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ABSTRACT

Although Lewis bases (e.g., tertiary phosphines, tertiary amines,
and pyridines) serve as nucleophilic catalysts for a wide array of
reactions, there have been relatively few reports of enantioselective
nucleophilic catalysts. In this Account, we describe the design and
synthesis of a new family of chiral nucleophilic catalysts, specifi-
cally, planar-chiral heterocycles. These complexes provide good
levels of enantiomeric excess in the addition of alcohols to ketenes,
the rearrangement of O-acylated azlactones, and the kinetic
resolution of secondary alcohols.

Introduction

Nucleophilic Catalysis. Just as both Brgnsted acids and
Brgnsted bases are capable of catalyzing chemical reac-
tions, so, too, are Lewis acids and Lewis bases. Of these
four modes of catalysis, Lewis base (nucleophilic) catalysis
is the least well-appreciated.

A diverse array of Lewis bases (e.g., tertiary phosphines,
tertiary amines, pyridines, and imidazoles) have been
shown to serve as nucleophilic catalysts. These com-
pounds accelerate a broad spectrum of processes, includ-
ing the addition of alcohols to ketenes,* the rearrangement
of O-acylated enolates,? and the acylation of alcohols by
anhydrides?® (Figure 1).

The acylation of alcohols by anhydrides, catalyzed by
4-(dimethylamino)pyridine (DMAP),* is perhaps the most
frequently encountered example of nucleophilic catalysis.
The mechanism by which DMAP accelerates this process
furnishes an instructive illustration of how nucleophiles
can catalyze chemical transformations (Figure 2). In the
presence of DMAP, acylations typically occur several
orders of magnitude more rapidly than in its absence.

DMAP is likely the most useful of all nucleophilic
catalysts, and in view of this we found it surprising that
when we initiated our program in 1995 there were no
reports of successful chiral catalysts based on a DMAP
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FIGURE 1. Examples of nucleophile-catalyzed reactions.
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FIGURE 2. Mechanism for the DMAP-catalyzed acylation of
alcohols.

framework.® Indeed, the study of chiral nucleophilic (Lewis
base) catalysis has been neglected in general, relative to
the tremendous attention that has been focused on the
complementary mode of catalysis, chiral Lewis acid
catalysis.

Design of a Chiral Nucleophilic Catalyst. Because of
its remarkable versatility, DMAP constitutes a particularly
inviting starting point for the design of a chiral nucleo-
philic catalyst. Our approach evolved from recognition of
a basic principle: a compound that possesses a mirror
plane of symmetry is not chiral. Upon examining DMAP,
one immediately identifies two mirror planes—a mirror
plane in the plane of the pyridine ring and a perpendicular
mirror plane that passes through the two nitrogens (Figure
3). We decided to develop a chiral derivative of DMAP by
eliminating these two mirror planes in a stepwise fashion,
namely, through = complexation of the pyridine ring to a
metal (ML) and through incorporation of a substituent
(R) in the 2-position of the pyridine ring (Figure 3).
Chirality that results from & complexation to a metal is
commonly referred to as “planar chirality”.®

The design that is illustrated in Figure 3 (right-hand
side) appears to provide a well-differentiated, “tunable”
chiral environment in the vicinity of the nucleophilic
nitrogen. Looking down the axis of the nitrogen lone pair,
in terms of top-from-bottom differentiation, on top there
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FIGURE 3. Design of a “planar-chiral” derivative of DMAP.

is nothing (the smallest “group” that is possible), and on
bottom there is a metal fragment (ML), the steric demand
of which can be modulated; a first-order analysis leads to
the hypothesis that a large metal fragment might furnish
a more effective chiral environment than a small one,
since top-from-bottom differentiation decreases as the
size of the metal fragment decreases. In terms of left-from-
right differentiation, on the left there is a hydrogen (a
rather small group), and on the right there is an alkyl
group, the steric demand of which, again, can be modu-
lated.

