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Abstract: Accurate calculations are presented on the mechanism of the MBH reaction, focusing on the
reaction between methyl acrylate and benzaldehyde, catalyzed by a tertiary amine. We address the
mechanism under protic solvent-free conditions, but also consider how the mechanism and rate-limiting
step change in the presence of alcohols. We have carefully calibrated the DFT method used in the
calculations by carrying out high-level G3MP2 calculations on a model system. All of our calculations also
treat the effect of solvent, described as a dielectric continuum. In the absence of protic solvent, we predict
that deprotonation of the a-position is the rate-determining step and occurs through a cyclic transition state,
with proton transfer to a hemiacetal alkoxide formed by addition of a second equivalent of aldehyde to the
intermediate alkoxide. As first suggested by McQuade, this mechanism explains the observed second-
order kinetics with respect to aldehyde concentration in the absence of protic solvent. In contrast, in the
presence of methanol, we find a slightly lower energy pathway, in which the alcohol serves as a shuttle to
transfer the proton from carbon to oxygen. Overall, the barrier to reaction for the latter mechanism is of
24.6 kcal/mol with respect to reactants at the B3LYP level of theory. The relative energy for the addition
transition state of the amine-acrylate betaine adduct to the aldehyde is much lower, at 16.0 kcal/mol relative
to reactants, so C—C bond formation should not be rate-limiting, except perhaps for some aliphatic aldehydes
or imines. We discuss the implications of this mechanism for the design of asymmetric versions of the
MBH reaction, given the overwhelming importance of the proton-transfer step.

Introduction Scheme 1. Morita—Baylis—Hillman Reaction
. : . S - OH
Thg Morlta.—Baylls—H!IIman (MBH) reaction is an gxqmsne ﬁ EWG NR; =
reaction as simple starting materials are converted into densely Rt~ Y [ R
functionalized products in a catalytic process without generating R = alkyl or aryl

waste or byproducts (Scheme #).As such, it has found
numerous applications in synthesis. However, the reaction has

traditionally suffered from low reaction rates leading to limited ot the amine and the rate of reaction in its presence led to the

substrate scope, but recent developments that have focused OBgtaplishment that quinuclidine (which had the highés) pas
improving rates have changed that. Important landmarks include e optimum catalyst (it had been erroneously reported to be a

the following: _ _ o 3 poorer catalyst than DABCJ)Again, this leads to increased

(i) The use of hindered (but still sufficiently nucleophilic)  concentrations of the intermediate ammonium enolate.
bases with high K, including DBU and guanidines (leading to (i) The use of hydrogen-bonding additives or solvents
increased concentrations of the intermediate ammonium €N0- \1eOHI-BUOH/H,0) to promote reactions, which act by
late)2 Prior to this, it was believed that unhindered nucleophiles assisting the proton-transfer step '

ired.
wers require (iv) The use of Lewis acids with alcohol-based ligands (the

(i) In a series of quinuclidine-based catalysts, the discovery Lewi o-alcohol I ltsin i d acidity of th
of a simple correlation between th& pof the conjugate acid EWIS acicmaiconol complex resufts in increased acidity ot the
OH groups, which promotes proton-transfer evefits).

EWG = CHO, CO;R, COR, CN, ...

T Current address: Uriitge Chimie organique et fdiinale, Universite
catholique de Louvain, Place Louis Pasteur 1, B-1348 Louvain-la-Neuve, (4) Aggarwal, V. K.; Emme, |.; Fulford, S. YJ. Org. Chem2003 68, 692~
Belgium.

(1) (a) Baylis, A. B.; Hillman, M. E. D. Offenlegungsschrift 2155113, U.S. (5) (a) Park K.-S.; Kim, J.; Choo, H.; Chong, Bynlett2007, 3, 395-398.
(b

Patent 3,743,669, 197Zhem. Abstr1972 77, 34174q. (b) Morita, K.;
Suzuki, Z.; Hirose, HBull. Chem. Soc. Jpri968 41, 2815.

(2) For reviews, see: (a) Basavaiah, D.; Rao, J. A.; Satyanaraya@hem.
Rev. 2003 103 811-891. (b) Ciganek, E. I®©rganic ReactionPaquette,

L. A, Ed.; Wiley: New York, 1997; Vol. 51, pp 201350. (c) Basavaiah,
D.; Rao, P. D.; Hyma, R. Setrahedroril996 52, 8001-8062. (d) Drewes,

S. E.; Roos, G. H. PTetrahedron1988 44, 4653-4670.
(3) Aggarwal, V. K.; Mereu, AChem. Commuril999 22, 2311-2312.

10.1021/ja0717865 CCC: $37.00 © 2007 American Chemical Society

) Cai, J.; Zhou Z,; Tang @rg Lett. 2002 4, 4723-4725. (c) Aggarwal,
V. K,; Fean D. K, Mereu A.; Williams, R]. Org. Chem2002, 67, 510~
514. (d) Luo, S.; Zhang, B.; He, J.; Janczuk, A.; Wang, P. G.; Cheng, J.-P.
Tetrahedron Lett2002 43, 7369-7371. (e) Yu, C.; Liu, B.; Hu, LJ.
Org. Chem.2001, 66, 5413-5418. (f) Yamada, Y. M. A.; lkegami, S.
Tetrahedron Lett200Q 41, 2165-2169. (g) Auge, J.; Lubin, N.; Lubineau,
A. Tetrahedron Lett1994 35, 79477948. (h) Ameer, F.; Drewes, S. E;
Freese, S.; Kaye, P. Bynth. Commurii988 18, 495-500.
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catalyst® onto the acrylate to generate an enolaimtl(),
nucleophilic addition of this enolate to the aldehyde to give a
second zwiterrionic intermediata{2), and then proton transfer
and elimination to yield the product and liberate the amine
catalyst. This basic mechanistic sequence has since been
supported by interception and structural characterization of each

F o o of these intermediates using electrospray ionization with mass
2 OM and tandem mass spectromelfy.
Ph OMe © - o , -
® ® While the global mechanistic sequence depicted in Figure 1
R3N RaN™ int1 is widely accepted, the details of the mechanism and its kinetics
int2 M have recently come under close scrutiny. Comparison of absolute
Proposed RDS . . L.
PhCHO rates over a number of half-lives of reaction of acrylonitrile

Figure 1. Mechanism proposed by Hill and Isaacs for the MBH reaction. anda-2H acrylonitrile (EWG= CN) by Hill and Isaacs indicated
a kinetic isotope effect of 1.0& 0.1 for thea-position'® From
These improvements in catalysts and conditions now allow that, they concluded that ne-proton cleavage occurs in the

even acrylamides to be employed in the MBH reaction. rate-determining step (RDS) of the process and therefore
Asymmetric versions of the MBH reaction have also been suggested that addition of the enolate to the aldehyde was the

developed. Strategies include the use of chiral auxiliafiasd RDS (see Figure 1).

chiral catalysts (chiral amin®,protic sourcé or Lewis acid?), According to this mechanism, it was proposed that the

with the use of bifunctional organocatalysts (chiral amine, or observed acceleration in the presence of protic additives occurs
phosphine, catalysts bearing an alcohol function) having recently through activation of the aldehyde by hydrogen bondiff.
proven to be the most effective stratégy However, hydrogen bonding to the aldehyde would have to
The mechanism of the reaction has been studied in detail. compete with the enolate, which is a much better hydrogen-
On the basis of pressure dependence, rate, and kinetic isotopd&ond acceptor. Indeed, this more thermodynamically favorable
effect (KIE) data, Hill and Isaacs were the first to suggest a interaction will stabilize the enolate and render it less reactive
mechanism similar to that in Figure '1.This mechanism and so should slow down the reaction, albeit with an accumula-
consists of reversible Michael addition of the nucleophilic amine tion of the hydrogen-bonded enolate.
This conundrum prompted us to re-evaluate the kinetic data.

