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During the last decade the concept of enamine activation has
become a powerful tool in asymmetric synthesis. It uses chiral
secondary amines as catalysts to activate saturated carbonyl
compounds by conversion into enamines.!! Among various
catalysts tested, diarylprolinol silyl ether 1b was found to be
particularly useful for the stereoselective introduction of
different functionalities to the a-position of aldehydes.*?!

Imidazolidinones 1c—e (Table 1), which have been used
extensively in iminium catalysis,® are less effective in
enamine-activated processes unless strong electrophiles are
employed. Typical examples are enantioselective a-halogen-
ations® and o-alkylations of aldehydes with stabilized
carbocations which were insitu generated by treatment of
alcohols with acids.”®! Mechanistic investigations, focusing on
the characterization and reactivities of the intermediate
enamines, are rare.”]

While the synthesis and the X-ray structure of the
enamine 3b have previously been described by Seebach
et al.,® we are not aware of any X-ray structures of enamines
derived from imidazolidinones. Gellman et al. used 'H NMR
spectroscopy to characterize the enamine generated from
imidazolidinone 1¢ and 3-phenylpropanal in DMSO solution
and reported its reaction with methyl vinyl ketone catalyzed
by 4-ethoxycarbonylcatechol.”

In order to elucidate the relationships between structure
and reactivities of enamines derived from 1a-e, we have now
synthesized the enamines 3a—e, performed X-ray analyses of
3d and 3e, and measured the kinetics of their reactions with
the stabilized benzhydrylium ions 4a-h (Table 2).

Enamines 3c—e, which had not been isolated previously,
were obtained by refluxing phenylacetaldehyde (2) and the
amines 1c-e in the presence of 1 mol % of p-toluenesulfonic
acid in toluene under argon using a Dean-Stark apparatus
filled with molecular sieves (4 A) to remove the generated
water.'”! After evaporation of the solvent, 3e was immedi-
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Table 1: Amines 1a—e and the corresponding phenylacetaldehyde-
derived enamines 3a—e.
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[a] After distillation. [b] 3b was prepared by heating 1b and 2 in benzene
at reflux following a procedure described by Seebach (Ref. [8]). After
solvent removal and crystallization from Et,O, 3b was obtained as a pure
material. [c] After column chromatography. [d] After crystallization.

ately obtained as a crystalline material in 87 % yield, while
column chromatography was employed to separate the
enamines 3¢ and 3d from the nonreacted imidazolidinones
1c and 1d, respectively.

Crystals of 3d and 3e suitable for X-ray analysis were
grown by the vapor diffusion crystallization method in diethyl
ether/n-pentane mixtures. As shown in Figure 1,M" the C—N
bond between the heterocyclic ring and the E-configurated
C=C bond has s-trans conformation in both enamines 3d and
3e. Whereas the benzylic phenyl group is located over the
imidazolidinone ring in 3d, possibly because of stabilizing
CH-n interactions (London dispersion interaction between
the phenyl ring and the cyclopentane ring),'”” the benzyl
group is located over the C=C bond in the enamine 3e and
thus directs electrophiles to the Si face of the C=C bond."
NMR spectroscopy showed that the conformations of 3d and
3e, which were observed in the crystals, also dominate in
CDCl; solution (see the Supporting Information).
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Figure 1. Crystal structures of the enamines 3d (left) and 3 e (right).

From the pyramidalization parameter 4, defined by
Dunitz as the distance between the N atom and the plane
formed by the three attached carbon atoms,* one can derive
that the almost planar sp>hybridized nitrogen in 3b (4=
0.037 A)® adopts more and more sp’ character as one
moves to 3d (4=0.155A) and eventually to 3e (4=
0.293 A).