With this basic design in hand, we next needed to
address the choice of the metal fragment, ML,. Some of
the attributes that we deemed to be important were the
following:

(i) it should be electron-rich, thereby enhancing the
nucleophilicity of the catalyst;

(ii) its steric environment should be “tunable”; and

(iii) it should lead to robust planar-chiral complexes,
for maximum versatility and for ease of handling.

On the basis of the first two criteria, the iron cyclo-
pentadienyl group (FeCp'; Cp' is a cyclopentadienyl-
derived ligand) appeared to be a suitable choice for ML,,.”
However, n®-complexation of a pyridine ring to FeCp'
furnishes a 19-electron metal complex (Figure 4). Due to
our requirement that our catalyst be robust (vide supra),
it seemed more prudent to focus on 18-electron com-
plexes. We therefore decided to explore two separate
modifications of our original design.

One approach that we chose to pursue involved
broadening our investigation to include the chemistry of
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m-bound five-membered nitrogen heterocycles. Specifi-
cally, we decided to study planar-chiral azaferrocenes,
which are 18-electron metal complexes (Figure 4).8710
Since they share the feature of a nucleophilic nitrogen that
is part of a five-membered aromatic ring, these azafer-
rocenes might be considered to be chiral analogues of
imidazole, a well-known nucleophilic catalyst.

In the second approach, we chose to continue to focus
on the development of a planar-chiral derivative of DMAP
itself. We anticipated that we could generate a stable 18-
electron complex by fusing a five-membered ring to the
pyridine framework and binding this second ring to FeCp'
(Figure 4).11 In this ferrocene derivative, the pyridine ring
is bound #?, rather than 7% to FeCp'. Although this
modification has the obvious consequence of moving the
metal fragment away from the nucleophilic nitrogen, our
hope was that the steric demand of the FeCp’ group might
still furnish sufficient top-from-bottom differentiation to
provide an effective chiral environment.

With respect to prior work, when we initiated our
research program in 1995, there had been one report of
an attempt to prepare a planar-chiral heterocycle in
enantiopure form.? There were no reports at that time of
applications of planar-chiral heterocycles in asymmetric
catalysis.

Synthesis of Planar-Chiral !—Ietero&/cle N
Comﬁ)lexes and Their Activity as Nucleophilic
Catalysts'®

Our initial efforts were directed at the synthesis of planar-
chiral azaferrocene complexes. Unfortunately, we discov-
ered that with FeCp as the metal fragment, the resulting
azaferrocenes are not sufficiently stable to be practical as
catalysts. We therefore turned our attention to FeCp*
complexes, and we synthesized achiral azaferrocene 1 and
planar-chiral azaferrocene 2 from FeCl, through the
sequences illustrated in Figure 5. We subsequently also
produced planar-chiral pyridine derivative 3 and planar-
chiral DMAP derivative 4 through this general pathway
(Figure 5).1

With these four -bound heterocycles in hand, we were
in a position to determine if such complexes can, indeed,
serve as nucleophilic catalysts. As test reactions, we chose
to focus on three distinct processes that are known to be
accelerated by nucleophiles, namely, the addition of
alcohols to ketenes,! the cyanosilylation of carbonyl

R! R R
18-electron complex 19-electron complex 18-electron complex
a planar-chiral azaferrocene a planar-chiral DMAP

FIGURE 4. Eighteen-electron planar-chiral heterocycle complexes.
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FIGURE 6. Rates of reaction in the presence of z-bound heterocycle complexes 1—4, relative to the background reaction.

groups,** and the acylation of alcohols by anhydrides?
(Figure 6). On the basis of the data that we accumulated,
the following conclusions can be drawn:

(i) m-bound heterocycles can function as nucleophilic
catalysts;

(ii) steric effects are important in determining catalyst
activity (1 vs 2);

(iii) electronic effects are important in determining
catalyst activity (3 vs 4); and

(iv) planar-chiral DMAP derivative 4 is the most active
catalyst among complexes 1—4.

