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Abstract: DPC 961 and DPC 963 are non-nucleoside
reverse transcriptase inhibitors (NNRTIs) for the
treatment of HIV. These drug candidates contain a
chiral quaternary center, which can be installed via
addition of lithium cyclopropylacetylide to an N-
acylketimine in the presence of a chiral moderator.
This account describes our efforts to identify a cost-
effective moderator by rapidly preparing, screening,
and optimizing libraries of enantiopure f-amino
alcohols. The result is a highly enantioselective
process that has been used to produce these NNRTIs
on a metric ton scale.
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1 Introduction

This special issue of Advanced Synthesis and Catalysis
underscores the growing importance of organometallic
chemistry in general, and homogeneous catalysis in
particular, in today’s pharmaceutical industry. The
reality is that, despite the early success of Bill Knowles
and the Monsanto L-DOPA process,!l pharmaceutical
companies were not quick to embrace homogeneous
catalysis as a key technology for drug manufacture. In
my view, the Merck process group deserves much credit
as pioneers in this area. Efficient routes to such drugs as
cilastatin,” imipenem,B and ivermectin,* all developed
during the early 1980’s using homogeneous transition
metal catalysis, attest to the correctness of their vision.

My experience in this field began in DuPont’s Central
Research and Development Department (CR&D). Dur-
ing the 1990’s the application of asymmetric catalysis to
fine chemical synthesis was a significant area of research
in CR&D. For those of us who took part in this endeavor,
the eventual fate of the program remains somewhat
ironic. Following a series of licensing agreements and
unanticipated corporate acquisitions, our portfolio of
chiral technologies was acquired by DuPont’s chief U.S.
competitor, the Dow Chemical Company. We take some
consolation in reports that the business is doing quite well.

Nevertheless, CR&D in the 1990’s provided an
extraordinary environment for research in exploratory
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chemistry. Dr. George Parshall, an outstanding scientist,
served as Director of Chemical Sciences. Chemists were
encouraged to consider the broader implications of their
research problems and felt empowered —even obligat-
ed—to explore the interesting observations and seren-
dipitous discoveries that invariably develop during the
course of a research project. I was fortunate to lead a
small research groupl® that included T.-V. RajanBabu
(now Professor of Chemistry at the Ohio State Univer-
sity) and Mark Burk (currently Vice President of
Chemical Product R&D at Diversa).

Most process chemists with an interest in homoge-
neous catalysis would probably agree that our field has
an Achilles heel. The problem is that relatively few
chiral ligands are commercially available “at scale”. It is
no accident that the successful exceptions, for example,
BINAP or the Jacobsen salen ligand, tend to be
molecules that are simple to synthesize. Replacing a
classical resolution in a synthetic scheme with an
asymmetric catalytic process may not be a bargain if
the necessary ligand requires many difficult steps for its
manufacture. To quote Neal Anderson’s very useful
textbook!® on process chemistry, “From an industrial
perspective the most elegant chemistry is the most
economical chemistry.”

This account concerns our efforts to identify an
economical ligand to address a “real world” synthetic
challenge. (Purists will note that the DPC 963 process is
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not formally “catalytic” although the ligand is recovered
and recycled.) I will try to be even-handed in describing
both the successes and the difficulties in our exper-
imental approach.

2 The Targets

In the spring of 1997, Bobbie Dorow and Goss Kauff-
man, two of my colleagues from the then DuPont-Merck
Pharmaceuticals Company, approached me with yet
another interesting problem. There was a need for a
more efficient synthesis of two HIV drug candidates,
DPC 961 and DPC 963. These compounds are closely
related to efavirenz!”! (Sustiva®), DuPont-Merck’s suc-
cessful non-nucleoside reverse transcriptase inhibitor.
DPC 961 and DPC 963 are second generation NNRTIs
that exhibit increased effectiveness against K103N-
containing HIV as well as other NNRTI-resistant
mutant viruses.® The key structural difference between
efavirenz and the new analogues was the replacement of
the oxygen atom in the heterocyclic ring with an NH

group.
cl g F Y
L X
SN0 N0
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efavirenz, X =0 DPC 963
DPC 961, X = NH
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A viable route to DPC 961 had been developed® and
involves the diastereoselective addition of a magnesium
cyclopropylacetylide to an in situ generated azatetraene
as shown in Equation 1. Remarkably this chemistry fails
totally when applied to DPC 963.

