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Abstract: A solution to the long-standing challenge
of developing a highly effective method for the enan-
tioselective intermolecular benzoin condensation of
aromatic aldehydes is described. The chiral bis-bicy-
clic triazolium salt — 1,3-bis{(.5)-5-benzyl-6,8-dihydro-
5H-[1,4]oxazino[2,1-c][1,2,4]triazol-2-ium-2-yl}ben-

zene dichloride [(S)-5a-1] is currently the most effi-

cient precatalyst for the asymmetric variant of the
benzoin condensation.

Keywords: asymmetric benzoin condensation; chiral
bis-bicyclic triazolium salts; N-heterocyclic carbene;
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Introduction

Optically active benzoin-type 2-hydroxy ketones are
not only important structural subunits in many biolog-
ically active compounds, but also valuable synthons
for stereoselective syntheses.!"! In 1966, Sheehan and
co-workers reported the first asymmetric variant of
the benzoin condensation employing a chiral thiazoli-
um salt as catalyst precursor that delivered negligible
enantiomeric excess (as low as 22% ee).”) In the fol-
lowing three decades, a number of chiral thiazolium
salts were synthesized and investigated for this type
of asymmetric condensation. Regrettably, these cata-
lysts performed poorly and afforded acyloin products
with only moderate optical enrichment.’! Finally in
1996, Enders et al. broke the ice using a chiral triazo-
lium salt as precatalyst for the enantioselective ben-
zoin reaction, which was able to be extended for the
first time to a variety of aromatic aldehydes in 22—
72% yields with ee values of 20-86%.*! Later, Leeper
et al. developed bicyclic chiral triazolium salts and
documented their application to the benzoin conden-
sation with comparable enantioselectivities (yields:
11-50%, 20-82.5% ee),’! which were further im-
proved by Enders et al. with another bicyclic chiral
triazolium salt. The acyloin product from benzalde-
hyde was isolated in 83% yield with 90% ee, which
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was the highest value recorded for a non-enzyme-de-
pendent, catalyzed benzoin reaction in terms of chem-
ical yield and enantioselection. A keen reader might
interject that these asymmetric intermolecular ben-
zoin condensations of aromatic aldehydes reported so
far have generally suffered from low yields of acyloins
which limit the scope of substrates!'***! despite con-
siderable advances in the intramolecular asymmetric
aldehyde-ketone benzoin reactions.'” Furthermore,
these results have demonstrated that it is difficult to
improve this type of asymmetric reaction by increas-
ing the loadings of triazolium precatalyst because the
higher concentration of bicyclic triazolylidene with its
characteristic basic properties could lead to a partial
racemization of acyloin product.*”" Clearly, one of
the key issues to overcome this problem is to develop
a class of chiral triazolylidene catalysts that display
high catalytic activity with essentially low catalyst
loadings, minimizing a racemization of acyloins. How-
ever, in the last six years the challenging enantioselec-
tive intermolecular benzoin reactions met with limited
success although a series of chiral triazolium salts an-
nulated by aliphatic cyclic skeletons were prepared
using a modification of Knight and Leeper’s synthe-
sisl%!1 and exhibited remarkable umpolung asym-
metric organocatalysis.!'”!
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Scheme 1. Design of the bis-bicyclic triazolylidenes 2 from their parent mono-bicyclic triazolylidenes 1.

The key step in the NHC-catalyzed nucleophilic
acylation of aldehydes involves the attack of the car-
bene at the carbonyl group of aldehydes to form the
so-called “Breslow intermediate”.['¥! It has been real-
ized that several structural factors (e.g., the steric
bulkiness around the carbene carbon, and the pres-
ence of electron-withdrawing groups in the N-hetero-
cyclic backbone or in N-aryl substituents, etc.) may
have dramatic effects on the electronic property, reac-
tivity and stability of carbenes.'">!¥ It may be note-
worthy that stereoselective control and catalytic activ-
ity have been proven to vary strongly with slight
structural changes in the substitution pattern of the
triazolium systems.*1%112121 The electronic nature of
the phenyl ring at the triazolium 2-N position has
been demonstrated to be one of the decisive factors
in the catalyst design. The introduction of either elec-
tron-withdrawing groups [e.g., fluorine, trifluorometh-
yl group(s), etc.] or electron-donating substituents
(e.g., methoxy group, etc.) on the N-phenyl group
(R?) is significantly capable of influencing the perfor-
mance of bicyclic triazolium salts (Scheme 1).5-!7]
These results beg the question: can the highly active
chiral triazolium catalysts for the intermolecular asym-
metric benzoin couplings be achieved by subtle elec-
tronic and conformational modulation?

