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Fluorocarbon Complexes of Transition Metals. Part 11.l Tertiary Arsine 
Complexes of Rhodium(iii) derived from Hexafluorobut-2-yne and 3,3,3- 
Trif luoropropyne 
By Joel T. Mague," Michael 0. Nutt, and Edward H. Gause, Department of Chemistry, Tulane University, 

New Orleans, Louisiana 701 18, U.S.A. 

The complexes RhCI(CO)L, [L = AsPh,, AsMePh,. AsMe,Ph, AsMe,, AS(p-MeC6H,),, AS(,U-FC6H4),, or AsMe,(p- 
MeOC,H,)] react with hexafluorobut-2-yne a t  temperatures between 25 and 100 "C to produce either RhCI(C0)- 
L,C,(CF,)4 or RhCIL,C4(CF,),. In each case the product contains a rhodacyclopentadiene ring. For L = tri- 
cyclohexylarsine, l itt le metallocycle is produced but the rhodium( I )  complex catalyses the cyclotrimerization of the 
acetylene. The complexes RhCI(C0) L,C,(CF,), decarbonylate smoothly in refluxing benzene and can be 
recarbonylated by treatment with carbon monoxide under mild conditions. When L = AsMe, or AsMe,(p- 
MeOC,H,) decarbonylation in the presence of moisture leads to the isolation of RhCI(H,O) L,C,(CF,),. The 
chloride ligands are also labile and can be removed by treatment with silver nitrate leading to the complexes 
Rh(N0,) L,C,(CF,),. Reaction of the rhodium(1) complexes with hexafluorobut-2-yne-carbon monoxide mixtures 

produces L,CI k h CO C ( C F,)=C ( C F3) CO [ L = As P h,. As ( p -  M ec, H ,) ,, As (p -  FC6H ,) ,, As (c6 H 11) ,] . React io n 
of the rhodium(1) complexes with 3.3.3-trifluoropropyne produces the acetylides RhCI(CO)L,(CZCCF,),. 

THE ability of certain complexes of the Group VIII 
metals to  catalyse the cyclotrimerization of acetylenes is 
well known.2 In some instances these reactions lead 
instead to what are evidently linear or cross-linked 
polymers sometimes having quite high molecular 
~ e i g h t s . ~ a > " * ~  In Part I of this series,l we reported that 
RhClL, (L = AsPh,, SbPh,) reacted with hexafluorobut- 
2-yne to  produce the rhodacyclopentadiene complexes 
RhClL,C,(CF& This behaviour contrasts with that 
observed for RhC1(PPh3), in which RhCl(PYh,),C,F, and 
an intractable polymer were the only p r o d ~ c t s . ~  To gain 
further insight into the reasons for this difference and to 
study systematically the effects of changing the steric 
and electronic properties of ligands bound to rhodium on 
the interaction of the complexes with acetylenes, we 
undertook a study of the reactions of some fluorinated 
acetylenes with the complexes Kh(CO)ClL, (L = tertiary 
phosphine or tertiary arsine). We report here on some 
of the results of this study with the arsine complexes. 

EXPERIMENTAL 

All solvents were appropriately dried and distilled before 
use and were stored under an atmosphere of pre-purified 
nitrogen. Light petroleum has b.p. 30-60". I9F 
N.ni.r. spectra were obtained on a JEOL C-6OHL spectro- 
meter and lH n.m.r. spectra with a JEOL MH-100 instru- 

ment. 19E' Chcmical shifts are referred to cc,a,a-trifluoro- 
toluene (0.0 p.p,in.) and increase to high field. IH Chemi- 
cal shifts are expressed as T values. Infrared spectra were 
obtained on Beckman IR-5.A and III- 18A spectrophoto- 
meters using Nujol mulls unless otherwise specified. Hexa- 
fluorobut-2-yne and 3,3,3-trifiuoropropyne were purchased 
from PCR, Incorporated while hydrated rhodium(II1) 
chloride was obtained from A. D. Mackay, Inc. and tri- 
phenylarsine froin Strem Chemicals. 

The starting rhodium (I)  complexes were prepared from 
[Rh(CO),Cl], 4 by the method of Va1larino.j The standard 
Grignard procedure was used to prepare tricyclohexylarsine 
from AsCI, while AsMe,, AsMe,Ph, and AsMe,($-MeOC,H,) 
were prepared from sodium dimethylarsenide and methyl 
iodide, bromobenzene, and pbroinoanisole respectively. 
AsMePh, was prepared from lithium diphenylarsenide 7 an  (1 
methyl iodide. 

Chlorocarbovtylbis (triunetJiylavsine) tetvnk is (tri$uoromethyl) - 
YhoducycZopentadiene, RhCl(C0) (AsMe,) ,C4( CF,) *.-A thicli- 
walled Pyrex tube of ca. 40 ml volume was charged with 
Rh(CO)Cl(AsMe,), (0-2 g, 0-49 mniol) and was evacuated. 
The tube was cooled in liquid nitrogen arid benzene ( 5  ml) 
was condensed in. The tube was warmed to dissolve the 
complex and was then cooled again in liquid nitrogen. 
Hexafluorobut-2-yne, ca. 2 nil, was condenscd in and the 
tube was sealed and heated a t  100" for 18 h. After being 
cooled to room temperature, the tube was further cooled in 
liquid nitrogen and opened. Tlie unchanged acetylene was 
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recovered and the yellow benzene solution of the product 
filtered. The benzene was evaporated under reduced 
pressure and the solid recrystallized from diethyl ether to 
give pale yellow prisms (0.23 g, 64%). 

The following compounds were prepared in a similar 
manner. 

Chlorocarbonylbis (dimethy lphenylarsine) tetrakis (trifluoro- 
nzethyl)rhodacyclopentadiene, RhCl(C0) ( AsMe,Ph) 2C4( CF,) 4. 
-Pale yellow prisms from diethyl ether (0.25 g, 840/,). 

Chlorocarbonylbis [dimethyl (p-methoxyphenyl) ursine] tetra- 
kis (trifluoronzet?zyl)Yhodacyclopentadiene, RhCl (CO) ( AsMe, ( p -  
hIeOC,H,) }2C4(CF,),.-Pale yellow prisms from diethyl ether 
(0.24 g ,  88%). 

