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Abstract: A remote electronic effect of chiral aminoindanol-derived
N-heterocyclic carbene catalyst on an asymmetric benzoin reaction
was investigated. The catalyst bearing remote electron-withdrawing
substituents increased enantioselectivity of the reaction at the cost of
the reaction rate. DFT calculations rationalized the increased
enantioselectivity.

Introduction

A benzoin reaction, hydroacylation of a C=0 bond by aldehydes,
is a representative N-heterocyclic carbene (NHC)-catalyzed
reaction."! Since the first report by Ukai and coworkers, efforts
have been made for mechanistic investigation®™® as well as
development of a catalytic asymmetric version.”’~'% Typically, the
reaction is a simple dimerization of aldehyde to give a-hydroxy
ketones, and thus, has been utilized as a benchmark test for a
newly developed chiral NHC catalyst,"""% due to the simple
operation as well as the ready availability of various aldehydes.
In addition, the reaction, especially an intramolecular version, is
useful as a synthetic method to give versatile synthetic
intermediates, a-hydroxy ketones, and its application to natural
product synthesis has been reported.?'%

During our research on organocatalyzed reactions,
developed the electronic tuning of an aminoindanol-derived
chiral NHC"? by instaling a remote electron-withdrawing
substituent.”***! A common strategy to tune the electron density
on NHC is substitution of the N-aryl group of NHCs 224~ The
advantage of the remote substitution is that the substituents are
located far from the carbene carbon atom, causing less steric or
electrostatic interference in reactions.*®! We recently applied the
electronically remote-tuned chiral NHCs to an asymmetric
intramolecular Stetter reaction and found that the electronic
tuning of chiral NHC affected not only the reaction rate but also
the enantioselectivity.“?! Herein, we report the remote electronic
effect of chiral NHC on the asymmetric benzoin reaction,
another typical Umpolung reaction of aldehydes.

[29-41] we

Results and Discussion

The chiral NHCs derived from 3a and 3c-e, as well as reference
precatalyst 3b, were applied to the benzoin reaction of
benzaldehyde (1a). To a stirred solution of 3b and 1,8-bis-
(dimethylamino)naphthalene (proton sponge) in dichloroethane
(1 mol% each), 1a was added at 0 °C. After 1 h, the reaction
was quenched although it was incomplete, and benzoin 2a was
obtained in 56% yield with 93% enantiomeric excess (ee; Table
1, entry 2). With precatalyst 3a, bearing an electron-donating
methyl group, the yield as well as enantioselectivity decreased
(29%, 89% ee; entry 1). When electron-deficient precatalyst 3¢
was used, the reaction accelerated with comparable enantiose-

Table 1. Remote Electronic Effect on the Reaction of 1a.”

2=

/,,HN%N\CGFs
BF
X 31 mol% 0
proton sponge 1 mol% Ph
PRCHO — > Ph)l\;/
CICH,CH,CI OH
1a 0°C,1h 2a
entry 3 X ' yield”  ee
1 3a Me H 29 89
2 3b H H 56 93
3 3c Br H 65 93
4 3d NO, H 63 94
5 3e NO, Br 29 95

[a] The reaction was conducted with 1a (1 mmol), 3, and proton sponge (0.01
mmol each) in dichloroethane (1 mL). [b] Isolated yield. [c] Determined by
chiral stationary phase HPLC.



lectivity (65%, 93% ee; entry 3). The reaction with 3d, bearing a
more electron-withdrawing nitro group, decreased the yield of 2a
in spite of higher ee (63%, 94% ee, entry 4). The use of more
electron-deficient precatalyst 3e much retarded the reaction to
give only 29% of 2a although the enantioselectivity was
improved (95% ee; entry 5).

