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Two Highly Effective Phase-Transfer
Catalysts for the Enantioselective
Synthesis of a-Amino Acid Derivatives

Barry Lygo* and Douglas J. Beaumont

Abstract: In this paper we review our recent studies into the phase-transfer catalysed asymmetric alkylation of
glycine imines using quaternary ammonium salt catalysts derived from dihydrocinchonidine and a-methylnaph-

thylamine.
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1. Introduction

The enantioselective alkylation of glycine
imines such as 1 using chiral phase-trans-
fer catalysts (PTCs) offers a simple means
of preparing a wide range of o-amino acid
derivatives 2 (Scheme 1).

This process was pioneered by
O’Donnell et al., who demonstrated that
N-benzyl derivatives of cinchona alkaloids,
e.g. 3 (Fig. 1) could serve as effective cata-
lysts in this reaction, and also identified
the fert-butyl ester benzophenone imine of
glycine 1 as the optimal substrate. Alkyla-
tion of this substrate was achieved using
a two-phase reaction system comprising
of an organic solvent (dichloromethane or
dichloromethane/toluene mix) in conjunc-
tion with aqueous sodium hydroxide, and
resulted in products 2 (Scheme 1) with
enantioselectivities of up to 66%.[1]
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Fig. 1.

Further studies by O’Donnell et al. es-
tablished that quaternary ammonium salt 3
was in fact a pre-catalyst which underwent
rapid O-alkylation under the reaction condi-
tions. This observation led to development
of the related PTC 4, which delivered enan-
tioselectivities of up to 81% in the alkyla-
tion of imine 1.2

Subsequent to this, the closely related
catalysts 5, 6 and 7 were introduced by our-
selvesl3l and Corey et al.l*] respectively. A
key feature of these new structures was the

incorporation of an N-anthracenylmethyl
group which resulted in improved enantio-
selectivities in the alkylation of imine 1
(typically >90% ee). A further modification
of note was incorporation of the 10,11-di-
hydroalkaloid in catalyst 6, which serves
to further enhance the enantioselectivity of
alkylation.5! Typical results obtained using
catalysts 3—7 are shown in Table 1.

These examples give an indication of
how the level of enantioselectivity varies
with catalyst structure and illustrate the
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Table 1. Asymmetric C-benzylation of imine 1 using cinchonidine-derived PTCs 3-7

CHIMIA 2007, 67, No. 5

This allows for considerable scope in the
optimization of a given alkylation reaction.

Catalyst (10 mol%) PhQC=chozt'Bu Since the publications describing cata-
> s lysts 5-7, a range of other cinchona alka-
PhCH,Br g . ) . .
> 8; (S)-isomer loid derived PTCs have been shown to give
base, solvent - . . N .
Ph high enantioselectivities in the alkylation of
imine 1.1'01 In addition, a number of highly
PTC Base Solvent Temp. [°C]  Yield[%] ee [%] Ref. effective non-alkaloid derived quaternary
. . ammonium salt catalysts have also been
3 50% aq. NaOH  CH,Cl, 25 85 64 (1 developed, perhaps most notable amongst
4 PhMe/CH,Cl, 5 87 81 2] these being the binaphthyl-derived salts
9,111 and the tartrate-derived salt 10 (Fig.
52 50% aqg. KOH PhMe 25 74 91 [3] 2).012]
5 KOH/Kaolin PhMe/CHCIs 20 91 89 [6] This means that there is now an impres—
sive array of quaternary ammonium salt
5P 1M ag. KOH none 0 96 85 (7] catalysts available for asymmetric alkyla-
5b nonec 5 99 87 8] tion reactions of imine 1,[13-151 and in this
paper we focus on two examples that have
6° 50% ag. KOH PhMe 25 85 94 (3] been widely employed in our laboratories.
7 CsOH.H,0 CH,Cl, -78 87 94 4]
7 BEMP CH,Cl, -78 88 91 [9] 2. N-Anthracenylmethyl-O-benzyl-

aActive catalyst is the corresponding O-benzyl derivative formed in situ; 1 mol% catalyst used;

¢5 equiv. PhCH,Br used.

