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Summary 

The growth of anionic rhodium carbonyl clusters under pyrolytic conditions 
depends upon the counterion. The appearance of complexes of higher nuclearity was 

least favorable with the cesium salts while it occurred more readily with the 
ammonium salts following the trend: [R,N]+ (R = alkyl) < [R,R’N]+ (R’ = benzyl) 
< [R,NH]+ < [R,NH,]+. A redox reaction between the rhodium carbonyl anion 
and the ammonium cation is implicated in the thermal growth of clusters. The 

electron-transfer process between these two moieties may involve the initial fragmen- 
tation of the clusters to form [Rh(CO),]P, and the reduction of the ammonium 
counterions by [Rh(CO),]- at high temperatures, although the direct electron 
transfer from the polynuclear species to the cation cannot be ruled out yet. It 

appears that electron transfer precedes or, that it is parallel to, the fragmentation of 
the clusters while the aggregation reactions of the resulting fragments give the 
observed products. The formation of metallic rhodium from either mono- or 
poly-nuclear complexes, and the sequential transformations found for these species 

are in agreement with the expected thermodynamic preference for high nuclearity 
species. The existence of the independent effect of the amines and the alkali cations 
when both of them are present resulted in the inhibition of the formation of metallic 
rhodium and retarded the growth of the clusters. These results correlate with the 
enhanced rhodium solubility noted for some catalytic systems that are based on 
rhodium carbonyl clusters with amines and cesium salts added, and which are used 
to convert H/CO mixtures into polyalcohols. 

Introduction 

Our ‘interest in the pathways leading to the formation of rhodium carbonyl 
clusters has been prompted by the suggested involvement of Rh,(CO),, HRh(CO),, 

W(CO)4 1~ and L WC% I’ in their fragmentation and aggregation reactions 
under high temperatures and pressures of carbon monoxide and hydrogen [l-S], or 
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even under milder conditions (eq. 1). Aggregation and fragmentation of the clusters 
may also occur under ambient pressure as suggested by the formation of 

[~,3(C%H.l’5-“-. W,,(CO),,13p or W,,(CQ,,14 during the pyrolysis of 
[Rh,2(CO),,,]‘- [6a], or by the formation of [RhZZ(CO),,H,]‘~~” during the 
pyrolysis of solutions prepared from Rh(C0)2acac [7]. Similar reactions have been 
also observed under ambient conditions upon addition of a non-oxidative protonic 
acid of a weakly bonding anion such as trifluoromethylsulfonic acid in the absence 
of other ligands. although they appeared to depend upon the nature of the cation [X] 
(eq. 2-4). These results suggested that the fragmentation and aggregation reactions 
of the clusters either at pyrolytic temperatures or under the conditions employed for 
the synthesis of polyols [l-5] may be related to the redox propertics of these species. 

The changes in cluster size with the temperature and pressure of carbon monoxide 
indicated to us the inverse effect of these two variables in the growth of clusters 
[l-5]. This led us to expect a similar behavior for the clusters at high temperature 
under ambient pressure and under the more drastic conditions used in some catalytic 

systems [l-5]. 

[ Rh,,(CO),,] ‘-‘=‘[ Rh,,(CO),,H,] 3 

[ Rh,,(CO),,W,]“-‘l-F [ Rh,,(CO),,] j-- + [ Rh,(CO),,] ‘- t:’ 

(1) 

2[Rh,(CO),e] j- ‘z* [ Rh,,(Wx] * 

[Rh,,(CO),,] j- pz- [ wdc%l 3 (4) 

We decided then to look at the thermal activity of these clusters under ambient 
pressure because of the implication these studies may have on the behavior of these 

species under high pressures of carbon monoxide and hydrogen. This work was 
expected to expand the studies initiated some time ago with the pyrolysis [6a] of 
[Rh,2(CO),,]‘p. It was also expected that this work would show the sequence 
involved in the growth of these clusters while indicating the specific pathways 
leading from the smaller to the bigger species and the influence of the cation on 
those reactions as suggested by our previous results (eq. 1 and 2). These results are 
reported below. 

Experimental 

Commercially available solvents were purified and dried by literature procedures 
[l]. Sulfolane was obtained from Philips Chem. Co.; methanol from Kodak Chem. 
Co.; tetraethylene glycol dimethyl ether from Ansul Chem. Co.. acetone and 
acetone-d, from Aldrich Chemical Co. Other chemicals were obtained from usual 
sources: Rh(CO),acac was supplied by Mathey, Bishop and Co.; cesium benzoate 
trihydrate from Strem Chem. Corp.; and the remaining inorganic reagents from Alfa 
Chem. Corp. The gases used in this work were obtained from the Linde Division of 
Union Carbide Corp. These chemicals were used as supplied. The synthesis of the 
salts of the rhodium carbonyl complexes were conducted by new procedures in the 
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cases of UWCO),l- PI, [Rh,2(C%,12~ Pal3 [fi,dCOL,I-‘~ 141, [Rh&O),,l’~ 
[9b], and [Rh,,(CO),,H2]“- [8], by modification of the literature methods in the 
cases of [Rh,(C0),,13- [SC], and [Rh,,(CO)2,H3]2p [6a], and by the literature 
procedures in the cases of [Rh,(CO),,]- [9d], [Rh,(CO),,X]- [9e] and [Rh,(CO),,- 
Xl*- (X = Br, I) [9f]. Infrared spectra were obtained with a Perkin-Elmer 283 
spectrometer using matched 0.15 mm calcium fluoride cells; ‘H and “C NMR 
spectra were run in acetone-d, for the lower thermal range, (-90 to 4O”C), and in 
sulfolane at higher temperatures. We usually employed saturated solutions prepared 
by using 3-4 ml of the solvent in a Schlenk tube and transferred via syringe into a 
12 mm NMR tube. The tube was capped under argon and sealed with wax. The 
spectra were collected on a Varian XL-100 FT-NMR spectrometer. The parameters 
used varied with each sample. In general, ‘H spectra were collected in the range of 
+ 30 to - 50 ppm, while 13C spectra were studied from 0 to 300 ppm downfield 
from tetramethylsilane used as external standard. Samples were enriched by ex- 

