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The reaction of methoxymethyllithium with chlorotrimethylsilane was used to prepare (trimethyl- 
sily1)methyl methyl ether (1). The reaction of 1 with chlorotrimethylsilane and sodium iodide in acetonitrile 
gave (trimethylsily1)methyl iodide, 1 with chlorotrimethylsilane and lithium bromide in acetonitrile gave 
(trimethylsily1)methyl bromide, and 1 with methyl trifluoromethanesulfonate (neat) gave (trimethyl- 
sily1)methyl trifluoromethanesulfonate. 


A number of (trimethylsily1)methyl compounds have 
found recent utility in synthesis. Among these are (tri- 
methylsily1)methyl methyl ether (l),l (trimethylsily1)- 
methyl iodide (2)2 and bromide (3),3 and (trimethyl- 
sily1)methyl trifluoromethanesulfonate (4h4 Peterson has 
recently summarized the available routes to the last three 
compounds and has reported improved procedures for the 
formation of these species.6 All of these approaches are 
based on the substitution chemistry of (trimethylsily1)- 
methyl chloride. We here present an alternative entry into 
the (trimethylsily1)methyl system based on a new prepa- 
ration and chemistry of 1 which appears to be competitive 
in utility with existing procedures. 


Results and Discussion 


Scheme I 
Me3SiCH,0CH3 


Me3SiCHzOSiMe3 + C H 3 X  
J 


Me3SiCH2X + Me3SiOCH3 


MqSiX/ 1 


1 
Me3SiCHzX + Me3SiOSiMe3 


I In the present approach, C-functionality is introduced 
a t  silicon by chlorotrimethylsilane derivatization of 
methoxymethyllithium6J to form ether 1 (eq 1). This is C H 3 X  + Me3SiOSiMe3 


Li Me,SiCl 
CH30CH2C1 CH30CH2Li - 


CH30CH2SiMe3 (1) 
1 


(1) Magnua, P. D.; Roy, G. J. Chem. SOC., Chem. Commun. 1979,822. 
( 2 )  (a) Seyferth, D.; Wursthorn, K. R.; Mammarella, R. E. J. Org. 


Chem. 1977,42,3104. (b) Fleming, I.; Paterson, I. Synthesis 1979,446. 
(c) Fleming, I.; Goldhill, J. J. Chem. SOC., Perkin Trans. 1 1980,1493. (d) 
Schmid, R.; Huesmann, P. L.; Johnson, W. S. J.  Am. Chem. SOC. 1980, 
102, 5122. 


(3) Abel, E. W.; Farrow, G .  W. J. Chem. Res., Synop. 1979, 278. 
(4) (a) Vedejs, E.; Martinez, G. R. J. Am. Chem. SOC. 1979,101,6452. 


(b) Chiu, S. K.; Peterson, P. E. Tetruhedron Lett. 1980, 21, 4047. (c) 
Despo, A. D.; Chiu, S. K.; Flood, T.; Peterson, P. E. J. Am. Chem. SOC. 
1980,102,5120. 
(5) Ambasht, S.; Chiu, S. K.; Peterson, P. E.; Queen, J. Synthesis 1980, 


318. 
(6) ScMllkopf, U.; Kiippers, H. Tetrahedron Lett. 1964, 1503. 


a high yield, one-pot reaction sequence which affords high 
purity samples of 1 in synthetically useful quantities. To 
our knowledge, this preparation of 1 represents the only 
alternative to the synthesis of Speier’O which employs 
(trimethylsily1)methyl chloride and sodium methoxide. 


Conversion of 1 into the iodide 2 was effected by the 
method of Olah.” Thus, treatment of 1 with sodium 


(7) Although existing reports8 would suggest that methoxymethyl- 
magnesium chloride8 might generally couple with chlorosilanes, we ob- 
tained no significant amounta of 1 using this approach. 


(8) (a) Lefort, M. French Patent No. 1303 195, 1962; Chem. Abstr. 
l963,58,7975b. (b) Kumada, M.; Ishikawa, M.; Tamao, K. J. Organomet. 
Chem. 1966,5, 226. 


(9) Niitzel, K.; In “Methoden der Organischen Chemie”; Muller, E., 
Ed.; Georg Thieme Verlag: Stuttgart, 1973; Vol. 13/2a, pp 114-115. 


(10) Speier, J. L. J. Am. Chem. SOC. 1948, 70, 4142. 
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Scheme I1 
CH30S02CF3 


Ve3S iCH20CH3 


iH3 - -CH30CH3 
Me3SiCHz-t-CH3 0SO2CF3 - Me3SiCH20S02CF3 


4 


Cunico and Gill 


iodide and chlorotrimethylsilane in acetonitrile a t  25 "C 
for 4 h gave 2 in 87% yield (eq 2). In contrast to the 


MeaSiCl 
Me3SiCH21 (2) 


2 + NaI CHFN,  25 'C' 


behavior12 of asilyl13 ethers, this approach was extendable 
to the preparation of the bromide 3 as well. Refluxing a 
mixture of 1, lithium bromide, and chlorotrimethylsilane 
in acetonitrile afforded a 73% yield of 3 (eq 3). Although 


MeaiCl 
MeaSiCH2Br (3) 


3 + LiBr CHaCN, 82 OC' 


hexamethyldisiloxane was a coproduct in these prepara- 
tions of 2 and 3, it could be easily removed prior to final 
distillation by a concentrated sulfuric acid wash. 


The succesa of this latter transformation is believed due 
to the facility of nucleophilic substitution reactions under 
aprotic conditions a t  the carbon a to si1ic0n.l~ The con- 
undrum of trace HI or HBr intervention aside, Scheme I 
indicates that a t  least two pathways, identical in stoi- 
chiometry and final products, may be written for ether 
cleavage under the present conditions. Major or exclusive 
reaction by path a assumes operation of the "a effect". 
Negative experimental support for this pathway comes 
from our observation that in a cleavage run in which 1, 
chlorotrimethylsilane, and sodium iodide were taken in 
equimolar ratios (instead of 1:2:2; see Experimental Sec- 
tion), no Me3SiCH20SiMe3 was observed by GLPC anal- 
ysis either during reaction or after a fixed product ratio 
was attained (1, hexamethyldisiloxane, and 2 were then 
present).15 The possibility still exists that path b is to 
some extent operative but that Me3SiCH20SiMe3 is con- 
verted to products much faster than it is formed, but this 
point has not been investigated. 


The preparation of (trimethylsily1)methyl trifluoro- 
methanesulfonate (4) has to date necessitated the inter- 
mediacy of (trimethylsilyl)methanol, the formation of 
which is a two-step sequence away from (trimethylsily1)- 
methyl chloride.16 Drawing on the ability of methyl tri- 
fluoromethanesulfonate (5) to alkylate ethers,l' we allowed 
a mixture of 1 and 5 to react a t  42 "C for 19 h, after which 
time simple distillation afforded 93% of 4. Scheme I1 
suggests that  the transformation involves trifluoro- 
methanesulfonate ion attack a t  the a-silyl carbon with 
displacement of dimethyl ether. I t  is noted that the latter 
is a better leaving group (from its oxonium salts) than is 


(11) Olah, G. A.; Narang, S. C.; Gupta, B.; Malhotra, R. J. Org. Chem. 
1979,44, 1247. 


(12) Olah, G. A., private communication. 
(13) Following an established pattern which includes terms such as 


"achiral" and "acyclic", the use of this term is suggested as an equivalency 
to "nonsilicon containing". 


(14) (a) hbom, C.; Jeffrey, J. C. J. Chem. SOC. 1964,4266. 03) Huang, 
C.-T.; Wang, P.-J. Hua Hsueh Hsueh Pa0 1969,25,330; Chem. Abstr. 
l960,54,16376d. (c) For examplea of preferred a-opening of epoxysilanea, 
see: Hudrlik, P. F.; Hudrlik, A. M.; Misra, R. N.; Peterson, D.; Withers, 
G. P.; Kulkami, A. K. J. Org. Chem. 1980,45,4444 and references therein. 


(15) No check was made for the presence of lower boiling producta. 
(16) (a) Baum, K.; Lerdal, D. A.; Hom, J. C .  J. Org. Chem. 1978,43, 


203. (b) Reference 4. (c) Reference 5. 
(17) Gramstad, T.; Haszeldine, R. N. J. Chem. SOC. 1967,4069. 


the trifluoromethanesulfonate ion in nucleophilic substi- 
tution reactions.18 


Experimental Section 
General Data. Acetonitrile and trifluoromethanesulfonic 


anhydride were purified by distillation from P206. Chlorotri- 
methylsilane and chloromethyl methyl ether were distilled from 
calcium hydride. Dimethoxymethane (DMM) was stirred with 
CaH2 and the solvent refluxed with sodium and distilled. Sodium 
iodide and lithium bromide were stored over P2OS and flamedried 
in situ before use. Lithium dispersion (1% Na, 30% in mineral 
oil) was obtained from Lithium Corp. of America, Bessemer City, 
NC. All glassware was flame-dried under nitrogen unless otherwise 
indicated. Distillations employed a 6-in. Vigreux column unless 
noted otherwise. All final products were obtained in greater than 
95% purity as judged by GLPC (10 ft X 0.25 in. 20% SE-30 
stainless-steel column used for all analyses). 


(Trimethylsily1)methyl Methyl Ether (1). Lithium dis- 
persion (48.6 g) was freed of mineral oil by DMM washing under 
helium so as to afford 14.6 g (2.1 mol) of lithium sand. This and 
250 mL of DMM was charged to a flask equipped with mechanical 
stirrer, addition funnel, and helium inlet, and the flask was cooled 
to -40 to -50 OC. Chloromethyl methyl ether (67.6 g, 0.84 mol) 
in DMM (210 mL) was then added dropwise over 7 h, after which 
the mixture was maintained at temperature for an additional 30 
min. After the mixture was further cooled to -75 OC, chloro- 
trimethylsilane (68.4 g, 0.63 mol) was added dropwise during 90 
min, and the mixture was then allowed to attain room temperature 
overnight. salts and excess lithium metal were removed through 
a filter tube (sintered glass) under helium, the solids were washed 
with pentane, and the fdtrate was then extracted with water. The 
organic phase was isolated, dried (Na2S04), and distilled. A 
forerun containing some DMM (21.6 g) was followed by pure 1 
(51.3 g), bp 83 OC (760 mm) [lit.lo bp 83 "C (740 mm)]. Re- 
fractionation of the forerun afforded an additional 9.1 g of 1 for 
a total yield of 60.4 g (81%). 


(Trimethylsily1)methyl Iodide (2). A flask bearing a side 
arm with septum closure was charged with sodium iodide (15 g, 
100 mmol), acetonitrile (100 mL), and 1 (5.9 g, 50 mmol). The 
mixture was magnetically stirred for 10 min before chlorotri- 
methylsilane (10.9 g, 100 "01) was added dropwise over 15 min. 
After 4 h at 25 "C, GLPC analpis indicated complete consumption 
of 1. Water (100 mL) was added, ether extraction (3 x 50 mL) 
was carried out, and the ether extracts were washed successively 
with 5% sodium thiosulfate solution, brine, and water. After the 
solution was dried (Na#04), ether was removed by distillation, 
and the residue was dissolved in pentane (25 mL) and stirred with 
5 mL of concentrated sulfuric acid for 15 min. After phase 
separation and a second such treatment, all hexamethyldisiloxane 
had been removed. Pentane was removed by distillation and the 
residue was distilled (short path) to give 9.3 g (87%) of 2, bp 69-70 
"C (71 mm). 


(Trimethylsily1)methyl Bromide (3). A flask with side arm 
(septum closure) and condenser was charged with lithium bromide 
(8.7 g, 100 mmol), acetonitrile (100 mL), chlorotrimethylsilane 
(13.5 g, 124 mmol), and 1 (5.9 g, 50 mmol). After 42 h at 82 "C, 
GLPC indicated complete consumption of I .  Pentane was added 
(150 mL), and the mixture was washed successively with water, 
sodium bicarbonate solution, and brine. After the pentane solution 
was dried (Na#OJ, 10 mL of concentrated sulfuric acid was added 
and the mixture stirred 15 min. Phase separation was followed 
by a second such treatment, after which hexamethyldisiloxane 
was shown to be absent by GLPC. Pentane was removed by 
distillation, and the residue was distilled (short path) to give 6.1 
g (73%) of (trimethylsily1)methyl bromide, bp 48-50 OC (70 mm). 


(Trimethylsily1)methyl Trifluoromethaneeulfoonate (4). 
A flask was charged with methyl trifluoromethanesulfonate (14.3 
g, 87.0 "01) and 1 (10.1 g, 85.5 "01). After 19 hat 42 OC, GLPC 
(50-110 "C) indicated that 1 was completely consumed. Distil- 


(18) K e d ,  D. N.; Lin, G. M. L. Tetrahedron Lett. 1978,949. 
(19) Intramolecular transfer of halide within a betaine intermediate 


could give results identical with those obtained from the ion pair struc- 
tures shown. 
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lation afforded 18.8 g (93%) of 4, bp 48-50 O C  (10 mm). A run 
carried out at 25 "C was complete in 50 h and afforded a 97% 
yield of 4. 


Methyl Trifluoromethanesulfonate (5)." A flask provided 
with magnetic stirrer, reflux condenser, and addition funnel was 
flame-dried and charged with trifluoromethanesulfonic anhydride 
(100 g, 355 mmol). Dry methanol was then added dropwise at 
25 O C  (exothermic) until GLPC (50 "C) indicated complete 
consumption of the anhydride. This point was reached after 45 
min, at which time 13.0 g (407 "01) of methanol had been added. 
A Vigreux distillation head was attached, and volatiles were 
condensed in a -78 OC receiver at 25 "C (10 mm) (59.7 9). Re- 


distillation from P205 afforded 56.8 g (98%) of 5, bp 27 O C  (33 
mm). (Caution: powerful alkylating agent; inhalation m y  cause 
pulmonary edema.) 
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Variable-temperature 'H NMR measurements have yielded AG' values of 16.2 and 12.0 kcal mol-' for 
the barriers to enantiomerization, by aryl-alkyl bond rotation, of 1,2-dineopentyl-3,4,5,6-tetramethylbenzene 
(4) and tricarbonyl(l,2-dineopentyl-3,4,5,6-tetr~ethylbe~ene)c~omi~(O) (6), respectively. Empirical 
force field calculations on 4 have provided mechanistic details of this process. Starting from the C2 ground 
state, in which the tert-butyl groups are on opposite sides of the benzene ring, the rearrangement proceeds 
in stepwise fashion through an achiral intermediate in which both tert-butyl groups are located on the 
same side of the ring and which is 6.4 kcal mol-' less stable than the ground state. The calculated barrier 
height for the enantiomerization is 14.7 kcal mol-'. The substantially lower barrier for 6 is assumed to 
be due to an increase in ground-state energy resulting from nonbonded interactions between the tri- 
carbonylchromium fragment and tho proximal tert-butyl group. 


A recent dynamic NMR (DNMR) study' of tri- 
carbonyl(hexaethylbenzene)chromium(O) and -molybde- 
num(0) yielded values of 11.5 f 0.6 and 11.6 f 0.2 kcal 
mol-' for the barriers (AGS300) to ethyl group rotation about 
the aryl-alkyl bonds. In the observed topomerization 
process, the methyl groups which project toward the com- 
plexed (proximal) side of the ring undergo site exchange 
with those pointing toward the uncomplexed (distal) side. 
Although observation of similar site-exchange phenomena 
in the uncomplexed arene is precluded by the symmetry 
(DM) of the molecule, simulation of ethyl group rotation 
in hexaethylbenzene by the empirical force field (EFF) 
method yielded a value of 11.8 kcal mol-' for the topom- 
erization barrier,' in excellent agreement with the exper- 
imentally determined barriers for the 'lr complexes. 


The present work was undertaken in order to  provide 
data for an exporimental comparison between aryl-alkyl 
rotation barriers in an uncomplexed alkyl-substituted 
arene and in the corresponding qa-arene transition-metal 
complex. To  the best of our knowledge, no such com- 
parison has previously been described in the literature. 
The closest example is found in the work of van Meurs et 
a1.,2a who reported a barrier (AG*) of 16.9 kcal mol-' for 
rotation about the aryl-alkyl single bond in tricarbonyl- 


~~ 


(1) Iverson, D. J.; Hunter, G.; Blount, J. F.; Damewood, J. R., Jr.; 
Mielow, K. J. Am. Chem. SOC. 1981,103,6073. 


(2) (a) van Meurs, F.; Baas, J. M. A.; van der Toom, J. M.; van Bek- 
kum, H. J. Organomet. Chem. 1976, 118, 305. (b) Baas, J. M. A. Red.  
Trav. Chim. Pays-Bas 1972,91, 1281. 


Scheme I 


A 
3a, R = CH, 
4a, R = t-Bu 


R 
3b, R = CH, 
4b, R = t-Bu 


5a, R = CH, 
6a, R = t-Bu 


5b, R = CH, 
6b, R = t-Bu 


(2,2,4,4-tetramethyl-3-phenylpentane)chromium(O) (l), as 
compared to 22.2 kcal mol -l for the corresponding barrier 
in 2-nitro-4-(2,2,4,4-tetramethyl-3-pentyl)acetanilide (2).2b 


'Bu (t) 


1 
'Bu(t) 


2 


Experimental Design. To remain faithful to  our ob- 
jective, a system had to be chosen with the same arene in 
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complexed and uncomplexed form, and with the capability 
of having site exchanges experimentally monitored in both. 
In addition, our design called for a system which would 
bear some resemblance to the structural type studied be- 
fore,' i.e., a hexaalkylbenzene with rotating alkyl groups 
of the type C,-CH2R. 


All of the above conditions are met by the 1,2-dialkyl- 
3,4,5,6-tetramethylbenzenes (alkyl = CH2R), exemplified 
by 1,2-diethyl-3,4,5,6-tetramethylbenzene (3) and 1,2-di- 
neopentyl-3,4,5,6-tetramethylbenzene (4). As shown by 
EFF calculations (see below), both molecules adopt a 
ground state of approximate C2 symmetry, in which the 
two R groups are located on opposite sides of the benzene 
ring (see Scheme I). The geminal methylene protons in 
sites a and b are therefore not related by symmetry, and 
an AB spin pattern is expected. Enantiomerization 
(Scheme I: 3a F? 3b, 4a F? 4b) by rotation about the 
C,-CH2R bonds results in site exchange of H(a) and H(b), 
observable by collapse of the AB system. Complexation 
with chromium tricarbonyl(3 - 5,4 - 6) destroys the C2 
axis and renders the molecules asymmetric; a t  the slow- 
exchange limit one would therefore expect anisochrony of 
all signals. Enantiomerization (Scheme I: 5a e 5b, 6a s 
6b) by rotation about the C,-CH2R bonds now results in 
pairwise site exchanges of H(a) and H(c), H(b) and H(d), 
H(i) and HCj), H(e) and H(h), and H(f) and H(g). Because 
of molecular asymmetry, site exchange in the ?r complexes 
can also be monitored by 13C NMR spectroscopy. 


Accordingly, variable-temperature NMR studies on 3 
and 5, or 4 and 6, are capable in principle of leading to the 
desired comparison of experimentally determined rotation 
barriers. 


Iverson and Mislow 


However, attempts to observe this proposed intermediate 
by use of low-temperature 13C NMR spectroscopy have 
thus far proven unsuccessful.6 


Support for the stepwise mechanism comes from EFF 
calculations. The AM force fieldl1J2 was used within the 
framework of the previously described' BIGSTRN-2 pro- 
gram.13 Energy minima (4 and 9) were calculated by the 
full relaxation technique, and the preferred rearrangement 
pathway of the neopentyl groups was simulated by use of 
the incremental group-driving technique.14 Our calcula- 
tions indicate an enantiomerization pathway, 4a 8a s 
9 s 8b s 4b, with 8 and 9 lying 14.7 and 6.4 kcal mol-', 
respectively, above the ground state.15 By contrast, the 
transition state for the concerted pathway, 7, lies 23.4 kcal 
mol-l above 4,16 and this mechanism may therefore be 
safely ruled out of consideration. 


The 'H NMR (100-MHz) spectrum of 4 in 1,1,2,2- 
tetrachloro[ 1,2-2H2]ethane (Table I) a t  -2.6 "C displays 
an AB quartet for the methylene protons which reversibly 
collapses a t  elevated temperatures. Rate constants for 
exchange were obtained in the temperature range -2.6 to 
+121.5 "C by a line-shape analysis using the program 
DNMR3.17p1s A least-squares fit of the rate data to the 
Eyring equation20 yielded a value of AG*298 = 16.2 f 0.3 


Results and Discussion 


While the effect of metal complexation on the barrier 
to ethyl group rotation in hexaethylbenzene is more ap- 
propriately modeled by 3,3 no NMR decoalescence of the 
methylene protons could be observed down to -140 "C a t  
100 MHz, and we therefore directed our attention to 4. 


The variable-temperature 'H NMR spectrum of 4 was 
first reported in 1966 by Dix et  al.,* who observed coa- 
lescence of the diastereotopic methylene protons and who 
interpreted their results as described in Scheme I. A 
concerted conrotatory motion of the neopentyl groups 
through a transition state resembling 7 was thought to be 


Bu( t )  Bu(t)  Bui i )  


7 8a 9 


responsible for the enantiomerization. In a trenchant 
critique, Martinson5 subsequently argued that the internal 
rotations of the neopentyl groups in 4 should be reinter- 
preted in terms of a stepwise motion, implying transition 
states resembling 8a and ita enantiomer 8b, and the in- 
tervention of an intermediate (9) in which both tert-butyl 
groups are located on the same side of the benzene ring.67 


(3) Newman, M. S.; LeBlanc, J. R.; Kames, H. A.; Axelrad, G. J. Am. 


(4) Dix, D. T.; Fraenkel, G.; Karnes, H. A.; Newman, M. S. Tetrahe- 


(5) Martinson, P. Acta Chem. Stand. 1972, 26, 3568. 
(6) N i h n ,  B.; Martinson, P.; Olason, K.; Carter, R. E. J. Am. Chem. 


Chem. SOC. 1964,86, 868. 


dron Lett. 1966, 517. 


Sot. 1974,96, 3190. 


(7) Evidence adduced in support of this mechanism was taken from 
studies on the internal dynamica of substituted neopentylbenzenes.6~~Jo 
Martinsod and Nibson et al? also concluded that the magnitude of 
rotational barriers in neopentylbenzenes is determined largely by the size 
of the smaller ortho substituent. The proposed stepwise rearrangement 
of the neopentyl grou s in 4 is therefore further supported by the simi- 


that in related systems (AG* = 15.0 to 15.5 kcal mol-').6 
(8) M W n ,  J.; Martinson, P. Acta Chem. Scand. 1969, 23, 3187. 


Carter, R. E.; M W n ,  J.; Dahlqvist, K.4. Zbid. 1970,24, 195. Reuvers, 
A. J. M.; Sinnema, A.; Nieuwatad, Th. J.; van Rantwijk, F.; van Bekkum, 
H. Tetrahedron 1971,27,3713. 


(9) Nilason, B.; Carter, R. E.; Dahlqvist, K.-I.; Mirton, J. Org. Magn. 
Reson. 1972, 4, 95. 


(10) The internal dynamics of neopentylbenzene systems have been 
a subject of continuing interest. See: (a) Ris, C.; Schaasberg-Nienhuis, 
Z. R. H.; Cerfontain, H. Tetrahedron 1973, 29, 3165. (b) Nilsson, B.; 
Martiion, P.; O h n ,  K.; Carter, R. E. J. Am. Chem. Soc. 1973,95,5615. 
(c) Nilason, B. Mol. Phys. 1974,27,625. (d) Nilsson, B.; Drakenberg, T. 
Org. Magn. Reson. 1974,6,155. (e) Carter, R. E.; Ndseon, B.; Olsson, K. 
J. Am. Chem. SOC. 1975,97,6155. ( f )  Dahlberg, E.; Nilsson, B.; Olsson, 
K.; Martinson, P. Acta Chem. Scand., Ser. B 1975, B29,300. (9) Carter, 
R. E.; Stilbs, P. J. Am. Chem. Sot. 1976, 98, 7515. (h) Andersson, S.; 
Carter, R. E.; Drakenberg, T. Acta Chem. Scand., Ser. B 1980, B34,661. 


(11) Andose, J. D.; Mislow, K. J.  Am. Chem. Sot .  1974, 96, 2168. 
Mislow, K.; Dougherty, D. A.; Hounshell, W. D. Bull. SOC. Chim. Belg. 
1978, 87, 555. 


(12) A corrected value of -25.9 kcal mol-' was used for the 
C,-C,-C,-C, torsional constant. 


(13) Iverson, D. J.; Mislow, K. QCPE 1981, 13, 410. 
(14) The torsion angle + (defied by the quatemary, methylene, aryl, 


and ortho-methylated aryl carbon atoms). was. fixed at increasing values 
while all other internal parameters were rrrrrrrrmzed with respect to energy. 


(15) Similar calculations indicate that enantiomerization of 3 proceeds 
by the same stepwise mechanism. The corresponding transition and 
intermediate states, analogous to 8 and 9, are calculated to lie 6.4 and 1.3 
kcal mol-', respectively, above the ground state. 


(16) Calculated by minimining the energy of 7 under the constraint of 
maintaining + = 0 for both tert-butyl groups. The transition state for 
the concerted pathway in 3, which was similarly calculated, lies 11.6 kcal 
mol-' above the ground state. 


(17) Kleier, D. A.; Binsch, G. QCPE 1970,11,165. The site exchange 
was treated as a single-step permutation; i.e., the presence of an inter- 
mediate species was formally ignored in our analysis. 


(18) A temperature dependent chemical shift difference (Av)  of ca. 
0.027 Hz deg-' was observed in the temperature range -2.6 to +45.4 "C. 
The values used for Au at higher temperatures were obtained by linear 
extrapolation. We also noted a slight but distinct asymmetry in the 
methylene line shape at  intermediate rates of exchange; this type of 
asymmetry may be expected1@ if the exchange proceeds via a chemically 
shifted low-population isomer such as 9. This evidence is, of course, far 
from conclusive, and we therefore prefer to withhold further comment. 


larity of the reported LY rotation barrier in 4 (AC*zss = 16.3 kcal mol-') to 
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Table 1. NMR Properties of 4 and 6 


compd nucleus temp,"C 
4 IHb -2.6 


1Hb 121.5 
13C(iH}d 30 to 35 


6 IHe -76 


]He 35 
13CvH}e -70 to -75 


13C(iH}e 30 to 35 


resonance frequenciesa 
CH, Cq(CH313 C,-CH3 cq car co 


2.74(d),C 2.95(d)C 0.83 2.20,2.23 
2.88 0.84 2.20, 2.24 
41.5 30.1 17.0, 19.5 34.4 132.0, 132.7, 


2.49(d),f 2.75(d),f 1.03, 2.12, 2.20, 


2.73 1.13 2.22, 2.24 
39.7, 39.7 30.5, 16.8,17.0, 33.2, 102.0, 103.7, 235.5 


135.0 


2.64 (d)! 2.97 (d)g 1.20 2.22, 2.37 


31.1 18.9. 20.5 34.5 107.9, 113.2, 


41.3 
114.0; 117.9. 


113.9 
32.0 17.6, 20.2 34.6 108.2, 108.6, 235.7 


a Chemical shifts are in parts per million downfield from internal tetramethylsilane. Resonances are singlets unless 
specified otherwise. For I3C { 'H} spectra, assignments were aided by use of single frequency off-resonance decoupling. * In 1,1,2,2-tetrachloro[l,2-*Halethane. VHH = 14.5 Hz. In [ZH]chloroform. e In dichloro['H,]methane. f *JHH = 
15.0 Hz. 'JHH = 15.0 Hz. 


kcal mol-' for the enantiomerization barrier, in excellent 
accord with the values of 16.2 and 16.3 kcal mol-' esti- 
mated6 from the original work of Dix et  al. (CCl,, s ~ l u t i o n ) ~  
and measured by Nilssen et  al. (CDC13 solution): re- 
spectively?' and in good agreement with the calculated 
(EFF) value of 14.7 kcal mol-'. 


The 'H NMR (100-MHz) spectrum of 6 in dichloro- 
[2H2]methane a t  -76 OC displays two methylene AB 
quartets, four ring-methyl singlets, and two tert-butyl 
singlets; as discussed above, reversible pairwise collapse 
of 'H (and also 13C) signals reflects the onset of rapid 
rotation of the neopentyl groups (Scheme I and Table I).= 
Rate constants for exchange were obtained from the 
ring-methyl signals in the temperature range -76 to +35 
"C by a line-shape analysis using the program DNMR3." 
Representative experimental spectra and calculated line 
shapes are shown in Figure 1. A least-squares fit of the 
rate data to the Eyring equation" yielded a value of AG" 
= 12.0 & 0.3 kcal mol-' for the enantiomerization barrier. 


The observed 4.2 kcal mol-' decrease in activation energy 
of 6 relative to 4 is comparable to the previously reported2" 
5.3 kcal mol-' decrease in activation energy of 1 relative 
to 2. In both cases the effect may be attributed to an 
increase in the ground-state energy of the a complex, re- 
sulting from nonbonded interactions between the tri- 
carbonylchromium fragment and the proximal tert-butyl 


By the same token, in the presence of smaller 


(19) Kaplan, J. I.; Fraenkel, G. "NMR of Chemically Exchanging 


(20) Assuming a transmiasion coefficient of unity. 
(21) However, the partitioning of AG* into AH* and AS' components 


is at  variance with previous results we calculate AS' = -1 cal mol-' K-l, 
whereas the reported* values are -16 and -11.5 cal mol-' K". Several 
factors may be held accountable for this diecrepancy,2* e.g., solvent ef- 
fects, the asymmetry of the methylene line shape at  intermediate rates 
of exchange,'* and problems associated with a linear extrapolation of Au 
values to the higher temperature range.18 


(22) Uncertainties in the values of AS* and AH* derived from NMFt 
line-ehape analyaea have been widely discussed. See for example: Shoup, 
R. R.; Becker, E. D.; McNeel, M. L. J. Phya. Chem. 1972, 76, 71. Cole- 
brook, L. D.; Giles, H. G.; Granata, A.; Icli, s.; Fehlner, J. R. Can. J. 
Chem. 1973,51,3635. Bickley, D. G.; Serpone, N. Can. J. Spectroac. 1974, 
19, 40. Liljefors, T. Org. Magn. Reson. 1974, 6, 144. Carter, R. E.; 
Drakenberg, T.; Roussel, C. J. Chem. SOC., Perkin Trans. 2 1975, 1690. 


(23) A site-exchange proceee involving arene-metal bond disclociation 
was ruled out by the observation of separate resonances in a mixture of 
4 and 6 at the fast-exchange limit of 6. 


(24) This interaction is absent in the free arene. In the r-complexed 
intermediate, both tert-butyl groups are presumably distal to the metal 
atom. 


System"; Academic Press: New York, 1980; pp 120-122. 


klsec'l 


1 


28.4 -m 15,4k 1.7 


Figure 1. Center: variable-temperature 'H NMR spectrum 
(C,-CH3 and methylene region) of tricarbonyl(l,2-dineo- 
pentyl-3,4,5,6-tetramethylbenzene)chromium(O) in dichloro- 
[2H2]methane. Right: calculated C,-CH3 line shapes and en- 
antiomerization rate constanta. Lek calculated methylene proton 
line shapes. 


steric interactions one would expect a smaller difference 
between alkyl rotation barriers in complexed and uncom- 


(25) This conclusion is corroborated by an X-ray analysis of 1 which 
demonstrates molecular distortion: van M e w ,  F.; van Koningsveld, H. 
J. Organomet. Chem. 1976,118,295. von Koningsveld, H.; van M e w ,  
F. Tetrahedron 1977,33, 2699. 
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plexed arenes. This is what was found' for hexaethyl- 
ben~ene ,~ '  and it is what we predict for 3. 


Experimental Section 
Solution 100.1-MHz 'H and 25.2-MHz 13C NMR spectra were 


recorded on a Varian XL-100 spectrometer. The infrared spec- 
trum was obtained on a Perkin-Elmer 283 spectrometer. Mass 
spectra were measured on an AEX MS-9 high-resolution mass 
spectrometer, with an ionizing voltage of 70 eV. High-performance 
liquid chromatography (HPLC) was done on a Waters k i a t e a  
Prep LC/System 500 instrument. Reagents obtained from the 
indicated sources were used without further purification: 
1,2,3,4tetramethylbenz8ne (Aldrich); paraformaldehyde (Aldrich); 
tert-butyllithium in pentane (Alfa); chromium hexacarbonyl 
(Pfaltz & Bauer). Di-n-butyl ether and tetrahydrofuran were 
distilled from LiA1H4. 


1,2-Dineopentyl-3,4,5,6-tetramethylbenzene (4) was syn- 
thesized by a procedure adapted from the work of Bassindale et 
al.28 and Reuvers et al,% 1,2-Bis(chloromethyl)-3,4,5,6-tetra- 
methylbemenem (15.0 g, 64.9 "01) was dissolved in hexane (300 
mL). The magnetically stirred solution was cooled to 0 OC, and 
a 1.9 M pentane solution of tee-butyllithium (68.2 mL, 130 "01) 
was slowly added. The resulting pink solution was stirred for 3 
h at 0 OC and for an additional 12 h at room temperature. During 
this time the mixture turned yellow. Finally, the mixture was 
refluxed for 3 h. After being cooled to room temperature, the 
mixture was quenched with saturated aqueous NH4C1. The or- 
ganic layer was separated and sequentially washed with water 
and brine. After the solution was dried over MgSO,, the solvents 
were stripped under reduced pressure. The resulting gummy 


Iverson and Mislow 


yellow residue was initially purified by silica gel chromatography, 
using pentane as the eluant. This yielded 5.64 g of a mixture of 
three components, as determined by silica gel TLC. The Rf's, 
wing pentane as the eluant, were 0.69,0.60, and 0.52. The middle 
spot was identified as 4 and isolated by HPLC on silica gel, with 
hexane as the eluant. The yield was 2.07 g, mp 90-91.5 O C  (lite3 
mp 96.0-97.5 "C). Mass spectrum: m/e (relative intensity) 274 


- 2CH3, l l ) ,  161 (217 - C4HB, loo), 119.5 (M*). Mass spectrum 
(high resolution): mle 274.2652 (274.2661 calcd for C&Ia). NMR 
properties are listed in Table I. 


Tricarbonyl( 1,2-dineopentyl-3,4,5,6-tet ramethyl- 
benzene)chromium(O) (6) was synthesized according to the 
procedure of Mahaffy and Pauson?l Chromium hexacarbonyl 
(1.2 g, 5.5 mmol) and 4 (1.0 g, 3.6 mmol) were placed in a ni- 
trogen-purged flask fitted with a reflux condenser and a nitrogen 
inlet. Di-n-butyl ether (30 mL) and tetrahydrofuran (5 mL) were 
added, and the solution was refluxed under nitrogen for ca. 15 
h. The solvents were removed at 60 "C and a pressure of ca. 1 
mmHg. Small samples (580 mg) of pure 6 were conveniently 
obtained from this greenish yellow residue by small-scale silica 
gel chromatography (a 7-in. Pasteur pipette was used as the 
column). Pentane elutes unreacted 4 and pentane-acetone (51) 
elutes 6. Mass spectrum: mle (relative intensity) 410 (M', 14), 


- 3C0, 100), 274 (M' - Cr(C0)3, 37). Mass spectrum (high 
resolution): mle 410.1903 (410.1913 calcd for CzsHa52Cr03). IR 
(CC14): 1880, 1904 (sh), 1955, 1979 cm-'. NMR properties are 
listed in Table I. 


Variable-Temperature NMR Measurements. All varia- 
ble-temperature 'H spectra were recorded at 100.1 MHz in the 
Fourier transform mode on a Varian XL-lo0 spectrometer. NMR 
samples were contained in 5-mm 0.d. sample tubes. Temperaturea 
were measured with a copper-constantan thermocouple which 
was inserted, at coil height, into another 5-mm 0.d. sample tube 
containing an equal volume of the NMR solvent. Temperatures 
are considered to be accurate to f 2  OC. For the measurement 
of internal line-width parameters, the tert-butyl resonance was 
used for 4 and internal tetramethylsilane for 6. 


Acknowledgment. We thank the National Science 
Foundation (Grant CHE-8009670) for support of this work. 


Registry No. 4, 6668-20-8; 6, 78685-96-8. 


(M+, 46), 259 (M+ - CHB, 8), 217 (M+ - C4H9, 89), 187 (M+ - C4H9 


395 (M+-CHS,4),382 (M+-CO, 2), 354 (M+-2CO,9), 326 (M+ 


~~ 


(26) It should also be noted that enantiomerization of 4 involves an 
intermediate (9) in which the two tert-butyl groups project with equal 
probability toward either one of the two faces of the aromatic ring, 
whereas in 6 only the side distal to the metal is expectad to be available 
for double occupancy by these bulky  group^.^ The probability for en- 
antiomerization of 6 is therefore effectively halved, relative to 4, and, as 
was previously pointed out2" in connection with the study of 1, the AG*= 
value obtained for 6 should therefore be decreased by RT In 2 = ca. 0.4 
kcal mol-' due to a statistical factor. 


(27) The absence of strong steric interactions between the tri- 
carbonylchromium moiety and the ethyl groups of hesaethylbenzene i; 
indicated by the absence of major distortions in the X-ray structure. 


(28) Bassindale, A. R.; Eaborn, C.; Walton, D. R. M. J. Chem. SOC. C 
1969, 2506. 


(29) Reuvers, A. J. M.; Klomp, J.; van Rantwijk, F. Delft h o g .  Rep., 
Ser. A 1973,1, 27. 


(30) Prepared as previously described.s (31) Mahaffy, C. A. L.; Pauson, P. L. Inorg. Synth. 1979, 19, 154. 
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The mixed-metal system palladium chloride and silver fluoroborate initiated cyclization of an indole 
ring onto an olefin to form six- and seven-membered rings. The geometric dependence of the reaction 
was probed. Mechanistic considerations invoking either nucleophilic addition to a double bond or a Heck-type 
process were presented. The implications of this approach for the synthesis of Iboga alkaloids were 
considered. In ancillary work, the presence of a trimethylsilyl group on the nitrogen of indole effectively 
directed acylation to C(3). 


Introduction 
The Heck arylation constitutes a powerful method for 


introduction of aryl groups via addition to olefins-a truly 
unique behavior.' While extensive examples of intermo- 
lecular cases abound, intramolecular versions (eq 1) were 


I, 
PdY 


nonexistent until One difficulty is associated 
with regiochemical control in the palladation step which 
has been obviated by substituting the ortho position of the 
aromatic ring with halogen2 or a m e l d 3  As part of our 
program in the total synthesis of alkaloids: we were most 
interested in a version of the arylation which did not rely 
on such a regiochemical control element! We focused our 
attention on the problem outlined in eq 2. Regioselectivity 


h 


e or 


/ \ 
R R 


R 


in the direct palladation of heteroaromatics should be 
higher.s Since the palladation reaction resembles elec- 
trophilic aromatic substitution' and 3-substituted indoles 
generally undergo such substitution in the 2-position: a 
direct cyclization as illustrated in eq 2 appears reasonable. 


(1) For reviews, see: Tsuji, J. "Organic Synthesis with Palladium 
Compounds"; Springer Verlag: Berlin, 1980. Heck, R. F. Acc. Chem. Rea. 
1979,12,146. Troet, B. M. Tetrahedron 1977,33,2615. Heck, R. F. Org. 
React., in press. 


(2) Melpolder, J. B.; Heck, R. F. J. Org. Chem. 1976,41,265. Ban, Y.; 
Wakamatau, T.; Mori, M. Heterocycles 1977, 7,  1711. Terpko, M. P.; 
Heck, R. F. J. Am. Chem. SOC. 1979, 101, 5281. Mori, M.; Ban, Y. 
Tetrahedron Lett. 1979, 1133. Odle, R.; Blevins, B.; Ratcliff, M.; Hege- 
dus, L. S. J. Org. Chem. 1980,45, 2709. 


(3) Trcat, B. M.; Tanigawa, Y. J. Am. Chem. SOC. 1979, 101, 4748. 
(4) (a) Trcat, B. M.; Genet, J. P. J. Am. Chem. SOC. 1976,98,8516. (b) 


Trost, B. M.; Godleaki, S. G.; Genet, J. P. Zbid. 1978,100,3930. (c) Trost, 
B. M.; Godleski, S. G.; Belletire, J. L. J. Org. Chem. 1979, 44, 2052. 


(5) Fujiwara, Y.; Moritani, I.; Danno, S.; Aeano, R.; Teranishi, S. J. 
Am. Chem. SOC. 1969, 91, 7166. Asano, R.; Moritani, I.; Sonoda, A.; 
Fujiwara, Y.; Teranishi, S. J. Chem. SOC. C 1971, 3691. Moritani, I.; 
Fujiwara, Y. Synthesis 1973, 524. 


(6) Fugiwara, Y.; Mariyama, 0.; Ycahidomi, M.; Taniguchi, H. J. Org. 
Chem. 1981,46,851. 


(7)  Danno, S.; Moritani, I.; Fujiwara, Y. Tetrahedron 1969,25,4815. 
Fuiiwara, Y.; Asano. R.: Moritani. I.: Teranishi. S. J. Ora. Chem. 1976. 
41,-1681.- 


(8) Remers, 


. .  


W. A. Chem. 


. .  


Heterocycl. 


- 
Compd. 1972,25, 70. 
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Alternatively, a pathway for this reaction invoking nu- 
cleophilic attack of the electron-rich heteroaromatic ring 
on a palladium-complexed olefin as represented in eq 3 
may be envisioned. 


, 
R k 


n 


( 3 )  
\ R 


Initial studies were performed on isoquinuclidine (1) as 
a critical step in total syntheses of deethylibogamine? 
ibogaminetb and catharanthine." Since the yields varied 


q&R-m(-& H H I R 


1 
a, R = H; b, R = C,H,; c, R = O,CC(CH,), 


from 20% to 45% and the isoquinuclidine nitrogen ap- 
peared to be a complicating factor, we chose substrates 2-5 
to probe the steric and electronic factors of this cyclization. 


k k 
2 3 


q I /  
H 


I 
CH3 


5 4 
a, R = H; b, R = CH, 


Synthesis of Substrates 
The basic strategy for the synthesis of the requisite 


substrates uses the known Diels-Alder adduct 69 (eq 4). 


(9) Skeda, R.; T r a m p e h ,  0. Chem. Ber. 1942,75,1379. Running the 
Diels-Alder reaction in the presence of BCl, enhances the stereochem- 
istry. 
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appearance of the 'H absorptions at  6 6.8 (C(Z), d, J - 2 
Hz) and 6.14 and 6.24 (vinyl H). Further, the absorption 
at 6 2.39 (d, J = 7 Hz) for the 3-CH2 group in 2a has been 
replaced by the AB portion (6 2.53 and 2.76, JAB = 15.6, 
JAx = 4.8, JBx = 1.6 Hz) of an ABX pattern. 


Attempted ring closure by catalysis with Lewis acids 
(boron trifluoride etherate, aluminum chloride, mercuric 
acetate, stannous or stannic chloride, zinc chloride, mag- 
nesium bromide, titanium tetrachloride, lead tetraacetate) 
gave only a regioisomeric mixture of aromatic ring acet- 
oxylated products (from mercuric acetate or lead tetra- 
acetate) or a complex mixture in which 9a could not be 
detected in more than trace amounts. Other mixed-metal 
systems containing palladium (with stannic chloride, boron 
trifluoride, titanium trichloride, stannous chloride, alu- 
minum chloride) were similarly undisposed toward cata- 
lysis of the desired cyclization. 


Visual following of the cyclization reaction revealed that 
the original yellow, heterogeneous reaction mixture that 
formed upon mixing the substrate with the palladium and 
silver salts blackened and deposited palladium metal upon 
addition of triethylamine. It was also felt that excess silver 
salts might increase the electrophilicity of the mixed-metal 
system so as to destroy its selectivity. Indeed, premixing 
1.1 equiv of palladium(I1) chloride and 1.1 equiv of silver 
fluoroborate in acetonitrile for 2 h, adding the substrate 
2a, and stirring at ambient temperature for 40 h gave, after 
reductive workup, a crude solid in 75% yield consisting 
of an approximately 5 1  mixture of the pentacyclic product 
9a and the dihydro starting material. Recrystallization 
from hexane gave pure 9a, mp 204-206 "C, in 61% yield. 
To verify that the liberated HC1 does not affect the re- 
action, repetition of the reaction in the presence of pro- 
pylene oxide gave the pentacyclic product 9a in 57% yield, 
insignificantly different from the yield in the absence of 
the epoxide. 


The role of the mixed-metal catalyst remains undefined. 
A reasonable rationale involves enhancement of the elec- 
trophilicity of the palladium chloride in the presence of 
silver ion. Use of a more electrophilic palladium salt might 
preclude the need for the silver salt. While palladium 
trifluoroacetate did effect cyclization of 2 to 9, the yield 
was a disappointing 10%. Palladium acetate failed to 
effect cyclization at  all. 


The N-methyl analogue 2b behaved similarly- 
producing its corresponding cyclization product 9b in 60% 
yield under similar conditions. Thus, initial N-palladation 
followd by rearrangement to C(2) can be ruled out." For 
examination of the addition step independent of the 
palladation step, the trimethylstannyl derivative 10 was 
formed by lithiationI2 followed by metal-metal exchange 
(eq 8).13 In this way, a 3:l mixture of 10 and 2, respec- 


2b - 9b (8) 
SnMe3 / 


I 
CH3 


10 
tively, was obtained and used as such. Simple addition 
of 1.1 equiv of palladium chloride to 10 at  room temper- 
ature and normal reductive workup led to the cyclized 
product 9b in 67% yield (corrected for the 3:l ratio of 10 


6 7 


H 8 


While details will be reported elsewhere, the general 
scheme involves acylation of N-(trimethylsily1)indole with 
the acid chloride corresponding to 6,7, or 8 (except in the 
last case where N-indolylmagnesium bromide was em- 
ployed) followed by LiAlH, reduction. It is interesting to 
take note of high regioselectivity of acylation of N-(tri- 
methylsily1)indole for C(3)-an observation that should 
be generally useful (eq 5). The final substrate 4 was 


0 
I I  


SiMe, k 


available by acylation of the known isoquinuclidine (9)'O 
(eq 6). In the case of 5, separation from a small amount 


a - 4  


of the endocyclic olefin isomer was not possible, and the 
mixture was used. 


Cyclization 
Treatment of 2a with 1.0 equiv of PdC12, 2.0 equiv of 


AgBF,, and 1.0 equiv of triethylamine in refluxing aceto- 
nitrile followed by reductive workup gave 9a in only 
12-15% yields (eq 7). The identification of 9a rests upon 


( 7 )  


I 
R H  


9a ,  R =  H 
b, R = CH, 


analytical and spectroscopic data. Combustion analysis 
and mass spectrometry establish the isomeric nature of 9a 
compared to 2a. That the 2-position of the indole and the 
olefin of 2a have been modified is indicated by the dis- 


(10) Cava, M. P.; Wilkins, c. K., Jr.; Dalton, D. R.; Beesho, K. J. Org. 
Chem. 1966,30,3772. 


(11) Cf. ref 4a. 
(12) For lithiation of N-methylindole, see: Shirley, D. A.; R o w e l ,  P. 


A., J. Am. Chem. Soe. 1963, 75, 375. Sundberg, R. J.; Parton, R. L. J. 
Org. Chem. 1976,41,163. In OUT experimenta TMEDA w a  employed as 
solvent and activator. 


(13) Cf. ref 3. Also see: Hcek, R. F .  J. Am. Chem. SOC. 1968,90,5542. 
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to 2b of the starting material). The 2b that was present 
was unreactive toward the palladium salt as shown by the 
fact that it was recovered as its dihydro derivative in 22% 
yield (88% recovery)-a consequence of its reduction 
during workup. Independent treatment of 2b with palla- 
dium chloride as its bis(acetonitri1e) complex verified the 
failure of 2b to participate directly in cyclizations under 
the conditions in which the tin derivative reacts com- 
pletely. 


Variation of ring size has a dramatic effect on the cy- 
clization. Treatment of 3 with 1.0 equiv each of palladium 
chloride and silver fluoroborate in identical fashion to 2 
led to a 20% yield of the pentacyclic product 11 in addition 
to 12% of the oxindole 13 (eq 9). The latter presumably 
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I 
H 


11 
12 


13 


arises from the air oxidation of the initially formed product 
12. The ratio of 11 to 13 varied with reaction temperature 
(0 "C, 3.5; 25 OC, 1.7; 35 "C, 0.63) while the combined yield 
remained relatively constant (30-36%). 


Spectroscopic data confirm the structural assignments. 
Mass spectroscopy established that 11 was isomeric with 
3. The absorptions for the proton at  C(2) (6 6.82) and the 
olefinic protons (6 6.07 and 6.19) in 3 have disappeared, 
and the benzylic-type methylene absorption at  2.71 
changes from a triplet (J = 7.8 Hz) to a complex AB 
portion of an ABXY pattern at  6 2.82-2.89. For the by- 
product, mass spectroscopy establishes a formula of C18- 
H21N0. The oxindole structure was suggested by a car- 
bonyl stretch in the IR spectrum at  1730 cm-' l4 and NH 
absorption at  3170 cm-'. The N-H absorption in the NMR 
spectrum appeared a t  6 9.70 (exchangeable with D20), 
considerably downfield from the simple indole systems (6 
7.5-8.0). The aromatic region of the proton NMR spec- 
trum showed only three contiguous aromatic protons (6 
7.15, dd, J = 8.1, 8.0 Hz; 7.40, d, J = 8.1 Hz; 8.04, d, J = 
8.1 Hz). 


Because of the difficulties encountered in obtaining high 
yields of stannylated indoles, alternative group transfer 
metals were considered in this case. Palladium-catalyzed 
arylations with diphenyl selenide15 initiated examination 
of the 2-benzeneselenenyl derivative 14 which forms in high 
yield upon treatment of 3 with benzeneselenenyl chloride 
in benzene containing triethylamine. Unfortunately, 
transmetalation to palladium and consequently cyclization 
failed. 


In examination of the geometrical dependence of the 
cyclization, substrate 5 was subjected to the cyclization 
conditions (eq 10). Most rewardingly, this palladium-in- 
itiated cyclization to 15 was the most efficient of all-84%. 


(14) Kellie, A. E.; OSullivan, D. G.; Sadler, P. W. J.  Chem. SOC. 1956, 


(15) Kawamura, T.; Kikukawa, K.; Takagi, K.; Matauda, M. Bull. 
3809. 


Chem. SOC. Jpn. 1977,50,2021. 


3 - @ 4  SePh & / 


A 
14 


5 - q p  ( 1 0 )  


C"3 


15 
It was repeated in the presence of propylene oxide to give 
15 in 79% yield to verify that the liberated HC1 did not 
affect the reaction. Considering that this case most closely 
resembles the type of cyclization desired in our projected 
synthesis of catharanthine, this result was most gratifying. 


We extended our studies to the amide 4 in order to 
determine if a less basic nitrogen would substitute for the 
basic nitrogen of la. Unfortunately, no cyclization prod- 
ucts were obtained from any cyclization conditions. 


Discussion 
The palladium(2+) cyclization clearly shows a preference 


for six-membered ring formation over seven. Assuming 
a Heck type of mechanism, it implies that a bicyclo[4.2.0] 
type transition state (i.e., 16, n = 1) is preferred over a 


n 


17 16 
bicyclo[5.2.0] type (i.e., 16, n = 2). On the other hand, 
models indicate the exo-type array as shown in 17 is geo- 
metrically less strained than the endo-type array as in 16. 
Indeed, the cyclization of 5 was the most favorable. 


The palladation step appears to be the source of most 
complications, as suggested by the following observations. 
First, the generation of the organopalladium species from 
the tin derivative leads to particularly facile cyclization. 
Second, in the case of 3, the product mixture can be in- 
terpreted as arising from indiscriminate palladation, with 
11 arising from palladation at C(2) and 13 from palladation 
at C(4). The temperature dependence of the ratio of these 
two products supports this view. Further, 50% of the 
product appears to be oligomeric. If palladation occurs 
at C(5) or C(6) or C(7), only oligomeric products can arise. 
The ratio of products arising from attack at  C(5) vs. C(4) 
is consistent with the normal reactivity patterns for 3- 
substituted indoles.16 On the other hand, the greater 
competition for palladation in the benzene ring of the 
indole for 3 compared to 2 or 5 is difficult to comprehend 
at  the present time. Further, the fact that mercuration 
of 3-methylindole is specific for C(2) contributes to the 
confusion." One possible rationale would be a divergence 
in mechanism between 2 and 5 on the one hand and 3 on 
the other. Formation of an (olefin)palladium(2+) complex 
would likely be kinetically faster than aromatic palladation. 


(16) Noland, W. E.; Smith, L. R.; Johnson, D. C. J.  Org. Chem. 1963, 
28, 2262. Brown, K.; Katritzky, A. R. Tetrahedron Lett. 1964, 803. 
Noland, W. E.; Smith, L. R.; Rush, K. R. J. Org. Chem. 1965,30,3463. 
Berti, G.; DaSettimo, A.; Nannipeiri, E. J. Chem. SOC. C 1968, 2145. 


(17) Mingoia, Q. Gazz. Chim. Ztal. 1930,60,509. Ramachandran, L. 
K.; Witkop, B. Biochem. J .  1964,3, 1603. 
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It might then be argued that the favorability of six-mem- 
bered ring formation in the cases of 2 and 5 leads to 
trapping of this kinetically formed complex by the nu- 
cleophilic indole ring (eq l l )  faster than rearrangement 


Trost and Fortunak 


I H 6dX 
R 


to the arylpalladium species. Such palladium-assisted 
nucleophilic attack by carbon nucleophiles is precedent- 
ed.18 Attempts to explore this suggestion by determining 
the stereochemistry of the C-Pd bond by quenching with 
NaBD, were thwarted by the complexity of the NMR 
spectra of the products. In the case of 3 where such 
trapping forms a seven-membered ring, the (o1efm)palla- 
dium complex is not rapidly trapped but leads to cycli- 
zation only after ring palladation. The nature of the 
product mixture and the earlier work in the isoquinuclidine 
series support the view that seven-membered ring forma- 
tion does indeed arise from a Heck-type process. It does 
indicate that, a t  least in this case, palladation is not re- 
gioselective. The resolution of this fascinating dichotomy 
must await further exploration. It is noteworthy that these 
cyclizations proceed in substantially higher yields than the 
intermolecular versionsa6 


The failure of 4 to cyclize by either mechanism is ex- 
pected on geometric grounds. The planarity of the iso- 
quinuclidine nitrogen forces the indole nucleus far away 
from the olefin, thereby precluding cyclization. 


Experimental Section 
General. All reactions were run under a positive pressure of 


dry nitrogen unless otherwise noted. Anhydrous reactions were 
performed in flame-dried glassware cooled under a stream of 
nitrogen. Anhydrous solvents were transferred via oven-dried 
syringe or cannula. Solvents were distilled before use: di- 
methylformamide (DMF), acetonitrile, dichloromethane, chlo- 
roform, pyridine, hexane, toluene, and triethylamine from calcium 
hydride; diethyl ether, tetrahydrofuran (THF), and benzene from 
benzophenone ketyl. Thionyl chloride was dietilled from triphenyl 
phosphite; oxalyl chloride from potassium carbonate; chlorotri- 
methylsilane from tri-n-butylamine. Other reagents were used 
as obtained commercially. The term "in vacuo* refers to removal 
of solvent on a Buchi-Brinkman Rotoevaporator at water aspirator 
pressure. The term "drying of solvents" refers to stirring over 
anhydrous magnesium sulfate (or, if specifically noted, another 
anhydrous desiccant) for removal of water as the hydrate salt. 
Silica gel (Merck 60-PF 254) was used for analytical and all 
preparative (1.5 mm thick) thin-layer chromatography ( n C )  and 
was activated by heating at  120 "C for 2 h before use. Typical 
loadings on preparative plates were less than 50 mg on 20 X 10 
cm, 50-200 mg on 20 X 20 cm, and 200-500 mg on 20 X 40 cm. 
Column chromatography was carried out with Grace (grade 62, 
60-200 mesh) silica gel and Fisher (60-200 mesh) Florid ad- 
sorbent. Removal of material from silica gel (TLC) was accom- 
plished by successive washings with chloroform or ethyl acetate. 
Medium-pressure liquid chromatography (MPLC) was carried 
out on a Lobar prepacked size B (310-25) LI Chroprep S60 column 


(18) Hegedus, L. 9.; Williams, R. E.; McGuire, M. A.; Hayashi, T. J.  
Am. Chem. SOC. 1980,102,4973. Hirai, K.; Iahii, N.; Suzuki, H. Chem. 
Lett. 1979,1113. Holton, R. A.; KjonaasjR. A. J.  Am. Chem. SOC. 1977, 
99,4177. Stille, J. K.; Fox, D. B. Zbid. 1970,92,1274. Johnson, B. F. G.; 
Lewis, J.; White, D. A. Zbid. 1969,91,5186. Takahashi, H.; Teuji, J. Zbid. 
1968, 90, 2387. 


(40-63 pm) from EM Reagents; a model RRP lab pump (FMI 
Corp.) to provide pressures of 35-50 psi was used. Melting points 
were obtained on a Thomas-Hoover apparatus in open capillary 
tubes and are uncorrected. Boiling points are uncorrected. 


Proton ('H) NMR spectra were determined in the indicated 
solvent on a Bruker WH-270 (270 MHz) spectrometer. Chemical 
shifts are reported in 6 units, parts per million (ppm) downfield 
from tetramethyhilane (Me4Si). Splitting patterns are designated 
as s, singlet; d, doublet; t, triplet; q, quartet; m, multiplet; with 
the prefii br indicating a broadened signal. Coupling constants 
are reported in hertz (Hz). Infrared spectra (IR) were determined 
on a Beckman AccuLab 7 or a Perkin-Elmer 267 instrument and 
are reported in cm-'. Mass spectra (MS) were obtained on an 
AEI-902 instrument a t  an ionizing current of 98 mA and an 
ionizing voltage of 70 eV unless otherwise indicated. Data are 
reported as m / e  (%). Microanalyses were performed by Spang 
Microanalytical Laboratories, Eagle Harbor, MI. 


2-syn - (3-Indolemet hyl) bicyclo[ 2.2.21oct-5-ene (2a). 
Treatment of 1.52 g (10 mmol) of acid 69 with 1.78 g of thionyl 
chloride (15 mmol, 1.17 mL) neat, a t  ambient temperature with 
stirring, resdted in dissolution of the solid acid over a few minutes 
and a steady evolution of gas from the reaction vessel. After 1 
h the excess thionyl chloride was removed in vacuo (18 torr 
followed by 0.05 torr) to yield the acid chloride as a light yellow 
oil. Kugelrohr distillation (70 "C, 0.5 torr) gave a colorless oil 
(1.71 g, 100%). 


The acid chloride was dissolved in 125 mL of dry methylene 
chloride and cooled with stirring, to 0 OC. Magnesium bromide 
solution (5.38 mL of 1.86 M solution in ether/benzene, 10 "01) 
was added in a single portion via syringe, followed quickly by the 
addition of 2.46 g (13 "01, 1.3 equiv) of N-(trimethyhily1)indole 
in 5 mL of methylene chloride. The reaction was allowed to w m  
to room temperature, and after an additional 0.75 h of stirring, 
the mixture was cautiously worked up by the dropwise addition 
of 50 mL of saturated ammonium chloride solution. The organic 
material was diluted with 200 mL of ethyl acetate and washed 
with two 100-mL ammonium chloride and one 100-mL brine 
solutions. Drying (MgSO,) followed by solvent removal in vacuo 
yielded the crude oxoindole as a highly crystalline, white solid 
(2.41 g, 96%) after trituration with 50% hexane/ether (2 X 40 
mL) with mp 220-228 "C dec. 


The oxoindole was stirred with 60 mL of dry ether and cooled 
to 0 "C. To this mixture was added 950 mg (25 mm01,lO hydride 
equiv) of lithium tetrahydroidoaluminate in small portions over 
10-15 min. After 0.5 h the reaction was warmed to room tem- 
perature and stirred for 6 h. Workup was achieved by cautious 
destruction of remaining active hydride in the normal manner 
(see general procedure) and washing of the aluminum salts with 
4 X 75 mL of ethyl acetate. Drying of the organic layers (MgSO,) 
followed by in vacuo solvent removal yielded 1.8 g (79%) of a 
heavy oil which was chromatographed on a medium-pressure 
liquid chromatograph (40-45 psi, Rf0.25,20% ether/hexane) to 
give 1.66 g (70%) of a white solid, mp 82-84 "C. Small scale 
reactions (less than 1 g) gave yields in the range 5 5 4 2 %  when 
purified by preparative TLC. 


NMR (270 MHz, CDCIS): 0.86 (m, 1 H), 1.13 (dm, 2 H, J = 
8.1 Hz and smaller), 1.35 (dm, 2 H, J = 7.2 Hz and smaller), 1.65 
(ddd, 1 H, J = 2.9,9.4,9.4 Hz), 2.00 (br m), 2.34 (m, 2 H), 2.38-2.41 
(series of m, 2 H), 6.14 (dd, 1 H, J = 7.9, 7.9 Hz), 6.24 (ddd, 1 
H, J = 1.3,7.9,7.9 Hz), 6.79 (d, 1 H, J = 2.9 Hz), 6.99-7.12 (series 
of m, 2 H), 7.21 (d, 1 H, J = 7.8 Hz), 7.53 (d, 1 H, J = 7.8 Hz), 
7.66 (br s,1 H, N-H). IR (CDCl3): 3480,3420,3060,2940,2864, 
1723,1705,1624,1460,1425,1383,1362,1345,1270,1205,1235, 
1179, 1096, 1022, 940, 873, 810, 780. M S  Calcd for C1,H19N: 
237.1516. Found: 237.1506,238 (4.9), 237 (33.4), 157 (6.6), 156 
(4.0), 147 (3.5), 131 (lO.l), 130 (loo), 129 (2.3), 128 (1.3), 117 (3.8), 
103 (2.9), 89 (2.9), 79 (7.9), 77 (7.4), 57 (3.91, 56 (4.7), 41 (5.3), 40 
(3.8). Anal. Calcd for Cl,Hl& C, 86.08; H, 8.02; N, 5.90. Found 
C, 86.12; H, 7.94; N, 6.02. 


2-syn -(N-Methyl-3-indolemethyl)bicyclo[2.2.2]oct-5-ene 
(2b). The 3-alkylindole from above (237 mg, 1.0 mmol) was 
dissolved in 15 mL of dry DMF. To this was added 80 mg (2.0 
mmol) of a 60% dispersion in oil of sodium hydride. After being 
stirred at room temperature for 0.5 h the solution was cooled to 
0 "C, and 426 mg (3.0 mmol, 0.187 mL) of distilled methyl iodide 
was added. Stirring was continued at ambient temperature for 
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6 h and the solution was diluted with 125 mL of ether and washed 
with 5 x 100 mL of water. Drying was followed by in vacuo solvent 
removal and chromatography of the residual oil on silica gel (20 
x 40 cm preparative plate, 20% ether/hexane, R, 0.43 after two 
elutions) to give 203 mg (81%) of the product as a colorless, heavy 
oil. 


NMR (270 MHz, CDC13): 0.90 (dm, 1 H, J = 12.1 Hz and 
smaller), 1.22 (m, 2 H), 1.43 (m, 2 H), 1.74 (ddd, 1 H, J = 2.6, 
9.4,9.4 Hz), 2.07 (m, 1 H), 2.40-2.56 (m, 4 H), 3.70 (s,3 H), 6.22 
(t,1H,J=7.8Hz),6.31(1H,J=1.1,7.8Hz),6.75(s,1H),7.07 
(ddd, 1 H, J = 1.5, 6.6, 8.2 Hz), 7.18 (dt, 1 H, J = 1.1, 8.2 Hz), 
7.24 (am, 1 H, J = 7.8 Hz and smaller), 7.58 (d, 1 H, J = 7.8 Hz). 
IR (CDCl3): 3050,2941,2870,1620,1487,1473,1428,1379,1328, 
1250,1156,1128,1095,1068,1017,918,708,652. MS: Calcd for 
CleH21N: 251.1673. Found: 251.1672, 252 (2.9), 251 (20.7), 170 
(3.5), 145 (11.8), 144 (loo), 143 (2.7), 129 (1.3), 91 (2.8), 85 (3.7), 
79 (2.0), 77 (5.8), 57 (7.0), 55 (4.4), 44 (7.0), 43 (3.0), 41 (12.6), 40 
(47.51, 39 (3.4). 
2-syn -(@-3-Indoleethyl)bicyclo[2.2.2]oct-5-ene (3). The 


crystalline acid 719 (3.32 g, 20 mmol) is dissolved in 200 mL of 
dry benzene. A slight excess of 60% sodium hydride dispersion 
(840 mg, 21 mmol) was added to the solution in small portions 
over 0.75 h. After being stirred for an additional 2 h, the het- 
erogeneous sodium carboxylate was treated with 1.68 g (40 "01) 
of anhydrous sodium fluoride, and 2.79 g (1.92 mL, 1.1 equiv) of 
oxalyl chloride (freshly distilled from d u m  carbonate) was added 
in a single portion via syringe. After the vigorous evolution of 
gas ceased (ca. 0.5 h), the crude solution was filtered through a 
fritted glass funnel and 5.30 g (28 mmol, 1.4 equiv) of N-(tri- 
methylsily1)indole was added to the solution. After cooling to 
10 "C and addition of 1.68 g (20 mmol) of sodium fluoride, 30 
mmol(l6.1 mL of a 1.86 M solution) of magnesium bromide in 
ether/benzene was added over ca. 5 min via syringe. The solution 
was stirred at  10 OC for 0.5 h and at  ambient temperature for 3 
h. Quenching was accomplished by cautious addition of 50 mL 
of aqueous ammonium chloride. Dilution with 20 mL of ethyl 
acetate was followed by washing with 3 X 100 mL of water and 
200 mL of saturated sodium chloride. Drying was followed by 
in vacuo removal of solvent and trituration with 3 X 40 mL of 
50% ether/hexane of the crude gum to give a white powder in 
ca. 50% yield (2.7 9); mp 168-174 OC dec. Spectral evidence (no 
C(3) proton of the indole at 6 6.4 as was very characteristic, a peak 
match in the mass spectrum for CleNlgNO, and an IR carbonyl 
absorption at  1719) indicated that the slightly unstable powder 
is the 3-oxoindole. 


Suspension of the white solid in 100 mL of dry ether at 0 "C 
was followed by addition of 1.14 g (30 mmol, 6 hydride equiv) 
of solid lithium tetrahydridoaluminate in small portions over 0.5 
h. Stirring for 6 h a t  room temperature after the exotherm was 
complete was followed by cautious decomposition of ex= hydride 
(general procedure). Washing of the aluminum salta with 4 X 
75 mL of ether was followed by drying of the organic materials. 
Solvent removal in vacuo yielded a thick, brown oil which was 
distilled in a Kugelrohr apparatus (60 OC, 0.005 torr) to remove 
unreacted indole, and then chromatographed on a medium- 
pressure liquid chromatograph (see general procedyre) with 30% 
ether/hexane (Rf 0.20 at  35 psi) to give 1.99 g (40%) of a white 
solid, mp 75-76 OC after recrystallization from hexane. 


NMR (270 MHz, CDC13): 0.90 (dm, 1 H, J = 8.0 Hz and 
smaller), 1.23-1.82 (series of m, 8 H), 2.48 (br s, 2 H), 2.71 (t, 2 
H, J = 7.8 Hz), 6.15 (t, 1 H, J = 7.2 Hz), 6.25 (t, 1 H, J = 7.2 Hz), 
6.91 (8, 1 H), 7.13 (m, 2 H), 7.31 (d, 1 H, J = 7.7 Hz), 7.58 (d, 1 
H, J = 7.7 Hz), 7.82 (br s, 1 H, N-H). IR (CDC13): 3479, 3045, 
2940,2863,1705,1457,1422,1378,1355,1338,1292,1250,1227, 
1093,880 (broad), 862. M S  Calcd for Cl$IZ1N 251.1673. Found 
251.1674, 252 (l.l), 251 (13.2), 144 (1.6), 143 (13.4), 131 (34.0), 
130 (loo), 129 (3.01, 118 (1.21, 117 (4.9), 115 (1.21, 110 (6.3), 103 
(7.7), 91 (3.3), 88 (4.7), 86 (53.5), 85 (5.0), 84 (85.4), 80 (4.7), 79 
(13.3), 77 (22.8), 51 (14.4), 49 (28.8), 47 (29.9), 44 (12.0), 41 (18.0), 
40 (82.2), 35 (23.5). Anal. Calcd for C1eH21N C, 86.06; H, 8.37; 
N, 5.58. Found C, 85.92; H, 8.44, N, 5.68. 
2-syn -(3-Indolemethyl)-5-exo -met hylenebicycl0[2.2.2]0~- 


tane (5). Acid 8 (2.17 g, 13.1 mmol) was dissolved in 50 mL of 
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dry benzene and stirred at room temperature. To this was added 
in small portions, over 0.5 h, 600 mg (15.0 "01) of 60% sodium 
hydride dispersion in oil. After stirring for 2 h, 150 additional 
mL of benzene was added to the heavy suspension, and 1.78 g 
(1.22 mL, 14 m o l )  of oxalyl chloride, freshly distilled from sodium 
carbonate, was added in a single portion via syringe to the rapidly 
stirred mixture. After being stirred in this manner for 0.5 h, a 
two-phase ethereal solution (75 mL) of 15 mmol of indole- 
magnesium bromide (freshly prepared from 1.76 g of indole and 
8.1 mL of a 1.85 M solution of isopropylmagnesium bromide in 
ether) was added dropwise over ca. 5 min via syringe to the 
solution of the acid chloride. After the solution was stirred for 
2.5 h at ambient temperature, the magnesium salta were cautiously 
decomposed via dropwise additon of 45 mL of saturated aqueous 
ammonium chloride. Dilution with 100 mL of ethyl acetate was 
followed by washing with 50 mL of 5% aqueous HCl and 2 X 100 
mL of saturated ammonium chloride. Drying over MgSOl was 
followed by in vacuo removal of solvent to yield 4.04 g of a crude 
red oil. Trituration with ether (40 mL) yielded a white powder 
upon fitration, which was suspended in 100 mL of dry ether and 
stirred with cooling to 0 OC. Lithium tetrahydridoaluminate (760 
mg, 20 mmol) was added in small portions to the solution and 
stirring was continued, with warming to room temperature, over 
4.5 h. Cautious decomposition of excess hydride (see general 
procedure) and washing of the aluminum salta (3 x 50 mL of ethyl 
acetate) were followed by drying of the organic layers. Removal 
of solvent in vacuo followed by preparative TLC (20 x 40 cm plate, 
silica gel, two elutions with 2% triethylamiie/30% ether/hexane) 
yielded a mixture (31) of the desired product and the endocyclic 
olefin isomer as a semisolid mass (104 mg, 3.2%) which could not 
be separated by chromatography or recrystallization. 


NMR: 0.91-1.09 (2 X m, 1 H), 1.22 (m, 1 H), 1.39-1.85 (series 
of m with sharp d at 1.84,5 H), 2.03-2.66 (series of m, 6 H), 4.76 
(dd, 1 H, J = 2.2, 4.4 Hz), 4.80 (dd, 1 H, J = 2.2, 4.4 Hz), 5.92 
(br d, 1 H, J = 6.6 Hz), 6.90 (m, 1 H), 7.12 (m, 2 H), 7.31 (dm, 
1 H, J = 7.8 Hz and smaller), 7.61 (dm, 1 H, J = 7.8 Hz and 
smaller), 7.87 (br s, 1 H). IR (CDC13): 3477, 3058, 2925, 2853, 
1650,1452,1417,1350,1335,1223,1084,1009,871,839,802,700 
(br). MS: Calcd for CleH21N 251.1674. Found: 251.1674,253 
(0.5), 252 (ll.O), 251 (72.6), 250 (1.8), 157 (6.2), 156 (16.7), 148 
(1.6), 144 (1.2), 143 (M), 133 (2.7), 132 (1.2), 131 (15.2), 130 (loo), 
129 (2.9), 128 (1.3), 119 (3.0), 118 (35.6), 117 (2.3), 103 (2.3), 93 
(3.4), 91 (2.1), 86 (5.2), 84 (10.3), 77 (6.1), 47 (1.3), 44 (1.4), 41 (1.7), 
40 (2.1), 39 (1.3). 
4,5-(2,3-Indolo)tricycl0[5.3.1.0~~~]~nde~ane (9a). Dry, 


crystalline silver tetrafluoroborate (214 mg, 1.1 mmol) and 195 
mg of palladium chloride (1.1 mmol) were stirred together in 2 
mL of dry acetonitrile for 1 h. At the end of this time 237 mg 
(1.0 mmol) of unsaturated indole 2a in 3 mL of acetonitrile was 
added via syringe to the yellow-grey suspension of metal salta. 
Stirring was continued for 40 h at room temperature. At the end 
of this time, the solution was cooled to 0 OC and 3 mL of absolute 
ethanol was added. Sodium borohydride (38 mg, 1.0 mmol) was 
then added in very small portions over 0.75 h to the chilled 
suspension. After addition was complete, the mixture was stirred 
for 1 h at 0 OC, diluted with 25 mL of ether, and stirred for 2 h 
at ambient temperature. Filtration through filter cel to remove 
the precipitate was followed by dilution to 100 mL with ether, 
washing with 75 mL of 2% aqueous HC1 solution, and drying. 
Removal of solvent in vacuo yielded 175 mg (74%) of a white solid 
which was mostly the desired pentacyclic product. Recrystalli- 
zation from hexane yielded the pure product as a white solid, mp 
204-206 "C, 144 mg (61%). 


1.43-1.58 (m, 4 H), 1.66-1.86 (m, 5 H), 2.20 (m, 1 H), 2.53 (dd, 
1 H, J = 15.6, 1.6 Hz), 2.76 (dd, 1 H, J = 15.6, 4.8 Hz), 2.84 (br 
d, 1 H, J = 10.6 Hz), 7.03-7.13 (m, 2 H), 7.27 (d, 1 H, J = 7.7 Hz), 
7.45 (d, 1 H, J = 7.7 Hz), 7.64 (br s, 1 H). IR (CDC13): 3465,3255, 
2928,2864, 1790,1465, 1383, 1332, 1306, 1350, 1239,1098,900 
(br), 790-600 (br). MS: Calcd for C17H19N: 237.1519. Found: 
237.1511, 240 (l.O), 239 (14.3), 238 (0.4), 237 (9.4), 180 (3.1), 167 
(2.2), 156 (2.5), 131 (3.9), 130 (66.8), 57 (2.4), 55 (2.0), 44 (loo), 
43 (5.7), 41 (6.6), 40 (46.0), 39 (1.2). Anal. Calcd for C1,HlgN: 
C, 86.08; H, 8.02; N, 5.91. Found: C, 86.24; H, 7.88; N, 5.77. 
4~-(N-Methyl-2,3-indolo)tricyclo[5.3.1.03~]undecane (9b). 


Palladium chloride (98 mg, 0.55 mmol) and 172 mg (0.88 mmol) 


NMR (270 MHz, CDCl3): 1.20 (dd, 1 H, J = 12.8, 6.6 Hz), 


(19) Whitlock, H. W., Jr. J. Am. Chem. SOC. 1962,84, 3412. 
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of silver fluoroborate were added separately to 3 mL of freshly 
distilled acetonitrile and stirred for 2 h Starting material 2b (125.5 
mg, 0.50 mmol) in 2 mL of acetonitrile was added in a single 
portion, via syringe, to the stirred heterogeneous mixture. Stirring 
was continued for 80 h at  ambient temperature. After cooling 
to 0 "C and addition of 3 mL of absolute ethanol the reaction was 
quenched with 38 mg (1.0 mmol) of sodium borohydride and 
added in very small portions over 1.5 h. Stirring for an additional 
2 h at room temperature was followed by filtration through fiiter 
cel and washing of the salts with 25 mL of ether. In vacuo removal 
of solvent was followed by chromatography of the residual material 
on silica gel (TLC, 15% EhO/hexane, two elutions, Rf 0.75) to 
yield the pentacyclic product as a heavy oil (76.1 mg, 61%). 


NMR 1.17 (dd, 1 H, J = 13.4, 6.8 Hz), 1.35 (br d, 1 H, J = 
12.5 Hz and smaller), 1.50 (m, 1 H), 1.54 (m, 2 H), 1.64-1.88 (series 
of m, 5 H), 2.19 (m, 1 H), 2.54 (dd, 1 H, J = 1.8, 15.5 Hz), 2.76 
(dd, 1 H, J = 4.6, 15.5 Hz), 2.90 (dd, 1 H, J = 3.3, 10.1 Hz), 3.59 
(8 ,  3 H), 7.05 (ddd, 1 H, J = 1.1, 8.1, 6.6 Hz), 7.13 (dt, 1 H, 1.1, 
8.1 Hz), 7.24 (d, 1 H, J = 8.1 Hz), 7.46 (d, 1 H, J = 7.7 Hz). IR 
(CDCla): 3052,2920,2855,1734,1616,1580,1469,1418,1377,1357, 
1322,1290,1244,1181,1010. MS: Calcd for ClsHzlN 251.1673. 
Found 251.1672,253 (3.3), 252 (40.1), 251 (loo), 250 (21.9), 195 
(15.3), 194 (73.0), 182 (17.6), 181 (14.81, 180 (15.91, 171 (14.5), 170 
(62.1), 167 (19.2), 158 (10.7), 145 (12.1), 144 (77.3), 85 (19.0), 83 
(28.1),47 (6.5),42 (5.7),41 (7.8),40 (9.0). Anal. Calcd for Cl&IzlN 
C, 86.06; H, 8.37; N, 5.58. Found: C, 86.15; H, 8.32; N, 5.68. 
2-syn -(N-Methyl-2-(trimethylstannyl)-3-indolemethyl)- 


bicyclo[2.2.2]oct-5-ene (10). Starting indole 2b (100 mg, 0.40 
"01) was stirred in 5 mL of dry TMEDA. Addition of 0.80 mmol 
(0.485 mL of 1.65 M solution) of n-butyllithium in hexane dropwise 
over a 5-min period was followed by stirring for 1.5 h at ambient 
temperature. After cooling to 0 "C, 394 mg (1.2 mmo1,0.163 mL, 
3.0 equiv) of iodotrimethylstannane was added via syringe. 
Stirring for 0.5 h was followed by dilution with 75 mL of ether, 
washing with 2 x 75 mL of saturated sodium bicarbonate solution, 
and drying of the organic layers. Removal of solvent in vacuo 
(aspirator pressure followed by oil pump at 0.005 torr) yielded 
a mixture of ca. 3 1  product stannylated at C(2) of the indole ring 
and starting material. A large singlet was seen at 6 -0.35 for the 
trimethylstannyl protons and the diminishment of the singlet at 
6.8 due to the C-2 proton on the indole ring was noted. The 
product was unstable upon chromatography and was somewhat 
sensitive to light and air. The crude material was therefore carried 
directly to the cyclization reaction. 
4,5-(2,3-Indolo)tricyclo[5.3.l.~~]undecane from 10. To the 


crude stannylated material 10 at  ambient temperature in 3 mL 
of diatilled acetonitrile was added, in a single portion, 71 mg (0.40 
mmol) of palladium chloride. As stirring was continued, the 
reddish color of insoluble palladium chloride faded over 0.5 h and 
was replaced by a murky black deposit of metal salts. After being 
stirred for 12 h, the solution was cooled to 0 "C, 2 mL of absolute 
ethanol was added, and workup was effected by addition of 38 
mg (1.0 mmol) of sodium borohydride in very small portions over 
1.5 h. Stirring for 2 h a t  room temperature was followed by 
dilution with 100 mL of ether, filtration through filter cel, and 
washing of saturated ammonium chloride solution. Drying fol- 
lowed by in vacuo solvent removal and charomatography (TLC 
on silica gel, 2% triethylamino/30% ether/hexane) yielded the 
cyclized product, R 7.2 after two elutions (48 mg, 67% from 2b 
and corrected for degree of stannylation), and the dihydro de- 
rivative of 2b, Rf 0.66 (24 mg, 25%). 
4,5-(2,3-Indolo)tricyclo[6.3.1.03~s]dodecane (11) and 4,6- 


(5,3-2-0xindolo)tricyclo[7.3.1.0s~10]tridecane (13). Palladium 
chloride (71 mg, 0.40 mmol) and silver fluoroborate (78 mg, 0.40 
mmol) were stirred together as a heterogeneous mixture in 2 mL 
of acetonitrile. After 2 h, starting indole 3 (100 mg, 0.40 mmol) 
in 2 mL of acetonitrile was added to the cooled (0 "C) solution 
over 15 min. The mixture was stirred for 10 h at  0 "C and then 
30 h at  25 O C .  After cooling to 0 "C, 2 mL of absolute ethanol 
was added and 19 mg (0.50 mmol) of sodium borohydride was 
added in very small portions over 1.5 h. Stirring for 1 h at room 
temperature was followed by dilution with 75 mL of ether and 
washing with 50 mL saturated ammonium chloride and 50 mL 
saturated sodium chloride solutions. Drying of solvent was fol- 
lowed by in vacuo concentration and chromatography (TLC on 
silica gel, 30% ether/hexane, 3% triethylamine) to give 9 mg of 


Trost and Fortunak 


a fraction with Rf 0.8 and 28 mg of a product with Rf 0.55. Another 
band of 44 mg (Rf 0.40) was also isolated. The least polar band 
consisted of oxindole 13 (8%), while band 2 was pentacycle 11 
(28%). Band 3 was tentatively identified (from mass spectral 
evidence) as a mixture of dimers. Running the reaction in an 
exactly identical manner save for the temperature gave varying 
amounts of the different products. 
At 25 "C: Relative amounts of 11 and 13 were 20 mg (20%) 


and 13 mg (12%), respectively. Band 3 was obtained in the 
amount of 49 mg. At 35 "C: Relative amounts of 11 and 13 after 
chromatography were 12 (12%) and 21 mg (19%). Band 3 was 
obtained in the amount of 53 mg. 


Compound 11: NMR (270 MHz, CDClJ: 1.26 (m, 1 H), 
1.58-1.76 (m, 8 H), 1.89 (m, 2 H), 2.03 (m, 1 H), 2.17 (m, 1 H), 
2.82-2.89 (m, 3 H), 7.07 (m, 2 H), 7.24 (m, 1 H), 7.48 (m, 1 H), 
7.65 (m, 1 H). IR (CDC13): 3475,2933,2870,1467,1338,1243, 
1183,1166,890 (br). MS: Calcd for ClsH21N 251.1673. Found: 
251.1677, 251 (0.2), 214 (4.0), 202 (9.1), 167 (11.8), 143 (19.4), 142 
(11,4), 141 (22), 137 (4.0), 111 (lo), 107 (8.3), 89 (14.9), 88 (11.2), 
87 (24.9), 79 (40.3), 78 (20), 77 (22.2), 55 (44.3), 51 (10.5), 43 (loo), 
42 (48.4), 41 (20.0), 40 (11.7), 39 (22.4), 36 (77.3). 


Compound 13: NMR (270 MHz, CDC13): 1.23-1.8 (m, 6 H), 
1.92 (m, 1 H), 2.11 (m, 2 H), 2.30 (m, 1 H), 2.62-2.75 (m, 3 H), 
3.00-3.17 (m, 3 H), 3.95 (m, 1 H), 7.15 (t, 1 H, J = 8.1 Hz), 7.50 
(dd, 1 H, J = 8.1, 0.8 Hz), 8.04 (dd, 1 H, J = 8.1, 0.8 Hz), 9.70 


1387,1268,1223,1105,1120,980 (br), 810 (br), 702 (br), 650 (br). 
Ms: Calcd for CI$121NO: 267.1622. Found 267.1622,267 (O.l), 
242 (2.2), 212 (l.O), 189 (11.3), 141 (22), 134 (22), 133 (8.4), 131 
(8.9), 101 (9.8), 89 (22.8), 87 (14.3), 79 (lo.@, 77 (29.3), 68 ( l l .O) ,  
43 (loo), 42 (92.4), 41 (55.8), 40 (20), 39 (11.7), 36 (43.5). 
2-syn -( &( 2- (Phenylseleny1)indole)et hyl) bicyclo[ 2.2.21- 


octd-ene (14). Benzeneselenenyl chloride (95.7 mg, 0.50 "01) 
was added to 3 mL of dry benzene. Starting material 3a (125.5 
mg, 0.50 "01) in 2 mL of benzene was added in a single portion 
via syringe. After stirring for -5 min, 60.7 mg (0.60 mmol, 1.2 
equiv) of triethylamine was added dropwise via syringe. Imme- 
diate deposition of a white precipitate was seen, and the char- 
acteristic dark orange color due to benzeneaelenenyl chloride was 
discharged to yield a pale yellow liquid solution. Workup after 
5 min by pouring into 50 mL ether and washing with 2 X 75 mL 
of saturated sodium bicarbonate was followed by drying over 
sodium sulfate. In vacuo removal of solvent and chromatography 
(TLC on silica gel, 30% chloroform/hexane, two elutions) gave 
the product Rf 0.40 in nearly quantitative yield (279 mg) as a heavy 
gum. 


NMR (270 MHz, CDC13): 0.83 (br d, 1 H, J = 10.7 Hz and 
smaller), 1.18-1.72 (series of m, 11 H), 2.43 (m, 2 H), 2.82 (t, 2 
H, J = 7.9 Hz), 6.07 (t, 1 H, J = 7.7 Hz), 6.20 (ddd, 1 H, J = 1.1, 
6.6, 7.7 Hz), 7.10-7.22 (br m, 5 H), 7.59 (d, 1 H, J =  7.7 Hz), 7.93 
(br s, 1 H). IR (CDC13): 3420,3045,2920,2850,1635,1451,1408, 
1398, 1292, 1278, 1250, 1227, 1090, 880, 851. MS: Calcd for 
CuH%NSe: 407.1166. Found: 407.1157,409 (O.O), 407 (O.O), 286 
(0.4), 250 (0.4), 206 (0.51, 130 (2.0), 88 (9.41, 86 (74.7), 84 (loo), 
82 (2.0), 69 (2.11, 51 (5.8), 49 (28.41, 47 (38.8), 44 (16.21, 43 ( 3 3 ,  
40 (9.9), 37 (8.4), 36 (17.3), 35 (26.4). 


3-end0 -Methyl-4,5-(2,3-indolo)tricyclo[ 5.3.1.03~]undecane 
(15). Palladium chloride (22 mg, 0.12 mmol) and silver fluoro- 
borate (24 mg, 0.12 mmol) were added to 1.5 mL of dry aceto- 
nitrile. After 1.5 h of stirring, 30 mg of bicyclic indole 5 in 0.5 
mL of acetonitrile was added in a single portion via syringe. 
Stirring for 40 h at ambient temperature was followed by cooling 
to 0 "C, addition of 1 mL of absolute ethanol, and quenching of 
the palladium intermediate with 19 mg (0.50 mmol) of sodium 
borohydride added in small portions over 0.5 h. Stirring for 3 
h at room temperature was followed by dilution with 75 mL of 
ether, filtration to remove palladium black, and washing with 75 
mL of 5% aqueous HC1 solution. Drying followed by in vacuo 
solvent removal and chromatography on silica gel (TLC, 2% 
EbN/3O% EhO/hexane, two elutions, 20 X 20 cm plate) yielded 
the pentacyclic product as a yellow crystalline solid, mp 154-156 
"C, in 84% yield (25.2 mg). Recrystallization from hexane at low 
temperature (-20 "C) gave the crystalline product, mp 154-156 
OC. 


NMR (270 MHz, CDC13): 1.16 (ddm, 1 H, J = 12.8, 6.4 and 
smaller Hz), 1.37 (s, 3 H), 1.35-1.60 (series of m, 7 H), 1.79 (m, 


(e, 1 H). IR (CDCl3): 3165, 2968, 2935, 2870, 1735, 1565, 1463, 
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1 H), 1.94 (m, 1 H), 2.23 (m, 1 H), 2.50 (dd, 1 H, J = 1.9, 15.3 
Hz), 2.78 (dd, 1 H, J = 4.7, 15.3 Hz), 7.09 (AB m, 2 H), 7.30 (dd, 
1 H, J = 6.7, 1.5 Hz), 7.45 (dd, 1 H, J = 6.7, 1.5 Hz), 7.75 (br s, 


1310,1297,1238,1177,1156,938,876,774,665. MS: Calcd for 
CleH21N 251.1674. Found 251.1674,253 (0.8), 252 (13.6), 251 
(lOO), 250 (5.3), 236 (3.9), 195 (12.5), 194 (78.6), 182 (4.8), 181 (5.5), 
180 (9.0), 167 (5.3), 44 (4.2), 40 (4.2). 
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Thermal decompition of dineopentylbis(triethylphosphine)platinum(II), 1, Pt(CH2C(CH3)~2(P(CzH6)~z, 
yields neopentane and bis(triethylphosphine)-3,3-dimethylplatinacyclobutane, 5, Pt(CH2C(CH3)2CH2)- 
(P(c2H6)3)p Compound 1 crystallizes with four molecules in space group e,-C2/c of the monoclinic 
system in a cell at -158 O C  of dimensions a = 8.776 (2) A, b = 17.761 (3) A, c = 17.669 (3) A, and 0 = 109.62 
(1)O. The structure has been refined to an R index on F of 0.035 for 6877 observations and 115 variables. 
Compound 1 has crystallographically imposed C2 symmetry. Compound 5 crystallizes with four molecules 
in space group @%-F?~2~a of the orthorhombic system in a cell at -158 “C of dimensions a = 15.947 (3) 
A, b = 14.301 (2) A, and c = 9.383 (2) A. The structure has been refined to a R index on F of 0.032 for 
3255 observations and 181 variables. Some average metrical arameters for 1 and 5 respectively are as 
follows: Pt-P, 2.322 (l), 2.285 (2) A; Pt-C, 2.118 (2), 2.083 (3) x; P-C, 1.839 (2), 1.827 (2) A; C-C (ethyl) 
1.525 (3), 1.521 (4) A; P-Pt-P, 94.09 (3), 103.01 (9)O; C-Pt-C, 85.5 (1),67.3 (3)’. In 1 the neopentyl groui 
is of normal geometry with a c-C(t.erminal) distance of 1.529 (3) A; in 5 the C-C distances of the metallacycle 
average 1.535 (6) A and the 0-C atom is 0.38 A out of the plane through PPPtCC. A comparison of structures 
of 1 and 5 indicates that 1 is significantly sterically congested and suggests that relief of this congestion 
may be an important component of the thermodynamic driving force for the conversion of 1 to 5. 


I 1 


Introduction Scheme I. Conversion of 
Dineopent ylbis( triethylphosphine)platinum( 11) to 


Bis(triethylphosphine)-3,3-dimethylplatinacyclobutane 
(L = PEt,) 


The cleavage of carbon-hydrogen bonds of saturated 
hydrocarbons occurs readily over supported or bulk tran- 
sition metals.2a Only a few examples of analogous reac- 
tions involving soluble transition metals have been re- 


By contrast, homogeneous intramolecular reactions which I 2 3 


ported,“’O and rigorous proof that metal colloids are not 
involved in these reactions has been difficult to construct. 


L 
\Pt/-f: + L +  L\Pt/-f:* \ A  


H-2 K L’ Y 


(1) (a) Northwestern University. (b) Massachusetts Institute of 
Technology. 


(2) Sinfelt, J. H. Science (Washington, D.C.) 1977,195, 641-646. 
(3) Clarke. J. K. A.: Roonev. J. J. Adu. Catal. 1976.25. 125-183. 


L -  


4 
(4) Inoue, Y.; He&, J.k.; Schmidt, H.; Burweli, R: L., Jr.; Butt, 


(5) Foger, K.; Anderson, J. R. J. Catal. 1978,54, 318-335. 
(6) Review Webeter, D. E. Ado. Organomet. Chem. 1977,15,147-188. 
(7) Crabtree, R. H.; Mihelcic, J. M.; Quirk, J. M. J .  Am. Chem. sot. 
(8) Baudry, D.; Ephritikhine, M.; Felkin, H. J. Chem. SOC., Chem. 


(9) Shilov, A. E. Pure Appl. Chem. 1978,50,725-733. 
(10) Garnett, J. L.; Long, M. A.; Peterson, K. B. A w t .  J. Chem. 1974, 


J. B.; Cohen, J. B. J.  Catal. 1978,53, 401-413. 5 


cleave una&ivated Wbon-hy&ogen bonds ( “ m a & i v a ~ ”  
in the sense of having neither adjacent unsaturation nor 
heteroatoms) are well-kn~~.6’11-17 1979,101, 7738-7740. 


Commun. 1980, 1243-1244. 


27, 1823-1825. 1977, 139, 189-198. 
(11) Hietkamp, S.; Stufkens, D. J.; Vrieze, K. J. Organomet. Chem. 
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1 H), 1.94 (m, 1 H), 2.23 (m, 1 H), 2.50 (dd, 1 H, J = 1.9, 15.3 
Hz), 2.78 (dd, 1 H, J = 4.7, 15.3 Hz), 7.09 (AB m, 2 H), 7.30 (dd, 
1 H, J = 6.7, 1.5 Hz), 7.45 (dd, 1 H, J = 6.7, 1.5 Hz), 7.75 (br s, 


1310,1297,1238,1177,1156,938,876,774,665. MS: Calcd for 
CleH21N 251.1674. Found 251.1674,253 (0.8), 252 (13.6), 251 
(lOO), 250 (5.3), 236 (3.9), 195 (12.5), 194 (78.6), 182 (4.8), 181 (5.5), 
180 (9.0), 167 (5.3), 44 (4.2), 40 (4.2). 
Acknowledgment. We wish to thank the National 


Cancer Institute of the National Institutes of Health for 


1 H, N-H). IR (CDClS): 3469,2920,2860,1464,1380,1349,1329, 


their generous support of our programs. Generous gifts 
of palladium salts were made available by Johnson-Mat- 
they and Co. and Englehard Industries. 


Registry No. 2a, 78672-93-2; 2b, 78672-94-3; 3a, 78672-95-4; Sa, 
78672-96-5; 6,41977-03-1; 6 acid chloride, 51372-02-2; 6 osoindole, 
78672-97-6; 7,42916-91-6; 7 3-osoindole, 78672-98-7; 8, 78672-99-8; 


78673-03-7; 14, 78673-04-8; 15,78673-05-9; N-(trimethylsilyl)indole, 
17983-42-5; silver tetrafluoroborate, 14104-20-2; palladium chloride, 


9a, 78685-49-1; 9b, 78673-00-4; 10, 78673-01-5; 11, 78673-02-6; 13, 


7647-10-1. 


Structures of Dineopentyibis(triethylphosphine)piatinum( I I )  
and Bis (t riet h yip hosp hine)-3,3-dimet h ylpiat inacy clobut ane: 


Reactant and Product in a Thermal Cyciometalation Reaction 


James A. Ibers,*la Robert DiCosimo,‘b and George M. Whitesides*‘b 


Departments of Chemisrw, Northwestern University, Evanston, Iiiinois 6020 1, and Massachusetts Institute of 
Technow, Cambrklge, Massachusetts 02 139 


Received June 23, 1981 


Thermal decompition of dineopentylbis(triethylphosphine)platinum(II), 1, Pt(CH2C(CH3)~2(P(CzH6)~z, 
yields neopentane and bis(triethylphosphine)-3,3-dimethylplatinacyclobutane, 5, Pt(CH2C(CH3)2CH2)- 
(P(c2H6)3)p Compound 1 crystallizes with four molecules in space group e,-C2/c of the monoclinic 
system in a cell at -158 O C  of dimensions a = 8.776 (2) A, b = 17.761 (3) A, c = 17.669 (3) A, and 0 = 109.62 
(1)O. The structure has been refined to an R index on F of 0.035 for 6877 observations and 115 variables. 
Compound 1 has crystallographically imposed C2 symmetry. Compound 5 crystallizes with four molecules 
in space group @%-F?~2~a of the orthorhombic system in a cell at -158 “C of dimensions a = 15.947 (3) 
A, b = 14.301 (2) A, and c = 9.383 (2) A. The structure has been refined to a R index on F of 0.032 for 
3255 observations and 181 variables. Some average metrical arameters for 1 and 5 respectively are as 
follows: Pt-P, 2.322 (l), 2.285 (2) A; Pt-C, 2.118 (2), 2.083 (3) x; P-C, 1.839 (2), 1.827 (2) A; C-C (ethyl) 
1.525 (3), 1.521 (4) A; P-Pt-P, 94.09 (3), 103.01 (9)O; C-Pt-C, 85.5 (1),67.3 (3)’. In 1 the neopentyl groui 
is of normal geometry with a c-C(t.erminal) distance of 1.529 (3) A; in 5 the C-C distances of the metallacycle 
average 1.535 (6) A and the 0-C atom is 0.38 A out of the plane through PPPtCC. A comparison of structures 
of 1 and 5 indicates that 1 is significantly sterically congested and suggests that relief of this congestion 
may be an important component of the thermodynamic driving force for the conversion of 1 to 5. 


I 1 


Introduction Scheme I. Conversion of 
Dineopent ylbis( triethylphosphine)platinum( 11) to 


Bis(triethylphosphine)-3,3-dimethylplatinacyclobutane 
(L = PEt,) 


The cleavage of carbon-hydrogen bonds of saturated 
hydrocarbons occurs readily over supported or bulk tran- 
sition metals.2a Only a few examples of analogous reac- 
tions involving soluble transition metals have been re- 


By contrast, homogeneous intramolecular reactions which I 2 3 


ported,“’O and rigorous proof that metal colloids are not 
involved in these reactions has been difficult to construct. 


L 
\Pt/-f: + L +  L\Pt/-f:* \ A  


H-2 K L’ Y 


(1) (a) Northwestern University. (b) Massachusetts Institute of 
Technology. 


(2) Sinfelt, J. H. Science (Washington, D.C.) 1977,195, 641-646. 
(3) Clarke. J. K. A.: Roonev. J. J. Adu. Catal. 1976.25. 125-183. 


L -  


4 
(4) Inoue, Y.; He&, J.k.; Schmidt, H.; Burweli, R: L., Jr.; Butt, 


(5) Foger, K.; Anderson, J. R. J. Catal. 1978,54, 318-335. 
(6) Review Webeter, D. E. Ado. Organomet. Chem. 1977,15,147-188. 
(7) Crabtree, R. H.; Mihelcic, J. M.; Quirk, J. M. J .  Am. Chem. sot. 
(8) Baudry, D.; Ephritikhine, M.; Felkin, H. J. Chem. SOC., Chem. 


(9) Shilov, A. E. Pure Appl. Chem. 1978,50,725-733. 
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(11) Hietkamp, S.; Stufkens, D. J.; Vrieze, K. J. Organomet. Chem. 
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One group of these reactions, cyclometalation reactions 
involving platinum(II), is now relatively well characterized 
mechanistically.16J7 The best defined of these reactions 
is the conversion of dineopentylbis(triethy1phosphine)- 
platinum(I1) ( 1) to bis(triethylphosphine)-3,3-dimethyl- 
platinacyclobutane (5) and neopentane.16 The mechanism 
of this process involves three steps (Scheme I): creation 
of a vacant coordination site on platinum by dissociation 
of phosphine (1 - 2), oxidative addition of a methyl C-H 
bond from a neopentyl group to platinum(I1) (2 - 3), and 
reductive elimination of neopentane from the resulting 
adduct (3 - 4). We have proposed the conversion of 3 to 
4 to be rate limiting, on the basis of the high Arrhenius 
preexponential factor for the reaction (log A = 20 f 2) and 
the significant kinetic isotope effect (kH/kD N 3).16 


Why does the cleavage of unactivated C-H bonds by 
addition to soluble organoplatinum species occur readily 
only when the cleavage reaction is intramolecular? The 
mechanism outlined in Scheme I provides a foundation on 
which to construct an analysis of the factors that facilitate 
intramolecular C-H activation by metals, and we hope 
ultimately to answer this question. As one step in this 
analysis, we must be able to rationalize the direction of 
the reaction: why does it proceed in the sense of 1 - 5 
+ neopentane, rather than the reverse? We submit that 
the answer to this question is not obvious. Simple con- 
siderations of bond strengths give no clue, since to a first 
approximation the sums of the bond energies of reactant 
and products are the same.la The platinacyclobutane ring 
seems to have no large stability or instability associated 
with it, since in related reactions five- and six-membered 
platinacycles form in competition with it.17 The conversion 
of 1 to 5 is accompanied by changes of unknown magnitude 
in the bond angles, bond lengths, and electronic structure 
of the P2PtC2 moiety: these changes might involve sig- 
nificant changes in energy. The starting material is un- 
doubtedly sterically congested, and expulsion of a neo- 
pentane moiety should help to relieve this congestion. The 
reaction produces two particles from one and is entropi- 
cally favored on that b a s i ~ . ' ~ ? ~ ~  Which one (or several) of 
these factors determines AG for the reaction? 


The only factor for which it is possible to obtain a useful 
theoretical estimate is the change in entropy. We assume 


Ibers, DiCosimo, and Whitesides 


that A S  is dominated by the change in translational en- 
tropy (that is, making two particles from one). At  the 
temperature (157 "C) and concentration used (0.1 M 
reactants and products), AStrenshtion N 14-16 kcal 
The equilibrium constant from this contribution alone is 
sufficiently large that the concentration of 1 at equilibrium 
would be undetectable by direct observation (eq 1 and 2). 


[5][C&12]/[1] = 6 X IO7 M 
(1) 


K(157 "C, TAS,,htion) 


(12) Crocker, C.; Errington, R. J.; Markham, R.; Moulton, C. J.; Odell, 


(13) Andersen, R. A.; Jones, R. A.; Wilkinson, G. J.  C h m .  SOC., Dalton 
K. J.; Shaw, B. L. J. Am. Chem. SOC. 1980,102,4373-4379. 


Tram. 1978.446-453. 
(14) Kiffen, A. A.; Masters, C.; Raynand, L. J. Chem. SOC., Dalton 


Tram. 1975, 853-857. 
(15) A cyclometalation reaction analogous to that of formation of 5 


from 1 has been observed for a bis(tripheny1phosphine)dineopentyl- 
nickel(I1) complex: Grubbs, R. H. 'Proceedings of the First Intematiod 
Symposium on Homogeneous Catalysis", Corpus Christi, TX, Nov 29- 
Dec 1, 1978. 


(16) Foley, P.; DiCosimo, R.; Whitesides, G. M. J. Am. Chem. SOC. 
1980,102, 6713-6725. 


(17) Moore, S. S.; DiCosimo, R.; Sowinski, A. F.; Whitesides, G. M. J. 
Am. Chem. SOC. 1981, 103, 948-949. The estimated difference in ring 
strain between structurally similar platinacyclobutanes and platinacy- 
clopentanes is less than 5 kcal mol-'. An estimate from calorimetric 
(differential scanning calorimetry) examination of PtClZ(C&)(pyr), and 
related metallacycles suggests strain of -12 kcal mol-'. (Puddephatt, R. 
J. Coord. Chem. Rev. 1980,33, 149-194.) These estimates are not nec- 
essarily incompatible, since the Pt(I1) and Pt(1V) complexes have dif- 
ferent degrees of crowding. 


(18) One C-H bond and one C-Pt bond are broken in the reaction, and 
one new C-H bond and one C-Pt bond are formed. There is presently 
no way of estimating differences in the energies of the old and new bonds. 


(19) Benson, S. W. 'Thermochemical Kinetics"; Wiley: New York, 
1976; Chapter 3. Bent, H. A. "The Second Law"; Oxford University 
Press: New York, 1965. 


(20) Page, M. I. Angetu. Chm. ,  Int. Ed. Engl. 1977,16,449-459. Page, 
M. I.; Jencks, W. P. R o c .  Natl. Acad. Sci. U.S.A. 1971,68, 1678-1683. 
Lipscomb, W. N. Ciba Found. Symp. 1978, 60, 1-22. 


Thus it is clear that entropic considerations by themselves 
are sufficient to rationalize both the conversion of 1 to 5 
and the apparent absence of the reverse reaction or of 
reaction of 5 with other hydrocarbons under conditions in 
which it decomposes (to dimethylcy~lopropane).~~*~~ The 
fact the TAStranahtion is sufficient to account for the pres- 
ently available experimental observations does not mean, 
however, that this entropic term is necessarily the domi- 
nant contributor to AG for the reaction. We ultimately 
need to know both the magnitude of AG and its contrib- 
uting components to undertand this C-H bond-breaking 
reaction. We have available experimental approaches to 
the ring strain in the platinacyclobutane ring.17 To 
evaluate steric effecte and local electronic effects, we re- 
quire accurate structural data for reactant and product. 
This paper provides these data.24 


Experimental Section 
The platinum compounds were prepared as described previ- 


~ u s l y . ~ ~  Crystals of the dineopentyl complex 1 were readily ob- 
tained by recrystallization from pentane. Crystals of the me- 
tallacycle 5 were very difficult to grow. Ultimately the following 
procedure led to suitable crystals. About 100 mg of 5 was dissolved 
in the minimum amount of methanol necessary to effect solution 
at 0 OC. The solution was filtered through a 0.5-rm Millipore 
filter. The filtrate was kept at  0 O C ,  and argon was very slowly 
bubbled through water at rmm temperature and then passed over 
the top of the methanol solution. After 48 h the crystals which 
had slowly formed were collected by decanting away the methanol 
solution. The crystals were not washed but were immediately 
sealed under argon. 


Photographic examination at room temperature of a crystal 
of 1 indicated that the material belongs to the monoclinic system, 
space group C2/c or Cc. The absences observed at  -158 "C on 
a Picker diffradometer are consistent with the room-temperature 
results. On the other hand, a crystal of 5 displays the systematic 
absences of space group C2221 of the orthorhombic system at room 


(21) Qualitative arguments outlined by Page and Jencks suggest TAS" 
.v 10.5 kcal/mol at 300 K either considering translational terms alone 
or estimating all of the terms.20 Correction to concentrations of 0.1 M 
should add R In (0.1) = 1.3 kcal/mol to their estimate. Additional 
corrections arising from peculiarities of the structures of 1 and 5 cannot 
be made with useful accuracy. 


(22) Thermal decomposition of cyclohexane solutions of 6 in the 
presence of mercury(0) was performed in sealed tubes at  178 'C by using 
previously described procedures.lB The appearance of l,l-dimethyl- 
cyclopropane (monitored by GLC) was first order in 5 through 1 half-life: 
koM = 1.2 X lo6 E-'. Examination of reaction mixtures from thermal 
decompositions of 6 in cyclohexane, isooctane, or 2,2,4,4-tetramethyl- 
pentane and in the presence of mercury(0) by alP(lHJ NMR spectroscopy 
and GLC indicated no products were formed by oxidative addition of 
C-H bonds of the solvent to the platinum complexes in solution. 


(23) Abis, L.; Sen, A.; Halpern, J. J. Am. Chem. SOC. 1978, 100, 
2915-2916. These authors have presented convincing evidence that ad- 
dition of CH, to Pt(PPh& is an endergonic reaction. Even if the adduct 
of a hydrocarbon solvent to platinum were not stable, however, it  might 
still be detected through ita decomposition producta (for example, cy- 
clopentene from cyclopentane).' 


(24) A preliminary account of this work was presented at  the Second 
International Symposium on Homogeneous Catalysis, Dusseldorf, Sept 
1980. 
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Figure 1. The unit cell of Pt(CH2C(CH,),),(P(C2H5),), (1). All atoms in the cell are shown. Additional atoms have been added to 
complete some of the molecules. Here and in successive figures the 50% probability ellipsoids are shown, except for hydrogen atoms 
which have been drawn artificially small. 


b 6 
Figure 2. A stereoview of an individual molecule of Pt(CH,C(CH,),),(P(C,H,),),. 


temperature but those of Pnma or PnBla at -158 "C. The phase 
transition is a smooth, nondestructive one. 


Data collection proceeded by methods standard25 at North- 
western. Table I presents crystallographic details on the two 
compounds. In each instance the crystal used was of excellent 
quality, leading to more extensive data sets than usual. 


The structure of compound 1 was solved by Patterson methods 
and refined by our standard least-squares procedures.25 That the 
compound crystallizes in space group C2/c, and hence has a 
crystallographically imposed twofold axis, was apparent from the 
course of the refinement and from the fact that Friedel pairs show 
an R index for averaging of 1.0%. After anisotropic refinement 
of the nonhydrogen atoms, the positions of the hydrogen atoms 
of the six independent methyl groups and three independent 
methylene groups were apparent. These positions were idealized 
(C-H = 0.95 A) and were held fmed in the fd cycle of anisotropic 
refinement of F,2. This final cycle also included an isotropic 
extinction parameter. The refinement converged to the R indices 
indicated in Table I. 


Compound 5 was also solved by Patterson methods. It became 
apparent that the compound crystallizes in the noncentrosym- 
metric, polar space group Pnala rather than the centrosymmetric 
group Pnma. The correct enantiomer was established from the 
R indim of refinements of the two possibilities and by comparison 
of those 147 Friedel pairs of reflections whose intensities were 
greater than 400 e2 and differed by more than 5%. The positions 
of the hydrogen atoms of the eight methyl and four methylene 
groups were apparent in a difference Fourier map obtained after 
the fm cycle of anisotropic refinement of the nonhydrogen atoms. 
These positions were idealized and held fixed in the final cycle 
of anisotropic refinement on P. It is interesting that this final 
cycle also necessitated an isotropic extinction correction, despite 
the fact that the crystal had undergone a phase transition between 
room temperature and -158 "C. This refinement converged to 
the R indices given in Table I. In each instance analysis of R 
indices as a function of Miller indices, IFo!, and setting angles 
revealed no unexpected trends. The principal peak in each of 
the final difference Fourier maps is associated with the Pt position 
and is 1.5 (2) and 1.2 (2) e/A3, respectively, for 1 and 5. Par- 


(25) Jameson, G. B.; Ibers, J. A. J. Am. Chem. SOC. 1980,102,2823- 
2831; Doedens, R. J.; Ibers, J. A. Inorg. Chem. 1967,6,204-210. 


Figure 3. The inner coordination sphere of Pt(CH,C(CH,),),- 
(p (c2&)3) 2. 


ticularly for 1, where the data set extends to 0.86 A-l, there are 
indications that the residual density results from bonding effeds, 
further analysis of the data is underway. 


Table I1 lists the fiinal parameters for 1 and Table I11 the final 
parameters for 5. Tables IV26 and V26 list values of 10(Fo( and 
10IFcI for the two structures. A negative entry indicates that F,2 
was observed to be less than zero. Tables VI26 and VII% present 
the root-mean-square amplitudes of vibration of 1 and 5, re- 
spectively. Because the structure determinations were carried 
out on crystals maintained at -158 "C, these amplitudes are small 
and unexceptional. 


Description of the Structures and Discussion 
The crystal structure of 1, Pt(CH2C(CH3)3)2(P(C2H,),)2, 


consists of the packing of four molecules in the unit cell, 
as shown in Figure 1. The shortest intermolecular in- 
teraction is calculated to be 2.32 A between two H(2)C(10) 
atoms. A stereoview of an individual molecule is shown 
in Figure 2, and Figure 3 shows the inner coordination 
sphere along with some important bond distances and 
angles. Other metrical parameters are given in Table VnI. 
Similarly, the crystal structure of 5 is shown in Figure 4. 


(26) Supplementary material. 
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Table I. Crystallographic Details for 1 and 5 


formula 
f w, amu 
space group 
a, A 
b, A 
c, A 
4 de!? 
v01, A3 
z 
p0bsd(25 "C), g/cm3 
p-d(-158 "C), g/cm3 
linear abs coeff, cm-' 
bounding cryst faces 


cryst vol, mm3 
radiation 


data collection temp 
transmission factors 
detector aperture 


takeoff angle, deg 
scan speed 
28 limits 
bkgnd counts 


scan range 


data collected 
P 
unique data 
final no. of variables 
R (on ~ 2 ) d  


R ,  (on F 2 ) d  
error in observn of unit wt, 


electrons 
R (on F),d Fo2 > 30(Fo2) 


C6h--C2/C 
8.576 (2) 
17.761 (3) 
17.669 (3) 
109.62 (1) 
2594 
4 
1.39 (3) 
1.468 
55.9 
(001) (0.170),4 (010) (0.276), 


0.0167 
Mo K a  ( h ( M o  Ka,) = 0.7093 A 


(110) (0.340, 0.388) 


from graphite monochromator 
-158 "C 
0.251 to 0.429, 0.370 average 
4.5 wide by 5.5 mm high, 


2.6 
2" in 28 /min 
4" Q 28 Q 75" 
10 s at each end of scan with 


1.1" below Ka, to 0.9" above 


kh,k,l (and +h,-k,- l ,  28 < 30") 
0.03 
687 7 
115 
0.035 
0.053 
0.923 


32 cm from crystal 


rescan optionC 


KaZ 


0.024 


C; ,--Pn2 ,a 
15.947 (3) 
14.301 (2) 
9.383 (2) 


2140 
4 
1.43 (3) 
1.556 
67.6 
(100) (0.302), (010) (0.390), (111) 


0.0211 
same 


(0.318, 0.333, 0.260,0.302) 


same 
0.187 to 0.265, 0.239 average 
same 


3 .O 
same 
3" Q 28 Q 60" 
same 


0.9" below K a ,  to 0.9" above 
Ka 3 


h,k,l (and h,-k,Z, 28 < 32") 
0.03 
3255 
181 
0.032 
0.053 
0.961 


0.023 
a Following the form, in parentheses are the distances in millimeters between the members of the form. The low- 


Lenhert, P. G. temperature system is based on a design b : Huffman, J. C. Ph.D. Thesis, Indiana University, 1974. 
J. Appl. Crystallogr. 1975,8,  568-570. BR(on F 2 )  = z IFo2 - FcZI/ZFoZ; R,(on F2) = ZW(F,' - F C 2 ) ' / ~ w F o 4 ;  R(0n F) = m?J - l ~ J / ~ l F o l .  


Figure 4. The unit cell of Pt(CH,C(CH3)2CH2)(P(C2H5)3)2 (5). 


b . 
Figure 5. A stereoview of an individual molecule of Pt(CH2C(CH3)2CH2) (P(C,H5)3)2. 
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Table 11. Positional and Thermal Parameters for the Atoms of Pt(CH,C(CH,),(P(C,H,),), (1) 
A E 


2 E l l  e22 033 e12 e i s  823 
?!O?o..o...o.~...o.*.....o.*!o.*ooo.* .... o.o.~o.o.oo.o......."oooo....o*oo**...o.oooo.oooo..oo.."ooo...o.o*o~o..*o...o.o.oo..o. 
P I  


P 


c w  
c I 2 1  
C I S 1  


c I 41  


Cl51 
C 161 
CIII 
C I O  
c I91 


C 1181 
Cllll 


L i o n  


nzccii 
HlClll 


HlCILI 
n2Ct61 
I l C l b l  
MZCIOI 
niccio 
nzciio 


n2c 1 3 )  


nsc131 


MlCl31 


MlCtbl 
M2Cl41 


0 0.0140690 (521 l/* 
0.046210158) 0~1031441261 


-0.09117l23) 
-0.26702 I 25 )  
-6.3916*128) 
- 0  28*19129) 
-e. 3095561 3 3 )  


o. 3 3 9 ~ 7 1 2 7 )  
0.15Ll4l24l 


-0 150741 25) 
-0 2651 8 I 35 I 
0.13372 I271 
0.14451 1 3 3 )  


X 


-0 .085 


-0.022 
0.143 
0.115 


-0.20; 
-0 .134 


O.24C 


0.076 
-0,367 
-0.389 
-0.496 
-0.391 
-0.21J 


-0.0 7351 l i b  1 


-0.10112ll1) 
-0.0 3765 (15) 
-0.1~175 114) 
-0.15711l151 
0.191 92 I l l  ) 


0~179331131 
0.13969 I12 I 
0,07795 I151 
0.07337 I 1 2  1 


0.13232 (14) 


V 


-0.057 
-0.116 
0.223 
0.214 
0.165 
0.17C 
0.056 
0.033 


- 0 . 0 6 2  


-0.Cl3 
-0.G58 
-0.160 
-0.182 


0.351423 129) 
0 . 1 6 H 6 I l l )  


0.149951121 
0.127961181 
0~223141141 
o.eaoz21i51 
0.353291121 
0.371671141 
0.34977113) 
0.357531171 
0.45715 112) 
0.52145114) 


2 


0.116 
0.184 
0 . 3 9 3  


0.302 
0 . 3 0 G  


0.393 
0.465 


0 .v65 


J.17i 
0.080 
0 e l l 9  


J.2li 
0 . 2 3 8  


51.05111) 6 . 0 1 1 2 )  8.32131 


43.141561 7.781111 1 0 . 1 3 l 1 3 1  


52 .41221 


60.9125) 
49.8 1 2 6 1  


75.6 139 ) 


111.1138) 
55.7 124.1 
56.5 (26) 
57.7 l2+ l  


73.61311 
74.8127) 


121 * 0 I391 


2 
8#A 


2 . 3  
2 . 3  


2 . 5  


2.5 
2.7 
2.7 
2.6 
2.6 
3.7 
3.7 
3.7 
3.3 


3.3 


8.711431 11.641531 
10.381481 13.681591 
17.321b61 35.31111 


2 0 . 3 8 1  73) 17.49 171) 
20.03 I74 I 16.991 7,) 
10.161471 14.881591 
17.99 I661 19.28 173) 


12 31 I52 I 17 a 8 2  I 66 I 
20.311751 32.7119) 
15.481531 10.35153) 
i a . 5 a 1 7 e )  it.z716~1 


ATOM X 


n x i b i  -0.262 
HICIII -0.415 
HZCI51 -0.307 
HSCI51 -0.233 
nic171 0.306 
HZCIII 0.356 
nsc171 0.188 


n2c191 - 0 . 2 6 4  


niccii 0.172 


n ~ c i i i  0 . 0 4 3  


HlCl91 -0.372 


H3Cl91 -0.231 


M2Clll 0.225 


0 
0.6712e) 


-1.82 179) 
-6 .941 W I  


- 3 . 1 l 1 1 1  


- 1 4 . 0 i i e )  
- 2 4 . 3 1 1 4 1  


- 3 -67 I 8 L  I 
-6.3i11 I 


4.07l881 
-2,71121 


3 . 8 3  196)  


-0.91131 


1 


-0.108 
-0.177 
-0.132 
-0.197 
0.161 
0.144 
0.226 
0.098 
0 . 0 3 8  


0.060 
0.109 
0.168 


0.157 


3.84(b)  


6 . 1 0 1 2 e I  
4.761861 
3.521971 
4. a i i a i  


d . l I i 2 1  


0.41131 


5.661 961 


2 . t l l l l  


l2.5l101 
29.0 (1 51 


8.28190 
11.9Il31 


.? 


0.267 
0.071 
0.033 
G.J93 
0.425 
0.335 
0.367 
0 a 344 


0.322 
0.411 
0.572 
0.522 
0.510 


0 
-0.57l1.1 
-0.361 3 9 1  


0.85IbSl 
5.57 I7 S i  


3.19 I 5  7.1 
-4.Oll591 
- 2 . 1 O l 4 3 ~ 1  


-0.91 I 5 5 1  


-1.131471 
-1,761701 
-0.01145) 
-3.bOf 51) 


2 
3.4 


3 . 3  


3 . 6  
3.6 
3.6 
3.1 
3 . 1  


3.1 
3 . 6  
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3 . 6  


3 . 4  


3 . 4  
3 . 4  
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ARE THE THERMAL C O E F F I C I E N T S  X 10 . 
Here the shortest intermolecular interaction is calculated 
to be 2.36 A between atoms H(2)C(6) and H(3)Me(2). A 
stereoview of the molecule is shown in Figure 5, and Figure 
6 displays the inner coordination sphere along with per- 
tinent distances and angles. Additional distances and 
angles are in Table IX while Table X presents results on 
least-squares planes. 


Although the number of known structures involving the 
cis-PtP, geometry is extensive, none of these also involves 
neopentyl groups as additional ligands. Thus direct com- 
parison of the structure of 1 with others in the literature 
is not possible. The structures of known platinacyclobu- 
tanes have been summar i~ed . '~?~~  The only structure of 
accuracy comparable with that of 5 is Pt(C(CN),CH,C- 
(CN)2)(P(C,H,),)2,27 and the two structures are similar. 
In 5 the Pt-C and Pt-P distances are significantly shorter 
than in the cyano-substituted derivative (averages of 2.083 
(6) vs. 2.138 (6) A and 2.285 (3) vs. 2.303 (2) A, respec- 
tively). The twist between the PPtP and CPtC planes is 
18.0' in the cyano derivative vs. 1.8' in 5. These com- 
parisons suggest that 5 is less congested than its cyano 
analogue. Yet, the Pt-C-C-C rings are remarkably similar. 
Both show approximately the same deviation from pla- 
narity, the dihedral angles between the C(3)-Pt-C(1) and 
C(l)-C(2)-C(3) planes being 24.4 and 22.4', respectively, 
for the cyano complex and for 5. But in keeping with our 
objective to compare the structures of the present reactant 
1 and product 5, the discussion here will concentrate on 
the differences in these two structures. 


Several features of the structures of 1 and 5 suggest 
strain in the former and at  least partial release of this 
strain in the latter. First, the twist between the PPtP and 
CPtC planes of 1 (18.7') disappears in 5 (1.8'). Although 


I i 


(27) Yarrow, D. J.; Ibers, J. A.; Lenarda, M.; Graziani, M. J. Orguno- 
met. Chem. 1974, 70, 133-145. 


calculations by Tatsumi and Hoffmann28 and the obser- 
vation of similar twists in bis(phosphine)(olefin)metal 
complexesm both suggest that the energy intrinsic to the 
distortion from ideal planar geometry is small, it is one 
indication of strain in 1 that might be released in going 
to 5. Second, the Pt-P and Pt-C bond lengths shorten in 
going from 1 to 5 (by 0.037 (2) and 0.035 (4) A, respec- 
tively). Although the details of the interactions responsible 
for this shortening are not known, the qualitative obser- 
vation of shortening is also compatible with release of steric 
strain in going from 1 to 5. Estimates of differences in 
metal-carbon bond energies in other organometallic com- 
pounds containing neopentyl and smaller alkyl groups 
indicate that the strain energy arising from steric crowding 
around a neopentyl group may be large (>5 kcal m~l-~) .~O 
The skewing of the C(CH3I3 groups of the neopentyl 
moieties out of the PzPtCz(quasi) plane in 1, the sub- 
stantial (9') increase in the PPtP angle on going from 1 
to 5, and the kinetic observation that decomposition of 


(28) Tatsumi, K.; Hoffmann, R. unpublished. Extended Hiickel cal- 
culations suggest that the energy required to twist the PPtP and CPtC 
planes of Pt(CH3),(P(CH&), by 30' is less than 5 kcal mol-'. An exam- 
ination of Pt(CH,C(CH3),CH,)(P(CH3),), suggests that no special sta- 
bility is associated with the platinacyclobutane ring. Thus, these calcu- 
lations also may indicate, qualitatively, that 1 is strained but do not 
suggest a large magnitude for this strain. 


(29) Ittel, S. D.; Ibers, J. A. Adu. Organomet. Chem. 1976, 14, 33-61. 
(30) Steric crowding about transition-metal alkyls has been reported 


to contribute to both the decrease in bond energies and the lengthening 
of M-C bonds: the mean M-C bond energy in [M(CHzC(CH3),),] (M = 
Ti, Zr, or HD is 19-20 kcal mol-' less than that of sterically less de- 
manding alkyl substituents (Lappert, M. F.; Patil, D. s.; Padley, J. B. J. 
Chem. Soc., Chem. Commun. 1975,830-831), and the 2r-C (sp3) bond 
lengths in [Zr(~-CSHs)2(CH2C(CH3)3)z are 0.037 A longer than for an 
analogous dimethyl complex (Jefferey, J.; Lappert, M. F.; LuongThi, N. 
T.; Atwood, J. L., Hunter, W. E. Zbid. 1978, 1081-1083). Halpern and 
co-workers have observed differences in cobalt-n-propyl and cobalt- 
neopentyl bond energies of -7 kcal/mol in certain cobalt(II1) organo- 
metallics (Halpern, J., private communication). 
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Table 111. Positional and Thermal Parameters for the Atoms of Pt(CH,C(CH,),CH,)(P(C,H,),), (5 )  


A l t n  *************1* * . * * * * * * * * * . . : * * * * * * * * * * * * * * * . . * * * * * * * * * * * ~ ~ ~ * * * ~ * * * * * * * * * * * * * * * e * * * * * * * * * * * * e * * * * * * * * * * * * * e * * * * * * * * * * * * * * * * * * * * * * *  2 822 833 812 813 823 


P T  d . 2 3 6 G 3 t O l T 6 1  - 1 1 4  0 s 0169 5 1 I1 6 I 9 . 7 6  16 I 14-30 1 8 I 36.60 I 1 E  I -0.29 I 2 1  I -0 -63 1 8 I -0 661 92 1 
PI11 3.19527219bl -b.U989511A) -0.0193tl171 lC.851551 15.461651 50.81161 - 0 . 2 2 l 4 6 1  - 2 . 5 8 1 7 8 )  1 , 5 1 1 3 1  
PI21 0.3791451761 -IJ.240121241 0 . 0 1 5 7 9 1 1 3 1  1L.671361 1 6 . 4 1 1 1 1  4 4 . 2 ( 1 2 1  1 . 7 4 1 6 6 1  0 . 3 7 0 1 1  2.01161 
C111 0.2263: 1 3 9  I -b e39364 I44 I 0.047471711 15.51231 18.91271 6 5 . 8 1 7 2 1  -2.7 1211 -4  e 2 1  3 6 1  5 . 3 0 6 1  
C121 0.13L751381 - U . ~ 9 9 3 3 1 4 8 1  C.OlC321661 17.21231 16.41291 58131771 - 5 . 3 1 2 0 1  - 3 . 4 1 3 1 1  - 1 ~ 2 1 4 0 1  
C131 0.1119713tl - 5 . 2 9 5 3 1 1 4 5 1  G . 0 3 L 6 3 O l l  11.51211 25.41301 77.8179) -5.71191 2 e 1 1  32 I -3.01 411 
REI11 0.121931571 - 0 . 4 2 8 8 5 1 b 9 1  -0.144861741 26.51331 38.21521 5 2 . 3 1 7 4 1  - 3 . 3 1 3 3 1  -2.81371 3 . 1 0 9 1  
M E 1 2 1  0.08223153) -b.4b4181631 0.lG:271851 24.51391 3 1 . 6 1 4 4 1  b 5 . 0 1 9 3 1  - 6 . 6 1 3 4 1  4 . 1 1 4 6 1  1 . 5 1 5 4 1  
c ( 4 1  6.137271:31 - 0 . 0 6 5 7 5 1 5 7 1  - 0 . 1 ~ 6 ~ 4 ~ 8 1 1  ie.21111 ? 2 . 6 1 4 1 1  5 8 . 0 1 8 7 1  2 . 6 1 2 8 1  -8.51401 8 . 3 1 4 9 1  


C l 5 1  O.ldllbI451 -0.12672156) -0.515571691 33.5131) 39.01401 47.4168) - 3 . 5 1 2 8 1  - 3 . 8 1 3 4 1  3 .2 lk31  
C I6 1 0.2 7 0 1 2  I 3 7 I - 0 .  J(, 128 1 44 I -0.0224 5 169 I 19 e 1 I24 I 16 s6 I 2 5  I 90 4 I77 I -0 a 7 I20 I - 0 . 5  I 35 1 6.11301 


ci71 U . Z ~ ~ O L I ~ ~ I  0.098191531 -0.02~2zi801 i6.11281 ~ 1 . 9 1 3 1 1  i z 9 . i i o i  5 . 3 1 2 5 1  7 . 9 1 4 5 1  1.21471 
CI81 0.117971431 -0.062841531 O.lllb21741 1 6 . 8 1 2 6 1  22.31331 64.21811 1 . 5 1 2 4 1  5 . 9 1 3 6 1  -6.51441 
CI91 3.~>C731451 - O . C 6 6 ~ 9 1 5 7 1  0.2642:1671 36.21311 4 9 . 2 1 4 2 )  66.31681 -7 .81311 7 . 1  1 35 I -16.41 k 4 1  
C1101 0.43Ul9I4Cl -0.39540144) 0.0308bI681 24.01241 18.9126) 78.71721 9,11201 -3.31331 -3.01381 


C I 11 I 0 ~ 5 2 6 1 5  1 4 1  I -0 e 35730 156 1 0,02137 I70 I 16 e 7 124 I 37 - 7 1  381 83.51 751 8 . 4  I 2 4 1  - 1 . 1  I 3 4  I 9.21471 
C1121 U.426691371 -0.lY1091481 - 0 . 1 4 r 9 C 1 6 4 1  18.01261 37.81351 53.61641 6 . 0 1 2 3 1  6 . 5 1 2 9 )  7 . 1 0 0  
C1131 0 . 4 0 6 7 t 1 3 4 1  - 6 . 2 4 2 1 1 1 1 2 1  -0.277551531 27.01231 56.21431 5 3 . 0 1 5 5 1  2 1 . 8 1 4 3 )  1 0 . 5 1 2 6 1  19.11101 
CI141 0.427351321 -0.17323t411 0.16011162l 13.21191 19.01271 66.01641 -4~21181 -3e11261 - 1 . 9 1 3 3 1  
C1151 0.397391391 -0.26368152) 0.3G7331611 2 4 . 0 1 2 5 1  46.41381 38.11Y8l  - 0 . 3 1 2 5 1  - 5 . 3 1 2 9 1  - 4 . 2 1 3 9 1  


A T O M  
HlCI11 
n z c ( I i  
HlCl31 
HZCl31 
HlCl41 
H Z C 1 4 1  


H l C 1 6 1  


H Z C l 6 I  


HlClEl 
H Z C 1 8 1  


HlC 110 


HZC I10 
~ 1 ~ 1 1 2  
HZC I12 
H1C 114 
HZCl14 
HlRE1l 
HZRE11 
H3ME11 
HlREIZ 


X 


U.263 
0.238 


U.OP7 
0.078 
0.084 
0.12f 
0.307 
0 . 3 0 5  
0.097 
0.015 
0.415 
0.409 
0.412 
0,488 
0.467 
01 415 
0.068 


0.163 
0 . 1 3 3  


0.030 


Y 


-0.421 
-u.411 
-0.280 
-0.268 
-0.116 
-0.621 
-0.608 
-0.009 


O . C O 3  


-0.100 
-0.382 
-0 .395 


-0.128 
-0.194 
-0.181 
-0.101 
-0.414 
-0.395 
- 0 . 4 9 3  


- 0 . 4 3 9  


I 


-0.011 
0.147 
C . l Z ( i  


-0.044 


-0.162 
-L.209 


(1.059 
-0.1Cb 


0 ,091 
0.1c4 
0.12G 


-6.043 
-0.155 
-0.132 


0 . 1 5 5  
0.146 


-0.180 
-0.204 
- 0 , 1 5 8  


0.137 


2 
01 A 


2 . 8  


2.8 
2.9 
2.9 
3.1 
3 . 1  
3.1 
3.1 
3.0 
3.0 
3.0 
3.0 
3.0 
3.0 
2.4 
2.4 
3 . 4  


3 . 4  


3 . 4  
4 . 2  


&TOM 


HZREIZ 
H3REl2 
HlC151 
H Z C 1 5 1  


H3C15) 
H l C 1 7 1  


H2CllI 
H3C171 
H1C 191 
HZC191 
H3C191 
HIC 111 


HEC111  


H3C1ll 
HlC113 
ntc(i3 
nx(n 


nzc 115 
H l C  I15 


H3Cll5 


X 


0.0bb 


0.112 
0.190 
0.168 
0.234 
0 . 2 7 0  


0.192 
0.213 
0.106 
0.179 
0 . 1 8 0  


0 . 5 4 6  
0 . 5 4 4  
0 . 5 5 0  
0.347 
0.430 


0 . 4 2 8  


0.412 
0.339 
0.424 


I 


- 0 , 5 2 4  
-0.487 
-0.191 
-0.11b 
-0.096 


0 . 1 4 2  


0.102 
0.112 


-0.061 
-0.123 


-0.015 
-0.420 
-0.321 
-0.332 
-0.246 
-9.212 
-0.305 


- 0 . 1 5 6  
-0.212 
-0.261 


z 
0.053 
0.188 


-0.301 


- 0 . 4 0 0  


-0.329 
- 0 . 0 4 5  


-0 -093 
0.068 
0.333 
0.278 
0.280 
0.008 


- 0 . 0 5 9  
O.AO5 


-0.286 
- 0 . 3 5 7  
-0.272 


0.376 
0 .306  
0.333 


Table VIII. Bond Distances and Bond Angles in Pt(CH,C(CH,),),(P(C,H,),), (1) 


z 
0.4 


4.2 
4.2 
3.6 
3.6 
3.6 
3 . 9  


3.9 


3.9 
3 . 7  
3.7 
3.7 
3 . 5  
3.5 
3 . 5  
3 . 7  
3 . 7  


3 .7  
3.3 
3.3 
3 . 3  


bond dist, A bond angle, deg 


C( 6 j-c(7) 
C(8 )-C(9) 
C( 10)-C( 11) 


2.322 (1) 
2.118 (2)  
1.552 (3) 


1.843 (2) 


t::;: [:;)1.525 (3)  
1.525 (3) 


P-Pt-P' = 
P-Pt-C( 1) 
P-Pt-C( 1)' 
C( 1)-Pt-C( 1)' 
Pt-C( 1)-C( 2) 
C( 1)-C( 2)-C( 3) 
C( 1)-c(2)-c(4) 
C( 1)-c(2)-c(5) 
C( 3)-C( 2)-c(4) 
C( 3)-C( 2)-C( 5)  
C( 4)-C( 2)-C( 5) 


94.09 (3)  
166.15 (5)  
91.72 (5)  
85.5 (1) 


118.4 ( i j  
113.3 (2) 
111.8 (2)  
107.9 (2 j  
107.3 (2) 
108.3 (2)  
107.9 (2)  


Pt-P-C( 6) 
Pt-P-C( 8) 


P-C( 6)-C( 7)  
P-C( 8)-C( 9) 


C( 6)-P-C( 8) 
C( 6)-P-C( 10)  
C( 8)-P-C( 10) 


Pt-P-C( 10) 


P-C( 1O)-C( 11) 


123.09 (7)  
107.99 (7)  
119.49 (7)  
113.7 (1) 
112.9 117.3 (2)  (2)  


100.8 (1) 
100.8 (1) 


101.2 (1) 


interplanar angle (deg) 18.7 
Pt,P,P'/Pt,C( 1),C( 1)' 


a The primed atom is related to  the corresponding unprimed atom by the crystallographically imposed twofold axis. 
Here and elsewhere the estimated standard deviation given in parentheses is the larger of that calculated for an individual 


observation on the assumption that the values averaged are from the same population or of that calcuIated from the 
inverse least-squares matrix. 


complexes of the structure Pt(CH2C(CHJ3)2(PR3)2 takes 
place more rapidly with large phosphines than with smallg1 


are all compatible with significant steric strain in 1 and 
significant relief of this strain in going to 5. 


In summarv. this work Drovides structures for the 
~~ - 


reactant and a product of acyclometalation reaction in- 


addition to platinum(I1). These structures indicate that 
(31) Treatment of (1,5-~yclooctadiene)Pt(CH~C(CH~~)~ with P(CH- 


(CH3& at 50 O C  results in rapid formation of the bls(triisopropy1- vO1ving Of an unactivated C-H bond by Oxidative 
phosphine) analogue of 5 DiCosimo, R., unpublished data. 
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Table IX. Bond Distances and Angles in Pt(CH,C(CH,),CH,)(P(C,H,),), ( 5 )  


bond dist, A bond angle, deg 


P( 1)-Pt-P(2) 103.01 (9) Pt-P(l) 
Pt-P(2) 
Pt-C( 1 )  
Pt-C( 3) 
C(2 )-C( 1)  
C(2)-C(3) 
C( 2)-Me( 1) 
C( 2)-Me( 2) 
PW-C(4) 
P( 1 )-C(6 1 
P(1 )-C( 8 1 
P(2)-C( 10)  
P( 2)-C( 12) 


C(4 )-C( 5 1 
C( 6 )-C( 7 1 
C(8 )-C(9 1 
C( 10)-C( 11) 


P(2 )-C( 14) 


C( 12)-C( 13) 
C( 14)-C( 15) 


2.282 (2) 
2.287 (1) 
2.080 (6) 
2.086 (6) 
1.535 (9) 
1.536 (9) 
1.526 (10) 
1.518 (10) 
1.832 (8) 
1.837(6) \ 
1.831 (7) 
1.818 (6) 


1.818 (7j 


1.828 (6) 1 
1.512 (10) 
1.523 (10) 
1.523 (9) 


1.509 (10) 
1.525 (8)  


b 


Figure 6. The inner coordination sphere of Pt(CH2C(CH& 
1 


CH2) (P(C2H5)3)2. 


1 is a sterically congested molecule and that this congestion 
is relieved during its transformation to 5. This information 
suggests that relief of steric congestion may provide one 
of the factors contributing to the greater facility of intra- 
molecular cleavage of unactivated C-H bonds relative to 
analogous intermolecular cleavage reactions. I t  further 
suggests, by extension, that intermolecular oxidative ad- 
dition of C-H bonds to platinum should proceed most 
readily by using complexes in which the PPtP angle is 
constrained to a value close to 90" (perhaps by chelation) 
and the species oxidatively adding is relatively small. The 
observationLby Yoshida et al. that treatment of PtC12[ (t- 
Bu)~PCH~CH~P(~-BU)~]  with sodium/mercury alloy in 
tetrahydrofuran yields PtH2[ ( ~ - B u ) ~ P C H ~ C H ~ P ( ~ - B U ) ~ ]  
may provide an example of such a reaction.32 


Although the structures of 1 and 5 qualitatively identify 
release of nonbonded steric strain as one possible contri- 
bution to AG for the reaction, they do not establish 
whether one principal interaction or the sum of many small 
interactions dominates this contribution: certainly, at fiist 
glance, no single interaction seems glaringly more obvious 


(32) Yoshida, T.; Yamagata, T.; Tulip, T. H.; Ibers J. A.; Otsuka, S. 
J.  Am. Chem. SOC. 1978,100,2063-2073. 


P(1)-Pt-C(l) 
P( 2) -P t -c ( 3 ) 
P( 1)-Pt-C( 3) 
P( 2)-Pt-C( 1) 
C( 1)-Pt-C( 3) 
Pt-C( 1)-C(2) 
Pt-C( 3)-c( 2) 
C(1)-C( 2)-C( 3) 
C( 1)-C( 2)-Me( 1 )  
C( 1)-C( 2)-M( 2) 
C( 3)-C( 2)-Me( 1 )  
C( 3)-C( 2)-Me( 2) 
Me( 1)-C( 2)-Me( 2) 
Pt-P( 1)-C(4) 


Pt-P(l)-C( 8) 
Pt-P(2)-C( 10) 
Pt-P( 2)-C( 12) 
Pt-P(2)-C( 14) 
P( 1)-c(4)-c( 5) 


P( 1 )-c ( 8 )-C( 9 ) 
P(2)-C( 10)-C( 11) 
P( 2)-C( 12)-C( 13) 
P(2)-C(14)-C( 15) 


Pt-P( 1)-C(6) 


P( 1)-C( 6)-C(7) 


C( 4)-P( 1)-C( 6) 
C (4)-P ( 1 )-C (8 ) 
C( 6)-P( 1)-C( 8) 


C( 1O)-P(2)-C( 14) 
c ( 10 )-P ( 2)-c ( 1 2 ) 


C( 12)-P( 2)-C( 14) 


159.2 (2) 
165.1 (2) 


97.8 (2) 
67.3 (3) 


95.1 (4) 


110.0 (6) 
114.5 (6) 
111.2 (6) 
113.9 (6) 
109.3 (6) 
111.7 (3) 
122.5 (2) 


112.8 (3) 
117.5 (2) 
116.7 (2) 
114.2 (6) 
118.5 (4) 
113.3 (5) 
117.6 (5) 
113.5 (5) 
112.9 (4) 
103.7 (3) 


103.6 (3) 
102.4 (3) 
102.9 (3) 
102.6 (3) 


91.9 (2) 


95.4 (4) 


97.5 (5) 


111.1 (2) 


102.1 (4) 


Table X. Best Weighted Least-Squares Planes in ' 
Pt(CH,C(CH,),CH,)(P(c,H,),), (5) 


Coefficients Ax + By -I- Cz = D a  
plane 


no. A B C D 


1 0.075 -2.209 -9.271 0.413 
2 -0.078 2.220 9.270 -0.416 
3 0.311 1.954 9.294 -0.257 
4 -3.432 -2.447 9.022 0.615 
5 12.573 -8.720 0.766 5.161 


Deviations ( A )  from Planes 
1 2 3 4  5 


Pt 0.0000 (1) 0 0 0.0000 (1) 
P(1) 
P(2) 


C(2) 


Me(2) -0.357 0.001 (9) 


0.002 (2) 0 
0.000 (1) 0 


0 0  


0 0  


C(l)  0.034 (7) 


Me(1) 1.887 


0.384 0 -0.002 (6) 
C(3) -0.036 (7) 


0.001 (10) 


Dihedral Angles (Deg) between Planes 
1-2 179.96 3-4 22-38 
1-3 178.27 3-5 89.26 
1-4 157.59 4-5 89.25 
1-5 89.01 
2-3 1.77 
2-4 . 22.44 
2-5 91.03 


The plane is in crystal coordinates as defined by: 
Hamilton, W C. Acta Crystallogr. 1961, 14,185-189. 


than others. Moreover, as discussed above, the relative 
importance of enthalpic and entropic terms in determining 
the free energy of reaction remains to be established. All 
of these analyses will require additional information, but 
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all will ultimately rest on the structural data given here. 
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The efficient deprotonation of 1,l-diboronic esters has been accomplished with lithium 2,2,6,6-tetra- 
methylpiperidide in the presence of tetramethylethylenediamine in tetrahydrofuran. Bis(l,3,2-dioxabo- 
rin-2-yl)methane, (C3&02B)2CH2, is slightly more acidic than triphenylmethane and has been deprotonated 
to a diborylmethide salt, (C3H602B)2CH-Li+, which has been alkylated by alkyl halides, RX, to form 
l,l-bis(l,3,2-dioxaborin-2-yl)alkanes, (C31&02B)2CHR, which in turn have been deprotonated and alkylated 
with a second alkyl halide to form fully substituted gem-diboronic esters, (C3&02B)2CRR’. The carbanionic 
intermediates have also been condensed with carbonyl compounds to form alkeneboronic esters, useful 
intermediates for synthesizing carbonyl compounds homologous to the original. The carbanions, 
(C3H602B)2C-R, condense with carboxylic esters, R’C02CH3, with elimination of boron to form ketones, 
RCH,COR’. The synthesis of 1,l-diboronic esters, (C3H602B)2CHR, from methanediboronic ester anion 
and alkyl halide is poasible only if the alkyl group, R, is primary, but an alternative route involving catalytic 
hydrogenation of alkene-1,l-diboronic eaters, (C3&O2B)2M%, has been developed, and the deprotonation 
of these more hindered alkane-1,l-diboronic esters has been demonstrated. 


Introduction 
Lithium bis(dialkoxyboryl)methides, Li+CH[B(OR),I,, 


are known to react with alkyl halides to form alkane-1,l- 
diboronic esters’-“ and with aldehydes or ketones to form 
1-alkene-1-boronic esters.’r4* The latter reaction is the 
key step in an efficient conversion of carbonyl compounds 
to the homologous  aldehyde^.^ 


The synthetic utility of these reactions was formerly 
limited by the requirement that a boronic ester group be 
replaced in order to form the ~arbanion .~  
R’C[B(OR),], + R”Li - 


Li+-CR [ B (OR),] , + R”B( OR), 


The method of synthesis of tris(dialkoxyboryl)methanes, 
R’C[B(OR),],, was successful where R’ = (RO),B, H, C6H5, 


(1) (a) Preliminary communication: Matteson, D. S.; Moody, R. J. J .  
Am. Chem. SOC. 1977,99,3196-3197. (b) We thank the National Science 
Foundation for support (Granta no. MPS75-19557 and CHE77-11283). 


(2) Matteson, D. S.; Thomas, J. R. J. Orgunomet. Chem. 1970, 24, 


(3) Matteeon, D. S.; Jesthi, P. K. J. Orgummet. Chem. 1976,114,l-7. 
(4) (a) Matteson, D. S. ‘Gmelins Handbuch der Anorganischen 


Chemie”, 8th ed., New Supplement Series, Niedenzu, K.; Buschbeck, 
K.-C., Fds.; Springer-Verlag: Berlin 1977; Vol. 48, Part 16, pp 37-72. (b) 
Matteson, D. 5. Synthesis 1975, 147-158. 


(5) Matteson, D. S.; Jesthi, P. K. J. Organomet. Chem. 1976, 110, 


(6) Matteson, D. S.; Biernbaum, M. S.; Bechtold, R. A.; Campbell, J. 
D.; Wilcsek, R. J. J. Org. Chem. 1978, 43, 950-954. 


(7) (a) Ma thon ,  D. S.; Moody, R. J.; Jesthi, P. K. J.  Am. Chem. SOC. 
1975,97, 5608-5609. (b) Matteson, D. S.; Moody, R. J. J. Org. Chem. 


263-271. 


25-37. 


1980,45, 1091-1095. 


0276-7333/82/2301-0020$01.25/0 0 


or CH3, with decreasing yields in the sequence listed,@ and 
would be impractical for more complex R’ groups. At- 
tempts to alkylate lithium tris(dimethoxyboryl)methides, 
Li+-C[B(OR),],, with alkyl halides, R’X, resulted in dis- 
proportionation and formation of a mixture of R’,C[B- 
(OCH,),], and R’C[B(OCH3)2]s.2 When the more hindered 
propanediol boronic ester group was used in the hope of 
avoiding the disproportionation, methyl iodide with 
Lit.C(C02C3&)3 efficiently yielded CH3C(BO,C3H,), but 
ethyl iodide was converted to ethylene, confirmed by 
conversion to  ethylene d ib r~mide .~  


Several synthetic routes to alkane-1,l-diboronic esters 
[ l , l - b i s ( d i a U t o x y ~ ~ l ) ~ e s ] ,  R’CH[B(OR),],, have been 
r e p ~ r t e d , ~ - ~ ~ ~ J * ’ ~  and it appeared that these would be 
useful synthetic intermediates if a base could be found 
which would attack the a-proton in preference to the boron 
atoms. The report of the deprotonation of 9-methyl-9- 
borabicyclo[3.3.l]nonane with lithium 2,2,6,6-tetra- 
methylpiperidide by Rathke and Kow13 prompted us to 
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all will ultimately rest on the structural data given here. 
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The efficient deprotonation of 1,l-diboronic esters has been accomplished with lithium 2,2,6,6-tetra- 
methylpiperidide in the presence of tetramethylethylenediamine in tetrahydrofuran. Bis(l,3,2-dioxabo- 
rin-2-yl)methane, (C3&02B)2CH2, is slightly more acidic than triphenylmethane and has been deprotonated 
to a diborylmethide salt, (C3H602B)2CH-Li+, which has been alkylated by alkyl halides, RX, to form 
l,l-bis(l,3,2-dioxaborin-2-yl)alkanes, (C31&02B)2CHR, which in turn have been deprotonated and alkylated 
with a second alkyl halide to form fully substituted gem-diboronic esters, (C3&02B)2CRR’. The carbanionic 
intermediates have also been condensed with carbonyl compounds to form alkeneboronic esters, useful 
intermediates for synthesizing carbonyl compounds homologous to the original. The carbanions, 
(C3H602B)2C-R, condense with carboxylic esters, R’C02CH3, with elimination of boron to form ketones, 
RCH,COR’. The synthesis of 1,l-diboronic esters, (C3H602B)2CHR, from methanediboronic ester anion 
and alkyl halide is poasible only if the alkyl group, R, is primary, but an alternative route involving catalytic 
hydrogenation of alkene-1,l-diboronic eaters, (C3&O2B)2M%, has been developed, and the deprotonation 
of these more hindered alkane-1,l-diboronic esters has been demonstrated. 


Introduction 
Lithium bis(dialkoxyboryl)methides, Li+CH[B(OR),I,, 


are known to react with alkyl halides to form alkane-1,l- 
diboronic esters’-“ and with aldehydes or ketones to form 
1-alkene-1-boronic esters.’r4* The latter reaction is the 
key step in an efficient conversion of carbonyl compounds 
to the homologous  aldehyde^.^ 


The synthetic utility of these reactions was formerly 
limited by the requirement that a boronic ester group be 
replaced in order to form the ~arbanion .~  
R’C[B(OR),], + R”Li - 


Li+-CR [ B (OR),] , + R”B( OR), 


The method of synthesis of tris(dialkoxyboryl)methanes, 
R’C[B(OR),],, was successful where R’ = (RO),B, H, C6H5, 


(1) (a) Preliminary communication: Matteson, D. S.; Moody, R. J. J .  
Am. Chem. SOC. 1977,99,3196-3197. (b) We thank the National Science 
Foundation for support (Granta no. MPS75-19557 and CHE77-11283). 


(2) Matteson, D. S.; Thomas, J. R. J. Orgunomet. Chem. 1970, 24, 


(3) Matteeon, D. S.; Jesthi, P. K. J. Orgummet. Chem. 1976,114,l-7. 
(4) (a) Matteson, D. S. ‘Gmelins Handbuch der Anorganischen 


Chemie”, 8th ed., New Supplement Series, Niedenzu, K.; Buschbeck, 
K.-C., Eds.; Springer-Verlag: Berlin 1977; Vol. 48, Part 16, pp 37-72. (b) 
Matteson, D. 5. Synthesis 1975, 147-158. 


(5) Matteson, D. S.; Jesthi, P. K. J. Organomet. Chem. 1976, 110, 


(6) Matteson, D. S.; Biernbaum, M. S.; Bechtold, R. A.; Campbell, J. 
D.; Wilcsek, R. J. J. Org. Chem. 1978, 43, 950-954. 


(7) (a) Ma thon ,  D. S.; Moody, R. J.; Jesthi, P. K. J.  Am. Chem. SOC. 
1975,97, 5608-5609. (b) Matteson, D. S.; Moody, R. J. J. Org. Chem. 


263-271. 


25-37. 


1980,45, 1091-1095. 
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or CH3, with decreasing yields in the sequence listed,@ and 
would be impractical for more complex R’ groups. At- 
tempts to alkylate lithium tris(dimethoxyboryl)methides, 
Li+-C[B(OR),],, with alkyl halides, R’X, resulted in dis- 
proportionation and formation of a mixture of R’,C[B- 
(OCH,),], and R’C[B(OCH3)2]s.2 When the more hindered 
propanediol boronic ester group was used in the hope of 
avoiding the disproportionation, methyl iodide with 
Lit.C(C02C3&)3 efficiently yielded CH3C(BO,C3H,), but 
ethyl iodide was converted to ethylene, confirmed by 
conversion to  ethylene d ib r~mide .~  


Several synthetic routes to alkane-1,l-diboronic esters 
[ l , l - b i s ( d i a U t o x y ~ ~ l ) ~ e s ] ,  R’CH[B(OR),],, have been 
r e p ~ r t e d , ~ - ~ ~ ~ J * ’ ~  and it appeared that these would be 
useful synthetic intermediates if a base could be found 
which would attack the a-proton in preference to the boron 
atoms. The report of the deprotonation of 9-methyl-9- 
borabicyclo[3.3.l]nonane with lithium 2,2,6,6-tetra- 
methylpiperidide by Rathke and Kow13 prompted us to 


(8) Castle, R. B.; Matteson, D. S. J. Organomet. Chem. 1969,20,19-28. 
(9) Arne, K. Ph.D. Thesis, Washington State University, 1978, pp 


74-77. 
(10) (a) Matteson, D. S.; Shdo, J. G. J. Org. Chem. 1964,29,2742-2746. 


(b) Mikhailov, B. M.; Aronovich, P. M. Izu. Akad. Nauk SSSR, Ser. 
Khim. 1963, 1233-1239. (c) Aronovich, P. M.; Mikhailov, B. M. Ibid. 
1968, 2745-2752. 


(11) Brown, H. C.; Ravindran, N. J .  Am. Chem. SOC. 1976, 98, 
1798-1806. 


(12) Matteson, D. S.; Cheng, T.-C. J. Organomet. Chem. 1966, 6, 
1cc-101. 


(13) Rathke, M. W.; Kow, R. J. Am. Chem. SOC. 1972,94,6854-6855. 
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Table I. Exploration of Conditions for Deprotonation of Methanediboronic Esters (1) without 
Chelating Agent for Li+, Using Homologation of Aldehydes as Probe 


boronic mol of time,c % yield 


l a  THF LiTMP 2 14 benzaldehyde phenylace taldeh yde 29 
ester solventa base baseb h reactant productd (GLC) 


l a  THF 
l a  THF 
l a  THF 
l a  THF 
l a  THF 
lb THF 


THF 
lb I C  THF 
l e  THF 
lb benzene 
I d  benzene 


LiTMP 
LiTMP 
LiCPh, 
LDA 
t-BuLi 
LiTMP 
LiTMP 
LiTMP 
LiTMP 
LiTMP 
LiTMP 


1 
1 
1 
1 
1 
2 
2 
2 
2 
2 
2 


3 
14 


2.5 
14 


2.5 
4 


10  
10  
12 
12  
24 


benzaldehyde 
benzaldehyde 
benzaldehyde 
benzaldehyde 
benzaldehyde 
benzaldehyde 
benzaldehyde 
benzaldehyde 
heptanal 
heptanal 
heptanal 


phenylace taldeh yde 
phenylace taldehyde 
phenylacetaldehyde 
phenylacetaldehyde 
phenylacetaldehyde 
phenylacetaldehyde 
phenylacetaldehyde 
phenylacetaldehyde 
octanal 
octanal 
octanal 


6 
0 
6 
0 
0 


12  
trace 
0 


12 
37 
40 


30 mL of solvent use- for 3.5 mmc- of borer--: ester 1. Per mol of 1. Lithium tetramethylpiperidide, -iisopropq - 
amide, or triphenylmethide was prepared at  0-25 "C and cooled to -78 "C (or 0 "C for LiTMP in benzene) before addition of 
the boronic ester. 
intermediate alkeneboronic ester was oxidized with a slight excess of sodium perborate 0.5-1 h, except that with Id slow 
oxidation was noted, time 6 h. 


Table 11. Exploration of Conditions for Deprotonation of Bis( 1,3,2-dioxaborin-2-yl)methane ( l b )  by 


Time stirred at 20-25 "C before cooling to  -78 "C and adding 1 mol of aldehyde/mol of 1. The 


Lithium 2,2,6,6-Tetramethylpiperidide in the Prekence of Li+ Complexing Agent and for 
Homologation of Heptanal and Cyclohexanonea 


mol6 of 
com- 


mol of complexing plexing carbonyl % yield 
LiTMP agent agent solvent reactant other reagents product (GLC) 
1 TMEDA 1 THF heptanal octanal 62 
1 TMEDA 2 THF heptanal octanal 60 
2 TMEDA 2 THF heptanal octanal 59 
1 TMEDA 0.5 THF heptanal octanal 49 


1 HMPA 1 THF heptanal octanal 11 
1 TMEDA 1 2:3 THF/Et,O heptanal octanal 55 
1 TMEDA 1 1: 1 THF/CH,Cl, heptanal octanal 0 
1 TMEDA 1 THF heptanal CH,Cl, octanal 59 
1.15d TMEDA 1.15 THF heptanal octanal 55 
1.15d TMEDA 1.15 THF heptanal MgBr, e octanal 4 
1 TMEDA 1 THF heptanal MgBr, oc tanal 34 


1 DABCO 1 THF heptanal octanal 46 


1 TMEDA 1 THFg heptanal CH,Cl,g octanal 848 
1 TMEDA 1 THF cyclohexanone C,H,,CHO 66 
1 TMEDA 1 THF cyclohexanone B(OMe), C,H,,CHO 69 
1 TMEDA 1 THF cyclohexanone B(OMe), t CH,Cl, C,H,,CHO 55 


a See Experimental Section for general conditions. Per mol of l b  and carbonyl compounds. Added with the 
heptanal, equal vol to THF (20 mL). 
"C. 
added, Oxidation time 4 h; duplicate yields within 1%; found 2% heptanal in one run, none in the other. 
just before cyclohexanone. 


And 1.15 mol of lb/mol of heptanal. e From Br, + Mg in ether, added to  2b at 0 


Added 1 mol 
Added after 2b cooled t o  -78 "C. g The precipitated 2b was filtered, and the heptanal in 4:3 THF/CH,Cl, was 


try the same reagent for deprotonation of a methanedi- 
boronic ester. 


Results 
Exploration of Deprotonation Conditions. The first 


attempt a t  deprotonation was made with ethylene glycol 
methanediboronate [bis(l,3,2-dioxaborol-2-yl)methane]14 
( l a )  under conditions similar to those used for 9- 


1 RCHO 
A RCH2CHO 


1 2 


a b C d e 
methyl-9-BBN by Rathke and K o w , ~ ~  2 mol of lithium 


(14) The older system of naming boronic esters according to the CUB- 
toms of organic chemists is self-explanatory and easy to read when the 
structures are complicated aid will be used informally in this article in 
preference to the current systematic style, shown in brackets. Another 
name for the 1,3,2-dioxaborol-2-y1 group is 'ethylenedioxyboryl". 


2,2,6,6-tetramethylpiperidide (LiTMP) in tetrahydrofuran 
(THF) at room temperature. Reaction with benzaldehyde, 
oxidation with sodium perborate,' and GLC analysis in- 
dicated a 29 % yield of phenylacetaldehyde. 


This initial success encouraged us to search for more 
efficient conditions for the deprotonation of ethylene glycol 
methanediboronate (la), with the dismal results summa- 
rized in Table 1. It appeared likely that la has insufficient 
steric hindrance to prevent competing attack of base at  
a boron atom to form a complex resistant to deprotonation, 
and we therefore tested propanediol methanediboronate 
[bis(l,3,2-dioxaborin-2-yl)methane] (lb) as well as the 
pinacol (IC), 2,2-dimethylpropanediol (la), and catechol 
(le) esters. Results were still poor (Table I), though some 
improvement was noted when heptanal was used in place 
of benzaldehyde as the carbonyl reactant, perhaps because 
the rather sluggish peroxide oxidation under basic con- 
ditions destroyed more of the product phenylacetaldehyde 
than the less sensitive octanol. 


In parallel work with pinacol (pheny1thio)methane- 
boronate, it appeared that yields of deprotonation product 
were significantly improved by the inclusion of tetra- 
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Table 111. Alkylation of Alkane-l,ldiboronic Ester Anions 


anion R-X product 


% yield 


GLC isolated 


2b CH3( CH2)31 CH,(CH,),CHO 86 


2b CH3( CH2)3C1 CH,(CH,),CHO 23 a 
2b CH3( CH2)4Br CH,(CH,),CHO 80 62 
2b CH3( CH2)4Br cH3(cH'2)4cH(B02c3H6)2 (3 )  71 
2b CH3 ( CH2)6 I CH,(CH,),CHO 82 


2b CH,( CH,),0S0,C6H4CH, CH,(CH,),CHO 76 
2b C,H,CH2Br C,H5CH,CH0 71 


C1(CH2),CH0 83  
none 0 2b CH,O,C(CH,),Br 


2b CH,( CH,),CHBrCH, CH3( CH,),CH(CH,)CHO 6 b  


2b CH3( CH2)3Br CH,(CH,),CHO 79 


2a CH3(CH.?)61 CH,(CH,),CHO 55 


2b C1(CH,),I 


2b cy clo-C6H,, Br none 0 


2b ( C,H,),CHI (C,H,),CHCHO 8 
2b NC(CH,),Br NC(CH2)4CH(B02C3H6)2 (5 )  49 
2b CH3C(02C2H4)(CH2)31 CH3C(02C2H4)(CH2)3CH(B02C3H6)2 (4) 57 
6 CH31 CH,(CH,),COCH, 78  
6 C, H,CH,CH,I C6H5CH2CH2C(Bo2C3H6)2cSH!1 70 


Longer reaction time not  tested. Octanal used as integration standard. 


methylethylenediamine (TMEDA),16 presumably because 
the TMEDA coordinates with lithium ion and thereby 
increases the nucleophilicity of the amide anion. Ac- 
cordingly, the effect of TMEDA on the reaction of pro- 
panediol methanediboronate (lb) with LiTMP was tested, 
with immediately improved results (Table 11). The lith- 
ium bis(trimethylenedioxybory1)methide (2b) was observed 
to precipitate after the reactants, initially mixed at -78 "C, 
were warmed to 0 "C. 


The 2b prepared by deprotonation of lb  still remained 
inferior to 2a prepared by deboronation of ethylene glycol 
methanetriboronate [tris( 1,3,2-dioxaboral-2-yl)methane] 
as a reagent for the homologation of aldehydes.' Accord- 
ingly, other factors affecting the reaction were explored. 
Diazabicyclooctane (DABCO) and hexamethylphosphor- 
amide (HMPA) proved less successful than TMEDA as 
lithium ion complexing agents. The use of lithium diiso- 
propylamide in place of LiTMP yielded only 6% octanal 
from heptanal. Dichloromethane, a beneficial cosolvent 
(and perhaps reactant) in the deboronation route to car- 
banions,6J proved incompatible with the deprotonation of 
lb  to 2b and failed to improve the yield when added at 
a later stage. Since it was thought that the reaction me- 
dium used for the deprotonation process might be suffi- 
ciently more basic than that remaining after the deboro- 
nation reaction to promote side reactions such as enoli- 
zation, attempts were made to reduce the basicity by 
adding magnesium bromide or trimethyl borate, but the 
former proved deleterious and the latter ineffective (Table 
11). When the ethylene glycol ester 2s was prepared from 
la  under the best conditions found for the propanediol 
ester 2b, it homologated heptanal to octanal in 43% yield. 


Evidence that the formation of 2b by deprotonation of 
lb  was indeed highly efficient was first obtained when 2b 
was allowed to react with 1-iodoheptane, which led to 
octanal in 82% yield. Subsequently, it was found that the 
homologation of heptanal to octanal could be carried out 
with similar high efficiency, provided the precipitated 
lithium bis(l,3,2-dioxaborin-2-yl)methide (2b) was isolated 
by filtration in a Schlenk apparatus before reaction with 
the heptanal (Table 11). I t  was also found necessary to 
allow longer for the peroxidic deboronation of the pro- 
panediol alkeneboronate intermediates than for that of the 
corresponding ethylene glycol esters. 


(16) (a) Matteson, D. S.; Arne, K. J.  Am. Chem. SOC., 1978, 100, 
1325-1326. (b) Matteson, D. S.; Arne, K., Organometallics, in press. 


Attempted reaction of camphor, a sterically hindered 
ketone, with 2b failed. The general synthetic utility of 2a 
and, implicitly, 2b in comparison with other methods for 
homologating carbonyl compounds has been discussed in 
a previous article.' 


Alkylation of Diborylcarbanions. The alkylation of 
lithium bis(l,3,2-dioxaborin-2-yl)methide (2b) was initially 


3 


4 5 


explored with the aid of gas chromatography of the al- 
dehydes resulting from in situ perborate oxidation of the 
alkylation products. Good yields were obtained with 
primary iodides, bromides, and a tosylate, but secondary 
halides yielded little or no alkylation product (Table 111). 
Isolation of the initially formed alkane-1,l-diboronic esters 
was also found to be straightforward. Examples included 
propanediol hexane1,l-diboronate (3), the ethylene ketal 
of propanediol5-oxohexane-l,l-diboronate (4), and pro- 
panediol 5-cyanopentane- 1,l-diboronate (5). 


For a test of the possibility of deprotonating a 1,l-di- 
boronic ester produced by alkylation of 2b, propanediol 
hexane-1,l-diboronate [l,l-bis(l,3,2-dioxaborin-2-yl)hex- 
ane] (3) was subjected to the usual deprotonation condi- 
tions with LiTMP and TMEDA in THF. The lithio de- 
rivative 6 was readily formed and was alkylated in good 
yields (Table 111). 


6 
Reactions of a Diborylcarbanion with Carbonyl 


Compounds. It was expected that 1-lithio-1,l-bis( 1,3,2- 
dioxaborin-2-y1)hexane (6) would react with aldehydes in 
a manner analogous to that of the diborylmethide (2b). 
This was confirmed by reaction of 6 with benzaldehyde 
and in situ perborate oxidation of the intermediate 1- 
phenyl-1-heptene-&boronic ester (7) to form l-phenyl-2- 
heptanone (Table IV) . 


The reaction of lithium bis( 1,3,2-dioxaborol-2-yl)methide 
(2a) with benzoyl chloride or methyl benzoate to form 
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peared that 10b reacted slowly. 
Acidity of Bis( 1,3,2-dioxaborin-2-yl)methane (lb). 


Treatment of lb with LiTMP and TMEDA in THF pre- 
cipitates lithium bis(l,3,2-dioxaborin-2-yl)methide (2b), 
which has been isolated by filtration in a Schlenk appa- 
ratus. The air-sensitive solid 2b appeared to contain 
0.3-0.5 mol of THF on the basis of NMR and elemental 
analysis, though pure material was not obtained. 


An early experiment indicated at least 6% deprotonation 
of ethylene glycol methanediboronate (la) by lithium 
triphenylmethide (Table I). Since the pK, of the latter 
is known with some precision," the deprotonation of 
propanediol methanediboronate (lb) by lithium tri- 
phenylmethide was investigated briefly. With the kinetic 
aid of TMEDA in THF, equimolar amounts of these 
reactants a t  0 "C led to immediate dissolution of the red 
precipitate of lithium triphenylmethide and gradual pre- 
cipitation of white lithium bis(l,3,2-dioxaborin-2-y1)- 
methide (2b), confirmed by alkylation with l-bromo- 
pentane followed by perborate oxidation of the resulting 
hexane-1,l-diboronic ester (3) and isolation of the hexanal 
as the 2,4-dinitrophenylhydrazone in 32 % yield. Similar 
results were obtained when triglyme [ 1,2-bis(2-methoxy- 
ethoxy)ethane] was used in place of TMEDA as the lith- 
ium ion complexing agent. The THF solution retained a 
deep red color of the triphenylmethide anion up to the 
point where the 1-bromopentane was added. When a few 
milligrams of triphenylmethane was added to a suspension 
of 2b prepared from LiTMP and lb, the precipitate turned 
pink but the solution remained clear and colorless. These 
results suggest that the methanediboronic ester l b  is a 
stronger acid than triphenylmethane. 


S t ruc tura l  Limits of Deprotonation. We explored 
some of the practical limits to the structures of boronic 
esters which can be deprotonated. Propanediol meth- 
aneboronate (13) treated with LiTMP under our usual 


Table IV. Reactions of 
1-Lithio-l,l-bis( 1,3,2-dioxaborin-2-yl)hexane (6) with 


Carbonyl Compounds 


% yield 
carbonyl compd product ( G W  


C,H,CHO C6H,CH2CO( CH,),CH, 84 
C,H,CO,CH, c6 H5Co( CH 2) I CH3 99 
C6H,COCl '6 HSCo( CH2)5CH3 37 
CH, CO ,C, H, CH,CO( CH,),CH, 37 
CH,(CH,),CO,CH, CH,(CH,),CO(CH,),CH, 66 


a 2,4-DNP derivative isolated, 71%. 


acetophenone has been noted previously.' This type of 
reaction becomes of considerably greater synthetic interest 
with more complex boronic ester anions such as 6. Thus, 
methyl benzoate and 6 quantitatively yielded l-phenyl- 
heptanone, presumably by way of a boron enolate inter- 
mediate (8) and an unstable a-boryl ketone (9). 


The low efficiency of reaction of benzoyl chloride with 
6 (Table IV) was unexpected on the basis of previous ex- 
perience.' The low yield with ethyl acetate may be at- 
tributed to competition of the acidic a-protons for the 
carbanion. Methyl butyrate gave a satisfactory yield of 
acylation product (Table IV). 


Alkane-1,l-diboronic Esters from Hydrogenation 
of Alkene-1,l-diboronic Esters. Because alkylation of 
lithium bis(l,3,2-dioxaborin-2-yl)methide (2b) is inefficient 
with secondary halides, alkane-1,l-diboronic esters 
branched at the 2-carbon are unavailable by this route. An 
alternative approach was devised, involving hydrogenation 
of alkene-1,l-diboronic esters over a palladium catalyst. 
These boronic esters are easily prepared from lithium 
tris(l,3,2-dioxaborinn-2-yl)methide and either aldehydes or 
ketones.ls As examples, propanediol 2-phenylethane- 
1,l-diboronate (loa), 2-phenylpropane-1,l-diboronate 


10 


a ,R=Ph,  R'=H, b, R=Ph, R'=CH3, c,  = 


1 C H3(C H& HO 
10b - ">CH-c B, 


CH3 /:'I2 2 NaBO, ' 
U 
I I  


ph>CH- C -C H&C H2)6CH3 
CH3 11 


(lob), and cyclohexylmethanediboronate (1Oc) were pre- 
pared by this route. The extra branching did not prevent 
deprotonation of 10b and lOc, as shown by successful 
condensations with carbonyl compounds, though it ap- 


(16) Matteson, D. S.; Hagelee, L. A. J. Organomet. Chem. 1976, 93, 
21-32. 


1 3  


conditions, followed by 1-bromopentane, oxidation with 
sodium perborate, and GLC analysis, yielded less than 1% 
1-hexanol. With LiTMP under the conditions described 
by Rathke and Kow,l3 the yield of 1-hexanol was 2%. The 
use of sec-butyllithium in cyclohexane/THF or LiTMP 
in TMEDA as solvent also yielded 1-2% 1-hexanol. Thus, 
practical deprotonation of 13 has not been accomplished 
and appears unpromising. 


Propanediol benzylboronate (14) was readily deproton- 
ated by LiTMP to form the anion 15, which with methyl 


1 7  1 8  19 


iodide yielded propanediol 1-phenylethane-1-boronate (16), 
characterized by oxidation to 1-phenylethanol (66%). 
Unexpectedly, bis(propanedio1) benzyldiboronate (17) also 
yielded anion 15, the deboronation product, together with 


(17) (a) Bordwell, F. G.; Bares, J. E.; Bartmess, J. E.; McCollum, G. 
J.; Van Der Puy, M.; Vanier, N. R.; Matthew, W. S. J. Org. Chem. 1977, 
42,321-325. (b) Bordwell, F. G.; Bares, J. E.; Bartmess, J. E.; Drucker, 
J. E.; Gerhold, J.; McCollum, G. J.; Van Der Puy, M.; Vanier, N. R.; 
Mathews, W. S. Ibid. 1977,42, 326-332. 
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lesser amounts of the deprotonation product (18). 
The 1-phenylethane-1 ,l-diboronic ester (19) would be 


expected to undergo some protodeboronation during the 
oxidation process,18 but the proportion of 1-phenylethanol 
derived from 17 was very high (73435% yields), and the 
proton NMR spectrum of the crude boronic ester inter- 
mediates showed both the methyl doublet corresponding 
to 16 and the singlet corresponding to 19.18 


In view of the successful generation of an allylic anion 
from an alkenyldialkylborane and LiTMP by Kow and 
Rathke,lg we attempted the deprotonation of pinacol 
(E)-1-propene-1-boronate and trapping of the anion by 
silylation with chlorotrimethylsilane, but no trimethylsilyl 
peak could be seen in the NMR spectrum of the crude 
reaction product after evaporation of the solvent. 


Deprotonations of other substituted methaneboronic 
pinacol esters, XCH2B02C2(CHJ4, found concurrently with 
or subsequent to this work, include X = PhS,15 X = (C- 
H3)3Si,20 X = CH2=CH,21 and X = Ph3P+.21 
Free Radical Stabilities. Interpretation of carbanion 


stabilities should take stabilities of the corresponding 
radicals into account, since the free energy of ionic disso- 
ciation must equal the sum of the free energies of homo- 
lytic dissociation and one-electron transfer. Our early work 
indicated that a boronic ester group stabilizes an adjacent 
radical somewhat less effectively than does a phenyl 
group,22 and the result of Pasto and co-workers on the 
radical bromination of a 2-phenylethane-1-boronic ester 
to form a 2-bromo-2-phenylethane-1-boronic ester agrees.18 
However, there is a discrepancy in the reported addition 
of hydrogen bromide under “free radical conditions” to 
ethylene glycol 2-phenylethene-1-boronate to form the 
2-bromo-2-phenylethane-1-boronic ester,18 or at least its 
degradation producta,3 which would imply that the boronic 
ester group was more effective than the phenyl in stabi- 
lizing an adjacent radical. 


We have carried out the radical initiated addition of 
thiophenol to pinacol2-phenylethene-1-boronate (20) and 


Matteson and Moody 


RCHO + -CH(BO&H& - 
trans-RCH=CHB02C3H6 - RCH2-CHO (1) 


RBr + -CH(B02C3H6)2 - R-CH(B02C3H6), - 
R--C(BO~C~HG)~ (2) 


R-CH(BO&3H6)2 --t R--CHO (3) 


R’Br + R--C(BO2C3H6), - - R-CO-R’ (4) 


R’CHO + R--C(BO&3H6)2 + - R-CO-CH2R’ (5) 


R’C02CH3 + R--C(BO2C3H6)2 -+ -+ RCH2-CO-R’ 
(6) 


R’COR” + R--C(BO&3H& -+ 


R’Rt’C=CR(B02C3H6) - R’R”CHC0R ( 7 )  


R’COR” + 
-C (BO2C3H6) 3 - R’R’’C=C ( B O ~ C ~ H G ) ~  --* 


R’Rt’CHCH(B02C3H6)2 
equivalent to R-CH(B02C3H6), in 


further transformations (8) 


Several other types of transformations are implicit in 
eq 1-8. For example, ~~~~s -RCH=CHB(OR’’ )~  (eq 1) is 
known to be readily convertible to cis-RCH=CHR’ by 
R’Li followed by iodine and sodium hydroxide,24 to cis- 
RCH=CHBr by bromine and sodium hydroxide,25 or to 
trans-RCH=CHI by iodine and sodium hydroxide.26 
Unfortunately, the stereochemistry of the alkeneboronic 
esters derived from ketones (eq 7 )  is uncontrolled, limiting 
the possible utility of these intermediates. Alkeneboronic 
esters and gem-diboronic esters can be converted to the 
corresponding o r g a n ~ m e r c u r i a l s , ~ ~ ~ ~ ~ ~  and boron-substi- 
tuted carbanions are known to alkylate triphenyltin 
chloride and similar  reagent^.^^^ Such possibilities as 
conjugate addition of these boron-substituted carbanions 
to a,p-unsaturated carbonyl compounds or reactions with 
epoxides have not been explored. 


The major drawback to gem-diboronic esters as synthetic 
intermediates is the mediocre yield of the precursor, tet- 
ramethyl methanediboronate, CH2[B(OCH3),12, and the 
required use of lithium dispersion in its preparation, which 
involves the hazards of exothermic reaction and flammable 
materials. However, the preparation involves only one 
step, can be carried out on a substantial scale (80 g), and 
has proved more reliable than the analogous preparation 
of hexamethyl methanetriboronate, HC[B(OCH,),],, in our 
e~perience.~ Accordingly, we would recommend the de- 
protonation of the diboronic ester (lb) in preference to 
deboronation of the triboronic ester for general synthetic 
purposes. 


We have made several attempts to improve the synthesis 
of lb. These included direct reaction of propanediol boron 
chloride with dichloromethane and lithium, which ap- 
parently yielded 20% of lb  in a mixture from which it was 
not easily separated. Preparation of dilithiomethane28 
followed by treatment with methyl borate in ether failed, 
and the reported route to bis[bis(dimethylamino) boryll- 


2 0  21 


obtained pinacol l-(phenylthio)-2-phenylethane-l-boronate 
(21), which shows clearly that the phenyl is more effective 
than the boronic ester group in stabilizing the adjacent 
radical. The possibility that the anomalous hydrogen 
bromide addition might be an ionic’* process is thus con- 
firmed.23 


Discussion 
Synthetic Utility. Anions from deprotonation of 


gem-diboronic esters function as synthetic equivalents of 
carbonyl anions or as substituted Wittig reagents. Dem- 
onstrated useful transformations are summarized in eq 1-8. 


(18) Pasto, D. J.; Chow, J.; Arora, S. K. Tetrahedron 1969, 25, 


(19) Kow, R.; Rathke, M. W. J.  Am. Chem. SOC. 1973,95,2715-2716. 
(20) Matteson, D. S.; Majumdar, D. J. Chem. SOC., Chem. Commun. 


1557-1569. 


1980, 39-40. 
(21) (a) Majumdar, D. Ph.D. Thesis, Washington State University, 


1979, PP 57-59, 76-78. (b) Matteson, D. S.; Maiumdar, D., to be sub- 
mitted ?or publication. 


(22) (a) Matteson, D. S. J. Am. Chem. SOC. 1960,82,4228-4233. (b) 
Matteson, D. S. J.  Org. Chem. 1964,29, 3399-3400. 


(23) Ionic additions of hydrogen bromide to alkeneboronic acids have 
been reported: (a) Matteson, D. S.; Liedtke, J. D. Chem. Ind. (London) 
1963,1241. (b) Matteson, D. S.; Schaumberg, G. D. J. Org. Chem. 1966, 
31, 726-731. 


