simple reaction step like acylation can irnsbehave and ruin an otherwise promis

ing synthetic route The very best process chemists seem to have built their repu

tations by repeatedly finding fixes for ailing reactions These accomplishments

rarely as simple as they may appear after the fact rely on an uncanny interplay of

experience and mechanistic insight

It is therefore fitting that whenever Ive heard gifted process chemists like

Mercks Edward Grabowski telling their favorite stories it is clear that they too

are proudest of these allornothingatall quick instinctive fixes mnore so

because they chuckle about the trivial nature of the answer they found The

handful of people who are world class in pulling such simple solutions out of

thin air bring to mind thy two favorite quotes by scientists

The art of concluding front experience and observations consists in evaluating proba

hilities in estimating if they are high or numerous enough to constitute proof This

type of calculation is more complicated than one niight think

Antoine Lavoisicr
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Mediocre spirits demand of science the kind of certainty which it cannot give sort of

religious satisfaction Only the real rare true scientific minds can endure doubt which

is attached to all our knowledge

Sigmund Freud

hese insights of Lavoisier and Freud into the importance of welcoming doubt as

the natural companion of all scientific inquiries seem apt in the present context

he process chemist is routinely asked to solve problems of great and often irre

ducible complexity Since such ill-defined problems arc encountered at nearly

every stage in perfbcting reaction sequence that runs reliably at scale it is not

surprising that the best practitioners of the art relish working on the edge of

chaos fully expecting to find the tricks for taming poorly understood reaction

type V/hat really attracts them and me to these unpredictable systems is the

awareness that here too lies the most fertile ground for stumbling on new reactiv

ity the origin of all useful new reactions

The ideal chemical process is that which one..armed operator cn perform by pour

ing the reactants into bath tub and collecting pure product from the drain hole

Sir John Cornforth

Cornforths old saw on the perfect industrial reaction reminds us how far we

still have to go This is especially so in the area of pharmaceutical manufacturing

which stands in stark contrast to the modern petrochemical industry The latter

has been on much happier path since its birth and to the great benefit of

humans many of its workhorse reaction processes are already approaching perfec

tion Hence the two biggest industrial applications for organic reactions and

processes have evolved in nearly opposite directions

Historically the pharmaceutical industry has watched its drugs become pro

gressively harder to synthesize whereas the petrochemical industry finding ele

gance and profit in simplicity has moved steadily toward ever more direct and

efficient processes All petrochemical products depend on handful of remarkably

efficient gasphase processes through which the abundant but chemically uninter

esting fossil hydrocarbons are selectively transformed into about dozen small

functionalized organic building blocks The modular assembly of these few reac

tive blocks/monomers is then accomplished using variety of unique processes

and catalysts each known to selectively and reliably catalyze particular bonding

pattern once the reacting blocks is specified This deceptively simple strategy of

combining few uniquely reactive blocks under the control of few exquisitely

selective catalysts is solely responsible for the astonishing productivity and versatil

ity of the modern petrochemical industry It has given us myriad new substances

with almost tunable properties and often made on massive scale

Although on tiny scale by comparison the identical small set of petrochemi

cal derived blocks vide supra is also the ultimate source of starting materials for

about 90% of all the organic compounds used for any purpose by the pharmaceu

tical industry However the theme of gaining reliability and efficiency through
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modular synthetic strategy so dominant in petrochemical organic synthesis and

organic synthesis as practiced by living systems has so far had negligible effect on

the style of organic synthesis used to search for new medicines But whatever else

the future holds to the extent that the insights and attitudes of process chemists

become better inculcated in our students and better known throughout the syn
thetic community new medicines should become easier to discover and to manu
facture Careful attention to this book will take us long way down this highly

desirable path

Professor Barry Sharpleo

Dee yjuss Professor fe Chemistry and Molecular Biology

The Scrspps Institute for Medical Research



Foreword by Jerome Moniot

The key role of process chemistry and process development in the economic suc

cess of the largescale preparation of fine chemicals and the manufacture of phar

maceuticals in particular has frequently been underappreciated In the pharma
ceutical industry at large organic chemists are employed in the discovery process

to determine which molecules to make and also in the development/manufactur

ing role to determine how to make those selected molecules Although organic

chemistry is the common denominator in these functions the discovery chemist

is additionally focused on the biological activity and novel aspects of the com
pounds while the development/manufacturing chemists are focused primarily on

the practicality and elegance of the process to manufacture the compounds The

approaches to the use of organic chemistry may differ but the goals of both

groups of chemists are the same namely to enhance human life through new and

effective medicines

The evolution of manufacturing process for an active pharmaceutical ingre

dient has several distinct phases of development Beginning with the discovery or

selection of the target molecule the development of practical route to full eval

uation of toxicological and pharmacologic attributes is undertaken Once the

route is defined initial scaleup development and the transition to process equip

ment proceed followed by process optimization and refinement for manufactur

ing operations for each synthetic step through pilot trials

Effective process development is an amalgam of synthetic organic methodolo

gy physicochemical properties purification technologies chemical engineering

principles and practical mechanics orchestrated with view toward safety product

quality reproducibility ruggedness and cost efficiency The simple translation of

description of laboratory synthetic process
into the series of sequential unit

operations required tcs replicate the procedure in process equipment reveals the

complexity involved The numbers and sizes of vessels head tanks for reagents

reactors distillate receivers phase splitting vessels filtrate hold tanks crystallizers

xix
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etc as well as the numbers and types
of filtration devices product drying equip

inent transfer lines pumps and valves all need to be selected for chemical corn

patability and operational suitability These determinations are frequently the focus

of laboratory experinsentation and safety hazard studies and involve close interac

tions with chemical engineers

One development concern that is not immediately intuitive to laboratory

based organic chemists beginning development work is the effect of physical size

on the progress and eventual outcome of an organic reaction beyond those obvi

ous effects due to the length of time required for operations An example is sur

face addition of reaction component The design of laboratory experiment to

determine the effect of adding reagent at the surface of largescale reaction is

challenging Rather than few inches of mixture separating the surface of the

reaction from the agitation device the 6- to 12-foot separation in mid-sized

process vessel can lead to troublesome mixing gradients and localized stoichio

metric imbalances hot spots As the text highlights mixing is critical to the suc

cessful execution of an organic reaction and requires that process chemists and

engineers work together closely to minimize difficulties with this aspect of

process scale-up during development

As Dr Anderson points out key to many successful process is the careful

integration of physical phenomena such as insolubility preferential solvent phase

distribution and volatility with control rates of desirable reactions or the rates of

undesirable side reactions

One of the thrusts of synthetic chemistry that distinguishes process develop

ment work is the emphasis on the postreaction workup and purification isolation

aspects of process Isolated intermediates must necessarily be filterable solids and

the tolerance of the chosen purification methods for impurities in the solution

will have profound effect on both yield and quality of the product

Dr Anderson has produced very insightful and informative book for

process development team in pursuit of their ultimate goal.That goal can be sum

marized as the definition of process that is characterized as being high through

put safe reproducible and rugged and one in which minimum number of dif

ferent solvents are used to carry out the maximum amount of synthetic

construction in the shortest amount of time with the highest isolated yield of

high-quality product for the lowest cost per kilogram

Ir Andersons text ably highlights many of the interrelations of the key facets

of the development process along with many practical reference tables to facilitate

parameter selections for evaluation

Dr.erome Moniot

Vice President of Technical Operations

BristolMeyers Squibb Co Inc



Preface

My goal with this hook is to provide comprehensive stepby--step hands-on

approach to organic process research and development for the preparation of

small molecules It should be useful to those in the pharmaceutical fine chemi

cal and agricultural chemical industries and to those academicians who wish an

insight into process RI in these industries hope it will ease the transition for

those who are entering industrial process RD labs fresh from academia More

experienced readers may find some useful tips and ideas

This book has been developed primarily from my experiences at

BristolMyers Squibb The principles discussed are illustrated by examples from

the chemical literature patents and my personal experience in the laboratory

pilot plants and manufacturing plants Many of the guidelines for implementing

processes on scale Chapter 14 were developed by the New Brunswick staff of

BMS and the thoughts there represent many collective years of experience

have selected examples from the literature primarily through the middle of

1999 Some reaction schemes are used in several chapters because they provide

insights into different areas of process development The interested reader could

consult many of the process papers mentioned in this book for additional exam

ples of successful process RI Some tips are repeated in the hope that readers

who examine chapters out of sequence will not miss valuable points

There are many people to thank 1avc Burdick Ed 1elaney Kumar

Gadamasetti Marc Halpern Sean Nugent Bob Polornski Rob Waltermire Steve

Weissman and especially Ray Conrow reviewed my draft chapters and gave mc

insightful technical comments Alice McKee Phyllis Minicuci lonna Gibson

Charlee Sevenski Mariop Morgan arid Cindie Good were very kind to let me

use the New Brunswick BristolMyers Squibb library Julie Arnheim and her staff

at the Princeton University Chemistry Library were very helpful have had

many illuminating discussions with Barbara Ciaramella Bill Ferguson David Kac

sur San Kiang Atul Kotnis Ken Morris Larry Parker Pipkin Larry Steele

xxi



xxii Preface

Steve Taylor Ajit Thakur Bill Winter and other past and current employees of

Bristol Myers Squibb Professor Rich Lawton and John Carson taught me so

much and allowed me room to learn Jerry Moniot first mentioned to me the

concept of snapshot and we have spent many hours discussing problem-solving

and details of process development Barry Sharpless kindly gave his thoughts on

this work lon Doell and Christine Williams provided useful information on

process reactors Colleen Saggese supported me in the crunch and helped me
marshal the details to complete the manuscript David Packer at Academic Press

had faith in this project Gail Savage made my manuscript much more powerful

and readable and appreciate her writing lessons Linda Gustafson was very

responsive with the production of the pages Participants in my courses have given

me valuable feedback and encouragement Many many thanks to all these people

also must thank BristolMyers Squibb for many rewarding years BMS pro
vided worldclass laboratories for learning about technology and people

Discerning readers will undoubtedly find some exceptions to the general

guidelines offered here welcome comments on the book and will appreciate

mention of the inevitable errors

Neal Anderson
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CHAPTER

Approaches to Process

Development

It is well-known that there are no technical optima in industry only

economic optima... /1/

INTRODUCTION

The cost and pace of developing active compounds for the pharmaceutical and

agricultural industrie6 is dramatically increasing The estimated average cost of

developing drug has risen from $350 million in 1997 to $500 million in

1999 Combinatorial chemistry and highthroughput screening increase the

rates of identifying new lead compounds New screens are being considered

to aid in selecting compounds with desired biopharniaceutical properties

Pressures to produce are increasing as companies set ambitious goals to transform

active leads into approved revenue-producing agents Efficient development of

processes to prepare kilogram quantitiec of drug candidates and active ingredients

is necessary to sustain the pace of drug development and recoup the expenses of

development As part of development efforts those involved in process research

and development proce must keep pace by developing processes for

large amounts of drug candidates and drug substances

Devising and implementing reliable manufacturing process in timely fash

ion are keys to maximizing profits from drug or chemical within the exclusive

marketing period allowed by patent Gone are the days when most drugs could
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be prepared in as few as four reatively simple steps Todays typical small mole
cule generally compound with molecular weight no more than 750 daltons

requires 10 15 reactions some of which are likely to he fairly complex One

error during the process of preparing the drug substance active pharmaceutical

ingredient or API sometimes known as bulk drug substance or BDS or inter

mediates can have tremendous financial impact by delaying key toxicology stud

ies clinical trials or delivery of the drug to pharmacists shelves The urgency

commonly felt in the pharmaceutical industry weighs heavily on process research

and development for instance for drug selling at $400 million annually one-

day delay in the approval or delivery of the drug substances can cost $1 million

The timely implementation of reliable processes is key to the continued financial

health of pharmaceutical companies.As may be seen inTable 1.1 the cost of drug

development provides tremendous pressure to reduce development time and

the pressures to decrease developn1ent time are everincreasing

The role of process is to ensure that high-quality material is provided

in timely fashion to fill the needs of developing compound The process

chemist must satisfy two groups of clients those who use the drug substance pri
marily toxicologists and pharmaceutical chemists and those who use the process

es scaleup operations manufacturing and suppliers for outsourcing.The criteria

of the first group are that high quality drug substance be prepared in the desired

physical form and that the expected amount be delivered in timely manner This

group is rarely concerned with how the drug substance is prepared The second

group those who use the processes want reliable procedures to prepare the drug

substance and intermediates How smoothly the operations proceed determines

whether the organization can meet goals of supplying material to users Those

involved in process must evaluate and evolve processes to meet current

TABLE 1.1 Assessing the Costs of Drug DevelopmenC

Development cost average $350 million $500 million

Development time average 1215
years

Hourly development cost $2660 $4750 for each hour during the

development years

Period allowed by patents for exclusive Varies according to country years
For

marketing patent

Actual sales period for exclusive marketing Patent life less the development time

Cost ot delaying introduction to market by one Loss of ca SI million per day

day for drug expected to sell $400 million annually

Cimarusti contributed talk at The Third lntern.stional Conference on Process levelop
ment Cheniisrry Amelia Island FL March 26 1997

Littlehales The Price of Pill Modern Drug DurnueC 1999 21 21
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at future needs By incorporating the approaches of those who develop process

cs for large scale production early in the development of drug candidate one

cm compress the development cycle

The emphases of process change as compound is developed Table

In the early stages of drug development discovery chemists use expedi

ent routes to prepare compounds Quantities as small as 10 mg prepared in the

laboratory allow for in vitro screening Once promising compound has been

identified the kilo laboratory may prepare more material to fuel additional stud

ies including toxicological studies formulation studies and perhaps early testing

in humans Phase The key is to prepare enough material to enable the sched

uled studies.The discovery route is often employed so any changes that are made

re aimed at making largerscale preparation more practical For fullscale devel

opment efficient routes are developed in the laboratory and tested in the pilot

plant Material prepared through pilot plant runs will be used for further studies

in humans Phase II and III and to develop optimal formulations of the active

ingredient into dosage forms For fullscale manufacturing the optimal route is

ideally used This route considers all factors involved in preparing the drug sub

stance by the most costeffective means possible

The appreciation for process is changing Decades ago the prevailing

thought was that large amounts of material could be generated by process used

in the laboratory to produce gram amounts of product and it was necessary only

to use larger equipment This notion is lampooned in Figure .1 Process chem

istry was viewed as dull compared to drug discovery More recently pharmaceuti

cal companies are placing sonic of their best minds into process efforts as

the significant financial benefits of developing efficient processes are recognized

here is also growing recognition that successful process requires different

equipment and different approaches from those used in conventional laboratory

work for discovery of active compounds

TABLE 1.2 Process Requirements during Phases of Development

Early

Iiscovery development Full development Launch

Amount of mg 10 10 10 kg 10 kg 100 kg 100 kg and more

compound batch

Fype of synthesis Expedignt Practical Efficient Optimal

Site for preparation Laboratory Kilo laboratory Pilot plant Plant

Number of batches 10 10 100 10 1000

Cimarusti contributed talk at he bird International Conference on Process Icvelop

issent Chemistry Amelia Island FL March 26 1997
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FIGURE 1.1 Scaling up chemical process

Reproduced with permission from CHEMTECHJuly 1994 277 p.61 Copyright 1994 American

Chemical Society

Thorough science is the basis of high-quality process research and develop

ment Practical processes must be developed to reap the rewards of basic research

and without downto-earth applied research there will be no sustained basic

research For the successful practitioner of applied research rewards come from

the satisfaction of thoroughly understanding process successfully carrying out

largescale operation and preparing compound that has been identified as hav

ing potential benefits for humankmd

The pharmaceutical industry serves two purposes to prepare medicinal agents

that reliably serve consumers and to return financial reward for the investor Thus

pharmaceutical complnies operate from mixture of altruism and pragmatism

Financial reward is the underlying pressure for todays research in the pharma

ceutical industry Many considerations can have significant impact by acting indi

rectly through this pressure For instance the development of RU 486 by major

pharmaceutical companies in the United States was discontinued due to political

opposition to the morningafter pill Major pharmaceutical companies

Say when

TIP As an analogy to the layman one may consider the process of baking

bread When more loaves are made from single batch efficient mixing of

the dough takes longer and may require specialized powerful equipment

Baking more loaves may require more time and perhaps higher tempera

tures than that prescribed in cookbook For overall baking efficiency it is

not enough to simply buy more loaf pans
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have resisted pressure to market birth control
pills to prevent pregnancy as many

as three days after unprotected sex l.Vociferous outcries by ACTUP and other

groups may have hastened the deveopment of AIDS treatments 5-year $100

million grant to treat AIDS in Africa speaks of altruisrnand some feel desire to

levelop longterm business contacts 112 Merck has given away millions of dol

lars of ivermectin to treat river blindness in Africa Environmental impacts of

chemicals and resulting legislation have curbed the use of solvents and reagents

Continually developing resistance of bacteria to existing medicines promotes

the development of new antibiotics Improving production yields of manu
factured products by only few percent results in significant cost savings On
more personal level companies apply various performance pressures through pro
motions raises bonuses awards and perquisites These pressures are felt down the

managerial ladders Cost motivated considerations are key in all phases of process

research and development

Productivity during scaleup is therefore major concern for efficiently get

ting an active compound to market In scaleup operations productivity is related

to throughput the amount of product that can be made per reactor volume per

day Sometimes this is referred to as space-time yield or volume efficiency

increase productivity conditions are developed to minimize reaction tinies

streamline operations and simplify processing

II THE IMPORTANCE OF SIVIPLE

SCALE-UP OPERATIONS

The reliability of scaleup operations can have significant impact on cost of the

drug substances and process conditions must he chosen wisely Processes must

provide suitable amounts of high-quality drug substances by or before the pre

scribed deadlines If quality is not sufficiently high additional time and drug sub

stances will be lost through rework thus increasing cost overall rugged or

robust process must include three qualities high-quality product must be prepared

within the expected time cycle the process must accommodate relatively broad

purity ranges for the inputs whether prepared or purchased and the process must

operate within parameter ranges e.g temperature and pH which are readily

obtainable during the expected process time cycle Unless the process is rugged

additional time is incurred and the quality of the drug substances may be jeopar

dized Appropriate inprocess controls IPC are necessary to maintain low oper

ating costs Processes must be as simple as possible but superficially simple sim
plistic processes may be eentually prone to errors

TIP In developing processes process chemists seek elegance in simplicity
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Some operations routinely performed in an academic laboratory are avoided

on scale due to their time-consuming and often redundant nature Including such

operations in process extends processing times and drives up operating costs

Additional steps present risks of physical losses decreased yields and the possibili

ty of increased worker exposure to dangerous conditions and chemicals In addi

tion with more steps there is an increased chance of contaminating batches

which poses increased difficulties for making material in compliance with current

good manufacturing practice cGMP Managers of production facilities always

seek to eliminate unnecessary steps in order to minimize manpower costs and

optimize productivity

The example most often posed to the beginning process chemist is to avoid

using solid desiccants e.g Na2SO4 and Mg504 to remove water from solutions

in organic solvents This operation may actually be unnecessary if the solvent

being used has suitable azeotropic capabilities to remove water and subsequent

processing requires concentrating the rich solution considerable amount of

time is needed to carry out this drying operation on scale see Table 1.3

The total of 16 operator-hours two operators for one 8-hour day for drying

an extract over Na2504 is actually conservative This estimate assumes no process

ing difficulties arise extending the operations and no supervision of steps If two

TABLE 1.3 Estimated Processing Time on Scale for Na2SO4

Drying Operation

Operation Estimated operator hours

Set up and test filter

Charge Na2SO4 0.5

Stir suspension

Filter off solids

Ieliver rinse to site 0.5

Apply rinse to solids 0.5

Suction dry solids 0.5

Pack up solids for disposal
0.5

Rinse equipment for safe to clean 0.5

Clean reactors and equipment train

Demonstrate reactor and train are clean

Store equipnsent

16 hr total

aNot including any additional time for using filter aid e.g diatoma

ceous earth

5Since NaSO4associated solids are often dense and MgSO4 associated

solids are sometimes fiocculent these drying operations pose different prob

lems in thorough transfer from reactors to filters

Clncluding agitation vessel filter filtrate receiver and transfer lines
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perators are required for each operation the total number of operator hours

may double Not all of these steps would extend the processing times to prepare

drug substance as many of these operations can be performed simultaneously

with niore critical processing

In plant operating at full capacity operatordays are very valuable The

tual cost is as high as the value of material that could have been processed in

that equipment during that time which can be as much as $lO000$100000 In

pilot plant setting the cost of performing an unnecessary step can also be con

sidered the loss of processing information that could have been learned during

that time Thus opportunity cost opportunity lost in using redundant step
is

very high

In addition to the financial burden of incorporating an unnecessary step
such

as drying over solid desiccant there are increased opportunities for physical loss

cs and contamination Transfer lines couplings and reactors kettles can leak

especially if the bottom valve was inadvertently left open Using filter and fil

trate receiver afford the chance for contamination One should always question

whether any step is necessary operation

TIP Azeotropic drying may not always be appropriate especially if the

reaction product is heatsensitive Some solvents have relatively poor abili

ties to remove water and azeotropic drying would require that large

amounts of solvents be used or recycled see Chapter Some solvents do

not form an azeotrope with water In such cases drying solutions by using

solid desiccants or molecular sieves may be appropriate

At the end of development cycle the process chemist must have an exquis

itely thorough knowledge of the process Unnecessary steps will have been

purged from earlier iterations of the process For instance the process chemist will

know when further extractions are unnecessary Also known will be the points at

which process can be held in processing equipment without affecting quality

and yield

Developing suitably simple process and thoroughly explaining it are very

important when transferring process to another site technology transfer After

the process has been sucpessfully demonstrated at manufacturing site and the

lead chemists and engineers have gone home the
process may be stressed in ways

never anticipated by those who developed it simple process will afford fewer

opportunities for unwelcome changes permitting the steady production of active

ingredient
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Ill THE IMPORTANCE OF TEAMWORK

The process chemist must interact with people of many other disciplines and

training levels in order to prepare the drug substances and ingredients effectively

on scale Some of the interactions are shown in Figure 1.2 Communication and

assistance must go in each direction Good teamwork is crucial No one person

should be expected to anticipate and solve all of the problems For devising prag

matic costeffective processes the chemist is well advised to consult engineers and

those who are responsible for preparing drug substances on scale 116 Operators

should never be considered just pair of hands Their input is very valuable

because they often are the only ones who see all operating details Operators also

can bring practical approach to carrying out processes especially when using

equipment that is familiar to them The process chemist should explain processes

to the analysts so that methods can be developed to assay for anticipated impuri

ties Analytical chemists in Analytical and Quality Control often detect

new impurities which can lead to alterations in the process Other interactions

may be inferred from Figure 1.2

IV DETERMINING OPERATIONS THAT CAN ANI
CANNOT READILY BE USED ON SCALE

Most of the reactors used for scale-up operations are chosen for flexibility in run

ning different processes This is particularly true for pilot plants and plants where

equipment may be used to manufacture more than one product standard reac

tor for the chemical processing industry is shown in Figure 1.3

Examination of Figure 1.3 reveals several features important for scale-up con

siderations The contents of the vessel are viewed through the sight glass in the

manway formation of cloud in the headspace above the reaction as may occur

by mixing NH and HC1 may preclude examining the batch without opening

the nianway Instrumental not visual endpoints are generally preferred for im

process monitoring Manual access to the vessel during operations is limited

through the manway making physical manipulation of batch cumbersome espe

cially on the bottom of the vessel farthest away from the manway The agitator

impeller is raised above the bottom of the vessel and the ratio of the impeller

radius to the internal tank radius is O4O.5l.O.The minimum agitation volume is

about IOOo of the pominal volume of the vessel The maximum tank volume is

usually 90lO5o of nominal tank volume depending on the stirring and any

foaming from the batch Liquids can be added to the reactor through the nozzles

and openings in the dome of the reactor Vertical elements called baffles minimize

vortexing and allow for niore even distribution of the contents Baffles can also
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Department

Process Chemistry

ocess Engineering

Operations

Manufacturing

Pharmaceutical Chemwtry

Regulatory

Quahty Control

Quality Analysis

Analytical

Key Responsibilities

To initially develop chemical process

To identify practical considerations needed for effective scale-up

To carry out scale-up experiments and prepare large quantities of material

To msnufscture drug substance

To formulate drug substance into drug product

To interfsce with FDA and other regulatory authorities

To ensure that the quality of drug product destined for human use is maintained

To ensure that high-qualify materials are used to prepare drug substance and key

intermediates

To critically analyze materials produced by Process Chemistry Process Engineers

Operations and others

FIGURE 1.2 Iepartmental interactions for process sca1e-up
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Mixer drive

Fine grain
carbon

steel for low

temperature

Top hoad nourles

Fin baffle

for mixing end

temperature

sensing small

batches

Impeller

FIGURE 1.3 Standard reactor used for scale--up
in the chemical industry

Used with permission of Pfaudler Inc

provide support for addition lines and monitoring devices such as thermocouples

The immobility size and physical constraints of scale--up vessels can determine

how operations are carried out on scale

Many operations can be performed more easily and reliably on large scale than

on small scale in the laboratory other operations are very difficult to scale up In

Manway including

an integral toned

sight glass prntect
ring and stainless

steel assist

Jacket tar

hean-tra outer

fluid
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his context largescale reactions are those that are conducted in stationary yes

Us with volumes of 50 liters or more where access to the vessel contents is limit

through an opening which is proportionately small relative to that of laborato

Reactions which are run in 22-liter or even 50-liter glassware can

often he conducted similarly to those run on gram scale comparison of

olnnion processes
is shown in Table .4 It must be stressed that any scaleup

operation can be modeled in the lab with the purchase of suitable control equip

ment Similarly equipment can be purchased and used to carry out on scale any

pe ation developed in the laboratory However for rapid developing processes

fr scale-up the chemist usually modifies processes to allow the use of existing

quiprflent

TIP Any operation used in the laboratory can be used on scale provided

that there are enough time and money available

IVA Rotary Evaporation

oncentrating large amount of solution or solid to dryness requires consid

crable time and is inefficient on large scale Commercial equipment is available

for rotary evaporation of solutions in 100-liter flasks but half-filled 22-liter

round-bottom flask is as much as most individuals can conveniently and safely

handle without external support of the flask On scale there is no immediate anal

ogy to rotary evaporator Most concentrations are carried out in stirred vessels

IV.B Concentrating to Dryness

As residual solid or viscous liquid is concentrated to dryness stirring becomes

difficult especially in an immobile vessel Due to the small surface area-tovolume

ado of large equipment heat transfer and distillation take longer than similar

operations in the laboratory Decomposition may occur with extended heating

specially if there is unevep heat distribution Complete removal of residual solids

and viscous liquids is difficult from vessels with access limited through manways

Residual solvents may be removed stripped from liquids using specialized

stills e.g wiped film evaporators in which the mobile liquid flows over heated

zone Only rarely are extracts concentrated to dryness
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TABLE 1.4 Comparisons of Operations in the Laboratory and On Scale

In the laboratory On scale

Commonly Commonly

Operation used Easy to effect used Easy to efrect

Rotary evaporation

Concentrating to dryness

Triturating

Use of highly flammable solvents

e.g Et20 pentane

Decanting

Siphoning

Column chromatography for

purification

Drying over solid drying agents

e.g Na SO4 MgSO4

Azeotropic drying

Addition of dangerous reagents

e.g nBuLi CH3I
Extended additions

Maintaining cryogenic

temperature

Fine control of heatmg cooling

Maintaining constant pH
Efficient mixing of heterogeneous

systems

Tubular flow reactors

Rapid quench transfers

Distillation

Solvent displacement by

distillation solvent chasing

Reslurry

Charcoal treatment

Suction filtration

Centrifuge filtration

Spray drying

Tray drying

Lyophili7ation

On scale refers to reaction run in fixed immobile vessels of 50 liters or larger size

1Many scale up operations are
easy

to effect once the suitable equipment has been commissioned

IV.C Triturating

Physically mixing residue with solvent or triturating is an old means of effect

ing some purification Usually the residue is viscous oil or solid and the mix

ing is performed by hand with spatula in lab glassware If the residue cannot be
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adily dispersed in the solvent attempts to triturate on scale will be difficult

to carry out Recrystallization and reslurrying solids are effective alternatives

Chapter 11

WI Flammable Solvents

Using highly flammable solvents on scale requires considerable planning for

operations Equipment must be grounded to prevent static discharge and

nduction of fires.To avoid accumulation of volatilized solvents the head space of

quipment must be swept with inert gases Personnel and operating areas often

must be monitored to avoid accumulation of and exposure to dangerous solvents

Such extensive precautions often delay or preclude use of solvents such as pentane

id Et2O Alternative solvents include heptane and methyl tbutyl ether MTBE
Chapter

WE Decanting and Siphoning

Hea unwieldy or stationary equipment cannot be manipulated to pour off

supernatants better alternative is siphoning Removing supernatant by

iphoning often is unwieldy on scale because controlled manipulation of the suc

tion hose becomes difficult as the liquid level nears the top of the suspended

olids Siphoning is often easier to carry out in conical vessels or in those with

igh heightto-diameter ratio and such vessels are not commonly used for scale

ip operations It may be advisable to invest time in developing protocol for

siphoning if the process is to be run repeatedly in dedicated equipment

WE Column Chromatography for Purification

Chromatography is very labor intensive considering the time spent in packing

the column applying the crude mixture to the sorbent eluting with relatively

large volumes of solvents and concentrating the rich fractions for further process

ing Time and resources are spent in developing practical method for largescale

operations recovering solvents and reconditioning the solid phase The difficulty

of effecting purification by chromatography on scale encourages the process

chemist to devise routes with crystalline intermediates to upgrade quality by

recrystallizing Consequently chromatography is used on scale when other forms

of purification are ineffective Products purified by chromatography have relative

ly low production voluthe and high value after processing and they usually dis

play biological activity at very low dosages Considerations for chromatography

be on scale are discussed in Chapter 11
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IV.G Drying over Solid Desiccants

As discussed earlier in this chapter drying solutions over Na2SO4 MgSO4 or

molecular sieves is an operation rarely used on scale with aLeotropic drying being

preferred fixed bed of molecular sieves may be used if the solute is heatsensi

tive or if other considerations such as the time and processing costs of heated

distillation preclude drying by azeotropic distillation

IV.H Drying Solutions by Azeotropic Distillation

Solvents with dissimilar polarities often forni minimumboiling azeotrope upon

heating to distill This operation can be used to remove dissolved or suspended

water from some solvents and solutions Details on azeotropic drying may be

found in Chapter

IV.I Addition of Dangerous Reagents

Setting up safe reaction conditions under which to use toxic reagents is relatively

easy in the controlled environment of fume hoods hut considerable thought must

be given to using such materials on scale Once suitable conditions have been put

in place for operating on scale it is often easy and quite safe to effect such reac

tioris For example simvastatin is manufactured by alkylation with neurotnxic

volatile CH3I Figure 1.4 This reagent is transferred to the reactor through

inert leak-free lines with permanent connections Such plumbing is called hard

piping Thorough analysis of operating conditions is necessary to protect the

operators the plant and the community

1.nBuNH2/80

TBSCt imidazole

3.2.3 UNCH24
CH3I

CH3SO3H
H20 CH3OH
NaOH

NH3

85% overafl

simvastatin

FIGURE 1.4 Preparation of simvastatin using CHJ
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iVJ Extended Additions

most academic settings addition times are rarely extended unless high dilution

known to he advantageous e.g for macrolactonization Syringe pumps are

en used for this operation in the lab and this equipment is wise addition to

it process
lab On scale it is not uncommon for an addition to require 3t mm

tcs to hours or longer in order to maintain the desired reaction rate tempera

re or ratio of catalyst to substrate Addition rates are easy to control on scale by

ning metering pumps or metering valves

VK Maintaining Cryogenic Temperature

Cryogenic temperatures are those of about 50C and colder In the lab reac

ions ate readily cooled by immersing reaction vessel in dry ice solvent bath

longer reactions or those requiring close control of the reaction temperature

tie reactor may be cooled by solvent from recirculating cooling bath If the

ailable coolant cannot chill reactor to the desired temperature system may

be improvised by cooling solvent in kettle with dry ice and pumping the sol

vnt through the reactor jacket Direct injection of liquid nitrogen into reaction

afford another alternative For efficient operations at temperature ranges about

0C metal reactors are preferred commonly used glassed-steel reactors are rel

ively poor heat conductors and glass linings may crack at low temperatures due

different thermal contraction of glass and metal

TIP It is important to ascertain that expensive metal reactors will not be

corroded by reaction mixtures

IVL Fine Control of Heating and Cooling

Once the considerable mass of large reactor and the solution it contains have

reached the desired temperature range maintaining reaction temperature can be

relatively easy However if the reaction is moderately exothermic removing heat

horn the mass will require additional time due to the decreased surface area-to

volume ratio on scale see Chapter 13 and additions may take longer while

naintaining the desired temperature range Repeated operations on scale may



16 Approaches to Process Development

justify the installation of equipment to monitor and control the temperature and

the addition of critical components thus simplifying operations Fine control of

heating and cooling 2C may be necessary for reproducible crystallizations on

scale

IV.M Maintaining Constant pH

In the lab and on scale reactions can be readily controlled using pH stat pH
meter with an automatic titrator that maintains the desired pH range by deliver

ing suitable reagent e.g aqueous NII1 For reactions with enzymes tight con
trol of pH may be important not only for the desired transformation but also to

avoid degrading the enzyme Rugged pH probes are available for large-scale oper

ations

IV.N Efficient Mixing of Heterogeneous Systems

Mixing is primarily studied by chemical engineers On scale baffles and agitators

affect mixing in both horizontal and vertical planes by pumping action Chemists

should consult chemical engineers on how to scale down agitation to simulate

large-scale mixing in the laboratory Since considerable time and labor are needed

to change an agitator in large vessel changing an agitator is not usually enter

tained prior to pilot plant batches

TIP For routine use process research and development labs should

include powerful overhead stirrers driven by electric motors or air

IV.O Tubular Flow Reactors

When reaction is passed through small tubular reactors only small portions of

batch are subjected to conditions of extreme heating or cooling This process

alternative is suitable for reactions of short duration for slower reactions multiple

passes through the reactor may be necessary Continuous flow reactors can afford

safer conditions than conventional batch operations as only small aniount of the

reaction is subjected to reactive conditions at any moment Examples of continu

ous flow reactors are discussed in Chapter 13
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IMP Rapid Quench and Transfers

Reaction mixtures can be transferred in the laboratory in the span of minutes or

even seconds but extensive planning is needed to carry out extremely rapid trans

fers on scale The ratelimiting step in transferring liquid is passage through the

smallest diameter opening such as drop valve of vessel metering valve or

hose If the transfer rate is crucial for good yields or quality in the lab attention

should be paid to this aspect for scaleup continuous reactors may be suitable

alternative

1VQ Distillation

Most solvents can be removed readily from process streams by distillation on scale

Distillation of product can be very labor-intensive and may require specialized

equipment Once suitable equipment has been installed and commissioned pro

cessing can be relatively troublefree especially if the appropriate control equip

ment is used Many high_molecular weight molecules are too unstable to distill

making crystalline intermediates and products necessary for convenient opera

tions

WR Solvent Displacement by Distillation Solvent Chasing

To replace lowerboiling solvent with higher-boiling solvent on scale usually

the process stream is concentrated and the higher-boiling solvent is added to the

concentrate Then distillation is continued with the second solvent chasing the

first

IV.S Reslurry

Solids may be stirred in solvent and recovered by filtration without ever effect

ing complete dissolution Reslurrying can be an effective purification by remov

ing impurities adsorbed to the surface of the crystals Reslurrying can also change

the morphic state of solids see Chapter 11

IMT Charcoal Treatment

Cleaning charcoal from laboratory glassware is trivial undertaking but days

may be required to remove all charcoal from an immobile vessel with access
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constrained through small handhole On scale charcoal treatments are done after

suitable justification and agreement has been reached with all the affected parties

Often dedicated equipment is used for charcoal treatments or solution may be

passed through filter or inline filter containing charcoal Additional considera

tions may be found in Chapter 10

1VU Filtration of Solid Products

Suction filters that are similar to Buchner funnels are often used in pilot plants

These filters may be used in many operations on small scale With relatively

thick filter cakes extended filtration times occur To speed the removal of liquids

deliquoring from the filter cakes operations may use other types of filters such

as Nutsche filters filter presses arid centriftiges Centrifuges are often used in

manufacturing operations for the efficient isolation of solids Laboratory cen.

trifuges are available fur studies before committing process to scaleup

WV Drying Solids

Vacuum
tray drying which is analogous to laboratory oven drying to remove sol

vents from solids is not efficient for drying batches produced on very large scale

such as 100 kg For rapid evaporation of solvents the wet solids must be applied

in thin layers requiring significant amounts of operator time to load and unload

dryer trays with product variety of dryers are available to mix solids during

drying and allow for more rapid and even drying Difficulties will arise if the

solids partially melt or expand in volume foam up upon drying Most scale-up

sites have only few types of dryers and due to equipment costs optimal dryers

may be chosen only for the manufacturing of marketed products Discussions of

dryers may be found in chemical engineering texts 119
An alternative is spray drying in which volatile solvents are rapidly removed

from an atomized solution high-quality feedstock is necessary as spray drying

affords little opportunity for purifying by crystallization

WW Lyophilization

Lyophilization freeze drying may be used to prepare dosage form that is to be

reconstituted for injection The solution to be concentrated is distributed into

small vials and specialized equipment is employed to freeze the samples and

remove the solvent For other purposes lyophilization is impractical on scale
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SAFETY CONSIDERA IONS

Good processes are safe for the operators the environment and the consumer

OSHA has proposed exposure limits for many compounds and worker safety

considerations will only become more stringent with time An outofcontrol

runaway reaction can lead to fatal consequences and to spills
and emissions that

ire injurious to the environment Environmental emissions standards are posed

and regulated by agencies at the federal EPA state and local levels Green

chemistry is becoming more important The consumer is protected by the effec

tive process controls filed with the FDA so that the purity and impurity levels of

the API are held within specified ranges

At some stage
in the development of process the reaction hazards need to be

characterized If the reaction is dangerously exothermic alternative conditions

must he sought Quantidng the exothermic nature of reaction permits the

assessment of the cooling needed which may dictate the equipment chosen or

even encourage the development of alternative operations The best approach is to

have hazard assessment lab on site for immediate assistance contract labs can also

provide this service

TIP Most chemicals are dangerous Chemicals should be handled with

respect and from position of knowledge the chemist who is scared of

chemicals should move from the bench One must be fansiliar with the

material safety data sheets MSDS for the compounds in use All wise

chemists plan for emergency operations

The wise practitioner of process development tries to stay informed of unex

pected hazardous reactions which are often published as letters in Chemical

Engineering News and other publications Even transfer and storage operations

should be considered For instance transferring distillate of SOC12 and EtOAc

to drums that had contained SOC12 seemed safe method for shortterm storage

of the distillate However this storage
led to pressure buildup and violent erup

tion probably due to contact of the distillate with elemental zinc in the drum lin

ers

Toxicological propertie of intermediates and impurities often dictate safe han

dling considerations on scale as routine laboratory safety techniques may not

transfer easily to the pilot plant and larger scales Information on the safety of

purchased chemicals may be found in the relevant MSDS Intermediates prepared

during processing may be hazardous to operators and special handling may be
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necessary see Chapter Section TIlE New intermediates should be routinely

tested for adverse toxicological effects toxicology expert should he consulted

before materials are committed to scaleup operations Some guidelines for antici

pating hazardous behavior of some compounds are discussed in Chapter

TIP For the purposes of minimizing worker exposure and contamination

or even small rooms can be set up on the floor

VI TAKING ADVANTAGE OF SERENDIPITY AND
GOOD OBSERVATIONS

All successful scientists look for unexpected results What at first seems to be

negative result niay afford ready solution to problems if exploited The classic

example is Flemings discovery of penicillin from petri dish that had been con

taminated by penicillin spores By exploiting and developing anomalies four

major herbicides were produced with combined sales of over $600 million in

1994 Workers in the Sharpless laboratory found that charging 10 times the

intended amount of pyridine led to successful oxidation and isolation of acid

sensitive epoxides which were stabilized by the additional pyridine Figure 1.5

Catalysis by copper was detected when old syringe needles were found to be

necessary for effective aryl ether formation Figure 1.6 and successful

process was developed The unexpectedly easy removal of the normally trouble

some by-product triphenyiphosphine oxide allowed for ready development of

0.5 mol% CH3ReO3

12 mol0 pyr_____
15 eq 30c H202

CH2C2
RT /6

91%

FIGURE 1.5 MTOmcdiated epoxidation
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0.1 mol CuCI2

1.5DBU NC-
CH3CN

86c CH3

FIGURE .6 Copper..catalyzed aryl ether formation

Mitsunobu reaction on manufacturing scale Figure 1.7 Even in these days

of urgent development pressures some room for pursuing anomalies and creativity

is still essential The prepared chemist notices the unexpected and exploits nature

to best advantage

VII DEFINE THE TIME AVAILABLE FOR PROCESS
OPTIMIZATION

Different phases of developing drug substance require different amounts of opts..

mization time and money Researchers must know how much optimization is

needed for each aspect For the person preparmg material for toxicology study

in kilo lab drying an extract over Na2SO4 may be wellesUbhshed step and

investigating an azeotropic drying operation may not be good use of time

Often one has responsibilities for several phases of project simultaneously For

OSO2CH3
PhCH3/s

2.aq.NaOH Ph1N
CO2Na

HCI to pH

filtrate

NC-

Ph yN
CO2CH3

CH3SO3H

EI3N Ph3P

N..C021Fr

C02Pr
HN

Ph3PO
HN

CO2iPr

crystallizes

8085o
removed

AeON and

HCI to pH

OSO2CH3

PhyN
CO2H

8085o overall

FIGURE 1.7 Preparation of Mitsunobu product by first crystallizmg and removmg by-products
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instance in preparing for pending pilot plant run one may identi potential

changes in operations that could ease processing It may be difficult to determine

whether the pending batches should be postponed in order to develop process

modification or if fine-tuning the process
should be postponed until the pending

campaign has been completed As another example one may be preparing batch

for toxicological testing while investigating possible optimization for scale-up to

the pilot plant The former requires
close attention to product isolation while the

latter may require more attention to the details of operations Since aspects of

project
often overlap it is important to know the amount of optimization

required for each phase The amounts of optimization justifiable for several phases

of project are shown in Table 1.5

One of the goals of successful process development is to design and introduce

smooth-running manufacturing process Effective laboratory effort prior to

scale-up e.g pilot plant trials will pay off by establishing manufacturing process

TABLE 1.5 Focus of Efforts for Preparing Batches

Reference compound Use the most expeditious route

Minimal optimization justifiable

Use chromatographic purification
if needed

Kilo lab batches Cost of raw materials may he fairly high

Invest time to decrease risk of poor yields

Meeting the deadline is primary concern

Toxicology batches Meeting deadline is primary concern to reach go no go decision points

drug candidate during API development Note that animals may be grown in advance of

such studies

Invest time to determine and prepare desired finn form sdt polymorph

Prepare high quality
material hut not ultrapure If tox studies are conducted

on material of an unrealistically high purity subsequent tox studies will be

needed to qualify batches of lower quality

Pilot plant batches Expensive to occupy equipment so optimize for reasonably smooth

processing

Cost of raw materials may be significant so optimize tcs obtain expected

yields

Poor yields
and quality impact campaigns to prepare intermediates and API

Preferale to solve any processing problems in lab

Manufacturing High cost and value of raw materials and intermediates

Sniall change in yield or quality
has major financial impact

Extensive efforts to fine-tune processes
are readily justified



Define the Time Available for Process Optimization 23

Attention to Details During Development of API

that provides highquality material in timely fashion with attention to only the

necessary details.A graphical depiction is shown in Figure 1.8 In manufacturing

perations even small changes can have major financial impact efforts should be

ocused for optimal understanding and control of process at this scale

Within the range of process considerations different companies may

et up groups or divisions to address various aspects of development Figure 1.9

In some firms those who develop the initial processes to scale up and prepare

material for toxicological studies also are responsible for developing and introduc

rig processes to pilot plant and manufacturing facilities At the other end of the

process continuum companies may have separate groups for process

research kilo lab operations scaleup and introduction to pilot plant facilities

scale-up and introduction to manufacturing facilities and further gradations

Someone involved only with kilo lab operations may choose to pay less attention

to details of process development that pertain to further scale-up.Therefore defin

ing the scope of ones responsibilities is important for efficient process develop

inent

TIP Since very few compounds survive initial screening the time spent

not be repaid Targets for process development

Discovery lab Toxicology Plot Plant ltg Routine

Lead Scale-up Supplies Trials Introduction Mfg

FIGURE 1.8 Attention to dmils during development nO finI product
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FIGURE 1.9 Possible organization of chemical
process

RD in drug development
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Route Selection

INTRODUCTION

outes to pharmaceuticals and fine chemicals can be characterized by two

xtremes expedient routes and optimal routes Expedient routes are employed

early in the development of drug candidate to expedite the preparation of mate
rial that is required for initial testing Making this material in timely fashion is

necessary to promptly assess the feasibility of developing the compound Often

the initial route used to prepare gram amounts of material is scaled up by numeri

cal factors with only minimal development efforts Chromatographic purification

and other labor-intensive
steps may he incorporated in deference to the goal of

preparing the desired amount of drug candidate by the deadline Preparing large

amounts of product using an expedient route can be grueling exercise Such

routes are rarely incorporated into final manufacturing process

Optimal routes are developed to manufacture inexpensive bulk drug substance

final product over the lifetime of patent or longer The development of these

cost-eftective routes can justify the expense of many years of work Laboratory

processes are developed and examined on scale and they evolve into optimal

routes that are costeffective rugged and forgiving The optimal routes are filed

with the FlA but may not be disclosed elsewhere

27
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Once compound has been identified as promising drug candidate process

research investigations are made to develop practical route to for preparing larg

er amounts of material that cinnot readily be made in kilo laboratory Research

may occur simultaneousy to develop routes that are practical enough to niake the

kilogram amounts of product and to develop more optimal routes Personnel

efforts may be delicately danced in order to provide suitable process optimiza

tion for scale-up while not delaying the timely preparation of material needed

The discussion in this chapter and in most of this book focuses on developing

an optimal route By developing early processes that incorporate approaches read

ily usable on scale the full scale development of optimal processes can be com
pressed Table 21 suniniarizes characteristics of expedient and optimal routes

which are discussed on the following pages

II CHARAC1ERISTICS OF EXPEDIENT ROUTES

ILA Familiarity

Routes and reagents may be selected on the basis of an established route the

chemists familiarity in working with particular reagents or even the ease of

obtaining reagent from the stockroom Expensive reagents may he used and the

short-term availability of suitable amounts of specialized reagents may become

key consideration Intermediates may be outsourced from custom manufacturing

houses when the ability to supply material in timely fashion is more critical

than cost or quality

ILB Technical Feasibility

Confidence is needed in order to justify risking precious starting materials

reagents and research time Researchers may spend long hours faithfully repro

ducing narrow set of conditions known to work on smaller scale Point type

reaction conditions i.e those in which small change affords dramatic drop in

product yield or quality can be tolerated for few runs when the goal is to

immediately provide key amounts of material

ILC Availability of Suitable Equipment

The availability of equipment will influence route selection For instance if

hydrogenation equipment cannot readily be used for scaleup purposes route

that does not require removal of protecting group by hydrogenolysis may be

selected
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TIP For those reactions not requiring high-pressure reactors to contain

hydrogen transfer hydrogenations can be conducted in equipment rou

tinely used for other purposes j2 Suitable nionitors should be in place to

detect levels of hydrogen and oxygen

III CHARACTERiSTICS OF
COST-EFFECTIVE ROUTES

Optimal routes usually require appreciable time to develop All of the following

should be considered as an overall picture

lILA Technical Feasibility

Confidence in largescale route is usually earned after studies in pilot plant

setting One goal for scale-up operations is to develop and denionstrate rugged

and forgiving processes rugged process is one that is understood well enough

to produce reproducible quality and yields without resorting to unexpected

problem-solving In rugged process critical processing parameters have been

identified and the ranges that are known to be acceptable may be relatively nar

row Plateau-type conditions where yield and quality are not affected by deviating

from the optimal conditions are preferred Parameters to be considered

include quality of input niaterials addirion nines reaction times temperatures

undercharging and overcharging chemicals pH during reaction and work-up

extended processing and interrupted processing forgiving or robust process is

one that will provide the expected quality and yield of product over wide range

of operating conditions.The better process
is understood the greater the techni

cal feasibility

In pilot plant or manufacturing facility controls can be put into place in

order to effect fine adjustment of processes Processes requiring pointtype condi

tions can be accommodated and must be controlled For instance the yield of 3-

hydroxy-4_niethoipyrimidine Figure 2.1 is sharply decreased by crystalliza

tion under conditions more acidic or more basic than pH 5.3 probably due to

the amphoteric nature of this compound j3j Reproducible yields were obtained

on scale because the isolation conditions could he tightly controlled

IILB Availability of Suitable Equipment

Often routes are chosen in order to use existing large-scale equipment because of

the great costs of buying and installing new equipment and plants Purchasing



Characteristics of CostEffective Routes 31

OCH3 OCH3 OCH3 OCH3

HO HO OH

NNH NH
at soHectrc pH

I.HNCHNH AcOH
HC

59c

OCH3 OCH3
HCO2Et

H3CO..2 H3CO

NaOCH3
Na

CH3OH

FIGURE 2.1 Iornzation of hydrovy inethoxypyrixnidme due to pH

pccialized equipment usually approved only after detailed cost analyses Special

uipment will be required to scale up some reactions such as those requiring

photolysis sonication electrochemistry specialized crystallization intimate mixing

heterogeneous reactions tight temperature control of highly exothermic reac

tions and extremely rapid quenching Some approaches to such specialized con

ditions will be discussed in Chapter 13

IlL Long-Term Availability of Inexpensive Reagents and

Starting Materials

To avoid having to depend on one supplier companies are wise to identi several

sources of key reagents starting materials and intermediates Cost quality and

reliable delivery are critical parameters

The cost of material is determined in part by the market demand For

instance tniphenylphosphine is widely used reagent and is niuch less expensive

than its by-product triphenylphosphine oxide which has fewer synthetic applica

Ions The cost of starting materials for captopnil Figure 2.2 dropped as the cap

opril sales reached $1.5 billioti per year The overall development cost of drug

can decrease markedly if process research and development begins with the naost

appropriate inexpensive starting material

OH3 i.soc2 OH3

H3CySdOH H2N 2NaOH
HSN

002 COH

FIGURE 2.2 Preparation of
captopril
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lo ease production schedules key intermediates ma be outsourced from

vendors Reliable delivery of outsourced materials is crucial to making key

production goals By requesting that materials arrive some weeks before they are

needed the company can build hedge into campaign schedule As the success

of and demand for the product rises company may quali several suppliers to

ensure continued supply of key intermediates

JILD Convergent Synthesis

When synthetic route incorporates convergent subroutes the total amount of

intermediates required for the preparation of product can decrease dramatically
his is illustrated in Figure 23 by four theoretical assemblies of the octapeptide

lt amide bond formed
for linear route

convergent amide bond
formed for route

convergent amde bond

formed for route

convergent amide bond

formed for route

BOCKZL4KZL2-OMe or

ar

ZH
__IKHHBO KZL OH HO ZL Ome

BOG KS LKZ

KZLVZ OH

0KB

FIGURE 2.3 Model routes for preparing octapepride
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vhich was prep ired by workers it R.W Johnson ompound was prep ired

extending the chain from the carbonyl terminus of the amino acid units an

unconventional approach Figure 2.4 shows that when subroutes converge

closer to the end of the synthesis the total amount of intermediates that need to

he prepared decreases significantly For example if the yields per step were

758Oo linear synthesis would necessitate preparation of about 5u wto more

intermediates than would synthesis that converged at the end of the route

Closer examination of Figure 2.4 shows that the total amount of intermediates

to he prepared for Route is essentially the same as that for the linear route

ho execute the synthesis of the octapeptide in nonlinear manner one addi

tional step is required for each convergent route which increases the amount

of nitermnediates prepared The additional step is necessary because of the multiple

functional groups of amino acids There are greater savings in the overall amount

of interrriediates required in routes where the individual subunits do riot have

multiple reactivity and hence do not require additional steps for selective

reactions

Drawbacks with convergent routes may include the need to prepare and assay

an additional intermediate

1200

10.00

8.00

6.00

4.00

2.00

0.00

95% 90% 85% 80% 75%

Yed for Each Step in Route

Linear Route Route Route Route

Assumptions to model

All derivatized imino acids e.g BocK and HN OMe Hf were purchased

After each coupling the uitetmediate ester was hydrolyied to the carboxylic acid

All intermediates were stable and no salts were prepared

Yields for each
step

withii route were identical

FIGURE 2.4 Effects of convergent synthesis lotal kg of intermediatcs theoretically reqcnred to

produce kg of octapepude
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here ire several advantages to incorporating convergency into synthetic

route First as the total amount of intermediates decreases smaller arliounts of

reagents and starting materials are needed decreasing cost Second smaller batches

are neded which increases flexibili by permitting the use of smaller vessels If

larger equipment is used fewer batches are needed which permits equipment and

personnel to be used for other purposes with extended linear syntheses the

niiddle and late intermediates become increasingly precious and introducing

convergency lessens the value of intermediates and liability from scale.mp errors

151

IILE Using lelescopic Workups

Isolating intermediates has niany potential disadvintages Isolation is usually costly

and invariably leads to some loss of valuable material On nianufacturing scale

floUting intermediates and API requires about 5000 of personnel time and about

7500 of equipment financial outlay The additional handling required increases

both exposure of operators to pharmacologically potent materials and opportuni
ties for contamination of hatches and loss of valuable product Intermediates may
be isolated to ensure key purifications or to comply with protocols filed with the

HA or other regulatory agencies

Isolations are avoided by telescoping lhlescoping also known as concatenation

or through processes is the process of carrying the product of reaction without

isolation into the next step Inappropriate telescoping can compound the diffmcufl

ties in isolating reaction product that is sufficiently pure from the subsequent

step hut appropriate telescoping can greatly increase overall yields For example
three steps were telescoped in the preparation of pergolide mesylate Figure

2.5 raising the overall yield from 15 23o to 7l0o and decreasing the campaign
time from months to less than days Telescoping enhanced operator

safety by reducing possible exposure to these potent compounds dried solids

were handled only twice with the telescoped process as compared to times

with the
original route Route redesign and telescoping for the preparation of

ifetroban sodium Figure 2.6 reduced the number of steps from 23 to 12 and

raised the overall yield from to 28o In the optimized synthesis telescoping
also eliminated the isolation and handling of the anhydrides which are potent
irritants Unless significant purification or other benefits are realized by isolating

intermediates telescoping is incorporated as part of costeffective routes

IILF Minimizing Impact from Protecting Groups

Product costs rise due to the cost of
reagents and to the additional

steps resulting

from applying and reniovmg protecting groups Maximizing atom economy
i.e nlaximizinmg the number of atoms of all raw materials that end up ui the
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FIGURE Prep iration of pergolide mesyiate by telescoping
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Ph

OH3

H2N Ph

CH5

00

CO Na

00
HNy/1CH3

FIGURE 2.6 reparation of ifetroban sodium by telescoping
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product is an important consideration in mirumiz ig ran rnateri ii costs emis

sions and waste disposal
For costeffective routes it is justifiable to expend

considerable effort to minimize the number of protecting groups Additional con

siderations are mentioned in Section 111.0

When protecting groups must be used manufacturers should take care to

select the least expensive group on per mole basis along with costs associated

with protection and deprotection One consideration often overlooked is mini

mizing the size of protectnig groups larger groups consume niore volume in

reactors thereby decreasing the amount of product skeleton that can he charged

For instance one should consider using an acetyl protecting group instead of

9_fluorenyhnethoxycarhonyl Fmoc group Figure 2.7 as long as other consid

erations e.g crystallinity of intermediates ease of deprotection and elinunation

of subsequent side reactions are favorable

With traditional organic chemistry it usually has not been possible to avoid

protecting groups altogether Enzymatic transformations often supply the selectiv

ity needed without protecting groups and slmoitcn Lhe length of sFnthesis For

example over 2000 tons per year of aspartame was prepared by the Holland

Sweetener Company using therinolysin catalysis Figure 2.8 The coupling

reaction is remarkable in that it is specific for one enaritiomer of racemic phen

ylalanine methyl ester and condensation occurs at one of the two carboiqTlic acid

groups in aspartic acid Selective acylation of minimally protected sugar

derivative is also shown in Figure 28

IILG Minimized Number of Steps

To decrease the nuniber of operations an obvious remedy is to redefine the route

by using different starting materials that require fewer steps to produce the prod

uct Another similar time saving approach is to carry out more than one synthetic

transformation in one step For example three double reactions were developed

for the benzazepine Figure 2.9 hydrolysis of nitrile and an oxazoline reduc

tion of an amide and an ester/lactone and cyclization-demethylation Such

double reactions save considerable operating time and expenses on scale

H3C/R

Fmoc Acety
FW 22326 FW 5904

FIGURE 2.7 Relative sizes of fmoc and acetyl protecting groups
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FIGURE 2.8 Selective enzymatic reactrons

H3
NH

NsHCO3
/2o from

oxazoino

steps

CI CI

H3COt
PCI5 NCHNCH3

AICI3

72c
OH

FIGURE 2.9 Three double reactions us the preparation of benzszepirir
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Some reaction sequence can also he orchestrated so that the first step provides

an intermediate that triggers subsequent conversion Examples include tandem

reactions 13 donsino reactions 1141 and ascade reactions 1151 comprehensive

review of sequcntia transformations has been compiled by fietze and Beifuss

An example of the complexity produced by cascading palladiumcatalyzed

cyclizations 117 is shown in ligure Lift

IILH Avoiding Adjusting Oxidation States

Adjusting oxidation levels causes unnecessary expenses of time and money if

instead intermediates at the suitable oxidation level can he used in the synthetic

sequence fhe processing burdens of redox
steps are greater

than those of other

steps Reductions including reactions with NaBII4 and other hydrides use or

generate hydrogen either during the reaction or upon workup Whenever

hydrogen is present the potential exists for fires and explosions High pressure

reactors and specially designed reactor suites with blowout walls may be needed

The expense of preparing specialized facilities to accoinniodate the presence of

hydrogen can limit the nuiiiber of sites available for processing and hence limit

product throughput Oxidants are often highly reactive and corrosive requiring

speciali7ed handling In the case of metalderived oxidants waste disposal costs

can significantly drive up product costs

For optimal throughput however it may be necessary to adjust the oxidation

level In the case of process research leading to losartan Figure 2.11 alkylation

of the hydroxymethyl iniidazole led to 1783 ratio of 1011 favoring the

regioisomer that does not produce losartan Alkylation of the formyl imidazole 12

0.1 PdOAc2 0.2 PPh3

1.0 AgCO3 1.5 NaO2CH
CH3CN80 C1 -2hr -N

65-77c Ac Ac

CCO2Ei2 NCH25
CCO2Ei2 NE12

NSO2PS NdH24

Ac

FIGURE 2.10 Palladium catayzcd cascade teacnons
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to in excellent 973 ratiO in favor of the regloisomer leading to losartan

dramatically improved yields far outweighed the disadvantage of processing

additional steps

ILL Enantiospecific and Stereospecific Reactions

solution of enantiomeric materials returns at best only 59 of the mass input

nd the remaining material must be converted to product or sent for disposal If

aly one chiral center is present the wrong enantionler can often be racemized

the desired enantiomer can be isolated by resolution However if more than

hira1 center is present racemization of the wrong enantiorner and recovery

ie desired enantionier are often not feasible further discussion on asyininet

synthesis may be found in Chapter 16

TIP Any reaction that is not enantiospecific or stereospecific should be

positioned at the beginning of synthetic sequence in order to naimmize

wasted processing downstream

nBc N-OH
Br

K2003__- nBi NOH Br
DMAc

NBr
Br nBUNOH

H3CCH23 i- OH
10 11

NNNa

NaBH4 8992c 10 soated

CH3OH O3o 11

nBuIH
Hiiiiiii

Br OBr nBu
973

E1CURF 2.11 Ak\ atlon of losarian intern ediates



40 Route Selection

IILJ Incorporating Unexpected Processing

fhc costefficient process will take advantage of unusual occurrences encoun_

tcred during research and development Chapter Section VI For instance

slow reaction at sterically congested site may eliminate the need for protecting

group he byproduct of reaction may oil out of solution allowing it to be sep
arated as liquid Byproducts may crystallize and he removed by filtration

affording ready clean-up of the reaction and isolation of the product in good

yield

PWhetiNatureoffersaseparationseeifitcaibeexploitedtadvan

III Incorporating Rearrangements

Rearrangements can also be used to incorporate key elements of stereochemistry

and regiochemistry from simpler molecules Silyl Claisen rearrangement of 13

was reported to lead to key chiral vitamin intermediate Figure 2.12

Thermal rearrangement of the salt 14 leads cleanly to the csubstituted sulfomc

acid 15 which is key intermediate in the preparation of dyestuffs Figure 2.13

2fl1 Migration of the acetyl group from the 4-position of 16 to the 6-positioo

affords 17 key intermediate in the preparation of sucralose Figure 2.14

The acetyl migration affords an equilibrium mixture of 1716 in the ratio of 41
and the reaction was driven to completion by crystallization of the product from

the reaction mixture Chlorination of 17 with SOd7 Ph3PO and deprotection

provided sucralose

OSiCH33

1LDATHF OH3 iRT CO2H
30

2TMSC
HO 2.H20 CH3

87o

FIGURE 2.12 Silyl Cliisen rearrangement leading to vitamin precursor
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NH2CSO3H NH2

SOH
14 15

bIGURE 2.13 Preparation of ui ulfonic id by rearrangenicnr

IILL Focusing on Common Penultimate or

Key Intermediate

onsiderablc process research and development may occur on several different

utes over time Usually these routes converge at the penultimate intermediate or

late intermediates If drug candidate has been filed with the FDA or other

gulatory agency the characterization of the drug candidate and its penultimate

ntermediates is of primary importance Such characterization includes months-

long bulk stability studies and detailed analyses If reaction conditions to pre

ire drug substance arc different from those previously disclosed to the FDA
hulk stability studies must be repeated to confirm that the quality is the same as

better than that of the drug substance prepared by the filed route Filing new

oute is simplified if the new reactions leads to intermediates that are part of

AcO OH AC
50 C/5h

16
AcO OAc

l85o 17
AcO OAc

Ph3PO eq SOCI2 eq
PhCH3 reflux /2.5

H20
CH3OH recrystalization

75c

Cl
OH

NaOMe MeOH
OAc

HOo Ambete AcO
EtOAc

HO OH
recrystalization

AcO OAc

sucralose 92c

1GURE 2.14 Preparation of sucralosc by migration of an acetyl group and chlorination of

mt rnicdmatc
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filed process Then it is necessary to demonstrate thit highquality intermediates

are produced and that any new impurities generated in preparing the penultimate

do hot have an adverse impact on the quality of the drug substance

IILM Facile Rework for Final Product and Intermediates

The expected quality of final product and intermediates is not always achieved

Cost-effective routes include rework procedures to upgrade batches Often the

products are again subjected to the final crystallization and isolation conditions In

other cases the chemist develops purification procedure to upgrade batches

contaminated with specific impurities

To ease purification of the final product cost-effective routes are designed to

incorporate key intermediates that can be readily upgraded without chromatogra

phy Usually sequence of dissolution followed by hot filtration and recrystalliza

tion is employed but on-scale compounds may also be purified by reslurrying

extraction and reisolation and other means

IILN Patent Protection for Manufacturing Route

Patents allow the assigned company to reap the benefits of selling their researched

product without competition for finite period the period varies according to

the country of origin For patents issued by the United States Patent and Trade

mark Office after June 1995 the term begins on the date of issue and ends 20

years from the effective filing date This exclusivity is intended to reward

those who have undertaken the risk and cost of developing new compound
Those who wish to use the material or process described in anothers patent are

legally required to request permission to do so usually with the cost of licensing

Failure to do so carries high risk of legal action

TIP Patent laws in the United States require applicants to describe the

best conditions embodying their invention that were known at the time of

application Considerable details are published in patents which supple

ment the classical chemical literature

Chemical patents are granted for either composition of matter or processes Coin

position of matter patents are filed early in the development of compound
If the route to prepare large amounts of drug substance is significantly different
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the route described in the composition of matter patent or if new interme

tes or salts are part of the optirmied route filing process patent may be con

lered Years of development time is required to develop optimal processes In

der to avoid helping competitors some firms never disclose the optimal

cr sses for making valuable API and few disclose key details Even so the

tails provided in patents may be very useful in developing processes for similar

oi ipounds

TIP The risk in not applying for patent on new compounds or process

es is that competitors may receive patent covering the work done in your

ompany In that case it would be necessary to establish when your work

had been done This underscores the importance of updating signing and

witnessing notebooks

When patented intermediates are part of the route to the API companies may

driven to create patentunencumbered routes to new drugs to avoid licensing

to contain production costs An uncommon MnIII air oxidation was devel

ed to circumvent the need to use patented intermediate 18 in the production

aztrconam Figure 2.15

ILO Minimized Environmental Impact

vironmentally conscientious chemistry is becoming profitable or at least the

ternatives are becoming costly driving force for many initiatives is

H3N CH HN1
OH NH CH3

so3 .- azireonam

18
Paieneencumbered SO3K

fl 1980s
MriOAc3 02
AcOH

67%i

HAN H3N CH3

OH NH CH3

Patentfree 503-

S0K

FIGURE 2.15 Preparation of an aetreonarn precusor by MnI1I air oxidation
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laws implemented by the Environmental Protection Agency Table 22 The

type and volume of waste streams are minimized with costeffective route

incorporating green chernistry For example reactions generating waste from

stoichiometric toxic metal reagents e.g the oxidation of secondary alcohol

with pyridinium chlorochroinate are replaced by using catalytic amounts of

reagents or reagents that are more environmentally benign see Figure 2.16

In dedicated manufacturing facility considerable attention is paid to recovering

and recycling chemicals particularly solvents Some aqueous wastes niay be bio

logically rensediated on site 31 At many scaleup facilities waste is sent offsite

for conscientious disposal by licensed professional firms With cradleto- grave

responsibilities companies that generate waste can be liable for years fhe political

importance of minimizing environmental impact is rising with enhanced appreci

ation of our finite environmental resources

TIP Today the cost of conscientiously disposing of drum of waste

streams can he greater than the cost of drum of reagents

There are at least three measures ofgreenness Atom efficiency as defined by

Trost was discussed in Section III.E Ecoefficiency has been defined as the

TABI 2.2 Selected Environmental Laws Relevant to the Chemical Industry

Clean Air Act Air emissions

leaii Water Act Discharges of pollutants to waters of the United States

Comprehensive Environmental Response Conipensation and liability Act CER IA Federal

