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Reaction of [(C,Me$h-p-CH,),Cl,1 with R’CH=CHMgBr gave the dialkenyl- 
di-~methylenedirhodium complexes [(C,Me$h-~CH,),(CH=CHR’),], (4, R’ = H; 
5, R’ = Me). Coupling of the cc_methylene and the a-alkenyl occurs very easily: on 
heating (giving ca. 90% R’C,H, olefins), and on reaction with AgBF, in MeCN 
(giving $-allylic complexes, [C,Me$h(R’CHCHCH,)(M&N)]+; the anti-methyl- 
ally1 isomer is the first product observed from reaction of 5 with AgBF,,, indicating 
that the coupling is stereospecific). The divinyl complex 4 also reacted with HCl in 
polar solvents to give the allyl, [C,Me,Rh(q’-C,H,)Cl] (IO), and then 
[(C,Me&hCl,),] and propene, and in non-polar solvents to yield the ~methylene- 
wthylidene complex [(C5Me$h),(c(-CH,)(pCHMe)(Cl)2] (l3a) and propene. The 
reversible reaction of 4 with HCl/pentane gave an unstable complex, identified by 
‘H NMR as cis-[(C,Me$h),(~CH,),(CHClMe),l (14). The complexes have been 
identified spectroscopically and by X-ray crystal structure determiuations on di-a- 
vinyldi-~methylenebis(pentamethykyclopentadienylrhodium) (4), and dichloroq- 
methylen~~-ethylidenebis(penmmethylcyclopentadienylrhodium) (13a). 

The chemistry of various substituted di-p-methylenedirhodium complexes 
KWf~~-~CW,@M (R = alkvl), [(C,M~Rh-cr-CH,),(CO),12+, KWfes~- 
p-CH,),(R)L]+, (R = alkyl, L = MeCN, CO, etc), has been explored by our group 

* Dedicated, with all best wishes, to Gordon Stone. 
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[l]. The reactions of such complexes are of considerable interest since C-C and 
C-C-C couplings readily occur and, by suitable labelling, the decomposition paths 
can be elucidated [2]. Such reactions are shedding new light on, for example, the 
mechanism of Fischer-Tropsch polymerisation [3]. We here report the syntheses of 
the divinyldi-p-methylenedirhoditmi complex, [(C,Me,Rh-&H,),(CH=CH,),] 
(4), the related dipropenyl complex, &Me&h-F-CH,),(CH=CHMe),] (5), as well 
as mixed complexes, [(C,Me,Rh-&H,),(CH=CH,)Me] (7), and [(C,MqRh-p- 
CH,),(CH=CHMe)Me] (8), and some of their reactions. Parts of this work have 
been communicated [4]. 

Results and discussion 

Syntheses and structures of the a-vinyl and o-alkenyl complexes 

[ {C,Me,RhCI,},] 3 [(C,Me,Rh-&H,),(Me)2] 

2 s [ (C5Me5~-KH2)2(Cl)2] 

R’CH=CHMgBr 
3 - [(C,Me$h-j&H,),(CH=CHR’),] 

(4, R’ = H; 5, R’ = Me) 

The divinyl complex 4 was prepared (75% yield) by reaction of the dichlorocom- 
plex 3, prepared as illustrated above from 1 and 2 [lb], with vinyl magnesium 
bromide. The complex was identified as the ttans-isomer spectroscopically (Tables 
l-3), which showed the presence of a terminal vinyl (IR, v(C=C) 1559 cm-‘; ‘H 
NMR, S 4.59 (dm), 5.21 (dm), and 5.97 (ddt); J(H-II) 8.5, 16.5 Hz; N(Rh-II) 1.5 
Hz), and of a symmetrical p-methylene (6 8.09, t, J(Rh-II) 1 Hz). 

The identity of the complex as 4 was confirmed by a single crystal X-ray 
determination (Fig. 1). This showed the expected centrosymmetric geometry with 
the two rhodiums directly linked (2.588(2) A; Table 5), each bearing an q5-C,Me, 
and a u-vinyl @b-C 2.001 (10) A), and bridged by two kmethylenes (Rh-C 
1.982(9), 2.011(6) A). The four atom bridge plane is located across a crystallographi- 
tally imposed inversion centre. The qs-CSMe, rings are slightly asymmetrically 
bonded (RMS deviation of skeletal atoms from the mean plane, 0.012 A) with the 
Rh 1.938 A to one side of a ring and the methyls tilted away (by up to 0.19 A) on 
the other. The Rh-a-vinyl bond length is close to thtt expected for a Rh-C(sp2) 
bond (cf. Rh-Me in cis-2 is 2.102(16), 2.135(16) A), but the vinylic bond is 
unexpectedly short (1.250(15) A) for a C=C, and the angle Rh-C=C has by 
enlarged to 130.8(7)‘. By comparison to the Rh-Rb bond length in 4 of 2.588(2) A, 
those found in cis-2 of 2.620(l) A, and in tranr-[(C,MqRh-/.KH2)2(C0)2]2+ [lb], 
of 2.659(l) A, are significantly longer. The difference lies in the short Rh-CL-CH, 
bonds present in 4 .(1.982(9), 2.011(6) A) compared to those in the dicarbonyl 
dication (2.060(7), 2.061(6) A) rather than in the angles Rh-p-C-Rh which are 
nearly the same (80.4,80.8O). 
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Table 1 

Microanalytical and infrared data 

Complex 

4 

5 

7 

8 

Microanalysis a G=C) b MC 

C H X (cm-‘) 

55.5 1559s 

(55.9) (E) 
56.9 1582m 586 

(57.3) (:I) 
54.9 7.3 1558s 

(55.0) (7.4) 
55.5 

(55.7) (E, 
1586m 559(M-1) 

9a 

9b 

9c 

9d 

10 

1% 

13b 

14 

43.7 

(44.3) 
42.3 

(42.7) 
42.6 

(43.5) 
48.3 

(48.6) 
49.3 

(49.6) (Ef 
) 

(E) 
49.0 

(49.5) 

:::, 

(:::, 
6.5 

(6.6) 
(S) 

6.7 

(6.4) 
6.3 

(6.2) 

(2::) 

(E, 

3.7 N 

(3.4) 

3.0 N 

(3.2) 
11.5 Cl 

(11.3) 
12.0 Cl 

(12.0) 
24.0 Br 

(23.6) 
11.6 Cl 

(11.2) 

320 (M+ ) 

v(CO), 2073s 307 (M+ ) 

355 (M+ ) 

358 (M+ ) 

314 

’ Analysis. Found (calcd.) (S). b Nujol mull. ’ Molecular peak from FAB mass spectrum. 