TABLE I 

“C NMR CHEMICAL SHIFTS FOR SOME RHODIUM CARBONYL COMPLEXES 

Compound 

- 

Rh(CO),acac 

[Rh(CO),(CH&N),l+ 

[Rh(CD), l- 
[fWW,B~~l~ 
lRh(CO),Ct,I- 
Rh,(CO),CI, 

Rh z(CO), Br, 

Rh,(CO)&+.,Hj), 

W,K% 

RWW,, 
lRh&O),,12- 
lRh,(CQ,,tl- 
lRh,(CO),,17- 

lRh,(CO),,U~ 
1Rh ,z(CQ,,, 1 2 - 

Temperature 

(“C) 

20 

20 

20 

20 

20 
20 

20 

20 

-80 

50 

-65 

70 

-70 

-70 to 30 

-70 

30 

- 30 

- 70 to 50 

20 

- 80 to 20 

-40 

40 

140 

-90 

40 

Chemical shift (ppm) Reference 

183.7(d) 

181.6(d) 

206.3(d) 

181.4(d) 

183.2(d) 

180.4(d) 
179.9(d) 

203.u t) 

191.8(d); 231.8(t) 

189.5(q) 

175.5; 181.8; 183.4; 228.8(d) 

180.l(ds); 231.5(qs) 

209.2(sep) 

183.3(ds); 232.9, 239.2(qs) 

198.2, 205.7, 206.4(d); 218.0. 

229.5(t); 254.3(q) 

198.2, 206.4(d); 217.5(b); 

229.5(t); 254.3(q) 

2 18.5(oct) 

183.4, 186.1, 186.3(d); 
211.5(t); 237.4(m) 

209.9(b); 229.6(5) 

209.8(b); 235.4(t) 

184.3, 191.1(d): 208,0(m); 

231.0(q): 249.5(t) 

192.9(d); 213.1(b) 

221.1(m) 
180.1, 182.8, 187.5(d); 213.1, 
219.7, 226.2(nrm); 238.1(m) 

182.5(d), 210.0(m), 215.7(m) 

23e 

23e 

23e 

23e 

23e 
23e 

23e 

23d 

23b 

23f 

231 

23d 

23f 

23a 

23g 

23h 

23h 

9a 

4 

” Downfield from (CH,), Si; d = doublets; t = triplet; q = quartet; qs = quartets; sep = septet; act = 
octet; m = multiplet; nrm = non-resolved multiplet; b = broad unresolved multiplet. 
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change under 1 atm of 45% ‘3CO at ambient temperature in acetone solution. or at 
40°C in sulfolane. The NMR spectra were collected at 40. 80. 120. 140 and 160°C bl 

sequentially monitoring the solutions for at least 1-2 hours at each temperature and 
obtaining one spectrum at 40°C after each spectrum recorded at higher temperature. 

For protons, usually 16 K data points were collected over a 5000 Hz sneep width to 
give a resolution of 0.31 Hz/channel. Accumulation of 288 transients Losing a 20 
psec pulse width and 1.6 set acquisition time was made. Carbon-13 NMR data lvere 
obtained at 25.2 MHz by accumulation of 500&20.000 transients using a 15 p>ec 
pulse width (- 30” flip angle) and 0.8192 acquisition time. A 7500 HL sueep width 
was used with 12.320 data points to give a 0.61 Hz/channel resolution. The slight 
differences between the chemical shifts reported in this work and in the literature 
(Table 1) for some compounds may be due to solvent or temperature-induced shifts. 
among other factors. In fact. we have detected a thermally induced (40 180°C‘) shift 
in the range of 0.3 to 1 .O ppm in some instances, in sulfolane solutions. 

Results and discussion 

The well known identification of rhodium carbonyl complexes. in particularly 
polynuclear species, by 13C NMR spectroscopy (Table I) suggested this technique 
for the study of the thermal reactivity of rhodium carbonyl clusters and related 
complexes. We examined, in the first place, the thermal reactions of several 

[Rh(COLl salts because this anion participates in the chemistry of the clusters 
under high pressure of synthesis gas [1.5]. It was also expected that the factors 
involved in the aggregation reactions required for the formation of the clusters 
would be more evident when the starting material was a highI>- reduced (metal 
atom/negative charge, l/l), mononuclear carbonyl anion. It M’X found that the 

reactivity of [Rh(CO),]~~ is a function of the counterion (Table 2 and Fig. 1) and 
that the degradation of the ammonium cation in these reactions paralleled the 
appearance of cluster products. Similar results were found when rhodium carbonyl 
anionic clusters were converted into species of higher nucleurity under pyrolytic 
conditions. as discussed below. In any case. we did not obtain any evidence to 
indicate that the decomposition of the ammonium cations occurs via a Hoffman 

TABLE 2 

THERMAL REACTIVITY OF THE SALTS OF [Rh(CO),] 
- 

Cation Temperature (“C)/ 

time (h) 

Observatlonh ii 

[Cs( 1%crown-6],] 

[(C,H,L,Nl’ 