® fgggr&a'ﬁé;ﬁ'\gg’e“' A.; Tarver, G. J.; McCague, R.Org. Chem. Interestingly, in the course of our studies, we found that in the
(7) (a) Faltin, C.; Fleming, E. M.; Connon, S.10.0rg. Chem2004 69, 6496— absence of protic additives the reaction shows autocatalysis,

6499. (b) Yu, C.; Hu, LJ. Org. Chem2002, 67, 219-223. -
(8) For reviews on the asymmetric MBH reaction, see: (a) LangeknBew. presumably because the product can act as a hydrogen-bond

Chem, Int. Ed. 200Q 39, 3049-3052. (b) Masson, G.; Housseman, C.; donor and promote the reactibh Competition experiments
Zhu, J.Angew. Chemlint. Bd. 2007 46, 4614-4628. between methyl acrylate and methgt?H acrylate, in the

(9) For the reaction of chiral acrylates, see: (a) Yang, K.-S.; CherQr{. . .
Lett. (2:%00 2,S 7299—;31. (gb) grzezigsléi, (L.) Jh Rafel, S.; Leaflly, J. L. absence of solvent and absence of added protic species, revealed
Am. Chem. Sod 997, 119 4317-4318. (c) Khan, A. A.; Emslie, N. D.; ; _ o
Drewes, S. E.; Field, J. S.: Ramesar, Ghem. Ber1993 126 1477. (d) & Substantial KIEKy/ko = 5 =+ 2) at the initial stage of the
Czslgéag,(Aj; II3-|entag_e,hT.DW.é5 Isaacs, N. %et\r/ahl_edrson: As>|;m}r?e§@9§ﬁ reaction <20% conversion), that is, before autocatalysis takes
: . (e) Basavaiah, D.; Gowriswari, V. V. L.; Sarma, P. K. S.; Dharma P s .
Rao, P.Tetrahedron Lett199Q 31, 1621. (f) Drewes, S. E.; Emslie, N. place. Similar KlE'S have peen observed in DMSO by McQuade
ll\DA.; Iéart?_dla, IN.;EKhan, é' f\.C,r\I/Iergd BeréQ?rQ t123 5447-L(gt)tl%r§é/vr2h7 J. (at <10% conversion§? This author has, however, shown that
. ng, |I.; ans, P. L.; Maddox, P. Jetranearon Le y .
3307 NG L BV X the medium as well as the nature of the aldehyde have a great
(10 ﬁ)llaa%/ba)sgi,s Ei; ia.n(ﬂ)urjryiTﬁ Spﬂ;nl\gdvmse;{p;ﬂe g?gﬁlgggt r?frﬁ?ethlgéﬁ influence on the absolute value of the KIE for tlngosition?!
6, 1241. RS T - A At higher conversion, our experiments indicated a much lower
(€3] é%)?go(dbg)el\r/llbgbﬁaalscna#s" %és’e?f?ﬁi”' \?Vh‘lf_"ﬂ_”gg dngé-nZOS(’)G :5}(‘;%1235 _ KIE, possibly suggesting a change in mechanism. However, this
T.: Schaus, S. EAdv. Synth. Catal2004 346, 1231-1240. (c) McDougal, ~ latter observation was not very reliable because the MBH
12) ’:}azg Slf'_‘glfslv_ ese Ev]v _AD”!-g‘r?”}_lszqagggnlﬁéiééos’é‘;éﬁ)ggba 68 product formed undergoési/2H exchange reactions with the
o15-919. 7 T ' starting acrylate, thereby limiting the accuracy of the measure-
(13) (a) Berkessel, A.; Roland, K.; Neudlp J. M. Org. Lett.2006 8, 4195 ments
4198. (b) Nakano, A.; Takahashi, K.; Ishihara, J.; Hatakeyam&r§. : . .
Lett. 2006 8, 5357-5360. (c) Nakano, A.; Kawahara, S.; Akamatsu, S.; The following conclusions were drawn from these results:

Morokuma, K.; Nakatani, M.; lwabuchi, Y.; Takahashi, K.; Ishihara, J.;
Hatakeyama, STetrahedron2006 62, 381-389. (d) Wang, J.; Li, H,;
Yu, X.; Zu, L. Org. Lett. 2005 7, 4293-4296. (e) Mocquet, C. M.;

at the early stage of the reaction (i.e., in the absence of hydrogen-

Warriner, S. L. Synlett 2004 2, 356-358. (f) Shi, M.; Jiang, J.-K. (16) The reaction can also be catalyzed by phosphines (see: (a) Oda, R.;
Tetrahedron: AsymmetB002 13, 1941-1947. (g) lwabuchi, Y.; Nakatani, Kawabata, T.; Tanimoto, Sletrahedron Lett1964 5, 1653-1657. (b)
M.; Yokoyama, N.; Hatekeyama, $. Am. Chem. S04999 121, 10219~ Rafel, S.; Leahy, J. Wd. Org. Chem1997, 62, 1521-1522). Most recent
10220. (h) Barrett, A. G. M.; Cook, A. S.; Kamimura, &hem. Commun. advances and methodological works focus, however, on the addition of

1998 2533-2534. (i) Marko, I. E.; Giles, P. R.; Hindley, N. Jetrahedron acrylates to aromatic aldehydes catalyzed by tertiary amines. The present
1997 53, 1015-1024. study will thus focus on such systems.

(14) For parallel work on aza-MBH reaction, see: (a) Matsui, K.; Tanaka, K.; (17) Santos, L. S.; Pavam, C. H.; Almeida, W. P.; Coelho, F.; Eberlin, M. N.
Horii, A.; Takizawa, S.; Sasai, H.etrahedron: Asymmeti3006 17, 578— Angew. Chemlnt. Ed. 2004 43, 4330-4333.
583. (b) Matsui, K.; Takizawa, S.; Sasai, H.Am. Chem. So2005 127, (18) For a general review on catalysis through explicit hydrogen-bonding
3680-3681. (c) Shi, M.; Chen, L.-H.; Li, C.-Ql. Am. Chem. So2005 interactions, see: Schreiner, P. ®Baem. Soc. Re 2003 32, 289-296.
127, 3790-3800. (d) Shi, M.; Xu, Y.-M.; Shi, Y.-LChem.-Eur. J2005 (19) Aggarwal, V. K.; Fulford, S. Y.; Lloyd-Jones, G. @ngew. Chem.Int.
11, 1794-1802. (e) Raheem, |. T.; Jacobsen, EAdv. Synth. Catal2005 Ed. 2005 44, 1706-1708.
347,1701-1708. (f) Kawahara, S.; Nakano, A.; Esumi, T.; Iwabuchi, Y.;  (20) (a) Price, K. E.; Broadwater, S. J.; Jung, H. M.; McQuade, DOTfg.

Hatakeyama, SOrg. Lett.2003 5, 3103-3105. (g) Shi, M.; Xu, Y.-M. Lett. 2005 7, 147-150. (b) Price, K. E.; Broadwater, S. J.; Walker, B. J.;
Angew. Chemlnt. Ed. 2002 41, 4507-4510. McQuade, D. T.J. Org. Chem2005 70, 3980-3987.

(15) (a) Hill, J. S.; Isaacs, N. S. Phys. Org. Cheml99Q 3, 285-288. (b) (21) KIE = 2.6+ 0.1 (5.2+ 0.6) and 1.0+ 0.1 (2.4+ 0.1), respectively, in
Hill, J. S.; Isaacs, N. S1. Chem. Res1988 330. (c) Hill, J. S.; Isaacs, N. DMSO and THF for the reaction of benzaldehygen{trobenzaldehyde)
S. Tetrahedron Lett1986 27, 5007-5010. and labeled methyl acrylate in the presence of DABCO (see ref 20).

15514 J. AM. CHEM. SOC. = VOL. 129, NO. 50, 2007
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Figure 2. Proposed rationale for the observed change in KIE during the
reaction in the absence of protic additives. Ar o

Figure 3. McQuade’s proposal for the mechanism of the MBH reaction

bond donors), the RDS is the proton transfer (Figure 2). As the ; 5 v o5 protic species.

reaction proceeds, the product concentration builds up and an

autocatalysis of the proton-transfer step takes place. These t
experiments therefore suggest that acceleration in the presence 4 H OH EWG
of hydrogen-bond donors is due to the promotion of the proton- R R V) USRS RY

. 2223 1 . ® ROH ® ROH @
transfer step by protic speciés?? It is worth noting that the RN RN RsN
fact that it needs a significant amount of product for the alcohol- int2 ° int3

catalyzed pathway to predominate20% conversion) suggests  rigure 4. Aggarwal’s proposal for alcohol-catalyzed proton-transfer
that this latter pathway is only slightly energetically more mechanism.

favored than the non-alcohol-catalyzed one. Based on the

estimated value of the KIE and kinetic models, it was tentatively thus)?*?These kinetic observations indicate that the RDS, that
suggested that in the autocatalyzed stage of the reaction the ratelS: the proton transfer, must involve a second molecule of
determining step is the addition to aldehyde. It should be pointed @ldehyde. Accordingly, McQuade suggested that the mechanism,
out, however, that McQuade reported a KIE value of 2.0.3 in the absence of protic species, involves add_itiointﬁ_onto _
in 2.75 M water in THF, which suggests that loss of the proton @ second molecule of aldehyde to form a hemiacetal intermedi-

in the a-position can still be the RDS even in the presence of &€, Which undergoes proton transfer, via a six-memberfed
protic specie& transition state (Figure 3). This proposal is supported by KIE's

. . . as well as the observation in some cases of a dioxane
These observations provide improved understanding of the

