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A chiral bimetallic Lewis acid, 2,2'-(1,2-phenylene)bis[(4R,5R)-4,5-diphenyl-1,3,2-dioxaborolane] (1a), has been
synthesized. The exceptionally strong binding of 1a with benzylamine was demonstrated by titrations. The complex
formation ratio of 1a:amine=1:2 was determined by a Job plot. The binding constants, K; and K>, were determined
by non-linear curve fitting to be K;<K,. The results can be explained in terms of an allosteric effect. The first amine
molecule coordinates with one of the two boron atoms of 1a; at the same time, one NH proton interacts with one of the
two oxygen atoms in the other dioxaborolane ring to form a hydrogen bond. As a result, the two dioxaborolane rings are
conformationally fixed by two-point binding to provide a preferable binding site for the second amine molecule. Although
only a small chiral recognition of 1-phenylethylamine has been obtained with 1a, the clear separation of the peaks of the

amine provides the possibility to use 1a as an NMR chiral-shift reagent.

Nature uses a donor—acceptor combination in molecular
recognition. A unit with both proton-donor sites and pro-
ton-acceptor sites plays essential roles in biological func-
tions. For example, nucleic bases and peptides have protic
N-H bonds and basic C=0 or C=N bonds to perform their
functions. A large number of studies have been reported
which mimic these kinds of molecular recognitions by com-
bining multiple hydrogen bondings. Lately, the hypothesis
has been elegantly extended to supramolecular chemistry in
building nano-scale molecular assemblies with well-charac-
terized structures.” Compared to the use of multiple pro-
ton donor—acceptor bindings, however, fewer have been re-
ported concerning multiple electron donor—acceptor (Lewis
base—Lewis acid) attractions. Recently, some intensive stud-
ies have been reported on the synthesis of multimetallic or-
ganic compounds.> Although most conventional Lewis acid
receptors, however, have only Lewis-acidic sites, there are
no efficiently working basic sites in the molecule. One of the
few examples of a combination of electron-acceptor metal
and electron-donor hetero atoms in one molecule has been
reported by Aoyama and Ogoshi using a rhodium(Ill)-por-
phyrin system. In their elegant system, the Lewis basic
substituent on the porphyrin ring works cooperatively with
the rhodium center.” Reetz et al. have prepared another sys-
tem in which a molecule with a boronic ester and a crown
ether-type poly ether coexist. In their study, the electron
donor—acceptor feature of the compound was used in its
complex formation with an amine molecule.”

Concerning the use of organoboron compounds as a Lewis
acid, pioneering studies have been reported by Brown et al.
on the interaction of various boranes with amines.® Bidentate
binding of two Lewis acidic boron centers to one methoxide
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anion was first reported in 1967 by Shriver.” Recently, biden-
tate Lewis acids with two boron centers, developed by Katz,?
have provided a new orientation in this field. Narasaka et
al.?» also reported a bidentate diboronate which recognized
the location of two amino groups of diamines.” However, all
of those studies focused on the crab-like bidentate capture
of Lewis basic guest molecules. Moreover, the molecules
have only Lewis-acidic sites, which are electron-pair accep-
tor sites, but do not have any efficiently working electron
donor sites (Lewis basic sites). The idea that a combination
of multiple electron donor-acceptor bonds would provide the
more “sophisticated” functions prompted us to synthesize a
diboronate, 2,2’-(1,2-phenylene)bis[(4R,5R)-4,5-diphenyl-
1,3,2-dioxaborolane] (1a).'®

The present compound has the following two characteristic
features. First, the molecule has four basic oxygen sites in
addition to the two Lewis-acidic centers. The basic sites
play essential roles in the binding properties of 1a (Chart 1).
Second, the compound has chirality. In sharp contrast to
the rapid growing of newly designed chiral Lewis acids as
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Fig. 1. 'HNMR spectra at 20 °C in CDCl; of A: benzyl-
amine (0.20 M) with ortho-isomer 1a (0.10 M), B: with
meta-isomer 1b (0.10 M), C: with para-isomer 1c (0.10
M), and D: with monoboronate 2 (0.20 M). The benzylic
H® protons of the amine are shown in a diastereotopic AB
qurtet pattern only in the presence of ortho-isomer 1a.

catalysts for asymmetric transformations,'” to the best of
our knowledge, this is the first study on a chiral bimetallic
Lewis acid, expecting the two metal centers to “help each

other”. 114

Chiral Bimetallic Boronic Esters
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Fig. 2. Titration of 1a—c and 2 with benzylamine at 20 °C

(0.10 M of 1a—c or 2 in CDCl3). Chemical shifts of the
singlets due to methine protons (H") of boronic esters are
plotted against the molar equivalents of the added benzyl-

amine.
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Fig. 3. Job’s plot of 1a-benzylamine. Mol fraction of 1a has

been changed continously and by keeping the sum of [1a]
and [benzylamine] equals 0.05 M. The Y axis represents the
value [1a]-[A S observea] Which equals [complex]«[A S complex]
where Adcomplex is @ constant. The maximum of the com-
plex concentration is observed at the mol fraction of 1a is
0.33 that means the complex consists of 1a: amine=1:2.

