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ABSTRACT: The mechanism and origins of syn and anti
selectivity of cross-benzoin reactions between furfural and α-
amino aldehydes, catalyzed by a triazolium-based NHC, were
investigated using density functional theory calculations. N-Boc-
α-amino aldehydes were found to react with anti selectivity,
while N-Bn-N-Boc-α-amino aldehydes react with syn selectivity.
We find that the anti product is more thermodynamically
favored than the syn product for reactions with N-Boc-α-amino
aldehydes, and that the formation of the syn product for reactions involving N-Bn-N-Boc-α-amino aldehydes is kinetically
favored. The switch in selectivity is a result of an intramolecular hydrogen bond in the N-Boc-α-amino aldehyde, whereas
switching to N-Bn-N-Boc-α-amine removes the hydrogen bond. The steric and electronic interactions in the transition state are
rationalized by a Felkin−Anh model.

■ INTRODUCTION

The benzoin reaction, first reported in 1832 by Wöhler and
Liebig,1 produces an acyloin from the coupling of two
aldehydes. Ukai et al.2 and Breslow3 later reported the use of
the N,S carbene from thiazolium salts as catalysts for the
benzoin reaction. The use of N-heterocyclic carbenes (NHC)
to catalyze benzoin reactions has been widely reported in
recent years.4 The homocoupling of aldehydes in high
enantioselectivity is now possible with a variety of chiral
NHCs.5 However, the coupling between two different
aldehydes in cross-benzoin reactions is substantially more
challenging because four products can form: two homobenzoin
(Scheme 1a,b) and two cross-benzoin products (Scheme
1c,d).6

Recently, the Gravel group developed a chemoselective
cross-benzoin reaction between aromatic and aliphatic
aldehydes catalyzed by triazolium-based NHCs.7 Experimental
and computational studies explored the kinetics and the
formation of an NHC adduct (Breslow intermediate)3 with
aliphatic aldehydes.8 Previous studies performed by Connon

and co-workers have demonstrated that the electronic nature
and steric bulk of the substrates greatly affect the chemo-
selectivity in cross-benzoin reactions.9 The Gravel group
further demonstrated that installing bulky electron-withdraw-
ing groups close to the reaction center can further influence
chemoselectivity. N-Boc-protected α-amino aldehydes were
found to be excellent partners with either aliphatic or
hetereoaromatic aldehydes, and the reactions are diastereose-
lective (Scheme 2, entries 1−3).10 N-Bn-N-Boc-α-amino
aldehydes (Scheme 2, entry 4) still afford high chemo-
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Scheme 1. General Cross-Benzoin Reaction

Scheme 2. Chemoselective and Diastereoselective NHC-
Catalyzed Cross-Benzoin Reactions
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selectivity, but the diastereoselectivity reverses.11 Specifically,
N-Boc-protected α-amino aldehydes mainly afford the anti
products, while the N-Bn-N-Boc-α-amino aldehyde leads to syn
products (Scheme 2, entry 4).
The reversal in diastereoselectivities for these α-amino

aldehydes was rationalized by the presence of a hydrogen bond
occurring between the N-Boc and aldehyde groups (Scheme
3a).11 This hydrogen bond induces the groups on the α-carbon

to be in a conformation that places the R group anti to the
approaching nucleophile. When the N-H is replaced with N-
Bn, this hydrogen bond is lost, and the α-carbon rotates into a
different conformation that places the R group syn to the
approaching nucleophile (Scheme 3b).
The proposed mechanism for the NHC-catalyzed cross-

benzoin reaction of 2-furaldehyde and protected α-amino
aldehyde is shown in Scheme 4.3,12 Deprotonation of the

triazolium precatalyst (I) generates the active NHC catalyst
(II). This nucleophilic species preferentially attacks furfural to
form the Breslow intermediate (III). The Breslow intermediate
then attacks the α-amino aldehyde and undergoes a proton
transfer (IV). Collapse of this intermediate (IV) releases the
cross-benzoin product (V) and regenerates the catalyst to
repeat the cycle.7,8

Density functional theory (DFT) investigations into the
benzoin reaction have been reported.8,13 Although some of
these studies have explored the origins of enantioselectivity
using chiral catalysts,13a,e,f none has focused on the use of
chiral substrates. This latter scenario introduces the additional

challenge of determining whether the kinetic or thermody-
namic control is responsible for the observed diastereoselec-
tivities. Rehbein et al. investigated both experimentally and
computationally whether the Breslow intermediate in the
benzoin condensation could form a radical pair via a single-
electron process and concluded that the nonradical pathway is
more significant.13h We have now performed a DFT study to
investigate the detailed mechanism of cross-benzoin reactions
involving chiral α-amino aldehydes. Our computational results
provide a rationale for the reported diastereoselectivities and
underscore the fine interplay between kinetic and thermody-
namic controls.