Superfnnd to clean up uncontrolled or abandoned hazardous waste sites

Lniergency Planning and ommunitv Right -to Know Att EPCRA ommuniry safety REP
Every state must do RTK
Reportng threshold varies per clienucal

Federal Insecticide Fungicide and Rodenticide FIFRA Pesticide distribution sale and use

Pollution Irevention Act Reducing polltition through cost effective changes in production

operation and raw materials nse

Resource Conservatioq and Recovery Act PA Control hazardous waste front cradle to

grave

loxic Substances Control Act Authorization to test regulate amid screen all chemicals produced or

imported into the United States

The Toxics Release Inventory TEd ontams information about releases and tiansfers of more

than CR toxic chemicals and compounds to the environment
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OH3 CaOCI2

AcOH EtOAc

87%

FIGURE 2.16 Oxidation of secondary alcohol with CaOCI

optimal use of material energy human resources and capital to bring innovative

products to market Sheldon has also introduced the term factor which

assesses environmental acceptability as the weight ratio of waste/product The

amount of waste is driven up by the formation of inorganic salts The fac

tor is highest by far for the pharmaceutical and fine chemicals industries Table

2.3 One can argue that the amount of waste generated by these industries is

smaller than that generated by the others particularly since multiple steps are

characteristically involved in preparing pharmaceutical and fine chemicals

Nonetheless the data indicate that there is room for improvement and green

chemistry considerations will become increasingly important as international

attention to the environment builds

There are two approaches to minimizing waste The traditional approach is to

reduce waste at the end of the pipeline Decreased solvent usage decreased sol

vent emissions and better solvent recovery and recycling are included in this

approach With higherboiling solvents smaller emission burden niay be expect

ed but recovery by distillation becomes more costly

The second green approach is to minimize waste at the source Catalysts are

very important in this approach Synthetic orgatuc chemists have devised some

elegant chemistry involving transition metals with scaffolds Enzymes have

assumed great importance on manufacturing scales and in the laboratory

Supported regenerable reagents are being used not only to avoid the burden of

one-time use but also to increase the ease of working up reactions Polymeric

TABLE 2.3 ByProduct Waste Generated by Factors

within the Chemical Industry

Industry factor

Petroleum

BaIk chemicals 15

Fine cheissicals 53t

Pharmaceuticals 25100
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reagents and ieolites fall into this category of
reagents Neat solventfree

reactions are used when appropriate to increase productivity and to avoid the dif

ficulties associated with solvent emissions and recovery three
step procedure for

making ibuprofen was developed by Boots BASh and Hoechst-Celanese to

replace sixstep route that generated large amount of waste byproducts Fig
ure 2.17 37 Alternative reagents are being used such as the oxidation with

CaOCl2 in Figure 16 and the use of PTC phase-transfer catalysis to avoid

the use of strong bases and highboiling watersoluble solvents
interesting

example is the preparation of ibuprofen by methylation alpha to carboxyhc acid

group using NaOH instead of strong bases Figure 2.18 1391 under other condi
tions it would be necessary to generate the dianion of 19 with bases such as LDA
in order to affect the niethylation New

reagents were used as alternatives to

DMSO in the Moffat-Pfitzner oxidation of secondary alcohols Figure 2.19
the byproducts 20 and 21 are odorless in contrast to the volatile malodorous

dimethyl sulfide generated from DMSO Minimizing waste at the source will

become
increasingly important in the future

IV USING COST ESTIMATES TO ASSESS THE
ULTIMATE ROUTE

The selection of the optimal route is driven by financial considerations Generat

ing cost estimates for different routes in spreadsheet format allows
easy compari

son The key in preparing and using such cost estimates is to use the same

assumptions consistently and to be aware of factors not included in the calcula

tions

Usually cost estimates include the cost and equivalents of starting materials arid

reagents yields of products of acceptable quality and total kilos of intermediates

required per kilo of product Other factors that may be considered include

Cal HF H3C

CH3 ft AC2 96 ACOH

CH3

H2/Pd-C

neal
98c

H3C
Co

PdS CH3OH
Cd3 neat

Cd3
buprofen 98c

FIGURE 2.17 An efficient
three-step pIocess for nicking ibuprofen
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H3C 3.3 Me2SO4 cat BnEt3NCI
H30

OH3 OO2H
9.6 KOH 0H20l2

OH3

19 powdered reflux
buprofen OH3

74o

OH3

FEGURI 2.18 Methylation of an arylacetic
acid by PT

ss throughput product produced per unit time disposal costs the amounts

solvents reagents arid starting materials that can be recovered and recycled and

amounts of intermediates and product that can recovered av aecond crops

costs of labor and fixed and variable overhead may not be part of an estimate

material produced in house it is simpler to choose processes that maximize

oduct throughput and minimize wastes Companies that contract custom

snufacturer to provide intermediates or API outsourcing can expect to pay the

sts of labor and of fixed and variable overheads

typical spreadsheet is shown in Figure 2.21.This example estimates the cost

preparing kg of amine 26 using the Curtius rearrangement shown in Figure

20 For this spreadsheet the price of intermediate 22 was estimated to be

200/kg and for convenience other prices were taken from the 1998-1999 cata

of the Aldrich Chemical Conipany For this four-step preparation only 3.11

of intermediates per kilogram of product would need to he prepared and iso

ed his low ratio of isolated intermediates to product is due to the few steps

tivolved the telescoping of one of the steps the average yield of 92c per step

OH DOO

R1R2 H3OR
OI2OHOO2H

R1R2 H3O

Ft Oharacteristics of Reagent By-Product

OH3 DMS stench Pfitzner-Moffat oxidation

0H2110H3 odorless 20

odorless crystalline 21
easily recovered and recycled

002H

FIGURE 19 Alternatives to 1MSO in the Moffat Pfitzner oxidation
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NH2

NCH3

C15H19N3
FW 24133

H2S04 NaNO2
AcOH H20

H2S04 H20

Aq NaOH
78c from 22

CONHNH2

NCH3

C16H20N40
F.W 284.36

FIGURE 2.20 Prep2ratlon of annne 26 by Curtiu redrrangcnlcnt

and the similar molecular weights for intermediates and product For sequences of

lO15 steps total isolated intermediates product ratio of 101 is often set as

goal and ratios of about 151 are common
Cost estimates can quickly show which components contribute heavily to the

cost of the product and indicate where further optimization would be profitable

In the case of the estimate in Figure 2.21 nhexyl lithium the starting material

22 and THF are the two most expensive components for preparing kg of 26

Bulk amounts of these materials could be purchased more cheaply than catalog

amounts cheaper base to generate lithium diisopropylamide could be substitut

ed for n.-hexyl lithium but reagent cost is not always the primary consideration

The authors chose n-hexyl lithium over n-butyl lithium because the by-product

hexane is more recoverable affording more ceo-efficient process Using less

THF or reusing this solvt could decrease the overall cost considerably

Assigning monetary values to other considerations may be difticult or impos

sible Process flexibility and equipment availability may be critical For instance

to accommodate beneficial trade considerations it may be desirable to manufacture

product in another country whereas route that uses locally available equip

ment may be selected Financial projections niay be necessary to decide whether

H2SO
CH3OH

Aq NaOH

97o

CO2H

CH3
6H18N202

F.W 27033

1.3LDA THF
2.3 TMSC
-80C

1000 sq HC
93

23

Ci 7H20N202
F.W 284.35

CO2CH3

NCH3

C1 7H20N202
F.W 284.35

H2NN H2 H20

-penfanot

reflux

heptane



Ip

Lof

LW

CI

11

oH

of

A2

Uk

trI

96

IL

201 NOR

4o

II
L
M

INC

ol

1ff

Po
P0

21 16

CL

CC IC

of

P12

110

III

IL

IL

II

II

IL

It

bo

10

Ii
u
ir

At

Ifo

At

N
0
1
I

1-7

po

MON

II

711

74

II

nO

13

ol

11

II

F
IG

U
R

L

Co

11

nat

2
O

L
k
s
h
u
u
t

for

p
re

p
a
ri
n
g

kg

of

a
n
o
n
e

26



50 Route Selection

long term profits can justify the purchase of specialized equipment Highly relfi

able processes are preferred in manufacturing sites so that the need to rework

batches is minimized Chemical engineers should be involved to help in assessing

processing reliability Routes that prepare stable intermediates are preferred

because poor shelf life limits the overall flexibility in processing The ideal route

will not generate irritating and toxic intermediates To define the ultimate route

it is best to consider route characteristics for each product to be manufactured

SUMMARY

Many factors are important in route selection The range of criteria can be cov
ered by considering the characteristics of the two extremes expedient routes and

optinial mutes The priorities of factors for route selection depend greatly on the

amount of time available and other factors as discussed iii Chapter
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Reagent Selection

After choosing the synthetic route to target compound the chemist can readily

focus on selecting the appropriate reagents The primary goal for selecting reagents

is to obtain the desired product in high yield with niinimal effort during work

up The suitability of reagents for scale-up work is determined by reactivity/

selectivity cost availability ease of scale-up operations and many other practical

considerations This chapter will discuss characteristics of the ideal reagent safety

and toxicity considerations the importance of examining the cost of reagents and

atom efficiency and will give examples from families of reagents useful for scale

up Fundamental trends in reagents e.g the decreasing basicity of the series

nBuLiLDANaHKOtBuNaOMeNaOHNaCO3NaHCO5 are not

discussed here

II THE I1EAL REAâENT FOR SCALE-UI

ideal reagent produces the desired product in high yield in the expected time

frame with minimal effort needed for workup and isolation of the product

53
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When reactions are run repcatcy in ordcr to accumulate n1aterial campaigns

using the best reagent may be critical to minimize problenx..solving needed for

any run Cost availability ease of handling waste disposal considerations and

other factors beconie increasingly important as more material is required Some of

the characteristics of the ideal reagent arc shown in fable 3.1 no reagent satisfies

all of these characteristics

ILA Importance ofWriting Balanced Equation

One of the first steps in selecting reagents is to write balanced equation for the

reaction being developed This exercise often reveals many aspects
of

process

TABLE Characteristics of the deal Reagent

Characteristics

Specific
for the desired synthetic transformation

Nontoxic to operators and analysts

Poses no chemical reaction hazard to personnel

Inexpensive

Readily available

Consistent quality from batch to batch

Stable with good shelf life

Readily generated and used if not stable

Handled without attention to special conditions e.g

stable to the moisture and oxygen in air

Readily transferred into reactors

Chosen to facmlitatc work up and efficient isolation of

pure product

Produces non-toxic by products

C.mt.lytic and readily
recovered and reused

Requires no specialized equipment or facilities

Has desired soluhiliry for reaction and work..up

Coinnients

With increased reat tivity
shortened reaction

times result often at the exprse of

reaction selectivity

Increased time required for handling more

toxic reagents

onsider the safety
of operators equipment

and the community

Minimize overall cost of product

Consider outsourcing specialized compounds

perhaps from multiple vendors Note that

shipping regulations may vary for different

tates and countries

May eliminate the need for running use.-tests

Good stability at room temperature preferred

Reproducible generation minimizes or

eliminates analysis
time

Inert gases routinely used on scale fot safety

Liquids and solutions are preferred Solids

particularly dusts may pose difficulties

Should have no adverse effect on the work

up of the product

Minimize disposal costs

Recovery and reuse are important for costly

cat.ilysts used on large
scale

Selectivity and high..yielding
reactions may

justify purchase of
specialized equipment

e.g hydrogenation facilities

High sulubility
tinder reaction conditiotis

permits fast reactions and high

productivity insoluble reagents may be

preferred for ease ofworkup
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-kvelopment that are important for running the reaction and for optimizing

sork-up Feedback from these considerations may determine reagent selection

The hydrogenolysis of the chlorinated oxindole provides an interesting

vample Figure 3.1 Transfer hydrogenation was used with H7NNH2 HO as

reductant The authors did not discuss why this reagent was chosen over

or other reagents e.g ammonium formate that generate H2 under transfer

iydrogenation conditions Hydrazine rocket fuel was routinely used for reduc

tons at this site and is safer than anhydrous hydrazine benefit of using is

that the byproduct N2 is readily removed from the reaction Cyclohexadiene

ometimes used for transfer hydrogenations is not desirable substitute for

wcause the by-product is henzene which requires additional considerations to

omply with regulatory agencies When NaH9POH9O was used in place of

byproduct inorganic salts complicated workup as extractions at 70C were

ceded to recover the catalyst Based on the by-products generated from reduc

on is preferred over hydrazine cyclohexadiene and NaH2PO2H7O The use

hydrogen seems to be reasonable alternative to but at least fur scaleup this

acility was familiar with and preferred to use H2NNH2H2O

ILB Safety and Toxicity Considerations

Ike wise chemist consults the material safety data sheet MSDS before handling

ny new chemical in the laboratory The reaction hazards posed by chemicals must

thoroughly assessed before any reaction is run on scale The MSDS also

icludes information that has been compiled about the toxicological hazards of

pwific chemicals An MSDS may be found with the shipment of chemical in

latabases within company or in databases accessible through the Internet

All chemists should be aware of basic toxicological considerations for chemi

als they use Many companies arrange for intermediates and target compounds to

subjected to toxicology screens in order to gather information for the safety of

hose preparing or handling these compounds and ultimately for filing with regu

latory agencies Unfortunately the MSDS or in-house databases may not be up to

date or testing may not have been completed on compounds that have recently

ome into development In spite of these efforts and the information in MSDSs

OCOPh 000Ph OH

HNNH
PC NaOH

85c 48 kg

FIGURE 3.1 Hydrogenolysis of chlorinated oxindole
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the chemist is ultimately responsible for his or her safety and the safety of

coworkers

Toxicological considerations can be broken down primarily into four areas

corrosivity selective metabolic poisons electrophilicity and bioactivation

Corrosivity is familiar to the chemist examples include mineral acids HCO2H
NaOH and phenol Other compounds generate corrosive by-products as in the

reaction of an acid chloride with nucleophiles including atmospheric water to

generate HC1 Selective metabolic poisons include cyanide and HS Sonic phar

tnaceutical agents and interniediates may also be considered selective metabolic

poisons Included in this group are anticancer agents and compounds with low

margins of safety

Electrophihe reagents can react with the nucleophilic groups of proteins and

genetic material to produce covalently modified products damaging tissue and

perhaps leading to cancer Reactions of sonic frmnctional groups are shown in Fig

ure 3.2 Especially toxic are compounds containing two or more elcctrophihc

centers as reactions can lead to crosslinking and significant damage to tissue and

cellular material Drugs and foreign compounds are metabolized by oxidation

reduction and hydrolysis and metabolism usually aids in removing such com
pounds from the body 61 Metabolism can also generate electrophiles by bioacti

vation and some examples are shown in Figure 3.2

Guidelines for repeated exposure to chemicals have been established by the

American Council of Governmental and Industrial Hygienists ACGIH and

these may be used to assist in controlling health hazards Threshold Limit Values

TLVs are the concentrations of airborne substances to which it is believed that

people can be exposed daily without adverse health effects TLVs are measured in

units of ppm parts per million or mg m3.There are three categories of TIVs the

TLV-Time-Weighted Average TLV-TWA the TLV Short-Term Exposure Limit

TLV-STEL and the TLV-Ceilmg TLV-C The TLV-TWA is the amount of

substance that most people can be exposed to for an average of hours day over

40 hour week without adverse effects The TLV-STEL is the concentration that

should not he exceeded over 15-minute period and the TLV-C is the con
centration that should never be exceeded It must be stressed that TLVs are

guidelines

ILC Cost of Reagents

Often family of reagents has been developed to carry out synthetic transfor

mation For example many reagents have been employed to form peptide bond
which is essentially dehydration Figure 3.3 Table 3.2 lists several

reagents

ranked by decreasing cost along with some advantages arid disadvantages of these

reagents In this case the costs per mole differ by as much as two orders of

magnitude Specific costs are not included in this table as the costs of such
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ectroph le orpd Reaction

alkylation

EWG 4-addition

addition

Schiffs base formation

pyrroles cross-linking

RCOX RCOO acylatlon

RNCO RNCS acylat on

addition

5OH

alkyl benzyl aryl etc

halide OSOR etc

EWG ON OHO COSR CO2R CONR2 etc

FIGUR.E 3.2 Toxicological considerations Reaction of
electrophiles

-H20
A1 NOR4 A1

A2HO
OR4

peptide common epimeric

by-product

Bioactivaled

Metabolite

14- and 6-additon

12-and 4-additIon

cross-linking

acylation

01 01 Cl 01

FnOH FuOOH F30 01

A2

NOO2H H2N0
R3

derivatized derivati4ed

L-amno acid L-amino acid

FIC 3.3 Generalized peptide bond formation
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IABI 32 Selected PeptideBond Forming Reagents Arranged Order of

Decreasing Cost

Wood\sards RcaRnt

3Iiethylnninopropyl

ethylcarbodiinude water

soluble carbodnmide or

WSC or FDC
Vilsmeier reagent

chloroniethylene

dirnethylammor ium chloride

amine md base

Propane phosphonic acid

Anhydride

Diethyl chiorophosphate and

base amine and base

Dicyclohexylcarhodiimide

13CC

Isohutyl chlorofornsate and

base amine and base

Pivaloyl chloride and base

amine and base

Thionyl chloride amine and

530 AcRe ester 8Iater soluble by produca ease

work up
Active ester Watersoluble by products ease

work up

100 Acitl chloride Epimerization to carhonyl niay

prove problematic

35 Mixed anhydride Water-soluble by-products ease

work up

Water soluble byproducts ease

work-up

Active ester Coniplete removal of byproduct

DCU nsay be difficult acyl

urea by products may form

Typically run at 15 to

water soluble byproducts

Some pivalanmide may form

water soluble by products

Epimerization a- to carbonyl may

prove problematic

aRelative cost per niole of coupling reagent for research quantities

TCost of base ignored for purpose of spreadsheet

Bechtolsheimer Kuna Fl Coupling of Sterically
Hindered Peptide Bonds Renais

sance of the Acid Chloride Method Angeus Chem mt Ed Engl 1982 21630
dStoner E.J Stengel PJ Cooper J.Synthesis ofABT 378 an HIV Protease Inhibitor Candi

date Avoiding the Use of Carhodumides in Difficult Peptide Coupling Ort Process Res Dcv 1999

3145
Racenuzation through oxazolone formation Kemp Wang Rehek Jr Mollan

Banquer Subramanyam Peptide Synthesis with Beniisoxazolium Salts 11 77 trahedron

1974 30 3955

1llernhagen PPA new reagent for peptide synthesis Pharmaceutical
Biotechnology

International 1996 p.31 See also Millbanks Propylphosphonic Anhydridein Encyclopedia of

Reagents for Organic ynthesis Paquette L.A Ed New York 1995 4336

tcaede Preparsrinn of Carhoxamides via Carhoxvlic Phosphoric Arihydrides Org Iroess Rca

Dee 1999 92

1DCU is relatively insoluble in DMF iPrOAc and THE-F 12O

Bernasconi Cnmini Corhella Cariboldi Activation of 2Alkenoic Acids as Mixed

Anhydrides with Dphenylphosiinic Acid for the Formation of Carboxamides
Synthesis 1980 385

1Chen FM Steinauer ty Benoiton Mixed Anhydrides in leptide Synthesis Reduction

of Urethane Formation and Racennzation Using Methylpiperidine as the
Tertiary

Amine Base

Org Chem 1983 48 2939 Bock DiPardo Evans Rittle Prei

dinger An Expedient Synthesis of Amino-I 3-dihydro phenyl-21 1-1 4-henzodiazepin-

one Tetrahedron Lett 1987 28 939

Reagent

Pd itive Mec hanisns tc

cost activate RCCH Consnserits

20 Mixed anhydride

Mixed

anhytlride

Mixed

anhydride

Acid chloride
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ABI Relativ Costs of Some Alkali Metal Hydroxides

Relative cost per mol of

Hydroxide nonhydrited MOH

LiOH HO 3.8

a5H pellets
St

NaOH 500i .1

ItOH 83 2.0

raterials are subject to market pressure and generally decrease as the amount pur
chased increases Substituting one member of family for another may lead to

reatly reduced costs and should be considered whenever possible

All families of reagents can be examined for relative costs including even

eagents that might be overlooked due to familiarity Table 33 shows the relative

osts for LiOH NaOH and KOH While NaOH as 50o aqueous solution is

marginally more expensive than NaOH pellets the convenience of transferring

liquid may make 50% NaOH the preferred reagent

The cost savings from using NaOH instead of LiOH would be significant only

on large scale For instance in the fourstep synthesis shown in Chapter Figures

2.20 and 2.21 the cost of NaOH contributes only 500 to the overall cost esti

ate Despite the similarity of LiOH NaOH arid KOH the by-products formed

during workup have significantly different solubilities KOH may generate car

hoxylate salts which are more watersoluble and improve process productivity In

he condensation of proline with N-carbonic anhydride derivatives of amino

acids the use of KOH with K2C03 produced 05 solutions while with solu

ons prepared from NaOH/Na2CO3 crystallization occurred at concentrations of

only 0.1 Unexpected chemistry can occur when substituting one alkali

ydroxide for another for example KOH treatment led to epimerization of the

carboxylic acid in Figure 3.4 but epimerization did not occur with NaOH treat

ent initially developing process using the cheapest reagent NaOH
this case could avoid scaleup difficulties later in the development of com

pound

HO HO
pvO pvO

HO HO

CO2H KOH CO2H
NH reflux/16h NH

101 mixture of product

and starting material

FIGURF 3.4 KOH nsedi.sted epinierization
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TIPS
To nnmmize development efforts overall try to develop the preliminary

processes using thc least expensive materials

In future optimizations all reagents considered as substitutes for estab

lished reagents should he examined by usetests

ILD Atom Efficiency

There is growing movement to select reagents based on atom efficiency in

order to minimize both environmental impact and disposal costs.Thesc costs must

be considered in conjunction with overall costs of reagents and productivityTable

3.4 compares characteristics for some methylating reagents

Sometimes the greenest reagent has undesirable physicochemical or toxicolog

ical characteristics or does not exhibit the desired selectivity or reactivity For

instance CH3C1 is more atomefficient as methylating agent than CH3I
but CH5CI is less reactive and pressurizable equipment may be required to run

reactions with this lowboiling material Any considerations that extend process

ing times may lead to more costly product When selecting reagents all ramifica

tions must he considered

TABLE 34 Charactcri-tico of Some Methylating Agento

Atom

Reagent AT
efficiency

Coon cuts Sonic Uses

080 OCH 126.13 12 24o bp 188

.H OTs 8623 80 nip 27.5

CH 141 94 hp 41 Sinivastatin examplo Figure 1.4

CH FIr 94.94 160 bp

H3CI zO.49 340 hp 24

CFI OCOOCH 90.08 170 hp 91 Monomethylation of active CH
32.04 47 Metbylation of uuines Toxicity of HCHO

H0H cat 32.04 47 bp 65 Fischer esterification

CHN 44.04 34 hp 23 May he explosive in presence of some

nipurities Must be generated prior to use Reactions

perfoinied on scile by specializing contractors

All iiottliyliting reagents should be considered cancer suspect agents and handled with due cau

tion and appiopriate safeguards

1Tundo 11 Selva Boniben Mono- niethylation ofAryacoto ntriles and Methyl Ar3lac

etatcs by 1ino thy arhonate General Method for the Synthesis of Pure Ar3lpropionic Acids

Phcnylpropionic Acid Orf Syo 1998 76 169
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Ill FAMILIES OF REAGENTS USEFUL FOR SCALUUI

me examples of families of reagents commonly used on scale are discussed in

following pages Fhese reagents and examples illustrate sonic of the principles

liscussed earlier The reader may find these examples useful either for direct appli

atiou or for generating ideas for other applications

lILA Reagents for Deprotonation

academia n-BuLi and NaH are commonly used to deprotonate weakly acidic

nolecules and allow further reactions On scale these reagents are rarely selected

ecause they are pyrophoric Phe byproducts butane and hydrogen are volatile

lanimable conipounds that must he considered as emissions Many alternatives to

-BuLi and NaH are shown in Table 35 which includes n-BuI for comparison

The reagents in Table 3.5 are preferred over n-13u1 and NaH usually for safety

asons For instance n-hexyl lithiuni and n-octyl lithium are not pyrophoric and

in be stored at rooni temperature The byproducts from these reagents are more

rcoverable hence more ceoefficient Figure 3.5 The alkali metal salts of

examethyldisilazane are moderately strong bases do not generate H2 as by
oroduct and after aqueous work-up afford Me3SiOSiMe3 bp 101C as readily

recoverable by-product Figure 3.6 shows reaction with NaNSiMe3 to form

utermediate in the preparation of PDE IV inhibitor and reaction with

fABLE 3.5 Reagents for Deprotonation

Reagent ypical concentration oniiisents

silluLi 30 in PhCH Pyiophoric storc at

iHext 25 40r in hexane Not pyrophoric store ai RI or below

ctLi 15 -40L in hexine Not pyrophoric store ai Pt or below

1.8 in THO heptane Contains Mg stabilizer

iNISiMe 1.0 in TI IF or hexanes Also available as solid

.liNlSiMc 1.0 iii HF Also available as solid

0.6 in PhCH

KNJ 0.9 in THF Also available as solid

0.7 in PhC

NaOH Mo aqueous Phase lransfer Catalysis PT

Data froIn FMC orporation New Product Safety and Dat.i Sheets 94 and 94 Caller

seinical Company wwixcauiercona and Aldrich Chemical oinpany

Lithium diisopropylamide

11

it

It
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LiNSiMe2 to form crixivan intermediate 13.The reactivipi of bases may be

dependent on the nature of the alkali metal portion of the base as seen in the

hetero-Michael additions shown in Figure 3.7 Phase transfer catalyzed reac

tions PTC are often overlooked and can provide safe economic and very

productive alternatives to reactions using strong bases see Figure 2.18

IILB Alkoxide Bases

KOtBu is often used in academia as moderately strong base The use of KOt-Bu

on scale may be hampered by its relatively low solubilii in organic solvents.The

salts of t-AinOH have much greater solubility Table 3.6 and should be consid

ered for use on scale in place of KOt-Bu NaOt-Ani and KOt-Am are readily

available

THFNaN
H3C

RT
NaH2C

BOO

BOO

C6H1
LDA nHexU

THF hexanos

OH$
76

FIGURE 3.5 Deprotonation
with nHex Li

BOO

L
II
II
t

OH

çOH3 UN
.150
94c

964 dastereoseectVity

FIGURE 3.6 1eprotonatioii with NaNSiMe and KNSiMc
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HO %% Bz
CO2CH3 C020H3

100% OBz
CO2CH3

UNSiMe32 AT overnight

KNSiMe32 -78 mm

NaH -78 takes longer than KHMDS

FIGURE 3.7 HeteroMichael additions usiug moderately strong bases

1ILC Amine Bases

In academia triethylarnine is probably the amine most commonly used to scav

erige
acids generated during reactions Triethylamine is readily used on scale

however in some cases there are many other amines that can provide distinct

advantages.Table 37 shows some inexpensive amities useful for scale-up grouped

as primary secondary and tertiary amines It is significant to note that secondary

annnes are more basic in water than the analogous tertiary amines This is proba

bly due to the increased stabilization from hydrogen bonding with water that is

possible for protonated secondary amines Figure 3.8 In solvents in which

hydrogen bonding cannot occur basicities are expected to be consistent with the

inductive effect for substituted amines the order of basicity in chlorobenzene is

BuNH2 Bu2NH Bu3N

TABLE 3.6 Solubilities of Selected Alkoxides in Organic Solvents at 25

Solvent NaOtBu KOtBu NaOtAm KOSAm

Thluene wt% 2.3 wt% 46 wt% 36 wt%

Cyclohexane 14 wiN NA 50 wiN 27.6 wt%

Hexanes 11 wt% 0.3 wt% 50 wiN 30.0 wiN

r-Ilutanol NA 178 wt% NA NA
Pyridine 74A 19 wiN NA NA

Diglyme 22 t% 42.0 wt% 47 wt% 47.0 wt%

Tetrahydrofuran 38 wt% 25 wiN 30 wiN 51 wtN

Daia frons Callery Chemical technical bulletins 8/97
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TABLE 3.7 Charactristies of Sonic Amine Useful for Scale Up

onipound Boiling point pEa Connnents

NH 33 9.25

Methlannne 10.63

Ethvlaissine oo
Diinsthii arnnoprop lansine 133 10.6 11 Used to remove excess

RCOC
Diethylaim moe 56 11.02

Dnsopropylanmmnc 84 .0

Piperidine 106 11.12

Morpholine 29 8.13

Dmnicthy1isopropl mmmc 66 11.36

Methy1prrolidnme 81 10.32

Tnethyl moe 89 10.75 HC1 salt insoluble in

CH

T.Methylpipericline 106 13.18

Diisopropylcdmylaunne 12 11.4 HC1 salt sulsibln in

CN

Methylmorpholine 15 750 nun 7.13 Used in peptide

coupling

Iniidazolm 89 91 nip Used in peptide

coupling smlylanon

Pyridmne 11

2Methylpyridmne Picoline 128

26 Dimethylpyridine 26Lutidmne 143 6.65 Useful for sulfanon

Di neth3lmnnnopyndine 1MAP nip 112 9.7 Acylanon catalyst5

4.-Dmazabicyclol2.2.2octane 1ABCO 158 8.6

18 Diazabicyclo 0undec7ene DBU 80 3.6 mm 13.2

Diazahuyrlo ene DBN 95 7.5 mm 13.2

5Sources

Ibm 8ferck Index 12 edition Budavarm Ed Merck Co. Inc White House Station NJ 1996

Perrin Dempsey Serjcant jsKa
Prediction

jisr Organic Acids and Bases Chapman and Hall

New York 1981 Seijeant Dempsey Ionization Constants
of Organic Acids in Aqueous Solution

Pergamon New York 1979 CRC Handbook of C/is rnmstry
and

Physics
76 ed CRC Press New York

1995 1996 LangA Handbook Cliemistry DeanJ.A 14 edition McGraw Hill NewYork 1992

tEvaris Evans Lewis Palmer PJ 13.3
.A Novel Method for the Prepa

ration of Steroid Esters. Chew Soc 1963 3578

Reference 22

dAnderson Liininernsann Callahan Racemization Control ni the Synthess of

Peptides by the Mixed CarbonicC arboxylmc Anhydride Method Am Chew Soc 1966 88 1338

Stoner P.3 Stengel P.3 CooperA.J.Synthesis ofABT-387 an HIV Protcase Inhibitor Candidate

Avoiding the Use of Carbodiiniides in Difficult Peptmde Coupling Org Process Ras Dcii 19993 145

tYasuda Iluffinan Ho Xavier Fmerson LmY

Kress Rieger Kajady Sohar DeC aiimpA F. Mathrc 13 Duo

glas Dollimmg Grahowski P.3.3 Remder Iractical Synthesis of Anti Menhmcillin

Resistant Staphylococcus Aurenri MESA Carbapenein 742728. Org C/mum 1998 63 5438

Floyd Fritz A.5ffi Pluscec 16 Cmnsarusti .Monohactamns Preparation

of amino oxoazetmdmne sulfonic acids from ma amino hydroxyacids via their hydroxammm

esters. 0mg Chew 1982 47 5160
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OH2

RNR NR
OH2 HOH2

FIGURI 38 Hydrogen bonding of secondary sod
tertiary unnionsoin canons

Et3N

CH3 EI2N OH3

PhCH3

reflux NEt2 NEt2

FIGURE 3.9 Reaction of iethylamiiie with dichioropyrinudine

he nucleophilicity of tertiary amines and pyridines can be used to advantage

hut can also cause problems for the unaware 4Dimethylaminopyridine DMAP
used as an acylation catalyst On scale catalytic amounts of pyridine can

sometimes be substituted fbr the more expensive DMAR Moderately more basic

han either 2picoline or pyridine is 6lutidine and the steric congestion of the

methyl groups moderates its reactivity The nitrogen atoms in diazabicy

clooctane DABCO are especially reactive as tying back the alkyl substitutents in

he bicyclic ring exposes the free electron pairs DABCO is component of the

Bayliss-Hiliman reaction see Figure 4J5d Triethylamine can react as nude

ophile as shown in Figure 3.9 and such reactivity can pose unexpected

problems In preparation of imipenem Figure 310 the more hindered base

H3C0 OAr
N-Et-pyrroiinone Ar

CO PNB
-50

CO2PNB

HSCHCHNH2 HCI

iFr2EtN HNCHOBn

PNB H2 Pd-C

Ar
H3CNNH

CO2H

82c ovenS

FIGURE 3.10 Preferred phosophorylanon in the presence of dirsopropylethylamine

tHofle Steghch Vorbruggen dialkylanisnopyridines as highly active acylanon 20

st In 4new C/urn Jut 114 Eng 1978 17 569

Ilassnt.r ditnethylannnopvridine In Encyclopedia if Rca çenO f/u Organic Synthesis
Vol

5inette ed John Wiley Sons NewYork 1995 2022
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diisopropylethylaininc one of Hdnigs bases was similarly preferred over Lt3N

because diisopropylethylamine reacted with phosphorylating reagents less than

Et3N 1211

The solubility of acid salts of the amines Table 3.7 can provide some oper

ating advantages on scale Diisopropylethylarnine afforded very convenient work

up for the condensation of the substituted piperidine with the dichloropy

rimidine in acetonitrile Figure 3.14 After coupling the ilr2EtNHCl
by product stayed dissolved in the reaction allowing the product to be isolated by

crystallization 122 Substituting Et3N for iPr2EtN was not convenient as

Et3NHC1 is insoluble in acetonitrile and contaminated the product Diisopropyl

ethylamine was also preferred over Et3N for chlorination of the hydroxypyriini

dine Figure 311 because chlorination in the presence of Et3N produced

OCH3

prepared and

charged as

soution fl PhCH3

1.1 /Pr2EiN

moF0
catalyst

02 MIBE
75c

iFr2EtN

F
..
J N1 OCH3

CH3CN
reflux

95c

OCH3

cl
/Pr2EtN HCI CH3CNsoluble

OCH3

NH

/Pr2EtN

PhCH3
6070
8288

OCH3
HO

pool3

1o PhCO2H
1.1 eq

000Ph

OH
98% ee

HH
catalyst .N

iBu
tBu

DBU

PhCH3

ref lux

90c

OCH3

FIGURE 3.11 Preferred reactions isnig selected antines
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complete reactions The use of iPr2EtN also increased the yield reaction

te and enantioselectivity for the ring-opening of cyclohexene oxide by benzoic

id the amine confers good solubility of benzoic acid in MTBE without ioniza

on Treatment with DBU dissolved in toluene at 60 70C Figure 3.11

ading to rapid reaction that was not seen under heterogeneous conditions

ising
other bases Dissolution may have been effected by salt formation

ctween the 5-fluoroindole ca pK 16.3 and DBU pKi 13.2 in this case

iiore than lipophilicity was involved as nBu3N was ineffective at producing

olution These examples illustrate the importance of examining alternative

nones

1LD Oxidations

xidations are among the most troublesome reactions to scale up due to the tox

ity and hazardous nature of the reagents disposal costs from use of reagents con

aining heavy metals such as chromium and often laborious work-ups Many

mprovernents have been made recently particularly in using catalytic amounts of

agents with primary oxidants One example of this is the ruthenium catalyzed

oxidation of the primary alcohol 10 in Figure 3.12 N-methylmorpholine

xide NMO is the primary oxidant Markos group showed that 02 and

opper catalysts can be used to oxidize benzylie alcohols to aldehydes even in the

vsence of aryl thioethers Figure 3.12 Excellent yields were obtamed for

ach of these reactions

attractive alternative to Cr03 -mediated oxidations may be found in the use

Magtrieve which is form of ferromagnetic Cr02 produced for magnetic

Ar Ar

OO OH NMO OO
cat

H3C OH3 OH3 OH3 OH3 nPr4NRu04 H30 OH3 OH3 CH3 CH3

96c
10

OH
0.05 CuCI

0.05 Phenanthroino OHO
0.05 HNCO2IBu2

2K2C03
PhCH3

SOH3 70 90 O/l SOH3
92c

11 12

FIGURE 3.12 Metalcatalyzed oxidations of alcohols to aldehydes and ketones
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OH
CHO

Cr02 CH2C2
Magtneve

10 g.g benzaHehyde reflux

95o

IGURL 13 Oxidation of benayl alcohol osing Magtricvc

tape An excess of this reagent was used and the reduced CrIll species

remained hound to the surface of the crystals.The reagent was separated by hold

ing magnet to the flask as the reaction solution was decanted.Yields for the oxi

dation of benzylic alcohols were excellent Figure 3.13 and chroimum in the

product was nieasured at 12 ppm On scale perhaps the metal salts could be sep

arated from the product solution by passing the reaction through magnetized

filter The anticipated low cost of this reagent and low levels of contaminating

metal salts in the product make this chemical pronhising oxidant

The Oppenhauer oxidation can also afford convenient alternative to more

traditionally used oxidants Oxidation of quinine 13 using benzophenone and

KOtBu gave the ketone in excellent yield Figure 3.14 othr oxidants were less

effective This reaction can he viewed as an Oppenauer oxidation or

Meerwein-Pondorf-Verley reduction depending on whether one considers the

oxidation or the reduction to he the primary reaction magnesium-catalyzed

MeerweinPondorfVerley reduction was determined to forni significant amounts

of impurities in Grignard reaction

In some cases primary alcohols can be oxidized to aldehydes and lactones by

treatment with platiinum and oxygen The tetraol 14 was selectively dehydrogenated

to the lactone 15 Under these conditions Figure 3.15 trace of sodium do

decyl sulfate SDS was necessary for good conversion rates similar oxida

tion is used to prepare the losartan precursor 16 Figure 3.15

Primary alcohos have been efficiently oxidized to carhoxylic acids without

using metal catalysts as shown in Figure 3.16 of the primary alco

Ph2CO

3.5 KOIBu

PhCH3
reflux

98%

H2C7\

13

FIGURE 3.14 Oxidation of quinine under Oppenauer conditions
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CHa HO
OH Pt 02 CH3

Pt Si/CN0 02 N0
H30 N..LOH NaOH

MIBK
H30

N_-t9H
01 eq 75 C/4h 16

95c

FIGURE 3.13 Oxdauon of alcohols usmg platinum uid oxygen

hol 17 with catalytic 2266tetrarnethyl1-piperidinlyoxy radical TEMPO
atalytic bleach and sodium chlorite as the hulk oxidant produces 19 in excellent

yield.The reaction proceeds through the aldehyde 18 see also Figure 9.10

Noyoris group has developed tungsten-catalyzed oxidations using 30o H202

under solvent-free conditions Figure 3.17 The key to this work is the use of

PTC under chloride free conditions NaCl retarded the epoxidations performed

in the presence ofaminomethyl phosphonic acid 20 32JWhen 20 was absent

secondary alcohols were selectively oxidized to ketones even in the presence of

olefins Cyclohexene was oxidized to adipic acid using only slight excess of

the four equivalents of H203 needed Yields from this tungstencatalyzed

work are excellent and industrial applications are very likely

The urea-H202 addition compound percarbamate 21 has been used as an

anhydrous source of H202 Figure 3.18 Treatment of 21 and trifluoroacetic

ihydride generated trifluoroperacetic acid 22 and addition of the 1y unsaturat

ed ketone 23 led to the epoxide 24 in 60c yield after distillation 1351.Treatrnent

TEMPO 3.5 moPo NaOO 2.0 molo HO2C
aq.NaH2PO4/Na2HPO4pH6.7

2.0 NaCIO2

CH3CN/35 0.25
Ph

OH3 95% OH3
17

TEMPO

HOd1

19

FIGURE 3.16 Oxidation of primary alcohol to the carhoxyhc acid using TEMPO NaOC1 and

Na lC
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Na2WO4 H20 mo%
H2NCH2PO3H 20 moo

H20
-.--CH3 0H3n-Oct3NHSO4 mo%

1000 rpm/90 0/2

30c H202 1.5 eq 87o

Na2WO4 H20 0.2 mo0

CH3n0ct3NHS04 0.2 moo H2CCH3 97%

300o H202 1.5 eq
1000 rpm/90 0/3 CH3 0.4%

300o H202
Na2WO4 H20 moto 1C02H

CH3n-Oct3NHSO4 mo0 CO2H
44.4 eq 1000 rpm/7590 0/8

90%
adipic

acid

FIGURE 3.17 Tungsten-mediated PTC oxidations of olefins and secondary alcohols

of 18 with phthalic anhydride generated monoperoxyphthalic acid MPPA 25
which was used to oxidize the quinoline 26 These conditions are practical

alternatives to using m-chloroperoxybcnzoic acid MCPBA which is no longer

commercially available in high purity and has restricted options for site delivery

Some water-soluble reagents provide good alternatives to MCPBA for epoxi

dizing olefins Figure 3.19 Reaction of trifluoromethyl acetone and Oxone

potassium monopersulfate 2KHSO5KHSO4K2SO4 in aqueous acetonitrile

generated the dioxirane 28 which led to the epoxidation of the glucal 27 in 84s

yield The diastereoselectivity of epoxidations can be tuned by employing

ketones other than trifluoromethyl acetone Treatment of 2-cyclohexenol

with 25 afforded primarily the cisepoxide 31 Magnesiuni monoperoxyph

thalate MPPA has been used to epoxidize olefins in n-BuOH H20 mixtures

H2N1NH2 F300020
CH2C2

NaHCO3

00

211 .3eq 1.5 eq 22 23 3.25 eq 24 60c diatiled

H2NANH2 CH CH

21 25 26
82%

FIE GRE 18 Oxidations under anhydrous conditions
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PvO OPv PvO f_OPv PnjO OPv
Oxone eq NaHCO3 7.8 eq

PvO PivO
PivO

H3C000F3 CH3CN 0.0004M Na2EDTA
0.2I.5I8C15mn

27
84c

29 30
31

HCCXCF3

28

OH COH 05 NaHCO3 OH OH

CO2H RT/3h

40o
91

251.2 eq
31 32

71

FIGURE 319 Fpoxidizing olefins in aqueous solvents

with work-up facilitated by removing the aqueous phase containing the spent

reagent

IILE Reductants

Reductions often pose scale up concerns The primary difficulty is that hydrogen

used or generated which require additional considerations and equipment for

safe handling At the end of reaction safely quenching any residual reducing

capability is concern on scale Work-.up can be tedious especially if colloidal

salts are formed Disposing of metal salt by-products can be costly and environ

iicntal concerns arise Considerable attention to details is necessary to develop

eliable reduction for scale-.up In spite of these potential drawbacks once the

process
has been developed and the appropriate equipment has been commis

sinned reductions can be extremely reliable

Table 3.8 lists some reliable inexpensive reductants that have been used on

scale The table shows some of the advantages and disadvantages of these selected

reagents

IILF Hydroboration

recent development in hydroborating reagents is complexes ofBH3 with silylat

amines These stable crystalline reagents provide form of BH3 that may
convenient for some sniallscale operations Figure 3.20

al

er

11

ile

1%

ng

ol

es

CH
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TABI 3.8 Chsractcristics of Sonic Inexpensive Reductant Used on Scale

Reductant Characteristic Typical Reaction Disadv
iitages

catalyst
Broad range of reducing capabilifr Pri ssurizable reactors and

exnenacly reliable specialized facility niay be

reductive inunariun nedcd trnf

hydrogenations may dec rease

equipment cost

Na13E1 Extremely reliable May generite borate salts with

additives may increase range of amines

reducing capability

LiAIH Broad range of reducing powei AIork up ofAl salts can be

available in pellets
nd packets tedious disposal costs umsy

be

high

Na MeOC HCH AIH Broid range of reducuig poocr WorUup ofAl salts can be

Red Al available as convenient for charging on scale tedious by product is the

63 wt solcition in PIiCH re atively toxic

niethoxyethanol disposal

costs may be high

Ikaney Nickel Broad range of redcicmng capability Disposal of Ni and Al salts

BH Hydroboration BH5 Me has been preferred

Reduction of Nudes acids over BH TIlL because of

cost and stabiity

Li0 NaO Il Birch reductions Specialized equipment needed

for use of NI or volatile

amincs at low temperature

and recovery amiiies can be

malodorous

EeO II Reduction ofArNO2 Disposal of iron salts may he

costly recovery and recycle

may be costly

ZnO Reduction of SS Disposal of zinc salts may be

costly recovery and recycle

may be costly

Na28O4 Reduction ofArNO Penetrating odor of reagent and

Sodium dithionite by.-products

With the exception of Na S0 all reagents use or generate hydrogen which must be considered

for safe operations

hontainnient in packets nunimizes handling concerns comnsercially available form is

SecuBag5 from Chemetall Chemical Prodeicts Inc Berkeley Heights NJ

BlacklockT.J Shuman IT ButcherJ.W ShearinW Jr BudavariJ GrendaV.J Synthe

mis oi Semisyuclietie Dipuptidns UNig CrboxyaIh3dridzs nd hiral Induction on Rauey Nickel

Method Practical for Large Scale. OrT Chew 1988 53 836

dDeshpande Cain Pate1 ft Singam Brown Geipta Barkalow

Callen Patel Koops ft Chorghade bootc Pariza ft Scalable Process for the

Novel Antidepressint ABT 200 Orf Preen Ama Dci 1998 331

.In the 1990s there were tw explosions of bottles of BHTHI iii separate
BMS laboratories.The

causes of these incidents were never satisfactorib identified
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THF

reflux

NSMe3 BH3
2.NaOH H30 OHH3C OH

H202 OH
mp 60 62 88

selectivity 937

primary secondary alcohols

IGURL 320 lydroboranon using BF-11 silylated annne complex

IIIG Catalytic Reagents

Catalytic reagents can sharply decrease costs of both reagents and waste disposal

and can increase overall productivity Catalytic hydrogenation has been mainstay
the chemical industries for many years In the past two decades the use of

atalytic reagents for forming carboncarbon bonds has been very popular

quest and some extremely creative chemistry has emerged Discussion on

ptimmzing catalytic reactions may be found in Chapter

The design of suitable ligands is the key to the recent successes in metal

ontaining catalytic reagents Industry has capitalized on the use and reuse of

watersoluble catalysts when the products are waterinsoluble One example is the

me of TPPTS 33 which is prepared by sulfonating triphenylphosphine Figure

3.21 TPPTS essentially immobilizes the rhodium catalyst in the aqueous phase
for hydroformylation Oxo reactions as practiced by Union Carbide and

Hoechst AG 45 As the gaseous starting niaterials are combined with the

squeous solution of the RhTPPTS catalyst the hydrophobic products separate

rawing off the product leaves the catalyst dissolved in the aqueous phase for

recycle similar aqueous approach is used for Clariants Pd-TPPTS preparation
of key sartan precursor OTBN by Suzuki coupling 34 Figure 3.21

BINAP is ligand that is key for many synthetic transformations especially

hiral reductions One example is the preparation of chiral lactones using the

BINAP-RuOAc2 catalyst 35 Figure 3.22 use of polynierbound chi

ral BINAPrutheniuni catalysts has led to the formation of hydrogenated products
with up to 99o cc insolubility of the reagent led to good recovery arid

meuse of the catalyst Analysis of the products showed that only 1% of the rutheni

mm was leached from the catalyst which may simplifr purification of the prod
nets The reuse of polymeric reagents such as 36 should decrease the overall cost

if the relatively expensive BINAP ligand

IILH Polymeric Reagents

By localizing reagents in polymers recovery of valuable reagents is eased Often

anvenient filtration removes the polymers and facilitates workup Frequently

ml
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SO3
Na

PPh3 SO3
NaO351

33 SO Na

Rh.3TPPTS CHO

ROH 00 H2 ROHO RCH3
H20

H3O- ON
H3O

ONPPTS
BOH2 LLJ H20

FIGURE 321 Use of metal
catalysts with TPPTS

ligands

the disadvantage of polymeric reagents is decreased reaction rate relative to the
soluble reagents but suitable reaction rates can be obtained with polymeric
reagents

Iomexchange resins have long been used as insoluble catalysts.The preparation
of the hicyclic ketal in Figure 3.23 was facilitated by the use of such resin
Hot filtration removed the acid catalyst completely eliminating the need for neu
tralizing soluble reagent If soluble acid catalyst had been used simply adding
aqueous base to the reaction would probably have led to some hydrolysis of
the ketal In this reaction the product crystallized from the filtrate further

cataytc 35 or 36
H2

94%

OH2

OH2O2

OH3

H21O/bar OHH3O
36

TH MoOH 11 H3O 97% ee
70 O/24

0.2 mmol% 99%

OH3 pOystyrene.N

Ph2

Br

OH3

Ru
Br

Ph2

FIGURE 3.22 Chiral reductions mediated by RBINAP4fuII
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Dowex 50x2-200 NH
ot 2-DMP/ 83 0CH3

80 90/flon
OH

57 kg nput

FIGURE 323 Preparation of ketal using ion exchange resin

advantage of using the resin was that sonic colored impurities were removed from

the product by adsorption to the resin

Seebachs group demonstrated the utility of polymer-bound chiral titanium

TADDOLates in preparing chiral secondary alcohols Figure 3.24.The polymer

catalyst 37 was contained inside niesh tea bag and was reused by simply

charging fresh reagents and solvent The ruggedness of the system was shown

when the product enantioselectivity dropped from 96% to only 92o over

20 successive runs and the average yield was 90%

Microencapsulated ScOTf3 has shown considerable promise for both batch

and flow reactions in those procedures in which the reaction was recirculated

through columns containing the reagent This reagent was found to be more

reactive than the monomeric Lewis acid One example is the TMSmediated

Michael reaction shown in Figure 325 Microencapsulated ScOTfl3 was also

found to be useful for Mannich reactions Michael additions and Friedel

Craftslike acylations

In the future compounds may be recovered on scale by selective adsorption

to resins resin capture In this way the product could be fished out from

mixture of compounds even if the product were there in relatively dilute condi

tions The biochemical analogy is affinity chromatography e.g the isolation of

biotin and biotin-containing compounds by adsorption to avidin In recent

example propranolol 38 was fished out from crude preparation by binding to

0.2 pb.Ti-TADDOL
OH

CHO l2TiOiPr4 OH3

1.8 Ei2Zn

PhCHW-25

Ar

o-.K 0/Pr

Toipr

pHystyrene
Ar

HGURE 3.24 Use of an irnmobilizedTAlDOI reagent to prepare chiral secondary alcohol
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Ph
HrC

OTMS mcroencapsuIated

ScOTf3
OCH3

OH3 CH3CN/RT/6h

95c

PhK0O2CH3
H3C OH3

polymeric dialkyl borane Figure 3.26 If resin capture is used on scale it

probably will be limited to isolation of high value-added compounds

111.1 Biocatalysts as Preparative Reagents

While enzymes have been used commercially for many years resurgence in

using enzymes to prepare optically active materials is underway This is due to the

increasing interest in preparing chiral drugs see also Chapter 16.The great

est growth area for those companies developing enzymes is in the pharmaceutical

market

Biocatalysis is often used to prepare molecules with two or more chiral centers

or to prepare intermediates from simple precursors when selective chemical trans

formations would be difficult Molecules with one chiral center are generally

prepared by classical chemical resolution or by transferring chirality into achiral

starting tnaterials using chiral reagents The launch of atorvastatin was initially car

ried out by classical conversion of 39 to the chiral diol 40 Figure 3.27 and

biocatalyzed preparation of 40 was also developed The biocatalyzed route

may now be the preferred route for preparing 40

preHphated

whh Et20

OH

cIf1I1 IIIiIj
OH

FIGURE 3.25 mediated MmhaeI reaction using nucrocneapsulated ScO If

05CH3

38

crude

HOl

CH3OH
CH2012

purified

38

Impurities not captured by resin

flURE 3.26 Resin capture to isolate propranolol
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00

H300 OCH3 H3C.CH3
OH 1.4 OfBu OH OH CXCH

NCOEf THF

Et2BOCH3 6875%
NaBH -65

40
from 39

///
OH OH

OH CaS

PhHN
OH3

aforvastatm

FIGURE 3.27 Routes to atorvastatin

The benefits of using enzymes are that many enzymecatalyzed reactions can

be run in water at rooni temperature and with minimal or no protecting groups

The barriers to increased enzyme use have been low operational stability high

cost sometimespoor stereoselectivity and the relatively dilute conditions

often required Reactions with enzymes can also be run in organic solvents

Many of these concerns for using enzymes on scale are being addressed The

stability of enzymes can be enhanced by immobilization on solid supports such as

glass beads agarose or silica gel 60 Optimal conditions for immobilizing the

enzyme are critical for naaintaining the catalytic activity Immobilizing the

reagent can allow for recovery and recycle thus decreasing the overall cost of

the enzyme Parameters for conducting the desired reactions need to be thor

oughly investigated The cost of enzymes can also be decreased by screening

and subsequent cloning of selected organisms to increase the yield of enzyme
Cross-linked enzyme crystals CLEC can have greatly improved catalytic

activity over native enzyme Their practical utility has recently been demonstrated

for the hydrolytic kinetic resolution of the acetates of 1phenylethanol Figure

3.28 The catalyst was recovered and recycled eight times on 100liter

scale.The future will show increased use of enzymes

OAc OH OAc

ChiroCLEC-PC

CH3 H2c1 1j1CH3 CH3

mr4ainpH6

48% 99%ee

FIGURE 3.28 Hydrolytic kinetic resolution ofracemic acetates using ChiroCLEC..PC



78 Reagent Selection

REFERENCES

Haylerj Howie Giles Negus Oxley WalsgroveT

Dagger Fortunak MastrocolaA Some Synthetic Approaches to Ropinirole SKF
01468-A Potent lopamine Receptor Antagonist. f-Ieterocyclic Chew 1995 32 875

Fr nmn.e see lttp chenifinder.camsoft.con or littp mdvpdc.cornell edo isearch nisdss

rch.htni

1eVito Desigmng safer chemicals Toxicological considerations CHEMTECH 1996

2611 34

Helmes SigInan Papa Predicting carcmogenicity frona structure

CHEMTECH 1985 151 48

Bodor Design of
biologically

safer chenucals CHEMIECH 1995 2510 22

Gringauz Introduction to Medicinal Chemistry How Drug Act and Why Wiley VCtI New York

1997pp77 92

For an interesting discussion see Zocei Liver Damage Tied to CFC Sobstitute Chew Eng

News 1997 7535
ACGIH www.acgih.org

BlacklockT.3 Shunsan ButcherJ.W ShearinW E.Jr Budavari3 GrendaV.Synthesis

of Semisynthetic Dipeptides Using Carboxyanhydrides and Chiral Induction on Raney Nick-

cI Method Practical for Large Scale Org Chew 1987 53 836 Pradhan Vera

Effect of acids arid bases on the solubility ofandno acids Fluid Phase Equilibria 1998 152 121

10 Hansen Bertsch Harkness 14 Huff Hutchison 14 Khsu

LeTourneau Martinelli Misner Pertson Rieck Sullivan

Wright An Enantioselective Synthesis of Cis Perhydroisoquinoline 1Y235959 Org

Chew 1998 63775

11 Baenziger Mak Muelile NoN Prikoszovich ReberJ Sunay Practi

cal Synthesis of SmAmino 26.-dimethylergoline An Industrial Perspective Org Process Res Dee

1997 395

12 LyncheJ F. ChoiW.-B Churchill 14 Reamer 14 BalI 14 Asym
metric Synthesis of CDP840 by Jacobsen Epoxidation.An Unusual Syn Selective Reduction of an

Epoxide.J Orq Chew 1997 629223

Reider Advances in AIDS Chemotherapy The Asymmetric Synthesis of

CPJX1VAII Chimia 1997 51306

14 BetancourtJ MartinV ladronJ PalazonJ Raniirez MA Soler Stereo

controlled Synthesis of Cyclic Ethers by Intramolecular HeteroMichael Addition Synthesis of

all Diastereoisomers of 235 6-Tetrasubstituted Tetrahydropyrans. Orq Chew 1997 62 4570

15 For an excellent review see Starks Liotta Halpern Phase- Tbansfer Catalysis Fundamen

talsApplications
and Industrial

Perspectives Chapman and Hall New York 1994

16 Perrin Dempsey Serjeant pKa Prediction
Jdr Organic Acids and Bases Chapman and

Hall New York 1981 p.23

17 Sykes Guidebook to Mechanism in Organic Chemistry ed Longman Harlow Essex England

1986 p.67

18 Hofle SteglichW H.4-Dialk7lansinopridines as HigH3 Actise Aclation Cat

alysts Arigew Chew mt Ed Eng 1978 17 569

19 For reactivity
of complexes of pyridine picoline and 26 lutidine with SO see Floyd

Fritz Pluscec Weaver 14 Cinsarusti Monobactams Preparation of S3
Amino-2-oxoazetidine -sulfonic Acids front L-ti Amino--hydroxy Acids via Their Hydroxam

ic Esters. Oig Chew 1982 47 5160

20 Boyle GillespiC P3. Clerri Res Synop 1989 282

21 Grabtwski E.J.J Hughes Process for Annnoalkythiocarbapenems 4894450

1990 to Merck



References 79

Anderson AryT llerg
Bernot lJ hsnYY hen Divies DiMar

co3 Dennis Deshpande 13 Do Droghini EarlyW GougoutasJ

GrossoJ FlarrisJ Haas Kim Kodersha Kotnis aje

unessc Lust Madding Modi 17 Moniot Nguyen Palaniswamy

Phillipson SnnpsonJ Ihoraval Al se Polomski

Winter V. ProCess Development of Fluoro.-3- methoxy pyrimidinyl

piperazinyljpropylj
indole Dihydrochioride Org Process Rcs Den 1997 300

Jacobsen Kakiuchi Konsler LarrowJ M.Enmtioselective Catalytic

Ring Opening of Epoxides with arboxylic Acids Tetrahedron Lett 1997 38 773

Sturmer Ritter Hoffinano R.W.A Short linear Synthesis of 95 Dihydroerythronolide

A.Angew Chein Jut Ad Eng 1993 32301 see also iVlurahashi 5.-I Naotal Ado in Metal-Org

Chcm 19943225

Marko Giles Brown Urch C.J Copper.-Catalyzed Oxidation of

Alcohols to Aldehydes and Ketones An Efficient Aerobic Process Science 1996 274 2044

Lee Donald MagtrieveTM An Ffficient Magnetically Retrievable and Recyclable

Oxidant Tetrahedron Len 1997 38 3857

Hutchinson KhauVV Martinelli Nayyar Peterson Sullivan

Synthesis of cis-.4aiS 8aR Perhydro6261 isoquinolinones from Quinine 4aS8aR
Benzoyloctahydro..62Hfisoqumolone Org Syn 1997 75 223

28 Wilk Helom Coughlin Magnesium Meerwein.-Pondorf-Verley.-Oppenauer

Reaction.The Origin of an Impurity in POA 641 Batches Org Process Res Dee 19982417

JohnsonW Chan EA Highly Stereoselectivc Route to Calcitriol Lactone. Op Chern

1985 50 2598

.10 Yamamoto Hirata Wakahayashi Katsutra Preparation of formyliinidazoles GB
2271353 1994 to Nippon Gohsei Kagaku Kogyo Kabushiki Kaisha

Zhao IiJ Mano Song Grabowski F.J.J Reider P.3.Oxidation of

Primary Alcohols to Carboxylic Acids with Sodium Chlorite Catalyzed by TEMPO and Bleach

Org Chests 1999 64 2564

s2 Sato Ogawa Hashimoto Noyori 14 Practical Method for Epoxidation of

Terminal Olefins with 30o Hydrogen Peroxide under Halide Free Condititins. Org Chests

1996 61 8310

Sato Noyori R.J 4m Chem Soc 1997 119 12386 See also Hronec

in Handbook of Phase Transfer Catalysis SassonY Neumann Eds Chapman and Hall London

1997 pp 317 335

34 Sato Aoki Noyori 16 Green Route to Adipic Acid Direct Oxidation of Cyclohex-

enes with 30 Percent Hydrogen Peroxide Science 1998 281 1646

35 Leighton Jacobsen Efficient Synthesis
of R-.4- frimethylsilyloxy-.2-.cyclopen-

tenone by Enantioselective Catalytic Epoxide Ring Openmg.j Org Chern 1996 61 389

36 Sledski OBrien Truesdale onvergent Synthesis of an LTD4 Antagonist

RG12525 Tetrahedron Lett 1997 381129
37 Yang Wong M.-K C.Epoxidation of Olefins Using Methyltrifluoromethyldioxirane

Generated in Situ. Org Chem 1995 60 3887

18 Yang Jiao 0.-A Yip Y-C Wong M.-.K Diastereoselective Epoxidation of Cyclohexene

Derivatives by Dioxiranes Generated in Situ Importance of Steric and Field Effects Org Chem

1999 64 1635

39 Ye Fringuelli Piermatti Pizzo Highly Diastereoselective Epoxidation of

Cycloalkenols with Monoperoxyphthahc Acid in Water. Op Chern 1997 62 3748

40 See Carr M.A Crevi.ston llutchison KennedyJ KhauV.V KressT.J Leanna

14 MarshallJ Marfinelli M.J Peterson Synthetic Studies

toward the Partial Ergot Alkaloid LY228729 Potent 5HT Receptor Agonist Op Chem

1997 62 8641 and references therein



80 Reagent Selection

41 derqusst Medina ft Huertas ft Novel Hy lroborsrinj Assents Iron Silyamine

Boranes letra/scdron Lett 1998 396119

42 For classic and stillrelevant text on this subject see ftylancr Catalytic Hydrcgc nation in Organic

Syntlusu Press San Diego 779

43 For comprehcnsive text on palladium based reagents see Isuji Palladium
Reagocts

and Cata

lysts Innovations in Organic Synt/scsss Wiley New York 1993

44 Cornils Industrial Aqueous Biphasic atalysis
Status and lirecoons Osy Process Rcs Des

19982 121

45 C/scm leg .kews 1998 7610 42

46 Ohta Miyake Seido Kuniobayashi Takaya Asymmetric Hydrogenation of

Oleiins with Aprotic Oxygen Funcnonahties Catalyzed by BINAPRull Coinples.es Org

C/scm 1995 60 357

4/ Bayston 13 Fraser3 L.Ashton ft Baxter Polywka Moses L.Preparation

and Use of Polymer Supported B1NAP 1-lydrogenation Catalyst Org C/scm 1998 63 3137

48 See reference in Hin Soluble Polymer Bound igand-Accelerated atalysis

Asymmetric Dihyroxylanon Am C/scm Soc 1996 118 7632 See also Kan 11 janda

Soluble PolymerBound Approach to the Sharpless Catalytic Asyuunetric Dihydroxylation

AD Reaction Preparation and Application of OMel igand Ifirahe

dross Lan 1997 38 1527

49 Bannister Hanson Henderson McCague ft Ruecroft Process Research and

Development for the Production of Intermediates for the Synthesis of arbocyclic Nucleotides

Org Process Res Den 1997 1415

50 Comma P3 BeckA Seehach Simplc Batch Reactor for the Lfficient Multiple Use of

Polymerbound naa a-Tetraaryl 13 dioxolane45-dimethanol Titanates in the Nucleophilic

Addition ofDialkylzinc Reagents toAldehydes Org Process Res Div 1998218

51 Kobaysahi Nagayaina Microencapsulated Lewis Acid New Type of PolymerSupport

ed Lewis Acid Catalyst ofWide Utility in Organic Synthesis.jAm C/seoi Soc 1998 120 2985

52 Hon MJanda Soluble Polymer Approach to the Fishing Out Principle Synthesis and

Purification of Amino Alcohols Org C/scm 1998 63889

53 Stmson C.Chiral Drug Market Shows Signs of Maturiry C/scm Peg News 1997 7542 38

54 DAquinn ft L..Biocatalysis Makes Headway in Chenucals C/scm Leg 1999 1063 37

55 McCoy Biocatalysis Grows for Drug Synthesis C/scm big Aeivs 1999 771 21

56 Zeller J.Atorvastatin Case Study In the Development of Commercial Process Published

notes from contributed talk at The Third International Conference on Process Development

Chemistry March 28 1997

57 For quantitative aspects on enzymatic resolutions sce Chen C.S FujimotoY Girdaukas Sih

Quantitative Analyses of Biochemical Kinetic Resolutions of Enannomers. Am C/scm

Soc 1982 104 7294

58 C-S Sih General Aspects and Optimization of Enantioselective Biocatalysis
in

Organic SolventsThe Use nfkipases Angein C/scm mt Ed Engl 1989 28 695

59 Justiz Fernandez Lafuente Gtnsan3 Negri Pagani Pregnolato

OnePot Cheinoenzymnatic Synthesis of 3Functionalized Cephalosporins .cfazolin by

Three Consecutive Biotransformations in Fully Aqueous Medium. Org C/scm 1997 62 9099