Fig. 2.

range of alkylation conditions that can be
employed. Liquid-liquid PTC conditions
(entries 1-3, 7) tend to be the least reactive,
and so are generally employed at or around
ambient temperature, whereas solid—liquid
conditions (entries 4, 8) can allow alkyla-
tion to be performed at lower temperatures,
particularly when reactive metal hydroxides
such as CsOH are employed. Interestingly
it is also possible to perform the asymmet-
ric alkylation in the absence of an organic
solvent (entries 5, 6),78] and also under
homogeneous reaction conditions when
BEMP is employed as the base (entry 9).0

PhCH,Br

[ —
9M aq. NaOH
PhMe, 25°C

Scheme 2.

10,11-dihydrocinchonidinium
bromide (11)

Initially our research group focused on
the use of the pre-catalysts 5 and 6, and the
corresponding O-benzyl derivative 11.[16]
These catalysts are undemanding to prepare
(1-2 steps from cinchonidine or dihydro-
cinchonidine, Scheme 2),15:17.18] and are ca-
pable of delivering a range of ai-amino acid
tert-butyl esters 12 with high enantioselec-
tivities under operationally simple reaction
conditions (Table 2).

In most cases the nature of the O-alkyl
group incorporated into pre-catalysts 5 and
6 has little influence on the outcome of the

Table 2. Asymmetric C-alkylation of imine 1 using PTCs 6 and 11

" SC))I\rglt:l?/.sr ((1)2 mol%) HZNYCOﬂ-Bu
PhMe, RX, 25°C -
2. 15% aq. citric acid,
THF, 25°C
RX Catalyst Yield 12 [%] ee [%]
PhCH,Br 5 76 91
6 85 94
11 85 94
4-Br-CzH,CH,Br 80 94
(2-Naphthyl)CH,Br 83 93
CH,=CHCH,Br 87 92
CH,=C(CH,)CH,Br 78 94
69 982
n-Bul 78 93

dalkylation performed at 0 °C using 9 M aq. KOH saturated with KBr
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alkylation,5 however we have observed
occasions when the O-alkyl substituent
significantly reduces the catalyst solubil-
ity. This can result in incomplete reaction
or reduced asymmetric induction,[9.20]
and so in these instances use of catalyst
11 is preferable. It is also possible to gen-
erate catalysts such as 11 in situ, allowing
for simple screening and optimization of
the catalyst structure for a given alkyla-
tion process.[2!]

In early studies using catalysts 5, 6
and 11, we employed 50% aqueous potas-
sium hydroxide as the base, but have since
found that 9 M aqueous hydroxide is usu-
ally sufficient. This has the advantage of
suppressing catalyst decomposition, and
also improves tolerance of hydroxide-sen-
sitive functionality within the alkylating
agents.[22] This latter aspect was exploited
in a key step in the synthesis of the po-
tent glutamate agonist, neodysiherbaine
(Scheme 3),[231 in which the allyl iodide
13 was employed as the alkylating agent.
Both allylic iodide and acetate function-
alities were stable towards hydrolysis
under the PTC conditions, enabling the
amino acid ester 14 to be generated with
high diastereoselectivity and in high over-
all yield.

The ability of hydroxide-sensitive
functionality to survive PTC alkylation
reactions of this type is almost certainly
due to the fact that most quaternary am-
monium salts do not seem to extract
hydroxide ion into the organic reaction
phase to any significant extent.?*] Thus,
for PTC alkylations to be successful, ini-
tial deprotonation of the substrate needs to
take place either in the basic phase, or at
the interface between the two phases.

This precise details of how this occurs
are likely to be dependant on the nature of
the catalyst and two reaction phases,[2! but
in the case of imine 1 in toluene, we have
been able to show that initial deprotona-
tion of the substrate using 50% aqueous
KOH (or 40% aqueous KOD) occurs rap-
idly in the absence of a PTC,[25] whereas
the alkylation step needs the catalyst to be
present in order to proceed. This suggests
that under these conditions, the main role
of the catalyst is to extract the enolate
into the organic phase thus facilitating
reaction with the alkyl halide. A simple
description of these events is depicted in
Scheme 4.

