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Reactions of Co,Rhy(CO),, with isocyanides and 1-alkynes are studied. With isocyanides, fragmentation
of the tetranuclear framework into dinuclear units occurs to give a series of new mixed-metal dinuclear
complexes, CoRh(CO),_,(CN-BuwY), (n = 1, 2) and [Rh(CN-R),][Co(CO),] (R = Bu, cyclohexyl, 2,6-Me,CsH,).
In all cases, isocyanide ligands are exclusively bonded to the rhodium atom. The structure of [Rh(C=
N-CgHs;Me,-2,6),][Co(CO),] is confirmed by X-ray crystallography, which crystallizes in monoclinic unit
cell with space group P2,/c (a = 10.820 (2) A, b = 16.3206 (9) A, ¢ = 21.646 (4) &; 8 = 90.700 (7)°; Z =
4). Least-squares refinement led to a value for R of 0.032 (R, = 0.039) and a goodness of fit of 1.52 for
3892 reflections with I > 30(I). The rhodium moiety is square planar and the cobalt moiety is tetrahedral
with slight distortion in both moieties. The Rh-Co distance is 3.3785 (9) A, and one of the Co—CO bonds
is eclipsed with one of the Rh—C==N—R bonds. 1-Alkynes insert into the Co~Co bond of the tetranuclear
cluster to give butterfly clusters, Cop,Rhy(CO),o((HC=CR) (R = Bu", Ph, SiMe;). Triphenylphosphine
complexes of the new 1-alkyne-bridged butterfly clusters, Co,Rh,(CO),o-,(HC=CBu®)(PPhy), (n = 1, 2),
Co,Rh,(CO)s(HC=CPh)(PPhj,),, and Co,Rh,(CO)s(HC=CSiMeg)(PPh;), are also synthesized. IR, 'H NMR,
and *C NMR spectroscopic data and elemental analyses support the formulation of these complexes as
butterfly structures and the X-ray crystal structure of Co,Rhy(CO)y(HC=CBu")(PPh,) is determined:
triclinic, space group PI (a = 10.389 (5) A, b = 17.40 (2) A, ¢ = 10.03 (2) &; & = 105.9 (1)°, 8 = 103.7 (1)°,
7 = 82.59 (6)°; Z = 2; R = 0.051 (R,, = 0.063); a goodness of fit = 1.73 for 4832 reflections with I > 34(]).
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Introduction

Mizxed-metal clusters have high potential to serve as
efficient catalysts for a variety of homogeneous catalytic
reactions as well as unique reagents for organic syntheses.
Following the identification of CoRh(CO), as an active
catalytic species in the hydroformylation-amidocarbon-
ylation of pentafluorostyrene catalyzed by mixed-metal
systems of cobalt and rhodium,® we have been investigating
the catalytic activity and reactions of Co,Rh,(CO),, and
CoRh(CO), to explore unique properties of these mixed-
metal systems. It has been shown that reactions of Co,-
Rh,(CO),, with nucleophiles such as carbon monoxide,*?
phosphines,®® phosphites,™ and weak Lewis bases® occur
at the rhodium site, whereas reactions with diphenyl- and
bis(pentafluorophenyl)acetylenes!!'? take place at the
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cobalt site. It has also been reported that some reactions
proceed with retention of the tetranuclear structure, while,
in other cases, fragmentation to a dinuclear species with
preferential retention of the cobalt-rhodium bond takes
place. For example, replacement of carbonyl ligands in
Co,Rh,(CO),, by trimethyl phosphite gave a mixture of
substitution products, from which mono-, di-, and trisub-
stituted complexes of general formula, [CosRhy(CO);5.-
(P(OMe)s),,] (n = 1-3), were isolated.” On the other hand,
when the substitution reactions were carried out with
triethylphosphine, fragmentation of the cluster was ob-
served; viz., the mixed-metal cluster reacted with 1 and
2 equiv of PEt, to form the corresponding mono- and
disubstituted tetranuclear clusters, respectively, but ad-
dition of more triethylphosphine led to the formation of
a disubstituted dinuclear species, CoORh(CO);(PEt;),. We
have looked at the reactions of Co,Rhy(CO),, with iso-
nitriles and 1-alkynes and also the substitution reaction
of the resulting novel Co-Rh mixed-metal butterfly cluster
incorporating 1-hexyne with triphenylphosphine. We
describe here the full account of our research on this
subject.

Results and Discussion

Reactions with Isocyanides. The reactions of Co,-
Rhy(CO),, with isocyanides were carried out to investigate
(i) whether substitution would occur selectively at cobalt
or rhodium and (ii) if this replacement would take place
with retention of the cluster framework or with fragmen-
tation into simpler units. FT-IR spectroscopy was used
to follow the course of the substitution reactions with
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tert-butyl isocyanide (CN-Bu!), cyclohexyl isocyanide
(CN-Cy), and 2,6-dimethylphenyl isocyanide (CN-DMP-
2,6).

The reaction of Co,Rh,y(CO),, with excess amounts of
CN-But in n-hexane at room temperature was accompa-
nied by a gradual change in the color of the solution from
reddish brown to dark orange, which indicates the for-
mation of a dinuclear complex. This color change was
faster under CO than under N,, which is consistent with
the dinuclear complex formation.

When 2 equiv of CN-Bu! were used, an orange complex
(1a) was obtained as a liquid. The close resemblance of
the IR spectrum of la to those reported for CoRh(CO)g-
(PEt;) and CoRh(CO)¢(MeCN)® strongly suggests that la
is a monosubstituted dinuclear complex, CoRh(CO)s(CN-
BuY), in which the substitution has taken place on the
rhodium; viz., the complex la consists of a Rh(CO)4(CN-
Bu") fragment coupled with a Co(CO), fragment through
a Co-Rh bond and two semibridging carbonyls (1956 m,
1933 vs em™) (eq 1). As has been pointed out for the

Co,Rh,(CO),; + 2CN-But —
2(CO)4CoRh(ICO)2(CN-Bu‘) (1)
a

related triethylphosphine complexes,®* CoRh(CO),_,-
(PEt), (n = 1, 2), 1a should be coordinatively unsaturated
and possesses a polar metal-metal bond.

When 4 equiv of CN-But were allowed to react with
Co,Rhy(C0),, at room temperature, another complex (2a)
was obtained as an orange-red solid. The IR spectrum of
the n-hexane solution of 2a shows a pattern similar to that
of 1 with all the bands shifted to lower frequencies, which
closely resembles that of CoORh(CO)g(PEts),.6 This fact
indicates that the second substitution takes place without
changing the overall geometry of the complex; i.e., one
more carbonyl ligand is substituted by CN-But at the Rh
center to give CoORh(CO);(CN-BuY), (2a). The 'H NMR
spectrum of 2a in CDCIl; shows two singlets ascribed to Bu®
protons at 6 1.47 and 1.49 in ca. 1:1 ratio, which indicates
the existence of cis and trans isomers.

Co,Rhy(CO)y, + 4CN-But —
2(CO)4CoRh(ZCO)(CN-Bu")2 +2C0O (2)
a

Both complexes, 1a and 2a, are air-sensitive, unstable
under vacuum, and soluble in n-hexane, giving orange
solutions. Unfortunately, further characterization of those
complexes has not been successful because of their insta-
bility during isolation procedures.

The reaction of Co,Rhy(CO),, with 8 equiv of CN-Bu*
in n-hexane gave a yellow precipitate. The IR spectrum
of the precipitate in dichloromethane shows only two
bands at 2166 and 1888 cm™. The band at high frequency
corresponds to the CN stretching and the band at 1888
cm™! is characteristic of the tetracarbonylcobalt anion,
[Co(CO),]~. Based on the IR spectrum and the elemental
analysis, this product was identified as [Rh(CN-But),]-
[Co(CO),] (3a) (eq 3). The result clearly indicates that
Co,Rhy(CO),; + 8CN-R —

2[Rh(CN-R)J[Co(CO),] + 2CO (8)
3a, R = Bu*
3b,R =Cy
3c, R = 2,6-DMP

the addition of two more equivalents of CN-But gives an
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104, 910. (b) Roberts, D. A.; Mercer, W. C.; Geoffroy, G. L.; Pierpont,
C. G. Inorg. Chem. 1986, 25, 1439.
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ionic complex by breaking the Co~Rh bond. When similar
substitution reactions of Co,Rhy(CO),, were carried out
with variable amounts of CN-Cy, only an ionic complex,
[Rh(CN-Cy),][Co(CO),] (3b), was isolated. In a similar
manner, [Rh(CN-DMP-2,6),]{Co(CO),] (3¢) was obtained
as crystals. These complexes (3a—c) are the first examples
of tetrakis(isocyanide)rhodium complexes with a transi-
tion-metal carbonyl species as the counteranion.

