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Abstract 

The interaction of the fullerenes C6o and C7o with the rhodium and iridium hydride complexes HM(CO)(PPh3) 3 (M = Rh and Ir) and 
HI~CODXPPh~) 2 occurs with high regio- and stereoselectivity (via substitution of one triphenyiphosphine molecule), and leads to the 
formation of only vl2-derivatives (vl2-Cn)MH(COXPPh3)2, where n - 6 0  or 70 and (rl2-C00)IrH(CBHt2)(PPh0 respectively. The 
coordination geometries of the complexes were established by IR and NMR spectroscopies, It was demonstrated that the transition metal 
atom in these complexes is coordinated with the Coo molecule at the 1,2 bond, and with the C~o molecule at the 1.9 bond. 

Keywords: Rhodium; Iridium; C6o; C~o; Organometallic hydrides 

1. Introduction 

The investigation of the reactivity of fullet~m~es to+ 
wards various transition metal complexes provides ira+ 
portant information on the structure and chemical be- 
havior of these weakly conjugated electron accepting 
polyenes [I +27]. Organc~otallic hydrides can react with 
fullerenes in two essentiall~ different ways: (i) by direct 
coordination of the metal atom at the double bonds with 
formation of It-complexes of even hapticity; (ii) by the 
addition of an M-H bond to the fullerene polyene 
system with formation of odd hapticity complexes 
(Scheme !). In addition, the hydride ligand may be of 
use as an unusual "label", providing information on 
both the direction of the reaction (pathways (i) and (ii)) 
and the structure of the resulting complexes (pathway 
(i)) on the basis of IR and/or NMR data. 

In this paper we summarize both our earlier results 

" Corresponding author. 

0022-328X/96/$15.00 © 1996 Elsevier Science S.A. All rights reserved 
Pll S0022-328X(96)06163-3 

[26,27] and the new data on interaction of the fullerenes 
C~ and C70 with a number of rhodium and iridium 
hydride d s complexes. An efficient method tbr deter- 
mining the position in the fullerene moiety where coor- 
dination of the metal atom takes place is achieved by 
the analysis of ~H and ~P NMR spectra without resort+ 
ing to X-ray studies. 

2. Results and discussion 

The mixed hydride carbonylphosphine complexes of 
rhodium and iridium such as HM(COXPPh3)3 (M = Rh 
(1) and Ir (2)) react with the fullerenes C~o and C:0 by 
pathway (i) with high regio- and stereoselectivity, giv- 
ing in high yield the complexes (T?2-C.)MH(COXPPh3)2 

(n = 60, M = Rh); 4 (n ffi 60, M = It'); $ (n ~ 70, 
M ~ Rh) and 6 (n = 70, M = It'), containing an rl2-co - 
ordinated fuilerene molecule (Scheme 2). 

The course of the reaction may be followed by 
means of UV spectroscopy (especially in the reactions 
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of fullerene C6o where a new band arises at 435 nm), IR 
spectroscopy (observing changes in Vco and vMu 
bands). I H NMR (observing changes in resonance of 
the hydride proton) and 3,p NMR spectroscopy. The 
data demonstrate that in all cases under consideration 
only one product is formed. This product can be iso- 
lated from the reaction mixture by precipitation with 
methanol and/or pentane. 

It should be noted that the reaction of C6o or C70 
with HRh(COXPPh3) 3 is the first example of funda- 
mentally different reactivity of these fullerenes towards 
metailocomplexes, as compared with common elec- 
tronoacceptor alkenes (such as tetrafluoroethylene and 
tetracyanoethylene) which react with I via insertion of 
an alkene in an Rh=H bond to form only the related 
o~complexes [28]. 

The iridium hydride 7 containing phosphine and 
cyclooctadiene ligands in the coordination sphere can in 
principle react with fullerene C~ according to pathway 
(i) via two routes: substitution of triphenylphosphine or 
cyclooctadiene respectively. However, in this case only 
the replacement of the ttiphenylphosphine molecule 
takes place with fornlation of the e:~ohedral derivative 8 
with D2 bonding shown in Scheme 3. 

It is particularly remarkable that the rate of reaction 
of the complexes under consideration with the fullerenes 
Ceo and C~0 does not depend on the type of fullerene 

4, M ~| t  IL M ~ ~' 

and increases in the following sequence: 7 .~ 2 < 1, 
consistent with the ease of the dissociation of phosphine 
ligand in the starting complexes [28]. 

