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1. Introduction

In 1943, Ukai reported that thiamine catalyzed benzo

condensation,?® and the mechanism of thiazolium-catalyzed

benzoin condensation was elucidated by Breslow iB1dhe
introduction of NHCs as an organocatalyst led toeakthrough
in this area. Since the first stable nucleophilarbene was
reported by Bertrand, Arduengo and coworkers in 183fpad

application of N-heterocyclic carbenes (NHCs) in organic

synthesis has been dramatically demonstrated. iT$techtalytic
asymmetric benzoin condensation reaction was desdldpy
Sheehan and Hunnemann in 1966, although the enaletitigity
was low? Recently, several successful catalysts were repamte
the reaction of two identical aldehydé@syet cross-benzoin
condensation is still a significant challenge. Tingt example of
cross-benzoin condensation catalyzed by a thianofialt as an
NHC precursor was reported by Stetter in 187mines and
iminium salts are also good acceptors for crosstiertype
condensation reactions, affording-aminoketones with high
chemoselectivitied.In 2005, an asymmetric version of cross
benzoin-type condensation between aldehydes and eim
precursors was developed by Miller using a thiazolderived
catalyst with a peptide backboh&leanwhile, acylsilanes and
acylphosphonates were found to be suitable substréde
aldehyde ketone cross-coupling catalyzed by cyarndies.’
Ketones includingi-keto esters were also found to be goo

substrates? thereby largely avoiding chemoselectivity issues.

Intramolecular cross-benzoin condensation betwedfereint
aldehydes and ketones has also been developedjdimgl

asymmetric reactions: These are just some of the many
examples of benzoin condensation, and particulprgmising
examples of cross-benzoin condensation have beediedt
independently by Zeitler, Cannon, Gravel, Glorius afahg’”
However, there are still limitations associated wigmeral cross-
benzoin condensation between two different aldehgdé&dyzed
by NHC, especially in terms of enantioselectivity®

We recently developed a family of chiral triazoliwalts bearing
a pyridine moiety, which have been shown to catalyzezoin
condensation and intramolecular Stetter reactioas give
products with high enantioselectivit}% Herein, we report
catalytic asymmetric cross-benzoin condensationwdset two
different aldehydes to afford the corresponding-
hydroxyketones with good enantioselectivity.

2. Results and Discussion
In NHC-catalyzed asymmetric reactions, conformaticmaitrol
of the Breslow intermediate is crucial in order t@ain products
with a high degree of enantioselectivity. In thewief these
_points, we anticipated that a chiral triazolium saith a Lewis
i,PaSiC moiety would undergo intramolecular hydrogemding
with the OH group of the Breslow intermediate, givingnare
rigid intermediate in the umpolung reaction andirgivproducts
with greater stereoselectivity (Scheme 1). We desigand
synthesized a variety of chiral triazolium saltaufieg a pyridine
dring (Figure 1). Our initial reactions attempted ssdbenzoin
condensation of 1.5 equiv of 3-phenylpropandla)( and
benzaldehyde2@) using 5 mol% of triazolium sa#t, with 1.0
equiv of diisopropylethylamine (DIPEA) as a baseyémerate a
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carbene catalyst, in THF at 70 °C. The desirad

KOt-Bu was used as a base at 70 °C, the chemical gfedda

hydroxyketone3aa was obtained in 43% ee with a yield of 24% increased to 54%, but enantioselectivity was lowertr{e6).

(eq 1). To determine the importance of the pyridimg of the
precatalyst, we then carried out the reaction usiagolium salt

When the reaction temperature was decreased to 56d@0 °C,
an increase in enantioselectivity, rather than aredese in

5, with no pyridine ring® The reaction proceeded smoothly, but chemical yield, was observed (entries 6-8). Finalig, found
the product3aa was obtained in 24% ee with a yield of 14%. that the desired produ®aa was obtained with 60% ee and a

This result clearly indicated that the pyridinylogp plays an
important role in achieving higher enantioseletyivi
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Figure 1. Chiral triazolium salts bearing a pyridine ring

chiral triazolium salt

0 H. Ph 4 or 5 (5 mol%) (e}
DIPEA (1.0 equiv.
Ay (L0 equn) P
[e) THF, 70 C, 24 h
Bn Bn OH
1a 2a 3aa
(1.5 equiv) 4: 24%, 43% ee

5:14%, 24% ee

To optimize the reaction conditions, we examined résction
solvent, base, and reaction temperature using |ctrigezolium

yield of 62% when the reaction was carried out af@Qusing

KHMDS as a base and dioxane/[HMPA/2-MeTHF (4/1/1) as a

solvent (entry 9). 2-MeTHF is a useful solvent fiois reaction,
as it dissolves solid KHMDS.

Table 1.Optimization of reaction conditions
6 (10 mol%)

O O
’)J\ . HTPh Base (10 mol%) ’)J\l/Ph
H o) solv.,70 T, 24 h
Bn Bn OH
la 2a 3aa
(1.5 equiv)
entry base solv. yield/% eel%
1 DIPEA THF 56 60
2 DIPEA MeCN 13 79
3 DIPEA CHCl, 15 46
4 DIPEA toluene 12 55
5 DIPEA  dioxane/HMPA 19 80
6 KOt-Bu  dioxane/HMPA 54 60
7  KOt-Bu  dioxane/HMPA 38 80
8  KOt-Bu  dioxane/HMPA 13 87
9" KHMDS  dioxane/HMPA/ 62 60
2-MeTHPF®

% The absolute configuration oR)-3aa was determined by
comparison of the specific rotation with the repdrtelue®®®
The solvent ratio was 1/1 (volume/volumé).Reaction was
carried out at 50 °C? Reaction was carried out at 40 “CThe
solvent ratio was 4/1/1 (volume/volume).

We then turned our attention to the structure of thiral

triazolium salt (Table 2). The chiral triazoliumltsg, bearing an
isopropyl group at the stereocenter, gave a highemical yield
of 83% (entry 2). Based on this result, the cai@lgfficiency of

the chiral triazolium salt is highly dependent be bulkiness of
the substituent on the chiral center. The introdacbf a TBS-
protected methanol group onto the pyrrolidine r{8jgave the
product with high chemical yield, but the enantiesglity was
47% (entry 3). When the reaction was carried outrcam

temperature, the reaction still proceeded, affaydime product

salt 6, which has been demonstrated to be useful in benzoiwith moderate chemical yield and enantioselecti@ntry 4).
condensatiofi® The results are shown in Table 1. Cross-benzoiffriazolium salts § or 10) bearing a TIPS group or a TBDMS
condensation ofla and 2a was carried out using 10 mol% of group on the alcohol moiety gave the proddat with almost
triazolium salté with 10 mol% of DIPEA as a base in THF at same enantioselectivity &s(entries 5 and 6). We found that the
70 °C, givinga-hydroxyketone3aa with 60% ee and a yield of use of a chiral triazolium salt bearing a benzybugr (11)

56% (entry 1). When other
dichloromethane, and toluene were used, the degimtlict3aa
was obtained with moderate enantioselectivity butdhemical
yields were lower (entries 2—4). A dramatic improveman
enantioselectivity was achieved—up to 80% ee—by gusan
dioxane/HMPA (1/1) solvent system (entry')To improve the
chemical yield, we examined the optimum base andticea
temperature for efficient generation of the carbestalyst. When

solvents such as MeCNyesulted in improved chemical yield and enanticgeliy,

giving the product with 65% ee and a yield of 69%r@m
temperature (entry 7). The use of chiral imidazulisalts bearing
more bulky benzyl groups such as mesitylmethyl2),(
triisopropylphenylmethyl X3), 1-naphthylmethyl 14), and 2-
naphthylmethyl 15) resulted in lower enantioselectivities and/or
chemical yields (entries 8-11). Enantioselectisitidid not
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change when the reactions ran for shorter and lainger(entries = a higher enantioselectivity (77% ee) was achievexdryel4).