Attempted synthesis of tris(isocyanide) complex
CoRh(CO),(CN-BuY),, using 6 equiv of CN-But, was un-
successful; viz., the products of the reactions were 2a and
3a (eq 4).

CO2Rh2(CO)12 + GCN'But -
CORh(CO%E,(CN-But)Z + [Rh(CN-Bu;);,] {Co(CO),] (4)
a a

Complexes 3a—c, especially 3¢, exhibit a peculiar be-
havior in solution. Complex 3a precipitates as a yellow
solid from n-hexane and its solution is yellow in di-
chloromethane or chloroform, but it becomes a reddish
pink solid on evaporation of the solvent. Complex 3¢
precipitates as orange-red crystals, but its solution in di-
chloromethane or chloroform is yellow. Complex 3b pre-
cipitates as a blue solid from n-hexane but its solutions
in benzene, dichloromethane, and chloroform are yellow.
Removal of the solvents from these solutions gives a red-
dish pink solid, which, very slowly, is converted to the blue
form under nitrogen.

It is known that cationic, homoleptic isocyanide com-
plexes of rhodium, [Rh(CN-R),]*X" (X = halide, BF,,
BPh,, or PFy), exhibit unusual behavior in solution; viz.,
the color of the solution is dependent upon the counterion
and the concentration.'® It has been shown that the dis-
crete [Rh(CN-R),] cations have a square-planar geometry
and can form oligomeric species of the type [Rh,(CN-
R),.]™* by face to face stacking of the planar Rh(I) units
in solution with formation of Rh—Rh bonds.’* Accordingly,
it is reasonable to assume that the ionic complexes 3a—c
consist of an anion, [Co(CO),]", with a tetrahedral geom-
etry, and a cation, [Rh(CN-R),]*, with a square-planar
geometry.

The structure of 3¢ was confirmed by single-crystal
X-ray analysis. Summary of the data collection is listed
in Table I. Selected bond distances, angles, and fractional
coordinates of non-hydrogen atoms are summarized in
Tables II, III, and IV, respectively. An ORTEP drawing of
the molecular structure of 3a with numbering is shown in
Figure 1. The arrangement of molecules in a unit cell is
depicted in Figure 2.

The [Rh(CN-DMP-2,6),] moiety is slightly distorted
square planar (£C19-Rh1-C21, 171.1 (2)°; 2C22-Rh1-C20,
166.7 (2)°) with three 2,6-dimethylphenyl groups in the
plane and one almost perpendicular to the plane (<C20-
N4-C31, 169.1 (4)°). The Rh—-Co distance is 3.3785 (9) A,
which may suggest the existence of an attractive ionic
interaction between the two metals. The {Co(CO),] moiety
is slightly distorted tetrahedral (£C37~Co1-C39, 104.7 (2)°;
£C39-Co1-C40, 118.8 (2)°) and one of the Co—CO bonds
(Col-C40-03) is eclipsed with one of the Rh—-CN-R bonds
(Rh1-C20-N4). It should be noted that two of the car-
bonyls are slightly bent (2Co1-C39-02, 175.2 (4)°; £Col-
C40-03, 173.3 (5)°) and the bond length of Col-C37 (1.741
(6) A) is slightly shorter than those of the other three (1.757
(5)-1.765 (5) A). The C40-Rh1 distance (3.236 (5) A) is
considerably shorter than those of other two (3.365 (5) and
3.537 (4) A). The observed distortion in both the rhodium
and the cobalt moieties can be attributed to the steric
constraint in crystalline state, particularly for the eclipsed
Rh-CN-R bond and Co-CO bond.



Reactions of CoRhy(CO),5

Table I. Summary of Crystallographic Data

3a 6
empirical CORhC‘onH‘O‘ COthgCaaH%OgP
formula
fw 798.59 920.21
cryst syst  monoclinic triclinic
lattice
params
a, 10.820 (2) 10.389 (5)
b A 16.3206 (9) 17.40 (2)
c, A 21,646 (4) 10.08 (2)
a, deg 105.9 (1)
8, deg 90.700 (7) 103.7 (1)
7, de 82.59 (6)
vol, A% 3822 (1) 1690 (7)
space group P2,/c (No. 14) P1 (No. 2)
Z value 4 2
deats 8/cm® 139 1.81
F(000) 1632 908
abs coeff 4, 9.00 cm™! 20.34 cm™!
em™?
diffracto- Enraf-Nonius CAD4 Enraf-Nonius CAD4
meter
radiatn MoK, (A =0.71069 &) MoK, (A = 0.71069 A)
graphite graphite
monochromated monochromated
temp, °C 23 23
200ms, deg  49.9 53.9
no. 3892 4832
observa-
tions (I >
3a(D)
no. of 451 428
variables
residuals
Re 0.032 0.051
R 0.039 0.063
goodness of 1.52 1.73
fit
indicator
max shift  0.04 0.19
in final
cycle
largest peak 0.40 1.23
in final
diff map,
e /A8

°R = ZIIF = [Fll/ZIFol; Ry = {Lu(Fo| = IFe)*/ ZF AP

Table II. Selected Bond Distances for
[Rh(CN-DMP-2,6),][Co(CO),] (3¢)

A-B dist, A A-B dist, A
Rh1-Col 3.3785 (9) C19-N1 1.158 (5)
Rh1-C19 1.945 (4) C20-N4 1.159 (5)
Rh1-C20 1.943 (5) C21-N3 1.147 (5)
Rh1-C21 1.963 (4) C22-N2 1.146 (5)
Rh1-C22 1.960 (4) N1-C13 1.403 (5)
Rh1-C38 3.537 (4) N2-C7 1.415 (5)
Rh1-C39 3.365 (5) N3-C1 1.409 (5)
Rh1-C40 3.236 (5) N4-C31 1.396 (5)
Col-C37 1.741 (6) 01-C38 1.144 (5)
Col1-C38 1.757 (5) 02-C39 1.148 (5)
Co1-C39 1.765 (5) 03-C40 1.151 ()
Col-C40 1.761 (5) 04-C37 1.166 (8)

As Figure 2 shows, the cationic rhodium moieties do not
form dimeric or oligomeric complexes making a Rh-Rh
bond, which is known!® for usual [Rh(CN-R),]*X-type
homoleptic isocyanide complexes in which the counter-
anion, X-, is halide, "BF, "BPh,, or "PF,. It is possible
to discuss that these new Rh—Co mixed-metal isocyanide
complexes (3) keep the [Co(CO),] moiety close to the
rhodium moiety instead of forming [Rh,(CN-R),,]**
species. However, the fact that the cyclohexyl isocyanide
complex 3b gives a blue solid whereas tert-butyl and 2,6-
DMP isocyanide complexes 3a and 3¢, respectively, do not
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Table III. Selected Bond Angles for
[Rh(CN-DMP-2,6),)[Co(CO),] (3¢c)

A-BC angle, deg A-B-C angle, deg
C19-Rh1-C21 171.1 (2) Co1-C38-01 178.1 (4)
C19-Rh1-C20 88.2 (2) Col-C39-02 175.2 (4)
C20-Rh1-C21 85.4 (2) Col-C40-03 173.3 (5)
C21-Rh1-C22 93.0 (2) Co1-C37-04 179.3 (5)
C22-Rh1-C19 91.9 (2) C19-N1-C13 171.0 (4)
C37-Co1-C38 109.0 (2) C20-N4-C31 169.1 (4)
C37-Co1-C39 104.7 (2) C21-N3-C1 174.1 (4)
C37-Col1-C40 102.6 (2) C22-N2-C7 176.5 (4)
C38-Co1-C40 112.6 (2) N1-C13-C14 118.3 (5)
C39-Col1-C40 118.8 (2) N1-C13-C18 117.7 (4)
Rh1-C19-N1 175.2 (4) N2-C7-C8 1174 (4)
Rh1-C20-N4 174.4 (4) N2-C7-C12 117.5 (4)
Rh1-C21-N3 174.0 (4) N3-C1-C2 1183 (4)
Rh1-C22-N3 178.4 (4) N4-C1-Cé 117.8 (4)