60 Partridge HaIling Moore Practical route to high activity enzyme preparations for

synthesis in nrganic media C/scm Commun 1998 841

61 Schmitke Westcott Klibanov A.The Mechanistic Dissection of the Ilunge in Enzymatic

Activity upon Transitionfrons Water to Anhydrous Solvents. Am C/scm Soc 1996 1183360

62 Wirz Weishrod Estcrniann Enzymatic Reactions in Process Research The Impor

tance of Parameter Optimisation and WorkUp C/simica Oggi 1996Janriary February 37

63 LalondeJ Practical catalysis
with enzynse crystals CFTEMTECH 1997 272 38

64 Collins Maslin Davies IF Scale Up of Chiral Resolution Using Cross Linked

Enzynse Crystals Org Process Res Dcv 1998 400



INTRODUCTION

Solvents arc selected to increase reaction rates to increase the reproducibility and

ease of running reactions and to ensure that the desired quality and yield of prod

uct is reached Other important considerations are to decrease waste and allow for

efficient solvent recovery and reuse Each of these goals has direct effect on pro

ductivity and product cost for manufactured product In early stages of develop

inent providing material by any means is crucial and solvents are selected to

ensure that the desired product can be prepared within the timeline with minimal

difficulty

brief discussion of solvent classifications solvation and key physical parame

ters follows For more details the reader is referred to Reichardts excellent text

on solvents

LA Solvation and Primary Solvent Characteristics

Many of the characteristics of solvents are determined by functional groups The

categories of solvents include

Solvent Selection

81
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protic or hydrogen bond donating solvents liB Lewis acids e.g f120

NH3 CH3OH and AcOH
hydrogen bond acceptor solvents HBA Lewis bases e.g H20 Et3N

EtOAc THfi NMP N-niethyl-pyrrolidinone and acetone

polar aprotic solvents better termed nonhydroxylic solvents e.g
DMSO and DMF
chlorocarbon and fluorocarbon solvents and

hydrocarbon solvents both saturated and unsaturated

When solutes are dissolved they are said to be solvated Solvation is defined as

the surrounding of each dissolved molecule or ion by more or less tightly bound

solvent molecules In water the dissolved molecule or ion is said to be hydrat

ed Dissolution can be endothermic or exothermic similarly crystallization can be

exothermic or endotherniic Exotherms may not be noticed for laboratory crys

tallizations on scale however it is not uncommon for crystallization to raise

batch temperature by 12C The degree of solvation increases with increased

ion charge and decreased ion size and the number of solvent molecules associated

with solute the solvation number varies with the solvent For example the sol

vation number for Li ranges from 1.4 in sulfolane to in MeOH to in

CH3CN and to 21 in H20 The extent of solvation influences reactivity

Naked anions which are generated under PTC conditions are minimally sol

vated in organic solvents and are much more reactive than highly solvated ions

Polar nonhydroxylic solvents such as DMSO can solvate cations but the C-H
bonds are not polarized enough to appreciably solvate anions Hence reactions of

NaCN and other nucleophiles are accelerated in DMSO
The simple approach of like dissolves like is still good beginning point for

selecting solvent Sometimes mixture of solvents will dissolve compound
much better than any one solvent see Figure 4.8 Different solvents may solvate

different parts of the molecule

TIP Use solubility from multiple solvent system to advantage Consider

compound which can be dissolved in acetone-H20 but not in H70
alone Recrystallization could be effected by dissolution in mixture of

acetoneH20 and distilling off the acetone to crystallize the solute

Many efforts have been made to quantitate and predict the ability of solvents

to dissolve molecules parameter frequently used to assess the polarity of sol

vent is the dielectric constant which measures the ability of material to

reduce electric force between two charges separated in space Solvents that

are more polarizable conduct electric charges better and have higher dielectric

constants lielectric constants are measured relative to vaccum defined as 1.0
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rd for typical solvents the dielectric constant appears in the range from about

yclohcxane to 80 water Higher dielectric constants are found for other corn

oonds for N.-methylformamide and formamide the values are 182.4 and

11 respectively however the reactivity of these compounds limits their use as

lvents for organic reactions

he polarity of solvents has also been measured by spectroscopic system that

leichardt has refined Increasing solvation stabilizes the betairie dye Figure 4.1

more in the ground state than in the excited state The difference between the

nround state and the excited state is quantitated as values which range from

110 water to about 0.006 cyclohexane

LB Primary Solvent Physical Characteristics

ir the chemist concerned about the safe reliable scaleup of processes knowl

edge of key physical characteristics of solvents are key to selecting and using

solvents Table 41 Other texts provide thorough information on the physico-

chemical data of solvents j4 51

II SELECTING SOLVENTS BASE1 ON
PHYSICAL CHARACTERISTICS

Solvents are usually chosen based on compatibility with the selected reagents.The

process chemist quickly discards solvents that are inappropriate for use because

the reagent reacts with the solvent For instance adding uBuLi to naethanolic

solution of the substrate leads to the highly exothermic generation of the

weaker base LiOMe and the desired deprotonation of the substrate molecules

may not occur DMF is known to react exothermically with NaH at 50C

and with NaBH4 8.The reaction of reagent with solvent may be acceptable if

there are no adverse effects for instance many NaBH4 reductions have been run

in EtOH even though the reagent reacts with the solvent generating H2 In this

case the by-.products NaHBOEt3 NaH2BOEt2 and NaH3BOEt are them

selves reducing agents

FIGURE Iye used to calculate solvation parameter
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-l ABI 4.1 Primary Physical haracteristics of Solvents for Scale up

Parameter Consideration

Polarity Must he compatible with and encourage the desired chemistry

reeling point May limit range of low teniperature reactions

Bniling pnnr higher bp extenT the temperature r..nge
of reaction itheut osing

pressurized reactor.A lower boiling solvent is easier to remove by distillation

but complete condcnsation of the vapors is niore difficult

flash point Temperature at which liquid produces ignitable vapors Lower boiling

conipounds typically have lower flash points Any liquid with flash point

below 15 should be considered dangerously flammable and suitable

Precautions should be put in place

Peroxide formation Occurs primarily in etheric solvents slower in ketoImes amides and secondary

alcohols Solvents with tendency for peroxide formation should be

monitored routinely

Viscosity Solvents with increased viscosity e.g iPrOlI displ iy
slower filtration rates

Water miscibility Solvents with low
water.-iniscibility allow for easier extracove work.ups

Azeotroping ability Removing water by azeotroping readily dries solvents and reactors for

anhydrcms reactions on scale control of water content may be crucial ffir

efficient
crystallization Other compounds may also be removed by

azeotroping

Fxposure limits TLVs Chapter

VofeIb Textbook of Practical Oeanic Chemimtry 5th ed Furniss HannafordA.J Sunth P.W

latchellA IA Eds Addison Wesley ongman Essex England 1989 40

tKelly IA Review of
Safety

Guidelmes for Peroxidizable Organic Chemicals Chemical Health

Safety Septsmher/Octohcr 1996 28

After reactive solvent reagent combinations have been discarded broad range
of solvents is available for use on scale

ILA Solvents Inappropriate for Scale-up

Many solvents commonly used in academia are rarely used for scaleup in indus-

try list of such solvents is shown in Table 4.2 along with the disadvantages of

these solvents and alternative solvent choices While any solvent can be used on

scale one must compare the advantages of using an undesirable solvent to the

inconvenience additional costs and extended process tnnes required to protect

operators and equipment All of these considerations reduce productivity and

drive up processing costs on scale

The extended ramifications for using hazardous solvents and chemicals on scale

may be illustrated by the use of benzene known carcinogen Concerns about

benzenes toxicity dictate that operators wear protective clothing and be supplied

with breathing air More complete considerations must be paid to capture any

fugitive emissions or spills These requirements necessitate additional planning be-

fore any reaction is run on scale At the start of campaign additional personnel

may be needed on the floor of the scaleup facility to ensure safe operations
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ifr

-1 PAd exainethvl

hosphortriannde

ntane

lcxaiie

lienzene

01

.111 CH Cl

thylenc glycol

I0CH2CH0R ft Me or Et

the cellosolves

.2 Iimethoxyethane glyine

4-Dioxane

iquid aivinlOnia

Undesirable characteristic

Flammable

Peroxide formation

Toxicity

Flanunahle

Electrostatic discharge

Neurological toxicity

Toxicity

Mutagenicity environmental

Mutagenicity environmental

lanimability toxicity

Cancer suspect igent

Toxicity

toxicity

leratogenicity

Cancer suspect ageIit

bp 33 requires

specialized equipment to use

safely as liquid

Alternative

TB

MIFF
Methylpyrrohdinone OMP
Fthylpyrrolidinoue NFP

Heptane

Heptane

PhCH
CU Cl

I-I

Cli Cl

Propanediol

T-Propancdiol

Diethoxyniethane

iethoxymethane

Et2NH hp 55

EtNH hp 17

Additional instruments may be needed to monitor the levels of benzene vapors

during the runs.When the scale-up runs have been completed operators will pay

special attention to removal of clothing that may be contaminated and to shower

ing Any devices badges that operators wear to monitor benzene exposure

levels must be assayed and the results must be compiled The FriedelCrafts reac

tion in Figure 4.2 was initially run in benzene on laboratory scale during

manufacturing of however several equivalents of benzene are used with

cosolvent to decrease the concerns of handling bulk amounts of benzene

ILB Solvents Useful for Scale-up

Suitable solvents dissolve the desired materials are liquid at the desired processing

temperatures and have the desired amount of water miscibility Solvents should

also allow for safe convenient operations Table 4.3 lists characteristics of many

oso2ci43

C0H

3.6 AId3

solvcr6 10

175%l

ON
CO2H

SolveIit

FIGURE 4.2 Friedel rafts reaction using beniene
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solvents that are useful for scale up opt rations Specific applications of solvents are

discussed in this chapter Section IV

Some of the solvents mentioned in Table deserve discussion

2Propanediol propylene glycol is nontoxic substitute for ethylene

glycol or niethoxyethanol see Figure 4.8

Mcthylpyrrolidinone NMP is nontoxic inexpensive substitute for

hexamethyl phosphorictrianude HMPA also known as HMP1
Dimethylimidazolone DM1 not covered in fable 4.3 has also been used as

substitute for HMPA 1111 but DM1 is appreciably more expensive than NMP
Methyl isobutyl ketone MIBK is good solvent for extractive work-ups

removes large amount of water by azeotroping and is underutilized

In some companies EtOAc is shunned due to its ease of hydrolysis and

problems resulting from the EtOH and AcOH produced

Isopropyl acetate IPAc is much more resistant to hydrolysis than EtOAc in

the preparation of the methanesulfonate salts Figure 4.3 significant

amounts of the acetic acid solvates were formed when the solvent was

EtOAc and lPAc was preferred Crixivan intermediate was prepared

under SchottenBaumann conditions by using IPAc at elevated temperatures

Figure 4.4 113which suggests the resistance of IPAc to hydrolysis

2-Methyltetrahydrofuran 2-MeTHF is an inexpensive solvent that is

immiscible with water by substituting 2-MeTHF for THE work-ups may be

eased

Diethoxymethane DEM an acetal with soluhility similar to etheric

solvents may be good substitute forTHF and Et70 DEM has low

propensity to form peroxides and can be used for Grignard reactions and

organolithium reactions Methyl lithium is available as solution in DEM
which is much safer than CH3Li solutions in Et70

t-BuOH is solid at room temperature which limits its usefulness t-AmOH
melts at 12C which extends the operating range of tertiary alcohols

ILBA Solvents Used on Scale with Caution

Table 43 lists several solvents that many chemists will think are inappropriate for

scaleup including nitromethane 14-dioxane and methylene chloride also

NaOH H20
ROAc

HCI CHSO3H
CH3SO3H

Ph
REioripr

racemic racemic

FIGURE 4.3 Salt exchange process using aqueous NaOlI and acetate solvents
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OH3
NH2

.OH l.NaOH H20 Ph NCH3
Ph

iPrOAc 70

H2CCOCH3CH3
CH3SO3H \_/

FICTJRL 44 Schrttn Bnn2a.2n rejcnn in IPA 70

known as dichloromethane or DCM Nitronsethane rocket fuel forms an

explosive sodium salt that can be pyrophoric upon contact with H20 16 Due

its anticipated carcinogenicity 4-dioxane is usually avoided Methylene

hloride is in disfavor due to potential environmental impact and the difficulty of

ompletely recovering this volatilized solvent due to its low boiling point In spite

these concerns some companies use these solvents for manufacturing opera

tions For any process development using these solvents an early assessment

should be made to determine whether these solvents can readily be used at the

cabup site and whether there are any acceptable alternative solvents

Sometimes there is no ready substitute for solvent so provisions must be

nade for safe scaleup For instance amine hydrochloride salts often display some

lubility in chlorinated solvents and little solubility in other anhydrous solvents

In this ease it may be appropriate to use methylene chloride otherwise the

henmist must consider alternative reagents or conditions It should be stressed that

he electrophilie reactivity of CH7CI2 is often unappreciated Reactions

famines mercaptan and ati alcohol are shown in Figure 4.5

TIP Minimize contact of inethylene chloride with basic compounds or

basic aqueous phases Consider any side reactions that may occur during

periods of unnecessarily long contact such as overnight storage of solu

tions containing amines that may act as nucleophiles

Ill SELECTED SOLVENT IMPURITIES

npurities are described in many texts on solvents Many organic impurities

can be identified by GC or CC MS techniques for instance MIBK can be found

contain mesityl oxide the precursor to the manufacture of MIBK Figure 4.6

20 Common impurities in solvents include H2O DMF and AeOH in

tOAc and other solvents Some solvents are inhibited with trace amounts of

ntioxidants e.g CH7CI2 stahilized with amylene or cyclohexane and THF and

Me-THF stabilized n4th BHT butylated hydroxytoluene These impurities

an influence the desired chemistry positively and negatively so and they

hould be considered
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CH2C2
NH

RT/lOh

82c

Asqun 446

mo0
PhSH CH2C2 ________

NaOH
RT/15 mm

96c

_________

OH

H3CCH3

H30ACH

CHCI

CH2CI2

refluxlO

48c

Strychnine

PhSCH2SPh

CH2C2
E3N____

20 48
OH

-R.-N N-.2--
NN Nv

17c 28%

FIGURE 4.5 Sonic reactions of methylene chloride

TIP When concentrating stabilized THE or 2-MeTHE consider BHT as

probable process contaminant Typically the concentration of BHT in

purchased solvents is 0.025% hut with removal of the solvent the levels of

this impurity grow BHT can be readily detected by reverse-phase HPLC

Ethyl alcohol is available in many denatured grades Some of the grades more
useful to the pharmaceutical and fine chemicals industries are shown in Table 4.4

basic H3COH acidic H3C H2
H3C

H3C OH3 H3CCH3 H3CCH3
catayst catayst catayst

mesftyl MINK

oxide

FIGURE 4.6 Manufacture of MIBK
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TABLE 4.4 Selected Grades of Ienatured Alcohol

Grade Denaturant Denaturant charge

SDA 3A MeOH 4.7 4.8 wto

S1A 12A Toluene 5.1 5.2 wt

SDA 23A Acetone 7.2 7.4 wt
SIA29 EtOAc 1.1 wto

SDA3OA MeOH 8.9 9.1 wt

Solvents are available in 190 and anhydrous conditions

Ethyl Alcohol Handbook USI Chemicals 1981 by

National Dotillers and hemical Corporation

IV APPLICATIONS OF SOLVENTS

For reliable processing and minimized processing costs the process chemist may

select solvent for specific application Many of these considerations shown in

Table 4.5 are very familiar to the chemist

Clearly the priorities for solvent choices change with each reaction Increasing

the reaction rate may be less important than the ease of work-up and isolation

perations The best solvent for reaction may be the one from which the prod

uct can be crystallized directly

IVA Choosing Solvents for Homogeneous Reactions

In the early stages of developing process solvents and reaction conditions are

chosen to dissolve the starting materials and reagents Insoluble starting materials

atid reagents are less available for reaction than are soluble starting materials and

reagents Insolubility decreases reaction rates and may increase the rate of unde

sired reactions For example in the protection of the amino group of prolines by

di-t-butyldicarbonate Boc2O yields of 4O_6O0o were found when the reaction

was run under standard conditions of NaOH/aqueous dioxane Figure 4.7 24
When the reaction was conducted in an organic solvent to decrease hydrolysis of

Boc2O solubility of the amino acid starting materials was recognized to be lim

iting factor The soluhility of the starting materials in dry CH3CN was increased

by using tetramethylammonium hydroxide as the base and the derivatization was

carried out in excellent yield

TIP Scaling up reaction that is solution is much easier than scaling up

reaction in which the components are insoluble or poorly soluble
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AB Process lesin Reasons for Selecting Solvents

Inipact on processing

Increase the desir rea non rate

0ros ide hoi gcieru wactixi coudinnns

Pro ide heterogeneous reaction conditions

Increase the snrrability of reactions

Remove impurities by distillation

en distillation or azeotroping

Reniovi impurities by the addition of an

immiscible snls cut usually
aIid

extraction

Remove products by crystallization or

precipitation

Purify the product by crystallization or

recrystallization

Increase the safety of operations

ecrease atmosphei ic emissions and loss

to
process

streams

Use readily available solvents including

those which do tint require record

keeping for agcncies outsidc of company

Decrease contributions to overall

prtiduct cost

lucre ise pi oductivity often through houiogeneous

reaction conditions

Inireisi ccii non rare dci re ise by oroducts

Drive reactions by reiIioving products and by

products froni solution

Mniinize localized heating mininuze by product

formation increase ability to transfer slurries to

filters

Increase productivity yield and product quality

Increase productivity yiclcl and product quality

Increase prodtictiviry yield and product quality

Increase productivity yield and product quality

prcp ire the desired crystal form

Irotect operators analysts plant fdcilities md

communities

Decrease environmental impact may decrease

processing costs

Increase ease of conducting campaigns and long

term operations

HE GOAL tise less expensive solvents and grades

of solvents increase ease of recovery
and reuse

Homogeneous reaction conditions may also be important to minimize further

reactions of the desired product as illustrated by the Fischer indolization in Figure

48 For the first campaign this reaction was run at reflux in methoxyethanol

tnethyl cellosolve hp 123C TWA of ppm over hours Under these

conditions the reaction mixture was initially homogeneous and ammonium chlo

ride precipitated as the reaction progressed less toxic solvent was sought in sub

sequent research Homogeneity and reaction temperatures over 90C were found

to be key for clean generation of the indolyl alcohol Under heterogeneous

ix

H2N/
OC OH3

00
CH3CN

Me4Ni OH tBuOOOtBu
HO RT/2 days

1.0 eq Boc2O 98c
2.0 eq

tBuO N2
HO2O OH3

FIGURE lncreased N.icylation of amino acids in the presence of tenramethylamnioniun1

hydroxide
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oj FOCxF
I0R-.Ts

TsCL pyr

EtOAc

10-15

OH OH

FOTS /H
FHC

7175 from 10
C6H4F

11

IGURE 4.8 By products formed in Fischer induhzation due to heterogeneous reaction

onditions

onditions the desired intermediate reacted further with dihydropyran to

afford the triol The pyrazoles 11 were probably formed by condensation of

two molecules of with loss of H20 and reaction with The oily intermediate

was telescoped to the crystalline tosylate 12 and the presence of tritosylate 10

dramatically reduced the isolated yield of 12.The formation of increased under

onditions where starting material was only slightly soluble In essence was

reacting with localized excess of to form mixture of water and 12

propanediol available in food grade was foutid to dissolve at 95C Adding

dihydropyran over at least 30 minutes ensured that there was no localized buildup

of this reagent Conducting the reaction under these conditions reduced the for-

ination of to 1% eliminating the need to use silica gel treatment to remove

Homogeneous reaction conditions for preparing the indolyl alcohol were

cssential for the development of simplified rugged process

lissolving larger molecular weight compounds such as peptides and poly

cyclic aromatic compounds may be very difficult and often successful approach

to find conditions under which the product is soluble In such cases soluhility

iray be affected by the reagents used reaction concentration and the presence of

counter ions and any cosolvents The octapeptide methyl ester 13 in Figure 4.9

had poor solubility in organic solvents For rapid hydrolysis of the ester with mm

imal epimerization suspccnsion of powdered 13 in THF was treated with 40o

iqueous n-Bu4NOH The suspension became solution and hydrolysis

occurred with formation of only O.8o of the epimer Io achieve good solubility

and rapid reaction without significant epimerization the keys were to match the

lipophilic base n-Bu4NOH with lipophilic 13 and to have the proper concen

tration of H20
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O8 epimeozation occurred

dudng hydrolysie with n-Bu4NOH

13R-CH

140oaqnBu4N0H
23 eq THF
-5toOC/15h

2Ac0H

94
PhCH2OyNH RH

FIGURE 4.9 Hydrolysis of an octapepfde ester with Bu4N01I

IVB Choosing Solvents to Increase the Desired Reaction

or Reaction Rate

Solvent polarity can he an important factor in increasing reaction rates More

polar solvents help stabilize the formation of polar transition states leading to

products In Sl reactions charge is concentrated in the polar transition state rela

tive to the starting material and changing to more polar solvents can markedly

increase the reaction rate by solvating and stabilizing the transition state For

instance the solvolysis of Me3CBr is l0 faster in 50o aqueous EtOH than in

absolute EtOH For S2 reactions however going to more polar hydrogen-

bonding solvents may slightly decrease the reaction rate Polar non-hydroxylic

solvents will accelerate S2 reactions with nucleophiles such as N3 because the

nucleophile is not solvated by hydrogen-bonding Using DMSO instead of

MeOH has been shown to accelerate by as much as iO S\2 reactions with N3
Similar trends have been noted for and E2 reactions For radical addi

tion reactions solvent effects are less dramatic 35-fold deceleration was found

when going from cyclohexane to DMSO

PhCH20

TIP Experimental facts are far more valuable than hypotheses For

instance in the solvolysis of Me3CC1 one can see trend Using solvents

with higher dielectriq constants usually accelerated the solvolysis

But not all solvents with higher accelerated this reaction Presenting the data

can end discussions quickly so people can immediately go on to the next

problem
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The trend of accelerating reactions by using more polar solvents was demon

strated for the aminolysis of epoxide 14 with t-BuNH2 Figure 4.10 Faster reac

tions were noted as the solvent was changed from benzene to iPrOH to MeOH

to H70 As shown in Figure 4.1 Pb the use of more polar solvents greatly

improved the yield from amination 133 Each of these reactions probably

involves polar intermediate or transition state that is stabilized by solvent inter

action

TIP Consider using excess reagent as solvent to dissolve starting
niateri

al For instance excess t-BuNH2 helped to dissolve 14 in H70

Solvent selection can markedly influence the product ratios of reaction In

the catalytic asymmetric aminohydroxylation of styrene the ratio of the

acetamide products rose from 0.91 to 611 when the reaction was run in aque

ous acetonitrile instead of aqueous mPrOH Figure 4.11 Solvent polarity

can influence asymmetric induction particularly during peptide coupling When

the racemic azlactone 15 was condensed with L-lysine methyl ester 16 Figure

4.12 the DL-product predonsinated in relatively nonpolar solvents and the LL
product predominated in polar solvents and at lower temperatures

H2NtBu
OyNHtBu

14 equiv

EI3N
Br

PhOCBr3 nBuNH2 PhOP
2.0 eq

Br

Br

1.0 eq .2 eq

SoHent J.mo Oetd

THF 00 36c

PhH 35 Ph NHnBu

CH3CN 70c
LiMP 750
DMF .55 83o

FIc 4.10 Improved reaction conditions by use of more polar solvents
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1.OKOH OH NHAc
0.04 K2l0s02OH4 NHAc OH

sACNHBr
0.05 PHAL catayst

11 solventH20
C/20

Cosovont

n-PrOH 0.9

CH3CN 6.1

FIGURE 4.11 Influence of solvent on regiocheTnistry

Solvents can also inhibit reactions For example the deprotection of the ben
zhydryl ester 17 Figure 4.13 was found to take place much faster in CH2C1
than in EtOAc Perhaps EtOAc acted as Lewis base and sequestered the

protons from the acid relgents thus inhibiting the desired reaction CH2C12 is

somewhat more polar than EtOAc Table 4.3 which would accelerate the

solvolysis

IVC Choosing Solvents to Provide Heterogeneous
Reaction Conditions

Some reactions can be driven to completion by removing the products physically

from the reaction Products that are out of solution may be protected from further

reaction An excellent example is found for the selective removal of the Boc

t-butyloxycarbonyl group from N-Boc-.amino acid t-butyl esters shown

in Figure 4.14 treatment of the L-serine derivative 18 with anhydrous HC1 in

NHZ NHZ

OH3 NHZ

Ph Mernorpholine

Ph O2CH Ph O2CH3

racemic H2N CO2CH
solvent

OH3 CH3

15 16 H3C H30

CO2CH2Ph cc on

THF/23 35 65

DMF/23 68 32

DMF/5 77 23

FR URF 12 Influenc of solvcnt on isynlnlctnc induction during zldctonr opcnin
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H2N HN-
CH3 F30002H PhOCH3 çH3

____0N 0000 0fN
503

or souent
so3

l1C

17
0CHPh OH

\H
aziroonam

H3N
CH3 Ph

00H3

TN Ph

HC0 so3

Os Ph

vJ9CH3
PIGURL 4.13 1eprotection of henzhydryl ester

LtOAc affords an excellent yield of 19 which still has two acid-labile protecting

groups The successful conversion is driven by the poor solubility of amine

hydrochloride salts in EtOAc and precipitation of the product limits any signifi

cant further reaction of the molecules

IVD Choosing Solvents to Increase the Stir-ability

of Reactions

Often solvents are selected to increase the fluidity and stir-ability of reactions

heavy viscous liquid or suspension cannot be readily mixed Efficient stirring

shows for improved heat transfer and minimizes impurity formation from any

localized hot spots within the vessel With efficient mixing reagents are readily dis

persed during additions thereby decreasing side reactions where control of rea

gent stoichioinetry is critical to good yields see Chapter 14 Scale-up Concerns

During crystallizations readily stirred reactions afford better control of crystalliza

tion produce better crystals and afford greater ease in transferring slurry to the

filter Stirability at the desired conditions may be limited by the freezing point

anhyd HC
tBuO OtBu iSuO OiBu

HN EiOAc
NH3
HOl

18
OiBi

19

FIURF 4.14 Heterogeneous conditions to limit acid italyzed reactions
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and boiling point of solvent For ease in crystallizations it may be useful to rind

substitutes for some of the more viscous solvents e.g i-PrOH and tBuOl

WE Choosing Solvents to Remove Impurities by

Azeotropic Distillation

Azeotropic distillation is convenient means to remove some impurities on scale

constantboiling mixture exhibiting constant ratio of volatile components is

known as an azeotrope or an azeotropic mixture Azeotropes may be composed
of two components binary three components ternary or more An azeotrope
with boiling point above that of the highest-boiling constituent is known as

positive or maximumboiling azeotrope 138 An example is that of 20.2c HC1 in

H20 which boils at 108.6C Most of the azcotropes chemists encounter in

process P. are negative azeotropes that is the boiling point of the azeotrope
is less than the boiling point of any component In any case the chemist knows
that most of the minor component of an azeotrope is gone when the temperature
of the vapors approaches the boiling point of the major component

Water is the compound most commonly removed by azeotropic distillation on
scale and some examples are presented in Chapters and Removing water by

azeotroping is convenient operation on scale to reach strictly anhydrous condi
tions which may be key for running the reaction or for crystallizing the product
Excellent references are available to describe azeotropes of solvents with water
and other compounds 138 39 In general small unlike molecules form

azeotropes as shown in Table 4.6

TIPS
Try to anticipate the formation of azeotropes when distillation and con
centration occur Unexpected azeotropes may cause unsafe operations
For instance distillative removal of water from the reaction of an amine

with henzyl chloroformate PhCH2COCI resulted in formation of an

azeotrope of water and benzyl chloride common impurity in benzyl
chornforrnate

Sometimes small changes in solvents or reagents can greatly improve

processing For instance fornmic acid niay be preferred over acetic acid in

some cases as formic acid can be removed azeotropically much more
readily see Table 4.6 Hexanoic acid was preferred as catalyst over
acetic or propiomiic acid as hexanoic acid does not codistill with the

reaction solvent PhCH3
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Heprane hp 98 Cyclohexane bp 81 foluene hp

Aceotrope of polar
Azeo rope of polar Azeorrope of polar

bp solvent hp solvent hp solvent

OH hp 65 n9 51 wf 54 18 wtC 63.8 69 wt

hp 78 70.9 49 wt 64.8 31.3 wt 76.7 68 wf

bp 82 6.4 50 wf 69.4 32 wt 80.6 69 wO

011 bp 94 18 wt 79.8 wOo 105.n 32 wr

ON bp 83 78 62 wr 71.3 37 wtO none none

011 bp 102 92.2 26.5 wt 78.5 16 wr 110.5 56 wt

one bp 56 56 89.5 wt 53 wr none none

hp 66 none fore none non

hp 81 69.4 44 wt 622 33 wt 81.1 78 Wi

HO bp 111 80 35 wt 70.2 28 wt 965 n5 wr

Ac bp 77 none none 72.8 54 wt none none

CO Fl bp 118 95 17 wOo 79.7 wi 104 32 wtC

011 bp 110 78.2 Wi 70.7C 30 wOo $6 ci wt

Sources Loewenthal 14 Guidc for the Perplexed Organic Experirnentaliot 2nd ed Wiley

hester 1992 pp 170 71 Horsley Azeotropic Data IfI Advances in hensistry Series 116

rican Chemical Soriety Washington D.C 1973 GniehhngJ MenkeJ Fischer KrafczykJ

orspC Data Parts and II VCHWeinheim 1994

Positive boiling azeotrope

Reducing distillation pressure can reduce the portion of the minor azeotropic

ponent for some solvents As shown in Table by dropping the distillation

ssure from 760 mm to 25 mm the amount of water removed in EtOAc drops

iore than 50% if reducing the pressure results in no azeotrope these condi

ns are said to break the azeotrope Reducing the distillation pressure
does not

ays decrease the proportion of the minor component in the azeotrope as

wn in Table for the i-PrO -H2C azeotrope

VF Choosing Solvents to Remove Impurities by Adding

Immiscible Solvent and Extraction

en solvents are selected or avoided due to the extent of water miscibility Sol

with low water solubility readily afford phase separations when extracts are

hed with aqueous soltitions and minimal loss of the product to the spent

phase occurs Pmduct may be lost to the aqueous phase when extracting

ions of solvents with high water solubili% To minimize such losses it may be

essary to partially concentrate the solution before extraction or to dilute with

volumes of water and water-immiscible solvents see Chapter 10

ABLE 4.6 Sonic Binary Solvent Azeotropes
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ABI on position Water in Solvent 110 Az otropes is Fun 000

of Pressure

Pressure nnn hp is is atcr in azc tni pc

EtOAc

23 3.6

251 426 63

761 04
iPrOH

67 12

95 13

53

190 13

12

380 13

760

aHorsley Avotvopic Data HI Advances in hemistry Sines 116 American

Chenucal Society.bshnigton D.C 1973

1Data are taken from two studies and may represent
the same composition is measured

by tsv invesog itors

IVG Choosing Solvents to Remove Byproducts by

Crystallization or Precipitation

fteniovmg byproducts by crystallization or precipitation ran ease workup con

dinons Solvent ratios may bc adjusted or solvents may bc exchanged during

workup to remove byproducts Some cxampk5 are shown inTabic Rcinov

itig
the by product ma also allow for an improved yield by isolating the kinctic

product see Figurc 11

IVH Choosing Solvents to Purify the Product by

Crystallization or Recrystallization

Solvent selection is usually very important in prep iring both highquality product

arid the desired crystal form Detuls may be found in Chapter 11

IVI Choosing Solvents to Increase the Safety of

Operations

fhc chenust must consider the safety of operitors during processing and of those

who come itt contact with the drug substance or intermediates after the processing
of step is complete Selecting less hazardous solvent during scaleup prc para

tions not only decreases risks to operators and the community but also simplifies

operations and decreases processing time overall Sonic solvents arc avoided due to
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3CC Solvents Useful in Removing Some Reigcnt By products

Solvent to Precipitate or

14eaent ftr igent By pro Inc rystallize prod

yclohcxykarbodiiniide 1icyclobcxylurea DCC lMC HF
b1crr .ac ii ii Suecini mdc CH PhD

phenylphospiinc lriplienylphosphinc raide leptane

Annne hy Irochlorde btOA CH

an also
readily he removed by extraction into or aq NaH

pleasant vapors acetic acid The presence of residual solvents niay also he

ncern for analysts examining isolated compounds

VJ Choosing Solvents to Decrease Atmospheric
missions and Losses to Process Streams

/any operationsspills emissions to the atmosphere contamination of waste

ster streams and disposal of wastesrelease solvents and other compounds to

environment Controlling emissions is particularly important for continued

erations on manufacturing scale To decrease emissions reactions may be run

ower temperatures or higher boiling solvents may be chosen Sometimes sol

nts arc avoided if they are difficult to remove or if the chenust anticipates that

Ic presence of this solvent will cause down-stream processing difficulties DMSO
be considered one of these solvents Multiple extractions with H20 may be

ccsar to satisfactorily reniove DMSO and small anmounrs of residual DMSO
iy adversely affect the crystallization of the product

IVK Choosing Readily Available Solvents

Ivents that can be readily purchased in large quantity or that are available on
arc preferred for scaleup bor instance some sites will have ready access to

type of denatured alcohol Requiring use of another type of denatured

hol might cause significant delays if permission from local regulatory authori

is needed Most sites routinely store and use acetone hut plans to usc

anone may meet some resistance simply because of unfamiliarity

TIP When developing process for new site consider any regulations

that might restrict delivery of solvent to that site Regulations can vary
from state to state and from country to country
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IVL Choosing Solvents to Decrease Immediate

Contributions to Overall Product Cost

onsiderable financial gain can he realized by minimizing the volumes of sol

vent used and by selecting less expensive solvents and grades of solvents as appro
priate Minimizing the volume of solvent used also helps contain the cost of waste

disposal

Recovery and reuse of solvents may have
great financial impact for manufac

turing operations Usually solvents are recovered by distillation with optional

aqueous washes before distillation High-boiling solvents such as DMF and

DMSO are difficult to recover so they often are used only once then sent to

waste disposal Solvents may be chosen for decreased water snlubilit and to

decrease the burden on water processing facilities All wastewater streams that

contacted organic solutions should be considered to be contaminated with that

solvent and solute as very few compounds are truly insoluble

ALTERNATIVES TO CLASSICAL SOLVENTS

There arc three alternatives to solvents classically used by organic chemists Water

may be used in place of organic solvents or no solvent may be added to reac

tion Alternative solvents are also being investigated

VA Water

Although water is the most readily available solvent classically water has been

avoided as solvenf for organic reactions In many reactions e.g those using

strong bases AIC13 and dehydrations the use of water as solvent inhibits or stops

the reaction Often large molecules or molecules with hydrophobic groups do not

exhibit enough water solubility to allow for reactions of reasonable concentration

TIP For initial laboratory investigations whenever possible use solvents

from hulk supplies that have been purchased for routine processing Avoid

special grades of solvents such as HPLC-grade solvents as processing may

change when reactions are run in bulk solvents due to differing impurities
and impurity levels Using higher grade of solvent may not be necessary
for instance water is readily removed from many solvents and scale-up

vessels by azeotropic distillation eliminating the need to purchase

expensive anhydrous solvents Once special grade of solvent has been

shown to be necessary then purchase of the more costly material is readily

justified
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Recently there has been huge amount of research on reactions in water

my chemical and enzymatic processes are run in water number of carbon-

ihon hond.fornnng reactions can be carried out in water and the thought of

investigations would have been readily dismissed years ago Two excellent

iews on this subject 43 show the extensive breadth of aqueous reactions

wide variety of carhoncarbon bonds can be formed in aqueous conditions

igure 4.15.An indium mediated Barbier reaction on unprotected galactose led

OH OH OH 0O20H3 OH OH OH CO2CH3

Br

C020H3 In0 HO
OH OH2

H2O OH OH 20
6.1

OH OH 21

HO OH

7-7CHO H20

AcOH %100%i F3C2CF32SMn0

5941 threoerythro

OH3 1.4Zniatd.NH4C OH3 OH

H3CH BrCOEi CaCI2 RT/15 mm H3C0O2H 23

H3C CH3
H3C OH3

H30
86%

OH1_HH20

1CCN /N
RT

iN
Ph

015 eq
8hr

Phi

24

90-98

0002 PdOAc2
l.0nBuNBr

H3CO HO2B 2.5 K2CO3 H20 25
70Clh H300

99c

005 PdOAc2
0.1 PPh3 CO2CH3

H2CCO2CH3
1.0nBu4N

equiv
2.5 K2003 H2O

50

98c

CO2H HO2C CO2H

CH2
H2O

ll
27OCO2H

OH OH

FIGURE 4.13 Seccted reicnons in water
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J_I RCH2NMe2
hv

OH

28
CO2H H20 COH

82c

HO
ElCO2CH -a_ .CO2CH3

H\O1eqNHAc H20 NHAc
Ph

Rh PPh2

cycbociadiene
29

FIGURE 4.16 Some reductions performed in water

to tile formation of the two unsaturated products 20 and 21 in ratio of 61

McMurry like coupling using manganese powder produced quantitative yield

of the diols 22 1451 Reformatsky reaction gave the hydroxy acid 23 in 86o yield

1461 The Bayhs-Hillman reaction leading to 24 was found to be accelerated in

H70 Suzuki couplings in the presence of nBu4NBr have also been carried

out efficiently in water as shown with the preparation of 25 in 99o yield

Quaternary ammonium salts were also found to be necessary for Heck-type reac

tions in water as for the preparation of 26 1491 The Claisen rearrangement to

afford 27 was lO times faster in water than in MeOll

Water has been used to accelerate reductions as in photochernical reduction of

the ketorie 28 Figure 416 Surfactants have also been shown to aid reac

tions in water when sodium dodecyl sulfate was added the cc rose from 61o to

94o in the preparation of 29 Figure 4.16

Bromination of electronrich benzoic acids was carried out advantageously

in water usinf N-broniosuieininiide NBS or dibromodimethylhydantoin

1BDMH Figure 17 1531 For scaleup either of these reagents was preferred

over the toxic Br2 Water was grestly preferred over HCI3 or Cd4 solvents usu

ally employed with NBS brominations An excellent yield resulted using the con
ditions in Figure 17 with reduced levels of dibrominated impurities relative to

those seen with Br2 dioxane bromination

OCH3
OCH3

CO2H
Br NaOH H20 COH

Br OR N-Br
H3C 10 RT

OCH3
OCH3 H3C 5lB hr

2HC
30 31

eq 55 eq 94 from 30
22 NaOH 11 NaOH 90 from 31

PlC CR1 17 Brommmmnanomm of in electron rich bcnzomc acid water
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Water has also been judiciously added as cosolvent to inc rease reaction rates

the dehydrobromination of 32 Figure 4.18 using 600 water as cosolvent

found to give the highest yield of the diene 33 and the lowest yield of

undesired 46diene 34 increases the soluhi1ir of the base in this

jrtinn For the deprotection of N.plithaloyl derivatives by NaBH Figure

18 the concentration of H30 in iPrOH was examined from 2000 and the

test rate occurred with 14o HO For the oxidation of alcohols using

tilytic Cr0 L75 H0 in H1CN was ftund to give the best yields Figure

.18

TIP In some reactions sniall change in the amount of water charged

can have significant effects 8etting tip reactions on testtube scale with

the concentration of water varied in increments may be an easy way to

assess any potential bcncfits of water

Various grades of water available for
process

are shown inj4hle

OAr OAr

H3C H3C

H3C CH3 CaCO3NaBr
H30

DMFHO
32 refiux/4 hr

33

Br

H20 vHo 33 34

715 7.9

82.4 17

81.6 1.7

84.0 1.7

800 1.9

10 73.7 3.4

l.14 H20
j.pQ-4

CO2H NaBH4 AcOH
CO

3.80 C25
97

1.1 moo Cr03
OH

H5tO6 cooN

OCH3 0.75c H70 fl CH3CN OCH3
05 C/i hr

98c

H3C

34

FIGURF 4.18 atel co olvent to nicer ne action rat
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A131 Grides of Witer Used for henucal Pro smg

Type haracterisuc

ift
water rink ng water fron inwncip fact

ity
Often contains chlorine

potential oxld nt that cai cause side reations lnoi gan sIts

ed orgn inipnreis may presdur

istille cv iter Non volatile con po ients ate in prineiplc
removed from the

condensate Qualiq depends on the eqsnpment and techrique

Ieionizcd tcr Treated with ion exchange resms to remove ions Often ivailahie

is site in large volumes aunon pH ay vary

Witer for
injection pyrogenTree Microhes and proteins are usually removed hy filtritio through

filters of ciii Used to reconstitute drugs prepared as

lyophiles lacked in steril en its ncr expensive

Highly pci
ified watcr Contaminants are measured in the ppt levels sed in the

emniconductot industry

V.B Neat Reactions

In many industrial settings no solvent is used for reaction i.e the reaction is con.

ducted neatThe idvantages of this approach are that no expenses are incurred for

the purchase and disposal or recovery of solvent Under such concentrated condi

tions the reaction proceeds rapidly and product throughput is very high
While there are obvious advantages to solvent-free reactions there niay be

small savings if organic solvents are used for workup E571 or if purification of

spent aqueous streams is costly disadvantage of solventfree reactions is that

controlling reaction temperatures cati be difficult as the heat capacity of solvent

is not available to help dissipate the heat of reaction For efficient conversions

0.2 mol0 salenCoi
t54 mci00 AcOH
0.55 H20neat
RT/t2 hr

OH

H30CH5

46c 5000

98.5c ee 980o ee

mol salenCrHN3 OTMS

05 TMSN3 neat N3 CH3 H3CjC/IS hr

98o 97o ee

LCH3 H3C
racemic propylene oxide Etionofat

xothermic

FIGURL 4.19 Knietie resolut on of racemmiic propylene oxide ui solvent free mnditions
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EtO2S0 KOH

10 moP nBu4NBr

neat 10 mH
98c El

orough mixing may be problematu in solvent-free reactions In principle any

nxlng device can be suitable reactor and ball mills may be suitable for

ne smallscale operations For largescale operations neat reactions are often

ited to those with liquid products Figure 419 gives two examples of solvent

reactions that have been conducted on scale through the kinetic resolution of

ccmic propylene oxide 60

Lxcess liquid reagents can be used as solvents in neat reactions Many

tions hase been conducted without otganic solvents see Figure 3.17 Con

sions can be very fast and efficient as in the ethylation of indole Figure

20 The esterification of amino acids in melted octadecanol was also an effec

se solvent-free reaction Figure 4.21

Formoterol was also prepared through neat reaction Figure 4.22 Signifi

itly the presence of water leads to the formation of undesired regioisomers

ring the coupling In another neat reaction small amount of

hioromethane was added to decrease viscosity and allow for better mixing

Possible Future Directions

actions in fluorous solvents usually perfluorinatcd hydrocarbons have been

scribed and benzotrifluoride PhCF1 has shown to be useful replace

nt for CHCl2 These solvents are significantly more expensive than sol

its routinely used today but prices may drop as applications and demand rise

Nonaqueous ionic liquids have been used for hydrogenation of arenes and

liquids 681 By selecting stable catalyst that is soluble in the ionic

purification
of products began by separating

the liquid products from the

liquid containing the catalyst Because of the expense of nonaqueous ionic

ids the abilii to recover and reuse these materials will be important so con

osts if they are to be used on scale

002
Ph CH3SO3H HO0H217CH3

NH3

124 129 C02CH217CH3
Ph

25h NH2HCI
90c

FIGURL Alkylation of iodole si FE ider solvent tree diiions

Ltyroaine

1.4 eq 2.5 eq

TURF 4.21 Solvent free csterifcstions of amino cids
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OH
/y Ph

neat

120C/24hHN _______ CH3

Pd-C
HO 0CF15

NHCHO OH
OCH3 fumanc and NHCHO

HO2C
CO0H

700o

RR-formotero

HO
HNRR

NRA
OH OH

Ph
NHCHO Ph NHCHO Ph NHCHO

FI5UR.E 422 Solvent trce prep nation forinoterol
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Running the Reaction

INTRODUCTiON

reaction is run can determine its success or failure so details of the opera

ns can be very important Ietails of the specific conditions must be thoroughly

scrihed before process can be safely and reproducibly scaled up especially by

acone who did not develop the original process
Few chenusts arc naturafly

lincd to describe in detail the conditions that they used The nonspecific

scriptors groaners listed in Table 3.1 are not sufficient to allow for ready

le up of most processes

Procedural steps for setting up and running reaction are shown in Table 5.2

ctails are discussed in the sections below

IETERM1NING REACTION SAFETY

fore running reaction the cheniist must ask whether the reaction is safe to

ii Accidents incur freat costs Potentially at risk arc the chemist coworkers

iployees onsite and members of the local coniniunity People may get hurt

113
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BI Nonspc citic ocnptors Found in he iiistry xperini ntal Proce lures

Added sPan

Tddcd dm1 wise

To din solo oi

lded in portions

Added to cold so itiO

Was sun aver ught

Sdded at 78 wis the teniperatore kept constant during the addition

With si phi otherni

At rooni teinpcr its re colder in Lngland hotter in the
Crop cs

Lxcess reagent

Vig rous agitation

Adrked up ii the oso way
Gocc nlnte solid

Sofhciendy pure

elds given without onsider ition of prods Ct qu ility

and health effects may last far beyond the inconvenience of the incident Expen
sive equipnient can be dainaged.Valuable time can be lost causing costly delays in

the development of new compounds Severe accidents can have adverse effects on

public relations for the offending company
Each reaction should be considered for possible hazards including reaction

exotherms gas evolution and the safety of handling reagents solvents and prod
ucts Known or anticipated toxicologic hazards of starting materials reagents
and products should be included in such assessments Many companies have

laboratories to assess chemical reaction hazards while others contract out such

analyses

To identify possible problems from exotherms and gas evolution some

measure of the magnitude of reaction exothernis is attainable using differential

TABLE 5.2 Step-by-Step Procedure fbr Setting Up and Running Reaction

eternune if reaction is safe to run

onfirni equipment is sale for apei Coons

Sclect reaction scale

Choose eqcuvalents of reagents starting niaterials and solvents

Deternunc if nient conditions are needed and iuett reactor

Charge sn irting matcrials and solvents

Adj ust and nianitain reaction teniperature

eterieiine
optiiisal mcldition hiiiie and temperature

eter none optimal addition sequenc of
reagents

Adjust re ction pressure

Adjust stirring

Moimitor reiction progress
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nning calormietry DSC and the reactive system screening tool RSS DS
cts heat transitions for solid compounds typically starting niaterials and prod

ts For safety assessment key transitions includ endothernaic melting and

otherinic decomposition Quantitative and seniiquantitative assays are possible

DSC can he used to determine whether reaction is being run safely below

decomposition temperature of reaction component RSST can he used to

snitor reaction exotherms and gas evolution The sample is introduced into

insulated spherical glass cell that can be pressurized Gas evolution can be

ed as the cell pressure increases with heating

More quantitative measurements are attamable by using an accelerated rate

rimeter ARC which is an adiabatic sealed ealornneter used to study rum

reactions he data generated can be directly applied for plant scalmup e.g

calculating whether the cooling system for scalmup can safely accoinniodate

reaction exotherm Sealed calorimeters show decreasing boiling point assm

ed with change in the volatile reaction components Stirred tank

rimetry can also he used to accurately calculate the heat of reaction

TIPS
Not every reaction should be subjected to full chemical hazard analysis

as some reactions e.g the hydrolysis of an ester in water will have little

risk involved When unsure it is always wise to get the advice of more

etperienced person before running potentially hazardous reaction

Any reaction involving air or 02 should be thoroughly investigated

before scale.mp

ASSESSING SAFE OPERATING CONDITIONS
OR THE LABORATORY

fe operating conditions include safe equipment chemicals process operations

personnel safety Details for safe laboratory operations have been published

he primary key for safe laboratory operations is the fume hood which

noves harmful vapors The fume hood should be correctly drawing air aero

open surface Clutter within the hood must be minimized for safe operations

tside the hood all equipment such as gas cylinders must be safely secured Pcr

nd naust be protected frosai any nioving equipnient such as belts and wheels

umps and air compressors All emergency equipment such as fire extinguish

mad
spill

containment pillows must be readily accessible

ersonnel should be trained in safe operations Safety glasses gloves safety

es and other protective clothing should be used routinely Portable safety
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hic1d should be readily available and used if lnghly exothernuc reaction is

expected

afc
ty

iti
chEld

taken
fEr graiitedevi

ew safety regularly

Static sparks can cause explosions Static buildup occurs during routine opera
tions when poorly conductive materials contact each other then

separate without

the chance for rapid discharge to the ground he relaxation time or amount of

time needed to discharge static charge varies widely Table 5.3 1-leptane is

preferred over Flcxane due to heptanes shorter relaxation tiule Grounding equip
ment including glassware such as large chromatography columns reduces the risk

of static discharge

Sonic common chemicals such PrOH can foi ni peroxides in explosive

concentrations Peroxides can react sometimes vigorously with
reagents such

as alkyllithiums anames and other oxidizable compounds Testing by dip strips

containing peroxidase is convenient means to monitor the peroxides present in

chemicals Guidelines for the use of such
strips and purification of solvents con

taining peroxides have been published

IV SELECTING THE REACT ION SCALE

The scale of reaction is determined by the amount of chemicaL ivailable ho
expensive the components are and how readily more niaterial can be obtained

The size of available equipment can also limit the reaction scale Fhe amount of

tune available is another factor larger runs take longer and the amount of infor

mation obtamed is not always comniensurate with the time and effort expended
For instance larger runs will require more time for workup if substantial por
tion of the solvents must be removed by concentration While the knowledge

TABLE 5.3 Relaxation Times for Static Discharge of Some
Common Solvents

Solvent Rclaxaoon Tune Half tiineV lue

loluene 21 iS

Hexme 46 42 olin 32 26 mm

Heptane 1.18 0.13

Methanol 11 10

tltanol 1.6 10

Water 11 II
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ied from an extended concentration may be needed it could be obtained iii

one experiment designed to investigate many aspects of scaleup

In general sniall scale is appropriate as one starts to develop process as mi

cactions may not produce product that is pure enough for further study

tl out having to resort to purification Many small scale scouting experiments

ii be run to determine optimal conditions and there is no pressure to obtain

an product As greater confidence is gained in the process larger scale reactions

iy
be set up to prepare suitable quantities of material for others larger scile

is may be necessary to examine physical parameters e.g to develop an effi

nt crystallization of concentrated slurry or to examine distillation during

ork up

IIP Premature scaleup wastes valuable time materials and nioney

CHOOSE EQUIVALENTS OF REAGENTS
IARTING MATERIALSANI SOLVENTS

charges of reagents starting materials arid solvents to reactions are minimized

decrease cost of inputs and to optimize vessel throughput Minimizing these

rdes also decreases operating times by decreasing the amount of time needed

add these components to remove solvents by distillation and to neutralize

active components Waste disposal costs are also decreased by minimizing

rges of reaction components Thus this consideration can have considerable

pact on overall product cost arid productivity

Undercharging reagents can lead to increased impurities when the desired

duct has reactivity sinnlar to that of the starting material or reagent As

wn in Figure 5.1 the desired secondary amine is expected to be more

leophilic than isobutylamine and does react with starting epoxide to

ord the dimeric amine Five equivalents of were charged to minimize for

ition of the dimer and greater charge of would have contributed unneces

ily
to costs

NH2

OH3

iFOH NL NH PhN
ph

750 OH OH3 OH OH

CR Ph Ph -CH Ph

OH3 HO
sequO

Flc 5.1 Ovlrr 3CtiOn of alnints ith epoxides
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Ph Ph
MgC

Ph
NH2

Ph CN BnMgO Ph Ph Ph

THF AT
Cithc and

Ph Ph
H20 Ph

995%

IGURE Crignard addition to ki to nitnle

The goals of mininuzation must be balanced by the drive to use sufficient

amount of reagents to oinplete the reaction in reasonable amount of time thus

increasing productivity In general 1.021.2 equivalents are often charged in order
to reach suitably rapid reactions More equiaalents may be charged if tl1e

reagents

are inexpensive and easy to neutralizc and if increased waste is not an issue Addi
tional equivalents will be needed if there is more than one reactive group in the

molecules as in Figure 5.2 j9 Reagents may also be chosen to facilitate workup
Chapter 10 If many eqLnvalerits of reagent are needed fewer equivalents may
be used by increasing reaction temperature and/or concentration

TIP If many equivalents of reagent are needed to carry out reaction

completely consider running the reaction at higher temperature or con
centration to detrease the amount of reagent needed

Particularly hazardous reagents may he charged in
limiting amounts With

excess reactants present the more hazardous reagents should be consumed This

approach is recommended for reactions with the poisonous cyanide reagents and
with the explosive sodium azide The henzyl cyanide was prepared from only
1.05 equivalents of NaCN using PTC Figure 5.3 and excess NaCN was

CN
rZia

8085C 130C/l9h

89%

cxo H3CCH3
6moPMeNOH

OCH3
rafux/275h OCH3

1.25 aq
98c

FIGURE Reactions with ysnide and cyanoliydrni using Pit
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tro3ed by NiOH treitment For the Mtchael aldition of cyanide to the

ilcone acetone cyanohydrin was employed instead of NaCN Only 125

quivalents of were needed for an excellent yield of and excess was

stroycd by treatment with NaOC1 Both NaN3 and Na were used in

preparation of the tetrazole Figure 5.4 In this process the aqueous

iases are never acidic and safely contain unreacted NaN3 or NaC

TIP PTC can provide safe highly effective approach to reactions with

NaGN and NaN3 First of all leaction conditions are usually basic which

safely keeps NaC and NaN3 in solution as the anions Second because

the nucleophiles are less solvated under FTC conditions than in 1MSO or

similar solvents PlC provides more reactive conditions Hence fewer

equivalents of NaCN and NaN3 are needed and reactions are generally

faster

Excess reagents may be charged to facilitate work-up In the dialkylation of

nine 10 four equivalents of n-FrI were charged Figure Overalkylation

duced the quaternary amine 12 which was easily renioved from the product

by aqueous extraction The product 11 was much niore readily freed of 12

an of 13 which was the contaminant when less n-FrI was used

Aiquat 336

0.35 molo
Cl COEi NaN3

N3 CO2E1
1.02 eq CH2CI2 HO

reflua/l 6h

ClCOiBu/5 rich spent

UOCN N3 ______________ organic
-I aqueous

Co El
ice phase phase NaN3
NaCN 22 eq

spent

aqueous

phase

N5CN

rch HCI H20

organic

phase CO3

CO2H

993ooveral

FIGURE React 003 with yamde and szde ning PTC
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NH NPr NPr3 NHPr

XH
Pn Ph Ph

10
11 12 13

UIFL l3cneticia ovcralkylatiori of prinery mine

Other factors should be considered when minimizing solvent charges More
concentrated reactions often mean shorter reaction dines However too highly
concentrated reactions can make stirring difficult and lead to side reactions due
to poor niixing and poor heat transfer With more nncentrared reactions there is

less solvent available to help dissipate any exotherinic reactions making tempera
ture control more difficult and extending addition times

For imtial laboratory investigations reaction concentration of 03 may
be good starting point Morc dilute conditions will he needed to Ininirnizc

selected intermolecular reactions for some relatively slow te ictions such as

lactam cyclization and macrolictonizstion The optimil nianufacturmg concem
tration been dcscribed as greater than 1000 141 and should be adjusted for

the process needs

The prep Iration of the tolmetin sodium intermediate 17 Figure
illustrates several points that apply for running ieactions reproducibly quickly and

safely Re iction of \-naethyl pyrrole 14 with chloral 15 was slower if purified
15 was used this condensation is in idcatalyzed siad was accelerited by ti ices of
trichloroacetic acid present in aged 15 Unfortunately when the solvent wis
removed for the subsequent step residual acid promoted the decomposition of the

chlonil adduct 16 Thorough removal of the acid from the CHCl2 extract was

possible only by extraction with dilute aqueous NH3 all other treatnienits wer
less effective including aqueous iH solid NaHE 03 md Et3N The reduc
tive trmnsfornaation of 16 to the scid 17 was nindiatcd by aqueous sodium

KOH
CH3C2 Na28 04 /f\HCC5 CC5 CO2H
aq NH3 H20
ion OH MeOH oH H3

55
14 15 16

78 17

URL Prpar mtlon oI toliniti oodiw mnterox mu

____
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lithionite and 16 is in oluble ui der th re iction onditions By idding only

volo of MeOI-1 to break the surface tension the reaction rate was iro reased

markedly Such attention to the details of reagents and solvents can greatly

the reproducibility of reaction

TIPS for running the reaction

To determine niaxunal concentration work backwards For instance to

hydrolyze ethyl benzoate with aqueous NaOH determine the saturation

concentration of sodiuni benzoatc in lO at the desired temperature

Then examine lwdrolasis of ethyl benzoate at that concentration

Use heterogeneous reactions to drive reaction to completion and to

decrease overreactions see Figure 4.14

Add small amounts of solvents to break the surface tension of heterogm

neous reactions and increase reaction rates

Use reagents and starting materials as received Beneficial inapurities may

he present Subsequent optinuzations may deternaine that additional

purification is needed

VI EMPLOY INERT CONDITIONS IF NEEDEI

sn inert itmosphere is applied to meactiuns to reiiove oxygen and to keep out

nd 70 from the reaction The re ictivity and undesirability of HO is presented

Chapter Oxygen may also generate undesired impurities explosively in

onie cases

Removing is necessary for the safe operations of niany reactions especially

hydrogenations Funtional groups which are readily oxidized with 02 include

rcaptans tervalent phosphorus compounds and some amines Anions may also

met with dissolved 07 leading to the generation of impurities during alkylation

these anions 116
Several approaches are used to renaove oxygen from reactions Reactors may

flushed with N2 and solvents in the reactor may he sparged with purified

itrogen in order to displace dissolved 02 slight positive pressure
of N7

itrogen blanket may be applied to the reactor to exclude the entry of atmos

nc H0 and Hydrogenators are usually subjected to 46 cycles of partial

acuum and flushing with N7 before H7 is introduced Oxygen may also be elini

sted by heating solvent or re iction to reflux under and cooling under N7

xygen detectors may he installed in reactor headspaces or immersed in aqueous

lutions if the absence of is critical



122 Runnmg the Reaction

VII HAKGE STARTING MAT FRIALS
ANI SOLVEN IS

Ihe sequence of adding starting materials reagents and solvents usually must be

optimized for each reaction In gcneral adding liquids is easier and safer than

adding solids During scaleup operations solvents and liquids are usually pumped
or pressurized into the reactor or are drawn into the reactor by partial vacuum

Solvent may he added last for safety reasons Often the solvent is the most
flammable and most volatile component of the reaction Solvent also may he
added last to mininaize vapor loss If the solvent is added first it may splash up
toward the operator when additional reaction components are added through

open manways

On the tither hand adding the solvent last may cause mixing difficulties and
so solvent is sometimes added before the starting materials and reagents For

instance starting material may be poorly soluble in the solvent so if the solvent

is added after the starting materials have been charged it niay he difficult to dis

perse the solids effectively This is particularly true if the vessel agitator is situated

above the charged solids In such cases while the solvent is stirred the solids may
be charged to the reactor perhaps in portions to ease their dispersal

TIP Liquids are generally measured more accurately by weight than by

volume as he densities of liquids and solutions can change significantly

due to sample temperature Thinking in terms of weight of niaterial added
is good training for introducing process to the pilot plant or manufactur

ing plant where most measurements also are by weight

VIII SELEC1 REACTION TEMPERATURE

In general lower reaction temperatures are used to increase sclectivit5 and to

avoid side reactions The reaction of cyclohexanone with diethyl dicarhonate 18
led to the C-acylated product 19 at 78C Figure 57 with the C-acylated

product 20 being produed at about 80C 1171 Cooling lipase-mediated esteri
fication to 40 enriched the product ester 21 to 97 cc Figure 5.7
Reaction rates slow wth decreasing temperatures and the rule of thumb is that

mereasing the reaction temperature by 11C will usually double the reaction rate
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CO2FI

KftEt2O
78C 19

98c _-

01
EtO 0Et

KH PhH CO2EI
reflex

72o 20

Ph2 H2C0AC Ph0 PhCH2OH CH2OH CH2OAc
21

yed ee

Thmpre ROH ROAc

20 45 90 55 72

-40 6246 3197

FIGURE 57 Effect of rejction temperature on product distribution

TIP In pilot plant most reactions can be readily conducted in the tern

perature range of 40C to 120CTemperatures outside this range may

require specialized equipment To develop processes
that can readily be

introduced to scaleup facilities try to run reactions in the range of

40C to 120C

The effects of temperature control on reaction selectivity were shown during

iydrogenolysis of an aziridine Figure 58 Aziridine 23 was prepared by

-eaction of the amino alcohol 22 with methanesulfonyl chloride and Et3N Gun
usly neither the methanesulfonamide nor the mesylate could be isolated from

this reaction reaction of mesyl chloride and analogs of 22 without Nalkyl

oranching led to the formation of the rnethanesulfonamides Attempted

ydrogenolyses in CHOH or AcOH led to solvolyses and formation of the cor

responding ether 25 or acetate 26 derivative Treatment of 23 with H2 in

FHF/H3P04 at 05C led to regiospecific cleavage of the benzylic aziridine

ond and the temperature was then raised to 55C to remove the nitrogen

protecting group The only byproduct detected using these conditions was the

lesamino compound 24 and formation of this impurity was minimized by mi

tially conducting the hydrogenolyses at 5C
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Ph

OH H3C
NHHPdC

Ph NN CH SO2C THF 85c 3P04

H30
31 EI3N 311

CH2CRT 5C/6hr
88% 55 17 hr

22 Ph 23 Ph 88c
Ph

NH2

RO.J
jH J.H 25RCH3

LN LN 26 Ac

24 Ph Ph

FIGURE Minnnizi
ig Ps product frntttion in ip

tandem by rogenolys Ps
tenipeniture

control

IX SET LCT THE DURATION ANI TEMPERATURE
OF AN ADDITION

Adding reagent to the reactor containing the Starting material often results in an
exothermic reaction and the chemist usually wants to maintain the reaction

within desired temperature range To reduce the rate heat is evolved one can
add the reagent in portions or at steady rate over an extended period Generally
the key is to balance the heat generated by the addition against the cooling pro
vided by the vessel utilities Sometimes the addition is extended to prevent

buildup of the reagent and formation of by products sec Figure 139 Fur con
venience in controlling the addition rate ideally the last reagent is liquid or is

added as solution

For good control of reaction temperature and hence reproducible and safe

reactions additions must be considered as occurring over defined period of

time During operations on large scale addition tinles conimonly range front

O.54 hours or even longer This occurs due to the decreased rate of heat removal

for large vessels Chapter 13
The chlorination of the hydroxypyrinudine 27 Figure 5.9 illustrates the

importance of carefully investigating addition times in the laboratory before going

OCH3 OCH2
HO

11 POCI2
PhCH3

mpunty11 JPr2EtN 60 70

82-.88
27 28

FIG UIt.E 39 hloniti mon of P5 droxipyntituidine
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20

