
N-silyl oxyketene imines are underused yet
highly versatile reagents for catalytic
asymmetric synthesis
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The reactions of acyl anion equivalents (d1 synthons) with carbonyl electrophiles allow for the construction of a wide range
of molecules useful for the synthesis of biologically active compounds, natural products and chiral ligands. Despite their
utility, significant challenges still exist for developing catalytic, enantioselective variants of these reactions. For example,
the asymmetric benzoin process, arguably the most characteristic reaction of d1 synthetic equivalents, finds no general
solution for reactions involving aliphatic acyl anions. In this Article, we introduce a new class of stable, isolable silyl
ketene imines derived from protected cyanohydrins. These nucleophiles serve as acyl anion equivalents in Lewis base
catalysed aldol addition reactions and allow for the preparation of cross-benzoin and glycolate-aldol products in high yield
and with exceptional diastereo- and enantioselectivities.

T
he deprotonation of protected cyanohydrins and the subsequent
reactions of the resulting metallo ketene imines with carbon-
based electrophiles is a well-established method for constructing

carbon 2 carbon bonds1–5. When applied to carbonyl additions,
extremely versatile b-hydroxy cyanohydrins (2) are obtained
(Fig. 1). The usefulness of these products arises from the ability of
cyanide to act as either a leaving group through deprotection/retro-
cyanation (path a, Fig. 1), or to be revealed as a carbonyl compound
through hydrolysis, reduction or organometallic addition (path b,
Fig. 1). Unfortunately, the generation of metalated ketene imines
requires stoichiometric quantities of strong amide or alkyllithium
bases, which severely limits the extension of this process to a catalytic,
enantioselective variant. In this Article, a new class of stable, isolable
N-silyl oxyketene imines (1) derived from protected cyanohydrins is
introduced. These latent nucleophiles harness the reactivity of a
metallo ketene imine and allow for the catalytic, enantioselective syn-
thesis of b-hydroxy cyanohydrins and their subsequent application to
cross-benzoin and glycolate aldol reactions.

The potential benefits that nucleophilic cyanohydrins offer in asym-
metric addition reactions have been recognized in recent years. A
chiral-auxiliary-based method has been developed in which benzal-
dehyde cyanohydrin, modified with an ephedrine-derived O-phos-
phate, undergoes highly diastereoselective alkylations and Michael
reactions6. The obvious drawbacks to this process are the use of stoi-
chiometric amounts of alkyllithium bases and the additional steps
required for removal and recovery of the auxiliary. A novel strategy
for accessing the anions of protected cyanohydrins that circumvents
the need for strong bases is the cyanide-promoted 1,2-Brook rearrange-
ment7,8 of acyl silanes9–13. Others have successfully applied this process
to catalytic, enantioselective acylations of cyanohydrins by using a
chiral (salen)aluminium alkoxide catalyst and benzyl cyanoformate
as both the source of cyanide and the acylating reagent14,15.
Although this reaction represents a benchmark for asymmetric reac-
tions of metallated cyanohydrins, the observed enantioselectivities
are highly substrate-dependent and reach a maximum at 91:9 er.

A related study reported the catalytic, enantioselective cross-
benzoin reaction of acyl silanes with aldehydes catalysed by
TADDOL-derived metallophosphites16. These reactions also

proceed through a nucleophile-promoted Brook rearrangement,
but do not involve the intermediacy of a cyanohydrin anion.
Cross-benzoin adducts comprising two different aromatic alde-
hydes are obtained in good yield and enantioselectivity (91:9 to
96.5:4.5 er), but the yields and selectivities are significantly
reduced with aliphatic aldehydes or acyl silanes. Although limit-
ations in substrate scope are observed, this method represents the
current state of the art for achieving non-enzymatic, catalytic, enan-
tioselective cross-benzoin products17.

Among all the useful addition reactions of cyanohydrin-derived
anions, curiously, the aldol process remains underdeveloped. The
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Figure 1 | Reaction pathways available to N-silyl oxyketene imines. Aldol

reactions of N-silyl oxyketene imines (1) with aldehydes to afford b-hydroxy

nitrile products (2) are presented. The ability of the N-silyl oxyketene imines

to serve as acyl anion equivalents is realized by deprotection and

retrocyanation of 2 (path a). Alternatively, glycolate-aldol products

containing a protected stereogenic tertiary alcohol are revealed by reduction

or organometallic addition to the nitrile (path b).
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products of these reactions are analogous to the aldol additions
of a-substituted glycolate enolates and have a fully substituted
a-stereogenic centre. Very few methods are capable of delivering
this structure in a stereocontrolled fashion. A chiral auxiliary
method has been reported in which a boron enolate is generated
by the 1,2-Wittig rearrangement of an O-benzylglycolate derived
from a chiral alcohol18. More recently, the catalytic, enantioselective
additions of 5H-oxazole-4-ones with aldehydes catalyzed by chiral
guanidines have been reported19. The oxazole-4-one products are
obtained in good yield and enantioselectivity, but the diastereo-
selectivity is highly dependent on the substrates. Additionally, the
reaction is limited to cyclic donors, which further emphasizes
the challenges inherent in controlling enolate geometry for acyclic
disubstituted substrates20,21. Although the preparation of secondary
alcohols by catalytic, enantioselective glycolate aldol additions is
known22–24, this last method is the first in which tetrasubstituted
stereogenic centres are obtained.