Chlorobis (methyldiphenylarsine) tetrakis (trifiuoromethyl) - 
rhodacyclopentadiene, RhCl(AsMePh,),C,(CF,),.-The crude 
product was chromatographed on Florisil (1.5 x 30 cm 
column). Elution with liexane-diethyl ether (3  : 2 v/v) 
produced a yellow band from which yellow crystals of the 
product could be obtained upon evaporation of the ether 
(0-20 g, 23%). 

Chlorobis (triphenylarsine) tetrakis (tri'uoromethy1)rhoda- 
cyclofientadiene, RhCl(AsPh,) ,C,(CF,),.-The crude product 
was chromatographed on silica gel (1 x 60 cm column). 
Elution with benzene produced a large greenish yellow band 
followed by a sinall pinkish tan band. The first fraction 
afforded the desired complex which was obtained as orange- 
yellow prisms upoii recrystallization from benzene-diethyl 
cther (0.18 g, 65%). 

I I  iethyl) rhodacyclopentadiene, RhCl(As ($-FC,H,) 3)2C4 (CF,) 4. 

-The crude product was chromatographed on silica gel 
(1 x 60 cm column). Elution with benzene produced a 
!,ellow band from which the product was obtained after 
concentration to ca. 5 ml and dilution with light petroleum 
as orange-yellow crystals (0.37 g, 51%). 

Chlorobis [tris (p-tolyl) arsine] tetrahis (triflaoronzethyl) rhoda- 
cyclopentadiene, RhC1( As ($-MeC,H,) ,},C4 (CF,) , .-The crude 
product was heated a t  80" for 3 h under high vacuum in a 
sublimation apparatus to remove a small amount of hexakis- 
(trifluoromethyl) benzene. The residue was then chromato- 
graphed on Floi-isil (1.5 x 30 cm column). Elution with 
I : 1 (v/v) hexane-diethyl ether produced a broad yellow 
band which was collected and evaporated to dryness in 
zmuo. The solid was taken up in a minimum volume of 
benzene and crystallization induced by the slow diffusion of 
light petroleum. The desired product was obtained as large 
l-cllow -orange prisms which were separated by hand from a 
small quantity of light yellow flakes. 

jluoromethyl) rhodac~iclopentadiene, RhCl{ Ashfez( p -  
I\feOC,H,) ),C,(CF,),.-The carbonyl complex, RhCl(C0) - 
[AsMe,(p-MeOC,H,)],C,(CF,), was refluxed in dry benzene 
(15 ml) under nitrogen for 5 h. Concentration of the result- 
ing bright yellow solution followed by addition of light 
petroleum and cooling a t  0 "C afforded the product as 
yellow prisms in essentially quantitative yield. 

Chlorobis (dirnetl~yl~l~e-la~sine) tetrakis (triJZuoromethy2) - 
rhodacycEopentadiene, RhCl(AsMe,Ph),C,(CF,),.-This com- 
pound was prepared from the corresponding carbonyl 
derivative in an analogous manner to the previous complex. 

rhodacycloPentadiene, RhCI(H,O) (AsMe,) ,C4(CF,)4.-The 
carbonyl coniplex, RhCl(C0) (AsMe,) ,C,(CF,),, was refluxed 
for 4 h in benzene (15 ml) to give a bright yellow solution. 
The solution mas evaporated under reduced pressure to give 

Cltlorobis [tris (p-fEztovophenyl) ursine] tetrakis (trifluoro- 

Chlorobis[dirnethyl (p-nzetlzoxypheny1)arsine]tetrakis( tvi- 

Chloroaqztobis (trimethylnrsine) tetrakis (trifluoromethy 1) - 

an off-white solid which was recrystallized from diethyl 
ether-light petroleum to give very pale yellow prisms in 
essentially quantitative yield. 

Chlorobis (tripheny larsine) -3,4-bis (trifluovomethyl) rh odn- 
cyclopent-3-ene-2,5-dione-Benzene (1 /2 ) ,  (AsPh,) ,- 
C1RhCOC(CF,)=C(CF3)CO,2C,H,.-A thick-walled Pyres 
Carius tube was charged with RhCl(CO)(AsPh,), (0.2 g, 
0.26 mmol) which was then evacuated and chilled in liquid 
nitrogen; dry benzene (5 ml) was then condensed in. The 
tube was warmed to  room temperature to dissolve the solid 
and then rechilled. An excess of hexafluorobut-2-yne was 
then condensed in followed by pressurization of the cold 
tube with CO to ca. 400 Torr. The tube was sealed and 
heated a t  100 "C for 2 h followiiig which the tube was again 
cooled in liquid nitrogen, opened, and the excess of acetylene 
recovered. The resulting yellow-brown solution was filter- 
ed, concentrated to ca. 2 ml, and chromatographed on a 
1 x 60 cm column of silica gel. Development with benzene 
gave three bands, yellow-green, pinkish tan, and yellow in 
tha t  order. Elution with benzene first removed some 
RhC1(AsPh,),C4(CF3), followed by the desired compound. 
The third band proved to be unchanged RhCl(C0) (AsPh,),. 
The middle fraction was evaporated to dryness and the 
product obtained as pinkish tan needles by recrystallization 
from benzene-light petroleum (0.12 g, 46%). 

The following complexes were produced in a similar 
manner. 

