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Enantioselective Organocatalytic Conjugate Addition of
N Heterocycles to o,3-Unsaturated Aldehydes™**
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Organocatalysis!!! has expanded widely within the last few
years, since the rediscovery of the proline-catalyzed aldol
reaction.’”) Since then, several different methods, such as
fluorination,®! chlorination,*! bromination,” sulfenylation,
amination,’’ and Mannich reactions,® have been developed
for the a-functionalization of aldehydes and ketones with
high stereoselectivity. The catalysts for these reactions are
mainly chiral secondary amines and imidazolidinones, which
activate the carbonyl compounds by an enamine mecha-
nism.”’

Chiral secondary amines are also effective catalysts for
enantioselective 3 addition to a,fB-unsaturated carbonyl com-
pounds. In the case of these o,B-unsaturated systems, the
catalyst activates the substrate through the iminium-ion
mechanism, thereby facilitating the addition of the nucleo-
phile to the [3-carbon atom. This reaction protocol has been
developed organocatalytically for a number of different
reactions such as cycloaddition reactions,"”! reductions,
and Michael additions."

Recently, several organocatalyzed nucleophilic nitrogen
addition reactions to a,p-unsaturated carbonyl compounds
have been presented. For example, Miller and co-workers!'!
accomplished the addition of azide to unsaturated imides with
moderate to good enantioselectivity, and MacMillan and co-
workers!' demonstrated the enantioselective formation of f3-
amino aldehydes by addition of O-tert-butyldimethylsilyl-
protected carbamates to a,f-unsaturated aldehydes. Further-
more, Jacobsen and Gandelman™ succeeded with the
addition of a range of different aromatic N-heterocyclic
compounds to unsaturated ketones and imides with high
enantioselectivities using a chiral Al-salen catalyst.

The products of the addition of N-heterocyclic com-
pounds to a,p-unsaturated aldehydes have shown important
biological activities.'"" Several compounds containing N-
heterocyclic groups such as 1,2,4-triazoles and tetrazoles
are, for example, included in drugs such as Voriconazole
(antifungal), Fluconazole (antifungal), and Losartan (high
blood pressure).
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Here we present the first organocatalytic conjugate
addition of aromatic N heterocycles to o,p-unsaturated
aldehydes using the catalyst 2-[bis(3,5-bis-trifluoromethyl-
phenyl)trimethylsilanyloxymethyl]pyrrolidine (Scheme 1).[7
Furthermore, we also include DFT calculations in an attempt
to better understand the catalytic cycle and the stereochem-
ical outcome of the reaction.
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Scheme 1. TMS = trimethylsilyl.

We started out with the reaction of 1,2,4-triazole (1) with
2-pentenal (2a) in the presence of catalyst 3. A screening of
solvents, concentration, and additives was performed to
optimize the reaction conditions, some representative results
of which are given in Table 1. The results therein show that
full conversion was achieved in 2-4 h in the presence of 10
mol % benzoic acid in solvents such as CH,Cl,, MeCN,
toluene, and [Dg]benzene, whereas pentane only gave a low
conversion. The reaction performed in [Dg]benzene and
toluene gave high enantioselectivity, 89 and 88 % ee, respec-

Table 1: Screening of various reaction conditions for the addition of
1,2,4-triazole 1 to 2-pentenal 2a using catalyst 3.7

N\
N 3 (10 mol% N‘N)
NS v gy —oma)
N solvent, additive O//YL Et
H RT
H
1 2a 4a
Entry Solvent  [1][M] PhCO,H t[h] conv.[%]" ee[%]
[mol %]
1 CH,Cl, 05 10 2 100 33
2 pentane 0.5 10 4 24 -
3 MeCN 0.5 10 4 100 7
4 benzene 0.5 10 2 96 89
5 toluene 0.5 - 4.5 100 38
6 toluene 2.5 10 1 100 68
7 toluene 0.1 10 2 100 92

