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An Efficient Nucleophilic Carbene Catalyst for
the Asymmetric Benzoin Condensation**

Dieter Enders* and Ulrike Kallfass

Since the early work of Ugai et al.['l and Breslow et al.? it is
known that thiazolium salts, such as 3-ethylthiazolium bro-
mide or the naturally occurring thiamine (vitamin B,),
catalyze the condensation of benzaldehyde to benzoin under
basic conditions. In 1966 Shechan et al.’>* reported the first
investigations into an asymmetric variant of the benzoin
condensation by using (S)-4-methyl-3-(1-naphthyl)-ethylthia-
zolium bromidel as a precatalyst; the 52% ee obtained was
remarkable for that time. In the following years, a great
number of differently substituted chiral thiazolium salts were
synthesized and tested in the asymmetric benzoin condensa-
tion.’'% However, the enantiomeric excesses hardly in-
creased (1-57%).

A true breakthrough in which 1,24-triazolium salts!!'-12]
were employed was described in 1995 by our group in
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cooperation with Teles et al. (BASF)!'*). We reported the first
efficient chiral system of this class of compounds, (4S,5S)-
4-(2,2-dimethyl-4-phenyl-1,3-dioxan-5-yl)-1-phenyl-4 H-1,2 4-
triazol-1-ium perchlorate, in 1996['1 (yield of benzoin 66 %,
75% ee, 1.25 mol % cat.). These results allowed the enantio-
selective benzoin condensation to be extended for the first
time to a variety of aromatic aldehydes (yields 22-72%, 20—
86 % ee). Later, comparable enantioselectivities were found
with chiral bicyclic triazolium salts developed by Knight and
Leeper (20-82.5% ee).l"?

We report herein the synthesis of a novel enantiopure
bicyclic triazolium salt 4 and its application as an efficient
chiral catalyst in the form of the corresponding Wanzlick
carbene in the asymmetric variant of the benzoin condensa-
tion. We used a modification of the Knight and Leeper
synthesis!'? for the three-step conversion of the oxazolidin-2-
one 1" into the triazolium salt 4, which was isolated as a
crystalline solid (Scheme 1). Methylation of 1 with Meer-
wein’s reagent yielded iminoether 2, which was transformed
into phenylhydrazone 3. Final cyclization with trimethylor-
thoformate gave 4 (50 % yield over three steps). The structure
of the salt 4 was confirmed by X-ray crystallographic analysis.

Ph
X
3 steps X
Q NH === OAN) 4
‘—< 50% {
41 tBu 4 Bu
afquant. 65% | C
OMe /lhf\,NHPh
b
AN —_—
2 tBu 3 Bu

Scheme 1. Synthesis of triazolium salt 4. a) Me;OBF, (1.2 equiv), CH,Cl,,
room temperature, 15 h; b) PANHNH, (1 equiv), NEt; (1 equiv), THF,
80°C, 7 d; ¢c) HBF, (1 equiv) in diethyl ether, CH,Cl,, room temperature;
HC(OMe); (20 equiv), MeOH, 80°C, 12 h.

Bicyclic chiral triazolium salt 4 (10 mol %) was used as a
precatalyst in the asymmetric benzoin condensation; benzoin
was obtained in very good yields (83 %) and with the highest
enantioselectivities ever reported (90% ee). The condensa-
tion of different substituted aromatic aldehydes 5 led to the
corresponding a-hydoxyketones 6 in moderate to good yields
and with excellent enantiomeric excesses of up to 95%
(Scheme 2). The active catalyst is actually the corresponding
nucleophilic Wanzlick carbene 4', which is formed in situ by
deprotonation of 4 with KOrBu in the presence of the
aldehyde 5. This nucleophilic carbene 4’ then enters the
catalytic cycle of the thiazolium-catalyzed acyloin condensa-
tion, which was first proposed by Breslow more than 40 years
ago.> 13l

After aqueous work-up and column chromatography, the
acyloins 6a-j were isolated in 6-100% yield and with
enantiomeric excesses of 53-95% (Tables 1 and 2). As shown
in Table 2, an increase in the amount of catalyst led to higher
yields. The higher concentration of base or triazol-5-ylidene
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4 (10 mol%), O
acro  KoBuTHE I ar
8-83% :
5 6 OH
80-95% ee

A a
Q N
CH3
HsC CHs
4
Scheme 2. The asymmetric variant of the benzoin condensation, catalyzed
by triazol-5-ylidene 4'.