Results and Discussion

Synthesis of Four Lewis Acids (1a—c and 2) Having
Common Dioxaborolane Frameworks.  The chiral or-
tho-diboronate 1a as well as the meta-isomer 1b, the para-
isomer 1c, and the monometallic analog 2 were synthesized
as follows (Chart 2). A treatment of 1,2-bis(trimethylsi-
lyDbenzene with BCl; gave a mixture of 1,2- and 1,3-bis-
(dichloroboryl)benzene in a 1: 1 ratio. The addition of this
mixture to a chloroform solution of (R,R)-1,2-diphenyl-1,2-
ethanediol, followed by the removal of the generated HCl in
vacuo and the subsequent purification by column chromatog-
raphy and/or recrystallization, gave pure 1a and 1b. Other
compounds, 1¢ and 2, were prepared from the corresponding
boronic acids and the diol.

Comparison of 1a—c and 2 in their Complex Forma-
tion with Benzylamine at 20 °C. First, the interactions be-
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Fig. 4. Low temperature 'HNMR spectra of a mixture of 1a (0.10 M) and benzylamine at —50 °C in CDCls, A: free 1a only without
amine added, B: with 1.0 equiv of amine; the 1:2 complex and free 1a are present, C: with 2.0 equiv of amine; only the 1:2
complex is present, D: with 4 equiv of amine; the 1: 2 complex and free benzylamine are present.
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tween benzylamine and each of the boronic esters, 1a—c and
2, were investigated based on the 'HNMR spectra in CDCl,
at 20 °C. The results are summarized in Fig. 1. Among the
four boronic esters, the ortho-diboronate 1a behaves uniquely
(Fig. 1, A). Two originally enantiotopic benzylic protons (H®)
of the amine appear as a diastereotopic AB quartet only in
the presence of 1a. In addition, a marked down-field shift
is observed for the NH protons (H®) compared with the free
amine. Those results indicate that benzylamine is complexed
with 1a and fairly influenced by the chiral surrounding. At
the same time, however, the signal due to the methine protons
(H?) of the dioxaborolane frameworks of 1a remained as a

singlet with a slight up-field shift. This observation suggests
that the complex formation equilibrium is rapid compared
with the NMR time scale, so that the methine signal due to
1a is observed as the averaged singlet. In sharp contrast to
the ortho-diboronate 1a, meta- and para-diboronates, 1b and
1¢, and monoboronate 2 showed only small changes on the
whole signal pattern upon admixture with benzylamine un-
der the same conditions. In those cases, the benzylic protons
(HP) of the amine are shown as singlets, and the chemical
shifts of peaks due to amino protons (H®) are hardly influ-
enced by the boronates (Fig. 1, B—D).

Figure 2 shows the result of titration of the boronic esters
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Fig. 5. Low temperature 'H NMR spectra of a mixture of 1a (0.10 M) and propylamine at —50 °C in CDCls, A: free 1a only without
amine added, B: with 1.0 equiv of amine; the two 1:2 complexes (X and Y) and free 1a are present, C: with 2.0 equiv of amine;
the two 1:2 complexes (X and Y) are present, D: with 4 equiv of amine; the two 1:2 complexes (X and Y) and free benzylamine

are present.
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Fig. 6. Titration of 1a with benzylamine, N-methylbenzyl-
amine, and N,N-dimethylbenzylamine at 20 °C (0.10 M of
1ain CDCl3). Chemical shifts of the singlet due to methine
protons (H?) of 1a are plotted against the molar equivalents
of the added amine.

(1a, 1b, 1c¢, and 2) with benzylamine at 20 °C. The chemical-
shift changes of the singlets due to methine protons (around
6 =5.3) were monitored by 'H NMR, and are plotted against
the concentration of the amine. Clear saturation is particular
for 1a, which demonstrates the exceptionally strong binding
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Fig. 7. Titration of 1a with (S)- and (R)-1-phenylethylamine
at 20 °C (0.10 M of 1a in CDCl;). Chemical shifts of the
singlet due to methine protons of 1a are plotted against the
molar equivalents of the added benzylamine.

of 1a with benzylamine. Since the system is under rapid
equilibrium, the complex formation ratios could not be esti-
mated from this titration experiment.

Determination of the Ratio of 1a vs. Benzylamine in
the Complex. The complex formation ratio of 1a: benzyl-
amine=1:2 has been revealed by a Job plot.'¥ The experi-
ment was carried out by using 'H NMR at 20 °C while keep-
ing [1a]igita+[amine]isig=0.05 M in CDCl; (M=mol dm~3).
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Fig. 8. A: 'HNMR spectra at 20 °C in CDCl; of (&)-1-phenylethylamine (0.40 M) in the presence of 1a (0.10 M). B: 'HNMR
spectra at 20 °C in CDCl; of (R)-1-phenylethylamine (60% ee, 0.40 M) in the presence of 1a (0.10 M).

The result is shown in Fig. 3. The maximum of complex for-
mation occurred at [1alinia/([1alinitia+{amineliniga)=0.33.
Thus, the complex-formation equilibrium of 1a with ben-
zylamine is given in Eqs. 1 and 2. Based on this result,
each of the two boron centers is suggested to accept one
amine molecule. The association constants (K; and K) are
discussed in later in this paper.

