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[RhCl(PFs)2]2 (II) reacts with diphenylacetylene to give the tetraphenyl- 
cyclobutadiene complex [ RhCl( C4Ph4)] *, which on treatment with thallium 
salts TlR (R = n-&H,, acac, facac), afford good yields of Rh(n-CsHS)(CePha), 
Rh(acac)(GPh,l), and Rh(facac)(C,Ph4) respectively. The reactions of II with 
other alkynes are discussed. 

Introduction 

In recent years a range of cyclobutadiene cobalt complexes have been ob- 
tained [l-7] using several different synthetic routes. On the other hand, very few 
cyclobutadiene complexes of rhodium are known and in contrast to the useful- 
ness of CO(T-C~&)(CO)~ as a precursor, the analogous rr-cyclopentadiexiylrhodium 
dicarbonyl compound does not afford any cyclobutadiene derivatives when re- 
acted with acetylenes. Thus Rh(lr-C,H,)(CO), and hexafluorobutyne were origi 
inally reported to give equal amounts of complexes containing coordinated cyclo- 
pentadienone and hexakis(trifluoromethyl)benzene [ 8,9], while a recent more 
detailed study by Dickson and Kirsch [lo] showed that several other products 
are also formed, the yields depending on the molar ratio of reactants, tempera- 
ture, solvent and the reaction time. 

Rausch et al: have studied the reaction between Rh(n-C,H,)(CO), and var- 
ious acetylenes,. but again no cyclobutadiene complexes resulted among a vari&y 
of organometallic products [ll]- 

In view of the synthetic difficulties described above, which are ofteri the ’ 
result of carbonyl insertion reactions, it was felt that a route utilising non- 
carbonyl-containing rhodium complexes as precursors might be advantageous. 
The known similarity in the coordinating ability of carbon monoxide and tri- 
fluorophosphine 112-141 suggested that the recently synthesised complex& 
Rh(n-C,H,)(PF&. (I), [15,16] and [RhCl(PF&J, (II), [15,17,183 might be 
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suitable starting materials for the synthesis of cyclobutadiene-rhodium com- 
plexes*. 

Results and discussion 

The initial attempt using Rh(n-C,H,)(PFs), and diphenylacetylene did not 
prove successful, the starting materials being recovered unchanged a+%-heating 
the mixture.at 60°C in a sealed tube**. 

The reaction of [RhCl(PF3)J2 with diphenylacetylene on the other hand, 
gave the desired di-~chlorobis(n-tetraphenylcyclobutadiene)dirhodium(I) com- 
plex (III), which formed + red crystals soluble in aromatic and chlorinated hy- 
drocarbons, but almost completely insoluble in alkanes. The product is formulated 
as a climer since it undergoes typical bridge cleavage reactions described below 
(see Scheme 1) and it is presumably structurally related to the related complexes 

Ph Ph 

Ph 

Rh/=‘\Rh 
‘Cl’ 

Ph 

Ph 

(III) 

[MX,(r-C,Ph,)], (M = Ni, X= Br; M = Pd, X = Cl) [ZO]. No parent ion was observed 
in the mass spectrum of III and the most intense peak at m/e = 534 is assigned to 
hexaphenylbenzene; Attempts to expand the cyclobutadiene ring by heating III 
with excess diphenyl acetylene proved unsuccessful. 

Attempted extension of this cyclobutadiene synthesis to other alkynes of 
the type RCZCR’ (R = R’ = CF3, Me, CO,Me; R = Ph, R’ = Me$i; R = Ph, R’ = 
H; R = Ph, R’ = Me) did not prove feasible, e.g., II reacted with but-2-yne; 
PhC=CMe and Me02CC=CC02Me forming only substituted benzene derivatives. 
In the case of PheCMe the only isomer obtained was 1,2,4-trimethyl-3,5,6- 
triphenylbenzene. In these reactions II appears to act mainly as a catalyst for the 
acetylene trimerisation process. Complete decomposition of starting materials 
occurred when II reacted with PhGCH or PhGCSiMe3. 

Hexafluorobutyne reacted with II to give two products. The colourless 
crystalline product was identified as hexakis(trifluoromethyl)benzene and the 
other compound, which was a red solid melting at 22O”C, could not be satisfac- 
torily recrystallised, but elemental analysis suggested its formulation as RhCl- 
[C4(CF&](PF,) and the IR spectrum showed bands assigned to both C-F and 
P-F’ stretching vibrations. The product is tentatively assigned structure IV by 
analogy with the known structure of a related cobalt complex [ 191. 