Table 1. Acyloins (5)-6a—j,? prepared by asymmetric benzoin condensa-
tion in the presence of precatalyst 4.I°]

6 Ar T[°C] Yield [%] ee [%]t [a]B
a Ph 18 83 90 +146.5
b 4FCH, 18 81 83

b 4FCH, 0 61 91 +117.5
c 4-CIC,H, 18 80 64

¢  4CICH, 0 44 89 4395
d  4BrCH, 18 ) 53

d 4-BrC¢H, 0 59 91 +9.6
e 3-CIC,H, 18 ) 62

¢  3-CICH, 0 85 86 1622
f 4-MeCsH, 18 16 93 +129.8
g 3-MeC4H, 18 70 86

g  3-MeCH, 0 36 91 +138.1
h 4-MeOC¢H, 18 8 95 +70.0
i 2-furyllel 0 100 64

i 2-furyl —78 41 88 +57.4
i 2-naphthyl 18 69 80 — 49

[a] Determined by polarimetry;l" the absolute configurations of the
products 6 were then assigned based on a uniform reaction mechanism.
[b] General reaction conditions: aldehyde (10 mmol), 4 (10 mol % ), KOrBu
(10 mol %), absolute THF (11 mL), 16 h. [c] Determined by HPLC with
chiral stationary phases (Daicel AD2, Daicel OD3, (S,S)-Whelk-01).
[d] c=1 in MeOH. [e] Reaction time: 45 min.

Table 2. Influence of the reaction conditions on the yield and enantiomeric
excess in the synthesis of benzoin (6a, Ar=Ph).l

4 [mol %] KOBu [mol %] Yield [%] ee [% |
25 2.5 33 99
5.0 5.0 46 93
10.0 10.0 83 90

[a] General reaction conditions: aldehyde (10 mmol), absolute THF
(11 mL), 18°C, 16 h. [b] Determined by HPLC with chiral stationary
phases (Daicel AD2, Daicel OD 3, (S,5)-Whelk-01).

intermediate 4', which also has basic properties, led to a
partial racemization (Table 2).

Generally, electron-rich aromatic aldehydes 6 f—h showed
better asymmetric induction at room temperature than
electron-deficient and therefore activated aromatic aldehydes
6b-e. Nevertheless, the +1/+M substituents in the para
position led to a distinct decrease in the TTN (total turnover
number) of catalyst 4’ (see 6 £h). To enhance the asymmetric
induction for activated aldehydes, they were allowed to react
at 0°C (6b’—e’). When the highly reactive furane-2-carbalde-
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hyde was employed, the reaction mixture was cooled to
—78°C; furoin (6i') was isolated with a very good enantio-
meric excess of 88 %.

The enantiomeric excesses were determined by HPLC with
chiral stationary phases. The absolute configuration of
benzoin (6a) was found to be S by correlation of the optical
rotation with that reported in the literature.l'”] The absolute
configurations of the acyloins 6 were then assigned as S,
assuming a uniform reaction mechanism. The absolute con-
figuration of the resulting acyloins can be explained by the
relative topicity shown in Figure 1. The tert-butyl group

Q O Re face

H N
N~N )K@—R
A OH
N

Q Re attack

24
CH; |
H3C CH;™

Si attack

Figure 1. Postulated transition-state model (Breslow intermediate) to
explain the facial selectivity in the asymmetric benzoin condensation in
the presence of precatalyst 4.

shields the Si face of the Breslow intermediate, which is
formed during the catalytic cycle.’] Therefore the attack of
the incoming second aldehyde molecule occurs from the less-
hindered Re face. Furthermore, the phenyl substituent on the
N atom causes a preorientation of the attacking second
aldehyde. It favorably approaches the Breslow intermediate
with its Re face, thus leading to an S configuration at the newly
formed stereogenic center.

The triazolium salt 4 is currently the most efficient
precatalyst for the asymmetric variant of the benzoin
condensation. The acyloins are obtained throughout in
moderate to good yields and with very good enantiomeric
excesses. The high asymmetric inductions are a result of the
conformational rigidity of the bicyclic nucleophilic carbene
catalyst 4’ and the shielding of the Breslow intermediate by
the sterically demanding tert-butyl group.