2.1. Configuration of the resulting complexes 

The presence of the hydride makes it possible to 
readily determine the coordination geometry of the cen- 
tral metal atom in the complexes 3-6 and 8 from the IR 
and/or NMR spectroscopic data. In the case of 3-6 IR 
spectroscopy is the more efficient method. 

The resonance coupling between two vibrations Vco 
and Vm, in the hydridocarbonyl complexes 3-6 is good 
evidence that the hydride and carbonyl ligands are in a 
transoposition [28~30]. This fact completely determines 
the total configuration of these complexes. In the 
rhodium derivatives 3 and 5 the coupling manifests 
itself in "equali~ins" of the intensities of the t, co and 
VRh n bands [27] due to the close frequencies of both 
vibrations (Fig. I(a,b)). In the case of the iridium 
derivatives 4 and 6 the frequencies of the vibrations of 
the Ir-H and C-O bonds are significantly different, 
nevertheless, the presence of the Vco-Vtm coupling is 
proved by the shift of a Vco band by 21=22 cm ®l 
observed in the IR spectra of the isostructural deuterium 
complexes (.~2 C,,)MIXCOXPPh3)2 9 (n ~ 60) and 10 
(:t ~ 70), which were prepared in the same manner (Fig. 
l(c,d)). 

These conclusions are also supported by the NMR 
data. In the ~H NMR spectra of the complexes 3-6 the 
signal assigned to the hydride proton is observed as a 

? 8 

Scheme 2. Scheme 3. 
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Fig. I. IR spectra of (a) HRIgCOXPPh03 in Nujol mull; (b) (v/Z-C60)RhH(COXPPh02 in KBr; (c) (r/2-Coo)lrH(COXPPh~)z in KBr; (d) 
(v/2-Coo)IrD(COXPPh02 in KBr. 
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Fig. 2. The projection of a fragment of the Coo polyhettron along the H-M-CO and P-lr-P bonds in complexes 3, 4 and along the 
H-lr-(HC=CH) and P-Ir-(HC=CH) bonds in complex 8 showing the planes of symmetry (o'), the numl~r of possible geometric isomers (N), 
and the equivalence of the phosphorus atoms in the cases where the metal is bonded to a fullerene moiety through a 1,2 bond (a,c) or through a 
1,9 bond (b,d) respectively. 
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triplet with a small value of the 2JH, p constant. This fact 
confirms that the two phosphine ligands are in cis-posi- 
dons relative to the hydride proton [28,31]. The configu- 
ration of the cyclooctadiene complex 8 can also be 
established from ~H NMR data. In this case a doublet at 
-14.35 ppm with 2j.,p = 20.6 Hz corresponds to the 
hydride proton. The observed multiplicity and the mag- 
nitude of the 2ju, p spin-coupling constant attest to the 
fact that the hydride and phosphine ligands are in 
cis.positions. In addition the values of the chemical 
shifts assigned to the hydride proton are close in the 
resulting complex 8, as well as in 7, and in the starting 
complex ? (-13.41 ppm, t, 2JH,p= 20.0 Hz). This 
suggests that the hydride ligand in complex 8 is in 
trans-position relative to a double bond of cyclooctadi- 

ene, because the ligand in the trans-position greatly 
influences the value of the chemical shift in the hydride 
complexes [28,31 ]. 

2.2. Direction of  the coordination 

The inherent configuration of complexes 3-6  and 8 
(with hydride and phosphine ligands in orthogonal 
planes) allows one to determine the bond in the fullerene 
polyhedron that is involved in coordination with the 
transition metal atom. It can be done from ~H and 3~p 
NMR data taking into account the number of possible 
isomers and their symmetry. 

Thus, in complexes 3 and 4 fullerene C60 may be 
coordinated with the transition metal atom either through 
a 5 -6  edge, i.e. at the 1,9 bond, or through a 6-6  edge, 

,~ e,) 
(?) 
P 

H CO CO [Ht "'(COl " ~o(~) 

Nullll~t of t$ol~crs N - I N - 2 
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! 