The accepted reaction pathway of the benzoin reaction is
shown in Figure 1.®! NHC I undergoes addition to aldehyde 1
(step A) to give tetrahedral intermediate Il, which tautomerizes
into diaminoenol intermediate Il (step B). The C-C bond
formation of Ill and another molecule of 1 proceeds through
transition state IV, where hydrogen atom transfer occurs from
the oxygen atom of Ill to that of 1, generating intermediate V
(step C). Finally, regeneration of NHC | from V provides product
2 (step D). The slower reaction with 3a, bearing an electron-
donating group, indicates that the rate-limiting step of the
reaction is step B, in which deprotonation of the carbinol proton
of Il is involved. The electron-withdrawing substituents in 3c—3e
are expected to increase the acidity of the carbinol proton.“¢%!
In the reaction with 3d, involving intermediate Il with a highly
acidic carbinol proton, the tautomerization step would not be
rate-limiting. Instead, step A or C, involving nucleophilic addition
of I or lll, whose nucleophilicities decrease by the electron-
withdrawing substituents, are the most probable rate-limiting
steps. This speculation is consistent with the previous kinetic
study which revealed that the activation energies of steps A, B,
and C are of similar levels in the thiazolinylidene-catalyzed
reaction, and thus the rate-limiting step is likely
interchangeable.”

Next, the reaction of electron-deficient benzaldehyde 1b was
examined (Table 2). As in the reaction of 1a, the reaction with 3a
was also slower than the reference reaction with 3b (86% yield,
78% ee; entry 2), giving 2b in 70% yield and 78% ee (entry 1). In
contrast to the reaction of 1a, the reaction of 1b became slower
when more electron-deficient precatalysts 3b—e were used (86,
60, 54, and 48% yield), while the enantioselectivities exhibited
the same tendency, i.e., the higher selectivity with the more
electron-deficient precatalyst (78, 81, 86, and 86% ee; entries 2—
5). These results indicate that step B is not the rate-limiting in
the reactions of electron-deficient aldehydes, except for the
reaction with electron-donating 3a (entry 1), and thus the
reactions with electron-deficient precatalysts 3c—3e became
slower by the decreased nucleophilicity of NHCs | and/or more
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Figure 1. The Accepted Reaction Pathway of the Benzoin Reaction.
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acidic than that derived from 1a.intermediate Ill (entries 3-5).
This speculation seems to be reasonable because intermediate
Il derived from 1b is likely

Next, the reaction of electron-rich benzaldehyde 1c was
examined (Table 3). The reaction was much slower than those
of 1a and 1b, probably due to reduced electrophilicity of the
aldehyde and weakened acidity of intermediate Il, which retard
all the potential rate-limiting steps A, B, and C. Nevertheless, the
substituent effect of the catalyst on the reaction of 1¢ showed
the same tendency as that of 1a. The yield was the highest with
3c bearing a bromo atom (35%, entry 3) and became lower as

Table 2. Remote Electronic Effect on the Reaction of 1b.”!

y O
g /R:NNJ'
N N-CgFs
H

BF,~

CHO pro):onss;orr?g:/: mol%
C|/©/ CICH,CH,CI
1b 0°C,3h
entry 3 X ' yield”  ee
1 3a Me H 70 78
2 3p" H H 86 78"
3 3c Br H 60 81
4 3d NO, H 54 86
5 3e NO, Br 48 86

[a] The reaction was conducted with 1b (2 mmol), 3, and proton sponge (0.02
mmol each) in dichloroethane (2 mL). [b] Isolated yield. [c] Determined by
chiral stationary phase HPLC. [d] Antipode was used. [e] Antipode was
obtained.

[a]

Table 3. Remote Electronic Effect on the Reaction of 1c.

H O
L,
N CeFs

BF 4~

X 31 mol%
proton sponge 1 mol%
- .

Me

CICH,CH,CI
1c 0°C,3h

entry 3 X ' yield”  ee
1 3a Me H 8 90
2 3b H H 23 93
3 3c Br H 35 93
4 3d NO, H 32 94
5 3e NO, Br 28 95

[a] The reaction was conducted with 1c (0.85 mmol), 3, and proton sponge
(8.5 pmol each) in dichloroethane (0.85 mL). [b] Isolated yield. [c] Determined
by chiral stationary phase HPLC.



the electron density on the catalyst either increased or
decreased (8-32%, entries 1, 2, 4, and 5), while the
enantioselectivity improved as the electron density on the
catalyst decreased (90-95% ee, entries 1-5).

