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Steric Effects in Heteroboranes. Part 9." Cycloocta-1,5-diene
Palladium and Platinum Complexes of Mono- and Di-phenyl
C.B, Ligands: Metal-mediated Polyhedral Rearrangementt

Gwenda O. Kyd, Lesley J. Yellowlees and Alan J. Welch "t
Department of Chemistry, University of Edinburgh, Edinburgh EH9 3JJ, UK

The compounds 1-Ph-3-(cod)-3,1,2-PdC,B,H,, 1a, 1.2-Ph,-3-(cod)-3.1,.2-PdC,B,H, 2a, 1-Ph-3-
(cod)-3.1,2-PtC,B,H,, 3a, and 1,11-Ph,-3-(cod)-3,1,11-PtC,B,H, 4, have been prepared from the
reactions between TI,[7-Ph-nido-7,8-C,B,H,} or TI,[7.8-Ph,-nido-7,8-C,B,H,] and [PdCl,(cod)] or
[PtCl,(cod)] as appropriate (cod = cycloocta-1,56-diene). The platinum reactions are considerably
cleaner than the palladium ones. Compound 2a was subjected to a crystallographic study which
reveals severe intramolecular overcrowding; the palladium atom is slipped by 0.56 A away from the
C-bound pheny! groups, the co-ordination of the cod ligand to the metal is distorted and the cage
is deformed with extended C-B distances in the ligand face. Although 1a and 3a are structural
analogues, 2a and 4 are not. Rather, compound 4 is only isolated as the C-separated species defined
by a 3,1,11-PtC,B, architecture, thus illustrating that the nature of the metal atom can influence the
ease with which carbametallaboranes undergo polyhedral rearrangement. Compound 1a was recovered
unchanged from refiuxing toluene, but under the same conditions 2a was converted into 2a’, tentatively

identified as the rearranged isomer 1,11-Ph,-3-(cod)-3.1,11-PdC,B,H,.

In previous papers in this series we have demonstrated that
unusual molecular structures and interesting reactivities can
result from deliberately making heteroboranes overcrowded.
Thus, in 1,2-Ph,-3-n-CsMe;-3,1,2-RhC,B,H, the cage adopts
an unusual pseudocloso structure to relieve congestion between
the adjacent phenyl rings, forced to lie nearly coplanar by the
CsMe; ligand.? Moreover, in 1-Ph-3,3-(PMe,Ph),-3,1,2-PtC,-
ByH, , the {PtL,} fragment is required to adopt a conformation
relative to the carbaborane ligand face that is sterically and not
electronically preferred; as such it is ground-state destabilised
and isomerises to two C,,,.-separated isomers at only 55 °C.3
The analogous species 1,2-Ph,-3,3-(PMe,Ph),-3,1,2-PtC,B,H,
cannot be isolated, rather it spontaneously rearranges to
1,11-Ph,-3,3-(PMe,Ph),-3,1,11-PtC,B,H, to avoid overcrowd-
ing between the phosphine ligands and cage-bound phenyl
groups.® Finally, we have very recently shown! that exo-
skeletal isomerisation occurs to separate the copper phos-
phine units in the dicupracarbaboranes [(R;P)Cu],Ph,C,BsH,
as a direct consequence of intramolecular steric crowding,
but that, interestingly, these distant copper phosphine
fragments are still able to exchange in solution at ambient
temperature.

Seeking further information on ML, complexes of sterically
demanding carbaboranes we studied reactions in which
[7-Ph-nido-7,8-C,BgH,,]*" and [7,8-Ph,-nido-7,8-C,BoHy]*"
are treated with sources of {(cod)Pd}** and {(cod)Pt}**
(cod = cycloocta-1,5-diene). As a result we detail the first
isolation of a compound with formula 1,2-Ph,-3,3-L,-3,1,2-
MC,ByH, and describe its very distorted molecular structure.
We also demonstrate the metal dependence of polyhedral
rearrangement for a pair of molecules which are otherwise
identical.

T Present address: Department of Chemistry, Heriot-Watt University,
Edinburgh EH14 4AS, UK.

t Supplementary data available: see Instructions for Authors, J. Chem.
Soc., Dalton Trans., 1994, Issue 1, pp. xxiii—xxviil.

Experimental

Synthesis and Characterisation—All reactions were per-
formed under an atmosphere of dry, oxygen-free N, using
standard Schlenk techniques, with some subsequent manipul-
ations in the open laboratory. All solvents were dried and
distilled under N, just prior to use. Infrared (difference)
spectra were recorded as CH,Cl, solutions in CaF, cells
on a Perkin-Elmer 598 double-beam spectrophotometer, NMR
spectra at 64.21 (*'B, ''B-{'H}) or 200.13 MHz (*H) at 298 K
from CDCI; solutions on a Bruker WP200SY spectrometer,
chemical shifts being reported relative to external BF;-OEt,
and SiMe, respectively, positive shifts to high frequency.
Preparative thin-layer chromatography (TLC) was performed
using 20 x 20 cm glass plates with a 0.2 mm layer of silica
(Merck). Microanalyses were by the departmental service. The
starting materials TI,[7-Ph-rido-7,8-C,BoH,],* T1,[7,8-Ph,-
nido-7,8-C,B4H,],2 [PdCl,(cod)]® and [PtCl,(cod)]® were
prepared by literature methods or slight variants thereof, and
their purities confirmed by microanalysis.