. T . . producttsnh25
global mechanism and kinetics of the reaction, but the question .
of the exact mechanism of proton transfietZ — int3), in the For the alcohol-catalyzed proton transfer, no experimental
absence and in the presence of protic species, h;)wever, S;,[i”data enabling the identification of the mechanism were collected,

remains. For the early stage of the reaction, in the absence o ut it was tentatw_e ly proposgd th?’“ 't. was occurring via a
. . concerted mechanism as depicted in Figuté.

alcohol, the possibility that a second molecule of amine acts as ] o )

a shuttle to transfer the proton from carbon to oxygen was first N Summary, despite the practical importance of the amine-

suggested. This hypothesis was, however, eliminated byastud)}:atalyzed MBH reaction, a detailed atomistic account of its

of the effect of doubling the catalyst loading, which caused only mechanism is still lacking. Pa_rti_cularly unclear issues concern
an approximately 1.75-fold increase in rate in the crucial early the nature of the rate-dete_rm|_n|ng step and the _mechamsm of
stages of reactiol’. Another potential mechanism is an in- proton transfer for the reaction in the absence and in the presence

tramolecular four-membered direct proton transfer, but the strain of alcohol, and the exact origin of the rate enhancement in the

induced in attaining the appropriate eclipsed conformation makesP €S€Nce of aI(_:ohoI. The present work_ addresses these ISSUEs,
this mechanism unlikely. We had suggested that reaction wasYSing computational methods and focusing on the MBH reaction

initiated by traces of water, enol, etc., present in the reaéfion. — . ) - — i
L . L (24) It must be noted that this is not in disagreement with previous kinetic studies.
Kinetic studies by McQuade have shown that the kinetics at McQuade KIE values (ref 20) were indeed measured at the early stage of
the ea”y stage of the reaction (i e. in the absence of protic the reaction £10% conversion), whereas Isaacs et al. data (ref 15) were
i . . . K obtained by comparison of absolute rates over a number of half-lives of
species) is second order in aldehyde (third order overall reaction.
(25) (a) Brzezinski, L. J.; Rafel, S.; Leahy, J. Wetrahedrorl 997, 53, 16423~
16434. (b) Perimutter, P.; Puniani, E.; WestmanT &rahedron Lett1996

(22) Similar conclusions were drawn for the aza-MoriBaylis—Hillman 37, 1715-1718. (c) Drewes, S. E.; Emslie, N. D.; Field, J. S.; Khan, A.
reaction, based on kinetic data. See: Buskens, P.; Klankermayer, J.; Leitner, A.; Ramesar, N. STetrahedron Lett1993 34, 1205-1208.
W. J. Am. Chem. So@005 127, 16762-16763. (26) Usingp-nitrobenzaldehyde, McQuade observed a second-order dependence
(23) For a recent example of an experimental and computational study of a for aldehyde in THF/HO conditions, suggesting that the mechanism
process in which water has been shown to promote [1,2] proton transfer, involving a hemiacetal intermediate is operative also in protic conditions
see: Xia, Y.; Liang, Y.; Chen, Y.; Wang, M.; Jiao, L.; Huang, F.; Liu, S.; (see ref 20b). As we will see in the Kinetics section, this is, however,
Li, Y.; Yu, Z.-X. J. Am. Chem. So@007, 129, 3470-3471. specific to reaction of highly reactive aldehydes.

J. AM. CHEM. SOC. = VOL. 129, NO. 50, 2007 15515
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of methyl acrylate with benzaldehyde catalyzed by trimethyl (unless mentioned), that is, a dielectric constant of 7.52, and a solvent

amine, both in the absence of protic species and catalyzed byprobe radius of 2.5221 A, which are suitable for tetrahydrofuran (THF),
methanol. one of the most common solvents used in MBH reactions. Test

Calculations on reactions of this type are highly challenging optimization calculations in methanol (MeOH) (dielectric constant
. . . . ' 33.62; solvent probe radius 2.002) did not lead to any significant
due to the need to consider multiple possible reaction mecha- . : .
. . . change in structure or relative energies.
nisms, the large number of possible conformers and diastere-

- Frequency calculations for large molecules of the type studied here,
omers, and the need to take solvent effects into account. Toespecially if solvation effects need to be taken into account, are of

validate our chosen methodology, we have also studied theprohibitive computational expense and have not been performed, so
modelreaction betweenacetaldehyde andthe enola@TEOMe that we cannot be absolutely certain that the optimized structures have
at a variety of different levels of theory. It is increasingly the desired character as minima or transition states, and cannot either
recognized that solvent effects should be included, at least withinclude zero-point energy or thermal corrections. However, given the
a continuum treatment, for organic reactions involving polar low symmetry of the molecules, it is extremely unlikely that the
intermediates if accurate results are neetdéd Accordingly, optimized structures correspond to anything else than minima or
the present study includes the solvent, at the level of a continuumtransition states. Morec_)vgr, the correct n_ature and sign of the selected
model, throughout, except for the model reaction system Wherevector for the TS optimization calculations have been thoroughly

. (fhecked.
gas-phase results were used. To describe cases where a molecule . .
Rate constants and equilibrium constants depend on free energies,

of pr(_)tlc solvent suc.h as methanol is suggested to play a dlrectnot electronic energies. As we have not calculated vibrational frequen-
role in the mechanism, one molecule of methanol has beencies, we cannot directly compute free energies. However, the leading

explicitly described in the calculations. contribution to the entropic effects that lead to the difference between
electronic energies and free energies is the loss or gain of rotational
(or vibrational in solution) and translation degrees of freedom when
The bulk of the computations have been carried out using the Jaguarforming one molecule out of two, or two molecules out of one. Roughly
4.0 pseudospectral program pack&yadll species have been fully ~ sPeaking, at and near room temperature, the gas-phase free energy of
geometry optimized, unless mentioned otherwise, and the Cartesianforming an adduct from two molecules is ca. 10 kcal/mol less
coordinates are supplied in the Supporting Information. In the case of €xothermic than the corresponding electronic energy of adduct
transition states, the “loose” geometry convergence parameters within formation?%2tn solution, the effect is suggested to be smaller, perhaps

Computational Details

Jaguar (which correspond to rms gradients below 0.0015 hartree/au)Py ca. 5092 We will use the resulting approximate value of 5 kcal/
have been used. Test calculations using the standard convergence criterif0l where required to discuss free energies.

led to insignificant changes in structure, but were much more time-
consuming.

Geometry optimization was carried out using the well-established
B3LYP hybrid density functional as implemented in Jaguar. The
standard split valence polarized 6-8&* basis set was used. Test
optimization calculations of proton-transfer TSs (TS3) using additional
p orbitals for the hydrogen atom involved in the bond breaking/making
(6-31+G** basis set) did not lead to any change in structure.

The density of the grids used for integration in Jaguar is partly
determined by the covalent radius on each atom, among other

For the model reaction, single-point energies at the B3LYP/6-
31+G*(THF) geometries have been evaluated at several levels of
theory: B3LYP/6-31%+G**, MP2/6-311+G**, and QCISD(T)/6-31G*.
G3(MP2)//B3LYP/6-31G* single-point energishave also been
calculated. MP2 calculations were performed using the Gaussian 03
program packag®, with the QCISD(T) single-point calculations
obtained using the MOLPRO program pack&gsingle-point calcula-
tions on the model and full systems have been carried out using the
density-fitted Hartree Focké® and local MP2 methodsin MOLPRO.

For these calculations, the cc-pVTZ basis set was used, omitting the d

parameters. Using the standard covalent radius for the hydrogen atomPelarization functions on hydrogen atoms, and including diffuse

involved in bond breaking/making leads, in some cases, to disconti-
nuities in the potential energy surface as the breakirngi®ond length
is varied, due to changes in the density of the grid. The corresponding
changes in energy were small (max 2 kcal/mol)
geometry optimization in some cases. Accordingly, the covalent radius
of the hydrogen atom was set to 1.5 A for optimization calculations of
proton-transfer TSs. All given energies are obtained after corresponding
fully analytical single-point calculations (i.e., without the pseudo-
spectral method) using the fine DFT grid within Jaguar, and the larger
6-311+G** basis set.

All optimization and single-point calculations (except for the model
system) were carried out using the polarizable continuum-Poisson
method as incorporated in Jagd&iThe results are not expected to

depend strongly on the parameters used for the continuum solvent, so

we have used a single set of parameters for optimization calculations

(27) Cramer, C. J.; Truhlar, D. G&hem. Re. 1999 99, 2161-2200.

