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Summary: The hydrolytically and thermally stable tricoordinate EtOOC., o 0.0 EtOOC, o _©
chiral bicyclo[4.4.0] diboronic ester (R,R3e was synthesized J: BL J: B ]
via a one-step reaction of a Grignard reagent with chiral Etooc” © H'D Etooc” © HoN
spiroborate esters (R,R,3)and (R,R)2. Its structure was

characterized by its IRH, 13C, and!!B NMR, and mass spectra (RR.S)1 (RR)-2

and confirmed by X-ray analysis. Further theoreticaléstiga- Figure 1. Chiral spiroborate ester®(R,3-1 and R,R-2 derived

tion of the three possible bicyclic structures corresponding to from diethyl tartrate.

the formula GoHs2B,04 was performed at different dels of

theory. Excellent agreement with the X-ray result was obtained. Boronic esters derived from 1,2-dicyclohexylethanedi®,R-
2,3-butanediof and tartrate acfiall showed this characteristic

because of unfavorable entropy of hydrolysis. However, most

Chiral boronic esters are an important class of organoboron of these boronic esters are monocyclic, and in contrast,
compounds, and they have been widely used as intermediateshydrolytically stable tricoordinate chiral fused bicyclic boronic
or as protecting groupsn asymmetric synthesis. The classical esters are rar®.
preparation of organoboranes utilizes reactions of a tricoordinate  We recently synthesized various tetracoordinate enantiopure
trialkoxyborane or trihaloborane with a Grignard or an orga- spiroborate esters possessing agBK framework via a
nolithium reagent.Both reactants and the product are sensitive convenient proceduré. Some of them showed highly stereo-
to moisture, while hydrolytically stable chiral boronic esters selective catalytic activity in aldol reactioisand in borane
exhibit great convenience in practical storage and use. The mosteductions of prochiral ketonégjmines!4and oxime ethers
common strategy for the preparation of hydrolytically stable  We now report the reactions of spiroborate est&&R($-1
boronic esters involves the conversion of tricoordinate unstable and R),R-2 (Figure 1) with an excess of phenylmagnesium
boranes to a tetracoordinate complex stabilized by afBN  bromide. Unexpectedly, a hydrolytically stable chiral bicyclodi-
bond® The preparation of enantiopure boronic esters of pi- boronic ester composed of one unit of tetraol from phenylated
nanediol was of importance in the investigation of thermody- tartrate and two units of phenylboronate was obtained. We report
namically and hydrolytically stable chiral boronic esters. here the synthesis, structural characterization, and theoretical
investigation of this new compound.
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Figure 2. Three possible structures of the prod@ct
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Figure 3. Molecular structure of the produ8t (hydrogen atoms

: . Figure 4. Optimized structures of the three potential products. H
are omitted for clarity). 'gu ptmiz uctu potential produ

atoms are excluded for clarity (black: C atoms; red: O atoms;
) ) pink: B atoms).

(R,R,$-1 and R,R-2, which were prepared by literature ) ) _
procedures!2bwere allowed to react with an excess of PhMgBr ~ Table 1. Comparison of the Energies of the Three Potential

in THF at 0°C for 1 h, then refluxed for 1.5 h, respectively. Structures 3a—3c at Different Levels of Theory®
After work up and recrystallization from ethanol, white crystals B3LYP/6-31G(d) B3LYP/6-313+G(3df,2p)
were formed. From all of the available spectra (see the compound ZPE  AHys AGogs AHagg AGaos
Supporting Information) of the final product, three candidate 32 062661 410 _ 400 175 165
structures, R,R-3a, (R,R-3b, and R,R-3c, corresponding to 3b 0.62649  19.0 17.1 21.3 19.5
the formula GoH3,B.O, are proposed, althoudiais less likely 3c 0.62648 0 0 0 0
in terms of §tabi|ity compared with the othe.r two (Figure 2). ONIOM[B3LYP/6-311G(d.p): ONIOM[CCSD(T)/6-311G(d.p):
To determine the structure of the product, single-crystal X-ray B3LYP/6-31G(d)] B3LYP/6-31G(d)]
diffraction was performed. As the ORTEP diagram shown in compound ~ ZPE ~ AHus  AGoos AHaes AGoes
Figure 3 indicates, the product is bicyclo[4.4.0]diboronic ester 3 062661 416 204 263 51
3c. 3b 0.62580  17.2 15.1 8.9 6.8
Theoretical investigations of the three potential structures also 3¢ 0.62575 0 0 0 0

were carried out. All calculations were performed with the  aEnergies of the enthalpiesl) and free energiesd) were calculated