Synthesis of 1-Ph-3-(cod)-3,1,2-PdC,B,H,, 1a.—The salt
T1,[7-Ph-7,8-C,BoH 4] (0.50 g, 0.81 mmol) and [PdCl,(cod)]
(0.18 g, 0.63 mmol) were stirred in CH,Cl, (15 cm?) in a foil-
covered Schlenk tube for 2 h. The mixture was filtered and
the filtrate concentrated to ca. 5 cm® in vacuo, before being
applied to a Florisil column (20 x 2 cm, prewashed with
CH,Cl,). Elution with CH,Cl, revealed a dark red mobile
band which was collected and evaporated to dryness to afford
a dark red solid. Thin-layer chromatography (CH,Cl,~hexane,
1: 1) yielded one major product (1a) and five minor ones (1b-1f).

Compound 1a. 1-Ph-3-(cod)-3,1,2-PdC,B,H, ,, purple, R, =
0.5, yield = 0.05 g (19% based on Pd) (Found: C, 44.6; H, 6.55.
Calc. for C,(H,,ByPd: C,45.4; H, 6.40%). IR v,,,,, at 2515 cm™
(B-H). NMR: "'B-{*H}, § 20.06 (1B), 0.42 (1B), —2.41 (1B),
—4.51 (1B), —7.67 (3B), —13.14 (1B) and —16.66 (1B); 'H, &
7.58 (d of d, J 7.8, 1.4 Hz, 2 H, C¢Hs), 7.32 (m, 3 H, CcHj),
5.81 (m, 2 H, cod CH), 4.93 (m, 2 H, cod CH), 4.73 (brs, 1 H,
cage CH), 2.54 (m, 4 H, cod CH,), 2.30 (m, 2 H, cod CH,,) and
2.09 (m, 2 H, cod CH,).
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Compound 1b. Dark red, R; = 0.6. IR v_,, at 2860 (C-H)
and 2530 cm ™! (B-H). NMR (decomposition apparent during
spectral accumulation), !'B-{'H}, eight principal resonances
at320.2,8.1,0.0, —1.4, —4.6, —6.8, —12.4 and —16.2 plus a
number of low-intensity peaks; 'H, evidence for cod ligand
(multiplets at & 5.75, 2.6 and 2.0) and carbaborane ligand
(multiplets centred on 8 7.6 and 7.3).

Compound 1c. Green, R, = 0.65.IR v,,,, at 2900, 2840 (C-H)
and 2530 cm™' (B-H). NMR: !!B-{'H}, § 20.4, 17.4, 6.7, 0.4,
—2.4, —5.0, —6.8 (underlined resonances not coupled in !'B
spectrum), —10.3 and —15.0 (integrals unreliable); 'H,
evidence for cod ligand (multiplets at § 5.75, 5.6, 2.5 and 2.25)
and carbaborane ligand (multiplets at 6 7.6 and 7.4 and broad
singlet at 4.9).

Compound 1d. Purple, R, = 0.7. IR v_,, at 2910 (C-H) and
2520 cm™ (B-H). NMR: !B-{'H}, § 20.4, 10.2, 0.1, —2.4,
—17.2, —8.3, —12.4and —17.0 (integrals unreliable).

Compound le. Yellow, R; = 0.75.1R v,,,, at 2560 cm™! (B-H).
NMR: 'B-{'H} (very poorly resolved), § 20.2, 8.7, 0.1, —8.4
and —16.9.

Compound 1f. Yellow, R, = 0.85. IR v,,,, at 2920 (C-H) and
2570 cm ! (B-H). NMR: !'B-{*H}, nine principal resonances at
826.2,15.7,29,1.6, —1.3, —3.6, —8.2, —10.2and —12.1; 'H,
evidence for carbaborane ligand only (multiplets at § 7.7 and
7.4, broad singlet at 3.1).

Thermolysis of Compound 1a.—Compound 1a (0.08 g,
0.19 mmol) was suspended in toluene (15 cm?, degassed) and
stirred at 55 °C for 1 h. Since there was no visible change the
suspension was then heated to reflux for 0.5 h, again affording
no apparent change. The toluene was removed in vacuo and the
residue taken up in CDCIl; and filtered. !!B-{'H} NMR:
essentially the same as for 1a except for the appearance of two
additional resonances, 6 — 10.26 and —12.15.

Synthesis of 1,2-Ph,-3-(cod)-3,1,2-PdC,B,H, 2a.—Similarly,
T1,[7,8-Ph,-7,8-C,B,H,] (0.50 g, 0.72 mmol) and [PdCl,(cod)]
(0.15 g, 0.53 mmol) were stirred in CH,Cl, (15 cm?) for 2 h.
Filtration, concentration of the filtrate and column chroma-
tography (Florisil, elution with CH,Cl,) afforded a dark red
solid which again proved to be a mixture of species. Thin-layer
chromatography (CH,Cl,-hexane, 3:2) produced one major
product (2a) and four minor ones (2b-2e).

Compound 2a. 1,2-Ph,-3-(cod)-3,1,2-PdC,ByH,, dark red,
R; = 0.5, yield = 0.04 g (15 based on Pd) (Found: C, 52.2; H,
6.60. Calc. for C,,H,,B,Pd; C, 52.9; H, 6.25%). IR v,,., at 2900
(C-H)and 2515cm™ (B-H). NMR: ''B-{*H}, § 25.21 (1B), 2.85
(2B), 0.85 (2B), —4.86 (3B) and —9.0 (1B); 'H, 8 7.57 (d of d, J
8.1, 1.1 Hz, 4 H, CcHy), 7.16 (m, 6 H, C¢H), 5.58 (br, second
order, 4 H, cod CH) and 2.52 (br, second order, 8 H, cod CH,).

