Organic Process Research & Development 1997, 1, 45-54

Development of a Large-Scale Process for an HIV Protease Inhibitor

Chin Liu, John S. Ng,* James R. Behling, Chung H. Yen, Arthur L. Campbell, Kalim S. Fuzail, Edward E. Yonan, and
Devan V. Mehrotra

Chemical Science Department, G. D. Searle and Company, Skokie, Illinois 60077

Abstract:

An efficient large-scale process to prepare the HIV protease
inhibitor urea intermediate, N-[3(S)-[bis(phenylmethyl)amino-
2(R)-hydroxy-4-phenylbutyl]-N '-(1,1-dimethylethyl)-N-(2-
methylpropyl)urea was developed. The protected alcoho)f-
(S)-[bis(phenylmethyl)amino]benzenepropanol, was obtained in
95% yield in one step by the benzylation of.-phenylalaninol
with benzyl bromide under aqueous conditions. Oxidation of
protected alcohol with sulfur trioxide pyridine complex in
DMSO at 15°C gave the corresponding aldehyde in quantitative
yield. The dimethyl sulfide byproduct was easily removed by
nitrogen sparging and treatment of the effluent gas stream with
bleach solution. Diastereoselective reaction of the chiral amino
aldehyde with (chloromethyl)lithium at —35 °C followed by
warming to room temperature gave the desired epoxide ste-
reoselectively in good yield. A DOE (statistical design of
experiment) study indicated that the reaction concentration and
halogen reagent were important factors for this reaction. To
simplify the operations and to increase the productivity of
epoxide, a continuous process was developed. Regioselective
ring opening of epoxides with isobutylamine followed by
reaction of the resulting amine with tert-butyl isocyanate in
isopropyl alcohol gave the ureaN-[3(S)-[bis(phenylmethyl)-
amino]-2(R)-hydroxy-4-phenylbutyl]-N '-(1,1-dimethylethyl)-N-
(2-methylpropyl)urea, in good yield. The process improvements
for the crystallization of urea are also discussed.

Introduction
Inhibition of HIV protease offers an attractive target for

epoxideda (N,N,a(S)-tris(phenylmethyl)-&)-oxiranemetha-
namine). The epoxidela was prepared via a six-step
synthesis starting from-phenylalaniné2 The use of di-
azomethane, the low diastereoselectivity of NaBttluction,

and the low overall yield made the scale-up of this route
impractical. Recently we reported on an alternative synthesis
for the synthetic equivalent of epoxida (Scheme 1}.The
process involved a diastereoselective methylenation of chiral
amino aldehyde3 with (chloromethyl)lithium which was
generated in situ from halomethanes. In order to further scale
this synthesis up to multikilogram scale, significant process
development and improvements were needed. In this paper
we describe our research on the optimization and further
improvement of this alternative synthesis.

Results and Discussion

Step 1. The previous repottdescribed two established
synthetic routes td,N-dibenzyle-phenylalaninol (2). The
protected alcohoR could be prepared by benzylation of
L-phenylalanine followed by reduction with diisobutylalu-
minum hydride (DIBAL-H). Alternatively, the alcoh@was
prepared by the benzylation afphenylalaninol (1) with
benzyl bromide under basic conditions in one step. To
simplify the synthesis and avoid the low-temperature reduc-
tion with DIBAL-H, the route starting with.-phenylalaninol
was chosen for scale-up. Potassium bromide and potassium
bicarbonate were the major byproducts of this procedure.
The crude produ@ containing these byproducts was washed
several times with water at 1T until the pH was neutral.
The washed soli®@ was then purified by recrystallization

the treatment of acquired immunodeficiency syndrome from a mixed solvent of ethyl acetate/heptane. To reduce
(AIDS)2™* Compounds incorporating hydroxyethylamine  {he number of operations and minimize the waste, the original
have been found to be highly potent inhibitors of HIV pro-  process was modified to use hot water extraction at®5
teases$. Recently, a series of potent inhibitors containing instead of a 16C water wash. The product was then directly
the R)-(hydroxyethylurea) isostéreas reported. Thisearly  crystallized from heptane to eliminate the first isolation of
work centered on the amine opening of a key intermediate r,de product. The modified process was scaled up40
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kg scale, and the produ2twas obtained in 95% yield.

Step 2. As described previously, the aldehy8ewas
easily prepared in quantitative yield by the oxidatiorNgiN-
dibenzylphenylalaninol (2) with S&Py in DMSO at~15
°C without racemizatio. Two alternative oxidation meth-
ods using NaOCl/Tempgand BOs/DMSO/EENE were also
investigated. Both methods were inferior when compared
to the current method. Standard Swern oxidation using
CICOCOCI/DMSG required very low temperature (—78
°C). This requirement for a special low-temperature reactor

(7) Leanna, M. R.; Sowin, T. J.; Morton, H. Hetrahedron Lett1992,33,
5029—-5032.