Fig. 1. The molecular structure of complex 4 with atom labelling. 
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Table 2a 

‘H NMR spectra (8 @pm)) in CDCl 3 a 

Complex CsMq J&H, 

4 1.63 8.09t 

jAXiMe 

PI 

5 1.65 8.37br 

7 1.61d 

VI 
7.86ddd 

(3) [31 
111 

8 

1.67d 

PI 
1.61d 

111 

8.06dd 

(3) [31 
7.97br 

II 
1.69 
1.56 

8.26br 
10.16ddd 

(4) [21 
PI 

1.59 

l3b 1.64 

10.58ddd 

(4) PI 
PI 
10.35ddd 

(4) Ul 
PI 

vinyl b 

H’ 

5.97ddt 

HZ H3 (Me) 

5.21dm 4.59dm 

Me 

1.65 10.76ddd 

(4) [21 
PI 

CH, 11.46qdd 

(7) (2.51 
i2.51 
Me, 2.85ddd 

(7) 111 VI 

CH, 11.74qdd 

(7) i2.51 
WI 
Me, 2.%ddd 

(7) 111 PI 

(tr, 16.5) 

( Z, 8.5) 
Il.51 
5.32dm 
( Z, 8.5) 

5.97ddd 
(tr, 16.5) 

( Z, 8.5) 
[21 

5.28dm 
(Z, 9) 
(H’Me, 1.5) 

(I.51 

5.6om 

5.2Oddd 

(Pm, 1) 
131 

1.7Odd 
(H’Me, 6.5) 
(H’Me, 1) 
4.55ddd - 0.93d 

Ul 12.51 

5.6Odqd 1.7Odd - 0.95d 
(H’Me, 6.5) 131 
131 

* J(H-H) (Hz) values are in parent?-wses and J(Rh-H) (Hz) in square brackets. 

b H’ 
‘ccc’ 

H* H’ 
\c=c’ 

HZ . 

Rh’ ‘H3 Rh’ ‘Me 

The di-a-propenyl complex 5 was prepared similarly by reaction of the dichloro- 
complex 3 with propenyl magnesium bromide (mainly Z-isomer). The NMR spec- 
trum of 5 was consistent with the propenyls (and the C,M% rings) being mutually 
trans- (e.g. only one c(-CH, resonance), while the geometry about the propenyl 
double bond was Z-(cis-). This last point was shown by the magnitude of the vicinal 
propenyl J(H-H) of 8.5 Hz, indicating a c&disposition of hydrogens. By compari- 
son, the divinyl4 showed two vicinal H-H couplings, one of 8.5 Hz (Z), the other 
of 16.5 Hz (E) 
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Table 2b 

‘H NMR spectra (Qppm)) in CDQ ’ 

Complex CsMe, ally1 b Other 

9a 1.84 

H, Hb HC 
3.6Od 2.&l 4.21m MeCN, 2.42 

9b 2.13 3.6Od 2.99d 4.66m 
9c 1.92d c 3.Oldm 2.02ddm d 3.98m ’ 
9d 1.71 3.91d 2.31d 4.41m 

10 1.72 3.4Od 2.83d 4.05d 

MqP, 1.47dd ’ 
py, 7.55m, 7.92m, 8.54m 

’ J(H-H) (Hz) values are in parentheses and J(Rh-H) (Hz) in square brackets. 

b 
% 

r- 
H, ’ 

i 

Hb 
I-Rh J(H,-H,) 7, J(H,-H,) 11, J(Rh-H,) 2 Hz. 

.__ 
H, 

H, 

= J(P-H) 3 Hz. ‘J(P-H,,) 14 Hz. =J(P-H,) 1 Hz. ‘J(P-H) 10, J(Rh-H) 1 Hz. 

Table 3a 

“C(‘H} NMR spectra (iS/ppm) in CLW13 a 

Complex 

4 

5 

7 

8 

13a 

13b 

GM+ 

10.0 

9.9 

9.6 

10.1 

9.4 

10.3 

9.4 

9.7 

10.0 

c;Me, 

101.1 

101.4 

lOOAd 

131 
100.9d 

[31 
100.6d 

131 
lOl.ld 

[31 
102.ld 

PI 

103.2d 

[51 
102.4d 

103.5 

CGCHZ 

167.lt 

[291 
166.lbr 

163.9t 

~291 

163St 

(291 

CH,, 186.U 

[261 
CH, 207.3t 

1251 
Me, 34.7 

182.4t 

(261 

vinyl b 

Cl 

157.8dd 

i431 i41 
146.4dd 

WI [41 
157.7d 

[381 

146.ld 

WI 

C2 

117.6 

126.9 

116.8d 

PI 

126.2 

Me 

19.8 

19.5 

Me 

- 2.4d 

I331 

- 3.Od 

[331 

a J(Rh-C) (Hz) values are in square brackets. ’ Rh-C’=C2. 
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Table 3b 

13C{‘H) NMR spectra (S (ppm)) in CDC13 LI 

Complex C5 4 

9ac 

9b 

9cd 

9d 

10 

9.4 

9.8 

9.7d 

PI 
9.0 

9.4 

100.9d 97.4d 60.6d 

PI 161 191 
106.2d 94.6d 56.8d 
[51 151 191 
1OlSdd 88.6dd 51.3dd 

[51(2) PI (2) WI (3) 
99.4d 96.8d 61.9d 

PI El WI 
97.9d 94.5d 6O.Od 

(71 161 FOI 

ally1 b 

C’ C2 

0th 

MeCN, 3.4, 126.1 

CO, 186.7d 

[771 
PMe,, 16.ldd 

Ill (33) 
py, 127.2. 139.2, 
155.4 

n J(Rh-C) (Hz) values are in square brackets. b Rh-C’ = C2. 

b C2 

C+h. 

is2 
’ In (CD3)&0. d J(P-C) (Hz) are in parentheses. 