In order to quantify the nucleophilic reactivities of 3a—
e we have studied the kinetics of their reactions with the
benzhydrylium ions 4a—h (Table 2), which have been used as
reference electrophiles for the construction of comprehensive
nucleophilicity scales on the basis of Equation (1). Herein,
nucleophiles are characterized by two parameters (nucleo-
philicity N and sensitivity parameter sy) and electrophiles by
one parameter (electrophilicity E).l

lgk,(20°C) = s\ (N + E) (1)

As described previously,'*! the rates of the reactions of
carbocations 4 with the enamines 3a-e were measured
photometrically by following the disappearance of the UV/

Table 2: Reference electrophiles 4a-h.
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[a] Electrophilicity parameters E from Ref. [14b].
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Vis absorbances of the diarylcarbenium ions 4 (Scheme 1),
using conventional and stopped-flow instruments. All kinetic
experiments were performed at 20°C in acetonitrile with
a large excess of the enamines 3a—e in order to achieve
conditions for first-order kinetics.

R. .R R.*.R
N H . AN
BF4 2 BF;
% + Ar)"‘\Ar 4 — Ar)\H 4
Ph Ph
3 4a-h 5

Scheme 1. Reactions of the enamines 3 with the carbocations 4 in
acetonitrile at 20°C.

The first-order rate constants k,,, were obtained by least-
squares fitting of the function A, = A, exp(—kq,t) + C to the
time-dependent absorbances of the electrophiles. Plots of k,
versus the concentrations of the nucleophiles [3] were linear,
as exemplified in Figure 2. The slopes of these plots gave the

K s = 2236.4 [3¢] +0.0056
R?=0.9994
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Figure 2. Exponential decay of the absorbance at 586 nm during the
reaction of 4¢c-BF,” (1.60x 107> M) with 3¢ (3.90x107*m). Inset: Plot
of the rate constants ki, versus [3¢] (20°C in CH;CN).

second-order rate constants k, (in m~'s™'), which are sum-
marized in Table 3.

Plots of 1gk, versus the empirical electrophilicity param-
eters E are linear for all reactions studied in this investigation
(Figure 3), indicating that Equation (1) can be used to
determine N and sy parameters for the enamines 3a-
e (Table 3).

One can see that the enamine 3b, which is derived from
the Hayashi-Jgrgensen catalyst 1b, is almost two orders of
magnitude less reactive than 3a, the parent compound of this
series. As one of the diastereotopic faces of 3b is completely
open for electrophilic attack, the reduction of reactivity must
predominantly be due to the electron-withdrawing inductive
effect of the trimethylsiloxybenzhydryl group in 3b.

The inductive electron-withdrawing effect of the extra
endocyclic amido group in the imidazolidinone derivatives 3¢
and 3d, the pyramidalization of the enamine nitrogen, and the
steric shielding of both faces of the C=C bond by the two alkyl
groups at the 2-position of the imidazolidinone ring reduce

Angew. Chem. Int. Ed. 2012, 51, 1—5
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Table 3: Second-order rate constants k, for the reactions of the
carbocations 4a-h with the enamines 3a—e (acetonitrile, 20°C).

Enamine R* ky[M's™ N, sy
3a 4e 1.38%10° 12.25, 0.99
4f 3.48x10*
4g 9.94%10°
4h 2.64x10°
3b 4d 1.48x10° 10.56, 1.01
4e 2.33x10°
4h 7.94%10'
3c 4a 4.73x10° 7.20, 1.14
4b 7.80%10*
4c 2.24%10°
4d 1.15% 102
3d 4b 2.77x10° 7.92,1.07
4c 7.26x10°
4d 4.93 x10?
3e 4b 3.46x10? 5.80, 0.87
4c 2.56x10
4d 2.13
[ ) O\/\Ph
%% 3p OSiMe; ,
N
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-1
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Figure 3. Plots of Igk, for the reactions of 3a—c, and 3 e with the
benzhydrylium ions 4 in CH;CN at 20°C versus the corresponding
electrophilicity parameters E. (Correlation for 3d is omitted for the
sake of clarity; it is shown on page S19 of the Supporting Informa-
tion).

the nucleophilicities of these enamines by another two to
three orders of magnitude relative to 3b.

As the C=C bond of 3e has one open face, its low
nucleophilicity (10* times less than that of 3¢ and 3d) must be
due to the enhanced pyramidalization of the enamine nitro-
gen in 3e (X-ray structure, Figure 1), which strongly reduces
the electron density in the C=C bond."”