(24) (a) Evans, D. A.; Crawford, T. C.; Thomas, R. C.; Walker, J. A. 
J. Org. Chem. 1976, 41, 3947-3953. (b) Zweifel, G.; Arzoumanian, H.; 
Whitney, C. C. J.  Am. Chem. SOC. 1967,89, 3652-3653. 


(25) Brown, H. C.; Hamaoka, T.; Ravindran, N. J. Am. Chem. SOC. 
1973, 95, 6 4 5 6 4 5 7 .  


(26) Brown, H. C.; Hamaoka, T.; Ravindran, N. J.  Am. Chem. Soe. 
1973,95,5786-5788. 


(27) Mendoza, A,; Matteson, D. S. J. Organomet. Chem. 1978, 152, 
1-5. 


(28) Krohmer, P.; Goubeau, J. Chem. Ber. 1971, 104, 1347-1361. 







Deprotonation of 1,l -Diboronic Esters 


methaneB offers no advantage. The uneconomic but fairly 
efficient route based on an organomercurial12 suggests 
future possibilities of alternate routes. 


Several possible routes exist to substituted gem-di- 
boronic esters, R-CH(B02C3He)2, in addition to alkylation 
of the diborylmethide ion 2b with RBr (where R must be 
primary). That represented by eq 8 is probably the most 
general and reliable alternative and is necessary if R is to 
be secondary. The methanetetraboronic ester precursor 
is the most efficiently produced of the s e r i e ~ . ~ ? ~  The cou- 
pling of gem-dichloroalkanes with dimethoxyboron chlo- 
ride by lithium dispersion has been explored only for R 
= phenyl, though l,l,l-trichloroethane has yielded the 
ethane- l , l ,  1- triboronic ester.a Dihydroboration of acety- 
lenes has been reported to yield 1,l-diboryl compounds 
which can be converted to boronic esters," but no proof 
was offered that the 1,2-isomer was absent, and we ob- 
tained the 1,2-isomer as the major product of dihydro- 
boration of phenyla~etylene.~ Hydroboration of l-alken- 
eboronic esters generally yields mainly 1,l-diboronic esters 
after alcoholysis, accompanied by lesser amounts of 1,2- 
isomers, which are difficult to separate.'O 


Acidity of Methanediboronic Ester lb. The exper- 
imental observations suggest, but do not quite prove, that 
propanediol methanediboronate (1 b) is a somewhat 
stronger acid than triphenylmethane in THF. Referred 
to Bordwell's scale, this corresponds to a pK < 30.6 in 
dimethyl su l fo~ide .~~B It is not possible to suggest a lower 
limit, but it seems unlikely that there could be many ordew 
of magnitude of difference. 


There are several obstacles in the way of obtaining an 
accurate pK measurement for the methanediboronic ester 
lb. The lithium salt 2b is a slightly soluble precipitate in 
THF, which tends falsely to increase the apparent acidity 
of lb. A different boronic ester or solvent might solve this 
problem. However, there remains the strong possibility 
of reaction of bases Y- at  the boron atom to form borate 
complexes (221, including the possibility of self-conden- 
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Table V. Huckel Delocalization Energies of 
Anions and Radicals" 


sation of the diborylmethide salt 2b with its parent acid 
(lb) to form complex borate salts (23). These reactions 
tend falsely to decrease the apparent proton acidity of lb. 
It is the predominance of formation of anions such as 22 
with bases that are not very hindered that accounts for the 
difficulty of deprotonating methanediboronic esters in the 
first place. In view of these likely complications, it would 
be a major effort to determine an accurate pK for a 
methanediboronic ester, and no serious attempt was made. 


Huckel Calculations. Even with the limitations of the 
available measurements, it is clear that the boronic ester 
group has a greater effect than phenyl in strengthening 
the acidity of an adjacent methylene group (diphenyl- 
methane pK = 32.6 in dimethyl ~ulfoxide).'~ It is therefore 
of interest to compare results of simple Huckel molecular 
orbital calculations on the delocalization energies of phenyl 
and dialkoxyboryl compounds, summarized in Table V. 
Calculated electron densities and bond orders of the boron 
species are listed in Table VI. For the dialkoxyboryl 


(29) Our previous report that lithium tris(1,3,2-dioxaborin-2-y1)- 
methide is protonated by dimethyl sulfoxide'@ may be attributed to in- 
adequate exclusion of moisture, though it is also possible that this ob- 
servation waa correct and that proton transfer from MezSO to the tri- 
borylmethide anion is followed by irreversible complexing of the dimsyl 
anion to the boronic ester, analogous to structure 23. 


anion DE, radical DE, 
structure P P 


PhCH, 0.7206 0.7206 
(HO),BCH2 0.9948 0.5064 
Ph,CH 1.3006 1.3006 
[( HO)*BI,CH 1.5653 0.8025 
Ph,C 1.8002 1.8002 
[(HO)2Bl,C 2.0124 1.0391 


a Parameters: h~ = -0.45; h o  = + 2.09; ~ C B  = 0.73; 
k B O  = 0.35.M 


groups, the parameters used were the Pariser-Parr-Po- 
ple-based set recently published by Var~-Catledge.~O The 
tabulated delocalization energies represent the change in 
7r-bond energy in going from PhCH3 to PhCH,-, etc. 


The Huckel calculations correctly reflect the qualitative 
energy relationships found. Methanediboronic esters are 
correctly predicted to be more acidic than diphenyl- 
methane, though incorrectly not as acidic as triphenyl- 
methane. However, the triphenylmethide ion is almost as 
basic as diphenylmethide because the third phenyl group 
cannot be coplanar with the first t ~ 0 . l ~  A similar phe- 
nomenon must occur in the boronic ester series, since re- 
distribution reactions we have observed previously imply 
that diborylmethide ions cannot be much, if any, more 
basic than triborylmethide ions.2 


The delocalization energies also correctly reflect the 
relative radical stabilities, the boronic ester group being 
significantly less effective than phenyl in stabilizing an 
adjacent radical. The reason for the difference between 
radicals and anions is that the highest occupied molecular 
orbital (HOMO) of the phenyl series is nonbonding, but 
the HOMO of the boronic ester series is bonding (essen- 
tially a carbon-boron ?r bond, see Table VI). Thus, the 
electron affinity of a boryl-substituted radical is higher 
than that of a phenyl-substituted radical. These results 
are all qualitatively in accord with the known radical 
chemistry of boronic esters,20 including the observations 
that the boronic ester group assists formation of an adja- 
cent radical by the addition of a radical to an alkeneboronic 
ester much more effectively than by abstraction of hy- 
drogen from a methaneboronic ester with an oxidizing 
radical such as tert-butoxyLZ2 


In a previous publication, we used Huckel theory to 
account for the failure of a vinylboronic ester to undergo 
conjugate addition of a Grignard reagent, with a vinyl 
carboxylic ester used for compar i~on.~~ This is in no way 
contradictory to the present conclusions, the deciding 
factor being, as always, the relative stability of the tetra- 
hedral borate complex (analogous to 22) compared with 
the a-boryl carbanion or the relative stabilities of the 
transition states leading to these species. 


Experimental Section 
All reactions involving carbanions or other air-sensitive com- 


pounds were run under an argon atmosphere. Tetrahydrofuran 
(THF) was dried over sodium/potassium alloy and distilled under 
argon. Tetramethylethylenediamine (TMEDA) was distilled from 
calcium hydride. 2,2,6,6-Tetramethylpiperidine was dried over 
calcium sulfate and distilled. These amines were stored over 5-A 
molecular sieves in bottles capped with rubber septums. Cy- 
clohexane was distilled from sodium. Glassware was oven dried 
and cooled under argon, and reagents were transferred with hy- 
podermic syringes and injected through rubber septums. Bu- 


(30) Van-Catledge, F. A. J. Org. Chem. 1980,45, 4801-4802. 
(31) Matteson, D. S.; Mah, R. W. H. J. Org. Chem. 1963, 28, 


2171-2174. 
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Table VI. Huckel Electron Densities. Bond Orders, and Enemies of Boron-Substituted Carbanions and Radicals* 
n-electron density n-bond order n-bond 


structure C B 0 C-B B-0 energy, P 
(HO),BCH,- 1.351 0.682 1.984 0.925 0.147 9.541 
[(HO),BI,CH- 1.255 0.420 1.976 0.677 0.191 18.657 
[(HO),BI,C- 1.209 0.316 1.974 0.559 0.209 27.651 
(HO),BCH; 0.680 0.382 1.969 0.476 0.213 9.053 
[(HO),BI,CH~ 0.639 0.251 1.965 0.355 0.236 17.895 
[(HO),BI,C~ 0.624 0.201 1.962 0.299 0.245 26.677 


(I Parameters: see Table V. 


Table VII. Diol Methanediboronic Esters 
'H NMR.* 6 


5% yield compds' mp, "C CHZB, other 
CH,[B(-OCH,-), I, ( l a )  29-32 0.43 4.29 
CH,[B(-OCH,-)~CH~I~ (1b) 42-43 0.13 1.943, 4.08 78 
CH,[B(-OCMe,-),I, ( I C )  53-54 0.35 1.28 74 


CH2(B02C6H4)2 (le) 89-90 1.43 7.2 (m) 73 
CH,[B(-OCH,-),CMe,], ( I d )  67-68 0.23 0.97, 3.68 86 


C,H,CH[B( -OCH,-),CH,], (17) 150-151 1.92,' 4.05, 7.3 


(I All compounds yielded correct analyses. Anal. Calcd for l a ,  C,H,,B,O,: C, 38.46; H, 6.41; B, 14.10. Found: C, 
38.21;H,6.60;B, 13.74. Anal. Calcdforlb,C,H,,B,O,: C,45.65;H,7.61;B, 11.96. Found: C,45.71;H,7.73;B, 
11.79. Anal. Calcd for IC, C,,H,B,O,: C, 58.21; H, 9.70; B, 8.21. Found: C, 58.36; H, 9.77; B, 8.08. Anal. Calcd 
for Id ,  C,,H,,B,O,: C, 55.00; H, 9.17; B, 9.17. Found: C, 55.16; H, 9.24; B, 8.94. Anal. Calcd for l e ,  C,,H,,B,O,: 
C, 61.91;H, 3.97;B, 8.73. Found: C, 61.80;H, 4.12;B, 8.64. Anal. Calcdfor 17, C,,H,,B,O,: C, 60.00;H, 6.92;B, 
84.6. Found: 
to the diol moieties had the expected multiplicities and integrals. Believed to  include overlapping peaks of C,H,CHB, 


C, 60.17; H, 7.20; B, 8.23. * The CH,B peaks were characteristically broadened singlets, and the peaks due 


and CH,CH,CH, quintet. 


tyllithium was standardized against 2-propanol to the 9,lO- 
phenanthroline end point. Proton NMR spectra were recorded 
at  60 MHz with a Varian EM-360 instrument. For gas chroma- 
tography, the column was 10% SE-30 on Chrom W(NAW) in a 
3.1 m X 3 mm stainless-steel tube, and the identities of all major 
products were verified by comparison of retention times with those 
of authentic samples as well as coinjection. Microanalyses were 
by Galbraith Laboratories, Knoxville, TN. 


Diol Methanediboronic Esters (1). To 30 g (0.188 mol) of 
bis(dimethoxybory1)methane in 200 mL of THF under argon was 
added 0.376 mol of the diol in 150 mL of THF, and the mixture 
was kept overnight at 25 "C. Vacuum distillation of the solvent 
followed by recrystallization of the residue from 4:l ether/pentane 
yielded the bis(dio1) methanediboronic ester. Bis(propanedio1) 
phenylmethanediboronate (17) was similarly prepared. Physical 
properties of these compounds are summarized in Table VII. 


Lithiobis( 1,3,2-dioxaborin-2-yl)methane (2b). A solution 
of 3.5 mmol of n-butyllithium (2.4 M) in hexane was added 
dropwise to a stirred solution of 0.41 g (3.5 mmol) of 2,2,6,6- 
tetramethylpiperidine and 0.49 g (3.5 mmol) of TMEDA in 10 
mL of THF stirred at  0 "C. The solution was stirred 15 min at  
0 "C and 15 min at  20-25 "C and then cooled with a Dry Ice/ 
acetone bath to -78 "C. In another flask, a solution of 0.644 g 
(3.5 mmol) of bis( 1,3,2-dioxaborin-2-yl)methane (lb) in 10 mL 
of THF was cooled to -78 "C and transferred into the first flask 
by means of a large-bore double-ended hollow needle and argon 
pressure. After the solution was stirred 1 h at  -78 "C and 1 h 
at 0 "C, a precipitate of lithiobis(l,3,2-dioxaborin-2-yl)methane 
(2b) was obtained. For most reactions, this was used directly as 
a slurry. For a check on the nature of the precipitate, it was 
filtered in a Schlenk apparatus under argon. After being dried 
under vacuum, the air-sensitive solid had the approximate com- 
position LiCH(BO2C3H&4.5THF. Anal. Calcd for CJ-117B2Li046: 
C, 47.88; H, 7.59; B, 9.58 Li, 3.07. Found: C, 45.85; H, 7.36; B, 
9.25; Li, 3.28. 


Preparation of Aldehydes from Lithiobis( 1,3,2-dioxabo- 
rin-2-y1)methane (2b) and Carbonyl Compounds or Alkyl 
Halides. The slurry of 2b described in the preceding paragraph 
was cooled to -78 "C, and 3.3 mmol of the selected aldehyde, 
ketone, alkyl halide, or alkyl tosylate was injected. After being 
warmed to 20-25 "C and stirred 3 h, the solution was concentrated 
under vacuum and the residue was treated with 20 mL of water 
and 20 mL of dichloromethane followed by 2.25 g (14.6 mmol) 


of sodium perborate tetrahydrate. After the mixture was stirred 
15 min, a suitable reference compound was injected to serve as 
a quantitative internal standard for gas chromatography, the 
phases were separated, and the product was extracted with ad- 
ditional dichloromethane (50 mL). The dichloromethane solution 
was washed with 1.5 M hydrochloric acid to remove amines and 
then dried over magnesium sulfate before gas chromatographic 
analysis. In one run, the scale was increased by a factor of 3, and 
2b with 1-bromopentane yielded 62% of hemal ,  isolated by bulb 
to bulb distillation and confirmed by 'H NMR and gas chro- 
matographic analysis. Results are summarized in Tables I1 and 
111. 


Isolation of gem -Diboronic Esters from Alkylations. The 
general procedure outlined in the preceding paragraph for the 
preparation of aldehydes was followed on a 10-mmol scale, except 
that after concentration of the THF solution, the diboronic ester 
residue was dissolved in dichloromethane/pentane (1:l) and 
chromatographed on a short column of silica gel powder (60-200) 
mesh). Further purification was carried out by bulb to bulb 
distillation. The following compounds were prepared by this 
method. Bis(propanedio1) hexane-1,l-diboronate (3): bp 
93-102 "C (0.07 torr); 71%; 'H Nh4R (CDC13) 6 0.43 (t, 1, CHB2), 
0.9-1.3 (m, 11, cH3(cH2)4), 1.84 (quintet, 4, CH2CH2CH2), 4.03 
(t, 8,0CH2CH2). Anal. Calcd for C12H,B204: C, 56.76; H, 9.53; 
B, 8.51. Found C, 56.73; H, 9.60; B, 8.65. Ethylene ketal of 
bis(propanedio1) Bketohexane-l,l-diboronate (4): bp 125-134 
"C (0.07 torr); 57%; NMR (CDC13) 6 0.42 (t, 1, CHB2), 1.29 (8, 


3, CH3C), 1.4 (br m, 6, (CH2)3), 1.94 (q,4, CH,CHzCH,), 3.97 (s, 
4, OCH2CH20), 4.05 (t, 8,OCH&Ha. Anal. Calcd for C14H&20s: 
C, 53.90; H, 8.40; B, 6.93. Found: C, 53.99; H, 8.33; B, 6.85. 
Bis(propanedio1) 5-cyanopentane-1,l-diboronate (5): bp 
120-132 "C (0.07 torr); 49%; NMR (CDC13) 6 0.40 (t, 1, CHB2), 
1.5 (br m, 6, (CH2)3), 1.94 (q,4, CHZCH~CH~), 2.38 (t, 2, CH2CN), 
4.08 (t, 8, OCH2CH2). Anal. Calcd for C12H21B2N04: C, 54.41; 
H, 7.99; B, 8.16; N, 5.29. Found: C, 54.53; H, 7.87; B, 8.19; N, 
5.10. 
l-Phenyloctane-3,3-diboronic Acid. 1-Lithio-1,l-bis( 1,3,2- 


dioxaborin-2-y1)hexane (6) was prepared from 3 under the same 
conditions used to prepare 2b from lb. Compound I1 6 did not 
precipitate from THF. Treatment with 2-phenylethyl iodide and 
isolation of the boronic ester as described in the preceding par- 
agraph yielded 70% propanediol l-phenyloctane-3,3-diboronate, 
not analytically pure: NMR (CDC13) 6 0.9 (m, 3, CH3), 1.33 (m, 
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-10, (CHZ), + CH2CBz), 1.83 (m, -4, OCHzCHzCHzO), 2.5 (m, 
2, PhCHZ), 4.01 (t, 8, OCHZCHz), 7.37 (s, 5, CsH5). Treatment 
with water yielded l-phenyloctane-3,3-diboronic acid mp 66 "C 
dec; NMR (CD3SOCDJ similar to propanediol ester but lacking 
OCHzCHzCHzO multiplets at 6 1.83 and 4.01 and having a broad 
OH peak at 6 5.2. Anal. Calcd for Cl4HXBzO4: C, 60.49; H, 8.70; 
B, 7.78. Found: C, 60.28; H, 8.78; B, 8.08. 


Cyclohexyl Cyclohexylmethyl Ketone (12). Lithium tet- 
ramethylpiperidide was prepared from 5.5 mmol of butyllithium 
and 6 mmol of tetramethylpiperidine in 5 mL of THF and 618 
mg of TMEDA, and 1.344 g (5.05 mmol) of bis(l,3,2-dioxabo- 
rin-2-y1)cyclohexylmethane (1Oc) in 5 mL of THF was added. The 
THF was evaporated until a pressure of 0.1 torr at 25 "C was 
attained, and the residue was treated with 760 mg (5.7 mmol) of 
methyl cyclohexanecarboxylate in 5 mL of cyclohexane, which 
resulted in an exothermic reaction. The mixture was refluxed 
1 h. Workup with aqueous acid and extraction with ether followed 
by distillation yielded 771 mg of cyclohexyl cyclohexylmethyl 
ketone, bp 85-100 "C (0.2 torr) (lit.32 bp 164-165 OC (16 torr)), 
containing 2.4% of methyl cyclohexanecarboxylate and 3.3% of 
starting boronic ester by NMR, contained yield of product, 70% : 
NMR (CDC13) 6 1.0-2.0 (m, 22, cyclohexyl CH), 2.35 (m, 3, 
CHCOCHJ, 3.77 (8, CH30, 3.5 mol %), 4.04 (t, [BOz(CH~)~CH~Iz, 
2.6 mol %). The semicarbazone was prepared; mp 190-193 "C 
(lit.32 mp 190-191 "C). 


1-Phenyl- 1-heptanone, 2-octanone, and I-decanone were 
prepared from 6 and methyl benzoate, ethyl acetate, or methyl 
butyrate, respectively, under conditions similar to those described 
for the preparation of cyclohexyl cyclohexylmethyl ketone in the 
preceding paragraph, except that the period of refluxing in cy- 
clohexane was overnight and the yields (Table IV) and identities 
of the products were established by gas chromatography. It has 
not been proved whether it is necessary to reflux these reaction 
mixtures a t  all, but a low yield was obtained in an early attempt 
when the THF and volatile byproducts were not distilled from 
6 and no reflux was used. 


2-Phenyl-3-undecanone (lb). LiTMP was prepared from 10.5 
mmol of 2,2,6,6-tetramethylpiperidine, 10.2 mmol of TMEDA, 
and 10.4 mmol of 1.6 M butyllithium in 10 mL of THF. The 
solution was cooled with an ice bath, and 2.71 g (9.41 mmol) of 
propanedio12-phenylpropane-1,l-diboronate (9) was added. The 
mixture was stirred 22 h at 20-25 "C, yielding a substantial amount 
of precipitate, and then cooled to -78 "C, and 10.5 mmol of octanal 
was infected. The mixture was stirred overnight at 20-25 "C, 
concentrated, and treated with 20 mL of water, 35 mL of ether, 
2 g of sodium perborate, and 1 g of sodium hydroxide, and the 
solution was stirred overnight. The product was extracted into 
ether, and the mixture was washed with water and distilled: bp 
88-101 OC (0.01 torr); 69%; redistilled, bp 109-116 "C (0.025 torr), 
mp 0-7 OC; NMR (CDClJ 6 0.91 (m, 3, CHd, 1.26 (m, 12, (CHa6), 


(q, J = 7 Hz, 1, COCHCHJ, 7.44 ( 8 ,  5, C a b ) .  Anal. Calcd for 
Cl7HZ6O: C, 82.87; H, 10.64. Found C, 83.09; H, 10.52. 


1-Phenyl-2-heptanone was prepared from lithiated propan- 
ediol hexane-1,l-diboronate (6) and benzaldehyde under condi- 
tions similar to those described for 2-phenyl-3-undecanone in the 
preceding paragraph, but with characterization of the product 
by gas chromatography (Table IV). 


Triphenylmethyllithium as Base for Preparation of Di- 
borylmethide Anion. Triphenylmethyllithium was prepared 
from 1.25 g (5.12 mmol) of triphenylmethane and 5.25 mmol of 
butyllithium in 10 mL of THF and 0.8 mL of TMEDA at 0 O C ,  


which resulted in a red precipitate. A solution of 943 mg (5.12 
mmol) of bis(trimethylenedioxybory1)methane in 5 mL of THF 
was injected, resulting in immediate dissolving of the red pre- 
cipitate, but a red solution remained. After 2 h and being warmed 
to 17 "C the solution was still red, and there was precipitate on 
the flask walls. The mixture was cooled to 0 "C and 843 mg (5.7 
mmol) of 1-bromopentane was injected, with fading of the red 
color within 1 min, and stirring was continued at room temper- 
ature overnight. The mixture was concentrated under vacuum, 
and the residue was treated with 50 mL of petroleum ether. 
Distillation (104-115 "C (0.1 torr)) yielded 401 mg of a liquid 


1.41 (d, J = 7 Hz, 3, CHCHS), 2.40 (t, J = 7 Hz, 2 COCHZ), 3.85 
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mixture estimated by NMR to contain 74% (73 mol %) of pro- 
panediol hexane-1,l-diboronate (3) and the remainder tri- 
phenylmethane, 22.7% estimated yield of contained boronic ester. 
There was also a solid fraction, probably mostly triphenylmethane 
but also containing some 3. Both the liquid and the solid fractions 
were combined and treated with 805 mg of 2,4-dinitrophenyl- 
hydrazine in sulfuric acid/methanol and 625 mg of sodium per- 
borate tetrahydrate. The crystals obtained from two crops were 
chromatographed on silica gel, eluting the triphenylmethane with 
petroleum ether and the 2,4-DNP with 1:l ether/petroleum ether: 
yield of hexanal 2,4-DNP, 414 mg, mp 105-106 "C; second crop, 
47 mg, 99-102 "C, total 32%. An authentic sample, mp 99-102 
"C, gave no depression on mixing. 


Hydrogenation of 1-Alkene-1,l-diboronic Esters to Al- 
kane-1,l-diboronic Esters (10). The appropriate alkene-1,l- 
diboronic esters16 were hydrogenated over a 5% palladium/ 
charcoal catalyst in ethyl acetate at 1 atm, 25 "C, until saturated 
(8 h to yield loa, 2 days for 10b and lOc), and the products were 
distilled. Bis(propanedio1) 2-phenylethane-1,l-diboronate 
(loa), bp 112-127 "C (0.06 torr); 97%; 'H NMR (CDC13) 6 0.83 
(t, J = 8 Hz, 1, CHBJ, 1.79 (quintet, 4, OCH2CH2CH20), 2.78 


C6H6). Anal. Calcd for C14H&zO4: C, 61.39; H, 7.36; B, 7.89. 
Found: C, 61.15; H, 7.17; B, 8.17. Bis(propanedio1) 2- 
phenylpropane-1,l-diboronate (lob): bp 120-134 "C (0.03 torr); 


(d, J = 8 Hz, 2, PhCHzCHBz), 3.96 (t, 8, OCHZCHZ), 7.28 (8, 5, 


89%; NMR (CDCl3) 6 0.85 (d, J = 10 Hz, 1, CHB,), 1.23 (d, J 
= 7 Hz, 3, CHSCH), 1.49 (4, 2, OCHZCHZCHZO), 1.91 (q, 2, 


3.72 (t, 4, OCHZCHJ, 4.04 (t, 4,OCH,'CHJ, 7.28 ( ~ , 5 ,  Cab). Anal. 
OCHzCHiCHzO), 3.11 (m, J = 7 and 10 Hz, 1, CH,CH(Ph)CHBJ, 


Calcd for C15H22B2O4: C, 62.57; H, 7.70; B, 7.51. Found C, 62.71; 
H, 7.68; B, 7.49. Bis(propanedio1) cyclohexylmethane-1,l- 
diboronate (10~): bp 95-110 "C (0.06 torr); 79%; NMR (CDC13) 
S 0.28 (d, J = 10 Hz, 1, CHBz), 1-2 (m, 15, cyclo-C6HIl + 
CH2CHzCHJ, 4.03 (t, 8, OCHzCHz). Anal. Calcd for C13HNB204: 
C, 58.71; H, 9.10; B, 8.13. Found: C, 58.67; H, 9.06; B, 8.10. 


Propanediol Methaneboronate (13). Methaneboronic an- 
hydride pyridine complex was prepared by the published pro- 
cedure.22b Caution! The published procedure failed to note 
spontaneous combustion of the organic extracts if exposed to air 
a few seconds during workup. It is essential to maintain a blanket 
of argon over the ether/butanol solutions of methaneboronic acid 
at all times, and the preparation must be regarded as extremely 
hazardous on the scale Dimethylborane is a probable 
byproduct that would account for the spontaneous flammability. 
Methaneboronic anhydridezzb and an equivalent amount of 
propanediol were stirred over magnesium sulfate overnight, the 
product (13) was distilled below room temperature under vacuum 
and redistilled through a short fractionating column: bp 104-105 
"C (700 torr); NMR (CDCl,) 6 0.12 (s, 3, CH,B), 1.95 (quintet, 
2, CHzCHzCHz), 4.03 (t, 4, OCHzCHz). Anal. Calcd for C4H4B02: 
C, 48.08; H, 9.08; B, 10.82. Found: C, 47.87; H, 9.04; B, 11.09. 


Propanediol Benzylboronate. Dimethyl ben~ylboronate~~ 
was converted to the propanediol ester: bp 258-259 "C; NMR 
(CDC13) S 1.76 (9, 2, CHzCHzCHz), 2.19 (br s, PhCH,B), 3.90 (t, 
4, OCHzCHz), 7.26 (s, 5, CBH5). Anal. Calcd for C10H13B02: C, 
68.24; H, 7.44; B, 6.14. Found: C, 68.23; H, 7.27; B, 6.10. 


Pinacol &Styreneboronate (20). 6-Styreneboronic acid* was 
prepared from methyl borate and 6-styrylmagnesium bromide 
(preferably in THF) and was esterified with pinacol in toluene 
with azeotropic removal of the water. The product (20) was 
distilled: bp 89-93 "C (0.05 torr); NMR showed expected rela- 
tionship to known ethylene glycol esters5 Anal. Calcd for 
C,,H,J302: C, 73.07; H, 8.32; B, 4.70. Found C, 73.06; H, 8.21; 
B, 4.89. 


Pinacol2-Phenyl- 1- (phen ylt hio)et hane- 1-boronate (2 1). 
A mixture of 2.05 g of pinacol @-styreneboronate (20), 3 mL of 
thiophenol, and 150 mg of azobisisobutyronitrile was heated 3.5 
h at 100 "C. Distillation yielded 2.66 g (88%) of 21: bp 136-140 
"C (0.01 torr); 'H NMR identical with that of the authentic 
sample.16 


Registry No. la, 29173-15-7; Ib, 63035-38-1; IC, 78782-17-9; Id, 
78782-18-0; le, 78782-19-1; 2a, 57404-82-7; 2b, 63035-39-2; 3,63035- 


(32)  Venus-Danilova, E. Chem. Ber. 1928,61B, 1954-1966. 
(33) Matteson, D. S.; KrBmer, E. J. Am. Chem. SOC. 1968, 90, 


7261-7266. 







28 Organometallics 1982, 1, 28-37 


42-7; 4,63074-46-4; 5,63035-43-8; 6, 63035-40-5; 9,78782-20-4; loa, 
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(CzHs)zCHCHO, 97-96-1; CH3(CH2)4COCH3, 110-43-0; propanediol 
l-phenyloctane-3,3-diboronate, 63035-44-9; heptanal, 111-71-7; cy- 
clohexanone, 108-94-1; octanal, 124-13-0; cyclohexanecarbox- 
aldehyde, 2043-61-0; C6H5CH0, 100-52-7; C6HsC02CH3, 93-58-3; 


C,H&OCI, 98-88-4; CH3C02C2H5, 141-78-6; CH,(CH2)2CO&H,, 
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126-30-7; l,Zbenzenediol, 120-80-9; bis(dimethoxyboryl)methane, 
17936-82-2; bis(dimethoxyboryl)phenylmethane, 17936-83-3; 1- 
phenyloctane-3,3-diboronic acid, 78782-34-0; propanediol2-phenyl- 
ethene-1,l-diboronate, 56998-81-3; propanediol2-phenyl-1-propene- 
1,l-diboronate, 56998-82-4; propanediol cyclohexylidenemethane- 
1,l-diboronate, 56998-80-2; methaneboronic anhydride, pyridine 
complex, 78782-35-1; dimethyl benzylboronate, 25292-03-9; @-sty- 
reneboronic acid, 4363-35-3. 
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Under selected conditions, the hydroboration of 2,3-dimethyl-2-butene with 1 equiv of monochloroborane 
proceeds cleanly to give the monohydroboration product, thexylchloroborane (ThxBHCl). This reaction 
was examined with several monochloroborane complexes, including BH,Cl.THF, BH2Cl.0Et2, and 
BH2CESMe2 The resulting thexylchloroboranes were fully characterized by IR and llB N M R  spectroscopy. 
Monomeric ThxBHCETHF waa obtained cleanly from BH,Cl.THF. Similarly, monomeric ThxBHCl.SMe2 
was obtained cleanly from BH2C141Me2. On the other hand, the product resulting from hydroboration 
of 2,3-dimethyl-2-butene with BH2Cl.0Eb was demonstrated to be a complex, equilibrating mixture of 
thexylborane (dimeric), thexylchloroborane, and thexyldichloroborane. The hydroboration properties of 
each of these reagents were also examined. Hydroboration of terminal alkenes with the ThxBHCLTHF 
and ThxBHCl/EhO reagents led to complex mixtures containing trialkylborane, dialkylchloroborane, and 
alkyldichloroborane species. However, hydroboration of terminal alkenes with ThxBHC1-SMe2 in CHzClz 
proceeded cleanly to the desired dialkylchloroborane product. Subsequent oxidation produced the desired 
primary alcohols in nearly quantitative yields with high regioselectivity. 


Thexylborane is a particularly valuable reagent for the 
preparation of unsymmetrical trialkylboranes via sequen- 
tial hydroboration. Subsequent carbonylation or cyani- 
dation produces the corresponding unsymmetrical ketones 
in high yield2 (eq 1). 


~ B - i  Q- 'tQ - RC*=CH? 


0 


2 COI 'CHZChZR (1) 


(1) Graduate research assistant on Grant GP 41169X from the Na- 
tional Science Foundation. Taken in part from the M.S. Thesis of J. A. 
Sikorski, Purdue University, West Lafayette, IN, 1976. 


(2) Brown, H. C.; Negishi, E. J. Am. Chem. Sac. 1967,89,5285-5287. 
Pelter, A.; Smith, K.; Hutchings, M. G.; Rowe, K. J.  Chem. Sac., Perkin 
Tram. 1 1975, 129-138. For a review of the synthetic applications of 
thexylborane, see: Negishi, E.; Brown, H. C. Synthesis 1974, 77-89. 
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In this procedure, it is important that the first alkene 
introduced be a relatively hindered one, such as cyclo- 
pentene or 2-methyl-1-butene. Treatment of thexylborane 
with an unhindered terminal alkene cannot be controlled 
to give exclusively monohydr~boration~ (eq 2). Conse- 


C H z C H z R  


quently, this synthesis fails when one attempts to stitch 
together two different primary alkyl groups. 


It occurred to us that this problem might be solved by 
employing a thexylchloroborane (ThxBHCl) derivative (eq 


(3) Brown, H. C.; Negishi, E.; Katz, J.J. J. Am. Chem. Sac. 1975,97, 
2791-2798. 
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Under selected conditions, the hydroboration of 2,3-dimethyl-2-butene with 1 equiv of monochloroborane 
proceeds cleanly to give the monohydroboration product, thexylchloroborane (ThxBHCl). This reaction 
was examined with several monochloroborane complexes, including BH,Cl.THF, BH2Cl.0Et2, and 
BH2CESMe2 The resulting thexylchloroboranes were fully characterized by IR and llB N M R  spectroscopy. 
Monomeric ThxBHCETHF waa obtained cleanly from BH,Cl.THF. Similarly, monomeric ThxBHCl.SMe2 
was obtained cleanly from BH2C141Me2. On the other hand, the product resulting from hydroboration 
of 2,3-dimethyl-2-butene with BH2Cl.0Eb was demonstrated to be a complex, equilibrating mixture of 
thexylborane (dimeric), thexylchloroborane, and thexyldichloroborane. The hydroboration properties of 
each of these reagents were also examined. Hydroboration of terminal alkenes with the ThxBHCLTHF 
and ThxBHCl/EhO reagents led to complex mixtures containing trialkylborane, dialkylchloroborane, and 
alkyldichloroborane species. However, hydroboration of terminal alkenes with ThxBHC1-SMe2 in CHzClz 
proceeded cleanly to the desired dialkylchloroborane product. Subsequent oxidation produced the desired 
primary alcohols in nearly quantitative yields with high regioselectivity. 


Thexylborane is a particularly valuable reagent for the 
preparation of unsymmetrical trialkylboranes via sequen- 
tial hydroboration. Subsequent carbonylation or cyani- 
dation produces the corresponding unsymmetrical ketones 
in high yield2 (eq 1). 
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In this procedure, it is important that the first alkene 
introduced be a relatively hindered one, such as cyclo- 
pentene or 2-methyl-1-butene. Treatment of thexylborane 
with an unhindered terminal alkene cannot be controlled 
to give exclusively monohydr~boration~ (eq 2). Conse- 
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quently, this synthesis fails when one attempts to stitch 
together two different primary alkyl groups. 


It occurred to us that this problem might be solved by 
employing a thexylchloroborane (ThxBHCl) derivative (eq 
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Reactions with Monochloroborane Complexes 


3). The success of this strategy is dependent upon the 
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R'CH=CH~ t co - - hBH2cH2R' 2 t o 1  


CH2CHzR CH2CH2R 


0 


II 
R'CH2CH2CCH2CH2R (3 )  


clean monohydroboration of 2,3-dimethyl-2-butene with 
a monochloroborane species and the successful utilization 
of the resulting thexylchloroborane derivative in subse- 
quent hydroborations. With this strategy there should be 
no limitation arising from the structural features of the 
alkenes employed in the sequence. Successful coupling of 
two different primary alkyl groups should be quite feasible. 
Accordingly, we undertook a detailed study of the reaction 
of 2,3-dimethyl-2-butene with various monochloroborane 
derivatives. The resulting thexylchloroboranes were fully 
characterized by llB NMR and infrared spectroscopy. The 
hydroboration properties of each of these reagents were 
also examined to determine their utility in the above se- 
quence. 


Recently, Zweifel and Pearson reported the successful 
synthesis of thexylchloroborane-methyl sulfide from 
thexylborane-methyl sulfide and hydrogen chloride4 (eq 
4). This reagent has been shown to hydroborate terminal 


U 


alkenes cleanly and q~an t i t a t ive ly .~ ,~~  The present in- 
vestigation, leading to the development of practical syn- 
thetic routes to this new reagent via hydroboration, was 
carried out independently,' prior to the publication of the 
above synthesis (eq 4). Our study provides a highly con- 
venient synthetic route to this valuable new reagent for 
application to the "stitching" of two terminal olefins.5b 


Results and Discussion 
Hydroboration of 2,3-Dimethyl-2-butene with 


BH2Cl.THF in THF. Prior to this study, the reaction of 
2,3-dimethyl-2-butene with BHzC1.THF in THFG had been 
examined by two different  worker^.^ In neither case was 
there an attempt to characterize the borane products 
produced in this reaction or to utilize the reagent for 
subsequent hydroborations. For the present objective, it 
was important to establish the actual structure of the 
product and the cleanness of the subsequent reaction of 
the product with alkenes. The rate of reaction of 2,3-di- 
methyl-2-butene with BH2C1.THF was measured at  25 "C 
(Table I). The reaction was essentially complete after 24 
h when the initial concentrations of the reagents were 0.40 


(4) Zweifel, G.; Pearson, N. R. J. Am. Chem. Soc. 1980,I02,591+5920. 
(5) (a) Brown, H. C.; Sikorski, J. A,; Kulkami, S. U.; Lee, H. D. J. Org. 


Chem. 1980,45,4540-4542. (b) Kulkami, S. U.; Lee, H. D.; Brown, H. 
C. Ibid. 1980,45,4542-4543. 
(6) Brown, H. C.; Tierney, P. A. J. Inorg. Nucl. Chem. 1959,9,51-55. 
(7) (a) Zweifel, G. J. Organomet. Chem. 1967,9,215-221. (b) Pasto, 


D. J.; Kang, S.-Z. J. Am. Chem. SOC. 1968,90, 3797-3800. 


Table I. Rate of Reaction of 2,3-Dimethyl-l-butene 
(0.40 M) with BH,CI.THF (0.40 M )  in THF at 25 "C 


BH,Cl.THF, 2,3-dimethyl-2- time, alkene reacted, 
mmol butene, mmol h mmol 


10 10 0 . 5  1.6 
1.0 2.5 
2.0 4.0 
4.0 5.7 


24.0 9.2 


M. Only terminal B-H species were observed at 2475 cm-' 
by infrared spectroscopy. The llB NMR spectrum of this 
solution (doublet, 6 13.9 JBH = 133 Hz) indicated >95% 
conversion to a monomeric product, presumably the THF 
complex, ThxBHC1-THF (eq 5). 


H 


The utility of ThxBHCLTHF as a hydroboration reagent 
was then determined by examining its reaction with 1- 
octene. The reaction was found to be slow and incomplete 
a t  0 "C. Only 44% of the 1-octene was utilized after 22 
h when the initial concentration of reagents was 0.70 M. 
At 25 "C, complete uptake of 1-octene was observed after 
3 h. However, llB NMR examination of this reaction 
mixture indicated that the desired dialkylchloroborane 
product was contaminated with significant amounts of 
trialkylborane and alkyldichloroborane species (eq 6). 


t tt - c  8H17 


1- octene  
.THF - 


CI CI 


This problem of product redistribution has been observed 
previously in the hydroboration of alkenes with BH2C1. 
THF.a These results prompted us to examine other 
systems for the preparation of a useful thexylchloroborane 
reagent. 


Hydroboration of 2,3-Dimethyl-2-butene with 
BH2Cl.0Et2 in EtzO. The hydroboration of 2,3-di- 
methyl-2-butene with BHzC1.OEt, in ethyl ether has been 
described previo~sly.~ The reaction was reported to be 
complete in 15 min at  0 "C. No further uptake of alkene 
was observed when a twofold excess was employed in the 
reaction. This observation led Ravindran to propose the 
1:l adduct, ThxBHC1, as the probable producta (eq 7). 
However, here also, no further characterization of this 
product was undertaken. 


U 


t B H 2 C I * O E t 2  - ( 7 )  15 min  


CI 


Consequently, we examined the rate of reaction of 1 
equiv of 2,3-dimethyl-2-butene with 1 equiv of BH2CEOEh 
in ethyl ether a t  0 OC (Table 11). Essentially complete 


(8) Ravindran, N. Ph.D. Thesis, Purdue University, 1972. 
(9) Brown, H. C.; Ravindran, N. J. Am. Chem. SOC. 1976, 98, 


1785-1798. 
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Table 11. Rate of Reaction of 2,3-Dimethyl-2-butene 
(1.0 M )  with BH,CI.OEt, in Et,O at 0 "C 


BH,Cl.OEt,, 2,3-dimethyl-2- alkene reacted, 
mmol butene, mmol time, h mmol 


10 10 0.10 5.8 
0.25  8.3 
0.50 9.7 
1.0 9 .8  


10 20 0 .25  9.7 
1.0 9.8  


24.0 9 .8  


24.1 


Figure 1. 'H-decoupled "B NMR spectrum of the product 
resulting from the reaction of 2,3-dimethyl-2-butene with 
BH&l.OEtp 


reaction was observed after 1 h at  0 OC. No additional 
uptake of alkene was observed when a twofold excess was 
employed. These results confirm the earlier observations 
that only 1 mmol of alkene per mmol of BHzC1-OEtz is 
consumed. This product was fully characterized by 
chemical and spectral analyses. 


Chemical analysis for active hydride and chloride was 
consistent with the formation of a 1:l adduct. Methano- 
lysis of 10 mmol of this reagent produced an essentially 
quantitative yield (8.9 "01) of ThxB(OMe)z by 'H NMR 
spectroscopy. Oxidation of 10 mmol of this reagent pro- 
vided 9.7 mmol of 2,3-dimethyl-2-butanol by GLC. The 
infrared spectrum of this reagent exhibited both bridged 
B-H absorption at  1565 cm-' and terminal B-H absorption 
at  2530 and 2550 cm-'. These observations are consistent 
with the formation of a species containing thexyl, hydride, 
and chloride groups attached to boron, i.e., ThxBHCl in 
Et20 (eq 7). 


The llB NMR spectrum forced us to revise our conclu- 
sion as to the exact nature of this ThxBHCl/E%O reagent. 
The observed 'H-decoupled llB NMR spectrum (Figure 
1) was surprisingly complex, consisting of four signals 
(Table 111). The llB NMR spectrum of this reagent was 
fully consistent with a product mixture resulting from a 
disproportionation reaction (eq 8). As shown in Table 111, 


there is good agreement between the llB NMR signals 
observed in the ThxBHCl/EkO system and those obtained 
for authentic samples of ThxBC1, and (ThxBHJ2 in di- 
ethyl ether. Integration of these llB NMR signals indicates 


that these disproportionation products must be the major 
products of the reaction. The doublet at b 8.1 is assigned 
to the compound BHC12.0Et2, a known impurity in the 
BH,Cl.OEb starting materiaL8 The remaining doublet at 
6 17.7 is consistent with the desired ThxBHC1.0Et2 
product, although no good model compounds are available 
to predict the chemical shift for such a species. Removal 
of the diethyl ether in vacuo results in the complete dis- 
appearance of the IlB NMR signal a t  6 17.7 as well as the 
terminal B-H absorption at  2550 cm-' in the infrared 
spectrum. This indicates that the complexed monomer, 
ThxBHC1.OEtz, is present in solution. 


Similar disproportionations of monoalkylchloroborane 
intermediates have been proposed in several other systems 
to explain unusual product mixtures!J' In each example, 
the disproportionation is presumed to occur in exceedingly 
low concentration. To the best of our knowledge, this 
ThxBHCl/EbO system constitutes the first example where 
such disproportionation is directly observable. This offered 
us a unique opportunity to study the interactions of such 
species. Consequently, we examined the properties of this 
mixture in more detail. The equilibrium described in eq 
8 was demonstrated by the following experiments. 


Treatment of the ThxBHCl/E%O mixture with several 
complexing agents @Me2, THF, NMe3) resulted in the 
rapid and complete conversion (>95%) to the ThxBHCl 
complexes by llB NMR (eq 9). On the other hand, sub- 


BHCI*X k BHCI/EtzO :x ti- ( 9 )  


X l l B  NMR, ppm 
SMe, 6 .9  
THF 13.9  
m e ,  8.9 


sequent treatment of these complexes with a reagent de- 
signed to effectively remove this complexing reagent re- 
stored the original ThxBHC1/Et20 llB NMR spectrum 
completely. For example, treatment of ThxBHCl-SMe, 
in ethyl ether with BC13.0Et2 at 0 OC (eq 10) gave a so- 


u Y 


lution whose llB NMR spectrum agreed closely with the 
original llB NMR spectrum of ThxBHCl/Et,O with an 
additional peak attributed to BC13.SMe2. Signals due to 
ThxBClZ-SMez, ( T ~ X B H ~ ) ~ ,  ThxBHCl, and BC1,-SMe2 
were readily assigned. 


In addition, the fresh preparation of the ThxBHCl/Et,O 
reagent a t  -30 "C resulted in a dramatic increase in the 
relative amount of ThxBHCl-OEt, present in the sample 
when the llB NMR spectrum was obtained at  -30 "C. 
Warming the sample to room temperature produced the 
normal IIB NMR spectrum of ThxBHCl/E%O. Recooling 
the sample to -30 OC restored the original -30 "C spec- 
trum. Addition of 2 equiv of ThxBClz to 1 equiv of 
(ThxBHJz in diethyl ether a t  0 OC produces a clear, col- 
orless solution. The IIB NMR spectrum of this solution 
exhibited resonance signals at 6 65.0, 24.0, and 19.3, in close 
agreement with the values obtained for the ThxBHCl/ 


(10) Nijth, H.; Vahrenkamp, H. Chem. Ber. 1966,99, 1049-1067 (11) Zaidlewicz, M. Final Report 11, Purdue University, 1980. 
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Table 111. "B NMR Chemical Shift Assignments for the ThxBHCl/Et,O System 


IlB NMR chemical 
compound solvent shift, ppm multiplicity JBH, Hz assignment 


(ThxBH,), THF 24.0 .,. 
Et,O 24.0 


ThxBCl, neat 65.2 
Et,O 64.9 
CH,Cl, 65.4 


multiplet 
multiplet 


BHCl,.OEt, Et,O 7.91° 
ThxBHCl/Et ,O Et,O 65.2, 34% 


24.1, 33% 
17.7; 16% 


8.1,  14% 


EhO system. These resulta indicate that the components 
of the ThxBHC1/Et20 mixture are indeed equilibrating. 


The ThxBHCLOEh species was demonstrated to be the 
initial product of the reaction by the following experiment. 
Neat 2,3-dimethyl-2-butene was added to an equimolar 
amount of BH2C1.0Et, under nitrogen in an NMR tube 
at  -78 "C. The sample was then placed in the NMR probe. 
As the sample warmed to room temperature, the "B NMR 
spectrum was recorded with time. In this manner, a 
spectrum containing only BH2Cl.0Et2, BHC12*OEt2, and 
ThxBHCLOEt, was obtained. Only trace amounts of 
( T ~ X B H ~ ) ~  and ThxBC12 were observed after 3.5 min. 
Further reaction produced the usual room temperature "B 
NMR spectrum of equilibrated ThxBHC1/Et20. 


Integration of the llB NMR spectrum of the 
ThxBHCl/EhO system indicated that the disproportion- 
ation products, ( T ~ X B H ~ ) ~  and ThxBC12, represented the 
major p roduh  of the reaction (Table 111). To corroborate 
this observation, we sought an independent chemical 
analysis that could quantify the relative amounts of each 
species in this mixture. Consequently, we examined the 
reaction of the ThxBHCl/Et,O reagent with trimethyl- 
amine at  -78 "C. Each species in the mixture should form 
its own trimethylamine adduct (eq 11). These complexes 


l+,BHCl NMe3 BC12.N Me3 I+ B H2.N Me3 (1 1) 


are sufficiently different that each adduct should exhibit 
a distinct and separate 'H NMR signal for the methyl 
protons of the trimethylamine group. Integration of the 
separate trimethylamine signals in the presence of a 
suitable internal standard would provide a convenient 
method for the quantitative determination of each species 
in the mixture. 


Accordingly, standard solutions of ThxBH2.NMe3, 
ThxBHC1-NMe3, and ThxBC12-NMe3 were prepared by 
reaction of ( T ~ X B H ~ ) ~ ,  ThxBHC1.SMe2, and ThxBC12, 
respectively, with exactly 1 equiv of trimethylamine in 
diethyl ether a t  -78 "C. The 'H and l'B NMR spectra 
were obtained for each adduct (Table IV). Essentially 
quantitative yields (>go%) were obtained for each of the 
reactions by 'H NMR analysis with toluene as the internal 
standard. No significant difference in yield or chemical 
shifts was observed when the adducts were prepared with 
a large excess of trimethylamine. 


In a similar manner, 20 mmol of ThxBHCl/EtzO was 
added to an excess of trimethylamine in diethyl ether at 
-78 "C. A clear solution above a white precipitate was 


doublet 162 
singlet ThxBC1, 
mu1 t iple t (ThxBH,), 
doublet 145 ThxBHCEOEt 
doublet 160 BHCl, .OEt, 


Table IV. Chemical Shift Data for the Trimethylamine 
Adducts of Thexylborane, Thexylchloroborane, and 


Thexyldichloroborane 


'H NMR 
"B NMR chemical 
chemical shift of 


shift, multi- JBH, Me,N group 
compound ppm plicity Hz (yield, %) 


ThxBH,.NMe, 1.7 triplet 95 2.51 (92)  
ThxBHCl.NMe, 8.8 doublet 120 2.65 (94)  
ThxBCl,.NMe, 14.3 singlet 2.83 (97)  
HBCl,.NMe, 4.7 doublet 147.5 2.94 


obtained. The precipitate was removed from the cold 
reaction mixture and dissolved in CH2C12. The llB NMR 
spectrum of this CH2C12 solution consisted of a singlet a t  
6 14.1, in good agreement with that obtained for 
ThxBC12.NMe3 in Table IV. Quantitative 'H NMR 
analysis of this CH2C12 solution showed the presence of 
1.09 mmol(5.5%) of ThxBC12.NMe3 with a trimethylamine 
signal a t  6 2.80 by 'H NMR. Removal of the volatile 
components from the remaining ethereal layer gave a clear, 
colorless liquid. This liquid was dissolved in CH2C12, and 
a known amount of toluene was added as internal stand- 
ard. The 'lB NMR spectrum of this solution consisted of 
a doublet a t  6 8.82 (JBH = 125 Hz) and a triplet a t  6 1.97 
(JBH = 102 Hz), in good agreement with the values shown 
in Table IV for ThxBHC1.NMe3 and ThxBH2.NMes. A 
small amount of BHC12-NMe3 as a doublet (JBH = 140 Hz) 
at 6 4.85 was also observed, confirming the earlier assign- 
ment of BHC12.0Eh,. Quantitative 'H NMR analysis of 
this solution showed the presence of 15.4 mmol(77%) of 
ThxBHC1.NMe3 (trimethylamine signal at 6 2.63) and 1.38 
mmol (6.9%) of ThxBH2.NMe3 (trimethylamine signal a t  
6 2.52). The reaction of ThxBHC1/Et20 with trimethyl- 
amine in diethyl ether, therefore, supports the conclusion 
that all of the species in eq 11 are present. 


The precipitate of ThxBC12.NMe3 must be removed 
from the reaction mixture to prevent its reaction under 
homogeneous conditions with ThxBH2.NMes. Under the 
heterogeneous conditions of the trimethylamine reaction 
at  -78 "C, no reaction between the adducts is observed. 
However, if the ThxBC12-NMe3 precipitate is left in the 
flask while the volatiles are removed at room temperature, 
a clear liquid results. The lH and "B NMR spectra of a 
CH2C12 solution of this liquid show no signals due to 
ThxBC12.NMe3. The reaction of ThxBC12.NMe3 with 
ThxBH2-NMe3 to produce ThxBHC1-NMe3 (eq 12) was 


cn2c i2  
BHpNMe3 - BC12*NMe3 t 


BHCI'NMe3 (12)  


confirmed by adding a CH2C12 solution of ThxBC12.NMe3 
to a slight excess of ThxBH,.NMe3 in CH2C12 in an NMR 


t t H -  
tt 
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tube at room temperature. The reaction could be followed 
conveniently by obtaining the 'H NMR spectrum of the 
mixture with time. After 10 min, all of the trimethylamine 
signal attributable to ThxBC12.NMe3 had disappeared. In 
addition, the trimethylamine signal of ThxBHz.NMe3 had 
dramatically decreased in intensity, and a new signal a t  
6 2.62 attributable to ThxBHC1.NMe3 had appeared. The 
"B NMR spectrum of the reaction mixture exhibited a 
doublet (JBH = 125 Hz) at  6 8.9, confirming the formation 
of ThxBHC1.NMe3 from ThxBC12.NMe3 and ThxBH2. 
NMe3. No reaction was observed between the other tri- 
methylamine complexes. 


This unusually rapid equilibration of ThxBH2.NMe3 
with ThxBC12.NMe3 under homogeneous conditions led 
us to question the validity of this analysis as an accurate 
quantitative description of the ThxBHCl/EhO system. 
There is a large discrepancy between the composition of 
the original product mixture suggested by 'lB NMR and 
the composition inferred from the relative amounts of 
trimethylamine adducts described above. There is no 
doubt, however, from these results that the dispropor- 
tionation described by eq 11 accurately describes the 
product mixture. 


Hydroboration of 1-Hexene with ThxBHC1/Et20. 
The disproportionation of the ThxBHCl/EaO system (eq 
8) could make it an inefficient reagent for the preparation 
of ThxBRCl derivatives. Providing that both ( T ~ X B H ~ ) ~  
and ThxBHCl-OEt, have competitive hydroboration rates, 
any ThxBRCl product would always be contaminated by 
ThxBR2 compounds (eq 13). If, however, the 


ThxBHCI.OEt2 0 5 (ThxBH2)2  t ThxBClz 


I - h e r e n e  j l -hexl" .  I 
ThxBCle (13)  


1 - h a r e n e  


ThxBR2 


I 
ThxBRCl 


I M e O H  1 MeOH 1 MeOH 


ThxBR(0Me) ThxBR2 ThxB(OMe)2 


ThxBHCEOEk hydroboratea olefins very much faster than 
(ThxBHJ2, pure ThxBRCl producttj could be obtained by 
the rapid removal by hydroboration of the ThxBHCl 
species from the equilibrating system. 


The hydroboration of 1-hexene with ThxBHC1/EtzO 
was studied in order to determine whether the pure 
ThxBRCl species could be prepared from this reagent. 
Since the hydroboration of terminal alkenes is rapid with 
thexylborane a t  0 0C,2 any reaction between (ThxBH2):! 
and 1-hexene should proceed completely to give a relatively 
nonvolatile ThxBR, product. By utilizing such a reactive 
substrate, any ThxBR(0Me) produced upon methanolysis 
of the hydroboration product would arise solely from the 
amount of ThxBRCl present in the reaction mixture and 
not from a ThxBRH intermediate present because of in- 
complete reaction between thexylborane and the olefin. 
The amount of ThxBC1, present after hydroboration would 
equal the amount of T h x B b  produced. Methanolysis of 
the hydroboration product would yield a mixture con- 
taining ThxBh, ThxBR(OMe), and T ~ X B ( O M ~ ) ~  (eq 13). 
Since the ThxBR(0Me) and ThxB(OMeI2 have distinct 
and separate 'H NMR chemical shifts for the methoxy 


quantitative lH NMR analysis could be used to 
determine the relative amounts of each species. 


Accordingly, 11 mmol of 1-hexene was added to 10 mmol 
of ThxBHC1/Et20 maintained under nitrogen at  0 OC. 
The reaction mixture was stirred at  0 "C for 1 h. I t  was 
readily apparent from the infrared spectrum of this solu- 
tion that all of the 1-hexene had reacted. After metha- 
nolysis in the presence of pyridine, llB NMR spectroscopy 
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of the resulting mixture showed signals attributable to 
trialkylborane (6 84.5) and alkylboronate (6 29.1) species, 
as well as the desired dialkylborinate product (6 54.1). 
After the volatile components were removed and a known 
amount of toluene was added as an internal standard, 
quantitative 'H NMR analysis revealed the presence of 4.3 
mmol of ThxB(n-hexy1)OMe and 2.4 mmol of ThxB- 
(OMe)z. Assuming that the amount of ThxB(n-hexyl), 
produced in the reaction equals the amount of ThxB- 
(OMe)2 produced, a mass balance of 91% was realized. 
Pure thexylalkylchloroboranes, therefore, are not available 
via the ThxBHC1/Et20 reagent. The hydroboration se- 
quence c o n f i i  the earlier characterization of this system 
as a disproportionated mixture. 


We sought to take advantage of the complexation re- 
actions of this system (eq 9) to improve the utility of this 
reagent for hydroboration. The ThxBHCbTHF complex 
was prepared by adding 3 equiv of THF to the 
ThxBHCl/EtO reagent a t  0 "C. Then 1 equiv of 1-&ne 
was added at 0 "C, and the resulting solution was stirred 
at  room temperature for 1 h. GLC analysis showed es- 
sentially complete disappearance of 1-octene while l'B 
NMR indicated that all of the ThxBHC1-THF had been 
consumed. After methanolysis, however, "B NMR showed 
that the desired ThxBR(0Me) product was contaminated 
with significant amounts of trialkylborane, methyl borate, 
and alkylboronate species. These results are similar to 
those obtained earlier with the ThxBHCl-THF complex 
prepared from 2,3-dimethyl-2-butene and BH2Cl.THF (eq 
6). Analogous results were obtained with the 
ThxBHC1.SMe2 complex prepared from ThxBHCl/E&O 
and methyl sulfide. These results prompted us to conclude 
our investigation of this system and look elsewhere for a 
solution to the problem. 


Hydroboration of 2,3-Dimethyl-2-butene with 
BH2Cl*SMe2 in CHZCl2. The development of mono- 
chloroborane-methyl sulfide, BH2C1.SMe2, as a highly 
selective reagent for the preparation of dialkylchloro- 
boranes led us to investigate this reagent for the prepa- 
ration of a synthetically useful ThxBHCl species. For most 
alkenes, the reaction of 2 mmol of olefin per mmol of 
BH2C1*SMe2 proceeds cleanly and quantitatively to the 
diakylchloroborane stage in 2 h at room temperature when 
the reagents are initially mixed at 0 OC.12 


The BH2Cl.SMe2 reagent offers several advantages over 
BH2Cl.0Etz. First, BH2Cl.SMe2 can be prepared in neat 
form from BH3.SMe2 and BC13.SMe2 (eq 14). BH,Cl.OE& 


2BH3.SMe2 + BC13.SMe2 - 3BH2C1.SMe2 (14) 
cannot be conveniently prepared neat or in solutions whose 
concentration is higher than 1 M. In addition, the neat 
form of BHzC1.SMez permits its use in either ethereal or 
nonethereal solvents. Finally, since solutions of BH2C1. 
OEt2 lose active hydride at  25 "C by loss of diborane, the 
reagent must be stored at  0 "C. However, neat BH2C1. 
SMe, is stable at ambient temperatures. Thus, BH2C1. 
SMe, is a much more convenient shelf reagent for the 
synthesis of dialkylchloroboranes. 


The rate of reaction of 2,3-dimethyl-2-butene (2.0 M) 
with BHzC1-SMe2 (2.0 M) was measured in CH2C12. The 
results are summarized in Table V. At 25 OC, the reaction 
was essentially complete after 10 min. However, a t  this 
temperature, addition off the alkene to the chloroborane 
caused an exotherm sufficient to reflux the CH2C12. To 
circumvent this problem, we initially mixed the reagents 
a t  0 OC. The resulting solution was then stirred at  room 


26 "C 


(12) Brown, H. C.; Ravindran, N. J. Org. Chem. 1977,42,2533-2534. 
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with BH,Cl.SMe, in CH,Cl, (2.0 M )  
Table V.  Rate of Reaction of 2,3-Dimethyl-2-butene 
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all of the 1-hexene had been consumed. "B NMR of the 
resulting solution showed that all of the ThxBHC1.SMe2 
starting material had disappeared and that the product 
exhibited a single resonance at  6 78.0, consistent with the 
formation of a thexylalkylchloroborane, ThxBRC1, species. 
After methanolysis, "B NMR showed a single resonance 
at  6 52.0, consistent with the formation of pure methyl 
dialkylborinate. Quantitative 'H NMR analysis indicated 
that this product was obtained in essentially quantitative 
yield (9.2 mmol). After oxidation, a nearly quantitative 
yield (94%) of 1-hexanol was observed by GLC. These 
results led us to conclude that pure thexylalkylchloro- 
boranes could be prepared in high yield via ThxBHC1. 
SMe2 (eq 16). 


H 


alkene 
BH,Cl.SMe,, 2,3-dimethyl-2- time, reacted, 


mmol butene, mmol min mmol 
l o a  10 2 8.8 


6 9.0 
10 9.4 
30 9.6 


l o b  1 0  5 7.2 
1 0  8.2 
1 5  8.9 
30 9.6 
60 9.9 
90 9.9 


l o b  20 30 9.9 
60 9.9 


240 9.9 
1440 9.9 


a At 25 "C. 
stirred at 25 "C. 


The reagents were mixed at 0 "C and then 


temperature. Under these conditions (Table V), the re- 
action was 99% complete after 1 h. No additional uptake 
of alkene was observed when a twofold excess was em- 
ployed in the reaction. The resulting product was fully 
characterized by chemical and spectral analysis. 


Chemical analysis for active hydride and chloride was 
consistent with the formation of a 1:l adduct. Methano- 
lysis of 10 mmol of this reagent produced an essentially 
quantitative yield (9.7 "01) of T ~ X B ( O M ~ ) ~  by 'H NMR. 
"B NMR of this methanolysis product confirmed that 
ThxB(OMeI2 was the only boron species produced (6 30.9). 
Oxidation of 10 mmol of this reagent gave a quantitative 
yield (9.5 mmol) of 2,3-dimethyl-2-butanol by GLC. The 
infrared spectrum of this reagent exhibited a strong ter- 
minal B-H absorption at  2450 cm-l. No bridged B-H 
species were observed in the 1565-cm-' region. The llB 
NMR spectrum of this reagent exhibited a clean doublet 
(JBH = 128 Hz) a t  6 6.9. Treatment of this reagent with 
trimethylamine a t  -78 "C results in a clean, quantitative 
yield of the ThxBHC1.NMe3 adduct, as shown by 'H and 
'lB NMR (Table IV). These observations are consistent 
with the clean and quantitative production of a monomeric 
species, ThxBHC1.SMe2, from the reaction of 2,3-di- 
methyl-2-butene and BH2Cl.SMe2 (eq 15). The reaction 


C H z C l z  
t BHZCI.SMe2 > X 0 * C  - r o o m  t e m p  


BHCI.SMe2 (15) tt 
proceeds cleanly to the 1:l adduct, despite the fact that 
the BH2C1-SMe2 starting material contains approximately 
15% each of BHC12.SMe2 and BH3.SMe2by "B NMR.13 
Despite this fact, there is absolutely no indication that 
either of these species is present in the ThxBHC1.SMe2 
product or that this product contains any redistributed 
ThxBClz or ( T ~ X B H ~ ) ~  species. 


Hydroboration of 1-Hexene with ThxBHC1.SMe2. 
These highly encouraging results led us to examine the 
hydroboration properties of this reagent. Accordingly, 10 
mmol of 1-hexene was added to 10 mmol of freshly pre- 
pared ThxBHC1.SMe2 in sufficient CH2C12 at 0 "C to make 
the overall reactant concentration 1.0 M. When the ad- 
dition was complete, the reaction mixture was stirred at  
room temperature for 1 h. GLC analysis indicated that 


With these results in hand, we examined the directive 
effects in the hydroboration of a few simple terminal al- 
kenes with ThxBHC1.SMe2. The reactions were carried 
out by adding 10 mmol of neat alkene to 10 mmol of 
freshly prepared ThxBHC1.SMe2 at  0 "C in sufficient 
CH2C12 to make the overall concentration 1.0 M. When 
the addition of the alkene was complete, the reaction was 
stirred at  room temperature for 1 h. At the end of this 
time, the reaction was cooled to 0 "C and oxidized with 
alkaline hydrogen peroxide with ethanol as the cosolvent. 
The isomeric terminal and internal alcohols were analyzed 
by GLC. The results are summarized in Table VI. In each 
case, the total yield of alcohol was 95 f 5% by GLC. In 
addition, a quantitative yield of 2,3-dimethyl-2-butanol was 
observed in each reaction. The results indicate that the 
ThxBHCESMe2 reagent is a highly selective hydroboration 
agent. 


Conclusion 
This study has shown that ThxBHC1-SMe2 provides a 


simple and convenient solution to the problem of preparing 
isomerically pure thexylalkylchloroboranes essentially free 
of contamination from trialkylborane or alkyldichloro- 
borane species. A detailed study to determine the ap- 
plicability of this approach to the "stitching" of unsub- 
stituted terminal olefins, RCH=CH2 and R'CH=CH2, as 
well as their functionalized derivatives, to produce the 
corresponding ketones is in progress. 


Experimental Section 
The reaction flasks and other glassware required for the ex- 


periments were predried at  140 "C for several hours, assembled 
hot, and cooled under a stream of prepurified nittrogen (Airco). 
Syringes were assembled, fitted with needles while hot, and then 
cooled. All reactions were carried out under a static pressure of 
nitrogen in flasks fitted with septum-covered side arms by using 
standard techniques for handling air-sensitive materials.14 


Materials. Commercial grade THF was distilled from excess 
!ithim aluminum hydride and stored under nitrogen prior to use. 
Reagent grade ethyl ether, dimethyl sulfide, and pentane were 
degassed and stored under nitrogen over type 5-A molecular sieves. 
Spectroquality methylene chloride was degassed and stored under 
nitrogen over anhydrous potassium carbonate. Spectroquality, 


(13) Unpublished observation by H. C. Brown and J. A. Sikorski. 


(14) Brown, H. C.; Kramer, G. W.; Levy, A. B.; Midland, M. M. 
"Organic Syntheses via Boranes"; Wiley-Interscience: New York, 1975. 


(15) Brown, H. C.; Zweifel, G. J. Am. Chem. SOC. 1960,82,4708-4712. 
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Table VI. Directive Effects in the Hydroboration of Representative Alkenes with Thexylchloroborane-Methyl Sulfide 
relative yields of products 


alkene isomeric alcohols ThxBHC1+4Me, BH,Cl *OEt 2 9  BH ,.THF" 
1-hexene 1-hexanol 


2-hexanol 
1-octene 1-octanol 


2-octanol 
1 -de cene 1-decanol 


2-decanol 
2-methyl-1 -butene 2-methyl-1 -butanol 


2-methyl-2-butanol 
2-mthyl-2-butene 3-me thyl-2-butanol 


2-methyl- 2-butanol 
cis-2-pentene 2-pentanol 


3-pentanol 


anhydrous methanol was degassed and stored under nitrogen over 
type 3-A molecular sieves. Reagent grade trimethylamine, boron 
trichloride, pyridine, ethanol, and toluene were used without 
further purification. The hydrocarbons employed as internal 
standards for GLC analyses were obtained from Phillips Petro- 
leum Co. and were labeled >99% pure. All alkenes were obtained 
from the Chemical Samples Division of Albany International. 
2,3-Dimethyl-2-butene, 1-&ne, and 1-hexene were distilled from 
lithium aluminum hydride and stored under nitrogen. All other 
alkenes employed in these studies were used as received after 
checking their refractive indices and 'H NMR spectral charac- 
teristics. THF solutions of thexylborane and ethereal solutions 
of boron trichloride and monochloroborane were prepared as 
described previously." BH2Cl.THF,* BHzC1.SMe2,'2 and 
BHC12.SMe2'2 were prepared by literature procedures. Each of 
these reagents was carefully standardized for active hydride and 
chloride prior to use.14 


GLC Analyses. GLC analyses were carried out by using a 
Varian Model 1200 FID chromatograph. When residual alkenes 
were analyzed, the injection port was lined with a 6 in. X 0.25 
in. column of 20% THEED on 100/120 mesh Varaport 30. Re- 
sidual 2,3-dimethyl-2-butene was analyzed on a 6 f t  X 0.125 in. 
column of 30% adiponitrile on 60/80 mesh Firebrick. Residual 
1-octene was analyzed on a 6 f t  X 0.125 in. column of 10% SE-30 
on 100/120 mesh Varaport 30. Alcohols were analyzed on a 6 f t  
X 0.125 in. column of 10% OV-225 on 100/120 mesh Varaport 
30 or a 6 f t  X 0.125 in. column of 10% Carbowax 400 on 100/120 
mesh Varaport 30. All GLC yields were determined with a suitable 
internal standard and authentic synthetic mixtures. 


Spectra. Spectra were obtained under inert atmosphere by 
using apparatus and techniques described else~here. '~ Infrared 
spectra were obtained with a Perkin-Elmer Model 700 spec- 
trometer by using sealed liquid cells and the two-syringe tech- 
nique.14 "B NMR spectra were recorded on a Varian XL 100-15 
spectrometer (32.1 MHz) fitted with a Nicolet 1080 data ac- 
quisition system. Each spectrum was recorded in the CW mode 
with an external 19F lock. All I'B NMR chemical shifts are 
reported relative to BF,.OEt, (6 0) with the chemical shifts 
downfield from BF,.OEt, assigned as positive. 'H NMR spectra 
were obtained with a Varian T-60 (60 MHz) spectrometer. All 
'H NMR chemical shifta are reported relative to tetramethyhilane 
(6 0). 


Rate of Reaction of 2,3-Dimethyl-2-butene with BH2Cl. 
T H F  in  THF. A 100-mL round-bottom flask equipped with 
magnetic stirring bar, septum-covered side arm, and reflux con- 
denser topped by a connector tube leading to a mercury bubbler 
was flushed with nitrogen. The flask was immersed in a constant 
temperature bath maintained at 25 f 0.01 OC. Then 31.7 mL of 
THF and 11.6 mL of 1.72 M BH,Cl.THF (20 mmol) were added 
via syringe. The resulting solution was stirred for 2 h. Then 6.6 
mL of a THF solution consisting of 3.0 M 2,3-dimethyl-2-butene 
(20 mmol) and 2.26 M n-nonane (15.0 mmol, internal standard) 
was added via syringe. Thus, the overall concentration of alkene 
and BH2Cl.THF was 0.40 M. Aliquots of 0.25 mL were withdrawn 
at specified intervals, quenched by injection into 0.25 mL of 
acetone in a septum-covered vial at -78 "C, and then analyzed 
for residual olefin by GLC. The amount of olefin reacted was 
calculated for each interval from the amount of residual alkene 
obtained. The results are summarized in Table I. After 24 h, 
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essentially all of the olefin had been utilized. The "B NMR 
spectrum of this solution exhibited a doublet (JBH = 133 Hz) at 
6 13.9. The infrared spectrum of this solution showed a strong 
terminal B-H absorption at  2475 cm-'. No bridged B-H ab- 
sorption in the region of 1565 cm-' was observed. 
Rate of Reaction of 1-Octene with ThxBHCbTHF in THF. 


ThxBHCl-THF (12.5 mL, 0.8 M, 10 mmol) was prepared in a 
50-mL round-bottom flask as described above. The flask was then 
immersed in an ice-water bath, and 0.63 mL of n-undecane (3.0 
"01, internal standard) and 1.57 mL of neat 1-octene (10 "01) 
were added via syringe. The initial concentration of reactants 
was approximately 0.7 M. Aliquots of 0.25 mL were withdrawn 
at specified intervals, quenched by injection into 0.50 mL of 
acetone in a septum-covered vial a t  -78 "C, and then analyzed 
for residual 1-octene by GLC. The amount of 1-&ne consumed 
was calculated for each interval from the amount of residual olefin 
obtained. After 22 h, only 4.4 mmol (44%) of the 1-octene had 
been consumed. 


The reaction was repeated at  25 OC. In this case, essentially 
all of the 1-octene (95%) was consumed after 3 h. "B NMR of 
this reaction mixture showed that all of the ThxBHCl-THF (6 
13.9) had been consumed. The reaction mixture was then treated 
with 1.22 mL of absolute methanol (30 m o l )  at 0 OC. ''B NMR 
of the methanolyzed mixture showed the major product to be the 
desired dialkylborinate species ( 6  53.9). However, the product 
also contained significant quantities of trialkylborane (6 85.4), 
alkylboronate (6 30.9), and methylborate (6 18.2) species as 
contaminants. 


Rate of Reaction of 2,3-Dimethyl-2-butene with BH2Cl. 
OEt, i n  Ethyl Ether. A 50-mL round-bottom flask equipped 
with magnetic stirring bar, septum-covered side arm, and con- 
nector tube leading to a mercury bubbler was immersed in an 
ice-water bath and charged with 9.35 mL of 1.07 M BH2Cl.0Et, 
(10.0 mmol) and 0.383 mL of methylcyclohexane (3.0 mmol, 
internal standard). The resulting solution was stirred for 30 min 
at 0 'C, and then 1.20 mL of neat 2,3-dimethyl-2-butene (10 "01) 
was added via syringe. Aliquots of 0.25 mL were withdrawn at 
specified intervals, quenched by injection into 1 mL of acetone 
in a septum-covered vial at -78 "C, and then analyzed for residual 
olefin by GLC. The amount of 2,3-dimethyl-2-butene consumed 
was calculated for each interval from the amount of residual olefin 
obtained. The results are summarized in Table 11. 


The experiment was repeated by adding 2.40 mL of neat 2,3- 
dimethyl-2-butene (20 mmol) to the cold solution of BH2Cl (10 
mmol) in ethyl ether. The resulting solution contained 2 mmol 
of olefin per mmol of BHzCl.OEt,. The amount of residual alkene 
was then determined by GLC after an acetone quench as described 
above. The results are summarized in Table 11. 


The 
standard procedure for the preparation of ThxBHC1/Et20 is as 
follows. A 25-mL round-bottom flask equipped with magnetic 
stirring bar, septum-covered sidearm, and connector tube leading 
to a mercury bubbler was immersed in an ice-water bath and 
charged with 9.35 mL of 1.07 M BH,Cl.OEt, (10.0 mmol) in ethyl 
ether. After 15 min at 0 "C, 1.30 mL of neat 2,3-dimethyl-2-butene 
(11 mmol) was added via syringe. The resulting clear solution 
was then stirred at 0 "C for 30-60 min. In all cases, this reagent 
was freshly prepared before further use. This solution exhibited 
both bridged B-H absorption (1565 cm-') and terminal B-H 


Preparation of ThxBHC1/EtzO in Ethyl Ether. 







Reactions with Monochloroborane Complexes 


absorption (2530,2550 cm-') by infrared spectroscopy. The "B 
NMR spectrum (Figure 1, Table 111) consisted of four signals: 
a singlet a t  6 65.2 (34%), a multiplet at 6 24.1 (33%), a doublet 
(JBH = 145 Hz) a t  6 17.7 (16%), and a doublet (JBH = 160 Hz) 
a t  6 8.1 (14%). 


Methanolysis of ThxBHC1/EtzO. ThxBHCl/EhO (10 
"01) was prepared according to the standard procedure and then 
was treated at 0 "C with 0.84 mL of pyridine (10.5 mmol) and 
1.26 mL of absolute methanol (30 mmol). A white precipitate 
formed immediately as a vigorous evolution of gas occurred. M e r  
warming to room temperature, the white precipitate was collected 
by filtration, air-dried, and weighed, 1.0 g (8.6 "01) was obtained. 
The 'H NMR spectrum of this material was identical with that 
of an authentic sample of pyridinium hydrochloride. The volatile5 
were removed from the remaining ethereal filtrate. The resulting 
oil was dissolved in 3 mL of CHzClz, and 1.06 mL of toluene (10 
mmol, internal standard) was added. Quantitative 'H NMR 
analysis of this solution showed a nearly quantitative yield of 
ThxB(OMe)z (8.9 mmol) with the CH3-O-B resonance at 6 3.60. 
When 10 mmol of freshly prepared ThxBHCl/EhO was treated 
a t  0 "C with 0.84 mL of absolute methanol (20 mmol) in a flask 
connected to a gas buret, 10.2 mmol of hydrogen evolved. 


Oxidation of ThxBHC1/EtzO. To 10 mmol of freshly pre- 
pared ThxBHCl/EhO at 0 OC was added 0.97 mL of n-decane 
(5.0 mmol, internal standard), 10.0 mL of 3.0 N aqueous NaOH 
(30 mmol), 20 mL of absolute ethanol, and 4.0 mL of 30% aqueous 
hydrogen peroxide (40 mmol). After 1 h a t  0 "C, the reaction 
mixture was warmed to 50 "C for 30 min and then cooled to room 
temperature. Absolute ethyl ether (20 mL) was added, and the 
aqueous layer was saturated with potassium carbonate. GLC 
analysis of the ethereal layer showed the formation of 9.7 mmol 
(97%) of 2,3-dimethyl-2-butanol. 


Reaction of 2,3-Dimethyl-2-butene with BHzCl-OEtz: llB 
NMR Profile. To an oven-dried 12-mm NMR tube, cooled under 
nitrogen, was added 2.80 mL of 1.07 M BHzCl-OEh (3.0 mmol). 
The tube was cooled to -78 "C in a dry ice-acetone bath. Then 
0.356 mL of neat 2,3-dimethyl-2-butene (3.0 mmol) was added 
via syringe. The mixture was shaken well and then placed im- 
mediately in the llB NMR probe. Spectra were rapidly recorded 
(25-5 scan) as the sample warmed to room temperature. Spectra 
were obtained at 2, 2.5, 3.5, 4.5,6, and 7.25 min after the addition 
of the olefin. The spectrum recorded after 3.5 min contained 
signals due to unreacted BHzC1.OEtz and BHC1,eOEh. In ad- 
dition, a doublet, centered at 6 18, was also observed. This signal 
was aasigned to the transient species, ThxBHCEOEh. Only trace 
amounts of ThxBClz or ( T ~ X B H ~ ) ~  could be seen in this spectrum. 
All spectra obtained after this time resembled the normal room 
temperature llB NMR spectrum of ThxBHCl/EhO (Figure 1). 


Preparation and llB NMR of ThxBHC1/EtzO at -30 "C. 
To an oven-dried 12-mm NMR tube, cooled under nitrogen, was 
added 2.80 mL of 1.07 M BHzCl.OEh (3.0 "01). The tube was 
cooled to -78 "C in a dry ice-acetone bath, and then 0.356 mL 
of neat 2,3-dimethyl-2-butene (3.0 mmol) was added. The tube 
was then placed in a constant temperature bath, maintained at 
-30 "C for 2 days. The tube was then removed and immediately 
placed in the 'lB NMR probe, maintained at -30 OC. The llB 
NMR spectrum at -30 "C showed a considerable increase in the 
relative intensity of the doublet at 6 18 compared to the normal 
room temperature spectrum. Warming the sample to 0 "C caused 
a decrease in the intensity of the doublet at 6 18. Further warming 
to room temperature gave the normal room temperature spectrum. 
However, upon recooling of the sample to -30 "C, the original 
-30 "C spectrum was restored, with an increased amount of the 
doublet at 6 18 readily apparent. 


Removal of EtzO from ThxBHC1/EtzO. The volatile com- 
ponents of 10 mmol of freshly prepared ThxBHC1/EtzO were 
removed by using a water aspirator and then a vacuum pump. 
A clear liquid resulted which was dissolved in 2.5 mL of CHZClz. 
The 'H NMR of this solution showed that only a trace of EtzO 
was present. The strong terminal B-H absorption at 2550 cm-' 
was no longer present in the infrared spectrum. The llB NMR 
spectrum showed signals a t  6 65,24, 10.8, and 5.7. No signal at 
6 17.7 was observed, indicating that this species is dependent on 
the EhO concentration. 


Treatment of ThxBHC1/EtzO with Excess THF. To 10 
mmol of freshly prepared ThxBHCl/EhO at 0 "C was added 2.4 
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mL of THF (30 mmol). A vigorous exothermic reaction was 
observed at 0 "C. The resulting clear solution was stirred at 0 
"C for 30 min. The llB NMR (doublet, JBH = 133 Hz, 6 13.9) 
and infrared (2475 cm-') data were identical with those obtained 
previously for ThxBHCbTHF from the reaction of 2,3-di- 
methyl-2-butene with BHzC1.THF. 


Treatment of ThxBHC1/EtzO with Excess Methyl Sulfide. 
To 10 mmol of freshly prepared ThxBHCl/EhO at 0 "C was 
added 2.20 mL of methyl sulfide (30 mmol). An exothermic 
reaction occurred at 0 "C. The resulting clear solution was stirred 
a t  0 OC for 30 min. The llB NMR (doublet, JBH = 128 Hz, 6 6.9) 
and infrared (2450 cm-') data were identical with those obtained 
for ThxBHC1.SMez from the reaction of 2,3-dimethyl-2-butene 
with BHzCl.SMe2. 


Treatment of ThxBHC1.SMez with BC13.0Et2 A solution 
of 10 mmol of 2.0 M ThxBHC1.SMez in CHZClz was prepared 
according to the standard procedure and then was treated at 0 
"C with 15.0 mL of 0.91 M BC13.0Eh (13.5 mmol) in ethyl ether. 
The reaction mixture was then stirred at 0 "C for 1 h. llB NMR 
of this reaction mixture gave signals attributable to ThxBClz.SMez 
(6 42.5), (ThxBH& (6 22.8), ThxBHCl-OEt, (6 18.9), and 
BCl3.SMe2 (6 4.92). 


Preparation of Thexyldichloroborane. A 300-mL round- 
bottom flask equipped with a magnetic stirring bar, septum- 
covered side arm, and connector tube leading to a mercuby bubbler 
was cooled under nitrogen, immersed in an ice-water bath, and 
charged with 150 mL of pentane. Meanwhile, 13.1 mL of BC13 
(150 mmol) was condensed under nitrogen in a gas trap with a 
dry ice-acetone bath. The cold bath was removed and the BC13 
was allowed to distill slowly under nitrogen into the flask con- 
taining pentane. The resulting clear solution was stirred for 1 
h at 0 "C. Then 20 mL of neat 2,3-dimethyl-2-butene (180 mmol) 
and 17.5 mL of 8.55 M BHClz.SMe2 (150 mmol) were added. A 
white precipitate of BC13.SMez formed immediately. The reaction 
mixture was stirred overnight at room temperature. The pre- 
cipitate was removed by filtration and washed several times with 
pentane. The pentane solutions were combined and reduced on 
a water aspirator. The resulting clear liquid was distilled at 
reduced pressure to yield 15.2 g (61%) of thexyldichloroborane 
as a clear liquid, bp 75-76 OC (90 mm); llB NMR 6 65.2 (neat), 
64.9 (EkO), 65.4 (CHzClz). Anal. Calcd for C6Hl3BClZ: C, 43.18; 
H, 7.85; B, 6.48; C1,42.49. Found: C, 43.00; H, 8.08; B, 6.60; C1, 
42.25. 


Preparation of Thexylborane in Ethyl Ether. A 25-mL 
round-bottom flask equipped with magnetic stirring bar, sep- 
tum-covered side arm, and connector tube leading to a mercury 
bubbler was cooled under nitrogen and charged at 0 OC with 4.15 
mL of 2.41 M BH3.THF (10 mmol) and 1.30 mL of neat 2,3-di- 
methyl-2-butene (11 mmol). The resulting clear solution was 
stirred a t  0 "C for 2 h. The THF was removed with a water 
aspirator and vacuum pump. The resulting clear liquid was then 
dissolved in 5 mL of ethyl ether. 'lB NMR of this solution showed 
a multiplet a t  6 24.0. 


Reaction of Thexylborane with Thexyldichloroborane in 
Ethyl Ether. Thexylborane (2.5 mL, 2.0 M, 5 mmol) in ethyl 
ether was prepared according to the above procedure. Then 0.81 
g of neat thexyldichloroborane (5 mmol) was added with stirring 
at room temperature. The resulting clear solution was stirred 
at room temperature for 12 h. llB NMR spectroscopy of this 
solution exhibited signals at 6 65.0, 24.0 and 19.3. 


Reaction of Thexylborane with Trimethylamine in Ethyl 
Ether. Thexylborane (10 mmol) in ethyl ether was prepared 
according to the standard procedure. This solution was cooled 
to -78 "C and was then treated with 4.76 mL of 2.10 M tri- 
methylamine (10 "01) in ethyl ether. A turbid mixture resulted. 
This was stirred at -78 "C for 15 min and then at room tem- 
perature for 1 h. The volatile components were removed with 
a water aspirator. The resulting clear liquid was dissolved in 5 
mL of CH2C12. llB NMR of this solution showed only a triplet 
(JBH = 95 Hz) at 6 1.7. Quantitative 'H NMR analysis after 
addition of 0.898 g of toluene (9.74 mmol) as internal standard 
showed the formation of 9.22 mmol(92%) of ThxBH,-NMe, with 
Me3N-B resonance at 6 2.51. 


When the experiment was repeated with a twofold excess of 
trimethylamine (9.52 mL of 2.1 M, 20 "01) in ethyl ether, similar 
workup gave a solution containing 9.32 mmol (93%) of 







36 Organometallics, Vol. 1, No. 1, 1982 


ThxBH2-NMe3 with exactly the same spectral characteristics. 
Reaction of ThxBHCl-SMe, with Trimethylamine in 


Ethyl Ether. A 25-mL round-bottom flask equipped with 
magnetic stirring bar, septum-covered sidearm, and connector 
tube leading to a mercury bubbler was charged at 0 OC with 1.16 
mL of 8.6 M BH2Cl.SMe2 (10 mmol), 3.0 mL of ethyl ether, and 
1.30 mL of neat 2,3-dimethyl-2-butene (11 mmol). The resulting 
clear solution was stirred at room temperature for 3 h, recooled 
to -78 "C, and treated with 4.76 mL of 2.1 M trimethylamine (10 
"01) in ethyl ether. The resulting cloudy reaction mixture was 
stirred at -78 "C for 20 min and then allowed to come to room 
temperature overnight. The volatile components were removed 
with a water aspirator. The resulting turbid liquid was dissolved 
in 5 mL of CH2C12. 'lB NMR of this clear solution showed only 
a doublet (JBH = 120 H) at 6 8.8. Quantitative 'H NMR analysis 
after the addition of 0.915 g of toluene (9.93 mmol, internal 
standard) showed the formation of 9.42 mmol (94%) of 
ThxBHC1.NMe3, with Me3N-B resonance a t  6 2.65. 


When the reaction was repeated with 9.56 mL of 2.1 M tri- 
methylamine (20 mmol) in ethyl ether, similar workup gave a 
solution containing 9.77 mmol (98%) of ThxBHC1-NMe3 with 
exactly the same spectral characteristics. 


Reaction of Thexyldichloroborane with Trimethylamine 
in Ethyl Ether. A 25-mL round-bottom flask equipped with 
magnetic stirring bar, septum-covered side arm, and connector 
tube leading to a mercury bubbler was charged with 0.65 g of neat 
thexyldichloroborane (3.9 mmol) and 5 mL of ethyl ether. The 
resulting clear solution was cooled to -78 "C and treated with 1.85 
mL of 2.1 M trimethylamine (3.9 "01) in ethyl ether. A white 
precipitate formed immediately. The reaction mixture was stirred 
a t  -78 O C  for 10 min and a t  room temperature for 30 min. The 
volatile components were removed with a water aspirator. The 
resulting white solid was dissolved in 5 mL of CH2C12. "B NMR 
spectroscopy of this clear solution showed only a singlet at 6 14.3. 
Quantitative 'H NMR analysis after the addition of 0.530 mL of 
toluene (5.0 mmol, internal standard) showed the formation of 
3.8 mmol (97%) of ThxBClz-NMe3 with Me3N-B resonance at 


When the experiment was repeated using 2 equiv of tri- 
methylamine, similar workup gave a solution containing a 88% 
yield of ThxBC12.NMe3 with exactly the same spectral charac- 
teristics. 


Preparation of ThxBHC1-NMe3. A 100-mL round-bottom 
flask equipped with magnetic stirring bar, septum-covered side 
arm, and connector tube leading to a mercury bubbler was charged 
at 0 OC with 15 mL of ethyl ether and 5.80 mL of 8.6 M 
BH2Cl.SMe2 (50 mmol). The resulting clear solution was stirred 
a t  0 "C for 30 min and then was treated with 7.0 mL of neat 
2,3-dimethyl-2-butene (60 mmol). The reaction mixture was 
stirred a t  room temperature for 3 h and cooled to -78 "C, and 
35.7 mL of 2.1 M trimethylamine (75 mmol) in ethyl ether was 
added. The reaction mixxture was allowed to come to room 
temperature overnight. A clear, ethereal solution above a small 
amount of white solid resulted. The ether layer was removed by 
filtration and reduced by using a water aspirator. The resulting 
turbid liquid was distilled at reduced pressure to yield 8.2 g (86%) 
of ThxBHC1.NMe3 as a clear liquid, bp 86-86.5 "C (0.02 mm): 
llB NMR (CH,Cl,) 6 8.8 (doublet, JBH = 120 Hz); lH NMR 
Me3N-B resonance a t  6 2.65. Anal. Calcd for CgH23BClN: C, 
56.4; H, 12.1; N, 7.31. Found: C, 56.19; H, 12.25; N, 7.05. 


Reaction of ThxBHCl/Et,O with Trimethylamine in 
Ethyl Ether. A 50-mL round-bottom flask equipped with 
magnetic stirring bar, septum-covered side arm, and connector 
tube leading to a mercury bubbler was cooled to -78 "C with a 
dry ice-acetone bath and charged with 9.52 mL of 2.1 M tri- 
methylamine (20 mmol) in ethyl ether. Then 20 mmol of freshly 
prepared ThxBHCl/EhO was transferred to this cold solution 
via a double-ended needle. A small amount of white precipitate 
formed immediately. The IIB NMR spectrum of this heteroge- 
neous mixture showed signals at 6 14.1 (ThxBC12.NMe3), 8.82 
(ThxBHC1-NMeS), 4.85 (BHCl2.NMeS), and 1.97 (ThxBH2.NMe3). 
The precipitate was removed from the cold reaction mixture by 
filtration and dissolved in 2 mL of CH2C12. The "B NMR 
spectrum of this CH2C12 solution consisted of only a singlet at 
6 14.1. Quantitative 'H NMR analysis after the addition of 0.265 
mL of toluene (2.5 "01, internal standard) showed the formation 


6 2.83. 
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of 1.09 mmol(5.5%) of ThxBC12.NMe3 with Me3N-B resonance 
a t  6 2.80. The volatile components were removed from the re- 
maining ethereal filtrate with a water aspirator to give a clear 
liquid which was dissolved in 10 mL of CH2C12 llB NMR of this 
solution showed signals at 6 8.8, 4.8, and 1.97. Quantitative 'H 
NMR analysis &r the addition of 1.70 mL of toluene (16 mmol, 
intemal standard) showed the formation of 15.4 mmol(77%) of 
ThxBHC1.NMe3 with Me3N-B resonance at 6 2.63 and 1.38 mmol 
(6.9%) of ThxBH,.NMe3 with Me3N-B resonance at 6 2.52 along 
with a small amount of BHCl2.NMe3 


Reaction of ThxBC12.NMe3 with ThxBHz.NMe3. CH2Clz 
solutions of ThxBC12.NMe3 and ThxBH,.NMe3 were prepared 
as described above by substituting CHzC12 for the ethyl ether 
solvent. Addition of a slight excess of ThxBHz.NMe3 to 
ThxBC12.NMe3 at room temperature in CH2C12 gave a clear so- 
lution. After 30 min, the llB NMR spectrum of this solution 
showed only a doublet (JBH = 118 Hz) at 6 8.9 along with a small 
amount of ThxBHz"Me3 at 6 1.97. 'H NMR spectroscopy of this 
solution showed a strong signal a t  6 2.65 consistent with the 
formation of ThxBHC1.NMe3. No reaction was observed between 
CHPC12 solutions of ThxBH2.NMe3 annd ThxBHC1.NMe3 or 
between CH2Clz solutions of ThxBC12.NMe3 and ThxBHCl-NMe, 
at room temperature. 


Hydroboration/Methanolysis of 1-Hexene with 
ThxBHC1/Et20. To 10 mmol of freshly prepared ThxBHCl/ 
EhO at 0 "C was added 1.40 mL of neat 1-hexene (11 "01). The 
reaction mixture was stirred for 90 min at 0 "C, and then 0.84 
mL of pyridine (10.5 mmol) and 1.26 mL of absolute methanol 
(30 "01) were added. A white precipitate formed immediately, 
but only a little gas evolution was observed. The reaction mixture 
was warmed to room temperature. The "B NMR spectrum of 
the ethereal supernatant solution showed that trialkylborane (6 
84.2, T ~ X B ( ~ - C ~ H , ~ ) ~ ) ,  dialkylborinate (6 54.1, ThxB(n-C6H13)- 
OMe), and alkylboronate (6 29.1, ThxB(OMe),) species were 
present. The precipitate of pyridinium hydrochloride was removed 
by filtration. The remaining ethereal filtrate was reduced to a 
clear liquid on a water aspirator and dissolved in 5 mL of CH2C12 
Quantitative 'H NMR analysis after the addition of 1.06 mL of 
toluene (10 mmol, internal standard) showed the formation of 
4.3 mmol(43%) of ThxB(n-C6H13)OMe with CH30-B resonance 
at 6 3.67 and 2.4 mmol (24%) of T ~ X B ( O M ~ ) ~  with CH30-B 
resonance at 6 3.58. Assuming that the amount of ThxB(n-C&13)2 
formed was equal to that of Tl-~xB(oMe)~, a mass balance of 91% 
was realized. 


Rate of Reaction of 2,3-Dimethyl-2-butene with BH,Cl. 
SMe, in CH2C12. A 25-mL round-bottom flask equipped with 
magnetic stirring bar, septum-covered side arm, and connector 
tube leading to a mercury bubbler was charged at 25 "C with 1.16 
mL of 8.6 M BH2Cl.SMe2 (10 mmol), 0.89 mL of n-nonane (4.66 
mmol, intemal standard), and 1.75 mL of CH2Cl2 The resulting 
clear solution was stirred at 25 "C for 30 min, and then 1.20 mL 
of neat 2,3-dimethyl-2-butene (10 mmol) was added via syringe. 
The overall initial concentration of reactants was 2.0 M. Addition 
of the alkene caused an exothermic reaction sufficient to reflux 
the solution. Aliquots of 0.25 mL were withdrawn a t  specified 
intervals, quenched by injection into 3 mL of acetone at -78 "C, 
and then analyzed for residual olefin by GLC. The amount of 
alkene consumed was calculated for each interval from the amount 
of residual olefin obtained. The results are summarized in Table 
V. 


To avoid the exotherm problem, we repeated the experiment 
by adding neat 2,3-dimethyl-2-butene to a CHzCIP solution of 
BH2Cl.SMe2 and n-nonane maintained at 0 "C. When the ad- 
dition of alkene was complete, the ice-water bath was removed, 
and the reaction mixture was stirred at room temperature. Al- 
iquots were removed and analyzed as above. The reaction was 
found to be 99% complete after 1 h at room temperature (Table 
V). No additional uptake of 2,3-dimethyl-2-butene was observed 
under these conditions when a twofold excess was employed in 
the reaction. 


Preparation of 2.0 M ThxBHCl.SMe, in CH&l,. A standard 
2.0 M solution of ThxBHCl.SMe, in CHzClz was prepared as 
follows. A 25-mL round-bottom flask equipped with magnetic 
stirring bar, septum-covered sidearm, and connector tube leading 
to a mercury bubbler was charged at 0 "C with 3.0 mL of CH2C12 
and 1.16 mL of 8.6 M BH,Cl.SMe, (10 mmol). The resulting clear 







Reactions with Monochloroborane Complexes 


solution was stirred at 0 "C for 30 min. Then, 1.30 mL of neat 
2,3-dimethyl-a-butene (11 mmol) was added via syringe. The 
reaction mixture was then stirred at room temperature for 1 h. 
llB NMR of this solution showed only a doublet (JBH = 128 Hz) 
at 6 6.89. The infrared spectrum of this solution showed a strong 
terminal B-H absorption at  2450 cm-'. No bridged B-H ab- 
sorption at  1565 cm-' was observed. 


Oxidation of ThxBHC1.SMez in CHzCl2. To 10.0 mmol of 
freshly prepared ThxBHC1-SMez was added successively at 0 "C 
0.97 mL of n-decane (5.0 mmol, internal standard), 8.0 mL of 3 
N aqueous NaOH (24 mmol), 20 mL of absolute ethanol, and 4.0 
mL of 30% aqueous hydrogen peroxide (40 mmol). After 1 h at 
0 "C, the reaction mixture was heated at  50 "C for 30 min and 
then cooled to room temperature. Absolute ether (20 mL) was 
added and the aqueous layer was saturated with potassium 
carbonate. GLC analysis of the ether layer showed the formation 
of 9.5 mmol (95%) of 2,3-dimethyl-2-butanol. 


Methanolysis of ThxBHC16Mez in CHZClz. Freshly pre- 
pared ThxBHC1.SMez (10 "01) was cooled to 0 "C and treated 
with 0.84 mL of pyridine (10.5 mmol) and 1.06 mL of toluene (10 
"01, internal standard). The resulting clear solution was stirred 
at 0 "C for 15 min. Then 1.26 mL of absolute methanol (30 "01) 
was added. A white precipitate formed immediately as a vigorous 
evolution of gas occurred. After warming to room temperature, 
the white precipitate was collected by filtration, air-dried, and 
weighed; 1.06 g (9.2 "01) was obtained. The 'H NMR spectrum 
of this material was identical with that of an authentic sample 
of pyridinium hydrochloride. Quantitative 'H NMR analysis of 
the remaining ethereal filtrate showed a nearly quantitative (9.2 
"01) yield of ThxB(OMeIz was obtained with CH30-B resonance 
at  6 3.58. I'B NMR spectroscopy of this solution showed only 
a singlet a t  6 29.1. No (MeO)3B species was observed. 


When 10 mmol of freshly prepared ThxBHC1.SMez in CHzClz 
was treated with 0.84 mL of absolute methanol (20 mmol) at 0 
"C in a flask connected to a gas buret, 11 mmol of hydrogen 
evolved. 


Hydroboration/Methanolysis of 1-Hexene with 
ThxBHC1.SMez. To 10 mmol of freshly prepared ThxBHC1. 
SMez in CHzCl2 at 0 "C was added 1.40 mL of neat 1-hexene (11 
mmol). The reaction mixture was stirred at  room temperature 
for 2.5 h. The "B NMR spectrum of this solution showed the 
complete consumption of ThxBHC1.SMez and the appearance of 
a broad singlet a t  6 78.0. The reaction was cooled to 0 "C and 
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treated with 0.84 mL of pyridine (10.5 mmol) and 0.43 mL of 
absolute methanol (10.5 mmol). After warming to room tem- 
perature, the precipitate of pyridinium hydrochloride was collected 
by fitration and air-dried to give a white solid (1.06 g, 9.21 "01). 
The "B NMR spectrum of the remaining ethereal fiitrate showed 
only a singlet at 6 58.2 corresponding to the desired dialkylborinate 
product. No trialkylborane, alkylboronate, or borate species were 
observed. Quantitative 'H NMR analysis after the addition of 
1.06 mL of toluene (10 "01, internal standard) showed the clean 
formation of 9.23 mmol (92%) of ThxB(n-C6H13)OMe with 
CH30-B resonance at 6 3.65. 


Directive Effects in the Hydroboration of Alkenes with 
ThxBHC1-SMez in CHzClz (Table VI). The procedure em- 
ployed for 1-hexene is representative. To 10 mmol of freshly 
prepared 2.0 M ThxBHCl-SM% in CHzClz at 0 "C was added 2.75 
mL of CHzClz and 1.00 mL of n-tridecane (4.10 mmol, internal 
standard). The resulting clear solution was stirred at 0 "C for 
30 min, and then 1.25 mL of neat 1-hexene (10 "01) was added. 
The overall concentration of reactants then was 1.0 M. The 
resulting solution was stirred at room temperature for 60-90 min 
and then recooled to 0 "C. Oxidation was catried out by successive 
addition of 8.0 mL of 3 N aqueous NaOH (24 mmol), 7.5 mL of 
absolute ethanol, and 4.0 mL of 30% aqueous hydrogen peroxide 
(40 mmol). After 1 h at 0 "C, the reaction mixture was heated 
at 50 "C for 30 min and then recooled to room temperature. 
Absolute ethyl ether (7.5 mL) was added, and the aqueous layer 
was saturated with potassium carbonate. The relative amounts 
of isomeric hexanols were determined by GLC analysis of the ether 
layer. The results are summarized in Table VI. 


Registry No. BH,Cl.THF, 55606-72-9; BH,Cl-OE~, 36594-41-9; 
HBClZ-NMe3, 25741-83-7; BHzCl.SMe2, 63348-81-2; BC13.0Eh, 


ThxBHClsOEt2, 79200-86-5; ThxBH2.NMe3, 79200-87-6; 
ThxBHC1-NMe3, 79200-88-7; ThxBCl,.NMe,, 79200-89-8; 
ThxBHC1.SMez, 75067-06-0; ThxBHCLTHF, 79200-90-1; ThxB- 
(OMeh 56118-62-8; ThxBClz-SMe2, 79200-91-2; ThxBH2, 3688-24-2; 
ThxB(n-CBH13)OMe, 79200-83-2; 2,3-dimethyl-2-butene, 563-79-1; 
1-hexene, 592-41-6; 1-octene, 111-66-0; 1-decene, 872-05-9; 2- 
methyl-1-butene, 563-46-2; 2-methyl-2-butene, 513-35-9; cis-2-pent- 
ene, 627-20-3; 1-hexanol, 111-27-3; 1-octanol, 111-87-5; 1-decanol, 
112-30-1; 2-methyl-1-butanol, 137-32-6; 3-methyl-2-butanol,598-75-4; 
2-pentanol, 6032-29-7; 3-pentanol, 584-02-1; 2,3-dimethyl-2-butanol, 


2102-03-6; (T~xBHZ)~,  37099-64-2; ThxBCl2, 79200-82-1; 


594-60-5. 
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The reaction of Cr2(02CCH3)4 with Li(C6H4-o-CH2NMe2), Li(LL), gives several products depending on 
conditions. When a 1:4 ratio is used, the major product is orange, air-stable Cr(LL)3, 1. With a 1:2 ratio, 
dark-red, air-sensitive Cr4(LL)4(02CCH3)20, 2, was obtained. Both compounds were characterized by X-ray 
crystallography. Compound 1 crystallizes in space grou R3 with 2 = 3 and hexagonal unit cell dimensions 
of a = 12.462 (2) A, c = 13.212 (2) A, V = 1777.0 (7) 13. The Cr(LL)3 molecule is a tris-chelate species 
with a fac arrangement of ligands to give C3 symmetry. The important dimensions are Cr-C = 2.075 (5) 
A; CI-N = 2.356 (4) A; LN-CrN' = 96.8 (1)O; AXk-C' = 93.9 (2)O; LN-Cr-C = 77.2 (2)O (in chelate ring); 
LN-Cr-C = 92.9 (2)O (not in chelate ring). Contrary to an earlier rsport 1 appears to be stable in air for 
a t  least several months. Compound 2 crystallizes in space group P1 with 2 = 2 and unit cell dimensions 
of a = 10.363 (2) A; b = 23.096 (4) A, c = 9.490 (1) A, a = 95.17 (2)O, p = 101.13 (1)O, y = 82.07 (2)O, V 
= 2202 (1) A3. The tetranuclear molecule, which is the asymmetric unit, consists of two Cr2(LL)2 units 
arranged so the Cr atoms form a bisphenoid with an oxygen atom at its center and two opposite slant edges 
bridged by acetate groups. The Cr-Cr distances are 2.544 (2) and 2.554 (2) A, and the Cd(cent ra l )  distances 
are 1.986,2.015,1.997, and 2.020 A, each with an esd of 0.006. The molecule has essentially D2 symmetry, 
though this is not rigorous. The Cr-Cr bonds make angles of ca. 53O to the mean Cr-C-N-0-0 planes, 
and a simple formulation of the electronic structure is not apparent. 


In t roduc t ion  
T h e  bidentate organoligand 2-[ (dimethylamino)- 


methyllphenyl may be introduced by using the lithium 
reagent 2-lithio-N,N-dimethylbenzylamine, which is itself 
conveniently prepared by lithiation of N,N-dimethyl- 
benzylamine, as shown in reactions la and lb. The ligand 


Li 


is unusually interesting because its ability to  form met- 
al-carbon bonds is buttressed by the  associated metal- 
nitrogen bond, whereby a chelate ring will normally be 
expected. Manzer1V2 has reported several compounds 
containing this ligand. 


We became interested in the possibility of using this and 
some other, similar ligands t o  prepare organometallic 
compounds of multiply bonded dimetal units. Among the 
ones we have investigated is the Cr24+ unit, as it is available 
for reaction in dichromium tetraacetate, Cr2(02CCH3)4. 


(1) Manzer, L. E.; Guggenberger, L. J. J. Organometal. Chem. 1977, 


(2) Manzer, L. E. J. Am. Chem. SOC. 1978, 100, 8068. 
139, C34. 


0276-733318212301-0038$01.25/0 


We have found tha t  several reaction products may be 
obtained, none of which is a simple substitution product 
of the type Cr2(C6H4-o-CH2NMe2)n(02CCH3)4-n. In one 
case we have obtained the previously made2 Cr(C6H4-o- 
CH2NMe2)3; we have characterized this compound, 1, 
crystallographically. Under somewhat different reaction 
conditions we have isolated (and structurally characterized) 
an unprecedented type of compound, 2, in which two di- 
chromium(I1) units are attached to a central oxygen atom. 


Exper imenta l  Section 
All reactions, manipulations, and crystallizations were per- 


formed under an atmosphere of dry argon. All solvents were dried 
and deoxygenated prior to use. The phenyllithium reagent 
LiC6H4-o-CH2NMe2 was prepared by the method by Manzer.2 


Preparation of Cr(C6H4-o -CH2NMe2)3, 1. LiC6H4-o- 
CH2NMe2 (0.56 g, 4 mmol) was dissolved in 20 mL of THF. To 
this rapidly stirred pale yellow solution was added 0.34 g (1 "01) 
of anhydrous chromium(I1) acetate and the darkening mixture 
stirred ovemight. After filtration through Celite the dark orange 
solution was placed in a tubular flask. Bright orange cubic crystals 
(0.22 g) were obtained by placing a layer of hexane (20 mL) over 
the THF filtrate and allowing the layers to mix by slow diffusion 
over a period of 5 days. The elemental composition of the isolated 
crystals was shown by X-ray crystallography (vide infra) not to 
be the desired chromium(I1) chelate complex Cr2(C6H4-o- 
CH2NMe2)4 but that of the air-stable, monomeric octahedral 
chromium(II1) complex Cr(C6H4-~-CH2NMe2)3 previously ob- 
tained by Manzer from the reaction between chromium(II1) 
chloride and Li(C$€4-o-CHzNMe2)? The remaining THF/hexane 
solution was extremely air sensitive and may contain the dmuclear 
complex; however, a number of attempts to obtain useful crys- 
talline material have failed. Despite very careful repetitions under 
extremely anaerobic conditions the monomeric chromium(II1) 
complex has been the major product in this reaction and the only 
one obtainable in crystalline form. 


Preparation of Cr4(C6H4-o-CH2NMe2)r(CHaCOO)z0, 2. 
LiC,H4-o-CHzNMez (0.28 g, 2 mmol) was dissolved in 20 mL of 
THF. Chromium(I1) acetate (0.34 g, 1 "01) was added, and the 
solution stirred at room temperature overnight. The amorphous 
precipitate of lithium acetate was removed by filtration, and the 
resulting filtrate was cooled to -10 O C  for 1 week. A large amount 
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Table I. CrystallograDhic Data and Enraf-Nonius CAD-4 
Data Collection Parameters 


crystal decomposition, 


X-ray exposure time, 


p(Mo Ka), cm-' 
radiation 


% 


h 


scan type 
scan width ( A  w ), deg 


maximum counting 


collection range 
time, s 


no. of unique data 
no. of data I > 341) 
P 
no. of variables 
R, a 
R2 a 
esd 
largest shiftb 
largest peakC 


CrC27H36N3, 
R3 
454.60 
12.462 (2) 
12.462 (2) 
13.212 (2) 
90.0 
90.0 
120.0 
1777.0 (7) 
3 
1.274 
0.20 x 0.20 x 


0.20 
0 


Cr C H,,0,N4, 2 
PT4 40 


878.88 
10.363 (2) 
23.096 (4) 
9.490 (1) 
95.17 (2) 
101.13 (1) 
82.07 (2) 


2 
1.325 
0.40 X 0.30 X 


0.25 
41.6 


2202 (1) 


7 44 


5.241 10.456 
graphite monochromated Mo Ka 


(x  = 0.71073 A) 
-28 w -28 


tan e e 
0.50 + 0.35 


30 30 


0.50 + 0.35 tan 


+h, +k, d; 0 
Q 28 G 50" 


711 
561 
0.05 
93 
0.030 
0.036 
0.982 
0.02 
0.35 


+h, *k, aZ;0 Q 


6281 
2713 
0.05 
478 
0.077 
0.097 
2.500 
0.07 
1.18 


28 Q 50" 


a R ,  = ;I: IIFoI - I F c I I / ~  IFoI, R, = [ ;I:w( IFoI - IFcI)2/ 
Z W I F ~ I ~ ] ~ ' ~ .  * Largest parameter shift in final refine- 
ment cycle. Largest peak in a final difference Fourier, 
e/A3. 


(ca. 0.2 g) of very air-sensitive, dark red crystalline material was 
observed after this time. By close inspection under degassed 
Nujol, a crystal of the size and quality useful for X-ray diffraction 
study was located. Again, the elemental composition of the sole 
isolated product was not that of the desired complex, Cr2- 
(C6H4-o-CH2NMe2)2(CH3C00)2, but, as shown by X-ray crys- 
tallography, that of a remarkable new type of compound, [Cr2- 


X-ray Data Collection and Structure Determination. For 
both crystals the intensity data were collected at room temperature 
on an Enraf-Nonius CAD-4 automated diffractometer to 28 = 
50' by using the W-28 method and a scan range determined by 
A@ = (0.50 + 0.35 tan 8 ) O  with a 25% extension a t  either end for 
background determination. Standard data-collection procedures 
have been previously summarized? and the pertinent crystallo- 
graphic parameters for both crystals are listed in Table I. Data 
were processed and all calculations required to solve and refine 
the structures were carried out on a PDP 11/60 computer at  the 
Molecular Structure Corporation, College Station, TX. Tables 
of observed and calculated structure factors for both compounds 
are available as supplementary material. 


Structure of C X ? ( C ~ H ~ - O - C H ~ N M ~ ~ ) ~ ,  1. An orange crystal, 
approximately cubic (0.2 mm), was used for data collection. 
Automatic location and centering of 25 reflections ( 1 1 O  I 28 I 
37O) indicated a trigonal system with the cell parameters listed 
in Table I, and systematic absences suggested space groups R3 
or R3. The volume of the unit cell gave an indication that the 
expected formula, Cr2(C6H4-~-CH2"le2)4, was not correct and 
implied Cr(CgH4-o-CH2NMe&3, with 2 = 3. Moreover, the absence 
of any plausible C d r  vector in the Patterson map also favored 
a mononuclear formula. The structure was solved and refined 


(C6H4-o-CH2NMe2)212(~-~H3~~2)2(114'0), 2. 


(3) Bino, A.; Cotton, F. A.; Fanwick, P. E. Inorg. C k m .  1979,143558. 
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c9 


c5  c3 


c4 


Figure 1. The fc~c-cr(C~H~CH~NMe2)~ molecule, 1, showing the 
atom labeling scheme. Each atom is represented by its ellipsoid 
of thermal vibration scaled to enclose 40% of its electron density. 


in the acentric space group R3, and with the Cr atom and all the 
nonhydrogen ligand atoms isotropically refined, residuals of R1 
= 0.069 and R2 = 0.087 were reached. The other enantiomorph 
was then tested, and it gave R1 = 0.064 and R2 = 0.079. Re- 
finement was therefore continued with the second choice of en- 
antiomorph and anisotropic thermal parameters. After a few 
cycles, hydrogen atoms were introduced at  calculated positions 
with fixed thermal parameters; the hydrogen atoms, with positions 
reset after each cycle, were included in all subsequent cycles but 
not themselves refined. Refinement converged with R1= 0.030 
and R2 = 0.036, and there were no anomalies in the fiial difference 
map. An attempt was also made to carry out refinement of a 
disordered model in R3, but this gave vastly inferior results. 


Structure of Cr4(C6H4-o-CH2NMe2)4(CH3C02)20, 2. The 
crystal was placed in a capillary tube which was then sealed with 
epoxy cement. Unfortunately this crystal decomposed consid- 
erably because of oxidation; since no other good crystal could be 
found the data were corrected for decay, which appeared to be 
a linear function of time, and used. 


The volume of the unit cell was not inconsistent with the 
presence of four of the expected Cr2(CgH4-o-CH2NMe2)2(CH3C02)2 
molecules, and the Patterson map showed two plausible Cr-Cr 
vectors. The positions of four independent chromium atoms were 
determined by using the direct-methods program MULTAN, and 
after four cycles of least-squares refinement of these four atoms 
we had R1 = 0.38 and R2 = 0.46. Subsequent difference Fourier 
maps, however, led to recognition that pairs of dinuclear units 
were joined by a single atom which refined best as an oxygen atom. 
The structure was then refined to convergence with isotropic 
temperature factors for all 53 nonhydrogen atoms, giving R1 = 
0.16 and R2 = 0.20. Subsequent anisotropic refinement produced 
R1 = 0.077 and R2 = 0.097. A final difference synthesis revealed 
no additional chemical features in the unit cell. 


Results 
Cr(C6H4-o -CH2NMe2)3, 1. This compound is appar- 


ently the same one previously prepared2 by the reaction 
of Li(C6H4-o-CH2NMe2) with CrC13 However, we find the 
compound to be far more stable toward air than previously 
reported (1 h). Samples of ours that have been exposed 
to air for 3 months in this laboratory have shown no visible 
sign of decomposition. We have also found that the sub- 
stance is not attacked by ethanolic KOH, in air. 


In the crystal, the molecules reside on sites of C3 (3) 
symmetry. The atomic positional and thermal parameters 
are listed in Table 11, and the bond distances and angles 
are listed in Table 111. As shown in Figure 1, which gives 
a perspective view of the molecule and defines the atom 
labeling, the molecule is a typical distorted octahedral, 
tris-chelate complex, with the facial arrangement of lig- 
ands. The bond angle, within the chelate ring, LN-Cr-C, 
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Table 11. Positional and Thermal Parameters and Their Estimated Standard Deviations for Cr(C,H,-o-CH,N(CH,),),~* 
X Y z B’23 


0.0000 (0) 
0.0427 (3) 


-0.1336 (3) 
-0.0920 (3) 


-0.1 919 (3) 
-0.2112 (3) 
-0.1703 (4) 
-0.1117 (3) 
-0.0737 (4) 


0.0676 (4) 
0.1443 (4) 


0.0000 (0) 
-0.1374 (3) 
-0.1621 (3)  
-0.1 785 (3) 
-0.2917 (4) 
-0.3969 (4) 
-0.3859 (4) 
-0.2701 (3) 
-0.2594 (3) 
-0.1243 (4) 
-0.1469 (4) 


0.0000 (0) 
0.0902 (3) 


-0.0842 (3) 
-0.1848 (3) 
-0.2322 (3) 
-0.1820 (4) 
-0.0812 (4) 
-0.0359 (3) 


0.0748 (3) 
0.2008 (3) 
0.0401 (4) 


2.23 (2) 
2.9 (1) 


2.6 (1) 
2.6 (1) 
2.9 (1) 
3.2 (1) 


2.0 (1) 


2.0 (1) 
3.4 (1) 
5.5 (2) 
3.3 (1) 


2.23 (2) 
3.0 (1) 
2.9 (1) 
3.1 (1) 
3.9 (2) 
3.4 (1) 
2.7 (1) 
2.6 (1) 
2.5 (1) 
3.6 (2) 
3.1 (1) 


1.92 (3) 
2.5 (1) 
2.7 (2)  
3.0 (2) 
2.9 (2) 


4.2 (2) 
4.4 (2) 


3.3 (2) 
3.3 (2) 
2.9 (2) 
4.0 (2) 


2.23 (2) 0 


1.13 (9) 0.2 (1) 
1.58 (9) 0.2 (1) 
1.4 (1) -0.6 (1) 
1.4 (1) -0.2 (2) 
1 4 ( 1 )  0.6(1) 
1.26 (8) 0.1 (1) 


1.53 (8) -0.3 (1) 


1.4 (1) -0.0 (1) 
1.9 (1) -0.6 (2) 
1.85 (9) -0.1 (1) 


0 
0.1 (1) 


-0.0 (1) 
0.0 (1) 


-1.1 (1) 
-1.2 (2) 
-0.2 (1) 
-0.3 (1) 


0.6 (1) 
0.5 (1) 
0.2 (1) 


atom X Y z B, A’ atom x Y z B, A’ 


H(2) -0.1207 (0) -0.1077 (0) -0.2220 (0) 5.0000 (0) H8A 0.1410 (0) -0.0479 (0) 0.2140 (0) 5.0000 (0) 
H(3) -0.2193 (0) -0.2976 (0) -0.3001 (0) 5.0000 (0) H8B -0.0002 (0) -0.1259 (0) 0.2352 (0) 5.0000 (0) 
H(4) -0.2514 (a) -0.4752 (0) -0.2148 (0) 5.0000 (0) H8C 0.0778 (0) -0.1908 (0) 0.2240 (0) 5.0000 (0) 
H(5) -0.1826 (0) -0.4569 (0) -0.0448 (0) 5.0000 (0) H9A 0.2200 (0) -0.0711 (0) 0.0482 (0) 5.0000 (0) 
H(7A) -0.0592 (0) -0.3251 (0) 0.0918 (0) 5.0000 (0) H9B 0.1515 (0) -0.2124 (0) 0.0700 (0) 5.0000 (0) 
H(7B) -0.1377 (0) -0.2634 (0) 0.1165 (0) 5.0000 (0) H9C 0.1264 (0) -0.1633 (0) -0.0300 (0) 5.0000 (0) 


a The form of the anisotropic thermal parameter is exp[-0.25(B,,h2a2 + B,,kZb2 i- B,,Z2c2 + 2B,,hkab + 2B,,hZac + 
2B,,kZbc)] where a, b, and c are reciprocal lattice constants. 
are shown in parentheses. 


Estimated standard deviations in the least significant digits 


Table 111. Bond Distances (Angstroms) and Bond Angles (Degrees) in Cr(C,H,-o-CH,NMe,),, 1 
2.355 (4) 
2.078 (5) 
1.500 (6) 
1.487 (7) 
1.485 (8) 
1.404 (8) 
1.397 (8) 
1.373 (7) 
1.378 (8) 
1.408 (8) 
1.386 (7) 
1.522 (7)  


N-Cr-N’ 
-C( 1 )  


-C( 1 ) 
C( 1)-Cr-C( 1)’ 
Cr-N-C( 7) 
Cr-N-C( 8) 
Cr-N-C( 9) 


-C( 1 >;, 


C( 7)-N-C( 8) 
C( 7)-N-C( 9) 
C( 8)-N-C( 9) 


Figure 2. The entire Cr4(C6H4CH2NMe2)4(CH3C02)20, 2, 
molecule showing the numbering scheme for all atoms, each of 
which is represented by its ellipsoid of thermal vibration, scaled 
to enclose 40% of the electron density. 


is small, 77.2 (2)O,  while the other angles at the metal atom 
are all larger. The five-membered chelate ring has an 
envelope conformation with the nitrogen atom being ap- 
preciably out of the mean plane from which the other four 
atoms, Cr-C-C-C, deviate only slightly. 


Cr4(C6H4-o -CH2NMe2)4(CH3C02)20, 2 (Figure 2). 
The atomic positional and thermal parameters for this 
compound are listed in Table IV and the intramolecular 
distances and angles in Table V. Although there is no 
rigorous crystallographic symmetry imposed, the molecule 


98.7 (2) 
77.2 (2) 
92.9 (2) 


169.2 (2) 
94.0 (2) 


121.9 (4) 


106.7 (4) 
106.9 (4) 
107.9 (4) 


102.2 (2) 


110.1 (3) 


Cr-C(1)4(2) 
Cr-C( l ) 4 (  6) 
C( 2)-C( 1)-C( 6) 
C( 1)-C( 2)-C( 3) 
C(2)-C( 3)-C(4) 
C(3)-C(4)-C( 5) 
C(4)-C( 5)-C(6) 
C(1)-C( 6)-C( 5) 
C( 1 )-C( 6)-C( 7) 
C(5)-C(6)-C( 7) 
N-C( 7)-C( 6) 


c2  C 25 


129.2 (4) 
116.0 (4) 
114.7 (4) 
123.3 (4) 
120.5 (4) 
118.8 (4) 


123.8 (4) 
117.0 (4) 


108.7 (4) 


119.0 (4) 


119.1 (4) 


Figure 3. A view of only the central portiori of the molecule of 
compound 2. 


has very nearly D2 symmetry. The three C2 rotation axes 
intersect at the position of the central, ~ ~ - 0 ,  oxygen atom 
(Figure 3). One axis forms a perpendicular bisector of 
both Cr-Cr bonds, i.e., Cr(1)-Cr(2) and Cr(3)-Cr(4). An- 
other is defined by the C-C bonds of the two acetate 
groups. The third is, of course, perpendicular to both of 
these and bisects the Cr(l)-O(l)-Cr(4) and Cr(2)-O(1)- 
Cr(3) angles. Thus, effectively, all four chromium atoms 
are equivalent. They are, however, grouped into two 
bonded pairs, viz., Cr(1)-Cr(2) and Cr(3)-Cr(4), with es- 
sentially equal internuclear distances of 2.544 (2) A and 







0.7565 (2 j  
0.7067 (3)  
0.5603 (3) 
0.6358 (9) 
0.9383 (10) 
0.8914 (10) 
0.3760 (10) 
0.3415 (9)  
0.418 (1) 
0.871 (1) 
0.781 (1) 
0.485 (1) 
0.966 (2)  


0.308 (2) 
0.165 (2) 
0.336 (2) 
0.332 (1) 
0.522 (1) 
0.631 (1) 
0.696 (1) 
0.801 (2)  
0.832 (1) 
0.760 (2)  
0.657 (1) 
0.966 (2)  
0.955 (2)  
0.775 (1) 
0.665 (1) 
0.598 (2)  
0.496 (2) 
0.462 (2)  
0.526 (1) 
0.629 (1) 
0.784 (2)  
0.917 (2) 
0.686 (2)  
0.538 (2)  
0.440 (2) 
0.312 (2) 
0.291 (2)  
0.391 (1) 
0.520 (2)  
0.484 (2) 
0.345 (2)  
0.583 (2) 
0.720 (2) 
0.831 (2) 
0.961 (2)  
0.977 (2)  
0.867 (1) 
0.740 (1) 


1.112 (2) 


0.1689 (1) 
0.1761 (1) 
0.2727 (1) 
0.3174 (1) 
0.2333 (4) 
0.1839 (4) 
0.2273 (4) 
0.3057 (4)  
0.2153 (4)  
0.0948 (5) 
0.1082 (5) 
0.3233 (5) 
0.4102 (5) 
0.2003 (6) 
0.1845 (9)  
0.2628 (6)  
0.2747 (8) 
0.0849 ( 7 )  
0.1016 (6)  
0.0423 (6)  
0.0441 (6) 


-0.0079 (6) 
-0.0060 (7)  


0.0486 (7 )  
0.1023 (7)  
0.1019 (6) 
0.0649 (6)  
0.1402 (7)  
0.0752 (6)  
0.1212 (6)  
0.1159 (7)  
0.1560 ( 7 )  
0.2046 (7)  
0.2127 (6)  
0.1715 (6)  
0.2805 (8) 
0.3412 (8) 
0.3777 (6)  
0.3605 (6)  
0.3886 (8) 
0.3732 (8) 
0.3259 (7) 
0.2979 (6)  
0.3130 (6) 
0.4238 (7)  
0.4266 (7)  
0.4437 (6)  
0.4150 (6)  
0.4478 (7)  
0.4201 (9)  
0.3638 (7)  
0.3314 (7)  
0.3545 (6) 


0.2652 (3)  
0.2230 (3)  
0.5163 (3)  
0.2947 (3) 
0.327 (1) 
0.351 (1) 
0.559 (1) 
0.180 (1) 
0.205 (1) 
0.186 (1) 


0.715 (1) 
0.282 (1) 
0.486 (2)  
0.561 (2)  
0.162 (2 )  
0.067 (2)  
0.294 (2)  
0.041 (2)  
0.173 (2)  
0.304 (1) 
0.357 (2)  
0.470 (2) 
0.540 (2)  
0.485 (2)  
0.361 (1) 
0.197 (2)  
0.032 (2)  


-0.005 (2)  
-0.065 (1) 


-0.272 (2)  
-0.187 (2)  
-0.044 (2)  


0.102 (1) 


-0.211 (2)  


0.026 (2)  
0.837 (2)  
0.720 (2 )  
0.723 (2)  
0.676 (2)  
0.739 (2)  
0.692 (2)  
0.585 (2)  
0.522 (2)  
0.564 (2)  
0.125 (2)  
0.321 (2)  
0.383 (2)  
0.374 (1) 
0.401 (2)  
0.387 (2)  
0.347 (2)  
0.321 (2)  
0.334 (1) 


2.1 (1) 
2.0 (1) 
2.9 (1) 
3.0 (1) 
2.4 (5) 
2.9 (5) 
3.0 (5)  
2.8 (5)  


3.0 (6)  
3.4 (6) 
6.7 (8) 
5.9 (8)  
3.9 (9)  
1.1 (8) 
2.7 (8) 
2.5 (9) 
3.9 (8) 
2.8 (8) 
3.1 (8) 
3.1 (71 
3.1 (8) 
6.2 (9)  
2.5 (7)  
3.9 (8) 
2.5 (7)  
3.7 (8) 
4.5 (8) 
2.3 (7)  
3.1 ( 7 )  


3.2 (9)  
3.2 (8)  
3.0 (8) 
3.5 (8) 
8 (1) 
3.5 (8) 
6 (1) 
4.3 ( 9 )  
5 (1) 
6 (1) 
4.9 (9)  


6 (1) 
6 (1) 
4.2 (9) 
3.7 (9)  
6 (1) 


1 2  (1) 
4 (1) 
9 (1) 
2.0 (7 )  


2.1 (5)  


9 (1) 


2.3 (7)  


3.6 (8)  


2.9 (1) 
3.0 (1) 
3.4 (1) 
2.8 (1) 
2.4 (4)  
4.1 (5)  
4.1 (5)  
3.8 (5) 
2.9 (4) 
3.7 (5) 
3.8 (5) 
5.2 (6)  
2.8 (5)  
1.4 (6)  


4.9 (8) 
9 (1) 


7 (1) 
7.9 (9) 
5.1 (8) 
2.9 (6) 
3.8 (6) 
3.9 (7)  
4.7 (7)  
6.3 (8) 
5.3 (8) 
4.0 (7)  
5.1 (8) 
6.4 (9) 
3.6 (7)  
5.1 (7) 
6.7 (9) 
6.8 (9)  
6.3 (8) 


2.6 (6) 
4.9 (7) 


8 (1) 
10 (1) 


7 (1) 
9 (1) 


4.7 (7) 


4.0 (7) 
5.0 (8) 


6.1 (8) 


3.2 (7) 
6.9 (9) 
4.3 (8) 
4.3 (7)  
4.3 (7)  
6.1 (8) 
9 (1) 
5.1 (8) 
5.9 (8) 
3.0 (6) 
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Table IV. Positional and Thermal Parameters and Their Estimated Standard Deviations for 
Cr,( C,H,-o-CH,N(CH,),),(CH3COO),0"b 


atom X Y 2 Bll Bz 2 B33 BI, B13 B23  


a l l)  0.5243 12) 4.9 (1) -0.35 (9)  0.3 (1) -0.50 (9)  
5.2 11) -0.16 19) 0.2 11) -0.0 (1) 
4.6 (1 j 
4.5 (1) 
4.9 (5)  
8.1 (6) 
8.7 (7)  
7.7 (6)  
8.0 (6)  
3.9 (6)  
5.5 (6)  
3.1 (6) 
3.7 (6)  


10 (1) 
14 (2) 


12 (1) 
5.5 (8)  


4.7 (8) 
4.1 (7)  
5.5 (8) 


5.1 (8) 
5.3 (8) 
5.6 (8) 


3.7 (7)  


3.7 (7) 
3.4 (7) 
4.6 (8) 
9 (1) 
4.8 (8) 
4.2 (7)  
3.4 (7)  
4.4 (8) 
4.0 (7)  
5.2 (8) 
5.1 (8) 
6 (1) 
6 (1) 
4.8 (8) 
3.8 (7)  
4.6 (8) 
6.9 (9 )  
4.9 (8) 
4.9 (8) 
3.9 (7)  
3.6 (7)  
8 (1) 
5.6 (9)  
3.3 (7)  
7 (1) 


11 (1) 
7 (1) 


3.7 (7 )  
5.5 (8) 


-0.4 (1) ' 


0.3 (4)  


1.4 (5)  


0.3 (4)  


1.4 (5) 


0.1 (1) 


-1.1 (4) 


0.0 (4)  


-1.2 (5)  


-1.6 (6) 
-0.2 (5)  
-1.3 (6) 
-0.8 (8) 


-0.0 (9)  
-2.2 (7)  
-0.9 (7)  
-0.2 (6)  
-1.1 (6)  
-0.4 (6) 
-0.5 (7)  


1.0 (7)  
-0.6 (7) 
-0.4 (6) 


-0.4 (8) 
-0.3 (6)  
-2.1 (6) 
-2.3 (8) 


-0.4 (7)  
-0.6 (7)  
-0.1 (6)  
-3.4 (9)  
-5.4 (7) 
1.1 (8) 
0.3 (7)  
0.6 (9)  
2.2 (9)  


-0.0 (8) 
-0.3 (6) 


0.5 (7)  


1.8 (7)  


1.2 (8) 


0.5 (7)  
1.4 (9)  
1.7 (8) 


-0.4 (7)  


-6.5 (7) 
-1.3 (9)  
-1.6 (9)  
-0.5 (7)  
-1.3 (6) 


-1.1 (7)  


-0.3 (I j 
0.1 (1) 


-0.2 (4) 


-1.1 (5)  


-0.7 (5)  
-0.7 (5) 


0.5 (5)  
0.6 (5) 
3.6 (5)  


0.7 (5) 
-0.5 (6)  


-1.9 (9)  
-3 (1) 


-3 (1) 
0.6 ( 7 )  


2.5 (6)  


0.7 (7)  
1.6 (6)  
0.6 (7)  
3.6 (7) 
2.2 (6)  
0.7 (7)  
0.6 (6)  
1.1 (7)  
4.6 (7)  


2.3 (6)  


0.3 (7)  
1.3 ( 7 )  
1.3 (6) 


-0.6 (7)  


-0.6 (7)  


3.4 (7)  
-0.7 (7)  


-0.4 (9)  
-0.5 (8) 
-0.7 (8) 


0.6 ( 7 )  
1.5 ( 7 )  
3.5 (8) 
2.2 (7)  
0.6 (6)  
0.9 (7)  
1.0 (7)  


-0.5 (7)  
-0.8 ( 7 )  
-1 (1) 


0 (1) 
2.0 (9)  
0.5 (7)  
0.2 (6)  


1.9 (8) 


-0.2 ( i j  
-0.33 (9) 
-0.4 (4)  
-1.3 (5) 
-1.4 (5) 
-0.7 (5) 


-0.6 (5)  
0.6 (4)  


1.5 (5)  


0.4 (5) 
0.2 (5)  


0.2 (7) 
-2 (1) 


-0 (1) 
-1.6 (7)  


-0.7 (7) 
-0.1 (6) 


-0.1 (6)  
0.2 (6) 


1.4 (6) 
1.1 (6)  
2.4 (7) 
0.4 (6)  


2.1 (6) 
2.1 (8) 
0.1 (6)  
0.2 (6) 


1.3 (7)  


0.8 (7)  
0.2 (6)  
3.1 (8) 


-0.5 (6) 


-0.6 (7) 


0.9 (7) 


-1.5 (8) 
-0.9 (7) 


1.4 (6)  
0.7 (8) 
3.9 (8) 


1.5 (6) 
0.4 (6)  
1.4 ( 7 )  


2.1 (7)  


-0.3 (8) 
-0.5 (7)  


1.4 (6) 
1.4 (8) 


1.2 (8) 
0.6 (7) 
0.0 (6)  


1(1) 


The form of the anisotropic thermal parameter is exp[-0.25(Bl,h2az t B,,kzbz + B3,l2c2 + 2B,,hhab + 2BI3hZac + 
2B,,kZbc)] where a, b, and c are reciprocal lattice constants, 
are shown in parentheses. 


Estimated standard deviations in the least significant digits 


2.554 (2) A, respectively. The other four Cr to Cr distances, 
lying along the long edges of the bisphenoid, have an av- 
erage value of 3.38 A, and presumably no bonds exist in 
these positions. 


Each chromium atom is surrounded by a distorted 
square array of ligand atoms. In the chelate rings the 
nitrogen atoms lie trans to the p4-O atom, 0(1), and the 
N-Cr-C angles are all acute, with a mean value of 80.1 f 
0.8O. The chelate rings are, as in 1, nonplanar. As shown 
in Table VI, the chromium atoms are only slightly 
(0.10-0.13 A) out of the coordination planes. 


While the bisphenoid of chromium atoms with the p4-0 
atom at  ita center is probably the most immediately ob- 
vious feature of the structure, another interesting de- 
scription of it is obtained by looking along the twofold 
symmetry axis defined by the acetate carbon atoms, C(l), 


C(2), C(3), and C(4). In this way it may be seen that all 
of the atoms lie in or close to one of two planes. In Table 
VI1 these two major planes are defined by the two seta of 
atoms, Cr(l)-O(l)-Cr(4) and Cr(2)-O(l)-Cr(3), and the 
deviations of all other atoms (six) bonded to the metal 
atoms from each plane are listed. The dihedral angle 
between these two major planes is 54.7'. Figure 4 presents 
a stereoview that emphasizes this feature. 


Discussion 
Cr(C6H4-o-CH2NMe2)3, 1. The formation of this com- 


pound in reasonable yield using the chromium(I1) com- 
pound Cr2(02CCHJ4 as starting material was unexpected. 
The reaction has been repeated several times, with es- 
sentially the same results, under conditions normally 
considered to be rigorously anaerobic. It seems to us very 
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Table V. A List of Bond Distances (Angstroms) and Bond Angles (Degrees) for Compound 2 


Cr( 1)-Cr( 2) 
-O( 1) 
-O( 5) 


-C( 13) 
Cr( 2)-O( 1) 


-0(2) 
-N( 2 1 
-C( 22) 


Cr( 3)-Cr(4) 
-0(1) 
-0(3) 
-N( 3 1 


-0(4) 
-N(4) 


-C(31) 
Cr(4)-0( 1) 


-C(40) 


2.544 (2) 
1.986 (6) 
2.049 (7) 
2.164 ( 7 )  
2.08 (1) 
2.015 (6) 
2.055 (8) 
2.208 (7) 
2.08 (1) 
2.554 (2) 
1.997 (6) 
2.037 (8) 
2.192 (8) 
2.141 (1) 
2.020 (6) 
2.047 (8) 
2.182 ( 7 )  
2.11 (1) 


0(2)-CU) 
O( 3)-C(1) 
0(4)-C( 3 1 
O(5 )-C(3) 
N( 1 )-C(5 1 


-C(6) 
-C( 7 1 


N( 2)-C( 14) 
-C( 15) 
-C(16) 


N( 3)-C( 23) 
-C( 24) 
-C( 2 5) 


N(4)-C(32) 
-C( 3 3) 
-C( 34) 


Distances 
1.29 (2) C(l)-C(2) 


1.28 (1) C(7)-C(8) 
1.19 (1) C(8)-C(9) 
1.51 (1) C(8)-C(13) 
1.49 (2) C(9)4(10) 
1.52 (1) C(lO)-C(ll) 
1.53 (2) C(ll)-C(12) 
1.49 (2) C(12)-C(13) 
1.51 (1) C(16)-C(17) 
1.58 (1) C(17)-C(18) 
1.52 (1) C(17)4(22) 
1.49 (2) C(18)-C(19) 
1.55 (1) C(19)-C(20) 
1.55 (1) C(20)-C(21) 
1.50 (1) 


1.22 (2) C(3)-C(4) 
1.55 (2) 
1.58 (2) 
1.51 (2) 
1.38 (2) 
1.44 (1) 
1.37 (2) 
1.42 (2) 
1.44 (1) 
1.43 (2) 
1.51 (1) 
1.43 (2) 
1.43 (2) 
1.37 (2) 
1.37 (2) 
1.39 (1) 


C(21)-C( 22) 
C( 25)-C( 26) 
C( 26)-C( 27) 
C( 26)-C( 31) 
C( 27)-C( 28) 
C( 28)-C( 29) 
C( 29)-C( 30) 
C( 30)-C( 31) 


C( 35)-C( 36) 
C(35)-C(40) 
C(36)4(37) 
C( 37)-C( 38) 
C( 38)-C( 39) 
C( 39)-C(40) 


C(34)4(35) 


1.43 (1) 
1.60 (2) 
1.34 (2) 
1.46 (1) 
1.40 (2) 
1.43 (2) 
1.36 (1) 
1.40 (1) 
1.50 (2) 
1.43 (2) 
1.41 (2) 
1.44 (2) 
1.32 (2) 
1.42 (2) 
1.38 (1) 


Angles 
Cr(2)-Cr(l)-O(l) 51.0 (2) C(6)-N(l)-C(7) 108.0 (8) 0(1)-Cr(4)-0(4) 100.0 (3) Cr(1)4(13)4(8) 114.1 (7) 


Cr( 2)-Cr(l)-C( 13) 69.7 (3) -C(16) 108.5 (6) 0(4)Cr(4)-N(4) 83.5 (3) N(2)4(16)4(17) 105.4 (8)  


-C(13) 97.5 (3) C(15)-N(2)-C(16) 113.3 (8)  Cr(l)-O(l)-Cr(2) 79.0 (2) Cr(2)4(22)-C(17) 113.0 (8)  


-C(13) 155.5 (4) -C(24) 113.3 (7) -Cr(4) 120.8 (3) C(17)4(22)-C(21) 114 (1) 
N(l)-Cr(l)-C(l3) 80.0 (4) -C(25) 107.1 (7) Cr(2)-O(l)-Cr(3) 120.3 (3) N(3)4(25)4(26) 108.3 (9) 
Cr(l)-Cr(2)-0(1) 50.0 (2) C(23)-N(3)-C(24) 110.9 (9) -Cr(4) 131.7 (4) C(25)-C(26)4(27) 121 (1) 


-N(2) 124.0 (3) C(24)-N(3)-C(25) 108.1 (9) Cr(4)-N(4)4(34) 107.0 (6) C(27)-C(26)4(31) 123 (1) 
-C(22) 71.0 (3) Cr(4)-N(4)-C(32) 105.2 (6) C(32)-N(4)-C(33) 111.1 (8) C(26)4(27)-C(28) 119 (1) 


Cr(2)-Cr(l)-O(5) 134.7 (2) Cr(2)-N(2)-C(14) 113.8 (7) -N(4) 174.6 (3) -C(12) 131.5 (7) 
Cr(2)-Cr(l)-N(l) 123.3 (2) -C(15) 105.7 (6) -C(40) 98.4 (3) C(8)-C(13)-C(12) 113.7 (8) 


O(l)-Cr(1)-0(5) 101.1 (3) C(14)-N(2)-C(15) 106.3 (9) -C(40) 153.5 (4) C(l6)4(17)-C(18) 121.1 (9) 
O(1)-Cr(1)-N(1) 174.2 (3) -C(16) 109.3 (8) N(4)-Cr(4)-C(40) 79.6 (4) -C(22) 119.2 (9) 


0(5)-Cr(l)-N(l) 82.8 (3) Cr(3)-N(3)-C(23) 103.7 (6) -Cr(3) 134.4 (4) -C(21) 132.1 (8) 


-0(2) 135.9 (3) -C(25) 114.1 (1) Cr(3)-O(l)-Cr(4) 79.0 (2) -C(31) 116.1 (9) 


O(l)-Cr(2)-0(2) 101.7 (3) -C(33) 114.1 (6) -C(34) 109.5 (8) C(27)4(28)-C(29) 119 (1) 
-N(2) 174.0 (3) C(18)-C(17)-C(22) 119.7 (9) C(33)-N(4)-C(34) 109.7 (8) C(28)-C(29)-C(30) 121 (1) 
-C(22) 97.2 (4) C(17)-C(18)-C(19) 124 (1) 0(2)-C(1)-0(3) 127 (1) C(29)-C(30)4(31) 120 (1) 


-C(22) 153.1 (4) C(19)-C(2O)-C(21) 121 (1) 0(3)4(1)4(2) 117 (1) -C(30) 132.2 (8) 


Cr(4)-Cr(3)-0(1) 50.9 (2) 0(3)-Cr(3)-C(31) 155.8 (4) -C(4) 115 (1) N(4)-C(34)-C(35) 108.6 (9) 


0(2)-Cr(2)-N(2) 83.5 (3) C(18)-C(19)-C(20) 117 (1) -C(2) 116 (1) Cr(3)4(31)-C(26) 110.9 (7) 


N(2)-Cr(2)-C(22) 78*9 (4) c(20)-c(21)-c(22) 124 (I) 0(4)-C(3)-0(5) 127 (1) C(26)-C(31)4(30) 116 (1) 


-0(3) 135.2 (3) N(3)-Cr(3)-C(31) 81.7 (4) 0(5)4(3)4(4) 118 (1) C(34)4(35)-C(36) 121 (1) 
-N(3) 124.2 (3) Cr(3)-Cr(4)-0(1) 50.1 (2) N(l)-C(7)4(8) 108.7 (8) C(34)4(35)-C(40) 119 (1) 


Cr(2)-0(2)-C(1) 129.2 (9) -0(4) 134.2 (2) C(7)-C(8)4(9) 119.2 (9) C(36)4(35)-C(40) 119 (1) 
Cr(3)-0(3)-C(l) 134.5 (9) -N(4) 124.5 (2) -C(13) 115.0 (9) C(35)4(36)-C(37) 121 (1) 
Cr(4)-0(4)-C(3) 133.1 (7) -C(40) 72.3 (3) C(9)-C(8)-C(13) 125.8 (9) C(36)-C(37)4(38) 119 (2) 
Cr(l)-0(5)-C(3) 132.6 (8) Cr(4)-Cr(3)-C(31) 69.1 (3) C(8)-C(9)-C(lO) 119 (1) C(37)-C(38)-C(39) 120 (1) 
Cr(l)-N(l)-C(5) 108.4 (6) 0(1)-Cr(3)-0(3) 100.3 (3) C(9)-C(lO)-C(ll) 120 (1) C(38)-C(39)-C(40) 125 (1) 


-C(6) 114.0 (6) 0(1)-Cr(3)-N(3) 175.0 (3) C(lO)-C(ll)-C(l2) 119.6 (9) Cr(4)4(40)-C(35) 111.6 (8) 
-C(7) 106.4 (6) O(l)-Cr(3)-C(31) 96.9 (3) C(ll)-C(12)4(13) 121.5 (9) -C(39) 132.2 (8) 


C(5)-N(l)-C(6) 109.9 (8) 0(3)-0(3)-N(3) 82.5 (4) C(35)-C(4O)-C(39) 116 (1) 
-C(7) 110.0 (7) 


Table VI. Some Planes and the Relation of Certain 
Atoms and Bond Directions to  Them for Compound 2 


distance (A ) 
plane from plane of 


1, 0(1)-0(2)-N(2)-C(22) Cr(2), -0.138 
L Cr( 1)-Cr( 2) mikes with plane 1 = 54.3" 


2 ,  0(1)-0(5)-N(l)-C(13) Cr(l), 0.104 
L Cr( 2)-Cr( 1) makes with plane 2 = 53.0" 


3, 0(1)-0(4)-N(4)-C(40) Cr(4), -0.131 
L Cr(3)-Cr(4) makes with plane 3 = 53.4" 


4, 0(1)-0(3)-N(3)-C(31) Cr(3), 0.116 
L Cr(4)-Cr(3) makes with plane 4 = 53.7" 


unlikely that oxidation is caused by oxygen from the at- 
mosphere. In fact, when a small amount of oxygen was 
intentionally admitted on one occasion, the reaction mix- 
ture turned green, and none of the tris-chelate compound 
was obtained. It is possible that a disproportionation 
reaction occurs in which the Cr' forms arene complexes, 
but we have, as yet, no evidence on this. 


As we have already mentioned, this compound has been 
reported before2 but only briefly described. It was said 


Table VII. Two Additional Planesa Illustrating the 
Geometric Relationship between the Pairs of Cr" 


Complexes in Compound 2 
plane distance ( A )  from plane of 


1, Cr(l)-O(l)-Cr(4) O( 5), -0.264 
N( l), 0.1 79 


C(40), 0.500 
C( 13), -0.304 


N(4). -0.170 
o(4 j; 0.183 


2, Cr( 2)-O( 1)-Cr( 3) N(3), 0.175 
C(31), 0.295 
0(3), -0.319 
N(2), -0.136 
C(22), 0.469 
0(2), 0.212 


a Angle between planes 54.7". 


to decompose in air in less than 1 h,2 whereas we have 
observed that the beautiful pseudocubic orange crystals 
can be left in laboratory air for at least 3 months and/or 
treated with water or base without any sign of decompo- 
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Figure 4. A stereoscopic view of the central portion of the molecule of compound 2. The acetate carbon atoms have been omitted 
for clarity. 


sition. In even more striking contrast to our observation 
is the report4 that Cr(C6H4-o-CH2NEtJ3 is highly reactive 
toward both air and water. 


It is true that many tris(organo)chromium(III) com- 
pounds are reactive toward air and water, and thermody- 
namically such reactions are almost certainly favored in 
all caws. Nonetheless, those previously known compounds 
with three chelating ligands have all been reported to ex- 
hibit kinetic stability except for the diethyl compound just 
mentioned. Possibly the inclusion of traces of reactive 
impurities instigated the reported reactivity. On the other 
hand, the steric requirements of the ethyl groups may be 
so great as to favor reactivity through initial unimolecular 
Cr-N bond dissociation. 


Still another possibility, though we think it is unlikely, 
is that the more reactive Cr(C&4-o-CH2m)3 compounds 
contain the meridional isomer rather than the facial one. 
It is not inconceivable that syntheses from CrC13 and from 
Cr2(02CCH3)4 could lead to different isomers. However, 
for R = Me the color is orange in each case, and this 
probably means that the isomer is also the same in each 
case. 


The CI-C distance in 1 is comparable to those found in 
other organochromium(II1) compounds, where values from 
ca. 2.01 to ca. 2.11 A have been r e p ~ r t e d . ~  The Cr-N 
distance, however, is extraordinarily long. Previously re- 
ported Cr-N and Cr-0 distances have been around 2.15 
A, whereas in the present case we have a length of 2.356 
(4) A. In compound 2 reported here the Cr-N bond 
lengths are in the range 2.15-2.20 A. Two possible ex- 
planations for this come to mind. Perhaps Cr-C bonds 
exert a powerful trans effect. Alternatively, nonbonded 
repulsions between the three mutually cis N(CHd2 groups 
may be lessened by the lengthening of the Cr-N bonds. 
We prefer the latter, since in compound 2 described in this 
paper we have a Cr-0 bond trans to the same type of 
carbon atom and that Cr-0 bond length, 2.04 A, is not 
unusually long. 
Cr4(C6H4-o-CH2NMe2)4(02CCH3)20, 2. Certain fea- 


tures of this molecule are rare and others unique. We may 
begin the discussion with the central oxygen atom, and 
mention first that we can only speculate as to its origin. 
As we noted in discussing compound 1, the preparative 
reactions are run under conditions that would normally 


(4) Sneeden, R. P. A. 'Organochromium Compounds"; Academic 
Press: New York, 1975. 


be described as strictly anaerobic. Obviously, we cannot 
conclusively rule out the possibility that adventitious ox- 
ygen (0,) is the source of this central oxygen atom, but 
it seems to us very unlikely. The preparation is quite 
reproducible, and, if even traces of 0, are deliberately 
admitted, a destructive oxidation process reduces the yield 
of 2 to zero. We assume, therefore, that the central oxygen 
atom originates in the acetate ions, but we cannot offer 
any detailed mechanism for this. 


Structurally, a g4-0 atom is a rarity, especially in discrete 
 molecule^.^ The Cr-O(1) bonds have a mean length of 
2.00 f 0.01 A, which is slightly shorter than those to the 
acetate oxygen atoms, which average 2.047 f 0.005 A. 


The truly astonishing feature of this structure is the 
geometric relationship between the pairs of planar Cr" 
complexes that are bonded to each other. The two planes 
have only one atom in common, O(l), and the dihedral 
angle between them is that between the two major mo- 
lecular planes described under Results, namely, 54.7'. The 
bond between the chromium atoms makes an angle of 
about 53O with each of these planes and makes acute angles 
with the Cr-O(1) and Cr-C bonds of about 50' and 70°, 
respectively. 


With the Cr-Cr bond having such a direction relative 
to the ligand atoms, it is not clear how to formulate that 
bond in terms of d-orbital overlaps. Its mean length, 2.549 
A, is comparble to that found in Cr2(02CCF3)4(Et20)2, in 
which an extremely stretched and weak quadruple (a, 27r, 
6) interaction has been contemplated? On the other hand, 
a bond of lower multiplicity, but more strength per com- 
ponent, would also be consistent with the Cr-Cr distance. 
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Studies of Molybdenum Compounds. 1. Synthesis and 
Structure of Dioxo( dimet hyl) (2,2'-bipyrldyl)molybdenum (V I ) , 


Prototype of a New Class of Organomolybdenum(V1) 
Compounds 


Gerhard N. Schrauzer," Laura A. Hughes, Norman Strampach, Paul R. Robinson,' and 
Elmer 0. Schlemper * 


Department of Chemisty, University of California at San Diego, Revelle College, La Jolla, California 92093 
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A synthesis of dioxo(dimethyl)(2,2'-bipyridyl)molybdenu(VI), M0(0)z(CH~)~(bpy), by the reaction of 
dioxodibromo(2,2'-bipyridyl)molybdenum(VI) with methylmagnesium chloride, is described. The new 
organomolybdenum complex crystallizes from methanol in pale yellow needles, mp 230 "C dec. Prolonged 
heating in 1 M KOH/CH30H is required to cause quantitative decomposition in terms of the equation 
M0(0)&H~)~(bpy) + 20H- = 2CH4 + MOO 2- + bpy. The compound crystallizes in the triclinic space 
group P1, with a = 8.543 (1) A, b = 9.872 (1) A, c = 8.512 (1) A, a = 101.51 (9)O, /3 = 116.93 (4)O, y = 80.14 
(8)O, V = 624.5 (3) A3, 2 = 2. The three-dimensional X-ray data were measured with the 8-20 scan technique 
with a scintillation detector. The structure was resolved by Patterson and Fourier methods and refined 
by full-matrix least-squares calculations to give R(FJ = 0.020 and R,(F,) = 0.034 for 2152 observations 
above 2u. The structure closely resembles that of Mo(0)zBrZ(bpy): the oxo groups approach a cis con- 
f i i a t ion  ( 0 - M A  angle = 110.20 (9)O), while the methyl groups are nearly trans (C-MOC angle = 149.03 
(10)O). The Mo-0 bond distances are 1.707 (2) and 1.708 (2) A, and the Mo-C distances 2.194 (2) and 
2.189 (3) A. The Mo-N distances are 2.314 (2) and 2.346 (2) A. The oxo groups are essentially coplanar 
with the bpy ligand; the dihedral angle between the bpy plane and the plane defined by 0, 0, Mo, N, N 
is 2.0°. 


Recently: we reported the synthesis of the first members 
of a class of organomolybdenum(VI) complexes of the type 
R-Mo(O),-Br(bpy) (I), with R, e.g., CH3 or CZH5, obtained 


1, R = CH, or C,H, 
2, R = Br 


by reacting (bpy)Mo(0)zBrz (2) with the respective orga- 
nomagnesium halides. Through a modification of our in- 
itial synthesis technique we have since succeeded in pre- 
paring a number of dialkylated complexes of composition 
Mo(0)zR2(bpy) (3), of which some exhibit exceptionally 
high stabilities. 


The dimethyl derivative 4, for example, prepared by the 
reaction of 24 with CH3MgC1 in THF, forms pale yellow 
crystals which are stable in air up to a temperature of 230 
"C, above which decomposition occurs with the formation 
of hydrocarbons, bipyridyl, and lower molybdenum oxides. 
The complex is insoluble in, and unaffected by, water and 
can be recrystallized from hot CH,OH. However. dccom- 
position in-terms of eq 1 occurs i n  prolonged heating in 
1 N NaOH/CH30H. 
Mo(0)Z(CH3)z(bpy) + 20H- = 2CH4 +  MOO^^- + bpy 


(1) 
Complex 4 is also unstable in acidic solutions, or under 


reducing conditions. However, details of these and other 


(1) Union Science and Technology Division, Brea, CA. 
(2) University of Missouri, Columbia, MO. 
(3) G. N. Schrauzer, E. L. Moorehead, J. H. Grate, and L. Hughes, J. 


(4) C. G. Hull and M. H. B. Stiddard, J. Chem. SOC. A,  1633 (1966). 
Am. Chem. SOC., 100, 4760 (1978). 


Table I. Crystallographic and Data Collection Parameters 


space group PT diffractometer Enraf-Nonius 


a, A 8.543 (1) cryst size, mm 0.1 X 0.2 X 0.3 
b, A 9.872 (1) h ,  A (Mo KCY) 0.71073 
c, a 8.512 (1) b ,  cm-I 10.257, transmis- 


CAD-4 


sion range 
92.2-99% 


0, deg 101.51 (9) scan speed variable to main- 
P ,  deg 116.93 (4) tain 3% count- 
7, 80.14 (8) ing statistics t o  v, A 624.5 (3) a max time of 


Poba,  glcm3 1.69 (6) 8-28  scan, 96 stepslscan 
p C d d ,  g/cm3 1.6814 (7) background 16 steps on each 
2 2 side of peak 
fw 316.12 peak 64 steps 
R(F0)  0.020 takeoff angle 2.8" 
R,(Fo) 0.034 scan width (0.55 + 0.35 tan 


total no. of 4135 o bservns 2 15 2 


reactions of 4 will be reported elsewhere. In this paper we 
describe the structure of 4 as determined by X-ray analysis. 


Experimental Section 
Synthesis of Mo(0)z(CHS)z(bpy). A suspension of 3 g of 24 


in 30 cm3 of absolute tetrahydrofuran was placed into a bottle 
of 160 cm3 capacity. The bottle was closed with a rubber serum 
cap and placed into an ice bath. After 20 min of cooling, 5 cm3 
of a 2.8 M solution of CH3MgCl in THF was rapidly injected into 
the bottle by means of syringe, while the bottle was being shaken. 
After 1 h of reaction at 0 "C, the crystals of product were collected 
by vacuum filtration and washed with anhydrous ether. The crude 
product was dissolved in a 2:l mixture of CH2C12 and CH,OH. 
From the filtrate, pale yellow crystals of 4 precipitated upon 
evaporation of the CH2CI2. The crystals were collected by fil- 
tration and dried: mp 230 "C dec; yield, 1.4 g (66%, based on 
2). Anal. Calcd for CI2Hl4MoN202: C, 45.86; H, 4.46; Mo, 30.56; 
N, 8.92; 0,10.20; mol wt, 314.02. Found: C, 45.97; H, 4.71; Mo, 
30.68; N, 8.90; 0, 9.74; mol wt (melting point depression in 


90 slscan 


in 0 0 1" 
observns above 20 


CHZCl,), 346. 


0276-7333/S2/2301-0044$01.25/0 0 1982 American Chemical Society 







Studies of Molybdenum Compounds Organometallics, Vol. 1, No. 1, 1982 45 


Table 111. Positional Parameters for Hydrogen Atoms 


atom X Y z P ( 1 1 )  


~ m c u m ~ w m m m ~ m m ~ m a w ~  
~ m w 0 m d b * * * 0 0 0 0 c u w a  
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
00000000000000000 


l l l l l l  I l l  I I I I  


h d b m c u w l ? 4 d * a a a a N a c n *  


00000000000000000 z 
00000000000000000 E 
~ d a 0 0 * c u N w 0 * 0 0 0 0 * *  
O d d d r l * c u d d c u d d d H d d d  i 


v) 


B 


2 
U 


Hl(C1) 
HZ(C1) 
H3(C1) 
H1( C2) 
H2( C2) 
H3(C2) 
H(C3) 
H( C4) 
H(C5) 
H(C6) 
H(C9) 
H( C10) 
H(C11) 
H( C12) 


0.2127 - 
0.3778 
0.3783 
0.1413 


-0.0250 
-0.0007 
-0.1690 
-0.3603 
-0.2877 
-0.0140 


0.2460 
0.5266 
0.6744 
0.5447 


-0.0104 
0.0453 
0.0047 
0.5144 
0.4401 
0.4987 
0.1313 
0.0805 
0.1164 
0.1998 
0.2607 
0.3420 
0.3930 
0.3654 


0.2269 
0.3892 
0.2037 
0.3480 
0.1522 0.2950 


0.0714 
0.1680 
0.4763 
0.6767 
0.8427 
1.0106 
0.8619 
0.5517 


5.0000 
5.0000 
5.0000 
5.0000 
5.0000 
5.0000 
5.0000 
5.0000 
5.0000 
5.0000 
5.0000 
5.0000 
5.0000 
5.0000 


Physical Properties. Infrared spectrum: in addition to 
absorption characteristic of the coordinated 2,2'-bpy, the two IR 
Y M ~  appear at 934 and 905 cm-' (in KBr). 


UV-vis absorptions [nm (e), in CH2C1,]: 303 (24900), 293 
(17000), and 245 (19600). 


'H NMR spectrum in CD30D: 6bp protons, 7.5-9.5 (8); CH3 
protons, 0.58 (6) ppm relative to S I ~ C H ~ ) ~  (intensities in par- 
entheses, measured on a Varian HR-22O/Nicolet TT-100 spec- 
trometer). 


Structure Analysis. An outline of crystallographic and data 
collection parameters is given in Table I. A crystal of approximate 
dimensions 0.1 X 0.2 X 0.3 mm was mounted in a random con- 
figuration on an Enraf-Nonius CAD-4 automated diffractometer 
for data collection. The crystal was triclinic (PI) with the unit 
cell dimensions shown in the table. These were based upon a 
Delaunay reduction of a cell obtained from the centering of 25 
reflections on the diffractometer. There are two symmetry-related 
moleculea in the unit cell. The flotation density of 1.69 (6) g/cm3, 
measured in CC14-CBr4 mixtures, agrees with the calculated 
density of 1.6814 (7) g/cm3. 


Intensity data (294 K) were measured by the 8-28 step scan 
technique with Mo Ka radiation (A = 0.7107 A) from a graphite 
monochromator. A total of 4135 Bragg reflections were measured. 
Equality of Friedel's pairs is in agreement with the successful 
refinement in the centric space group (Pi). The intensities of 
three standard reflections measured after each 8000-s exposure 
to X-rays showed no significant change with time. Empirical 
absorption corrections were made with the $ scan technique (p 
= 10.3). Averaging of equivalent reflections gave 2316 data points 
of which 2152 had F, > 247,); these were used to refine the 
structure (2(F,2) = + (0.05F,2)' and dF,) = u(F;)/W,).  


The structure was resolved by Patterson and Fourier methods. 
Least-squares refinement minimizing xw( lFol - lFcl)2, where w 
= l/2(Fd, converged with R = X:llFol - l F c ~ ~ / ~ l F o ~  = 0.020 and 
R, = [X(IFol - IFc1)2/~wF~]'/2 = 0.034. Hydrogen atoms were 
located and held in near "ideal" X-ray  position^.^ Extinction 
correction was not applied. 


The maximum parameter shift on the last cycle was 0.01 times 
ita esd, and the error in an observation of unit weight was 1.12. 
Atomic scattering factors were taken from ref 6. Final atomic 
positional parameters are included in Tables I1 and 111. Selected 
interatomic distances and angles are given in Tables IV and V. 


Discussion 
Complex 4 could either be a cis- or trans-dioxo- 


molybdenum derivative with two methyl groups directly 
attached to molybdenum. 


