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Abstract 

NMR studies (13C and lo3Rh) show that mixing of equimolar amounts of [RhX,(CO),]- and [RhYr(CO)J (X Z Y = Cl, Br, or I) 
results in approximately statistical X/Y exchange to give ci.r-[RhXY(CO),]-. Products resulting from the addition of X, to 
[RhX,(CO),]- (X = Cl, Br, or I) have been characterized by NMR and IR spectroscopic studies, and include the anions ci.r- and 
tram-[RhX,(CO),]- which slowly lose CO to give the bis(halogen)-bridged dimer [Rh,Xs(C0),]2-; the dimer progressively reacts 
with halide to give the mono(halogen)-bridged dimer [Rh,Xs,(C0),13-, and this is followed by the formation of [RhXs(CO)]*-. 
The tendency for replacement of the halide tram to CO by methanol increases in the order X = Cl < Br < I. 

1. Introduction 

The preparations of the square-planar complex an- 
ions ci.r-[RhX,(CO),]- have long been known [ll and 
because of the involvement of [RhI,(CO),l- in the 
catalytic conversion of methanol to acetic acid, they 
continue to be investigated in some detail 121. Up to 
now, the mixed halo-complex anions cis-[RhXY- 
(CO),]- (X # Y = Cl, Br or I) had not been reported, 
and we now describe their characterization through 
NMR studies together with a spectroscopic study of 
the products resulting from addition of X, to 
[RhX,(CO),]-, followed by a multinuclear NMR study 
of the products resulting from subsequent reaction of 
the rhodium(II1) anions with halide. 

2. Results and discussion 

2.1. The synthesis and properties of the salts 
A[RhXY(CO),] (A = NBu,, Nhex,) 

It was found that mixing of equimolar solutions of 
[RhX,(CO),l- with [RhY,(CO),]- (X # Y = Cl, Br, I) 
in CH,Cl, results in an approximately statistical redis- 
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tribution of X and Y, eqn. (1) and similar behaviour is 
found on addition of (NBu,)Y to [RhX,(CO),l-. The 

[RhX,(CO),] -+ [RhY,(CO),] - - 

2[RhXY(CO),] - (1) 

disproportionation (eqn. (1)) occurs readily at room 
temperature, and, although 13C NMR spectra at room 
temperature are relatively uninformative because of 
ligand inter-exchange, at low temperature two new and 
equally intense resonances appear due to the two in- 
equivalent CO’s in the mixed halo complex. At higher 
levels of 13CO-enrichment, each of these resonances 
appears as a pseudo-triplet due to the coupling 
2J(‘3CO-13 CO), and the relative intensities of the reso- 
nances due to the starting materials and the product 
(eqn. (1)) suggest in all cases an approximately statisti- 
cal exchange of X and Y. These data, together with 
those for the starting materials, are summarized in 
Table 1. For [RhX,(CO),l-, there is little difference in 
either 6(13CO) or ‘J(Rh-CO) on variation of the halo- 
gen, whereas for the mixed halo derivatives, there is a 
difference in both 6(13CO) and ‘J(Rh-CO), but it is 
difficult to assign the inequivalent carbonyl resonances 
in [RhXY(CO),]- unambiguously. In order to do this, 
we have relied heavily upon the ~unambiguous 13C, 31P 
and 19’Pt NMR assignments found for [PtX.Y,_,- 
(CO)]- and [PtX,Y,_,(PEt,)]-, IX f Y = Cl, Br, or I; 
x = 0, 1, 2, or 3) [3,4]; in these cases, it is the ligand cb 
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TABLE 1. 13C and lo3Rh NMR data for (NBuJRhX,_,Y,(CO),] (X # Y = Cl, Br, I; x = 0, 1, 2) in dichloromethane at -73°C. All coupling 
constant values are kO.5 Hz 

Complex 

[RhCl,(CO),l- 
[RhBr,(CO)J 
[RhI,(CO),l- 
[RhClBr(CO)J 

[RhClI(CO),]- 

[RhBrI(CO),]- 

a See text. 