(8) March, JAdvanced Organic Chemistry, 4th ed.; John Wiley & Sons, Inc.:
New York, 1992; pp 1193—1195.
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would not allow rapid scale-up. The reaction with NaOCl/ acetate was used to extract the product from the aqueous
Tempd gave impure products containing overoxidized solution!? Prior to the epoxide formation reaction, THF was
impurities. The current method with $®@y in DMSO gave added and distilled from the crude aldehy&le This helps
product3 cleanly without any overoxidized acid impurity.  to remove the residual water and ethyl acetate which would
However, the highly volatile dimethyl sulfide (DMS) byprod- cause complications in the next reaction step.

uct was produced in this reaction. The DMS emission was  Step 3. Selection of Halomethanes and Reaction Tem-
a potential environmental issue for this process. To control perature for Plant Production The preparation of epoxide
the DMS emission during the vacuum distillation of solvents 4a was the key step of this five-step synthetic route. This
and to avoid the DMS odor, the quenched reaction mixture reaction involved three sequential reactions. The first
was purged with nitrogen and the DMS off gas was scrubbed reaction involved the metal—halogen exchange to form the
with 5% NaOCI® Conversion of DMS to DMSO by NaOCI  (chloromethyl)lithium reagent. The second reaction was the
occurred very rapidly. This process was scaled up 200 diastereoselective addition of (chloromethyl)lithium to the
kg of alcohol2 without any emission or odor problems. A  aldehyde3 to form the chlorohydrin lithium sai. The third
slight excess of sulfur trioxide pyridine complex (SRBy) reaction was the cyclization of the chlorohydrin lithium salt
was required to ensure the completion of the reaction. In 8 to give epoxidest. As described previouskythe (halo-

the original report,the alcohoR and SQ-Py were dissolved  methyl)lithium reagent was generated in situ from chloro-
separately in DMSO to form two solutions prior to the iodomethane or bromochloromethane andutyllithium at
oxidation reaction. A large quantity of DMSO was needed, —78 to —30 °C in THF in the presence of aldehy8e For

and the throughput of the reaction was poor. We discovereda successful conversion of aldehy@einto the desired
that one could improve the reaction throughput by using the epoxides4, the rate of the metalhalogen exchange has to
required base triethylamine to dissolve the alcchinistead be faster than the addition af-BuLi to the aldehydes.

of DMSO prior to the oxidatioR? The oxidation was mildly  Also, the addition rate of (chloromethyl)lithium to aldehyde
exothermic. To avoid thermal racemization of aldehgde 3 must be faster than the addition @fBuLi to aldehyde3

the reaction and solvent distillation temperature were con- (Scheme 234

trolled below 18C. Thea-amino aldehyd@ was not stable The addition of (chloromethyl)lithium to aldehy@awas
for prolonged storage, and it was normally used immediately found to be highly diastereoselectiv@R:SS= 85:15). The
in the next step during the pilot plant productitn Ethyl diastereomeric ratio was determined by integration of the

. — . well-resolved'H NMR signal$ for 4aand4b. There was
(9) Abe, K.; Machida, WTaiki Osen Gakkaishl993,15 (4), 163—6.

(10) Direct addition of solid sulfur trioxide pyridine complex to the alcohol/
DMSO/EgN solution could also be used as a method to reduce the amount (12) Methyltert-butyl ether (MTBE) could be used as an alternative solvent in

of DMSO used in the reaction. the place of ethyl acetate for the extraction of aldeh§de
(11) The crude aldehydgwas stored in a freezer at78 °C for a month without (13) The solvent specifications for aldehygleere the following: waters0.2%;
appreciable degradation or racemization. ethyl acetate<0.5%.
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no significant difference in the stereoselectivity of the Table 1. Solvent effect on the impurities of epoxide
reaction carried out at78 or—30°C. Similar results were  ¢ormationa
obtained when either bromochloromethane or chloroio-

1 0,

domethane was used as the methylenation reagent. These yield, %
results were important because they allowed us to use a wider ~ solvent type epoxidda  butyl adduct7  alcohol2
range of equipment for scale-up and also to use the less THE 591 75 .
expensive and more re_adlly available bromochloromethane DME 37 57 105
for large-scale production. MTBE 7 20.6 0.8

In the case with chloroiodomethane, more LiCHwas DEM 7.5 35.0 19.5
required at—30 °C when compared to reaction af78 °C. mgm%g ggfig gg (95-2 ;-g
Better yields were also obtained when the reactions were THF/hexane. 7595 532 94 54

carried out at-78°C. This is probably due to the fact that
reagent either decomposed or reacted with GlGabter at aReaction scale: 25 g of aldehy@ n-BuLi addition rate: 2.5 mL/min.
° Agitation: 300 rpm. Temperature:-45°C. Solvent: 10 mL/g of aldehyd®
warmer temperature—30 °C) than at lower temperature  BrCH,Cln-BuLi, 1.3:1. Totah-BuLi charged: 2.2 equiv based on aldehgde
(—=78°C).16 A reverse result was observed when BrCH
was used as the reagent. Better yield and quality of the
epoxide were obtained at30 °C than at—78 °C. The product made from bromochloromethane (Table 4), although
reason for this observation was not clear. One suggestionproducts from both processes were pure enough to be used
for these unexpected results is given in the discussion of thedirectly in the next step. The major impurity of the reaction
results from the DOE study in the a later section of this paper. was the butyl adduct. This impurity resulted from the
For the pilot plant production, the reaction was carried out competitive addition of-butyllithium to aldehyde3 (Scheme
at —30 °C, a temperature readily achieved in most low- 2). We also observed minor~6%) reduction of aldehyde
temperature reactors. In addition, bromochloromethane was3 to the alcohoR. The origin of this undesired reduction is
used for cost and bulk availability considerations. not clear.

The crude epoxidéda prepared using chloroiodomethane In order to further reduce production cost, we also
had a slightly better purity profile when compared to the attempted to carry out the reaction at warmer temperatures
12) Sadh — (0 to —20 °C). Unfortunately these reactions gave lower
14) Sadhu, K. M.; Matteson, D. Setrahedron Lett1986,27, 795. . .

(15) (a) An attempt to prepare CIGH at —105°C by the reaction of CICH yields of the deSIre(_j products and hence were not recom-
with n-BuLi in a separate reactor was not successful. Addition of aldehyde mended for pI‘OdUCtIOI’].

