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Summary: The reaction of [n®-(1-Br-2,3,4,5-
Ph,C,B)] [7°<(C;sHs)]Co with excess KOH leads to pro-
duction of {1-[7°42,3,4,5-Ph,C,B)] [7°*<CsHs)]C0},0, (3) in
good yield. The X-ray crystal structure of 3 has been
determined: triclinic, P7, a = 16.114 (4), b = 16.978 (4),
c=22738(6) A, o = 80.50 (2)°, 8 = 75.63(2)°, v =
75.16 (2)°, V= 5791.0 (25) A%, Z= 4, R(F) = 9.71%.
It shows that two individual borole complexes have been
joined with a B-O-B link. The bond metrics displayed
reflect both electronic and steric factors. The coupled
product is stable with respect to hydrolysis to [55-(1-OH-
2,3,4,5-Ph,C,B)] [n®<(CsHs)]Co in both acidic and basic
solution.

Sandwich complexes linked via C~C bonds between the
Cp rings have been the focus of considerable study.!
Although not as well characterized in terms of properties,
coupled polyhedral cages containing boron are also well
known. Various bonds including direct, exo-polyhedral
B-B, e.g., 1:1’-[B;H,),? and C-C, e.g., 1:1-(closo-1",2"-
C;B,(B,;)-closo-1,2-C,B,oB;;,>* bonds as well as indirect
coupling via another atom or group, e.g., Hg® or Au® have
been used to link the cages. There have been a few ex-
amples of cages coupled by B-O-B bonds reported’? and
one containing coupled diborabenzene complexes is
analogous to the principal compound dicussed here.!!
This is interesting because even though B—-0O-B linkages
are ubiquitous in boron—oxygen chemistry, one would not
immediately consider them as suitable candidates for
coupling two molecular frameworks. Under normal con-
ditions, the B-O bond, although very strong, is labile and
readily cleaved by nucleophiles. This is one factor that
lies behind the extremely complex chemistry exhibited by
boron—oxygen systems.'? However, of the known B-O-B
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Figure 1. Molecular structure and labeling scheme for 3. Only
ipso carbons of the phenyl groups are shown and hydrogen atoms
are omitted for clarity. One of two crystallographically inde-
pendent, but chemically similar, molecules is shown.

linked cages, one” has been reported to be very resistant
to cleavage even under vigorous conditions. Only two
structural determinations of cages coupled with a B-O-B
linkage are available, i.e., [u-9,9’-0-{5-(»5-CsH;)-nido-5-
RhBgH,,}® and 6,6'-(B;H;3),0%. One crystallographically
characterized compound 8,8'-O(C,BgH;,),Co'* does contain
a B-0-B link between the carborane cages but the metal
atom, bound to the open faces of both cages, provides the
primary bond. Rational chemical routes to B-O-B linked
systems are even fewer in number. In conjunction with
a study of the reactivity of isolated B-H fragments,!® we
have uncovered an example of the straightforward for-
mation of a bis-sandwich complex coupled by a B-O-B
linkage and have structurally characterized it.

Results and Discussion

The hydrolysis of [75-(1-Br-2,3,4,5-Ph,C,B)][n5-
(Cs;H;5)]1Co (1) under basic conditions with <1 mol KOH
per mol 1 leads to the formation of [7%-(1-OH-2,3,4,5-
Ph,C,B)1[7*-(C;H;)]Co (2).1® However, if the reaction is
carried out with a large excess of KOH, only minor
amounts of 2 are observed, and the primary product pro-
duced has very different chromatographic behavior. The
mass spectrum of this product suggested a dimeric species
containing boron atoms, and the IR showed evidence of
a B-O-B fragment.’® Hence, the new compound was
identified as {1-[%%-(2,3,4,5-Ph,C,B)][n®-(C;H;)1Co},0 (3).
The ratio of 3 to 2 reached a maximum of ~9:1 for long
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Notes

Table 1. Crystallographic Parameters for (Cy;HyBCo),0

(a) Crystal Parameters

formula (CysHo;BCo)s0 v, deg 756.17 (2)
formula wt 998.61 V, A3 5791 (2)
space group Pi z 4
cyst syst triclinic cryst dimens, mm 0.45 X 0.20 % 0.20
a, 16.114 (4) cryst color deep red
b, A 16.978 (4) D(calc), g/cm? 1.145
c, A 22.738 (6) u(Mo Ka), em™ 6.11
a, deg 80.50 (2) temp, °C 231
8, deg 75.63 (2) T(max)/T(min) 1.12

(b) Data Collection
diffractometer Nicolet R3m/u no. of rflns collected 13059
monochromator graphite no. of indpt rflns 12447
scan technique Wyckoff R(merg), percent 1.38
radiation Mo Ka (A = 0.71073 A) no. of indpt rflns obsvd F, 2 5¢(F,) 6251
20 scan range, deg 4-42 std rflns 3 std/197 rflns
data collected +h, £k, +| var in stds, percent <1
scan speed, deg/min var 5-20