Table IV. Positional Parameters and B(eq) Values (A?) for
[Rh(CN-DMP-2,6),][Co(CO),] (3¢c)

atom x y z Bl(eq)
Rhl 0.24685 (3) 0.13554 (2) 0.13011 (2) 4.89(2)
Col 0.17325 (5)  0.13540 (4) 0.28134 (3)  5.45 (3)
01 0.4179 (3) 0.0633 (2) 0.2904 (2) 7.5 (2)
02 0.0100 (3) 0.0127 (2) 0.2269 (2) 7.7 (2)
03 0.1731 (4) 0.3051 (2) 0.2405 (2) 8.8 (2
04 0.0764 (4) 0.1560 (3) 0.4051 (2) 10.0 (3)
N1 -0.0150 (3) 0.1013 (2) 0.0764 (2) 54 (2)
N2 0.3076 (3)  -0.0490 (2) 0.1481 (2) 5.4 (2)
N3 0.5119 (3) 0.1965 (2) 0.1622 (2) 5.2 (2)
N4 0.2226 (3) 0.3120 (2) 0.0786 (2) 5.6 (2)
C1 0.6239 (4) 0.2376 (3) 0.1750 (2) 5.0 (2)
C2 0.6268 (4) 0.3219 (3) 0.1688 (2) 5.5 (2)
C3 0.7377 (5) 0.3607 (3) 0.1820 (2) 6.5 (3)
C4 0.8382 (5) 0.3166 (4) 0.1999 (2) 7.2 (3)
C5 0.8340 (4) 0.2324 (4) 0.2060 (2) 6.8 (3)
Cé 0.7241 (4) 0.1911 (3) 0.1938 (2) 5.7 (3)
C7 0.3329 (4)  -0.1339 (3) 0.1516 (2) 5.4 (2)
C8 0.4549 (5) -0.1574 (3) 0.1633 (2) 6.2 (3)
C9 04770 (5)  -0.2410 (3) 0.1647 (2) 7.3(3)
C10 0.3824 (7)  -0.2960 (3) 0.1545 (3) 8.1 (3)
C11 0.2634 (5)  -0.2702 (3) 0.1440 (2) 7.2 (8)
C12 0.2355 (5)  -0.1871 (3) 0.1421 (2) 5.7 (2)
C13  -0.1358 (4) 0.1034 (3) 0.0521 (2) 5.4 (2)
Cl4 -0.2002 (4) 0.0305 (4) 0.0472 (2) 6.7 (3)
C15 -0.3217 (5) 0.0358 (5) 0.0240 (3) 9.3 (4)
Cl6  -0.3703 (6) 0.1088 (7) 0.0075 (3) 10.8 (5)
C17  -0.3040 (5) 0.1787 () 0.0118 (3) 8.6 (4)
C18 -0.1822 (4) 0.1779 (4) 0.0338 (2) 6.5 (3)
C19 0.0829 (4) 0.1106 (2) 0.0974 (2) 5.0 (2)
C20 0.2259 (4) 0.2465 (3) 0.0993 (2) 5.6 (2)
C21 0.4163 (4) 0.1697 (2) 0.1510 (2) 4.9 (2)
C22 0.2846 (3) 0.0192 (3) 0.1423 (2) 4.6 (2)
C23 0.5153 (5) 0.3691 (3) 0.1488 (3) 7.5 (3)
C24 0.7138 (4) 0.1008 (4) 0.2017 (2) 7.2 (3)
C25 0.5540 (5)  -0.0957 (4) 0.1737 (3) 8.3 (3)
C26 0.1081 (5)  -0.1574 (3) 0.1302 (3) 7.9 (3)
C27  -0.1065 (5) 0.2538 (4) 0.0366 (2) 8.3 (3)
C28 -0.1463 (5)  -0.0490 (4) 0.0673 (3) 8.8 (4)
C29 0.0865 (7) 0.4500 (4) 0.1196 (3) 11.7 4)
C30 0.3834 (8) 0.3105 (4)  -0.0228 (3) 10.8 (4)
C3l 0.2379 (4) 0.3860 (2) 0.0472 (2) 4.9 (2)
C32 0.1742 (5) 0.4542 (3) 0.0665 (2) 7.1 (3)
C33 0.1936 (7) 0.5257 (3) 0.0348 (3) 9.9 (4)
C34 0.2715 (7) 0.5287 (4)  -0.0128 (3) 9.9 (4)
C35 0.3350 (6) 0.4603 (4)  -0.0317 (3) 9.0 (4)
C36 0.3165 (5) 0.3862 (3)  -0.0020 (2) 6.3 (3)
C37 0.1159 (4) 0.1475 (3) 0.3556 (3) 6.9 (3)
C38 0.3222 (4) 0.0928 (3) 0.2863 (2) 5.3 (2)
C39 0.0739 (4) 0.0630 (3) 0.2461 (2) 5.8 (2)
C40 0.1739 (4) 0.2365 (3) 0.2530 (2) 6.2 (3)

form a blue solid, giving only reddish pink or orange-red
solids, may strongly suggest that 3b indeed forms a dimeric
dicationic complex, whereas 3a and 3¢ cannot form such
dimeric species because of the bulkiness of the substitu-
ents.
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Figure 2. Arrangement of 3¢ molecules in a unit cell.

No phosphine counterparts for compounds 2 and 3 have
been reported in the literature. This fact may be ascribed
to the characteristics of the isocyanide ligands, which have
much smaller cone angles than the phosphine ligands.

It is known that isocyanide ligands stabilize +1 and +2
oxidation states better than the zero oxidation state, in
general, and substitution of CO by CN-R leads to an in-
crease in stability.!® Indeed, the results for 2 and 3 follow
this generalization, viz., the C==N stretching frequencies
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in their IR spectra are in all cases higher than that of the
free ligand, which is in agreement with the polarity of the
Co-Rh bond in this type of mixed-metal complex (vide
supra); i.e., the isocyanide ligands serve as pure donor
ligands in these complexes, and all the complexes obtained
are stable at room temperature.

Reactions with Alkynes. It has been shown that
tetranuclear clusters are prone to open their cluster
framework to give a butterfly structure in the presence of
alkynes.!* It has also been reported that Co,Rh,(CO),,
reacts with bis(pentafluorophenyl)acetylene to give a
mixed-metal butterfly complex, Co,Rhy(CO),o(CeFsC=
CCgF; (4a), in which the acetylene inserts into the Co—Co
bond.!! In order to further investigate the selective
cleavage of the metal-metal bonds in this mixed-metal
cluster, Co,Rhy(CO)y,, in the reactions with 1-alkynes as
well as the nature of the acetylenic methine moiety in the
Co-Rh mixed-metal butterfly clusters, we carried out the
reactions of Co,Rhy(CO),, with 1-hexyne, phenylacetylene,
and trimethylsilylacetylene.

When an alkyne was added to a solution of CoRhy(C-
0),; in n-hexane at room temperature, the color of the
solution gradually changed from reddish brown to deep
purple. An IR spectrum of the reaction mixture showed
a completely new pattern in the carbonyl region, indicating
the formation of an alkyne-bridged butterfly cluster,
Co,Rhy(CO),,((HC=CR) (5a, R = Bu®; 5b, R = Ph; 5¢, R
= SiMe;) (eq 5). New mixed-metal butterfly complexes

CosRhy(CO),, + HC=CR —
Co,Rh,(CO),o(HC=CR) + 2CO (5)

5a, R = Bu®
5b, R = Ph
5¢, R = SiMe;

(Ba—c) were isolated from the reaction mixture through
column chromatography on silica gel (for 5a,b) or by re-
crystallization from n-hexane (for 5¢) in nearly quantitative
yields.

The IR spectra of 5a-c resemble each other in spite of
the fact that these clusters incorporate quite different
1-alkynes. The observed shift of the carbonyl stretching
bands to lower frequencies from those values reported for
the bis(pentafluorophenyl)acetylene complex 4al! can be
ascribed to the stronger donor ability of the 1-alkyne lig-
ands used in comparison with electron-deficient bis(pen-
tafluorophenyl)acetylene. An open tetranuclear butterfly
structure has a 2-fold axis that interchanges the wingtip
and the hinge positions between themselves. Accordingly,
if an unsymmetrical alkyne such as 1-alkyne is used to
close the structure, this symmetry should be destroyed.
Indeed, such lowering of symmetry is obvious for 5¢, whose
IR spectrum shows more bands in the carbonyl region than
the authentically prepared diphenylacetylene complex,
Co,Rh,(CO);(PhC=CPh) (4b),!! as well as 5a and 5b.
This may be due to the bulkiness of the trimethylsilyl
group, which would considerably distort the butterfly
structure, whereas the distortion caused by n-butyl and
phenyl groups may well be too small to be clearly observed.