(28) For some recent examples, see: (a) Aggarwal, V. K.; Harvey, J. N.;
Richardson, JJ. Am. Chem. So®Q002 124, 5747-5756. (b) Aggarwal,
V. K.; Harvey, J. N.; Robiette, RAngew. ChemInt. Ed.2005 44, 5468~
5471. (c) Robiette, R.; Richardson, J.; Aggarwal, V. K.; Harvey, JJ.N.
Am. Chem. So2006 128 2394-2409.

(29) Jaguar 4.0 Schralinger, Inc.: Portland, OR, 19922000.

(30) (a) Tannor, D. J.; Marten, B.; Murphy, R.; Friesner, R. A.; Sitkoff, D.;
Nicholls, A.; Ringnalda, M.; Goddard, W. A., Ill; Honing, B. Am. Chem.
Soc.1994 116 11875-11882. (b) Marten, B.; Kim, K.; Cortis, C.; Friesner,
R. A,; Murphy, R. B.; Ringnalda, M. N.; Sitkoff, D.; Honing, B. Phys.
Chem.1996 100 11775-11788.
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functions (aug-cc-pVTZ) on oxygen atoms. The reported energies,
described below as SCS-MP2/cc-pVTZ, include scaling of the energy
contributions from the different MP2 spin-components (SCS-MP2

but prevented successfu|methodf‘) and include an approximate treatment of the solvation energy,

given by the difference between the gas-phase and continuum solvent
energies at the B3LYP/6-3%1G** level of theory.

For the large reaction systems, there are usually several local minima
or saddle points corresponding to each intermediate or transition state.
This is due to the possibility of multiple conformations of substituents.
We have made a systematic attempt to locate all possible local minima
and saddle points, with the data presented referring to the lowest energy
form unless mentioned otherwise.

The reactants for the system we consider are not chiral, and the
corresponding MBH product has only one chiral center. However,

(31) George, P.; Siegbahn, P. E. M.; Glusker, J. P.; Bock, C1.Whys. Chem.
B 1999 103 7531-7541.

(32) See discussion in: Lau, J. K.-C.; Deubel, D.JVChem. Theory Comput.
2006 2, 103-106.

(33) Badoul, A. G.; Curtiss, L. A.; Redfern, P. C.; RaghavachariJ. KChem.
Phys.1999 110, 7650-7657.

(34) Frisch, M. J.; et alGaussian 03revision B.04; Gaussian, Inc.: Pittsburgh,
2003.

(35) Werner H.-J.; et al. MOLPRO Versions 2002.3 and 2006.1.

(36) Polly, R.; Werner, H.-J.; Manby, F. R.; Knowles, PMbl. Phys.2004
102 2311-2321.

(37) Werner, H.-J.; Manby, F. R.; Knowles, P.1.Chem. Phys2003 118

8149-8160.
(38) Grimme, SJ. Chem. Phys2003 118 9095-9102.
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Figure 5. Investigated pathways for model reaction. Energies (in kcal/

mol relative tom-int2) were obtained by single-point calculations at the
geometries optimized at the B3LYP/6-8G*(THF) level of theory (roman
font, gas-phase B3LYP/6-3%1G**; bold, G3MP2; italics, B3LYP/6-
311+G** with continuum THF; in brackets, error of the B3LYP method
as compared to G3MP2).

of protic species are overestimated by ca. 5 and 3 kcal/mol,
respectively?%40

The overall reaction energy of the MBH reaction was also
investigated at different levels of theory taking the reaction of
methylacrylate and acetaldehyde as a model (see Supporting
Information). The gas-phase reaction energies obtained at the
B3LYP/6-31H-G** and G3MP2 levels are, respectively,’.7
and —12.4 kcal/mol, indicating an underestimation (by. &a
kcal/mol) of the exothermicity of the reaction by the DFT
method. The value of-5.4 kcal/mol obtained at the B3LYP/
6-311+G** level including continuum solvent shows that
solvent effects only have a low influence on the overall reaction
energy.

Solvent effects were found, however, to have a large influence
on the relative stability of intermediates (see Figure 5) as
expected by their charged, and hence highly polar, nature.
Solvent effects will thus be taken into account throughout, both
for optimization and for single-point calculations, at the level
of a continuum model. For one step, protic solvent or a protic
co-reactant is intimately involved in the mechanism, and we
will model this solvent molecule explicitly.

Our results on the model reaction support the pathway
suggested by McQuadfefor the reaction in the absence of
sufficient amounts of protic species, that is, through formation
of a hemiacetal, and the mechanism proposed by Aggarwal and
Lloyd-Jone#?® for the alcohol-catalyzed proton transfer, that is,
throughm-TS3-MeOH. The simplicity of the model does not

several intermediates and transition states along the reaction pathwa;ﬁ”ow one, however, to draw firm conclusions.

have two (or more) stereogenic carbons, which means that they can

2. Realistic Model. In this section, we will first discuss the

exist under two (or more) diastereomeric forms. The key intermediates mechanism of the enolate betaine formation and its addition to
and transition states of all diastereomeric pathways have been inves-benzaldehyde. We shall then present our results concerning the
tigated (see Supporting Information). Data presented here refer to themechanism of the proton transfer, first in the absence of protic
pathway involving the lowest overall barrier unless mentioned other- species and then for the reaction catalyzed by methanol. For

wise.
Results

1. Model Reaction.To select the most appropriate method
for the studied system and check its reliability, we have
investigated the model reaction betweerCHO-+ CH;CH CO,Me,
for which accurate methods, such as CCSD(T) and G3(MP2),

the latter case, it is necessary to include one methanol molecule
in the reaction system throughout, not just for the key proton-
transfer TS, so as not to get biased energies. For many species,
it is relatively easy to choose the place in which to position the
hydrogen-bonding methanol molecule so as to get the lowest
or most meaningful energy. Nevertheless, for some intermediates
or TSs, the “best” place to put the methanol molecule is not

can be used. This model reaction does not allow us to describedear_ Also, the “best” place may be different for two successive

the amine addition and elimination steps of the MBH process

intermediates or for an intermediate and the following transition

but enabled us nonetheless to investigate the other key StepSgiate. From close inspection of the results, it can be seen that
addition to the aldehyde and proton transfer. Because of theihe in part, arbitrary decisions about where to place the explicit

omission of the MBH reactants in the model reaction, in this
section, energies will be given respective to intermediaiat2.

We will restrict here the discussion to the main points, with
the full results presented in the Supporting Information. The
investigated pathways are shown in Figure 5.

The energy of TSs and intermediates has been obtained at a

variety of levels of theory. Taking the accurate G3(MP2)/B3LYP

energies as a reference, we find that B3LYP method describes

the studied system relatively well. Relative energies obtained,
respectively, at B3LYP/6-3tG* and B3LYP/6-31#G**
levels are similar (see Supporting Information), suggesting that
basis set effects are not large in this system. The B3LYP/6-
311+G**//B3LYP/6-31+G* method was thereby selected as

the best compromise between cost and accuracy. Even at this

level, however, the gas-phase energyntt is underestimated
(by ca. 5 kcal/mol), and the barriers to proton transfer in the
absencerg-TS3-hemij and in the presencen-TS3-MeOH)

solvent molecule do slightly affect computed relative energies
but this is a small effect. Where unclear, we signal the position
of the methanol molecule in the text below.

(39) These apparent errors in the DFT energetics seem to be another example
of some of the shortcomings of B3LYP that have been noted recently for
describing systems with different numbers of different types-e0CC—H,

and C-0O bonds. See, for example: (a) Alder, R. W.; Blake, M. E.; Chaker,

L.; Harvey, J. N.; Paolini, F.; Schzy J. Angew. Chemlnt. Ed.2004 43,
5896-5911. (b) Grimme, SAngew. Chemlint. Ed.2006 45, 4460-4464.

(c) Wodrich, M. D.; Corminboeuf, C.; Schleyer, P. v. Brg. Lett.2006

8, 3631-3634. (d) Schreiner, P. R.; Fokin, A. A,; Pascal, R. A.; de Meijere,

A. Org. Lett.2006 8, 3635-3638. (e) Friesner, R. A.; Knoll, E. H.; Cao,

Y. J. Chem. Phy2006 125 124107. (f) Grimme, S.; Steinmetz, M.; Korth,

M. J. Org. Chem2007, 72, 2118-2126.

The addition of the enolate to acetaldehyde is found to be exothermic for
the model reaction. As one will see in the next section, addition to
benzaldehyde is conversely computed to be endothermic. The consequence
is thatm-TS2is a very “early” transition state, and thus similar to reactants,
whereas in the realistic model case (addition to benzaldehyde), the addition
of TS is very late and resembles the adduct very much. It is thereby more
relevant to look at the relative energy of the addoeint2 than at the
energy ofm-TS2 to investigate the ability of a method to evaluate the
energy of the addition TS in the case of addition to benzaldehyde.

