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[7_TD$DIFF]A B S T R A C T

Herein, the origin of the diastereoselectivity of N-heterocyclic carbene (NHC)-catalyzed cross-benzoin
reactions between an α-amino aldehyde and furfural was studied by density functional theory. The
computational results showed that the reaction proceeded through four steps: nucleophilic addition of
NHC onto furfural, formation of a Breslow intermediate, cross-coupling reaction between Breslow
intermediate and α-amino aldehyde, and dissociation of the catalyst. The cross-couplingwas identified as
the diastereoselectivity-determining step, with the R-configured product generated preferentially. Non-
covalent interaction (NCI) analysis showed that the C-H���O and C-H���F interactions were responsible for
determining the diastereoselectivity.
© 2019 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
Asymmetric construction of C-C bonds is one of the hottest
topics in organic chemistry as a way to rapidly access stereo-
enriched skeletons. Within this area, the benzoin reaction, which
was first reported by Liebig and coworkers in 1832 [1], is one of the
most useful approaches for. With the rapid development of
organocatalysis, the use of N-heterocyclic carbenes (NHCs)
for asymmetric construction of carbon-carbon and carbon-
heteroatom bonds has attracted increasing attention during the
past decades [2–8]. Importantly, NHC catalysts have the unique
property of polarity inversion, and concurrently offer alternatives
for governing stereo-, chemo-, and regioselectivity [9–22]. As a
result, the NHC-catalyzed asymmetric construction of C-C bonds
has been developed into a valuable approach in organic synthesis.

As an important example, NHC-catalyzed cross-benzoin reac-
tions have exhibited remarkable utility in a wide variety of
reactions reported in recent years [23–27]. Recent studies have
achieved high enantioselectivity in homo-coupling reactions;
however, the cross-coupling reaction between two different
aldehydes is still challenging because there are four different
coupling modes: two homo-couplings and two cross-couplings.
Some studies have explored the origin of stereoselectivity in chiral
NHC catalyzed systems, but the use of chiral substrates for chirality
try, Zhengzhou University,

itute of Materia Medica, Chinese
induction, further leading to the desired diastereoselectivity, is
unexplored to date. As shown in Scheme 1, Gravel and coworkers
reported an N-heterocyclic carbene-catalyzed cross-benzoin reac-
tion with excellent diastereoselectivity by using a chiral substrate
[28]. To the best of our knowledge, the origin of this diaster-
eoselectivity is still unclear, through it would be important
knowledge for rational design. Herein, DFT, which has proved
one of the most powerful and efficient tools for uncovering the
mechanisms and predicting the selectivities of organic reactions
enabled by organocatalysts [29–35] and transition metal catalysts
[36–51], was employed to disclose the origin of the diastereose-
lectivity.

As shown in Scheme 2, a possible mechanism of the title
reactionwas suggested based on the experimental details. Initially,
the reaction started with the nucleophilic addition of NHC onto
furfural (R1) to give zwitterionic intermediate M1 via transition
state TS1. The energy barrier of this process was calculated to be
12.6 kcal/mol relative to separatedR1 andNHC catalyst (Fig.1). The
next step is the formation of a Breslow intermediate through an
intramolecular [1,2]-proton transfer process, in which two
configured (E and Z) Breslow intermediate would be formed.
Previous computational studies had confirmed that protic media
play an important role in such proton transfer processes [52–54].
Noteworthy, the formation of the active NHC catalyst and Brønsted
acid iPr2NEt�H+

first occurs [8_TD$DIFF]via abstracting the proton of the
original Pre-NHC by iPr2NEt. Thus, the [9_TD$DIFF]in-situ-generated Brønsted
acid iPr2NEt�H+, used as the [10_TD$DIFF]protic medium, was considered when
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.



[(Scheme_1)TD$FIG]

Scheme 1. Selected model employed in the calculations.
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Scheme 2. Possible mechanisms of the NHC-catalyzed cross-benzoin reaction.
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Fig. 1. Energy profile for the formation of E/Z-type Breslow intermediate.
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Fig. 2. Energy profile of diastereoselective coupling process.
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calculating the proton transfer barriers. As shown in Fig. 1, the
energy barriers required for this transformation were 17.9 and
18.8 kcal/mol for transition states T\S2(Z) and TS2(E), respectively.
With regard to the selectivity, these two pathways should be
competing processes under the experimental conditions.

