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Use of (5)-5-(2-Methylpyrrolidin-2-yl)-1H-tetrazole as a Novel and
Enantioselective Organocatalyst for the Aldol Reaction
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The novel organocatalyst (S)-5-(2-methylpyrrolidin-2-yl)-1H-
tetrazole (4) catalyzes the aldol reaction between acetone
and various aldehydes with superior enantioselectivity to the
existing organocatalysts (S)-proline (1) and (S)-5-(pyrrolidin-
2-yl)-1H-tetrazole (3).

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

Introduction

Asymmetric organocatalysis has recently emerged as a
“hot field” in synthetic chemistry providing an operation-
ally simple, economic and environmentally friendly strategy
to prepare enantioenriched compounds.[!l The aldol reac-
tion can now be carried out enantioselectively using a vari-
ety of organocatalysts, many of which are based on a pro-
line scaffold.l>3! These proline-based catalysts contain the
minimum structural requirements required for organocata-
lytic activity namely a cyclic secondary amine and an acidic
proton in the correct spatial geometry as found in (S)-pro-
line 1.12¢-2b.2d]

Significantly, examples of organocatalysts based on an a-
alkylproline scaffold are rare. (S)-a-Methylproline (2) was
shown to be ineffective as an organocatalyst for the a-hy-
droxylation of cyclohexanone,[*! but proved better than pro-
line (1) for the o-hydroxylation of aldehydes.’] In the inter-
molecular aldol reaction between acetone and p-nitrobenz-
aldehyde, use of 2 resulted in lower yields and enantio-
selectivity than proline,”™ whilst the recently reported in-
tramolecular a-alkylation of aldehydes involving catalysis
by 2 proceeded in better yield and enantioselectivity than
when proline was used.[®]

In general the aldol reactions between acetone and aro-
matic aldehydes catalysed by proline 1 only proceeded in
modest yield and enantiomeric excess (<80% ee).[>>-2d-2h
There are, however, recent examples of aldol reactions with
other ketones and aromatic aldehydes in which higher ee
values are obtained.”*?] Given the remarkable improve-
ment in the stereoselectivity of a-alkylation and a-hydroxyl-
ation of aldehydes using a-methylproline 2 as the organoca-
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talyst, we decided to re-examine the effect of a-substitution
in proline-based catalysts on the efficiency and enantio-
selectivity of the aldol reactions of acetone.

The pyrrolidine derivative 3 has emerged as a useful or-
ganocatalyst for various reactions.[?-3-3¢7-111 Qubstitution
of the carboxylic acid group in proline for a tetrazole moi-
ety reduced the aldol reaction times from 1-2 days to less
than half a day.?33%] This dramatic improvement in effi-
ciency was attributed to the presence of a more acidic tetra-
zole proton in DMSO as solvent and the larger size of the
tetrazole unit resulting in a more favourable transition
state.[3*121 Whilst proline is known to react with aliphatic
aldehydes and ketones to form oxazolidinones,?*!3-151 and
with aromatic aldehydes to give azomethine ylides,?>!16-17]
NMR studies by Hartikka and Arvidsson showed that 3
did not participate in these reactions.>® They attributed the
major reason for the enhanced efficiency of 3 over proline
1 to be due to the lack of side reactions between 3 and the
aldehyde and ketone substrates. Notably, however, 3 did not
improve the enantioselectivity of these aldol reactions.[34

We therefore envisaged that “a-methylproline tetrazole™
4 might prove to be a better organocatalyst in that it com-
bined the presence of an additional a-methyl substituent to
improve the stereoselectivity of the aldol reaction with the
incorporation of a tetrazole moiety to increase the reaction
rate. We therefore herein report the use of a-methylproline
(2) and the synthesis and use of the novel derivative 4 as
organocatalysts for intermolecular aldol reactions (Fig-

ure 1).
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Figure 1. Structures of the existing organocatalysts 1, 2 and 3 and
the novel organocatalyst 4.
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Results and Discussion

a-Methylproline (2) was prepared via Wang and Ger-
manas’s modification!!8! of Seebach’s method!!”! for the
preparation of a-branched amino acids. Tetrazole 4 was
prepared by adaptations of previously reported methods for
the synthesis of tetrazole 3 or its intermediates,3%20-22I
starting from the readily available (S)-a-methylproline
methyl ester (5) (Scheme 1).123]
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Scheme 1. Synthesis of (S)-5-(2-methylpyrrolidin-2-yl)-1 H-tetrazole
4.