[PhCHZN(C2H,),]+ 

40- 120,‘2 No changes detected 
1 60/2 p.c. to insoluble rhodium-containIn& product5 ” 
1 x0/2 cc. to insoluble rhodium-containing products 
I20,‘2 No changes detected 
I60/2 C.C. to [Rh,((‘O)],l’ and [Rh,t(‘O)_ ,s]i 

x0- 100,‘2 p.c. to [Rh,(C’O),,]’ 
12oj2 c.c. to [Rh_(C OJ,~]’ and [Rh,,(C’O_ ,xJ3m 

“ p.c. and C.C. mean partial and complete conversion. respectively. of the starting anon: the suggested 

identification of the product> has been on the spectra obtained by cooling the sytem to 40°C after 
reaction at high temperature. or/and on the pattern noted while at tbts temperature. ” Metallic rhodium 
is one of the main components in thia material. 
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253.0 226.9 217.6 207.2 198.7 VI.1 

205.3 

Fig. I. 13C variable temperature NMR study of [Rh(CIO),]” salts: (a) [Cs(lS-crowr1-6)~]~ and (b) 
f 

[PhCH*N(C~H~)~l , 

elimination reaction [lo]. Instead, the parallel between the reduction potential of the 
cations [l I] and their ability to inhibit the increase in the nuclearity of the rhodium 

anions: Cs+ > ](CzH5),N’ > fPhCH,N(C,H,),]C > [HN(CH,)(CH,CH,),O]’ > 
[H,N(CH,CH,),O]’ suggested the participation of electron transfer processes 
between these two types of species in the aggregation reactions of the anions. 
Accordingly, we have noted the formation of bibenzyl, [PhCH&H,Ph], and triethyl- 
amine (Fig. 2) during the pyrolysis of the [PhCH~N(C~H~)~]+ salts of ]Rh(CO),]- 
and of the polynuclear rhodium anions, as previously reported for the one-electron 
polarographic reduction of this cation [ 1 l] (eq. 5). On the other hand, the high 
reduction potential of the cesium cation may be responsible for the different 
behavior of these salts, These observations apply to the systems based on [Rh(CO),]- 
and on polynuclear anions, as well. For instance, the oxidation of [Rh(CO),]- into 
[Rh,(CO),,J’_ may occur with the participation of Rb,(COf, (eq. 6 and 7) although 
we could not detect Rh,(CO), in this system. In spite of that, our proposal is based 
on the preliminary structural study of the Rh9 cluster shown below, the formation of 
Rh,(CO)t6 during the oxidation of [Rh(CO),]- with protonic acids [12], the reaction 
of this anion with Rh,(CO),, to give [Rh,(CO),,]3p [Sk-e], and the aggregation- 
fragmentation reactions between Rh,(CO),,, Rh,(CO),, and Rh,(CO), [1,2]. On the 
other hand, the reactions of [Rh(CO),]- with the morpholinium cations above 
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resulted in a similar oxidation of this anion into [Rh7fCO),Ci]’ . even upon 

attempting the preparation of these salts at temperatures below 0°C‘. These results 

precluded us from examining the thermal reactivity of these salts 17~ I’<‘ NMR 

spectroscopy. but it indicated the lability of these species and the ~i~~~~n~p~~siti~~i~ of 

the [H(R)N(CH,CH. j-O] ’ (R = H, CH,) salts. We attempted the idttntificnticw of L i 
the decompositron products of these cations during the thwmc)f!‘\is of their 

[Rh,(CO),,]’ salts (Table 3). It was noted that ca. 3N of the initial cation \vere 

degraded after 0.3 h at 160°C 3s indicated. for instance. tw the dwrcaw of the “C‘ 
NMiR signals of [H2N(C‘H ,C’H,),O] _ (46.1 and 72.9 ppm). ~~nf~)rtLll~~~t~l~. we have 

not been able yet to unequivocall_y assign the resonances of lhe resulting decompoai- 

Y 2 

(CIi,CH,),N 

+--- (A) 
w u,v,t 52 x 3 Y 

141.6 f28.3,?25.9 46.7 37.9 110 

Fig. 2. “C NMR spectra of: (A) bibenzyl. PhCH,C‘H,Ph and (C‘,H.),N: (B) [PhCHLN(C:H,),]’ salt 

of [Rh(CO),] _ at 4O“C before pyrolysis and (C) the same solution as in B hut after pvrol~sr\. 



TABLE 3. THERMAL REACTIVITY OF THE SALTS OF SOME RHODIUM CARBONYL. CLUS- 

TERS CONTAINING LESS THAN TEN METAL ATOMS 

Clusters Cation Temperature (“C) Observations’ 
time (h) 

~~6w),,12- (Cs( 1%Crown-6), J’ 

W,H,),N+ 
V’hCH,NGH,),I + 

[fi,(CO),,Brl- W,HshNl+ 

w,K%13- [Cs(lS-Crown-6),]+ 

WH,),Nl+ 
KC,H,hNl+ 
F’hCH,NGH,)31+ 

WN(CH,)(CH,CH,),Ol 

KW,N(CH,CH&Ol+ 
W,(CO),,Brl*- KH,),Nl+ 

wMm,I1*- KC,H,),Nl+ 

wb(CO)- ,813- U’hCH,NC,H,),I+ 

40/ 1 

120/2 

160/2 

40- 160 
40- 160 

40/2 
80/2 

120/2 

140/2 

40/2 

160/3 

1 so/2 

40- 180 

40- 180 
80/4 

140/2 

160.10” 
180/4 

80/2 
100/2 

80/2-100/l 

40/2-60,‘2 

100/2 

40/2-60/2 
l20/2 

40/2- 160,‘2 
180/2 

p.c. to [Rh,(CO)_ ,8]3m and 
uncharacterized products 

cc. to [Rh,(CO)_ Is]‘- and 

uncharacterized products 

cc. to [Rh,,(C0)2,]4-. 

