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Experimental Section

A typical experimental procedure: aldehyde (0.25 mmol) and silyl enolate
(0.375 mmol) were added successively at 30 °C to a stirred white suspension
of diphenylborinic acid (0.025 mmol), benzoic acid (0.0025 mmol), and
SDS (0.025 mmol) in water (1.5 mL). After 24 h, saturated aq. NaHCO;
(5mL) and brine (5 mL) were added, and the mixture was extracted with
ethyl acetate, dried over Na,SO,, and concentrated. The aldol product was
purified by preparative thin layer chromatography (TLC; SiO,, ethyl
acetate/hexane = 1/3).
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CH/n Attraction: The Origin of
Enantioselectivity in Transfer Hydrogenation
of Aromatic Carbonyl Compounds Catalyzed
by Chiral 7%-Arene-Ruthenium (i)
Complexes™**
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In asymmetric catalysis using chiral transition metal com-
plexes, metal ligands generally affect the stability of stereo-
determining transition states (TSs) by exerting electronic
influences on metallic centers and also by through-space
interactions with the assembled substrates. In our enantiose-
lective asymmetric transfer hydrogenation of aryl alkyl
ketones!'! or [1-?H]benzaldehydes by using 2-propanol or
formic acid, we intuitively selected Ru'(z%-arene) catalysts
that possess a chiral 2-amino alcohol or related auxiliary. A
theoretical study has now revealed that the enantioselectivity
originates not only from the chiral geometry of the five-
membered chelate ring but also from the CH/m attractive
interaction®! between the n°-arene ligand and the carbonyl
aryl substituent, instead of conventional nonbonded repul-
sion. This TS stabilization is reminiscent of the origin of endo
selectivity in the Diels— Alder reaction that is based on an
attractive secondary interaction between nonreacting sites.[

A combined system of [RuCl{(R,R)-YCH(C,H;s)CH-
(CeH;5)NH,}(5%-arene)] (Y=0 or NTs) and an alkaline base
in 2-propanol catalyzes transfer hydrogenation of aromatic
ketones or aldehydes to give the corresponding R alcohols
with fair to excellent enantiomeric purity.'¥ The real
reducing complex is [RuH{(R,R)-YCH(CsHs)CH(C¢Hjs)-
NH,}(7%-arene)].?»781 The general stereochemical out-
comel'* prompted us to study the TS structures by hybrid
density functional theory-based (DFT) calculations. 1%

Transfer hydrogenation of carbonyl substrates with 1 occurs
by a novel metal-ligand bifunctional catalysisth 278l
(Scheme 1). The hydridic Ru—H and protic N—H,, in the
18e complex 1 are transferred simultaneously to the C=0O
bond in 2 to form the 16e complex 3 and alcohol 4. The
process is reversible. The chiral complex (R,R)-1 reacts with 2
preferentially via “proximal” TS Si-5 instead of “distal” Re-5,
giving R-enriched 4. The calculation for the reaction of (R,R)-
1 (y°-arene = C¢Hy) and benzaldehyde at the RMP2/BS-11//
B3LYP/LANL2DZ level™ indicated that 1) the hydrogen
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Scheme 1. Asymmetric hydrogen transfer via a metal —ligand bifunctional
mechanism.

transfer, which gives (R,R)-3 and benzyl alcohol, occurs via a
hydrogen-bonded intermediatel”! with an endothermicity of
14.5 kIJmol~!, while dehydrogenation of 2-propanol with
(R,R)-3 is exothermic by 9.1 kJmol~!; 2) the spatially con-
gested TS, Si-6, is more stable than the uncrowded TS, Re-6,
by 8.6 kJmol! (E,=478 versus 56.4 kJmol'); 3) the 5/6-
fused bicyclic core structures of Si-6 and Re-6 are geometri-
cally very similar; 4) in both TSs, no aggravating steric effects
arise from the two phenyl rings in the N,O-chelate ligand, the
shortest H--- H distance in the less stable Re-6 being 2.620 A
(much longer than the sum of the van der Waals radii, 2.4 A);
and 5) the more stable Si-6 contains a short interatomic
distance (2.993 A) between a 7°-benzene CH and a phenyl
C(sp?) atom (Figure 1).