(40)
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Table 1. Formation of int2 (Energies (in kcal/mol Relative to
Reactants) Are Obtained at the B3LYP/6-311+G**(THF) Level of
Theory at the B3LYP/6-31+G*(THF) Geometries)
OMe OMe o OMe
+ NMe o T2,
| © s 7 70" ppcHo Ph o
@ ©)
NMe; MesN
int1 int2
E isomer shown
reactants TS1 intl TS2 int2
in the absence 0 11.6 11.2 20.1 20.5
of MeOH
in the presence 02 —b 9.8 19.0' 15.8 _
of MeOH TS2 TS2-MeOH

Figure 6. Transition state structure for the addition to benzaldehyde step,

aEnergy of separated acrylate and aldehyde, each complexed to ain the absencel(S2) and in the presencd $2-MeOH) of one molecule of

molecule of MeOH» Not found (close in energy and geometryitdl).
¢ Energy of separateitdtl and aldehyde, each complexed to a molecule of

methanol.

MeOH. d Additional TS involving a hydrogen bond between the developing ) O@ Ph ¥
negative charge on the aldehyde oxygen and one molecule of methanol 0 H OMe )\ )\,o@
(see Figure 6). - o Ph” O H OMe o
A. Enolate Formation and Addition to the Aldehyde. Our ® T T1s Ph)\tgo - ph)\'[COZMe
results concerning the two steps leading to formation of MesN hemi-add S)Me ,\C?Me
intermediatent2, the precursor of proton transfer, are presented int2 227 hemil TS3-hemi
in Table 1. 20.5 23.7 28.7
Addition of the amine to methyl acrylate is found to be Y\
endothermic with a very late (product-like) TS lying only o
slightly higher than the adducinfl). Complexation of the : Q /OMee
alkoxide function ofintl by one molecule of methanol leads ©0 OMe Ph ® o OH
to a stabilization to the enolaténfl-MeOH) of ca. 1.5 kcal/ H MesN Ph" O  OMe
mol. Ph ® 0 dian P NP
TheE isomer ofintl (with OMe trans to CEHNR3*) is found Me;N + 574 ®
to be more stable than i&isomer (by 1.1 kcal/mol; B3LYP/ OH OMe  NMeg
6-31+G*(THF)). It has been previously suggested that Ehe Tss-:rgzmber Ph o h?:"f
isomer of this intermediate involves a stabilizing interaction ’ Meﬁ ’
between the positive center (ammonium in this case) and the int2-protonated hen;';i lim
enolate oxygei!*2An analysis of the structure @fitl reveals 16.6
no specific interaction between the two groups, the higher ' OH
stability of theE isomer being probably best accounted for by OH OMe OH OMe P
favorable electrostatic interactions. @ Ph 0 g Ph” QO OMe
The E isomer ofintl is also the more reactive in addition to ® hemi-cleay " o
benzaldehydé3 which is found to be endothermic in our B3LYP ~ MesN Products hemi3
calculations. Explicit complexation aht2 by a molecule of int3 0.6 50
methanol induces a decrease of reaction energy of ca. 3 kcal/ 13.8 '

mol. For the model reaction, we found the exothermicity of the Figure 7. Explored pathways for proton transfer in the absence of protic
analogous step to be underestimated by ca. 5 kcal/mol with species. Energies are obtained at the B3LYP/6+3a¥(THF)//B3LYP/
B3LYP, so in the present case, additiorintfl to benzaldehyde ?ég(lz;ﬁ:s(THF) level of theory and are given in kcal/mol relative to
is likely to be only slightly endothermic or thermoneutral. '

The optimized structures of the differen$2 conformers and
diastereomers are consistent with the importance of dipole
dipole interactions in determining orientation of approach of
reactants in aldol-type TSs (Figure ‘6)reactants are oriented
in such a way that their respective dipoles point in opposite
directions, and thereby there is maximum electrostatic stabiliza-
tion.

The activation energy of the addition to aldehyde is not
significantly dependent on the complexation by a molecule of
methanol. The presence of one molecule of MeOH does,
however, stabilizéntl andint2. Overall, a significant increase
in rate is thus expected font2 formation in the presence of
protic species.

B. Proton-Transfer Mechanism in the Absence of Protic
SpeciesAll of the explored mechanisms for the proton transfer
in the absence of catalysis by protic species are reported in
Figure 7.

The mechanism of intramolecular proton transfer involving

a four-center transition stat€ $3-4membe) has been explored.
The activation barrier associated with this mechanism

(41) Rafel, S.; Leahy, J. W1. Org. Chem1997, 62, 1521-1522.

(42) Recent mechanistic studies indicate that this interaction should not be presen
in phosphine-catalyzed MBH reactions. See: Krafft, M. E.; Haxell, T. F.
N.; Seibert, K. A.; Abboud, K. AJ. Am. Chem. SoQ006 128 4174-
4175.

(43) Reaction of th& enolate has a barrier of 0.9 kcal/mol higher than that of
the E (B3LYP/6-314+G*(THF)).

(44) (a) Denmark, S. E.; Beutner, G. L.; Wynn, T.; Eastgate, Ml.Adm. Chem.
Soc. 2005 127, 3774-3789. (b) Heatchcock, C. H.; Davidsen, S. K.;
Flippin, L. A. J. Org. Chem1986 51, 3027.
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Figure 8. Structure of proton-transfer TS in the absence of alcohol catalysis TS41-€I¥I$OH
(TS3-hemi). '
. . i MeOH._ H.
has been found to be, as previously belieYkighly unfavor- 0 “OMe
able (26.1 kcal/mol}>46 o o
Calculations show that the mechanism in whiict2 acts as
a base-catalyst, reacting with itself to gidkan + int2- Products-MeOH
protonated, is also highly disfavored, with the intermediates 1.7

lying at 57.4 kcal/mol above reactants. This is due to the high 2 optimized at the B3LYP/6-31+G*(MeOH) level of theory
energy, even in continuum solvent, of the dianionic species. A fjgyre 9. Explored pathways for methanol-catalyzed proton transfer.
similar mechanism involving deprotonationiaf2 by a second Energies (kcal/mol relative to reactants) are obtained at the B3LYP/6-
equivalent of the tertiary amine is expected to be even less 311+G*(THF)//B3LYP/6-31+G*(THF) level of theory.
favorable, given that amines are less basic than an alcolate, suchighted in our calculations on the model system (see Figure 5).
as int2. Indeed, kinetic data show an overall first-order Assuming that B3LYP makes no error for the initial step, amine
dependence of rate on concentration of amfmeot the second-  addition to formintl (this step is not treated in the model
order dependence that would be expected if the amine did system), B3LYP can be expected to overestimate the height of
deprotonatent2 in the rate-limiting step. TS3-hemiby 10.9 kcal/mol, giving a corrected barrier height

The mechanism involving formation of a hemiacetal inter- of 17.8 kcal/mol. Single-point SCS-MP2/cc-pVTZ calculations
mediate, as proposed by McQuade, has also been investfated. using local correlation methods (with a correction for solvent
Addition of int2 onto a second molecule of aldehyde to form effects from the B3LYP calculations) for this TS also suggest
intermediatenemil s very facile although slightly endothermic  that its energy relative to reactants is overestimated by B3LYP.
(by 3.2 kcal/mol). The following intramolecular proton transfer - The predicted barrier height of 12.5 kcal/mol relative to reactants
is exothermic (by 9.6 kcal/mol) and occurs with a low activation should be reasonable given that the same SCS-MP2 level of
barrier (5.1 kcal/mol) via a six-membered ring TS in which the ' theory is in fair agreement with G3 for the model system (see
o-C—H bond is partially brokendc— = 1.34 A; Figure 8).  the Supporting Information), although uncertainties associated
The hemiacetal intermediate so-formedemi2, can then  with the correlation treatment and the definition of the domains
decompose very easily into the MBH adduct, benzaldehyde, andin the local approacf mean that it is certainly not exact.
NMes. C. Alcohol-Catalyzed Proton-Transfer Mechanism Results

Our calculations provide strong support for the pathway for the investigated pathways for methanol-catalyzed proton
proposed by McQuade and indicate an overall barrier of 8.2 transfer are reported in Figure 9.
kcal/mol fromint2 for the proton-transfer process. The overall  We first investigated the possibility of a two-step mechanism,
energy barrier with respect to reactants is predicted to be 28.7that is, protonatiordeprotonation. Protonation oft2-MeOH
kcal/mol in THF. The true barrier is probably slightly lower by methanol is endothermic by 19.2 kcal/mol. The product
than this, considering the errors in the B3LYP method high- complex is unstable and upon attempted geometry optimizations