CFs
CI\@\/LN ‘ X, [>—=—wmgal
\N/&O =

An attractive alternative route to DPC 963 would be the
enantioselective addition of lithium cyclopropylacety-
lide to the corresponding ketimine as shown in Equation
2. In the equation, AA* represents a chiral moderator
(amino alcohol) which we hoped to recover and recycle.
Previous studies!"”! on related additions to cyclic N-
acylketimines using norephedrine-based ligands (an-
other discovery of the Merck Process Research group!)
suggested the possibility of utilizing a chiral -amino
alcohol as a chiral moderator. However, for a cost-
effective process, we needed to avoid the N-protection/
deprotection protocol required in these earlier studies.

“u,,

DPC 961 (1)

F  CF3
F. 1) base

SN [>—=—1i + AA*
N’go
H

DPC 963 (2)

2)H*

It was hard to envision the detailed mechanism for such
a transformation. It seemed likely that the acidic NH
hydrogen would be deprotonated under the requisite
reaction conditions. David Collum’s NMR studies!'!l on
the synthesis of efavirenz, which similarly involves the
addition of lithium cyclopropylacetylide in the presence
of an amino alcohol promoter, made it clear that the
lithium alkoxides in such a system would exist in a
variety of complex interconverting aggregates. Would
the lithiated heterocycles be incorporated into these
clusters, further complicating the scenario?

Under these circumstances “rational design” of an
effective ligand seemed pretty unlikely. We decided to
screen a wide range of amino alcohols under a variety of
reaction conditions. How then to assemble a library of
enantiopure §-amino alcohols?

3 Building the First Library

As aresult of earlier research on homochiral trialkanol-
amines,'” T was aware of how cleanly and easily amines
add to epoxides.['¥! A simple extension of this chemistry
would provide the type of amino alcohols that we
needed.'! We hoped to synthesize our library without
the use of added reagents, solvents, or subsequent
purification of the ligands. The simple synthesis of these
amino alcohols also meant, should any of them prove
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effective, that they should be inexpensive to manufac-
ture at a commercial scale.

However, we would need to be circumspect in our
choice of epoxides. It was essential to avoid issues of
regioselectivity, which would lead to mixtures of amino
alcohols rather than the single compounds we sought.
As shown in Figure 1 we initially identified four such
epoxides on our laboratory shelves. These included the
terminal epoxides 1-3 where a secondary amine was
expected to add exclusively to the terminal position, and
trans-stilbene oxide 4, which (for reasons of symmetry)
would produce the same product regardless of which C-
O bond was cleaved.

o
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Ph._O \/Q(‘) O/Q \Q/Q \\\A‘
Ph Ph
CF;
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Figure 1. Enantiopure epoxides and secondary amines used
in the preparing Library 1.

Also shown in Figure 1, the secondary amine building
blocks (A —H) were commercially available substances.
These included both cyclic and acyclic derivatives and
even a pair of enantiomeric amines (G and H) to explore
the effect of a second chiral center.

We charged a set of 32 vials with all combinations of
these eight amines and four enantiopure epoxides. A
slight excess (5%) of epoxides was used because control
experiments had shown that unreacted amine could
have a deleterious effect on reactions of interest. We
heated the vials overnight at 60 °C. In some cases the
results were spectacular. One example was the vial that
had been charged with epoxide 3 and amine A, two
liquid reactants. This vial (and a number of others) now
contained a mass of snow-white crystals (Equation 3);
the resultant ligand will be called 3A reflecting its two
components. By NMR the product was pristine except
for the expected trace of unreacted excess epoxide.