Previous studies from these laboratories25 and others26 have
documented the advantages that silyl ketene imines offer in the cat-
alytic, enantioselective synthesis of compounds containing quatern-
ary stereogenic centres. These nucleophiles are readily prepared in
high yield and purity by the deprotonation of disubstituted alkyl
or aryl nitriles, followed by trapping of the resulting anion with
an appropriate trialkylsilyl chloride. Surprisingly, the analogous
reactions of protected cyanohydrins are practically unknown. A
single account on the deprotonation of trimethylsilyl-protected cya-
nohydrins by lithium diisopropylamide, and subsequent trapping
with trimethylsilyl chloride, appeared in 1992 (ref. 27). This study
revealed that the site of silylation of the metallo ketene imine is
highly responsive to the size of the alkyl substituent of the cyanohy-
drin. For example, the cyanohydrins derived from acetaldehyde
gave, exclusively, the C-silylated nitrile, whereas the cyanohydrin
derived from 2-methylpropanal gave primarily the N-silylated
ketene imine (90:10 ratio, N- to C-silylation). Intermediate results
are observed with the cyanohydrin prepared from 1-hexanal (60:40,
N- to C-silylation), but interestingly the ratio changes in favour of
C-silylation upon standing for 5 days at 25 8C (16:84, N- to C-silyla-
tion). These results suggest that the initial product distribution is, at
least partially, under kinetic control and that the C-silylated isomer
is the thermodynamically more stable product. Despite these promis-
ing findings, no subsequent reports on the preparation and/or use of
silyl ketene imines derived from protected cyanohydrins are
on record.

Results
Synthesis of t-butyl protected cyanohydrins. The work of Cunico
and Kuan demonstrates the crucial role that steric effects play
in obtaining N-silyl oxyketene imines versus the more
thermodynamically favoured C-silylated isomers. Therefore, the
first goal of the current study was to identify and synthesize a
suitably protected cyanohydrin that would allow for the selective
formation of the ketene imine. Specifically, an O-protecting group
was sought that met the following criteria: (i) the protecting
group must be sterically bulky so that silylation at the less
encumbered N-terminus will be favoured; (ii) the protecting
group must be able to be installed under acidic conditions
because of the sensitivity of cyanohydrins to basic media; (iii) the

protecting group must be stable to alkyl lithium and amide bases;
and (iv) the introduction and removal of the protecting group
must be high yielding and scalable.

The tert-butyl group embodies all of these characteristics;
however, methods for installing this moiety on a cyanohydrin are
very rare. A single example by Watt and colleagues describes a scal-
able process for the protection of formaldehyde cyanohydrin using
isobutylene and a catalytic amount of sulfuric acid28. Following this
precedent, tert-butyl protected cyanohydrins derived from aliphatic
aldehydes could be obtained reproducibly in 30240% yields and on
a multigram scale. Careful inspection of the 1H nuclear magnetic
resonance (NMR) spectra of the crude reaction mixtures revealed
that the low yields were in part due to a competitive Ritter
process29, which consumed one equivalent of the cyanohydrin
and yielded the corresponding tert-butyl amide. In the mechanism
of the Ritter reaction, water is required to hydrolyse the tert-butyl
nitrilium ion intermediate. Thus, rigorous exclusion of moisture
from these reactions should prevent this side process from occur-
ring. To this end, a new procedure was developed, in which the
crude cyanohydrins were thoroughly dried with MgSO4 and then
distilled before use. Additionally, anhydrous methanesulfonic acid
was used as the acid catalyst and the loading was raised to increase
the reaction rate. Under these optimized reaction conditions,
analytically pure tert-butyl protected cyanohydrins were obtained
in moderate to good yield and on a multigram scale after distillation
(Fig. 2). With a practical and scalable route for the preparation
of various tert-butoxy nitriles, studies aimed at the synthesis of
N-silyl oxyketene imines were undertaken.

Synthesis of N-silyl oxyketene imines from tert-butyl protected
cyanohydrins. The capacity for metallated nitriles to undergo
competitive C-silylation is well documented, and previous studies
have shown that the size of the silylating agent influences the site
of silylation30–32. In the case of protected cyanohydrins, the
smaller size of the intervening oxygen atom could attenuate the
influence of the protecting group and result in a higher degree of
C-silylation relative to disubstituted alkyl or aryl nitriles. In this
case, the steric bulk of the silyl group could play an important
role in the selective synthesis of N-silyl oxyketene imines.

Accordingly, triisopropylsilyl chloride (TIPSCl) was selected as
the silylating agent and the deprotonation/silylation of tert-butyl
protected cyanohydrins was studied under various conditions.
Gratifyingly, it was found that N-silyl oxyketene imines could be
prepared in excellent yield and selectivity by the use of potassium
bis(trimethylsilyl)amide (KHMDS) as the base at 278 8C in tetra-
hydrofuran (THF) (Table 1)33. The products were obtained as
liquids in high purity by simple filtration through Celite and
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Figure 2 | Synthesis of tert-butyl protected cyanohydrins.

Table 1 | Preparation of N-silyl oxyketene imines from
tert-butyl protected cyanohydrins.

N
C

Ot-Bu

Ri-Pr3Si

4b–f

N
C

Ot-Bu

R

3b–f

KHMDS (1.2 equiv.)
i-Pr3SiCl (1.1 equiv.)

THF, –78 °C, 2 h 

Entry R Product Yield (%)* ymax (cm21)†

1 Me 4b 94 2,037
2 Et 4c 94 2,033
3 i-Bu 4d 93 2,036
4 Bn 4e 93 2,039
5 Allyl‡ 4f 97 2,037

General reaction conditions: 3 (3.6–5.9 mmol), KHMDS (1.2 equiv.), i-Pr3SiCl (1.1 equiv.), THF
(1.0 M), 278 8C, 2 h. *Yield of crude ketene imine obtained after filtration and removal of
volatiles by high vacuum. †FT-IR of neat liquids on NaCl plates. ‡Starting material prepared by
alkylation of tert-butyl protected formaldehyde cyanohydrin.
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removal of volatile materials under vacuum. The N-silyl oxyketene
imines were stable for months when stored at 4 8C, although
partial isomerization to the C-silylated nitrile was observed upon
distillation. Additionally, the compounds were surprisingly resistant
to hydrolysis and could be filtered and handled in air without sig-
nificant decomposition. Analysis of the liquids by infrared spec-
troscopy revealed an intense band at 2,030 cm21, which is a
characteristic feature of the ketene imine functional group
(Table 1). The exclusive formation of the N-silyl isomer highlights
the importance of the O-tert-butyloxy and N-triisopropylsilyl
groups. This feature is especially relevant in the context of pre-
liminary studies performed with methyl, benzyl and trimethylsilyl
protected cyanohydrins, all of which provided mixtures of N- and
C-silylated products.