— - — - ) reverts toint2-MeOH without any enthalpic barrier. The
(45) A similar barrier has been obtained in a previous computational study for . .
the equivalent step in phosphine-catalyzed MBH reaction (Xd, Bol. following step, deprotonation of the-carbon by the methano-

gft%cet émﬁcoligiﬂgl\gtg%g 237',\/'681;6‘;&)6{;% \rqvczgeg)sl inD a_vseﬁ(;jecsrggudy late, is exothermic and here too the barrier is very low; the
Lett. 2007, 9, 4873-4876). This latter paper, pub!ishé"d after'su'bmis'sipn_ B3LYP/6-31H-G**(THF) single-point energy predicts it to lie
g{ugzsp{ﬁgfg;mgfrﬁir?gooﬁ?m'rff(s thorough calibration and mechanistic slightly lower than the separat@u2-protonated + methoxide

(46) The mechanism involving a four-membered transition Statg3( species. The overall energy barrier for this two-step mechanism
4membe) has the particularity to be unimolecular, whereas all of the others  \yith respect toint2-MeOH is Computed to be of 16.7 kcal/
are bimolecular, which should favor it from an entropy point of view. In
terms of free energy, this benefit can be estimated (see Computational mol.
Details) to ca. 5 kcal/mol. This is not enough to compensate for the high ; ; ; _
energy barrier of this mechanism and make this pathway competitive with The c_oncerted protonatlefdeprotonatl_on mech_anls_rfﬁ$3 .
others. MeOH) is found to be more favorable, with an activation barrier
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Discussion

The overall reaction energy of the process is computed to be
close to zero. By analogy with the model reaction, the stability
of reactants is probably overestimated by the B3LYP method,
such that the reaction should in reality be exothermic by about
5 kcal/mol, and the SCS-MP2 method indeed predicts a reaction
energy of—4.7 kcal/mol. The entropy effects on the reaction
energy are likely to be significant because it leads to the
conversion of two molecules into one. Near room temperature,
this is expected to make the reaction free energy in the gas phase
less favorable by ca. 10 kcal/mol than the reaction en&réf.

In solution, the effect should be smaller, at ca. 5 kcal/fol.
Overall, the reaction is thereby expected to be near thermoneu-
tral in free energy term®.4° One has to note, however, that
the reactions involving alkyl aldehydes (or electron-poor
aromatic aldehydes) are likely to be more exothermic due to

Figure 10. Structure of methanol-catalyzed proton-transfer TS3-

MeOH). the higher exothermicity (or lower endothermicity) of the
addition stepifitl — int2) in these case¥.

of 10.0 kcal/mol with respect timt2-MeOH .*” Calculations on A. Reaction Pathway in the Absence of Protic Species.

the model system suggest, however, that the true barrier mayOur results are in very good agreement with the second-order

be ca. 3 kcal/mol lower. kinetics with respect to aldehyde concentration, and first-order

The concerted proton transfer occurs via a six-membered ringkinetics with respect to amine and acrylate concentrations
transition state (Figure 10). The structure of the TS reveals a observed experimentally in the absence of alcohol catalysis, and
concerted but asynchronous proton transfer: oti@—H bond thereby give firm support to the mechanism proposed by
is only partially broken dc—y = 1.34 A), but the MeOH has  McQuade (Figure 113°
almost completely transferred its proton to the alkoxide oxygen  The first step of this process is addition of the amine to the

of int2 (du-ome = 1.88 A; dy—or = 0.99 A). acrylate to form an enolatén1). Addition of this intermediate

The enolate formed after the proton transfeity) subse- to the aldehyde then leads imt2, which reacts subsequently
quently undergoes an exothermic and very fas? kcal/mol with a second equivalent of aldehyde to yidiemil. This
barrier) elimination to regenerate the amine catalyst and yield hemiacetal betaine species then undergoes an intramolecular
the MBH adduct. proton transfer through a six-membered ring transition state

Our results thereby support the concerted pathway for the (TS3-hem)). Elimination of the amine catalyst yields finally
alcohol-catalyzed proton-transfer mechanism with a barrier with the hemiacetahemi3, which usually decomposes into product
respect toint2-MeOH of 10.0 kcal/mol (25.8 kcal/mol with and aldehyde, but can also in some cases cyclize to yield the
respect to reactant$)j.Again, the data for the model reaction corresponding dioxanone (see Figure®).

(see Figure 5) suggest an overestimation of the barrier by The energy profile obtained for this process is in very good
B3LYP, by 8.3 kcal/mol if one takes the correction factor agreement with the low reaction rate, which characterizes the
directly from the model system, which would lead to a corrected MBH reaction (Figure 12). The overall enthalpic barrier is
barrier to reaction of 17.5 kcal/mol. Here too, SCS-MP2/cc- calculated to be 28.7 kcal/mol with respect to reactants at the
pVTZ single-point calculations confirm that B3LYP overesti- B3LYP level of theory, although our calculations on the model
mates the barrier height, as they give a predicted value of 14.1system suggest a smaller barrier of ca. 18 kcal/mol. The loss in
kcal/mol. Again, however, the uncertainties associated with this entropy expected upon going from four molecules (reactants)
correlated method mean that this number should only be takento one inTS3-hemiis expected to result in an overall free energy
as a guideline. of activation that is roughly 15 kcal/mol higher than the energy

Previous kinetic experiments suggest that in the absence ofof activation.
other hydrogen-bond donors the reaction shows autocatalysis. Qur results indicate that the rate-determining step in this case
This is not surprising as in principle any molecule with an s the proton-transfer step. This is in good agreement with
alcohol OH group, including the product, could play the same McQuade’s kinetic experiments and observed KIE's at the early
role as MeOH inTS3. Indeed, we have calculated the barrier stage of the reaction (see Introductidf$©
to concerted proton transfer with the product instead of MEOH  The ahove mechanism does not, however, account for the
as the hydrogen-bond donor and obtained a similar value for gxherimentally observed acceleration in the presence of protic

the corresponding energy relative to reactants, of 26.2 kcal/ gpecies. The rate-determining sf€§3-hemiinvolves proton
mol.

(48) The gas-phase entropic contribution to the overall free energy of reaction

(47) We note that single-point calculations (see Supporting Information) indicate for the MBH reaction of acrylonitrile and acetaldehyde has been recently
that the barrier with respect iot2-MeOH is somewhat higher in continuum calculated to be 11.4 kcal/mol, at the B3LYP/811+G* level. See ref
MeOH (13.8 kcal/mol). Howeveiint2-MeOH is less stable in THF than 45,
in MeOH (15.8 and 10.8 kcal/mol, respectively). The result is a low decrease (49) For experiments supporting this, see: Fort, Y.; Berthe, M. C.; Caubere, P.
of overall activation barrier in continuum MeOH for alcohol-catalyzed Tetrahedron1992 48, 6371-6384.
mechanism (the barrier is 25.8 and 24.6 kcal/mol in continuum THF and (50) The reaction energy for the addition ioftl onto benzaldehydepara-
MeOH, respectively). This agrees well with experimental results, suggesting nitrobenzaldehyde, and acetaldehyde is endothermic by 9.3, 1.9, and 1.8
that solvent polarity makes only a small contribution to the rate acceleration kcal/mol, respectively (B3LYP/6-31G**(THF)//B3LYP/6-31+G*-
observed in protic solvents. (THF)).
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e OH
= o} Ph £
OMe OMe 0", OMe o )\o oMo D~ PhAO OMe
+Nuﬂ,/oemgph 0 _PhCHO_ Hle — | S W R
| 97T e e TTs2 ® TS Ph)\tl*o oy N(-COMe ®
NMes 554  MesN hemi-add \# ® NMe;
0.0 keal/mol int1 int2 22.7 hemit > NMe;y hemi2
11.2 20.5 23.7 TS3-hemi 14.1
28.7 LE]
hemi-elim
16.6
OH
PhAO OMe
Ph (o]
hemi3
alcohol-catalyzed pathway TS 5.0
4 hemi-cleavl
OMe OMe MeOH. © JH-.g-Me
s, .-HOMe A ©-HoMe Oy QM 0p" ° QH OMe OH OMe
|9 o  _PhCHO_ gy 0o— Hoome| —= PG HOMe___
. TS1-MeOH “\ye, TS2-MeOH ® P g ®  TS4-MeOH| ™" 0
NMe 19. NMe; NMe, NMez 16.1
? int1-MeOH int2-MeOH TS3-MeOH int3-MeOH Products
0.0 kcal/mol 9.8 15.8 25.8 14.9

Figure 11. Mechanism of the MBH reaction in the absence and in the presence of alcohol catalysis with energies (kcal/mol) of important intermediates and
transition states shown.