10

POC3 Adthton Time minutes

IGURE ormation of an npurity in the chlorination of 27 with txtended addition of

ft Reprinted with perni soon from Pvom Ru Die 1997 oftright 1997 American

tenucal
Society

and the lhoya Societ3 heinistry

scaleup operations 119 In early investigations the liquid POCI3 was added last

hot suspension of 27 and çi-Pr7FtN in PIICH3 When addition times were

ncreased from about two minutes to 50 minutes an impurity rose from about 20o

almost 20o Figure 5.10 and the yields of 28 decreased sirinlarly Other dives

gations showed that the yield decreased as the reaction concentration was

acreased Figure 5.11 Since the desired yields would not be expected on scale

ith addition tunes anticipated at about 30 nunutes extra time was spent for lab

ratory optimization before this chlorination was scaled up
Additional data were generated in the laboratory The nonlinear yield effect of

oncentration on yield Figure 5.11 suggested that the chlorination of 27 might

secondorder with regard to one of the reaction components All experiments

.rc run with 1.1 equivalents of POC11 The chlorination impirit was ideati

ed as the dimer 30 Figure 5.12 HPLC analysis of the chlorination as POC13

being charged showed that 30 was primarily formed near the beginning of

ihc addition when less than 100 of the POC13 had been added

behavior of the chlorination and dimerizatioti reactions can be analyzed

the mental tool called the snapshot With the snapshot one mentally freezes

he processing at some point in order to assess the tendencies for the desircd reac

on and side reactions to occur Consider taking snapshot of the chlorination

10 20 30 40 50
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100

90

80

7-

70

60

Reaction Concentration

FIGURE 5.1 Yield of 28 as function of reaction concentration Reprinted with pernussiorfrom Org Process free Dcv 1997 310 Copyright 1997 American Chemical Society snd the Roy
Society of Chemistry

after 10% of POC13 had been added to the hot suspension of 27 If the reaction of
27 with POd3 is assumed to be essentially instantaneous at temperatures over
70C then generation of the chloride nucleophile probably as i1r2EtN HC1
was also essentially instantaneous Then in the snapshot of the reaction after the
addition of l0 of POd3 there would be 0.1 equivalents of chloride and 0.9

equivalents of 27 for mole ratio of 19 Under such relatively concentrated

OCH3 OCH3HO 11P003 ClJ
27 6070

28

fast
slow/./

OCH3OCH3 OCH3
OCH3

CL1
Cl

NN
H3CONN NN

slowest

29 30

FIGURE 5.12 Mechanism of chlorination and dunerizatioi cif 26
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ditions the weakly nucleophilic 27 conipeLed su cessfu1l with chloride for

tetion with the activated pyrirnidine 29 forming the darner 30 Examining the

ction by this freeze frame technique explains the decreased yields of 28 both

he addition time was exttnded and as the reaction concentration was

ised

the snapshot to anticip ate ro essing difficulties

reliable chlorination of 27 was developed for scale up PO
13 was added to

slurry of 27 and uI2EtN in PhE H3 at room temperature over 20 -30 minutes
the reaction being allowed to warm to no more than 40 during this

nod Under these conditions there was little formation of the product 28 and

ry little diiner 30 formed Then the reaction wa heated to 6n70 over

ur and held at this temperature until the reaction was complete On scale this

oeedure generated 24o of 30 and most of this impurity was removed by the

queous washes during workup.Yields of 28 were reliably 8288c 19j
Another approach to niininaize the formation of dinier 30 would have been to

dd P0C13 to suspension of 27 and l0 molo of chloride salt suitable

agent naay be n-Bu Nd with solubility in PhCII3 of 19 100 mL at

However this approach was not investigated as it would have required

irchasing another reagent

Reactions of terminal olefins should he monitored for polymerization On
ale of up to 10 mol 4-vinylpyridine was added over 23 hours to 31 in order to

aininuze polymerization and formation of the divinylpyridine adduct 32 figure

13 For this reaction CHCN Et3N displayed moderating effects and good
ields while the reaction using CHC12 iPrEtN led to extensive polymeriza
on of 4-vmylpyridine and low yields

CHa
1.1 Et3Srn

CO2Et
1ut

CO2Et 115 eq CO El

1.2 EtaN OSEt3 added over hr
CHCN hr hod/ 7000
020 31

lh

çTN CO2Et

NJ
32 9c

FIGURE 5.13 Miriinuzin poly nerization of ofefins through extended additions
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TIP Anticipatr probable addition times on scale and if appropriate add
the key reagent in laboratory experiments over this length of time In the

laboratory syl inge pumps are very useful for reliable delivery of small vol
umes Os er an tended period

Addi
ig reagents at low temperatures can create problems if the freezing point

of the reagent is above the temperature of the reaction For instance oxalyl chlo
ride mp 11 to 8C is often used for Swern oxidations of secondary alcohols

1ypically this react on is cor ducted at 78 to and oxalyl chloride is

added to the surface of the reaction Under thes conditions oxalyl chloride may
frmze the point it exits the addition line iluting with solvents allows com
pounds with relatively high freezing points to be added to cold reactions

SLLECI THE SEQUENCE OF ADDITIONS

As mentioned in Section IX the sequence of additions may be determined by
safety considerations and the reactivity of componentsor simply by the conve
nience of adding liquid or solution Fhe starting ni sterial may be added last in

order to control reaction exotherni If key reagent is particularly toxic and

special care is needed for its transfer such reagent may be added early in the

charging sequence

The addition sequence may determine the primary reaction course or influ
ence nnpurity formation For example condensation of diethyl oxoglutaratc 33
with chloroacetone and methylamine is expected to give the Smethylpyrrole 34
the Flantzch pyrrole product Figure 5.14 The isomenie 4-methylpyrrole 35

precursor to zomepirac sodiuni was prepared in good yield by first treating 33
with methylamine then adding chloroacctone 122 The addition sequence was
also important for the chlorination of the sulfinatc anion 36 he dmier 37 was

produced when N-chlorosucciniinide was added to the reaction but when 36
was added slowly to excess Cl the desired sulfonyl chloride 38 was produced
Figure 14 The course of these reactions may be predicted if one takes

mental snapshot of them

In the preparation of amide 42 precursr saquinavir 124 25 Figure
5.15 two addition sequences were iiivestigated The preferred procedure was to

add pivaloyl chloride PivC to solution of carboxylie acid 39 ni EtOAc fol

lowed by the addition of Ft3N This cleanly generated the mixed anhydride 40
which reacted with -asparagine 41 to afford 42 in 9Oo yield When pivaloyl
chloride was added to solution of 39 and Ft some of the synametrical anhy
dride 44 was generated and coupling with 41 led to lower yields of 42 since only
half of 44 can form the desired amide
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3C Ft

CH3NH2
Et

OH NH2

Et
OH3 33 CH3NH3

34the hedl
expected Hantzch H3C

Hantzch process

pyrrcde

H50 CO Et CO CO2Et

COEt

35 OH3
73c CH3NH

OH3 OH3 OH3

tc H0H
treated CH3NH2 THF
w3h NOS Acetone HC

7O8Oo

H3CH HO1OFt3
/1

OH3

CH3 H3CT
SO NHCH3

so2 OS

FIGURS 5.14 Reactions determined by addition sequence

Modirtng the addition sequence was necessary for successful preparation of

he innidazolylpyridine 43 by the Hofmann rearrangement Figure 5.16 F261

Ireating the reaction with KOH was found to be necessary to minimize bromi

ation of the pyridine ring 44 and 45 For optimal yields of 43 it was necessary

age NBS and KOH at 5C before adding thc substrate This aging formed

reactive brominating agetit 46 which was unstable at room temperature

hese mechanistic investigations led to the altered addition sequence

Xl SELECT REACTION PRESSURE

vi st reactions in scaleup facilities are conducted at or slightly above atmospher

pressure Reactors ae generally fitted with rupture disks set to release at about

25 psi This allows reactor to be sealed atid contain toxic or irritating Conipo

tents thus protecting operators and maintaining suitable levels of volatile reagents
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OvCl

N1
EtOAc

CH3 41

_______
OR H2N 002H

CO2H EI3N
OH3

CONH239 40

Et3N

NaOH NaHCO3EtOAc

PoC H0 90d

OHal
I\CH3J 41

CHaJ CO2H

400\ CON H2
42

Et3NH 020

0H3

N1 1NO1O 43
1
H

3
0

NaOH
H30

40 NaHOO3
H20

43 PivO Et3NH

IGURE 5.15 Two addition icq000ces for nnxed anhydridi form nOon

OH3 CH3 OH3 OH3

Br
NBS

NH2 KOH

H30 NH
XTL Br1 ANH

H30 NH2 H30

43 44 45
Oorndtions

n0KOH o0 10000 0%

2.5 KOH
60c 1.4c 11.7c

KOH NBS aged
at5 C/16h 96c
subatrated added

H20KOH KOBr
-50

46

0NO KOBr

6IGURE 5.16 Optimizing hoffnrann rearrangement by changing the addition
sequence
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order to promote reactions Compounds that may he contained in scaled reac

irs include II NH HG and low molecular-weight nnines aod mercaptans

inininnze eiiiissions offgases from reactions osing these volatile reagents are

-i ubbed hy contact with medium designed to absorb or neutralize theni

Being able to mn reactor under slight positive pressure can become inipor

Iit to accelerate reactions with volatdc components for instance aqueons NH
convenient reagent for amnionolyses Heating an cpoxide to 6065C in

ll3OH with aqueous NH produced pressure of lOGS psig below the release

ressure for the rupture disk on the scale-up vessel Under these conditions the

eparation of the amino alcohol was consplete in less than hours and there

mininsal loss of NH
Hydrogenations are usually run ni speciahzed equipnsent that can be pressur

ed Often this equipment is dedicated for hydrogcnations to inininnze the

ntroduction of compounds that could poison future hydrogenations

TIP small increase in the teniperature of hydrogenation about 10C
may increase the reaction rate more than small increase in hydrogenation

pressure about 10 psi

or homogeneous reactions the rate and type of agitation are generally important

onsidcrations only during the addition of key reagents As the reaction progress

gentle agitation may suffice to allow good mixing and contact of reaction

imponents

Agitation can be very important for heterogeneons reactions influenced by

nass transfer Hydrogen uptake is faster with highshear agitation and entry of H7

as fine bubbles Fur example in th reduetion of ethyl pyruvate the cc of the

roduct 47 increased with higher agitation rates Figure 17

In other catalyzed reactions agitation can aho influence the reaction rate In

PTC niediated benzyation of pyrrohidinone 48 marked increase in the

ntial reaction rate was noted as the stirring was nicreased ftom 400 to 1000 rpni

Figure 3.17 Reactioit was determined to occur at the interface of the two sol

sts For PTC reactions that do not occur at die inteace rapid agitation is

at necessary

XII ADJUST STIRRING
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unchondaiemodmed 011 OH

HR
OEt Pt/Ago3 HCJOEt HR OFt

nBu4NBr
lOmoco

PSCH2CI K200

PhCH H20
1.0 eq 2.0 eq 41 CH2Ph

48
80 C124

86c converstan

99 selectivIty

76 dstted

FJGUKF 17 Reactions nfluei by agitinol ratc

XIII MONI THE REACTION CONDITIONS

For reproducible processing it is necessaCt to monitor and control conditions used
fhr the reaction and work up Inprocess monitoring will he addressed in Chapter
All observations and relevant data should be recorded such as reaction tempera
ture pH equivalents of reagents charged reaction pressure profile and duration of
reaction

TIPS To Efficiently Optimize Process Development in the Laboratory
Provide balanced equation for each run

Anticipate the goals for each run Maximize information froni each run
and minimize the need to repeat any run

Anticipate the operations for each run Mark any key reactor volumes

before charging the reaction components Locate any necessary equip
ment and be sure it is in working order

Record data on all inputs including starting materials reagents and sol

vents Include the molecular weights of starting materials and reagents
the lot number of each component including solvent and the amount
of material theoretically and actually charged

Record all observations as they happen Keep the laboratory notebook
near the fume hood
Record the time of day with all observations After the operations are

complete there will he time to calculate the amount of time between

steps
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INTRODUCTION

Effects ofWater

In developing process the chemist may encounter water in the roles of impurity

beneficial additive or solvent Some examples of water as solvent and cosolvent

were discussed in Chapter 4.Water may also he necessary in the crystallization of

desired hydrate see Chapters 11 and 12.This chapter will examine some of the

more subtle effects of water on processing

Water can prevent many reactions from occurring as the chemist had planned

Figure 6.1 Some reagents react with water very quickly and exotherniically

TIPS
The influence of water on processing is often overlooked until water-

related problems arise

The key questions are Is water detrimental or helpful to my reac

tion If water pays role how much can be tolerated or how much
is needed for reliableiprocessing

135
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RMgX H20 RH XMgOH
RU H20 RH LiOH

RCOC H20 RCO2H HC
RCO20 H20 RCO7H

H20 A0H HC
UAH H20 H2 AOH3 UOH

El GU ono 14 icooi lcd
b1

such as die decomposition of an alkyl lithium reagent with water Other reactions

aie slower and more dependent on re icuon conditions For instance to minuiliZe

hydrolysis of the acid chloride during Schotten.ll iuniann reaction the process

is usually conducted at 10C and pH is maintained at pH Figure
he chennst uses experience to develop conditions to nilninize in situ

hydrolysis of valuable reagents

II DLTECTING ANT QUANTI TATING WATER

Water can be readily detected by gas chromatography infrared and NMR
assay Quantitation can be straightforward if standard data points have been gener
ated that use known amounts of water in the presence of the primary compound
to be assayed presence of water may be inferred by therinogravinsetric assay

however any weight loss may not he specific for water

The Karl Fischer titration is the analytical method most specific for water and

is also the mnot conveniont to usc Th basis of the Karl Fischer titration is the

reaction of water with iodine and sulfur dioxide Equation In the early devel

opnaent of this analytical technique the solution containing water was titrated

OH3 pH8 10 OH3

H3CS.1C H2 aq NaOH HaCS.LN
00 TH 0-5 002

N2 H2

pH 10il
H20 0-5

N2 H2

HSJN
002H

Capiopri

70c overal

111 UftE Us of Schotten Iiauoiann ft 2000 to Prepare Cap opnl
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ith solution of in bcnzerie or MeOH until the
12

color remained This pro

ded sharp reproducible endpoint for determining the initial water content

12
SO H20 pyridine CH3OH

pyridine HI pyridine HOSOOCH3
quation

Other compounds will react with the Karl Fischer reagent including those in

ible 6.1 Compounds which dehydrate readily by intermolecular or intramolec

ar reactions e.g methyl ketones must be assayed for water content using spc

ili7ed reagents

For convenient automated laboratory assay two types of Karl Fischer titration

available the classical volumetric assay
and the more sensitive coulometric

ay which is appropriate for samples containing less than 10 nig of witer In the

er 12
is generated electrolytically at the cell anode and the amount of water is

sternuned by the current required for electrolysis Coulometric assays are useful

compounds that are available in only small quantities such as compounds in

ly development

REMOVING WATER FROM ROUTINE
RGANIC PROCESSING

Vater can enter reaction as part
of the air solvents reagents or byproducts of

iction or it can enter as contaminant in equipment Table 6.2 Since water is

impurity most likely to be found in all stages of processing its presence and

fects should always be considered

ABLE Compounds Known to React with Karl Fischer Reagent

corhc acid

dr izines anti substituted hycir tzhies

rcaptans

au carhonatcs

hicarbonstes

alt sulf tics

nc acid and oxides

ipnic
salts

ic salts

Vt tal hydroxides

ral oxides

iicini tetrahorate

iTt th osulfa

ni otis chlonidc

MitchellJ Jr Smith lquarnetry lnterscience New York 1948 p.22
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ABI 6.7 Fntr fW hits ft tion Means of Re moving

Entri of Wter Into Reactions Moms of It ins vi
ig tsr

Use dr Or Ar to e\clude air

Buy drs Solvent

I6v ssater by iZeOtropnlg

Onsun Sater wth excess alcnts
oh some ssater cheinica in pretrcaonehit
Consume 55 vet svth excess reagents
Ren ocr 55 ter izeotroping

By bet formation Remove by cater by izeotsoping

oolpment lean thoroughly

ICose th
pol Sr solve its flosh qoipni nt th trough

Azeotrope dry

Monitor nb St ire Re irging St
rtuig nsa rals and

reagents

lILA Entry ofWater through Processing Air

At 20C the amount of water in the air we breathe can be as high as 17 nit

depending on the relative humidity.What is iniportant is not the amount of wate

in air but the amount of water that condenses in the reactors and on key interine

diates and products

1hen watersensitive reactions are being run the easiest means to eliminate

the intrusion of water from atmospheric air is to run the reaction under positive

pressure of dry mtrogen or argon Smce argon is denser than T3ble 6.3 argor
is sometimes preferred over in the laboratory For scaleup operations is

used more frequently than is argon highly detailed description of how to han
die airsensitive reagents in the laboratory has been published by the Aldricl

Chemical onapany

1ABI 6.3 lcnsity of Gases Used for

Chemical Processing

as Density liter

Air dry 11 760 InnS 1.247

2litrogen 25

Argon 784

tHandhoak
sf Chonuivy and Phy1cs 47th ed Wea

Selby eds The henncal Rnhher omp Clevel md
Ohio 966 pp 201
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ases small smounts of water in solvent ovill change the primary reac

urse Bromination of annulene in anhydrous MF Figure 6.3 gave the

dibroinide bromination in the presence of water gave the undesired

ne in 46 yield of an indole nitrogen in OH ON was inef

unless about 10 1120 oras present in the solvent CH5f higure

itly
this small amount of H0 was necessary to dissolve some of the base

hese examples underscore the importance of monitoring water levels

vents particularly older bottles of solvent that may have picked up atmos

noisture

rIP Many reagents and solvents arc hygroscopic they absorb water

pon exposure to air Since the mnunt of water present can have com

dcrable influence on the reaction course it is prudent to know which

action components are hygroscopic and to assay for water content

ii mediately before running critical reaction

he simplest way to obtain dry solvent is to purchase anhydrous solvent

nination of chemical catalogs quickly shows that while buying anhydrous

ent is convenient for smallscale operations purchasing large quantities
for

or

46 reaction run

SOCl
CH3CN

KOH
100 H20

Entry ofWater through Solvents

NBS

DMF

ICU1-tE 6.3 Reactions Medinted by the Presence ofWiter
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HCOMe3 H20 cat H2S04 ICO2Me MeOH

bp 101 ppm bp 34 bp 65

fIGURE Rcaction Witer trith Irti icth Orti ofhri .ite

scale-.up will he expensive The most economical alternative is to dry solven

azeotropically Treatment with molecular sieves may be appropriate for solves
ts

that do not form azeotropes with water Ortho esters cart be used to treat solu

tions containing water with the advantage of generating volatile by prodm

Figure 6.4 171 such treatnient is appropriate if the subsequent reaction can tofu

ate the presence of my unreacted trimethyl orthoformate Treating solvents wi

NaS04 or MgSO4 is an inefficient means of removing water front solvents

solvents with dielectric constants less than 15 water and other contaminants

be readily removed on laboratory scale by filtration through A1203 activi1

Si02 activity

III.C Entry ofWater through Reagents

Water is an inherent part of sonic stable crystalline compounds both organic and

inorganic Examples of hydrated inorganic compounds include NaOAc HO
FeC04 HO ZnOAc HO CaCl H20 SnCl2 H20 and

K2C03 HO Trying to remove water from these compounds and contbat

ting reorbtion of water fi difficult nhydrous uBu NE was found to contax

.6 equivalents of H20 and the attendant HO was proposed to cause th

unwanted equilibration of ylides Figure 6.5 10 The presence of water

compounds such as these must he accepted with additional treatments as neccs

sary to eliminate the effect of the attendant water The presence of water is in

SiMe3

nBu4NF
NMe2 NMe2

CN CN CN

CN CH3

NMo2 NMe2
CN

desired

FIGURE 6.5 Yhde Tronierization Euc to Water in Anhydrous nBu NE
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ays detrimental water may influence the activity and lifetime of sonic systenis

vas noted for methyltrioxorheniuni catalyzed epoxidations Figure 1.5

Using anhydrous solvents and reagents may not he necessary if the reaction can

rcated inexpensively with excess reagents that consume the water For

nice excess acetic anhydride may he added to consume I1O for an acetyla

In the case of the Mitsunobu reaction to niake the sulfonate Figure

tcr reacted with triphenyiphoshine and dtisopropyl azodicarboxylate DIAD
destroying these relatively expensive reagents

The water contribution

in solvent was very low since toluene was used which can dissolve only O.O5

cr Fhe other primary entry for water was from the starting ester and speci

tions were set to control the amount of water in at no more than j0

en the solvent and starting material had been charged on scale the amount of

ret in the reactor was determined by Karl Fischer titration he charge of

hcnylphoshine and DIAD could then be adjusted if necessary slight over

ige
of these reagents was employed so that processing was rarely interrupted to

ulate and adjust the charges In the case of this reaction having to add small

unt of additional reagent was more convenient than azeotroping or other

rations to remove water

flP Whenever possible conduct reactions in solvents that absorb only

mallamountsofH2O For example run dehydration reaction in lhCH3

OH OSO2CH3
1.2 CH3SO3H PhCH3 rf

Ph Ph
1.25 Ph3P 6070

CO2CH3 C0 ipr
CO2CH3

1.4 DIAD
CO2iPr

0.4 EI3N NaOH H20

OSO CH3
HC to pH 67 OSO2CH3
Fitrabon to remove

Ph
by-product compex

Ph

3.Ac0HtopH383.9
CO2H HC to pH

CO2 Na

8085 overai

FIGURE 6.6 Mitsmobu Reaction Using fiipheiiylphoshuiie
and DIAl
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III Formation of Water as By-product and

Its Removal

Many reactions ire essentially dehydrations and the water generated can inhibit

the desired reaction Solvents may be selected to reniove water azeotropically dur

ing the reaction In the formation of the pyrrole ring in water was removed as

the CH3CNH7O azeotrope Figure 6.7 lower yields were found when the by

product H7 was allowed to stay in the reaction perhaps due to the hydrolysis of

In the Ullmann reaction to produce renioving water by azeotroping
with the solvent pyridine was found to improve the yield Figure 6.7 13j.The

water may have been generated by the reaction of HBr with KaCO The authors

suggested that the copper catalyst was deactivated by H20 formed by reaction of

the byproduct HBr and K2C

III.E Removing Water from Processing Equipment

SmalL-scale laboratory equipment can be readily dc med and dried in an oven

Glassware can then be quickly assembled hot and allowed to cool under stream

of nitrogen or argon thus excluding atmospheric moisture But large-scale equip

inent cannot readily be dismantled dried in hot ovens and reassembled quickly

Therefore it is essential that water be flushed from all portions of equipment
On scale cleaning equipnient demands thought and time Since not all internal

surfaces can he reached by cleaning brush residues are usually dissolved with an

appropriate solvent It may be necessary to reflux the solvent throughout the sys

tem and collect some distillate to ensure that solvent contacts all surfaces of the

equipment train Particularly important are the dead legs process lines that may
contain volumes of liquid that are difficult to displace Often dead legs are found

i-Pr2EtN

LJ 1.2 eq
CH3CN L--\ H20

1.2eq _____
NH

refiux -H20 i-Pr2EtN.HBr
24h
78c

NHSO2CH3 NHSO2CH3

OH KCOL-24eq

HBr

K200

7h KBr1/2H20
eq

OH3 51 1/2 002

GRE 1icnioving 2hter ts Ii Porn to Iropiove Pro
essinp
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uiconvcnicut locations such as pipes near the ccilin0s of process facihties he

best approaches arc to insert drain in such places or avoid using this part of the

quipnlent train The solution is drained usually while it is hot Optionally the

qulpment may he rinsed with water and the water drained off Then water

niscible solvent may be used to rinse the equipment and this solvent is droned

ffIhcn the vessel is rinsed out with small volume of solvent to be used for the

actiori and charged with the reaction solvent Karl Fischer titration is carried

nit to determine if the level of residual water is acceptably low Operations not

ivolving rinsing
with water may be carried out under slight pressure of N2 in

der to exclude atmospheric moisture

EstabanJ Mar ne K. Diaz Process for the prepara ion of3
.niercapto

iii thylprcpionyl proline captopri Spaidi parer.t 556993 9273 issigoic to

Sueros Antibioticos aboratorio dc Vaconoterapia Sociedacl tds sue hem 4hs.tr 1988 119

23391

See also Figure .4 Georg Boge heruvall ith Hirronan Hepperle

irk Schotten Bauniann Acylation of lebunzoyltaxol An Efficient Route to Acyl

Taxol Analogues ancliheir Biological valuation Bwor.Tfed Cliem Len 1994 335

Mitchell3 Jr Smith Vi lquasne try ed Wiley NewYoik 1981 pp 68 115

Handling Air Sensitive Rr agents Technical Information Bulictin Number AL 134 Aldrich

hemical Company 1983 This bulletin been slopped with most of the sir sensit vu
reagents

sold by Aldrich

Mitche K. 3m thu Synthesis of Cyclopha ie Containing Two Bridged Annulene

Hints Ictrahidron Lilt 1995 36 4357

Rey unpublished

Kusslin Bradshaw K. Ortho Esters as Watt Sc ivengers EC Product Ri earch vi hip

oicutVol 527 March 1966

Rcichardt Solvsnt.i and Solvent EjJicts in Oryinic Clii mistry
2nd edition Web heiin 1990

p.416

LdrojewskiT of NMR Spectroscopy and Labelcd Benzylans

noniuns Salts to the Study of Rearra agements ofAn mono Bcn7ylides C/urn 1998 63

Attempts to remove water from Eu 3H led to the forniatior of nBu butene and

FIlE Sharimia Fry Instability of Anhydrcius Tetri
mm alkylamnnmoniunm Fluorides

Org Chenm 1983 482112

Atiderson ust olaprec Simpson Malley Cougor cas
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INTRODUCTION

process controls IPCs are used to confirm that the processing of an interrne

ite or final product has been completed as expected If analysis shows that pro

sing is not suitaby complete actions are taken to drive processing to the

sired end point before processing is continued to the next step IP ensure that

tcrial of suitable quality is prepared efficiently thus reaching expected outputs
the timeline Reliable IPCs ensure high productivity Without IPCs one can

ly hope to meet development and production goals

Inprocess controls are used to verify that all stages of processing have been

mpleted as expected including

Completion of reaction This may mean complete or nearly complete

consumption of staring material generation of the suitable level of product
or generation of maximum level of inipurities.A reaction may be checked

by techniques such as GC HPL IRTLC and others

InProcess Controls

145
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intenailce of suitable levels of Ibis can be important for ruimiung

reaction crystallizing an intermediate arid other steps Stirting materials

reagents and solvents may he checked before being charged to reactor Ihr

most eonVcnieflt quantitation is usually Karl Fischer titration

Charging thc desired levels of reagents For instance solution of NaOH

nmay
be titrated before being added to reaction to ensure that the proper

number of equivalents will be added

Conducting extractions at the desired pH.A pH meter may he used to

erify that the desired pH has bcen reached This niay be used to confirni

that the desired amounts of all components were added or that all impurities

hive been removed from rich orgarnc phase

oniplete displacement of solvent by higherboiling solvent often

iniportarmt to reach the expected yield and product quality from

crystallization Reaching target temperature may smgni that distillation is

complete The reactor contents may then be assayed by CC to confirm that

rhe lowerboiling solvent has been reduced to an acceptable level

Thorough washing of filter cake The filtrate streams may he assayed for the

appropriate level of key impurity for instance by HPLC in the case of an

organic impurity or conductivity for salts present in an aqueous

crystallization.The product cake may also he analyzed for thorough

washing For instance sample of the filter cake of an amine hydrochloride

API was slurried in F120 then the pH was measured to determine whether

washing had been sufficient to remove excess HC1 Obtaining sample

of the product from the filter may be operationally difficult on scale

Complete drying of product On niultikilogram scale it may be very

mcnnvenierit tn dry tn .m constant weight especially if the prndoct has to be

removed from the dryer for weighing Products may be analyzed for residual

solvents by Kfi CC or differential scanning calornnetry USC Rapid loss-

on-drying LOl assays may also be developed to deterneine if drying is

complete

If analysis indicates that the desired endpoint has not beers reached operators

are faced with series of choices before proceeding to the next processing stage

Usually processing is extended For uistance reaction may be allowed to conten

mae under the initial processing conditions or concentration may be continued

remove additional solvent More reagent niay
be added in order to drive reac

tion to conipletion or to adjust an aqueous phase to the desired pH before pro

cessing is resumed As processing continues the batch will be checked again by

IPC until the desired endpoint is reached then processing is allowed to progress

to the next phase last resort material may he reworked to reach conapliame

with the filed purity specifications
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TIP IPCs must be developed during the early stages of process develop

ment to ensure future successes It is important to gather data thoroughly

during early development and as processes are developed not all
points

of

processing need to be measured in detail For instance it may be unneces

sary to confirm that lower-boiling solvent has been removed from

reaction once the temperature of the pot nuxture is significantly above the

solvents boiling point However for at least the first two or three runs it

may be wise to confirni by GE that suitable residual levels of this solvent

have been reached at the desired processing temperature and pressure

What seem to be excess data at the early stages
of process development

may be used to justify later processing

simple hypothetical example will serve to demonstrate the value of IP

uppose that reactor is charged with hydrogenation catalyst an unsaturated

mpound and solvent Air is then replaced with l12 using suitable evacuation

rotocol Then the reactor is charged with H2 to the desired pressure and the

actor is sealed the pressure is locked in When the starting material is reduced

nd H2 is consumed the pressure is expected to decrease For any given run how

ver an anticipated drop in pressure does not guarantee that the desired reaction is

omplete leak may have occurred enabling loss of H2.The wise chemist notes

he drop in reaction pressure theta confirms by second assay
that the reduction is

omplete Since processing time and materials are very valuable IPC is used to

mure that die desired processiiig endpoint has been reached before proceeding to

he next step Choosing the appropriate IPC and collecting dependable data are

hallenging often unappreciated aspects of process development

TIP What else could happen is usually not an acceptable attitude

when considerable resources and time are invested in scaleup operations

LA The Importance of IPC for Processes Filed with

he FDA

When New Irug Appltcation NDA is filed with the FlA in-process controls

oust be included as part of the CMC Chenaistry Manufacturing and Controls

section Data in the CMC section demonstrate that the company has suitable
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controls in place to prepare API of reliable high quality included in the MC
section are descriptions of the processing the yields and quality expected ar

identification of the inipurities and routine impurity levels in the API If the

yields of the filed intermediates and API drop sigmficantiy below those given in

the filed documents the FDA must he notified Decreased yields indicate that

processing is no longer controlled and thus the quality of the API may have

dropped Sinnlarly new impurities or heightened impurity levels found during
IPC analyses suggest that the quality and safety of the API is not at the expected
level niaking this batch of API unsafe for formulation There are many risks

financial and ethical in using substandard API The health of those taking the

drug may be at risk which could lead to significant legal repercussions The HA
has the power to suspend sales of this drug and other drugs if significant depar
tures from the CMC section have occurred

II CHOOSING THE APPROPRIATE IPC

Suitable inprocess controls must peflbrm three functions

Allow key aspects of processing to be unequivocally examined including

starting material product and any impurities formed during or affected by
that stage of processing

Produce accurate reliable
assays fhr the desired process step Assays must

tolerate variance in operator technique

Provide convenience when used either in the lab and on scale

Table 7.1 15ff-151 lists analytical methods used for in-process control

Sonic of these applications niay be adapted for in-process controls other than

those listed In considering transferring methods to other sites the ability to per
forni some assays may be limited by the relative cost of the instruments as indi

cated in the last column Some of the less-often used IPCs can he useful and arc

mentioned in the following pages

Some IPCs can he very simple e.g determiiinimmg whether condensate con
tains two phases For example homogeneous distillate may indicate that the

azeotropic rersioval of water from toluene extract is complete At this point it

may be appropriate to test the contents of the distillation vessel to confirm that all

water has been removed Other IPCs will require relatively rigorous quantitation

and sophisticated expensive instrumentation Often an IPC is chosen for conve
nience and dual use For instance the method used to follow reaction may also
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isc to assess final product puri Generally the snnplcst analytical method

erred as long as it is suitably accurate and reliable

Thin laTer chroniatography TLC can he very useful IPC especially
in

any stages of process ft benefit 0fTLC is that in principle all reac

impurities can be detected from those traveling at the solvent front to those

never moved from the baseline Although quantitation of reaction cons

ents can he niuch easier using HPLC or CC instead of TI it is difficult to

whether all compounds eluted from RPLC and CC columns Even with

.sent and temperature gradients elution of all compounds cannot he guaram

In addition gas chronsatogr iphy usually carries with it the concern that

rmnal degradation during chroniatography may have led to decomposition of

onipounds of interest TLC niay give
clue to the presence of troublesome

onnity

TIPS
PLC can be semiquantitative for low levels of impurities by spotting

known concentrations onto the TLC plate With consistent technique

the level of an impurity can be judged to be less than one concentrm

tion .O and greater
than another e.g 30o

For consistent application of solutions to TLC plate gently touch

microcapillary containing the analyte solution to the suace of the plate

arid allow small portion of the aliquot to flow out Moving parallel to

the baseline of the plate apply the solution in narrow band about

cni long Upon development of the plate tight narrow bands are

formed making visualization of trace mipunitmes easier 121

Visual improcess controls can prove very useful and should be employed when

ppropriate Color changes are usually assessed qualitatively that is by the pres

nec or disappearance of specific color Mure than one equivalant of reagents is

barged in order to completely consume the species causing the color or to allow

lie buildup of the reagent that causes the color Color changes can be accurate

iid convenient for monitoring lowtemperature reactions To rely on color

hange as an improcess ontrol color changes must he shown to be effective

ssays by corroboration with results from other assays such as IR HPI or iso

sted yield of product
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BLUE

CH3
iBuO CH3 Nab

iBuO OH iBuO1i iy NHOCH3

OCH3
NH3 THF 0N oNH2

CPh3

NN
1.Et3NTHF nBUL

PhCO Ph3CLP LiC Et3N LIOH
.05 eq titraSon to THF

remove EI3N HC 20

nBuLfil.05eq

BOPr3
opt iPrOH eq NH3

OPt3

NN
CH N7N

JBOH

89%

FIGURE xanrples of reaction colors used as in process controls

Two examples show the utility of visual in-process controls In the demethoxy

lation shown in Figure 7.1 it was essential to add the starting material to solu

tion of excess NaO or significant ammonolysis resulted to give 3jThe addi

tion of was halted when th deep blue color of NaO solvatcd with NH3
disappeared then more NaO as added and the addition of was resumed In

the preparation of the losartan intermediate n-BuLi was added in two portions

in order to minimize the generation of formed by excess n-BuLi Figure 7.5

The first portion was titrated into the reaction until an orange color

appeared The initial portion of n-BuLi reacted with any H20 and Et3N HCI

remaining in the filtrate When these were consumed excess trityl chloride

reacted with mBuLi and generated an orange color due to the presence of

Subsequently .05 equivalents of n-BuLi was added to effect the lithiation with

minimal formation of Color changes that are characteristic of reaction progress

should he monitored whenever possible

Visual assays include spot tests in which aliquots of reaction are treated

with chemicals to determine based on color changes whether compounds are

present or absent name spot test is probably derived from running the

tests in sniall wells on white porcelain plates small colorless glass vials also work

well The generation of diniethylsulfoxoniuni inethylide by using excess iodide

was monitored by adding aliquots of the reaction to solutions of iminostilbenc

Figure 7.2 KOtJlu is basic enough to deprotonate but does not react

with With consumption of ROt-flu the reaction changes from purple to
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THF SCH
H3C OHH

KOtBu
400 H30

OH3

eq

purple solution

yetow when

KOtBu consumed

FIURL coin test mon tor the consumption of he

angmyellow Reagents for spot tests can also be applied to spots on TLC pl ites

help in the identification of impurities

Color change isidicators may be used for rapid analyses of reactions Perhaps

most familiar is the addition of dyes such as phenophthalein to aqueous sys

ci is as pH indicators For accurate pH measurement pH meters are usually prm

rred over pH indicators The addition of any indicator to reaction will be cur

lcd if these indicators carry through to product and the need to detect the

cscnce of such indicators poses an additional analytical burden

useful application of indicators is to monitor reactions at very low tempera

tvs Figure trace of 4-phenylazodiphenylamine 10 was added to monitor

NSiMe3
OO2Ei

J60
EtO

Li

\\ 7/
Ph .SJ Ph

pink colored .J

reaction
10 OO2Et

83c

12
03 OEt

11

EtOH76O
854

added until the color

of 12 dsappeared
EtHNNN

Fl GU1.F 7.3 Usc of color icircators to folloss rc cc noTes
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Dariens ecoidensacion ears ied out at 7f with consumption of the base

and or ester anion the solution reliably changed from pink to yellow Dyes

such as sudan red ZB solvent red 12 have been used to avoid over ozonolysi

dienes or nvnes 181
Ozone wa introduced into solution of ethyl sorhate

11 containing trace of 12 until the red color dissipated This indicated that the

consumption of 11 was complete and that excess 03 was reacting with 12.Variou

dys can be used to tune the reactivity of the indicator relative to the olefii

substrite

III GENERATING REPRODUCIBEL IPCS

Reactions in be analyzed almost instantaneously through in line analyses by

analyzing the reaction using probe inserted into the reactor or reactor stream

Inline assays may he used for analyzing reactions run in dedicated equipment

which is often toe case in manufacturing or to ass reactions that are difficult to

assay by conventional external methods see below Relatively few analytical

techniques have been adapted for inline assay

In the early stages of development and often dosing scaleup operations sani

ples are thdrawn from the reaction streams and assayed External assays are usu

ally preferred since they offer niore flexibility in choosing the suitable analytical

technique

lILA Obtaining Representative Sample of the

Process Stream

The first step in developing accurate lPCs is to obtain representative saniple

the reaction one that accurately reflects the extent of reaction and the profile

impurities in the reactor at the time the sample was withdrawn Iwo sets of pars

naeters must be considered whether the reaction is homogeneous or heteroge

neous and the temperature of the reaction relative to the tenaperature of the

saniple preparation All samples must be taken safely with precautions where

appropriate to protect operators and to exclude atmospheric moisture and

from both the reactor and the sample

heterogeneous reaction is often more difficult to sanaple than reaction tha

is solution solution can be sampled from any point in reactor and all por

tions of the sample are expected to give identical assays With heterogeneons reac

tions care must be taken ensure that the sample withdrawn can be assayed to

truly indicate the contents of the reactor

An example of the difficulty inherent in assaying heterogeiieous reaction

is shown in Figure 7.4 hlorination of the hydroxy pyrinsidine 13 in PhCH
with P043 required base Toluene was safe effective solvent and wa
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OCH OCH

HO oc3
PhCH3

1.1 i-Pr2EIN 6070 NN
82 88c

13 14

FIGURE 7.4 hloEnation of an hydroxypyrnnd or using POE and diisopropylcthylaminc

convenient for telescoping the preparation of 14 into the next step Using Et5N as

the base led to the formation of viscous oil probably amine salts that clung to

the walls of the laboratory glassware HPI assay of each phase showed that the

oroduct 14 was formed in the fluid phase as PhCH3 solution while the ininao

bile viscous phase entrapped 13 Analyzing only the PhCH3 solution could show

when the production of the product 14 had leveled off but would not detect any

inreacted 13 Obtaining representative sample of the immobile phase of this

ractinn was difficult on large scale where access to reactor contents was

wstricted through small handholes When the process using Et3N was scaled up

2334o of unreacted 13 was recovered To eliminate difficulties in running this

eaction i-Pr2EtN was used in place of Et1N arid fluid dispersion resulted that

lid not entrap starting material By inprocess HPLC assay each phase contained

oth 13 and 14 and either phase could be used to analyze the progress of the

hlorination The process was reliably scaled up when i-Pr2EtN was used in the

hlorination of 13

TIP Reactions that lead to the cormation of viscous oil may he difficult

to scale up For rapid scaleup design conditions that do not generate any

viscous oil

For heterogeneous reaction sampling is easier if the phases are not viscous If

lie reaction is dispersion of two liquids samples can be taken from the top and

ottom of the reactor or increasing the agitation may provide suspension of

10th phases that can be readily withdrawn For reaction that forms suspension

liquid and solid samples can be withdrawn as welldispersed suspensions or

ther phase may be sa ithdrawn for

Temperature is concern when the reaction temperature is not the same as the

niperature at which the sample is prepared for assay
With hightemperature

actions safely withdrawing sample is concern Reactions that are solutions

higher temperatures may become heterogeneous when cooled for sample

eparation in which xase it may be necessary to assay
each phase or to warm

aliquot to generate solution for sampling Reactions at very low tempera

ares also pose sampling difficulties By warming reaction aliquot to room
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temperaturt tU re ictJon ni sy progress signifie ntly beyond the extent of tU

reaction in the reactor providing erroneous analyses Under these conditions it

may be necessary to study the temperature and time constraints for sample prepa

rition For lowteniperature reactions illprocess assay using infrared III spec

troscopy may be used see Section III

IILB Reproducible Sample Preparation

Reproducible assays are the mcond key in developing reliable IPCs Consistent

sample preparation and rugged asssy methods are crucial Samples should be

promptly prepared after aliquots are withdrawn from the reactor as any extended

prot essuig can change the temperature of sample and affect the product distrib

ution and impurity profile This may be more important than is at first obvious

because it ma take tune to transfer the sample from the scaleup floor to the ana

lytical lab Diluting sample into solvent or mobile phase also ensures rapid

quench and more accurate analysis of the current reaction state Guidelines are

sumniarized inTable

TIP Consistent sample preparation can eliminate questions about the

validity of assay results and may eliminate the need for duplicate assays

This can save valuable tune during scaleup runs

TABLE General Guidelines for Reproducible Sample Ireparation for IPC

lute saniplc proniptly ution effectively slow 01 quenches reactions allowing for reliable

assays

onsisteiltl measure volume of diluent Use volumetric disks to prep ire dilutions

Acuratels measure simple to he diluted lehser ahquot lot dilution by macrohter semge or

volumetri ppettc Quickly weigh solid samplcs If it is necessary to deliver
quantities larger than

those
pipette

can ommodate weigh the ahquot and dilute

consistent about order of dilution

Be sure that the sample is nipletcly dissolved rlmis is parneularl3 immmportant
if the sample purity is

to he asscssed

Note if dilution of the unplc significantly changes the iimicrocnvironinent of the inaly te sample

rclativc to the eoiiditions of the surrounding solvent For nistanec dilution of reaction aliquot

tutu an FIP1 mnohm phase nip change tIme pH of the mnohm phase is the iii ilyzed nnplc trave

through tI columnma resul nip imum hanges in retd ntioum tummies or peak shapes
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first purpose of sample preparation is to stop the reaction in order to

tcrinine the current state of the reaction Dilution of small aliquot into large

lunie of olvent e.g 20 of reaction diluted into 10 ml of HPL inohile

hase effectively tops most reactions lilution is necessary part of sample pro

dure for todays sensitive analytical techniques such as GC and HPL For

cactions run at high temperature cooling may slow down the reaction and effec

vcly stop it More reactive aliquots may be quenched prior to issaying In het

ogeneous reactions that are limited by mass transfer reaction may be stopped by

opping agitation The reactions of most samples are stopped by dilution into

iother solvent

TIP If reaction solvent must he removed before the sample is diluted for

analysis solvent removal should be very fat and all conditions time tem

perature should be closely monitored and reproduced fhis step may

introduce significant variability and results may not be accurate for the

reaction

When preparing samples for IPC reactions that are solutions are inherently

isier to prepare than are heterogeneous samples With suspension it is difficult

generate sample containing liquid and solids in the sanme proportion as found

the reactor As result assaying suspension may not indicate the current state

the reaction ln assaying suspension both solid and liquid phases need to be

sayed individually to determine whether suitable assays can be obtained froni

ist one phase

TIP Centrifugation in laboratory minicentrifuges or filtration through

filters attached to syringe barrels are convenient ways to remove solids

from suspension and ease sample preparation

consistent dilution procedure may be necessary for reproducible assays

order of adding reaction aliquot to diluent or vice versa may produce sigmfi

ntly different results bor instance in the preparations of 18 by modified Arbuzov

action bigure 7.5 110 the phosphonic acid by product 17 was detected at
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TMSC
HMDS OSMe3

Ph OH
CH3C

Ph

15

OSjMe3 Ph

16
PCOaSMeaj

CCH2CO2H ClCHrCO2SMea
H20

83%
ax aq
mobie

phase

Ph
PCO2H

Ph OH 18

OH

ElCURE 7.5 byproduct formed by air oxidation during sample preparation

significant levels during the start of the reaction and at decreasing levels as th
reaction progressed Analysis showed that 17 was formed by exposure of silylated

intermediate 15 to air during the sample preparation which initially involved

adding HPLC mobile phase to volumetric fisk containing an aliquot of thu

reaction As 15 was consumed by conversion to 16 the levels of 17 in the in

process sample also decreased Formation of 17 during the sample preparation was

minimized by quickly transferring reaction aliquots into flasks that contained the

desired amount of HPLC eluant as quench and diluent

Diluting sample can significantly change the assay conditions at the point the

sample preparation is assayed For instance diluting an aliquot of reaction run in

AcOH into an HPLC mobile phase may acidify the sample preparation relative to

the mobile phase Injection of the mobile phase then changes the microscopic

environment of the eluent during analysis of that sample and this may change the

HPLC performance In this case sample preparations and mobile phase were

made similar by increasing the concentration of the buffer in the HPLC inobilc

phase and in process assays gave HPLC peaks snnilar to those of standards tha

were not dissolved in AcOH It is worthwhile to ascertain that sample preparation

has not perturbed the nature of the analytical system

Even more attention must be paid to details when reaction aliquot is deriva

tized before analyde his may be illurtratcd by the reaction of chloroethylamin

with 2346-tetra- O-acetyl-f3 D-glucopyranosyl isothiocyanate GITC Figut

7.6 reagent used to derivatize amines Reaction of G1TC with chloroethy

lannne hydrochloride and Et3N in Et20 0.05 produced the thiazoline 19

When the reaction was carried out in pyridine 0.17 instead of Et20 the

dirneric conipound 21 was produced Treatment of 19 with an equimolar amourt

of GITC in CH7CI2 immediately led to the formation of 20 Thus the type of

solvent used the number of reagent equivalents GITC in this case an



Gcnrrating Rcpnducihc IP 159

OAc
OAc

EI3NEtO

AcONCS CCHCHNH2 AcO

AcO HC 0.05
AcO

OAc RT24S
OAc

GTC
19

pyndne
17

24 slOT
CCH2CH2NH2

HC CH2C6

AcO NS
AcO

OAc

AcO NOAC
OAc 0\

20

FIGURI 7.6 JctO5 conditions ffccdn dcci stizati IT

rhaps concentration influenced the product formation These considerations

in play crucial roles in reproducibly derivatizing compounds to be assayed

LC In4ine Assays

urier_transform infrared spcctroscopy fIR and pH ineasuriments are the

chniques most often adapted for in-line IPC pH me isureinents are used for

tions that are run in water or have an aqueous component aqueous

traction FT IR is especially good for monitoring continuous reactions 12 and

actions that would be dramatically changed by exposure to the atmosphere and

mperature of the laboratory Suitable reactions include lo _temperature reac

ins reactions run under pressure reactions with gaseous or toxic nuterials e.g

hylene oxide and reactions run under inert atmosphere Further advantages of

iline assays are that no samples need to be prepared and assay
results can be

nerated within minutes

Some applications
of Fl IR are shown in Figure The classic exaniple of

sing in-line IR is the Merck investigation
of lactans formation The

caction was shown to proceed through the ketene intermediate 21 FTIR was

Iso used to determine optimal conditions for the low_temperature alkynylatiou

the ketone 22 114 and for the niethylation
of indole 23 The conversion

phenol 24 to carbarnate 25 and isothiocyanate 26 was conveniently monitored

FTIR 1161 due to the hot temperature
and reactive nature of the reaction

nponents special handling would have been required to withdraw reaction

liquots and prepare samples
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OSPu3 OSiPr3 OSPr3

H3C Ph H3C
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22

OCH3

H3C Ph
THF

1
iI
T

OL -BC

HO/
CF3

NH

501 er
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ll
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PhCH3

24

Any probe thit is inserted into reaction must be rugged enough to withstand

the reaction conditions and be able to operate reliably under those conditions For

instance p11 probe may dissolve in hot organic solvents or may break under

conditions of vigorous agitation Many pH probes will not work reliably outside

0S4e

H30

Ar

iPr2EIN

OH
20

n-HexU 3.1 eq
/-Pr2NH 3.5 eq

CH3 3.0 eq

THF -60

89c

OH3

23
C03 t-Bu

00

OH3

CO t-Bu

25

Tb
carbamate

110

PhCH3

N50

Oo
26

HC H20

65 72c

FIGURE 7.7 Soiuur reactuouls onitored by Ed JR
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particular temperature range Bubbles particles in suspen ion may lead to

roneous analyses by infrared assay Rugged probes are commercially available

1LD Generating Reproducible Assay Data

nce samples have been prepared consistently it is possible to prepare repro

ible assay data If an assay is reproducible analysis of reaction ahquot will give

itical results when two portions of this aliquot are sampled and assayed The

ie value of rugged IPC assay
is demonstrated when skilled coworker can

idily reproduce the
assay Tips for generating reproducible assay data are shown

fable 7.3

TIP Thoroughly describing an IPC assay in writing may also he very

important In this case all aspects must he described in detail including

reaction sampling sample preparation applying the sample to the analytical

system and system parameters for analysis

One of the keys for generating reproducible data is to consider systems

er detection limit and the upper limits for linear detector response Beers

For instance coulometric moisture analysis is accurate for samples contain

10
pig

of H20 Injection of particularly dry sample may deliver 10 pig of

Oin which case the amount of water measured may not be accurate Similarly

jmting dilute sample aliquot may not allow the detection of an impurity pre-

it at low levels so more concentrated sample preparation may be required

ie analysis of sample preparation more concentrated than those routinely pre

red may give detector area count responses beyond the linear response for that

pound making the calculated concentration lower than the true concentra-

The injection of highly concentrated sample naay also saturate the detector

D3LL 7.3 Generating Reproducible Assay Data

1oobk ddop r.thd dtec tardng nmer ii produs and mainj oumber of

punnes

li..outineli ns st.1 dards to asceri sin expected behavior of system

in
assays

it concentrations bove the inisnum dci ction limits

sy
the same amount of sample each time

ign systems with diii scparano of peaks Avoid systems th it generitc key peaks as boulders

Se oftss are supplied tli analytical method for qnantiiatioir

his issay iii ivor of the inipurimies not ibm lcsired product
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during the elution of inpor component ofpn solvent or product Under these

conditions the area count response for the offscale peak indicates that less mater

ial is present than is actually there and so the relative area of snialler peak iii

this ehroniatogram will appear to he increased for this injected sample An
easy

solution to this problem is to consistently prepare samples of the sanie eoncentra

tion which may avoid the need to determine Beers law

TIP Autoinjectors provide reliable injection of the desired volunie of

sansple to HPLCs GCs and other instrumentation This equipment allows

assays to be readily standardized eliminating many potential questions

about
assay reproducibility Ihe stability of sample preparations in the

injector queue must he considered when examining dsta from an extend

ed run

The most accurate assays require good separation of the peak under examina

tion This may riot always be possible with the equipment at hand and usually it is

necessary to invest time to develop good analytical methods Although software is

available to integrate peaks that appear as shoulders analyses may no longer hr

accurate if the peaks become closer as the analytical system degrades For instance

HPLC column performance may deteriorate as more samples are applied

Using the software supplied with analytical equipnsent will make analyses

more reliable because it decreases variability due to different operators Even so

some calculations are more sensitive than others depending on the analyte For

instance quantitating very low levels of an impurity by NMR integration will be

dependent on how nearly colinear the flat lines of the integral are before and after

the key peak in the spectrum

TIPS
When developing chromatographic separation to monitor reaction

inject mixture of unequal ansounts of starting material reagents prod

uct and by product When the chromatograni shows separation of the

components identification of the components can be aided by correlat

ing the peak area counts to the relative amounts of the components

charged to tIme synthetic mixture

Bias all analyses in favor of impurities not the final product his allows

the chemist to detect potential problems in reaction more readily For

instance adjusting the HPLC detector wavelength to the of the

starting material not the product nsay more readily show the disappear

nice of starting material arid more readily indicate coniplete reaction
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Optimizing the Reaction by

Minimizing Impurities

INTRODUCTION

The goals of process optimization change with the successful development of

project from early process research through scalmup into dedicated manufactur-

big Figure 81 This general order of optimization may differ according to the

nature of the process being considered for instance process generating an inor

dinate amount of waste may be optimized to decrease waste before scaling up to

the pilot plant The initial goal of all process research and development is to mxxi

inize the amount of product generated under the reaction conditions.This is done

by driving the reaction to completion that is by consuming any starting material

that is charged in limiting amounts and by generating product with minimal

amount of byproducts Once the mnprocess yield has been optimized the maxi

mum yield of isolated prouct is expected

The presence of impurities can complicate purifications and decrease isolated

yields Impurities that are difficult to remove are particularly costly for the final

step in making drug substance For example the condensation of amine and

165



166 Optimizing the Reaction by Minimizing the Inipuritics

Improve reaction efficiency sresearchearlvelopmeni
Improve yie and quality of solated product

Reduce cost of producf

Irip ova productiv ty on scale

Reduce waste actureofA

It URF Goals ot process optnniz.itioi

carhoxylic acid with carbodiimidcs was not efficient generating high levels

unreacted Figure 8.2 fhe presence of more than few percent of mad

purification of the drug substance very difficult and isolated yields decreased

significantly To avoid this purification problem more efficient coupling thzi

used the acid chloride was developed 111

Each lao of an inipurity will often hold hack the crystalhzation of of th

desired reaction product as can he seen in fable 8.1 The major impurity in th

preparation of aztreonam Figure 83 was the E.-isonier By adding CuSO
during the oxinaation the ratio of the E7 isomers n1creased from 8515 to 955
with the crystallized yield rising from 7Q0 to 80fi his optimization increase

the output of aztreonam by 14h compared to the yield of the initial process In

the preparation of enalapril maleate the major impurity is the diastereomer

Figure 8.4 131 Optimization of the reaction conditions increased the ratio of 67
from 8713 to 94555 raising the crystallized yield from 76o to 810o 41 Intro

duction of these optimized conditions would be expected to raise the output

enalapril maleate by 6.6c compared to the initial process Such process improve
ments hae tremendous benefits by reducing th0 eo3t per kilo 0f doug substance

and reducing the amount of intermediates needed to make drug product for tht

niarket

OH3
HO

Ph CH3
HO Ph0

NH HONYNH
H2O

L0 NN NH

H3C OH3 H30 CH3

mldezole

ii 3.3 eqNH

EtOAc DMF
m5o/lh

H30 OH3
PT/overnIght

lOeq 86

FI UIF Aniidc forinitioo by icid cbloridi
coupliiiv
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\I3t 8.1 omparison of heore ical and xpected Yields from Optimi7 ition of

cO Processes

rug suhst into Ratio of drug substi ice Expec ed yek lsc late rid

ucajor impurity

trot cam Figu 8.3 8o axtreon im 55 71 71

re xi on Figure 93.3 ztmeon cc 85 93 80

ilipril igure
84 8713 74 76

hpril ig ire 8.4 94.58 83.8 89b 81

alculatod as rauge of an oun of drug substance ess icnou 3t of major inipi rity to mont of

suhst moo loss to ice amount inaor impurity better pro ihction of prod ic yield woi he

by so cting tb total an ount ii purities from tbe noun of
pro

do goner ited

Optimizing one step can have significant impact on the remaining steps of

cess Figure 8.5 Investigations into changing the proportion of reaction com-

ients are readily undertaken and generally take the least aniount of tinie with

innoal impact on other steps Rapid optimization is possible by judiciously

inging solvents reagents catalysts and ligands investigations in this area allow

HN

NSCH3
CS04

NHHCl so3 SOa

0H32

H3C
OHiO2H

H3C c8t02H

HtopH1

H2N H2NJ
aN

CH3 0H3
LE Isolated Yield

-N

Cu504 8515 700o SO so
HaC CO3H H30 COH

uSO4 955
OH3 CH3

aztreonam

Z-isomer E-somer

FIGURIF 83 li3iproved oxnie ethor formation in the presence of copper sulfite
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Ph Ph
RaN

EtO2CO nBUOHEtOH EtO2C Ny EtO
00 23-28 18

CO C02p

1.25eq

the chemist considerable room for creativity and sirnpliring process Such

changes may generate different impurities in the isolated intermediates and it

may be necessary to examine the tolerance of subsequent processes for the new

impurities Changing functional groups may greatly improve processing but will

require changes in other steps if it is necessary to optimize the preparation and

isolation of new compounds downstream from this step Modiiing route which

includes reordering steps and introducing new steps may be the best means to

nllninii7c impuriry furmation particularly in the final product This last approach

will have the greatest impact on othcr steps and may require the most time overall

for optimal process development

II STEPS TO OPTIMIZING REACTIONS

One of the first steps in optimizing reaction is to cxamine the initial or base

line reaction conditions These may be provided from the literature or from the

Ph

OH3

E1O2C Nf3O

EtOH

cone HCI to pH 4.3

concentrate

EtOAc

maleic acid 0.9 eq

Ph

CH

EtO2C

CO2H
CO2H

78c
CO2H

FIGURE Preparition of enalapril nialcate

TIP Optimizing reaction into reliable process requires time and

money It is important to know how much time is available for optitiiiza

tion and to continually assess progress toward meeting the goals of the

development timnelines
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Change proportona of reachon componenta mpacfonotheratepa
Extend adddon

Change moe ratioa

Remove product as forma

Remove harmfu by-producta e.g. H20 HC
Take advantage of dUferent mechandma

Change aovent reagent catayat Uganda

Change functiona groupa
mpactonotheratepa

FIGUJ-E 8.5 Impact of process optinneation on ot icr steps

emists itituition Varying the reaction conditions and comparing the results to

baseline results allows the chemist to select conditions that lead to complete

ictions while generating minimal impurities sequence for optimizing

ocess is shown in Table 8.2

TIPS
Save time in optimizing process by first examining the reaction under the

conditions that have been described by another worker Use the observa

tions not just projections
of experimental results to begin optimization

For rapid process optimization monitor the results of process changes using

the appropriate in-process assay not by comparing yields of isolated product

monitoring reaction it is important to know the reaction kinetics When

aeloping process kinetics refers to the rate of formation of the product and

BEE 8.2 Conditions to Vary for Optimizing Reactions

Ci iperatore hascline 1-21 haselinr 20 ore is appropriate

Equivalents of reagents

Addition of reagents sequence and duration of addition

oncentranon 50 and 200 of haselme

Change reagents

Catalyst Icatalyst hgand hgand

Snrrirg particularly important for heterogencous reactions

Extend operating conditions to examine for product decomposition

Exa ain other operating conditions such is pressure pH et
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the amount of time nec ded to teach the desii ed process endpoint Fhe goals

knowing reaction kinetics aie to complete processing efficiently and to liii

degradation from overreaction Periodic in process monitoring generates the re

vant kinetic data

Changing parameter can have more than one effect on process Ft

instance pIT is critical factor in SchottenBaunaann reactions see Figure 6.2

Acid chlorides aie readily hydrolyzed under strongly acidic or strongly basic coi

ditions so neutral conditions would inimnaize hydrolysis Most primary and sec

ondary amines exhibit pKs of lO 115 so that maximal reactivity would
found at high pH and poor reactivity would be expected under neutral cond

tions where the amines would be predominantly protonated SchottenBaumai
reactions are conducted under weakly basic conditions pH 8lOhy balancing th

hydrolysis of the acid chloride with the decreased reactivity of the anaine In man
cases it is wise to examine changes to process instead of

rejecting such condi
dons on theoretical bias

While optimizing process the chenust usually learns its tolerance limits th

ranges tf process parameters at which
process will operate successfully Knowing

these ranges is very helpful for guiding scale_up operations under suboptiina
conditions such as overcharging or undercharging components and exposing the

reaction to temperatures above the optinaal ranges

ILA Optimizing Reaction Temperature

The ideal reaction temperature generates highquality product within an

acceptable tinae frame Increasing reaction temperature usually increases tL
reaction rate hut with increased temperature there is usually decreased reactior

selectivity The ideal amount of time will depend an the balance between suitable

reaction profiles and the desire to mininaize the tulle any reaction occupies scale

up equipment

TIPS

Running reaction at or near roona temperature offers many potetitial

advantages for scale_up operations First operations on scale are extend
ed if large mase of chemicals and equipment naust he heated or cooled

Second running under extreme levels of heating or cooling requires

increased enerp expenditures reactions run at an excessively high

temperature may generate unacceptably high amounts of byproducts

including colored impurities that
niay be difficult to remove frona the

product

The rule of thaunab is that mt reasmng re iction by 11 will double the

reaction rate In plactice the reaction rate may decrease or even quadruple
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The chlorination of 4niethylbenienesulphonic acid illustrates the iniportance

arying temperature range in order to optimize overall conversion and reaction

etivity Figure 8.6 In this study all chiorinations were run for hours at

reaction temperature The highest yield was obtained at 60C increasing the

0crature to SPC led to reduced yields as the decomposition of HO at this

iperature was faster than the reaction of lO with FIC1 There was no appre

4e change in selectivity when the reaction temperature was raised from 60C

Optimizing Number of Reagent Equivalents

hscussed earlier niiriinsizing the reagents charged to reactor decreases the

to charge reagents cost of raw materials and waste disposal But decreasing

number of equivalents can lead to undmirably long reaction times as the final

or less of starting material is converted to product The wise chemist will

ne in on suitable charges of reagents as shown for the data in Table 83 for the

urination in Figure 86 No significant increase in conversion was seen

is the mole ratio of H2O1O was raised from 2.21 to 251 and on this basis

nialler charge would probably be used for scaleup operations

Optimizing Addition of Reagents

extended addition increases the effective mole ratio of reaction consponents

ch can have beneficial impact on reaction selectivic This is particularly true

actions using catalysts In the dihydroxylations in Figure 8.7 olefin 13 was

over hours in order to ensure high enantiomeric purity of the product

Lxcess olefin which accumulates if the addition rate is faster than the reaction

is thought to coordinate with the catalyst in fashion that leads to non

ntioselective dihydroxylation In the osmiuinniediated dihydroxylation of

OH3 OH3

H20 ci ci

SOyH SO3H

11 12

IICURF 8.6 hlorination of mc thylbenzenesulphonic icid

with pcrnusdon from Ott Preen Ri Do 1999 ii Copyright 199 Anicricii hcimcai

nid The Ifoyd So etv of heimstry

HO

Oonversion Selectivity

Temperature to 1112 tor 11

300 i5 91c

40 46c 87
50 65c 88o
60 82c 96o

70 79 96c

80 54% 97o
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1ABLE 8.3 Effect of Increasing HOCharges in the

Chlorination of

Mo ratio Onversion

10 to 11 12 Selccnvev for 11

68
75 893

78 959
82 96.3

84 96

Abstracted \sith
pecnnssiofl froni Pro Re Dec 1999 .3

lb oright 1999 Amen an bend Soiiety and Fur Royal

Society of Cheirnstrv

14 Figure 8.7 the addition sequence was critical for effective scaleup
Charging 0s04 last produced an exotherm of 50C and adding the bulk oxidai

NMMO last gave only 7080 conversion The best sequence was to add th
OsO catalyst to the starting material arid then add NMMO at reflux over
hours Addition sequence and duration should be exansined for optimization on

casebycase basis especially for catalytic reactions

ILD Optimizing Use of Solvents and Cosolvents

Tremendous improvements in yields can be realized by selecting the most appr
priate solvent see Chapter Extensive examination of solvents was undertak

OH

OH
K20s04 820 08 molr

OiFr DHQ2PHAL 0.9 mo64 OiPr
OH3 H300 tBuOH H20 H300

NMMO 13

80c 2.5 kgadded over hr
95o enantiomeric pursy

0.1 mol0 0a04 OOH
CH3

acetone OH

14 NMMO 1.1 eq 79c
added at reflux 23 kg scale

over 2.5 hr

FIGURE 8.7 Iihydroxylition of old us
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ON
DMF 0BDMS

NHNHBoc
RT/24h

Boc
72 00280

eq 15

Recovered

Solvent Startiaigial

DMF 15o

Et.0 or CHCI3 40-60

FIGURE 8.8 Hydrazile formation in 1ME

the preparation of hydrazide 15 Figure 8.8 he use of more polar

vents gave increased yields as might be expected for reaction involving

lar activated intermediate

Equilibrium reactions may be optimized by solvent selection if one compo

it of the equilibrium is removed from the reaction as occurs with crystalliza

The raloxifene intcrniediate 18 was prepared in 80o yield by the sequence

figure 8.9 Studies showed that at thermal equilibrium the ratio of 1718

1090 but by adding heptane near the end of the isonierization the desired

oduct 18 crystallized out of solution affording final ratio of 298

Equilibration in Michael reaction led to the crystallization of the desired

no acid derivative 19 in 90o yield Figure 8.10 Under these conditions

Michael addition was readily reversible and the reaction was driven by the

00H3

2.fmtmon

H300 17

CH3SO3H 1OS eq
0.4 M/90 0/4 hr

hepiane 90 0/1

then 80 0/3

80c

H300
L1c-__KIl OCH3

OTBDMS

NH2

C028n

H300

FIGURE 8.9 Eqomlibriuns isonlelizatiOn drivcn by solvent selection
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H300 H3CO H3CO

H2N CH3
1CO2H cc

HNCH3 HN ci

1.1 eq
19 Ph

9Q0 solated

97ode

co HNCH3 Et3N

C021

C02CH2Ph EtOH

AT HNCH HNC1
20 21 22 23

C02CHPt CO Cqp

77o isolated
AT

several days

FIGURE 8.11 iastereoselective heel cc actiom

solubilir of the undesired diastereomer and the insolubility of the product Jo

encourage rapid equilibration of the two diastereomers the authors charged

mol excess of thc ehiral amine Reaction of ketone 20 with L-ilanine benz

ester 21 produced the maine 22 in good yield The undesired oily diastereom

23 was rioted to be unstable being converted to crystalline 22 after standing

room temperature for several days By heating perhaps the tranformation of

20 and 21 to 22 could have been rifected more completely

Solvents may be chosen to crystallize byproduct and produce dc user reae

tion When the acetalization in Figure 11 was conducted using pniethoxyben-

zaldehyde and p-toluenesulfonie acid the product acetals 25 and 26 were generated

in ratio of respectively due to isomerization cat alyzed by the soluble acid

Treatment of the diol with D1Q md pniethoxyhenzyl methyl ether

CH2C 12 produced the desired aeetal 25 in good yield as 39 mixture with the

unwanted diastereomner 26 Under the latter conditions the only acid present xas

the weakly acidic 27 resulting front reduction cft D1Q and isonierizition

nssrnmized by the extremely low solubihty of 27 sri H2C

TIP In equilibrium reactions exanune the st mbmhity of the products If the

dessied product is therniodynaniieally fivored extend reaction conditions

Yields niay be rused by crystallizing the product from the reaction
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OBz OBa