Fig, 3, The pro~t'¢tion of a freq~m~nt of the C'~ polyhedron along the H-M-CL~ d~d P-Ir-P bonds in complexes 5, 6 showing the planes of 
symmetry (~), zhe number of I~ssible geometric isomers (iV), and the equivalence of the phosphorus atoms in the cases where the metal is 
boeded to a ~lierene moiety through (a) 1,9; (b) 7,8; (c) 22,23 or (d) 23,24 bonds, 
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i.e. at the 1,2 bond (for the numbering of  the system see 
Ref, [32]). When addition of  the metal atom involves 
the 1,9 bond of fullerene, the phosphorus atoms are 
equivalent (owing to the plane of symmetry which is 
perpendicular to this bond), and the complex itself 
should exist as a mixture of two geometrical isomers in 
the ratio 1:1 (in the first isomer, the hydride ligand is 
opposite a pentagon, and in the second one, the hydride 
iigand is opposite a hexagon; see Fig. 2(b)). This can be 
established by the IH NMR spectrum which, in this 
case, should contain two triplets. When the metal atom 
adds to the 1,2 bond of  fullerene, the phosphorus atoms 
will also be equivalent, while the complex will exist 
only as a single geometrical isomer (owing to the 
existence of two planes of  symmetry, perpendicular and 
parallel to the 1,2 bond; see Fig. 2(a)), The same 
situation occurs in the case of complex 8. Where addi- 
tion of the metallo-fragment involves the 1,9 bond of 
fullerene, the resultant complex itself should exist as a 
mixture of two geometrical isomers (Fig. 2(d)). When 
the metallo-fragment adds to the 1,2 bond, the complex 
should exist only as a single geometrical isomer (Fig. 
2(c)). The presence of only one isomer, supported by 

IH and alp NMR spect: ~. of  the complexes 3, 4 and 8 
unambiguously suggests that the fullerene is coordi- 
nated to the metal atom at the short bond along a 6 - 6  
edge. It should be noted that these conclusions on the 
configuration and direction of coordination have been 
completely confirmed by X-ray data on compound 3 
[18], prepared in the same manner by Balch e ta l .  

In the case of complexes 5 and 6, the situation is 
dramatically complicated due to the fact that C70 al- 
ready contains four non-equivalent reactive bonds (1,9; 
7,8; 22,23; 23,24) along the 6 - 6  edges, which possess 
high bond orders (in this case the 1,9 and 7,8 bonds 
have very close values of  bond order [32]). Moreover, 
there are four non-equivalent bonds along the 5 - 6  edges 
(1,2; 6,7; 7,22 and 21,22 bonds; for the numbering of 
the system see Ref. [32]). However, considerations of 
the symmetry and number of isomers formed make an 
unambiguous choice possible in this case also. The 
patterns in the IH and 31p NMR spectra of the com- 
plexes indicate the presence of a single geometrical 
isomer with non-equivalent phosphorus atoms and cor- 
respond to coordination of  the metal at the 1,9 bond 
(Fig. 3). Both iridium complexes of C70, whose struc- 

Table I 
Analytical and spectroscopic data * 
Compound Yield 

(%) 
UV/vis b . . . . . . . . . . . . . . . . . . . . . . . .  "IR < 
(Bin) 

PMII (cm' m) l-'CO 
(cm = ~) 

3 Ct~[RhlI(COXPPh.~)a ] 82-90 
C: 84.90 (84,60) 
H: 2,30 (2.27) 
P: 4,41 (4.50) 

4 C~o[IrH(COXPPh ~)2 ] 95 
C: 79.45 (79.28) 
H: 2.13 (2.19) 
P: 4.22 (3.99) 

$ C~0[RhH(COXPPh j)z ] 60 
C: 84.78 (85.83) 
H: 1,87 (2.09) 
P: 3.66(4.14) 

6 C~0[irH(COXPPh 02 ] 65 
C: 81.00181.92) 
H: 1.9712.15) 

8 C60[IrH(Cs Hi2) 82.3 
(PPb3)] • 2C6H 6 

C: 82.00 (81.71) 
H: 2.46 (2.80) 
P: 2.11 12.15) 

255(s). 3271s). 
3901sh), 438(w), 
6181w), 6591w) 

2056 1984 

25611.15 × 10~), 2105 1988 
317(4.8 x 104), 
435(I.0 x 104), 
604(4.4 × 10~), 
640(3.6 X l0 ~) 

332(s), 3641sh), 2061 ~ 1981 (t 
3801m), 4641m), 
545(sh) e 

3041s), 3721m), 2101 t 
415(m), 4411m), 
5601sh), 6961w) 

258(vs), 3291s), 2173 
4361m), 595(w), 
6361sh) 

1986 f 

NMR 8 ,t (ppm) 