1a+ (amine) f—]‘— 1a-(amine)

)

1a-(amine) + (amine) = la-(amine), )

Low-Temperature 'HNMR Studies Concerning the
Complex Formation of 1a with Benzylamine. The
rapid equilibrium between the complex and the free Lewis
acid—free amine system has been frozen at —50 °C. Low-
temperature 'HNMR spectroscopy has clearly revealed that
only the 1:2 complex consisting of 1a and benzylamine is
formed, regardless of the initial ratios. As shown in Fig. 4,
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Table 1. Association Constants and Hill Coefficients in the Complex Formation of 1a with Various Amines®

Chiral Bimetallic Boronic Esters

)

Initial [1a] K, K, Hill coefficients
Run  Amines M~! M~! M™!
1 PhCH,NH, 0.100 0.64 (0.32) 75 (52) 1.50
2 PhCH,NHMe 0.094 0.13 (0.03) 530 (210) 2.23%
3 (R)-PhCH(Me)NH, 0.100 0.59 (0.09) 15(2) 1.76
4 (R)-PhCH(Me)NH, 0.011 0.66 (0.1x107%)  22(0.5x1072) 1.80
5 (S)-PhCH(Me)NH, 0.100 0.50 (0.05) 19 (3) 1.79
6 (R)-NapCH(Me)NH, 0.041 0.13(0.11) 120 (98) 2.09
7 (8)-NapCH(Me)NH, 0.041 0.19 (0.20) 80 (81) 1.32

a) Standard deviations are written in the parentheses. All the association constants have been calculated base data

points.

the large standard deviations of K, in Runs 2 and 6.

[(R)-4lin
Fig. 9. A calculated curve superimposed over the titration
data for (R)-4. AJ values of the singlet due to H® of 1a are
plotted as Y-axis against the initial concentration of (R)-4.
The sigmoidal curve is unique for a cooperative binding of
multiple guest molecules to one host molecule.

when the Lewis acid and the amine were mixed in a 1:2
initial ratio (Fig. 4, C), the 1:2 complex was observed as a
single species. Thus, at —50 °C, the dissociation of the 1:2
complex to free diboronate 1a and benzylamine was slow
relative to the NMR time scale. More importantly, when
1a and benzylamine were mixed 1:1 (Fig. 4, B)) and 1:4
(Fig. 4, D)) initial ratios, free diboronate 1a and free amine
were observed, respectively, in addition to the 1 : 2 complex.
In no case was any 1: 1 complex detected. Here, the absence
of any 1:1 complex suggests that the two amine molecules
bind to 1a cooperatively at this temperature. In other words,
when the first amine molecule binds to 1a, the second amine
does so rapidly, or when the first amine molecule dissociates
from the 1: 2 complex, fast dissociation of the second amine
takes place.

The low-temperature 'HNMR study also provided infor-
mation about the structure of the 1:2 complex. There are
two significant structural features in this 1:2 complex, as
shown in Fig. 4, C: (1) The dioxaborolane methine protons
of 1a appear as only one AB quartet, indicating that the two
methine protons on each dioxaborolane ring are magnetically
nonequivalent, and that the two dioxaborolane moieties are

b) Hill coefficients should be within the range of 1 to 2 in this system. The larger statistic errors caused from

Chart 3.

equivalent. The C, symmetric chiral structure of the 1:2
complex can thus be deduced. (2) A remarkable difference
in the chemical shift of the two NH protons of benzylamine
and one of the two NH protons is significantly down-field
shifted. These observations strongly suggest that the down-
field NH proton is involved in some kind of hydrogen bond-
ing. Thus the complex seems to be constructed by hydrogen
bondings in addition to the normal Lewis acid—Lewis base
complex formation.

Possible Model for the 1: 2 Complex of 1a and Benzyl-
amine. All of the results described above clearly accounted
for in terms of an “allosteric effect”, as shown in Scheme 1.
The first amine molecule coordinates to one of the two boron
atoms of the diboronate 1a; at the same time, one NH proton
interacts with one of the two oxygen atoms in the other diox-
aborolane ring to form a hydrogen bond.'®'” As a result of
this steric restriction, the two dioxaborolane rings are confor-
mationally fixed by two-point binding to provide a preferable
binding site for the second amine molecule. Additionally, the
hydrogen bonding resulting from the first amine binding re-
duces the electron density on the sencond boron center. This
strengthened Lewis acidity may also contribute to the higher
affinity of the second amine to 1a. It should be noted that
this allosteric effect can be realized only with the ortho-di-
boronate 1a, which has a Lewis base acceptor (boron atom)
and a proton acceptor (oxygen atom) at a nearby site. In the
meta- and para-isomers, 1b and 1e¢, and the monoboronate
counterpart 2, the Lewis-acidic centers do not possess any
helpful basic sites at their proper positions.

In the 1:2 complex described in Scheme 1, two nitrogen
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Fig. 10. An ORTEP drawing of the chiral bimetallic Lewis acid 5.

atoms are chiral and the two benzyl groups of the amines can
occupy either “exo” or “endo” position. We assume that the
observation of a single 1:2 complex is due to either (1) the
strongly preferred configuration of “exo” or “endo” over the
other, or, (2) the existence of a rapid equilibrium between the
two configurations.