The presence of a cis-Mo02 moiety follows unambigu- 
ously from the IR spectrum, which shows two Mo-0 IR 
stretching frequencies at 905 and 934 cm-'. T h e  two re- 
spective bands in 1 and 3 appear at very similar frequen- 
cies, suggesting a close structural relationship with these 
compounds. In t h e  'H N M R  spectrum of 4 in CD30D, a 


~~~ ~ 


(5) M. R. Churchill, Znorg. Chem., 12, 1213 (1973). 
(6) "International Tables for Crystallography", Vol. IV, Kynoch Preas, 


Birmingham, England, 1974. 
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Table IV. Selected Interatomic Distances and Angles 
dist value, A angle value, deg 


1.707 (2) 
1.708 (2) 
2.194 (2)  
2.189 (3) 
2.314 (2) 
2.346 (2) 


1.344 (3) 
1.345 (3) 
1.348 (3) 
1.341 (3) 
1.344 (3) 


1.480 (3) 


1.372 (3)  
1.378 (2) 
1.381 (4) 
1.383 (4) 
1.366 (4) 
1.372 (4) 
1.390 (3) 
1.386 (3) 
1.379 (8) 


O( I)-Mo-O( 2) 110.20 (9) 
N( I)-Mo-N( 2) 68.40 (6) 
C( 1)-Mo-C( 2) 149.03 (10) 


O( I)-Mo-N( 1) 92.66 (8) 
O( 2)-Mo-N( 2) 88.73 (7) 
0(1)-Mo-N(2) 161.06 (8) 
O( 2)-Mo-N( 1)  157.13 (8) 


O( I)-Mo-C( 1) 
-Mo-C( 2) 


O( 2)-Mo-C( 1) 
-Mo-C( 2) 


N( l)-Mo-C( 1) 
-Mo-C( 2) 


N( 2)-Mo-C( 1)  
-Mo-C( 2) 


av 0-Mo-C 


av N-Mo-C 


97.60 (10) 
98.31 (11) 
99.31 (9) 
99.86 (1 1) 
98.8 (1.0) 
76.31 (8) 
76.57 (9) 
78.39 (8) 


77.95 (9) 
77.3 (1.0) 


Mo-N( 1)-C( 3) 120.26 (15) 
-N( 2)-C( 12) 121.75 (15) 
-N( 1)-C( 7) 121.55 (14) 
-N( 2)-C( 8) 119.94 (14) 


Figure 1. Perspective view of Mo(O),(CH,),bpy with atom 
numbering and observed distances in angstroms. 


sharp singlet at 0.584 ppm relative to Me$i is assigned 
to the six methyl protons. The chemical shift of the methyl 


Table V. Selected Bond Angles, Bipyridyl Ligand 
angle value, deg angle value, deg 


N( 1)-C( 3)-C( 4) 
N( 2)-C( 12)-C( 11) 


N( 2)-C( 8)-C( 9) 
N( 1)-C( 7)-C( 8) 
N( 2)-C( 8)-C( 7) 
C( 3)-N( l)-C( 7) 
C( 8)-N( 2)-C( 12) 


N( 1 1-q 7 )- C( 6 1 


122.76 (22) 
122.69 (22) 
121.74 (20) 
121.75 (20) 
114.71 (18) 
115.29 (17) 
118.13 (19) 
118.31 (19) 


C( 3)-C(4)-C( 5) 
C( 12)-C( 1 1)-C( 10) 


C( 11)-C( 10)-C( 9) 
C( 4)-C( 5)-C( 6) 


C( 5)-C( 6)-C( 7) 
C( 10) -C(9)-C(8) 
C( 6)-C( 7)-C( 8) 
C( 9)-C( 8)-C( 7) 


Table VI. Comparison of Mo(O),(CH,),(bpy) with Previous Structures 


A. Bond Distances 


118.80 (22) 
118.75 (23) 
119.27 (21) 
119.14 (22) 
119.29 (22) 
119.34 (22) 
123.55 (19) 
122.96 (19) 


bond dist, A molecule ref 
this work Mo-O~ 1.707 (2), 1.708 (2) Mo( 1 2  ( CH 3) 2( bpy) 


1.643 (17), 1.826 (18) Mo(O),Br,(bpy) 7 


1.706 (5), 1.713 (5) Mo(O), Ip-CH,C,H,C(=S)N(CH,)O], 9 
1.703 (2)  


2173 (7), 2.176 (8) Mo2 IN( CH 3)2 14(CH3)2 11 
Mo-CH - 2.131 Mo2 [ CH ZSi( CH 3 ) 3 16 12 


1.705 (7)-1.750 (7) Cs2[Mo(0)2(Bz)2]~H20 (Bz = benzohydroximate anion) 8 


Mo( 0 1 2 ( s 2  CN( C2H5 ) 2 1 2  10 
Mo-CH, 2.189 (3), 2.194 (2) Mo( 2( CH 3) 2( bpy) this work 


Mo-COCH, 2.264 (14) (CSH5)Mo(Co )3  [P(C6H 5 )  3 ICoCH3 1 3  
this work 


N-C 1.341 (3)-1.348 (3) Mo(o) 2(CH 3 )  2( bpy) this work 


this work 


this work 


Mo-N 2.314 (2), 2.346 (2) Mo( )2( CH 3)2( bpy) 
2.449 (19), 2.259 (18) Mo(O),Br,(bpy) 7 


1.320 (30)-1.502 (29) Mo(O),Br,(bpy) 7 


1.316 (38)-1.512 (37) Mo(O),Br,(bpy) 7 


1.455 (25) Mo( 0 12Br2 (bPY 1 7 


C-CarOrn 1.366 (4)-1.390 (3) Mo(0)2(CH3)2(bpy) 


c-cbridge 1.480 (3)  Mo(O),(CH,)*(bPY) 


B. Bond Angles 
angle value, deg molecule ref 


0-Mo-0 110.20 (9)  
103.3 (9) 
101.5 (4), 103.8 (4) 
103.7 (2)  
105.81 (12) 
149.03 (10) 
159.70 (10) 


X-Mo-X (X = Br, CH,) 


X-Mo-N 76.31 (8)-78.39 (8) 
66.6 (4)-98.4 (4) 


0-Mo-N 88.73 (7), 92.66 (8) 
157.13 (8 ) ,  161.06 (8) 
94.7 (7), 95.1 (7) 


161.9 (7), 161.5 (7) 


this work 
7 
8 
9 
10  
this work 
7 
this work 
7 
this work 


7 
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group protons is only 0.04 ppm downfield from that of 1 
(with R = CH3) reported previ~usly.~ In addition, only the 
signals of the bipyridyl protons are observed. 


The structure as determined by X-ray analysis (Figure 
1) is in accord with the IR and NMR spectroscopic evi- 
dence but reveals additional details, most notably an ex- 
tremely distorted octahedral coordination geometry around 
the molybdenum atom, which is in part even more pro- 
nounced than that in 3.l Although complexes 3 and 4 
crystallize in the same space group (Pi), the 0-Mo-0 angle 
of 110.20O is 7' wider than in 4; the C-Mo-C angle of 
149.03' is loo smaller than the Br-Mo-Br angle. These 
differences in the bond angles are caused by repulsions of 
the methyl groups by the two cis-oxygen atoms. Because 
of the negative inductive effect of the methyl groups, the 
charge density on the oxygen atoms in 4 is probably higher 
than in 3. However, the average Mo-O bond distances of 
1.71 A in 4 are within experimental error identical with 
those in 3. Table VI shows that the average Mo-C bond 
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(8) K. Wieghardt, W. Holzbach, E. Hofer, and J. Weka, Znorg. Chem., 
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distances of 2.19 A are slightly longer than bond lengths 
reported for methyl carbons bound to dinuclear Mo(I1). 
However, they lie well within the range of 2.131-2.264 A 
of previously reported Mo-Cdiphatic bond lengths. Table 
VI contains additional structural data to facilitate further 
structural comparisons with other known molybdenum 
complexes. Bond distances and angles of the Mo(bpy) 
subunit are identical, within experimental error, for 3 and 
4. The oxo groups are essentially coplanar with the bpy 
ligand; the dihedral angle between the bpy plane and the 
plane defined by 0, 0, Mo, N, N is 2.0'. It is of interest 
to note the systematic alternation of short and long C-C 
bonds in the bpy rings of 4. Presumably due to the lower 
resolution achieved, this phenomenon has not been ob- 
served in the structure of 3.' It was, however, reported 
previously for other aromatic rings containing heteroatoms. 


In forthcoming papers of this series we will describe 
additional compounds of this type with emphasis on their 
relevance to catalysis and biocatalysis. 
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The thermal or photochemical reaction of bis(tri-n-butylphosphine)hexacarbonyldicobalt, CO~(CO)~- 
[P(n-Bu),12, with tri-n-butyltin hydride, Hsn(n-B~)~,  leads to Hz and (~-BU)~S~CO(CO),P(~-BU)~ as products. 
The rate law for the photochemical reaction and product distribution are consistent with a pathway involving 
loss of CO from the CO(CO),P(~-BU)~. radical following metal-metal bond rupture, oxidative addition of 
the H-Sn bond to the cobalt center, a hydrogen atom transfer from a second HSn(n-BuI3 to cobalt, and 
then a reductive elimination of Hz, as the pathway for reaction. A similar reaction pathway is indicated 
for reaction of (q6-C6H6)2Mz(CO)6 (M = Mo, W) with H s n ( n - B ~ ) ~  or (?6-CSHs)zMo2(CO)6 with HMo- 
(C0)3(q6-C6H6). On the other hand reaction of (q6-C6Hs)2M02(C0)6 with HMn(CO)6 leads to HMo- 
(C0)3($-C6H6) and Mnz(CO)lo as products, suggesting a simple hydrogen atom transfer reaction between 
the M O ( C O ) ~ ( ~ ~ - C ~ H ~ ) *  radical and HMn(CO)+ The choice between the oxidative addition and hydrogen 
atom transfer pathways is determined by the donor M-H bond energy; a low M-H bond energy favors 
hydrogen atom transfer. On the basis of studies to date, the oxidative addition pathway, as described above, 
is the more common. Reaction of H M o ( C ~ ) ~ ( ~ ~ - C & ~ )  with Hsr~(n-Bu)~ leads to (~-BU)~S~MO(CO)~(~~-C~H~) 
and H2 The rate law is of the form d(product)/dt = {ka[HSn(n-Bu),]/(kb + k,[HSn(n-Bu),])l[HMo- 
(CO)3($-CsHs]. The rate law suggests the existence of a preequilibrium involving either a formyl inter- 
mediate, formed via a hydride migration, or a change in hapticity of the cyclopentadienyl ring to form 
a ql-cyclopentadienyl intermediate. 


We have recently reported the results of a study of the 
thermal or photochemical decomposition of cobalt tetra- 
carbonyl hydride, HCO(CO)~, which proceeds in accord 
with eq 1.2 The kinetics behavior of the system is strongly 


(1) Thia reaearch wa8 supported by the National Science Foundation 
via Research Granta CHE-76-17570 and CHE 79-13-8010730. 


0276-7333/S2/2301-0047$01.25/0 


2HCo(C0)4 -+ C02(C0)8 + H2 (1) 
suggestive of a radical pathway involving CO(CO)~- radicals 
as intermediates. The radical pathway proposed for re- 
action 1 can be generalized to describe the reaction of any 
dinuclear metal carbonyl compound with a metal or me- 
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group protons is only 0.04 ppm downfield from that of 1 
(with R = CH3) reported previ~usly.~ In addition, only the 
signals of the bipyridyl protons are observed. 
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distances of 2.19 A are slightly longer than bond lengths 
reported for methyl carbons bound to dinuclear Mo(I1). 
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to note the systematic alternation of short and long C-C 
bonds in the bpy rings of 4. Presumably due to the lower 
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previously for other aromatic rings containing heteroatoms. 
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talloid hydride, as shown in Scheme I. The metal carbonyl 
Scheme I 


MZ(CO)z,Lzn * 2M(CO)j&,* (2) 


M(CO),L,. M(CO),-1L, + CO (3) 


(4) M(CO),-1L, + HM’X, 4 M(CO),-lL,(M’Xy)(H)* 


M(CO),-lL,(M’Xy)(H)* + HM’X, 
M(CO),-1Ln(M’Xy)(H)Z + M’Xy. (5) 


M(CO),-1L,(M’Xy) (Hz)* M(CO)m-1Ln(M’Xy) + Hz 
(6) 


M(CO),-lL,(M’X,) + CO - M(CO),L,(M’X,) (7) 


M(CO),L,- + M’X,. - M(CO),L,(M’X,) (8) 


radicals that are essential intermediates in this process are 
formed in step 2, which is driven by either thermal or 
photochemical M-M bond homolysis. A key step in the 
overall mechanism is facile dissociation of CO from the 
M(CO),L,. radical. Loss of CO from the 17-electron 
species results in formation of M(CO),lL,, a 15-electron 
species capable of undergoing oxidative addition reactions 
with suitable substrates. There are substantial experi- 
mental grounds for the proposal that CO loss is rapid in 
many 17-electron M(CO),L,. species.”1° For example, 
recent experimental results suggest that diasociation of CO 
from Mn(C0)5. occurs with a rate constant on the order 
of 100 Thus loss of CO competes with the recom- 
bination of Mn(C0)5. radicals to reform Mnz(CO)lo. 


The M(CO),L,. radical, once formed, can undergo re- 
action with a hydrogen atom source, HM’X,, by either of 
two pathways. The more obvious one is simply a direct 
hydrogen atom transfer, as in eq 9. When this pathway 


M(CO),L,. + HM’X, - HM(CO),L, + M’X,. (9) 


is followed, the product of the reaction is a metal hydride. 
The alternative pathway, embodied in Scheme I, leads to 
evolution of Hz and formation of the M-M’ bond. As a 
means of learning which of these alternative pathways is 
preferred in reactions of metal carbonyl compounds, we 
have examined the reaction of several dinuclear metal 
carbonyl compounds, Mz(CO)z,Lz,, with tributyltin hy- 
dride, HSn(n-Bu)3, under both thermal and photochemical 
conditions. Several related reactions have also been 
studied. Determination of the operative pathway for re- 
action is based on product determination and the kinetics 
of both the thermal and photochemical reactions. 


Wegman and Brown 


(CO)3Cp]2 (where Cp represents the q5-cyclopentadienyl ligand), 
was obtained from Pressure Chemical Co. and purified by re- 
moving trace amounts of MO(CO)~ by sublimation (35 “C (1 
mmHg)). IR for [Mo(CO)&p], in THF: 2010,1955,1912 cm-’ 
[lit” (benzene): 2014,1955,1910 cm-l]. H s n ( n - B ~ ) ~  was obtained 
from Alfa Chemicals and used without further purification. The 
compound was stored under Nz at 0 O C .  [W(CO)3Cplz,12 Coz- 
(CO)6[P(n-B~)3]2~3 HMo(CO)&p,ll and HMII(CO);~ were syn- 
thesized according to standard literature procedures. HMo- 
(CO)&p was sublimed (70 OC (1 mmHg)) prior to use. HW- 
(CO)&p was obtained as a gift from Dr. Daniel Foose. HCo- 
(CO)3P(n-Bu3) was prepared by acidifying a THF solution of 
N ~ C O ( C O ) ~ P ( ~ - B U ) ~  with glacial acetic acid. The solvent was 
removed under reduced pressure, leaving a mixture of HCo- 
(CO)Q(n-Bu), and sodium acetate. The mixture remained under 
reduced pressure at  22 “C for 2 h to remove excess acetic acid. 
Hexane was added and sodium acetate was removed by filtration. 
The hexane eolution was washed three times with 10 mL of water. 
IR bands (hexane): 2049,1970 cm-’ [lit.15 (hexane): 2045, 1968 
cm-’1. 


Photolysis Experiments. Photolysis with 366-nm wavelength 
radiation was carried out by using a Hanovia medium-pressure 
200-W quartz mercury lamp. Wavelength selection was achieved 
by utilizing a standard filter so1ution.l6 Quartz photolysis cells 
approximately 15 cm in height with path lengths of 1.0 cm were 
used. Each cell was equipped with a stopcock and septum to allow 
sampling of the reaction mixture. 


Photolysis using light of 500-nm wavelength was carried out 
with a high-pressure 1OOO-W xenon arc lamp. Filtering was 
accomplished by using an Oriel Corp. band-pass filter. 


Reactions Involving Dinuclear Metal Carbonyl Com- 
pounds. In a typical experiment involving HSn(n-B& M2- 
(CO)2,Lz, was weighed out by difference into a 25-mL Ray-sorb 
volumetric flask on a Mettler balance. The flask was purged with 
N2, sealed, and taken into the glovebox. A known volume of 
H s n ( n - B ~ ) ~  was added to the flask. The volumetric was filled 
to the mark with hexane. With minimal exposure to laboratory 
light the solution was transferred via syringe into a quartz pho- 
tolysis tube wrapped in black plastic and then brought out of the 
glovebox. An initial IR spectrum was taken. The solution was 
the photolyzed (366 or 500 nm) and IR spectra recorded as a 
function of photolysis time. 


To study the reactions of [CpM(CO)& (M = Mo, W) it was 
necessary to employ a solvent other than hexane because of 
solubility limitations. THF was chosen because it afforded ad- 
equate solubility without reacting irreversibly with either the 
starting compounds or reaction intermediates. 


In the reaction involving HMn(COI5, Mz(CO)zmLzn was weighed 
by difference into a 25-mL Ray-sorb volumetric flask on a Mettler 
balance. The flask was purged with Nz, taken into the glovebox, 
and then filled to the mark with a 3.00 X M hexane solution 
of HM~I(CO)~. An IR cell was filled, sealed, and brought out of 
the glovebox. After an initial IR scan the IR cell was placed in 
the photolysis beam. IR scans were recorded as a function of 
photolysis time. This procedure was also utilized in the photo- 
chemical reaction of [ M O ( C O ) ~ ( ~ ~ - C ~ H ~ ) ] ~  with H M o ( C O ) ~ ( ~ ~ -  
C5H.5). 


Upon exposure to trace amounts of Oz, HM~I(CO)~ rapidly 
converts to Mnz(CO)lo. IR cells filled in the box with a hexane 
solution of HMXI(CO)~ (3.00 x M), brought out, and stored 
in the dark showed less than 1% decomposition after 48 h. 


Reaction of Metal Carbonyl Hydrides with HSn(n -Bu)~.  
In a typical experiment a known amount of HMo(CO)~C~ was 
added to a 250-mL volumetric flask in an inert atmosphere 
glovebox. The flask was filled to the mark with hexane. This 
solution was transferred to a 250-mL round-bottom flask covered 
with black plastic and sealed with a rubber septum. A known 


Experimental Section 
Materials. Hexane (Burdick and Jackson Laboratories) was 


passed over activated 6-12 mesh silica gel. Following this, it was 
distilled from benzophenone ketyl and stored over activated 4A 
molecular sieves in an inert atmosphere glovebox. Tetrahydro- 
furan (Aldrich), THF, was purified by the same procedure. 
Hexacarbonylbis(~6-cyclopentadienyl)dimolybdenum, [Mo- 
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Reactions of Dinuclear Metal Carbonyl Compounds 


volume of H s n ( n - B ~ ) ~  was added to a 50-mL volumetric flask. 
The flask was filled to the mark with hexane. The solution was 
transferred to a brown amber bottle and sealed with a rubber 
septum. Several solutions of different Hsn(n-B~)~ concentrations 
were made in a similar way. The reagents were brought out of 
the drybox and equilibrated at room temperature. The stop- 
ped-flow apparatus and data acquisition system utilized in these 
experiments have been described elsewhere.&17 Solution IR cells 
of l.O-mm path lengths with NaCl windows were used. The rate 
of disappearance of HMo(CO)&p was determined by monitoring 
the IR absorbance at 2022 cm-'. 


A similar procedure was utilized in the reactions of HW(CO)3Cp 
or HCO(CO)~P(~-BU)~ with Hsn(n-B~)~.  


Results 
Thermal  Reaction of Co,(CO)6[P(n -Bu),], with 


HSn(n -Bu),. The thermal reaction of CO,(CO)~[P(~- 
Bu)~], with HSn(n-Bu), in hexane results in formation of 
Bu,S~CO(CO)~P(~-BU)~,  as shown in eq 10. Log plots of 
C O ~ ( C O ) ~ [ P ( ~ - B U ) ~ ] ~  + 2HSn(r~-Bu)~ - 


~(~-BU)~S~CO(CO)~P(~-BU)~ + H2 (10) 


C O ~ ( C O ) ~ [ P ( ~ - B U ) ~ ] ~  concentration vs. time are linear, 
indicating that the rate of product formation is first order 
in C~(CO)6[P(n-Bu)3], concentration. Excellent fmt-order 
rate plots were obtained, with no variation in the pseu- 
do-first-order rate constant with varying HSn(n-Bu), 
concentration in the range 0.19-0.76 M. The observed rate 
constant a t  35 "C is (1.61 f 0.01) X s-l and a t  24 "C 
is 2.56 f 0.04 X lo4 s-l. Added CO (-2 X lo-, M) has 
a negligible effect on the reaction rate. 


Photochemical Reaction of Coz(CO)6[P(n -Bu),I2 
wi th  HSn(n-Bu)* Photolysis (366 nm, 23 "C) 9f Coz- 
(CO)6[P(n-B~)3]2 and HSn(n-Bu), in hexane results in 
formation of (~-Bu) ,S~CO(CO)~P(~-BU) ,  as in eq 10. 


The contribution of the thermal reaction to the loss of 
C O ~ ( C O ) ~ [ P ( ~ - B ~ ~ ) ~ ] ~  during the photochemical reaction 
was subtracted from the data to obtain the net photo- 
chemical rate data. In the photochemical reaction Co2- 
(CO)6[P(n-Bu)3]2 is the sole light absorber. The rate law 
describing the disappearance of C O ~ ( C O ) ~ [ P ( ~ - B U ~ ) ~ ] ~  is 
given by eq 11. @d is the disappearance quantum yield, 


-d [ c O z (  co)6L2] / dt = @din (11) 


defined a t  the number of moles of CO,(CO)~[P(~-BU),]~ 
converted into products per einstein of photons absorbed. 
In is the light flux absorbed by CO~(CO),[P(~-BU),]~ The 
absorption of incident light is essentially total with the 
path length utilized in the photochemical experiments. 


Plots of C O ~ ( C O ) ~ [ P ( ~ - B U ~ ) ~ ] ~  concentration as a func- 
tion of photolysis time are linear, as predicted by eq 11. 
I ,  was measured by using potassium ferrioxolate actino- 
metry.16*20 The calculated @d values range from 0.06 to 
0.18 and increase as the square of HSn(n-Bu), concen- 
tration, as illustrated in Figure 1. 


The fact that the graph does not exhibit a zero intercept 
a t  zero concentration of hydride may be due to photo- 
chemical decomposition of C O ~ ( C O ) ~ [ P ( ~ - B U ) ~ ] ~  Photo- 
lysis (366 nm, 23 "C, 90 min) of hexane solution of Coz- 
(CO)6[P(n-Bu)3]2 (3.00 X lo-, M) that have been degassed 


~~ 
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[HSnBu3I2 x 102W 


Figure 1. Variation in disappearance quantum yield 9 d  with 
[ H S ~ ( ~ - B U ) ~ ] ~  in reaction with COZ(CO)G[P(~-BU)~I~. 


via several freeze-pumpthaw cycles results in some loss 
of CO~(CO)~[P(~-BU)~] , .  Decomposition is generally be- 
tween l and 2% of the original CO,(CO)~[P(~-BU)~], con- 
centration. Photolysis of Co2(CO),[ P (n-Bu) ,] , solutions 
prepared in the inert atmosphere glovebox results in 
slightly larger loss. The decomposition product, a green- 
brown solid, was not identified. When H S ~ ( ~ - B U ) ~  is 
present at low concentrations, the decomposition reaction 
may contribute significantly to the loss in Co,(CO),]P(n- 
B u ) ~ ] ~  concentration. In this case a plot of ad vs. HSn- 
(n-Bu),, would not yield a zero intercept. 


Addition of CO inhibits the rate of photochemical re- 
action with HSn(n-Bu),. Two samples with identical 
HSn(n-Bu), (1.01 X lo-' M) and c ~ , ( C o ) ~ [ P ( n - B u ) ~ ] ~  (3.01 
X lo-, M) concentrations in hexane were photolyzed with 
a constant light flux. One sample was sealed under 1 atm 
of N,; the second was saturated with CO (-1 X M) 
prior to photolysis. A zero-order rate plot for each sample 
gave @din equal to 5.0 X M s-l for the 
Nz and CO samples, respectively. 


In summary, the photochemical reaction is zero order 
in C O ~ C O ~ [ P ( ~ - B U ) ~ ] ~  concentration, second-order in 
HSn(n-Bu), concentration, and inversely dependent on the 
CO concentration. 


Photochemical Reaction of Co2(CO)6[P(n -Bu),], 
with HMn(CO),. Photolysis (366 nm, 30 min, 24 "C) of 
CO,(CO)~[P(~-BU),]~ (2.0 X M) and HMn(CO)5 (3.0 
X lo-, M) in hexane results in formation of Mn2(CO)lo and 
(C 0) 5MnCo( C 0) ,P (n- Bu) 3. Prolonged photolysis results 
in formation of species which were not identified. The 
effect of added CO or variation in HMn(CO)5 concentra- 
tion was not investigated. The thermal reaction of Coz- 
(CO)6[P(n-Bu)3]2 (23 "C) with HMn(CO), proceeds at  a 
negligible rate a t  room temperature. 


Photochemical Reaction of [M(C0)3Cp]2 wi th  
HSn(n -Bu)* The photochemical reaction (366 or 500 
nm) of [M(C0)3Cp]2 (M = Mo, W) with HSn(n-Bu), in 
THF results in formation of Cp(CO)3MSn(n-Bu)3 accord- 
ing to eq 12. The thermal reaction (24 "C) of HSn(n-Bu), 


[M(CO),Cp], + BHSn(n-Bu), - 
~ ( ~ - B u ) ~ S ~ M ( C O ) , C ~  + H2 (12) 


with [M(CO),Cp], proceeds at negligible rate.21 By con- 
trast photolysis times of less than 2 h are required for 
quantitative conversion of reactants into products. Pro- 
longed photolysis a t  366 nm results in decomposition of 
(n-Bu)$hM(CO),Cp. The reaction described by eq 12 was 
followed by monitoring the change in absorbance of the 
2010- or 1956-cm-' band due to [M(CO)3Cp]2 as a function 
of photolysis time. Under photolysis in the presence of 


and 2.5 X 


hv 


(21) Bradley, G. F.; Stobart, S. R. J.  Chem. Soc., Dalton Trans. 1974, 
264. 
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excess HSn(n-Bu),, the rate of product formation does not 
follow a simple rate law. The rate of product formation 
increases with increasing initial HSn(n-Bu), concentration, 
but a precise order in HSn(n-Bu), concentration was not 
determined. Added CO ( N lo-, M) has negligible effect 
on the rate. 


IR absorptions due to a species other than Cp- 
(CO),MSn(n-Bu), were detected in the reaction mixture 
during photolysis. A weak band at 2025 cm-' (M = Mo) 
or 2029 cm-l (M = W) appears shortly after start of pho- 
tolysis. The absorption eventually loses intensity and is 
absent by the end of the reaction. Photolysis (366 or 500 
nm of a THF solution of [M(C0)3Cp]2 (3.0 X lo-, M) 
without added HSn(n-Bu), results in growth of absorptions 
at these same frequencies, with concurrent loss in bands 
due to [M(CO),Cp12. Storing the reaction mixture in the 
dark results in lass of absorptions due to the transient, with 
concurrent recovery of the [M(C0),Cpl2 absorption. 


Photochemical Reaction of [MO(CO)~CP]~ with 
HMo(CO),Cp. Photolysis (366 nm, 23 "C, 1 atm of N,) 
of a hexane solution of HMo(CO),Cp (3.1 X lo-, M) and 
[Mo(CO),CpIZ (1.0 X lo-, M) results in formation of 
[Mo(C0),CpI2. These results suggest reaction 13, where 


[Mo(CO)&pl2 + Hz (13) 2HMo(CO)&p - [cat1 
366 nm 


[cat] is [Mo(CO),Cplz. The rate of reaction, determined 
quantitatively by monitoring the IR absorption a t  2022 
cm-l due to HMo(CO),Cp, is second order in HMo(CO)&p 
concentration. The effect of added CO was not investi- 
gated. 


Photochemical Reaction of [MO(CO)~CP]~ with 
HMn(CO)@ Photolysis (500 nm, 24 "C, 1 atm of N2) of 
[CpMo(CO),jz (1.0 X lo-, M) and HMn(C0)6 (3.00 X lod3 
M) in hexane results in formation of HMo(CO),Cp and 
Mn2(CO)lo. There was no evidence of Cp(C0) MoMn- 
(CO), in the IR spectrum of the reaction mediumad These 
results indicate that the reaction proceeds as 


[CpMo(C0),l2 + 2HMn(C0)6 - hu 


2HMo(CO),Cp + Mnz(CO)lo (14) 


Thermal Reaction of HCo(CO),P(n -Bu), with 
HSn(n -Bu)? The thermal reaction of HCo(CO),P(n-Bu), 
with HSn(n-Bu), was studied because of ita possible in- 
termediacy in the photochemical reaction of Coz(CO)~[P- 
(n-Bu),], with HSn(n-Bu),. The thermal reaction (22 "C, 
1 atm of N,) of HCo(CO),P(n-Bu), (3.50 X lo9 M) with 
HSn(n-Bu), in hexane results in formation of Bu3SnCo- 
(CO),P(n-Bu),. The rate of product formation was de- 
termined by monitoring the decrease in absorbance at 2048 
cm-' due to HCo(CO),P(n-Bu),. Log plots of HCo- 
(CO),P(n-Bu), concentration vs. time are linear, indicating 
that the rate is first order in HCO(CO),P(~-BU)~ concen- 
tration. The observed pseudo-first-order rate constant, 
koW, is 8.6 X lo-, and 4.3 X s-l for initial HSn(n-Bu), 
concentrations of 8.20 X and 3.45 X M, respec- 
tively. With the assumption that the reaction is first order 
in H S ~ ( ~ - B U ) ~  concentration, the apparent second-order 
rate constant is approximately 1.2 X lo-, M-' s-l. 


The Thermal Reaction of HM(CO),Cp with HSn- 
(n -Bu)* The reaction of HM(CO),Cp with HSn(n-Bu), 
was studied due to its possible intermediacy in the pho- 
tochemical reaction of [M(CO)3Cp]2 with HSn(n-Bu),. The 
thermal reaction (22 "C, 1 atm of NJ of HW(CO)&p (2.99 
X with HSn(n-Bu), (5.6 X lo-, M) in hexane proceeds 
at a negligible rate. Under the same conditions reaction 


Wegman and Brown 


17 I 


H 


Figure 2. 
with HSn(n-Bu)3 at 23 O C .  


vs. [HSn(n-Bu)Jl for reaction of HMo(CO),Cp 


of the molybdenum analogue results in slow formation of 
Cp(CO),MoSn(n-Bu),. 


The reaction of HMo(CO),Cp with HSn(n-Bu), was 
studied under condition of excess HSn(n-Bu),. The re- 
actions were carried out a t  23 "C and under an Nz atmo- 
sphere. The rate of product formation, described by eq 
15, was determined quantitatively by monitoring the de- 


-d[HMo(CO),Cp]/dt = kohd[HM~(CO)3CpJ (15) 


crease in IR absorbance at 2022 cm-' due to' HMo(CO),Cp. 
The reactants were mixed via a conventional stopped-flow 
apparatus mounted into an IR spectrometer. Pseudo- 
first-order rate plots are linear for at least 3 half-lives. The 
pseudo-first-order rate constant, Itow, increases with in- 
creasing HSn(n-Bu), concentration, but not linearly. 
Plotting the data as l /kow vs. l/[HSn(n-Bu),] results in 
a straight line, as illustrated in Figure 2. It is noteworthy 
that added CO (2 X M) has negligible effect on the 
reaction rate with the HSn(n-Bu), concentrations utilized. 


Discussion 
Reactions of M2 (CO)%L% with HMX,. The results 


described above clearly show that the most commonly 
observed reaction course in reactions of M,(CO),,,,L, with 
hydride HM'X, is consistent with Scheme I. The 17- 
electron metal carbonyl radicals are produced by either 
photochemical or thermal homolysis of the metal-metal 
bond (eq 2). The radical undergoes the succession of steps 
3-5, involving rapid CO loss, oxidative addition a t  the 
15-electron intermediate, and a final hydrogen atom 
transfer to produce a coordinatively saturated dihydride 
that reductively eliminates H2 and then adds CO to form 
the observed products. 


The primary evidences for the pathway described by 
Scheme I are the observed products M(CO),L,M'X, and 
H,. In addition, the kinetics results are generally con- 
sistent with this scheme. In particular, in the photo- 
chemical reaction of C O ~ ( C O ) ~ [ P ( ~ - B U ) ~ ] ~  with HSn(n- 
Bu),, the proposed reaction scheme can accommodate the 
observations if it assumed that step 5 is rate determining. 
The rate of product formation is then given by eq 16, where 
d [ CO(CO)~PR,S~R,] 


dt = k5[HSnR31 [ HCOS~R~(CO)~PR,]  
(16) 


R = n-Bu. With the usual steady-state assumptions re- 
garding intermediates, the disappearance quantum yield 
for C0z(CO)6[P(n-Bu)3]2 can be expressed as in eq 17. 


V2 k2k3k4[HSnR3I2 
= (&) Bk_,k-,[CO] (17) 


(22) Cotton, F. A. Di8C~88. Faraday Sac. 1969, 47, 79. 
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Here rp is the quantum efficiency for photochemical pro- 
duction of diffusively separated Co(CO),PR3- radicals. For 
the range of HSn(n-Bu), concentrations utilized, @d values 
are in the range of 0.1 (Figure 1). The expected second- 
order dependence on [HSn(n-Bu),] and inverse depen- 
dence on [CO] were observed. 


The proposed mechanism requires that steps 3-5 occur 
rapidly in competition with the hydrogen atom transfer 
(eq 9). Because such a reaction might be expected to be 
quite rapid even when the overall free energy change is 
positive, it is important to investigate the possibility that 
HCo(CO),P(n-Bu), is an intermediate in the overall re- 
action, which could be formulated as 


c ~ ~ ( C o ) ~ [ P ( n - B u ) ~ ] ~  ~CO(CO)~P(~-BU), .  (18) 


k2 
CO(CO),P(~-BU)~. + HSn(n-Bu), - 


HCo(CO),P(n-Bu), + .Sn(n-Bu), (19) 
kh 


HSn(n-Bu), + HCo(CO),P(n-Bu), - 
(~-BU)~S~CO(CO)~P(~-B~)~ + H2 (20) 


No evidence for HCo(CO),P(n-Bu), in the reaction me- 
dium during reaction was seen. Because the IR absorbance 
at  1990 cm-' due to this hydride has an extinction coef- 
ficient of 3.5 X lo3 M-' cm-l, we can confidently expect 
to observe concentrations on the order of 10-4 M in a l-mm 
cell. The steady-state concentration of HCo(CO),P(n-Bu), 
for the reaction pathway described by eq 18-20 is given 
by eq 21. In a typical photochemical reaction, la@d = 3 
[HCO(CO)~P(~-BU),] = 21a@d/k,,[Hsn(n-Bu),] (21) 


X s-', [HSn(n-Bu),] = 7 X M. As previously 
noted, the apparent second-order rate constant for step 
20 is 1.2 X M-' s-l. The values suggest a steady-state 
concentration on the order of 8 X loa M, which should 
have been easily detectable. Thus the alternative pathway 
embodied in steps 18-20 is ruled out. 


If it is assumed that a preequilibrium, eq 2, is established 
in the thermal reaction, the rate law for the thermal re- 
action of CO2(CO)6[P(n-BU)3]2 with HSn(n-Bu), is of the 
form 


- ~ [ C O ~ ( C O ) ~ ( P R ~ ) ~ I  - K [ H ~ ~ R ~ ~ ~ [ C O ~ ( C ~ ) ~ ( P R , ) , ~ ' ~  - 
dt  [COI 


(22) 
where K incorporates all constants. This is not in accord 
with the observations. Rather, the fiist-order dependence 
on C O ~ ( C O ) ~ [ P ( ~ - B U ) , ] ~  and lack of dependence on 
[ H S ~ ( ~ - B U ) ~ ]  or [CO] suggests that the forward process 
in eq 2 is rate determining. Added support for this hy- 
pothesis comes from the observation that the rate constant 
for reaction of CO&O)6[P(n-BU),]2 with SnC12 in THF,BS 
extrapolated to 25 "C, is 5 X lo4 s-', in reasonable 
agreement with our value of 2.3 X lo4 s-' for reaction of 
CO~(CO)~[P(~-BU) , ]~  with HSn(n-Bu), in hexane. The 
rate-determining step in the reaction with SnC12 is pos- 
tulated to be metal-metal bond rupture. (The reaction 
was observed to be light-sensitive, consistent with light- 
induced metal-metal bond rupture.) 


It has been well established that irradiation of [CpM- 
(CO)3]2 (M = Mo, W) compounds at  366 or 500 nm results 
in efficient homolysis of the metal-metal bond. Fur- 
thermore, rapid loss of CO from CpM(CO),- has been in- 
voked to account for the efficient radical chain substitution 


(23) Barrett, P. F.; P&, A. J. J.  Chem. SOC. A 1968, 429. 
(24) Barrett, P. F. Can. J .  Chem. 1974,52, 3773. 
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of CpM(CO),H.' Thus both the observed reaction prod- 
ucts, CpM(CO),Sn(n-Bu), + H2, and previously observed 
characteristics of the radical intermediate point to Scheme 
I as the mechanism of the photochemical reaction between 
[CpM(CO),], and HSn(n-Bu),. The alternate pathway 
CpM(CO),. + HSn(n-Bu), - 


CpM(CO),H + Sn(n-Bu),- (23) 
CpM(CO),H + HSn(n-Bu), - 


H2 + C ~ M ( C O ) , S ~ ( ~ - B U ) ~  (24) 
is ruled out by the observation that reaction 24 under 
thermal conditions is too slow to account for the observed 
overall rate. (Neither hydride absorbs significantly at 
either 366 or 500 nm in comparision with the dinuclear 
compound.) 


Two aspects of these reaction systems are noteworthy. 
First, there is no evident inhibition of the overall reaction 
by added CO, as observed in the analogous reaction in- 
volving Co2(CO),[P(n-Bu),],. Secondly, a transient IR 
absorbance is seen during reaction. We propose that this 
transient is due to CP,M~(CO)~THF, formed as 


[C~M(C0)312 -S ~CPM(CO)~.  (25) 
(26) CpM(CO), -S CpM(C0)z + CO 


CpM(CO)2 + THF - CpM(C0)2THF. 
CpM(C0)2THF* + CpM(C0)g - CPZM~(CO)~THF 


(27) 


(28) 
Added CO does not alter the observed overall rate because 
the CO does not compete effectively with the much more 
abundant THF for reaction with CpM(CO),. 


Assignment of the transient absorption to CpzM2- 
(CO)5THF is consistent with the observation of the same 
IR absorbance upon irradiation of [CpM(C0),Iz alone in 
THF. The THF-containing species disappears in time as 
the more weakly bound THF is replaced by CO. (One 
might have expected to observe a second THF-containing 
species, C P ~ M ~ ( C O ) ~ ( T H F ) ~  However, disubstituted 
species C P ~ M ~ ( C O ) ~ L ~ ,  where L is a phosphine, are not 
readily formed, presumably because of steric f a c t 0 1 - s . ~ ~ ~ ~ ~  
I t  seems likely that CP,M~(CO),(THF)~ is similarly dis- 
favored; however, our evidence on this point is not con- 
clusive.) 


The photochemical reaction of [CpMo(CO),12 with 
CpMo(CO),H is apparently entirely analogous to the 
photochemical decomposition of HCo(CO),, catalyzed by 
C O ~ ( C O ) ~  These reactions proceed in accord with Scheme 
1. By contrast the photochemical reaction of [CpMo- 
(C0),l2 with HMn(CO),, producing CpMo(CO),H and 
Mn2(CO)lo as products, appears to proceed via the direct 
hydrogen atom transfer (eq 9) to yield HCpMo(CO),. The 
difference in reaction pathways can be related to the fact 
that the H-Mn bond energy in HMn(CO), is expected to 
be about 200 kJ as compared with 293 k J  mol-' 
for the H-Sn bond energy.28 With the assumption of an 
order of bond enthalpies H-Sn > H-Mo > H-Mn, the H 
atom transfer step involving the initially formed metal 
carbonyl radical is exothermic for the reaction with 
HMn(CO), and endothermic for reaction with HSn(n-Bu),. 
Thus, only in the former reaction is the H atom transfer 
step competitive with CO loss followed by oxidative ad- 
dition. The fact that reaction between Co2(CO)6[P(n- 
Bu),]~ and HMII(CO)~ appears to proceed via Scheme I 


(25) Haines, R. J.; Nyholm, R. J.; Stiddard, M. H. B. J.  Chem. SOC. 


(26) Strohmeier, W. S. Angew. Chem. 1964, 76, 873. 
(27) Connor, J. A. Top. Curr. Chem. 1977, 71, 71. 
(28) Jackson, R. J.  Organomet. Chem. 1979, 166, 17. 
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suggests that the Co-H bond energy in HCO(CO)~P(~-BU), 
may not be as high as the H-Mn bond energy in HMn- 
(CO),. 


Thermal Reaction of HM(CO),Cp with HSn(n- 
B u ) ~  The thermal reaction between HW(CO),Cp and 
HSn(n-Bu), is too slow at  room temperature to admit of 
measurement. By contrast HMo(CO),Cp reacts with 
HSn(n-Bu), to form C ~ M O ( C O ) , S ~ ( ~ - B U ) ~  The fact that 
there is no observed inhibition of rate by added CO and 
other aspects of the observed kinetics suggest a pathway 
of the form 


(29) 


(30) 
(31) 


With the assumption of a steady-state concentration for 


k l  
HMo(C0)3Cp A 


k2 
A + HSn(n-Bu), - B 


B - Hz + CpMo(CO),Sn(n-Bu), 


A, the rate law is of the form of eq 15, where 


Wegman and Brown 


transfer. There has thus been some skepticism regarding 
the importance of H atom migration in carbonyl hydrides. 
An alternative for A is a change in the effective coordi- 
nation number of the Cp ring to yield an $C5H5 or vl- 
C5H5 i ~ ~ t e r m e d i a t e . ~ ~ , ~ ~  A shift to the q1 mode of binding 
would constitute a significant reduction in steric require- 
ments in addition to generating coordinative unsaturation 
at  the metal center. 


klk2 [ HSn(n-Bu),] 
kWl +k2[  HSn(n-Bu),] (32) Itobsd 


A graph of koM-l vs. [HSn(n-Bu),]-' should be linear, as 
observed (Figure 2). The slope and y intercept are k-i/kik2 
and kl-l, respectively. When the data is utilized from 
Figure 2, kl = 2.5 X 
M at  19 OC. At  27 OC kl = 6.7 X lo4 and k l / k 2  = 3.5 


Species A of eq 29 could be a formyl intermediate, 
(HCO)Mo(CO),Cp, the result of a hydrogen atom migra- 
tion. This coordinatively unsaturated species could then 
undergo oxidation addition of HSn(n-Bu),, followed by 
reductive elimination. In reactions thought to proceed via 
formyl intermediates the formyl species has not been ob- 
served or trapped. Although stable formyl compounds are 
k n 0 ~ 1 - 1 , ~ ~ ~ ~  none have been prepared by direct H atom 


s-l and k-,/k2 equals 6.2 X 


x 10-2 M. 


(29) Casey, C. P.; Neumann, S. M. J. Am. Chem. SOC. 1976,98,5395. 
(30) Johnson, B. F. G.; Kelly, R. L.; Lewis, J.; Thornback, J. R. J. 


(31) Brown, K. L.; Clark, G. R.; Headford, C. E. L.; Marsden, K.; 
Organomet. Chem. 1980,190, C91. 


Roper, W. R. J. Am. Chem. SOC. 1979,101, 503. 


The present studies do not admit of a distinction be- 
tween these alternative pathways. However, it is note- 
worthy that the reaction is much faster for the molybde- 
num compound than for its tungsten analogue. Since the 
M-H bond energies should vary in the order W-H > 
Mo-H, the comparative reactivity is consistent with the 
hydride migration pathway. It should be noted that, 
whichever pathway is involved, it is not the one followed 
in simple substitution, which occurs much more rapidly 
via a radical chain p a t h ~ a y . ~  


Summary. The most important result from this work 
has been to show that the reaction Scheme I is quite 
general. The additional observations made here add to 
the credibility of the mechanism as a model for the thermal 
and photochemical decompositions of HCo(CO), as auto- 
catalyzed by C O ~ ( C O ) ~ ~  In addition the results show that 
a competing simpler pathway involving simple hydrogen 
atom transfer to a metal carbonyl radical can operate when 
the M-H bond in the hydrogen donor is sufficiently weak. 


Registry No. HSn(n-Bu),, 688-73-3; C O ~ ( C O ) ~ [ P ( ~ - B U ) ~ ] ~ ,  
14911-28-5; HMn(CO)5, 16972-33-1; [Mo(CO),Cplz, 12091-64-4; [W- 


Bu),, 20161-43-7; HW(CO),Cp, 12128-26-6; Bu,S~CO(CO),P(~-BU)~, 
79255-77-9; Mnz(CO)lo, 10170-69-1; (n-Bu),SnMo(CO),Cp, 59296- 
12-7; (n-Bu)$nW(CO),Cp, 79255-78-0; N~CO(CO)~P(~-BU) , ,  29477- 
05-2; (CO),M~CO(CO),P(~-BU)~, 79255-79-1. 


(CO),Cp],, 12091-65-5; HMo(CO),Cp, 12176-06-6; HCo(CO),P(n- 


(32) Bainbridge, A.; Craig, P. J.; Green, M. J. Chem. SOC. A 1968,2517. 
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Oxidative Cleavage of Metal-Metal Bonds in Heteronuclear 


the Crystal and Molecular Structures of 
Clusters. Reaction of SnCI, with (p-H)2(p3-S)R~3(CO)g and 


2 (p3-S) Ru3 (CO), and 
(p'H)2(p3'S) (p-CI)Ru3(C0)8(SnC13) 
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Department of Chemistry, Yale University, New Haven, Connecticut 065 1 1 
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The reaction of SnC14 with (~-H),(N~-S)RU~(CO)~ produces the new compound ( C ~ - H ) ~ ( ~ ~ - S ) ( ~ - C ~ ) R U ~ -  
(CO)8(SnC13) formed by the oxidative cleavage of one Ru-Ru bond and the loss of 1 mol of CO from the 
cluster. The crystal and molecular structures of both ( ~ L - H ) ~ ( ~ ~ - S ) R U ~ ( C O ) ~  and (~~-H)~(p~-S)(p-cl)Ru~- 
(CO)8(SnC1 ) are reported. For (p-H)2(p3-S)Ru3(CO)g at 23 OC: space group P2'/n; a = 9.238 (2) A, b = 
15.491 (7) 1, c = 11.678 (2) A; j3 = 104.98 (2)O, v = 1614.4 (15) A3; = 4; P&d = 2.42 g/cm3. For 1682 
reflections, R1 = 0.028 and Rz = 0.032. The molecule contains a triangular cluster of three ruthenium atoms 
which is capped by a triply bridging inorganic sulfide ligand. For (p-HI2(p - S ) ( ~ - C I ) R U ~ ( C O ) ~ ( S ~ C ~ , )  at 
23 OC: space group P1, a = 10.093 (2) A, b = 13.346 (2) A, c = 16.832 (3) 1; CY = 110.20 (1)O, (3 = 91.13 
(2)O, y = 91.61 (1)'; V = 2126 (1) A3; 2 = 4; p d d  = 2.57 g/cm3. For 3543 reflections, R1 = 0.031 and R2 
= 0.031. This molecule contains a cluster of three ruthenium atoms with only two metal-metal bonds. 
An inorganic sulfide ligand bridges the three metal atoms and one hydride ligand bridges each metal-metal 
bond. The "open" edge of the cluster is bridged by a chloride ligand. The trichlorostannyl group is bonded 
to one of the chloride-bridged metal atoms. 


Introduction 
Many electron-deficient organometallic complexes 


spontaneously form polynuclear metal complexes con- 
taining metal-metal bonds in order to reduce or remove 
that electron deficiency. Frequently these metal-metal 
bonds are the weakest chemical bonds in the molecule. As 
a result it  may be possible to access readily the electron- 
deficient fragments by simple cleavage of the metal-metal 
bond. Considerable attention has been focused on the 
reactivity of metal-metal bonds in dinuclear complexes.' 
It may also be possible to use the mononuclear fragments 
which are generated as catalysts. 


In polynuclear metal complexes containing several 
metal-metal bonds it may be possible to cleave selectively 
a limited number of metal-metal bonds in ways that 
overall would not destroy the polynuclear unit.' Under 
these circumstances it may be possible to utilize cluster 
compounds as catalysts by using metal-metal bond 
cleavage processes to produce active sites or activate di- 
rectly selected substrates or reagenh2 


With this in mind we have begun a project focused on 
investigating the reactivity of metal-metal bonds in het- 
eronuclear cluster compounds. The heteroatom in these 
clusters will be an element from one of the main groups. 
It is hoped that the bonds between the metal atoms and 
the heteroatoms wil l  be less reactive than the metal-metal 
bonds. Thus, the heteroatom will serve to protect the 
cluster from degradation when the metal-metal bonds are 
cleaved.3~~ A variety of chemical agents are known to effect 
the cleavage of metal-metal bonds in clusters. Herein, we 
report the results of our investigation of the nature of the 


(1) Meyer, T. J. h o g .  Inorg. Chem. 1975, 19, 1. 
(2) Langenbach, H. J.; Keller, E.; Vahrenkamp, H. Angew. Chem., Int. 


Ed. Engl. 1977,16, 188. 
(3) (a) Ehrl, W.; Vahrenkamp, H. Chem. Ber. 1974, 107, 3860. (b) 


Langenbach, H. J.; Vahrenkamp, H. Ibid. 1979,112,3390. (c) Zbid. 1977, 
110,1195. (d) Zbid. 1979,112,3773. (e) Jackson, R. A.; Kanluen, R.; P&, 
A. Inorg. Chem. 1981,20, 1130. 


(4) Huttner, G.; Schneider, H. D.; Muller, H. D.; Mohr, G.; von Seyerl, 
J.; Wohlfahrt, L. Angew. Chem., Int. Ed. Engl. 1979,18, 76. 


metal-metal bond cleavage which occurs when SnC1,576 
reacts with the heteronuclear cluster (JL-H)2(JL3-S)Ru,(CO),. 


Experimental Section 
General Data. All reactions and purifications were routinely 


performed under a prepurified nitrogen atmosphere. Hexane and 
heptane were purified by distillation from sodium benzophenone. 
Other solvents were stored over 4-A molecular sieves and saturated 
with nitrogen prior to use. Ruthenium carbonyl was obtained 
from Strem Chemicals Inc. (p-H)z(p3-S)Ru3(CO),7 was prepared 
in essentially quantitative yield through the reaction of RU~(CO)~~  
with H a  (under 1 atm) in refluxing heptane. A similar procedure 
was used by Deeming to prepare (r-H)z(p3-S)Os3(CO),.8 An- 
hydrous SnC14 from Fisher Scientific was used without further 
purification. 


Melting points were determined in evacuated capillary tubes 
by using a Thomas-Hoover apparatus and are uncorrected. In- 
frared spectra were recorded on a Perkin-Elmer 237B spectro- 
photometer. Fourier transform lH NMR spectra were obtained 
at 270 MHz from a Bruker HX270 instrument. 


Preparation of (p-H)2(pa-S)(p-C1)Ru3(CO)8(SnC13). SnC14 
(0.1 mL, 0.855 mmol) was added to a stirred solution of (N-H)~- 
( ~ ~ - S ) R U ~ ( C O ) ~  (67.6 mg, 0.115 mmol) in 30 mL of methylene 
chloride at room temperature. The reaction was stirred for 45 
min during which time the solution became noticeably lighter in 
color. All volatile components were removed under vacuum. The 
light yellow residue was taken up in methylene chloride, filtered, 
and crystallized from methylene chloride/hexane to yield light 
yellow crystals (86.5 mg, 91.5%): mp 299-302 "C dec; IR (in 
methylene chloride) 2140 (m), 2129 (s), 2080 (m), 2076 (s), 2011 
(m) cm-'; 'H NMR (in CDZCl2) 6 13.52 (z5 = 2.5 Hz, RuH), 11.98 
(25~~~,~19sn-~ = 245 Hz, '5 = 2.5 Hz, RuH). 


(5) Pomeroy, R. K.; Elder, M.; Hall, D.; Graham, W. A. G. J.  Chem. 
SOC. D 1969, 381. 


(6) Moss, F. R.; Graham, W. A. G. J .  Orgunmet. Chem. 1969,18, P24. 
(7) (a) Deeming, A. J.; Ettore, R.; Johnson, B. F. G.; Lewis, J. J. Chem. 


SOC. A 1971,1797. (b) Sappa, E.; Gambino, 0.; Cetini, G. J. Orgunomet. 
Chem. 1972,35, 375. 


(8) Deeming, A. J.; Underhill, M. J.  Orgunomet. Chem. 1972,42, C60. 
(9) 'International Tables for X-ray Crystallography"; Kynoch Press: 


Birmingham, England, 1975; Vol. I V  (a) Table 2.2B, pp 99-101; (b) 
Table 2.3.1, pp 149-50. 
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Table I. Crystallographic Data for X-ray Diffraction Studies 
Ru,SO,C,H, Ru,SnCl,SO,C,H~ 


(A) Crystal Data 
23 


9.238 ( 
15.491 
11.678 


104.98 


1614.4 
589.4 
4 
2.42 


P 2 , h  


(B) Measurement of Intensity Data 
radiation 
monochromator 
detector aperture, mm 
horizontal (A + B tan e ) "  


vertical 
cryst faces 


cryst size 
cryst orientation: 
reflctns measd 
max 28 
scan type 
w scan width: ( A  + 0.347 tan e ) "  
background 
w scan rate (variable) 


max"/min 
min"/min 


no. of reflctns measd 
data used (3'' 2 3.0u(F)') 


A 
B 


direction, deg from e axis 


abs correctn 
coeff, cm" 
grid 


max 
min 


P factor 
final residuals 


transmission coeff 


Rl  
RZ 


esd of unit weight 
largest shift/error value on final cycle 
largest peaks in final diff Fourier, e/.& 


23 
P i  
10.093 ( 2 )  
13.346 ( 2 )  
16.832 ( 3 )  


91.13 (2)  
91.61 (1) 
2126 (1) 
821.9 
4 
2.51 
2.54 


110.20 (1) 


Mo K E  (0.710 73 A )  
graphite 


3.0 3.0 
1.0 1.0 
4 .0  4.0 
- ooi ,  001, i i o ,  i i o  
120, i i o ,  o i o  


001, oo i ,  o i l  
010, o io ,  i i o ,  i i o  


0.17 X 0 .12 X 0.14 0.12 X 0.05 X 0.24 
normal to 120, 16.0" a*, 6.9" 
h,k,+l  h ,+  k , ?  1 
48" 45" 


0.90 0.90 
moving crystal-stationary counter 


one-fourth additional scan at each end of scan 


10.0 
1.3 
2777 
1682 


Cry~tal l~grapbi~  Analy~es. Crystals of &-H)~&-S)RU~(CO)~ 
and (p-H)z(p3-S)(p-C1)Ru3(CO)sSnC13 suitable for diffraction 
measurements were obtained by slow crystallization from hexane 
solutions and methylene chloride solutions, respectively, cooled 
to -20 "C. All crystals were mounted in thin-walled glass cap- 
illaries. Diffraction measurements were made on an Enraf-Nonius 
CAD-4 fully automated four-circle diffractometer using gra- 
phite-monochromatized Mo K h  radiation. Unit cells were de- 
termined and refined from 25 randomly selected reflections ob- 
tained by using the CAD-4 automatic search, center, index, and 
least-squares routines. For (p-H),&-S)Ru,(CO), the space group 
P2,/n was established from the systematic absences observed in 
the data. For (~H)2(p3-S)(p-C1)Ru3(CO)sSnC13 the space group 
Pi was assumed and confirmed by the successful solution and 
refinement of the structure. We observed that (p-H)2(~3-S)- 
Ru~(CO)~ actually crystallizes in two different modifications. One 
is that reported here. The other is isomorphous to that found 
for ( ~ L - H ) ~ ( ~ ~ - S ) O S ~ ( C O ) ~ ' O  Crystal data and data collections 
parameters are listed in Table I. All data processing was per- 


(IO) Johnson, B. F. G.; Lewis, J.; Pippard, D.; Fkithby, P. R.; Shel- 
drick, G. M.; Rouse, K. D. J. Chem. SOC., Dalton Trans. 1979, 616. 


Treatment of Data 


27 


0.01 


0.028 
0.032 
2.014 
0.12 
0.22 


10.0 
1.3 
5465 
3543 


38 
3 4 X 6 X 8  


0.85 
0.70 
0.01 


0.031 
0.031 
1.65 
0.07 
0.46 


formed on a Digital PDP 11/45 computer using the Enraf-Nonius 
SDP program library (version 16). An absorption correction of 
a Gaussian integration type was done only for (p-H)z(p3-S)(p- 
C I ) R U ~ ( C O ) ~ S ~ C ~ ~ .  Neutral atom scattering factors were calcu- 
lated by the standard procedures?a Anomalous dispersion cor- 
rections were applied to all nonhydrogen atoms.gb Full-matrix 
least-squares refinements minimized the function Chklw( lFol - 
cF,1)2 where w = l/u(F)2, u(F) = a(F:)/2F0, and a(F2) = [U(Z,,)~ 
+ (PF,~)~~~/~/LD. . 1 . .  


The structure of (p-H)z(p3-S)Ru3(CO)g was solved by a com- 
bination of Patterson and difference Fourier techniques. All 
nonhydrogen atoms were refined with anisotropic thermal pa- 
rameters. The hydride ligands were located and refined on co- 
ordinates only with Tied thermal parameters of 4.0. Fractional 
atomic coordinates, interatomic distances, and angles with errors 
obtained from the inverse matrix calculated on the final cycle of 
least-squares refinement are listed in Tables 11-IV. 


The structure of (p-H)2&3-S)(p-Cl)Ru3(C0)8SnC13 was solved 
by a combination of direct methods and difference Fourier 
techniques. The compound crystallizes with two formula 
equivalents in the asymmetric crystal unit. The six ruthenium 
and two tin atoms in the asymmetric crystal unit were located 
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n Table 11. Fractional Atomic Coordinates and Their 
Estimated Standard Deviations for ( P - H ) ~ ( ~  ,-S)Ru,(CO), 
atom X Y z 


-0.01390 (7)  
-0.00594 (6)  
-0.23106 (6)  


0.0284 (2)  
0.3040 (6)  


-0.0812 (8) 
-0.1941 (8) 


-0.0998 (7 )  
-0.0584 (7 )  
-0.3602 (7)  
-0.5066 (7)  
-0.3000 (7)  


-0.0555 (9) 
-0.1296 (8) 


-0.0690 (8) 
-0.0325 (8) 
-0.3141 (9)  
-0.4098 (8) 
-0.2744 (8)  


0.3267 (6)  


0.1911 (9 )  


0.2080 (9) 


0.012 (7)  
0.809 (6) 


0.10266 (4 )  
0.28829 (4 )  
0.19440 (4 )  
0.1987 (1) 
0.0401 (4) 


-0.0639 (4)  
0.0469 (5) 
0.3164 (5) 
0.3576 (5)  
0.4570 (4) 
0.3371 (4) 
0.1555 (4) 
0.0506 (4)  
0.0655 (5)  


0.0635 (5)  
0.3063 (5)  
0.3366 (5)  
0.3963 (5)  
0.2859 (5) 
0.1699 (5) 
0.1034 (6) 
0.196 (4 )  
0.267 (4)  


-0.0023 (6) 


0.24401 (5) 
0.23621 (5 )  
0.31589 (5) 
0.4061 (2 )  
0.2471 (5) 
0.3594 (5) 


0.2575 (7) 


0.3585 (6)  
0.4449 (5) 


0.4717 (6) 
0.2432 (6) 
0.3194 (7)  
0.0866 (7)  
0.2542 ( 7) 
0.0714 (7) 
0.3179 (7) 
0.3968 (7) 
0.1878 (7)  
0.4151 (7)  
0.181 (5)  
0.214 (5 )  


-0.0030 (5) 


-0.0195 (5 )  


0.1111 (5)  


Table 111. Interatomic Distances (A) with Esds for 
( I~ -H)~(P~-S)R~ , (CO) ,  


Ru( 1)-Ru( 2) 
Ru( l)-Ru( 3) 
Ru( ~ ) - R u (  3)  
Ru( 1)-H( 1) 
Ru( 1)-C( 1) 
Ru( 1)-C( 2) 
Ru( 1)-C( 3) 
Ru( 1)-S 
Ru( 2)-H( 1) 
Ru( 2)-H( 2) 
Ru( 2)-C( 4) 
Ru( 2)-C( 5) 
Ru( 2)-C( 6) 
Ru( 2)-S 


2.879 (1) 
2.760 (1) 
2.882 (1) 
1.67 (5) 
1.918 (7)  
1.934 (7)  
1.968 (7)  
2.360 (2) 
1.59 (5 )  
1.69 (4 )  
1.952 (7)  
2.006 (7)  
1.973 (7 )  
2.375 (1) 


1.75 (5) 
1.966 (7 )  
1.958 (7)  
1.931 (7)  
2.357 (1) 
1.105 (7)  
1.115 (7 )  
1.093 (7 )  


1.076 (7 )  
1.106 (7)  


1.099 (7 )  


1.119 (7 )  
1.112 (7)  
1.115 (7 )  


in an electron density map based on the phasing (MULTAN) of 196 
reflections (E- 1 1.90). The remaining atoms including hydride 


Figure 1. An ORTEP drawing of ( P - H ) ~ ( ~ ~ - S ) R U ~ ( C O ) ~  showing 
50% electron density probability ellipsoids. Thermal parameters 
for the hydride ligands have been artificially reduced. 


ligands were obtained from difference Fourier syntheses. All atoms 
heavier than oxygen were refined with anisotropic temperature 
factors. All other nonhydrogen atoms were refined with isotropic 
temperature factors only. Hydride ligands were refined on their 
coordinates with fiied thermal parameters of 4.0. Final fractional 
atomic coordinates, interatomic distances, and angles are listed 
in Tables V-VII. Structure factor amplitudes and thermal 
parameters are available for both structures (see supplementary 
material). 


Results 
For comparative purposes we have performed a crystal 


structure analysis of our starting material (p-H).&-S)- 
RU&CO)~. Its molecular structure is shown in Figure 1. 
The molecule contains a triangular cluster of three mu- 
tually bonded ruthenium atoms which is capped by a triply 
bridging sulfide ligand. Hydride ligands, which were lo- 
cated and refined, bridge two of the three metal-metal 
bonds on the side of the cluster opposite the sulfide ligand. 
The hydride-bridged metal-metal bonds are slightly longer 


Table IV. Interatomic Angles (Deg) with Esds for (p-H),(r,-S)Ru,(CO), 


Ru( ~ ) - R u (  l)-Ru( 3) 61.43 (2)  
Ru( l)-Ru( ~ ) - R u (  3) 57.26 (2)  
Ru( l)-Ru(3)-Ru( 2) 61.30 (2 )  


Ru( 2 k R u l l  MX 1) 
Ru( ~ ) - R u (  1)-S 52.80 (4)  


104.9 ( 2) 
RU( 2 ~ - R u (  1 j-c( 2 j 
Ru( ~ ) - R u (  1)-C( 3) 
Ru( ~ ) - R u (  1)-H( 1) 
Ru( ~ ) - R u (  1)-S 
Ru( ~ ) - R u (  1)-C( 1) 
Ru( ~ ) - R u (  1)-C( 2) 
Ru( ~ ) - R u (  1)-C( 3) 
Ru( ~ ) - R u (  1)-H( 1) 
S-Ru( 1)-C( 1) 
S-Ru( 1)-C( 2) 
S-Ru( 1)-C( 3) 
S-Ru( 1)-H( 1) 
C( l)-Ru( 1)-C( 2) 
C( l)-Ru( 1)-C( 3) 
C( 1)-Ru( 1)-H( 1) 
C( ~ ) - R u (  1)-C( 3) 
C( ~ ) - R u (  1)-H( 1) 
C( ~ ) - R u (  1)-H( 1) 
Ru( 1)-Ru( 2)-S 
Ru( l)-Ru( 2)-C( 4) 
Ru( l)-Ru( 2)-C( 5) 
Ru( l)-Ru( 2)-C( 6) 
Ru( 1)-Ru( 2)-H( 1) 


149.7 (2 j  


27 (2)  
106.9 (2)  


54.14 (4 )  
157.1 (2)  


92.8 (2 )  
100.4 (2) 


103.1 (2) 


151.8 (2)  


83 (2 )  


100.1 (2) 


78 (2 )  
93.5 (3)  


90 (2 )  


88 (2 )  


99.9 (2) 


29 (2) 


101.3 (2) 


92.4 (3)  
176 ( 2 )  


52.31 (4)  


113.6 (2)  
145.6 (2)  


Ru( l)-Ru( 2)-H( 2) 
Ru( ~ ) - R u (  2)-S 
Ru( ~ ) - R u (  2)-C( 5) 
Ru( ~ ) - R u (  2)-C( 4) 
Ru( ~ ) - R u (  2)-C( 6 )  
Ru( ~ ) - R u (  2)-H( 1) 
Ru( ~ ) - R u (  2)-H( 2) 
S-RU( 2)-C( 4) 
S-Ru( 2)-C( 5) 
S-Ru( 2)-C( 6) 
S-Ru( 2)-H( 1) 
S-Ru( 2)-H( 2) 
Ru( 1)-H( l)-Ru( 2) 
Ru( 2)-H( ~ ) - R u (  3) 
C( ~ ) - R u (  2)-C( 5) 
C( 4)-Ru( 2)-C( 6) 
C( ~ ) - R u (  2)-H( 1) 
C(4)-Ru( 2)-H( 2) 
C( 5)-Ru( 2)-C( 6 )  
C( ~ ) - R u (  2)-H( 1) 
C( ~ ) - R u (  2)-H( 2) 
C( ~ ) - R u (  2)-H( 1) 
C( ~ ) - R u (  2)-H( 2) 
H( l)-Ru( 2)-H( 2) 
Ru( l)-Ru( 3)-S 
Ru( l)-Ru( 3)-C( 7)  
Ru( l)-Ru( 3)-C( 8) 
Ru( l)-Ru( 3)-C(9) 


77 (2 )  
52.20 (4 )  


116.3 (2)  
146.3 (2) 


94.7 (2)  
81 (2)  
34 (2)  


95.7 (2) 
79 (2)  
86 (2 )  


94.9 (3 )  
94.3 (3) 
88 (2 )  


176 (1) 


89 (2)  
84 (2)  


90 ( 2 )  
88 (2 )  


94.6 (2) 
164.3 (2) 


124 (3)  
114 (3 )  


96.1 (3) 


174 (2)  


54.22 (4 )  
157.2 (2)  
101.8 (2)  


95.0 (2)  


Ru( l)-Ru( 3)-H( 2) 
Ru( ~ ) - R u (  3)-5 
Ru( ~ ) - R u (  3)-C( 7) 
Ru( ~ ) - R u (  3)-C(8) 
Ru( ~ ) - R u (  3)-C( 9 )  
Ru( ~ ) - R u (  3)-H( 2) 
S-Ru( 3)-C( 7) 
S-Ru( 3)-C( 8) 
S-Ru( 3)-C( 9) 
S-RU( 3)-H( 2) 
C( ~ ) - R u (  3)-C( 8) 
C( ~ ) - R u (  3)-C(9) 
C( ~ ) - R u (  3)-H( 2) 
C( ~ ) - R u (  3)-C( 9) 
C( ~ ) - R u (  3)-H( 2) 
C( 9)-Ru( 3)-H( 2) 
Ru( 1)-C( 1)-0( 1) 
Ru( 1)-C( 2)-0( 2) 
Ru( 1)-C( 3)-0( 3) 
Ru( 2)-C( 4)-0( 4) 
Ru( 2)-C( 5)-0( 5) 
Ru( 2)-C( 6)-0( 6) 
Ru( 3)-C( 7)-0( 7) 
Ru( 3)-C( 8)-0( 8) 
Ru( 3)-C( 9)-0( 9) 
Ru( l)-S-Ru( 2) 
Ru( l)-S-Ru( 3) 
Ru( 2)-S-Ru( 3) 


90 (1) 
52.76 (4)  


101.3 (2) 
112.8 (2)  
147.2 (2 )  


104.1 (2 )  
155.1 (2)  
95.6 (2)  


98.6 (3)  
94.1 (3 )  


93.0 (3 )  


32 (1) 


8 5  (1) 


92 (1) 


84 (2)  
173 (2)  
175.3 (6)  
177.7 (6)  
175.7 (6)  
176.0 (6 )  
175.2 (7)  
174.6 (7) 
178.6 (6)  
176.3 (6) 
179.5 (7)  
74.89 (4)  
71.64 (4)  
75.04 (4 )  
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Table V. Fractional Atomic Coordinates and Their 
Estimated Standard Deviations for 


(P  WAP ,W(P 2-Cl)Ru,(SnCl,)(CO), 
atom X V z 


Adams and Katahira 


0.41955 (7)  
0.90467 (7)  
0.25427 (8) 
0.53954 (9)  
0.51 222 (8) 
1.24961 (8) 
1.02827 (8) 
0.91486 (8) 
0.5775 (3)  
0.3030 (3)  
0.264 2 ( 3) 
0.9098 (3)  
1.0786 (3) 
0.7224 (3)  
0.2938 (3)  
1.1228 ( 3 )  
0.4333 (3)  
1.0541 (2)  
0.0787 (8) 
0.1931 (9) 
0.0453 (8) 
0.6302 (8) 
0.5064 (8) 
0.8291 (8) 
0.7613 (8) 
0.5938 (7) 
1.3808 (8) 
1.4601 (7) 
1.3971 (8) 
1.0267 (8) 
1.1703 (8) 
0.7681 (8) 
0.6544 (7)  
0.7779 (8) 
0.139 (1) 
0.220 (1) 
0.120 (1) 
0.594 (1) 
0.518 (1) 
0.720(1) 
0.666 (1) 
0.568 (1) 
1.331 (1) 
1.385 (1) 
1.344 (1) 
1.024 (1) 
1.118 (1) 
0.865 (1) 
0.756 (1) 
0.827 (1) 
0.372 (7)  
0.571 ( 7 )  
1.196 (7)  
0.934 (7)  


-0.03970 (5)  
0.35776 (6) 
0.23026 (6)  
0.28661 (6)  
0.13933 (6)  
0.29118 ( 7 )  
0.26497 ( 6 )  
0.25559 (6)  


-0.1672 (2)  
-0.0388 (2)  
-0.1407 (2) 


0.2542 (3)  
0.4841 (3)  
0.4634 (2) 
0.2127 (2) 
0.1834 (2) 
0.1134 (2) 
0.3949 (2)  
0.4189 (6) 
0.2374 (7) 
0.0494 (6)  
0.5151 (7) 
0.3480 (6) 
0.2270 (6)  
0.0289 (6) 
0.2076 (6)  
0.4154 (6)  
0.1205 (6) 
0.4232 (6) 
0.0510 (6) 
0.3984 (6) 
0.3452 (6)  
0.3456 (6) 
0.0495 (6)  
0.3454 (8) 
0.2379 (9)  
0.1210 (8) 
0.4295 (9)  
0.3221 (9)  
0.2486 ( 8) 
0.0746 (8) 
0.1821 (8) 
0.3703 (9) 
0.1856 (8) 
0.3730 (9)  
0.1329 (9)  
0.3443 (9)  
0.3126 (8) 
0.3107 (8) 
0.1285 (8) 
0.323 (6)  
0.266 (6) 
0.220 (6)  
0.182 (6)  


0.25512 (4)  
0.24800 (4) 
0.49613 (5)  
0.53596 (5) 
0.36053 (5) 
0.05365 (5) 


0.08678 (5)  
0.1898 (2) 
0.1334 (2) 
0.3020 (2)  
0.3360 ( 2 )  
0.3090 (2)  
0.3055 (2)  
0.3488 (1) 
0.1191 (2)  
0.4861 (2) 
0.0678 (2) 
0.5079 (5)  
0.6710 (5) 
0.4284 (5)  
0.5589 (5) 
0.7261 (5)  
0.5454 (4) 
0.3721 (5)  
0.2129 (4)  
0.2262 (5) 
0.0151 (4)  


-0.06910 (5)  


-0.0305 (5) 
-0.2179 (5) 
-0.1580 (5) 
-0.1128 (4) 


0.0638 (4)  
0.0863 (4) 
0.5038 (6)  
0.6058 (7)  
0.4538 (6)  
0.5515 (7)  
0.6538 (7) 
0.5430 (6) 
0.3667 (6) 
0.2693 (6)  
0.1607 (7)  
0.0269 (6)  
0.0045 (7)  


-0.1641 (6)  
-0.1275 (6) 
-0.0985 (6) 


0.0709 (6)  
0.0879 (6) 
0.522 (4 )  
0.428 (4)  


-0.032 (4)  
-0.023 (4)  


(0.12 A) than the unbridged metal-metal bond. Six car- 
bonyl ligands lie essentially in the plane of the Ru3 triangle 
while the remaining three are essentially perpendicular to 
it. Interatomic distances and angles are listed in Table 
I11 and IV. Overall the molecular structure is very similar 
to that of the osmium analogue which has been studied 
by the combined X-ray and neutron diffraction techni- 
que.1° 


The reaction of ( P - H ) ~ ( ~ ~ - S ) R U ~ ( C O ) ~  with SnC1, pro- 
duced only one product as monitored by 'H NMR spec- 
troscopy (91 5% isolated yield). This product showed 
metal-hydride resonances at  6 11.98 and 13.52 which were 
coupled to each other J H H  = 2.5 Hz. The lower field 
resonance was also coupled to the tin atom Js,-H = 245 Hz. 
The IR spectrum had five CO absorptions 2140 (m), 2129 
(s), 2080 (m), 2076 (s) and 2011 (m) cm-' which are indi- 
cative of a polynuclear metal carbonyl complex. The 


Table VI. Interatomic Distances ( A )  with Esds for 
( ~ - H ) , ( P , - ~ ) ( ~ - C ~ ) R ~ , ( C O ) , ( S ~ C ~ , )  


molecule 1 molecule 2 


Ru( l)-Ru( 2) 2.959 (1) Ru( ~ ) - R u (  5) 2.942 (1) 
Ru(1). . . R u ( ~ )  3.458 (1) Ru(4). . .Ru(6) 3.481 (1) 
R u ( ~ ) - R u ( ~ )  
Ru(lj-Cl( 7)' 
Ru( l)-S( 1) 
Ru( 1)-C( 1) 
Ru( 1)-C( 2) 
Ru( 1)-C( 3) 
Ru( 1)-H( 1) 
Ru( 2)-S( 1) 
Ru( 2)-C( 4) 
Ru( 2)-C( 5) 
Ru( 2)-C( 6) 
Ru( 2)-H( 1) 
Ru( 2)-H( 2) 


Ru( 3)-C1( 7) 
Ru( 3)-S( 1) 
Ru( 3)-C( 7) 
Ru( 3)-C( 8) 
Ru( 3)-H( 2) 


Ru( 3)-Sn( 1) 


Sn( l)-Cl( 1) 
Sn( l)-Cl( 2) 
Sn( 1)-C1( 3) 
c( 1)-0( 1) 
C(2)-0(2) 
C( 3)-0( 3) 
C(4)-0(4) 
C( 5)-0(  5) 
c(6)-0(6) 
C( 7)-0( 7) 
C( 8)-0( 8 )  


2.931 ( i j  
2.450 (2) 
2.391 (2) 
1.921 (9) 
1.85 (1) 
1.90 (1) 
1.64 (6) 
2.384 (2) 
1.90 (1) 
1.89 (1) 
1.914 (9)  
1.81 (6)  
1.77 (6)  
2.571 (1) 
2.469 (2)  
2.404 (2) 
1.81 (1) 
1.903 (9) 
1.76 (6)  
2.361 (2)  
2.346 (2)  
2.358 (2)  
1.16 (1) 
1.14 (1) 
1.15 (1) 
1.15 (1) 
1.16 (1) 
1.15(1)  
1.18 (1) 
1.15 (1) 


Ru(~) -Ru(  6) 
Ru( 4)-C1( 8) 
Ru( 4)-5( 2) 
Ru( 4)-C( 9) 
Ru( 4)-C( 10) 
Ru( 4)-C( 11) 
Ru( 4)-H( 3) 
Ru( 5)-5( 2) 
Ru( 5)-C( 12) 
Ru( 5)-C( 13) 
RIA( 5)-C( 1 4 )  
Ru( 5)-H( 3) 
Ru( 5)-H(4) 


Ru( 6)-C1( 8) 
Ru( 6)-5( 2) 
Ru( 6)-C( 15) 
Ru( 6)-C( 16) 
Ru( 6)-H( 4) 


Ru( 6)-Sn( 2) 


Sn( 2)-C1( 4) 
Sn( 2)-Cl( 5) 
Sn( 2)-C1( 6) 
C(9)-0(9) 
C( 10)-O(10) 
C( 11)-O( 11) c( 12)-O( 12) 
C( 13)-O( 13)  
C( 14)-O( 14) 
c(15)-0( 15) 
C( 16)-O( 16) 


2.924 i i j  
2.443 (2)  
2.411 (21 
1.90 (1) ' 
1.934 (9)  
1.84 (1) 
1.51 (6) 
2.361 (2)  
1.927 (8) 
1.90 (1) 
1.90 (1) 
1.97 (6) 
1.82 (6) 
2.588 (1) 
2.462 (2) 
2.411 ( 2 )  
1.833 (9)  


1.78 (6)  
2.351 (3) 
2.355 (2)  
2.363 (2)  
1.16 (1) 
1.14 (1) 
1.16 (1) 
1.15 (1) 
1.14 (1) 
1.13 (1) 
1.16 (1) 
1.14 (1) 


1.901 (9) 


07 


u- 
Figure 2. An ORTJIP drawing of one of the two independent 
molecules of (P-H),(ccs-S)(r-Cl)Rq(CO),SnCl, in the crystal 
showing 50% electron density probability ellipsoids. Thermal 
parametera for the hydride ligands have been artificially reduced. 


molecular formula ( J ~ - H ) ~ ( ~ ~ - S )  ( J ~ - C I ) R U ~ ( C O ) ~ ( S ~ C ~ ~ )  was 
established with the aid of an X-ray crystallographic 
analysis, and the molecular structure of one of two crys- 
tallographically independent molecules in the asymmetric 
crystal unit is shown in Figure 2. The two independent 
molecules are essentially identical structurally. Interatomic 
distances and angles are listed in Tables VI and VII. This 
compound consists of a cluster of three metal atoms having 
only two metal-metal bonds. Each metal-metal bond 
contains one bridging hydride ligand while a sulfide ligand 
bridges all three metal atoms. The hydride-bridged 
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Table VII. Interatomic Angles (Deg) with Esds for (p-H)~(p,-S)(p-Cl)Ru,(CO),(SnCl,) 
Ru( l)-Ru( ~ ) - R u (  3) 
Ru( ~ ) - R u (  1)-C1( 7) 
Ru( ~ ) - R u (  l)-S( 1) 
Ru( ~ ) - R u (  1)-C( 1) 
Ru( ~ ) - R u (  1)-C( 2) 
Ru( ~ ) - R u (  1)-C( 3) 
Ru( ~ ) - R u (  1)-H( 1 )  
C1( ~ ) - R u (  1)-S( 1 )  
C1( ~ ) - R u (  1)-C( 1) 
Cl( ~ ) - R u (  1)-C( 2) 
Cl( 7)-Ru( 1)-C( 3) 
C1( ~ ) - R u (  1)-H( 1) 
S( l)-Ru( 1)-C( 1) 
S( l)-Ru( 1)-C( 2) 
S( l)-Ru( 1)-C( 3) 
S( l)-Ru( 1)-H( 1) 
C( l)-Ru( 1)-C( 2) 
C( 1)-Ru( 1)-C( 3 )  
C( l)-Ru( 1)-H( 1) 
C( ~ ) - R u (  1)-C( 3 )  
C( ~ ) - R u (  1)-H( 1) 
C(3)-Ru( 1)-H( 1) 
Ru( l)-Ru( 2)-S( 1) 
Ru( l)-Ru( 2)-C(4) 
Ru( l)-Ru( 2)-C( 5) 
Ru( l)-Ru( 2)-C(6) 
Ru( l)-Ru( 2)-H( 1) 
Ru( l)-Ru( 2)-H( 2) 
Ru(~)-Ru(  2)-S( 1) 
Ru( ~ ) - R u (  2)-C( 4) 
Ru( ~ ) - R u (  2)-C( 5) 
Ru( ~ ) - R u (  2)-C( 6 )  
Ru( ~ ) - R u (  2)-H( 1) 
Ru( ~ ) - R u (  2)-H( 2) 
S( l)-Ru( 2)-C( 4) 
S( l)-Ru( 2)-C( 5) 
S( l)-Ru( 2)-C( 6) 
S( ~ ) - R u (  2)-H( 1) 
S( l)-Ru( 2)-H( 2) 
C( 4)-Ru( 2)-C( 5) 
C( ~ ) - R u (  2)-C( 6) 
C( ~ ) - R u (  2)-H( 1) 
C( ~ ) - R u (  2)-H( 2) 
C( 5)-Ru( 2)-C( 6) 
C( 5)-Ru( 2)-H( 1) 
C( ~ ) - R u (  2)-H( 2) 
C( ~ ) - R u (  2)-H( 1) 
C( 6)-Ru( 2)-H( 2) 
H( l)-Ru( 2)-H( 2) 
Ru( ~ ) - R u (  3)-C1( 7) 
Ru( ~ ) - R u (  3)-S( 1) 


Ru( ~ ) - R u (  3)-C( 7) 
Ru( ~ ) - R u (  3)-C( 8) 
Ru( ~ ) - R u (  3)-H( 2) 
Cl( ~ ) - R u (  3)-S( 1) 


Cl( ~ ) - R u (  3)-C( 7) 
Cl( ~ ) - R u (  3)-C( 8) 
C1( ~ ) - R u (  3)-H( 2) 


Ru( 2)-Ru( 3)-Sn( 1) 


C1( 7)-Ru( 3)-Sn( 1) 


71.91 (2)  
88.78 (5)  
51.60 (5)  


116.9 (3) 
93.1 (3) 


147.8 (3) 
32 (2)  
87.30 (7) 
88.8 (3 )  


177.4 (3)  
87.5 (3)  
86 (2)  


167.9 (3)  
92.4 (3) 
96.2 (3)  
83 (2)  
92.0 (4) 
95.0 (4) 
85 (2 )  
90.0 (4) 
96 (2 )  


174 (2)  
51.81 (5)  


116.4 (3) 
93.1 (3)  


151.8 (3) 
29 (2 )  
92 (2 )  
52.56 (5)  


116.4 (3)  
152.4 (3) 


90.9 (3 )  
86 (2)  
34 (2 )  


99.9 (3)  
100.0 (3)  
81  (2 )  
86 (2 )  
91.0 (4)  
91.1 (4)  
88 (2 )  
83 ( 2 )  


91  (2)  


85 (2 )  
91  (3 )  


164.1 (3)  


92.6 (4) 


174 ( 2 )  
176 (2)  


89.09 (5 )  
51.96 (5)  


148.40 (3 )  
91.5 (3) 


120.1 (3) 
34 (2 )  
86.62 (7 )  
87.24 (5 )  


175.2 (3)  
88.3 (3 )  
90 ( 2 )  


S( 1)-Ru( 3)-Sn( 1) 
S( l)-Ru( 3)-C( 7) 
S( l)-Ru( 3)-C( 8) 
S( l)-Ru( 3)-H( 2) 
Sn( 1)-Ru( 3)-C( 7) 
Sn( 1)-Ru( 3)-C( 8) 
Sn( 1)-Ru( 3)-H( 2) 
C( ~ ) - R u (  3)-C( 8) 
C( ~ ) - R u (  3)-H( 2) 
C( ~ ) - R u (  3)-H( 2) 
Ru( 3)-Sn( l)-Cl( 1) 
Ru( 3)-Sn( 1)-C1( 2) 
Ru( 3)-Sn( 1)-C1( 3) 
C1( 1)-Sn( 1)-C1( 2) 
C1( 1)-Sn( 1)-C1( 3) 
C1( 2)-Sn( 1)-C1( 3) 
Ru( 1)-C( 1)-O( 1) 
Ru( 1)-C( 2)-O( 2) 
Ru( 1)-C( 3)-O( 3) 
Ru( ~ ) - R u (  ~ ) - R u (  6) 
Ru( 5)-Ru(4)-Cl( 8) 
Ru( 5)-Ru(4)-S( 2) 
Ru( 5)-Ru(4)-C( 9) 
Ru( 5)-Ru(4)-C( 10) 
Ru( 5)-Ru(4)-C( 11) 
Ru( 5)-Ru( 4)-H( 3) 
C1( ~ ) - R u (  4)-S( 2) 
Cl( ~ ) - R u (  4)-C( 9) 
C1( 8)-Ru( 4)-C( 10) 
C1( 8)-Ru(4)-C( 11) 
C1( ~ ) - R u (  4)-H( 3) 
S( ~ ) - R u (  4)-C( 9 )  
S( ~ ) - R u (  4)-C( 10) 
S( 2)-Ru(4)-C( 11) 
S( ~ ) - R u (  4)-H( 3) 
C( 9)-Ru( 4)-C( 10) 
C( 9)-Ru( 4)-C( 11) 
C( 9)-Ru( 4)-H( 3) 
C( 10)-Ru(4)-C( 11) 
C(lO)-Ru(4)-H(3) 
C( 1 l)-Ru(4)-H( 3) 
Ru( ~ ) - R u (  5)-S( 2) 
Ru( ~ ) - R u (  5)-C( 12) 
Ru( 4)-Ru( 5)-C( 13)  
Ru( ~ ) - R u (  5)-C( 14) 
Ru( ~ ) - R u (  5)-H( 3) 
Ru( 4)-Ru( 5)-H( 4) 
Ru( ~ ) - R u (  5)-S( 2) 
Ru( ~ ) - R u (  5)-C( 12) 
Ru( ~ ) - R u (  5)-C( 13) 
Ru( ~ ) - R u (  5)-C( 14) 
Ru( ~ ) - R u (  5)-H( 3) 
Ru( ~ ) - R u (  5)-H( 4) 
S( ~ ) - R u (  5)-C( 12) 
S( ~ ) - R u (  5)-C( 13)  
S( ~ ) - R u (  5)-C( 14)  
S( ~ ) - R u (  5)-H( 3) 
S( ~ ) - R u (  5)-H( 4) 
C( 12)-Ru(5)-C(13) 
C( 12)-Ru( 5)-C( 14)  


metal-metal bonds Ru(l)-Ru(2) = 2.959 (1) A, Ru(2)- 
Ru(3) = 2.931 (1) A, Ru(4)-Ru(5) = 2.942 (1) A, and Ru- 
(5)-Ru(6) = 2.924 (1) A are slightly longer than those in 
(p-H)2(p3-S)R~3(CO)9 (Ru(l)-Ru(2) = 2.879 (1) A and 
Ru(2)-Ru(3) = 2.882 (1) A). The remaining metal-metal 
interactions Ru(l).-Ru(3) = 3.458 (1) A and Ru(4)-Ru(6) 
= 3.481 (1) A are clearly nonbonding, and in place of the 
metal-metal bond is a bridging chlorine atom. 


Two of the ruthenium atoms contain three terminal 
carbonyl ligands while the third contains two carbonyl 
ligands and a trichlorostannyl group. The latter lies on 
the sulfur-bridged side of the Ru3 plane nearly trans to the 
bridging hydride ligand. The Ru-Sn bond distances Ru- 
(3)-Sn(l) = 2.571 (1) A and Ru(6)-Sn(2) = 2.588 (1) A are 
similar to those found for the trichlorostannyl groups in 


96.48 (6 )  
91.8 (3) 


171.2 (3) 


88.5 (3) 
90.4 (3) 


93.8 (4)  


86 (2)  


176 (2)  


94 (2 )  
87 (2 )  


116.13 (7 )  
118.37 (7 )  
118.89 (6 )  


98.94 (9)  
102.38 (8)  


98.69 (9)  
175.0 (8) 
175.8 (9) 
174.8 (8) 


72.80 (2)  
89.31 (6)  
51.17 (5)  


148.4 (3 )  
118.6 (3 )  
90.5 (3 )  


86.04 (7)  
89.9 (3)  
89.2 (6) 


179.6 (3) 


37 (2) 


89 (2)  
97.3 (3)  


168.7 (3 )  
93.6 (3)  
89 (2)  
93.0 (4 )  
90.1 (4)  


81 (2 )  
91  (2) 


93.4 (3) 


28 (2)  
91  (2)  


174 (2 )  
91.2 (4)  


52.71 (5 )  
114.8 (3 )  


149.4 (3 )  


53.01 (5)  
116.3 (3)  
149.5 (3)  
90.0 (3 )  
87 (2)  
35 (2 )  


163.7 (3)  
96.8 (3)  
96.7 (3) 
80 (2) 
88 (2)  


95.5 (4 )  
94.2 (4)  


C( 12)-Ru( 5)-H( 3) 
C( 12)-Ru(5)-H(4) 
C( 13)-Ru( 5)-C( 14) 
C( 13)-Ru( 5)-H( 3) 
C( 1 3)-Ru( 5)-H(4) 
C( 14)-Ru( 5)-H( 3) 
C( 14)-Ru( 5)-H(4) 
H( ~ ) - R u (  5)-H( 4) 
Ru( ~ ) - R u (  6)-C1( 8) 
Ru( ~ ) - R u (  6)-S( 2) 


Ru( ~ ) - R u (  6)-C( 15) 
Ru( 5)-Ru( 6)-C( 16) 
Ru( ~ ) - R u (  6)-H( 4) 
C1( ~ ) - R u (  6)-S( 2) 


C1( ~ ) - R u (  6)-C( 15) 
C1( ~ ) - R u (  6)-C( 16) 
C1( ~ ) - R u (  6)-H( 4) 


S( ~ ) - R u (  6)-C( 15) 
S( 2)-Ru( 6)-C( 16) 
S( 2)-Ru( 6)-H(4) 


Ru( 5)-Ru( 6)-Sn( 2) 


C1( 8)-Ru( 6)-Sn( 2) 


S( 2)-Ru( 6)-S,n( 2) 


Sn( 2)-Ru( 6)-C( 15) 
Sn( 2)-Ru( 6)-C( 16) 
Sn( 2)-Ru( 6)-H( 4) 
C(15)-Ru(6)-C(16) 
C( 15)-R~(6)-H(4) 
C( 16)-Ru( 6)-H( 4) 
Ru( 6)-Sn( 2)-C1( 4) 
Ru( 6)-Sn( 2)-C1( 5) 
Ru( 6)-Sn( 2)-C1( 6) 
C1( 4)-Sn( 2)-C1( 5) 
Cl( 4)-Sn( 2)-C1( 6) 
C1( 5)-Sn( 2)-C1( 6) 
Ru( 4)-C( 9)-O( 9) 
Ru(4)-C( 10)-O( 10) 
Ru(4)-C( 11)-0(11) 
Ru( 2)-C( 4)-O( 4) 
Ru( 2)-C( 5)-O( 5) 
Ru( 2)-C( 6)-O( 6) 
Ru( 3)-C( 7)-O( 7) 
Ru( 3)-C( 8)-O( 8 )  
Ru( 1)-S( l)-Ru( 2) 
Ru( 1)-S( l)-Ru( 3) 
Ru( 2)-S( l)-Ru( 3) 
Ru( 1)-H( l)-Ru( 2) 
Ru( 2)-H( ~ ) - R u (  3) 
Ru( 5)-C( 12)-O( 12) 
Ru( 5)-C( 13)-O( 13) 
Ru( 5)-C( 14)-O( 14) 
Ru( 6)-C( 15)-O( 15)  
Ru( 6)-C( 16)-O( 16) 
Ru( 4)-S( ~ ) - R u (  5) 
Ru( 4)-S( ~ ) - R u (  6) 
Ru( 5)-S( 2)-Ru( 6 )  
Ru(4)-H( ~ ) - R u (  5) 
Ru( 5)-H( 4)-Ru( 6) 


87 (2)  
81  (2)  
89.0 (4)  
92 (2) 


88 (2)  
90 (3) 


175 (2)  
177 (2)  


89.38 (5) 
51.44 (5)  


143.21 ( 3 )  


120.4 (3 )  
94.9 (3)  


36 (2 )  
85.63 (7)  
86.42 (5 )  


175.7 (3)  
87.7 (3 )  
89 (2)  
91.78 (5)  
96.4 (3 )  


169.5 (3)  


89.7 (3 )  
96.0 (3)  


90.8 (4)  
94 (2)  
84 (2)  


88 (2 )  


176 (2)  


116.58 (7) 
116.15 (7) 
120.86 (7 )  


99.2 (1) 
99.30 (9)  


177.9 (9) 
175.1 (8) 
175.5 (9 )  
177.8 (9)  
177.3 (9)  
178.0 (8) 
176.4 (8) 
176.1 (8) 


101.2 (1) 


76.59 (6)  
92.31 (7 )  
75.48 (7)  


118 (3 )  


175.6 (8) 
175.1 (8) 
176.8 (8) 
177.4 (8) 
176.8 (8) 


112 ( 3 )  


76.12 (6) 
92.42 (7)  
75.55 (6)  


114 (3) 
108 (3)  


the molecules (p-C1)3R~2(C0)6(SnC13), Ru-Sn = 2.565 (4) 
A,5 and Ru(CO)(PPh3),(O=CMe2)(SnC13), Ru-Sn = 2.5935 


The hydride ligands were located and refined (coordi- 
nates only) in both molecules of (p-H)(p3-S)(p-C1)Ru3- 
(CO)&SnC13). They lie on the side of the Ru3 plane which 
is opposite to the bridging sulfide ligand. Interestingly, 
they lie essentially in the planes defined by the ruthenium 
atoms which they bridge and the two carbonyl ligands on 
those atoms which are most perpendicular to the Ru3 plane 
(cf. Table VIII). As a result, these carbonyl ligands are 
pushed away from the metal-metal bonds. The effects of 


(9) A.1' 


(11) Gould, R. 0.; Sime, W. J.; Stephenson, T. A. J. Chem. Soc., 
Dalton Tram. 1978,76. 
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Table VIII. Unit-Weighted Least-Squares Planes for (p-H),(p,-S)Ru,(CO), and (p-H),(p3-S)(p-C1)Ru,(CO),(SnC1,) 
A B c D atoms dist from plane, A 


- 0.3 5 21 -0.0167 


-0.05 16 0.0078 


0.9756 -0.1133 


0.4768 -0.8306 


-0.4598 0.2775 


Plane 2 
-0.9986 -2.7235 


Plane 3 
-0.1879 -1.6475 


Plane 4 
-0.2876 -4.9205 


Plane 5 
-0.8435 -0.7024 


0.1515 0.1409 


-0.9468 0.3103 


0.1343 -0.9353 


0.5186 0.6948 


Plane 2 
-0.97 84 -7.3431 


Plane 3 
-0.0850 -5.3388 


Plane 4 
-0.3275 -1.9421 


Plane 5 
-0.4983 8.5784 


0.0 
0.0 
0.0 


0.49 (6) 
0.82 (6)  


-1.702 (2) 


-0.058 (1) 
0.058 (1) 
0.045 (7)  


0.68 (6)  


0.106 (1) 


-0.044 (8) 


-0.108 (1) 
-0.071 (8) 


0.073 (8) 
0.49 (6)  


0.078 (1) 
-0.078 (1) 
-0.050 (8)  


-0.36 (6) 
0.050 (8)  


0.047 (1) 
-0.048 (1) 
-0.039 (8)  


0.040 (8)  
0.92 (6)  


0.0 
0.0 
0.0 


1.275 (3) 


0.78 (8) 
0.83 (8)  


0.055 (1) 


-1.557 (3) 


-1.064 (1) 


-0.056 (1) 
-0.04 (1) 


0.04 (1) 
-0.01 (7)  


-0.047 (1 
0.049 (1 
0.03 (1) 


-0.03 (1) 
-0.13 (8) 


0.0 
0.0 
0.0 


1.194 ( 3  
-1.561 (3 


-1.256 ( 3  
0.80 (8) 
0.92 (8)  


-0.044 (1) 
0.043 (1) 
0.03 (1) 


0.06 (8) 
-0.03 (1) 
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Table VI11 (Continued) 
Plane 6 


-0.8731 0.3891 -0.2938 


a Equations of the planes are of the form Ax + By + Cz = D. 


Scheme I 


Ru R u  


Y 
// SnCI3 


such bridging hydride ligands on the ligand structure of 
polynuclear metal complexes have been described in detail 
by Churchill.12 It is not clear why the hydridea lie in these 
planes since moving out of the planes would clearly lead 
to a decrease in steric interactions, but if one neglects the 
metal-metal interactions, each metal atom contains six 
ligands which lie arranged in fairly regular octahedral 
confiiations.  The bonding in (p-H)2(p3-S)0s3(CO)9 has 
been described similarly, and the hydride bridges were 
described as "open" three-center two-electron bonds with 
little direct Os-Os bonding.1° However, this concept is 
somewhat difficult to embrace12 since the bridged Ru-Ru 
distances in (~-H),(C(~-S(~-C~)RU~(CO)~(S~C~~) are barely 
0.10 A lon er than those found in R U ~ ( C O ) ~ ~  (Ru-Ru = 


~ipated.'~ A similar relationship also exists between (p- 
2.85-2.86 1 ) where full Ru-Ru single bonds can be tnti- 


H)~(P~-S)OS~(CO)~ and oS3(co)12. 


Discussion 
The reaction of SnC14 with (p-H)2(p3-S)R~3(CO)9 leads 


to the addition of one formula equivalent of SnC14 to the 
cluster while a t  the same time 1 mol of CO is expelled. One 
Sn-C1 bond in SnC4  and one Ru-Ru bond in the cluster 


(12) (a) Churchill, M. R.; DeBoer, B. G.; Rotella, F. J .  Znorg. Chem. 
1976,151843. (b) Churchill, M. R. Ln "Transition Metal Hydrides"; Bau, 
R, Ed.; American Chemical Society: Washington, D.C., 1978; Adv. Chem. 
Ser. No. 167, pp 36-80. 
(13) Churchill, M. R.; Hollander, F. J.; Hutchinson, J. P. Znorg. Chem. 


1977,16, 2655. 


0.041 (1) 
-0.042 (1) 
-0.02 (1) 


0.03 (1) 
0.11 (7 )  


-7.1820 Ru( 5 1 
Ru(6) 
C(12) 


H(4) 
C(16b 


These atoms were not used in defining the plane. 


are cleaved. The cleaved Ru-Ru bond is replaced with a 
bridging chloride ligand. The expelled CO ligand is re- 
placed with a trichlorostannyl group. 


I t  has been reported previously that SnC1, will cleave 
one Ru-Ru bond in R u ~ ( C O ) , ~  at  room temperature to 
yield R U ~ ( C O ) ~ ~ C ~ ( S ~ C ~ J ~  which probably contains a linear 
chain of metal atoms like os3(co)12~2.14 However, a t  100 
"C all the metal-metal bonds are cleaved and (p- 
C ~ ) , R U ~ ( C O ) ~ S ~ C ~ ~  is f ~ r m e d . ~  


Mechanistically, the two most plausible routes to (p- 
H)2(p3-S)(p-C1)R~3(C0)8(SnC13) are shown in Scheme I. 
Via route A the SnC14 oxidatively cleaves one Ru-Ru bond. 
This may occur in a sequence of steps (not shown) which 
could involve electron transfers, C1+ addition followed by 
SnClf, or spontaneous fission. These processes have been 
implicated in halogen  cleavage^.'^" Subsequent CO loss 
accompanied by a shift of the chloride ligand into a 
bridging position could complete the reaction. 


Alternatively, one could imagine initial CO loss accom- 
panied by a rapid oxidative addition of SnC14 to a single 
ruthenium atom (route B). Subsequent opening of the 
Ru-Ru bond and movement of the chloride ligand into the 
bridging position would complete the process. If the re- 
action between SnCL and R u ~ ( C O ) ~ ~  can be used as a guide 
to what is happening in the present reaction, route A is 
probably the correct 
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Tertiary phosphines and phosphites add rapidly and reversibly to the cyclobutadiene ring in [(C4- 
H4)Fe(CO)(NO)(L)]PF6 to produce exo phosphonium d ta ,  [ (C4H4.P&)Fe(CO)(NO)(L) ]PFs. Kinetic studies 
of this reaction were made in nitromethane solvent with a variety of nucleophiles and nonreacting ligands, 
L. The cyclobutadiene ring electrophilicity spans a range of about 100 as the ligand L is varied: L = CO 
> P(CH2CH2CN)3 = P(p-C6H4C1)3 > P(p-C6H4F), > As(C6H5), = P(C6H5), > Sb(C6H5), = P(p-C6H4MeI3 
> P(p-C6H40Me)3. The para-substituted arylphosphines produce an excellent Hammett correlation for 
the addition of P(OC4Hg)3. These results provide quantitative information concerning the dependence 
of a-hydrocarbon activation on the nonreacting ligands and may be useful when designing new systems 
for synthetic or catalytic purposes. The nucleophilic reactivity follows the order P(n-C4H9), > P(p-C6H40Me)3 
> P(p-C&4Me)3 > P(C6H5), > P(CH2CH2CN)3 > P(OC4Hg),. This series correlates with Tolman's x scale. 
Hammett, Brransted, and rate-equilibrium constant correlations suggest that bond formation and sp2 to 
sp3 rehybridization is roughly one-third complete in the transition state for the addition reactions. 


Introduction 
It is well-known' that by coordination to transition 


metals a-hydrocarbons can be activated to nucleophilic 
attack. Reaction of the complexed hydrocarbon with nu- 
cleophilic reagents has been utilized in both stoichiometric 
and catalytic transformations.2 Neutral complexes of the 
chromium triad, [(arene)M(CO)& have been the most 
extensively studied? primarily due to their solubility 
properties and ease of synthesis. However, the hydro- 
carbon activation is a strong function of the charge on the 
complex and species such as [(arene)Mn(C0)3]+ and 
[(arene)2M]2+ (M = Fe, Ru, Os) are far more electrophilic 
than [(arene)M(CO)3], which reacts only with very strong 
bases. Cationic ?r-hydrocarbon complexes frequently react 
with relatively mild bases (amines, alcohols, etc.) and 
promise to be superior reagents if adequate synthetic 
procedures and reaction conditions can be formulated. 


Nucleophilic addition to coordinated a-hydrocarbons 
represents an important reaction in organometallic chem- 
istry, but surprisingly little quantitative information of 
predictive value is available. The factors that determine 
thermodynamic and kinetic electrophilic character are 
known only in the most qualitative sense. Likewise, nu- 
cleophilic reactivity patterns toward the a-hydrocarbons 
are poorly understood. Ideally one would like to be able 
to design a metal complex that would best suit a given 
problem in synthesis. Before this can be done a detailed 
mechanistic understanding of the nucleophile-organo- 
metallic electrophile combination reaction must be 
available. 


The attack of a nucleophile on an electrophilic complex 
such as [(arene)Mn(CO),]+ can be quite complex mecha- 
nistically because attack can occur at the arene, the metal, 
or coordinated carbon monoxide. Examples of all three 
possibilities are known. When the thermodynamic product 
involves attack on the organic ring, the nucleophile is al- 


~~~~~~ 


(1) Daviea, S. G.; Green, M. L. H.; Mingos, D. M. P. Tetrahedron 1978, 
34, 3047. 


(2) Alper, H., Ed. "Transition Metal Organometallics in Organic 
Synthesis", Academic Press: New York 1976, Vol. I; 1978, Vol. 11. 
Becker, E. I., Tsutsui, M., Eds. "Organometallic Reactions and 
Syntheses"; Plenum Press: New York, 1977. 


(3) Semmelhack, M. F.; Hall, H. T.; Fraina, R.; Yoshifuji, M.; Clark, 
G.; Bargau, T.; Kirotau, K.; Clardy, J. J. Am. Chem. SOC. 1979,101,3535 
and references therein. 
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most always positioned exo to the metal, suggesting direct 
addition to the ring without prior formation of a metal- 
nucleophile or M-C(O)-nucleophile intermediate that can 
convert to product in a concerted manner. Kinetic studies 
by Kane-Maguire4 and us5 support this direct addition 
mechanism. 


Mechanistic studies4s5 with tertiary phosphine and 
phosphite nucleophiles have allowed for the first time a 
quantitative measure of the relative electrophilic character 
of coordinated a-hydrocarbons. In this paper we report 
results of a study of reaction 1, which was chosen to ex- 


PR, ' 
+ + PR3 % 


Fe(CO)(NO)(L 1 Fe(CO)(NO)(L) (1 
I I1 


P 


amine the effect of varying the nonreacting ligands. The 
nonreacting ligand, L, is shown to influence markedly the 
electrophilicity of the C4H4 ring in a predictable manner. 
The present work, along with previous results, provides 
a farily extensive series of electrophilic reactivity of a- 
hydrocarbon complexes. Future work will test the trans- 
ferability of the order obtained via phosphine addition 
reactions to that with other types of nucleophiles. If 
successful, semiquantitative predictions will be possible 
concerning the feasibility of proposed reactions in synthetic 
procedures. 


The direct combination of an electrophile and a nu- 
cleophile is one of the most fundamental types of chemical 
reactions. Several attempts have been made to understand 
the intimate mechanism of the reaction with organo- 
metallic electrophiles. Based on a large Br~s ted  slope, 
Kane-Maguire6 suggested considerable C-P bond forma- 
tion in the transition state for reaction 2. Similarly, 


(4) Odiaka, T. I.; Kane-Maguire, L. A. P. J.  Chem. Soc., Dalton Trans. 


(5) Domaille, P. J.; Ittel, S. D.; Jesson, J. P.; Sweigart, D. A. J. Orga- 


(6 )  John, G. R.; Kane-Maguire, L. A. P. J. Chem. Soc., Dalton Trans. 


1981, 1162 and references therein. 


nomet. Chem. 1990,202,191 and references therein. 


1979,873. 
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pyridines and anilines give Bransted slopes near unity for 
addition to 111, and anilines give a Hammett slope p = -2.7 
for variation of X in (p-CgH4X)NH2. Kane-Maguire in- 
terpreted these results to mean that the CBH7 ring in I11 
is “hard” and the reaction is well advanced in the tran- 
sition state. 


Correlations to Bransted and Hammett slopes are sug- 
gestive but do not necessarily mean a late transition state. 
It is better to have equilibrium constants for the reactions 
being studied and to apply the Leffler-Hammond postu- 
late,’ which assumes that small structural variations in the 
nucleophile cause a change in the free energy of the 
transition state that can be written as a linear combination 
of free energy changes in the reactants and products. This 
is done below for some of the reactions of [(C4H4)Fe- 
(CO)(NO)(L)l+. 


Nucleophilic addition to organic electrophiles is of 
fundamental interest in organic chemistry. Ritchie has 
showna by his remarkable N+ correlation that relative 
nucleophilic reactivity is almost electrophile independent. 
This suggests an early transition state with electrophile 
and nucleophile well separated, but this conclusion is at 
least partly inconsistent with Bransted slopes of about 0.5 
for amine addition to esters.8 Likewise Bruice founde a 
slope of unity in a plot of log kl vs. log Keq for amine 
addition to Malachite Green. Bernasconi’s worklo with 
benzylidene Meldrum’s acid shows that bond formation 
to the nucleophile and rehybridization of the sp2 carbon 
center in the electrophile need not be balanced in the 
transition state. Watts and Bunton studiedll nucleophile 
addition to ferrocenyl stabilized cations, FcCRR’+, and 
interpreted their results as meaning little bond formation 
in the transition state with anionic nucleophiles. Their 
results with amine and water as nucleophiles are less 
clear-cut with some data suggesting considerable bond 
formation while others imply an early transition state. An 
assessment of the likely transition-state structure for re- 
action 1 is discussed below. As more information becomes 
available, it wil l  be very interesting to compare mechanistic 
features of the “organic” and “organometallic” electro- 
phile-nucleophile combination reactions. 


Experimental Section 
All solvents were distilled and dried prior to use. Phosphine 


and phosphite nucleophiles were recrystallized or distilled. In- 
frared spectra were recorded in acetone and CH3N02 solutions 
on a Perkin-Elmer 257 spectrophotometer. Proton NMR spectra 
were recorded on a Varian EM 360 instrument. The cyclo- 
butadiene complexes, [ (C4H4)Fe(CO)(NO)(L)]PF8, were prepared 
by procedures very similar to published ones.12 These complexes 


(7) Leffler, J. E. Science (Waahington, D.C.) 1953,117,340. Leffler, 
J. E.; Greenwald, E. ‘Rates and Equilibria of Organic Reactions”; Wiley: 
New York, 1963. Fuche, R.; Lewis, E. S. In “Techniques of Chemistry”; 
Lewis, E. S., Ed., Wiley-Interscience: New York, 1974; Vol. VI, Chapter 
XIV. 


(8) Ritchie, C. D.; Gandler, J. J. Am. Chem. SOC. 1979,101,7318 and 
references therein. 


(9) Dixon, J. E.; Bruice, T. C. J.  Am. Chem. SOC. 1971, 93, 3248. 
(10) Bemasconi, C. F.; Simonetta, F. J.  Am. Chem. SOC. 1980, 102, 


5329. 
(11) Bunton, C. A.; Carrasco, N. J. Orgummet. Chem. 1977,131, C21. 


Bunton, C. A.; Carrasco, N.; Watts, W. E. J.  Chem. SOC., Perkin Tram. 
2 1979,1267. Bunton, C. A.; Carrasco, N.; Davoudzadeh, F.; Watts, W. 
E. Zbid. 1980, 1520. 
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Table I. IR Spectra of Adducts of 
[ (C,H,)Fe( CO)( NO)(L)]PF, in Nitromethane 


”NO/ 
L nucleophile uCO/cm-’ cm‘ 


co 
co 
co 
co 
co 
co 


2123, 2098 
2058, 2006 
2053, 2000 
2067, 2017 
2053, 2003 
2050,2007 
2053,2000 
2073 
1974 
1969 
1968 
1964 
2073 
1976 
1970 
1970 
1980 
1970 
2070 
1977 
1978 
2076 
1968 
2070 
2073 
1970 
2070 
1970 


1880 
1767 
1760 
1774 
1762 
1762 
1760 
1829 
1718 
1712 
1712 
1728 
1834 
1723 
1720 
1720 
1722 
1720 
1832 
1723 
1728 
1830 
1710 
1832 
1828 
1713 
1825 
1712 


react rapidly with phosphines to yield phosphonium ring adducts 
that are easily isolated.12 


The tertiary phosphite adducts, [ (C4H4.P(OR)3)Fe(C0)2- 
(NO)]PF,, were prepared by adding 0.6 mmol of P(ORI3 (R = 
n-Bu, Me) to a slurry of 0.58 mmol of I in 10 mL of CH2C12. The 
reaction mixture quickly became homogeneous and red in color. 
Addition of pentane deposited a red oil which as thoroughly 
washed with pentane and dried under N2. The R = n-Bu product 
failed to crystallize, but the P(OMe)S adduct yielded orange 
crystals that analyzed well for the proposed structure. 


Reaction dynamics were followed in nitromethane with a Di- 
onex stopped-flow apparatus thermostated at  25 OC. Most re- 
actions were monitored at  410 or 450 nm. Pseudo-first-order 
conditions were used with the metal complex being (1-4) X lo4 
M and the nucleophile concentration at least 10 times as large. 
The pseudo-fmborder rate constant, k M ,  was determined at least 
three times at  each of seven or more different nucleophile con- 
centrations. Curve fitting to eq 3 (see Discussion) with use of 


k o ~  = kl[Nu] + k-1 (3) 


a relative deviation least-squares minimization gave values of kl, 
kl, and the equilibrium constant Kq = kl/k-l. The correlation 
coefficients were at  least 0.99 for all plots of eq 3. 


With tri-n-butylphosphine (PBu,) as the nucleophile, the rates 
are very large and kl was best determined under second-order 
conditions. For these experiments PBu3 and the metal complex 
were made equal to 2.0 X M and the second-order rate 
constant, kl, was calculated from the slope of a plot of l/(A- - 
A) vs. time. 


Results 
Complexes [ (C4H4)Fe(CO)(NO)(L)]PF6, where L is CO 


or a tertiary phosphine, were previously reported by 
Efraty.I2 These readily react with tertiary phosphines, 
reaction 1, to yield phosphonium ring a d d u c t ~ ’ ~ J ~  which 
can be isolated as crystalline solids. In most cases the 


(12) Efraty, A.; Bystrek, R.; Geaman, J. A.; Sandhu, S. S.; Huang, M. 
H. A,; Herber, R. H. Znorg. Chem. 1974, 13, 1269. Efraty, A.; Sandhu, 
S. S.; Bystrek, R.; Denney, D. Z. Zbid. 1977, 16, 2522. 


(13) Birney, D. M.; Crane, A. M.; Sweigart, D. A. J.  Orgummet. Chem. 
1978,152, 187. 
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Table 11. Rate Constants for Addition of PR, to [ (C,H,)Fe(CO)(NO)(L)]PF,a 


L PR, k, /M- '  s-' k -  I 1s" KeaIM-' 


a 25 


co 
P ( C 6 H 5  ) 3  


As(C6H5)3 
Sb( C,H, 1 3  


p@-c6 H4Me)3 


P@-C6H4C1)3 
p@-c6 H4F ) 3  


P@-C6H,0Me) ,  
P( CH, CH, CN ) , 
co 


solvent,  


P(;o-C6H4OMe), 


P(CH,CH,CN), 
P@-C6H4C1)3 


510f  20 
9.8 f 0.1 


10.0 f 0.15 
6.9 f 0.15 


23.4 * 1.0 
16.0 f 0.3 


6.6 f 0.2 
4.9 f 0.1 


23.5 f 0.3 
44000 f 1700 


1740 + 70 
6290 + 70 
6940 j: 110 
5070 + 100 


120000 f 60000 
120000 f 50000 
100000 * 40000 


13000 * 100 
11500 f 500 


7400 f 100 
1100 f 40 


0.03 t. 0.015 
0.04 f 0.015 
0.04 + 0.02 


0.04 + 0.015 
0.04 f 0.015 
0.05 f 0.01 


44 + 1.3 
6.9 f 0.3 
6.5 + 0.5 
8.0 f 0.4 


2.3 f 0.15 
1.5 f 0.4 
3.8 * 0.4 
0.9 f 0.4 


330 f 170 
250 t 100 
170 * 90 


400 j: 160 
160 + 60 
100 + 20 


4 0 +  3 
910 t 50 


1070 t 100 
630 t 50 


5650 ?: 400 
7500 * 2300 
1950 t 250 
1200 f 600 


Errors listed are 1 standard deviation. Both first- and second-order conditions used.  


adducts (11) were not isolated but were well characterized 
via IR and NMR spectra. Table I gives the pertinent IR 
data. 


The tertiary phosphite adducts have not been previously 
reported. They were not observed to undergo an Arbuzov 
rearrangement to the phosphonate as has been reported 
for the phosphite adducts of [(C6H6)zM]2+ (M = Fe, Ru)14 
and [(C6H6)Rh(C5Me4Et)+.15 The 'H NMR spectrum of 
[ (C4H4-P(OMe)3)Fe(CO)zNO]PF6 in CH3N02 is similar to 
that of the phosphine adducts and is assigned as follows: 
6 5.77 (t, H-3), 5.17 (8 ,  H-2 and -4), 3.75 (dd, H-1 endo), 
4.2 and 4.4 [-P(OMe)3]. 


In reaction 1 it is conceivable that the nucleophile could 
replace the ligand L as well as adding to the cyclobutadiene 
ring. IR and NMR studies showed clearly that replace- 
ment of L by the nucleophile did indeed occur in some 
cases but a t  a relatively slow rate that did not interfere 
with kinetic measurements of the addition step. 


The rate and equilibrium constants for reaction 1 are 
given in Table 11. 


Discussion 
The kinetic data for reaction 1 gave a very good fit to 


eq 3, which is the standard expression for a simple ap- 
proach to equilibrium. Equation 3 is consistent with the 
addition being a direct bimolecular attack on the cyclo- 
butadiene ring. It is also consistent with initial attack on 
the metal with subsequent migration to the ring. However, 
there was no kinetic or spectral evidence for metal-nu- 
cleophile bonded intermediate species as suggested for 
PBu3 addition to cycloheptadienyliron cation.16 The 
known12 exo configuration of the phosphonium ring ad- 
ducts in reaction 1 argues against a metal-bonded inter- 
mediate that can convert to the ring adduct in a concerted 
manner. The most reasonable mechanism of reaction 1 
is simple direct bimolecular addition of the nucleophile. 


Table I1 shows how the electrophilic character of the 
cyclobutadiene ring depends on the nonreacting ligands. 
As the ligand L in I is varied the relative reactivity follows 
the order L = CO > P(CH2CH2CN)3 = P(p-C6H4C1)3 > 


(14) Sweigart, D. A. J.  Chem. Soc., Chem. Commun. 1980, 1159. 
(15) Bailey, N. A; Blunt, E. H.; Fairhurst, G.; White, C. J. Chem. SOC., 


(16) Brown, D. A.; Chawla, S. K.; Glass, W. K. Inorg. Chim. Acta 1976, 
Dalton Tram. 1980,829. 


19, L31. 
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Figure 1. 
(C4H4)Fe(CO) (NO) [Pb-C,H4X)31+. 


Hammett plot for the addition of P(OBU)~ to 


P(p-C6H,F) > AS(CgH5)3 z P(C6H5)3 > Sb(C6H5)3 z P(p- 
C6H4Me)3 > P(p-C6H40Me)3. Considering that all the 
ligands L are neutral, the reduction in kl by about a factor 
of 100 as CO is replaced by PR3 represents a substantial 
dependence of electrophilicity on the nonreacting ligands. 
If this dependence is transferable to other a-hydrocarbon 
complexes, it will provide a simple way to alter the *-hy- 
drocarbon electrophilicity to meet a synthetic or catalytic 
requirement. The electrophilic order given above agrees 
with a-donor/*-acceptor ratios of PR3 ligands as deter- 
mined from 13C NMR shifts in Ni(CO)3L complexes." 
Similarly, log kl as a function of L with P(OBu), as the 
nucleophile correlates reasonably well with x values re- 
ported by T~lman, '~  which are based on the vco(Al) stretch 
in Ni(CO)3L. Figure 1 gives a Hammett plot for P(OBd3 
addition to [ (C4H4)Fe(CO)(NO)(P(p-C6H4X),)]'. The 
least-squares slope is 1.39, or 1.39/3 = 0.46 per C6H4X 
group, and is relatively large considering the distance of 
the X group from the reaction site and the attenuation of 
substituent effects generally seen in aryl phosphine^.'^ The 


(17) Bodner, G. M.; May, M. P.; McKinney, L. E. Inorg. Chem. 1980, 


(18) Tolman, C. A. J. Am. Chem. SOC. 1970,92, 2953. 
19, 1951. 
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Figure 2. Tolman plot for nucleophile addition to (C4H4)Fe- 
(CO)(NO)[P(C6H5)3]+. Number code is as follows: 1, PBu3; 2, 
P(p-C6H40Me)3; 3, P(p-C6H4Me)3; 4, P(C6&)3; 5, P(OBU)~. 


relative importance of resonance and inductive effects in 
determining the observed order is not clear, for a plot 
using20 u” instead of Q (Figure 1) gives an equally ac- 
ceptable fit with slope p equal to 1.49. Both plots have 
a correlation coefficient of 0.986. That resonance effects 
are not primarily important is shown by a lack of corre- 
lation to u+ values. 


Collecting all information available a t  this time, the 
following reactivity series with respect to tertiary phos- 
phine addition can be ~ t a t e d : ~ ? ~  (C7HE)Mn(C0)3+ (6600) 


(Co),+ (36) > (C6H60Me)Fe(C0)3+ (30) > (C4H4)Fe- 


(23) > C P F ~ ( C O ) ~ ( C ~ H ~ ) +  (2) > (C7Hg)Fe(C0)3+ (1.7) > 
(C6HG)Mn(CO)3+ (1). The numbers are relative reactivities. 


The phosphine nucleophiles follow the reactivity order 


> P(CH2CH2CN)3 > P(OBu)* Comparisons to work on 
other organometallic  system^^*^ suggest that this order of 
reactivity is a t  least semiquantitatively transferable to 
other electrophilic complexes, and this implies that re- 
activity and selectivity may not be correlated. 


A two-point Bransted plot of P(C6H5)3 and P(p- 
C6H40Me)3 adding to I (L = P(c&15)3) gives a slope of 0.47. 
The same nucleophiles reacting with C2H51 in acetone and 
C6H5CH2C1 in benzene/methanol have slopes 0.49 and 
0.47, respectively.21.22 The similarity of the slopes suggest 
some, but far from complete, bond formation to phos- 
phorus in the transition state of reaction 1. In contrast, 
nitrogen-donor nucleophiles add to [ (C&7)Fe(Co)3]+ with 
Brornsted slopes near unity.4 This was suggested to mean 
that the ?r-hydrocarbon is quite “hard”. The much smaller 
slope with phosphine nucleophiles may mean that 
“softness” (polarizability) of the nucleophile is also im- 
portant in determining nucleophilicity. 


Correlations of kl to proton basicity of the nucleophile 
do not reflect possible ?r-bonding effects. That purely 


> (C6H6)2Fe2+ (4500) > (C4H4)Fe(C0)2NO+ (750) > 
(C6H7)Fe(C0)3+ (160) (C6H6)2RU2+ (150) > (C7H7)Cr- 


(CO)(NO)(PPhJ+ (27) > (C7H7)M(C0)3+ [M = Mo, W] 


P B u ~  > P(p-C6H40Me)3 > P(p-C6H4Me), > P(p-C6&)3 


(19) Hudson, R. F. “Structure and Mechanism in Organo-Phosphorus 
Chemistry”; Academic Press: New York, 1965. 


(20) Hoefnagel, A. J.; Wepster, B. M. J.  Am. Chem. SOC. 1973, 95, 
5357. 


(21) Henderson, W. A.; Buckler, S. A. J.  Am. Chem. SOC. 1960, 82, 
5794. 


(22) McEwen, W. E.; Shim, W.-I.; Yeh, Y.-I.; Schulz, D. N.; Pagilagan, 
R. U.; Levy, J. B.; Symmes, C.; Nelson, G. 0.; Granoth, I. J. Am. Chem. 
SOC. 1975, 97, 1787. 


4.0 
4 
v 
U 
J 


Y 
-3.0 
0 - 
n 


2 . 0  
v 
Y 


2t 


2 1.0 


-0.3 - 0 . 2  -0.1 0 
0- 


Figure 3. Hammett plots of P(p-C6H4X)3 addition to (C4H4)- 
Fe(C0) (NO) [P(C6H5)31+. 
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Figure 4. Rate-equilibrium correlation for nucleophile addition 
to (C4H4)Fe(CO)(NO)[P(C6H5),]+. See Figure 2 for number code; 
nucleophile 6 is diphos. 


inductive effects are insufficient to account for the rates 
is implied by the plot of log kl vs. Zx values of TolmanlE 
(Figure 2), which has a slope of -0.27 and a correlation 
coefficient of 0.98. The Zx values presumably include both 
u and ?r properties of the phosphine nucleophiles. 


Hammett plots of the rate and equilibrium data in Table 
I1 are quite instructive. The Hammett slope (pl) for log 
kl in Figure 3 is -1.0 and is almost identical with the slopes 
for the reaction21 of EbP(C&14X) and C2H51 (p  = -1.1) and 
that22 of P(C6H4X), and C6H5CH2C1 ( p  = -3.5/3 = -1.2). 
Nitrogen donors usually give larger slopes:23 XC6H4NMe2 


Anilines adding to [(C6H6OMe)Fe(C0)3]+ give p = -2.7.4 
Larger Hammett slopes with nitrogen donors do not imply 
greater bond formation in the transition state but probably 
merely reflectlg decreased conjugation between the phos- 
phorous atom and the substituent compared to the ni- 
trogen analogues. 


If the Leffler-Hammond postulate7 applies to reactions 
like (l), the best way to determine transition-state struc- 
ture is to examine the relative sensitivities of kl and Keq 
to structural variations in the nucleophile. Unfortunately, 


4- CH3I ( p  = -3.0); XC6H4NH2 + C,jH&OCl ( p  = -2.7). 


(23) Hine, J. “Physical Organic Chemistry”; McGraw-Hill: New York, 
1962. 
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it is often experimentally impossible to measure both rate 
and equilibrium constants. However, for reaction 1 this 
was possible in some cases, as shown in Figures 3 and 4. 
Figure 4, which includes diphos and triarylphosphine nu- 
cleophiles, has a slope of 0.38, which compares favorably 
with that derived from Figure 3, d log kl/d log Kw = pl /p2  
= 0.36. This suggests that bond formation and sp2 to sp 
rehybridization is approximately one-third complete in the 
transition state. This view is supported by the similarity 
noted above of the Br~lnsted and Hammett slopes for re- 
action 1 and SN2 attack on the sp3 carbon in C2H51. A 
reexamination" of reaction 2 data also supports this view. 
However, recent work5 on P(C6H5)3 addition to 
[(C6H6)2MI2+ (M = Fe, Ru, Os) was interpreted in terms 
of a late transition state, so the intimate mechanism of 
reactions such as (1) and (2) remains somewhat uncertain. 
Phosphine addition to "organic" carbocations is being 
studied in this laboratory to determine the validity of 
Ritchie's N+ equation8 for phosphine nucleophiles and to 
provide a basis for comparison of coordinated r-hydro- 


(24) Kane-Meguire, L. A. P., personal communication. 


carbon and carbocation electrophiles. 
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(CO)L2]+SnC1<. Further reaction to produce truns-[Pt(SnCl,)(COPh)L,] occurs slowly in the absence of 
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other anions have led to a reinterpretation of the role of the trichlorostannate ligand in carbonylation and 
decarbonylation reactions of organoplatinum(I1) complexes. 


Introduction 
The insertion of carbon monoxide into platinum-carbon 


bonds has been the subject of a number of studies,'+ and, 
in particular, the carbonylation of trans-[PtXR'(PR&] (X 
= halide; R' = alkyl or aryl) complexes has received con- 
siderable Kinetic studies have indicated that 
both associative and dissociative pathways are involved: 
and the operation of the associative reaction path has been 
shown to be sensitive to the electronic character of the 
migrating organic group5 Several reaction intermediates 
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have been identified, and the involvement of the 
[PtXR'(CO)(PR,)] complexes, produced by phosphine 
dissociation, has been elucidated? 


Recently it has been shown7 that decarbonylation of 
tram-[PtCl(COR)(PPh,),] (R = alkyl or aryl) complexes 
is promoted by tin(I1) chloride, though the role of SnC12 
was not well understood. 


We have investigated the carbonylation of trans-[Pt- 
(SnC1,)PhL2] (L = PPh3 or PMePh,) and the reverse re- 
action with a view to discovering how the trichlorostannate 
ligand promotes the carbonyl insertion, or aryl migration, 
process. 


Experimental Section 
The complexes trans-[PtClRL,] (R = Ph or COPh; L = PPh3 


or PMePh,) were prepared by displacement of 1,5-cyclooctadiene 
from the analogous platinum diolefin complexes.8 The trans- 
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Table I. NMR Data Obtained for CDCl, Solutions at 213 K (Unless Otherwise Stated) 
complex SP 'Jp,/Hz 'JS,/HZ other data 


tr~ns-[PtClPh(PPh,),]~ 24.2 3152 
trans-[Pt( SnCl,)Ph( PPh,), ] 19.6 2837 
trans-[PtCl( COPh)(PPh,),Ia 19.6 3384 
trans-[Pt(SnCl,)( C0Ph)(PPh,),lb 15.8 3037 


trans-[PtPh(CO)(PPh,),]+ 15.4 2651 


tra ns - [ Pt ClPh( PMePh ) , ] a 8.7 3010 
trans-[ Pt( SnCl,)Ph(PMePh,), ] 4.9 2642 
trans-[ PtCl( COPh)( PMePh,),Ia 5.1 3215 
trans-[ Pt( SnCl,)( COPh)( PMePh,), ] -0.2 2859 
trans-[PtPh( CO)( PMePh,),]' 3.3 2554 


234, 244 


278, 293 SC 218.8, 'JptC = 883 Hz, 
'Jpc = 5 HZ 


SC 177.8, 'Jptc = 958 Hz, 
'Jpc = 8 Hz; v(C0) 2102 cm-' 


239 (av) 


276, 286 
v(  CO) 2103 cm-' 


a Spectrum recorded at ambient temperature. A minor species with parameters SP 16.3, 'Jptp = 2837 Hz (no tin satel- 
lites), was also present and was probably an ion-paired complex. 


[PtR(SnC13)L2] complexes were obtained by stirring chloroform 
solutions of the chloro species with excess tin(I1) chloride and 
removing unreacted SnCl2.2Hz0 by filtration. Their NMR data 
are given in Table I. 


31P and 13C NMR spectra were recorded on a Bruker WP-60 
spectrometer operating in the FT mode. Spectra were recorded 
for CDC13 solutions unless otherwise stated, and 31P and 13C 
chemical shifts were measured in ppm to high frequency of ex- 
ternal H3P01 and internal Me,Si, respectively. 


Solution infrared spectra were recorded on a Perkin-Elmer 180 
spectrophotometer, using NaCl cells of 0.1-mm pathlength. 
trans-[PtPh(CO)LZ]+SnCl3- (L = PPh3 or  PMePh,). 


trans-[Pt(SnC13)Ph(PPh3),] (ca. 30 mg) was dissolved in CDC13 
(2 cm3), and the yellow solution was cooled to 213 K. Carbon 
monoxide was passed through the solution for 1 h, and the 31P 
NMR spectrum showed the presence of trans-[ptPh(CO)(PPhJ2]+ 
only (6P 15.4, lJPtp = 2651 Hz). 


The methyldiphenylphosphine complex was prepared similarly. 
The complex tr~ns-[PtPh(~~CO)(PPh~)~]+SnCl~- was obtained by 
stirring a CDC13 solution of trans-[Pt(SnC13)Ph(PPh3)zJ under 
an atmosphere of 13C0 at  213 K for 4 h (6P 15.4, lJRP = 2651 


Treatment of trans- [PtPh(1%O)(PPh3)2]+SnC13- with l2C0 at 
213 K caused no reaction, as monitored by 31P NMFt spectroscopy, 
but at  ambient temperature almost complete isotopic exchange 
was achieved after 3 min. 


When nitrogen gas was passed through a solution of trans- 
[PtPh(CO)(PPh3)2]+SnC13- at ambient temperature, loss of CO 
to yield trans-[Pt(SnC13)Ph(PPh3),] was almost complete in 20 
min. 


Solutions of trans-[PtPh(CO)L&'3nCl; (L = PPh3 or PMePhz) 
were allowed to warm to ambient temperature and were monitored 
periodically, after being cooled to 213 K to prevent further re- 
action, by 31P NMR spectroscopy. Slow conversion to trans- 
[Pt(SnC13)(COPh)L2] took place (Table I). For an investigation 
of the possible involvement of phosphine dissociation, the solutions 
were stirred with excess sulfur while being warmed to ambient 
temperature, and unreacted sulfur was filtered off before the NMR 
spectrum was recorded. With L = PPh3, a strong singlet at 6P 
42.5 indicated the presence of Ph3PS. 


Reactions of trans-[PtPh(CO)L2]+S03CF3- (L = PPh3 or  
PMePh,) with Sodium Salts. The complexes trans-[PtPh- 
(C0)L2]+SO3CF3- were obtained by reacting trans- [PtC1PhL2] 
with AgS03CF3 in chloroform while carbon monoxide wtu passed 
through the solution. Silver chloride was removed by filtration, 
and the solutions were shaken for several days with a number of 
sodium salts. The extent of reaction was monitored peridically 
by 31P NMR spectroscopy, and the nature of the products were 
determined from their 31P NMR and solution infrared charac- 
teristics (Table II). In the casea where X = OCOMe, the reactions 
were performed by using tr~ns-[PtPh(~~C0)L~]+S0~CF;, and the 
loss of ,JPc indicated that trans-[Pt(OCOMe)PhLz] was formed. 


Carbonylation and Decarbonylation Reactions. A stream 
of carbon monoxide was passed through chloroform solutions of 


Hz, 'Jpc = 8 Hz). 


Table 11. Spectroscopic Data for the Products of the 
Reaction of trans-[F%Ph(CO)L,]+SO,CF; (L = PPh, or 


PMePh,) with Sodium Salts (at 298 K) 
NMR data 


IJptp/ infrared 
complex SP Hz data 


trans- [PtClPh( PPh,),] 24.1 3152 
trans-[ PtBrPh( PPh,), ] 23.5 3132 
trans-[PtIPh(PPh,),] 21.2 3081 
trans-[Pt(N,)Ph(PPh,),l 21.4 3120 
trans-[PtBr(COPh)(PPh,),l 18.7 3364 v(C0)1620 


tr~m-[PtI(  COPh)(PPh,),] 16.2 3320 v(C0) 1623 


trans-[Pt( OCOMe)Ph(PPh,), ] 22.0 3272 
trans-[Pt(CN)Ph(PPh,),] 19.6 2922 
trans- [PtClPh( PMePh,), ] 8.4 3008 
trans-[PtIPh(PMePh,),] 4.0 2935 
trans-[ Pt( N,)Ph( PMePh,), ] 6.6 2976 
trans-[PtI( COPh)(PMePh,),] -0.3 3154 v ( C 0 )  1620 


trans-[Pt( OCOMe)Ph(PMePh,),] 9.6 3135 


cm" 


cm-I 


cm-' 


trans-[PtXPhL2] (L = PPh3, X = C1, I, SnC1,; L = PMePh2, X 
= C1, SnClJ at ambient temperature, and the solutions were cooled 
to 213 K before recording their 31P NMR spectra. The extent 
of carbonylation after certain times was thus determined, and 
the NMR parameters are presented in Table 11. 


Decarbonylation of trans- [ Pt( SnCl,) (COPh) (PPh,),] in chlo- 
roform solution was slow at ambient temperature, as observed 
by 31P NMR spectroscopy, and was incomplete even after 8 h at  
55 "C. In the presence of a few drops of acetone, 75% reaction 
occurred after refluxing for 45 min. When trans-[Pt(SnCl& 
(COPh)(PPh,),] was dissolved in acetone, extrusion of SnClz from 
the platinum-chlorine bond was quantitative without heating, 
and only tr~ns-[PtCl(COPh)(PPh~)~] (6P 19.4, l JRp = 3393 Hz) 
was observed in solution. 


Results and Discussion 
When a stream of carbon monoxide was passed through 


a chloroform solution of tr~ns-[PtClPh(PPh,)~], the cor- 
responding aroyl complex was p r o d ~ c e d . ~  The reaction 
was found to have proceeded to the extent of 15% after 
1 h. When a similar solution of truns-[Pt(SnC13)Ph- 
(PPh3)2] was treated with CO at  ambient temperature, 
however, the 31P NMR spectrum indicated that no starting 
complex remained after only 1 min. The single phos- 
phorus-containing species present in solution at  this stage 
was identified as the truns-[PtPh(CO)(PPh,),]+ cation 
(Table I). Further treatment of this solution with CO for 
1 h produced a 5050 mixture of trans-[PtPh(CO)(PPh3)2]+ 
and truns-[Pt(SnCls)(COPh)(PPh,),]. (It is worth noting, 


(8) Anderson, G. K.; Clark, H. C.; Davies, J. A. Inorg. Chem. 1981,20, 
944. (9) Anderson, G .  K.; Clark, H. C.; Davies, J. A. Inorg. Chem., in press. 
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however, that when 10% acetone was added to the solvent, 
the conversion to the aroylplatinum complex was virtually 
quantitative after 50 min.) 


Reaction of trans-[Pt(SnC13)Ph(PPh3)2] in chloroform 
with carbon monoxide at  213 K for 20 min produced 
trans- [ PtPh(C0) (PPh3)2]+ as the only phosphorus-con- 
taining species in solution. It has previously been shown6 
that addition of excess chloride ion to the trans-[PtPh- 
(CO) (PPh3)2]+ cation rapidly results in regeneration of 
trans-[PtClPh(PPh,),]. If dissociation of the trichloro- 
stannate anion to SnC1, and C1- occurred under these 
conditions, attack of chloride ion to yield trans-[PtClPh- 
(PPh3)2] would result.1° Hence, dissociation does not take 
place, and the SnC1,- anion must be present in solution. 
As the 31P NMR parameters obtained are identical with 
those for the complex trans- [PtPh(CO)(PPh3)2]+S03CF3-, 
the same free cation must be present in both cases and ion 
pairing cannot occur to any significant degree. 


That a dynamic equilibrium exists between trans- [Pt- 
(SnC13)Ph(PPh3)2] and the ionic species was shown by 
passing nitrogen through a solution of trans- [PtPh- 
(CO)(PPh3)2]+SnC13- at ambient temperature. Within 20 
min almost complete loss of carbon monoxide and for- 
mation of trans-[Pt(SnCl,)Ph(PPh,),] had taken place, 
and, since a nitrogen stream would only remove free CO, 
an equilibrium (eq 1) must be involved, which lies far to 
the right a t  low temperatures. 


PPh, PPh3 


ph-7+ PPh, PPh3 


I +  - 
I 


--SnCI, + CO G Ph-Pt-CO SnCl3  (1) 
I 


When trans-[Pt(SnC13)Ph(PPh3),] was reacted with 
13C0 in chloroform solution at  213 K, the 31P NMR 
spectrum contained a doublet C2JpC = 8 Hz) with lg6Pt 
satellites, due to the tr~ns-[PtPh(l~CO)(PPh,)~]+ cation. 
Passing l2C0 through this solution at  213 K caused no 
change in the 31P NMR spectrum, while a strong singlet 
resonance, flanked by a very weak doublet, was observed 
after reaction for 3 min at  ambient temperature. Thus 
exchange of carbon monoxide, which is likely to proceed 
via an associative mechanism in the presence of free CO, 
is rapid at  ambient temperature (eq 2). Nitrogen was 


PPh3 PPh3 
I + 13 I 


I I 
Ph-Pt- CO + l2C0 E Ph-Pt+-"CO -k 13C0 ( 2 )  


PPh3 PPh3 


passed through such a solution for 3 min, and considerable 
loss of CO took place, trans-[Pt(SnCl,)Ph(PPh,),] and 
trans-[PtPh(CO)(PPh3)2]+ then being present in a 5050 
ratio. 


When a solution of tr~ns-[PtPh(CO)(PPh~)~!+SnCl~-, 
prepared at  213 K, was allowed to warm to ambient tem- 
perature in the absence of excess carbon monoxide, con- 
version to trans-[Pt(SnCI&COPh)(PPh,),] took place, the 
reaction being 60% complete after 4 h. 


It has previously been shown6 that dissociation of PPh, 
is involved in the carbonylation of tr~zns-[PtClPh(PPh,)~], 
and the addition of sulfur was used to trap the free 
phosphine as its sulfide. When trans-[PtPh(CO)- 
(PPh3)2]+SnC1< in dichloromethane was stirred with sulfur 
in the presence of free CO a t  room temperature for 1 h, 
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the 31P NMR spectrum indicated that the major phos- 
phorus-containing platinum species was still the trans- 
[PtPh(CO)(PPh,),]+ cation. An intense signal was also 
prresent a t  6P 42.5, due to triphenylphosphine sulfide, 
indicating that phosphine dissociation takes place. In 
contrast to the chloroplatinum system: however, the 
products of phosphine dissociation could not be identified 
with any certainty. 


Carbonylation of a chloroform solution of trans-[Pt- 
(SnC13)Ph(PPh3)2] in the presence of excess sulfur also 
produced Ph,PS and tr~ns-[PtPh(CO)(PPh,)~]+, the latter 
being the major phosphine-containing metal complex, 
according to the 31P NMR spectrum. 


In an attempt to identify the species obtained on dis- 
sociation of PPh3, the dimeric complex, [Pt&-C1),Ph2- 
(PPh,),], was cleaved by carbon monoxide (eq 3) to yield 
CPt2(~-CI),Ph,(PPh,),l + CO - 


PPh3 PPh3 
I I 


Ph-Pt-CO + Ph-Yt-CI ( 3 )  


(5) Even with very lowchloride concentrations the reaction to pro- 
duce tram-[PtClPh(PPh&] takes place, as evidenced by the slow for- 
mation of the complex when a chloroform solution of tram-[PtPh- 
(CO)(PPh&]+SOsCF3- was treated with sparingly soluble sodium chlo- 
ride. 


A B 
two isomers, A and B, of [PtClPh(CO)(PPh&,G which were 
then treated with SnCl2-2H20. The 31P NMR spectrum 
at  213 K indicated the presence of a small amount of the 
cation, trans-[PtPh(CO)(PPh?),]+, but the major species 
(6P 17.6, lJW = 3181 Hz), which showed no tin satellites 
(due to coupling to "'Sn or llgSn), was of uncertain iden- 
tity. Addition of a few drops of acetone caused consid- 
erable conversion to t~ans-[PtPh(CO)(PPh~)~]+. 


Since the triphenylphosphine ligands were found to be 
of considerable lability in the above system, analogous 
reactions of the triethylphosphine system, where phosphine 
dissociation was not expected to occur, were carried out. 
Treatment of [ P h ( ~ - c l ) ~ P h ~ ( P E t ~ ) ~ ]  with CO gave the 
corresponding two isomers of [PtC1Ph(CO)(PEt3)],6 and 
addition of SnC12.2H20 at 213 K yielded two species, C and 
D. The large two-bond couplings in C indicate that mu- 


PEt3 


Ph-Pt --SnC13 
I 


PEt3 


I 
Ph-Pt -CO 


I 
SnCI3 


I co 
C, SP 20.4, 'Jptp = 2979 Hz, D, SP 8.5,  'Jptp = 3027 HZ 


*J119~~-3lp = 3 3 3 5  Hz, 
2 J ~ ~ , s n - 3 i p  = 3186 HZ 


tually trans arrangement of the phosphine and SnC13 lig- 
ands, while the minor nature of D prevented the obser- 
vation of the cis couplings. On standing, the latter species 
diminished in intensity. 


Thus, while the triethylphosphine complexes undergo 
insertion of SnC12 into the platinum-chlorine bond to give 
the expected products, the PPh,-containing complexes 
undergo a rearrangement in the presence of tin(I1) chloride 
to give a bis(phosphine)platinum complex and, necessarily, 
a species containing no phosphine ligands. (Interestingly, 
this ligand migration is promoted by acetone, and such 
rearrangements in this solvent have recently been observed 
in other systems.11J2) The tendency is, therefore, for the 
[Pt(SnCl,)Ph(CO)(PPh,)] complexes to undergo rear- 
rangement to give the tr~ns-[PtPh(CO)(PPh,)~]+ cation, 
rather than vice versa, even in the absence of excess 
phosphine. While phosphine dissociation from trans- 
[PtPh(CO)(PPh3)2]+ does occur, as evidenced by the for- 


(11) Clark, H. C.; Davies, J. A. J. Organomet. Chem., in press. 
(12) Anderson, G. K.; Clark, H. C.; Davies, J. A., unpublished results. 
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mation of Ph3PS on addition of sulfur, regeneration of the 
cation seems particularly likely in the presence of the free 
triphenylphosphine thus produced. 


When tr~ns-[Pt(SnCl~)Ph(PMePh~)~] in chloroform 
solution was treated with CO at  ambient temperature, the 
corresponding aroyl complex was rapidly produced. It has 
previously been shown that the reaction of trans- 
[PtC1Ph(PMePh2)2] with carbon monoxide proceeds too 
slowly to be measured kineticall9 and that phosphine 
dissociation does not take place.s 


The ionic complex, trans-[PtPh(CO)(PMePh&+SnCl<, 
was produced quantitatively when CO was passed through 
a chloroform solution of tram-[Pt(SnC1,)Ph(PMePhz)z] 
a t  213 K for 1 h. When such a solution was allowed to 
warm to ambient temperature in the presence of sulfur, 
no phosphine sulfide was evident from the 31P NMR 
spectrum, indicating that in this case dissociation of 
PMePhz does not occur. At 298 K, however, rearrange- 
ment of the ionic species to yield trans-[Pt(SnC13)- 
(COPh)(PMePh,),] does proceed, and the reaction was 
60% complete after 3 h. 


Thus, rearrangement of tr~ns-[PtPh(CO)(PMePh~)~]+- 
SnC13- to give the neutral aroyl product, which proceeds 
without dissociation of tertiary phosphine, occurs at a rate 
which is comparable with that for the triphenylphosphine 
complex, in which phosphine dissociation is involved. 
Where phosphine dissociation does not occur, it is be- 
l i e ~ e d ~ ? ~  that aryl migration occurs from a five-coordinate 
species, and it is unlikely that the rates of formation of, 
and aryl migration from, the complexes [Pt(SnC13)Ph- 
(CO)L2] (L = PPh3 or PMePh2) will be significantly dif- 
ferent. In light of these observations and the tendency of 
the [Pt(SnCl,)Ph(CO)(PPhJ] complexes to rearrange to 
trans-[PtPh(CO)(PPh3)2]+SnC13-, it appears that phos- 
phine dissociation does not result in any significant con- 
tribution to the overall rate of production of trans-[Pt- 
(SnC1,) (COPh) (PP h3)2] from trans- [PtPh(CO) (PPh3)2] +- 


SnC13-. In contrast to the chloroplatinum systems, where 
the trichlorostannate ligand is involved, the nondissociative 
route to trans-[Pt(SnC13)(COPh)L2] is favored, regardless 
of the electronic nature of the tertiary phosphine. 


It has already been noted that trans-[Pt(SnC13)- 
(COPh)(PPh,),] readily undergoes decarbonylation in re- 
fluxing benzene,' though the intermediates in the reaction 
were not conclusively identified. When a chloroform so- 
lution of the aroyl complex was heated to 328 K, decar- 
bonylation resulted, the reaction being 50% complete after 
1 h. The decarbonylation was essentially complete after 
8 h, but, in addition to tr~ns-[Pt(SnCl~)Ph(PPh~)~], ex- 
trusion of SnC12 resulted in minor amounts of trans- 
[PtC1Ph(PPh3),] and tr~ns-[PtCl(COPh)(PPh~)~] also 
being produced. 


When a dichloromethane solution of trans-[Pt- 
(SnC13)(COPh)(PPh3)2] to which a few drops of acetone 
had been added was allowed to stand at  ambient tem- 
perature for 5 h, the 31P NMR spectrum indicated that 
significant amounts of tran~-[PtPh(CO)(PPh~)~]+SnCl~- 
and tran~-[Pt(SnCl~)Ph(PPh,)~] (up to 20% each) had 
been formed. After the solution was refluxed for 45 min, 
the major species in solution was trans-[Pt(SnC13)Ph- 
(PPh&], with signals due to the aroyl and ionic complexes 
still being present in the 31P NMR spectrum. 


Thus, significant amounts of the ionic complex, 
trans-[PtPh(CO)(PPh3)z]+SnC13-, are built up during the 
decarbonylation process. The solution infrared spectrum 
of the ionic species has v(C0) at  2102 cm-', and the in- 
termediate which was previously assigned' as [Pt- 
(SnCl3)Ph(CO)(PPh3)] should undoubtedly have the above 
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ionic structure. This ionic species did not react with free 
PPh3 at  ambient temperature, but after the solution was 
heated to 50 "C a complex mixture of products was ob- 
tained, and the likelihood of CO displacement being in- 
volved might account for the enhanced rate of CO evolu- 
tion observed by Kubota' when PPh3 was added to a so- 
lution of trans-[Pt(SnC13)(COPh)(PPh3)z] 500 s after re- 
fluxing was commenced. Conversely, initial addition of 
PPh3 resulted in a reduction in the rate of CO loss,' and 
truns-[Pt(SnCl3)(COPh)(PPh3),] was found to react with 
PPh3 to give a number of unidentified products, from 
which CO elimination may not readily occur. 


These observations show that the addition of quantities 
of free ligand, in this case tertiary phosphine, which results 
in a decreased or increased reaction rate, as measured by 
CO evolution,' does not necessarily imply a dissociative 
mechanism. Where an alternative pathway is possible or 
a significant buildup of an intermediate species occurs, the 
conclusions drawn from such studies may well be errone- 
ous. In the kinetic study by Garrou and Heck of the 
carbonylation of trans- [PtXR1(PR3)2] complexes,4 the 
buildup of the ionic intermediates was minimal, but dis- 
placement of CO from such species by deliberately added 
tertiary phosphine would result in a nonlinear uptake of 
gas with time and hence inaccuracies in the calculated rate 
constants. 


Thus it must be borne in mind that in "proving" a 
dissociative mechanism by the w e  of added ligands, while 
the reactants and products may be inert toward the ligand 
under study, alternative reaction pathways involving in- 
termediate species may become important. To ignore such 
possibilities may lead to questionable conclusions. 


The results for the carbonylation of trans-[Pt(SnC13)- 
PhL2] (L = PPh3 or PMePh2), and the corresponding 
decarbonylations, are summarized in Scheme I. The 
low-temperature reaction of trans- [Pt(SnC13)PhLz] with 
CO involves ligand displacement to yield the ionic species, 
and this is depicted as involving initial coordination of the 
incoming nucleophile in an axial fashion and rearrange- 
ment through a trigonal-bipyramidal species to one with 
the leaving trichlorostannate ligand in an axial position 
prior to its elimination. Any alternative mechanism to the 
stereospecific ligand displacement shown in Scheme I 
would involve a complex series of rearrangements, and no 
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Figure 1. Reaction profile for the carbonylation of trans-[Pt(SnC13)PhL2] (L = PPh3 or PMePh,). 


spectroscopic evidence for such processes was found, even 
at  low temperature. Attack of CO on the trans-[PtPh- 
(CO)L2]+ cation to give a five-coordinate species ultimately 
leads to carbonyl group exchange. When L = PPh,, attack 
of SnC13- on tr~ns-[PtPh(CO)(PPh,)~]+ leading to phos- 
phine dissociation also occurs, but this is apparently not 
a significant step in the carbonyl insertion sequence. 
Distortion of the five-coordinate complexes, [Pt(SnCl,)- 
Ph(CO)L2], such that the phenyl and carbonyl groups come 
into close proximity (making an angle a t  platinum ap- 
proaching 90') would allow phenyl migration and gener- 
ation of an aroyl moiety from a five-coordinate species. 
Such distortions have been predicted by a molecular or- 
bital study.13 


A reaction profile for the carbonylation reaction is shown 
in Figure 1. The most symmetrical five-coordinate species 
is likely to be of lower energy than the others, and a rel- 
atively low energy pathway exists between trans- [Pt- 
(SnC13)PhL2] + CO and the ionic complex, since this re- 
action proceeds at  low temperature. The reverse process 
occurs readily a t  ambient temperature, particularly when 
free CO is removed from the system. The aroyl complex 
is of lowest energy, since it is essentially irreversibly formed 
at ambient temperature. The transition state in which the 
platinum-carbon bond is weakened prior to aryl migration 
represents an energy maximum, and thus, although the 
aroyl complex is thermodynamically favored, trans- 
[PtPh(CO)L2]+SnC13- is the kinetic product due to the 
lower energy of activation involved in its production. 


Conversely, a high activation energy is involved in the 
migration of the phenyl group from CO to the metal, and 
this is consistent with the observations regarding the de- 
carbonylation reaction; that is, the reaction is very slow 


(13) Berke, H.; Hoffman, R. J.  Am. Chem. Soe. 1978, 100, 7224. 


at  ambient temperature but is quite rapid in refluxing 
benzene. Both the decarbonylated product and the ionic 
complex are produced, since they are formed from a com- 
mon five-coordinate intermediate and are not too dissim- 
ilar in energy, and the ultimate quantitative formation of 
trans-[Pt(SnC13)PhL2] simply reflects the driving of the 
equilibrium in this direction by loss of CO from the system 
at  these temperatures. 


When the complexes trans-[PtPh(CO)L2]+SnC13- (L = 
PPh, or PMePh2) were allowed to warm to ambient tem- 
perature in the absence of excess carbon monoxide, con- 
version to the aroylplatinum compounds took place, as has 
already been noted, a t  a rate which was approximately 
independent of the nature of the tertiary phosphine. It 
has also been suggested that aryl migration occurs from 
a five-coordinate species, formed by nucleophilic attack 
of the SnC1,- anion. In the presence of excess CO, on the 
other hand, tr~ns-[PtPh(CO)(PMePh~)~l+SnCl< undergoes 
very little reaction, only a trace of the aroyl complex being 
detected after 1 h. In the analogous triphenylphosphine 
case the ionic and aroyl complexes were present in 50:50 
ratio after 1 h in the presence of free CO, and it has already 
been pointed out that PPh, dissociation occurs under these 
conditions. 


These results may be explained in terms of eq 1, where 
excess carbon monoxide maintains an equilibrium position 
far to the right, which prevents significant buildup of a 
five-coordinate species from which aryl migration might 
occur. Thus tran~-[PtPh(CO)(PMePh~)~]+SnCl~- un- 
dergoes little reaction under these conditions, while in the 
absence of free CO the equilibrium (eq 1) is displaced to 
the left and formation of the aroyl product from the 
five-coordinate intermediate becomes a viable process. A 
similar situation prevails for the triphenylphosphine sys- 
tem under these circumstances, but when excess CO is 
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present an additional, dissociative, pathway, involving 
displacement of PPh, by CO, would permit formation of 
tr~ns-[Pt(SnCl,)(COPh)(PPh~)~] even when eq 1 is dis- 
placed far to the right. 


The role of the SnC13- ligand is clearly not a simple one, 
and in order to gain further insight into how this ligand 
affects the energetics of the system, trans-[PtPh- 
(CO)L$S03CF3- (L = PPh, or PMePh2) was treated with 
a variety of anions in chloroform solution. The sparingly 
soluble sodium salts were employed in order to achieve a 
slow rate of reaction such that the thermodynamic rather 
than the kinetic product should be favored. The course 
of the reaction was determined for each anion, and, while 
the results are affected by the slightly differing solubilities 
of the sodium salts, some measure of the reaction rate was 
obtained by monitoring the 31P NMR spectrum. The 31P 
NMFt data, and infrared data if applicable, for the reaction 
products are presented in Table 11. 


With tr~ns-[PtPh(C0)(PPh~)~]+S0~CF~- no reaction 
took place in the presence of fluoride, nitrate, or nitrite, 
and a similar observation was made for the addition of 
sodium nitrate to trans-[PtPh(CO) (PMePh2)2]+S03CF3-. 
The triphenylphosphine complex underwent CO loss 
rapidly in the presence of cyanide, and displacement of 
PPh, had begun after 24 h and was complete after 6 days. 


The trans-[PtPh(CO)(PPhJ2]+S03CF< complex reacted 
with chloride and azide ions by displacement of carbon 
monoxide, the reaction being 30% complete after 1 day 
and 60% after 6 days in each case. With sodium acetate 
displacement of CO also occurred, the reaction being 30% 
and 90% complete after 1 and 6 days, respectively. (The 
presence of acetate precluded meaningful infrared studies 
of the reaction mixture, so trans-[PtPh(13CO)(PPh3)2]+- 
S03CF3- was treated with NaOCOMe, and the loss of 
coupling to carbon in the 31P NMR spectrum indicated 
that displacement of 13C0 had taken place.) In the reac- 
tion with NaBr the only new species observable after 24 
h was tr~ns-[PtBrPh(PPh,)~], but after 6 days the phenyl 
and benzoyl complexes were present in a 2:l ratio and the 
reaction was 90% complete. The reaction with iodide was 
complete with 24 h, and the products of CO insertion and 
displacement were present in a 3:l ratio. 


Similar results were obtained for the reactions of 
trans-[PtPh(CO)(PMePh2),]+S03CF3-. The reaction with 
C1- proceeded to 70% completion after 6 days, while 
quantitative formation of trans-[Pt(N3)Ph(PMePh2)21 
occurred in the same time, and the reaction with sodium 
acetate was slower than in the triphenylphosphine case 
(45% after 6 days). A 4:l ratio of trans-[PtI(COPh)- 
(PMePh2),] to its phenyl analogue was obtained with NaI 
after 2 days. 


Thus only iodide, and to a lesser extent bromide, reacts 
with the trans-[PtPh(CO)L2]+ (L = PPh, or PMePhJ 
cation to give the corresponding aroylplatinum complex, 
the reaction which occurs with the SnC13 anion. Possibly 
some comparisons can be drawn, therefore, between the 
trichlorostannate and iodide ions in this context. 


Carbon monoxide was passed through solutions of 
truns-[PtXPhL2] (L = PPh,, X = C1, I, SnC1,; L = 
PMePh,, X = C1, SnC13) in chloroform for 1 h, the extent 
of reaction being monitored after certain intervals by 
cooling the solution to 213 K, in order to quench the re- 
action, and recording the 31P NMR spectrum at  this tem- 
perature. No observable reaction occurred with trans- 
[PtClPh(PMePh,),] within 1 h, while 15% reaction took 
place with its triphenylphosphine analogue, the phenyl and 
benzoyl complexes being the only species detected in so- 
lution. 
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With tr~ns-[PtIPh(PPh,)~], after 3 min the major 
species was the starting complex, but 25% reaction had 
occurred to give an ion-paired species,6 trans-[PtPh- 
(CO)(PPh3)2]+...I-(6P 7.6,lJptp = 2925 Hz). After 15 min, 
30% reaction had occurred to give a 1:l mixture of the 
ion-paired species and the aroyl complex, and after 1 h 
60% reaction to trans-[PtI(COPh)(PPh,),] had taken 
place, but a small amount (10%) of the ion-paired inter- 
mediate remained. The treatment with CO of truns-[Pt- 
(SnC13)PhL2] (L = PPh3 or PMePh2) produced trans- 
[PtPh(CO)L2]+SnC13- exclusively within 1 min, and a 1:l 
mixture of tr~ns-[PtPh(CO)(PPh~)~]+ and trans-[Pt- 
(SnC13)(COPh)(PPh3)2] was formed after 1 h, while less 
than 10% reaction of the tran~-[PtPh(CO)(PMePh~)~]+ 
cation had occurred in this time. (The faster reaction of 
the triphenylphosphine complex in the presence of free 
CO, probably due to phosphine dissociation, has been 
discussed above.) 


It is clear that the trichlorostannate ligand is superior 
to iodide in promoting formation of the ionic species; that 
is, the SnC1,- anion is readily displaced. In fact, in chlo- 
rinated solvents only ion-paired species are obtained with 
iodide, and, unlike the trichlorostannate case, such species 
cannot be formed quantitatively. In the absence of free 
CO, the ionic complexes trans-[PtPh(CO)L2]+SnC13- (L 
= PPh3 or PMePh2) underwent reaction over several hours 
a t  ambient temperature to yield the aroyl complexes, while 
addition of iodide to trans-[PtPh(CO)L2]+S03CF< caused 
complete reaction to occur in less than 24 h, trans-[PtI- 
(COPh)L2] being the major product. When excess CO was 
present, the reactions of trans-[PtPh(CO)L2]+SnC13- (L 
= PPh3 or PMePh2) were relatively slow, and production 
of the aroyl complex was faster in the reaction of trans- 
[PtIPh(PPhd,]. Thus, the carbonylation of the complexes 
trans-[PtXPhL2] is fastest where X = I under the normal 
carbonylation conditions, that is, reaction of the phenyl- 
platinum complex with excess CO for several hours. 


The role of tin(I1) chloride in promoting reactions at  
metal centers has been the subject of much c~mment , l "~  
and its ability in this respect has variously been attributed 
to the trans influence16 and trans effect17-19 of the SnClC 
ligand and to its supposed stabilization of five-coordinate 
s p e ~ i e s . ' ~ J ~ J ~  In the decarbonylation of trans- [Pt- 
(SnCl&(COR)(PPh,),] the unique properties of the SnC1< 
ligand were suggested7 to be its ability to labilize tertiary 
phosphine, its stabilization of five-coordinate intermedi- 
ates, and its low tendency to form SnC13-bridged species. 
In fact, the most striking feature of the trichlorostannate 
ligand appears to be its ready displacement, a consequence 
normally associated with a ligand of low trans effectz1 and 
nucleophilicity. With excess CO, nucleophilic attack of 
SnClf on the cationic species is prevented, indicating that 
CO is a better ligand for platinum than trichlorostannate. 
No dissociation of PMePhz occurs, as in the case where 
X = C1, which suggests that labilization of tertiary phos- 
phine is not a feature of this particular system. 


(14) Maitlis, P. M. 'The Organic Chemistry of Palladium"; Academic 


(15) Young, J. F. Adu. Inorg. Chem. Radiochem. 1968,11,91. 
(16) Pregosin, P. S.; Sze, S. N. Helu. Chim. Acta 1978, 61, 1848. 
(17) Lindsey, R. V.; Pa", G. W.; Stolberg, U. G. J. Am. Chem. SOC. 


(18) Clark, H. C.; Billard, C.; Wong, C. S. J .  Organomet. Chem. 1980, 


Press: New York, 1971; Vol. 11. 


1966, 87, 658. 


1.90. C.105. 
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(19) Cramer, R. D.; Lindsey, R. V.; Prewitt, C. T.; Stolberg, U. G. J.  


(20) Clark, H. C.; Jablonski, C. R.; Halpern, J.; Mantovani, A,; Weil, 
Am. Chem. SOC. 1966,87,658. 


T. A. Inorg. Chem. 1974,13, 1541. 
(21) A low trans effect relative to that of the trans ligand, in this case 


a phenyl group. 
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It appears that the role of the SnClf ligand is to provide 
a good leaving group which, in the absence of added ligands 
including CO, slowly reattacks the platinum center to form 
a five-coordinate species from which aryl migration to yield 
the product can occur. This differs from the case wher X 
= I, which constitutes the only other system studied in 
which CO insertion readily occurs, to the extent that iodide 
is a better nucleophile which is less readily displaced but 
competes effectively with carbon monoxide to form a 
five-coordinate species from which aryl migration (and 
probably also phosphine dissociation) can occur. Thus, 
while tin(I1) chloride can be used to catalyze the above 
carbonylation and decarbonylation reactions, its properties 
in this situation, at least, are not nearly so unique as has 
previously been claimed. Consequently, a reexamination 
of the role of the trichlorostannate ligand in other catalytic 
systems would appear to be warranted. 
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The use of soluble palladium(0) catalysts for the carbonylation of azirines results in the novel syntheses 
of two important classes of compounds. The reaction course is dependent on the nature of the ligands 
attached to the metal. Tetrakis(triphenylphosphine)palladium(O) catalyzes the conversion of azirines to 
8-lactams, while vinyl isocyanates are formed in a regiospecific reaction using bis(dibenzy1idene- 
acetone)palladium(O) as the catalyst. A mechanism is proposed for these reactions. 


The cleavage of strained ring systems by transition-metal 
complexes is a topic of considerable recent intere~t.~B For 
example, tetrakis(triphenylphosphine)palladium(O) can 
catalyze the conversion of vinyl epoxides to either allylic 
alcohols (e.g., 1 - 2) or @,y-unsaturated ketones, de- 
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(1) E. W. R. Steacie Fellow, 1980-82. 
(2) Bishop 111, K. C. Chem. Rev. 1976, 76, 461. 
(3) Alperi H. Isr. J. Chem., in press. 
(4) Suzuki, M.; Oda, Y.; Noyori, R. J. Am. Chem. SOC. 1979,101,1623. 
(5) Hayashi, K.; Isomura, K.; Taniguchi, H. Chem. Lett. 1976,1011. 
(6) Alper, H.; Prickett, J. E. J. Chem. Soc., Chem. Commun. 1976,483. 
(7) Alper, H.; Prickett, J. E. J. Chem. SOC., Chem. Commun. 1976,983. 
(8) Alper, H.; Prickett, J. E. Tetrahedron Lett. 1976, 2589. 
(9) Alper, H.; Prickett, J. E. Inorg. Chem. 1977, 16, 67. 
(10) Komendantov, M. I.; Bekmuchametov, R. R. Khim. Geterotsikl. 


(11) Schuchardt, U.; Faria dos S a n d  Filho, P. Angew. Chem., Znt. Ed. 


(12) Alper, H.; Prickett, J. E.; Wollowitz, S. J.  Am. Chem. SOC. 1977, 


(13) Isomura, K.; Uto, K.; Taniguchi, H. J. Chem. SOC., Chem. Com- 


Soedin. 1977, 1570. 


Engl. 1977, 16, 647. 


99, 4330. 


mun. 1977. 664. 


carbonyls can effect intramolecular cycloaddition of ap- 
propriately substituted azirinea to give five-membered ring 
heterocycles (e.g., 3) in high yields.12 Molybdenum hexa- 
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carbonyl induced intermolecular cycloaddition reactions 
of azirines with alkynes affords W- or lH-pyrroles, but 
in low yields.18 Better product yields can be obtained by 
the nickel(I1)-catalyzed reaction of azirines with activated 
ketones, leading to pyrroles (e.g., 4)." The synthesis of 
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styryl indoles, important intermediates in alkaloid syn- 
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It appears that the role of the SnClf ligand is to provide 
a good leaving group which, in the absence of added ligands 
including CO, slowly reattacks the platinum center to form 
a five-coordinate species from which aryl migration to yield 
the product can occur. This differs from the case wher X 
= I, which constitutes the only other system studied in 
which CO insertion readily occurs, to the extent that iodide 
is a better nucleophile which is less readily displaced but 
competes effectively with carbon monoxide to form a 
five-coordinate species from which aryl migration (and 
probably also phosphine dissociation) can occur. Thus, 
while tin(I1) chloride can be used to catalyze the above 
carbonylation and decarbonylation reactions, its properties 
in this situation, at least, are not nearly so unique as has 
previously been claimed. Consequently, a reexamination 
of the role of the trichlorostannate ligand in other catalytic 
systems would appear to be warranted. 
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Table I. Yields, Melting Points, and Analytical Data for 6a 
anal. [calcd (found)] 


6, R, R' yield, % a  mp, "C % C  % H  % N  


p-CH3C6H4,  50 109-111 78.59 (78.51) 6.25 (6.33) 9.65 (9.47) 
Ph, H 63 144-146 77.84 (77.87) 5.38 (5.44) 10.68 (10.79) 
p-ClC,H,, H 37 40-42 61.63 (61.73) 3.65 (3.66) 8.45 (7.86) 
p-BrC,H,, H 55 145.5-147.0 48.58 (48.71) 2.88 (2.74) 6.67 (6.63) 
Ph, CH, 2.5 oil 78.59 (78.45) 6.25 (6.14) 9.65 (9.06) 


a Yields are of analytically pure materials. Crude yields were much higher. 


Table 11. Pertinent Spectral Data for 6 


NMR, s IR,a 
VCO; MS, 


6, R, R cm 'H I3C m le 


Ph, H 


p-ClC6H,, H 


p-BrC,H,, H 


Ph, CH, 


a CHCl, solution. 
decoupled spectra. 


1780 


1780 


1780 


1783 


1763 


2.35 ( 6 ,  6 H, methyl protons), 3.55 
(s, 2 H, CH,), 3.95, 5.00 (d  each, 


(m, 8 H, aromatic protons) 


3.59(s, 2 H, CH,), 4.00, 5.10 
(d each, 2 H, CH,, J =  16 Hz), 
7.20-7.90 (m, 10 H, aromatic 
protons) 


( d  each, 2 H, CH,, J =  16 Hz), 
7.20-7.90 (m, 8 H, aromatic 
protons) 


3.53 (s, 2 H, CH,), 3.92, 4.98 
( d  each, 2 H, CH,, J =  16 Hz), 
7.30-7.80 (m, 8 H aromatic 
protons) 


1.35, 1.62 (dd each, 6 H, methyl 
protons), 3.78 (m, 1 H, CH), 
4.63 (m. 1 H. CHI. 7.08-7.78 


2 H, CH,, J =  16 Hz), 7.05-7.90 


3.53 (s, 2 H, CH,), 3.93, 5.30 


(m,  IO H, ardmatli protons) 


* CDC1, with Me,Si as internal standard, 


azirines by cobalt8 or rhodium8 carbonyls. 
Several years ago, one of us initiated a study of the metal 


complex catalyzed carbonylation of azirines using soluble 
metal complexes. It was hoped that one could ring-expand 
the azirine to a four-membered ring heterocycle and thus 
realize the synthesis of 8-lactam derivatives, an important 
class of compounds. Although carbonylation of azirines 
did occur by the use of stoichiometric quantities of rho- 
dium(1) compounds (e.g., chlorodicarbonylrhodium(1) di- 
mer), the ring-opened vinyl isocyanates were obtained and 
not any heterocyclic  compound^.'^ We now wish to report 
that the carbonylation of azirines in the presence of cat- 
alytic quantities of tetrakis(tripheny1phosphine)palladi- 
um(0) does indeed result in the formation of 8-lactams. 
Furthermore, the ligands attached to the zerovalent metal 
have a very significant effect on the reaction course. A 
preliminary communication has appeared on part of this 
research.20 


Results and Discussion 
Carbonylation of an azirine (5) with a catalytic amount 


of tetrakis(triphenylphosphine)palladium(O) in benzene 
affords the fused 8-lactam, 6. This homogeneous process 


. .  
7 a tm o'/ 


H 
I 
H 


5 6 


(20) Alper, H.; Perera, C. P.; b e d ,  F. R. J.  Am. Chem. SOC. 1981, 
103, 1289. 


21.11 (CH,), 21.54 (CH,), 53.23 (CH,), 290 
55.97 (CH,), 92.66 (+C-N), 125.53, 
128.34, 128.78, 129.17, 129.48, 136.90, 
137.96, 142.42 (aromatic carbons), 
170.19 (CO), 179.37 (CN) 


125.57, 128.40, 128.59, 131.44, 131.98, 
139.68 (aromatic carbons), 170.50 (CO), 
179.21 (CN) 


127.07, 128.83, 129.23, 129.71, 134.37, 
138.04, 138.41 (aromatic carbons), 
169.75 (CO), 178.71 (CN) 


127.35, 129.82, 130.12, 131.79, 132.19, 
135.46 (aromatic carbons), 169.87 (CO), 
178.66 (CN) 


53.46 (CH,), 56.09 (CH,), 92.91 (+C-N), 262 


53.71 (CH,), 56.01 (CH,), 92.64 (+C-N), 


53.63 (CH,), 55.95 (CH,), 92.68 (+C-N), 420 


290 


I3C assignments made with the aid of fully and partially 


occurs under mild conditions (1 atm, 40 "C) using a 1O:l 
ratio of 5/Pd(PPh3)4. The yields, melting points, and 
analytical data for 6 are listed in Table I, and pertinent 
spectral data are given in Table 11. The structure of the 
product was determined from analytical and spectral data. 
A single-crystal X-ray determination of 6, R = p-CH3C6H4, 
R' = H, was also made.20i21 


Consistent with the presence of a b-lactam ring in 6 was 
the appearance of a carbonyl stretching band at  1763-1783 
cm-' (CHC13) in the infrared spectrum. In the proton 
magnetic resonance spectra of 6, R = aryl, R' = H, the two 
methylene groups displayed different magnetic properties, 
with the occurrence of a singlet (6 3.53-3.59) for the pro- 
tons of the four-membered ring and two doublets (6 
3.92-4.00, 6 4.98-5.30, J = 16 Hz) for the methylene pro- 
tons of the five-membered ring. The methylene carbons 
of 6, R = aryl, R' = H, occurred at  6 53.23-56.09 in the 
carbon magnetic resonance spectra, and the carbon at the 
ring juncture appeared a't 6 92.64-92.91. The signal a t  6 
169.75-170.50 was assigned to the carbonyl carbon by 
comparison with shifts for the analogous carbon in related 
penam systems.22 The unsaturated carbon of the imida- 
zoline ring gave a signal a t  6 178.66179.37. All of the mass 
spectra displayed a molecular ion peak, the primary 
fragmentation of which was the extrusion of carbon 
monoxide. 


The effect of added ligands, polar solvents, and hydrogen 
on the carbonylation reaction always resulted in reduced 


(21) Details of the X-ray analysis will be published separately by F. 


(22) Bose, A. K.; Srinivasan, P. R. Org. Magn. Reson. 1979, 12, 34. 
R. Ahmed. 
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Table 111. Yields and Pertinent Spectral Data for 1 5  
IR, (I cm-’  


‘H NMR, 6 
MS, 
m/e 


p-CH,C,H,, H 83 2285 3400 1735 2.28 (s, 3 H, CH,), 3.63 (s, 3 H, COOCH,), 4.92,  191 
5.57 (s  each, 2 H, CH,=), 6.6 (s(br), 1 H, NH), 
7.12, 7.30 ( d  each, 4 H, J = 9 Hz, aromatic 
protons) 


CH,=), 6.8(s(br),  1 H,NH), 7.10-7.60(m, 
5 H, aromatic protons) 


CH,=), 6.50 (s(br), 1 H, NH), 7.25-7.55 
(m, 4 H, aromatic protons) 


CH,=), 6.60 (s(br), 1 H, NH), 7.23, 7.43 ( d  each, 
4 H, J = 9 Hz, aromatic protons) 


5.99 (9, 1 H, CH=), 7.27 (s, 5 H, C,H,) 


NMR of 14, R = Ph, R’ = CH,: 1.67 (d,  3 H, J =  8 Hz, 
CH,), 5.63 (9, 1 H, CH=), 7.33 (s, 5 H, C,H,). These data are in excellent accord with those reported for the same com- 
pound (Le., the E isomer) synthesized by an independent route (ref 24). 


Ph, H 77 2260 3415 1740 3.65 (s, 3 H, COOCH,), 4.97, 5.63 (s each, 2 H, 177 


p-CIC,H,, H 99 3400 1735 3.69 (s, 3 H, COOCH,), 4.95,  5.55 (s each, 2 H, 


p-BrC,H,, H 96 2270 3397 1735 3.68 (s, 3 H, COOCH,), 4.94, 5.53 (s each, 2 H, 256 


Ph, CH, 98 226OC 3400 1728 1.68 (d, 3 H, J =  8 Hz, CH,), 3.65 (s, 3 H, COOCH,), 


CHC1, solution. CDCl, with Me,Si as internal standard. 


yields of the p-lactam, with the recovery of increased 
amounts of 5. For example, the carbonylation of 2- 
phenylazirine (5, R = Ph, R’ = H) by Pd(PPh,), and 
2,2’-bipyridyl(1:1 ratio of the catalyst and 2,2’-bipyridyl) 
in benzene gave 6 in 29% yield. The latter was formed 
in only 16% yield when the Pd(PPh3)4-catalyzed carbo- 
nylation of 5 (R = Ph, R’ = H) was run in the dipolar 
aprotic solvent, NJV-dimethylacetamide. Treatment of 
the same azirine with synthesis gas (1:l CO/H2) and the 
palladium catalyst in benzene afforded 6 in 25% yield. It 
is also worth noting that the nickel [Ni(PPh,),] and 
platinum [Pt(PPh,),] analogues of Pd(PPh3), were inef- 
fective as catalysts for the azirine carbonylation reaction. 


In a preliminary communication20 we proposed, as a 
working hypothesis, a mechanism for the Pd(PPh3), cat- 
alyzed carbonylation reaction which involved ring opening 
of the azirine (e.g., 5, R = Ph, R’ = H) by the in situ 
generated Pd(PPh3),C0 (7) to give 8 (Scheme I). Inter- 
molecular reaction of 8 with additional reactant and sub- 
sequent ring closure and decomplexation of 9 would afford 
the diazabicyclohexene 10. Conversion of 10 to 6 may then 
occur by oxidative addition (to ll), ligand migration (12), 
and reductive elimination. If 10 were an intermediate, then 
one would expect the palladium catalyst to promote the 
carbonylation of an aziridine to a p-lactam. However, no 
reaction occurred when N-n-butyl-2-phenylaziridine ex- 
posed to carbon monoxide and Pd(PPh,),. In addition, 
the photodimer ( 13)23 of 2-phenylazirine is an isomer of 


Ph 
I Y h  


1 3  
10, and it also failed to undergo carbonylation under 
conditions identical with those described for 5, R = Ph, 
R’ = H. These results provide evidence against the in- 
termediacy of 10 in the carbonylation reaction. 


The influence of different ligands attached to zerovalent 
palladium was also examined in order to gain some insight 
into the pathway for the carbonylation reaction. Re- 
placement of two triphenylphosphine ligands of Pd(PPh,), 
by a dimethyl acetylenedicarboxylate ligand (i.e., Pd- 
(PPh3),(COOCH3CrCC00CH3)) resulted in p-lactam 


(23) Padwa, A.; Dharan, M.; Smolanoff, J.; Wetmore, Jr., S. I. J. Am. 
Chem. SOC. 1973,95, 1954. 
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formation from 2-phenylazirine, but in somewhat lower 
yield than in the case of Pd(PPh,),. The use of a bidentate 
donor ligand such as 1,2-bis(diphenylphosphine)ethane 
(Le., Pd(diphod2) instead of triphenylphosphine resulted 
in the complete inhibition of the reaction. Much more 
interesting were the results obtained with the catalyst 
Pd(dba)2 (dba = dibenzylideneacetone), which contains 
an acceptor bidentate ligand. This metal-catalyzed azirine 
carbonylation reaction proved to be an exceedingly clean 
one leading to vinyl isocyanates (14) in high yields. 


i 
5 


14 


R ’  RxNHc00CH3 H 


15 
Product characterization was made either on the vinyl 
isocyanate itself or on the carbamate ester (151, formed 
by simple addition of methanol to 14. The yields (77-99%) 
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In conclusion, Pd(PPh& and Pd(dba)2 are highly se- 
lective catalysts for the novel synthesis of @-lactams and 
vinyl isocyanates, respectively. These two classes of com- 
pounds are of considerable importance in medicinal (8- 
lactams) and polymer (vinyl isocyanates) chemistry. Other 
features of these reactions include the use of mild condi- 
tions and the simplicity in the workup of the reactions. 
The remarkable ligand effects observed in this investiga- 
tion are rather unusual in homogeneous catalysis. 


Experimental Section 
General Data. Melting point determinations were made by 


using a Fisher-Johns apparatus and are uncorrected. Infrared 
spectra were obtained by use of a Unicam SP-1100 spectrometer 
equipped with a calibration standard. Mass spectra were de- 
termined on an AEX MS902 spectrometer. Varian T60 and HA100 
spectrometers were used for proton magnetic resonance deter- 
minations, and carbon magnetic resonance spectra were recorded 
in the fully and partially decoupled modes with a Varian FT-80 
spectrometer. Elemental analyses were carried out by Canadian 
Microanalytical Service, Vancouver, Canada. 


The azirines were synthesized following literature proce- 
dures.%* N-n-Butyl-2-phenylaziridine prepared by first treating 
styrene oxide with n-butylaminen and then reacting the resultant 
8-butylamino-a-phenethyl alcohol with chlorosulfonic acid fol- 
lowed by potassium hydroxide.2s Irradiation of 2-phenylazirine 
in benzene afforded 4,5-diphenyl-l,3-diazabicyclo[ 3.1.01 hex-3-ene 
( 13hZ3 
Tetrakis(triphenylphosphine)paJladium(O) was either purchased 


from Aldrich Chemical Co. or synthesized following the procedure 
of Coulson.29 Tetrakis(triphenylphosphine)nickel(O) and tetra- 
kis(triphenylphosphine)platinum(O) were obtained from Strem 
Chemicals, Inc. Literature methods were used to prepare (di- 
methyl acetylenedicarboxylate) bis(triphenylphosphine)palladiumm 
and bis(dibenzylidenea~etone)paUadium(O).~~ Dr. T. Izumi kindly 
donated Pd(diphos)*. Solvents were purified and dried by 
standard methods. 


General Procedure for the Pd(PPh3),-Cata1yzed Carbo- 
nylation of Azirines. A slow stream of carbon monoxide was 
bubbled through a benzene (50 mL) solution of the azirine (10 
mmol) and Pd(PPh3)4 (1.0 mmol) at  40 "C and atmospheric 
pressure. The reaction was followed by thin-layer chromatog- 
raphy, and when complete (usually overnight), the reaction 
mixture was concentrated by using a rotary evaporator. The pure 
8-lactam (6) was obtained by column chromatography (silica gel) 
using benzene-chloroform or ether-hexane as the eluant. The 
yields and analytical data for 6 are given in Table I. 


Attempted Carbonylation of 2-Phenylazirine (5, R = Ph, 
R' = H) Catalyzed by Ni(PPh3), or Pt(PPh3)& Substitution 
of Ni(PPhd4 or Pt(PPhd4 for Pd(PPh& in the previous procedure 
did not result in @-lactam formation, even after a reaction time 
of 5 days. 


Carbonylation of 2-Phenylazirine Catalyzed by Pd(PPh3), 
and 2,2'-Bipyridyl. To a mixture of 0.254 g (0.220 mmol) of 
Pd(PPh3)4 and 0.037 g (0.24 mmol) of 2,2'-bipyridyl in benzene 
(50 mL) was added 5, R = Ph, R' = H (0.263 g, 2.25 mmol). The 
reaction mixture was stirred overnight at  40 "C under a carbon 
monoxide atmosphere. Removal of benzene (rotary evaporation) 
gave an oil which was chromatographed on silica gel. Elution with 
ether-hexane (1:4) gave 0.0866 g (29%) of 6, R = Ph, R' = H. 


Carbonylation of 2-Phenylazirine Catalyzed by Pd(PPh3), 
in NJV-Dimethylacetamide. The general procedure was applied 
to the Pd(PPh3)4 (0.21 mmol) catalyzed carbonylation of 5, R = 
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and spectral data for the carbamate esters are given in 
Table III. Not only are the yields of 14 and 15 consistently 
higher with Pd(dba)2 than with the chlorodicarbonyl- 
rhodium(1) dimerlg but the reaction is catalytic in palla- 
dium(O), while a serious disadvantage of the rhodium re- 
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ture of the palladium-catalyzed reaction is its regiospe- 
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carbamate ester 15 (R = Ph, R' = CH3) on reaction of the 
isocyanate with methanol. No 2 isomer of 14 or 15 was 
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is the complete selectivity exhibited by the palladium 
catalysts. While Pd(PPh3)4 catalyzes the conversion of 
azirines to ,&lactams (6) with no vinyl isocyanate (14) 
product being detected, compound 14 is the only product 
obtained when Pd(dba)2 is used as the catalyst. 


How can one rationalize the formation of P-lactams and 
vinyl isocyanates in these reactions? It  is conceivable that 
both products arise via a common intermediate (Scheme 
11; illustrated for 5, R = Ph, R' = H). Structure 16 is a 
contributor to the resonance hybrid of 8. Intramolecular 
cyclization of 16 would afford 17. Decomplexation of the 
palladocycle can occur in one of two ways. For L2 = dba, 
elimination of Pd(dba)CO occurs in the presence of carbon 
monoxide to give the vinyl isocyanate (14). Reaction of 
the palladium species with azirine will regenerate 8. For 
L = PPhB, reductive elimination takes place to give the 
azetinone 18 and Pd(PPh3)&0, the latter again forming 
8 on treatment with additional azirine (5). Nucleophilic 
addition of 8 to 18 would afford 19 which on ring closure 
and elimination of Pd(PPh3),C0 would give the 8-lactam 
(6). 


(24) Tanaka, C.; Kurauchi, T.; Niehida, M. Yakugaku Zasshi 1976,%, 
962. 


(25) Hortmann, A. G.; Robertson, D. A.; Gillard, B. K. J. Org. Chem. 
1972. 37. 322. 


I - - , .- 


(26) Hassner, A.; Fowler, F. W. J.  Am. Chem. S O ~ .  1968, 90, 2869. 
(27) Emerson, W. S. J. Am. Chem. SOC. 1945, 67, 516. 
(28) Wells, J. N.; Shirodkar, A. V.; Knevel, A. M. J. Med. Chem. 1966, 


9, 195. 
(29) Codon, D. R. Inorg. Synth. 1972, 13, 121. 
(30) Greaves, E. 0.; Lock, C. J. L.; Maitlis, P. M. Can. J. Chem. 1968, 


46, 3879. 


Commun. 1970, 1065. 
(31) Takahashi, Y.; Ito, T.; Sakai, S.; Ishii, Y. J .  Chem. Soc., Chem. 







74 Organometallics 1982, 1, 74-81 


Ph, R’ = H (2.18 mmol) in Nfl-dimethylacetamide (50 mL) 
instead of benzene. Workup gave 6, R = Ph, R’ = H, in 16% yield. 


Reaction of 2-Phenylazirine with 1:l CO/& Catalyzed by 
Pd(PPhs),. A 1:l carbon monoxide-hydrogen gas mixture was 
bubbled through a benzene (50 mL) solution containing 5, R = 
Ph, R’ = H (0.531 g, 4.54 mmol), and Pd(PPh3I4 (0.58 mmol). 
Workup in the usual manner (silica gel chromatography) gave 


diphenylpyrimidine. 
Reaction of N-m -Butyl-2-phenylaziridine with CO and 


Pd(PPh3)@ The heterocycle (0.602 g, 3.44 mmol) and Pd(PPh,), 
(0.403 g, 0.349 mmol) in benzene (50 mL) were stirred under an 
atmosphere of carbon monoxide at 40 “C for 2 days. Workup gave 
recovered starting material. 


Reaction of 4,6-Diphenyl-l,3-diazabicyclo[3.1.O]hex-3-ene 
(13) with CO and Pd(PPhs),. Starting material was recovered 
when a mixture of 4,5-diphenyl-l,3-diazabicyclo[3.l.0]hex-3-ene 
(0.207 g, 0.884 mmol) and Pd(PPh3)4 (0.117 g, 0.102 mmol) in 
benzene (50 mL) was exposed to carbon monoxide for 2 days at 
40 OC. 


(Dimethyl acetylenedicarboxylate)bis(triphenyl- 
ph0sphine)palladium-Catalyzed Carbonylation of 2- 
Phenylazirine (5, R = Ph, R’ = H). A benzene (50 mL) solution 
of 5, R = Ph, R’ = H (0.510 g, 4.36 mmol), and the palladium 
catalyst (0.337 g, 0.436 m o l )  was stirred overnight at 40 O C  under 
a CO atmosphere. Workup gave 0.20 g (35%) of 6, R = Ph, R’ 
= H. 


General Procedure for the Pd(dba)2-Catalyzed Carbony- 
lation of Azirines. This reaction was effected in a manner 
identical with that described for the Pd(PPh3)4 reaction, except 


0.15 g (25%) of 6, R = Ph, R‘ = H, and 0.024 g (4.5%) of 4,5- 


for the change in catalyst. The vinyl isocyanate (14) can be 
isolated by distillati~n’~ of the oil obtained after rotary evapo- 
ration. The following procedure was used to obtain pure car- 
bamate ester (15): hexane (20-80 mL) was added to the oil, and 
the solution was fiitered. Excess (10-20 mL) methanol was added 
to the filtrate, and the solution was stirred at room temperature 
for approximately 2 h. After removal of hexane-methanol (rotary 
evaporation), the residue was chromatographed on silica gel. The 
product yields are listed in Table 111. 
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Aryl-, alkenyl-, and alkylmercuriais undergo carbon-carbon bond formation with primary and secondary 
alkyl- and alkenylcuprate reagents to give fair to excellent yields of cross-coupled products. The reaction 
tolerates certain functional groups and proceeds stereospecifically with retention. Mixed diorganocuprates 
appear to be intermediates in these reactions as evidenced by their ability to add 1,4 to cr,P-unsaturated 
ketones. 


Cross-coupling reactions of organometallic reagenta have 
become an increasingly important tool in the formation 
of carbon-carbon bonds. Attention has recently focused 
on the development of mild, new chemo-, regie, and ste- 
reoselective organometallic reagents for application in 
organic synthesis. The ability of organomercurials to ac- 
commodate essentially all important organic functional 
groups and the ease with which they undergo a variety of 
mild carbon-carbon bond forming reactions make orga- 
nomercurials increasingly attractive as synthetic inter- 
mediates in organic synthesis. Of late, a variety of syn- 
thetically interesting reactions of these compounds have 
been reported.’ 


Unfortunately, the direct alkylation of organomercurials 
is not easily effected. In general, organomercurials are inert 
toward alkyl halides. Only under forcing  condition^^-^ or 
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in the presence of aluminum bromide6 can low to modest 
yields of cross-coupled products be obtained. We have 
recently observed that organorhodium(II1) compounds can 
be employed to effect cross-coupling of alkenyl-, alkynyl-, 
and arylmercurials and that the reaction can even be 
carried out by using only catalytic amounts of rhodium (eq 
l)? However, the catalyst turnover is generally quite low. 


CMh(PPh& RHgCl 
CH3I CH3RhI2(PPh3)2 - R-CH, (1) 


Bergbreiter and Whitesides have reported that the reaction 
of primary and secondary alkylmercurials, iodo(tri-n-bu- 
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ration. The following procedure was used to obtain pure car- 
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Table I. Methylation of Phenylmercuric Chloridea 
reaction % yield of 


entry met h ylcopper re agent added reagents procedure quenching agent tolueneC 
1 LiCuMe, ... A 0, 45 
2 B 48 


4 NiCl, 60 
5 FeClZd 59 
6 CuMe ... 6 
7 Li,CuMe, ... A 60 
8 ... B 66 
9 LiCuMe, ... Me1 34 
10 ... A 55 
11 ... MeI, 0, 76 
12 Li,CuMe, ... MeI, 0, 92 
13 ... 65= 


52 
51 


16 SMe, A MeI, 0, 81 
17 Li,CuMe ,.SMe, SMe, 92 


68 
53 


20 LiCu( CN)Me ... 31 


22 LiCu( C=CCMe,OMe)Me f ... 18 
23 LiCu( O-t-Bu)Mef ... A MeI, 0, 28 


3 Pia, ;  57 


14 LiCuMe, SSMe, SMe, A 0, 
15 SMe, B 


18 LiCuMe,.PBu, ... B 0, 
19 LiCuMe,.HMPA ... 
21 LiCu( SPh)Mef ... 11 


* Reactions were carried out by adding 0.5 mmol of 1 to 2.5 mmol of methylcopper reagent dissolved in 10 mL of diethyl 
ether unless otherwise noted, followed by quenching with methyl iodide and/or oxygen and finally aqueous ammonium 
chloride. Procedure A: reaction maintained at -78 "C for 1 h, warmed to 0 "C for 1 h, and then quenched. B: 
for 1 h before quenching. 0.025-0.05 
mmol. e 1.0 mmol of Li,CuMe,. f Reaction run in THF solvent. 


-78 "C 
Yields were determined by gas chromatography using an internal standard. 


tylphosphine)copper(I), and tert-butyllithium gives an 
intermediate of unknown composition that may either be 
alkylated with methyl iodide or oxidatively coupled with 
nitrobenzene (eq 2L8 It was concluded that the inter- 


7- R-CH3 


R-C(CH,), 


mediate is a ternary ate complex containing all three 
metals and not a simple organocuprate reagent, since 
conjugate addition to mesityl oxide could not be effected. 
Unfortunately, arylmercurials could not be cross-coupled 
with alkyl halides. Alkenylmercurials were not examined. 
With the recent report that  organomercurials undergo a 
number of radical anion chain reactionsg and the prop- 
ensity of organocopper reagents to undergo similar reac- 
tions,1° we decided to reinvestigate the reactions of orga- 
nomercurials and organocopper reagents as a potentially 
valuable new way to alkylate organomercurials. At this 
time we wish to report that this reaction is quite general 
in scope, gives fair to excellent yields of cross-coupled 
products, and takes advantage of the ability of both copper 
and mercury organometallics to accommodate a variety of 
organic functionality. 


Results and Discussion 
Alkylation of Arylmercurials. While arylmercurials 


could not be alkylated by alkyl halides with use of 
Whitesides' procedure? we have obtained our best yields 
of cross-coupled products by using these organomercurials. 
Initially, we chose the reaction of phenylmercuric chloride 


(1) and methylcopper reagents as a model system on which 
to study the effect on the yield of toluene of each of the 
following reaction variables: oxidizing agents, solvent, 
temperature, transition-metal salts, methylcopper stoi- 
chiometry, methyl iodide addition, ligands, and the use of 
heterocuprate reagents. The results are summarized in 
Table I. 


The oxidation of organocopper-organic halide cross- 
coupling reactions prior to hydrolysis has been shown to 
significantly increase the yield of cross-coupled product."J2 
The effect of different oxidizing agents was therefore ex- 
amined on the reaction of 1 and lithium dimethylcuprate 
(2) (5 equiv). Compound 1 was added to 2 a t  -78 "C and 
maintained a t  that temperature for 1 h, before warming 
to 0 "C (1 h) and either flushing with pure oxygen or 
adding excess nitrobenzene. Both oxidation procedures 
gave essentially the same result, a 45% yield of toluene 
and small amounts of biphenyl (<5%). All subsequent 
work was carried out by using oxygen due to its conven- 
ience. 


Both diethyl ether and tetrahydrofuran (THF) have 
been examined as pwsible solvents for these cross-coupling 
reactions. The reaction of 1 and 2 (5 equiv) was carried 
out at  -78 OC for 1 h in ether and THF and quenched with 
oxygen and aqueous ammonium chloride. Yields of 48% 
and 43 % , respectively, were obtained. Since little dif- 
ference was observed, all subsequent methylcopper reac- 
tions with 1 were run in ether, except the heterocuprate 
reactions where literature procedures employing THF were 
utilized. However, it was observed in later work that n- 
butyl- and vinylcopper reactions generally give higher 
yields in THF. 