In addition to these symmetrical di-akenyl complexes, we have also made the 
methyl-vinyl and the methyl-propenyl complexes, 7 and 8, by reaction of 6 with the 
appropriate alkenyl Grignard, 

[ (C,Me,Rh-~-CH,),(Me)*j H+/McCN; [ (C,Me,Rh-p-CH,),(Cl)Me] 

R’CH=CHMgBr 
6 - [(C,Me,Rh-pCH,),(CH=CHR’)Me] 

(7, R’ = H; 8, R’ = Me) 

The NMR spectra of 7 and 8 are again consistent with trans-C,Me, rings, using 
the rule of thumb previously adumbrated [lc] that in such geometries the difference 
in chemical shift of the two methylene ‘H resonances is less than ca. 0.5 ppm. Once 
again, the propenyl in 8 also has the Z-configuration, J(H-H,,,) 9 Hz. 

The 13C NMR spectra also confirm the structures proposed for the complexes 4, 
5,7 and 8. Thus, for example, both 7 and 8 showed two signals for both the Cs and 
the Me, of the two different q5 rings, while 4 and 5 showed only one set. The 
p-methylene carbons were triplets, with couplings of ca. 30 Hz, implying that they 
were equivalently bonded to both rhodiums. For the symmetric complexes 4 and 5 
the a-carbons of the vinyls were observed as double doublets, J(Rh-C) 44 and 4 Hz 
respectively, indicating strong coupling to one Rh, and weak coupling to the other. 
The a-vinyl carbons of the asymmetric complexes 7 and 8 were doublets, J(Rh-C) 
ca. 39 Hz, and the methyls were also simple doublets, J(Rh-C) 33 Hz. Thus the 
spectra confirmed the structures and indicated no significant mobility at these 
temperatures. 
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Table 4 

Atom coordinates ( X 104) and temperature factors (AZ X 103) for [((C,M~Rhx~H,xCH~H,)},] 

Atom x Y Z 
% p 

WV loo(l) 523(l) 10241) 37(l) 
cjl) 625(U) 1503(S) - 96(w W5) 
c(2) 1956(14) 1947(5) 81(10) 87(4) 
c(3) 1884(9) - 22q6) 653(7) 69(3) 
c(4) 1342(9) 8W5) 3254(6) 55(2) 
c(5) 104(9) 1458(4) 2699(6) 5x2) 
c(6) - 147x8) 1050(5) 2288(6) 55(3) 
c(7) - 1288(11) 156(5) 2616(7) 66(3) 
CJ8) 457(14) - 3(5) 3238(7) 75(4) 
c(9) 3214(10) 98q9) 3903t9) ill(5) 

WO) 443(14) 2441(5) 2691(9) 93(4) 
Wl) - 3183(11) 1541(8) 1672(10) 116(5) 

W2) - 2664(18) - 511(7) 2453(13) 149(8) 
c(13) 1253(19) - 867(7) 3833(9) 1380) 

’ Equivalent isotropic U defined as one third of the trace of the orthogonal&d Qj tensor. 

Reactions of the divinyI complex 4 
(i) Reactions with oxidants (Ag ‘); the coupling of p-methylene and u-vinyl to 

q3-a&l. Reaction of the divinyl complex 4 with silver tetrafluoroborate (molar 
ratio l/2) in acettitrile/THF (l/l, to improve solubility), gave a deposit of silver 
metal and the ionic $-ally1 complex 9a in 85% yield. On reaction with the 

Table 5 

Bond lengths (A) 

C~,XCH=CWhI 
and angles (“) with estimated standard deviations for [{(C,MqRh)(p 

(4) 

Rh(U-WW 2.588(2) 
WWc(3) 1.982(9) 
WV-~4) 2.230(6) 

WWX6) 2.254(8) 

Wl)-c(g) 2.333(7) 
c(4)-c(5) 1.392(10) 
W-c(6) 1.378(10) 

CJ7)-CJ8) 1.397(13) 

c(5>-Cw) 1.506(11) 

c(7)-c(l2) 1.484(16) 

c(wwwc(3) 89.7(4) 
c(3NWWJoa) 99.2(3) 
Wl)-CX3)-Wla) 80.8(3) 
c(5)-co-c(9) 125.8(8) 
c(4)-c(5)-c(6) 108.2(6) 
c(6)-c(5)-WO) 126.5(7) 
c(5)-~6WW) 124.4(7) 
c(6)-c(‘l)-c(8) 107.1(7) 
c(8)-~7WU2) 125.2.(8) 
c(4)-c(8)-W3) 126.q9) 

Rh(u-c(1) 
WWci3a) 
wl)-q5) 
Wl)-c(7) 
c(l)-c(2) 
cO-q8) 
CJ6)-c(7) 
c(swJ9) 
CX6FWl) 
c(8FW3) 

c(lkWWc(3a) 
www)-c(2) 
c(5)-c(4)-c(8) 
c(8WX4WP) 
c(4)-c(5)-c(10) 
c(5)-WWX7) 
c(7PX6WW 
c(6)-WI-c(12) 
q4)-c(8)-WI 
c(7)-q8)-c(l3) 

2.001(10) 
2.011(6) 
2.220(7) 
2.344(10) 
1.250(15) 
1.429(12) 
1.385(11) 
1.496(10) 
1.539(12) 
1.4%(13) 

86.8(4) 
130.8(7) 
106.8(7) 
127.q8) 
125-o(7) 
109,9(6) 
125.5(7) 
127.6(8) 
107.9(7) 
126.1(9) 



appropriate ligands, this was converted into (again in high yields) the chloride 10, 
and the ionic complexes (9b-d). 