CH3 CH1

JCH3
OH

OH

pTosOH

OCH3 OCH3

H300 CHO

OPh
Pt

Ph pTosOH 25.i1 CH0 CR10

OH
H3CO

NC flCI 25 26
OCH3 OCH

NC CI

meg NCCI
CH2CI2 P1730 isolated

NC Cl

2526-391 OH
filtration

sq NaHCO3 27

precipitates

from CH2CI2

FIGURE Minimizing isomerizat on by precipitating
reaction by product

Optimizing Reaction Concentration

optimizing the concentration of rea don see Chapter achieving honiogm

US reaction conditions is often goal Very few processes are solutions

oughout the reaction slurry may become solution as the reaction progress

md the product dissolves in the solvent Dissolution of the product may help

lve the starting materials Alternatively product may crystallize as it is

med in the reaction allowing for very convenient isolation Reaction cots

trations may be optimized in order to facilitate tne isolation of pure pruduct

good yield

Beneficial results may be found by varying the reaction concentration if tinle

ows For instance at 15 the addition of NaOt-Bu to the adenine derivative

forded solution bu at 0.8 -10 the sodium salt 29 precipitated as vis

resin igure 8.12 131 lissolution at higher concentm ations at first secins

interintuitive perhaps the increased concentrations of the salt 29 and the by

duct t-BuOll are key to dissolving the intermediate
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NH2 NH Na NH2 P-OFt NH2

NN NaOu NfN\ pTsO
OEt

DMF
20 30 OH Na OP28 29 42cOH tBuOH

softiton at .5

IGUR 8.12 Dissolunon of sodiurs sat at higher concentration

ILF Changing Reagents and Intermediates

By changing reagents and intermediates the chemist is able to use some creativi
to optimize process and apply trends that may be known in the literature In the

preparation of ropinirole Figure 8J3 attempted displacement of the leaving

group in 30 led to the forniation of varying amounts of the elimination by

product 31 Elimination was nunimized by the reaction of Pr2NH with the to

ylate derivative of 30

Sometimes in group of similar reactions with different starting materials th

results are not as expected for each starting material In this case it is wise to

exanune the structural differences of the outlying starting materials perhaps func
tional groups interfere with the desired transformation For instance in the aryla
tion of32 Cs2CO3 was found to be necess try for good yield Figure 14
Treatnient with NaOt Bu an efleetive base for other anshncs not substitLited witi

NPr2 HOt

HNPr2

30
31

ropnirote

Reton
Ropinsote3l

85 from tossIate

15mm 16

Br 2h 151

Ct 48h 61

Oh 15h 401

EICURE 13 Using tosylate to nnnimize elms nation in substitution icaction

Ahstracted with pernussion from Org Prectsc Rrs Div 3998 opyriht 1998 nerican Olsen

Society and The Roy ii Society of
hensistry
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ON
mel0 PdOAciON
molo DPEPhOs KII OH3

y
-
B

r

H2N OH3

1.4 Os300

PhOH3/100

32 H3O 16 hr 870o 33
H3O

1.2 eq

IGURE 14 Insproved ar1atioii in the presencc of cesiuns crbo tate

nitrile produced 33 in only about 3O yield authors reasoned that the

seakly acidic product 33 deactivates the catalyst in the presence of the stronger

sne NaOtBu but not in the presence of Cs2CO3

Some reactions can be optimized by the addition of the appropriate reagent to

one the reactivity Knowing the reaction mechanism is important for efficient

ptimizatiori using this approach Brornination of 34 in the presence of the radical

iiuator azohisisoburyronitrile AIBIN produced the brontonietliyl indole 35 in

cellent yield Figure 8.15 When the bromination was conducted in the

AIBN Br

molo H3OOJ
35 92%

OH3 0014 3/3h

H300 00t.Bu
Br

0OtB OH3

NBS
H300

0014 ti

.05-I .1 eq TIIIIiiI-
36 95o

_____________ Br

OH3 00hBu
OH3

OH3 H3O

NON OH3

OH3
ON

OH3
OH3 OH3

AIBN VAZO-52

VAZO-52

OH3

Br

AcOH volo Br

BrBr1 moloo

0H3013/A 12

90o 38

NBS
1.1 eq

FIGUR.E R15 Using radic miii tines to tune reactions
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absence of AIBN the 2bronioindole 36 was produced in excellent yield 1161

The bronaination of 37 in the presence of the radical initiator VAZO52 led ti

the formation of the henzyhc bromide 38 in excellent yield Figure 15 17

Ridical initiators decompose at different temperatures and may be selected based

on the halflife of the reagent at the desired reaction temperature

ILG Optimizing Catalysts and Ligands

lie selection and concentration of catalysts and ligands can determine the succes

or failure of process Considerable effort may be necessary for such optimiza

tion This subject is addressed in Chapter

Ii

ILH Optimizing Stirring

For homogeneous reactions agitation is usually not crucial but agitation rates car

have dramatic influence on reaction rate for viscous or heterogeneous reaction

liquid-liquid solid-liquid gas-liquid Some aspects of mixing are discussed

Chapters and Agitation can also be very important as scaleup corisidera

tion particularly during crystallization and transfer of product slurry to the filt

Chapter 11

/5

111 Importance of Extending Reaction Times

Since most reactions take longer on scale reaction conditions should be ext nd

in the laboratory to anticipate decomposition or other problems on seal In pa

ticular extended conditions for preparing the drug substance should exam

in Enalapril Figure 8.4 is relatively stable in EtOH the processing olvent

from the reductive amination After partial concentration of the hydrogenatior

mixture EtOAc is added followed by maleic acid to prepare the maleate salt

Enalapnil forms diketopiperazine presumably in EtOAc at the rate of abo

1o per hour Thus to optimize the yields of there should be no delay

charginf maleic acid

lU Examine Other Operating Conditions

Effective and optimal operating conditions need to be established for other

variables which may not have been encountered in the investigations outhn //

above Such conditions may include reaction pH the hydrogen pressure
fc

55



Minunizirig Impurity Formation by identifying impurities irst 179

iydrogenation residence tinie of reaction in continuous flow reactor and

MINIMiZING IMPURITY FORMATION BY
ENTIFYING IMPURITIES FIRST

impurities cannot be minintized readily it may be necessary to first identify the

purities Table 84 Once the structure of the impurities is known the mecha

in of formation can generally be elucidated and conditions to avoid forming

csc impurities may he designed

For inipurities formed at relatively high levels 1H NMR and 5C NMR spec

scopy may be suitable for identification If the impurities are enriched in

am of the reaction for instance in wash extract or in the mother liquor one

in identify the impurities simply by comparing the spectra to those of known

action components At relatively high levels of impurities signals from known

mapounds may be mentally subtracted from the spectra to ease impurity identi

ation.This approach is usually very convenient for the organic chemist

Mass spectroscopy MS may be used to identify impurities whose structures

not obvious or to corroborate the structural assignment Identification is facil

ted by HPLC-MS or GC-MS which can be used to assign molecular weights

impurities seen in the chromatograms If access to such equipment is limited

ese services can be provided on contractual basis by other firms

TILE 84 Steps to Optimize Reaction if Inapurities Cannot Be Minimized Readily

Identifi ilopuriries structural elocidauon or comparison to known compoonds

HPL or CC
analysis

and comparison
wnk those of suspected iiporities

LCMS or CC MS analysis

Spectroscopic invesngations NMR ft

Preparstive chromatography rhen spectros opy or MS aoalyses

Prelinunary enrichment for isolating mospotitmes

Extraction

Isolation front mother hquor and washes

Slurry product in solvent swish

Unambiguous chemical preparation of proposed unpurity then conhi nmmtion by spectroscopic or

chroii atographie analysis

Single crystal Xray analysis

Propost mechanism to for1mi unporities

pt mile conditions to enminuzc inipurities

Statstical design of cxpcriments
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fo facilitate the identification of compounds by spectroscopic or MS related

analyses enriched process streams may be prepared for analyses Aqueous extracts

and mother liquors can provide convenient enrichment In sonic cases solid

product may be slurried in solvent in order to leach out an impurity that has

slightly different solubility swish purification 9J Such enrichment eases iso

lation of an impurity by preparative chromatography

Once an impurity has been identified conditions for forming this impurity

can be proposed The goal is to decrease the formation of the identified impurity

by modifying the reaction conditions If the modified reaction conditions do not

prove to decrease or eliminate the formation of this impurity it may be wise to

further secure the structural assignnient Corroborating evidence froni other ana

lytical methods is very helpful and if enough material is available elemental

analysis may be revealing Singlecrystal Xray analysis is the most definitive

structural elutidation but the process may require considerable time and equip
ment Preparing the impurity from an unambiguous route and comparing its

spectral or chromatographic behavior to that of the Impurity in the reaction can

he rapid means to secure identification

IV STATISTIC AL DESIGN OF EXPERIMENTS

Intuition is usually ehanst first resort for optimizing reaction /hen intu

ition fails to guide the phemist to finding suitably optiniized recietson onditions

within reasonable tnlie the chemist usually delves more deeply into the experi
ence of others and the chemical literature then renews Investigations In spite of

vigorous effort optinlizations still may not be satisfactory

TIPS The importance of analytical support and teaniwork

Often the analysis of compound is best left to specialists Analytical

chemists may be very helpful in developing an inprocess assay for the

laboratory or pilot plant and in purifying an impurity Quality control

QC chemists may be key in recognizing new inipuritv in manufac

turing hatch Spectroseopists know how to get the best performance

from their instruments Good teamwork among the analysts and other

chemists is essential to the efficient development of process
To best support the efforts of analysts thoroughly explain the nature of

the reaction and the expected outeonie of the analyses lefinitive results

are generated more quickly when the analyst is enrolled in helping with

project
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love tigations may fail because the classic approach to modi one variable at

time the OVAT approach Unfortunately many processes are coniplex and

the OVAl approach may cause investig1tors to ignore potentia optiinizations

roni interdependent variables more organi7ed approach employing statistical

lesign of experiments DOL may be necessary to optimize conditions involving

nany parameters 231 Statistical approaches are usually undertaken to opti

mze reactions that do not readily yield to intuitionbased optimizations or to

ptimize manufacturing operations where small changes in yields or productivity

have substantial impact on manufacturing costs

Some of the approaches included in DOE include factorial design simplex

ptimization selfdirected optimization and response surfaces In factorial

icsign two or more values are assigned to key variables and experiments are

selected at random and run to determine the optimal results Thus for system

omprising five variables at two settings each the total number of runs would be

or 32 Usually runs will allow effective optimization from only half the

iumher of runs 16 in this case If variable can be eliminated because it

orobably has little impact the number of experinaents can be reduced further to

or only eight runs for initial optimization Computer programs are available

assist in DOE optimization

Factorial design was used by workers at DSM Andeno to optimize the hydrol-

isis of 40 and crystalli7ation of the diacid chloride 41 Figure 816 Initial

cale up of the laboratory procedure gave batches of 41 that crystallized poorly

nd were not easily isolated by centrifugation Appreciable laboratory experimen

tion had established that the optimal conditions probably lay in relatively narrow

2arameter ranges Conditions for the hydrolysis crystallization were selected from

.omogeneous solvent combinations that dissolved 40 hut would not dissolve 41

nd aqueous acetone was chosen Key criteria for the optimization studies were

the purity of 41 above 970 the level of residual 40 less than 1o the ease of

solatmg the product by crystallization and low moisture content Seven variables

etc examined by factorial design levels of residual solvent PhCH3 from the

vorkup of the chlorination amount of acetone used to dissolve the residue of

rude 40 the temperature for hydrolysis crystallization the dosing time for addi

on of aqueous acetone the final the agitation rate and the amount of

ne between the addition of aqueous acetone and isolation For optimization 16

l.Me2NCONMe2
2.3 mo

HO2C CO2H 5080 H20

SOC9 __
-SOC2 acetone

NH 11.2 eq PhCH3 86c NH
-SOC

39 -PhCH3
4140

FIGURE 8.16 Preparaion of amino 246 triiodoisophthilic
acid dichloride
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experiments were run at combinations of the high and iow values as well as tw0
runs at the center points of the ranges he results indicated not only the optimal
conditions hut also the conditions at which interaction of variables produced
higher levels of impurities in this case hydrolysis to regenerate 39 The optimal
process was readily scaled up into mannfwturing producing 41 in very gone
yield with high purity and high productivity

In the preparition of epoxide 43 investigators at Searle resorted to fractiona

factorial lOE of eight experiments to optimize ftiur variables Figure 8.17
The yields of epoxide 43 were 4087c with the butyl adduct 42 being generated
at l27 Better yields and purities were obtained at higher temperature
20 vs 70C when CICII2Br was used instead of CIC H21 Halogen-metal
exchange at 70C niay have been slower for nBuLi atid ClCHBr than for

BuLi and C1CH7I The optimal conditions determined from this study CICH
70C high agitation were not used for scale-up due to the equipment availabit

for scale-up and the niore ready availabiliC of ClCHBr continuous proces
was developed in which solution of the aldehyde and C1CH9Br were combined
in static mixer at 35C with solution of n-BuLi The continuous

process
reduced the cycle time simplified operations and eliminated the need to cool

large reactor

ROBOTICS ANd AUTOMATED PROCESS
OPTIMIZATION

Robotics and automated process development are emerging as efficient tools for

optimization 29 Fhe ease ot running large numbers of experiments wiF
allow more investigators to take advantage of DOE to optimize experiments effi

ciently 1301

CICH2X

PhCH22N .H _____._
-7Oto-20

nBuX

remove by

PhCH3 azeotrope

PhCH22N OH3 PhCHfi2N

OH
42 43

FIGURE 8.17 Low teInperiture preparation ofan epoxide
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TIPS Optimizuig Processes

When beginning reaction have in hand an assay certain to distinguish

starting material and product

After the reaction has been optimized optimize workup arid isolation

Whenever possible split experiments varying processing on each stream

and compare This is particularly useful for optimizing work.up and

crystallization

Minimize duplication unless that is the goal

Reactions causing byproducts with extended processing require more

attention to scale up

Robotics automation may afford efficient optimization
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Catalytic reactions are becoming increasingly important to increase productivity

nd mininnze waste disposal costs Examples of cataytic reactions are provided in

hapters and 5.There is broad diversity of catalysts and means to remove cata

lysts from reaction products Table 91
In order to optimize catalytic system the important performance parameters

must first he defined These may include optimizing the reaction rate increasing

he yield increasing selectivity arid increasing the ease of work-up Catalysts espe

ally phasetransfer catalysts may alo be used to eliminate the use of polar high-

boiling solvents that are difficult to recover Product costs may be decreased by

developing catalytic processes using alternative raw materials

The importance and bccasionally the difficulty of separating catalysts from

vaction products must mot be overlooked Catalysts may be selected to avoid the

resencc of even trace amounts of them in the product For instance trace

mounts of chlorides are undesirable in monomers to he used for making semi

naductors and even tO ppm of palladiuni in drug substance is undesirable

Qptimizin Catalytic Reactions

INTRODUCTION

185
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TABI Examples oF stalysts md
atalyst

Removal from Re ictions

alysts
__________________

lypi
vi Means of Removing Catalysts from Product

Oram cat ilyste DM A1 use transfer Dilution ci ystallization or cxtractton

c.italysts N-.bydroxyhenzotrt cole fit

ndctv ard .tturs

Souble polymer supportrcl catalysts ligands Diluoon with antisolvent
precipitation

and filtration

attached to polyethyle te yCo P1

supports

Inorganic catalysts
SO BE5 and others Extraction intt HO often with neutralicatiou

Iransition metals Pd Pt Ru Rh Zr Cu Absorption to filter aids or activated carbon

and others with associated
ligands extraction precipitation oi ci ystallization

of

product

Insoluble pol user supported catalysts ion iltratto

exchange rcsins poly MA1 poly vinyl

pytdine stl others

Zeolites Filtration

Pyridoite sas been found to be superior to DMAP as au acylation catalyst Calter Duo
One Pot atalyte Asyninsetrie Syntheses of all Pour Stcreoisoniers of Dipropionate Synthon

Org C/urns 1998 63 5308

Filtration is the easiest method of removing catalyst sometimes by absorp
tion to filter aids or activated carbon Table 9.1 Recrystallization is often used to

purify product with the hope that the catalyst will be renioved in the mother

liquor

One k0 in optimizing catalytic reactions is to maximize the catalyst efficiency

or turnover levels of catalyst poisons which are competing ligands can have

great effects on process Some impurities are detrimental to reactions arid some

are helpful By understanding the tnfluence of factors such as the presence and

amounts of impurities cocatalysts and catalyst decomposition rugged catalytic

process can he destgned In addition to the considerations discussed in Chapter

for optinuzing reactions other factors are Important These are outlined in Table

92 and discussed on the following pages

TIP There can be considerable variabilis of catalysts from batch to batch

Record the lot nurner of any catalyst used for reactions and any cata

lyst pretreatment It prudent to use test every batch of catalyst before

scaling up reaction
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ABLE 9.2 oriside ations for Optimizing Catalytic Reactions

he selections of transition metal catalysts and ligands are often inextricably con

nected igands and catalysts may be selected to optimize synthetic transfornia

ion or to optimize process productivity see the example of the TPPTS ligand in

Figure 21 Many catalytic reactions are highly substratespecific Extensive hg
arid screening may be necessary to develop reliable efficient process For

nstance in the development of reaction for palladiumcatalyzed Suzuki cross

oupling of aryl chlorides Figure 91 at least eight phosphanes were exanimed

five of which disphyed no activity 141.The optimal ligand for the cross-coupling

was PtBu3 which was also the best hgand for the Heck reactions studied by Fus

7roup

Pd2dba3
moEo

phosphane

3.6 mcI00

Cs2CO3
dkrxane/80

dppf

PoToI3

Ph2ICHd3P Ph2

Cy2PCH$3PCy2

PCy3

PtBu3

FIGURE 9.1 Suzuki ross coupluig of aryl chlorides and arylboronic acids

it lyst
selection hg md selection

Concentration of catalyst

Presence of precatalysts

Need for extended additions

Influence fco talysts and inipurities

Cat mlyst deconipositmon

Non incar catalyst effects

11 CATAlYST SELECTION/LIGANI SELECTION

H3CQCI HO2B1 H3CE--

Phosphano Yield GC
000

PPh3 0%

BINA 0%

000

1000

000

000

860o

sd by pernission from Angew Chern Trim Cd 1998 373387 Copyright 1998 WILEY VC
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OH3 25 mci0 VOacac OH
OH

30c H302
026 mci00 igand HOVS JOH3

0113 OH3
OH3 115 eq

CHC9/1520 0405 OH3

8891 oee

HO OH3

H3O
OH

t-Bu OH
Ugand

OBu

FIGURE 92 Chiral oxidation of disulfide

In the development of system to efficiently oxidize the disulfide to the ehi

ral thiosulfinate Figure 92 Elimans group first examined reaction concentra

tion With moPe of the initially selected catalyst at 0.5 reaction concen

tration there was only 38o oxidation with Co cc By increasing the reaction to

L5 there was 89c conversion to with Slo cc Reactions at higher concen

trations led to precipitation of the catalyst Extensive ligand screening using reac

tion concentrations of in led to the selection of the chiral ligand

The oxidation was also optnmzed for solvent and tempcraturc One linutation for

scale-tip of this reaction is the nced for very gentle stirring so that the aqueous

org mic interface is not broken This excellent paper describes optimization of

cat
slytic process in detail

Other exanaples show the iniportance of ligand selection in optimizing reac

tions FLure In the cobalt-mediated oxidation of cyclohoxene with oxygen

ligand sclection allowed the choice for epoxidation or allyhe oxidation In

inodificd McMurry coupling using in situ generated TiO addition of tirea

increased the formation of the product In Heck reaction Ph4PC1 and

dnnctliyl glycine were necessary for excellent conversion to stilbene For the

Suzuki cross coupling reaction to prepare hgand free system was found to

increase reactivity and decrease impurity generation from protodeboronation

1101 Ihe catalytic system developed by Buchwalds group showed relatively broad

applicability for roonitctnperature Suzuki couplings as in the preparation of

Some of the other examples in Figure may well be substrate-specific

III OPTIMIZING CATALYST CONCENTRATION

Adjusting thc catalyst Lonccntration can have great effect on the reaction rite

and product distribution depending on whether the re iction mc ch Inism re

quires activation by one or more molecules of catalyst per rclction In the chira
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CH ON

rOH0 02
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5mo 5mol87

Ph OOOHJ

NdO
201 -ON

H3002O Ph

OH3
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TKl3 THE
OHO molo

H30 u0H H30
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H30

10 mol ci meso
Zn 1.3 eq

THF RT 65
catalyst d/ meso83
none 70 30

0.3 eq 90 10

NEIPO
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Pd012 OH3ON

OH7

PS4POI 12 molo

Me2NOH2002H
l2molo

NaOAc NMP 96c 100

150 0/125

H300 OH3
PdOAc2

OH3
0.2 moloH0B ___________

25K2003
acetone-H20

reflux/2

90c

PdOAc2
molo

H3OI_OI HO K1 0.753 mol hgand
HnOIs

3.0 OsF
1.5 eq dioxane/RT

POy2

igand

Me2N

FIGURI 9.3 Reicnvity determined by ligand selection

icthylation of indanoise using the chisal phose-transfer catalyst Figure 9.4

icreasrng the concentration of the catalyst both increased the reaction rate 121

id decreased the cc of the product 13 Physicochenlical data indicated that
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Ph CH3C
cata9st

HCO 500o NaOH CO Ph

PhCH3

RT/7h 95o 92ee
95c 92c ee

cata9st

N-

FIGURE 9.4 Ch ra inethylanon ui
ig

chiral PTC
talyst

existed in solution as dimer arid dissociated to monomer during chiral phase
transfer cataytic activity In this work the fastest conversion was observed using

590w NaOH as the aqueous phase probably because the amount of H20 parti

tioned into the organic phase is minimized with this high concentration of

NaOH
Efficient agitation has been noted as crucial for good reaction rates with and

other similar phasetransfer catalysts 14 15
Two metalbased catalyst molecules often act in concert for catalysis In the ring

opening of epoxides by H20 see Figure 4.19 two molecules of the cobalt saler

catalyst 10 Figure 95 are necessary one to activate the epoxide and one to acti

vate the nucleophile HaO Opening epoxides by azide using the chromium

salen catalyst similarly proceeds through the action of two catalyst molecules

Increasing the charge of cobalt catalyst 10 to 7.5 mol gave faster opening of epox
ides with azide the catalyst was recycled effectively decreasing the catalyst charge

similar mechanism has been proposed for chiral zirconium catalysts

Sometimes an additional phase is seen with catalyzed reactions although unde

more dilute conditions such phase may not form This phase may be an inter

face rag layer between an organic and aqneous phase or an additional layer ir

H1H
10 Co

/N M-Cr

iBu Oy iBu

tBu iBu

FIGURE 9.5 Metal salcn catalysu in ring opening of cpoxides
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oiiAmbySt
15

00H3

CH3SO3H

2h heptane

titration
IPrOH

12

H3CO 80 H3CO

II

OH OH3

nBu4NBr

CH3 aq NaOH
PSCH3

H3C Br PdC2 H3CCO2H H3C0 CH3

Ph2PC5H NMe3

Cr
Co OH3

aq.NaOHSDS
2-Et-l hexanol

19% 52%

FIGURE 9.6 Reactions acceerated by the preserre of an additional phase

1fl organic reaction When this occurs reaction rates are usually markedly

ncreased as the reaction occurs in this phase These reactive phases can also be

ccycled to subsequent reaction The rate of methanesulfonic acid-catalyzed

omerization of 11 to 12 increased by factor of 15 when the concentration

fmethanesulfornc acid was increased from 0.2 to 0.4 with the concomitant

orination of second phase Figure 9.6a continuousflow stirred reactor

vas used to contain the active third phase in model PTC alkylation of phenol

Figure 9.6h Carbonylation using surface-active catalysts was accelerated by

the addition of SDS and the active interface was recycled to subsequent reactions

Figure 9.6c

The metal component of catalysts solvent selection and reaction concentra

ion can influence aggregation and affect reactivity The titanium catalyst 13 forms

iionomeric complexes in solution but the analogous zirconium catalyst 14 forms

polynuclcar aggregates Figure 9.7 this may explain why the chirali induced by

widadon of the sulfides is upposite for these two catalysts

IV GENERATING ACTIVE CATALYSTS

Many nietal-based catalysts are in fact precatalysts.The Mn III salen catalyst used

or the production of Crixivatli intermediate proceeds through generation of
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OH3
H3C

fCH3
5moV0 catayst

choroethane
H3C H3C

sutoxde

chraity

eq iPfOO0p5 13M-Ti tS

PhNJ_Ph 14 Zr

catayst

IGUR 9.7 Sultoxidation itli tit ioiuni or nircoiiiuni catalysO

the MnV species active cobalt salen catalysts used in epoxide openings

are oIlI species generated by contact with air In the case of the CrIIl

salen catalyst the active species is the one with azide as ligand 15 Figure 9.8 Ai

pointed otit by Jacobsen the Clbased atalyt can be med as readily the azide

based catalyst but by using the azide-based catalyst no additional nucleophile was

added to the reaction added step of preparing the active catalyst species

may not be costeffective on scale depending on the tolerance of the process for

impurities generated from the precatalyst

Catalysts may need to be aged for optimal activity This was noted with the

TiOiJ3r4 diethyl tartrate catalyst used for asymmetric epoxidation and

kinetic resolution Both addition sequence and aging are essential for proper

preparation of the catalyst Experimentation is necessary to determine if catalytic

activity benefits from aging

IMPORTANCE OF EXTENDED ADDITIONS

Extended additions effectively provide reaction conditions with greater concen

trations of catalyst and can be important for reliable scale up see Figure 8.7 The

mental concept of taking snapshot can be useful in predicting the effect of

an extended addition In the asymmetric reduction of ketones using chiral

HH
1N Ny AgC04 NaN3 yrN

Cr Cr

BU iBu CH3CN iBi
N3

IBU

tBu lBu tBu tBu

15

FIGURE 9.8 oiivcrsion ofco aIen precatalyst to catalyst
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BH PhCH

Br

23OH PhCHO

Br

NO2
heptane NO

90 96 ee
10 mol added nsTHF

solution over

FIG tJRE 9.9 Asyinrnctric reduction of kcton sing chiral oxaz rhonlldures

vazaborolidines Sepracor group used an addition time of two hours for good

santioselectivity Figure 9.9

VI INFLUENCE OF COCATALYSTS
END IMPURITIES

Many catalyzed reactions are markedly influenced by co -C atalysts and impurities

ocatalysts may be added to reaction or may be charged inadvertently with

cagents or solvents Knowing the reaction mechanism is very helpful in anticipating

roblems Treatment of reaction with conditions that disrupt the catalytic

ycle for instance by removing bromide through addition of silver saltmay

mpede the catalytic reaction Once the impurities beneficial and detrimental

ave been identified the impact on the catalyst and reaction may be assessed

In TEMPOmediated oxidations bromide ions are key to the efficient catalytic

vcle Figure 9.10 30 Rychnovsky found that TEMPOcatalyzed oxidation

alcohols using m-CPBA was also dependent on bromide ions for rapid reaction

31 Any compounds that sequester bronaide ions in these catalyzed reactions

hould he avoided

RCH2OH RCHO

H3CCH3 HnCCH3
t-tc CHa H3C CH3

HBr HOBr
organic phase

Br HOBr

NaOCI or NaCI or

MCPBA MCBA

FIG UftE 9.11 Catalytic cycle in the TEMPO -mediated oxidation of alcohols
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catalyst NO

aq NaOCl P501

P3NO

ttiu INu

catalyst

IGhJRE 9.11 Use of CO talyst in the epoxidanon of indenc

Merck researchers designed the ligand P3NO for Mn saleru catalysis Figur

9.11g P3NO increases th0 epoxidation rate stabilizes catalyst and transports hub

oxidant HOd into the organic phase 24 The use of P5NO allowed for

decreased charge of the Mn salen catalyst nuaking for less costly preparation and

more reliable processing on scale

The beneficial effects of impurities nsay not be evident at first Trace amount

of NaO in LiO are useful in the preparation of alkyl lithium reagents Cat

alytic Pb has been shown to he useful in Zn-nuediated reductions Figure 9.l2a

and in Wittiglike olefinatmons mediated by Zn Figure 9.12b 34 catalytic

amounts of nickel salts and palladium salts have been shown to accelerate CrlI
and Crl1lmediated reactions Figure 12c 35 361.A catalytic amount of HE

was iniportant for chiral reducrion using ruthenium cstalvst Figure 9.12d
The insportanee of trace beneficial impurities may become evident only by fail

ure of the reaction when using different lots of starting materials reagents or

solvents

TIP In investigating reactions first
try reagents that are not highly pun

fled The garden variety reagent may contain beneficial impurities that act

letrimental impurities may be formed during reaction or inadvertently

added to reaction as npurities in starting materials In the Suzuki cross

coupling reaction to prepue bosartmn intermediates two key impurities were

identified Figure he phenyl tetrazole salt 16 was fornied during the eou

pling reaction snd 17 ws present at the level of about ls in the starting mate

rial Identifying these nnpurmties allowed
process

tolerance tests to be run
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determine how little catalyst could be used for reliable process 38 letriniental

impurities may be present in catalytic amounts of intermediates and their pres

ence may he noticed by use-tests see Figure 14.6

TIP Often hydrogenations require second charge of catalyst usually

Pt or Pd In effect impurities are being absorbed to the carbon sup

port Fo avoid multiple charges of valuable metal- based catalyst pretreat

by slurrying the reaction with charcoal

Phasetransfer cdtalysts can also he poisoned by the presence of halides Qua-

ternary annnoniuin cations may form salts with iodide that is generated during

reactions Such salts do not partition well into aqueous phases disrupting the

catalytic phasetransfer cycling mechanism 13 lhe presence and generation of

iodide and sometimes bromide during PIC reactions should always be

considered

VII CATALYST DECOMPOSITION

Catalysts can decompose under reaction conditions and it may be necessary to

assess the amount of active catalyst remaining especially near the end of reac

tion Decomposition is often unavoidable as with the reaction of MnOAc3 with

the solvent acetic acid 140 during oxidations see Figure 2.13 In thh mae the

amount of catalyst was assessed by iodonietric titration Under routine PTC con

ditions of heat and exposure to NaOH quaternary ammoniuin salts used as

phase-transfer catalysts decompose albeit relatively slowly compared to the rate of

most PTC reactions The primary decomposition route is through Hofmann

ehrnination producing an alkene and tertiary amine as byproducts Figure 14

B-hydroxyamrnonium salts cams decompose by additional pathways as shown

for the chiral catalyst Since most quaternary ammonium salts are relatively

inexpensive practical approaches are either to charge additional catalyst as need

or to charge more catalyst at the beginning of reaction

VIII NONLINEAR CATALYST EFFECTS

The use of enantiomerimlly impure chiral ligands can sometimes lead to product

with significantly higher or lower enantiomeric excesses 42 When there

increased enantioselection such nonlinear effects have been ternsed asymmetric

amplification Asymmetric amplification has been noted for the hydrobor ing

/7
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taPs

BnEt3N OH BnEt2N Et3N Bn20 CH2CH2

aq NaOH 800o 64 3c

0513 0513
H2C 5130

Br

CU
Hf

IGURE Decomposition of souse quaternary .onnsonmin salts used for PlC

reagents derived from chiral apinene Researchers at Lilly found that exten

we purification of the ligand 18 Figure 9.15 was not necessary in order to

btain product with an acceptable enantiomeric excess The catalyst charge

Cr this reaction was chosen based on generating acceptable quality product with

short reaction time and minimal catalyst loading

TIP Extensive purification of ligands will not he necessary if asymmetric

amplification is irs effect for the reaction system

VIII HE DIFFICULTY OF OPTIMIZING
ATALYTIC REACTION

The use of catalytic reactions is very alluring but optimization can be very diffi

ult The success of catalytic reaction is influenced by the choice of catalyst hg
nds solvents concentration temperature aging and stirring rate Catalyst

lecomposition and the influence of impurities both co catalytic and inhibitory

an play big roles Furthermore conditions that arc optimal for one substrate

may not he optimal for another The interplay of all these parameters can make

OH3

CH3 hexane OH

OH E9Zn OH3
OH H3C -60 to AT H3C

18 138 eq added
64c 83ee

mo% dropwae

69c cc

FIGURE 915 Asy mnetrsc amplificstion in an alkylarson
with

diethfi ainc
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searching for optimal conditions very time consuming for instance the quest for

general catalytic conditions to asymmetrically dihydroxylate olefins was the focc

of the Sharpless group for many years

The development of the zinc reagent shown in Figure 9.16 illustrates many
these points While this reagent was not used italvtirallv details of its des elop
inent are similar to the development of many catalytic reagents An earlier aIkyny
lation required protection of the amino group of 20 and deprotection to afford 21

the goal of developmg the zinc reagent was to eliminate these two steps

Earlier screening had denionstrated that chiral pyrrolidinylriorepinephrine 19 was

superior chiral ligand to effect the desired enantioselective alkynylation The

presence of achiral alcohol auxiliary ligands influenced the enantioselectia fly of

the alkynylation Figure 9.16 Optimal enantioselectivity was optimal with 1.2

equivalents of the acetylemc Grignard reagent at least when neopenflfl aleoho

was used as the achiral auxiliary Studies on different substrates showed that an

unprotected amino group ott/am to the trifluoroacetophenone functionality wa

necessary for good reactivity After what was undoubtedly significant amount of

work an elegant process was developed

Multivariate screening has allowed identification of catalytic conditions th

most likely would not have been uncovered by traditional searching Rapid

multivariable autonaated screening will accelerate the development and optimiza

tion of catalytic reactions

ZnCHCH32
OH TH PhCH3

Zn
MgC

2.CF3CH2OH l.2eq
CH 0.95 eq

oH3

19 1.45 eq

F3C F3CTOH
NO

efavnenz
21 95c ee

FIGURE 16
Alkyiivatioii by ziii niinoilkoxide rcigents
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Work-up

INTROI UCTION

Workup is the collective term for the treatments applied to processes after the

caction has been declared complete and before the product is isolated The pur

mses of work up include

quenching the reaction or treating the reaction mixture to prevent or

minimize any subsequent side reactions

providing safe conditions for personnel to continue processing

removing impurities

providing the product in form convenient for purification and

safely neutralizing waste streams

The best worLup includes the fewest steps the smallest number of vessels the

mona number of extractjms and the niiiimmal volume of solvent needed for

xtrsctions Minimizing tse considerations can increase productivity as long as

oduct quality does not suffer The person who is responsible for the results of

me process operatio is is usually responsible for process productivity and may rca

.xmably deniand justification for every step in the process

203
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Understanding or aiiticipatmg product stability is key to avoiding probler

and creating successful workups For instance nsany 3lactans antibiotics

hydrolyzed by treatment with concentrated hydroxide so conditions of high
arc to be avoided for these molecules Extended solvent removal at Ugh temper
tures may deconipose product It may he appropriate to stress products
extreme conditions in order to identif3r any processing risks

fhe solubilities of products and reagents must he considered or problems ci

occur from formation of emulsions or unwanted precipitates that add extra
stel

and delay processing he product may he extracted into waste stream and not
recovered Solubilities can be obtained or anticipated from literature data an

anticipated from parameters of hydrophilicity lipophihcity arid the presence
absence of ionizable funcrional groups

To generate high-quality reaction products after work-up one should exploi

al phase separations both liquid-liquid and solid-liquid Insoluble impurities in

rich extract can inhibit the subsequent crystallization of the reaction product or

become occluded in the product crystals isial amounts of solids may
removed by polish filtration Section 11.1 Removing small amounts of ho
uids that separate during extractions an also speed processing overall arid improv
the quality of the isolated reaction product For instance when product
extracted from an aqueous stream using an organic solvent diluting the first rich

extract with the second less concentrated extract may lead to the formation of

small amount of an aqueous phase If this phase contains significant amount of

dissolved impurities the chemist may choose to remove it by simple phase sphi

to preclude carrying these impurities along with the product On the other hand

if this small aqueous phase contains little more than water and if azeotropic con
centration used to dry the extract then splitting off this small phase may nor be

worth the time and effort

TIPS
Eliminate unnecessary operations during work-up Strive for elegance in

siniplicity

Understand and anticipate product stability

Anticipate solubilities of product and reagents

Exploit any phase separation

II ASPECTS OF WORKUP

Various aspects of workups are shown in Table 10.1 and are discussed in the sec
tions below
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ABLF 10 Aspect of Work
ups

Quench

xtr von

c\cnvated crOon treatment

iltrmon

ncei
trating

Solutions and Solvent lisplacement

eionization and Removing Metals

lcstrucnon of Process Streams

lercvatizaoon

Solid Supported Reagents

Quench

quenching reaction reactive components are neutralized thus preventing or

mnsizing degradation of the product or formation of other troublesome by
oducts These components may be unreacted reagents intermediates that lead to

oduct after workup or byproducts of the reaction Diluting reaction will

crease the reaction rate but not stop the reaction unless by dilution the reaction

comes heterogeneous and the reactive components separate Some typical

tenches are shown in Table 10

Several modes are possible for quenching reaction common practice is to

II the quench reagent directly tc the reaction This method rnininiizes the vol

change for the reaction keeping vessel productivity high Adding the quench

agents as solution to the reaction dilutes vessel productivity Often quench

gents are delivered as an aqueous solution which is convenient for subsequent

fraction

Controlling reaction exothernis during quenching may be key to avoiding

composition and may have safety implications For highly reactive reagents

cnching may proceed in stages For instance dissolving metal reductions in

uid ammonia are often quenched by first adding NH4C1 followed by H20
igure 10.1 Iii since quenching with Ho alone often is highly exothermic

nilarly LiA1H4 reactions may be quenched by first adding acetone before

UH
NaO

tBuO
.CH3

NHaC -45
tBuO CHa

NH4C Seq

23 eq
OCHa HCIa

it

added as THF souton 87%
to NaO NH3

FIGURF 11.1 Iissolving metal reduction of an n-niethoxy 13 actani
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adding Ll20 When is used to quench LiAII
14

reaction sc 1ahle 10.2

HC must be added slowly with good agitation to encourage ready dispersion of

the quench reagent and to avoid rapid exotherins aution should be taken when

adding quench to reaction as the situation is analogous to adding acid to

water It may be easier to control an exothermic reaction during quenching by

adding the reaction to stirred solution of the quench reagent The reaction

temperature can be controlled by precooling the quench solution cooling the

quench vessel during the addition and by limiting the addition rate to the

quench solution

To optimize yields it may be preferable to add the reaction mixture to the

quench solution Such inverse quenches or reverse quenches are valuable

when byproducts from quenching are particularly reactive When aqueous

quenches are added to the acetyleruc aldehyde precursors in Figure 102

dirnethylannne is generated which reacts with the desired product By

adding the reaction mixture to aqueous KHPO4 the dimethylamine generated is

quickly neutralized by the excess acid minimizing formation of by-products 24
Another option for this and similar reactions is to combine the reaction and the

quench solution using continuous flow reactor for good control Chapter 13

1.10 nBuLi

THF -40

2ODMF
-40 to HT

NMe
quench into

eq KH2PO4 CHO
equiv

andMTBE/

5C94 THPOTHPO

H20

HNMe2

with H20

CHO

HNMe2

THPO

50o

OHC

THPO

quench wih

quench w4h

\3M
eq HCI

aq AcOH

CHO

ii
THPO

45o 34

NMe24L
THPO0

IGURE ft2 Cptmia quenching ofa reaction using an inverse quench
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Apply the snapshot iaaen tal

to
o
i predict when an inverse

uei

Practical considerations may disallow an inverse quench For the reduction in

Figure 10.1 it was more convenient to add the NH4C1 quench to the reaction in

the pilot plant vessels otherwise additional considerations would have been neces

sary to contain the volatile solvent ammonia while transferring to another vessel

In dedicated facility used for dissolving metal reductions equipment trains

would be designed for an inverse quench if that were advantageous For the

deprotection of the henzhydryl ester Figure 103 the reaction using

F3CCO2H was fluid and the reaction could be quenched either by adding EtOH

to the reaction or by adding the reaction to EtOH In the presence of EtOH the

deprotection was very slow and the product crystallized When this deprotection

was conducted using C13CCO2H the viscous reaction was difficult to transfer

making an inverse quench impractical

TIP The speed of transferring reaction into quench solution may be

important in minimizing byproduct formation Transferring through

larger diameter line may be necessary arid the transfer may be quicker by

pressurizing than by pumping These considerations may be important if

the reaction is sensitive to temperature pH arid time Quenching into

continuous flow reactor may afford the best control

Often many choices are available in neutralizing reaction stream and the pri

mary consideration may he the solubility of the salts formed during neutraliza

tion Solubilities of selected inorganic salts are shown in Table 10.3 For instance

H2N H2N

CH3 F3CCO2H lPhOCH3
CH2CI2

or CI3CCO2H
EIOH --O SO3

OCHPH1 OH

Aziroonam Azactam

FIGURE 10.3 Deprotecmion ofa benzhydryl ester
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many acids would neutralize TNaOIlinediated hydrolysis of an ester sod the

corresponding sodium salts of acids would he foriiied If 0.5 molar equivalents of

concentrated HS04 were used most of the byproduct Na2SO1 might be

expected to precipitate or crystallize due to its relatively low soluhility in HO if

the reaction product is soluble after neutralization removal of Na2SO4 by filtra

tion would decrease the burden of inorganic impurities in the product arid could

ficilitate isolating the product However if the subsequent processing involves

extraction into an organic solvent neutralizing with concentrated HSO might

afford triphasie mixture liquid liquid solid and unnecessarily complicate prm

cessing in that case using an acid that forms byproducts with
greater aqueous

solubilities would be preferred Similarly if the product crystallizes upon aeidifica

don use of concentrated I-IC would be prefer ible over concentrated H2SO as

NaUl has greater solubility in witer than Na2SO4 and NaC1 would be less likely

to contaminate the product crystals

Additional information can be gleaned from Table 10.3 Of the organic acids

listed acetate benzoate citrate and oxalate the sodium salts on molar basis are

less soluble in HO than the corresponding lithium or potassium salts Lithiuni

salts have greater solubilities in alcohol than do the corresponding sodium or

potassium salts and are more likely to be carried over into rich organic extract

han other alkali metal salts The purification burden from residual lithiuni salts

an be significant lithium salts are known psychotropic agents and they need to

controlled at low levels in an API In the dissolving metal reduction involved

in the preparation of cimetidine intermediate the watersoluble product was

solated by extraction into iPrOH for the reduction Na0 was preferred over

i0 as produced from the Li0 reduction was contaminated by higher levels

inorganic salts Figure 10.4 14 Enzymes that are affected by ionic strength

nay be inhibited by dissolved Li salts carried over from workup Figure 10.5

Using reagents that generate sodium or potassiuni salts instead of lithium salts may

be preferred from the standpoint of simplifying workup and purification

LB Extraction

the context of the fine chemicals industries extraction is usually an operation

performed by nnxing two immiscible liquids in order to selectively partition

H3CCO2Ei H3C OH
-b 4NaO NH

4NaC
NHC

PrOH

85c as HC satl

ICURF 10.4 lissolving metal reduction preferred over Lif due to by product

1uhrlrtie
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HO2C
porcine kidney acylase CO2 HO2C

R1NCH3
H2Q base

R1NH3 R1NCH3

FIGURE 10.5 An enzyme inhibited by high iomc strength

solute into one of the liquid phases Liquidsolid extraction may also be carried

out usually to remove compound from biomass The removal of caffeine from

coffee beans by supercritical CO9 is an example of liquidsolid extraction For

the purposes of this discussion liquidliquid extractions will be considered

In most liquidliquid extractions during workups an impurity is extracted

into an aqueous phase while the utnonized product remains in the organic phase

Ionizable products may also he purified by extractive workups Purification of an

amine may be effected by extraction into an acidic aqueous phase to remove

acidic and neutral impurities followed by basification of the rich aqueous extract

and extraction into an organic solvent An acidic product may be purified by

extraction into basic aqueous phase to remove basic and neutral impurities fol

lowed by acidification of the rich aqueous phase and extraction into an organic

solvent An elegant example of taking advantage of product functional groups

during workup is shown in the isolation of the imipenem intermediate Figure

10.6 which was developed as continuous process

TIP Understand the partitioning of the desired product in each phase

during every stage of the extraction process Collect each spent phase

label the container and store until it is clear that the extract can be dis

carded without losing yield or valuable process history that could be col

lected by analyzing the extract

OH OH

sq N5OH to pH 12

CO2SPr

Ph P0
HN in aqueous phase in

organic phase

HNjp
H3P04

H3C-
lNHO

95%

FIGURE 10.6 Isolation of 0.-keto ester by extraction as the enolate anion
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Water miscibility of solvent is important for workup considcrations Sonic

solvents have such low water solubility that ready phase separations occur when

reactions in this solvent are washed with inorgmic aqueous solutions to remove

nupurities The result is minimal loss of the product to the spent aqueous phase

With watersoluble solvents e.g THF and acetonitrile the presence of either

highly lipophilic or ionic compounds may allow for good phase separation during

aqueous extractions

TIPS To rapidly develop extractions of reactions run in watersoluble sol

vents THE and acetonitrile first try waslnng reaction aliquots on

testtube scale Note any phase separation the presence of any emulsions

that take significant amount of time to separate and any losses to the

aqueous phase If problems arise inorganic salts may be added to the mix

ture in order to salt out the organic product into the organic phase

Effective phase splits may occur if there is less of the organic solvent pre

sent i.e if the reaction were run more concentrated cosolvent such as

EtOAc or PhCH3 may be added to improve the partitition coefficients of

the product in the organic and aqueous phases thus eliminating emulsions

As last resort replace the reaction solvent with higherboiling more

waterimmiscible solvent and reexamine extractions

Buffered solutions can also be used for work-up essentially as described in

Figure 10 By using properly buffered solution there is no need to adjust the

pH which can speed processing Bufibred solutions are used to remove NH3 and

other compounds drawback of using buffers is the increased amount of inor

ganic waste

Mininsizing the number of extractions and total extraction volume is impor

tant in streamlining processing and inamtaimng good productivihl If many extrac

tons and large volumes of solvents are necessary another solvent or solvent

ombination may he substituted for more efficient operations If the extraction

oefficient is known for the solute and the two solvents the volume of the second

and subsequent washes can be calculatvd For instance if 90 of the product is

removed from the aqueous phase with the first organic extraction then second

extraction with somewhat more than 100 of the original solvent volume may

suffice for efficient extractiOn of the remaining solute Experinientation is neces

iry to determine the ininial extractions that are practical

Usually extractions ate carried out at room temperature primarily for conve

sience extractions at higher temperatures may allow for smaller solvent volumes

to be used due to the increased solubility of compounds at higher temperatures

In the isolation of the phosphinyl carboxylic acid extractions were carried out
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TMSCt HMDS

002H
CH3CN 750 CO2H

H20

3.MBK
82%

Ph 1.H20 EIOH Ph
2.05 BnBr 65

hOH 3K2003 OH
2.heptane

9500

FIGURE 11.7 ftc actionS onve mci ely worked up cxtr ctioils at higher tenipc Itures

at 30 35C to mimmi7e solvent usage Figure 11 as expected slightly elm
vated levels of HO were found in the warm extracts In the icralation of the

amino alcohol Figure 107 extractions were conducted around 65C and the

product crystallized from the cooled extract

When there is no alternative to employing multiple extractions chemical

engineering approaches may afford more efficient operations in pilot plant or

manufacturing facility Many of these extractors are countercurrent devices
such as the Karr reciprocating plate tower in which the light phase is continually
fed into the bottom of the extractor while the heavy phase is fed into the top of

thc extractor

Extractions may be introduced into worLup to provide for greater safety in

operations For instance unreacted 14dihromobutane was conveniently removed

by heptane extraction of an aqueous phase containing the intermediate lithium

carboxylate Figure 10 lJWithout this step the lachrymator 14dibromobu
tane bp 6365C/6 nirn was ineffectively removed On scale this compound
would have been very irritating to personnel especially those removing the prod
uct from dryer

1.LOiBu
Ar CO2H Ar 002 Li

ArH Br
Br

2.H20

heptane

ArH
Br

Ar Br Br

aqueous phase
organic phase

PIE URF Extricrive re novi of nan vi akylitmg rcancnt
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An aqueous solvent is not neeess iry for liquid hquid extiaetions Many game

dvents and solvent omhniations are insoluble property that forms the isis for

untercs rrent hronvitogrsphy 12 Solvnt sirs are drawn from hpophilic

vent such as heptane tolueiie and 1Cl and hydrophilie solvents such is

eOH EtOFI ethylene glycol md acetonitrile 114 Water acetone and

tic acid may be added as cosolvents In principle this approach may he effective

separating organic conipounds of different p01 mrity such as Ph PO and

ophilic olefin the products from Wittig reaction

Activated Carbon Treatment

amounts of polar impuritie can contaminate crystallized products and very

ii amounts of unpurities can he responsible for producing intensely colored

ducts Polar impurities can be removed by stirring solution of the product

l2 wto of activated carbon relative to the solute adsorbing these impurities

the finely divided solids Impurities are trapped in the pores of the activated

ihon by van der Waals attractive forces There are three categories of pore si7es

roporous 000 110000 niesoporous 100 1000 and microporous

100 A.Viscous solvents slow the penetration of molecules into the pores

polar solvents are generally more effective thin nonpolar solvents for treat-

119 filter aid Section 11.1 is often tised to avoid slow filtrations in

ioving activated carbon After filtration the filtrate is processed to the product

TIPS
Adsorption of molecule to activated carbon may change the pH of the

resulting filtrate

Adsorption to activated carbon is based on equilibria Short contact

times decrease the efficiency of inspurity adsorption

Perforiiiance of activated carbons can vary greatly

etivated carbon treauiient can cause 2ifficuities in cleaning oquipmcnt thi

sly divided solid is moderately electrostatic and tends to adhere to almost every

fi it contacts No solvent effectively dissolves charcoal although vessels may

leaned by boihi ty out Ivith aqueous NaOII For this reason activated carbon

tnient sin lsrge scale often liniited to dedicated vessels Solutions may also he

ed through iiiliiie filt rs containing granular spherical or pelletized activats

Oii 1201 these filters retain the activated carbon and avoid many of the elesii

ssues
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ILD Filtration

Pine particles often plug filter pores slowing or stoppmg filtration blinding th

biter Fine particles result from rapid crystallization or precipitation or from th5

presence of lowmolecular polymers dust dirt or other impurities To enhance

filtration rates increase the surface area of the filter and or the filtration mediun

The latter is effected by filtration through filter aids such as diatomaceous earth

HyfloR Kieselguhr CeliteC which creates niore binding sites for impurities and

allows niore channels for filtrate to pass through hese filter aids may be apphec

as bed to the surface of the filter paper or cloth or may be added to the stirred

solution prior to filtration

Polish filtration is filtration to remove very small aniount of insoluble

impurities usually just prior to crystallization There arc several disadvantages to

leaving these impurities in crystallization process besides decreasing the purity

of the isolated product they may provide surfaces that encourage the co

crystallization of inipuriries in the product or the crystallization of an undesireu

crystal polymorph On scale polish filtration is often carried out by passing

solution through an in..-line filter Polish filtration may be considered
part of

good housekeeping

Other filtration processes niay he used primarily on scale and in manufactur

ing operations Ultrafiltration through membranes removes proteins and

other large molecules from solution Microfiltration through variety of ceramic

or polymeric filters is used to retain soluble proteins and bacteria thus removing

pyrogenic proteins and sterilizing solutions without heat Effective microfiltration

is critical for the formulation of drugs to be delivered by injection

IIE Concentrating Solutions and Solvent Displacement

Reaction mixtures may be concentrated to facilitate workup or to prepare

solution for crystallization Prior to extractions watermiscible reaction solvent

may be exchanged for solvent that dissolves less H20 Water and other impuri

ties may be removed by azeotropic distillation or co-distillation Chapter Con
centration is often performed under reduced pressure as atmospheric distillations

take longer and subject the product to greater heat and mcrease the chances for

decomposition

TIP The effects of etended heating on scale can be modeled in the lab

by subjecting the reaction to the concentration temperature for the time

anticipated as necessary to reach the desired volumes Prolonged heating

may lead to decomposition
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solvent may be conveniently displaced with higherboiling solvent sol

vent chasing by concentrating to small volume of mobile solution or ins

pension then adding the higherboiling solvent and continuing concentration

process generates mixed solvent condensate and the solvents may need to

he separated for recovery and reuse

ILF Deionization and Removing Metals

With the increasing use of metal catalysis renioving metals from an API has

assumed great importance Some syntheses have been redesigned because of the

difficulty of reducing thi concentration of residual metals to less than 20 ppm in

the final product The metal catalyzed transformation may be moved several

steps away froni the final step in anticipation that through purification of subse

quent intermediates the leveb of metal ions in the API will pass specifications

There are several direct approaches to removing metals see Table 10.4 Solid

metal salts and coniplexes may be removed by filtration Pretreatment with acti

vated carbon and or filter aids may he necessary Metal salts may be extracted into

an aqueous phase under acidic conditions by using chelating agents or by adding

hydroxy acids The extractive approach may not work well to remove metals such

as palladium which form complexes with unsaturated compounds 231 Ion

mchange resins and polystyrenesupported hgands can he used to absorb metal

ions Metal salts may he precipitated by adjusting aqueous solutions to basic pH
or by the addition of flocculating agents

such as 246strimercaptotriazine

TMT Recrystallization may be key in reducing the levels of residual met

als.The development of methods to remove metals will continue to be important

ILG Destruction of Process Streams

Reactive process streams should be neutralized in timely manner to permit con

cientious disposal and to avoid safety problems All streams that have not been

effectively neutralized should be considered potentially hazardous and the hazard

hould he assessed perhaps in safety laboratory before storage

salient example of nut anticipating the reactivity of process streams occurred

upon storage of distillate containing prinlarily EtOAc and SOd2
nuxed distillate was stored in drums used to ship the SOCI reagent based on the

theory that diluting the SOCl with solvent would not make the waste streams

more dangerous for storage
in the commercial drums The drums ruptured vio

ntly due to the exothrmic reaction of zinc metal EtOAc and S0Cl2 together

Any two of these components are relatively stable cracked drum liners may have

xposed the metallic zinc in the galvanized drum



218 it iArorb

FABLE It lrratrncnrs IF Is of VI ito rrrints

itnici

VI II VI 41 IV his Ic ii Pr rtitron

Act ited carbon VIsor pt or arbori

lcsm Pc poo Ni

inc itl icr
ip

rime

10 ore pirredli cs Sc orptior rcsli

Ncr Ic id xtrac tion into ii rico is ph

11 it
ps

ridn or ac NH Lotiai oii nto queo

Al lii rr ii to ii aus ph

ii

II P211 VI 11 Irclrt Extrar tin

fm rercaptoti inc cc pitacli

Pd Stab be 11d in org nic

solntons for cillizarion

of produc

IV icr id Pr pit icion

ai oct blent ics ito ide to ngc Pro ft ant iror cs ibog No oTher

141 3990

Sir nles bier bocbr.riie Fiarpc Al oh firm ri 1999 /061 65

PcI iii re rirs art mail Pie frc iii If ca 14 Labor icor cs nid atb sc pp crc

inniani ftc nolds Fox IN icr pen lairt mom ii thioe biers
S3

itbcsis HgII

cxci cii air St iclic isos dna row pohs ocr hon onrirnir 1998 o2 arid rcrc rc iccs therein

cxii drato met -S ppor cr1 ftc iris App catir to Scp it it ia

Sciericc /iar
rct

/iiri Nc 1996 15 633

tScdcrgr Ar derson cr or Watt oxnrratioi re icciori Th 398 1387 to

ft Squibb Sc
is

Fits sir VI Ri afoot fin 013 Oil Spit/ri
Vol Its is Ycr 1967 963

tWn Sic inrri VI Tim miii Ncr Loot VI Sc Ii icts Amincr

iob sed iii etric 53 rtlrcse of ised nz rieprne Select se 11 flop rniinc ftc cptor

OrF l9rrcr .i Ri Hi 1997 31
if oiiss as lob lair Jorrc it tics ft.- Willi airisoii Se cc ti i4

id
sing

he1 it

9i4 Aft ii
f/rem /113 1999 /06 86

ftosso V.R Ii Berior Pj osoJ.A Mod Rcsosdci Scd cmi

SIr
psori

11 Sirs 41.3 Aid or Ni err at of bOlt rr .ri fr frr
Ileac tror liii icr optoct raz rid 033 Pro ro Ar rr 1997 .311 VI is pcnsm rid med or

nrc iricipal so ter ii nor nt facilities

tLarscn 14 Kir pA 0.31cr rl H. loser 13 Rd
crrs

rebcm

nan 14 14 nicr ft Isc ci hccseir 14 ftdem P3 lrpY ISo so p1

Brooke .A Mc oar Moorc ft. Air cit ft. hci it Ssrrihesr of rmtan Noripepridc

Angiotcnsrri II 14cc cptor MicRo st 013 Ii iii 1994 59 639

ioY nisor ft VI Kbcin her VI Ko S.Y Mas nra rile SIr mp ss rtalytrc Asyrar

rut trrc porcicl ira nrd Ku iRe ftc dirt on VI or rfrcil Pro ed res Including to errs if za ora

lrri lii no Src 1987 /09 37a



Aspects of Work up 219

NaBH4 H2S04 OH

NH2 THF
H3CS

NH2

PhCHO 1.0 eq.f CHCC

OH 4MHC fOH
CS

10

NH2 HO
73c H3CS H3OS

12

HN

OH OH2
OH2OHMgBr

OH1
OuBr DM5

HO C5H1 HO

OH

05H

13
OH2

1314 21 14

NaO

OH OH2
HO 05H11 HC5H11

13
OH2 15

60c

HGURE 10.9 Work ups eased by derivatiaation or further reaction

Derivatization

iterniediates may be derivatized to ease work-up Often polar groups are deriva

ized and converted to less polar functionalities to facilitate extractions The

atersoluble amino diol 10 was reacted with benzaldehyde to form mixture of

he aldimine 11 and the oxazolines 12 Figure 10 9a which were more readily

ctracted into organic solvents Deprotection readily regenerated 10 Treat

ent of aldehydes and ketones with NaHSO3 generates water-soluble adducts

at can be useful in work-ups To ease purification of the 13diol 13 the

linor diol impurity 14 was oxidized to the aldehyde 15 by treatment ith

NalO4 Figure 109b Derivatization and deprotection require time to opti

ize each step and the benefits of derivatization should be assessed before signifi

ant time is invested

LI So1idsupported Reagnts

he number of solid-supported reagents
has grown with the growth of solid

upported chemistry Many reagents have been developed to ease the work up

itid isolation by selectively fishing out products and impurities F28 30
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mere ised demand for such reagents should decrease the cost Smart polymers

which undergo reversible changes under the influence of pH temperature ionic

strength and other factors are used for the nolation of biotechnology products

Growth will be seen in this relatively new field
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Column Chromatography

Crystallization and Reslurrying

INTRO1UCI ION

Ihe chemist has many options for puriing and isolating intermediates sod final

products he operations preferred on scale differ from those routinely used in the

laboratory as dficussed in Chapter Deferred purification by telescoping should

ot be overlooked as productivityboosting option Purification may include

vtractions and polish filtration performed as part
of work up haptcr 10 and

ibsequent chroniatography crystallization and or reslurrymg Liquid products

ay
be purified and isolated by distillation onsideriiig the drawbacks of chro

matography on scale chroinatographic purifications are generally used only when

reaction optimization arid noncliroinatographic means of purification prove

insdcquate to prepare high quality product Distillation on scale usually requires

specialized equipment and is limited to relatively low molecular weight corn

pounds that do not deconipose during heating

Isolation of solid intermediates and final product is often achieved by crystah

zation Intermediates may be upgraded by crystallization decreasing the burden

on the purification of the final product Under controlled omidmtioiis crystalliza

ion generally provides the best purification of product and it may he esscnti ml

Tools for Purifying the Product

223
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for preparing API of the desired purity md polymorphic state As ciystallization
on scale can be laborinteissive and equipnientiiitensive care must be taken to

institute rugged crystallization process
he following sections discuss chromatography on scale first as compounds

are usually crystallized after chroinatographic purification The theory of crystal
lization is describsd followed by discussion on morphie states and salt seleetion

Guidelines are presented to predict how readily crystallization and isolation

process can be performed on scale ips on washing filter cake and drying are

followed by description of reslurrying as an optional alternative to recrystallizing
solid

II PURIFICATION BY COlUMN CHROMATOGRAPHY

Colunin chromatography may be used for purification of compounds in the kilo

lab and on larger scale For the kilo lab widediameter columns such as those
described by Still for flash chromatography fl are preferred PLC can be used to

select preparative chroniatographic eluant for flash chromatography and chro
niatographic separations can also be examined on small scale before valuable

material is coinniitted to largescale chromatography

TIPS

The key in efficiently ufing column chromatography is to develop

chronsatograplsic system that niaximizes the differences in elution times
between thc desired product snd the impurities The optimal separition
occurs when the

inipuritics do not niove from the origin and the prod
uct has good mobility moves half-way up the plate Under
these conditions the solid phsse is used as an absorbent and small

amount of solvent can hc uscd to separate the product from thc impuri
ties

To speed chromatographic operations pressurize chromatography col
umn with an inert gas or apply suction to the collection side of the col
unin Presstire from in inert gas should be applied with care and apply

ing suction is sifer

Large-scale chromatography units arc commercially available for prep ir
ative purifications

Prep mrative chromatography should always be carried out in wellventi
lated areas When using large amounts of elcctrostac solvents

hcxane care should be taken to ground equipnacnt and prevent fires due
to electrostatic discharge Heptane is safer than hexanc see Table

ft



Purification by olumn hroniatography 225

simpler alternative to conventional chromatography is to treat crude

tract with stationary phase e.g silica gel in batch mode Solids can be

moved by filtrition and the product recovered by washing the filter cake and

vocessing the filtrates In an early process solution of crude Figure 11.1 in

ifiCl was stirred with silica gel at room temperature and the solids were

rt nioved by filtration The triol impurity was adsorbed to the silica gel and

lie efficiency of absorption from the solution was correlated to the grade of silica

ci used Many criteria were examined including pore size particle mesh size p1-i

if aqueous suspensions of the bulk adsorbent surface area and mean particle size

he larger pore size in effective batches of silica gel was suggested to be the key

niterion probably because the impurity could penetrate and be adsorbed to the

flids With chromatography in batch mode impurities that are significantly dif

rent from the product may be removed Selection of solvents is key

Preparative chromatography has been used for the purification of many fine

hemicals and bulk chemicals To achieve high productivity preparative

l-IPLC is employed for good resolution of analytes and high flow rates Traditional

atch chromatography with one imection and one column is operationally sim

ole but capacity and productivity may be limited Demonstrated techniques to

increase the productivity of preparative chromatography include repetitive chro

matography repeated injections recycling chromatography recycling the eluant

hrough the column to increase the separation between peaks and simulated

1ovirig bed chromatography SMB chroniatography columns in series linked in

ircular manner 16
SMB has proved very versatile SMB was developed for rugged use on large

cale producing up to 500000 tons per year of pxylene Fructose and sucrose

ave been separated by SMB since the 1960s For process development and man
factoring in the pharmaceutical and fine chemical industries the productivity

nd separation costs of SMB can he superior to those of oneinjection hatch

hromatography SMB has also been used at early stages of development

nantiomers were separated using chiral stationary bed resolving 125

er day of racemic nurture that was difficult to separate by crystallization

aboratory unit for SMB has been described

sizable financial outlay may be necessary to purchase chromatography

quipment for use on scale Equipment expenses for SMB are greater than for tra

litional chromatography due to the need to purchase multiple pumps and control

fl
2-Propaned

NHNH H20 52 /95

HC

IGURF 11 Punticat on by Silica Gel Ire inilenn in tch Mode
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equipment Often sirnrficant expense is Hr the columns and specifically for th

solid support in the coluiniis lural stationary phases may be extremely expen

sive while zeolites and resins contribute only marginally to overall cost Small

particles with relatively arrow size distributions usually afford the highest loading

and best chroinatograpliic resolution Pore volumes may be key considerations

111 Since small particles provide high bacimpressures at high flow rates such as

hters/niin particle size flow rate and system pressure must all be considerec

for efficient operations Reconditioning and reusing the stationary phase is neces

sary to minimize operatmg costs

When column chromatography used on scale in the pharmaceutical indus

try It is usually for the purification of potent molecules that have high value per

gran lansferring active ingredients dissolved in solutions can be much safer than

transferri ig solids due to the danger of generating aimborne particulate solids

When multiple isolation and drying steps can he eliminated chromitography may
be an attractive alternative for the purification of highly potent molecules For

instance in the preparation of pergobde mesylate chrornatographic porification

increased the safety of operations and greatly incrcased productivity Figure 11.2

ll3J First the methylthiomethyl ether impurity was removed by adsorption

to HP.2Oss resin using radial chromatography HP 2Oss resin is high

porosity copolymer of styrene and divinylbenzene which adsorbs hydrophobic

compounds Reverse.-phase chromatography was not practical in removing impu

rities and as pergolide was not retained at low ph where it displayed reasom

able solubility At higher p11 values the reduced pergolide solubihty would have

required significantly reduced column loading After radial chromatography

through F1P2Oss resin preparative ITPLC using silica gel columns was used to

remove arid with maximum loading of 25 of pergolide per run

11 CRYSTALLIZATION

Productivity considerations largely define good crystallization good crystaL

hzation process reliably provides high-.quality product with suitably low levels

impurities lie process should be optimized to provide the greatest possible yield