Asymmetric Catalysis

Having established that planar-chiral heterocycles can
serve as nucleophilic catalysts, we were ready to pursue
asymmetric catalysis. The routes to racemic 2 and 4
that are outlined in Figure 5 were adequate for our
reactivity studies, but we now needed enantiopure
complexes. Initially, we solved this problem through
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a strategy of separation of diastereomeric precursors
(Figure 7).1°

More recently, we have concluded that chiral HPLC is
the method of choice for resolving our planar-chiral
heterocycles, at least during the catalyst-development
stage of the program, since the enantiomers of most of
the complexes that we have synthesized are separable by
this technique. Figure 8 provides an HPLC trace of racemic
4, which illustrates the quality of separation that is
possible.

Catalytic Enantioselective Addition of Alcohols to
Ketenes.'® As suggested by the data in Figure 6, azafer-
rocene 2 is generally a less active catalyst than DMAP
derivative 4. Because catalyst 2 furnishes substantial
acceleration in the addition of alcohols to ketenes, we
decided to explore asymmetric catalysis of this process.
When we initiated our study, the only report of effective
asymmetric catalysis of this reaction was the pioneering
work of Pracejus, who investigated the addition of metha-
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nol to two ketenes, phenylmethylketene (76% ee) and catalyst
phenyl-a-o-trimethyleneketene (40% ee).'’ O\\CYRL Ro” R
In an initial study, we discovered that in the presence Rs Step 1 Step 3 H Rs
of (+)-2, MeOH adds to phenylmethylketene with moder-
ate enantioselection (50% ee; eq 1). Use of the more oe rRo©
sterically demanding azaferrocene 5 provides some- ® RL

what higher selectivity (56% ee).

o 10% catalyst i
> 6 catalys
MeOH C Me M OJJYMG (1)
78 °C €
j:h H Ph

(+)-2 50% ee
(+)-5 56% ee

=7 oHoTes
] N
Me_ & Me

MeZ;\Me
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A working hypothesis for the mechanism of this process
is illustrated in Figure 9. It occurred to us that if step 2 is
stereochemistry-determining, then the enantioselectivity
might be affected by the addition of an alternate (to ROH)
proton source. Through a survey of Brgnsted acids, we
found that the presence of a very bulky proton donor, 2,6-

catalyst

® /%’(R
catalyst L
Rs >St8572/ H Rs

ROH

stereochemistry-determining step?

FIGURE 9. Possible pathway for the azaferrocene-catalyzed addition
of an alcohal to a ketene.

di-tert-butylpyridinium triflate (12 mol %), appreciably
enhances the enantioselection of this reaction (eq 2; cf.

eq 1).

10% (+)-5
12% 2,6-di-t-butylpyridinium (@]
~ triflate
MeoH Sc Me Meo” M @)
j; -78°C H Ph
77 % ee

We have established that under these conditions we
can effect the catalytic enantioselective addition of MeOH
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Table 1. Enantioselective Addition of MeOH to
Ketenes, Catalyzed by Planar-Chiral Azaferrocene 5

Entry Substrate %ee % Yield Entry Substrate % ee % Yield

Oy
1 CYMe 7 87 Osc_Me
Ph
Osc e 4 74 96
PhO
2 77 88
OscEt
Bu 5 68 92
O Ph
SCoMe

w
~
a
©
S

)

£
O

80 97

to an array of arylalkylketenes (Table 1). The electronic
nature of the aromatic group appears to have little effect
on stereoselectivity; thus, the methyl esters of ibuprofen,
naproxen, and fenoprofen are produced with good enan-
tiomeric excess (74—77% ee; entries 2—4). The steric
demand of the alkyl group, on the other hand, seems to
have a significant impact on stereoselectivity, with a larger
alkyl group leading to lower ee (entry 1 vs entry 5). In the
addition of MeOH to phenyl-a-o-trimethyleneketene, a
substrate also explored by Pracejus, we obtain 80% ee with
azaferrocene 5 (entry 6).

In preliminary mechanistic studies of the reaction of
methanol with phenylmethylketene, we have determined
that the ee of the product varies linearly with the ee of
the catalyst, an observation consistent with the presence
of one azaferrocene molecule in the stereochemistry-
determining step of the process. In addition, we have
measured a deuterium kinetic isotope effect of 3.2, which
is consistent with proton transfer in the rate-determining
step.

