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Abstract—Treatment of the reagent [NEt,J[Rh(CO)(PPh.)(#°-7,9-C,BsH,,)] in CH,Cl,,
in the presence of TIBF,, with half an equivalent of the digold compounds [Au,Cl,{u-
Ph,P(CH,),PPh,}] (n = 2-6) affords the complexes [Rh,Au,{u-Ph,P(CH,),PPh,}(CO),
(PPh3)5(1°-7,9-C;BgH,));]. The compounds [Rh,Au,{u-Ph,P(CH,),PPh,}(CO),(PPh,),
(1°-7,8-C,BsH,,),] (n = 3 or 6) have similarly been prepared. Reactions between the digold
complexes [Au,Cly(u-Z or E-Ph,PCH—CHPPh,)] and the salts [NEt,J[Rh(CO)(PPh;)(5°>-
7,n-C,BgH ;)] (n = 8 or 9) give the four isomeric dirhodium—digold complexes [Rh,Au,(u-
Z or E-Ph,PCH=—CHPPh,)(CO),(PPh;),(n*-7,n-C,BsH,,),]. The NMR data for the new
compounds are reported and discussed in terms of the formulations proposed.

In studies on compounds having bonds between
dissimilar metal atoms, we have employed the
salts [NEt,J[Rh(CO)L)(n°-7,8-C,BsH4R,)] (la,
L=PPh,, R=H; 1b, L=CO, R =Me; I,
L = PPh;, R = Me) to prepare complexes in which
rhodium is bonded to rhenium,* cobalt,™
iridium, '* platinum'>¢ and gold.'*' This approach
to compounds with heteronuclear metal-metal
bonds was prompted by the recognition that the
anion of the salt 1a is isolobally mapped? with
[Fe(CO),(n*-CsHs)]~, and that the latter has been
employed as a useful synthon for preparing mixed-
metal compounds for some 30 years.? The reagent
1d is an isomer of 1a,* having an #°-7,9-C,B;H,,
ligand instead of the #°-7,8-C,B,H, group present
in the former species.t We have recently studied
reactions between 1d and the platinum compounds
[PtCI(R)(L),] (R=H, Me or Ph; L = PEt,,
PMe,Ph or PPh;) and have thereby obtained a var-
iety of Rh—Pt complexes. '® In this paper we extend
our work with 1d describing a series of new Rh—Au

* Author to whom correspondence should be addressed.

tIn the salt 1a a rhodium atom forms, with a
[nido-7,8-C,;BgH ]~ dianion, a closo-1,2-dicarba-3-
rhodadodecaborane structure. Similarly, in 1d a [nido-
7,9-C,BoH,,]*>~ dianion forms a closo-1,7-dicarba-2-
rhodacarborane icosahedral framework. However, in the
formulae in this paper the carborane groups are desig-
nated as n°-7,n-C,BgH,, (n =8 or 9) in order to empha-
size their pentahapto ligand properties, in which they
formally act as four-electron donors.

compounds. Earlier work with the reagents la—1c
afforded several Rh—Au complexes, including the
compounds 2-4.'*f

RESULTS AND DISCUSSION

The reaction between [AuCl(PPh,)] and 1d in
THF, in the presence of TIBF, to remove chloride
as insoluble TICI, afforded the complex [RhAu
(CO)(PPh,),(°-7,9-C,B,H ;)] (2d), characterized
by the data given in Tables 1 and 2. Compound 2d
(Fig. 1) is an isomer of 2a.'® Both species show a
single, very strong band in their IR spectra for
the CO ligand (2a, 1998 ; 2d, 1993 cm '), and the
*'P{'"H} NMR spectra reveal two resonances for
the PRh and PAu groups. Those for 2d occur at §
36.4 [PRh, J(RhP) 132 Hz] and 33.2 (PAu). The
corresponding data for 2a are d 35.9 [PRh, J(RhP)
123 Hz] and 4 35.3 [PAu, J(RhP) 12 Hz}, which are
clearly very similar.