(c) Refinement

R(F), percent 9.71 Alp), eAS 1.24
R(F,), percent 9.84 N,/N, 9.40
A/o (max) 0.029 GOF 1.726

reaction times in the presence of excess KOH. Once
formed, 3 was stable to hydrolysis to 2 under both acidic
and basic conditions.
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The identification of 3 was confirmed and the geometric
parameters defined by an X-ray structure determination
of a crystalline sample. The molecular structure of 3 is
shown in Figure 1 and the crystallographic data are given
in Table I. Selected bond distances and angles are listed
in Table II. Compound 3 crystallizes with two inde-
pendent, but chemically similar, molecules composing the
asymmetric unit. The structural parameters of the indi-
vidual borole cobalt complexes are very similar to those
reported for [7%-(2,3,4,5-Ph,C BH)1{#%-(C¢H;)]Co and need
no further comment.!® The B~O distances are in the range
expected for a single, polar B-O bond!” and are similar to
those reported earlier (1.375 (8) A for [u-9,9-O-{5-(n’-
C5H5)'nid0‘5'RthH12}g,s 1.395 (7) A for [178-
CsHBOMe)] [n5-CyH;]Co,!® 1.358 (2) for 6,6-(B;oH,3);0%).
The B-O-B link is bent with an average B—O-B angle of

Table II. Selected Bond Distances and Angles for 1

molecule A molecule B
(a) Bond Distances (A)
Co(1)-CNT1° 1.662 (16) 1.665 (16)
Co(1)-CNT2 1.673 (18) 1.674 (16)
Co(2)-CNT3 1.657 (16) 1.661 (18)
Co(2)-CNT¢ 1.725 (16) 1.684 (16)
B(1)-0 1.412 (21) 1.412 (26)
B(11)-0 1.425 (24) 1.351 (23)
B(1)-C(5) 1.506 (20) 1.508 (27)
C(5)-C(4) 1.441 (26) 1.427 (26)
C(4)-C(3) 1.452 (23) 1.421 (20)
C(3)-C(2) 1.420 (22) 1.476 (26)
C(2)-B(1) 1.508 (27) 1.508 (23)
B(11)~C(12) 1.536 (22) 1.544 (28)
C(12)-C(13) 1.442 (26) 1.448 (23)
C(13)-C(14) 1.469 (23) 1.490 (23)
C(14)-C(15) 1.455 (22) 1.420 (27)
C(15)-B(11) 1.533 (30) 1.540 (22)
(b) Bond Angles (deg)

CNT1-Co(1)-CNT2 172.1 (6) 1734 (6)
CNT3-Co(2)-CNT4 174.7 (6) 174.9 (6)
B(1)-0-B(11) 130.2 (12) 135.8 (18)
0-B(1)-C(2) 124.4 (13) 128.9 (16)
0-B(1)-C(5) 129.5 (17) 124.6 (14)
B(1)-C(2)-C(3) 106.8 (12) 106.8 (13)
C(2)~C(3)-C(4) 110.9 (16) 107.6 (14)
C(3)-C(4)-C(5) 107.9 (13) 112.3 (16)
C(4)-C(5)-B(1) 107.9 (15) 106.4 (13)
C(2)-B(1)-C(5) 105.7 (14) 106.1 (17)
0-B(11)-C(12) 126.0 (19) 126.8 (14)
0-B(11)-C(15) 126.6 (14) 130.8 (17)
B(11)-C(12)-C(13) 107.0 (15) 108.2 (13)
C(12)~-C(18)-C(14) 108.6 (13) 109.3 (15)
C(13)-C(14)-C(15) 111.6 (18) 108.4 (13)
C(14)~-C(15)-B(11) 104.7 (13) 110.1 (15)
C(12)-B(11)-C(15) 106.8 (15) 103.2 (15)

®CNT1 = B(1), C(2)-C(5); CNT2 = C(6)-C(10); CNT3 = B(11),
C(12)-C(15); CNT4 = C(16)-C(20).

133° (130 (1) and 136 (1)°) which is larger than that re-
ported for the coupled rhodaborane clusters (129.8 (5)°)
but slllgaller than that reported for 6,6'-(B,oH,;3),0 (139.1
2)°).

Borole-metal complexes are well known!® and the rela-
tionship of the geometric structure of borole complexes and
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Scheme I
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other closely related compounds to the electronic structure
at the boron atom can be understood on the basis of the
elegant work of Herberich and co-workers,” as well as that
of others,!82122 That is, substituents on the boron atom
of a coordinated borole that stabilize tricoordinate boron
lengthen and weaken the metal-boron interaction thereby
increasing the nonplanarity of the borole ring and reducing
the cyclic conjugation. In 3, assuming for the moment that
there are no steric constraints, the B-O-B angle thus re-
ports on the relative strength of the boron-cobalt inter-
action in the borole complex. That is, full #°-coordination
of the borole to cobalt should lead to B-O single bonds
with free rotation and a bent B-O-B fragment as shown
in limiting structure 3a in Scheme I. On the other hand,
an allene-like interaction between tricoordinate boron
atoms concomitant with diene coordination of the C,
fragment of the borole ring to the metal should lead to
restricted rotation and a linear B-0-B geometry (structure
3b in Scheme I). The large B-O-B angle (relative to an
ether), the D,;-like orientation of the trigonal planes
containing the two boron atoms and the red color (relative
to yellow [n%-(2,3,4,5-Ph,C,BH)][#°-(CsH;)]Co) are com-
patible with O—B =-donation, i.e., structure 3b is a sig-
nificant contributor. It is interesting to note in this regard
that, just as with the coupled cages and boroles, a signif-
icant range of B-O-B angles have been reported for non-
ring structures. They range from 124° in (HO),B-O-B-
(OH);,2 to 139° in B,0,,% to 153° in bis(4H-borepino-
[3,2-b:6,7-b’]dithienyl) ether.?’ The smallest B-O-B an-
gles are associated with tetrahedral boron atoms, while the
most open angle is associated with trigonal-planar boron
atoms.