A number of catalyst-enolate ion-pair
models have been proposed to account for
the enantioselectivity observed in imine
alkylations involving cinchona alkaloid
derivatives,[4-5:26] but in the case of catalyst
11, we favour the arrangement depicted in
Fig. 3. This model has been challenged by
incorporating a wide range of modifica-
tions into the alkaloid structure,[>271 and
all results obtained to date are consistent
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1. 9M ag. KOH
Catalyst 11 (10 mol%)

O
ﬁ(\| PhMe, imine 1, 25°C
_—
2. 15% aq. citric acid,
/ ag. citric aci
AcO 1

J
3 THF, 25°C

H2N,
H “, —~COoH

10 steps
—_—

O.

)@
AcO'

neodysiherbaine

93% (>95% d.e.)

—_— “,
~~~~~ “COH
HO' ¥ 2
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Scheme 3.
R-X
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NR,
R
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Organic Phase
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K* "OH
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1 Phase
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Scheme 4.

ion-pair

PhsC=N.___CO,tBu

—_—

T

(S)-isomer

Fig. 3. Possible ion-pair arrangements for the alkylation of imine 1 with

PTC 11

with the reaction proceeding via an ion-
pair of this type.

Overall, PTC 11 has proved highly
effective for the alkylation of imine 1.
Alkylations involving this catalyst can
be performed at ambient temperature and
typically result in enantioselectivities in
the range 91-98% ee. If required, it is usu-
ally possible to improve enantioselectivity
by reducing the reaction temperature, 18]
or by fine-tuning the catalyst structure by
variation of the O-alkyl substituent.[20-28] [n
most instances the enantiomeric excesses
can also be improved by crystallization of
the products or derivatives thereof.[29-30]
The utility of PTC 11 has now been dem-
onstrated in the enantioselective synthesis
of a wide range of o-amino acid deriva-
tives,[5:19.22.23.31-33] and its ease of prepara-
tion and ease of use makes this catalyst

a good choice for alkylations involving a
wide range of alkyl halides.

There are of course some limitations to
what can be achieved using this catalyst.
For example, although some variation in
the imine structure is tolerated,3435! lower
enantioselectivities are usually observed
with esters other than ferz-butyl.

3. a-Methylnaphthylamine-derived
PTC 18

Although it may well be possible to
overcome the above limitations by further
modification of the catalyst structure, we
recently decided to investigate how easy it
would be to develop a new quaternary am-
monium salt PTC that could be used with
other glycine imine esters.[36 This led to the
development of a o-methylnaphthylamine-
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derived PTC 18, which has proved to be
equally effective in the alkylation of imine
1, but which is more tolerant of variation in
the ester moiety.[37]

Quaternary ammonium salt 18 can be
prepared from the commercially available
phenol 15 via the six-step sequence outlined
in Scheme 5. This catalyst is significantly
more active than cinchona-alkaloid de-
rived catalysts such as 11, and this allows
for lower catalyst loading to be employed.
Similar observations have been reported
for the binaphthyl-derived salts 9[11] and
this appears to be a general feature of qua-
ternary ammonium salts which incorporate
a 6,7-dihydro-5H-dibenzo[c,e]azepinium
moiety.138] Table 3 illustrates typical results
obtained for alkylations of imine 1 using
catalyst 18.03¢] Reaction times, yields and
enantioselectivities are similar to those ob-
tained with 10 mol% PTC 11 (see Table 2),
but in this case only 1 mol% of the catalyst
is employed.

Catalyst 18 has been shown to be simi-
larly effective in the alkylation of benzhy-
dryl ester 19 (Table 4).37]

This opens up the possibility of gen-
erating orthogonally protected amino acid
esters within a synthetic sequence, and
this feature has recently been exploited in
a short, stereoselective construction of the
marine peptide renieramide (Scheme 6).39]

