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F10BINOL-derived chiral phosphoric acid-catalyzed
enantioselective carbonyl-ene reaction: theoretical
elucidation of stereochemical outcomest
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Jun Kikuchi, &2 Hiromu Aramaki, Hiroshi Okamoto and Masahiro Terada 2 *

An F10BINOL-derived chiral phosphoric acid was shown to be an effective catalyst for an enantioselective
carbonyl-ene reaction of 1,1-disubstituted olefins with ethyl glyoxylate as the common enophile. The
perfluoro-binaphthyl skeleton is beneficial not only for adopting high catalytic activity but also for
creating an effective chiral environment for enantioselective transformations. Indeed, the reaction

afforded enantio-enriched homoallylic alcohols in high yields with high enantioselectivities. Theoretical

studies identified that the multi-point C-H---O hydrogen bonds and the 7 interactions between the
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substrates and the 6-methoxy-2-naphthyl substituents at the 3,3'-positions of the F1oBINOL skeleton

play a crucial role in determining the stereochemical outcomes. The significance of the perfluoro-

DOI: 10.1039/c8sc03587¢c

rsc.li/chemical-science analysis of the catalysts.

Introduction

The development of enantioselective catalysis using a chiral
Brgnsted acid has evolved into an active research field over the
past decades.! In particular, BINOL (1,1’-bi-2-naphthol)-derived
chiral phosphoric acids 1, shown in Fig. 1a, have emerged as
privileged organocatalysts® for a broad range of enantioselective
reactions.® As the acidity of chiral Brensted acids is the domi-
nant factor for generating a range of reactive electrophilic
species, the development of strong chiral Brgnsted acids is
crucial to expand the scope of electrophilic species. In general,
the modification of the acidic functionality introduced at the
2,2'-positions of the binaphthyl skeleton has been
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Fig.1 (a) BINOL-derived phosphoric acid 1 and its analogues (b) 2 and
(c) 3, both of which have higher acidity than 1.

Department of Chemistry, Graduate School of Science, Tohoku University, Aoba-ku,
Sendai 980-8578, Japan. E-mail: mterada@m.tohoku.acjp; Fax: +81-22-795-6602;
Tel: +81-22-795-6602
T Electronic  supplementary
10.1039/c8sc03587¢

information  (ESI) available. See DOL

1426 | Chem. Sci., 2019, 10, 1426-1433

binaphthyl skeleton in achieving the high enantioselectivity was also evaluated through a structural

demonstrated to enhance the acidity of chiral Bregnsted acid
catalysts.” The most representative approach is the introduc-
tion of a triflyl group to the nitrogen atom of phosphoramide,
namely, BINOL derivatives 2** shown in Fig. 1b, which exhibit
higher acidity than parent phosphoric acids 1. Hence, N-tri-
flylphosphoramides 2 have been widely utilized in the reaction
of less reactive substrates, such as carbonyl compounds,
which have been much less employed as an electrophile in the
reaction using chiral phosphoric acids 1 than imine electro-
philes, because of the insufficient acidity of parent phosphoric
acids 1. In this context, we previously executed another
approach to enhance the acidity of the parent phosphoric acid:
we introduced a perfluoroaryl unit, namely, an F;,BINOL
moiety,® as an axially chiral skeleton and developed F;,BINOL-
derived phosphoric acid catalyst (R)-3, shown in Fig. 1c, as
a highly acidic chiral Bregnsted acid catalyst.® The efficient
catalytic performance of (R)-3 was proved in the imino-ene
reaction of N-acyl imines with 1,1-disubstituted olefins,
a transformation with few enantioselective examples,” afford-
ing enantio-enriched homoallylamine derivatives in good
yields. The strong electron-withdrawing property of the
perfluoro-binaphthyl backbone not only increased the acidity
of the catalyst® but also maintained the structural properties of
the axially chiral binaphthyl skeleton originating from parent
chiral phosphoric acid 1. We anticipated that this highly acidic
catalyst 3 would function as an effective enantioselective
catalyst even in the reaction of carbonyl compounds. Hence, to
further validate the high performance of catalyst 3, we selected
a carbonyl-ene reaction as a beneficial candidate.