Compound 2b. Orange, R; = 0.55. IR v_,  at 3020, 2960
(C-H) and 2515 cm ' (B-H). NMR: ''B-{'H}, & 14.98 (IB),
1.48 (1B), —2.79 (2B), —6.25 (1B), —11.31 (2B), —17.25(1B)
and —19.57 (1B); 'H, § 7.41 (m, C¢H5), 7.16 (m, C¢Hy), 5.58
(br m, cod CH) and 2.55 (br m, cod CH,) (integrals unreliable).

Compound 2¢. Yellow, R, = 0.65. IR v, at 2900 (C-H) and
2565 cm™ (B-H). NMR: !!'B-{'H}, five principal resonances at
8 —4.2, —59, —12.1, —13.3 and —15.0 plus lower-intensity
peaks at 7.3 (underlined resonances not coupled in !'B
spectrum) and 3.5; 'H, convincing evidence for carbaborane
ligand only (multiplets centred on & 7.4 and 7.15).

Compound 2d. Red, R; = 0.7, trace amount. IR v, at 2900,
2850 (C-H) and 2560 cm™* (B-H). NMR: ''B-{'H},  25.8, 9.5,
35,08, —5.1, —13.3, —14.7, —19.3 and —27.2 (integrals
unreliable); !H, evidence for both cod ligand (broad resonances
centred on & 5.5 and 2.5) and carbaborane ligand (multiplets
centred on § 7.6 and 7.2).

Compound 2e. Orange, R; = 0.8, trace amount. IR v, at
2900 (C-H) and 2540 cm™ (B-H). NMR: "'B-{*H} (very poorly
resolved),15.5, — 1.9, —6.4, —14.7and —19.6; 'H, convincing
evidence for carbaborane ligand only (aromatic region).
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Thermolysis of 2a. As for compound 1a, a sample of 2a
(0.08 g, 0.16 mmol) was stirred in toluene (15 cm?3, degassed)
at 55 °Cfor 1 h then heated to reflux for 0.5 h, the latter causing
a colour change to yellow together with the deposition of a
small amount of black solid. After filtration the solvent was
removed from the filtrate to yield a yellow solid, 2a’. NMR:
'1B-{'H}, § 1.07 (1B), —5.86 (4B) and —14.98 (4B); 'H, § 7.4
7.2(m, 10 H, C¢Hs), 5.7and 5.0 (m, 2 H, 2 H, both cod CH) and
2.6,2.3and 2.1 (m, 2 H, 2 H, 4 H, all cod CH,).

Synthesis of 1-Ph-3-(cod)-3,1,2-PtC,B;H,, 3a.—Similarly,
T1,[7-Ph-7,8-C,BgH, 4] (0.50 g, 0.81 mmol) and [PtCl,(cod)]
(0.23 g, 0.61 mmol) were allowed to react in CH,Cl, (15 cm?)
for 2 h. After filtration the red solution was concentrated and
worked up by TLC (CH,Cl,-hexane, 2: 1) affording one major
band (3a) and one minor band (3b).

Compound 3a. 1-Ph-3-(cod)-3,1,2-PtC,B;H, ,, yellow, R, =
0.85, yield = 0.13 g (42% based on Pt). NMR: 'B-{'H}, §
10.26 (1 B, ' Jp, 280 Hz), — 1.62 (1 B), —5.32(1B), —7.94 (2B),
—10.60 (1B), —12.42 (1B), —14.07 (1B) and —16.44 (1B); 'H,
87.4-7.1 (m, 5 H, C¢Hy,), 5.42 (m, 2 H, 2Jp,y 65 Hz, cod CH),
4.58 (m, 2 H, evidence of 2/py, coupling, cod CH), 3.74 (brs, | H,
cage CH), 2.53 (m, 4 H, cod CH,) and 2.11 (m, 4 H, cod CH,).

Compound 3b. Rust, R, = 0.95, estimated yield <19;. NMR:
118.{'H}, six principal resonances at § 12.9, —1.3, —2.8, —5.2,
—8.0 and —12.2 plus a number of low-intensity peaks, princi-
pally at 23.3 and 10.2; 'H, convincing evidence for carbaborane
ligand only (aromatic region).

Synthesis of 1,11-Ph,-3-(cod)-3,1,11-PtC,B,H, 4.—The salt
T1,[7,8-Ph,-7,8-C,B;H,] (0.50 g, 0.72 mmol) and [PtCl,(cod)]
(0.21 g, 0.56 mmol) were stirred in CH,Cl, (15cm?) for 2 h. The
resulting mixture was filtered and the filtrate concentrated to ca.
5 cm? in vacuo. Column chromatography (alumina, 20 x 2 cm,
elution with CH,Cl,) afforded a single mobile band from which
was recovered an orange solid on removal of solvent. Yield
0.19 g (58% based on Pt). NMR: "'B-{'H}, § —1.72 (1B),
—4.11 (1B), —6.88 (1B), —8.39 (1B), —9.62 (1B), —13.15(1B),
—15.23 (1B), —16.94 (1B) and —17.80 (1B); 'H, § 7.5-7.1 (m,
10 H, C4H,), 5.3-5.0 (br m, 4 H, cod CH) and 2.6-2.2 (br m,
8 H, cod CH,).

Crystallography —Diffraction-quality single crystals of com-
pound 2a were obtained by slow diffusion of Et,O into a
CH,Cl, solution of it at — 30 °C.

