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Summary 

The oxidative addition reactions of RhCpPPh? R (R = OCH, CH=CH, (map) 
or CHsCH2CH=CH2 (mbp)) have been investigated. RhCp(map) and RhCp(mbp) 

react with one mole of X2 (?( = Br or I) to yie!d stable dihalide adducts with 
a non-coordinated olefin. RhCp(mbp) reacts with methyl halides primarily 
yielding ionic compounds which do not undergo migration of the methyl group 
to the coordinated olefin. The isolation of these ionic intermediates, [RhCp- 
(mbp)CH, ] X, is consistent with formation by a S,2 reaction mechanism with 
the Rh’ complex acting as the nucleophile. The reaction of RhCp(mbp) with 
MeX also yields small amounts of products which contam a metallocyclic 
ring, RhCp[CH(CHzCH3)CH2CHzPPhz]X (7%) and possibly RhCp[CH(CH,)- 
CHzCHI_CHzPPhz] X (1%). RhCp(mbp) also reacts in solution with hydrogen 
halides, benzyl and ally1 halides but not with carbon monoside. In contrast, 
RhCp(map) reacts with carbon monoxide to form RhCp(map)CO but does not 
react with the organohalides. 

’ H NMR and infrared data indicate a considerably stronger rhodium-ole- 
fin interaction for the Rh’ than for the Rh”’ compleses, and this difference is 
related to the reactivity of the coordinated olefin. Thus, RhCp(mbp) can be re- 
covered unreacted from a methanolic solution of sodium methoside while the 

ionic Rh’n complex [ RhCp(mbp)CH3 ] I, which has less electron density on the 
olefin, reacts with the nucleophile yielding RhCp[CH&H(OCH,)CH,CH,PPh,]- .- 
CH3. 

Introduction 

Osidative addition reactions of metal complexes have received considerable 

attention since 1965 resulting in several proposed mechanisms [ 1, 2, 3, 4, 51. 
Although the major effort has involved the study of four-coordinate compleses, 
recent investigations of the formally five-coordinate, 18 electron complexes, 
MCp(L,)(L?), where M = Rh’or Iri, Ll = PMe?Ph or PPh, and L, = CO or 

l Cootnbut!on No. 2515. 
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CzH,, has resulted in the isolation of ionic compleres indicating that the metal 
is functioning as a Lewis base, i.e. nucleophile [S-lo]. These ionic complexes 
can then undergo loss of Lz to yield neutral M”’ compleses or migration of X 
to L2 (L, = CO) to form neutral hl”’ complexes with attachment of Y to the 
metal. A study of the reaction of RhCp(PPh3 )(C,H,) with alky! halides should, 

in princip!e, allow both an investigation of the osidative addition mechanism and 
the behavior of the coordinated olefin. This reaction, however, resulted in the 
direct formation of RhCp(PPh, )(R)(X) with loss of the coordinated ethylene 
and no indication of olefinic interaction with the coordinated alky! group 191, 
although alkyl migration to coordinated olefins is well documented in the 
Ziegler-Natta cata!ytic systems and has also been proposed for the conversion 
of RhCp(C,H,)(C,Hj)CI to RllCp[(CHz)3CH3](PPh3)C! in the presence of tri- 
phenylphosphine [ 111. 

In order to facilitate such studies of rhodium-olefin complexes, the olefin 
can be incorporated as part of a tertiary substituted phosphine in which the 
potentially bidentate !Igand may allow the isolatron of complexes that would 
othenvise be unstable. The coordinated olefin might be expected [ 121 to (1) 
undergo hydride, methyl or halogen transfer from the metal to the olefin resuIting 
in a meta!--alky! bond, (2) become unbonded as the a.!kyl hahde osidatively adds 
to the metal, or (3) undergo attack by Lewis bases (e.g. methoside ion). 

We have synthesized the complexes RhCp(PPh,OCH?CH=CHz) and RhCp- 
(PPh,CHzCH?CH=CHz) [ 131, and wsh to report on the results of several reac- 
tions which could have involved the coordirated olefin. 