A number of other tetraphenylcyclobutadienerhodium derivatives can be 
obtained from III by bridge cleavage reactions (see Scheme 1). Thus III readily 

* A preliminary report of part of this work has appeared [ZSI. 
** Very recently Sharp et at cl91 found that CO(Z-C~HS)<PF~)~ and hexafluorobutyne give a novel 

heterocyclic cobalt complex in which the PF3 becomes a member of the ring. but the rhodium 
anaIogue does not react. 
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reacted with cyclopentadienylthallium to yield the ‘sandwich’ compound V, 
ncyclopentadienyl-~-tetraphenylcyclobutadienerhodi~(~), in 80% Yield aS . 
cubic yellow air stable crystals. The complex was identified by elemental analysis 
and its ‘H NMR spectrum, which showed the expected multiplet pattern for the 
phenyl resonances (intensity 20) and a l/l doublet (intensity 5) for the cycle- 
pentadienyl protons arising from spin coupling to the lo3Rh nucleus (I = ‘/2,100% 
abundance) [J( Rh-H) = 1 Hz]. The mass spectrum of V exhibits a parent ion at 
m/e = 524 and also a weaker peak at m/e = 534, corresponding to hexaphenyl- 
benzene. Molecular ions corresponding to [ GPh,] + and [Rb(C&)(C,Ph,)] ’ 
were also obsernred. 

AAfter completion of this work an alternative synthesis of V was reported 
1211, involving displacement of cyclooctadiene from Rh(n-C5HS)(CyH1z) with an 
excess of diphenylacetylene under forcing conditions (sealed tube at 180°C). The 
complex was obtained in extremely low yield (O-3%), the main product being 
hexaphenylbenzene. The IR, NMR, and mass spectroscopic properties are in good 
agreement with those reported in the present work. The presence of the cycla- 
butadiene ring in V was unambiguously established by an X-ray diffraction study. 
The four-membered ring was found to be planar with mean C-C distance of 1.47 
s, 121-J. 

We have been unable to displace the cyclobutadiene ring from V with tri- 
fluorophosphine, even at 100°C in a sealed tube. This contrasts with the ease of 
displacement of ethylene from Rh(rr-C,H,)(C,H,), under mild conditions with 
a variety of fluorophosphines (L) to afford Rh(rr-CSHS)L, complexes [3_6]. Sim- 
ilarly V did not react with CHJ at 100°C even though the related complexes 
M(~-GHs)(CO)~ (M = Rh, Ir) and Rh(n-GH,)(PF,), are known to undergo 
oxidative-addition reactions [ 22,231. 
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Complex II reacts with thallium acetylacetonate to give air stable red crys- 
tals of the acetylacetonato(n-tetraphenylcyclobu~~ene)rhodium(I) complex 
(VI). The ‘H NMR spectrum of VI shows the expected three resonances at r 
2;36-2.76 (20H), T 4.81 (lH), and r 8.02 (6H) and the strongest peak in the mass 
spectrum occurs at m/e = 558, corresponding to the parent ion. 

In a similar fashion, treatment of II with thallium hexafluoroacetylacetonate 
gave the red air stable complex hexafluoroacetylacetonato(~-tetraphenyIcyclo- 
butadiene)rhodium(I), (VII), which showed a strong parent ion peak at m/e = 
666 in the mass spectrum and a singlet in the 19F NMR spectrum. 

Bxperimental 
. . 

Reactions were carried out and complexes handled either under an atmo- 
sphere of dry nitrogen gas, or in vacua unless otherwise stated. Volatile reactants 
and products were manipulated in a high vacuum system greased with Apiezon 
M. Solvents were dried and freshly distilled under dry nitrogen gas before use. IR 
spectra in the range 4000-400 cm-’ were recorded on a Perkin-Elmer model 457 
or 125 grating spectrometer. NMR spectra were recorded using a Varian H-4100 
NMR spectrometer operating at 100 MHz (for ‘H NMR) or 94.1 MHz (for “F 
NMR). Mass spectra were obtained using either an AEI MS9 or a Hitachi-Perkin- 
Elmer RMU 6E spectrometer. Trifluorophosphine (Ozark-Mahoning Company) 
was used afteipassage through a P401,, drying tube and purified by trap to trap 
fractionation on the vacuum line. Di-~chlorotetrak.is(trifluorophosphine)di- 
rhodium(I) was prepared by literature methods 117,181, and the red crystalline 
material purified by sublimation at room temperature. 