Assignment a/kans-ligand 6Q3CO)/ppm ‘J(Rh-CO)/Hz 

Cl 180.6 72.2 
Br 181.1 72.7 
I 182.4 72.4 
Br 180.5 74.3 
Cl 181.1 71.0 

I 180.0 75.6 
Cl 182.0 68.3 
I 181.0 74.0 
Br 182.3 70.8 

*.J(co-co)/Hz 

5.4 

4.4 

4.1 

S(‘“Rh)/ppm 

+73 
-4 

- 221 
+35 

-46 

- 103 

TABLE 2. Spectroscopic data for rhodium(II1) halocarbonyl complexes in CH,Cl,. Chemical shifts are in ppm and J values in Hz ( f 0.5); v(CO) 
are in cm-l 

Complex x= Cl Br I 

6(CO) J(Rh-CO) S(Rh) v(CO) 6(CO) J(Rh-CO) 6(Rh) v(CO) 6(CO) J(Rh-CO) S(Rh) v(CO) 

cis-[RhX&CO),]- 168.5 52.7 2160,213O 169.5 53.3 1567 b 2146,2115 170.2 53.6 2123,2093 
tranr-[RhX&O),]- 172.2 48.6 2095 172.4 48.5 2094 
[Rh,Xs(C0),12- = 170.0 61.3 4427 b 2115 174.9 59.9 2888 = 2095 180.9 54.8 2997 ’ 2072 
[Rh,X,(C0)213- 172.7 61.5 3976 b 184.0 55.2 
[RhX,(CO)]‘- 175.4 55.1 4047 b 2087 178.2 55.0 3158 b 2072 183.5 53.3 2050 
[RhX,(COXMeOH)]- 175.2 58.4 3103 b 2072 178.6 55.7 2050 

a Most abundant isomer. b Obtained via direct lo3Rh measurements. ’ Obtained via ‘3C-{‘03Rh) measurements. 

180.9ppm,54.8Hz 
I 1 

183.2ppm,60.9Hz 

18Llppm, 55.0 Hz 

184.5ppm,60.3 Hz 
- 

Fig. 1. 13C NMR spectrum of (Nhex,),[Rh,I,(CO),l in dichloromethane at room temperature. 
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to CO or PEt, that has the greatest effect on both 
6(i3CO) or S(31P> and ‘J(Pt-13CO) or ‘J(Pt-PR,), 
respectively. In terms of this assumption, there is gen- 
erally a smooth progression of both S(i3CO) and 
iJ(Rh-CO) in [RhXY(CO),]- on varying the fruns 
group while retaining the same cis ligands. The values 
of 6(Rh) for the mixed halo complexes occur close to 
the mean value for the starting materials, except in the 
case of the chloro/iodo complex. 

It is noteworthy that variable temperature 13C NMR 
measurements for all the combinations of X and Y in 
eqn. (1) always show that the rate of ligand exchange as 
shown by the broadening of the resonances associated 
with the various complexes is Rh-I > Rh-Br > Rh-Cl, 
with no preferential broadening of either of the two 
resonances associated with the mixed halo complexes. 
This is in accord with the known tendency of the least 
electronegative halide in the square-planar complex 
[PtXxY3_JCO>]-, (X # Y = Cl, Br, I, x = 0, 1, 2, 3) to 
avoid the site truns to CO [4]. 

2.2. Oxidative-addition of halogen to rhodium(I) com- 
plexes and reactions of halo carbonyl rhodium(III) com- 
plexes 

Oxidative-addition of halogen to [RhX,(CO),]- has 
previously been studied by Forster [5], who found that 
the first product formed is cis-[RhX,(CO),l-, which 
isomerizes in solution to the truns-isomer. Those stud- 
ies relied heavily upon infrared spectroscopy and, when 
X = I it was possible to isolate crystals of [RhI,(CO),l- 
which was characterized by X-ray crystallography and 
shown to be the tram-isomer [6]. Nevertheless, Forster 
found that the nature of the products from the above 
oxidative-addition reactions depends heavily upon the 
choice of solvent and cation, and we now report a 
systematic IR and NMR study of the products resulting 
from these oxidative addition reactions in dichloro- 
methane together with compounds formed from them 
through loss of CO and subsequent reactions with 
halide and methanol. 