7,12 and 13). Next, we examined substituted benzaldehydes bearing a
electron-donating group (entries 16—-21). In allesasxcept one,
Table 2. Effects of various precatalysts the reaction proceeded to afford the corresponding
o chiral triazolium salt (10 mol%) 0 hydroxyketone with 64—-69% enantioselectivity. Theception
’)L . H__Ph KHMDS (10 mol%) . _Ph was 2-methylbenzaldehyde?n), which was possibly due to
H o dioxane/HMPA/2-MeTHF steric hindrance (entry 19).
Bn 4/1111) Bn OH
1la 2a rt, 24 h 3aa Table 3.Reactions with various substrates
(1.5 equiv)
o HOA 11 (10 mol%) o)
r 0,
entry’ chiral yield/% ee/% absolute o+ 0 KHMDS (10 malb) R)J\/Ar
triazolium . . R™ 'H o dioxane/HMPA/2-MeTHF :
configuratior} @) OH
salt
1 2 rt, 24 h 3
1 6 62 60 R (1.5 equiv)
2 7 83 43 S entry’ R Ar yield/% ee/
¥ 8 99 47 R %’
4 8 46 63 R 1 BnCH, (1a) C¢Hs (28) 69 3aa) 65
5 9 48 61 R 2 4-MeGH,CH, CsHs (28) 66 Bba) 56
6 10 63 62 R (1b)
3 4-MeOGH,CH CeHs (2 31 67
7 1 69 65 S e(l%) 4CHy sHs (2a) @ca)
8 12 42 37 R 4 Et (Ld) CeHs (23) 23@da) 60
9 13 50 40 R 5 n-Hept (L&) CeHs (23) 55@ed 59
10 14 48 69 S 6 i-Bu (1f) CeHs (23) 24 Bfa) 17
11 15 38 62 R 7 i-Pr (Lg) CeHs (29) trace nd
12 1 26 66 S 8 BnCH, (1a) l-naphtyl eb) 28 Bab) 64
1¥ 1 55 64 S 9 BnCH (1a  2-naphtyl e 76 @ag 67
% 3-Phenylpropanall@) (1.5 equiv) and benzaldehyd2a) 10 BnCH (1a 2-CICH, (2d 41 Ba 69
(1.0 equiv) were used as substrateBhe absolute configuration H (13 CHa 29 Gad)
of 3aa was determinegaby comparison of the specific ratatio 11 BnCH (14) 3-CICH, (2€) 50 Bae 39
with the reported value® “ The reaction was carried out at 40 i
°C.“ Reaction time was 4 AReaction time was 48 h. 12 BnCH (13) 4-CICaH, (21) 43 @al) 69
13 BnCH (1a) 2-BrGsH, (290 30 Bag) 64
Under the optimized reaction conditions using th&veacand 14 BnCH (13) 4-BrGeHs (2h) - 46 @ah) 77
selective precatalyst 11, the scope of the -catalytic 15 BnCH (1a) 4-MeO,CCH, 40 (3ai) 43
enantioselective  cross-benzoin condensation reactigas (2i)
demonstrated using various aliphatic and aromaliehgdes .
(Table 3). We were delighted to find that our cdtalpystem 16 BnCh (19) Z'MGZQQ’H“ 39 (3a)) 69
was applicable to a wide range of aldehydes usingdl® of11 @)
and 10 mol% of KHMDS in 1,4-dioxane/[HMPA/2-MeTHF at 17 BnCH (1a) 3-MeOGH, 66 (3ak) 68
room temperature. 3-Phenylpropanas)(and its derivativedb (2k)
and 1c were good substrates for the reaction, affording th
products with moderate enantioselectivity (entrie$)1 In the 18 BnCH (13) 4-MeOGH, 19@a) 64
case of linear aliphatic aldehydes such as projiehgde Ld) (@
and n-octanal {e), the products were obtained with reasonable 19 BnCH (1a) 2-MeC;H, nd nd
enantioselectivities; however, branched aldehydese weot (2m)
effective in this reaction system, possibly dusstric hindrance
(entries 4-7). Next, we examined the reactions obuartypes 20 BnCH (1a) 3-MeGH, (2n) 46 @an) 70
of aromatic aldehyde with 3-phenylpropanab)( again using 21 BnCH, (1a) 4-MeGH, (20) 52@ag 64
chiral triazolium saltll. 1-Naphthaldehyde2p) showed lower o ) ) _
reactivity, but with moderate enantioselectivity tgn8). In Aliphatic aldehyded (1.5 equiv) and aromatic aldehydes

contrast, 2-naphthaldehyd2d was a good substrate, affording (1.0 equiv) were used as substrafeEhe absolute configurations
the product3ac with 67% ee and a yield of 76% (entry 9). We of 3 were assigned based on the analogous reactiorable 2°
also examined substituted benzaldehydes bearinglentron- The absolute configuration ofSg3da was determined by
withdrawing group (entries 10-15). Producdsd-3ai were comparison of the specific rotation with the reponaluet®
obtained with moderate enantioselectivities, exdept3ae and

3ai (entries 11 and 15). In the case of 4-bromobeebgide 2h),
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By comparison of its optical rotation with that refea in the
literature, the absolute stereochemistry of theom&gomer of
benzoin 3aa prepared using the chiral triazolium salt was

Tetrahedron

Synthesis of chiral lactams 16 and 17
To a solution of corresponding benzyl bromide darixe (6.5
mmol) in THF (20 mL)t-BuLi (8.0 mL, 1.63 M in pentane) was

determined to b&'®*Based on the determined stereochemistry, sdded dropwise at 78 °C, and the whole was stirr@€d°gx for

transition state model, as shown in Scheme 2, wampea. The
benzyl group shields th& face of the Breslow intermediate,
whose geometry is controlled by hydrogen bondingveeh the
hydroxyl group and the pyridine ring. Thereforeg #ttack of the
incoming aromatic aldehyde molecule occurs from tess
hinderedRe face; that is, the Breslow intermediate predomigant
approaches thBe face of the aromatic aldehyde, leading tdSan
configuration at the newly formed stereogenic cerSeattack by
the Breslow intermediate may be disfavored due fricst
repulsion between the heterocyclic moiety of theermiediate
and the aromatic ring of the aldehyde. The pretisehanism of
stereoinduction is now under further investigatiom our
laboratory.

Scheme 2 Stereochemical model of cross-benzoin
condensation

Hydrogen bonding

/
H
N/N <Z>
—Ph U. Ph

Disfavored Sl-face attack

Hydrogen bonding

Favored |Re-face attack

o o]
©) ®

Ph  OH OH Ph

3. Conclusion

In summary, we have developed a cross-benzoin ceaten
reaction catalyzed by NHC prepared from chiral triamo salts
bearing a pyridine ring, givinga-hydroxy ketones with
reasonable chemical yields and enantioselectivifieside range
of aliphatic and aromatic aldehydes were succegsiiskd in the
reaction.

4. Experimental Section

General Method

10 min. To the reaction mixture, CuCN (292 mg, 3r26ol)
was added one portion and the whole was stirred &t for 20
min. To the reaction mixture,Sf-5-(tosylmethyl)pyrrolidin-2-
on€® (584 mg, 2.2 mmol) in THF (2.0 mL) was added dropwis

—78 °C and the whole was stirred at —78 °C for, Jard
warmed to room temperature. After 24 h, 1 M HCI waseddd
and the organic solvents were removedvacuo. The aqueous
layer was extracted with CHLC(10 mL x 3). The combined
organic layers were washed with water and brine, tdeed
over NaSQ,. Condensation and the subsequent purification by
silica gel flash column chromatography gave theesponding
chiral lactam.

(S)-5-(2,4,6-Trimethylbenzyl)pyrrolidin-2-one (16)

Silca gel column chromatography (hexane/ethyl aeeta
20/1~3/1) gavel6 (193 mg, 41%) as a white solid of mp = 144—
145 °C and ]*, —41.5 € 0.54, EtOH)H NMR (CDCL): 1.78—
1.85 (m, 1H), 2.18 (s, 3H), 2.22 (s, 6H), 2.25-2.41 8H),
2.75-2.81 (m, 2H), 3.78-3.85 (m, 1H), 5.25 (brs, 1619 (s,
2H). ®C NMR (CDCE): 20.4, 20.7, 27.5, 30.0, 35.8, 53.9, 129.4,
131.3, 136.1, 136.4, 177.6. IR (KBr): 2960, 171060, 1380,
1360, 1250, 1050 cth HRMS-DART (W2): Calcd for
C1H,oNO [M+H]*: 218.1545. Found: 218.1551.