Aldol reactions of N-silyl oxyketene imines
Although the selective synthesis of N-silyl oxyketene imines rep-
resents a significant advance in ketene imine chemistry, the ability
of these compounds to participate in catalytic, enantioselective car-
bonyl addition reactions was unknown. Previous studies showed
that a broad range of silylated nucleophiles24,34–39, including silyl
ketene imines25, are susceptible to Lewis base catalysed40, SiCl4-
mediated aldol additions. To determine if N-silyl oxyketene
imines would be competent nucleophiles in this system, ketene

imine 4b was combined with benzaldehyde, 2.5 mol% of (R,R)-7
and a stoichiometric quantity of SiCl4. Under these reaction con-
ditions the aldol product 6ba was produced in good yield, high dia-
stereoselectivity and excellent enantioselectivity (Table 2, entry 1).
To establish the generality of this transformation, other N-silyl oxy-
ketene imines were evaluated in the addition to benzaldehyde. In all
cases, the resulting diol products were obtained in high yield and
with exceptional diastereo- and enantioselectivities for a number
of different N-silyl oxyketene imines (Table 2, entries 225). The
diastereoselectivity for the addition was responsive to the size of
the alkyl substituent of the ketene imine such that the dr increased
with more sterically demanding groups. Importantly, a synthetically
versatile allyl-substituted diol product 6fa was produced in excellent
yield and stereoselectivity (Table 2, entry 5).

To further explore the scope of this aldol process a number of
different aromatic aldehydes were examined in the addition of

Table 2 | Survey of N-silyl oxyketene imines in the addition
to benzaldehyde catalysed by (R,R)-7.

Ot-Bu

i-Pr3Si

SiCl4 (1.1 equiv.)

i-Pr2EtN (1.0 equiv.)

CH2Cl2 (0.2 M), –78 °C, 2 h

(R,R)-7 (2.5 mol%)

N
C R

PhH

+
O

t-BuO

R

OH

Ph
CN

4b-f
6ba-6fa

N
P

N O

N

Me

CH25a

Me

Me
2

Entry Nucleophile Product Yield (%)* dr† er‡

1
N

C

Ot-Bu

Mei-Pr3Si

4b
6ba

Me

OH

t-BuO CN

84 96:4 .99:1§

2

Ot-Bu

i-Pr3Si
N

C Et

4c
6ca

CN

Et

OH

t-BuO

92 98:2 .99:1

3

Ot-Bu

i-Pr3Si
N

C i-Bu

4d
6da

CNt-BuO

i-Bu

OH
92 98:2 .99:1

4

4e

N
Ci-Pr3Si

Ph

Ot-Bu

6ea

CN

OH

t-BuO

Ph
93 99:1 .99:1

5

4f

N
Ci-Pr3Si

Ot-Bu

6fa

CN

OH

t-BuO

90 99:1 .99:1

General reaction conditions: 5 (1.0 mmol), 4 (1.2 equiv.), (R,R)-7 (2.5 mol%), SiCl4 (1.1 equiv.),
i-Pr2EtN (1.0 equiv.), CH2Cl2 (0.2 M), 278 8C, 2 h. *Yield of analytically pure material.
†Determined by 1H NMR analysis of the crude reaction mixture. ‡Determined by chiral stationary
phase supercritical fluid chromatography (CSP-SFC). §Determined by CSP-SFC analysis after
conversion to the 3,5-dinitrobenzoyl ester.

Table 3 | Survey of aromatic aldehydes in the addition of
phenylacetaldehyde-derived ketene imine 4e.

N
C

Ot-Bu

i-Pr3Si

ArylH

O
OH

Aryl

t-BuO CN

4e 6eb–6eh5b–h

Ph +
Ph

SiCl
4
 (1.1 equiv.)

i-Pr2EtN (1.0 equiv.)

(R,R)-7 (2.5 mol%)

CH2Cl2 (0.2 M), –78 °C, 2 h

Entry Aldehyde Product Yield
(%)*

dr† er‡

1

5b

H

O

OMe

6eb

OMe
CN

OH

t-BuO

Ph
93 98:2 .99:1

2

5c

H

O

CF3

6ec

CF3

CN

OH

t-BuO

Ph
93 99:1 .99:1

3

5d

H

O

CO2Me

6ed

CO2Me
CN

OH

t-BuO

Ph
91 98:2 98.6:1.4

4

5e

H

O

Br

6ee

Br
CN

OH

t-BuO

Ph
95 98:2 .99:1

5

5f

H

O Me

6ef

Me

CN

OH

t-BuO

Ph
93 99:1 98.9:1.1

6

5g

H

O

6eg

CN

OH

t-BuO

Ph

89 99:1 93.5:6.5

7

5h

H

O

O

6eh

O

CN

OH

t-BuO

Ph
91 99:1 .99:1

General reaction conditions: 5 (1.0 mmol), 4 (1.2 equiv.), (R,R)-7 (2.5 mol%), SiCl4 (1.1 equiv.),
i-Pr2EtN (1.0 equiv.), CH2Cl2 (0.2 M), 278 8C, 2 h. *Yield of analytically pure material.
†Determined by 1H NMR analysis of the crude reaction mixture. ‡Determined by CSP-SFC analysis.
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phenylacetaldehyde-derived ketene imine 4e (Table 3). Reactions
with electron-rich-, electron-poor-, sterically hindered- and hetero-
aromatic aldehydes all afforded diol products in high yield and
excellent diastereo- and enantioselectivities. Only in the addition
to 1-naphthaldehyde was a moderate reduction in the enantioselec-
tivity observed (entry 6, 93.5:6.5 er); however, other hindered aro-
matic aldehydes such as 2-tolualdehyde participated with high
enantioselectivity (entry 5, 98.9:1.1 er). The reaction rates for the
addition of N-silyl oxyketene imines to aliphatic aldehydes were
very slow, and studies aimed at increasing this rate are ongoing37.
Interestingly, a,b-unsaturated aldehydes undergo highly site-selective
1,4-additions; however, the current catalyst structure is not suitable for
achieving even modest stereoselectivities at this remote position41.