Crystal data. C,,H;,BoPd, M = 499.18, monoclinic, space
group P2,/n, a = 10.946(2), b = 12.077(3), ¢ = 17.680(3) A,
B = 91.2340(14)°, U = 2336.7 A® from the least-squares refine-
ment of the setting angles of 25 strong reflections (11 < 8 <
12°),Z = 4, D, = 1.419 gcm™3, py(Mo-Ka) = 7.92 cm™.

Data collection and processing. A CAD4 diffractometer was
employed at room temperature with graphite-monochromated
Mo-K« X-radiation (A = 0.71069 A), ®-20 scans in 96 steps
with © scan width 0.8 + 0.34 tan 0 and scan speeds 0.82-2.35°
min!. 6778 Independent reflections measured to 8,,, = 30°
and h —15to 15, k 0-17,/0-24, over the data collection period.
No detectable decay or movement.

Structure solution and refinement. The metal atom was
located by analysis of the Patterson function, and B, C, cage H
and cod CH atoms from Fourier-difference syntheses. All these
atoms were positionally refined. Phenyl H and cod CH, atoms
were set in idealised positions, C-H 1.08 A. An empirical
absorption correction was applied after isotropic convergence,
following which all non-H atoms refined with anisotropic
thermal parameters. Hydrogen atoms were assigned a common
isotropic thermal parameter, 0.0684(21) A2, at convergence.
Data weighted according to w™! = o*(F) + 0.000815F2. At
convergence R = 0.0422, R" = 0.0478 and S = 0.914 for 5412
observed data [F = 2.0c(F)]. Maximum and minimum resi-
dues in final AF map +0.47 and —0.72 ¢ A3 respectively.
Programs used: CADABS,” SHELX 76,2 DIFABS,® CALC'°
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Fig.1 Perspective view of a single molecule of compound 2a (50%; probability ellipsoids). Phenyl rings are numbered cyclically, C(ij),j = 1-6. Cage
H and phenyl H atoms carry the same number as the B or C atom to which they are bound

and SHELXTL PC.!! Atomic scattering factors for Pd were
taken from ref. 12. Fractional coordinates of non-H atoms
are given in Table 1.

Additional material available from the Cambridge Crystallo-
graphic Data Centre comprises H-atom coordinates, thermal
parameters and remaining bond lengths and angles.

Results and Discussion

The reactions between [PdCl,(cod)] and both TIl,[7-Ph-7,8-
C,B4,H,,] and Tl,[7,8-Ph,-7,8-C,B,H,], under the conditions
described above, give rise to a number of products. In both
cases the major species is the intended one, viz. 1-Ph-3-(cod)-
3,1,2-PdC,B,H, 1a and 1,2-Ph,-3-(cod)-3,1,2-PdC,B;H, 2a
respectively, characterised by microanalysis and ''B, ''B-{'H}
and 'H NMR spectroscopies plus, in the case of 2a, a
crystallographic study (see later). Note that in 2a the cage
carbon atoms remain adjacent, no spontaneous isomerisation
having occurred.

Compound 1la exhibits seven resonances in the ''B-{'H}
NMR spectrum (one triple coincidence) clearly demonstrating
the asymmetry of the cage. All become doublets ('Jgy 135-160
Hz) in the proton-coupled spectrum. The observation of only
two resonances assigned to cod CH protons and three
resonances assigned to cod CH, protons in the 'H NMR
spectrum imples that the cod ligand is free to rotate about the
metal—cage axis at ambient temperature. The !!B-{*H} NMR
spectrum of 2a consists of five peaks in the ratio (high to low
frequency) 1:2:2:3:1 (all doublets, 'Jg; 125-155 Hz, in the
1B spectrum) consistent with at least time-averaged Cg
molecular symmetry (one coincidence). A feature of the ''B
NMR spectra of both 1a and 2a is a peak (corresponding to
one boron atom) at high frequency, & 20.06 for 1a and 25.21
for 2a. Wallbridge and co-workers!3 have analysed spectra
from a series of 3-L,-3,1,2-PdC,B,H,, carbametallaboranes
and convincingly argued that this high-frequency resonance
arises from B(8), the symmetry-unique boron atom in the C,B;
ligand face, and therefore the observation of such resonances in
the spectra of 1a and 2a can be taken as evidence of a 3,1,2-

PdC,B, structure. They tentatively suggested that the low-field
nature of the resonance could be correlated with the degree of
slippage !* (A) of the metal atom across the C,B; face towards
B(8), since for L, = Me,NCH,CH,NMe, Apq = 0.52 A and
8a(s) 20.04 whilst for L, = (PMe;), Apq = 0.26 A and 3y,
6.68. However, this idea was called into doubt by the
subsequent structural characterisation’ of 3-(cod)-3,1,2-
PdC,B,H,, 5 revealing Ap; = 0.24 A for a compound for
which 3gg, 17.67. Nevertheless, for the series § — 1la — 2a
a clear trend in &g, is apparent (17.67, 20.06 and 25.21
respectively) and we will subsequently show that Ap, for 2a is
0.56 A, substantially greater than that in 5, as a consequence of
steric congestion between the cod ligand and the cage Ph
substituents. It may well be the case, therefore, that a
correlation does exist between Ap; and 8pg, in slipped
carbametallaboranes, but only in cases where the exopolyhedral
ligand bound to the metal atom is kept constant. If this is true,
Apq for 1a would be predicted to lie between 0.24 and 0.56 A.