To fully elucidate the origin of the preference for the more
crowded TS, we performed the more reliable calculation by
using [RuH(OCH,CH,NH,)(7%-CcHy)] (7) and the higher

R R R R
R |s R R R R!
Ru_
O | H Ru-T CluuR2
N o~
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H

7:R=H SiF9:  R=H;R!=CgHs; RZ=H

8:R=CH, Re-9: R=H;R!=H;R2=CgHs
Si-10: R =CHs; Rl =CgHs; R2=H

Re-10: R =CHs; R = H; R? = CgHs

quality basis sets (RMP2/BS-III//B3LYP/BS-I). This model,
like the real system (R,R)-1 (n%-arene = C¢Hy), possesses a 4
conformation for the chiral N,O-chelate ring and an S
configuration at the Ru stereogenic center. This result is
consistent with the above energy profile. The reaction of 7 and
benzaldehyde to give the 16e Ru amide complex and benzyl
alcohol takes place with an endothermicity of 20.8 kJmol,
whereas regeneration of 7 by 2-propanol is exothermic by
18.3 kJmol . In the aldehyde reduction, the proximal TS, Si-
9, is favored over the distal isomer, Re-9, by 12.3 kJmol~!
(E,=40.1 versus 52.4 kJmol™') (see Supporting Information
for details). Most significantly, Si-9 is more stabilized by the
CH/m attraction between the #7%benzene and the phenyl
substituent (Figure 2a). The C(6)H --- C(15) distance in Si-9,
2.860 A, is close to the sum of the van der Waals radii, 2.9 A.
In fact, C(6)H with a significant positive natural population
analysis (NPA) charge interacts with highly negative C(15)
and C(16) by means of largely electrostatic and slight covalent
attractions, with Mulliken bond populations of +0.0080 and
+0.0040, respectively. The C(sp?)H/m attraction between the

two aromatic rings becomes conspicu-

ous with the through-bond linkage of

L fa_-_*;',___ﬂ - = the Ru---H:-- C moiety, and this fea-

'x,:-. i";_’ =] i %% ::a-’ ture is distinct from the conventional

17 c'?ﬁ" T T-shaped interaction.’! The CH donat-

H",;‘.geh s : "l Gl o ing property of benzene is greatly

ﬂ‘?lll _ b L, % Y “V, enhanced upon metal complexation;!'!]

:hﬁ" g *; 1 Lh M Hi.*-‘-_-.’* 4 % in going from free benzene to Si-9, the
afﬂlh o = T, N i * positive charge of C(sp?)H increases

from +0.235au to +0.267-0.278 au,
or even to +0.286au at C(6)H. In
; o | el *\ [! contrast, the hydride approach to the
’--"_._. Qh‘:_-'-"'!?e. b carbonyl carbon atom in benzaldehyde
g ; | reverses the relative charge distribution

at the ortho/para versus meta positions,
resulting in an increase in the CH-
accepting ability at the ortho and para
carbon atoms. In particular, the nega-
tive charges at the interacting C(15)
(—0.245 au) is much larger than in free

Figure 1. Diastereomeric transition structures, Si-6 (favored) and Re-6 (less favored). The geometries
were optimized at the B3LYP/LANL2DZ level. Si-6: C(6)H --- C(15) 2.993 A, C(6)H --- C(16) 3.372 A,
Ru-H-C 152.0°, N-H-O 167.4°, RuH-C-O 109.8°, H-Ru-N-HO 12.0°. Re-6: Ru-H-C 148.7°, N-H-O
167.6°, RuH-C-O 110.0°, H-Ru-N-HO 15.0°. The bond lengths are given in A. The dotted surfaces
indicate the van der Waals radii of the atoms.
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Figure 2. CH/m attractive interaction between the 7°-arene ligand and
phenyl group in a) Si-9 and b) Si-10. The geometries were optimized at the
B3LYP/BS-I level. Si-9: Ru-H 1.990 A, RuH-C 1.204 A, O-H 1.269 A,
N-HO 1217 A, N-Ru 2.090 A; Ru-H-C 152.5°, N-H-O 168.0°, RuH-C-O
110.4°, H-Ru-N-HO 13.9°. $i-10: Ru-H 2.010 A, RuH-C 1.200 A, O-H
1.289 A, N-HO 1.204 A, N-Ru 2.095 A; Ru-H-C 153.4°, N-H-O 168.0°,
RuH-C-O 110.8°, H-Ru-N-HO 11.0°. The interatomic distances are shown
by dashed lines (A) and the NPA charges (au) are given in green.