The temperature range in which these reactions can be 
run is limited by the stability of the organocopper reagent 
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(11) Whitesides, G. M.; San Filippo, J., Jr.; Casey, C. P.; Panek, E. J. (8) Berabreiter, D. E.: Whitesidea, G. M. J. Am. Chem. SOC. 1974,96, 
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employed. Methylcopper reagents appear stable even at  
room temperature, while vinylcopper species are unstable 
above 0 OC. n-Butylcopper reactions were best run a t  -78 
"C. With 2, essentially identical results were obtained from 
reactions run either a t  -78 OC for 1 h and then quenched 
(48% yield) or a t  -78 OC for 1 h followed by warming to 
0 "C for 1 h and then quenching (45%) (entries 1 and 2, 
Table I). 


In a further effort to increase the yield of cross-coupled 
product, the effect of several transition-metal salts was 
investigated. It has been shown that iron(I1) chloride and 
nickel(I1) bromide catalyze the coupling of 2 with iodo- 
benzene.12 We, therefore, added 5-10% of iron(I1) chlo- 
ride, nickel(I1) chloride, and palladium(I1) chloride to the 
reaction of 1 and 2. While the yield of toluene increased 
after oxidation from 48% in the absence of salts to 5740% 
in their presence (entries 3-3, the salts produced no 
substantial increase in yield without oxidation. 


Ashby has reported that by using appropriate ratios of 
methyl lithium and copper(1) iodide, organocuprates of the 
composition L ~ C U ~ ( C H ~ ) ~  and Li2Cu(CH3)3 may be pre- 
pared.13 The reactivity of these reagents has been studied, 
and L ~ , C U ( C H ~ ) ~  has been found to be superior to 2 in 
coupling reactions with organic halides.14J5 We have also 
examined the effect of a variety of different methylcopper 
reagents on the yield of cross-coupling product from 1 
(entries 6-8). Methylcopper proved totally ineffective 
(6%), but Li2Cu(CH3)3 (3) gave increased yields (6048%) 
and appears to be the reagent of choice. 


Corey and Posner16 and Whitesides et al.12 have reported 
that in the coupling reactions between an alkyl halide RX 
and an organocuprate reagent R'&uLi, addition of R'X 
often substantially increases the yield of cross-coupled 
product. It has been postulated that this is due to met- 
al-halogen exchange. We have observed the same effect 
in the methylation of 1 (entries 9-12). Reacting 1 and 3 
(5 equiv) for 1 h at  -78 "C, warming to 0 O C  for 1 h, adding 
excess methyl iodide and stirring for 30 min, flushing with 
oxygen, and finally quenching with aqueous ammonium 
chloride solution, we were able to obtain a 92% yield of 
toluene. Decreasing the amount of 3 from 5 to 2 equiv 
resulted in only a 65% yield. The addition of the corre- 
sponding alkyl iodide has not always improved the yield, 
however. In some instances to be discussed later, addition 
of alkyl halides lowered the yield of cross-coupling product. 


While an excellent yield of cross-coupled product can 
be obtained by using a large excess of the methylcopper 
reagent, we have examined several methods by which we 
hoped to be able to employ smaller amounts of methyl 
lithium. Ligands often have a profound effect on orga- 
nocopper reactions. House has recommended the use of 
organocopper reagents generated in the presence of excess 
dimethyl sulfide." We have examined the effect of this 
ligand on the methylation of 1 (entries 14-17, Table I). 
Dimethyl sulfide does appear to slightly increase the yield 
of toluene in some cases. However, in later studies to be 
described, it has also proved detrimental. No clear con- 
clusions can be drawn a t  this time as to the advantages 
or disadvantages of this ligand. Trialkylphosphines have 
also been employed as ligands in organocopper reactions.12 
While the dimethylcuprate reagent derived from iodo- 


Larock and Leach 


(13) Ashby, E. C.; Watkins, J. J. J. Am. Chem. SOC. 1977, 99, 
5312-5317. 


(14) Ashby, E. C.; Lin, J. J.; Watkins, J. J. J. Org. Chem. 1977, 42, 
1099-1102. 


(15) Ashby, E. C.; Lin, J. J. J. Org. Chem. 1977, 42, 2806-2808. 
(16) Corey, E. J.; Posner, G. H. J. Am. Chem. Soc. 1968,90,5615-5616. 
(17) House, H. 0.; Chu, C.-Y.; Wilkins, J. M.; Umen, M. J. J. Org. 


Chem. 1975,40, 1460-1469. 


Table 11. Methylation of Arylmercurials' 
entry arylmercurial product % yield 


65 


82 


75 


86 


7 


0 


30 


19 


0 


For reaction conditions see entry 12, Table I. Yields 
were determined by gas chromatography using an internal 
standard. 


(tri-n-butylphosphine)copper(I) and 2 equiv of methyl 
lithium gave an improved yield of toluene (68%) (entry 
18), this procedure is not very attractive due to the dif- 
ficulties presented by the phosphine upon workup. Hex- 
amethylphosphoramide (HMPA) proved less effective 
(53%) (entry 19). 


On occasions heterocuprate reagents have been em- 
ployed to make more effective use of the organic groups 
attached to copper. Unfortunately, none of the mixed 
organocuprate reagents investigated by us, lithium me- 
thylcyanocuprate (31 % ), lithium methyl(thiophenoxy)- 
cuprate (11 %), lithium methyl(3-methyl-3-methoxy-1-bu- 
tyny1)cuprate (18%), or lithium methyl-tert-butoxycuprate 
(28%) gave yields as high as 2 (entries 20-23, Table I). 


With use of the optimum conditions for 1 as determined 
above, the scope of the methylation of arylmercurials was 
examined on a variety of other arylmercuric chlorides (eq 
3). The results are summarized in Table 11. Aryl- 


XsMeI 0 2  NH4Cl 
ArHgCl + 5Li2CuMe3 - - - Ar-CH, 


(3) 


mercurials bearing electron-donating and -withdrawing 
groups gave good yields (entries 1 and 2), as did sterically 
demanding mesitylmercuric chloride (entry 3). The al- 
dehyde group present in m-chloromercuribenzaldehyde 
proved too reactive, however, and only the product of 
methyl addition to the aldehyde could be obtained, even 
when the temperature was maintained a t  -78 "C 
throughout. o-Chloromercuriphenol gave only a very low 
yield of o-cresol, and (m-nitropheny1)mercuric chloride, not 
surprisingly, failed to give any cross-coupling product. As 
noted earlier, nitroaromatics readily oxidize organocopper 
reagents. To our disappointment, 2-chloromercurifuran 
and 2-chloromercurithiophene gave only low yields. I t  is 
not obvious why this should be so. Finally, no 3- 
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Table 111. Alkylation of Phenylmercuric Chloridea 
reaction 


entry organocuprate reagent solvent procedure product % yieldC 
1 LiCu( n-C,H,), Et,O B n-C,H,C,H, 18 
2 THF 42 - 
3 
4 LiCu( n-C,H,),.SMe, Et,O 
5 A 
6 
7 
8 
9 


10 
11 
12  
13 
14 
15  
16  
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 


Li,Cu( n-C,H,), 


Li,Cu( n-C,H,),.SMe, 


L~,CU(S-C,H,),.PBU, 
LiCu(CH=CH,), 


LiCu( CH=CH,),.SMe, 
Li,Cu( CH=CH,), 


Li,Cu(CH=CH,),.SMe, 


21d 
30 
19 


THF B 37 
l l d  
40 
15d 
13d 


A 
B 


A 
Et,O 
THF 


B 
Et,O 


THF 
A 


B 


A 
Et,O 


s-C,H,C,H, 


H,C= CHC,H, 


18 
35 
25 
30 
24 
12 
25 


5 
28 
52 
14 
54 
59 
10 
51 
56 


a Reactions were carried out by adding 0.5 mmol of 1 t o  2.5 mmol of organocopper reagent dissolved in 10 mL of solvent. 
Procedure A: reaction maintained at 


Yields were determined 
All reactions were quenched with oxygen and finally aqueous ammonium chloride. 
-78 "C for 1 h, warmed to 0 "C for 1 h, and then quenched B: -78 "C for 1 h before quenching. 
by gas chromatography using an internal standard. Reaction was quenched with excess n-butyl iodide prior to oxygen. 


methylpyridine was observed from the reaction of 3 and 
3-chloromercuripyridine. It is not clear if this is simply 
due to methylation of the anticipated product by methyl 
iodide or a failure of the organomercurial to react. 


It is worth noting that diphenylmercury also reacts with 
2 to give toluene in modest yield (based on both phenyl 
groups) (eq 4). Presumably under our optimal conditions, 
much higher yields could be obtained if so desired. 


(&-lg + 5LiCuMe2 O* 2@. - (4) 


40% 


The scope of the reaction with 1 has also been examined 
by using several other organocuprate reagents (Table 111). 
Organocopper reagents derived from n-butyllithium give 
greatly reduced yields of cross-coupled product no matter 
what stoichiometry, solvent, or reaction procedure was 
used. As a solvent, THF appears to give better results than 
ether (compare entries 1 and 2 and 4 and 6). Maintaining 
the reaction a t  -78 "C (procedure B) also seems to promote 
better cross-coupling (entries 4 and 5). The stoichiometry 
of the organocopper reagent or its complexation with di- 
methyl sulfide seemed to have little effect (entries 2,6, and 
8). Quite surprising was the observation that quenching 
with n-butyl iodide sharply reduced the yield of n-butyl- 
benzene, contrary to what was observed in the cross-cou- 
pling of 1 and methylcopper compounds. secButylcopper 
reagents gave still lower yields of cross-coupled product. 
Again, the reagent itaelf does not seem terribly important. 
Best results are observed in T H F  a t  low temperatures. 
Using vinylcopper reagents, one can obtain significantly 
better yields than with either of the butylcopper reagents. 
Contrary to previous results, ether gives better yields than 
T H F  and warming the reaction up to 0 "C prior to 
quenching (procedure A) is also generally beneficial. 
Unfortunately, from these reactions no clear picture 
emerges as to exactly what procedure is prefenable. One 


must examine each system individually. 
Alkylation of Alkenylmercurials. Alkenylmercurials 


can also be alkylated by using these cross-coupling reac- 
tions (Table IV). Yields of 4446% have been obtained. 
In the reaction of trans-1-hexenylmercuric chloride and 
methylcopper reagents, quenching with methyl iodide 
lowered the yield of methyl olefin, quite the opposite from 
what is observed with arylmercurials. Especially note- 
worthy is the fact that n-butyl and vinyl groups can be 
introduced in good yield. In the methylation of (trans- 
3,3-dimethyl-l-butenyl)mercuric chloride, substantial 
amounts of the corresponding symmetrical diene were also 
obse~ed (eq 5). The stereospecificity of the cross-coupling 


reaction has been examined on both cis- and trans-l- 
hexenylmercuric chloride (entries 1 and 9). Each alke- 
nylmercurial was observed to give 99% retention of con- 
figuration upon methylation, as determined by comparison 
of gas chromatographic retention times of authentic sam- 
ples of cis- and trans-2-heptene. 


Alkylation of Alkylmercurials. Unlike our earlier 
work on the rhodium-promoted alkylation of organo- 
mercurials, using organocopper reactions we are able to 
effect the alkylation of alkylmercurials. Some examples 
are included in Table V. Primary alkylmercurials react 
to give fair yields of alkylated product, while secondary 
alkylmercurials give significantly lower yields. The ability 
to alkylate organomercurials prepared via oxymercuration 
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of alkenes provides a novel method for the overall hy- 
droxyalkylation of olefins (eq 6). Unfortunately, 13-hy- 


Larock and Leach 


OH 


n-C4H5CH=CHz - n-C,H,bHCH,HgCI - n-C4H9bHCHzCH, ( 6 )  


droxymercurials derived from internal olefins give only 
very low yields upon organocopper cross-coupling. When 
the reaction is carried out a t  -78 OC, retention of the or- 
ganomercurial stereochemistry is observed (eq 7). We were 
unable to observe any methylation product from the re- 
action of (trans-2-methoxycyclohexyl)mercuric chloride. 
Whitesides obtained similar results using his approach.8 


(J - (yCI - (7) 


95:5 trans/cis 


Mechanism. The mechanism of these cross-coupling 
reactions seems best represented by Scheme I, the im- 
portant feature of which is the formation of a mixed di- 
organocopper intermediate LiCuRR’ which can either 
oxidatively or thermally cross-couple to give the observed 
products. The following observations are consistent with 


Scheme I 
RHgCl + LiCuR’2 - RHgR’ + CUR’-+ LiCl 


RHgR’ + CUR’ + LiCl - LiCuRR’ + R’HgCl 


RHgR’ + LiCuR’2 -+ LiCuRR’ + HgR’2 


LiCuRR’ - R-R’ 
LiCuRR’ + R’I - R-R’ 


this mechanism. Upon adding phenylmercuric chloride 
to a clear colorless solution of LiCuMea in ether, one ob- 
serves the immediate formation of a heavy yellow precip- 
itate presumed to be insoluble methylcopper. Within 
15-30 min, the precipitate disappears, presumably due to 
lithium methylphenylcopper formation. Addition of 
phenylmercuric chloride to a suspension of methylcopper 
followed by oxidation gives only small amounts of toluene. 
However, treatment of methylcopper with either di- 
phenylmercury or methylphenylmercury (prepared in situ 
from phenylmercuric chloride and methyl lithium) fol- 
lowed by oxidation afforded toluene in good yield. These 
observations support initial formation of a diorgano- 
mercury intermediate which eventually transfers its ori- 
ginal organic group to copper to form a mixed diorgano- 
copper species which would be expected to cross-couple 
as indicated. The high stereospecificity (>99%) of the 
alkenylmercurial methylation reactions (Table IV, entries 
1 and 9) seems to rule out any sort of radical anion chain 
mechanism for this cross-coupling. It should also be 
pointed out that our intermediates behave significantly 
different from the ternary complexes of lithium, copper, 
and mercury described by Bergbreiter and Whitesidesas 
Their intermediate fails to undergo conjugate addition to 
mesityl oxide while ours adds readily to 2-cyclohexenone 
(eq 8). They also report that arylmercurials do not 
cross-couple with alkyl halides under their conditions, 
while we observe a significant increase in the yield of al- 
kylbenzene upon addition of the corresponding alkyl iodide 
to our arylmercurial reactions. While the exact nature of 
either species is unknown, all observations in our own work 
are consistent with the formation of ‘simple” organocopper 
species and their subsequent thermal or oxidative cross- 
coupling. 


0 2  


36% 
42% 


Conclusions. A general method for carbon-carbon 
bond formation between organomercurials and organo- 
copper reagents has been discovered. Optimal conditions 
for the cross-coupling of a variety of aryl-, alkenyl-, and 
alkylmercurials with primary and secondary alkyl- and 
alkenylcuprate reagents have been examined. Lithium 
diorganocuprates and dilithium triorganocuprates give the 
best results with yields tending to decrease in the order 
methyl > vinyl > primary alkyl > secondary alkyl. With 
organomercurials, yields tend to decrease as follows: aryl 
> vinyl > primary alkyl > secondary alkyl. However, 
substantial deviations from this ordering have been ob- 
served as one varies reaction conditions. These reactions 
appear to proceed via mercury-copper transmetalation to 
generate a mixed diorganocopper species which then 
thermally or oxidatively eliminates the cross-coupled 
product. Consistent with this picture is the fact that an 
organic group originally attached to mercury can be readily 
added in a conjugate fashion to a,@unsaturated ketones, 
a reaction typical of an organocopper species. 


Experimental Section 
Equipment. The infrared and NMR spectra were recorded 


on a Beckman IR-4250 infrared spectrometer and either a Varian 
Associates HA-100 or Hitachi Perkin-Elmer R-20B NMR spec- 
trometer, respectively. Mass spectra were obtained on an AEI 
MS-902 high-resolution mass spectrometer, while the GC-mass 
spectra were recorded on a Finnegan 4023 GC-MS data system. 
A Varian 3700 gas chromatograph was used for all gas chroma- 
tographic analyses. Most analyses were performed by using a 6 
f t  X ‘/g in 5% SE-30 column, while isomer distributions were 
determined by using a 30-m SE-30 capillary column from J. W. 
Scientific. All GLC yields were determined by addition of a 
hydrocarbon intemal standard and use of appropriate correction 
factors determined from authentic samples. 


Reagents. All chemicals were used directly as obtained com- 
mercially unless otherwise indicated. THF and diethyl ether were 
distilled from calcium hydride under nitrogen. Copper(1) iodide 
was obtained from Alfa and purified by a literature procedure.’* 
Methyllithium, sec-butyllithium, n-butyllithium, and tert-bu- 
tyllithium were obtained from Alfa, while vinyllithium was 
purchased from Org-Met. Methyllithium was titrated by the 
method of Wataon and Eastham,lB while all other alkyllithium 
reagents were titrated with 2,5-dimethoxybenzyl alcohol.20 
Dimethyl sulfide was obtained from Aldrich and methyl iodide 
from Eastman. 


Phenylmercuric chloride and diphenylmercury were obtained 
from Aldrich. p-Anisylmercuric (m-(carbomethoxy)- 
pheny1)mercuric chloride,n (m-nitropheny1)mercuric chloride,n 
2-chloromercurithiophene,23 2-chloromercurifuran,5 3-chloro- 
merc~ripyridine,~~ (0-hydroxypheny1)mercuric chloride,25 3- 


(18) Kauffman, G B.; Teter, L. A. Inorg. Synth. 1963, 7, 9-12. 
(19) Wataon, S. C.; Eastman, J. F. J.  Organomet. Chem. 1967, 9, 


(20) Winkle, M. R.; Lansinger, J. M.; Ronald, R. C. J .  Chem. SOC., 


(21) Dimroth, 0. Chem. Ber. 1902, 35, 2853-2873. 
(22) Heck, R. F. J. Am. Chem. SOC. 1968, 90, 5518-5526. 
(23) Volhnrd, J. Justus Liebigs Ann. Chem. 1892,267, 172-185. 


165-168. 


Chem. Commun. 1980,81-88. 
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Table IV. Alkylation of Alkenylmercurialsa 


entry alkenylmercurial organocopper reagent vent procedure product % yieldC 
sol- reaction 


1 


2 
3 
4 
5 
6 


7 


8 


9 


10 


11 
12 


13 


14 


i5 


n-C4H9 H 


\c= l  LiCuMe,.SMe, 
d 'HgCI 


Li,CuMe, 


Li,CuMe,.SMe , 


Li,Cu( CH= CH,),.SMe , 


LiCuMe,.SMe, 
H H  


ICH3I3f /J 
/"% 


H HQCI 


Li,CuMe,.SMe, 


LiCuMe, 
/ \  


Y HgCl 


LiCuMe ,4Me , 


Li,CuMe,.SMe, 


Et,O A 


THF 
Et,O 


B 
THF A 


B 


Et,O A 


B 
A 


B 


A 


n-C4H9 


/ \  
H CH, 


c u  H 


H' 'n-C4H, 


/"= 
H CH, 


57,20d 


34 
41 
56, 26d 


36e 


44 


44,35d 


66 


62 


32f 


45 
278 


51 


59 


0 


Reactions were carried out by adding 0.5 mmol of organomercurial to 2.5 mmol of organocopper reagent dissolved in 10 
mL of solvent, followed by quenching with oxygen and finally aqueous ammonium chloride. 
maintained at -78 "C for 1 h, warmed to 0 "C for 1 h, and then quenched. B: 
were determined by gas chromatography using an internal standard. 
to oxygen. e 26% yield of trans, trans-5,7-dodecadiene also present. 
diene also present. g 62% vield of trans, trans-2,2,7,7-tetramethyloctadiene also present. 


Procedure A: reaction 
-78 "C for 1 h before quenching. 


Reaction quenched with excess methyl iodide prior 
55% yield of trans, trans-2,2,7,7-tetramethylocta- 


Yields 


chloromercuribenzaldehyde,22 and mesitylmercuric chloridea were 
all prepared according to literature procedures. 


The majority of the alkenylmercurials were prepared by pub- 
lished hydroboration-mercuration procedures.%Pn (E)-3-Acet- 
oxy-4-chloromercuri-3-hexene was prepared according to a lit- 
erature procedure.% 


(2)-1-Hexenylmercuric chloride was prepared from the corre- 
sponding organolithium compound which was obtained as follows. 
To 20 m o l  of dicyclohexylborane2s in 20 mL of THF was added 
at 0 O C  16 mmol of 1-iodo-1-hexyne. The solution was stirred 
at 0 O C  for 1.5 h, and 5 mL of glacial acetic acid was added. The 
reaction was then stirred at room temperature for 5 h, diluted 
with ether, washed with water and dilute HCl, and dried over 
anhydrous sodium sulfate. Removal of the solvent in vacuo and 
distillation afforded 2.05 g (61%) of (2)-1-iodo-1-hexene: bp 87-88 
O C  (45 torr); 'H NMR (CDCIS) 6 1.02 (3 H, t, J = 6 Hz, CH3), 
1.2-2.0 (4 H, m, CH2CH2), 2.0-2.5 (2 H, m, =CCH2), 6.1-6.45 (2 
H, m, CH=CH); IR (max) (thin film) 3060,2950,2920,2845,1605, 
1270 cm-l; high-resolution mass spectrum calcd for C6HllI m/e 


(24) Swaney, M. W.; Skeeters, M. J.; Schreve, R. N. Znd. Eng. Chem. 
1940,32,360-363. 


York, 1932; Coll. Vol. I, pp 161-162. 
(25) Whitmore, F. C.; Haneon, E. R. "Organic Syntheses"; Wiley: New 


(26) Larock, R. C.; Brown, H. C. J. Organomet. Chem. 1972,36,1-12. 
(27) Larock, R. C.; Gu~ta ,  S. K.: Brown, H. C. J. Am. Chem. SOC. 1972, . - -  


94, -4371-4373.. 


102, 1966-1974. 
(28) Larock, R. C.; Oertle, K.; Beatty, K. M. J. Am. Chem. SOC. 1980, 


209.9905, found m/e 209.9898. (2)-1-Iodo-1-hexene (6.0 mmol) 
was converted to the corresponding alkenyllithium compound 
upon treatment with 2 equiv of tert-butyllithium according to 
the procedure of Corey and Beames.% The solution of organo- 
lithium compound was decanted away from precipitated lithium 
iodide via canula into a -78 O C  solution of mercuric chloride (6.26 
mmol) in THF. The lithium iodide was washed once with -78 
O C  pentane, and this solution was also added to the THF solution 
which was then allowed to warm to room temperature and filtered 
through Celite. The solvent was removed in vacuo and the residue 
taken up in methylene chloride which was then washed with water 
and brine and dried over anhydrous sodium sulfate. Removal 
of the solvent and distillation (bp 110 O C  (0.05 torr), Kugelrohr) 
afforded 1.50 g (78%) of (2)-1-hexenylmercuric chloride: 'H NMR 
(CDC13) 6 0.8-1.1 (3 H, m, CHS), 1.15-2.0 (4 H, m, CH,CH,), 
2.05-2.45 (2 H, m, =CCH2), 5.95 (1 H, d, J = 9 Hz, CHHgCl), 
6.4-6.8 (1 H, m, 4 H ) .  Anal. Calcd for C6H11C1Hg: C, 22.58; 
H, 3.47. Found C, 22.41; H, 3.53. 


n-Hexylmercuric chloride and n-butylmercuric chloride were 
prepared from the corresponding alkenes via hydroboration- 
mercuration.g0 l-Chloromercuri-2-hexanol,31 trans-2-chloro- 
mercuricyclohexano1,a' and (trans-2-methoxycyclohexyl)mercuric 
chloride3, were prepared by solvomercuration of 1-hexene and 


(29) Corey, E. J.; Beam-, D. J. J. Am. Chem. SOC. 1972,94,7210-7211. 
(30) Larock, R. C.; Brown, H. C. J. Am. Chem. SOC. 1970, 92, 


(31) Traylor, T. G.; Baker, A. W. J. Am. Chem. Soc. 1963, 85, 
2467-2471. 


2746-2752. 







80 Organometallics, Vol. 1, No. 1, 1982 Larock and Leach 


Table V. Alkylation of Alkylmercurials" 
reaction alkyl 
proce- iodide 


entry alkylmercurial organocopper reagent dure quench product % yieldC 
1 n-C, H, HgCl Li,Cu( CH= CH,), A - n-C,H,CH=CH, 1 7  


5 2 B - 
3 
4 
5 n-C,H,,HgCl 
ti 
7 
8 


9 C ) t . i , C l  


10 


11 


12 
13 
14 


iJH 
n-C,H,CHCH2HgCI 


16 
17 


Li,Cu( CH= CH2),+3Me, 


Li ,CuMe, 
LiCu( n-C4H9), 
Li,Cu( n-C,H,), 


Li ,CuMe , 
Li,CuMe,.SMe , 
Li,CuMe, 


Li,CuMe ,.SMe , 


Li,CuMe, 


+ 
t 


28 
7 


62 
5 


49 
57 


39 


36 


51, lod 


4 
4 


33 


Li,CuMe,.SMe, + 95:5 translcis. 27 
8 A - 


18 t 43:57 translcis 31 


Li ,CuMe , 0 


20 Li ,CuMe ,4Me A t 0 
Reactions were carried out by adding 0.5 mmol of organomercurial to  2.5 mmol of organocopper reagent dissolved in 10 


mL of ether. Some reactions were quenched with an alkyl iodide corresponding to the organocopper reagent and then with 
oxygen and aqueous ammonium chloride. Procedure A: reaction maintained at -78 "C for 1 h, warmed to 0 "C for 1 h, 
and then quenched. B: -78 "C for 1 h before quenching. Yields were determned by gas chromatography using an inter- 
nal standaid. 


cyclohexene, respectively, and subsequent treatment with aqueous 
sodium chloride. 


Preparation of Authentic Samples of Reaction Products. 
Toluene, iodobenzene, styrene, n-butylbenzene, sec-butylbenzene, 
p-methylanisole, 2-methylfuran, 1,2,3&tetramethylbenzene, 
m-tolualdehyde, 1-(3-methylphenyl)ethanol, 0-cresol, 0-picoline, 
2-methylthiophene, 1-phenyl-1-propene, cis- and tmnsd-heptene, 
4,4-dimethyl-2-pentene, 1,8octadiene, trans-5-decene, 1-hexene, 
3-heptanol, and cis- and trans-2-methylcyclohexanol were all 
obtained from commercial sourcea. Methyl 3-methylbenzoate was 
synthesized via the Grignard reagent of m-bromotoluene and 
carbon dioxide and subsequent acid-catalyzed esterification in 
refluxing methanol. trans-2-Methylcyclohe~ol was synthesized 
via hydroboration-oxidation of l-methylcyclohexene.39 Identity 
of the reaction products was confimed in each case by comparison 
of GLC retention times with those of authentic samples and by 
gas chromatography-mass spectral analysis. 


Preparation of Organocopper Reagents. Lithium di- 
methylcuprate was prepared by the following procedure. Cop- 
per(1) iodide (480 mg, 2.5 mmol) was placed in a round-bottom 
flask with a gas inlet tube and septum inlet. Diethyl ether (7.0 
mL) was added and the suspension cooled to 0 "C. To this solution 
was added 3.15 mL (5.0 "01) of methyllithium in diethyl ether. 
The clear solution was stirred for 15 min at 0 OC. The dimethyl 
sulfide complex was prepared similarly except that copper(1) 
iodide was first dissolved in 1.0 mL of dimethyl sulfide before 
addition of ether. Dilithium trimethylcuprate was prepared 
similarly except that 3 equiv of methyllithium was employed. 


Lithium divinylcuprate was prepared as follows. Copper(1) 
iodide (480 mg, 2.5 mmol) was placed in a round-bottom flask 
as described above and dissolved in 1.0 mL of dimethyl sulfide. 
Diethyl ether (8.0 mL) was added, and the solution was cooled 
to -78 "C whereupon 2.15 mL (5.0 mmol) of vinyllithium in THF 


(32) Waters, W. L.; Traylor, T. G.; Factor, A. J. Org. Chem. 1973,38, 


(33) Brown, H. C.; Zweifel, G. J. Am. Chem. SOC. 1961,83, 254-2561, 


THF used as the solvent. 
- 


2306-2309. 


was added. The dark red solution was then stirred for 30 min 
at -78 OC. Dilithium trivinylcuprate was prepared by an analogous 
procedure. 


Lithium di-n-butylcuprate-dimethyl sulfide was prepared by 
the following procedure. Copper(1) iodide (480 mg, 2.5 mmol) 
was placed in a round-bottom flask as described above and dis- 
solved in 1.0 mL of dimethyl sulfide and 8.0 mL of THF. This 
solution was then cooled to -78 "C, and 2.12 mL (5.0 mmol) of 
n-butyl lithium in hexane was added. The resulting dark red 
solution was then stirred for 30 min at -78 OC before use. Di- 
lithium tri-n-butylcuprate-dimethyl sulfide, lithium di-sec-bu- 
tylcuprate, and dilithium tri-sec-butylcuprate were all prepared 


Lithium methyl~yanocuprate,3~ lithium dimethylcuprate-tri- 
n-butylphosphine,'* lithium dimethyl~uprate-HMPA,3~ lithium 
methyl(thiophenoxy)cuprate,36 lithium methyl-tert-butoxy- 
cuprate,= and lithium methyl(3-methyl-3-methoxy-l-butynyl)- 
cuprate3' were all prepared according to literature procedures. 


Methylation of Arylmercurials. Procedure A is repre- 
sentative of those used in the methylation of 1 (Table I). To a 
10-mL solution of methylcopper reagent (2.5 mmol) in THF or 
diethyl ether was added 160 mg of solid phenylmercuric chloride 
(0.50 "01) while back-flushing with nitrogen. The solution was 
stirred for 1 h at -78 "C followed by 1 h at 0 OC. The reaction 
was then quenched by adding 0.75 mL of methyl iodide by syringe 
and st i r r ing 15-30 min at that temperature and/or flushing with 
pure oxygen after which saturated aqueous ammonium chloride 
and an appropriate hydrocarbon internal standard were added 
and the organic layer was analyzed by gas chromatography. In 


analogously. 


(34) Acker, R.-D. Tetrahedron Lett. 1977, 3407-3410. 
(35) Marfat, A.; McGuirk, P. R.; Helquiat, P. Tetrahedron Lett. 1978, 


(36) Poener, G. H.; Whitten, C. E.; Sterling, J. J. J. Am. Chem. SOC. 


(37) Corey, E. J.; Floyd, D.; Lipschutz, B. H. J. Org. Chem. 1978,43, 


1363-1366. 


1973,95,77887800. 
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procedure B, the reaction mixture was never warmed to 0 "C. In 
procedure B with only methyl iodide as a quenching agent (entry 
91, the reaction mixture was allowed to warm to room temperature 
before hydrolysis. Otherwise, all quenching and hydrolysis re- 
actions were carried out at  either -78 OC or 0 "C depending on 
the procedure employed. In certain reactions, 0.025-0.05 mmol 
of transition-metal reagents (5-10%) were added immediately 
after 1 or 1 mL of dimethyl sulfide was added prior to 1. 


In the methylation of other arylmercurials summanzed inTable 
11, dilithium trimethylcuprate (5  equiv) was employed and the 
reaction was carried out for 1 h at -78 "C and then 1 h at 0 "C, 
followed by methyl iodide and oxygen quenching and hydrolysis 
as described above. 


The following preparation of p-methylanisole is illustrative of 
the procedure used to isolate the methylation products. To a 
solution of 10.5 mmol of dilithium trimethylcuprate in 40 mL of 
diethyl ether at  -78 "C was added 1.03 g of p-anisylmercuric 
chloride (3.0 mmol). The reaction mixture was stirred for 1 h 
at -78 "C and then warmed to 0 "C for 1 h. Methyl iodide (5  g) 
was then slowly added by syringe, and the mixture was stirred 
for 10 min before flushing with oxygen. After hydrolysis with 
saturated aqueous ammonium chloride, the mixture was diluted 
with ether, washed with saturated aqueous ammonium chloride 
until the washes were colorless, and then dried over anhydrous 
sodium sulfate. The solvent was removed on a rotary evaporator, 
and the residue (330 mg) was chromatographed on 40 g of silica 
gel by using 19:l hexane/ethyl acetate affording 230 mg of p- 
methylanisole (63% yield). All spectra were identical with those 
of an authentic sample. 


Alkylation of 1. The following procedure is representative 
of that used to study the alkylation of 1 (Table 111). To a solution 
of 2.5 mmol of organocopper reagent in 10 mL of THF or ether 
was added 0.50 mmol of 1 while back-flushing with nitrogen. The 
reaction mixture was maintained at  -78 "C for 1 h and then 
flushed with oxygen or warmed to 0 "C for 1 h and then oxidized. 
After hydrolysis and addition of an appropriate hydrocarbon 
internal standard, the reaction was analyzed by GLC analysis. 


Alkylation of Alkenylmercurials. The following procedure 
for the reaction of di- and txiorganocuprates with alkenylmercurials 
is representative of that used to obtain the results reported in 
Table IV. To a -78 "C solution of organocopper reagent (2.5 
"01) in THF or ether was added 0.5 mmol of alkenylmercurial. 
The reaction was stirred at -78 "C for 1 h, in some cases warmed 
to 0 "C for 1 h, and then quenched as described earlier by either 
methyl iodide and/or oxygen. After hydrolysis by saturated 
aqueous ammonium chloride, an appropriate hydrocarbon internal 
standard was added and the solution was analyzed by GLC 
analysis. 


The stereochemical outcome of these reactions was ascertained 
by using the following procedure. cis- or trans-1-Hexenylmercuric 
chloride (0.96 g, 3.0 mmol) was added to a -78 "C solution con- 
taining 9.0 mmol of lithium dimethylcuprate-dimethyl sulfide 
in 20 mL of diethyl ether. The reaction was stirred at -78 "C 
for 1 h, warmed to 0 "C for 1 h, and then flushed with oxygen. 
The mixture was then hydrolyzed with saturated aqueous am- 
monium chloride and diluted with 50 mL of ether. The ether layer 
was washed with ammonium chloride solution until the washes 
were colorless, dried over anhydrous sodium sulfate, and carefully 
concentrated by fractional distillation to a volume of about 10 
mL which was analyzed on a 30-m SE-30 capillary gas chroma- 
tography column. The trans-alkenylmercurial afforded 98.9% 
trans-2-heptene and 1.1 % cis-2-heptene, while the cis-alkenyl- 
mercurial gave 99.0% cis-2-heptene and 1.0% trans-2-heptene. 
The exact stereochemical purity of the starting alkenylmercurials 
is unknown. 


Alkylation of Alkylmercurials. The results summarized in 
Table V were obtained by using procedures essentially identical 
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with those described above. The following preparation of 3- 
heptanol is representative of the isolation procedure used in 
helping to characterize the products of alkylation. To a solution 
of 12 mmol of dirithium trimethylcuprate in 50 mL of ether at 
-78 "C was added 1.35 g of l-chloromercuri-2-hexanol(4.0 "01). 
The solution was stirred for 1 h at  -78 "C, warmed to 0 "C for 
1 h, and quenched with 5.0 g methyl iodide for 10 min. After 
oxidation, the mixture was hydrolyzed with saturated ammonium 
chloride, diluted with ether, washed with ammonium chloride until 
the washes were colorless, and dried over anhydrous sodium 
sulfate. The ether was removed on a rotary evaporator, and the 
residue (300 mg) was chromatographed on 50 g of silica gel by 
using 4 1  hexane/ethyl acetate (Rf = 0.33) to afford 150 mg 3- 
heptanol (35% yield). All spectra were identical with those of 
an authentic sample. 


The stereochemistry of substitution was determined as follows. 
To a solution of 2.5 mmol of dilithium trimethylcupratdimethyl 
sulfide in 10 mL of ether was added 165 mg of solid (trans-2- 
hydroxycyclohexy1)mercuric chloride (0.49 mmol) while back- 
flushing with nitrogen. After the solution was stirred for 1 h at 
-78 "C, an excess of methyl iodide was slowly added and the 
solution stirred 15 min before flushing with oxygen. After hy- 
drolysis with saturated aqueous ammonium chloride, analysis by 
glass capillary gas chromatography indicated trans- and cis-2- 
methylcyclohexanol in a ratio of 955. 
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Analysis of v(C0) infrared spectra has shown that Na+ cation interacts specifically with the CO group 
trans to substituent ligands of LV(C0)f (L = PPh3, P(OPh)3, P(n-Bu), and CNMe). Such site selectivity 
was predicted on the basis of asymmetric electron distribution in such anions as reflected in calculated 
Cotton-Kraihanzel CO stretching force constants. The EX4N+ cation was also found to form a close interaction 
with LV(CO)6-; however, the specific geometrical form could not be discemed. P-donor ligand substitution 
reactions of PV(C0)f were found to follow a dissociative mechanism. Vanadium-phosphorus bond cleavage 
was counterion dependent, with the tightly interacting Na+ promoting faster dissociation rates. 


Introduction 
By arguing that CO stretching force constants in metal 


carbonyl complexes were an accurate reflection of the 
partial positive charge on carbon in such compounds, we 
were able to correlate the stereoselectivity of nucleophilic 
addition reactions in phosphine- and phosphite-substituted 
metal carbonyl complexes.' The equatorial CO stretching 
force constants of ClU LM(CO)5 complexes (M = Cr, Mo, 
W) are larger than axial force constants whereas for CBU 
LFe(C0)4 molecules the opposite order holds. In the 
former R-, derived from RLi or RMgX, added to the 
equatorial carbonyl group producing cis-LM(CO),C(O)R-, 
but for the latter, addition was axial producing trans- 
LFe(CO),C(O)R-. Kinetic studies of the latter reaction 
showed that relative rates of addition varied inversely with 
the overall electron-releasing capacity of L as manifested 
by the force constant of the trans CO group.2 


With the assumption that electronic asymmetry in such 
molecules, or, more importantly in anionic analogues of 
such molecules, is similarly felt by the carbonyl oxygen, 
the interaction of electrophiles with CO oxygens should 
likewise show site selectivity. The expected site selectivity 
could, however, be rationalized in other, and probably 
related, terms. Extended Huckel calculations of Hoffmann 
and Rossi indicated that for d8 metal complexes the better 
a-donor ligands prefer the axial position of a trigonal-bi- 
pyramidal complex whereas better 7~ acceptors prefer the 
equatorial p ~ s i t i o n . ~  For derivatives of the octahedral 
hexacarbonyls of 6B metals there are several empirical 
observations that would suggest that better r-accepting 
ligands prefer to be trans to a substituent phosphine or 
phosphite ligand as opposed to CO. The CO--Na+ grou- 
page is a better *-accepting ligand than is CO or PR3. 


It has been determined that the contact ion pairs of 
LMn(C0)4--.Na+ (L = CO, PPh3, P(OPh),) and of HFe- 
(C0)4--Na+ are of the form suggested by structure 2; i.e., 
the sodium ion contact interaction is specific for the 
equatorial carbonyl o ~ y g e n . ~ ~ ~  Whether site selectivity 
exists for ion-pair interactions in structures of type 1, 
however, had not been established and is the subject of 
a communications for which full details are reported herein. 


~ 
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Experimental Section 
Materials. The solvents tetrahydrofuran, diethyl ether, and 


hexane were distilled under N2 from sodium benzophenone ketyl. 
Hexamethylphosphorictriamide was dried over sodium and 
vacuum distilled. Benzene was vacuum transferred after standing 
over sodium and further degassed by freezethaw cycles. Ethanol, 
water, and petroleum ether were purged with argon prior to use. 
The N a ( d i g l ~ e ) ~ +  salt of V(C0); was obtained from Strem 
Chemicals and used without further purification. Triphenyl 
phosphite and tri-n-butylphosphine were purified by fractional 
distillation from sodium wire under vacuum. Triphenylphosphine 
was used as received from Aldrich. 


Preparations. All syntheses and transfers of compounds were 
performed with rigorous exclusion of air by using Schlenk or 
drybox techniques and N2 or Ar as inert gas. The tetraethyl- 
ammonium salt of V(C0)$Ph3- was prepared by the method of 
Ellis et al.' Sodium salts of V(CO)6P(n-Bu)3- and V(CO)$Ph3- 
were prepared according to Hieber.8 Recrystallization of 
Na+[V(CO),PPh3-] from THF/hexane yielded a yellow powder 
which was dried in vacuo overnight. The proton NMR spectrum 
showed that ca. three molecules of THF per Na+ remained in the 
powder. Isolated yields for all liiand-exchange and ion-exchange 
preparations were 70% or better. The Na+[V(CO),P(n-Bu),-] 
was obtained as a red oil which was purified by column chro- 
matography (silica gel, 1 X 12 cm, slight Ar pressure) using THF 
as eluant. The triphenyl phosphite derivative, Na+[V(CO),P- 
(OPh),-], was prepared by addition of a 20-fold excess of P(OPh)3 
to a THF solution of Na+[V(C0),PPh3-] (0.76 mmol of P(OPh), 
to 4.3 X mmol of the sodium salt). Upon completion of the 
substitution (ca. 1.5 h as confirmed by the IR spectrum) the 
product was driven out of solution upon the addition of hexane. 
The yellow powder was washed with hexane and recrystallized 


(6) Darensbourg, M. Y.; Hanckel, J. M. J .  Oganomet. Chem. 1981, 


(7) Davison, A.; Ellis, J. E. J. Organomet. Chem. 1971, 31, 239. 
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from THF/hexane. A proton Nh4R spectrum in CD3CN indicated 
that three molecules of THF per Na+ remained in the powder; 
and C, H, and P elemental analysis supported this formulation. 


The tetraethylammonium salts of V(CO)SP(n-Bu)3- and V- 
(CO)Sp(OPh),- were prepared by the addition of a 20-fold excesa 
of Et4NBr to THF solutions of the purified sodium salts. The 
solutions were shaken vigorously and then allowed to stand for 
1 h. The solutions were filtered, and the solvent was evaporated. 
The resulting oils were solidified by repeated trituration with 
petroleum ether or hexane. The solids were filtered and washed 
with hydrocarbon solvent. Acceptable elemental analyses were 
obtained. 


The isocyanide complexes Ph4As+V(CO)&NMe- and Et4N+- 
V(CO)sCNMe- were generously provided by Professor J. E. Ellis.9 
The sodium salt of this anion was prepared by ion exchange using 
Na+BPh, (in 20-fold excess to a 0.01 M THF solution of 
Et4N+V(CO)&NMe-) as the Na+ source. Et&+BPb- precipitated 
out, and IR measurements were made on the supernatant. 


Carbon-13 enriched [Na(digl~me)~+] [V(CO)6-] was prepared 
by photolysis in THF under an atmosphere of '%O (93.3% 13C0, 
Prochem, B.O.C., Ltd., London). This salt was used to prepare 
carbon-13 enriched Et4N+V(CO)J'Ph3- according to the method 
of Ellis et al.,' and the analogous Na+ derivative was prepared 
by ion exchange as described above. 


Each of the phosphine or phosphite derivatives were found to 
contain small amounts of V(CO)s- which could be reduced by 
photolysis in THF in the presence of excess phosphine ligand. 


Kinetics Measurements. Ligand substitution reactions were 
carried out in oven dried, 25-mL tubes whose single entry was 
fitted with a stopcock and a wired-on septum cap. Solutions of 
known concentrations of [Et4N+] [V(CO),PPh3-] and Na+[V- 
(CO)$Ph3-] were prepared and placed in the kinetics tubes inside 
a drybox. The tubes were then removed and placed in a constant 
temperature bath maintained at 68.0 "C. After temperature 
equilibration an appropriate amount of P(OPh), was added with 
a micrmyringe and the reactants were mixed. (Pseudo-fmt-order 
conditions using at least a 20-fold excess of P(OPh)3 were em- 
ployed.) Samples for IF2 measurements were periodically removed 
by syringe and placed in a sealed 0.1-mm NaCl IR cell which had 
been flushed with Ar. Reaction rates were followed by observing 
the decrease in absorption of the reactants' high frequency u(C0) 
AI2 band. The linear relationship between concentration of 
V(CO)$Ph,- and absorption was established by a Beer's law plot 
which was linear in the range over which spectral measurements 
for kinetics data were made, 0.010 to 1.57 X lo-, M. 


Spectral Measurements. All IR spectra were taken on a 
Perkin-Elmer 283B spectrophotometer calibrated in the region 
below 2000 cm-' with water vapor. All spectra were recorded with 
an expanded abscissa scale of 2.5 cm-l/mm at a slow scan rate 
(50 cm-'/min). Data for the spectral calculations were taken every 
0.1 cm-' from the original spectra. Band fit calculations were 
performed with a modified Cauchy-Gauss product function 
computer program developed by Pitha and Jones.lo Force 
constants were calculated according to a modified Cotton-Krai- 
hanzel approach." 


In addition, infrared spectra of 13CO-enriched Na+[V- 
(CO),PPh& enabled a more accurate calculation of the force 
constants. Observation of six bands for the enriched Na+[V- 
(CO)&'Ph,]- permitted calculation of the two CO stretching force 
constants and three interaction constants making no assumptions 
regarding the relative magnitudes of kt, k,, and Itd. These com- 
putations were performed with an iterative program based on the 
work of Schachtschneider and Snyder.12 All computations were 
performed on the DEC-20 at the Tulane University Computing 
Center. 


Results and Discussion 
Infrared Measurements. Ion-pairing phenomena have 


generally been a complicating factor in the deciphering of 


(9) Ellis, J. E.; Fjare, K. L., submitted for publication. 
(10) Pitha, J.; Jones, R. N. N.R.C.C. Bull. 1968, No. 12. 
(11) Cotton, F. A.; Kraihanzel, C. S. J. Am. Chem. SOC. 1962,84,4432. 
(12) Schachtachneider, J. H.; Snyder, R. G. Spectrochim. Acta 1963, 
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Figure 1. u(C0) spectra of 0.01 M THF solutions of Na+V- 
(CO)$Ph;: (a) pure THF, (b) THF with 2 equiv of HMPA/Na+; 
(c) THF with 6 equiv of HMPA/Na+. The absorption marked 
with an asterisk is predominantly due to V(CO)6-. 


v(C0) IR spectra of metal carbonyl anions.13 We have 
recently shown that for Na+R,PV(CO), the specific con- 
tact ion pair formed actually clarified assignments of the 
v(C0) vibrational modes? The following is a more com- 
plete presentation of the site and extent of alkali cation 
as well as Et4N+ interactions with LV(CO)5- (L = phos- 
phines, phosphites, and isocyanide ligands) in the very 


(13) Edgell, W.; Chanjamsri, S. J. Am. Chem. SOC. 1980, 102, 147. 
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Table I. v ( C 0 )  IR Data and Cotton-Kraihanzel Force Constants for Salts of LV(CO),- in THF Solution 
u( CO) vibrational modes a, force constants, mdyn/A 


cation L AIZ E A,' Bl k ,  k2 k i  


Na+ 
Na( HMPA),+ 
Na 
Na( HMPA),' 
Na + 


Na( HMPA),+ 
Na + 


Ph,As+ 


P(n-Bu), 
P( n-Bu), 
PPh, 
PPh, 
P(OPh), 
P(OPh), 
CNMe e 
CNMe e 


1964 1820 1749 
1957 1809 180gd 
1970 1832 1764 
1965 1823 1823 
1987 1850 1801 
1984 1843 1843 
1964 1835 1769 
1957 1823 1823 


-1858 
-1850 
-1860 
-1860 


1890 
1880 


-1860 
-1860 


12.51 14.07 0.34 
13.45 13.90 0.34 
12.72 14.22 0.33 
13.65 14.08 0.33 
13.27 14.48 0.33 
13.94 14.38 0.33 
12.78 14.22 0.31 
13.63 14.04 0.31 


a The A,', E, and A,' are IR-allowed bands under C,? symmetry whose relative intensities are medium (sharp), strong 
Band positions are +1-2 cm-'. (broad), and medium (broad), respectively. 


appears as a very weak band often not resolvable due to the presence of contaminant V( CO),- whose absorption is at 1860 
cm-'. k ,  and k, refer to the axial and equatorial stretching force constants, re- 
spectively. k i  represents the cis interaction constants, k, and kd. The Cotton-Kraihanzel method assumes k, = k,' = k i  
and 2ki = kt.  d The position of the A,' underneath the broad E band could be i 5 cm-I without disturbing the observed 
symmetry of the E band. e The u(CN) for the Na+ salt is at 2112 cm-' and for the Ph,As+ salt at 2100 cm-'. 


The B, band is formally forbidden and 


Cotton-Kraihanzel force constants." 


common, low-polarity solvent tetrahydrofuran ( D  = 7.4 at 
25 OC).14 


The v(C0) IR spectra of Na+V(CO)&'Ph; in pure THF 
solution and in T H F  to which small stoichiometric 
amounts of the good alkali cation complexing agent, 
HMPA, have been added are shown in Figure 1. In all 
three spectra of Figure 1 as well as the spectra of all other 
LV(CO)< investigated there is a band a t  1860 cm-' due 
to contaminant V(CO){. The intensity of the band at 1860 
cm-' varies with the purity of the compound and can be 
diminished upon photolysis with excess ligand. However 
its position is invariant with counterion, as is the case with 
isolated salts of V(CO)6-.15 


The overall effect of the addition of 6 equiv of 
HMPA/Na+ is to change the three-band spectrum of 
Na+V(C0)5PPh3- into an apparent two-band spectrum. 
The 1970- and 1832-cm-l bands of the former are shifted 
to 1965 and 1823 cm-l, respectively, and the 1764-cm-' 
band of the former shifted directly underneath the 1823- 
cm-l band. Figure l b  shows the intermediate situation, 
realized on addition of 2 equiv of HMPA, in which it is 
clear than the low frequency band is "moving" to higher 
frequencies as the competition for the cation by solvating 
molecules becomes significant. 


Our interpretation of these events is that the v(C0) IR 
spectrum of Ph3PV(CO)5- is a three-band spectrum, as is 
to be expected for ClU symmetry, in both a symmetrical 
solvent environment as in Na(HMPA),+Ph3PV(C0)5- as 
well as in an environment where contact ion pairing is 
highly likelya4 In the former there is an accidental de- 
generacy of the E and AI1 vibrations, as has been observed 
for neutral isoelectronic Ph3PCr(CO),,11 and that degen- 
eracy is lifted in the presence of an interacting Na+ cation. 
The fact that the major spectral perturbation occurs on 
the vibrational mode which is primarily comprised of the 
stretch of the CO group trans to PPh3, i.e., the All mode 
(Figure 2), suggests that it is this specific group which 
interacts with Na+. [Were the Na+...OC interaction to be 
through a CO group cis to the P ligand, C, symmetry 
should result with the corresponding expectation of five 
v(C0) IR active bands: 4A' + A".] 


The positions of the v(C0) bands and the corresponding 
force constants (vide infra) in the different solution en- 
vironments are also consistent with this interpretation. 
When compared to the symmetrically solvated V- 
(CO),PPh3-, the displacement to lower frequency for the 
AI1 band in Ph3PV(C0)4CO--.Na+ is indicative of the 


~~ ~ 


(14) Hogen-Esch, T. E.; Smid, J. J. Am. Chem. SOC. 1966, 88, 318. 
(15) Hanckel, J. M., unpublished results. 
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Figure 2. Stretching motions of the allowed v ( C 0 )  vibrations 
in symmetrically solvated, CllV PV(CO)<. 


better a-withdrawing ability of the CO-Na+ ligand, which 
concomitantly induces a slight shift to higher frequencies 
for those CO groups which do not interact with the 
couterion. The form of the contact ion pair is thus sug- 
gested to be 3. 


3 


On the basis of previous work which included solution 
conductivity  measurement^,^ the structure of Na- 
(HMPA),+V(C0)6PPh3- will be described as a solvent- 
separated ion pair. As will be seen later, solvent-separated 
ion pairs containing the solvated cations Na(HMPA),+ or 
Na(THF),+ cannot be differentiated on the basis of the 
v(C0) spectra of carbonylates. Under such conditions the 
carbonylate is in a symmetrical solvent environment com- 
prised mainly of the hydrocarbon side of the donor mol- 
ecules THF or HMPA. The existence of a cation one or 
one hundred solvent molecules removed from the anion 
cannot be determined by infrared spectroscopy. Con- 
ductivity studies indicated that a predominance of asso- 
ciated ion pairs existed in THF solutions of Na+Mn- 
(CO),P(OPh),- to which 10 equiv of HMPA had been 
added and which a t  higher salt concentrations displayed 
IR spectra typical of symmetrically solvated Mn(CO),P- 
(OPh)3-.4 Hence solvent-separated ion-pair status was 
bestowed on those salts, and by analogy, the salts under 
investigation in the current study. 


Similar observations were made for other LV(C0)c salts 
for which v ( C 0 )  spectral data and assignments may be 
found in Table I.16J7 The Cotton-Kraihanzel approach 


(16) There exists in the literature a report'? of the spectral properties 
of a aeries of LV(C0)C which includes v ( C 0 )  assignments and C-K force 
constant values which are substantially different from those of Table I. 
Those workers incorrectly assumed the 1860-cm-' band to be the E vi- 
brational mode for all anions studied. 


(17) Rehder, D.; Schmidt, J. J .  Inorg. Nucl. Chem. 1974, 36, 333. 







Site-Specific Ion Pairing of LV(CO)B- 


was used to calculate trans (axial) and cis (equatorial) CO 
force constants which are also found in Table I for both 
the contact and solvent-separated ion pairs. The position 
of the formally forbidden B1 modes listed in Table I are 
in close agreement with values calculated by the Cotton- 
Kraihanzel methods and vary with the ion-paired form as 
do the allowed bands. The synthesis of Na+V(CO)5PPh3- 
enriched in 13C0 afforded more CO frequency data which 
permitted calculation of the two CO stretching force con- 
stants and the three interaction constants, making no 
assumptions regarding their relative magnitudes. This 
approach of Schachtschneider and Snyder12 yielded kl and 
k 2  values of 12.72 and 14.21 mdyn/A respectively, which 
is in excellent agreement with the Cotton-Kraihanzel force 
constants for Na+V(C0)5PPh3- found in Table I. Values 
of the interaction constants were kt (interaction of equa- 
torial CO groups trans to each other) = 0.665, k, (inter- 
action of equatorial CO groups cis to each other) = 0.318, 
and k,' (interaction of axial and equatorial CO groups) = 


Notable about the data represented in Table I are the 
following points. (1) The average CO stretching force 
constant decreases as the overall electron-donating ability 
of the P-donor ligands increases (P(OPh), C PPh, C P- 
(n-Bu),). The CNMe ligands appears to have electronic 
effects very similar to PPh3 (2) The axial CO force con- 
stant (k,) is smaller than the equatorial (kz) for LV(CO){ 
in a symmetrical solvent environment. (3) On contact with 
Na+ the value of kl becomes substantially less than its 
value in the symmetrical solvent field and the value of k2 
increases somewhat. (4) The difference between kl(sol- 
vent-separated ion pair) and kl(contact ion pair) is about 
the same for L = P(n-Bd3 and PPh, but significantly less 
for L = P(OPh), (i.e., A(kl(ssip) - kl(contact)) = 0.94,0.93, 
and 0.67 mdyn/A, respectively). (5) The All vibration is 
consistently buried underneath the E in the symmetrically 
solvated anion regardless of the nature of L. In all cases 
of ssip's this band appears to be symmetrical. However 
it is a fairly broad band and ita width could mask positional 
shifts of the All of possibly 10 cm-' underneath the band 
envelope without inducing major asymmetry of the band. 


The larger value of the k2 in the contact ion pair forms 
as compared to ssip forms is consistent with the argument 
presented earlier. The CO groups which are not interacting 
with the cation compete for metal d electrons with less 
efficiency than does the Na+.-OC group. There is a cor- 
responding shift in the v(CN) position of the CNMe ligand 
which is a t  2112 cm-' for the Na+ salt and a t  2100 cm-' for 
the Ph4As+ salt. In the latter the anion appears to be 
nonperturbed or in a symmetrical solvent environment. 


Close inspection of the IR spectra of all salta of LV(CO)5- 
listed in Table I revealed that some solvent-separated ion 
pairing existed for Na+LV(CO)5- in pure THF. (For ex- 
ample, the band a t  1965 cm-l in Figure l a  is ascribed to 
ssip's of the form Na(THF),'V(CO),PPh,-.) Precise 
quantitative data was difficult to obtain, however, esti- 
mates for the extent of contact ion pairing in pure THF, 
based on the best fit possible through band shape analysis 
of the A: bands, were greater than 70% for P = PPh3 and 
P ( ~ - B U ) ~  and less than 50% for P = P(OPh)* It  was also 
noted that the intensity of the A12 band was reduced in 
the contact ion pairs when compared to analogous ssip's. 
The most obvious reason for this is due to the decrease in 
coupling of the two A modes as they become energetically 
further apart in the the contact ion pair. 


Earlier it was pointed out that the Ph4As+ salt of 
MeNCV(C0)5- yielded the anion in an unperturbed state 
much like that expected in a symmetrical solvent envi- 
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Figure 3. v ( C 0 )  spectra of Na+V(CO)&-Bu)3-, 0.01 M in THF 
solution: (a) pure THF; (b) THF with 10 equiv of HMF'A/Na+. 
The solid line represents the calculated spectrum based on a 
spectral band fit optimization in both cases. 


ronment. Solution conductivity measurements of Ph3P- 
N-PPh3+ (PPN+) salt of CO(CO)~-, HFe(C0I4-, and other 
such carbonylates showed that these salts existed in so- 
lution as associated ion pairs; however, no perturbation 
of the carbonylate by such large counterions was evident 
in their v(C0) IR spectra even a t  much higher concen- 
trations.18 The Et4N+ cation is considerably smaller and 
presents the possibility of an observable interaction with 
a carbonylate. 


For comparison the spectra of Na+V(CO),P(n-Bu),- and 
Na(HMPA),+V(CO)5P(n-B~)3- in THF are shown in Fig- 
ure 3. The spectrum of the Et4N+ analogue, as shown in 
Figure 4a, is not straightforwardly analyzed. The most 
intense adsorption is markedly asymmetric. Band-shape 
analysis achieved a best fit of this envelope on assuming 
the presence of a minimum of three composite bands 
(Figure 4b). (Attempts to fit the band envelope with only 
two composite bands were much less successful.) The 
initial interpretation was that the carbonylate remained 
in ClV symmetry and that the lowest frequency band was 
for the All vibrational mode of a contact, perturbed ion- 
pair form similar to that of the Na+ salt. The two higher 
frequency components were the E mode of the contact ion 
pair form and the degenerate (Al' + E) due to a symme- 
trically solvated species. (The latter would be the middle 
band of the three-band composite shown in Figure 4b.) 
Despite the reasonableness of these assumptions, problems 
due to intensity ratios are apparent. For C4" symmetry 


(18) Darensbourg, M. Y.; Barros, H. L. C.; Borman, C. J. Am. Chem. 
SOC. 1977,99, 1647. 
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Figure 4. (a) v ( C 0 )  spectrum of Et4N+V(CO)$(n-Bu)3- in THF 
(the absorption marked with an asterisk is predominantly due 
to V(CO)B-). (b) Three components of the major absorption in 
a as determined by band-shape analysis. The fit or composite 
is represented by the solid line drawn through the real spectrum 
of a. 


the intensity ratio of (A12 + A1')/E is expected to be on 
the order of 0.25.19 Indeed the (A: + All)/E ratio for the 
band-resolved spectrum of Na+V(C0)6P(n-Bu)3- (Figure 
3a) was approximately 0.30. For the Et4N+ salt, however, 
the ratio was found to be 0.72. The ratio can be expected 
to vary somewhat from the prediction due to deviation of 
the P-M-CO, angle from 90° and/or ?r-bonding effects 
of the substituent P-donor ligand.lg However, a ratio of 
0.72 seems unreasonably large. Thus it seems likely that 
interaction of the carbonylate with Et4N+ causes a de- 
parture from C4, symmetry which results in splitting the 
degeneracy of the E mode. It should be noted that ad- 
dition of HMPA (ca. 20% by volume) resulted in a spec- 
trum similar to that of Na(HMPA),+V(CO)5P(n-Bu)f 
(Figure 3b) and furthermore that addition of NaBPh4 
converted the Et4N+V(CO)SP(n-Bu)3- to the contact ion 
paired form of Na+V(CO)SP(n-Bu)3- (Figure 3a). That is, 
the complexity of the spectrum of the Et4N+ salt is induced 
due to a different ion-paired form. 


The Et4N+ salts of the PPh3 and P(OPh), derivatives 
produced similar spectra; however, resolution of the low- 
frequency shoulder became more difficult. Due to un- 
certainty in the locations of all components of the most 
intense band, only the approximate positions of the two 
most obvious constituents are reported in Table 11. 


The observations of contact, perturbing interactions of 
Et4N+ with V(CO)5P- anions were consistent with recent 
results on THF solution spectra of Me4N+CpMo(C0)3-.20 


FREQ,EK I (cr- 1 > 


(19) Darenebourg, D. J.; Brown, T. L. Inorg. Chem. 1968, 7, 969. 
Brown, T. L.; Darensbourg, D. J. Ibid. 1967, 6, 971. 


Table 11. Observed u(C0) IR Bands of Et,N+LV(CO),- 
in TXF Solution 


L u( CO) a 


P(n-Bu), 
PPh, 
P( OPh) 
CNMe b3 


1959 m, 1856 vw, 1814 s, 1791 sh 
1965 m, 1860 vw, 1826 s, 1800 sh 
1984 m, 1881 vw, 1846 s, 1832 sh 
1960 m, 1858 vw, 1826 s, 1800 sh 


a The second band listed for each anion is a very weak 
band which is frequently partially obscured by some con- 
taminant V(CO),-. The v(CN) is at 2104 cm-'. 


Table 111. Counterion Effects on First-Order Rate 
Constants for P-donor Ligand/P(OPh), 


Substitution Reactions 
V( co ),P -/ 


compd P( OPh), a k l  
Et,NV( CO),PPh, 1:50 4.80 (r 0.39) X 
Et4NV( CO),PPh, 1:20 5.07 (+  0.48) x 
NaV( CO),PPh, 1:20 1.15(* 0.13) x 
NaV( CO),P(n-Bu), 1:20 8.86 (+  0.94) x 
Et4NV(CO),P(n-Bu), 1 ~ 2 0  6.72 (+  1.27) X l o - '  


The concentration of V(CO),P- was 0.01 M in THF 
for P = PPh, and 0.02 M for P =  P(n-Bu),. These k ,  
values were averaged over two runs. This error is the 
average of the errors of individual runs, calculated at 95% 
confidence levels. Replication was well within 10%. 


calculated at 95% confidence level. 
These h ,  values were obtained from one run; error is 


Similarly the precise form of the strong contact interaction 
could not be inferred from spectral analysis. I t  was clear, 
however, that a straightforward H-bonding interaction with 
one CO group, viz., C~MO(CO)~CO-.-HCH~N(CH~)~+, 
similar to that found in the crystal structure of Me4N+- 
CpCr(CO), 21 and analogous to that found in the solution 
spectrum of CpMo(CO)&O--Na+, was not an appropriate 
conclusion. I t  is likely that the low electrostatic potential 
of these medium-sized cations will allow for close inter- 
action involving more than one CO group as Edge11 and 
Chanjamsri have proposed for the interaction of a cryp- 
tand-enclosed Na' with c0(c0)4-.l3 


^n 


'Nd . C 2 2 1 


Reactivity: Ligand Substitution Reactions. As a 
chemical probe of the effect of ion pairing on these car- 
bonylatea, we elected to study ligand substitution reactions 
of PV(CO)<. By comparison with neutral analogues,22 it 
was expected that the reaction would proceed via a dis- 
sociative path. We were interested in (1) whether tightly 
interacting cations would enhance the kinetic lability of 
the vanadium-phosphorus bond as has definitely been 
shown for the iron-carbon bond in HFe(CO)4-5 and (2) 
whether the anionic coordinatively unsaturated metal 
carbonyl fragment could be scavenged by Lewis bases with 
efficiencies similar to neutral  counterpart^.^^ Both 


(20) Darensbourg, M. Y.; Jimenez, P.; Sackett, J. R.; Hanckel, J. M.; 
Kump, R. L. J. Am. Chem. SOC., in press. * 


(21) Feld, R.; Hellner, E.; Klopsch, A.; Dehnicke, K. 2. Anorg. Allg. 
Chem. 1978,442, 173. 


(22) Wovkulich, M. J.; Atwood, J. D. J. Organomet. Chem. 1979,184, 
11. 


(23) Hyde, C. L.; Darensbourg, D. J. h o g .  Chem. 1973, 12, 1286. 
Covey, W. D.; Brown, T. L. Ibid. 1973,12,2820. Dobson, G. R.; Rousche, 
J. C. J. Orgartomet. Chem. 1979,179, C42. Dobson, G. R. Inorg. Chem. 
1980,19, 1413. 
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Figure 5. Competition for a density along the z axis in the 
symmetrical va. sodium ion perturbed PV(CO)5-. 


problems are complex and the salient features only are 
reported here. 


The displacement of PPh3 from V(C0)5PPh3- was de- 
termined to be independent of entering ligand concen- 
tration (Table 111) and showed a first-order dependence 
on the vanadium complex (eq 1 and 2). Carbon monoxide 


rate = k,[PV(CO)<] (2) 


or P(OPh)3 completely scavenged the coordinatively un- 
saturated V(CO)5- anion, yielding 100% of the ligand- 
substituted product, LV(CO)<. 


As Table I11 shows, the Na+ salt of Ph3PV(CO)5- un- 
dergoes P-ligand exchange with greater facility than does 
the less tightly interacting Et4N+ salt. There is less dif- 
ference (possibly no significant difference) between the 
rates of reaction for the Na+ and Et4N+ salts of (n- 
BU)~PV(CO)~-. The ratio of kl  values for the P(0Phl3 
substitution of PPh3 with Na+ vs. Et4N+ is 2.1:l and for 
the P(OPh)3 substitution of P ( ~ - B U ) ~  is 1.3:l. 


Since the counterion effect is greater for the poorer 
a-donor, better a-accepting PPh3 ligand, we suggest that 
the counterion effects acts primarily through a sodium 
cation polarization of a-electron density as given in Figure 
5. The polarization of the carbonylate in the sodium ion 
contact ion pair is expected to actually strengthen the 
P-V a-bond donation in the absence of a substantial 
a-back-bonding, a-donating synergic effect. That the bond 
is weakened supports the contention that there is a loss 
of V-P a-back-bonding in the species containing the good 


a-accepting ligand, CO-.Na+. The greater loss of a- 
back-bonding is suffered by PPh3, a better a-accepting 
ligand than P ( ~ - B U ) ~ ,  and hence a significant counterion 
effect is observed in the case of V(C0)5PPh3-. 


In agreement with all known crystal structures of alkali 
salts of transition-metal carbonylates in which Na+ is 
contacting a carbonyl oxygen, Figure 5 shows an angular 
V-CO-Na+ linkage. The Na+ is presumably directed by 
the best electrostatic potential to a site where simultaneous 
interaction with u lone pair and a density is possible.24 It 
is reasonable that the polarization of a-bonding electrons 
toward the Na+ is the most important aspect in the en- 
hanced donation of metal d electrons into the a* orbitals 
of CO-Na+. 


Conclusion. Infrared analysis of the v(C0) region has 
determined the specific site of Na+ interaction with ClU 
PV(CO)< and MeNCV(C0); to be at the carbonyl oxygen 
trans to the substituent phosphine, phosphite, or iso- 
cyanide ligand. The extent of the interaction is directly 
dependent on the overall electron-releasing ability of the 
P-donor ligands. The effect of the Na+-.OC-V interaction 
on ligand substitution is significant and positive for a- 
accepting ligands. The faster rates are suggested to be due 
to a loss of V-P a-back-bonding in the presence of 
CO-.Na+, a ligand group that competes better for metal 
d electrons than does CO. 
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The rate of 13C0 exchange with (CO)5Cr=C(OCH3)C6H5, (C0)5Mo=C(OCH3)C6H5, (CO),W=C(OC- 
H3)C6H5, (C0)6Cr=CO(CH2)2C(CH3)2, and (CO)SW=C(C6H5)2 have been measured by 13C NMR spec- 
troscopy. The rates of 13C0 exchange are com ared with the rates of reaction of these carbene complexes 
with other substrates. Selective exchange of &CO into the cis position was observed for all of the met- 
al-carbene complexes studied except (CO)5W=C(C6H5)2 which showed no stereoselectivity. The variation 
of the cktrans 13C0 ratio was measured as a function of the extent of 13C0 incorporation and was used 
to assess whether the &coordinate intermediate was rigid or fluxional. 


. 


The generation of a reactive coordinatively unsaturated 
intermediate by the dissociation of CO from (CO)5M= 
CRR' has been suggested as a crucial step in many of the 
reactions of metal-carbene complexes, including thermal 
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decomposition, phosphine substitution, hydrogenolysis, 
and reactions with alkenes. 


The first step in the mechanism for thermal decompo- 
sition of metal-carbene complexes to carbene dimers' was 
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The generation of a reactive coordinatively unsaturated 
intermediate by the dissociation of CO from (CO)5M= 
CRR' has been suggested as a crucial step in many of the 
reactions of metal-carbene complexes, including thermal 


0276-7333/82/2301-0087$01.25/0 


decomposition, phosphine substitution, hydrogenolysis, 
and reactions with alkenes. 


The first step in the mechanism for thermal decompo- 
sition of metal-carbene complexes to carbene dimers' was 
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suggested to be CO dissociation.2 Reaction of the 5-co- 
ordinate intermediate with a second molecule of starting 
material was suggested to result in carbene ligand transfer 
to form a biscarbene complex which finally decomposed 
to a carbene dimer. The reaction was shown not to involve 
free carbenes since no formation of cyclobutanone (the 
rearrangement product of 2-oxacyclopentylidene) was ob- 
served in thermal decomposition of pentacarbonyl(1-oxa- 
cyclopent-2-lyidene)chromium(0), 1. 


Casey and Cesa 


The reaction of phosphines with metal-carbene com- 
plexes at low temperature leads to zwitterionic adducts 2 


0 PR, 0 


formed by addition of the phosphine to the carbene carbon 
atom.3 At higher temperatures, the zwitterionic adducts 
2 are in equilibrium with free phosphine and the initial 
carbene complex; phosphine substitution products of the 
carbene complex are ~ b t a i n e d . ~  CO dissociation is a key 
step in the proposed mechanism of phosphine substitu- 
t i ~ n . ~  


The reaction of molecular hydrogen with metal-carbene 
complexes at high temperature or upon photolysis a t  room 
temperature leads to the hydrogenolysis of the carbene 
ligand.5 The mechanism proposed for hydrogenation 
involves initial CO dissociation followed by oxidative ad- 
dition of hydrogen to the coordinatively unsaturated in- 
termediate. 


Arylmethoxycarbene complexes 3 react with a,@-un- 
saturated esters a t  90-140 "C to give cyclopropanes.6 
(CO)sWC(C&s)2, 4, reacts with alkenes below 50 "C to give 
cyclopropanes and olefin metathesis-like alkene scission 
products.' These reactions of carbene complexes with 
alkenes have been proposed to proceed via CO dissociation 
and reaction of the coordinatively unsaturated interme- 
diate to give a metal-carbene-alkene complex. 


(1) Fischer, E. 0.; Heckl, B.; Dotz, K. H.; Miiller, J.; Werner, H. J. 
Organomet. Chem. 1969.16, P29. Fischer, E. 0.; Plabst, D. Chem. Ber. 
1974,107, 3326. 


(2) Casey, C. P.; Anderson, R. L. J. Chem. SOC., Chem. Commun. 1975, 
895. 


(3) KreiSal, F. R.; Fischer, E. 0.; Kreiter, C. G.; Fiacher, H. Chem. Ber. 
1973.106. 1262. 


(4) Fischer, H.; Fischer, E. 0.; Kreiter, C. G.; Werner, H. Chem. Ber. 
1974,107,2459. Fischer, H.; Fischer, E. 0.; Kreissl, F. R. J. Organomet. 
Chem. 1974,64, C41. 


(5) Casey, C. P.; Neumann, S. M. J. Am. Chem. SOC. 1977,99, 1651. 
Neumann, S. M. Ph.D. Thesis, University of Wisconsin, 1978. 


(6) Fiacher, E. 0.; Dotz, K. H. Chem. Ber. 1970,103, 1273. Dotz, K. 
H.; Fischer, E. 0. Chem. Ber. 1972,105,1356. Cooke, M. P.; Fischer, E. 
0. J. Organomet. Chem. 1973, 56, 279. 


(7) Casey, C. P.; Burkhardt, T. J. J. Am. Chem. SOC. 1974,96,7808. 
Casey, C. P.; Tuinstra, H. E.; Saeman, M. C. J. Am. Chem. SOC. 1976,98, 
608. 
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In the autocatalytic decomposition of metal-carbene 
complex 5 an intermediate chelated tungsten-carbene- 
alkene complex 6 was observed spectrally.8 The initiation 


of the autocatalytic process was proposed to involve CO 
dissociation from the metal-carbene complex. 


The possibility that some of these reactions might take 
place by direct reactions of coordinatively saturated 
metal-carbene complexes should also be considered. For 
example, the reaction of phosphines with carbene com- 
plexes might involve rearrangement of the zwitterionic 
intermediate 2. The reaction of vinyl ethers with carbene 
complexes occurs under such mild conditionsg that the 
reaction has been suggested to proceed by attack of the 
vinyl ether at the carbene carbon of the coordinatively 
saturated carbene complex.1° Similarly, the reactions of 
(CO)SWCHC6H6 with alkenes were best explained by direct 
electrophilic attack of the carbene carbon on the alkene." 


Here we report studies of the 13C0 exchange reactions 
of metal-carbene complexes which were designed in part 
to determine the temperatures required to generate co- 
ordinatively unsaturated metal-carbene complexes by CO 
dissociation. Coordinatively unsaturated carbene com- 
plexes can be considered as kinetically competent inter- 
mediates only if the I3CO exchange reaction is a t  least as 
fast as the reaction in question. 


13C0 exchange studies also give information about the 
stereochemistry of ligand exchange. The 13C0 exchange 
studies give direct information about the site preference 
for CO entry into a 5-coordinate intermediate. The prin- 
ciple of microscopic reversibility requires that the stereo- 
chemistry of ligand capture by the 5-coordinate interme- 
diate be identical with the stereochemical preference for 
loss of CO from the 6-coordinate starting material. The 
cis:trans selectivity of ligand exchange is of interest since 
reactions with alkenes presumably require a cis relation- 
ship of the carbene and the alkene ligands. Similarly 
hydrogenolysis and carbene dimer formation should occur 
via addition of new ligands cis to the carbene ligand. 


The 13C0 exchange reactions reported here also provide 
information about the conformational mobility of the 5- 
coordinate intermediates. For an exchange reaction that 
exhibits a high initial cktrans ratio, it is possible to de- 
termine whether the &coordinate intermediate is fluxional 
or rigid by monitoring the cis:trans ratio as a function of 
the extent of exchange. If the reaction is cis selective and 


(8) Casey, C. P.; Shusterman, A. J. J. Mol. Catal. 1980,8, 1. 
(9) Fischer, E. 0.; Dotz, K. H. Chem. Ber. 1972, 105, 3966. 
(10) Casey, C. P. In 'Transition Metal Organometallics in Organic 


Synthesis"; Alper, H. Ed.; Academic Press: New York, 1976; Vol. I, 
Chapter 3. 


(11) Casey, C. P.; Polichnomki, S. W.; Shusterman, A. J.; Jones, C. R. 
J .  Am. Chem. SOC. 1979, 101, 7282. 
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proceeds via a rigid intermediate, the cis:trans 13C0 ratio 
should rise steadily as a function of the extent of exchange. 
However, if the 5-coordinate intermediate can isomerize, 
then the cis:trans 13C0 ratio would initially rise and then 
drop significantly as a function of the extent of exchange. 
This drop in the cis:trans 13C0 ratio is due to rearrange- 
ment of a cis 13C0 ligand to a trans position in the 5-co- 
ordinate intermediate and will be important only for 
molecules undergoing multiple CO exchange. This path- 
way (see Scheme I) provides a route to trans labeled ma- 
terial even if CO dissociation and recombination are totally 
cis specific. 


Infrared analysis which has been used in related studies 
of (CO),Re-Br by Brown12 was not capable of giving ac- 
curate enough results for our studies of carbene complexes 
since there is extensive overlapping of CO stretching bands 
in the IR of (CO)5M=CRR' compounds. Instead, we chose 
13C NMR to study the rate and stereochemistry of 'TO 
exchange with carbene complexes. Direct observation of 
cis and trans 13C0 resonances is straightforward by 13C 
NMR, but great care must be taken to obtain reliable 
integrati011s.l~ 


Experimental Section 
(CO)sCr=C(OCH3)C6H614 (3Cr), (CO)SW=C(OCH3)C6H51S 


(3W), and (C0)sW=C(C6Hs)216 (4) were prepared as reported. 
Pentacarbonyl( l-oxa-3,3-dimethylcyclopent-2-ylidene)- 


chromium(0) (7). n-BuLi in hexane (1.46 M, 5.22 mL, 7.62 "01) 
was added to a clear yellow solution of (CO)&I=C(CH~)~O~' (1) 
(2.0 g, 7.62 mmol) in 100 mL of ether at -78 "C. The resulting 
milky white suspension was stirred at -78 "C for 10 min, and 
CH30SO2F (97%, 635 pL, 897 mg, 7.62 mmol) was added. The 
mixture was stirred at  0 "C for 1 h and cooled to -78 "C before 
n-BuLi (7.62 mmol) was added. After 30 min at  -78 OC, CH30- 
SOzF (7.62 m o l )  was added and the mixture stirred at  0 OC for 
1 h. Aqueous workup followed by column chromatography (silica 
gel/pentane) gave (CO)SCr-CC(CH3)2CHzCH20 (7) as bright 
yellow crystals (1.95 g, 88%): mp 61-62 "C; 'H NMR (CDClJ 
6 4.85 (t, J = 7 Hz, 2 H), 1.78 (t, J = 7 Hz, 2 H), 1.36 (s, 6 H); 
IR (heptane) 2067 (s), 1982 (m), 1953 (s), 1947 (s), 1930 (s) cm-'. 


(CO)SMd(OCH3)C6HS (3Mo) was prepared by the same 
method used for 3W.16 Reaction of phenyllithium (12.4 mmol) 
with a suspension of Mo(CO), (2.64 g, 10 mmol) in ether followed 
by evaporation of solvent and methylation with (CH3)30+BF4- 
(1.48 g, 10.0 mmol) in aqueous solution led to the formation of 


. 


, , 


(12) Atwood, J. D.; Brown, T. L. J.  Am. Chem. SOC. 1975,97, 3380. 
(13) Preliminary results on 'SCO exchange of 1,2, and 3 were obtained 


earlier: Burkhardt, T. J. Ph.D. Thesis, University of Wisconsin, 1974. 
(14) Fischer, E. 0.; Aumann, R. Chem. Ber. 1969,102, 1495. 
(15) Fiecher, E. 0.; Schubert, U.; Kleine, W.; Fischer, H. Znorg. Synth. 


1979. 19. 164. , --. _. . . 


(16) Casey, C. P.; Burkhardt, T. J.; Neumann, S. M.; Scheck, D. M.; 


(17) Casey, C. P.; Anderson, R. L.; Neumann, S. M.; Scheck, D. M. 
Tuinstra, H. E. Znorg. Synth. 1979, 19, 180. 


Znorg. Synth. 1979,19, 178. 


Figure 1. Apparatus for 13C0 exchange studies. 


3Mo. Column chromatography (silica gel/hexane) and recrys- 
tallization from 2 mL of hexane at -22 "C led to the isolation of 
deep red crystalline 3Mo (2.0 g, 56%): mp 37-38 OC; 'H NMR 
(acetone-d,) 6 7.7-7.2 (m, 5 H), 4.86 (s,3 H); IR (heptane) 2068 
(m), 1988 (w), 1960 (s), 1948 (8) cm-'. 3Mo was stored under Nz 
at -22 "C since it is somewhat less stable than 3Cr and 3W.lg20 


'QO Exchange Experiments. The exchange experiments 
were carried out in a 2 " L  Erlenmeyer flask containing a 1.5-in. 
Teflon-coated magnetic stirring bar and fitted with a 10-mm 
Teflon O-ring stopcock between the flask and a 14/20 female joint 
(Figure 1). Solutions of the carbene complexes (0.9-2.0 mmol) 
in 10 mL of either toluene or n-hexane were added to the flask 
under Nz. The flask was evacuated and then charged with - 
740-mm 90% 13C0 (Mound Laboratory) by using a low volume 
gas inlet-manometer system that allowed pressure to be measured 
to f0.2 mm. 


Efficient gas-liquid equilibration was crucial and was achieved 
by tilting the bottom of the flask to a 30' angle and stirring 
rapidly. Vigorous splashing and swirling of the solution resulted. 
A constant temperature bath (fl "C) was constructed with a flat 
section of its base at a 30" angle to facilitate the stirring ar- 
rangement. A magnetic stirring motor was held against this face 
of the bath, and the reaction flask was positioned in the oil bath 
so that it was immersed in the oil bath up to the stopcock with 
its base parallel to the stirring motor. 


To obtain samples, we rapidly transferred the flask to a -10 
"C bath to bring the pressure below 1 atm before aliquots (2 mL) 
were withdrawn from the flask by inserting a long syringe needle 
through the septum attached to the joint and through the opening 
created by withdrawing the Teflon plug of the O-ring stopcock. 
The experiment was resumed by closing the stopcock and re- 
placing the flask in the constant temperature bath. Temperature 
reequilibration of the solution was achieved within 1 min; the 
intervals between aliquota were >20 min. 


In the cases of the less reactive carbene complexes 7 (0.15 M) 
and 3W (0.20 M), exchange reactions were carried out at 77 OC 
in toluene, and aliquots were purified by passage through a short 
silica gel column. '% NMR spectra were taken on a JEOL FX-60 
spectrometer a t  32 "C. 


In the casea of the more reactive compounds, exchange reactions 
were carried out in hexane at  lower temperatures: 3Cr (44 "C; 
0.2 M); 3Mo (27 "C, 0.15 M); 4 (40 "C; 0.08 M). Hexane was 
removed from aliquots under vacuum at -10 OC, and 13C NMR 
spectra were run on a Varian XL-100 spectrometer at low tem- 
perature: 3Cr, 0 OC; 3Mo, -3 "c; 4, -23 "c. 


13C NMR Analysis. Incorporation of 13C0 into the cis and 
trans sites of the carbene complexes was monitored quantitatively 


(18) In 1967, Fischer described 3Mo as an orange-red crystalline com- 
pound which underwent rapid decomposition, and consequently spectral 
data were not rep0rt8d.l~ Subsequently, 3Mo has been used without 
mention of spectral characterization.6sM 


(19) Fischer, E. 0.; Maasb61, A. Chem. Ber. 1967,100, 2445. 
(20) Fischer, E. 0.; Kreis, G.; Kreiter, C. G.; Miiller, J.; Huttner, G.; 


Lorenz, H. Angew. Chem. 1973,85,618. DBtz, K. H. Chem. Ber. 1977, 
iio,m. 







90 Organometallics, Vol. 1, No. 1, 1982 Casey and Cesa 


Table I. 13C NMR Spectra of Metal-Carbene Complexes 
signals used in exchange reaction analysis signals not used 


aryl in analysis 
compd, solvent trans CO cis CO ipso Para ortho, meta -OCH, carbene 
3Cr, CD,COCD, 223.Sa 216.9 a 154.7 131.1 129.2, 123.3 66 351 
3Mo, CD,CN 21 5.0 206.6b 154.7 132.8 129.1, 126.7 71.1 340.3 
3W, CD,CN 205.1 198.2c 156.3 132.6 129.2, 126.8 70 3 23 
4, CD,COCD, 215.3 198.4d 167.2 131.4 128.5, 126.3 358 
7, C,D, 225.1 e 218.ge [85.5 (C-5),  68.9 (C-3),  37.4 (C-4), 26.6 (CH,)] 354.1 


Table 11. I3CO Exchange of Metal-Carbene Complexes 


compd, time, - cis ' T O  % 13co peak areas 
temr, min C t h % cis ' T O  % trans 13C0 trans ' T O  incorporated 


3Cr, 44 "C 0 
40 
80 


100 


1 5  
135  
225 
270 


90 
180 
270 
360 
4 50 


120 
240 
360 


120 
240 
360 
480 
7 20 


3Mo, 27 "C 0 


3w, 77 "C 0 


4 , 4 0  "C 0 


7 ,77  OC 0 


126 
188 
220 
2 24 


207 
305 
329 
342 
261 


143 
488 
476 
572 
696 
672 


387 
183 
217 
285 


284 
254 
24 2 
270 
310 
482 


35.0 
8.5 


11.3 
16.0 


52.0 
23.2 
21.1 
16.3 
11.8 


36 
56 
52 
61 
72 
75 


94 
47 
50 
72 


72 
32 
29 
32 
44 
79 


2 5 f  2.5 
5.1 t 0.6 
3.1 t 0.1 
2.9 f 0.2 


53.0 t 2.0 
18.2 f 0.9 
12.1 t 0.6 


6.4 f 0.6 
4.4 t 0.4 


38 t 1.4 
30 f 1.6 
22.6 t 1.6 
18.1 f 0.9 
16.6 t 0.9 
11.5 t 0.9 


9 5 t  2 
7.9 * 1.0 
4.4 t 0.7 
4.0 f 0.6 


69.1 f 5.6 
17.6 t 1.1 
11.6 t 0.4 


7.8 t 0.3 
6.8 t 0.2 
9.4 t 0.7 


by Fourier transform (FT) 13C NMR spectroscopy. This was 
accomplished for each sample by comparing the intensities of the 
carbonyl resonances (measured by planimeter integration) with 
those of nonexchanging alkyl or aryl resonances as internal 
standards. In order to obtain accurate integral measurements, 
0.09 M Cr(au& "shiftless relaxation reagentnz1 was added to each 
sample to reduce the carbon Tl relaxation times and to suppress 
nuclear Overhauser signal enhancementa.z1*22 Also, a reversed 
gated broad-band 'H decoupling procedure was used in which the 
decoupler was on during the data acquisition pulee and off between 
pulses. This decoupling scheme serves to negate nuclear Over- 
hauser enhancements if the time between pulses (pulse delay) 
is greater than 5 times the longest carbon T1 relaxation time in 
the moleculeB and has been used to follow '%O exchange in other 
metal complexes.a Typical NMR conditions included a pulse 
angle of 90D and a pulse delay of 3-8 s. The shortest pulse delay 
which gave correct integral ratios for all the carbonyl, alkyl, and 
aryl resonances of the unexchanged complexes was employed. 
Spectral widths were chosen as narrow as possible to maximize 
spectral resolution; for this reason, the carbene carbon atom (6 


(21) GWW, 0. A.: Burke, A. R.: LaMar, G. N. J. Chem. SOC., Chem. 
Commun. 1972,456. 


G. C.; Fdlund, U.; Hexem, J. G. Ibid. 1975,19, 259. 


64, 2533. 


J. Am. Chem. SOC. 1977, 99, 8100. 


(22) Levy, G. C.; Cargioli, J. D. J. Mogn. Reson. 1973,10, 231. Levy, 


(23) Opella, S. J.; Neleon, D. J.; Jardetzky, 0. J.  Chem. Phys. 1976, 


(24) Dobson, G. R.; Aeali, K. J.; Marshall, J. L.; McDaniel, C. R., Jr. 


5.5 f 0.7 
40.5 t 6.1 
78.1 t 3.2 
85.0 * 1.5 


4.2 t 0.2 
18.4 t 1.2 
29.9 t 1.9 
58.8 t 1.0 
65.3 t 7.6 


4.1 f 0.2 
17.9 t 1.2 
23.1 t 2.1 
34.8 f 2.2 
46.1 t 3.2 
64.2 f 6.5 


4.5 f 0.1 
25.5 t 4.1 
54 .2 t  11.1 
78.4 t 15.1 


4.5 t 0.5 
16.0 t 1.3 
22.9 t 1.0 
38.1 t 1.9 
50.1 t 1.9 
56.4 t 5.4 


1.5 t 0.2 
1.8 f. 0.3 
4.0 t 0.2 
6.1 t 0.5 


1.1 t 0.1 
1.4 t 0.1 
1.9 f 0.1 
2.8 i 0.3 
3.0 t 0.3 


1.0 t 0.1 
2.0 t 0.1 
2.5 t 0.2 
3.7 t 0.2 
4.8 * 0.3 
7.2 t 0.7 


1.1 t 0.1 
6.5 t 1.0 


12.5 t 2.6 
19.8 t 3.8 


1.1 t 0.1 
2.0 f 0.2 
2.8 lr 0.1 
4.5 t 0.2 
7.1 t 0.3 
9.2 t 0.9 


3.6 f 0.5 
22.1 I 3.6 
19.5 f 0.9 
14.0 t 1.4 


4.0 I 0.2 
13.1 t 0.9 
15.6 t 1.1 
21.0 f 2.8 
22.1 t 2.8 


4.0 f 0.2 
8.7 t 0.7 
9.2 i: 0.9 
9.4 t 0.7 
9.7 t 0.7 
9.0 t 1.0 


4.1 t 0.1 
3.9 t 0.7 
4.3 f 1.0 
4.0 t 0.8 


3.9 -f 0.5 
7.9 t 0.7 
8.3 t 0.4 
8.4 f 0.5 
7.0 t 0.3 
6.1 f 0.6 


36.9 f 6.1 
76.6 f 3.2 
85.5 f 7.6 


14.3 f 1.2 
26.3 t 1.9 
56.1 t 7.1 
62.7 t 7.6 


14.4 f 1.2 
20.2 f 2.1 
33.0 t 2.2 
45.4 t 3.2 
66.0 t 6.5 


26.5 t 4.3 
61.2 f 11.4 
92.7 t 15.5 


12.5 t 1.3 
20.2 t 1.0 
37.1 t 1.9 
51.8 t 1.9 
60.1 * 5.5 


-350) was not included in the spectral width. The 13C NMR 
spectra are listed in Table I. 


The '% data for the exchange experiments is detailed in Table 
11. For each sample, integral measurements of the trans CO (t), 
cis CO (c), and aryl or alkyl resonances were made. As an internal 
standard, a mean single carbon intensity, h, was computed for 
each sample as the average aryl or alkyl carbon intensity. The 
standard deviation of h was used to determine error limits for 
all computations, using standard error propagation formulas. The 
% '% label in the cis and-in the trans posgions (including natural 
abundance) are simply c/h X 1.1% and t /h  X 1.1%. The observed 
cis/trans ratio (which includes natural abundance) is c / t .  The 
total % 13C incorporated (over natural abundance) is [(c + t - 
&)/&I X 1.1%. 


Results 
Exchange Rates. Solutions of a series of transition- 


metal-carbene complexes in toluene or hexane under - 
740-mm 90% 13C0 pressure were stirred rapidly in an 
apparatus designed to  achieve good equilibration of CO 
between the  gas phase and solution. T h e  rate of 13C0 
incorporation was measured by 13C NMR analysis of ali- 
quota taken from the reactor by comparing the integral 
measurements for the  cis and trans 13C0 resonances with 
those of aryl or alkyl resonances of the  carbene ligands. 
Since temperature was controlled to only f l  "C and since 
the reaction mixtures were cooled and reheated during the 
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Table IV. Stereoselectivity of 13C0 Exchange 
into (CO),M=CRR' 


Table 111. Rates of CO Dissociation from (CO),M=CRR' 
rate,a AG*, kcal 


compd temp, "C s-I X l o 5  mol-' 
3Cr 44b 18.0 24.0 
3MO 27b 4.9 23.4 
3w 77 2.3 28.0 
4 40 4.9 24.5 
7 7 7 ,  1.1 28.5 


a Rate data are accurate to about f: 20%. Hexane 
solvent. Toluene solvent. 


process of taking aliquots, the rates of CO dissociation 
listed in Table 111 are accurate to only f20%. The rates 
of CO dissociation are corrected for use of 90% 13C0 and 
are 1.11 times greater than the measured rate of 13C0 
incorporation. These rate data are accurate enough to 
determine whether a coordinatively unsaturated metal 
carbene complex (CO),M=CRR' needs to be considered 
as a viable intermediate in the reactions of the parent 
metal-carbene complex (CO)6M=CRR'. 


Stereochemistry of W O  Exchange. All of the met- 
al-carbene complexes studied with the exception of (C- 
0)6WC(C&)2 showed moderate to high selectivities for 
the incorporation of 13C0 into cis positions. The principle 
of microscopic reversibility requires that the loss of CO 
from the metal-carbene complexes also be cis specific. It 
was not possible to  obtain good estimates of the stereo- 
specificity of CO exchange at  low levels of incorporation 
of 13C0. This was primarily due to the difficulty in esti- 
mating the small increase over the 1.1% natural abundance 
of 'TO at  the trans position. For example, when 3Mo was 
stirred with 13C0 for 75 min at  27 "C, the reisolated 3Mo 
had 14.0 f 1.2% above natural abundance 13C0 in the cis 
position and only 0.3 f 0.1% above natural abundance 
13C0 in the trans position; the high percentage error in the 
13C0 in the trans position led to a large error (47 f 16) in 
the ratio of 13C0 newly incorporated into the cis and trans 
positions. By measuring the cktrans ratios a t  higher 13C0 
incorporations smaller errors in the % trans 13C0 can be 
achieved, but a new source of uncertainty is introduced. 
As we pointed out in the introduction, if CO exchange 
proceeds by a fluxional 5-coordinate intermediate, even 
if 13C0 enters exclusively into cis positions, it is possible 
to get 'TO into the trans position at  longer reaction times. 
This arises by CO dissociation from C~S-('~CO)(CO)~M= 
CRR' to give a fluxional intermediate (13CO)(CO)3M= 
CRR' which can then give (13C0)2(C0)3M=CRR' with 
extensive 13C0 in the trans position. Consequently, the 
observed ratio of cis l3CO:trans 13C0 at long reaction times 
wil l  underestimate the inherent cis stereospecificity of the 
exchange reaction if the reaction proceeds via a fluxional 
intermediate. 


To  circumvent these problems, we have plotted the 
cis:trans 13C0 ratio (without correcting for natural abun- 
dance) vs. the total amount of 13C0 in the metal-carbene 
complex. Then kinetic models (Appendix I) involving 
either a rigid or a fluxional intermediate were employed 
to try to best fit the data by varying the relative rates of 
dissociation of CO from a cis or trans site (kc, kJ. The best 
estimates of the intrinsic ratio of rates of loss of a cis:trans 
CO are given in Table IV. Very similar k , /k ,  ratios were 
obtained with either the rigid or fluxional model for the 
5-coordinate intermediate. This is a result of using data 
primarily from the first 30% 13C0 incorporation where the 
two models give more similar results than they do at more 
extensive 13C0 incorporation. 


Conformational Mobility of 5-Coordinate Interme- 
diates. For exchange reactions which display a high cis 
selectivity, it is possible to distinguish between mechanisms 


cis "CO/ stereoselectivity, 
compd trans "CO k J k t  


~~ 


3Cr > 24 >6 
3MO > 36 >9 
3w 18+ 5 4.5 f 1.2 
4 4.0 f: 1.0 1.0 i: 0.25 
7 152 4 3.7 i. 1 


k,, k t  are per-site rates. 


t 
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Figure 2. Ratio of cis:trans 13C0 vs. % 13C0 incorporation. 
Different ratios of k,/kt  are shown for the rigid mechanism (k , /k ,  
= 9) and for the fluxional mechanism (k , /k ,  = 10) 90 that the lines 
are not obscured at low '70 13C0 incorporation. 
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Figure 3. Ratio of cis:trans 13C0 vs. % 13C0 incorporation for 
3Mo. The theoretical curves for a rigid mechanism with k , / k ,  
= 9 and for a fluxional mechanism with k , / k t  = are also shown. 


involving a rigid and a rapidly fluxional 5-coordinate in- 
termediate. For reactions involving a rigid intermediate, 
the cis:trans 13C0 ratio rises rapidly from the 4:l natural 
abundance ratio as 13C0 enters the cis position and con- 
tinues to rise throughout the incorporation of the first mole 
of 13C0 per mole of carbene complex (Figure 2). For 
reactions proceeding via a rapidly fluxional 5-coordinate 
intermediate, the cis:trans 13C0 ratio initially rises rapidly 
from the 4:l natural abundance ratio as 13C0 selectively 
enters the cis position. However, after about 30% 13C0 
incorporation the cis:trans ratio peaks and then falls slowly 
as a second pathway to incorporation of 13C0 in the trans 
position becomes available (Figure 2). This second path- 
way involves loss of CO from c~-('~CO)(CO),M=CRR' to 
give cis-(13CO)(CO),M=CRR' which rearranges to give 
some tram-(13CO)(C0)3M=CRR' before capture by 13C0. 
For reactions proceeding by a fluxional intermediate, about 
25% of the doubly 13C0 labeled compound will have a 
trans 13C0 label even if 13C0 enters only at a cis position. 


The position of the 13C0 label in 3Mo as a function of 
% W O  incorporation is shown in Figure 3. It can clearly 
be seen that the cis:trans 13C0 ratio rises continuously to 
beyond 60% 13C0 incorporation. The data are well fitted 
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CO ligands and has stronger bonding to CO. The alkyl 
group in 7 is a better electron donor than the phenyl group 
in 3Cr; this results in the observed slower CO dissociation 
from 7.% Similarly, a phenyl group of the diphenylcarbene 
tungsten complex 4 is a weak electron donor compared 
with the methoxy group in 3W, which is a strong ?r-electron 
donor to the carbene carbon atom. Consequently, disso- 
ciation of a W-CO bond in 3W is more difficult than in 
4. 


Comparison of Exchange Rates with Reaction 
Rates. One motivation for studying the rates of 13C0 
exchange of metal-carbene complexes was to compare 
these rates with the rates of various reactions of metal- 
carbene complexes in order to determine whether a co- 
ordinatively unsaturated metal-carbene complex was a 
kinetically competent intermediate. 


The rate of exchange of 13C0 with 3Cr ((1.8 f 0.5) X 
lo4 s-l a t  44 "C) is within experimental error of the 
first-order rate constanh for the substitution of P(C,&1)3 
or of P(C6H5)(CHzCH3)z with 3Cr ((2.6 f 0.2) X at  
44.5 0C).27 Thus although 3Cr and phosphines are in 
reversible equilibrium with a zwitterionic adduct, the ad- 
duct is not involved in the substitution reactions.29 The 
slow step in both 13C0 exchange and PR3 substitution is 
CO dissociation. 


Higher temperatures were required for the hydrogen- 
olysis reactions5 of 3W, 4, and 7 than for the corresponding 
13C0 exchange reactions. These observations are in 
agreement with the proposal that the slow step in the 
hydrogenolysis reactions is the addition of H2 to a coor- 
dinatively unsaturated metal-carbene complex. 


The reaction of metal-carbene complexes with alkenes 
leads to the formation of cyclopropanes and of olefin 
metathesis-like alkene scission products. Both of these 
reactions could proceed via CO dissociation to give a co- 
ordinatively unsaturated metal carbene complex which 
then rea& with an alkene to give a metal-carbene-alkene 
complex or a metallacyclobutane. Arylmethoxycarbene 
complexes react with a,fl-unsaturated esters at 90-140 "C 
over 2-6 h to give cyclopropanes.6 Under these reaction 
conditions, the 13C0 exchange rates of 3Cr, 3Mo, and 3W 
are all substantially faster than cyclopropane formation. 
Consequently, a 5-coordinate metal-carbene complex is 
a reasonable intermediate in these reactions. 


Ethyl vinyl ether reacts with 3Cr at 30 "C over 3 h to 
give mainly the alkene scission product a-methoxystyrene? 
However, under 100 atm of CO, a mixture of cyclopropanes 
is produced. At 44 "C, we have found that the half-life 
for 13C0 exchange of 3Cr is about 1 h. These results are 
consistent with formation of a coordinatively unsaturated 
metal-carbene complex which reacts with ethyl vinyl ether 
to give successively a metal-carbene-alkene complex, a 
metallacyclobutane, and eventually a-methoxystyrene. 
Under CO pressure, the coordinatively unsaturated carb- 
ene complex adds CO to revert to 3Cr; a slower reaction 
initiated by nucleophilic attack of the vinyl ether on the 
electron-deficient carbene carbon atom of coordinatively 
saturated 3Cr leads to cyclopropane formation. We have 
proposed a similar mechanism for cyclopropane formation 
for the reaction of (CO)5W=CHC6H5 with alkenes at -78 
O C where CO dissociation is highly unlikely." 
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Figure 4. Ratio of cis:trans 13C0 vs. '70 13C0 incorporated for 
7. The theoretical cwes  for a rigid mechanism with k J k t  = 2.5 
and for a fluxional mechanism with k , / k ,  = 3.7 are also shown. 


to a kinetic model with a rigid intermediate and k,:k, = 
9. However, the fluxional model cannot fit the data. In 
particular the fluxional model cannot explain the high 
cis:trans 13C0 ratio a t  60-70% 13C0 incorporation even if 
an infinitely high k,:kt ratio is chosen. 


For 7, the cis:trans 13C0 ratio reaches a maximum at  
about 30% 13C0 incorporation and then falls (Figure 4). 
A better fit to the data can be obtained if the 5-coordinate 
intermediate is assumed to be fluxional. 


For 3Cr and 3W, the data can be fit equally well with 
either a fluxional or rigid model. For 4, the exchange of 
13C0 was found to be nonstereospecific; consequently, no 
distinction can be made between a fluxional and a rigid 
intermediate by this method. 


Discussion 
Structural Effects on Exchange Rates. The ex- 


change of 13C0 with all of the metal-carbene complexes 
studied here followed first-order kinetics, in agreement 
with an expected simple CO dissociation mechanism. For 
the phenylmethoxycarbene complexes, the rate of 13C0 
exchange of the tungsten complex 3W (AG* = 28.0 kcal 
mol-l) was much slower than that of either the molybde- 
num complex 3Mo (AG* = 23.4 kcal mol-') or the chro- 
mium complex 3Cr (AG* = 24.0 kcal mol-l). For the 
corresponding M(CO)6 compounds, the rates of CO dis- 
sociation as measured by P(C6H5)325 and P ( ~ - B U ) ~ ~ ~  sub- 
stitution reactions are all much slower than for the phe- 
nylmethoxycarbene complexes. The same general trend 
of reactivity Mo > Cr > W is observed in both series of 
compounds, but the difference in reactivity between 3Mo 
and 3Cr is much smaller than between Mo(CO)~ (E, = 31.4 
kcal mol-') and Cr(CO)6 (E, = 38.7 kcal mol-'). 


The 13C0 exchange rate of the cyclic alkylalkoxycarbene 
chromium complex 7 (AG* = 28.5 kcal mol-') is much 
slower than that of the phenylmethoxycarbene complex 
3Cr (AG* = 24.0 kcal The diphenylcarbene 
complex of tungsten 4 (AG* = 24.5 kcal mol-') exchanges 
'e0 much faster than the phenylmethoxycarbene complex 
3W (AG* = 28.0 kcal mol-'). Both of these reactivity 
patterns can be explained in terms of the electron donor 
abilities of the groups attached to the carbene carbon atom. 
With good electron donor groups attached to the carbene 
carbon atom there is less demand for donation of T elec- 
trons from the metal to the carbene carbon. Consequently 
the metal is more capable of donating T electrons to the 


(26) Werner, H.; Prim, R. Chem. Ber. 1966,99, 3682. 
(26) Graham, J. R.; Angelici, R. J. Inorg. Chem. 1967, 6, 2082. 
(27) Similarly, (C0)&FC(OCH3CH3 is 60 times more reactive than 


(CO),C~(OCH,)C&H, in ligand-substitution reactions with P(C6H,)- 
(CHzCH& Werner, H.; Raacher, H. Helu. Chim. Acta 1968,51, 1765. 


(28) Fischer has studied the infrared spectra of (CO)6Cr==C- 
(OCH&&X and found that electron-donor substituents lead to de- 
creased CO stretching frequenciea and presumably stronger M-CO bonds. 
Fischer, E. 0.; Kreitar, C. G.; Kollmeier, H. J.; Moller, J.; Fischer, R. D. 
J. Oganomet. Chem. 1971,28, 237. 


(29) The demonstrated first-order kinetica of the phosphine substitu- 
tion reaction and the independence of the fust-order rate constant on the 
phosphine concentration also establish this fact.n 
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ferent a orbitals. The more rapid dissociation of a cis CO 
ligand in the alkoxy-substituted carbene complexes is 
probably related to the stronger a-donor and weaker a- 
acceptor ability of the carbene ligand which selectively 
strengthens the metal-C0 bond of the trans CO. The 
strong a-donor and weak a-acceptor nature of the carbene 
ligand also results in a smaller C=O stretching force 
constant for the trans CO compared to the cis CO lig- 
and.28132 While these arguments can explain the relative 
rates of loss of cis and trans CO ligands, they cannot ac- 
count for the net labilizing effect of the carbene ligand 
since the same argumenb would lead to the conclusion that 
loss of CO from M(CO), should be favored over loss from 


Lichtenberger and Brown have made an extensive mo- 
lecular orbital investigation of CO dissociation from Mn- 
(CO),+ and Mn(C0)5Br in an effort to explain the phe- 
nomenon of cis labilization of CO diss~c ia t ion .~~ They 
concluded that interaction of CO groups with the re- 
mainder of the starting complex cannot explain relative 
rates of CO dissociation. The relative energies of CO 
dissociation were found to be related to the relative en- 
ergies of stabilization resulting from geometrical relaxation 
of the 5-coordinate metal carbonyl fragment formed upon 
CO loss. Heteroligands with at  least one a-donor orbital 
labilize a cis CO group relative to a trans CO group by 
providing greater stabilization to the relaxed 5-coordinate 
intermediate. The precise mode of cis labilization of CO 
by an alkoxy-substituted carbene ligand is not known, but 
it can be noted that the carbene ligand is a weaker a-ac- 
ceptor ligand than 


The statistical incorporation of 13C0 into (CO)5W= 
C(C&5)2 (4) is surprising since all of the alkoxy-substituted 
carbene complexes exhibited selective incorporation of 
13C0 into cis positions. The statistical incorporation of 
13C0 into 4 might be due to rapid intramolecular isom- 
erization of 4 which would scramble 13C0 between cis and 
trans sites. The intramolecular rearrangement of CO lig- 
ands in (CO),WP(OCH,), has been reported by Darens- 
b o ~ r g . ~ ~  


Fluxional or Rigid 5-Coordinate Intermediates. 
Plots of the cis:trans 13C0 ratio vs. % 13C0 incorporation 
established that the tetracarbonylmolybdenum-carbene 
intermediate formed from 3Mo was configurationally rigid; 
that is, the rate of its reaction with 13C0 was faster than 
its rate of rearrangement. In contrast, the intermediate 
formed from chromium complex 7 was fluxional. For 3Cr 
and 3W, the data could be fit assuming either a rigid or 
a fluxional intermediate. 


The observation of a rigid intermediate in the reactions 
of 3Mo is somewhat unusual in that examples of rigid 
5-coordinate d6 metal complexes are rare but include 
several molybdenum species such as (C0)4Mo(alkene)35 
and MO(CO)~PR:~ in which the vacant site is cis to the 
heteroligand. Flood has recently obtained evidence for a 
rigid, square-pyramidal intermediate in the carbonylation 
of (C0),MnCH3 in THF.36 Fluxional 5-coordinate ds 
intermediates are more common and include Mn(C0),Br,l2 
Re(C0)4Br,12 Cr(CO)5,37 Mo(CO)~,~* (phen)Cr(C0)3,39 


(CO),M=C (0R)R. 


c tu 


The reaction of diphenylcarbene-tungsten complex 4 
with isobutylene at  50 OC for 6 h gave a mixture of alkene 
scission product diphenylethylene and 2,2-dimethyl-l,1- 
diphenylcy~lopropane.~ The formation of these products 
is substantially slower than the rate of CO dissociation 
from 4 (tlI2 = 23 min at 40 OC). The ratio of alkene scission 
products to cyclopropanes formed in the reaction of 1- 
pentene with (C0)5W=c(C6H4CH3)2 was found to be in- 
dependent of CO pressure.30 These results are in agree- 
ment with a mechanism involving CO dissociation, coor- 
dination of an alkene, and partitioning of (CO)4(alkene)- 
W=C(C,H,), between cyclopropane and alkene scission 
products. 


A chelated tungsten-carbene-alkene complex (6) was 
observed as an intermediate in the conversion of carbene 
complex 5 to cyclopropane. After a 20-min induction 
period a t  38 OC, the decomposition of 5 proceeds rapidly 
to completion within an additional 20 min8 The rate of 
CO dissociation from the closely related compound 3W has 
a half-life of 8.3 h at  77 "C. Consequently, simple CO 
dissociation from 5 would be much too slow to account for 
cyclopropane formation. We have proposed a chain 
mechanism for the autocatalytic decomposition of 5 in 
which the metal-carbene-alkene complex 6 reacts to give 
cyclopropane and W(CO)& The highly reactive W(CO)4 


lco)bW-J - WlCOl, + 
-7.a 


CH3 


- 6G 
C A 3  


would then react in turn with two molecules of starting 
material 5 to abstract CO and give rise to 2 equiv of 
metal-carbene-alkene complex. The dissociation of CO 
from 5 a t  38 OC would be fast enough to be an initiation 
step to generate the initial metal-carbene-alkene complex. 


Stereochemistry of 13C0 Exchange. The alkoxy- 
substituted carbene complexes 3Cr, 3Mo, 3W, and 7 
showed moderate to high selectivities for incorporation of 
13C0 into a cis position. The reactions of metal-carbene 
complexes with phosphines also lead to kinetically favored 
cis substitution products.4sn The availability of a reactive 
site cis to the carbene ligand is crucial in the reactions of 
metal-carbene complexes with hydrogen and with alkenes. 


Alkoxy-substituted carbene ligands have a single r-ac- 
ceptor orbital which is a better a-acceptor orbital than 
either of the two a-acceptor orbitals of C0.31 The CO 
ligand is a better ?r-acceptor ligand than a carbene ligand 
only because it can accept electron density into two dif- 


(30) Tuinstra, H. E. Ph.D. Thesis, University of Wisconsin, 1978. 
(31) Block, T. F.; Fenske, R. F.; Casey, C. P. J. Am. Chem. SOC. 1976, 


98,441. 


(32) Casey, C. P.; Burkhardt, T. J.; Bunnell, C. A.; Calabrese, J. C. J. 


(33) Lichtenberger, D. L.; Brown, T. L. J. Am. Chem. SOC. 1978,100, 
Am. Chem. SOC. 1977,99, 2127. 


366. 
(34) Darensbourg, D. J. J. Organomet. Chem. 1981, 209, C37. Dar- 


ensbourg, D. J.; Baldwin, B. J. J. Am. Chem. SOC. 1979, 101, 6447. 
Darensbourg, D. J.; Baldwin, B. J.; Froelich, J. A. Ibid. 1980,102,4688. 


(35) Darensbourg, D. J.; Saber, A. J. Am. Chem. SOC. 1978,100,4119. 
(36) Flood, T. C.; Jensen, J. E.; Staler, J. A. J. Am. Chem. SOC., in 


(37) Cohen, M. A.; Brown, T. L. Inorg. Chem. 1976,15, 1417. 
press. 
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W(CO)4(alkene),o and Mo(CO),P(C,H& (vacant site trans 
to pho~phine).~’ 


In the series of metal-carbene complexes studied here, 
examples of both rigid and fluxional intermediates have 
been seen. It is likely that the relative rates of rear- 
rangement and of CO capture of the 5-coordinate inter- 
mediate are similar in all the cases studied. In some cases, 


CO), the lifetime of the 5-coordinate intermediate before 
CO capture can be estimated to be between 3 X lo-, and 
5 X lO-”s. The lifetime before rearrangement is probably 
also within an order of magnitude of these values. 


Acknowledgment. Support from the National Science 
h ~ n d a t i o n  is gratefully acknowledged. 


rearrangement is faster than CO capture, and the inter- 
mediate is called “fluxional”. In other cases, CO capture 
is more rapid and the intermediate is called “rigid”. The 
rate of capture of 5-coordinate intermediates by ligands 
has been measured to be between 3 X 106 and 2 X l@ M-’ 
s-1.42r43 Under the conditions used here I1  atm 10.01 M 


(38) Darembourg, D. J.; Darensbourg, M. Y.; Dennenberg, R. J. J. Am. 


(39) Dobson, G. R.; Aaali, K. J. J.  Am. Chem. Soc. 1979, 101, 5433. 
(40) Darembourg, D. J.; Nelson, H. H.; Murphy, M. A. J. Am. Chem. 


(41) Darenebourg, D. J.; Graves, A. H. Inorg. Chem. 1979,18, 1257. 
(42) Kelly, J. M.; H e m ,  H.; Kcemer von Gustorf, E. J. Chem. Soc., 


Chem. SOC. 1971,93, 2807. 


SOC. 1977, 99, 896. 


Chem. Commun. 1973, 105. 


Registry No. 3Cr, 27436-93-7; 3Mo, 38797-47-6; 3W, 37823-96-4; 


Supplementary Material Available: An appendix describing 
kinetic models and listing differential equations for the rigid 
mechanism and the fluxional mechanism (9 pages). Ordering 
information is given on any current masthead page. 


4, 50276-12-5; 7, 54040-18-5. 


(43) Kelly, J. M.; Bent, D. V.; Hermann, H.; Schulte-Frohlinde, D.; 


(44) We wish to thank Professor F. A. Weinhold and Dr. A. J. Shus- 


(45) Johnson, L. W.; Riess, R. D. “Numerical Analysis”; Addison- 


Koemer von Gustorf, E. J.  Organomet. Chem. 1974,69, 259. 


terman for writing the computer program. 


Wesley: Reading, MA, 1977; pp 299-302. 
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From a comparison of the atomic core binding energies of CH,Mn(CO),, (n-C,H,)Mn(CO),, (u-C3H5)- 
Mn(CO),, and Mn2(CO)lo, we conclude that the methyl, propyl and a-allyl groups in the first three compounds 
are negatively charged. Both the carbon 1s binding energies and theoretical considerations indicate an 
unusually large relaxation energy associated with the ionization of the terminal carbon atom of the u-allyl 
group. The 7r-C3H5 group in (?r-C,H,)Mn(CO), has a relatively low electron density, undoubtedly because 
it is a formal 3-electron donor group. The carbon 1s data indicate that the C5H5 group in (75-C5H5)Mn(CO), 
is probably positively charged. 


The allyl group is a commonly encountered ligand in 
organometallic reactions’ and catalytic processes.2 The 
ligand is of particular interest because it can engage in 
either 7’ or 7, bonding to a transition metal; that is, it can 
be either a bonded, CH2=CH-CH2-M, or ?r bonded. 


In this gas-phase X-ray photoelectron spectroscopic (XPS) 
investigation we have studied the nature of the bonding 
of the a-allyl and ?r-allyl groups to manganese by com- 
paring the core binding energies of ( a-C,H,)Mn(CO), and 
(.rr-C,H,)Mn(CO), with those of CH,Mn(CO),, (n-C3H7)- 
Mn(CO),, Mn2(CO)lo, and (q5-C5H5)Mn(C0),. In a pre- 
vious study of a wide variety of LMn(CO), compounds, we 
observed that the manganese, carbonyl carbon, and oxygen 


core binding energies are linearly correlated with one an- 
other., Although the electronegativities and polariza- 
bilities of the L group studied varied over a considerable 
range, the electronegativities of the L groups were not 
correlated in any obvious way with the corresponding 
polarizabilities. If the binding energy shifts were signifi- 
cantly affected by changes in both atomic charge and re- 
laxation energy, one would expect the relative proportions 
of these changes to be different for the manganese, car- 
bonyl carbon, and oxygen atoms, and therefore that the 
binding energy shifta would not be linearly related. Hence 
we believe that those results indicate that the binding 
energy shifta in such closely related compounds are mainly 
due to changes in atomic charges and that changes in 
electronic relaxation energy are relatively small. This 
conclusion is supported by the general observation that 
calculated relaxation energies for an atom are similar when 
the bonding environments of the atom are ~ i m i l a r . ~  


(1) Chiusoli, G. P.; Caasar, L. In “Organic Synthesis Via Metal 
Carbonyls”, Wender, I.; Pino, P.; E&.; Wiley: 1977; Vol. 2, pp 297-417. 
(2) Keim, W. In “Transition Metals in Homogeneous Catalysis”; 
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without distillation. One gram of the mixture was heated with 
0.1 g of cuprous bromide at 55 "C for 2.5 h with magnetic stirring. 
The sample was filtered on a sintered glass funnel and its com- 
position determined by gas chromatography. This analyak showed 
that the mixture was 11% 8 and 89% 13. 
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Organometallic Chemistry of Carbon-Nitrogen Multiple Bonds. 
3. Reaction of Tris(triphenylphosphine)platinum( 0) with 
Dimethylmethylenlminlum Chloride. X-ray Structures of the 
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Products [ (Ph3P)PtCH2N(CH3)2CH2N(CH3)2(CI)]CI and 
CIS-[ (Ph3P)Pt[CHN(CH3)2]CIJ 
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Tris(triphenylphosphine)platinum(O) reacts with [ (CH3)2N=CH2]C1 in THF to yield [ (Ph3P)- 
PtCH2N(CH3),CH2N(CHJ2(C1)]C1 (A) which may be considered as a complex of the bidentate ylide ligand 
-CH2N+(CH3)2CH2N(CH3)2. When heated in acetonitrile, A converta quantitatively to the carbene complex 
cis-((Ph3P)Pt[CHN(CH3),C12) (B), (vCrN = 1611 cm-') and (CH3)3N. This decomposition is dependent upon 
the presence of a coordinating anion as shown by the stability of the BF4- salt of A in CH3CN. The results 
of single-crystal X-ra structures for A and B are presented. Crystal data are as follows. A space group 
P2'/c, a = 13.86 (1) g, b = 8.93312) A, c = 19.52 (1) A, j3 = 98.65 (6)O, Z = 4, pdd = 1.791 g ~ m - ~ ,  pexptl 
= 1.77 g cw3.  B space group R3, a = 20.400 (8) A, ci = 117.68 (3)O, Z = 6, p d d  = 1.763 g ~ m - ~ ,  pex a =  
1.77 g ~ m - ~ .  A has Pt-L distances of P, 2.223 (2) A, C1, 2.362 (2) A, N, 2.134 (4) A, and C, 2.017 (4 A 
The Pt-C distance is the shortest presently known for an sp3 carbon (without fluorine substituents) bonded 
trans to chlorine. B has Pt-L distances of P, 2.220 (2) A, C1(1), 2.347 (3) A, C1(2), 2.345 (3) A, and C, 1.96 
(1) A. The dihedral angle between the carbene and coordination planes is 84'. 


I . 


Introduction 
An earlier publication dealt with the syntheses of 


((Ph3P)Ni(X)[q2-CH2N(CH3),]) (X = C1, Br, I) (I) and the 
single-crystal X-ray structure of the chloro complex.' 
These complexes were prepared from (Ph3P)4Ni or 
(Ph3P)2Ni(C2H4) and dimethylmethyleniminium halides 
(A) and represented the first phase of our investigations 
of the organometallic chemistry of iminium salts., The 
analogous reaction of (Ph3P),Pt with A (X = C1) produced 
a complex that analyzed for Ph3P, Pt, and iminium salt 
in the ration 1:1:2, The NMR and infrared spectra of this 


A I IT IiI 


compound did not help in the assignment of a structure. 
A single crystal X-ray structure shows that the complex 
has structure 11, which may be considered as a complex 
of the bidentate ylide ligand -CH2N+(CH3)2CH2N(CH3)2. 
This compound converts to the carbene complex I11 and 
(CH3)3N under mild conditions. The single-crystal X-ray 
structure of the carbene complex indicates that it has the 


(1) Sepelak, D. J.; Pierpont, C. G.; Barefield, E. K.; Budz, J. T.; Pof- 
fenberger, C. A. J. Am. Chem. SOC. 1978,98,6178. 


(2) Part 2 of the series deals with reactions of CpFe(CO)*- with imi- 
nium ealts Barefield, E. K.; Sepelak, D. J. J. Am. Chem. SOC. 1979,101, 
6542. 


cis stereochemistry. The chemistry of these complexes, 
details of the structures, and a discussion of the probable 
mechanisms of reactions of iminium salts with zero-valent 
d'O metals are the subjects of this paper. 


Experimental Section 
Preparative work was conducted in a Vacuum Atmospheres 


glovebox under a nitrogen atmosphere. Solvents were distilled 
from drying agents under a nitrogen atmosphere. Dimethyl- 
methyleniminium chloride3 and (Ph3P)3Pt4 were prepared by 
literature methods. 


[ (P~~P)P~CHZN(CH~)~CHZN(CH~)~(C~)]C~. A suspension 
of 0.5 g (0.4 mmol) of (Ph3P)3Pt and 0.15 g (1.6 mmol) of [(C- 
H&N=CH2]C1 in 50 mL of THF was stirred overnight. The 
off-white solid was collected by filtration and extracted on the 
frit with three 5-mL portions of CHZCl2. Addition of ether to the 
extracts gave the product as R microcrystalline off-white material. 
Yield 0.2 g or 78%. Anal. Calcd for PtC24H31NzC1zP C, 44.71; 
H, 4.85; N, 4.35; C1,11.00. Found C, 42.89,42.88,43.56; H, 4.99, 
4.97,4.50, N, 4.41,4.24; C1,10.87. Crystallographic quality crystals 
were obtained by evaporation of an acetonitrile solution of the 
complex. 


[ (Ph3P)PtCHzN(CH3)zCHzN(CH3)zCl]BF,. Metathesis to 
the fluoroborate was accomplished by dissolving 1.25 g of the 
chloride in 125 mL of acetonitrile and adding a 10% excess of 
NaBF,. After precipitated NaCl was removed the volume was 
reduced to half and the solution was stored at -3 "C for overnight; 
a second crop of NaCl was removed by filtration. After the volume 


(3) Bhhme, H.; Hartke, K. Chem. Ber. 1963,93,1305. 
(4) Ugo, R.; Cariati, F.; LaMonica, G. Inog. Synth. 1968, 11, 105. 
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Table I. Crystal Data for [(Ph,P)ptCH,N(CH,),CH,N(CH,),oICI (A)  and cis- {(ph,P)pt[CHN(CH,),]Q,) (B) 


A B 
mol wt 644.48 585.38 
dimens, mm 


cell constants 


0.08 X 0.25 X 0.40 0.40 X 0.40 X 0.60 
space group P2,lC R 3  


a, 13.86 ( 1 )  20.400 ( 8 )  
b ,  a 8.933 ( 2 )  
c ,  a 19.52 (1) 
a, deg 117.68 ( 3 )  
0, deg 98.65 ( 6 )  


no. of reflctns used to determine cell constants 15 15 


z 4 6 
Pcalcd, g 1.791 1.763 
Pexptl," g cm-' 1.77 1.77 


and their 28 limits, deg 4 <  28 < 19 1 5 . 9 <  2e < 34.75 


By flotation in carbon tetrachloride/l,2-dibromoethane. 
Table 11. Data Collection and Refinement Details for 


diffractometer 
monochromator (Bragg 20 angle, deg) 
radiation, A 
take-off angle, deg 
scan method 
scan speed, min/max, deg min-' 
scan width, deg 
bkgd/scan time ratio (TR)" 
no. of standards 


2e limits of data, deg 
h,k, l  


no. of data 
no. of data used in final refinement 
no. of data/no. of variables 
I J ;  cm-I 


Rw 


(monitoring freq, no. of reflctns) 


R = (C U F,I - I F,U )/(I; I F, I) 
(function minimized = c ( I F,I - I F,I),) 


3.9/29.3 


-h,O,O + 


+ h,+ k ,  t 1 
4682 
3316' 
12.2 
64.85 
0.024 


0.023f 


Syntex P2, 
graphite (12.2)  
Mo KZ, 0.71069 
6.75 
e-2e 


2.0 
1.0 


2.02/29.3 


3b (97)  


4 < 20 < 50 
-h,-k,O + + h , + k , + l  : 


lhl Q 2 ,  Ikl Q 1 
5845 
3784d 
25.1 
63.97 
0.047 


0.049g 


LI Background counts measured before (BG1) and at the end (BG2) of the scan. Intensities determined from total scan 
(CT) and background (BG) counts by I = CT - TR(BG1 + BG2). U I  = [CT + (TR)z(BG1 + BG2)I1'*. F, = ( I / L P ) ' / ~  
where Lp is the Lorentz and polarization correction. Standard reflections were as follows. A: 0,0,8; 0,2,0; 7,0,0. B: 
0,0,5; 0,5,0; 5,0,0. 
method based on J, scans of reflections near x = 90"; average I 


cycle. n was 2.86 and m was 5.1 x 10-4. 


I > 301. F > 3 0 ~ ;  up = u1/2(F)(Lp). e Data were corrected for absorption by an empirical 
/ I  . = 2.9 for A and 1.39 for B. f R, = 


[Zw( IFo/ - I F , 1 ) 2 / ~ w (  ~,I)z]l";  w =  4I/u1. R ,  = [E( IF,I -7Fcl ) (w ax "112 )/[I;( lFol)(wl'z)]; w = n / ( u F z  + m F Z )  in the final 


of the filtrate was reduced to ca. 25 mL, about 10 mL of ether 
was added and the solution again stored at -3 OC overnight. The 
white crystalline fluoroborate salt was collected, washed with ether, 
and dried in vacuo. Anal. Calcd for PtCaH31N$CU3F,: C, 41.43; 
H, 4.49; N, 4.03. Found: C, 41.35; H, 4.52; N, 4.02. 


((Ph3P)Pt[CHN(CH3)2]C12]. An acetonitrile solution of 
[ (Ph3P)PtCH2N(CH3)2CH2N(CH3)2(C1)]C1 was heated at reflux 
for 10 min. After the solution cooled, the volume was reduced 
under vacuum to give white crystals of the product, which were 
collected, washed with ether, and dried in vacuo. Two modifi- 
cations were obtained in separate preparations. One of these 
showed a single UCN at 1611 cm-' whereas the other showed two 
bands at 1611 and 1622 cm-l (solid state, Nujol mull). The exact 
conditions leading to a predictable formation of a given modi- 
fication were not determined. Anal. Calcd for PtC21H22NPC12: 
C, 43.09; H, 3.79; N, 2.39. Found: C, 42.34; H, 3.93; N, 2.30. 
Crystals for X-ray data collection of the form having only the 
1611-cm-' infrared stretch were grown by addition of ether to an 
acetonitrile solution of the complex followed by cooling at -3 OC 
overnight. 


Solution and Refinement of the Structures of [(Ph3P)- 
PtCH2N(CH3)2CH2N(CH3),(C1)]Cl (A) and ((Php)Pt[CHN- 
(CH3)2](Cl)) (B). Crystal data are given in Table I and certain 
details of data collection and refinement in Table 11. All com- 
putations were done on a CDC Cyber 70174 computer system. 


, 


I . 


In the case of A the position of the platinum atom was de- 
termined from a Patterson synthesis and after three cycles of 
least-squares refinement of the scale factor and platinum coor- 
dinates R = 0.319. A difference Fourier map revealed the chlorine 
and phosphorus positions. These were included for three cycles 
of least-squares refinement in which the coordinates and isotropic 
thermal parameters of all atoms were allowed to vary (R = 0.195). 
A subsequent difference Fourier map revealed the positions of 
all carbon and nitrogen atoms. Inclusion of these atoms in the 
refinement gave R = 0.103 after three cycles. At this point the 
Pt, C1, and P atoms were refined anisotropically for three cycles 
(R  = 0.059). Hydrogen atom positions for all nonmethyl carbons 
were calculated by assuming sp2 or sp3 geometry as appropriate. 
The position of at  least one hydrogen atom attached to each 
methyl carbon was determined from a difference Fourier map, 
and positions of the remaining ones were calculated. All hydrogen 
atom positions were block refined for two cycles after which their 
coordinates and thermal parameters were held constant. All 
nonhydrogen atoms were then refined anisotropically to con- 
vergence at  R = 0.024 (R,  = 0.023). 


Programs used included Zalkin's F0RD.u Fourier summation 
program, Ibers NUCLS~ modification of the Busing-Martin-Levy 
o m  full-matrix least-squares program, the Busing-Martin-Levy 
ORFFE function and error program, and various locally written 
programs. For structure factor calculations the scattering factors 
for nonhydrogen atoms were taken from Cromer and Waber's 
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tabulati~n;~ and those for hydrogen were Stewart's! Scattering 
factors for Pt, P, and C1 were corrected for the real and imaginary 
anomalous dispersion components by using the dispersion factors 
given by Cromer.' Positional and thermal parameters of non- 
hydrogen atoms obtained in the last least-squares cycle are given 
in Table 111. Tables of hydrogen atom positions and structure 
factors have been deposited. 


The structure of B was solved by direct methods. The position 
of the platinum atom was located via the E map showing the 
highest probability statistics and its positional parameters, iso- 
tropic thermal parameter, and the scale factor were subjected to 
three cycles of least-squares refinement, R = 0.235 (all compu- 
tations utilized Sheldrick's Shelx-76 program package). A sub- 
sequent difference Fourier map revealed the positions of all 
nonhydrogen atoms. After three cycles of least-squares refinement 
of all positional and isotropic thermal parameters, the Pt, P, and 
C1 atoms were refined anisotropically for three additional 
least-squares cycles. At this point a difference Fourier map did 
not reveal any hydrogen atom positions; therefore, these were 
included in subsequent cycles of refinement in their calculated 
positions by assuming sp2 or sp3 hybridization of the carbon atom 
as appropriate, and thermal parameters of each group (phenyl, 
methyl, etc.) of hydrogen atoms were treated as a unit. Least- 
squares refinement of hydrogen atom thermal parameters, pos- 
itional and isotropic thermal parameters of phenyl group carbon 
atoms, and positional and anisotropic thermal parameters of the 
other nonhydrogen atoms was continued to convergence at R = 
0.047 and R, = 0.049. In the final cycle the thermal parameter 
of the C(3) hydrogen atom unit was fixed at 0.15 as it had grown 
steadily in previous cycles. 


Scattering factors were taken from the current source;8 those 
for all atoms except hydrogen were corrected for real and imag- 
inary anomalous dispersion components! Positional and thermal 
parameters of nonhydrogen atoms obtained in the last least- 
squares cycle are given in Tables IV and V. Tables of hydrogen 
atom positions and structure factors have been deposited. 


Results 
Preparation and Spectral Characterization of 


[(Ph3P)PtCH2N(CH3)2N(CH3)2Cl]+ Salts and 
((Ph3P)Pt[CHN(CH3),C12]. By analogy with our earlier 
work, in which we found that (Ph3P)4Ni or (Ph,P),Ni- 
(C2H4) reacted with excess [(CH3)2N=CH2]Cl in THF to 
give soluble ((Ph3P)Ni[q2-CH2N(CH3)2]Cl],1 we expected 
a similar product from (Ph3P)3Pt. Instead, a THF-in- 
soluble product that contained 2 equiv of iminium salt was 
consistently obtained, even from reactions involving 1:l 
ratios of reactants. The infrared spectrum of this material 
contained no absorptions for vinylic CH or for C=N but 
gave no other information that could be used in structure 
assignment. The NMR spectra obtained initially varied 
with the solvent used and were not entirely reproducible 
in a given solvent, but they were not consistent with the 
presence of N,N,N',N'-tetramethylethylenediamine which 
was initially considered as a possibility since reductive 
carbon-carbon bond formation can be achieved with cer- 
tain nickel(0) reagents.l0 Poor reproducibility of the NMR 
spectrum was ultimately traced to the instability of the 
chelate complex and the presence of carbene complex in 
the NMR samples. Carefully handled and purified sam- 
ples of both the chloro and fluoroborate complexes gave 
reproducible spectra (data and assignments are given in 
Table VI) which are consistent with the structure of the 


I 1 


(5) Cromer, D. T.; Waber, J. T. Acta Crystallogr. 1965,18,105. 
(6) Stewart, R. F.; Davidson E. R.; Simpson, W. T. J.  Chem. Phys. 


(7) Cromer, D. T. Acta Crystallogr. 1965, 18, 17. 
(8) 'International Tables for Crystallography"; Kynoch Press: Bir- 


(9) "International Tables for Crystallography"; Knoch Press: Bir- 


(10) Carrier, A. M.; Sepelak, D. J.; Barefield, E. K., unpublished re- 


1966,42, 3175. 


mingham, England, 1974; Vol. 11, Table 2.2A. 


minghman, England, 1974; Vol IV, Table 2.3.1. 


sulta. 
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cation as determined by X-ray diffraction (vide infra). The 
assignments of the different methylene and methyl reso- 
nances are based on the relative sizes of the Pt coupling 
constants. It should be noted that the coordinated CH2 
resonance (6 3.26) is a t  somewhat higher field than the 
methine resonance in trans-((o-CH3C5H4N)Pt[CH- 
(NC5H4-o-CH3)CH2CH2Ph]C12] which is a t  6 5.611 and the 
2JptH value is somewhat smaller (53 vs. 112 Hz). Since only 
one quaternary ammonium methyl resonance is detected, 
the chelate ring must undergo inversion at  a rate that is 
rapid on the NMR time scale. 


When [(Ph,P)PtCH,N(CH,),N(CH,),(Cl)]Cl is heated 
in acetonitrile, quantitative conversion to cis-( (Ph3P)Pt- 
[CHN(CH,),]Cl,J and (CH3),N occurs as shown by the 
NMR spectrum of the reaction mixture. This complex was 
easily isolated by evaporation of the acetonitrile. Its in- 
frared spectrum contains a band at  1611 cm-' for the C-N 
stretching absorption, which is the range observed for other 
secondary carbene complexes.12 The lH NMR spectrum 
contains methyl resonances at  6 2.85 (singlet) and 3.52 
(4JM = 12 Hz) and the carbene carbon hydrogen at 6 9.81 
(2JptH = 22 Hz, 3JpH * 4 Hz). Phenyl proton resonances 
are multiplets a t  6 7.44 and 7.73. The observation of two 
distinct methyl signals indicates that rotation about the 
C-N bond is slow as previously noted by Clark12 for a 
number of other secondary carbene platinum complexes. 
On the basis of the detectable coupling to platinum, the 
low-field methyl resonance is assigned to the group trans 
to platinum. The small value of 3JpH for the hydrogen 
attached to the carbene carbon is consistent with the cis 
orientation of phosphine and carbene ligands found for the 
solid-state material. 


The only reasonable pathway for conversion of the 
chelate complex to the carbene must involve chelate ring 
cleavage and the formation of free iminum cation which 
servea as an hydride abstracter. It seemed likely that either 
the chloride counterion or the polar solvent might promote 
dissociation of the amino group from the platinum atom. 
The fluoroborate salt of the chelate complex was syn- 
thesized to test for a counterion effect. In fact, the fluo- 
roborate salt of the chelate complex did not yield a de- 
tectable quantity of carbene complex when heated in 
acetonitrile and we conclude that the chloride counterion 
rather than solvent is most important for the conversion. 
(The BF4- salt of the chelate complex does decompose in 
hot acetonitrile but a t  a much lower rate than the con- 
version of the chloride salt to carbene-products were not 
identified.) Although the conversion of the chloride salt 
to carbene is rapid in CH3CN, it is much slower in CHCl3 
This may be a result of poor solvation of the iminum cation 
in this medium since formation of a neutral dichloro 
complex should be favored by the less polar solvent. 


Description of the Structure of [ (Ph3P)PtCH2N- 
(CH3)2CH,N(CH3)2(Cl)]Cl. The crystal structure of 
[(Ph3P)PtCH,N(CH3),CH2N(CH3),(C1)]C1 consists of 
four-coordinate cations and noninteracting chloride anions. 
The cation (see Figure 1 for an ORTEP drawing) is four- 
coordinate and contains the unique chelating ligand 
-CH2N+(CH3)2CH2N(CH3)2 with triphenylphosphine co- 
ordinated trans to the dimethylamino function. Selected 
interatomic distances and angles are given in Table VII. 


Although the cation can be loosely characterized as 
having a square-planar arrangement of ligands about the 


I 


I 


I 1 


~~ ~ 


(11) Al-essa, R. J.; Puddephatt, R. J. J. Chem. SOC. Chem. Commun. 
1980, 45. 


(12) Christian, D. F.; Clark, H. C.; Stepaniak, R. F. J. Organomet. 
Chem. 1976,112, 227. 
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Table IV. Final Positional and Thermal Parameters (with Esd'sO) for 
Anisotropically Refined Atoms of C~~.{(P~,P)P~[CHN(CH~)~](C~)~} 


atom X Y z Ull Uz.2 u33 '23 '13 UlZ 
Pt 0.19964 (4)  0.12937 (4)  0.43050 (4) 0.0282 (2)  0.0301 (2) 0.0310 (2) 0.0267 (2) 0.0254 (2)  0.0256 (2) 
C1( 1) 0.2220 (3)  0.2361 (3)  0.5751 (3)  0.073 (2)  0.058 (2) 0.068 (2) 0.054 (2) 0.065 (2) 0.061 (2)  
C1( 2) 0.1411 (4) 0.1746 (4)  0.3514 (4) 0.090 (2) 0.087 (2)  0.083 (2)  0.079 (2)  0.072 (2)  0.082 (2)  
P 0.2683 (2)  0.0996 (2) 0.5170 (2)  0.027 (1) 0.027 (1) 0.030 (1) 0.025 (1) 0.026 (1) 0.024 (1) 
N 0.268 (1) 0.101 (1) 0.333 (1) 0.070 (7)  0.087 (8) 0.073 (7) 0.074 (7)  0.067 (7)  0.069 (7)  
c(1) 0.177 (1) 0.040 (1) 0.306 (1) 0.042 (6)  0.048 (6) 0.043 (6) 0.041 (5) 0.037 (5)  0.038 (5) 
C(2) 0.416 (1) 0.258 (2)  0.470 (2) 0.056 (8) 0.067 (9) 0.073 (9) 0.058 (8) 0.057 (8) 0.043 (8) 
c(3) 0.239 (2)  0.018 (2) 0.232(2) 0.13 (1) 0.13 (1) 0.11 (1) 0.11 (1) 0.11 (1) 0.11 (1) 


2U,,hla*c* + 2Uz,klb*c*)]. 
a The form of the expression defining the thermal ellipsoids is exp[-2nz( Ul,hza*z + U,2kzb*z + U,,lzc*z + 2UlZhka*b* + 


Table V. Final Positional and Isotropic Thermal 
Parameters for Phenyl Group Carbon Atoms of 


cis-{(Ph,P)Pt[CHN(CH,),1C1, } 
atom X Y z u, AZ 


0.4502 (9)  
0.568 (1) 
0.709 (1) 
0.726 (1) 
0.610 (1) 
0.470 (1) 
0.1484 (9) 
0.159 (1) 
0.070 (2)  


-0.031 (1) 
-0.040 (1) 


0.046 (1) 
0.2821 (9)  
0.414 (1) 
0.417 (1) 
0.282 (1) 
0.152 (1) 
0.148 (1) 


0.2771 (9)  
0.395 (1) 
0.534 (1) 
0.554 (1) 
0.441 (1) 
0.300 (1) 


-0.0220 (9)  


-0.210 (1) 


-0.082 (1) 
-0.175 (2)  


-0.151 (1) 
-0.060 (1) 


0.0204 (9)  


0.038 (1) 
0.102 (1) 


-0.113 (1) 
-0.196 (1) 
-0.131 (1) 


0.7189 (9)  
0.786 (1) 
0.941 (1) 
1.025 (1) 
0.962 (1) 
0.807 (1) 
0.4737 (9)  
0.484 (1) 
0.453 (2)  
0.411 (1) 
0.404 (1) 
0.432 (1) 
0.4483 (9)  
0.530 (1) 
0.468 (1) 
0.321 (1) 
0.239 (1) 
0.299 (1) 


0.031 (2)  
0.036 (2) 
0.043 (2)  
0.053 (3)  
0.052 (3)  
0.045 (2)  
0.031 (2)  
0.052 (3) 
0.073 (4)  
0.055 (3) 
0.046 (2)  
0.037 (2)  
0.030 (2)  
0.042 (2) 
0.051 (3)  
0.055 (3) 
0.064 ( 3 )  
0.055 (3)  


platinum, the donor-Pt-donor angles are considerably 
different from the ideal ones. There is a slight tetrahedral 
distortion as shown by the deviations of the ligating atoms 
from the least-squares plane defined by the equation 
0.304X + 0.935Y + 0.1802- 3.075 = 0, Le., C1(1), -0.059 
A; C(6), -0.076 A; P, 0.061 A, and N, 0.074 A. The Pt atom 
is 0.008 A out of this plane. There are also deviations in 
the in-plane angles from the ideal 90'; the N(l)-Pt-C(6) 
angle is only 82.2' whereas the Cl(l)-Pt-P and P-Pt-C(6) 
angles are 95.10 (7) and 93.2 (l)', respectively. All angles 
and distances in the chelate and triphenylphosphine lig- 
ands are in the expected ranges. 


The Pt-C distance of 2.017 (5 )  A extends the range 
previously found for sp3 carbon (without fluorine sub- 
stituents) bonded trans to chlorine. The lower limit of this 
range was previously defined by values of 2.08 (1) and 2.090 
(4) A occurring in t r a ~ ( P h ~ P ) ~ P t ( C l ) R  (R = CH2CN13 and 
q1-allyl14), respectively, and 2.081 (6) and 2.079 (14) A in 
t r a r ~ - ( P h ~ P C H ~ ) ~ P t ( c l ) R  (R = CH2S and CH2Si(CH3)i6) 
respectively. Although it is tempting to suggest that the 
shorter Pt-C distance is a result of a stronger interaction 
between the electronegative carbon donor (compare the 
Pt-C distance of 2.002 (9) A in trans-[Pt(Ph2PCH3),- 
(C2F5)C1]15 with the value of the CH3 derivative given 
above), it is also possible that the shorter bond is partially 
a result of the constraint placed on the system by the 
chelate ring. 


The Pt-P bond distance at  2.223 (2) A is shorter than 


(13) Del Pra, A.; Zanotti, G.; Bombieri, G.; Ros, R. Inorg. Chem. 1979, 


(14) Kaduk, J. A,; Ibers, J. A. J. Orgonomet. Chem. 1977, 139, 199. 
(15) Bennett, M. A.; Chee, H.-K.; Robertson, G. B. Znorg. Chem. 1979, 


(16) Jovanovic, B.; ManojloviE-Muir, L.; Muir, K: W. J .  Chem. SOC., 


18, 121. 


18, 1061. 


Dalton Truns. 1974, 195. 


I 
W 


Figure 1. 


(CH3)$HzN(CH3)z(Cl)]+. 
probability ellipsoids are at the 50% level. 


ORTEP drawing of the cation [(Ph3P)PtCH2N- 
Hydrogen atoms are not shown; 


Figure 2. ORTEP drawing of cis-((Ph3P)Pt[CHN(CH3)2]C12). 
Hydrogen atoms are not shown; probability ellipsoids are at the 
50% level. 
distances recorded for trans-bis(phosphine)platinum(II) 
complexes (the minimum distance is about 2.29 A), but 
this is not unexpected if there is a ?r component to the 
Pt-P bond since the trans amino group would not be 
competitive. 


The Pt-C1 distance of 2.362 (2) A is the same as that 
in tr~n-[Pt(Ph~PCH~)~(CF3)Cljl~ within experimental error 
and is considerably shorter than those in other complexes 
where chlorine is bonded trans to sp3 carbon donors.14 As 
noted by Bennett et al., in regard to the CF3 complex,15 
this is probably a result of an electrostatic dipolar effect 
induced by the electronegative carbon substituent. 


Description of the Structure of cis-{(Ph3P)Pt- 


(17) Shomaker, V.; Waser, J.; Marsh, E. R.; Bergman, G., Acta Crys- 
tallog. 1959, 12, 600. 
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Table VII. Interatomic DktancedA) and Angles (Deg) - 
for [(Ph,P)PtCH,N(CH,),CH,N(CH,),(CI )]a 


Distances 
Pt-P 2.223 (2)  P-c( 13) 1.817 (5)  
Pt-Cl( 1) 2.362 (2)  C( 13)-C( 14) 1.382 (7)  
Pt-N( 1) 2.134 (4) c(14)-C(15) 1.375 (8) 
Pt-C( 6) 2.017 (5) c(15)-C(16) 1.385 (8) 


C( 16)-C( 17) 1.366 (9) 
N( 1)-C( 1) 1.492 (7)  c( 17)-C( 18) 1.386 (8) 
N( 1)-C( 2) 1.481 (7)  C( 18)-C( 13) 1.390 (7)  
N( lkC(3)  1.478 (7)  . ,  . ,  . ,  


P-C( 19) 1.806 (5) 
N( 2)-C( 3) 1.482 (7)  C( 19)-C( 20) 1.378 (7)  
N( 2)-C( 4) 1.491 (7)  C( 19)-C( 24) 1.390 (7)  
N(2)-C(5) 1.495 (7)  C(20)-C(21) 1.389 (8) 
N(2)-C(6) 1.510 (6)  c(21)-C(22) 1.354 (9) 


C(22kCt23) 1.371 19) 
P-C( 7) 1.821 (5)  c ( ~ j - c ( 2 4 j  1.385 ( 8 j  
C(7)-C(8) 1.373 (7) 
C(8)-C(9) 1.374 (8) 
C(9)-C(10) 1.354 (9)  
C(lO)-C(ll) 1.357 (9) 
C(ll)-c(12) 1.381 (8) 
C( 12)-c( 7) 1.383 (7) 


Angles 
a( 1)-Pt-P 95.10 (7) Pt-N(1)-C(3) 108.2(3)  
Cl(l)-Pt-N(l) 89.7 (1) N(l)-C(3)-N(2) 111.8 (4)  
P-Pt-C( 6)  93.2 (1) c(3)-N(2)-C(6) 106.9 (4)  
N(l)-Pt-C(6) 82.2 (2)  N(2)-C(6)-Pt 108.9 (3)  
P-Pt-N( 1) 174.3 (1) C( 1)-N(1)-C( 2) 106.8 (4)  
Cl(l)-Pt-c(G) 170.9 (1) c(4)-N(2)-c(5) 109.2 (4)  


[CHN(CH,),]Cl2}. The crystal structure of the carbenoid 
complex consists of noninteracting, nearly planar molecules 
which have a cis stereochemistry. A perspective drawing 
is shown in Figure 2 and selected interatomic distances and 
angles and least squares planes are given in Table VIII. 


In addition to being nearly planar, there are only minor 
deviations of the in-plane-Pt-donor angles from 90'. 
Likewise, the carbenoid ligand is highly planar. Intera- 
tomic angles associated with the carbene ligand are in 
agreement with the notion that bonding at  carbon and 
nitrogen involve sp2-hybrid orbitals although the Pt-Cl-N 
angle is somewhat large at  129.4 (8)'. This is not unex- 
pected in view of the large difference in sizes of the sub- 
stituents on carbon (Pt vs. H). The dihedral angle between 
the plane of the carbene ligand and the coordination plane 
is 84O which is within the range found for other Pt(I1)- 
carbene complexes (70-90°).18 


As described in the Experimental Section, some prep- 
arations of the carbene complex exhibited two C-N 
stretching absorptions in the solid state (1622 and 1611 
cm-9. Both samples gave a single C-N absorption in 
CHCl, solution at  1612 cm-' and had identical NMR 
spectra in CDC1,. X-ray diffraction data were collected 
on a crystal from a sample that exhibited two C-N 
stretching absorptions in the solid state, and the structure 
was solved.1g Unfortunately, the structure exhibited some 
inexplicable differences in bond distances that suggested 
there might be imperfections in the crystal so that the 
structure has not been included here. However, it was 
apparent that the dihedral angle between the carbene and 
coordination planes differed in the two independent 
molecules in the unit cell (84' w. 65O). Comparison of the 
infrared data for the two forms of the carbene complex 


( la)  (a) ManojloviE-Muir, L.; Muir, K. W., J. Chem. Soc., Dalton 
Trans. 1974, 2427. (b) Anderson, G. K.; Cross, R. J.; ManojloviE-Muir, 
L.; Muir, K. W.; Wales, R. A. Znorg. Chim. Acta 1978,29, L193. 


(19) Crystal data space group C2/c; a = 36.1 (3) A, b = 9.07 (3) A, 
c = 29.26 (4) A, = 109.42 (4 )O ,  2 = 16. The crystal chosen for data 
collection waa selected from a sample crystallized by cooling a saturated 
acetonitrile solution. 
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Scheme I 


L = PPh3 Is! 
/ 


I 


P II 
Table VIII. Selected Interatomic Distances ( A )  and 


Angles (Deg) and Least-Squares Planes for 
cis- {( Ph ,P)R [ CHN( CH,),] Cl, } 


Distances 
Pt-Cl( 1) 2.347 ( 3 )  N-C( 2) 1.42 ( 2 )  
Pt-Cl( 2) 2.345 (3)  N-C(3) 1.46 ( 2 )  
Pt-C(l) 1.96 (1) P-C(4) 1 .818(9)  
Pt-P 2.220 ( 2 )  P-C(l.0) 1.799 (9)  
C( 1)-N 1.25 (1)  P-C( 16)  1.828 ( 9 )  


Angles 
C1( l)-Pt-Cl( 2) C( l)-N-C( 2) 124 (1) 
C1( 1)-Pt-C( 1) 177.7 ( 3 )  C( 1)-N-C(3) 123 (1) 
C1( 1)-Pt-P 90.1 (1) C( 2)-N-C( 3) 113 (1) 
C1( 2)-Pt-C( 1)  88.4 ( 3 )  Pt-P-C(4) 110.8 ( 3 )  
C1( 2)-Pt-P 176.8 ( 1 )  Pt-p-C( 10) 117.0 ( 3 )  
P-Pt-C( 1) 9 2 . 2 ( 3 )  Pt-P-C(16) 113.9 ( 3 )  


89.4 ( 1) 


Pt-C( 1)-N 129.4 (8) 


Least-Squares Planesa 
0.435X f 0.478Y + 0.410X - 0.816Y + 


0.7632 = 0.328 0.4072 = 4.570 
atom dev, A atom dev, A 


Pt -0.021 N -0.026 
0.010 
0.008 
0.008 


-0.028 C(1) 
0.041 C( 2) 
0.042 C(3) 


C1( 1) 
C1( 2) 
P 
c( 1) -0.033 


a Least-squares planes were calculated by the method 
described in ref 17; all atoms have unit weight. Equations 
refer t o  orthogonal axes with the x axis coincident with a 
andz with c*.  
indicates that the smaller dihedral angle results in a higher 
C-N stretching frequency. Since bonding between a 
carbenoid ligand and the metal involves back-donation 
from filled metal orbitals to the carbene carbon p orbital, 
it  would seem that the maximum interaction would occur 
for dihedral angles of 90 or Oo. In a coordinate system 
where the carbenoid ligand is on the x axis, these limiting 
cases would utilize the metal d,. and d, orbitals, respec- 
tively, for the a interaction with carbene carbon p orbital. 
The latter situation is less favorable in nonchelated sys- 
tems because of steric interactions between the groups 
attached to the carbene carbon and cis ligands attached 
to the metal. The reasons for the deviations of the dihedral 
angles from the ideal value in may of the structurally 
characterized complexes are not apparent. These devia- 
tions may be a result of crystal packing effects or possibly 
to a trade-off between Pt-C and C-N multiple bonding. 


The Pt-C(l) and C(1)-N bond distances are 1.96 (1) and 
1.25 (1) A, respectively. Both of these distances are quite 
short and are consistent with the presence of substantial 


(20) Badley, E. M Muir, K. W.; Sim, G. A. J. Chem. SOC., Dalton 
Trans. 1976, 1930. 


L J 
PT Et 


multiple bond character to each interaction. Table VI11 
lists the pertinent data for other cis-dichloroplatinum(I1) 
carbene structures for comparison with the present data. 
The distances observed for our complex are generally 
comparable with those of earlier structures although the 
present C(carbene)-N distance is significantly shorter than 
those in which the carbene carbon is bonded to two het- 
eroatoms. It  is only slightly different from the C-0 dis- 
tance in the C(OEt)CH2Ph complex.lEb Although it might 
be expected, on the basis of the previous discussion of the 
dihedral angle, that the Pt-C and C-N distances should 
be inversely correlated, there are insufficient structural 
data on similar compounds to indicate the extent of any 
relationship between these parameters. I t  might be noted 
that a C(carbene)-N distance of 1.266 (15) A was found 
for ~~~~s-([P~P(CH~)~]~P~(CH~) [C(CH3)N(CH3)2]JPF6.21 


Both Pt-C1 distances in the present complex are the 
same, which suggests similar trans influences for the 
carbene and triphenylphosphine ligands. The Pt-P dis- 
tance is typical of those for complexes in which the 
phosphine is bonded trans to chlorine; the phenyl C-C 
distances and internal angles are normal in every sense. 


Discussion 
All of the products derived from reaction of dimethyl- 


methyleniminium halides and M(PPh3), (M = Ni, Pt) and 
the intermediates that we believe are involved in their 
formation are outlined in Scheme I. Species IV has not 
been detected for either Ni or Pt although it is the most 
likely product from the initial reaction. We assume that 
it results from electrophilic attack of the iminium cation 
on the metal. In the case of nickel, species I is irreversibly 
formed.' This complex can be converted to an v1-CH2N- 
(CH,), form by treatment with sodium cyclopentadienide, 
but this rearrangement cannot be accomplished by the 
addition of phosphorus ligands.' We assume either that 
IV does not form with platinum or that I and IV are in 
rapid equilibrium and IV is removed by alkylation with 
a second equivalent of iminium salt (to give V initially). 
Conversion of IV to I in the case of nickel is apparently 
much faster than the alkylation reaction since no evidence 
for a product containing the chelate ligand was ever ob- 
tained. 


We view the conversion of chelate complex I1 to carbene 
complex I11 as proceeding by substitution of the amino 
group by chloride followed by dealkylation and hydride 
abstraction by the liberated iminium cation. Hydride 
abstraction in a metal complex by an iminium salt has 
precedent. Fong and Wilkinson reported (CO),Fe[CHN- 
(CH,),] and (CO),Cr[CHN(CH,),] as the products of re- 
action of [(CH3),C=CH2]1 with Fe(C0I4,- and Cr(C0)52-, 


(21) Stepaniak, R. F.; Payne, N. C. Inorg. Chen. 1974, 13, 797. 







110 Organometallics, Vol. 1 ,  No. 1 ,  1982 Barefield et al. 


Table E. Selected Structural Parameters in cis- [Cl,R( L)(carbene)] Complexes 
Pt-CI 


L carbene ( Y , ~  deg CsD2-X, A Pt-C, a (trans to L) ,  a Pt-CI, a ref 
PEt, C( 0Et)NHPh 77 1 . 3 3 ( 2 ) 0  


1.33 ( 3 )  N 
PMe,Ph C(OEt)CH,Ph 85 1 . 2 8 3 ( 1 1 )  


PEt, CN(Ph)CH,CH,NPh 90 1.327 (11)  
PPh, C(H)N( CHJ, 84 1 . 2 5 ( 1 )  


a Dihedral angle between the carbene and coordination planes. 


f 1 


respectively.22 These reactions apparently proceed via 
(CO),M[v'-CH,N(CH,),]'-, which reacts with a second 
equivalent of iminium salt. The fact that hydride ab- 
straction has not been observed in neutral q1-CH2N(CH3)2 
complexes is also consistent with the hypothesis of C1- 
involvement in the reaction of the chelate complex since 
proposed intermediate VI is then anionic. 


We suggested earlier that the complexed CH,N(CH,), 
moiety behaves much like the complexed allyl function.2 
This notion is further supported by the contrasting be- 
havior of the allylnickel and -platinum complexes that are 
essentially analogous to I and I1 in the scheme. [ (q3 -  
C3HS)Pt(PPh3)2]Cl is apparently ionic in chloroform so- 
lution with a four-coordinate cation (assuming that the 
allyl group occupies two-coordination positions). However, 
the complex is fluxional (by NMR) in this medium even 
at -50 0C.14 Since endo-exo proton interconversion in allyl 
complexes occurs via a cr-bonded allyl complex, this sug- 
gests that chloride ion is probably intimately involved in 
promoting the rearrangement (note that [ (v3-C3H5)Pt- 
(PR,)Cl] complexes are stereochemically rigid). In fact, 
Kaduk and Ibers crystallized [ (.r11-C3Hs)Pt(PPh,)2(C1)] (as 
well as the ionic species) from a benzene-pentane solu- 
tion.14 In contrast, [ (v3-C3Hs)Ni(PPh3)2C1] is five-coor- 
dinate and nonf l~xional .~~  Thus, it appears that both 
v3-allyl and v2-iminium moieties are more strongly bonded 
to nickel than platinum (note that ((Ph,P),Ni[v2-CH2N- 
(CH,),]]+ + C1- gives complex II).l 


Work by Okawara and co-workers on oxidativeaddition 
rections of ClCH2SCH3 with (Ph3P)4 M (M = Pd, Pt)24125 
also suggests that q2 forms of a-substituted alkyls are less 
stable for platinum than for the lighter group 8 elements. 
In both of these reactions ~~U~-[(P~~P)~M(C~)CH$~CH,] 
was formed (analogous to IV in the scheme) but the pal- 
ladium complex was in equilibrium with [(Ph3P)Pd(v2- 
CH2SCH3)C1] + Ph3P. The v2 complex can be isolated by 
removal of the dissociated phosphine. Removal of phos- 
phine from the platinum complex gave [(Ph,P)Pt(p- 


In view of Okawara's work, our failure to obtain complex 
IV with Pt is not easy to explain. However, the insolubility 
of the iminium salt and of the chelate complex in suitable 
solvents makes it difficult to make variations in reaction 
conditions. The fact that the chelate complex was obtained 
in reactions involving 1:l ratios of (Ph,P),Pt and iminium 
salt suggests that formation of the chelate complex may 
be faster than oxidative-addition. Several attempts were 


(22) Fong, C. W.; Wilkinson, G. J. Chem. SOC., Dalton Trans. 1975, 


(23) Walter, D.; Wilke, G. Angew. Chem., Znt. Ed. Engl. 1966,5,897. 
(24) Yoshida, G.; Kurosawa, H.; Okawara, R. J. Organomet. Chem. 


(25) Yoshida, G.; Kurosawa, H.; Okawara, R. J. Organomet. Chem. 


CH2SCHJClIp 


1100. 


1976, 113, 85. 


1977,131, 309. 


1.962 (18) 2.367 ( 7 )  2.361 ( 5 )  20 


1.920 ( 9 )  2.355 ( 3 )  2.375 ( 3 )  19 


2.009 (13)  2.381 (3)  2.362 ( 3 )  17 
1.96 ( 1 )  2.345 ( 3 )  2.347 (3)  this work 


made to prepare a q'-CH,N(CH,), complex using LiC- 
H2N(CH3)228 and Pt(I1) starting materials but all failed in 
our hands. 


Coupling of other unsaturates to give chelating ligands 
is well-known. To some extent the head-to-tail coupling 
of the iminium cations resembles the coupling reactions 
of (CF3)2C0 and (CF3),CNH performed by Stone and co- 
w o r k e r ~ . ~ ~  A large number of compounds of the type 
L2MXC(CF3)2YC(CF3)2 (M = Ni, Pd, Pt; L = CNR, 
phosphorus or arsenic base; X = 0, N H  Y = 0, NH) were 
prepared, generally by addition of a second equivalent of 
unsaturate to a preformed 7r complex. I t  is believed, 
however, that these reactions occur via intermediates in 
which both unsaturated molecules are bonded in a fashion 
prior to C-N or C-0 bond formation. 


The process by which our chelating ligand is proposed 
to form is analogous to reactions of metal iminoacyls 
(M-CR=NR) with imidoyl halides in which the chelate 
complex M-C(R)=N(R)C(R)=NR is p r o d ~ c e d . ~ " ~ ~  


Finally, it  is interesting to note that although a much 
wider variety of bonding modes has been observed in 
phosphorus ylide complexes than is presently known for 
nitrogen ylides,3l chelating forms of the former in which 
a neutral substituent serves as the second donor have not 
been prepared. One might expect, however, than an 
analogue of the nitrogen ylide chelate could be prepared 
from [ (CH3)2PCH2P(CH3)3]+.32 
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(26) Peterson, D. J. J. Organomet. Chem. 1970,21, P63. The reagent 
is made by reaction of n-BuLi with (CH3)zNCH2Sn(n-Bu),. The latter 
reagent is most conveniently made by reaction of L i s n ( n - B ~ ) ~  with 
[(CHa)zN=CHz]+ (Carrier, A. M. Ph. D. Thesis, Georgia Institute of 
Technology, 1981). 
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Soc., Dalton Trans. 1973, 381 and references cited therein. 
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The reaction between diary1 ditellurides and selenium dioxide results in the insertion of selenium between 
the tellurium atoms. The products are identified as benzenetellurenyl benzenetellurinyl selenides, Ar- 
Te-Se-Te(0)Ar. When a carbonyl group is present ortho to the tellurium atom, a bis(benzenetellureny1) 
selenide is formed. The stability of the latter is attributed to Te-O=C interaction. The structures are 
corroborated by IH, 13C, l q e ,  and "Se NMR studies and confirmed crystallographically. The fate of the 
oxygen from the Se02 has not been unequivocally determined, but highly oxygenated insoluble products 
are formed. These are probably ditelluronea or tellurinic acid anhydrides. The tellurium-elenium-tellurium 
bond is quite stable, much more so, for example, than the sulfur-selenium-sulfur bond. 


Introduction 
The reaction of Se02 or SeOC12 with organic thiols or 


selenols to form disulfenyl or diselenenyl selenides has been 
previously reported (eq l ) . l  Aliphatic tellurols are very 


4RXH + Se02 - (RX)2Se + RXXR + 2Hz0 
X = S, Se 


unstable compounds, and aromatic tellurols are not yet 
characterized. Consequently, a corresponding reaction 
with tellurols has not been reported. However, bis(ben- 
zenetellurenyl) selenide (la) was synthesized by Hauge and 


(C6H&Te2 + KSeCN + Brz - (C6H6Te)zSe 
1 la 


Vikane2 from diphenyl ditelluride (1) by using a different 
synthetic route. This work served to confirm the stability 
of this type of compound. In an earlier investigation? 
bis(2-formylbenzenetellurenyl) selenide (2a) was obtained 


a 


3 2a 
as an unexpected byproduct when 3-methyltelluro- 
chromene (3) was subjected to oxidation by SeOz. 
Chromene (4) has been shown to yield salicylaldehyde (5) 


Seo2 * acHo OH 


4 


when oxidized by Se02.4 Hence, 2s might be formed by 


(1) Klayman, D. L.; Gihther, W. H. H. "Organic Selenium Com- 
pow&. Their Chemistry and Biology"; Wiley-Interscience: New York, 
1973; Chapter IV. 


(2) Hauge, S.; Vikane, 0. Acta Chem. Scand. 1973, 27, 3696-3599. 
(3) Dereu, N. L. M. Thesis, University of LiBge, Belgium, 1974. 
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the oxidation of the tellurium analogue of 5, which in the 
oxidized form would by 2. In fact, 2 was found to undergo 
reaction with Se02 to yield 2a.3 The reaction was quite 
unexpected in view of the fact that Se02 does not undergo 
any reaction with either disulfides or diselenides. In this 
paper the reaction between Se02 and a series of aromatic 
ditellurides is described. 


A general equation which describes the reaction studied 
can be written as 


ArTe-TeAr - ArTe-Se-Te-Ar + SeOl 


a 
Ar-TeSe-Te(0)Ar + oxygenated products 


b 


Results and Discussion 
Throughout this paper the absence of a lower case letter 


following the digit indicates the ditelluride except for 3, 
4, and 5. The digit followed by a lower case a indicates 
a bis(tellureny1) selenide and b indicates a mixed tellurenyl 
tellurinyl selenide. The designation c, d, and e will be used 
to indicate the presence of two or more oxygen atoms 
bonded to the chalcogens. 


The ditellurides used in this investigation are identified. 


Ri 


1, R, = R, = H 
2, R, = H, R, = CHO 
6, R, = CH,, R, = H 
7, R, = OCH,, R, = H 
8, R, = F, R, = H 
9, R, = H, R, = OCH, 
10, R, = H, R, = C(O)OC,H, 


Pyridine was the solvent most often used, but ethanol or 
acetic acid was also employed without altering the nature 
of the end products formed. 


The reaction between Se02 and ditellurides is not a 
simple one. Reaction time, temperature, and especially 
the [Se02]:[ditelluride] ratio strongly influence the com- 
position of the products formed. The formation of a single 
reaction product was not observed in any of the experi- 


(4) Van Coppenolle, J. Thesis, University of LiBge, Belgium, 1974. 
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Table 1. 'H NMR Shifts (Ppm) in (ArTe),Se Compounds 


6 (Ha) 6 (H,) 6(H5) s(H6) 6 ( C H Z )  6 ( C H 3 )  s (CH2-CH3)  


1 0  [(o-COOC,H,)C,H,Te], - 8.1 - 7.25 - 7.25 - 8.1 4.47 1.46 7.1 
10a [(o-COOC,H,)C,H,Te],Se 8.05 7.48 7.27 8.43 4.40 1.40 7.1 


Table 11. 13C NMR Shifts (Ppm) in (ArTe),Se Compounds 


6(c,) s ( c 2 )  6 ( c 3 )  s ( c 4 )  6 ( c 5 )  6 ( c 6 )  '('=') 6 ( C H Z )  6 ( C H 3 )  


2 [(o-CHO)C,H,Te], 112.9 u 136.7 127.0 134.4 140.5 193.0 
2a [(o-CHO)C,H,Te],Se 125.2 a 136.2 
10 [( o -COOC,H, )C,H,Te] , 113.7 130.5 130.9 
10a [(o-COOC,H,)C,H,Te],Se 123.6 129.3 130.8 


126.5 134.4 135.5 193.0 
126.8 133.3 139.3 167.7 61.9 14.3 
126.4 133.2 134.9 168.9 62.3 14.3 


a N o t  observed. 


Table 111. lz5Te and "Se NMR Shifts (Ppm) in 
ArTeTeAr and (ArTe),Se Compounds 


b(Te) s(Se) 
2 T(o-CHOGH,Tel, 423 
2a-[(o-CHd)t!,H4Tij,Se 1120 353 
10  [(o-COOC,H,)C,H,Te], 411 
10a [(o-COOC,H,)C,H,Te],Se 907 332 
U 834 260 
b 462 


a C,H,TeSeC6H5 from mixture of (C,H,Te-), and 
(C,H,Se-),. (C,H,Se-),. 


ments performed. However, conditions could be adjusted 
so as to favor the formation of a particular compound and 
its subsequent isolation. If conditions were such that an 
appreciable amount of the starting ditelluride remained 
unreacted, isolation and purification of product(s) were 
dHicult. On the other hand, if the reaction conditions were 
adjusted so that reaction proceeded to an advanced stage, 
highly oxygenated tellurium derivatives (multiple Te-0 
bonds) were formed. The latter are exceedingly difficult 
to purify. Hence, only "intermediate" conditions yielded 
compounds which were positively characterized. It was 
possible to identify two types of compounds containing the 
sequences, -Te-Se-Te- and -Te-Se-Te(0)-. In the case 
of the ditellurides 1, 6, 7, 8, and 9 only compounds con- 
taining the -Te-Se-Te(0)- sequences were easily isolated. 
Ditellurides bearing a carbonyl substituent in the ortho 
position (2 and 10) yielded only -Te-Se-Te- bonded 
compounds. 


Derivatives Bearing an o -Carbonyl Substituent. 
Using conditions described in the experimental part, 
compounds 2a and 10a were easily isolated. The chemical 
shifts observed for 2a and 10a are similar to those of the 
respective ditellurides, 2 and 10. Except for the ring 
carbons attached directly to tellurium, the resonances 
generally differ by less than 1.2 ppm. In the case of C1, 
the downfield shift, comparing the ditelluride with the 
tellurenyl selenide, is 12.3 ppm for 2a and 9.9 ppm for loa. 
For cg, the corresponding upfield differs by 5.0 ppm for 
2a and 4.4 ppm for loa. However, these shifts are not 
observed for the tellurenyl portions of compounds lb, 6b, 
7b, 8b, and lob. The shifts are probably due to a par- 
ticular configuration similar to that reported for the o- 
carbonyl tellurenyl  halide^.^ In these compounds the 
carbonyl oxygen is involved in some type of interaction 
with tellurium, and this is discussed in the section dealing 
with crystallographic results. A similar effect on the 13C 
NMR resonance is noted on C1 in the tellurinyl portion 
of compounds lb, 6b, 7b, 8b, and 9b where evidence for 


the presence of a Te-0 bond exists. Compared with the 
corresponding ditellurides, the tellurium atoms of 2a and 
10a are appreciably deshielded. The downfield shift, 
relative to the ditelluride, is 697 ppm for 2a and 493 ppm 
for loa. This effect is greater than that brought about by 
the replacement of tellurium by selenium as observed for 
C6H5SeTeC6H6 for which A6 = 411 ppm. In 2a and loa, 
the selenium atoms are shielded by 109 and 130 ppm, 
respectively, when compared with the Se atom in (C6H5- 
Se+. 


Tellurenyl Tellurinyl Derivatives. Utilizing condi- 
tions described in the Experimental Section, we isolated 
compounds lb, 6b, 7b, 8b, and 9b. 


lb," R, = R, = H 
6b, R, = CH,, R, = H 
7b, R, = OCH,, R, = H 
8b, R, = F, R, = H 
9b, R, = H, R, = OCH, 


a lb was obtained in a sufficiently pure state only when 
Se,C1, was substituted for SeO,. 


Two distinct resonances are observed for Hz and HB. 
One of these resonances is virtually unchanged as com- 
pared to the parent ditelluride, while the other is found 
further upfield, up to 4 Hz. The magnetic nonequivalence 
is due to the presence of one Te-0 bond. 


The 13C NMR data are listed in Table V. Resonances 
have been previously assigned for ditelluride 1.6 Assign- 
ments for the ditellurides 1, 6, 7, 8, and 9 and for com- 
pounds lb, 6b, 7b, 8b, and 9b were fairly straightforward 
by using empirical parameters for the calculation of 
chemical shifts in substituted benzenes.' The resonance 
attributed to the carbon attached to the tellurium was 
always smaller than that commonly observed for a 
"normaln quaternary carbon. This is probably due to an 
unusually long relaxation time for such carbon atoms. An 
asymmetry corresponding to that observed in the 'H NMR 
shifts was observed also for the 13C NMR. The spectra 
of the mixed tellurenyl tellurinyl selenides differ from 
those of the corresponding ditellurides by the presence of 
two distinct C1 resonances. One chemical shift is virtually 
identical with the corresponding resonance in the di- 
telluride, but the second is shifted downfield by 5.6-6.3 
ppm. The other pairs of corresponding carbon resonances 
differ by less than 0.5 ppm. 


In Table VI, the presence of two types of tellurium 
atoms is clearly indicated by the presence of two widely 


(5) (a) Baiwir, M.; Llabres, G.; Didenberg, 0.; DuPont, L.; Piette, J. 
L. Acta Crystallogr., Sect. B 1974, B30,139. (b) Baiwir, M.; Llabres, G. 
J. Appl. Crystallogr. 1976, 8, 397. (c) DuPont, L.; Didenberg, 0.; La 
Motte, J.; Piette, J. L. Acta Crystallogr., Sect. B 1979, B35, 849-852. 


(6) Forchioni, k, Irgolic, K. J.; Pappalardo, G. C. J. Orgammet. Chem. 


(7) Wehrli, F. W.; Wirthlin, T. 'Interpretation of Carbon-13 NMR 
1977,135,327-331. 


Spectra"; Heyden and Sona, Ltd.: London, 1978. 
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Table IV. ‘H NMR Shifts (F’pm) and Coupling Constants (Hz) in ArTeSeTe(0)Ar Compounds 


A6Hz*zf, ASH ?I&, ,  
~ ( H z )  ~ ( H z ’ )  6(H3)  6 ( H 3 ’ )  6(CH3) J z - 3  J2-F J3-F HZ I 4 Z  


6 [p-CH3C,H,Te], 7.60 6.91 2.34 8.0 
6b [p-CH ,C,H,Te]Se- 7.5817.62 ~ 6 . 9 3 ~  2.34 8.0 4 .0  


7 [p-CH,OC,H,Te], 7.63 6.66 3.76 8.8 


8 [p-FC,H,Te], 7.66 6.83 8.6 5.4 8.6 
8b [p-FC,H,Te( O)]Se- 7.6617.62 6.8316.81 8.9 5.6 8.9 3.2 3.2 


b-CH3C6H,Te(O 11 
7b b-CH,OC,H,Te]Se- 7.6317.60 6.6616.62 3.76 8.7 1.8 3.3 


[k’-CH3OC,H,Te(O)l 


[p-FC,H,Te] 


a Broadening. 


Table V. I3C NMR Shifts ( m m )  in ArTeSeTe(0)Ar Compounds 


6 (c , )  ~ ( C I ’ )  ~ ( C Z )  6(c , ‘ )  6(c3) 6(c3’) s ( c 4 )  6(c4’) 6 ( c 5 )  6 ( c 5 ’ )  6 ( c 6 )  6(c6’) 6 ( C H 3 )  6 ( C H 3 ’ )  


1 108.2 137.5 129.1 127.8 
l b  
6 
6b 
7 


788 
8b 
9 
9b 


108.2 
104.2 
104.2 


97.6 
97.6 


101.6 
101.5 


97.6 
97.7 


114.0 137.5 137.8 129.2 
137.9 130.0 


110.4 138.0 138.2 130.1 
140.2 115.0 


103.9 140.2 140.3 115.1 
140.1 116.6 


107.5 140.1 140.3 116.6 
158.7 109.2 


103.8 158.9 158.9 109.2 


129.2 128.0 


130.1 a 
160.1 


115.2 160.2 
163.3 


116.6 163.3 
129.0 


109.4 129.1 


a 
128.5 


a 


160.4 


21.0 
21.0 21.2 
55.1 
55.1 55.1 


163.3 
122.6 137.7 55.9 


129.1 122.6 122.6 137.7 137.7 56.1 56.1 


Not observed. For 8 and 8 b J F 4 ,  = 163.3 Hz, J F ~ ,  = 20.6 Hz, JFC, = 7.3 Hz, and JFC, < 2 Hz. 


Table VI. IasTe and “Se Shifts (Ppm) in ArTeSeTe(0)Ar Compounds 


Te Te-0 Se JTeSe / Hz 
. . .  . . .  (C6H5Te)Z 420 


l b  [C,H,Te]Se[Te(O)C,H,] 43 1 1014 273 167 


6b [p-CH,C,H,Te]Se[p-CH,C,H,Te( O)] 424 1010/950 2801567 
7 [p-CH,OC,H,Te], 460 
7b [p-CH30C,H,Te]Se[p-CH30C6H4Te(0)] 45 5 101 2 291 174 


8b Lp-FC,H,Te(0)]Se[p-FC6H,Te] 456 1027 285 
9 (o-CH,OC,H,Te), 168 
9b [o-CH30C,H,Te]Se[o-CH30C6H4Te( O)] 159 931 438 


* . .  * . .  [p-CH3C6H4TelZ 433 


. . .  . . .  


. . .  . . .  8 [p-FC,H,Te]z 457 


* . .  . . *  


Observed on the Se resonance. 


separated 12Te NMR shifts. One resonance is the same 
as that observed for the corresponding ditelluride. A 
second resonance of equal intensity is observed at  550-660 
ppm further downfield. The magnitude of the deshielding 
effect would be expected for a Te-O bond. The selenium 
resonance in diphenyl diselenide occurs a t  462 ppm* while 
in the compounds which are currently under discussion 
it is observed at  about 280 ppm. This corresponds to a 
shielding of about 180 ppm. In an analogous situation, 
when a selenium atom in diphenyl diselenide is replaced 
by tellurium, the selenium resonance is shifted upfield by 
202 ppm. In the case of 9b, the tellurium resonance is 
observed a t  159 ppm in the starting ditelluride. The 
methoxy group serves to shield both tellurium resonances 
while deshielding the central selenium atom. 


In the case of 6b, two resonances were observed in the 
region attributed to Te-O. The intense one is very close 
to that observed for Te-0 in the case of lb, 7b, and 8b. 
The one of weak intensity, situated at 950 ppm, is close 
to that observed in 9b in which a methoxy group is located 
j3 to the tellurinyl tellurium. In 6b, two Se resonances are 
also observed. The major one, a t  280 ppm, is again very 
close to that observed for lb, 7b, and 8b. The minor one, 


(8) Rodger, C.; Sheppard, N.; McFarlane, H. C. E.; McFarland, W. 
“NMR and the Periodic Table”; Harris, R. K., Mann, B. E., Eds.; Aca- 
demic Press: New York, 1978; Chapter 12. 


at 567 ppm, is more deshielded than the Se resonance for 
9b in which a 8-methoxy group is present. The presence 
of other reaction products, similar in structure and close 
in chemical stoichiometry, may explain this observation. 
Such products could include [ArTe(O)-I2Se and/or Ar- 
Te(O)Se(O)TeAr. 


In the case of both compounds, 8 and 8b, coupling be- 
tween both tellurium atoms and the p-fluorine atom was 
observed. For compound 8, 6J~el-F1 = 10.1 Hz while 6JTq-F, 
= 2 Hz. In the case of 8b, ‘&el-& is 10.8 Hz and 5JTe(0)-F1 
= 10.6 Hz. No coupling was observed, and 7JT,F was 
not resolved. Coupling between 77Se and ‘26Te was ob- 
served on %e for lb and 7b (167 and 174 Hz, respectively). 
These values are consistent with those reported by Pfis- 
terer and DreeskampB and Granger.lo 


Equilibria between Tellurenyl Tellurinyl Selen- 
ides. When a solution consisting of two aryltellurenyl 
aryltellurinyl selenides is examined (lz6Te NMR), there 
appears to occur rapid exchange of the type 
RTeSeTe(0)R + R’TeSeTe(0)R’ + 


RTeSeTe(0)R’ + RTe(0)SeTeR’ 


(9) Pfisterer, G.; Dreeskamp, H. Ber. Bumenges. Phys. Chem. 1969, 
73, 6.54-661. 