Results and Discussion

From molecular modeling inspection based on the
first principle density functional theory (DFT),"¥ we
have learned that the bis-triazolylidenes 2 have a
larger conjugation interaction over the Leeper-type
mono-triazolylidenes 1.7*'! Thus, it is reasonable to
assume that the bis-triazolylidenes 2 are much more
stable than their parent 1, leading to a higher concen-
tration of active species that may facilitate higher
turnover numbers in organocatalysis. On the other
hand, one should not ignore another important factor
that the increased number of active centers of 2 may
also be expected to enhance the catalytic efficiency.
Furthermore, we have found that the two triazolyli-
dene rings and the phenyl ring are perfectly coplanar,
which may provide an attractive chiral environment
(see Supporting Information for computational de-
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tails). Therefore, we rationalize that this novel type of
chiral bis-triazolium salts should give rise to the im-
proved catalytic performance in asymmetric organo-
catalysis. In this paper, we have synthesized of a
series of enantiopure bis-triazolium salts Sa—¢ and
wish to describe here our results in their application
for highly enantioselective benzoin condensations
with a number of aromatic aldehydes.

As shown in Scheme 2, the synthesis of bis-bicyclic
triazolium salts Sa—c is a straightforward process ac-
cording to Leeper’s synthesis with an appropriate
modification starting from the corresponding morpho-
lin-3-one 3, which arose from readily available amino
alcohols.’! Ethylation of 3 with Meerwein’s reagent
yielded the imino ether 4. m-Phenylenedihydrazine
dihydrochloride then reacted with 4 to afford the ami-
drazone hydrochloride, followed by cyclization with
triethyl orthoformate to give the final products 5 (51—
64% overall yields from 3). These salts are air- and
water-stable solids with melting points around 300°C.
The structure of (S§)-5a-2 was confirmed by X-ray
crystallographic analysis (Figure 1)

Our initial exploration for the triazolylidene-cata-
lyzed enantioselective benzoin condensation focused
on the coupling of benzaldehyde. After screening a
variety of bases, we found that +-BuOK was clearly
the best choice in terms of yield (95% ) and enantiose-
lectivity (95% ee) in the presence of 1 mol% of (§)-
5a-1 and 2 mol% of base in THF [i.e., K,CO; (91%
yield, 93% ee); DBU (43% vyield, 74% ee); Et;N
(15% yield, 78% ee in THF; 83% yield, 90% ee in
CH;0H); DIPEA (trace amounts of benzoin)]. Other
solvents (i.e., MeOH, EtOH, CH,Cl,, and toluene)
were also investigated, but were found to be inferior
to THF. The results from the triazolium precatalyst
Sa—c survey in combination with -BuOK are summar-
ized in Table 1. The results demonstrated that the cat-
alytic performance (activity and enantioselectivity) of
the ligands was largely dependent on the R' substitu-
ents of the morpholine ring. Of the six chiral bis-bicy-
clic triazolium salts with the illustrated absolute con-
figurations, the phenylalanine-derived (S)-5a-1 with a
benzyl group at the morpholine ring proved to be the
ligand of choice (entry3), while (R)-5c-1 with a
phenyl group gave rise to moderate yield and enantio-
selectivity and (5)-5b-1 with an isopropyl group deliv-
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Scheme 2. Synthesis of triazolium salts 5a—¢. a) Et;O*BF,” (1.2 equiv.), CH,Cl,, room temperature, 15 h. b) m-Phenylenedi-
hydrazine dihydrochloride (0.5 equiv.), MeOH, 50°C. ¢) HC(OCH,CHs;); (5 equiv.), MeOH, 80°C, 12 h.

Figure 1. ORTEP drawing of the molecular structure of (§)-5a-2. Thermal ellipsoids are set at the 30% probability level.