By carefully monitoring the IR and NMR spectra 
simultaneously it was possible to obtain the NMR data 
for the complexes shown in Table 2 and to confirm that 
the first product formed on oxidative addition of iodine 
to [RhI,(CO),]- is ck-[RhI,(CO),]-, which slowly iso- 
merizes in solution to the trans-isomer. Thus, addition 
of iodine to a solution of either the (NBu,)+ or 
(Nhex,)+ (hex = hexyl) salt of [RhI,(CO),]- in CH,Cl, 
at -78°C followed by immediate measurement of the 
low temperature 13C NMR spectrum showed only the 
presence of the doublet that was assigned to the ck- 
isomer on the basis of the IR spectrum; with time, and 
on warming to room temperature, this was slowly re- 
placed by a new doublet corresponding to the trans- 

isomer, which has only one Y(CO) band in the IR 
spectrum. This tendency to isomerize to the truwiso- 
mer is much less pronounced when X = Cl, Br (prob- 
ably because of steric and electronic effects), and we 
only have IR and NMR evidence for the presence of 
trace amounts of truns-[RhBr,(CO),]-. When X = Cl, 
Br, there is a strong tendency for [RhX,(CO),]- to 
undergo reductive elimination of halogen, and so the 
NMR measurements were all carried out in a sealed 
NMR tube containing an excess (cu. 30%) of halogen. 

In all cases, [RhX,(CO),]- loses CO, either sponta- 
neously (X = Cl) or on refluxing in MeOH (X = Br, I), 
to give [Rh,X,(CO),]*-, and this reaction is reversed 
under CO (1 atm) in CH,CI,, eqn. (2). Some of these 
observations have been made previously, and the di- 

2[RhX,(CO),] - = [Rh2Xs(C0)2]2- (2) 

merit formulation, rather than the solvated monomer 
[RhX,(CO)S]- (S = solvent), was suggested on the ba- 
sis of far-IR vibrational data [7]. Our NMR and analyt- 
ical data support the dimeric structure, and NMR 
spectra provide evidence for the existence of all five 
possible isomers, I to V, behaviour similar to that 
found for [Rh,I,(COMe)2(C0)2]2- in solution [8]. 

X co x12- co x\ I iX\Jh, x\ I 
co x12- 

,x\Jh, 
X 
iRhlX/ \ 

X X 
lRhlX/ \ I X 

co x X X 

(11) 

P) 
2- 

co x 
X 

\Rh/ X\Rh’ 
I I 1 co 

X 
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X 
X X 
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In order to get a complex more soluble than 
(NBuJRhI,(CO),l, it was necessary to prepare 
(NhexJRhI,(CO),l, which can be converted to 
(NhexJ,[Rh,I&CO),l by refluxing in methanol for 30 
min; although the carbonyl regions of the IR spectra of 
trans-[RhI,(CO),l- and of [Rh,I,(CO),]*- are identi- 
cal, NMR measurements clearly show that the reaction 
can be cleanly reversed by stirring a solution of 
[Nhex,1,[Rh21,(C0),1 in CH,Cl, under CO (ca. 1.5 
atrn) for one minute. The IR spectrum of [Rh,I,- 
(CO),]*- shows just one Y(CO) band, suggesting a 
centrosymmetric structure, but it is impossible to dis- 
tinguish I from III on the basis of spectroscopic mea- 
surements, and unfortunately the crystals of (NBti,),- 
[Rh,I,(CO),] were twinned, preventing X-ray analysis. 
The 13C NMR spectrum of (Nhex,),[Rh,I,(CO),] is 
shown in Fig. 1 and consists of a major doublet at 180.9 
ppm with ‘J(Rh-CO) 54.8 Hz (see Table 21, together 
with seven minor doublets. It is impossible to make 
detailed assignments of these resonances, but, for the 
isomers I to V, there are six inequivalent CO’s, and 
additional resonances could arise from the presence of 
[Rh,I,_,(MeOH),(CO)2](2-X)- (x = 1 or 21, since it is 
well known that iodide tram to CO can be easily 
replaced by methanol [8,91. Although crystals of 
(Nhex,),[Rh,Is(CO),l could not be obtained, the ana- 
lytical data for (NBu,),[Rh21,(CO),l, which was ob- 
tained by recrystallization from dichloromethane solu- 
tion, were entirely consistent with this formulation; as 
mentioned earlier (NBu,),[Rh21,(C0),1 is not very 
soluble, but the NMR spectrum also consists of a single 
doublet at 180.9 ppm. It thus seems unlikely that the 
major species in Fig. 1 contains methanol. 