Although it was unexpected, the above results clearly show
the advantage of electron-deficient chiral NHCs derived from 3d
and 3e for improving the enantioselectivity at the cost of reaction
rate. To examine the generality, the effects of the electron-
withdrawing substituents were investigated on other
benzaldehyde derivatives (Table 4). In the reactions of electron-
deficient 1b—e, products 2b—e were obtained with lower
enantioselectivity than the reactions of 1a but the
enantioselectivity was clearly improved by using 3d, bearing a
nitro group, in place of non-substituted precatalyst 3b (89 vs
80% ee, 76 vs 66% ee, and 72 vs 42% ee; entries 4 vs 3, 6 vs 5,
and 10 vs 8). Although the reaction was slower with 3d or 3e
than 3b, products 2a—e were produced in good to excellent

Table 4. Benzoin Reactions of 1a—f.

o
H ¥N
it
e NCeFs
BF4

X 31 mol%
proton sponge 1 mol%
- 5

R

CICH,CH,Cl
] 0°C
entry 12 R 3/XIY time yield® ee®
1 1a/2a H 3b/H/H 4h 79 93
2 1a/2a H 3e/NO,/Br 85h 83 96
3¢ 1b/2b  ClI 3b/H/H 10h 94 80
4 1b/2b  ClI 3d/NO,/H 22h 80 89
5! 1d2d  CO,Me 3b/H/H 10 h 87 66
6 1d2d  CO,Me 3d/NO,/H 18 h 69 76
74 1e/2e CFs 3b/H/H 5 min 74 57
8l 1e/2e CFs 3b/H/H 3h quant 42
9wl 1e/2e CFs 3d/NO,/H 15min 81 73
109 1e/2e CFs 3d/NO,/H 3h quant 72
1M 1c/2¢ Me 3b/H/H 4h 98 89
12 1c/2¢ Me 3e/NO,/Br 21h 88 93
13" 1f/2f OMe 3b/H/H 6h 85 92
14 1f/2f OMe 3e/NO,/Br 22h 75 94

[a] Isolated yield. [b] Determined by chiral stationary phase HPLC. [c] With 1a
(1 mmol), and 3 and proton sponge (10 ymol each) in dichloroethane (1 mL).
[d] With 1a (1 mmol), and 3 and proton sponge (50 pmol each) in
dichloroethane (1 mL). [e] With 1b (0.3 mmol), and 3 and proton sponge (3
pymol each) in dichloroethane (0.2 mL). [f] With 1d (0.5 mmol), and 3 and
proton sponge (5 pmol each) in dichloroethane (0.5 mL). [g] With 1e (1.5
mmol), and 3 and proton sponge (15 pmol each) in dichloroethane (1.5 mL).
[h] Without solvent with 1 (0.4 mmol), and 5 mol% of 3 and proton sponge (20
pmol each).
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yields (69%—quant) with prolonged reaction time (entries 4, 6,
and 10) and increased amount of the catalyst (5 mol%) in the r
eaction of 1a (entry 2). It is noteworthy that racemization of the
product was observed in the reaction of 1e, bearing strongly
electron-withdrawing trifluoromethyl group; that is, the product
with higher enantiomeric excess was obtained after 5 min than
after 3 h (57 vs 42% ee, entries 7 and 8) when 3b was used as a
catalyst. The use of less basic NHC derived from 3d is likely
beneficial to prevent the racemization; the difference of ee
wasnegligible with 3d between the reactions for 15 min and 3 h
(73 vs 72% ee, entries 9 and 10). In the reactions of 1b—e, the
most electron-deficient precatalyst 3e failed to further improve
the enantioselectivity and only retarded the reactions.

The reactions of electron-rich benzaldehyde derivatives 1c
and 1f were much slower, and satisfactory yield was not realized
even with prolonged reaction time. Thus, the reactions were
conducted with increased amount of the precatalyst (5 mol%)
without solvent®™ which gave the products in good to excellent
yield (75-98%). As expected, the reactions with electron-
deficient precatalyst 3e provided the products in higher
enantioselectivity than those with non-substituted precatalyst 3b
(93 vs 89% ee and 94 vs 92% ee, entries 12 vs 11 and 14 vs 13).