[Rh, (CO)_ ,s13- and 

[Rh(CO),] -(after cooling 

at 40°C) 

As above 
As above 

No changes detected 

p.c. to uncharacterized 
products 

C.C. to the products above 

cc. to [Rh,,(CO),,]‘-. 

[Rh(CO)ZBr,]- and 
another mononuclear 

species (after cooling at 

4OOC) 

No changes detected 
Traces of [Rh,(CO_ ,s13- 

and [Rh(CO),]- (after 

cooling at 40°C) 

PW’W,lm, 
w,,(co)*,14- 
and metallic rhodium 

As above 

As above 
No changes detected 

C.C. to [Rh,(CO)_ ,s]3_ 

cc. to [Rh,s(CO)2,]3m 
As above 

No changes detected 
cc. to [Rh,(CO)_ ,s13- and 

metallic rhodium 

As above 

No changes detected 

cc. to [Rh,4(co)2,]4-1 

Ifi,,Ko)2,13-~ 
[WCO), Br, I- 
and Rh,(CO),, (after cool- 

ing to 40°C) 

No changes detected 
C.C. to [Rh,,(CO),,]‘-, 

W,(C%I*. fi,Gv,, 
(after cooling to 4O’C) 

No changes detected 
C.C. to [Rh,4(CO)2,]4m and 

(Rh,,(CO),,]3- (after cool- 
ing to 4O’C) 

u p.c. and C.C. means partial and complete conversion, respectively, of the starting anion. The suggested 

identification of the products is usually based on the spectral features observed by cooling the system at 
40°C after reaction at a specified temperature or/and on the pattern noted while at this temperature. The 
presence of unidentified intermediates at the higher temperatures is indicated in some instances by the 

resonances observed under these conditions. 
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TABLE 4 

THERMAL REACTIVITY OF THE SALTS OF LARGF. RHODIUM C‘ARBON’I’I. CLUSTERS 

Clusters Cation 

[Cs( 1 8-(‘rown-6)z] ~ 

IK,H,),Nl+ 
[PhCH,N(C,H,)3]-’ 

[Cs( I X-Crown-6)J i 

_( 
I(C2H,LNl 

[PhCH2N(C,Hj),]’ 

[(Ph,P),N]’ 

[Cs( 18-Crown-6),]1 

KC% ),Nl* 
[(CzH,L,Nl’ 
[(Ph,P)>Nl+ 

[C>(18-Crown-6),]+ 

kC,H,I,Nl’ 
[Ph(‘H3N(C2H,)31+ 

“ See Footnotes on Table 2. 

tion products; by contrast, the formation of [Rh,(CO)_,,]’ was clearly noted in 
these experiments in agreement with the results below: 

Temperature (“O/ Observations ” 

t,mr-(h) 
-.-__ 

w/2 
120/2 

80/‘2- 120/2 

x0/2- 120/2 

80/3 
120/2 

140/2 

W/3 

120,‘2 

8013 
loo,/2 

80,/c? 

120,/2 

140/2 

x0/2 

120/l 

40/2- 160,‘3 

40/2Z 160,‘3 

40/2- 160/3 
40,/‘2- 140,‘2 

I60,‘3 

180/2 

X0/2- 16Oj4 

180/0.5 

I x0/2 

80/2- 1 x0/3 

x0/2- 160/4 

1x0/2 

2[ PhCHzN(C,Hs A] + + 2e-~ --j 2[PhCH,N(C,H,)j] + PhCH,CH,Ph + N(C,Hs); 

(5) 

2[ Rh(CO)A -_ --j Rh,(CO)X + 2e (6) 

3[ Rh(CO)d - + 2Rh,(CO)8 it [ Rh,(CO),,]3 + 12CO (7) 
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The systematic pyrolytic study of anionic rhodium carbonyl clusters illustrates the 
influence on the thermal reactivity of these species by the type of polyhedra (Scheme 
l), the presence of ligands other than carbon monoxide, and the nature of the 
counterions. For instance, we have noted the following trends in the increase of the 

thermal reactivity of clusters based on an octahedral cage (Table 3) and more 
complicated polyhedra (Table 4): [Rh,(CO),,]‘-m > [Rh,(CO),,X]‘- , 
W,WN,~Xl-- ’ W,(CO),,lZp , and [Rh,,(C0),,14- , [Rh,,(CO)2,1”p > 
IRh,,(CO),,H,I’S-“‘- ’ [fi,2(W,o12-. W e initially expected that the increase in 

the degree of reduction of the clusters would facilitate [ 131 the redox reaction 
between the anion and the counterions. Instead, the stability found for the bigger 
and more reduced clusters (Tables 3 and 4) indicated that other factors should be 

SCHEME 1. Metal frameworks of some rhodium carbonyl clusters relevant to this work. 

X - Q I 

- -- 0 Q l I 

x -- 0 I 

CRh6(CO), $ 
2- 

[R$(CO) _ ,813- 

[Rh6(C0),5Xl- 
3 

[Rh7(C0),61 - 

2 
l-Rh,2(C0)301 - 

[Rh7(C0),6Xl 
2- 

[Rh,3(CO)24Hxl (5-x)- 

[Rh,5(C0)271 
3- 

considered. It is conceivable that the adoption of specific polyhedra would influence 
the thermal reactivity of the clusters as a result of the electronic distribution involved 
in each instance [ 141, or because of the thermodynamic preference at high tempera- 
tures for cages with an increased number of rhodium-rhodium bonds [15]. The 
formation of [Rh,,(C0),,14- as the end-product in our pyrolytic studies and the 
thermal stability of this anion are both in agreement with that possibility. 