The enantioselective carbonyl-ene reaction is a powerful and
atom-economical® method for the preparation of enantio-

This journal is © The Royal Society of Chemistry 2019
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Scheme 1 Enantioselective carbonyl-ene
F10BINOL-derived phosphoric acid 3.

reaction catalyzed by

enriched homoallylic alcohols and a number of successful
examples using chiral Lewis acidic metal catalysts have been
reported to date.’® However, organocatalytic enantioselective
carbonyl-ene reactions are still rarely explored.™ In fact,
successful examples using chiral phosphoric acid derivatives
are quite limited. Rueping et al. reported an enantioselective
carbonyl-ene reaction of 1,1-disubstituted olefins with highly
reactive ethyl trifluoropyruvate as the dedicated enophile, using
N-triflylphosphoramide catalyst 2. Meanwhile, List et al
recently achieved an enantioselective intramolecular carbonyl-
ene cyclization.”” Although, in these reports, chiral phos-
phoric acid derivatives have been successfully employed as the
catalyst in the carbonyl-ene reaction, a specific reaction system,
such as a dedicated enophile or an intramolecular process, is
requisite. In order to demonstrate the notable performance of
F;,BINOL-derived phosphoric acid (R)-3 as a highly acidic chiral
Bronsted acid catalyst,® we herein report an intermolecular
carbonyl-ene reaction of 1,1-disubstituted olefins 4 with
ethyl glyoxylate 5 as the common enophile in the presence of
(R)-3 (Scheme 1). The reaction provided homoallylic alcohol
products 6 in a highly enantioselective manner and the origin of
the stereochemical outcome was elucidated by theoretical
studies. Further detailed structural analysis of the phosphoric
acid catalysts led to the identification of the specific properties
of the F;(BINOL skeleton crucial to achieving the high
enantioselectivity.

Results and discussion
Optimization of catalyst structure and reaction conditions

As an initial attempt, the reaction of a-methylenetetralin 4a
with ethyl glyoxylate 5 was performed in the presence of (R)-3a
(Ar = phenyl) in toluene at 0 °C (Table 1, entry 1). The carbonyl-
ene reaction proceeded smoothly to afford product 6a in an
acceptable yield albeit with moderate enantioselectivity. To
improve the enantioselectivity, the effect of the substituents at
the 3,3'-positions of 3 was investigated. The enantioselectivity
was improved by using catalysts 3b and 3¢, which have 4-
methoxyphenyl and 2-naphthyl groups, respectively, as the
substituents (entries 2 and 3). These results stimulated further
screening for electron-rich aryl groups that would generate an
efficient chiral environment to improve enantioselectivity. Two
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Table 1 Optimization of catalyst structure and reaction conditions®

(R)-3
o] (2.5 mol%)
+
H CO,Et toluene, 3 h
4a 5 6a

3a (Ar = phenyl)

3b (Ar = 4-MeOCgHy)

pZ 3c (Ar = 2-naphthyl)

3d (Ar = 7-MeO-2-naphthyl)
3e (Ar = 6-MeO-2-naphthyl)

Ar
F
Entry Catalyst T (°C) Yield® (%) ee’ (%)
1 (R)-3a 0 66 46
2 (R)-3b 0 94 65
3 (R)-3¢ 0 80 69
4 (R)-3d 0 76 50
5 (R)-3e 0 83 75
6 (R)-3e —20 62 83
7 (R)-3e —40 43 85
8 (R)-3e —60 51 87
o4 (R)-3e —60 84 87

“ Unless otherwise noted, all reactions were carried out using
0.005 mmol of (R)-3 (2.5 mol%), 0.6 mmol of 4a (3.0 eq.), and
0.2 mmol of 5 in toluene (1.0 mL). ”Isolated yield. ee was
determined by chiral stationary phase HPLC analysis. ¢ 0.2 mmol of
4a and 0.4 mmol of 5 were used.