The PF,~ anions were omitted.

ered only trace amounts of the coupling product (en-
tries 8 and 10). In addition, the counteranions of the
bis-bicyclic triazolium salts could also influence both
the stereoselectivity and yield of the model reaction.
Indeed, the catalytic performance of precatalysts with
chloride as counteranion was superior to the corre-
sponding hexafluorophosphates (entries 3, 7-11). Fur-
ther optimization of reaction conditions revealed that
an increase in the amount of #+BuOK or (S$)-5a-1
would lower the enantioselectivies although the yields
could be improved, which is assumed to be attributa-
ble to a partial racemization of the product due to the
higher concentration of ~-BuOK or basic triazolyli-
dene as mentioned above (entries 1-6).%1 A screen-
ing of the precatalyst/-BuOK ratio indicated that a
1:2 ratio was the best choice in terms of enantioselec-
tivity and yield, which is in good accordance with the
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calculated amount of base required for the complete
deprotonation of the bis-bicyclic triazolium salt (S)-
5a-1. Further lowering the amount of (§)-5a-1 to 0.5
mol% could give an excellent enantioselectivity of up
to 98% ee, albeit with a lower yield of 53% (entry 5).
The best result was obtained in THF at room temper-
ature (20°C) for 20 h under N, using only 1 mol% of
(S)-5a-1 in the presence of 2 mol% of ~-BuOK, deliv-
ering an excellent enantioselectivitiy of 95% ee and a
high yield of 95%, which is the highest value ever re-
ported in terms of enantioselectivitiy and yield [83%
yield with 90% ee using 10 mol% of (S)-7 at 18°C].[
In sharp contrast, on using 1 mol% of the correspond-
ing parent mono-triazolium salts (S)-6a, (§)-6b and
(R)-6¢ as precatalyst, the reaction of benzaldehyde af-
forded only moderate or trace amounts of benzoin in
the presence of 1.0 equiv. of +~-BuOK as base (en-
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Table 1. Enantioselective benzoin condensation of benzalde-
hyde in the presence of precatalysts 5-6.!

o}
2 PhCHO 5 or 6, t-BuOK Ph)j\i/ Ph
THF, r.t. s OH
8a
9a

Entry Catalyst -BuOK Yield ee

(mol%) (mol%) [%]®! (%]
1 (5)-5a-1 (1) 0.5 trace -
2 (S)-5a-1 (1) 1 58 98
3 (5)-5a-1 (1) 2 95 95
4 (5)-5a-1 (1) 3 96 83
5 (5)-5a-1(0.5) 1 53 98
6 (S)-5a-1 (2) 4 98 83
7 (S)-5a2(1) 2 81 86
8 (5)-5b-1 (1) 2 trace -
9 (5)-5b-2 (1) 2 trace -
10 (R)-5¢-1(1) 2 56 —7414
11 (R)-5¢-2 (1) 2 40 —691
12 (S)-6a (1) 1 27 88
13 (5)-6b (1) 1 trace -
14 (R)-6¢ (1) 1 trace -

[ Reactions were performed on a 1.0 mmol scale with 5 or
6 and +-BuOK in 1.0 mL of THF under N, atmosphere at
room temperature for 20 h.

) Yield of isolated product based on benzaldehyde.

[l Enantiomeric excess was determined by HPLC analysis
(Chiralcel OD-H). The absolute configurations were as-
signed by comparison with the optical rotation values in
the literature./**%!

@l The absolute configuration of this adduct is R.

tries 12-14). It should be pointed out that Leeper’s
catalytic system afforded only 45% yield for the ben-
zoin condensation of benzaldehyde even using 30
mol% of (5)-6a.

O/—<N/” cl- /_</ n‘N 3
e o N— C
1 N/

R
Ph

(R)-6¢

»e
‘C;Nja

(S)F7

(S)-6a R' = CH,Ph
(S)-6b R' = i-Pr
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With optimized conditions now in hand, the scope
of the catalytic enantioselective benzoin condensation
was demonstrated with aromatic aldehydes. We were
delighted to find that our catalytic system was capable
of tolerating a relatively wide range of aromatic alde-
hydes when the reactions were conducted in the pres-
ence of 1 mol% of (§)-5a-1 and 2 mol% of +~-BuOK in
THF at room temperature for 20 h. As is evident in
Table 2, in most cases the condensation of aromatic
aldehydes 8 led to the corresponding hydoxy ketones
9 with reasonable product yields and excellent enan-
tioselectivities of up to 95% ee including electron-
rich, electron-poor, and sterically hindered examples.
It is important to stress that limitations on the struc-
tures of aromatic aldehydes were encountered when
(S)-6a or (S5)-7 catalyst systems were employed./*
For example, electron-rich aromatic aldehydes gener-
ally showed better asymmetric induction than elec-
tron-deficient ones. However, these +1/4+M substitu-
ents in the para position resulted in distinct drop in
the turnover numbers of triazolium salts. In the pres-
ence of 10 mol% of (S)-7, the coupling reactions of p-
methylbenzaldehyde 8b and p-methoxybenzaldehyde
8d afforded the acyloin products 9b and 9d in 16%
and 8% vyields, respectively.’! In sharp contrast, using
only 1 mol% of (S)-5a-1 as precatalyst, the acyloins
9b and 9d could be obtained in good yields and with
high enantiomeric excesses of up to 95% ee (entries 2
and 5). When the catalyst loading was increased to 2
mol%, the yields of 9b and 9d were improved dramat-
ically from 62% and 41% to 83% and 65%, respec-
tively (entries 2, 3, 5, 6). Most remarkably, 2-naphthyl-
aldehyde 8h also underwent the coupling reaction in
excellent yield of 80% with an enantiomeric excess of
92% (entry 10), demonstrating the best result report-
ed so far. The reaction of the recalcitrant-hindered
and deactivated o-methoxybenzaldehyde 8f could
even be conducted smoothly to afford the correspond-
ing acyloin 9f in 50% yield with 85% ee (entry 8).