Esperimental 

’ H NhIR spectra wer.2 measured with a Vanan HR220 spectrometer. The 
” P NhlR spectra were obtained at 40.5 MHz using 3 Var~an XL100 spectrometer 
and Fourier transform pulse methods with random noise decoupling of the pro- 
tons. IR spectra (4000+570 cm-’ ) were obtained using Perkin-Elmer 137 and 
621 instruments. Melting !)oints (uncorrected) were measured with a Fisher- 
Johns hot stage apparatus. Molecular weights were determined by mass spectro- 
metry at 70 eV using a Varian hIAT U-I-7 mass spectrometer. Microanalyses were 
carried out by Galbraith Laboratories, Inc., Knoxville, Tennessee or by Alfred 
Bemhardt, hlicroanalytisches Laboratorium, Miilheim, Germany. 

A!1 preparations and reactions were camed out under an argon atmosphere 
using degassed reagent grade solvents which had been dried previously over sodium 
wire. The ligands [ 141 and the starting compounds I13], (3_butenyldipheny!- 
phosphine)-;r-cyc!opentadlenyirhodlum(I), RhCp(mbp) and (2-allyldjphenyl- 
phosphinite)-7;-cyc!opentadieny!rhodium(I), RhCp(map), were prepared as 
previously reported. The gases, Ha, CO, MeBr, MeC!, HC! and HBr were passed 
through a so!ution of benzene prior to introduction into the reaction flask in 
order to remove impurities and to saturate the incoming gas with benzene. Benzyl 
iodide, benzyl bromide, methyl iodide, ally! bromide and ally1 iodide were 
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T4BLE 1 

n-CYCLOPENT.4DIENYLPHOSPHlNERHODIUhl(llI) DERIVXTIVES PREPARED IN THlS WORK 

Compound Color h1.p. (OC) Yield (‘G) 4nalyses found (calcd.) (?) o 

C H s P 

RhCp(mbp)Brz 0riU-lge 136-138 59 -1-l.20 3.97 1-8 a5 5 30 
(4-l 37) (3.90) (28.16) (5.46) 

RhCp(mbp)l:! VlOkI 170-172 69 38.37 3.40 38 18 
(38.07) (3.353 (38.37) 

RbCpfmao)Br? 0hlJlge 126-128 60 -x1.54 J.36 !?7.?n. 
(-I?- 11) (3.5-I) (28.08) 

RhCp(map)l? v101et 178-180 56 36.10 3.08 38 ?-I 
(36.1-l) (3.0-I) (38 25) 

I RhCp(mapWH3)l I yellow 102-10-l 91- 47.86 4.65 21.95 6 51 
(18.00) (-!.58) (23.09) (5.63) 

o In ad&lion. a peah correspon&ng to tie parent Ion was prewot In the mzs spcclrum of each compoumd 
except the loruc complex. [ RhCp(mbp)(CHJ)] I. nblch had rhe expected pzulint Ion SL 123 conespondlng 
Lo [RhCpfmbp)CH~l+. 

distllled immediately before use. Chlorine wx introduced by saturation of a 5 ml 
benzene solution at 25°C. 

The compounds prepared and their analytical data are listed in Table 1. 

Preparation of RhCp(mbp)Br2 
The dropwise addition of 2 ml of a benzenz solution contiming 0.320 

mmol of bromine to a stirred solution of RhCp(mbp), 0.130 g (0.32 mmol), in 
10 ml benzene resulted in an immediate color change. After complete addition 
of the bromine (ca. 5 min) the solution was orange. This solution was stirred 
at room temperature under argon for 2 h. Reduction of the solvent volume to 
ca. 5 ml caused precipitation of orange microcrystals. The precipitate was col- 
lected by filtration, washed three times with I ml portions of ether, and vacuum 
dried for 12 h. The compound may be recrystallized from benzene/ether_ 

Preparation of RfrCp(tnap)Br2 
This compound was prepared as described above. A precipitate formed im- 

mediately upon addition of bromine, but redisolved after 2 min. The compound 
may be recrystallized from benzene/ether. 

Preparation of RhCp(mbp)I, 
Tne dropwise addition of 2 ml of a benzene solution containing 0.063 g 

(0.248 mmol) of I? to a stirred solution of RhCp(mbp), 0.100 g (0.245 mmol), 
in 10 ml of reflusing benzene resulted in an immediate color change from 
yellow toviolet. After refluxing for 2 h, the solution volume was reduced to 
2 ml and 5 ml of ether was added, resultmg in precipitation of violet microcrys- 
tals. The crystak were collected by filtration, washed twice with 1 ml portions 
of ether and vacuum dried for 12 h. They are moderately soluble in ether and 
very soluble in benzene or chloroform. 