To gain insight into the increased enantioselectivity with
electron-deficient chiral NHCs, DFT calculations were performed
for the reaction of benzaldehyde (1a) with 3b (X = H). The
transition state (TS) search for the enantio-determining step (IV
in Figure 1) at the B3LYP-D3/6-311+G**//B3LYP/6-31G*
theoretical level with solvation corrections using the Polarizable
Continuum Model (PCM) provided TSmajor and TSminor (AG* 11.9
and 13.7 kcal/mol) as the lowest-energy TS geometries to give
2a and ent-2a, respectively (Figure 2). In these geometries, the
diaminoenol moiety has E-configuration, in which -1 interaction
is likely present between the phenyl ring and the perfluorophenyl
ring, and the reacting aldehyde is on the less-hindered si-face of
the diaminoenol. The carbonyl oxygen of the aldehyde forms
hydrogen-bond with the hydroxy group, which stabilizes the
transition states and also activates the electrophilicity of the
aldehyde. The substituents on the bond-forming carbon atoms
are overlapped, and the phenyl group of the aldehyde is on the
same side of the triazolyl group in TSnajor, While it is on the same
side of the phenyl group in TSninor. These geometries are

TSmajor to give 2a
AAGF = 0 kecal/mol

TShminor 10 give ent-2a
AAGF = +1.84 kcal/mol

Figure 2. Chem3D Perspective View and Newman Projection of the Transition
States.



basically consistent with those reported for a related
triazolinylidene  NHC at the ONIOM (B3LYP/6-31G*:AM1)
theoretical level.®"! The free-energy difference between TSpmajor
and TSminor Was 1.84 kcal/mol, corresponding to 94% ee at 0 °C,
which is consistent with the experimental result (93% ee; Table
1, entry 2). The TS geometries were also calculated for the
reactions with 3a (X = Me) and 3d (X = NO,) to give free-energy
difference of 1.75 and 2.55 kcal/mol, corresponding to 92% ee
and 99% ee at 0 °C, respectively, which are in good agreement
with the experimental tendency (89% ee and 94% ee; Table 1,
entries 1 and 4).

In the literature,®" the energy difference between the major and
minor TS was attributed to the repulsion between the phenyl
groups in the minor TS and attractive -aryl-iminium ion
interaction in the major TS. To gain more insight into the origin
of enantioselectivity, noncovalent interactions (NCI) in TS were
visualized (Figure 3).%? In both TSs, the -1 interaction between
the N-perfluorophenyl and the phenyl; and attractive electrostatic
interactions between the indane C1 hydrogen and the aldehyde
oxygen atoms, and the indane C7 hydrogen and the
diaminoenol oxygen atoms were indicated (blue lines, Figure 3).
In the minor TS, the red-yellow rich surface between the
diaminoenol phenyl and the aldehyde phenyl (red circle, Figure
3 below) indicates the repulsive interaction as speculated in the
literature,®"! probably due to non-parallel orientation of the two
phenyl rings. However, the previously proposed T-aryl—iminium
ion interaction®” was not supported by this analysis; the surface
between the aldehyde phenyl ring and triazole ring in the major
TS is also red—yellow rich (red circle, Figure 3 above), indicating
that the interaction is also repulsive.

TSinor t0 give ent-2a ¢« s

Figure 3. Noncovalent Interaction Plot of the Transition States. The surfaces
are colored on a blue—green-red scale according to strength of interaction.
Blue indicates strong attractive interactions, green indicates weak attractive
interactions, and red indicates strong repulsive interactions.
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Next, the distortion/interaction analysis was performed (Table
5).°% The activation energies (E.«), the distortion energies of 1a
and intermediate lll (AE1a and AEy), and the interaction energy
between 1a and intermediate lll (Ei) were calculated at the
B3LYP-D3/6-311+G**//B3LYP/6-31G* theoretical level. The
activation energies of the minor TS are the same for 3a and 3b
(4.3 kcal/mol), while that of the major TS with 3b is slightly more
stable than that with 3a (0.9 vs 1.2 kcal/mol). This indicates that
the decreased enantioselectivity with 3a (X = Me) could be
attributed to destabilization of the major TS; that is, the
enantioselectivity decreased with 3a because of slower
production of 2a rather than faster production of ent-2a.
Comparison of the major TS with 3a and 3b shows that the
interaction energies are almost the same (-72.4 and -72.3
kcal/mol), while both distortion energies (A E1a and AEy) are
slightly higher for 3a than those for 3b (32.7 vs 32.5 and 40.9 vs
40.7 kcal/mol). This probably means that the aldehyde and
intermediate Ill need more distortion in the major TS with 3a to
gain stabilizing interaction to the same extent as that with 3b.
This is probably because the electron-donating methyl
substituent increases electron density on the indane C1 and C7
hydrogen atoms, and the oxygen atoms of the aldehyde and the
diaminoenol need to get closer than those in the major TS with
3b to form effective hydrogen bonds (Figure 3 above). Actually,
the O-H distances are shorter in the major TS with 3a than in
the major TS with 3b (O—H1: 2.351 vs 2.360 A, O-H7: 2.365 vs
2.366 A\). Although the distorting factor is unclear, we expect that
it is due to the electrostatic repulsion between the positively
charged hydrogen atoms of the indane C1 and the diaminoenol
(magenta lines in Figure 3, H-H distance: 2.206 vs 2.210 A for
3a and 3b).