ChZorobis[tvis (p-tolyl)avsine] 3,4-bis (tYifluoromethy1)rhoda- 
cyclo~ent-3-ene-2,5-dione-Benxene (1/2.5), (As(fi-MeC,H,),), 

ClRhCOC(CF,)=C(CF,)CO, 2-5C,H6.-Tlrc brown solid ob- 
tained by evaporating the reaction mixture to dryness was 
taken up in a minimum volume of benzene and chromato- 
graphed on silica gel (1 x 60 cm column). Elution with 
benzene produced a yellow band followed immediately by a 
brown-orange one. The yellow fraction consisted mainly of 
RhCl[As(fi-MeC,H,),],C,(CF,),. The leading portion of the  
brown-orange band was discarded and the remainder was 
collected. The volume was reduced to ca. 1 ml under re- 
duced pressure and upon the addition of diethyl ether, t he  
product separated as pale orange-brown needles (0.17 g, 

I 1 

I I 

34%).  
Chlovobis [tris (p-~uovophenyl) arsine] 3 ,4-bis (tvifEzlovo- 

met?iyl)rhodacyclopent-3-ene-2,5-dione-Be~zre~ze (1/1.5), (As@- 

FC,H,),),ClRhCOC(CF,)=C(CF,)CO, 1.5C,H6.-The orange- 
brown material obtained by evaporating the reaction mix- 
ture to dryness was taken up in a minimum volume of 
chloroform and chromatographed on silica gel (1 x 60 ciii 
column). Elution with 4 : 1 (vlv) hexane-benzene removed 
a small yellow band. Further elution with 1 : 1 (v/v) 
hexane-benzene removed a second yellow band, however, 
neither of these fractions contained enough material for 
satisfactory characterization. Elution was continued with 
benzene and an orange band containing the desired product 
was collected. Upon concentration and addition of light 
petroleurn the product was obtained as pale brown-orange 
needles (0.11 g, 38%). 

ChloYobis( tvicyclolLe~ylavsine) - 3 , 4 - b i s ( t ~ ~ i ~ u o r o m e t h y 2 ~ ~ ~ o ~ a -  
cyclopent- 3-ene-2,5-dione-Bensene ( 1 / O - 5 )  , {As (C6FI1J 3}3- 

ClRhCOC (CF,)=C(CF,) CO, 0-5C,H6. -Evaporation of the 
reaction mixture t o  dryness gave a brown gum. This was 
taken up in a minimum volume of benzene and chromato- 
graphed on silica gel (1 x 60 cm volume). Elution with a 

I I 
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3 : 1 (vlv) hexane-benzene mixture removed a sins11 yellow 
band whose infrared spectrum indicated it to be a mixture 
of RhCl(C0) {As(C,H,,),}, and an unidentified fluorocarbon 
complex. Further elution with 2 : 1 (v/v) hexane-benzene 
produced a wide orange band which was collected and 
evaporated to dryness. The pale brown solid was re- 
crystallized from benzene-light petroleum to give the 
product as needles (0.12 g, 26%). 

Nitratobis (trimethylarsine) tetrakis (triflworomethyl) rhoda- 
cyclopentadiene, Rh(N0,) (AsMe,) ,C,(CF,),.-To a solution 
of RhCl(CO)(AsMe,),C,(CF,), (0.19 g, 0.26 mmol) in 1 : 1 
(v/v) benzene-ethanol (10 ml) was added AgNO, (0.044 g, 
0.26 mmol). The solution was stirred for 20 min to coni- 
plete precipitation of the AgCl. The mixture was filtered 
through a pad of diatomaceous earth and the filtrate was 
evaporated to dryness. The solid was taken up in benzene 
and filtered again to remove a small amount of brown 
residue. Upon concentration and addition of light petrol- 
eum, the product was obtained as pale yellow-brown needles 
(0.12 g, 62%). 

Nitratobis (dimethylplzenylarsine) tetrakis( tri$uorometh y l )  - 
rhodacyclopentadiene, Rh(NO,) (AsMe,Ph),C,(CF,),.-This 
compound prepared in an analogous manner to the tri- 
methylarsine complex from RhCl(C0) (AsMe,Ph),C,(CF,), 
(0.21 g, 0.24 mmol) and AgNO, (0.041 g, 0.24 mmol) was 
obtained as pale yellow-brown needles from benzene-light 
petroleum (0.09 g, 44%). 

Chlorocarbonylbis (metlzyldiphe~ylarsine) tetrakis (trifluovo- 
.methyl) rh odacydopentadiene, RhCl (CO) (AsMePh,) ,C4( CF,) &. 

-A benzene solution of RhCl(AsMePh,),C,(CF,), was 
stirred for 2 h uiicler pressure of carbon monoxide (25 p.s.i.) 
in a Fisher-Porter pressure bottle. The pale yellow solution 
was then diluted with CO-saturated, light petroleum and 
cooled at  ice temperature to produce pale yellow needles of 
the product in essentially quantitative yield. 

Reaction of RhC1(CO)fAs(C,Hll),}, with Hexa$uorobut-2- 
yne.-This reaction was carried out as described for KhC1- 
(CO) (AsMe,), with the tricyclohexylarsine complex (0.32 g, 
0-4 mmol). After recovery of unchanged acetylene the 
contents of the tube were filtered under nitrogen and the 
yellow solid remaining on the frit was washed with benzene 
( 2  ml). The solid was extracted with hot dichloroniethane 
and crystallized by the addition of diethyl ether and cooling 
at 0 "C to give yellow inicrocrystals of RhCl(As(C,H,,),),C,- 
(CF,),. The benzene washing was combined with the 
original filtrate and was evaporated to dryness. The residue 
was sublimed at 100" under high vacuum to give hexakis- 
(trifluoromethy1)benzene (0.23 g, 0.47 mmol) . The remain- 
ing brown solid was taken up in a minimum volume of di- 
chloromethane and chromatographed on silica gel (1 x 60 
cm column). Elution with hexane produced a small yellow 
band which was shown from its infrared spectrum to consist 
of a mixture of Cg(CF3)6 and an unidentified fluorocarbon 
complex. Continued elution with benzene removed a yellow 
band, shown by infrared spectral analysis to be unchanged 
RhCl(CO)(As(C,H,,),),, followed by a small green band. 
The latter did not contain sufficient material for satis- 
factory characterization. There remained on the column a 
considerable amount of a dark brown oily substance which 
was not further studied. 