Compound 2a represents the first species of the type 1,2-
Ph,-3,3-L,-3,1,2-MC,ByH, to be isolated. We have previously
reported® that the reaction between cis-[PtCl,(PMe,Ph),]
and T1,[7,8-Ph,-7,8-C,B,H ] affords 1,11-Ph,-3,3-(PMe,Ph),-
3,1,11-PtC,B,H, as the only isolable product. Presumably the
reaction initially affords the 3,1,2-PtC,B, species which spon-
taneously isomerises into the less crowded 3,1,11 isomer to
relieve congestion between the phosphine ligands and cage Ph
substituents. In view of this it was appropriate to confirm the
structural novelty of compound 2a by a diffraction study.

The compound is obtained as diffraction-quality single
crystals by solvent diffusion (CH,Cl,~Et,0). Intensity data
were collected at room temperature and the structure was
solved and refined without difficulty or ambiguity. Fig. 1 shows
a perspective view of a single molecule and demonstrates the
atomic numbering scheme. Table 2 lists selected interatomic
distances and interbond angles determined.

The molecule is confirmed as 1,2-Ph,-3-(cod)-3,1,2-PdC,-
ByH, and as noted is the first example of an ML, complex
of Ph,C,B;H, in which the cage carbon atoms have not
mutually separated via skeletal isomerisation. As a consequence
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Table 1 Fractional coordinates of non-H atoms in compound 2a
Atom X y z

C(1) 0.505 68(25) 0.254 37(21) 0.207 81(14)
C(2) 0.565 89(25) 0.178 89(20) 0.150 69(15)
Pd(3) 0.330 36(2) 0.183 71(2) 0.108 55(1)
B(4) 0.358 1(3) 0.189 8(3) 0.230 75(19)
B(5) 0.495 3(4) 0.195 8(3) 0.291 63(19)
B(6) 0.629 2(4) 0.183 4(3) 0.242 46(19)
B(7) 0.473 4(3) 0.056 12(25) 0.132 30(18)
B(8) 0.347 7(4) 0.049 7(3) 0.194 86(20)
B©Y) 0.408 2(4) 0.069 7(3) 0.285 63(21)
B(10) 0.569 0(4) 0.065 7(3) 0.286 12(22)
B(11) 0.6127(3) 0.058 8(3) 0.188 34(20)
B(12) 0.484 2(4) —0.016 4(3) 0.222 52(22)
C(11) 0.507 29(23) 0.377 09(21) 0.199 36(15)
C(12) 0.555 2(3) 0.445 50(24) 0.25581(17)
C(13) 0.554 9(3) 0.560 3(3) 0.246 65(21)
C(14) 0.505 6(3) 0.608 2(3) 0.182 20(24)
C(15) 0.458 1(3) 0.541 0(3) 0.125 58(22)
C(16) 0.460 5(3) 0.426 74(24) 0.133 79(18)
C(21) 0.644 43(23) 0.224 64(21) 0.088 99(15)
C(22) 0.729 0(3) 0.309 09(23) 0.103 09(18)
C(23) 0.807 1(3) 0.344 0(3) 0.047 76(20)
C(24) 0.802 2(3) 0.296 2(3) —0.023 38(21)
C(25) 0.719 1(3) 0.213 93) —0.038 85(18)
C(26) 0.640 7(3) 0.177 23(23) 0.017 18(16)
C(101) 0.174 1(3) 0.3109(3) 0.099 41(22)
C(102) 0.164 3(4) 0.365 1(3) 0.022 9(3)
C(103) 0.267 0(4) 0.338 7(4) —0.030 19(22)
C(104) 0.327 3(3) 0.226 9(3) —0.019 05(18)
C(105) 0.269 7(4) 0.128 5(3) —0.010 66(19)
C(106) 0.132 8(4) 0.115 6(4) —0.011 7(3)
C(107) 0.071 6(4) 0.126 8(3) 0.063 5(3)
C(108) 0.129 6(3) 0.209 7(3) 0.117 17(24)

Fig.2 Compound 2a viewed from the side showing the conformations
of the phenyl substituents. 0, for C(11)-C(16) is 33.2° and for
C(21)-C(26) is 50.0°, the rings being twisted in conrotatory fashion
from 8, = 0°

of this non-isomerisation, however, the molecular structure of
compound 2a shows evidence of severe intramolecular over-
crowding. First, the metal atom is substantially slipped (Apy =
0.56 A) away from the cage Ph substituents towards B(8).
Recall that in the non-cage-Ph analogue 5 Ap, is only 0.24 A.1%
Consistent with this greater slip in 2a is a more severe buckling
of the carbaborane C,B; face, with the fold angles 6 and ¢,
measured with respect to the lower B; belt,!* being 8.3 and 5.2°
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respectively (c¢f. 5.9 and 4.9°, respectively, in 5). Secondly, the
cod ligand is substantially twisted away from the cage Ph
substituents whilst still remaining n2,n2-bound to Pd(3). The
twisting is uneven between the two n2-ene functions: thus, the
C(105)-C(104) vector makes an angle of 12.4° with the best
plane through the B(5)B(6)B(11)B(12)B(9) belt, and Pd(3)-
C(104) is greater than Pd(3)-C(105) by only 0.020(6) A.
In contrast, C(108)-C(101) is inclined at 21.6° to the B belt
with Pd(3)-C(101) longer than Pd(3)-C(108) by 0.073(6) A.
Overall, the average Pd-C(cod) distance in 2a is 2.285(33) A,
longer than in 5, 2.238(23) A.