. PO
FsC 60 °C FsC N
+ .
u no solvent (3 )
CF3
3 A

CFs
3A
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In other cases, especially reactions involving trans-
stilbene oxide 4, the reactions were incomplete. There-
fore we gradually ramped the temperature up to 90 or
110 °C. After several days at this temperature, the
remaining reactions appeared at least 90% complete by
NMR. Our amino alcohol Library 1 was complete — but
could we trust the results of screening using these
compounds in unpurified form?

4 Validating Library 1

By this time, screening of the acetylide addition in
Equation 2 was already under way. However, studies on
this reaction were inherently slow. To gain confidence in
the use of the crude ligands contained in Library 1, we
desired an independent test using chemistry that is well-
understood and amenable to rapid screening. The
addition of diethylzinc to aldehydes!"™ appeared ideal
on both scores. There is, of course, a large body of work
on these reactions that is described in several review
articles.l'’l Benzaldehyde has been a favorite substrate
(Equation 4), presumably because additions tend to
proceed in high enantiomeric excess. (One wonders
about the wisdom of focusing on such a well-behaved
aldehyde rather than one of the problem cases in the
field, but benzaldehyde was ideal for our initial probe.)
N OZnEt

o H H OAC
Et,Zn Ac,0 >
N —— — (4)
> AA* o r.t. /

While developing our screening protocol, we made a
useful discovery.l'Y As also shown in Equation 4, if the
initially formed zinc alkoxide is quenched with acetic
anhydride (rather than water as is generally used in such
studies) it is cleanly and quantitatively converted to the
corresponding acetate ester. This allowed us to harness
chiral capillary gas chromatography to simultaneously
evaluate the yield and enantioselectivity of large sets of
reactions. Typically we would charge the autosampler of
the gas chromatograph with a set of 32 vials at the end of
the day. The robot would analyze the samples overnight
and by morning an Excel spreadsheet containing the
results had been generated. Analysis time for each
sample was 12 minutes or less depending on the
aldehyde.

The ee’s from one such data set are shown in Table 1.
These results were obtained using 1 equivalent of
diethylzinc relative to aldehyde rather than the 2
equivalents commonly employed. Nevertheless, ee’s as
high as 88% were observed in this screen. Also shown in
parentheses in Table 1 are the corresponding enantio-
meric excesses after purification of the ligands by flash
chromatography.l'’l In the majority of cases, the use of
the analytically pure, chromatographed ligand had little
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Table 1. Enantiomeric excess for Equation 4 using amino
alcohol library 1 (5% catalyst, 25 °C).

Amine/ 1 2 3 4
Epoxide

A +74 (+32) —45 —-63(—-47) —-84(-85)
B +31(+27) —68 —67(—65 —88(—89)
C +27(+27) —-65 —-70(—61) —78(—89)
D +11(+11) —-16 —62(—62) +15(+3)
E -12(-12) +11 -=23(-21) +1(+4)
F +13(+12) —-13 —43(—-14) —-28(—-81)
G +61(+64) +42 +19(+19) —57(-80)
H —65(—66) —55 —79(—83) —45(—-68)

effect on the enantioselectivity of the reaction. Most of
the exceptions were cases where frans-stilbene oxide 4
was the epoxide precursor for the ligand. This was easy
tounderstand. Addition of amines to the internal carbon
atoms of 4 proceeded sluggishly and control experi-
ments showed that unreacted amine could serve as an
unselective catalyst for addition of diethylzinc to
aldehydes.

But how does one explain a case like ligand 1A where
the enantiomeric excess drops 42% after chromatog-
raphy? Examination of the impurities formed during the
preparation of 1A indicates that the crude ligand
contains about 5% of the 2:1 adduct 9. Formation of
the 2:1 adduct is no doubt favored by the high reactivity
of the epoxide, the substantial basicity of the 1:1 adduct,
and the volatility of pyrrolidine. Adduct 9 was inde-
pendently synthesized and was shown to be an efficient
catalyst for Equation 4, promoting the addition in 93%
yield and 91% enantiomeric excess. The higher enantio-
meric excess obtained using this “chain extended”
derivative is not without precedent. Both Hoshinol'®!
and Ful”! have shown that chain extension of moder-
ately selective amino alcohols with 1,1-diphenylethy-
lene oxide can significantly enhance their selectivity for
diethylzinc addition to aldehydes.

