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Despite remarkable advances in enantioselective synthesis,
the preparation of single enantiomer quaternary stereocen-
ters remains a challenging and important goal in organic
chemistry.[1] The difficulties associated with the use of ketone
electrophiles is illustrative, where attenuated reactivity,
challenging carbonyl enantiofacial differentiation, and dimin-
ished stability to retroaldol decomposition can explain, in
part, the wealth of techniques for enantioselective aldol
additions to aldehydes[2] compared to ketones.[3] In such
instances, kinetic resolution of a racemic product may be an
attractive alternative to enantioselective synthesis and
remains an important method of accessing enantiopure
material.[4,5]

Whereas the kinetic resolution of secondary alcohols has
been studied extensively,[4, 5] there are few examples of
tertiary alcohol resolutions. In addition to enzymatic process-
es[6] which have limited substrate scope, Angione and Miller
have described a peptide based catalyst for the acylation of a-
amino alcohols.[7] Hoveyda, Snapper, and co-workers also
used a peptide based catalyst for selective silylation of 1,2-
diols, including three examples of tertiary alcohols,[8a] as well
as the desymmetrization of triols.[8b] Oestreich and co-workers
have shown that stereogenic silanes can be used to resolve
chiral donor-functionalized tertiary alcohols.[9] Matsunaga,
Shibasaki, and co-workers also developed a resolution of
tertiary nitroaldols through a retro-nitroaldol reaction cata-
lyzed by mixed La/Li heterobimetallic complexes.[10]

Recently, Shintani, Takatsu, and Hayashi reported a rho-
dium-catalyzed resolution of tertiary homoallylic alcohols.[11]

Herein, we demonstrate unique reactivity and selectivity
associated with (1S,2R)-N-methylephedrine in the resolution
of tertiary alcohols arising from ketone aldol reactions. Even
though the tertiary stereogenic center is three atoms removed
from the reactive site, high selectivities are observed—with
s factors in excess of 20 in many instances. The method is
technically simple to perform, and employs a cheap and
readily available[12] resolving agent (1S,2R)-N-methylephe-
drine (a chiral compound that is commonly used as a
stoichiometric chiral auxiliary in diastereoselective carbon–
carbon bond-forming processes).[13] Given the ease with
which these racemic aldol processes may be performed, and
the ease with which the products may be resolved, this

chemistry should find application in the preparation of a wide
array of natural and synthetic organic molecules.

The unique reactivity of N-methylephedrine was inadver-
tently discovered while evaluating the feasibility of amine
catalyzed asymmetric decarboxylative ketone aldol reactions
[Eq. (1)].[14] While performing the addition of 1 to ethyl

pyruvate in the presence of (1S,2R)-N-methylephedrine (2) as
a chiral base, significant levels of enantiomeric excess were
obtained when the reaction was allowed to proceed to
completion over several days. Further evaluation of this
process indicated that the enantiomeric excess had arisen
from a kinetic resolution of the racemic product.

Following the initial discovery, a broad range of readily
available chiral nucleophiles was evaluated for the kinetic
resolution of 3. With chiral alcohols such as 5–9, no reaction
was observed at room temperature in the absence of other
additives. In these cases, improved outcomes could be
obtained by the addition of one equivalent of triethylamine
and heating the reaction mixture to 60 8C (Table 1, entries 2–
6). From these screens, (R)-(�)-pantolactone (7) (Table 1,
entry 4) and (1S,2R)-N-methylephedrine (2) (Table 1,
entry 14) provided promising s factors of 3.7 and 3.5, respec-
tively. Whereas further optimization with 7 failed to produce
superior results, the continued evaluation of N-methylephe-
drine (2) revealed that by increasing the reaction temperature
to 60 8C, the selectivity factor could be dramatically improved
from 3.5 to 21 (Table 1, entry 16). This can be further
enhanced to 38 by using two equivalents of 2 (Table 1,
entry 17). The reaction progress occurs over several hours and
may be monitored by HPLC methods using a chiral stationary
phase. Conveniently, the reaction may be performed in
toluene without necessitating the exclusion of air or moisture.

These optimized conditions were applied to a variety of
compounds as illustrated in Table 2. In addition to 3, which
can be isolated in 49 % yield and 94:6 enantiomeric ratio
(e.r.), other tertiary alcohol compounds can be effectively
resolved. A number of functionalities at the quaternary center
may be present, including alkyl (Table 2, entries 1 and 5), aryl
(Table 2, entries 2 and 4), ester (Table 2, entries 1–3), tri-
fluoromethyl (Table 2, entries 3 and 4), and ketone (Table 2,
entry 5) substituents. Although the method is optimized for
tertiary alcohol compounds, this method may also be applied
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to aldehyde aldol products. Under our optimized
reaction conditions the selectivity is lower with these
substrates. We were pleased to find, however, that the
selectivity with secondary alcohols can be improved by
modifying the aryloxy substituent of the ester. For
example, by changing the leaving group from an
oxyester (Table 2, entry 6) to a thioester (Table 2, entry 7),
the s-factor is doubled from 8 to 16. Synthetically useful
selectivities are also attained with aliphatic aldehyde products
(Table 2, entries 8 and 9). In contrast, low selectivities are
obtained when the stereogenic center is directly adjacent to
the reaction site (Table 2, entry 10).