Cross-benzoin reactions of N-silyl oxyketene imines. On the basis
of the now classic studies by Stork1, it was initially imagined that
cross-benzoin products would be obtained by deprotection of the
isolated aldol products (6) under acidic conditions, followed by
basic work-up to trigger retrocyanation. Although this route
should be viable, it was envisioned that cross-benzoin adducts
could also be obtained more directly, by taking advantage of the

immediate product of the reaction, trichlorosilyl ether 8 (Table 4).
The hydrolytically labile trichlorosilyl ether could be used for
in situ deprotection (through the release of HCl) and then the
cross-benzoin products could be obtained following a basic work-
up. To test this hypothesis, the aldol addition of propionaldehyde-
derived N-silyl oxyketene imine 4c with benzaldehyde was
performed and the reaction was quenched with 3.3 equiv. of
methanol. The corresponding cross-benzoin product 9ca was
obtained in good yield and excellent enantioselectivity after the
standard basic work-up with aqueous KF/NaHCO3 (Table 4,
entry 1). Following this encouraging result, other combinations of
N-silyl oxyketene imines and aromatic aldehydes were examined
to test the generality of this novel process (Table 4, entries 226).
The resulting a-hydroxy carbonyl compounds were isolated in
good yield and excellent enantioselectivity. Importantly, good
correlations were observed between the enantiomeric ratios of the
aldol products and the corresponding cross-benzoin adducts (for
example, entry 2, Table 2 versus entry 1, Table 4). This
correlation demonstrates that the stereogenic centre in the cross-
benzoin product does not undergo significant epimerization
during the basic work-up. Only in the cases of strongly

Table 4 | Lewis base catalysed cross-benzoin reactions of N-silyl oxyketene imines with aromatic aldehydes.

N
C

Ot-Bu

R
+i-Pr3Si

ArylH

O
R

OH

Aryl

4c–e 9ca–9ea
& 9ea–ed

R

OSiCl3

Aryl

t-BuO CN O

MeOH (3.3 equiv.)

KF/NaHCO3 (aq.)

5a–d 8

SiCl
4
 (1.1 equiv.)

i-Pr2EtN (1.0 equiv.)
(R,R)-7 (2.5 mol%)

CH2Cl2 (0.2 M), –78 °C, 2 h

Entry Nucleophile Aldehyde Product Yield (%) er

1
N

C

Ot-Bu

Eti-Pr3Si

4c
5a

O

H

9ca

OH

O

Me
79* 99.0:1.0‡

2 i-Pr3Si
N

C

Ot-Bu

i-Bu

4d
5a

O

H

9da

OH

OMe

Me 82* 98.9:1.1‡

3

4e

i-Pr3Si
N

C

Ot-Bu

Ph

5a

O

H

9ea

OH

O

Ph

84† .99/1§

4

4e

i-Pr3Si
N

C

Ot-Bu

Ph

5b

O

OMe

H

9eb

OH

O
OMe

Ph
75† .99/1§

5

4e

i-Pr3Si
N

C

Ot-Bu

Ph

5c

O

CF3

H

9ec

CF3

OH

O

Ph
77† .99/1§,‖

6

4e

i-Pr3Si
N

C

Ot-Bu

Ph

5d

O

CO2Me

H

9ed

OH

O
CO2Me

Ph
78† .99/1§,}

General reaction conditions: 5 (1.0 mmol), 4 (1.4 equiv.), (R,R)-7 (2.5 mol%), SiCl4 (1.1 equiv.), i-Pr2EtN (0.2 equiv.), MeOH (3.3 equiv.), CH2Cl2 (0.2 M), 278 8C, 2 h. *Yield of chromatographically
homogeneous material. †Yield of analytically pure material after single recrystallization from toluene. ‡Determined by CSP-SFC analysis on chromatographically homogeneous material. §Determined by CSP-
SFC analysis after single recrystallization from toluene. ‖96.1:3.9 er was obtained before recrystallization. }96.5:3.5 er was obtained before recrystallization.
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electronegative aryl substituents (Table 4, entries 5,6) were minor
losses in the enantioselectivity of the cross-benzoin products
observed; nevertheless, enantiomerically pure compounds could

easily be obtained by a single recrystallization from toluene. To
our knowledge, these are the first examples of a catalytic,
enantioselective cross-benzoin reaction that involve an aliphatic
aldehyde as one of the coupling partners.

Transformations of the aldol products. The ability to access cross-
benzoin products in high yield and enantioselectivity through
deprotection and retrocyanation of the b-hydroxy cyanohydrins
demonstrates the highly versatile nature of these products. Other
useful pathways available to these compounds are transformations
of the nitrile by reduction or organometallic addition. An
important advantage of these manipulations is that the
stereochemically defined tertiary alcohol, which was set in the
aldol addition, is preserved. The products would allow access to
stereochemically complex polyols and amino alcohols, which
could be relevant synthetic intermediates en route to biologically
active compounds. Although the functional group manipulations
of nitriles are well described42,43, the application to hindered
nitriles is not trivial. For this reason, a thorough examination of
these transformations was undertaken for the nitrile products
relevant to this work (Fig. 3).

b-Hydroxy nitrile 6ba was chosen for the current study, and was
prepared with high diastereoselectivity and on a gram scale by the
addition of N-silyl oxyketene imine 4b to benzaldehyde catalysed
by racemic biphenyl-derived bisphosphoramide 10 (Fig. 3a).
Because 6ba was obtained with high diastereoselectivity, any evi-
dence for epimerization in the subsequent transformations could
easily be secured by inspection of the 1H NMR spectra of the
crude reaction mixtures. To evaluate the nucleophilic transform-
ations, it was deemed prudent to first protect the secondary
alcohol of the aldol product as its 4-methoxybenzyl (PMB) ether.
Treatment of the sodium salt of 6ba with 4-methoxybenzyl
bromide afforded 11 in high yield and with no change in the diaster-
eomeric composition (Fig. 3b).