[a] Performed with 1 (0.25 mmol), 2 (0.375 mmol), and 3 (0.025 mmol).
Additive: PhCO,H. [b] Determined by "H NMR spectroscopy. [c] Deter-
mined by chiral GC.
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tively (entries 4 and 5, Table 1), whereas the enantioselectiv- Ph
ity decreased significantly in CH,Cl, and MeCN (entries 1, 3). N
An increase in the enantioselectivity (from 88 to 92 % ee) was N=N _ 3 (10 mol%) N‘N’N
observed upon decreasing the concentration of the reaction HNYN TR toluene, PhCO,H QMR
(entry 5 vs 7, Table 1), and the enantioselectivity decreased at Ph 20°C H
hlgher. concentra.tlo.ns (entry 6) . 5 2acd 6ac
With the optimized conditions in hand, the scope of the Ph (full conversion)
reaction for different a,fB-unsaturated aldehydes was inves- ,fN
tigated. Table 2 shows the results of the variation of sub- 1) NaBH, N. N
2) p-CICgH,CO,CI N
Table 2: Scope of the organocatalytic addition of 1,2,4-triazole (1) to a,f3- O/\H\R
unsaturated aldehydes 2a—f.! 0 H
N
iN 3 (10 mol%) N/‘N» “ Tae
N _ mol%,
N\N) + R toluene, PhCO,H OAKKR Scheme 2.
H RT
H
1 2af daf
Table 3: Scope of the organocatalytic addition of 5-phenyl-1H-tetrazole
Entry R t[h] Yield [%]" ee (%] (5) to a,B-unsaturated aldehydes 2a,c,d (see Scheme 2).F!
1 Et 2 78 (4a) 92 Entry R 5] [M] t [h] Yield [%] ee [%]
2 nBu 3 87 (4b) 92
3 Hep 7 76 (4¢) 93 1 Et 0.1 22 45 (7a) 90
4 ipr 19 76 (4d) 94 2 Hept 0.1 23 52 (7b) 92
5 3-hexenyl 4 87 (4e) 92 3 iPr 01 > 66 (7¢) o1
p oh 2 <20 (4) - 4 iPr 0.5 19 55 (7¢) 85

[a] Performed with 1 (0.25 mmol), 2 (0.375 mmol), 3 (0.025 mmol), and
PhCO,H (0.025 mmol) in toluene. [b] Purified by flash chromatography.
[c] Determined by chiral GC.

stituents in the a,p-unsaturated aldehydes 2a—f in reaction
with 1,2,4-triazole (1). As seen from the results, all aliphatic
a,p-unsaturated aldehydes gave the 1,24-triazole addition
products 4a—d in high yields and with high enantioselectivities
(entries 1-4, Table 2). The reaction times increased with the
bulkier isopropyl group in the side chain, however, it also led
to a small increase of the enantioselectivity to 94% ee
compared to the linear aliphatic chains. The introduction of
an extra double bond in the side chain (entry 5, Table 2) gave
also the Michael addition product 4e in high yield and with
high enantioselectivity. It is notable that aromatic o,f3-
unsaturated aldehydes such as cinnamic aldehyde (2f) only
gave low conversions in this reaction (entry 6, Table 2).

To expand the scope of the reaction, the addition of
aromatic N heterocycles using other nucleophiles than 1,2,4-
triazole (1) was investigated. The reaction of 5-phenyltetra-
zole (5) with a,B-unsaturated aldehydes 2a,c,d catalyzed by 3
at room temperature gave the addition products 6a—c with
full conversion (Scheme 2). These products were reduced
with NaBH,, and the resulting alcohols were subsequently
functionalized to the corresponding esters using p-chloroben-
zoyl chloride. However, the observed enantioselectivity was
merely 50% ee, indicating that the product may racemize.
Therefore, the reaction was carried out at —20°C, followed by
subsequent reduction and functionalization of the alcohol to
an ester. By the use of these reaction conditions, the reaction
now proceeded with excellent enantioselectivity and accept-
able yields for a three-step reaction (Table 3, entries 1-4).

Additional nucleophiles that were investigated in this
addition reaction to a,f-unsaturated aldehydes were 1,2,3-
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[a] Performed with 1 (0.25 mmol), 2 (0.375 mmol), 3 (0.025 mmol), and
PhCO,H (0.025 mmmol) in toluene at —20°C. [b] Purified by flash
chromatography after reduction with NaBH, and functionalization with
p-chlorobenzoyl chloride. [c] Determined by chiral HPLC.

benzotriazole (8) and 1,2,3-triazole (9). Both nucleophiles
were treated with the aldehydes, and the resulting products
were subsequently reduced and esterified (Scheme 3,

N, 1) NaBH,

\—( o 3 (10 mol%) 2) p-CICgH4CO,CI
oo R toluene, PhCO,H

8/9 1a,d Py
«©o TN
T\ & [ N
N. .N + oA UN
0] N O N
/@)J\O/\KKR /@/U\OMR
cl H cl H
10a-c 11a-c
Scheme 3.