types of regio-isomeric methoxynaphthyl groups were examined
as the more electron-rich aryl substituents than the 4-
methoxyphenyl and 2-naphthyl groups. Whereas 3d with 7-
methoxy-2-naphthyl groups resulted in the reduction of enan-
tioselectivity (entry 4), the use of 3e with 6-methoxy-2-naphthyl
groups, in which the position of the methoxy moiety was slightly
changed from that in 3d (7-methoxy-), improved the enantio-
selectivity (entry 5). Having identified the optimal catalyst as (R)-
3e, further improvement of enantioselectivity was pursued by
reducing the reaction temperature (entries 6-8). Gratifyingly,
when the temperature was decreased to —60 °C, 6a was ob-
tained with an increase in enantioselectivity to 87% ee (entry 8),
albeit in moderate yield. Further optimization by altering the
4a:5 ratio from 3 : 1 to 1 : 2 improved the yield to 84% without
any loss of enantioselectivity (entry 9)."

Comparison of catalysts

The high potential of F,,BINOL-derived phosphoric acid (R)-3
was confirmed by comparing its catalytic efficiency with those of
related BINOL-derived phosphoric acids, namely, parent phos-
phoric acid (R)-1 and its N-triflyl derivative (R)-2 (Scheme 2).
Indeed, catalyst (R)-1, having the same 6-methoxy-2-naphthyl
substituent, resulted in a considerable decrease in both yield
and enantioselectivity. On the other hand, catalyst (R)-2 having
the same substituent promoted the reaction smoothly to give 6a
in 83% yield, which was comparable to that of (R)-3e (84%
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Scheme 2 Comparison of catalysts.

yield), however the enantioselectivity was moderate (54% ee)
and comparable to that of (R)-1 having the same BINOL skeleton
(46% ee). These results clearly indicate that the introduction of
the perfluoro-binaphthyl skeleton leads to not only high cata-
lytic activity but also an effective chiral environment for
controlling the stereochemical outcome.

Theoretical studies

We next conducted DFT calculation to elucidate the origin of
the stereochemical outcome.™ Geometry optimization and
frequency analysis were performed by the M06-2X/6-31G(d,p)
basis set using the Gaussian 16 program.***® Gibbs free ener-
gies in the solution phase were calculated using single-point
energy calculations at the same level according to the CPCM

solvation model (toluene: ¢ = 2.379) for the optimized

(@)

-~

TS-s 0.0 kcal/mol

hydrogen bonds
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structures.”” A variety of initial structures generated from
a series of conformations of 6-methoxy-2-naphthyl substituents
attached to the 3,3'-positions of the F,,BINOL skeleton were
thoroughly explored to identify the energetically favored tran-
sition states.'® The calculated transition states TS-s and TS-r,
affording corresponding products (S)-6a and (R)-6a, respec-
tively, are shown in Fig. 2. The Gibbs free energy difference (AG)
between these two transition states is 1.1 kcal mol~" with TS-s
resulting in (S)-6a being energetically favored. The result of the
calculation is consistent with the experimental finding that (S)-
6a is obtained as the major enantiomer in the reaction of 4a
with 5 catalyzed by (R)-3e (Table 1, entry 9).*

Further structural analysis of TS-s and TS-r enabled the
identification of the essential factors contributing to the effi-
cient enantioselection. In both transition structures, chiral
phosphoric acid 3e interacts not only with enophile 5 but also
with ene-component 4a through hydrogen bonds: the carbonyl
oxygen of enophile 5 interacts through the O---H---O hydrogen
bond at the protonation site of the phosphoric acid (P-OH),
whereas the vinylic hydrogen of ene-component 4a interacts
through the C-H---O non-classical hydrogen bond at the
phosphoryl oxygen (P=0).*° In the energetically less favorable
TS-r (Fig. 2b), both 4a and 5 are inserted perpendicularly
between the two naphthyl planes of the catalyst substituents. In
contrast, in the energetically more favorable TS-s (Fig. 2a), 4a
and 5 are positioned nearly parallel to the two naphthyl planes.
In TS-s and TS-r, the relative positions of the catalyst substitu-
ents and the transition structures of the carbonyl-ene reaction
are completely different, while these transition states are
further stabilized by several noncovalent bond interactions,*"*
such as C-H---O, C-H--'w, and m-7 stacking, between the
naphthyl substituents and substrates 4a and 5. These interac-
tions play crucial roles in determining the relative positions of