CH,0Bn

hN/YOH CN/\(O\/E\OH

- CH,0Bn
CH,0Bn

1A 9

In order for the “structure-activity relationship” in
these data to be useful, we hoped that the contributions
of the ligand substructures would be independent and
additive.”! The last two lines of Table 1 raised some
concerns on this point. Both the amine components G
and H and epoxide building blocks are chiral in these
diastereomeric pairs of ligands. Even within this small
set of ligands, three distinct reactivity patterns are
observed. For ligands derived from epoxides 1 and 2 the
enantioselectivity seems to track only the chirality of the
amine component, while in the ligands derived from
epoxide 4, it is the chirality of the epoxide that

418

dominates. Only in the pair of ligands derived from
epoxide 3 is there evidence of additive contributions
from both components.

5 Library 2: The “Wrap-Around” Strategy

From the results of the organozinc reactions using
Library 1, two facts seemed evident. First, amino
alcohols in which the amine nitrogen was incorporated
in a ring (piperidine, morpholine, and pyrrolidine
derivatives) were consistently the most effective ligands
for organozinc additions. (Moreover, the same pattern
was observed in preliminary screening for acetylide
additions for DPC 963 synthesis.) Secondly, it was
becoming clear that our library was not sufficiently
diverse. It was top-heavy with amino alcohols derived
from terminal epoxides, which necessarily meant there
was no substituent on the N-terminal end of the amino
alcohol. Yet our results in the stilbene oxide series —and
a great deal of literature precedent['®) —underscored the
potential value of substitution at this position.

In order to generate a second, more focused library
containing only cyclic amine derivatives, we took
advantage of the entropic boost that is gained when
nitrogen is dialkylated with an a,w-dihalide. (In con-
trast, monoalkylating agents like methyl iodide give rise
to a mixture of products including quaternary ammo-
nium derivatives.) A variety of optically active primary
amino alcohols are commercially available. Treatment
of these with 1,5-dibromopentane, 1,6-dibromohexane,
or 2-bromoethyl ether would afford the desired prod-
ucts. This “wrap-around” strategy was not new. For
example, in 1991 Soai had reported?!! the use of this
approach (Equation 5) for the preparation of pyrrolidi-
nylnorephedrine 10:

Ho Nl HO @
base d—< (5)

10

In general, the crude products obtained after extractive
work-up were remarkably clean. However, duly chas-
tened by our experience with Library 1, we elected to
crystallize or chromatograph the product amino alco-
hols individually.

One attractive feature of this approach is that
“matched pairs” of amino alcohols can be prepared to
test individual stereoelectronic issues: For a given
transformation, is steric bulk more important at the N-
terminal or O-terminal end of the amino alcohol? In
cyclic derivatives, is a cis or trans relationship between
the amine and alcohol functionality more effective?
Yield and ee data for the addition of diethylzinc to
trimethylacetaldehyde (a challenging substrate due to

Adv. Synth. Catal. 2003, 345, 415-424
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Table 2. Comparison of “matched pairs” of amino alcohols
for the addition of diethylzinc to pivalaldehyde (5% catalyst,

24 h, 25°C).

()

11% ee 91% ee
11% yield 64% yield N \)
XVVOH
(e} o
{ )
NN OH 88% ee 86% ee HO, N
44% yield 54% yield ©}—<
<f0 (O
N—) 17% ee 33% ee N—}
0, i 0, i
PN 5% vyield 13% yield N
m 11oOH ‘ OH
o~ Pz
OH
11% ee 97% ee OH
N 6% yield 62% yield N \
[
[ ] ~©
(o]
HOQ OH /T
X wN X N o)
76% ee 82% ee /
13% yield 17% yield

competing reduction to neopentyl alcohol) using several
such matched pairs are shown in Table 2.