While the interpretation of the NMR chemical shifts of
the B-protons in 3a—e is problematic because of the aniso-
tropy of the phenyl groups, the >C NMR chemical shifts show
the lower electron densities at the 3 carbon of the imidazo-
lidinone-derived enamines 3 c—e (Table 4).
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Table 4: NMR chemical shifts (CDCl;) of the enamines 3 a—e.

R, R
N
Hm/\H

Ph
enamine 8(CP=H) [ppm] O(CP) [ppm]
3a 5.18 97.4
3b 5.02¢ 97.2#
3c 5.47 101.9
3d 5.47 102.1
3e 4.76 102.9

[a] From Ref. [8b].

The fact that 3b has significantly higher nucleophilicity
than 3c—e may explain why 1b is a more suitable catalyst than
1c—e for most enamine-activated reactions.

By using the N and sy values of 3b (Table 3) and the E
values of Michael acceptors,**l Equation (1) allows one to
predict whether a reaction may take place at room temper-
ature. Hayashi’s observation that 1b catalyzes Michael
additions of aldehydes to P-nitrostyrenes!'® is in line with
a calculated second-order rate constant (k..q=4.8x
10*m!s™") for the reaction of 3b with B-nitrostyrene (E =
—13.85).7 It has been shown, however, that the initially
generated zwitterions from the enamines and nitrostyrene
collapse with formation of cyclobutanes, the ring opening of
which is the rate-determining step of the catalytic cycle.’*!®!
For that reason, a sufficiently fast reaction of the enamine
with the Michael acceptor is only one of the criteria that have
to be fulfilled for a catalytic cycle to proceed.

The more than 100 times higher nucleophilicity of 3b
compared with 3¢,d may also rationalize the fact that 1b and
not 1c—e are usually employed as catalysts for Mannich-type
reactions of imines with aldehydes.'” In line with the low
nucleophilicity of 3c—e Gellman etal reported that le-
catalyzed conjugate additions of aldehydes to enones require
Brgnsted acids as cocatalysts to activate the enones.”)

In summary, we have described the first X-ray structures
of enamines derived from imidazolidinones. Nucleophilic
reactivities of these enamines have been determined from the
kinetics of their reactions with diarylcarbenium ions 4, which
showed that the enamine 3b, derived from the Hayashi-
Jgrgensen catalyst, is 10° to 10° times more nucleophilic than
the enamines derived from the imidazolidinones 1c-e.

Received: February 14, 2012
Published online: Il HE, HEEN

Keywords: enamines - kinetics - linear free energy relationships -
nucleophilicity - pyramidalization

[1] a) B. List, Acc. Chem. Res. 2004, 37, 548-557; b) W. Notz, F.
Tanaka, C. F. Barbas III, Acc. Chem. Res. 2004, 37, 580-591;
¢) S. Mukherjee, J. W. Yang, S. Hoffmann, B. List, Chem. Rev.
2007, 107, 5471-5569; d) C. F. Barbas III, Angew. Chem. 2008,
120, 44-50; Angew. Chem. Int. Ed. 2008, 47, 42-47; e) A.
Dondoni, A. Massi, Angew. Chem. 2008, 120, 4716-4739;
Angew. Chem. Int. Ed. 2008, 47, 4638 -4660; f) P. Melchiorre,

www.angewandte.org

These are not the final page numbers!

(AR

3


http://dx.doi.org/10.1021/ar0300571
http://dx.doi.org/10.1021/ar0300468
http://dx.doi.org/10.1021/cr0684016
http://dx.doi.org/10.1021/cr0684016
http://dx.doi.org/10.1002/ange.200702210
http://dx.doi.org/10.1002/ange.200702210
http://dx.doi.org/10.1002/anie.200702210
http://dx.doi.org/10.1002/ange.200704684
http://dx.doi.org/10.1002/anie.200704684
http://www.angewandte.org

Angewandte

4
R

Communications

M. Marigo, A. Carlone, G. Bartoli, Angew. Chem. 2008, 120,
6232-6265; Angew. Chem. Int. Ed. 2008, 47, 6138-6171; g) S.
Bertelsen, K. A. Jgrgensen, Chem. Soc. Rev. 2009, 38, 2178 -
2189; h) M. Nielsen, D. Worgull, T. Zweifel, B. Gschwend, S.
Bertelsen, K. A. Jgrgensen, Chem. Commun. 2011, 47, 632 —649.