CH=CH, 
I 

,c-csM’ CH,,CH 
,I + 

csMe?h- 
2 CH2 1 

CH=CH, NCMe 

(4) (W 

[c,M~R~($-C,H,)(MeCN)]BP,+ c1- - [Ws~(713-C,Hs>P>l 

w (10) 

!Ia+L - [CsMqRh(q3-C,Hs)(L)]BF, 

(9b, L = CO; 9c, L = PMe,; W, L = py) 

The dipropenyl complex 5 also reacted with AgBF, in acetonitrile/THF, to give 
the 1-methylallyl cation, [C,MesRh(q3-MeC,H,)(MeCN)]BF, (11). The ‘H NMR 
spectrum of the freshly prepared solution showed that the anti-methyl isomer was 
formed (CD&N, S 1.00 (d, Me); 1.73 (CSMq), 2.91 (d, Hb), 3.64 (d, HP), 4.10 (m, 
Hd), 4.32 (m, H”); J(Me-Hd) 6, J(H”-H”) 7, J(H”-Hb) 11 Hz). On standing in 
solution, signals due to the syn-methyl isomer appeared, and on addition of 
tetraphenylarsonium chloride, the known [5] syn-methylallyl chloride complex 12 
was formed (‘H NMR (CDCl,): 6 1.61 (d, Me), 1.72 (C,Mq), 2.88 (d, Hb), 3.28 (d, 
H”), 3.50 (m, Hd), and 3.92 (m, HC); J(Me-Hd) 6, J(Hb-H”) 11, J(H”-HC) 6.5, 
J(H”-Hd) 11, J(H”-Rh) 2.5 Hz). Isomerisation of methylallylrhodium complexes 
has been well-documented; the fact that the initial product has the anti-Me 
geometry is completely consistent with a stereospecific coupling of the Z-propenyl 
and the p-methylene, showing no rotation about the propenyl bond has occurred 
during that step. 

Hd\ 
,C,CH” 

11 
[(CsMe$h-~CHz),(CH=CHMe)2] Ws [ C,M%%h<,C, 

]H Ha 
1’ 

MeCN 

11 G== 

Me, 
Hd’ 

C,CH” 
)I 

Mes--Rh/b,C, 
M&H H” 

CsMe, 
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(ii) Products from pyrolyses. C-C coupling also occurred when the complexes 
were pyrolysed; the major products were olefins resulting from the combination of a 
~methylene with an alkenyl. Thus, the divinyl complex 4 at 330 O C gave a mixture 
of gases containing propene (88%) and methane (8%), together with traces of other 
hydrocarbons. The dipropenyl complex (5) at 340” C gave 90% butenes (mixed l- 
and 2-isomers, ratio 25/65), as well as methane (6%) and propene (3%). 

The products from the methyl-alkenyl complexes were more complicated, but 
again a major reaction pathway was the methylene plus alkenyl coupling. Thus, for 
example, the methyl vinyl complex 7 gave largely propene (63%), some ethene 
(14%), methane (12%), and butenes (9%). The methylpropenyl complex 8 gave 
largely butenes (77%), some methane (12%), propene (7%), and ethene (4%). 

(iii) Reactions with hydrogen halides. The most unexpected reactions of the 
divinyl complex 4 were with HCl. The precise products depended greatly on the 
exact conditions. Thus, with HCl/CDCl, the main product was the ally1 complex 
10, especially at low conversion, together with propene and the dimer 1, 
[(C,Me,RhC12)2~. It was shown separately that the q3-ally1 complex 10 reacted 
readily with HCl to give the chloride 1 and propene. 

[(C,MqRh-@H,),(CH=CH,),] = [&Me&h( q3-C,H,)Cl] + 

(4) (10) 
[ (C,Me&hCl,),] + CH2= CHCH3 + [(C,M~Rh),(pCH,)(pCHMe)(C1),] 

(I) Wa) 
2[ C,MqRh( q3-C3H5)Cl] + 2HCl _I) [ (C,MqRhCl,),] + 2 CH,=CHCH, 

(IO) (I) 
In addition, a new complex l3a was formed in the presence of an excess of HCl; 

the relative yields of 1 and 13a depended on solvent, more of the ally1 complex (and 

Table 6 

Atom coordinates ( X 10’) and temperature factors (A2 X 103) for [(C,M~R~)~(C(_CH,X~~_CHMC)CI~ ] 

Atom 

Rh(l) 

W) 
CO) 
c(2) 
c(3) 
c(4) 
c(5) 
c(a) 

2: 
q9) 
WO) 
Wl) 
W2) 

x Y 

701(l) 137(l) 

996(2) 200(a) 
W8) 5W3) 

1186(8) -376(H) 
1710(7) -44601) 
1858(7) SlS(l2) 
1413(7) lllqll) 

494(8) 955(H) 
917(11) - 1106(16) 

2121(10) - lXKI(16) 

2426(g) 778(14) 
1415(S) 2136(13) 

- 107(9) 1044(1~) 
- 286 1759 

Z 

295(l) 
- 2241(4) 

25Qw5) 
2354(18) 
1298(n) 
817(15) 

1583(14) 
3713(16) 
3351(21) 

839(27) 
- 293(19) 
1556(22) 

- W23) 
580 

% a 

43(l) 
W3) 