Beuction of di-~-chlorotetrakis(frifluorophosphine)dirhodium(I) with diphenyl- 
acetylene 

A mixture of di-~chlorotetrakis(trifluorophosphine)dirhodium(I) (0.257 g, 
0.4 mmol) and diphenylacetylene (0.356 g, 2 mmol) was refluxed in hexane (30 
ml) for 8 h. The colour of the solution changed from yellow to dark-red. The 
brown-orange material which precipitated was filtered, washed with hexane, ex- 
tracted with benzene and recrystallised from benzene/acetone, giving white crys- 
tals of hexaphenylbenzene (0.070 g, 20%) [ 241. The product was identified by 
its melting point, infrared spectrum and by the observation of parent ion at m/e 
= 534 in the mass spectrum. The filtrate was evaporated to dryness and the solid 
residue was recrystallised from benzene/hexane to afford the.red crystalline com- 
pound di-lu-chlorobis(n-tetraphenylcyclobutadiene)dirhodium(I) (0.195 g, 50%), 
m-p. 200°C (dec.) (Found: C, 67.6; H, 4.5. C&H2&lRh calcd.: C, 67.9; H, 4.04%). 
Infrared spectrum: 308Ovw, 3084m, 3034w, 1602m, 1576vw, 15OOs, 145Os, 
1418(sh), 1405m, 1380(sh) cm-’ (HCBD mull): 1180m,~1160m, 1078m, 103Os, 
92Ow, 85Ow, 760(sh), 7OOvs, 680s cm-’ (Nujol mull). ‘H NMR spectrum: r 2.4 (m), 
r 2.8 (m) in the relative area of 2/3 (CDCL solution): The compound is air stable 
both in solid and solution. 

Reaction of di-p-chlorobi$?I--tetraphenylcyclobu tadiene)dirhodium(I) with 
cyclopentadienylthallium 

Cyclopentadienylthallium (0.054 g, 0.2 mmol) was added to a solution of 
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di_Crchlorobis(n-tethenylcyclobutadiee)dirhodium(I) (0.050 g, 0.05 mmol) 
in benzene (10 ml) and the mixture was stirred at room temperature- The initi&y 
dark-red solution rapidIy became yellow. After stirring for 1 h, the reaction mix- 
ture was filtered through a sinter packed with Celite to remove the thallous salts. 
The solution was then concentrated under vacuum and light petroleum added to 
yield yellow cr&aIs of ~-cycIopentadienyl-~-tetraphenylcyclobutadienerhodium(I) 
(0.042 g, SO%), m-p. 230-231°C (Found: C, 785; H, 4.8. CS3H,,Rh c&d.: C, 
74.85; H, 4.88%). Infrared spectrum: 308Ovw, 306Ow, 3035vw, 3OlOvw, 1598m, 
157Ow, 1492s, 1443s, 1386w, 1355w, 1315m, 1282m, 118Ow, 1158m, llOlw, 
207Os, 1026s, 998w, 919s, 85Ow, 802w, 756vs, 697vs, 54Os, 511s cm-’ (KBr 
disc). ‘X-3 NMR r 2.6 (m), 7 2-S (m), T 5.06 (d) [J(Rh-H) = 1 Hz] in a ratio 8/ 
12/5. The mass spectrum shows the parent ion, m/e = 524 [Rh(C4PhJ)(C,H,)]‘, 
and the expected fragmentation pattern. 

Reaction of di-Er-chlorobis(~-tetraphenylcyclobutadiene)dirhodium(I) with 
thalliumacetylacetonate 