One compound in Library 2, which was to play an
important role in the DPC 963 story, came from an
outside source. During a seminar visit to the University
of California at Santa Cruz, Professor Bakthan Singar-
am told me of an interesting breakthrough that had been
achieved in his laboratory. Commercial limonene oxide
is sold as a 1:1 mixture of diastereomers so that, at first
blush, it would seem a poor candidate for conversion to
an amino alcohol ligand. However, Prof. Singaram and
undergraduate Will Chrisman had discovered condi-
tions where one diastereomer would react with a cyclic
amine to afford a single amino alcohol product, leaving
the diastereomeric epoxide untouched (Equation 6).(?]
Bakthan kindly provided a sample of amino alcohol 11
which we gladly incorporated into Library 2.

.0 %, 40 OH
: ~ O /N
( I H,0 N [}
+ + l _/
\N/ o

reflux

. P A I~

i
i
—~
(@)}
~

1:1 mixture
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6 MIB: Improving a Classic Ligand

Arguably the most venerable amino alcohol ligand in
the field of asymmetric catalysis is 3-exo-(dimethylami-
no)isoborneol or DAIB, which was first prepared by the
Noyori group. DAIB was the first ligand to provide very
high enantioselectivities in the addition of organozinc
reagents to aldehydes.? It served as the basis for many
of the early mechanistic studies on organozinc addi-
tions®" and new applications for this remarkable ligand
continue to appear./”! Recently detailed procedures for
its synthesisi?® and usel?’”? have been published in
Organic Syntheses.

From an industrial chemist’s viewpoint, three prob-
lems limit the potential of DAIB for use in commercial
production of fine chemicals. (1) The most efficient
synthesis shown in Scheme 1 still requires three steps for
the conversion of the amino alcohol 12 to DAIB (six
steps overall from camphor). (2) DAIB is an air-
sensitive liquid, which decomposes upon storage. (3)
While DAIB-promoted addition of organozinc reagents
to aromatic aldehydes proceeds in excellent enantio-
meric excess, it has not yet proven possible to obtain
similar ee’s in the case of a-branched aliphatic alde-
hydes. (Such additions would be especially valuable in
the field of pharmaceutical synthesis, for example, in the
manufacture of matrix metalloproteinase inhibitors.)

Our experience with Libraries 1 and 2 led us to
question whether the dimethylamino functionality in
DALIB is in fact optimal. We prepared N-cyclic ana-
logues of DAIB each in a single step from amino alcohol
12 using the wrap-around technique.?®! For the case of
the morpholine analogue®! [3-exo-(N-morpholino)iso-
borneol or “MIB”] this straightforward procedure is
also shown in Scheme 1.

Triphosgene o
— OH _— ~ /to
E /ZNHZ KOH N
H

12

KH
Mel
THF
LiAlHa, THF §§ o
oH @ — >—o0
NMe, reflux, 18 h N
'
Me
"DAIB"
(BrCH,CH,),0 OH
oH T N
NH; Et;N/DMSO |
~0
12 "MIB"

Scheme 1.
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In addition to its greatly simplified synthesis, MIB
offers other advantages over DAIB. MIB is a crystalline
solid, mp 65-67 °C and remains stable after months of
storage. Like DAIB, it promotes the addition of
diethylzinc to aromatic aldehydes cleanly and in high
enantiomeric excess as shown in Table 3. However, also
shown in Table 3, the addition of Et,Zn to several a-
branched aliphatic aldehydes also proceeded in 97—
99% enantiomeric excess. Only in the case of meth-
acrolein and the straight-chain aliphatic aldehyde
hexanal did the ee begin to erode. (Data for HHL are
discussed later.)