JcH3
SCH

/CHa
CH3 OH3

Porgoide

OH

CH3

FIGURE 1.2
Iripurimics in Pergohde Removed bvI idein or mamogmaphy
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first crop nnniinizing the nced to devote personnel tune to isolating second

rop.l he process should be flexiblc enough to allow the use of many types of dif

crent filters and dryers Key physical parameters should he identified to show for

idy scale-up Extended operations such as aging of crystal slurries may he

developcd to cont ol crystal size and quality Knowing the amount of time needed

or extcnded operations is important in order to optimize the use of scale up

luipnsent Safety considerations are key particularly in the selection of solvents

nd during the transfer of potent biologically active compounds

In the pharmaceutical industry most solid compounds are crystallized in hatch

operations thc crystalline product is isolated at the end of the operating cycle

Many hulk chemicals such as table sugar are prepared through continuous process

which the product is collected throughout the crystallization cycle Batch

crystallization produces narrower range of particle size and may afford better

control for the efficient crystallization of molecules from complex niixturc

Suspensions are stirred during crystallizations on scale This is in contrast to the

echnique taught in undergraduate chemistry labs Without stirring crystals

nay form thick crust at the surface where cooling occurs This process called

fouling can slow further cooling of the batch Transferring such encrusted

product to filter may he difficult resulting ni reduced yields Stirring evenly dis

ributes crystals arid promotes good crystal growth ack of agitation can lead to

oroblem with crystal slurries of dense solids once the agitator has stopped and

solids settle over the impeller it may he very difficult to resume agitition

TIP As an example of crystilhzation conditions to avoid consider crys

tallization from dnsopropyl ether during storage in laboratory freezer

20C no agitation over weekendh

lILA Crystallization Theory and Crystallization Pressures

Crystal formation occurs as molecules are regularly arranged within repeating

lint cells of the crystalline solid with compounds unlike those in the unit cell

vLing excluded Through this ordering and lectmon prumn porificatioii occur

xcellent texts are available to provide the reader detailed discussions on crystal

hization 17
Controlling the crystallization pressure

is essential for both purification by

.rystalhization and for efflcient operations on scale By adjusting solution condi

ions to decrease the solubility of the product within the nietastable zone the

iesired molecules can be pressured to come out of solution and crystallize Figure

11.3 Gradual cooling without seedmg leads to one nucleation event and the
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Ii

lncreasng

g/m

ncreasng temperature

lncreasng crystaffization pressure

FIGURE 11.3 Effects of Crystalhzanon Pressure

formation of relatively small crystals Path Slowly applying the crystallization

pressure path can produce large crystals depending on the size arid number of

seeds If the crystallization pressure is too great path supersaturation occurs

and molecules may he forced out of solution too quickly as small crystalline solids

noncrystalline precipitates or oils Sometimes cloud point is noted from the

formation of oil droplets or tiny crystals While small crystals may be of high quali

ty extended filtration times may result as the solids begin to plug the pores of fil

ter media Precipitation rarely brings about significant purification of the product

moreover precipitates are usually illdefined small particles that can plug the pores

of filter media and halt filtration The formation of oil droplets may be venfied by

light microscopy examination Oils are difficult to displace from flter cake by

washing Oils tend to foul filters slowing filtration rates and they occlude impuri

ties in the isolated product Conditions that produce oiling and precipitation

should be avoided Seed crystals are added to solutions of compounds adjusted to

the metastable conditions in order to prompt good crystal growth

The importance ofavoiding excessive crystallization pressure is shown with

the crystallization of the phosphinyl acetic acid Figure 11.4 In the initial

process was crystallized from an aqueous solution which led to the formation

of an oil dispersion then crystalline suspension process provided high-

zone

rapd nudeaflon

posslale oil formafion

nuceaflon

curvet

on
curve
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OSMe3

OSiMe Cl

C
O

2
S

iM
e
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_________ CO2SiMe3

OSiMe3
ClSMe3

uality material at the beginning of the manufacturing campaign However over

in extended campaign the process did not prove rugged enough giving rise to

colored product of lower quality that did not convert readily to the subsequent

ntermnediate The lowquality batches were largely caused by the inability to dis

place the oil from the wet cake by routine washing The aqueous crystallization

was judged too difficult to control on scale Crystallization of from MIBK as

outlined in Figure 11 .4 however gave rugged process In the MIBK process

rystallization pressures were applied by cooling concentrated solution of

Thus it was essential to change the solvent in order to control the crystallization

ressure which then allowed facile isolation of high-quality product

orrd iable crystallization crystallize ner
brit not at the cloud point

There are many ways to apply crystallization pressure The niost common way is to

ool warmed solution Figure 11.3 Loewenthal discussion on solvents for lahora

ory recrystallization may halp guide the selection of solvents for scaleup operations

20 and systeniatic approach to crystallization by cooling is available Increasing

the concentration of stilution i.e decreasing the volume of solvent is frequently

tscd as crystallization pressure slow evaporation is often used to form crystals suit

ible for single crystal Xray analysis 22 Another common method of applying crys

Ilization pressure is to increase the amount of antisolvent charged Figure 11

PH
OH

OH

Me3SOSiMe3 NH4CI

TMSCI HMOS

CO2H
CH3CN 75

CO2H
H20

MIBK Wortyyiafizaiion
Oistffl off CH3CN and Me3SiOSiMe3
Exiraci conceniraie wiih MI8K portions

Wash combined MIBK extracts wiih 20
Conceniraie to afford H20 0.5c by KF
Adjust volume with fresh MIBK

Cool to 70 seed with

Hold 30 mm for crystal growth

Cool toO-S
Hold sb -5 for hr filter and wash

FIGUP...E 11.4
Crystallization

of Phosphinyl Acetic Acid from MIBK
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Increa ing th it nic strei gth lution applies etystdlization pr ssure Figtire

shows the decreasing solubihty of in H0 as NaJ is added
Increasing

the ionic strength of solution sunilarly decreases the solubiligi of organic com
pounds cntrolli ig the p1 of solution is another way of applying crystallization

pressure as shown in Figure 11 for zwitteriomc internally neutralized compounds
such as amino acids nsinimal solubility is found at the isoelectric point hese tech

niques and combinations of them are used on scale to crystallize products

As
cryst illization begins two processes are underway crystal nucleation and tht

growth of existing crystals With excessive nucleation niany sniall crystals form

Often solution is seeded to provide suid%ces on which solutes can crystallize thus

encouraging groth of the crystals present and discouraging nucl ation With
crys

tallizatioris controlled by cooling seeds may be added to saturited solution the

solution is held at that temperature for short time e.g 30 minutes to initiate

good crystal growth Occasionally gradual cooling is preferred over steguwise

cooling protoc oL Then the suspension is gradually cooled to an optimal tempera
ture arid optionally aged before the product is isolated by hitration and washing

How quickly slurry can be cooled for rugged crystallization is determined by

experimentation slow cooling was key for the crystallization in Figure 11 11 hut

was not essential for the example in Figure These guidelines are used to pre

pare relatively large crystals of high quality with gentle crystallization pressure

being applied throughout the process to avoid the formation of small crystals

Guidelines for effectuig thermal crystallization are shown in Table 111 Similar

considerations apply for crystallizations driven by other crystallization pressures

Solubility of Oxygen in Water as

Function of Dissolved NaCI

18

16

ci 14

12

10

ci

Water

0.85 NaCI

2.78 NaCl

5.09 NaCI

10 20 30 40 50 60

Temperature

FIGURE 11 Solubiht3 of xvgcu 10 Witer is too 000 of NaC1 luceotratloll

Ahstrsctcd ss tO per nissioi fiooi hid ii hi in Pr us Dr Dir 1980 19 301 opsri8ht 198

Americ ui Cheioic ii Society
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.lnwater
InlMNaCl
ln3MNaCl

039

pH

FIGURF 11.6 Soluhdiry Ionic hie Compounds is Function of pH

utracted with permission lion /1cm Imp Data 1996 41 414 opyryha 996 American hun

Sociep

TIPS
Seed crystals can be used to define nietastahie zone If seed crystals dis

solve after being added to solution saturation conditions have not

been achieved If the addition of seeds leads to the formation of an oil

dispersion supersaturation conditions were reached

Monitor the aging progress by quarititating the amount of product dis

solved in the supernatant An aliquot can he quickly centrifuged or filtered

and portion of the superliatant or filtrate can be analyzed by HPI

Seed crystals niay be added to provide template for formation of the desired

ystal form and crystal size Typical hatches of piclamilast Figurc 11 from

icontrolled crystallizations were needles in the size range of O2OUO pm
loch needed to be rnicrqnized for administration by inhalation The desired

vs als were 0/ im bug with narrow size distribution Controlled seeding

wto of seeds jnn long from inicronization reproducibly gave crystals

the desired size using the equation in Figure 11 1241

70

60

50

40

20

lOll 21314
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TABI 11 Guidelines for Effbcting lici mally ontrollcd rystsllization

ldcl ch ractcrsuc

Solve nt nontoxic safe for

sc sic
Lip nour acuve

with product

Product soluhil ty in sol znt

ii 25 in hot solvent

0.05 in cold sc Ivent

Se cling produces desired

rystals

ooliny produces desired

crystal form purity and

particle ize

Consistent yield is obtained

with majority of product

isolated in one crop

Consistent quality
of

product ohtained

Problems if ideal characteristic not hiec.d

Ap roaches to iddrcss probleni on scale

Yields wi decrease on sc ile if reactive solv ntis used safety and

toxicity concerns prompt iddiuonal handnng consiclcranous md

testing

Solution develop process with atiother solvent

thth higher soluhihties ni cold solvei
preater

losses to niother liquor

and reduced isolated yields

Solution idd small amounts of antisolvent as cosolvent e.g
add HO

to EtOH recrystallization or substitute similar sols cot e.g iPrOH

for LtOH
neontrolled crystallization may produce small

crysta prhaps low

quality product

Solution investigate seeding in metastable zone Exanunation by

optical microscope may be lielpful.To control crystal growth it may

be uceessary tu remove dust from seed crystals by reslurrying

Rapid cooling may lead to formation of kuietic polyniorph small

crystals lowquality product

Solution controlled temperature gradient coeild be
step

wise or

ramped cooling or combinatioii

Inconsistent yields may produce suboptinial results on scale Need to

isolate second crop reduces productivity

Solution examine effect of temperature on solubility profile isolation

at colder temperatures e.g 30 nisy be practical determine if

proeleict is lost to niother liquor or wash filtrates check for impurity

formation duting crystallization change crystallizanor solvent

Inconsistent yields may produce suboptiinal results on scale

Solution check for unpurity forniation durmg crystallization

optini re rrystalli7ation and or washing protocol change

crystallization solvent

H3CO

OGlJJ

Piclamilast

mass mats size of seeds

of seeds of crystals
\size

of
crYstals

needles

plates

cubes or spheres

ipor naore detailed approach to crystallization see Thonapsori R.R in Process Chcsr

istry iii the Pharmaceutical Industry Gadamasetti Ed Marcel Dekker NewYork 1999 pp 371 388

1Berinett Fentunan Growth Rate of Sucrose Crystals Related to Krypton Surfice

of Seeds In Induatrmd
Crystallization

Ehe Institute of Chemical Engineers london U.K 1969

pp 217 276

For exaniple see Maeiragis M.A lipton Fvaluanon and ScaleUp of the Sy

thesis of the Pyrrolopyrimidines 101033E and 1040671 Or Process Rca Den 1997 39 44

FIGURE 11.7 Piclimilast and
Eqeiation

Used for Controlled Seeding
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TIP Seeding may he used at the beginning of scale up campaign hut

may not be nec essiry in the iter st iges of the unpaign Adventitious

seeding ay occur by crystals present in the processing eqmpmeut

rystallization pressure may be applied by diluting solution of the product

ith an antisolvent Antisolvcnts are generally selected from those solvents that are

suseible with the solvent fitcr may he good antisolvent for compounds readily

oluble in EtOH heptane niay be good solvent for compounds read ly soluble

ii LtOAc Supersaturation can he quickly reached when an ntiso vent is added

solution leading to the formation of oils and poor crystallization Oil fornia

tion may he noted at the entry pouit of the antisolvent to the solution md can he

uiuiimized by adding antisolvents slowly

TIPS
Addition of antisolvent often leads to transient oiling at the point of

addition Add slowly with good agitation to prevent localized oilmg

Inverse addition i.e adding solution of the product to the antisolvent

may be necessary in some eases for preparing acceptable crystals ftapid

crystallization in the antisolvent may eliminate the tendency to oil Con
trol of crystallization may be niore difficLilt to effect with this inverse

mddition

Dissolving compound by heating solution containing an antisolvent may

not be straightforward Warming suspension of product mu solvent antisolvent

irmay not lead to dissolution If dissolution is caused by warming it is prudent to

select solvent and antisolvent with sinmil mr boiling points to avoid preferential loss

of one solvent with heating and difficulties on scale

In the isolation of watersoluble compounds small amounts of water can dis

solve significint amounts of niaterial and have an adverse effect on processing

he pyridmnl rhoxylic acid saas kolatd after admting the pH to the fioele

tric point at which the zwitterion displayed minimal soluhility Figure 11 .8

Water was removed by azeotropic distillation to ficilitate the isolation In the sub

edluent resolution of by formation of the diastereonieric quinine salts water

vas also found to he deleterious as hydrated diastereomerme salts fornmed and gase

no resolution The selective crystalli7ation of the desired salt was driven by the

formation of the iPrOH solvate which crystall zcd foster than the undesired

diastereomeric salt
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500 aq NaOH

OO2Ei
9.3eq PrOH

002
titer oft NaO
3700 aq HC to pH 5.5

MeCH THF
Soka-Foc

PrOH disiS

hexanes

92c
quinine 1.04 eq
iPrOH

002 002

quinineH quinineH

sPrOH

45 9800 cc

FIGURE 11.8 Iso itlon of Water Solub Zwitterion sod Quinnie Salt

Ionic strength and pH were used as crystallization pressures in the isolation of
captopril another water-soluble compound Figure 11.9 When hydrolyses
were conducted in ION NaOH the high ionic strength of the medium mini
mized the amount of that could dissolve almost eliminating formation of thc
disulfide The subsequent addition of concentrated HC1 led to high concen
tration of NaCl and rapid acidifit ation led to oilmg of the product process was
developed to control the crystallization of captopril by gradually adding the con
centrated and cooling the suspension to maximize the yield

Particle size and particle size distribution can be controlled to
great extent by

crystallization using the techniques in Table 11 .2 Small particles are filtered and
washed during isolation more slowly than large crystals Through gradual cooling
very small crystals fines dissolve and crystallize as part of the existing larger crys
tals This process is termed Qatwald

ripening By controlling cooling and other

trystallization pressures it is possible to control crystal size and quality

HaCXS iON NaOH

INS002H 002 Na

cone HCI

OH3
OH3HSN 33NaOI

002H C0H

captopril 91

II URL Isolation of
aptopril front HiphIy Ionic Mcdiuns
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Option nun tent

ding 90 an load to large ci sta so rd tEch ion me irticlc nec di trihution

oling an cC to sm ill cryst

ipid agi anon an Ic iii small ci yst no dig ui0 cii luring roe all Lu ni

shear ng rysts

npinging jet ii pr-idnce small cryst is soith narrow ringe of particlc size

ray drying pro nec sin ill
rys

als or amorphous solids

Impinging jets routinely used in the plastics industry have been used to crys

allize small particles with narrow particle size distribution 281.The iniping

gjet crystallizer is cylindrical chamber with two spray nozzles that enter front

opposite sides of the chamber solution of the material to be crystallized is fed

nto one nozzle and the agent to induce crystallization is fed into the other noz

Ic The smaller the nozzle apertures the faster the velocity of the solutions into

se chamber and the faster the two streams mix and reach uniform environ

ilent In this manner stream of finasteride Figure 11 in AcOH and water

vas fed into one nozzle and stream of water the crystallizing agent was fed

into the other nozzle Crystallized finasteride had an average particle size of

10 15 pna

Spray dryers can produce small crystals through the rapid evaporation of sol

vent This operation can lead to the formation of amorphous solids Spray drying

solutions of abecarnil see Figure 12 produced the least stable polymorph

the B-form crystals The formation of this polymorph was attributed to the

high degree of supersaturation reached during drying

Pr

MILL 11.2 Option foi Ctn rolhni Particlt Sizc APi

dlennett .Making Big Crysta 96cm Lap 1997 113 11 90

tMidler M.jr Paul Whitt ngton Futran in Elsn Pan rystillizi

iii Methol to improv Cr Structure ntl Size tu.S 1314116 994 to Merck

Mec ic Futran M. Kiecey ososki Cu On
Jet rystallizer Appir tns 3.378279

96 to Merck

Kirv an Orelli C.J ryst liLtio of Biological Molccnles In HandS eJ Jndso trial

tallie itian Myerson Pd Bntterwortk HeincIn in Boston 1993 234

EICUIi..L 11.l Finasteride
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TIP
ftecrvstallizing compound several times especially froni the sanie

solvent does not gu irnitee the prep irition of ii iytk shy pure iii iterial

Ineffective recrystalhzations may only irtiallv reduce impurity wels he

crystalliz prodtict may also be solvited or hydrated Analyze products by
at le 1st two mndep ndcnt methods lenient ii analysis spec

troscopy md HPLC in ord to establish purities

IILB Classification of Solids Morphic States

Solid eonipounds can exist in four ni rphrc states polymorphs psuedopoly
ni rphs solvates norphous and desolvated solvates 3S Crystals may dif

fract light under an optical microscope and tisu rOy exhibit iiarrow melting poir

ranges Polymorphs are crystals of the sanme substance that differ ordy in th

arrangement not the composition of molecules in the unit cells Psuedopoly

morpH are crystals of the desired material that include fixed molar ratio of

solvents in the tinit cell th are niore appropriately termed solvates When
molecule is solvated in the unit cell by the crystal forni is termed hydrate
Desolvated solids may form by loss of solvents through heating tinder vacuum or

through exposure to air Ustially some of the crystal structure rem nns aftn

loss of the solvent desolvated solvates often display low bulk density Amorphous
materials have no signifmn nt order on molecular level and do not exhibit dis

rete niLltmng rung
Differences in inorphie states can afibet stability solubility crystal niorplmo1o

hydration and calorimetric behavior The ability to prepare desired polymorph
might be necessary for the formul ition and pharniaceutical acceptability of

conipound The solubility and hence bioavailahility of sonic drugs is affected by

polymorphism 35 When crystal morphology is changed ease of filtratioi

and drying on scale might also lie changed Investigators may resort to extrenic

measures in order to prepare desired polyniorph Tlic importance of tinder

standing how to reliably prepare desired polymorph may not be appreciated
until the adverse effects of in inadvertently formed polyniorph are encountered

Methods to distinguish pobymorghs aw shon mm in Table 113 Byi ug
gests that conihination of methods he used to characterize critical solids two foi

identifying the phase or morphic state and two for securing the composition arid

stoicluonmetry

Polymnorphs arid solvates often form In the case of multiple polymorphs the

thernmodymiamnmcally least stable polymorph often forms fmm st dtmring crystall za

tion as is the case with abecarnil Usually the final product is most thoroughly

investigated due to the processing considerations outlined irlier Polymorphism

ci
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final products is more frequently documented Further details
iy

he found iii

Chapter

fo control processing in the formation of hydrates it is often necessary com
trial the amount 0f watoi proomit duciog the crystallization In the prucoss to

esolve ketoprofen Figure 11 11 80o of water was charged to the reactor

before the resolving igent 10 was added Without F150 present salt formation

began as 10 was being added to the solution of raceinic ketoprofen If moie thati

So H50 was charged the onset of crystalhzation was delayed he desired salt

11 was found to crystallize with about 0.3 equivalents of water and the diasterm

omeric salt of 10 with Rketoprofen was found to contain no in the

crystals 1381

In mop nnetr

ndcsis TG a5

\BL Id dcchimiqtics mstmi gm msh vlorplmit Eciruis

O\St cr liffiattion

olmd State NMR
Si cit Mi NMR

uCuluuuui itngcaplu\

Icnmt imtm inalysms

rI Eisc met titr mtmon

osctlcn density
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HN
OH3 OHa

00 00
HaO

NH3
10 recemo

OH
ketoprofen

Amwe added to 40 souhon of racemc sod

Seeded wih deistereomeric sai held at 40 30 mm
Oooled over to

Held at 30 mm fmltered and washed

FIGURE 11.11 rvstaliizatioii of an Ketoprofcn Salt as the Hcinihydrate

IILC Salt Selection

Salt formation may he key for the efficient purification of ionizable compounds
Various salts can display different solubilitics and tendencies to crystallize an

might possess physicochemical differences that can be exploited for convenie

processing on scale Salt forms of drug candidates are selected for desired stabilit

bioavailability and formulation characteristics Chapter 12 few trends for sat

selection are shown in Table 11.4

Sonic examples of the practical soluhilities of salts of acidic compounds at

shown in Figure 11.12 In the development of OX-Il inhibitor Fujisawa

workers took advantage of the different soluhilities of the potassium and sodiun

IABLE 11 .4 Some Counterion Selections for Salt Formation

fi oinnienis

Cation for crystallizing acidic compounds

Na in crystallize froni

may be witer soluble

siB .N ua extract into and
crystallize lenin organic solvents

aIi crystallize from Usui ly low soiohilitv sinai

particles

Ba II Mgii st illizc from 10 Very ow soluhility small irtic es

iii he bard to filter

Acids for crysta lizing miuies

CH nontoxic

alic toxic uiappropriate for API

occnuc nontoxic

Ma eic beware of
impcirit cs from Michael iddition

cunaric beware of impurities froni Michael adthtion

itric Iiontnxic rd itivei big niolecul ir weight ay
increase

processing urden relative to sni slier acids

Mcthanesci fonic phari saccotically acceptable for API
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MNSO2CH3

CH
12 Na preolptatos

from 13 H2Osoube
OaoIube nBu4N cryatane

H3C- NOH 11 O-NH2
\N

SOaM

Loaartan
14 Na cryatahzod from aq CH3OH

Na H2Oaoube
cryatazea from H2OCFCN

1GURL 1112 Iractic ii

Solubility
of Sel cted alts

salts of an aryl sulfonamide 12 fhe crude sulfonamide was precipitated as the

sodium salt from water for good recovery five equivalents of NaOH were used

to salt out this intermediate and after acidification the unionized sulfonanude

was extracted into CHC12 Inipurities were removed by an aqueous NaHCO3
wash and the product was extracted into aqueous KOH for charcoal treatment

Under these conditions the potassium salt does not precipitate After acidification

the product was isolated from i-PrOH H20 The substituted sulfarnic acid 13 was

found to be watersoluble as the potassium salt and the tetrabutylaininoniuna salt

ould be extracted into and crystallized from organic solvents The similar

sodium sulfamate 14 was crystallized from aqueous methanol Losartan was

soluble in water as the sodium salt and after acidification was crystallized from

H20-CH3CN These examples show that the different solubilities of acidic

compounds and the corresponding salts can be exploited for convenient isolation

Funiaric acid 15 and nialeic acid 16 have been used extensively to prepare

salts of drug substances but chemists should be aware of the reactivity of these

compounds toward amines Michael reactions are expected on aftunsaturated

esters but not generally expected for aft-unsaturated acids such as 15 and 16

Aspartic acid is prepared commercially by the enzymemediated addition of

ammonia to 15 Figure 11 13a During an accelerated stress study of the

drug product from BMS1 80048 funiarate salt 17 the major impurity was iden

tified as the funsarate addudt 18 Figure 1.13b Maleic acid was isomerized

to 15 upon heating 44rbipyridine in 1MF or DMSO Figure 1113c
These data suggest that an equilibrium may exist for 15 and 16 in the presence of

arnines especially in the presence of polar solvents like water Figure 11.1 3d
Equilibrium of drug substance as salts with 15 or 16 might Ic id to instability of
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GO
NH3 aspar ace

HO

15 NH3

SO2NHCF SO NHCH

OCH3 OCH3
HO Nk

NCO
17 18

HO
COH CO2H

COH DMF0rDMSO
COH

CO2H HOC

16 15

COH
HO2C

CO2H NA3 HO2C CO2H
NR3

NA
15 16

FlftU ftE 11 13 keat tront ol urrirric arid tick its ss ith Aruines

the drug substance Other acids such as succinic acid might prove more useful in

the preparation of stable drug products

The crystallinity of compounds often is not as expected and there is no substi

trite for actually crystallizing compound In the generation of the glycine deriv

ative 19 Ugure 11.14 the secondary anunc salt 20 crystallizes md is removed

froni processing by simple filtration 146 The more basic tertiary amine 19

might he expected to bind the HBr and crystallize as the salt but under these

conditions the excess secondary amine crystallizes preferentially as the HBr salt

Predictions of crystallizing ability should always defer to experimental data

Ph Ph Ph
THF

Ph NH
Br CO2fBu

Ph N.CO2tBu Ph NH HBr

2.2 eq 19 20 crystaSzes
from reachori

liRE ryu rzauorr of hr nd.rrs Arrrin Hyde hrorrrrde iii be Presence

Tertiar Air rite
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LD Predicting the Ability to Scale Up Crystallization

rocess by Lab Examination

of operations dcsirsble physical ch iractcristics of crystals can he identi

by considering the steps ne essary fhr transferring the crystallized product

Slurries must readily flow frmn the crystallizer to the filter Relatively sturdy crys
Is san be ret ovcred by filtration using broad selection of filters Fragile crys

which niay ollapsc upon the compression of filtration and blind the filter

ii be readily isolated from more liniited selection of filters Small electrostatic

ystals sy
be difficult to transfsr from the filter to the dryer and from the dryer

the storage containers Guidelines to asssss crystal characteristics and possible

tions for the lessthan iea1 case ire shown in Table 11.5 Scale up operations

may need to he discussed with others in order select the optimal equipnment

filtration and isolation

ILE Washing and Drying Solid Products

Washing wet ike and drying it are operations that apply to solid products from

th crystallization and reslurry operations There are two purposes in applying

vish to product wet cake The most common is to displace impurities adsorbed

mother liquor to the surfaces of solids Ihe composition of the wash solvents

frten similar to that of the solvent used for crystallization in order to avoid pre

ipitating impurities onto the solventwet cake or dissolving the product If air or

nert gases such as arc driwri through the wet cake extensively evaporation of

he solvent may deposit impurities formerly dissolved in the mother liquor onto

lie product crystals Removing such adsorbed impurities requires extended con

tact of the wash with the crystals in order to first dissolve and then displace the

ispunities Hence cakes should not he allowed to dry out before the wash is

applied slow even wash application is important in displacing mother liquor

lie ideal wash volume is l2 volumes of wet cake Usually the temperature of

lie wash is that of the slurry as it was being applied to the filter although wash

another temperature can also be applied The efficiency of the washing opera

on should be monitored by IPC Chapter Guidelines for washing product

shwn in Tahlc 11

Fhe second reason for applying wash to wet cake is to displace the solvent

svith another solvent usually lowerboiling solvent to case drying of the prod

ict In this case it is essential that the solvent ipplis dissolve as little product as

possible Temperature selectmo may be mmportamit

The product is usually removed from the filter when the exit rate of wash

judged to be sufficiently slo or when the amount of residual solvents in the

olvemitwet product has decreased to the desired level The filter cake is
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TABI Ii aho atory an idcrati As es tht Ability to Scale Op
Crystalliiatiori Proctss

Ideal liar ii tcr St

Slurr can or reidily suspendeu by

No oil seen in slurry microscopic

Slurry transfers readily fron tIic flask

When poc red cerv litt kes to

Mother liquor or wish readily

sc spends rein ainnig rtcrial for

transfer to the filter

Go filtration rate alnrost conip cte

removal of mother liquor front

cake in Buchner funnel after no

more than ca mm Por 301 nil

slurry producing filter ike ahot

cm high
Little or no co irpression of solids as

the so vent is removed by filtratior

Filtcr cake does not crack or pull

away from the asal of the funnel

Mother iquor cm he recirculited

throcmgli cake

Wailing tae cake with solvent

removes impurities and does not

disrupt
surfbcc or edges of cake

ake is readily trarsferred froni

fort ccl to drycr

Produ ct does riot nelt down in dryer

or cause fires dcie to residcial

flarnniablc sob cut oi wet cakg

Prude ct is riot hygroscopic

Pr ahlcnm if mdc clcoactei rstrc is riot aclfevcd

Appro lies to idclress problem am scalc

ense solos may be diG cuit to reniovc conip ctely from tic

hotto cm of cryst rllicer coorplic iting
transfer to filter

luxotropi slcm ties arc very drfflccmlt to transfer

Solution increase rgrtatmoo to suspend solids or acId tr

to suspend solids left in dish rystallizer Silt te slurry

with additional solvent Or redevelop process

01
rrray ug filters ow pcratrons and afford

iropcmre

product

Solution dca
lop proc os

crsoig gentler crystallmzatoo

prcsscmre

On scale difficcilt to dislodge solids by cechamircal aeans

Solution
spr iy

itlc wash or filtrates to dslodge

mfficcrlt to naechaimic
ly renaove solids froiri the dish of

vessel

Solution
spray

with wasla or filtratcs tic dislodge

Filtratrons tlaat are slow ira thc lab will he niuch slower on

scale

Solution
grosv larger crystals through better crystallization

control Or rise filters wit
lrrger surfacc area

centrifuge or filter press

If appreciable mipressiori is sc filtrations naay slow as

cake thickraess iracreases

Solution use filters svrtla
large scrrface areas e.g flter

press

Load
ccrrtrifi.rge to small ike thickness

W4shing will be less effective for cakcs tlaat crack arad pull

wiy froicc the filter

Solution load filter
gradually and evenly

Pines that
pass

filter reduce yields

Solution
recycle

filtrate
throingla filter ike collect fires ora

second filter or use filtrates ira strhsequerat batch

Excess solvents may be raeeded to displace rnmpurities

Solution redevelop svasla protoccal Moraitor by llC

Powdery electrostitic or solvcrct wet cakes prohlerraatic

Solution use spe
cr1

liancllimccg ar red velop process if

marc ess cry

qcnfied prcadu ts ire difficult to haradle ocry decoraapose

Solution correlate resrdcial so vent conterat wctness
and dryer terrmperanire to ivoid racclt down

Hygroscrapic st ids will
gain we ghmt

arid
mcray

be chiffiecilt to

trai sfcr rid store

Solution trmnsrhr quick to storage containers marorcitor

crptikc perhaps cc eqcmihmbritc redevelop pruacess
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Prohles is if idc cli ira teristic is no ichicved

Approaches to iddress prohien on 5C sir

If or
gases

are dr nan hrougl lilt cake cv iporanois of

solvent
ay pre ipitate impurities onto crystals

Solution do not allow ii tra ion io drt hltcr ikc heforc

applyng as ash

If wash dots not dissola nipurities as ash may prcci sitate

impurities onto cryst us

Solution st cit snot scr as ish solvc it Monitor

pngres with 1P

Isohited lds icr rsast if wasl disso yes product as th

parti
ii clissol mtmo goo ci ysiahhmnit

and ah
lit

wash

ke soroc ghly arc Ost

Solution select ai other ssh salve at add nail ansoc sat

of antiso vent to as ash lower wash tcnmperature

lecre isco productivity with
larger

volcones of cake wasn

Solution as isIs svitl mere usec volts sacs as needed to

res iove impurities

severs avash applicaton as ill result decreased

efficiency
fos renmov ng impurities frcm itch

Solution slow filtration rate to allosa sv msh to evcnly

spread over cake st iooth filter cake to ren oae ails

cricks and depressions from applying avash

transferred to the dryer for reinosal of residual solvent often under heat Knowing

the interaction of residual solvent content and dryer temperature is essential to

TIP Fo determine the nielUdown temperature for wet cake place

small amount of the wet cake in inciting point tube and heat gradually

IV PURIFICAF EON BY RESLURRYINC

Reslurrying solid can sometimes be an attractive alternative to recrystallization

Reslurrying is analogous tnituration Since attention does not need to be paid

to dissolving and recryallizing the product reslurrying is less labor intensive

than recrystallization Reslurrying can remove inipuritim adsorbed to the surface

of crystals and after suitable contact with solvent the product is isolated by

filtration For example excess rntrobenzyl bromide was removed froni 21 by

ABt Ii .6 undelnacs for Washing Wet aCe on thc Miter

Wis is ipphmed Is crystals are still

we salt other ligrir

fl/ash solvcnt dissolves
nipurmtic

Wi Is soC cnts

on filtcr

di so yes no rodm ic

Was vtac moe is ike yes on Cs

applied in one or two portions

Apply aa ushcs esenly

prevent melt down in the dryer
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reslurrying esidue product at room teniperaturc igure cry
polyniorph an changc through reslurrying as was found by reslurryt

dirithronty in at in water figure In 36 The solids from reslurryji

arc ol ed and Inc as describr in Section 111

jjHON
COCH

ANON
Co Na

HCI to pH 7.3

NO -BnBr 108 eq
Ri 12

extrac8ve work-up
MT8E hexanes

resOrry

91c

21

Crude dsithromyc

HO acetone

40

Dinth omycin acetone

TIPS
Rr slurrying can sot ic times he avoided by simply changing thc svorkup
or cry talltzation pioce dur If rcslnrrytng removes water soluble 1nipu
nt es in duding an aqueous tsh during the work up may eliminate the

nccd to reslurry die product Alternatively the product ay he crystal

lizcd from solvents that dissolvc impurities that would otherwise he

rem tamed by rcslurrying

Recrystallization from hiphasic solvcnt commibinatsons mmiay effective

nBu4NBr
015 eq

NaOH
CH2C

00
NO2

Dr8hrorrycn

70

nihrorr
ye polymorph

metasiaHe

Oir8hromycai poymorph

deseed

Ul 15 mli mtiom Re lurrym up
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Final Product Form and

Impurity Considerations

INTRODUCTION

The greatest financial impact on the cost of drug substance is often found in the

final process of preparing it Product yield physical characteristics and chemical

purity md impurities arc very important for those who manufacture and formu

late the active ingredient into the drug product or dosage form Processes to con

trol the preparation of the drug substance and drug product must be disclosed to

the as p3rt of the NlA If production hatches do not meet the purity and

impurity specifications filed the manufacturer will attempt to upgrade nateriil

by rcwork procedures All rework procedures arc costly because as they consume

drug substance and resources and prevent the preparation of other hatches of drug

suhstaiice The formulation of drug substance is kcyed to critical physical charac

tcrlstics and significant changes in these characteristics may delay formulation and

hence distribution of drug product to customers Impurities that impart unac

eptable taste or snmcll to the formulated product niay lead to loss of sales

249
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revenues Fxtra attention bust nd to develop reliable processes to prep tre the

final product

The majority of medicines today are formulated as tablets Ii Fablets are for
inulatcd rapidly and onoinically and they have high patience compliance Also

many compounds such as aspirin degrade rapidly in solution and are formulated

in solid dosiges to increase stabili 1rug substances that are oils liquids and

solids may be formulated into capsules tablets lyophiles creams or microsuspen
sions Administration may be through ingestion injection topical application

inhalation .nd other routes The reader may consult other texts for discussion of

formulation options 3j Formulations are selected for stability and the ahili to

best deliver the active agent to the affected are of the patient or consumer
To understand important physicocheinical considerations for drug st hstances

brief description of the tabletting process follows The drug substance is mixed
with various excipients riontherapeutic ingredients to prepare powder blend

that is compressed into tablets Often the drug substance is naixed with fillers

hich are added provide tablets of acceptable size aud weight and tablet disin

tegriting agents hen liquid binders are added and the blended wet mass is gran
ulated and dried This process of wet granulation produces granules that flow

readily and are readily compressed into tablets After sieving or screening process

to produce the desired size the gmanules are mixed with lubricants and any
reniaining tablet disintegrants Then the granules are allowed to flow from hop
pers into tabletting dyes There the mixture is compressed by two punches and

ejected from the dye by the bottoni punch

For efficient manufacturing of dosage form consistent distribution of the

drug substance at the required concentration is essential Tb ensure drug potency
there must be tightly controlled distribution within an individual dosage unit
within portions of pharmaceutical hatch to prepare dosage form and from

batch to batch Thorough mixing of solids is necessary for even distribution of

drug substance within tablets and within other dosage forms

/ith final products special handling considrations are necessary to ensure
that the impuri profiles and impurity levels are consistent Non clinic il supplies

such as mateiial prepared for toxicological studies arc usu illy niade under condi

tions of good laboratory practice GLP LP is established by federal regulations

to control the quality of product based on estabhslied protocols Good nianufac

turing practice MP and current good in inufacturing practice cGMP are

guidelines to ensure consistent quality md nitegrity of pharmaceutical products

Though sometimes dreaded in the final analysis cGMP is simply good science

Regulations for LP and cCMP are published in the ode of Pederal Regula
tions md may ilso he found through the FDA web pige 141 Developments for

LP and cC MI change rapidly and will not be discussed here the reader is

referred to the excellent text by Repmc for discussion on the approach to GLP
and cGMP he IDA is the be source of details
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THE IMPORIAN hOE SOul
fAT CHARACTERISTICS

extended stability of dosage form is key consideration in formulating

substance Studies have shown that for analogous compounds with similar

lotion stability the rate of decomposition in the solid state increased as the

elting point decreased 6j Molecules that are part of strong crystalline lattice

which display high melting point are effectively imniobile mininiizing

eractions with reactive molecules and functional groups degradation of

hd materials is faster for impure rystals and those with niechamcal defects 71

Not all drug substances are prepared as crystalline solids Amorphous solids

as nelfinavir niesylate often display increawd solubility and hioavailability

Lyophilized powders which are prepared by freezedrying solutions of the

ug substance niay be crystalline or amorphous before they are reconstituted by

Iding water Whether the form is crystalline or aniorphous the goal is to

rcparc
nicdicine that offer the most benefit to the consumer

Most of the drug substances marketed in solid dosage forms display melting

iints above 150C Compounds melting below 100C may cause tabletting

ifficulties as the compression required typically produces localized temperature

creases of 330C If the formulation mixture sticks to the punches and

yes of the tabletting presses formulations will be slowed ownielting coin

unds may be formulated in capsules to avoid difficulties in formulating as

blets In large.-dosage formulation of tablets abrasive compounds with high

ieltnig points may not compact readily during tabletting and plasiticizers e.g

icel may be added If the crystalline lattice is too strong poor solubility

od hence poor hinavailahility may result The latter consideration may not apply

salts which would be expected to have better solubility in aqueous systems

ban would hig-melting non-ionic compounds Formulating physiologically

five compound that melts below 60 may be viewed as challenge Any

ound that melts below 60C has limited options for formulation and may

mnnstrate lessthan-desired stability For rapid development drug candidates

hould display melting points above 60C The melting point of potential drug

andidate should be one of the first physicochemical characteristics considered

Fo provide material of consistent quality for forniulation it is rim essary to

udy the solid state properties of the drug substance Solid state properties can

ffect the pefformance of the dosage form which includes bmoavailahihty and sta

lity
The FlA requires definitive characterization of drug substance as part

an NIA to ensure continued the substances potency and purity Detailed

quirements for such characterization have not been established The F1As

ipproach is that general guidelines niay not be appropriate to characterize each

nqne individual drug veiy pharmaceutical company filing new drug entity

list convince the FlA of having made the best effort possible
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fur physic ml clur sets nistics of solid druf suf tineS tin profoun effe

on the reproducihihty of for mu itlo yst ii uiorpliology cm rOtc the flow

bility mud mix rbilitv of the drug subst muec and ill cxc ipients or instaus

ne dir like crystals would he xpected to display radically different heh ivior th

cubelike ryst mis ousistent trysts ibit the extern ii sli ipe of tI crystal pm

to le size uid irtsc it size distribution ire ess otial for reproducible formulatioi

Wmtcr us iv he mdded luring thr gr umulation of solids is irt of wet granulation

and thc present of water mud my he it derived from nuxing in iy
lead to ehanpe

in hydr ition state or crystal inorpholoffis
Such eh riics us my riot cause formul

non problems if dir eli mngc in hydr itlori state or tryst
ml morpholos occu

onsistendy throughout tire formul mtion If the drug suhst nice tends to hydra

during fori sulation the hydrated mctmvc ingredient may be the ferret fornm

Crystal msorpholos cm he ontrolled during crystailiza ion for exanmpl

single crystal ray
studies showed tO it acetanilide molecules were mrr nged iii

linear chain of hydrogenhonded units that were aligned with the crystal needi

axis kigure 12.1 his hydrogen bonding is typical of secondary mirudem Crysras

hzation of acetanilide from nonhydrogenhoniding solvents e.g CCI or ben

zene produced long needles of acetanmlide Crystallization of acetanilide from sol

vents that ire proton acceptors or proton donors was expected to disrupt

internmolecular hydrogen bonding and linut the crystal growth along the long

axis crystallization from either acetone or MeOH produced short rodlike crys

tals Impurities present with the product may lead to selective forniation of

polyniorphs Crystal engineering may be used to design crystals

lrug products arc frequently isolated as polymorphs or solvates One solvent

free crystalline form and three solvates were noted for aztrconain

Diridiruniycui is been crysta1lized to anhydroa pnl1 niorphs nine solvates

1171 arid forms solvates with nearly ill of the phmrmaceutieally acceptable so

vents orazepans forms multiple polymorphs and solvates At least 14

polyrnorphs and solvates were found for an organic dye complex and the more

effort put into preferentially growing crystal form the more polymorphs and

psuedopolymorphs were uncovered second polymorph of natamycin was

observed 33 years
after the discovery of this natural product As more hatches

of an intermediate or final product are prepared the greater the chances that

new polynsorph cr solvate will be formed Crystillization conditions must be

NH NH NH

OH3 OH3 OH

FIGUftE 12 Is iogcn Boi Ii A1on the ong Ax Arm imlide mmii is
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oroughly uiiderstood to ensure thc coiitiriued preparation of desired poly

orph or solvate sec hapter

polymorphc form with i4her mclting point may dispi iy poor hi ivu

hihty 21 due to the difficulty iii ovcrcommg thc high lattice energy for the

cess of dissolution iii thc body however relatively few marketed drugs dispi iv

por differences in hioavailabdity due to polyinorphs With regird to select

polyniorpli stability ease of chemical preparation case of formulation and

vail ibility are primary concerns Usually these fictors lead to he scleetio of

lie therniodynanuc polymorph as the preferred form of the dm2 substance

After formulation changes in the morphic state of in active ingredient can

ivc profound effect on thc dosage form lie gradual formation of thermo

in nucally favored polyniorph led iblet disintegration gradual hydra

uld also induce tr insition to another polymorph and create iiinlar diffi

ulties avith the dosage form

To iddress these iniportant solidstatc issues many phamniaccutical companies

ii an experienced group of crystal engineers to develop suitable forms of

rug candidates arid to develop reliable processes to prepare these iiiaterials Plans

final form teani usually is involved once potential drug candidatc his been

leeted uid before the preparation of the first hatches needed for toxicological

udies

ILA Stability Testing

Stability testing is required by the FDA as part of the NIA for bulk drLig sub

tance and drug product The purpose of stability testing is to establish shelf life

hr the drug product the period during which it is therapeutically useful The

lccrease in potency must not exceed lO over the shelf life preferred shelf

life is two years 25
Stability testing establishes how the quality of the drug substance varies svith

time as influenced by temper iture huimdity and light The duration and condi

tions of the studies should cover the tinie expected for storage shipnient and use

of the drug substance and drug product le oniposition may be slow at room

temperature so samples niay be srilectcd to higher temperatures in order to pre

dict iongterns stability Stabiury studies also gcnci atc degradciits which may

be identified as impurities in the drug substance Suggested fDA conditions for

stability testing are shown in able 12.1

Bulk stability testing cafi he perfornied early in the development of potential

drug substance in order fbrcsce any stability difficulties However the interac

ion of the foriiiulated drug substance with excipients may also affect the stability

of the drug product herefore good stability of bulk dri substance does not

guiraiitee good stahdutv of the drug product
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TABLE 12 Stability onditions for Testing Bulk Drug Substance

Conditions Mininiuni inc period an submission

Long Terni testing 25 60 141-1 months

Accelerated tesnng 40 2C 75 RH ninnths

Photostabhty testing Lxposure to an artificial Overall illu mnauon of

temperature must he daylight fluorescent .2 million mx
controlled lamp or to both cool hours and integrated

ss hitc fluorescent and ne ir UV energy of

ncarUV fluorescent 200 watt in2

lamp

Soiiec nn men foi Industr QI LI Iboto ibi
119 Testing Ncw rn Subs iii ces id Prod

cts hip sss ss guy coer guid.iire 1318.hun Jamal icr \4a 16 96 FaTral RLLOr

Scpteinbcr 22 994

The primary routes of degradation of drug substance and drug product are

through oxidation and hydrolysis 26 along with dehydration photolytic reac

tions rearrangements and loss of volatile components such as HC1 stahil

ity and instability of compounds must be considered relative to the test conditions

employed which may be harsher than those outlined in Table For instance

cimetidine was found to be stable for five years when stored at room temperature

in closed container At pH 34 and 50C there was no decomposition over

30 days hydrolysis to the urea occurred when cinietidme was held in HC1 it

45C for 36 hours Figure 12.2 By heating in concentrated HC1 at 100C for

two hours the guanidine was formed Degradation products of sonic other drugs

are also shown in Figure 12.2 2830
To predict the stability of molecules the interaction of functional group

within the drug substance and with excipients solvents atid oxygen niust be

considered Intermolecular and intramolecular reactions of electrophihe and

nueleophilic functional groups may occur with neighboring group participation

Interactions with excipients must also he considered For instance it would

he unwise to formulate drug product containing an amine group with suga

such as mannose because Schiflbase may forni reactivity of functional

groups within molecules can also be used to anticipate the stability of cons

pounds

ILB The Importance of Controlling Particle Size of

Drug Substance

Paiticle size and distribution can be very important especially in the early phase

of forniulation development when investigations are undenway to establisk

optnnal dosage forms Rapid dissolution is favored by small particles but snial
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atropine

HO
N_f

HO
-N OH

H3CHN CN H3CHN COHN2

NH NH
HC

HCI

45
36hr

Hme5drie

CH

omotidi ie

S-Th

H2N

CH CH3 CH3

s-O
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FIGUKE 22 1c5radanon of Some ActiNe Pu rn23ceutical Ingredients
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particles arc iore pro ic to dc coniposition due to the increased surface area t32
Small particles may also tend to agglonierate ac uinul ate static harge and conse

qucntlv flow poorly J1 Cm nparative bioavailahility studcs may he ne ded to

justify the time and resources to develop nieans to tightly control particle size an
distribution

Particle sizc can be controlled by rystalliration Chapter or by size reduc
tion through inilhng or grinding Milling or grinding always reduces drLig sub
stance yields by retaining some product in the equipment The small amount
hardtorcnaove solids left in dryers mills and grinders is called heeL Heat
generated during milling may melt the drug substance leading to difficulties ir

Crniulation Size reduction can create dusts of hioa tive compounds increasing
the personnel exposure hazard Crystsllizmg the product as small crystals avoids

size reduction but small particles are filtcrc and washed more slowly during iso

lation It may he necessary to select quipnient and dc velop process for optimal
isolati of small crystals he choice between size reduction and fhrming small

crystals should he examined as needed

Ill PREPARING AND SEt EC PING
THE POLYMORPH

irly ni the ch ictcriz ition and development of processes to prep ire fin il

product crystallization conditions should he screened on small sc ile to identi
the desired silt form if appropriate md to investigate the possibility of forming
multiplc polyiaiurphis sulv ices md hydrites he henctits in

atteniptinf to prepuc
new polymorphs can be substanti ml First new polyuaorph or solvate with supm
nor forniuhtion or stability chiracteristics may be isolatid Second if an undesir
able crystalline forui is piepared conditions can be designed to avoid its formi
tion on scale Third it nmay he essential to define conditions to reliably prepare
metastable polvniorph if the most stible polymorph has not been choscia for

development

ritcnia for seleetin polynsorphs and solvates ire shown ni lablc 12 For

drug substances hydnites are prefcried over solvites of organic solvents due to

toxicity considerations The structural solvent marketed ryst ilhinc drugs is

almost invari ihly witer oi nor toxic substiiwc snih si EtOl that is gerici

illy regarded as ife RAS
The therniodynanucally favorcd forui of final product is usually the most

dcsinmblc crystalline form dud scrccnnmg studies should define the stabiliqi of the

pol nioi phs less stable forni may he preferred if it displ mys us irkedly unproved
dissolution and hioavailzbihty In this cisc it would be necess ry to ensure thit the

less stable forni can be reh ibly prep med on scale before comrnittuig to preparing
this polynmorphm exclusively
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AI3LP 122 ri na for Poiytnorph Solvatc Selection

lr blt Is tdt ti ch ct rtstic nOt hict ed

Appto tciies to iddress probi ii

Uott bulk St ii cit ecu ndin tg tttd storage
conditions ii ded

Solution clutose nit st ibic unit ii issib

sirc dl ioat iii th lt lkt tic ecti ott le size is be tic ccss rs

Solution choosc tour stable fornt if possihlc or prepare drug

tbsc net th reduce particlc size Sltcrnat it cit
sagt

ferni

civ be nteess

sei cc of dt sir It suit ttes its orp one suit cuts ace iii it ecpt ib is suit tes duc to

xtOlt etl eisoits

Solution crc soi cr0 st trite pr cut in so

ltrcp ire cira

of forntulatit Qc nit of dos
ige urn nity

IC tit rIiabie

Solution rt velop fbrincti it on or f/it alterr ito ptily on in

or stilt arc

ti effect/st ness of Un on roiiahic
prtit essuig may Ic ci tct unacceptaOlt ugc

crs dit7ation nd isoiat on van ttions rig
suhst ni qu iht5 nd parti

Se izc bent

oi sc uitrei able fornitilations

Solution des
eioi rt liable

cry
stab/i ti iii anti iso ion

procedure that in lit fftcted readily it aic

as and efikctit ci ess restork ick of an c/ft cite rcstork nrc ms ltm ociaiits itch may

in sc tic be clot irdt

Solution rely in IPC to cOntrtil pio ssnip to drcig

st list nice better mppioach is to tievelop
rcii ihie re tick

procedure

By rn Pfciffcr aites Hoiher Ptiohik iharnc ccutital Solids St tcgie

4pptach Regul ittiry
nnsiti Ott otis P/tauit ift 1995 /2 945 934

For rise stttct ii prtp trntg
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iptt
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Sy
ittht sit of the Pt rroiop rnnidints 101033k

itd 104067k. Oi nt At Dcv 1997 39 44

The importance of selectmg the niost stable polymorph can be seen in the

onsiderations necessary to isolate inetastahie form of ahecarnil Figure 123

Polymorph characterization had identified three forms the least stable

which was very similar to and the most stable Early studies showed thit

OCHa

Ph COa/-Pr

FIGURE 123 rttcttt of Ahecar til
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and could he reliably crystallized from i-PrOAc or CH3OEI respectively he
form was readily crystallized and stable both as dry powder and when held as

suspension in PrOAc for day lransftrniation of into occurred slowly an

transformation into the most stable form was observed after periods of days
is unclear whether

hioavailahilit-y nr ntber crmsidertions led to the selection

the form When the process was transferred from development to production

process optimization provided somewhat purer product containing less Et

HC1 and the initially formed form was rapidly converted to the form during
isolation from iPrOAe on scale The form could no longer he reliably prepared
on scale Since the physical characteristics of the form were nearly identicl
with those of the form

process was developed to selectively crystallize the

form for use as the drug substance

seeding stratei with tightly controlled cooling profile was necessary to

isolate the form of ahecarnil and avoid the formation of the form The solm

bilities of each form in PrOAc were determined as function of temperature
A-forni crystals with no Cform solids were necessary for seeding if seeds con
tamed only 500 of the C-form solids the isolated product contained 50c of the

form The Afbrm seed crystals were activated by slurrying in iPrOAc vol

umes per weight immediately prior to charging to the reactor slurrying activated

the seeds presumably by dissolving impurities on the surface of the crystals and

cleaning the surfaces for crystal growth On scale the solutions were seeded at

temperature below that which caused formation of the form crystals The
warm solution was inoculated with slurry containing wto of activated pure
Aform seeds and the slurry was cooled at 0.5 10C miii to prevent formation
of the Cform crystals When the slurry reached 30 the product was immedi
ately isol sted by centrifugatmon fhe slurry was loaded to cake thickness of cmii

for rapid drying to prevent the liquid-mediated transformation of the form to

the form Although this protocol was reliable on scale the authors aknowl
edged that isolation of the most stable form would have afforded smmplei

process

TIP Consider ible tinie should be spent TARI in the development of

drug to determine the optimal final form of the drug substance

Many approaches can he taken to screen for polymorphs mod the goll of thi

search is to isolate new crystalline forna not to optimize the isolated yield New
solvents and solvent eonibinations may give rise to new forms when the fin

lILA Varying Crystallization Conditions in Order to

Prepare Polyniorphs
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product is heated to dissolution and cooled By varying polarity rystallization

from new solventantisolvent combinations may lead to new forms When crys

tallization pressure is rapidly increased as by rapidly cooling solution kineti

cally favored form may crystallize The thermodynamically favored polymorph

may form with more gradual cooling An extended pH adjustment may resnlt in

the formation of metastable crystals that were overlooked in processes that use

rapid pH adjustment /mth cxtended aging of solutions or rystalline suspensions

thermodynamically favored form may crystallize In order to screen for the pres

ence of hydrates recrystallizatmons should be attempted in the prescncc of varying

amounts of H20 as crystallization of substance from waterimmiscible solvents

in the presence of varying amounts of HO has produced different hydrates

irace amounts of inipuritmes can lead to the formation of new crystallmnc

form or the prcferential formation of another polynmorph as discussed for crystal

hzation of abetarnil For this reason it is wise to screen for polymorph formation

using both highly purified final product and material of routine purity The solids

resulting from the removal of solvents from final product extract may be appro

priate for polyniorph screening

TIP Screen for polymorphs using crystallizations in the presence of water

and trace amounts of all solvents used to prcpare and formulate the drug

IV PURITY ANI IMPURIT CONSIDERATIONS
FREEZING THE FINAL PROCESS

Impurities in final product must be known and controlled Without sufficient

control of the quality of the drug substance the safety of drug product is not

assured The FDA was formed to ensure that companies manufacturing and selling

food and drugs control quality in order to protect consumers Inadequate control

of product purity and inipurities also indicates that processing is not fully produc

tive as batches will he destroyed or reworked to imrmprove the quality With fre

quent need to rework batches additional time is justified to optimize conditions

Poor quality of an intermediate or product can require significant trom

bleshooting in order to resolve difficulties see Chapter 15 Poor quality implies

unacceptable levels of iniperritmes which niay include the presence of an impurity

exceeding the specificatmos.The presence of new impurity at significant level

particularly in the final product nmay also prompt troublehootmg Problenmatic

impurities niay adversely affect processing in subsequent step he toxic or irritat

ing or have an undesirable odor or taste
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CO
NH3 CH H3N CO2 CO

NH NH

L-Tryptophan

FIGURE 12.4 Puss his irs ye Sents for MS Siudr is in Triptophan Iictar Suppi rut

Low levels impurities in be pai ticularly problematic In the lat PSOs and
into the early 9bPs outbreaks of sin phili inyalgi syndronie EMS were
associated with low levels of fermentation derived impurity found ii trypto

phan dietary supplements As one researcher at tht Center for lise mse Control

reported 98.5h purity doesnt mean very muh when we are talking ibout bim
logically active coiitammnants that in varying minuscule amounts can create pow
erful effects E1 Possible causative agents were identified as the unusual amino
acids and Figure 12.4 136 37J to halt EMS-related problems the manufac
turer used another microbial strain for the manufacture of tryptophan by fermen
tatiou

Another highly potent contami iant that may he forintd iii routine chenucjl

processing step is dimethylcarb irnoyl chloride DMCC known animal carcino

gen Figure 12 381 his impurity formed dui nig the use nfl as catalys
for acid chloride foi iflation is probably destroyed by subsequent meactiorm of the

acid chlorides Since DMC is carcinogen it was proposed that assays he devek

opad tt detwt lM even at ppb concentrinons and that appropriate nieasurcs

be taken to contain this inipuriqa

Impurities detected by odor aIid taste may also he present at the pph levels and

failing to control the levels of these impurities can have sigmficanit financial

impact if
patient compliance is negatively affected Finding iy

to ehnnnate
these impurity related problems is usually easy once the causative agent has heem

identified However identimng the causative agent may he difficult when the

impurities are present in very low amounts

Cf

SOC9 CI

NMe2 NMe NMe2 CI NMe2

CI
DMCC

ROOd RCO

CURE Form ii on of uiicih5 is irb cmos hlori Is
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TIP nnpurities in form by whit
iy

be considered poor

rc icti Irons synthetic organic cia mi try .stnidpmnt Even poor yield

ing reactions in geilerate sigiiifu nit arnoulits of impurities and canse

product to he reworked and routes redesigned

WA Considerations for Preparing the Toxicology Batch

and Subsequent Batches

Material prepared for toxicologica screening is generally the first itc of drug

candidate prepared on scale often in di kilo lab or sealmup laboratory For

economy of operations one hatch of dr
ig

candidate may be prepared for both

toxicological screening and Phase The purity of this hatch niust be compared

to purified standard and both the inipurity profile and relative amounts of each

Impurity must he established According to FDA duidelines every impurity must

be identified when detected in drug substance at the level of 9j or 005 if

the drug product is administered in high doses 1391 Once the toxicological stud

ies have been conapleted and the material displays acceptably low levels of toxicC

ty the inipurities in the toxicological hatch are said to be qualified i.e judged

safe at the described level

Subsequent hatches of drug candidate will be compared to the material used

for toxicologic il studies If the level of each impurity is less than that detected in

the toxicological hatch and if no new impurities are detected no action is necd

ed If an nnpurity is found at level greater than that observed iii the toxicologi

cal batch or if new inapurity greater than or equal to 10 is identified the

FDA does not consider that such naaterial can he safely administered to humans

Such material must he reworked in order to reduce the levels of qualified mnspurC

ties to no more than those deter ted in the qualifying toxicological batch and to

remove any new impurity found at level of IC or more Alternatively

idditional toxicological studies which may be costly can be done to qualify

batches contaimng such outstanding impurities

To avoid reworking hitches in the future it is important to establish reasonable

criteria for routine quality and inapurity levels of the drug candidate batch to he

used for toAicologic crccning lhd batch diould ihcn be preparcd tu ct th stan

dard for routine quality Crystillization to raise quality may be appropriate but no

ttempts should he made to generate ultr ipure drug substance unless it is ert sin

that this quality material car be routinely prepared It would he in ippropriate to

prepare high purity miiateril on small scale using hromatography or solid phase

symmthcsis unless these iiieans would he uscd for routine manufacture of the drug

substance otherwise the mnipurity profiles arid impurity contents could differ

fronm those batches purified by conventmomial recrystallization or solution phase
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nthe is The pportuiaities to cha age physical characteristic and impurity pro

files usually are lunited to the first years of drug development so thorough analyt

ical investigations should take place early in the development of drug candidate

and throughout the preparation of clinical and manufacturing hatches

Purity specifications should be set reasonably high for filing purposes If high

levels of impurities are included identification is required which deniands

ommitment of personnel delicate balance may be required between commit

ting to prepare unreasonably pure drug substance and preparing drug substance

with unacceptably high levels of inapurities Significantly the FDA and other reg

nlatory agencies will readily allow upgrading but not downgrading of purity

specifications

In order to establish routine impurity profiles and levels ideally the final isola

tion of drug substance should be optimized and this process slìould be used for

the preparation of material destined for toxicological studies and later Phase

studies The types of impurities found in drug substance will be largely deter

mined by the starting materials and
reagents

used in the final step to prepare the

drug substance Thus the ideal penultimate compound should be identified early

in investigations and parallel development work should converge on this penulti

mate compound To save development time and costs it is important to freeze

the final process early that is to identim early the most desirable final chemica

transformation to prepare the drug substance Nonetheless in the sprint to

prepare potential drug candidate for Phase studies it may be difficult to devel

op the ideal last step the ideal final purification procedure and at the same time

prepare the drug substance by the timelines

IVB Minimizing Impurities in the Drug Substance

Rework procedures are usually employed to upgrade final products and key inter-

mediates even if the identity of the troublesome impurity has not been secured

Resubjecting the product to the original crystallization and isolation conditions

may not sufficiently remove the key impurity Rework procedures may need to

he developed based on chemical inform ition and intuition

Once the structures of the impurities are known developing procedures to

minimize key Impurities in drug substance is generally straightforward Two

basic choices are available to minimize the formation of an inipurary or to mini

maze the presence of tlus impurity in the drug substance Coiriplcte analyses may

be necessary for all
intertyediates

and reagents By setting specifications at accept

able levels of impurities in intermediates and reagents the burden of purifying th

final product can he greatly reduced or eliminated generalized scheme to mini-

mize the presence of impurities in the drug substance is shown in Figure 12
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reagent reagen

4ppgyghes to Minmize in API

Contol qca ty
of reagert and rragent hy specdicatons

Optimrze reacions and

Optmze workup of reactions and

Optimize isolation of and API

Develop rework procedures for and API

FIGURE 126 Approa hes to Minuruze thc Presence of linouritics Final Product

An example of this approach is shown in Figure 127 Iuring the preparation

of the fosinopril sodium intermediate about of the regionsomeric impurity

was formed Compounds and are too similar to be readily separated

based on their chemical properties and it was hoped that through purification of

the subsequently derived intermediates no regioisomerderived impurities would

be carried along to the final product Since is low melting solid and was iso

lated as solid residue no purification by crystallization was readily available

CH3 OH OH
CO2H

OH3 OH3

PO2H

OH
CO2H

2.00o average 0.100 after

crystallization

CO2Bn

OH

OH

H30 H30 OH3

Fosinopril Sodium one batch O.08
Ii batches ND

FIGURF 12.7 Removal of Rrgioisunicr Ierived Pup irities by rystallizanun
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Purifi ition could be effected by ystalliiing the dicyelohexylainine salt

hut preparing id splitting the sat would have entailed development of two addi
tional

steps With tIre conversion of to the presence of was also detected
the crystallization of reduced the levels of to an average of 01 Subse

quent preparation and crystallization of effectively purged the regiolsoiner

was detected in only one of 11 batches Since there are four erystalhzations in

eoiivcrtig to fosinopril sodium any contannnation of fosniopril sodium with

regioisomerderived impurities would he far below the 10o level

If the formation or presence of
inipurities cannot be eliminated experiments

can he run to determine the tolerince of the final step or overall process for van

oils levels of the inipurity ard impurity precut ors An optimized process wa
devised to manufacture hetainethasone 11 which raised the yield by 3100 and
increased the purift of 11 to over 99 Figure 9.8 The chlorinated by
product 10 formed in the first step was converted to the corresponding
hetaniethasone inipurity 12 The latter nilpurity was new and found at levels

approaching ift in hatches of 11 prepared by the POJ route Running quali
ing toxicological study was not viewed as favorable option It was found that

the processnig steps to betamethasone could tolerate the presence of up to To of

10 in hatches of if levels of 10 were greater than the batch of was treated

in lMSO at 100 to convert residual 10 into Ibis early rework procedure
allowed the preparation of betamethasone with an impurity profile comparable to

or better than hatches prepared by the original route

DMSO 100 if

70C02E1 /OCOOEI

H3C H3C

PCI5 OH CI

H3C /CH3 H3C CH3
THF OLt

OH OH

H3C HG
HO OH OH

H3C OH3 H3C OH3

12

HO

H3C

GUR 2.8 1Oe orkjIC 30 in dia ii Ye or ii linpurirs Ifurdeii 111 he ii Pro luct
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TIP Control the impurities in the penultini ste intermediates to control

the impurities in the drug substance

Colored impurities in pose great
difficulties in drug substance Since low

levels of impurities can cause intense colors identifying and remo\ iug the trou

blesome Igent may be very difficult 161 Colored impurities arc generally formed

by metal salts oi by polyunsaturated compounds he drug substance may be ani

lyzed by atomic absorption or other means to deterurine whether metal contami

namits are present If imictal complexes do not give rise to the colored species per

haps the colored impurities can be absorbed to charcoal or solid phases solid

phase extra tion SPE 1421 and doted for identification

An empirical approach may he necessary to avoid generating umdeutified col

ored impurities For instance the formation of colored products may be reduced

by conducting reactions at lower temperatures
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INTRODUCTION

his chapter focuses on how mixing influences scalmup It ilso presents some

ilternanve reactors that may help caleup operations and touches on few com

cepts regarding mixing and the types and properties
of reactors For detailed

discussions of these concepts the reader is referred to chemical engineering texts

Fhe selection of processing equipment is largely determined by two financial

considerations One is the actual capital costs for equipment and the other is the

cost of building new plant For the highvolume production of chemical inter

mediates where productivi is essential reactors may be designed or purchased

specifically for the dedicated preparation of one product These expenditures

often are approved specifically for the manufacture of products with demonstrated

cuccess in the market place or for those with high chance of success Most of

the reactors used in the pharmaceutical industry are selected for flexibilitythey

can run several different processesand most processes are adapted to use existing

equipment This is particulaily true for scale.up operations in pilot plants Pur

chasing equipment that is flexible enough to be used for many processes
avoids

the cost of building new plants Designing and building production faciliqi and

installing and commissioning equipment represent
considerable coninsitmnent of

time resources arid finances

Vessels and Mixing

269
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Reactors must provide efficient mixing of the contents and good heat transfr

from or to the contents These features allow for safe reproducible operations

Applications of mixing processes are shown in lahle 13 and standard reactors

see Figure .3 are used for most of these processes Specialized considerations

may be necessary for heterogeneous reactions Hydrogenations arid fermentations

which are often heterogeneous gasJiquidsolid reactions are often conducted in

speciahzed reactors designed to maximize the contact of different phases

Heat transfer in reactors can he carried out in several ways For the standard

reactor shown in Figure heat transfer fluid is circulated through the external

jacket Heat may also he transferred by circulating the vessel contents around coils

or tubes within the vessel by recirculating the vessel contents through an external

heat exchanger or by cooling vapors through an external reflux condenser

Directly injected liquid nitrogen can also be used to cool reaction The rate of

heat transfer is directly proportional to the surface area and for vessels cooled

externally the rate of heat transfer decreases as the volume increases indicative of

the fact that surface areavolunae ratio reduces as vessels increase in size Table