3to a solution of CICHI with n-BuLi in THF prepared at-105°C did not Solvent Effect The effect of a feW alternate Solvents In

produce any desired epoxid@. The CICHLi was either decomposed or . . ) . .

polymerized. (b) March, JAdvanced Organic Chemistrydth ed.; John this reaction was also 'nveSUQatEd (Table 1)- TEtrahydro'

Wiley & Sons, Inc.: New York, 1992; pp 622626 _ furan was the best solvent for the reaction. When methyl
(16) At —70°C, 1.6 equiv ofn-BuLi and 2.0 equiv of CICH were required to tert-butyl ether (MTBE) and diethoxymethane (DEM) were

complete the reaction. At30 °C, 2.2 equiv ofn-BuLi and 2.9 equiv of i .
CICH,l were required to finish the reaction. used as reaction solvents, high levels of butyl addweere
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Table 2. Comparison of different charging patterns

ratio of number of equivalents of BrGBI/n-BulLi

addn no.
1 1.3:11 1.3:11 1.3:11 131 271 2.0:1 131 131
2 0.39:0.3 0.39:0.3 0.78:0.6 1.3:1 0.45:0.3 0.345:0.3 0.3:0.3
3 0.39:0.3 0.39:0.3 0.78:0.6 0.45:0.3 0.345:0.3 0.3:0.3
4 0.20:0.15 0.39:0.3 0.23:0.15 0.345:0.3 0.3:0.3
5 0.20:0.15 0.39:0.3 0.23:0.15 0.345:0.3 0.3:0.3
6 0.20:0.15 0.23:0.15
7 0.20:0.15 0.23:0.15
8 0.20:0.15 0.23:0.15
9 0.20:0.15 0.23:0.15
unreacted aldehyde, %  <5% <5% >10% >15% >45% >15% <5% <5%
yield, % 60% 60% 50% 40% 58% 55%
entry A B Cc D E F G H
80 N o~
- 2 3 ©
4 b o I © Il Aldehyde 3
60 - ﬁ ﬁ Chlorohydrin 8
Z 7 .
_.-""“-“'f; ;’:; [l Epoxides 4
zn ] ﬁ ﬁ impurities
£ o Z 7
g o o
P -,
L
2] . ?ﬁ
20+ © ﬁ °’- <
S 7 - -
12 - - ~
0 - - 2R
1.6 2.05 .5 2.95
eq. n-BuLi

Figure 1. Composition of reaction mixture.

observed. It appeared that the reactions in solvents other

than THF led to slower generation of (chloromethyl)lithium
and more production of the side products.

The Charging Pattern of Bromochloromethane and n-
Butyllithium Because of the high reactivity of (chloro-
methyl)lithium and its tendency to react with bromochlo-

Process development studies also indicated that the
relative ratio of the number of equivalents Br@H/n-BulLi
was important to the yields of the desired products. Use of
a relative ratio of greater than 1.5 resulted in more of the
unreacted aldehyd&(entry F in Table 2). The ideal relative
ratio lay between 1.25 and 1.33. It appeared that a slight

romethane, we found that the best results occurred when theexcess of BrCECIl was necessary to obtain good yields of
reagents were added in small doses. If the total quantity of products with minimum impuritie¥’

BrCH,Cl was charged at once followed by theBulLi
addition, more than 45% of unreacted aldehy®levas

Addition Rate of n-Butyllithium Optimization of the
addition rate ofn-butyllithium could lead to a significant

observed (entry E in Table 2). This was possibly due to the reduction of batch time during scale-up. The effect of

reaction of (chloromethyl)lithium with the large excess of
BrCH,CI present. In practice, several additions of BecH
Cl andn-BuLi reagents were used to maximize the conver-
sion of aldehydes to the epoxideg (Table 2, entry A%

The composition of the final reaction mixtures by HPLC
analysis is illustrated in Figure 1. As shown in the plot,
2.05—2.5 equiv oih-BuLi was enough to consunme95%
of aldehyde3 and gave the optimum amount of the desired
chlorohydrins and epoxides During the process develop-

n-BuLi addition rate was studied, and the results are shown
in Table 3. The locah-BuLi concentration should be related
to then-BuLi charging rate and the speed of agitation of the
reactor. A high charging rate was expected to lead to a high
localized concentration af-BuLi and formation of more side
products such as the butyl addiict Surprisingly, the results

of entries 1 and 2 were similar despite doubling the addition
rate for entry 2. Another set of experiments was performed
in which the charge was either split into three streams or

ment studies, the reaction was closely monitored by HPLC Kept as one stream. Again, similar observations were

analysis to determine the necessity for more BfClh-BulLi
charge. After the initial piloting runs in the plant, we were
able to simplify the operation to five additions of reagents
without the continuous monitoring of the progress of the
reaction.
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obtained (entries 3 and 4). The reason for these results was
not clear. In the plant production, the addition rated8uLi

(17) The butyl adduct level was slightly increased when the Br&H:n-BulLi
ratio decreased. The butyl adduct content for entry B was 8.2% and for
entry H was 10.6%.