Next, the reduction of 11 with two different metal hydride agents
was studied (Fig. 3c). Reduction of the nitrile to the corresponding
protected amino alcohol 12 was accomplished with LiAlH4. No epi-
merization was observed and analytically pure 12 was conveniently
obtained in excellent yield after distillation. Partial reduction of 11
with diisobutylaluminum hydride (DIBAL-H) and hydrolysis of
the resulting imine afforded aldehyde 13 in good yield and
high diastereoselectivity.

Finally, the addition of organometallic reagents to 11 was
studied. These reactions are highly valuable as they allow for the cre-
ation of new carbon 2 carbon bonds with a variety of nucleophilic
species. Preliminary investigations with methylmagnesium bromide
showed a slow rate of addition (.24 h); however, the analogous
reaction with methyllithium showed complete consumption of 11
in less than 2 h. Interestingly, quenching the reaction with
aqueous NH4Cl solution resulted in the isolation of analytically
pure imine 14 in high yield after distillation (Fig. 3d). Although
the isolation of imines is uncommon for nitrile addition reactions,
it is not unprecedented for cases where sterically hindered nitriles
are used44. The methyl ketone product 15 could also be obtained
in similar yield by simply changing the conditions of the hydrolysis
to the use of concentrated aqueous acetic acid. Importantly, both
imine 14 and ketone 15 were obtained without loss
in diastereoselectivity.

Discussion
In situ kinetic analysis (infrared spectroscopy) for the addition of
N-silyl oxyketene imines to benzaldehyde in the presence of stoichio-
metric quantities of SiCl4 revealed that, in the absence of the Lewis
base, no appreciable background reaction occurred (t1/2 . 4 h, see
Supplementary Information). Alternatively, executing the reaction
with 2.5 mol% of a chiral bisphosphoramide catalyst and
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1.1 equiv. of SiCl4, an extremely facile addition is observed as noted
by loss of the aldehyde absorbance at 1,702 cm21 (t1/2 , 2 min).
The rate data are striking when compared to previous studies on
Lewis base catalysed aldol additions of silyl ketene imines25. In
such cases, a significant background reaction is observed in the
addition to benzaldehyde, although the relative catalysed rates
were still competitive enough to achieve high enantioselectivities.
The extraordinary enantioselectivities observed in the current
study might be ascribed to the absence of an achiral background
reaction. This scenario is ideal for achieving high enantioselectiv-
ities, because reaction can only occur when the Lewis base is
bound to the weakly Lewis acidic SiCl4. This mode of catalysis
ensures that the chiral Lewis base is present during the stereo-
chemistry-determining step of the reaction, and showcases the
power of Lewis base catalysis (Fig. 4)45.

The absolute and relative configurations of the aldol products
were unambiguously assigned by single-crystal X-ray diffraction
analysis of 6da obtained by addition of ketene imine 4d to benzal-
dehyde. Independent assignment of the absolute configuration for
the cross-benzoin products was achieved by comparison of the
optical rotation of 9ca to a known compound46. Both methods con-
firmed an S-absolute configuration at the secondary alcohol centre
and verify that the aldehyde undergoes nucleophilic addition to
the Re face. This sense of asymmetric addition is in agreement
with all other addition reactions to aldehydes reported for this cat-
alyst system37.

In conclusion, a new class of silyl ketene imines derived from
tert-butyl protected cyanohydrins has been described. Use of
these nucleophiles in Lewis base catalysed aldol additions affords
b-hydroxy cyanohydrins in good yields, high diastereoselectivities
and exceptional enantioselectivities. The ability of N-silyl oxyketene
imines to act as acyl anion equivalents was also demonstrated by
merely altering the conditions of the reaction work-up. This

modification allowed for the preparation of cross-benzoin products
derived from aliphatic aldehydes in good yields and excellent enan-
tioselectivities. The versatility of the b-hydroxy cyanohydrins was
highlighted by three different transformations of the nitrile group.
These functional group manipulations allowed access to amino alco-
hols and a-hydroxy aldehydes or ketones containing a stereogenic
tertiary alcohol in good yields and high selectivities. Future work
will focus on the application of this novel class of nucleophiles to
other classes of umpolung reactions such as Stetter-type additions
and homoenolate chemistry.

Methods
Full experimental details and characterization of compounds can be found in the
Supplementary Information. The crystallographic coordinates of 6da have been
deposited with the Cambridge Crystallographic Data Centre (CCDC; deposition no.
761034). These data can be obtained free of charge from the CCDC at www.ccdc.
cam.ac.uk/data_request/cif.

General procedure for the preparation of N-silyl oxyketene imines. To a flame-dried,
50-ml Schlenk flask under an atmosphere of argon was added 0.96 g of KHMDS
(4.8 mmol, 1.2 equiv.) and 4.8 ml of anhydrous THF (1.0 M in KHMDS). The
solution was cooled to 278 8C (internal) and a mixture of 0.82 g tert-butoxy nitrile
3e (4.0 mmol) and 0.95 ml (4.4 mmol, 1.1 equiv.) TIPSCl in 6.3 ml of anhydrous
THF was added via cannula over 10 min while stirring. The resulting bright yellow
reaction mixture was stirred for 2 h at 278 8C and then allowed to warm to 0 8C.
The reaction mixture was concentrated under vacuum (1.0 mmHg) to give a thick,
orange gel (�3 ml). Anhydrous hexanes was added (20 ml) and the mixture was
stirred vigorously under argon. The heterogeneous solution was opened to air and
filtered through a pad of Celite into a flame-dried, tared flask. The resulting, clear
orange filtrate was concentrated under high vacuum (0.5 mmHg) to afford 1.33 g
(93%) of 4e as an orange liquid, which was used in subsequent reactions without
further purification.