13.2 11 he cooling rates attainable in scalmup vessels will be considerably slower

than those of small laboratory vessels

fhe motion of the vessel contents is influenced by the agitator and any baffles

The agitator or impeller provides the power to move the vessel contents There

are two types of impellers radial flow impellers which move the liquids along the

radius of the impeller and axial flow impellers which move the liquids parallel to

the axis of the agitator shaft Without baffles lowviscosity fluids tend to create

13.1 Applications of Mixing Processes

Physical processing Application cLisses Chemical processing use

Suspensioiis iqi.idiid Dissolving and
crystallizing

Dispersions Liquid.-gss Absorption e.g reduction with and oxidation

with

Desorption e.g
loss of CO from decarboxylation

Emulsious unstable LiqoB liquid
xtr ictions

Blending Miscible liquids Reacfons

Pumpiiig Bluid niotion 1-leat transfer

Oldshue fluid in Fcchriolo5y
McC nw Hill NcwYoik 983 pp

1Stable emulsions are used to forniulate drugs as cr ams md ointments mmmd to prepare products

such as shanipoos that ire used in the consumer product industries
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AIILL 13 Reactor Dunensions uad Surlace yrca.Voluiiic Ratios

Internal Oxterual Surface aret for Sorface areaVoluntc

Rea tot radius height heat trausfer ci cut

00 niL fi isk cut 104 cm 1.042

flask 6.2 cm 483 cm 0.483

flask 116 cut 412 cm2 1282

flask 16.8 cut 3864 cm 1.178

aO flask 22 cut 656 cm 31

100 flask 28.8 cm 10416 cu 0.104

gallon re ictor 14 ut 88 ut 17.2 ft 0.084

300 gtllon reactor 23 in 123 itt 70 ft 0.058

cOO gallon reactor 23 in 148 ir 97.4 ft 0.048

75 gil on rca tot ut 14 128.1 ft 0.04t

1000 gal on retctor 27 itt 176 in 149 ft 137

Data for reactors provided by Pfactdlrr Inc

tRottnd bottoti ed flasks were considered as simple spheres The radtcts was calculated frotit the

formula 321r atid the surface area was calculated by the forna ila 4trr No
compertsattcttt

was niade for the thickness of the glass
vessels

As uteasured from the bottona of the
legs to the top of the tajechanical drive for the

agitator

dfralctilatecl
rising

die itoittinal volcittic of thic flasks and reactors

vortices and swirl with poor mixing baffles disrupt vortices and promote flow

patterns that lead to good mixing.With baffles in place either radial-flow or axial

flow agitators can provide good mixing for most chemical operations used in the

chemical processing industry

TIPS
Generally there is no choice in agitators for the available multipurpose

equipment because considerable time is required to change an agitator

in vessel In some vessels the agitator can be removed through the

manhole and replacing an agitator might require as little time as one

shift For other vessels it may be necessary to first pull the head off the

reactor in which case more than one shift would be required to replace

the agitator and ensure the reactor was leakproof

Anchor agitators are the only agitators that tir extremely close to the

surface of the vessel analogous to teflon half-moon paddle on an agi

tator shaft stirring on or just above the bottom of roundbottomed

flask Anchor agitators are used for pseudoplastic fluids which are

rarely encountered in manufacturing fine chemicals

To model agitatiois that may be encountered on scale use baffled resin

flask or Morton flask Agitate the mixture by overhead stirring with

the agitator blade positioned above the bottom of the vessel
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lie eynolds number dimensionless
par inieter is useful in describing fluid

flow nd has implications for the scaleup of chemical processes The Reynolds

number lV is defined in Fquation Agitation produces three regmies of mix

ing laminar transitional and turbulent aminar flow or flow around the edg
of the vessel occurs at values of less than 20 this pipe of flow is usually not

encountered with the low viscosity solvents routinely used in the chemical pro

cessing industry 1ransitional flow takes place at values of iN between 2010001
and combines features of both lannnar and turbulent flow Fully turbulent flow

begins with values of above 10000 One significant aspect of is that tu

buence is proportional to the square of the agitator dianieter hence to achieve

turbulence in large reactor that is similar to that in small reactor the agitation

speed in the lar4er reactor must he slower

D2pN

agitator speed revolutions

diameter of agitator em
density of solution cni

viscosity of solution ciii

On qualitative basis the Reynolds number can he appreciated by considerin

the speed of the inipellcr tips At constant stirring rate the turbulence of iix

ture increases greatly as the radius of the impeller increases quantitative

approach to scaling down agitation has been described

Rapid distribution of reaction components does not take place on scale in

conventional stirred reactors For instance based on pH measurenient it may take

35 mimites for reagent added at the top of 500 gallou sesscl to be evenly ds

tributed throughout the solution Mixing can be described as macromolecula

mixing which relates to the average composition of the vessel contents and

micrornolecular mixing which considers the contacts of molecules on niolecu

lar basis and any gradients that may result Suitable micromolecular mixing

can be difficLilt to perform on scale

Micromolecular mixing niicromnixing is iniportant in many processes including

crystal nucleation and growth Micronuxing is also nnportant for reactions that

are sensitive to the stoichiometry of reagents see Figure 14.2 and for reactions in

which rapid heat transfer is critical Sometimes mnicromixing difficulties can be cir

cunivcnted by an extended addition or inverse quenches Such alternatives are not

effective when scaling up reactions that demand good control of localized effects

II BATCH VS CONTINUOUS PROCESSING

There are three approaches to processing operations hatch continuous and senli

hatch or semicontinuous figures 13 13.2 13.3 Batch processing is used to

00

wr
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Aghator to Condenser

Inputs
Motor

Manhole

Jacket with heat

transfer fluid

mpeierT

ProducT solated at

end of operations cycle

FIGU Kb 13 Batch opcroioo

make most drug substances and mterniediates Continuous and semicontinuous

operations are most often used on large scale for the manufacture of bulk chemi

cals and agricultural chemicals Each option has its own scaleup advantages as

discussed in the sections following and summarized in Table 133

Inputsa1JT
Product isolated

throughout operations

heat tubular heat

exchanger reactor exchanger

Inputs

r1T1

1C 1JIJE 13 OfltllUOuS oper TtTOTTS
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LATER

Product isotated at

end of operattons cyde

1CURE 13.3 Scinicontinuous
opci-atioris

ILA Batch Processing

Batch operations are run for reactions recu1ring hours for completion with rela

tively small product outputs Unit operations such as crystallization can be

finely controlled on scale for the entire batch.The product from batch is isolated

at the end of an operations cycle and can always be readily correlated with input

materials For these reasons batch processing is used to make most drug substances

and intermediates

As one progresses to larger and larger reactors miclumixirig becomes
greater

concern and tight temperature control becomes more difficult Other issues may
arise such as the optimal placement of agitators pH probes thermocouples and

other reaction monitoring devices These parameters can be readily controlled by

using small reactor but running many small reactions is tedious way to accm

mulate large Imounts of material

ILB Continuous Operations

Continuous operations are generally used for large-volume productc in which

reaction conditions are closely monitored to achieve maximal productivity Such

operations are carried out on scale by allowing reaction to pass through small

reactor The products are Tmsually made by reactions completed in minutes which

allows for fine control of process conditions Reactions requiring longer reaction

times may be used irg continuous operations if the reaction products are stable

enough to permit recycling reaction stream through the reactor Product is iso

lated throughout the operations cycle Continuous operations are used by the

bulk chemical and agricultural chenimcal industries
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fABLE 133 haracteristics of Batch and Continuous Opcrauons

he sture General purpose re setor outmuous flow reactor

lypi al ii dostrial use

zhoratorv

Plot
plant

Mutufac uruig

Teniperature response rite

for reactor contents

ocalzitton of aysies

effects

Reaction tinies for

reactions typicaL used

iii these vesseis

Useful for

Cost for reictor

Additional equipment

needed

Relative operating safety

Utility demands

Additional development

tinie

Gener approach for ale up

Most often used

Often used for pharmaceutical

fine chenucale rtly used

for hulk cheniieals

Slower in larger vessels

ieromix
tag

and tincroinixirig

ilways
consider idons

Reactions with relatively long

reaetmn times ot short

reacti.n mci generating

products stable under the

reaction conditions

Most reactions

$50000 50_gal reactor and

more

Equipment traditionally

available in most pilot plants

and manufacturing plants

Good

Meist transfer heat from entire

batch and large reactor

Some time miy he needed to

optimize processing if labile

compounds are produced

Rarely used

Rarely used

Often used for bulk chemicals

agncultural chemicals rarely

used for pharmaceutical

fine chemicals

Response can be very rapid

qr tpnsent can be selected for

excellent microinixii and

localized physical
effects

Reactions with short residence

tinie or those with products stable

ohiO reccling thrnugh remetor

also unstable products

Reacoons where relative stoichiometry

of reactants and products is critical

reverse quenches tight temperature

controls efficient mixing of

heterogeneous streams localization

of catalysts
md

physical
effects

Under $1001 for static nnxer for pilot

plant specialized reactors more

costly

Pumps aIid heat exchangers in

addition to receiving vessels and

traditional vessels

Very good as tanly
small port on of

hatch is suhjectetl to processing at

any monient

Transfer heat from
part

of batch and

sniall reactor

Need to determine reaction time for

sutable residence time in reactor or

recycle stream through reactor

One type of continuQus operation is the continuously stirred tank reactor

CSTR Figure 13.2a Sn which the reactants are continuously fed to the first

vessel and the vessel contents oveow into the successive vessels This principle

allows for good mixing and isolates the contents in the second and subsequent

vessels from contact with reagents entering the first vessel In principle the
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compositio of each vessel is homogeneous but their is stepped gradiei

throughout the proc ess The total volume of the reactors is held constant hecaus

product is withdrawn from the last reactor at the same rate that inputs are add

to the first reactor

One use of CS ft operations is for crystallization As crystalline slurry passe

troni one vessel to another aging occurs but aging in the presence of like
crystals

oupling CS ER with continuous isolation allows for large amounts of materi

to be prepared in very productive fashion rising small vessels Another use

CSTR is to control conditions in which the product frons reaction might be

sensitive tn the reagents added to the first in actor

variation of continuous processing is the tubular flow reactor Tf hgur

32b in which the reactants are continuously charged at one end of tube and

the products are coiitiriuously rensoved at the other end Within TfR the reac

tion consponeilts are mixed both radially and axially depending on the viseosit

of the nnxture the tube diameter and uiy mixing elements inside the tube Sta

tionary mixing elements are employed to provide good mixing by dispersing the

reaction streanis inside the tube The importance of static nsixing elements can

be visualized by filling vertical tribe with honey As the honey is poured fron

the tube the fluid ni the middle of the tribe exits first leaving behind residua

honey adhering to the wall of the cylinder For most fluids that are less viscou

than honey the material in the center of the tribe exits the cylinder niuch faster

than does fluid near the wall of the cylinder One pe of TFR is plug flow

TFR in which the reactions components in principle are nuxed only radially Ir

C4

exuhang

aLS chrve cxxi

IGURE 13.4 Scheniaoc of Buss loop reactor
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OH HO
HNNH sHO

H30 OH3 100 H30 NHNH2 HO
autocave OH3

bp7 poor 19

H2OsoHbHty

CURL rcactlon tlra coo ci ii or ii Os loop rc rctor

essence the TFR is an extension of CS ft operation using many snaall vessels

in sequence

Continuous processing is useful liar reactions that need rapid heat transfer 4j
for preparing unstahie compounds and for reactions in which physical effects arc

localized When safety or stabilibl is major concern continc ous processing has

advantages over batch
pi ocessing in that only small portion of the hatch is sub

jected to reaction conditions at any nionient Following is discussion of some

largescale arid smallscale applications

Heterogeneous reactions particularly gashquicl or gasliquid solid reactions

often create scaleup challenges due to the difficulties posed by inixnig and inti

mate contact of components on scale Loop reactors have been used to disperse

reaction components efficiently and with heat exchanger exothermic reactions

can be controlled schematic of Buss loop reactor is shown in Figure 13.4

11 ITydrogenations are classic example of heterogeneous reactions and such

loop reactors were developed for the hydrogenation of fats and oils The same

approach could be applied to reactions of immiscible components or reactions

that need to he conducted under pressure One possible application is the prepa
ration of t-bclb/l hydrazine hydrochloride Figure 13.5

continuous catalytic distillation process was described for the preparation of

MTBE Fi$ure 13 113 In this process stream contaming isohutylenc and

nbutene was fed into the bottom of distillation column packed with cationic

ion exchange resin while MeOH bp 65 was fed into the top of the column

In the zone packed with the ion exchange resin catalyst MTBE hp 55C was

formed by reversible reaction By fractionating beIo the catalytic zone the

product was rcmoved as it formed while unreacted nbutene was recovered above

the catalytic zone Considerable optimization was undoubtedly necessary to opti

inize this countercurrent continuous process but the goal was justified for design

ing process to prepare this high volume chemical

resH

OH2 calalysi OH3

OH3OH
H30 OH3 H30

OH3

H3OO3 H20
OH3

bp 65 bp bp -6 bp 55

URL l3rcparatioi of CII
.i c0000000 cdt r1 distill itior process

L_
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CH3SOJH so vcnt
90

H3N CO2H P03 PC9
bp 76 sq NaOH to pH 4.5

HO Na
140 C/20h

H2N OH

60 psg
HO

dendronate sodium

FIGLJRL 13.7 Preparabon of lendronate sodium

In the preparation of alendronate sodium continuous process afforded bet
ter opportunity to control processing than did batch operations Figure 13.7

114 The phosphonatton was best conducted at 90C and in batch operations

PCI3 bp 76C was difficult to charge and contain With the loss of PCi3 by
products were formed At 90C the reaction was known to be very exothermic

and this condition posed safety concerns for largescale reactions By continuously

charging the starting materials and PCi3 in 121 ratio to small vessel both the

stoichiometry and the reaction temperature could be readily controlled At

steady-state conditions the overflow from the reactor flowed into quench vessel

Subsequent hydrolysis produced alendronate sodium

continuous operation in laboratory was described to generate and use an

unstable intermediate the unstable chloride Figure 13.8 half life of

determined to be 20 minutes iii CDCl and unacceptable yields of were

SOC2
Ci-\J OH 3035

1.1 eq

addiflons by

ganged pumps

sod2
PhCH3

0-mL round-bottomed flasks

with magnetic ste bars

to NaCN reactor

HO Na

H2N

HO

NaCN eq
13 N5OH eq
PhNMe3OH 0.05 eq
015

/ThF PhCH3 CHCl\ CN

90

FIGURE 13.8 Generation and use of an unstable internirdijie by continuous pro essing
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produced when reactions were run on seals of more than 101 in hitch

mode SOC2 and were continuously charged to NmL roumid-bottomed

flask he reaction mixture was allowed to overflow into second 10 ml round

bottomed flask and into larger vessel for PIC-niediated reaction with NaCN
The second vessel was used to increase the residence time and allow for niore

complete conversion At steady state the residence time was about one minute

and the reaction temperature was 3035C Through continuous operations over one

week about 10 kg of was produced using two 10niL reactors This approach has obvi

ous scale-up potential

IL Semicontinuous Operations

In seinicontinuous or batch flow process one or more ingredient is charged to

the reactor and the remaining components are added gradually None of the reac

tion mixture is displaced through over0ow The total volume of vessel usually

increases as the reaction progresses and the product is isolated at the end of the

operation cycle.This type of operation is useful for exothermic reactions in vessels

with limited heat transfer capacity

variation of continuous processing is sometimes called semicontinuous pro

cessing if the product from continuous flow reactor is collected in vessel and

isolated at the end of the operation cycle

The preparation of ethyl 4-pentenoate Figure 13.9 is an example of

senlicontmnuous processing 161 Over period of hours allyl alcohol was fed

OEm
cata9sm EIOH

H3Ct H2COH EmOH

H3CEt H2COEm

CH2
aiy acoho

H3C EtOH

H2C

CH

HC CH2
aiy acoho

H3C0
-______

CH2

FIGURL 13.9 Prep iration of ethyl pcntenoate by scniiconti0000s operations
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subsurface to reactor chardcd axith tricth3l arti oacetrtc and the by product

EtOF with some alyl alcohol was continuously removed by distillation if
allyl

alcohol arid triethyl orthoacetate were combined in hatchwise operation thc

products were about 11 nnxture of and the unwanted
allyl ester The key

was to operate the hatch so that formation of the mixed orthoacetates and

would be avoided By decreasing the charging rate allyl
alcohol was not allowed

to accumulate and intermediate was converted to the product Computer

modeling was used to simulate conditions and optinuze the processing on scale

scinicontinuous rocess was developed to crystallize captopril Figure

13 10 Captopril is highly water soluhle and to minimize losses to the filtrates

concentrated reagents sere used Th large amount NaCl by product

equivalents salted out the product md captopril was isolated in 92o yield Eu

due to the high concentration of salts the product tended to oil This problen

was avoided by slow acidification of the hydrolysate or by performing semicon

tinuous crystallization To prepare for the semicontinuons process crystalluz

was charged with suspension of captopril in water containing NaCl an

acetic acid Into this artificial mother lquor the basic hydrolysate was gradually

added and concentrated HC1 was added to maintain the slurry under acidic con

ditions In tlns manner the hydrolysate immediately encountered many seed crys

tals under conditions that encouraged crystal growth of the product Captopri

was conveniently crystallized without oiling

iON NaOH
H3CS 1. Na NaOAc

3.3 eq CO2H CO2 Na
0.3 NaOH

concentrated HC
eq

92c

Hydroyaate Concentrated HC

CH3
AcOH

3.3NaC

CQH

Reactor at alert of

Suspension of captopril sam continuous

mainta ned at acidic crystallizafon

conditions by addition of HCI

Fl URE 13 it rvstallizatioii of
czptoprrl through srnnconnnuo is proc ssir
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ILD Drawbacks of Continuous Processes

Ihere are number of drawbacks to using continuous processes Resources are

needed to develop the process the appropriate res deuce time to reach level of

suitable reaction completion must be determined under the desired conditions of

temperature How rate and any other critical parameters he reaction system may
have lmnimted flexibility for running other reactions Pressure drops occur when

using tubular flow reactors and these can he calculated 1181 Once the conditions

have been devdoped time is necessary to reach steadystate conditions Vhat
happens to material produced while the conditions are approachmg steady state2

Such material is not produced under the desired conditions and hence is atypical

of the mnajori of the batch Effective control equipment is mandatory for largm
scale operations otherwise expensive material is at risk and ni iy need to be

reworked

Associating hatch inputs with product output can he difficult for continuous

operaLions Th FDA frowns on blending batches One approach is to operate as

semicontinuous processes the material from continuous processnig may he coL

lected in holding vessel for subsequcnt isolation and drying as discrete hatch

Despite the drawbacks for some processes continuous operations may be prm
ferred over conventional batch operations

III USE OF CONT INUOUS FLOW REACTORS TO
SCALE UP PROCISSES

Continuous flow reactors flow cell reactors allow physical efiects to be localized

and tightly controlled or using physical effects permits scalind up of reactions

that may be difficult to accomplish in good yield under other conditions Many
of the exaniples below can be run on small scale or in pilot plant with small

amount of time investment

lILA Static Mixers

Static in4ine niixcrs were developed for the intimate uuxing of many mixtures

from solutions to heterogeneous mixtures such as two inmiisciblc liquids or gases

in liquids to viscous fluids such as peanut butter omnmercial inlimse mixers

arc tubes as small as 1.8 in outside diameter by in long Inside the tubes station

any demerits arc positmojmed to blend the components of the mixture in prmnmarily

radial manner By providing reactor with high surfacmarcato volume ratio

efficient heat transfer is allowed Static mixers arc used for reictions where good
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inicromixing is necessary to nlinnuze byproducts due to lOcahLed cxcesses of

reagents static mixer was used in the Kowaiski reaction see Figure 8.17 to

rnininuze by products that arose from inadequate temperature control and

micrornixing Instant quenching or pH adjustment can also be achieved by stat

ic nuxers

Continuu procmse have recently been described 01 two parerirs
for the

preparation of cyclopropylamine 10 Figure 13.11 an intermediate for both the

pharmaceutical and agricultural industries In tile earlier patent tworeactor

trun was used in CSTR approach the first flask were charged simulta

neously solution of in H20 and an aqueous solution of NaOC1 The overflow

from this reactor was collected in second reactor which was charged with 4S0o

aqueous NaOH at teniperatures below 30 The extended addition allowed for

temperature control of the very exothermic hydrolysis and decarboxylation Sub

sequently the basic mixture was transferred to distillation apparatus arid 10 was

isolated by distillation in yields as high as 96o
The later patent described the rise of tubular reactor in more continuous

process suspension of and two equivalents of NaOH in H20 was treated

with one equivalent of aqueous NaOCI at temperatures no higher than 15C
After about 20 minutes the resulting solution was passed through tubular reactor

heated to 80C with residence time of about 1.5 minutes he output from the

tubular reactor was metered into distillation column that contained refluxing

H20.The product 10 was recovered by distillation in 93o total yield for two frac

tions The modifications offered in the second patent were claimed to increase

productivity

In the two processes to make 10 described above no mention is made of the

urea 11 Figure 13.10 Hydrolysis of the isocyanate under the conditions stated

is probably rapid enough to minimize the formation of 11

NaOC NaOH NC-O OH
NH2

FIGURE 3.11 Preparanon of cyclopropylainine by Hofinann dcgnd.inon

-J
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HO AmberliteiR 518

HO
HO VOIO H20 in DMSO

OH 60 C/lOOh 12
90c

FIGURE 13.12 on inuous dehydration of fructose by recirculiting through he of ion

cIu ger

IILB Immobilized Catalysts

The immobilization of catalysts has provided very powerful ways to contain theni

for convenient workup and to sxtend their lifetime Some examples mentioned

earlier included polymeric TAIDOLates see Figure 3.24 using third phase in

phase.transfer mediated reactions see Figure 96b and the preparation of MTBE

using an ion exchange resin Figure 13.6 The continuous dehydration of fruc

tose on laboratory scale has been described Figure 13.12 0.5 solm

tion of fructose in DMSO containing volo H20 was recirculated through

glass column at 60C packed with an ion exchange resin he eluent was contin

uously applied to the top of the column by peristaltic pump The concentration

of 5hydroxyniethyl2-furaldehyde 12 plateaued some time after 50 hours

Recirculating solution through column containing reagent or catalyst

can he readily used in the laboratory and scaled up

Immobilized enzymes have been used for years in the preparation of fine

chemicals Racemic anaines were resolved by enzynse-.mediated acylation Figure

i313 Solutions of the racetnic aimne 13 and the ester 14 were combined

just before being pumped onto the top of column packed with the enzyme

immobilized on glass beads The nonenzymatic acylation was slowed down by

decreasing the contact tinie of 13 and 14 and by conducting the reaction in

methyF-3pentanol The eluant was drained directly into concentrated HC1 in

order to convert the unreacted amine into the hydrochloride salt 15 and prevent

any further nonenzymatic acylation

1.enzymo

H3C CH3

NH2 HO OH3 NH2 HOI HN OH3

H3COCHF3 svent

FIGURE 13 13 Resolution of an amuse by enzyme mediated acylatmon
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IILC Photocheinical Reactors

ontinuons flow reactors permit practical scale-up of photoc hemica reactions

rect scale up from conventional laboratory photochemical reactors would he

difficult Since few large scale reactors allow light to he transmitted through the

0f the vessel light suuicc would have to be inunersed in the reaction

Good circulation around any light source is necessary because the power of trans

nutted light drops off as the square of the distance from the light source Fae

tors for the scale up of photochenaical processes have been discussed

practical photochenncal brornination has been described Figure 13.14

for both laboratory uad pilot plant operations Initial investigations by irradiating

solution of 16 and NBS showed that after lag time the reaction became

extremely exothermic with potenti il for runawiy reaction 3Dihronio55

dinictliylhydantoni l13H proved to be milder brominating agent and wis used

ni the presence of cat ilytic Pcrkadox 6N to initiate the freeradical reaction The

reaction was pumped through tube irradi ited by .1 sunlamp The reacrion mlu

tion was recirculated through the tube reactor until the reaction was complete

This
process was successful with inputs of 4.25 kg For further scaleup specially

designed reactor was employed Figure 13.14 he reaction was pumped through

Teflon tube coiled around the light source in cylindrical well and the resm

deuce time was chosen so that the reaction was 970 complete as the solution left

the photochenaical chamber Usin4 this equipment the yield of 17 was 90 on

20 kg scale

Perkadox 16N
Br

3/ moFo
OH3 BrN\

NBr CH2Ot LNH
CH 85 93o CH

NON3 H30 NCH3 HO
16 NN 17 NN

DBH

ot Teflon

tubing

cooant

tJlPE .3 Pr nOva ph otoclie no ul bron inanO 00 310



Use of ont iuous Rt actors 285

IILD Microwave Reactors

Microwave irradiation has been used to accelerate many reactions through flash

heating 30 The potential of this approa wis recently shown in the asyni

metric allylic alkylation in Figure 13 15 BINAP arid the other hgand used ii

this work were chosen because they afford relatively slow conversions under con

ditions without microwave irradiation

Microwave irradiation generates high temperatures and correspondnig high

pressures and re ietors should be equipped with pressure relief valves his con

cern has limited the use and sealmup of microwaveenhanced reactions contin

uous microwave reactor has been described and continuous flow reactors are

available counniercially for laboratory use

IIIE Sonochemical Reactors

In the process of sonication electrical ener is converted into mechanical ener

gy The sound waves produce cavitation the process of forniation and collapse of

nucroscopie bubbles which leads to great mechanical shear forces Particles are

hammered to form smaller particles and the increased eneri of the system can

promote chenmical reactions Ultrasonic chemistry has recently been reviewed

Most research in sonichernistry has been carried out in ultrasonic cleaning

baths Operations on scale can be carried out by using commercial flow cells

IILF Plug Flow Reactors

Plug flow reactors can provide safe operations for exothermic reactions is shown

in bigure 13i6 Rearrangement of the acetylene 18 readily took place in hot

N-diethyl aniline or n-dichlorohenzene but several uncontrolled reactions were

12 moP0

OAc CO2CH3
E2NAP moto H3COC CO2CH3

Ph Ph 002CH KOAc mo3 Ph Ph

44
CH3COSMe3NSIMe3 4.8 eq

CH3CN 4-MeO-C6H4CN

Temperatle or Ome Product Product

microwave power mn yied cc

213 4300 99c 77

35W 15 99c 650R

El0URF Mrov ave ia uleranon of 10 an 0110etric palladiun cat zcd kv 0100
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III

NC 195200 NC

fl CH heat/4mN OH
CH3 rosHence Sme OH3

18 95% 19

EIGURE 13.16 An exothernuc reaction conducted in plug flow tubular en ctor

seen when the reaction was conducted in batch operations hazard evaluation

showed strong exotherniic reaction at temperatures above 105C The reaction

could he performed by slowly adding 18 to hot /\cNdiethyl aniline but work-up
was laborious Fhe rearrangement could be conducted neat avoiding all toxic sol

vcnts By passing neat 18 through narrow hot tube the heat generated was read

ily dissipated and the exothermnic reaction was controlled Melted 18 was pumped
through stainless steel tube 0.125 in internal diameter 25 ft 20 inL/min at

l95-200C converting 52.3 kg of 18 to 19 in 95o yield This approach was easily

used in both the laboratory and on scale

AplugFRreactioncaiibecarriedoutusingaGcovenastheJaeat

IILG Electrochemical Reactors

Electrocheniical processes are often touted as being green chemistry because

electricity is considered inexpensive and toxic metal reagents arc usually avoided

Electrochemical processes have produced tons of bulk chemicals the best

known of which may be adiponitrile from reductive dimerization of acrylonitrile

Figure 13.17 An electrochemical synthcsis to manufacture fenoprofen is

shown in Figure 13 18 with the magnesium provided as sacrificial electrode

Flow cell technology has been used for these operations on commercial

basis

ON NH2

CN 2e

K
C

H
2 polymers

NC H2N

FIGURE 13.17 Electrocheuucal preparation of adipon trile
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OO2MgGl
Et4NBr 5.5 mo%

OH3 002 Mg OH3
DMF/30

8O

002H

CH3

fenoprofen

FIGURE 13.18 Flect1ochel neal pp irati rn of fenoprofbn

Electrochemical reactions can be readily carried out in the laboratory 41
Oxidations are little easier to perform because there is no need to exclude

atmospheric oxygen in fact many electrochemical oxidations can be simply per-

formed in beaker The deprotection of the B-lactarn 20 was carried out in good

yield Figure 13.19 replacing CeNH42N016 CAN An electrochemical

epoxidation was carried out to prepare indinavir sulfate intermediate 21 in good

yield Figure 13.20 the stereoselecitvity of this reaction is less than that

of the NCS-mediatcd epoxidation the product was prepared in only one step

Commercial equipnwnt is available for scaling up electrochemical reactions

TIP Continuous flow reactors allow practical approaches for processing

operations that would otherwise be difficult to carry out on scale The

time invested to set up continuous process may pay off with significant

rewards later

OTBDMS

Ph LiCIO4 OTBDMS
H3C

00
FIGURE 13.19 Ieprotection of ar amide by electrochenncal oxidation
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Preparing for and Implementing

the Scaleup Run

INTRODUCTION

There are two key objectives for effectively scaling up process to anticipate and

solve processing problems in the laboratory and to thoroughly execute the scale

up operation

he detailed method for developing process and carrying it out on scale

varies according to the phase of development of the final product time pressures

to prepare the final product and the protocols favored by both the group who

developed the process and the group carrying out the scale-up run Considering

the variability of these situations people tend to disnaiss discussions on irnple

menting scale-up runs as being not entirely relevant to their own situation

Nonetheless given the risk and expense involved in scaling up everyone involved

in project should follow these guidelines to prepare for and implement the

scale-up run

Thoroughly understand the process

Ensure that the process is safe to scale-up

Discuss potential pcocess pitfalls on scale with those who will run the

process These discussions should include key control points and potential

problems from extended operations mixing and out-of range processing

291
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reh sHe ii pr es es ntrt Is ready

nsure that the materials on hand are ot suit ibic
quality to prepare product

of desired quantity and quality

Unsure that cquipiaic it is available and is able to perform the desired

proc ssmg

Carry out the process thoroughly relymg on the niforination gained during
labor itory process development Monitor the process closely using in
process assays Observe processing at thc ritical steps especially ftr the

initial runs

After the run follow up with analyses Ensure that high-quality material was
prepared Critique processing to identi areas for future optimization

II ANT ICIPAfING SALLUP PROBL EMS

for optimal use sf persnuiel and equipment it is key to anticipate and solve

potential scale -up problems in the laboratory The pressure to solve processing
problem is much less in thc laboratory than it is on large scale

TIP According to Murphys La whatever can go wrong will Plan scale-

up operations as though Murphys law is true

There are several categories of proLeing problems encountered oii scale Most
arise from nonhomogeneous operating conditions physically derived inipurities
cxtended processing chemically derived mipurities and processing outside nor
inal ranges physically or chemically derived impurities Operations outside the
desired ranges often happen because of difficulties in exerting fine control over
processes Temperature and pH excursions may occur if reagents are idded too
quickly metering pumps arid control valves may be used to control such adcli
tb ss lue to the large mass of most reactors used for hatch processing the teni
perature of thc vessel contents may lag behind any operations designed to add or
remove heat Hence it is easy to overheat or overcool vessel contents he devel
opulent person is very familiar with processing outside normal ranges and may
have purposely conducted runs beyond the optimal limits in order to determine
the effects of errors during processing

Extended processing occws on scale relative to the times Cr routine opera
tions in the laboratory lransferrnig large aniounts of solvents and solid material
requires time

omicentratlpg off 500 liters of solvent may require well over two
hours depending on the hoilnig point of the solvent the equipment used arid the

partial pressure during concentration lrainang water froni SOOgallon vessel by
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gravity may require one hour less tnnc would required if in smetcr hose

were used instead of in hose or if the water were trinsferred by pump or

pressure
he rate of he it tr insfer is proportional to the ratio of surface area to

volume therefore more dine is required to reich operating temperatures in irger

vessels It is nportiiit to remember that most reactors for scale up operations ire

cylmdrical for cylinders the surface area increases proportionally to the radius

while the volunie increases proportionally to the square
of the radius see able

13.2 Such increases nec essitate lunge operating times for scale up that often are

not appreciated by those who have no experience with processing on larger

scale or by those who no loiiger
work on scale up operations

Extended operatmg times can allow bvproducts to aceunsulate from low

yielding or slow reactions or instance heating during extended concentrations

can decompose more product th in was encountered during laboratory runs An

example is the formation of esters when removing an alcoholic solvent froni

solution of earboxyhe arid product figure 14 fhe esterification is catalyzed

by the earboxylic acid ai1d niay be driven by azeotropie removal UfHO.The rate

of esterification will be accelerated by increased acidiC of the medium decreased

steric hindrance of and use of primary alcohol Similar considemations

apply for predicting transesterification when removing an alcoholic solvent from

solution of an ester Figure 14 l.When crystal suspensions are aged for extended

times the product may he contaniinated with higher levels of impurities that

crystallize inure slowly than the desired product see Figure 11 .8.Transformation

of one polymorph to an undesired thermodynamically stable polymorph may

also occur when product suspensions are aged excessively see discussion for

figure 12.3

fhe third cause of piuccssing problems on scale due no difficulties in mix

ing Thorough mnixmnf on scale is not instantaneous as mentioned in Chapter 13

Mesomixing or radsil dispersion of feed stream as it enters reactor 2I can be

important Localized pockets of reagents forming during additions can lead to hy

products if the reictions are rapid and sensitive to heat or stoichiometry By

applying the snapshot principle many problems due to mixing can be recognized

A1

RCO2H HO R2
H20

RCOCH3 EIOH RCO2Ei CH3OH

GUIL surifl on of 1arbox 1k IC and Ir lOOt -rtflr tint t-ster nh xtcndrd

procLssinl
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Mc omixing as fbund to play significant role in the rca tion of riaphthol

with diazotized sulfanilic acid Figure 14.2 The formation of the desired

product and the minor byproduct are rapid Fven under dilute conditions

and can react with diazotizcd sulfanihc acid to form the hssa7oadduct Long
addition times promoted thorough niicromixing and minimized the formation of

the bisazo dye When the reaction mixture was made more viscous by the addi

tion of hydroxyethylcellulose levels of the his-azo dye rose due to less efficient

dispersion during addition Smaller amounts of this impurity were formed when

the reagents were added directly into the turbulent area within the radius of the

agitator Further dispersal on scale can sometimes be implemented by spraying

the feed solution into the reaction nnxture

Close attention must be paid to heterogeneous conditions that occur during

work up and isolation Thorough extraction of by products from rich phase into

second phase may not occur if agitation is poor Residues left in kettle from

prior extraction e.g saturated brine drained away from rich extract may conta

minatc tIle product An insufficient settling time may lead to an incomplete phase

split and impurities carried over in the emulsion may contaminate the product

An aqueous wash could he hung up in an invisible spot e.g dip leg or hose

that was not flushed properly and contaminate the rich extract Uneven applica

tion of cake washes can lead to mhomogeneous product Uneven heating during

drying can lead to localized decomposition

Ill SCALE-UP CONSI1ERATIONS

Many cealeup consideriHuns ha\e alreadi been identified in earlier wction such

as solvent selections the importance of detecting water in process streams and

Nacb0
asO02mM

soluton

H20

Nf 25C L.
Lss-azoadduct

so3

so3

sOfsnWcaod jN N2

503

as 0.005 0009

mM solution

bICURE 142 Iiazutization affecto by n3esonuxln
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others his section focuses on areas for implementing efficient costeffective

scaleup of processes

lILA Identify the Goals of Scaleup

he first step in preparing to scale up process is to identify the goals It is

Important to know the required quality and quantity of product to be produced

and especially whether quality is more important than quantity or viceversa

Who is the customer If the customer is the one who owns of the next process

step
within the synthetic sequence mint colaboration may occur to satisfy the

processing needs of both steps If the customer is the company th2t will purchase

the final product rigid specifications may be in place to ensure its quality he

deadlines fbr preparing material may need to be clarified There may be differ

cnce between when the customer wants material and when the customer needs

the material.The deadline will influence the amount of process optimization

During the development of the process to prepare Figure 143 material

prepared from ethyl chloroacetate sometimes converted slowly to the ester

To facilitate the preparation of fosinopril sodium intermediates the preparation of

was investigated and it was found that the slow conversion to was caused

by low levels of nitrilotriacetic acid in he origin of was excess

ethyl chloroacetate which reacted with NH liberated during the hydrolysis of

intermediate By substituting chloroacetic acid for ethyl chloroacetate basic

conditions were not needed to prepare and the NH3 denerated during the

modified Arhuzov reaction was always neutralized through formation of NH Cl

Batches of prepared from chloroacetic acid did not generate and conversion

of to was facilitated

IILB Safety Considerations

ensure safety during lab development and scaleup complete chensical haz

ard assessment must he done Not all reactions need to be thoroughly subjected to

analysis For instance the basic hydrolysis of an ester in water under relatively

dilute conditions would not be expected to pose an extreme safety hazard Safety

testing can determine how exothermic reaction is and whether the reaction can

be conducted safely on scale For instance by knowing the amount of heat

evolved in reaction and haying assessed the systems ability to remove heat from

reactor it is possible to calculate the amount of time needed on scale to add

reagent that produces an çxothermic reaction

The safety of operators can also be key factor particularly through exposure

during reagent additions and isolations of final product In the nitration of the
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FIGURE Reagent snbsntu lion to iIitate sobsequenr Co rrs on of an ntel nerhatr

ketone Figure 14.4 the concern was how to minimize operator exposure

while adding the solid to 70o FINO In this particular process yields were

increased by using 90 HNO1 Adding the solid to 90o HNO1 permitted

good temperature control of the reaction but when only about twothirds of

had been added the reaction became heavy suspension due to crystallization of

CH CH3
CF3CO4I
soNent

HNO3
21

90 H20

1.3eq 89c NO

GUI4 tr Thou of 11 aroijiatiC loTTe using tnfluoio tiC Ti solrent
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the product Potential operating difficulties and operator exposure were mini

mized by an alternative sequence in which was first charged to the reactor fol

lowed by trifluoroacetic acid as solvent and then equivalents of 90o HNO3

Safety testing including CHETAH cak ulations RSS ARC and DSC indicated

that them conditions were so less exotherniic than the initial route Reaction

calorimetry and reactor simulation can also be useful tools for minimizing the

time needed for effective scaleup

HLC Identify Critical Processing Steps

The written process history should be reviewed and discussed with those who

have experience with the process All aspects of the processing need to he consid

ered If the addition rate of reagents is critical what is the deciding factor to con

trol the addition rate Should the reagents be added above or below the sufface of

the reaction Will the reagent freeze upon addition to low_temperature reaction

What is the acceptable temperature range permissible H20 content and endpoint

for the reaction What are the acceptable conditions e.g temperature and pH

for the work-up If the rich extract is to be concentrated what are the acceptable

ranges of temperature concentration and H20 content Is the crystallization for

giving or must extreme care be taken Is specific equipment needed to isolate and

di the final product These are some of the questions that may be asked

IILD Define Equipment Limitations

In most scale.up operations multipurpose equipment is used so one has little

choice of specialized equipment In fact in many companies it is the equipment

available for scale-up operations that defines the processing conditions For

instance reduction may be carried out by transfer hydrogenation if pressuriz

able vessel is not available for hydrogenation rising ft from cylinders

It is important to assess the compatibility of equipment for the intended pur

poses However specialized equipnient hydrogenator may be needed for

reaction Corrosivity can limit equipment choice for instance special equipment

is needed for reactions that generate HF and some metal reactors will corrode if

aqueous HC1 is used at conditions more acidic than pH Corrosion testing has

been discussed in depth Reactions conducted at 70C will require specill

ized equipment and cooling and maintaining reactions to this temperature may

require extended operations Reactions conducted at 50C may he more easily

carried out Using steam hmt high_temperature reactions may be conducted as

high as 40C and other heat media may be necessary to conduct reactions at

higher temperatures These are only some of the considerations equipment limi

tations and possibilities
should be discussed thoroughly with those who have

experience using that equipment



298 14 Preparing for and Impirmenting the Sc sic op Run

TIP Make sure that hoses seals and probes will stand up to operating

conditions will dissolve some seals and pH probes unsupported

ph probes may he broken inside reactor Metal sampling lines may cor

rode within reactor contaminating the hatch with metal salts

The equipment setup must be designed for safe operations For decarboxyla

tion of the pyridinonc Figure 14.5 it was necessary to heat the reaction

230C the product 10 mp 24.126C sublimes under these conditions

Condensation of the product on the surface of the vent system could have

impeded the exit of GO2 which would lead to very hazardous conditions under

the high reaction temperatures The vent system was designed to accommodate

the maximum rate of CO9 evolution and all parts of the vent system were heated

to over 135C to prevent condensation of 10 Vaporized 10 was trapped in

scrubber charged with 60o NaOH

IILE Use Rugged IPC for the Scale-up Operation

As discussed in Chapter rugged inprocess controls are essential for efficient

scale.-up operations Obtaining representative sample from the reactor may be

difficult due to concerns about limiting exposure of the operators and the envi

ronment to reactor contents avoiding contamination of the reaction product and

working within constraints that are imposed by the design of vessel in accessing

reaction Also if the reaction is heterogeneous more care must be taken to obtain

representative sample

When the samples have been withdrawn from the vessels suitable analytical

separations naust be available to analyze the reaction This would include starting

materials products impurities and solvents as appropriate Quantitations may

need to be developed for key components Karl Fischer titrations may be needed

quinohne002H
60-230 C/4h co

F2C aq NaOH PSCH F3C

aqHC
79 10 mp 124

subimes

FIGURE 4.n Scale up concer during decarboxyLsion
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at virious points in the processing Other key tests niay include to follow sol

vent displacements and LOl to determine completed drying of the product

JILE Develop Contingency Plans for Incomplete and

Runaway Reactions

As part of process developnient contingency plans must he developed in case

processing is not completed within the expected tinie period The niost common

approach is to extend processing until suitable endpoint has been reached It

may be necessary to add additional reagents so safe way to carry out such addi

tions on scale must be discussed

For safety purposes contingency plans may be needed for runaway reactions

assuming that safer conditions have not been developed in timely manner or the

required operations are highly exothcrinic In such cases it may be suitable to

organize surge tank so that any reaction that surges from vessel can be safely

contained by receiving vessel

IILG Know Effects of Extended and

Interrupted Processing

One of the two key objectives of scaling up process effectively is to anticipate

and solve processing problems in the laboratory The effects of extended process

ing on scale can be examined readily in the laboratory near the end of the process

development cycle For instance small reaction aliquot perhaps v/v of

reaction niay be kept in the reaction vessel at the reaction temperature for twice

the normal time for reaction and then analyzed by the in-.process method used to

determine the reaction endpoint To mimic an extended concentration time an

aliquot of rich extract may be concentrated to the desired volume and moisture

content then held at the concentration temperature anticipated for scale.-up oper

ations Determining whether impurities will cocrystallize in product slurry can

be acconiplished by storing an aliquot at the isolation teniperature then assaying

the product The effects of interrupted processing can similarly he examined in

the laboratory In this manner convenient process holding points may also be

identified

TIP To anticipate the reLalts of extended processmg on scale subject reac

tion ahquots to extended or interrupted processing in the laboratory

i_i iiwwp siytirwir.w WJW7
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llI.H Develop Methods to Qualify Components

Before committing resources and expensive chemicals to scale up operations

examine the components of the reaction to ensure that processing proceeds as

expected and affords the product in the expected yield and quality Reaction

components include all chemicals to be used in processing starting materials

reagents solvents and the chemicals water and adsorbents used in work-ups Dif

ferent grades of reagents and solvents different lots of commercial materials and

different batches of intermediates may all need to be qualified There are basically

two approaches to analyze the materials and to perform usetest

Analyses arc performed to determine the identity and quality of reaction

component Simple tests are preferred as identity tests such as pH measurement

titration suitable comparison of IR spectra to standard spectra boiling point

refractive index and others The quality of components can be assessed by many

methods and compared to standard Often standard is set to require that mate
rial be no less than minimum purity such as 96 Specifications may also he

set to require that component contain no more than given level of specific

impurity By correlating the processing characteristics with product yield and

quality data can be gathered to establish suitable specifications for all components
of process

The danger in relying on analyses to qualifr process components is that analyt

ical tests may not detect component that had not been identified as critical

Usetests laboratory experiments in which batches of process components are

used in the manner intended for scale-up operations can be employed to qualify

batches If the usetest is not satisfactory the cause can he traced to the batch or

batches of materials that were mcd and scale-up operations can be modified or

postponed until substitute batches are available Use-test of batch of amine 11

Figure 14.6 gave rise to the hydrazine 12 in yields 1520% below the expected

yield the cause was determined to be the presence of about 50 ppm of iron salts

in 11 As another example technicalgrade KHCO3 contains more K2C03
than does reagent-grade KHCO3 and the pH of solution of technical-grade

KHCO3 may be too high for suitable processing Use tests do have disadvantages

The procedure can be timeconsuming and close attention must be paid to

SO2NHCH3 SO2NHCH3INaN2
aq HC

NH2 HO SnCI2 NHNH2 HO

11 12

FIGURF 14.6 Ainination nf an aniline afibctcd by trace amounts of Fe salts
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prm essing to ensure that batch peftbrmance not influenced by small deviations

from the desired procedure

TIP Intuition helps hut it is not definitive or quantitative If in doubt

run the experiment and generate the data Better to let data speak for itself

IlL Examine Process Tolerances for Scale-up

If time allows process parameters should be examined to determine the ranges

that will be tolerated and still afford acceptable operations yield and product

quality On pilot plant and manufacturing scale the accuracy for delivery of sol

vents and reagents is expected to be volo and 12 wto respectively All lab

oratory processes
should be expected to tolerate such ranges If suitable processing

cannot be accommodated using such ranges of solvents and reagents considera

tions must be made to deliver these reaction components more accurately

Abuse tests can also be run in the laboratory if time is available In these exper

iments reagents are purposely overcharged and undercharged to determine pro

cessing fate should errors be made Experiments may also be carried out to deter

mine the fate of similar excursions in pH te1nprature and other parameters

With suitable inprocess monitoring many of these modifications can be carried

out during one or two experinlents

IILJ Ensure That Thorough Product Analyses Are in Place

After the run has been completed the product should be subjected to thorough

analyses purity impurity levels residual solvents and other appropriate tests The

product may also be examined for suitable conversion to the next intermediate

Yield product purity arid the amount of product in various streams e.g aqueous

extracts mother liquors and washes can be used to calculate the mass balance for

the processing Monitoring the mass balance is an excellent way to determine

how well process
is understood low mass balance may he due to the forma

tion of an impurity that could decrease product yield if not controlled in subse

quent runs
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nor to scale

IILK Identify Cleaning Procedures and Waste

Disposal Procedures

Cleaning procedures are becoming increasingly important to decrease the conta

mination of product from batch to batch particularly when various products are

prepared in multipurpose equipment Cleaning procedures often are directed at

the best means to dissolve and remove the reaction product The soluhility of all

process components organic and inorganic should he appreciated for thorough

cleaning thorough discussion of cleaning and decontamination has appeared

All reaction streams should be treated responsibly prior to disposal Keep in

mind that it may he necessary to neutralize reactive chemicals prior to disposal

see guidelines in Chapter 10

IILL Guidelines for Documentation Efilcient

Process Transfer

The actually scaleup of process is not always the primary goal of
process

research and development Instead the focus is snnletimes to describe the
process

thoroughly so someone else can duplicate the process and prepare the final prod-

uct on scale Such technology transfer can occur between the development labo

ratory the kilo lab pilot plant operations and manufhcturing from the develop-

ment laboratory to custom manufacturer or from colleague to colleague The

goal of technology transfer is the efficient effective transfer of process informa

tion The recipient should be able to repeat the process readily Any further devel

opment of the process should proceed with minimal duplication of the efforts

invested to develop the process in the first place The process should be thorough

ly described in process transfer document Guidelines for the process transfer

document are shown in Table 14.1

IV IMPLEMENTING THE SCALE-UP RUN

The focus of the scaleup run determines how the operations are approached

during the run If the focus is to corroborate process details worked out in lab

then data should he collected and the
process may be optinnzed during the run
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ABI 14.1 Cuideline to umcnt Proce hr ology Ira isit

Provide reaction scheme includi balanced eq matious for the re ictiOims aid work ups

Pros ide reaction flow sell nie

Describc pr cess thorough ly

In lode erit cal
process details e.g stricfr anhydroos condif omis

Des ribe in process
ontrols and in process iss us in det ol

Include suitable ressork procedure

Sui uiarmze data
usmri4

tables of yields quality impurities sass balm

Describe proccdc res to neutr lize by product 55 iste streams

Describe
process completely with onuir sal refereuces to other docu neuts

Provide
history

tI at led to development td curreut process

Explain what is known mid not knosvn in corr process

Describe what svorkcd and wI at did riot work

Ensure tlimt docuuieut is reviewed and ipp ovcd by auagerm ent

Provide safety assess mt

Propose safety consmcleratm sus for scale up

Describe processing concerns relevsnt for scile-cip

If the goal is to produce larger amounts of material then only enough optirniza

tion is done to allow for the preparation of the required amount and data niay he

collected to avoid similar problenis in subsequent batches that are part of the cur-

rent campaign If the goal of operations is to optimize the use of the facilities

then extensive experimentation may he justified in order to optimize the process

before it is scaled up If the product is to be made under cGMP conditions then

all required data must be collected and great attention must be paid to avoid con-

tarniriating the batch Under cGMP conditions all processing changes must he

documented with justifications

Since raw materials and personnel resources are extremely valuable one must

consider how to conduct scaleup operations with maximal efficiency With

attention continuously focused on extended process operations people begin to

work less efficiently Back- personnel should be available in case they are need-

ed for efficient coverage of critical processing

The optimal amount of time for process is difficult to gauge but may be

assessed based on the goals of the scale- operations For critical processing such

as the period from charging reagents through carrying out the reaction to the

quench the optinial tune for pilot plant or nunufactuning run is ideally less

than hours certainly no tnore than 12 hours Often reaction requiring hours

in the laboratory is prolonged to 16 hours due to longer periods needed for

weighing and charging eompouetits heating and cooling and unexpected events

such as equipment and chen4icals that cannot be quickly located equipment

breakage and coffee breaks Nonetheless the optimal time for process is the

amount of titne required to reach the processing goals and people must be flexm

ble enough to work toward these goals
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Good teamwork is essential for efficient operations on scale he team may be

composed of chemists engineers operators analysts and others It is important to

appreciate the experience of other team members especially the operators who

are most familiar with the scale up equipment Roles of team members must he

clarified for instance direct handson involvenient with operations may vary

depending on whether the operations must he conducted by union members In

order to make efficient use of equipment and people goals critical tiniing and

personnel involvement must be organized before the scaleup run

lo prepare for run it is essential to review process and examine the details

of exactly how the operations will be carried out Vessels must be selected so that

reactions can be stirred at the rmnimum volunie of the reaction and so that

the reaction can be contained and usually stirred at the maximum batch volunse

Gases evolved during processing for instance during decarboxylation or

neutralization of an acidic stream with NaHCO3 may form foams such reaction

mixtures take up larger portion of the vessel volume defoaming agent was

added to ossen rearrangement to address these problems Figume 14.7 112

however assays may be needed to detect the presence of any defoaming agent in

the product For the safety of operators and to minimize risk of contamination

any key volumes should be measured without opening the vessels If the addition

of key reagents
is to be controlled by temperature sensitive temperature probe

must be positioned so that the tenaperature can be monitored at the start and the

end of the addition

Identifying the primary naeans to control reaction is key for reliable process

ing In many cases addition rates are not factor and reaction is stirred at

given temperature range until the inprocess assay
indicates that the reaction is

complete For other reactions the addition rate may be essential to minimize

NO Na2003 3%w/w macton

1lSeq H208590 c/I 55

NO2
89% NO2

NO2

H20

OH

NO2

002

NH
NO2

FIGURE 14.7 Iefoininig 2gent
used during decarboxylanon
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impurity formation So iie reactions usually li terogeneous ones are affected

greatly by agitation rate these would include hydrogenations and some PC

reactions that are affected by mass transfer e.g the N-alkylation of pyrrolidinone

in figure 14.8 14 Many hydrogenations are driven by maintaining given

pressure
of hydrogen Key operating conditions must be accurately monitored and

controlled for ready scaleup

Removing reaction byproduct efficiently can be necessary for good product

yields and purities In the semibatch method of preparing pentenoic acid ethyl

ester see Figure 13.9 efficient reaction of
allyl

alcohol and removal of the by
product EtOH were necessary he

allyl
alcohol was introduced subsurface

to prevent loss by flash volatilization in the head space over the reaction surface

LtOH was displaced from the reaction by operating at temperature significantly

above EtOH boiling point low reflux ratio of about 41 moles of liquid

returned to the systenimoles of EtOFI collected as distillate was used to

ensure that the EtOFI was not returned to the reaction

To avoid difficulties in adding reagent arid transferring reaction streams it is

essential to examine how these operations will be carried out In general adding

liquids is more troublefree than adding solids and granular freeflowing solids are

much easier to add than small particles that are electrostatic or have tendency to

cake upon contact with the reaction solvent It may be necessary to manually

scoop solids into reactor and if the solids are irritating or toxic special person

nel protective equipment will be needed liquids are easier to transfer to reac

tion at slon continuous rate metering pumps or valves may he used to control

the additions There are five means to transfer liquid by gravity siphoning

pumping pressurizing or suctioning he rate of transfer by gravity and siphoning

is limited by the height of the liquid above the receiving vessel Siphoning niay be

used conveniently on scale to remove supernatant if dense solids separate from

suspension Pumping is faster means to transfer liquid and one of the fastest

methods is to pressurize liquid into the vessel using an inert gas Transfers may

also be carried out by applying suction partial vacuum on the receiving vessel

and by allowing liquid to be drawn into the vessel Transferring reactive materi

als by suction niay be inherently safer than transferring by pressure care must be

taken to ensure that volatile solvents its the receiver are not lost when suction is

applied

PhCH2NEiy Cl

Ce rH
base solvent

IGURE 14.8 PT reaction affcv ted by igit
nioti rite

er
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Hoiv reagent is intiodueed into the reactor can deternnne the selectivity of

reaction he simplest means is to add liquid as steady stream into the reactor

headsp ice shove the reaction If better lispersion is required liquid may he

added more slowly added as dilute solution or sprayed into the reactor It may

be advantageous to introduce liquid below the surface of the reaction particu

larly if the reagent is volatile Subsurfas additions and spn lying operations may

tend to plug lines and hilt additions If neat reagent tends to crystallize under

low temperatures it may be necessary to dilute the reagent with solvent to ensure

smooth additions hor instanze neat oxalyl chloride nip to may

freeze and plug addition lmes upon charging to Swerii oxidation at 70C
Reliable additions are key to smooth opmations

How reaction is monitored niay determine the assessment of th reaction

contents at the tinie of morutoring Opennig vessel to withdraw sample poses

concerns for operator safety and contamination of the batch ircctly sampling

reaction is difficult if the reaction is conducted under pressure at high or low

temperature or in the absence of oxygen Suitable probes niay be fitted into reac

tors for inprocess monitoring e.g FUR Any samples withdrawn from reactor

must be representative of the reactor contents at the moment of sampling Reac

don ahquots may he withdrawn by suction through sampling tubes inserted into

reactor such ttibes should be purged with N2 before reaction ahquot is with

drawn Considerable thought is justified to ensure that reaction can be safely

and accurately monitored

When actually implementing the scaleup run it is crucial to he sure that

operations are carried out completely and thoroughly It is often wise to obtain an

additional sample to confirm that the endpoint has been reached for key steps

e.g nedctiun completion fi arc IIiust be taken that material is not onLuuiiated

during transfers and that physical losses are niiniinal For nistance it is advisable to

clear ill transfer hoses by draininf or displacing liquids with mtrogen before usnig

such equipment to transfer different liquid phase To complete the operations

efficiently and safely it is necessary to be alert for any suboptimal conditions On
thejob training is necessary for confidently and efficiently operating in any scale

up environment

TIP Optimizing process during scalesip run is always tenipting and

occasionally may he necessary Considerable resources are at stake with

scaleup run however Whei in doubt perfonm the operations you know

will work Exanmdne any proposed processing changes later ni the lahm

ratory
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Scalroup operations in the kb lab are often niort similar to process research

than to pilot plant operations ilgith kilo lab operations the key is to prepare the

desired material by the deadline using whatever niearis are appropriate For

instance Na2S or MgSO4 may be osed for drying product rich extracts It

should be noted that iomzible and polar compounds will adsorb to such dessi

cants Reaction streams may be transferred by pouring or concentrated by rotary

evaporation onipounds may be purified by column chromatography or even

triturating Tbmely preparation of the desired niaterial is the key for kilo lab

work

Process considerations to prepare for and execute scaleup run can be broken

down into seven areas safety documentation personnel equipment ability analyt

icfi support cheniicxls and operations The following checklists will help prepare

for scale up run and provide guidelines for irnplenienting the run in the pilot

plant or the kilo laboratory Section IV.B reviews the salient points of the check

lists and IVC provides special reminders about kilo lab procedures

IV.A Checklists to Prepare for the Scaleup Run

Safety

Assess the reaction for possible chemical hazards

Determine if any exotherinic reaction can be safely controlled on scale

Conduct safety review before entering scale-up facility

Ietermine how to handle spills

Identifr any special personnel protection equipment needed

Assess safety results from operating at the extreme conditions e.g

Agitation too much too little none at all

Tbmperature too high too low

ph pH too high pH too low

Con centration too concentrated too dilute

Identify any gas evolution and possible pressure build-up Organize surge tanks

if necessary

Assess any potential reaction froni contact of reaction with heat transfer fluid

and change heat transfer fluid if necessary

Documentation

Laboratory process description written and approved

Prepare log sheet hatching record sheet
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Personnel

Operators chosen

Operators alerted for possible overtime work

Analysts alerted for timing and need of critical IPC and final product assays

Equipment Ability

Confirm suitability of equipment leak test pressnre test

Confirm appropriateness of equipment

Confirni that equipment can be readily and thoroughly cleaned

Perform solvent test to confirm all lines and manifolds operate satisfactorily

Especially important for new facility

Confirm that back.-up equipment is available e.g pumps transfer hoses portable

vessels

Confirm that the desired operatiomn can he performed within any time con
straints

Confirm that equipment can safely operate and contain all product streams e.g
off gassing and sublimed products

Ensure that anticipated reaction can be stirred atVnrn

Ensure that anticipated reaction can be contained atVm
Determine if agitation rate is variable speed or fixed

Deterniine how to measure key reaction volumes without opening the reactor

Confirm that scrubber can neutralize off-gases if necessary

Analytical Support

Develop rugged IPC assays

Order backup analytical equipment e.g HPLC columns

Organize analysts to run crucial
assays

if tests will riot be run by operations team

Chemicals Including Solvents and Reagents

Assay chemicals or submit for assays

Perforni appropriate usetests

Any preshipment samples from bulk suppliers used to qualify bulk material

All chemicals to be used in scaleup operations

Operations

Complete any appropriate abuse tests overcharge undercharge pH and tempera
ture excursions deterinu1ed after laboratory process description was issued

Order additional materials as contingency if called for by IPC
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Discus the equence of events and critical processing points in advance with head

of operations

Determine how to obtain representative samples SAFELY during run

Dctcrniine how to transfer liquids by pressure gravity suction pump
Determine optimal nieans to add reagents

Abovesurface or below-surface

Dispersed or as stream

By gravity pump pressure or suction

In portions or continuously

Determine if viscous fluid will require extended times for complete transfer

dissolving fluid in low-viscosity solvent may speed transfer

Clarify if addition rate is determined by another parameter e.g temperature

Anticipate if poor heat transfer into and out of reactor will extend reaction times

Discuss use of automated control for fine control of conditions e.g addition rate

temperature pH pressure

Develop actiun plans for any incomplete processing as deternained by lEG

Consider where any interfacial phase should go when performing phase splits

Discuss use of vacuum to reduce distillation/concentration times

Discuss key procedure for isolation of product e.g crystallization conditions

Discuss equipment compatibility e.g will vessels pumps fittings and gaskets he

decomposed by contact with solvents reagents or reaction streams

Discuss physical properties of isolated product e.g compressibility of crystals

melt-down in dryer

Discuss equipment choices for isolation and drying e.g how to ensure even

application of wash whether to mix during drying

Discuss results of extended processing and ont_of_r.inge processing

Identify critical points where processing must be completed

Identify suitable process hold points

liscuss how operations may be overlapped to decrease the time that key equip

ment is occupied

IVB Guidelines for Executing the Run in Pilot Plant or

Manufacturing Operation

Safety

Everyone has responsibility for safety

Know where emergency equipment is located

Show your concern for safety by setting an example

Watch out for obsticles that may get in the way

Speak out about dangerous operations

Help out in emergencies but use your judgment before being hero
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Documentation

Use completed log sheet and approved procedure

Personnel

Prior to run discuss operations with operators engineers and those

handling the materials and equipment

Equipment

Confirm that all equipment is clean and ready

onfirni that there are no unsafe conditions e.g that sampling devices can

safely contain hot reaction mixture exit paths are not obstructed in the

event of an emergency etc

Analytical Support

Confirm that IPC assays and reagents are ready

Confirm that analytical equipment is equilibrated

Confirm that standards have been run with satisfactory chromatographic

separations

Chemicals

Confirm that all components are cleared for use including approval from

QA Quality Analysis or QC Quality Control

Confirm that all components have been located

Operations

Be present at all critical operations

Make sure that all transfers are carried out completely and niinimize

opportunities for contamination

Conduct all lPCs in timely fashion and report them promptly

If there is doubt about the results of an IPC address this quickly It may be

advisable to obtain another sample and reassay

When not carrying out operations help out by being present hut not by

getting in the way

Be observant to foresee problenss for the current and subsequent runs
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IVC Gwdelines for Fxecuting the Run in Kilo

Lab Operation

ike sure all equipnient is ready and fits in fume hood

Make sure all valves and equipment work with no lcaks

losition catch basins in case vessel hreaks

Measure key volumes in glassware before hot solutions are charged

Remove small amounts of 110 hy filtration through paper

Use polish filtra ion to remove insoluble impurities good housekeeping

Optimize chroniatographic separations on sniall scale before coinnutting

res mrces to large scale chroniatographic purifications

Recognize that operations will Uk longer than hey did in the lab
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Troubleshooting