The NMR spectra of 5a—c are also consistent with the
1-alkyne-bridged butterfly structure. The *H NMR spectra
of 5a, 5b, and 5¢ show singlets at ¢ 8.85, 8.95, and 9.32 ppm,
respectively, corresponding to the acetylenic hydrogens.
This remarkable downfield shift of the acetylenic hydrogen
is characteristic of the hydrogen atoms bound to carbons
interacting either ¢ or = with metals.* In the 'H NMR

(15) (a) Sappa, E.; Tiripicchio, A.; Braunstein, P. Chem. Rev. 1988, 83,
203. (b) Ra;thby, P. R.; Rosales, M. J. Adv. Inorg. Chem. Radiochem.
1985, 29, 169.
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Figure 3. Carbonyl region of the *C NMR spectra of Co,Rh,-
(CO)4((RC=CR’). (RC=CR’": 5a, HC=CBu"; 5b, HC=CPh; 5c,
HC=CSiMe;; 4b, PhC=CPh.

of 5a, considerable lower field shift of the resonance due
to the methylene group adjacent to the triple bond is ob-
served, which appears at § 2.75 ppm. The fact strongly
indicates the closed butterfly structure as well.

The carbonyl region of the 3C NMR spectra of 5a—c and
4b taken at 25 °C are depicted in Figure 3. As Figure 3
shows, the two acetylenic carbons, C,(=CH) and Cs(=
CR), appear at 6 143-164 ppm and ¢ 183-194 ppm, re-
spectively. The higher field peak of the two is assigned
to C, on the basis of their peak height; i.e., C, is a higher
peak than C; probably due to shorter T, and also by
comparison of the chemical shifts with that of the C, (Cy)
carbon (175.8 ppm) of the diphenylacetylene complex (4b).
Both peaks are multiplets, indicating their bonding to both
rhodium atoms. Consistent with the '!H NMR results, the
chemical shift of C, of 5a (193.5 ppm) is larger than those
of 5b (185.2 ppm) and 5¢ (183.2 ppm). This remarkable
lower field shift of C, and C4 should be attributed to the
carbon atoms os-w-bonded to metals, which are partially
carbenic in character.’®* It has been shown that these
resonances move to lower field as the number of metals
interacting with the acetylenic ligand increases.!®

For the carbonyl carbon atoms, complexes 5a—c¢ show
two sets of two doublets (§ 175~180 and 187-189 ppm) in
which each doublet corresponds to one carbonyl and a very
broad peak (6 201 ppm) corresponding to six carbonyl
ligands. By analogy with the assignment reported for 4b,!!
the broad signal centered at 6 201 ppm is assigned to the
terminal, bridging, and semibridging carbonyl ligands
bonded to the cobalt atoms, which are exchanging evenly
at room temperature. The four carbonyl ligands bonded
to the rhodium atoms are rigid at 25 °C and give rise to
four doublets. The set of resonances at lower field (8
175-180 ppm; Jg,c = 60 and 61 Hz for 5a, 60 and 60 Hz
for 5b, 61 and 62 Hz for 5¢) are assigned to axial carbonyl
ligands and those at higher field (6 187-189 ppm; Jgc =
67 and 70 Hz for 5a, 66 and 68 Hz for 5b, 66 and 67 Hz
for 5¢) to equatorial carbonyl ligands on the basis of the
results on the selective substitution of the equatorial
carbonyl ligands by triphenylphosphine (vide infra). The
other peak present in the spectrum of 5b (152.4 ppm) as
well as that of 4b (151.7 ppm) is assigned to the ipso carbon
(C,) of the phenyl ring.

In order to further investigate the reactivity of the 1-
alkyne-bridged Co~Rh mixed-metal butterfly complexes,
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Table V. Selected Bond Distances for
Co,Rhy(CO)y(sn*-HC=CBu")(PPh,) (6)

A-B dist, A A-B dist, A
Rhi1-Rh2 2.700 (4) Rh1-Col 2.590 (4)
Rh1-Co2 2.569 (2) Rh1-C2 2.153 (8)
Rh1-C7 191 (1) Rh1-C8 1.93 (1)
Rhi-C10 2.099 (7) Rh2-Col 2.606 (3)
Rh2-Co2 2.555 (4) Rh2-P1 2.339 (4)
Rh2-C4 2.066 (8) Rh2-C9 1.880 (8)
Rh2-C15 2.147 (8) Col1-C1 1.77 (1)
Col-C2 1.857 (8) Col1-C3 1.79 (1)
Col1-C10 2.053 (7) Col-C15 2.100 (7)
Co2-C4 1.886 (9) Co2-C5 1.771 (9)
Co2-Cé6 1.742 (9) Co2-C10 2.175 (7)
Co2-C15 2.051 (8) P1-C21 1.816 (8)
P1-C31 1.814 (9) P1-C41 1.819 (8)
01-C1 1.12 (1) 02-C2 1.16 (1)
03-C3 1,15 (1) 04-C4 1.15 (1)
05-C5 1.15 (1) 06-C6 1.15 (1)
o7-C7 1.15 (1) 08-C8 1.12 (1)
09-C9 1.15 (1) C10-C15 1.43 (1)

Table VI. Selected Bond Angles for
Co;Rhy(CO)y(s,n*-HC=CBu)(PPh,) (6)

A-B-C angle, deg A-B-C angle, deg
Rh2-Rh1-Col 59.0 (1) Rh2-Rh1-Co2 58.0 (1)
Col-Rh1-Co2 89.2 (1) Rh1-Rh2-Col 58.4 (1)
Rh1-Rh2-Co2 58.5 (1) Col-Rh2-Co2 89.1 (1)
Rhi-Col-Rh2 62.6 (1) Rh1-Co2-Rh2 63.6 (1)
C10-Co2-C15 39.3 (3) C10-Col1-C15 40.2 (3)
Rh1-C10-C15 106.1 (5) C11-C10-C15 126.0 (7)
Rh2-C15-C10 108.6 (5) C10-C15-H25 121 (6)
Rh2-P1-C21 114.5 (3) Rh2-P1-C31 114.6 (3)
Rh2-P1-C41 115.4 (3) Rh1-Rh2-P1 173.18 (6)
Col1-C1-01 173.6 (9) Rh1-C2-02 133.5 (7)
Col-C2-02 146.4 (7) Col1-C3-03 177.5 (8)
Rh2-C4-04 138.0 (6) Co2-C4-04 141.3 (6)
Co2-C5-05 177 (1) Co2-C6-06 172.8 (8)
Rh1-C7-07 178.5 (8) Rh1-C8-08 175.9 (9)
Rh2-C9-09 175.8 (7)

Fi)gure 4. ORTEP drawing of Co,Rhy(CO),o(HC=CBu®)(PPhy)
6).

we carried out the substitution reaction of 5a with tri-
phenylphosphine.

The reaction of 8a with 1 equiv of triphenylphosphine
in n-hexane (or dichloromethane) resulted in the formation
of the corresponding monosubstituted cluster Co,Rh,-
(CO)(HC=CBu")(PPh;) (6a) as the predominant product.
As the minor product, a disubstituted cluster, Co,Rh,-
(CO)s(HC=CBu")(PPh;), (7a), was obtained. It should
be noted that in both cases only a single isomer among the
possible regio- and stereoisomers was formed; i.e., the
substitution reaction is extremely regio- and stereoselec-
tive. Complex 7a was obtained in almost quantitative yield
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Table VII. Positional Parameters and B(eq) Values (A%
for Co,Rh;(CO)g(uy,n*-HCCBuR)(PPhy) (6)

atom x y 4 Bleq)

Rh1  0.05665 (6) -0.36688 (3) -0.11793 (6) 2.32 (2)
Rh2  0.17868 (6) -0.24482 (3) 0.08182 (6) 2.16 (2)