Table 4). The addition of 1,2,3-benzotriazole (8) and 1,2,3-
triazole (9) gave a mixture of two regioisomers (2:1), 10 and
11, respectively, which were separated by flash chromatog-
raphy. The results in Table 4 show that 10 and 11 were formed
with similar enantioselectivities in acceptable yields after
three reaction steps.

The absolute configuration of the optically active products
formed was determined by X-ray analysis.'"¥ The product 7¢
obtained from the addition of 5-phenyltetrazole (5) to the
a,B-unsaturated aldehyde 2d, followed by reduction and
esterification, revealed the absolute configuration to be S
(Figure 1).
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Table 4: Scope of the organocatalytic addition of benzotriazole 8 and
1,2,3-triazole (9) to a,fB-unsaturated aldehydes 1a,d (see Scheme 3).1

Entry R 8/9 [m] T[°q] t[h] 10/11 ee [%6]
Yield [%]!

1 Et 8 (0.1) -20 27 44:19 80:91

2 iPr  8(0.5) —-20 19 47:30 88:89

3 Et 9 (0.5) RT 19 30:20 81:80

[a] Performed with 8 or 9 (0.25 mmol), 2 (0.375 mmol), 3 (0.025 mmol),
and PhCO,H (0.025 mmol) in toluene. [b] Isolated yield for each
regioisomer purified by flash chromatography after reduction with
NaBH, and functionalization with p-chlorobenzoyl chloride. [c] Deter-
mined by chiral HPLC.

Figure 1. X-ray crystal structure of (S)-4-methyl-3-(5-phenyl-2H-tetrazol-
2-yl)pentyl 4-chlorobenzoate ((S)-7c). Cl green, N blue, O red, C gray,
H white.

The results for the organocatalytic Michael addition
reactions given in Tables 2-4 show that these reactions
proceed well for different aliphatic a,-unsaturated aldehydes
reacting with various N-heterocyclic compounds. To better
understand the mechanism of the chiral amine catalyzed -
addition of N-heterocyclic compounds by the iminium
mechanism using catalyst 3, the intermediates and transition
states involved in the catalytic cycle were investigated
computationally with DFT calculations."” The proposed
catalytic cycle is outlined in Scheme 4.

The a,p-unsaturated aldehyde 2a reacts with the proton-
ated catalyst 3 and forms an iminium ion with loss of water.
Owing to the chirality of the catalyst, two different iminium
ions that have E and Z configurations can be formed. The
structures of these isomers, (E)-12 and (Z£)-12, were optimized
at the B3LYP/6-31G(d) level of theory and are shown in
Figure 2.?% The calculations show that the formation of (E)-
12 is favored (AG = —0.17 kcalmol ') over the formation of
(Z)-12 (AG=1.39kcalmol™") relative to the protonated
catalyst and 2-pentenal (2a). These results show that (E)-12
is expected to be the major intermediate present in which the
Si face is shielded by the chiral group in the catalyst, leaving
the Re face available for the approach of the N-heterocyclic
compounds.

To understand the enantioselectivity of the addition of
1,2,4-triazole, transition states (TSla and TSlc) for the
addition from the unshielded face of (F)-12 and (Z)-12,
leading to R and S configurations of the product, respectively,
were optimized.?!! Additionally, the transition state for the
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Scheme 4. Proposed catalytic cycle with intermediates and transition
states studied computationally.

(E)12
AG =-0.17 kcal mol™’

(£)12
AG = 1.39 kcal mol™

Figure 2. Optimized structure of the iminium ions (E)-12 and (2)-12.
Si beige, N blue, O red, C orange, H green.

addition from the top side of the iminium ion (FE)-12, leading
to the S configuration, was also considered (TS1b). The
transition states were initially optimized at the B3LYP/6-
31G(d) level of theory and further optimized at the B3LYP/6-
311G(d,p)? level of theory and are shown in Figure 3.