Table 3. Addition rate of n-BulLi vs yield of epoxide 4& (metal—halogen exchange and addition of C}CiHo the

entry n-BuLi addn rate, g/min yield of epoxide, % aldehyde3) and several competitive side reactions (such as
addition ofn-BuLi to aldehyde3 and addition ofh-BuLi to
1 068 61.6 epoxides4), an efficient agitation rate was still required to
g i-gg throuah . 253 minimize the local concentration of reactants throughout the
4 total 4.B%Ut%m%%%st%rr'engzyrmges '58.0 reaction solution. Indeed, DOE results indicated that reac-

tions with higher agitation rate produced the epoxddean
aReaction scale: 25 g of aldehy@ n-BuLi addition rate: 2.5 mL/min. i i 0 0

Agitation: 300 rpm. Temperature=35 °C for entries 1 and 2;-45 °C for higher average yield (66.4% vs 58.1%). In summary,- for
entries 3 and 4, THF: 10 mL/g of aldehy@e BrCH,Clin-BuLi = 1.3:1. Total best performance CICHshould be used and the reaction
n-Buli charged: 2.2 equiv based on aldehyle should be carried out in dilute THF solution-a¥0 °C with

a high agitation rate. Despite these observations, the large-
was adjusted to maintain the reaction temperature below Scale preparation was carried out W|t_h br_qmochloromethane
—30°C. at —30 °C because of the ready availability of reagent and

DOE Study. To further understand and optimize this €duipment for this combination. o
reaction, a study using statistical design of experiment was _D€velopment of a Continuous Process. The addition of
performed31® With some foreknowledge of the relative n-BuLi to the BrCHCl/aldehyde3 solution was an extremely
importance of variables from preliminary experimefits, ~ €Xothermic reaction. For a batch type reaction, tkuLi
24-1 fractional factorial design was employ&d. Four addition rate was limited by the capability of the cooling
variables, namely, temperature, concentration, halogen re-SyStem. With stepwise addition afBuLi and BrCHCI,*
agent, and agitation rate, were examined. The response§he operations were tedious and the process times were long.
measured included the yield of desired epoxddg(Figure ~ Recently, we developed a continuous system (model C,
2) and percentage content of butyl addui¢Eigure 3). The Figure 4) which gave epoxidéa in yields comparable to
table of experimental design{2 factorial design) and the those of the batchwise process but with enhanced operational
responses obtained under each factorial combination wereSIMPplicity. Three different types (models-#C) of continu-

provided below (Table 4). ous addition systems were examined.

In general, CICHI was a better reagent than Brg&, For model A, all of the 2.2 equiv oh-BuLi was
typically resulting in higher yields of epoxidda and continuously added into the reactor, which contained a well-
significantly lower levels of butyl addudt. With CICHI, mixed solution of 1 equiv of aldehydgand 1.3 equiv of

changing the concentration did not significantly alter the BrCHeCl.  The rest of the BrCECl was introduced in
responses at the higher temperature. However, at the lowePOrtions into the reactor (see Experlmental_ Section), and the
temperature (—70C) there was a marked concentration fatio among aldehydg, BrCHCI, andn-BuLi was kept the
effect, with more favorable results being observed at lower S2Me as in the stepwise addition system.

concentration (1 g/10 mL). With BrCil, the higher For model B, then-BuLi and BrCHCI were both
temperature (—26C) consistently resulted in a higher yield continuously introduced into the reactor, which contained 1
as well as lower impurity of butyl adduct regardless of ~ ©auiv of aldehyde3 and 1.3 equiv of BrChCl. After
the concentration. Based on the literature, similar type WOrkup, the desired product was obtained in 41.8% yield.
reactions were usually carried out at very low temperature _ For model C, a THF solution of aldehydeand BrCH-
(<—70 to —130°C) 15 For the case with BrCyCl, itwas ~ C! Was mixed in a reactor A at room temperature. The
surprising to see that the product yield and purity were better 2ld€nyde3/BrCH,CI/THF solution andn-BuLi were then

at —20 °C than at—70°C. This result was contrary to the pumped into a short static mixer which was immersed in a
CICH,l case. One possible reason could be that the metal 39 °C cooling bath. The solution passed through the static
halogen exchange between the BeCHand n-BuLi was mixer into a reactor B, where the mixture was warmed to

much slower at-70 °C than the exchange of CIGHand room temperature immediately. After workup the desired
n-BuLi. Therefore, the reaction mixture contained a higher Product4was obtained in 55.5% yield, and the whole process
concentration oh-BuLi at —70 °C and the chance oEBuULi was finished in 30 min. The advantages for this continuous
reacting with aldehyd& was increased. process were that it (1) simplified the operations, (2) reduced

Statistical analysis of the data revealed that, among the (€ Process cycle time, and (3) reduced the cost of refrigera-
four experimental factors, changes in agitation rate had thelion by eliminating the need for a large low-temperature
least effect on the responses of interest. Because thd€actor. Studies on implementing model C (Figure 4) for

methylenation involved two very fast sequential reactions arge-scale production are still in progreéss. 3
Step 4. As described previously,the nucleophilic

(18) Box, G. E. PThe Design and Analysis of Industrial Experimerth ed.; addition of isobutylamine from the less hindered side of the
longmans: London, 1978. ; ; _

(19) Box, G. E. P.; Hunter, J. S.; Hunter, W. Gtatistics for Experiments; ePOXIdeS4 In,2 p':0pan0| at 75C for 1.5 h_gaYe a crude
Wiley: New York, 1978. diastereomeric mixtureSR:SS= 85:15) of amines in almost

(20) A series of screening experiments (randomizéd &creening design) was quantitative yie|dz_3 No undesired regioisomer was observed.
also performed. Seven factors (agitation rate, raten-&uLi addition,

reaction temperature, CIGM:n-BulLi ratio, initial THF:hexane ratio, initial
concentration of aldehyd CICHX halogen reagent) were screened. Based (22) Another continuous system in which aldehyl®&rCH,CI, andn-BuLi are

on results from this screening design, the reaction temperature, initial separately pumped into a static mixer through three individual pumps is

concentration of aldehyd&, and CICHX halogen reagent were found to still under study.

have the most significant effect on the yield. (23) In the laboratory, it was demonstrated that the epoxide-opening reaction
(21) Schwindt, M. A,; Lejon, T.; Hegedus, L. Srganometallics1990,9, 2814— could also be carried out in toluene. Comparing to the reaction in 2-propanol,