(9)-5-(2,4,6-Triisopropylbenzyl)pyrrolidin-2-one (17)

Silca gel column chromatography (hexane/ethyl a&eeta
20/1~2/1) gavel7 (271 mg, 41%) as a white solid of mp = 158—
159 °C andd]*, —38.6 € 0.11, CHCJ). '"H NMR (CDCk): 1.14
(d,J = 6.8 Hz, 6H), 1.17 (d] = 6.8 Hz, 6H), 1.18 (d] = 6.8 Hz,
6H), 1.82-1.87 (m, 1H), 2.24-2.30 (m, 2H), 2.32-2#2 1H),
2.73-2.89 (m, 3H), 3.08-3.10 (m, 2H), 3.70-3.77 (h), .23
(brs, 1H), 6.93 (s, 2HJ’C NMR (CDCE): 23.7, 23.9, 24.1, 26.6,
29.1, 29.9, 32.2, 33.8, 55.3, 120.9, 127.9, 1474%,8, 177.4. IR
(KBr): 2970, 1700, 1450, 1390, 1360, 1250, 1060 dHRMS—
DART (m/z): Calcd for GgHz,NO [M+H]" : 302.2484. Found:
302.2470.

(R)-5-(Naphthalen-1-ylmethyl)pyrrolidin-2-one (18)

Chiral lactam 18 was synthesized following the reported
method®

Silca gel column chromatography (hexane/ethyl aeeta
5/1~ethyl acetate ) gavi8 as a yellow oil of ¢]*°, +18.7 € 0.19,
CHCly). *H NMR (CDCk): 1.66-1.73 (m, 1H), 1.89-1.98 (m,
1H), 2.12-2.19 (m, 1H), 2.23-2.28 (m, 1H), 3.00-3:105 1H),
3.22(ddJ=7.2,14.0 Hz, 1H), 3.89-3.92 (m, 1H), 7.19-7.26 (m,

'H NMR spectra were recorded on a 400 MHz NMRZH) 7.29-7.33 (m, 1H), 7.38-7.46 (m, 2H), 7.67Xd, 8.4 Hz,

spectrometer. Chemical shiftsare reported in ppm using TMS
as an internal standard. Data are reported as fallolamical
shift, multiplicity (s = singlet, d = doublet, ttriplet, g = quartet,
m = multiplet), coupling constang)(and integrationlSC NMR

1H), 7.77 (dJ = 8.4 Hz, 1H), 7.93 (d] = 8.4 Hz, 1H)*C NMR
(CDCly): 26.3, 29.7, 39.0, 54.3, 123.0, 124.9, 125.2,8.2626.7,
127.0, 128.3, 131.3, 133.1, 133.4, 177.7. IR (KBf)60, 1700,
1600, 1510, 1400, 1280, c}nHRMS DART /2): Calcd for

spectra were recorded on 100 MHz NMR spectrometer. Th@lsHleNO [M+H]": 226.1232. Found: 226.1234.

chemical shifts were determined in tBscale relative to CDGI

(0= 77.0 ppm). The wave numbers of maX|mum absorptiorGeneral procedures for the synthesis of chiral triaolium salts

peaks of IR spectroscopy are presented in
positive,
spectrometer and TOF mass spectrometers. All mefimigts

A'CHRMS (FAB

were measured using a micro melting point apparatus. ﬁ

Dehydrated solvents were purchased for the reactiadsused
without further desiccation.

General procedures for the synthesis of chiral laeims 16-18

DART) was measured with a quadrupole mass

1) Lawesson reagent

94&0 2) Mel

3) 2-hydrazinopyridine

N BF4
N
4) trimethyl orthoformate, NH4BF4

Scheme 3General synthesis of precatalyditethod A).

Method A



To a solution of the corresponding lactam in ,CH,
Lawesson reagent (1.0 equiv) was added in one porfibe
reaction mixture was stirred at room temperature2tbrh. The
whole was filtered through silica gel on celite ahd filtrate was
concentrated. The residue was purified by silicaflgesh columm
chromatography to afford the corresponding thi@ac{Scheme
3, Step 1). To a solution of the thiolactam in lereg, excess
mount of iodomethane (15 equiv) was added dropwiseah
temperature. The whole was stirred at room temperatifter
consumption of the starting thiolactam (monitorgdTh.C), the
solvent and the remaining unreacted iodomethane weeneved
under reduced pressure. The residue was used withaber
purification (Scheme 3, Step 2). To a THF solutioh the
thioimidium iodide obtained above, 2-hydrazinopyral (1.0
equiv) in THF was added dropwise and the whole wasdtit
room temperature. The solvent was removed in vacubthe
residue was purified by silica gel flash column chatography
(Scheme 3, Step 3). A suspension of the resultimgoinydrazine
and ammonium tetrafluoroborate (1.05 equiv) in étiyl
orthoformate (40 equiv) was stirred at 90 °C for b2
Condensation and the subsequent purification ligasgel flash
column chromatography gave the corresponding ctriegdolium
salt (Scheme 3, Step 4).

1) MGSOBF4
2) 2-hydrazinopyridine
3) trimethyl orthoformate

a4y o

N
H

Scheme 4 General synthesis of precatalys#e(hod B).

Method B*®
To a solution of the corresponding lactam in,CH(0.5 M),

trimethyloxonium tetrafluoroborate (1.1 equiv) waklad in one
portion. The reaction mixture was stirred at roomgerature for
12 h (Scheme 4, Step 1). To the reaction mixture,
hydrazinopyridine (1.1 equiv) in THF (ca. 1 mL) wadded at
room temperature and stirred for 12 h (Scheme ep 3). After
removing the solvent in vacuo, trimethyl orthofots&0 equiv)
was added and the whole was stirred at 120 °C for (Bcheme
4, Step 3). Condensation and the subsequent m@iidficby silica
gel flash column chromatography gave the corresipgnchiral
triazolium salt.

(R)-5-Isopropyl-2-(pyridin-2-yl)-6,7-dihydro-5 H-2i"
pyrrolo[2,1-c][1,2,4]triazole, tetrafluoroborate salt (7)
Method B (7.23 mmol scale): Silca gel
chromatography (CH@MeOH = 10/1) gav€ (462 mg, 20%) as
a brown solid of mp = 170-172 °C (MeOH) and¥, +30.1 €

0.11, CHCJ). *H NMR (CDCL): 0.97 (d,J = 6.8 Hz, 3H), 1.11 (d,

J = 6.8 Hz, 3H), 2.35-2.43 (m, 1H), 2.51-2.60 (m, 1HY62
3.06 (m, 1H), 3.16-3.20 (m, 1H), 3.26-3.30 (m, 1H)555.10
(m, 1H), 7.49 (tJ = 6.0 Hz, 1H), 7.93-8.01 (m, 2H), 8.54 (d;
3.6 Hz, 1H), 10.1 (s, 1H)3C NMR (CDCL): 16.8, 18.4, 21.7,
28.9, 31.5, 66.4, 113.9, 126.0, 136.6, 140.1, 14148.2, 162.9.
IR (KBr): 2970, 1590, 1500, 1460, 1410, 1380, 120070 cr".
HRMS-DART (W2): Calcd for GaHi N, [M* = BF,]: 229.1453.
Found: 229.1457.

(9)-5-(((tert-Butyldimethylsilyl)oxy)methyl)-2-(pyridin-2-yI)-
6,7-dihydro-5H-21"*pyrrolo[2,1-c][1,2,4]triazole,
tetrafluoroborate salt (8)

Method A (2.49 mmol scale): Silca gel
chromatography (CH@MeOH = 10/1) gaved (93 mg, 9%) as a
colorless solid of mp = 181-183 °C (ethyl acetated ]*, —

column

column

5
59.5 € 0.12, CHCJ). 'H NMR (CDCE): —0.06 (s, 3H), 0.00 (s,
3H), 0.75 (s, 9H), 2.54-2.62 (m, 1H), 2.97-3.07 (m,, B)4—
3.22 (m, 2H), 3.80 (dd] = 4.8, 12.0 Hz, 1H), 4.20 (dd,= 2.8,
12.0 Hz, 1H), 5.19-5.22 (m, 1H), 7.43-7.47 (m, 1H)77B97
(m, 2H), 8.47 (d,J = 3.2 Hz, 1H), 10.1 (s, 1H))C NMR
(CDCly): 17.9, 22.2, 25.6, 29.7, 62.5, 64.4, 113.8, 12535.4,
140.0, 147.4, 149.2, 163.7. IR (KBr): 2950, 159870, 1420,
1380, 1260, 1200, 1120 ¢m HRMS-DART (/2): Calcd for
C1H»N,OSi [M* = BF,]: 331.1954. Found: 331.1961.