Col 0.2188 (1)  -0.39141 (6) 0.1083 (1)  2.51 (4)
Co2 0.2364 (1)  -0.29441 (6) -0.1628 (1)  2.55 (4)
P1 0.3082 (2)  -0.1481 (1) 0.2516 (2)  2.53 (7)
01 0.2956 (8)  -0.3243 (4) 0.4097 (6) 5.6 (3)
02 -0.0564 (6)  -0.3927 (5) 0.1218 (7) 5.2 (3)
03 0.3020 (7)  -0.5562 (4) 0.1289 (8) 5.1 (3)
04 0.0967 (8)  -0.1387 (4) -0.1214(7) 5.8 (3)
05 0.4504 (8)  -0.2342 (5)  -0.240 (1) 7.3 (4)
06 0.0559 (8)  -0.3187 (5) -0.4362 (7) 5.7 (3)
07 -0.2144 (7)  -0.2733(4)  -0.1569 (8) 6.0 (3)
08 -0.0434 (8)  -0.5135(4) -0.3502 (7) 5.6 (3)
09 -0.0759 (6)  -0.1614 (4) 0.1628 (7) 4.9 (3)
C1 0.2645 (9)  -0.3461 (5) 0.292 (1) 3.8 (4)
C2 0.0350 (8)  -0.3886 (5) 0.0766 (8) 3.3 (3)
C3 0.2668 (8)  -0.4924 (5) 01191 (8) 3.2(3)
C4 0.1493 (9)  -0.1953 (5)  -0.0890 (7) 3.3 (3)
C5 0.369 (1) -0.2585 (5)  -0.206 (1) 3.9 (4)
Cé 0.124 (1) -0.3126 (5)  -0.3253 (8) 3.5 (3)
C7 -0.1130 (99  -0.3092 (5)  -0.1414(9) 3.3 (3)
C8 -0.0022 (9)  -0.4610 (5) -0.2634 (9) 3.4 (3)
C9 0.0229 (8)  -0.1923 (5) 0.1375 (8) 3.1 (3)
C10 0.2602 (7)  -0.4021 (4)  -0.0865(7) 2.3 (3)
Cil 0.3268 (8)  -0.4797 (5) -0.1591 (8) 3.2 (3)
Ci12 0.323 (1) -0.4900 (5) -0.3149(8) 3.7 (3)
C13 0.390 (1) -0.5685 ()  -0.3791 (1) 5.1 (4)
Ci4 0.374 (1) -0.5867 (8)  -0.537 (1) 74 (6)
C15 0.3260 (8)  -0.3357 (4) 0.0121 (7)  2.5(3)
C21 0.3238 (8)  -0.0605 (5) 0.1928 (8) 3.0 (3)
C22 0.207 (1) -0.0164 (5) 0.144 (1) 4.1 (4)
C23 0.214 (1) 0.0507 (6) 0.102 (1) 5.4 (5)
C24 0.334 (1) 0.0772 (6) 0.109 (1) 5.3 (5)
C25 0.446 (1) 0.0357 (6) 0.156 (1) 5.3 (5)
C26 0.441 (1) -0.0323 (5) 0.196 (1) 4.0 (4)
C31 0.4791 (8)  -0.1828 (5) 0.3109 (9 3.3 (3
C32 0.557 (1) -0.2148 (5) 0.213 (1) 3.8 (3)
C33 0.687 (1) -0.2419 (6) 0.252 (1) 48 (4)
C34 0.742 (1) -0.2374 (8) 0.392 (2) 6.9 (8)
C35 0.667 (1) -0.2052 (7) 0.491 (1) 6.4 (6)
C36 0.536 (1) -0.1774 (6) 0.453 (1) 4.2 (4)
C41 0.2445 (8)  -0.1021 (5) 0.4113 (8) 3.1 (3)
C42 0.268 (1) -0.0234 (8) 0.486 (1) 4.2 (4)
C43 0.217 (1) 0.0115 (6) 0.606 (1) 4.6 (4)
C44 0.141 (1) -0.0309 (6) 0.650 (1) 5.2 (6)
C45 0.115 (1) -0.1084 (6) 0.578 (1) 4.9 (4)
C46 0.166 (1) -0.1443 (5) 0.4572 (8) 3.8 (4)
H25 043 (1) -0.339 (6) 0.05 (1) 6 (3)

by the reaction of 5a with excess triphenylphosphine.

In a similar manner, Co,Rhy(CO)g(HC=CPh)(PPh,),
(6c) and Co,Rhy(CO)o(HC=CSiMe;)(PPh;) (7b) were
synthesized.

The molecular structure of 6a was determined by sin-
gle-crystal X-ray analysis, Summary of the data collection
is found in Table I. Selected bond distances and angles
are listed in Tables V and VI, respectively, and fractional
coordinates of non-hydrogen atoms are given in Table VII.
An ORTEP drawing with numbering is shown in Figure 4.

The metal framework of 6a has a butterfly structure
with the cobalt atoms occupying the wingtip positions.

Ojima et al.

The dihedral angle between the wings (Rh1-Rh2-Col/
Rh1-Rh2~-Co02) is 110.85° and the nonbonding distance
between the two cobalt atoms Col and Co2 is 3.621 (5) A.
The acetylene moiety is coordinated to the concave side
such that the C—C bond is nearly parallel to the hinge of
the butterfly. It coordinates to all metal atoms as a u,-
n?ligand forming a distorted closo-Co,Rh,C, octahedron.
Each cobalt atom is linked to two terminal carbonyls and
there are two bridging carbonyl ligands along two opposite
hinge-to-wingtip cobalt-rhodium bonds. The atoms Rh1
and Rh2 are bonded to two linear terminal carbonyl lig-
ands and to one linear terminal carbonyl ligand, respec-
tively. The Rhl atom is bonded to C10 and Rh2 is bonded
to C15 of the acetylenic moiety. The triphenylphosphine
ligand is bonded to Rh2; viz., triphenylphosphine has
replaced an equatorial carbony! at the less hindered side
selectively.

According to the well-known Dewar—-Chatt-Duncanson
model, the coordination of the acetylene can be formally
described as the one consisting of two ¢-bonds (C10-Rh1
and C15-Rh2) and a delocalized four-center n-bonding
system between C10, Col, C15, and Co2.

The spiro metallocycle Col-C15-C02-C10 is slightly
distorted with two long (Col-C15, 2.100 (7); Co2-C10,
2.175 (7) A) and two short (Co1-C10, 2.053 (7); Co2-C15,
2.051 (8) A) distances. The Rh2-C15 bond (2.147 (8) A)
is longer than the Rh1-C10 bond (2.099 (7) A), and the
acetylenic bond C10-C15 (1.43 (1) A) has double-bond
character. The observed C10-C15 bond distance for 6a
is considerably longer than the reported C-C distance for
COthg(CO)10(F5CGCECCGF5) (1.369 (2) A).ll The
lengthening of the C-C bond and the bending of the C-H
and the C-Bu® bonds away from the metal cluster (C10—
C15-H25, 121 (6)°; C15-C10-C11, 126 (7)°) are the result
of the coordination of the alkyne and can be taken as a
measure of the decrease of the triple-bond character upon
coordination. It is also a measure of the strength of the
interaction between the butterfly cluster and alkyne, viz.,
the stronger the interaction with the cluster, the greater
the possibility of finding long C-C distances. Conse-
quently, it can be said that alkyne ligands bearing elec-
tron-releasing groups have stronger interactions with the
butterfly clusters.

IR spectra of 6a and 7a show the expected shift of all
the carbonyl stretching bands to lower frequencies from
those for 5a, as two carbonyl ligands are replaced, step by
step, by two triphenylphosphine ligands; viz., triphenyl-
phosphine is better donor ligand than CO, increasing the
electron density on the metals in the clusters. For example,
a consistent downfield shift of the broad peak corre-
sponding to the rest of the carbonyl ligands that are ex-
changing at room temperature is observed from 5a (201
ppm) to 6a (207 ppm) and then to 7a (215 ppm). This
change in electron density is also reflected in their !H and
13C NMR spectra. The 'H NMR data for 5a, 6a, and 7a
are listed in Table VIIL

As Table VIII shows, the peaks corresponding to the
n-butyl chain of the alkyne moiety shift to higher field

Table VIII. '"H NMR Data for Co;Rh,(CO),o(HC=CR) (5), Co;Rh,(CO);(HC=CR)(PPh,) (6), and Co;Rh,(CO)s(HC=CR)(PPh,),
(7) (a, R = Bu®; b, R = Ph; ¢, R = S8iMe,)

5a 5b 5c 6c 7a 7b
SiCH, 0.16 s 0.54 s
CH, 0.90 m 0.88 t 0.58 t
CH,CH, 1.28m 125 m 082 m, 1.0l m
=CCH, 2.74 m 261l m 2.29 m
PPh,, Ph 7.44-7.66 m 7.10-7.25 m 6.68-7.75 m 7.47-7.69 m 6.75-7.76 m
=CH 8858 895s 9.32 8.12 d (19.5)° 8.55 d (20.1)° 8.65 d (21.8)° 8.26 d (18.9)°

8Jpy in hertz.
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Figure 5. Carbonyl region of the *C NMR spectra of Co,Rh,-
(CO)1p-n(HC=CBu*)}(PPhy),: (a)5a,n=0;(b)6,n=1;(c) 7,
n=2

from 5a to 6a and then to 7a, and the shift is much larger
from 6a to 7a than from 5a to 6a. This upfield shift is due
to the increase in electron density on the cluster as the
carbonyl ligands are substituted by triphenylphosphine
ligands. However, the larger upfield shift observed in the
second substitution is most likely due to the fact that the
second substitution occurs at the rhodium atom bonded
to Cg, which bears an n-butyl group, while the first sub-
stitution takes place at the rhodium atom bonded to C,,,
as confirmed by an X-ray analysis of 6a (vide supra).
Thus, the observed substantial upfield shift of n-butyl
protons may well be due to the anisotropy of the phenyl
group(s) of the triphenylphosphine on the C; side.