ChZorobis (trifluorofiropynyl) carbonylbis (trimethylavsine) - 
rhodi .urn(~~~) ,  RhCl(C0) (AsMe,) ,(C32CF3) ,.-This compound 
was prepared from RhCl(C0) (AsMe,), (0.2 g, 0.4 mmol) and 
a n  excess of 3,3,3-trifluoropropyne in benzene in a sealed 
tube following the procedure detailed above for the hexa- 

fluorobut-2-y-ne reactions except that the reaction time was 
only 5 h and the reaction temperature was 75 "C. No acetyl- 
ene could be recovered. The reddish solution was filtered 
from suspended solid which evidently is polymerized 
acetylene and evaporated to give a red oil. The oil was 
taken up in diethyl ether (2 ml) filtered to remove residual 
polymer, and light petroleum (15 ml) added to precipitate a 
reddish brown solid. Attempts a t  recrystallization pro- 
duced only oils so the solvent was removed under reduced 
pressure and the oil was triturated with light petroleum to 
give a reddish brown powder (0.07 g, 30%). 

Ch Zorobis (trifluoropropynyl) carbonylbis[dimethyl( p-meth- 
oxyphenyl) arsine]r?Lodium (111) , RhCl(C0) (Asfife,($- 
MeOC,H,) ),(CXXF,) ,.-This compound, prepared analog- 
ously to the trimethylarsine complex from 0.16 g (0.36 mmol) 
of Rh(C0)C1[AsMe2(fi-Meoc,H,)1,, was obtained as a brick- 
red powder by precipitation with light petroleum from di- 
ethyl ether (0.04 g, 19%). Again most of the acetylene was 
polymerized. 

Chlorobis (trifluoropropynyl) tris(tviplzeny1stibine)rhodium- 
(111) , RhCl (SbPh,) , (CCCF,) ,.-This compound, prepared 
from RhCl(SbPh,), (0.11 g, 0.09 mmol) in the same manner 
as the previous complex, was obtained as a red-brown pow- 
der by precipitation with light petroleum from diethyl ether 
(0.02 g, 17%). 

RESULTS AND DISCUSSION 

The reaction of an excess of hexafluorobut-2-yne wit11 
the complexes RhCl(CO)L, [L = AsMe,, AsMe,Ph, or 
AsMe2(j5-iMeOC,H,)] in benzene at 100 "C for times 

L 
I 

CI - 

I 

L I  

( 2 1  

between 6 and 18 h produces as the only significant 
product the six-co-ordinate rhodacyclopentadiene coni- 
plexes (I)-(111) (Table). These compounds are assigned 
structure (1) on the bask of analytical and spectral data 
(Table) and by analogy with RhCl(H,O)(AsMe,),C,(CF,), 
whose structure has been determined by X-ray crystallo- 
graphy,8 Thus the infrared spectra of compounds 

J.  T. hlaguc, J .  Amer. Chenz. SOL,  1971, 98, 3660. 

http://dx.doi.org/10.1039/DT9730002578


1973 2581 
(1)-(111) all exhibit, in addition to ligand absorptions, a 
sharp band at ca. 2100 cm-l which can be assigned to the 
carbon-oxygen stretching vibration of a terminal carbon- 
yl group, two sharp bands of medium intensity in the 
1500-1600 cm-l region, and a complex set of intense 
bands attributable to  carbon-fluorine stretching vibra- 
tions in the 1100-1300 cm-l region. The two bands in 
the 1500-1600 cm-l region are characteristic of the 
tetrakis (trifluoromet hyl) rhodacyclopent adiene moiety 
and are most likely associated with carbon-carbon 
stretching vibrations within the five-membered ring. 
Because of x-delocalization over the four-carbon portion 
of the which is particularly evident in the case of 
the five-co-ordinate rhodacyclopentadiene complexes dis- 
cussed below, it is unlikely that these vibrations can be 
identified with isolated C=C stretches however, it can be 
noted that v s c  occurs a t  1610 cm-l in RhCl,C(CF,)=- 
C(CF,)H(PPh,),.lO 

The 19F n.m.r. spectra of compounds (1)-(111) show 
three complex resonances a t  ca. -7.0, -11.0, and -13.0 
p.p.m. whose intensities are in the ratio 2 : 1 : 1. The 
two low-field resonances can be assigned to the two tri- 
fluoromethyl groups nearest the metal which have been 
rendered non-equivalent by the presence of two dis- 
similar equatorial substituents. The high-field resonance 
is assigned to the trifluoromethyl groups remote from the 
metal. Evidently these are sufficiently far away so as to  
remain essentially equivalent although the resonance is 
somewhat broader than in the corresponding five- 
co-ordinate complexes indicating that they probably have 
slightly different chemical shifts. 

The structural studies of RhCl(SbPh,)2C4(CF,)4 l1 and 
RhCl(H,O) (AS~U~,) ,C~(CF~)~ show that there are close 
contacts between fluorine atoms of adjacent trifluoro- 
methyl groups around the periphery of the ring resulting in 
a ' cogwheel ' arrangement which very likely prevents 
free rotation of these groups. Thus the broad complex 
appearance of the 19F resonances is not surprising. 

One further point of interest concerning (11) and (111) 
is their proton spectra. In each case two resonances occur 
which can be assigned to As-CH, indicating two sets of 
non-equivalent methyl groups bound to  arsenic. We 
suggest that this is a result of a weak interaction between 
the phenyl groups of the arsines and the rhodacyclo- 
pentadiene ring which holds them on either side of 
the latter thus placing the two methyl groups in 
each ligand in slightly different environments. Sup- 
port for this comes from the structural study of 
RhC1(SbPh,)2C4(CF3)4 l1 in which one phenyl group of 
each ligand is directly over the ring. Moreover, the line 
joining the ortho-positions of each phenyl group is nearly 
parallel to the plane of the rhodacyclopentadiene ring. 