(9)-2-(Pyridin-2-yl)-5-(((triisopropylsilyl)oxy)methy 1)-6,7-
dihydro-5H-20*pyrrolo[2,1-c][1,2,4]triazole,
tetrafluoroborate salt (9)

Method B (11.0 mmol scale): Silca gel column
chromatography (CHg@MeOH = 10/1) gavé® (580 mg, 11%) as
a white solid of mp = 171-172 °C (ethyl acetate) fmid, —
52.1 €0.15, CHCJ). '"H NMR (CDCE): 0.96 (d,J = 4.8 Hz, 9H),
0.97 (d,J = 4.8 Hz, 9H), 1.02-1.11 (m, 3H), 2.64-2.72 (m, 1H),
3.04-3.14 (m, 1H), 3.2-3.29 (m, 2H), 3.95 (dd; 3.6, 11.5 Hz,
1H), 4.36 (ddJ = 2.0, 11.5 Hz, 1H), 5.33-5.37 (m, 1H), 7.47-
7.51 (m, 1H), 7.93 (d) = 8.4 Hz, 1H), 7.99 (td) = 2.0, 8.4 Hz,
1H), 8.54 (d,J = 4.8 Hz, 1H), 10.2 (s, 1H}*C NMR (CDCW):
11.6,17.7, 17.8, 22.2, 29.6, 62.6, 64.9, 113.8,9,2136.4, 140.0,
147.4, 149.3, 163.7. IR (KBr): 2940, 1600, 147080,31190,
1060 cm". HRMS-DART (n/z2): Calcd for GgHaaN,OSi [M* =~
BF,): 373.2424. Found: 373.2410.

(9)-5-(((tert-Butyldiphenylsilyl)oxy)methyl)-2-(pyridin-2-yI)-
6,7-dihydro-5H-2)"-pyrrolo[2,1-c][1,2,4]triazole,
tetrafluoroborate salt (10)

Method B (8.76 mmol scale): Silca gel column
chromatography (CHg@MeOH = 10/1) gavel0 (210 mg, 42%)
as a brown solid of mp = 118-119 °C (ethyl acetare) >, —
39.6 € 0.15, CHCJ). '"H NMR (CDCE): 1.01 (s, 9H), 2.63-2.67
(m, 1H), 3.01-3.07 (m, 1H), 4.24 (&= 6.8 Hz, 2H), 3.96 (dd]
= 4.0, 12.0 Hz, 1H), 4.25 (dd,= 3.6, 12.0 Hz, 1H), 5.31-5.32

2(m, 1H), 7.28-7.37 (m, 5H), 7.45-7.53 (m, 6H), 7.91)(¢ 6.0
Hz, 1H), 8.00 (tdJ = 1.6, 8.0 Hz, 1H), 8.54-8.56 (m, 1H), 9.84
(s, 1H).®*C NMR (CDCE): 18.9, 21.9, 26.7, 29.1, 62.1, 64.7,
113.6, 125.9, 127.8, 127.9, 130.0, 130.1, 131.2,8,3135.1,
135.2, 135.7, 140.0, 147.0, 148.9, 163.3. IR (KR®30, 1590,
1470, 1430, 1380, 1190, 1060 ¢MHRMS-DART (W2): Calcd
for C,sH3:N,OSi [M* —"BF,]: 455.2267. Found: 455.2273.

(R)-5-Benzyl-2-(pyridin-2-yl)-6,7-dihydro-5H- 21"
pyrrolo[2,1-c][1,2,4]triazole, tetrafluoroborate salt (11)

Method B (9.06 mmol scale): Silca gel column
chromatography (CHg@MeOH = 10/1) gavel (660 mg, 20%)
as a colorless solid of mp = 177-178 °C (MeOH) aa}f’}
+30.5 € 0.20, CHCJ). '"H NMR (CDCk): 2.53-2.61 (m, 1H),
2.96-3.04 (m, 1H), 3.18-3.22 (m, 2H), 3.29 (dd, J2; ¥4.0 Hz,
1H), 3.42 (dJ = 4.4 Hz, 1H), 5.23-5.73 (m, 1H), 7.19-7.32 (m,
5H), 7.38-7.42 (m, 1H), 7.84-7.88 (m, 1H), 7.90 {t4,2.0, 8.4
Hz, 1H), 8.04-8.41 (m, 1H), 9.58 (s, 1H}C NMR (MeCN4,):
22.5, 33.7, 40.5, 63.5, 115.1, 127.5, 128.9, 13030,7, 136.8,
137.3, 142.1, 148.8, 150.6, 164.7. IR (KBr): 303600, 1510,
1470, 1390, 1200, 1060 ¢ HRMS-DART (w2): Calcd for
CiHiN, [MT = BF,]: 277.1453. Found: 277.1450.

(9)-2-(Pyridin-2-yl)-5-(2,4,6-trimethylbenzyl)-6,7-dhydro-
5H-2)"-pyrrolo[2,1-c][1,2,4]triazole, tetrafluoroborate salt
(12)

Method A (0.28 mmol scale): Silca gel column
chromatography (CH@MeOH = 10/1) gavd 2 (30 mg, 27%) as
a white solid of mp = 195-196 °C (CHftlexane) andd]*’,
+64.4 € 0.07, CHC)). '"H NMR (CDCL): 2.16 (s, 6H), 2.29 (s,
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3H), 2.54-2.62 (m, 1H), 3.14 (ddl= 10.0, 14.0 Hz, 1H), 3.23-
3.31 (m, 3H), 3.35-3.41 (m, 1H), 5.35-5.37 (m, 1914, 2H),
7.43-7.46 (m, 1H), 7.90 (d,= 8.0 Hz, 1H), 7.95 (1) = 8.0 Hz,
1H), 8.44 (d,J = 4.8 Hz, 1H), 8.72 (s, 1HJ°C NMR (CDCH):
19.8, 20.9, 21.4, 33.1, 33.4, 60.2, 113.9, 12528.4, 129.9,
136.0, 136.8, 137.6, 140.0, 147.3, 149.0, 162.7(KBr): 3410,
2940, 1600, 1470, 1420, 1380, 1200, 1060'cMRMS—-DART
(m/2): Calcd for GgH,gN, [M* — BF): 319.1923. Found:
319.1919.

(9)-2-(Pyridin-2-yl)-5-(2,4,6-triisopropylbenzyl)-6, 7-dihydro-
5H-2)"-pyrrolo[2,1-c][1,2,4]triazole, tetrafluoroborate salt
13)

Method A (2.28 mmol scale): Silca gel column
chromatography (CHg@MeOH = 10/1) gavel 3 (56 mg, 5%) as
a white solid of mp = 196-197 °C (CHfthexane) andd]*,
+63.1 € 0.12, CHCJ). '"H NMR (CDCL): 1.04 (d,J = 6.4 Hz,
3H), 1.24 (dJ = 6.4 Hz, 3H), 1.27 (d] = 5.2 Hz, 6H), 1.29 (d]
= 5.2 Hz, 6H), 2.60-2.63 (m, 1H), 2.73-2.81 (m, 1H3722.92
(m, 1H), 3.12-3.18 (m, 2H), 3.20-3.46 (m, 4H), 5.2245m,
1H), 7.05 (s, 2H), 7.40-7.44 (m, 1H), 7.86—-7.96 (m,, BD3 (s,
1H), 8.37 (d,J = 4.4 Hz, 1H)*C NMR (CDC}): 21.3, 23.7, 24.2,
24.4, 29.7, 31.2, 33.3, 34.3, 61.8, 113.9, 12125.8, 1355,
140.0, 147.1, 147.1, 147.5, 148.8, 149.1, 162.71KR): 3420,
2960, 1590, 1470, 1420, 1380, 1190, 1070'cMRMS-DART
(m/2): Calcd for GgHssN, [M* — BF,: 403.2862. Found:
403.2867.