General procedure for aldol reaction of N-silyl oxyketene imines with aromatic
aldehydes. To a flame-dried, 10-ml, Schlenk flask were added 21 mg of (R,R)-7
(0.025 mmol, 0.025 equiv.), 102 ml of benzaldehyde (1.00 mmol) and 5.0 ml of
anhydrous CH2Cl2 (0.2 M) under an atmosphere of argon. The solution was
stirred, cooled to 278 8C (internal) and 175 ml of N,N-diisopropylethylamine
(1.00 mmol, 1.0 equiv.) and 130 ml of SiCl4 (1.1 mmol, 1.1 equiv.) were added via
syringe. The resulting yellow solution was stirred for 5 min at 278 8C, then 0.9 ml of
a 1.33 M solution of silyl ketene imine 4e (1.2 mmol, 1.2 equiv.) in anhydrous
CH2Cl2 was added dropwise via syringe. The reaction was stirred for 2 h at 278 8C
before 0.65 ml of a 2:1:1 mixture of Et3N/CH2Cl2/MeOH was added via syringe.
The quenched reaction mixture was stirred for 5 min at 278 8C and then
transferred to a stirred, sat. aq. solution of NaHCO3 (10 ml) and KF (10 ml).
The biphasic mixture was stirred vigorously for 1 h at room temperature and
then filtered through a pad of Celite and transferred to a separatory funnel
where the organic layer was removed. The aqueous layer was extracted with
CH2Cl2 (2 × 20 ml) and the organic extracts were combined, washed with
brine (1 × 25 ml), and dried over MgSO4. The solution was filtered and
concentrated in vacuo and the resulting crude material was purified by column
chromatography (25 g silica gel, hexanes/EtOAc gradient; 9:1 to 8:1) to afford
286 mg of 6ea (93%) as viscous yellow oil. The diastereomeric ratio was determined
to be 99:1 by 1H NMR (500 MHz) analysis of the crude product. The enantiomeric
ratio was determined to be .99:1 by CSP-SFC analysis of the chromatographically
homogeneous material.

General procedure for the cross-Benzoin reaction of N-silyl oxyketene imines
with aromatic aldehydes. To a flame-dried, 10-ml, single-necked Schlenk flask were
added 21 mg of (R,R)-7 (0.025 mmol, 0.025 equiv.), 102 ml of benzaldehyde
(1.00 mmol) and 5.0 ml of anhydrous CH2Cl2 (0.2 M in aldehyde) under an
atmosphere of argon. The solution was cooled to 278 8C (internal) and then 35 ml
of N,N-diisopropylethylamine (0.2 mmol, 0.2 equiv.) and 130 ml of SiCl4 (1.1 mmol,
1.1 equiv.) were added via syringe. The solution was stirred for 5 min at 278 8C and
then 0.84 ml of a 1.66 M solution of silyl ketene imine 4e (1.4 mmol, 1.4 equiv.) in
anhydrous CH2Cl2 was added dropwise via syringe. The reaction mixture was stirred
for 2 h at 278 8C and then 135 ml of CH3OH (3.3 mmol, 3.3 equiv.) was added. The
quenched reaction mixture was stirred for 30 min at 278 8C and then warmed to
0 8C and stirred for 1.5 h before being transferred to a stirred, sat. aq. solution of
NaHCO3 (10 ml) and KF (10 ml). The biphasic mixture was stirred vigorously for
2 h at room temperature and then filtered through a pad of Celite and transferred to
a separatory funnel where the organic layer was removed. The aqueous layer was
extracted with CH2Cl2 (2 × 20 ml) and the organic extracts were combined,
washed with brine (1 × 25 ml), and dried over Na2SO4. The solution was filtered
and concentrated in vacuo to produce a crude white solid that was purified by
column chromatography (25 g silica gel, CH2Cl2/Et2O, 40:1) to afford 200 mg of
9ea (88%) as a white solid. The solid was further purified by recrystallization from
hot toluene (�5 ml) to provide 190 mg (84%) of fine, white needles. The
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enantiomeric ratio was determined to be 99.4:0.6 by CSP-SFC analysis of the
chromatographically homogeneous material and .99:1 after recrystallization.

Received 7 June 2010; accepted 19 August 2010;
published online 3 October 2010

References
1. Stork, G. & Maldonado, L. Anions of protected cyanohydrins as acyl carbanion

equivalents and their use in a new synthesis of ketones. J. Am. Chem. Soc. 93,
5286–5287 (1971).

2. Hünig, S. & Wehner, G. Nucleophile acylation with masked acyl anions; III.
Synthesis of alpha-hydroxy ketones. Synthesis 391–392 (1975).

3. Hünig, S. & Wehner, G. Nucleophilic acylation with masked acyl anions II.
Synthesis 180–182 (1975).

4. Deuchert, K., Hertenstein, U. & Hünig, S. Nucleophilic acylation with masked
acyl anions. Synthesis 777–778 (1973).

5. Albright, J. D. Reactions of acyl anion equivalents derived from cyanohydrins,
protected cyanohydrins and alpha-dialkylaminonitriles. Tetrahedron 39,
3207–3233 (1983).

6. Schrader, T. Stereoselective umpolung reactions with metalated P-chiral
cyanohydrin phosphates — enantioselective synthesis of tertiary cyanohydrins.
Chem. Eur. J. 3, 1273–1282 (1997).

7. Brook, A. G. Some molecular rearrangements of organosilicon compounds. Acc.
Chem. Res. 7, 77–84 (1974).

8. Moser, W. H. The Brook rearrangement in tandem bond formation strategies.
Tetrahedron 57, 2065–2084 (2001).

9. Deglinnocenti, A., Ricci, A., Mordini, A., Reginato, G. & Colotta, V. Acylsilane-
mediated nucleophilic acylation of alpha,beta-unsaturated carbonyl derivatives.
Gazz. Chim. Ital. 117, 645–648 (1987).