■ COMPUTATIONAL METHODS
All DFT calculations were performed using the Gaussian 09 software
package.14 Gas-phase ground state and transition state geometries
were optimized with the B3LYP functional15 and the 6-31G(d) basis
set. Geometry optimizations were followed by single-point calcu-
lations using the B3LYP function with Grimme’s dispersion
correction16 (B3LYP-D3(BJ)) and the def2-TZVPP17 basis set in
toluene using the SMD18 solvent model. These methods have been
shown to give good results in related stereoselectivity studies.19

Vibrational frequencies were computed at the B3LYP/6-31G(d) level
to determine if the optimized structures are minima or saddle points
on the potential energy surface corresponding to ground state and
transition state geometries, respectively. Free energies were calculated
for 1 atm at 298.15 K. Conformational searches were performed using
the MMFF force field in Maestro 11.0.20 We utilized the Monte Carlo
multiple minimum method with Oren−Spedicato variable metric
minimization for optimized conformational sampling.21 Molecular
structures are displayed with CYLview.22

■ RESULTS AND DISCUSSION

Gravel et al. previously reported DFT studies of the homo- and
cross-benzoin reactions of alkyl and aryl aldehydes.8 The active
carbene catalyst (II) reacts with furfural to generate the
Breslow intermediate (III). The lowest energy configuration of
the Breslow intermediate, (E)-s-trans, undergoes subsequent
reactions. In this conformation, the oxygen of the furyl moiety
is oriented toward the electron-poor pentafluorophenyl
substituent. A full analysis of the major Breslow intermediate
configurations is provided in the Supporting Information
(Figure S1).
We first investigated the mechanism of the cross-benzoin

reaction between (E)-s-trans and N-Boc-alaninal, which is
illustrated in Figure 1 with free energies relative to the
separated reactants. Throughout this reaction, there are four
possible diastereomers for the carbon−carbon bond forming
step (TS1-a), the subsequent intermediate (Int-a) and the
release of the catalyst and cross-benzoin product (TS2-a).
Each of these stereoisomers is identified by the absolute
configuration of the carbons of the newly generated alcohol of
the α-amino aldehyde (carbon 1, in blue) and the alcohol/
alkoxide of the Breslow intermediate (carbon 2, in red). The
removal of the catalyst results in the loss of a stereocenter due
to the formation of a ketone, which leaves two diastereomeric
products with the hydroxyl and methyl groups either syn or
anti (syn-Prod-a and anti-Prod-a, respectively). We have also
investigated the formation of the homo-N-Boc-Alininal,
homo-furfural, and cross-benzoin products and have found
that these potential side products are nearly 5 to 7 kcal mol−1

higher in energy than that of the observed major product (anti-
Prod-a). This result is shown in Figure S2 in the Supporting
Information.

Scheme 3. Cross-Benzoin Reactionsa

a(a) The cross-benzoin reaction of N-Boc-α-amino aldehydes yields
the anti product as the major product. (b) The cross-benzoin reaction
with N-Bn-N-Boc-α-amino aldehydes gives the syn product.

Scheme 4. Proposed Mechanism of NHC-Catalyzed Cross-
Benzoin Reaction
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The (R,S) and (R,R) diastereomers lead to the anti product
(anti-Prod-a), and the (S,S) and (S,R) diastereomers lead to
the syn product (syn-Prod-a). The formation of the cross-
benzoin products is exergonic, with a preference for the anti
product by 0.5 kcal mol−1, which would give a 2:1 product
ratio of anti:syn. Both nucleophilic attacks by the Breslow
intermediate and loss of the NHC have similar energies leading
to the unusual situation that the rate-determining steps are
different for the major and minor diastereomers. The rate-
determining steps for forming the anti and syn products are
TS2-a-(R,R) and TS1-a-(S,S) with free energies of 16.9 and
19.5 kcal mol−1, respectively. The differences in our calculated
free energies for the products and rate-determining steps reveal
both kinetic and thermodynamic preferences for the anti
product (anti-Prod-a), which is consistent with the exper-
imental results shown in Scheme 2.
The nucleophilic attack of (E)-s-trans to N-Boc-alaninal