Like DAIB before it, MIB has been used to provide
new mechanistic insight into organozinc additions.
Donna Blackmond and her coworkers used state-of-
the art microcalorimetric techniques to demonstrate
that MIB-mediated organozinc additions (and by ex-
tension those promoted by other amino alcohols) are
subject to product inhibition.”! Patrick Walsh and his
coworkers investigated the extraordinary chiral ampli-
fication that characterizes organozinc additions using
MIB.P! They were able to demonstrate for the first time
that such non-linear effects are substrate dependent, an
observation with significant mechanistic implications
for this class of reactions.

When we introduced MIB to the literature, we had
little doubt that other research groups would develop
exciting applications for this ligand. It did not take long
for this expectation to be fulfilled. Walsh and coworkers
recently reported an excellent protocol for the enantio-
selective (93-96% ee) addition of vinyl groups to
aldehydes (Equation 7).?) They have further shown
that Equation 7 opens up an important new route to
enantiopure allylic amines and a-amino acids.

1) Cy,BH
—R - - . R

PhCHO OH
2) Me,zn Mezn

PhMR

93 - 96% ee

(7)

2% MIB

7 HHL: Group Additivity in Ligand
Design

Our experience with MIB further reinforced our belief
that amino alcohols where the amine was part of a 6-
membered ring (piperidinyl or morpholinyl) would
often be optimal for promoting organozinc additions.
What else could the structure-activity relationship of
our libraries teach us about ligand design? An intriguing
feature for the acyclic derivatives was that both the N-
terminal and O-terminal substituents play a significant
role in controlling the enantioselectivity of organozinc
additions. Aninteresting way to visualize this is shown in
Figure 2.

The prototypical “stripped down” ligand 13 provided
virtually no enantioselectivity for addition of diethylzinc
to benzaldehyde (Equation 4). Introduction of a phenyl
group at the N-terminal position (ligand 14) sharply
increases enantioselectivity to 83%, while sterically
“inflating” the methyl group of 13 to the level of a
cyclohexyl substituent (ligand 15) increases enantiose-
lectivity to 67%. This led to the proposall'¥l that ligand
16, which incorporates both of these structural features,
might provide even higher ee values for Equation 4.

Amino alcohol 16 appeared difficult to prepare. This
would limit its value from an industrial perspective, and
we did not initially pursue its synthesis. However, we
subsequently prepared 16 as the result of a “happy
accident”.®!

Table 3. Yield and enantiomeric excess for addition of diethylzinc to various aldehydes in the presence of 5% of -amino

alcohols MIB or HHL.

Aldehyde % Yield (MIB) % ee (MIB) % Yield (HHL) % ee (HHL)
benzaldehyde 98 98 98 929
m-tolualdehyde 97 98 97 929
p-tolualdehyde 98 99 96 98
m-anisaldehyde n.d. n.d. 97 98
p-fluorobenzaldehyde 98 98 98 99
p-chlorobenzaldehyde 95 97 97 98
isobutyraldehyde 94 929 93 98
2-ethylbutyraldehyde 92 929 91 99
cyclohexanecarboxaldehyde 94 929 93 98
cyclopropanecarboxaldehyde 91 98 87 96
trimethylacetaldehyde 62 97 73 99
2,2-dimethyl-4-pentenal 57 98 78 929
3-thiophenecarboxaldehyde n.d. n.d. 94 96
3-furaldehyde 91 97 n.d. n.d.
methacrolein 94 89 95 94
hexanal 96 91 96 87

420
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3% ee 67% ee

14 16, "HHL"
83% ee ?27% ee

Figure 2. Observed enantioselectivity for addition of dieth-
ylzinc to benzaldehyde using selected 3-amino alcohol from
Libraries 1 and 2.

We were attempting to expand our amino alcohol
library by hydrogenating the two benzene rings of the
trans-stilbene oxide derivative 4C using 5% rhodium on
alumina as a heterogeneous catalyst. Crude amino
alcohol, which still contained some unreacted morpho-
line, was used, and this turned out to be crucial for the
observed chemistry. As shown in Scheme 2, morpholine
acts as a selective catalyst poison such that the product
was not the intended dicyclohexyl compound 17 but
rather the monocyclohexyl analogue 16. An X-ray
crystal structure confirmed that the cyclohexyl substitu-
ent was at the O-terminal end of the molecule.