A mixture of di-I.L-chlorobis(~-tetraphenylcyclobutadiene)dirhodium(I) 
(0.054 g, 0.05 mmol) and thahiumacetylacetonate (0.060 g, 0.2 mmol) in ben- 
zene (10 ml) was agitated at room temperature for 30 min and the mixture 
fihered to remove thahous chloride. Excess thahiumacetylacetonate was precip- 
itated by concentrating the solution, adding hexane and collected by filtration. 
The filtrate was evaporated and recrystahised from hexane to yield n-tetraphenyl- 
cyclobutadienerhodium(I) acetylacetonate (0.049 g, 87%) as shiny red crystals, 
m-p. 1’72-3°C (Found: C, 70.8; II, 5.0. CS3HZ702Rh c&d.: C, 70.97; II, 4.83%). 
Infrared spectrum: 3084vw, 3060m, 3032w, 1614(sh), 16OOvs, 1566vs, 1516vs, 
1446m, 138Ovs, 1350(sh), 1272s, 1236w, 1195m, 1177(sh), 1159w, 1070m, 
1027s, 926m, 917m, 828w, 784s, 776s, 768s, 754(sh), 746s, 7OOvs, 648m, 
618m, 6OO(sh), 589(sh), 579m, 567s, 548m cm-’ KBr disc). ‘H NMR: r 2.36 (m), 
T 2.76 (m), r 4.81 (s), r 8.02 (s) (relative area of 20/l/6) (CD& solution). The 
mass spectrum shows a parent ion at m/e = 558 and the expected fragmentation 
pattern. 

Reaction of di-lu-chlorobis(~-tetraphenylcyclobutadiene)dirhodium(I) with 
hexafiuoroacetylace fnatethallium(I) 

A mixture of di-~-chlorobis(n-tetraphenyIcycIobutadiene)dirhodium(I) 
(0.050 g, 0.05 mmol) and hexafluoroacetylacetonatethahium (0.082 g, 0.2 mmoi) 
was stirred in benzene (10 ml) for 30 min at room temperature. After removal 
of solvent the remaining solid was extracted with light petroleum and recrystallised 
to give dark-red crystals of 7r-tetraphenyicycIobutadienerhodium(1) hexafiuoro- 
acetylacetonate (0.043 g, 63%), m.p. 149°C (Found: C, 59.0; H, 3.4. CS3HZ1F6- 
0,Rh c&d.: C, 59.45; H, 3.15%). Infrared spectrum: 3086vw, 3070m, 3034vw, 
1670m, 1615s, 1596s, 1550m, 1520m, 1500m, 146Os, 1445m, 1402m, 1386m, 
1342s, 1256vs, 1212~s (br), llOOs, 1068m, 1028m, 948w, 917m, 846w, 824(sh), 
8OOs, 786m, 775m, 74Os, 704s, 695vs, 678s, 66O(sh), 620m, 58Os, 575s, 547m, 
cm-’ (KBr disc). ‘H NMR spectrum: T 2.4-2.7 (m). (Relative area of 20/l (CDCL 
solution).) The “F NMR spect+l-lrn contains a singlet at @PF = 76.2 ppm. The mass 
spectrum exhibits a peak at m/e = 666 corresponding to the parent ion and the 
expected fragmentation pattern. 
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Reaction of ~-cyclopentadienyi-~-tetraphenylcyclobutadienerhodium(I) with 
trifiuorophosphine 

No reaction was observed when n-cyclopentadienyl-~-tetraphenylcyclo- 
butadienerhodium (0.052 g, 0.1 mmol) was sealed off with an excess of trifluoro- 
phosphine and heated at 60% for 75 h. The starting materials were recovered 
unchanged. 

Reaction of ~-cyclopentadienyl--rr-tetraphenylcyclobutadienerhodium(I) with 
diphenylacetylene 

The complex did not react with diphenylacetylene in refluxing benzene for 
10 h, even on using a ten-fold excess of diphenylacetylene. 

Reaction of n-cyclopentadienyl-~-tetraphenylcyclobutadienerhodium(I) with 
acetylenedicarboxylic acid dimethyl ester 

A mixture of the tetraphenylcyclobutadiene complex (0.052 g, 0.1 mmol) 
and acetylenedicarboxylic acid dimethyl ester (0.130 g, 1 mmol) was refluxed 
in toluene for 6 h, but no reaction occurred and the starting materials were re- 
covered unchanged. 

Reaction of ~-cyclopentadienyl-n-tetraphenylcyclobntadienerhodium(I) with 
methyl iodide 

No reaction was observed when an excess of methyl iodide was sealed off 
with a toluene solution of tetraphenylcyclobutadiene complex and the mixture 
heated at 100°C for 3 days. 

Reaction of ~-cyclopentadienyibis(frifluorophosphine)rhodium(I) with hex& 
fiuorobu tyne 

~-Cjrclopentadienylbis(trifluorophosphine)rhodium(I) (0.344 g, 1 mmol) 
was sealed off with an excess of hexafluorobutyne and heated at 60°C for 48 h, 
but no reaction was observed. 