Then, an intermolecular coupling between the Breslow
intermediate and an α-amino aldehyde (R2) led to the intermedi-
ate M3 through the transition state TS3, and the chiral center
appeared during the C-C bond formation process. The computa-
tional results indicated that the formation of the C-C bond was
accompanied by proton transfer. To confirm the reliability of the
calculated results, both coupling modes were calculated to verify
the lowest energy conformers of transition states involved in this
step (the computational results are provided in Fig. S1 [11_TD$DIFF]in
Supporting Information) and only the lowest energy conformers
were used in the following discussion. As shown in Fig. 2, the
transition structure leading to the [12_TD$DIFF]R-product ((E)-TS3R) was
calculated to be 1.4 kcal/mol more stable than that leading to
the [13_TD$DIFF]S-product ((Z)-TS3S). This revealed that the [14_TD$DIFF]R-configured
pathway was more energetically favorable than the [15_TD$DIFF]S-configured
pathway and the computational results align well with experi-
mental observations. Next, the dissociation of NHCwith generation
of the final product happened via transition state TS4. The energy
barriers of this step were 7.8 and 10.2 kcal/mol for transition states
([16_TD$DIFF]E)-TS4R and (Z)-TS4S respectively (Fig. 2), showing that the NHC
catalyst was easy to regenerate. As for the previous step, by
comparing the energy barriers of the [17_TD$DIFF]R- and S-configured
pathways, one can conclude that the former is more energetically
favorable. All the calculations are consistentwith the experimental
observations.

Having established the most energetically favorable pathway,
we then turned our attention to the origin of diastereoselectivity.
As discussed above, the C-C bond formation process was identified
to be the diastereoselectivity-determining step. The total energy
barriers of the reaction are 17.9/18.8 kcal/mol for forming Z/E-type
Breslow intermediate, which is competing pathways. To gain
insight into the diastereoselectivity, the key transition structures
involved in the C-C bond formationwere analyzed. As sated above,
the transition state leading to the [14_TD$DIFF]R-configured product was
predicted to be 1.4 kcal/mol more stable than that leading to the
[15_TD$DIFF]S-configured product. The value of diastereomeric excess was
predicted to be 83%, which was in agreement with experimental
observations.

Then, non-covalent interaction (NCI) analysis, which has been
successfully used to identify electrostatic interactions, was
performed by using the Multiwfn software [55]. As shown in
Fig. 3, the key geometric features of TS3 [18_TD$DIFF]R(E) and TS3S(Z) were
mapped, in which the attractive and repulsive interactions are
colored green and red, respectively. C-H���O interactions existed in
both transition states TS3 [2_TD$DIFF]R(E) and TS3S(Z). This type of interactions
made nearly equal contributions in both transition states.
However, some distinct C-H���F interactions were found only in
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Fig. 3. NCI analysis for the diastereocontrolling transition states TS3[2_TD$DIFF]R(E) and TS3S
(Z). Values in parentheses are distance between two interacting fragments.
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TS3 [19_TD$DIFF]R(E). These additional interactions were responsible for
lowering the energy of the R-configured transition state. Overall,
the origin of the diastereoselectivity was determined by stronger
hydrogen bond interactions in TS3 [20_TD$DIFF]R(E) (C-H���O and C-H���F).

In summary, the detailed reaction mechanism and origin of the
diastereoselectivity of NHC-catalyzed cross-benzoin reactionwere
investigated by theM06-2Xmethod, the computational details are
provided in Supporting information. Based on the computational
results, the coupling reaction of the α-[21_TD$DIFF]amino aldehyde and Breslow
intermediate was identified as the diastereoselectivity-determin-
ing step. The stronger hydrogen bonds between the two interacting
fragments in the [14_TD$DIFF][1_TD$DIFF]R-configured pathway were responsible for
controlling the diastereoselectivity, whichwere further recognized
as C-H���O and C-H���F interactions by NCI analysis.
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