The pyrolysis of ionic salts of rhodium carbonyl clusters indicated the important 
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roles of [Rh(CO),] and the cationic counterions in the thermal growth of these 
clusters. For instance, the presence of a counterion not readily amenable to reduc- 
tion. such as c&urn, slowed down but did not completely inhibit the thertnal growth 
of the clusters. The occurrence of a redox reaction involving this cntion and the 
cluster anions was not easily accepted by us because of the relatively high redox 
potential of cesiutn [ 111. Instead. the formation of a larger cluster is associated in 

these cases to the release of the highly reduced anion [Rh(CO),] . a:, illustrated b? 
the behavior of the [Rh,(CC)),,]’ salts (Fig. 3 and Table 3). The ceaium salt of this 
anion remained mostly unchanged after 3 h at 160°C. but [Rh(CO),] (205.5 ppm) 
was detected along with traces of the Rh, anionic cluster (217.6 ppm) ttnder these 
conditions or with [Rh,,(C’O),,]” ( 192.9, 213. I pptn) and insoluble-rhodium con- 
taining residues after 2 h at 1XO”C‘ [lb] (eq. 8). The same behavior has been observed 

with salts of symmetric ammonium cations such as [(C’H3 )4N] ’ and [(C‘IHi),N]. . 
probably because of their high reduction potential [ 1 I]. It appear\ the dibpro- 
portionation of the initial anion into less reduced clusters and the more reduced 

[W(‘(~L,I is the preferred pathway for the release of negati\,c charge by the 
starting allion in the presence of these counterions. In contrast, this interpretation is 
not extended to the salts of [HN(R)(CH,CH,)20] ’ or [PhCH,N((‘,H5)I]t due to 

the undetectability of [Rh(CO)_,] _ and the formation, instead. of [Rh,(C‘O)_ ,,I’ 
and other cluster products (Table 3). The reduction of these countcrions bv electron 

(A) (6) 

Fig. 3. “C variable temperature NMR study of: CA) [PhCH2N(C2Hi 
crown-6),8], [Rh,(CO),,] at l(~O”(‘ and (C-1 at 180°C 

205.5 

),],[Rh,((‘O),,,l and (B) [<‘<(1X- 



405 

transfer from the rhodium anions may occur with (eq. 5) or without the intermediacy 
of [Rh(CO),]-. The only two instances where the thermal reactivity of the clusters 

was cation-independent involved [Rh,(CO),,]‘- and [Rh,,(CO),,,]‘-. 

3 Cs,[ Rh,(CO),d “: 5 Cs[ Rh(CO)d + Cs,[ Rh,,(CO),,] + 2 Rh” + 3 CO (8) 

The potential formation of unknown intermediates at high temperature initially 
emerged from the previous experiments. For instance, the detection of [Rh(CO),]- 
and [Rh,,(C0),,14- in the experiments above was only possible after cooling the 
system to 40°C while the resonance detected at 180°C has the chemical shift 
expected for the coalescence band of [Rh,(CO),,13- (220.3 ppm). We do not have a 
simple explanation for these observations at this time. It is possible that unsaturated 
species would be formed at the higher temperatures ( D( Rl-CO) = 39 kcal/mol) [ 161 
and this would lead to fragmentation into smaller species upon cooling (D(Rl-Rh) 
= 27 kcal/mol) [ 151. In fact, the presence of unassigned resonances at high tempera- 
tures which are converted into patterns assigned to known species after cooling was 

also observed with the salts of [Rh,(CO),,]‘- , [Rh,(CO),,X]-, [Rh,(CO),,X]‘-m , 
[Rh,,(CO),,]‘- and [Rh,,(CO),,H ,I”- ‘)- (x = 2, 3) (Fig. 4- 10). The discussion 
below illustrates this aspect of our study. For instance, the thermal degradation of 
the cesium salt of [Rh,(CO),,]‘- occurred under mild conditions, 1.0 h at 40°C 
with the appearance of an unassigned band (214.2 ppm), together with the character- 
istic multiplet of the cluster (208.8 ppm) (Fig. 4); the irreversible formation of 

[Rh,(CO)_,,]‘- (217.6 ppm) occurred at 80°C together with the appearance of 
another product associated with the band at 219.9 ppm. The formation of 
[Rh,,(C0),,]4m , in this case (192.9 and 213.1 (br/ppm) appears to be associated 
with the transformation of the products formed at 120-160°C upon cooling to 40°C 
as indicated by the absence at these temperatures of the coaslescence band of 
[Rh,,(CO)2,]4- (221.1 ppm), and the disappearance at 40°C of the unassigned 
resonances together with the persistance of the band associated with [Rh,(CO)_ ,s]3p. 
In fact, the occurrence of fragmentation-aggregation reactions of the species present 
at the higher temperatures is also indicated by the appearance after cooling to 40°C 
of the doublet assigned to [Rh(CO),]- at 205.5 ppm. In any case, the thermal 
inertness of [Rh,(CO)_ ,8]3- in the presence of the cesium counterion is in contrast 
with the reactivity of some of its ammonium salts. For instance, this cluster was 

unchanged in its [PhCH,N(C,H,),]’ salt after 2 h at 160°C as shown by the 
reversible appearance of the coaslescence band, 217.6 ppm, of the anion after 
cooling to 40°C (Fig. 7) but it was transformed into [Rh,,(C0),,14- (192.9 and 
213.1 (br) ppm) and [Rh,,(CO),,]‘- (182.5, 210.0 and 215.7 ppm) by further 
warming at 180°C followed by cooling to 40°C. We attempted to study the solution 
structure of the Rh, cluster looking for information concerning the carbonyl 
distribution of this cluster but the carbonyl fluxionality of some of these ligands 
even at - 80°C precluded such effort. 