GAUSSIAN 036 programs by ab initio quantum chemistry using the standard formula and the ab initio d&ge 298.15 K and 1 atm
methods. and were given in kJ/mol relative to those 3, energies of ZPE are in

: . - . h .
First, the geometries dda—3c were fully optimized using artrees

the density functional B3LYP with the standard basis set 6-31G-
(d).r” Considering that the central bicyclic framework (excluding
the six phenyl groups) @a—3c plays the geometry-determining
role, an advanced two-layer ONIOM meti8&dind state-of-
the-art coupled cluster theot9j.e., CCSD(T), were employed,
and the central bicyclic framework was set to be the high-layer,
while the surrounding six phenyl groups were set to be the low-
layer.

In terms of the enthalpy (Hg and free energy (fsg) as
shown in Table 13c is the most thermodynamically stable

species, regardless of the level of theory. As can be seen from
Table 2, the calculated geometrical parameter8déare almost
identical to the X-ray result. Moreover, the predicted infrared
spectrum andH, 1B, and3C NMR data of3c are in very
good agreement with the experimental spectra (see Supporting
Information).

Further investigations of the molecular orbitals show that such
a structure leads to significant overlap between the orbitals of
the central BCO framework. As a result, a strongs stacking
effect enhances the stability 8. In the structure3a, the two
rings are almost in a plane, and therefore, there is very little
interaction between the two rings. The struct@ke has two

(16) Frisch, M. J.; et alGaussian 03Revision D.01; Gaussian: Inc.:
Wallingford, CT, 2004. See Supporting Information for remaining authors.
(17) (a) Becke, A. DJ. Chem. Phys1993 98, 5648. (b) Lee, C.; Yang,
W.; Parr, R. GPhys. Re. B 1988 37, 785. (19) Pople, J. A.; Head-Gordon, M.; RaghavachariJKChem. Phys.
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Table 2. Selected Bond Length (A) and Angels (deg) of the
Optimized Structure of 3c in Comparison with the
X-ray-Determined Values

parameter B3LYP/ 6-31G(d) ONIOM exptl
C(39)C(40) 1.531 1.530 1.532
C(31)C(39) 1.551 1.549 1.530
C(31)0(3) 1.434 1.438 1.429
0O(3)B(2) 1.372 1.370 1.367
B(2)0O(4) 1.374 1.373 1.361
O(4)C(40) 1.424 1.426 1.427
B(1)C(30) 1.560 1.550 1.563
C(38)C(12) 1.537 1.535 1.522
C(38)C(37) 1.543 1.542 1.532
B(1)B(2) 3.610 3.628 3.569
C(40)C(39)C(31) 110.5 110.5 110.8
C(39)C(31)0(3) 108.4 108.4 107.8
C(31)0(3)B(2) 122.2 122.4 119.3
0(4)B(2)0(3) 121.1 121.8 122.5
B(2)0(4)C(40) 120.9 121.1 122.3
0O(4)C(40)C(39) 110.0 109.9 110.8

Scheme 1. Selective Condensation of the Tetraols with
Phenyl Boronic Acid

Ph_ Ph Ph_ Ph
HO])LOH PhB(OH), Ph\FTyO 0
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five-membered rings separated by &C single bond, and thus
the interaction between them is reduced significantly.

In the spiroborate esterfk(R,3-1 and R,R-2, there are
several sites for the attack of PhMgBr. In the reaction, theOB
bond is easily cleaved, and two ester groups of the tartrate
moiety can be diarylated, so after treatment with saturated
aqueous NECI, (R,R-1,1,4,4-tetraphenyl-1,2,3,4-butanetetraol,
(R,R-4, can be generated as an intermediate accompanied b
phenylboronic acid. It can be estimated that the bicyclo[4.4.0]-
diboronic esteBcis formed via an intermolecular selective 1,3-
cyclocondensation betweeR,R-4 and phenylboronic acid. It
has been observed that the direct condensatioR &4 with
phenylboronic acid also furnisheR,R-3c in up to 94% yield
(Scheme 1).