The difference in relative Gibbs free energies of the
transition states shows that TS1a (0.0 kcalmol ') is favored
compared to TS1b (2.0 kcalmol ") and TS1¢ (3.0 kcalmol ™).
This shows that the reaction most likely proceeds via
transition state TS1la, corresponding to an addition from
below the Re face to (E)-12. The difference in Gibbs free
energy corresponds to an enantioselectivity of 94 % ee. The
influence of the solvent was included in the calculations of the
transition states by a single-point calculation of the solvation
energy at the B3LYP/6-311G(d,p) level of theory using the
CPCM model.” The difference in energy between TS1a and
TS1b is 1.8 kcalmol™', which corresponds to an enantiose-
lectivity of 90 % ee. Thus, these calculated results are in good
agreement with the experimentally obtained enantioselectiv-
ity (92% ee).

A comparison of the calculated C-N distances (1.913-
1.923 A) in the transition states TS1a, TS1b, and TSlc

www.angewandte.org
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TS1a
AG=0
AG=0

Figure 3. Optimized structures and relative energies [kcal mol™'] of the
transition states TS1a, TS1b, and TS1 ¢ for the addition of 1,2,4-
triazole. The upper numbers are results in the gas phase and the lower
numbers are results in a solvent. Calculated C-N distances [A] are
shown.

depicted in Figure 3 shows that these are very similar and
independent of the approach of the 1,2,4-triazole.

The addition of 1,2,4-triazole to the iminium ion (E)-12
gives the enamine intermediate 13, which bears a positive
charge on the protonated triazole ring. We considered that
this proton is then transferred from the nitrogen atom in the
triazole ring to the enamine carbon atom to form the iminium
intermediate 14 (see Scheme 4). Two transition states were
investigated for the proton transfer: 1) a direct transfer of the
proton from the 1,2,4-triazole nitrogen atom to the a-carbon
atom (TS2a), and 2) transfer involving one molecule of water
that works as a relay in the transfer of the proton from the
1,2,4-triazole nitrogen atom to the a-carbon atom (TS2b).
These two transition-state structures are outlined in Figure 4.

The calculated Gibbs free energies for the transition states
TS2a and TS2b show that the water-assisted proton transfer

1.140 1.374

TS2a
AG = 20.9 kcal mol™

TS2b
AG = 18.6 kcal mol™

Figure 4. Optimized structures of different transition states (TS2a and
TS2b) for the proton transfer, without water and with water assistance,
respectively, from the nitrogen atom in the 1,2,4-triazole ring to the a-
carbon atom. Calculated C-N distances [A] are shown.
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between enamine intermediate 13 leading to the iminium ion
14 (TS2b) has a lower barrier of activation compared to the
direct transfer of a proton (TS2a). The energy diagram in
Figure 5 also shows that TS2b is lower in free energy than the
transition state for 1,2,4-triazole addition (TS1a), thus the
triazole addition is the rate-limiting step of the reaction.

AG/keal mol™
25+
20.9
e 200 —— TS2a
TS1a ™, ﬂ TS2b
; 159 E
151 ; 13 + H,0
104
5 ; 4.0
; 14 -
. 0 7}_,,&;(2)-12 + H,0 . 08
] 1+2a+3 02 (B)12+H,0 "_3 +l4a
-5

Figure 5. Gibbs free energy diagram of the catalytic cycle.

Hydrolysis of the iminium ion 14 leads to regeneration of
the catalyst 3 and product 4a. The reaction energy of
—0.6 kcalmol™ on going from aldehyde 2a to the 1,2,4-
triazole adduct 4 shows that the reaction is energetically
favored. The calculated energy profile for the catalytic cycle is
presented in Figure 5.

In summary, we have presented the first organocatalytic
conjugate addition of N heterocycles to o,p-unsaturated
aldehydes which proceeds in moderate to high yields and
with high enantioselectivity. Computational studies show that
N heterocycles add to the unshielded Reface of the E-
configured iminium ion intermediate, thereby predicting the
high enantioselectivity observed in the reaction.