Conclusions

In summary, we have described a solution to the long-
standing challenge of developing a highly effective
method for the enantioselective intermolecular ben-
zoin condensation of aromatic aldehydes. Particularly
noteworthy are the generally better product yields
and enantioselectivities as well as the relatively
broader reaction scope facilitated by our catalytic sys-
tems even in the presence of 1 mol% of (S)-5a-1 in
comparison with the mono-triazolium salts reported
previously. The chiral bis-bicyclic triazolium salt (S)-
5a-1 is currently the most efficient precatalyst for the
asymmetric variant of the benzoin condensation. De-
tailed mechanistic studies to elucidate the origin of
excellent catalytic performance and further investiga-
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Table 2. Enantioselective synthesis of (S)-acyloins 9 catalyzed by (S)-5a-1.1

(S)-5a-1

2 ArCHO — >
t-BuOK, THF, r.t.

(o]
)J\/ Ar
Ar Y

9 OH
Entry Loading (mol%) Ar Product Yield [% ™ ee [%]9
1 1 Ph (8a) 9a 95 95
2 1 4-MeC,H, (8b) 9% 62 95
3 2 4-MeC¢H, (8b) 9 83 90
4 1 3-MeC¢H, (8¢) 9¢ 82 91
5 1 4-MeOC¢H, (8d) 9d 41 95
6 2 4-MeOC¢H, (8d) 9d 65 91
7 1 3-MeOC¢H, (8e) %e 70 93
8 1 2-MeOC¢H, (8f) of 50 85
9 1 4-FC4H, (8g) 9g 91 84
10 1 2-naphthyl (8h) %h 80 92

[l Reactions conditions: see Table 1; a 1:2 (S)-5a-1/t-BuOK ratio was used.

"] Yield of isolated product based on aldehyde.

[l Enantiomeric ratio was determined by HPLC analysis (Chiralcel OD-H, or OJ). The (S)-configurations were assigned by

comparison with optical rotation values in the literatur

tions into other versions of asymmetric organic cataly-
sis are currently underway and will be reported in
due course. In particular, it is reasonable to suggest
that this new class of chiral triazolium salts could also
be widely applicable in asymmetric organometallic
catalysis.

Experimental Section

General Procedure for the Preparation of Chiral
Triazolium Salts Sa-c

1,3-Bis{($)-5-benzyl-6,8-dihydro-5H-[1,4]oxazino[2,1-c]-
[1,2,4]triazol-2-ium-2-yl}benzene dichloride [($)-5a-1]: To a
flame-dried Schlenk flask charged with a suspension of tri-
ethyloxonium tetrafluoroborate (5.7 g, 30 mmol) and di-
chloromethane (40 mL) was added a solution of the mor-
pholin-3-one 3a (3.8 g, 20mmol) in dichloromethane
(20 mL). After being stirred for 15h at room temperature,
the mixture was then diluted with dichloromethane and
washed with saturated aqueous sodium hydrogen carbonate
(3x50 mL). The organic layer was dried over MgSO, and
concentrated under vacuum. The resulting residue was puri-
fied by column chromatography on silica gel with elution
with ethyl acetate/petroleum ether (1:20) to give the imino
ether 4a as viscous oil; yield: 71%.