[2] a) A.Mieglo, C. Palomo, Chem. Asian J. 2008, 3,922 -948; b) C.
Palomo, A. Mielgo, Angew. Chem. 2006, 118, 8042-8046;
Angew. Chem. Int. Ed. 2006, 45, 7876 —7880.

[3] For arecent review on the impact of diaryl prolinol silyl ethers in
organocatalysis, see: K. L. Jensen, G. Dickmeiss, H. Jiang, L.
Albrecht, K. A. Jgrgensen, Acc. Chem. Res. 2012, 45, 248 -264.

[4] a) G. Lelais, D. W. C. MacMillan, Aldrichimica Acta 2006, 39,
79-87;b) A. Erkkild, I. Majander, P. M. Pihko, Chem. Rev. 2007,
107, 5416 -5470.

[5] a) M. P. Brochu, S. P. Brown, D. W. C. MacMillan, J. Am. Chem.

Soc. 2004, 126, 4108-4109; b) D. D. Steiner, N. Mase, C.F.

Barbas III, Angew. Chem. 2005, 117,3772-3776; Angew. Chem.

Int. Ed. 2005, 44, 3706-3710; c) T. D. Beeson, D. W. C. Mac-

Millan, J. Am. Chem. Soc. 2005, 127, 8826 —8828.

For asymmetric Syl-type a-alkylations of aldehydes with

carbocations, see: a) R. R. Shaikh, A. Mazzanti, M. Petrini, G.

Bartoli, P. Melchiorre, Angew. Chem. 2008, 120, 8835—8838;

Angew. Chem. Int. Ed. 2008, 47, 8707-8710; b) P. G. Cozzi, F.

Benfatti, L. Zoli, Angew. Chem. 2009, 121, 1339-1342; Angew.

Chem. Int. Ed. 2009, 48, 1313-1316; c) F. Benfatti, M. G.

Capdevila, L. Zoli, E. Benedetto, P. G. Cozzi, Chem. Commun.

2009, 5919-5921; d) F. Benfatti, E. Benedetto, P. G. Cozzi,

Chem. Asian J. 2010, 5, 2047-2052; e) M. G. Capdevila, F.

Benfatti, L. Zoli, M. Stenta, P. G. Cozzi, Chem. Eur. J. 2010, 16,

11237-11241; ) B. Zhang, S.-K. Xiang, L.-H. Zhang, Y. Cui, N.

Jiao, Org. Lett. 2011, 13, 5212-5215; g) A. Gualandi, E. Emer,

M. G. Capdevila, P. G. Cozzi, Angew. Chem. 2011, 123, 7988 -

7992; Angew. Chem. Int. Ed. 2011, 50, 7842—-7846; h) L. Tak-

Tak, H. Dhimane, P. I. Dalko, Angew. Chem. 2011, 123, 12350 -

12352; Angew. Chem. Int. Ed. 2011, 50, 12146-12147.

a) M. B. Schmid, K. Zeitler, R. M. Gschwind, Angew. Chem.

2010, 122, 5117-5123; Angew. Chem. Int. Ed. 2010, 49, 4997 —

5003; b) M. Wiesner, G. Upert, G. Angelici, H. Wennemers, J.

Am. Chem. Soc. 2010, 132, 6-7; c) M. B. Schmid, K. Zeitler,

R. M. Gschwind, J. Org. Chem. 2011, 76, 3005-3015; d) M. B.

Schmid, K. Zeitler, R. M. Gschwind, J. Am. Chem. Soc. 2011,

133, 7065-7074; e) K. Patora-Komisarska, M. Benohoud, H.

Ishikawa, D. Seebach, Y. Hayashi, Helv. Chim. Acta 2011, 94,

[6

—_

7

—

719-745; f) M. B. Schmid, K. Zeitler, R. M. Gschwind, Chem.
Sci. 2011, 2, 1793 -1803.