61(6) 
750) 
62(6) 
61(5) 
48(5) 
9403) 

120(10) 
132(12) 

93(8) 
98(9) 
8Y7) 

123(16) * 

’ Equivaknt isotropic U dcfmed ks OIM third d the trace of the orthogonabd C& tensor. *Atom C(12) 
has 50% occupancy. 
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Fig. 2. The molecular structure of complex 13a with atom labelling (the bridging ligands 
across the centre of the molecule). 

are disordered 

hence of 1) being formed in the more polar solvents. For example, only 1 was 
formed in THF or nitromethane; the yield of 13a was 20% in acetone, 25% in 
chloroform, but 50% in toluene at ambient temperatures. The best yield of 13a was 

Table I 

Bond lengths (A), and angles (“) with estimated standard deviations for [(C,M%Rh),(p-CH,)(c 

CHWGI 

Rh(l)-Cl(l) 2.406(5) 
W(l)-c(2) 2.228(17) 

WWc(4) 2.259(14) 

~(lww 2.01q17) 
U(l)-c(11) c? 2.031(16) 

c(l)-c(5) 1.374(21) 

c(2)-c(31 1.378(22) 
ci3wX4) 1.475(23) 

q41-q51 1.38q20) 

c(5wJlO) 1.474(24) 

c1(1)-Rh(1)-c(11) 89.q6) 
c(ll)-u(l)-c(l1) (1 97.q6) 

(X2)-W-c(6) 123.3(15) 

c(l)-c(2)-c(3) 108.3(16) 
c(3)-c(2)-c(7) 128.6(18) 

c(2w3)-c(8) 127.8(V) 

c(3kc(4)-c(5) 108.3(12) 

c(5)-c(4)-c(9) 127.3(15) 
c(~)-c(5)-c(lO) 124.0(14) 
Rh(l)-c(ll)-c(l2) 131.2(13) 
c(lZ)-c(ll)-I&(l) a 126.9(12) 

WWc(l) 
Ml)-c(3) 
WWc(5) 
Www) L1 
c(Wc(2) 
c(WcI6) 
c(21-q7) 
c(3kc(8) 
co-ci9) 
c(~~)-c(12) 

Cl(l)-Rh(l)-c(l1) a 
~2)-cjl)-c(5) 
c(5)-c(l)-c(6) 
c(l~2)-~7) 
c(2)-q3)-c(4) 
c(4)-c(3)-c(8) 
c(3)-c(4)-c(9) 
c(lI-q5)-c(4) 
co-c(5)-wO) 
Rh(l)-c(ll)-r&(l) o 

2.203(15) 
2.244(M) 
2.258(14) 
2.678(3) 
1.434(28) 
1.543(22) 
1.482(28) 
1.503(27) 
1.515(21) 
1.233(18) 

93.1(6) 
109.0(13) 
126.7(17) 
122.6(15) 
106.0(15) 
125X(14) 
124.4(14) 
108.4(14) 
127.4(13) 

83.q6) 

’ Symmetry operation is [-x, - y, - 21. 
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in toluene at -78’ when a yield of 67% was obtained. Very similar results were 
obtained when 4 was reacted with HBr; in this case the dibromo analogue 13b was 
formed, but in lower yield (optimal 50% in pentane), together with [(C,MqRhBr,),]. 
In both reactions the organic product was shown to be propene. 

The new complex 13a was identified as the truns-dichloro-p-ethylidene-p-methyl- 
ene complex by a single crystal X-ray structure determination (Fig. 2), and by NMR 
spectroscopy. The molecule of complex 13a comprises two rhodium atoms, each 
bearing an as-C,Me, ring and a Cl, and bridged by one p-CH, and one p-CHMe; 
the C,Me, ligands are trans to each other, as are the chlorides. The Rh-Rh 
distance, 2.678(3)0 A (Table 7), is a little greater than in other complexes of this 
series, (cf. 2.659 A in [(C,Me,Rh-@ZH,),(C0)J2+, 2.620(l) A in cis-2, and 2.588 
A in [(C5Me5Rh)2(~-CH2)2(CH=CH2)2]), but is still well within bonding range, as 
required for a diamagnetic complex of Rhu’. The C,Me, ligands are symmetrically 
d-bonded with theoring atoms close to the mean plane (rms deviation 0.009 A); the 
rhodium is 01.890 A from this plane on one side and the methyls are displaced 
(0.05-0.22 A) away from it on the other. The bridging Iigands are disordered across 
a crystallographic inversion centre, and thus no detailed comparison can be made 
between their bridging geometries, but they appear very similar to those in the 
di-p-methylene complexes. The ‘H NMR spectrum confirms the X-ray, and the 
absence of a centre of symmetry in the molecule is shown in particular by two 
different signals for the two p-CH, hydrogens (Table 2). 

A sparingly soluble orange solid (14) with analysis corresponding to 
[{C,Me,Rh(CL-CH2)(CHClMe)}21, was obtained from reaction of 4 with HCl gas in 
pentane. The reaction to give 14 was reversible; thus, on standing, the orange solid 
slowly lost HCl to regenerate the divinyl complex 4. Unfortunately the material was 
also too unstable to be crystallised; no X-ray structure determination was therefore 

P 
ossible and only rather limited ‘H NMR spectra could be obtained. In GD,, the 
H NMR of 4 showed four equal intensity triplets (J l-2 Hz) in the methylene 

region, two C,Mq, and two doublets in the methyl region (1.68, 1.71 (overlapping a 
C,Me,), J 7 Hz), coupled to a multiplet at 6 3.44. This spectrum is consistent with 
a bis-a-(1-chloroethyl) complex having a c&geometry, and the presence of a 

[(C,Me,Rb-p-CH,),(CH=CH,),] 3 

(4) 
[(C,Me,)Rh(H)(CH=CH2)(CL-CH2)2Rh(C1)(CH=CH2)(C,Mq)l - 
[(C5Me5~H)(CH2CH=CH2)Rh(~-CH2)(~-Cl)Rh(CH=CH,XC,Mq)l ---+ 