Experimental Section

Synthesis of 2: A dry, argon-flushed Schlenk tube was charged with a
suspension of trimethyloxonium tetrafluoroborate (1.2 equiv) absolute
dichloromethane (3 mLmmol™"). A solution of 1 (1 equiv) in absolute
dichloromethane (3 mL mmol~') was added, and the mixture was stirred for
15 h at room temperature. The mixture was then diluted with dichloro-
methane and washed with ice-cold saturated aqueous sodium hydrogen
carbonate (3 x 3 mL per mmol~! of oxazolidinone). The solution was dried
over anhydrous magnesium sulfate and concentrated in vacuo to afford 2 as
a colorless liquid in quantitative yield. The product was used in the next
step without further purification.

Synthesis of 3: A dry, argon-flushed Schlenk tube equipped with a reflux
condenser was charged with iminoether 2 in absolute THF (1.5 mL mmol ')
and with phenylhydrazine (1 equiv). Triethylamine (1 equiv) was then
added, and the reaction mixture was heated at 80 °C for 7 d. The solution
was cooled to room temperature and concentrated in vacuo. The crude
product was purified by washing it several times with petroleum ether/
diethyl ether (4:1, 5 mLmmol™"). After drying under high vacuum, 3 was
obtained as a pink solid in 77 % yield.
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Synthesis of 4: A dry, argon-flushed Schlenk tube was charged
with phenylhydrazone 3 (1.0 equiv) in absolute dichloromethane
(10 mLmmol') and with tetrafluoroboronic acid (1 equiv) in absolute
diethyl ether (54 wt % ). The solution was stirred for 30 minutes at room
temperature, and then evaporated under reduced pressure. The highly
hygroscopic salt was dissolved in orthoformate:methanol (2:1, 20 equiv)
and transferred under argon into a pyrex tube; the sealed tube was then
heated in a sand bath at 80°C for 12 h. The mixture was cooled to room
temperature and concentrated in vacuo. The crude product was dried under
high vacuum for 2 h. The residue was recrystallized from methanol to give
the triazolium salt 4 as an ochre crystalline solid in 65 % yield.

Synthesis of 6 (general procedure): The aromatic aldehyde (10 mmol) was
added to a solution of 4 (331 mg, 1 mmol, 10 mol%) in absolute THF
(0.7 mLmmol~!) of at room temperature. The reaction mixture was
tempered for 5 min, then KOsBu (112 mg, 1 mmol, 10 mol %) in absolute
THF (0.4 mLmmol-!) was added dropwise. The reaction mixture was
stirred for 16 h, poured into water, extracted twice with dichloromethane,
and dried (MgSO,). The solvent was evaporated and the residue was
purified by column chromatography (silica gel, diethyl ether:pentane 1:1)
or by crystallization to give the aromatic acyloins as colorless crystalline
solids or pale yellow oils.
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New Catalyst Systems for the Catalytic
Conversion of Methane into Methanol**

Michael Muehlhofer, Thomas Strassner,* and
Wolfgang A. Herrmann

The catalytic conversion of methane into methanol is one of
the major challanges for chemists. Methane, as the major part
of natural gas, is currently the cheapest source for hydro-
carbons, and the need for methanol will increase in the near
future. Catalytic homogeneous oxidation at low temperatures
is economically interesting, but also very difficult to achieve as
a result of the high stability of C—H bonds. Metal centers
which allow a direct oxidative addition are probably needed
for this approach to succeed.

Palladium and platinum compounds have been successfully
used for the functionalization of alkanes and arenes.l 2! After
the pioneering work of Shilov and Shteinman,®! Periana
et al.”l and Fujiwara et al.,['l in particular, reported interesting
results. Some of the ligands which have been used in
C—H activation are shown in Figure 1.

1 2 3

Figure 1. Ligands which have been successfully used in C—H activation
reactions.

Up to now the catalytic system described by Periana and co-
workers, a platinum complex with the bipyrimidine ligand 1,
has proven to be the most efficient and highly selective system
providing methanol in yields of up to 72%.[ The major
drawback of the system is the reaction medium: oleum leads
to a large amount of diluted sulfuric acid when the formed
ester is hydrolized. Very recently an even higher activity was
reported for palladium and platinum complexes of ligand 3.5
This structural motif can also be found in other ligands, such
as 2, which are derived from 1,10-phenanthroline (Figure 1).[
In general, however, only a small number of systems which are
capable of functionalizing methane catalytically has been
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