transfer, and hydrogen bonding from protic species would not  The first steps of the overall mechanism in the presence of
be expected to stabiliZES3-hemimuch better than reactants. methanol lead to the formation @ft2, as in the absence of
Previous experimental results suggest that the higher polarity hydrogen-bond donors. Hydrogen bonding with methanol
of alcohol solvents does not on its own explain the observed stabilizesintl andint2 and makes their formation thermody-
acceleration eithé¥d This is confirmed by single-point calcula-  namically more favored than in the absence of protic species.
tions, indicating that increasing the polarity of the solvent The presence of methanol enabiet? to undergo a concerted
(MeOH instead of THF) stabilizes intermediatet2 andhemil proton transfer viaTS3-MeOH to give int3, which then

(by 4.8 and 3.6 kcal/mol, respectivelyput has no significant  decomposes easily into the product and the amine catalyst (see
influence on the energy relative to reactantg 883-hemi that Figure 11).

is, on the overall barriefMS3-MeOH lies at 28.7 and 28.0 kcal/ From our kinetic experiments, it was tentatively suggested

mol in THF and MeOH, respectively). In other words, a protic 5 the RDS of the alcohol-catalyzed process is addition to
and more polar solvent (MeOH instead of THF) helps formation aldehyde (at>20% conversion when the product promotes

of int2 and hemil by stabilizing them, but these effects are proton transfer}? As mentioned above, these experiments were,

compensated by an increase in the barrier to proton tranSfer'however, not very reliable becauselbi?H exchange reactions

. . . . between the MBH product and the starting acrylate limiting the
in the presence of protic species, as suggested previously by

ineti i accuracy of the measurements. Later, McQuade reported a KIE
Uy Kdnetic experiments. value of 2.1+ 0.3 in 2.75 M water in THF, which suggests
B. Alcohol-Catalyzed Reaction Pathway.Numerous ex- : : : ) g9

perimental studies have shown that the rate of the MBH reaction Fhat the RDS involves loss of the proton in gosition even

is increased in the presence of hydrogen-bond dh@rer in the presence of protic species. Our calculations are in good

A agreement with this observation, indicating that addition to
recent kinetic data and KIEs suggest moreover that anOtheraldeh de should be reversible with the rate-determining ste
mechanism is effective in the case of alcohol catalysis (see y 9 P

Introduction)!® The present computational results are in good being instead proton tran§fer (.see Figure 12). o
agreement with these observations, in that we have found a However, the use of aliphatic aldehydes (or substitution of

lower-energy pathway involving a concerted proton transfer aromatic aldehydes by electron-withdrawing groups) will sta-

catalyzed by one molecule of MeOH (or of produi®). bilize int2 relative Fointl (addition more ex.othermi.é‘) but is
expected to have little effect on the activation barrier to proton

(51) Relative energy ofiemilis 23.7 and 20.1 kcal/mol in THF and MeOH,  transfer (Figure 13). Addition to aldehyd&%2-MeOH) might
respectively, andnt2 lies at 20.5 and 15.7 kcal/mol in THF and MeOH, . .
respectively. therefore be non-reversible in these cases.

(52) The B3LYP calculations give an overall barrier of 28.7 and 25.8 kcal/mol . . . . . .
for the aldehyde- and alcohol-catalyzed pathways, respectively. If one C. Kinetics. Even tak'ng into account the errors involved in

corrects these calculated barrier heights, by simply taking the difference our B3LYP calculations, the significant calculated energy barrier
between the B3LYP and G3MP2 energies in the model system calculations
of Figure 5, the calculated activation energies for the two pathways are, 10r theé non-alcohol-catalyzed pathway (28.7 kcal/mol) accounts

respectively, 17.8 and 17.5 kcal/mol. This leads to a small difference in for the traditionally observed low reaction rates. The loss in
the energy barrier for the two pathways, with the alcohol-catalyzed pathway

slightly favored as found experimentally. Given the remaining potential €ntropy upon going from four molecules (reactants) to the single
for error in the G3MP2 calculations on the model system, and the additional P H _ H

errors possible in the B3LYP calculations on the real system, the overall spe_me_s |nT_83 hemi me‘?ns that the overall free energy of
agreement with experiment seems reasonable. activation will be even higher (by ca. 15 kcal/mol).
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Figure 12. Calculated potential energy surface (kcal/mol) for the MBH reaction in the absence (blue) and in the presence (red) of aI(-:(shoI catalysis, at the
B3LYP/6-311G**(THF)//B3LYP/6-31+G*(THF) level of theory. The dotted curves correspond to qualitative energy profiles, taking into account the
estimated errors in the B3LYP method.

—  PhCHO 1S3 MeOH catalyzed proton-transfer mechanism is only slightly smaller (see
Figure 12, dotted lines) than the energy barrier for the reaction
involving 2 equiv of benzaldehyde and hemiacetal intermedi-
ates®® We note, however, that single-point calculations (see
Supporting Information) indicate an additional decrease of
N overall energy barrier for the alcohol-catalyzed reaction with
p increasing polarity of the solveft.
No\effect on Moreover, from a kinetic point of view, the non-alcohol-
;‘(’;‘lglzﬁ)“n"t?‘:]‘l"’;t'l catalyzed pathway involves two additions to aldehyde prior to
| ) RDS, whereas the alcohol-catalyzed one is first order in
aldehyde and alcohol. In the case of reaction in protic solvents,
the higher concentration of alcohol over aldehyde favors thus
even more the alcohol-catalyzed pathway.
However, due to this difference in aldehyde order, the overall
It is well documented that a rate acceleration is observed in barrier of the pathway in the absence of alcohol is expected to
the presence of hydrogen-bond dond@ur kinetics experi- be more sensitive to the nature of the aldehyde than the alcohol-
ments have shown furthermore that in the absence of protic catalyzed process, which means that a more reactive aldehyde
additives autocatalysis takes place in the reaction of benzalde-(e.g., alkyl aldehydes op-nitrobenzaldehyde) will favor the
hyde with methyl acrylaté® This autocatalysis starts, however, aldehyde-catalyzed reaction more than the alcohol-catalyzed one.
to be effective only at ca. 20% conversion, indicating that the In these cases, the mechanism involving addition onto a second
barriers for the two processes (alcohol-catalyzed and non-molecule of aldehyde could thus well become the lowest lying
alcohol-catalyzed) are rather close in energy. Our calculations pathway, even in the presence of protic species. Indeed, in
are in very good agreement with these observations. Taking intoreactions op-nitrobenzaldehyde with methylacrylate, McQuade
account the error in the B3LYP energies suggested by the modelobserved a second-order dependence for aldehyde under THF/
system calculations, the overall enthalpic barrier to the alcohol- H,O conditions?%°

— Aliphatic aldehyde

TS2-MeOH

addition more
exothermic with
AlkCHO

S.M.
Figure 13. Influence of the nature of the aldehyde on the energy profile.
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Our B3LYP calculations find the transition state for addition OH O
of the initial betainentl to the aldehydeTS2) to formint2 to Oe = _h ot Pl g OR
be significantly lower than the TSs for proton transfer (i.e., 19.0 o — O(HO e Slow
and 25.8 kcal/mol relative to reactants in MeOH for the Rrco + *( kaR - Rﬂ(COzR . siow
methanol-catalyzed process). Hence, in almost all cases proton Nu D pr =
transfer should be rate-limiting. However, our GAMP2 calcula- ® = Ny p* Slow

tions on the model system suggest that B3LYP overestimates
the energy offS3-MeOH and TS3-hemirelative toint2, and
hence probably also td6S2. Also, with some activated alde- . ( OH = chiral bifunctional catalvst
hydes, the relative energy @fit2 is likely to be lower still. Nu Y
Hence, it is just possible that, in some cases, addition of Figure 14. Origin of stereoselection in the MBH reaction.
aldehyde tantl could become rate- and selectivity-determining
(see Figure 13).