When we tested the new ligand 16, which became
known locally as the “hexahydro ligand” or just “HHL”,
we were delighted to find that it promoted the addition

N

e O
oY

4C

)

Hog i

H, Cﬁ_%

/" 5% Rh/ALO; b ~

L HO, Q

59% Rh/Al,O5 >—<

16, "HHL"

Scheme 2. Serendipitous synthesis of the “hexahydro ligand”
16.
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of diethylzinc to benzaldehyde in 98% yield and 99%
enantiomeric excess. In contrast, the diphenyl com-
pound 4C gave only 89% ee while the dicyclohexyl
compound 17 (prepared by a different route) gave 92%
ee. HHL was then tested against a full battery of
aldehydes with the results shown in Table 3. In general,
these additions proceeded in excellent enantiomeric
excesses, although the primary aliphatic aldehyde
hexanal remains a problem substrate.*l

8 The Assault on DPC 963

By this point, the lab was littered with vials containing
over a hundred enantiopure amino alcohols and we
began devoting all of our efforts to screening the
acetylide addition (Equation 2). The results were gen-
erally disappointing. With most of the amino alcohols
the addition proceeded in low enantioselectivity (<
20%) and limited conversion (<30%). A notable
exception was Singaram’s limonene oxide-derived ami-
no alcohol 11, which promoted the desired addition in
up to 74% enantiomeric excess at 84% conversion.

What was special about this particular ligand? One
obvious structural feature that distinguished 11 from
most of our other amino alcohols was the presence of a
tertiary alcohol substructure. To improve selectivity, we
felt that we needed to retain this feature but hoped to
prepare a more rigid—what pharmaceutical scientists
would call “locked” —version of 11. Here nature in her
abundance was very kind in providing (+)-3-carene.
This enantiopure olefin is abundantly and inexpensively
available. Unlike limonene, epoxidation of 3-carene
produces a single diastereomer (Equation 8). Interest-
ingly, the addition of morpholine to 3-carene oxide to
give amino alcohol 18 had been reported several years
ago.®! Although this direct uncatalyzed addition af-
forded 18 in limited yield, we could obtain enough
material for our screening studies.

.0
! " _OH
morpholine N\
140°C NS (8)
18

(+)-3-carene

We were pleased to discover that under the conditions of
our screen, 18 promoted the desired addition of lithium
cyclopropylacetylide (Equation 2) in 80% enantiomeric
excess. A curious feature, which was also observed in the
case of Singaram’s ligand, was that the highest ee’s were
obtained at ligand-to-acetylide ratios substantially high-
er than 1:1. This seemed to be at odds with David
Collum’s studies!') on related additions using pyrollidi-
nylnorephedrine 10 in which the importance of 2:2
tetrameric aggregates had been demonstrated using
multi-nuclear NMR.

MCPBA

CH,Cl,
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With this lead in hand, development was transferred
to Pat Confalone’s stellar process research group at
DuPont-Merck and things began to move ahead very
quickly.?! Working with a talented team of process
chemists under the project leadership of Rod Parsons
proved to be one of the more exhilarating experiences of
my professional life (so exciting in fact that I subse-
quently transferred from CR&D into the pharmaceut-
ical process research organization).

Synthesis of 18 using Equation 8 was too slow and
inefficient for use as a manufacturing process. Goss
Kaufmann reasoned that sterically smaller ammonia
would add more rapidly to 3-carene oxide than did
morpholine; applying the wrap-around chemistry to the
resulting primary amino alcohol would give 18. This
worked well but, still not satisfied, Goss successfully
demonstrated the use of lithium perchlorate to promote
the addition of morpholine itself to 3-carene oxide.
Concerns over safety led Ben Stone and Greg Harris to
look for alternative Lewis acids. Magnesium chloride
promoted the addition but at high concentrations the
reaction mass tended to “set up” and solidify. The use of
magnesium bromide circumvented this problem. Ben
Stone made the important discovery that 18 formed a
salt with 2,4-dihydroxybenzoic acid that was uniquely
effective in shedding isomeric impurities.