Thirdly, the carbaborane cage shows distortions which
further serve to reduce cod-phenyl crowding. The distances
C(1)-B(4) and C(2)-B(7), 1.846(4) and 1.821(4) A, are the
longest icosahedral C-B bonds of which we are aware [cf.
1.785(5) and 1.765(4) A in 5] and the former is actually longer
than any measured B-B separation in compound 2a. The
C(1)-C(11) and C(2)-C(21) vectors are inclined with respect
to the reference B belt by 29.1 and only 23.8° respectively
{¢f. average of 30.5° in two salts of [7,8-Ph,-nido-7,8-C,B,-
H, o] }.'® The Phrings in 2a are conrotated from their positions
in1,2-Ph,-1,2-C,B,H,, !” to define 6,, (modulus of the average
C.agc—Ceage—C—C torsion angle)'® values of 33.2 and 50.0° for
C(11)-C(16) and C(21)-C(26) respectively; these conformations
are readily appreciated in Fig. 2. Perhaps not surprisingly, the
phenyl ring which is the less depressed towards the lower B; belt
and which also is the more perpendicular to the C,B; face
[C(11)-C(16)] is on the same side of the molecule as is the more
distorted n2-ene function [C(101)-C(108)]. The C(1)-C(2)
distance in 2a is 1.521(4) A, longer than that in 5 [1.495(4) A]in
spite of the greater A, distortion in 2a [usually, the greater the
slip the shorter is C(1)-C(2)]'* which clearly reflects some
mutual repulsion of the phenyl groups. Interestingly, however,
C(1)-C(2) in 2a is the shortest such distance yet recorded in a C-
adjacent diphenylcarbaborane,>'®171 a fact which may be
related to the average 0p, value of ca. 42°: extended-Hiickel
molecular-orbital calculations'” on idealised models of 1,2-
Ph,-1,2-C,B;,H,, in which the phenyl substituents were
synchronously conrotated from 6, = 0° revealed steadily
increasing C(1)/C(2) overlap and molecular stabilisation;
however, beyond 0p, ca. 45° rapid and -catastrophic
destabilisation occurred because of Ph...Ph crowding,
suggesting that, in the absence of the cage carbon atoms being
pushed apart (as occurs in pseudocloso species),?2° Op, ca. 40—
45° describes the optimum and limiting conformation of closo
diphenylcarbaborane species.

Compound 1a is recovered unchanged from refluxing toluene
save for the appearance of two additional resonances in the !B
NMR spectrum, possibly the results of slight decomposition.
Crucially, however, the high-frequency resonance (& 20.06)
remains, confirming retention of a 3,1,2-PdC,B, architecture.
In contrast, thermolysis of 2a at toluene reflux results in the
formation of a new yellow product 2a’, the !'B NMR spectrum
of which does not contain a high-frequency signal, suggesting
that cluster isomerisation has occurred. Although the !'B-{'H}
NMR spectrum of 2a’ appears to indicate a symmetric structure
(only three resonances, 1:4:4, all of which are doublets, 'Jgy
140-155 Hz, in the proton-coupled spectrum), the *H spectrum
(two signals, 2:2, for cod CH protons and three signals, 4:2:2,
for cod CH, protons) reveals that this is not so. We tentatively
identify 2a’ as the C-separated species 1,11-Ph,-3-(cod)-3,1,11-
PdC,B,H, by analogy with 1,11-Ph,-3,3-(PMe,Ph),-3,1,11-
PtC,B,H,.?

Both compounds 1a and 2a are formed in reactions which
also afford a number of other products, 1b-1f and 2b-2e
respectively, all isolated in only very small quantities. This fact,
together with, in some cases, the instability of these minor
products, resulted in their incomplete characterisation. All are
coloured and contain carbaborane ligand (IR and !'B NMR
evidence). Compounds 1b, 1¢, 2b and 2d clearly also contain
cod ligands (\H NMR). For four of the minor compounds (lc,
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Table 2 Selected interatomic distances (A) and interbond angles (°) in compound 2a