~9.38 (t,'t,'~T]r,, - 9.5 Hz, IH, RhH)'. 
7.3 (m, 30H, Ph) ~IP-{iH) ~: 39.7 (d, IJtthp - 143 H~) 

iH: =9.16(t, ~Jpll" 17.4 Hz, IH, IrH); 
7.5 (m, 30H, Ph) ~lP-{IH) f: 7.8 (s) 

ill: - 10.23 (t zJp u ~, 10.0 Hz, IH, RhH); 
7.3 (m, 30H, Ph) ~IP-(tH) ,: 40.7 (dd, J~p ~, 142 Hz, 
zjpp = 30 Hz) and 43.9 (dd, IJRh p ~ 143 Hz, 
zJpr ~ 30 Hz) 

IH ¢: - 10.16(t, zJpl t - 17.5 Hz, IH, IrH); 
7.5 (m, 30H, Ph) ~t p.{tH] f: 4.6 (d, 2jpp, 36 Hz) 
and 7.7 (d, zJrp - 36 Hz) 

ill: - 14.36 (d, 2Jpu ~ 20.6 Hz, I H, IrH); 
1.53, !.72, 2.22, 2.44, 3.31, 3.92, 4.46, 5.14 
and 5.49 (m, 12H, CeHi2); 7.37 (s, 12H, C6H6); 
7.42, 7.76 (m, i 5H, Ph) ~i p.{i H}; 4.6 (s) 

a Analytical data given as Found (Calc.) (%). 
b in THF solution unless otherwise indicated. 
c in KBr pellet unless otherwise indicated. 
o In CDCI 3 solution unless otherwise indicated. 
e In toluene solution. 
f In C6D 6 solution. 
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tures have been determined previously [14,17], have this 
geometry. It should be noted that these spectral patterns 
absolutely eliminate the possibility of the addition of the 
metal to any of the four non-equivalent bonds along the 
$-6 edges of the C~o fullerene, since if it took place the 
products obtained would always exist as mixtures of 
two geometrical isomers, as for coordination of the 
metal through a $ -6  edge of C60 fullerene. 

Thus, the organometallic hydrides of rhodium and 
iridium react with the fuilerenes C6o and C70 with high 
regio- and stereoselectivity to form the exohedral com- 
plexes of ~/2-type only. 

3. Experimental details 

hexane (20 ml) were sequentially added. After 2 h, the 
resulting precipitate was filtered off, washed with 
methanol (2 X 5 ml) and hexane (2 × 5 ml) and dried in 
vacuo. The complex 8 (82.3 mg, 82.3%) was obtained 
as a black-green powder. 
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UV and IR spectra were obtained on Specord M400 
and M80 spectrometers respectively. ~H NMR spectra 
at 400.3 MHz and 31P-{tH} NMR spectra at 160.02 
MHz were obtained on a Bruker AMX-400 spectrome- 
ter relative to TMS (internal standard) and 85% H~PO 4 
(external standard) respectively. All experiments were 
carried out in an atmosphere of dry Ar, free of oxygen. 
The synthesis of complexes 4, 6 and their deuterium 
analogs 9, 10 has been described in a previous paper 
[27]. Analytical and spectroscopic data of complexes 
3-6 and 8 are listed in Table 1. 

3,I, (~t.Coo)RhHtCO)(PPhj): (3) 

Complex I (102 rag, 0.111 retool) in 5 ml of benzene 
was added with stirring to a suspension of ('~) (80 rag, 
0,[11 retool) in 28 ml b~nzen¢, The violet reaction 
mixture immediately turned darkogreen. After 5 rain, 90 
ml of ether (10 ml at a time) was added with stirring. 
The precipitate was filtered off, washed with ether and 
pentane and dried in vacuo, Microcrystalline dark-green 
powder (complex 3, 125,9 rag, 82,4%) was obtained. 

3,2. (~Z-CTo)RhH(CO)(PPhj )~ (5) 

Complex I (13,7 mg, 0,0149 retool) in 0,5 ml of 
benzene was added with stirring to a suspension of C~0 
(12,5 rag, 0,0149 mineD in 4.5 ml of benzene. After 10 
rain, pentane (5 × 5 ml) was added with stirring. The 
resulting precipitate was filtered off, washed with pen- 
tane and dried in vacuo. A dark=brown (almost black) 
microcrystalline powder was obtainod (complex 5, 13.4 
mg, 60%). 

(w-Coo)irH(C~ H~z )(PPh~ )" 2C o H o (8) 

Complex 7 (57,3 rag, 0.0694 retool) in 4 ml of 
benzene was added with stirring to a solution of C6o (50 
rag, 0,0694 retool) in 50 ml of benzene, The reaction 
mixture was stirred for ! 2 h, then methanol (50 ml) and 
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