Catalysts 1, 2, 3 and 4 were initially examined as organo-
catalysts for the benchmark aldol reaction between acetone
and p-nitrobenzaldehyde (11). The reactions were carried
out in DMSO as the standard solvent,[2¢:24:2h.2k.3a.241 (Jge of
DMSO favours the 1H-tautomer of the tetrazole engaged
in the favoured transition state.33 Catalysis by proline and
tetrazole 3 afforded B-hydroxy ketone 12 in 60% yield, and
as previously reported, the reaction proceeded much faster
using proline tetrazole 3 than (S)-proline but with similar
enantioselectivity (Table 1). The use of a-methylproline,
however, only resulted in formation of racemic 12. Pleas-
ingly, tetrazole 4 afforded the highest enantioselectivity of
the four catalysts examined with the reaction proceeding in
comparable yield albeit with a longer reaction time.

An interesting observation was the formation of the oxa-
pyrrolizidine derivative 14 as a by-product in the reactions
using proline and a-methylproline (2) as catalysts. The pyr-
rolizidine 14 has previously been reported by Orsini et al.['®!
as a mixture of diastereomers from reaction of proline 1
with 11 in DMSO. List and Barbas III carried out their
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Table 1. Yields and ee values for the aldol reaction between acetone
and p-nitrobenzaldehyde (11) catalysed by 1-4.

o O OH R
)J\ )J\IZ/V\CGH4N02 Qto
+ }/1..1

catalyst
o + +
Py DMSO ¢ ol CAlNO,
H™ "CeH4NO, . 26
Mcéﬂmoz
11 13 14,R = H, CH,
Entry Catalyst Loading Time % Yield % eeld]
mol%] [ 12 13 SMY 14
& 1 20 22 54 1 0 8 72
2lal 1 30 18 56 2 0 9 68
3Mal 2 20 70 13 0 <1 0 ofel
4bl 2 20 46 32 0 <1 0 2l
5lal 2 30 54 18 0 0 23 otel
olal 3 20 0.7 50 8 0 0 76
7 3 20 1.4 61 21 0 0 76
8 3 30 0.9 54 6 0 0 76
9 4 20 68 60 2 11 0 88
10 4 30 48 67 6 26 0 86
110 4 40 50 17 0 24 0 80
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[a] Performed under anhydrous conditions. [b] The reaction was
performed in DMF with 555 mol-% of water. [c] Percentage of re-
covered aldehyde 11. [d] ee values of 12 as determined by 'H NMR
analysis for the Mosher ester derivative. [e] The ee value reported
by Barbas et al. was not reproduced.?"

reactions in an excess of acetone in order to circumvent this
undesired reaction.! In our case, significant quantities of
14 were observed using proline and a-methylproline as cata-
lysts using their conditions. The fact that 14 was not ob-
served when using the tetrazoles 3 and 4 (Table 1) supports
the postulate that tetrazoles offer an additional benefit in
the catalytic aldol reactions by eliminating the oxapyrroliz-
idine side reaction which is observed using the carboxylic
acid based catalysts 1 and 2.

Table 1 illustrates the observation that while catalyst
loading had little influence on the reaction outcome, the
presence of water had a significant effect. The effect of
water on asymmetric aldol reactions using various organo-
catalysts*¢3223 including proline and tetrazole 312h-21-20.3¢]
has been well documented. In general, water promotes cata-
lytic efficiency but not the stereoselectivity, with use of ex-
cessive water leading to reduced stereoselectivity. Indeed in
our case, the catalytic efficiency of a-methylproline doubled
when water was added, with no effect on the stereoselecti-
vity (Table 1, entry 4). Water possibly serves to hydrolyse
any iminium species that forms between substrate 11 and
the catalyst, such that they are free to react as intended
without participating in side reactions.

We next examined the effect of solvent on the catalysis of
the aldol reaction using tetrazole 4 (Table 2). The reaction
worked well in DMF (3% water) with minimal effect on
the stereoselectivity. Lowering the reaction temperature in
DMF has been shown to increase stercoselectivity when
using proline,*¥ however, using the tetrazole 4 in DMF at
lower temperature only resulted in a low yield of product.
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Aldol reactions in dichloromethane and toluene using tetra-
zole 4 proceeded slowly and less satisfactorily than in
DMSO, which proved to be the optimal solvent.

Table 2. The effect of solvent on the catalysis of the aldol reaction
between acetone and aldehyde 11 by tetrazole 4.

(0] (@] 4 O OH (0]
—_— =
A HJJ\C6H4NOZ )\/kcﬁﬁmoz + )\/\CSH4N02
11 12 13
Entry Solvent Time % Yield Y% ee of 12
[h] 12 13 SMDM
1 DME H,0, room temp. 48 63 3 20 82
2 DME, -50 °C 72 7 0 71 86
3 DCM 50 31 0 69 68
4 PhMe 69 17 <1 68 7488l
5 DMSO 68 60 2 11 88

[a] Notably, ee of 12 is still higher than those obtained with proline
1 (54% ee) and proline tetrazole 3 (61 %).13¥ [b] Percentage of reco-
vered aldehyde 11.