[8] a) D. Seebach, U. Groselj, D. M. Badine, W. B. Schweizer, A. K.
Beck, Helv. Chim. Acta 2008, 91, 1999-2034; b) U. Groselj, D.
Seebach, D. M. Badine, W. B. Schweizer, A. K. Beck, I. Krossing,
P. Klose, Y. Hayashi, T. Uchimaru, Helv. Chim. Acta 2009, 92,
1225-1259.

[9] T. J. Peelen, Y. Chi, S. H. Gellman, J. Am. Chem. Soc. 2005, 127,
11598 -11599.

[10] This procedure is a modification of the method described in:
K. L. Brown, L. Damm, J. D. Dunitz, A. Eschenmoser, R. Hobi,
C. Kratky, Helv. Chim. Acta 1978, 61, 3108 -3135.

[11] CCDC 877482 (3d) and 877481 (3e) contain the supplementary
crystallographic data for this paper. These data can be obtained
free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.

[12] For a detailed analysis of the dispersion interactions in o,f3-
unsaturated iminium ions derived from imidazolidinones, see: D.
Seebach, U. Groselj, W. B. Schweizer, S. Grimme, C. Miick-
Lichtenfeld, Helv. Chim. Acta 2010, 93, 1-16.

[13] Reviews on pyramidalization indices: a) F. K. Winkler, J. D.
Dunitz, J. Mol. Biol. 1971, 59, 169-182; b) J. D. Dunitz, X-Ray
Analysis and Structure of Organic Molecules, Cornell University
Press, London, 1979.

[14] a) H. Mayr, M. Patz, Angew. Chem. 1994, 106, 990-1010;
Angew. Chem. Int. Ed. Engl. 1994, 33, 938 -957; b) H. Mayr, T.
Bug, M. F. Gotta, N. Hering, B. Irrgang, B. Janker, B. Kempf, R.
Loos, A. R. Ofial, G. Remennikov, H. Schimmel, J. Am. Chem.
Soc. 2001, 123, 9500-9512; c) H. Mayr, B. Kempf, A. R. Ofial,
Acc. Chem. Res. 2003, 36, 66—77; d) H. Mayr, A. R. Ofial, Pure
Appl. Chem. 2005, 77, 1807-1821; e) H. Mayr, A. R. Ofial, J.
Phys. Org. Chem. 2008, 21, 584595 f) Database for N, sy, and E
parameters and references to their origin: http://www.cup.uni-
muenchen.de/oc/mayr/DBintro.html.

[15] a) G. Deslongchamps, P. Deslongchamps, Org. Biomol. Chem.
2011, 9, 5321 -5333; b) see also discussion in Ref. [10].

[16] Y. Hayashi, H. Gotoh, T. Hayashi, M. Shoji, Angew. Chem. 2005,
117, 4284-4287; Angew. Chem. Int. Ed. 2005, 44, 4212-4215.

[17] L. Zenz, H. Mayr, J. Org. Chem. 2011, 76, 9370—9378.

[18] a) J. Burés, A. Armstrong, D. G. Blackmond, J. Am. Chem. Soc.
2011, 7133, 8822-8825; b) J. Burés, A. Armstrong, D. G. Black-
mond, J. Am. Chem. Soc. 2011, 134, 6741 -6750.

[19] I Ibrahem, A. Cérdova, Chem. Commun. 2006, 1760-1762.

www.angewandte.org

&These are not the final page numbers!

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angew. Chem. Int. Ed. 2012, 51, 1—5