10. Reich, H. J., Holtan, R. C. & Bolm, C. Acylsilane chemistry — synthesis of
regioisomerically and stereoisomerically defined enol silyl ethers using
acylsilanes. J. Am. Chem. Soc. 112, 5609–5617 (1990).

11. Takeda, K. & Ohnishi, Y. Reaction of acylsilanes with potassium cyanide: Brook
rearrangement under phase-transfer catalytic conditions. Tetrahedron Lett. 41,
4169–4172 (2000).

12. Linghu, X. & Johnson, J. S. Kinetic control in direct alpha-silyloxy ketone
synthesis: a new regiospecific catalyzed cross silyl benzoin reaction. Angew.
Chem. Int. Ed. 42, 2534–2536 (2003).

13. Linghu, X., Bausch, C. C. & Johnson, J. S. Mechanism and scope of the cyanide-
catalyzed cross silyl benzoin reaction. J. Am. Chem. Soc. 127, 1833–1840 (2005).

14. Nicewicz, D. A., Yates, C. M. & Johnson, J. S. Catalytic asymmetric acylation of
(silyloxy)nitrile anions. Angew. Chem. Int. Ed. 43, 2652–2655 (2004).

15. Nicewicz, D. A., Yates, C. M. & Johnson, J. S. Enantioselective cyanation/Brook
rearrangement/C-acylation reactions of acylsilanes catalyzed by chiral metal
alkoxides. J. Org. Chem. 69, 6548–6555 (2004).

16. Linghu, X., Potnick, J. R. & Johnson, J. S. Metallophosphites as umpolung
catalysts: the enantioselective cross silyl benzoin reaction. J. Am. Chem. Soc. 126,
3070–3071 (2004).

17. Dunkelmann, P. et al. Development of a donor2acceptor concept for enzymatic
cross-coupling reactions of aldehydes: the first asymmetric cross-benzoin
condensation. J. Am. Chem. Soc. 124, 12084–12085 (2002).

18. Giampietro, N. C., Kampf, J. W. & Wolfe, J. P. Asymmetric tandem Wittig
rearrangement/aldol reactions. J. Am. Chem. Soc. 131, 12556–12557 (2009).

19. Misaki, T., Takimoto, G. & Sugimura, T. Direct asymmetric aldol reaction of
5H-oxazol-4-ones with aldehydes catalyzed by chiral guanidines. J. Am. Chem.
Soc. 132, 6286–6287 (2010).

20. Manthorpe, J. M. & Gleason, J. L. Stereoselective generation of E- and
Z-disubstituted amide enolates. Reductive enolate formation from bicylic
thioglycolate lactams. J. Am. Chem. Soc. 123, 2091–2092 (2001).

21. Das, J. P., Chechik, H. & Marek, I. A unique approach to aldol products for
the creation of all-carbon quaternary stereocentres. Nature Chem. 1,
128–132 (2009).

22. Kobayashi, S. & Horibe, M. Chiral Lewis acid controlled synthesis (CLAC
synthesis): chiral Lewis acids influence the reaction course in asymmetric aldol
reactions for the synthesis of enantiomeric dihydroxythioester derivatives in
the presence of chiral diamines derived from L-proline. Chem. Eur. J. 3,
1472–1481 (1997).

23. Denmark, S. E. & Chung, W. J. Lewis base activation of Lewis acids: catalytic
enantioselective glycolate aldol reactions. Angew. Chem. Int. Ed. 47, 1890–1892
(2008).

24. Denmark, S. E. & Chung, W. J. Lewis base activation of Lewis acids: catalytic,
enantioselective addition of glycolate-derived silyl ketene acetals to aldehydes.
J. Org. Chem. 73, 4582–4595 (2008).

25. Denmark, S. E., Wilson, T. W., Burk, M. T. & Heemstra, J. R. Enantioselective
construction of quaternary stereogenic carbons by the Lewis base catalyzed
additions of silyl ketene imines to aldehydes. J. Am. Chem. Soc. 129,
14864–14865 (2007).

26. Mermerian, A. H. & Fu, G. C. Nucleophile-catalyzed asymmetric acylations of
silyl ketene imines: application to the enantioselective synthesis of verapamil.
Angew. Chem. Int. Ed. 44, 949–952 (2005).

27. Cunico, R. F. & Kuan, C. P. On the metalation silylation of O-trimethylsilyl
aldehyde cyanohydrins. J. Org. Chem. 57, 1202–1205 (1992).

28. Dinizo, S. E., Freerksen, R. W., Pabst, W. E. & Watt, D. S. Synthesis of
alpha-alkoxyacrylonitriles using substituted diethyl cyanomethylphosphonates.
J. Org. Chem. 41, 2846–2849 (1976).

29. Krimen, L. I. & Cota, D. J. Ritter reaction. Org. React. 17, 213–325 (1969).
30. Watt, D. S. The silylation of nitrile anions — silyl ketene imines. Synth.

Commun. 4, 127–132 (1974).
31. Watt, D. S. Oxidative decyanation of arylacetonitriles — synthesis of ligusticumic

acid. J. Org. Chem. 39, 2799–2800 (1974).
32. Belousova, L. I., Kruglaya, O. A., Kalikhman, I. D. & Vyazankin, N. S.

Alpha-germylated nitriles. J. Gen. Chem. USSR 51, 678–683 (1981).
33. Denmark, S. E. & Heemstra, J. R. Lewis base activation of Lewis acids.

Vinylogous aldol addition reactions of conjugated N,O-silyl ketene acetals to
aldehydes. J. Am. Chem. Soc. 128, 1038–1039 (2006).

34. Denmark, S. E. & Wynn, T. Lewis base activation of Lewis acids: catalytic
enantioselective allylation and propargylation of aldehydes. J. Am. Chem. Soc.
123, 6199–6200 (2001).