Efforts to improve the catalytic efficiency of a-methylpro-
line tetrazole 4 were next undertaken (Table 3). Several re-
cent reports suggested a positive effect of microwave irradi-
ation or heat on the aldol reaction catalysed by proline 1,
significantly shortening the reaction time whilst main-
taining the observed enantioselectivity.*>>’ Running the re-
action at 35 °C instead of room temperature shortened the
reaction time by one-third, with the same yield and slightly
lower selectivity (Table 3, entry 2). Unfortunately, further
increases in the temperature diminished the selectivity with-
out improving the yield (Table 3, entry 3). '"H NMR studies
in [Dg]DMSO showed that the conversion rate reached a
plateau after 2 days (see electronic supporting information)
with the optimum yield and ee being obtained after 1 day
(Table 3, entry 2).

Table 3. Effect of temperature on the catalysis of the aldol reaction
between acetone and aldehyde 11 by o-methylproline tetrazole 4.

0 /ji\ 4 (0] OH
)k T BT e HNO, Mcmmoz
DMSO
11 12
Entry  Temperature 4h 1 day 2 days 3 days
1 room temp. 44%, 60%
(90% ee) (88% ee)
2 35°C 15% 65% 65% 67%
(85% ee)  (82% ee) (81% ee)
3 50 °C 67%
(78% ee)

With the optimal reaction conditions determined, several
aldehydes were screened to determine the generality of
tetrazole 4 as an organocatalyst (Table 4). a-Methylproline
tetrazole 4 conferred excellent enantioselectivity using a
variety of aromatic aldehydes with much better enantio-
meric excesses being obtained compared to the use of pro-
line 1 or proline tetrazole 3. Entry 4 demonstrates the posi-
tive impact of water on the catalytic efficiency, where the
yield was four times higher than that obtained under anhy-
drous conditions. Notably, the potential for improvement in
efficiency by heating the reaction at 35 °C was also sub-
strate-specific. Whereas 16i was obtained in 87% yield at
35 °C after 1 day (Table 4, entry 9), heating did not improve
the formation of 16e significantly (Table 4, entry 5). Disap-
pointingly, the increase in temperature appeared to facilitate
undesired dehydration, giving more enone 17¢ than 16c¢
(Table 4, entry 3).

Table 4. Yields and ee values for the aldol reaction between acetone and various aldehydes 15 catalysed by 4.

o O O OH O
R 4 R R
)J\"' H | % E—— % + = %
Pz DMSO | P> | P>
15 16 17

Entry R Time [h], temp. [°C] % Yield % eelc! % eel®) % eelll
16, 17, SM!
1 4-NO,, a 68, room temp. 60, 2, 11 88ld] 72 76
2-CL, b 68, room temp. 60, <2, 0 90 70 77
3 4-MeO, ¢ 143, room temp. 12,0, 47 85 621301
51, 35°C 4,9, 47 -
4 4-Br, d 48, room temp. 33, <5, 13 87 6512h] 66130
48, room temp.! 8,0, 50 83
5 4-AcNH, e 88, room temp. 11,8, 73 70 69(2h]
43, 35°C 16, 9, 51 -
6 2-naphthyl, f 89, room temp. 30, 18, 33 81 77120
7 H, g 69, room temp. 22,0,0 80 60120 65130
8 4-CL h 72, room temp. 36, 6, 20 86
9 2-NO,, i 67, room temp. 88,4,3 91
24, 35°C 87,4,0 89
10 3-NO,, j 68, room temp. 71, 3,9 90

[a] Performed under anhydrous conditions. [b] Percentage of recovered aldehyde 15. [c] ee obtained with tetrazole 4 by chiral HPLC. [d]
Determined by 'H NMR analysis of the Mosher ester derivative. [e] ee obtained with proline. [f] ee obtained with tetrazole 3.
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Conclusions

In conclusion, we have examined the effect of o-methyl
substitution on proline-based catalysts 1 and 3 by investiga-
ting the potential of a-methylproline (2) and “a-methylpro-
line tetrazole” 4 as organocatalysts for the aldol reaction.
Tetrazole 4 affords remarkable stereoselectivity and this ob-
served enhancement may well be extended to the organocat-
alysis of other reactions. The detailed mechanistic basis for
these observations is currently under investigation.?8! Ad-
dition of an a-substituent to other existing proline-based
organocatalysts may also improve the observed stereoselec-
tivities. Studies on the use of tetrazole 4 as an organocata-
lyst for other reactions together with the introduction of a-
substituents onto other proline-based organocatalysts are
on-going.