Catalytic Enantioselective Rearrangement of O-Acy-
lated Azlactones.'® Steglich and Hofle reported in 1970
that DMAP and 4-(pyrrolidino)pyridine (PPY) serve as
catalysts for the rearrangement of O-acylated azlactones
to their C-acylated isomers,? a process that furnishes both
a new carbon—carbon bond and a new quaternary ste-
reocenter'® (eq 3). These rearrangement products can be

(o}
JJ\ catalytic (0]
X~ 0

DMAP or PPY * o

Z>0 X =alkyl, OR R N;<
RZ

racemic

o

R1

R Steglich

converted to a-alkylated a-amino acid derivatives,? an
important family of chiral building blocks, through ring-
opening of the azlactone by nucleophiles. There have been
no reports of either diastereo- or enantioselective variants
of the Steglich rearrangement reaction.

In early work, we established that planar-chiral DMAP
derivative 4 functions as an effective asymmetric catalyst
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Table 2. Enantioselective Rearrangement of
O-Acylated Azlactones, Catalyzed by Planar-Chiral
PPY Derivative 6

AL o O

BnO™ O 2% (-)-6
R BnO N O
Z 0 Ar = 4-MeO-CgH4 R N:<
N= 0°C

Ar
Ar
Entry R % ee % Yield
1 Me 91 94
2 Et 90 93
3 CH5Ph 90 93
4 allyl 91 93
5 CH QCH Mez 92 95
6 CHy,CH.SMe 88 94

for this reaction (77% ee; eq 4). During the interval since
our initial reactivity studies, we had developed a synthesis
of planar-chiral PPY derivative 6, and we were pleased to
discover that this catalyst is even more selective than 4
(82% ee; eq 4).

0]
MeO™ O 10% catalyst @
Me MeO” XY O 4
770 0°C Me™ n=(
N=( Ph
Ph
(-)-4 77% ee
@ (-)-6 82% ee
N

=N i
Me ie Me
Mel;\Me
Me
(-)-6

Optimization studies revealed that the stereoselectivity
is dependent on the 2-substituent (the nitrogen protecting
group in the ring-opened product) and on the migrating
acyl group. Among the substituents that we have exam-
ined thus far, the ones that have proved to be best are
the 4-methoxyphenyl group and the benzyl carbonate,
respectively. With this framework, planar-chiral PPY de-
rivative 6 catalyzes the rearrangement of a variety of
4-substituted O-acylated azlactones with very good enan-
tioselection and in excellent yield (88—92% ee; Table 2).
Examples of uses of the rearrangement products are
provided in Figure 10.%

A likely mechanism for this nucleophile-catalyzed
rearrangement process is illustrated in Figure 11. Prelimi-
nary kinetic studies show that the rate of the rearrange-
ment is zero-order in substrate and independent of
concentration, which is consistent with the ion pair being
the resting state of the system and step B being turnover-
limiting; our *H NMR spectroscopic data corroborate this
conclusion. To further probe the mechanism, we have
conducted the double-labeling/crossover experiment out-
lined in Figure 12. Our observation of scrambling both in
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FIGURE 10. Examples of uses of the rearrangement products.

X
BnO~ O O O
R catalyst
\2\0 BnO o
N:< fast slow R n=
Ar KStep A Step B Ar
SJe)
/U\('D R\%\
BnO~ “cat
Ar
ion pair intermediate
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FIGURE 12. Double-labeling/crossover study of the rearrangement
of O-acylated azlactones.

the rearrangement products and in the recovered O-
acylated azlactones is consistent with exchange of ions
between ion pairs and with step A being reversible. Finally,
we have determined that step B is irreversible by dem-
onstrating that the rearrangement products are configu-
rationally stable under the reaction conditions.

Kinetic Resolution of Secondary Alcohols.?? As noted
earlier, the DMAP-catalyzed acylation of alcohols with
anhydrides is perhaps the most familiar example of
nucleophilic catalysis. For this process, an obvious po-
tential application of a chiral derivative of DMAP is the
kinetic resolution of a racemic mixture of secondary
alcohols.