2819. the product was obtained in similar yield and purity.
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Figure 2. Effect of halogen reagent on the yield of epoxide 4a.
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10 P
= NN
g - l\\\\\\ Bromo = Bromochloromethane
g ] lodo = Chioroiodomethane
0 r f
BROMO 1I0DO
Figure 3. Effect of halogen reagent on the impurity level of butyl adduct 7.
Table 4. 2*-!factorial design of resolution IV and response amine used in this step. The epoxide-opening reaction was
factors® best conducted with 5 equfvof isobutylamine to prevent
yield, %L dimer formation. The crude amirfewas then redissolved
factor epoxide  butyl adduct in ethyl _acetate or_toluene and cqncentrated to remove the
combinaton A T C H 4a 7 excess isobutylamine before use in the next step.
Step 5. Treatment of crude amin& with tert-butyl
1 - - - = 46.3 21.8 isocyanate in ethyl acetate at room temperature for 1 h
2 oo -t 87.3 13 provided a diastereomeric mixturBRSS= 85:15) of ureas
3 -+ - + 69.6 3.8 N
4 + o+ - - 67.2 74 6. It should be noted that the recrystallization of uGea
5 - - 4+ 4 64.4 2.9 was the only purification step necessary for this five-step
6 + - + = 39.8 27.7 synthesis. The purification was optimized to remove all the
4 - + - 519 13.3 impurities and the undesired urea isorBbr The previously
8 + + + + 71.2 3.3 . - o - .
published processitilized two crystallizations using a mixed
exptl factors low (—) high (+) solvent system of ethyl acetate and hexane. A simplified
— process was developed whereby the crude ufagere
¢. ?gltatlon rate 507 BQ“(W: 3(2)8 Igm purified by a crystallization from acetonitrile8?7 followed
, temp - - . ) . X s
C, initial concn of aldehyde 1g/70 mL 1g/amL by a _tnu;gatmn with heptane. Using a special rgactor
H, CICH,X X = Br X =] (Cogelm), the whole process could be performeq without
transferring the product out of the reactor/crystallizer. The
a Constant factors: rate of-BulLi addition= 2.5 mL/min; CICHX/n-BuLi i : : ;
ratio = L.15. ggos/lr%d diastereomeBa was obtained with better than
o de.

In the current process, the amibaand ureda formation

Because of the instability of the epoxides and the lack of a steps employed four different solvents, namely, 2-propanol,
practica| |arge_sca|e method for the purification of crude ethyl acetate, acetonitrile, and heptane. It would be beneficial
epoxide%, the crude produc@were used without puriﬁca- to reduce this to a Single solvent. As a result, we developed
tion. The residual halobutane byproducts from the crude & process in which the epoxide opening, the urea formation,
epOXIde were r?moved by an azeotrqplc dIStI||a_tI0n of the (25) The quantity of isobutylamine was reduced from 23 equiv to 5 equiv after
crude product with toluene before use in the epoxide-opening "~ the process optimization studiés.

reaction?® This operation was important to prevent the (26) The isobutylamine content of the crude oil was less than 1%.
(27) Alternatively, the mixed solvent system of ethyl acetate and hexane could

pOtem'al side reaction of the halobutanes with the 'SObUtyl' also be replaced by a single solvent, diisopropyl ether, for the crystallization
of the desired ure&.
(24) In the plant production, the bromobutane level in epodigeas controlled (28) Cogeim is a trade name for the jacketed reactor equipped with an internal
below 1%. filtration setup.
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Reactor A: Mixture of aldehyde 3 and BrCH,Cl in THF.
) Static mixer: For the metal-halogen exchange and
nucleophlic addition of LiCH,Cl to aldehyde 3.

Reactor B: For the cyclization of chlorohydrin 8 to
epoxide 4.

3

Reactor B
Figure 4. Continuous system for epoxide 4 preparation.

and the crystallization could all be achieved with 2-propanol. between 60—68C. After the biphasic solution was stirred
The heptane trituration was still necessary for the final at 65°C for 1 h, water (126 L) and heptane (387 L) were
purification of the urega. This laboratory process could then added into the reactor. After stirring for 15 min, the
be optimized for large-scale production of these important aqueous layer was separated at°65 The organic layer

intermediates. was then washed with water (212 L), diluted with heptane
(155 L), and concentrated under atmospheric pressure to
Conclusions remove about 190 L of distillate. The solution was filtered
A detailed study of the previously reported synthesis hot to remove the residue and then allowed to cool €0
prepare the HIV protease inhibitor urea intermedétéom with stirring. The product was isolated by filtration and

L-phenylalaninol (1) was carried out. This study has led to washed with heptane (155 L). The wet cake was air-dried
an improved process for the multikilogram production of on the filter until a loss on drying (LOD) of less than 3%
these important intermediates. The extension of this technol-was achieved to give 83.9 kg (95% yield) ®fas a white
ogy to the preparation of HIV protease inhibitors other than solid. The analytical data of the compound were consistent
the (hydroxyethyl)ureas will be reported in a separate with the published literature.

publication. HPLC analyses (column, YMC Basic (reverse phase;
manufacturer, YMC); 250 mnx 4.6 mm i.d., Sum patrticle
Experimental Section size; mobile phase, methanol/pH 3.0 triethylamine phosphate

Solvents and reagents were obtained from commercial Puffer, 70:30 (v/v); flow rate, 1.0 mL/min; UV detector at
sources and were not further purified unless specified. The 210 nm; retention time o2 = 7.0 min) indicated that the
proton and carbon-13 NMR spectra were recorded on a GEProduct was>98.5% pure. The optical purity of the product
QE-300 or a Varian VXR400 spectrometer with }8ed;, was determined to be>99.9% according to published
as an internal standard. Infrared (IR) spectra were recordediteraturet The other analytical data such as melting points,
using a Perkin-Elmer Model 681 spectrophotometer and NMR, and optical rotations were consistent with those
CHCl; solutions. Gas chromatography was performed on a reported in the published literatute.