7 interaction

TS-r +1.1 kcal/mol

Fig. 2 Transition states in the carbonyl-ene reaction of 4a with 5 catalyzed by (R)-3e. Geometries were optimized and characterized using
frequency calculations at the M06-2X/6-31G(d,p) level. Relative Gibbs free energies (kcal mol™) obtained by single-point energy calculations at
the same level for the optimized structures with the SCRF method based on CPCM (toluene) are shown. (a) Transition state TS-s for the formation

of (S)-6a. (b) Transition state TS-r for the formation of (R)-6a.
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the substrates and the catalyst accurately. In particular, the
methoxy groups attached to the naphthyl substituents interact
with both of the substrates through C-H---O hydrogen bonds
and/or C-H---7 interactions. It is considered that these inter-
actions contribute to the high enantioselectivity, despite the
fact that these methoxy groups are distant from the activation
site, because the use of catalyst (R)-3d having methoxy groups
attached to a different position (7-position) of the naphthyl
substituents resulted in the marked reduction of enantiose-
lectivity (Table 1, entry 4). It is concluded that the combination
of not only the steric congestion between the substrates and the
catalyst but also these noncovalent bond interactions,> coupled
with the structural distortion of the catalyst fragment (vide
infra), is the key to differentiating the major and minor path-
ways. In order to gain an insight into the effectiveness of the
perfluoro-binaphthyl skeleton, we next turned our attention to
the structural properties of the catalysts by performing DFT
calculations. For this purpose, we focused on the chiral phos-
phate anion (PA). The structural analysis of PAs was conducted
as follows:** (i) the structure of F,,BINOL-derived phosphate
anion (R)-3PAqss was extracted from TS-s (Fig. 3a); (ii) the
structure of F;,BINOL-derived phosphate anion (R)-3PA,, Was
optimized from (R)-3PAqs.s as the initial structure (Fig. 3b); and
(iii) the structure of BINOL-derived phosphate anion (R)-1PAgp¢
was optimized after replacing the fluorine atoms of (R)-3PAgp:
with hydrogen atoms (Fig. 3c). Then, we extracted the following
key geometric parameters (Table 2): dihedral angles (C*>-C'-C*-
cP, c¥-c?-c¥-c"), interior bond angles (A and 4'), and exterior
bond angles (B and B'), which influence the distance between
the 6-methoxy-2-naphthyl substituents of the catalyst and the
substrates.*

As shown in Table 2, the dihedral angles C*~C'-C*-C" and
C?-c"-C*-C" in (R)-3PAqs. are markedly different from those
in (R)-3PA,p, whereas the dihedral angles in (R)-3PA,, and
(R)-1PA,p¢ show a little difference because of the influence of the
substituted atoms at the 4,4’-positions. Considering these
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characteristics, the marked differences of the dihedral angles
between (R)-3PArg.s and (R)-3PA,p clearly indicate that the 6-
methoxy-2-naphthyl substituents rotate to meet the require-
ments for the noncovalent bond interactions and the steric
exclusion with the substrates in the transition state. In contrast,
the interior bond angles A and A’ in (R)-3PAys, are almost
identical to those in (R)-3PA,,: and smaller than the ideal angle
(120°). Hence, these bond angles are not affected by the
substrates in the transition state but arise from the inherent
structural characteristics of the perfluoro-binaphthyl skeleton.
Indeed, the bond angles A and A’ of (R)-3PA,, are smaller than
those of (R)-1PA,p of which angles are nearly ideal, probably
due to the repulsion of fluorine atoms at the 8,8'-positions in
(R)-3PA,p¢. On the other hand, the exterior bond angles B and B’
in (R)-3PAopc are slightly larger than those in (R)-1PAgp
presumably because of the repulsion between fluorine atoms at
the 4,4'-positions and the naphthyl substituents at the 3,3’
positions.