(10) Granger, P. ‘Proceedings of the Third International Symposium 
on Organic Selenium and Tellurium Compounds”; Cagniant, D., Kirsch, 
G., Eds.; Universite de Metz Metz, France, 1979; p 306. 
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This is similar to the exchange reaction which has been 
reported to occur between two diary1 ditellurides." For 
example, in a solution containing an equimolecular mixture 
of 6b and 8b, eight 12Te resonances are observed. Four 
can be assigned to the symmetrical species and the other 
four to the nonsymmetrical ones. The assignments were 
simplified by the fact that a tellurium attached to a p -  
fluorobenzene group shows a 5JTbF coupling. The sharp- 
ness of the tellurium resonances indicates that the redis- 
tribution reaction is quite slow on the NMR time scale. 
Thus, in the lZ5Te region, in a mixture of 6b and 8b, the 
following resonances were observed: 6 418 (6b), 448 (8b), 
430, and 436 (unsymmetrical species). The resonance at 
6 430 can be attributed to the F-containing ring because 
of observed F coupling. In the 126Te(0) region, the same 
mixture showed the following resonances: 6 1012 (6b), 1020 
(8b), 1016 (shows F coupling), and 1020.5 (unsymmetrical 
species). 


Crystallographic Data. The crystal structures of 
compounds 10a and 7a have been determined.I2 The 
following fundamental features serve to confirm the pro- 
posed structures and establish the fact that selenium is 
inserted between two tellurium atoms. 


In compound 7a the Se-Te bond distances are 2.525 and 
2.562 A while both of these distances are equal to 2.536 
A in loa. The bond angles, Te-Se-Te, are 102.4' in 7a 
and 102.9' in loa. Because of the implications of the 
T e - 0  coordination on the 'WTe NMR resonance and the 
resistance of the 0-carbonyl-substituted derivatives toward 
oxidation, i.e., their failure to produce mixed derivatives 
of type b, the Te-0 distance is of some interest. In loa, 
the Te.-0 distance is 2.658 A. While this is considerably 
larger than the calculated covalent single-bond distance, 
2.04 A, it is appreciably less than the s u m  of the van der 
Waal's radii, 3.60 A. This indicates appreciable Te-0 
interaction and offers some explanation of the stability of 
the o-carbonyl derivatives. 


Stoichiometric Interpretation. The isolation of the 
compounds just described leaves unanswered the question 
of the fate of the oxygen from the Se02 From the reaction 
of compound 6 with SeOz or H2Se03 an oxygen-rich or- 
ganotellurium derivative free of selenium was isolated (see 
Experimental Section). This white solid had a poorly 
defined melting point (-200 "C) and was insoluble in 
water and most organic solvents. It possessed some solu- 
bility in hot methanol from which is separated on cooling 
as a gel. It was moderately soluble in cold acetic acid, but 
recrystallization from this solvent was difficult. From the 
elemental analysis it was difficult to choose between 6c 
and 6d. The synthesis of compound 6c was attempted 


[p-MeC6H4Te(0)-]20 [p-MeC6H4-Te(0),-] 
6c 6d 


according to previously published methods13 in order to 
aid in the identification of the oxidized tellurium deriva- 
tives, but a satisfactory characterization of 6c was not 
obtained. With the assumption, as is suggested by the 
stoichiometric values, that the oxygen is utilized in the 
formation of ditellurones and/or tellurinic acid anhydrides, 
the reaction can follow the stoichiometries shown in eq 1-3. 
4(ArTe-), + 3SeO2 - 


3ArTeSeTe(O)R + [Ar2Te(0)-],0 (1) 


Dereu et al. 


(11) Dance, N. S.; McWhinnie, W. R.; Jones, C. W. H. J.  Organomet. 


(12) Dereu, N. L. M.; Zingaro, R. A.; Meyers, E. A. Cryst. Struct. 
Chem. 1977,125, 291-302. 


Commun., in press. 


Let., Bol. Quim. 1959, No. 5, 75-84; Chem. Abstr. 1959,58, 11256a. 
(13) Petregnani, N.; Vicentini, G. Uniu. Sdo Paula, Fac. Filosof. Cienc. 


5(ArTe-), + 3Se02 - 3ArTeSeTeAr + 2[ArTe(0)-I20 
(2) 


3(ArTe-)2 + 2Se02 - 
2ArTeSeTeAr + ArTe(O),Te(O2)Ar (3) 


Additional evidence for the formation of the ditellurone 
6d, or a closely related compound, was found in the 13C 
and 12Te NMR resonances measured in acetic-d3 acid-d. 
It can be seen that both compounds exhibit very similar 
patterns. 


13C resonances, ppm 


c ,  c* c3 c4 
6,a unknown 143.8 130.7 131.7 143.4 


6 q b  synth 144.2 130.7 131.7 143.3 
oxidation product 


a White precipitate from reaction of H,SeO, with 6. 
[CH,C,H,Te(O),-],O prepared according to ref 14. 


The only real difference is in C1 which is bonded directly 
to tellurium. The quality of the spectra was excellent so 
that the differences in both C1 and C4 were easily resolved. 
The lWTe NMR spectrum of the unknown precipitate, also 
measured in acetic-d3 acid-d, showed a broadened peak at 
1380 ppm having a width of 280 Hz at  half-peak height 
a t  room temperature. Previously, all Te resonances ob- 
served in this investigation displayed widths ranging from 
5 to 10 Hz. Compound 6c, despite its higher concentration, 
did not reveal an observable lZ5Te resonance at room 
temperature. At  90 'C, a broadened peak was observed 
at 1330 ppm which had bandwidth of 800 Hz at half-peak 
height. It is to be noted that bis@-tolyl) ditelluride itself 
in acetic-d3 acid-a! displays a resonance at 415 ppm with 
half-peak bandwidth of -250 Hi. These data suggest that 
the white oxidation product is the ditellurone. 


Other Oxidation Products. When the [SeO,]:[di- 
telluride] ratio is greater than 1, other types of oxidation 
products are formed. These compounds are difficult to 
isolate and purify. The basic difference between this group 
of compounds and those just discussed is that these retain 
selenium as a component. 


The oxidation of 6 by 2 equiv of SeOz yields a mixture 
which, based on analytical data, is made up of 6e and 6d. 


p-MeC6H4Te(0),Se(O)Te(O)z-CGH,-Me-p 
6d 


p-MeC6H4Te(0)2SeTe(0)2-C6H4-Me-p 
6e 


Anal. Calcd for 6d: C, 28.18; H, 2.35; Te, 42.80; 0, 13.41. 
Calcd for 6e: C, 28.95; H, 2.41; Te, 43.98; 0,11.03. Found 
C, 28.86; H, 2.55; Te, 41.77; 0, 12.14. In the case of 10, 
with the same reaction conditions, a similar compound was 
obtained, viz., O-C(O)OE~C~H,-T~(O)~-S~-T~(O)~C~H~C- 
(0)OEt. Anal. Calcd C, 31.25; H, 2.74; 0, 17.45. Found: 
C, 31.03; H, 2.58; 0, 18.38. 


Experimental Section 
Melting pointa were determined by using a Buchi SMP-20 


melting point apparatus (capillary method) and are uncorrected. 
The 'H Nh4R spectra were recorded on a Varian EM-390 90 MHz 
spectrometer; the 13C NMR spectra were measured on  a JEOL 
PFT-100 spectrometer. The ' V e  and "Se spectra were obtained 
by using a Varian FT-80 or a Varian XL-200 spectrometer 
equipped with a synthesizer and Fourier transform equipment. 
Solutions were about 0.1 M or saturated, and temperature was 
maintained around 29 OC, unless otherwise indicated. The solvent 
was CDC13 unless otherwise indicated. Chemical shifts are re- 
ported in parts per million and are expressed relative to CH3- 
TeCH3 for I 2 9 e  and CH3SeCH3 for 77Se. Microanalyses were 
performed by the Galbraith Laboratories, Inc., Knoxville, TN. 
Unless otherwise indicated, or if analytical data were needed for 
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Table VII. Analytical Data For New Compounds 
C H Te Se 0 


calcd found calcd found calcd found calcd found calcd found 
2a [lo -CHO )C.H.Tel .Se 30.89 31.07 1.85 1.97 46.87 46.64 
6a [p-CH,C;HiTi] , S i  32.56 32.27 
1 Oa [( o -COOC,H, )C,H,Te] ,Se 34.18 33.96 
7b [p-CH,OC,H,Te]Selp-CH,OC,H,Te(O)] 29.79 29.56 
l b  [C,H,Te]Se[Te(O)C,H,] 28.56 28.38 
8b [p-FC,H,Te( O)]Selp-FC,H,Te] 26.67 26.89 
9b [o-CH,0C,H,Te]Se[o-CH30C6H4Te(0)] 
6b [p-CH3C,H,Te]Se[p-CH3C6H4Te(0)] 


other purposes, the analyses agreed well with calculated values 
and are not reported. 


Ditellurides were synthesized according to published prepa- 
r a t i o n ~ . ~ ~  


Syntheses of Tellurenyl Selenides 2a and 1Oa To a solution 
of 2.0 mmol of ditelluride 2 or 10 in 50 mL of pyridine was added 
0.2 g (1.8 mmol) of finely powdered SeOz. The stirred mixture 
was heated at  80 "C for 30 min. After being cooled, the mixture 
was hydrolyzed in 250 mL of an ice-water mixture. The mixture 
was extracted with two 50-mL portions of chloroform. The 
combined chloroform extracts were washed with three 100-mL 
portions of water. The chloroform extract was dried over an- 
hydrous MgSOI. After filtration the solvent was removed by 
distillation. Purification was accomplished by recrystallization 
from hexane/benzene 10a or column chromatography using 
benzene as an eluant followed by recrystallization in hexane/ 
benzene 2a. The color of compounds 2a and 10a was orange as 
compared with the yellow color of 2 and 10. The yield of 2a was 
460 mg (42.3%), mp 147-148 "C, and of loa was 570 mg (45%), 
mp 147 "C. TLC data, silica gel (CC14):Rf 0.38 (2), 0.29 (2a), 0.32 
(lo), 0.34 (loa). 


Synthesis of mixed Tellurenyl Tellurinyl Selenides 6b, 
7b, 8b, and 9b. To a solution of 4.0 mmol of the ditelluride 6, 
7, 8 or 9 in 100 mL of pyridine was added 0.45 g (4.0 mmol) of 
finely powdered Se02. The stirred mixture was heated at 80-90 
OC for 45 min. After being cooled, the mixture was hydrolyzed 
in 500 mL of ice-water. After the mixture was left standing for 
at least 6 h, the solid material was removed by filtration, washed 
with water, and dried. The solid material was extracted with hot 
chloroform. The chloroform was removed by distillation, and the 
residue consisting mainly of the mixed tellurenyl tellurinyl sel- 
enide, some starting ditelluride, and probably some bis(tellureny1) 
selenide was recrystallized from a mixture of hexane/benzene to 
yield pure mixed tellurenyl tellurinyl selenide. The chloroform- 


(14) 1 and 6 were synthesized according to: Piette, J. L.; Renson, M. 
Bull. SOC. Chim. Belg. 1970, 79,353-365. 2 was sythesized according to: 
Piette, J. L.; Renson, M. Zbid. 1970,79,367-382. 7 according to: Morgan, 
G. T.; Drew, H. D. K. J.  Chem. SOC. 1925, 2307-2315. 8 according to: 
Haller, W. S.; Irgolic, K. J. J. Organomet. Chem. 1972, 38, 97-103. 9 
according to: Dereu, N.; Piette, J. L.; Van Coppenolle, J.; Reneon, M. J. 
Heterocycl. Chem. 1976,423-426. 10 according to: Pietta, J. L.; Thibaut, 
P.; Renson, M. Tetrahedron 1978, 34, 655-659. The melting of 10 re- 
ported as 118 OC but observed in this work at 134 "C. 


2.73 2.75 
2.84 2.89 40.37 40.60 12.49 12.32 
2.52 2.50 8.50 8.21 
1.98 2.02 50.62 50.70 15.66 15.29 3.17 2.98 
1.49 1.60 2.96 2.74 


45.22 45.90 14.00 14.30 8.50 8.79 
47.93 48.19 14.83 15.11 3.00 2.89 


insoluble residue, gray-white in color, is a selenium-free, oxy- 
gen-rich byproduct which is obtained in a purer state by using 
HzSe03 in place of Se02. Yield: for 6b, 450 mg (21.1%), mp 66 
OC; for 7b, 700 mg (31.0%), mp 118 "C; for 8b, 500 mg (23.1%), 
mp 99 OC; for 9b, 450 mg (20%), mp 109 "C. 


TLC data, silica gel (CC14): Rf0.82 (1, lb, 6,6b), 0.54 (7), 0.50 
(7b), 0.83 (8, 8b). 


Synthesis of Benzenetellurenyl Benzenetellurinyl Sel- 
enide (lb). To a stirred solution of 4.1 g (10 mmol) of diphenyl 
ditelluride 1 in 100 mL of dry pyridine was added dropwise 0.7 
g of SezClz. The solution was then heated at 80 "C for 30 min. 
After being cooled, the mixture was hydrolyzed in 500 mL of 
ice-water. Following the same workup as for 2a and loa, 800 mg 
of pure l b  (yield 15.9%, mp 57 "C) was obtained. In a similar 
way, 6b and 7b were obtained from 6 and 7. 


Analytical data for the new compounds prepared are given in 
Table VII. 


The Reaction of HzSe03 with Ditelluride 6. Efficient 
Synthesis of Selenium-Free and Oxygen-Rich Byproduct. 
A 2-g (4.57-"01) sample of 6,0.55 g (4.26 "01) of H2Se03, 100 
mL of pyridine, and 20 mL of ethanol were heated at  70 OC for 
3 h. After being cooled, the mixture was poured into ice water. 
After at  least 3 h, the solid was removed by filtration and dried. 
Extraction with hot chloroform yields 1.75 g, consisting of a 
mixture of 6b and 6. The insoluble part (0.25 g) is a white solid 
melting at -200 "C. Anal. Calcd for C14H1403Te2: C, 33.53; H, 
2.79; 0, 12.77; Te, 50.92. Found: C, 33.34; H, 2.85; 0, 11.10; Te, 
49.70; Se, 0.06. 


Reaction of Ditellurides with Two Equivalents of SeOP 
Both 6 and 10 were heated with 2 equiv of Se02 under the same 
conditions as described before. The solid collected after hydrolysis 
was washed with H20, dried, and analyzed. These data have 
already been listed. 
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Treatment of CH,C12 solutions of the hydrido complexes ($'-Ca5)M(NO),H (M = Mo or W) with hydride 
abstractors such as (C6H6)&+ or C7H7+ in 2:l stoichiometry results in the precipitation of the bimetallic 
cations [(q6-C&,)zM2(NO)4H]+ which are obtained as their BF, or PF6- salts in good yields. The mixed-metal 
cation [(q6-C5H6)2MoW(N0)4H]+ can be isolated as its BF, salt in 57% yield from the reaction of ($- 
C5H5)W(N0)2H with an equimolar amount of [ (~6-C6H5)Mo(NO)2(q2-C8H14)]+BF4- in CH2C12. Protonation 
of [ (~5-C5H6)Cr(N0)2]2 does not afford the analogous dichromium cations, coordinating acids (HX) instead 
convertmg the reactant into (q5-C&,)Cr(N0),X. The infrared and 'H NMR spectra of the bimetallic cations 
are consistent with their possessing the instantaneous molecular structures [ (v~-C,H,)(NO)~M(H)M'- 
(NO),(q5-C6H6)]+ (M, M' = Mo, W) which can be viewed as Lewis acid-base adducts. In solution, the 
heterometallic species exists in equilibrium with its homometallic analogues. Unlike related carbonyl 
complexes, the [(q5-C6H6)2M2(NO)4H]+ cations are not deprotonated by a variety of bases (B), undergoing 
cleavage instead to the monomeric products (q6-C5H5)M(NO)iH and [($-CaH,)M(NO)2(B)]+ of which only 
the former can be isolated. A study of the interaction of (9  -C6H5)W(N0)2H with representative Lewis 
acids provides some insights into the nature of the metal-metal bond in the bimetallic cations. 


Introduction 
A most intriguing aspect of the organometallic nitrosyl 


chemistry of the group 6B elements is that whereas 
[ (q5-C5H5)Cr(NO),l2 has been known since 1964: the 
analogous molybdenum and tungsten dimers have yet to 
be prepared. The chromium complex can be isolated in 
varying yields from any of the reactions 


N~AIH,(OCH~CH~OCH,),~~ 
(.r15-C5H5)Cr(N0)2X C&, CJ-IsCHq. or CH& 


X = C1, I, NOs, NO,, 7'-C5H5, or BF4 


the transformations represented in eq 1 being the synthetic 
methods of choice. However, when the identical molyb- 
denum- or tungsten-containing reactants are subjected to 


(1) Part 15 Hames, B. W.; Kolthammer, B. W. S.; Legzdins, P. Inorg. 


(2) Taken in part from: Hames, B. W. Ph.D. Dissertation, The 


(3) King, R. B.; Bisnette, M. B. Inorg. Chem. 1964,3, 791. 
(4) Hoyano, J. K.; Legzdins, P.; Malito, J. T. J. Chem. SOC., Dalton 


Chem. 1981,20, 650. 


University of British Columbia, 1981. 


Trans. 1976.1022. 
(5)  Kolthammer, B. W. S.; Legzdins, P.; Malito, J. T. Inorg. Synth. 


1979. 19. 208. 
~ (6) H b e s ,  B. W.; Legzdins, P.; Martin, D. T. Inorg. Chem. 1978,17, 
3644. 


(7) Legzdins, P.; Martin, D. T. Inorg. Chem. 1979,18, 1250. 
(8) Hames, B. W.; Legzdins, P.; Oxley, J. C. Inorg. Chem. 1980, 19, 


1565. 


the experimental conditions indicated above, only in- 
tractable products (eq 1-3) or the hydrides, (v5-C5Hs)M- 
(N0)2H (M = Mo or W) (eq 4), result. Furthermore, these 
hydrido complexes only afford red-brown nitrosyl-free 
solids when decomposed thermally.' Nevertheless, in view 
of the extensive and varied chemistry of [ (q5-C5H5)Cr- 
(NO),], that we have developed previously,&'l the prep- 
aration of the molybdenum and tungsten analogs for 
comparative purposes remains one of our prime synthetic 
objectives. 


Recently, Graham and Sweet1, described the successful 
synthesis of the valence isoelectronic complex [ (q5- 
C5H5)Re(C0)(NO)], by the sequential reactions (eq 5 and 
6). We therefore decided to attempt the analogous 


2(s5-C5H5)Re(CO)(NO)H + (C&&CX - 
[(?5-C5H5)2Re,(CO),(NO)2H)I+X- + (CGH~)&H (5) 


[(~5-C5H5)Re(CO)(NO)12 + (C2H5WH+X- (6) 


transformations with the ($-C5H5)M(NO),H (M = Mo or 
W) complexes. In this paper, we present the results of 
these attempts and report some new related chemistry 
which bears on the properties of the bimetallic cations 
isolated during our investigation. 


Experimental Section 
All manipulations were performed so as to maintain all chem- 


icals under an atmosphere of prepurified nitrogen either on the 
bench using conventional techniques for the manipulation of 
air-sensitive compounds13 or in a Vacuum Atmospheres Corp. 


CH,CI, 


CHzClz 
[(s5-C5H5)2Rez(C0)2(NO)2Hl+X- + ( C 2 H 5 ) 8  - 


X = BF4 or PF6 


(9) Kolthammer, B. W. S.; Legzdins, P. J. Chem. SOC. Dalton Trans. 
1978, 31. 
(10) Kolthammer, B. W. S.; Legzdins, P.; Martin, D. T. Tetrahedron 


Lett. 1978, 323. 
(11) Ball, R. G.; Hames, B. W.; Legzdins, P.; Trotter, J. Inorg. Chem. 


1980,19,3626. 
(12) (a) Graham, W. A. G., personal communication, Nov 16,1979. (b) 


Sweet, J. R.; Graham, W. A. G. 'Abstracts of Papers", 63rd Canadian 
Chemical Conference: Ottawa, Ontario, June 1980; IN-55. 
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The Bimetallic Cations [((a5-C&5)&lM'(NO)4Hl+ 


Dri-Lab Model HE-43-2 drybox. All chemicals used were of 
reagent grade or comparable purity. All reagents were either 
purchased from commercial suppliers or prepared according to 
published procedures, and their purity was ascertained by ele- 
mental analyses and/or melting point determinations. Melting 
pointa were taken in capillaries by using a Gallenkamp Melting 
Point apparatus and are uncorrected. AU solvents were dried by 
standard procedures14 and distilled just prior to use. Unless 
specified otherwise, the chemical reactions described below were 
effected at ambient temperatures. 


Infrared spectra were recorded on Perkin-Elmer 457 or 598 
spectrophotometers and were calibrated with the 1601-cm-' band 
of polystyrene film. Proton magnetic resonance spectra were 
obtained on a Varian Associates T-60 spectrometer with tetra- 
methylsilane employed as an internal standard or on Bruker 
WP-80, WH-400, or Varian kssociates XL-100 spectrometers with 
reference to the solvent used. All 'H chemical shifts are reported 
in parts per million downfield from Me4Si. Mrs. M. M. Tracey 
and Ms. M. A. Heldman assisted in obtaining these data. Low- 
resolution mass spectra were recorded at 70 eV on an Atlas CH4B 
spectrometer using the &&insertion method with the assistance 
of Dr. G. K. Eigendorf and Mr. J. W. Nip. Elemental analyses 
were performed by Mr. P. Borda of this department. 


Reactions of (q5-C5Hs)W(NO)2H with (C,&)&X (X = BF4 
or PF6) in CH2C12. To a stirred, bright green solution Containing 
(v5-CsHs)W(N0)2H7 (4.53 g, 14.6 mmol) in CH2Clz (80 mL) was 
added dropwise an orange CH2Clz solution (40 mL) of (C&$,)3- 
CBFt5 (2.41 g, 7.30 "01). As the addition proceeded, the bnght 
green solution darkened to an olive green color, and a green 
precipitate formed gradually. Monitoring of the infrared spectrum 
of the supernatant solution showed complete disappearance of 
the nitrosyl absorptions due to (T~-C~H~)W(NO)~H after the 0.5 
equiv of (C6Hs)&BF4 had been added. Concentration of the final 
reaction mixture under reduced pressure to a volume of ap- 
proximately 20 mL afforded further solid and a pale green solution. 
The dark green, microcrystalline solid was collected by filtration, 
washed with CH2C12 (3 X 5 d), and dried in vacuo (<0.005 mm) 
to obtain analytically pure [(v5-C&H6)2W2(NO)4H]BF4 (3.70 g, 72% 
yield), mp 95 "C dec. 


Found: C, 16.91; H, 1.48; N, 7.85. IR (Nujol mull): UNO 1775, 
1748,1707,1660 (br); also 1432 (w), 1422 (w), 1359 (w), 1290 (w), 
1070 (8 ,  br), lo00 (s, br), 852 (s, br) cm-'. 


The reaction of (v5-Cd-Is)W(NO)2H with (c&s)3cPF6 in CH2C12 
was performed in an analogous manner to obtain green, micro- 
crystalline [(.r15-C5H5)2W2(N0)4H]PF6 in 91.6% yield; mp 122 "c 
dec. 


Anal. Calcd for C1&I11W2N404PF~ C, 15.72; H, 1.45; N, 7.33. 
Found C, 15.70; H, 1.38; N, 7.25. IR (Nujol mull): w0 1752 (br), 
1685 (br); also 1427 (m), 1068 (w), 1010 (w), 888 (81,865 (81,849 
(e), 836 (s), 811 (s), 740 (w) cm-'. 


The analogous reaction between (?5-C5Hs)W(NO)2D7 and 
(C6H5)&PFB in CH2Clz afforded [ (v5-C5Hs)zW2(NO)4D]PF6 in 
comparable yield. 


Reaction of (qs-C5H5)W(N0)2H with C7H7BFI. To a vig- 
orously stirred CH2Clz solution (70 mL) containing 1.30 g (3.87 
mmol) of (V~-C~H~)W(NO)~H was added 0.23 g (1.29 mmol) of 
solid, white C7H7BFl.ls The solution gradually darkened as the 
C7H7BF4 was slowly consumed, and then a green precipitate began 
to form. After 1.5 h, none of the white tropylium salt was evident 
in the reaction mixture, and an infrared spectrum of the super- 
natant solution revealed that the nitrosyl absorptions due to 
(v5-CsH6)W(NO)2H had diminished to approximately 35% of their 
initial intensity. Isolation of the green precipitate by filtration 
afforded 0.60 g (66% yield based on C7H7BF4) of analytically pure 
[(v5-CsHs)2W2(NO)rH]BF4 (vide supra). 


Reaction of (q6-CsH5)W(N0)2H wi th  (C6H5)&PF6 in  
CH3CN. An orange solution of (C&&)&PF6 (0.29 g, 0.74 "01) 
in CH&N (5 mL) was added dropwise to a stirred, green solution 


Anal. Calcd for C1&IllW2N404BF4: C, 17.02; H, 1.57; N, 7.94. 


(13) Shriver, D. F. "The Manipulation of Air-Sensitive Compounds"; 


(14) Perrin, D. D.; Armarego, W. L. F.; Perrin, D. R. 'Purification of 


(15) Olah, G. A.; Svoboda, J. J.; Olah, J. A. Synthesis 1972,544. 
(16) Conrow, K. Org. Synth. 1963, 43, 101. 


McGraw-Hik New York, 1969. 


Laboratory Chemic&", 2nd ed.; Pergamon Press: Oxford, 1980. 
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of (V~-C~H~)W(NO)~H (0.23 g, 0.74 mmol) in CH3CN (18 mL) at 
-10 OC. Infrared monitoring of the reaction mixture during the 
addition revealed a diminution of the nitrosyl absorptions of 
(v5-C5Hs)W(N0)2H (i.e., U N O  = 1715 and 1631 cm-') and a con- 
comitant increase in the nitrosyl absorbances attributable to 
[(vS-C5HS)W(N0)2(CH3CN)]+ (i.e., UNO = 1766 and 1689 cm-l).17 
After complete mix i i  of the two solutions, an infrared spectrum 
of the resulting blue-green solution indicated that [ (v5-C5H5)W- 
(NO)2(CH3CN)]+ was the only nitrosyl-containing species present. 


Treatment of [ ($-C5H5)W(No)2(CR3CN)]P~6 with (q5- 
Ca5)W(NO),H.  To a blue-green solution containing 0.37 g (0.74 


added an excess of (T~-C~H~)W(NO)~H (0.31 g, 1.0 mmol). An 
infrared spectrum of the resulting solution revealed no interaction 
between the two organometallic complexes. Removal of the 
solvent under reduced pressure afforded a brown oil. Dissolution 
of the oil in CH2C1, (40 mL) produced a clear green solution whose 
infrared spechum displayed nitrosyl absorbances only attributable 
to ($'-C&5)W(NO)2H and [ (v6-C&5)W(NO)2(CH3CN)]PF6 (Le., 
UNO = 1718, 1632 and 1770, 1690 cm-', respectively). 


Reaction of (qs-C5H6)Mo(N0)2H with (C6H5),CPF6. A so- 
lution of (v5-CSH5)Mo(N0)2H in toluene (190 mL) was prepared 
in the usual manner7 from 5.10 g (19.9 mmol) of (v5-C5H5)Mo- 
(N0)2C1. The green solution was then concentrated in vacuo to 
a volume of -30 mL with some attendant decomposition of the 
hydride occuming as evidenced by the formation of smal l  amounts 
of a red-brown solid. The fmal solution was transferred by syringe 
onto a 4 X 9 cm column of Florisil prepared in CH2C12. Elution 
of the column with CH2Clz provided a green eluate which was 
concentrated to 105 mL under reduced pressure. 


To 70 mL of this solution were added portions of solid (c6- 
Hd3CPF6, the progress of the readion being monitored by infrared 
spectroscopy. As each portion of the trityl hexafluorophosphate 
was added, a green precipitate formed and the nitrosyl absorptions 
due to (qS-CsHs)Mo(N0)2H in the infrared spectrum of the su- 
pernatant solution diminished in intensity. A total of 0.87 g (2.24 
mmol) of (C6H5)&PF6 was required for complete consumption 
of the molybdenum reactant. Toluene (10 mL) was added to the 
final reaction mixture, and solvent was removed in vacuo to give 
a final volume of -50 mL. The green solid was collected by 
filtration, washed with toluene (2 X 5 mL), and dried (<0.005 mm) 
to obtain 0.75 g (19% yield based on (V~-C~H~)MO(NO)~C~; 57% 
yield based on (CsH5)&PF6) of analytically pure [ (v5 -  
C5H5)2M02(NO)4H]PF6, mp 119 OC dec. 


And. cdcd for C1,,&Mo&04PF6: C, 20.42; H, 1.89; N, 9.53. 
Found C, 20.24; H, 1.77; N, 9.42. IR (Nujol mull): UNO 1783 (br), 
1675 (br); also 1430 (w), 1070 (w), 1015 (w), 860 (s, br), 820 (s) 
cm-l. IR (CHZC12): UNO 1795, 1768, 1707, 1695 (sh) cm-l. 


Preparation of [ ($=C5Hs)2MoW(N0)4H]BF4. A slight excess 
of AgBF4 (0.23 g, 1.18 mmol) was added to a stirred CH2Clz 
solution (20 mL) containing (T~-C~H~)MO(NO)~CI (0.26 g, 1.0 
"01). Infrared monitoring of the supernatant solution showed 
the disappearance of the nitrosyl absorptions characteristic of 
(V~-C~H~)MO(NO)~CI and the appearance of two new bands at 
-25-cm-I higher energy (Le., vN0 = 1783, 1692 cm-'), the con- 
version being complete within 45 min. The reaction mixture was 
then filtered to remove the flocculent white precipitate, and the 
green filtrate was treated with cyclooctene (1 mL) to obtain a 
stable blue-green solution which displayed UNO at 1800 and 1717 
cm-' in ita infrared spectrum. Solid (T~-C~H~)W(NO)~H (0.31 g, 
1.0 mmol) was added to this solution, and the resulting green 
solution was stirred for 0.5 h. Addition of hexanes (30 mL) 
induced the formation of a flocculent green precipitate. The 
mixture was concentrated in vacuo to a volume of - 10 mL, and 
the colorless supernatant liquid was removed by syringe and 
discarded. The residue was recrystallized from CH2C12-hexanes 
to obtain 0.353 g (57% yield) of analytically pure [ (v5-  
C5H5)2MoW(NO)4H]BF4 as a dark green, microcrystalline solid, 
mp 115 "C dec. 


Anal. Calcd for ClJ-IllMoWN4O4BF4: C, 19.44; H, 1.79; N, 
9.07. Found C, 19.37; H, 1.89; N, 8.82. IR (Nujol mull): UNO 
1790,1769 (sh), 1756,1718,1660 (br); also 1419 (w), 1287 (w), 1060 
(s, br), lo00 (8, br), 850 (s, br) cm-'. IR (CH,Cl& YNO 1790,1765 


"01) Of [ (T~-C~-I~W(NO)~(CH~CN)]PF~ in CH&N (35 mL) ww 


(17) Stewart, R. P., Jr.; Moore, G. T. Znorg. Chem. 1976, 14, 2699. 
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(sh), 1751, 1706, 1678, 1650 (ah) cm-'. 
Reaction of [ (~-C6H,)zWz(NO)4H]BF4 with (C2H&N. To 


a stirred suspension of [ (?S-C6H6)2W2(NO)4H]BF4 (0.20 g, 0.28 
mmol) in CHzClz (40 mL) was added a large excess (1 mL) of 
(CzH&N. The solid reactant dissolved rapidly to produce a clear, 
yellow-brown solution whose infrared spectrum exhibited two 
bands in the nitrosyl region at 1718 and 1632 cm-'. Addition of 
(C,H,),O (40 mL) to this solution produced a flocculent, yellow- 
brown precipitate which was collected by filtration. The fiitrate 
was taken to dryness in vacuo, and the resulting residue was 
redissolved in a minimum of CHzClz. An infrared spectrum of 
this solution showed two strong absorptions at 1718 and 1632 cm-', 
the characteristic VNO'S of ($-C,H,)W(NO),H. A Nujol mull of 
the yellow-brown solid displayed broad infrared absorbances at 


Hames  and Legzdins 


to a suspension of green [(~6-CSH6)zWz(N0)4H]PF6 (0.18 g, 0.24 
mmol) in CHzCl2 (10 mL), the supernatant solution immediately 
became yellow. However, even after being stirred for 30 min, the 
green solid did not appear to be dissolving, and the supernatant 
solution exhibited only weak infrared absorptions at 1718 and 
1632 cm-'. A large excess of Cl&[N(CH3)z]z was therefore added 
(to a total of 10 equiv), and the progress of the reaction was 
monitored by infrared spectroscopy. The bands at 1718 and 1632 
cm-' gradually increased in intensity as the supernatant solution 
darkened, but after 3 h of stirring some green solid still remained. 
After 18 h, the bands were even more intense, and only a brown 
precipitate was present in the reaction mixture. The solid was 
isolated by filtration and was extracted with tetrahydrofuran; an 
infrared spectrum of the extracta showed only weak, broad ab- 
sorbances at 1720 and 1615 cm-l. The filtrate was concentrated 
under reduced pressure, and ita infrared spectrum displayed strong 
bands due to ($-C6HS)W(NO)zH as the only absorptions in the 
nitrosyl region not attributable to the C~OH~[N(CH&& 


The reaction was repeated in CD3NOZ, and its progress was 
monitored by 'H NMR spectroscopy. The monitoring indicated 
that the bimetallic cation was cleaved initially to (q6-C5H5)W- 
(NO)zH (6 6.13 (8,  5 H), 2.08 (s, 1 H)) and another cyclo- 
pentadienyltungsten complex (6 6.53 (s, 5 H)), but the latter 
decomposed rapidly to produce a brown, insoluble residue. 


Reaction of [ (~5-CSHS)zWz(N0)4H]PF6 with NaBH,. A 
small sample (-0.1 g) of [ (~5-C~~zwz(No)4H]PF6 was dissolved 
in CH&Oz (10 mL) to give a yellow-green solution which exhibited 
three infrared absorptions (1770,1718,1691 cm-') in the portion 
of the nitrosyl region not obscured by the solvent (i.e., >1650 cm-'). 
To this stirred solution was added an excess (- 10 equiv) of solid 
NaBH,; after 48 h only the band at 1718 cm-' remained in the 
infrared spectrum of the supernatant solution. Solvent removal 
under reduced pressure afforded a solid which was extracted with 
CHZCl2. Chromatography of the extracts on Florisil with CHzClz 
as eluant yielded only (qS-C6H5)W(N0)zH which was identified 
spectroscopically (vide supra); a trace of impurity remained at 
the top of the column. 


Treatment of [(~s-CS~s)zMoz(NO),~]PF6 with Various 
Lewis Bases. (a) With Acetone. To a CDBNOz solution of 
[ (~s-C~~zM~(NO),H]PFs  was added 8 equiv of (CH3)&0. The 
solution remained green, and the 'H NMR signals due to the 
bimetallic cation (6 6.37, -9.78) were unaltered. 


(b) With Nitrogen-Containing Bases. Upon the addition 
of the bases (C2H&N or Cl&[N(CH3)z]z, CD3NOZ solutions of 
the cation immediately became brown. In each case, 'H NMR 
spectroscopy revealed the absence of the signals due to [(05- 
C&J&b#W&H]PF6 and the presence of several new resonances 
in the cyclopentadienyl region. Repetition of the experiments 
in (CD&CO afforded solutions which again displayed multiple 
resonances in the region 6 6.2 - 6.7 ppm of their 'H Nh4R spectra. 


(c) With a Magnesium Silicate. A suspension of [(05- 
C~~zM%(No)4H]PF6 (0.10 g) in CH&lz (10 mL) was transferred 
to the top of a Florisil column (2 X 4 cm). Elution of the column 
with CHzClz developed a single green band which was collected. 
Concentration of the eluate under reduced pressure to a volume 
of -3 mL gave a solution of (q5-CsHS)Mo(NO),H as indicated 
by ita infrared spectrum (i.e., UNO = 1738,1647; vMwH = 1805 (w) 
cm-'). Removal of the remaining solvent in vacuo produced a 
brown residue. Extraction of the residue with (CD,),CO resulted 
in a green solution whose 'H NMR spectrum consisted of reso- 
nances at d 6.43 (s,5 H) and 3.80 (s, 1 H) which were assignable 


Reaction of [(#-C~S)Cr(N0)z]2 with p-CH&&4SO& To 
a dark purple CHzClz solution (40 mL) containing 0.54 g (1.53 
mmol) of [(~6-C6Hs)Cr(No),]z5 was added 1 equiv (0.265 g) of 
anhydrous p-CH3C6H,S03H with vigorous stirring. Infrared 
spectral monitoring of the reaction mixture revealed the gradual 
decrease in intensity of the nitrosyl absorptions due to [($- 
C&,)CI(No)& (Le., at 1667 and 1505 cm-') and the gradual 
increase in intensity of two new absorptions at 1829 and 1722 cm-' 
over a period of - 10 min. However, only half of the chromium 
dimer was consumed by the p-toluenesulfonic acid, so an addi- 
tional 1 equiv of the latter was added. This led to a change in 
color of the solution from purple to dark orange in - 15 min, the 
final solution having an infrared spectrum from which the 
characteristic VNO'S of [ (~5-C6Hs)Cr(No)z]z were absent. The 


to ($-CSHJMo(NO)ZH. 


. .  


1720 and 1600 cm-'. 
Reaction of [(#-C~,)zWz(NO),H1PF6 with (C&&P=CH, . _ -  


A stirred susp&sion conta-ining 0.28 g (0.37 mmol) of [($- 
CsHs)2Wz(NO)4H]PF6 in CHzC12 (15 mL) was treated dropwise 
with 1 equiv of an orange, diethyl ether solution of 0.3 M (c6- 
HS)3P=CHz.18 The readion solution darkened to an olivegreen 
color, and the originally suspended solid readily dissolved. To 
the fiial solution was added (CzH6)zO (50 d), whereupon a tan 
precipitate formed which was isolated by filtration. Extraction 
of the collected solid with CHzClz afforded an orange-brown 
solution which exhibited strong infrared absorptions at 1728 and 
1647 cm-'. 


Volatile components were removed from the filtrate under 
reduced pressure. The remaining residue was dissolved in benzene, 
and the solution was chromatographed on a Florisil column (2 
x 5 cm) with benzene as eluant to obtain ($-CsHs)W(NO)~H 
(-0.1 g) which was identified by its characteristic infrared and 
'H NMR spectra.' 


Reaction of [(#-C&?6),Wz(NO)4H]BF4 with [(CH&N]&'O. 
To a stirred suspension of [(,6-C&Hd2Wz(NO)4H]BF, (0.30 g, 0.43 
"01) in CH2C12 (10 mL) was added 1 mL of [(CH&N]$O. The 
solid dissolved immediately to produce a dark green solution whose 
infrared spectrum displayed three strong absorptions in the 
nitrosyl region (Le., VNO = 1735,1721, and 1630 mi') which were 
not due to [(CH3)zN]3P0. Unfortunately, numerous attempts to 
separate the excess hexamethylphosphoramide from the nitro- 
syl-containing species by means such as extraction with HzO, 
crystallization from a variety of solvent mixtures (which invariably 
yielded oils), and chromatography on Florisil were unsuccessful. 


Reaction of [ (#-C&?6)zW2(NO),H]BF4 with KOH-CzHbOH. 
A 0.07 M solution of KOH in 95% ethanol was added dropwise 
to a stirred suspension of [(@.3&~zWz(NO)4H]BF4 (0.30 g, 0.43 
mmol) in CHzClz (20 mL) with infrared monitoring. Upon ad- 
dition of the first few drops of the KOH solution, the solid reactant 
rapidly dissolved to give a light green solution whose infrared 
spectrum displayed a broad, weak band at - 1900 cm-' and two 
strong, sharp bands at 1718 and 1632 cm-', all characteristic of 
(qS-CSH6)W(N0)zH.7 As further KOH-CzHsOH was added, to 
a total of 1 equiv of KOH, the only change in the nitrosyl region 
of the infrared spectra was a gradual diminution in intensity of 
these bands as the solution became more dilute. Solvents were 
removed from the final reaction mixture in vacuo, and the resulting 
residue was transferred as a suspension in benzene onto a Florisil 
column (2 x 5 cm). Elution of the column with benzene developed 
a green band which, when collected, taken to dryness, and re- 
dissolved in CHzClz, exhibited the characteristic infrared ab- 
sorptions of (q6-CsH6)W(NO)2H. Elution of the column with 
tetrahydrofuran slowly developed a yellow band which was eluted 
from the column with HzO. The eluate was taken to dryness in 
vacuo, and an infrared spectrum of the residue (-0.1 g) in tet- 
rahydrofuran displayed VNO at 1718 and 1610 cm-'. 


Reaction of [(r16-C~H~)zWz(NO)4H]PFe with C,H6[N(C- 
H3)z]z. Upon addition of 1 equiv (0.05 g) of CloHs[N(CH3)z]219 


(18) Dauphin, G.; David, L.; Duprat, P.; Kergomard, A.; Veechambre, 


(19) N,N,",iV'-tetramethyl-l,@-naphthalenediamine, purchased from 


(20) King, R. B. "Organometallic Syntheses"; Academic Press: New 


(21) Fieaer, L. F.; Fieser, M. 'Reagents for Organic Synthesis"; Wi- 


H. Synthesis 1973, 149. 


the Aldrich Chemical Co. under the trade name Proton Sponge. 


York, 1965; Vol. 1, p 79. 


ley-Interscience: New York, 1967; Vol. 1, p 712. 
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addition of an equal volume of hexanes and concentration of the 
mixture under reduced pressure induced the precipitation of a 
green powder which was collected by filtration. Recrystallization 
of this solid from CHzC1z-(CzH5)20 afforded (q5-C5H5)Cr- 
(N0)20S0zC6H4CH3 (0.48 g, 45% yield) as a fine green powder, 
mp 64-66 "C. 


Anal. Calcd for C1zH12CrN206S: C, 41.38; H, 3.47; N, 8.04. 


cm-'. 'H NMR (CDC13): 6 7.72 (d, 2 H, J = 8.0 Hz), 7.21 (d, 2 
H, J = 8.0 Hz), 5.75 (8, 5 H), 2.36 (8, 3 H). 


Reaction of (q5-C6H5)W(N0)2H with Cr(C0)5(C4H80). A 
solution of Cr(CO)5(C4H80)22 was generated by irradiating a 
tetrahydrofuran solution (210 mL) of Cr(C0)6 (0.65 g, 2.9 mmol) 
for 1 h in a photoreactor [using a medium-pressure mercury lamp 
(Hanovia G45OW) housed in a water-cooled Pyrex immersion well] 
while gently purging the solution with Nz to remove the liberated 
CO. The orange solution so obtained was then concentrated to 
a volume of -25 mL under reduced pressure and cooled to -78 
OC. To this stirred solution was added a quantity (0.58 g, 1.87 
mmol) of (q5-C&15)W(N0)zH which dissolved rapidly to produce 
an orange-brown solution. After being stirred for 25 min, the 
solution displayed an infrared spectrum which had four bands 
in the nitrosyl region (uN0 = 1736, 1718, 1661, and 1629 cm-') as 
well as a poorly resolved envelope of bands in the carbonyl region 
(vco = 2085 (w), 1995 (sh), 1975, and 1920 (br) cm-'). The solution 
was allowed to warm to room temperature after 1 h, ita infrared 
spectrum remaining invariant. Solvent removal in vacuo afforded 
an orange-brown solid which was only partially soluble in CHzClz 
or tetrahydrofuran, but both orange solutions displayed compa- 
rable infrared spectra containing absorptions assignable to car- 
bonyl (vc0(C4H80) = 2085 (w), 2003,1972, and 1928 cm-') and 
nitrosyl (m0(C4H8O) = 1738 (w), 1718 (w), 1661, and 1634 (w, sh) 
cm-') ligands. Fractional sublimation of the solid at 0.005 mm 
yielded first Cr(CO)sz2 (0.20 g, 31% yield) at 35 OC and then 
(q6-C5H5)W(CO)2(NO)23 (0.12 g, 17% yield based on W) at -55 
OC. Each isolated compound was identified by ita characteristic 
infrared and mass spectra. A Nujol mull infrared spectrum of 
the intractable brown residue which remained after sublimation 
exhibited broad absorptions at 1920 and 1660 cm-'. 


The reaction was also carried out in (CD3)$20 with 'H NMR 
monitoring of ita progress. Upon addition of less than 1 equiv 
of "Cr(CO)5(C4H80)" (prepared as above, but with virtually all 
of the excess tetrahydrofuran removed) at -80 "C, the resonance 
attributable to the cyclopentadienyl protons shifted to lower field 
(Le., 6 6.38), but the hydride resonance could not be detected. 
When being warmed to 0 OC, the reaction mixture displayed a 
'H NMR spectrum which consisted of signals attributable to 
(q6-C5H5)W(N0)zH [6  6.24 (8 ,  5 HI, 2.19 (8, 1 HI] and (q5- 
C5H5)W(CO)2(NO) (6 6.49) in a ratio of 5:l. The introduction 
of additional "Cr(CO)5(C4H80)" at this temperature simply re- 
sulted in a decrease in intensity of the signals due to the hydride 
and an increase in intensity of the signal due to the dicarbonyl 
nitrosyl complex after the -2 min required to mix the reactants 
and obtain the spectrum. 


The analogous reaction of (T$C~H~)W(NO)~H with Cr(C0)5- 
[N(CH3),IU in CHzC12 gave comparable results. 


Reactions of (q5-C5H5)W(N0)zH with W(C0)5(C4H80),22 
(q5-CH3C5H4)Mn(C0)z(C4H80),2z and (q5-CH3C5H4)Mn- 
(co)2(H)[si(c6H5)3]?5 These reactions were performed in a 
manner identical with that described in the preceding section for 
Cr(CO)5(C4H80). Infrared spectral monitoring indicated an in- 
teraction between the reactants in each case, but tractable 
products could not be isolated from the final reaction mixtures 
at room temperature. 


Reaction of (q6-C5H6)W(N0)2H with HgC12. To a stirred 
mixture of (q5-C&IdW(N0)zH (0.27 g, 0.87 "01) and HgCl, (0.23 
g, 0.87 mmol) was added tetrahydrofuran (30 mL). Both solids 
dissolved rapidly to produce a clear, lime green solution. However, 
within 1 min the solution became cloudy, and then a white pre- 
cipitate began to form. The suspension was filtered after 1.5 h 


Found: C, 40.84; H, 3.68; N, 7.36. IR (CH2C12): U N O  1829, 1722 
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to obtain a gray solid and an olive green filtrate. The filtrate was 
taken to dryness under reduced pressure, and the resulting residue 
was crystaUized from CHzC12-hexanes to obtain 0.20 g (0.58 "01, 
67% yield) of (q5-C5H5)W(NO)zC1 which was identified by ele- 
mental analysis and its characteristic infrared, 'H NMR, and mass 
spectra.26 The gray solid was identified qualitatively as HgCl 
(0.11 g, 53% yield) by treating it with NH40H to obtain a very 
dark gray residue (Hg + Hg(NH2)C1).27 


The reaction was also performed at -80 "C in (CD3),C0 with 
'H NMR monitoring. At  this temperature, a sharp peak was 
observed at 6 6.53 (s,5 H) [cf. 6 6.23 for (q5-C5H5)W(N0)zH and 
6 6.40 for (q5-C&15)W(NO)zCl] along with a broader peak at 6 4.35 
(8 ,  1 H), both attributable to the adduct, (?5-C5H5)W(NO)2H. 
HgClZ. When the mixture was warmed to 0 "C, a reaction oc- 
curred, and the resonance due to the cyclopentadienyl protons 
broadened and shifted to 6 6.40. 


The reaction of (q5-C&I&W(NO)2H with ZnC12 gave comparable 
results, but the conversion to (q5-C5H5)W(N0)zC1 was only 15% 
complete after 11 h of stirring at ambient temperature. 


Reaction of (q5-C5H5)W(N0)2H with HBF4.0(CH3)2. A 
stirred, green solution of (q5-C5H5)W(N0)zH (0.30 g, 0.97 mmol) 
in CHzClz (25 mL) was treated dropwise with an emulsion con- 
taining 0.5 mL (5.6 mmol) of HBF4.0(CH3)2 in CHzClz (5 mL), 
and the progress of the reaction was monitored by infrared 
spectroscopy. As the addition proceeded, the solution became 
dark green, and the nitrosyl absorptions due to the hydride 
reactant diminished in intensity; simultaneously, new bands at 
higher energy (uN0 = 1778, 1749, 1696, and 1665 cm-') due to 
[ (q5-C5H5)2Wz(NO)4H]BF4 appeared and intensified. Complete 
consumption of the (V~-C~H,)W(NO)~H required 0.5 equiv of 
HBF4.O(CHJ2; the addition of excess acid resulted in the de- 
struction of the bimetallic cation. 


The reaction was also carried out at -20 "C in CD3N02. This 
experiment verified the clean conversion of the hydride to the 
ditungsten cation (6 6.47 (s, 10 H), -8.33 (s, 1 H)) by 0.5 equiv 
of the acid. In contrast, addition of H$04 to a CD3NOZ solution 
of (q5-C5H5)W(N0)zH produced a green solution whose 'H NMR 
spectrum displayed a single new resonance at 6 6.35 attributable 
to [(II~-C~HS)W(NO)ZIZSO~. 


Reaction of (q5-C5H5)W(NO)zH with A1Cl3. To a CDC13 
solution of (q5-C5H5)W(N0)2H was added -1.2 equiv of AlCl, 
dissolved in CDC13. After being mixed well, the resulting green 
solution was monitored by 'H NMR spectroscopy. Over a period 
of -30 min, the gradual disappearance of the signals at 6 5.99 
(s,5 H) and 2.07 (s, 1 H) (attributable to (q5-Cd-15)W(NO)2H) was 
observed along with the concomitant growth of a new resonance 
at 6 6.14 (due to (q5-C&&W(NO)2Cl). The peak positions for each 
of the compounds were indistinguishable from those displayed 
by authentic samples of the complexes in the absence of A1C13. 


In a separate experiment, infrared monitoring of a 1:l mixture 
of (q5-C$S)W(NO)zH and AlCl, in CHzClz revealed only a gradual 
shift of the nitrosyl absorbances to higher energy as the hydride 
(UNO = 1718,1632 cm-') was converted into ( T ~ - C ~ H ~ ) W ( N O ) ~ C ~  
( V N O  = 1733, 1650 cm-'). 


Results and Discussion 
Preparation and Characterization of [ ( q 5 -  


C5H5)2W2(N0)4H]+X- (X = BF4 or PF,). We have es- 
tablished that  in donor solvents such as acetonitrile, 
(q5-C5H5)W(N0)2H reacts with an  equimolar amount of 
the hydride abstractor (C6H5)3C+ via loss of H-, i.e. 


CHsCN 
(q5-C5H5)W(N0)2H + (C&)3C+X- 


[(q5-C5H5)W(N0)2(CH3CN)l+X- + (C&5)3CH (7) 


x = BF47 or PF, 


We have now found that in CH2C12 with 2:l stoichiometry, 
hydride abstraction results in the formation of the spar- 


(22) Geoffroy, G. L.; Wrighton, M. s. "Organometallic 


(23) Hoyano, J. K.; Legzdins, P.; Malito, J. T. Znorg. Synth. 1978,18, 


(24) Koelle, U. J.  Organomet. Chem. 1977, 133, 53. 


Photochemistry"; Academic Press: New York, 1979. 


126. 


(25) Jetz, W.; Graham, W. A. G. Znorg. Chem. 1971,10,4. 
(26) Legzdins, P.; Malito, J. T. Znorg. Chem. 1976,14, 1875. 
(27) Sorum, C. H. "Introduction to Semimicro Qualitative Analysis", 


4th ed.; Prentice-Hall: Englewood Cliffs, N.J., 1967; p 95. 
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ill 


Hames and Legzdins 


ingly soluble, dark green solids [ (~s-C5Hs)2W2(N0)4H]+X- 
(X = BF4 or PF,), Le. 


CHzClz 
2(s5-CSH5)W(N0)2H + (C&)3c+X- 


[(s5-C5H5)2W2(N0)4HI+X- + (C&j)&H (8) 
X = BF4 or PF, 


CHzClz 
2(q5-C5H5)W(NO)2H + C7H7+BF4- - 


[(ss-C5H5)2W2(N0)4H3+BF4- + (C7H& (9) 


transformations which are identical with that depicted for 
the isoelectronic rhenium complexes in eq 5. The new 
organometallic products of these conversions precipitate 
from solution as microcrystalline, analytically pure solids 
which can be isolated in good to excellent yields. 


[(s5-C~H~)2W2(N0)4H]BF4 is a dark green, diamagnetic 
solid (mp 95 "C dec) which can be handled in air for short 
periods of time without the occurrence of noticeable de- 
composition, and i t  remains unaltered when stored under 
N2 a t  ambient temperature for periods of a t  least several 
months. The compound is insoluble in paraffin or aro- 
matic hydrocarbons and is only sparingly soluble in 
CH2C12. It has good solubility in nitromethane and, pre- 
sumably, other strongly solvating but weakly donating 
solvents;28 however, the originally green CH3N02 solutions 
slowly become brown as the complex decomposes ( T ~  
3 h) in an as yet undetermined manner. Treatment o i the  
compound with a donor solvent such as (CH3)2C0 or 
CH3CN results in the rapid dissociation of the bimetallic 
cation into monomeric products, i.e. 


[(s5-C5H&W2(NO)4H]+BF4- + L -* 
(vS-C5Hs)W(N0)2H + [(s5-CsH5)W(N0)2L]+BF4- (10) 


L = a 2-e- donor ligand 


a feature that is readily discernible by infrared and 'H 
NMR spectroscopy. Thus, the infrared spectrum of an 
acetonitrile solution of [ (q5-C5Hs)2W2(N0)4H]+BF4- dis- 
plays nitrosyl absorptions a t  frequencies identical with 
those of (s5-CSHs)W(N0)2H (vN0 = 1715,1631 cm-') and 
[(q5-Cd-€5)W(NO)2(CH3CN)]+BF; (UNO = 1766,1689 cm-') 
as a 1:l mixture in the same solvent. Furthermore, the 
addition of donor solvents to CD3N02 solutions of the 
bimetallic complex results in the disappearance of the 'H 
NMR signals due to [(s6-CsH5)2W2(NO)4H]+BF; (6 6.48 
(8 ,  10 H), -8.33 (8, 1 H)) and the appearance of new res- 
onances (at 6 6.15 (8, 5 H), 1.94 (8, 1 H)) characteristic of 
(s5-CsHs)W(N0)2H. Signals due to the added solvent also 
appear along with several new resonances a t  low field (6 
>6.15), presumably due to [(ss-C5HS)W(NO),L]+. 


As indicated in passing in the previous paragraph, the 
typical 'H NMR spectrum of [ (s5-CsH6)2W2(N0)4H]+BF; 
a t  ambient temperature in CD3N02 (Figure 1) consists of 
a sharp singlet at  6 6.48 attributable to the ten equivalent 
cyclopentadienyl protons and a high-field singlet due to 
one hydrogen a t  6 -8.33, the latter being in the region 
typical of metal-bound protons.2B Unfortunately, the large 
shift of the hydride resonance to higher field (A6 = 10.27 
ppm) upon conversion of (s5-C5Hs) W(N0I2H (6W-H- 


-8.33) is not definitive as to whether the H ligand is 
bonded in a bridging or a terminal fashion in the bimetallic 
species.30 A spectrum of the cationic complex having a 


(CD3NO2) 1.94) [(ss-C&&W2(NO)4Hl+ (~w-H(CD~NO~)  


b 111.  The netal-bound hydrogen, 6 = -8.33 


a. The ' 8 W  satellites, i e p w a t l o n  


b .  The IB3U2 satellites. separation 


C .  Thc '%N3 satellites. sepdratlon 


equals 114.2 H I .  


eqvalr 228.4 H 2 .  


equals 63.8 HI. 


iii 


Figure 1. The 'H NMR spectrum of [(?6-C~Hd2W2(NO)4H]+BF, 
in CD3NO2: (a) the complete s ectrum; (b) the hydride region 


region (amplitude X128) showing the law2 and lbNN3 satellites. 


very large signal-to-noise ratio (- 1OOO:l for the hydride 
signal) exhibits six satellite peaks associated with the 
principal hydride resonance (Figure IC). At first glance, 
this seven-peak pattern, having experimental peak inten- 
sities of 0.5:11.4:0.5:74.5:0.5:11.80.5, appears to be com- 
pletely consistent with previously reported analyses of the 


(amplitude XS) showing the 8 WW satellites; (c) the hydride 


(28) Gut", V. 'Coordination Chemistry in Non-aqueous Solvents"; 


(29) Kaeaz, H. D.; Saillant, R. B. Chem. Reo. 1972, 72, 231 and refer- 
Springer-Verlag: New York, 1968. 


ences cited therein. 


(30) In some cases, the 'H NMR resonance of a bridging hydrogen in 
hydridometal clusters occurs at higher field than that due to a terminally 
bound H atom; no such correlation exists for hydridotungsten complex- 
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Table I. Characteristic Infrared Absorptions of (q5-C,H,)M(NO),H (M = Mo or W )  Derivatives" 
complex medium UNO, cm-' VM-H, cm-' 


CH,Cl, 1738,1647 1805 ( w )  


CH,CN 1715,1631 


( q '-c SH s )Mo( NO ) z H  toluene 1732,1642' 


CH,Cl, 1718,1632' 1900 (w) (q '-CsH s )W(NO) zH 


(q 5-C,H,)M~(NO),Cl CH,Cl, 1759, 166526 
(7 '-CsH s)W(NO) zc1 CH,Cl, 1733,1650% 
[(qs-CsH5)W(NO)2( CH,CN)]BF, CH,CN 1766,1689 
[(qS-CsH,)W(NO),(CH,CN)]PF6 CH,CN 1766,1689 


CH,Cl, 1770,1690 
[(I) 5-C5Hs)zMo~(NO),H1PF~ Nujol mull 1783 (br), 1675 (br) 


CH,Cl, 1795,1768,1707,1695 (sh) 
[(q 5-CsHs)zWz(NO),HlBF, Nujol mull 1775, 1748, 1707, 1660 (br) 


CH,C12 1778,1749,1696,1665 (sh) 
CH,NO, 1770.1719.1689 
Nufol mull 1752'(br), 1685 (br) 
CH,NO, 1770,1718,1691 
CH.CN 1769.1719.1690.1633 


[(q 5-CsHs),MoW(NO),HlBF, Nufol mull 1790; 1769'(sh), 1756, 1718, 1660 (br) 
CH,Cl, 1790, 1765 (sh), 1751, 1706, 1678, 1650 (sh) 


The solution spectra of the cationic complexes were obtained by employing KRS-5 windows since the complexes react 
rapidly with NaCl. 


peak patterns expected for a W2H spin system.31 Spe- 
cifically, i t  seems to be in excellent agreement with the 
model in which the hydrogen atom is terminally bound 
(spin coupling to the remote tungsten being observable) 
and is undergoing rapid intramolecular site exchange on 
the NMR time scale between the two metal centers, the 
predicted peak intensities being 0.51:12.24:0.51:73.480- 
.51:12.240.51. However, the theoretical spectrum reported 
for this particular model is incorrect.32 


For the case in which 2J is resolved and rapid intra- 
molecular exchange of the proton between the two tung- 
sten nuclei occurs, the calculated 'H NMR spectrum 
consists of a superposition of the following components: 
(1) a singlet due to W2H of relative intensity 73.48%; (2) 
a doublet of separation ('J + 2 4 / 2  due to "WWH of 
relative intensity 24.48%; (3) a 1:2:1 triplet (not a doublet 
of doublets as originally p red ic t edP  due to "W2H of 
relative intensity 2.04%, the outermost peaks having a 
separation of ' J  + 2J. Peaks of separation ' J  - 2J are not 
expected to be observable (Le., with rapid site exchange, 
the difference between the two sites vanishes and the ob- 
served coupling becomes ('J + 2 4 / 2 ) ,  and so the central 
component of the triplet will be coincident with the singlet 
from l.32 Hence, an equally spaced, five-peak pattern 
having peak intensities of 0.51:12.24:74.5:12.24:0.51 is 
predicted. Of course, an identical pattern is expected for 
the case in which no intramolecular exchange occurs, the 
proton being associated with both tungsten atoms sym- 
metr i~al ly .~ '  The actual spectrum of [ (.r15-C5H5)2W2- 
(N0)4H]+BF4- in CD3N02 (Figure 1) is invariant when 
acquired a t  a variety of sample spinning speeds and ex- 
hibits just these intensity features and peak separations 
(i.e,, peaks labeled a, b, and iii). We attribute the two 
additional resonances (designated by c in Figure 1) to 15N 
spin-pin coupling in complexes having 15NW2H groupings. 
With four equivalent nitrosyl ligands each having 0.37% 
of the 16N isotopomer present, the calculated intensity of 
each of these signals is 0.54%, as is indeed observed. 
Further support for this latter assignment comes from the 
fact that in a separate experiment we were able to observe 
at  the expected positions the outer resonances arising from 
the combined ls3W-H and 15N-H spin-spin couplings in 


15N"WWH groups of predicted intensity 0.091%. How- 
ever, we could not locate the peaks arising from the dif- 
ference of these couplings due to their proximity to the 
central hydride resonance and the limited stability of the 
complex in CD3N02. 


This analysis of the 'H NMR data leads to the conclu- 
sion that i t  is not possible on this basis to ascertain def- 
initively the mode of attachment of the H atom in the 
bimetallic cation. The fact that the data are consistent 
with both a terminally bound hydrogen rapidly exchanging 
between the metal centers and one which symmetrically 
bridges these centers also means that the observed coupling 
constants (i.e., JIW-IH = 114.2 Hz and JIsN-IH = 63.8 Hz) 
cannot be assigned unambiguously. I t  can be noted, 
however, that no 15N-M-H 2J coupling constants appear 
to have been reported p r e v i ~ u s l y . ~ ~  


(N0)4H]+BF4- in CH2C12 and as a Nujol mull (Table I) 
reveal the presence of four nitrosyl absorptions, all in the 
region characteristic of terminal nitrosyl ligands.34 In 
nitromethane, the complex displays three nitrosyl bands 
at  energies comparable to the higher energy bands exhib- 
ited by its CH2C12 solution, but the CH3N02 obscures the 
remaining portion of the nitrosyl absorption region. 
Nevertheless, since the relative intensities of the infrared 
absorptions are comparable in each instance, i t  is reason- 
able to conclude that all four nitrosyl absorbances arise 
from the same structural isomers of the bimetallic cation. 
Static molecular structures of the cation which are con- 
sistent with both the infrared and 'H NMR spectral data 
as well as its chemical properties (vide infra) are shown 
in structures I and 11. The complex can thus be viewed 


Carefully acquired infrared spectra of [ 


J 
I I1 


as a Lewis acid-base adduct. In the first structure, the 
18-e- unit, ( T ~ - C ~ H ~ ) W ( N O ) ~ H ,  provides a pair of electrons 
from a filled metal-centered orbital to a vacant metal or- 
bital of the 16-e- unit, (~ I~ -C~H~)W(NO) ,+ ,  both tungsten 


(31) (a) Davison, A,; McFarlane, W.; Pratt, L.; Wilkinson, G. J. Chem. 
Soc. 1962, 3663. (b) Hayter, R. G. J. Am. Chem. Soc. 1966,88, 4376. 


(32) Bloom, M.; Burnell, E. E., personal communication. 


(33) Levy, G. C.; Lichter, R. L. "Nitrogen-15 Nuclear Magnetic Res- 


(34) Connelly, N. G. Inorg. Chim. Acta Rev. 1972, 6, 47. 
onance Spectroscopy"; Wiley: Toronto, 1979. 
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atoms thus attaining the favored 18-electron configuration. 
The alternate structure for the cation involves a 3-center 
2-electron W2H linkage between the acid and base entities. 


The related complex [ (v5-C5H5)2W2(N0)4H]+PF6- is a 
green solid (mp 122 "C dec) which has stability and solu- 
bility properties similar to those of the B F c  salt. Its 
CD3NOz solution displays a 'H NMR spectrum which is 
indistinguishable from that of the BF, analogue, thereby 
ruling out any significant cation-anion interactions in 
solution. Furthermore, ita Nujol mull infrared spectrum 
exhibits nitrosyl stretching frequencies comparable to those 
of [ ( v ~ - C ~ H ~ ) ~ W ~ ( N O ) ~ H ] + B F ~ -  (Table I). The deuterio 
analogue [ (v5-C5H5)2W2(N0)4D]+PF6-, can be readily 
prepared from (V~-C~H,)W(NO)~D via reaction 8. Unfor- 
tunately, comparison of its concentrated mull infrared 
spectra with those of [(.r15-C&5)2W2(N0)4H]+X- (X = BF4 
or PF6) gives no indication of any absorptions attributable 
to a tungsten-hydrogen linkage. 'H NMR spectra of the 
deuterated cation in CD3NOz show a decrease in intensity 
of the high-field resonance to <5% of its original value, 
thus confirming the successful incorporation of deuterium 
in the desired position. 


Preparation and Characterization of [ (q5 -  
C5H5)2M02(N0)4H]:]+PF6-. Pale green [ (v5-C5H5)zMoz- 
(NO),H]+PF6- (mp 119 "C dec) can be readily synthesized 
in a manner analogous to that employed for ita tungsten 
congener (cf. eq. 8), namely, by treating CH2C12-toluene 
solutions of (v5-C5H5)Mo(N0)zH7 with (C6H5)3C+PFc, i.e. 


CHICll 


toluene 
2(v5-C5H5)Mo(N0)2H + (CeH5)3C+PFe- 


[(v5-C5H5)2M02(NO)4HI+PFs- + (C6H5)3CH (11) 
Again, the organometallic product precipitates in an 
analytically pure state and can be isolated in reasonable 
yields. Ita physical properties resemble those displayed 
by its tungsten analogue (vide supra). In addition, the 
infrared spectra of the two bimetallic cations are compa- 
rable (Table I), thereby suggesting that they are probably 
isoetructural. This inference is supported by the 'H NMR 
spectrum of [ (v5-C5H5)2M~2(N0)4H]+PF6- in CD3NOZ 
which consists of two sharp singlets (6 6.37 (10 H), -9.78 
(1 H)). No Mo-H spin-pin coupling is observable because 
of rapid quadrupolar relaxation of those molybdenum 
isotopes which have nuclear spin magnetic moments (i.e., 
95Mo and 9 7 M ~ ,  both having I = 5/2). 


Preparation and Characterization of [ (q5-  
C5H5)2M~W(NO)4H]+BF4-. Since both (v5-C5H5)Mo- 
(NO)zH and (V~-C~H, )W(NO)~H react immediately with 
the trityl cation, it seemed unlikely that either hydride 
would react preferentially with (C&15),C+ if the cation were 
added to a 1:l mixture of the two compounds with the 
hope of forming [(s5-C5H5)2MoW(N0)4H]+ (cf. eq 8 and 
11). A more rational synthetic route to the mixed-metal 
bimetallic cation appeared to be the one involving the 
conversions 


[(15-C5H5)M(N0)2(~2-C8H14)l+BF4- + 
CH2C12 


( v5-C5H5)M'( NO) 2H 
[ (05-C5H5)2MM'(N0)4H]+BF4- + CSH14 (12) 


M = Mo, M' = W or vice versa; C8H14 = cyclooctene 


which exploit the known lability of the cyclooctene ligand 
in the [(v5-C5H5)M(N0)2(v2-CsH14)]+ (M = Mo or W) 
cations.35 Because (v6-C5H5)Mo(N0)2H is thermally 
unstable,' we attempted reaction 12 stoichiometrically with 
(q5-C5H5)W(N0)2H as the hydride source and were grat- 


(35) Legzdins, P.; Martin, D. T., unpublished observations. 


Hames and Legzdins 
I I I ' I  , 


A B A  B C  


Fi ure 2. The hydride region of the 'H NMR spectrum of a 
[ (~ -C6H5)2M2(NO)4H]+~~~-  (Mo:W ratio = 1.5:l) mixture in 
CD3N02: (A) peaks attributable to [(V~--C,H~)~W~(NO),H]+ (6 
-8.33 (JIBSW-IH = 114.2 Hz)); (B) peaks attributable to [($- 
C~H~)~MOW(NO)J-I]+ (6 -8.92 (J~BSW-IH = 123.6 Hz)); (C) peak 
attributable to [(V~-C~H~)~MO~(NO),H]+ (6 -9.78). 


Xed by its successful progress to afford the desired product 
in 57% isolated yield. 


Dark green [(v5-C5H5)zM~W(N0)4H]+BFc (mp 115 "C 
dec) exhibits stability and solubility properties similar to 
those of its homometallic analogues (vide supra). Ita mull 
and solution infrared spectra display numerous poorly 
resolved nitrosyl stretching absorptions (Table I), a feature 
which is consistent with the total of eight such absorptions 
expected for the two isomers of the heteronuclear cation 
containing a terminal H ligand, i.e., I11 and IV. Never- 


1 3 5  u \  J I  h i  J 
I11 IV 


theless, the spectral data do not rule out definitively 
isomeric structures of type V. A 'H NMR spectrum of 


,N-W 
i N ' ,  1 'NC 1 1 b z  J 


V 


[ (05-C5H5)2MoW(N0)4H]+BF4- in CD3NOZ, however, re- 
veals the presence of both of the homonuclear cations (ijW, 
6.47, -8.33; b% 6.37, -9.78) in addition to the heteronuclear 
cation 6.47,6.37, -8.92), thus indicating the existence 
of the equilibrium shown in eq 13. As expected, the same 
[(~5-C5H5)2Wz(NO)4Hl+ + [(o5-C5H5)2Mo2(NO)4H1+ * 


2 (v5-C~H~)zMoW(N0)4Hl+ (13) 
equilibrium is attained when a mixture of the homo- 
metallic cations is dissolved in CD3NOZ (Figure 2), the 
value of the equilibrium constant being - 10 a t  ambient 
temperature. 


Other features of interest to emerge from the 'H NMR 
spectrum of the mixture of bimetallic cations are as follows. 


(1) The fact that only two peaks are observable in the 
region characteristic of cyclopentadienyl protons indicates 
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that  a change in identity of the remote metal does not 
significantly alter the environment of the cyclopentadienyl 
ring attached to the near metal center. The two peaks do 
exhibit the expected relative intensities. 


(2) The Occurrence of the hydride resonance due to the 
heterometallic cation a t  a chemical shift position inter- 
mediate to those of the ditungsten and dimolybdenum 
species is not surprising. The fact that only one such 
resonance is observed again leaves unresolved the mode 
of attachment of the hydrogen ligand (vide supra), al- 
though the number of Y ~ O ' S  in the mull infrared spectrum 
is most consistent with the static structure involving a 
terminally bound hydride. 


(3) The magnitude of the observed spin-spin coupling 
with the '83w nuclei indicates that the heteronuclear cation 
(J1apw-1~ = 123.6 Hz) has a molecular structure analogous 
to that of the ditungsten species ( J q - l H  = 114.2 Hz), but 
again these coupling constants cannot be assigned unam- 
biguously. 


I t  is clear, though, that these bimetallic nitrosyl cations 
display markedly different behavior than the related 
carbonyl cations [ ( I ~ - C ~ H ~ ) ~ M M ' ( C O ) ~ H ] +  (M, M' = Mo 
or W) which do not equilibrate in The rapid 
equilibration of the nitrosyl cations (possibly via initial 
dissociation of the various Lewis acid-base adducts) means, 
of course, that our originally envisaged synthetic route to 
the mixed-metal cation, Le. 
(v5-C5H5)Mo(N0)2H + (v5-C5H5)W(N0)2H + 


CHZClz 
( C G H ~ ) ~ C + B F ~ -  - 


[(v5-C5H5)2M~W(N0)4H]+BFd- + (C&,)&H (14) 


would have been successful. 
Attempted Deprotonation of [ (q5-Ca5)2M2(NO)4H]+ 


(M = Mo or W) The preparation of the bimetallic cations 
having been achieved, the final step in the anticipated 
synthesis of the long-sought [(v5-C5H5)M(NO)2]2 (M = Mo 
or W) dimers involves the deprotonation of the cations, 
i.e. 


[(v5-C5H5)2M2(NO),Hl+ + B - 
[ ( T ~ - C ~ H ~ ) M ( N O ) ~ I ~  + BH+ (15) 


B = a Lowry-Br~nsted base 


in a manner previously demonstrated for [ (v5-C5H5),Re2- 


or W),% and [(v5-C5H5)2Fe2(CO)4H]+.31a However, unlike 
the carbonyl species, the nitrosyl cations do not undergo 
reaction 15 when treated with a variety of basea, but rather 
cleave to afford monomeric products, e.g. 


[(~5-c5H5)2w2(No)4Hl+ + B 


(C0)2(N0)2H]+,12 [(v5-C5H&MM'(CO)6H]+ (M, M' = MO 


CHzCll 


(v5-C5H5)W(NO)2H + [(v5-C5H5)W(NO)2Bl+ (10) 


where B equals a Lewis base such as (C2H5),N, (C6H5)3- 
P=CH2, [(CH3)2N]3P0, OH-, and H-. Evidently, the 
strength of the metal-metal linkage combined with the 
Lowry-Brernsted acidity of the bimetallic reactant is in- 
sufficient to permit deprotonation in the desired manner. 
The formation of the products in reactions 10 can be in- 
ferred on the basis of spectral monitoring of their progress. 
In most cases, the ubiquitous (v5-C5H5) W(N0I2H can be 
isolated, but no attempt was made to isolate the [ (v5- 
C5H5)W(NO),B]+ cations since they have defied such at- 
tempts previ~usly.'~ Treatment of [ (v5-Cd-I&2W2(NO)4H]+ 
with or sodium naphthalene2' simply 


(36) Beck, W.; Schloter, K. Z. Naturforsch., B: Anorg. Chem., Org. 
Chem. 1978,33B, 1214. 
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results in the deposition of a red-brown nitrosyl-free solid 
as the major product. 


The dimolybdenum cation is somewhat more resistant 
to cleavage by bases than is its tungsten congener, re- 
maining unchanged when treated with acetone in CD3NO2 
However, bases such as (C2H5),N and ClOH6[N(CH3)2l2 
appear to effect conversions analogous to reaction 10. This 
proclivity of [ (v5-C5H5)2M02(N0)4H]+ to cleave can be 
exploited by using a CH2C12 column of Florisil as the base, 
a procedure which leads to direct chromatographic sepa- 
ration of a sample of (v5-CJ45)Mo(N0)2H. The monomeric 
hydride can then be characterized spectroscopically (i.e., 
IR (CH,ClJ %,,-H 1805 cm-', %o 1738,1647 cm-'; 'H NMR 
((CD3),CO) 6 6.43 (s, 5 H), 3.80 (s, 1 H)) more fully than 
was possible previously7 when only the vNO values for the 
complex in toluene were accessible. As in the case of 
(q5-C5H5)W(NO)2H,' the 'H NMR signal of the hydride 
in the molybdenum analogue occurs a t  low field. 


Protonation of [ (q5-C5H5)Cr(N0),l2. Since the bi- 
metallic molybdenum and tungsten cations could not be 
deprotonated to obtain the corresponding neutral dimers, 
the following two questions naturally come to mind. (1) 
Can the analogous [ ( V ~ - C ~ H ~ ) ~ C ~ ~ ( N O ) ~ H ] +  cation be 
prepared by protonation of the well-known dimer, [ (v5- 
C5H5)Cr(N0)2]2? (2) Is the protonation of the neutral 
chromium dimer a reversible process? Our initial exper- 
iments in this regard indicate that both questions can be 
answered in the negative. Treatment of CH2C12 solutions 
of [ (a5-C5H5)Cr(NO)2]2 with aqueous solutions of HPF6 or 
HBF4*O(CH3)2 followed by anion metathesis with Na+[B- 
(c6H5)4]- affords a green, microcrystalline solid (mp 
119-120 "C). While the exact nature of this complex re- 
mains to be ascertained, it is readily apparent that it is not 
[(v5-C~,)2Cr2(No)4H]+[B(C6H5)4]-. An infrared spectrum 
of the compound in CH2C12 displays strong nitrosyl ab- 
sorptions a t  1828 and 1721 cm-'. A 'H NMR spectrum of 
the complex in (CD3),C0 indicates the presence of (a) two 
inequivalent cyclopentadienyl rings (6 6.06 (s, 5 H) and 5.68 
(s, 5 H)), (b) a metal-bound hydrogen (6 -5.35 (s, 1 H)), 
and (c) two tetraphenylborate anions (6 6.8-7.6 (m, 40 H)) 
per pair of cyclopentadienyl ligands. Once formed, the 
complex cannot be readily deprotonated, its CH2C12 solu- 
tions being unaffected by (C2H5)3N and (C6H5)3P=CH2. 


When [(v5-C,H5)Cr(NO)2]2 is reacted with 2 equiv of the 
coordinating acid p-cH3C6H4S03H, it is rapidly converted 
t o  t h e  monomeric complex (v5-C5H5)Cr- 
(N0)20S02C6H4CH3, the tungsten analogue of which has 
been previously reported.' If less than 2 equiv of acid are 
employed, only the unreacted dimer and the final product 
are detectable in the reaction mixture by infrared spec- 
troscopy. (q5-C5H5)Cr(N0)20S02C6H4CH3 is an air-stable 
green solid (mp 64-6 "C) whose solution infrared spectrum 
(uN0(CH2Cl2) = 1829,1722 cm-') indicates the presence of 
terminal nitrosyl ligands. Its 'H NMR spectrum verifies 
the presence of a v5-cyclopentadienyl ring (G(CDC1,) 5.75 
(s, 5 H)) and a p-toluenesulfonate ligand (6 7.72 (d, 2 H), 
7.21 (d, 2 H), and 2.36 (s ,3  H)). The monomeric nature 
of the complex is confirmed by its mass spectrum (base 
peak [P  - 2NO]+) which is similar to that of other (s5- 
C5H5)Cr(N0)2X complexes.26 


Interaction of (q5-C5H5)W(N0)2H with Lewis Acids. 
With a view toward gaining more insight into the apparent 
donor-acceptor character of the metal-metal interaction 
in the [ ( T ~ - C ~ H ~ ) ~ M ~ ( N O ) ~ H ] +  cations, we decided to 
survey briefly the Lewis acid and base properties of the 
constituent parts. We chose to investigate the tungsten 
system because of the greater thermal stability of (v5- 
C5H5)W(N0)2H, and first looked at  the interaction of the 
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monomeric hydride with representative Lewis acids. 
(a) With M(C0)5(C4H80) (M = Cr or W) and (q5- 


CH3C5H4)Mn(C0)2(C4H80). The carbonyl compounds 
selected are convenient soft Lewis acids since they possess 
a labile tetrahydrofuran ligand; extensive use has been 
made of these and related electrophiles to demonstrate the 
presence of base sites in a variety of transition metal 
c~mplexes.~' 


The addition of (v5-C5H5)W(NO),H to a tetrahydrofuran 
solution of Cr(CO)5(C4H80) a t  -78 "C produces an orange 
solution whose infrared spectrum displays nitrosyl ab- 
sorptions attributable to the free hydride (%o = 1718,1629 
cm-') and to the adduct (q5-C5H5)(N0)2WH.Cr(C0)5 (vN0 
= 1736,1661 cm-').= That the two compounds are rapidly 
equilibrating in solution, i.e. 


(q5-C5H5)W(NO)2H + Cr(C0)5(C4H80) * 
(q5-C5H5)(N0)2WH.Cr(C0)5 + C4H80 (16) 


is indicated by the 'H NMR spectrum of the mixture at  
-80 "C in (CD,),CO which displays just one resonance due 
to the C5H5 protons shifted to a lower field (6 6.38) than 
observed for the free hydride. Furthermore, the magnitude 
of the shift is dependent on the amount of Cr(CO)&C4H80) 
added. Attempts to isolate the adduct a t  room tempera- 
ture result in further reaction, Cr(CO)6 and (q5-C5H5)W- 
(CO),(NO) being the only isolable products. 


The interaction of ( T ~ - C ~ H ~ ) W ( N O ) ~ H  with W(CO)5- 
(C4H80) and (q5-CH3C5H4)Mn(CO)2(C4H80) in tetra- 
hydrofuran resembles that with Cr(CO)5(C4H80), described 
above. Spectroscopic monitoring indicates the existence 
of equilibria of type 16 in both cases, the respective adduds 
being identifiable in solution. However, (q5-C5H5)- 


thermally unstable a t  ambient temperature and slowly 
decomposes to an intractable brown solid. Similarly, 
(q5-C5H5)(N0)2WH.Mn(C0)~(q5-CH3C5H4) (VNO(C~H~O) = 
1725, 1661 cm-') converts to a carbonyl nitrosyl complex 
which has so far defied all attempts a t  isolation. 


I t  has recently been noted39 that in some instances so- 
lutions of photogenerated species such as (q5-CH3C5H4)- 
Mn(CO)z(C4H80) may contain traces of impurities which 
can catalyze the decomposition of eventual products. This 
potential complication can be avoided by using the isolable 
complexes Cr(CO),[N(CH,),] and (q5-CH3C5H4)Mn- 
(co)2[si(c6H5)3] (H) in place of their tetrahydrofuran 
analogues in the reactions with (q5-C5H5)W(NO)2H. When 
this is done, results identical with those described above 
are obtained. 


(b) With MC12 (M = Zn, Cd, or Hg).  Numerous in- 
stances of the group 2B metal halides forming adducts with 
transition-metal complexes are known.37 A particularly 
pertinent example involves the reactions40 


(NO)ZWH*W(C0)5 (Y~o(C4H80) = 1738, 1663 Cm-') is 


CiHsO 
(q5-C5H5)2MH2 + EX2 - 


(q5-C5H5)2(H)2M~EX2'C4H*01 (17) 
M = Mo, W; E = Zn, Cd, Hg; X = C1, Br 


However, when (q5-C5H5)W(N0)2H is treated with these 


Hames and Legzdins 


electrophiles, isolable adducts are not formed. Instead, 
no reaction occurs with CdC12 in tetrahydrofuran, and the 
other MClz compounds react in the manner 


( T ~ - C ~ H ~ ) W ( N O ) ~ H  + 
C4H80 or 


(q5-C5H5)W(N0)2C1 + (MCl + '/2H2) (18) 


MC12 ' (CD&CO ' (q5-C5H5)(N0)2WH.MC12~ 


M = Zn or Hg 


the conversion being much more rapid when M = Hg. The 
intermediate adducts can be detected by 'H NMR spec- 
troscopy, but they do not persist in solution at  ambient 
temperature. The final organometallic product is isolable 
in 67% yield from the reaction involving HgC12. 


(c) With H+ and AlCl,. Unlike (q5-C5H5)W(C0),H 
which upon protonation is converted into [ (q5-C5H5)W- 
(C0)3H2]+,31a (q5-C6H5)W(N0)2H undergoes the transfor- 
mation when treated with strong, noncoordinating acids 


~ ( T ~ - C ~ H ~ ) W ( N O ) ~ H  + H+ - 
[(~5-C5H5)2W,(NO)4Hl+ + (H2) (19) 


thereby reflecting its hydridic ~haracter .~ Thus, if reaction 
19 is performed with HBF,sO(CH,)~ as the source of H+ 
in CD3N02 at  -20 "C, the bimetallic cation can be readily 
identified by its characteristic 'H NMR spectrum (vide 
supra). However, the addition of excess acid results in its 
destruction. 


I t  has previously been established7 that coordinating 
acids, HX, react with ( T ~ - C ~ H ~ ) W ( N O ) ~ H  to form the 
corresponding (q5-C5H5) W(N0)2X derivatives in good 
yields. I t  is thus not surprising to find now that AlCl, (a 
strong, hard Lewis acid) also effects the same conversion 
of the tungsten hydride in CH2C12 or CDC1,. Infrared or 
'H NMR monitoring of the latter two reactions provides 
no evidence for the formation of an intermediate adduct. 


The results of these acid-base interaction studies, cou- 
pled with the properties of the bimetallic nitrosyl cations 
presented earlier, indicate that (q5-C5H5)W(N0)zH func- 
tions as a fairly weak and soft Lewis base. [ (q5-C5H5)W- 
(NO),]+, on the other hand, interacts strongly only with 
bases capable of good u thereby suggesting 
that it is a fairly weak Lewis acid. It thus seems reasonable 
to view the tendency of the [(q5-C5H5)2W2(NO)4H]+ unit 
to undergo base cleavage as a manifestation of the intrinsic 
weakness of the metal-metal linkage. Viewed in this light, 
our failure to obtain the [(v5-C5H5)M(NO)2]2 (M = Mo or 
W) dimers by deprotonation of their cationic precursors 
does not reflect any inherent instability of these desired 
compounds. They remain prime synthetic targets. 
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p-Dithio-bis(tricarbonyliron) is converted to the sulfur-centered dianion, [ (p-S)2Fez(C0)6]2-, by reduction 
with sodium in THF or by reaction with 2 molar equiv of potassium hydride or, better, THF-soluble lithium 
triethylborohydride. The dianion may be alkylated with alkyl halides and forms bridged -S(CH2),S- 
complexes on reaction with CH212 and BrCHzCHzBr. It rea& readily with diverse main group and transition 
element di- and tetrahalides to give products of type (p-LnMS2)Fe2(CO)6 in which there is a -SM(L,)S- 
bridge between the iron atoms. 


Introduction 
The reaction of an aqueous solution of sodium poly- 


sulfide of composition Na2S5 with a basic aqueous-meth- 
anolic solution of iron pentacarbonyl a t  0 "C was first 
carried out by Brendel and described in detail in his Ph.D. 
thesis in 19516.~ The products of this reaction were cor- 
rectly identified by Brendel as S2Fe&!O), and S2Fe3(C0)9. 
This work was published in 1958 from the same laboratory 
by Hieber and Gr~ber .~J j  


Of these two complexes, SzFe2(CO)6 is particularly in- 
teresting. I t  is isolated in the form of beautiful ruby-red, 
air-stable crystals. These melt sharply at  46.5 "C, and 
decompose thermally only above 70 "C. The compound 
sublimes at  40 "C and is very soluble in nonpolar organic 
solvents. The structure of S2Fez(CO), was determined by 
Wei and DahP by X-ray diffraction and is shown in Figure 
1. The complex is butterfly shaped (distorted FezSz 
tetrahedron), with an S2 ligand symmetrically bridging the 
two Fe(C0)3 units. These are themselves connected by a 
bent metal-metal bond.' The S-S bond distance of 2.01 
A corresponds to the normal S-S single bond distance (2.04 
A, as found in S2C12 and ,988). 


The structure of S2Fe2(C0)6 presents interesting op- 
portunities for the study of chemical reactivity. The 
complex contains potentially reactive S-S and Fe-Fe 
bonds; the sulfur atoms of the S2 ligand are potential 
electron-donor sites, and the CO ligands may be displaced 
by other Lewis-base ligands. At the time we began our 
studies in this area, 20 years since pdithio-bis(tri- 
carbonyliron) first had been reported, only very few studies 
of its chemistry had been published. Hieber and Zeidlerg 
studied simple CO replacement by triphenylphosphine, a 
reaction which received more detailed study by later 
workers.1° 


(1) Preliminary communications: (a) Seyferth, D.; Henderson, R. S. 
J.  Am. Chem. SOC. 1979,101, 508. (b) Seyferth, D.; Henderson, R. S.; 
Song, L.-C. J. Organomet. Chem. 1980,192, C1. 


(2) Visiting Scholar at M.I.T., 1979-1981; on leave from Nankai 
University, Tian-Jin (P.R.C.). 


(3) Brendel, G. PbD. Dissertation, Technische Hochschule Mkchen, 
1956, pp 47-55. We thank Dr. Brendel for calling this work to our 
attention and for sending u8 a copy of his thesis. 


(4) Hieber, W.; Gruber, J. 2. Anorg. Allg. Chem. 1958, 296, 91. 
(5) Brendel's thesisS was mentioned in a footnote. 
(6) Wei, C. H.; Dahl, L. F. Inorg. Chem. 1965, 4, 1. 
(7) Dahl, L. F.; Martell, C.; Wampler, D. L. J. Am. Chem. SOC. 1961, 


(8) (a) Ackermann, P. G.; hfayer, J. E. J. Chem. Phys. 1936,4,377. (b) 


(9) Hieber, W.; Zeidler, A. 2. Anorg. Allg. Chem. 1964, 329, 92. 
(10) Rossetti, R.; Gervasio, G.; Stanghellini, P. L. Inorg. Chim. Acta 


83, 1761. 


Abrahams, S. C. Acta Cryetallogr. 1955,8,661. 


1979,35,73. 


Scheme I 
0 
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" 
I1 


An interesting fragmentation reaction which proceeded 
at  room temperature (eq 1) was reported by Hungarian 


h e x o n e  


r o o m  temp, 18 h,  5 6 %  
( p - S 2 ) F e 2 ( C 0 ) 6  -t COz(C0)8  


workers in 1964." Finally, a Russian group described the 
reactions of (p-S2)Fe2(C0)6 with two GeC12 precursors 
(Scheme I).12 The products, I and 11, were identified on 
the basis of their combustion analysis and IR and mass 
spectra. The tentative structures shown were postulated 
solely on the basis of known examples of dihalogermylene 
insertions into metal-metal bonds of simpler systems.13J4 


These were the available reports on the chemistry of 
(p-S2)Fez(CO)6, and thus, we felt, an exploration of the 
reactivity of this interesting compound would be fruitful 
in terms of new chemistry and new iron-sulfur complexes. 
Focusing on the FezS2 core, the S-S and the bent Fe-Fe 
bonds of the molecule, it was not at all clear a t  which site 
a given reagent would be expected to attack. 


Closely related complexes which have a bent F e F e  bond 
but no S-S bond, ( ~ - R s ) ~ F e ~ ( c o ) ~ ,  have been shown to 


(11) Khattab, S. A.; Mark6, L.; Bor, G.; Mark6, B. J.  Organomet. 


(12) Nametkin, N. S.; w i n ,  V. D.; Kuz'min, 0. V.; Nekhaev, A. I.; 


(13) Nesmeyanov, A. N.; Anbimov, K. N.; Kolobova, N. E.; Denisova, 


(14) Brooks, E. H.; Elder, M.; Graham, W. A. G.; Hall, D. J. Am. 


Chem. 1964,1, 373. 


Mavlonov, M. Izv. Akad. Nauk SSSR, Ser. Khim. 1976, 3143. 


2. S. Izu. Akad. Nauk SSSR, Ser. Khim. 1966, 2246; 1968,142. 


Chem. SOC. 1968,90,3587. 
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problem under discussion are shown in Scheme 11: re- 
duction to the alkali metal mercaptide with an alkali 
metal;22 nucleophilic cleavage by ~rganol i th ium~~ and 
Grignard reagents2* (and by a large number of other nu- 
cleophiles21); free-radical-induced insertion of acetylenes25 
and olefins;26 and insertion of low-valent, coordinatively 
unsaturated transition-metal  specie^.^' 


To begin this experimental investigation, we chose one 
of the reactions common to both the bent Fe-Fe bond of 
dibridged Fe2(C0)6 complexes and the S-S bond of organic 
disulfides, reduction by metallic sodium. 


Results and Discussion 
In our initial experiment, a red solution of (p-SZ)Fe2- 


(CO), in tetrahydrofuran (THF) (under nitrogen) was 
treated with an excess of sodium dispersion for 4 h at room 
temperature. The resulting dark red-brown solution was 
filtered (under nitrogen), and to the filtrate was added an 
excess of iodomethane. Evaporation of the reaction mix- 
ture and purification of the residue by column chroma- 
tography gave (p-CH3S)2Fe2(C0)6 in 31% yield. Use of a 
longer column separated this product into two geometrical 
isomers, IVa and IVb (present in 1:2.7 ratio, by NMR).28 


8 
Figure 1. Molecular structure of (p-S2)Fe2(C0)6.6 


Scheme 11. Reaction Chemistry of Organic Disulfides 


/SR 


'SR 
L n M  


undergo reactions at the metal-metal bond photoinduced 
insertion of hexafluoro-2-butyne and esters of acetylene- 
dicarboxylic acid,lS of tetmfluoroethylene,16 and, in the case 
of ( P - R S ) ~ F ~ ~ ( C O ) ~ ( R ~ P ) ~  complexes, of sulfur dioxide." 
The Fe-Fe bond of the latter type of complex also may 
be protonated18 and mer~urated.'~ Noteworthy also is the 
sodium reduction of the diphenylphosphido-bridged com- 
plex (pPh2P)$e2(CO),, which resulted in formation of the 
reactive iron-centered dianion, IILm Thus there is ample 
precedent for reactions at  a bent Fe-Fe bond of the type 
found in (p-S2)Fe2(CO)& 


PhzP /PPh2 
( 0 C ) s F e  I,\' _ F e ( C 0 ) 3  


I11 
On the other hand, the S-S bond of organic disulfides 


is well-known to be reactive toward diverse nucleophilic, 
electrophilic, and radical reagents.21 Some typical reac- 
tions which might be of interest in connection with the 


(15) (a) Davidson, J. L.; Harrison, W.; Sharp, D. W. A.; Sim, G. A. J. 
Organomet. Chem. 1972,46, C47. (b) Davidson, J. L.; Sharp, D. W. A. 
J. Chem. Soc., Dalton Trans. 1975, 2283. (c) Mathieu, R.; Poilblanc, R. 
J. Organomet. Chem. 1977,142,351. 


(16) Bonnet, J. J.; Mathieu, R.; Poilblanc, R.; Ibers, J. A. J. Am. Chem. 
SOC. 1979,101, 7487. 


(17) Arabi, M. S.; Mathieu, R.; Poilblanc, R. Inorg. Chim. Acta 1979, 
34, L207. 


(18) Fauvel, K.; Mathieu, R.; Poilblanc, R. Irwrg. Chem. 1976,15,976. 
(19) Arabi, M. S.; Mathieu, R.; Poilblanc, R. Inorg. Chim. Acta 1977, 


23, L17. 
(20) Collman, J. P.; Rothrock, T. K. J. Am. Chem. SOC. 1977,99,7381. 
(21) (a) Parker, A. J.; Kharasch, N. Chem. Reu. 1959, 59, 583. (b) 


Kharasch, N.; Parker, A. J. Q. Rep. Sulfur Chem. 1966,1,285. (c) Reid, 
E. E., "Organic Chemistry of Bivalent Sulfur"; Chemical Publishing Co.: 
New York, 1960; Vol. 1, pp 126-127. (d) Field, L. In "Organic Chemistr 
of Sulfur"; Oae, S., Ed.; Plenum Press: New York, 1977; Chapter 7. 


IVa, e,e IVb, a,e 


A 3:l mixture of these isomers was obtained in 34% yield 
when sodium sand was used to reduce (p-S2)Fe2(C0)6. A 
mixture of these isomers had been isolated by King in 1962 
from the reaction of CH3SSCH3 with Fe3(C0)12,30,31 and 
their structures had been inferred to those shown by Dahl 
and Wei32 on the basis of their structure determination of 
(P -C~H~S)~F~~(CO) ,  and King's 'H NMR data. The Fe2S2 
core geometries in (p-S2)Fe2(CO), and ( ~ - c H ~ S ) ~ F e ~ ( c o ) ~  
can be seen to be very similar (for a figure showing a 
comparison of h-S2)Fe&0)6 and ( ~ - c ~ H , S ) ~ F e ~ ( c o ) ~ ,  see 
ref 6). This close structural relationship between our 


(22) Moses, C. G.; Reid, E. E. J. Am. Chem. SOC. 1926,48, 776. 
(23) Schbberg, A.; Stephenson, A.; Kaltschmitt, H.; Petersen, E.; 


(24) (a) de Lattre, J. Bull. SOC. Chi. Belg. 1912, 26, 323. (b) Wuyt~, 


(25) Heiba, E. I.; Dessau, R. M. J. Org. Chem. 1967, 32, 3837. 
(26) See ref 21c, p 377, and references cited therein. 
(27) (a) King, R. B. Inorg. Chem. 1963, 2, 641. (b) Hayter, R. G.; 


Humiec, F. S. J. Inorg. N u l .  Chem. 1964, 26, 807. (c) Davison, A.; 
Edelstein, N.; Holm, R. H.; Maki, A. H. Inorg. Chem. 1964,3, 817. (d) 
Lam, C. T.; Senoff, C. V. Can. J. Chem. 1972,50, 1868. (e) Zanella, R.; 
Ros, R.; Graziani, M. Inorg. Chem. 1973,12,2737. (f) de Croon, M. H. 
J. M.; van Gaal, H. L. M.; van der Ent, A. Inorg. Nucl. Chem. Lett. 1974, 
10,1081. (9) Markham, S. J.; Chung, Y. L.; Branum, G. D.; Blake, D. M. 
J. Orgarwmet. Chem. 1976,107,121. (h) Teo, B. K.; Wudl, F.; Marshall, 
J. H.; Kruger, A. J. Am. Chem. SOC. 1977, 99, 2349. (i) Teo, B. K.; 
Snyder-Robinson, P. A. Inorg. Chem. 1978, 17, 3489. (j) Teo, B. K.; 
Snyder-Robinson, P. A. J. Chem. SOC., Chem. Commun. 1979, 255. (k) 
Gal, A. W.; Gosselink, J. W.; Vollenbrcek, F. A. Inorg. Chin. Acta 1979, 
32, 235. 


(28) IVa has both CH3 substituents in equatorial position, and IVb has 
one equatorial CH3 and one axial CHs. Following Shaver et al.,29 we shall 
designate isomers of type IVa "e,e" and those of type IVb "a,e". Because 
of nonbonded repulsions, the third, type of isomer, the one with both 
alkyl groups in axial positions, a,a, has not been encountered. 


(29) Shaver, A.; Fitzpatrick, P. J.; Steliou, K.; Butler, I. S. J. Am. 
Chem. Soc. 1979,101, 1313. 


(30) King, R. B. J. Am. Chem. SOC. 1962,84, 2460. 
(31) A number of routes, all involving reactions of iron carbonyls with 


organosulfur compounds (RSH, RSR, RSSR, and others) have served in 
the preparation of diverse (p-RS)zFez(CO)6 complexes; cf. 'Gmelin 
Handbuch der Anorganischen Chemie", 8th ed., Fe; Organoiron Com- 
pounds, Part C1 (Binuclear Compounds 1); Springer-Verlag: Berlin, 1979 
pp 74-122. 


Schulten, H. Ber. 1933,66, 237. 


H., Bull. SOC. Chim. Fr. [3] 1906, 35, 166. 


(32) Dahl, L. F.; Wei, C.-H. Inorg. Chem. 1963, 2, 328. 
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starting material and the isolated product suggested that 
the intermediate which was formed in the reduction and 
reacted with iodomethane to give the final product was the 
novel sulfur-centered dianion V, in which the two Fe(CO), 


Organometallics, Vol. 1, No. 1, 1982 127 


Still better results were obtained when lithium tri- 
ethylborohydride (“Super-Hydride”; Aldrich Chemical 
Co.), which is soluble in THF, was used. This reagent also 
was known, through the work of Gladysz and his co- 
workers, to cleave organic disulfides to form lithium thi- 
olates,38 as well as dinuclear metal carbonyls to give 
metal-centered anions.39 The addition of 2 molar equiv 
of LiBEbH to a THF solution of ( ~ - s ~ ) F e ~ ( C o ) ~  at -78 “C 
produced dianion V in essentially quantitative yield. 
Addition of iodomethane to a dianion solution prepared 
in this manner gave (p-CH3S)2Fe2(C0)6 in 92% isolated 
yield. The color changes which occur when LiBEt3H is 
used are much more pronounced: the red ( ~ - s ~ ) F e ~ ( C o ) ~  
solution first becomes a deeper red as the hydride is added 
and then dark emerald green when exactly 1 molar equiv 
of LiBEbH has been added (corresponding to eq 2). Ad- 
dition of the second equivalent of the hydride produces 
no further color change. Reaction of the green solution 
with an electrophile usually causes a final color change to 
red. Dianion V derived product yields were lower (e.g., 
63% when CH31 was the electrophile used) when the 
formation and reactions of the dianion were carried out 
at room temperature. This observation, as well as the low 
yields obtained in the room temperature generation of the 
dianion using KH, suggests that dianion V is of limited 
stability in solution at  room temperature. 


In the generation of [ (p-S)2Fe2(C0)6]2- by the reaction 
of (p-s2)Fe2(co)6 with 2 molar equiv of LiBEt3H, 2 mol 
of triethylborane are released. In most cases, triethyl- 
borane does not interfere in the subsequent reactions of 
dianion V. However, in reactions in which mercuric 
chloride or alkylmercuric chlorides were the electrophiles 
used, ethyl group transfer from boron to sulfur was a 
complicating process.40 In dealing with this problem, we 
found that LiAl(OBu-t),H and KB(S~C-BU)~H served 
equally well as hydride sources for the preparation of 
dianion V.40 


The availability of this high yield, complex hydride 
based route for the preparation of [ (p-S)2Fe2(C0)6]2- al- 
lowed fuller development of its chemistry. Reactions with 
simple organic halides occur readily; e.g., (p- 
PhCH2S)2Fe2(C0)6 was prepared in 83% yield, (p-CH2= 
CHCH2)2Fe2(C0)6 in 86% yield. Reactions of dianion V 
with diiodomethane and 1,2-dibromoethane gave cyclic 
products, VIIa and VIIb, in yields of 25% and 47%, re- 
spectively. 


U 


v 
units are connected by two bridging sulfide anions and a 
bent Fe-Fe bonds3, The formation of V can be viewed 
as involving transfer of two electrons from sodium to (p- 
S2)Fe2(CO)e, the first electron-transfer step giving the 
radical anion, the second the dianion. 


When the solution of dianion V prepared by sodium 
reduction of (p-S2)Fe2(CO)6 was treated with iodoethane, 
a 2:l mixture of the a,e and e,e isomers of the known 
( P - C ~ H ~ S ) ~ F ~ ~ ( C O ) ~  was obtained in 29% yield. Such 
rather low product yields were not satisfactory for the 
purposes of the further development of the chemistry of 
dianion V, and, for this reason, a better route to V was 
sought. 


Metal hydrides, e.g., lithium aluminum hydride,% cleave 
the S-S bond of organic disulfides, so there was a good 
possibility that the S-S bond of (p-&)Fe2(CO)6 might 
undergo nucleophilic cleavage, as shown in eq 2, on 


Mt 


T 
t 


M M+ M i  


treatment with a suitable metal hydride. In a subsequent 
step (eq 3), deprotonation of the monoanionic intermediate 
VI by a second equivalent of metal hydride would then give 
the dianion, V. An initial experiment in which potassium 
hydride in THFs6 was used at  room temperature was 
successful, giving the dianion V whose subsequent reaction 
with iodomethane produced ( ~ - c H ~ S ) ~ F e ~ ( c o ) ~  (a,e/e,e 
= 1.4) in 53% yield. (No reaction occurred between KH 
and (p-SJFe,(CO), at -78 “C.) A similar reaction in which 
iodoethane was the electrophile used resulted in formation 
of (p-C&,S)&2(C0)6 in 46% yield. 


(33) The possibility of such a reduction product of b-S2)Fe2(CO)6 and 
its formal similarity to the dianion of Roussin’s red salt, [(p-S),Fe2- 
(NO),]”, was pointed out by Brendel in hie dissertation? For our initial 
results of a comparative study of the reactions of [(p-S)zFe2(CO)6]2- and 
[(p-S)2Fe2(N0)4J2-, see ref 34. 


(34) Seyferth, D.; Gallagher, M. K. J. Organomet. Chem. 1981,218, 
c5. 


(35) (a) Arnold, R. C.; Lien, A. P.; Alm, R. M. J. Am. C h m .  SOC. 1950, 
72,731. (b) Strating, J.; Backer, H. J. Rec. Trau. Chim. Pays-Bas 1960, 
69, 909. 


(36) Potassium hydride also cleaves transition metal-metal bonds:’ 
so, in principle, we were dealing here also with a competitive situation, 
possible nucleophilic attack at the S-S or the Fe-Fe bond. 


(37) Inkrott, K.; Goetze, R.; Shore, S. G. J. Organomet. Chem. 1978, 
154, 337. 


H 


/ \  


VIIa VIIb 


The [(p-S)2Fe2(C0)6]2- anion also is a useful reagent for 
the synthesis of multinuclear metal (metalloid)-sulfur 
complexes of type VI11 by reaction with main group and 


VI11 


(38) Gladysz, J. A.; Wong, V. K.; Jick, B. S. Tetrahedron 1979, 35, 


(39) Gladysz, J. A,; Williams, G. M.; Tam, W.; Johnson, D. L.; Parker, 


(40) Seyferth, D.; Song, L . 4 . ;  Henderson, R. S. J. Am. Chem. SOC. 


2329. 


D. W.; Selover, J. C. Znorg. Chem. 1979.18, 553. 


1981,103,5103. 
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Scheme I11 


R \/ 


R = R = Me, Et, Ph; 
R =  Me, R = Ph I 


R = Me, Ph 1 
R = Me, Et, n-Bu 


transition-element dihalides. In the main group series, we 
have prepared such S2Fe2(C0)6 derivatives of silicon, 
germanium, and tin as shown in Scheme 111. Good yields 
were obtained in all cases. As expected,4l the complexes 
containing Si-S bonds were extremely sensitive to hy- 
drolysis by atmospheric moisture. In contrast, those 
complexes containing Sn-S bonds were very stable and 
resistant to atmostpheric-moisture hydrolysis, an obser- 
vation in line with the knoM hydrolytic and thermody- 
namic stability of the Sn-S Of particular interest 
were the reactions of dianion V with GeC14 in view of the 
prior Russian work on the reactions of HGeC13-Lewis base 
adducts with (p-S2)Fe2(C0)8.12 The reaction of dianion V 
with an excess of germanium tetrachloride gave (p- 
C12GeS2)Fe2(C0)6, IX, in 78% yield. The slow addition 
of 0.5 molar equiv of GeC14 to a solution of dianion V 
resulted in formation of GeS4Fe4(CO)12, whose structure 
we assumed to be one with four Ge-S bonds, X. These 