Incremental (1 to 10 molar equivalents) addition of 
iodide to [Rh,I,(CO),]*- (Fig. 1) results in the se- 
quential loss of the major resonance at 180.9 ppm and 
appearance of a new doublet at 184.0 ppm (Table 2), 
which we attribute to [Rh21,(C0),13-, followed by loss 
of intensity of this resonance and the appearance of a 
doublet at 183.5 ppm (Table 2) due to the formation of 
[RhIS(CO)12-, and this is also consistent with the pres- 
ence of a single low frequency v(CO) band in the IR 
spectrum. It was impossible to monitor the change of 
the minor species on addition of iodide, but it is 
noteworthy that, in contrast to the cleavage of the 
chloro- and bromo-bridges of the analogous dimers by 
chloride and bromide ion respectively, cleavage of both 
the above iodo-bridged species required more than the 
stoichometric amount of iodide. 

It is appropriate to comment on the structure of 
[Rh21s(C0)2]3-, which has not hitherto been reported. 
We assume that the structure, which is in accord with 
the NMR data, is as shown in VI; free rotation about 
the Rh-I-Rh bonds would be expected and also sub- 

stitution cis to the bridging iodide would be expected 
on a statistical basis. 

Co f -13- 

w 
Titration of the dichloromethane solution in Fig. 1 

gave rise to the appearance of only one doublet at 
178.6 ppm (Table 2) which we attribute to tram- 

[RhI,(MeOHXCO)I-; this is consistent with the pres- 
ence of a single v(CO) band in the IR spectrum, at 
2050 cm-‘. 

The structure of PPN[Rh2ClI,(MeOHXCO),l was 
reported previously, [9] and is schematically repre- 
sented as VII. It is of interest that this compound, 
which was prepared by oxidation of PPN[RhCl,(CO),] 
with an excess of iodine (6 molar equivalents) followed 
by refluxing in methanol for 6 h, does not contain 
iodide tram to CO and was obtained exclusively on 
crystallization. The 13C NMR spectrum of VII in 
CH,Cl, contains two equally intense resonances due 
to the inequivalent CO’s, at 181.9 and 180.2 ppm with 
‘J(Rh-CO) values of 59.9 and 53.8 Hz, respectively, 
and, in CH,Cl, solution there is only one sharp band 
due to v(CO) in the IR spectrum, at 2085 cm-‘. Other 
mixed halorhodium(II1) carbonyls can be prepared in 
solution by addition of a different halide to the 
rhodium(II1) halo-derivatives reported in Table 2, but 
their identification through spectroscopic measure- 
ments has so far proved to be impossible. 

Cl co - 1 I\ I Ah/I 
I?JIMe~HI 

WI) 
The addition of bromine to [RhBr,(CO),]- in 

dichloromethane immediately gives ci.r-[RhBr,(CO),]- 
with evidence from the 13C NMR spectrum for the 
presence of only a trace of the truns-isomer and, in 
contrast to the behaviour of the iodo-analogue there is 
no evidence for cis + trans isomerization. In the ab- 
sence of an excess of bromine, there is a strong ten- 
dency for [RhBr,(CO),]- to lose bromine more readily 
than CO. As a result, decarbonylation of (NBu,XRh- 
Br,(CO),] was carried out by refluxing in methanol for 
10 min in the presence of bromine (cu. 0.3 molar 
equivalents). The IR and 13C NMR spectra of the 
resulting product were very similar to those found for 
[Rh,I,(CO),]*-, and the 13C NMR spectrum consists 
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of an intense doublet at 174.9 ppm, with ‘J(Rh-CO) 
59.9 Hz, together with seven minor doublets at the 
following positions (with coupling constants in paren- 
theses) 175.1 (59.1), 174.4 (54.5), 174.2 (61.6), 173.5 
(62.1), 172.3 (60.9), 172.2 (61.9), 171.5 (59.4). 