during the first step in the mechanism is the rate-determining
step for producing the minor (syn) product. There is a 5.4 kcal
mol−1 energy difference between the transition structures that
lead to the anti (TS1-a-(R,R)) and syn (TS1-a-(S,S))
products. These transition structures are shown as Newman
projections along the α-carbon-aldehyde carbon bond of N-
Boc-alaninal in Figure 2. The presence of a hydrogen bond
(2.12 Å) in TS1-a-(R,R) induces a conformation of N-Boc-
alaninal that places the methyl group anti to (E)-s-trans, with
a calculated dihedral angle of 153.7° (highlighted in green). In
TS1-a-(S,S), there is a weak hydrogen bond (2.97 Å), which
places the methyl group gauche to the approaching (E)-s-trans,
with a calculated dihedral angle of 85.8°. Thus, the stronger
hydrogen bond in TS1-a-(R,R) induces a conformation that
will place the methyl group anti to the incoming Breslow
intermediate nucleophile in the transition state, which agrees
with our proposed Felkin−Anh model.
We then investigated the cross-benzoin reaction between

(E)-s-trans and with other N-Boc-protected amines to observe
how the size of the alkyl groups affects the diastereoselectivity.
The methyl substituent was replaced with an isopropyl group
(N-Boc-valinal) and a benzyl group (N-Boc-phenylalaninal).
The relative free energy differences for the rate-determining
step and of the reaction are listed in Table 1 for the reactions

with N-Boc-alaninal, N-Boc-valinal, and N-Boc-phenyl-
alaninal. The formation of the anti product is thermodynami-
cally favored in the reaction of (E)-s-trans with N-Boc-valinal
and N-Boc-phenylalaninal by 2.3 and 0.7 kcal mol−1,
respectively. The relative difference in energy for the rate-
determining step for the reaction with N-Boc-valinal is 0.3 kcal
mol−1, which suggests that the barriers forming the syn and anti
products are nearly isoenergetic. In all three cases, the
experimentally observed anti:syn ratio more closely matches
the ratio predicted by the thermodynamic control than that
predicted by the kinetic control. We thus suggest that the
diastereoselectivity observed in cross-benzoin reactions involv-
ing N-Boc amino aldehydes and 2-furaldehyde is derived from
the thermodynamic control. This rationale is consistent with
the observed reversibility in the formation of the cross-benzoin
product10 (see the Supporting Information for the free energy
profiles of the cross-benzoin reaction of (E)-s-trans with N-
Boc-valinal (Figure S4) and N-Boc-phenylalaninal (Figure
S5)).

Figure 1. Free energy profile of the cross-benzoin reaction of (E)-s-trans with N-Boc-alaninal. Each stereoisomer is identified by the absolute
configuration of the two new stereocenters for carbon 1 (blue) and carbon 2 (red). The energies for each diastereomer are listed in order from top
to bottom as (S,S), (S,R), (R,S), and (R,R). Energies are in units of kilocalorie per mole (kcal mol−1).

Figure 2. Newman projections of TS1-a-(R,R) and TS1-a-(S,S) for
the cross-benzoin reaction of (E)-s-trans and N-Boc-alaninal are
shown with free energies. Distances for the carbon−carbon formation
and hydrogen bond are in units of angstrom (Å). Atoms included in
the calculated dihedral angle are highlight in green. Hydrogen atoms
on the Boc group and Breslow intermediate are hidden for clarity.
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The syn/anti product preference for the cross-benzoin
reaction of N-Bn-N-Boc-alaninal deviates from the previous
aldehydes. The free energy profile for this reaction is illustrated
in Figure 3. The major product in the cross-benzoin reaction of
N-Bn-N-Boc-alaninal is the syn product, as opposed to the
preference for the formation of the anti product for N-Boc-
protected α-amino aldehydes. The mechanism is stepwise with
the first step being the formation of a carbon−carbon bond
(TS1-d) between (E)-s-trans and N-Bn-N-Boc-alaninal to
form the subsequent intermediate (Int-d). The NHC catalyst
is then regenerated from the intermediate via TS2-d, and the
products (syn-Prod-d and anti-Prod-d) are released.
The free energies of formation for the syn and anti products

are exergonic and are nearly isoenergetic (ΔΔGrxn = 0.1 kcal
mol−1). The rate-determining steps for the formation of the
anti and syn products are TS1-d-(R,R) and TS1-d-(S,S) with
free energies of 23.0 and 21.9 kcal mol−1, respectively. The free
energies associated with TS2-d for these stereoisomers are
within 1 kcal mol−1. The predicted ratios of observed syn:anti
products are 5:1 and 3:1 based upon the differences in free
energies for TS1-d and TS2-d, respectively. These predicted
ratios are in excellent agreement with experimental observa-
tions. These transition structures are shown as Newman
projections along the α-carbon-aldehyde carbon bond of N-
Bn-N-Boc-alaninal in Figure 4. The overall barriers computed
in this case are not very different from those for the three

thermodynamically-controlled reactions discussed earlier, and
so the switch here to the kinetic control might seem puzzling.
However, the temperature used for N-Bn-N-Boc aldehydes was
somewhat lower (40 °C for 1 h) than that used for N-Boc
aldehydes (70 °C for 4 h), and so it is conceivable that there is
a switch to the kinetic control. Little selectivity is expected for
the N-Bn-N-Boc case if the reaction was controlled by
thermodynamics. This rationale is consistent with the erosion
of the diastereomeric ratio that is observed over longer
reaction times.11