Complex Formation from 1a with Other Amines. Pro-
pylamine, an aliphatic amine, exhibited a similar spectral
behavior to benzylamine against 1a. For example, the meth-
ylene protons at the a-position of the -NH, group appeared
as a diastereotopic pattern in the 'HNMR spectrum upon
mixing with 1a at 20 °C. On the other hand, at —50 °C,
two 1:2 complexes (X and Y) were observed while only
one 1:2 complex was detectable with benzylamine. As
shown in Fig. 5, only the two 1:2 complexes (X and Y) are
formed regardless of the initial ratios. Free diboronate 1a
and free amine were observed in addition to X and Y, under
the existence of excess 1a or amine, respectively. In no case
was any 1:1 complex detected. The two 1:2 complexes
could be assigned as “exo” and “endo” isomers.

The interaction of 1a with secondary and tertiary amines
was also investigated by '"HNMR; the chemical shift due
to the methine protons of 1a are plotted against the amount
of added amine in Fig. 6. Although a secondary amine, N-
methylbenzylamine, showed a quite similar behavior in an
interaction with 1a, the tertiary amine N,N-benzylamine, did
not affect the signals, due to 1a.

Further, chiral amines were added to a CDCl; solution of
the bimetallic Lewis acid 1a. Titration was carried out at 20
°C for (R)- and (S)-1-phenylethylamine 3 and (R)- and (S)-
1-(2-naphthyl)ethylamine 4 (Fig. 7). Strong bindings were
indicated by titration with all of the amines. The possibili-
ties of chiral recognition are discussed in combination with

the association constants in the next paragraph. Here, we
describe the possibility of using 1a as an NMR chiral shift
reagent. The clear separation of the peaks due to each enan-
tiomer of 3 is shown in Fig. 8 (A). Racemic 3 (0.40 M in
CDCl3) exhibited a pair of doublets (PhCH(NH;,)CHj3) and
a pair of quartets (PhCH(NH;)CHj3) in the presence of la
(0.10 M) at 20 °C.'"® A sample of (R)-3 (60% ee) showed the
two pairs of doublets and quartets for 3 in the ratio of 80: 20,
as shown in Fig. 8 (B).

Calculation of the Association Constants and Hill Co-
efficients. The association constants for some primary
and secondary amine bindings to the Lewis acid 1a were
calculated at 20 °C using a nonlinear curve-fitting method.'
The results are summarized in Table 1. In all of the runs, the
second association constants (K3) are larger by at least two
orders of magnitude than the first association constants (Kj).
A secondary amine, benzyl(methyl)amine, forms a more sta-
ble complex compared to the corresponding primary amine,
benzylamine (Runs 1 and 2). The stronger basicity of the sec-
ondary amine may explain the result. A small change was
observed in the association constant under different concen-
trations of 1a, although theoretically the constants should not
vary with the concentration (Runs 3 and 4). The difference of
K and K, between that for (R)-1-phenylethylamine ((R)-3)
and that for its (S)-isomer ((S)-3) cannot be regarded as being
significant (Runs 3 and 5). In other words, the chiral dis-
crimination is negligible in the present system.”® A similar
discussion is applicable to complex formation with (R)- and
(5)-1-(2-naphthyl)ethylamine ((R)- and (S)-4) (Runs 6 and
7). Figure 9 shows a typical calculated curve superimposed
over the experimental results. The curve fits nicely to the
tetration data for (R)-4. The sigmoidal curve is unique for a
cooperative binding of multiple guest molecules to one host
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molecule; also one of the well-known examples of this phe-
nomenon may be an allosteric binding of oxygen molecules
to hemoglobin. Hill coefficients®” for the titration have also
been estimated (Table 1).

Cooperative binding of multiple guest molecules to one
host molecule has been one of the most attractive phenomena
in both biochemistry and molecular recognition chemistry.??
Itis of great interest that cooperativity has been accomplished
by such a simple molecule 1a.

A Chiral Bimetallic Lewis Acid with Six-membered
Rings: An Analog to 1a. A chiral bimetallic Lewis acid
with six-membered 1,3,2-dioxaborinane 5 was prepared as
an analog to 1a (Chart 3). In sharp contrast to the five-
membered 1,3,2-dioxaborolane 1a, the six-membered 5 did
not show any significant interaction with benzylamine in
'"HNMR studies. As shown in the ORTEP drawing of 5 in
Fig. 10, the two boron atoms of 5 are rather crowded with the
six-membered ring, which seems to prevent the coordination
of nitrogen atoms. In addition, the ring strain in the five-
membered ring of dioxaborolane has been released in the
six-membered ring. Since the dioxaborolane five-membered
ring contains two sp? oxygen atoms and one sp boron atom,
the ring should possess a potential strain energy to accelerate
the sp?—sp’ orbital change of the boron atom. This may
cause a greater acidic character of the boron atom in the five-
membered ring.

Conclusion. We synthesized chiral bimetallic Lewis
acid 1a, and elucidated its unique binding properties to var-
ious amines. In our study, the two basic sites in 1a played
significant roles, as important as the two Lewis acidic sites.
Here, we conclude that not only the cooperativity of the two
metal centers, but also the cooperativity of the metal cen-
ter and basic oxygen center is the essential character of this
bimetallic Lewis acid. We believe that the molecular design
to arrange basic sites close to the Lewis-acidic centers should
become a versatile strategy for capturing primary and sec-
ondary amines, alcohols, and thiols. Although the compound
has chirality, its chiral-recognition ability is not satisfactory
at this moment. Further molecular designs are required for
this purpose.