It is noteworthy that the product was stable to hydrolysis in
weak acid solution. Hydrolysis did not occur when its THF (or
MeOH, EtOH) solution was treated with a large excess of
saturated aqueous NEI with and without external heating for
more tha 4 h orstirred in boiling water for 3 h. This is in
sharp contrast to the previously reported #12,3-22 and 1,4-
cyclocondensatidd of the cycloborate esters derived from
tartaric acid. Perhaps the hydrolytic stability is due to the rigidity
of the bicyclic system and the large steric effect in the
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surroundings of the boron atom. However, it seems that the
stronger hydrochloric acid>1 mol/L) would destroy the
structure.

In summary, reactions between Grignard reagent and tetra-
coordinated spiroborate esters with &R bond were examined,
and a hydrolytically and thermally stable chiral bicyclo[4.4.0]-
diboronic ester was afforded in one step, which was confirmed
by both the experimental measurements and the ab initio
theoretical calculations. The stability of the tricoordinate boronic
ester to hydrolysis and heat may be in relationship with the
rigidity of the bicycle system and the large steric effect in the
surroundings of the boron atoms.

Experimental Section

A representative procedure of the preparation of chiral bicyclic
boronic ester is as follows:

(R,R)-3c. Phenylmagnesium bromide, which was prepared from
Mg turnings (0.523 g, 21.78 mmol) and phenyl bromide (2.08 mL,
19.8 mmol) in THF (20 mL) in the conventional manner, was cooled
to 0°C, followed by careful addition of the chiral spiroborate ester
(R,R,$-1 (0.987 g, 3 mmol). The mixture was stirred at© for
1 h and then was heated at reflux for 1.5 h. After it was cooled to
rt, 20 mL of saturated aqueous NEl was added with stirring.
The organic layer was separated, and the aqueous layer was
extracted with ether (X% 15 mL). A yellow, viscous residue was
obtained after concentration of the combined extracts. Excess phenyl
bromide was removed by azeotropic distillation in water, and the
resulting solid residue was dissolved in hot ether, dried over Na
SQ,, decolorized with activated charcoal, and evaporated. Then the
residue was recrystallized from EtOH to give white crystals (0.6
g, 67% yield based on boron): mp 26265 °C; [a]%p —6.1
0.2, CHC}); IR (film, cm™%) v 3019, 2947, 1601, 1437, 13284
NMR (CDCl;, 300 MHz) 6 7.82-7.22 (m, 30H, Ar-H), 5.05 (s,
2H, CH); B NMR (CDCl;, 32 MHz, BR*OEb) ¢ 27.0;13C NMR

CDCls, 75 MHz)6 143.8, 142.7, 134.6, 131.5, 129.3, 128.3, 128.2,
127.9, 127.5, 126.7, 125.5, 81.3, 69.7; LC-MS2) 600, 511, 487,
423, 339, 255, 227. Anal. Calcd (%) fondEl3B,0,: C 80.30; H
5.39; B 3.61. Found: C 80.12; H 5.35; B 3.56.

Crystal data foBc: CyoH32B204, My, = 598.25, triclinic, space

groupP1, a = 9.6051(13) Ab = 9.9781(13) Ac = 10.4687(14)

A, o0 =111.552(2), = 90.165(2}, y = 108.708(2), V = 875.5-

(2) A3, z =1, F(000)= 340, T = 273(2) K,u(Mo Ka) = 0.078
mm-1. Of the 5740 measured reflections, 4840 were independent
(R(int) = 0.0120).The final refinements converged atRD.0773

for I > 20(l) and wR2= 0.1654 for all data.

The crystallographic information file is available as Supporting
Information. These data can also be obtained (CCDC 299938), free
of charge, via www.ccdc.cam.ac.uk/conts/retrieving.html (or from
the Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB2 1EZ, U.K. (fax: 44-1223-336033 or e-mail:
deposit@ccdc.cam.ac.uk)).
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