CH,=CHCHS + [(C,Me,)Rb($-CH,)(p-Cl)@‘-CH=CH,)Rh(C,Me,)] z 

(I) 
~(C5Me5)~(C~~(Cc-CH,)(~-CI)Rh(H)oH=CH2)(C,Me,)l - 
[(C5MeS)Rh(Cl)(~-CH~)(~-CI)RhoHCH,)(C,Mq)] - 

[C5Me,Rh),(~--CH2)(~-CHMe)(C1)2] 

(134 
Scheme 1 
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mixture of equal parts of the meso- and the d- + I- (racemic) isomers,. arising from 
the chirality of the two CHClMe ligands. Consistent with this formulation of 14 as 
cis-[{C.,Me&h(cr_CH,)(CHClMe)}& arising from addition of HCl to the double 
bonds of 4, the vinylic Y(C=C) at 1559 cm-’ in the IR spectrum of 4, is not present 
in 14. Compound 14 was converted into a l/l mixture of 13a and 1, together with 
propene, on reaction with HCl in C$D, at 20 O C. 

C, Me, 
I 

C% -Rh-CHMeCl 

[(C,Me,Rh-&H,),(CH=CH,),] % C,Mes---Rp- ’ /&H 
pcntane 2 

CHMeCl 

04) 

14 -I- HCl - [(C,MqRhC12)2] + CH,CH=CH, 

0) 
Cl 

(332 -Rh-CC,Me, 

’ ‘(!HMe + C,Me,-Rh- 
I 
Cl 

(13a) 

Further investigations of the reactions of 4 with acids are in progress, but it is 
clear that the medium plays a vital role. The ally1 10 is the preferred product in 
more polar solvents, the pethylidene-Cr_methylene 13a is formed most readily in less 
polar solvents, especially in toluene at low temperature, and the adduct 14 precipi- 
tates from pentane. Since 14 requires more HCl to yield 13a and propene, it may 
not be a direct intermediate. We may speculate that the transformation 4 to 13 takes 
place via two successive oxidative additions of HCl to the two-metal centre (Scheme 
1). The first one leads, via coupling of the vinyl and the methylene, followed by 
reductive elimination, to propene. The re maining fragment I, formally a RlP-Rh’n 
species, possibly stabilised by a bridging chloride or vinyl, undergoes a second 
oxidative addition, followed by a rearrangement, leading to 13a. 

While reactions of a number of cationic qi,q2 (ie, bridging) vinyl complexes with 
hydride to yield p-ethylidene complexes are known [6], and there has been a recent 
account of the transformation of a yvinylidene into a CL-ethylidene on protonation 
[7], this work appears to be the first example of the transformation of a terminal 
vinyl by protonation, into a p-ethylidene. 

The facile coupling of Cc-methylene and a-alkenyl in these dirhodium species is 
clearly demonstrated by the high yield reactions of the divinyl 4 (and the dipro- 
penyl, 5) complexes with silver ion (one electron oxidation) to give q3-allyls, and by 
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the pyrolyses to give propene (from 4 and butenes from 5). Even acid can convert 4 
into the ~3-allyl and/or to propene. 

It is also possible that part of the driving force for the conversion of the divinyl 
complex 4 into the p-methylenep-ethylidene dihalides 13 may be the formation of 
propene from just such a coupling. 

There is considerable interest in the mechanism of C-C bond formation on di- 
and poly-nuclear complexes as possible models for coupling/polymerisation reac- 
tions on metal surfaces such as the Fischer-Tropsch reaction. Several possibilities 
have been considered for that, including the direct combination of pmethylenes [9], 
the coupling of hydroxymethyl ligands [lo], CO insertion into metal alkyl bonds, 
followed by reduction [ll], and the reactions of methylene with olefins [12]. The 
first of these is very popular and is widely quoted; however the comparative stability 
of many complexes with two kalkylidene ligands suggests that considerable activa- 
tion may be needed for coupling. It is very likely that the CO insertion mechanism 
is operative in some cases, especially in the formation of oxygenates (aldehydes, 
alcohols). There has been considerable interest too in the possibility of reaction of 
CL-methylenes with coordinated olefins; however, a molecular orbital theoretical 
analysis of one such system has suggested that to be a high energy process and a 
direct insertion of (uncoordinated) olefin into the CH,-metal bond was proposed 
instead [13]. 

We have proposed a new mechanism for the Fischer-Tropsch polymerisation [4], 
based partly on the data presented here, in which a key step is the pmethylene plus 
a-alkenyl coupling. While this has yet to be verified for metal surface reactions, the 
organometallic reaction does seem to have wider potential than just for dirhodium 
systems. Thus, Doherty et al. [8] have recently reported a related reaction in which 
[(CpRu(CO)),( p-CH s)( $$-CH=CH *)I+ is converted by BHi into 
[(CpRu(CO)),($ZH,)(Cr_CHMe)] which, on pyrolysis, yields propene. Thus u-vinyl 
and p-methylene also come,together on ruthenium, albeit seemingly via a p-methyl- 
ene-p-ethylidene. Bercaw has also noted a facile vinyl plus methylene coupling on 
tantalum [14]. 

Experimental 

All reactions were carried out under nitrogen by normal Schlenk techniques. 
Microanalyses were determined out by the University of Sheffield Microanalysis 
Service; IR spectra were measured on PE-1710 FTIR, mass spectra on Rratos 
MS-80 (FAB mode), and NMR spectra on Bruker AM-250, WH-80, and PE-220 
spectrometers. Typical preparations are described below; microanalyses, FAB mass 
spectra and IR spectra are collected in Table 1, ‘H NMR spectra in Table 2, and 

C NMR spectra in Table 3. 