Experimental

Preparation of 2,2'-(1,2-Phenylene)bis[(4R,5R)-4,5-diphenyl-
1,3,2-dioxaborolane] (1a) and Its meta-Isomer (1b): In an
80-mL Schlenk tube under an argon atmosphere was placed a 1:1
mixture of 1,2-bis(dichloroboryl)benzene and 1,3-bis(dichlorobo-
ryl)benzene (1.6 g, 6.7 mmol, total), which was obtained from 1,2-
bis(trimethylsilyl)benzene.” (R,R)-1,2-Diphenyl-1,2-ethanediol*?
(24 g, 13.4 mmol) was added, and the mixture was dissolved in
CHCI; (40 mL). After the resulting clear solution was heated at 60
°C for 2 h, the generated HCI as well as the solvent were removed
under reduced pressure. Recrystallization from CH3CN afforded
1b in 35% yield. The mother liquor was concentrated and purified
by column chromatography on reversed-phase silica gel (Wakogel
LP140C18, CH3CN, R¢=0.75). Recrystallization from ether—hex-
ane gave la in 33% yield. la: Mp 85.2—86.0 °C (ether—hex-
ane). 'HNMR (CDCl;, 0.10 M) 6=5.22 (s, 4 H), 7.12—7.33
(m, 20 H), 7.47 (dd, J=3.3, 5.6 Hz, 2 H), 7.86 (dd, J=3.3, 5.3

Chiral Bimetallic Boronic Esters

Hz, 2 H); "CNMR (CDCl3) §=87.46, 126.09, 128.25, 128.66,
129.94, 133.84, 139.96 (carbon atoms bound to boron atoms were
not observed); !'B NMR (CDCls, an external reference of B(OMe)3
in CDCl3 was used for ''B NMR spectra) 6=20.5; [a]¥° —15.8 (¢
0.79, CHCI3). Found: C, 77.94; H, 5.44%. Calcd for C34H23B,04:
C, 78.20; H, 5.40%.

2,2’- (1, 3- Phenylene)bis[(4S, 55)- 4, 5- diphenyl- 1, 3, 2- diox-
aborolane] (the enantiomer of 1b): Mp 151.4—152.0 °C (CH3CN).
'"HNMR (CDCl3, 0.10 M) 6=5.27 (s, 4 H), 7.26—7.35 (bs, 20
H), 7.46 (t, J=7.6 Hz, 1 H), 8.09 (d, J=7.6 Hz, 2 H), 8.59 (s,
1H); >*CNMR (CDCls) 6=86.94, 125.84, 127.60, 128.37, 128.81,
138.56, 140.23, 142.30; "B NMR (CDCl3) 6=18.3; [a]3° 102.8
(¢ 1.0, CHCl3). Found: C, 78.00; H, 5.49%. Calcd for C34H23B204:
C,78.20; H, 5.40%.>

Preparation of 2,2'-(1,4-Phenylene)bis[(4R,5R)-4,5-diphenyl-
1,3,2-dioxaborolane] (1c): 1,4-Phenylenediboronic acid was pre-
pared according to Ref. 26. To a solution of p-phenylenediboronic
acid (83 mg, 0.50 mmol) in CHCl3 (5.0 mL) was added (R,R)-1,2-
diphenyl-1,2-ethanediol (214 mg, 1.0 mmol) under an argon atmo-
sphere. The removal of water by azeotropic distillation followed
by recrystallization from CH,Cl,~hexane gave 1c in 67% yield.

1lc: Mp 177.0—177.4 °C (CH,Cly-hexane). 'HNMR (CDCls)
8=5.37 (s, 4 H), 7.39 (bs, 20 H), 8.07 (s, 4 H); *CNMR (CDCl3)
6=87.01, 125.88, 128.45, 128.84, 134.54, 140.16 (carbon atoms
bound to boron atoms were not observed); !!BNMR (CDCl;) 6 =
21.4; [a]3*° —105.4 (c 1.0, CHCLs). Found: C, 78.15; H, 5.31%.
Calcd for C34H23B2041 C, 78.20; H, 5.40%.

(48,55)-2,4,5-Triphenyl-2-phenyl-1,3,2-dioxaborolane  (the
enantiomer of 2): 80% yield. Mp 106.9—107.8 °C (CH,Cl,—hex-
ane). '"HNMR (CDCl3) 6=5.25 (s, 2 H), 7.20—7.47 (m, 13 H),
7.90—7.93 (m, 2 H); *CNMR (CDCl3) §=86.93, 125.84, 127.96,
128.37, 128.81, 131.86, 135.22, 140.32 (carbon atom bound to
boron atom was not observed); !'B NMR (CDCls) 6=19.6; [a]#?
91.6 (¢ 1.0, CHCl;). Found: C, 79.81; H, 5.45%. Calcd for
C2H;7BO»: C, 80.03; H, 5.71%.