The reaction of the complexes RhCl(CO)L, [L = 
AsMePh,, AsPh,, As($-FC,H4),, or As(p-MeC,H,),] with 
an excess of hexafluorobut-2-yne a t  100 "C requires 

9 H. S. Aldrich, J. T. Mague, and L. C. Cusachs, Internat. J .  

10 R. D. W. Kemmitt, B. Y .  Kimura, and G. W. Littlecott, 
Quantum Ghem., in the press. 
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longer times (15-18 h) than for the previous systems to 
produce an appreciable amount oft he correspondingrhoda- 
cyclopentadienes. Although the rhodacyclopentadienes 
are still the major products of these reactions, the yields 
tend to be lower because of the occurrence of side reac- 
tions. The infrared spectra of compounds (V)-(VIII) 
are substantially the same as those of (1)-(111) with the 
exception that there is no absorption near 2100 cm-l 
indicating that these complexes do not contain a carbonyl 
group. The l9F n.m.r. spectra of (V)-(VIII) consist of 
two complex resonances of equal intensity downfield 
from a,a,a-trifluorotoluene (Table). On the basis of these 
and the analytical data, these complexes are assigned 
structure (2). Confirmation of this assignment comes 
from the virtual identity of the observed infrared and l 9 F  

n.m.r. spectra with those reported for RhCl(SbPh,),- 
C4(CF3), which has been shown by an X-ray crystallo- 
graphic structure analysis to have structure (2) .ll In that 
study, the molecule was found to have approximate C, 
symmetry if one neglects the differing rotational orient- 
ations of the trifluoromethyl groups. Thus the trifluoro- 
methyl groups adjacent to  the metal form an equivalent 
pair as do those remote from the metal in agreement 
with the observed n.m.r. spectrum. Complex (VI) is 
identical with that prepared previously from RhCl- 
(AsPh,),.l Although the differences are small, it 
appears that the ' ring ' bands in the 1500-1600 cm-l 
region occur a t  slightly lower energies in the six-co- 
ordinate complexes than in the five-co-ordinate species. 
This suggests some withdrawal of electron density from 
the ring by the strong n-acid carbon monoxide in the 
former. One further feature of the infrared spectra of 
the five- and six-co-ordinate rhodacyclopentadienes 
which appears to  have some characterizational utility is 
the absorption in the 640-660 cm-l region. For com- 
plexes (1)-(111), a single sharp band of medium intensity 
is observed while in the five-co-ordinate complexes 
(V)-(VIII) two closely spaced bands occur. We have 
not been able to unequivocally determine what vibration 
is responsible for these absorptions but it may be a CF, 
deformation mode since in an analysis of the vibrational 
spectrum of hexafluorobut-2-yne the strong band at  639 
cm-l was assigned to  this vibration.l2 In any event, it 
appears that one can distinguish between six-co-ordinate 
tetrakis (trifluoromet hy1)rhodacyclopent adienes in which 
two dissimilar equatorial substituents are present and the 
corresponding five-co-ordinate species on the basis of the 
number of bands in this region. 

The ability of the rhodacyclopent adiene complexes to  
bind carbon monoxide correlates with the x acid character 
of the arsine ligands. Thus it is only with the most basic 
ligands that carbonyl derivatives can be isolated presum- 
ably because only these provide sufficient electron 
density on the metal to  permit adequate x back-bonding 
to  the carbonyl group. The methyldiphenylarsine com- 
plex exhibits intermediate behaviour in that the initial 

l1 J. T. Mague, Inorg. Chenz., 1970, 9, 1610. 
l2 C. V. Berney, L. R. Cousins, and F. A. Miller, Spectrochiwz. 
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reaction product appears to contain a mixture of both 
(IV) and (V). Upon work-up, however, only compound 
(V) is recovered. The carbonyl derivative (IV) can be 
readily prepared, however, by stirring a solution of (V) 
in benzene under 25 p.s.i. of carbon monoxide. The 
complex is reasonably stable in the solid state but readily 
reverts to (V) in solution if an excess of CO is not present. 
Inspection of the data in the Table confirm that (IV) is 
analogous to the six-co-ordinate complexes discussed 
above. Attempts to produce the carbonyl derivative of 
(VI) failed to yield an isolable product although a colour 
change from bright to pale yellow occurred on pressuriz- 
ing the solution with CO which suggests that the desired 
species was present in solution. However, on venting 
the CO, the solution reverted to the bright yellow colour 
and the only (VI) could be isolated. 

The carbonyl complexes (I)-(111) can be readily de- 
carbonylated by refluxing in dry benzene under a nitro- 
gen atmosphere. The colour of the solution soon changes 
from pale yellow to bright yellow and from (11) and (111) 
can be isolated (IX) and (X) respectively. The infrared 
spectra of the products no longer show a carbonyl 
absorption and the single band in the 640-660 cm-l 
region has been replaced by two closely spaced bands. 
The 19F n.m.r. spectra consist of two complex resonances 
of equal intensity thus confirming the identity of these 
complexes as five-co-ordinate rhodacyclopentadiene 
derivatives. The 1H n.m.r. spectra of (IX) and (X) 
differ from those of (11) and (111) in that only one 
As-CH, resonance is observed. This can be interpreted 
as indicating either an increase in effective symmetry of 
the complexes from C, to C, or free rotation about the 
rhodium-arsenic bond. mTe are inclined to favour the 
former interpretation since, if anything, the proposed 
interaction of the phenyl groups with the ring should be 
enhanced in the five-co-ordinate species. Complexes 
(11) and (111) can be readily regenerated by passing 
carbon monoxide through benzene solutions of (IX) 
and (X). 

The behaviour of (I) under the above conditions is 
somewhat different. Although the final solution is bright 
yellow, subsequent work-up yields a very pale yellow 
material which has been identified as the six-co-ordinate 
aquo-derivative (XI). The infrared spectrum shows 
bands at 3534,3333, and 1590 cm-l which can be assigned 
to the 0-H stretching and H-0-H bending vibrations of 
co-ordinated water. Only one band is observed in the 
low-energy region at 646 cm-l indicating that the com- 
plex is six-co-ordinate. This has been verified by an X -  
ray crystal structure analysis.8 The solution behaviour 
of (XI) seems to be rather sensitive to the nature of the 
solvent. In acetone, the 19F n.m.r. spectrum consists of 
two complex multiplets of equal intensity which is 
analogous to those of the five-co-ordinate rhodacyclo- 
pentadienes. Addition of increasing amounts of water 
to the solution up to the point of precipitation of the 
complex produces no noticeable change in the spectrum. 
If the complex is dissolved in [2H6]acetone the lH 
spectrum consists of singlet resonances at z 6.3 and 8.2 

which can be assigned to free water and the trimethyl- 
arsine ligands respectively. Addition of increasing 
amounts of water to this solution causes the water signal 
to shift upfield slightly (ca. 0.2 p.p.m.) while remaining 
sharp. Because of the small magnitude of the shift it is 
not possible to say whether this is indicative of inter- 
action of the water with the metal or is simply a solvent 
effect. The foregoing observations are consistent with 
the presence of the equilibrium [equation (l)] with the 
position of equilibrium lying far to the right. 