The reactivity of the larger clusters follows the behavior already described above 
for the species of lower nuclearity. For instance, [Rh,2(CO)-co]‘- was irreversibly 
converted into unknown materials at 80-120°C (213.9 and 204.9, 212.0 ppm) 
respectively, with the transformation of the product associated with the latter 
resonance into [Rh,,(CO)2,]-7- occurring upon cooling to 40°C (Fig. 8). A similar 
reactivity was exhibited by the salts of the [Rh,,(CO),,H,]‘5m “- (x = 2. 3) anions. 



The reactivity of these clusters in the presence of the most inert c~~unteri~~ns is 
itlustrated by the behavior of the cesium salt of the dianion. This cluster is only 
partially degraded after treatment at 80.- 120°C (Fig. 9) as suggested h? the presence 

219.9 217.6 

A 
217.6 214.2 

of its spectral pattern (209.0 and 229.0 ppm). after cooling to 40°C together with the 
resonances assigned above to [Rh,,(CO),,]’ -. : the quantitative conversion into this 
cluster, and an unidentified product (204.9 ppm) was detected after warming to 
140°C and cooling to 40°C. Unfortunately, we could not assign any of the 
remaining bands present in the high temperature spectra of this cluster. On the other 
hand, practically the same behavior has been observed for the [Rh,,(CO),,H,]‘S ‘) 
clusters in the presence of more reactive counterions. such as the anlmoniLln1 or 
bis(triphenylphosphine)itniniunl cations. as illustrated by the behavior of the latter 
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Fig. 5. 13C variable temperature NMR study of: (A) [(C,H,),N][Rh6(CO),,Brj and (B) 
[(C,H,),N],[Rh,(CO),,I]. * These resonances are not observed in the literature spectra of these clusters 
under different conditions, e.g., solvent, temperature, and counterions. 

Fig, 6. ORTEP of the metal core of the nonarhodium carbonyl anion, showing the intermetallic contacts 

in A. 
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Fig. 7. ‘“C variable tenlperature NMR study of the pyrolysis of [PhCH,N(C‘zt-t,),J* salt of the 

nonarhodium cluster anion. 

salt of the trianion (Fig. 9). The [Rh,,(CO),,W,]“- cluster was partially degraded by 
warming to 80°C as shown by the detection, after cooling to 40°C. of the resonances 
assigned to this cluster (209.0, 235.0 ppm), together with an unassigned resonance at 
215.4 ppm and the bands characteristic of [Rh,,(CO),,]7 . The complete degrada- 
tion of [Rh,J(CO),,H,]3- into the two latter products occurred under more forcing 
conditions, 120°C, as indicated by the spectral features obtained at 40°C. The 
different intensity ratio of the resonances at 210.0 and 215.7 ppm in that spectrum 
and in the one associated with [Rh,,(CO),,]” is probabfy a consequence of the 
ability of the product associated with the band at 215.4 ppm to withstand these 
conditions. The remaining bands could be associated with the coalescence of the 
carbonyfs present in the clusters detected at the lower temperatures or with products 
present at high temperatures. One of the resonances. 200.2 ppm, is only detectable at 
80 to 120°C; and it has a chemical shift different than those generally associated 
with mono- or poly-nuclear complexes, but similar to those reported for some 
binuclear rhodium carbonyf complexes (Table 1). Finally, the thermal interconver- 
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Fig. 8. 13C variable temperature NMR study of [PhCH,N(C,H,),],[Rh,,(CO)30]. * These resonances 

are not observed in the literature spectra of these clusters under different conditions, e.g., solvent, 

temperature, and counterions. 

sion of [Rh,S(CO),,]3- and [Rh,,(CO),,]4- are apparent from the comparison of 
the spectral patterns previously assigned to these clusters (182.5, 210.0, 215.7 and 
192.9, 213.4 ppm, respectively) following periods at temperatures between 80 and 
18O’C (Fig. 10). Unfortunately, we are unable to assign the remaining resonances 
present in these spectra at the higher temperatures. The formation of [Rh,,(CO),,]‘- 
occurred together with the appearance of insoluble rhodium containing materials 
such as metallic rhodium upon warming [Rhl,(CO),,]4- salts at 180°C. 

The influence of ligands other than carbon monoxide in the fragmentation of the 
cluster anions at high temperatures is reflected on the reactivity of the halo-sub- 
stituted species relative to the parent compounds (Table 3). The salts of 
[Rh,(CO),,Br]- irreversibly reacted at 80°C (Fig. 5a) forming an uncharacterized 
product (212.4 ppm) that was irreversibly converted at 100°C into [Rh,,(C0)25]4P 
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(192.5, 213.1 (br), [Rh,,(CO),,]3- (182.5, 210.0, and 215.7 ppm), [Rh(CO),Br,]-, 
(182.3 ppm), and another mononuclear complex (205.0 ppm). By contrast, the salts 

of [FGI,(CO),,X]~- (X = Br, I) reacted at lower temperature than the corresponding 
[Rh,(CO),,]‘- salts, giving different products. The halo-substituted Rh, dianions 
(Fig. 5b) reacted with the irreversible generation of uncharacterized products at 
80°C (200.2 ppm) and at 12O’C (212.1 ppm), and the formation as end-products of 
the barely soluble Rh6(CO),, and [Rh,,(CO),,J3- (eq. 9) but Rh,(CO),12 was also 
detected in the case of the iodide derivative while [Bh(CO),Br,]- and [Rh,4(CO),,]4- 
were also noted with the bromo-containing cluster. The presence of the latter 
products may be due to the reaction of [Rh,,(CO)Z,]3p with bromide ion, previously 
reported by Chini et al. [17] (eq. 10). The absence of [Rh,,(CO),,]4- among the 
products from the iodo-containing cluster is suggested to be caused by the formation 
of Rh,(CO),f,. The variations in the degree of reduction of the halo-substituted 
species with respect to the unsubstituted clusters could not be causing the changes in 
reactivity because of the different trends. Instead, the variations in the thermal 
reactivity of these clusters may be correlated with the differences in the stereochem- 
istry of the h~ide-containing anions, since the halogen atom is bonded to a rhodium 
atom on an octahedral cage [IS] in [Rb,(CO),,X]-, and to a rhodium atom capping 

one of the faces of the same type of cage in [Rh,(CO),,X]*- [9f]. The structural 
comparison of this cluster with [Rh,,(CO),,]3- and the facile detachment of the 
capping rhodium atom of this anion with halides and amines (Eq. 10) provide the 
basis for the previous proposal. 