35. Denmark, S. E. & Heemstra, J. R. Lewis base activation of Lewis acids. Catalytic
enantioselective addition of silyl enol ethers of achiral methyl ketones to
aldehydes. Org. Lett. 5, 2303–2306 (2003).

36. Denmark, S. E. & Fan, Y. Catalytic, enantioselective alpha-additions of
isocyanides: Lewis base catalyzed Passerini-type reactions. J. Org. Chem. 70,
9667–9676 (2005).

37. Denmark, S. E., Beutner, G. L., Wynn, T. & Eastgate, M. D. Lewis base activation
of Lewis acids: catalytic, enantioselective addition of silyl ketene acetals to
aldehydes. J. Am. Chem. Soc. 127, 3774–3789 (2005).

38. Denmark, S. E. & Beutner, G. L. Lewis base activation of Lewis acids. Vinylogous
aldol reactions. J. Am. Chem. Soc. 125, 7800–7801 (2003).

39. Denmark, S. E. & Heemstra, J. R. Lewis base activation of Lewis acids: catalytic,
enantioselective vinylogous aldol addition reactions. J. Org. Chem. 72,
5668–5688 (2007).

40. Denmark, S. E. & Beutner, G. L. Lewis base catalysis in organic synthesis. Angew.
Chem. Int. Ed. 47, 1560–1638 (2008).

41. Denmark, S. E. & Wilson, T. W. Construction of quarternary stereogenic carbon
centers by the Lewis base catalyzed conjugate addition of silyl ketene imines to
a,b-unsaturated aldehydes and ketones. Synlett. 1723–1728 (2010).

42. Larock, R. C. Comprehensive Organic Transformations 2nd edn
(Wiley-VCH, 1999).

43. Patai, S. The Chemistry of Triple-Bonded Functional Groups (Wiley-VCH, 1994).
44. Manetto, A. et al. Independent generation of C5’-nucleosidyl radicals in

thymidine and 2’-deoxyguanosine. J. Org. Chem. 72, 3659–3666 (2007).
45. Denmark, S. E., Eklov, B. M., Yao, P. J. & Eastgate, M. D. On the mechanism of

Lewis base catalyzed aldol addition reactions: kinetic and spectroscopic
investigations using rapid-injection NMR. J. Am. Chem. Soc. 131,
11770–11787 (2009).

46. Conceicao, G. J. A., Moran, P. J. S. & Rodrigues, J. A. R. Highly efficient extractive
biocatalysis in the asymmetric reduction of an acyclic enone by the yeast Pichia
stipitis. Tetrahedron Asymm. 14, 43–45 (2003).

Acknowledgements
The authors are grateful to the National Science Foundation (NSF CHE-0414440 and
0717989) for financial support. T.W.W. thanks Abbott Laboratories for a Graduate
Fellowship in Synthetic Organic Chemistry.

Author contributions
T.W.W. planned and carried out the experimental work. S.E.D. initiated and directed the
project. The manuscript was written jointly by the authors.

Additional information
The authors declare no competing financial interests. Supplementary information and
chemical compound information accompany this paper at www.nature.com/
naturechemistry. Reprints and permission information is available online at http://npg.nature.
com/reprintsandpermissions/. Correspondence and requests for materials should be
addressed to S.E.D.

NATURE CHEMISTRY DOI: 10.1038/NCHEM.857 ARTICLES

NATURE CHEMISTRY | VOL 2 | NOVEMBER 2010 | www.nature.com/naturechemistry 943

© 2010 Macmillan Publishers Limited.  All rights reserved. 

 

http://www.nature.com/sifinder/10.1038/nchem.857
http://www.nature.com/cifinder/10.1038/nchem.857
www.nature.com/naturechemistry
www.nature.com/naturechemistry
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
mailto:sdenmark@illinois.edu
http://www.nature.com/doifinder/10.1038/nchem.857
www.nature.com/naturechemistry

	N-silyl oxyketene imines are underused yet highly versatile reagents for catalytic asymmetric synthesis
	Results
	Synthesis of t-butyl protected cyanohydrins
	Synthesis of N-silyl oxyketene imines from tert-butyl protected cyanohydrins
	Cross-benzoin reactions of N-silyl oxyketene imines
	Transformations of the aldol products

	Aldol reactions of N-silyl oxyketene imines
	Discussion
	Methods
	General procedure for the preparation of N-silyl oxyketene imines
	General procedure for aldol reaction of N-silyl oxyketene imines with aromatic aldehydes
	General procedure for the cross-Benzoin reaction of N-silyl oxyketene imines with aromatic aldehydes

	Figure 1  Reaction pathways available to N-silyl oxyketene imines.
	Figure 2  Synthesis of tert-butyl protected cyanohydrins.
	Figure 3  Transformations of nitriles 6ba and 11.
	Figure 4  Proposed catalytic cycle for N-silyl oxyketene imine additions to aromatic aldehydes via Lewis base activation of Lewis acids.
	Table 1  Preparation of N-silyl oxyketene imines from tert-butyl protected cyanohydrins.
	Table 2  Survey of N-silyl oxyketene imines in the addition to benzaldehyde catalysed by (R,R)-7.
	Table 3  Survey of aromatic aldehydes in the addition of phenylacetaldehyde-derived ketene imine 4e.
	Table 4  Lewis base catalysed cross-benzoin reactions of N-silyl oxyketene imines with aromatic aldehydes.
	References
	Acknowledgements
	Author contributions
	Additional information


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue true
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 450
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 450
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 2400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck true
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    35.29000
    35.29000
    36.28000
    36.28000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    8.50000
    8.50000
    8.50000
    8.50000
  ]
  /PDFXOutputIntentProfile (OFCOM_PO_P1_F60)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition (OFCOM_PO_P1_F60)
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU (NPG PRINT PDF Job Options. 4th September 2006. PDF 1.3 Compatibility. Adds Trim and Bleed boxes top Nature pages where none exist.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [665.858 854.929]
>> setpagedevice