Preparation of 2,2'-(1,2-Phenylene)bis[(4S,6S)-4,6-diphenyl-
1,3,2-dioxaborinane-2-yl]benzene (5): A similar procedure
as that for 1a provided 5 in 44% yield. Mp 190.0—191.3 °C
(CH,CL,-CH;CN). 'THNMR (CDCl;, 0.10 M) §=2.21 (t, J=5.3
Hz, 4 H), 5.10 (t, J=5.3 Hz, 4 H), 7.12—7.33 (m, 20 H), 7.47
(dd, J=3.1, 5.4 Hz, 2 H), 7.78 (dd, J=3.1, 5.4 Hz, 2 H); *CNMR
(CDCl3) 6=41.85, 70.53, 125.32, 127.30, 128.34, 128.90, 132.70,
142.14 (carbon atoms bound to boron atoms were not observed);
IB NMR (CDCls) 6=41.3; [a]5*° 19.8 (¢ 1.0, CHCl3). Found: C,
78.53; H, 5.82%. Calcd for C36H32B2042 C, 78.58; H, 5.86%.

We are grateful to Professor Yasuhisa Kuroda (Kyoto In-
stitue of Technology, Japan) for his generous help in the cal-
culations. One of the authors (K. N.) thanks The Sumitomo
Foundation for partial financial support. She also acknowl-
edges Pfizer Pharmaceutical Inc.’s Award in Synthetic Or-
ganic Chemistry, Japan.

References

1) Reviews: a) F Vogel, “Supramoleculare Chemie,”
Teubner, Stuttgart (1989); b) “Supramolecular Chemistry,” Wiley,
Chichester, England (1991); c¢) “Advances in Supramolecular
Chemistry,” ed by G. W. Gokel, Jai Press, Greenwich, Ct (1992);
d) J.-M. Lehn, Pure Appl. Chem., 66, 1961 (1994).

2) B: a) D. F. Shriver and M. J. Biallas, J. Am. Chem. Soc.,



K. Nozaki et al.

89, 1078 (1967); b) H. E. Katz, J. Am. Chem. Soc., 107, 1420
(1985); ¢) H. E. Katz, J. Org. Chem., 50, 5027 (1985); d) H.
E. Katz, J. Am. Chem. Soc., 108, 7640 (1986); ¢) H. E. Katz, J.
Org. Chem., 54, 2179 (1989); f) K. Narasaka, H. Sakurai, T. Kato,
and N. Iwasawa, Chem. Lett., 1990, 1271; g) L. Jia, X. Yang, C.
Stern, and T. J. Marks, Organometallics, 13, 3755 (1994). Al: h)
V. Sharma, M. Simard, and J. D. Wuest, J. Am. Chem. Soc., 114,
7931 (1992); i) J. T. Bien, M. J. Eachner, and B. D. Smith, J. Org.
Chem., 60, 4525 (1995). Si: j) K. Tamao, T. Hayashi, Y. Ito, and
M. Shiro, Organometallics, 11, 2099 (1992); k) M. E. Jung and
H. Xia, Tetrahedron Lett., 29, 297 (1988). Ge: 1) S. Aoyagi, K.
Tanaka, and Y. Takeuchi, J. Chem. Soc., Perkin Trans. 2, 1994,
1549. Sn: m) K. Swami, J. P. Hutchinson, H. G. Kuivila, and J. A.
Zubieta, Organometallics, 3, 1687 (1984); n) M. Newcomb, A. M.
Madonik, M. T. Blanda, and J. K. Judice, Organometallics, 6, 145
(1987); 0) M. Newcomb, J. H. Homer, and M. T. Blanda, J. Am.
Chem. Soc., 109, 7878 (1987); p) M. Newcomb and M. T. Blanda,
Tetrahedron Lett., 29, 4261 (1988); q) M. Newcomb, J. H. Horner,
M. T. Blanda, and P. J. Squattrito, J. Am. Chem. Soc., 111, 6294
(1989); r) M. T. Blanda, J. H. Horner, and M. Newcomb, J. Org.
Chem., 54, 4626 (1989); s) K. Jurkschat, H. G. Kuivila, S. Liu, and
J. A. Zubieta, Organometallics, 8, 2755 (1989). Ti: t) B. Bachand
and J. D. Wuest, Organometallics, 10, 2015 (1991). Fe: u) T. Bach,
D. N. A. Fox, and M. T. Reetz, J. Chem. Soc., Chem. Commun.,
1992, 1634. Co: v) D. H. Vance and A. W. Czarnik, J. Am. Chem.
Soc., 115, 12165 (1993). Cu and Ag: w) W. Xu, J. J. Vittal, and
R. Puddephatt, J. Am. Chem. Soc., 115, 6456 (1993). Zn: x) S.
Anderson, H. L. Anderson, and J. K. M. Sanders, Acc. Chem. Res.,
26, 469 (1993); y) L. G. Mackay, R. S. Wylie, and J. K. M. Sanders,
J. Am. Chem. Soc., 116, 3141 (1994); 115, 6456 (1993). Hg: z) J.
D. Wuest and B. Zacharie, Organometallics, 4,410 (1985); aa) J. D.
Wuest and B. Zacharie, J. Am. Chem. Soc., 107, 6121 (1985); bb) A.
L. Beauchamp, M. J. Olivier, J. D. Wuest, and B. Zacharie, J. Am.
Chem. Soc., 108, 73 (1986); cc) A. L. Beauchamp, M. J. Olivier, J.
D. Wuest, and B. Zacharie, Organometallics, 6, 153 (1987); dd) J.
D. Wuest and B. Zacharie, J. Am. Chem. Soc., 109, 4714 (1987); ee)
X. Yang, C. B. Knobler, and M. F. Hawthorne, J. Am. Chem. Soc.,
114, 380 (1992); ff) S. Mallik, R. D. Johnson, and E. H. Arnold, J.
Am. Chem. Soc., 116, 8902 (1994).