Preparation of tram-& MesRh-p-CH,),(CH=CH,), J (4) and related complexes 
Freshly distilled toluene (150 cm3) was transferred by cannula, with stirring to a 

flask containing [(CSMesRh-&H2)2C12] (3) [lc] (1 g, 1.74 mmol). Vinyhnagnesium 
bromide in THF (Aldrich, 1.0 M, 8 cm3) was added by syringe and a colour change 
from dark wine red to orange red occurred. The solution was stirred (30 min), 
acetone/water (l/l; 3 cm3) added to destroy the excess of.Grignard reagent, and 
filtered. The filtrate was evaporated to dryness, and the resulting red solid was 
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extracted with light petroleum (b.p. 40-60’ C; 3 X 50 cd) and the extract filtered 
and evaporated. The compound was further purified by column chromatography on 
wet neutral alumina (some decomposition occurred on dry alumina) with light 
petroleum (b.p. 40-60 O C) as eluent. The collected fraction was evaporated and the 
solid triturated with methanol to yield complex 4,0.73 g (75%). 

The complex t’ans-[(CSMe,Rh-C(-CH2)2Me(CH=CH,)] (7) was synthesised and 
purified (80% yield) in identical fashion to 4 by adding vinylmagnesium bromide to 
KC,Me,IU1-CL-CHz)zMeCII (6). 

Complex trans-[ (C, Me, Rh-p-CH 2)2 ( Z-CH=CHMe) J (5) was synthesised by a 
similar route. MeCH==CHMgBr was prepared in THF: l-bromobut-1-ene (Aldrich, 
Z/E = 3/l, 8 cm3, 93.4 mmol) dissolved in THF (100 cm3) was added to Grignard 
grade magnesium turnings (3.0 g, 123.4 mmol, previously dried in vacua, 4 h/110 O C) 
and THF (30 cm3). When addition was complete, the brown solution was refluxed 
(3 h) and filtered. A measured excess of hydrochloric acid (0.1 M) was added to a 1 
cd portion of the solution; this was then back-titrated with standard NaOH (0.1 
M) (phenolphthalein indicator), showing the concentration of the Grignard to be 
0.56 M. 

The solution of MeCH=CHMgBr in THF (14 cm3, 0.56 M, 7.84 mmol) was 
added by syringe to a solution of [(C,Me,Rhq-CH,),Cl,] (3) (1 g, 1.74 mmol) in 
dry toluene (100 cm3); a colour change from dark wine red to orange red was noted. 
After stirring (1 h) acetone/water l/l (4 cd) was added to destroy any residual 
Grignard reagent and the product was isolated as described for 4: yield 0.785 g 
(77%). trans-[(C+MesRh-p-CH,),(Z-CH=CHMe)Me] (8) was similarly obtained 
from 6 in 69% yield. 

Note: when the propenyl Grignard was made from the commercial 3/l mixture 
of ‘Z- and E-l-bromobut-l-ene, the product was almost entirely the Z-propenyl 
isomer. When a sample was used which had a lower Z/E-ratio, complex mixtures 
were obtained, which contained E-propenyl isomers. 

Preparation of [Rh(C5Me5)(C, H,)(MeCN)]BF, (%a) 
[(C,Me$h-@H,),(CH=CH,),] (4) (0.37 g, 0.66 mmol) was added to a solution 

of AgBF, (0.26 g, 1.34 mmol) in THF/CH,CN l/l (20 cm3) and the mixture stirred 
(20 o C, 3 h). The starting material slowly dissolved and an orange-yellow solution 
was formed together with a black precipitate; this was filtered off and the solution 
evaporated to dryness. Addition of CH,CN (10 cm3) followed by filtration led to a 
clear solution, which gave a furry yellow precipitate of [Bh(C,Me&C3HJ)MeCN]BF, 
on addition of diethyl ether (130 cm3) (0.46 g, 85%; v(CN) 2289, 2230 cm-‘). 

~~(CsMes)(C,H,)(CO)IBF; (96) 
Carbon monoxide was bubbled slowly (20 O C, 1 atm, 15 mm) into a solution of 

[Bh(C,Me,)(C,H,)(MeCN)]BF, (9a) (0.122 g, 0.26 mmol) in CH,Cl, (25 cm). The 
solvent was removed and the carbonylation repeated. The solvent was then 
evaporated off and the residue crystal&d from CH,Cl,/diethyl ether to give % as 
a yellow powder (0.072, 70%). The complexes [Rh(C,Me,)(C,H,)L]BF, (SC, L = 
PMe,, W, L = py) were prepared (75% yield) by addition of two equivalents of L to 
a solution of [Rh(C,Me&C,H,)(MeCN)]BF, in CH2C12, followed by a conven- 
tional work-up. 
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A solution of tetraphenylarsonium chloride (0.309 g, 0.74 mmol) in CH,CN (10 
cn?) was added to a vigorously stirred solution of complex [Rh(~Mq)(C,H,> 
MeCN]BF, @a) (0.30 g, 0.74 mmol) in acetonitrile (5 cr&. The solution deposited a 
pale yellow solid; the solvent was then removed in vacua and the residue extracted 
with tolueue and crystalhsed by addition of hexane to give pale yellow IO, 75% 
yield. 

Preparation of [(C,Me,Rh),(~CH2)(~-CHMe)CI,] (134) 
Hydrogen chloride gas was bubbled slowly (2 min) through a cooled solution 

(-78OC) solution of [{C,Me&h(lr_CH,)(CH=CH~)}x] (4) (480 mg) in toluene 
(200 cr&. A colour change from wine red to dark red occurred; the solution was 
stirred (15 min) at this temperature, and was then allowed to watm up to ambient. 
The solvent was removed in vacua, leaving a brown-red residue, which was dis- 
solved in chloroform (10 cm3). A large excess of petroleum ether (4060°C; 100 
cm’) was added, and the orange red complex 1(30%) which separated filtered off, to 
give a purple filtrate which yielded purple-black crystals of 13a (from dichloro 
methane/hexane), yield 340 mg (67%). 