This synthesis features two asymmetric
alkylation steps, the first utilizes the enantio-
mer of catalyst 18 for the enantioselective
introduction of the first amino acid benzhy-
dryl ester, and the second employs the cin-
chonidine-derived catalyst 11 to introduce
an amino acid fert-butyl ester. Both of these
reactions proceed with a high level of stereo-
selectivity, and it is also interesting to note
that the first alkylation proceeds with high
selectivity for the bromomethyl function.

Although there are now a wide range
of catalysts and conditions that allow the
highly enantioselective alkylation of gly-
cine imines,[!3] the corresponding Michael
additions have proved far more challeng-
ing and to date there have been relatively
few highly enantioselective versions of
this process reported.[*] In this respect, it
is notable that catalyst 18 is also capable
of promoting Michael addition of glycine
imine 19 to simple alkyl vinyl ketones.[4!]
In this case the reaction is best performed
under solid-liquid PTC conditions using
Cs,CO; as the base, and the enantioselec-
tivity of this process is highly influenced
by the nature of the organic reaction phase
(Table 5).

The full scope of this chemistry is still
under investigation, but preliminary studies
suggest that the o-methylnaphthylamine-
derived catalyst 18 is far more effective at
promoting Michael additions than the cin-
chonidine derived catalyst 11.
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t-Bu

OH
t-Bu 1. NBS, hexane
—_—
2. CuCl, TMEDA, O,
3. K,COjg, CHyl
15 74%

t-Bu

KoCOg

CF3 70%

CF3 ;iNHMe
—_—

CHCly, CHyCN

OMe
I Br
1. ArB(OH),, Pd°®
_—_—
2. NBS, AIBN, hv
61%
16
Br
OMe

tBu

+Bu

Scheme 5.

Table 3. Asymmetric C-alkylation of imine 1 using PTC 18

Catalyst 18 (1 mol%) PheC=N
L 15M aq. KOH
PhMe, RBr, 0°C Ph

RBr Yield [%]
PhCH,Br 89
(2-Naphthyl)CH,Br 97
CH,=CHCH,Br 83
CH,=C(CHg)CH,Br 100
CH,=C(Br)CH,Br 77
HCCCH,Br 71

COzt'BU

8; (R)-isomer

ee [%]
97
96
94
95
93
89

Table 4. Asymmetric C-Alkylation of imine 19 using PTC 18

1oMaq KOH o 6N _CO,CHPh,
Ph,C=N.___-CO.CHPh, Catalyst (X mol%) _
PhMe, RBr, 0°C 20
19
Ph
RBr Catalyst [mol%] Yield [%] ee [%]
PhCH,Br 11 (10 mol%) 96 63 (S)
18 (1 mol%) 95 92 (R)

CH,=CHCH,Br 78 98 (R)
CH,=C(Br)CH,Br 68 94 (R)
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MeQO
MeQ 1. Imine 19, PhMe, 3h, 0°C
Catalyst ent-18 (1 mol%) o 2 steps
O 15M ag. KOH (3eq.), - -
2. 15% agq. citric acid
THF, 25°C 22 H' NH,
21 78% (97% e.e.)  ‘muy,
5 Br Cl
CO,CHPh,
MeO
. o 0
1. Imine 1, PhMe, 3h, 25°C
Catalyst 11 (10 mol%)
N NHBoc 9Maq. KOH (3eq.), £ " ' NHBoc
""'u 2. 15% aq. citric aci : H R
g 5% aq oC| ric acid /< 85% (>90% d.6.) Z
THF, 25°C BUO-C NH
COZCH t-BuO; > CO,CHPh,
4 steps
—_—
- P
HO,C \[e\
renieramide
Scheme 6.

Table 5. Effect of solvent on asymmetric Michael addition of imine 19 using

PTC 18
Ph20=N CO2CHPh2
MVK
Catalyst 18 (1 mol%) 25
Cs,COg3, -30°C
solvent
(@]
Solvent ee [%]? Solvent ee [%]?
PhMe 77 i-Pr,O 94
CH,Cl, 0 THF 49
Et,0 90 CH,CN 0

2ln all cases reactions had proceeded to >95% conversion

4. Conclusion

In this discussion we have focussed on
the utility of quaternary ammonium salt
PTCs 11 and 18 for the alkylation of gly-
cine imine esters. Both catalysts are highly
effective in the asymmetric alkylation of
glycine imine tert-butyl esters, however,
based on the studies to date, it appears
that the o-methylnaphthylamine-derived
PTC 18 is substantially more versatile
than the cinchonidine-derived PTC 11.
It is also effective at significantly lower
catalyst loadings, but these advantages are
to some extent outweighed by the relative
ease of preparation of PTC 11, and this
latter aspect may persuade users to con-
sider catalyst 11 in the first instance. These
catalysts are examples of a wide range of

quaternary ammonium salt PTCs that are
now available for asymmetric alkylation
of glycine imines, and the key challenges
in this field lay mainly in expanding the
range of substrates and electrophiles that
can be utilized.
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