C(1)-CQ2) 1.521(4) B(7)-B(12) 1.821(5)
C(1)-B(4) 1.846(4) B(8)-B(9) 1.740(5)
C(1)-B(5) 1.648(4) B(8)-B(12) 1.754(5)
C(1)-B(6) 1.704(4) B(9)-B(10) 1.760(6)
C(1)-C(11) 1.490(4) B(9)-B(12) 1.749(6)
C(2)-B(6) 1.752(4) B(10)-B(11) 1.806(5)
C(2)}-B(7) 1.821(4) B(10)-B(12) 1.751(6)
C(2)-B(11) 1.671(4) B(11)-B(12) 1.791(5)
C(2)-C(21) 1.508(4) C(12)-C(13) 1.395(4)
Pd(3)-C(1) 2.710(3) C(12)-C(11) 1.389%(4)
Pd(3)-C(2) 2.699(3) C(13)-C(14) 1.377(5)
Pd(3)-B(4) 2.177(4) C(14)-C(15) 1.381(5)
Pd(3)}-B(7) 2.230(3) C(15)-C(16) 1.388(5)
Pd(3)-B(8) 2.229(4) C(16)-C(11) 1.393(4)
C(2)-C(1)-B(6) 65.50(19)  B(8)-B(9)-B(12) 60.37(22)
C(2)-C(1)-C(11) 121.6(2) B(10)-B(9)-B(12)  59.86(23)
B(4)-C(1)-B(5) 62.85(19)  B(5)-B(10)-B(6) 58.70(22)
B(4)-C(1)-C(11) 117.0(2) B(5)-B(10)-B(9) 61.25(23)
B(5)-C(1)-B(6) 62.01(20)  B(6)-B(10)-B(11)  60.38(21)
B(5)-C(1)-C(11) 121.22) B(9)-B(10)-B(12)  59.76(23)
B(6)-C(1)-C(11) 121.72) B(11)-B(10)-B(12)  60.45(22)
C(1)-C(2)-B(6) 62.28(18)  C(2)-B(11)-B(6) 60.67(19)
C(1)-C(2)-C21) 121.5(2) C(2»-B(11)>-B(7) 63.12(18)
B(6)-C(2)-B(11) 63.02(19)  B(6-B(11)-B(10)  58.36(21)
B(6)-C(2)-C(21) 116.0(2) B(7)-B(11}-B(12)  60.95(20)
B(7)-C(2)-B(11) 61.90(18)  B(1C)-B(11)-B(12)  58.25(22)
B(7)-C(2)-C(21) 119.5(2) B(7)-B(12)-B(8) 59.89(20)
B(11)-C(2)-C21)  115.6(2) B(7)-B(12)-B(11)  59.79(20)
B(4)-Pd(3)-B(8) 48.48(13)  B(8)-B(12)-B(9) 59.56(22)
B(7)-Pd(3)-B(8) 4721(12)  B(9)-B(12)}-B(10)  60.39(23)
C(101)-Pd(3)-C(104) 77.64(12)  B(10)-B(12}-B(11)  61.30(22)
C(101)-Pd(3)-C(108) 34.75(13)  C(13)-C(12)-C(11) 120.5(3)
C(104)-Pd(3)-C(105) 34.19(13)  C(12)-C(13)-C(14) 120.9(3)
C(105)-Pd(3)-C(108) 80.65(14)  C(13)-C(14)-C(15) 119.2(3)
Pd(3)-B(4)-B(8) 67.29(16)  C(14)-C(15)-C(16) 120.1(3)
Pd(3)-B(4)-C(1) 84.28(16)  C(15)-C(16)-C(11) 121.4(3)
B(5)-B(4)-B(9) 58.9921)  C(1)-C(11-C(12)  121.6(2)
B(8)-B(4)-B(9) 57.24(20)  C(1)-C(11)-C(16)  120.5(2)
C(12)-C(11)-C(16) 117.9(3)

Pd(3)-C(101) 2.302(4) C(2)-C(23) 1.379(4)
Pd(3)-C(104) 2.315(4) C(22)-C(21) 1.396(4)
Pd(3)-C(105) 2.295(4) C(23)-C(24) 1.384(5)
Pd(3)-C(108) 2.229(4) C(24)-C(25) 1.371(5)
B(4)-B(5) 1.830(5) C(25)-C(26) 1.396(4)
B(4)-B(8) 1.810(5) C26)}-C(21) 1.393(4)
B(4)-B(9) 1.823(5) C(101)-C(102) 1.504(5)
B(5)-B(6) 1.727(5) C(101)-C(108) 1.355(5)
B(5)-B(9) 1.798(6) C(102)~C(103) 1.515(6)
B(5)-B(10) 1.770(6) C(103)-C(104) 1.514(5)
B(6)-B(10) 1.753(5) C(104)-C(105) 1.355(5)
B(6)-B(11) 1.790(5) C(105)-C(106) 1.506(6)
B(7)-B(8) 1.786(5) C(106)-C(107) 1.508(7)
B(7)-B(11) 1.801(5) C(107)-C(108) 1.510(6)
C(1)-B@)-B(5)  $327(17)  C(23}-C(2}-C(21)  121.03)
C(1)-B(51-B(4)  63.88(19)  C(22)-C(23)-C(24)  120.3(3)
C(1-B(5-B(6)  60.58(20)  C(23}-C(24)-C(25)  119.8(3)
B(4-B(5-B(9)  60.31(21)  C(24)-C(25-C(26)  120.2(3)
B(6)-B(5-B(10)  60.17(22)  C(25-C(26)-C(21)  120.7(3)
B(9-B(51-B(10)  59.1022)  C(2}-C(21)}-C(22) 121.6(2)
C)-B(6)-C(2)  522216)  C(2)-C(21)-C(26) 120.2(2)
C(1)-B(6)-B(5)  57.41(19)  C(2-CQ1)-C(26)  118.0(2)
CQ)-B(6)-B(11)  56.30(18)  Pd(3)}-C(101)-C(102) 113.1(2)
B(5-B(6)-B(10)  61.1322)  Pd(3)-C(101)-C(108)  69.67(21)
B(10)-B(6)-B(11)  61.2521)  C(102)-C(101)-C(108) 125.6(3)
CQ)-B(7)-Pd(3)  8L75(15)  C(101)-C(102)-C(103) 115.2(3)
CQ)»-B(7-B(11)  5497(17)  C(102)-C(103)-C(104) 115.7(3)
PA(3)}-B(7-B(8)  66.37(16)  Pd(3)-C(104)-C(103)  109.0(2)
B(8)-B(7)}-B(12)  58.18(20)  Pd(3)-C(104)-C(105)  72.10(22)
B(11)-B(7)-B(12)  59.26(20)  C(103)-C(104)-C(105) 126.5(3)
PA(3)-B(8)-B(4)  64.23(16)  Pd(3)-C(105-C(104)  73.72(22)
PA(3}-B(8)}-B(7)  66.42(16)  Pd(3)-C(105)-C(106)  108.0(3)
B(4)-B(8)-B()  61.76221)  C(104-C(105)-C(106) 123.6(4)
B(7-B(8)}-B(12)  61.93(20)  C(105)-C(106)-C(107) 116.2(4)
B(9)-B(8)-B(12)  60.07(22)  C(106)~C(107)-C(108) 115.1(4)
B(4)-B(9-B(5)  60.7021)  Pd(3)-C(108)}-C(I101)  75.58(22)
B(4)-B(9-B(8)  61.01(21)  Pd(3)-C(108)-C(107)  105.4(3)
B(S-B(9-B(10)  59.6523)  C(101)-C(108)-C(107) 126.9(3)