The "*C{'"H} NMR spectrum of 2d was informa-
tive with signals for the CO group at & 192.5
[J(RhC) 73, J(PC) 14 and 8 Hz], and for the cage-
carbon nuclei at § 51.9 and 49.1. The observance of
two CH(C,B¢H, ) peaks is consistent both with the
"H NMR data (6 1.96 and 2.19) and with the data
for 2a (6 44.3 and 44.0 in the '*C{'H}, and § 1.91
and 2.52 in the '"H NMR spectrum), and is as
expected given the asymmetry of the rhodium
centre. Whether the carborane ligand is rotating
about an axis through the rhodium atom and the
centroid of the open pentagonal face, or whether
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it is rigid on the NMR time-scale, will make no
difference to the asymmetry of the CH vertices with
respect to the Rh(CO)(PPh;)Au fragment. This is
because there is no position the cage may adopt
which will allow a plane of mirror symmetry to be
drawn through the molecule, so as to make the CH
vertices equivalent. They must always be in-
equivalent, although their signals may sometimes
be accidentally coincident. What is noteworthy is
that in the ?C{"H} NMR spectrum of 2a the signal
at 6 44.3 appears as a doublet [J(XC) 5 Hz), pre-
sumably due either to '°*Rh or *'PRh coupling.
However, both CH signals for 2d are singlets. This
slight difference possibly arises from the fact that
the 7,9 cage is known to adopt a slightly distorted
geometry, with one of the boron atoms in the penta-
gonal coordinating face lying out of the plane of
the remaining four atoms. '®* This slight distortion,
relative to the geometry of the 7,8 cage where no
similar distortion has been observed, may be
sufficient to remove the slight coupling.

What is more unexpected, and thus even more
noteworthy, is the fact that in 2d the signal for
the CO group is a doublet-of-doublet-of-doublets,
whereas in 2a it is the more expected doublet-of-
doublets. This is a feature which is observed again
later in relation to the compounds 5 ; the 7,9 species
always shows an extra *'PAu coupling to the CO
group. We propose that this extra observable coup-

[NEtg]
L o
1a  PPhy CH
i co CMe
¢ PPhy CMe

7’
Rh— Au(PPh,)

4
"/
L
L @
2a PPh; CH
» CO CMs
2c  PPhy  CMe
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ling is due to a very subtle shift in the position of the
CO ligand, making it more transoid to the Au—P
vector, and thus increasing the magnitude of the
*'PAu coupling to the point where it becomes
resolved and hence observable. Indeed, it seems
reasonable to assume that this subtle repositioning
of the CO group is a further consequence of the
slightly distorted 7,9 cage. Furthermore, that dis-
tortion, resulting in a slight shifting of the ligands
relative to one another, may also account for the
fact that the signal for the PAu group in 2a is a
doublet, due to '°*Rh coupling, whereas in 2d the
comparable PAu signal is a broad singlet. This
difference between the 7,8 and 7,9 systems will again
become apparent when we discuss compounds 5,
where the same subtle variations are observed.

In view of the earlier synthesis of the tri-
metal complex 3a,'® from the reaction between
1la and [WAuCl(u-CC¢H Me-4)(CO),(n-CsHj)l,
in the presence of TIBF,, the corresponding
reaction between 1d and the tungsten—gold spe-
cies was investigated. In this manner the com-
plex [WRhAu(u-CCH Me-4)(CO)y(PPh;)(1>-7,9-
C,B4H,;)(n-CsHj)] (3¢) was prepared (Fig. 1).
The latter was fully characterized by the data
given in Tables |1 and 2, and, as expected, these
data are very similar to those of its isomer 3a
containing the #°-7,8-C,B,H, ligand.