IX X 


products, IX and X, had the same stoichiometry as those 
obtained in the HGeClS-Lewis base addud/h-S&FeACO), 
reactions. In order to make a detailed comparison, we 
prepared samples of the latter using the reported proce- 
dure;12 these were found to be identical in all respects with 
the products obtained in the (p-S)2Fe2(C0)62-/Gecl~ re- 
actions. Thus the "insertion" of GeC1, occurred into the 
S-S bond, not the Fe-Fe bond, of ( P - S ~ ) F ~ ~ ( C O ) ~ ~  This 


~~~ ~ ~ ~ 


(41) Pawlenko, S. 'Houben-Weyl Methoden der Organischen 
Chemie", 4th ed.; Georg-Thieme Verlag: Stuttgart, 1980; Vol. XIII/5, pp 


(42) B&, G.; Pawlenko, S. 'Houben-Weyl Methoden der Organiden 
Chemie", 4th ed.; Georg-Thieme Verlag: Stuttgart, 1978; Vol. Xm/S,  pp 
336-353. 


212-225. 


Scheme IV 
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conclusion was reached independently on the basis of an 
X-ray diffraction study by Struchkov and his co-workers,44 
who showed the GeS4Fe4(CO)12 obtained in the insertion 
reaction to have the structure indicated in X. 


The silicon-spiro complex analogous to X was prepared 
by reaction of 0.5 molar equiv of silicon tetrachloride with 
dianion V in 99% yield. This compound was prepared 
independently by the Russian group by the action of 
HSiC13 and EbN on h-S2)Fe2(C0)6,44 a reaction very likely 
involving initial nucleophilic cleavage of the S-S bond by 
the trichlorosilyl anion. A reaction of dianion V with 0.5 
molar equiv of SeC14 resulted in the usual color change 
from green to red, and an air-sensitive, dark red liquid 
could be isolated in 78% yield. The IR spectrum of the 
product was in agreement with the presence of the usual 
Fe2(C0)6 unit. However, this material was so extremely 
malodorous (much more so than the malodorous (p- 
RSe)&2(CO)6 complexes45) that further characterization 
data were not sought. We assume that the product is the 
Se(1V) analogue of X. 


When dianion V prepared by reaction of 2 equiv of 
LiBEt3H with (p-S2)Fe2(C0)6 was treated with various 
transition-metal dihalides in THF at -78 "C, no reaction 
usually was observed. However, reaction did occur when 
a small amount of acetone was added to the mixture with 
subsequent slow warming to room temperature. The re- 
actions carried out are outlined in Scheme IV. The 
product yields in most cases were excellent. Reactions of 
dianion V with ligand-free metal dihalides also were 
studied, using an excess of the dianion (eq 4). The anions 


(43) The mechanism of formation of IX by reaction of (p-Sz)Fep(CO), 
with HGeC13.2Et0 and of X by reaction of the &-iron complex mth 
HGeCL-EkN is bv no means clear. In both mea, the HGeCLLewis base 
adduct is a source first of the GeC13- anion en route to Gk21,. GeCl, 
insertion into the S-S bond of (p-Sz)Fez(CO)6 certainly is a possibility in 
either m e .  However, an alternative mechanism, one involving initial 
nucleophilic cleavage of the S-S bond by GeC13- to give [ (p-S)(p- 
Cl3GeS)Fe2(CO)J and subsequent intramolecular displacement of C1 
from the SGeC13 group by the bridging S- ligand to give IX, also is a 
possibility. This question requires further experimental study. 


(44) Nametkii, N. S.; Tyurin, V. D.; Aleksandrov, G. G.; Kuz'min, 0. 
V.; Nekhaev, A. I.; Andrianov, V. G.; Mavlonov, M.; Struchkov, Yu. T. 
Izu. Akad. Nauk SSSR, Ser. Khim. 1979, 1353. 


(45) Seyferth, D.; Henderson, R. S. J. Organomet. Chem. 1981,204, 
333. 
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XII were isolated as the stable tetraethylammonium salts.46 
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some of which provide further examples of a striking sim- 
ilarity to those of organic disulfides. 


MI ,  M = Ni, Pd, Pt 


Very likely, many other main group and transition ele- 
ment halides will react with dianion V to produce products 
of type VIII. During the course of this work, however, 
unexpected results were obtained in some cases. In view 
of the readiness with which [(J.L-S)2Fe2(CO)612- reacts with 
Me2SnC12 and the stability of the (p-Me2SnS)Fe2(CO)6 
which results, one might expect that dianion V will also 
react with MeaSnCl to give (J.L-Me3SnS)2Fe2(CO)6 and that 
this compound also will be stable. This was not the case. 
Addition of 2 equiv of MeaSnCl to a solution of dianion 
V at -78 "C did result in the usual color change from green 
to red, but no stable products could be isolated. Similar 
attempts to prepare (p-Ph3MS)2Fe2(CO)6 (M = Sn, Pb) 
complexes also were unsuccessful. However, it was possible 
to prepare (p-RHgS)2Fe2(CO)6 (R = Me and Et) by the 
dianion route, albeit in only low yield." This suggests that 
complexes of type (p-R3MS)2Fe2(CO)6 may be unstable 
because of steric problems. 


We also were interested in preparing complexes in which 
the two Fe(C0)3 units were bridged by a longer sulfur 
chain, e.g., (S3)Fez(C0)6 and (S4)Fez(C0)6, by appropriate 
reactions of [ (p-s)2Fe&o)6]2-. When SC12 or S2Clz was 
added to a solution of this dianion at -78 "C, a green-bred 
color change again took place, but the only product which 
could be isolated was (p-S2)Fe2(CO)6 (in >90% yield). 
Examination by mass spectrometry of the crude product, 
an oily red solid, obtained from such a reaction of dianion 
V with SC12 by careful evaporation of solvent, showed only 
the presence of the S2 ligand complex. Similar results were 
obtained when SOCl2 or S02C12 was added to the dianion 
solution. These observed reactions find their counterparts 
in organosulfur chemistry. Sulfur extrusion from organic 
polysulfides (e.g., RSSSR - RSSR + S) is a known21c 
process, and the coupling of organic thiols by the action 
of sulfuryl" and thionyl chloride"@ is a known prepartion 
of organic disulfides. 


In summary, the results reported here show a marked 
similarity between the chemistry of (p-&)Fez(C0)6 and 
organic disulfides: both are reduced by alkali metals; both 
undergo nucleophilic S-S cleavage on reaction with simple 
and complex metal hydrides. Subsequent papers in this 
series will bring details of other reactions of (J.L-S2)Fe2(CO),, 


(46) If (p-S2)Fe2(CO)6 is considered to be an inorganic analogue of 
organic disulfides, then the anions XI1 could be considered to be 
"inorganic" analogues of 1,a-dithiolene complexes, e.g. 


2 r 


Heber, R.; Hoyer, E. J. Prakt. Chem. 1973,315,106. Hoyer, E.; Dietach, 
W.; Hennig, H.; Schroth, W. Chem. Ber. 1969,102,603. 


(47) (a) Courant, E.; von Richter, V. Ber. 1885, 18, 3178. (b) Fass- 
bender, H. Ber. 1888,21,1470. (c) Taker, H. S.; Jones, H. 0. J. Chem. 
SOC. 1909, 96, 1904. 


(48) (a) Holmberg, B. Jus tu  Liebigs Ann. Chem. 1908,359, 81. (b) 
Holmberg, B. Ber. 1910,43, 226. 


Experimental Section 
General Comments. All reactions were carried out under an 


atmosphere of prepurified tank nitrogen unless otherwise indi- 
cated. Tetrahydrofuran (THF) was distilled from sodium/ 
benzophenone ketyl. Reagent grade acetone, pentane, di- 
chloromethane, and hexane were deoxygenated by bubbling ni- 
trogen through them for 15 min prior to use. The progress of the 
reactions was monitored by thin-layer chromatography (TLC) (J. 
T. Baker silica gel 1B). Since reactions yielded only a single 
product, full-scale column chromatography was not required. 
Instead, Titration chromatography, in which the reaction products 
were dissolved in a suitable solvent and poured on top of a bed 
of Mallinckrodt 100-mesh silicic acid (ca. 200 mL) in a 350-mL 
glass-frit fiter funnel, was used in most caws. The eluting solvent 
then was passed through with suction filtration. 


Infrared spectra were obtained with a Perkin-Elmer Model 
457A double-beam grating infrared spectrophotometer. Proton 
NMR spectra were recorded on either a Varian Associates T60 
or a Hitachi-Perkin-Elmer R-20B spectrometer, both operating 
at 60 MHz. Chemical shifts are reported in 6 units, ppm downfield 
from internal tetramethylsilane. Chloroform or dichloromethane 
generally was used as an internal standard. Mass spectra were 
obtained with a Varian MAT-44 instrument operating at IO eV. 
Molecular ions were assigned on the basis of the most abundant 
natural isotope(s) ( q e ,  "'Sn and ll%n, etc.). Melting points were 
determined on analytically pure samples using a Buchi capillary 
melting point apparatus and are uncorrected. Microanalyses were 
performed by Scandinavian Microanalytic Laboratory, Herlev, 
Denmark. 


All of the reported data were determined on recrystallized 
samples. The reported isomer ratios are of these recrystallized 
samples because the solids collected after filtration chromatog- 
raphy were not quite pure enough to obtain excellent NMR spectra 
in most cases. However, because these samples were recrystallized 
from only a small amount of pentane (5-15 mL), they do closely 
indicate the true isomer ratio. There may be a slight discrepancy 
between the actual and the recrystallized isomer ratios because 
of the varying solubilities of the individual isomers. 


Preparation of p-Dithio-bis(tricarbony1iron). (p-S2)Fez- 
(CO)B was prepared as described by BrendeF and by Hieber and 
Gruber4 with some modification. All solvents and solutions were 
purged with nitrogen before use. A 3-L, three-necked, round- 
bottomed flask equipped with a serum cap, a mechanical stirrer, 
and a nitrogen inlet tube was flushed with nitrogen and charged 
with 200 mL of reagent grade methanol and 35 mL (250 mmol) 
of iron pentacarbonyl (Alfa). After the mixture had been cooled 
to 0 OC, 80 mL of 50% aqueous KOH (w/v) was added. A solution 
equivalent to 416 mmol of Na2S6 was prepared by combining 100 
g (416 mmol) of Na2S.9H20 (Alfa), 55 g (1.72 mol) of sublimed 
sulfur, 10 mL of 50% aqueous KOH, and 400 mL of distilled water 
in a l-L beaker. After it had been stirred on a hot plate, the deep 
red Na2S5 solution was transferred to a l-L flask, degassed, and 
cooled to 0 OC. The Na2S5 solution then was poured into the 
vigorously stirred reaction solution through a funnel against a 
countercurrent flow of nitrogen. A mildly exothermic reaction 
resulted, with brisk CO evolution and formation of a dark red 
solution. The reaction mixture was stirred a t  0 "C for 2 h. The 
serum cap then was replaced by an addition funnel containing 
a degassed solution of HCl (200 mL of 37% HC1 and 200 mL of 
distilled H20). Cautious acidification of the reaction mixture 
resulted in the evolution of H2S and formation of a brown pre- 
cipitate and a colorless solution. The brown solid was collected 
on a 350-mL coarse frit in air, washed with 300 mL of distilled 
H20, and dried under vacuum overnight. It then was divided into 
three portions. Each portion was extracted twice by stirring for 
15 min in 600 mL of pentane. After combining the extracts, 
solvent was removed on a rotary evaporator, leaving a red-brown 
solid which was dried on the vacuum line. This solid was a mixture 
of (~i-Sz)Fe~(C0)~ and S2Fe3(C0)9. Sublimation at 40 "C (0.1 mm) 
for 10 h yielded 10.33 g (30 mmol, 24% based on Fe(C0)J of 
p-dithio-bis(tricarbony1iron) as ruby-red, air-stable crystals, mp 
46-47 OC (lit.334 mp 46.5 "C), whose infrared spectrum (in CC14) 
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showed bands at  2085 5,2044 w, and 2006 w cm-' in the terminal 
CO region. Mass spectrum, m/z (re1 intensity) 344 (M'), 316 (M+ 


(M+ - 5CO), 176 (SzFez), 144 @Fez), 112 (Fez), 88 (SFe), and 56 
(Fe). 


Reaction between M-Dithio-bis(tricarbonyliron), Sodium, 
and Iodomethane. A 200-mL, three-necked, round-bottomed 
flask fitted with a stir-bar, a nitrogen inlet tube, and two serum 
caps was flushed with nitrogen and charged with 0.31 g (6.74 
mmol) of a 50% sodium/paraffin dispersion. The paraffin was 
removed by washing with three 20-mL portions of degassed 
pentane; then 40 mL of THF was added. To this was added, via 
cannula, a solution of 1.00 g (2.91 "01) of (p-Sz)Fez(CO)6 in 20 
mL of THF. The resulting deep red reaction mixture was stirred 
for 4 h at room temperature while being monitored by TLC. The 
dark, red-brown solution was filtered under nitrogen into a Schlenk 
flask and then was treated with 0.9 mL (14.4 mmol) of Me1 
(Aldrich). No significant color change was observed. After the 
mixture had been stirred overnight, solvent was removed on a 
rotary evaporator, leaving a brown solid which was chromato- 
graphed (silicic acid-pentane) to yield 0.339 g (0.91 mmol, 31%) 
of (pMeS).$~(co)~ as a red, air-stable solid which was a mixture 
of two isomers. The product was recrystallized from pentane: 
IR (CCl,) 2930 m, 2855 w, 1427 m, 1316 m, 1304 w, 1259 w, 950 
m, 690 w, 615 m, 560 m, cm-l; terminal carbonyl region: 2074 8, 
2037 vs, 2000 vs, 1990 vs cm-'; NMR (CC,) 6 1.62 and 2.13 (8, 
2.74 H, a,e isomer, CH3) and 6 2.07 ppm (8, 1 H, e,e isomer, CH,); 
mass spectrum, m / z  (re1 intensity) 374 (M+, 2.3), 346 (M+ - CO, 


5.5), 234 (M+ - 5C0, 8.31, 206 (M+ - 6C0, 38.61, 191 (MeSzFez, 
35.5), 176 &Fez, 49.1), 144 @Fez, 34.2), 112 (Fez, 12.9), 88 (SFe, 
15.1), and 56 (Fe, 100). 


When (p-MeS)zFez(CO)6 was rechromatographed by using a 
longer column, the two isomers were separated. Pentane eluted 
a red band (a,e isomer) and then an orange band (e,e isomer). 
Each was recrystallized from pentane. 


a,e Isomer: red, air-stable crystals, mp 65-67 "C (lit.30 65-67.5 
"C); IR (CCl,) terminal carbonyl region: 2080 a, 2050 vs, 1990 
vs cm-'; NMR (CCl,) 6 1.62 and 2.13 ppm (8, CH3). 


e,e Isomer: orange-red, air-stable crystals, mp 101.5-102.5 "C 
(lit.30 101.5-103.5 "C); IR (CClJ terminal carbonyl region: 2070 
s, 2040 vs, 1990 vs cm-'; NMR (CCl,) 6 2.07 ppm (8, CH3). 


A similar reaction in which iodoethane was added to the reagent 
solution gave (p-EtS)zFez(CO)6, a dark red, air-stable solid which 
was a mixture of isomers, in 29% yield. After recrystallization 
from pentane the isomer ratio waa a,e:e,e = 2. The melting point 
was 69-74 "C (lit.@ mp (a,e isomer) 75-76 "C); 250-MHz 'H NMR 
(CDCl,) 6 1.087, 1.303, 1.355 (three t, J = 7.5 Hz, 3 H, CH3) and 
2.115, 2.418, 2.426 ppm (three q, 2 H, CHz). 


When sodium sandm was used to generate dianion V instead 
of sodium dispersion, the yield of (p-MeS)zFez(CO)6 was 34% 
(a,e/e,e = 3.1) when the reagent solution was quenched with 
iodomethane. 


Reactions of (fi-KS)2Fez(CO)B. (a) With Alkyl Iodides. In 
a glovebox a lOO-mL, three-necked, round-bottomed flask was 
charged with 0.274 g (6.85 "01) of KH (Alfa) and then equipped 
with a stir-bar, two serum caps, and a nitrogen inlet tube. THF 
(20 mL) was added by syringe, and the reaction mixture was 
stirred to effect solution. A solution of 0.943 g (2.74 mmol) of 
(p-Sz)Fez(CO)6 in 30 mL of THF was cannulated into the reaction 
flask. Immediately, a dark red solution was formed and slight 
gas evolution was observed. The reaction mixture waa stirred for 
4 h at  room temperature with monitoring by TLC. The dark, 
red-brown solution was filtered under nitrogen into a Schlenk 
flask. The filtrate was quenched with 0.90 mL (14.4 mmol) of 
Me1 and stirred overnight. Solvent was removed on a rotary 
evaporator, leaving a brown solid which was chromatographed 
(silicic acid-pentane) to yield 0.540 g (1.44 mmol, 53% yield) of 
(p-MeS)zFez(CO)6 (a,e/e,e = 1.4). 


A similar reaction in which iodoethane was added to the dianion 
solution gave (p-EtS)2Fez(CO)6 in 45% yield (a,e/e,e = 3.7). 


- CO), 288 (M+ - 2CO), 260 (M+ - 3CO), 232 (M+ - 4CO), 204 


9.4), 318 (M+ - 2C0, 5.7), 290 (M+ - 3C0, 8.5), 262 (M+ - 4C0, 
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(b) With Other Substrates. Addition of 3.66 mmol of di- 
methylth dichloride to a fdtered solution of (p-KS)zFez(CO)6 (from 
3.66 mmol of (p-Sz)Fez(C0)6 and 9.15 mmol of KH) gave (p- 
MezSnSz)Fez(CO)6 in 45% yield. A similar reaction of (p- 
KS)zFez(CO)6 with MezGeClz led to the isolation of (p -  
MezGeSz)Fez(C0)6 in 53% yield. The addition of 2.8 mmol of 
GeC1, to a dianion solution prepared from 2.8 mmol of (p-S2)- 
Fez(CO)6 and 7.6 "01 of KH gave &[SzFez(CO)& in 32% yield, 
while the addition of a THF solution of (p-KS)zFez(C06) (from 
3.35 mmol of (r-Sz)Fez(C0)6 and 8.4 mmol of KH) to 23.5 mmol 
of GeCl, produced (p-ClzGeSz)Fez(C0)6 in 51% yield. 


Characterizing data for these products are given in the following 
sections. 


Reactions of (p-LiS)zFez(CO)6 Prepared by the Lithium 
Triethylborohydride Procedure. (a) With Alkyl Halides. 
A 200-mL Schlenk flask equipped with serum cap and a stir-bar 
was charged with 1.00 g (2.91 "01) of (p-Sz)Fez(C0)6 and then 
was flushed with nitrogen. THF (75 mL) was added and the 
reaction solution was cooled to -78 "C (dry ice/acetone). By 
syringe, 6.0 mL of 1 M LiEbBH in THF (Aldrich) was added in 
0.5-mL aliquots every 5 min. At the midpoint of the addition 
the reaction solution turned from red to a dark emerald green; 
for the rest of the addition it remained green. To this was added 
(at -78 "C) 0.90 mL (14.4 mmol) of Me1 (Aldrich). The dry 
ice/acetone bath was removed and the reaction mixture was stirred 
for 1 h. The color changed back to red. Solvent was removed 
on a rotary evaporator, leaving a dark red solid which was 
chromatographed (silicic acid-10% CHzC12/pentane) to give 1.00 
g (2.67 mmol, 92% yield) of (p-MeS)zFez(CO)6 (a,e/e,e = 4.4). 


Similar reactions were carried out in which other alkyl halides 
or W d e s  were added to a solution of (p-LiS)zFez(CO)6 prepared 
in this manner. 


Reaction with iodoethane (12.5 mmol) with the dianion pre- 
pared from 2.91 mmol of (p-Sz)Fez(C0)6 and 6 mmol of LiBESH 
in 85 mL of THF at -78 "C gave 1.125 g (96%) of (p-EtS)zFez(CO)6 
(a,e/e,e = 2.7). 


When 8.0 mmol of PhCHzCl was added to a solution of dianion 
v (from 2.91 mmol of (p-Sz)Fez(C0)6) at -78 "c, the green color 
was not discharged within 5 min. The reaction mixture was still 
green after 1 h at  -78 "C; it was stirred at -78 "C for another 3 
h and then was allowed to warm slowly to room temperature 
overnight. A red reaction mixture resulted. Removal of solvent 
at reduced pressure left a red-brown oil which was subjected twice 
to filtration chromatography (silicic acid-10% CH2C12/pentane) 
and cooled in the refrigerator until crystallization occurred. The 
red solid (1.71 g, 83%) was recrystallized from pentane to give 
red crystals of ( M - ~ P ~ C H ~ S ) ~ F ~ ~ ( C O ) ~ :  mp 92-92.5 "C (lit.49 mp 
91-92 "C); IR (CCl,) (terminal CO region) 2074 a, 2039 vs, 2003 
w, 1991 vs cm-'; 250-MHz 'H NMR (CDC13) 6 3.240,3.600,3.668 
(s, CHz), and 7.333-7.814 (m, Ph). The 3.240- and 3.668-ppm 
signals were of equal intensity and are assigned to the axial and 
equatorial CHz groups, respectively, of the a,e isomer. The 
3,600-ppm signal is assigned to the e,e isomer CHz group. The 
integrated intensities of these signals give an a,e/e,e ratio of 7.1. 


The reaction of dianion V (2.91 mmol) and 8 mmol of allyl 
bromide, carried out as described above, did not appear to occur 
at -78 OC since the color change to red took place only at -15 "C 
while the reaction mixture was allowed to warm slowly to room 
temperature. The reaction mixture was evaporated at reduced 
pressure, and the residue was taken up in hexane and filtered. 
The hexane solution was distilled (short path) to give a red, 
air-sensitive oil, (JJ-CH~=CHCH&~)~F~~(CO)~, bp 103-105 "C (0.2 
mmHg); IR (CCl,) (terminal CO region) 2075 s, 2040 vs, 2003 vs, 
1992 vs cm-'; 60-MHz 'H NMR (CCl,) 6 2.74 and 3.06 (doublets, 
J = 6.6 Hz, CH2) and 4.92-6.04 ppm (complex m, CH==CH2). The 
CH2 signals are assignable to the a,e isomer, but since the inte- 
grated intensities of the doublets were not quite equal (I(3.06 ppm) 
> I(2.74 ppm) signal), we conclude that a small quantity of the 
e,e, isomer must also be present. 


(b) With Diodomethane. The dianion solution was prepared 
by the addition of 6.0 mL of a 1 M solution of LiEt3BH to a 
solution of 2.91 mmol of (p-Sz)Fez(CO)6 in 75 mL of THF at -78 
"C. To the reagent solution was added 8.1 mmol of CHzIz 
(Aldrich). After the mixture had been stirred for 1 h at -78 "C, 
TLC monitoring showed no reaction. The reaction mixture was 
warmed to room temperature while being stirred an additional 


(49) Nametkin, N. S.; Tyurin, V. D.; Kukina, M. A. J. Organomet. 


(50) Jolly, W. L. "The Synthesis and Characterization of Inorganic 
Chem. 1978,149,355. 
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2 h. Solvent was removed from the red-black solution on a rotary 
evaporator, leaving a black oil which was chromatographed (silicic 
acid-pentane) to give 0.259 g (0.723 mmol, 25% yield) of (p- 
CHzSz)Fez(C0)6 as a dark red, air-stable solid, mp 73-75 "C 
(known compound;m melting point not given). After recrystal- 
lization from pentane it was identified by comparison of ita IR 
and NMR spectra to those of an authentic sample (prepared by 
E~N/Oc-HS)zFe2(CO)6/CH21z method in a previous experiment)F1 


(c) With If-Dibromoethane. The dianion solution was 
prepared as above. To the reagent solution was added 8.1 mmol 
of BrCH2CHzBr (Aldrich). After the mixture had been stirred 
for 1 h at -78 "C, TLC monitoring showed that no reaction had 
occurred. The reaction mixture was warmed to room temperature 
while being stirred an additional 2 h. Solvent was removed from 
the red-black solution on a rotary evaporator, leaving a black oil 
which was chromatographed (silicic acid-20% CHzC12/pentane) 
to give 0.510 g (1.37 mmol,47% yield) of (p-sCHzCH~)Fe2(CO)6 
as a dark red, air-stable solid. After recrystallization from pentane, 
mp 75-77 OC (lit.62 76-77 "C), it was identified by comparison 
of ita IR and NMR spectra with those of an authentic sample 
(prepared by EbN/(p-HS)zFez(CO)6/BrCHzCHzBr method in a 
previous experiment.61 


(d) With Diorganotin Dichlorides. To 2.91 mmol of (p- 
LiS)zFe2(CO)6 in 75 mL of THF at  -78 OC was added 3.18 mmol 
of MezSnC12 as a solid against a counterflow of nitrogen. After 
it had been stirred for 30 min. at -78 "C, the solution had turned 
red. After warming to room temperature, the solvent was removed 
on a rotary evaporator, leaving a brown solid which was chro- 
matographed (silicic acid-CHzClz) to give 1.317 g (2.67 mmo1,92% 
yield) of (p-MezSnSz)Fez(CO)6 as a red-purple, air-stable solid, 
mp 95 "C dec: IR (CHZClz) 770 m, 610 m, 560 m cm-'; terminal 
carbonyl region: 2085 s, 2045 w, 1997 w cm-'; NMR (acetone-de) 
6 1.02 ppm (8 with Sn satellites, z J ~ ~ ~  1 - 60/64 Hz); '3c NMR 
(acetone-de) 6c 12.37 [s with Sn s ~ & % ~ ~ ~ ~ T ~ I ~ ~ ~ ~  = 383/400 
Hz] and 211.24 ppm (8,  CO); mass spectrum, molecular ions at  
m / e  492,494 ("'Fin and l19Sn, respectively) with fragment ions 
corresponding to M+ - (CO), for x = 1-6, MeSnS2Fez, SnFezSz, 
SzFez, SFe2, Fez, SFe, and Fe. Anal. Calcd for C8H$e206S2Sn: 
C, 19.50; H, 1.23. Found: C, 19.67; H, 1.63. 


A similar reaction of 2.91 mmol of dianion V in THF at  -78 
"C with 0.743 g (3 "01) of Et$3nClz (0.5 h at -78 "C, 1 h at room 
temperature) was carried out. After the solvent had been removed 
at reduced pressure, the residue was chromatographed (silicic 
acid-CHzClz), and the product thus obtained was recrystallized 
from CHzCl2 to give 1.08 g (71%) of Oc-Et$3nSz)Fez(CO)6, orange 
crystals, mp 118 "C dec. The mam spectrum showed the molecular 
ion and fragment ions corresponding to the successive loss of the 
six CO ligands. The IR spectrum (in MezCO) in the terminal 
carbonyl region showed bands at 2053 8,2010 vs, 1975 vs, and 
1965 w cm-'. Anal. Calcd for Cl,,Hlo0&3zFe&3n: C, 23.07; H, 1.94. 
Found: C, 22.99; H, 1.95. 


A reaction was also carried out between 2.91 mmol of dianion 
V in THF at  -78 "C with 3 mmol of di-n-butyltin dichloride (30 
min at -78 O C  and 1 h at room temperature). The reaction mixture 
was evaporated at reduced pressure. The residue was extracted 
with pentane; the pentane extracts were evaporated, and the crude 
product was recrystallized from pentane to give 1.30 g (77%) of 
a dark red, air-sensitive solid, mp 85 "C. The mass spectrum 
showed the molecular ion and fragment ions corresponding to loss 
of the six CO ligands. The IR spectrum (CHClJ showed bands 
at  2074 5,2034 vs, 2003 vs, and 1991 vs cm-' in the terminal CO 
region. The analysis supported the formulation as (p-(n- 
c4&)fins@e&co)6. Anal. Cdcd for Cl4Hl80&&F~n: c ,  29.09, 
H, 3.36. Found: C, 28.76; H, 3.23. 


(e) With Diorganogermanium Dichlorides. Dianion V was 
prepared on a 2.91-mmol scale as described above, and then 0.34 
mL (2.91 mmol) of Me2GeC1, (Alfa) was added at  -78 OC. The 
solution immediately turned red. It then was warmed to room 
temperature. Solvent was removed on a rotary evaporator, leaving 
a dark red solid which was chromatographed (silicic acid-CHzClz) 
to yield 1.275 g (2.855 mmol,98% yield) of (p-MezGeSz)Fe2(C0)6 
as a red-black solid. Recrystallization from pentane gave material 
with mp 113 "C dec; IR (CHCl,) 2910 w, 1400 w, 1235 m, 843 m, 
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610 m, 563 m cm-'; terminal carbonyl region: 2077 s, 2037 vs, 2003 
8,1995 s cm-'; NMR (CDC13) 6 1.20 ppm (8 ,  CH,); mass spectrum, 
m/z (re1 intensity) 447 (M+, 7), 419 (M+ - CO, 6), 391 (M+ - 2C0, 


279 (M+ - 6C0,29), 249 (SzFezGe, 36), 176 (SzFe2, 12), 144 (SFez, 
61), 112 (Fez, 17), 88 (SFe, 29), and 56 (Fe, 100). Anal. Calcd 
for C81&FezGe06Sz: C, 21.52; H, 1.35. Found C, 21.46; H, 1.40. 


A similar reaction of the dianion prepared from 2.91 mmol of 
(&-Sz)Fez(CO)6 by the LiBEbH procedure with 0.893 g (3 mmol) 
of diphenylger" dichloride (5 h at -78 "C, overnight at room 
temperature) gave, after chromatography on silicic acid-pentane 
and recrystallization from pentane, (p-PhzGeSz)Fe2(C0)6, deep 
red solid, mp 131-132 "C. The mass spectrum of the product 
showed the molecular ion and fragment loss corresponding to 
successive loss of the six CO ligands; IR (CHCl,) 2079 8,2040 vs, 
2004 w, 1999 w cm-l in the terminal carbonyl region. Anal. Calcd 
for Cl&loO~zGeFez: C, 37.88, H, 1.77. Found C, 37.90; H, 1.82. 


(f) With Germanium Tetrachloride. (i) One-half Equiv- 
alent of GeC14. To a solution of 2.91 mmol of (p-LiS)zFe&O)6 
in 75 mL of THF at  -78 OC was added 0.17 mL (1.5 mmol) of 
GeC4 which caused a color change to deep red. After it had been 
stirred 15 min at -78 OC and then warmed to room temperature, 
solvent was removed from the reaction mixture on a rotary 
evaporator. The residue was applied in CHZCl2 to a silicic acid- 
CHZClz fitration chromatography column. Diethyl ether eluted 
a dark red band which gave 0.795 g (1.04 mmol, 72% yield) of 
Ge[S2Fez(CO)e]z as dark, ruby-red crystals, mp 143 OC deem (lit.lZ 
mp 150 OC dec). Recrystallization of the air-stable product from 
dichloromethane gave pure material: IR (CH2Clz) terminal 
carbonyl region: 2078 8,2050 vs, 2013 vs cm-'; mass spectrum, 
molecular ion at m / e  761 with fragment ions corresponding to 
M+ - (CO), for x = 1-12, SzFe2, SFez, Fez, FeS, and Fe. Anal. 
Calcd for Cl2Fe4GeOlZS4: C, 18.96; H, 0.00. Found: C, 19.09; H, 
0.14. 


(ii) With an  Excess of GeC14. A THF solution of dianion 
V was prepared from 2.91 mmol of (p-Sz)Fe2(C0)6 by using the 
LiBEt3H procedure. To the solution was added 2.33 mL (20.4 
mmol) of GeCb, which caused an immediate color change to red. 
The mixture was warmed to room temperature. Then solvent 
was removed on a rotary evaporator, leaving a red solid which 
was extracted with CHZCl2. The extracts were filtered through 
a Celite pad on a medium-porosity fritted funnel. Removal of 
solvent on a rotary evaporator gave 1.103 g (2.26 mmol,78% yield) 
of &-C1&eSz)Fez(CO)6 as an orange-red solid. The product was 
recrystalhd from dichloromethane/pentane to give material with 
mp 120-122 "C (darkens, then melts) (lit.12 mp 100 OC dec); IR 
(CH2Cl2) terminal carbonyl region: 2089 m, 2056 vs, 2018 s cm-' 
(bands due to a trace amount of Ge[SzFez(C0)6]2 also are always 
visible); maw spectrum, m/z (re1 intensity) 487 (M', 0.8), 459 (M+ 


0.7), 249 (SzFezGe, 0.6), 176 &Fez, 16), 144 (SFe2, 19), 112 (Fez, 
ll), 88 (SFe, 44) and 56 (Fe, 100). 


A side reaction occurred when (C12GeSz)Fe2(C0)6 was chro- 
matographed or when ita solutions were exposed to air for a 
prolonged period of time. When it was chromatographed with 
a silicic acid column, there was considerable conversion to Ge- 
[SzFez(CO)6]2. Similarly, when a THF solution was exposed to 
air for several hours, this same reaction also occurred. In this 
case, however, degradation to a brown insoluble product also 
accompanied this process. Analytically pure samples of (p- 
C1zGeSz)Fez(C0)6 were never obtained. 


Reaction between p-Dithio-bis(tricarbony1iron) and the 
Trichlorogermane-Triethylamine Adduct?Zu A 2 0 0 - d  flask 
equipped with a stir-bar, serum cap, and a nitrogen inlet needle 
was charged with 1.00 (2.91 "01) of (j.~-S~)Fe&0)~ and flushed 
with nitrogen. After 70 mL of THF was added, 1.14 g (4.07 m o l )  
of HGeC13.NEt3M was added by syringe. The reaction solution 
darkened slightly overnight at room temperature. Solvent was 
removed on a rotary evaporator, leaving a red-brown solid which 
was chromatographed (silicic acid-CH2ClZ). Dichloromethane 


ll), 363 (M+ - 3C0,6), 335 (M' - 4C0, ll), 307 (M+ - 5C0,17), 


- CO, OB), 431 (M+ - 2C0, l), 403 (M+ - 3C0,0.6), 375 (M+ - 
4C0,2.2), 347 (M+ - 5C0,2.6), 319 (M+ - 6C0,9), 284 (S&F-$kCl, 


(51) Seyferth, D.; Henderson, R. S., J.  Organomet. Chem., in press. 
(52) King, R. B. J. Am. Chem. SOC. 1963,85, 1584. 


(53) The melting point capillary was inserted into a preheated bath 


(54) Nametkin, N. S.; Kuz'min, 0. V.; Korolev, V. K.; Kobrakov, K. 
at 110 O C  and a heating rate of 10 "C per min was used. 
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eluted a trace of (p-Sz)Fez(C0)6. Ether eluted a deep red band 
which yielded 0.564 g (0.74 mmol, 51% yield) of a deep ruby-red 
solid, mp -135 "C dec, which was identified as &[SzFez(CO)6]2 
by comparison of its IR and mass spectra with those of Ge[S2- 
Fez(CO)6]z prepared by the KH and LiBEt3H procedures. 


Reaction between jt-Dithio-bis(tricarbony1iron) and 
Trichlorogermane Diethyl Etherate.lz*" A 200-mL three- 
necked flask equipped with a stir-bar, two serum caps, and a 
nitrogen inlet tube was flushed with nitrogen, and then charged 
with 2.91 mmol of (p-Sz)Fez(C0)6 and 75 mL of THF. An excess 
of (1.0 mL, 3.63 mmol) of HGeCl3.2Et2OSS was added in four 
portions over 1 h. The reaction mixture was stirred overnight 
with monitoring of the reaction progress by TLC. After 18 h, a 
s m d  amount of (p-Sz)Fez(CO)6 remained, so another 0.5 mL of 
HGeC13-2Eh0 was added. After 4 additional h the reaction was 
complete. Solvent was removed on a rotary evaporator, leaving 
a red solid which was extracted with CHzClz and then filtered 
through a bed of Celite supported on a medium-porosity fritted 
fuunnel. The filtrate was evaporated to give 0.699 g (1.44 "01, 
49% yield) of (p-ClzGeSz)Fez(C0)6 as an orange-red solid which 
was identical in all respects with the product of the reaction of 
( ~ i - M S ) ~ F e ~ ( c o ) ~  (M = Li or K) with an excess of GeC14 (melting 
point and IR and mass spectra). 


(8) With One-half Equivalent of Silicon Tetrachloride. 
To 2.91 mmol of (p-LiS)zFez(CO)6 in 75 mL of THF at -78 "C 
was added 1.5 mmol of SiC14 (Alfa) by syringe over 3 min. An 
immediate color change to red was o h ~ e d .  The reaction mixture 
was warmed to room temperature, and volatiles then were removed 
in vacuo, leaving a dark red solid which was extracted with 4 X 
25 mL of CH2ClZ. The combined extracts were filtered under 
nitrogen through a Celite pad supported on a medium-porosity 
fritted funnel. Removal of solvent in vacuo yielded 1.03 g (1.44 
mmol, 99% yield) of Si[SzFez(C0)6]z as ruby-red crystals.44 
Recrystallization of the air-sensitive product from &chloromethane 
(under nitrogen) gave pure material: mp 175 "C dec (sealed 
capillary) (ref 44 gives no melting point); IR (CHzClz) 1085 br, 
610 m, 565 m, cm-'; terminal carbonyl region: 2080 s, 2048 vs, 
2012 vs, cm-'; mass spectrum, m/z (re1 intensity) 716 (M', 1.5), 
688 (M+ - CO, l), 660 (M+ - 2C0,5), 632 (M+ - 3C0,2), 604 (m+ 


408 (M+ - 11C0,17), 380 (M+ - 12C0,47), 320 (S3Fe4, 72), 264 
(S3Fe3, 29), 232 (S2Fe3, ll), 176 (S2Fez, 331, 144 (SFe2,31), 112 
(Fez, ll), 88 (SFe, 7) and 56 (Fe, 100). Anal. Calcd for 
ClzFe4Ol2S4Si: C, 20.13; H, 0.00; S, 17.91. Found: C, 20.31; H, 
0.25; S, 16.80. 


(h) With Diorganodichlorosilanes. Dianion V was prepared 
as usual on a 2.91-"01 scale. To the reagent solution was added 
0.70 mL (5.82 "01) of Me$iClz (Petrarch) dropwise by syringe 
over a 10-min period which caused a green-to-red color change. 
The reaction solution was warmed to room temperature. Volatiles 
were removed in vacuo, leaving an oily, dark-red solid which was 
extracted with 3 X 30 mL of pentane. The combined extracts 
were filtered under nitrogen through a Celite pad supported on 
a medium-porosity fritted funnel. Removal of the solvent in vacuo 
yielded 0.660 g (1.64 mmol, 56% yield) of (p-MezSiSz)Fez(CO)6 
as an air-sensitive, purple-red solid. This product was recrys- 
tallized from pentane under nitrogen to give pure material: mp 
104-106 "C; IR (CH2C12) 2960 w, 1395 w, 1250 m (Si-Me), 1050 
br, 850 m, 625 m, 575 m cm-I; terminal carbonyl region: 2083 sh, 
2077 s, 2046 vs, 2004 vs (cm-'); NMR (CDC13) 6 0.91 ppm [s, 
Si(CH&]; mass spectrum, m/z  (re1 intensity) 402 (M+, 13), 374 


- 4C0,4), 576 (M' - 5C0, l), 548 (M' - 6C0,4), 520 (M' - 7C0, 
6), 492 (M' - 8C0, la), 464 (M' - 9C0,15), 436 (M+ - lOCO, lo), 


(M+ - CO, lo), 346 (M+ - 2C0,23), 318 (M+ - 3C0,14), 290 (M' 
- 4C0, 23), 262 (M' - 5C0, 40), 234 (M+ - 6C0, loo), 219 
(MeSiSzFq, 34), 204 (SiSzFez, 33), 176 &Fez, 16), 144 @Fez, 88), 
112 (Fez, 28), 88 (SFe, 21), and 56 (Fe, 93). Anal. Calcd for 
C8H6Fez06S2Si: C, 23.90; H, 1.50. Found: C, 23.76; H, 1.66. 


Similar reactions of dianion V were carried out on the same 
scale with diethyl-, diphenyl-, and phenylmethyldichlorosilane. 
Because of the air and moisture sensitivity of these organosilicon 
derivatives, column chromatography could not be used. Instead, 
in each case, the reaction mixture was evaporated at reduced 
pressure and the residue was extracted (under nitrogen) with 
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hexane. The hexane extracts were evaporated, and the solid which 
remained was recrystallized from hexane. Thus prepared were 
the following: 


(p-Et$iSz)Fez(CO)6, dark red, air-sensitive crystals, mp 78-79 
"C, in 80% yield (before recrystallization): IR (CC,) terminal 
CO region: 2093 sh, 2079 s, 2046 vs, 2041 vs, 2007 s cm-'. Anal. 
Calcd for ClJ-llo06SzSiFe~ C, 27.93; H, 2.34. Found C, 27.46; 
H, 2.48. 


(~~-Phaisz)Fe&o)~, dark red, air-sensitive crystals, mp 142-143 
OC, in 82% yield (before recrystallization): IR (CC14) (terminal 
CO region) 2081 s, 2045 vs, 2005 vs, 1993 sh cm-'. Anal. Calcd 
for ClsHlo06S$iFez: C, 41.09; H, 1.92. Found: C, 41.10; H, 2.04. 


(p-PhMeSiSz)Fez(CO)6, dark red, air-sensitive crystals, mp 
94-95 "C, in 93% yield (before recrystallization): IR (CHC13) 
terminal CO region: 2082 8,2046 vs, 2005 vs cm-'; NMR (CDC13) 
0.96 (8, 3 H, CH3) and 7.44 ppm (s, 5 H, Ph). Anal. Calcd for 
C13H806SzSiFe2: c ,  33.64; H, 1.74. Found: C, 33.61; H, 1.90. 


(i) With Selenium Tetrachloride. Dianion V was prepared 
on a 2.91-"01 scale in THF via LiBEGH by the usual procedure. 
To this solution was added 0.30 g (1.36 mmol) of SeCl, (Alfa). 
After it had been stirred for 30 min at -78 "C and then for 1 h 
at room temperature, the color had changed from green to deep 
red. Solvent was removed on a rotary evaporator, leaving a 
red-black oil which was chromatographed (silicic acid-pentane) 
to give 0.816 g (1.06 mmol, 78% yield based on SeCl,) of Se- 
[SzFez(C0)6]z as an extremely malodorous, air-sensitive dark red 
oil. This material could be short path distilled, bp 85 "C (2 
mmHg); IR (pentane) terminal carbonyl region: 2086 s, 2048 vs, 
2010 vs, 1995 m cm-'. In view of the vile odor of this product, 
no further attempts were made to characterize it. 


(j) With Bis( 1,t-dipheny1phosphino)ethaneNickel Di- 
chloride. A THF solution of dianion V was prepared on the 
2.91-mmol scale as usual. To this solution was added 1.584 g (3 
mmol) of ( d i p h o ~ ) N i C l ~ ~ ~  as a solid against a counterflow of 
nitrogen. Acetone (15 mL) was added to solubilize it. However, 
after 6 h at -78 "C no reaction had taken place. The reaction 
mixture was warmed to room temperature while being stirred an 
additional hour. Solvent was removed on a rotary evaporator, 
leaving a black solid which was chromatographed (silicic acid- 
CH2C12) to give 2.161 g (2.70 mmol, 93% yield) of [p-(diphos)- 
NiSz]Fe2(C0)6 as a black solid. After recrystallization from 
CHzClz, mp 160-162 OC, it was identified by comparison of its 
IR and mass spectra with those of an authentic sample obtained 
by insertion of (diphos)Ni(O) (via (diphos)Ni(CO),) into the S-S 
bond of (p-Sz)Fe2(C0)6.57 


(k) With cis-Bis(tripheny1phosphine)platinum Di- 
chloride. A THF solution of dianion V was prepared by the 
LiBEt3H procedure from 0.64 mmol of (p-S2)Fez(CO)6 at -78 OC. 
To this solution was added 0.50 g (0.632 mmol) of solid cis- 
(Ph,P)zPtC12 (Strem) against a counterflow of nitrogen. Acetone 
(15 mL) was added to solubilize it. However, after 4.5 h a t  -78 
"C no reaction had taken place. The reaction mixture was warmed 
to room temperature while being stirred an additional hour. 
Solvent was removed from the red solution on a rotary evaporator, 
leaving a red solid which was chromatographed (silicic acid- 
CHzC12) to give 0.534 g (0.502 mmol, 80% yield, based on 
(Ph3P)zPtC12) of [p-(Ph3P)zPtSz]Fez(CO)6 as an orange-red, air- 
stable crystalline solid. After recrystallization from CH2C!2- 
pentane, mp 200 "C dec, it was identified by comparison of its 
IR and NMR spectra with those of an authentic sample prepared 
by the insertion of (PhnP)7Pt(0) (via (Ph2P)dPt) into the S-S bond 


(55) Nametkin, N. S.; Kuz'min, 0. V.; Chernysheva, T. I.; Korolev, V. 
K.; Leptukina, N. A. Dokl. Akud. Nuuk SSSR 1971,201, 1116. 


A THF solution ofdianion V was prepared by the LiBEtsH 
procedure from 1.45 mmol of (p-Sz)Fez(C0)6 a t  -78 OC. To this 
solution was added 1.00 g (1.42 "01) of cis-(Ph3P),PdClZ (Strem) 
as a solid against a counterflow of nitrogen. Acetone (15 mL) was 
added to solubilize it. However, after 1.5 h at -78 "C no reaction 
had occurred. The reaction mixture was warmed to room tem- 
perature while being stirred an additional hour. Solvent was 
removed from the deep red solution on a rotary evaporator, leaving 
a purple solid which was chromatographed (silicic acid-CH2C12) 


(56) Hayter, R. G.; Humier, F. S. J. h o g .  Nucl. Chem. 1964,26,807. 
(57) Seyferth, D.; Henderson, R. S.; Gallagher, M. K. J. Orgunomet. 


Chem. 1980, 193, C75. 







Chemistry of p-Dithio- bis(tricarbony1iron) 


to give 1.276 g (1.31 mmol, 92% yield, based on (Ph3P)ZPdClz) 
of [p-(Ph3P)2PdS2]Fez(CO)6 as an air-stable, purple-brown solid. 
Recrystallization from a mixture of CH2ClZ and pentane gave pure 
material, mp 165 OC dec: IR (CH,Cl,) terminal carbonyl region: 
2049 a, 2008 vs, 1971 a, 1959 ah cm-'; NMR (CDC13) 6 7.03-7.50 
ppm (complex m, PPh). Anal. Calcd for C12HdezO&iP&3z: C, 
51.75; H, 3.10. Found C, 51.75; H, 3.11. 


(m) With (q6-Cyclopentadienyl)carbonylcobalt Diiodide. 
To 2.91 mmol of (p-LiS)zFez(CO)6 in 75 mL of THF at  -78 OC 
was added 1.34 g (3.3 "01) of solid ~6-CsHsCo(CO)12Se against 
a counterflow of nitrogen. The reaction mixture was stirred for 
1 h at  -78 OC and then 2 h at room temperature, during which 
time a green-to-purple color change occurred. Solvent was re- 
moved on a rotary evaporator, leaving a black solid which was 
chromatographed (silicic acid-pentane) to give 0.680 g (1.45 "01, 
50% yield) of (p-~6-CSHsCoSz)Fez(CO)6 as a black, air-stable 
crystalline solid. After recrystallization from pentane, mp 135 
"C dec, it was identified by comparison of ita IR, NMR, and maw 
spectra with those of an authentic sample prepared by the reaction 
of ~6-CsH6CO(C0)2 with (p-Sz)Fez(CO)B.67 


(n) With Sulfur Chlorides. To 2.91 "01 of (&-Lis)$e(co)6 
in 75 mL of THF at -78 OC was added 0.20 mL (3 "01) of SClz 
(Alfa), which caused an immediate green-to-red color change. 
Volatiles were removed in vacuo. A cold finger was inserted into 
the Schlenk flask, and the oily residue was sublimed at 45 OC (0.3 
mm) for 1 h to give 0.900 g (2.62 mmol, 90% yield) of (p-S2)- 
Fe(CO)6 as ruby-red crystals, mp 43.5-45 OC, which was identified 
by comparison of ita IR and mass spectra with those of an au- 
thentic sample. (A mass spectrum of the oily residue before 
sublimination showed only the presence of (&-S&Fe(CO),.) Anal. 
Calcd for CJ?e20a2: C, 20.96; H, 0.00. Found: C, 20.92; H, 0.06. 


A similar reaction of dianion V (from 2.91 mmol of (p-S,)- 
Fez(CO)d with 0.24 mL (3 mmol) of SzGlz at -78 OC also resulted 
in an immediate green-to-red color change. After volatiles had 
been removed under reduced pressure, a cold finger was inserted 
into the Schlenk flask, and the residue was sublimed at  45 OC 
(0.3 mm) for 1 h to give 0.915 g (2.66 mmol, 91% yield) of (p- 
S2)Fe2(CO)6 as ruby-red crystals, mp 43-45 OC, which was iden- 
tified by comparison of ita IR and mass spectra with those of an 
authentic sample. Anal. Calcd for CJ?ez06S2: C, 20.96; H, 0.00. 
Found: C, 20.89; H, 0.07. 


A reaction of 2.91 mmol of dianion V with 3 mmol of S0C12 
proceeded in the same manner and gave (p-S2)Fez(CO)6 in 94% 
yield. 


( 0 )  With Ligand-Free Metal Dichlorides. The dianion 
solution was prepared as usual from 2.91 m o l  of (&-S2)Fe&CO)B. 
To this solution was added, a t  -78 "C with stirring, slowly by 
syringe, a solution of 0.2 g (1.54 "01) of anhydrous NiCl, in 50 
mL of anhydrous ethanol. A color change from dark green to 
brown-red was ~ b e e ~ e d .  The reaction mixture was stirred at -78 
OC for 30 min, and then 0.45 g (2.14 mmol) of solid tetraethyl- 
ammonium bromide was added to the mixture against a coun- 
tercurrent of nitrogen. The reaction mixture was allowed to warm 
to room temperature and was stirred overnight. Filtration left 
0.62 g (42%) of a black-red powder. Recrystallization from 1:l 
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CH2Cl2/EtOH gave 0.45 g of black crystalline solid, mp 162 "C 
dec; [Et4NI2 [Ni(S2Fez(C0)6)2]: IR (Me2CO) terminal Co region: 
2037 ah, 2021 m, 1998 a, 1944 s cm-'. Calcd for 
C&IaOl2N$,NiFe4: C, 33.40; H, 4.00. Found C, 33.98; H, 4.28. 


A similar procedure was followed in the reaction of 0.27 g (1.50 
"01) of palladium(II) chloride (in 50 mL of EtOH) with dianion 
V prepared from 2.91 mmol of (p-Sz)Fez(CO)B. Subsequently, 
1.365 g (6.50 "01) of tetraethylammonium bromide in 10 mL 
of EtOH was added, and the reaction mixture was allowed to warm 
slowly from -78 OC to room temperature (overnight). The 
black-red precipitate was fiitered, washed with ethanol, and dried 
in vacuo, giving 1.101 g (72%) of [Et4N]z[Pd(S,F~(CO)6)z]. The 
product was purified by precipitating it from hot acetone solution 
by slow addition of pentane to give a black solid, mp ca. 175 "C 
dec: IR (Me,CO) terminal CO reeion: 2024 a. 1999 va. 1940 s cm-'. 


Anal. 


(58) Heck, R. F. Znorg. Chem. 1965,4, 855. 


Anal. C&cdfor'C~HaOl2N2S4~dFe4: C, 31.89; H, 3.82. Found: 
C. 30.96. H. 3.91. 


'The platikm derivative, [Et4N]z[Pt(SzFe,(CO),Jz], mp ca. 185 
"C dec, a dark red, air-stable solid, was prepared and purified 
in the same way; IR (in Me2CO) terminal CO region: 2025 a, 2000 
vs, 1942 va cm-'. Anal. Calcd for CaHaOl2Na4PtFe4: C, 29.41; 
H, 3.53. Found: C, 28.98; H, 3.68. 
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The ultraviolet photoelectron spectra of conformational isomers of ( q5-cyclopentadienyl) (q3-allyl)ruthenium 
carbonyl and their 2-methallyl analogues along with those of (q5-cyclopentadieny1)ruthenium dicarbonyl 
chloride and exo-(q5-cyclopentadienyl) (q3-aUyl)iron carbonyl for comparison have been recorded and assigned. 
There are notable differences in the UPS of the various conformational isomers. This work suggests that 
the H-allyl HOMO should be stabilized relative to the free allyl radical in these transition-metal complexes. 
The latter result is in contrast to some observations for bis(q3-allyl)metal complexes from other laboratories. 


Introduction 
The electronic structures of conformational isomers as 


determined by ultraviolet photoelectron spectroscopy 
(UPS) are generally quite similar unless "through-space" 
interactions between moieties such as "lone pairs" or r 
orbitals are significant and different for the several con- 
formers.' This paper wiU present evidence which suggests 
that such is the case for the conformers endo- and exo- 
(q5-cyclopentadienyl)(q3-allyl)ruthenium carbonyl. Al- 
though the exo isomer is thermodynamically more stable 
than the endo isomer, the separate conformers and their 
2-methallyl analogues have been characterized2 and were 
studied by UPS in the present work. The assignments of 
endo and exo geometry in these complexes were originally 
made on the basis of spectral datq2 X-ray crystallographic 
data have now confirmed these a~signments.~ 


There exists a certain amount of controversy concerning 
the interpretation of the UPS of transition-metal com- 
plexes containing the allyl ligand. The first ionization 
energy of the allyl radical which corresponds to removal 
of an electron from the ?r HOMO has been measured by 
UPS to be 8.13 eV.4 In q3-allyl transition-metal complexes 
the UPS band corresponding to ionization of the perturbed 
"allyl H HOMO" has been suggested to lie between 7.3 eV 
and ca. 9.7 eV depending upon the nature of the complex 
and upon the method of assignment chosen by several 
investigators. In this respect the UPS of the complex 
bis(q3-allyl)nickel has been discussed in several works. 
While several theoretical studies had predicted that the 
"r-allyl" orbital was the HOMO for this complex,S Lloyd 
and Lynaugh6 assigned the fourth band in the He I UPS 
at  9.48 eV to ionization of this ligand orbital; an analogous 
assignment was proposed for the UPS band at 9.73 eV for 
bis(q3-ally1)palladium. Subsequently, Batich' used sub- 


(1) For example, see: R. s. Brown, J. Am. Chem. Soc., 99,6500 (1977); 
S. F. Nelson and J. M. Buschek, ibid, 95, 2013 (1973); N. Bodor, B. H. 
Chen, and S. D. Worley, J. Electron. Spectrosc. Relat. Phenom., 4 65 
(1974). 


(2) D. H. Gibson, W.-L. Hsu, A. L. Steinmetz, and B. V. Johnson, J. 
Organomet. Chem., 208,89 (1981). 


( 3 )  The details of this work will be presented elsewhere. 
(4) F. A. Houle and J. L. Beauchamp, J. Am. Chem. Soc., 100,3290 


(1978). 
(5) D. A. Brown and A. Owens, Inorg. Chim. Acta, 5 ,  675 (1971); A. 


Veillard, J. Chem. SOC., Chem. Commun., 1022,1427 (1969); M. Rohmer 
and A. Viellard, ibid., 250 (1973). 


(6) D. R. Lloyd and N. Lynaugh in "Electron Spectroscopy", D. A. 
Shirley, Ed., North-Holland Publishing Co., Amsterdam, 1972, p 445. 


(7) C. D. Batich, J. Am. Chem. Soc., 98, 7585 (1976). 
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stituent-effect and band-intensity (including limited He 
I1 data) arguments for bis(q3-2-methallyl)nickel in pro- 
posing that the band assignments for the parent complex 
should be revised such that the second UPS band at  8.19 
eV contains the ionization process referring to the H-allyl 
HOMO. Very recent UPS work by Bohm and co-workers* 
on bis(q3-allyl)nickel, bis(q3-allyl)palladium, and bis(q3- 
ally1)platinum and their 2-methyl derivatives has been 
interpreted to indicate that the first UPS band at less than 
8 eV corresponds to ionization of the a-allyl HOMO. This 
interpretation was based upon He I/He I1 intensity ar- 
guments and semiempirical SCF MO calculations. It was 
pointed out that the in-phase linear combination of the 
two nonbonding allylic H orbitals for this bis complex 
cannot interact with metal 3d orbitals by It 
was suggested further that, for the bis(q3-allyl) complexes, 
each allylic moiety is partially negative in charge (ca. -0.4 
for each allyl fragment) causing the ionization potential 
for the r-allyl moiety to be lower than that (8.13 eV4 for 
the allyl radical. 


Green and co-workers have studied the UPS of bis- 
(q5-cyclopentadienyl)(q3-allyl)niobium? They assigned the 
second band (8.0 eV) in the UPS of this complex to ion- 
ization of the perturbed allyl r orbital. Green and Sed- 
donlo have recently reported the UPS of C ~ ( V ~ - C ~ H , ) ~ ,  
Cr2(v3-C3H&, and Mo2(q3-C3H5)& The lowest nonbondmg 
r ionization processes for these complexes were assigned 
in the range ca. 7.6-8.8 eV.1° Similar assignments have 
been made by Hillier et a1."J2 for C I - ( ~ ~ - C ~ H ~ ) ~ .  On the 
other hand, work in these laboratories on the UPS of 
(q3-ally1)manganese tetracarbonyl and its 2-methallyl de- 
rivative and of the q5-cyclopentadienyl q3-allyl dicarbonyl 
complexes of molybdenum and tungsten has indicated that 
the process corresponding to ionization of the r allyl 
HOMO should occur near 9 eV, at higher ionization po- 
tential than those processes corresponding to ionization 
of the orbitals which are predominantly metal in charac- 
ter." Our work shows that the r HOMO of the allyl 


(8) M. C. B6hm, R. Gleiter, and C. D. Batich, Helu. Chim. Acta, 63, 


(9) J. C. Green, S. E. Jackson, and B. Higginson, J. Chem. SOC., Dalton 


(10) J. C. Green and E. A. Seddon, J. Organomet. Chem., 198, C61 


(11) M. Berry, C. David Garner, I. H. Hillier, and A. A. McDowell, 


(12) S. D. Worley, D. H. Gibson, and W.-L. Hsu, Inorg. Chem., 20, 


990 (1980). 


Trans., 403 (1975). 


(1980). 


Inorg. Chem., 20, 1962 (1981). 


1327 (1981). 
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IONIZATION ENERGY (EV) 
Figure 1. The UPS of several ruthenium and iron complexes. The excitation source was the He I resonance line. 


Table I. Ionization Energies and Assignmentsa 


compd I ,  1% I ,  1 4  1, 1 6  1 8  
endo-( q W,H,)( q W,H,)RuCO (A) 7.65 7.8bb 8.59 9.22 9.77 10.17 10.85 


Ru Ru Ru C3H5 C5H5 C5H5 C,H, 
endo-(q5-C5H,)(q3-2-CH3C3H4)RuC0 (B) 7.48 7.70b 8.42 9.09 9.68 10.20 


Ru Ru Ru 2-CH,C,H4 C,H, c 5% 


Ru Ru Ru C,H,, c1 c1 


Ru Ru CJ-4 C,H, C,H, 
C3H5 


2-CH,C,H4 
(q5-C5H,)R~(CO),C1 (C) 8.17 8.52b 9.26 10.46 11.36 


exoq5-C5H5(q3-C3H5)RuC0 (D) 7.92b 8.65b 9.69 10.29 10.68 


exo-(q5-C5H,)(q3-2-CH3C,H4)RuC0 (E)  7.73 8.30 8.54 9.36 10.18 


exo-( q 5-C5H5)(q W,H,)FeCO (F) 6.90 7.28 7.87 8.58 9.64 10.31 


Ru Ru Ru 2-CH3C,H, C,H, 
2-CH,C3H, 


Fe Fe Fe Fe C3H5 C3H5 
C5H5 


All values are in eV. Band corresponds to two metal ionization processes. 


moiety is stabilized by interaction with the metal orbitals 
for the complexes studied. This is in accord with extensive 
prior work in these laboratories concerning UPS of tran- 
sition-metal complexes containing ?r ligands.1s16 It should 
be noted that Fehlner and co-workers have studied the 
UPS of (r16-cyclopentadieny1)(q1-allyl)iron dicarbonyl alS0.l' 
They assign a UPS band at  8.54 eV to ionization of an 


Fe-C u orbital and one at  9.78 eV to ionization of the 
isolated ?r orbital, the lower bands being assigned to ion- 
ization of iron orbitals. 


The current studies were undertaken in an attempt to 
obtain a better understanding of the UPS band assign- 
menta of q3-allyl transition-metal complexes as well as to 
study the effects of conformational isomerism on the 
electronic structure of the complexes. 


(13) S D. Worley, T. R. Webb, D. H. Gibeon, and T.-S. Ong, J. Orga- 


(14) 5. D. Worlev, T. R. Webb. D. H. Gibson. and T.-S. One. J. 
nomet. Chem. 168, C16 (1979). 


1. 


Electron Spectrosc.-Relat. Phenom., 18, 189 (1980). 


Chem., 18, 2029 (1979). 


(1980). 


Organomet. Chem., 191,409 (1980). 


(15) W. E. HiU, C. H. Ward, T. R. Webb, and S. D. Worley, Znorg. 


(16) S. D. Worley and T. R. Webb, J. Organomet. Chem., 192, 139 


(17) B. D. Fabian, T. P. Fehlner, L. J. Hwang, and J. A. Labinger, J. 


Experimental Section 
The synthetic and characterization procedures employed for 


the ruthenium and iron complexes studied in this work have been 
described in detail elsewhere.zJa 


(18) D. H. Gibson, W.-L. Hsu, and D.-S. Lin, J. Organomet. Chem., 
172, C7 (1979). 
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The photoelectron spectra were obtained on a Perkin-Elmer 
PS-18 spectrometer. In all cases the excitation source was the 
He I resonance line. Argon and xenon were employed as internal 
calibranta, and the data presented here represent an average of 
several spectra for each compound. 


Results and Discussion 
The low ionization energy regions of the UPS of the six 


complexes studied in this work are shown in Figure 1. The 
band structures above 12 eV in the spectra were much too 
complex for definitive interpretation. The vertical ioni- 
zation energies measured from the UPS in Figure 1 are 
presented in Table I. I## The band assignments to be 
discussed for this work are given also in Table I. 


The two primary means of UPS band assignments for 
organometallic compounds currently being employed are 
molecular orbital ~ a l c u l a t i o n s ~ ~ ~ ~  and band-intensity ar- 
guments based upon differences between He I and He I1 
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signment procedures and much fine work is proceeding 
along these lines, it is the opinion of these investigators 
that the technique for band assignments developed by 
Heilbronner and co-workers,21 namely, the systematic 
study of extensive series of model compounds and sub- 
stituent effects, remains the most reliable one. The latter 
technique will be employed in this work. 


Let us consider first the UPS (Figure 1) of (q5-cyclo- 
pentadieny1)ruthenium dicarbonyl chloride (compound C 
in Table I). In a prior UPS study of the iron analogue of 
C,19 the first four bands at  8.00,8.38,8.99, and 9.90 eV were 
assigned to ionization of predominantly metal or metal- 
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and 11 eV corresponding to the two ring a-ionization 
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degenerate). Likewise the UPS of the truns-(v5-cyclo- 
pentadieny1)iron dicarbonyl dimer has been assigned as 
follows: 6.95, 7.5, 7.76,8.1,8.68 eV, ionization of “iron 3d 
levels”; 9.52, 9.9 eV, ionization of C5H5 A orbitals.20 In 
comparing diene complexes of iron and ruthenium, Green 
and co-workers22 have noted that metal orbital ionizations 
increase from iron to ruthenium; similar increases are seen 
here with the iron and ruthenium halide complexes. Thus, 
we believe that there is little doubt that the UPS bands 
for C at  8.17, 8.52 (containing a shoulder on the high 
ionization-energy edge), and 9.26 eV correspond to ioni- 
zation of the four orbitals expected to have primarily Ru 
character,23 while the intense broad band centered at  10.46 
eV refers to ionization of the two C5H5 a orbitals and 
possibly a C1 “lone-pair” ionization component. The re- 
maining expected C1 “lone-pair” band clearly must be the 
one a t  11.36 eV, although a C1 lone-pair component 
splitting of more than 0.5 eV does appear abnormally large. 
Alternatively, all C1 lone-pair ionization componenta could 
be contained under the band centered at  11.36 eV. 


Replacing one carbonyl and the chlorine moiety by the 
v3-allyl ligand to form ruthenium complexes A, B, D, and 
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Trans., 1974 (1976). 
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convention, which seem to beat explain the presence of eight low-ioni- 
zation-energy band componenta in Figure 1A. Compound C is also viewed 
as an Ruo complex. 
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Figure 2. Through-space interactions between cyclopentadienyl 
and allyl A HOMOS in endo and ex0 isomers. 


E (Table I, Figure 1) in all cases shifts the bands corre- 
sponding to ionization of metal orbitals to lower ionization 
potentials. If we consider the endo isomer A, the first four 
bands of the UPS for this molecule closely resemble in 
profile and intensity those for C. They are shifted to lower 
ionization potential by ca. 0.6 eV relative to the analogous 
bands for C.23 Furthermore the broad double maximum 
at  9.77 and 10.17 eV for A logically refers to ionization of 
the perturbed C5H5 a orbitals. This leaves the bands at  
9.22 and 10.85 eV to be assigned to ionization of the two 
perturbed allyl a orbitals. Upon methyl substitution to 
form endo isomer B, the expected shift to lower ionization 
potential is observed for all of the bands. The most dra- 
matic shift occurs for the highest band which is now 
merged into the high ionization energy tail of the C5H5 
band. This is to be expected since the lower A orbital of 
the allyl moiety contains maximum orbital electron density 
a t  the 2-position to which the methyl group is directly 
bonded. On the other hand, the a-allyl HOMO contains 
a node at the 2-position and is hence affected no more than 
are the Ru orbitals by methyl substitution. 


The appearances of the UPS for the exo isomers D and 
E are somewhat different than those for the two corre- 
sponding endo isomers discussed below. Although four 
predominantly metal ionization processes are evident in 
the UPS for D and E below 9 eV, the I3 and I4 bands are 
now substantially merged in contrast to the situation for 
A and B. Furthermore the a-allyl HOMO is somewhat 
more stable for D and E than for A and B. The cyclo- 
pentadienyl and second allyl ionization bands are not 
clearly resolved for the D and E isomers, such that it is 
difficult to predict relative stabilities for the C5H5 orbitals 
for A/D and B/E. A through-space interaction between 
the allyl a HOMO, which contains its orbital density a t  
carbons 1 and 3, and the cyclopentadienyl HOMO should 
be more significant for the endo isomers than for the exo 
analogues (Figure 2). This may explain in part why the 
splitting between the allyl A HOMO and the C5H5 orbitals 
would be somewhat greater for A and B than for D and 
E as is observed in the UPS. It is impossible to assess the 
exact difference of this through-space interaction for the 
two sets of isomers because of extensive band overlapping 
in the UPS of D and E. Also “through-bond” interactions 
between the C3H5 and C5H5 moieties may be some dif- 
ferent for the two seta of isomers, as might be inferred from 
the appearance of the “metal-orbital” regions of the UPS. 
In any case we are convinced that the UPS band corre- 
sponding to the a-allyl HOMO occurs at higher ionization 
energy than do all of the metal UPS bands in contrast to 
the apparent situation for bis(q3-allyl)metal ~omplexes.’~~ 
The current UPS interpretations for A, B, D, and E are 
entirely consistent with those for the other allyl complexes 
studied previously in these laboratories.12 


The interpretation of the UPS of the iron complex F is 
more complicated. Clearly the bands at 6.90,7.28, and 7.87 
eV can be assigned to ionization of perturbed iron orbitals. 
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However, the fourth band at 8.58 eV for F appears broader 
and more intense than does the corresponding band for 
exo ruthenium complexes D and E. Thus the a allyl 
HOMO ionization process may lie under this band cen- 
tered at  8.58 eV, or it may lie under the leading edge of 
the extremely intense band centered a t  9.64 eV, which 
undoubtedly contains one or more C a 5  components. The 
Is band at  10.31 eV for F must correspond to ionization 
of the most stable a-allyl orbital as well as a second C5H5 
component. Given that it is only ca. 0.4 eV lower in ion- 
ization energy than the corresponding band for its ruthe- 
nium analogue (D), we believe that the a allyl HOMO 
ionization band is most probably contained beneath the 
leading edge of the 9.64 eV band. 


In conclusion, it is apparent that UPS may be used to 
detect subtle differences in the electronic structures of 
conformational isomers of transition-metal complexes. 


Furthermore, we believe that the allyl a HOMO in tran- 
sition-metal complexes containing a single q3-allyl moiety 
will be stabilized relative to free allyl in contrast to the 
destabilization noted in a recently published report con- 
cerning bis(q3-aUyl)metal complexes! We realize, however, 
that the two types of complexes may be quite different 
electronically, due to the presence of the second allyl group 
in the bis complexes, such that both interpretations may 
well be correct. 
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Isomeric [trimethyl(cross-conjugated dieny1)ltricarbonyliron cations A (lla) and B (1 lb) have been 
generated in SOz at -65 OC by using 2-3 equiv of FS03H or excess FS03H and excess 1:l SbFS/FSO,H. 
Precursors 3-5 all produce the same equilibrium A/B mixture. These observations, and the isomerization 
which attends generation of A and B from 3 followed by immediate methonolysis at low temperature to 
give mainly 5, require facile isomerization about the C2-C3 bond at low temperature. At  temperatures 
up to -40 O C  no NMR line broadening owing to rotation is observed. Warming of the A/B mixture to 
-50 O C  causes conversion to a a,?r-allyl complex of structure 7a or 7b. Generation of the cations under 
short lifetime conditions by solvolysis in 80% aqueous acetone gives nearly complete (95%) isomerization. 
Cations A and B fail to give detectable fluorosulfonate, halide, or CO adducts, possibly owing to an increase 
in steric crowding attendant to adduct formation. Isomerization to the (conjugated dieny1)tricarbonyliron 
cation 10 resulted when 3 was treated with HBFl under 1 atm of CO at 0 "C. These observations are in 
accord with our earlier deduction that (cross-conjugated dieny1)tricarbonyliron cations do not possess the 
coordinatively unsaturated structure 1 predicted by a one-interaction frontier orbital model but that they 
can achieve such a structure at the cost of a modest amount of energy. 


Our previous studies of the parent cation and its isom- 
eric 4-methyl derivatives have shown that (cross-conju- 
gated dieny1)tricarbonyliron cations do not possess the 
coordinatively unsaturated q3 structure 1 predicted by 
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ical behavior than their predecessors; several new rear- 
rangements are reported. Nevertheless, their properties 
are in accord with our earlier conclusions about electronic 
struct, re. 


Results 
The readily available alcohol complex 3 was chosen as 


our first precursor for a cross-conjugated cation complex 
(see Experimental Section for details on synthesis). The 
chemistry observed when ions were generated and 
quenched at low temperatures is depicted in Scheme I. 
Treatment (under nitrogen) of a yellow -65 "C solution 
of 3 in SOz with 2-3 equiv of cold FS03H produced a clear 
red-brown solution. Cooling of this solution to -78 "C (Dry 
Ice/acetone bath), addition of excess water, and subse- 
quent gradual warming to 0 "C to allow the ice to melt and 
quenching to occur produced one major product, 4. 
Quenching with an aqueous bicarbonate solution gave the 
same result. Addition of -78 "C methanol to the -78 "C 
red-brown solution caused the color to change back to the 
original yellow at -78 "C. Workup produced an 83% yield 
of crude product demonstrated to be a mixture of only two 
compounds: 5 (95%) and 6 (5%). Within the limits im- 
posed by experimental method, quench products did not 
depend on the age of the red-brown acidic solution. 
Low-temperature methanolysis performed immediately 
after mixing, all a t  -78 "C, gave the same mixture of 5 and 
6. The time from addition of the first FS03H to mixing 
of the methanol quench solution was less than 30 s. 
Treatment of cold SOz solutions of 4 or 5 with FS03H 
generated red-brown solutions which were, according to 
lH NMR, identical with that generated from 3. Even when 
the methyl region was scanned immediately (I1 min) after 
ion generation, the results were independent of precursor. 


Spectroscopic evidence for rearrangement of the original 
1,l-dimethyl alcohol, 3 (see Scheme I for numbering), to 
compounds of the 5,5-dimethyl series 4-6 is compelling. 
The highest field 'H NMR signals of 3 are an AB pattern 
centered at  6 1.9 (Avm 6 Hz, JAB = 3 Hz) for the hy- 
drogens at Cq. The anti (cis) hydrogen is deshielded, owing 
to ita nonbonded interaction with the anti methyl at C1.596 
Methyl ether 5,  which is typical of 4-6 in this regard, 
exhibited doublets a t  6 0.03 (J  = 2 Hz) and 6 -0.38 (J  = 
2.5 Hz). These high-field signals are characteristic of anti 
hydrogens on diene ligands which bear no terminal sub- 
st i tuenk6 The remaining spectral and analytical data 
confirm the structures shown for 4-6 (see Experimental 
Section). 


Warming of the red-brown acidic solution to tempera- 
tures in excess of -50 "C for several minutes followed by 
quenching at  -78 "C with either water or methanol gave 
a new quench product, 6, in high yield. The same com- 
pound was subsequently shown to be identical with the 
minor product of hydrolysis or methanolysis of the original 
red-brown solution. The triene structure 8 is uniquely 
consistent with the spectral properties and elemental 
composition of this compound. 


The 'H NMR spectrum (see Figure 1) of the original 
red-brown solution exhibits signals that are consistent with 
the presence of two species, A and B. Integration of what 
are clearly methyl singlets gives a ratio of 2 parts of A to 
1 part of B. Treatment of cold SOz solutions of 3 with 
excess FS03H or with excess 1:l SbF5/FS03H gave red- 
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(5) Jackman, L. M.; Sternhell, S. "Applications of Nuclear Magnetic 
Resonance Spectroscopy in Organic Chemistry"; Pergamon Press: Lon- 
don, 1969; p 71. 


(6) Emerson, G. F.; Mahler, J. E.; Kochhar, R.; Pettit, R. J. Org. Chem. 
1964,29, 3620. 
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Figure 1. 60-MHz 'H NMR spectrum of species A and B gen- 
erated by treatment of 3 in S02(1) with 2 equiv of fluorosulfonic 
acid at -65 "C. The spectrum was recorded at -68 O C .  


brown solutions of A and B in the same 2:l ratio, and 
quenching gave the same products described above. Ad- 
dition of potassium fluorosulfonate to a solution of A and 
B caused no observable change. However, it could not be 
demonstrated that significant amounts of KFS03 dis- 
solved. Treatment of 3 with excess 98% HzS04 at  0 "C 
caused some gas evolution and formation of a brown so- 
lution. Subsequent aqueous quenching gave triene com- 
plex 6. Spectral data do not permit unambiguous assign- 
ment of structures to A and B and will be dealt with in 
the Discussion. 


Warming to -50 or -40 "C caused formation of a new 
species, C, at the expense of A and B, which maintain their 
2:l ratio as they disappear. Subsequent cooling to -78 "C 
had no effect on the 'H NMR spectrum of this solution. 
The 'H and 13C NMR spectra (see Experimental Section) 
of species C are consistent with either of the structures7 
7a or 7b (data tabulated in Experimental Section), 


1 4 


t Fe-H 
(GO13 


7a 7b 


Characteristic signals are the highly shielded a-bound 
carbon 4.1-ppm upfield from Me4Si8 and the signal for the 
proton bound to iron at  6 -14.L7 Work of Ittel et al. with 
protonated (diene)iron triphosphites and triphosphines has 
proven the bridged, Fe-H-C, s t r u ~ t u r e . ~  


The cations were generated at 45 "C under short lifetime 
conditions by solvolysis of the 3,5-dinitrobenzoate ester 
of 3 in 80% aqueous acetone (v/v) buffered with an 
equivalent amount of sodium 3,5-dmitrobenzoate. The lH 
NMR spectrum of 3-ODNB shows clearly that it has the 
unrearranged 1,l-dimethyl structure. Careful analysis of 
the solvolysis product mixture by thin-layer chromatog- 


(7) Brookhart, M.; Harris, D. L. Znorg. Chem. 1974,13, 1540. White- 
sides, T. H.; Arhart, R. W. Zbid. 1976, 14, 209. 
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2227. 
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Chem. SOC. 1978,100,1317. Williams, J. M.; Brown, R. K.; Schultz, A. 
J.; Stucky, G. D.; Ittel, S. D. Zbid. 1978,100,7407. Williams, J. M.; Brown, 
R. K.; Schultz, A. J.; Stucky, G. D.; Harlow, R. L.; Ittel, S. D. Zbid. 1980, 
102,981. Ittel, S. D.; Van-Catledge, F. A,; Jesson, J. P. Zbid. 1979,101, 
6905. 







(Cross-conjugated dieny1)tricarbonyliron Cations 


raphy and by 'H NMR spectroscopy revealed a compo- 
sition of 90% 4,570 3, and 5% 6. In a control experiment 
unrearranged alcohol 3 was heated a t  45-50 "C in 80% 
aqueous acetone with an equivalent amount of 3,5-di- 
nitrobenzoic acid for 67 h. TLC monitoring of the reaction 
mixture showed no change. 


Several attempts to trap a coordinatively unsaturated 
ion, e.g., 1, failed. Treatment of a SOz solution of 3 with 
excess HBr at -78 "C produced no evidence for formation 
of the (q3-allyl)tricarbonyliron bromide, 10.lo Treatment 
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of 3 with HBF4 in trifluoroacetic acid in the presence of 
1 atm of carbon monoxide was designed to produce the 
(q3-allyl)iron tetracarbonyl salt 11." However, only the 
rearrangement product 10, identified by its IR and NMR 
spectra, was isolated.12 


IO 


Discussion 
Possible structures for A and B which enjoy some pre- 


cedent are the isomeric cations lla and l l b ,  fluoro- 
5 a  10 
/ H4a 


l l a  l i b  


F02SO-  ff - CO 


c, 
0 


12 


sulfonate adduct(s) 12, a,?r-allyl  specie^,^ and  allyl 
cations which possess an additional interaction between 
a proximate hydrogen and the iron atom, like 7a and 7b, 
as a means of giving iron a stable ltbelectron configura- 
t i ~ n . ~  The latter have been described as protonation 
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G. F.; Pettit, R. J. Am. Chem. Soc. 1962,84,4591. Plowman, R. A.; Stone, 
F. G. A. Z. Naturforsch, B Anorg. Chem., Org. Chem. Biochem., Bio- 
phys., Biol. 1962,17, 575. 


(11) .Gibson, D. H.; Vonnahme, R. L. J. Am. Chem. Soc. 1972,94,5090. 
Whitesides, T. H.; Arhart, R. W.; Slaven, R. W. Zbid. 1973, 95, 5792. 


(12) (Conjugated dieny1)tricarbonyliron cations with the unstable 
trans c o n f i a t i o n  rearrange via intramolecular hydride shifts Jablon- 
ski, C. R.; Sorensen, T. S. Can. J. Chem. 1974,52, 2085. 


Table I. 'H NMR Assignments for A and B 
chem shifts ( 6 ) a  and signal multiplicity (5,  H z ) ~  


or species A (1 l a )  species B (1 l b )  


CH, obsd expectedC obsd expectedC 
1s 2.50 (d, 5.0) 3.1d (d, 3) 1.70 (s) 
l a  1.35 (d, 5.0) 2.0 (d, 3) 1.70 (s) 
3 2.30 (s) 2.40 (s) 
4s 4.28 (d, 3) 4.5 (d, 1) 4.10 (d, 3)  4.1 (d, 1) 
4a 4.17 (d, 3) 3.6(d, 1)  4.42 (d, 3) 4.6e (d, 1) 
5a 2.87 (s) unresolvedf 4.3d (s) 
5s 2.72 (s) 5.26 ( s ) ~  5.2d (s) 


Relative to  internal tetramethylsilane in liquid sulfur 
dioxide at -65 "C. Ex- 
pected shifts are estimated from the shifts for the unsub- 
stituted, the 4-syn-methyl, and the 4-anti-methyl ana- 
logues. 
the van der Waals effect of a proximate methyl. This 
increment estimated from shifts in (q3-allyl)Fe(CO), cat- 
ions reported by: Gibson, D. H.; Vonnahme, R. L. J. 
Am. Chem. SOC. 1972,94, 5090. Gibson, D. H.; Erwin, 
D. K. J. Organomet. Chem. 1975,86, C31. e Includes a 
downfield increment of 1.0 ppm for the van der Waals 
effect of the la-methyl: Bonazza, B. R.; Lillya, C. P.; 
Magyar, E. S.; Scholes, G. J. Am. Chem. SOC. 1979,101, 
4100. f An excess in the total integral for the 6 4.0-4.5 
region of ca. 0.5 H for l l b  suggests Hsa is 
hidden in this multiplet. g J5a,5s = 0 in cations 17a-c, 
thus a singlet is expected. 


produds of (diene) (tris(trialky1 phosphito)iron compounds 
and exhibit an 'H NMR signal at  ca. 6 -15 for the highly 
shielded iron coordinated proton. Absence of any signals 
for unusually shielded protons in the spectra of A and B 
eliminate this type of structure. a,a-Allyl cations also 
exhibit high-field proton signals718 and are thereby elimi- 
nated. 


The possibility that either A or B is a fluorosulfonate 
adduct, 12, is eliminated by our observation that the A to 
B ratio does not change as the acid is changed from 2-3 
equiv of FS03H to excess FS03H or to  excess 1:l 
FSOBH/SbFb Both of these changes should reduce the 
activity of fluorosulfonate ion in solution13 and conse- 
quently reduce the equilibrium concentration of a fluo- 
rosulfonate adduct as they do in the case of the 4s-methyl 
cation 16c2 The possibility that both A and B are fluo- 
rosulfonate adducts, even in 1:l FS03H/SbF6, seems re- 
mote. For example, 1 equiv of FS03H gives an adduct, 13, 


s = singlet and d = doublet. 


Includes a downfield increment of 0.6 ppm for 


l e q  FS03H Excess  FS03H or - 
13 14 


with (butadiene)Fe(CO),, but excess FS03H and 
FS03H/SbF5 give the fluorosulfonate-free ion 14.7,8J4 In 
addition, steric crowding will strongly oppose an increase 
in the coordination number of iron from four to five (see 
below). The isomeric (cross-conjugated dieny1)tri- 
carbonyliron cations lla and l l b  are left as the best 
structures for A and B. 


Table I presents the best set of assignments for the 'H 
NMR signals observed for A and B. Expected values are 
derived from f d y  established shifts for the parent cation 
(17a) and its 4-methyl derivatives (17b ,~) .~% The NMR 
data are consistent with those for structure lla for the 


(13) Cf. Gillespie, R. J.; Peel, T. E. Adu. Phys. Org. Chem. 1971,9,1. 


(14) Young, D. A. T.; Holmes, J. R.; Kaesz, H. D. J. Am. Chem. SOC. 
Lillya, C. P.; Sahatjian, R. A. Inorg. Chem. 1972,11, 889. 


1969, 91,6968 and reinterpreted in ref 16. 
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major isomer and those for l l b  for the minor isomer. 13C 
NMR spectra of A and B which we have obtained were of 
such poor quality as to defy analysis. 


The 'H data are not in good agreement with the fluo- 
rosulfonate adduct structure 12. Extant measurements on 
(~3-allyl)tricarbonyliron-oxyanion adducts lead to expec- 
tation of the chemical shifts shown in 15.15 The value for 


R 
I R f U  


Bonazza, Lillya, and Scholes 


NO3 
H S 0 4  


13 


H1, includes a downfield increment of 0.6 ppm for the van 
der Waals effect5 of the proximate methyl group estimated 
from data on (~~-allyl)tetracarbonyliron cations.16 The 
one-proton doublets observed at 6 1.35 and 2.50 are far 
upfield from these. Furthermore, the 5-Hz value of J1, la 
is inconsistent with the value of <1 Hz expected for 1515:16 
(or 12) but is close to the values of this coupling constant 
we have observed for the related ions 17a-c (2.7,3.0, and 
3.0 Hz).~B 


Next we address the questions of C2-C3 rotation and 
coordinative unsaturation which would be characteristic 
of bonding like that depicted in 1. The rearrangements 
we have observed require such rotation. In low-tempera- 
ture methonolysis, nucleophilic attack on the major species 
1 la leads to the major quench product 6. Material balance 
requires that l l b  also give a substantial quantity of 6. 
Thus, rapid C243 rotation is required. Generation of the 
cations under short lifetime conditions during solvolysis 
also demonstrates rapid rotation. An inherent ambiguity 
complicates interpretation of these data, however. Re- 
versible nucleophilic attack at  iron would give an adduct 
like 12 with an essential single C&3 bond. Thus, behavior 
in nonnucleophilic media are more likely to reflect intrinsic 
properties of the cations themselves. Cation generation 
at  -65 "C using excess 1:l SbF5/FS03H gives after only 
1 min and, probably more rapidly, the same equilibrium 
mixture regardless of precursor (3-5). This same 1 la/  1 lb 
ratio is maintained as they are converted to 7 at -50 to -40 
"C. These observations require facile rotation, though it 
is not rapid enough to cause NMR line broadening. 
Formation of fluorosulfonate adduct 12 is highly unlikely 
under these conditions. In the related case of the 4a- 
methyl cation, 17c, which is in slow equilibrium with its 
fluorosulfonate adduct, we have proven that C243 rotation 
is an intrinsic property of the free cation.2 


Evidence for coordinative unsaturation is present. The 
simple analogues of structure 1, (q3-allyl)tricarbonyliron 
cations, have never been observed,18 but their coordina- 
tively saturated halide, fluorosulfonate, trifluoroacetate, 
carbon monoxide, and other adducts are well-known.'-l' 
Cations 1 la,b show no tendency to form adducts, but this 
may be the result of adduct destabilization owing to steric 


(15) Neameyanov, A. N.; Kritakaya, I. I.; Ustynyuk, Y. A.; Schembelov, 
G. A. J. Orgammet. Chem. 1968,14,395. King, R. B.; Kapoor, R. N. Ibid. 
1968,15,457. Ehrlich, K.; Emerson, G. F. J. Am. Chem. SOC. 1972,94, 
2464. Whitesides, T. H.; Arhant, R. W. Inorg. Chem. 1975, 14, 209. 


(16) Gibson, D. H.; Vonnahme, R. L. J. Am. Chem. Soc. 1972,94,5090. 
Gibson, D. H.; Erwin, D. K. J. Organomet. Chem. 1975,86, C31. 


(17) Fedorov, L. A. Russ. Chem. Rev. (Engl. Transl.) 1970,39, 655. 
Hickmott, P. W.; Cais, M.; Modiano, A. Annu. Rep. NMR Spectrosc. 
1977, 6C, 309-310. 


(18) Species originally assigned this structure (cf. Emerson, G. F.; 
Pettit, R. J. Am. Chem. SOC. 1962,84, 4591) must be reformulated as 
(qa-allyl)Fe(CO), cations in light of subsequent investigations." 


I 
+ Fe(C013 


16 


crowding. Insertion of iron into a C-H bond to give a 
cation like 7 is a reaction which is characteristic of the 
coordinatively unsaturated (~~-allyl)tricarbonyliron cat- 
ions. '~~ This behavior is not inconsistent with our con- 
clusions reached during study of the cations l7a-c, that 
the structures are of type 2 but that type 1 structures are 
easily formed. Formation of 7 would proceed via 16. 


From a comparison of the key properties of l la ,b with 
those of (cross-conjugated dieny1)tricarbonyliron cations 
we have reported on previously, 17a-c, the factors which 
determine differences in behavior and the electronic nature 
of Fe-C bonding emerge clearly. 


5 


1 ;'r 'I4 R,, b R 4 a = H ;  R,,=CH3 


R4a C R,a = CH3; R 4 s  = H 


a R , ~ =  R ,~=  H 


+ Fe(CO)3 


17 


Of the five cations, only 17c forms an observable fluo- 
rosulfonate adduct when treated with 2-3 equiv of FS03H 
in SO2 at 4 5  OC. Concomitant rotation of the &-propenyl 
group (C3C4Rh) out of the C1C2C5 plane away from iron 
relieves the H1,-4a-methyl steric interaction and provides 
driving force for adduct formation. 17a and 17b lack the 
4-anti-methyl substituent and fail to give adducts. In 
cations 1 la,b steric factors strongly oppose adduct for- 
mation which increases the coordination number of iron. 
The pentacoordinate adduct is depicted (12) in the eq, 
conformation favored by electronic fa~tors . '~  All of the 
above cations fail to form observable halide or CO adducts. 
Thus, adduct formation occurs only in the special case of 
17c in which relief of steric strain makes it especially fa- 
vorable. Cations 1 la,b do undergo intramolecular C-H 
insertion to give 7. This reaction is not possible for 17a-c. 
Taken together, these observations are not consistent with 
the highly electrophilic character expected of a coordina- 
tively unsaturated cation like 1. 


Cations l la ,b exhibit no line broadening in their 'H 
NMR spectrum owing to interconvewion by rotation about 
the C2-C3 bond. Formation of 7 prevents the search for 
this effect a t  temperatures above -35 OC. Cations 17a,b 
have been studied at  temperatures up to -20 and 0 OC, 
respectively, and exhibit no 'H or 13C NMR line broad- 
ening attributable to C2-C3 rotation. Only 17c exhibits 
such effects. Conversion to 17b prevented ita study above 
0 "C, but estimates based on line-shape measurements in 
the -2 to -31 OC range gave a AG* value for C&3 rotation 
of 13 kcal/mol. Relief of the Hh-4anti-methyl interaction 
during rotation must be responsible for the anomalous 
behavior of 17c. Thus, the barrier to rotation, and prob- 
ably the energy difference between structures 2 and 1 for 
sterically unperturbed cations, is larger than 13 kcal/mol. 
This is inconsistent with a structure like 1. 


The conclusion of this series of investigations is that the 
simple frontier orbital theory can provide useful insight 


(19) Rossi, A. R.; Hoffmann, R. Znorg. Chem. 1975, 14, 365. 
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into metal-carbon bonding in transition-metal ?r com- 
plexes. The energetic accessibility of structure 1 to 
(cross-conjugated dieny1)tricarbonyl cations despite its 
coordinative unsaturation is testimony to that fact. 
However, a model which focuses on one or two donor- 
acceptor interactions alone must be applied with care and 
a clear understanding of what is being ignored. In the case 
of the species studied here, maximization of overlap for 
the HOMO-LUMO interaction to give structure 1 is ac- 
complished only at the sacrifice of several other important 
interactions3 and does not give the correct ground-state 
structure. 


Experimental Section 
General Data. Infrared spectra were recorded by using 


Perkin-Elmer 727 and Beckman IR 10 instruments, and NMR 
spectra were obtained by using Varian A-60 (ambient and low 
temperature) and Perkin-Elmer R-12 (ambient temperature) 
spectrometers. NMR samples in CDC13 and CCl, were filtered 
(Metricel-alfa 6) immediately before their spectra were recorded. 
Preparation of samples in SO2(l)/strong acid has been described.p 
3-Methyl-2-( l-methylethenyl)-2-buten-l-01 was donated by E.I. 
du Pont de Nemours and Co. Technical grade FS03H was 
purchased from J.T. Baker Chemical Co. and was distilled and 
stored in Teflon bottles. Reagent grade antimony pentafluoride 
was purchased from Ozark Mahoning Co. Dry-column chroma- 
tography was carried out in Nylon columns using silica gel 
deactivated by addition of 10% water. Bands were cut from the 
developed columns, and the products were recovered by washing 
with 5% methanol in ether. Elemental analyses were performed 
by the University of Massachusetts Microanalysis Laboratory. 


(3-Met hyl-2- (1-met hylethenyl)-2-buten- 1-01)tricarbonyl- 
iron (3). (3-Methyl-2-(l-methylethenyl)-2-buten-1-01~~* (12.6 g, 
0.10 mol) and diiron enneacarbonyl(80.0 g, 0.22 mol) were stirred 
in the dark and under nitrogen at  reflux in 430 mL ether for 22 
h. Filtration of the reaction mixture and evaporation of ether 
left a yellow-green oil which was purified by using dry-column 
chromatography (CHC13). A green Fe3(C0)1z band was followed 
by a large yellow band: 17.45 g (66%); mp 91-95 OC. Recrys- 
tallization from Skelly Solve-F gave yellow crystals: mp 94-96 
"C; IR (CClJ 3635 (OH), 2040,1965 (-1,1065 cm-' (CO); NMR 
(CClJ 6 4.70 (m, 2, CHzOH), 3.44 and 3.33 (two d, 2, J = 3.0 Hz, 
=CHd, 2.33 (s,3,3-CHJ, 1.71 (s,3, syn-CHJ, 1.13 (s,3, anti-CHJ; 
mass spectrum, m/e 266 (M'), 238 (M' - CO), 210 (M' - 2CO), 


Anal. Calcd for Cl1Hl4FeO4: C, 49.66; H, 5.30; Fe, 20.99. Found 
C, 49.82; H, 5.44; Fe, 20.8. 


Methanolysis of A and B. A red-brown solution of A and 
B in 30 mL of S02(l) was prepared at  -78 "C from 5 (3.0 g, 0.011 
mol) and FS03H (1.94 mL, 3.38 g, 0.034 mol). Addition of 20 mL 
of -78 "C methanol changed the color to light yellow. SO2 was 
allowed to evaporate as the solution warmed, and the residue was 
treated with 200 mL of water. Organic products were isolated 
by chloroform extraction, giving 2.61 g (83%) of crude product 


chromatography afforded 1.21 g (38%) of methyl ether 5 as a 
yellow oil: IR (CC14) 2845 (CH30), 2055,1965 ( C e ) ,  1065 (CO); 
NMR (CC14) 6 3.29 (8, 3, OCH3), 2.26 (8, 3, 3-CH3), 1.76 (d, 1, J 
= 3 Hz, Hsp), 1.60 (d, 1, J = 2 Hz, H', ), 1.53 and 1.39 (two s, 
6, C(CH3)OCH3), 0.03 (d, 1, J = 2 Hz, 'kmtJ, -0.38 (d, 1, J = 3 
Hz, Hmti); masa spectrum, m/e 280 (M'), 252 (M' - CO), 224 (M' 


Anal. Calcd for C12Hl$eO4: C, 51.46, H, 5.76; Fe, 19.94. Found 
C, 51.63; H, 5.67; Fe, 19.5. 


Hydrolysis of A and B. A solution of A and B in 20 mL of 
S02(l) was prepared at -78 "C from 5 (2.23 g, 0.008 mol) and 


182 (M - 3CO). 


Shown to be 95% 5 and 5% 6 by NMR S ~ ~ ~ ~ O S C O P Y .  Dry-column 


- 2CO), 196 (M' - 3CO). 


FS03H (2.51 g, 1.45 mL, 0.025 mol). After 10 min, most of the 
SOz was removed under vacuum and 20 mL of ice water was added 
cautiously with stirring to the sample while it remained in an 
acetone/Dry Ice bath. The mixture was then allowed to warm 
and was neutralized with sodium bicarbonate, and the organic 
producta were isolated by extraction into CCL,. The crude product 
was a yellow oil which NMR analysis showed to be 86% 6 and 
14% 8. Dry-column chromatography (CsHs) gave alcohol 4 (the 
low Rf band) as a cloudy yellow oil which was purified by evap- 
orative distillation at 94-100 OC (4 torr): 1.04 g (48%), yellow 
oil; IR (CClJ 3620,3520 (OH), 2080,1980 (M), 1110 cm-' (CO); 
NMR (CCl,) 6 2.38 (s, 3, 3-CH3), 1.89 (d, 1, J = 3 Hz, KP), 1.68 
(d, 1, J = 2 Hz, H',,,,), 1.68 and 1.40 (two s, 6, C(CH3)OH), 1.20 


mass spectrum, m/e 266 (M'), 238 (M' - CO), 210 (M' - 2CO), 


Anal. Calcd for CllH14Fe04: C, 49.66; H, 5.30; Fe, 20.99. Found: 
C, 49.21; H, 5.26; Fe, 21.3. 


Generation of C. When a solution of A and B in S02(l) was 
warmed to -45 "C, signals for C replaced those of A and B over 
the course of ca. 10 min. Recooling to -65 OC caused no further 
change. A solution which exhibited an identical spectrum could 
be obtained by treatment of triene complex 6 with FS03H at -78 
"C. NMR data (see numbering on formula 7b) are consistent with 
either structure 7a or structure 7b. 'H NMR (SOz, external Me4Si, 
-50 "c): 6 6.08 (br s, 1, Hs), 5.93 (s, 1, Hs3, 3.57 (d, J = 4 Hz, 


1, J = 4 Hz, Hl.m& 0.92 (br, 1, FeCH), -0.92 (br, 1, FeCH'), -14.1 
(br, ca. 1, FeH). 13C NMR (SO2, -50 OC, internal CDC13 corrected 
to Me4Si): 6 137.1 (s, C5), 123.1 (t, C6), 114.2 (9, C2), 101.2 ( tor  
s, C3), 51.1 (probable t, Cl), 22.3 and 19.0 (two q, CHis), -4.1 (?, 
FeCH2C3) plus C=O signals at 201.3, 199.4, 195.6 ppm. 


Methanolysis and Hydrolysis of C. A solution of A and B, 
prepared in 30 mL of SO2 from 5 (2.57 g, 0.010 mol), was allowed 
to warm until SO2 began to boil (ca. -20 "C) and then was added 
slowly with stirring to 80 mL of ice water and 20 mL of methylene 
chloride. Organic products were isolated by extraction into 
methylene chloride. Evaporation of methylene chloride left (1- 
3,7-q4-2,4-dimethyl-3-methylidene-1,4-pentadiene)tricarbonyliron 
(6), 1.71 g (72%), shown to be pure by NMR and TLC analysis.21b 
Evaporative distillation at  55-65 "C (0.2 torr) gave 1.55 g (69%) 
of a yellow oil: IR (CCJ 3100,3070 (=CH), 2060,1970 (C-), 
910 cm-' (=CHd; NMR (CCb) 6 5.22 and 5.12 (two m, 2, =CHz), 
2.17 (8,  3, 2-CH3), 2.04 (d, 3, J = 1 Hz, 4-CH3), 1.65 [apparent 
t, 2, analyzed as 1.67 (d, 1, J = 2.1 Hz, HBw) and 1.63 (d, 1, J = 


Hz, H'mti); mass spectrum, m/e 248 (M'), 220 (M' - CO), 192 


Anal. Calcd for Cl1Hl2FeO3: C, 53.26; H, 4.88; Fe, 22.51. Found 
C, 52.90; H, 4.81; Fe, 22.2. 


Compound 6 was also the sole product of methanolysis of C 
at -78 "C. 
(3-Methyl-2-(1-methylethenyl)-2-buten-l-yl 3,5-dinitro- 


benz0ate)tricarbonyliron (3-ODNB). Alcohol 3 (2.52 g, 0.009 
mol) was esterified by using 3,5-dinitrobenzoic anhydridez2 (11.3 
g, 0.028 mol) according to the procedure of Kuhn and LillyaB to 
give an orange oil. Crystallization from ether gave 5-ODNB as 
yellow crystals: 2.37 g (57%); mp 85-86 "C (uncorrected); IR 
(CCLJ 3080,2060,1985,1970,1730,1620,1540 cm-l; NMR (CDClJ 
6 9.23 (m, 3, ArH), 5.60 and 5.36 (two d of AB system, 2, J = 12.5 


1.72 (s, 4, syn-CH3 and Hcs ), 1.11 (s, 3, anti-CH3). 
Anal. Calcd for Cl8Hl6N2FeOB: C, 46.97; H, 3.51. Found: C, 


47.01; H, 3.74. 
Solvolysis of 3-ODNB. Sodium 3,5-dinitrobenzoate (0.053 


g, 0.23 mmol) and 3-ODNB (0.100 g, 0.217 mmol) were heated 
in a mixture of 8 mL of acetone and 2 mL of water at 45-50 O C  
in a stoppered flask under nitrogen and protected from light. After 
143 h. TLC Isilica eel/benzene) showed almost no 3-ODNB. The 


(~ , l ,  OH), 0.12 (d, 1, J =  2 Hz, H"ti), -0.25 (d, 1, J =  3 Hz, Hmd); 


182 (M' - 3CO). 


2.57 ( ~ , 3 ,  C&H3), 2.38 (d, 3, J = 1 Hz, CS-CHS), 1.46 (d, 


3.0 Hz, H'lP)], 0.10 (d, 1, J = 2.1 Hz, Hmti), 0.00 (d, 1, J = 3.0 


(M' - 2CO), 164 (M' - 3CO). 


Hz, -CHzO), 2.32 (8, 3, 3-CH3), 1.87 (d, 1, J = 3.3 Hz, H4.mti), 


(20) D o h h ,  P. A.; Gresham, D. G.; Luya, C. P.; Magyar, E. S. Inorg. 
Chem. 1976. 15. 2311. Dobosh. P. A.: Gresham. D. G.: Kowalski. D. J.: 


SOlVO~ySiS mihture kk Poured 1 0  mL of5% aqueous Sodium 
bicarbonate, and the organic products were isolated by extraction - -  , - ~ -~~~~~~~~ ~ I ~I I - . . . . . . . _. . ., _. , - ._ . . ~ ~ ~  ~ ~~ 


Lillya, C. P.; Magyar, E. S. Ibid. 1978,17, 1775. ~ into methylene chloride. The crude product was a yellow oil which 
(21) (a) Blume, R. C. U.S. Patents 3806551,1974, and 3860669,1975, 


assigned to E.I. du Pont de Nemours and Co.; Chem. Abstr. 1976,81, 
P3344; 1976,82, P172295. (b) Reflux of alcohol 3 in benzene with cata- 
lytic p-toluenesulfonic acid gives 6 in excellent yield and purity. Personal 
communication from Professor Thomas A. Albright. 


(22) Reichstein, T. Helo. Chim. Acta 1926, 9, 799. 
(23) Kuhn, D. E.; Lillya, C. P. J.  Am. Chem. SOC. 1972, 94, 1682. 
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NMR analysis showed to be 90% 4, 5% 3, and 5% 6. To de- 
termine the stability of 3 under solvolysis conditions, we heated 
3 (0.028 g, 0.10 mmol), 3,&dinitrobpmic acid (0.022 g, 0.10 mmol), 
1.0 mL of water, and 4.0 mL of acetone at 45-50 O C .  Comparison 
of a sample with drawn after 72 h with one withdrawn prior to 
heating by TLC (silica gel/benzene) showed that no change had 
occurred. 


Reaction of 3 with HzSOl and HBr. Alcohol 3 dissolved in 
cold 98% HaO, W h  some gas evolution to give a brown solution. 
This solution was poured immediately into an ice-water mixture 
and the mixture extracted with ether. Washing, drying (MgSO,), 
and evaporation of the ether layer left a yellow oil whose IR and 
NMR spectra were identical with those of 6. Treatment of 3 in 
SO2 at -78 "C with excess HBr gave a black solution from which 
no organic products could be isolated. 


(2,3,4-Trimethylpentadienyl)tricarbonylin Fluoroborate 
(10). Alcohol 5 (500 mg) was added to a solution of trifluoroacetic 
anhydride (14 g) and 48% fluoroboric acid (2.5 g), and the mixture 
was stirred at room temperature under an atmosphere of carbon 
monoxide for 3 h. This mixture was poured into cold ether to 
precipitate the product as a pale yellow solid 190 mg (25%); mp 
260 OC; IR (CH3N02) 3675, 2125,2080, 1060 em-'; NMR (ace- 
tone-de) 8 3.85 (d, 2, JWti = 3 Hz, Him), 2.80 (8, 3, 3-CH3), 2.60 


(s,6, 2-CH3), 1.4 (br, 2, Hl.aati); NMR (SO2 at -20 O C )  6 3.58 (br, 
2, Hl.Bm), 2.68 (br 8, 3, 3-CH3), 2.53 (br s, 6, 2-CH3), 8.37 (br, 2, 
Hl.aati). Further purification of this material was not possible, 
and hydrolysis and methanolysis gave no identifiable products. 
Lower reaction temperaturea gave the same product in lower yield. 
A perchlorate salt, IR [(CH,NOa 3675,2125,2075,2050, and 1050 
cm-l] and NMR spectra identical with those of 10, was prepared 
in 56% yield by dropwise addition of 60% HC104 in acetic an- 
hydride to a stirred solution of 3 in acetic anhydride at 0 "C. 
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A general, high-yield synthesis of seven-coordinate cations [M(CNR)&]+, [Mo(CNR'),$]+, and [M- 
(CNR),I2+, where M = Mo, W; R = alkyl; R' = aryl; X = C1, I, CN, has been developed. The synthetic 
procedure includes the oxidation of the appropriate M(CNR)B(CO)3 species with a mild reagent, followed 
by displacement of carbon monoxide with isocyanide. The oxidant PhIC12 was found to be especially 
convenient in this procedure. This method can be used to pre are 1-20 g of crystalline products in good 


this synthetic route. A novel dealkylation reaction of a coordinated t-BuNC ligand occurs when hepta- 
kis(tert-butyl isocyanide)molybdenum(II) or -tungsten(II) is refluxed in ethanol. The products are the 
cyanohexakis( tert-butyl isocyanide)metal(II) cations. 


yields. Mixed halo-carbonyl-isocyanide products (CO),X,(2" P +, x + y + z = 7 ,  may also be obtained by 


During studies of the reductive coupling2J of alkyl iso- 
cyanide ligands in seven-coordinate molybdenum(I1) and 
tungsten(I1) complexes, we found it desirable to  develop 
improved syntheses of compounds having the general 
formulas [M(CNR)6X]+4i5 and [M(CNR)7]2+5-9 (M = Mo, 
W; R = alkyl, aryl; X = halide) which have been known 


(1) Part 14 of a continuing series on higher coordinate cyanide and 


(2) Dewan, J. C.; Mialki, W. S.; Walton, R. A.; Lippard, S. J., J. Am. 
isocyanide complexes. For part 13, see ref 2. 


Chem. SOC., in press. 
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for a number of years. These compounds have been pre- 
pared by a variety of methods, including reductive al- 
kylation4v5 of molybdenum(1V) cyanide complexes, chem- 
ical oxidationsJO of metal(0) carbonyl or isocyanide com- 
plexes followed by displacement of the carbonyl ligands 
by isocyanide, and photochemical1' oxidation of metal(0) 
isocyanide complexes in CHC13. Recently reported 
syntheses7* of [M(CNR),I2+ and M(CNR),X2 (X = CF3- 
C02-, Cl-) involve cleavage of the quadruply bonded M o ~ ~ +  
core by alkyl isocyanide. 


This paper describes high-yield preparations of the de- 
sired compounds through oxidation of M(CNR),(CO),, 
(1 I x 5 3; R = alkyl, aryl; M = Mo, W) with mild oxidants 
such as PhIC12 and I2 followed by displacement of the 
carbon monoxide ligand with isocyanide. Conditions have 
been developed so that either the [M(CNR),X]+ or the 
[M(CNR),I2+ complexes may be prepared. These reactions 
require inexpensive starting materials, can be conducted 
on a large (1-20 g) scale, and produce good to excellent 
quantities of isolated crystalline product. The procedure 
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NMR analysis showed to be 90% 4, 5% 3, and 5% 6. To de- 
termine the stability of 3 under solvolysis conditions, we heated 
3 (0.028 g, 0.10 mmol), 3,&dinitrobpmic acid (0.022 g, 0.10 mmol), 
1.0 mL of water, and 4.0 mL of acetone at 45-50 O C .  Comparison 
of a sample with drawn after 72 h with one withdrawn prior to 
heating by TLC (silica gel/benzene) showed that no change had 
occurred. 


Reaction of 3 with HzSOl and HBr. Alcohol 3 dissolved in 
cold 98% HaO, W h  some gas evolution to give a brown solution. 
This solution was poured immediately into an ice-water mixture 
and the mixture extracted with ether. Washing, drying (MgSO,), 
and evaporation of the ether layer left a yellow oil whose IR and 
NMR spectra were identical with those of 6. Treatment of 3 in 
SO2 at -78 "C with excess HBr gave a black solution from which 
no organic products could be isolated. 


(2,3,4-Trimethylpentadienyl)tricarbonylin Fluoroborate 
(10). Alcohol 5 (500 mg) was added to a solution of trifluoroacetic 
anhydride (14 g) and 48% fluoroboric acid (2.5 g), and the mixture 
was stirred at room temperature under an atmosphere of carbon 
monoxide for 3 h. This mixture was poured into cold ether to 
precipitate the product as a pale yellow solid 190 mg (25%); mp 
260 OC; IR (CH3N02) 3675, 2125,2080, 1060 em-'; NMR (ace- 
tone-de) 8 3.85 (d, 2, JWti = 3 Hz, Him), 2.80 (8, 3, 3-CH3), 2.60 


(s,6, 2-CH3), 1.4 (br, 2, Hl.aati); NMR (SO2 at -20 O C )  6 3.58 (br, 
2, Hl.Bm), 2.68 (br 8, 3, 3-CH3), 2.53 (br s, 6, 2-CH3), 8.37 (br, 2, 
Hl.aati). Further purification of this material was not possible, 
and hydrolysis and methanolysis gave no identifiable products. 
Lower reaction temperaturea gave the same product in lower yield. 
A perchlorate salt, IR [(CH,NOa 3675,2125,2075,2050, and 1050 
cm-l] and NMR spectra identical with those of 10, was prepared 
in 56% yield by dropwise addition of 60% HC104 in acetic an- 
hydride to a stirred solution of 3 in acetic anhydride at 0 "C. 
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A general, high-yield synthesis of seven-coordinate cations [M(CNR)&]+, [Mo(CNR'),$]+, and [M- 
(CNR),I2+, where M = Mo, W; R = alkyl; R' = aryl; X = C1, I, CN, has been developed. The synthetic 
procedure includes the oxidation of the appropriate M(CNR)B(CO)3 species with a mild reagent, followed 
by displacement of carbon monoxide with isocyanide. The oxidant PhIC12 was found to be especially 
convenient in this procedure. This method can be used to pre are 1-20 g of crystalline products in good 


this synthetic route. A novel dealkylation reaction of a coordinated t-BuNC ligand occurs when hepta- 
kis(tert-butyl isocyanide)molybdenum(II) or -tungsten(II) is refluxed in ethanol. The products are the 
cyanohexakis( tert-butyl isocyanide)metal(II) cations. 


yields. Mixed halo-carbonyl-isocyanide products (CO),X,(2" P +, x + y + z = 7 ,  may also be obtained by 


During studies of the reductive coupling2J of alkyl iso- 
cyanide ligands in seven-coordinate molybdenum(I1) and 
tungsten(I1) complexes, we found it desirable to  develop 
improved syntheses of compounds having the general 
formulas [M(CNR)6X]+4i5 and [M(CNR)7]2+5-9 (M = Mo, 
W; R = alkyl, aryl; X = halide) which have been known 


(1) Part 14 of a continuing series on higher coordinate cyanide and 


(2) Dewan, J. C.; Mialki, W. S.; Walton, R. A.; Lippard, S. J., J. Am. 
isocyanide complexes. For part 13, see ref 2. 


Chem. SOC., in press. 
(3) (a) Lam, C. T.; Corfield, P. W. R.; Lippard, S. J. J. Am. C h m .  SOC. 


1977,99,617. (b) Corfield, P. W. R.; Baltwis, L. M.; Lippard, S. J. Inorg. 
Chem. 1981,20,922. (c) Giandomenico, C. M.; Lam, C. T.; Lippard, S. 
J., J. Am. Chem. SOC., in press. (d) Dewan, J. C.; Giandomenico, C. M.; 
Lippard, S. J. Inorg. Chem., in press. 


(4) Lewis, D. F.; Lippard, S. J. Znorg. Chem. 1972, 11, 621. 
(5) (a) Novotny, M.; Lippard, S. J. J. Chem. SOC., Chem. Commun. 


1973,202. (b) Lam, C. T.; Novotny, M.; Lewis, D. L.; Lippard, S. J. Inorg. 
Chem. 1978,17,2127. (c) Lippard, S. J. Prog. Znorg. Chem. 1976,21, 91. 


(6) Lewis, D. L.; Lippard, S. J. J. Am. Chem. Soc. 1975, 97, 2697. 
(7) (a) Brant, P.; Cotton, F. A.; Sekutowaki, J. C.; Wood, T. E.; Walton, 


R. A.; J. Am. Chem. SOC. 1979,101,6588. (b) Wood, T. E.; Deaton, J. 
C.; Coming, J.; Wild, R. E.; Walton, R. A. Inorg. Chem. 1980,19, 2614. 
(c) Mialki, W. S.; Wild, R. E.; Walton, R. A. Ibid. 1981.20, 1380. 


(8) LaRue, W. A.; Liu, A. T.; San Fillipo, J., Jr. Znorg. Chem. 1980,19, 
315. 


(9) (a) Girolami, G. S.; Anderson, R. A. J. Organomet. Chenr. 1979, 
182, C43. (b) Inorg. Chem. 1981,20, 2040. 


0276-7333/82/2301-Ol42$01.25/0 


for a number of years. These compounds have been pre- 
pared by a variety of methods, including reductive al- 
kylation4v5 of molybdenum(1V) cyanide complexes, chem- 
ical oxidationsJO of metal(0) carbonyl or isocyanide com- 
plexes followed by displacement of the carbonyl ligands 
by isocyanide, and photochemical1' oxidation of metal(0) 
isocyanide complexes in CHC13. Recently reported 
syntheses7* of [M(CNR),I2+ and M(CNR),X2 (X = CF3- 
C02-, Cl-) involve cleavage of the quadruply bonded M o ~ ~ +  
core by alkyl isocyanide. 


This paper describes high-yield preparations of the de- 
sired compounds through oxidation of M(CNR),(CO),, 
(1 I x 5 3; R = alkyl, aryl; M = Mo, W) with mild oxidants 
such as PhIC12 and I2 followed by displacement of the 
carbon monoxide ligand with isocyanide. Conditions have 
been developed so that either the [M(CNR),X]+ or the 
[M(CNR),I2+ complexes may be prepared. These reactions 
require inexpensive starting materials, can be conducted 
on a large (1-20 g) scale, and produce good to excellent 
quantities of isolated crystalline product. The procedure 
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Mo(II) and W(II) Isocyanide Complex Synthesis 


also allows the  synthesis of mixed halo-carbonyl-iso- 
cyanide complexes such as M o ( C N - ~ - C ~ H & ~ ( C O ) ~ I ~ ,  the 
W(I1) analogue of which has been previously reported.'O 
The unique ligand in the [M(CNR),X]+ cations (X = 
SnC13-, halide) can be displaced,5bJ2 and this reaction has 
been employed here to prepare the [M(CNR),(cN)]+ (from 
X = halide) and [Mo(CNR),I2+ (from X = SnC13-) com- 
plexes. X-ray crystallographic studies of these complexes 
have been described e l s e ~ h e r e . ' ~ J ~  Finally, a novel de- 
alkylation reaction of the coordinated tert-butyl isocyanide 
ligand to form coordinated cyanide has been observed in 
the complex [M(CN-t-C4H,),I2+ (M = Mo, W). This 
generally unrecognized reaction may be relatively common 
among cationic isocyanide complexes when the alkyl group 
can form a stable carbonium ion as is the case when R is 
tert-butyl or benzyl. 


Experimental Section 
General Procedures. All reactions were carried out with the 


highest purity reagents commercially available. Molybdenum 
hexacarbonyl was obtained from Climax Molybdenum or Pressure 
Chemical Co., and tungsten .hexacarbonyl was obtained from 
Pressure Chemical Co. Isocyanides were prepared by standard 
procedures" from the appropriate amine or N-alkylformamide. 
Iodobenzene dichloride was prepared by the method of Lucas and 
Kennedy.16 M(CNR)3(CO)3 compounds were synthesized by 
literature procedures.ls Microchemical analyses were performed 
by Galbraith Laboratories, Knoxville, TN. Nuclear magnetic 
resonance spectra were taken on a Bruker WP-80 or a Perkin- 
Elmer R32 spectrometer. A Perkin-Elmer 621 or a Jasco infrared 
spectrometer waa used to record infrared spectra. Electronic 
spectra were recorded on a Cary 118C spectrophotometer. All 
chromatographic separations were carried out by using "flash" 
chromatography as described by Still, Kahn, and Mitra.17 


Mixed Haldarbonyl-Isocyanide Complexes. Mo(CN- 
t-C4H9)3(C0)212. A solution of 1.26 g (5.0 mmol) of Iz in 25 mL 
of benzene was added dropwise to 2.14 g (5.0 mmol) of Mo(CN- 
t-C4H&(CO)3 dissolved in 50 mL of benzene. If, toward the end 
of the addition, the solution began to darken rapidly with each 
drop of Is, the addition was discontinued. The benzene was 
removed under reduced pressure to yield a brown powder. Dark 
brown crystals were obtained by vapor diffusion of n-pentane into 
15 mL of a benzene solution of the compound under an inert 
atmosphere. Over a period of 2 days, 2.22 g (68% yield) of 
MO(CN-~-C~H&(CO)~I~ was deposited. IR (CHCld 2985 (m), 2210 
(m), 2173 (sh), 2155 (s), 1995 (s), 1935 (s), 1375 (m), 1235 (w), 1205 
(m), 572 (w), 530 (w) cm-'. Anal. Calcd for C17HnN302M~12: C, 
31.17; H, 4.15; N, 6.41; Mo, 14.64; I, 38.74. Found: C, 30.78; H, 
4.22; N, 6.29; Mo, 14.27; I, 37.83. 
[W(CN-t-C4&),(CO)Iz]CHCl~ A solution of 2.0 g (7.9 "01) 


of iodine in 50 mL of methanol was added dropwise over a 5-min 
period to a solution of 4.17 g (8.1 mmol) of W(CN-t-C4HS),(CO), 
and 2.1 g (25 "01) of tert-butyl isocyanide dissolved in 500 mL 
of methanoL The reaction was allowed to stir at room temperature 
for 30 min. The solvent was removed under reduced pressure, 
leaving 6.4 g of solid. Unoxidized starting material (1.4 g), [W- 
(CN-t-C4H9)61]I, and [W(CN-t-C4H&]12 were isolated as solids 
by vapor diffusion of ether into a methanol solution of the residue. 
The filtrates were combined and the solvents removed under 
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reduced pressure. The resultant solid was divided into batches, 
and X-ray quality crystals were eventually obthined by vapor 
diffusion of pentane into a CHC13 solution. The formulation of 
the product was confirmed by X-ray crystallography.18 IR (KBr 
pellet) 2155 (8 ,  br), 1905 ( 8 )  cm-'. Anal. Calcd for 


Found C, 29.01; H, 4.29; N, 6.36; W, 20.19; I, 29.38. 
[ M(Cm)6X]+ Complexes. [MO(CNCH~)~I]BF~. A solution 


of 1.55 g (6.1 "01) of Iz dissolved in 10 mL of toluene was added 


dissolved in 400 mL of toluene. After 5 min, 0.755 g (18.4 "01) 
of methyl isocyanide was added to the solution. After 24 h of 
stirring, the solvent was removed under reduced pressure. The 
solid residue was dissolved in 250 mL of methanol and purged 
with Nz for 30 min. The purging was continued for an additional 
hour while the solution was photolyzed with a Pyrex-jacketed 
450-Watt medium-preasure Hanovia lamp. The methanol solution 
was concentrated to about 30 mL, and 1.3 g of NaBF4 was added. 
Bright orange crystals precipitated in a few minutes. Further 
concentration and chilling to -20 OC produced more crystals (total 
yield 1.45 g, 40%). The [Mo(CNCH3)J]BF4 compound was re- 
crystallized from hot absolute ethanol: mp 171-175 "C dec; IR 
(KBr pellet) 2923 (w), 2155 (s), 1451 (w), 1405 (m), 1050 (s), 690 
(w), 499 (w), 483 (w), cm-'. Anal. Calcd for C12H18N6MoIBF4: 
C, 25.92; H, 3.26; N, 15.12; Mo, 17.26; I, 22.83. Found: C, 26.02; 
H, 3.42; N, 14.98; Mo, 17.00; I, 22.63. 


[MO(CN-~-C~H~)~I] I .  A mixture of 5.25 g (19.9 mmol) of 
Mo(CO)~ and 11.7 g (141 mmol) of tert-butyl isocyanide was 
heated to reflux in an oil bath with stirring under nitrogen. 
Sublimation of Mo(CO), was minimized by adjusting the level 
of the oil bath to be below the liquid level in the flask and by 
heating the reaction slowly (-45 min) from room to reflux tem- 
perature. Gas evolution occurred as the solution heated up and 
the Mo(COl6 dissolved. The oil bath temperature was maintained 
at about 120 OC for an additional hour after all the Mo(CO)~ had 
dissolved, and then it was allowed to cool. To the cool solution 
was added 200 mL of nitrogen-purged methanol. A solution of 
5.05 g (19.9 "01) of Iz dissolved in 75 mL of methanol was added 
with stirring over 10-min. The iodine color dissipated almost 
immediately with concomitant gas evolution. This solution was 
heated to reflux for 8 h. The solvent was removed under reduced 
pressure and replaced with 250 mL of absolute ethanol. The bright 
orange19 solution was purged with nitrogen for 30 min and then 
photolyzed with a Pyrex-jacketed 450-Watt medium-pressure 
Hanovia mercury lamp for 1 h.2O The solvent was removed to 
yield 12.5 g of [Mo(CN-t-C4H&I]I (74%) which was recrystallized 
by vapor diffusion of &O into an ethanol solution of the complex. 
If NMR spectroscopy showed the conversion to pure [Mo(CN- 
t-C4H9)61]I to be incomplete, the photolysis step was repeated. 
No more than three repetitions of the photolysis was ever required 
to achieve complete conversion to [MO(CN-~-C,H~)~I]I; mp 
183-188 OC dec. The product was identified by ita NMR, optical, 
and IR spectra.6b IR (KBr pellet) 2973 (m), 2924 (w), 2175 (w), 
2114 (s), 2040 (sh), 1450 (w), 1367 (m), 1232 (m), 1190 (m), 520 
(m) cm-'. 


[MO(CN-C-C~H~~)~I]I. A mixture of 2.6 g (9.9 mmol) of Mo- 
(CO), and 8.6 g (79.0 "01) of cyclohexyl isocyanide (CN-c-C,Hll) 
under nitrogen was heated in an oil bath at 120 OC with stirring 
for 6 h. After the solution had cooled, the mixture was diluted 
with 200 mL of methanol. A solution of 2.5 g (9.9 mmol) of Iz 
dissolved in 50 mL of methanol was added to the solution. Gas 
evolution was observed and the solution was allowed to stir at 
room temperature for 24 h. The resulting solution was filtered 
and the solvent removed under reduced pressure leaving a brown 
oil. The brown oil was chromatographed on a 6 cm X 50 cm silica 
gel column eluted with 3% EtOH/CHC13. The unoxidized pale 
yellow mixed isocyanide-carbonyl molybdenum(0) species were 
eluted f is t  and discarded. An orange band containing a mixture 
of [ Mo(CN-C-C~H~~)~I] I and [ Mo( CN-c-C6Hl1),]I2 was collected, 


WC21H&N4O*CHC13: C, 28.80; H, 4.06; N, 6.11; W, 20.04; I, 27.66. 


dropwise with Stirring to 1.86 g (6.1 "01) Of Mo(CNCH,),(C0)3 
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the solvent was removed under reduced pressure, and the residue 
was dried under vacuum overnight. The resulting oil was re- 
dissolved in isoamyl alcohol, purged with nitrogen for 30 min, and 
photolyzed by a Pyrex-jacketed 450-Watt medium-pressure Ha- 
novia lamp for 1.5 h. The solvent was removed under reduced 
pressure. If TLC of the product showed a spot corresponding 
to [MO(CN-C-C~H,,)~]I~, the photolysis was repeated. Orange 
platelike crystals (2.18 g, 22% yield) were obtained by vapor 
diffusion of petroleum ether into the [Mo(CN-c-C$Ill),J]I product 
diasolved in acetone: mp 167-168.5 "C; IR (KBr pellet) 2932 (m), 
2856 (m), 2185 (sh), 2130 (s), 1450 (m), 1362 (m), 1351 (m), 1320 
(m), 1270 (w), 1238 (w), 1145 (w), 1122 (w), 1035 (w), 1015 (w), 
990 (w), 960 (w), 695 (w), 645 (w) cm-l; 'H NMR (CDC13) 6 1.54 
(m), 1.82 (m), 4.15 (m). Anal. Calcd for C & & & M o I $  c ,  50.21; 
H, 6.62; N, 8.36; I, 25.26. Found: C, 49.96; H, 6.74; N, 8.27; I, 
25.65. 


[W(CN-t-C4H&I]I. A solution of 0.234 g (0.92 "01) of iodine 
dissolved in 10 mL of methanol was added dropwise with stirring 
to a solution containing 0.484 g (0.94 mmol) of W(CN-t- 
c4&)&0)3 dissolved in 25 mL of methanol. After the addition 
was complete, 0.26 g (3.1 "01) of tert-butyl isocyanide was added, 
and the reaction was refluxed for 12 h. The methanol and any 
free isocyanide was removed under reduced pressure. The re- 
sultant solid was p h o t o c h e m i ~ a l l y ~ ~ ~ ~ ~  converted to [W(CN-t- 
C&)6I]I and purified as described in the synthesis of [Mo(CN- 
t-C4Hg)61]I above. A total of 0.64 g of [W(CN-t-C4H9)61]I (74% 
yield) was collected (mp 179-180 OC dec) and identified by its 
NMR and IR spectroscopic properties.6b IR (KBr pellet) 2925 
(w), 2875 (m), 2110 (a), 1370 (w), 1190 (m), 1155 (w) cm-l. 


[Mo(CN-t-C4Hg),Cl]C1. The starting material, Mo(CN-t- 
C4Hg)3(C0)3, was prepared in situ by using 18.7 g (71 mmol) of 
Mo(CO), and 35.4 g (426 mmol) of tert-butyl isocyanide as de- 
scribed above in the procedure for [Mo(CN-t-C4Hg),I]I. The 
product of the reaction was dissolved in 750 mL of toluene that 
was purged with nitrogen for 30 min. While the solution was being 
vigorously stirred, 19.4 g (71 mmol) of PhIC1, was added in four 
batches. Vigorous gas evolution occurred. The reaction was 
allowed to stir at room temperature under nitrogen for 48 h during 
which time yellow [Mo(CN-t-C4Hg)&1]C1 precipitated. The 
precipitate was filtered, washed with toluene, and dried under 
vacuum overnight to obtain 35 g of [Mo(CN-t-C4Hg),C1]CI (74% 
yield). The product was identified by its NMR spectrum.5b IR 
(KBr pellet) 2999 (w), 2149 (s), 2130 (sh), 1390 (w), 1255 (w), 1218 
(w), 550 (w) cm-'. 


[Mo(CNC6H4-p-C1),I]I. A solution containing 0.96 g (3.8 
mmol) of Iz in 20 mL of benzene was added dropwise to a stirred 
solution of 10 mL of benzene containing 2.19 g (3.7 mmol) of 
Mo(CNC,H,-~-C~)~(CO)~ After the gas evolution had subsided, 
3.1 g (22.5 "01) of p-chlorophenyl isocyanide was added. After 
about 1 h a precipitate had formed. The solution was stirred at 
room temperature for approximately 12 h, and then the orange 
brown precipitate was collected. This material (presumably the 
triiodide salt) was "flash" ~hromatographed'~ on a 5 cm X 10 cm 
silica gel column eluted with CHC13. A purple Iz band and an 
orange-brown band were followed by a large deep orange band 
which, upon removal of the solvent, was found to be [Mo- 
(CNC6H,-p-C1),I]I (2.68 g, 62% yield, based on molybdenum). 
The product was recrystallized from methylene chlorideln-pen- 
tane. Anal. Calcd for C4zHz4N6C&MoIz: C, 42.93; H, 2.06; N, 
7.15; Mo, 8.16; C1, 18.10; I, 21.60. Found: C, 42.67; H, 2.22; N, 
7.01; Mo, 8.38; C1, 17.90; I, 21.30. 


[Mo(CNC6H4-p -C1),I](PF6). To a solution containing 1.0 g 
(0.9 "01) of [Mo(CNC&,-~-C~)~I]I in 900 mL of methanol was 
added 2 g (12 mmol) of NH,PF,. A bright yellow precipitate 
formed immediately which was allowed to stand 45 min before 
collecting and drying under vacuum to yield 0.8 g (75%) of 
[Mo(CNC6H4-p-C1),I](PFs): mp 188-193 "c dec; IR (KBr pellet) 
2115 (s), 1485 (m), 1090 (m), 1010 (m), 840 (m) cm-'. 


[Mo(CNC6H4-p -CH&I](PF6). A solution containing 0.476 
g (1.9 mmol) of iodine in 15 mL of toluene was added dropwise 
to 0.996 g (1.9 mmol) of Mo(CNC,H,-p-CH,),(CO), dissolved in 
20 mL of toluene. After the gas evolution had subsided, 0.76 g 
(6.5 "01) of p-tolyl isocyanide was added, and the reaction was 
stirred at room temperature for 48 h. The solvent was removed 
under vacuum and the resultant red-orange oil dissolved in 150 
mL of 95% ethanol and layered over 60 mL of a 50% ethanol/ 
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water solution containing 1 g of NaPF,. Over the course of several 
hours 1.63 g (80% yield) of [Mo(CNC6H4-p-CH3),I](PF,) plates 
formed and was collected mp 98-106 "C dec; IR (KBr pellet) 
2925 (m), 2130 (s), 1503 (m), 840 (m) cm-I. Anal. Calcd for 


Found: C, 52.75; H, 3.97; N, 7.65; Mo, 8.75; I, 11.92. 
[Mo(cN-t-C,~),(CN)](PF,). Method A. A 0.21-g (43 "01) 


portion of NaCN was added to 150 mL of methanol containing 
2.15 g (2.5 mmol) of [Mo(CN-t-C4Hg),1]I. The reaction mixture 
was stirred at room temperature for 8 h during which time the 
color changed from orange to yellow. This solution was added 
to 150 mL of CHZCl2 and washed four times with a saturated NaCl 
solution. The organic layer was dried over Na.#04 and the solvent 
was removed under reduced pressure, leaving 1.37 g (2.1 mmol, 
84% yield) of a yellow powder. This product was converted to 
the PF6- salt by passing a 1:l HzO/methanol solution of [Mo- 
(CN-t-C4Hg)6(CN)]C1 through 35 mL of Dowex 2-X8 20-50 mesh 
anion exchanger converted to the PF6- form by standard proce- 
dures. X-ray quality crystals were formed in the dark by vapor 
diffusion of EtzO into methanol containing [MO(CN-~-C,H~)~- 
(CN)](PF,): mp 167-176 "c dec; IR (KBr pellet) 2927 (m), 2935 
(m), 2114 (s), 2045 (sh), 1462 (m), 1402 (w), 1369 (m), 1237 (m), 
1190 (s), 1041 (w), 925 (w), 873 (sh), 833 (sh), 558 (s), 527 (8 )  cm-'. 
Anal. Calcd for C31H&1N7M~PF8: C, 48.63; H, 7.11; N, 12.80; Mo, 
12.53; P, 4.05. Found: C, 48.59; H, 7.29; N, 13.04; Mo, 11.21; P, 
3.90. The formula has also been confirmed in an X-ray crystal 
structure determinati~n.'~ 


Method B. A suspension of 0.2 g (0.2 mmol) of [Mo(CN-t- 
C4H9)7](PF6)z was placed in 50 mL of absolute ethanol and re- 
fluxed for 3 days. After the heat was removed, 0.1 g of NaPF, 
(0.6 "01) was added. A yellow precipitate (0.025 g) formed which 
was collected and identified as starting material by its 'H NMR 
and electronic spectra. The ethanol was removed under reduced 
presaure and the residue chromatographed on silica gel by eluting 
with 3% ethanol/chloroform. A yellow band (33 mg) with 'H 
NMR, IR, and UV spectra identical with those of [Mo(CN-t- 
C,Hg)&N)](PF6) (0.044 mmol, 22% yield) prepared by method 
A was collected. 
[W(CN-t-C4Hg),(CN)](HzPO4). A suspension of 0.5 g (0.47 


mmol) of [W(CN-t-C4H9)7](PF6)2 in 25 mL of ethanol with 0.2 
mL of pyridine was heated to reflux under nitrogen for 3 days. 
The solution was filtered and the solvent removed under reduced 
pressure. The yellow-brown product was dissolved in 15 mL of 
ethanol and crystallized by vapor diffusion of EtzO into this 
solution. Yellow crystals (135 mg, 35% yield) of [W(CN-t- 
C4Hg)6(CN)]H2P04 were collected and identified by analytical 
and spectroscopic (especially the P-0 stretch at  1055 cm-'; the 
H2PO; anion presumably arose through hydrolysis of PF;) data: 
IR (KBr pellet) 2988 (m), 2945 (m), 2101 (s), 2045 (sh), 1460 (m), 
1398 (m), 1370 (m), 1232 (m), 1190 (s), 1055 (s), 840 (m), 520 (m) 
cm-'; 'H NMR (CDClJ 6 1.56 (8). Anal. Calcd for C31H&WP04: 
C, 46.22; H, 7.01; N, 12.17; W, 22.82. Found: C, 46.25; H, 7.02; 
N, 11.48; W, 20.92. 


Attempted Synthesis of [Mo(CN-t-C4H9),C1]Cl. Method 
A by Oxidation of Mo(CO), with PhIClz followed by Ad- 
dition of CNR. To a stirred, nitrogen-purged solution of 0.8 g 
(3 mmol) of Mo(CO), in 20 mL of toluene was added 0.83 g (3 
mmol) of PhICIP. Once gas evolution had subsided, 1.2 g (14 
"01) of tert-butyl isocyanide was added. Gas evolution occurred 
and a gummy, water-soluble precipitate formed. This solution 
was filtered and an additional 0.78 g (9 mmol) of tert-butyl iso- 
cyanide was added to the solution. After 3 days at room tem- 
perature, 44 mg of [MO(CN-~-C~H~)~C~]C~  (2% yield) formed and 
was collected by fdtration and identified by its IH NMR spectrum 
( 6  1.55 in CDC13).5b 


Method B by Oxidation of Mo(CO), with PhICl, in the 
Presence of CNR. When the oxidation above was carried out 
in the presence of CN-t-C4&, a gummy, water-soluble precipitate 
was the only observed product. 


Method C by Addition of Mo(CO), to a Solution Con- 
taining PhIClz and CNR. When the PhIClz was added to a 
toluene solution of tert-butyl isocyanide and followed by addition 
of Mo(CO),, no immediate reaction occurred. After 10 min the 
solution turned blue. [Mo(CN-t-C4&)&!1]c1 was not isolated from 
this solution even after several days of standing. The blue 
products have not yet been characterized. 


CQBH~~NBMOIPF~: C, 53.84; H, 3.95; N, 7.85; Mo, 8.96; I, 11.85. 
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M(CNR)2(C0)312+M(CNR)3(C0)212+ M(CNR&(CO)IZ- M(CNRIsI2 
-co -co -CO 


Figure 1. Possible scheme depicting the synthesis and interconversion reactions of seven-coordinate molybdenum(I1) and tungsten(I1) 
haio-carbonyl-isocyanide complex&. 


[MoL7I2+ Complexes. [ M O ( C N - C - C ~ H ~ ~ ) ~ ] ( P F ~ ) ~  Mo(CN- 
C-C&)&0)3 was prepared from 1.0 g (3.8 "01) of MO(CO)~ 
and 4.4 g (40 mmol) of cyclohexyl isocyanide in a manner identical 
with that for MO(CN-~-C~H~)~(CO)~  described in the [Mo(CN- 
t-C4Hg)61]I synthesis. The product was dissolved in 125 mL of 
methanol, and 1.0 g (3.6 mmol) of PhIClz was added with con- 
comitant gas evolution. The reaction was allowed to stand at room 
temperature for 24 h before 2.5 g (14.9 "01) of NaPF6 was added 
to the solution. The solution was cooled to 0 "C for 4 days. Yellow 
plates of [Mo(CN-C-C~H~~)~] (PI?,), were collected by filtration 
(3.24 g, 2.8 mmo1,74% yield): mp 137-138.5 "C; IR (KBr pellet) 
2935 (s), 2862 (m), 2143 (s), 1455 (m), 1369 (m), 1353 (m), 1321 
(m), 1155 (w), 1125 (w), 1020 (w), 930 (w), 897 (m), 835 (s), 648 
(w) cm-'. Anal. Calcd for C49H77N7M~P2F12: C, 51.17; H, 6.75; 
N, 8.53; P, 5.39. Found: C, 51.07; H, 6.78; N, 8.45; P, 5.55. 


[Mo(CN-t -C4Hg)7](PF6)2. This compound" was prepared in 
80% yield in a manner analogous to that described above for 
[Mo(CN-C-C~H~~)~] (PF& mp 190-200 "C dec. 


[W(CN-t-C4Hg)7](PFs)2. In this case the W(CO)6 and tert- 
butyl isocyanide must be heated for 96 h to produce the W(CN- 
t-C4Hg)3(C0)3. The procedure was the same as that described 
for [Mo(CN-C-C~H~~)~] (PF~)~  in every other respect, and [w- 
(CN-t-C4H9)7](PF6)~h was produced in 60% yield; mp 190-195 
"C dec. 


[ M O ( C N - ~ - C ~ H ~ ) ~ ] ( B P ~ ~ ) ~  To a stirred suspension of 0.10 
g (0.1 mmol) of [MO(S~C~~)(CN-~-C~H~)~](PF~) in 15 mL of 
methanol was added 0.3 g (3.6 mmol) of tert-butyl isocyanide. 
The solution turned bright yellow over a 4-h period. Upon ad- 
dition of 0.25 g (0.7 mmol) of Na(BPh.,), 0.137 g (0.1 mmol, 100% 
yield) of [MO(CN-~-C~H~)~]  (BPh4)2 precipitated from solution: 
'H NMR (acetone-d6) 6.8 (m), 7.4 (m), 1.64 (8) (ratio of aromatic 
to aliphatic protons 4062; theoretical, 40:63); IR (KBr pellet) 3152 
(m), 2980 (m), 2925 (w), 2135 (s), 1580 (w), 1475 (w), 1455 (w), 
1425 (w), 1370 (m), 1230 (w), 1185 (m), 1030 (w), 840 (w), 740 (m), 
730 (m), 700 (m) 530 (m) cm-l. 


Oxidation of tert-Butyl Isocyanide with PhICl2. A 12.5-g 
(45 mmol) portion of iodobenzene dichloride was added with 
stirring to a solution of 3.9 g (47 mmol) of tert-butyl isocyanide 
in 40 mL of CH2C12. An exothermic reaction occurred, the io- 
dobenzene dichloride dissolved, and the solution turned brown. 
At the end of the reaction (5-10 min after the addition of the 
iodobenzene dichloride) the solution abruptly turned clear amber. 
The solution was distilled under nitrogen. After the CHzClz was 
removed, a fraction boiling at 108 "C was collected (4.9 g) which 
contained tert-butyl isocyanide dichloride (6 1.6 (8)) and tert-butyl 
isocyanate (6 1.4 ( 8 ) )  as a 1:9 mixture as determined from proton 
NMR spectral integration. The infrared spectrum showed a band 
at 2260 cm-' attributed to tert-butyl isocyanate (a hydrolysis 
product of tert-butyl isocyanide dichloride) and also strong bands 
at 1720 and 1650 cm-'. The 1650-cm-' band is attributed to the 
C=N stretch of tert-butyl isocyanide dichloride. A C C 1  stretch 
was also observed at 850 cm-'. The mass spectrum revealed at 
least two compounds. The more volatile component (C.I., 
methane) gave rise to a mle 197 peak, and the less volatile com- 
ponent gave rise to a mle 154 peak. This second peak corresponds 
to tert-butyl isocyanide dichloride, M, 153. The spectrum shows 
A + 2 and A + 4 peaks (which are, respectively, -65% and -10% 
of the parent height) characteristic of two chlorine atoms. Peaks 
at mle 138,118, and 98 might correspond to loss of methane, HC1 
and isobutylene, respectively. 


Results and Discussion 
Synthesis of Seven-Coordinate Isocyanide Com- 


plexes of Mo(I1) and W(I1). Oxidation of M(CNR),- 


(CO), (M = Mo or W, R = alkyl; M = Mo, R = aryl) with 
mild oxidants such as iodobenzene dichloride or iodine is 
a convenient and versatile route to seven-coordinate com- 
plexes of Mo(I1) and W(I1) containing halogen, carbonyl, 
and isocyanide ligands. These compounds may be isolated 
directly or converted in the presence of additional iso- 
cyanide to halohexakis(isocyanide)metal(II) cations or 
heptakis(isocyanide)metal(II) dications (Mo or W) in good 
yield (Figure 1). 


The oxidation potential of mixed isocyanide-carbonyl- 
metal(0) compounds (Mo or W) decreases with increasing 
isocyanide substitution.21 This phenomenon facilitates 
the direct oxidation of M(CNR),(CO), complexes with a 
weak oxidant such as iodine, which only slowly oxidizes 
the corresponding M(CO)6 compounds. In aromatic or 
alcoholic solvents a t  room temperature this oxidation is 
essentially instantaneous and occurs with concomitant loss 
of carbon monoxide. In the absence of free isocyanide 
ligand, the complexes [M(CNR),(CO),I,] (M = Mo or W; 
R = tert-butyl) are the only products that  are isolated. 
When free isocyanide is present the remaining carbonyl 
ligands are replaced, ultimately producing the heptakis- 
(isocyanide)metal(II) dication or the halohexakis(iso- 
cyanide)metal(II) cation. The stoichiometry of the final 
product depends on the particular isocyanide ligand and 
the reaction conditions employed. The possible interme- 
diates along the reaction path are shown in Figure 1. 


A number of the species shown in the figure have been 
previously reported, including W(CN-t-C4H9),(CO)212,10 
M o ( C N - C - C ~ H , , ) ~ B ~ , , ~ ~  and many examples of [ M- 
(CNR)6X]+5*Pi6 and [M(CNR)7]2+5"-9 (M = Mo and W). 
Two additional mixed halo-carbonyl-isocyanide com- 
plexes, [ M o ( C N - ~ - C ~ H ~ ) ~ ( C O ) ~ I ~ ]  and [W(CN-t-C4H9)4- 
(CO)I,], have been isolated in this work. Examples of each 
stoichiometry except M(CNR)J, and [M(CNR),(CO)I]I 
have been crystallographically chara~terized.~,~~,~~,~~,~~ 
Only one of the mixed iodo-isocyanide-carbonyl complexes 
isolated so far is ionic, and this situation occurs only when 
the d4 metal center is surrounded by six excellent u donors 
(five isocyanides and 1 iodide).35 The instantaneous gas 
evolution observed upon oxidation of M(CNR),(CO),, and 
again when free isocyanide is added, attests to the weak- 
ness of the M(I1)-CO bond. Loss of carbon monoxide is 
irreversible under the reaction conditions employed here. 
The inability of carbon monoxide to stabilize electron- 
deficient metal complexes is w e l l - k n ~ w n . ~ ~  The final 
products (Figure l), [M(CNR),X]+ and [M(CNR),I2+, may 
be interconverted when R = a l k ~ l . ~ , ~  The interconversion 
proceeds through a dissociative mechanism, eq l.25 
Support for a 6-coordinate intermediate is found in the 


(21) Connor, J. A.; Jones, E. M.; McEwen, G. K.; Lloyd, M. K.; 
McCleverty, J. A. J. Chem. SOC., Dalton Trans. 1972, 1246. 


(22) Bonati, F.; Minghetti, G. Znorg. Chem. 1970, 9, 2642. 
(23) Cotton, F. A.; Wilkinson, G. "Advanced Inorganic Chemistry", 4th 


ed.; Wiley: New York, 1980; pp 81-86. 
(24) The [M~(CNaryl),]~+ complexes have only recently been prepared 


by Walton and co-workers (private communication) and structurally 
characterized by 


(25) Lindmark, A. F.; Lippard, S. J., unpublished results. 
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chloride-carbonyl-isocyanidemetal(I1) species, however. 
If the oxidation of M(CN-t-C4H9)3(CO)3 with iodobenzene 
dichloride is carried out in toluene, [M(CNR),Cl]Cl will 
precipitate as it forms, preventing further reaction to 
produce [M(CNR),I2+. This useful modification is limited 
to  complexes such as chlorohexakis(tert-butyl iso- 
cyanide)metal(II) chloride (Mo or W) where the [M- 
(CNFt),J]+ formed is insoluble in the isocyanide/ toluene 
solution but the intermediate mixed halide-carbonyl- 
isocyanide complexes are soluble. 


Unlike iodine, iodobenzene dichloride readily oxidizes 
Mo(CO), in toluene with concomitant loss of carbon 
monoxide. If isocyanide is added to this solution a brown 
tar forms and [Mo(CNR)&l]Cl is formed in 30% yield or 
less. In the absence of Mo(CO),, however, iodobenzene 
dichloride smoothly oxidizes tert-butyl isocyanide in 
benzene or chlorinated hydrocarbons without formation 
of polymer. A minor product, tert-butyl isocyanide di- 
chloride, was identified by its mass spectrum. The major 
product, tert-butyl isocyanate, was identified by com- 
parison of its spectra to reported infrared and 'H NMR 
spectra.3o It probably arises from hydrolysis of tert-butyl 
isocyanide dichloride by atmospheric moisture. Isocyanide 
dichlorides have been prepared previously by the oxidation 
of alkyl isocyanides with chlorine gas in chlorinated hy- 
drocarbons a t  0 OC.,l The present results indicate that 
oxidation products of Mo(CO), are responsible for the 
formation of the brown tar and lower yields obtained in 
the previous synthesis5b of chlorohexakis(tert-butyl iso- 
cyanide)metal(II) chloride (Mo and W). Until re~ent ly , '~  
[M(CNR)&l]C1 (M = Mo, W) was a required intermediate 
in the synthesis of the other halohexakis(isocyanide)- 
metal(I1) cations. Polymerization of isocyanide is avoided 
when Mo(CNR),(CO), species are oxidized with iodo- 
benzene dichloride in the presence of free isocyanide. 


The reagent iodobenzene di~hlor ide '~ has, in laboratory 
applications, several advantages over chlorine. Its prop- 
erties parallel those of the halogens. It may be weighed 
out and, if it is kept cold and protected from moisture, it 
will remain stable for months. I t  must be handled with 
care, however, because it is corrosive. 


The general utility of the synthetic procedures described 
in this work hinges on the availability of the M(CNR),- 
(CO), (M = Mo and W; R = alkyl and aryl) compounds. 
Pure M(CNR),(CO), complexes are conveniently prepared 
by displacement of cycloheptatrienelb by isocyanide from 
(cycloheptatriene)tricarbonylmetal(O). More recently they 
have been prepared under mild conditions directly from 
M(CO), by using a Co(I1) catalyst.'6b The M(CNR),(CO), 
complexes are air stable as long as they are protected from 
light. In some cases it is not necessary to isolate and purify 
the M(CNR),(CO), species. This situation arises when the 
particular isocyanide is stable up to 120 OC as is the case 
when R = tert-butyl or cyclohexyl isocyanide. Here M- 
(CNR),(CO), may be prepared in situ from the corre- 
sponding hexacarbonyl by refluxing the product in 6-10 
equiv of neat isocyanide. The product contains a mixture 
of M(CNR),(CO)G_x compounds, 1 I x I 3, with x = 3 
predominating. All of these compounds are oxidized by 
iodobenzene dichloride or iodine. The procedure is suit- 
able for the synthesis of the halohexakis(alky1 iso- 
cyanide)metal(II) cations and heptakis(alky1 isocyanide)- 
metal(I1) dications. Upon oxidation, the final product is 


(30) (a) Pouchert, C. J. %e Aldrich Library of Infrared Spectra"; The 
Aldrich Chemical Co.: Milwaukee, 1976; p 462. (b) Pouchert, C. J.; 
Campell, J. R. "The Aldrich Library of NMR Spectra"; The Aldrich 
Chemical Co.: Milwaukee, 1976; p 175. 


(31) Kuhle, E.; Anders, B.; Zumach, G. Angew. Chem., Znt. Ed.  Engl. 
1967, 6, 649. 


7 


+X- 
u [M(CNR),12+" ' tCNR 


IM(CNR),J2+ (1) 
recent work of Walton and co-workers who have charac- 
terized both the 6- and 7-coordinate homoleptic alkyl 
isocyanide complexes of isoelectronic Cr(II).= A number 
of 6-coordinate complexes of Mo(I1) containing a variety 
of ligands have also been i s ~ l a t e d , ~ ~ ~  some of which exhibit 
reversible carbon monoxide binding.% Moreover, a dis- 
sociative pathway seems more likely than an associative 
one on the basis of electron countingB (16-electron com- 
plexes are more common than 20-electron complexes) and 
steric crowding (an 8-coordinate intermediate would be 
considerably more crowded than a 6-coordinate interme- 
diate) considerations. 


In the course of synthesizing [M(CNR),X]+ or [M- 
(CNR),I2+ complexes, uncoordinated isocyanide and co- 
ordinating anions may be present. Consequently, the 
equilibrium between the two complexes (eq 1) must be 
taken into account if pure compounds are to be obtained. 
The heptakis(alky1 isocyanide)metal(II) dications may be 
isolated by precipitation from solution containing excess 
isocyanide with a noncoordinating anion such as PF,. The 
iodohexakis(alky1 isocyanide)metal(II) cations may be 
purified by chromatography when only a small amount of 
the heptakis(alky1 isocyanide)metal(II) dication is present. 
The efficiency of the separation decreases rapidly for 
complexes containing alkyl groups larger than tert-butyl, 
however. When larger quantities of the undesired dication 
are present, it is more practical to convert [M(CNR),](X), 
back to [M(CNR),X]X. This conversion is achieved sim- 
ply by dissolving the mixture in an alcohol, allowing time 
for equilibrium to occur, and removing the liberated iso- 
cyanide with the solvent. Since the shift to [M(CNR),J]+ 
is driven by removal of uncoordinated isocyanide, the 
solvent must have a boiling point near that  of the free 
isocyanide to ensure its complete removal with solvent. A 
very substantial photochemical rate enhancementm of this 
reaction was observed when a deoxygenated solution of the 
two compounds was photolyzed by a Pyrex-jacketed 450- 
Watt medium-pressure mercury Hanovia lamp. The ac- 
celeration is most likely due to photochemical generation 
of the hexacoordinate intermediate shown in eq 1. I t  may 
be possible to detect the octahedral d4 intermediate by 
ESR or IR spectroscopy. Dihalopentakis(alky1 iso- 
cyanide)metal(II) species reported by other workersn have 
never been observed by us, even upon prolonged (more 
than 48 h) photolysis of halohexakis(alky1 isocyanide)- 
metal(I1) halide complexes. The equilibrium (2) must 


strongly favor the halohexakis(alky1 isocyanide)metal(II) 
cations. Evidently, very careful control of the stoichiom- 
etry of the reactants must be employed to  obtain M- 
(CNR)5X2 species. 


Oxidations of M(CNR),(CO), (M = Mo or W, R = alkyl) 
using iodobenzene dichloride appear to  parallel those of 
iodine. No attempt has been made to isolate mixed 


M(CNR)bX, + CNR = [M(CNR),X]X (2) 


(26) Mi&, W. S.; Wood, T. E.; Walton, R. A. J. Am. Chem. SOC. 1980, 
102, 7105. 


(27) (a) Chen, G .  J.-J.; McDonald, J. W.; Newton, W. E. Znorg. Chim. 
Acta 1976,19, L67. (b) Chen, G. J.-J.; Yelton, R. 0.; McDonald, J. W.; 
Zbid. 1977,22, 249. (c) Colton, R.; Rose, G. C. A u t .  J. Chem. 1970,23, 
1111. (d) Chisholm, M. H.; Huffman, J. C.; Raymond, L. K. J. Am. Chem. 
SOC. 1979, 101,7615. 


(28) (a) Colton, R.; Scollary, G.  R. A u t .  J. Chem. 1968,21,1427. (b) 
McDonald, J, W.; Newton, W. E.; Creedy, C. T. C.; Corbin, J. L. J. 
Organomet. Chem. 1975, 92, C25. (c) McDonald, J. W.; Corbin, J. L.; 
Newton, W. E. J.  Am. Chem. SOC. 1975,97,1970. 


(29) Tolman, C. A. Chem. SOC. Reo. 1972, 1, 337. 
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Table I. Proton Magnetic Resonance Spectra, Selected IR Spectral Bands, and Electronic Spectral Bands 
of [M(CNR),X]+ and [M(CNR),]'+ Cations 


electronic spectrumC h ,  nm (emaX, 


380 (1.73), 278 (sh), 265 (sh), 244 (36.2) 
404 (1.101, 276 (20.7), 237 (25.6) 


compound 'H NMR bands, 6 IR bands, cm-' M" cm-' x 
2114 (s), 2045 (sh) 
2149 ( 8 ) .  2130 (sh) 


[Mo(CN-t-C4H9),(CN)1(PF6) 
[Mo(CN-t-C,H,),CI]Cl 
[Mo( CN-t-C,H,),I]I 


[Mo( CN-f-C,H,),I](PF,) 


[Mo( CN-t-C,H,),(CO)I]I 


1.55 (s) 
1.55 (s) 
1.55 (s) 


3.65 (s) 


1.3-2.1 (m) 4.15 (m)  


1.62 (s) 
1.3-2.2 (m) 4.34 (m)  
1.56 (s) 
1.53 (s) 


1.60 (s) 
7.64 (d) 7.41 (d) 
J =  8.8 Hz 


7.38 (d)  7.23 (d)  
J = 8.8 Hz 
1.55 (s) 


1.52 ( 6 )  


1.53 (s) 
1.58 (s) 


. I  


2114 (sj' 


2120 (s) 


2155 (6) 


2130 (s) 


2138 (s) 
2143 (s) 
2101 (s), 2045 (sh) 


2145 (s) 


2110 (s) 


2115 (s) 
2130 (s) 


2210 (s), 2173 (s), 
2155 (I), 1995 


2093 (s), 2046 (s), 


2155 (s), 1905 (s) 
2200 (s), 2170 (s), 


(SI, 1935 (SI 


1911 (s) 


2109 (vs) 


411 (1.36), 274 (24.0), 234 (33.2), 218 
(35.5) 


412 (1.3), 270 (16.9), 252 (sh), 222 
(28.21 
\ - - - - I  


414 (1.24), 278 (23.1), 246 (sh), 219 
(49.0) 


4 i 3  ( i . 5 ) ,  275 (26.31, 248 (33.9) 
411 (1.3), 285 (sh), 257 (38.6) 


415 (1.54), 285 (sh), 243 (38.5), 209 
(36.2) 


4 i7  (i .kg),  280 (32.61, 253 (46.1) 
447 sh), 337 (51.3), 323 (sh), 244 


(9 d .4) 


452 (sh), 334 (sh), 300 (32.2), 


402 (sh), 348 (2.24), 272 (sh), 222 (45.0) 
255 (sh), 238 (65.1), 229 (67.3) 


498 (0.53), 344 (sh), 312 (sh), 266 (sh), 
256 (48.8) 


a In CDC1,. Chemical shifts are relative to Me,Si. s = singlet; d = doublet; m = multiplet. KBr pellet. s = strong, sh = 
shoulder, v = very. In methanol. Electronic spectrum in CH,Cl,. sh = shoulder. 


determined by the number of equivalents of isocyanide 
used. This procedure may be carried out in a single flask 
with inexpensive start ing materials and makes efficient use 
of the isocyanide ligand. 


The coordinated halide in the halohexakis(alky1 iso- 
cyanide)metal(II) cation is selectively replaced by both 
charged and uncharged  ligand^.^^*'^ Cyanide ion readily 
displaces iodide a t  room temperature to  produce [Mo- 
(CN-t-C4H9)6(CN)]+ which is isolated as the hexafluoro- 
phosphate salt. Similarly, the trichlorostannate ligand of 
[Mo(SnCl3)(CN-t-C4H9),]+ is readily replaced by an alkyl 
isocyanide to  produce [MoL7I2+. 


Dealkylation of Heptakis( tert -butyl isocyanide)- 
metal(I1) Dications. The [M(CNR),(CN)]+ complexes 
described above have also been prepared via a novel de- 
alkylation reaction of a coordinated tert-butyl isocyanide. 
When heptakis(tert-butyl isocyanide)molybdenum(II) is 
refluxed in ethanol for 3 or more days, i t  is converted to 
cyanohexakis(tert-butyl isocyanide)molybdenum(II) hex- 
afluorophosphate. The  progress of this reaction was 
monitored by 'H NMR spectroscopy where a new singlet 
(6 1.54 in CDC13) corresponding to [M(CN-t-C,&,),(CN)]+ 
gradually appeared. This reaction most likely involves 
solvolysis of the tert-butyl moiety where [M(CN-t- 
C,H,),(cN)]+ acts as the leaving group (eq 3). Products 


[(RNC)6M-C~N-C(CH3)3]'+ 9 [(RNC),@CzN]+ 


corresponding to  further dealkylation have not been ob- 
served, probably because the reduced overall charge of the 
complex reduces the rate of dealkylation. The final organic 
producta, presumed to be tert-butyl alcohol or isobutylene, 
have not been isolated. Considerable precedence exists 
in the literature for this type of reaction, however, with 
more traditional leaving groups.32 Dealkylation of coor- 


+ C(CHJ,+ (3) 


dinated tert-butyl isocyanide has been reported to occur 
when [Pt(CN-t-Bu),l2' is dissolved in methanol a t  25 OC,= 
but the reported product, Pt(CN-t-Bu),(CN),, was not 
extensively characterized. Cleavage of the nitrogen-alkyl 
bond of a coordinated isocyanide is also required in the 
reported transalkylation by substituted benzyl halides of 
cyanopentakis(benzy1 isocyanide)iron(II) bromide.34 Fi- 
nally, the mass spectra of compounds of the general for- 
mula M(CN-t-C,&,),(CO), ( x  = 1-3; M = Cr, Mo, or W) 
contain prominent ions due to loss of a tert-butyl group.2'~~ 
This reaction has not been generally recognized, but it may 
be relatively common among cationic isocyanide complexes 
when the isocyanide alkyl group can form a stable carbo- 
nium ion. 


Spectroscopic Properties. Electronic spectra taken 
in methanol are collected in Table I. All complexes 
containing alkyl isocyanides exhibit three characteristic 
bands a t  -420-380 (t - lo3), -287-274 (sh), and - 
257-235 nm (e - 4 X The lowest energy band a t  
420 to 380 nm has been tentatively assigned to the b,(yz) - a1(z2) t r a n ~ i t i o n . ~ ~  This assignment is consistent with 
the observed photochemical ligand labilization observed 
in these compounds when they are irradiated with visible 


(32) (a) Lowry, T. H.; Richardson, K. S. "Mechanisms and Theory in 
Organic Chemistry"; Harper and Row: New York, 1976; pp 216,375-377, 
443-449. (b) Saunders, W. H.; Cockerill, A. F. 'Mechanisms of Elimi- 
nation Reactions"; Wdey: New York, 1973; and references cited therein. 


(33) Tschugaeff, L.; Teearu, P. Chem. Ber. 1914,47, 2643. 
(34) Heldt, W. Z. J .  Znorg. Nucl. Chem. 1962, 24, 265. 
(35) Lam, C. T. Ph.D. Dissertation, Columbia University, New York, 


1977. 
(36) Although a band at 376 nm was previously reported for [W(CN- 


~-Bu)~](PF&: we find that this complex has its low energy absorption 
maximum at 417 nm, in near agreement with other workem7' Since 
[Mo(CN-t-Bu),(CN)]+ has its absorption maximum at 380 nm (Table I), 
the previously reported spectrum waa probably taken on a sample of 
[W(CN-~-BU)~]*+ that had undergone the dealkylation reaction described 
in the text. 
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light. The absorption bands a t  274-287 and 235-257 nm 
are assigned as charge transfer bands (e - 4 X lo4). An 
additional band a t  209-222 nm (e - 4 X lo4) is observed 
in all complexes containing a coordinated iodide ligand 
regardless of the nature of the counterion. The large value 
of the extinction coefficient tends to rule out the possibility 
of an iodide impurity in these compounds. The iodo- 
hexakis(ary1 isocyanide) complexes show a set of bands 
that are red shifted from the positions of their alkyl ana- 
logues (Table I). 


Table I also summarizes the 'H NMR spectral data and 
major CN infrared stretching frequencies. The chemical 
shifta agree reasonably well with previously published data 
in the case of known compounds and are consistent with 
their fluxionality in solution?b*c The chemical shift of the 
protons of coordinated tert-butyl isocyanide is quite in- 
sensitive to its coordination environment. The chemical 
shift of protons on the carbon atom a to  the isocyanide 
nitrogen atom is somewhat more sensitive to  the coordi- 
nation environment; however, only a few examples have 
been characterized. The infrared spectral properties of the 


known compounds are consistent with the values reported 
in the literature. 


Acknowledgment. We are grateful to the National 
Science Foundation for support of this work under Grant 
NSF CHE79 12436 and to Edward Look for experimental 
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Tantalum complexes of the type Ta(CHCMe3)X3(PR3)2 (X = C1 or Br) react with W(0)(OCMeJ4 to 
give [Ta(OCMe3)4X]2 and W(0)(CHCMe3)X2(PR& In W(0)(CHCMe3)X2(PR3)z the phosphine ligands 
are trans and the oxo and neopentylidene ligands are cis to one another. Five-coordinate complexes can 
be prepared by scavenging one phosphine ligand with PdC1z(PhCN)2. Addition of 1 or 2 equiv of AlC13 
to W(0)(CHCMe3)C12(PEt& in dichloromethane yields mono- and dicationic complexes, respectively. If 
Able3 is added to W(0)(CHCMe3)Cl2(PEQ2 unstable [W(0)(CHCMe,)(CH3)(PEQ2]+(AlMe2C1f) is formed, 
which on treatment with TMEDA yields W(O)(CHCMe&CH,)(Cl)(TMEDA). Attempts to prepare cationic 
complexes with BF4- or PF6- counterions yielded fluoride complexes. Complexes containing tert-butoxide 
ligands in place of halides have been prepared by several routes. tert-Butoxide complexes containing 
phosphine ligands are relatively unstable toward decomposition to give phosphine oxide. Phosphine-free, 
unstable [W(O)(CHCMe,)(0CMe3),l2 and other phosphine-free complexes such as W(0)(CHCMe3)C12- 
(TMEDA) and W(0)(CHCMe3)(S2CNMez)2 have also been prepared. In none of these complexes is the 
W=C,--C, angle in the neopentylidene ligand large, as judged by the relatively high values for Jma (115-130 
Hz). 


Introduction 
Neopentylidene complexes of niobium and tantalum of 


several different types can be made readily by a hydrogen 
atom abstraction.2 We had evidence that these principles 
extend to  tungsten: but, unfortunately, the necessary 
tungsten(VI) alkyl complexes are rare.4 Therefore we had 
to  turn to  alternative methods to make tungsten(V1) 
neopentslidene complexes. We chose to attempt to 


benzylidene or ethylidene ligand from phosphorus to 
tantalum.6 The result was a route to what may be the 
most important type of group 6 alkylidene complex, that  
containing a second .rr-type ligand, in this case, an oxo 
ligand. Oxo alkylidene complexes are probably an im- 
portant type of olefin metathesis catalyst,6J and they have 
also led directly to  the discovery of tungsten alkylidyne 
complexes which will metathesize acetylenes.8 Here we - -  


transfer a neopentylidlne ligand from tantalum to tun-gsten 
since tantalum alkylidene complexes are related to phos- 
phorus 'lides2 and since we had been a 


(5) Sharp, P. R.; Schrock, R. R. J. Organomet. Chem. 1979,171,43-45. 
(6) (a) Schrock, R.; Rocklage, S.; Wengrovius, J.; Rupprecht, G.; 


Fellmann. J. J.  Mol. Catol. 1980.8.73-83. (b) Mocella. M. T.: Rovner. to 
R.; Mue&rtiea, E. L. J. Am. Cheh. koc. 1976,98,4689-&90. (4 Osborn; 
J. A., personal communication. (d) Rappe, A. K.; Goddard, W. A. J. Am. 
Chem. SOC. 1980,102,5115-5117. 


(7) Wengrovius, J. H.; Schrock, R. R.; Churchill, M. R.; Missert, 3. R.; 
Youngs, W. J. J. Am. Chem. SOC. 1980,102,4515-4516. 


(8) Wengrovius, J. H.; Sancho, J.; Schrock, R. R. J.  Am. Chem. SOC. 


(1) Multiple Metal-Carbon Bonds. 23. For part 22, see ref 10e. 
(2) Schrock, R. R. Acc. Chem. Res. 1978,12, 98-104. 
(3) Clark, D. N.; Schrock, R. R. J. Am. Chem. SOC. 1978, 100, 


6774-6776. 
(4) Schrock, R. R.; Parshall, C. W. Chem. Reu. 1976, 76, 243-268. 1981,103, 3932-3934. 
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light. The absorption bands at  274-287 and 235-257 nm 
are assigned as charge transfer bands (e - 4 X lo4). An 
additional band at  209-222 nm (e - 4 X lo4) is observed 
in all complexes containing a coordinated iodide ligand 
regardless of the nature of the counterion. The large value 
of the extinction coefficient tends to rule out the possibility 
of an iodide impurity in these compounds. The iodo- 
hexakis(ary1 isocyanide) complexes show a set of bands 
that are red shifted from the positions of their alkyl ana- 
logues (Table I). 


Table I also summarizes the 'H NMR spectral data and 
major CN infrared stretching frequencies. The chemical 
shifta agree reasonably well with previously published data 
in the case of known compounds and are consistent with 
their fluxionality in solution?b*c The chemical shift of the 
protons of coordinated tert-butyl isocyanide is quite in- 
sensitive to its coordination environment. The chemical 
shift of protons on the carbon atom a to the isocyanide 
nitrogen atom is somewhat more sensitive to the coordi- 
nation environment; however, only a few examples have 
been characterized. The infrared spectral properties of the 


known compounds are consistent with the values reported 
in the literature. 
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Table I. S o m e  Pertinent NMR and IR Data for Oxo Alkylidene Complexesa 


compound I&, PPm JcH,, Hz C,, ppm JCW, Hz W=O, cm-' 
W( O)(CHCMe,)Cl,( PMe,), 11.89 121 319 971 
W(O)(CHCMe,)Cl,(PEt,), 12.04 126 313 148 969 
W(O)( CHCMe,)Cl,(PMe,Ph), 12.23 117 320 970 
W(O)( CHCMe,)Br,(PEt,), 12.10 125 312 


W(O)( CHCMe,)Cl,( PMe,)(PhCN) 10.02 121 297 
W( 0 )( CHCMe,)Cl,( PMe,)( T H F )  10.67 121 300 
W(O)(CHCMe,)Cl,(TMEDA) 11.02 127 300 174 
[w(O)( CHCMe,)Cl(PEt,),J+( AlCl,-) 10.60 127 313' 156 98 5 
[W(O)( CHCMe,)( PEt,),lZ +(AlCl;), 10.47 b i d  125 317' 985 
[W(o)(CHCMe,)(Me)(PEt,),l+(A~ezClz-) 9.50 108 314' 
W( 0)( CHCMe,)( Me)( C1)( TMEDA) 10.42 119 286 186 960 
[W(O)( CHCMe,)Cl(PEt,)]+( AlCl,-) 9.10b 129 302 162 94 6 
w(o )(CHCMe3)(C1)( F)(PEt3)2 11.56 310 
W(O)(CHCMe,)(S,CNMe,), 12.00 127 303 950 
W(O)(CHCMe,)(OCMe,),(PMe,) 9.64e 267e 
W(O)(CHCMe,)( OCMe,),(PEt,) 9.71e 119 26ge 


[ W ( o ) ( C H ~ e , ) ( o C M e , ) z l z  10.6gf 135 290 e 156 940 


W(O)(CHCMe,)Cl,(PEt,) 9.87 115 295 176 979 


W(O)(CHCMe,)(OCMe,),(PMe,Ph) 9.77e3d 123 26ge 186 949 


* Solvent = C,D, unless otherwise noted. Solvent = CDCl,. 
toluene-d,. f JHw = 12 Hz. 


report the synthesis and characterization of a number of 
tungsten oxo neopentylidene complexes. Some of this 
work has been reported in preliminary forma6%' 


Results 
Bis( phosphine) Complexes. Tantalum complexes of 


the type Ta(CHCMe3)X3L2 (L = a phosphine ligand; X 
= C1 or Br) react readily with W(0)(OCMe3)4 in pentane 
as shown in eq 1. After 3 h yellow W(0)(CHCMe3)X2L2 
Ta(CHCMe3)X3L2 + W(0)(OCMe3)4 - 


0.5[Ta(OCMe3)4X]2 + W(0)(CHCMe3)X2L2 (1) 
crystallizes out in about 70% yield. The tantalum product, 
which has been reported previously,8 is more soluble in 
pentane. Many intermediates in this reaction can be ob- 
served by 31P NMR, but after 3 h only the signal due to 
the oxo neopentylidene complex remains. Most commonly 
we prepare complexes in which X = C1 and L = PMe3 or 
PEt3 Complexes in which X = C1 and L = PMe2Ph or 
X = Br and L = PEt3 can also be prepared easily. The 
results when L is not a tertiary phosphine ligand will be 
described later. 


In the W(0)(CHCMe3)X2L2 complexes the 13C NMR 
shift of the neopentylidene a-carbon atom is from 310 to 
320 ppm. In W(0)(CHCMe3)Cl2(PEt,J2 JCH = 126 Hz, 
characteristic of a "normal" neopentylidene figand, one 
which is not distorted by interaction of the CH, electron 
pair and/or Ha with the metal.1° The signal for H, is 
found at -12 ppm in the lH NMR spectrum. The 
phosphine ligands are equivalent, and, unlike those in 
Ta(CHCMe3)X3L2 comp1exes,l1 not exchangeable on the 
NMR time scale. It is important to note that the W=O 
stretching frequency (-970 cm-') is characteristic of an 
oxo ligand which is "triply bonded" to the metal as a 
consequence of its strong *-electron donor abilities.12 
Some of these data are collected in Table I along with data 


(9) Kapoor, R. N.; Prakash, S.; Kapoor, P. N. Indian J.  Chem. 1967, 


(10) (a) Schultz, A. J.; Brown, R. K.; Williams, J. M.; Schrock, R. R. 
J. Am. Chem. SOC. 1981,103,169-176. (b) Messerle, L. W.; Jennische, 
P.; Schrock, R. R.; Stucky, G. Ibid. 1980,102,6744-6752. (c) Churchill, 
M. R.; Youngs, W. J. Inorg. Chem. 1979,18,1930-1935. (d) Goddard, R. 
J.; H o f f " ,  R.; Jemmis, E. D. J. Am. Chem. SOC. 1980,102,7667-7676. 
(e) Holmes, S. J.; Schrock, R. R J. Am. Chem. SOC. 1981,103,4594-4600. 


(11) Rupprecht, G. A.; Messerle, L. W.; Fellmann, J. D.; Schrock, R. 
R. J.  Am. Chem. Soc. 1980,102,6236-6244. 


(12) Griffith, W. P. Coord. Chem. Rev. 1970,5,459-517. 


5, 442-443. 


' Solvent = CD,Cl,. JHw = 9 Hz. e Solvent = 


for other oxo alkylidene complexes we will be discussing 
later. 


An X-ray study of W(0)(CHCMe3)C12(PMe3)213 shows 
that these species are approximately octahedral, with trans 
phosphine ligands, cis halides, and a neopentylidene ligand 
whose /3 carbon atom lies in the W(0)(C,)X2 plane. The 
W=C bond length (2.01 A) and the W=O bond length 
(1.70 x) are about what one would expect.2J2 These bond 
lengths, the 0-W-C, angle (107"), and the fact that the 
tert-butyl group points toward the oxo ligand preclude any 
direct interaction between the oxo and alkylidene ligand. 


These octahedral oxo alkylidene complexes have 18 
valence electrons if one counts the oxo ligand as a 4e donor. 
Perhaps for this reason they are relatively stable thermally 
and only slightly sensitive to water and oxygen. They can 
be recovered unchanged from acetonitrile or acetone, and 
they do not react with CO or H2 at  25 psi and 80 "C in 1 
h. 


Complexes Prepared by Scavenging Phosphine. We 
attempted to remove at  least one phosphine ligand from 
W(0)(CHCMe3)X2L2 in order to prepare more reactive, 
coordinatively unsaturated molecules. 


One PEt3 ligand is removed upon adding 0.5 equiv of 
PdC12(PhCN)2 to W(0)(CHCMe3)Cl2(PEt3), (eq 2). The 
W(0)(CHCMe3)C12(PEt3)2 + 0.5PdC12(PhCN)2 - 


W(O)(CHCMe3)Clz(PEt3) + 0.5PdC12(PEt3)2 (2) 


reaction is complete after 1 h at  room temperature. W- 
(0)(CHCMe3)C12(PE@ can be crystallized selectively as 
yellow prisms. One PMe3 ligand can be removed from 
W(0)(CHCMeJCl2(PMeJ2 similarly, but probably because 
PMe3 is smaller than PEt3, benzonitrile (if toluene is the 
solvent) or tetrahydrofuran (if ether/THF is the solvent) 
takes ita place. The THF can be removed by heating solid 
W(O)(CHCMe3)Cl2(PMe3)(THF) in vacuo. 


W(0)(CHCMe3)Cl2(PEt3) was shown to be a monomer 
in benzene by cryoscopy. (Compare this with formation 
of a dimer when Ta(CHCMe3)C13L2 loses a phosphine 
ligand.") This is probably the reason W(0)(CHCMe3)- 
C12(PEt3) is less stable than W(0)(CHCMe3)C12(PEtJ2; it 
decomposes (presumably bimolecularly) to give cis- and 
trans-2,2,5,5-tetramethyl-3-hexene at  80 "C. Details of the 
five-coordinate structure have been elucidated by an X-ray 


(13) Churchill, M. R.; Rheingold, A. L.; Youngs, W. J.; Schrock, R. R.; 
Wengrovius, J. H. J. Organomet. Chem. 1981,204, C17420. 
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study.14 W(0)(CHCMe3)Cl2(PEtJ is a slightly distorted 
trigonal bipyramid, with PES and one of the chlorides in 
apical positions. The 0-W-C, angle is again 107", but the 
W=C, bond length and W=O bond length (1.88 A and 
1.66 A, respectively) are both significantly shorter than in 
W(O)(CHCMe,)Cl,(PEt&. The shorter W 4  bond can 
account for the shift of m,=o to slightly higher energy (979 
cm-l, Table I). 


Addition of 1 equiv of PdC1z(PhCN)2 to W(0)- 
(CHCMeJC12(PE$J2 only yields W(O)(CHCMe,)Cl,(PEtJ 
and PdCl,(PhCN)(PEt,). Addition of 1 equiv of PdCI2- 
(1,5-~yclooctadiene) gives PdC12(PEh)2, but we could not 
observe any alkylidene complex by NMR. In the presence 
of tetramethylethylenediamine, however, W(0)-  
(CHCMe3)C12(TMEDA) is formed (eq 3). The reaction 


W(0)(CHCMe3)C12(PEt3)2 + PdC12(1,5-COD) - 
W(O)(CHCMe,)Cl,(TMEDA) + PdC12(PEt& + 


is slow, probably because PdC12(TMEDA) forms first. The 
oxo and alkylidene ligands are almost certainly cis in 
W(O)(CHCMe,)Cl,(TMEDA) also. Since all TMEDA 
methyl groups are different, one end of the TMEDA ligand 
is in a position cis to both the oxo and the neopentylidene 
ligands. 


Cationic Complexes. Formation of a cationic complex 
is another important way of producing a coordinatively 
unsaturated species. Since aluminum alkyls or halides are 
often cocatalysts in olefin metathesis systemsls we chose 
to prepare cationic species by adding aluminum reagents 
to W(0)(CHCMe3)C12(PEt3)2 


One equivalent of AlCl, reacts immediately with W- 
(0)(CHCMe3)C12(PEt&2 in dichloromethane to give a 
yellow saltlike complex (upon addition of pentane) and 
with a second equivalent to give an orange saltlike complex 
(upon addition of pentane). The yellow species has an 
equivalent conductivity of 34 in dichloromethane (at lo-, 
M) while the orange species has an equivalent conductivity 
of 64 (at lo-, M). Therefore we believe they are mono- and 
dicationic complexes, respectively (eq 4). Each reacts with 


toluene 


2 days 


1,5-COD (3) 


Wengrovius and Schrock 


neutral five-coordinate species, or [W(O)(CHCMe,)- 
(OCMe3),], (see later). For example, [W(O)(CHCMe,)- 
(PEtJ2]2+(AlC14-)2 can be heated in 1,2-dichloroethane to 
80 "C for 1 h with negligible decomposition (by 'H NMR 
integration). 


W(0)(CHCMe3)C12(PEQ2 reacts with 1 equiv of AlMe, 
to give a thermally unstable yellow crystalline complex (on 
addition of pentane) whose initial equivalent conductivity 
in dichloromethane (35) is consistent with it being analo- 
gous to [ W (0) (CHCMe3)Cl(PE~)2]+(AlC14-). Its low-tem- 
perature NMR spectra show it to be a methyl complex (eq 
5), probably a trigonal bipyramid with equivalent axial 


W(0)(CHCMe3)C12(PEt3)2 + A1Me3 - 
[~(O)(CHCM~~)(CHB)(PE~,)~I+(A~M~~C~~-) (5) 


phosphine ligands. This species has a half-life of only -5 
min in CDC1, a t  25 "C. A new alkylidene complex forms 
(Ha at 8.15 ppm), but it also decomposes at this temper- 
ature. The equivalent conductivity of a dichloromethane 
solution is essentially zero after this second neopentylidene 
complex has decomposed No metal-containing products 
have been identified. The only significant organic products 
are methane and 3,3-dimethyl-l-butene (eq 6). 


CH2C12 


dec 
[W(O)(CHCMe,)(Me)(PES)21+(AlMe2Cl,-) 25 "c, CDC,3* 


CHI + Me3CCH=CH2 (6) 


It is interesting that [W(0)(CHCMe3)(Me)(PEt3)2]+- 
(A1Me2C12-) reacts with TMEDA (2 equiv) to give W- 
(0) (CHCMe,) (Me) (Cl) (TMEDA), not W (0) (CHCMe3)- 
(Me)(C1)(PEt3)2. W(O)(CHCMe,)(Me)(Cl)(TMEDA) is 
stable a t  25 "C in benzene for several hours [cf. [W(O)- 
(CHCMeJ(Me1 (PEi$2]+(AlMe2C12-) in CDCI,]. The signal 
for the methyl group bound to tungsten is found at 1.17 
ppm (JHw = 10 Hz) in the 'H NMR spectrum and 19.9 
ppm (Jm = 117 Hz) in the 13C NMR spectrum. Only one 
isomer is observed, but we cannot tell which of the four 
possible asymmetric isomers containing cis oxo and al- 
kylidene ligands it is. 


W(0)(CHCMe3)C12(PEQ2 reacts with 2 equiv of AlMe3 
to give another thermally unstable yellow crystalline 
product which appears to be an AlMe, adduct of [W- 
(0)(CHCMe3)(Me)(PEQ2]+ by 'H NMR, 13C NMR, and 
conductivity (39 at  lo-, M in CH2C12). a t  -25 "C in the 
'H NMR spectrum the signal for Ha is broad and a signal 
for a methyl group bound to tungsten could not be found. 
At  25 "C signals due to [W(O)(CHCMe,)(Me)(PEt,),l+ 
appear and decomposition begins. Methane is observed, 
but no tert-butylethylene. The organometallic product has 
single proton signals a t  12.61 (m), 9.98 (dt), and 6.01 (d) 
ppm. Unfortunately, this interesting product also decom- 
poses, and we have not yet succeeded in isolating or further 
characterizing it. 


W(0)(CHCMe3)C12(PEt3) reacts with AlCl, to give a 
red-orange crystalline complex which has an equivalent 
conductivity in dichloromethane (33) similar to the other 
1:l electrolytes we have discussed. Therefore we suspect 
this complex is that shown in eq 7, at least in dichloro- 


W(0)(CHCMe3)C12(PEt3) + AlCl, - 
[W(0)(CHCMe3)C1(PEt3)]+(AlC14-) (7) 


methane. However, this species is somewhat soluble in 
toluene and more soluble in chloroform than the cationic 
bis(phosphine) complexes. Also, the value for vw4 (946 
cm-') in the solid state is significantly lower than that for 
either W(0)(CHCMe3)C12(PEt3) (979 cm-') or [W(O)- 
(CHCMe,)Cl(PEt&+ (985 cm-'1. These facts lead us to 


CH2C12 


AlClS 
[W (0) (CHCMe3)C1L2]+(A1C14-) 


[W(0)(CHCMe3)L212+(A1C14-)2 (4) 


ether, phosphines, TMEDA, and other Lewis bases to give 
W(0)(CHCMe3)C12L2. Their NMR spectra are similar to 
those of their neutral parents (Table I). A potentially 
important difference between the IR spectra of the two 
cations and those of the neutral complexes is that uW4 
increases to 985 cm-' in the cations. Therefore we believe 
the major species, a t  least in dichloromethane, is not one 
in which the aluminum halide interacts with either the 
oxo& or the neopentylidene ligand. The anion could still 
interact with the metal to some extent, so we cannot 
confidently predict that they will be discrete monocationic 
trigonal-bipyramidal and dicationic tetrahedral complexes, 
respectively. 


It is important to note that both the monocationic and 
dicationic complexes are significantly more stable than the 


~~ - 
(14) Churchill, M. R.; Missert, J. R.; Young~, W. J. h o g .  Chem. 1981, 


20,338&3391. 
(15) (a) Grubbs, R. H. h o g .  Inorg. Chem. 1978,24,1. (b) Katz, T. J. 
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Ofstead, E. A. Zbid. 1979,17,449. (d) Rooney, J. J.; Stewart, A. Spec. 
Period. Rep.: Catal. 1977, 1,  277. 
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suspect that AlCl, may coordinate weakly to the oxo ligand 
in nonpolar solvents or in the solid state. Osborn has found 
recent]? that AlBr3 can coordinate fairly strongly to the 
oxo ligand in several tungsten(V1) oxo complexes, and it 
is reasonable to expect that AlC13 can also (though less 
strongly) in some circumstances. 


Ideally it would be desirable to prepare cationic com- 
plexes with relatively innocuous anions in place of alu- 
minates. This was not immediately successful with BF4- 
or PF,. Thallium chloride precipitates almost immedi- 
ately when TlBF4 is added to W(0)(CHCMe3)C12(PEt3)2 
in acetonitrile in the presence of PES. However, a cationic 
complex does not form cleanly. A significant product is 
a monofluoride complex (eq 8). Similar results were ob- 


W(0)(CHCMe3)C12L2 + TlBF4 + L L=PE~- 
W(0)(CHCMe3)(C1)(F)L2 + TlCl + BF3.L (8) 


tained by using AgPF6 in THF. Abstraction of fluoride 
from the anion by an incipient cation is almost certainly 
the way the tungsten monofluoride complex is formed. 
Reactions in the absence of added phosphine give lower 
yields of the monofluoride complex but still no observable 
[ W(0) (CHCMe3) (C1)L2]+. 


Complexes Containing Dimethyldithiocarbamate 
or tert -Butoxide Ligands. W(0)(CHCMe3)C12(PEt3)2 
reacts with 2 equiv of sodium dimethyldithiocarbamate to 
give the expected bis(dithi0carbamate) oxo alkylidene 
complex quantitatively (eq 9). It is analogous to a large 


W(0)(CHCMe3)C12(PEt3)2 + 2NaS2CNMe2 


W(O)(CHCMe3)(S2CNMe2)2 (9) 
class of molybdenum and tungsten cis dioxo, diimido, or 
oxo imido dithiocarbamate c ~ m p l e x e s . ~ ~ J ~ J ~  At room 
temperature only one signal for the dithiocarbamate 
methyl groups is observed. At -30 "C two Ha signals, two 
tert-butyl signals, and at least four dithiocarbamate methyl 
resonances are observed. One of the two isomers observed 
at  low temperature is almost certainly an octahedral 
species in which the tert-butyl group points toward the cis 
oxo ligand [cf. W(0)(CHCMe3)C12(PMe3)2]. The simplest 
explanation is that the other isomer is an analogous oc- 
tahedral species in which the tert-butyl group points away 
from the oxo ligand. We did not examine in detail the 
process which on the NMR time scale at room temperature 
generates only one type of dithiocarbamate methyl group 
and one type of neopentylidene ligand. 


W(0)(CHCMe3)C12L2 reacts with 2 equiv of lithium 
tert-butoxide to form W(0)(CHCMe3)(OCMe3)2L com- 
plexes (L = PMe3, PEt3, PMe2Ph). When only 1 equiv is 
added, 0.5 equiv of W(0)(CHCMe3)C12L2 remain; no 
mono-tert-butoxide complex could be detected. W(0)- 
(CHCMe3)(OCMe3)2L2 does not form, probably for steric 
as well as  electronic reasons (cf. M(CHCMe3)- 
(OCMe,),Cl(L); M = Nb or Tal8). Unfortunately, this 
reaction is not quantitative, and the W(0) (CHCMe3)- 
(OCMe3)2L complexes decompose in a few minutes a t  25 
OC in solution or in the solid state. Therefore they have 
been characterized at low temperature by NMR methods. 


NMR spectra a t  -20 "C suggest that two isomers are 
present in about a 5:l ratio. (Two isomers are also found 
for M(CHCMe3)(OCMe3),C1(L); M = Nb or Ta.18). The 
major isomer has inequivalent tert-butoxide ligands and 


CH&N 


THF 


(16) Nugent, W. A,; Haymore, B. L. Coord. Chem. Reu. 1980, 31, 


(17) Spivack, B.; Dori, Z. Coord. Chem. Reu. 1976,17, 99-136. 
(18) Rocklage, S. M.; Fellmann, J. D.; Rupprecht, G. A.; Messerle, L. 


123-175. 


W.; Schrock, R. R. J.  Am. Chem. SOC. 1981, 103, 1440-1447. 
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g'CHCMe3 + 
major  minor isomer ' 


isomer 
Figure 1. Proposed structures for W(0)(CHCMe3)(0CMe3)zL. 


t 
Figure 2. Possible structures for [W(O)(CHCMe,)(OCMe,),],. 


therefore most likely has the TBP geometry shown in 
Figure 1. The minor isomer, whose tert-butoxide reso- 
nances we cannot identify unambiguously, could be either 
a similar type with the neopentylidene ligand rotated 180" 
or one with axial tert-butoxide ligands (Figure 1). When 
31P NMR samples are warmed to 10 "C, the two peaks due 
to the phosphine ligands in the two isomers broaden and 
coalesce; any resonance due to added phosphine also 
broadens and coalesces with the resonances due to coor- 
dinated phosphine. Therefore W(0)(CHCMeJ(OCMe3)2L 
is in equilibrium with "W(0)(CHCMeJ(OCMe3)c and free 
L. In fact PMe3 can be removed from W(0)(CHCMe3)- 
(OCMe3)2(PMe3) in vacuo to give [W(0)(CHCMe3)- 
(OCMe,),], (see below). 


When the W(0)(CHCMe3)(OCMe3)2L complexes de- 
compose, phosphine oxide is the main product detectable 
by 31P NMR. No organometallic product has been isolated 
from or identified in the resulting red-brown oil. 


The best way to prepare [W(0)(CHCMe3)(OCMe3),12 
is by reacting [NEt4]+[Ta(CHCMe3)C14]- (ref 19) with 
W(0)(OCMe3)4 in dichloromethane (eq 10). [W(O)- 
W(0)(OCMe3)4 + [Ta(CHCMe3)C14]- - 


0.5 [ W(0) (CHCMe3)(OCMe3),] + [Ta(OCMe3)2C14]- 
(10) 


(CHCMe3)(0CMe3)2]2 is very soluble in pentane and 
therefore easily separated from [NEt4]+[Ta(OCMe3)2C14]-. 
It is an orange oil a t  25 "C, a solid a t  -30 "C. It can be 
sublimed (50 "C, 1 pm) onto a dry-ice cold finger, but only 
5-10% of it survives. It decomposes readily when very 
pure but is more stable in the presence of impurities, es- 
pecially W(0)(OCMe3)4. Typically a yellow solution of 
[W(0)(CHCMe3)(0CMe3)2]2 in benzene changes to blue- 
brown in about 10 min, and a dark oil comes out of solu- 
tion. [W(0)(CHCMe3)(OCMe3)2]2 also is the major com- 
ponent of the mixture of products from the reaction be- 
tween Ta(CHCMe3)C13(dmpe) or Ta(CHCMe3)C13(THF)2 
and W(0)(OCMe3)& The major tantalum-containing 
product in the first case is a polymer containing tert-bu- 
toxide and DMPE (cf. the polymeric form of Ta- 
(CHCMe3)C13(DMPE)11), while in the second case it is 
white, pentane-soluble Ta(OCMe3)3C12(THF). 


A difficult cryoscopic molecular weight determination 
of [W(0)(CHCMe3)(OCMe3),12 in cyclohexane gave a value 
between that expected for a monomer (417) and that ex- 
pected for a dimer (834). Since its 'H NMR spectrum 
shows three tert-butyl resonances, we believe this molecule 


(19) Sturgeoff, L., unpublished results. 
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nation of C-Ha electron density from a neopentylidene 
ligand and a-electron density from the oxo ligand occur 
under similar circumstances, but in a competitive situation 
a free electron pair from the oxo ligand is simply donated 
more readily. None of the above considerations can help 
explain why the tert-butyl group points toward the oxo 
ligand in the two complexes whose structures are known. 
However, the isomer in which the tert-butyl group points 
away from the oxo ligand had been postulated several 
times in this work. There is no obvious reason why it 
should not be present, or even favored, in some systems. 


Cationic species are important types of oxo alkylidene 
complexes since they appear to be more stable toward 
bimolecular decomposition to give Me3CHC=CHCMe3 
than neutral complexes. This may simply be due to 
Coulombic forces. But since the only cations which we 
have been able to prepare contain aluminate anions, less 
obvious phenomena may be responsible for their stability. 
For example, the aluminate could bind to the metal 
(thereby blocking two coordination positions) or it could 
"protect" the alkylidene ligand by binding to it as shown 
in eq 11 (6. CpzTiCHzA1C1zC120). The cationic complexes 


, i 


Scheme I. A Reasonable Mechanism for 
Neopentylidene Ligand Transfer 


f a  (CHCMe3)C13L2 


Ta(CHCMe3)C13L + L 


L C13(Me3CO)Ta(p -CHCMe3) W(0)(OCMe3)3 


-L I '  
CI3(Me3CO)Ta(p - CHCMe3)W(0)(OCMes)3 


1 '  
Ta(OCMe3)2C13 t W(O)(CHCMe$OCMe& 


is dimeric. Ita w4 peak is located at  940 cm-'. Since this 
is not much lower than YW-0 in W(0)(CHCMe3)- 
(OCMe3)2(PMe2Ph) (949 cm-') or W ( 0 ) -  
(CHCMe3)(S2CNMe2)2 (950 cm-l), we cannot say for cer- 
tain which of the two plausible structures shown in Figure 
2 is more likely. 


Discussion 
A reasonable mechanism for transfer of a neopentylidene 


ligand from tantalum to tungsten is shown in Scheme I. 
Phosphine ligands in Ta(CHCMe3)C13L2 are known to be 
labile." A tert-butoxide ligand in W(O)(OCMe& therefore 
has the opportunity to bridge between tungsten and tan- 
talum. Subsequent transfer to tungsten could yield a 
species having a pneopentylidene ligand (1, Scheme I). 
Subsequent loss of L followed by transfer of a second 
tert-butoxide would yield Ta(OCMe3)2C13 and W (0)- 
(CHCMe3)(OCMe3)2. When L = THF or C1- the reaction 
stops at  this point. When L = a tertiary phosphine two 
more tert-butoxide ligands transfer to tungsten in exchange 
for two chlorides. The reason why further exchange occurs 
when L = PR3 is not clear. Part of the reason may be the 
fact that L is relatively nonlabile in W(O)(CHCMe3)ClzL2 
and that W(0)(CHCMe3)C12L2 is relatively insoluble. We 
cannot exclude the possibility that the oxo ligand bridges 
the two metals a t  some point, but feel that chloride or 
tert-butoxide ligands may have more readily accessible 
electron pairs. 


The oxo neopentylidene complexes appear to be related 
to the well-known dioxotungsten(VI) complexes;12 i.e., the 
alkylidene ligand can be viewed as a dianion.2 The oxo 
ligand is a powerful a-electron donor which uses two metal 
tag orbitals to form what amounts to a triple bond.12 In 
an octahedral complex only one tzr orbital remains for 
forming a a bond between tungsten and carbon. Therefore 
the alkylidene ligand should prefer to occupy the position 
cis to the oxo ligand and its 8-carbon atom should lie in 
the W(O)(C,) plane. The alkylidene ligand is not distorted 
by donation of electron density from the C-H, bond to the 
metal, a phenomenon which has been observed in several 
tantalum complexes.lOa-c A likely explanation is that do- 


"-/" 


are especially good olefin metathesis catalysts,21 possibly 
in part because intermediate alkylidene complexes are also 
more stable than their neutral analogues toward chain 
termination by bimolecular decomposition. 


Future publications will be aimed at answering the 
question as to whether other a-bonding ligands can be used 
in place of the oxo ligand, or whether other monoanionic 
ligands such as alkoxides, which also show some tendency 
to donate a-electron density to the metal, can take the 
place of a single powerful a-electron donor. 


Experimental Section 
W(0)C14 was prepared as reported in the literature22 except 


the product was sublimed at  95 "C (5 pm). Ta(CHCMe3)C13- 
(PMes)2, Ta(CHCMes)C13(PM@h)2, Ta(CHCMe&Cl3(THF),, and 
Ta(CHCMe3)C13(DMPE) were prepared as reported in the lit- 
erature." AlMe,, W03, S2Clz, AgPFa, and TBF4 were purchased 
and used as received. NEt4C1 and NaS2CNMe2 were purchased 
in hydrated form and were dehydrated by heating in vacuo 
(NEt4Cl, 60 "C for 25 h; NaS2CNMe2, 90 "C for 30 h). Lithium 
tert-butoxide was prepared in pentane from butyllithium and 
tert-butyl alcohol and was recrystallized in pentane or sublimed 
before use. 19F NMR spectra were recorded at 84.26 MHz and 
referenced to external hexafluorobenzene (162.9 ppm). 'H and 
13C NMR data are referenced to Me4Si and 31P NMR data to 
extemal phosphoric acid. All spectra were recorded at 25-30 "C 
unless otherwise noted. 


Preparation of W(0)(OCMe3)4. A solution of LiOCMe3 
(18.74 g, 0.23 mol) dissolved in 100 mL of THF was added 
dropwise to a solution of W(O)Cl, (20.0 g, 0.059 mol) dissolved 
in 10 mL of THF at 0 "C (W(0)CL should be added to THF very 
slowly as much heat is evolved). During the addition of LiOCMe, 
to W(O)C&, the color of the reaction mixture changes from orange 
to blue to yellow, and LiCl precipitates. The reaction mixture 
waa warmed to room temperature and stirred for 0.5 h and the 
THF was removed in vacuo. The off-white reaction solids were 
sublimed at  60 "C (5 pm) for 12 h to give 19.0 g (66%) of pale- 
yellow, crystalline W(0)(OCMe3)4. Lower yields are obtained 


(20) Tebbe, F. N.; Parshall, G. W.; Reddy, G. S. J. Am. Chem. SOC. 


(21) Wengroviue, J. H. Ph.D. The&, M.I.T., 1981. 
(22) Funk, H.; Weiss, W.; Mohaupt, G. 2. Anorg. Chem. 1960, 304, 


1978,100, 3611-3613. 


238-240. 







Tungsten Oxo Neopentylidene Complexes 


when LiOCMe, is added at 25 OC. 'H NMR (C&) 1.43 ppm 
(CMe,); IR (Nujol) 940 cm-' (br s, V W ~ ) .  


Preparation of W(O)(CHCMe3)Cl2(PMe3)2. Ta- 
(CHCMeJC13(PMeJz (4.0 g, 7.85 "01) and W(0)(OCMeJ4 (3.86 
g, 7.85 mmol) were mixed together in 30 mL of ether/pentane 
(21). The solution turned deep red. Yellow crystals of the product 
formed on the walls of the flask during the next 12 h The product 
was collected by filtration and washed with pentane. A second 
crop was obtained after refrigerating the mother liquors at -30 
OC for 4 h; total yield 3.21 g (83%). 


18, V H ~  = 4.9 Hz, PMe,), 1.18 ppm (8,  9, CHCMe,); 13C NMR 
(C&@ gated proton decoupled) 319 (dt, JCH = 121 Hz, 'Jcp 9.9 
Hz, CHCMeJ, 45.5 (s, CHCMes), 33.6 (q, Jm = 123 Hz, CHCMeJ, 
15.9 ppm (qt, JcH = 130 Hz, J c ~  = 15.4 Hz, PMeJ; 31P(1H) NMR 


Anal. Calcd for WC11H2eC1z0P2: C, 26.80; H, 5.72. Found: C, 
26.90; H, 5.99. 


Preparation of W(0)(CHCMe3)C1z(PEt3)z. A solution of 
W(O)(OCMeJ, (15.0 g, 31 "01) in 100 mL of pentane was cooled 
to -30 "C. Ta(CHCMe3)C13(PEt3)z (18.1 g, 31 mmol) was added 
to this solution as a solid. The mixture was stirred until a.U solid 
dissolved, and the resulting solution was treated as in the previous 
preparation; total yield 12.41 g (71%). W(O)(CHCMe3)ClZ(PEt& 
is easily recrystallized from ether/pentane. 


12, z J ~  = 34 Hz, PCHzCH3), 1.27 (a, 9, CHCMe,), 0.98 ppm (tt, 


gated proton decoupled) 313 (dt, JcH = 126 Hz, z J ~ p  = 10.3 Hz, 
J C W  = 148 Hz, CHCMe,), 45.8 (8 ,  CHCMe,), 33.6 (9, JcH = 128 
Hz, CHCMe,), 17.4 (tt, JCH = 134 Hz, J c p  = 13.9 Hz, PCHZCH,), 
7.6 ppm (q, J C H  = 128 Hz, PCHZCH,). 31P(1H) NMR ( C a d  19.8 
ppm (Jpw = 320 Hz); IR (Nujol) 969 cm-' (8,  ah, uw4); mol wt 
(cryoscopy in benzene) calcd, 577; found, 540. W(0)- 
(CHCMe3)Cl2(PEt& does not conduct in CHzClz(10-3 M). Anal. 
Calcd for WC17HaC120P2: C, 35.38; H, 6.99. Found: C, 35.40; 
H, 7.01. 


[Ta(OCMe3)4C1]z can be crystallized in high yield from the 
mother liquors after filtering off the product. Ita 'H NMR 
spectrum in C& shows a peak at 1.47 ppm and ita mass spectrum 
a peak ascribed to Ta(OCMe4)4+ at 474 ppm. 


Preparation of W(0)(CHCMe3)Clz(PMezPh)z. W(0)- 
(CHCMe3)Clz(PMezPh)z was prepared as described above for 
W(O)(CHCMe3)ClzL2 (L = PMe3 and PEt,); yield 73%. 


'H NMR ( C a d  12.23 (t, 1, , J H ~  = 3.4 Hz, CHCMeJ, 7.81,7.32, 
and 7.17 (m, 10, PPh), 2.09 (t, 6, VHp = 4.9 Hz, PMe), 2.07 (t, 


gated proton decoupled) 320 (dt, JCH = 117 Hz, 'Jcp = 11.0 Hz, 
CHCMe,), 128-131 (m, PPh), 45.6 (s, CHCMe,), 32.8 (q,JcH = 
125 Hz, CHCMe,), 15.7 (qt, JCH = 132 Hz, J c p  = 22.0 Hz, PMe), 
13.9 ppm (qt, J C H  = 132 Hz, JcP = 19.8 Hz, PMe'); 31P(1H) NMR 
( C a d  1.4 ppm (Jpw = 334 Hz); IR (Nujol) 970 cm-' (s, sh, ~ 4 ) .  


Preparation of W(0)(CHCMe3)Brz(PEt3)z. W(0)- 
(CHCMe3)Brz(PEt3)z was prepared as described for W(0)- 
(CHCMe3)C1z(PEt3)z. 


'H NMR (Cp6) 12.10 (t, 1, , J H ~  = 3.3 Hz, CHCMe,), 2.14 (br 
m, 12, PCH2CH3), 1.21 (s,9, CHCMe,), 0.99 ppm (tt, 18, 3 J ~  = 
8.1 Hz, ,JHp = 7.3 Hz, PCHzCH3); l3C NMR (c&, gated proton 
decoupled) 312 (dt, J C H  = 125 Hz, z J ~  = 9.9 Hz, CHCMe,), 46.3 
(s, CHCMe,), 33.2 (4, JCH = 123 Hz, CHCMe,), 18.7 (tt, JCH = 
130 Hz, Jcp = 14.3 Hz, PCHzCH3), 8.0 ppm (q, JCH = 127 Hz, 
PCHzCH3); 31P(1H) NMR (C6D6) 12.7 ppm (Jpw = 297 Hz). 


Preparation of W(O)(CHCMe3)ClZ(PEt3). W(0)- 
(CHCMe3)Cl2(PEt& (2.65 g, 4.6 mmol) and PdC1z(PhCN)z (0.88 
g, 2.3 mmol) were stirred together in 30 mol toluene for 3 h. The 
reaction mixture was stirred with activated charcoal for 0.5 h and 
filtered, and the toluene was removed in vacuo. Pentane was 
added until crystals began forming. Yellow crystals of W(0)- 
(CHCMe3)Cl2(PEt3) were collected until white needles of 
PdC1z(PEt3)2 appeared. W(0)(CHCMe3)C1,(PEt3) was recrys- 
tallized from toluene/pentane; total yield 1.67 g (80%). 


'H NMR (C&) 9.87 (d, 1, ,Jm = 3.3 Hz, CHCMe3), 1.65 (m, 


'H NMR (Ca,) 11.89 (t, 1, , J H ~  = 4.0 Hz, CHCMe,), 1.44 (t, 


(C&) -5.3 ppm (Jpw = 334 Hz); IR (Nujol) 971 cm-' (8,  ~ 4 ) .  


'H NMR (C&) 12.04 (t, 1, ,JH~ = 3.4 Hz, CHCMeJ, 1.97 (dm, 


18, ,JHH = 7.3 Hz, 3 J ~ p  = 7.9 HZ, PCH2CH3); l3C NMR (C&, 


6, ' J w  = 4.9 &, PMe), 0.96 ppm (8,9, CHCMeJ; '% NkfR ( C a ,  


6, PCHZCH,), 1.24 (S,9, CHCMe,), 0.82 ppm (dt, 9, 3 J ~ ~  = 7.72 
Hz, 'JHP = 16.2, PCHZCH,); l3c NMR (C&, gated proton de- 
coupled) 295 (dd, JcH = 115 Hz, 'Jcp = 13 Hz, JCW = 176 Hz, 
CHCMe3),45.4 (8 ,  CHCMe3),31.2 (q,JCH = 125 Hz,CHCMe3), 
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17.4 (dt, JcH = 132 Hz, J c p  = 29.3 Hz, PCH&H,), 8.0 ppm (q, 