benzaldehyde (—0.195), whereas C(16) is inherently electron-
rich (—0.239 in Si-9 versus —0.236 in benzaldehyde). The
RMP2/BS-I optimizations have led to the same conclusion,
suggesting a greater CH/m interaction with a very short
C(6)H -+~ C(15) distance, 2.609 A (see Supporting Informa-
tion).

This mechanism uniformly explains the role of aryl
substituents in asymmetric reactions of aromatic aldehydes
and ketones['# catalyzed by 1 and its analogues. The reaction
of aliphatic aldehydes in 2-propanol is much less enantiose-
lective.! Electron-donating substituents in [1-2H]benzalde-
hyde tend to increase the enantioselectivity owing to the
greater secondary interaction caused by the higher CH-
accepting ability of the m-electron-rich aromatic ring, whereas
electron-withdrawing groups lower the enantioselectivity.!
The ee value of the R product in the reaction of substituted
[1-°H]benzaldehydes with (R,R)-1 (arene = C4Hy) decreases
from 61 % for the p-CH;O derivative to 45% for the parent
benzaldehyde and to 20 % for the p-CF; compound.* 12l The
reaction of 4-cyano-4’-methoxybenzophenone, a skeletally
symmetrical but electronically unsymmetrical diaryl ketone,
in the presence of (R,R)-1 (arene = C¢Hg; 0.025M 2-propanol
solution, ketone/RuCl precursor/fBuOK 50:1:2, 20°C, 12 h)
gives p-cyano-p’-methoxybenzhydrol in an R/S ratio of 67:33
(100% conversion) as a result of the greater #°benzene/
p-methoxyphenyl CH/m interaction.
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The rate and stereoselectivity are influenced by the
electronic and steric properties of alkyl groups in the #°-
arene ligand. Because both Si-9 and Re-9 possess smaller
negative NPA charges at C(6), C(8), and C(10) (—0.218,
—0.196, and —0.227 au, respectively, for Si-9 (Figure 2a)) in
comparison to other carbon atoms (—0.258 to —0.278 au),
electron-donating alkyl groups at such positions stabilize the
TSs. Despite the presence of six methyl groups, the Ru
complex 8 is predicted to reduce benzaldehyde with a lower
activation energy (28.5 versus 40.1 kJmol-!) than and with a
similar endothermicity (17.6 versus 20.8 kJ mol~!) to 7. The TS
for dehydrogenation of 2-propanol is also more stabilized with
the hexamethylbenzene complex (28.6 versus 33.6 kI mol™!).
Furthermore, the aldehyde reduction with 8 proceeds prefer-
entially via TS Si-10 (Figure 2b), giving the same sense of
asymmetric induction as with 7. The C(sp®)H/xn attractions**!
stabilize the sterically congested Si-TS more than the
uncrowded isomer by 70kJmol™! (E,=285 versus
35.5kJmol™!), although the presence of methyl groups
distorts the core six-membered geometry considerably from
that of nonmethylated S$i-9.%! In Si-10, the atomic distances
between C(12)H and C(21) and C(22) in the aldehyde phenyl
are 2.974 and 3.177 A, respectively. The attraction reflects the
distinct positive NPA charge at C(12)H (40.258 au; free
hexamethylbenzene +0.237 to +0.239 au) and the large
negative charges at C(21) (—0.247au) and C(22)
(—0.241 au). In agreement with such calculations, the cata-
lytic reduction of [1-?’H]benzaldehyde with (R,R)-1 (arene =
C4(CHj;),) in 2-propanol takes place 3.4 times faster than the
reaction with (R,R)-1 (arene = C4H) and gives (R)-[1-*H]-
benzyl alcohol with somewhat lower ee (32 % versus 45 % ).[12]