The carbonyl region of the 13C NMR spectra of 5a, 6a,
and 7a are depicted in Figure 5. As Figure 5 shows, there
is a substantial downfield shift of C, and Cj, especially C,,
for 6a in comparison to 5a, but the addition of another
triphenylphosphine does not affect these resonances any-
more. The peaks due to the carbonyl ligands bonded to
the rhodiums are also affected by the substitution, but to
a much lesser extent. It should be noted that the sub-
stitutions take place only with carbonyl ligands in the
higher field, and the higher field carbonyls disappear in
the spectrum of 7a. Since the higher field carbonyls can
be unambiguously assigned to the equatorial ones on the
basis of the X-ray structure (Figure 3), it is concluded that
the substitutions take place selectively with the equatorial
carbonyls, first at Rh2 and then Rh1. In the spectrum of
6a, the axial carbonyl of Rh1 appears as a doublet (Jgy ¢
= 59.2 Hz) at 6 189.6 ppm while the axial carbonyl of Rh2
appear as doublets (Jg;c = 60.6 Hz; Jp_¢ = 12.0 Hz) at
191.1 ppm. An unusually large coupling between the
phosphorus at Rh2 and the equatorial carbonyl at Rh1 is
observed (5 179.5 ppm; dd, Jgpc = 73 Hz; 3Jp_¢ = 41 Hz).
This unprecedented large three-bond coupling can be as-
cribed to the trans arrangement of the carbonyl and the
phosphorus across the Rh—-Rh bond.

As Table VIII shows, there is a substantial upfield shift
of acetylenic hydrogen of C, from 5a (6 8.85 ppm) to 6a
(6 8.12 ppm), which is consistent with their 13C NMR
spectra. However, a considerable downfield shift of the
acetylenic hydrogen is observed from 6a to 7a (8.65 ppm).
This inconsistency can be attributed to the anisotropy of
the phenyl groups of the triphenylphosphine at Rh2, viz.,
either the acetylenic hydrogen of C, of 6a is in the
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shielding zone of the phenyls or that of 7a is in the de-
shielding zone of the phenyl group(s). The same discussion
is applicable for §b versus 7b and 5¢ versus 6¢ as shown
in Table VIII.

Experimental Section

General Methods. Boiling points and melting points are
uncorrected. 'H and *C NMR spectra were recorded on a General
Electric QE-300 spectrometer. Resonances are reported as shifts
in parts per million downfield from tetramethylsilane and, unless
otherwise noted, chloroform-d; was used as the solvent. IR spectra
were recorded on a Perkin-Elmer 1600 FT-IR spectrophotometer
with an HP 7470A plotter. Absorptions are designated in cm™
relative to an internal laser standard. Spectra were measured by
using a neat film or a solution of sample between NaCl plates or
as Nujol mulls. Column chromatography was performed on
MN-Kieselgel 60 (230-400 mesh) purchased from Brinkmann
Instruments, Inc. Elemental analysis were performed by M-H-W
Laboratories, Phoenix, AZ. All reactions were carried out under
nitrogen or under carbon monoxide, and standard Schlenk and
vacuum-line techniques were employed.

Materials. Solvents were refluxed over appropriate drying
agents and distilled prior to use: n-hexane, pentane, heptane,
benzene, and dichloromethane were distilled from calcium hydride;
tetrahydrofuran and diethyl ether were distilled from sodium/
benzophenone. The reagents, RhCly3H,0 and Co,(CO)g, were
obtained from Engelhard Industries KK and Strem Chemicals,
Inc., respectively, and used as received. NaCo(CO),,® Rh,(C-
0)4012,17 COZha(CO)lz,IB'“ CO3Rh(CO)12,18 and Rh4(CO)1219 were
prepared according to literature methods. The ligands, PPhy,
CN-Cy, CN-But, and CN-DMP-2,6 were obtained from Aldrich
Chemical Co., Inc. The isocyanides were used as received and
PPh; was recrystallized from hot methanol. All other chemicals
were purchased from Aldrich Chemical Co., Inc.

Reactions with Isocyanides. Reactions of Co,Rh,(CO),,
with 2 and 4 equiv of CN-Bu®. The reaction was carried out
under carbon monoxide atmosphere at room temperature. To
a solution of Co,Rhy(C0O),; (100 mg, 0.150 mmol) in 20 mL of
n-hexane in a flask equipped with an addition funnel was added
very slowly a solution of CN-Bu* (25 mg, 0.30 mmol) in 10 mL
of n-hexane, prepared under nitrogen. The mixture was stirred
for 30 min at room temperature. During the stirring the brown
color slowly changed to orange. Evaporation of the solvent in
a flow of carbon monoxide gave CoRh(CO)s(CN-Bu") (1a) in
quantitative yield as an orange liquid: IR (n-hexane, cm™) »(CN)
2202 w, »(CO) 2081 vs, 2041 vs, 2024 vs, 1982 s, 1956 m, 1933 vs.
Because of the unstability of 1a under vacuum, satisfactory el-
emental analyses have not been obtained. Nevertheless, we are
quite sure about its structure on the basis of the fact that the
formation of 1a and its conversion to the disubstituted complex,
CoRh(CO)5(CN-Bu'); (2a) is readily monitored by FT-IR.

Next, to a solution of Co,Rhy(CO),; (66 mg, 0.10 mmol) in 20
mL of n-hexane at room temperature was added dropwise a
solution of CN-But (33 mg, 0.40 mmol) in 10 mL of n-hexane under
nitrogen. After the addition, the color immediately changed to
orange. After the mixture was stirred for 30 min at room tem-
perature, the solvent was reduced to a haif of its volume and
CoRh(CO);(CN-Bu"), (2a) precipitated in quantitative yield by
cooling the solution to 0 °C. The orange-red precipitate was
collected on a glass filter and dried under the flow of carbon
monoxide and was immediately submitted to FT-IR and *H NMR
measurements: IR (n-hexane, cm™) »(CN) 2163 s; »(CO) 2033
vw, 2005 vs, 1957 s, 1987 m, 1915 5. 'H NMR (CDCl,) 6 1.47 (s),
1.49 (s). Attempted recrystallization and chromatographic pu-
rification under carbon monoxide or nitrogen were hampered by
decomposition.

Synthesis of [Rh(CN-Bu'),J[Co(CO),] (3a). To a solution
of Co,Rh,(CO),; (66 mg, 0.10 mmol) in 20 mL of n-hexane at room
temperature was added dropwise a solution of CN-Bu* (66 mg,

(16) Edgell, W. F,; Lyford, V. J. Inorg. Chem. 1970, 9, 1932.

(17) McCleverty, J. A.; Wilkinson, G. Inorg. Synth. 1966, 8, 211.

(18) Martinengo, S.; Chini, P.; Albano, V. G.; Cariati, F. J. Organomet.
Chem. 1973, 59, 379.

(19) Martinengo, S.; Giordano, G.; Chini, P. Inorg. Synth. 1980, 20,
208.
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0.80 mmol) in 10 mL of n-hexane under nitrogen. An orange
precipitate formed immediately. The mixture was stirred for 1
h at room temperature. The orange precipitate was isolated by
filtration and washed with n-hexane. Recrystallization from
CH,Cl,/n-hexane afforded [Rh(CN-Bu'),][Co(CO),] (3a) in
quantitative yield as a light yellow solid.

3a: Mp 149-151 °C. IR (CH,Cl, em™) »(CN) 2166 vs; »(CO)
1888 vs (br). IR (Nujol mull, em1) »(CN) 2169 vs; »(CO) 1885
vs (br); 'H NMR (CDCly) & 1.53 (s). Anal. Calcd for
CuHasN40‘O4CORh: C, 47.54; H, 5.98; N, 9.24. Found: C, 47.57;
H, 6.02; N, 9.33.