Reaction of di-~-chlorotetrakis(trifluorophosphine)dirhodium(I) with dimethyl- 
acetylene 

Di-p-chlorotetrakis(trifluorophosphine)dirhodium(I) (0.128 g, 0.2 mmol) 
was sealed off with a three-fold excess of dimethylacetylene in hexane (10 ml) 
and the mixture was heated at 60°C for 48 h. The zu-npoule was opened in vacua 
and excess dimethylacetylene, solvent and unreacted di-p-chlorotetrakis(tri- 
fluorophosphine)dirhodium were removed. The solid remaining was extracted 
with hexane, but the only product isolated was hexamethylbenzene (0.075 g, 
45%) which was recrystallised from hexane and identified by its ‘H NMR (a 
singlet at 7 7.9), mass spectrum and melting point. 

Reaction of di-~-chlorotetrakis(trifluoro~hosphine)dirhodium(I) with hexa- 
fluorobutyne 

Di-~-chlorotetrakis(trifluorophosphine)dirhodium(I) (0.200 g, 0.3 mmol) 
was sealed off with hexafluorobutyne (0.326 g, 2 mmol) in a glass ampoule and 
heated at 60°C for 72 h. The ampoule was opened on to the vacuum line and the 
volatiles collected at liquid nitrogen temperature; (0.120 g, 0.7 mmol) was identi- 
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fied a% unreacted hexafluorobutyne.. The-residue was dissolved in acetone and 
transferred.to a Schlenk flask. After removal of acetone the resulting solid was 
extracted with carbon tetrachloride and.recrystallised from ether to afford white 
crystals of hexakis(trifluoromethyl)benzene (0.065 g, 20%); identified by its 
“F NMR spe&um -(singlet at aPF = 50.89 ppm, mass spectrum and melting point, 
209°C (lit. [25], 210-12°C). The residue (0.240 g) which was only soluble in 
acetone and could not be recrystallised, showed bands in the infrared spectrum 
corresponding to both C-F and P-F stretching frequencies, but showed no signal 
in the “F NMR spectrum. Analysis found: C, 17.46; H, 0.9%; m-p. 220°C (dec.) 

Reaction of di-~-chlorotetrakis(trifluorophosphine)di with methyl- 

phenylacetylene 

Di-~chlorotetrakis(trifluorophosphine)dirhodium (0.128 g, 0.2 mmol) was 
refluxed with methylphenylacetylene (0.185 g, 1.6 mmol) in hexane for 10 h. 
The colour of the solution changed from yellow to red, but the only product 
isolated after reerysWlisation.from benzene/hexene was 1,2,4triphenyl-3,5,6- 
trimethylbenzene (0.100 g, 52% of the initial methylphenylacetylene). The prod- 
uct was identified by its ‘H NMR, mass spectrum and m-p., 225°C (lit. [24], 
225-227°C). 

Reacfion of di-Cr-chlorotetrakis(trifluorophosphine)dirhodium(I) with acetylene- 
dicarboxylic acid dimethyl ester 

Di-l.t-chlorotetrakis(trifluorophosphine)dirhodium(I) (0.126 g, 0.2 mmol) 
was stirred with acetylenedicarboxylic acid dimethyl ester (0.284 g, 2 mmol) 
in benzene (10 ml) at room temperature for 1 h. The only product obtained was 
hexa(methylcarboxylate)benzene (0.120 g, 42%), identified by its ‘H NMR, 
mass spectrum, and melting point, 186-188°C (lit. [24}, 187°C). 

Reaction of di-~~hlorotetrakis(frifluorophosphine)dirhodium(l) with phenyl- 
acetylene 

Di-l,r-chlorot&rakis(trifIuorophosphine)dirhodium(I) (0.252 g, 0.4 mmol) 
was refluxed with an excess of phenylacetylene for 2 h. The reaction led to de- 
composition and no product was obtained. 

Reaction of di-Cz-chlorotetrakis(trifluorophosphine)dirhodium(I) with phenyl- 
trimethylsilylacetylene 

In a similar fashion to that.described above, di-~chlorotetrakis(trifluoro- 
phosphine)dirhodium(T) (0.257 g, 0.4 mmol) was treated with an excess of phenyl- 
trimethylsilylacetylene in refluxing benzene for 3 h, but the reaction ended with 
the decomposition of the starting complex. 
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