Encouraged by the ability to modulate selectivity through
modification of the leaving group (Table 2, entries 6 and 7),
we also investigated this influence in reactions performed at
room temperature employing only 0.6 equivalents of the
resolving agent 2 (Table 3). Under these reaction conditions,
reaction of the unsubstituted phenol ester 3 results in only
10% conversion and an s factor of 3.6 (Table 3, entry 1).
Gratifyingly, this can be significantly improved through the
use of a 4-cyano-substituted aryl ester. In this case, 42%
conversion is observed over the same time period and with an
s factor of 29.3 (Table 3, entry 3).

Table 1: Kinetic resolution with chiral nucleophiles.[a]

Entry Nucleophile T
[8C]

Conv.
[%][b]

e.r.
of 3[b]

s[c]

1 (+)-cinchonine (4) RT 22 51.5:48.5 1.3
2 (S)-methyl lactate (5) 60 0 50:50 –[d]

3 (R)-phenylethanol (6) 60 0 50:50 –[d]

4 (R)-(�)-pantolactone (7) RT 34 62.5:37.5 3.7[d]

5 (2R,3R)-tartaric acid diethyl ester
(8)

60 0 50:50 –[d]

6 (2S,3S)-tartaric acid (9) 60 0 50:50 –[d]

7 (R)-1-cyclohexylethanamine (10) RT 30 52:48 1.3
8 (R)-1-phenylethanamine (11) RT 10 51:49 1.5
9 (1S,2S)-diphenylethylenediamine

(12)
60 12 50:50 1.0

10 (1R,2R)-1,2-cyclohexanediamine
(13)

RT 31 55:45 1.7

11 (R)2-phenylglycine (14) RT 9 51.5:48.5 1.9
12 (1S,2S)-N-tosyldiphenylethylene-

diamine (15)
RT 23 51:49 1.2

13 (1S,2R)-norephedrine (16) RT 33 58.5:41.5 2.4
14 (1S,2R)-N-methylephedrine (2) RT 42 66:34 3.5
15 (R)-(�)-pantolactone (7) 60 12 53:47 2.7[d,e]

16 (1S,2R)-N-methylephedrine (2) 60 49 88.5:11.5 21[e]

17 (1S,2R)-N-methylephedrine (2) 60 51 94.5:5.5 38[f,g]

[a] Reaction conditions: Substrate and nucleophile were dissolved in
toluene and heated in an oil bath; for structures of 4–16 see the
Supporting Information. [b] Conversion and e.r. were determined by
HPLC analysis using a Chiracel AS-H column and 1,3,5-trimethoxyben-
zene as an internal standard. [c] The s factors were determined using the
procedure of Kagan and Fiaud.[4c] [d] With one equivalent of triethyl-
amine. [e] 24 hour reaction time. [f ] Using two equivalents of 2.
[g] 18 hour reaction time.

Table 2: Kinetic resolution scope.[a]

Entry Substrate Equiv
of 2

T
[8C]

Conv.
[%][b]

e.r.[b] s[c] Yield
[%][d]

e.r.[b]

1 2 60 51 94.5:5.5 38 49 94:6

2 2 80 58 98:2 21 41 98:2

3 0.8 60 46 87.5:12.5 35 41 >99:1

4 1 RT 28 67:33 21 31 97:3

5 1 60 51[e] 85:15 10 41 85:15

6 0.6 RT 22[f ] 60.5:39.5 8.4 27 95:5

7 0.7 60 38 75:25 16 42 92:8

8 2 60 48[e] 90:10 34 52 90:10

9 2 60 56[e] 88:12 9 44 88:12

10 0.7 60 46 54:46 1.3 – –

[a] Reaction conditions: Substrate and 2 were dissolved in toluene and heated in
an oil bath. [b] Conversion and e.r. were determined by HPLC analysis using
Chiracel columns and 1,3,5-trimethoxybenzene as an internal standard. [c] The
s factors were determined using the procedure of Kagan and Fiaud.[4c] [d] Isolated
product. [e] Conversion determined by isolating remaining substrate. [f ] Con-
version determined by 1H NMR analysis.

Table 3: Effect of leaving group modification in the establishment of a
room-temperature protocol employing 0.6 equivalents of 2.[a]

Entry R Conv. [%][b] e.r.[c] s[d]

1 H 9.9 53:47 3.6
2 OMe 8.3 53:47 5.2
3 CN 42.2 82:18 29.3

[a] Reaction conditions: Substrate and 2 were dissolved in toluene and
stirred at room temperature for 48 h. [b] Conversion determined by
1H NMR analysis using 1,3,5-trimethoxybenzene as an internal standard.
[c] The e.r. was determined by HPLC analysis using Chiracel columns.
[d] The s factors were determined using the procedure of Kagan and
Fiaud.[4c]
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This chemistry may also be performed on larger scale
[Eq. (2)]. For example, treatment of one gram of 3 under the

standard reaction conditions results in the isolation of (+)-3 in
49% yield and 94:6 e.r. The other enantiomer of 3 can be
isolated as the transesterified product (+)-26 as one major
diastereomer (25:1 d.r.) in 43% yield along with 38 % of
unreacted 2. The overall yield of the reaction is 92 % when
considering the recovery of both enantiomers. Moreover, the
use of excess 2 is mitigated by its subsequent recovery from
the reaction.