3) Hetero-bimetallic system has been reported on the purpose
of asymmetric catalyst bearing Lewis acidic recognition site. a)
A. Borner, J. Ward, K. Kortus, and H. B. Kagan, Tetrahedron:
Asymmetry, 4, 2219 (1993); b) L. B. Fields and E. N. Jacobsen,
Tetrahedron: Asymmetry, 4, 2229 (1993).

4) a) Y. Aoyama, A. Yamagishi, Y. Tanaka, H. Toi, and H.
Ogoshi, J. Am. Chem. Soc., 109, 4735 (1987); b) Y. Aoyama, T.
Motomura, and H. Ogoshi, Angew. Chem., Int. Ed. Engl., 28, 921
(1989).

5) a) M. T. Reetz, C. M. Niemeyer, M. Harmes, and R.
Goddard, Angew. Chem., Int. Ed. Engl., 31, 1017 (1991); b) M.
T. Reetz, C. M. Niemeyer, and M. Harmes, Angew. Chem., Int. Ed.
Engl., 30, 1474 (1991).

6) a) A. Peter, K. Smith, and H. C. Brown, “Borane Reagents,”
Academic Press, London (1988); b) Pure Appl. Chem., 63, 345 and
351 (1991).

7) The anionic complex was isolated and identified by elemen-
tal analysis and IR. See, Ref. 2a.

8) For example, 1, 8- anthracenediylbis(1, 2- ethynediyl)-
bisboronate) forms a complex with pyrimidine in bridged structure.
See Ref. 2b—e.

9) Waulff and Shinkai have developed various receptors con-
taining boronic acids. They use esterification of the boronic acid

Bull. Chem. Soc. Jpn., 69, No. 7 (1996) 2051

with alcohols in their complex formation. a) G. Wulff, Pure Appl.
Chem., 54,2093 (1995); b) T. D. James, K. R. A. S. Sandanayake,
R. Iguchi, and S. Shinkai, J. Am. Chem. Soc., 117, 8983 (1995), and
references cited therein.

10) A part of this work has been reported as a communication.
K. Nozaki, M. Yoshida, and H. Takaya, Angew. Chem., Int. Ed.
Engl., 33, 2452 (1994).

11) Reviews for example, Asymmetric boron-catalyzed reac-
tions: a) L. Deloux and M. Srebnik, Chem. Rev., 93, 763 (1993);
b) Chem. Rev., 92, 739 (1992); a special issue for Enantioselective
symthesis: c) Paterson, Angew. Chem., Int. Ed. Engl., 31, 1179
(1992); d) S. Wallbaum and J. Martens, Tetrahedron: Asymmetry,
3, 1475 (1992); e) K. Narasaka, Synthesis, 1991, 1.

12) A chiral bimetallic Lewis acid was reported to catalyze
asymmetric Diels—Alder reaction in excellent selectivity, but no
cooperation between the two metal centers was mentioned. D.
Kaufmann and R. Boese, Angew. Chem., Int. Ed. Engl., 29, 545
(1990).

13) a) A mixture of 1,8-bis(dichloroboryl)naphthalene and chi-
ral diols or chiral amino alcohols have been used in asymmetric
Diels~Alder reactions, but the proposed s have not yet been charac-
terized. M. Reilly and T. Oh, Tetrahedron Lett.,35, 7209 (1994); b)
Very recently, we have developed another chiral bimetallic Lewis
acid and investigated its binding properties to diamines. K. Nozaki,
T. Tsutsumi, and H. Takaya, J. Org. Chem., 60, 6668 (1995).

14) Recently, Stanley et al. has developed a bimetallic catalyst
for hydroformylation. M. E. Broussard, B. Juma, S. G. Train, W. J.
Peng, S. A. Laneman, and G. G. Stanley, Science, 260, 1784 (1993).
We are informed that they have also prepared a chiral bimetallic
system which serves as an efficient catalyst for hydroformylation
of vinyl acetate.

15) a) Y. Kikuchi, Y. Kato, Y. Tanaka, H. Toi, and Y. Aoyama,
J. Am. Chem. Soc., 113, 1349 (1991); b) J. S. Nowick, J. S. Chen,
and G. Noronha, J. Am. Chem. Soc., 115, 7636 (1993).

16) The combination of hydrogen bondings with the Lewis
acid—Lewis base interaction has been reported by Aoyama and
Reetz. See Refs. 4 and 5.

17) Anelegant allosteric binding of two guest molecules assisted
by hydrogen bonding has been reported by Aoyama. Y. Kikuchi, Y.
Tanaka, S. Sutarto, K. Kobayashi, H. Toi, and Y. Aoyama, J. Am.
Chem. Soc., 114, 10302 (1992).

18) "HNMR of this sample at —50 °C was not suitable for
detailed discussion about the complex formation because of the
poor separation of the peaks.

19) Calculation was carried out by using damping Gauss—
Newton.