Experimental Section

General: Reactions were monitored by TLC, using pre-coated silica
gel TLC plates obtained from Merck. Flash chromatography was
carried out on silica gel (Riedel-de Haén, particle size 0.032—
0.063 mm). Reactions that required anhydrous conditions were run
under an atmosphere of nitrogen. Evaporation of solvents was car-
ried out at reduced pressure. Dimethyl sulfoxide was distilled from
calcium hydride at reduced pressure and acetone was distilled from
anhydrous calcium sulfate. Hexane for flash chromatography was
distilled before use. HPLC analysis was performed on a Waters
Instrument (2487 dual wavelength absorbance detector with a 600
binary HPLC Pump). The Chiralpak AD-H column was purchased
from Daicel Chemical Industries Ltd. Optical rotations were mea-
sured on a Perkin—Elmer 341 polarimeter (A = 589 nm, 0.1 dm cell).
Melting point determinations were performed on an Electrother-
mal® melting point apparatus. 'H NMR and '*C NMR spectra
were recorded on Bruker Avance DRX 300 MHz or 400 MHz spec-
trometers at ambient temperatures. Chemical shifts 0 are expressed
in ppm and coupling constants J are reported in Hz. TMS served
as internal standard (§ = 0 ppm) for 'H NMR, and CDCl; served
as internal standard (5 = 77.0 ppm) for 3C NMR spectroscopy.
Where CD;0D was used as the solvent, chemical shifts 6 were re-
ported using residual CHD,OD (J = 3.30 ppm for '"H NMR) and
CD;0D (0 = 49.05 ppm for '3C NMR) as internal standards,
respectively. Infrared spectra were recorded on a Perkin—Elmer
spectrum one FT-IR spectrometer.

1-Benzyl 2-Methyl (5)-2-Methylpyrrolidine-1,2-dicarboxylate (6):
To a solution of methyl (S)-2-methylpyrrolidine-2-carboxylate hy-
drochloride (5) (600 mg, 3.10 mmol) in water/dioxane (1:1, 6 mL)
was added, at 0 °C, NaHCOj; (0.39 g, 4.65 mmol) in small portions,
followed by benzyl chloroformate (3.48 mL, 24.78 mmol) dropwise.
The mixture was stirred at 0 °C for 2 hours and then at room tem-
perature for 47 hours. The reaction mixture was concentrated under
reduced pressure to remove dioxane and the remaining aqueous
phase was extracted with chloroform (3 X6 mL). The organic ex-
tracts were dried (MgSO,) and concentrated to give a crude colour-
less liquid (4.2 g). The crude was subsequently distilled (20 mbar,
120 °C) to remove benzyl alcohol and the remaining residue was
purified by flash chromatography (toluene/EtOAc, 4:1) to furnish
the title ester as a pale yellow oil (0.62 g, 72%). [a]y = ~18 (¢ =
1.0, MeOH). "H NMR (400 MHz, CDCls): 6 = 1.54 and 1.60 (s, 3
H, 2-CHj;, rotamers), 1.82-1.98 (m, 3 H), 2.10-2.24 (m, 1 H), 3.46
and 3.71 (s, 3 H, CO,CHj;, rotamers), 3.50-3.71 (m, 2 H, 5-H” and
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5-HB), 4.90-5.22 (m, 2 H, PhCH,0), 7.25-7.40 ppm (m, 5 H, Ar-
H), as a mixture of 1:1 rotamers. "H NMR spectroscopic data was
consistent with literature values.*”!

(S)-1-(Benzyloxycarbonyl)-2-methylpyrrolidine-2-carboxylic =~ Acid
(7): A solution of ester 6 (578 mg, 2.08 mmol) in 5 N NaOH/MeOH
(2:1, 12 mL) was heated at reflux for 2 hours. The mixture was then
diluted with water (30 mL) and washed with diethyl ether (20 mL).
The aqueous phase was acidified to pH 1 with 2m HCI and ex-
tracted with CHCIl; (3 X35mL). The combined CHCI; extracts
were washed with brine (40 mL), dried (MgSO,) and evaporated to
give a crude pale yellow oil (492 mg). The crude was recrystallised
with dichloromethane/hexane to yield the title acid as a colourless
solid (478 mg, 87%); m.p. 89-91 °C (lit.**) m.p. 121 °C). [a]}§ = -7
(¢ = 1.0, MeOH) [ref.B [¢]¥ = -8.8 (¢ = 1.0, MeOH)]. '"H NMR
(400 MHz, CDCl;): 6 = 1.54 and 1.64 (s, 3 H, 2-CHj;), 1.80-2.00
(m, 3 H), 2.20-2.43 (m, 1 H), 3.49-3.72 (m, 2 H, 5-H* and 5-HB),
5.00-5.20 (m, 2 H, PhCH,CO), 7.20-7.50 (m, 5 H, Ar-H), 9.38-
10.60 ppm (br. s, 1 H, OH), as an approximately 1:1 mixture of
rotamers. The '"H NMR spectroscopic data are consistent with lit-
erature values.?’! MS (EI): m/z (%) = 263 (0.015, M*), 218 (0.17,
M - CO,H), 174 (0.18), 128 (0.17, M-PhCH,CO,), 91 (1.0,
PhCH,). HMRS calculated for C;4H;NO, 263.11576, found
263.11551.