In contrast, the increased enantioselectivity with 3d is likely
due to destabilization of the minor TS as the activation energy of
the minor TS is higher for 3d than that for 3b (5.7 vs 4.3

Table 5. Distortion/Interaction Analysis of the Transition State Geometries.”

TS B OB ABw Ein O-H1 O-H7  H-H
Ts‘%:aw, (1 :3:421) (iﬁjZ) (2(1):2) (:22::) 2351 2365  2.206
TSB: (12:3) (ggig) (2;:2) (:;;:2) 1972 2379 2101
TSS:;O, R g:g) éﬁjg) (:(1):2) (:ggzg) 2360 2366 2210
TSS:nor (12::53) (ggg) (22625) (:(73:)2) 1.967 2390 2.101
Té’,:aw, (12:2) (iﬁjg) (2;:3) (:;33) 2332 2339 2181
T;:m, (1 ?:g) (gig) (22:5) (:;2:2) 1930 2341 2067

[a] Calculated at the B3LYP-D3/6-311+G**//B3LYP/6-31G* theoretical level.
Energies in parentheses were without dispersion correction (B3LYP/6-
311+G**/IB3LYP/6-31G*). Eaet, AE1a, AEy, and Ei stand for activation energy
of step C (Figure 1), distortion energies of 1a and the corresponding
intermediate Il (Figure 1), and interaction energy (in kcal/mol), respectively.
O-H1, O-H7, and H-H stand for the distances (in A) between the indane C1
H and the aldehyde O atoms, the indane C7 H and the diaminoenol O atoms,
and the indane C1 H and the diaminoenol H atoms, respectively.



kcal/mol) while those of the major TS are the same (0.9
kcal/mol). That is, the enantioselectivity increased with 3d
because of slower production of ent-2a rather than faster
production of 2a. Interestingly, the interaction energy of the
minor TS for 3d is more stabilizing than that for 3b (-73.0 vs —
71.5 kcal/mol). Therefore, the main factor to destabilize the
minor TS with 3d is likely the distortion of intermediate Il
because the increase in distortion energy between 3b and 3d is
larger for intermediate Ill than for the aldehyde (2.0 vs 0.9
kcal/mol). Again, the distorting factor of intermediate Il is
possibly the electrostatic repulsion between the indane C1 and
the diaminoenol hydrogen atoms (H-H distance: 2.101 vs 2.067
A for 3b and 3d). Actually, the distortion energies of intermediate
Il likely correlate with the H-H distances (40.7, 40.9, 41.2, 41.9,
42.2, and 44.2 kcal/mol with 2.210, 2.206, 2.181, 2.101, 2.101,
and 2.067 A, respectively).

To evaluate the significance of dispersion force, the energies
were also calculated without dispersion corrections (B3LYP/6-
311+G**//B3LYP/6-31G*) and presented in parentheses. It is
noteworthy that the dispersion-correction decreased the
interaction energies in the major TS more than those in the
minor TS (14.3 vs 10.6 kcal/mol). This is in consistent with the
result of NCI (Figure 3), where there are more green-colored
surface, indicating existence of dispersion force, between the
aldehyde and intermediate Il in the major TS than in the minor
TS. Obviously, dispersion force is more important in the major
TS than in the minor TS.