= 364 Hz); IR (Nujol) 979 cm-' (8 ,  sh, U W ~ ) ;  mol wt (cryoscopy 
in benzene) calcd, 45% found, 440. AnaL Calcd for WClIH5C120P 
C, 28.78; H, 5.49. Found C, 29.08; H, 5.59. 


Preparation of W(O)(CHCMe,)Clz(PMe3)(PhCN). W- 
(0)(CHCMe3)C12(PMe3)z (1.0 g, 2.0 mmol) and PdC12(PhCN)2 
(0.39 g, 1.0 mmol) were stirred together in 30 mL of ether for 1 
h. At this time, the solution was dark yellow with a few solids 
present. The solids were filtered off, and the solvent was removed 
from the filtrate in vacuo. Ether (5 mL) was added to the oil, 
and the mixture was filtered. Addition of an equal volume of 
pentane caused yellow crystals to form. Cooling the solution to 
-30 "C gave a second crop; total yield 0.66 g (64%). 


(m, 5, PhCN), 1.26 (d, 9, 2JHp = 11 Hz, PMe,), 1.12 ppm (8,  9, 
CHCMe,); '% NMR ( C a ,  gated proton decoupled) 297 (dd, JCH 
= 121 Hz, %JCp = 13.7 Hz, CHCMe,), 119-132 (m, PhCN), 112 
(s,PhCN), 45.3 (8, CHCMe3), 31.1 (q,JcH = 127 Hz,CHCMe3), 
16.2 ppm (dq, JCH = 133 Hz, Jcp = 33 Hz, PMe,); 31P{1H) NMR 


Preparation of W(0)(CHCMe3)Clz(PMe3)(THF). The 
above procedure was repeated, except the solvent was a mixture 
of 30 mL of ether and 5 mL of THF. W(O)(CHCMe3)ClZ- 
(PMe3)(THF) was recrystallized from toluene/pentane. THF can 
be removed in vacuo to give W(O)(CHCMe,)Cl,(PMeJ which can 
be recrystallized from toluene/pentane. 


'H NMR of W(O)(CHCMe3)ClZ(PMe3)(THF) (c6Dd 10.67 (d, 
1, , J H ~  = 4 Hz, CHCMe,), 3.80 (m, 4, OCH2CH2), 1.45 (m, 4, 
OCHZCHZ), 1.31 (d, 9, 'JHP = 11 Hz, PMe,), 1.15 ppm (s, 9, 
CHCMeJ; 13C NMR (Ca6, gated proton decoupled) 300 (dd, JCH 
= 121 Hz, 'Jcp = 13.7 Hz, CHCMe,), 69.1 (t, J C H  = 147 Hz, 
OCHzCH2), 45.0 (8,  CHCMe3), 3.15 (g, JCH = 125 Hz, CHCMe,), 
25.7 (t, JcH = 131 Hz, OCH2CH2), 16.3 ppm (dq, JCH = 129 Hz, 


Hz). 'H NMR of W(0)(CHCMe3)Cl2(PMe3) (C6D6) 9.68 (d, 1, 
, J H ~  = 4 Hz, CHCMe,), 1.27 (d, 9, zJm = 10 Hz, PMe,), 1.25 ppm 
(8,  9, CHCMe,). 


Preparation of W(O)(CHCMe,)Cl,(TMEDA). W(0)- 
(CHCMe3)Cl2(PEt& (0.80 g, 1.4 mmol), PdCLJ1.5 COD)(0.40 g, 
1.4 mmol), and TMEDA (0.80 g, 7.0 mmol) were dissolved in 30 
mL of toluene. After 2 days the reaction mixture was still yellow 
and homogeneous. The toluene was removed in vacuo. The 
crystalliie residue was dissolved in ether, and two crops of white 
crystals were obtained by cooling this solution to -30 OC; yield 
0.42 g (75%) of PdCl2(PE&,),. Pentane was added to the filtrate, 
and 0.62 g (95%) of W(0)(CHCMe3)C12(TMEDA) was collected 
after crystallization at -30 OC. This product is best recrystallized 
from ether/pentane. Since W(O)(CHCMe,)Cl,(TMEDA) is 
difficult to crystallize, it could not be obtained in pure form from 
the reaction between W(0)(CHCMe3)Clz(PEt3)z and PdC12- 
(PhCN)z in the presence of TMEDA. 


'H NkfR ( c a s )  11.02 (s,1, CHCMe,), 2.71, 2.54,2.48, and 2.41 
(s, 3:3:3:3, NCH,), 2.63 and 1.74 (m, 2:2 ,JHH = 14 Hz, NCH2), 
1.33 ppm (8,9, CHCMe,); l3C NMR (C&) 300 (d, JCH = 127 &, 
JCW = 174 Hz, CHCMe,), 61.4 (t, J C H  = 137 Hz, NCHZ), 58.1 (t, 
JcH = 140 Hz, NCHZ), 58.1 (4, JcH = 143 Hz, NCH,), 56.8 (4, JcH 
= 133 Hz, NCH,), 51.7 (9, J C H  = 137 Hz, NCH,), 48.1 (4, JCH = 


JCH 129 Hz, PCHzCH,); "P('H) NMR (C&) 40.9 ppm (Jpw 


'H NMR (C&) 10.02 (d, 1, 'JHP = 4 Hz, CHCMe,), 6.7-7.1 


(C&) 9.32 ppm (Jpw = 386 HZ). 


J c p  = 33 Hz, PMe,); 31P(1H) NMR (C&) 6.55 ppm (Jpw = 408 


141 Hz, NCH,), 43.6 (9, CHCMe,), 33.3 ppm (4, J C H  = 125 Hz, 
(CHCMe,). Anal. Calcd for WC11Hz6N2C120: C, 28.90; H, 5.73. 
Found: C, 28.94; H, 5.83. 


Preparation of [ W (0) ( CHCMe,)Cl( PEt3)2]'( A1C14-). 
Freshly sublimed AlCl, (0.23 g, 1.7 mmol) was added to a stirred 
solution of W(O)(CHCMe3)Clz(PEt,), (1.0 g, 1.7 mmol) in 25 mL 
of CHzC1,. The solution remained yellow and homogeneous. The 
volume of the reaction mixture was halved in vacuo. An equal 
volume of pentane was added, and yellow flakes of [W(O)- 
(CHCMe3)C1(PEh)2]+(A1C14-) fell from solution; total yield 1.15 
g (95%). This product is very sensitive toward ether and THF 
and must be prepared and stored in an atmosphere absolutely 
free of such solvents. 


'H NMR (CDC13) 10.60 (t, 1, ,JHP = 1.5 Hz, CHCMe,), 2.13 
(m, 12, PCHZCH,), 1.35 ( 8 ,  9, CHCMe,), 1.22 ppm (dt, 18, ,JHH 
= 7.3 Hz, ,JHP = 17.7 Hz, PCHzCH3); 13C NMR (CD2C12, gated 
proton decoupled) 313 (dt, J C H  = 127 Hz, 2 J ~ p  = 7.8 Hz, JCW = 
156 Hz, CHCMeS), 48.1 (8 ,  CHCMe,), 31.8 (q, JCH = 127 Hz, 
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(q, Jm = 127 Hz, PCHzCHd, -5.9 ppm (br s, AlMe2); ,lP('H) NMR 
(CDCl,, 273 K) 38.6 ppm (Jpw = 283 Hz); equivalent conductivity 
lo-, M in CHZClz) 39. 


Preparation of [ W(O)(CHCMe,)Cl(PEt,)]+(MC~-). Freshly 
sublimed AlCl, (0.10 g, 0.76 "01) was added to a stirred solution 
of W(O)(CHCMe3)Cl2(PEt3) (0.35 g, 0.76 mmol) in 2 mL of 
CH2Cl2 The color changed immediately from yellow to orange. 
The reaction mixture was filtered, and the CHZClz removed in 
vacuo. This orange oil was extracted into toluene, and pentane 
was added until a slight haze formed. The product crystallized 
as orange-red cubes at  -30 "C. The product must be prepared 
and stored in the absence of Lewis bases. 


'H NhfR (CDCld 9.10 (br s, 1, CHCMed, 1.72 (m, 6, PCHzCH&, 
1.06 (s,9, CHCMed, 0.72 ppm (dt, 9, 3Jm = 7.32 Hz, ,JH~ = 17.1 
Hz, PCHzCH3); 13C NMR (CDCl,, gated proton decoupled) 302 
(dd, JcH = 109 Hz, z J ~ p  = 11.7 Hz, JCW = 162 Hz, CHCMe,), 49.9 
(8, CHCMe,), 31.5 (q, JCH = 129 Hz, CHCMe3), 17.7 (tt, JCH = 
129 Hz, Jcp = 31.3 Hz, PCHzCH3), 8.5 ppm (dq, JcH = 127 Hz, 
V c p  = 3.9 Hz, PCHzCH3); 31P(1HJ NMR (CDC13) 45.8 ppm (JPw 
= 308 Hz); IR (Nujol) 946 cm-' (s, sh, vW4); equivalent con- 
ductivity (10-3 M in CHzCIJ 33. AnaL Calcd for WCllHzOC&PAL 
C, 22.30; H, 4.25. Found: C, 22.48; H, 4.30. 


Preparation of W (0) ( CHCMe,) (Cl) (F) (PEt,),. TBF4 (0.25 
g, 0.87 mmol) dissolved in 10 mL of acetonitrile was added 
dropwise to a stirred solution of W(O)(CHCMe,)Cl,(PEt& (0.50 
g, 0.87 mmol) and PEh (0.20 g, 1.73 mmol) in 10 mL of CH3CN. 
A white precipitate (TlC1) was filtered off, and the solvent was 
removed in vacuo. Ether was added and the solution filtered again 
to remove additional solids. Ether was removed in vacuo to yield 
a yellow, oily solid which is ca 60% W(O)(CHCMed(Cl)(F)(PEt& 
and ca. 40% W(O)(CHCMe3)Cl2(PEt3),. 


'H NMR of W(O)(CHCMe,)(Cl)(F)(PEt& (C,D6) 11.56 (dt, 
1, ,JHP = 2.8 Hz 3Jm = 14.7 Hz, CHCMed, 1.76 (m, 12, PCHzCH3), 
1.33 (8, 9, CHCMe,), 0.93 ppm (tt, 3 J ~ ~  = 7.3 Hz, = 7.9 Hz, 
PCHzCH3); 13C NMR (Cp,) 310 ppm (CHCMe,); 31P(1HJ NMR 
(C&) 23.1 ppm (d, 'JpF = 48.9 Hz, Jpw = 325 Hz); "F NMR 
(CsD6) 226 ppm (dt, &p = 48.9 Hz, JFH = 14.7 Hz). 


Preparation of W(0)(CHCMe3)(SzCNMez)2. W(0)- 
(CHCMe3)Cl2(PEt& (1.0 g, 1.73 mmol) and NaSzCNMe2 (0.50 
g, 3.46 "01) were stirred in 30 mL of THF for 2 days. The NaCl 
was filtered off, and the solvent was removed in vacuo. The yellow 
crystalline product was recrystallized from toluene/pentane; total 
yield 0.95 g (98%). 


'H NMR (CsD6) 12.00 (s, 1, CHCMe,), 2.45 (s, 12, NMe), 1.59 
ppm (s,9, CHCMe,); l3C NMR (C6D6, gated proton decoupled) 
303 (d, JcH = 127 Hz, CHCMe,), 43.6 (8,  CHCMe3), 39.9 (4, JCH 
= 141 Hz, NCH,), 34.1 ppm (q, JCH = 121 Hz, CHCMe,); IR 
(Nujol) 950 cm-I (s, sh, v w d ) .  Anal. Calcd for WC11HzzNzOS4: 
C, 25.88; H, 4.35. Found: C, 26.35; H, 4.39. 


Preparation of W(0)(CHCM%)(0CMe3)z(PMe3). LiOCMe, 
(0.57 g, 7.10 "01) was added to W(O)(CHCMe3)Clz(PMeJz (1.75 
g, 3.55 mmol) in 30 mL of cold ether (-30 "C). No reaction was 
observed until the reaction mixture had warmed to room tem- 
perature. The solvent was removed in vacuo. The resulting yellow 
oil was extracted with pentane and the LiCl was filtered off. The 
filtrate was cooled to -30 "C to give 1.25 g (65%) of yellow crystals 
after 12 h. The product decomposes readily at 25 "C, both in 
solution and as a solid. 


'H NMR of W(0)(CHCMe3)(OCMe3)z(PMe3) (toluene-d8) 
major isomer 9.64 (br s, 1, CHCMe,), 2.14 (8,  18, OCMe,), 1.18 
ppm (s,9 CHCMe,). The resonance for PMe, is obscured. The 
resonance for Ha of the minor isomer is found at ppm 10.81. 
%('H) NMR (toluene-d8, 223 K) major isomer 267 (d, zJ~p = 13.7 
Hz, CHCMe,), 75.0 (s, OCMe,), 42.2 (8, CHCMe3), 33.6 (s, 
CHCMe,), 32.5 (s, OCMe,), 14.4 ppm (d,JCP = 23.8 Hz, PMe,); 
minor isomer 272 ppm (d, VcP = 7.3 Hz, CHCMeJ; 31P{1H) NMR 
(toluene-d8, 213 K) major isomer 21.9 ppm (Jpw = 320 Hz); minor 
isomer 23.4 ppm (Jpw = 317 Hz); major isomer/minor isomer = 
4. 


Preparation of W ( 0 )  (CHCMe,) ( OCMe3)2(PEt3). LiOCMe3 
(0.55 g, 6.93 mmol) dissolved in 20 mL ether was added to W- 
(O)(CHCMeS)ClZ(PEt& (2.0 g, 3.46 mmol) in 25 mL of ether at 
room temperature. The reaction was worked up as in the previous 
preparation. Crystals were observed, but they redissolved before 
they could be isolated. The product is an oil at room temperature 
and turns red after only a few minutes. 


CHCMe,), 16.8 (tt, JCH = 129 Hz, Jcp = 14.7 Hz, PCHzCH3), 8.2 
ppm (q, JCH = 127 Hz, PCHZCH,); 31P(1H) NMR (CDzClZ) 42.3 
ppm (Jpw = 298 Hz); IR (Nujol) 985 cm-' (8, sh, wd); equivalent 
conductivity (lo-, M in CHZClz) 34. Anal. Calcd for 
WC1,HaOC1,PzAk C, 28.74, H, 5.67. Found C, 28.80; H, 5.92. 


Preparation of [W(0)(CHCMe3)(PEt3)2]~(A1C~-)2. Freshly 
sublimed AlC13 (0.46 g, 3.5 "01) was added to a stirred solution 


The solution turned orange. Traces of solids were filtered off, 
and the volume of the filtrate was halved in vacuo. An equal 
volume of pentane was added, and orange flakes of [W(O)- 
(CHCMe3)(PE~)2]2+(AlC14~)z fell from solution; total yield 1.45 
g (99%). The product is very sensitive towards bases such as THF 
and ether and must be prepared and stored in an atmosphere free 
of such solvents. 


'H NMR (CDCl,) 10.47 (br s, 1, Jm = 9 Hz, CHCMe,), 2.21 


= 7.3 Hz, ,JHp = 17.7 Hz, PCHzCH3); 13C NMR (CD2Cl2, gated 
proton decoupled) 317 (dt, Jm = 125 Hz, z J ~  = 5.9 Hz, CHCMed, 
52.8 (9, CHCMe,), 32.2 (4, JCH = 131 Hz, CHCMe,), 17.5 (tt, JCH 
= 129 Hz, Jcp = 14.7 Hz, PCHZCH,), 9.0 ppm (4, JCH = 129 Hz, 
PCHzCH3); 31P(1H} NMR (CDZClz) 49.5 ppm (JPW = 259 Hz); IR 
(Nujol) 985 cm-' (s, sh, v w d ) ;  equivalent conductivity (lo-, M 
in CHZClz) 64. Anal. Calcd for WC17H400C1&'2A12: C, 24.20; H, 
4.78. Found C, 24.25; H, 5.03. 


Preparation of [ W( 0) (CHCM%) (Me)(PEt3)2]+(MMezC1z-). 
AlMe3 (166 fiL, 1.73 mmol) was added to a solution of W(0)- 
(CHCMe3)C1z(PEt3)z (1.0 g, 1.73 mmol) in 25 mL of CHzClz at 
-30 "C. The yellow reaction mixture was filtered, and the volume 
of the filtrate was reduced in vacuo to about 10 mL. One volume 
of pentane was added and flaky, paleyellow crystals formed, total 
yield 1.03 g (92% ). [W(0)(CHCMe3)(Me)(PEt3)z]+(A1Me2C1z-) 
must be stored at -30 "C in the absence of Lewis base solvents. 
It decomposes readily at  25 "C. 


'H NMR of [W(O)(CHCMe&(Me)(PEt.&l+(AlMe&lJ (CDCl,, 
273 K) 9.50 (br s, 1, CHCMe,), 1.97 (m, 12, PCHzCH3), 1.27 (s, 
9, CHCMed, 1.14 (tt, 18, zJm = 7.3 Hz, ,JH~ = 7.9 Hz, PCHzCHS), 
0.90 (t, 3, ,JcP = 16.2 Hz, WCH,), -0.70 ppm (s, 6, AlA4ez); 13C 
NMR (CDzCl2, 273 K, gated proton decoupled) 314 (dt, JCH = 
108 Hz, %JCp = 8.3 Hz, CHCMe,), 47.2 (8, CHCMe,), 38.3 (qt, Jm 
= 120 Hz, z J ~  = 8.3 Hz, WCHd, 32.0 (q, Jm = 129 Hz, CHCMed, 
16.3 (tt, J C H  = 127 Hz, Jcp = 14.5 Hz, PCHZCH,), 8.0 ppm (9, 
JCH = 127 Hz, PCHzCH3); 31P(1Hl NMR (CDzCl2) 38.7 ppm (JPW 
= 281 Hz); equivalent conductivity (lo-, M in CH2Clz) 35. 


Preparation of W(O)(CHCMe,)MeCI(TMEDA). TMEDA 
(0.28 g, 2.5 mmol) was added to a stirred solution of [W(O)- 
(CHCMe3)(Me)(PEts)z]+(ALMe2Clz-) (0.80 g, 1.2 "01) in 10 mL 
of CHzClz at  -30 "C. The CHzCl2 was removed in vacuo, and the 
remaining yellow oil was extracted with ether/pentane; white 
crystals of AIMezC1.TMEDA were left behind. The product 
crystallized reluctantly from pentane/ether; total yield 0.42 g 
(78%). 


'H NMR ( C a d  10.42 (8, 1, CHCMeJ, 2.56,2.49, 2.38, and 2.24 


CHCMe,), 1.17 ppm (s,3 J m  = 9.8 Hz, WCH,); 13C NMR (c&& 
gated proton decoupled) 286 (d, JcH = 119 Hz, JCW = 186 Hz, 
CHCMe,), 59.6 (t, JCH = 136 Hz, NCHZ), 58.9 (t, J C H  = 133 Hz, 
NCHZ), 55.0, 53.9, 50.2, and 47.4 (q, JcH = 139 Hz, NCH,), 42.6 
(8, CHCMe,), 32.9 (4, JCH = 125 Hz, CHCMe,), 19.9 ppm (9, JCH 
= 122 Hz, JCW = 117 Hz, WCHd; IR (Nujol) 960 c n - I  (s, sh, ~d). 
Anal. Calcd for WClzHmN20C1: C, 33.04; H, 6.69. Found: C, 
33.57; H, 6.82. 


Preparation of [ W ( 0 )  (CHCMe3)(AlMe4)(PEt3)z]+- 
(AlMe&l2-). M e 3  (133 pL, 1.39 "01) was added to a solution 
of W(0)(CHCMe3)C12(PEt3)2 (0.40 g, 0.69 mmol) in 20 mL of 
CHzC& at -30 "C. The paleorange solution was filtered to remove 
t r am of solids, and the volume of the filtrate was reduced in vacuo 
to 5 mL. One volume of pentane was added, and yellow crystals 
fell from solution; total yield 0.38 g (76%). The product must 
be stored at -30 "C in an atmosphere free of Lewis base solvents. 


'H NMR (CDCl,, 247 K) 9.44 (br s, 1, CHCMe3), 2.04 (m, 12, 
PCHzCH3), 1.30 (s, 9, CHCMe,), 1.17 (tt, 18, 3Jm = 7.3 Hz, , J H ~  
= 7.9 Hz, PCH2CH3), -0.70 ppm (s,6, M e z ) ;  13C NMR (CDCl,, 
273 K, gated proton decoupled) 315 (dt, JCH = 116 Hz, = 
7.7 Hz, CHCMe,), 48.3 (s, CHCMe,), 32.0 (q, J C H  = 127 Hz, 


of W(O)(CHCMe&lZ(PEt& (1.0 g, 1.7 "01) in 25 mL of CHZC12 


(m, 12, PCHzCH3), 1.40 (5, 9, CHCMe,), 1.26 ppm (dt, 18, 'JHH 


(8, 3:3:3:3, NCHS), 1.65 (t, 2, 'JHH = 12.8 Hz, NCHZ), 1.35 (8 ,  9, 


CHCMe,), 16.2 (tt, JCH = 127 Hz, Jcp = 14.3 Hz, PCHZCH,), 8.3 
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'H NMR (toluene-ds, 243 K) 9.71 ppm (d, 1, 3 J ~  = 2.4 Hz, 
CHCMe3), 1.59 (8 ,  9, OCMe3), 1.56 (8,  9, OCMe3), 1.35 (8,  9, 
CHCMea), 0.82 (dt, 9, 3Jm = 7.32 Hz, 3 J ~  = 14.7 Hz, PCHzCH3). 
The minor isomer has an H, resonance at ppm 10.58 (d, 3 J ~  = 
4.3 Hz). 13C NMR (toluene-d,, 253 K, gated proton decoupled) 
major isomer 268 (dd, J C H  = 119 Hz, 2 J ~ p  = 6.6 Hz, CHCMe3), 
77.1 (8, OCMe3), 75.0 (8, OCMe,), 42.2 (8, CHCMe3), 34.2 (4, JCH 
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Preparation of W( O)(CHCMe3) ( OCMe3)2(PMezPh). This 
complex was prepared in a manner analogous to the preceding 
two from LiOCMe, (0.52 g, 6.5 mmol) in 20 mL of ether and 
W(0)(CHCMea)Clz(PM@h)z (2.0 g, 3.24 "01) in 30 mL of ether 
at room temperature. The product is a thermally sensitive yellow 
oil. 
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13C NMR (toluene-de, 223 K, gated proton decoupled) major 
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NMR (toluene-ds, 223 K) major isomer 7.2 ppm (Jpw = 300 Hz); 
minor isomer 8.1 ppm (Jpw = 298 Hz); major isomerlminor isomer 
N 6; IR (Nujol) 949 cm-' (8,  br, vW4). 


Preparation of [W(0)(CHCMe3)(OCMe3)z]2. Anhydrous 
NEtlCl (1.35 g, 8.12 mmol) was added to a solution of TaNpzC13 
(1.75 g, 4.06 mmol) in 40 mL of CHZCl1. The orange-yellow 
solution immediately turned red. W(0)(OCMe3)4 (2.0 g, 4.06 
"01) was added and the color lightened to orange in 0.5 h. The 
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solvent was removed in vacuo, leaving an orange-tan solid. This 
solid was washed five times with 20 mL of pentane. The pentane 
extracts were combined and filtered. The pentane was removed 
in vacuo, leaving 1.12 g (67%) of [W(0)(CHCMe3)(OCMe3)z]z as 
an orange oil. The pentane-insoluble tan solid had a 'H NMR 
spectrum in CHzClz consistent with [Ta(OCMe3)zC14]-[NEt4]+ 


NCHzCH3), 1.47 ppm (8,  9, OCMe,)]. 
'H NMR (C6D6) 10.68 (8,  1, Jm = 12.1 Hz, CHCMe,), 1.45 (s, 


9, OCMed, 1.41 (s,9, OCMeJ, 1.16 ppm (s,9, CHCMea); '% NMR 
(toluene-ds, 268 K, gated proton decoupled) 290 (d, JCH = 135 
Hz,Jcw = 156 Hz, CHCMe,), 91.9 (e, OCMe3),90.4 (e, OCMe,), 
42.5 (8, CHCMed, 32.6 (9, JCH = 123 Hz, CHCMe3), 29.7 and 29.5 
ppm (q, JcH = 123 Hz, OCMe,); IR (Nujol) 940 cm-' (8, br, vw4) 
mol wt (cryoscopy in cyclohexane) calcd, 834; found, 640. 
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recognized as excellent electron donors by virtue of the 
powerful effect exerted by alkyl groups as a-donor lig- 
ands.“ Coupled with the ubiquity of oxidation-reduction 
processes in catalytic cycles, such as the many types of 
oxidative additions and reductive eliminations: it is rea- 
sonable to inquire whether changes in the oxidation state 
of an organometal affects its reactivity and mode of re- 
a ~ t i o n . ~  


In a preliminary study,1° we showed that otherwise 
stable organometallic complexes can be induced to undergo 
facile reductive elimination when subjected to oxidation. 
At  that time, the use of chemical oxidants did not allow 
a rigorous identification of the organometallic interme- 
diates actually involved in the reductive elimination. The 
development of transient electrochemical techniquesll now 
permits us to probe the oxidation-reduction properties of 
organometals and to identify the various pathways for 
reductive elimination.12 In this study, we have focused 
our attention on the redox behavior of the series of di- 
alkylbis(a,a’-bipyridine)iron(II) complexes in which the 
presence of a pair of alkyl ligands can be exploited in 
mechanistic studies of reductive elimination. 


Results 
The original synthesis of diethylbis(a,a’-bipyridine)- 


iron(I1) A by Yamamoto and eo-workers involves the re- 
ductive alkylation of tris(acetylacetonato)iron(III) with 
excess diethylaluminum ethoxide in the presence of a,- 
a’-bipyridine according to the presumed stoichiometry in 
eq l.13 We also prepared the methyl and n-propyl ana- 


2Fe1”(acac), + 3Et2A10Et + 4bpy - 2EhFeII(b~y)~ + 
BAl(a~ac)~ + Al(OEt), + C2H6 + C2H4 (1) 


logues by a similar procedure starting with the commer- 
cially available trimethyl- and tri-n-propylalanes, respec- 
tively. Unfortunately, the application of this synthetic 
method to other alkyl derivatives is severely limited by the 
availability of the corresponding organoaluminum reagent. 


Synthesis and Structure of Dialkylbis(bi- 
pyridine)iron(II) Complexes. The direct alkylation of 
the readily available dichlorobis( a,a’-bipyridine) iron( 11) 
represents a more direct and convenient route to A. For 
example, ethyllithium undergoes ready metathesis with 
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Figure 1. ORTEP drawing of the structure of diethylbis(a,a’- 
bipyridine)iron(II). Anisotropic thermal ellipsoids are drawn at 
the 50% probability level. Hydrogen atoms are portrayed at 0.5 
8 2 .  


Cl,Fe(b~y)~ in toluene to afford the diethyliion(II) complex 
in high yields according to the stoichiometry 


C12Fe(bpy)2 + 2EtLi - E t J ? e ( b p ~ ) ~  + 2Lic1 (2) 
The course of alkylation is visually apparent by the dis- 
solution of the insoluble, dark red C12Fe(bpy)2 to the 
soluble, deep blue solution of A, even at  -78 “C. The 
insolubility of lithium chloride in hydrocarbon media en- 
ables the product to be separated easily and purified. 
Moreover, the accessibility of various alkyllithium reagents 
allows this synthetic procedure to be widely applicable, 
particularly to n-alkyl derivatives. Alkylation in eq 2 may 
also be effected by various Grignard reagents (if it  is 
carried out in the presence of l,.l-dioxane to precipitate 
the magnesium halide), as in the synthesis of the ferra- 
cyclopentane in eq 3. The secondary and tertiary alkyl 


2MgBrCI (3)  


analogues such as the isopropyl and tert-butyl derivatives 
of A are thermally too unstable to isolate, since they de- 
compose rapidly in solution, even at  -20 “C. Highly hin- 
dered alkyl ligands such as neopentyl effect metathesis 
very slowly, and the dialkyliron(I1) complex cannot be 
obtained in pure form.14 


In order to determine the molecular structure of these 
dialkyliron(I1) complexes, particularly with regard to the 
disposition of the alkyl groups, we grew a single crystal of 
the diethyl derivative of A under carefully controlled 
conditions (see Experimental Section). The X-ray dif- 
fraction data were collected at -173 “C to reduce thermal 
vibrations and permit the location and refinement of all 
hydrogen atoms. The quality of the crystal data is shown 
by the final residuals [R(F) = 0.0408 and RJF) = 0.04191 
and a goodness of fit for the last cycle of 1.008. The rel- 
evant bond distances and bond angles in Et2Fe(bpy)2 are 
included in Table I. The crystal structure in Figure 1 
delineates the octahedral configuration about the iron 
center in A and clearly reveals the pair of ethyl ligands in 


(14) Dialkylbis(bipyridine)iron(II) complexes undergo an accelerated 
decomposition in the presence of excess alkyllithium and Grignard 
reagents. Consequently, the metathesis in eq 2 or 3 must occur readily; 
otherwise decomposition of A becomes competitive with its formation. 
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116.1 (2)  
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115.6 (2)  
123.8 (2)  


91.1 (1) 


91.9 (1) 


119.9 (2) 


a cis relationship. The latter differs from the earlier 
suggestion by Yamamoto and co-workers that A is a 
trans-diethylbis(bipyridine)iron(II) complex.16 However, 
it is possible for E b F e ( b ~ y ) ~  in solution to be in dynamic 
equilibrium between cis and trans isomers, i.e., eq 4. 


n CHZCH3 


(4)  


Fortunately, these isomers can be readily differentiated 
on the basis of the prochirality of the methylene protons 
in the ethyl ligands, which are enantiotopic in the trans 
isomer and diastereotopic in the cis isomer. The 'H NMR 
spectrum of the ethyl ligands of A in benzene solution 
consists of a well-resolved ABX, pattern (see Experimental 
Section), as required by the cis configuration. The absence 
of significant temperature effects on the NMR spectrum 
indicates that E h F e ( b ~ y ) ~  is more or less locked in the cis 
configuration in solution, as it is in the crystal. 


(15) Yamamoto, A.; Morifuji, K.; Ikeda, S.; Saito, T.; Uchida, Y.; 
Misono, A. J.  Am. Chem. SOC. 1965,87,4652. 


B C angle 
118.1 (2) 


122.3 (2)  
113.6 (2) 
124.1 (2)  
112.8 (2)  
122.6 (2)  
124.5 (2)  
119.2 (2) 
118.7 (2) 
119.5 (2)  
123.3 (2)  
123.6 (2)  
119.3 (2) 
118.6 (2)  
119.7 (2)  
121.9 (2)  
113.3 (2) 
124.8 (2) 
113.6 (2) 
122.9 (2) 
123.5 (2) 
119.7 (2) 
117.8 (2) 


123.6 (2 )  
119.6 (2)  
119.6 (2)  


120.0 (2) 


120.1 (2)  
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Figure 2. Single scan cyclic voltammogram of 1 x M 
Me2Fe(bpy), at 100 mV s-l in acetonitrile solution containing 0.1 
M tetraethylammonium perchlorate at 25 "C. The initial positive 
scan commences at  -1.5 V vs. NaCl SCE. The inset shows the 
reversible character of the wave marked W1 at a scan rate of 10 
mV 5-l. 


11. Electrochemistry of Dialkylbis(bipyridine)- 
iron(I1) Complexes. The Formation of Dialkyliron- 
(111) Cations and Dialkyliron(1V) Dications. The 
redox behavior of the dialkyliron(I1) complexes A was 
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Table 11. Cyclic Voltammetry of 
Dialkyliron(I1) Complexes Aa 


Rpe(bpy), solvent Eo ( A ,  mV)C EDa 
W,b  W,b 


EO 
Wl 


Me CH,CN -1.02(77) +0.30 +1.03 
Et CH,CN - 1.03 (65) +0.20 +1.03 


n-Pr CH,CN -1.05(60) +0.17 +1.05 
Et acetone -1.04(93) +0.11 d 


n-Bu acetone -1.01 (90)  +0.22 d c CH,CN -1.03(70) +0.20 +1.03 


All potentials in volts relative to  saturated NaCl SCE. 
Separa- In relation to the waves labeled in Figure 2. 


tion of the anodic and cathodic peaks at a scan rate of 
50 mV s-l, 
observation of the third wave. 


initially examined by electrochemical methods, using 
tetraethylammonium perchlorate (TEAP) as the sup- 
porting electrolyte. 


A. Cyclic Voltammetry of Dialkyliron(I1) Com- 
plexes. The single sweep cyclic voltammogram (CV) of 
Me,Fe(bpy), in Figure 2 shows the existence of three 
distinct oxidative processes on a positive potential scan 
commencing at  -1.5 V vs. saturated NaCl SCE. The first 
wave (Wl), which appears to be a reversible oxidation with 
Eo = -1.03 V, is followed by an irreversible wave (W,) with 
the anodic peak potential E a = 0.20 V. The third wave 
(W,) corresponds to reversihe oxidation of Fe (b~y) ,~+ .  


The cyclic voltammograms of all the dialkyliron(I1) 
complexes listed in Table I1 show three similar oxidative 
processes in common with the dimethyl analogue A, de- 
scribed above. Although these organometals undergo de- 
composition in acetonitrile solution, the process is suffi- 
ciently slow to enable meaningful CV measurements to be 
made. The cyclic voltammograms in acetone and in tet- 
rahydrofuran (THF) were similar to those obtained in 
CH3CN, but the waves were much broader in THF owing 
to the high ohmic resistance. 


The reduction of the dialkyliron(I1) complexes A was 
also examined by an initial negative potential scan. 
However, no cathodic process was observed in any of the 
derivatives prior to the reduction limit of the solvent (Le., 
-1.9 V for CH3CN and -1.4 V for acetone). 


B. Controlled Potential Oxidations of Dialkyliron 
Species. Since the dimethyliron(I1) analogue of A was the 
most stable in CH,CN, it was used in further coulometric 
studies. The controlled potential oxidation of Me,Fe(b~y)~ 
at  -0.35 V (which represents a potential between waves 
W1 and W2 in Figure 2) liberated one electron per iron. 
The electrolysis was accompanied by a marked change 
from the deep blue color of A to a dark green solution. The 
color change was reversible. Thus the controlled potential 
reduction of the green solution at  -1.35 V regenerated the 
original deep blue solution, and coulometry showed that 
it required one electron per iron, i.e., eq 5. 


Solvent oxidation prevented the 


Me,Fe(bpy), + Me2Fe(bpy)2++ e- (5) 
A B 


Several testa were performed to elucidate the possibility 
of a secondary chemical reaction initiated by the oxidation, 
i.e., an EC mechanism of the type shown in Scheme I, 


Scheme I 
Me2fe + Me2fe+ + e- (6) 


Me2fe+ + Meafe - (Me,fe),+ etc. (7) 


where fe = Fe(bpy),. If the follow-up reaction in eq 7 takes 
place on the time scale of the CV experiment, a depen- 


-08 -1.0 -12 


E l e c t r o d e  P o t e n t i a l ,  V v s  S C E  


Figure 3. Cyclic voltammograms at 100 mV s-l showing the 
reversible oxidation-reduction of 5 X M dialkyliron(I1) and 
dialkyhon(II1) in CH3CN containing 0.1 M TEAP at 25 OC: left, 
initial positive scan for the oxidation of Me,Fe(bpy),; right, initial 
negative scan for the reduction of Me,Fe(bpy),+. 


,\ 
400 500 600 700 


h ,  nm 


Figure 4. Visible absorption spectrum of 1 X M EkFe(bpy), 
and -3 X lW3 M EkFe(bpy)2+C104- in tetrahydrofuran solutions. 


dence of Eo on the sweep rate u should be observed.16 A 
1 X lo-, M solution of A was used in the experiment, and 
the cyclic voltammogram of the first wave (W,) was 
monitored between -1.35 and -0.35 V at sweep rates in- 
creasing incrementally from u = 20 to 800 mV s-l. No 
change in Eo was noted or in an equivalent CV carried out 
in more dilute solutions. Chronoamperometry was further 
employed in a double potential step experiment conducted 
at  the millisecond time scale, by utilizing a transient re- 
corder and a sine wave generator for triggering between 
-1.35 and -0.35 V. It also indicated the oxidative process 
in eq 5 to be an uncomplicated electron-transfer process 
(see Experimental Section). The reversible one-electron 
change in eq 5 must occur with minimal structural re- 
organization of the skeletal framework, since the cyclic 
voltammograms of the neutral iron(I1) complex A and the 
iron(II1) cation B are the same, as shown by the initial 
positive potential scan in Figure 3 (left) and the initial 
negative scan in Figure 3 (right), respectively." 


The reversible one-electron oxidation of the iron(I1) 
complex in eq 5 is characteristic of all the alkyl derivatives. 
Thus, the controlled potential oxidation at -0.35 V of the 
ethyl and n-propyl analogues of A as well as the ferracy- 
clopentane cleanly liberated one electron per iron to gen- 
erate the corresponding iron(II1) cation B. The electronic 
absorption spectrum of the diethyliron(II1) cation B in 
Figure 4 shows the visible band to be red-shifted relative 
to that in the iron(I1) analogue A, previously reported by 
Yamamoto and co-workers.13 


The further oxidation of the cationic iron(II1) species 
B is represented by the irreversible CV wave W2 in Figure 
2. Thus, the anodic oxidation of the green solution of the 
dimethyliron(II1) cation Me,Fe(bpy),+ at 0.8 V (which 


(16) Nicholson, R. S.; Shain, I. Anal. Chem. 1964, 36, 706. 
(17) The time scale for the transient electrochemical experiments is 


approximately seconds and if any reversible changes were to occur, they 
must be faster than this interval.l8 


(18) Bard, A. J.; Faulkner, L. R. 'Electrochemical Methods"; Wiley: 
New York, 1980. MacDonald, D. D. 'Transient Techniques in 
Electrochemistry"; Plenum Press: New York, 1977. 
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Figure 5. The initial positive scan cyclic voltammogram of -3 
X M EhFe(bpy),+C104- in acetone containing 0.1 M TEAP 
at a platinum microelectrode using various sweep rates at 0 OC. 
Electrode potentials are in volts vs. saturated SCE. 


represents a potential between wava W2 and W& liberated 
one electron per iron and was accompanied by the pre- 
cipitation of a brick-red solid and concomitant evolution 
of a gas (ethane). Similarly, the anodic oxidation of the 
deep blue solution of the neutral iron(I1) complex 
MezFe(bpy), a t  the same potential of 0.8 V gave up two 
electrons per iron (by coulometric determination) and 
produced the same mixture of red solid, gas, and the final 
pale pink solution. Since the one-electron oxidation of the 
dialkyliron(II1) cation is clearly irreversible, we applied 
transient electrochemical techniques to probe the nature 
of this process. 


The initial positive scan cyclic voltammograms of all the 
diakyliron(1II) cations are characterized by an anodic wave 
showing a well-defined current maximum, but no coupled 
cathodic wave on the reverse scan even at  sweep rates up 
to lo3 mV s-l and temperatures as low as -78 "C. The 
details of the sweep dependence of the anodic wave are 
shown in Figure 5 for the diethyliron(II1) cation B, as a 
representative of this system. A closer inspection of the 
cyclic voltammograms reveals that the current in the foot 
of the anodic wave is singularly independent of the sweep 
rate. Such a behavior, originally noted by ReinmuthlB and 
detailed with a variety of other organometallic species,11J2 
was the first indication that electron transfer from 
EhFe(bp~)~+  is electrochemically unidirectional, i.e., totally 
irreversible. The more rigorous criteria required to es- 
tablish total irreversibility are detailed in the Experimental 
Section. Suffice it to mention here that the absence of the 
reverse electron-transfer step has been shown to derive 
from the rapid decomposition of the intermediate, i.e., the 
diethyliron(1V) dication C in Scheme I1 for which k2 >> 
k-1.20 Indeed independent measurements employing 
double potential step chronoamperometry have established 
the lifetime of such species to be less than 1 ms.l1S2l 


Scheme I1 


Egfe+ .& Et2fe2+ + e- 


Et2fe2+ - Eb + fe2+ 


k 


k-l 
(8) 


(9) 
k2 


(19) Reinmuth, W. H. Anal. Chem. 1960,32, 1891. 
(20) (a) Although iron(1V) complexes are rare, the presence of such 


donor ligands 88 a,&-bipyridine and alkyl groups confers stability to this 
high oxidation state, discussed generally in ref 8, chapter 15. As an 
example, tetrakis(1-norborny1)iron is an isolable, stable organoiron(1V) 
complex. [Bowers, B. K.; Tennent, H. G. J. Am. Chem. SOC. 1972,94, 
2512.1 (b) Alternatively, there is no bound state corresponding to the 
dication, and electron transfer is a dissociative process. In view of our 
earlier studies (see especially ref 12a), we consider this an unlikely pos- 
sibility. 
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Figure 6. ESR spectrum of diethylbis(bipyridine)iron(III) 
perchlorate (0.05 M) in THF solution frozen at -180 "C. NMR 
field markers are in kHz. 


Table 111. Anisotropic ESR Parameters 
for Dialkyliron(II1) Cations Ba 


Me 2.4608 2.281 7 1.9370 
Et 2.4805 2.2739 1.9459 


1.9343 n-Pr 2.4825 


a Spectra recorded in THF frozen at -180 f 1 0  "C. 
2.2698 


Table IV. Hydrocarbon Products of the Thermal 
Decomposition of Dialkyliron( 11) Complexes Aa 


R,Fe( bpy 1, pmol pmol 


benzene 52 (104) 34 (68) 
THF 52 (104) 37 (74) 
THF 60 (120) 23 (46) 


alkane, alkene, 


R (pmol) solvent (%I ( % I b  
Et (50) 
Et (50) 
n-Pr (50) 
n-Bu (12.7) benzene 1 3  (102) 8 (63) c (32.1) THF 1 5  (47)c 14 (44)d 


a Duplicate runs in 1 mL solution at 50 "C. * Based on 
mol hydrocarbon per mol of dialkyliron(I1). Butane. 


1-Butene. 


C. Isolation and ESR Spectra of Dialkylbis(bi- 
pyridine)iron(III) Cations. The controlled-potential 
oxidation of the dialkyliron(I1) complexes A at  -0.4 V 
always resulted in the characteristic dark green solution 
of the iron(II1) cation B. These iron(II1) cations can be 
isolated as crystalline perchlorate salts if the anodic oxi- 
dation is carried out in THF solution with 0.2 M TBAP 
and the product precipitated with ether. After repeated 
attempts, we were unsuccessful in growing single crystals 
of any derivative of B which were suitable for X-ray 
crystallography. 


The esr spectrum of the diethyliron(II1) cation B in THF 
frozen at  -180 OC is shown in Figure 6 .  The anisotropic 
g tensors, g,, g,,, and g,, are well-resolved in this nono- 
riented, low-spin iron(II1) system with orthorhombic sym- 
metry.22 The latter is consistent with the cis confiiation 
of 11, already. deduced from the cyclic voltammetry ex- 
periments (vide supra). The g tensors of the related di- 
methyl- and di-n-propyl analogues are included in Table 
I11 for comparison. No nitrogen hyperfine splittings arising 
from the bipyridine ligands were resolved upon tempera- 
ture variation. The lines gradually broadened as the 


(21) The facile reductive elimination of organometal cations is de- 
scribed in ref ll and 12. See also: Wong, C. L.; Kochi, J. K. J. Am. Chem. 
Soc. 1979,101,5593. Chen, J. Y.; Gardner, H. C.; Kochi, J. K. Ibid. 1976, 
98,6150. Chen, J. Y.; Kochi, J. K. Ibid. 1977,99,1450. Gardner, H .  C.; 
Kochi, J. K. Ibid. 1976, 97, 1855. 


(22) The details of the analysis of the esr spectra will be published 
separately. Chen, K. S., unpublished results. 







160 Organometallics, Vol. 1, No. 1, 1982 Lau, Huffman, and Kochi 


Table V. Hydrocarbon Products from the Thermal 
Decomposition of DialkvlironUII) Cations Ba 


hydrocarbons, pmol R,Fe- 
(bPY ),'ClO, 


Me 23.9 THF (6)  1 5  1 2  


R (pmol) solvent (mL) alkane alkene dialkyl 


Et 25 THF(25) 1 7  3.5 14 
25 THF(5)  14 3.5 1 3  
1 5  acetone(4) 10  2.5 8.0 


n-Pr 12 THF(2)  7.1 0.8 7.6 
26 }THF (7)  b b 2.7,c lld 


Et 
n-Pr 26 


9.2 THF(142 O.ge 0.3f 7.4g 
9.2 THF(4)  0.8e 0.3f 6.48 c 9.2 THF(4)  l.le 0.2f 6.2' 


At 30 "C, generated electrochemically at -0.35 V. 
C,H,, C,H,, C,H,, C,H,, and n-C,H,, present but not 


analyzed. Pentane. Hexane. e Butane. f 1-Butene. 
g Cyclobutane. Contains 400 pmol of bpy. 


temperature was increased to -140 "C. However, the line 
broadening was completely reversible, the spectrum being 
unobservable a t  --70 "C owing to a short T2 relaxation 
time in these dialkyliron(II1) cations.23 


111. Reductive Eliminations of the Dialkylbis(bi- 
pyridine) Derivatives of Fe(II), Fe(III), and Fe(1V). 
The electrochemical studies thus clearly reveal the 
availability of three discrete dialkyliron species A, B, and 
C, which differ only in the oxidation state of the iron 
center. Let us now describe how each of these species 
undergoes reductive elimination. 


Dialkyliron(I1) Complex A. The thermal decompo- 
sition of diethylbis(bipyridine)iron(II) was examined by 
Yamamoto et al. in an earlier Following their 
results, we also observe the reductive elimination of ethane 
and ethylene at  50 "C in either benzene or THF solution. 
A careful search indicated no butane (<0.1%). 


Although the thermolysis can be generally deecribed by 
the stoichiometry in eq 10, the reductive elimination is not 


(10) 
quite so straightforward. Thus the results in Table IV 
show that the alkane is always formed in a slight, but 
definite excess relative to the alkene. The hydrogen dis- 
crepancy is pronounced in the decomposition of the fer- 
racyclopentane A, in which 1-butene (the direct product 
of reductive elimination)% is supplemented by substantial 
amounts of butane derived from a reduction. If the extra 
hydrogens came from the solvent, it is not clear why the 
yield of alkanes in THF is not greater than that in benzene, 
despite its greater hydrogen donor properties. Further- 
more, similar results have been observed in the decom- 
position of Et2Fe(bpy)2 in the solid state." 


The decomposition of dialkylbis(bipyridine)iron(II) 
complexes produces an insoluble dark red precipitate 
which has been ascribed to a polymeric bis(bipyridine)- 
iron(0) species,15 designated as fe for [Fe(bpy),], in eq 10. 


(C2H5)2fe - CzH6 + C2H4 + fe 


(23) Cf. (a) prins, R.; Kortbeek, A. G. T. G. J.  Orgammet. Chem. 1971, 
33, C33. (b) Hodield, A.; Weesennann, A. J. Chem. SOC., Dalton Trans. 
1972,187. (c) Merrithew, P. B.; Lo, C. C.; Modeatino, A. J. Znorg. Chem. 
1975,14,242. (d) Reiff, W. M.; DeSimone, R. E. Znorg. Chem. 1973,12, 
1793. 


(24) Yamamotq T.; Ynmamoto, A.; Ikeda, S. Bull. Chem. SOC. Jpn. 
1972.45. 1104. 1111. , - - r  ----,  ~~~~ 


(25) Compare the decomposition of other metallacyclopentanea: (a) 
McDermott, J. X.; White, J. F.; Whiteaides, G. M. J .  Am. Chem. SOC. 
1976,98,6521. (b) McDermott, J. X.; Wilson, M. E.; Whitesides, G. M. 
Ibid. 1976,98,6529. (c) Young, G. B.; Whitesides, G. M. Zbid. 1978,100, 
5808. (d) Grubbs, R. H.; Miyashita, A,; Liu, M.; Burk, P. Zbid. 1978,100, 
2418. 


Table VI. Cage Disproportionation and Combination 
of Ethyl Radicals Generated in the Photolysis 


of Azoethane a 


hydrocarbons, 
pmol yield, 


solvent additive C,H. C,H, C,H,, % 


THF 3.1 22 24 73 
THF 3.2 22 24 74 
THF styreneb 3.9 4.1 26 60 
THF styreneC 3.7 4.1 25 58 
toluene 4.8 22 28 83 
toluene 4.6 21 28 81 


a In 10-mL solution of 5 X M EtN=NEt irradiated 
with a medium-pressure Hg lamp through a CuSO, filter 
at 30 "C. 2 mol %. 5 mol %. 


In the presence of additional a,d-bipyridine, the known 
tris(bipyridine)iron(O) is formed.26 


Dialkyliron(II1) Cation B. The thermal decomposi- 
tion of the dialkyliron(II1) cation differs from that of the 
neutral dialkyliron(I1) counterpart A in two ways. First, 
B is significantly less stable in solution, having a halflife 
of only -30 min at  30 OC, whereas A is stable for days at 
this temperature. Second, the organic products of de- 
compition of &Fe(bp~)~+ in Table V consist of a mixture 
of dialkyl (b) and alkane (RH), with smaller amounts of 
alkene (R-H). For example, the diethyliron(II1) cation 
affords butane (45%), ethane (48%), and ethylene (8%) 
in THF solution. 


(C2H5I2fe+ - [C4H10, C2H6, C2H41 + fe+ (11) 


This product composition bears close resemblance to that 
expected from the cage reaction between a pair of ethyl 
radicals.n In order to simulate the latter, we photolyzed 
a solution of azoethane under the same reaction conditions, 
i.e.,28 eq 12. Indeed the yields of butane, ethane, and 


hv THF 
C ~ H ~ F N = N - - C ~ H ~  + [2C2H5*,N2] 


[C4Hio, C2H6, C2Hd -t N2 (12) 


ethylene in Table VI compare remarkably well with those 
obtained from the decomposition of Et2Fe(bpy),+ pres- 
ented in Table V. Accordingly, the ratio of butane to 
ethylene (C4HI0/C2H4 N 6) is determined by the relative 
rates of combination and disproportionation (k,/kd = 6.5) 
of ethyl radical,29 i.e., eq 13. The extra ethane (i.e., total 


(13a) 


-E C4H'0 (13b) 


CZCzH5'1 


C z H 4  t C2H, 


ethane minus ethylene) derives by hydrogen atom ab- 
straction from the solvent, subsequent to diffusion from 
the cage 


diffuse SH 
[2C2H5.] - - C2Hs + S .  etc. (14) 


The essential correctness of the formulation in eq 13 and 
14 is supported by three independent types of scavenging 
experiments involving styrene, deuteriated acetone, and 
nitrosodurene to trap the cage-escaped ethyl radicals. (a) 


(26) H e m ,  S.; Pritkel, H. 2. Chem. 1966,5469. Hall, F. S.; Reynolds, 
W. L. Znorg. Chem. 1966,5,931. 


(27) Stefani, A. P. J.  Am. Chem. SOC. 1968,90,1694. Stefani, A. P.; 
Thrower, G. F.; Jordan, C. F. J .  Phys. Chem. 1969, 73,1257. 


(28) Kodama, S.; Fujita, S.; Takeishi,. J.; Toyama, 0. Bull. Chem. SOC. 
Jpn. 1966,39,1009. Duon, P. S.; Stefam, A. P.; Szwarc, M. J. Am. Chem. 
SOC. 1963,85, 2551. 


(29) Gibian, M. J.; Corley, R. C. Chem. Rev. 1973, 73, 441. 
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Figure 7. ESR spectrum of the spin adduct of ethyl radical and 
nitrosodurene obtained during the decomposition of 0.02 M 
EhFe(bpy),+ClOL and 0.02 M nitrosodurene in THF at 30 "C. 


In the photolysis of azoethane, the presence of as little as 
2% styrene is sufficient to completely quench the forma- 
tion of the extra ethane through competition from the 
facile homolytic addition in eq 15." AB shown by the third 


CH3CH2. + CH2=CHPh A CH3CH2CH2CHPh (15) 
and fourth entries in Table VI, the yields of ethane and 
ethylene become equal, and they are in complete accord 
with the butane yields based on the rate constants for 
combination and disproportionation of ethyl radicals in 
eq 13, Le., C4Hlo/C2H4 = C4H10/C2H6 = k,/kd. The use 
of 2-5 mol % of styrene as a radical trap in the thermal 
decomposition of EtzFe(bpy)2+ induced a secondary re- 
action leading to the formation of excessive ethylene. Thus 
we resorted to two other traps, deuteriated acetone and 
nitrosodurene. (b) When the solvent is labeled with deu- 
terium (e.g., perdeuterioacetone for SH in eq 14), the ex- 
tent of cage escape is quantitatively measured by the 
fraction of the monodeuteriated ethane, i.e., eq 16. Mass 


CH3CHzD +CD3COCD2. etc. (16) 
spectral analysis of the ethane liberated in the decompo- 
sition of Et2Fe(bpy)2+ in deuterioacetone indicated that 
72% consists of C2H6D, by a comparison of the cracking 
pattern of an authentic mixture of C2H6 and CzH5D.31 
Coupled with the product analysis, it is easy to conclude 
that all of the ethane in excess of ethylene acquired its 
extra hydrogen from the solvent (see Experimental Sec- 
tion). Neither the ethylene nor the butane showed any 
incorporation of deuterium. (c) The ethyl radicals formed 
in the thermal decomposition of Et2Fe(bpy)z+ can be 
identified as the spin adduct with ni t ro~odurene.~~ 


CH3CH2. + CD3COCD3 - 


E t *  t #-.O - (17) 


The ESR spectrum shown in Figure 7 is the same [AN = 
13.6 G, AH* = 11.0 G, (g) = 2.00581 as that of an authentic 
adduct obtained independently from the thermolysis of 
dipropionyl peroxide in the presence of nitrosodurene. 
Double integration of the ESR spectrum against a standard 
sample of DPPH indicated that the spin adduct accounted 
for 3-4% of all the ethyl groups liberated in the thermal 
decomposition of Et2Fe(bpy)2+, in basic accord with the 
formulation in eq 13 and 14. 


Although most of the dialkyl (R.J is derived by the cage 
combination of alkyl radicals as described in eq 13, a small 
amount must be also formed by the recombination of alkyl 
radicals which have suffered cage escape, as in eq 14.33 
~~ ~ 


(30) Cf. Ingold, K. U. Free Radicals 1973, I, 91. 
(31) It is unlikely that ethaned, arises by a protonolysis mechanism, 


since the rate in acetone is similar to that in the aprotic THF (see Table 
VII) . 


(32) Terabe, S.; Kuruma, K.; Konaka, R. J. Cbm.  SOC., Perkin Trans. 
2 1973,1252. 
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Table VII. First-Order Rate Constants (kob&) 


R,Fe- 
for Decomposition of Dialkyliron( 111) Cations Ba 


(bpy);ClO; methodb solvent lO4kObd s-' 


Me polaro THF 2.0 
Et polaro THF 2.9 
Et spectro THF 2.8 
Et spectro THFC 2.7 
Et polaro acetone 4.1 
Et polaro acetoned 3.6 
n-Pr polaro THF 3.6 


In solutions containing 0.005 M dialkyliron(I1) com- 
plex at 30 "C. b Polarographic analysis (see Experimental 
Section) or spectrophotametrically by following the visi- 
ble band at 680 nm. Solution contains 0.2 M tetrabutyl- 
ammonium perchlorate. 
dine. 


Contains 0.1 M a,&'-bipyri- 


The extent of the latter can be determined from the 
crossover when an equimolar mixture of E h F e ( b ~ y ) ~ +  and 
n-Pr2Fe(bpy),+ is decomposed. The results in Table V 
(fourth entry) show that pentane is formed in about 5 %  
yields, in addition to the homocoupled butane and hexane 
formed in major amounts, Le., eq 18. Control experiments 


E t z f e t  t n - P r z f e  ' Fi ;;:Et t f,' (18) 


n - Pr2 


demonstrate that the cross-coupled pentane did not arise 
via a prior exchange of ethyl and propyl ligands between 
the two cations.34 Indeed the observation of the cross- 
coupling of alkyl ligands provides further support for the 
homolytic decomposition of dialkyliron(II1) cations. 


The rates of thermal decomposition of the dialkyliron- 
(111) cations B follow clean first-order kinetics for more 
than 3 half-lives in either THF or acetone solution.35 


-d[R2fe+] /dt = kobBd[R2fe+] (19) 


The first-order rate constant kow for the diethyl derivative 
of B increased slightly in proceeding from THF to acetone 
solutions. However, kobd was insensitive to salt effects 
using up to 0.2 M tetrabutylammonium perchlorate. 
Furthermore, the first-order rate constant was essentially 
unchanged in the presence of 0.1 M a,a'-bipyridine. For 
the dialkyliron(I1) complexes in Table VII, the rate con- 
stant increases only slightly from the methyl to the ethyl 
and propyl derivatives. The iron-containing product of 
decomposition in eq 11 consists of an insoluble brick red 
precipitate derived from bis(bipyridine)iron(I) cation, as 
described further in the Experimental Section. 


Dialkyliron(1V) Dications C. As described in eq 8 
and 9 of Scheme 11, the dialkyliron(1V) dications are highly 
unstable and can only be generated as transient interme- 
diates in the oxidation of the dialkyliron(II1) cations.20s21 
Despite this extreme lability, C undergoes a remarkably 
selective extrusion of both alkyl ligands during the re- 
ductive elimination. For example, the rapid fragmentation 
of the labile diethyliron(1V) dication C selectively affords 


(33) For hydrogen transfer by alkyl radicals after cage escape, see: 
Sheldon, R. A.; Kochi, J. K. J.  Am. Chem. SOC. 1970,92,4395. 


(34) When a half-decomposed mixture of dialkyliron(II1) cations is 
rereduced electrochemically, no scrambling of ligands is observed in the 
recovered A. 


(35) Kinetics were determined in solutions typically with concentra- 
tions of 0.005 M or less in B. At higher concentrations, B is rereduced 
to A in the course of decomposition (probably by the reduced iron(1) 
product). The presence of A can be readily observed by ita characteristic 
color or by polarographic analysis. 
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Table VIII. Hydrocarbon Products from the Thermal 
Decomposition of the Dialkyliron(1V) Dication C" 


hydrocarbon, 
R,Fe- pmol (bpy),(ClO,), coulometry 


R ( m o l )  n b  R,(%)C RH R-H 
Et (50) 1.79 3 8 ( 7 6 )  2 -0.1 


1.80 36(72)  4 <0.1 
1.88 41 (82) 6 0.4 


Etd (45) 
n -Pr (50) 


22 (88)e 2 <0.1 
n -Pr (25)  (25) 11'74 20 (80) 2 0.3 
Et 


c (30)  1.71 24(80)  <0.1 <0.1 


" Generated electrochemically from the oxidation of the 
dialkyliron(I1) complex at 0.8 V in 6 mL of THF contain- 
ing 0.1 M TBAP. Electrons per R,Fe(bpy). Numbers 
in parentheses refer to % yield based on a mol of hydro- 
carbon produced from a mol of C. Absolute yields are 
minimum values, owing to  losses (see Experimental Sec- 
tion). In the presence of 600 pmol of bpy. e Less than 
0.1 pmol of pentane detected. 


butane in Table VIII. Similarly, the dipropyliron(1V) 
dication produces only hexane in high yields. 


(20) (n-C3H,)2fe+ - (n-C3H7), + fe2+ 
The intramolecular nature of the reductive elimination of 
the dialkyliron(1V) dication is demonstrated by the oxi- 
dation of an equimolar mixture of E h F e ( b ~ y ) ~ +  and n- 
Pr2Fe(bpy),+ to give only butane and hexane, with inde- 
tectable amounts (<0.1%) of pentane, the crossover 
product. The ferracyclopentane cation cleanly extrudes 
cyclobutane upon oxidation 


-e- 


The iron-containing product from the decomposition of 
the dialkyliron(1V) dication in eq 20 consists of an insol- 
uble red precipitate derived from bis(bipyridine)iron(II) 
dication, as described in further detail in the Experimental 
Section. 


IV. Chemical Oxidation of Dialkyliron(I1) Com- 
plexes. DiaUlrvlbis(bipyridine)iron(II) also undergoes facile 
cleavage in the presence of chemical oxidants such as the 
coordinative saturated complexes of iron(1II) FeL33+, where 
L = 1,lO-phenanthroline and a,d-bipyridine. The results 
in Table IX show that high yields of dialkyls (R2) are 
derived from the various alkyl derivatives. Other oxidants 
and electrophiles such as IrCb2-, Br2, C12, 12, IC1, T1(02C- 
CF3)3, Ce(02CCF3),, and Co(OAc), were found in a pre- 
vious study to have the same effect.1° Spectral titration 
indicated that 1.91 and 1.93 equiv of Fe(phen),3+ and 
Fe(bpy),3+, respectively, were consumed for each mol of 
EhFe(bpy),, according to the stoichiometry 
Et,Fe(bpy)z + 2FeLS3+ - Et, + 2FeLS2+ +Fe(bpy),,+ 


(22) 
Oxidative cleavage of an equimolar mixture of E h F e ( b ~ y ) ~  
and n-Pr2Fe(bpy), produced only butane and hexane, but 
no crossover product, pentane (<0.1%). 


The high yields of coupled alkyl products with no 
crossover indicate that reductive elimination is proceeding 
from a dialkyliron(1V) precursor C, and not the dialkyl- 
iron(II1) intermediate B. Since the oxidant FeL33+ is 
constrained to undergo only a one-electron change,ss the 


(36) Dulz, G.; Sutin, N. Zmrg. Chem. 1963,2,917. Diebler, H.; Sutin, 
N. J.  Phys. C k m .  1964,68,174. Wilkins, R. G.; Yelin, R: E. Zmrg. Chem. 
1968, 7, 2667. 


Table IX. Hydrocarbon Products from the Chemical 
Oxidation of Dialkyliron(I1) Complexes A" 


Me (50.0) 33 (66) 3.7 
Et (50.0) 43 (86)  3.8 <0.1 
n-Pr (50.0) 48 (96) 1.2 <0.1 


n-Bu (10.0) 9.1 (91)  1.2 <0.1 


(25.0) (20 (80)  
n-Pr 25 
Et 1 (25.0) 


c (21.4)d 20.4(95)e < 0.1 f <0.1 g 


In 0.05-0.025 M solution of CH,CN and THF with 3 
equiv of Fe(phen),( ClO,), at 25 'C, except as stated other- 
wise. (See Experimental Section for details.) Based on 
mol dialkyl per mol dialkyliron( 11) complex. 
0.1 @mol of pentane. d 0.01 M. e Cyclobutane. 
f Butane. g Butene. 


formation of the dialkyliron(IV) dication must result from 
two successive oxidations, i.e., Scheme 111, in which the 


Scheme I11 
Et2fe + FeL33+ - FeL32+ + Et2fe+ (23) 


Ehfe+ + FeL33+ - FeL32+ + Et2fe2+ (24) 


Et,fe2+ - Et, + fe2+ (25) 
second electron-transfer step in eq 24 is faster than the 
reductive elimination of the dialkyliron(II1) intermediate. 
The second-order kinetics also indicate that the initial 
electron transfer in eq 23 is the rate-limiting step in 
Scheme 111. The facile oxidation of dialkyliron(II1) cations 
by FeL,3+ in eq 24 could also be demonstrated independ- 
ently. Thus the oxidation of the electrochemically gen- 
erated diethyliron(II1) cation EbFe(bpy),+ by Fe(~hen),~+ 
afforded high yields of butane accompanied by only minor 
amounts (<1%) of ethane. Likewise, the di-n-propyl and 
ferracyclopentyl cations produced excellent yields (>90%) 
of hexane and cyclobutane, respectively, upon oxidation 
with F e ( ~ h e n ) ~ ~ + .  


Discussion 
X-ray crystallography and 'H NMR spectroscopy have 


unambiguously established the structure of dialkylbis- 
(a,&'-bipyridineliron(I1) complexes A to exist in the cis 
configuration, both in the solid and in solution. Transient 
electrochemical techniques as well as electron spin reso- 
nance studies also establish the one-electron oxidation of 
A to the dialkylbis(bipyridine)iron(III) cation B to occur 
with essentially no skeletal changes.37 Analysis of the 
sweep dependence of the cyclic voltammetric wave indi- 
cates that the irreversible one-electron oxidation of the 
cation B generates a highly metastable dialkylbis(bi- 
pyridine)iron(IV) dication C by a rate-limiting electron 
transfer. The facile reductive elimination of the pair of 
alkyl ligands selectively to dialkyls strongly suggests that 
the dication C also exists in a cis configuration. In other 
words, the oxidation of A proceeds by successive one- 
electron transfers to afford a series of three isomeric or- 
ganometallic species whose principal difference lies in the 
different oxidation states of the metal center,% i.e., A, B, 
and C. In these cis dialkyliron species the juxtaposition 
of the alkyl ligands represents an optimal condition for 
facile reductive elimination to occur.39 


Less than 


(37) For a discussion, see footnote 17. 
(38) Variations in bond lengths attendant upon changes in the oxi- 


dation states are not included in this consideration. 
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2 +  + qp u 'R 
B C 


u 'R 
A 


I. Mechanisms of Reductive Elimination of Di- 
alkyliron Species A, B, and C. We now direct our at- 
tention to how each of the dialkylbidbipyridine) analogues 
of iron(II), iron(III), and iron(1V) undergoes reductive 
elimination by a unique pathway. 


Dialkyliron(I1) Complex A. Earlier, Yamamoto and 
co-workers ascribed the retardation of the rate of decom- 
position of the diethyliron(I1) complex A by added a,a'- 
bipyridine to the equilibrium in eq 27 of Scheme IV.24 


Scheme IV 
K 


Et2Fe(q2-bpy)2 d Et2Fe(s2-bpy)(s1-bpy) (26) 


Et2Fe(s2-bpy) W-bpy) + 
K 


bpy -1. E t 2 F e ( s 2 - b ~ ~ ) ( s 1 - b ~ ~ ) 2  (27) 


EhFe(s2-bpy)(s1-bpy) - products (28) 


According to Scheme IV, the coordinatively unsaturated 
intermediate is free in eq 28 to produce ethylene and 
ethane via &elimination followed by hydrogen transfer.40 
Indeed this sequence of reactions leading to reductive 
elimination has been established in a variety of organo- 
metallic systems which are known to proceed via a disso- 
ciative 


Dialkyliron(II1) Cations B. The rate of the thermal 
decomposition of dialkyliron(II1) cations (Table VII) is 
essentially unaffected by the presence of added a,a'-bi- 
pyridine. This kinetic behavior contrasts with that of the 
iron(I1) analogue described above, and it indicates that the 
dialkyliron(II1) cation undergoes reductive elimination via 
a nondissociative mechanism. Coupled with the experi- 
mental evidence (presented in Table V, eq 16, and Figure 
7) for the formation of alkyl radicals as prime interme- 
diates, a homolytic fragmentation is the preferred pathway 
for the decomposition of dialkyliron(II1) cations (Scheme 
V, where fe = (bpy),Fe). According to the mechanism in 


Scheme V 


(29) Ehfe+ - [Et., Etfe+] 


[Et., Etfe+] - products (30) 


Scheme V, the cleavage of an alkyl-iron bond initially 
generates a radical ion pair, indicated in brackets. This 
homolysis may be followed in rapid succession by the 
cleavage of the second alkyl-iron bond. Cage combination 


k 


kl 


(39) The C-Fe-C bond angle in diethylbis(bipyridine)iron(II) is 85", 
and the C-C bond distance between the a-carbons of the ethyl ligands 
is only 2.79 A. 


(40) Although such a mechanism may play an important role in the 
decomposition of A, other proceeaes must also be included to account for 
the substantial amounts of extra alkane (i.e., alkane in excess of alkene) 
commonly observed (see Table IV). However, the singular absence of the 
coupled dialkyla from the ethyl, n-propyl, and n-butyl derivatives, as well 
as cyclobutane from the ferracyclopentane, indicate that significant 
concentrations of alkyl radicals are not involved. 


(41) For 8-elimination in an alkyl-iron organometal, see: Reger, D. L.; 
Culbertson, E. C. Znorg. Chem. 1977,16,3104. 


(42) Whitesides, G. M.; Gaasch, J. F.; Stedronsky, E. R. J. Am. Chem. 
SOC. 1972,94,5258. 


(43) Ikariya, T.; Yamamoto, A. J .  Organomet. Chem. 1976,120,257. 
(44) For a summary discussion, see ref 8, pp 247-258. 
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and disproportionation of the fragments affords the mix- 
ture of alkanes and alkenes listed in Table V.& Diffusive 
separation of the alkyl radical from the solvent cage is 
responsible for the effects of scavengers such as nitroso- 
durene and acetone-& Furthermore, the formation of 
cyclobutane and butane from the ferracyclopentane cation 
accords with the competition shown in eq 31 and 32.& 


Loti  
fe+ (31) 


(32) 


The absence of 1-butene is noteworthy, especially in com- 
parison with its importance in the decomposition of the 
neutral dialkyliron(I1) complex (vide supra). 


Dialkyliron(1V) Dications C. The facile reductive 
elimination from the metastable dialkyliron(1V) dication 
occurs too rapidly to carry out rigorous kinetic studies. 
Nonetheless, the absence of an observable effect of added 
bipyridine supports a nondissociative process for the re- 
ductive elimination!' In such a mechanism, the selective 
loss of dialkyl without significant competition from dis- 
proportionation (i.e., the formation of alkane and alkene) 
indicates that both alkyl bonds to the iron center in C are 
cleaved simultaneously, as in a concerted electrocyclic 
process. 


R - fe - R-R t f e  
-\ 2 t  2 t  


R' 
(33)  


An alternative mechanism involves the homolytic frag- 
mentation of both alkyl-iron bonds (either simultaneously 
or in rapid succession) to afford a radical pair. The latter 
mechanism is disfavored for two reasons: (a) the radical 
pair should afford a mixture of alkane and alkene in ad- 
dition to dialkyl from cage disproportionation and recom- 
bination known to occur according to eq 3448 and (b) the 


(34a )  
2 t  


R 2  t fe 


2+ c R H  t R - H  t f t ' ( 3 4 b )  


2 t  
R2fe - C2R.. f e  I 


ferracyclopentane dication should yield ethylene in ad- 
dition to cyclobutane, according to the established behavior 
of the tetramethylene d i r a d i ~ a l , ~ ~  i.e., eq 35. 


7 2 =  + fez+ (35a )  


(45) The fate of the EtFe(bpy)2+ fragment will depend on the second 
Fe-C bond energy, as described in the decomposition of dialkylmercury 
compounds [Benn, R. Chem. Phys. 1976,15,369 and ref 8, Chapter 111. 
There is insufficient evidence at  this juncture to evaluate this point. 
However, the evidence for the cage reactions of ethyl radicals points to 
a fast second homolysis. It is also possible that disproportionation and 
combination results from the direct collapse of the radical cation pair in 
eq 30. 


(46) Small amounts of ethylene have also been observed in the de- 
composition of the ferracyclopentane cation. 


(47) (a) The first-order rate of conversion of a q2-bipyridine to ql-bi- 
pyridine in eq 26 has been measured by Yamamoto and co-workersu to 
be kl = 0.21 min-'. If so, it is too slow to accommodate the incorporation 
of bpy on the electrochemical time scale of milliseconds or less for the 
fragmentation in eq 33 to occur. Electrochemical oxidation of A at  0.8 
V is unaffected by added a,"-bipyridine. (b) It is unlikely that reductive 
elimination of alkyl ligands is simultaneous with electron transfer. See 
ref 20 and 21. 


(48) The radical pair in eq 34 is considered to be equivalent to that 
in eq 13. 
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The different pathways outlined in Schemes IV and V 
and in eq 33 for the reductive elimination of various di- 
alkyliron species underscore the critical role of the oxi- 
dation state in influencing the course of reductive elimi- 
nation. 


11. Comparative Behavior of Organoiron(II), - 
iron(III), and -iron(IV) Analogues. The comparisons 
of reductive elimination reveal the distinctive behavior 
among the dialkyliron analogues A, B, and C in two 
principal ways. First, the rates of cleavage of the alkyl-iron 
bonds vary markedly with the oxidation state of the iron 
center. For example, the half-life for reductive elimination 
in the series of diethyl analogues of A, B, and C is 7 1 15 
days, 38 min, and s, respectively, at 30 OC. Second, 
the cleavage of the alkyl-iron bonds in each of these species 
proceeds by a characteristic mechanism. Thus the path- 
way in Scheme IV by which the neutral iron(I1) derivative 
A undergoes reductive elimination requires coordinative 
unsaturation at the iron center to accommodate @-elimi- 
nation of the alkyl ligand.60 On the other hand, the less 
stable iron(1II) cation B suffers spontaneous loss of an alkyl 
ligand by homolytic rupture in Scheme V. Finally, the 
highly metastable iron(1V) species C rejects both alkyl 
ligands simultaneously in eq 33. 


The loss of alkyl ligands in these dialkyliron species 
corresponds to an overall reductive process. Although we 
have not measured the thermochemical change in each of 
these systems, the large differences in electrode potentials 
in Table I1 provide qualitative indications that the driving 
force for reductive elimination increases in the order A < 
B < C. On this basis alone, we would conclude that re- 
ductive elimination by a disproportionation of alkyl ligands 
in the neutral A represents the most energetic pathway. 
At the other extreme, reductive elimination by the coupling 
of alkyl ligands in the dication C represents the least en- 
ergetic pathway. Homolytic cleavage of the cation B would 
then represent an intermediate situation. In other words, 
there is an apparent trend for both the rate and the 
mechanism of reductive elimination to be directly tied to 
the driving force. Factors which decrease the electron 
density a t  the metal center would provide an increasing 
stimulus for the mechanism of the reductive elimination 
of alkyl ligands to evolve progressively from /3-elimination 
in the neutral A, to homolytic scission in the cation B, to 
the concerted coupling in the dication C. Thus when the 
driving force for reductive elimination (as in C) far exceeds 
that required for the creation of an open coordinate site 
(as in A), the concerted process will be favored. Such a 
scenario raises the interesting question of whether the 
diversity of pathways, which have been observed for re- 
ductive eliminations of a variety of organometallic sys- 
tems,52 are generally dependent on such factors. Clearly 
a more complete theoretical treatment of this trend from 
a detailed orbital analysis53 of the available pathways is 


Lau, Huffman, and Kochi 


(49) Dervan, P. B.; Santilli, D. S. J. Am. Chem. SOC. 1980,102,3863. 
The tetramethylene diradical hae been shown to undergo competitive 
cyclization to cyclobutane and fragmentation to ethylene with a relative 
rate h,/h* N 0.5, which is relatively temperature independent (private 
communication from P.B.D.). 


(50) A requirement for &elimination of an alkylmetal is considered to 
be coordinative unsaturation at  the metal center.61 


(51) (a) Wilkinson, G. Pure Appl. Chem. 1972,30,627. (b) Brateman, 
P. S.; Cross, R. J. Chem. SOC. Reu. 1973,2, 271. 


(52) Reductive eliminations have been identified 88 reductive coupling 
(i.e., dialkyl formation) and reductive disproportionation (i.e., alkane and 
alkene formation). Reductive coupling is favored in some organometala 
and reductive disproportionation in other. For a review of these pro- 
cesses, see ref 4 (Chapter 4), ref 8 (Chapters 12 and 13), and ref 51b. 


(53) As a recent example, see: McKinney, R. J.; Thorn, D. L.; Hoff- 
mann, R.; Stockis, A. J.  Am. Chem. SOC. 1981,103,2595, and references 
therein. 


Scheme VI 
ZFe(phen);'or electrochemically a t  0 8 V 


r 1 


Scheme VI1 


b - f e  t R C O R  (36) ?OR 


'R ' A  


/co 


f e  t co 2 f e  


f e  t RCOCOR (37) 
0 b 


t co - fe 


f e \ R  'COR 


desirable, and we hope these studies will stimulate such 
an undertaking. 


Summary and Conclusions 
Dialkylbis(a,a'-bipyridine)iron(II) complexes A are 


electrochemically oxidized by successive one-electron 
transfers to the dialkyliron(II1) cation B and the di- 
alkyliron(1V) dication C. The isomeric A, B, and C differ 
principally in their oxidation states, all of them having the 
pair of alkyl ligands in a cis configuration. Reductive 
eliminations from these isomeric species proceed by the 
unique pathways schematically summarized in Scheme VI. 


The importance of the oxidation state of an organometal 
in determining the reactivity and the course of reaction 
is also shown in some preliminary experiments54 we wish 
to describe in connection with the carbonylation of the 
dialkyliron species A and B. For example, the exposure 
of either the diethyl- or the di-n-propyl derivative of the 
iron(I1) complex A to 1 atm of carbon monoxide leads to 
gas uptake over a course of 5 h at  0 OC in THF solution. 
The same carbonylation of the corresponding iron(II1) 
cations B is complete in less than 1 h. Furthermore, the 
organic products provide an interesting contrast between 
dialkyliron(I1) and dialkyliron(II1) behavior. Thus, A 
affords a mixture of ketone [EhCO, n-Pr2CO] and diketone 
[ (EtZO), and (n-PrCO)2] in high yields. Such products 
of organometal carbonylation are accounted for by the 
usual formulation involving CO followed by 
reductive elimination, as depicted in Scheme VII. Ac- 
cording to Scheme VI1 the relative amounts of ketone to 
diketone are determined in the competition for the mon- 
oacyl intermediate fe(C0R)R by reductive elimination in 
eq 36b and CO insertion in eq 37a. Consistent with this 
formulation, the yield of diketone is found to increase at  
the expense of ketone, as the temperature of the reaction 


(54) Lau, W., unpublished results. 
(55) Wojcicki, A. Adu. Organomet. Chem. 1973, 11, 87. 
(56) Bryndza, H. E.; Bergman, R. G. J. Am. Chem. SOC. 1979, 101, 


(57) Yamamoto, T.; Kohara, T.; Yamamoto, A. Chem. Lett. 1976,1217. 
4766. Theopold, K. H.; Bergman, R. G. Ibid. 1980,102, 5694. 
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is lowered from 25 to 0 "C. By contrast, the diakyliron(1II) 
cation B under the same conditions affords only mono- 
ketone. No diketone is observed (<5%) ,  even at  0 O C ,  
indicating that the monoacyliron(1II) cationic intermediate 
is too transient to be intercepted by a second carbon 
monoxide. 


A similar difference in behavior between dialkyliron(I1) 
and dialkyliron(II1) species A and B is shown toward 
olefins." For example, it is worth emphasizing that a 
reduction potential EO of -1.0 V for the dialkylbis(bi- 
pyridine)iron(II) complex in Table I1 represents a sizeable 
driving force for oxidation. ks such, even electron-deficient 
olefins such as maleic anhydride are sufficient electron 
acceptors to effect ready oxidation to the dialkyliron(II1) 
cations." It is thus not surprising that the diethyliron(II1) 
cation is formed in greater than 80% yield when simply 
treated with proton sources such as trifluoroacetic acid at  
-78 OC. The latter emphasizes the ease with which electron 
transfer occurs from these organometals, even with con- 
ventional electrophiles. It underscores the caution which 
must be exercized in mechanistic formulations based on 
stoichiometry alone. 


Experimental Section 
Materials. Trialkylaluminum compounds were purchased 


from Texas Alkyl and used without further purification. Fe(acac), 
was prepared from FeClS.6Hz0 and 2,4-pentanedione in H20 in 
the presence of urea.M) Et4NC104, n-Bu,NC104, and anhydrous 
NaC104 were obtained from G. F. Smith Chemical Co. and used 
without further purification. Fe(phen)s(C104)3 and Fe(bpy),- 
(Clod3 were prepared as described previously?' N i t rdu renem 
and azoethaneeO were synthesized according to the literature 
methods. Alkyllithium reagents were prepared from the corre- 
sponding alkyl chlorides in either pentane, hexane, or toluene, 
and they were assayed by titration with sec-butyl alcohol and a 
phenanthroline indicator.61 


and acetone-d6 from Stohler Isotope Chemicals were 
first degassed by successive freeze-pump-thaw cycles, vacuum 
transferred to flaaks containing a small amount of EhFe(bpy),, 
stirred for about 15 min, and then vacuum transferred into 
Schlenk flasks. All solvents were distilled and stored under argon. 
Reagent grade THF from Mallinckrodt Chem. Co. was first 
distilled from Na/K, followed by another distillation from ben- 
zophenone ketyl, and then a third distillation in which only the 
middle fraction (50%) was collected. THF under strong reducing 
conditions (e.g., Na/K) produced a substantial amount of ethylene, 
which necessitated the third distillation. Reagent grade ether, 
pentane, and hexane were distilled from benzophenone ketyl. 
1,4Dioxane and toluene were refluxed over Na/K overnight and 
distilled. Reagent grade acetone was distilled without additive, 
and only the middle cut (50%) was retained. Reagent grade 
acetonitrile from Mallinckrodt Chem. Co. was purified by a 
modification of a standard procedure.62 After fractional dis- 
tillation from CaH,, the solvent was stirred with 10 g L-' each 
of KMn04 and anhydrous Na2C03 for 24 h. The mixture was 
filtered and flash distilled by using a rotovap equipped for con- 
tinuous feed. I t  was then redistilled at high reflux ratios, first 
from Pz05 and then from CaH2 a,a'-Bipyridine was obtained 
from Aldrich Chem. Co. and recrystallized in EtOH. 


All benchtop operations were carried out under an atmosphere 
of argon with Schlenk glassware. The flasks were f i t  evacuated, 
flame dried, and refilled with argon. Solutions and solventa were 
transferred with the aid of hypodermic syringes which were 
thoroughly flushed with argon. 


Synthesis of Dialkylbis(bipyridine)iron(II) with Tri- 
alkylalanes. The synthesis of the methyl, ethyl, and n-propyl 


(58) Cf. Steinbach. J. F.: Burns. J. H. J. Am. Chem. SOC. 1958, 80, 
1839. 


(59) Smith, L. I.; Taylor, F. L. J.  Am. Chem. SOC. 1935,57,2370,2460. 
(60) Renaud, R.; hitch, L. C.  Can. J.  Chem. 1954,32,545. 
(61) Watson, 5. C.; Eaetham, J. F. Organomet. Chem. 1967, 9, 165. 
(62) ODonnell, J. F.; Ayres, J. T.; Mann, C. K. Anal. Chem. 1965,37, 


1161. 
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analogues of A was carried out according to the method developed 
by Yamamoto and co-w~rkers.'~ All manipulations were per- 
formed under an atmosphere of argon. In a typical procedure, 
Et& (4.16 g, 36.5 "01) was dissolved in 15 mL of hexane, the 
solution chilled to -78 OC, and EtOH (2.13 mL, 36.5 "01) added 
dropwise with the aid of a hypodermic syringe, each addition b e i i  
accompanied by a vigorous evolution of gas. The contents were 
transferred by syringe to a suspension of F e ( a ~ a c ) ~  (4.55 g, 12.9 
"01) and a,&-bipyridine (4.75 g, 30.4 mmol) in ether at  -20 OC. 
No reaction was observed with the slightly orange solution at this 
temperature. The mixture was allowed to slowly warm to 0 "C 
over a period of 2 h with stirring and then stirred overnight, during 
which time the ice bath melted. The black solid was removed 
from the deep blue solution by fitration under argon, washed three 
times with 15-mL aliquots of ether, followed by three washea with 
hexane, and dried in vacuo. The solid can be recrystallized by 
dissolution in toluene, followed by the addition of hexane and 
cooling to -20 OC over a 24-h period. The material obtained in 
this manner is microcrystalline. Repeated attempts to grow larger 
crystals under varying conditions of solvent, temperature, etc. 
were unsuccessful. Anal. Calcd for FeCuH&,: C, 67.61; H, 6.15; 
N, 13.14. Found C, 66.92; H, 6.36, N, 12.88. Mol wt cald 426.33. 
Found: 450 f 25 (cryoscopic in benzene). A similar procedure 
was used to prepare MezFe(bpy), and n-Pr,Fe(bpy), from com- 
mercially available Me3Al and n-PrsAl. 


The single crystal required for X-ray crystallography (see Figure 
1) was grown in the following manner. The heterogeneous mixture 
consisting of Fe(acacIs, EhAlOEt, and a,a'-bipyridine was pre- 
pared as described above and allowed to sit in a bath maintained 
at -10 OC for 2 days without stirring. Under these conditions, 
EhFe(bpy), crystallized out slowly as a heavy mass of black 
crystals. 


Synthesis of Dialkylbis(bipyridine)iron(II) from Alkyl- 
lithium and Grigmd Reagents. Dichlorobis(bipyridine)iron(II) 
was prepared by the sublimation of bipyridine from the easily 
prepared (bpy),FeClz, as described by Bas010 and Dwyer.s3 
C12Fe(bpy), was alkylated under argon with various alkyllithium 
reagents; a typical procedure is described for EhFe(bpy), as 
follows. C12Fe(bpy)2 (2.0 g, 4.6 mmol) was suspended in 30 mL 
of toluene at  -78 OC, and a solution of EtLi (23 mL of 0.2 M 
solution in toluene) was added slowly over the course of 10 h. A 
deep blue solution was formed, and the solution was allowed to 
warm slowly to room temperature after all the EtLi was added. 
After the mixture was stirred for 1 h at  room temperature, the 
LiCl was removed by filtration and the solvent pumped off in 
vacuo. The black (deep blue) solid was washed with ether several 
times and recrystallized from a mixture of toluene and hexane. 
EhFe(bpy), prepared by this procedure was comparable to that 
synthesized from E Al and found to have the same 'H NMR 


solution of 0.05 M EhFe(bpy), with a solution of sulfuric acid 
diluted in CHsCN at 25 OC afforded ethane (87.7 pmol) and butane 
(4.3 pmol), to account for 96% of the ethyl ligands. Chemical 
oxidation with Fe(phen),(C104), (3 equiv) afforded ethane (4.9 
pmol) and butane (42.4 pmol), to account for 91% of the ethyl 
ligands. Mol wk 472 f 25 (cryoscopic in benzene). The 'H NMR 
spectrum of E h F e ( b ~ y ) ~  was recorded on a Varian HR 220 
spectrometer with a frequency sweep option and a single ra- 
diofrequency decoupler. Spectra were recorded in benzene-d6 
solutions containing a few milligrams of zinc dust and were signal 
averaged. The 220-MHz 'H NMR spectrum of EhFe(bpy), 
showed three seta of resonances at 6 0.56 (t, J = 7 Hz, 3 H), 1.95 
(quintet, J = 7 Hz, 1 H), and 2.23 (quintet, J = 7 Hz, 1 H) for 
the ethyl ligands and a typical set of aromatic resonances between 
6 6.0 - 9.5 for the bipyridine ligands. Decoupling at either 
220032598 or 220032536 Hz (corresponding to 6 2.23 or 1.95, 
respectively) led to the collapse of the triplet resonance at 6 0.56 
to a doublet (7 Hz). Decoupling at either 220032567 Hz (cor- 
responding to the center of the two sets of quintets at 6 2.09) led 
to the collapse of the triplet at  6 0.56 to a singlet. Finally, de- 
coupling at  220 032 229 Hz (corresponding to 6 0.56) led to the 
collapse of the pair of quintets to a pair of doublets (8 Hz) without 
altering their splitting of 62 Hz. 


specbum and e& o k  emical behavior. Acidolysis of a 1-mL THF 


(63) Baaolo, F.; Dwyer, F. P. J.  Am. Chem. SOC. 1954, 76, 1454. 
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n-BuzFe(bpy)z was synthesized from ClzFe(bpy), suspended 
in toluene and n-BuLi in hexane, as described above. However, 
no reaction was observed at -78 "C even after -20% of the BuLi 
was added. When the temperature was raised to -45 "C, the blue 
color of the diakyliron(II) complex was apparent. The remainder 
of the BuLi was added at this temperature and the workup carried 
out as described above. 


Attempts to prepare i-PrzFe(bpy), from Cl,Fe(bpy), in toluene 
and i-PrLi in hexane were unsuccessful. The characteristic deep 
blue solution of the dialkylbis(bipyridine)iron(II) complex was 
formed at -50 "C. However, the complex slowly decomposed at 
-20 "C over a c o w  of several days to afford a mixture consisting 
of dark red solution and a red precipitate. The latter is diagnostic 
of the decomposition of i-PrzFe(bpy)z. Analysis of the gas phase 
over the mixture indicated the presence of propane and propylene 
in more or less equimolar amounts. Similarly, a mixture of 
ClzFe(bpy)z and i-BuLi in toluene afforded a deep blue solution 
which was stable at  -20 "C. However, it decomposed to a reddish 
brown solution when allowed to warm to room temperature. The 
analysis of the gas phase indicated a roughly 2:l ratio of isobutane 
and isobutylene. 


A mixture of ClzFe(bpy)z in toluene and s-BuLi in cyclohexane 
also afforded a deep blue solution of the putative s-BuzFe(bpy)z. 
The solution degraded to a reddish mixture upon standing ov- 
ernight at -20 "C. A similar reaction of ClzFe(bpy)z in toluene 
and neopentyllithium in pentane only darkened on mixing at -20 
"C. The blue color characteristic of a diakyliron(II) complex was 
not observed. 


Synthesis of the ferracyclopentane CHzCHzCHzCHzFe(bpy)z 
from the l,Cdilithiobutane, as described above, afforded only an 
impure product. An alternate route from the Grignard reagent 
was carried out as follows. 1,4-Dibromobutane (16.7 "01) was 
treated with triply sublimed Mg (0.9 g, 37 "01) in 40 mL of ether. 
After being refluxed for 2 h, the mixture separated into two layers. 
Addition of 40 mL of THF led to a colorless precipitate which 
was removed by filtration. The colorless solution containing the 
di-Grignard reagent (41 mL, 0.05 M) was added slowly with 
constant stirring to a suspension of ClZFe(bpy), (1.2 g, 2.7 "01) 
in 40 mL of 1,4-dioxane at  room temperature. After the mixture 
was stirred for an additional 2 h, the solid was filtered, and the 
solution concentrated in vacuo. The solution was chilled to -20 
"C, and the frozen mixture was freeze-dried in vacuo. The fluffy 
powder was washed twice with 20-mL portions of hexane and 
extracted twice with 40-mL portions of ether. Removal of the 
ether in vacuo afforded a black solid, which was recrystallized 
from a mixture of toluene and hexane. Anal. Calcd for FeCB- 
H32N402 (CHzCHzCHzCHzFe(bpy)z~1,4-dioxane): C, 65.61; H, 
6.31; N, 10.93. Found C, 65.46; H, 6.29; N, 10.95. Mol wt calcd: 
424.33. Found: 493 f 25 (cryoscopic in benzene). The proton 
'H NMR spectrum of the ferracyclopentane in be"& consists 
of two sets of unresolved resonances at 6 1.11 (4 H) and 6 1.49 
(4 H), in addition to the bpy resonances (16 H). 


Decomposition of Dialkylbis(bipyridine)iron(II). The 
decompositions of the dialkylbis(bipyridine)iron(II) complexes 
were carried out in sealed glass tubes in vacuo. In a typical 
experiment, a 1-mL aliquot of a 0.05 M solution of EtzFe(bpy)z 
in THF was introduced under argon at 25 "C into a 25-mL bulb 
with a glass stem connected to a Schlenk adaptor. The bulb was 
evacuated and the tube sealed at  liquid-nitrogen temperatures. 
After thermal decomposition at 50 "C, a rubber tubing was fitted 
tightly over the glass tube extension which was then broken at 
the preengraved scratch mark. The bulb was filled with argon 
with the aid of a syringe needle and an appropriate internal 
standard added. [Note: In a separate experiment, the gases were 
analyzed prior to the addition of the internal standard.] The 
hydrocarbons were analyzed by gas chromatography using the 
following columns: 2 ft Porapak Q for CHI, C2H4, and CzH,; 15 
f t  DBTCP for C3 and C4 hydrocarbons; 10 ft Carbowax 5M for 
C5 and CB hydrocarbons; and 6 ft FFAP for C8 hydrocarbons. 
Standard calibration curves were constructed for each component 
under the reaction conditions. For the ferracyclopentane de- 
composition, the evolution of butane and l-butene was continously 
monitored throughout the reaction but showed no variation from 
the start to the end. Furthermore, the product composition of 
a thermolysis at 90 "C was unchanged (C4H10,17.3 pmol, and C4He, 
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Figure 8. Variation of the anodic peak potential E (0) and Ep 
(0) on the CV sweep rate (log u )  for Wz of 0.003 d EhFe(bpyjz 
in acetone containing 0.1 M TEAP at 0 "C. The value of E, has 
been shifted by adding 1.857 to log u. 


13.6 pmol) relative to that formed at 50 "C (see Table IV). 
Electrochemical Measurements. Electrochemistry was 


performed on a Princeton Applied Research Model 173 potent- 
iostat equipped with a Model 176 current-to-voltage converter 
which provide a feedback compensation for ohmic drop between 
the working and reference electrodes. The voltage follower am- 
plifier (PAR Model 178) was mounted external to the potentiostat 
with a minimum length of high impedence connection to the 
reference electrode. This arrangement ensured low noise pickup. 
Cyclic voltammograms were recorded on a Houston series 2000 
X-Y recorder. The electrochemical cell was constructed according 
to the design of van Duyne and Reilley.64 The distance between 
the platinum working electrode and the tip of the salt bridge was 
1 mm to minimize ohmic drop. Coulometry was carried out by 
using a three-compartment cell of conventional design with a 
platinum gauze electrode. A special cell was constructed with 
an additional sidearm to accommodate an extra electrode in order 
to conveniently monitor the solution by cyclic voltammetry at 
anytime during an oxidation or reduction. This can be done by 
simply switching the connection between the two working elec- 
trodes and leaving all other connections intact. The optimum 
cyclic voltammogram was obtained with a configuration in which 
the CV working electrode was located directly opposite to the 
reference electrode. All operations were performed under an 
atmosphere of argon. A 0.2 M solution of n-BhNC104 was used 
as supporting electrolyte with THF, and a 0.1 M solution of 
Et4NC104 or NaC104 was used with acetone and acetonitrile. 
Electrolyses were carried out at 0 "C to minimize decomposition 
of either A or B. The time required for the complete oxidation 
of 0.1 mmol of EhFe(bpy)z at  -0.35 V and 0 "C was -5-10 min 
in acetone and about 30 min in THF. Analysis of the gas phase 
showed minimal decomposition under these conditions. The 
coulometric current was stored in a Princeton Applied Research 
Model 4102 signal recorder for later output onto a Leed and 
Northrup Speedomax strip chart recorder. When the green so- 
lution after the electrolysis was transferred immediately to a 
Schlenk flask and stored at -78 "C under argon, no decomposition 
was observed. 


Electrochemical irreversibility of the CV wave Wz for EhFe- 
(bpyIz was determined by the procedure outlined earlier." First 
the plot of E, or Eplz against the sweep rate (log u) shown in Figure 
8 yields slopes greater than 30 mV/decade, indicating that the 
electron-transfer step is not reversible. Second, the transfer 
coefficient @ obtained from the sweep dependence (0.56) is con- 
sistent with @ determined from the shape of the CV wave (0.51).118 
The error associated with this analysis is described in detail in 
ref Ilb. 


Decomposition of Dialkylbis(bipyridine)iron(III) Cations. 
A 0.05 M solution of dialkylbis(bipyridine)iron(II) in acetone or 
THF containing the appropriate supporting electrolyte (vide 
supra) was electrochemically oxidized at -0.35 V and 0 "C. The 
green solutions of the dialkylbis(bipyridine)iron(III) cation were 
stored in a Schlenk flask under argon at  -78 "C. The solutions 
were assayed by oxidation with Fe(phen)?+ and quantitative 
analysis of the hydrocarbon products. The solutions were diluted 
10-fold to 0.005 M prior to decomposition, as described in the 


(64) Van Duyne, R. P.; Reilley, C. N. Anal. Chem. 1972, 44, 142. 
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foregoing section. The effect of electrolyte was examined by the 
deliberate addition of various amounts of salt. 


The formation of alkane in the thermal decomposition of di- 
alkyliron(II1) cations was examined in acetone-d,. Typically, a 
0.03 M solution of EhFe(bpy)z, consisting of 6 mL of acetone-ds 
and containing 0.1 M NaC104, was oxidized at -0.35 V and 0 "C. 
[The counterelectrode compartment also contained acetone-ds 
to avoid complications from diffusion.] A 1-mL aliquot was diluted 
with 3 mL of acetone-ds, sealed in a glass ampule, and decomposed 
at  30 OC. The hydrocarbons consisted of C2H4 (2.5 pmol), C&s 
(10.3 pmol), and n-C4Hlo (8.0 pmol) or a 95% total yield of ethyl 
groups (based on the Fe(phen)l+ oxidation of a second 1-mL 
aliquot). The mass spectral cracking pattern at 70 eV consisted 
of the following: m / e  (%): ethylene, 25 (13.1),26 (59.1),27 (63.91, 
28 (loo), 29 (3); ethane, 25 (5.0), 26 (24.6), 27 (34.8), 28 (loo), 29 
(19.7), 30 (25.4); ethane& 25 (4.4), 26 (18.5), 27 (32.7), 28 (64.2), 
29 (loo), 30 (24.4), 31 (32.2). The mass spectrum of the ethane 
fraction from the decomposition was matched with that calculated 
from the known cracking patterns of C2H, and C Z H a  (vide supra). 
The composition consisting of 72% CzH5D and 28% C2H6 was 
the closest to the experimental spectrum, enumerated as follows: 
m/e,  % experimental (% calculated): 25,5.4 (5.9); 26, 23.8 (26.1); 
27,40.4 (43.0); 28, 90.6 (95.7); 29, 100 (100); 30, 30.8 (31.9); 31, 
29.0 (29.9). The yield of C2H, is thus 2.9 pmol, which is equivalent 
to the ethylene (2.5 pmol) formed in the thermolysis. 


Kinetics of Dialkylbis(bipyridine)iron(III) Decomposi- 
tion. The rates of decomposition of 0.005 M dialkyliron(III) cation 
B in THF were measured by following its disappearance spec- 
trophotometrically at 680 nm. However, the precipitation of the 
iron product became serious at about 40% decomposition. Thus 
only the initial portion of the decay could be measured quanti- 
tatively. In order to follow the disappearance of the dialkyl- 
iron(II1) cation to completion, we measured its concentration 
(-0.03 M) polarographically by monitoring the diffusion current 
between -0.8 and -1.2 V in acetone and THF. Under these 
conditions, the rate followed a fmt-order decay beyond 3 half-lives. 
The rate constants measured spectrophotometrically were the 
same as those obtained polarographically in the same solvent. 


Electrochemical Oxidation of Dialkylbis(bipyridine)- 
iron(I1). A THF solution of 0.005 M EhFe(bpy)z containing 0.2 
M n-Bu4NC104 was anodically oxidized at  a constant potential 
of 0.8 V. As the electrolysis proceeded, the deep blue solution 
turned dark and eventually lightened to a pink solution containing 
a red precipitate. The hydrocarbon products were CzH, (2.1 pmol), 
n-CJ-Ilo (38.2 pmol), and C2H4 (c0.2 -01). Note that the absolute 
yields obtained from this type of experiment are less accurate than 
those carried out in sealed tubes owing to losses of material by 
diffusion into the counterelectrode compartment during elec- 
trolysis. Coulometry indicated that 1.79 e- was liberated for each 
EhFe(bpy)z. A two-step oxidation of 6 mL of 0.009 M EhFe(bpy)z 
was performed at  -0.35 V, which liberated 0.89 e-/iron. This 
electrolysis was followed by oxidation at  0.8 V which liberated 
0.72 e- per iron. The yield of n-butane was 36.7 pmol, and the 
combined yield, C& plus C2H4, was 26.6 pmol. The relatively 
high yields of the latter arose from the partial decomposition of 
the dialkyliron(II1) intermediate at room temperature, which also 
accounted for the drop in coulometry in the second step. 


Photolysis of Azoethane. A 0.005 M solution of azoethane 
in THF was photolyzed with a medium-pressure (Hanovia, 1 kW) 
mercury lamp using an aqueous copper(I1) sulfate filter (15 g of 
CuS04 in 100 mL). In THF solution, the absorption band of 
azoethane lies at 360 nm with a half-band width of -40 nm. The 
copper sulfate filter solution lies in the region from 3650 to 3663 


Styrene (2-5 mol%) was found to be more useful as a trap 
than either 1,ldphenylethylene or a-methylstyrene, which absorb 
in the same region as azoethane. 
ESR Measurements. All experiments were performed on a 


Varian E-112 spectrometer equipped with a Hewlett-Packard 
5248L electronic counter and a 5255A frequency converter together 
with a Harvey Wells G502 gaussmeter. The samples were cooled 
in a quartz Dewar located in the ESR cavity with a flow of cold 
nitrogen. All g values are corrected relative to perylene radical 
(g = 2.002 57) as the standard. The spin-trapping experiments 


(65) Calved, J. G.; Pitts, J. N., Jr. 'Photochemistry", Wiley: New 
York, 1966, p 734. 
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were carried out by freezing successive layers of 0.02 M nitroso- 
durene and 0.02 M EhFe(bpy)z+ dissolved in THF in a quartz 
ESR tube at -196 OC. The mixture was quickly warmed to room 
temperature with shaking and allowed to decompcae in the cavity 
at 25 "C. 


Chemical Oxidation of Dialkylbis(bipyridine)iron(II). In 
a typical experiment, 150 pmol of oxidant (Fe(bpy)3(C104)3 or 
Fe (~hen)~(ClO~)~)  was weighed into a 25-mL round-bottom flask 
containing a magnetic stir bar. The flask was then capped with 
a rubber septum and filled with argon by pumping and refilling 
through a syringe needle. CH3CN (4 mL) was added, and the 
solution was stirred vigorously while 1 mL of a 0.05 M solution 
of E h F e ( b ~ y ) ~  in THF (50 pmol) was introduced with the aid of 
a hypodermic syringe. Cyclopropane (0.5 mL) was added as an 
intemal standard after the reaction was complete. The content 
was equilibrated at 0 OC for 15 min and thoroughly mixed. The 
organic products were analyzed in the gas phase by gas chro- 
matography using a 10-ft DBTCP column. 


Spectral titrations were performed by adding known quantities 
of a stock solution of EhFe(bpy), to a volumetric flask containing 
a known aliquot of the oxidant in excess. Reaction was complete 
upon mixing, after which the contents were diluted to volume. 
The absorption spectrum was measured on a Cary 14 spectrom- 
eter. In a typical example, 0.1-mL aliquots of a 1.00 X M 
solution of Fe(phen)3(C104)3 in CH3CN were introduced into 
several 5-mL volumetric flasks (equipped with a serum stopper) 
and prefilled with argon. Aliquots (0.14-0.16 mL) of a 0.05 M 
solution of EhFe(bp~)~  in THF were added, and the f d  solutions 
were diluted to volume. The absorbance of Fe(phen)?+ (A, 507 
nm (e 13000))21 was plotted against the amount of EhFe(bpy), 
added, and the least-squares slope was evaluated as the equivalents 
of Fe(phenIs3+ consumed per equivalent of EhFe(bpy), oxidized. 


Synthesis and Characterization of Tris(bipyridine)iron- 
(11, I, 0) Complexes. The tris(bipyridine) complexes of iron 
(bpy)J?en in the oxidation states n = +3, +2, +1, and 0 have been 
identified in polarographic studies.% Indeed the cyclic voltam- 
mograms show reversible behavior for the one-electron couples 
(bpy)3Fe3+/(bpy)3FeZ+, (bpy)3Fe2+/(bpy)3Fe+, and ( b p ~ ) ~ F e + /  
(bpyI3Fe in acetonitrile solutions at EO = 1.03, -1.34, and -1.53 
V vs. saturated NaCl SCE. 


The iron(I1) complex was readily prepared by standard 
methodss7 and identified in solution by its characteristic visible 
absorption spectrum showing a band with A, 525 nm (e 8240) 
with a shoulder at -490 nm in acetonitrile. The iron(0) complex 
was prepared by the electrochemical reduction of the iron(I1) 
complex at a constant potential of -1.65 V. As the bulk electrolysis 
proceeded, the dark maroon red solution gradually lightened, and 
a dark red solid precipitated from the acetonitrile solution. 
Coulometry indicated that two electrons per iron were required 
for the reduction. Although the dark red solid is sparingly soluble 
in 1,2-dimethoxyethane, a saturated solution showed the same 
absorption bands (A- 532,500,358 nm) as those reported earlier 
for (bpy),Fe0 prepared by an alternative method.Eb The iron(1) 
complex was prepared in acetonitrile solution by the electro- 
chemical reduction of the iron(I1) complex (72 pmol) at a con- 
trolled current of 10 mA for 695 s, which corresponded to the take 
up of one electron per iron. The electrode potential gradually 
decreased from -1.35 V initially to -1.45 V at the end of the 
electrolysis. The dark violet red solution showed a new absorption 
band at  600 nm as a partially resolved shoulder off the principal 
double band centered at  525 and 490 nm. The cyclic voltam- 
mogram indicated the presence of a (bpy)3Fe+ species which can 
be reversibly oxidized to (bpy),Fe2+. The iron(1) complex could 
not be isolated as a crystalline salt from solution owing to its 
instability, Le., eq 38. The facile disproportionation in eq 38 can 


2(bpy),Fe+ - (bpy)3Fe2+ + ( b p h F e  (38) 


be demonstrated in two ways. (1) On standing, the dark violet 
solution changed to a bright red color and deposited a brown 


(66) Tanaka, N.; Sato, Y. Electrochim. Acta 1968,13,335. Misono, 
A.; Uchida, Y.; Hidai, M.; Yamagishi, T.; Kageyama, H. Bull. Chem. SOC. 
Jpn. 1973,46, 2769. Tanaka, N.; Ogata, T.; Niizuma, 3. Ibid. 1973,46, 
3299. 


(67) Ford-Smith, M. H.; Sutin, N. J. Am. Chem. SOC. 1961,83,1830. 
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Table X. Fractional Coordinates and Isotropic Thermal Parameters for Et,Fe(bpy ), a 


atom X Y z &,,AZ atom X Y z Bim, A' 


3617.5 (4)  


315 (3) 
1919 (2)  


-858 (3)  
-452 (3)  
1157 (3)  
2331 (3) 
4090 (3)  
4872 (3) 
6569 (3) 
7442 (3)  
6608 (3)  
4939 (2)  
4574 (2) 
4095 (3)  
4852 (3) 
6173 (3)  
6675 (3)  
5869 (3)  
6335 (3) 
7553 (3)  
8001 (3)  
7231 (3) 
6006 (3) 


1927 (3)  
24 55 (4)  
2695 (3) 


5479 (2)  


3577.1 (2)  
4263 (1) 
4242 (1) 
4732 (1) 
5291 (1) 
5336 (1) 
4828 (1) 
4843 (1) 
5384 (1) 
5348 (1) 
4766 (1) 
4251 (1) 
4275 (1) 
3736 (1) 
4193 (1) 
4271 (1) 
3861 (1) 
3380 (1) 
3325 (1) 
2860 (1) 
2374 (1) 
1979 (1) 
2095 (1) 
2567 (1) 
2949 (1) 
2914 (1) 


3251 (1) 
2210 (1) 


2268.7 (2) 
2060 (2)  
1458 (2)  
1417 (2)  


2611 (2) 
2610 (2)  
3174 (2)  
3699 (2)  
4167 (2)  
4116 (2) 
3592 (3)  
3103 (2)  


926 (2)  
179 (2)  


201 1 (2) 


-734 (2) 


739 (2)  


-912 (2) 
-1 73 (2)  


1596 (2)  
1557 (2)  
2432 (2)  
3340 (2) 
3326 (2)  
2458 (2)  
1459 (2)  
1419 (3) 
3624 (2)  


12 
14 
18 
22 
21 
18 
15 
15  
19 
22 
22 
19  
13 
12 
15  
17 
18 
17 
14 
13  
18 
20 
21 
18 
13 
16 
24 
17 


923 (3)  
10  (3) 


-121 (3)  
-192 (4 )  


153 (3)  
424 (3) 
705 (3) 
853 (4)  
714 (3) 
317 (3)  


677 (3)  


803 (3) 
884 (4)  
756 (4) 
552 (3)  


164 (3)  
342 (4) 
276 (4)  
151 (4)  
270 (3) 


443 (3) 


754 (3)  


87 (3)  


355 (3)  
7 (3)  


56 (3)  
89 (3) 


3465 (1) 
388 (1) 
468 (1) 
560 (1) 
569 (1) 


566 (1) 
470 (1) 
386 (1) 
447 (1) 
461 (1) 
391 (1) 
312 (1) 
230 (1) 
165 (1) 
185 (1) 
263 (1) 
297 (1) 
307 (1) 
213 (1) 


194 (1) 
277 (1) 


577 (1) 


202 (1) 


337 (1) 
337 (1) 
325 (1) 
392 (1) 


3840 (2) 
105 (2)  
100 (2) 
201 (2)  


373 (2)  


444 (2 )  
357 (2) 


29 (2)  
-119 (2)  


92 (2)  


302 (2) 


451 (2)  


-147 (2)  
-27 (2) 


243 (2)  
404 (2)  
389 (2)  
178 (2)  


68 (2)  
100 (2) 
216 (2) 
107 (2)  
360 (2)  
424 (2) 
326 (2)  
451 (2)  
393 (2)  


a Fractional coordinates are X l o 4  for nonhydrogens and X l o 3  for hydrogens. Bi, are x 10. Isotropic values for those 
atoms which were refined anisotropically are calculated by using the formula given by Hamilton, W. C. Acta. Crystallogr. 
1959, 12, 609. 


amorphous-looking solid. The cyclic voltammogram of the bright 
red solution indicated it to consist solely of (bpy)sFe2+. The 
amount of the iron(I1) complex formed was determined spec- 
trophotometrically at 525 nm and found to be present in 50%, 
56%, and 56% yields when starting from 72,190, and 418 pmol 
of iron(I), respectively. The accompanying brown solid was 
isolated gravimetrically and quantitatively analyzed for its iron 
content by standard methods,@ after digestion with hydrochloric 
acid. Approximately 40% of the original iron was contained in 
the brown solid. Although we did not further characterize the 
brown solid, we noted that similar material was derived from the 
iron(0) complex upon dissolution in a solvent such as tetra- 
hydrofuran. We tentatively suggest that it is a polymeric iron(0) 
complex. (2) The facile disproportionation of the iron(1) complex 
in eq 38 is also indicated by cyclic voltammetry. Thus at  low 
concentrations (<0.002 M), the cyclic voltammogram of (bpy)$e* 
showed three reversible waves at  F' = 1.03, -1.34, and -1.53 V, 
which correspond to the iron(I1, 1111, iron(I1, I), and iron(1, 0) 
couples. At slightly higher concentrations (>0.004 M), the current 
for the anodic component of the wave at -1.34 V increased at the 
expense of that for the anodic component of the wave at  -1.53 
V. Indeed the iron(1,O) wave shows the earmarks of irreversible 
behavior. [The iron(I1, 111) wave at  1.03 V was unaffected by 
changes in concentration.] Such a concentration dependence of 
the CV waves for the iron(I1, I) and iron(1,O) couples a n  be readily 
ascribed to the disproportionation of the ( b ~ y ) ~ F e +  which com- 
petes with ita reversible oxidation, all on the CV time scale of 
approximately milliseconds. 


Identification of the Iron-Containing Products of the 
Reductive Elimination of Various Dialkyl( bipyridine)iron 
Complexes. The synthesis and characterization of the tris(bi- 
pyridine) complexes of iron(I1, I, 0) allowed the iron-containing 
products which were derived from the reductive elimination of 
the dialkyl(bipyridine)iron(IV, 111, 11) analogues to be readily 
identified. Thus the iron-containing product from dialkyl(bi- 
pyridine)iron(II), designated as fe in eq 10, was identified as 


(68) Kolthoff, I. M.; Sandell, E. B.; Meehan, E. J.; Bruckenstein, S. 
*Quantitative Chemical Analysis", 4th ed.; Macmillan: New York, 1969; 
p 840. 


(69) The decomposition of (bpy),Fe in dmethoxyethane proceeds by 
dissociation of bipyridine. See ref 26b. 


(bpy)$eo when the decomposition was carried out in the presence 
of added bipyridine. Similar results were observed earlier by 
Yamamoto and co-workers.16 


The reductive elimination of the dialkyl(bipyridine)iron(III) 
cation affords an iron(I) specieg fe+, according to the stoichiometry 
given in eq 11. Indeed, when the decomposition was carried out 
with added bipyridine, the presence of (bpy)$e+ could be detected 
from ita characteristic absorption spectrum and cyclic voltam- 
mogram (vide supra). As a result of ita instability, however, a 
quantitative analytical method could not be developed for 
(bpy),Fe+. Instead, the disproportionation products given in eq 
38 were determined. From 37 pmol of EhFe(bpy),+, the yield 
of (bpy)$e2+ was 46 and 51 % , with and without added bipyridine, 
respectively. Owing to the small amounts of EhFe(bpy),+ in- 
volved, the brown iron(0) solid could not be accurately analyzed 
gravimetrically. However, we qualitatively noted that the brown 
iron(0) solid was formed in the decomposition of Eh(bpy)Fe+ at 
a rate which was faster than the rate of disproportionation of 
(bpyI3Fe+ described above. The difference in rates can be ac- 
counted for, if the disproportionation proceeds via a prior dis- 
sociation of bipyridine,6g followed by a rapid electron transfer of 
the coordinatively unsaturated iron(1) species with another iron(1) 
complex. 


The iron-containing product from the decomposition of 
Et$e(bpy)?+ was collected as a red precipitate after the oxidation 
at 0.8 V of a solution of EbFe(bpy), and bipyridine. Spectro- 
photometric analysis (A, 525 nm (e, 8240)) indicated it to 
consist of (b~y)~Fe*+,  which accounted for 93% of the original 
iron, in accord with the stoichiometry for fez+ in Scheme I1 and 
eq 20 and 21. 


X-ray Crystallography. The diffractometer used in this study 
consisted of a Picker goniostat interfaced to a T1980B minicom- 
puter with 56K words of 16 bit memory. The angle drives of the 
goniostat were interfaced by using Slo-Syn stepping motors and 
translator driver boards. The computer is programmed to operate 
on an interrupt basis by using a precision internal clock, and scan 
speeds are controlled by the pulse rate delivered to the translator 
driver boards. Each pulse will drive the corresponding goniostat 
angle 0.005', and virtually any angular rate can be chosen. A 
'filter attenuator wheel", mounted on the detector arm, is pos- 
itioned such that up to 20 apertures or attenuators can be au- 
tomatically located in the diffraction beam path. Apertures are 
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provided for automatic top/bottom-left/right centering of re- 
flections, and these are utilized for both goniostat and crystal 
alignment. Standard "NIM-bin" electronics are used for pulse 
shaping and energy discrimination, and the computer-controlled 
timer and scaler were constructed locally. Reflection data are 
collected in a normal 19-28 scan mode with backgrounds at  each 
extreme of the scan. A buffer is provided so that up to 4800 
reflection data can be stored in the computer memory. 


A liquid-nitrogen boil-off cooling system is used to maintain 
samples at -140 to -180 OC. The system consists of two 30-L 
storage Dewars to supply the dry nitrogen gas for the cold stream 
and concentric warm stream and a third 30-L recooling Dewar 
through which the cooling gas is passed. The recooling Dewar 
consists of a coil (2-m length) of copper tubing which is joined 
to an evacuated and silvered glass delivery tube. The delivery 
tube is designed to supply the cold nitrogen in a fixed position 
from the bottom of the x circle. The exit nozzle is carefully 
streamlined to ensure a laminar flow. Thermocouples and heating 
wires located in the exit nozzle monitor and control the tem- 
perature. Short-term temperature fluctuation is typically h0.2 
"C with long-term stability of *3 OC. Crystals are mounted on 
glass fibers by using a silicon grease, which remains amorphous 
and becomes rigid at  the normal operating temperature of the 
system. 


Data are reduced by using the equations Z = C - 0.5(t,/tb)(B1 + B2) and u(l)  = [c + o.25(tc/tb)2(B1 + B2) + (pl)2]1/2, where c 
is the total integrated peak count obtained in scan time t,, B1 and 
B2 are the background counts obtained in time tb, and p is the 
"ignorance factor". The function minimized in the least-squares 
program is ZwlF,, - FJ2, where w = [U(F,,)]-~, and residuals are 
defined as R(F) = CllFol - IFcll/ZIFol and R,(F) = (CwllFoI - 


A well-formed parallelepiped of dimensions 0.18 X 0.25 X 0.25 
mm was chosen for the crystallographic study of E@e(bpy)? The 
sample was cooled to -173 OC on the goniostat, and all mea- 
surements were taken at  this temperature. A search of a limited 
hemisphere of reciprocal space located a set of reflections which 
could be indexed as monoclinic of space group R 1 / n  (alternate 
setting of m1/c) with cell dimensions of a = 7.843 (1) A, b = 20.682 
(4) A, c = 12.590 (3) A, and @ = 98.52 (1)O at -173 OC, based on 
a refiiement of angular data from 28 reflections. The calculated 
density is 1.402 g cm-3 for 2 = 4. 


A total of 4208 intensities were collected by using Mo Ka 
radiation (graphite monochromator) in the range 6 < 28 < 50° 
using a continuous 8-28 scan over a range from lo below the 
calculated Kal position to lo above the calculated Kaz position. 
Eight second stationary counts were recorded at  each extreme 
of the scan, whose rate was 3' mi&. The intensities of four 


lF,112/Zw~02)1/2. 
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reflections which were monitored after every 300 measurements 
showed no noticable trends. Data were reduced in the usual 
manner using an ignorance factor of 0.07. Although this may seem 
large, a goodness of fit of 1.008 indicates that proper weighting 
was achieved. Of the 3566 unique intensities, 3383 were nonzero 
and 3085 were considered "observed", using the criteria F > 
2.33u(F). 


Positions of all nonhydrogen atoms were determined by using 
direct methods and Fourier techniques. Hydrogen atoms were 
readily located from a difference Fourier synthesis phased on the 
nonhydrogen parameters. Final full-matrix refiiement included 
anisotropic thermal parameters for nonhydrogen atoms, isotropic 
thermal parameters for hydrogen atoms, positional parameters 
and an overall d e  factor. The goodness of fit for the fiial cycle 
was 1.008, and the maximum shift for any parameter was leas than 
0.05 times the corresponding estimated error. Final residuals were 
R(F) = 0.041 and R,(F) = 0.042. Positional parameters and 
isotropic thermal parameters are listed in Table X. The hydrogen 
bond distances and bond angles, the anisotropic thermal param- 
eters, and the observed and calculated structure factors are 
available in Tables XI, XII, and XI11 of the supplementary 
materials. A final difference Fourier synthesis was featureless, 
the largest peak being 0.45 e A-8. 


The molecule of EhFe(bpy), has near twofold symmetry, the 
largest deviation occurring for the C ( 2 7 ) 4 ( 2 9 )  pair, where A = 
0.25 A. Otherwise, the largest deviation is 0.09 A. The two 
Feethyl planes are approximately coplanar with the 2 bpy ligands, 
owing partially to the intramolecular contacts between the hy- 
drogens on C(26) [C(28)] and C(3) [C(24)] which range from 2.15 
to 2.26 A. 
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Hydrogenolysis of the uranium(1V) alkyl complexes U[q6-(CHS)5C5]2(R)C1 results in clean reduction to 
the uranium(II1) complex (U[q5-(CHJ5C5]2G.-Cl)]3, which has been structurally characterized by single-crystal 
X-ray diffraction. This molecule crystallizes in the monoclinic space group C2/c-CZh6 (No. 15) with four 
molecules in a unit cell of dimensions a = 21.886 (7) A, b = 14.236 (5) A, c = 24.517 (7) A, and 0 = 128.65 
( 2 ) O .  Least-squares refinement led to a value for the conventional R index (on F) of 0.042 for 6813 
independent reflections having 2 0 ~ ~ ~ ~  < 65.2' and I > 3a (I). The molecular structure consists of ap- 
proximately DS trimers with pseudotetrahedral U[qs-(CHJ6C5]z units conneded by bridging chloride ligands. 
The average U-C distance is 2.768 (11) A, and the average U-Cl, 2.900 (2) A. The average C1-U-Cl angle 
is 83.8 ( 1 ) O .  The trimer reacts with Lewis bases to form adducts U[q5-(CH3)6CS]2C1-L, where L = THF, 
pyridine, P(CH3)3, and (CzH5)zO. Stable, monomeric uranium(II1) alkyl and amide complexes, U[$- 
(CH3)5CS]2CH[Si(CH3)3]2 and U[q5-(CH3)6C6]2N[Si(CH3)3]2 can be prepared by the reaction of the chloride 
trimer with LiCH[Si(CH,),], and NaN[Si(CHJ312, respectively. Reaction of unsaturated organic molecules 
with {U[q5-(CHs)SCS]2(p-C1))3 results in an interesting "disproportionation" reaction in which the trimer 
formally donates 1.5 equiv each of U[q5-(CH3)5C6]2 and U[$'-(CH3)6C6]zC1p In particular, the reaction 
of diphenylacetylene, tetraphenylcyclopentadienone, and 9,10-phenanthrenequinone produces, respectively, 
[c~~-(CHS)~C~~ZUC(CBHS)=C(C,HS)C(C,H,)U(C,HS), U[r15-(CH3)5C~l~[s2-COCl(CsH5)41, and (U[v5- 
(CHJ5C6]2[9,10-phenanthrenequinonate])x with an equivalent amount of U[q6-(CH3)5C6]zC12 formed in each 
case. The reduction of U[q5-(CH3)5C5]zClz has been accomplished with sodium amalgam and, after workup, 
yields the complex U[q5-(CH3)6C5]zC12Na.(THF)x. Sodium amalgam reduction of U[q5-(CH3)5C5]zC12 in 
the presence of diphenylacetylene produces the uranotetraphenylcyclopentadiene complex in good yield. 
Overall, the organometallic chemistry of U(II1) has distinct similarities to that of Ti(III), as well as to that 
of lanthanides in the +3 oxidation state. 


, i 


The widespread tendency of transition-metal ions to 
exist in a multiplicity of formal oxidation statea and to pass 
readily among them is a pivotal feature of stoichiometric 
and catalytic organometallic  hemi is try.^ In contrast, the 
great majority of thorium and uranium organometallic 
compounds contain the actinide ion in the +4 oxidation 
state, with little known about lower oxidation states or the 
facility of oxidation state shuttling! The well-charac- 
terized trivalent complexes consist largely of marginally 
soluble tris(cyclopentadienyls), M ( T ~ - C ~ H ~ ) ~ ,  and the Lewis 
base adducts thereof, M(q5-c6H5)3-L.G Far less is known 


(1) (a) Northwestern University. (b) Crystalytics Co. (c) University 


(2) Camille and Henry Dreyfus Teacher-Scholar. 
(3) (a) Masters, C. "Homogeneous Transition-Metal Catalysis"; 


Chapman and Hall: London, 1981. (b) Collman, J. P.; Hegedus, L. S. 
'Principles and Applications of Organotransition Metal Chemistry"; 
University Science Books: Mill Valley, CA, 1980. (c) Parshall, G. W. 
'Homogeneous Catalysis"; Wiley-Interscience: New York, 1980. (d) 
Kochi, J. K. "Organometallic Mechanisms and Catalysis"; Academic 
Press: New York, 1978. (e) Heck, R. F. 'Organotransition Metal 
Chemistry"; Academic Press: New York, 1974. 


(4) (a) Marks, T. J.; Ernst, R. D. In 'Comprehensive Organometallic 
Chemistry"; Wilkinson, G., Stone, F. G. A., Abel, E. W., E&., Pergamon 
Press: Oxford, in press. (b) Marks, T. J., Fischer, R. D., Eds. 'Organo- 
metallics of the f-Elements"; D. Reidel Publishing Co.: Dordrecht, 
Holland, 1979. (c) Marks, T. J. Prog. Inorg. Chem. 1979,25, 224-333. 


(5) Th(C6Hs)a and related compounds: (a) Kanellakopulos, B., in ref 
4b, Chapter 1. (b) Kanellakopulos, B.; Dornberger, E.; Baumgartner, F. 
Inorg. Nucl. Chem. Lett. 1974,10,155-160. (c) Kalina, D. G.; Marks, T. 
J.; Wachter, W. A. J. Am. Chem. SOC. 1977,99,3877-3879. (d) Kalina, 
D. G.; Mintz, E. A.; Marks, T. J. J. Am. Chem. Soc., in press. (e) Ka- 
nellakopulos, B.; Kalina, D. G.; Marks, T. J., unpublished results. 


(6) U(CsHs)3 and related compounds: (a) Kanellakopulos, B., in ref 
4b, Chapter 1. (b) Kanellakopulos, B.; Fischer, E. 0.; Domberger, E.; 
BaumgSutner, F. J. Organomet. Chem. 1970,24,507-514. (c) Kmaker, 
D. G.; Stone, J. A. Inorg. Chem. 1972,11,1742-1746. (d) Kanellakopulos, 
B.; Dornberger, E.; Billich, H. J. Organomet. Chem. 1974, 76, C42-44. 


of Nebraska. 
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about the properties of indenyls,' M(q5-C5HdZX complexes 
(X = CN, C1, etc.),* and the insoluble, unstable arene 


Barriers to progress in trivalent uranium chemistry have 
included the intractability of uranium trichloride prepared 
by conventional routes'O and the lack of suitable ligands. 
We have recently demonstrated that the pentamethyl- 
cyclopentadienyl ligand stabilizes highly reactive tetra- 
valent thorium and uranium organometallics of the stoi- 
chiometry M [ q5- (CH3),C6] zR211 and M [ $- (CH3),C6] R3. '' 
Among the interesting properties of the former compounds 
is the marked tendency for hydrogenolysis to produce 
trivalent bis(pentamethylcyclopentadieny1)uranium com- 
pound~ . '~* '~  This synthetic entry has allowed the first 
extensive investigation of U(II1) organometallic chemistry. 


u ( 96-C&) (A1Cld) 3. 


(7) Indenyl complexes: (a) Goffart, J., in ref 5b, Chapter 15. (b) 
Meunier-Piret, J.; Declerq, J. P.; Germain, G.; VanMeersche, M. Bull. 
SOC. Chim. Belg. 1980,89, 121-124. 


(8)  Dornberger, E.; Klenze, R.; Kanellakopulos, B. Znorg. Nucl. Chem. 
Lett. 1978, 14, 319-324. 


(9) Ceaari, M.; Pedretti, U.; Zazzetta, A,; Lugli, G.; Marconi, W. Znorg. 
Chim. Acta 1971,5,439-444. 


(10) For recent advances in activating this reagent, see: (a) Moody, 
D. C.; Odom, J. D. J. Zmrg. N u l .  Chem. 1979,41,533-535. (b) Andersen, 
R. A. Inorg. Chem. 1979,18, 1507-1509. 


(11) (a) Manriquez, J. M.; Fagan, P. J.; Marks, T. J. J. Am. Chem. SOC. 
1978,100,3939-3941. (b) Fagan, P. J.; Manriquez, J. M.; Marks, T. J., 
in ref 4b, Chapter 4. (c) Fagan, P. J.; Manriquez, J. M.; Maatta, E. A.; 
Seyam, A. M.; Marks, T. J. J. Am. Chem. SOC. 1981, 103, 6650-6667. 


(12) (a) Mintz, E. A.; Marks, T. J. 'Abstracts of Papers", 181st Na- 
tional Meeting of American Chemical Society Atlanta, Mar 1981; Am- 
erican Chemical Society: Washingon, DC, 1981; INOR 224. (b) Mintz, 
E. A.; Day, V. W.; Marks, T. J., submitted for publication. 


(13) Manriquez, J. .; Fagan, P. J.; Marks, T. J.; Vollmer, S. H.; Secaur 
Day, C.; Day, V. W. J. Am. Chem. Soc. 1979,101,5075-5078 (preliminary 
communication). 
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In the present contribution we relate in detail the synthesis g (0.25 mmol) of ( U [ ~ I ~ - ( C H ~ ) ~ C ~ ] ~ H ~ ) ~  Toluene (15 mL) was 
and a number of the chemical/physicochemical charac- condensed into the flask, and the mixture was stirred at room 
teristics of this new class of organoactinides. Included in temperature. A green precipitate was observed, and this solid 
this &cussion is an dif- was isolated by filtration, was washed with toluene several times, 


and was dried in vacuo. The infrared spectrum and chemical 
much of this chemistry, the trimeric bis(pentamethy1- (cH3)5c6]z(p-cl)]3. 
cyclopentadieny1)uranium monochloride, (U[q5- Reduction of U[q6-(CH3)5Cs]zC1z with Sodium Amalgam. 
(CH3hCd2Clh. A 50-mL round-bottom flask with a stopcock/side arm was 


by single-crysd 
Of the structure Of the precursor for properties of this product were identical with those of U[,,S- 


Experimental Section 
Physical and Analytical Measurements. 'H NMR (60 


MHz) spectra were recorded on a Perkin-Elmer R-20B spec- 
trometer. Chemical shifts are reported relative to internal Si- 
(CH,),. Samples were prepared either in a glovebox or on a high 
vacuum line. Deuterated aromatic solvents were dried over Na/K 
alloy and were degassed by freezethaw cycles on a vacuum line. 


Infrared spectra were recorded on a Perkin-Elmer 267 or 
Perkin-Elmer 283 spectrometer and were calibrated with poly- 
styrene film. Samples were prepared in a glovebox as mulls using 
previously dried and degassed Nujol. Mulls were sandwiched 
between polished KBr plates contained in an airtight holder. 


Elemental analyses were performed by Dornis and Kolbe 
Mikroanalytiches Laboratorium, West Germany. 


Cryoscopic molecular weights were measured by using an ap- 
paratus described elsewhere." 


Materials and Methods. All procedures were performed in 
Schlenk-type glassware using normal benchtop Schlenk tech- 
niques, in Schlenk-type glassware interfaced to a high vacuum 
(10*10-5 torr) line, or in a nitrogen (or argon) filled glovebox." 
Argon (Matheson, prepurifed), nitrogen (Matheson, prepurified), 
and hydrogen (Linde) were purified further by passage thrugh 
a supported MnO oxygen removal column" and a Davison 4-A 
molecular sieve column. Reactions with gases were performed 
in an enclosed volume on the vacuum line. Gas uptake, when 
observable, was monitored with a mercury manometer. Toluene, 
diethyl ether, benzene, tetrahydrofuran, and pentane (previously 
distilled from Na/K/benzophenone) were condensed and stored 
in vacuo in bulbs on the vacuum line. 


Pyridine (distilled from BaO), chlorobenzene, and trimethyl- 
phosphine (Strem) were degassed by freezethaw cycles on a high 
vacuum line and were dried by condensing in vacuo onto freshly 
activated 4-A molecular sieves. Diphenylacetylene (Aldrich), 
tetraphenylcyclopentadienone (Aldrich), and 9,lO- 
phenanthrenequinone (Aldrich, free of anthraquinone) were pu- 
rified by sublimation in vacuo before use. The complexes U- 
[~6-(C&)&slzC1z, U[~6-(CH~)sCslz(CH~~C1, U[q6-(CH3)&612- 


were prepared according to our procedures.ll The reagents 
LiCH[Si(CH,)3]z16 and NaN[Si(CH3)3]216 were prepared by lit- 
erature procedures. 


(U[q5-(CH3)5CS]z(pCl))3. A 50-mL round-bottom flask was 
charged with 3.04 g (4.82 mmol) of U[16-(CH3)6C5]2[CHzSi- 
(CHJ3]C1. Toluene (20 mL) was condensed into the flask in vacuo, 
and the solution was then filtered into a 50-mL receiving flask. 
An atmosphere of hydrogen (740mmHg) was introduced, and the 
solution was stirred for 15 h at room temperature. After this time, 
a green microcrystalline precipitate was observed. This solid was 
then isolated by filtration and was washed several times with 2-mL 
portions of toluene which were condensed in vacuo from the 
filtrate onto the solid. The green product was then dried in vacuo; 
yield, 85%. 


IR (Nujol mull): 1019 m, 799 cm-'. Anal. Calcd for 


[CHZWW~IC~, U[v5-(CHQ)&~12(CHS)2, and lU[qs-(CH3)~C,12H2)~ 


C&C&U3: C, 44.16; H, 5.56; C1,6.52. Found C, 44.09, H, 5.59; 
C1, 6.60. 


This complex can also be prepared from U[q5-(CH3)6C5]2- 
(CH3)Cl by a hydrogenolysis procedure similar to that described 
above. 


In a separate experiment, a 25-mL round-bottom flask was 
charged with 0.30 g (0.52 mmol) of U[q6-(CH3)sCS]zC1z and 0.26 


(14) Mcnwrick, C. R.; Phillips, C. S. G. J.  Phys. E.  1973,6,1208-1210. 
(15) Davidson, P. J.; Harrie, D. H.; Lappert, M. F. J. Chem. SOC., 


(16) Wannagat, U.; Niederpriun, H. Chem. Ber. 1961,94,1540-1547. 
Dalton Trans. 1976, 2268-2274. 


charged with 0.60 g (1.1 mmol) of U[q5-(CH3)sC,]&1z. Toluene 
(15 mL) was condensed in vacuo into the flask. Sodium amalgam 
(3 mL, 0.9 wt % Na) was syringed into the flask under a flush 
of argon, and the mixture was stirred vigorously at 25 "C. After 
10 min, a green precipitate was evident. The reaction mixture 
was stirred for another 20 min. Because separation of the green 
solid from the reaction mixture was not possible, extraction of 
the uranium-containing product with tetrahydrofuran was carried 
out. Tetrahydrofuran (2 mL) was condensed into the flask in 
vacuo. An emerald green solution resulted, and this toluene/THF 
solution was filtered. The filtrate was then concentrated in vacuo 
to ca. 0.5 mL. A green crystalline solid was observed, and pentane 
(3-4 mL) was condensed into the flask. The product was isolated 
by filtration, was washed twice with 1-mL portions of pentane, 
and was dried in vacuo; yield, 74% I This complex was recrys- 
tallized in a manner similar to the isolation procedure. 


IR (Nujol mull): 1049 (m), 1031 (m, sh), 1020 (m), 860 (m), 
800 (w) cm-'. Anal. Calcd for CBH&lzO2NaU: C, 45.05; H, 6.21; 
C1,9.50. Found (average of two analyses): C, 45.19; H, 6.16; C1, 
10.44. 


U[qs-(CH3)sCa]zCl.THF. A 25-mL round-bottom flask was 
charged with 0.50 g of (U[q6-(CH3)5C5]2(p-C1))3. Pentane (10 mL) 
and tetrahydrofuran (0.4 mL) were condensed into the flask in 
vacuo. The solution became emerald green, and a green crystalline 
material was observed after stirring at room temperature for 4 
min. The reaction mixture was stirred for another 30 min. 
Pentane and excess THF were then removed in vacuo, and toluene 
(10 mL) was condensed into the flask. The green solution was 
filtered, and the upper portion of the filtration apparatus was 
washed several times by condensation of toluene from the filtrate. 
The washings were combined with the filtrate which was subse- 
quently concentrated to ca 1 mL. Pentane (10 mL) was condensed 
into the flask which was then cooled to -78 "C. The green 
crystalline precipitate was isolated by cold filtration and was dried 
in vacuo; yield, 85%. 


IR (Nujol mull): 1032 (s), 1020 (m), 916 (m), 799 (w), 898 (m) 
cm-'. Anal. Calcd for CUHB0C1U: C, 46.79; H, 6.22; C1, 5.75. 
Found C, 46.71; H, 6.18; C1, 5.75. 
U[q6-(CH3)~Cs]zC1~NC5HS. A 25-mL round-bottom flask was 


charged with 0.50 g (0.31 mmol) of (U[q5-(CH3)5C51z(p-Cl)13. 
Pentane (10 mL) and pyridine (0.5 mL) were condensed into the 
flask in vacuo. A blue-gray crystalline precipitate was observed 
almost immediately. Pentane and excess pyridine were then 
removed in vacuo. Toluene (10 mL) was next condensed into the 
flask, and the dark blue solution was filtered. The remaining solid 
was washed down by condensing toluene from the filtrate into 
the upper portion of the filtration apparatus. The washings were 
combined with the filtrate which was then concentrated to 2 mL. 
Pentane (10 mL) was condensed into the flask, and the blue-black 
crystallime solid was isolated by filtration, was washed once with 
1 mL of pentane, and was dried in vacuo; yield, 86%. 


IR (Nujol mull): 1591 (m), 1438 (s), 1210 (m), 1060 (m), 1037 
(m), 1019 (m), 1001 (m), 800 (w), 750 (s), 700 (s), 621 (m) cm-'. 
Anal. Calcd for C&ISNClU: C, 48.20; H, 5.66; N, 2.25; C1,5.69. 
Found C, 48.16; H, 5.70; N, 2.31; C1, 5.63. 
U[86-(CHs)sC61zC1'(OCrHio), and U[?5-(CH3)5C51~Cl.[P- 


(CH3)3]r. The green crystalline adducts, U[q5-(CH3)6C5]zC1- 
(OC4Hl,Jz and U[q6-(CH3)5C5]2C1-[P(CH3)3]r are formed in cold 
(-78 "C) pentane when excess diethyl ether or trimethylphosphine 
are condensed in vacuo into a flask containing (U[q5- 
(CH3)5C5]z(p-Cl)J,. These adducts lose diethyl ether or tri- 
methylphosphine, respectively, when dried in vacuo at room 
temperature. The trimethylphosphine is lost almost immediately, 
while the diethyl ether is lost over a period of several hours. The 
U[q5-(CH3)5C5]z(p-Cl)}3 was recovered unchanged. 
U[ q6- (CH3),C5IZN[ Si(CH3)3]2. A 50-mL round-bottom flask 


was charged with 0.52 g (0.32 mmol) of {U[q5-(CH3)5C5]z(p-Cl)]3 
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and 0.20 g (1.1 mmol) of NaN[Si(CH3)& Diethyl ether (15 mL) 
was condensed into the flask in vacuo, and the reaction mixture 
was then stirred for 5 h at 25 OC. During this time, a blue-black 
crystalline material was observed along with a white precipitate 
(NaCl). Diethyl ether was removed in vacuo, and the reaction 
residue was dried under vacuum for 12 h. Toluene (15 mL) was 
then condensed into the flask, and the resulting blueblack solution 
was filtered. The residual solids were washed several times by 
condensing toluene from the fitrate into the upper portion of the 
filtration apparatus. The washings were combined with the 
filtrate, and the toluene was then removed in vacuo. 


Pentane (10 mL) was condensed into the flask. The blue-black 
crystalline solid was isolated by filtration, was washed with 2-mL 
portions of pentane, and was dried in vacuo; yield, 69%. Re- 
crystallization of this complex was accomplished in a manner 
similar to the isolation procedure. 


IR (Nujol mull): 1255 (m), 1242 (s), 1025 (s), 862 (s), 833 (s), 
820 (e), 760 (m), 590 (m) cm-'. Anal. Calcd for C&&lSi2U: C, 
46.69; H, 7.23; N, 2.09; mol wt, 669 g/mol. Found: C, 46.77; H, 
7.19; N, 2.27; mol wt (cryoscopic in benzene), 676 & 10% g/mol. 
U[7P-(CH3)sCs]2CH[Si(CH3)3]2. A 50-mL round-bottom flask 


with a side arm/stopcock was charged with 1.00 g (0.613 mmol) 
of (U[q6-(CH3)5C5]2(p-C1))3. Diethyl ether (20 mL) was condensed 
into the flask in vacuo. Under a flush of argon, 2.8 mL of a diethyl 
ether solution of LiCH[Si(CH3)3]2 (0.65 M, 1.8 "01) was added 
via syringe. The reaction mixture was next stirred at room tem- 
perature for 15 h. The diethyl ether was then removed in vacuo, 
and the solid residue was dried under high vacuum for 12 h. 
Pentane (20 mL) was then condensed into the flask, and the 
black-brown solution was filtered. The residual solids were washed 
by condensing pentane from the filtrate into the upper portion 
of the filtration apparatus. The washings were combined with 
the fiitrate which was then cooled to -78 OC. The black crystalline 
product was isolated by cold filtration and was dried in vacuo; 
yield, 41%. Recrystallization of this complex was accomplished 
from cold (-78 "C) pentane. 


IR (Nujol mull): 1250 (s), 1239 (s), 1019 (m), 858 (s), 829 (s), 
756 (m), 574 (m) cm-'. Anal. Calcd for C2,HleSizU: C, 48.56; 
H, 7.39, mol wt, 668 g/mol. Found: C, 48.44; H, 7.31, mol wt 
(cryscopic in benzene), 623 f 10% g/mol. 


Reaction of U[q5-(CH3)5C5]2CH[Si(CH3)3]2 with Hydrogen. 
A CJ15CD3 solution of U[q5-(CH3)6CS]2CH[Si(CH3)3]2 was sealed 
in an NMR tube under an atmosphere of hydrogen, and the 'H 
NMR spectrum was recorded as rapidly as possible. The reaction 
was complete in less than 10 min, and analysis of the spectrum 
was in accord with the production of 1 equiv of [(CH3)3Si]2CH2/U 
(verified by comparison with a 'H NMR spectrum of authentic 
[ (CH3)3Si]2CH2) along with the complexes {U[q6-(CH3)~C~l~H~)~ 
and (U[qS-(CH3)sC5]2H), in the ratio of 5:1, respectively. 


Reaction of Diphenylacetylene and Tetraphenylcyclo- 
pentadienone with (U[s5-(CH,)5C5]2(r-Cl))3 and U[q5- 
(CH3)5CS]zC12.Na(THF),. An NMR tube was charged with a 
small amount of (U[q5-(CH3)sC5]z(p-C1))3. An excess of di- 
phenylacetylene was then added followed by C & .  The tube was 
shaken until all of the (U[qs-(CH3)6C5]2(~-C1))3 dissolved (ca. 2-4 
min), forming a homogeneous red-brown solution. The 'H NMR 
spectrum was obtained, and analysis of the spectrum indicated 
the formation of a 1:l mixture of U[q5-(CH3)5C5]2C12/[q5- 
(CH3)5C&CC (C&)=C( C&s) c (c&)=b (CsHs). '' The same 
reaction occurred if the complex U[s5-(CH3)5C5]zC12Na(THF)I 
was used, but in addition, 1 equivalent of THF was evident in 
the 'H NMR spectrum. 


A similar experiment was performed by using tetraphenyl- 
cyclopentadienone and excess (U[q5-(CH3)5CS]2(p-Cl)}g. After the 
solution was shaken, it became dark red-brown. The excess solid 
(U[~5-(CH3)sC5]2(p-C1}3 was centrifuged to the top of the NMR 
tube, and a 'H NMR spectrum of the solution was recorded. 
Analysis of the spectrum indicated the formation of a 1:l mixture 
of ~ ~ ~ 5 - ~ ~ ~ ~ ~ ~ ~ ~ 1 ~ ~ ~ z / ~ ~ ~ 5 - ~ ~ ~ ~ ~ ~ C ~ 1 ~ [ ~ 2 - C O C ~ ~ C ~ H ~ ~ ~ 1  .'lb 
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mmol) of diphenylacetylene. Toluene (20 mL) was condensed 
into the flask in vacuo. Under a flush of argon, sodium amalgam 
(0.5 mL, 0.9% wt of Na) was syringed into the flask, and the 
reaction mixture was stirred vigorously for 1 h during which time 
the solution color changed from red to dark brown-yellow. Stirring 
was then halted, and the solution was allowed to stand for 10-15 
min. The solution was next filtered. The toluene was removed 
in vacuo, and pentane (10 mL) was condensed into the flask. The 
red-brown crystalline product was then isolated by fitration, was 
washed several times with pentane, an was dried in vacuo; yield, 
62%. A 'H NMR sDectrum of the Droduct was identical with the 
spectrum of the complex prepared from U[q5-(CH3)5C5]zC12 and 
LiDCA(CcH.L1' - _. " "._ 


Reaction of (U[q5-(CH3)5C5]2(r-Cl))3 with 9,lO- 
Phenanthrenequinone. A 25-mL round-bottom flask with a 
stopcock/side arm was charged with 0.60 g (0.37 mmol) of (U- 
[q5-(CH3)5C5]2(p-Cl))3 and 0.11 g (0.53 mmol) of 9,lO- 
phenanthrenequinone. Toluene (15 mL) was condensed into the 
flask in vacuo. Argon (1 atm) was then admitted, and the reaction 
mixture was heated at 50 OC with an oil bath for 20 min. The 
U[q5-(CH3)5C5]2(p-Cl)J3 dissolved and the solution became red. 
The solution was then allowed to cool. Under a flush of argon, 
1.5 mL of sodium amalgam (0.9% wt of Na) was syringed into 
the flask, and the mixture was stirred vigorously for 1.5 h. This 
reduced the U[q6-(CH3)5Cs]zC12 produced in the above reaction 
to the insoluble complex U[q5-(CH3)5C5]2C12-Na+. The solution 
was then fitered, and the fitrate was concentrated in vacuo until 
ca. 0.2 mL of toluene remained. Pentane (10 mL) was then 
condensed into the flask. The solution was cooled to -78 "C, and 
the brown precipitate was isolated by cold fitration and was dried 
in vacuo; yield 66% (based on 9,lO-phenanthrenequinone). The 
crude product was recrystallized by the following procedure. The 
crude product was dissolved partially in 15 mL of toluene, and 
the solution was filtered. Any remaining product was combined 
with the filtrate by Soxhlet extraction, condensing toluene into 
the upper portion of t h  filtration apparatus. The filtrate was 
then concentrated until the product was just wet with toluene. 
Pentane (10 mL) was next condensed into the flask. The brown 
microcrystalline product was isolated by filtration, was washed 
twice with 1-mL portions of pentane, and was dried in vacuo. 


IR (Nujol mull): 3060 (w), 1601 (w), 1570 (m), 1513 (w), 1482 
(m), 1411 (m), 1363 (s), 1337 (s), 1278 (w), 1247 (w), 1221 (w), 1161 
(w), 1108 (m), 1092 (w), 1050 (s), 1026,918 (m), 800 (w), 788 (s), 
753 (51,724 (4,720 (s), 683 (81,657 (m), 550 (8) cm-'. Anal. Calcd 
for CMHBOZU: C, 56.98; H, 5.34. Found C, 56.79; H, 5.28. 


Reaction of (U[ q6- ( CH3) 5C5]2 ( ~ 4 1 )  l3 with Chloromethane 
and Chlorobenzene. A 25mL flask was charged with 0.30 g (0.18 
"01) of (U[q5-(CH3)5C5]2(p-C1))3 Toluene (10 mL) was condensed 
into the flask in vacuo. The flask was cooled to -78 "C, and an 
ex- of CH3Cl was admitted to the toluene slurry of the complex. 


The reaction mixture was allowed to warm slowly to room 
temperature. The (U[q5-(CH,)&5]z(p-C1))3 dissolved, and the 
solution became red. Solvents were then removed in vacuo. An 
analpis of the 'H NMR spectrum of the residual solids indicated 
the product was a 6.41 mixture of U[q5-(CH3)5C5]2C12/U[q5- 
(CH.&Csl z(CH3) C1. '' 


An analogous experiment was performed by using C6H5C1. In 
this case, the uranium-containing product was exclusively U- 
[q5-(CH3)5CS]2C12 as determined by 'H NMR analysis. 


X-ray Crystallographic Study" of IU[S~-(CW~)~C~]~(P-C~))~ 
(2). Single crystals of 2 were obtained by allowing a toluene 
solution of U[ (CH3)5C5]2[CH2Si(CH3)3]Cl to stand under 1 atm 
of hydrogen. The crystals were collected and sealed under nitrogen 
in thin-walled glass capillaries. They are, at 20 f 1 "C, monoclinic 
with a = 21.886 (7) A, b = 14.236 (5) c = 24.517 (7) A, p = 128.65 
(2)O, V = 5965.7 A3, and 2 = 4 trimeric units (pa(Mo Ka)l8" = 
7.87 mm-'; ddd = 1.82 g ~ m - ~ ) .  The systematically absent re- 
flections in the diffraction pattern were consistent with the 
centrosymmetric space group C2/c-C& (No. 15)lea or the non- 


Preparation of [ ~ 5 - ( C H 3 ) s C ~ ] 2 u C ( C 6 H s ) ~ ( c ~ H 5 ) c -  
(CGH5)=c(C6HS) by Sodium Amalgam Reduction of U[$- 
(CH3)5C5]2C12 in the Presence of Diphenylacetylene. A 
1WmL round-bottom flask with a stopaxk/side arm was charged 
with 0.50 g (0.86 mmol) of U[q5-(CH3)5C6]2Clz and 0.55 g (3.1 


- (17) See paragraph at end of paper regarding supplementary material. 
(18) (a) "International Tables for X-ray Crystallography"; Kynoch 


Press: Birmingham, England, 1974; Vol. IV, pp 55-66. (b) Ibid., pp 
99-101. (e) Ibid., pp 149-150. 


(19) (a) 'International Tables for X-ray Crystallography"; Kynoch 
Press: Birmingham, England, 1969; Vol. I, p 101. (b) Ibid., p 89. 
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centrosymmetric space group Cc-C: (No. 9);lBb the choice of the 
centrosymmetric space group C2/c was fully supported by the 
various statistical indicators employing normalized structure 
factom and by all stages of the subsequent structure determination 
and refinement. 


Intensity measurements were made on a Nicolet Pi autodif- 
fractometer using 1.0' wide w scans and graphite-monochromated 
Mo Ka radiation for a wedge-shaped crystal with dimensions of 
0.40 X 0.40 X 0.80 111111. A total of 10 891 independent reflections 
having 28MoK& < 65.2' (the equivalent of 1.6 limiting Cu Kir 
spheres) were measured in five concentric shells of increasing 20. 
Three different scanning speeds were used during data collection: 
3'/min for reflections with 3' < 28 < 43.O0, 2'/min for 43.0' 
< 28 < 55.O0, and l'/min for 55.0 < 28 < 65.2'. Each of these 
1.0' wide scans were divided into 19 equal (time) intervals, and 
those 13 contiguous intervals which had the highest single ac- 
cqnulated count at their midpoint were used to calculate the net 
intensity from scanning. Background counta, each lasting for half 
the total time used for the net scan (13/19 of the total scan time), 
were measured at w settings 1' above and below the calculated 
Ka doublet value for each reflection. The structure was solved 
by using the "heavy-atom" technique without correcting the 
intensity data for absorption effects. The resulta of preliminary 
full-matrix leastsquares refinement cycles which used anisotropic 
thermal parameters for all nonhydrogen atoms and those 2922 
independent reflections having 2 8 ~ ~ -  < 43' and Z > 3aQ have 
been reported.lg 


The entire intensity data set was subsequently corrected em- 
pirically for absorption using J. scans for six reflections having 
28 values between 10' and 32'; the appropriate Lorentz and 
polarization corrections were then reapplied. Unit-weighted 
full-matrix least-squares refinement which used this absorp- 
tion-corrected data and anisotropic thermal parameters for all 
nonhydrogen atoms gave R1 (unweighted, based on n20 = 0.033 
and R2 (weighted, based on F)m = 0.037 for 2866 independent 
reflections having (sin 8)/A < 0.515 and Z > 3 4 ) ;  similar re- 
finement cycles with the more complete (2e&&,K& < 65.2') data 
set gave R1 = 0.042 and R2 = 0.045 for 6813 independent ab- 
sorption-corrected reflections having Z > 3a(Z). These and all 
subsequent structure factor calculations employed recent tabu- 
lations of atomic form factorslab and anomalous dispersion cor- 
rections'" to the scattering factors of the U and C1 atoms. The 
final cycles" of empirically weightedz1 full-matrix least-squares 
refinement which utilized anisotropic thermal parametera for all 
nonhydrogen atoms gave R1 = 0.042 and Rz = 0.051 for 6813 
reflections having 2eMoKn < 65.2' and Z > 3 4 ) .  Since a careful 
examination of the final Fo and F, values" indicated the absence 
of extinction effects, extinction corrections were not made. 


All calculations with the absorption-corrected intensity data 
were performed on a Data General Eclipse S-200 computer with 
64K of 16-bit words, a floating-point processor for 32- and 64-bit 
arithmetic and versions of the Nicolet E-XTL interactive crys- 
tallographic software package as modified at Crystalytics Co. 
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Results and Discussion 
Synthes is  of {U[(CH3)5C5]2(p-Cl))3 (2). We have 


previously shown that the chlorohydrocarbyl thorium 
complexes, Th[(CH3),C5I2(R)C1, undergo clean hydrogen- 
olysis to  yield the chlorohydride dimer 1 (eq 1).l1 In 


2Th[(CH,)&5]2(R)Cl + 2H2 - 
1Th[(CH3)5C512(/1.-H)C1J, + 2RH (1) 


striking contrast, hydrogenolysis of the corresponding 
uranium chlorohydrocarbyls proceeds according to eq 2 


1 


(20) The R values are defined a~ Rl = xlFol - ~ ~ c ~ ~ / ~ ~ F o ~  and R2 = 
13w(lFoI - Fcl)2/E~IFo12]1/2, where w is the weight gwen each reflection. 
The function minimized is xw(lFol - where K is the scale factor. 


(21) Empirical weighta were calculated from the equation u = x,&,,pO~ = 6.86 - (3.82 X 1mFJ + (1.74 X lp)Fo12 - (?.a X lO-')F0I3, 
the q bemg coefficients derived from the leastsquares fittmg of the curve 
1lF.l- 11 = I30~a,lF~v, where F, values were calculated from the fully 
refineckodel using unit weighting and an I > 3a(n rejection criterion. 


R = CH3, CH2Si(CH3)3 


with clean reduction of the uranium(1V) hydrocarbyl to 
a uranium(II1) complex of composition (U[v5- 
(CH3)5C5]2C1], (2). The infrared spectrum of this com- 
pound exhibits bands at 1019 and 799 cm-', which are 
characteristic of a v5-bound pentamethylcyclopentadienyl 
ligand.'l There is no indication of a hydride complex in 
any of the spectroscopic data for 2 or in the chemical 
reactions i t  undergoes (vide infra). No other unambiguous 
structural information could be obtained from the spec- 
troscopic data. 


Complex 2 can also be prepared by the metathesis re- 
action of eq 3. Recalling that the analogous reaction in 


the case of thorium yields (Th[s5-(CH3)5C5]2(p-H)Cl)2 (eq 
l), it is tempting to speculate that eq 3 involves the in- 
termediacy of (U [ s5- ( CH3)5C5] 2GL-H)C1)2. However, rather 
than direct loss of H2 from the dimeric uranium chloro- 
hydride, i t  is also possible that the formation of 2 is cou- 
upled to  the marked tendency of (U[.r15-(CH3)5C5]2H2J2 to  
lose hydrogen.ll Thus an alternative sequence for the 
formation of 2, such as that illustrated in eq 4-6, cannot 
be dismissed. 


(U[s5-(CH3)5C512(p-H)C1)2 ?= 


(l/2)(U[s5-(CH3)5C512H2)2 + U [ V ~ - ( C H ~ ) ~ C S I ~ C ~ ~  (4) 


I U [ T ~ - ( C H ~ ) ~ C ~ I ~ H ~ ) ~  ~ U [ V ~ - ( C & ) ~ C ~ I ~ H  (5 )  
-H 


UCv5-(CH3)5C512H t UC?5-(CH3)5C512C12 - 
U[ q5-(C H 3)5C51 2C I t U S 5 -  I C  H&C512(H)CI (6) 


1 
(1/3) I Ut?5-(CH3)5C512(/'- CI) t 3  I 


Molecular Structure of (U[ (CH3)5C5]2(~-Cl))3 (2). 
Single crystals of 2 suitable for X-ray diffraction could be 
obtained by diffusing hydrogen gas into solutions of U- 
[s5-(CH3)5C5]2(R)C1 compounds in toluene. Final atomic 
coordinates and anisotropic thermal parameters for non- 
hydrogen atoms of 2 which resulted from the X-ray crys- 
tallographic study are given with estimated standard de- 
viations in Tables I and II,l' respectively. Relevant 
structural parameters for the coordination groups of 2 are 
presented with estimated standard deviations in Table I& 
bond lengths and angles involving nonhydrogen ligand 
atoms are given in Table IV. 


The structural analysis shows that crystals of 2 are 
composed of discrete trinuclear (U[s5-(CH3)5C5]2(p-Cl))3 
molecules; perspective views of the nonhydrogen atoms in 
2 are shown in Figures 1 and 2. The numbering scheme 
used to designate atoms of 2 is as follows. Crystallo- 
graphically independent U and C1 atoms are distinguished 
from one another by a numerical subscript to their atomic 
symbol. Methyl carbon atoms all have a subscripted m. 
Atoms of different pentamethylcyclopentadienyl ligands 
are differentiated by a subscripted a, b, or c, and within 
each ligand, ring and methyl carbon atoms are distin- 
guished from one another by a numerical subscript. 
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Figure 1. ORTEP drawing of the nonhydrogen atoms for the 
solid-state structure of (u[r15-(CH,)6C6]2(r-cl))3 (2) viewed dong 
the pseudo-C3 axis which is perpendicular to the (-U-Cl-)3 ring. 
All atoms are represented by thermal vibration ellipsoids drawn 
to encompass 50% of the electron density. Atoms labeled with 
a prime (‘) are related to those labeled without a prime by the 
crystallographic Cz axis which passes through U2 and Clp The 
labeling scheme is described in the text. 


Figure 2. Perspective drawing of the nonhydrogen atoms of 2 
viewed nearly along the crystallographic C2 axis which passes 
through Uz and Clz. All atoms are represented by arbitrarily sized 
spheres for purposes of clarity. 


Although the (U[q5-(CH3)5C5]2(p-C1))3 molecule approx- 
imates idealized D% symmetry, it  exhibits only crystallo- 
graphic Cz symmetry. The idealized C3 axis of a D% de- 
scription for 2 would be oriented erpendicular to the 


pass through its center; the vector through each U atom 
and the C1 opposite it in this six-membered ring would 
represent an idealized C2 axis. Of these axes, the U2 - 
Clz vector is the only rigorous C2 axis; it is collinear with 
the crystallographic C2 axis a t  (0, y, in the unit cell 
and relates the atoms labeled with primes (’) to those 
labeled without primes. 


Each U(II1) ion adopts the familar pseudotetrahedral 
“bent sandwich” M(C5H5)2X2 configurationz3 with the X 


(nearly) planarzza (to within 0.015 K ) (-U-Cl-)3 ring and 


(22) The least-squares mean planes for the following groups of atoms 
or points in 2 are defined by the equation aX + bY + CZ = d, where 8, 
Y, and Z are orthogonal coordinates measured in angstrom along 3, b, 
and a*, respectively, of the cryetal aptem: (a) U1, U2, UI1, Cll, Clp, and 
Cl’l (coplanar to within 0.015 A), a = 0.703, b = O.oo0, c = 0.711, d = 0.712; 
(b) Calr Ca, Cd, Cad, and Cd (coplanar to within 0.011 A), a = 0.890, b 


within 0.018 A), a = -0.443, b = 0.164, c = -0.881, d = 1.299; (d) CElr Ca, 
C,, Cd, and Cc6 (coplanar to within 0.007 A), a = 0.713, b = -0.422, c = 
0.560, d = 3.275; (e) CI1, U1, and C12, a = 0.699, b = -0.007, c = 0.715, 
d = 0.718; (f) Cll, U2, and Cl’l, a = 0.709, b = O.OO0, c = 0.705, d = 0.663; 


(h) I $ ~ - ~ ~ ~ ~ ~  -0.606, b = O.OO0, c = 0.796, d = 6.128. 


0.282, c 0.358, d 2.717; (c) Cbl, Cbz, Cw, Cu, and C y  (coplanar to 


a = -0.416, b = 0.850, c = 0.323, d = 4.172; 


atom 
tY Pe i04x 104y 1042 


198.0 ( 2 )  
0 ( . . . ) C  


0 (-)c 
121 (1) 


1810 ( 4 )  
1619 (5)  
1317 ( 5 )  
1291 ( 5 )  
1596 ( 4 )  


-1382 ( 4 )  


-825 ( 5 )  
-807 ( 5 )  


-1125 ( 5 )  


-1191 ( 5 )  


1607 ( 5 )  
1325 (6)  
1035 ( 6 )  
1116 (6)  
1470 (5)  
2236 ( 6 )  
1781 (8) 
1228 (7)  
1109 ( 6 )  
1780 ( 6 )  


-1797 ( 5 )  
-1424 (6)  


-636 (8) 
-641 ( 8 )  


-1243 ( 6 )  
2016 (7)  
1369 (9)  


878 (10) 
985 (9)  


1726 ( 6 )  


2076.5 (2)  


157 (1) 
2568 ( 2 )  
2077 ( 5 )  
1853 (6)  
2660 (6)  
3391 ( 5 )  
3039 (5)  
2152 (5)  
1516 ( 6 )  
2034 (7)  
2994 ( 6 )  
3060 ( 5 )  


-1380.9 (2)  


-1393 ( 6 )  
-2110 ( 6 )  
-2872 (6)  
-2627 (6)  
-1721 ( 6 )  


1465 ( 7 )  
925 ( 8 )  


2777 (9)  
4418 ( 6 )  
3621 (7)  
1899 (7)  


500 ( 6 )  
1645 (10) 
3835 ( 9 )  
3949 ( 7 )  
-520 (8) 


-2060 (11)  
-3843 ( 7 )  
-3242 (9)  
-1262 ( 7 )  


1465.7 (1)  
2500 ( . . . ) “  
1793 (1) 
2500 (. . . ) “  
2414 (4) 
1757 ( 5 )  
1335 ( 4 )  
1718 ( 4 )  
2375 ( 4 )  


535 ( 4 )  
207 ( 4 )  
-9  (4) 


166 ( 4 )  
521 ( 4 )  


3501 ( 5 )  
3709 ( 5 )  
3235 (6)  
2715 (6)  
2885 ( 5 )  
3044 (6)  
1573 ( 7 )  


673 (6)  
1523 (6)  
2974 ( 5 )  


827 ( 5 )  
29 ( 5 )  


-456 (6)  
-116 ( 6 )  


781 (6)  
3885 (6)  
4352 ( 7 )  


21 52 (8) 
2502 ( 6 )  


3374 ( 9 )  


a Figures in parentheses are the estimated standard devi- 
ation for the last significant digit. 
in accord with Figure 1. 
value and is therefore listed without a standard deviation. 


groups being doubly bridging Cl- ligands. Each of the 
five-membered rings for the three crystallographically in- 
dependent q5-(CH&Cc ligands is coplanar to within 0.018 
Azzw and makes dihedral angles of 20.2-28.3’ with the 
plane of the six-membered (-U-Cl-)3 ring.22a Methyl 
groups for each of these (CH3)5C5- ligands are displaced 
from the 5-carbon ring mean plane by 0.018-0.343 A in a 
direction away from the metal ion; in each ligand, the 
methyl group having the largest such displacement (>0.33 
A) is one of those closest to the “equatorial girdle” defined 
by the C1-U-C1 grouping.2zef The two independent 
(ring-center-of-gravity)-U-(ring-center-of-gravity) group- 
ings (Cga-U1-Cgb2a and Cgc-Uz-C’gc?2h respectively) make 
dihedral angles of 82.0’ and 86.4O with the mean plane of 
the six-membered (-U-Cl-)3 ring.22a 


As in other bis(pentamethylcyclopentadieny1)actinide 
species,24 the (ring-center-of-gravity)-M-(ring-center-of- 
gravity) angles and the orientation of the (CH3),C5- ligands 
about their respective local fivefold axes in 2 appear to be 
dictated largely by nonbonded methyl-methyl interac- 
tions. The observed relative orientations of these (C- 


Atoms are labeled 
This is a symmetry-required 


(23) (a) Petersen, J. L.; Lichtenberger, C. L.; Fenske, R. F.; Dahl, L. 
F. J. Am. Chem. SOC. 1975,97, 6433-6441 and references therein. (b) 
Prout, K.; Cameron, T. S.; Forder, R. A.; Critchley, S. F.; Denton, B.; 
Rees, R. V. Acta Crystallogr., Sect. B 1974, B30, 2290-2304 and refer- 
ences therein. 


(24) (a) Manriquez, J. M.; Fagan, P. J.; Marks, T. J.; Day, C. S.; Day, 
V. W. J.  Am. Chem. SOC. 1978,100,7112-7114. (b) Fagan, P. J.; Man- 
riquez, J. M.; Marks, T. J.; Day, V. W.; Vollmer, s. H.; Day, C. s. Ibid. 
1980,102,5396-5398. (c) Fagan, P. J.; Manriquez, J. M.; Vollmer, S. H.; 
Day, C. S.; Day, V. W.; Marks, T. J. Ibid. 1981, 103, 2206-2220. 
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Table IV. Ligand Bond Lengths and Angles Involving 
Nonhydrogen Atoms in Crystalline 


typeb value tY Pe value 
IU[q 5-(CH3)sCslz(Cc-~) 1 3 "  


Table 111. Bond Lengths, Ligand-Ligand Contacts, 
and Bond Angles Subtended at U(II1) Atoms 


in Crystalline {U[q5-(CH3)5]z(~-Cl) 1," 
typeb value type value 


Distances, A 
2.883 (2) 
2.912 (1) 
2.904 (2) 
2.900 (2, 


2.492 (. . .) 
2.488 (...) 
2.491 (...) 
2.490 (. . ., 


5.676 (1) 
5.653 (1) 
5.665 (1, 


3.818 (4) 
3.928 (4) 
3.873 (4, 


11, 17, 3) 


2, 2, 3) 


12,12, 2) 


55, 55, 2) 


85.3 (1) 
82.2 (1) 
83.8 (1, 


152.2 (1) 
157.5 (1) 
154.9 (1, 


127.7 (...) 
128.2 (...) 
128.0 (..., 


3, 3, 2) 
30.0 (3) 
29.4 (3) 
29.7 (3) 
29.1 (3) 
30.0 (3) 
30.3 (3) 
29.2 (3) 
29.3 (3) 
29.6 (3) 
30.4 (3) 
30.4 (3) 
29.6 (4)  
29.8 (4) 
29.8 (3) 
29.8 (3) 
29.8 (3, 


16, 16, 2) 


27, 27, 2) 


397,151 


av 


CaiUiCa3 
Cai Ui Cm 
CazUi Ca4 
CazUi Cas 
Ca3Ui Cas 
'blUI%3 


'bIU1%4 


Cb2Ul%4 


%zUiCbs 
Cb3Ul%5 


'CI 'ZCC3 


'CI uZcC4 


cCluZcC4 


'C3 '2 'C 5 


c,uzccs 
av 


2.758 (10) 
2.741 (13) 
2.787 (13) 
2.784 (11) 
2.772 (9) 
2.706 (10) 
2.772 (8) 
2.823 (8) 
2.819 (8) 
2.708 (10) 
2.758 (12) 
2.745 (11) 
2.791 (11) 
2.789 (13) 
2.772 (13) 
2.768 (11, 


26,62,15) 


114.6 (...) 
107.8 (...) 
104.9 (...) 
108.3 (...) 
104.5 I . . . )  
114.0d (...) 


35, 56, 6) 
109.0 (..., 


49.0 (3) 
49.0 (3) 
48.9 (3) 
49.1 (3) 
48.5 (3) 
49.3 (3) 
49.0 (3) 
48.4 (3) 
49.7 (3) 
49.2 (3) 
49.6 (3) 
49.4 (3) 
49.1 (3) 
49.2 (3) 
49.2 (3) 
49.1 (3, 


297, 15) 


" The number in parentheses following an individual 
entry is the estimated standard deviation in the last signifi- 
cant digit. Atoms are labeled in agreement with Figures 
1 and 2 and Tables I and 11. See ref 29. C,, Cgb, 
and C,, refer to the centers of gravity for the 5-carbon 
rings of pentamethylcyclopentadienyl ligands a, b, and c, 
respectively. 


H3)5C5- ligands in 2 produce several intramolecular non- 
bonded methyl-methyl contacts which are only slightly 
longer than the 3.40-A van der Waals diamete? of carbon 
and 0.40-0.50 A less than the 4 . 0 0 4  van der Waals diam- 
ete? of a methyl group: Cme3-Cmbs, 3.58 (2) A; Cme3--Cd, 


Bond Lengths, A 
1.425 (13) Ca,-Cma, 
1.432 (11) Ca,-Cmaz 
1.406 (1 2) Ca3-Cma3 
1.427 (13) Ca4-Cm, 
1.395 (12) Ca5-Cmas 
1.435 (13) CbI-Cmbl 
1.419 (12) %2-Cmbz 
1.413 (16) Gs-Cmb3 
1.425 (13) Cbr-Cmb4 
1.418 (17) Cb5-Cmb5 
1.441 (17) Cc,-Cmc, 
1.422 (15) Ccz-Cmcz 
1.416 (14) Cc3-Cmc, 
1.436 (19) Cc4-Cmc4 
1.428 (14) Ccs-Cmc5 
1.423 (14, avc 


9, 28, 15) 
Bond 


106.6 (8) 
108.6 (9) 
107.8 (9) 
108.2 (9) 
108.7 (8) 
107.6 (8) 
108.3 (8) 
107.7 (9) 
108.4 (9) 
108.0 (8) 
106.8 (10) 


107.5 (11) 
107.8 (10) 
108.8 (10) 
108.0 (9, 


5, 14, 1 5  


109.0 (10) 


av 


1.488 (13) 
1.507 (16) 
1.519 (17) 
1.513 (12) 
1.506 (13) 
1.507 (17) 
1.505 (13) 
1.501 (20) 
1.536 (17) 
1.510 (14) 
1.476 (15) 
1.521 (21) 
1.513 (17) 
1.505 (19) 
1.509 (19) 
1.508 (16, 


9, 32, 15) 


126.6 (9) 
126.4 (9) 
125.2 (10) 
125.9 (10) 
124.3 (10) 
126.4 (10) 
127.3 (9) 
123.7 (9) 
124.9 (9) 
125.8 (8) 
126.5 (8) 
126.0 (8) 
127.2 (9) 
124.1 (9)  
124.2 (10) 
127.2 (10) 
125.6 (10) 
124.8 (10) 
126.4 (9) 
125.4 (9) 
126.5 (10) 
126.5 (11) 
124.7 (11) 
126.3 (12) 
124.3 (12) 
126.4 (12) 
128.0 (12) 
123.4 (11) 
123.7 (10) 
127.2 (10) 
125.7 (10, 


10, 23, 
30) 


Numbers in parentheses following individual entries are 
are the estimated standard deviations in the last significant 
digit. 
Tables I and 11. 


Atoms labeled in agreement with Figure 1 and 
See ref 29. 


3.59 (2) A; CmepCm , 3.50 (2) A; Cmc3-C'mc3, 3.54 (3) A; 
Cmd-*C'mwl, 3.53 (3) x. These short methyl--methyl con- 
tacts are also undoubtedly responsible for the large (>0.33 
A) displacements of Cma3, CmM, and Cmc3 from their re- 
spective 5-carbon ring mean planes and the slight elon- 
gation of the U-C bond for the ring carbon atom to which 
they are bonded. Similar steric effects have been observed 
in other bis(pentamethylcyclopentadieny1)actinide com- 
p l e ~ e s . ~ ~ ~ ~ ~  


(25) Pauling, L. "The Nature of the Chemical Bond", 3rd ed.; Comell 
University Press: Ithaca, NY, 1960; p 260. 


(26) Marks, T. J.; Manriquez, J. M.; Fagan, P. J.; Day, V. W.; Day, C. 
S.; Vollmer, S. H. ACS Symp. Ser. 1980, No. 131, 1-29. 
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Intramolecular nonbonded methyl-methyl interactions 
above and below the (-U-Cl-)3 ring between (CH3)5C5- 
ligands on different metal atoms also seem to be respon- 
sible for bis(pentamethylcyclopentadieny1)uranium mo- 
nochloride adopting a trimeric structure similar to that 
observed for [ Z ~ ( Q ~ - C , H , ) , ( ~ - O ) ] ~ ~  rather than a dimeric 
structure such as [Bk(~~-C~H~)~(p-C1)]2.28 The methyl 
substituent on each (CHJ5C5- ligand nearest the p s e u d d ,  
axis of the molecule (Cml) is involved in two short 
(3.51-3.70 A) methyl-amethyl contacts with the three- 
fold-related methyls on the other two metals. Clearly, a 
dimer with the same metrical parameters about the U(II1) 
would produce unacceptably short Cml-.Cml contacts. 
These same nonbonded Cml--Cml contacts are also prob- 
ably responsible for the somewhat compressed (by - 10’) 
Cg-U-Cg angles (average 128.0 (..., 3,3,2)’%) in 2 relative 
to  those in mononuclear bis(pentamethylcyc1o- 
pentadieny1)actinides. 


Whereas the gross solid-state structural features of 2 and 
[Zr(q5-C5H5),(p-0)l3 are quite similar, there are (not 
unexpectedly) significant differences in the metal ion co- 
ordination parameters. For [Zr(s5-C5H5)2(p-O)]3, the av- 
erage M-X distance is 0.942 A shorter, the average Cg- 
M-Cg and Cg-M-X angles are 4.3’ and 0.9’ smaller, re- 
spectively, and the average X-M-X angle is 11.7’ larger 
than in 2. Interestingly, even with this enormous differ- 
ence in M-X bond lengths and the 11.7’ difference in 
X-M-X angles, the X-.X contact on each metal ion co- 
ordination sphere in [Zr(s5-C5H5)2(p-O)]3 and in 2 is, on 
the average, only slightly larger (0.14 and 0.27 A, respec- 
tively) than the corresponding van der Waals diameter. 
The 2.900 (2,11,17,3) A average U-Cl bond length in 2 
is quite s i m i  to the values determined for bridging U-Cl 
bonds in U(s6-C6Hs)(A1C14)3.CsH6e and LiU2C15[CH2- 


3) A, respectively. The 2.768 (11, 26, 62, 15)-A average 
(CH3)5C5 U(III)-C bond length in 2 can be compared with 
average metal-carbon bond lengths in several tetravalent 
bis(pentamethylcyclopentadieny1)actinide complexes: 
2.776 (9, 20, 56, 10) A in U[s5-(CH3)5C5]2[s2-CO(N- 
(CH3)2]2,26,26 2.79 (2, 2, 3, 10) A in Th[~~- (cH, ) , c , ]~ [ s~ -  
CO(N(C2H5)2)]C1,2dCs26 2.80 (2, 2, 3, 10) A in Th[q5- 


in (Th[s5-(CH3)5C5]2[p-CO(CH2C(CH3)3)2CO]C1)2,24b,26 and 
2.845 (13, 28, 66, 10) 8, in (Th[a5-(CH3)5C512(p-02C2- 


The metrical data now available for bis(pentamethy1- 
cyclopentadieny1)actinide complexes provide a useful 
means of testing the generality of a recently proposed, 
commendable formalism31 for understanding the metal- 
ligand bond lengths in f element organometallics. This 
formalism utilizes Pauling’s radius ratio3, but, in ita original 
form:lbPc did not specifically incorporate the effects of 
ligand size and intramolecular ligand-ligand contacts 
(fundamental considerations in the original Pauling 


(C5H4)2]2(OC4H&?’ 2.878 (7, 24, 40, 6) and 2.83 (1, 1, 1, 


(CH3)5C5]2[~2-COCH2C(CH3)3]C1,24b~26 2.82 (2, 3, 5, 20) A 


(CH3) 2) )2.24a’26 


Fagan et al. 


treatment32). The importance of such considerations in 
analyzing higher coordination polyhedra has been dis- 
cusseda and also expressed in terms of a simplified graphic 
representation of Pauling’s minimum radius ratios.338 In 
regard to organoactinides, we noted earlier34 that the 
metrical parameters in U(05-CH3C5H4)C13(THF)2 do not 
conform to the original formalism. In the most recent 
version,31a the formalism restricts comparisons to structures 
within a given “structural type” (e.g., M ( v ~ - C , H ~ ) ~ ,  M- 
(s5-C5H5),X, M(+’-C,H,),). Since the actinide complexes 
M [ s5- ( CH3)SC5] 2X2 reasonably constitute a “structural 
type”, it is of interest to examine the applicability of the 
refined formalism.31a For this analysis, we employ, as does 
the aforementioned formalism, the electronically based (as 
opposed to sterically based) definitiodl of coordination 
number; i.e., the number of electron pairs donated by the 
ligands. Since the metal centers in 2 are formally eight- 
coordinate, we employ eight-coordinate ionic radii of 1.00 
A (U(IV)), 1.05 A (Th(IV)), and 1.12 8, (U(III)).35a,b Al- 
though comparisons could be made between the metrical 
parameters in 2 and all of the tbove structures, discussion 
will be restricted to those of highest precision and having 
comparable formal coordination numbers. 


Comparing eight-coordinate U(II1) in 2 to eight-coor- 
dinate Th(1V) in (Th[s5-(CH3)5C512[p-OZC2(CH3)21)2, the 
formalism predicts that the U-C(cyclopentadienyl)dtance 
in 2 will be 10.07 A longer. In fact, it is 0.077 A shorter. 
Reasonably, these are compounds of the same structural 
type31a with similar types of ligands; also the T ~ - ( C H , ) ~ C ~  
functionality occupies a majority31a (75%) of the coordi- 
nation sites. The metrical parameters for 2 can also be 
compared to those for U(1V) in U [ T ~ - ( C H ~ ) ~ C ~ ] ~ [ V ~ - C O N -  
(CHJ2Ip There is some ambiguity here as to whether the 
carbamoyl ligands contribute two or four units to the 
formal coordination number. Valency and steric argu- 
ments* suggest that eight is the appropriate formal co- 
ordination number for uranium; however, ten will be 
considered as well. The formalism predicts that the U- 
C(cyclopentadieny1) distance in 2 will be 20.12 8, longer 
if the U(1V) is eight-coordinate and 20.03 8, longer if the 
U(1V) is ten-coordinate.= In reality the U-C distance in 
2 is identical with that in the uranium(IV) bis(carbamoy1). 
These comparisons underscore the not unexpected diffi- 
culties in applying radius ratio arguments to organo- 
metallic systems with sterically demanding ligands. Not 
only are comparisons between metal ions with the same 
formal coordination numbers and greatly different ligand 
arrays sometimes tenuous,34 but also the present actinide 
M[q5-(CH3)5C5]2X2 results indicate that significant devi- 
ations can arise even in systems with similar ligand arrays. 


Reduction of U [ V ~ - ( C H ~ ) ~ C ~ ] , C ~ ~  with Sodium 
Amalgam. Reduction of the uranium(1V) complex U- 
[ v ~ - ( C H ~ ) ~ C & C ~ ,  can also be effected with sodium amal- 


(27) Fachinetti, G.; Floriani, C.; Chieai-Villa, A,; Guastini, C. J. Am. 
Chem. SOC. 1979,101, 1767-1775. 


(28) Laubereau, P. G. Inorg. Nucl. Chem. Lett .  1970,6, 611-616. 
(29) The f i t  number in parenthesea following an averaged value of 


a bond length or angle is the rootmean-square estimated standard de- 
viation of an individual datum. The second and third numbers, when 
given, are the average and maximum deviations from the averaged value, 
respectively. The fourth number represents the number of individual 
measurements which are included in the average value. 


(30) Secaur, C. A.; Day, V. W.; Ernst, R. D.; Kennelly, W. J.; Marks, 
T. J. J. Am. Chem. SOC. 1976,98,3713-3715. 


(31) (a) Raymond, K. N.; Eigenbrot, C. W., Jr. Acc. Chem. Res. 1980, 
13,276283. (b) Raymond, K. N., in ref 4b, Chapter 8. (c) Baker, E. C.; 
Halatead, G. W.; Raymond, K. N. Struct. Bonding (Berlin) 1976, 25, 
23-68. 


(32) Reference 25, pp 505-562. 


(33) (a) Favas, M. C. Kepert, D. L. B o g .  Inorg. Chem. 1981, 28, 
309-367 and references therein. (b) Muller, E. G.; Day, V. W.; Fay, R. 
C. J. Am. Chem. SOC. 1976, 98, 2165-2172. (c) Sinha, S. P. Struct. 
Bonding (Berlin), 1976,25,70-149 and references therein. (d) Day, V. 
W.; Fay, R. C. J. Am. Chem. SOC. 1975,97,5136-5143. (e) Day, V. W.; 
Hoard, J. L. Ibid. 1970,92, 3626-3635. (0 Silverton, J. V.; Hoard, J. L. 
Inorg. Chem. 1963,2, 235-243. 


(34) Ernst, R. D.; Kennelly, W. J.; Day, C. S.; Day, V. W.; Marks, T. 
J. J. Am. Chem. SOC. 1979,101, 2656-2664. 


(35) (a) Shannon, R. D. Acta Crystallogr., Sect. A 1976, A32.751-767. 
(b) The eightcoordinate U(II1) radius of 1.12 A was obtained via eq 4 of 
ref 31a and is likely a conservative estimate. Trends in lanthanide(II1) 
and U(IV) radii& suggest that it may be as large aa 1.15 A. (c) If the 
uranium bis(carbamoy1) is formally ten-coordinate, then the formalism 
predicte that the U-C distance will be 0.03 A longer than the Th-C 
dietance in (Th[~a-(CH~aC,]a[cc-OzC2(CH~~]J2. Exprimentally, it is found 
to be 0.07 A shorter. (d) Professor R. G. Finke has mformed us of similar 
findings. 
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Table V. H NMR Spectral Data for Bis(pentamethylcyclopentadienyl)uranium( 111) Complexesa,b 
complex s5.(CHa),C5 other 


-5.07 (30  H, S, I W  = 100 Hz) 
-4.95 (30  H, S, I W  = 40 Hz) 


c 
-9.19 ( 2  H, I W  = 14 Hz), 56.6 


U[o5.(CHa),C51,~,Na(THF), (3)  
U[o5.(CH,),C,1,Cl.pyridine (4) 


( 2  H. lw = 7 5  Hz), 7.02 (1 . ,  , I  


H, lw = 8 Hz) 


( 4  H. lw = 180 Hz) 
-4.86 (30 H, S, I W  = 100 Hz) -14.3 (4 H, I W  = 120 Hz), -47.6 


-5.56 ( 3 0  H, S, I W  = 19 Hz) -22.8 (18 H, s, lw = 20 Hz) 


-24.3 (2  H, m, H's at positions 1 
and 8), -1.25 ( 2  H, m,  H's at 
positions 2 and 7 ) ,  2.23 ( 2  H, 
M, H's at positions 3 and 6),  
3.07 ( 2  H, m, H's at positions 
4 and 5)  


-24.9 (18 H, S, IW = 20 Hz) 
U[05-(CH,),C512CH[Si(~~3~312 ( 8 )  
U[o5-(CH:,)5C5 l,N[Si(CH,), 3,  (9) -5.43 (30 H, S, IW = 7 Hz) 
U[+( CH,),C,],(9,1O-phenanthrenequinonate) (12)  3.65 (30  H, s) 


Recorded in C,D, at 35 "C. Chemical shifts are reported in ppm from Me,%; lw = line width at half-maximum. * s = 
singlet; d = doublet; t = triplet, q = quartet; m = multiplet. C Resonances of the THF ligands vary depending on the exact - .  
amount of THF in the sample. 


gam in toluene solution. The product of this reaction is 
an insoluble green precipitate. Extraction with THF and 
workup yields a green, crystalline product (3). Although 
the spectral data for this compound (IR and 'H NMR 
(Table V)) are rather similar to those for U[q5- 
(CHJ5C5]2C1-THF (vide infra), the elemental analyses were 
consistently to high in C1 for this formulation. Rather, the 
analyses and spectral data best fit the formulation U- 
[q5-(CHJ5C5]2C12Na(THF),, where x = 1.5-2.36d Thus, the 
probable course of this reaction is shown in eq 7. Anionic 


lanthanide complexes of this type have recently been 
prepared by WatsonSsa and Wayda and Evans.36b As will 
be shown below, the redox reactions of this complex are 
very similar to those of (U[q5-(CH3)5C512(r-C1)J3. 


Reaction of (U[q5-(CH3)5C5]2(p-Cl)}3 with Lewis 
Bases. Although {U[q5-(CH3)5C5]2(p-Cl))3 is insoluble in 
hydrocarbon solvents, it readily dissolves in the presence 
of Lewis bases to form the corresponding crystalline ad- 
ducts 4-7 (eq 8). The pyridine and THF adducts are 


[ v ~ - C ~ ( C H ~ ) ~ I J J C ~ * L  (8) 
(1/3)(~[~5-c5(cH3)512~r-c1)1, + L 


4, L = pyridine (dark blue-black crystals) 
5, L = tetrahydrofuran (green crystals) 


6, L = diethyl ether (green crystals) 
7, L = P(CH3)3 (green crystals) 


sufficiently stable to allow isolation, drying in vacuo, and 
complete characterization. The diethyl ether complex is 
somewhat less stable, and the trimethylphoshine adduct, 
which would be the first organouranium phosphine com- 
plex, loses P(CH3)3 rapidly in vacuo. We report elsewhere 
the molecular structure of another, more stable uranium- 
(111) phosphine complex, U[ (CH3),C512[ (CH3),PCH2CH2- 
P(CH3)2]H.37 The U[q5-(CH3)5C5]2C1.L complexes are 


(36) (a) Wataon, P. L. J. Chem. SOC., Chem. Commun. 1980,662-663. 
(b) Wayda, A. L.; Evans, W. J. Inorg. Chem. 1980, 19, 2190-2192. (c) 
Analogous chloride effecta may be involved in some synthwea of 2 using 
lithium reagents as the reductants.'* Thia is presently under investiga- 
tion. 


modestly soluble in toluene but are only slightly soluble 
in pentane. The 'H NMR spectra of the new U(II1) com- 
plexes display large isotropic shifts; however, line widths 
are significantly greater than those for U(IV) complexes." 
Thus, the resonances of the above THF and 
pyridine adducts appear as broad singlets in the 'H NMR 
spectrum at 6 -4.86 (lw = 100 Hz) and 6 -4.95 (lw = 40 Hz), 
respectively. The Lewis base resonances are also shifted 
isotropically and broadened. Incremental addition of THF 
or pyridine to C6D6 solutions of the respective adducts 
produces a single set of base resonances which progres- 
sively shift toward the diamagnetic region. The q5- 
(CH3)5C5 line widths remain unchanged. This result in- 
dicates that exchange is occurring between free base and 
coordinated base which is rapid on the NMR time scale. 
'H NMR data are compiled in Table V. The infrared 
spectra of the THF and pyridine U[(CH3)5C5]2C1.L adduds 
exhibit transitions characteristic of the particular coor- 
dinated  base^.^^^^^ On the basis of the chemical and 
spectroscopic data, structure A is proposed for these com- 
plexes; it  is analogous to that for lanthanide M(q5- 
C5H5)2X.L36i3&y40 and Ti(o5-C5H5),C1-pyridine4' complexes. 


&CI p : L  


k A 


Synthesis and Properties of the Uranium(II1) Al- 
kyl and Amide Complexes, U[V~-(CH~)~C~]~CH[ Si- 
( CH3) 3]2 and U [ q5- ( CH3) 5C5] 2N [ Si ( CH3) 3] 2. Alkylation 
of (U[q5-(CH3)5C5]2(p-C1))3 with the sterically bulky lithium 
reagent LiCH[Si(CH3)12 can be accomplished according 
to eq 9. This particular alkyl functionality was selected 


(37) Duttera, M. R.; Fagan, P. J.; Marks, T. J.; Day, V. W., submitted 
for publication. 


(38) (a) Nakamoto, K. "Infrared and Raman Spectra of Inorganic and 
Coordination Compounds", 3rd ed.; Wiley New York, 1978. (b) Bellamy, 
L. M. "The Infrared Spectra of Complex Molecules", 3rd ed.; Chapman 
and Hall: London, 1976. (c) Marks, T. J.; Grynkewich, G. W. Znorg. 
Chem. 1976,15, 1302-1307. 


(39) Ere t ,  R. D.; Kennelly, W. J.; Day, C. S.; Day, V. W.; Marks, T. 
J. J. Am. Chem. SOC. 1979,101, 26562664. 


(40) Marks, T. J. h o g .  Znorg. Chem. 1978 24,51-107. 
(41) (a) Green, M. L. H.; Lucas, C. R. J. Chem. Soc., Dalton Trans. 


1972, 1000-1003. (b) Wailes, P. C.; Coutta, R. L. P.; Weigold, H. 
"Organometallic Chemistry of Titanium, Zirconium, and Hafnium"; Ac- 
ademic Press: New York, 1974; pp 206-214. 
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ether 
(1/3)~~[~5-(cH3)5c512~~-c1)1, + 


LiCH[Si(CH3)312 
U [ q5- (CH3),C5] 2CH [ Si(CH3) 3] + LiCl (9) 


because we" and  other^'^,^^ have noted that it frequently 
forms low-valent metal hydrocarbyls with high thermal 
stability and low degrees of association. Carrying out eq 
9 with less sterically demanding alkyl reagents results in 
far less soluble and thermally stable Com- 
pound 8 can be obtained as black needles from cold (-78 
"C) pentane solution and was characterized by elemental 
analysis, 'H NMR and IR spectroscopy, and a cryoscopic 
molecular weight measurement. The 'H NMR spectrum 
exhibits two isotropically shifted, somewhat broadened 
resonances at  6 -5.56 and -22.8 assigned to the T ~ - ( C H ~ ) ~ C ~  
and Si(CH3)3 group resonances, respectively. The methine 
resonance was too broad to be located. The cryoscopic 
molecular weight measurement indicates that this complex 
is monomeric in benzene solution. On the basis of the 
above data, structure 8 is proposed for this complex, the 
first uranium(II1) alkyl compound. 


8 


Fagan et al. 


present under the reaction conditions should convert much 
of this hydride to the tetravalent (U[05-(CH3)5C51zHz)2 
complex,'lc as observed. 


It has also proven possible to synthesize a uranium(II1) 
amide complex according to eq 12. The 'H NMR spec- 


ether 
(1/3)(U[v5-(CH3)5C512(~-C1))3 + NaN[Si(CH3)31z 


[q5-C5(CH3)512UN[Si(CH3)31~ + NaCl (12) 
9 


tnun of this complex (Table V) exhibits two singlets 6 -5.43 
and -24.9 assigned to q5-(CH3),C5 and Si(CH3)3 group 
resonances, respectively. The infrared spectrum contains 
bands which are characteristic of a a-bound -N[Si(CH,),], 
moiety.lob A cryoscopic molecular weight measurement 
indicates this complex is monomeric in benzene solution. 
Thus, structure 9 is proposed. There is only one other 
uranium(II1) amide complex known, U(N[Si(CH3)312)3.'ob 


8 
The reaction of complex 8 with hydrogen was also in- 


vestigated. This reaction proceeds according to eq 10 as 


0.4(U[q5-(CH3)5C512Hz)z + 
(0.2/x)(U[.r15-(CH3)5C51ZH)x + CH2[Si(CH3)312 (10) 


shown by quantitative 'H NMR studies. Hydrogenolysis 
of uranium(II1)-carbon carbon bond occurs much more 
rapidly than the corresponding hydrogenolysis of a ura- 
nium(1V)-carbon bond.llc A priori, either a four-center 
or an oxidative addition (U(II1) - U(V)) mechanism (eq 
11) is a plausible monometallic pathway for the hydro- 


genolysis process. Considering the paucity of U(V) or- 
ganometallic compounds4 and the many parallels between 
uranium and thorium (where the +5 oxidation state is 
inaccessible) organometallic chemistry, the U(II1) -, U(V) 
pathway seems far less likely. In either case the trivalent 
uranium hydride (U[~5-(CH3)5C5]zH]x,11c is expected to be 
the primary product. However, the excess hydrogen 


(42) Lappert, M. F. Ado. Chem. Ser. 1976, No. 150,256266. 
(43) Fagan, P. J.; Marks, T. J., unpublished observations. 


9 
Trivalent Uranium in Reductive Coupling and 


Oxidative Addition Reactions. Reaction of excess di- 
phenylacetylene with a slurry of (U[v5-(CH3)5C5]2(p-Cl))3 
in c86 proceeds quantitatively according to eq 13. Thus, 
(2/3) I U [ T ~ - ( C  H 3 ) 5 C & k C l  ) I3 t 2 C6H5- E - C6H5 - 


C6H5 


10 
a 1:l mixture of the known" uranium(1V) complexes U- 


duced. The complex [q5-C5(CH3)5]2UC12Na.(THF), will 
similarly reductively couple diphenylacetylene, the reaction 
proceeding instantaneously upon mixing the reactants. 
Such metallacycle-forming reductive-coupling processes 
are well-documented in low-valent transition-metal chem- 
istry." In the present case, an acetylene complex such 
as B is a plausible precursor to the metallacyclopentadiene. 


[v5-(CH3)5C512C12 and U[v5-(CH3)sCslzC4(C6H5)4 is pro- 


B 
We provide evidence elsewherellc for the existence of an 
analogous transitory uranium benzyne complex. Formally, 
then, the uranium(II1) trimer {U[ (CH3)5C5]20L-C1))3 can be 
thought of as a source of 1.5 equiv of U(I1) and 1.5 equiv 
of U(1V) (eq 14). 


~ ~~ 


(44) (a) Yoshifuji, M.; Gell, J. I.; Schwartz, J. J. Organomet. Chem. 
1978, 153, ClE-Cl8. (b)Sikora, D. J.; Rausch, M. D.; Rogers, R. D.; 
Atwood, J. L. J. Am. Chem. SOC. 1979, 101, 5079-5081 and references 
therein. (c) Y d ,  H.; Wakatauki, Y .  J. Organomet. Chem. 1977,139, 
157-167 and references therein. 







Trivalent Actinide Organometallic Compounds 


(~[(CH,)5C512(~-C1)), - 
1.5U[(CH3)&5]2Cl2 + 1.5"U[(CH3)5C5]2" (14) 


The scope of (U[ (CH3)5C5]2(p-Cl)]3 oxidative addition 
processes was also probed with bulky ketones unlikely to 
undergo coupling reactions and with high potential qui- 
nones. Reaction with tetraphenylcyclopentadienone pro- 
ceeds smoothly according to eq 15 to yield the 


0 
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No/Hg 
U t?  5-(CH3)5C512Clz - Ut? 5-(CH3)5C512C12Na 


NalHg( )S , -NaCI  (17) 


U1?5-C5(CH3)51$12 t U[? -(CH3)5C512*S 


feasible. This has been verified in the case where the 
substrate S is diphenylacetylene as shown in eq 18, to 
UC?5-(CH3)5C512C12 f 2CgHg-=-C& Na/H9 


Ph +Ph 
Ph 


11 


q2-tetraphenylcyclopentadienone complex 11. The reaction 
of (U[q5-(CH3)5C5]2GC-C1))3 with 9,lO-phenanthrenequinone 
in toluene proceeds similarly with the.production of 1.5 
equiv of U[q5-(CH3)5C5]2C12 and 1.5 equiv of the new 
complex, 12 (eq 16). The quinonate complex was char- 


B 


U[?-(CH3)5C512(9, 10 - phenanthrenequinonate) t [15 -C5(C H3)512UC12 


12 (16) 
acterized by 'H NMR, infrared spectroscopy, and ele- 
mental analysis; it  was insufficiently soluble for accurate 
cryoscopic molecular weight determinations. The 'H NMR 
spectrum of 12 exhibits a singlet as 6 3.65 assigned to 
V~- (CH, )~C~ and four other isotropically shifted multiplets 
a t  6 -24.3 (2 H), -1.25 (2 H), 2.23 (2 H), and 3.07 (2 H) 
assigned to the protons a t  HA, HB, Hc, and HD, respec- 
tively. These results and the infrared spectra are in accord 
with either a monomeric (C) or dimeric (D) molecular 
structure. The analogous reaction of Ti(q5-C5H5)2(CO)2 
with 9,lO-phenanthrenequinone yields a monomeric bis- 
(cyclopentadieny1)titanium complex of structure similar 
to c.4 


C 


D 
Since U[05-(CH3)5C5]zC12 is readily reduced with sodium 


amalgam, a cycle such as that shown in eq 17 appeared 


C 


D 
Since U[05-(CH3)5C5]zC12 is readily reduced with sodium 


amalgam, a cycle such as that shown in eq 17 appeared 


(45) Fagan, P. J.; Maatta, E. A.; Manriquez, J. M.; Marks, T. J.; Day, 


(46) Fachinetti, G.; Floriani, C. J. Chem. SOC., Dalton Trans. 1977, 
C. S.; Vollmer, S. H.; Day, V. W., submitted for publication. 


2297-2302. 


w 5  


produce the uranium metallacyclopentadiene in good yield. 
The reduction of Ti(q5-C5H5)2C12 and with 
sodium naphthalide followed by addition of diphenyl- 
acetylene is reported4' to yield the analogous titanium and 
zirconium metallacyclopentadiene complexes. 


It w&s also of interest to investigate whether alkyl halides 
would oxidatively add to the uranium(II1) chloride complex 
according to eq 19. Reaction of methyl chloride with 


(2/3)IU1?5-(CH3)5C512 ( r -C I ) l 3  t RCI -!?!5% 


[T5 (CH315C512U/R t UC?5-(CH3)5C512C12 (19) 
'CI 


(U[q5-(CH3)5C5](g-C1))3 proceeds, however, as shown in eq 
20, with the production of a 6.4:l mixture of U[q5- 


CHSC I 
I U[? 5-(C H3)5C512kC I ) I3 


CH3 
2 6U1?5-(CH3)5C512C12 t 0 . 4 t ~ ~ - ( C H 3 )  C 1 U' (20) 5 2  \c, 


(CH3)5C5]2C12/U[q5(CH3)5C5]2(CH&X If a similar reaction 
is carried out with chlorobenzene, the uranium-containing 
product is exclusively U[q5-(CH3)5C5]2C12 (eq 21). Such 


toluene 
(1/3)(U[a5-(CH,)5C51z(cL-C1)J,(s) + C&&l- 


U [ T ~ - ( C H J ~ C ~ I ~ C ~ ~  (21) 
results are highly suggestive of halogen atom abstraction 
to produce free radicals (R-),48 and Finke has recently 
shown that monomeric U[q5-(CH3)5C5]2C1 is an exceedingly 
potent halogen atom a b s t r a ~ t o r . ~ ~  Low-valent group 4B 
complexes display similar reaction patterns.50 


Conclusions 
This work demonstrates that actinide-to-carbon o-bond 


hydrogenolysis represents an attractive synthetic entry into 
trivalent organouranium chemistry. Precursors such as 
{U[q5-(CH3)5C5]2(p-C1))3 are versatile reagents for a wealth 
of new U(II1) organometallics. This work also demon- 
strates that overall one-electron oxidation state shuttling 
processes are feasible for uranium organometallics, and 
U(II1) + U(1V) reductive elimination, oxidative addition, 
and unsaturated molecule reductive coupling reactions are 
identified. One of the most intriguing aspects of this work 
is the observation that (U[q5-(CH3)5C5]2~-C1))3 can formally 
act as a source of "U[q5-(CH3)5C5]2". These observations 


(47) Watt, G. W.; Drummond, F. O., Jr. J. Am. Chem. SOC. 1970,92, 


(48) Reference 3d, Chapter 7. 
(49) (a) Finke, R. J.; Hirose, Y.; Gaughan, G. J. Chem. SOC., Chem. 


Commun. 1981,232-234. (b) Finke, R. G.; Schiraldi, D. A.; Hirose, Y. J. 
Am. Chem. SOC. 1981,103, 1875-1876. 


(50) (a) Williams, G .  M.; Gell, K. I.; Schwartz, J. J. Am. Chem. SOC. 
1980,102, 3660-3662. (b) Gell, K. I.; Schwartz, J. Chem. SOC., Chem. 
Commun. 1979, 244-246. (c) Dormand, A.; Kolavudh, T.; Tirouflet, J. 
C. R. Hebd. Seances Acad. Sci., Ser. C 1976,282,551-553. (d) Floriani, 
C.; Fachinetti, G. J. Chem. SOC., Chem. Commun. 1972, 790-791. 


628-828. 
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and results we report elsewhere” suggest that species 
which may formally involve the +2 uranium oxidation state 
such as B and 11 are mechanistically plausible entities. 
This question is presently under further investigation. 


To place these results in perspective, it is also important 
to note that the properties of the bis(pentamethylcyc1o- 
pentadienyl)uranium(III) complexes are similar to those 
of bis(cyclopentadienyl)titanium(III) complexes,4l both in 
terms of redox behavior and coordination chemistry. The 
structural and stoichiometric similarities to the coordi- 
nation chemistry of bis(cyclopentadienyl)lanthanide(III) 
complexes should also be noted.4ap36*40 
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CpML, Complexes apparently occur only in the four-legged piano-stool geometry. The electronic structure 
of this class of compounds is explored, with emphasis on geometrical distortions, the orientational preferences 
of single-faced *-donor and -acceptor ligands. An analysis of the electronic structure of a sterically 
encumbered alternative geometry, a Cp-capped trigonal bipyramid or 3:3:1 structure, leads to some criteria 
for stabilizing this type. Axial substituents which are good u and ?r donors, yet small in size, are required. 
An explanation of the cis specificity of photochemical substitution in CpML, complexes is provided in 
terms of the geometry of the CpML3 intermediates and the directionality of the vacant orbitals thereof. 


The cyclopentadienyl ligand is the emblem of modern 
organometallic chemistry. In one structural type we often 
see two, and more rarely three or four Cp’s surrounding 
a metal atom. In another common materialization the Cp 
ring binds to it a metal and an associated set of from zero 
to five ligands. These are the ubiquitous CpML, com- 
plexes, and one of them, CpML,, 1, is the subject of this 
work. 


I 
/ jM\  


f 


A “four-legged piano-stool* geometry is the paradigm 
for CpML,, complexes of group 5B and 6B transition 
metals.’ Several dozen X-ray structures give a good 
picture of this class. All CpML4 complexes whose solid- 
state structures are known are conveniently described as 
square  pyramid^,^-^ with the Cp a t  the apex. Pseudo- 
five-coordination evokes immediately an entire complex 
of ideas on the nonrigidity of the five-coordinate type. At 
the same time it is clear that the Cp- ligand is the elec- 
tronic equivalent of three simple Lewis bases. So CpML4 
complexes are electronically in the seven-coordinate ma- 
nifold. Indeed nearly all known to date are d4, adhering 
to the 18-electron rule.6 The tension generated by the 
seemingly conflicting perspectives of steric pseudo-five- 
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of Organic Chemistry and Biochemistry of the Czechoslovak Aca- 
demy of Sciences, Prague, Czechoslovakia. 


coordination and electronic seven-coordination is part of 
what makes these complexes interesting. 
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and results we report elsewhere” suggest that species 