Experimental Section

Catalyst 3 (10 mol %, 0.025 mmol, 15 mg), 2a (37 pL, 0.375 mmol),
toluene (0.5 mL), and benzoic acid (3 mg, 0.025 mmol) were intro-
duced into a sample vial equipped with a magnetic stirring bar. The
mixture was stirred for a short time at ambient temperature, and 1
(0.0173 g, 0.25 mmol) was added. After about 2h (monitored by
"H NMR spectroscopy), the reaction was complete. The reaction
mixture was loaded onto SiO,, and the product 4a (29.9 mg,
0.195 mmol, 78% yield) was obtained by flash chromatography
eluting with CH,CL/iPrOH (90:10).

Received: November 30, 2006
Published online: February 8, 2007

Keywords: aldehydes - asymmetric synthesis - density
functional calculations - nitrogen heterocycles - organocatalysis

[1] See, for example: a) P. I. Dalko, L. Moisan, Angew. Chem. 2004,
116,5248; Angew. Chem. Int. Ed. 2004, 43,5138;b) A. Berkessel,
H. Groger, Asymmetric Organocatalysis, Wiley-VCH, Wein-
heim, Germany, 2005; c) G. Lelais, D. W. C. MacMillan, Aldri-

Angew. Chem. Int. Ed. 2007, 46, 1983 -1987


http://www.angewandte.org

chimica Acta 2006, 39, 79; d) “Special Issue: Asymmetric
Organocatalysis”, Acc. Chem. Res. 2004, 37.

[2] a) Z. G. Hajos, D. R. Parrish, J. Org. Chem. 1974, 39, 1615; b) U.

Eder, G. Sauer, R. Wiechert, Angew. Chem. 1971, 83, 492;

Angew. Chem. Int. Ed. Engl. 1971, 10, 496; c) B. List, R. A.

Lerner, C. F. Barbas I11, J. Am. Chem. Soc. 2000, 122, 2395.

a) D. Enders, M. R. M. Hiittl, Synlett 2005, 991; b) M. Marigo,

T. C. Wabnitz, D. Fielenbach, A. Braunton, A. Kjarsgaard, K. A.

Jgrgensen, Angew. Chem. 2005, 117, 3769; Angew. Chem. Int.

Ed. 2005, 44, 3703; c) D. D. Steiner, N. Mase, C. F. Barbas III,

Angew. Chem. 2005, 117, 3772; Angew. Chem. Int. Ed. 2005, 44,

3706; d) T. D. Beeson, D. W. C. MacMillan, J. Am. Chem. Soc.

2005, 127, 8826; ) S. Brandes, B. Niess, M. Bella, A. Prieto, J.

Overgaard, K. A. Jgrgensen, Chem. Eur. J. 2006, 12, 6039.

[4] a) M. P. Brochu, S. P. Brown, D. W. C. MacMillan, J. Am. Chem.
Soc. 2004, 126, 4108; b) N. Halland, A. Braunton, S. Bachmann,
M. Marigo, K. A. Jgrgensen, J. Am. Chem. Soc. 2004, 126, 4790;
¢) N. Halland, M. Lie, A. Kjersgaard, M. Marigo, B. Schigtt,
K. A. Jgrgensen, Chem. Eur. J. 2005, 11, 7083; d) M. Marigo, S.
Bachmann, N. Halland, A. Braunton, K. A. Jgrgensen, Angew.
Chem. 2004, 116, 5623; Angew. Chem. Int. Ed. 2004, 43, 5507.

[5] S. Bertelsen, N. Halland, S. Bachmann, M. Marigo, A. Braunton,
K. A. Jgrgensen, Chem. Commun. 2005, 4821.

[6] a)J. Wang, H. Li, Y. Mei, B. Lou, D. Xu, D. Xie, H. Gou, W.

Wang, J. Org. Chem. 2005, 70, 5678;b) M. Marigo, T. C. Wabnitz,

D. Fielenbach, K. A. Jgrgensen, Angew. Chem. 2005, 117, 804;

Angew. Chem. Int. Ed. 2005, 44, 794.

a) A. Bggevig, K. Juhl, N. Kumaragurubaran, W. Zhuang, K. A.

Jorgensen, Angew. Chem. 2002, 114, 1868; Angew. Chem. Int.

Ed. 2002, 41,1790; b) N. Kumaragurubaran, K. Juhl, W. Zhuang,

A. Bggevig, K. A. Jgrgensen, J. Am. Chem. Soc. 2002, 124, 6254;

c¢) B. List, J. Am. Chem. Soc. 2002, 124, 5656; d) J. T. Suri, D. D.