Hewlett-Packard 5890 gas chromatograph equipped with a  @(S)-[Bis(phenylmethyl)amino]benzenepropanalde-
methyl silicone column (15mx 0.25 x 0.25 um film hyde (3). The alcohol2 (190 kg, 573 mol) was dissolved
thickness). The static mixer (FMX 8452S) was purchased in triethylamine (322 L, 2292 mol). The mixture was cooled
from Omega Co. to 12°C, and a solution of sulfur trioxide pyridine complex

Preparation of (S)-[Bis(phenylmethyl)Jamino]benzene- (184 kg, 1156 mol) in DMSO (635 L) was added at such a
propanol (2). L-Phenylalaninol 1)! (40.3 kg, 267 mol) was  rate as to maintain the temperature between 8 anéiC18
added to a solution of potassium carbonate (111 kg) in water The solution was stirred at ambient temperature for 0.75 h,
(162 L). The mixture was heated to 86. A solution of at which time the reaction was complete by TLC analysis
benzyl bromide (93.2 kg, 545 mol) in 3A ethanol (50 L) (33% ethyl acetate/hexane, silica gel). The reaction mixture
was added at such a rate as to maintain the temperaturavas cooled to 12C and quenched with cold water (224 L,
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10—15°C). The mixture was then sparged with fér 6 h
while the temperature was maintained below°20 After
removal of most of the DMS, water (688 L) was added into

methyl tert-butyl ether, 95:5 (v/v); flow rate, 1.0 mL/min;
UV detector at 215 nm; retention time @ = 6.5 min;
retention time of the undesired epoxidd = 9.5 min;

the reactor and the resultant solution was extracted with ethylretention time of the desired epoxida = 10.5 min). The

acetate (1490 L) and washed with 5% citric acid (1777 L)
and then with saturated sodium chloride solution (1376 L).

crude product usually contained approximately 55% of the
desired epoxidda at this point. The optical purity of the

The ethyl acetate was removed by vacuum distillation (100 product was determined to b€99.9% according to published

mmHg) at 40°C. The resulting residue was diluted with
THF (287 L), and the resulting solution was distilled under
vacuum (100 mmHg) at 40C. The highly viscous8 was
then dissolved in THF (143 L) and used directly in the next
step without purification. An analytical sample 8fwas

literature! The other analytical data such as NMR were
consistent with those reported in the published literature.
In this case, the crude product was found to contain a mixture
of the two diastereomeric epoxides.

The crude product oil obtained was used in the next step

isolated as a viscous oil by concentration of a sample of the without purification.

THF solution. HPLC analyses (column, Gammabond RP-1
(reverse phase; manufacturer, Astec); 250 md.6 mm
i.d., 5um particle size; mobile phase, tetrahydrofuran/pH
9.0 ammonium phosphate buffer at 50 mM concentration,
50:50 (v/v); flow rate, 0.8 mL/min; UV detector at 230 nm;
retention time o = 6.5 min) indicated that the concentrated
product was>95% pure. The optical purity of the product
was determined to be>99.9% according to published
literature! The other analytical data such as NMR and

General Procedure for the DOE Study. Example for
Run 4. A 1 L, three-neck Morton flask equipped with a
thermocouple and a mechanical stirrer was flushed with
nitrogen. Agitator speed was adjusted to 300 rpm. Aldehyde
3 (25 g, 75.9 mmol) was dissolved in THF (250 mL) and
added to the flask. The solution was cooled to aboRb
to —20°C in a cooling bath (9:1 iPrOH/A®D, dry ice). The
first portion of XCH.CI (X = Br, 5.67 mL, 87.7 mmol) was
added. The first portion of 1.6 M BuLi (47.4 mL) was then

optical rotations were consistent with those reported in the added through a syringe pump a0 4+ 3 °C at a rate of

published literaturé.
N,N,a(S)-Tris(phenylmethyl)-2(S)-oxiranemethan-
amine (4a). A solution of the aldehyd8 (190 kg; 576 mol)
and chloroiodomethane (48.8 L; 751 mol) in tetrahydrofuran
(1900 L) was cooled te-30 to —35 °C in a stainless steel
reactor. A solution oh-butyllithium in hexane (1.6 M, 244

2.5 mL/min, followed by 5 min of stirring (sequence time).
This completes the first addition cycle. In each of the second
through fifth addition cycles, XCkCl (X = Br, 1.7 mL)
was added over about 30 s, and then 1.6 M BuLi (14.2 mL)
was added at-20 &+ 3 °C at a rate of 2.5 mL/min followed
by 5 min of stirring. The reaction mixture was then warmed

kg) was added at such a rate as to maintain the temperatureo 25 °C and stirred for 3 h. It was then quenched with

below —30 °C. After addition, the mixture was stirred at
—30to—35°C for 10 min. More additions of reagents were
carried out in the following manner: Additional chlor-
oiodomethane (15.2 L) was added followedrbutyllithium
(73.3 kg) at<—30 °C. After addition was complete, the
mixture was stirred at-30 to—35°C for 10 min. This was

aqueous NECI solution (16% NHCI in water, 189 mL) at
about 10°C. Stirring was continued at 35 °C for an
additional 5 min. After settling, the agueous (bottom) layer
was separated and extracted with ether (65 mL). The organic
layers were combined and dried with Mg&@5 g). After
filtration and rinsing with ether, the filtrate was evaporated

repeated three times. A sample was taken for in processunder reduced pressure at8Dto give 31.2 g (67.2% yield

control by HPLC analysis after each addition (HPLC
conditions: column, Partisil 5 (manufacturer, Whatman); 250
mm x 4.6 mm i.d., S5um particle size; mobile phase, hexane/
methyl tert-butyl ether, 95:5 (v/v); flow rate, 1.0 mL/min;
UV detector at 215 nm; retention time @ = 6.5 min;
retention time of the desired intermediate chlorohydtin

22 min). The methylenation reaction was considered com-

plete when the aldehyd2 content was less than 5%. The

after adjusting for the purity of product from HPLC assay)
of a brown oil4.