In a kinetic resolution, the key parameter is the
selectivity factor, s, which measures the relative rate of
reaction of the two enantiomers.?®> Under most circum-
stances, a selectivity factor greater than 10 is required in

order for a kinetic resolution to be synthetically useful.
When we initiated our studies in 1995, there were no
examples of nonenzymatic acylation catalysts that furnish
this level of selectivity, but in the interim, Vedejs et al.,?*
Oriyama et al.,?> Kawabata et al.,?® and Miller et al.?” have
described catalysts that achieve this objective, with varying
levels of generality.

In our initial reactivity studies, we had established that
planar-chiral DMAP derivative 4 is an efficient catalyst for
the acylation of 1-phenylethanol with acetic anhydride
(Figure 6). Unfortunately, our attempt to effect kinetic
resolution with enantiopure 4 proved to be disappointing,
providing a selectivity factor of only 1.7 (eq 5). The “glass-

(0]
OH O O 2% (-)-4
NEt) QJ\Me (5)
Ph” "Me M 3 :
€ e o Me toluene, r.t. Ph™ Me
s=17

half-full” view of this result is that, because the selectivity
factor is not 1.0, there must be some stereochemical
communication between the catalyst and the alcohol in
the stereochemistry-determining step of the acylation.
Based on this optimistic assessment of the data, we
decided to tune the chiral environment of our DMAP
catalyst by exploring derivatives that have greater left-
from-right and top-from-bottom differentiation (Figure 3).

Unfortunately, modification directed at increased left-
from-right differentiation, through incorporation of a
methyl substituent in the 7-position of catalyst 4, led to a
loss in activity. On the other hand, modification directed
at increased top-from-bottom differentiation furnished the
hoped-for enhancement in stereoselection. Thus, catalyst
7, in which the Cp* group of 4 has been replaced with
the bulkier CsPhs group (eq 6; CsPhsH is available from
Aldrich), effects the kinetic resolution of (+)-1-phenyl-
ethanol with a selectivity factor of 10 (eq 7; cf. eq 5).

MezN
‘
Fec 1) (CsPhs)Li resolve N rl__
e e
2 2)  NMe, thrji]
Ph Ph
NS
N ()7
1
OH (@] (0] 2% (-)-7
’;ét) 0 Me  (7)
Ph” “Me M M 3 :
e Me” 0 ®  toluene, rt. Ph” " Me
s=10

Although the ferrocene framework is a common compo-
nent of chiral catalysts,?® to the best of our knowledge this
study was the first to demonstrate that an increase in the
steric demand of a remote cyclopentadienyl ring can lead
to a significant improvement in enantioselectivity.?®
Subsequent optimization experiments established that
acylations catalyzed by 7 are solvent-dependent, with tert-
amyl alcohol being the solvent of choice from the stand-
points of both selectivity factor and reaction rate. For the

VOL. 33, NO. 6, 2000 / ACCOUNTS OF CHEMICAL RESEARCH 417



Enantioselective Nucleophilic Catalysis Fu

FIGURE 13. ORTEP illustration, with thermal ellipsoids drawn at the
35% probability level, of acetylated 7. The SbFs counterion and two
solvent molecules (THF) have been omitted for clarity.

Table 3. Kinetic Resolution of Arylalkylcarbinols
Catalyzed by Planar-Chiral DMAP Derivative 7

(e}
OH (@] (0]
1% (-)-7
i ) QJLMe
RAryI Raiyi Me O Me NEtg /:\
t-amyl alcohol, 0°C  Raryi Ry

racemic

Entry Unrgacted aI_cohol, s

% ee (% conversion
major enantiomer o ee (% ersion)

1 on R=Me 43 99 (55)

2 Et 59 99 (54)

3 P iPr 87 97 (52)

4 Ph™ R tBu 95 96 (51)
OH

5 al 32 98 (56)

Ph
OH
6 ©\)\ Me 71 99 (53)
Me
OH
7 Me 65 95 (52)

Me OH

t-Bu
8 (i\ >200 99 (51)
Me

kinetic resolution of (+)-1-phenylethanol in tert-amyl
alcohol, we obtain a selectivity factor of 29 at room
temperature and 43 at 0 °C (Table 3, entry 1).