D. Implications for Stereoselectivity. The MHB product has Our calculations show that formation oft2 is reversible,
only one stereogenic center but several intermediates, and TSsind hence that proton transfer is the selectivity-determining step,
have more than one chiral center. For instance, in the case ofin both the non- and alcohol-catalyzed pathways.
the aICOhOI‘CataIyZed mechanism, the SelectiVity-determining TS If one wishes to obtain good enantiomeric excesses, it is
(TS3-MeOH) has 2 stereogenic centers, which means that 4 therefore advisable to (1) work in the presence of hydrogen-
diastereomers can be form#tin the case of the aldehyde- pond donors and (2) control stereoselectivity of the
catalyzed pathwayl' S3-hemihas 3 chiral centers, so there are  proton-transfer step. This may explain the recent success of
8 possible diastereomers. This complexity is expected 10 pifynctional organocatalysts (amines covalently attached to a
significantly decrease selectivity: a chiral catalyst has to enable protic function several carbons away). The success of these
discrimination between 4 or 8 diastereomers and not 2 as ingystems can be attributed to the suitable positioning of H-bond
traditional processes. This will be especially important here as yonors for selective intramolecular proton transfer of one of
our calculations indicate that the diastereomers of most inter- ¢ gikoxide diastereomers and not the others. The alkoxide
mediates and TSs lie rather close in energy and so are easilyjiasiereomer that undergoes the fast selective proton-transfer

accessu?le (see Sypportmg Informat|op). _ reaction may also be the diastereomer that is preferentially
Our kinetic studies have shown that in the absence of protic formed, but this is not a prerequisite (Figure 14). One should

additives autocatalysis of the reaction takes place (at C;' 20%pte, however, that the bifunctional catalysts give good selec-
conv. for the reaction of benzaldehyde with methyl acryl&te).  yyiies only if no other protic additives, which could competi-

Moreover, our calculations, supported by KiEsevealed that a1y catalyze proton transfer, are present (see, for example,
the mechanism of the reaction is different in the absence andref 14a)

in the presence of hydrogen-bond donors. As a result, in the A tioned ab in th ¢ aliphati tivated
absence of protic additives, there is a change in mechanism s mentioned above, in the case of aliphatic (or activate

during the course of the reaction, and hence in the nature Ofaromatic aldehydes), addition to aldghyde may well become less
the TS where selectivity is determined. The achievement of high or non-reversible, and hencz_a _addmon c_>f_the enolate to Fhe
asymmetric induction is thus made difficult in this reaction. This aldehyde becomes the selectivity-determining step. If there is a
is most probably one of the causes of the moderate success ohigh degree of stereocontrol in the addition step and it is coupled

asymmetric MBH reactions using a chiral auxilifigr amine with reduced reversibility, this would explain the higher
catalystlC in the absence of protic additivés. enantiomeric excesses often obtained for reactions with aliphatic

The nature of the lowest energy pathway may also well aldehydes, as compared to aromatic aldehydes (see, for instance,

depend on the nature of the aldehyde: due to the difference in"€fs 11b,c and 13a,df}.Itis interesting to note that this lower
aldehyde order between the two mechanisms, reaction of a more®' non-reversibility of the addition is also likely to be the origin
reactive aldehyde (e.g., alkylaldehydeparitrobenzaldehyde) ~ Of the higher success of the asymmetric aza version of the MBH
will lower more the overall activation energy of the non-alcohol- "éaction: addition ta\-sulfonated imines, the most common
catalyzed pathway (which is second order in aldehyde) than type of imines in aza-MBH reaction, is more exothermic than
the barrier to the alcohol-catalyzed process (first order in @ddition to aldehydes.

aldehyde). In these cases, aldehyde-catalyzed reaction could In any case, enantioselectivity of the process is likely to be
thus well become more favored than the alcohol-catalyzed one,influenced by the degree of non-reversibility of the addition of
even in the presence of protic species. This is probably one ofthe enolate to the aldehyde, and hence by the nature of the
the causes of the difficulty of developing a general version of aldehyde. This stresses the importance of controlling stereose-
the asymmetric MBH reaction. Indeed, the highly diastereose- lectivity of both key steps, addition to aldehyde and proton
lective BHR using Oppolzer’s sultam only works well for transfer, if a general asymmetric version of the MBH reaction

D' are diastereomers of alkoxide adduct

alkylaldehydesP is to be achieved. Ideally, a chiral catalyst will favor a major
diastereomer in the enolate addition step, and the catalyst will
(53) This is true for reactions involving acrylate unsubstituted-position, by also promote a fast proton-transfer step associated with the same

far the most common case encountered in literature. Substitution of the . .
acrylate in3-position would lead to the creation of an additional stereogenic major diastereomer.
center in the first step of the reaction, and hence multiply the number of
possible diastereomers of all intermediates and TSs by 2.

(54) It has been shown that increased selectivities could be achieved when(55) This observation could also be due to a higher reversibility of the overall
working in a protic solvent for reactions with a chiral auxiliary and reactions reaction in the case of aromatic aldehydes. However, to our knowledge,
catalyzed by a chiral amine (see, respectively, refs 9a and 10b). no variation of enantiomeric excess with time has ever been reported.
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Figure 15. Mechanisms for the MBH reaction.
Conclusion sensitive to the nature of aldehyde and could well become the

We have used density functional theory calculations, cali- more favored pathway in reaption of more reactive gldehydes
brated with high-level G3MP2 computations, and including (€-9- alkyl aldehydes), even in the presence of protic species.
solvation effects, to model each step in the MotiBaylis— Morita—Baylis—Hillman reactions are often conducted in the
Hillman reaction. Our results show good agreement with the presence of protic donors (e.g., MeOH or(Qj as such
experimental observations: formation of the ammonium enolate conditions enhance ratéur results give for the first time a
(intl) and subsequent addition to the aldehyde leadinigt® clear understanding of the origin of this rate enhancement:
are both endothermic processes (by 11.2 and 9.3 keal/mol, hydrogen-bond donors activate the reaction by allowing the
respectively). This is followed by rate-limiting proton transfer proton-transfer step to occur via a concerted lower-energy

to gl_v? tTe ":/rl1Btlt-1| addbuit. ;I_’hlek_corppgte(t:l enerf?y tpr([))flle 'Sd mechanism in which one molecule of alcohol (or water) act as
consistent wi € substantial kiNelic 1Sotope elect ObSEVed , gy e o transfer the proton from tleposition to the

i 1020 ) T
for the a posmor!, with the high over_all activation eNeT9Y  alkoxide ofint2. Even under such conditions though proton
(28.7 kcal/mol) in good agreement with the experimentally i ¢ ins the RDS
observed slow rate for the reaction. ranster remains the T _ o
Two mechanisms have been identified for the proton-transfer ~ Our B3LYP calculations find the barrier to formationinf2
process: (i) addition of a second aldehyde to form a hemiacetal (20.1 and 19.0 kcal/mol in the absence and presence of MeOH,
alkoxide followed by rate-limiting proton transfer as suggested respectively) to be significantly lower than the TSs for proton
by McQuadé® (non-alcohol-catalyzed pathway) and (ii) an transfer (28.7 and 25.8 kcal/mol in the absence and presence of
alcohol-catalyzed pathway in which an alcohol acts as a shuttle MeOH, respectively). Although our G3MP2 calculations on the
to transfer a proton from the-position to the alkoxide oift2 model system suggest that B3LYP slightly overestimated the
(Figure 15). Taking into account the error in the B3LYP energies energy of TS3-hemi and TS3-MeOH relative to TS2, these
suggested by the model system calculations, the overall \ggjts show that formation @it2 is reversible in both the non-
enthalpic barrier to the alclc_)hrcl)ll-catalyﬁed Erotor?-transfer mech- and alcohol-catalyzed pathways, highlighting the importance of
anism is estimated to be slightly smaller than the energy barrier proton-transfer step, which is the rate- and selectivity-
for the first pathway (see Figure 12; dotted line%s)The . . . .
determining step of the reaction. The successful bifunctional

mechanism involving 2 equiv of benzaldehyde and hemiacetal catalysts that have been developed all seem to have the potential
intermediates is thereby likely to dominate in the absence of Y P P

proton donors (early phase of the reaction), and the second_to promote proton transfer intramolecularly. The high selectivity

pathway will usually dominate as the aldehyde is consumed 'S likely to result from fast proton transfer of one of the
and the alcohol concentration (the product is an alcohol) diastereomers while the others revert back to starting materials.

increases. This result is in good agreement with our kinetic However, our calculations show that in reactions with aliphatic
experiments, showing that autocatalysis starts to be effective ataldehydes and activated aromatic aldehydes (and activated
ca. 20% conversiof? imines— for the aza analogue of these reactiang) formation

One has to note, however, that, due to its second order inis likely to be less reversible and may even become non-
aldehyde, the non-alcohol-catalyzed pathway will be more reversible, which suggests that the development of a general
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asymmetric version of the MBH reaction requires the stereo- the RS for a Royal Society Wolfson Research Merit Award.

control of both key steps, addition to aldehyde and proton R.R. is a chargele recherches F.R.S.-FNRS.

transfer. Supporting Information Available: Full results on model
While high enantioselectivities may have occurred fortuitously reaction. Tables with optimized Cartesian coordinates for all

for the previously constructed successful catalysts in the past,species discussed in the text, together with corresponding total

we now present a sound basis for the design of future catalystsenergies at the different levels of theory. Complete refs 34 and

for this important reaction. 35. This material is available free of charge via the Internet at

Acknowledgment. We thank EPSRC for financial support hitp:/fpubs.acs.org.

and Merck and Pfizer for unrestricted grants. V.K.A. thanks JA0717865

J. AM. CHEM. SOC. = VOL. 129, NO. 50, 2007 15525