Steiner, C.F. BarbasIII, Org. Lett. 2005, 7, 3885; e)N.S.

Chowdari, C. F. Barbas III, Org. Lett. 2005, 7, 867; f) H. Vogt,

S. Vanderheiden, S. Brise, Chem. Commun. 2003, 2448; g) S.

Saaby, M. Bella, K. A. Jgrgensen, J. Am. Chem. Soc. 2004, 126,

8120; h) X. Liu, H. Li, L. Deng, Org. Lett. 2005, 7, 167.

See, for example: a) W. Notz, K. Sakthivel, T. Bui, C.F.

Barbas 111, Tetrahedron Lett. 2001, 42, 199; b) A. Cordova, W.

Notz, G. Zhong, J. M. Betancort, C. F. Barbas 111, J. Am. Chem.

Soc. 2002, 124, 1842; c) A. Cordova, S.-1. Watanabe, F. Tanaka,

W. Notz, C.F. Barbas 111, J. Am. Chem. Soc. 2002, 124, 1866;

d) N.S. Chowdari, D. B. Ramachary, C. F. Barbas III, Synlett

2003, 1906; e) W. Notz, F. Tanaka, S.-I. Watanabe, N.S.

Chowdari, R. Thayumanavan, C. F. Barbas III, J. Org. Chem.

2003, 68, 9624; ) B. List, P. Pojarliev, W. T. Biller, H. J. Martin, J.

Am. Chem. Soc. 2002, 124, 827; g) A.J. A. Cobb, D. M. Shaw,

S. V. Ley, Synlett 2004, 558; h) W. Zhuang, S. Saaby, K. A.

Jorgensen, Angew. Chem. 2004, 116, 4576; Angew. Chem. Int.

Ed. 2004, 43, 4476; i) N. S. Chowdari, J. T. Suri, C. F. Barbas I,

Org. Lert. 2004, 6, 2507; j)I. Ibrahem, A. Cérdova, Chem.

Commun. 2006, 1760; k) A. Cordova, Acc. Chem. Res. 2004, 37,

102; 1) W. Notz, F. Tanaka, C. F. Barbas IIl, Acc. Chem. Res.

2004, 37, 580.

[9] a) S. Bahmanyar, K. N. Houk, J. Am. Chem. Soc. 2001, 123,
12911; b) C. Allemann, R. Gordillo, F. R. Clemente, P. H.-Y.
Cheong, K. N. Houk, Acc. Chem. Res. 2004, 37, 558; c) F. R.
Clemente, K. N. Houk, Angew. Chem. 2004, 116, 5890; Angew.
Chem. Int. Ed. 2004, 43, 5766; d) L. Hoang, S. Bahmanyar, K. N.
Houk, B. List, J. Am. Chem. Soc. 2003, 125, 16.

[3

—

[7

—

8

-

Angewandte

[10] a) R. K. Kunz, D. W. C. MacMillan, J. Am. Chem. Soc. 2005, 127,
3240; b) R. M. Wilson, W. S. Jen, D. W. C. MacMillan, J. Am.
Chem. Soc. 2005, 127, 11616.

[11] a) S. G. Ouellet, J. B. Tuttle, D. W. C. MacMillan, J. Am. Chem.
Soc. 2005, 127,32; b) N. J. A. Martin, B. List, J. Am. Chem. Soc.
2006, 128, 13368.

[12] a) A. Prieto, N. Halland, K. A. Jgrgensen, Org. Lett. 2005, 7,
3897; b) N. Halland, T. Hansen, K. A. Jgrgensen, Angew. Chem.
2003, 115, 5105; Angew. Chem. Int. Ed. 2003, 42, 4955; c) K. R.
Knudsen, C. E. T. Mitchell, S. V. Ley, Chem. Commun. 2006, 66.

[13] T. E. Horstmann, D. J. Guerin, S. J. Miller, Angew. Chem. 2000,
112, 3781; Angew. Chem. Int. Ed. 2000, 39, 3635.

[14] Y. K. Chen, M. Yoshida, D. W. C. MacMillan, J. Am. Chem. Soc.
2006, 128, 9328.