On the other hand, i f  the 1H n.m.r. spectrum is taken in 
deuteriochloroform or [,H6] benzene solution one observes 
in addition to the methyl resonance of the arsine ligand a 
singlet a t  T 8 .0 -8 -3  which disappears upon addition of 
D20 while a new resonance due to free water appears at 
'2: 5.2. This indicates that the original resonance is due 
to co-ordinated water. Addition of water to these 
solutions causes a slight downfield shift (ca. 0.2 p.p.m.) 
of the high-field resonance but again it is not possible to 
say whether this shift is indicative of exchange between 
free and bound water or is simply the result of solvent 
effects. In these latter spectra, the resonance of free 
water is also present. While the disappearance of the 
high-field resonance on addition of D,O could be taken as 
evidence of exchange between free and bound water, it is 
also quite possible that H-D exchange on the bound 
water molecule has occurred. These experiments do not 
therefore allow one to  conclude whether or not exchange 
of water is occurring. At this point it is tempting to 
suggest that equation (1) is established in all three 
systems with the position of the equilibrium being far to 
the right in the polar solvent acetone and far to the left 
in the less-polar media. Unfortunately this is not con- 
sistent with the observation that the 19F n.m.r. spectrum 
of (XI) in deuteriochloroform also shows only two com- 
plex resonances of equal intensity unless one assumes that 
in solution both chloride and water have the same effect 
on the chemical shifts of the trifluoromethyl groups 
adjacent to the metal. This last suggestion may not be 
too unreasonable since the structural study shows both 
the Rh-C1 and Rh-0 distances to be quite long * and our 
molecular orbital calculations indicate the binding of 
chloride and water to rhodium to be weak.B Despite 
this, the mull spectrum of (XI) shows only a single band 
at 646 cm-l indicative of a six-co-ordinate species. We 
are thus left with no definite conclusion as to the nature 
of (XI) in solution. 

While we have not been successful in isolating 
RhCl(AsMe,),C,(CF,), in the pure state, (XI) when 
heated at 100" in vacuo changes from pale yellow to dark 
yellow which presumably indicates the presence of the 
desired material. On exposure to air, the colour of the 
solid rapidly lightens again and the infrared spectrum of 
the resulting material shows it to be (XI) thus demon- 
strating the avidity of RhCl(AsMe,),C,(CF,), for water. 
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In the presence of stronger ligands, however, the water is 
readily displaced. Thus treatment of (XI) with carbon 
monoxide in benzene under ambient conditions rapidly 
regenerates (I). 

In one experiment, (111) was decarbonylated when 
refluxed in benzene with no precautions being taken to 
exclude moisture. Work-up yielded a pale yellow 
material which from its infrared spectrum was shown to 
be the corresponding aquo-complex RhCl(H,O){AsMe,($- 

cm-l). The lH  n.m.r. spectrum of this complex in 
deuteriochloroform showed in addition to the expected 
ligand absorptions a singlet a t  7 8.3 which we assign to 
the water protons. As with (XI) this result suggests that 
the water is bound in this solvent. When heated at  100" 
in vacuo, the solid darkens and the lH n.m.r. spectrum of 
the resulting material is identical with that observed 
before heating with the exception that the 7 8.3 resonance 
is absent. The infrared spectrum of this material shows 
the absence of water and is identical to that of (X). By 
contrast with the presumed RhCl(AsMe,),C,(CF,),, the 
solid material produced by dehydrating RhCl(H,O) - 
(AsMe2(+-MeOC,H4)),C,(CF3)4 does not reaquate when 
set aside in air. 

Further confirmation of relatively weak binding of 
chloride and water ligands in (XI) which was indicated 
by the structural and computational studies comes 
from the observation that (XI) reacts rapidly with silver 
nitrate in benzene-ethanol to produce the nitrato-com- 
plex (XVI). Silver chloride is produced quantitatively 
and in addition to bands due to the parent rhodacyclo- 
pentadjene, the infrared spectrum of (XVI) shows bands 
attributable to co-ordinated nitrate (Table). Thus, 
although the observance of the symmetric N-0 stretch 
(v2) at 1004 cm-l which is only infrared active in C,, 
symmetry and the large splitting of the E' mode indicates 
co-ordination, as has been pointed out previously l3 this 
alone cannot unequivocally distinguish between uni- and 
bi-dentate co-ordination. That the nitrate is probably 
bidentate in (XVI) is suggested by the failure of the com- 
plex to add carbon monoxide under mild conditions 
which shows that there is no vacant or readily accessible 
co-ordination position. A further indication of biden- 
tate co-ordination of the nitrate is the splitting of the 
A ,  mode (vl in C, symmetry). The persistence of this 
splitting in solution shows that it is not a solid-state effect 
and similar splittings have been noted in some cobalt 
complexes containing bidentate nitrate.l3*l4 This cannot 
be taken as proof of the mode of co-ordination, however, 
since this splitting was also observed in [Pd(bipy)(NO,),] 
which presumably contains unidentate nitrate.15 Com- 
pound (XVI) can also be produced by the reaction of (I) 
with silver nitrate in benzene-ethanol. The reaction is 
rapid which further confirms the lability of the carbonyl 

13 F. A. Cotton, D. M. L. Goodgame, and R. H. Soderberg, 
Inorg. Chem., 1963, 2, 1162. 

14 G. L. McPherson, J. A. Weir, and J. K. Kinnaird, Ilzorg. 
Chew., 1971, 10, 1574. 

15 B. M. Gatehouse, S. E. Livingston, and R. S. Nyholm, J .  
Chew. SOC., 1957, 4222. 

MeOC6H4)),C4(CFJ4 (VO=H = 3528, 3263, 8 ~ 0 ,  = 1605sh 

group in (I) and also indicates a considerable lability of 
the chloride in this complex. 