A flame-dried Schlenk flask was charged with the imino
ether 4a (3.5 g, 16 mmol), m-phenylenedihydrazine dihydro-
chloride (1.7 g, 8 mmol) and methanol (16 mL). The reac-
tion mixture was heated at 50°C for 1 h to afford the m-phe-
nylenedihydrazone dihydrochloride, which was used in the
next reaction without further purification after being cooled
to room temperature. To the reaction mixture was added
triethyl orthoformate (11.8 g, 80 mmol). The mixture was
transferred under argon into a pyrex tube, and the sealed
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tube was then heated in an oven at 80°C for 12 h. The reac-
tion mixture was cooled to room temperature and concen-
trated under vacuum. The resulting residue was recrystal-
lized from methanol to afford the pure triazolium salt (S)-
5a-1 as a white solid; yield: 64% over three steps.
1,3-Bis{($)-5-benzyl-6,8-dihydro-5H-[1,4]oxazino[2,1-c]-
[1,2,4]triazol-2-ium-2-yl}benzene dihexafluorophosphate
[(S)-5a-2]: A tube with a magnetic stirring bar was charged
with the triazolium salt (S)-5a-1 (577.5 mg, 1 mmol) and
water (25 mL) at room temperature, followed by addition of
aqueous solution of NH,PFy (1.0M, 2 mL, 2 mmol). After
the mixture was stirred for 10 min, the solid was separated
and washed with distilled water and then dried under
vacuum for 24 h. Compound (§)-5a-2 was obtained as a col-
orless crystalline after purification by crystallization from
acetone; yield: quantitative.
1,3-Bis{($)-5-isopropyl-6,8-dihydro-5H-[1,4]oxazino[2,1-
c][1,2,4]triazol-2-ium-2-yl}benzene dichloride [(S)-5b-1]:
This compound was prepared by the same procedure as de-
scribed above (§)-5a-1 but starting material from 3b. Com-
pound 4b was obtained as a viscous oil after purification by
column chromatography on silica gel eluting with ethyl ace-
tate/petroleum ether (1:20); yield: 80%. The crude product
(5)-5b-1 was purified by column chromatography on silica
gel eluting with methanol, followed by recrystallization from
methanol to afford the pure form as a pale yellow solid;
yield: 54% over three steps.
1,3-Bis{($)-5-isopropyl-6,8-dihydro-5H-[1,4]oxazino[2,1-
cl[1,2,4]triazol-2-ium-2-yl}benzene dihexafluorophosphate
[(S)-5b-2]: This compound was prepared by the same proce-
dure as described above for (§)-5a-2. Starting material was
(5)-5b-1. Compound (S)-5b-2 was obtained as a pale yellow
solid; yield: quantitative.
1,3-Bis{(R)-5-phenyl-6,8-dihydro-5H-[1,4]oxazino|[2,1-c]-
[1,2,4]triazol-2-ium-2-yl}benzene dichloride [(R)-5c-1]: This
compound was prepared by the same procedure as de-
scribed above for (S§)-5a-1. Starting material was 3c. Com-
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pound 4¢ was obtained as a viscous oil after purification by
column chromatography on silica gel eluting with ethyl ace-
tate/petroleum ether (1:20); yield: 64%. The crude product
(R)-5¢-1 was purified by column chromatography on silica
gel eluting with methanol, followed by recrystallization from
methanol to afford the pure form as a pale yellow solid;
yield: 51% over three steps.
1,3-Bis{(R)-5-phenyl-6,8-dihydro-5H-[1,4]oxazino|[2,1-c]-

[1,2,4]triazol-2-ium-2-yl}benzene dihexafluorophosphate
[(R)-5¢-2]: This compound was prepared by the same proce-
dure as described above for (§)-5a-2. Starting material was
(R)-5¢-1. Compound (R)-5¢-2 was obtained as a pale yellow
solid.; yield: quantitative.

General Procedure for the Asymmetric Benzoin
Condensation

A flame-dried Schlenk tube with a magnetic stirring bar was
charged with the triazolium salt (S)-5a-1 (0.01 mmol) and
dry THF (1.0 mL) at room temperature, followed by addi-
tion of a THF solution of #BuOK (0.2M, 100 uL,
0.02 mmol). After the mixture was stirred for 10 min, the
aromatic aldehyde (1.0 mmol) was added. The reaction mix-
ture was then stirred at the same temperature for 20 h,
poured into water, and extracted twice with dichlorome-
thane. The combined organic layers were evaporated and
the resulting residue was purified by column chromatogra-
phy on silica gel eluting with ethyl acetate/petroleum ether
to provide the aromatic acyloin.

The reported yields of asymmetric benzoin reactions are
isolated yields and are the averages of at least three runs.
The benzoin reaction products are known and their '"H and
BC NMR spectra agreed with those in the literature cited.
Enantiomeric excesses were determined by HPLC (LabTech
600 series) with Chiracel OD-H or OJ columns. The (S)-
configurations were assigned by comparison with optical ro-
tation values in the literature.®*=2
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