(R)-5-(Naphthalen-1-ylmethyl)-2-(pyridin-2-yl)-6,7-dihydro-
5H-2)"-pyrrolo[2,1-c][1,2,4]triazole, tetrafluoroborate  salt
(14)

Method B (2.85 mmol scale): Silca gel column
chromatography (CHg@MeOH = 10/1) gaved4 (125 mg, 11%)
as a white solid of mp = 198-199 °C (MeOH) aa{f], +51.5 €
0.30, MeCN)."H NMR (CDCL): 2.57-2.66 (m, 1H), 2.98-3.08
(m, 2H), 3.20-3.26 (m, 2H), 3.33 (dd,= 7.2, 10.0 Hz, 1H),
5.34-5.42 (m, 1H), 7.24-7.36 (m, 7H), 7.42—7.50 (), .90
(d,J = 7.6 Hz, 1H), 7.94 (td] = 1.6, 8.0 Hz, 1H), 8.45 (d,= 8.0
Hz, 1H), 9.64 (s, 1H)**C NMR (MeCNd,): 22.4, 34.2, 37.7,
41.3, 62.5,115.0, 116.1, 120.0, 124.6, 126.9,112I27.5, 128.0,
129.2, 129.7, 130.3, 132.9, 137.6, 142.1, 148.0,515164.6. IR
(KBr): 3420, 2960, 1590, 1460, 1420, 1380, 1190'cMRMS—
DART (m/2): Caled for GHigN, [M* = BF,]: 327.1610. Found:
327.16009.

(S)-5-(Naphthalen-2-ylmethyl)-2-(pyridin-2-yl)-6,7-dihydro-
5H-2)"-pyrrolo[2,1-c][1,2,4]triazole, tetrafluoroborate salt
(15)

Method B (0.66 mmol scale): Silca gel column
chromatography (CHg@MeOH = 10/1) gavé® (100 mg, 37%) as
a white solid of mp = 217-218 °C (CH@HeOH) and §{]*% —
20.0 € 0.12, CHCJ). 'H NMR (MeCN<dy): 2.76-2.84 (m, 1H),
3.01-3.08 (m, 1H), 3.29-3.31 (m, 2H), 3.47 (#¢,8.0, 14.4 Hz,

Tetrahedron

To a suspension of chiral triazolium salt (0.05 rhmiD
mol%), aliphatic aldehyd& (0.75 mmol), aromatic aldehydz
(0.5 mmol) in 1,4-dioxane-hexamethylphosphoramid®iiPA)
(0.5 mL, 4/1), a suspension of KHMDS (0.05 mmol,m@i%) in
2-methyITHF (0.1 mL) was added dropwise at room teatpee.
The reaction mixture was stirred at room temperatéyfier 24 h,
the whole was though silica gel and washed with etbgtede,
then, the solvent was removed in vacuo. The residsepurified
by silica gel column chromatography.

(S)-1-Hydroxy-1,4-diphenylbutan-2-one (3aay"

Silica gel column chromatography (hexane/ethyl ateet 10/1)
gave3aa (83 mg, 69% yield) as a colorless oil of{*, +49.6 ¢
0.67, acetone) [fit2 [a]*°, —=77.6 € 1.5, acetone) for 85% eR;
isomer]. The ee was determined to be 65% by HPLC €éDaic
Chiralpac 1B, hexanePrOH = 50/1, 1.0 mL/min, 220 nm, major
18.3 min and minor 20.3 min}H NMR (CDCk): 2.57-2.68 (m,
2H), 2.70-2.78 (m, 1H), 2.84-2.91 (m, 1H), 4.28 (lid), 5.02
(s, 1H), 7.03 (dJ = 7.2 Hz, 2H), 7.13-7.40 (m, 8HJC NMR
(CDCly): 29.6, 39.5, 79.9, 126.3, 127.4, 128.1, 128.58.1.2
129.0, 137.7, 140.1, 208.6.

(S)-1-Hydroxy-1-phenyl-4-(p-tolyl)butan-2-one (3ba)

Silica gel column chromatography (hexane/ethylatee= 5/1)
gave3ba (83 mg, 66% yield) as a white solid of mp = 67-68 °C
and p]*, +83.3 € 0.70, CHCJ). The ee was determined to be
56% by HPLC (Daicel Chiralpac IB x 2, hexarBfOH = 50/1,
1.0 mL/min, 220 nm, major 37.4 min and minor 34.;)m'H
NMR (CDCL): 2.21 (s, 3H), 2.48-2.66 (m, 3H), 2.67-2.79 (m,
1H), 4.25 (dJ = 4.0 Hz, 1H), 4.95 (d] = 4.0 Hz, 1H), 6.86 (dJ

= 7.2 Hz, 2H), 6.97 (dJ = 7.2 Hz, 2H), 7.18-7.34 (m, 5H)'C
NMR (CDCL): 20.9, 29.2, 39.6, 79.8, 127.3, 128.0, 128.6,9,28
129.1, 135.7, 137.0, 137.7, 208.7. IR (KBr): 348020, 1720,
1520, 1450, 1360, 1190, 1060 ¢MHRMS-DART (W2): Calcd
for C;7H140, [M+H]": 255.1385. Found: 255.1394.

(9)-1-Hydroxy-4-(4-methoxyphenyl)-1-phenylbutan-2-one
(3ca)

Silica gel column chromatography (hexane/ethytatee= 5/1)
gave3ca (25 mg, 31% vyield) as a colorless oil amd*fy +74.2
(c 0.77, CHC)). The ee was determined to be 67% by HPLC
(Daicel Chiralpac 1A, hexane/ethyl acetate = 20/D, hL/min,
254 nm, major 54.8 min and minor 69.2 mitt). NMR (CDCL):
2.51-2.71 (m, 3H), 2.78-2.82 (m, 1H), 3.74 (s, 3H)94d,J =
4.0 Hz, 1H), 5.00 (dJ= 4.0 Hz, 1H), 6.75 (dJ = 8.8 Hz, 2H),
6.93 (d,J = 8.8 Hz, 2H), 7.24-7.31 (m, 5HJC NMR (CDCW):
28.7, 39.7, 55.1, 79.8, 113.8, 127.3, 128.6, 12829,0, 132.1,
137.7, 157.9, 208.6. IR (KBr): 3450, 2930, 17201151250,
1040 cm’. HRMS-DART (W2): Calcd for GHiO; [M+H]™:
271.1334. Found: 271.1332.

(S)-1-Hydroxy-1-phenylbutan-2-one (3da}*
Silica gel column chromatography (hexane/ethytatee= 10/1)
gave 3da (19 mg, 23% yield) as a pale yellow oil and]¥,

1H), 3.64 (dd,)) = 6.8, 14.4 Hz, 1H), 5.23-5.30 (m, 1H), 7.58 (dd+153.4 ¢ 0.05, CHC)) [lit'*. [a]*, —301.4 ¢ 1.5, CHC}) for

J=2.0, 8.8 Hz, 1H), 7.64-7.67 (m, 2H), 7.69-7.73Zh), 7.92
(s, 1H), 7.96-7.99 (m, 1H), 8.03-8.08 (m, 2H), 8.2258m,

1H), 8.61-8.62 (m, 1H), 9.77 (s, 1HJC NMR (MeCNd): 22.5,
33.9, 40.8, 63.3, 115.1, 127.5, 127.6, 127.9, 1289.0, 129.1,
129.6, 130.2, 134.0, 134.4, 137.5, 142.1, 150.8,716R (KBr):

3420, 3140, 1590, 1500, 1470, 1420, 1370, 11900 106 .

HRMS-DART {1z): Calcd for G;H;N, [M* = BF,]: 327.1610.
Found: 327.1602.

General procedure for the catalytic asymmetric cros-
benzoin condensation reactions

91% eeR-isomer]. The ee was determined to be 60% by HPLC
(Daicel Chiralpac 1B, hexanePrOH = 50/1, 1.0 mL/min, 220
nm, major 10.7 min and minor 12.5 mifif NMR (CDCk): 0.93

(t, J = 7.6 Hz, 3H), 2.21-2.38 (m, 2H), 4.28 (brs, 1H), 583
1H), 7.24-7.33 (m, 5H}°C NMR (CDCH): 7.6, 31.2, 79.4, 128.7,
129.0, 138.3, 210.1.