Preparation of [RhCp(mpb)CH31 I 
An escess of methyl iodide, 0.30 ml (0.685 g, 4.8 mmol) was injected into 

a solution of RhCp(mbp), 0.195 g (0.31 mmol) in 15 ml of benzene. The yel- 
low solution underwent a color change during the first minute, became cloudy, 
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then after 4 min of stirring at room temperature, slowly precipitated a yellow 
microcrystalline powder. After 8 h, the crystals were collected ty filtration, 
washed 3 times with 1 ml portions of ether, and vacuum dried for 12 h. The 
complex is insoluble in benzene, hexane and ether; slightly soluble in CHCL and 
CH2C12. In addition to a peak at mass 423 for the ion [RhCp(mbp)CHS]+, a 
peak at mass 550 which may be assigned to the rearranged complex, RhCp- 
[CH(CHZCH3)CHZCH2PPhz] I, was observed. 

Preparation of [RhCp(mbp)CH,]Br 
A slow stream of methyl bromide was passed for 4 h through a solution of 

RhCp(mbp), 0.125 g (0.31 mmol), in 15 ml of benzene leadmg to the slow pre- 
cipitation of yellow microcrystals. The crystals were collected by filtration in 
air, washed 3 times with 1 mi portions of ether, and vacuum dried for 12 h. 
The complex has the same solubility properties as [ RhCp(mbp)CH3 ] I, and 
essentially the same IR spectrum. In addition to a peak at mass 423 for the ion 

1 ~Cp(mbp)CH3 I’, a peak at mass 503 which may be assigned to the rear- 
ranged complex, RhCp[CH(CH,CH3)CH2CH2PPhr.] Br, was observed. 

Results and discussion 

RhCp(mbp) and RhCp(map) react with 1 mole equivalent of X2 (X = Br 
or i) resulting LI the cleavage of the rhodium(l)-olefin bond without halogen 

transfer to the free olefin (Fig. 1). The addition of a second mole of Xz pri- 
marily results in halogenahon of the nonbonded olefii, i.e. RhCp[PPhzCH? - 
CH?CHXCH?X] X2. Simll~r compleses with Cl? could not be isolated at room 
temperature due to decomposition including the loss of the cyclopentadienyl 
group. The ’ H NMR assignments of these compleses are bmed on data 

published for related systems and are fu!ly mtemally consistent for the whole 
range of compleses studiecl. Chemical shifts for the protons, labeled as shown in 

Fig. 1, are given in Table 2. The 31 P NMR data are useful in differentiating r’ho- 
dium osidation st,ates; the phosphorus resonance for Rh’ complexes is at lower 
field versus corresponding Rh”’ complexes, consistent with the behavior of 

similar rhodium compleses upon increasing coordination number and oxidation 
state [ 151. The expected reciuctlon in ‘J( Rh-P) for the Rh”’ versus the Rh’ 
complexes can also be noted. 

The reaction of RhCp(mbp) with methyl halides takes place allowing the 
isolation of the cationic Rh”’ compleses, [ RhCp(mbp)CH3] X, X = Br of I, 
similar to the reactions of RhCp(PMe,Ph)(CO) [6] and RhCp(AsPh3)(CzHs) 
[9]. The relative rates of reaction of the methyl halides are CH31 > CMSBr > 
CH3CI. Very little of the CH3Cl adduct could be isolated from the decomposition 
products that accompanied the estended reaction time. The ’ H NMR data of the 
cationic compleses are shown in Table 2. The methyl group attachment to Rh’n 
is verified by the magnitude of ‘J(Rh-H) and 3J(P-H). 

Comparison of the infrared and ’ H NMR data for these Rh”’ complexes 
with that of the corresponding Rh’ complexes is consistent with significantly 

different degrees of rhodium-olefin interaction. Tbe coordinated olefin can be 
detected in the infrared by the presence of an absorption at 1474 i 5 cm-’ in 
RhCp(mbp). The large shift of this absorption from that of the free olefin, 
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H,Z? 
L ‘-+II 

/ 
PI51 

t=c 
\ = 

Rh (CP)(I’?CID) 

H;51 ’ 

,%I 
Y= c 

‘\ I 

, x = tromme, 10afne 

Hf51 

Y = oxygen , x = rjromne, loalne 

J X2 

Y = oxygen = ah (cd (man) P r, 

Y = oxygen ; x = oro,-mne . locllne 

FIN. 1. Reaction oi RhCp(mbp) and RhCp(map) wth X2 (X = Br. I). 