As illustrated in Table 3, under these conditions a wide
array of arylalkylcarbinols are resolved by catalyst 7 with

Me_ _Me
-~ 1.385(11
1.382(12) —— (1) 1.451(10)
1.285(11) —— N

Fe(CsPhs)

(a)

1.405(13) — @ D 1.355(11) —=
N - 1 1.375(10) —=

excellent stereoselection. For phenylalkylcarbinols, the
selectivity factor increases as the steric demand of the alky!l
group increases (entries 1—4). These kinetic resolutions
are not sensitive to small amounts of oxygen, moisture,
or adventitious impurities—reactions run exposed to air
with unpurified reagents provide rates and selectivities
identical to those observed for reactions run under an
inert atmosphere with purified reagents. Furthermore, the
catalyst can be recovered quantitatively (>98%) at the end
of the acylations. Others, including Harmata and Kahra-
man3® and Stork,’! have employed catalyst 7 to effect
kinetic resolutions of arylalkylcarbinols.3?

Treatment of 7 with 1 equiv of acetyl chloride leads to
quantitative formation of the acylpyridinium salt. Al-
though we were not able to obtain X-ray quality crystals
with chloride as the counterion, we found that crystal-
lization of the SbFg salt, produced through reaction of the
chloride salt with AgSbFg, was straightforward (Figure 13).
To the best of our knowledge, this is the first structural
characterization of the acylated form of a chiral, nonen-
zymatic acylation catalyst.

In the crystal, the NMe; group, the pyridine ring, and
the acetyl group of the acylpyridinium ion lie essentially
in a single plane, a conformation consistent with extended
conjugation (Figure 13). The changes in bond lengths of
the (dimethylamino)pyridine fragment that are observed
upon acylation are consistent with a substantial contribu-
tion by resonance structure B (Figure 14). Further support
for significant conjugation is provided by the increased
rotational barrier about the Me,N—C bond in the acety-
lated catalyst (AG* >21 kcal/mol) as compared to that in
the parent compound (AG* ~ 10 kcal/mol).

Of the two possible rotamers of the acetyl group (about
the N(1)—C(11) bond; Figure 13), the one observed in the
crystal structure is consistent with minimization of steric
interactions with the fused five-membered ring (the
oxygen of the acetyl is smaller than the methyl).3 Finally,
it is interesting to note that the two cyclopentadienyl rings
deviate from coplanarity by about 8°, perhaps due to
repulsion between the pyridine ring and the phenyl
substituents of the CsPhs group; of course, sterically
blocking one face of the pyridine ring is critical to the
asymmetry of these planar-chiral catalysts.3*

Summary

Asymmetric nucleophilic catalysis is a relatively unex-
plored area of research. In 1995, we decided to pursue
the possibility that planar-chiral heterocycles might be

Me. _Me Me @ Me
N N
- 1.325(10)
%\/' — fk/.
Lo — (D
/l%@ Fe(CsPhs) ® Fe(CsPhy)
(0] Me O@
A B
(b)

FIGURE 14. Bond distances (A) for the (dimethylamino)pyridine fragment of (a) complex 7 and (b) acetylated complex 7.
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effective as asymmetric nucleophilic catalysts. During the
past several years, we have designed, synthesized, and
developed applications of two families of planar-chiral
heterocycles. As described in this Account, these com-
plexes have proved to be useful for enantioselective
catalysis of the addition of alcohols to ketenes, the
rearrangement of O-acylated azlactones, and the kinetic
resolution of secondary alcohols. Current efforts are
directed at developing additional applications of planar-
chiral heterocycles as asymmetric nucleophilic catalysts,
as well as exploring the utility of these intriguing mol-
ecules in a range of other, mechanistically distinct roles
(e.g., as chiral Brgnsted acid/base catalysts and as chiral
ligands for transition metals).

I am very grateful to my co-workers for their experimental and
their intellectual contributions to this program. Support is cur-
rently provided by the National Institutes of Health (National
Institute of General Medical Sciences, R01-GM57034).
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