To elucidate the reason for the lower enantioselectivities with
the electron-poor benzaldehydes, TS calculations for the
reaction of 1e with 3b were also performed. The free-energy
difference between the TS to give 2e and ent-2e was 1.09
kcal/mol, corresponding to 76% ee at 0 °C, at the B3LYP-D3/6-
311+G**/PCM:dichloroethane//B3LYP/6-31G* theoretical level
and thus in consistent with the observed decrease in
enantioselectivity. The AG* of the TS to give 2e and ent-2e (7.5
and 8.6 kcal/mol) were lower by 0.44 and 0.51 kcal/mol than
those to give 2a and ent-2a, respectively, which indicate that the
lower enantioselectivity is attributable to decreased
destabilization in the minor TS. Although the TS geometries for
1e are basically similar to those for 1a (see Sl for detail), the
forming C-C bond length was found to be shorter in the TS to
give ent-2e compared to that to give ent-2a (1.79 vs 1.82 A).
Probably, the destabilizing factor in the minor TS, ie., the
electrostatic repulsion between the aryl groups, is reduced due
to the lower electron density, which might be responsible for the
observed lower enantioselectivities.

Conclusion

We demonstrated that the remote electronic tuning of NHC is
effective for the catalytic asymmetric benzoin reaction. The NHC
bearing remote electron-withdrawing substituents increased
enantioselectivity of the reaction at the cost of the reaction rate.
The remote electron-withdrawing substituents were also
beneficial to prevent racemization of highly enolizable products.
The results are consistent with the two conclusions that the rate-
limiting step with triazolinylidene NHC is interchangeable as in
the reaction with thiazolinylidene,” and that the remote
electronic effect is operative as we previously proposed./**%4%
DFT calculations and NCI analysis confirmed that the origin of
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the enantioselectivity is the orientation of the aldehyde aryl
group with respect to the diaminoenol aryl group in the C-C
bond forming TS as proposed in the literature. Moreover, the
distortion/interaction analysis suggested that the distortion of the
diaminoenol intermediate moieties of the TS caused by the
remote electron-withdrawing substituents could be responsible
for the increased enantioselectivity.

Experimental Section

Typical procedure for Tables 1-3 (Table 1, entry 5). Benzoin (2a):
NHC precatalyst 3e (5.91 mg, 10 ymol) was placed in a flask and the
flask was evacuated and filled with argon ten times. Then a solution of
proton sponge (2.3 mg, 10 ymol) in distilled CICH,CH,CI (1.0 mL) was
added, and the resulting solution was stirred at 30 °C. After 1 h, the
solution was cooled at 0°C, and aldehyde 1a (0.10 mL, 1.0 mmol) was
added via syringe. The solution was then stirred at the same temperature
for 1 h, and the whole solution was directly purified by silica gel column
chromatography (hexane/EtOAc = 8:1 to 3:1) to give 2a (30.7 mg, 0.29
mmol, 29% yield) as a white solid of mp 132—133 °C with [a]p'” +163 (c
1.00, CH30H). The ee was determined to be 95% ee by HPLC analysis
(COSMOSIL CHIRAL 3A; hexane/i-PrOH 9:1; 0.5 mL/min; 254 nm; 24.4
min (R) and 28.1 min (S)). The absolute configuration was assigned to be
(S) by comparing the sign of the specific rotation with that reported in
literature (mp 131-132 °C;I"® [a]p" -108.4 (¢ 1, CHsOH) for (R)-2a with
75% ee'®)."H NMR (400 MHz, CDCl3): & 4.55 (d, J = 6.0 Hz, 1H), 5.95 (d,
J =6.0 Hz, 1H), 7.27-7.33 (m, 5H), 7.40 (t, J = 7.5 Hz, 2H), 7.52 (t, J =
7.5 Hz, 1H), 7.92 (d, J = 7.0 Hz, 2H). The "H NMR was identical to that
reported.’®*
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The introduction of remote electron-withdrawing groups in N-heterocyclic carbene catalyst increased enantioselectivity of the benzoin
reaction at the cost of the reaction rate. The increased enantioselectivity was rationalized by DFT calculations with noncovalent-
interaction and distortion/interaction-energy analyses.