Reaction of Co,Rhy(CO),, with 6 equiv of CN-Bu*. To a
solution of CogRh,(CO),, (66 mg, 0.10 mmol) in 80 mL of n-hexane
in a flask equipped with an addition funnel was added dropwise
a solution of CN-But (50 mg, 0.60 mmol) in 40 mL of n-hexane
over a period of 1 h at room temperature under nitrogen. The
color of the solution gradually changed from reddish brown to
dark orange to light orange. When one-third of the isocyanide
solution still remained in the addition funnel, a yellow precipitate
began to form. After the addition was finished, the reaction
mixture was stirred for an additional 30 min. Then the solvent
was reduced to a half of its volume. Filtration of the reaction
mixture gave a yellow precipitate and an orange solution. An IR
of the yellow solid either in dichloromethane or as a Nujol mull
identified it as [Rh(CN-Bu"),][Co(CO),] (3a) and an IR of the
solution indicated the presence of CoRh(CO);(CN-But), (2a).

Synthesis of [Rh(CN-Cy),]J[Co(CO),] (38b). To a solution
of Co,Rhy(CO),, (66 mg, 0.10 mmol) in 30 mL of n-pentane was
added dropwise a solution of CN-Cy (87 mg, 0.80 mmol) in 10
mL of pentane with vigorous stirring. Initially a red precipitate
was formed, but it redissolved quickly to form a dark red oil. The
mixture was stirred for 2 h at room temperature, and then a blue
precipitate was formed. The blue precipitate was isolated by
filtration and washed with n-pentane to give [Rh(CN-Cy),][Co-
(CO),] (3b) in quantitative yield. It is interesting to note that
when 3b was dissolved in benzene, chloroform, or dichloromethane,
a yellow solution resulted, which yielded a reddish pink solid or
film on evaporation of the solvent. Upon standing under nitrogen,
the reddish pink solid was slowly converted to the blue solid.

Blue form: Mp 102 °C. IR (Nujol mull, ecm™) »(CN) 2207
m, 2167 vs; »(CO) 1881 vs (br). 'H NMR (CDCl,) ¢ 1.50-2.50 (m,
40 H), 3.97 (br s, 4 H). Anal. Caled for C4H N,O,CoRh: C,
54.09; H, 6.24; N, 7.89. Found: C, 53.94; H, 6.28; N, 8.09.

Yellow form: IR (CH,Cl,, cm™) »(CN) 2172 vs; »(CO) 1888
vs (br).

Reddish pink form: IR (film, cm™) »(CN) 2168 vs; »(CO) 1883
vs (br).

Synthesis of [Rh(CN-DMP-2,6),]J[Co(CO),] (3¢c). To a so-
lution of Co,Rhy(CO),, (58.4 mg, 0.088 mmol) in 20 mL of n-
hexane was added dropwise a solution of CN-DMP-2,6 (88.9 mg,
0.678 mmol) in 10 mL of hexane with stirring at room temperature.
During the addition, a red-orange solid precipitated. The solid
was recrystallized from CH,Cl,/n-hexane to give purple needle
crystals of [Rh(CN-DMP-2,6),][Co(CO),] (3¢) in quantitative
yield. One of the good needle crystals was submitted to single-
crystal X-ray analysis (vide infra).

3c: Mp 135-137 °C. IR (CH,Cl,, cm™) »(CN) 21486 vs; »(CO)
1888 vs (br). 'H NMR (CDCl,) é 2.40 (s, 24 H), 6.96-7.40 (m, 12
H). Anal. Caled for CgHyN,O,CoRh: C, 60.16; H, 4.54; N, 7.02.
Found: C, 60.26; H, 4.47; N, 7.25.

Reactions with Alkynes. Synthesis of Co,Rh,(CO) -
(HC=CR) (5a, R = Bu®; 5b, R = Ph; 5¢, R = 8iMe;). To a
solution of Co,Rh,(CO),, (66 mg, 0.10 mmol) in 20 mL of n-hexane
was added dropwise a solution of 1-hexyne (8.2 mg, 0.10 mmol)
in 5 mL of n-hexane at room temperature under nitrogen. The
solution was stirred at room temperature for 30 min. During the
stirring the color of the solution gradually changed from brown
to purple. The solvent was then removed in vacuo and the residue
was redissolved in n-hexane and chromatographed on a silica gel
column (n-hexane as eluant) to give CO,Rh,(CO),,(HC=CBu®»
(7) in quantitative yield as a dark purple gum.

5a: IR (n-hexane, cm™) »(CO) 2095 m, 2064 vs, 2047 s, 2030
vs, 1992 w (br), 1889 m. *H NMR (CDCl,) § 0.90 (m, 3 H), 1.28
(m, 4 H), 2.74 (m, 2 H), 8.85 (s, 1 H). 3C NMR (CDCl,) 5 13.7
(8), 22.5 (8), 37.9 (8), 55.1 (8), 149.5 (m, =CH), 176.8 (d, Jppnc =
66 Hz, RhCO,), 177.7 (d, Jpp¢ = 70 Hz, RhCO,;), 187.8 (d, Jru<
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= 60 Hz, RhCO,,), 188.7 (d, Jgp-c = 61 Hz, RhCO,,), 193.5 (m,
=CBu"), 201 (br m, CoCO and x-CO).

In the same manner, Co,Rhy(CO),((HC=CPh) (5b) and
Co;Rhy(CO),o(HC=CSiMe,) (5¢) were obtained as a dark purple
solid in quantitative yield.

5b: IR (n-hexane, cm™) »(CO) 2088 m, 2062 vs, 2043 vs, 2027
vs, 1985 w(br), 1890 m. 'H NMR (CDCl,) § 7.10-7.25 (m, 5 H),
8.95 (s, 1 H). ®)C NMR (CDCly) 4 125.1 (s), 128.1 (s), 128.6 (s),
143.2 (m,=CH), 152.4 (s), 176.6 (d, Jrnc = 66 Hz, RhCO,,), 178.5
(d, Jru¢ = 68 Hz, RhCO,,), 185.2 (m, =CPh), 187.6 (d, Jpp¢ =
60 Hz, RhCO,,), 188.5 (d, Jgry¢ = 60 Hz, RhCO,,), 201 (br m,
CoCO and u-CO).

5¢: IR (n-hexane, cm™) »(CO) 2095 m, 2063 vs, 2057 m, 2048
8, 2042 m, 2035 m (sh), 2027 vs, 2009 w, 1889 m. 'H NMR (CDCly)
6 0.16 (s, 9 H), 9.32 (5, 1 H). 13C NMR (CDCl,) 5 1.8 (s), 163.5
(m, =CH), 175.7 (d, Jpy¢ = 66 Hz, RhCO,,), 179.9 (d, Jpu¢ =
67 Hz, RhCO,,), 183.2 (m, =CSiMe,), 187.5 (d, Jry¢ = 61 Hz,
RhCO,,), 188.6 (d, Jr¢ = 62 Hz, RhCO,,), 201 (br m, CoCO and
u-CO).

In spite of repeated attempts, satisfactory elemental analyses
for 5a—c have not been obtained, due to decomposition associated
with recrystallization procedure, i.e., the drying process, from
n-hexane. Therefore, the corresponding triphenylphosphine
derivatives, CogRhy(CO)g(HC=CR)(PPh;) (6a, R = Bu®; 6¢c, R
= SiMe;) and Co;Rhy(CO)s(HC=CR)(PPh;), (7a, R = Bu®; 7b,
R = Ph), were synthesized, which were fully characterized (vide
infra).

Synthesis of Co,Rhy(CO),,(PhC=CPh) (4b). The di-
phenylacetylene complex Co,Rhy(CO),o(PhC=CPh) was syn-
thesized by the literature procedure® with some modifications.
To a solution of Co,Rhy(CO),, (66 mg, 0.10 mmol) in 25 mL of
dichloromethane was added dropwise a solution of diphenyl-
acetylene (18 mg, 0.10 mmol) in 5 mL of dichloromethane at room
temperature under nitrogen. The solution was stirred for 1 h at
room temperature; then the color of the solution became purple.
The solution was concentrated in vacuo and submitted to puri-
fication by flash column chromatography on silica gel (eluant:
n-hexane/CH,Cl, = 2/1) affording Co;Rhy(CO)((PhC=CPh) (4b)
in quantitative yield as a dark purple solid.

4b: IR (CH,Cl,, em™) »(CO) 2096 m, 2068 vs, 2060 vs (sh), 2029
s, 1878 m. ¥C NMR (CDCly) 5 127.0 (s), 127.7 (s), 128.2 (s), 151.7
(s), 175.8 (m, =CPh), 177.0 (d, Jgyc = 77 Hz, RhCO,,), 187.4
(d, Jauc = 60 Hz, RhCO,.), 202 (br m, CoCO and u-CO).