Benzyl (S)-2-Carbamoyl-2-methylpyrrolidine-1-carboxylate (8): To a
solution of acid 7 (100 mg, 0.38 mmol) in dry chloroform (32 mL)
was added, under nitrogen at 0°C, triethylamine (0.42 mL,
3.04 mmol) and ethyl chloroformate (0.29 mL, 3.04 mmol). The
mixture was stirred at 0 °C for 2 hours and aqueous ammonia solu-
tion (28 %, 4.94 mL) was added, after which the mixture was stirred
for another 3 hours. The aqueous phase was separated and ex-
tracted with chloroform (2 X 15 mL). The combined organics were
washed with cold 5% NaHCOj; solution (30 mL), dried (MgSO,)
and evaporated to afford a crude yellow oil, which was purified via
flash chromatography ( EtOAc/MeOH, 99:1) to furnish the title
amide as a sticky yellow gum (94 mg, 94%). [a]) = 25 (¢ = 1.0,
MeOH). '"H NMR (300 MHz, CDCl5): 6 = 1.53 and 1.64 (s, 3 H,
2-CHj3, rotamers), 1.72-2.09 (m, 3 H), 2.09-2.78 (m, 1 H), 3.33—
3.78 (m, 2 H, 5-H” and 5-HB), 5.12 (s, 2 H, PhCH,), 6.08-6.56 (m,
1 H, NH), 6.83 (br. s, 1 H, NH), 7.06-7.60 ppm (m, 5 H, Ar-H),
as a mixture of rotamers. 3C NMR (100 MHz, CDCls): § = 22.2
(2-CHy), 22.5 (C-4), 38.9 and 41.2 (C-3, rotamers), 48.2 and 48.4
(C-5, rotamers), 65.9 and 67.0 (C-2, rotamers), 66.7 and 66.8
(PhCH,, rotamers), 127.5, 127.8, 128.3 (Ar-C), 136.0 and 136.3
(quat. Ar-C), 154.4 and 154.7 (C=0 carbamate, rotamers), 177.0
and 177.5 ppm (C=0 amide, rotamers). IR (NaCl): v = 3401
(amide N-H stretching), 2977 (C-H), 2874, 1691 (carbamate,
amide C=0 stretching), 1606 (amide, N-H bending), 1497 cm™!.
MS (CI+, NHj): m/z (%) = 263 (0.20, M + H), 218 (0.40, M —
CONH,), 174 (0.23), 91 (1.0, PhCH,). HMRS calculated for
C14H19N,05 263.13957, found 263.13897.

Benzyl (S)-2-Cyano-2-methylpyrrolidine-1-carboxylate (9). Method
1: To a solution of amide 8 (1.09 g, 4.17 mmol) in dimethylform-
amide (14 mL) was added at 0 °C cyanuric chloride (0.58 g,
3.12 mmol) in one shot. The mixture was stirred for 3 hours, by
which time it had turned yellow. Water (30 mL) was added to
quench the reaction mixture, and the resultant yellow solution was
extracted with EtOAc (3 X30 mL). The combined organics were
washed with water (4 X 15 mL), dried (MgSO,) and evaporated to
yield the title nitrile as a pale yellow oil (0.97 g, 95%). [a]® = —35.58
(¢ =2.08, Et;0). "H NMR (400 MHz, CDCl;): 6 = 1.67 and 1.76 (s,
3 H, 2-CHj;, rotamers), 1.85-2.13 (m, 3 H), 2.41-2.61 (m, 1 H),
3.36-3.55 (m, 1 H, 5-H*), 3.55-3.75 (m, 1 H, 5-H®), 5.06-5.32 (m,
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2 H, PhCH,), 7.26-7.54 ppm (m, 5 H, Ar-H), as a 3:2 mixture of
rotamers. '3C NMR (100 MHz, CDCls): § = 22.3 and 22.8 (2-CH3,
rotamers), 24.2 and 25.4 (C-4, rotamers), 40.3 and 41.6 (C-3, rota-
mers), 47.2 and 48.0 (C-5, rotamers), 55.1 and 55.9 (C-2, rotamers),
66.9 and 67.5 (PhCH,, rotamers), 120.7 (C=N), 127.8, 127.9,
128.1, 128.3 (Ar-C, rotamers), 135.9 (quat. Ar-C), 153.4 ppm
(C=0, carbamate), as a 2:1 mixture of rotamers. IR (NaCl): ¥ =
2979 (C-H), 2876, 2237 (C=N), 1703 (carbamate C=0 stretching),
1497 cm™'. MS (EI): m/z (%) = 263 (0.05, M+), 185 (0.04), 137
(0.05), 128 (0.19, M — PhCH,CO,), 91 (1.0, PhCH,). HMRS calcu-
lated for C;4H;cN>O, 244.12118, found 244.12098.