An analogous dimethylphenylarsine complex (XVII) 
can be obtained from (11) and ethanolic silver nitrate. 
The infrared spectrum (Table) again shows bands 
suggestive of a bidentate nitrate group with a similar 
splitting of vl. The corresponding triphenylstibine com- 
plex Rh(N0,) (SbPh,)2C4(CF3)4 (identified by its infrared 
spectrum) can be prepared in a similar manner from the 
five-co-ordinate rhodacyclopentadiene derivative, 
RhCl(SbPh,),C,(CF,),. The complex shows nitrate ab- 
sorptions a t  1610vs, 1503s, 1260s, 1252vs, and 1002m 
cm-l. In contrast to the previously discussed reactions, 
precipitation of silver chloride occurred much more 
slowly and reaction times of several hours were required 
for completion. This is in accord with our computational 
results which indicate a significantly greater degree of 
covalency in the rhodium-chlorine bond in five-co- 
ordinate rhodacycl~pentadienes.~ 

In the reactions of the triarylarsine complexes with 
hexafluorobut-2-yne one of the minor products produced 
was characterized by strong absorption in the 1650-1700 
cm-l region. This could be separated from the rhoda- 
cyclopent adiene complex by chro-mat ography on silica 
gel and appeared on the column as a pinkish tan or 
brownish orange band which followed the greenish yellow 
band of the rhodacyclopentadiene. Because of the small 
amounts of these complexes which were obtainable in 
this manner and the tendency to form solvated crystals, 
characterization was dificult and was only finally 
accomplished by a full three-dimensional crystallographic 
structure determination of the material obtained from 
RhCl(C0) (AsPh3),.16 This proved to  be the metallo- 

cyclic diketone (AsPh3),C1RhCOC (CF,)=C (CF,) c0,2C6H,, 
(XII) . The molecule has crystallographically 
imposed C, symmetry and the 19F n.m.r. spectrum (Table) 
confirms that this symmetry is effectively maintained in 
solution. The strong infrared absorption at  1667 cm-l 
can be assigned to  v e . 0  and is comparable to that 

previously found in (PPh,),ClRhCOC(CH,)=C(CH3)CO l7 

and (CO)4FeCOC (R) =C ( R1) CO . l S 9  l9 With the identity of 
(XII) confirmed, it was then possible to attempt a rational 
synthesis of the complex which involves the reaction of 
RhCl(C0) (AsPh,), with an excess of hexafluorobut-2-yne 
at 100" in the presence of carbon monoxide for 1.5-2 h. 
In this manner, yields of (XII) were increased from 24% 
using the optimized conditions (2 h a t  100") with no 
carbon monoxide present to  46%. The complex evident- 
ly slowly decomposes at 100" in the absence of CO as the 
extended reaction times used to produce (VI) led to much 
smaller amounts of (XII). This was confirmed by the 
behaviour of solid (XII) when heated. At ca. SO", the 

J. S. Kang, S. McVey, and P. M. Maitlis, Canad. J .  Chew., 

E. Weiss, W. Hiibel, and R. Merenyi, Chem. Ber., 1962, 95, 

19 J. R. Case, R. Clarkson, E. R. H. Jones, and M. C .  Whiting, 

l6 C. J. Fritchie, jun., personal communication. 

1968,46, 3189. 

1165. 

PYOC. Chenr. SOC., 1959, 160. 
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clear pinkish tan crystals became opaque presumably 
through loss of the solvent of crystallization. At 192" 
effervescence occurred and the solid became yellow. 
This yellow solid was shown to be RhCl(CO)(AsPh,), by 
infrared spectral and thin-layer chromatographic analysis. 
The decomposition of (XII) to hexafluorobut-2-yne and 
carbon monoxide was confirmed by heating the solid to 
200" in a closed system and analysing the volatile 
products by infrared spectroscopy. The analogous com- 
plexes with tris-($-tolyl)arsine, tris-($-fluoropheny1)- 
arsine, and tricyclohexylarsine (XII1)-(XV) were pre- 
pared similarly from the corresponding rhodium(1) com- 
plexes. The infrared and n.m.r. spectra of these com- 
plexes are all consistent with the proposed formulations. 
The complexity of the infrared spectrum of (XV) in the 
carbonyl-stretching region was unexpected but is prob- 
ably due to the carbonyl groups being rendered non- 
equivalent through steric interactions with the extremely 
bulky tricyclohexylarsine ligands. We also attempted 
to make the methyldiphenylarsine analogue of (XII) but 
this reaction appears to  be much more complex than the 
others. Chromatography of the crude product afforded 
a small amount of (V), an orange crystalline material 
which we have not yet succeeded in identifying, and a 
tan-coloured material which appears to be a mixture of at 
least two further species. The lSF n.m.r. spectrum of 
the tan solid shows several resonances including a singlet 
a t  -2.4 p.p.m. while the infrared spectrum shows a strong 
absorption around 1660 cm-l. These data suggest the 

presence of (AsMePh,),C1RhCOC(CF,)=C(CF3)60 in the 
reaction products but we have not as yet been able to 
obtain it in a pure state. 