Synthesis of Co,Rh;(CO)o(HC=CR)(PPh,)(6a, R = Bu?;
6c, R = SiMe;). To a solution of Co,Rhy(CO),, (100 mg, 0.151
mmol) in 35 mL of n-hexane was added dropwise a solution of
1-hexyne (12.4 mg, 0.151 mmol) in 5 mL of n-hezane at room
temperature under nitrogen. The solution was stirred at room
temperature for 30 min. The IR spectrum of the mixture revealed
the quantitative formation of Co,Rhy(CO),o(HC=CBu®). The
solvent was then removed in vacuo, the residue was redissolved
in n-hexane, and the insoluble material was filtered off. To this
filtrate PPhy (40.1 mg, 0.151 mmol) in 10 mL of n-hexane was
added dropwise. The solution was stirred at room temperature.
After 2 h, the IR spectrum of the reaction mixture showed the
presence of new bands, but bands due to CojRh,y(CO);o(HC=
CBu") still remained. A TLC analysis of the reaction mixture
showed two new spots corresponding to the monosubstituted
(major) and disubstituted (minor) complexes. The reaction was
then stopped and the reaction mixture was concentrated and
chromatographed on a silica gel column. A purple band, eluted
with n-hexane/CH,Cl, (4/1), gave CoRhy(CO)q(HC=CBu®)-
(PPhy) (6) as a dark purple solid. Single crystals of 6a were
obtained by slow cooling of a saturated n-hexane solution, one
of which was submitted to single-crystal X-ray analysis (vide infra).

6a: IR (CH,Cl,, ecm™) »(CO) 2073 s, 2027 s, 2000 vs (br), 1890
w (sh), 1859 s. 'H NMR (CDCl,) 6 0.88 (t, J = 7.1 Hz, 3 H), 1.25
(m, 4 H), 2.61 (m, 2 H), 7.44-7.66 (m, 15 H), 8.12 (d, Jp.y = 19.5
Hz, 1 H). C NMR (CDCl,) 4 13.8 (s), 22.5 (s), 37.9 (s), 54.5 (s),
128.8 (d, Jpc = 10.4 Hz, Cy5 of PPhy), 131.1 (s, C, of PPhy), 131.7
(d, Jpc = 43.4 Hz, C, of PPhg), 133.4 (d, Jp.g = 10.9 Hz, Cy of
PPhy), 158.4 (br d, Jp_c = 14.0 Hz, =CH), 179.5 (dd, Jryc = 72.6
HZ, Jp_c =41.0 HZ, RhCO,q), 189.6 (d, Jm,.c = 59.2 HZ, RhCO.,),
191.1 (dd, Jryc = 60.6 Hz, Jp_c = 12.0 Hz, RhCO,,), 196.5 (br
d, Jpc = 13.9 Hz, =CBu®), 207 (m, CoCO and u-CO). Anal. Caled
for C33Hys04PCosRhy: C, 43.07; H, 2.74. Found: C, 43.14; H, 2.77.



Reactions of CogRh,(CO),

In the same manner, Co,Rhy(CO)y(HC==CSiMe;)(PPh,) (6c)
was obtained as a dark purple solid.

6¢c: IR (n-hexane, cm™) 2070 m, 2042 sh, 2035 s, 2026 s, 2007
sh, 2002 s, 1893 (br) m, 1857 (br) mw. 'H NMR (CDCly) § 0.05
(s,9 H), 6.68-7.75 (m, 15 H), 8.55 (d, Jp_x = 20.1 Hz, 1 H). Anal.
Caled for CaHp0,PSiCosRhy: C, 41.05; H, 2.69. Found: C, 40.97;
H, 2.91.

Synthesis of Co,Rh,(CO)s(HC=CR)(PPh;); (7a, R = Bu®
7b, R = Ph). First, the synthesis of 5a was carried out as described
above and to its solution in n-hexane was added dropwise an excess
of PPh; (157 mg, 0.600 mmol). A precipitate was formed during
the reaction. After stirring for 2 h at room temperature, a TLC
analysis of the reaction mixture showed a major spot corresponding
to the disubstituted cluster. The solvent was removed in vacuo
and the residue was dissolved in dichloromethane. Concentration
of the reaction mixture in vacuo and purification by a flash column
chromatography on silica gel (eluant: n-hexane/CH,Cl, = 2/1)
afforded Co,Rh,(CO)s(HC=CBu®)(PPh;s), (7a) as a purple solid.

7a: IR (CH,Cl;, cm™) »(CO) 2050 m, 2016 w (sh), 1988 s (sh),
1976 vs, 1867 m, 1837 m. 'H NMR (CDCl;) 4 0.58 (t, J = 7.1 Hz,
3 H), 0.82 (m, 2 H), 1.01 (m, 2 H), 2.29 (m, 2 H), 7.47 (m, 18 H),
7.69 (m, 12 H), 8.65 (d, Jp_y = 21.8 Hz, 1 H). 13C NMR (CDCl,)
613.5 (s), 22.5 (s), 37.1 (8), 52.8 (8), 128.5 (m, C35 of PPhy), 130.7
(s, C4 of PPhy), 132.2 (d, Jp¢ = 41.9 Hz, C; of PPhy), 133.1 (d,
Jpc = 40.4 Hz, C; of PPhy), 133.6 (d, Jpc = 10.6 Hz, C,4 of PPhy),
134.0 (d, Jp_¢ = 10.9 Hz, C, 5 of PPh;), 157.6 (d, Jpc = 15.4 Hz,
=CH), 189.2 (dd, Jpyc = 59.1 Hz, Jp_¢ = 10.3 Hz, RhCO,,), 191.6
(dd, Jgrpc = 59.0 Hz, Jp_c = 10.6 Hz, RhCO,,), 197.6 (d, Jpc =
15.3 Hz, =CBu"), 214.8 (m, CoCO and u¢-CO). Anal. Caled for
CmeOstCOthg: C, 52.02; H, 3.49. Found: C, 52.40; H, 3.60.

In the same manner, Co,Rhy(CO)g(HC=CPh)(PPh;), (7b) was
obtained as a dark purple solid. 7b: IR (n-hexane, cm™) 2076
8, 2047 vs, 2031 s, 2024 8, 2011 m, 1889 (br) m, 1860 (br) mw. 'H
NMR (CDCly) 6 6.75-7.75 (m, 35 H), 8.26 (d, Jp.y = 18.9 Hz, 1
H). Anal. Caled for CzH340,P,C,Rhy: C, 49.57; H, 3.32. Found:
C, 49.06; H, 3.39.

X-ray Crystal Structure Determination of [Rh(CN-
DMP-2,6),][Co(CO),] (3¢) and Co;Rh,(CO);(PPh,)(HC=
CBu") (6). A single crystal selected for intensity measurements
was placed, encased in mineral oil, inside a thin-walled glass
capillary. The crystal was then optically centered on an Enraf-
Nonius CAD4 diffractometer controlled by a Digital PDP 8/e
computer and equipped with a graphite monochromator and Mo
Ka radiation.
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For 3¢, a monoclinic unit cell was derived by least-square
refinement of 25 of the strongest high-angle reflections. The space
group P2,/c was assumed and confirmed by the successful solution
and refinement of the structure. During the data collection, three
strong standard reflections were used as intensity controls and
checked every hour, and two standard reflections were used as
orientation control and checked every 100 reflections. The
structure was solved on a Vax station 3100 computer using the
Texray structure-solving program. A Patterson map was solved
to locate the positions of both rhodium and cobalt atoms. The
positions of the aromatic hydrogen atoms were assigned by using
standard C-H bond parameters. Methyl hydrogens on the phenyl
rings were located on a difference Fourier map after refinement
of the structure. All non-hydrogen atoms except aromatic moieties
were refined anisotropically. The R value is 0.032 (R,, = 0.039).
Difabs empirical absorption correction was applied to the data.

In a similar manner, a triclinic unit cell was derived for 6. The
space group P1 was assumed and confirmed. The structure was
solved on a Vax 780 computer using the Texray structure solving
program. A Patterson map was solved to locate the position of
one of the rhodium atoms. Refinements of subsequent electron
density difference maps revealed the location of the other non-
hydrogen atoms. The positions of the hydrogen atoms were
assigned by using standard C-H bond parameters, except for the
hydrogen on the acetylenic carbon, H25, which was located from
its Fourier peak after the structure refinement. All non-hydrogen
atoms were refined anisotropically to give an R value of 0.051 (R,
= 0.063). Difabs empirical absorption correction was applied to
the data.
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