Method 2: A solution of phosphorus oxychloride (0.18 mL) in dry
dichloromethane (0.37 mL) was added at -5 °C under nitrogen to
a solution of amide 8 (0.40 g, 1.53 mmol) in pyridine (1.91 mL,
0.024 mol). The mixture was stirred at -5 °C for 5 hours, after
which time no starting material was detected by TLC. The mixture
was poured onto ice (10 g). The resultant solution was then ex-
tracted with diethyl ether (3 X 12 mL). The combined organics were
washed with saturated cupric sulfate solution (20 mL), brine
(20 mL) and dried (MgSO,) and evaporated to give the title nitrile
as a pale yellow oil (0.308 g, 83%). The NMR spectroscopic data
were identical to those obtained via method 1.

Benzyl (S)-2-Methyl-2-(1 H-tetrazol-5-yl)pyrrolidine-1-carboxylate
(10): To a solution of triethylamine (0.46 mL, 3.27 mmol) in dry
toluene (2 mL), under an atmosphere of nitrogen, was added glacial
acetic acid (0.19 mL, 3.27 mmol) and the solution was allowed to
stir for two minutes. This solution was then transferred to a round-
bottomed flask containing nitrile 9 (200 mg, 0.82 mmol) and so-
dium azide (0.21 g, 3.27 mmol) was added. The mixture was heated
at reflux for 24 hours, after which time no nitrile was detected by
TLC. Water (4 mL) was added and the aqueous layer was sepa-
rated. The organic layer was again extracted with water, and the
combined aqueous extracts were treated with 2 M HCI (3 mL). The
aqueous mixture was then extracted with EtOAc (3 X 10 mL). The
combined organics were dried (MgSO,) and evaporated in vacuo
to furnish the title tetrazole as a viscous light brown oil (225 mg,
96%). [a]l§ = —72.30 (¢ = 2.96, CHCl;). 'H NMR (400 MHz,
CDCl): 0 = 1.88 and 1.90 (s, 3 H, 2-CH3, rotamers), 1.90-2.92 (m,
4 H, rotamers), 3.54-3.82 (m, 2 H, 5-H” and 5-HP), 4.96 and 5.11
(m, 2 H, PhCH,, rotamers), 6.85-7.00 and 7.10-7.41 ppm (m, 5 H,
Ar-H, rotamers), as a 3:1 mixture of rotamers. '*C NMR
(100 MHz, CDCl;): 6 = 22.2 and 22.6 (C-4, rotamers), 24.3 and
24.6 (2-CHj;, rotamers), 40.0 and 43.0 (C-3, rotamers), 48.3 and
48.5 (C-5, rotamers), 59.5 and 59.6 (C-2, rotamers), 67.3 and 67.5
(PhCH,, rotamers), 127.5, 128.0, 128.3, 128.4 (Ar-C, rotamers),
135.1 and 135.7 (quat. Ar-C, rotamers), 154.5 and 155.2 (C=0,
carbamate, rotamers), 160.0 ppm (CN), as a 3:1 mixture of rota-
mers. IR (NaCl): ¥ = 3600-2400, 1702 (carbamate C=0 stretching),
1548, 1411, 1354 cm™!. MS (EI): m/z (%) = 287 (0.14, M+), 217
(0.07), 201 (0.06), 181 (0.06), 111 (0.12), 91 (1.0, PhCH,). HMRS
calculated for C4H7NsO, 287.13822, found 287.13834.

(S)-5-(2-Methylpyrrolidin-2-yl)-1 H-tetrazole (4): To a solution of
tetrazole 10 (652 mg, 2.269 mmol) in HOAc¢/H,O (9:1, 25 mL) was
added 10% palladium on charcoal (65.2 mg). The mixture was
placed under an H, atmosphere and stirred for 72 hours. The mix-
ture was then filtered through a pad of celite and the pad washed
with methanol. The volatiles were removed in vacuo and the re-
maining brown solution was azeotroped with acetonitrile to yield
a cream solid which was recyrstallised from methanol/diethyl ether
to afford the title tetrazole as a colourless solid (308 mg, 89%);
m.p. 238-240 °C. [a]l§ = -8 (¢ = 1.0, MeOH). 'H NMR (400 MHz,
CD;0D): ¢ = 1.82 (s, 3 H, 2-CH3), 2.05-2.28 (m, 3 H), 2.52-2.65
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(m, 1 H), 3.39-3.52 (m, 2 H, 5-H” and 5-H®) ppm. *C NMR
(100 MHz, CD;0D): ¢ = 22.6 (C-4), 23.4 (2-CH3), 37.0 (C-3), 44.5
(C-5), 64.4 (C-2), 162.7 (CN) ppm. IR (NaCl): v = 3347 (b), 2112
(b), 1646 (b), 1381 cm™'. MS (EI): m/z (%) = 153 (0.08, M+), 138
(0.07, M — CHj3), 110 (0.23, M — HN3), 84 (0.34, M — CN4H),
43 (1.0, HN3*). HMRS calculated for C¢H; N5 153.10145, found
153.10164.