Addition of bromide (one molar equivalent) to 
[Rh,Br,(C0),]2- results in a slow reaction, and the 
appearance only of a doublet at 178.2 ppm (‘J(Rh-CO) 
55.0 Hz); no other new resonances appeared on addi- 
tion of a large excess of bromide. We therefore at- 
tribute the observed doublet to [RhBr,(CO)]2- (Table 
2), and we found no evidence for the presence of the 
mono-bromo bridged dimer, [Rh2Br,(C0),13-. Addi- 
tion of an excess of methanol to a solution of 
(NBu,),[Rh,Br,(CO),] in dichloromethane resulted in 
the disappearance of the intense doublet at 174.9 ppm, 
and the appearance of two new resonances, at 175.2 
and 175.8 ppm (with iJ(Rh-CO) 58.4 and 58.2) in the 
ratio 30 : 1, the stronger resonance being assigned to 
truns-[RhBr,(MeOHXCO)]- (Table 2); the minor 
species could be due to either cis-[RhBr,(MeOH)- 
(CO)]-, or (more probably) [Rh,Br,(MeOH),(CO),l 
with methanol truns to CO, analogous to the structure 
found for VII. 

Addition of chlorine to a solution of [RhCl,(CO),]- 
in dichloromethane gave only &[RhCl,(CO),]-, and 
there was no evidence for isomerization with time. In 
the presence of a slight excess (cu. 30%) of chlorine 
this solution slowly loses CO to give [Rh2C1,(C0)2]2- 
and, monitoring of the IR spectrum on bubbling CO 
through this solution showed that the reverse reaction 
occurred cleanly, with eventual reformation of 
[RhCl,(CO),]-. The i3C NMR spectrum of 
[Rh2Cl,(C0)2]2- formed from the above transforma- 
tion in CH,Cl,, consists of an intense doublet at 170.0 
ppm (with ‘J(Rh-CO) 61.3 Hz) together with five 
minor doublets-172.1 (53.8), 171.6 (54.3), 171.5 (62.2), 
171.1 (56.5), 170.1 (61.3). Since methanol cannot be 
associated with this sample, the above 13C NMR spec- 
trum is entirely consistent with the presence of all five 
isomers, I to V. 

The progressive addition of incremental amounts of 
chloride to (NBu,)2[Rh2C1,(C0)2] in dichloromethane 
is entirely consistent with the progressive formation of 
[Rh2C1,(C0),13- followed by [RhCl,(CO)]‘- (see 
Table 2). However, we have no evidence in the chloro- 
carbonyl rhodium(II1) series for the formation of 
methanol-solvated complexes. 

3. Experimental section 

NMR spectra were obtained with the following 
spectrometers: 13C Bruker WM 200 and AMX 400; 
lo3Rh, Bruker WI-I 360 and AMX 400; 13C-{‘03Rh), 

JEOL PS-100 and Bruker WM 200 as described previ- 
ously [lo]. S(13C) is referenced to external TMS and 
6(lo3Rh) is referenced to 3.16 MHz at such a magnetic 
field that the protons in TMS resonate at exactly 100 
MHz. IR spectra were measured as solutions in cells 
containing CaF, windows on either a Perkin Elmer 683 
or 1720-X FT spectrometer on nonenriched complexes. 
Simultaneous reactions were carried out on complexes 
which had been enriched with 13C0 (ca. 30%) using 
standard vacuum line techniques; the most convenient 
precursor for measurements requiring 13CO-enrich- 
ment was [RhX,(CO),]-. Enriched samples were used 
for 13C and 13C-{103Rh} NMR measurements, and the 
analogous unenriched sample for direct lmRh NMR 
and IR measurements. Accurate transfer of chlorine 
and bromine to the reaction vessel/NMR tube was 
made on a vacuum line. 