INTRODUCTION

Financial considerations such as product quality yields productivity and costs of

goods are the driving forces behind probleni solving and troubleshooting Impu

rities can cause rejected batches thus impacting negativly on productivity even if

the hatches can be reworked and uluinately piuduce product of acceptable quali

ty Decreased yields may require runnng additional batches thus increasing cost

and decreasing productivity Productivity concerns may be addressed by debot

tlenecking process that is by chnnnating or nainilnizing the accumulation of

process intermediates so that equipment can be used optimally he costs of goods

may be decreased by raising yields recovering solvents and substituting less

expensive reaction components On manufacturing scale the impact of problem

solving can be much greater than it is in the laboratory which is why many com

panies have staff dedicated to overseeing manufacturing operations and resolving

technical difficulties

iroubleshooting is hcused pmhlem solving on in iccelerited basis due to the

increased pressure to solve the problem quickly The person doing the trou

bleshooting is usually under the gun With troubleshooting the financial

impact of the problem is readily apparent

Frouhieshooting is often necessary even for established processes that have

been run routinely for years The critical qualities of products arid intermediates

can change over time which can necessitate redefining the processes to pre

pare them With established processes operations may become more lax due to

313



314 15 Troubleshooting

faniiliariU lmding to suhoptiinal processmg Under such circumstances it may be

difficult to discern the significant deviations from the desired proc essuig Often

established processes are subjected to evaluation and optimization because even

small yield enhancement can lead to significant financial benefit In an attempt
to reduce operating costs less expensive grades of

reagents and solvents may he

employed and the impurities in these reaction components can have an adverse

effect on processing These are typical examples

Problem solving applies the scientific method birst the hypothesis is fbrmed

then an experiment is run to test the hypothesis lata resulting from the experi

ment is analyzed to determine if the hypothesis is correct Then either the benefi

cial change is implemented or the proccss is repeated until satisfactory conditions

are found

When troubleshooting problem has been identified the first measures are often

to apply patch to the process Patches are tcnlporary measures that may be institut

ed to raise the quality of product or intermediate.A patch iy
involve recrystal

lization to eliminate or reduce the leads of impuritic generated in th0 iolatcd

material it may involve recrystallizing the intermediate producing this material

Often measures to develop patches are begun immediately after problem has been

identified particularly when the problem arises in manufacturing operation

TIP Develop patch as insurance Such development can be investigated

in parallel with troubleshooting

Quantitative or at least scmmquantitative assays for the intermediites and

product are useful for following the impact of reictions and operations through

out the
processimmg Often inprocess assays can he used

he est me to initiate trouhleshootiiag is before rohlcm has

II PHYSICAL AND CHEMICAL CAUSES OF
PROCESSING PROBLEMS

Most processing difficulties on scale arise from extended processing inhonioge
neous operating coniditi9ns and operating processes outside the optimal ranges as

discussed in Chapter 14 Reviewing the batch sheet or any other history of

hatch can identify extended processing and any operations outside the optimal
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ranges as possible causes of processing aberrations Viewnig process operations

where the problem occurs may help identify physical cause of the problem For

instance impurities in product cake may not he removed if the wash liquid was

not evenly applied to the wet cake and such uneven application of the wash may

be detected during site visit

troublesho ot pro ess efficiently try to vi ew the operations first-

When processing problems occur on scale they are due to the actions required

to carry out the processing to the chemical nature of the reaction components

used or to combination of both When diffictilties arise those responsible for the

operations usually suspect the process inputs and those who developed the process

iii the laboratory tend to suspect the physical manipulations of the processing

more objective analysis often reveals that if successful usetest was run on all

components of the reaction prior to the scale-up run difficulties on scale are

probably due to the processing Thus the processing must he optimized to achieve

the desired results The role of chemical inputs in processing difficulties on scale

can be determined by laboratory usetests.The rationale is shown in Figure 15i

CAUSE OF
PROBLEM

PROCESSING CHEMICAL
INPUTS

li II

Use-test with known inputs Use-test with batch nputs

and mimic scale-up under lab procesa
conditions document condihons

do lab results mimw
undewred processing

YES .- NO YES NO

II

PROCESSING CHEMICAL INPUTS PROCESSING
ISCAUSEOF ARECAUSEOF ISCAUSEOF

PROBLEM PROBLEM PROBLEM

FIGURE 15.1 Use tests to identhy csuse of processing problems
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Jo identify the cause of processing difficulties by usetesting the most direct

approach is to use batches of chemicals that have given suitable results in laborato

ry runs and sequentially substitute single input from each of the components
used in the scaleup run If suitable results are obtained with this run the substi

tuted component is acceptable if processing is not satisfactory and no significant

process deviations occurred the substituted component was responsible for the

undesired result

Extensive usetesting was conducted for the reaction sequence shown in Fig
ure 15.2 The supplier of almost every starting material and reagent was difibrent

from the suppliers of the materials used while the process was developed in the

laboratory In anticipation of scaling up an early process for pilot plant run an

initial use-test returned the tosylate with yield appreciably below the expected

range of 42-jO% he cause for the decreased yield of was not apparent and

repeated use-tests gave erratic yields Each stepand an assessment of the poten
tial impact of that step on decreased yield was considered starting from the end

and working toward the beginning of the process Table 15.1 Analysi of thc

combined mother liquor and washes indicated an acceptable mass balance with

higher-than-normal lea els of the product and an unknown impurity The isola

tion protocol had been conducted according to the laboratory procedure so it

was not believed that the product had dissolved while the wet cake was washed

on the filter The next suspect was the efficiency of the crystallization but when

the crystallization protocol was rigorously followed in use-test the isolated yield

of did not improve Nor did the yield improve to the earlier yield range when

laboratory EtOH was substituted for the EtOH to be used on scale-up The

CH3OCH2CH2OH

CH2CI2 H20
mica

gel irealmeni

of organic phase

NHNH2
HCI

l.TsC E13N cat DMAP
2.1120

aq HCI wash eq NaHCO wash

EIOH CH2Cl3
crysiallize from EIOH solution

FIGURE 15.2 The process to prepare tosylate analyzed by use tests
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3ABI 13.1 roublcslsooting the Reason foI the Low Yield ni tim holatiois ofosylate

Anticipated Results found

in pact
is sonsp cd

yseld Eeoc to ac eptable runs

Processing Step

mg heck temper store of drying No cha
sge

Isolanon Mccliuns Check uothcr liquor and High levels of both

wash streanis for desired product and impurity

product

onfirm wash applied at No chusge in wish

appropriats amount and protocol

temp

rysedliz soon 11 gh onfirm crystallization No cli snge

carried out at appropriate

concentraton and

teniperamr

Extractions and Low Confirm extractions No change

work up according to protocol

Quench Low Confirm quenching

according to protocol

Reactions Medium Confirm charging No change

temperature and additions

according to protocol

onfirni appropriate No change

endpoint reached

Quality of ingredients

Hydrazine High An slyze quality High quality by HPLC

conduct use test and NMR satisfactory

usetest

Dihydropyran Medium Analyze qoality High qualir by CC amid

conduct usetest NMR satisfactory

use test

H3C OCH CH2OH tow Analyze quality High quality by GC aIid

conduct usetest NMR satisfactory

use test

Silica gel
Low Conduct use test Unsatisfactory usetest

high level of
inspurity

in filtrate

CH Cl Low Conduct use test Satisfactory use test

TiC Medium Analyze quality High quality by CC and

conduct use test NMR satisfactory

use test

ow Conduct usetest Satisfactory usetest

DMAP catalytic Low Conduct use test Satisfactory use test

EtOll Medium onduct use test Satisfactory usc test
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extraction and quench operations were disnnssed as having little impact on the

overall yield Analysis of the inprocess data showed that the indolization had pro

ceeded to the expected endpoints The raw materials were analyzed and no sig

nificant impurities were present Except for the hydrazine starting material all the

components were avail ible in hulk quantities and no significant unpurities were

expected Use-tests of the hydrazine gave an acceptable yield of the tosylate

The other reaction components were usetested Finally when flash chromatogra

phy grade silica gel was sr bstituted for the silica gel purchased for the scaleup

run the yield rose to the range seen with the laborator development result

indicated that the low isolated yield of was due to characteristics of the silica gel

purchased in bulk

In order to identify batch of silica gel for suitable scale up of the process it

was necessary to understand its role Treatment with silica gel in batch mode had

been instituted to absorb some polymeric impurities formed luring the Fischer

indolization The combined mother liquor and washes from reactions treated with

flash chromatographygrade silica gel were analyzed by HPLC as consisting of

primarily the desired alcohol along with one main impurity Ehe level of this

impurity was increased when reaction was treated with silha gel purchased for

the scale-up runs The impurity was isolated by preparative chromatography and

identified as the triol In the combined niother liquor and washes from isolation

of the product there was primarily one impurity different from and this

impurity was significantly greater
in the streams that had been treated by silica gel

purchased for scaleup latter impurity was identified as the tnitosylate 4.Thus

it was concluded that treatment with the silica gel purchased for scale-up did not

remove enough of the triol impurity which was subsequently tosylated to give

4.The presence of increased levels of and perhaps other impurities not detected

by the HPLC method decreased the isolated yield of The key factor that

permitted the adsorption of was probably the increased pore size of the flash

chronsatographygrade silica gel he solution for ready scaleup was to use flash

chromatographygrade silica gel and acceptable yields for this process were

obtained

Researchers are rewarded for rapidly solving processing problems and thus it is

key to minimize the number of investigations and usetests needed to identify the

cause of processing problenis Experience and intuition did not lead to the rapid

selection of silica gel as being the cause of reduced yields in the preparation of

As in this case more organized approach niag be helpful in troubleshooting

especially when the chemist is confronted with large number of variables that

have roughly equal probability of causing the processing problem For example

suppose that eight reactifin components that niay effect particular process

negatively By usetesting one variable at timmie the OVAT approach the total

number of usc-tests would range from one to eight To substantially reduce the

number of usetests niore than one variable can be changed nm any run by exam

ining half of the variables in usetest may also reduce number of tests fhe first
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experuilent would uw test four of the eight components using for the other reac

tion components mputs that had been qualified by acceptable performance in lab

oratory runs If the outcome of this use test was reduced yield then additional

use tests would concentrate on learning which one of the four suspect comnpo

iients was the suse of the reduced yield In this way the total number of usmtests

is riduced from eght to three or four runs see figure 15.3 his approach may also

help to identify problems arising from the interaction of more than one variable

III EPS OR TROUBLLSHOO IN PROCESS

Ihc pressure to find successful resolution to processing problem can be

intense Once processing glitch has been determined to be suitably serious to

wat rant investigation one must conipare the conditions of the wayward batches

with those of successful batches The troubleshooting approach outlined in Fable

15.2 can he used to solve problems quickly

TIPS Fo save tune in troubleshooting process

Examine first the processing steps that occurred immediately prior to

the point where the probleni was noted Then examine earlier steps

working backward to the beginning of the process

Address operations that are simplest to change first

Use-Test Use-iesl

No.1 No.2
Results Results

use-Test

No.3

Results

Ala
Confirming

use-Test

Inputs for

Use-Test
sitered effect on

processing noted

no altered effect on

lLj processing
noted

ofnegstveresultinprocessdentifiedinthreeuse-tests

Al

Di

of pegat
lye result in process dentifled and conS rmed in our use-fest

1-IGURE IS system SOc sproach to troubleshooting probles with multiple variables
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ABLI x2 Stops for roubleshootnig

onfirn th thc re is roblcin

ctc ii as liet hR blc ni si to 115 rugli to as ai rant
spe idiop timc to iovc stiatc and

IC IV

Com oe pioct ssi
ig steps to those used io sort ssful bitches to determine where dificret ccs

Use pr ceonig lot iitioii to sort as latch changcs arc most Iikel7 to has negative nipact

Propose thc proaahlc inse of the problcni

Iden ifs in assay to nio tor ke processing

xannne proc css op to dc tcroinie if the pr hleoa ais been idenuficd

onfirna hiat the usc af thc prohlcin Ii is bern identified

Pi opos iltcrn Se re ti ients to clii ii iat the prohlco and sin ite hesc stc ps

Monitor the results of the ch Mtd ptocess rig to coiifiroi whethcr the changcs arc effdetisc

Confirm that there is problem

To allocate personnel resources most efficiently first confirm that the problem

exists It is often wise to check any calculations especially those used for purir or

mass balance determinations heck the reproducibiliha and reliability of the assay

niethod and calculations Inconsistent sampling can produce anomalous results

When monitoring scalmup batches it may he wise to obtain another sample from

the reaction then prepare another sample for IPC analysis and reassay Repeating
the assay cm either corroborate the problem or indicite that the analytical

method needs additional attention Perhaps the problem had nothing to do with

the assay and was caused by sample preparation e.g dirty laboratory glassware

Measured process volumes may not be exact the accuracy for laboratory glassware

that is not intended for volumetric measurement naay he So and for pilot

plant equipment Q0 Weighing samples generally permits more accurate quan
titatiotis Some examples of actions to confirm the existence of problem are

shown in Table 15.3

not place tocls iportarice
on the results of ust ass ay

Determine whether the problem is serious enough to warrant spending time to

investigate and resolve it

Troubleshooting requires lime What one individual views as problem may not

be significant harrier to achieving the overall goal It niay be appropriate to

check with managemefit or someone who has an overview of the situation before

investing time and resources to identify the cause of problem and resolve the

difficulty
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FABLE 15 Confirnimp the Pr oence of Problem

Potenti ii problem Actions

Quintitation or purity out orifirm accuracy of analytical quanotitive
method for thc

of expected rangc amount of material assayed

c.s iy originally prepared ample reproducibility

Make another dilution of the
orig

nal sample and compare results

Obtain duplicate sample and assay

Yield or niass ba ance Confirm weight of isolated product

out of expected iange Contittn accuracy of volume or weight measurements on

mass of reaction

onfirni that reproentative sample was withdrawn from reictor

Get amither sample if there any question

See above en icerns on yc anttrtiun

Nesv impurity seen Confirm existence and lcvel by duplicate assay

Confirm no change in quality
of input batches New impurities are

especially important fur API

Increased unpurity level Exanune the means of data analysis
bor instance in HPLC

found chromatography broad pcaks or stnall peaks eluting on the shoulder

of large peak niay require special integration parimeters

Chcck for reproducibility
with the same sample

Check the MDL and MQL Less
significarce may be applied to the

level of peak that is quantitated just
above the limit of detection

Compare processing steps to those used in successful batches to determine where

dfflerences occur

Tire roost difficult part of troubleshooting is often identifying the true cause of

problem There are four main barriers incomplete data conflicting data con

founding data and opinion The best way to identify the physical cause of prob

1cm may he to view the operations firsthand Once the true cause of problem is

known designing experiments to resolve the difficulty is often straightforward

Problems can often be identified by comparing the processing of successful runs

to that of problematic runs Ideally the appropriate data have been recorded in

notebooks batch records or log sheets Look for any special observations and any

extended or delayed processing Results from IPC testing can be very revealing If

conclusions from different sets of data are conflicting it may be important to

resolve the differences in order to identify rhe cause of the processing difficulties

The start-up of the initial manufacturing process to prepare the phosphinyl

acetic acid by modified Arhuzov reaction Figure 15.4 proceeded as anticipated

Subsequent manufacturing campaigns produced off-colored hatches of and the

reactions did not proceed to compLetion It was known that equal amounts of

trirnethylsilyl chloride TMSCI bp 57C and hexamethyldisilazane HMDS bp

125C were needed for rapid silylation To control the rate and hence

exothermicity of the reaction HMIS had been added to the TSMCI-containing
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1Me3SiCI

CH3CN
ci CO2H

OH HNSiMea
6070C

QUENGE

PCO2H H20
PCO2SiMe3

OH OSMe

82%

IZEDADDIONSE0UENGJ OSiMe3

Me3SiOl ci.cO2H
ci OOSMe3

OSiMe3

HNSiMe32 OH3ON OH3ON
55 55

then refiux
ci OO2SMe3

FIGURE 15.4 Altering an addition sequence to minimize loss of reagent

reaction at 6070C as the limiting reaction component Examining the batch

records showed that the incomplete batches were formed when the addition of

HMDS was extended or interrupted and that during the processing of these

batches acidic vapors TMSC1 and/or HCI were released Incomplete reactions

were attributed to the loss ofTMSC1 Conducting the process at lower tempera
tures did not lead to complete consumption of An alternative process was

developed to contain the TMSC1 by combining that reagent with HMDS Then

solution of chloroacctic acid was added followed by solution of while main

taining the temperature below 55C To coniplete the reaction the mixture was

refluxed Using the optimized process the reactions were reliably completed and

no acidic vapors were released Isolation of highquality product was ensured by

extraction into MIBK and crystallization recrystallization of had been devel

oped as pa%h to rework lowquality batches of

Confounding data can lead researchers unknowingly away from steps to

resolve difficulty For example an expensive rhodiumoncarbon catalyst was

thought to be necessary to hydrogenate the acetylenic amine with minimal

generation of the hydrogenolyzed by-product Fignre 15.5 Hydrogenolysis

with Pd/C catalysts may have been facilitated due to the tendency of palladium

to cause double bond nzigration Laboratory investigations with the Rh cata

lyst had been done c/sing hydrogen at atmospheric pressure By increasing the

hydrogen pressure to about 20 psi when using the less expensive Pd/C catalyst

formation of the hydrogenolyzed impurity was decreased to less than 1o fresh

approach such as this can help solve problem
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H30 NHR H2Icat H30 NHR1 Icat H3C NHR1

MeOH OH3
CH3

H2Pd/C

OH3 OH3
H2Icat

R1NH2 CH3 CH3

FIGURE 5.5 Metal cat yzed reduction of ni acetylenic amine

Emulsions sometimes cause processmg problems dunng extractions on scale

One way to identify the physical or chemical factors causing the emulsion is to

compare processuig conditions in the laboratory and on scale Emulsions may be

encountered when hatch is stirred below the routine processing temperature

cold emulsion may be broken h5 warniing the hatch slightly uith Just enough

agitation to aid heat transfer Adjusting the pH may also break an emulsion For

instance basic aqueous phases will sometimes eniulsii with PhCH3 or CH2CI2

Filtration through bed of diatomaceous earth may remove small particles that

cause emulsions small amount of an electrolyte NaCl may be added to

the aqueous phase to break emulsions Adding small aniount of more polar

organic solvent e.g CH3OH or EtOAc may also break an emulsion Most of

these approaches can be exanmined quickly by using sample of the emulsion

withdrawn from the reactor

TIP Examine any tendency for enmulsion formation in the laboratory

Processing can be delayed by hours if emulsions are encountered on scale

common cause of emulsions is overagitation Excessive agitation cats somnm

times lead to emulsification The tendency to form emulsions can be investigated

in the laboratory by rapidly agitating the mixture with an overhead mechaniscal

stirrer Small particles can also cause an emulsion Changing to another solvent

may agglomerate the solids so that these contaminants can be removed When

tbutyl ester was fornied by reacting aim acid with isobutyiene in CH3CI2 Figure

15.6 an unbreakable emulsion layer formed upon extraction When the organic

phase containing the enmulsion was withdrawn and the solvent was exchanged fbr

OH2 cat H2S04

OH H3OCH3 OH2O2
ROtBu poymer

FIURF 5.6 formation of particles during esterification with isobutlene and italytic ici
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btOI-l polymeric material perhaps polyisohutylerie precipitated Routine ultra

tion removed these solids 17 The usefulness of electrolytes and polar solvents to

avoid emulsions can also be examined in the laboratory

Use processing intuition to sort out which changes are most likely to have

negative impact

Experience with the process and troubleshooting problems on scale are very valu

able to decrease the amount of tinie needed for troubleshooting Those who have

developed the process are usually niost familiar with the nuances and
pitfalls ot

the process These people often can very quickly troubleshoot problem with

their process by relying on their experience and intuition Sometinies it is neces

sary to enlist the help of those who did not develop the troubled process People
with different and perhaps broader experiences may be able to see beyond the

subtle processing effects that are too fanuliar for others to recognize Having no

\ested interest in defending the development of this procms the outside expert

may solve the problem dispassionately and quickly

Propose the probable cause of the problem

Once the true cause of problem has been identified devising solution that

avoids these difficulties in subsequent batches is usually straightforward In many
cases it is necessary to isolate and identifr new impurity in order to determine

the reason behind suhoptimal yields

The initial process in Figure 15.7 produced the sulfamate 10 in high quality at

6572o yield on scale of up to 700 of starting material the
process

HO
csl

H20
HC H2N

-K
1Q

6572 overall

IGURE 15.7 Reaction inmerrnedutes in the preparation of sulfamate from CSI
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was scaled up to run 12 kg of starting material the product was colored and only

about 75% pure Two recrystallizations with activated carbon improved the quality

hut the overall yield was only 32% UV-ahsorbing particles were found in crude

10 and these were identified as having arisen from degradation of the heat

exchanger by contact with chlorosulfonyl isocyanate CSI Important safety issues

were at stake if degradation allowed the coolant to leak into batch that con

tained CSI

The lower yield was correlated with incomplete formation of the isocyanate

intermediate Inprocess FTIR demonstrated that at low temperatures the start

ing materials were in equilibrium with the carbamate At higher teniperatures the

isocyanate and HC1 were formed In the laboratory the reaction had been con

ducted under vigorous reflux but on scale there was gentle reflux and very lit

tle head space in the reactor Therefore the scale-up conditions did not encourage

the loss of HC1 which then drove the formation of With rapid agitation and

suitable equipment modifications the process was conducted with 24 kg inputs of

starting material and returned 10 in f1568 yields after recrystallization In an

optimized process the reaction was conducted in refluxing heptane arid moni

tored by in-process IR H20 was added to quench excess CSI and hydrolyze

and after decarboxylation the 10 that precipitated was dissolved with the addition

of small amount ofTHF Impurities were removed by washing the organic phase

with H20 at 6875C and upon cooling the crystallized 10 was isolated in 86o

yield on scale

The importance of maintaining conditions that will expel volatile amine by

product were noted with the preparation of the disphosphonate 14 Figure 15.8

In the best-mode example of this patent it is stressed that the reaction was

0H
%0-Pr

NaOt-Bu

t-Bu hepu t-Bu1 IBU t-Bu t-Bu
HNMe2

j-PrO 0-Pr
1.1 eq N2eux

NMe2 NMe OH2

11 12 13

.2 eq

0Na

OH 0Na
t-Bu t-Bu t-Bu t-Bu FtO

Oi-Pr

__
p0oPr 900o p_Or-Pr

01-Pr Oi-Pr

i-PrO
01-Pr 0/-Pr

14

FIGURE 15.8 lreparation of diphosphonate driven by loss of dirnethylarnine
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stirred under rcflux with siow nitrogen purhe The reaction intermediates are

probably in equilibrium with each other hut the reaction can be driven to com
pletion by the loss of dimethylannne For suitable scaleup of this process it

would he necessary to use conditions to encourage the loss of the byproduct

dimethylaniine

TIPS For rapid troubleshooting

Balance the equation

Apply the snapshot principle

Identify an assay to monitor key processing

The
existing IPC method ma serve to quickly monitor key processing steps It

may be necessary to develop new assay if the existing one does not enable the

type of investigations that troubleshooting requires.The accuracy and reliability of

the new method are more important than convenience

Examine processing to determine the problem has been identified

Monitor the processing to determine if the cause of the problem has in fact been

identified and if suitable changes can be implemented This can often he done in

the lab which offers greater convenience in controlling and monitoring most

reactions It niay be necessary to extend the processing in the lab to mimic what

occurred in the plant The ideal location to examine problem may be at the site

the problem occurred in this way there is no additional
step to transfer the opti

mized process

Confirm that the cause of the problem has been idenhfied

Once the cause of the problem has been located in Step it is valuable to con
firm this identification It may he necessary to analyze data from additional hatches

or to run confirming usetest Considerable resources and professional reputa

tions are at risk if largescale operations are resumed based on hasty conclusions

Propose alternative treatments to eliminate the problem and institute

these steps

Once the true cause of problem has been clearly identified selecting improved

processing conditions as usually straightforward quickly confirm the value of

the new conditions these process changes should be introduced at the site where

the problem occurred
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10 Monitor the results of the changed processing to confirm whether the changes

are effective

By closely following the introduction of the optinnzed steps at the site where the

problem occurred one can monitor the results immediately and quickly make

any further adjustm ents that are needed If the nodified operations did riot sole

the problem it is necessary to begm the troubleshooting process again

IV DEBOTTLENECKING PROCESS

To inaxinuze productivity in nianufacturing operation the amount of time that

equipment is idle must be minimized herefore in ideal circumstances as soon as

equipment has been suitably cleaned it is used to process the next batch Process

ing subsequent batches will be delayed if the operations for the first batch have

not been completed when the process stream from the second hatch is ready This

situation creates process bottleneck

hypothetical example serves to illustrate this situation Figure 15.9 Let us

suppose that reaction is carried out in reactor RI over period of about

hours When the reaction is complete the reaction mixture is transferred to vessels

R2 and R3 for an extractive workup that requires about hours Then the rich

extract is transferred to R4 for concentration and crystallizing which takes about

16 hours Filtration on centrifuge CI requires hours and the product is dried in

dryer 11 for hours When the reaction mixture has left Ri the vessel and stag

ing area can be cleaned If the equipment is to be used to make the sanie material

that was generated in that vessel in the prior run simple rinsing of Ri may suffice

to ready the vessel for the second batch

Hours Eqispment isn Use

10 20 30 40 50
Batch

RlReac5on EJ
R2 R3 Extractions

R4 Concentration Crystallization

Cl Filtration

Dl
Drying

_________________

Batch
BOLENECK

132 R3 Extractions

R4 Concentration Crystalhzation

Cl Filtration PEEl
D1Drying

FIfURE 159 Idennfying an opec torn bottleneck
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Suppos that that the operator ar ready to begin the second batch hours

after hatch one was transferred from Ri Beginning the operations for the second

batch will lead to bottleneck in R4 because processing of the first batch will

not be complete at the point that the second batch is expected to be ready for

concentrating Under these conditions the second batch should he started about

hours after the first batch has left Ri and in nianufacturing facility this is sig

nificant amount of wasted time If the concentration and crystallization operations

in R4 can he reduced to about hours this bottleneck can be eliminated
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Chiral Syntheses

INTRODUCTION

The majority of drugs recently approved worldwide Table 161 and 54o of

the 500 hestselling drugs wor1dwidc in 1997 were smgle enantiomers The

negative influence of the undesired enantiomer in racemic drug substances was

recognized after 1960 when hundreds of deformed babies were born to mothers

who had taken the sedative thalidomide during pregnancy The teratogenic activity

IABLL 16.1 Importance of Single Fnantiomer Drugs Approved Worldwide

in 194 190e

Approved lrrgs 1994 1995 1996 1997 1998

Single Fit ci touter

Pacetiti

Achiril

Sur son hiral Drug irket lows Signs
of iturtv Chetn Neon 1997 7541 38

1T chnology Catalysts Incorporated
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wis lot ahzed in the wil mirror im ge twin of ictive con pound The

impetus to develop single enantiomer API springs from desire to avoid potential

toxicology problems from less active compounds to decrease the burden on bio

logical systenis by having to metabolize inactive compounds to minimize the

dosmg required for patients and to increase plant productivity by preparing only

the most active compound Such concerns have created an emerging industry for

racennc switch in which the active enantiomer eutomer of racemic

drug is developed as drug Ieveloping racemic switch has in effect pro

longed the lifetime of compounds such as Prozaca The financial impact of

single enantiomer drugs is huge

II SOME EXAMPlES OF MOLECULES PREPAREI
BY ASYMMETRIC SYN IHESIS

Sonic excellent texts have been published on approaches to preparing chiral com
pounds 13 There are four basic approaches shown in Table 16.2 1141 few

examples and some perspective are worthwhile

ILA Products from Fermentation and the Chiral Pool

Fermentation has produced natural products such as antibiotics and the cholesterol-

lowering agents pravastatin and lovastatin Modificitinn nf fermentation prnducts

has led to semisynthetie compounds such as simvastatin see Figure peni

cillins and cephalosporins With increased capability in genetic engineering

TABI 16 Approaches for Producing Fnantioinerically and Diastereomerically

Pure Products

l-ermcntatton isolation of nitura md innatural products

hiril carbon poo preparation ofintcrnicdiatcs

Separating cematcs

Preferenti ml crystallization of one enalinonler occurs for cot glonicr stes ot trc icentic

crystals

Kinetic rcsolufon enzymatic ar noncnzvtnatic

rvstalliianon of diasterc 9nIcric compounds salts nd covalent inodih it OtiS

Asynmnictri syn hesis

Stoicluonetric

atalytic

-J
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tincrobial strains arc producing higher yields of fermentation produ ts md iat

nra products mre also hcmng made 16
he chiral pooi has provided the backbone of many products Carbohydrates

and anuno acids are often used because of the high degree of functionality

and the ready availability of these compounds from natural sources Enalapril

maleate contaills the dipeptide LalanyCLproline Figure 16.1 18 Aztreonam

is derived from threonine Figure 16.1 The chiral ester was prepared

from an amino acid derivative Figure 16 ic 20 In this transformation the

original chiral center from cysteine was destroyed sinniar to selfinnnolative

processes

Ph

CH3 CH3

EtO2C H3N
Co CO2H 002

L-aanyLL-pro cc

002H

Enaapr maeate

H2N 9H

H3N
OH3

HC
030

OH
L-threonine

Aztreonam

TaO 1.09 eq
EI3N 4.4 eq

C0Em _________
CH2C2

cc
refux

76%

NH3

P-Cycle ne

COH

CO3
-HO

0CO2Et

IGURE 6.1 Prep muon ole hr ii cobnp000dl 0003 11 00 mcmds
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hr prep ar ition of pt cally ire naprox by th /ambon procedun Figure

16 is another example of molecule from the cliiral pool Rearrangement
of the tartaric acidderived ketal establishes the ehiral center in naproxen and

the overall yield is excellent However this process does bear the burdens of

recovering and regenerating the chiral tartrate auxiliary md of neutralizing thc

Hlir gen crated by hydroge nolysis

ILB The Crystalline Nature of Enantiorneric Compounds
and Approaches for Resolution

The two most coninmon fbrms of crystals of racenoc compounds are conglomer

ates and true raccmatcs ongloinerates are equimolar mixtures of crystals com

taming either one or the other cnantiomcr mixture of conglomerates has

decreased nielting poiot and increased oluhiliry a3 unipared tu the proprt1ra of

either enantiomer For racenaates to form true conglomerate the melting point

of either enantioiner must be at least 2OC above the melting poi at of the

racemic mixture of crystals True raceniates are crystals containing equiinolar

amounts of each enantiomer in every unit cell racemic nuxture has an

increased melting point and decreased soluhility as compared to either enan

homer Fhe third pe of racem ate crystals is termed pseudoraceinate or solid

RO3OCO RO2O
002R

CH3H OH3 CH3
HCO HO H3CO Br

Br

RO2C CO2R

HOH
HO

HO2C 002H

HO2C CO
HO OH

HBr OH OH
H3 cal aq acid

OH3

CO CO2H
1000 H300

Br

H300 H300 99 oe Br

Br

naproxen

75c from

If UR Prcp ir ition of opto ally ii iproei h\ the onhon
syntt cs
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solution and the solubi sty and ineltinf point behaeior of such conipounds ire

little affected by the naIltiomeric composition 23 24 he impacts of the crystal

types of seem ites ire sununarized in Jahle 16.3

iffcrcnt spproac% to resolving compounds nuist be taken depending on

whether the crystailnie rac nnc material exists as onglonierate or true race

nsate onglonicrates can be resolved by entramment Seeding solution of

racemic material with Renantioincr leads to the selective crystalli7ation of

these crystals enriching the mother liquor in the snantiomer Seeding the

mothir liquor with the Senantionier leads to crystallization of those crystals

with subsequent enrichmc nt of the mother liquor in the en sntionser This

process can be repeated until the buildup of impurities in th mother liquors

leads to process ng difficulties Resolution of compounds that crystallize as

true racemates requires the usc of chiral adjuvarits generally chiral amnir ci or acids

see Section lI.B.2 to separate compounds by crystallization of the disstereomer

ic salts Due to the high cost of resolving agents for large scale operations it has

been stated that loinly resolution through direct crystallization of enaritiomers is

likely to answer to industrial requirements 26
No more th sn 10% of racemnic compounds have been shown to crystallize as

conglomerates lf racemic mixture does not crystallize ss conglonserate it

nsay he possible to generate conglomerate crystals by fornung salts of the chiral

compounds with achiral acids or amines 28 DSC can provide useful tool for

selecting resolving agents 129

TABLE 16.3 haractcristics of Crystals of Lnantiomeri Compounds

Psuedora nate or

Char icu risut onglonierate Ii ie iceinate race mic solid solutio

onients of crystal unit One ena mon et in Both enannoniers ii l3oth roan ionicrs in

cell tot rat emit each unit cell of unit unit cell

Iinxture cryst ii enaiitiumers

touiid in different

iaracterist ci of ecreased inp Incrc ned ii Vcry little change

racemic
cryst

Increased solubihty ecreased duhili9

rclanve to pure

eiiannoiii

Occurr mc 11 Most coininou

Apprtiaches for ntrainrnent Generate di istcre ouiers

resolution by by sali tori iatiOn or

crystallizing ovale it niodification

Effect oft cenuc Increased nip lecreased nip Very little change

snitch ecre isO solubility icreascd suluhility

Resolution can also he ac conip islicd through kn iet resolution Co order sv suietric

transforniitioiis
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ILB SecondOrderAsymmetric Transformation

Seeond-order asymnietric transforniation involves resolution by racemizing the

materi ii in solution as the ehiral product crystalizes 30 Under these circuim

stances the in itu formation of derivative renders molecule more prone to

raceinizatior and the application of hat acid or Fac lead to racemizatiom With

in iitu deprotection the racemic component is generated and the formation of

the diastereomeric salts can lead to crystallization of one compound his prm

eedure has been demonstrated on scale by the resolution of the aniirie as the

camphorsulfonic acid salt Figure 16 3a 31 Under more stringent conditions

Lproline is raceniized and l-proline crystallizes as the unnatural tartaric acid

salt Figure I63b secondorder asymmetric transformation could be

applied to resolution of compound with two chiral centers if the coirpound is

broken down and refornied by reversible reactioni Reformation of the desired

product in chiral environment could effect resolution In an achiral environ-

ment mixture of aldol and its enantiomer are in equilibrium with the retro

aldol products Figure 6.3c freating mixture of and ent7 with antibody

38C2 led to enrichment of through retroaldol reaction alid selective aldol for

mation 33 Lipasecatalyzed hydrolysis of thioesters was also carried out under

conditions in which the unreacted thioester enantiomer was raeemized this

approach may hold promise in resolutions of electronpoor carboxylic acids and

esters When applicable secondorder asymmetric transformation can he

the most economically feasible approach to resolution as in principle quantita

tive yield can be obtained with only one product isolation

ILB2 Resolution of True Racemates

Resolution of compounds that crystallize as true racemates requires the use of

chiral adjuvants Generally ehiral amines or acids are used to separate compounds

by crystallization of the diastereomeric salts 36 Covalent modification may

also be employed either by reacting the raeemic compound with chiral reagent

and selective crystallization of the desired diastereorner or through kinetic

resolution using enzymes or chemical approaches The drawback of

covalent modification is that regenerating the resolved product from the modified

product is generally more difficult than removing the resolving agent from salt

splitting the salt1

Key factors for successful crystallization and isolation of diastereomeric salts are

the selection of crystallization conditions and the rate at which the two diastere

omers crystallize Water an4 alcohols have been used as solvents in the majority of

resolutions and the solvent that has been recommended for initial solvent screen

ing is 96o aq EtOH Controlling the amount of water may be important to

encourage the formation of the desired hydrate at the desired crystallization rate

41 see Figure 11 11 Adjusting the solvent content may be necessary to ensure
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H30

HO CO2H

HO CO2H

unnatura

tartadc add

1.0 eq

OH

OH3 OH3
H3CO

CHO
H3C

NH
N1 CSA

a5

NH

FIGU1-OE 16 Fxampies of second order asymmetric transformations

the dissolution of the undesired diastereomer he crystallization rates of the

desired diastereomer must he sufficiently greater than that of the undesired diastere

onier otherwise extended operations on scale may lead to cocrystallization of

the undesired diastereorner crystallization rate may also be determined

HC

H3C CH3

/NH SO3H

CH3CN
iPrOAc

RT 16

91

camphorsuphond md
and CSA

HO

H3C

800
1H30

butanod
and
3h

0.1 eq

H3N12
002

L-prohne

H2N .2

CO2

D-proine

85 100ee

/H2O
N1

H4

H30

UN
OH CO2H CO2Hj

aq.NH3 HO

CH3OH HO CO2H
CO2H

H30

002H

H3C OH3

OH

OH3 OH3
H300

ent-7

mJreeer
H3CO0

eO-7

3802 982 at 60% conversion
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by tile coneentratloli at lii hei concentrations the eiyseal growth rate of the

desired racemate pair was slowed suggesting that the unwanted enantiomerie

pair was acting to dissolve Figure 16.4 lose attention to details

may be required to develop reproducible crystallization of diastereomers and

enantiomers

TIP In developing crystalhzatiori of diastcreomeric compounds scale up

difficulties niay be anticipated by extending the shoratory crystallization

and momntoring the quality of the crystals If the crystallization rates of

diastereomners are very similar there niay be small time period to complete

processing and obtain the desired product yield and quality of product

The conventional approach to prepare diastereonieric salt is to exairune crys

talhzation of the desired enantmomer in the presence of one resolving agent

Despite attempts to formulate guidelines for systematic approach selecting the

optimal resolving agent largely occurs through trial and error Resolutioii has

been demonstrated by adding two or three closely related resolving agents to

racemnic amines or acids Salts were quickly formed as crystals containing more

than one resolving agent in stable nonstoichiometric ratios Figure 16.5

Phis approach may have applicability for rapid resolution of chiral aunines and

acids

Salts may be split by dissolving in an aqueouv-organic solvent mixture arid by

adjusting the pH to selectively partition the two components into the two phases

ON ON

F3O m3OQ
ON ON

F30 F30

H30 OH3 H3O OH3

II IJFt.E 64 Ln 3rlnomen pairs
that acted as solvents doting rystallizatsoi
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OH ArCO2 OH i-PrOH OH
OH ii 12 13

Pb ArCO Ph

10 9pppd Ar Eruye steeochemistrs

11 99o cc after one

12 p-H3CPS recrystafflzaton

13 p-H300PS from PrOH

ElGU1L 16 ResolL lion us Wi tur of Ii CR1 rtratcs

The resolved enantiomer cart then be recovered by conventional isolation teeh

niques Due to solubility in the undesired phase or through losses during isola

tion product may be lost front such operations To minimize losses one approach

is to crystallize the product in the presence of the resolving agent this was nicely

demonstrated by recovery of the resolved amino id 14 by crystallization
front

aqueousTHF Figure 166

III COMPOUN1S PREPAREI BY

ASYMMETRIC SYNTHESIS

Most of the examples nientioned in this book involve asyinmetrte synthesis using

carefully designed conditions and reagents and some elegant chennstry in this

area has been published over the years As one example the chloroketone 17 was

OH OH
H3C

NH3
HO

30H2Oin-PrOH H3C
NH3

CH3 CO heat coo CH3 CO2H 020

5o H20 THF
65 CtoS
56c from racemc aHd

H30
NH3

OH3 COy HO2C

14

crysta6zei dssoHes
mother Uquor

IEURE 16 Recosery of rcsoled product ht crystallie Won in the presene
of the resolving
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OH CN
H3C CN H3C OH

Me2CH2C cat DMAP Et 3N THF

35 LDA THF hexane -80 to -30

aq HC
93

OAc Cl

H3C0
H3CIOH H3CJOH H3CJOH

O8 KOAc

FIGURE 167 1iastereoselective synthesis
of steroids

elaborated in one step front the f3cyanohydrtn 16 one reaction of 17 produced

the corticosteroid 18 or 17a--hydroxy--progesterone 19 Figure 167 The

usefulness of this approach to 18 and 19 is based on the highyie1d preparation of

16 Formation of the Bcyanohydrin 16 is in equilibrium with the acyanohydrin

15 and the desired diasteromer 16 selectively crystallizes 146

short enantioselective synthesis of Rfluoxetine 24 has been described

Figure 168 The asymmetry was established in the first step which is key

Nat/acetone

reflux16

BH30eq
Cl

2aq.CHNH2

NHCH3

50 eq/THF
23 C/2h NaH 1.1 eq
99c H3CCONMe2/0-70

21 CH3
p-CIPhCF3/100

HCVEt2O

110 mo 96
THF/0

82c

cICF3

NHCH3HCI

24

FIGURE 168 synthesis 0R flooxennc
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for an ccononncal prep iration this reduction the kctone 20 was idded owr

20 llnnutes to solution of BH and 10 mob of the catalyst 21 Finklesteus rcac

tion of 22 and treatment with aqueous methylamine gave the anuno alcohol 23

in almo quantitative yield and arylation with NaH in dimethylacetamidc led to

24

Asyinnietric synthesis by asymmetric induction is shown in the route to nian

ufacture uidinavir sulfate Figure 16.9 Four of the five chiral centers were estab

lished by asymmetric induction beginning with asymmetric epoxidition to form

Hs04

1.PCC

CO2NHu SO4
ndinavfr suffate

HN OH1H OH

CONHu

1.CH3OH
ref lux

HC

S.MnHsaen
07 mo%
aq NaOC

CO2H
Boc

HN Boc2O

2cNH NH
KOH

CONHtBu 80o

S-pyrogutamc
ucd 47c LUTIO1

NH

CONHfBu

25

lNCSNa
H20 NaHCO3

NaOMeHN
NH

CONHIBu

H2

PdOH2

CONHIBu

iBuOAc

H2SO

ON

26

oeum\
CH3CN

NH PhCH2CH2OOC
NaOH H20

iPrOAc/70

Methoxypropene
MsOH

PlC UR.E Asvn metric synthe is of odin is ir sulfdtc
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26 Clssieal tesoluuon proa ids the fifth stereoce lter fo vd in the piper izir

25

liscusston of the routes to prepare eaptopril Figure 16 10 illustrates many of

the points made earlier Early in vitro studies showed that eaptopril was 111 times

more poten than thr diastercomerie methyl compound 29 and eight times more

potent than the desniethy1 cornpotnid not shown 49 he original prepa-

ration used the racemic acid chloride 27 and captopril was separated trom the

H3CyS

SOC
H20
NaSH

or Na2CS3

AcX

OH

HO

39

rugosa ransformaton

CH3

H3C

OH3

HCyS

RyS 10H

33 Ph

34 OH3

28

1.5.5 NH3 OH OH
chomtography

OH

HN
HCyS lC

CO3H
27 L-Prohne

OH3

H3CS HS
vod

CO2H sHe chair

-Prohne
30

sq NaOH

OH3

31

SOC2

OH3

HS

captoprl

cH

CO2H

29

OH3

R.SH
OH

Ph OH

OH3

OH
amsies

Outon32

OH3
amnes used to resove 34

21130
H3C NH2l73o

OH3

FiGURE 16.1 4or Os to prep no iptopril
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di ist reom 29 chroi itor iphy Although the men side chain route

comeniently provi
led both aptopril md 29 for testing obviously the wasted

resourcc spent in prep iring the ballast 29 niakes this route inappropriate for

de up By pr pJriiig the desired hiral acid 32 the syntheses became more effi

ciemit Resolution of the Shenzoyl acid 33 wis relatively straightforward

unfortunately resolution of the aceR icid 34the intermediate filed with the

FIA was not easy to accomplish numhei of ehiral amines were used to

resolve 34 iinluding 35 36 37 and 38 Based only on inolec

ular weight considerations the smallest anune 38 would he preferred in order to

niaxinuze the amount of 34 that could be charged to vessel Intermediate 32

was also pmepared by biotransformation of prochiril ohutyrie acid 40 to the

chiral hydroxy acid 39 58 and subsequent conversion of the hydroxyl group

to the Saeetyl group In prepariIig 32 using biotrinsfrmation four chemi

cal steps are necessaiy for total of five steps from inexpe nsive starting materials

whereas by resolving 34 only two chemical steps are needed Many factors

ineludiog cot of tarting material overall yield cost of te dopos produetivi

ty and processing reliability would need to be considered to choose the preferred

manufacturing route between the biotransformation route and classic resolution

to prepare 32

IV PERSPEC fIVE ON ASYMME3 RIC SYN THESIS

At the inception of project key is to pro\ide enough rateiial for earl7

testing Larly in the development process when speeding the compound to

market is the primary goal preparing an active ingredient by any expedient syn

thetic route is justifiable Later in the development of compound when cost

effective routes are selected the synthetic route may change Sonic forethought

into developing an efficient asymmetric synthesis early in the development of

compound may decrease the tinie needed to decelop suitable manufacturing

process

From an industrial perspective the most elegant chemistry is the most ceo

nomical chemistry Synthesis through resolutions are less glamorous than those in

which the stereochemistry is set through asymmetric synthesis nonetheless reso

lutions have been shown to be more economically effective in sonic cases 43

60 With asymmetric synthesis the desired stereochemistry must he efficiently

introduced If it is not the cLndesired stereoisomers may complicate isolations and

reduce the yield of the desired product Many of the fe stores of route that need

to he considered were mentioned in Chipter Comparing product costs

through spreadsheets may be extremely valuable
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TIPS Guidelines for Asynirnetric Syntheses

Yields are important but minimizing the nuniber of steps can have

drcater impact than increasing yn ids on multistep route This is partic

ularly true for niultistep routes on scale where the cumulative risk and

impact of processing problems increase

High nmoleculamweight auxiliaries for asymmetric induction may prove

less economical than resolution Recovery and recycling of auxiliaries

will be important for minimizing long.tcrni costs

Asymmetric synthesis may be niore efficient than syntheses from the

chiral pool Key is the number of steps required overall

Resolutions may be more effective than isymmetric syntheses ic it

may be better to rely on resolutions than on the asymmetry inducible

from reagents or other parts of the molecule

Resolutions are most econonlically placed early in synthetic sequence

unless dynamic resolution is used to increase the yield of the step
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II ci ic S3nthe if Xl VAN

C.liiuuii 1997 51 316

49 tti Rnhin inn in Design of ecific II ib tors Angio ensni

iverting Eninit Nev os ROrallyActive Antihvpert si Agtnts Snin 1977 196 441

51 1ctti ni iii Inhibition the Re on Angiotr rsis em Teo Spnroi

to uieTlieripy ofHypcrtei ion 1/lid Oh ni 1981 24 355

51 Ondetti 41 Cci hnan Proline Iensatcs anti Rc atM oniponnds U.S Os

1978 to P.R Sqnihh Sons

52 lonhiers Opticills Active Derivative of Mcrc ptoisobntvtic Acid and MttIiods of

Prepirition hereof U.S 885 SOs 1986 to 0cc Andcno BK
53 Brnggink Ratio sal tsign in Resolutions hanter ni Ref 10 pp 83

34 cManns Wilsh Kilhme Process of Preparing ap opril
U.S. 97 143 1992

to 14 Sqnihb Sons

55 Ohashi Naga iS KatsnheJ Resolt toil cif Met
iptopropioiiic

Acids.US 4297282 1982

to Sin sitonm henn oinpany

oh Del orral del arnie Perce I.Optic rcsolution of DL aceM hio

nsethylp opiomc acid nsing oinobcitsi ol as rc ds ing agent U.S o367 09 994 to

Medicheni S..A

o7 Ohash Hascgawa II Idydrocycarhoxvlic Acids ss Rio Matera for
iptopril

nid

01 yanis In Ref pp 269 271

55 Hasegao Ogcira Hansigu hi Slnniaz Ni 41 Kao ah irada Witai abe Fernicnta

uve Prodnc ion of hydroxvisobntyric acid U.S 4311 63o 1982 Kancgafuchi henn

cal dcistrs Ltd.
59 Rob

sill Scaika L.J Met iod lrepring Iiydroxyisohutyric Acid by Ferni no
tio U.S 498 794 1991 P.R Sqinbi Sons Inc

60 Astleford Weigcl Resolution Versus Sttrcoselective Synthesis ni Drug 1eoelopnient

Son sc Histori in Ref 11 pp 117

61 lIalir A.Estiniat the cost of inst Itistep process Cl-Il Ml ECII 1999 295 58



Ki yr inforiaianon found in table infirniati iii is j3und iii fgioc

General Index

Abuse tests 301 308

Ace elcr ted rate calorm etcr

cue acid as olvent mipu rity 89

Activated arhon trc nut nt

Active phari
iaceutic ii grcdient clef nitiOi

Addition

deiation of IS 124 127 172192 193

interrupted 322

sequence of 128 13 171 172 296 297 321

320

spraynig 306

subsurface 306

teniperature of 124 127 17 17

Aging cata1sts 192

Agitators 827 272

AiDS treitmcnt

Amorpho is solids 236 231

Aniylcnc sofa cut it apurtfa 89

Antisolvent 229 233

API iceAe pit aeiti al ingredient

Asyi unetric anipli ic atton 196 97

yninietttc ssi thesis 39 33 .342

At ui cc onoins 34 36

Ant ditjcctois
162

Azeotropes 93 99 40t 142

Azeotroptc dr3ittg 14

idles 270 27

Bala ic equations
54 55

Basicits aninie 63

Batch processes
27 275

Ileer Ito 161 162

nzenc safe opcr tog onditions 84 85

13iis ii sass 162

Bin ctisatio 56 57

Bioa ulahihes 236 253

Bre iku in zcescpc

iluffered solutions 208 213

Bcilk drug se hst tice dednition

ityl
nod droxytolne ac

atilvst

ard cocatil3sts 193 196

concentration 188 191

tIe on positicst
196

pen ration from prccatalvs
11 92

nlnicar cITe ts
196 197

poisons 186 194 196

remoVal 185 1Sf

lcctme 18 188 197 198

variabilit 186

atalyoc phase 19 11

DM1 ci cut ret gcod in nufactci ing pete
0cc

atco tica nicnt aL tis at carbon

treatment 18

nnstmy mat umuf cturmg md controls 47

Chtal adjuv nts 334

Chira ptmol 33 332

345



346 nrral Index

hroniatographv

th node 22

pr par tlve 13 223 226

ridiil 226

urn atcd moving Id 22 226

lean n1 pm dures 12

tloi point 226

cr5 stallization 335

Con inn pen Inni ite 41 42

Coniprcssihilitv rystals 24

Cnnca en ition 34

Concertrating soC tlons 216 19

Co scenti
ating

dr en 11

Concen Lion reaction 175

Coi In nd ng dat 321 323

Conglomnera 337 333

onstant pH 16

onti igency plans 299

Cntinuoin proe 21222 273 26

onvergent route 32 34

Corrosioi testing 297

Corrosivty 56

Cost estini ites 46 50 34

Cost of development

Cost of reagents 56 61

Cryogen tcnipermtures 15

Crystal habit 252

rystal niorphology 252

Crystillization 223 224 22H244

for
single crystal ray anal 515 229

guidelines 232t 241 242

oi formation dnhng 228 229 280

press ire 227 234

rate 335 336

seed crystals 228 230 233

secd crystals
activating

258

stirring suspensions during 227

theory 227 234

SiR or contmuously stirred tank reactor

Current good ni nulacturing practiec 6251

yclohexane as solvent inipurity 89

1ead legs 142 143

Dehottlenecking 313 327 328

Decanting 13

Ieionization 21 218

Derivatization 218 219

Dcsiccants 14

estrc ction of process re sins 17

Detection linuts 162 321

Die ectric constant 62

DOTe nti il scann ng alorinietry 14 333

iri iethvl srh usmoyl chlond
sip roy 26

Diniethylfornianude as sol LI inipurlmy 89

isnll tiomi 17223

uhle reaction 36 38

Drug substance definition

abecarnil 235 236 257 238

alendron ftc sodinni 2/8

ittirv istatin 76 77

atroplne 155

aztrconans 4396 97 1f6 167 209 232 755

hctamethasone 264

cap opnl 31 13623 26 340 341

Lime idn 11234 255

rixivan ri ils mcii vir sulf te 62 88 191

192 87 288

dirithroniyciii
244 252

enalapril
nalcate 66 168 178 331

fenopofe.i 286

finastermde 23o

flooxetine 338 339

forinoterol 117 118

fosii
opril

sod unm 263 295 296

hyoscyannne 255

ibuprofen 46

Inupenein 65 212

indin ivir sulfste see also Crixivan 287 288

339 340

verinectn

ketoproibn 237 238

lorazepam 252 25Sf

losartan 38 39 6H69 194 195 23

napro en 332

nataInvcni 252

nelfmrmavir mesylate 251

pergolide mesylate 34 35 226

piclamilast 23 232

propranolol 7S-76

Prozae 330 338 339

raloxifene

ropinirole 176

saquinaVr 128 130

sertraline 25o

sinis
istatin 14

sucralose 40

thalidonnde 329

tohnetin sodiun 12

zomepirac sodiunm 128

Dry og extracts 14

Drying solid products 18

SC iii diOc rential sc inning alornnetry



General Index 347

lactor 45

leo efieiu vla

LIes tiophili cc age its a7

ctru Li
Ii ch ge If 224

ci ital 50 ii 81

nissiun

ie lsioiis 33 324

Fntraii mci 333

Euviroi men al imp 44

na iroi aent Protect Apeoc 44

Eusinopl ilia myalgi syndrome 260

Iqi ilibriuni pro esses 323 326

qmpm lit

liuftitioiis 297 315

Mor on flask 271

overhead ii er 271

syringe pumps 13 128

83

331

Exeipients 230

Exposure lion hreshold ii oh due

Extended idditions 13 272 322

Extended reiction conditions 178 292 293 299

Extraxion2Il 215

actorial design 181 182

len aentatioiI products 330332

Filter aids216

Filters ui luac 215-216

Filtration 18216.256

Fishing out products 219

lanunabili solvents 13

Flash point definition 4t

Fo anamg iions ii zing 304

ormulanon 249 230

Fouling 227

Fourier Iransfbrrn Infrared Spectroscopv 159

161324 323

Freezing the final proc ss 25 26

Good nianufacturiiig practice 250 303

rrauulatioi wet 250 232

Guidelines fot scale up 311

Hard ppng 14

Heat transfer 20 293

Heel 236

Heterogeneous reaction conditions 92 9396 37

Honiogencous reaction conditio is 92 93

Hydrates 140 236 237

Hydration 237 238 232

Hygroseopieity
139

Iinniobiliz itiOIi of cnzvuics 77

ln naohili ed atalysts
283

hood ci

Inapi ig ngjets
23a

nputities

hen ial 121

colored 170 263

FDA guideliiaes
261

idei tifing 179 180

in drug substa ace 148259 26

imninaizing 163 183 383 198262 263

Ii Die
assays

139 161

inprocess control 145 162

choo ing 148 134298 299

derivsnzitio 135 139

part
ofNDA 147 148

icproducibility
134 162 321

sanaple preparatiOIi
156 159

simplnag le4 156 298

visual 131 334

Intution 324

loiaie strength 230 234

Isoeleetric point31f 230 233 234

Karl Fischer titratiOIa
136-137

Kilo lab operations in 22t 307 311

anauaar flow 272

Linear route 32 34

Log sheet 307

loss 00 drying 146

Lyophilization 18

Macronaixiiag 272

Mass balance 301 316 321

Mass tianafcr 131 303

Material safety data sheets 19 33

Maxinauna agitation volume 304

Melt dowia crystals
243 309

Melting point naiportance in drug substance

selection 231

Mesityl oxide as stalveiat impurity 89 90

Mesonuxing 293 294

Metabolic poisons 36

Metabolism 36 57

Metastable zone 227 228 231

roinixiiag 272 274 281

Microscopy 228 236

Minimal dete tioia limit MDL 321

Mmninial quantitatioia
limit MQ 321

Minimuna agitation
volunie 304

Miscibility
of solvents with water 84t 99 213

Mixing 16116-117269 272276 288

Monitoring reactioIi conditions 132316

Morplaie states 236-241

Mcilt vir at screening 398



348 Generii mdcx

iced anio

Neat ictions 108

Nccc dr
ippi atioi 14 48

Ni ogeii 12

Nu lea 1110 c3 talsu nes227 23i

Ni clcophi t3 IC tiar in nec and pvc din

Ni tori tioi cc ion
Om virab at tii in 18

Os ssald cuing 2.34

Outson cno 4/

idanon sta es adjus ig
38 39

xida in cn ing nip pre rat 57 58

Ox nr aovai 121

Oc liii 250 234

Particle sic control it 234 3n 04 26
itch 31 322

teiits 47 43

Piro ides 4t

p11 probes ruggedncss 10 161

pH stat 16

Phase 111111

Plate no pc reactitni condo ons 30

Point
typc

ri_itt OIi ondit ons 28

Phsli filtrition 216

Pol nacr cation ninin icing 127

Pol3naorplis 235 237 244 252 253 236 29
293

Pore size 71 225 226338

Precipitates 228

Prcsstirc reaction conditions 121 131

Process opnioization 24 165 183 185 118

Pri cess throughpc 47

Prodtx vity

Prote groups 36

Psuedopo morph 236

Pscicdot cenlite 332 333

Qual f3ing reaction coinponen 300 311

ench 17 20a

uiverse 208 209 272

Racemati tr ic 332 333

Raceinic sic itch 33 33t

Radic iI motors 1/8

kig layer lvi

Rciction i_tics 169 170

Re itt ye systen reei tool

Reictors 811 269 258

lIe ss loop 276 277

continuous floss 191 212 273 281 288

cuntinuousl stirred Ok 275 276

electrocheinicil 286 288

micro snot 28n

pIt floss 285

soiocl CII lt

state ix rs 75f 282

tub Oar floss 16 277

Re gcnts ide ii character ti

keflnx riO In

Regioiso ocr 263

sin can tire 219

IOns rr3 17243 244

Ikesolcition 225233 234 237 038332 337

34 341

enzyin itic 283 334 340 341

iily pprt 33 337

ki ietic 77 106 334
lOt scork 42 249 262

Reyno ds number 22

Right to kntsss

Rivcr bli.idnecc

Robotics 82

abeistuess 30

ihotar evapor mon 11

IOu ite hara veristics

avulahi ity of chenncals 31 32

iv iilahilii3
of equipment 28 31

cxpe Sent 29

fannliarit 28

optini
50

tecluical feasihili y28 30

Ruggedness process

Site operating conditions 515 214 307

309

reaction hazards 113 1162 29 317 309

13Mb Nal 183

tlnonyl chloride FtOAc Zn 19 21217

toxicologic hazards 55 n7 214

Salt selecfoi 238 24

Silting ocit
213

ale problems uiticipanng 29 294

Scale up reni

consderations 294 302

gulls oI295

unplenientnig 302 311

prep rim for 317

rubbnig 131

Sec ond order ni lietric trai storniation 334

133

Seeding 258

Self niiniol lIme process 331

Se ucontinc ous proc esscs 274 27 28



Ucnc al Ii dcx 349

Stir iid pi
Shelf lift 252

niplex opt nna ion 151

Single iantii mc tugs
329 311

Sipboi ii
IS 03

Sinai ohi niers 21

Si ip
hot 125 127 192 09 293 32

Solid state char ic ci cues if drug suhst or Cs

231 7a9

Sole biht es efs Its /6 67 309 238 230

Solsates 233 234 22

Sol in in 82

Went cliasin 21

Sod cot inip iriti 89

Sul ent polar ty ises 94 95

Sol cot mv ra 10

Sod cot se le ton

as nlahilitv on site
101

liaognig equilibria by selective tryst illiza/ ciii

40 41173 174338

for st 0hz itaon 22
reduce product cost 112

to rcnio\ byproducts 111 374

Solscnt tapes

lialocarboi 82

h5 drocarhon 82

hydrogen bond acceptoi 82 96 97

polar aprotic
82

piotic 82

iniil alcli

heiizene Se 86

beiizeitrifluoridc

i-hut inn1 88

diethtviyn ethane 88

dinieihvlinndaioloi ie 88

dioxane 89

DMSO 101119

ethyl acetite 88

flu irons 107

heptane 224

hexane 224

FIPLC gradc 102

isoprop icetate 88

niethoxyethanol 92

niethsl isohutal ketone 88 90

methyl rolidmone 88

ineth3l ietrah drofuran 88

nietbalene chloride 89 90

oitri ctl ii 89

non ice eis ioi liquids 07

piop neil il 88

atci93 10 lOf

Specific ins 262 30

Sphtti ig
lie silt 336 337

Spo te ts li2 isi

Spr drdng IS

Stahilirs deisage
forn 2e 254

Stab Ii3 estng 233 2e4

St ti il Scsign experi nents IS 182

Sin ihiliti 3/ 98 lOf

Stirruig 11 II 131 132 88 19 Is

Suifacc tci ion bie ikuig
121

ida xii ts 104

isa uritieatio 18

fei issoik 18 34
fechno og trnis er 302 303

Iclcop onte

leniperaturc 171

bin Iayr chroni togripli 151 224

hi eshold lnn alcics 56

TLV cm threshold limit alucs

lbleraiice Ini its 171

Toleriria process 264 301

foxieolo batch gui
lelines for 261

lrinsfer of sofds and fquids 14 17 30s

Ti ipl en lphosplnne eivide rc nos al 20

Trituratioii

Iroublcshootmg 313 328

barriers to 321

steps
flit 320 327

Turbulent floss 772

Use test 60 186 196 300 18 315 31

Viscosit 84t 98

nix cc niaxin agitation
olunie

VmiIi Li niomaun agitatniii
nut

Wishing mrs stal abe 241 243

Waste disposal 44 47 102 117 302

Watei

detectuig 136 137

gr
des of lO6t

ni tcagcnts Ill 141

solvents 139

remus ing dcirimif proccssiIip
143

Wct gramiulatiein 250

Work up20 219

Zwittermoos 230 233 234



Reaction Type Index

Acetal forniation 74175

Acylation91 92 122 123

Aldol 334 335

Alkylation 119 120 159 160 176 189 191

214240244285305

Alkynylation 159 160 198

Amination 95 172 173

Aminohydrocy anon 95

Amino ysis 95 C6

Ammonolysis 131 1e2

Arbuzovniodihcd137 1e8 295 296 321 32

Atylition 176 177

Asymmetric 39

Asymmetric dihydroxylation 171 172 198

Ilarbicr 103 104

Bayliss
iii man 65 103104

Benaylition 131 132 214 305

Brommation 104 77 175 284

Carhonylation 191

Carboxylition 286 287

ascade 38

Chlorination 66 67 124 12 171 27M279

Claisci ccrrangrmnt 103 04 29
Curtios rearrangement 4748

Darzens condensation 153154

Decarboxylanon 298 304 324 325

Dehydration 283

Dehydrobronainanon 105

Deprotectic 6296 97 108

1iazotization 300

Dihydroxylation 171 172

1onuno 18

Fnzymatic 36 43 76 77 122 123 211 212

Epimerization 399395 174 175

fpoxde forniatiori 182 188 189 192194287

288

Epoxide opening 66 106 118 7219

Fsterificrtion II 279 293

Fischer mdolization 92 93 316 318

Formylation 208

Friedel rafts

Heck 103 104 18 189

Hofmann rearrangei rent 29 30 282

Hydroboration 7173

Hydroformy ation 73 74

llydrogenation73C4 104 131147 194 396

77 322 323

Hydrogc iolysis
21-124 322 323

Hydrolysis 93 94181 182244 334

Ketal formation 74 75

13 lactam formation 159 161

ossen rearrangei rent 304

Slamich 75

McMurry like coupling h03 104188 189

Michael addition 62 63 73 138 119 173 174

239 240

Mitsunobu 21141

Nitration 295 297

DIeM formation 194195

addition to carbonyls 61 62
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352 ftc Iction Type mdcx

xidaciim

ilo em ypochiorite 44 4e

mOO 18$ 189

Opptr

rO cat lzcd 15

dc ti hr iicil287

thai iriese lit or -0

5401 it/ncr 46 47

0pnha icr 68

68

uthci2um
il

cern 128

IFMPO69 13

ci ii ate

VO ac 18$

3m iol0 153 14

Ieptid It tUition 59 9a 96 128 50

Ihoc tra 9cr cittlczed 16 47 62.69 117

118 119151 132 191196244 /79

303

IItotoc hcn ir al 284

ftadir al addinoi 94

ft arrmcii cot 40 41 173 191 28 256 332

Ieduc not 72 192 193 30 335 39

dicsolcni6 metal e2 295

vcin Poiiclorf Ver1c

Red ide hI iii mon u8

Reform tsky 13 114

Schotteti lIar mat ii 88 136

So1vo1 cii 94

Suzuki ci upli g73 74 03 114 172 87 189

94 197

Iiiiiifcr 0e Tog nati 27

Ullimiani 42



Acy inansiati in is iciid in table infonnati ii .tund in 4iiec

Reagent Index

etic acid 98

Acid catalysts
74 73

Alkali hydroxides e9

Alkoxides 62 63

Allyl al ohol 279

Arnherlyst Ia 73

Auincs 63 67

ho byroivilc

llcney hioroforniate 98

B1NA1 73 74

BoritieTElF 193 338 339

eric anuaioniu nitrat 287

Cf loronieth inc 60

ilorosulfcn sI isoct ui ste 324 35
EC

upper sulfate 166 167

113166 67

lDQ1 175

Diazabic clooctine 63 66

Dibromolivdantoin 113 114 284

1nsopropy azodicarhoxylate

Dnsopiopylethvlaniine 65 125 127

imethylsi lfoxoniuni erhylide a2 53

Dit hr C1 dicarhoii ate 91 97

hrzvincs 4a 211 212 283

For nit cid 98

Din eth3laminopyridinc 65 66

PhenyLiiodipl envlarnn 153

tint inc acid 239 241

Au os isothocyau ite
laS 139

Ht xanieth3 disil iiides 63

Hex uneths Idisil iiai 321 322

Hexai oic acid 98

HP 20s rcsiu 226

lydnazuie h1 clratc 55

Hsd prsxlt 10 17

lniiniosnilhenr a2 153

Intl xii tO ate 60

Ion cxchang resir 74 75 277

lsobu vlene 323 324

tuna ciininu hydfde 205 208

Magne iuni nioniopcro phthalare 71

Magnesiun soIL te 30

igtiieve 67 68

Maleic acid 239 240

Mcthanesulfoiun acd

Mcth3lation 60

Moi operoxyplitl lit acid 71

llroinosuccnini de 113 114 12 131 139

C7 178284

Ucityl lithic us 48

Chloro cuumidc 28 129

xyl ftF urn 48

vi thvlnaor lioliiae xidc 72

Octyl lith iii 61

Ihopyl in lilt II 20
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354 Reagent index

Osmium tetroxide

Oxalyl ci bride 28

OXOne 70

PhenophtI al di 53

Phosphorus oxychboricie 25 27

lupIomns tn hboride 278

Piv4boyi chiormdc 128 17

Polymers 45 46 76 219

Potass urn t-arnybate 62 63

Potassium hum ide 52 53

Propanoic acid 98

Salen containing cata ysts
bOO 107 90

192 194

Scndiun tnifi te 76

Sihcsge93318 225 318

Sodiu ni ylate 6763

Sodmi ni azide 118 19

Sodium horohydnide 105

Sod urn borohydridc/H SO4 219

Sodium t-hutoxide 175 177

Sodium chboritc 69

Sodium iyanidc 118 119 278 279

Sodiuni dithionitc 120

Soditoi dodecyl sulfate 68 69114 191

Sodium hexarnethyldisibazide 61 62

dcns hycmidc ci 83

Sodinni hypochbonitc 69

Sodicun sulfate 140 211 307

Succi uc scid 24
Sudat rd lB 153 154

IAiiO tes
75 76

trabutybarninornuni fir onidc 141

fetrahutylannnoniumn hydroxide 93 94

letran ethylanirnonmimmu hydroxide 92

lhionyl chloride 19 217 278

losyl chloride 39

7PPTS 73 74

lni hloroa ctic cid 209

bnicthylaiiii
63 67

Trifluoro pericctic id 69 70

fnifinoroscetic acid 209

Triniethyl
orth fornistc 14

ininiethylsilyb
chloride 32 322

2Pic obnie 65

Pyridone 180

46Tniiimercaptotriazi
217

26 Lutidine 65 66

lriphenyiphosphi me 141

Llmea hydrogen peroxide 69
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