General Procedures for the Enantioselective Direct Aldol Reaction
Catalysed by Tetrazole 4

A. Under Anhydrous Conditions: A clean, dry round-bottomed flask
was charged with tetrazole 4 (7.66 mg, 0.05 mmol) and the flask
flushed with nitrogen and placed under an atmosphere of nitrogen.
Anhydrous dimethyl sulfoxide (2 mL) was added via syringe fol-
lowed by freshly distilled acetone (0.5 mL). The mixture was stirred
for 5 minutes. The aldehyde (0.25 mmol) was then added in one
shot. The mixture was stirred at room temperature for the reported
number of hours. The mixture was quenched with saturated ammo-
nium chloride (1 mL), after which it became warm. The mixture
was diluted with water (5 mL) and transferred to a separating fun-
nel where it was extracted with EtOAc or ether until no more prod-
uct was detected in the aqueous phase by TLC. The combined or-
ganics were dried (MgSO,) and evaporated in vacuo to furnish a
crude brown liquid, which was purified via flash chromatography
(hexane/EtOAc) to provide the aldol adduct.

B. Under Ambient Conditions: To a solution of tetrazole 4 (7.66 mg,
0.05 mmol) in dimethyl sulfoxide (2 mL) acetone (0.5 mL) was
added. The mixture was stirred for 5 minutes, after which time the
aldehyde (0.25 mmol) was added in one shot. The mixture was
stirred at room temperature for the reported number of hours. The
mixture was quenched with saturated ammonium chloride (1 mL),
after which it became warm. The mixture was diluted with water
(S5mL) and transferred to a separating funnel where it was ex-
tracted with EtOAc or ether until no more product was detected
in the aqueous phase by TLC. The combined organics were dried
(MgS0O,) and evaporated in vacuo to furnish a crude brown liquid,
which was purified via flash chromatography (hexane/EtOAc) to
provide the aldol adduct.

4-Hydroxy-4-(4-nitrophenyl)butan-2-one (16a): The 'H NMR spec-
troscopic data was consistent with literature values.”" The product
was obtained in 88 % ee. The optical purity was determined via the
synthesis of the corresponding Mosher ester (see below). [a] =
+37.5 (¢ = 0.48, CHCly) [ref.3" (99% ee). [a]fy = +66.2 (¢ = 0.5,
CHCl)].

4-(2-Chlorophenyl)-4-hydroxybutan-2-one (16b): The 'H NMR
spectroscopic data was consistent with literature values.*] The
product was obtained in 90% ee. The optical purity was determined
by HPLC with hexane/2-propanol (95:5) as eluent; flow rate
0.5 mL/min; tg = 24.94 min (R), 27.27 min (S). [a]% 86.7 (¢ = 0.6,
CHCI,) [ref.BU (96% ee). [aliy = +101.7 (¢ = 0.58, CHCl3)].

4-Hydroxy-4-(4-methoxyphenyl)butan-2-one (16¢): The 'H NMR
spectroscopic data was consistent with literature values.’!! The
product was obtained in 85% ee. The optical purity was determined
by HPLC with hexane/2-propanol (95:5) as eluent; flow rate
0.5 mL/min; tg = 52.87 min (R), 60.81 min (S). [a]3 = +30.0 (¢ =
0.4, CHCls) [ref.B? (67% ee). [all$ = +25.51 (¢ = 0.24, CHCl3)].

4-(4-Bromophenyl)-4-hydroxybutan-2-one (16d): The 'H NMR spec-
troscopic data was consistent with literature values.**! The product
was obtained in 87% ee. The optical purity was determined by
HPLC with hexane/2-propanol (93:7) as eluent; flow rate 0.5 mL/
min; 7z = 38.46 min (R), 41.12 min (S). [a]E = +50.9 (¢ = 0.57,
CHCI3) [ref.PX (90% ee). [a]l§ = +53.3 (CHCl)].
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N-[4-(1-Hydroxy-3-oxobutyl)phenyl]acetamide (16e): 'H NMR
(300 MHz, CDCl3): 6 = 2.17 (s, 3 H), 2.20 (s, 3 H), 2.73-2.93 (m,
2 H), 3.29 (br. s, 1 H), 5.00-5.19 (m, 1 H), 7.30 (d, J = 8.5Hz, 2
H), 7.47 (d, J = 8.5Hz, 2 H) ppm. The product was obtained in
70% ee. The optical purity was determined by HPLC with hexane/
2-propanol (90:10) as eluent; flow rate 0.5 mL/min; tg = 100.40 min
(R), 108.86 min (S). [a]E = +15.9 (¢ = 0.44, CHCI;) [ref.2 (69%
ee). [a]lp +12.5 (¢ = 1, CHCLy)].