The bond angle differences (A4, AA', AB, and AB’) between
(R)-3PAope and (R)-1PA,y,, are not significant. However, these
bond angles markedly influence the direction of the naphthyl
substituents and hence the location of the tail end of the
naphthyl substituents should be entirely different between (R)-
3PAope and (R)-1PAy. Thus, in the F;(BINOL-derived catalyst
having small A and A’ and large B and B/, the 6-methoxy-2-
naphthyl substituents create a narrow reaction space inher-
ently and hence approach the transition structure. Interestingly,
further enlargement of the exterior bond angles B and B’ is
observed in (R)-3PAys.s. This implies that the noncovalent bond
interactions between the catalyst and the substrates, which
stabilize the transition states, lead to structural distortion of the
catalyst, although this distortion results in an energetic desta-
bilization of the catalyst fragment. It is considered that
F10BINOL-derived phosphoric acid having an intrinsic narrow
reaction space is allowed to interact with the transition struc-
ture of the substrates while minimizing catalyst distortion,

(R)-3PAts.s

(R)-3PAqpt

(R)-1PAqpt

Fig. 3 Structural analysis of the catalysts. (a) F1oBINOL-derived phosphate anion from TS-s. (b) Optimized structure of F1oBINOL-derived
phosphate anion (R)-3PAg:. (c) Optimized structure of BINOL-derived phosphate anion (R)-1PA.
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Table 2 Selected geometric parameters for catalyst structures

c2-cl-ci-cP c?-ct'-c¥-c” A A B B
(R)-3PAys ¢ 76.4° 115.7° 118.0° 117.4° 122.8° 123.6°
(R)-3PA,p¢ 50.3° 134.4° 117.8° 117.2° 120.2° 121.7°
(R)—lPAOPt 46.0° 139.7° 119.1° 118.6° 119.5° 120.5°

namely, structural destabilization. In contrast, the BINOL-
derived phosphoric acid framework creates a wide reaction
space and hence the distortion should be more significant than
that of the F;,BINOL-derived one, when a similar transition
structure is formed through the noncovalent bond interactions
between the substrates and the catalyst.>® Consequently, the
structural distortion of the catalyst, which results in the desta-
bilization of the transition states, is also considered one of the
rational factors for determining the stereochemical outcome
(Scheme 2).¢

Confirmation of potential of F,,BINOL-derived phosphoric
acid

With the optimized catalyst and reaction conditions in hand, as
shown in Table 1, the potential of F,,BINOL-derived phosphoric
acid was further confirmed in the reaction that used a series of
1,1-disubstituted olefins having a cyclic framework. As shown in
Table 3, the reaction of a-methylenetetralin derivatives 4b-g
having an electron-donating or -withdrawing group afforded the

Table 3 Scope of 1,1-disubstituted olefins®

corresponding products 6 in moderate to good yields (entries 1-
6). In addition, high enantioselectivities were observed in most
cases, although 6¢ and 6g exhibited moderate enantioselectiv-
ities (entries 3 and 6). The decrease in enantioselectivity of 6g
suggests that the C-H bond at the C8 position is important to
achieve high enantioselectivity. Indeed, as shown in the tran-
sition structure of the more favorable TS-s (Fig. 2a), C-H:--O
hydrogen bond is formed between the hydrogen atom at the C8
position and the phosphoryl oxygen of the catalyst. Notably,
oxygen and sulfur heterocycles 4h and 4i, respectively, were
compatible, affording the corresponding chromene 6h and
thiochromene 6i derivatives with high enantioselectivities
(entries 7 and 8). a-Methylenindane 4j having a five-membered
ring was also applicable to the reaction, although both yield and
enantioselectivity were moderate (entry 9). The reaction of 4k
having a seven-membered ring furnished 6k in an acceptable
yield with the highest enantioselectivity among the olefins
tested (entry 10). As shown in Table 1, entry 9 and Table 3,
entries 9 and 10, an increase in the ring size of 1,1-disubstituted