The synthesis of 3¢ from [WAuCl(u-CCH ,Me-4)

o>
aA\\ !\“‘!
®;

[NEty]

7
o€ “pph,

OBH

1d @CH

CQH4M9'4

W(CO)a(n-CsHs)

L ®
3a PPhg CH
3b CO CMe

Fig. 1.
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(CO)»(n-CsH;s)] and 1d also afforded small quan-
tities of 2d and {W{=CCH Me-45(CG) ,(n-CH 5.
These two by-products evidently form via the de-
COMPOSINDN G1dE Hince sHnons i inehahes were
observed to decompose slowly to give the same two
species. The isomeric compound 3a is more stable,
and its structure was confirmed by X-ray diffrac-
tion.'®

We have recently employed the digold com-
pounds [Au,Cl,{u-Ph,P(CH,),PPh,}] (n=2-6)
and 1A, Cf w-Z ar E-Pr, pCH—CHPPh, i as pre-
cursors for the synthesis of ditungsten—digold
compiexes, 1w wmeh wo RC=WICO49° 3,3
C,BsMe,) (R = C;H,Me-4) groups are bridged by
AuP(Ph),(CH,),(Ph),PAu or AuP(Ph),CH—CH
(Ph\,PAu units.” [t was of interest. therefore. to
determine if reactions between 1d and the same
digold compounds would afford complexes of the
types [Rh,Au,{u-Ph,P(CH,),PPh,}(CO),(PPh,),
n*-1,9-C;BsH,)),] and [Rh,Au,(u-Z or E-Ph,
PCH=CHPPh,(COWL(PPh, (1" 7.9-C-B.H 4.
in which two Rh(CO)(PPh,)(°-7,9-C,B,H ,) frag-
ments are similarly held together by the AuP(Ph),
(CH,),(Ph),PAu or AuP(Ph),CH—CH(Ph),PAu
moieties.

Treatment of a CH,Cl, solution of 1d with half an
equivalent of the chlorogold complexes [Au,Cl,{ -
Pi,2(CH ), PPh,0), in the presence of excess TIBE,,
afforded the compounds [Rh,Au,{u-Ph,P(CH,),
F?BZ}QC())Z{S’?K)3)2{7)f—7,()-(:239§{1 D v =12 G2y,
3 (5b), 4 (5d), 5 (5¢) and 6 (5f)]. In similar syntheses,
employing the reagent 1a, the complexes [Rh,Au,
{ﬂ‘PhZP(CHz)nPth}(CO)2(PPh3)2(']5 - 7.8 - C,B,
H,)),] {n =3 (5¢) and 6 (5g)] were obtained. The
pairs of compounds 5b and 5S¢, and 5f and Sg, are
isomers, differing only in the disposition of the CH
vertices in the nido-n*>-C,B;H,, ligands. Data
characterizing all the compounds 4§ are summarized
in Tables 1 and 2, and are in agreement with the
formulations shown for 5a, 5b and 5d-5f (Fig. 2).
Structural formulae for Se¢ and 5g are not displayed
because of their close similarities with those of Sb
and Sf, respectively.

All the species 5 show a single CO stretching band
in their IR spectra in the range 1989-2002 cm~'.
Tie AWK ahta (Tadik J) were inrormative 1n sup-
porting the structures proposed. The *'P{'H}
NMR spectra of the complexes showed two reson-
ances 107 e TRy and TAR Zrouss. respeciivay.
The ratter signals were generally Broad’singlets, 1
the range § 28.2-33.4. However, the spectra of Sc¢
and S were saliivhanty resevvad for dine DR res
onances to appear as doublets, due to weak
' RhAu’'P coupling (11 Hz) ; the change from the
7,9- to the T,8-cage seeming to make the diiference,
as was discussed earlier. The PRh resonances of Sb—

2845

5f occur as broad doublets [J(RhP) 122-132] at
ta & 36.5. That of Sa, however, was a doublet-of-
doublets with couplings of 132 and 30 Hz, respec-
Tvép. He asciive e Tonme W e aninavh
103R h—3'PPh, single bond coupling. Since the PAu
resonance is a singlet the 30 Hz value cannot be
the result of a three-bond *'PPh;RhAu’'PPh,
coupling, and must also be due to a '*’Rh—>'PPh;,
interaction. The observation of this second, but
weak, '’ Rh—>'P coupling may be caused by a
spatiat “'Ri-——Rn*'P effect, arsing Cnrough a
folding of the relatively short P(CH,), chain so
25 10 Prng e RBCOPFR NN’ 3.3CB.%,.)
groups into proximity with one another. Unfor-
tunately, it was not possible to grow crystals of 5a
for an X-ray diffraction studyv.