3[ Rh,(C0)i6Br] 2- -+ [ Rh,,(CO)2,] 3- + Rh,(CO)i6 + 3 Br- + 5C0 (9) 

[ IUI,,(CO)~,] 3- + 2 Br- + [ Rh,,(CO),,] 4- A- [ Rh(CO),Br,] - (10) 

The effects of halide hgands on the fragmentation of the clusters suggested a 
similar behavior for other ligands such as amines. This observation, together with the 
known fragmentation of [Rh,,(CO),,13- by amines [4] and the formation of amines 
during the thermal degradation of ammonium cations previously mentioned sug- 
gested testing the effects of adding amines to these systems. We added N-methyl- 
morpholine to a solution of the cesium salt of [Bh,(CO),,]“- (N/Rh, atom ratio, 
4/l) and it was found that [Bh(CO),]- and [Bh,,(CO),,]4- are formed in this case 
as also observed in the absence of the amine (Table 3) but the formation of 
insoluble rhodium materials was inhibited by the amine. The addition of N-methyl- 
morpholine to the cesium salt of [Rh,4(CO),5]4- retarded the formation of insoluble 
products (Table 4) allowing more extended warming periods at 180°C without 
precipitation, while the addition of amine to a solution of the Rh, cluster caused the 
conversion of this cluster into [Rh,4(CO),,]4- and [Rh,,(CO),,]3- to occur at 
milder conditions (2 h at 140°C) than in the absence of amines (Table 3). This 
observation and the inherent stability of the Rh, cluster (Table 3) indicates that the 
transformation of this anion into other products, noted during the pyrolysis of the 
ammonium salts of other cluster anions may be due to the formation of amine 
during the degradation of these cations. In contrast, the addition of cesium as the 
benzoate salt to a solution of ~PhCH~N(C~~~)~]~[~,(CO)~~] (Cs/Rh, 0.25) re- 
sulted in the partial degradation of the anion after 2 h at 160°C while a quantitative 
reaction occurred in the absence of the cesium salt (Table 3). The presence of both 
the alkali cation and the amine in a system resulted in the partial inhibition of the 
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aggregation reactions of clusters and of the formation of insoluble-rhodium contain- 
ing materials such as metallic rhodium. This pseudo-synergistic behavior is ascribed 
to the high reduction potential of the cesium cation and to the ability of the amines 
to promote the formation of [Rh,4(C0)25]4~ . The interaction of the amine with 
fragments detachable from the cluster offers a suitable pathway for fragmentation. 
as already reported with [Rh,,(CO),,]’ [4]. In fact. the coordination of the amine 
to the capping rhodium atoms of clusters has been already mentioned 1191. and it 
may be the first step in the removal of these atoms from a cluster. 

The formation of the Rh, cluster during the pyrolysis of the salts of [Rh,(CO),,]’ 
(Table 3) suggests that the fragmentation of this cluster generates mono- or hi-nuclear 
complexes that could aggregate to the unconverted cluster increasing its size. 
Unfortunately, speculation concerning this topic is hindered by our inability to 
determine accurately the number of carbonyls and the degree of reduction of the 
cluster [20a]. For instance, a paramagnetic cluster should be formed in the case of a 
Rh, tetra-anionic species but a more conventional diamagnetic cluster would result 
in the case of a tri-negative anion; in fact, paramagnetic high nuclearity rhodium 
carbonyl clusters have not been reported [13]. These observations. the limitations of 
our structural study and other additional chemical considerations [20b] leave open 

the possibility that the Rh, species would have resulted from the aggregation of 
binuclear species such as Rh2(CO), to [Rh,(CO),,]’ (eq. 11 and 12). In fact. the 
determination of the metal cage of the Rh, species allows the comparison between 
the metal skeleton of this cluster and [Rh,(CO),,]‘-. The structure of the Rh, 
species shows a metal frame consisting of three staggered metal triangles (Fig. 6) 
never found before in a rhodium cluster [2Oc] but well established for polynuclear 
platinum species [21]. Such arrangement of metal atoms could result from the 
addition of two rhodium atoms around the capping rhodium atom of [Rh7(CO),,]” 
The increased number of metal-metal interactions in the Rh, cluster may be 
responsible, at least in part. for the increased inertness of this species relative to 

FWW,J-. 