In the previous N-Boc-protected systems, the alkyl
substituents α to the aldehyde are placed anti to the
nucleophile due to steric interactions and a stabilizing
hydrogen bond. Without the stabilizing hydrogen bond, the
sterically largest group, the N-Boc-N-Bn amino moiety, is anti
to the nucleophile. For TS1-d-(S,S), the amine group on the
α-carbon is nearly antiperiplanar to the approaching
nucleophile (E)-s-trans, with a calculated dihedral angle of
152.3° (highlighted in green), and in TS1-d-(R,R), the
calculated dihedral angle is 148.1°. In both conformations,
the furfural moiety anti to the N-Boc-N-Bn amine, however,
TS1-d-(S,S) experiences enhanced gauche interactions, where-
as TS1-d-(R,R) does not. In TS2-d-(S,S) and TS2-d-(R,R),
the amine group on the α-carbon remains nearly antiperiplanar
to the α-carbon of the furfural moiety at 157.6° and 160.1°,
respectively. TS2-d-(S,S) continues to experience enhanced

Table 1. Differences in Free Energies of Reaction and for the Rate-Determining Steps of the Cross-Benzoin Reaction of (E)-s-
trans with N-Boc-Alaninal, N-Boc-Valinal, and N-Boc-Phenylalaninala

amine R ΔΔG‡ (anti−syn) ΔΔGrxn (anti−syn) predicted anti:syn experimental anti:syn

N-Boc-alaninal ME −2.6 −0.5 2:1 2:1
N-Boc-valinal iPr +0.3 −2.3 33:1 7:1
N-Boc-phenylalaninal Bn −1.8 −0.7 3:1 3:1

aEnergies are in units of kilocalorie per mole (kcal mol−1). The predicted anti:syn ratio is determined from the predicted free energy of the reaction
(ΔΔGrxn).

Figure 3. Free energy profile of the cross-benzoin reaction of (E)-s-trans with of N-Bn-N-Boc-alaninal. Each stereoisomer is identified by the
absolute configuration of the two new stereocenters for carbon 1 (blue) and carbon 2 (red). The energies for each diastereomer are listed in order
from top to bottom as (S,S), (S,R), (R,S), and (R,R). Energies are in units of kilocalorie per mole (kcal mol−1).

The Journal of Organic Chemistry Article

DOI: 10.1021/acs.joc.9b01821
J. Org. Chem. 2019, 84, 13565−13571

13568

http://dx.doi.org/10.1021/acs.joc.9b01821


gauche interactions, whereas TS2-d-(R,R) does not. In brief,
the switch in syn/anti diastereoselectivity in the N-Boc-N-Bn
series appears to be due to the lack of a hydrogen bond in
these amino aldehydes and the relative placements of the
sterically bulky groups based upon a Felkin−Anh model.

■ CONCLUSIONS
We have explored the mechanism and diastereoselectivities of
the cross-benzoin reactions of α-amino aldehydes and furfural
catalyzed by NHC. The cross-benzoin reaction proceeds
through a stepwise mechanism. First, furfural reacts with the
NHC catalyst to form a Breslow intermediate. The
intermediate forms a new carbon−carbon bond with an α-
amino aldehyde, which is then followed by the regeneration of
the NHC. In reactions involving N-Boc amino aldehydes, an
intramolecular hydrogen bond influences the conformation of
the groups on the α-carbon, which places the alkyl group anti
to the nucleophile. Notwithstanding this kinetic preference,
our calculations support the notion that the diastereoselectivity
of these reactions is under the thermodynamic control. When
the amine is replaced with an N-Bn-N-Boc-protected amine,
the kinetic control is necessary to obtain high diastereose-
lectivity. In these cases, there is a loss of the internal hydrogen
bond, which induces a new conformation on the α-carbon
based on the steric priorities of each group. The polar α-amino

group is sterically larger than the α-alkyl substituent, which
places the amine anti to the incoming nucleophile (Felkin−
Anh selectivity). This reversal in steric priorities places the α-
alkyl substituent syn to the newly formed hydroxyl group.
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