(S)-1-Hydroxy-1-phenylnonan-2-one (3edf"

Silica gel column chromatography (hexane/ethytatee= 10/1)
gave3ea(64 mg, 55% vyield) as a colorless oil andf, +119.0

(c 0.35, CHC)). The ee was determined to be 59% by HPLC
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(Daicel Chiralpac IC, hexariePrOH = 50/1, 1.0 mL/min, 220 Silica gel column chromatography (hexane/ethyltatee =
nm, major 16.2 min and minor 15.2 mifjl NMR (CDCL): 0.77  10/1) gave3ae (66 mg, 50% yield) as a colorless oil and?f,
(t, J=7.2 Hz, 3H), 1.04-1.19 (m, 8H), 1.37-1.46 (m, 2H)82  +48.0 ¢ 0.08, CHCJ). The ee was determined to be 39% by
2.33 (m, 2H), 4.32 (brs, 1H), 5.01 (s, 1H), 7.14-7835H)."°C  HPLC (Daicel Chiralpac ID, hexane?rOH = 10/1, 1.0 mL/min,
NMR (CDCL): 14.0, 22.5, 23.6, 28.8, 28.9, 31.5, 37.6, 79.6,220 nm, major 21.4 min and minor 19.9 mift}.NMR (CDCk):
127.4, 128.6, 128.9, 138.1, 209.7. 2.52-2.66 (m, 2H), 2.74-2.87 (m, 2H), 4.26Jd; 4.0 Hz, 1H),
4.92 (d,J = 4.0 Hz, 1H), 6.98 (d] = 6.8 Hz, 2H), 7.06-7.23 (m,
7H). °C NMR (CDCL): 29.5, 39.5, 79.1, 125.5, 126.4, 127.5,
128.1, 128.5, 128.9, 130.2, 134.9, 139.6, 139.9,820
(S)-1-Hydroxy-4-methyl-1-phenylpentan-2-one (3fdy’ (S)-1-(4-Chlorophenyl)-1-hydroxy-4-phenylbutan-2-one gaf)
Silica gel column chromatography (hexane/ethytatee= 5/1) Silica gel column chromatography (hexane/ethytatee= 10/1)
gave3ea (23 mg, 24% vyield) as a colorless oil and’f, +69.3 gave3af (60 mg, 43% yield) as a colorless oil and’f, +82.6 ¢
(c 0.11, CHC)). The ee was determined to be 17% by HPLC0.32, CHC}). The ee was determined to be 69% by HPLC
(Daicel Chiralpac IC, hexariPrOH = 50/1, 1.0 mL/min, 220 (Daicel Chiralpac IC, hexariePrOH = 10/1, 1.0 mL/min, 230
nm, major 32.8 min and minor 31.5 mifji NMR (CDCL): 0.67  nm, major 22.7 min and minor 19.5 mifH NMR (CDCL):
(d,J = 6.4 Hz, 3H), 0.80 (d] = 6.4 Hz, 3H), 1.97-2.23 (m, 3H), 2.50-2.60 (M, 2H), 2.69-2.84 (m, 2H), 4.22 (brs, 1492 (s,
4.32 (d,J = 4.4 Hz, 1H), 4.97 (d] = 4.4 Hz, 1H), 7.22-7.31 (M, 1H), 6.96 (d,J = 6.8 Hz, 2H), 7.09-7.27 (m, 7H)*C NMR
5H). ¥C NMR (CDCh): 22.2, 225, 24.6, 46.7, 80.0, 127.5, (CDCl): 29.6, 39.4, 79.2, 126.3, 128.1, 128.5, 128.79.22

128.6, 128.9, 137.9, 209.1. 134.6, 136.2, 140.0, 208.0. IR (neat): 3450, 29320, 1590,
1490, 1460, 1400, 1190, 1090 ¢MHRMS-DART (2): Calcd

(S)-1-Hydroxy-1-(naphthalen-1-yl)-4-phenylbutan-2-one for C,gH1¢CIO, [M+H]™: 275.0839. Found: 275.0847.

(3ab)

Silica gel column chromatography (hexane/ethytatee= 10/1) (Sg-1-(2-Bromopheny|)-1-hydroxy-4-pheny|butan-2-one 3ag)
gave3ab (36 mg, 28% yield) as a colorless oil am’fy, +54.5 '

(c 0.30, CHC)). The ee was determined to be 64% by HPLC Silica gel column chromatography (hexane/ethytatee= 10/1)
(Daicel Chiralpac ID, hexanePrOH = 50/1, 1.0 mL/min, 254 gave3ag (47 mg, 30% vyield) as a colorless oil andf, +52.0
nm, major 37.5 min and minor 34.2 mifH NMR (CDCk): (c 0.08, CHC)). The ee was determined to be 64% by HPLC
2.42-2.52 (m, 1H), 2.64-2.79 (m, 2H), 2.84-2.92 (H), 8.36— (Daicel Chiralpac 1B, hexarniePrOH = 10/1, 1.0 mL/min, 240
4.39 (m, 1H), 5.53 (d] = 2.4 Hz, 1H), 6.97 (d] = 7.2 Hz, 2H), nm, major 25.0 min and minor 31.6 mifH NMR (CDCk):
7.16-7.28 (m, 3H), 7.40-7.45 (m, 2H), 7.48-7.52 (H), Z.83— 2.53-2.61 (m, 1H), 2.72-2.88 (m, 3H), 4.33Jd; 4.0 Hz, 1H),
7.90 (m, 2H), 7.94-7.97 (m, 1HJC NMR (CDCL): 29.7, 39.5, 5.50 (d,J = 4.0 Hz, 1H), 7.00 (d] = 7.2 Hz, 2H), 7.06-7.21 (m,
79.1, 123.4, 125.3, 126.0, 126.2, 126.9, 127.8,.112828.4, 6H), 7.52 (dd,J = 1.6, 8.0 Hz, 1H)"*C NMR (CDCL): 29.6, 39.5,
129.0, 129.7, 131.0, 133.1, 134.2, 140.0, 209.8KB): 3450, 78.3, 123.7, 126.3, 128.2, 128.4, 129.1, 130.2,.43337.1,
3030, 1710, 1600, 1510, 1500, 1450, 1350, 11700 106", 140.0, 207.9.

HRMS-DART (W2): Calcd for GH g0, [M+H]": 291.1385.

Found: 291.1396. (S)-1-(4-Bromophenyl)-1-hydroxy-4-phenylbutan-2-one ah)
Silica gel column chromatography (hexane/ethytatee= 10/1)

(S)-1-Hydroxy-1-(naphthalen-1-yl)-4-phenylbutan-2-one gave3ah (68 mg, 46% vyield) as a colorless oil and’f, +19.0

(3ac) (c 0.16, CHCJ). The ee was determined to be 77% by HPLC

Silica gel column chromatography (hexane/ethykaee= 5/1)  (Daicel Chiralpac IC, hexariPrOH = 10/1, 1.0 mL/min, 220
gave3ac (111 mg, 76% yield) as a pale yellow oil ardf;  nm, major 21.1 min and minor 18.8 mifH NMR (CDCL):
+84.5 € 0.52, CHCJ). The ee was determined to be 67% by2.51-2.60 (m, 2H), 2.71-2.84 (m, 2H), 4.23 (brs, 1491 (s,
HPLC (Daicel Chiralpac ID, hexand?rOH = 10/1, 1.0 mL/min, 1H), 6.95 (dJ = 6.8 Hz, 2H), 7.05 (d] = 8.4 Hz, 2H), 7.09-7.24
254 nm, major 36.2 min and minor 30.0 mit).NMR (CDCk):  (m, 3H), 7.39 (d,J = 8.4 Hz, 2H)*C NMR (CDC}): 29.6, 39.4,
2.57-2.97 (m, 4H), 4.45 (d,= 4.0 Hz, 1H), 5.20 (dJ = 4.0 Hz, 79.2, 122.8, 126.4, 128.1, 128.5, 128.9, 132.1,.713639.9,
1H), 7.01 (dJ = 6.8 Hz, 2H), 7.11-7.34 (m, 3H), 7.48-7.52 (m, 207.9. IR (neat): 3450, 2910, 1720, 1560, 1510014070 cri.
2H), 7.78-7.89 (m, 5H)C NMR (CDCE): 29.5, 39.5, 79.9, HRMS-DART (W2): Calcd for GeH:sBrO, [M+H]": 319.0334.
124.2, 126.2, 126.5, 127.2, 127.7, 128.0, 128.8B.3,2128.4, Found: 319.0333.
129.0, 133.2, 133.3, 135.1, 140.0, 208.6. IR (neath0, 2930,
1720, 1600, 1560, 1360 ¢ HRMS-DART (nz): Calcd for  Methyl (S)-4-(1-hydroxy-2-oxo-4-phenylbutyl)benzoate (3ai)
CogH160, [M+H]™: 291.1385. Found: 291.1396. 12t