On the other hand, the B-O-B bond parameters can also
be ascribed to bonding model 3a perturbed by steric ef-
fects. The considerable steric bulk of the four phenyl
substituents on the borole ring favors the observed
structure with a twist of the borole rings about the B-O
axes as well as a large B-O-B angle. Hence, as is usually
the case, the true electronic structure is probably best
represented by a combination of 3a and 3b.

The question of why compounds like 3 resist hydrolysis
is related to the observed electronic and geometric struc-
ture. Hydrolysis may involve attack of [OH]™ at boron
followed by displacement of [OR]", where in the case of

= 7°-(2,3,4,5-Ph,C,B)][n*-(CsH5)Co. For coupled closo
cages, back-side attack is not possible and front-side attack
is inhibited by the presence of the other cage. The un-
coupled borole complex is readily attacked by nucleophiles
at boron and, thus, inhibition must result strictly from
some effect due to the other cage. From Figure 1, it is
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evident that the phenyl groups on the other complex shield
boron from attack at the bottom of the ring. As noted
above, this relative orientation of the two borole complexes
is consistent with both electronic interactions of the boron
atoms with the bridging oxygen atom plus cage—cage steric
effects. Independent of the mechanistic source of stability,
hydrolytically resistant B-O-B fragments can be consid-
ered as potentially useful coupling units for forming stable
cluster oligomers or more complex extended structures.
The fact that the B-O bond is one of the strongest bonds
known adds further attractiveness to this type of use.

Experimental Section

All reactions and manipulations were carried out with standard
Schlenk-ware under a dry nitrogen atmosphere.”® Solvents were
dried, degassed, and distilled before use. Silica gel (Kieselgel 60
PF,5,, EM Science) made into a water slurry was used to prepare
the 2-mm-thick, 20-cm-diameter discs on glass for centrifugal
prep-TLC. The disks were baked before use. IR spectra were
recorded in a CaF, cell on a Perkin-Elmer 1420 spectrophotometer.
1B NMR spectra were obtained on a Nicolet NT 300 while 'H
spectra were obtained on a GN 300 spectrometer. !'B shifts are
reported with respect to BFgOEt, (5 = 0) and 'H with respect
to TMS (6 = 0). The mass spectral data were recorded on a
Finnigan MAT 8450 hlgh-resolutlon mass spectrometer

Synthesis of {1-[n5-(2,3,4,5-Ph,C,B)][*-(CsH;)ICo},0 (3).
To a 20-mL Schlenk flask containing 0.03 mmol of [n®-(1-Br-
2,3,4,5-Ph,C,B)][75-(CsH;)]Co in 6 mL of toluene was added a
slurry of 0.6 g of KOH powder (10 mmol) in 6 mL of toluene and
the mixture stirred at room temperature. Product formation was
observed by TLC (3 red, R; = 0.5, 1:1 tol /hex, 0.9, CH,Cl,; 2 yellow,
R; = 0.3, CH,Cly) and after 22 h the major species present was
3. Centrifugal TLC with toluene yielded a red band. Partial
removal of the toluene under vacuum followed by the addition
of hexane and refrigeration led to the precipitation of 3 as
well-formed red crystals. The overall yield was ~30%. 'H NMR
(CgDg, 25 °C): 6 6.7-7.7 (m, 40 H, Ph), 4.49 (s, 10 H, Cp). g
NMR (CgDg, 25 °C): 4 20.2 (s, br). MS (CI, isobutane, m/e (rel
intensity)) 996 (15), 997 (100), 998 (80), 999 (22). IR (CsF, toluene)
v 1730 (B-0), 1260 (B-0-B) cm™..

X-ray Crystallography. Crystallographic data are collected
in Table I. A deep red crystal was used to collect 13059 reflections
of which 12447 were independent and systematically present, and
6251 were considered observed (5¢(F,)). No absorption correction
was applied (low u, well-shaped crystal). The structure was solved
by direct methods. There are two independent, but chemically
similar, molecules in the unit cell. At convergence, all non-hy-
drogen atoms, except those of the phenyl rings, were refined
anisotropically, and hydrogen atoms only included on the Cp rings,
calculated as idealized isotropic contributions. All calculations
used and scattering factors are contained in the SHELXTL program
library (5.1) (Nicolet XRD, Madison, WI).
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