[15] M. Gandelman, E. N. Jacobsen, Angew. Chem. 2005, 117, 2445;
Angew. Chem. Int. Ed. 2005, 44, 2393.

[16] M. A. Ghannoum, L. B. Rice, Clin. Microbiol. Rev. 1999, 12, 50.

[17] C. Palomo, A. Mielgo, Angew. Chem. 2006, 118, 8042; Angew.
Chem. Int. Ed. 2006, 45, 7876.

[18] X-ray crystal structure analysis of 7¢ (CyH,,CIN,O,): M,
384.86 gmol !, colorless crystals. CCDC-631156 contains the
supplementary crystallographic data for this paper. These data
can be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

[19] Gaussian03 (Revision A.1), M. J. Frisch, G. W. Trucks, H. B.
Schlegel, G. E. Scuseria, M. A. Robb, J. R. Cheeseman, J. A.
Montgomery, Jr., T. Vreven, K. N. Kudin, J. C. Burant, J. M.
Millam, S.S. Iyengar, J. Tomasi, V. Barone, B. Mennucci, M.
Cossi, G. Scalmani, N. Rega, G. A. Petersson, H. Nakatsuji, M.
Hada, M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida,
T. Nakajima, Y. Honda, O. Kitao, H. Nakai, M. Klene, X. Li, J. E.
Knox, H. P. Hratchian, J. B. Cross, C. Adamo, J. Jaramillo, R.
Gomperts, R. E. Stratmann, O. Yazyev, A. J. Austin, R. Cammi,
C. Pomelli, J. W. Ochterski, P. Y. Ayala, K. Morokuma, G. A.
Voth, P. Salvador, J.J. Dannenberg, V.G. Zakrzewski, S.
Dapprich, A. D. Daniels, M. C. Strain, O. Farkas, D. K. Malick,
A. D. Rabuck, K. Raghavachari, J. B. Foresman, J. V. Ortiz, Q.
Cui, A. G. Baboul, S. Clifford, J. Cioslowski, B. B. Stefanov, G.
Liu, A. Liashenko, P. Piskorz, I. Komaromi, R. L. Martin, D. J.
Fox, T. Keith, M. A. Al-Laham, C. Y. Peng, A. Nanayakkara, M.
Challacombe, P. M. W. Gill, B. Johnson, W. Chen, M. W. Wong,
C. Gonzalez, J. A. Pople, Gaussian, Inc., Pittsburgh, PA, 2003.

[20] a) A.D. Becke, J. Chem. Phys. 1993, 98, 1372; b) C. Lee, W.
Yang, R. G. Parr, Phys. Rev. B 1988, 37, 785; c) P. C. Hariharan,
J. A. Pople, Theor. Chim. Acta 1973, 28, 213; d) M. M. Francl,
W.J. Petro, W.J. Hehre, J.S. Binkley, M.S. Gordon, D.J.
DeFrees, J. A. Pople, J. Chem. Phys. 1982, 77, 3654.

[21] Additon of 1,2,4-triazole from the Re face to iminium ion (E)-12,
derived from catalyst 3 and 2-pentenal (2a), leads to the product
4a with R configuration. The X-ray analysis of compound 7c¢,
originating from the reaction between 5-phenyltetrazole and 4-
methylpent-2-enal (4d), gave a product with S configuration.
The reason for the “change” of chirality is a result of a change in
priority between the substituents, and the S configuration of 7¢
is also consistent with addition from the Re face of iminium ion
(E)-12.

[22] a) R. Krishnan, J. S. Binkley, R. Seeger, J. A. Pople, J. Chem.
Phys. 1980, 72, 650; b) J.-P. Blaudeau, M. P. McGrath, L. A.
Curtiss, L. Radom, J. Chem. Phys. 1997, 107, 5016; c) V. Barone,
M. Cossi, J. Phys. Chem. A 1998, 102, 1995; d) M. Cossi, N. Rega,
G. Scalmani, V. Barone, J. Comput. Chem. 2003, 24, 669; ¢) A.
Klamt, G. Schiiiirmann, J. Chem. Soc. Perkin Trans. 2 1993, 799.

Angew. Chem. Int. Ed. 2007, 46, 1983 -1987

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.angewandte.org

Chemie

1987


http://www.angewandte.org