Silica gel column chromatography (hexane/ethytatee= 5/1)
(S)-1-(2-Chlorophenyl)-1-hydroxy-4-phenylbutan-2-one 3ad)  gave3ai (59 mg, 40% yield) as a pale yellow oil and?¥;, +30.6
e (c 0.31, CHC)). The ee was determined to be 43% by HPLC
Silica gel column chromatography (hexane/ethytatee= 10/1)  (Daicel Chiralpac IB x 2, hexané?rOH = 10/1, 1.0 mL/min,
gave3ad (51 mg, 41% yield) as a pale yellow oil and]¥, 230 nm, major 82.0 min and minor 77.7 mitt). NMR (CDCL):
+26.8 € 0.14, CHCJ). The ee was determined to be 69% by2.52-2.80 (m, 4H), 3.82 (s, 3H), 4.31 (brs, 1H), §0Q0H), 6.94
HPLC (Daicel Chiralpac 1B, hexand?rOH = 10/1, 1.0 mL/min, (d,J = 6.4 Hz, 2H), 7.09-7.18 (m, 3H), 7.26 (d; 8.4 Hz, 2H),
220 nm, major 11.5 min and minor 13.7 mi).NMR (CDCE):  7.94 (d,J = 8.4 Hz, 2H).*C NMR (CDCk): 29.5, 39.5, 52.2,
2.51-2.59 (m, 1H), 2.66-2.89 (m, 3H), 4.32 (brs, 1587 (s, 79.5, 126.3, 127.3, 128.1, 128.3, 128.5, 130.2,.9,3942.5,
1H), 6.98 (d,J = 7.2 Hz, 2H), 7.08-7.18 (m, 5H), 7.29-7.33 (m, 166.5, 207.7.
2H). °C NMR (CDCL): 29.6, 39.4, 76.2, 126.2, 127.5, 128.1,
128.5,129.1, 129.9, 130.0, 133.4, 135.5, 140.0,20 (S)-l-llz-flydroxy-1-(2-methoxyphenyl)-4-pheny|butan-2-one

(3aj)
(S)-1-(3-Chlorophenyl)-1-hydroxy-4-phenylbutan-2-one 3ae) Silica gel column chromatography (hexane/ethytatee= 5/1)
e gave3ai (52 mg, 39% yield) as a pale yellow oil and¥, +91.5
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(c 0.20, CHCY)). The ee was determined to be 69% by HPLC3.6 Hz, 1H), 4.91 (dJ = 3.6 Hz, 1H), 6.80 %d] = 8.4 Hz, 2H),

(Daicel Chiralpac 1B, hexane/ethyl acetate = 20/0, mhL/min,
254 nm, major 38.3 min and minor 41.0 mity.NMR (CDCk):
2.50-2.67 (m, 2H), 2.70-2.86 (m, 2H), 3.71 (s, 3H)44(brs,
1H), 5.25 (s, 1H), 6.81 (d) = 8.4 Hz, 1H), 6.87 (1) = 8.4 Hz,
1H), 6.99 (d,J = 7.2 Hz, 2H), 7.04-7.42 (m, 5HYC NMR
(CDCly): 29.7, 39.1,55.4, 75.1,111.1, 121.1, 126.1,3,2628.1,
128.4, 129.0, 129.3, 130.0, 140.0, 156.8, 208.9.

(S)-1-Hydroxy-l-(s-methoxyphenyl)-4-phenylbutan-2-one
(3ak)*?

Silica gel column chromatography (hexane/ethyl ateet 5/1)
gave 3ak (89 mg, 66% vyield) as a pale yellow oil anal]fp

6.97 (d,J = 8.4 Hz, 2H), 7.07—7.20 (m, 5H)C NMR (CDCb):
29.7, 39.4, 55.3, 79.3, 114.4, 126.2, 128.1, 12826,7, 129.8,
140.2, 159.9, 208.9.

(9)-1-Hydroxy-4-phenyl-1-(m-tolyl)butan-2-one (3an)

Silica gel column chromatography (hexane/ethytatee= 10/1)
gave3an (59 mg, 46% vyield) as a colorless oil amd’f, +69.8

(c 0.14, CHC)). The ee was determined to be 70% by HPLC
(Daicel Chiralpac 1B, hexane/PrOH = 50/1, 1.0 mL/min, 230
nm, major 15.0 min and minor 18.2 mith. NMR (CDCk): 2.25

(s, 3H), 2.55-2.89 (m, 4H), 4.21 @z= 3.6 Hz, 1H), 4.92 (d] =

3.6 Hz, 1H), 6.96-7.18 (m, 9HYC NMR (CDCL): 21.4, 29.6,

+58.7 € 0.20, CHC)). The ee was determined to be 68% by39.4, 79.8, 124.6, 126.3, 127.9, 128.2, 128.5,8,289.5, 137.7,

HPLC (Daicel Chiralpac 1B, hexane/ethyl acetate =12.0
mL/min, 254 nm, major 47.3 min and minor 51.3 mi’]h).NMR

138.8, 140.2, 208.7. IR (neat): 3420, 2910, 17101 1380,
1060 cm’. HRMS-DART (W2): Calcd for GHiO, [M+H]™:

(CDCl): 2.66-2.70 (m, 2H), 2.72-2.92 (m, 2H), 3.77 (s, 3H),255.1385. Found: 255.1383.

5.00 (s, 1H), 6.77 (1) = 2.4 Hz, 1H), 6.85 (dd] = 2.4, 8.0 Hz,

2H), 7.04 (dJ = 6.8 Hz, 2H), 7.14-7.31 (m, 4H). OH proton was (S)-1-Hydroxy-4-phenyl-1-(p-tolyl)butan-2-one (3a0)**'

not appeared clearly’C NMR (CDCE): 29.5, 39.2, 55.1, 79.7,
1125, 114.3, 119.8, 126.2, 128.1, 128.2, 128.4.9,2139.2,
140.0, 159.9, 208.4.

(9)-1-Hydroxy-1-(4-methoxyphenyl)-4-phenylbutan-2-one
(3al) 12f

Silica gel column chromatography (hexane/ethyl ateet 5/1)
gave3al (26 mg, 19% yield) as a pale yellow oil and¥, +74.2

Silica gel column chromatography (hexane/ethytatee= 10/1)
gave3an (66 mg, 52% vyield) as a colorless oil and’f, +72.6

(c 0.58, CHC)). The ee was determined to be 64% by HPLC
(Daicel Chiralpac 1B, hexane/PrOH = 50/1, 1.0 mL/min, 254
nm, major 40.0 min and minor 31.4 mifif NMR (CDCk): 2.35

(s, 3H), 2.63-2.99 (m, 4H), 4.30 (brs, 1H), 5.01 {4), .06 (d,

J = 8.0 Hz, 2H), 7.16-6.30 (m, 7HJC NMR (CDC}): 21.1,
29.6, 39.3, 79.6, 126.2, 127.3, 128.1, 128.4, 12rB4.8, 138.5,

(c 0.17, CHC)). The ee was determined to be 64% by HPLC140.1,208

(Daicel Chiralpac 1B, hexane/PrOH = 50/1, 1.0 mL/min, 254
nm, major 49.4 min and minor 51.6 mifH NMR (CDCk):
2.49-2.59 (m, 2H), 2.67-2.84 (m, 2H), 3.71 (s, 3H)74d,J =



Supplementary Material

A Supplementary Data file'fl and **C NMR) of newly
synthesized chiral triazolium saltg{5) and chiral lactamsl6-
18) is available online.

References and notes

~N o

10

(a) Ukai, T.; Tanaka, R.; Dokawa,BPharm. Soc. Jpn. 1943 63,
296-300. Recent reviews: (b) Johnson, JAigew. Chem.,, Int.
Ed. 2004 43, 1326-1328. (c) Christmann, Mngew. Chem,, Int.
Ed. 2005 44, 2632-2634. (d) Zeitler, KAngew. Chem., Int. Ed.
2005 44, 7506—7510. (e) Marion, N.; Diez-Gonzélez, S.;axol
S. P.Angew. Chem,, Int. Ed. 2007, 46, 2988-3000. (f) Enders, D.;
Niemeier, O.; Henseler, AChem. Rev. 2007, 107, 5606-5665. (Q)
Zeitler, K. Ernst Schering Found. Symp. Proc. 2007, 2, 183-206.
Breslow, R.J. Am. Chem. Soc. 1958 80, 3719-3726. Benzoin
condensation was discovered by Liebig. See, WoRerlLiebig,
J.Ann. Pharm. 1832, 3, 249-282.