Lilian Radesca, Akin Davulcu and Bobbie Dorow
made significant breakthroughs while optimizing reac-
tion conditions for Equation 2. Lithium bis(trimethylsi-
lyl)amide was superior to other bases. Remarkably, our
observation that the highest ee’s were obtained at ligand
to acetylide ratios greater than 1:1 was confirmed; a 3:1
ratio was optimal in the case of 18. Subsequent NMR
studiest”! by David Collum at Cornell would provide a
rational basis for both the superiority of Li-HMDS and
the 3:1 stoichiometry. An intriguing observation by
Akin Davulcu was that the highest ee’s were obtained
when the ketimine substrate contained traces of ben-
zenesulfonic acid left over from the dehydration process
used in its manufacture.

With all of the pieces in place, the team’s vision could
be realized. Amino alcohol 18 was manufactured in up
to 400 kg quantities using the improved procedure. The
scale-up of the process as applied to DPC 963 proceeded
flawlessly and has been described elsewhere.*! How-
ever, there was to be one additional twist in the NNRTT
story: the decision was made to proceed with develop-
ment of DPC 961 rather than DPC 963.

Although DPC 961 can be manufactured using
Equation 1, it seemed likely that our DPC 963 process
could be modified to provide DPC 961 more cheaply
and efficiently. The conditions were re-optimized for
this target. As illustrated in Equation 9, the chemistry
worked very well indeed and provided the crude product
in >98% enantiomeric excess; crystallization then
raised the ee t0 99.8% . DPC 961 was prepared in metric
ton quantities using this approach. Very importantly, the
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chiral moderator 18 is recovered and recycled without
loss in activity or selectivity.

) oy o Fc /A
SN, N o Licra g Sa-
/g / NH
N LiIHMDS /§
H NS0
H
85% yield
98% ee
)

9 Conclusion: What Did We Learn?

From an industrial perspective, the most significant
outcome of this research was the development of an
efficient and robust manufacturing process for DPC 963
and related NNRTT’s. Along the way we discovered two
highly selective catalysts for organozinc additions, MIB
and HHL, which likewise appear destined to see use in
the manufacture of fine chemicals.

The reaction of enantiopure epoxides with secondary
amines was indeed a rapid way to generate a library of
chiral amino alcohol ligands. However, efficiency came
at a price. The need to control the regiochemistry of
epoxide opening limited the choice of epoxides and this
in turn restricted the portion of chiral space that was
being probed. In this regard it is ironic to note that the
successful ligand 18 was ultimately prepared using such
an addition. However, 3-carene oxide was rejected as a
building block in the original library design because of
concerns that the addition would be inefficient coupled
with the preconceived notion that the amino alcohols
should be generated without the need for purification.

A couple of other lessons can be gleaned from our
experience. It is evident that, especially in catalytic
applications, the generation and screening of crude,
unpurified ligands can be treacherous. As an alternative,
generation of such ligand libraries on a solid support and
their subsequent cleavage from the resin may combine
the advantages of rapid synthesis and ready purifica-
tion.®! It can also be critically important to carry out
screening under a variety of reaction conditions rather
than under a single protocol. Because the optimal 3:1
stoichiometry for additions using Singaram’s ligand 11
differed so greatly from our original 2:2 model based on
pyrollidinylnorephedrine, we were frankly fortunate to
have recognized the effectiveness of 11 during our initial
screen.

Finally I would like to note the value of having a
library of amino alcohols available “on the shelf”.
Process research in the pharmaceutical industry is often
carried out under extreme time pressure. Amino
alcohols are broadly useful ligands for a number of
asymmetric transformations.” Once a collection of
amino alcohols like the one described here has been
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generated, it becomes a useful resource, instantly
available for screening whenever the need arises.
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