(NR,)[RhX,(CO),] (R = Bu, hex; X = Cl, Br, I). 
These were prepared by a procedure similar to that 
described by Vallarino 111. 

(NR,XRhX,(CO),] (R = Bu, hex; X = Cl, Br, I). 
These were prepared by addition of the appropriate 
halogen (1.3 mmol) to a dichloromethane solution of 
the corresponding halo complex, (NR,XRhX,(CO)] (1 
mmol). IR spectra showed that the oxidative-addition 
was instantaneous, and in the case of (NBu,)[RhI,- 
(CO),] it was possible to isolate black crystals of the 
product from dichloromethane solution in 77% yield. 
(Analysis found: C, 23.78; H, 3.99; N, 1.54. 
C,,H,,I,NO,Rh talc: C, 23.75, H, 3.99; N 1.54%). 

(NR,),[Rh,X,(CO),] (R = Bu, hex; X = Cl, Br, I). 
For X = Br, I, these were prepared by addition of 
methanol to the above solution of (NR,),[Rh,X,(CO),] 
followed by refluxing for 10 min. Evaporation of the 
solvent gave a red (X = Br) or black (X = I) oil, which 
was dried under high vacuum for 2 h, redissolved in 
CI-I,Cl,, and characterized by IR and NMR spec- 
troscopy.. For X = Cl, the solution of (NBu,)- 
[RhCl,(CO),] in dichloromethane containing an excess 
of Cl,, was repeatedly (cu. x 5) evaporated to dryness 
and redissolved in CH,Cl, until the IR spectrum con- 
sisted of only a single band, at 2115 cm-‘, arising from 
the (NBu,),[Rh,X,(CO),] formed. 

(NR,),[RhX,(CO)I (R = Bu, hex; X = Cl, Br, I). 
Monitoring of the IR and NMR spectra of a 
dichloromethane solution of (NR,),[Rh,X,(CO),] 
during incremental additions of (NR,)X provided 
spectroscopic evidence for the stepwise formation of 
[Rh2X,(C0),13- (X = Cl, I) and [RhX,(C0)12- (X = 
Cl, Br, I). 

Acknowledgements 

We are grateful to SERC for provision of facilities 
at Edinburgh University that alluwed some direct lmRh 



352 B. T. Hearon et al. / Halocarbonyl complexes of Rh 

NMR measurements, and also for financial support to 
CJ. 

References 

1 L.M. Vallarino, Inorg. Chem., 4 (1965) 161. 
2 A. Fulford, C.E. Hickey and P.M. Maitlis, J. Organomet. Chem., 

398 (1990) 311 and references therein. 
3 B.T. Heaton and M. Bojczuk, unpublished results. 
4 N.M. Boag, P.L. Goggin, R.J. Goodfellow and LR. Herbert, J. 

Chem. Sot., Dalton Trans., (1983) 1101. 

5 D. Forster, Inorg. Chem., 8 (1969) 2556. 
6 J.L. Daly, F. Sanz and D. Forster, J. Am. Chem. Sot., 97 (1975) 

ICC, 
WJI. 

7 M.J. Cleare and W.P. Griffith, J. Chem. Sot. (A), (1970) 2788. 
8 A. Adams, N.A. Bailey, B.E. Mann, C.P. Manuel, C.M. Spencer 

and A.G. Kent, J. Chem. Sot., Dalton Trans., (1988) 489. 
9 P.J. Rizkallah, S.J. Maginn and M.M. Harding, Acra Cryst., 846 

(1990) 193. 
10 C. Allevi, S. Bordoni, C.P. Clavering, B.T. Heaton, J.A. Iggo, C. 

Seregni and L. Garleschelli, Organometullics, 8 (1988) 385 and 
references therein. 