With the exception of Sa, the '*C{'H} NMR
spectra of all the complexes showed a single res-
onance for the CO ligand. The absence of the
expected signal in the spectrum of 5a is attributed
to measurements being made on a weak solution.
resulting from the relative insolubility of the com-
pound, together with the anticipated multiplicity of
the resonance, thereby leading to the peaks being
lost in the noise. For the other compounds, the CO
resonances are seen at ca ¢ 192, appearing either as
a doublet-of-doublets [ J(RhC) ca 75, J(PC) ca 14
2nd % Hzj for the compiexes contaming the 79-
carborane ligand, or as a doublet-of-doublets
CSREC) ea T2, JECO) ca 1% 2 for e 193
analogues. As was mentioned earlier for 2a vs 2d,
this difference is attributed to the distortions of the
1°-7,9-C,B,H ,, ligand being sufficient to force the
CO group more transoid relative to the PAu moiety,
thus increasing the *'PAuRh'*CO coupling. All the
complexes 5§ show the expected two diagnostic
peaks for the non-equivalent carborane cage CH
nuclei. Interestingly, the signals for the species 5S¢
(0 44.5 and 43.9) and 5g (6 44.3 and 43.8), which
contain #°-7,8-C,B4H,, groups, are less widely sep-
arated than those (6 ca 52 and 49) for the molecules
5 which have 1°-7,9-C,B,H,, ligands. The assign-
ments for the CH, groups in the 'H and '*C{'H}
NMR spectra (Table 2) were made in part on the
basis of those for the structurally related complexes
W3R - CEGTLNIE - 4),{ 4 - PR.PICHY), PPR,§
(CO)4(115-7,8-C2B9H9Mez)2].5

Solutions of the compounds 5 slowly (several
‘noursy decompose 1o give he compound 2a nr 28,
aepenaing on wihich 7~CBoF,, group they
contain. The species with the ionger CH , chains and
v e T, 3-E0B0iT) | CAEE SYSTaIT apprearad
marginally more stable in solution. However, in
contrast, the reaction between 1a and [Au,Cl,(u-
Ph,PCH,CH,PPh,){ did not afford an isomer ot $a,
only decomposition products being observed.



2846

/Rh Au----=]----- Au R\h\
o”d N7 \ e
0 (n-CsHs)(CO)2 o

@®CMe OBH @B R=CgHsMe-4

4

P e PPh;,C .
_Rh— Au—FI’—(CHz)n —fl’—-Au—F\‘h/
7/ Ph Ph AN
PPh,
@®cCH OBH
n
5a 2
5b 3
5d 4
5e 5
5t 6
Fig. 2.

Reactions between the salts 1a and 1d and the
compounds [Au,Cl(u-Z or E-Ph,PCH=—CHPPh,)]
were next investigated, and in this manner the
four isomeric complexes [Rh,Au,(y-Ph,PCH=
CHPPh,)(CO),(PPhy),(n>-7,n-C,BgH )] (n =8 or
9) (6) were prepared ; data for which are given in
Tables 1 and 2. Only the species 6a and 6b, contain-
ing nido-n>-7,9-C,BgH,, ligands, are displayed
(Fig. 3), since 6¢ and 6d with nido-n°-7,8-C,BH
groups are structurally so similar. Compound 6c,
with a trans-Ph,PCH=CHPh, group and an 5°-
7,8-C,BsH,, cage, was relatively unstable in solu-
tion, decomposing to give 2a. Hence, a pure sample
for microanalysis was not obtained. The NMR data
for 6¢, and all the other compounds 6, displayed the
expected resonances in accord with the structures
proposed. As expected, based on the earlier dis-
cussion, in the "*)C{'H} NMR spectra, the signals
for the CO ligands in 6¢ and 6d, both of which
contain the 7,8-carborane group, appeared as a doub-
let-of-doublets. As was also expected, that for the
CO group of 6a, containing the 7,9 cage, was a
doublet-of-doublet-of-doublets. However, for 6b,
although it also contains the 7,9-C,BoH,; group,
the signal for the CO ligands was the more simple
doublet-of-doublets. Possibly, in this case, the con-
straints of the sterically more rigid and thus more
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demanding cis-alkene forces the PAu group into a
position such that the >’ PAuRh"'*C coupling is now
too small to be resolved, or is possibly zero. In fact,
itis noteworthy that, in this complex only, the signal
for the PAu group appears as a doublet, due to
193Rh—3'P coupling (15 Hz), whereas for 6a, ¢
and d the resonance is observed as a broad singlet.
Clearly, in these compounds, with less steric free-
dom than those containing alkane chains, there is
not just an effect caused by the change of the car-
borane cage, but also one due to the steric con-
straints imposed by the alkene group.