To gain mechanistic insights into the reactivity and high
selectivity associated with the use of 2, a variety of experi-
ments were carried out [Eqs. (3)–(5)]. In these studies, a
simplified system was employed by conducting the reaction
with achiral 2-(dimethylamino)ethanol (27) instead of 2. To
establish baseline reactivity, 3 was treated with two equiv-
alents of 27 in toluene at 60 8C. After 12 hours, a 64%
conversion into ester 28 was observed [Eq. (3)]. In contrast, if
the alcohol of 3 is protected as a tert-butyldimethylsilyl (TBS)
ether, or if it is absent as in the case of phenylpropionate, no
reaction is observed after the same reaction time [Eqs. (4) and
(5)]. These results, in conjunction with the inferior outcomes
associated with the use of a-hydroxyesters (Table 2, entry 10),
point to a key role of the b-hydroxy moiety in establishing
high reactivity and selectivity with these nucleophiles.

In a similar fashion, the role of the dimethylamine
functionality of 2 and 27 on reactivity was evaluated. For
example, no reaction is observed with benzyl alcohol under
the standard reaction conditions established for the resolution
of 3 with 2 (Table 4, entry 1). Upon addition of one equivalent
of triethylamine, up to 21% conversion is observed after
12 hours, indicating that the base can accelerate the transes-

terification process (Table 4, entry 2). When the amine base is
attached to the alcohol nucleophile, as with 27, an additional
increase in the conversion is observed (Table 4, entry 3).
When the more sterically encumbered 2 is employed, a drop
in conversion is noted over the same reaction time (Table 4,
entry 4) and this conversion is not influenced by the addition
of an extra equivalent of triethylamine to the reaction mixture
(Table 4, entry 5). These results indicate that the presence of a
base is a key element in enhancing the reactivity of the
alcohol nucleophile through hydrogen-bonding interactions,
and that this property is enhanced when the alcohol and the
amine are tethered as in 2 and 27.

A proposal for the origin of selectivity in these reactions is
shown in Scheme 1. Since no reactivity is observed when the
alcohol of the substrate is protected or removed [Eqs. (4) and

(5)], hydrogen bonding of the alcohol to the carbonyl group
of the phenyl ester may be a key element of electrophilic
activation (Scheme 1). Conformational and NMR analysis of
2 support A as the predominant conformer in solution. A
coupling constant of JH1�H2 = 3.7 Hz, which changes only
slightly upon heating or changing solvents, indicates a gauche
relationship and is consistent with previous reports.[15] Both
conformations, A and B, should give rise to the same
selectivity based upon the current analysis. Given the rate

Table 4: Effect of nucleophile on rate.[a]

Entry Nucleophile Additive Conv. [%][b]

1 BnOH none 0
2 BnOH NEt3 21
3 27 none 64
4 2 none 35
5 2 NEt3 36

[a] Reaction conditions: Nucleophile, 2, and 1,3,5-trimethoxybenzene
were dissolved in C6D6 and stirred at 60 8C for 12 h. [b] Conversion was
determined by measuring consumption of 3 by 1H NMR analysis using
1,3,5-trimethoxybenzene as an internal standard.

Scheme 1. Proposed origin of selectivity.
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acceleration associated with 27 and 2, compared to the
combined use of an alcohol nucleophile and an amine base,
we propose that hydrogen bonding of the substrate alcohol to
the amine of 2 may be important for reactivity and selectivity.
If nucleophilic attack of 2 on either 29 or ent-29 occurs from
the bottom face on stereoelectronic grounds, more severe
steric interactions between the substituents of 29 and 2 should
occur (see 31) as compared to the interactions between ent-29
and 2 (see 32). Under these circumstances, 29 remains
unreacted but ent-29 undergoes transesterification to give 33.

In conclusion, we have developed a method for the kinetic
resolution of tertiary alcohols arising from ketone aldol
reactions and extended this reactivity to other aldol products.
These reactions employ commercially available (1S,2R)-N-
methylephedrine as the resolving agent and are technically
simple to perform. Given the challenge associated with the
generation of quaternary stereocenters, this methodology
should contribute meaningfully to the repertoire of techni-
ques available to chemists for the preparation of single
enantiomer tertiary alcohols of this type.

Experimental Section
Representative experimental procedure (3): A 50 mL round-bottom
flask was charged with 3 (1 g, 3.96 mmol), (1S,2R)-N-methylephe-
drine (2, 1.42 g, 7.92 mmol), and toluene (20 mL). The reaction vessel
was then sealed and the resulting solution was heated to 60 8C and
then stirred for 29 h. Solvent was then removed in vacuo and the
resulting residue was purified by using column chromatography
(SiO2, hexanes/ethyl acetate 9:1) to yield 49% of (+)-3 in 94:6 e.r.
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