4-Hydroxy-4-(2-naphthyl)butan-2-one (16f): The '"H NMR spectro-
scopic data was consistent with literature values.”™ The product
was obtained in 81% ee. The optical purity was determined by
HPLC with hexane/2-propanol (95:5) as eluent; flow rate 0.5 mL/
min; g = 94.46 min (R), 109.57 min (S). [a]5 = +40.0 (¢ = 0.5,
CHCI,) [ref?71 (74% ee). [a]y) = +34.8 (¢ = 0.525, CHCL,)].

4-Hydroxy-4-phenylbutan-2-one (16g): The 'H NMR spectroscopic
data was consistent with literature values.[*! The product was ob-
tained in 80% ee. The optical purity was determined by HPLC
with hexane/2-propanol (93:7) as eluent; flow rate 0.5 mL/min; ¢
= 39.13 min (R), 42.51 min (S). [a] = +31.1 (¢ = 0.45, CHCls)
[ref.1331 (96 % ee). [a]¥) = +59.7 (¢ = 1.7, CHCI3)].

4-(4-Chlorophenyl)-4-hydroxybutan-2-one (16h): The 'H NMR
spectroscopic data was consistent with literature values.*l The
product was obtained in 86 % ee. The optical purity was determined
by HPLC with hexane/2-propanol (96:4) as eluent; flow rate
0.5 mL/min; g = 42.03 min (R), 45.77 min (S). [a] = +73.0 (c =
0.49, CHCls) [ref.331 (83% ee). [a]ly = +53.5 (¢ = 1.0, CHCI3)].

4-Hydroxy-4-(2-nitrophenyl)butan-2-one (16i): The 'H NMR spec-
troscopic data was consistent with literature values.3l The product
was obtained in 91% ee. The optical purity was determined by
HPLC with hexane/2-propanol (97:3); flow rate 0.5 mL/min; tg =
80.84 min (R), 84.87 min (S). [a]& —141.0 (¢ = 0.546, CHCI;) [ref.33]
(75% ee). [a]y —108.2 (¢ = 1.2, CHCl3)].

4-Hydroxy-4-(3-nitrophenyl)butan-2-one (16j): The 'H NMR spec-
troscopic data was consistent with literature values.*! The product
was obtained in 90% ee. The optical purity was determined by
HPLC with hexane/2-propanol (97:3) as eluent; flow rate 0.5 mL/
min; fg = 120.49 min (R), 129.38 min (S). [a]} = +65.9 (¢ = 0.44,
CHCls) [ref.B¥1 (87% ee). [a]y) = +62.1 (CHCl5)].

Procedures for the Synthesis of the Mosher Ester of Adduct 16a: To
a solution of (S)-3,3,3-trifluoro-2-methoxy-2-phenylpropanoic acid
(15.11 mg, 0.065 mmol) in dry dichloromethane (0.3 mL) was
added aldol adduct 16a (9 mg, 0.043 mmol) and DMAP (1.05 mg,
0.0086 mmol). The mixture was stirred and cooled to 0 °C and di-
cyclohexylcarbodiimide (22.18 mg, 0.11 mmol) was added. The
mixture was stirred overnight, at room temperature, after which
time the TLC indicated complete consumption of the starting ma-
terial. The reaction mixture was filtered, the filtrate was then evap-
orated in vacuo, the residue dissolved in diethyl ether (4 mL). The
solution was washed with 0.5~ HCl (2X2mL), saturated
NaHCOj3; (2 X2 mL), dried (MgSO,) and evaporated to yield the
Mosher ester as a yellow residue which was directly subjected to
'H NMR analysis: '"H NMR (400 MHz, CDCl;): 6 = 2.09 and
2.17 (s, 3 H, CH3), 2.80 (dd, J = 3.8, 17.8 Hz, 1 H, CH,), 3.20 (dd,
J=94,17.8 Hz, 1 H, CH,), 3.51 (s, 3 H, OMe), 6.41 (dd, J = 4.0,
9.2 Hz, 1 H, CH) and 6.5 (dd, CH), 7.29-7.41 (m, 5 H, Ph-H), 7.70
(d, J=9.0Hz, 1 H, ArNO,-H), 8.16 (d, J = 8.6 Hz, 2 H, ArNO--
H), 8.26 ppm (d, J = 9.0 Hz, 1 H, ArNO,-H).

Supporting Information (see also the footnote on the first page of
this article): Experimental details, '"H NMR and '*C NMR spectra
for all new compounds. '"H NMR spectra and HPLC traces for all
aldol adducts.
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