1d, 2c and 2d) there are resonances in the !'B-{"H} NMR
spectrum which do not show !Jyy coupling in the ! 'B spectrum,
possibly suggesting systems in which two cages are linked via
a B-B bond or in which an organic group is directly bonded to
a carbaborane cage through a C-B link, for which precedents
have been established.?! To some extent the multiplicity of
products of these reactions could be due to the fact that they
were deliberately non-stoichiometric (an excess of thallium
carbaborate, the insoluble reactant, being used to ensure
complete reaction of the metal substrate) but it is likely that
other factors are also important, since (i) stoichiometric
reaction of TI,[C,ByH,,;] and [PdCl,(cod)] also gives rise
to a number of products ! and (ii) similar non-stoichiometric
reactions involving [PtCl,(cod)] are considerably cleaner.
Thus, the reaction between TI,[7-Ph-7,8-C,B4H,,] and
[PtCl,(cod)] (ca. 4:3 molar ratio) affords one major species 3a
and one very minor one 3b (not fully characterised) after
chromatographic separation. Compound 3a was identified as
1-Ph-3-(cod)-3,1,2-PtC,B,H,, (i.e. the platinum analogue of
1a) on the basis of !'B, 1'B-{'H} and "H NMR spectroscopies.
In the "'B-{'H} spectrum there are eight resonances, all of
which couple ('Jpy 140-175 Hz) in the !'B spectrum.
Importantly, these spectra feature one relatively high-frequency
resonance (3 10.26) which additionally shows '°3Pt satellites,
Jps ca. 280 Hz. This resonance is readily assigned to B(8), the
central boron atom of the C,B, ligand face. Similar high-
frequency resonances, with attendant satellites, have previously
been observed for 1-(CH,0OCHj,)-3,3-(PMe,Ph),-3,1,2-PtC,-
ByH, 22 (8 6.52, 'Jpg 254 Hz) and 1-Ph-3,3-(PMe,Ph),-3,1,2-
PtC,BoH ,*22 (8 11.01, ' Jp5 225 Hz) both of which have been

characterised crystallographically; they are absent, however, in
the spectra of compounds 1-Ph-3,3-(PMe,Ph),-3,1,11-Pt-
C,B4H,, and 11-Ph-3,3-(PMe,Ph),-3,1,11-PtC,BgH ,*2?
(again, both crystallographically characterised) in which the
ML, fragment binds a CB, ligand face. We may conclude,
therefore, that the observation of a ?°Pt-coupled high-
frequency !'B resonance is diagnostic of a 3,1,2-PtC,B,
structure, using ! 'B NMR spectroscopy in a similar way to that
employed for compounds 1a and 2a.

Compound 4 is the only isolable product (ca. 60% yield) of
the reaction between TI,[7,8-Ph,-7,8-C,ByH,] and [PtCl,-
(cod)]in 3:2 molar ratio. The *'B-{’H} NMR spectrum reveals
nine resonances (all doublets, Jg; 135-160 Hz, in the proton-
coupled spectrum) of equal integral, suggesting that the mole-
cule is asymmetric. Moreover, the highest-frequency ''B NMR
signal is only 8§ —1.72 with no resonance showing evidence of
platinum satellites, suggesting that 4 does not contain Pt
bonded to a C, B, ligand face, as discussed above. All attempts
to grow diffraction-quality single crystals of 4 have so far failed,
but the available evidence is fully consistent with the formul-
ation 1,11-Ph,-3-(cod)-3,1,11-PtC,B,H,, i.e. analogous to 2a’,
but in which the C,,, atoms have spontaneously separated as
in 1,11-Ph,-3,3-(PMe,Ph),-3,1,11-PtC,B,H,.*

The formation (under identical conditions) of the diphenyl-
carbaborane complexes 2a as the 3,1,2-PdC,B, isomer and 4
as the 3,1,11-PtC,B, isomer suggests that the nature of the
metal atom is important in the ability of carbametallaboranes
to undergo polyhedral rearrangement. We and others 24 have
already shown that isomerisation temperatures can be lowered
by deliberately introducing steric crowding into carbametalla-
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boranes (recall also the fact that the crowded molecule 2a can
be transformed into 2a’, a compound apparently analogous to
4, under conditions in which the less crowded 1a is inert to
isomerisation), but there is clearly another factor operating in
the formation of 4 as a C-separated species, since Pd" and Pt"
are generally regarded as very similar in size.?> Stone and co-
workers 2627 have previously demonstrated the greater tend-
ency of third-row transition-metal (W) carbametallaboranes to
undergo rearrangement compared to their second-row (Mo)
analogues in chemical reactions (e.g. with CO and aqueous
HX). As far as we are aware, the actual synthesis of formally
analogous second- and third-row transition-metal carbametalla-
boranes as different isomers, as demonstrated by 2a and 4, is
novel. We are currently investigating the possible origins of this
unexpected behaviour.
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