Organometallic chemistry often utilizes arene ligands. The
two- to six-electron donors affect the electronic properties of
the metallic center and also exert steric influences on
neighboring ligands." Here we show previously unrecog-
nized effects of arene ligands. Thus in some cases!'*! (though
not always), ring alkylation can facilitate reactions and also
generate a larger asymmetric bias through enhanced electron
donation and/or attractive secondary interaction, only if other
perturbations remain similar. This possibility is in contrast to
the long-held view that ring alkylation decelerates reactions
but increases stereoselectivity through the enhanced non-
bonded repulsion. In fact, the #°-p-cymene, -mesitylene, or
-hexamethylbenzene ligands are superior to n°-benzene in
asymmetric reactions of certain aromatic ketones.'* This
study not only explains a range of experimental findings with
Ru!-catalyzed asymmetric transfer hydrogenation but also
encourages a reconsideration of the origin of selectivity and
reactivity observed in many other reactions promoted by
transition metal - arene/cyclopentadienyl complexes.[' 16]

Calculation Method

The Gaussian 98 program!” was used for all calculations. All geometries of
1, 3 (5°-arene = C4H,), and TSs 6 were fully optimized by the Becke’s three-
parameter hybrid density functional method!"”) using the LANL2DZ basis
set (B3BLYP/LANL2DZ). The structures of TSs 9 and 10 as well as the
equilibrium structures 7 and 8 were optimized by the B3LYP level using the
decontracted LANL2DZ basis set for Ru and the 6-31G(d) basis sets for
other atoms (B3LYP/BS-1). The vibrational frequencies and zero-point
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energy (ZPE) were also calculated. The ground states and TSs were
determined by the number of imaginary frequencies. The energies of 1, 3
(n°-arene = C4Hy), and TSs 6 were obtained by the single-point calculations
of the second-order Mgller-Plesset method using the decontracted
LANL2DZ basis set with an f-polarization function (a = 1.235)[""l for Ru,
6-311 4+ G(d) for the phenyl groups, and 6-311 ++ G(d,p) for other atoms
(RMP2/BS-1I). Energies of the other compounds were obtained by single-
point calculations of the RMP2 method using the same basis set as BS-II for
Ru and 6-311 ++ G(d,p) for remaining atoms (RMP2/BS-III). Relative
energies were corrected with unscaled ZPE. NPAI'®l was carried out at the
B3LYP/BS-I level. The Mulliken bond population was calculated by the
restricted Hartree—Fock (RHF/BS-I) procedure using the geometries
obtained by B3LYP/BS-1.
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Architecture of Polymeric Superstructures:
Self-Color Tone Films Constructed by
Mesoscopically Ordered Cubic Lattices

Koji Ishizu,* Susumu Shiratori,* and
Takafumi Hosokawa*

It is well known that submicron-sized colloidal spheres form
a body-centered cubic (BCC) or face-centered cubic (FCC)
lattice in aqueous solution.l'l Ascher et al.’! have developed
an approach to permanently lock the ordering of a crystalline
colloidal array in a hydrogel matrix. We have also constructed
polymeric superstructures by the free-radical polymerization
of N-vinylpyrrolidone (VP) monomer after polypyrrole
microspheres had become arranged into a BCC lattice in a
solution of the VP monomer.’! More recently, we demon-
strated that core-shell polymer microspheres™ and highly
branched star polymersP! led to a hierarchical structural
transformation of the cubic lattices. That is, these radially
branched polymers formed a lattice with a BCC structure near
the overlap threshold (C*, concentration where the coils
begin to become densely packed). This structure changed to a
FCC lattice in the bulk region of the films. After these
branched polymers had formed a cubic lattice in polymer-
izable vinyl monomer, the polymeric superstructures were
locked permanently into an ordered lattice in a solid matrix by
means of free-radical polymerization.[®) This technique is one
of the best methods for creating nanoscopic polymeric
superstructures composed of two or three phase-separated
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