In one series of experiments, the reaction of hexa- 
fluorobut-2-yne with RhCl(CO)L, (L = AsMe,, AsMe,Ph, 
.AsMePh,, or AsPh,) was carried out at 25" for 4 h. Un- 
der these conditions when L = AsMe,, (I) was still 
produced in relatively good yield and there were no 
significant additional products. In the other three reac- 
tions small amounts of (11), (IV), and (VI) respectively 
were detected in the crude reaction mixtures by infrared 
and 19F n.m.r. analysis. The yields of these three rhoda- 
cyclopentadienes decreased in the order listed with a 
corresponding increase in the yields of other species. 
One of these additional products from the reaction where 
L = AsPh, was the metallocyclic diketone (XII) and the 
analogous species with L = AsMePh, and AsMe,Ph were 
also found in the other two reactions. A third product 
of the reaction when L = AsPh, could not be obtained 
pure because of its decomposition upon attempted 
chromatography. Fractional crystallization enabled its 
separation from all but a trace of (XII) and some un- 
changed RhCl(C0) (AsPh,), and it has been tentatively 

1 

I 

the lH n.m.r. spectrum for other than aromatic protons 
thus indicating the absence of the -C(CF,)=C(CF,)H 
moiety. The spectral data can be compared to VC=O = 
1675 cm-l and 19F resonances at  +Om7 and -5.5 p.p.ni. 
(both quartets; JF+ = 9.0 Hz) in the related ruthenium 

complex (P (OMe),},( CO) ,kuCOC ( CF3)=kCF3.20 
Although we have been able to prepare { A S ( C ~ H ~ ~ ) ~ ] ~ -  

ClRhCOC( CF,)=C(CF,)dO (XV) without difficulty, the 
react ion of R hC1 (CO) (As ( C6Hll) 3}2 with hexafluoro but-2- 
yne at  100" for 18 h produces a much more complex 
mixture of products than do most of the other systems 
investigated. Most notable is the relatively large amount 
of hexakis(trifluoromethy1)benzene obtained (1-2 mol/mol 
of RhI). While small amounts of the cyclotrimer of 
hexafluorobut-2-yne were observed to be formed during 
the production of (V1)-(VIII), RhC1(CO)(As(C6Hl1),), 
is clearly the best catalyst among the complexes studied 
for effecting this transformation. We are currently 
studying this aspect of these systems. 

As noted in the Experimental section, the only other 
characterizable products of this reaction were some un- 
changed RhC1(CO)(As(C,Hll),), and a small amount of a 
yellow solid which we have identified irom its infrared and 
19f; n.m.r. spectra as RhCl(As(C,Hl,),},C4(CF,), (XVIII) 
(Table). Thus one observes only two complex reson- 
ances in the 19F n.m.r. spectrum while the infrared 
spectrum shows the two ' ring ' bands at  1585 and 1537 
cm-l and two bands in the low-energy region at 650 and 
641 cm-l. The complex forms a weak adduct with 
acetonitrile which can be precipitated from acetonitrile 
solution as very pale yellow needles by addition of light 
petroleum. The infrared spectrum of the product shows 
a nitrile absorption at 2305 cm-l which compares well 
with the value of 2304 cm-1 found in CS,[R~C~,(NCM~)]~~ 
and only one band in the low-energy region a t  649 cm-l. 
Thus the complex appears to be six-co-ordinate in the 
solid state. In solution the complex is a bright yellow 
and the laF n.m.r. spectrum consists of only the two 
complex resonances of the parent material. The lH 
n.m.r. spectrum in deuteriochloroform shows in addition 
to  ligand absorptions a single resonance at T 8-00 which 
is assigned to  free acetonitrile. We conclude that in 
solution the acetonitrile dissociates since the resonance 
of acetonitrile co-ordinated to RhIII has previously been 
found to occur at ca. T 7.4.,l Further support for the 
weak co-ordination of acetonitrile comes from the 
observation that upon evaporating the solution to dry- 
ness under reduced pressure, (XVIII) is regenerated. 

The very low yield of the rhodacyclopentadiene 
complex and the recovery of unchanged RhCl(C0)- 
(AS(C,H,~),}, serve to emphasize the unique nature of the 
tricyclohexylarsine system. This is presumably at least 

identified as (AsPh,),ClRhCOC(CF,)=CCF, on the basis 
of its infrared and 19F n.m.r. spectra. These show a band 
of mediuln intensity at 1760 cm-1 assigned to ve0 and 
two resonances of equal intensity a t  + I 6  (quartet; 
JF=F = 7.5 Hz) and -2.5 (doublet of quartets; Jp+ = 
7-5, JRI,-F = 3.8 Hz) p.p.m. No evidence was found in 

partially the result of the unusual steric properties of the 
tricyclohexylarsine ligand which would be expected to  
make it difficult for the hexafluorobut-2-yne molecule to 

2o R. Burt, M. Cooke, andM. Green, J. Chem. SOC. ( A ) ,  1970, 
2981. 

21 B. D. Catsikis and &I. L. Good, In0t.g. Chem., 1969,8,1095. 
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get close enough to the metal to  interact strongly. That 
this is the case is suggested by the results of a variable- 
temperature 19F n.m.r. study of the reaction which shows 
no evidence for significant interaction of hexafluorobut- 
2-yne with RhCl(CO)(As(C,H,,),), up to 50". This is in 
marked contrast to studies on some of the systems with 
less bulky ligands which show evidence for distinct mono- 
acetylene adducts at temperatures below O0.z2 

In an effort to more closely determine the stereochemi- 
cal course of the build-up of the rhodacyclopentadiene 
ring we attempted the reaction of some of the RhI com- 
plexes with the unsymmetrical acetylene 3,3,3-trifluoro- 
propyne. Unfortunately these did not appear to produce 
the desired products but rather what we believe to be the 
bis(acetylide) complexes (X1X)-(XXI) . The elemental 
analyses and infrared spectra (Table) are consistent with 
the structures depicted in the Figure, however, the 19F 
n.m.r. spectra indicated that the materials obtained con- 
tained some impurities. This is not surprising since the 

9% E. H. Gause, Ph.D. Thesis, Tulane University, 1973. 
W. R. Cullen and F. L. Hou, Canad. J .  Chem., 1971, 49, 

3404. 

reaction products were difficult to purify. Thus, while 
the 19F n.m.r. spectra listed in the Table compare reason- 
ably well with those reported for a variety of trifluoro- 
propynyl platinum complexes 23-25 they should be in- 
terpreted with caution. The reaction presumably 
follows the sequence depicted below by analogy with the 

RhClL'L, + CF,CrCH RhHCI(C-CCF,)L'L, (2) 
RhHCl(C~CCF,)L'L, + CF,CXH 4 

RhCl(CZCCF,),L'L, + H, (3) 

platinum systems reported However, 
because no rhodacyclopentadienes were obtained these 
reactions were not studied further. 
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