Preparation of [(C5Me5Rh)2(~-CH2)(~-CHMe)Br2] (23b) 
[{C,MqRh(pCH,)(CH=CH,)},] (4) (735 mg) was dissolved in petroleum ether 

(150 cm3) with warming. Hydrogen bromide gas was bubbled through slowly (4 
min), the solution turning dark red. After removal of the solvents the solid was 
dissolved in the minimum of chloroform (10 cn?), petroleum ether (100 cm3) was 
added, and the solution shaken. The orange precipitate of [ {C,Me$hBr, }J which 
formed was filtered off to leave a purple filtrate. Solvent was removed from the 
filtrate, the residue was taken up in the minimum of dichloromethane, and petro- 
leum ether added to give purple crystals of 13b, yield 458 mg, 52%. 

Preparation of [{C,Me,R?@-CH,)(CHCrcn,)) 2 j (14) 
Hydrogen chloride gas was bubbled (1 min) through a solution of [{C,Me$h(cc_ 

CH,)(CH=CH,)},] (4) (500 mg) in pentane (100 ems). The orange solid which 
separated was filtered off and washed with pentane, to give [{C,Me$h(~- 
CH,)(CHClCH,)},] (14) 456 mg (81%). ‘H NMR spectrum (GD,): 8 8.04, 8.77, 
9.19, 9.91 (&Hz, all t or dd, J(Rh-H) = J(H-H) l-2 Hz), 3.44 (m, CHClMe), 
1.66, 1.67 (2 X CsMq); assignments are somewhat tentative since the complex was 
poorly soluble and decomposed slowly in the spectrometer. 

Thermal decomposition reactions 
These were carried out as described previously [2], using a solids injector, 

comprising a syringe with a retractable knurled needle, which was coated with the 
complex. The syringe was phmged into the inlet septum of the preheater of a 
Carlo-Elba gas-chromatograph and left for 5 s. The gases produced were analysed 
by GC (Poropak Q, 2m; 1000/5 min; loo C/min to 220° C) and by GC-MS 
(Kratos MS25). 
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X-ray structure determinations 
Complex I~(C,Me,Rh)(~-CH2)(CH=CH,))21 (4). A crystal of [{GWWW- 

CH,)(CH=CH,)},] (4) crystahised from dichloromethane as red bricks, was 
selected; dimensions, 0.40 X 0.25 X 0.20 mm. Crystal data: C,,H,Rh,, M = 558.41, 
monochnic, space group P2,/n (rmn-standard setting of P2,/c, C$, No. 14), a 
8.261(5), b 15.055(14), c 10.257(9_) A, j3 108;72(6)O, U 1208.1(17) A3, D, 1.535 g 
cme3, Z = 2, Mo-K,, radiation (X 0.71069 A; p(Mo-K,) 13.54 cm-‘), F(OO0) = 
571.94. Three dimensional room temperature X-ray data were collected in the range 
3.5 c 28 < 50° on a Nicolet R3m four-circle diffractometer by the omega scan 
method. The 1801 independent reflections for which 1 F I/u( 1 I: 1) > 3.0 were 
corrected for Lorentz and polarisation effects, and for absorption by analysis of 7 
azimuthal scans. The structure was solved by Patterson and Fourier techniques and 
refined by blocked cascade least squares methods. Hydrogen atoms were included in 
predicted positions with isotropic thermal parameters related to those of the 
supporting atom. Refinement converged at a final R 0.0447, with aUowance for the 
thermal anisotropy of alI non-hydrogen atoms. Complex scattering factors were 
taken from reference [15] and from the program package SHELXTL programs as 
implemented on the Data General Nova 3 computer. A weighting scheme with 
u-l = [a’(F) + g(F)‘] and g = 0.00198 was used in the later stages of the refme- 
ment. The atomic coordinates are in Table 4, and selected bond lengths and angles 
are in Table 5. 

Complex [(C‘Me$h)2(p-CH2)(c(-CHMe)ClJ] (IJa). A crystal of [(CsMe@Qz 
(p-CH,)( pCHMe)Cl, ] (Ua) crystaUised from pentane as deep red prisms, was 
selected; dimensions, 0.30 X 0.25 X 0.175 mm. Crystal data: Cz3H&lzRhz, M = 
589.25, or$orhombic, space group Pccn ( Dzh, 
9.233(6) A, U 2451(4) A3, D, 1.597 g cm 

lo No. 56), a 18.485(19), b 14.357(17),_ c 
-3, 2 = 4, MO-K, radiation (x 0.71069 A; 

c 15.53 cm-‘), F(OO0) = 1191.90. Three dimensional room temperature X-ray data 
were collected in the range 3.5 < 28 < 50* on a Nicolet R3m four-circle diffractom- 
eter by the omega scan method. The 1571 independent reflections for which 
IJv~(I~lP3~0 were corrected for Lore& and polarisation effects, and for 

absorption by analysis of azimuthal scans. The structure was solved by Patterson 
and Fourier techniques and refined by blocked cascade least squares methods. The 
two bridging Iigands are disordered between their centrosymmetricahy related sites, 
thus the composite model was refined with constrained geometry with C(11) 
common to the two ligands. Hydrogen atoms were pIaced in predicted positions 
with isotropic thermal parameters related to those of the supporting atom. Refine- 
ment converged at a final R 0.0750, with allowance for the thermal anisotropy of alI 
non-hydrogen atoms, with the exception of the half-occupancy C(12). Complex 
scattering factors were taken from reference [15] and from the program package 
SHELXTL programs as implemented on the Data General Nova 3 computer. Unit 
weights were used throughout. The atomic coordinates are in Table 6, and selected 
bond lengths and angles are in Table 7. 
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