1641 cm-’ , is indicative of a strong rhodium-olefm interaction (6,, = 167 2 
5 cm-’ ). The absorption of the coordinated olefin in the ionic complexes, 
[ RhCp(mbp)CH3 ] X, is at 1502 cm-’ (6,, = 139 cm-’ ) indicating a weaker 
rhodium--olefin interaction [ 12 J. A similar conclusion is indicated by the 
’ H NMR data as each oleFinic proton is shifted to lower field versus the corre- 
sponding proton in the Rh’ comples, e.g. compare [RhCp(mbp)CH3 ] I with 
RhCp(mbp). Similar chemical shift trends for these olefinic protons can be noted 
for RhCp(C2H4)(C2H5)CI versus RhCp(C,H,), 1161. 

The ionic complexes, [ RhCp( mbp)CH,] X, are insoluble in benzene but 
soluble in chloroform, methylene chloride, and methanol. When the ionic iodide 
complex is dissolved in either chloroform or methanol and stirred for ca 2 h at 
room temperature, even with an excess of methyl iodide, no change in the ‘H 
NMR of the initial comples occurs. In these ionic complexes, no indication of 
methyl transfer to the coordinated olefm has been observed. If the solution con- 
taining methyl iodide is allowed to stir for longer periods, 16 to 25 h, RhCp- 
(mbp)(CWI and RhCp(mbp)I,, both having an uncoordinated olefin, may be 
identified by ‘H NMR. Similarly, RhCp(C2H4)(PPh3) has been reported to react 
with methyl iodide to yield RhCp(PPh3)(CH3)I and small amounts of RhCp- 
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(8_7’/,) 1 7 ‘1. I 

F!g. 2. Reacllon of RhCp(mbp) with melhyl hahdes (X = Cl. Brand I). 

( 1 Y. 1 

(PPh3)I- [9]. Attempts to induce methyl transfer by adding either PPh, or NaI 
to a chloroform solution of [ RhCp( mbp)CH,]I were unsuccessful and the un- 
reacted ionic comples may be recovered from the solution after 1 h. 

In addition to these ionic compounds formed in the reuction of RhCp(mbp) 
with methyl halides, neutral species can be detected in low >rield, RhCp[CH- 
(CHzCH,)CH2CH2PPhz] X (ca. 7%) and RhCp[CH(CH3)CHL,CHzCH2PPh:!] X 
(ca. 1%). A complex triplet in the ’ H NhlR at ca. r 9.00 is consistent with the 
CH, of a five-membered metaIlocycle and a comples doublet at. ca. T 9.14 ppm 
with the six-membered metallocycle, see Fig. 2. 

In contrast, RhCp(map) does not react with methyl halIdes, and can be 
recovered, after one day, at room temperature, from a benzene solution con- 
tainlng excess methyl iodide. 

The reaction of RhCp(mbp) with HBr or HCJ resulted in a color change 
from orange to yellow. The analysis of the product by ’ H NMR indicated that 
loss of the n-cyclopentadienyl group had occurred. The reaction of RhCp(CO)- 
(PPhx) with hydrochlonc acid results in hydrogen transfer to the x-cyclopenta- 
dienyl group and subsequent loss of cyclopentadiene [ 171, and the reaction of 
RhCp(C,H,), with HCI must be done at -60” C to observe the formation of 
RhCp(C,H, )(C,Hj)CI, which then decomposes when warmed to -10°C [ 161. 

The room temperature reaction of RhCp(mbp) with escess benzyl bromide 
in benzene resulted in a color change over a 24 h period. The ’ H Nh4 R spectrum 
of the orange crystalline product proved it to be RhCp(mbp)Br? ; yield based on 
rhodium 24%. Under the same reaction conditions RhCp(mbp) reacts wth ex- 
cess benzyl iodide to yield the red comples, RhCp(mbp)I, ; yield based on rho- 
dlum 67% 

The reaction of RhCp(mbp) with escess ally1 bromide in benzene resulted 
in the precipitation of a yellow powder; yield ca. 20% The ‘H NMR spectrum 
of this compound In CDC13 has absorptions which may reasonably be assigned 
to a n-ally1 ionic comples [ RhCp(mbp)(n-C3Hs)] Br with the olefin of the phos- 
phme ligand nonbonded. The chemical shift values are very similar to those 
reported for [ RhCp(PPh,)(n-allyl)] Cl [lo]. Attempts to purify. theionic com- 
pound lead to decomposition, with RhCp(mbp)Br,, as one of the products. A 
similar reaction of RhCp(mbp) with ally1 iodide resulted in the precipitation of 
a yellow powder; yield ca. 50%. The I H NMR spectrum of the sparingly soluble 
product, (2 mg/ml of CDC13 ) allows identification as a mixture of ionic n-ally1 
comples, [ RhCp(mbp)(7;-C3H,)] I and neutral diiodide addition complex, 
RhCp(mbp)I,. 