http://dx.doi.org/10.1002/ange.200705523
http://dx.doi.org/10.1002/ange.200705523
http://dx.doi.org/10.1002/anie.200705523
http://dx.doi.org/10.1039/b903816g
http://dx.doi.org/10.1039/b903816g
http://dx.doi.org/10.1039/c0cc02417a
http://dx.doi.org/10.1002/ange.200602943
http://dx.doi.org/10.1002/anie.200602943
http://dx.doi.org/10.1021/ar200149w
http://dx.doi.org/10.1021/cr068388p
http://dx.doi.org/10.1021/cr068388p
http://dx.doi.org/10.1021/ja049562z
http://dx.doi.org/10.1021/ja049562z
http://dx.doi.org/10.1002/ange.200500571
http://dx.doi.org/10.1002/anie.200500571
http://dx.doi.org/10.1002/anie.200500571
http://dx.doi.org/10.1021/ja051805f
http://dx.doi.org/10.1002/ange.200803947
http://dx.doi.org/10.1002/anie.200803947
http://dx.doi.org/10.1002/ange.200805423
http://dx.doi.org/10.1002/anie.200805423
http://dx.doi.org/10.1002/anie.200805423
http://dx.doi.org/10.1039/b910185c
http://dx.doi.org/10.1039/b910185c
http://dx.doi.org/10.1002/asia.201000160
http://dx.doi.org/10.1002/chem.201001693
http://dx.doi.org/10.1002/chem.201001693
http://dx.doi.org/10.1021/ol202090a
http://dx.doi.org/10.1002/ange.201102562
http://dx.doi.org/10.1002/ange.201102562
http://dx.doi.org/10.1002/anie.201102562
http://dx.doi.org/10.1002/ange.201105001
http://dx.doi.org/10.1002/ange.201105001
http://dx.doi.org/10.1002/anie.201105001
http://dx.doi.org/10.1002/ange.200906629
http://dx.doi.org/10.1002/ange.200906629
http://dx.doi.org/10.1002/anie.200906629
http://dx.doi.org/10.1002/anie.200906629
http://dx.doi.org/10.1021/ja9068112
http://dx.doi.org/10.1021/ja9068112
http://dx.doi.org/10.1021/jo200431v
http://dx.doi.org/10.1021/ja111544b
http://dx.doi.org/10.1021/ja111544b
http://dx.doi.org/10.1002/hlca.201100122
http://dx.doi.org/10.1002/hlca.201100122
http://dx.doi.org/10.1039/c1sc00274k
http://dx.doi.org/10.1039/c1sc00274k
http://dx.doi.org/10.1002/hlca.200890216
http://dx.doi.org/10.1021/ja0532584
http://dx.doi.org/10.1021/ja0532584
http://dx.doi.org/10.1002/hlca.19780610839
http://dx.doi.org/10.1002/hlca.200900376
http://dx.doi.org/10.1002/hlca.200900376
http://dx.doi.org/10.1016/0022-2836(71)90419-0
http://dx.doi.org/10.1002/ange.19941060905
http://dx.doi.org/10.1002/anie.199409381
http://dx.doi.org/10.1021/ja010890y
http://dx.doi.org/10.1021/ja010890y
http://dx.doi.org/10.1021/ar020094c
http://dx.doi.org/10.1351/pac200577111807
http://dx.doi.org/10.1351/pac200577111807
http://dx.doi.org/10.1002/poc.1325
http://dx.doi.org/10.1002/poc.1325
http://dx.doi.org/10.1039/c1ob05393k
http://dx.doi.org/10.1039/c1ob05393k
http://dx.doi.org/10.1039/c1ob05393k
http://dx.doi.org/10.1039/c1ob05393k
http://dx.doi.org/10.1002/ange.200500599
http://dx.doi.org/10.1002/ange.200500599
http://dx.doi.org/10.1002/anie.200500599
http://dx.doi.org/10.1021/jo201678u
http://dx.doi.org/10.1039/b602221a
http://www.angewandte.org

Angewandte

imemationalediion . CEIMIE

Communications
H @ Strong pyramidalization O Weak pyramidalization
Organocatalys:s Q Low reactivity O High reactivity
0, N/ &—N/
S. Lakhdar,* B. Maji, rf Ph Ph
VI ) N N Qﬁo:m -
V-1 coppu— | | B ] PR J % H iMe; %
Ph Ph Ph Ph
Imidazolidinone-Derived Enamines: ; P , P .
Nucleophiles with Low Reactivity 1 10 102 103 10t 105 108 107 K
Extraordinarily weak nucleophiles: alyst. This finding explains the lower

Enamines derived from imidazolidinones  activity of MacMillan catalysts for enam-
are 10°~10° times less reactive than those  ine-activated reactions.
derived from the Hayashi—Jgrgensen cat-

Angew. Chem. Int. Ed. 2012, 51, 1-5 © 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org 5

These are not the final page numbers! *?


http://www.angewandte.org