20) General chiral recognition, for example: a) O. Hayashida
and Y. Murakami, Senryo to Yakuhin, 40, 169 (1995); b) M. Sawada,
Y. Takai, H. Yamada, S. Hirayama, T. Kaneda, T. Tanaka, K.
Kamada, T. Mizooku, S. Takeuchi, K. Ueno, K. Hirose, Y. Tobe, and
N. Naemura, J. Am. Chem. Soc., 117, 7726 (1995); c) Y. Kuroda,
Y. Kato, M. Ito, J.-Y. Hasegawa, and H. Ogoshi, J. Am. Chem. Soc.,
116, 10338 (1994); d) R. Corradini, A. Dossena, G. Impellizzeri, G.
Maccarrone, R. Marchelli, E. Rizzarelli, G. Sartor, and G. Vecchio,
J. Am. Chem. Soc., 116, 10267 (1994); e) K. Konishi, K. Yahara,
H. Toshishige, T. Aida, and S. Inoue, J. Am. Chem. Soc., 116, 1337
(1994); f) M. F. Cristofaro, J. Am. Chem. Soc., 116, 5089 (1994);
g) R. Yanagihara, M. Tominaga, and Y. Aoyama, J. Org. Chem.,
59, 6865 (1994); h) P. Qian, M. Matsuda, and T. Miyashita, J. Am.
Chem. Soc., 115, 5624 (1993); i) S. Pathirana, W. C. Neely, L. J.
Myers, and V. Vodyanoy, J. Am. Chem. Soc., 114, 1404 (1992); j)
T. H. Webb, H. Suh, and C. S. Wilcox, J. Am. Chem. Soc., 113,



2052 Bull. Chem. Soc. Jpn., 69, No. 7 (1996)

8554 (1991); k) K. S. Jeong, A. V. Muehldorf, and J. Rebek, Jr.,
J. Am. Chem. Soc., 112, 6144 (1990); 1) P. E. J. Sanderson, J. D.
Kilburn, and W. C. Still, J. Am. Chem. Soc., 111, 8314 (1989); m)
W. H. Pirkle and T. C. Pochapsky, Chem. Rev., 89, 347 (1989).

21) T. L. Hill, “Cooperativity Theory in Biochemistry: Steady
State and Equilibrium Systems,” Springer-Verlag, New York, NY
(1985).

22) Cooperative binding. In biological systems: a) C. R. Cantor
and P. R. Schimmel, “Biophysical Chemistry Part IIl: The Behavior
of Biologocal Macromolecules,” W. H. Freeman and Co., New
York, NY (1980); b) A. Horovitz, Proc. R. Soc. London, Ser. B,
259, 85 (1995). See also Ref. 19. In artificial sytems: c¢) O. S. Tee,
M. Bozzi, N. Clement, and T. A. Gadosy, J. Org. Chem., 60, 3509
(1995); d) J. Rebeck, Jr., Acc. Chem. Res., 17, 258 (1984); e) L
Tabushi, Pure Appl. Chem., 60, 581 (1988); f) T. D. James and S.
Shinkai, J. Chem. Soc., Chem. Commun., 1995, 1483; g) M. Inouye,
T. Konishi, and K. Isagawa, J. Am. Chem. Soc., 115, 8091 (1993);
h) L. C. Groenen, E. Steinwender, B. T. G. Lutz, J. H. van der Maas,
and D. N. Reinhoudt, J. Chem. Soc., Perkin Trans. 2, 1992, 1893;
i) Y. Kobuke and Y. Satoh, J. Am. Chem. Soc., 114, 789 (1992); j)
R. C. Petter, J. S. Salek, C. T. Sikorski, G. Kumaravel, and E.-T.
Lin, J. Am. Chem. Soc., 112, 3860 (1990); k) G. Puzicha, Y.-M.

Chiral Bimetallic Boronic Esters

Pu, and D. A. Lightner, J. Am. Chem. Soc., 113, 3583 (1991); 1) P.
D. Beer and A. S. Rothin, J. Chem. Soc., Chem. Commun., 1988,
52. In theoretical studies: m) K. A. Connors, “Binding Constants,”
John Wiley & Sons, New York (1987); n) Y. Bohbot and A. Ben
Naim, J. Phys. Chem., 99, 14544 (1995); o) R. E. Lenkinski, G. A.
Elgavish, and J. Reuben, J. Magn. Reson., 32,367 (1978); p) G. H.
Czerlinski, Biophys. Chem., 34, 169 (1989).

23) D. Kaufmann, Chem. Ber., 120, 901 (1987). Although 1,2-
bis(dichloroboryl)benzene was reported to be isolated in pure form
after distillation, we obtained a mixture of 1,2-bis(dichloroboryl)-
benzene and 1,3-bis(dichloroboryl)benzene in a ratio of about 1:1
according to the literature method under a little higher pressure. The
mixture was used for the next step without separation of the two
isomers.

24) K. B. Sharpless, W. Amberg, Y. L. Bennani, G. A. Crispino,
J. Hartung, K.-S. Jeong, H.-L. Kwong, K. Morikawa, Z.-M. Wang,
D. Xu, and X.-L. Zhang, J. Org. Chem., 57, 2768 (1992).

25) meta-Analogue 1b may be alternatively prepared from 1,3-
dibromobenzene as was done for 1¢ from 1,4-dibromobenzene.

26) Synthesis of 1,4-phenylenediboronic acid:, 1. G. C. Coutls,
H. R. Goldschmid, and O. C. Musgrave, J. Chem. Soc. C, 1970,
488.