The attempted reaction of RhCp(map) with both benzyl and ally1 bromide 
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or iodide for a 24 h period in benzene at room temperature only resulted in 
the recovery of the unreacted comples. 

A benzene solution of RhCp(mbp) or RhCl(map) is unaffected by contact 
with an atmosphere of hydrogen gas over a 24 h period. After removal of the 
solvent under vacuum, the yellow powder which resulted was proved by ’ H NMR 
to be the appropriate starting complex. 

The reactitity of the two complexes toward the various reagents implies 
several characteristics of the compleses that can be best discussed in terms of the 
Lewis acid-base character of the metal and/or the coordinated olefin. The rather 
subtle change from the phosphine-olefin to the phosphinite-olefin ligand appears 
to have an effect upon the basicity (nucleophilic character) of the metal in these 
two compIeses. The previously reported formation of complexes such as RhCp- 
(C, I$)? - HgC12 [ 181 confirms the nucleophilic character of this type of comples, 
and the reaction between RhCp(mbp) and RX undoubtedly is the result of a 
nucleophtic attack by the metal upon the aJky1 group. The absence of such a reac- 
tion for RhCp(map) even with CH,I indicates the rhodium 1s a much weaker nuclei 
phile in this complex. 

Although RhCp(mbp) does not react with carbon monoside, RhCp(map) 
establishes an equilibrium mlsture: RhCp(map)/RhCp(map)(CO) = 60/40 in CHCI 
under 1 atmosphere of carbon monoside. This adduct cannot be isolated, even 
under an atmosphere of carbon monoxide, but the ’ H NhIR spectrum clearly 
shows both coordmated and free olefin and its infrared spectrum in CHC13 has 
u(C0) 1940 cm-’ and Y(C=C) 1639 cm-’ _ Such a difference in behavior has 
been previously noted, e.g. RhCp(CO)? exchanges CO rapidly, while RhCp(C, Ha ): 
does not exchange Cz HJ nor will CO replace an ethylene molecule [ 191. RhCp- 
(C&.,)z is the better nuckophile and RhCF(COj2 appears to allow the coordina- 
tion of a third carbon monoside in an intermediate species in which the basic 
character of the metal can be directed into the n-antibonding orbitals of the carbon 
monoxide. !n a similar manner, RhCp(map) is able to establish an equilibrium 
with carbon monoxide while RhCp(mbp) does not. The possibility of an S, 1 
mechanism, dlssoclation of the olefin prior to CO addition, appears less reasonable 
since ’ H NM R and IR dal,a of the two compleses indicate essentially equal 
metal-olefin bond strengths and similar molecular structures [ 131. 

There was no evidence for attack on the olefin while coordinated to Rh’ 
with the possible exception of a small amount of product from the direct reaction 
of RhCp(mbp) with CH,X and there was no evidence for migration to the olefin 
of a group once it is bonded to rhodium. 

As mentioned earlier, the ’ H NMR and infrared data indicate a considerably 
stronger rhodmm-olefin interaction for the Rh’ than for the Rh’u complexes. The 
chemical shift data and olefmic coupling constants for the Rh”’ complexes are, in 
fact, similar to those for related Pt” complexes 1201. The coordinated olefin of 
such Pt” compleses is susceptible to nucleophilic attack by species such as the 
methoxrde Ion [ 21-231 while the olefin in a Rh’ complex is less susceptible be 
cause of a greater amount of electron density put onto the olefin by back-bonding. 
Thus, RhCp(mbp) can be recovered unreacted from 3 methanolic solution of 
NaOCH,, while the ~onic Rh”’ complex, [ RhCp(mbp)CHx] 1, yields the neutral 
compl=, RhCpICH,CH(OCH~)CH?CH??Ph2lCHJ; the result, of attack on the@ 
carbon of the coordinated olefin and the formation of a rhodium-_c~bon (T bond 
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to the 01 carbon. Thts comples was identified by its ’ H NMR spectrum and has 
two peaks or’equa\ intensity for 0CH3, at 7 6.70 and 6.71, since there are two 
conformers. 
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