Continuous Addition System for the Preparation of
Epoxide (4a). Model A: Stepwise Addition of BrGBI and
Continuous Addition of n-BuLi In a round-bottom flask
equipped with a mechanical stirrer, a thermometer, and an
addition funnel were added 760 mL of THF and 76 g (231
mmol) of aldehyde3. The solution was then cooled +80

reaction mixture was warmed to ambient temperature and°C under nitrogen, and BrGi&l (39.7 g, 307 mmol) was

stirred for at least 4 h until HPLC or TLC (silica gel, 20%
ethyl acetate/hexane) indicated that the epoditt@mation
was completed. The reaction mixture was cooled &5

and quenched with 16% agueous ammonium chloride solu-

tion (1092 L). The mixture was stirred at 26 for 30 min,

then charged into the reaction mixture. The solution was
stirred for 5 min at-35 4 5 °C. A first portion ofn-BulLi
(144 mL) was then added into the reactor through the
addition funnel. A small portion of BrC}Cl (6 mL) was
quickly introduced into the reaction mixture using a syringe

and the layers were separated. The organic phase wasvithout stopping then-BuLi charging. After an additional

washed with water (825 L) and concentrated at6Qunder
vacuum. The residue was diluted with toluene (430 L) and
was then distilled under vacuum at 80. This procedure
was then repeated twice to give a brown oily residu&he
crude product weight was 100% based on theory. The
composition of this crude oily product mixture was analyzed
by HPLC (column, Partisil 5 (manufacturer, Whatman); 250
mm x 4.6 mm i.d., 5um particle size; mobile phase, hexane/
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44 mL of n-BuLi (continuous addition) had been added into
reaction mixture, another small portion of BrgE (6 mL)

was transferred into the reaction mixture in the same manner.
After an additional 44 mL oh-BuLi had been added into
the reaction mixture, another small portion of BrgH (3

mL) was charged into reaction mixture and followed by 22
mL of n-BuLi. This addition sequence was repeated seven
times without interruptingn-BuLi charging. The reaction



mixture was then warmed to room temperature and stirred time of 2 = 6.5 min; retention time of the undesired epoxide
for an additional 4 h. A small aliquot was then taken and 4b = 9.5 min, retention time of the desired epoxidie =
checked by TLC for the epoxide formation completion. 10.5 min) indicated that the crude product contained 52.3
The reaction mixture was then quenched with an aqueouswt % of the desired epoxidéa (55.5% yield after adjusting

NH,CI solution (16% NHCI in water, 440 mL). After phase
separation, the organic layer was concentrated a€aihder
reduced pressure to give 82.2 g of crude4il

Model B: Continuous Addition of BrGi&l and n-BulLi.

for the purity of product from HPLC assay).
P(S)-[Bis(phenylmethyl)amino]-a(R)-[[(2-methylpro-

pyl)amino]methyl]benzenepropanol (5a). Method A. To

a solution of the crude epoxide (39.6 kg, 115.3 mol) in

To a round-bottom flask equipped with a mechanical stirrer 2-propanol (53 L) was added isobutylamine (57.3 L, 577
and a thermometer were added 220 mL of THF and 25 g mol). The solution was heated to 7€ and stirred at this

(75.9 mmol) of aldehyd8 under nitrogen. The solution was
cooled to—35 °C, and BrCHCI (5.7 mL, 87.7 mmol) was

temperature for 1.5 h. The solution was cooled to°@0
and concentrated under reduced pressure atClO The

charged to the reaction mixture. The solution was stirred brown oil residue was diluted with 47 L of ethyl acetate and

for 5 min at—35+ 5°C. Simultaneous additions of BrGH
Cl (6.8 mL) andn-BuLi (1.6 M, 104 mL) were introduced

distilled under vacuum at 4. This operation was repeated
once to give the desired amine mixtuseas a brown oil.

to the reactor by syringe pumps, with addition rates of 0.16 This mixture was redissolved in 118 L of ethyl acetate and
mL/min for BrCHCI and 2.5 mL/min fom-BulLi, respec- used directly in the next step without purification. An
tively. After the addition was complete, the reaction mixture analytical sample of this crude mixture could be prepared
was warmed to room temperature and stirred for 4 h. The by concentrating a sample of the oil under vacuum (1 mmHg,
resulting reaction mixture was quenched with 190 mL of 60°C) and analyzed by HPLC (column, YMC Basic (reverse
aqueous NHCI (16% NH,CI in water). After phase separa- phase; manufacturer, YMC); 250 mrg14.6 mm i.d., S5um
tion, the organic layer was washed with water (190 mL) and particle size; mobile phase, acetonitrile/pH 7.0 triethylamine

then concentrated under reduced pressure at@0 An
azeotrope of the residue oil with toluene (30 mL2) gave
27.1 g of epoxide crude ol. The HPLC analysis (column,
Partisil 5 (manufacturer, Whatman); 250 memd.6 mm i.d.,
5 um particle size; mobile phase, hexane/metieyt-butyl
ether, 95:5 (v/v); flow rate, 1.0 mL/min; UV detector at 215
nm; retention time o2 = 6.5 min; retention time of the
undesired epoxidéb = 9.5 min; retention time of the desired
epoxideda = 10.5 min) indicated that the crude product
contained 40.2 wt % of the desired epoxithe(41.8% yield
after adjusting for the purity of product from HPLC assay).
Model C: Continuous Addition of BrCi&l and n-BulLi.