X (R)-3e
o 2.5 mol%
. J\ ( b)
H CO,Et toluene
R 60°C,3h
4 5
X=(CHy, O, S
Entry 4 Yield” (%) ee’ (%)
1 4b: R = 5-MeO 77 86
2 4c: R = 6-MeO 87 63
3 s 4d: R = 6-Cl 66 86
4 4e: R = 7-MeO 86 92
5 &y 8 4f: R = 7-Br 64 88
67 4g: R = 8-Br 37 60
X
7 4h:X=0 75 91
8 4i:X =S 59 83
9 &K 4 48 62
10° & 4k 75 93

¢ Unless otherwise noted, all reactions were carried out using 0.005 mmol of (R)-3 (2.5 mol%), 0.2 mmol of 4, and 0.4 mmol of 5 (2.0 eq.) in toluene
(1.0 mL) at —60 °C. ” Isolated yield. ¢ ee was determined by chiral stationary phase HPLC analysis. ¢ Reaction was conducted at —40 °C. ¢ 0.6 mmol

of 5 was used.
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olefins from five to seven markedly enhanced the enantiose-
lectivity from 62% ee (five) to 93% ee (seven) via 87% ee (six).
This trend is also well rationalized on the basis of the transition
structures of the present reaction (Fig. 2). In the more favorable
TS-s, ene-component 4a and enophile 5 are nearly parallel to the
naphthyl planes of the catalyst substituents and hence the ring
size does not cause steric congestion between ene-component 4
and the naphthyl substituents. In contrast, in the less favorable
TS-1, 4a and 5 are perpendicular to the two naphthyl substitu-
ents. Therefore, the increase in ring size enhances the repulsive
interaction between ene-component 4 and the naphthyl
substituents, which leads to further destabilization of the
transition state in the minor pathway. The enhancement of
enantioselectivity with increasing ring size is rationally under-
stood on the basis of the above structural expectations in these
transition states.

Conclusions

We have demonstrated that F;,BINOL-derived chiral phosphoric
acid is an effective catalyst for the enantioselective carbonyl-ene
reaction. This highly acidic catalyst efficiently activated ethyl
glyoxylate as the common enophile and accelerated the reaction
with 1,1-disubstituted olefins, affording the corresponding
homoallylic alcohols in good yields with high enantioselectivities
in most cases. Theoretical studies of the present catalytic reaction
revealed that multi-point noncovalent bond interactions, such as
O:--H---0, C-H---O hydrogen bonds, C-H---m, and 7 stacking,
determine the relative locations of the catalyst and the substrates,
namely, the enophile and the ene-component, accurately. In fact,
it was confirmed that the remote noncovalent bond interactions
between the substrates and the methoxy groups introduced to the
naphthyl substituents of the catalyst aid to stabilize the transition
structures. Further structural analysis of F;,BINOL-derived cata-
lyst identified the specific properties of the F;,BINOL skeleton.
The introduction of fluorine atoms to the binaphthyl skeleton
leads to bond angle distortion, which induces the 6-methoxy-2-
naphthyl substituents to create a narrow reaction space for the
transition structure. The higher enantioselectivity achieved by
F;o,BINOL-derived phosphoric acid than by BINOL-derived ones
originates from this narrow reaction space in which noncovalent
bond interactions occur readily without marked distortion,
namely, destabilization, of the catalyst framework and stabilize
the transition states efficiently in the major pathway. Based on
these theoretical studies of the transition states and the struc-
tural analysis of the catalyst frameworks, it is concluded that the
major and minor pathways are differentiated by the total balance
of the steric congestion between the substrates and the catalyst,
the noncovalent bond interactions, and the structural distortion
of the catalyst framework. Further studies of the development of
enantioselective reactions using F;o,BINOL-derived chiral
Bronsted acids will be conducted in due course.
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