EXPERIMENTAL

Light petroleum refers to that fraction of b.p. 40—
60°C, and all solvents were freshly distilled over
appropriate drying agents prior to use. Chromato-
graphy columns ca 15 cm long and 3 cm in diameter
were packed with silica (70-230 mesh). Celite pads,
used to remove TICI by filtration, were ca 3 cm
thick. All experiments were carried out under nitro-
gen using Schlenk-tube techniques. The NMR
measurements were made using a Bruker AMX 360
MHz spectrometer and IR spectra were recorded
with a Bruker IFS 25 instrument. The reagents
[NEt J[Rh(CO)(PPh;)(>-7,n-C,BoH )] (n =8 or
9),* [AuCIl(PPh,)],* [WAuCI(u-CC¢H Me-4)(CO),
(n-CsHJ)L"  [Au,CL{Ph,P(CH,),PPh,}]’ and
[Au,Cl,( u-Ph,PCH=—CHPPh,)]’ were prepared by
procedures described previously.

Synthesis of the complex [RhAu(CO)(PPh.),(n°-
739-C2B9H 1 l)]

A mixture containing 1d (0.10 g, 0.15 mmol),
[AuCl(PPh;)] (0.075 g, 0.15 mmol) and TIBF,
(0.047 g, 0.16 mmol) in THF (20 cm?) was stirred
for ca 30 min, after which time an IR spectrum
indicated that the reaction was complete. The mix-
ture was filtered through Celite, and the solvent
removed in vacuo. The residue was dissolved in
CH,Cl, (ca 3 cm?) and chromatographed on silica
at —10°C. Elution with the same solvent removed
a yellow band. Evaporation of the solvent in vacuo,
followed by crystallization of the residue from
CH,Cl-light petroleum (ca 20 cm?, 1:10), gave
yellow crystals of [RhAu(CO)PPhs),(n°-7,9-
C.BoH, )] (2d) (0.14 g).

Synthesis of the complex [WRhAu(u-CC¢H ,Me-4)
(CO);(PPh;)(°-7,9-C,BoH, )(n-C;sHy)]

A mixture of 1d (0.15 g, 0.23 mmol), [WAuCl(u-
CCH Me-4)(CO)»(n-CsHs) (0.15 g, 0.23 mmol)
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and TBY, 1OUD 2 025 mmod) was sirred m
CH,Cl, (25 cm?) for ca 30 min, after which time
the resulting brown slurry was filtered through
Celite. The solvent was removed in vacuo and the
residue was adsorbed on silica by addition of ca
2 g of the latter, followed by ca 10 cm?® of CH,Cl,.
After the removal of solvent in vacuo, all solid
mefzetid: was wansierrel 10 e Wap G 8 gihcs
chromatography column held at —10°C. Elution
with CH,Cl,-light petroleum (2:3) removed an
oramnge frachion, whinh was shown by IR spec-
trescogy ta cantam datlt (A= CC H ML} COY
(n-C-H33}] and the desired product. The complex
[WRhAu( - CC¢H Me-4)(CO)4(PPh,)(n*-7,9-C,
BoH, )(n-CsHs)] (3¢) (0.15 g) was isolated micro-
analytically-pure by crystallization from CH,Cl,—
light petroleum (ca20cm?, 1: 10), washing with light
petroleum (3 x 10 cm?) and drying in vacuo. Small
amounts of 2d were also observed in the product mix-
turesandidentified by NMR spectroscopy.