3[ Rh,(CO),d ‘- -j 3[ Rh(C0)4] + 2[ Rh,(CO)_ ,x] 3 (11) 

[ Rh,(C%] ’ -- + Rh2(CO), + [ Rh,(CO)_ ,x] ’ (12) 

Other observations and conclusions 

Our study has been limited to the evaluation of a few salts of representative 
rhodium carbonyl anions with characteristic counterions over a specific temperature 
range but we have not evaluated all the possible combinations of these cations and 
anions at each temperature. In spite of that, we consider that our results illustrate 
the effect that the nature of the cations has on the thermal growth of rhodium 
carbonyl clusters with the exception of [Rh,(CO),,]‘~ and [Rh,z(CO)J,,]” (Tables 
3, 4). The causes for the insensitivity of these anions to the nature of the cations arc 
not obvious. but may be related to the readily formation of an intermediate 
proposed to be associated with both clusters [22]. We have described that cations 
with a high reduction potential slow down the thermal growth of these clusters and 
the formation of [Rh(CO),]-~ as a pathway for the decrease in the degree of 
reduction of the clusters. The stability observed for these salts in the case of 
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[Rh(CO),]- (Table 1) indicates that the increase in the size of the clusters could 
occur without the intermediacy of redox reaction between the cluster anions and 
their counterions. The release of [Rh(CO),]- by a cluster should be accompanied, 
under our conditions, by the formation of a coordinatively unsaturated polynuclear 
moiety. This moiety could undergo further fragmentation or participate in aggrega- 
tion reactions with other mono-, bi- or poly-nuclear fragments yielding larger 
clusters. A similar reactivity may be indeed expected with the salts of these clusters 
and cations more amenable to reduction, but the detection of [Rh(CO),]- would be 
precluded in this case by a redox reaction involving this anion and the cation (eq. 
5-7; Table 2). 

We have suggested the formation of [Rh,5(CO),,]3- as one of the end-products 
in some of our systems on the basis of resonances usually assigned to this cluster: 
182.5(d), 210.0(m), and 215.7(m). However, we have noted in some instances the 
variable intensity ratios of these resonances. This may be due to the presence of 
additional clusters exhibiting resonances with similar shifts. For instance, one of 

such species may be [Rh,,(CO)3,]4-, which has been recently reported [6b] to be 

formed during the pyrolysis of the sodium salt of [Rh,,(CO),,H,IZP . Unfortunately, 

the “C NMR spectrum of the product was not reported. 
These studies have also shown that the reactions of rhodium carbonyl clusters 

under extreme thermal conditions lead to the transformation of species of lower 
nuclearity into larger clusters (Scheme 2) with [Rh,4(CO),,]4- formed as the 
end-product of some of these reactions. Moreover, it seems, from the appearance 

of a rhodium mirror upon subjecting the cesium salts of [Rh,4(CO),,]4- and 
[Rh(CO),]- to extreme temperatures (Tables 2 and 4) that these two species provide 
suitable paths for the formation of metallic rhodium at high enough temperatures. In 
contrast, the precipitation of rhodium-containing materials in these systems occurs 
at higher temperatures in the presence of amines. The same relative effect is noted 
working with these systems under high pressure of carbon monoxide and hydrogen 

r*c cs+ 
(1 mm Argo”, 

T’C [PhCH2N(C2H5)J] + 
-1 
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[24]. The inhibition of the precipitation of such materials is ascribed to the ability of 
amines to enhance the transformation of rhodium carbonyl clusters, under inert 
gases, into a species of relatively higher thermal stability such as [Rh,,(CO),s]‘mm, 
and to facilitate clusters fragmentation into [Rh(CO),]- under high pressure of 
carbon monoxide. In addition, we ruled out the possibility that our observations 

would be due solely to kinetically controlled processes on tbe basis of the inertness 
of the Cs+ and [(CH,LNl+ salts of [Rh,(CO),,]’ . [Rh,,(CO),s]’ and 
[Rh,,(CO),,]’ _ even after 24448 h at 160-170°C and because of the ready changes 
induced in these clusters upon changing the nature of the cations or the temperature 
(Tables 3 and 4). Finally, it should be noted that our observations are probably 
related to the effects that the presence of amines and alkali-cations have on the 
solubility of rhodium complexes when present as co-additives in catalyst systems 
used for the conversion of carbon monoxide and hydrogen into polyols [24]. The 
interaction of the amines with the apical rhodium atoms of some clusters, as 
previously reported [4] in the case of [Rh,,(CO)z,]3- (eq. IO), is suggested to be 
responsible for the relative inhibition in the formation of rhodium-containing 
insoluble materials in those systems. The predominant presence in these systems of 
clusters with this structural feature, such as [Rh,(CO),j]P, [Rh,(CO),,]‘- . 
[Rh,,(CO),,]‘-, [Rh,,(C0),,]4P or [Rh,,(CO),,H,]‘--“~~ provide also circumstan- 
tial evidence concerning our hypothesis. The important role of the apical rhodium 
atom in the reactivity of the clusters is also indicated by the facilitation of cluster 
fragmentation resulting from the coordination of ligands to the capping metal atom 
as described above for [Rh,(CO),,X]‘- [25]. The relevance of these observations in 
relation to the role(s) of polynuclear complexes in catalytic systems active for the 
conversion of carbon monoxide and hydrogen into polyols [26] is under study. and it 

will be discussed in a forthcoming report [27]. 

Supplementary material available 
A complete listing of the data and calculations used in the structural study of the 

cesium-1%crown-6 salt of the nonarhodium anion is available) *. 
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imtially occurring in the triangular face opposite IO the capplng rhodium atom. 

26 The existence of cluster complexes containing the coordmated formyl mwrty under controlled 

laboratory conditions has been pre\iously described by UI to occur hy reaction of the clusters &ith 

hydride donors. see R.L. Pruett. R.C. Schoening. J.L. Vidal, and R.4. Flaw. J. Organometal. Chem.. 

I82 (1979) C57; and R.C. Schoening. J.L. Vidal and R.A. Flats ihid.. 206 ( IVXl) C4.1. 

27 J.L. Vidal and W.E. Walker. in preparation. 

Note added in proof A recent report by S. Martinengo. A. Fumagalli. R. Bonfiche. G. Ciani. and A. 
Sironi synthetic path and the solid state structure of [Rh,(CO),,]’ -_ We believe that this anion is the 

same as the nonarhodium trianionic cluster studied by us in this work. 