phosphate buffer with 5 mM heptanesulfonic acid, 50:50 (v/
v); flow rate, 2.0 mL/min; UV detector at 210 nm; retention
time of 5a = 12.5 min; retention obb = 14.0 min). H
NMR of the crude product was consistent with the published
literaturet

Method B. To a solution of the crude epoxideé4.82
0, 14.0 mmol) in 2-propanol (6.5 mL) was added isobutyl-
amine (7.0 mL, 70.4 mmol) over 2 min. The solution was
heated to 75C and stirred at this temperature for 1.5 h.
After the reaction was complete, the warm solution was
concentrated under reduced pressure at@0 The brown
oil residue was diluted with 2-propanol (5.6 mL) and distilled

In a round-bottom flask (reactor A, Figure 4) equipped with under vacuum at 70C. This operation was repeated once.
a mechanical stirrer, a Teflon outlet line, and a thermometer The crude oil was redissolved in 2-propanol (25 mL) and
were added 500 mL of THF, 10 g (30.4 mmol) of aldehyde used directly in the next step without purification. The

3, and 5 mL (76.9 mmol) of BrCKCI. The solution was

analytical data of the compound were consistent with the

stirred for 5 min at room temperature. The Teflon outlet of published literaturé.

reactor A was connected to a static mixer which was

immersed in a cooling bath at a temperature of arou8

N-[3(S)-[Bis(phenylmethyl)amino]-2R)-hydroxy-4-
phenylbutyl]-N '-(1,1-dimethylethyl)-N-(2-methylpropyl)-

°C. A separate round-bottom flask (reactor B, Figure 4) urea (6a). Method A. A solution of the crude amibg126
equipped with a mechanical stirrer, a Teflon inlet line, and kg, 302 mol) in ethyl acetate (310 L) was cooled t6@.
a thermometer was connected to the outlet of the static mixer.tert-Butyl isocyanate (34.1 kg, 348 mol) was added slowly

The aldehyde3/BrCH,CI/THF solution in reactor A was

to maintain the reactor temperature between 10 antiC12

pumped into the static mixer through the Teflon line at a After addition, the mixture was warmed to 2&. After

speed of 21 mL/min. Simultaneousky;BuLi (1.6 M) was

being stirred at room temperature for 2 h, the reaction mixture

introduced to the static mixer by a syringe pump at 1.8 mL/ was extracted twice with 5% citric acid (327 L) and twice
min. The solution coming out of the static mixer was stirred with water (327 L) and concentrated under vacuum at 35
at reactor B and warmed to room temperature immediately. °C. The residue was diluted with 271 L of acetonitrile and

After the intermediate chlorohydri@ had been converted
to the epoxided in reactor B, the reaction mixture was
quenched with an aqueous NE solution (16% NHCI in
water, 150 mL). The organic layer was washed witfOH

distilled under vacuum at 5TC to remove the residual ethyl
acetate. The product was redissolved in acetonitrile (542
L) at 45°C and then cooled to 8C. After stirring for 2 h

at 0 °C, water (178 L) was added to the solution and the

(150 mL) and concentrated. The residue was diluted with resulting mixture was further stirred afQ for an additional

toluene (100 mL) and distilled under vacuum at ®D to
give 11.1 g of brown crude oil¢. HPLC analysis (column,
Partisil 5 (silica gel); 250 mmx 4.6 mm i.d., Sum particle
size; mobile phase, hexane/methsit-butyl ether, 95:5 (v/
v); flow rate, 1.0 mL/min; UV detector at 215 nm; retention

0.5 h. The crude solid product was collected by vacuum
filtration, washed with water (716 L), and dried until the
LOD was less than 15%. The crude product was triturated
with heptane (417 L) at OC to give 51.4 kg (32.8% overall
yield from alcohol2) of purified product. HPLC analysis
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of the product6a (column, YMC Basic (reverse phase;
manufacturer, YMC); 250 mnx 4.6 mm i.d., Sum particle
size; mobile phase, acetonitrile/pH 3.0 triethylamine phos-
phate buffer with 5 mM heptanesulfonic acid, 60:40 (v/v);
flow rate, 1.5 mL/min; UV detector at 210 nm; retention
time of 6a= 15.2 min, retention dbb = 14.0 min) indicated
that the product was 98.5% pure with less than 0.5% of
the undesired diastereoméb and less than 0.5% of the
amine5a. The remaining analytical data of the product such
as melting points, microanalyses, optical rotation, and NMR
were consistent with the published literatdire.

Method B A solution of the crude amingin 2-propanol
(25 mL) was cooled to OC. tert-Butyl isocyanate (1.83
mL, 16.0 mol) was added to the solution of the amine over
10 min to maintain the temperature between 10 and.2
The mixture was warmed to 2% for 4 h and then diluted
with 14 mL of H,O. The resulting solution was seeded with
a small amount of ure@a. After stirring for 4 h at 0C,
the solid product was collected by vacuum filtration and
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washed with an aqueous 2-propanol solution (2-propanol/
H,0, 2:1, 6 mL). The product was dried in a vacuum drier
until the LOD was less than 5%. The crude product was
triturated with heptane (40 mL) at @ for 2 h. The solid
was collected by vacuum filtration, washed with heptane (20
mL), and then dried under vacuum to give 3.69 g (51.0%
yield) of urea6awith 98.4 wt % purity. The analytical data
of the compound were consistent with the published litera-
turel
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