Synthesis of the complexes [Rh,Au,{u-Ph,P
(CH,),PPh,}(CO),(PPhy),(17°-7,9-C;BsH 1),

A similar procedure was used to prepare all these
compounds, therefore, only that for one complex
(54 s given in detan. A CH,CY, {15 em?) sohuiien
of 1d (0.10 g, 0.15 mmol) and TIBF, (0.050 g, 0.17
mrmatt was teeated with {Au,Ch{ e-PrP{CH, ),
PIS: 55 Q%5 5, TS ety wnel hr i we
stirred for 30 min. The resulting cloudy yellow solu-
ticon was Hitereb Tnrongn Tdiie. "Yne soiven: was
removed in vacuo and the residue was dissolved in
CHLCL (5 c”), and the salution chramatagraphed
on silica at —10°C. Elution with the same solvent
afforded a pale yellow eluate. The removal of the
solvent in vacuo and crystallization of the residue
from CH O Yght peiroienm 3O om®, 3: 5 gave

@cH
Fig.

2847

TR PR PO D PP HCOAFTR DAY 33-
C,BgH )} (5d) (0.095 g) as a yellow powder, which
was washed with light petroleum (2 x 10 cm®) and
dried in vacuo.

Synthesis of the compounds [Rh,Au,{ u-Ph,P(CH,),
PPh,}(CO),(PPh;),(1>-7,8-C,B3H | ),]

A mixture of 1a (0.10 g, 0.15 mmol) and TIBF,
(0.050 g, 0.17 mmol) in CH,Cl, (15 cm®) was added
10 AT P, PICH, PP, )} 8.567 g, 8.875
ol and the reactanis were sirred (ar ca {§ nun.
The cloudy pale orange solution was fltered
through Celite, and the solvent was removed in
vacuo from the yellow filtrate. The residue was dis-
solved in CH,Cl, (5 cm?®) and chromatographed on
silica at — 10°C. Elution with CH,Cl, gave a bright
yellow fraction. The removal of the solvent in
vacuo, followed by crystallization of the solid from
CH,Cl,-light petroleum (ca 10 cm?, 1:5), gave
yellow microcrystals of [Rh,Au,{u-Ph,P(CH,),
PPh,}(CO),(PPhy)(n° - 7,8 - C;,BgH1),)(5¢) (0.11
g), washed with light petroleum (2 x 10 ¢cm?) and
dried in vacuo. The complex [Rh,Au,{u-Ph,P
(CH,)PPh,}(CO),(PPh;),(n°- 7,8-C,BsH,1),] (5g)
was similarly prepared from la and [Au,Cl,{u-
P PICHHSPPY ).

Svrittesis gf the Com,o‘t‘ex.es TRILA W o-PHL,PCH=—
CHPPh,)(CO),(PPh,)»(1>-C,BsH 1))

“Yne compiexes b were 8) prepared ‘py a Simbar
method, and therefore only that for 6d is given in
detail. A CH,CL, (15 cm®) salution of 1a (.10 g,
0.15 mmol) was treated successively with TIBF,
(0.050 g, 0.17 mmol) and [Au,Cl,(u-cis-Ph,
PCH=—CHPPh,)] (0.066 g, 0.075 mmol). The mix-
mre was shrred Sor 3D oon, and Yhen Miered

OBH

3.
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through Celite. The solvent was removed in vacuo
from the orange solution, and the residue was re-
dissolved in CH,Cl, (ca 4 cm®) and chromato-
graphed at —10°C in the usual manner. Eluting
with the same solvent gave an orange eluate, from
which the solvent was removed in vacuo. The residue
was recrystallized from CH,Cl,~light petroleum (ca
20 cm?, 1:5) to give microcrystals of [Rh,Au,{(u-
Z - Ph,PCH=CHPPh,)(CO),(PPh;),(n°- 7,8 - C,
BoH )] (6d) (0.10 g), washed with light petroleum
(2 x 10 cm?) and dried ir vacuo.
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