(a) lgau, A.; Grutzmacher, H.; Baceiredo, A.rtBend, G.J. Am.
Chem. Soc. 1988 110, 6463-6466. (b) Arduengo, A. J., llI;
Harlow, R. L.; Kline, M.J. Am. Chem. Soc. 1991, 113, 361-363.
(c) Enders, D.; Breuer, K.; Raabe, G.; Runsink,Téles, J. H,;
Melder, J.-P.; Ebel, K.; Brode, #ngew. Chem,, Int. Ed. Engl.
1995 34, 1021-1023.

(a) Sheehan, J. C; Hunnemann, DJ.HAm. Chem. Soc. 1966 88,
3666—3667; (b) Sheehan, J. C; Hara).TOrg. Chem. 1974 39,
1196-1199.

Recent reviews: (a) Enders, D.; BalensieferAdc. Chem. Res.
2004 37, 534-541. (b) Enders, D.; Niemeier, O.; Henseler, A.
Chem. Rev. 2007, 107, 5606—5655. (c¢) Marion, N.; Diez-
Gonzalez, S.; Nolan, S. FAngew. Chem. Int. Ed. 2007, 46,
2988-3000. (d) Rovis, TChem. Lett. 2008 37, 2—-7. (e) Read de
Alaniz, J.; Rovis, T.9nlett 2009 1189-1207. (f) Biju, A. T.;
Kuhl, N.; Glorius, F.Acc. Chem. Res. 2011, 44, 1182-1195. (Q)
Hopkinson, M. N.; Richter, C.; Schedler, M.; Glaju~. Nature
2014 510, 485-496. (h) Flanigan, D. M.; Romanov-Michailidis,
F.; White, N. A.; Rovis, TChem. Rev. 2015 115, 9307-9387.
Stetter, H.; Dambkes, Gynthesis 1977, 403—404.

(a) Castells, J.; Lopez-Calahorra, F.; Bassebas,Urrios, P.
Synthesis 1988 314-315. (b) Murry, J. A.; Frantz, D. E.; Soheili
A.; Tillyer, R.; Grabowski, E. J. J.; Reider, PJJAm. Chem. Soc.
2001, 123, 9696—-9697. (c) Frantz, D. E.; Morency, L.; Sahéil;
Murry, J. A.; Grabowski, E. J. J.; Tillyer, R. Drg. Lett. 2004 6,
843-846. (d) Mattson, A. E.; Scheidt, K. @rg. Lett. 2004 6,
4363-4366. (e) Li, G.-Q.; Dai, L.-X.; You, S.-Chem. Commun.
2007, 852-854. (f) Enders, D.; Henseler, A.; Lowins S@ithesis
2009 4125-4128. (g) DiRocco, D. A.; Rovis, Angew. Chem.,,
Int. Ed. 2012 51, 5904-5906. (h) DiRocco, D. A.; Rovis, T.
Am. Chem. Soc. 2012 134, 8094-8097. (i) Ueno, T.; Kobayashi,
Y.; Takemoto, Y Beilstein J. Org. Chem. 2012 8, 1499-1504.
Mennen, S. M.; Gipson, J. D.; Kim, Y. R.; Milles. J.J. Am.
Chem. Soc. 2005 127, 1654—1655.

(a) Demir, A. S.; Reis, Oigdir, C, A.; Esiringii,l.; Eymur, S.J.
Org. Chem. 2005 70, 10584-10587. (b) Tarr, J. C.; Johnson, J. S.
Org. Lett. 2009 11, 3870-3873.

(a) Enders, D.; Henseler, Adv. Synth. Catal. 2009 351, 1749—
1752. (b) Enders, D.; Grossmann, A.; Fronert, dgh®, GChem.
Commun. 201Q 46, 6282-6284. (d) Rose, C. A.; Gundala, S;
Fagan, C.-L.; Franz, J. F.; Connon, S. J.; ZeitterChem. ci.
2012 3, 735-740. (e) Thai, K.; Langdon, S. M.; Bilode&;
Gravel, M.Org. Lett. 2013 15, 2214-2217.

Acknowledgments

This work was supported by a Grant-in-Aid for Young
Scientists (B) (24750037), a Grant-in-Aid for SciéotResearch
(B) from the Japan Society for the Promotion of eGce
(24350022), the Kanazawa University CHOZEN Project, thed
Kanazawa University SAKIGAKE Project.

11

12

13

14

15

16

17

18

19

(a) Hachisu, Y.; Bode, J. W.; Suzuki, KAm. Chem. Soc. 2003
125, 8432-8433. (b) Takikawa, H.; Hachisu, Y.; BodeW.;
Suzuki, K.Angew. Chem,, Int. Ed. 2006 45, 3492-3494. (c) Jia,
M.-Q.; You, S.-L.ACS Catal. 2013 3, 622-624. (d) Ema, T.;
Namjo, Y.; Shiratori, S.; Terao, Y.; Kumura, Rrg. Lett. 2016
18, 5764-5767.

(a) Piel, I.; Pawalczyk, M. D.; Hirano, K.; kdh, R.; Glorius, F.
Eur. J. Org. Chem. 2011 5475-5484. (b) Rose, C. A.; Gundala,
S.; Connon, S. J.; Zeitler, KSynthesis 2011, 190-198. (c)
O'Toole, S. E.; Rose, C. A.; Gundala, S.; Zeitier,Connon, S. J.
J. Org. Chem. 2011, 76, 347-357. (d) Jin, M. Y.; Kim, S. M.; Han,
H.; Ryu, D. H.; Yang, J. WOrg. Lett. 2011, 13, 880-883. (e) Jin,
M. Y.; Kim, S. M.; Mao, H.; Ryu, D. H.; Song, C.;Efang, J. W.
Org. Biomol. Chem. 2014 12, 1547-1550. (f) Langdon, S. M;
Wilde, M. M. D.; Thai, K.; Gravel, MJ. Am. Chem. Soc. 2014
136, 7539-7542. (g) Langdon, S. M.; Legault, C. Y.a@l, M.J.
Org. Chem. 2015 80, 3597-3610.

(a) Haghshenas, P.; Gravel, ®g. Lett. 2016 18, 4518-4521.
(b) Haghshenas, P.; Quail, J. W.; Gravel, MOrg. Chem. 2016
81, 12075-12083. (c) He, H.-X.; Yang, L.: Huang, \&hao, Q.;
Pan, X.-L.; Jiang, D.-F.; Yang, M.-C.; Peng, C.nHB. RSC Adv.
2016 6, 28960-28965. (d) Shirke, R. P.; Reddy, V. Andrdy ;
Ramasastry, S. S. @ynthesis 2016 48, 1865-1871.

(a) Soeta, T.; Tabatake, Y.; Inomata, K.; Uk¥ji Tetrahedron
2012 68, 894-899. (b) Soeta, T.; Tabatake, Y.; Ukaji, Y.
Tetrahedron 2012 68, 10188-10983.

Enders, D.; Han, Jletrahedron: Asymmetry 2008 19, 1367—
1371.

(a) Chen, C.-T.; Kao, J.-Q.; Salunke, S. B, lY.-H. Org. Lett.
2011 13, 26-29. (b) Concei¢do, G. J. A,; Moran, P. J. S;
Rodrigues, J. A. RTetrahedron: Asymmetry 2003 14, 43-45.
Kawada, H.; lkoma, A.; Ogawa, N,; KobayashiJYOrg. Chem.
2015 80, 9192-9199.

Ghosh, A. K.; Leshchenko-Yashchuk, S.; Andersbn D.;
Baldridge, A.; Noetzel, M.; Miller, H. B.; Tie, YWang, Y.-F.;
Koh, Y.; Weber, I. T.; Mitsuya, Hl. Med. Chem. 2009 52, 3902—
3914,

Zheng, P.; Gondo, C. A,; Bode, J. Ghem. Asian J. 2011, 6,
614-620.