which may formally involve the +2 uranium oxidation state 
such as B and 11 are mechanistically plausible entities. 
This question is presently under further investigation. 


To place these results in perspective, it is also important 
to note that the properties of the bis(pentamethylcyc1o- 
pentadienyl)uranium(III) complexes are similar to those 
of bis(cyclopentadienyl)titanium(III) complexes,4l both in 
terms of redox behavior and coordination chemistry. The 
structural and stoichiometric similarities to the coordi- 
nation chemistry of bis(cyclopentadienyl)lanthanide(III) 
complexes should also be noted.4ap36*40 
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The cyclopentadienyl ligand is the emblem of modern 
organometallic chemistry. In one structural type we often 
see two, and more rarely three or four Cp’s surrounding 
a metal atom. In another common materialization the Cp 
ring binds to it a metal and an associated set of from zero 
to five ligands. These are the ubiquitous CpML, com- 
plexes, and one of them, CpML,, 1, is the subject of this 
work. 
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A “four-legged piano-stool* geometry is the paradigm 
for CpML,, complexes of group 5B and 6B transition 
metals.’ Several dozen X-ray structures give a good 
picture of this class. All CpML4 complexes whose solid- 
state structures are known are conveniently described as 
square  pyramid^,^-^ with the Cp at  the apex. Pseudo- 
five-coordination evokes immediately an entire complex 
of ideas on the nonrigidity of the five-coordinate type. At 
the same time it is clear that the Cp- ligand is the elec- 
tronic equivalent of three simple Lewis bases. So CpML4 
complexes are electronically in the seven-coordinate ma- 
nifold. Indeed nearly all known to date are d4, adhering 
to the 18-electron rule.6 The tension generated by the 
seemingly conflicting perspectives of steric pseudo-five- 


P.K.: Department of Theoretical and Physical Chemistry, 
University of J. E. Purkyne, Brno, Czechoslovakia. Z.H.: Institute 
of Organic Chemistry and Biochemistry of the Czechoslovak Aca- 
demy of Sciences, Prague, Czechoslovakia. 


coordination and electronic seven-coordination is part of 
what makes these complexes interesting. 


(1) For a review, see: Barnett, K. W.; Slocum, D. W. J. Organomet. 
Chem. 1972,44, 1-37. 


(2) CpM(CO),: (a) Wilford, J. B.; Whitla, A,; Powell, H. M. J. Orga- 
nomet. Chem. 1967.8.495-502. (b) Baird, H. W.: Dahl, L. F., mentioned 
in: Doedens, R. J.; Dahl, L. F. J. Am. Chem. SOC. 1965,87,2576-2581. 


(3) CpM(CO)BL: (a) Salnikova, T. N.; Andrianov, V. G.; Struchkov, 
Yu. T. Koord. Khim. 1976,2,707-711. (b) Rajaram, J.; Ibers, J. A. Inorg. 
Chem. 1973, 12, 1313-1317. (c) Deutacher, J.; Fadel, S.; Ziegler, M. 
Angew. Chem. 1977,89,746. (d) Vergamini, P. J.; Vahrenkamp, H.; Dahl, 
L. F. J. Am. Chem. SOC. 1971, 93, 6326-6327. (e) St. Denis, J.; Butler, 
W.; Glick, M. P.; Oliver, J. P. Ibid. 1974,96,5427-5436. (0 Mickiewicz, 
M. M.; Raston, C. L.; White, A. H.; Wild, S. B. A u t .  J. Chem. 1977,30, 
1685-1691. (9) O’Connor, J. E.; Corey, E. R. J. Am. Chem. SOC. 1967,89, 
3930-3931. (h) Conway, A. J.; Hitchcock, P. B.; Smith, J. D. J. Chem. 
SOC., Dalton Trans. 1975,1945-1949. (i) Churchill, M. R.; Fennessey, J. 
P. Inorg. Chem. 1967,6,1213-1220. (j) Bennett, M. J.; Mason, R. R o c .  
Chem. SOC., London 1963,273. Bird, P. H.; Churchill, M. R. Znorg. Chem. 
1968, 7,349-356. (1) Ariyaratne, J. K. P.; Bierrum, A. M.; Green, M. L. 
H.; Ishaq, M.; Prout, C. K.; Swanwick, M. G. J. Chem. SOC. A 1969, 
1309-1321. (m) Chaiwasie, S.; Fenn, R. H. Acta Crystallogr., Sect. B 
1968,24,525-529. (n) Mawby, A.; Pringle, G. E. J. Inorg. Nucl. Chem. 
1972,34,525-530. (0) Crotty, D. E.; Corey, E. R.; Anderson, T. J.; Glick, 
M. D.; Oliver, J. P. Inorg. Chem. 1977,16,920-924. (p) Albright, M. J.; 
Glick, M. D.; Oliver, J. P. J.  Organomet. Chem. 1978,161, 221-231. (9) 
Semion, V. A.; Chapovskii, Yu. A.; Struchkov, Yu. T.; Nesmeyanov, A. 
N. Chem. Commun. 1968,666467. Semion, V. A.; Struchkov, Yu, T. Zh. 
Strukt. Khim. 1968,9,1046-1054. (r) St. Denis, J. R.; Butler, W.; Glick, 
M. D.; Oliver, J. P. J.  Organomet. Chem. 1977,129, 1-16. (8 )  Wilford, 
J. B.; Powell, H. M. J. Chem. SOC. A 1969.8-15. (t) Bir’yukov, B. P.; 
Struchkov, Yu. T.; Anisimov, K. N.; Kolobova, N. E.; Beschaatnov, A. S. 
Chem. Commun. 1968,667-668. Bir’yukov, B. P.; Struchkov, Yu. T. Zh. 
Strukt. Khim. 1968,9,655-664. (u) Bueno, C.; Churchill, M. R. Inorg. 
Chem. 1981,20, 2197-2202. 


(4) [CpM(CO)& (a) Adams, R. D.; Brice, M.; Cotton, F. A. J. Am. 
Chem. SOC. 1973,95,6594-6602. (b) Adams, R. D.; Collins, D. E.; Cotton, 
F. A. Ibid. 1974, 96, 749-754; Inorg. Chem. 1974, 13, 1086-1090. (c) 
Wilson, F. C.; Shoemaker, D. P. Naturwissenschaften 1956,43,57-58. 
(d) See also: Goh, L.-Y.; DAniello, M. J., Jr.; Slater, S.; Muetterties, E. 
L.; Tavanaiepour, I.; Chang, M. I.; Fredrich, M. F.; Day, V. W. Inorg. 
Chem. 1979, 18, 192-197. 
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CpML, Type Piano-Stool Complexes 


In the present article we describe the basic features of 
the electronic structure of the piano-stool complexes, their 
geometry, and some aspects of their reactivity. The 
analysis relies on molecular orbital calculations of the 
extended Huckel type with parameters detailed in the 
Appendix, supported by symmetry arguments. 


CPM(CO), 
CpML4 complexes with four identical L groups are a 


convenient starting point. For L = CO, M = V, Nb, Ta, 
these are indeed known molecules. The crystal structure 
of CpV(CO), has been published,% and some structural 
information is available for CpNb(C0),.2b The complexes 
possess an almost perfect piano-stool geometry. The Cp 
ring is qs and is disordered in the case of V in the solid 
state.% The OC-M-Ct (Center of cyclopentadienyl) angle 
a is 119.5O for M = V, 121.7O for M = Nb. The highest 
possible symmetry for the entire complex is C,, yet the 
M(CO)4 fragment is practically of ClV symmetry. 


A fragment analysis of the bonding, an approach we have 
found useful,' can be made in two ways. Either we interact 
Cp with V(COI4, 2a, or CpV with four carbonyls, 2b. 
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a 


2 


There are advantages to each-the former allows us to 
discuss the coordination of the Cp ring and barriers to 
internal rotation; the latter makes clear the role of the 
carbonyls and prepares the way for the analysis of other 
ligands. So both partitioning schemes will be imple- 


(5) CpM(CO)&L? (a) Bush, M. A.; Hardy, A. D. V.; Manojlovic-Muk, 
Lj.; Sim, G. A. J. Chem. SOC. A 1971, 1003-1009. (b) Reisner, G. M.; 
B e d ,  I.; Brunner, H.; Mwhiol, M.; Stebrecht, B. J. Chm. SOC., Chem. 
Commun. 1978, 691-692. (c) Alekeandrov, G. G.; Struchkov, Yu. T.; 
Makarov, Yu. V. Zh. Strukt. Khim. 1973,14,98-102. (d) Ginzburg, A. 
G.; Bokyi, N. G.; Yanovsky, A. I.; Struchkov, Yu. T.; Setkina, V. N.; 
Kursanov, D. N. J. Organomet. Chem. 1977,136,45-55. (e) Smith, R. 
A.; Bennett, M. J. Acta Cryutallogr., Sect. B 1977, 33, 1113-1117, 
1118-1122. (0 Reisner, M. G.; Bemal, I.; Brunner, H.; Wachter, J. J.  
Organomet. Chem. 1977,137, 329-347. (9) Churchill, M. R.; Chang, S. 
W.-Y. Inorg. Chem. 1975, 14, 98-105. (h) Sim, G. A.; Sime, J. G.; 
Woodhouse, D. I.; Knox, G. R. Acta Crystallogr., Sect. B 1979, 35, 
2403-2406,2406-2408. (i) Dean, W. K.; Graham, W. A. G. Inorg. Chem. 
1977,16,1061-1067. Chan, L. Y. Y.; Dean, W. K.; Graham, W. A. G. Ibid. 
1977,16,1067-1071. (j) Davidson, J. L.; Shiralian, M.; Manojlovic-Muir, 
Lj.; Muir, K. W. J. Chem. SOC., Chem. Commun. 1979,30-32. (k) Back, 
W.; Danzer, W.; Liu, A. T.; Huttner, G. Angew. Chem., Int. Ed. Engl. 
1976,15,495-496. 0) Brotherton, P. D.; Raston, C. L.; White, A. H.; Wild, 
S. B. J. Chem. SOC., Dalton Tram. 1976, 1193-1195. (m) Bemal, I.; 
LaF'laca, S. J.; Korp, J.; Brunner, H.; Herrmann, W. A. Inorg. C h m .  1978, 
17,382-388. (n) Churchill, M. R.; Fenneasey, J. P. Ibid. 1968,7,953-959. 
(0)  Fenn, R. H.; Crow, J. H. J. Chem. SOC. A 1971,3312. (p) Hardy, A. 
D. U.; Sim., G. A. J.  Chem. SOC., Dalton Tram. 1972, 1900-1903. (9) 
Jonee, G. A.; Guggenberger, L. J. Acta Crystallogr., Sect. B 1975, 31, 
900-902. (r) Knox, J. R.; Prout, C. K. Zbid. 1969, 25, 1952-1958. (8)  
LaPlaca, S. J.; Bemal, I.; Brunner, H.; Hermann, W .  A. Angew. Chem. 
1976,87,379. (t) An interesting (C,Me,)Ta(CPh)Cl(PMe,)z structure is 
reported by: Churchill, M. R.; Younp, W. J. Inorg. Chem. 1979, 18, 
171-176. (u) Rehder, D.; Mdler, I.; Kopf, J. J. Inorg. Nucl. Chem. 1978, 


(6) The exceptions known to us include the following. CpTiX2(dtc): 
Coutts, R. 5. P.; Waites, P. C. J. Organomet. Chem. 1975, 84, 47-52. 
Various 14 electron Ta alkyl complexes: Wood, C. D.; McLain, S. J.; 
Schrock, R. R. J. Am. Chem. SOC. 1979,101,3210-3222. 


(7) H o w ,  R. Science (Washington, D.C.) 1981,211,995-1002, and 
references therein. 


40, 1013-1017. 


0 


-2  


- -4 


5 -6  
0) 
C 
W - -8 
0 


0 -10 


Y 2 


c $ 


-12 


-14 


0 


-2 


- -4 
Y 2 
% g' -6 
C w 
0 -8 


6 -10 
+ .- n 


-12 


-14 


, x2-$ b, I I 


bl " co 


Figure 1. Two ways of forming the orbitals of CpV(CO),. The 
lined block represents a group of carbonyl ?r+ orbitals. The level 
bars not filled in represent orbitals of the composite molecule 
whose parentage is not in those fragment orbitals shown. For 
each m e  the origin of those leveh may be deduced by inspecting 
the other interaction diagram. Dashed lines imply weak con- 
tributions. 


mented. A similar analysis, in the context of interpreting 
the photoelectron spectra of CpML4 complexes, has been 
published by J. C. Green and co-workers.* 


The orbitals of the fragmenta involved (Figure l), MCp, 
M(CO)4, are ~e l l -known.~  MCp has a ta set below, al + 


(8) Green, J. C. Struct. Bonding (Berlin) 1981,43,37-112. Green, J. 
C.; Jackson, S. E. J.  Chem. Soc., Dalton Trans. 1976, 1698-1702. 
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e2 in the local C5, symmetry, and at  higher energy three 
delocalized combinations of a1 + el symmetry corre- 
sponding to three hybrids pointing away from the Cp. 
M(CO)4, slightly pyramidal, has four mainly d orbitals a t  
low energy, al + b2 + e in local C4, symmetry, and one x 2  
- y2, bl, much higher. The local symmetry is high, but the 
total symmetry of the molecule is low. As the composite 
molecule is assembled it is useful to think of the axial 
pseudosymmetry, for this reveals the strength of the 
various interactions. The correlations among C,, Ch, and 
axial pseudosymmetry are obvious: 


C,, axial pseudosymmetry C,, 


a1 LJ a1 


e1 n e 
e2 6 b , h ,  


Consider first fragmentation 2a. The binding of ML4 
with Cp follows the typical pattern of cyclopentadienyl 
complexes. There is strong a bonding between ML4 a- 
( x z j z )  and Cp *(el). This destabilizes the metal x z j z  set 
and effectively sets the hallmark of electronic seven-co- 
ordination, only two low-lying orbitals (9 and xy) .  One 
might have thought the z2 would be destabilized by the 
cyclopentadienyl a1 in-phase a combination. But it is 
not-the a-orbital lobes probe the region of the z2 nodal 
surface. &type interactions with Cp e2 are small. 


In the internal rotation around the P-M axis an un- 
distorted fourfold rotor is pitted against a fivefold one. 
The resulting 20-fold barrier cannot be large. In our 
calculations it is less than 1 cal/mo1.loa Crystal-site sym- 
metries will, of course, provide sufficient packing asym- 
metries so as to increase this barrier, but we doubt if it wil l  
ever exceed a couple of kcal/mol in the crystal. It is thus 
no wonder that the Cp ring in the Cp V(CO)4 structure is 
disordered.2a 


In many piano-stool complexes a slight tilting of the Cp 
ring from a plane perpendicular to the Ct-M axis is ob- 
served.3i We find a source for the tilting only in the 6 
interactions. 3 and 4 show the two components of the Cp 


KubdEek, Hoffmann, and Havlas 


W 


3 4 


e2 set, chosen as symmetric (S) or antisymmetric (A) with 
respect to the horizontal mirror plane. One of these in- 
teracts with the single occupied ML4 &type orbital, b2. 
Which e2 component overlaps with b2 depends on the 
ML4-Cp orientation. Let us call 5, where one carbon of 
the Cp is directly above a carbonyl “eclipsed”, and 6,45’ 
(but readily also &go, &27O ...) of torsion away from it, 
“staggered”. In 5 the interaction is between b2 and A; in 
6 it is between b2 and S. Since a two-electron binding 
interaction is under discussion, the molecule will seek to 
maximize overlap. This can be achieved by a tilt in the 


(9) (a) Elian, M.; Hoffmann, R. Inorg. Chem. 1975,14,1058-1076. (b) 
Elian, M.; Chen, M. M.-L.; Mingos, D. M. P.; Hoffmann, R. Ibid. 1976, 
15,1148-1155. (c) Burdett, J. K. ‘Molecular Shapes”; Wdey-Interscience: 
New York, 1980. 
(10) (a) For a general analysis of rotational barriers in polyenyl and 


cyclopolyenyl-ML, complexes, see: Albright, T. A,; Hoffmann, R.; Tse, 
Y.-C.; DOttavio, T. J. Am. Chem. Soc. 1979,101,3812-3821. (b) Nguyen, 
Trong Anh; Elian, M.; Hoffmann, R. Ibid. 1978, 100, 110-116. 
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5 6 


direction shown in 5 and 6, not that the effect is expected 
to be large, for the primary bonding to the Cp is through 
u and a interactions. In CPV(CO)~ we calculate a tipping 
of the ring by 0.8” for either conformation, in the expected 
direction. 


How much energy does it cost for the V(CO)4 to shift 
away from pentahapto coordination? An analysis along 
the lines of our previous study of haptotropic shiftslob 
shows that maximum binding is, as expected, available at 
the q5 position (see 7). It costs 0.38 eV to slip off to q3, 


7 


0.98 eV to q2, and 1.22 eV to ql. No adjustment in ML4 
rotor geometry with slipping was allowed. 


Let us now return to the other fragmentation mode, 2b, 
CpM + 4L, in Figure 1. The carbonyl lone pairs are of a1 
+ bl + e symmetry, and their total of eight a* orbitals 
transform as a1 + a2 + bl + b2 + 2e. Only one of the 
carbonyl lone pairs, the highest lying bl combination, is 
shown at  right in Figure 1, bottom. The other, lower-lying, 
combinations are not drawn. The lone pair e combination 
interacts with CpM xz, yz, and a1 hybrid, and the bl with 
one component of the e2 set. So one forms four M-CO u 
bonds. The two remaining primarily metal d orbitals, z2 
and xy, are stabilized by T bonding with the carbonyls. 
This is shown schematically in 8 and 9. and since these 


8 9 


orbitals are important in the sequel, more precisely in 
contour diagram form in Figure 2. Note that the P 


bonding in the z2 oribtal is achieved only as the Ct-M-CO 
angle departs from 90”. This T bonding is partially re- 
sponsible for the pyramidalization of the four legs of the 
stool. 


Another molecular orbital calculation on CpML, and 
CpML3L’ complexes is reported by Schmidt and Rehder.’l 


The 3:3:1 or Capped Trigonal Bipyramid 
Alternative 


This is another high symmetry possiblity for CpML4 
structures, one that appears12 not to be made use of in 


(11) Schmidt, H.; Iiehder, D. Transition Met. Chem. (Weinheim, Ger.) 
1980,5, 214-220. 
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ground-state structures. It consists of a CaU LMLi  f rag  
ment coupled to a Cp ring. One way to reach this structure 
is to enter the pseudo-five-coordination mode of thinking 
and to consider the Berry pseud~rotation'~ sequence 10 - 11 - 12 - 13. 13 is the structure we have in mind-a 


I 
-M- 


La 
10 I1 


[0],~=116~ 28 kcal, = 100" 


1 
I 


w 
I 


13 12 
21 kcal, y 108" 106 kcol 


Cp occupying the axial site of a trigonal bipyramic For 
three molecules in this sequence some angular optimzation 
was attempted. The optimum angles and relative energies 
are shown below the structures. Least justice was done 
to the low-symmetry structure 12, where we assumed that 
all axial-V-basal ligand (Ct for cyclopentadienyl) angles 
were 116'. 


The piano-stool structure 1 (or lo), electronically a 3:4 
seven-coordinate molecule, is the most stable point on this 
piece of a pseudorotation surface. Next in energy, and 
apparently caught in ita own local well, is 13, the Cp- 
capped trigonal bipyramid. From an electronic point of 
view, this is a 3:3:1 seven-coordinate molecule, a capped 
octahedron, or capped trigonal prism. 


In our previous theoretical analysis of seven-coordina- 
tion14 we found 17 kcal/mol separating all the possible 
polytopes of a d4 M(CO),. I t  is natural that when three 
carbonyls are replaced by a cyclopentadienyl that the 
situation will change. First, seven-coordinate molecules 
are inherently in steric difficulties, and the equilibrium 
geometries are very likely to be influenced by a delicate 
balance of steric effects.14J5 Second, there are electronic 
substituent site preferences which will come into play when 
three good acceptors are removed. 


I t  is easy to see how the steric and electronic factors 
could 80 conspire as to destabilize 11-13 relative to 10. But 


(12) There is a dispute in the literature concerning the structure of 
CPV(CO)~H-: Puttfarcken and Rehder (Puttfarcken, U.; Rehder, D. J.  
Organomet. Chem. 1980, 185, 219-230) suggest a 33:l  structure while 
b e y  et  al. (Kinney, R. J.; Jones, W. D.; Bergman, R. G. J.  Am. Chem. 
Soc. 1978,100,635-637,7902-7915), who fmt reported the synthesis and 
properties of thiB anion, argue for a piano-stool structure. 


(13) In the context of transformations of CpML, complexes, the 
pseudorotation possibility hae been suggested and studied in detail before: 
(a) Faller, J. W.; Anderson, A. S. J. Am. Chem. SOC. 1969,91,1550-1551. 
(b) Faller, J. W.; Anderson, A. S.; Chen, C . 4 .  Chem. Commun. 1969, 
719-720. J.  Organomet. Chem. 1969,17, P7-P9. (c) Faller, J. W.; An- 
derson, A. S. J. Am. Chem. SOC. 1970,92,5852-5860. (d) Faller, J. W.; 
Anderson, A. S.; Jakubowski, A. J. Organomet. Chem. 1971,21, C47-52. 
(e) Kalck, P., Poilblanc, R. Ibid. 1969,19,115-121. Kalck, P.; Pince, R.; 
Poilblanc, R.; Roussel, J. Ibid. 1970,24,445-452. (f) Pfeiffer, E.; Vrieze, 
K.; McCleverty, J. A. Ibid. 1979,174,183-189. (9) Brunner, H.; Herrm- 
ann, W. A. Chem. Ber. 1973,106,632-639; J. Organomet. Chem. 1974, 
74,423-429. (h) Wright, G.; Mawby, R. J. Ibid. 1971,29, C29-30. 


(14) Hoffmann, R; Beier, B. F.; Muetterties, E. L.; Rosai, A. R. Inorg. 
Chem. 1977,16, 511-522. 


(15) (a) Drew, M. G. B. h o g .  Inorg. Chem. 1977,23,67. (b) Kepert, 
D. L. Ibid. 1979,25, 41-144. 
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Figure 2. The two occupied d type orbitals of C P V ( C O ) ~  The 
z2 is shown in the xz  plane, the xy in the xy plane. The contour 
values of $ are h0.2, 0.1, 0.055, 0.025, and 0.01. 


0 


- I  


2 
< -2 
P 
Q) 
C 


W 


-3 


-4 


90 100 110 120 130 


Angle a', yo 
Figure 3. Energies of 3:3:1 and piano-stool geomet..x of 
CpVH4&. The energy-scale markings are in eV relative to an 
arbitrary energy zero. 


let us examine 13 in more detail. It appears to be in a local 
energy minimum with respect to Berry pseudorotations. 
Those are not the only interconversion modes imaginable, 
so it may still be that there is a pathway all downhill in 
energy from 13 to 1. But we think it is worthwhile to think 
about stabilizing this so-for-unobserved geometrical type. 
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First let us try to dissect out the steric and electronic 
differences between 1 and 13. We have already noted the 
optimized geometries for CpV(CO), alternatives. The 
angle 180° - y between the axial and equatorial carbonyls 
is small, 7 2 O ,  and this might be taken as a sign of steric 
trouble in that structure-the equatorial carbonyls trying 
to escape close contacts with the cyclopentadienyl ring but 
bumping into the axial carbonyl. If that is so, the steric 
strictures might be relieved for a smaller ligand. Figure 
3 shows how the total strictures varies with indicated angle 
in the piano-stool and 3:31 structures for a model CPVH,~. 
The optimum a and y are both greater than in the car- 
bonyl case. This is consistent with the smaller bulk of the 
hydride. But the difference of 21 kcal/mol between the 
optimum structures is about the same, making us think 
that the differential is primarily electronic. 


The electronic structure of the 3:3:1 form can be ob- 
tained again in two ways, from CpM + 4L or from C* ML4 + Cp. We will not present the analyses in detail here. 
Once again there is a nice closed-shell structure for a d4 
complex with a substantial gap between the filled and 
unfilled levels. The two highest occupied levels are of 6 
pseudosymmetry, concentrated metal xy and x 2  - y2. 
These orbitals are drawn in 14 and 15. 


KubbEek, Hoffmann, and Havlas 
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The x 2  - y2 orbital of the 3:3:1 structure is a t  about the 
same energy as the z2 of the piano stool, but the xy orbitals 
of the two geometries differ in energy, that of the piano 
stool being more stable. Here then is the electronic dif- 
ference between the two structures. The two orbitals are 
drawn schematically in a top view along the Cp-M axis 
in 16 and 17. They are the same orbital, but the ligand 


16 17 


field around i t  differs. In 16 the equatorial ligands lie in 
the nodal planes of xy, and it is not affected by them. In 
17 the ligand set interacts with xy. The ligand orbital that 
does the mixing is one component of the e set formed from 
the ligand u orbitals. The e set of a a pseudosymmetry, 
the xy of 6 pseudosymmetry. So the interaction is not 
optimal, but it is sufficient to destablize the xy in the 3:3:1 
form by -0.5 eV and so produce the preference for the 
piano stool. 


What can one do to overcome this inherent bias for the 
piano-stool geometry? The charge distribution on the 
hydrides in CPVH,~- is given in 18. The axial ligand is 


-0.41 


Table I. Relative Energies of 
Some Substituted 3:3:1 Structures 


T X 


eo's, + X 


relative relative 
energy,a energy,a 


substituent kcal/mol kcal/mol 
H 21 21 


“ O  donor”c 18 22 
c1 46 22 
co 33 19 


“ O  acceptor”b 25 21 


Relative to piano-stool structure with a = 120”. 
drogen orbital with Hii -15.0, 1.4 eV lower than normal 
H. 
normal H. 


Hy- 


Hydrogen orbital with Hii -12.2,1.4 eV higher than 


more positive. This implies that a less electronegative 
ligand, a good u donor, will enter preferentially there. This 
was confirmed by calculations changing the Coulomb in- 
tegral of the ligand in question, as the first entries in Table 
I show. 


An argument for a a effect is also easily made. The xy 
and z2 orbitals in the piano-stool geometry are coupled in 
a interactions with every leg of the stool. This was made 
explicit in 8 and 9. The 3:3:1 geometry is different. The 
unique axial ligand cannot engage in a bonding with the 
6 pseudosymmetry filled d orbitals on the metal. Thus if 
there are any 7~ donors in the metal-ligand set they should 
enter that site and decrease the preference for the piano- 
stool structure. 


The substituent pattern then that is most favorable for 
the 3:3:1 geometry is a single substituent that is both a 
good Q donor and a good a donor, 19. Table I reveals, - I 


a; rr-donor 


19 


however, that an axial halide actually destabilizes the 3:3:1 
structure. We can trace the problem to a steric source-the 
axial site is uncommonly congested. The computed result, 
that C1 has a greater resistance to being placed into the 
axial position, agrees with the pattern of activation energies 
observed by Faller and co-~orkers.’~ 


We would not give up on trying to design a stable 3:l:l 
structure. An axial oxo or thio ligand, 20, is an interesting 
possibility. Steric problems might be solved by a tripod 
ligand, 21, though the three arms had better be small. 


111 
0 K b  


20  21 


A perceptive referee, noting the tracing of the barrier 
to the xy and x 2  - y2  orbitals of 6 symmetry, has suggested 
that the 3:3:1 structure might be stabilized by a capping 


1-0.33 
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Table 11. Some Optimized Angular Parameters 
of the Molecular Geometry of CpMo(CO),CH, 


in Conformation 22 
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computed observed 
anglea angle, deg angle, deg 


Ct-Mo-C, 105 110 
Ct-Mo-C, 110 118 


between planes 84 84 


Ct-Mo-C,(C,) 124 127 
Mo-Ct-C, 92 92 


Ct-Mo-C, and 
Ct-Mo-C,C, 


* The atom numbering follows structure 22. Refer- 
ence 31. 


ligand with lower energy vacant orbitals of 6 symmetry, 
e.g., q6-arene or q7-cycloheptatrieny1. A model calculation 
on (C7H7)VH42- indeed confirms this. The 21 kcal/mol 
difference of the Cp case is reduced to 20 kcal/mol if the 
C7H7 ring is moved down so the C-V distance is the same 
as in the C5H5 complex and 15 kcal/mol if the C7H7 ring 
is kept a t  the same “elevation” as the C5H5. 


CpM(CO),L and the  Conformational Preferences 
of a-Bonded Ligands 


For this category many crystal structures are available. 
Some are for relatively simple ligands, L = C2Hs, C3H7, 
CH, (v5-azulene instead of Cp), CH2COOH, C1, I (q5- 
indenyl instead of Cp), ZnBr, HgC1, C6H5, Ga(CH3)2, 
A u P P ~ , . ~  The last three are with W, the others Mo. 
Several structures with more complex L, most with Mo as 
the metal, have been published., A particularly interesting 
class are the [CPM(CO)~]~ dimers with M = Cr, Mo, W.4 


The geometrical facta concerning these molecules are 
simp1e.l~~ The CpM(CO),L moiety generally possesses an 
approximate mirror plane through M. The usual value of 
the trans OC-M-L angle is 125-133’ (higher border fa- 
vored), trans OC-M-CO is 105-117’ (lower value favored), 
and cis OC-M-CO is 74-80’ (lower border favored). The 
Cp ring is tilted by several degrees. The best a-acceptor 
ligand seems to be beneath the middle of a Cp CC 
b~nd.~**~*g 


To see how the extended Huckel calculation would do 
at  reproducing these geometrical distortions, we took 
C~MO(CO)~CH, and optimized five angular degrees of 
freedom. The optimization was repeated for two confor- 
mations, 22 and 23, with distances taken from the structure 


@, + 


I 
I 


4/ \,\I 
OC c 3  io co’ C H 3  
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22 23 


of C~MO(CO), (C~H,) .~~ The results are shown in Table 
11. 


Agreement between computed and observed structures 
is reasonably good. Our calculations favor conformation 
22 over 23 by 0.4 kcal/mol, and this only when all five 
angular parameters are allowed to relax. The barrier is 
now no longer 20-fold but &fold. It remains small. This 
is in agreement with the observed fluxionality of the Cp 
ring in NMR experiments for any CpM(CO),LL’ comp1ex.l 


Note that the two planes of the M(CO),L fragment in 
CpM(CO),CH, become distinguished from each other. 
Thus the trans OC-M-CH3 angle (calcd) is 135’, while the 
trans OC-M-CO angle is 112’. This kind of asymmetry, 


I -11.5 


< -12.0 


C u 


I I 
-12.5 /I\, \co /YfAcH3 t Mo+ 


Figure 4. A comparison of the two d block levels of piano-stool 
geometries, each optimized, of C~MO(CO)~(CH)~ and CpMo- 


which could be viewed as an excursion along a Berry 
pseudorotation coordinate, is typical of the known struc- 
tures. 


Figure 4 shows what happens to the two occupied d 
block orbitals of CpMo(C0),CH3 relative to C~MO(CO)~+.  
Both z2 and xy are destabilized upon substitution of CO 
by methyl. This is what one would expect given the loss 
of one carbonyl’s .Ir-acceptor character. Note that xy is 
more destabilized than 9, a sign of the better donor ability 
of xy. This will be important in determining the orien- 
tation of single-faced a donors or acceptors. Incidentally 
the published photoelectron spectra of CpM(CO),(CH,), 
M = Mo, W, agree that the two d levels are close to each 
other in energy.8 


The orientation of single-faced a-donor or -acceptor 
substituents is always an interesting problem. The con- 
formational question is posed by structural alternatives 
24 and 25 for a carbene ligand. It can be asked for any 


(co)4+. 


24 25 


single faced a donor or acceptor, e.g., ethylene, acetylene, 
amide, carbonyl, etc. Known structures in this category 
include L = Ph,a RC=C=0,’6 RC=0,5” PhCOEt.5i Some 
Mo carbene complexes have also come from the recent 
work or Br0~khart . l~  


In 24 the unique acceptor orbital will interact with xy; 
in 25 it will react with z2. The interaction with xy is just 
better, as measured by the fragment overlaps in a rea- 
sonable geometry, (xylp in 24) = 0.138, (z21p in 25) = 
0.102. Why is there such a differential? There is a simple 
trigonometric effect a t  work. If the Ct-Mo-CH, angle is 
0, then the overlap of a probe p orbital with xy is maximal 
a t  0 = 90’ and goes as sin 0. The corresponding overlap 
with z2 goes as sin 20 and is maximal a t  0 = 45 and 135’. 


(16) Kreissl, F. R.; Frank, A.; Schubert, V.; Lindner, T. L.; Huttner, 
G. Angew. Chem., Znt. Ed. EngI. 1976,15,632. 


(17) Brookhart, M., private communication. 
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One Aspect of the Reactivity of Piano-Stool 
Complexes 


The CPM(CO)~L complexes, especially those with M = 
Mo, are quite reactive. The carbonyl insertion reaction 
and many substitution reactions have been explored.'Jg 
An interesting point of difference between the thermal and 
photochemical s u b s t i t u t i ~ n s ~ ~ * ~ ~  is that the latter occur 
stereospecifically to give C~S-C~MO(CO)~LL', 2fLZ0 The 
reason for this may be electronic. 


e 
I 


I 1 I I 


0 30 60 90 


Angle, uo 
Figure 5. Computed energy, as a function of carbene rotation, 


0 for the carbene structure is -114',6' so the z2 overlap 
is diminished more from its optimal value than the xy 
overlap. 


A potential energy curve computed for C~MO(CO)~-  
(PHs)(CH2)+ with a geometry based on the known 
C~MO(CO)~(G~P~,)(C(OE~)P~) structure5' is shown in 
Figure 5. Conformation 24 is preferred by some 15 
kcal/mol. The two carbene hydrogens in C~MO(CO)~-  
(PR&(CH2)+ are equivalent on the NMR time scale, down 
to -100 OC." But two distinct hydrogen environments are 
detected at  this temperature for the W analogue. Thus 
the "upright" equilibrium conformation 24 is confirmed. 
The barrier to rotation in the W complex is estimated at 
ca. 10 kcal/mol, and the Mo barrier must be substantially 
smaller." 


The carbene complex C ~ M O ( C O ) ~ ( G ~ P ~ ~ )  (C( 0Et)Ph) 
does have conformation 24 in the solid state.6i Related 
RCO and RCCO s t r ~ c t u r e s ~ ~ ~ ' ~  have a similar orientation 
of the acceptor. The extension of conformational pre- 
dictions to other ?r acceptors is obvious-for instance, 
olefins, and acetylenes should prefer 26 for electronic 
reasons, while an SR or a P& should avoid interaction with 
xy,  as in 27. All of this is subject to the strong steric 


of CpMo(PHJ(CO)&H2+. 


- 
I 
I 


26 27 


constraints that must be operative in this structural type. 
It may well be an olefin or a thiol simply cannot follow its 
electronic inclinations. 


The electronic structure of CpML3(CH2) and related 
complexes has also been studied by P. Hofmann.'" 


(18) (a) Hofmann, P., private communication. (b) Hofmann, P. An- 
gew. Chem. 1977,89, 551-553. 


r 
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We had already noted that there are several low-lying 
vacant orbitals in these piano-stool complexes which are 
M-CO antibonding. It makes sense then that a carbonyl 
is dissociated in the rate-determining step of the reaction, 
and this has been established.20 The resulting CpM- 
(C0)LL' is a 16-electron six-coordinate complex. Such 
complexes with two cis ?r acceptors should depart from 
pseudooctahedral geometry, a situation we have discussed 
in some detail elsewhere.21 A double minimum should 
arise, the two minima corresponding to different occupa- 
tions of the da levels. In one minimum the OC-M-CO 
angle opens from 90° in the other it closes. 


Taking C ~ M O ( C O ) ~ C ~  as a model we have found both 
these minima. The partially optimized geometries may 
be seen in 29 and 30. In our calculations the carbonyl 


29 30 


closed isomer, 29, is more stable by 8.7 kcal/mol. The 
barrier to rearrangement from 30 to 29 is small, 0.2 
kcal/mol, but nonvanishing. The reasons for the isomer 
energy ordering may be traced along the lines of argument 
we presented earlier,21 but we will not do so here. 


Suppose one finds oneself in the lower energy minimum 
29. A base should attack this coordinatively unsaturated 
complex in a frontier-controlled manner. The LUMO of 
the complex is yz, hybridized to some extent with xy and 


(19) (a) Barnett, K. W.; Treichel, P. M. Znorg. Chem. 1967,6,294-299. 
(b) Bolton, E. S.; Dekker, M.; Knox, G. R.; Robertson, C. G. Chem. I d .  
(London) 1969, 327-328. (c) Manning, A. R. J. Chem. Soc. A 1967, 
1984-1987. (d) Craig, P. J.; Green, M. Zbid. 1968,1978-1981. (e) Watson, 
P. L.; Bergman, R. G. J.  Am. Chem. Soe. 1979,101, 2055-2062. Ibid. 
1980,102,2698-2703. (fJ Su, 5. R.; Wojcicki, A. Znorg. Chem. 1975,14, 
89-98. 


(20) Alway, D. G.; Barnett, K. W. Zbid. 1980, 19, 1533-1543. 
(21) KubHcBk, P.; Hoffmann, R. J. Am. Chem. SOC. 1981,103. 
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CI 


Figure 6. Two sections of the LUMO of the lower energy min- 
imum of CpMo(C0)2Cl, structure 29. The contour values of J /  
are the same as in Figure 2. 


y. Two cuts through this LUMO are shown in Figure 6. 
Use of this orbital by an approaching base affords, after 
some geometrical relaxation, the cis isomer. 


It should be mentioned here that in general coordina- 
tively unsaturated 16-electron CpML,, complexes derived 
from 18-electron CpML, by loss of a ligand should "retain 
a memory" of their parentage and not easily relax to more 
symmetrical structures. This phenomenon has been traced 
in detail by P. Hofmann for the 16-electron CpML, case.lEb 


CpM(C0)zLL' 
This is a rich class of complexes, with extensive struc- 


tural information availableSs Geometrical (cis-trans) and 
o p t i ~ a l ' J ~ J ~ * ~  isomerism has been studied, as well as re- 
activity in insertion and substitution rea~ti0ns.l~ The 
stereochemical nonrigidity and isomerization of CpM- 
(CO),LL' have been analyzed in detail by Faller and co- 
workers13a-d and others.l'. There is evidence at hand for 
an intxamolecular mechanism.', The fewer carbonyls there 
are in the molecule, the easier the reaction. For example, 
the NMR coalescence temperature is greater than 100 OC 


Table 111. Calculated Energies (kcal/mol) 
for Some CpMo(CO),PH,X Structures 


X = H  x = c1 


4.3 2.6 


30.8 37.4 


Table IV. Parameters Used in EH Calculations 
orbital Hii, eV f l  fz Cla c, 
V3d -11.00 4.75 1.70 0.4755 0.7052 


4s -8.81 1.30 
4P 


Mo 4d 
5s 
5P 


(33s 
3P 


P 3s 
3P 


C2S 
2P 


0 2s 
2P 


H Is 


-5.52 
-11.06 
-8.77 
-5.60 


-30.00 
-15.00 
-18.60 
-14.00 
-21.40 
-11.40 
-32.40 
-14.80 
-13.60 


0.875 
4.54 1.90 0.5899 0.5899 
1.96 
1.90 
2.033 
2.033 
1.60 
1.60 
1.625 
1.625 
1.95 
1.95 
1.30 


a Coefficients in double-r expansion. 


for C ~ M O ( C O ) ~ L C ~  but -62 "C for CpMo(CO)L2C1 (L = 
PMePh2). 


Replacement of acceptors by donors and large groups 
by small ones should lessen the preference for the pseu- 
do-square-pyramidal over the pseudo-trigonal-bipyramidal, 
or 3:3:1, structure. That follows from the general consid- 
erations outlined above. We thought we could add 
something to the discussion by detailed calculations on 
C~MO(CO)~(PH~)X, X = M, C1. Idealized geometries were 
constructed partly from experimental data (for the pi- 
ano-stool structures) and partly from calculations of 
CPM(CO)~X (for a hypothetical 3:3:1 transition state).23 
Table I11 shows the calculated energies. 


The piano-stool geometries are preferred, as expected. 
Within this structural type the trans isomer is more stable, 
by a little. In the 3:3:1 structure the placement of X apical 
is preferred, which we also anticipated. The calculated 
activation energies for cis-trans isomerization, assuming 


(23) The swing angles from the M-Cp axis were assumed as follows: 
in the piano-stool geometry X = loa0, CO = 124O, PHa = loao, in the 
33 : l  structure, 106O for all ligands. (22) B m n e r ,  H. Top. Curr. Chem. 1976,56,67-90. 
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the 3:3:1 structures are transition states, are somewhat 
high, though the correct ordering of H and C1 barriers is 
obtained. It could be that the approximate computational 
method is a t  fault. We suspect that more of the discrep- 
ancy stems from the fact that our idealized 3:31 structures 
are still far from the true transition state or intermediate 
structures. We have not optimized these geometries nor 
considered more asymmetric pseudo-seven-coordinate 
pathways. This remains a project for the future. 


which made R. KubbEek’s stay at  Cornel1 possible. 


Appendix 
Our calculations were of the extended Hiicliel type,24 


with “weighted” Hij’s. The parameters are listed in Table 
IV. The Hii values of V and Mo were obtained by charge 
iterative calculations on CPV(CO)~ (experimental geome- 
try) and C ~ M O ( C O ) ~ C H ~  (geometry of the ethyl complex). 


(24) Hoffmann, R. J. Chem. Phys. 1963, 39, 1397-1412. Hoffmann, 
R.; Lipscomb, W. N. Zbid. 1962, 36, 2179-2195; 1962, 37, 2872-2883. 


(25) Ammeter, J. H.; Burgi, H.-B.; Thibeault, J. C.; Hoffmann, R. J. 
Am. Chem. Soc. 1978,100,3686-3692. 


We are to the National 
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Research Grant CHE 7828048. We thank IRX for a grant 
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The coordinately unsaturated rhodium hydride dimer, (HRh[P(O-i-C3H7)3]2]2, effected a dehydrogenation 
of l,&cyclohexadiene to benzene. This reaction was not catalytic; the other product was (q3-cyclo- 
hexeny1)rhodium bis(triisopropy1 phosphite). In attempts to follow the 1,3-cyclohexadiene reaction along 
a back-reaction sequence, the chemistry of (qe-arene)Rh[P(0-i-C3H7)3]2+BF; was examined. Reaction of 
the benzene complex with potassium triisopropoxyborohydide gave benzene and (HRh[P(0-i-C3H7)3]2)2. 
Reaction of the hexamethylbenzene complex with either methyllithium or potassium triisopropoxyboro- 
hydride gave (q3-pentamethylbenzy1)rhodium bis(triisopropy1 phosphite). The latter compound was 
crystallographically and spectroscopically defined. NMR studies established that this molecule exists in 
rapid equilibrium with an excited-state form proposed to be an (q5-benzyl)rhodium structure. 


Introduction 


Synthesis and chemistry of coordinately unsaturated 
polynuclear transition-metal complexes represent a major 
focus of our research. Previously, we have described the 
synthesis2y3 and the structural features2p4* of [HRhL21x 
clusters and have also demonstrated the high reactivity 
of these polynuclear compounds to catalytic olefin and 
alkyne hydrogenation r e a ~ t i o n s . ~ . ~ ~  To date, the major 


(1) (a) Department of Chemistry, University of California, Berkeley, 
CA 94720. (b) Department of Chemistry, University of Nebraska, Lin- 
coln, NE 68588. (c) The Crystalytics Company, Lincoln, NE 68501. 


(2) Day, V. W.; fiedrich, M. F.; Reddy, G. S.; Sivak, A. J.; Pretzer, W. 
R.; Muetterties, E. L. J. Am. Chem. SOC. 1977,99, 8091. 


(3) Sivak, A. J.; Muettertiea, E. L. J. Am. Chem. SOC. 1979,101,4878. 
(4) Muettertiea, E. L. R o c .  Natl. Acad. Sci. U.S.A. 1979, 76, 2099. 
(5) Brown, R. K.; Williams, J. M.; Sivak, A. J.; Muettertiea, E. L. Znarg. 


Chem. 1980,19, 370. 
(6) Teller, R. G.; Williams, J. M.; Koetzle, T. F.; Burch, R. R.; Gavin, 


R. M.; Muetterties, E. L. Znorg. Chem. 1981,20,1806. 
(7) Muetterties, E. L.; Sivak, A. J.; Brown, R. K.; Williams, J. W.; 


Fredrich, M. F.; Day, V. W. ‘Fundamental Research in Homogeneous 
Catalysis”; Tsutaui, M., Ed.; Plenum Press: New York, 1979; Vol. 3, p 
487. 
(8) Muetterties, E. L. Catal. Reu.-Sci. Eng. 1981, 23, 69. 
(9) A mechanistic study of altyne hydrogenations hae been completed; 


Burch, R. R.; Muetterties, E. L., manuscript in preparation. 


set of clusters studied has been the phosphite complexes, 
(HRh[P(OR)3]2),, particularly the dimeric species (HRh- 


Reactivlty toward donor molecules under stoichiometric 
conditions was high for the coordinately unsaturated hy- 
dride (HRh[P(O-i-C3H7)3]2]2.10J1 Nevertheless, there was 
significant selectivity to this reactivity. For example, the 
dimeric hydride reacted with 1 equiv of carbon monoxide 
or an acetylene to form GL-H)2(11-CO)Rh2[P(O-i-C3HI)3]410 
and (pH) GL-CR=CHR)Rh2[P(O-i-C3H7)3]4,9 respectively. 
Simple donor molecules like phosphite elicited rapid 
cleavage of the dimeric form to generate the saturated 
mononuclear HRhL4  specie^.^ However, olefins reacted 
only very slowly, if at all, with the dimer.12 Hydrogen 
oxidatively added to the dimer in an extremely fast reac- 
tion to form the triply bridged dimeric hydride.I3 


[P(O-i-C3H7)312I2. 


(10) Burch, R. R.; Muetterties, E. L.; Schultz, A. J.; Gebert, E. G.; 
Williams, J. M. J. Am. Chem. SOC., 1981, 103, 5517. 


(11) Burch, R. R.; Muetterties, E. L., unpublished results. 
(12) These reaction rates are comparable to the rate of decomposition 


of the dimer in solution. Rata were very low; reaction time of days were 
required. Reaction products were complex and included alkanes ap- 
parently generated from the isopropyl groups in the phosphite ligands. 


(13) Olefins do react with this hydride to form alkanes and {HRh[P- 
(O-i-C3H7)3]2)2; reaction rates are extremely high. 
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(13) Olefins do react with this hydride to form alkanes and {HRh[P- 
(O-i-C3H7)3]2)2; reaction rates are extremely high. 
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H2 + (HRh[P(O-i-C3H7)3]2)2 * 
H[ (i-C3H70)3P]2Rh(~-H)3Rh[P(0-i-C3H7)3]2 


It was this ability of the dimer to react so readily with 
hydrogen that suggested that the dimer could be used to 
extract hydrogen from organic molecules with activated 
carbon-hydrogen bonds and that forms the basis for the 
studies discussed in this report. 


Results and Discussion 
1,3-Cyclohexadiene reacted with the coordinately un- 


saturated dimer, (HRh[P(O-i-C3H7)3]2)2, to produce benz- 
ene and a monomeric complex, (s3-cyclohexenyl)Rh[P(O- 
i-C3HJ3I2, derived from fragmentation of the dimer. 
3C6H8 + (HRh[P(O-i-C3H7)3]2)2 + 


H2 + C6H6 + 2(s3-C6Hg)Rh[P(O-i-C3H7)3]2 (1) 


A careful analysis established the reaction to be stoichio- 
metric and not catalytic: 1 equiv of benzene was formed 
per 1 equiv of rhodium dimer. Neither cyclohexane nor 
cyclohexene was detected, demonstrating that this reaction 
was not a disproportionation of 1,3-cyclohexadiene but 
simply a dehydrogenation of 1,3-cyclohexadiene to benz- 
ene. 


The reactivity of (HRh[P(O-i-C3H7)3]2}z toward 1,3- 
cyclohexadiene was high compared to olefins or other 
dienes and low compared to hydrogen, carbon monoxide, 
or dialkylacetylenes. Reaction with the latter set of com- 
pounds was nearly in s t an taneo~s .~*~J~  Whereas reaction 
with olefins and most other dienes, including 1,4-cyclo- 
hexadiene, was very the reaction with 1,3-cyclo- 
hexadiene was complete within 3 h at 20 "C, in toluene or 
pentane solutions. Neither cyclohexene nor cyclohexane 
was dehydrogenated, by the rhodium dimer, to form 
benzene. 
(q3-Cyclohexenyl)Rh[P(O-i-C3H7)3]2, the other reaction 


product, was obtained as yellow crystals in 60% isolated 
yield. By spectroscopic (NMR) measure, the yield of this 
complex was quantitative. The identity of this rhodium 
complex was established by elemental analysis, mass 
spectrometry, and NMR spectroscopy. All 31P and 'H 
NMR data were fully consistent with a square-planar co- 
ordination geometry for the framework. Both the lH and 
the NMR spectra were temperature invariant; thus, 
there was no fast (NMR time scale) exchange processes 
detectable for this allylic complex in the solution state. 


The tetrahydride H4Rh2[P(O-i-C3H7)3]4, formed from 
the H2 reaction with the rhodium dimer, was also reacted 
with 1,3-cyclohexadiene. In this case, no benzene, cyclo- 
hexene, or cyclohexane was detected by gas chromatog- 
raphy. (s3-Cyclohexenyl)Rh[P(O-i-C3H7)3]2 was the major, 
if not exclusive, metal-containing product. This result 
suggests that the tetrahydride was produced from the re- 
action of (HRh[P(O-i-C3H7>3J2)2 and 1,8cyclohexadiene and 
that it is the tetrahydride which reacts with 1,3-cyclo- 
hexadiene to ultimately yield (.r13-cyclohexenyl)Rh[P(O-i- 
C3H7)3]2. NMR monitoring of the reaction of the dimer 
with the diene showed the gradual appearance of both 
benzene and ( s3-cyclohexenyl)Rh [P ( 0-i-C3H7)3] a t  com- 
parable rates; no intermediates could be detected. These 
results are summarized in Figure 1. One implication of 
the proposed reaction scheme in Figure 1 is that if two 
hydrogen atoms from the H4Rh2[P(O-i-C3H7)3]4 species 
produced in the dehydrogenation step (Figure 1) were 
captured by some reagent so as to eelectively reform the 
dimer,15 then the reaction would be a catalytic dehydro- 


(14) 1,5-Cycloodadiene appeara to be an exception to this. Burch, R. 
R.; Muetterties, E. L.; Day, V. W., unpublished results. 
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- ' g H 6  I 
1 


"qRh2'4  


C 6 H 8  (excess) 


2 C 6 H S R h P 2  + H 2  


Figure 1. Scheme showing the reaction of (HRh[P(O-tC3H7)3]2)2 
with 1,3-cyclohexadiene to yield benzene and H4Rh2[P(O-i- 
CJ-17),lr. Subsequent reaction of the tetrahydride with additional 
l,&cyclohexadiene to give (~~~-cyclohexenyl)Rh[P(O-i-C~H,)~]~ and 
hydrogen was independently demonstrated to be a fast reaction. 


genation of cyclohexadiene to benzene (a so-called catalytic 
hydrogen-transfer reactionls). Since the reactivity of 
H4Rh2[P(O-i-C3H7)3]4 toward terminal olefins is exceed- 
ingly high, 1-hexene was examined as a hydrogen "trap" 
(to give hexane). In fact, the yield of benzene in the di- 
mer-cyclohexadiene reaction was increased by the presence 
of 1-hexene but because the rates of reaction of the hexene 
and the cyclohexadiene with H4Rh2[P(O-i-C3H7)3]4 are 
comparable, the yield of benzene was raised only to 1.84 
equiv per rhodium dimer. 


Under 1 atm of hydrogen, (s3-cyclohexenyl)Rh[P(O-i- 
C3H7I3l2 reacted rapidly in pentane solution to produce 
(HRh[P(O-i-C3H7)3]2)2 and equivalent amounts of cyclo- 
hexene and cyclohexane. Spectroscopically, the time re- 
quired to completely effect scission of the Rh-CBHg bond 
was on the order of minutes a t  20 "C, but longer time 
periods were usually employed to ensure complete recom- 
bination of the rhodium fragments to form the dimer. This 
behavior is similar to that for other compounds of the 
general formulation (q3-C3R5)Rh[phosphite]2.3 Although 
the hydrogenolysis was quantitative in pentane, the re- 
action in toluene proceeded along a different pathway to 
produce cyclohexane, cyclohexene, and methylcyclohexane 
in a 10:1:3 molar ratio (after 24 h) and a nonhydridic 
rhodium species. The identity of this species remains 
uncertain because it was intractable. Initially, we thought 
that this complex was an intermediate complex to the final 
hydrogenation products of cyclohexane and the rhodium 
dimeric hydride. On the basis of the chemistry established 
for such rhodium and cobalt species, hydrogen should 
convert such an intermediate to the cycloalkane. However, 


~~ 


(15) Alternatively, hydrogen could be evolved above the reaction so- 
lution to regenerate (HRh[P(O-i-C3H7)3]2)1. 


(16) Examplea of the catalytic hydrogen-transfer reaction include the 
disproportionation of cyclohexadiene to benzene and cyclohexene," and 
the transfer of hydrogen from alcohols, ether, or formic acid to ketones 
or olefins.18 


(17) Lyons, J. E. Chem. Commun. 1969,564. Moseley, K.; Maitlis, P. 
M. J. Chem. SOC. A 1970,ZW. Datta, S.; Wreford, S. S.; Beat@, R. P.; 
NcNeese, T. J. J. Am. Chem. SOC. 1979,101,1053. See also references 
cited therein. 


(18) Gullotti, M.; Ugo, R.; Colonna, S. J. Chem. SOC. C 1971, 2652. 
Vol'pin, M. E.; Kukolev, V. P.; Chernyshev, V. 0.; Kolomnikov, I. S. 
Tetrahedron Lett. 1971, 4435. Masters, C.; Kiffen, A. A.; Visser, J. P. 
J. Am. Chem. SOC. 1976,98,1367. Nishiguchi, T.; Tachi, K.; Fukuzumi, 
K. J. Org. Chem. 1975,40, 237. See,also references cited therein. 
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no reaction of this nonhydridic complex with hydrogen was 
observed in either pentane or toluene solution. 


In principle, the hydrogen produced in the reaction of 
the conjugated cyclohexadiene with the dimeric rhodium 
hydride could convert the reaction into a catalytic dis- 
proportionation because (~3-cyclohexenyl)Rh[P(O-i- 
C3H7),I2 undergoes hydrogenolysis, as discussed above. 
However, it is the very low hydrogen pressure resulting 
from the reaction of the conjugated cyclohexadiene with 
the dimer that effectively prevents a catalytic dispropor- 
tionation pathway (the tetrahydride undergoes a fast, re- 
versible dissociation of hydrogen at 20 "C). 


Related compounds of formulation (s3-cyclohexenyl)- 
Co [P( OR),] and ( s5-cyclohexadienyl) Co [ P (OR),] have 
been postulated as intermediates in the catalytic hydro- 
genation of arenes by the catalyst precursor (s3-C3H6)Co- 
[P(OR),]319 Because of the superficial similarity of 
(~3-cyclohexenyl)Co[P(OR)3]2 and our compound, we at- 
tempted the synthesis of (s5-cyclohexadienyl)Rh[P(O-i- 
C3H7),I2. Since it has been shown that coordination of 
arenes to 12-electron I d 2 +  fragments activates arenes to- 
ward nucleophilic attack at  an exo position of the aromatic 
ring,20 the synthesis of (~5-cyclohexadienyl)Rh[P(O-i- 
C3H7),I2 was attempted by the reaction 


(s6-c6H6)Rh[P(O-i-c,H7)3]2+ + H- - 
(~5-cyclohexadienyl)Rh[P(O-i-C3H7)3]2 


This synthetic strategy failed: (s6-c6H6)Rh[P(o-i- 
C3H7),I2+BF4- reacted with hydride ion in tetrahydrofuran 
to give (HRh[P(O-i-C3H7)3]2)2 and c6&. This result could 
be accounted for by first formation of (s5-cyclo- 
he~adienyl)Rh[P(O-i-C~H~)~]~, analogous to the same re- 
action with iridium,% followed by transfer of the endo ring 
hydrogen to the metal accompanied by ring dissociation 
to form the arene and the rhodium hydride. Alternatively, 
the same result could be achieved by direct attack of the 
hydride ion at the metal center. When the hydride ion was 
reacted with (s6-C6D6)Rh[P(O-i-C3H7)3]?+BF4-, (HRh[P- 
(O-i-C3H7)8]2)2 was again formed. In this case, gas chro- 
matography-mass spectrometry has shown that the 
benzene was 6.3% C & H  with the remainder being C & .  
Thus, if the exo nucleophilic attack pathway is a t  all op- 
erative in this reaction system, it can account for at most 
only 6.3% of the reaction. This result is not surprising in 
view of the fact that we have observed that the arene 
ligand dissociates significantly in tetrahydrofuran solution 
(see Experimental Section).21 


In an attempt to suppress dissociation of the arene and 
to enhance the stability of an q5-cyclohexadienyl species, 
we reacted [s6-c6(CH3)6]Rh[P(O-i-C3H7)3]2+BF4- with 
methyllithium. This reaction, however, gave a high yield 
of a yellow compound which was not a cyclohexadienyl 
derivative but rather a complex derived by deprotonation 
of a methyl group substituent of the aromatic ring. The 
elemental analysis, mass spectrum, and 'H NMR spectrum 
(Table I) suggested that the formula was [c6- 
(CH3)6CH2]Rh[P(O-i-C3H7)3]2 (l), and reaction of hydride 
ion with [?6-C6(CH3)6]Rh[P(O-i-c3H7)3]2+ gave a high yield 
of the same product. An X-ray crystallographic study 
confirmed the composition and established a pseudo- 
square-planar [ T I ~ - C H ~ C ~ ( C H ~ ) ~ ] R ~  [ P (O-i-C3H7) ,I2 struc- 
ture. 


The X-ray structural analysis established that single 
crystals of (s3-CH2C6(CH3)5)Rh[P(O-i-C3H7)3]2 (1) are 


Burch, Muetterties, and Day 


Table 1. Temperature Dependence of the ABX Pattern 
Observed in the 31P(lH} "MR Spectra for 
[TI "CH,C,(CH,),]Rh[P(O-i-C,H,),I, 


(19) Bleeke, J. R; Muettertiea, E. L. J.  Am. Chem. SOC. 1981,103,656. 
(20) Sievert, A. C.; Muetterties, E. L. Inorg. Chem., 1981,20, 2276. 
(21) Sievert, A. C.; Muetterties, E. L. Inorg. Chem. 1981, 20, 489. 


chemical shifts, coupling constants,c 


"C PA PB JAB JAX JBX 


PPm Hz 
temp, 


-110  155 .33  156 .17  82 .04  150 .21  494 .46  
-100  154 .96  155 .82  82 .61  159 .16  487 .91  


- 9 0  154 .63  155 .50  82 .78  167 .79  480 .80  
-75  154 .61  155 .49  83 .52  200 .20  450 .96  
-65  154 .31  155 .20  82 .96  213 .28  413 .19  
-45  153 .82  154 .75  82 .48  238 .00  416 .83  
-25  153 .31  154 .05  82 .20  260.87 397 .65  
-10 153 .21  1 5 3 . 7 2  83 .25  261.38 399 .79  


- 5  152 .57  153 .35  83 .00  266.18 395 .36  
0 152 .28  152 .56  83 .29  261 .30  401 .61  


t 1 0  152 .53  152 .84  82 .85  260.91 403 .53  
t 1 5  152 .51  152 .69  82 .89  260 .72  404 .28  
t 2 0  152 .38  153 .37  83 .15  350 .55  315 .25  
+ 3 5  152.18  153 .11  82 .95  381 .30  286 .72  
t 5 0  151 .79  152 .90  82 .56  404 .40  261 .23  
+ 6 5  151 .52  152 .82  82 .90  411 .94  261 .20  
t 8 0  150 .94  152 .76  82 .12  412 .93  261 .93  


a Spectra below -75 "C were recorded in toluene-d, / 
C,H,, (1: 3). Other spectra were recorded in toluene-d,. 


These temperature dependent spectral changes were 
fully reversible. 
were determined by simulation of the observed spectra. 


Chemical shifts and coupling constants 


Figure 2. Perspective drawing (adapted from an ORTEP plot) 
of the (T&CH~C,(CH&,)R~[P(O-~-C~H,)~]~ molecule. For pwposes 
of clarity, rhodium and phosphorus atoms are represented by large 
open circles, oxygen and carbon atoms by intermediate-sized open 
circles, and hydrogen atoms by small open circles. The labeling 
scheme is described in ref 23; labels for many H atoms are omitted 
in this drawing. 


composed of discrete mononuclear complexes illustrated 
in Figure 2. The Rh(1) atom is u bonded to two phosphite 
phosphorus atoms and T bonded to the allylic portion of 
the pentamethylbenzyl ligand. Final atomic coordinates 
and thermal parameters from the crystallographic study 
are presented with estimated standard deviations in Tables 
I1 and Structural parameters for the coordination 
group of 1 are given in Table IV; ligand bond lengths and 
angles involving nonhydrogen and hydrogen atoms, re- 
spectively, are given in Tables V and VI." The numbering 
scheme used to designate atoms of 1 is given in ref 23. 


(22) See paragraph at end of paper regarding supplementary material. 
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Table 11. Atomic Coordinates in Crystalline (q 3-CHzC,(CH3),)Rh[P( O-i-C3H,)3]2a 
fractional coordinates atom fractional coordinates atom 


typeb 1 0 4 ~  1 0 4 ~  1 0 4 2  typeb 1 0 4 ~  1 0 4 ~  1 0 4 2  


PI 
p2 
0 1 1  


0 1 2  


0 2 1  78 (2)  


Rh 1267.4 (2)  2299.3 (1) 1058.4 (1) C21b -847 (4)  3193 (2) -951 (2)  
3525.5 (7) 2366.6 (3)  1445.6 (3)  CZIC 1514 (5)  3744 (2) -829 (2)  


1451 (2)  
4115 (2)  1661 (1) 1747 (1) c22b -1775 (5)  3269 (3)  2178 (3) 


1278 (3)  
4705 (2) 2573 (1) 914 (1) 2 3 8  2032 (4) 4601 (1) 950 (2)  


1672 (3) 3587 (1) 150 (1) Cub 1863 (6) 4886 (2)  
3741 (1) 1373 (1) 3346 (6) 4853 (2 )  645 (3) 


685 (2)  
Ciia 5596 (3)  1544 (2)  1967 (2)  c2 110 (3)  1370 (1) 684 (1) 


1333 (2) Ciib 5771 (5)  1566 (3) 2738 (2)  c3 687 (3)  1129 (1) 
CIIC 6015 (4)  880 (2) 1677 (2)  c4 1679 (4)  585 (2)  1349 (2) 


3359.1 (3) 884.9 (4)  (322, -1661 (3)  3508 (2)  


4124 (2 )  2876 (1) 2043 (1) c2zc -2640 (5)  4078 (3)  


840.6 (8) 


'13 


0 2 2  -223 (2) 
'23 2158 (2)  3866 (1) 984 (1) -771 (3)  1966 (1) 


Ciza 3265 (3 )  3231 (2) 2504 (1) c5 2100 (4)  317 (2)  733 (3) 
Cizb 2648 (5 )  2747 (3) 3010 (2)  '6 1565 (4)  571 (2) 91  (2)  


c, 600 (4 )  1083 (2)  59 (2)  c12c 


'13, 4841(6) 1767 (3) -11 (2)  Cm5 3192 (5)  -256 (2)  747 (4)  


4245 (5 )  3743 (2) 2864 (2)  
Ci3a 4446 (3)  2480 (2)  176 (1) Cm3 33 (4)  1316 ( 9 )  2004 (2)  


312 (2 )  2044 (3)  '13b 5316 (5) 3005 (3) -158 (2)  Cm4 2183 (5) 


Czia 482 (3)  3292 (2) -497 (2)  cm6 2033 (6)  275 (3)  -590 (3)  
Cm, -34 (6) 1344 (2)  -630 (2) 


atom fractional coordinates atom fractional coordinates 
typeb 103x 1 0 3 ~  103% B, Az typeb 103x 1 0 9  1032 B ,  AZ 


Hila 618 (4)  
Hiibi 502 (3)  
Hllba 542 (6)  
Hllb3 658 (4)  
HIlCl 699 (4) 
HllC2 542 (4)  
H l l C 3  590 (4)  
Hiza 243 (3)  


Hizbz 196 (6)  
HlZb3 359 (6) 


Hizbi 201 (5) 


HIZCl 453 (4)  
HlZC2 497 (5)  


Hi,, 349 (3) 
H12C3 368 (4) 


13b 1 515 (4)  
H13b2 643 (5)  
H13b3 511 (5) 


l 3 C l  471 (5)  
411  (6)  


H13C3 588 (5)  
H2,a 9 1  (3)  
Hzibi -63 (4)  
Hzibz -153 (4)  
HZlb3 -133 (4)  
H21Cl 228 (4) 
H21c2 178 (4)  
HZ1C3 106 (4)  
Hzza -177 (3)  


195  (2) 
119 (2)  
202 (3) 


76 (2)  
56 (2)  
86  (2)  


344 (2) 
304 (2) 
246 (3) 
262 (3) 
402 (2 )  
348 (2)  
401 (2) 
255 (1) 
301 (2)  
291 (2 )  
341 (2)  
175 (2)  
148 (3)  
171  (3)  
284 (1) 
300 (2)  
289 (2)  
361 (2)  
376 (2)  


418 (2)  
311 (2)  


144  (2)  


357 (2)  


173 (2)  
290 (2)  
297 (3 )  
290 (2)  


183  (2)  
118 (2)  
226 (2)  
323 (2)  
272 (3)  


249 (2)  
318 (2)  
317 (2)  


181  (2)  


333 (3)  


6 (1) 


4 (2 )  
1 ( 2 )  


-49 (2)  
1 9  (3)  
1 5  (3)  


-39 (2)  


-68 (2 )  


-137 (2 )  
-76 (2)  


-103 (2 )  


-125 (2)  
-92 ( 2 )  


-54 (2 )  


114 (2 )  


7 
6 


1 5  
9 
8 
7 
9 
5 


10 
13 
14  
8 


10  
8 
4 
9 


10  
9 


10  
16 
12  


5 
7 
8 
9 
7 
9 
9 
6 


H22bi 


HZZbZ 


H22Cl 
Hzzcz 


Hz3a 


H22b3 


22 C3 


H23b1 
H23b2 


H23b3 
HZ3C1 


H23cz 


HI1 
HI2 


Hm 31 


Hmsz 
Hm33 
Hm4i 
H-2 


Hm43 
Hm5i 
Hm52 
Hm53 
Hm6i 
Hma 
Hm63 
Hm7i 
Hm7z 
Hmn 


H23C3 


-131 (4) 


-267 (5)  
-253 (4)  
-244 (4)  


-98 (5)  


-357 (5)  
117 (3)  
181 (4) 
285 (6)  
104 (6) 
355 (4)  
316 (5) 
424 (6)  


-1 18 (3)  


82  (4) 
-47 (4) 


-142 (3)  


-64 (4)  


302 (5) 
152  (5 )  
244 (5 )  
289 (5)  
304 (6 )  
413 (7) 
287 (4)  
260 (7)  
148 (5)  


48 (4)  
-11 (4) 
-88 (6)  


363 (2)  
295 (2)  
318 (2)  
424 (2)  


398 (2)  
471 (2)  
542 (2 )  


470 (3)  
465 (2)  
536 (2)  
481 (3)  


449 (2)  


477 (3)  


202 (1) 
212 (1) 


99 (2)  
-3 (3) 


5 (2) 
64 (2)  


-55 (2) 
-50 (3) 
-12 (3) 


32 (2) 
-21 (3)  
0 (3) 


101  (2)  


166 (2)  
147 (2 )  


173 (2)  


155 (3)  


250 (2)  
232 (2) 
228 (2)  


158 (2) 
129 (2)  


164 (2)  
195 (3) 


83  (2) 


65 (2)  


189 (3) 
19  (2)  
58 (2)  
95 (3 )  


100 (1) 
27 (1) 


197 (2) 
234 (2)  
217 (2)  
205 (3)  


234 (2) 


119 (3)  


222 (2)  


44 (2)  


62 (3) 


-35 (3) 
-79 (3)  
-80 (2)  


-69 (2)  


-92 ( 2 )  
-60 (3)  


Numbers in parentheses are the estimated standard deviation of the last significant digit. Atoms labeled in agreement 
with Figure 3. Isotropic thermal parameter. 


The ?,-bonding mode for the allylic grouping is highly 
unsymmetrical and the Rh--Cm3 separation (Table IV and 
Figure 2) is short enough to consider the possibility of 
multicenter (aliphatic) C-H-Rh bonding. Although such 


(23) Atom of the two independent phosphite ligan& are distinguished 
from each other by a f i s t  numerical subscript to the appropriate atomic 
symbol; atoms belonging to different isopropoxy iume of the same ligand 
are differentiated by a second numerical subscript and carbon atoms 
within the same isopropyl group by an additional subscripted a, b, or c. 
Carbon atoms of the allylic group are designated by subscripts 1-3 and 
those for the remainder of the &carbon ring by 4-7. In addition to a 
subscripted m, each carbon atom of a methyl substituent on the benzyl 
ligand carries the same numerical subscript as the ring carbon to which 
it is covalently bonded. Hydrogen atoms cany the same subscripts as the 
carbon atoms to which they are covalently bonded as well as a final 
numerical subscript to distinguish (when necessary) between hydrogens 
bonded to the same carbon. 


multicenter bonding has been observed or proposed in 
several molecules24 having metal-to-aliphatic carbon sep- 
arations of <3.10 A, most of these species are quite dif- 
ferent from 1. Two of them, {(T~-C,H,JF~[P(OCHJ,],+]*~ 
(2) and (~3-C&llJFe[P(OCHJ3]3~ (3) do, however, provide 
interesting comparisons with 1. Even though 1 and 2 
represent a potentially isoelectronic pair, 1 and 3 have the 


(24) (a) Williams, J. M.; Brown, R. K.; Schultz, A. J.; Stucky, G. D.; 
Ittel, S. D. J. Am. Chem. SOC. 1978,100,7407. (b) Brown, R. K.; Williams, 
J. M.; Schultz, A. J.; Stucky, G. D.; Ittel, S. D.; Harlow, R. L.; McKinney, 
R. J.; Ittel, S. D. ibid. 1980,102, 981. (c) Harlow, R. L.; McKinney, R. 
J.; Ittel, S. D. ibid. 1979, 101, 7496. (d) Cotton, F. A.; LaCour, T.; 
Stanislowski, A. G. ibid. 1974, 96, 754. (e) Cotton, F. A.; Day, V. W. J. 
Chem. Soc., Chem. Commun. 1974,415. (0 Pasquali, M.; Floriana, C.; 
Gaetani-Manfredotti, A,; Chiesi-Villa, A. J. Am. Chem. SOC. 1978, 100, 
4918. 
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Table IV. Bond Lengths, Polyhedral Edge Lengths, and 
Bond Angles Subtended at the Rh(1) Atom in the 


Coordination Group of 
[v 3--CH,C,(CH3),IRh[P(o-i-C3H~)31z 


uarameter * value parameter * value 


Burch, Muetterties, and Day 


ortho-carbon atoms of a 7r-bonded allyl to be on the same 
side of the coordination plane, carbon atoms C1 and C2 are 
displaced by 0.07 and 0.45 A, res ectively, below the co- 


steric repulsions between the rhodium atom and the C3 
methyl substituent are responsible for this slight rotation 
of the allylic group about the vector from its center of 
gravity (C,) to the rhodium atom. The displacements of 
C1 (0.15 A in a direction toward Rh) and Cm3 (0.31 A in 
direction away from Rh) from the 6-carbon benzyl ring 
mean plane27c are consistent with this interpretation; the 
largest displacement from the ring mean plane for the four 
remaining methyl carbon atoms is 0.07 A. Allylic hydrogen 
atoms Hll and Hlz are "bent back" away from the rhodium 
atom and are displaced by 0.52 and 0.03 A, respectively, 
from the 3-carbon allylic plane.27a 


The remainder of the coordination group parameters in 
1 are unexceptional. The average Rh-P distance of 2.198 
(1, 33, 33, 2) A28 and the PlRhP2 angle of 99.26 (3)" are 
comparable to the values determined for similar parame- 
ters in (HRh[P(0-i-C3H7)3]2)2.6,29 As expected, the long 
Rh-P bond is trans to the short allylic Rh-C bond. The 
Pl--P2 and P2.-C1 separations are both considerably (>0.4 
A) less than the sum of the appropriate van der Waals 
radii.30 The benzylic bond lengths in 1 are quite com- 
parable to those recently reported for (q3-CH2C6H5)Co[P- 
(OCH3)3]326 and show the same ring C-C bond length al- 
ternation. Parameters for the phosphite ligand in l are 
comparable to those observed p r e v i ~ u s l y . ~ ~ ~ f l  The av- 
erage C-H bond length of 0.97 (4,6,22,57) A is a typical 
X-ray value and agrees well with values obtained for sim- 
ilar bonds in other high-precision structural The 
average bond angle involving a hydrogen atom bonded to 
an sp3-hybridized carbon atom in 1 is 109 (3,5,32, 120)0.28 
There are no intermolecular contacts in 1 which are sub- 
stantially less than the van der Waals value.30 


Consistent with the solid-state structure established 
through the X-ray crystallographic analysis, [q3-CHzC6- 
(CHS)5]Rh[P(O-i-C3H7)3]2 in solution exhibited an ABX- 
(PP'Rh) 31P NMR spectrum. At no temperature between 
-110 and +So 'C was there equivalence (NMR time scale) 
of the two phosphite phosphorus atoms. Accordingly, no 
fast q3 + q1 benzylrhodium can be op- 
e r a t i ~ e ~ ~  in this complex within this temperature range- 


ordination planezn and C3 is 0.51 x above it. Presumably, 


Distances, .& 
Rh-P, 2 .230  1 R h . . . C m )  2.958 ( 4 )  
Rh-P, 2.165 [l{ 


Rh.  . .H,,, 2.89 ( 4 )  
Rh-C, 2.128 ( 3 )  Rh.  . .Hm,, 3 .02 ( 4 )  
Rh-C, 2 .246  ( 3 )  
Rh-C; 2 .453  ( 3 )  P,. . .P, 3 .349  (1) 
Rh-CgC 2.017 PI .  ' .c, 3 .641  ( 3 )  


P,. ' .cl 3 .172  ( 3 )  


Angles, Deg 
P,RhP, 99 .26  ( 3 )  P,RhC, 165 .3  (1) 


P,RhC, 155 .8  (1) 
P,RhC, 101 .9  (1) 
P,RhC, 9 5 . 3  (1) P,RhCgC 130.3 


P,RhCgC 130.5 


a The number in parentheses following an entry is the 
estimated standard deviation of the last significant digit. 


Atoms are labeled in agreement with Figure 3 and 
Tables I1 and 111. 
three carbons of the allylic group. 


most similar M-C separations, 2.958 (4) and 2.983 (4) A, 
respectively, for possible C-H to metal interactions; both 
are -0.60 A longer than the formal three-center-two- 
electron C-H to metal bond in 2. These M-C separations 
would further indicate a stronger C-H to metal interaction 
in 1 than in 3, since the M-C distance is 0.025 A shorter 
and the metal is -0.1 A larger in 1. However, the unam- 
biguous location and refinement of all hydrogen atom 
positions in 1 allows us to accurately assess C-H to metal 
interactions. Clearly such an interaction (even a weak one 
like that proposed24c for 3) does not exist in 1 because the 
benzylic methyl group bonded to C3 is oriented with two 
of ita hydrogen atoms closer to the metal than the third. 
This conformation would m i n i  both bonding and steric 
interactions between the methyl group and the rhodium 
atom. The magnitude of the carbon-metal separation is 
alone a valid indicator, respectively, of the presence and 
the absence of multicenter C-H-M bonding only where 
the magnitudes are very small and very large. 


Thus 1 is simply a conventional 16-electron square- 
planar d8 Rh(1) metal complex in which two cis coordi- 
nation sites are spanned by the q3-bonded allylic group. 
An unsymmetrical q3-bonding pattern is expected for a 
benzyl anion since most of ita negative charge resides on 
the a - ~ a r b o n . ~ ~  The observed 0.325-A elongation of the 
metal-to-ortho-carbon distance in 1 relative to the met- 
al-to-a-carbon distance is larger than that observed in 
several other *-benzyl complexes26 but 0.037 A smaller 
than that observed for (q3-CH2C$r&o[P(OCHJ3]3.25 The 
3-carbon allylic groupingn" makes a dihedral angle of 71.5' 
with the least-squares mean plane of the Rh coordination 
plane.nb Whereas one would normally expect the a- and 


Cg is the center-of-gravity for the 


(25) Bleeke, J. R.: Burch. R. R.; Coulman, C. L.; Schardt, B. C. Inorg. 
Chem. 1981,20, 1316. 


(26) (a) Cotton, F. A.; LaPrade, M. D. J.  Am. Chem. SOC. 1968, 90, 
5418. (b) Somda. A.: Bailev, P. M.: Maittis. P. M. J. Chem. SOC.. Dalton 
Trans.'1979, 346.' (c) Behrek, U.; Weiss, E. J. Organomet. Cheh. 1976, 
96, 399. (d) Zbid. 1976,96, 435. 


(27) The least-squares mean planes for the following group of atoms 
in 1 are defied by the equation: aX + bY + cZ_ = d, where X, Y, and 
2 are orthogonal coordinates measures along P, b, and E * ,  respectively, 
of the crystal system: (a) C1, C2, and Ca, a = 0.814, b = 0.574, c = -0.090, 
d=1.466; (b)Rh,P1,P*,andC,(cop~towithin0.008A),a=-0.343, 


to within 0.016 A), a = 0.746, b = 0.666, c = -0.003, d = 1.846. 
b 0.081, c 0.936, d = 1.895; (c) Cz, Ca, Cd, Cb, Cg, and C, (coplanar 


(28) The f i s t  number in parentheses following an averaged value of 
a bond length or angle is the root-mean-square estimated standard de- 
viation of an individual datum. The second and third numbers, when 
given, are the average and maximum deviations from the averaged value, 
respectively. The fourth number represents the number of individual 
measurements which are included in the average value. 


(29) Brown, R. K.; Williams, J. M.; Fredrich, M. F.; Day, V. W.; Sivak, 
A. J.; Muetterties, E. L. h o c .  Natl. Acad. Sci. U.S.A. 1979, 76, 2099. 


(30) Pauling, L. "The Nature of the Chemical Bond"; 3rd ed., Comell 
University Press: Ithaca, NY 1960; p 260. 


(31) (a) Goh, L.-Y.; D'Aniello, M. J., Jr.; Slater, S.; Muetterties, E. L.; 
Chang, M. I.; Fredrich, M. F.; Day, V. W. Znorg. Chem. 1979,18,192. (b) 
Wreford, S. S.; Kouba, J. K.; Kirner, J. F.; Muetterties, E. L.; Day, V. W. 
J. Am. Chem. SOC. 1980,102, 1558. 


(32) (a) Cotton, F. A.; Day, V. W.; Hazen, E. E., Jr.; Larsen, S. J. Am. 
Chem. SOC. 1973,95,4834. (b) Cotton, F. A.; Day, V. W.; Hazen, E. E., 
Jr.; Larsen, S.; Wong, S. T. Ibid. 1974,96,4471. (c) Baumgarten, H. E.; 
McMahan, D. G.; Elia, V. J.; Gold, B. I.; Day, V. W.; Day, R. 0. J.  Org. 
Chem. 1976,41,3798. (d) Churchill, M. R. Znorg. Chem. 1973,12,1213. 
(e) Thompson, M. R.; Day, C. S.; Day, V. W.; Mink, R. I.; Muetterties, 
E. L. J.  Am. Chem. SOC. 1980,102, 2979. 


(33) A definitive characterization of an q3 * q1 rearrangement by 
NMR studies has not been reported,% although they have been 'strongly 
implicated".- We note also that no evidence for q3 * intercon- 
version for benzyl complexes of the cobalt group exists.% 


(34) (a) Cotton, F. A.; Marks, T. J. J. Am. Chem. SOC. 1969,91, 1339. 
(b) Roberts, J. S.; Klabunde, K. J. Ibid. 1977,99, 2509. (c) Becker, Y.; 
Stille, J. K. Ibid. 1978,100,845. (d) Mann, B. F.; Keasey, A.; Sonada, 
A.; Maitlis, P. M. J. Chem. Soc., Dalton Trans. 1979,338. (e) Muetterties, 
E. L.; Hirsekorn, F. J. J.  Am. Chem. SOC. 1974, 96, 7920. 







Structure of ~q3-CH2C6(CH3)51Rh~P(O-i-C3H7)372 


the absence of a fast q3 + q1 interchange is consistent with 
the fact that such a process requires a 14-electron inter- 
mediate.3s On the other hand, the two halves of the benzyl 
ligand which should be inequivalent are not on the NMR 
time scale in that the two ortho methyl groups on the 
benzyl ligand are equivalent, as are the two meta methyl 
groups, over the -75 to +80 "C temperature range. This 
apparent equivalence would be most readily achieved by 
a shift of the benzyl ligand as depicted in 4 (a suprafacial 


G = Q  
4 


A possible process that would not be sensed 
in the 31P or lH DNMR studies for this specific benzyl- 
rhodium complex is a facial shift shown in 5 (an antara- 


R h  


5 


facial There was a dynamic process operative 
in this (~$benzyl)rhodium species that cannot be explained 
by any of the foregoing rearrangements. Over the -1 10 to 
+80 "C temperature range, the ABX 31P(1H} spectrum 
underwent continuous change in the two 31P chemical shift 
values and the two 31P-103Rh coupling constants. These 
changes are tabulated in Table I and are illustrated in 
Figure 3. The substantial change in the NMR parameters 
over this temperature range with retention of phosphite 
phosphorus atom inequivalence requires a rapid (NMR 
time scale) equilibrium between the ground-state structure 
in solution, presumably the ($-benzyl)rhodium form es- 
tablished for the solid state, and a substantially different 
excited-state structure with retention of the phosphorus 
atom inequivalence in the excited-state form and through 
the interconversion process. We suggest that the excit- 
ed-state structure is [q6-CH2CG(CH3)5]Rh[P(O-i-C3H,)3~2, 
a type of benzylmetal complex that has a precedent in 
organometallic chemistry.& The dynamic process, re- 
flected in the temperature-dependent 31P ABX spectra, 
is as outlined in 6. In principle, phosphorus atom 
equivalence could be achieved in the q5 structure by ro- 


If such a geometry prevailed for the putative 7'-benzylrhodium species, 
equivalence of phosphite phosphorus atoms would be achieved provided 
that the barrier to rotation about the Rh-C bond is not too high. 


(36) Yoshida, T.; Okano, T.; Otauka, S. J. Chem. Soc., Chem. Com- 
mun. 1978,855. 


(37) Van Gaal, H. L. M.; Van Den Bekerom, F. L. A. J. Organomet. 
Chem. 1977,134, 237. 


(38) Note that in a permutational context thie shift is indistinguishable 
for the benzylrhodium complex from a rearrangement that proceeds 
through a q' transition state. 


(39) One plausible geometric pathway for this shift would be through 
an +benzyl intermediate, however, this geometric pathway does not 
occur at  detectable rates (see Discussion). 


(40) Hamon, J. R.; Aatruc, D.; Roman, E.; Batail, P.; Mayerle, J. J. J. 
Am. Chem. SOC. 1981,103, 2431. 
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(35) Thia statement applies only to an q'-benzylrhodium intermediate 
of sufficient lifetime that the phosphite phosphorus atoms would be 
equilibrated. Such a species would be a three-coordinate rhodium com- 
plex. Otsuka and co-worker@ and Van Gaal and Van Den B e k e r ~ m ~ ~  
have shown for formally analogous XRh(PR& compounds that there ie 
a bent 'T" structure. 


- 1oc 


1 " " l " " I " "  
160 155 150 PPM 


Figure 3. Representation of ('HI NMR spectra of [v3- 
CH2C6(CH3)S]Rh[P(O-i-C3H,)3]2 demonstrating the temperature 
dependence of the chemical shifts and rhodium-phosphorus 
coupling constants. The asterisk in the -110 OC spectrum denotes 
an electronic artifact. 
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lithium (low halide, 1.6 M in ether) (Alfa) were used as received. 
Spectroscopic and Analytical Methods. Proton NMR 


spectra were recorded in toluene-de solution at  180 or 250 MHz 
on instruments using Oxford Superconducting magnets interfaced 
with Nicolet 1180 computers. Chemical shifts ('H and 13C) are 
reported relative to tetramethylsilane. Phosphorus-31 NMR 
spectra were recorded in toluene-d8 solution or in toluene-d8/ 
pentane mixtures at 72.9 MHz on the 180 spectrometer with the 
chemical shifts reported relative to 85% H3POk Simulations of 
spectra were canid out by using the Nicolet Technology Corp.'s 
program ITRCAL on the Nicolet 1180 computer. 


Chromatographic separation of volatile hydrocarbon products 
were effected with a Perkm-Elmer Sigma 3 instrument (flame 
ionization detector) and a 12 ft X in. 15% dimethylsulfolane 
on Chromosorb P column. Identification of compounds was 
confirmed by GC-MS analyis with a Finnegan 4000 instrument 
interfaced with a Finnegan INCOS data system (30-m SP 2250 
(WCOT) column). Mass spectrometric analyses of the rhodium 
complexes was made with an AEI MS-12 instrument interfaced 
with an INCOS data system. 


Microanalyses were carried out by Mr. Vazken H. Tashinian 
in the U.C. Berkeley Microanalytical Laboratory. 


Preparation of (HRh[P(O-i-C3H7)3]z)2. To a 100-mL 
three-neck flask containing a solution of 0.50 g (1.01 mmol) of 
[ClRh(CzH4)z]z'3 in 30 mL of THF was added 0.85 g (4.09 "01) 
of P(0-i-C3H7)* Ethylene was evolved immediately. Hz was then 
introduced into the flask via a syring needle inlet by piercing a 
serum cap cover on one of the necks of the flask. A second neck 
led to an oil bubbler outlet, while the third neck was stoppered. 
The solution was then cooled to -78 "C, and 2.1 mL of 1 M (2.1 
mmol) of K+B(O-i-C3H7)3H- in tetrahydrofuran was added by 
syringe. The solution was stirred for 6 h at -78 "C and then at 
room temperature for an additional 4 h, all under an Hz atmo- 
sphere. The solvent was then removed from the red solution by 
vacuum distillation. The residue was extracted with pentane 
(approximately 150 mL), and the green pentane solution was 
filtered through a fine porosity frit. The solvent volume was 
reduced by means of vacuum distillation to approximately 40 mL. 
The solution was cooled to -40 "C to yield large green crystals 
of (HRh[P(O-i-C3H7)3]2)2; yield, 630 mg (60%). This was an 
improvement of a previously reported ~ynthesis,~ and the char- 
acterization of this compound has been described b e f ~ r e . ~  


Preparation of (r13-Cyclohexenyl)Rh[P(O-i-C3H7)3]2. To 
a solution of 0.20 g (0.19 mmol) of (HRh[P(O-i-C3H7)3]z)z in 20 
mL of toluene was added approximately 0.5 mL (5.3 mmol) of 
1,3-cydohexadiene. There was a slow color change from dark green 
to yellow over the course of 3 h. At this point, the solvent and 
all of the volatile compounda were removed by vacuum distillation. 
The resulting yellow oil was dissolved in 2-propanol and cooled 
to -40 "C to precipitate yellow crystals of (cyclohexenyl)Rh[P- 
(O-i-C3H7)3]2 which were isolated by filtration and dried under 
vacuum. Anal. Calcd for CzrHs106PzRh: C, 48.00; H, 8.50; P, 
10.33. Found: C, 47.60; H, 8.37; P, 10.18; Mass spectrum: 600 
m u  of parent ion, P + 1/P = 0.266 (calcd for 24 carbon atoms: 
P + 1/P = 0.276). 'H NMR (20 "C) at  250 MHz: +1.25 (over- 
lapping d of d, JH-H = 6.3 Hz), +1.55 (m), +2.18 (m), +4.60 (t, 
J H - H  = 5.6 Hz), +4.75 (m), +5.05 (t, JH-H = 6.7 Hz), +5.75 ppm 
(m). 31P(1HJ NMR (+20 "C): +156.9 ppm (d, Jm+ = 216.4 Hz). 
This spectrum was temperature invariant from -70 to +20 "C.  


Reaction of (C~clohexenyl)Rh[P(O-i-C~H~)~]~ with H, To 
a 60-mL reaction tube equipped with a Kontes high vacuum 
stopcock and a stir bar was added 0.02 g (0.03 mmol) of 
(C~)Rh[P(O-i-C3H7)3]z in approximately 5 mL of pentane. The 
solution was degassed by two freezeevacuatemelt cycles. Hy- 
drogen gas was then admitted to approximately 1 atm, and the 
resulting solution was stirred at  room temperature. The color 
changed from yellow to red within ca. 15 min. After 8 h, the 
volatile compounds were removed by vacuum distillation. Assay 
of the volatile components showed cyclohexane and cyclohexene 
in a 1:l ratio. The metal-containing residues were dissolved in 
toluene-ds. The 'H NMR analysis of the resulting green solution 
showed that (I-IRh[P(O-i-C&H,)3]z}z was the major, if not exclusive, 
metal-containing product. The above procedure was repeated, 


P 3  'r5 
6 


tation about the Rh-C5 centroid vector. No experimental 
data are available as a guide or measure for such a rota- 
tional barrier. However, following the EHMO analysis 
presented first by Hoffmann and Hofmann4I for ($- 
benzy1)metal tris(ligand) complexes, we would anticipate 
a non trivial rotational barrier-one possibly large enough 
to preclude NMR time scale equilibration of phosphorus 
atoms in the proposed q5 excited-state form. In effect, the 
halfway point in such a rotational process would represent 
a tetrahedral de rhodium(1) state which should be sub- 
stantially higher in energy than the square-planar form?% 
Efforts are currently underway to isolate or spectroscop- 
ically detect the excited-state form of the benzylrhodium 
~omplex .~~b 


Experimental Section 
Reagents and Solvents. All manipulations were carried out 


under an argon atmosphere in a Vacuum Atmospheres drybox 
or under a nitrogen atmosphere with use of conventional Schlenk 
techniques. Toluene, pentane, and tetrahydrofuran solvents were 
distilled from sodium benzophenone ketyl; 2-propanol was de- 
gassed prior to using; and dichloromethme was degassed by three 
freeze-evacuate-melt cycles and was f'inally distilled from P4Ole 
Toluene-d8 NMR solvent was purchased from Aldrich or from 
US. Services and was distilled from sodium benzophenone ketyl. 
Dienes and olefins were purchased from Aldrich or from Chem 
Samples and were used without further purification. Triiso- 
propropyl phosphite (Aldrich) was degassed by two freeze- 
evacuate-melt cycles and stirred over sodium sulfate for a min- 
imum of 1 week and was then filtered. Hydrogen was used as 
received (Matheson). Hexamethylbenzene (Aldrich), potassium 
triisopropoxyborohydride (1 M in THF) (Aldrich), and methyl- 


(41) Hoffmann, R.; Hofmann, P. J.  Am. Chem. SOC. 1976, 98, 598. 
(42) (a) We note that no such temperature dependence of NMR 


chemical shift waa reported for the related (?s-CH2CsH~)Pd[P(C2H,)s12+ 
complex.* (b) We note that the phosphite phaphorua atom, P1, trans 
to the a-carbon atom of the q3-CH2CE(CH3)b ligand, the carbon atom of 
the allylic set most tightly bound to the rhodium atom, has a significantly 
longer bond to rhodium than the other phoephite phosphorus atom: 2.230 
(1) v8.2.165 (1) A. (See Figure 2 and Table IV.) If the magnitude ofathe 
Rh-P spin-spin coupling constants is largely determined in this rhdum 
complex by the Fermi contact contribution, then we would expect the 31P 
NMR resonance with the smaller spin-epin coupling constant at low 
temperatures would be the one with the longer bond to the rhodium, 
namely, P1 in the #-CHzCE(CH3)&h ground-state form (assuming the 
Bame structure for the solution etate and the crystalliie state of the 
complex). The DNMR spectra show that the smaller Jpm coupling 
constant increases with temperature increase and the other decreases (the 
sign of the two coupling constants cannot be established from the spectra 
but since the coupling constant is based on directly bonded nuclei and 
since the phoephorua atoms are in relatively similar environments for the 
square planar q3-benzyl form, the signa of the two coupling constants are 
probably identical). If the foregoing premises are correct and if the 
excited-state form is the above postulated q6-benzylrhodium species, it 
follows from 3 that the phosphorus atom (P2) which is trans in the 
$-benzylrhodium form to the para aromatic carbon atom of the benzyl 
ligand should have the smaller coupling constant for this excited-state 
form. Consistent with the foregoing arguments, the Rh-P2 (following the 
labeling in Figure 2 and the rearrangement mechanism outlined in 3) 
distance in the &xmylrhodium should be the larger of the two Rh-P 
distances. The P(2) phosphorus atoms in the excited state, $-benzyl- 
rhodium form would be trans to the para aromatic carbon atom of the 
qs-benzyl ligand. The EHMO considerations suggest that this trans 
phosphite phosphorus atom should have the longer Rh-P distance. (c) 
We note that an isoelectronic compound (~3-7-ethylbenzyl)Rh(l,5-cyclo- 
octadiene) has been recently described but no evidence for an excited 
state structure waa reported; cf. Sttihler, H. D.; Pickardt, H. Z. Natur- 
forsch., Anorg. Chem., Org. C k m .  1981, MB, 315. The crystallographic 
study showed thb t$benzyl ligand to have a more symmetric bonding to 
the rhodium atom than observed in our complex. (43) Cramer, R. Inorg. Synth. 1974, 15, 14. 
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Table V. Bond Lengths and Angles Involving Nonhydrogen Ligand Atoms in Crystalline 
h 3-CH ,c6 (CH 3)5 I W P (  0-i-C 


parameter b value parameter b value 
7)31 a 


1.605 
1.611 
1.611 
1.617 
1.608 
1.607 
1.610 
1.462 
1.425 
1.442 
1.449 
1.454 
1.466 
1.450 
1.449 
1.420 


', 6) 


25. 


Bond 


6) 


Lengths, A 


av 


'2-'7 


( 3 3 4 4  


av 


lib 


izb 
11c 


12 c 
l3b 


13C 


11 b 


zzb 
11 c 


22c 


. .  


1.435 (4, 15, 15, 2) C3-Cm3 c4-cm 
1.380 (6) c,-c, 
1.366 (5) C7-Cm7 
1.404 (6) c6-cll16 


1.383 (6, 14, 21, 3) 


112.1 (1) RhC,C, 
124.7 (1) RhC2C3 
119.3 (1) RhC3C2 
118.5 (1) RhC2Cl 
119.1 (1) RhC,C, 
117.0 (1) RhC,C, 


av 


Bond Angles, Deg 


100.9 (1) 
102.3 (1) 
93.8 (1) 
96.7 (1) 
103.6 (1) 
98.3 (1) 
99.3 (1, 30, 55, 6) 
123.5 (2) 
124.4 (2) 
120.6 (2) 
120.9 (2) 


123.9 (2) 
122.6 (2, 13, 20, 6) 
109.7 (3) 
107.5 (3) 


105.1 (3) 
105.5 (3) 


107.4 (3) 
109.6 (3) 
108.4 (3) 
108.2 (3) 


106.4 (3) 
108.1 (3, 14, 30, 12) 


122.2 (2) 


110.0 (3) 


109.0 (3) 


110.1 (3) 


1.486 (6) 
1.495 (5) 
1.512 (6) 
1.518 (5) 
1.498 (6) 
1.513 (6) 
1.505 (5) 
1.498 (6) 
1.489 (6) 
1.488 (6) 
1.519 (6) 
1.494 (7) 
1.501 (6, 10, 18, 12) 
1.434 (4) 
1.431 (4) 
1.433 (4, 2, 2, 2) 
1.512 (5) 
1.497 (7) 
1.537 (6) 
1.526 (7) 
1.517 (5) 
1.518 (6, 11, 21, 5) 


75.1 (2) 
80.6 (2) 
64.6 (2) 
66.3 (2) 
14.9 (2) 
24.3 (2) 


117.9 (2) 
118.7 (3) 
119.5 (3) 
119.6 (3) 
120.8 (4) 


120.3 (3) 
122.6 (3) 


118.0 (3) 
117.9 (3) 
122.5 (4) 
119.8 (4) 
119.4 (4) 
120.8 (4) 
118.3 (4) 
121.7 (3) 
118.0 (3) 


93.4 (2) 


121.0 (3) 


121.0 (3) 


120.0 (3, 13, 26, 17) 
112.6 (3) 
112.3 (3) 
113.5 (3) 
112.0 (3) 
120.0 (3) 
111.7 (3) 
112.3 (3, 5, 12, 6) 


a The number in parentheses following an individual entry is the estimated standard deviation for the last significant digit. 
Atoms labeled in agreement with Figure 3 and Tables I1 and In. See ref 28. 


using toluene instead of pentane. The color changed from yellow 
to brown within -15 min. After the solution was stirred at room 
temperature for -24 h, the volatile components were removed 
by vacuum distillation. Gas chromatographic analysis of the 
volatile components revealed the presence of cyclohexane, cy- 
clohexene, and methylcyclohexane in a ratio of 10:1:3. The 
metalantaining residues were dissolved in toluene-de. The NMR 


analysis of the resulting brown solution showed three sets of 
complex resonances at +5.2, +4.8, and +4.2 ppm as well as other 
sharp resonances in the region +1.0 to +1.5 ppm, indicating that 
there were three triisopropropyl phosphite environments. Other 
resonances of low intensity were observed in the region +1.7 to 
+2.4 ppm and +3.4 to +3.6 ppm. No resonances for metal hy- 
drides could be detected. Since there was a possibility that the 
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Rh(ph~sphite)~ fragments still had an aromatic molecule (or 
fragment) in the coordination sphere, the toluene-d8 was removed 
by vacuum distillation, and the residue was dissolved in pentane 
and degassed. Hydrogen was then admitted to the reaction tube 
to a pressure of 0.7 atm, and the solution was stirred at room 
temperature for approximately 8 h. The pentane was removed 
by vacuum distillation, and the residue was dissolved in toluene-de. 
The brown color persisted, and the NMR spectrum showed no 
spectral changes. 


Dehydrogenation of 1,3-c6H8 Using jHRh[P(O-i-C3H7)3]z1,. 
To a solution of 0.020 g (0.019 mmol) of lHRh[P(O-i-C3H7)3]2)2 
in 1.50 mL of toluene contained in reaction tube of 50-mL volume 
was added 60.0 pL (0.89 mmol) of 1,3-C6Hs. The solution was 
then degassed by two freeze-evacuate-melt cycles. The solution 
was allowed to warm to room temperature and to stir for 12 h. 
Quantitative assay by gas chromatography using standard solu- 
tions showed that 1.2 equiv of C6H6 was produced per 1 equiv 
of (HRh[P(O-i-C3H7)3]z)2. This reaction was repeated with 0.020 
g (0.019 mmol) of (HRh[P(O-i-C3H7)3]2)z, 0.10 mL (1.49 mmol) 
of 1,3-C6H8, and 1.50 mL of toluene for 24 h. The gas chroma- 
tography assay revealed that 1.02 equiv of CsH6 was generated 
per 1 equiv of (HRh[P(O-i-C3H7)3]z)2. This reaction was repeated 
in pentane solution; the yield of benzene was the same. 


The yield of C6H6 was enhanced by the addition of 1-hexene: 
the above reaction was repeated with 0.020 g (0.019 mmol) of 


(1.77 mmol) of 1-hexene, and 1.50 mL of toluene for 24 h. The 
gas chromatography assay revealed that 1.84 equiv of C,I& was 
generated per 1 equiv of (HRh[P(O-i-C,H7)3]2)2. 


NMR monitoring of the reaction of (HRh[P(O-i-C&7)3]2)2 with 
1,3-C6H8 showed that the resonances for (C&,)Rh[P(0-i-C3H7),1, 
and C6H6 uniformly increased and that no intermediates were 
detectable. 


Reaction of H4RhZ[P(O-i-C3H7),], with lf-C6Hs. A solution 
of 0.020 g (0.019 mmol) of (HRh[P(O-i-C3H7)3]2)z and 0.10 mL 
(1.49 mmol) of 1,3-cyclohexadiene in approximately 2 mL of 
toluene was placed in a reaction tube of 75-mL volume. The 
resulting solution was degassed by two freeze-evacuate-melt 
cycles. Hydrogen was then introduced to a pressure of ca. 0.5 
atm. As the solution thawed, the red color for H4Rh2[P(O-i- 
C3H7)3]4 quickly appeared. When the color change was complete, 
the solution was again frozen, and the excess hydrogen was re- 
moved by evacuation. The reaction tube was isolated from the 
vacuum line, and the solution was allowed to warm to room 
temperature. The color of the solution then changed over the 
course of ca. 15 min from red for the tetrahydride to green for 
(HRh[P(O-i-C3H7)3]2)2. However, it is unlikely that (HRh[P(O- 
i-C3H7)3]2)2 was the major species in solution at that point; the 
intense green color of that compound masked that of the red 
H4Rh2[ P(O-i-C3H7),] or the yellow ( g3-cyclohexenyl)Rh[ P( O-i- 
C3H7)3]2. The color of the solution g r a d d y  turned yellow within 
ca. 3 h, characteristic of the cyclohexenyl compound. The volatile 
components were removed by vacuum distillation after a 15-h 
period and were assayed by gas chromatography. No cyclohexene 
or cyclohexane could be detected. 


Preparation of (C6&)Rh[P(O-i-C3H7).J2+BFL. This com- 
pound was prepared by a modification of literature procedures 
for other (arene)Rh[phosphineI2+ To a solution 
of 0.20 g (0.51 "01) of [ClRh(CzHJ2]za in approximately 30 mL 
of tetrahydrofuran was added 0.43 g (2.06 "01) of P(O-i-C3H7)3. 
The solution was stirred at room temperature for an additional 
hour. Tetrahydrofuran was then removed by vacuum distillation. 
To the solid residue was added 0.20 g (1.03 mmol) of AgBF4 and 
approximately 0.5 mL (ca. 5.6 mmol) of C& in 50 mL of CHZCl2. 
The resulting solution was stirred at room temperature for 12 h, 
at  which time the CH2Clz was removed by vacuum distillation. 
The residue was extracted with approximately 50 mL of tetra- 
hydrofuran and fitered through a fine porosity frit. The solvent 
volume was reduced by means of vacuum distillation to ap- 
proximately 25 mL, and pentane (- 15 mL) was then added. The 
solution was cooled to -40 "C. After 12 h, a crop of yellow crystals 
was isolated by filtration; yield, 510 mg (73%). Anal. Calcd for 


(HRh[P(O-tC3H7)3]z)2,0.10 mL (1.49 -01) of 1,3-CsH8,0.10 mL 


Burch, Muetterties, and  Day 


CuH&F4O$zRh C, 42.12; H, 7.02. Found: C, 41.66,41.60; H, 
7.03,7.04. Proton NMR (35 "C) at 90 MHz in tetrahydrofuran 
showed two resonances in the aromatic region at +7.24 ppm for 
free c&3 and +6.84 ppm for coordinated C6H6 in a ratio of 3.51. 


The C6D6Rh[P(O-i-C3H7)3]2+BF4- compound was similarly 
prepared. Anal. Calcd for CuH&&F40&'2Rh C, 41.75; H, 6.92. 
Found: C, 40.72; H, 6.79 (the hydrogen analysis was effected by 
measuring the weight of water after combustion). 


Reaction of (CsH6)Rh[P(O-i-C3H7)3]2+BF4- with K+B(O- 
i-C3H7),H-. A solution of 0.25 g (0.37 mmol) of (c,I&)Rh[P(O- 
i-C3H7)3]2+BF4- dissolved in 40 mL of tetrahydrofuran with 5 mL 
of C6H6 in a Schlenk flask was cooled to -78 "C. The solution 
at this point was pale yellow. To the solution was added 0.40 mL 
of 1 M solution of K+B(O-i-C3H7),H- (0.40 mmol) in tetra- 
hydrofuran. The pale yellow solution became a deep yellow color 
within approximately 10 min. The solution was stirred at -78 
"C for an additional 90 min, at which time the solution was allowed 
to warm to room temperature. The solution was then stirred for 
an additional hour during which the solution became dark green. 
The solvent was then removed by vacuum distillation. The 
residues were extracted with pentane and filtered through a fine 
porosity frit; pentane was removed by vacuum distillation. The 
green residue was dissolved in toluene-d8, and the NMR analysis 
showed that the major product was (HRh[P(O-i-C3H7)3]z)2. 


The above reaction was repeated by using (C6D6)Rh[P(O-i- 
C3H7)3]2+BF4- with no added C6H6 or CsD6. Following the low- 
temperature addition of K+B(O-i-C3H7)3H- and allowing the 
solution to warm to room temperature for 1 h, the volatile com- 
ponents were isolated by vacuum distillation. Assay of the volatile 
components showed c a s  and C a 5 H  in a ratio of 1.0:0.063. The 
'H NMR analysis of the metal-containing portion revealed the 
presence of {HRh[P(O-i-C3H7)3]2)z. 


Preparation of [~3-CHzC6(CH3)5]Rh[P(O-i-C3H7)3]z. To a 
solution of 0.135 g (0.180 mmol) of (C6(CH3)6)Rh[P(O-z- 
C3H&I2+BF, in 50 mL of tetrahydrofuran which was cooled to 
-78 "C was added 0.125 mL (0.20 mmol) of 1.6 M CH3Li (low 
halide) in ether. The solution was allowed to warm to room 
temperature and was stirred for an additional 1 h. The solvent 
was removed from the deep yellow solution by vacuum distillation. 
The residue was extracted with pentane and filtered through a 
fine porosity frit. The solvent volume was reduced to the min- 
imum possible without inducing cloudiness and was then cooled 
to -40 "C for 24 h. A crop of yellow crystals was isolated by 
filtration which were dried under vacuum; yield, 80 mg (65%). 
Anal. Calcd for C30HS906PzRh: C, 52.94; H, 8.68; P, 9.12. (The 
sample used for the analysis was crystallized from 2-propanol.) 
Found: C, 52.50; H, 8.61; P, 8.04. Mass spectrum: 680 amu of 
parent ion, P + 1/P = 0.374 (calcd for 30 carbon atoms: P + 1/P 
= 0.33). Proton NMR (20 "C) at 250 MHz in toluene-d8: +4.95 
(m, 3 H), +4.59 (m, 3 H), +2.32 (d, 2 H, J R ~ - ~  = 8.8 Hz), +2.25 
(s, 6 H), +2.14 (m, 3 H), +2.03 (s, 3 H), +1.35 (d, 18 H, JH-H = 
3.0 Hz), +1.20 ppm (d, 18 H, JH-H = 2.5 Hz). Both the 'H and 
31P(1H) (an ABX spectrum) are temperature dependent (see 
Discussion). 


The above reaction was repeated by using K+B(O-i-C3H7),H- 
instead of CH3Li. The result was the same: [(CH2C6(CH3),]- 
Rh[P(O-i-C3H7),I2 was isolated from the reaction. 


X-ray Crystallographic Studyz2 of (q3-CHzCs(CH3),)Rh- 
[P(O-i-C3H7),l2 (1). Large, well-shaped yellow crystals of 
(g3-CH2C6(CH3)5)Rh[P(O-i-C3H7)3]z (1) were obtained by cooling 
a pentane solution to -40 O C .  They are, at 20 f 1 "C, monoclinic 
with a = 9.478 (3) A, b = 19.857 (8) A, c = 19.275 (8) A, /3 = 93.25 
(3)O, V = 3621.8 A3, and 2 = 4 (MJMo Ka)& = 0.58 mm-'; ddd 
= 1.25 g ~ m - ~ ) .  The systematically absent reflections in the 
diffraction pattern were those for the uniquely determined cen- 
trosymmetric space group P21/c-C;h (No. 14).47 


Intensity measurements were made on a Nicolet PI autodif- 
fractometer using 1.1" wide w scans and graphite-monochromated 
Mo Ka radiation for a specimen having the shape of a rectangular 
parallelepiped with dimensions of 0.44 X 0.44 X 0.75 mm. This 


(44) Schrock, R. R.; Osborn, J. A. J. Am. Chem. SOC. 1971,93,3089. 
(45) Uson, R.; Lahuerta, P.; Reyes, J.; Oro, L. A.; Foces-Foces, C.; 


Cane, F. H.; Garcia-Blanco, S. Inorg. Chim. Acta 1980, 42, 75.  


(46) (a) 'International Tables for X-ray Crystallography"; Kynoch 
Press: Birmingham, England, 1974; Vol. IV, pp 55-66. (b) Ibid., pp 
99-101. (c) Ibid., pp 149-150. 


(47) 'International Tables for X-Ray Crystallography"; Kynoch Press: 
Birmingham, England, 1969; Vol. 1, p 99. 
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crystal was mounted on the goniometer head with its long di- 
mension nearly parallel to the phi axis of the diffractometer. A 
total of 8327 independent reflections having 2@MoK& 55' (the 
equivalent of 1.0 limiting Cu Ka spheres) were measured in two 
concentric shells of increasing 28, each of which contained ap- 
proximately 4150 reflections. A scanning rate of 6'/min was used 
for all others. Each of these 1.1' wide scans were divided into 
19 equal (time) intervals, and those 13 contiguous intervals which 
had the highest single accumulated count at their midpoint were 
used to calculate the net intensity from scanning. Background 
counta, each lasting for one-fourth the total time used for the net 
scan (13/19 of the total scan time), were measured at u settings 
1.1' above and below the calculated Kn doublet value for each 
reflection. Since $ scans for several intense reflections confirmed 
the anticipated absence of variable absorption for this sample, 
the intensities were reduced without absorption corrections to 
relative squared amplitudes, Fd2, by meana of appropriate Lorentz 
and polarization corrections. 


The structure was solved by using the "heavy-atom" technique. 
Unitweighted full-matrix least-squares refinement which utilized 
anisotropic thermal parameters for all 39 crystallographically 
independent nonhydrogen atoms converged to R1 (unweighted, 
based on flu = 0.046 and Rz (weighted, based on flu = 0.057 
for 3482 independent reflections having 28- < 43' and I > 3a(Z). 
A difference Fourier synthesis at this point permitted the location 
of all 59 hydrogen atoms in the asymmetric unit. All additional 
least-squares cycles for 1 refined hydrogen atoms with isotropic 
thermal parameters and nonhydrogen atoms with anisotropic 
thermal parameters. Unit-weighted cycles gave R1 = 0.023 and 
R2 = 0.025 with 3482 reflections. Similar unit-weighted refinement 
cycles with the more complete (2@MoKa < 55') data set gave R1 
= 0.028 and Rz = 0.029 for 6133 reflections. The final cycles of 
empirically ~eighted '~ full-matrix least-squares refinement with 


(48) The R values are defined as Rl = xIIFoI - ~ F c ~ ~ / ~ ~ F o ~  and Rz = 
{xw(pol -. pc1)2/FylFo12f/z, where w is the weight given each reflection. 
The function mmmlzed I xw(lFol - I(IFc1)2, where K is the scale factor. 


98 independent atoms gave R1 = 0.028 and R2 = 0.034 for 6133 
independent reflections having 2 @ h m  < 55' and I > 3a(I). Since 
a careful comparison of final Fo and F, values22 indicated the 
absence of extinction effeds, extinction corrections were not made. 


All structure factor calculations employed recent tabulations 
of atomic form factorsub and anomalous dispersion corrections4Bc 
to the scattering factors of the Rh and P atoms. All calculations 
were performed on a Data General Eclipse 5 - 2 0  computer with 
65K of 16-bit words, a floating point processor for 32- and 64-bit 
arithmetic and versions of the Nicolet E-XTL interactive crys- 
tallographic software package as modified at Crystalytics Co. 
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Several hydrido formyl complexes of iridium(II1) have been isolated and their chemical properties 
examined. Two synthetic methods have been employed. The oxidative addition of a C-H bond of 
formaldehyde to reactive Ir(1) compounds has been used for the preparation of [IrH(CHO)(P(CH,),),] [PF,] 
(3), IrClH(CHO)(P(CH,),), (4), and Ir(CH,)H(CHO)(P(CH,),), (5). The reduction of (methoxy- 
carbonyl)iridium(III) compounds [IrH(CO2CH,)(P(CH3),),] [PF,] (1) and IrC1H(C02CH3)(P(CH3),), (2), 
prepared respectively by addition of methanol to [Ir(CO)(P(CH,),),]+ and oxidative addition of methyl 
formate by IrC1(C8H14)(P(CH3)3)3, has also been used for the preparation of the formyl compounds 3 and 
4. Reduction of the formyl group of 3 to hydroxymethyl and to methyl groups has been demonstrated; 
thus, the reduction of carbon monoxide to a methyl group has been achieved and the intermediate complexes, 
containing formyl and hydroxymethyl groups, have been characterized. This conversion takes place even 
in the presence of a hydrido ligand. Facile reductive elimination, which might be expected for compounds 
containing a hydrido ligand cis to a carbon-bound organic fragment, is not observed. 
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vestigations have resulted in syntheses of mononuclear 
transition-metal compounds3 with bound formyl 
groups,2d"-26 hydroxymethyl g r o u p ~ , ~ ~ J ~ * ~ ~ ~ *  and carbon 
monoxide or formyl derived methyl g r o ~ p s . ~ ~ ~ ~ ~ ~ ~ * ~ " ~ ~  
Many of these compounds have been sufficiently stable 
to be isolated, yet they have also been found to undergo 
a number of remarkable reactions. 


Studies conducted in this laboratory have focused on the 
synthesis, characterization, interconversion, and reactivities 
of (trimethy1phosphine)iridium complexes containing 
formyl and formyl- or carbonyl-derived functional groups. 
Using the reactions that have been observed, it is now 
possible to transform an iridium-bound carbon monoxide 
ligand into an iridium-bound methyl group by the action 
of borohydride reducing reagents, proceeding through a 
sequence of isolable intermediates. The transformation 
of a metal-bound carbon monoxide ligand into a methyl 
group has previously been observed, in well-characterized 
mononuclear transition-metal ~omplexes,~ only for the 
cyclopentadienylrhenium system studied by several re- 
search g r o u p ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  and for the cyclopentadienyl- 
molybdenum and -tungsten compounds examined by 
Treichel and Shubkhn In this paper full synthetic details 
and characterization data are presented for several hy- 
drido(methoxycarbonyl), hydridoformyl, hydrido(hydrox- 
ymethyl), and hydridomethyliridium compounds. A pre- 
liminary account of some of these results has been pub- 


(2) (a) Masters, C. Adu. Organomet. Chem. 1979, 17, 61-103. (b) 
Muetterties, E. L.; Stein, J. Chem. Reu. 1979, 79,479-490. (c) Henrici- 
Olive, G.; Olive, S. Angew. Chem. 1976,88,144-150; Angew. Chem., Int. 
Ed. Engl. 1976,15,136-141. (d) Gladysz, J. A. Adu. Organomet. Chem., 
in prese. 


(3) The elegant and important studies of carbon monoxide reactiona 
in transition-metal dimers and in metal cluster compounds lie outaide the 
scope of this work. Leading references can be found in ref 2b. 


(4) Collman, J. P.; Winter, S. R. J. Am. Chem. SOC. 1973, 95, 
4089-4090. 


(5) Collins, T. J.; Roper, W. R. J.  Chem. SOC., Chem. Commun. 1976, 
1044-1045. 


(6) Casey, C. P.; Neumann, S. M. J.  Am. Chem. SOC. 1976, 98, 


(7) Chaudret, B. N.; Cole-Hamilton, D. J.; Noh,  R. S.; Wilkinson, G. 


(8) Winter, S. R.; Cornett, G. W.; Thompson, E. A. J.  Organomet. 


(9) Gladysz, J. A.; Williams, G. M.; Tam, W.; Johnson, D. L. J.  Orga- 
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One important aspect of these iridium complexes, which 


contain a cis arrangement of a hydrido ligand and a car- 
bon-bound organic fragment, is that they are quite stable; 
reductive elimination with concomitant C-H bond for- 
mation is not observed under ambient conditions. The 
reluctance of the hydrido formyl and hydrido methoxy- 
carbonyl compounds to undergo reductive elimination is 
probably a result of unfavorable thermodynamics, since 
the reverse reaction-the oxidative addition of the C-H 
bond of formaldehyde or methyl formate-occurs readily 
at r c "  temperature (vide infra). Reasons for the stability 
of the hydrido alkyl compounds are more complex. It is 
possible that many hydrido alkyl compounds of iridium 
are thermodynamically stable with respect to reductive 
elimination of the alkane. A number of examples are now 
known in which an iridium(1) complex spontaneously ox- 
idatively adds an unactivated C-H bond to form a stable 
hydrido alkyl or aryl However, while these 
hydrido iridium complexes tend to be stable with respect 
to intramolecular reactions, they react readily with a 
number of reagents. These reactions will be discussed 
below. 


Results and Discussion 
Iridium(1) Starting Materials. For starting materials 


for many of the reactions discussed in this paper, we have 
used several extremely reactive, carbonyl-free trimethyl- 
phosphine iridium(1) complexes. Carbonyl-containing Ir(1) 
and Ir(II1) complexes have been obtained as reaction 
products of formyl complexes (vide infra) as well as by 
literature methods.32 Trimethylphosphine has been our 
preferred ligand because of its simple 'H NMR spectrum, 
its small steric requirements, and its relative reluctance 
to undergo irreversible metalation r e a c t i o n ~ . ~ ' , ~ ~ * ~ ~  


The addition of 4 equiv of trimethylphosphine to [Ir- 
C1(C8H14)2]2 results in the formation of the ionic complex 
[Ir(P(CH3)3)4] [Cl] .33,35 This complex is too insoluble, in 
unreactive solvents, to react with formaldehyde; however, 
the PF, salt has appreciable solubility in tetrahydrofuran 
(THF) and reacts rapidly with formaldehyde to form the 
hydrido formyl complex (vide infra). The Ir(1) complex 
[Ir(P(CH,),),][PF,] can be obtained as red columnar 
crystals by vapor diffusion of hexane into a THF solution. 
While the solid-state structure is not known, by analogy 
with the compounds [Rh(P(CH3),),] [C1]36 and [Ir- 
(PPh2CH3)4][BF4],37 the compound [Ir(P(CH3)3)4] [PF,] 
probably consists of discrete four-coordinated cationic Ir(1) 


(29) Tulip, T. H.; Thorn, D. L. J.  Am. Chem. SOC. 1981, 103, 
2448-2450. 


(30) (a) Dahlenburg, L.; Sinnwell, U.; Thoennes, D. Chem. Ber. 1978, 
111,3367-3380. (b) Deuten, K.; Dahlenburg, L. Transition Met. Chem. 
(Weinheim, Cer.) 1980,5, 222-225. 


(31) Numerous iridium compounds metalate phenyl rings or other 
substituents attached to coordinated ligands to give stable hydrido aryl 
or alkyl complexes. For example, see: Bennett, M. A,; Milner, D. L. J. 
Am. Chem. SOC. 1969,91,6983-6994. Perego, G.; Del Piero, G.; Cesari, 
M.; Clerici, G. M.; Perrotti, E. J. Organomet. Chem. 1973,54, C51C52. 
Del Piero, G.; Perego, G.; Zazzetta, A.; Ceaari, M. Cryst. Struct. Commun. 
1974,3, 725-729. Crabtree, R. H.; Quirk, J. M.; Felkin, H.; Fillebeen- 
Khan, T.; Pascard, C. J. Organomet. Chem. 1980, 187, C32-C36, and 
references therein. Bruce, M. I. Angew. Chem. 1977,89,75-89; Angew. 
Chem., Int. Ed. Engl. 1977,16, 73-86. 


(32) Labinger, J. A.; Osborn, J. A. Inorg. Synth. 1978, 18, 62-65. 
(33) Herskovitz, T., unpublished work. English, A. D.; Herskovitz, T. 


J. Am. Chem. SOC. 1977,99, 1648-1649. 
(34) Tulip, T. H., unpubliihed work. 
(35) Herskovitz, T. Inorg. Synth., to be published. Herskovitz, T.; 


Guggenberger, L. J. Am. Chem. SOC. 1976,98, 1615-1616. 
(36) Jones, R. A.; Real, F. M.; Wilkmson, G.; Galas, A. M. R.; Hurst- 


house, M. B.; Malik, K. M. A. J. Chem. SOC., Dalton Trans. 1980, 


(37) Clark, G. R.; Skelton, B. W.; Waters, T. N. J. Organomet. Chem. 
511-518. 


1975,85, 375-394. 
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centers which may be appreciably distorted toward a 
tetrahedral geometry. For some purposes it is convenient 
to prepare this compound in situ by adding the appropriate 
amount of trimethylphosphine to a suspension of [IrCl- 
(C8H1J2I2 and NaPF6 in THF (see Experimental Section). 


The insoluble compound [1r(P(CH3)J4] [Cl] reacts 
readily with primary alkyllithium or Grignard reagents to 
yield, a t  least initially, the corresponding Ir(1) alkyl com- 
pound.26*29 In this manner we have prepared the methyl 
compound Ir(CH3)(P(CH3)3)k This Ir(1) compound is 
off-white in color, dissolves readily in nonpolar solvents, 
and is quite reactive toward formaldehyde and other 
 substrate^.^^ 


The addition of only 3 equiv of trimethylphosphine to 
results in the formation of the tris(phos- 


phine) compound IrC1(P(CH3)3)3(C8H14).36 This material 
is soluble in aromatic solvents and in THF and is also quite 
reactive; the labile cyclooctene ligand permits rapid re- 
actions with added reagents. 


Hydrido Methoxycarbonyl Compounds. Two stable 
iridium(II1) complexes containing cis hydrido and meth- 
oxycarbonyl ligands have been prepared, [IrH(C02C- 
H3) P(CH3)Jd [PFd (1) and IrH(C02CH3)Cl(P(CH3)3)3 
(2).39 The addition of methanol to the Ir(1) complex 
[Ir(CO)(P(CH3)3)4]C132 results in the formation of the 
cationic complex [IrH(CO2CH,)(P(CH3),),]+ which has 
been isolated as the PF6 salt (eq 1). A closely related 


I H  1 
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It has not been possible to prepare the neutral hydrido 
methoxycarbonyl complex 2 by the direct oxidative ad- 
dition of methanol to the iridium-bound carbonyl. The 
reason for this is that attempts to prepare the required 
precursor for this reaction, the chloro trisphosphine car- 
bonyl complex IrCl(CO)(P(CH,),), have been unsuccessful, 
and only mixtures of the bis- and tetrakidtrimethyl- 
phosphine)iridium carbonyl compounds32 have been ob- 
tained. 


Oxidative addition of the C-H bond of formate esters 
by low-valent transition-metal complexes is not common. 
Compound 2 is the first stable hydrido methoxycarbonyl 
complex to be prepared by this method. Previous reports 
describe the addition of formate esters to Rh(1) com- 
pounds,@ although the initial product, the hydrido alk- 
oxycarbonyl complex, is unstable. Formic acid itself has 
been reported to react with an iridium compound to give 
the hydroxycarbonyl complex.44 


Hydrido Formyl Compounds. Three stable hydrido 
formyl complexes of Ir(II1) have been prepared by two 
routes, the direct oxidative addition of the C-H bond of 
formaldehyde by an Ir(1) complex26 and the reduction of 
a hydrido(methoxycarbonyl)iridium(III) complex. The 
mechanism most likely operating in the oxidative addition 
of formaldehyde, indicated in eq 3, involves the prior 


f ’I H 


L J 


1, L = PMe, 


reaction is the formation of hydrido alkoxycarbonyl com- 
pounds of Ir(II1) from [Ir(CO)(dmpe)2] [Cl] and alco- 
h o l ~ . ~ ~ ~ ~  Many other complexes containing akoxycarbonyl 
groups have been synthesized from metal carbonyl com- 
plexes and alcohols or alkoxide reagents.& The oxidative 
addition of the formyl C-H bond of methyl formate to 
Ir(P(CH3)3)3C1(C8H14) gives compound 2 IrH(C02CH3)- 
C1(P(CH3)3)3 in high yield. This reaction has been ob- 
served only for this particular Ir(1) complex; other Ir(1) 
compounds studied in these experiments either have not 
been reactive toward methyl formate or have not given 
stable products. Compound 2 is stable in solution and in 
the solid state but reacts readily with acid (e.g., HBF4) to 
give the cis hydrido carbonyl cation, [IrClH(CO)(P(C- 
H&),] [BF,]. This sequence of reactions is summarized 
in eq 2. 


CI H 


L 


2, L = PMe, 


c J 


(38) Thorn, D. L.; Tulip, T. H. J. Am. Chem. SOC. 1981, 103, 
5984-5986. 


(39) Another trimethylphosphine methoxycarbonyl compound of Ir- 
(111) has been reported Harlow, R. L.; Kinney, J. B.; Herskovitz, T. J. 
Chem. SOC., Chem. Commun. 1980,813-814. 
(40) Ibekwe, S. D.; Taylor, K. A. J. Chem. Soc. A 1970, 1-3. 
(41) Dmpe is (CHs)2PCH2CH2P(CH~)p 
(42) Angelici, R. J. Ace. Chem. Res. 1972,5, 335-341. 


formation of a complex containing a 7r-bound H2C0 entity. 
Such a species has ample precedent in the numerous ex- 
amples of ?r-bound aldehydes and ketones46 and in the 
isolation and structural characterization of an osmium 
complex of f0rma1dehyde.l~ Roper and co-workers have 
found that this osmium formaldehyde complex undergoes 
oxidative addition to form the hydridoformylosmium(I1) 
complex, and that acetaldehyde reacts with Os(0) in an 
analogous fashion to form the hydrido acyl c ~ m p l e x . ’ ~ * ~ ~  
Other examples of additions of the C-H bond of aldehydes 
to d8 and dl0 transition-metal centers are known.*& 


With the iridium complexes studied here, 7r-bound al- 
dehyde complexes have not been observed, and the only 
isolated products are the hydrido formyl compounds. This 
synthetic route has been utilized in the preparation of the 
cationic hydrido formyl complex [IrH(CHO)(P(C- 
H&J4] [PF6] (compound 3), the neutral chloro complex 
IrClH(CHO)(P(CH,),), (compound 4), and the methyl 
complex Ir(CH,)H(CHO)(P(CH,),), (compound 5). The 


1 H H 


L J 


4, L = PMe, 5, L = PMe, 3, L = PMe, 


(43) Suggs, J. W.; Peareon, G. D. N. Tetrahedron Lett. 1980, 21, 


(44) Kolomnikov, I. S.; Kukolev, V. P.; Koreshkov, Yu. D.; Mosin, V. 
A.; Vol’pin, M. E. Izv. Akad. Nauk SSSR, Ser. Khim. 1972, 2371. 


(45) See, for example, the following: Walther, D. J.  Orgammet. Chem. 
1980,190, 393-401, and references therein. Brunner, H.; Wachter, J.; 
Bemal, I.; Creawick, M. Angew. Chem. 1979,91,920-921; Angew. Chem., 
Int. Ed. Engl. 1979,18,861-862. Tsou, T. T.; Huffman, J. C.; Kochi, J. 
K. Inorg. Chem. 1979,18,2311-2317. Ittel, S .  D. J. Organomet. Chem. 


(46) Suggs, J. W. J. Am. Chem. SOC. 1979,101,489. 
(47) Rauchfuss, T. B. J. Am. Chem. SOC. 1979,101, 1045-1047. 
(48) Tolman, C. A.; Ittel, S. D.; English, A. D.; Jesson, J. P. J. Am. 


3853-3856. 


1977,137, 223-228. 


Chem. SOC. 1979, 101, 1742-1751. 
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other route, the reduction of a hydrido methoxycarbonyl 
complex to the corresponding hydrido formyl compound 
using commercial boraneTHF, has been demonstrated to 
provide compounds 3 and 4. Likely mechanisms for this 
reduction reaction will be discussed below. 


Although stable a t  room temperature, all the hydrido 
formyl complexes of Ir(II1) herein reported decompose at  
elevated temperatures in solution or the solid state, with 
one product of the decomposition being hydrogen 
The resulting complex mixture of metal compounds con- 
tains the corresponding Ir(1) carbonyl compound in varying 
amounts. The carbonyl compounds resulting from H2 loss 
from the cationic hydrido formyl complex 3, [Ir(CO)(P- 
(CH3)3)4]+, and from H2 loss from the chloro hydrido 
formyl complex 4, IrCl(CO)(P(CH,),), have both been 
previously reported.32 Hydrogen loss from the methyl 
formyl complex 5 results in the formation of the methyl 
carbonyl complex Ir(CH,)(CO)(P(CH,),),. This latter 
compound is also available from the reaction of Ir(C- 
H3)(P(CH3)J4 with carbon monoxide and from the reaction 
of [Ir(CO)(P(CH,),),] [C1]32 with methyllithium. Loss of 
CHI from the methyl formyl complex 5, a competing and 
sometimes dominating decomposition reaction, results in 
formation of the hydrido carbonyl complex IrH(C0) (P- 
(CH,),), (see below).49 A bimolecular decomposition 
mechanism has been established for the decomposition of 
hydridoacylosmium(I1) complexesm and may be operative 
in the decomposition of the present complexes as well. 


One likely mechanism for the unimoleculaP decompo- 
sition of the hydrido formyl compounds is loss of a ligand 
with subsequent migration of a hydrogen atom from the 
formyl group to the metal (eq 4); reductive elimination of 
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H2 may occur in a succeeding step. Although fascinating 
reactions of several transition-metal hydrido complexes 
with carbon monoxide to give multinuclear formyl or other 
C-H bonded species have been demonstrated?l the reverse 
of this reaction, the "carbonyl insertion" into a metal- 
hydrogen bond, had not been observed in isolable mono- 
nuclear complexes until very recently.52 This is in sharp 
contrast to the well-known "carbonyl insertion" into 
metal-alkyl bonds.63 Two reactions of the hydrido formyl 
complexes illustrate this mechanism for the decomposition 
of the formyl group. Removal of the chloride ligand from 
complex 4 by AgPF, results in formation of the dihydrido 


(49) Thorn, D. L., in press. 
(50) Norton, J. R. Acc. Chem. Res. 1979,12,139-145, and references 


therein. 
(51) (a) Belmonte, P.; Schrock, R. R.; Churchill, M. R.; Younge, W. J. 


J. Am. Chem. SOC. 1980,102,2858-2860. (b) Churchill, M. R.; Youngs, 
W. J. Znorg. Chem. 1981,20,382-387. (c) Marsella, J. A.; Cadton, K. G. 
J. Am. Chem. SOC. 1980,102,1747-1748. (d) Huffman, J. C.; Stone, J. 
G.; Krusell, W. C.; Cadton, K. G. J. Am. Chem. SOC. 1977,!39,5829-5831. 
(e) Wolczanski, P. T.; Bercaw, J. E. Acc. Chem. Res. 1980,13, 121-127, 
and references therein. ( f )  Gell, K. I.; Williams, G. M.; Schwartz, J. J. 
Chem. SOC., Chem. Commun. 1980, 550-552. (9) Gell, K. I.; Schwartz, 
J. J. Organonet. Chem. 1978,162, C11415. (h) Labinger, J. A.; Wong, 
K. S.; Scheidt, W. R. J. Am. Chem. SOC. 1978,100,3254-3255. (i) Fa- 
chinetti, G.; Floriani, C.; b e l l i ,  A,; Pucci, S. J. Chem. Soc., Chem. 
Commun. 1978, 269-270. 


(52) Marks, T. J.; Fagan, P. J.; Maatta, E. A.; Mink, E. A., presented 
at the Tenth International Conference on Organometallic Chemietry, 
Toronto, Canada, Aug 1981. 


(53) (a) Berke, H.; Hoffmann, R. J.  Am. Chem. SOC. 1978, 100, 
7224-7236. (b) Calderezzo, F. Angew. Chem. 1977,69,305-317; Angew. 
Chem., Int. Ed. Engl. 1977,16, 299-311. (c) Wojcicki, A. Adu. Organo- 
met. Chem. 1973, 11, 81. 


cation [IrH2(CO)(P(CH3),),]+ as the major product, pre- 
sumably as a result of rapid hydrogen atom migration from 
the carbon of the formyl group to the metal (eq 5). Also, 


H 


4, L = PMe, 


removal of the hydrido hydrogen atom of complex 3 us a 
pro ton  (vide infra) results in formation of the hydrido 
carbonyl complex IrH(CO)(P(CH,),),, also a result of hy- 
drogen atom migration (eq 6). 
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Hydrido Hydroxymethyl and  Hydrido Methyl 
Complexes. The reaction of NaBH, with the cationic 
hydrido formyl complex 3 in wet THF', results in the 
formation of the cationic hydrido hydroxymethyl complex 
[IrH(CH,OH)(P(CH,),),][PF,] (6). This reaction does not 
work with the other Ir(1II) hydrido formyl compounds; for 
instance, compound 4 reacts with wet NaBH4 to form the 
fuc-trihydrido compound I I H ~ ( P ( C H , ) , ) ~ ~  Roper and 
colleagues have reported the isolation of hydroxymethyl 
complexes of osmium by protonation of the oxygen atom 
of osmium-bound formaldehyde.1Bi26 Other researchers 
have isolated hydroxymethyl complexes of rhenium from 
reduction of rhenium-bound carbon monoxide.1a~20~22*24,55 


The reaction of commercial boraneTHF with the cat- 
ionic hydrido formyl complex 3 results in complete re- 
duction of the formyl group to give the cis hydrido methyl 
complex [IrH(CH,)(P(CH,),),] [PF,] (7a) in -20-25% 
yield.26 Several other products present in the reaction 
mixture have not been identified. The presence of 7a 
among the reaction products is confirmed by comparison 
of the 'H NMR spectrum of the crude product mixture 
with that of separately prepared [IrH(CH,)(P(CH,),),]- 
[BF,] (7b). The catonic hydridomethyliridium(II1) cation 
can be easily separately prepared by reacting Ir(CH3) (P- 
(CH3)3)4 with either HPF6 (to give 7a) or HBF4 (to give 
7b) in pyridine or ether. The different products obtained 
from the different conditions used for reducing the formyl 
group of compound 3 are outlined in eq 7.16 Perhaps the 
most remarkable feature of the hydrido methyl cations 
7a,b and of the hydrido methyl formyl complex 5 is their 
apparent reluctance to undergo reductive elimination of 
methane, despite the well-established tendency of cis hy- 
drido alkyl complexes to reductively eliminate the al- 
k a n e . % ~ ~ ~  


(54) Barefield, E. K. Inorg. Synth. 1974,15, 34-38. Barefield, E. K., 
unpublished work. 


(55) The first report of a Re-hydroxymethyl complex (Nesmeyanov, 
A. N.; Anisimov, K. N.; Kolabova, N. E.; Kraenoslobodekaya, L. L. Izu. 
Akad. Nauk SSSR, Ser. Khim. 1970, 860-865; Bull. Acad. Sci. USSR, 
Diu. Chem. Sci. (Engl. Transl.) 1970,807-811) has been challenged; see 
ref 16 and 20. 


(56)Other stable cis hydrido methyl compound8 have been reported: 
Chatt, J.; Hayter, R. G. J.  Chem. SOC. 1963,6017-6027. Wood, C. D.; 
Schrock, R. R. J. Am. Chem. SOC. 1979,101,5421-5422. See also ref 25, 
26, and 51. 
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either HBF, or HPF6 in pyridine or ether to give [IrH2- 
(CO)(P(CH3)3)3]t (see eq 9). This protonation reaction 


r H 1 
BH 1/ TH F / 


[L; L-Ir'-CH, '*L 1 PF, 


3, L =  PMe, H20 


J 
6, L = PMe, 


Reactions of Hydrido Ir(II1) Complexes with 
Strong Bases. While it has long been known that first- 
row transition-metal hydrido compounds can be quite 
acidic (e.g., eq 8a),S8 it is less generally appreciated that 
second- or third-row transition-metal hydrido compounds 
also can show acidic behavior.m An example of this is the 
reaction of an Os(I1) hydrido compound with alkoxide to 
form an Os(0) compound and the alcohol (eq 8b).ea The 


HCO(CO)~ e H+ + COCO),- 


L = P(C,Hs), 


hydrido Ir(II1) complexes studied in this laboratory also 
show acidic behavior in the sense that the 'hydride" can 
often be removed from the metal with concomitant formal 
reduction of the metal center to  Ir(1). This 'de- 
protonation" reaction proceeds if the Ir(II1) hydrido com- 
pound contains a good leaving anionic ligand or, preferably, 
an outer-sphere counteranion. A strong base is necessary 
for the reaction to be observed; potassium tert-butoxide 
has been found to be generally satisfactory and convenient. 
Pyridine is not nearly sufficiently basic, and in fact the 
conjugate acid of pyridine is a useful reagent for effecting 
the reverse reaction, the protonation of Ir(1) complexes to 
form Ir(II1) hydrido complexes. Examples of this reaction 
are the formation of [IrH(CH3)(P(CH3),),] [BF,] (7b) from 
Ir(CH,)(P(CH& (vide supra) and [IrH2(CO)(P(CH3)3)3]t 
from IrH(CO)(P(CH,),),. 


Of particular interest is the reaction of the hydrido 
formyl compounds 3 and 4 with potassium tert-butoxide 
to give IrH(CO)(P(CH3)3)3. The probable mechanism is 
removal of the hydrido ligand as a proton by alkoxide (see 
eq 6), resulting in an Ir(1) formyl complex, followed by 
ligand dissociation and migration of the formyl hydrogen 
atom from the carbon of the formyl group to the metal 
atom. The major product of this reaction, IrH(CO)(P(C- 
H3)3)3 has not been previously reported. We have been 
able to prepare it by the reaction of [Ir(CO)(P(CH,),),]- 
[C1]32 with borohydride reducing agents, e.g., LiHBEt,, but 
the reaction of potassium tert-butoxide with complex 3 is 
more convenient. The compound can be protonated with 


(57) Well-characterized cis hydrido methyl compounds which are 
distinctly umtable a t  room temperature include those reported by: Abis, 
L.; Sen, A.; Halpern, J. J. Am. Chem. SOC. 1978,100,2915-2916. Chan, 
A. S. C.; Halpern, J. Zbid. 1980,102, 838-840. 


(58) Schunn, R. A. in 'Transition Metal Hydrides"; Muettarties, E. 
L., Ed.; Marcel Dekker: New York, 1971; vol. 1, pp 203-269, and refer- 
ences therein. 


(59) Vidal, J. E.; Walker, W. E. Znorg. Chem. 1981,20,249-254. 
(60) Cavit, B. E.; Grundy, K. R.; Roper, W. R. J.  Chem. SOC., Chem. 


Commun. 1972, 60-61. 


c J 


L = PMe, 


can be reversed with potassium tert-butoxide. The di- 
hydrido carbonyl cation is also the dominant product when 
the neutral chloro hydrido formyl complex 4 reacts with 
AgPF6, as discussed above. 


Reduction Reactions Using Borane. Borane in THF 
has been found to effect the reduction of methoxycarbonyl 
groups to formyl groups and formyl groups to methyl 
groups. Several proposals have been presented in the 
literature2 as to likely mechanisms for reduction of met- 
al-bound formyl groups with borane. To these proposals 
we can add little except to note that the mixture of BH3 
and NaBH4 which exists in the commercial "borane-THF" 
solution used in this work may well be more effective as 
a reducing agent than either BH3 or NaBH., alone. In 
particular, the formyl group may be reduced to the hy- 
droxymethyl group by borohydride H attack at  the carbon 
of the formyl, possibly assisted by coordination of acid 
(perhaps BH3) to the formyl oxygen atom. The hydrox- 
ymethyl group may then be attacked at  the oxygen atom 
by BH3 to give, a t  least incipiently, a methylene lig- 
and,2*23@961 which is finally reduced by borane or boro- 
hydride to the methyl group. 


The reduction of the methoxycarbonyl group to the 
formyl group, used to prepare formyl compounds 3 and 
4, respectively, from the methoxycarbonyl complexes 1 and 
2, has not been previously reported. The reaction of the 
methoxycarbonyl complex 2 with borane is relatively un- 
complicated, and the major reaction product is the hydrido 
formyl complex 4. However, the reaction of the cationic 
methoxycarbonyl complex 1 with borane is more compli- 
cated, and only a fortunate choice of reaction conditions 
will permit isolation of the cationic hydrido formyl complex 
3. One competing reaction is further reduction of the 
formyl complex to the hydrido methyl complex 7a. 


One possible mechanism for the reduction of a meth- 
oxymethyl group to a formyl group is outlined in eq loa. 


H 
I .*L 


I-Ir-CHO ( loa)  
L'I L 


+ BH,OCH, (lob) 


(61) Kiel, W. A.; Lin, G.-Y.; Gladysz, J. A. J. Am. Chem. SOC. 1980, 
102, 3299-3301. 
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The first step is removal of the methoxy group by the 
Lewis acid BH3 followed by reduction of the carbonyl 
cation by borohydride. We consider this mechanism to 
be unlikely, since the carbonyl cation [IrClH(CO)(P- 
(CH,),),]' (separately prepared by reaction of the meth- 
oxycarbonyl complex 2 with HBF,; vide supra) reacts with 
NaBH, to give, not the formyl complex 4, but rather the 
dihydrido carbonyl cation [IrH,(CO)(P(CHJ,),]'. A more 
plausible alternative mechanism is illustrated in eq lob; 
here the BH3 molecule attacks the "carbonyl'! oxygen atom 
with eventual hydrogen atom transfer to the carbon. Other 
methoxycarbonyl compounds are known to react with 
(CzH5),0+ by alkylating a t  the carbonyl oxygen atom.42 


In the complexes examined in these experiments, one 
possibility is that the iridium-bound hydrido ligand may 
actively participate in the reduction of the carbon-con- 
taining groups. It may participate by migrating from the 
iridium atom to methylene- or carbene-resembling ligands, 
created by coordination of the Lewis acid BH3 to the ox- 
ygen atom of a formyl or hydroxymethyl group. External 
hydride sources (e.g., NaBH4) then could transfer a new 
hydrido ligand to the iridium center. That these latter 
reaction pathways are viable possibilities has been shown 
by studies of model compounds;49 for instance, we have 
observed methyl group migration to an iridium-bound 
methylene group derived from a methoxymethyl ligand.% 
It is not yet known whether the present reactions them- 
selves involve active participation of the hydrido ligand. 


The set of reactions described above provides a pathway 
for the stepwise conversion of iridium-bound carbon 
monoxide to iridium-bound methyl or hydroxymethyl 
groups, as indicated in eq 11. Several steps proceed in 


Thorn 


r H  


L L  
1, L = PMe, 


pF6 


L-Ir-CHO PF, 
"L J 


6, L = PMe, 7a, L =  PMe, 


unfortunately poor yield (see Experimental Section), and 
compounds 3 and 7 are more conveniently prepared by 
other routes, as discussed above. Continuing studies of 
the reduction reactions and other reactions involving these 
compounds may provide more mechanistic details. 


Experimental Section 
General. While the Ir(I1I) complexes described in thii paper 


all appear to be air stable in the solid state and the Ir(1) complex 
[Ir(P(CH3)3)4][PF6] also is air stable when in crystalline form, all 
reactions were carried out under a nitrogen atmosphere by using 
either Schlenk-type reaction vessels or a Vacuum Atmospheres 


drybox. Solvents were dried and degassed prior to use. Para- 
formaldehyde and methyl formate were obtained from Aldrich 
and were used without purification save for brief degassing. 
Borane-THF (1 M, stabilized with small amounts of NaBH4), 
borohydride reagents, HBFl etherate, and AgBF4 were also ob- 
tained from Aldrich and were used as supplied. 13C- and 2H-la- 
beled paraformaldehyde were obtained from Merck Isotopes. 
Trimethylphosphine was obtained from Strem Chemical Co. and 
was handled exclusively in the drybox. Caution: Trimethyl- 
phosphine is toxic and may ignite spontaneously upon exposure 
to air, and its extreme volatility increases the hazards associated 
with its use. Infrared, 'H NMR, high-field 'H NMR, and 31P- 
decoupled 'H NMR spectra were obtained by using Perkin-Elmer 
283B, Varian EM-390, Bruker HFX400, and Varian XL-100 
spectrometers, respectively. AU infrared (IR) data are from solid 
samples in Nujol and are reported in units of cm-'. AU reactions 
were carried out at room temperature. 
Iridium(1) Starting Materials. Tetrakis(trimethy1- 


phosphine)iridium(I) Hexafluorophosphate, [Ir(P(C- 
H&][PFs]. IrC1(P(CH3)3)3(CeH14)35.38 (2.53 g, 4.47 mmol) and 
NaPF6 (1.50 g, 8.9 mmol) were suspended in 200 mL of tetra- 
hydrofuran (THF). A solution of P(CH3)3 (0.34 g, 4.47 mmol) 
in 5 mL of THF was added dropwise with stirring. The resulting 
cloudy red suspension was filtered after stirring for 15 h. The 
cooled solution deposited 0.30 g of red solid; hexane was then 
added to the solution by vapor diffusion, and 1.42 g of red crystah 
was obtained after 3 days, giving a total yield of 1.72 g (2.68 "01, 
60%), decomposition at 194 OC; mp >300 OC. Anal. Calcd C, 
22.47; H, 5.66. Found: C, 22.84; H, 5.62. 
Methyltetrakis(trimethylphosphine)iridium(I), Ir(C- 


H3)(P(CH3)3)4. A suspension of [Ir(P(CH3)3)4] [C1]33v35 (0.85 g, 
1.60 mmol) in 10 mL of THF was added dropwise to a solution 
of methyllithium (2 mL of 1.6 M ether solution) in 10 mL of THF. 
The resulting yellow-brown solution was evaporated to dryness 
under vacuum and the residue extracted with pentane. Evapo- 
ration of the pentane solution yielded 0.69 g (1.35 mmol, 84%) 
of yellow solid, sufficiently pure for most purposes. 'H NMR 
( c a s )  Ir-CH3, quintet (J  = 7 Hz) at 6 0.45; P(CH,),, s, 6 1.50; 
decomposition at  50 OC; mp 165-194 OC. Anal. (Sample re- 
crystallized from concentrated pentane solution) Calcd: C, 30.52; 
H, 7.68. Found C, 30.18; H, 7.70. 
Hydridoiridium Compounds. Hydrido(methoxy- 


carbonyl)tetrakis(trimethylphosphine)iridium( 111) Hexa- 
fluorophosphate (1). A methanol solution (10 mL) of lithium 
methoxide (0.02 g) and [Ir(CO)(P(CH3)3)4][C1]32 (0.56 g) was 
stirred for 1 h, and then evaporated to dryness. The residue was 
suspended in 20 mL of 'I", and (0.18 g) was added. After 
filtration the solution was cooled to -30 "C and white crystals 
(0.52 g, 74%) of 1 were obtained: decomposition at 185 "C, mp 
298-300 "C; IR of 1 2100, 2060 (m), 1622 (s) cm-'; 'H NMR 
(CD3CN) Ir-H, 6 -13.0, d (J = 135 Hz) of quartets (J = 18 Hz); 


1.58, t (J(eff) = 3.6 Hz); -0CH3, 6 3.28, s. Anal. Calcd: C, 23.97; 
H, 5.75. Found: C, 23.83; H, 5.74. 
Hydrido(methoxycarbonyl)chlorotris(trimethyl- 


phosphine)iridium(III) (2). Methyl formate (0.15 g) was added 
to a THF solution (30 mL) of IrCl(P(CH3)3)3(C8H14)a,B (1.10 g), 
and the solution was stirred 2.5 h. The solvent was evaporated 
under vacuum, and the off-white residue was recrystallized from 
hexane, yielding 0.83 g (83%) of compound 2: mp 138-140 "C; 
IR 2060,1620 (8) cm-'; 'H NMR (CsDs) Ir-H, 6 -10.35, d ( J  = 


(J(eff) = 4 Hz); -OCH, 6 3.40, s. Anal. Calcd C, 25.61; H, 6.06. 
Found: C, 25.28; H, 5.97. 
Hydridoformyltetrakis(trimethylphosphine)indium( 111) 


Hexafluorophosphate (3). Method a. [Ir(P(CH3)d4] [PFd] (0.34 
g) in 100 mL of THF was treated with 0.023 g of paraform- 
aldehyde, and the mixture was stirred 2 h. The off-white product 
was filtered and recrystallized from warm methanol: yield 0.30 
g (84%); mp >250 OC; IR 2622 (m), 2072 (s), 1600 (8) cm-'; 'H 
NMR (pyridine-ds) 11-H, 6 -12.0, d ( J  = 123 Hz) of quartets (J  
= 18 Hz); 11-CHO, 6 14.0, d (J  = 49 Hz) o f t  ( J  = 6.5 Hz) of d 
(J = 4.0 Hz) of d (J = 2.5 Hz); P(CHJ3, 6 1.2-1.4, m; 31P-decoupled 
'H NMR P(CHd3, 6 1.20, s, 6 1.23, d (J(H-hydride) = 1 Hz), 1.26, 
s; Ir-CHO, d (J(H-hydride) = 2.5 Hz); 13C NMR (acetone-d) 
formyl C, 6 225.40, d (J(C-P,,,H) = 10 Hz) o f t  (J(C-P,,) = 


P(CH3)3, 6 1.48, d (J = 8 Hz) of d (J = 1 Hz), 1.54, d (J = 7 Hz), 


154 Hz) o f t  (J = 20 Hz); P(CH3)3, 6 1.40, d (J = 8 Hz), 1.60, t 







Hydrido Complexes of Iridium 


5.4 Hz) of d (J(C-P& = 83 Hz), J ( C - H d  = 150 Hz, "P NMR 
(pyridine-d5) t (J = 21 Hz) at  6 -52.0 (extemal H3P04), quartet 
(J = 21 Hz) at 6 -55.8, quartet (J = 19 Hz) at 6 -69.0; PF6, 6 -143.2, 
J(P-F) = 710 Hz. Anal. Calcd C, 23.25; H, 5.70. Found: C, 
23.35; H, 5.66. 


Method b. [IrC1(CsH14)2]2 (0.90 g) was suspended in 150 mL 
of THF and 0.35 g of NaPFs was added, followed by a solution 
of 0.62 g of P(CH3)3 in 5 mL of THF. The red suspension was 
stirred 10 min and 0.070 g of paraformaldehyde was added. After 
an additional 1 h of stirring, the off-white suspension was filtered, 
and the solids were extracted into acetone. Evaporation of the 
acetone extract yielded 1.11 g (82%) of compound 3. 


Method c. A suspension of 0.9 g of compound 1 in 3 mL of 
THF was treated with 4 mL of borane-THF solution and stirred 
3 h, at  which time another 3 mL of borane-THF solution was 
added. After an additional 20 h of stirring, the suspension was 
filtered, yielding 0.22 g (25%) of 3 (IR analysis). 


Chlorohydridoformyltris( trimethy1phosphine)iridium- 
(111) (4). Method a. A solution of IrC1(P(CH8)a)3(CsH14) (0.28 
g) in 5 mL of THF was treated with 0.015 g of paraformaldehyde. 
After 0.5 h of stirring, the solution was evaporated to dryness and 
the residue washed with hexane, leaving 0.20 g (83%) of compound 
4, mp 130 "C dec. Recrystallization from THF/hexane yielded 
an analytically pure sample: IR 2585 (m), 1990 (a), 1600 (a) cm-'; 


P(CH&), 6 1.33, d (J = 8 Hz) of d (J(H-hydride) = 1 Hz), 1.50, 
t (J(eff) = 3.6 Hz); M H O ,  6 15.0, t (J = 8 Hz) of d (J(H-hydride) 
= 3 Hz). Anal. Calcd C, 24.72; H, 6.02. Found: C, 25.00; H, 
6.02. 


Method b. A solution of 0.20 g of compound 2 in 5 mL of THF 
was treated with 1 mL of borane-THF solution. The solution 
was fdtered and evaporated after stirring for 2 h. IR and 'H NMR 
analysis of the reaidue showed the presence of compound 4 in 70% 
yield (estimated). Recrystallization provided 0.045 g (24%) of 
pure compound 4. 
Methylhydridoformyltris(trimethy1phosphine)iridium- 


(111) (5). Paraformaldehyde (0.030 g) was added to a solution 
of Ir(CH3)(P(CH3)3)4 (0.32 g) in 15 mL of THF. After 1 h of 
stirring, the mixture was filtered and the solution concentrated 
to ca. 1 mL. Pentane was added and the solution was cooled to 
-30 "C overnight to yield 0.21 g (72%) of white solid, mp 135 "C 
dec: IR 2490 (m), 1985 (a), 1589 (a) cm-'; 'H NMR (c&) Ir-H, 


6 1.31, d (J = 8 Hz), 0.99, d (J = 7 Hz), 0.95, d (J = 8 Hz) of d 
(J(H-hydride) = 1 Hz); Ir-CHO, 6 15.2, d (J = 48 Hz) of br d 
(J = 3 Hz); 'H NMR of IrD(CDO)(CHJ(P(CHa)a)), ( C a d  M H 3 ,  
d ( J =  10 Hz) of d (J= 7 Hz) of d (J= 5Hz). Anal. Calcd C, 
28.38; H, 6.93. Found C, 28.50; H, 6.88. 


Hydride( hydroxymethyl)tetrakis(trimethylphosphine)- 
iridium(II1) Hexafluorophosphate (6). Compound 3 (1.31 g) 
was suspended in a mixture of 20 mL of THF and 5 mL of H20, 
and 0.20 g of NaBH4 was added. After 3 days of stirring, ether 
was added to the slurry and 0.95 g of white solid was obtained. 
IR analysis of this solid suggested that most of the starting formyl 
had been consumed, but very little of the hydroxymethyl com- 
pound 6 had been formed. Consequently the solid was suspended 
in a fresh mixture of 10 mL of THF and 6 mL of H20 with 0.10 
g of NaBH4 and stirred overnight. Ether was added to this 
suspension, the precipitated solid was redissolved in 20 mL of 
THF, and 2 mL of H20 and 0.30 g of NaPF6 were added. After 
being stirred for 6 h, this mixture was dried under vacuum, and 
the residue was recrystallized from THF/pentane at -30 OC, 
yielding 0.34 g (26%) of white solid; decomposition at 148 OC, 
mp >250 OC: IR 3630,3570 (m), 2040,2020 (8 )  cm-'. Anal. Calcd 
for 6: C, 23.18; H, 5.99. Found: C, 23.15; H, 5.89. Samples 
prepared or handled differently had varying positions of these 
absorption bands, possibly ascribable to different crystalline 
modifications: 'H NMR (pyridine-d5) Ir-H, 6 -13.2, d (J = 125 


8 Hz) of d (J(H-hydride) = 1 Hz), 1.35, d (J = 8 Hz), 1.43, t (J(eff) 


(J = 1.5 Hz); -CH2-OH, 6 4.3, br s. 
Hydrido(methyl)tetrakis( trimethy1phosphine)iridium- 


(111) Hexafluorophosphate (7a). Compound 3 (0.14 g) was 
suspended in 10 mL of THF, and 4 mL of borane-THF (1 M) 
was added. The mixture was stirred overnight, filtered, and 


'H NMR (C& IPH, 6 -9.2, d (J = 140 Hz) Oft (J = 20 Hz); 


6 -11.1, d (J = 137 Hz) O f t  (J = 21 Hz); W H S ,  6 0.71, P(CH&, 


Hz) of t (J = 23 Hz) of d (J = 14 Hz); P(CHs)s, 6 1.22, d (J = 


= 3.6 Hz); Ir-CHZ-OH, 6 4.1, t (J = 9 Hz) of d (J = 6 Hz) of d 
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concentrated. Pentane was added and the resulting white pre- 
cipitate was dried and redissolved in pyridine-d6. The 'H NMR 
spectrum of this solution had a multiplet at 6 -0.05, characteristic 
of the hydridomethyl cation (see below). From the integral of 
this NMR spectrum, the methyl compound was found to comprise 
ca. 23% of the total phosphine-Ir species. 
Hydrido(methyl)tetrakis( trimethy1phosphine)iridium- 


(111) Tetrafluoroborate (7b). An ether solution (5  mL) of 
Ir(CH3)(P(CH3)3)4 (0.8 g) was treated dropwise with a solution 
of HBF4-etherate (0.24 g) in 5 mL of ether. The resulting white 
suspension was stirred 15 min and filtered, and the solid was 
washed with pentane and dried under vacuum; yield 0.75 g (80%); 
decomposition at 150 "C; mp 220-224 "C. Anal. Calcd for 7b: 
C, 26.05; H, 6.73. Found: C, 26.51; H, 6.89. The closely related 
compound [IrH(CHs)(P(CH&)4][I] has been obtained analytically 
pure by another preparative method4B and has an identical 'H 
NMR spectrum: 'H NMR (pyridinede) Ir-H, 6 -13.2, d (J = 138 


of d (J = 4 Hz) of d (J(H-hydride) = 1 Hz); P(CH,),, 6 1.31, d 
(J = 8 Hz) of d (J(H-hydride) = 1 Hz), 1.47, t (J(eff) = 3.3 Hz), 
1.52, d (J = 8 Hz). Anal. Calcd for C13H~IlIrlP4: C, 24.42; H, 
6.31. Found C, 24.40; H, 6.30. 
Hydridochlorocarbonyltris(trimethy1phosphine)iridium- 


(111) Tetrafluoroborate, [IrHC1(CO)(P(CH3),)3J[BF4J. 
Methyl formate (0.070 g) was added to a THF solution (20 mL) 
of IrC1(P(CH3)3)3(CBH14) (0.57 g) and stirred 5 h. The solution 
was evaporated, and the residue was extracted with ether. The 
resulting solution (containing primarily compound 2) was treated 
with 0.15 g of HBF4 dimethyl etherate and stirred briefly. The 
white precipitate was collected, washed with ether, and dried, 
yielding 0.48 g of white solid (83%): IR 2055 (vs, br) cm-'; 'H 
NMR (pyridine-d5) Ir-H, 6 -9.1, d (J = 155 Hz) of t  ( J  = 17 Hz); 
P(CHs),, 6 1.56, d (J = 9 Hz) of d (J = 1 Hz), 1.72, t (J(eff) = 
3.6 Hz). 
Hydrido(carbonyl)tris(trimethylphosphine)iridium(I) 


and Dihydridocarbonyltris(trimethy1phosphine)iridium- 
(111) Tetrafluoroborate, IrH(CO)(P(CH,),), and [IrH2(C- 
O)(P(CH,)3)3][BF4]. Method a. A suspension of [Ir(CO)(P- 
(CH,),),][Cl] (1.0 g)32 in 20 mL of THF was treated with a slight 
excess of KHB(O-i-Pr)3. No reaction was apparent after several 
minutes, so a slight excess of LiHB(C,H,), was added. The 
reaction proceeded immediately to give a clear yellow solution 
which was evaporated to dryneas. The residue was extracted with 
pentane, and the pentane extract was sublimed under high 
vacuum, giving 0.52 g of a sticky, off-white solid. The IR spectrum 
of this solid had a broad band at 1600 cm-', suggestive of 0-bound 
residual borane: but upon subsequent handling of this compound, 
this IR band was lost and only strong bands at 2010 and 1900 
cm-' were observed. 'H NMR (C6D6): Ir-H, 6 -12.5, quartet (J 
= 12 Hz); P(CH&, 6 1.6, br m. In THF-d8 the hydrido hydrogen 
signal is a quartet, J = 8 Hz. Signals appropriate for formyl 
hydrogen atoms were sought but never observed. This compound, 
IrH(CO)(P(CH3)3)3, was then dissolved in 20 mL of ether and 
treated with 0.16 g of HBF4-etherate. A white solid precipitated 
immediately and was filtered, washed with ether, and dried, 
yielding 0.52 g (54%, based on [Ir(CO)(P(CH,),),][Cl]) of 
[IrH2(CO)(P(CH3)3)3][BF4]: mp 132-136 OC; IR 2095 (a), 2040 
(a), 1998 (e) cm-'; 'H NMR (CD3CN) 11-H, 6 -11.2 and -11.9, m, 
br; P(CH3),, 6 1.70, d (J = 9 Hz) of d (J  = 1 Hz), 1.76, t (J(eff) 
= 4 Hz); 'H NMR (high field, pyridine-d,) Ir-H, 6 -11.2, d (J = 
17 Hz) of t  (J = 20 Hz) of d (J(hydride-hydride) = 4 Hz), -11.9, 
d (J = 114 Hz) oft  (J = 20 I&) of d (J(hydridehydride) = 4 Hz). 
Anal. Calcd C, 22.36; H, 5.44. Found C, 22.51; H, 5.51. 


Method b. Compound 3 (0.33 g) was suspended in 5 mL of 
THF and 0.06 g of potassium tert-butoxide was added. The 
resulting off-yellow suspension was stirred 15 min and evaporated 
to dryness. The residue was extracted with hexane, and the 
hexane extract was evaporated, leaving 0.11 g (50% yield) of a 
sticky, off-white residue. The IR and NMR spectra of this ma- 
terial were identical with those of IrH(CO)(P(CH,)J, (see above). 
This material has not been successfully recrystallized owing to 
ita extreme solubility in inert solvents. 
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Crystals of (7-cyclooctatetraenyl) (7-allyl)-tert-butoxyzirconium belong to the monoclinic space group 
E 1 / n  with a = 15.696 (6) A, b = 16.117 (3) A, c = 12.531 (6) A, /3 = 111.05 (l)', 2 = 8, and ddcd = 1.39 
g/cm3. The structure was derived from 4418 counter-measured X-ray data and refined to a conventional 
R value of 0.039. Two crystallographically independent molecules were found, the second molecule displaying 
two distinct conformations of the tert-butoxy groups. Strong Zr-0 bonding is indicated by the short Zr-0 
bond lengths, average 1.91 (1) A, and the large Zr-0-c bond angles, average 169 (1)O. The Zpallyl linkages 
are slightly asymmetric with a mean Zr-C(ally1) separation of 2.481 A. The metal atoms are bonded to 
the COT ligands in an vS fashion, although highly significant deviations are found in the Zr-C(COT) bond 
lengths. These deviations are related to the patterns of nonplanarity revealed for the COT carbon atoms. 
In the fist molecule the ring assumes a shallow tub c o n f i a t i o n  while that of the second is slightly folded 
along a diagonal. The departures from C&, symmetry in the Zr-COT bonding apparently relate to the 
orientation of the COT moiety with respect to the allyl and tert-butoxy groups, the longest Zr-C bond 
lengths being approximately trans to those ligands. The C-H bonds show an average tilt of 9.2 (9)' out 
of the COT carbon atom planes toward the metal atoms. 


Introduction 
Structural investigations of (COT)2Z~THF1 (COT = 


1,3,5,7-cycloodatetraene and THF = tetrahydrofuran) and 
(COT)ZrC12*THF2 showed that both compounds contained 
a nearly planar COT ligand bonded qs to the Zr atoms. In 
addition, the study of the dichloride revealed that the four 
z1-c bonds approximately trans to the Z&1 linkages were 
elongated compared to the other four even though the 
Z r c l  interactions appeared not to be particularly strong? 
This evidence hints at a degree of compliance in the Zr- 
C(C0T) bonds. T o  gain more information on this phe- 
nomenon, we have examined t h e  s t ructure  of 
(COT)(CBHS)(t-C4H90)Zr (I)3 and now wish to report the 
results. 


Experimental Section 
For the X-ray study, crystals of I, which were kindly supplied 


by Dr. R. Kallweit of this institute, were mounted in glass cap- 
illaries under argon. The space group was determined from 
Weissenberg photographs. Lattice constants were determined 
by a least-squares procedure from Bragg angles measured with 
a PDP-8/s automated Siemens diffractometer employing Zr- 
fiitered Mo Ka radiation (X(Mo Kn) = 0,71069 A) and are given 
in the summary. Intensity data (hkl, hkl, 2 I 0 I 25') were 
measured and reduced as described previously? No absorption 
correction was applied because of the irregular crystal shape; 
however, corrections would have been small (I.C = 7.2 cm-'). Of 


the 5158 data collected, 4418 were unique and had I 1  2 4 .  Only 
the corresponding lFol's were assigned nonzero weights (w) and 
were used in subsequent calculations. 


The structue was solved by the heavy-atom method and refimed 
by least-squares techniques. Computing details have been cited 
previously.2 After anisotropic refinement, a difference Fourier 
calculation indicated the presence of a second orientation (oc- 
cupancy 0.7) of the tert-butoxy group in molecule 2 which was 
related to the first by a rotation of -60' about the 0 4 3 1 2 )  bond. 
The additional three carbon atoms were included isotropically 
in the refinement along with a constrained occupancy factor. 
Positional parameters for the hydrogen atoms of the COT and 
allyl ligands in both molecules as well as those of the tert-butoxy 
group of molecule 1 were obtained from a subsequent difference 
density map, and these atoms were refined isotropically. Methyl 
hydrogen atoms were not located for molecule 2. After several 
additional large-block least-squares cycles, convergence was 
reached with R = CA/CIFol = 0.039, A = llFol - IF& and R, = 
[CwA2/CwlFolz]1/2 = 0.048. Positional parameters are given in 
Table I, the numbering scheme for both molecules being indicated 
in Figure 1. The mean C-H distance is 0.97 (11) A. 


Thermal ellipsoids of each Zr-C(1)-C(8) fragment are well fit 
by a TLS rigid-body-motion model: On the average, librational 
corrections increase the C-C and Zr-C bond lengths by 0.018 and 
0.025 A, respectively. Unless specified to the contrary, uncorrected 
values are given in the text. 


Description of the Crystal Structure 
Crystals of I are composed of discrete molecules, two of 


which make up the asymmetric unit. Both independent 
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Figure 1. A perspective drawing of I with hydrogen atoms 
omitted. 


molecules contain an octahapto COT ligand, a *-allyl 
group, and a tert-butoxy moiety which are coordinated to 
the zirconium atoms. 


/c(g)9 C(n) 


c (10) 
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_i 


Comparison of structural parameters in these two 
molecules might reveal which, if any, are compliant toward 
packing forces. The angles formed by the vectors Zr+O 
and Z v G ,  where G is the center of mass of the allyl 
carbon atoms, and the COT carbon atom plane normal to 
it are compared in Figure 2a. Good agreement is found 
for these gross structural features. The relative rotation 
of the COT ligand with respect to the allyl and tert-butoxy 
species, which is defined as the angle formed by the pro- 
jection of the vector C(lO)+O on the COT plane with 
C(1)<(5), is shown in Figure 2b. Perhaps packing forces 
have caused the deviations of these values from 22.5O, the 
angle which would minimize intramolecular steric inter- 
actions. Since the observed rotamers are neither staggered 
nor eclipsed, the molecular symmetry in the solid state, 
C1, is lower than the highest conceivable symmetry, C,. 


Librationally corrected C-C(q-COT) bond lengths in I, 
(COT)ZrCl2.THF, and (COT)2Zr.THF compare well- 
1.401 (5), 1.408 (4): and 1.417 (15) A,’ respectively. The 
COT carbon atoms in each molecule are significantly 
nonplanar (Figure 3). This nonplanarity may be described 
as a shallow tub conformation in molecule 1 while the COT 
ligand in molecule 2 is folded away from the zirconium 
atom along the C(3)-C(7) line. The patterns in nonpla- 
narity and differences in ZPC bond lengths are correlated, 
which indicates the qa nature of the COT-Zr interaction. 
Those carbon atoms furthest from the metal atom are 
those trans to and closest to the allyl and tert-butoxy 


Figure 2. Conformational details of the zirconium coordination with angles in degrees, upper and lower values being for molecule 
1 and molecule 2, respectively. 
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Figure 3. Selected details of the (q-COT)Zr interactions including bond distances (A), deviations (A) of carbon and zirconium atoms 
from the COT planes being underscored, and inclinations (deg) of the C-H vectors out of the COT planes toward the zirconium atoms 
in brackets. 
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Table I. Final Atomic Coordinates and Their Standard [151 
Deviations (X105) 


atom X Y z 


Mole 
3761.4 (2)  
4202 (3 )  
4329 (3 )  
4684 (4)  
51 58 (3)  
5414 (3)  
5267 (3)  
4789 (4)  
4354 (4)  
2389 (3 )  
2213 (3)  
2226 (3)  
3262 (3) 
3032 (4)  
2432 (4)  
4085 (4)  
3440 (2)  
3871 (30) 
4065 (41) 
4578 (34) 
5297 (28) 
5676 (34) 
5407 (33) 
47 56 (30) 
4097 (30) 
2523 (32) 
2304 (30) 
2249 (36) 
2179 (32) 
2030 (28) 
2276 (49) 
3479 (36) 
2864 (28)  
2335 (39) 
2809 (49) 
2006 (45) 
4421 (36) 
4645 (50) 
3916 (28) 


8861.9 (2)  
9617 (3)  
9217 (3) 
8395 (3)  
7588 (3)  
7307 (2)  
7701 (3)  
8560 (4)  
9362 (3) 
9904 (3)  


10424 (2)  
10292 (3)  


7810 (3)  
7405 (10) 
6997 (6)  
8412 (5)  
8345 (12) 
8044 (18) 
6859 (21) 


10261 (33) 
9632( 24) 
8465 (30) 
7204 (25) 
6717 (33) 
7334 (29) 
8623 (35) 
9817 (35) 


10042 (30) 
9591 (30) 


10741 (28) 
9999 (25) 


Molec 


cule 1 
1463.8 (2) 
-34 (3)  
221 (4 )  
945 (4 )  


1651 (4 )  
1894 (3)  
1622 (4)  


299 (4)  
1346 (3) 


980 (5 )  


863 (3)  
1119 (3)  
3390 (2)  
3302 (4)  
3747 (3) 
3926 (3)  
2603 (1) 
-360 (30) 
-108 (35) 


994 (34) 
2111 (24) 
2434 (32) 
2019 (28) 


980 (30) 
61 (26) 


1154 (31) 
1948 (27)  


184 (34) 
647 (30) 


1714 (27) 
2895 (42) 
2974 (30) 
3967 (30) 
4267 (38) 
3930 (49) 
3253 (46) 
3634 (33) 
3832 (48) 
4503 (29) 


: d e  2 
2022.0 (2)  


705 (3)  
527 (2)  
721 (2)  


1078 (2 )  
1453 (2)  
1688 (3 )  
1615 (3 )  
1184 (3)  
2321 (3 )  
2321 (3)  
2812 (3)  


3529 (6 )  
3888 (6 )  


4056 (12) 
4371 (17) 


595 (30) 
287 (22) 
540 (28) 


1184 (23) 
1715 (32)  
2020 (24)  
1951 (32) 
1343 (30) 
1815 (30) 
2825 (25) 
1879 (26)  
3346 (24) 


3754 (2 )  


4497 (4 )  


3545 (19) 


1847.7 (3 )  


3110 (6 )  
3732 (4)  
3540 (5 )  
2664 (6)  
1583 (6)  


905 (5)  
1087 (5)  
2334 (5) 
1393 (6)  


372 (5)  


2010 (7 )  


945 (3) 
-322 (5)  
1156 (5)  
1535 (6)  
1454 (2 )  
1733 (39) 
3552 (48) 
4252 (43) 
4074 (35) 
2870 (43) 
1231 (42)  


79 (38) 
518 (37) 


3001 (39) 
2246 (37) 
1347 (45) 


150 (35) 
-212 (41)  


-758 (60) 
-481 (44) 
-636 (37) 


784 (51) 
1932 (64) 
887 (57) 
942 (47) 


2231 (64) 
1308 (35)  


1383.5 (3)  
1052 (5)  
1864 (4)  
1981 (4)  
1273 (5)  


234 (4 )  
-532 (4)  
-587 (4 )  


60 (5)  
3386 (4)  
2710 (4)  
1787 (4)  
1606 (3) 
2485 (13) 


494 (8) 
1923 (11) 
2902 (15)  


856 (23) 
1399 (32) 
1257 (43) 
2547 (29) 
2720 (39) 
1588 (32) 


74 (40) 
-1072 (36) 
-1064 (47) 


-255 (44) 
3891 (37) 
3442 (38) 
2753 (36)  
1772 (32) 


1 


t 
Molecule 


H10- 


Figure 4. Selected distances (A) and angles (deg) in the (9. 
CSH6)ZrOCIHg fragments with inclinations (deg in brackets) of 
the C-H bonds out of the allyl carbon atom planes toward the 
zirconium atoms having a positive sign. 


groups. As in (COT)ZrC12.THF,2 the C-H bonds of the 
COT rings are inclined toward the zirconium atom, the 
average angle between the C-H vectors and the COT 
planes being 9.2 (9)' in this case. 


While the allylic C-C distances do not deviate signifi- 
m t l y  from their mean value of 1.358 (4) A, the ZS(ally1) 
distances vary significantly about their mean of 2.481 A 
(Figure 4). Thus the C3H5-Zr interactions in I are slightly 
asymmetric in the solid state. Lack of coplanarity of allyl 
Substituents with the C3 fragments has been found in other 
?r-allyl c~mplexes,~ but the clear detection of such dis- 
tortions in this case in which all substituents are hydrogen 
atoms is noteworthy. The syn and meso hydrogen atoms 
are on the zirconium side of the plane while the anti hy- 
drogen atoms are on the other side (Figure 4). 


The Zr-0 bonds (Figure 4), mean 1.91 (1) A, are short 
compared to the sum of the covalent radii, 2.11 A,6 and 
thus are indicative of a strong bonding. Since the Z r 0 - C  
angles, which are apparently not uneffected by packing 
forces, are very large, sp hybridization for the oxygen atom 
may be invoked. This would be stabilized by 0(2p7r)-- 
Zr(d7r) bonding which would impart partial triple-bond 
character to this linkage. Interestingly, the conformation 
of the ZrOC(CH3)3 fragment in molecule 1 approximately 
corresponds to that of only 20% occupancy in molecule 
2. 


'C15 


(5) B. L. Barnett and C. Krfiger, J. Organomet. Chem., 77,407 (1974). 
(6) L. Pauling, "The Chemical Bond", Cornell University Press, 


10657 (27) 2671 (25j  1406 (34j 


Ithaca, NY, 1967, pp 148-150. 
Occupancy 0.80 (1). Occupancy 0.20 (1). 







Organometallics 1982, 1, 207-210 207 


Discussion 
The conformation of the COT carbon atoms could be 


related to the rotamer angle which was defined previously. 
Thus tub and folded ring stereochemistries are expected 
for rotamer angles of 22.5 and O', respectively. Despite 
the fact that the rotamer (12.7') found in molecule 1 is 
more like the former while that (9.9O) of molecule 2 most 
closely resembles the latter, it is not understandable why 
a small change in conformation angle (3') leads to such 
a large difference in ring stereochemistry. 


Asymmetric ?r bonding of other carbocyclic ligands to 
metal atoms has been detected previously,' but the in- 
teresting feature of the (C0T)Zr systems is the larger 
degree of flexibility in this linkage. While the effects of 
steric repulsions on the Zr-C(C0T) bond distances are 
diffic.ult to dismiss, we feel that the following electronic 
factors merit attention. Consider a coordinate system on 
the Zr atom with z along the COT plane normal, y along 


the normal to the C(lO)-Zr-O plane, and x chosen to 
complete a right-handed framework. The interaction of 
the allyl fragment and alkoxy group with the Zr atom will 
lift the degeneracy of the 4d,, and 4dy, orbitals, forcing 
the former to higher energy. Now an important part of 
the COT-Zr bonding will be the interaction of the ring el 
orbitals with the higher lying 4d,, and 4dy, functions of 
the metal atom.8 Since the energy difference between the 
ring orbital and 4d,, will be greater than that involving 
%, the latter interaction will be stronger. In other words, 
the shorter zl-c(COT) bonds should be those most nearly 
perpendicular to the C(l0)-0 vector. This is observed. 
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(tl-Cy~looctatetraenyl)(g~,?~'-deca-2,7-diene-4,9-diyl zirconium crystallizes in the space group P21/n with 


Least-squares refinement of the structure converged with a conventional R value of 0.020 for 3506 
counter-measured X-ray data with I > 2 4 .  The monomeric molecules have approximate C2 symmetry. 


metric Zr-allyl bonding is found. The Zr-C(ally1) distances average 2.385 (6), 2.532 (3), and 
Highly 2.824 (2) , the longest and shortest distances being associated with methyl- and methylene-substituted 
carbon atoms, respectively. While the former pair displays trigonal hydridization, the stereochemistry 
of the latter pair is more nearly tetrahedral. The reason for the asymmetrical bonding is traced to the 
relief of nonbonded repulsion between the zirconium and methylene carbon atoms. The Zr-C(C0T) bond 
distances display significant variations which cannot be traced to a trans effect induced by the asymmetrical 
Zr-allyl bonding but rather to steric repulsion between the two hydrocarbyl ligands. On the average, the 
C-H vectors of the COT ligand are tilted 6.1 (9)O out of the COT carbon atom plane toward the metal 
atom. 


a = 12.646 (4) A, b = 14.185 (4) A, c = 8.373 (2) 1 , B = 95.89 ( 2 ) O ,  d d d  = 1.474 g/cm3, and 2 = 4. 


Introduction 
While Zr(C3H& catalytically converts butadiene into 


low molecular weight polybutadienes,' the catalytic oli- 
gomerization of butadiene by (V-COT)Z~(C~H,)~ (I), COT 
= 1,3,5,7-~yclooctatetraene, yields mainly the dimer 
&-1,3,&triene and only traces of higher polymem2 This 
contrast in product distributions suggests that the (C0T)Zr 
fragment remains intact during the latter reaction. Indeed, 
the isolation of an intermediate (11) was reported which 
contained a butadiene dimer attached via two allyl frag- 
ments to a (7-COT)Zr moiety.2 IR and NMR investiga- 
tions of I1 suggested an asymmetric ?r-allyl-bonding mode 
with terminal C atoms being further from the Zr atom than 
those C atoms adjacent to the C-C bond joining the two 
butadiene species.2 


The catalytic polymerization of cis-piperylene by I is 
more complex. In addition to lesser amounts of higher 


(1) E. Steinriicke, Diesertation, Technieche Hochschule Aachen (1966). 
(2) H. J. Kablitz and G. Wilke, J.  Organomet. Chem., 61,241 (1973). 
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oligomerics, mixtures of Cnonatrienes and decatrienes were 
obtained. Intermediates were also detected by NMR in 
th is  case, the one containing a Clo chain (III) b e i i  isolated. 
According to the NMR results, I11 would correspond to a 
l,&dimethyl derivative of 11,3 that is, (?-COT)(#- 
CH3CHCHCHCH2)2Zr. 


An X-ray structural study on I11 appeared desirable. 
First, establishment of the Clo chain symmetry, both C, 
(A) and C2 (B) geometries being compatible with the 


\ n 


A B 


spectroscopic data, might help clarify the mechanism of 
hydrogen transfer occurring during displacement of the 


(3) H. J. Kablitz, unpubliihed results. 
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(1) E. Steinriicke, Diesertation, Technieche Hochschule Aachen (1966). 
(2) H. J. Kablitz and G. Wilke, J.  Organomet. Chem., 61,241 (1973). 


0276-733318212301-0207$01.25/0 


oligomerics, mixtures of Cnonatrienes and decatrienes were 
obtained. Intermediates were also detected by NMR in 
th is  case, the one containing a Clo chain (III) b e i i  isolated. 
According to the NMR results, I11 would correspond to a 
l,&dimethyl derivative of 11,3 that is, (?-COT)(#- 
CH3CHCHCHCH2)2Zr. 


An X-ray structural study on I11 appeared desirable. 
First, establishment of the Clo chain symmetry, both C, 
(A) and C2 (B) geometries being compatible with the 


\ n 


A B 


spectroscopic data, might help clarify the mechanism of 
hydrogen transfer occurring during displacement of the 


(3) H. J. Kablitz, unpubliihed results. 
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Table I. Final Atomic Coordinates and Their Standard 
Deviations (XlO’) 


c12 


c1 


Figure 1. A perspective drawing of I11 with hydrogen atoms 
omitted. 


piperylene dimer from the Zr coordination sphere. Second, 
while structural details of the symmetric (a-C3HJZr 
fragment in (q-COT)(a-C3H5)ZrOC4H9 are available, 
corresponding asymmetric linkagea have not been studied. 
Third, in connection with our previous studiesM of the 
(q-C0T)Zr stereochemistry, detection of asymmetry in this 
fragment which might be induced by the (~-allyl)~Zr in- 
teraction is of general interest. 


Experimental Section 
Crystals of 111, which were kindly supplied by Dr. H.-J. Kablitz 


of this institute, were mounted in glass capillaries under argon. 
The space group P21/n was determined from Weissenberg pho- 
tographs. Cell constants, obtained from I9 values measured on 
a CAD-4 diffractometer employing graphite-monochromatrized 
Mo Ka (A = 0.71069 A) radiation, are a = 12.646 (4) A, b = 14.185 
(4) A, c = 8.373 (2) A, j3 = 95.89 (2)’, ddd = 1.474 g/cm3 and 
z = 4. 


Two forms (hkl, hkl, hkl, hhl, 1’ < I9 I 30’) of data were 
measured by the multispeed w-2 I9 scan technique as described 
previously.‘ No indication of crystal or diffractometer instability 
was obtained by periodically monitoring of three standard re- 
flections during the course of data collection. The data were 
corrected for absorption, converted to pol’s, and merged. Of the 
8729 reflections measured, the 3506 unique data with Z 2 20(0 
were deemed observed and 861 were unique and were unobserved. 
Only observed reflections were assigned nonzero weights and 
included in the solution and refinement of the structure. 


The structure waa solved by the heavy-atom method and refined 
by large-block least-squares techniques using previously published 
procedures! After anisotropic refinement of all C atoms, the H 
atoms were located with a difference Fourier synthesis and sub- 
sequently refined isotropically. Refinement converged with R 


= 0.022. The final positional parameters are given 
in Table I. The numbering scheme is defined in Figure 1, the 
H atoms being numbered after the C atoms to which they bond. 


Description of the Crystal Structure 


= CllFol - I ~ c l l / C I ~ o l  = 0.020 and R, = [E.urllFol - I F C I W  


Crystals of I11 are formed from discrete molecules sep- 
arated by van der Waals contacts. While no crystallo- 


(4) D. J. Brauer and C. Kriiger, J. Orgammet. C h m . ,  preceding article 


(5) D. J. Brauer and C. Kriiger, J.  Organomet. Chem., 42,129 (1972). 
(6) D. J. Brauer and C. m e r ,  Znorg. Chem., 14, 3053 (1975). 
(7) D. J. Brauer and C. Kriiger, Znorg. Chem., 16, 884 (1977). 
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4940 (21)  
5172 (27)  
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209 (23)  


1136 (24)  
3173 (22)  


-177 (32)  


graphic symmetry is imposed on the m’olecules, the mo- 
lecular symmetry is approximately C2, the two fold axis 
bisecting C(5)-C(6) and passing through the zirconium 
atom. Accordingly, averaged structural parameters are 
mentioned in the text. (Standard deviations are taken as 
the larger of [CillTpi -p)2/n(n - 1)I1I2 and (&lnu;2)1/2/n, 
where ai is derived from the errors quoted in Table I.) The 
thermal parameters of the zirconium and COT carbon 
atoms can be approximated by a rigid-body-motion model.s 
Librational corrections to the corresponding z1-c and C-C 
bond lengths were found to be small but significant. 
Unless designated to the contrary, only uncorrected dis- 
tances are mentioned in the text. The validity of the H 
atom refinement may be judged by the low root-mean- 
square variation, 0.03 A, mean C-H distance 0.95 A. 


Two allyl fragments of the Clo chain are bonded to the 
zirconium atom. Rather than possessing two sets of three 
nearly equal Zr-C(ally1) separations of about 2.50 A as in 
IV,* the distances in I11 vary from 2.385 (6) to 2.824 (2) 
A. The shortest bonds involve the carbon atoms adjacent 
to the ethylene bridge and indicate a strong bonding in- 
teraction. The longest distances suggest at most very weak 
bonding, but a similarly long Zr-C contact was found in 
the Zr(butadiene) fragment of (T~-COT) (~*-COT)ZPTHF.~ 


(8) V. Schomaker and K. N. Trueblood, Acta Crystallogr., Sect. B,  
B24, 63 (1968). 
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Figure 2. Important distances (A) and angles (deg) in the diallyl 
zirconium fragment including angles formed by the allyl sub- 
stituents with the allyl planes in brackets. A positive sign for the 
latter angles indicates an inclination toward the metal atom. 


As would be expected for a highly asymmetrically bonding 
*-allyl moiety, bonds between the pairs of carbon atoms 
closest to the zirconium atom are distinctly longer (1.440 
(1) A) than those between the other pair (1.361 (1) A). 


The methyl and methylene allyl substituents occupy syn 
and anti positions, respectively. While the methyl carbon 
atoms lie essentially in the allyl carbon atom planes, the 
methylene carbon atoms lie 0.94 A above the planes away 
from the zirconium atom (Figure 2). The direction of 
H(meso), H(syn), and H(anti) displacements from the allyl 
planes in I11 are the same as those in IV, but the degree 
of hydrogen nonplanarity in I11 is only about half of that 
in IV.4 Evidence for steric strain in the Clo chain con- 
formation is offered by the C(4)-C(5)-C(6)-C(7) torsion 
angle of 32.0°, which is midway between eclipsed and 
staggered values. 


Although COT is clearly q8 bonded to the zirconium 
atom, the Zr-C(C0T) bond lengths deviate significantly 
and systematically (Figure 3) from their mean value (2.499 
A, corrected 2.511 A). Deviations of the COT carbon a t o m  
from coplanarity are present which are as large as 0.1 A, 
and the pattern of nonplanarity correlates with the Zr-C- 
(COT) distances (Figure 3). Similar though smaller de- 
viations from C, symmetry were found for the (q-C0T)Zr 
entities in IV4 and (q-COT)ZrCl,.THFG and were attributed 
to electronic and/or steric perturbations introduced by the 
other zirconium ligands. 


In 111, the strongest Zr-allyl interactions are approxi- 
mately trans to the shortest ZI-COT distances (Figure 4); 
therefore, the variation in these bond lengths cannot be 
attributed to a normal trans influence. Indication of im- 
portant steric effects has been found. Nonbonded contad  
as short or shorter than respective sums of van der Waals 
radii (C-C = 3.40 A; C-H = 2.90 A; H-H = 2.40 A) are 
shown in Figure 4. The crowding at  C(11) and C(15), the 
carbon atoms fartheat from the zirconium atom, is obvious. 
In addition, the repulsive contacts C(8)-C(12) and C- 
(3)-C(16) are shorter than C(9)-C(18) and C(2)-C(14), and 
Zr-C(12) and Zr-C(16) are significantly longer than Zr- 
C(18) and Zr-C(14). The C-C distances in the COT ring 
average 1.398 (2) A, corrected 1.407 (2) A. 


When projected on the normal to the COT carbon atom 
best plane, each COT hydrogen atom is closer to the zir- 
conium atom than is the carbon atom to which it is atta- 
ched. The average out of plant tilt angle is defined by the 
complement (Figure 3) of the mean angle formed by the 
C-H vectors with the COT carbon atom plane normal, 6.1 


[lo1 H18 I 1 61 


C18 c12 


I \ 
C17 2.4650) Zr 2.468(2) 
y-4 '1.7082 


[71 


fl 
Figure 3. Selected bond distances and deviations (underscored) 
from the COT carbon atom best plane (A) as well aa angles (deg) 
formed by C-H vectors with the COT plane in brackets. 
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*e ,c1 


H3 
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Figure 4. Repulsive nonbonded contacts (dotted lines, A) be- 
tween the COT and diallyl ligands. 


(9)O, and compares well with previous  observation^.^^^ 


Discussion 
Bonded to one COT ligand and two allyl fragments, the 


zirconium atom in I11 obtains an %electron, inert-gas 
configuration. Since no obvious electronic factors would 
favor asymmetric allyl linkages in this case, steric influ- 
ences may be responsible for the observed distortions. The 
most serious steric constraint is the -CH2-CH2- bridge 
joining the two allyl fragments. Due to the twofold sym- 
metry, the bridging carbon atoms are brought closer to the 
zirconium atom than would be required by their anti 
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positions with respect to the allyl fragments. To lengthen 
these contacts, the methylene groups move out of the allyl 
planes away from the Zr atom. This means that the hy- 
bridization of C(4) and C(7) changes from sp2 to sp3 with 
consequential change from a to u Zr-C(4) and Zr-C(7) 
bonding. Indeed these bond lengths lie in the range of 
other u Zr-C bonds.B 


The prediction2 of the type of Zr-allyl asymmetry in I1 
is particularly important. The distortions could be caused 
by the repulsions just described for the case in I11 if the 
CB chain also has C2 symmetry. This conformation is of 
particular interest since it brings a bridging methylene 
group of one butadiene fragment into the proximity of the 
terminal methylene group of the other. Upon displace- 
ment of the dimer from the complex, H transfer occurs 
from the former to the latter group forming octa-1,3,6- 
triene.2 Correspondingly, the product mixture obtained 
by catalytically oligomerizing piperylene with I contains 
deca-2,4,7-triene; therefore, I11 appears to be a true in- 
termediate., 


(9) J. J. Jeffery, M. F. Lappert, N. Tuyet Luong-"hi, J. L. Atwood, and 
W. E. Hunter, J.  Chem. Soc., Chem. Commun., 1081 (1978). 


L'ommunscattons 


As C(2) and C(9) are far from the zirconium atom, co- 
planarity of the methyl carbon atoms with the respective 
allyl fragments might mean that C(2) and C(9) do not 
interact with the zirconium atom. However, H(2) and H(9) 
are not coplanar with the allyl moieties and thus indicate 
stereochemically significant Z K ( 2 )  and Z&(9) bonding. 
A po&sible explanation for these contradictory observations 
is as follows. A normal Zr-allyl interaction is accompanied 
by C-H(syn) and C-H(meso) bonds inclining out of the 
allyl plane toward the Zr atom while C-H(anti) bonds bend 
in the opposite d i re~t ion .~  These departures from pla- 
narity, which probably signalize the mixing of carbon u and 
a orbitals, tend to lengthen the nonbonded contacts Zr- 
H(anti) while Zr-H(syn) and Zr-H(meso) tend to shorten. 
Therefore exactly opposite to the above-described case of 
anti substitution by a methylene group, syn substitution 
by the sterically larger methyl group should oppose non- 
planarity and the subsequent increase in Zr-CH, non- 
bonded repulsions. 


Registry No. 111, 79681-74-6. 
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Summary: Di- and trisilanyl radicals are shown to un- 
dergo a thermal sequence of disproportionation to silenes, 
rearrangement to silylenes via 1,2-silyl migration, and 
cyclization via y-C-H insertion. 


Recently we reported' that flash vacuum pyrolysis of 
allylpentamethyldisilane (1) gave rise to 1,1,3-trimethyl- 
1,3-disilacyclobutane (5) as the major volatile product. Our 
proposed mechanism consisted of four steps: (a) Si-C 
bond homolysis to form pentamethyldisilanyl radical (2); 
(b) disproportionation of 2 to form silylsilene 3; (c) rear- 
rangement of 3, via 1,2 migration of Me3Si-, to 8-silyl- 
silylene 4; and (d) y C H  insertion by 4 to form 5. Al- 


10-4 torr 
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though steps a: b,3 and d4 have literature precedents, step 


(1) Barton, T. J.; Jacobi, S. A. J.  Am. Chem. Soc. 1980, 102, 7979. 
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c had never before been observed or postulated. 
One of the experimental necessities to establish the 


disproportionation of 2 to 3 was to explain the absence of 
decamethyltetrasilane (6), the expected radical combina- 
tion product of 2. Thus, we conducted the flash vacuum 
pyrolysis of 6 under the conditions employed for 1 (840 
"C, lo4 torr; horizontal quartz-packed tube). Indeed the 
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major volatile product of this pyrolysis is 5 (21%), which 
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(3 )  Davidson, I. M. T.; Howard, A. V. J. Chem. Soc., Faraday Trans. 
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positions with respect to the allyl fragments. To lengthen 
these contacts, the methylene groups move out of the allyl 
planes away from the Zr atom. This means that the hy- 
bridization of C(4) and C(7) changes from sp2 to sp3 with 
consequential change from a to u Zr-C(4) and Zr-C(7) 
bonding. Indeed these bond lengths lie in the range of 
other u Zr-C bonds.B 


The prediction2 of the type of Zr-allyl asymmetry in I1 
is particularly important. The distortions could be caused 
by the repulsions just described for the case in I11 if the 
CB chain also has C2 symmetry. This conformation is of 
particular interest since it brings a bridging methylene 
group of one butadiene fragment into the proximity of the 
terminal methylene group of the other. Upon displace- 
ment of the dimer from the complex, H transfer occurs 
from the former to the latter group forming octa-1,3,6- 
triene.2 Correspondingly, the product mixture obtained 
by catalytically oligomerizing piperylene with I contains 
deca-2,4,7-triene; therefore, I11 appears to be a true in- 
termediate., 


(9) J. J. Jeffery, M. F. Lappert, N. Tuyet Luong-"hi, J. L. Atwood, and 
W. E. Hunter, J.  Chem. Soc., Chem. Commun., 1081 (1978). 
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As C(2) and C(9) are far from the zirconium atom, co- 
planarity of the methyl carbon atoms with the respective 
allyl fragments might mean that C(2) and C(9) do not 
interact with the zirconium atom. However, H(2) and H(9) 
are not coplanar with the allyl moieties and thus indicate 
stereochemically significant Z K ( 2 )  and Z&(9) bonding. 
A po&sible explanation for these contradictory observations 
is as follows. A normal Zr-allyl interaction is accompanied 
by C-H(syn) and C-H(meso) bonds inclining out of the 
allyl plane toward the Zr atom while C-H(anti) bonds bend 
in the opposite d i re~t ion .~  These departures from pla- 
narity, which probably signalize the mixing of carbon u and 
a orbitals, tend to lengthen the nonbonded contacts Zr- 
H(anti) while Zr-H(syn) and Zr-H(meso) tend to shorten. 
Therefore exactly opposite to the above-described case of 
anti substitution by a methylene group, syn substitution 
by the sterically larger methyl group should oppose non- 
planarity and the subsequent increase in Zr-CH, non- 
bonded repulsions. 
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Summary: Di- and trisilanyl radicals are shown to un- 
dergo a thermal sequence of disproportionation to silenes, 
rearrangement to silylenes via 1,2-silyl migration, and 
cyclization via y-C-H insertion. 


Recently we reported' that flash vacuum pyrolysis of 
allylpentamethyldisilane (1) gave rise to 1,1,3-trimethyl- 
1,3-disilacyclobutane (5) as the major volatile product. Our 
proposed mechanism consisted of four steps: (a) Si-C 
bond homolysis to form pentamethyldisilanyl radical (2); 
(b) disproportionation of 2 to form silylsilene 3; (c) rear- 
rangement of 3, via 1,2 migration of Me3Si-, to 8-silyl- 
silylene 4; and (d) y C H  insertion by 4 to form 5. Al- 
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decamethyltetrasilane (6), the expected radical combina- 
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"C, lo4 torr; horizontal quartz-packed tube). Indeed the 
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is almost certainly formed via initial Si2-Si3 homolysis to 
afford disilanyl radical 2. Equally clean was the pyrolysis 
of octamethyltrisilane (7) (860 "C, torr) which gave 
rise to 5 (20%) as almost the exclusive volatile product. 
Also formed (5%) in the pyrolysis of 6 was a mixture of 
cis- and truns-l,3-dimethyl-l-(trimethylsilyl)-l,3-disilacy- 
clobutane (11). It could be demonstrated that 11 arose 
from heptamethyltrisilanyl radical 8 by obtaining 11 as the 
only major volatile product (23%) from the pyrolysis (780 
"C, torr) of 1-allylheptamethyltrisilane (12). Thus, 
the same process of disproportionation (8 - 9), silene 
rearrangement (9 - lo), and cyclization (10 - 11) appears 
to be operative for trisilanyl radical 8 as for disilanyl radical 
2. 


In order to gain further evidence for the rearrangement 
of silylsilenes to silylenes (3 - 4) it was desirable to gen- 
erate silene 3 by an alternate route. Thus we synthesized 
1-methyl-1-(trimethylsily1)-1-silacyclobutane (13) and 
conducted its flash vacuum pyrolysis (840 "C, lo4 torr) 
to obtain 5 in a remarkable 98% yield. Since silacyclo- 


SI  Me3 SiMe3 


"""117 7' - Me3SiCI M e S n  I 8400 -C2Hq [)i=CH] - 5 


3 13 


butanes are well-known to produce silenes upon thermal 
decompositi~n,~ this result would seem to confirm the 
rearrangement of 3 to 4. 


Quite recently Conlins has elegantly demonstrated that 
the pyrolysis of 1-methyl-1-silacyclobutane (14) affords 
dimethylsilylene, which could be trapped in excellent yield. 
For example, copyrolysis of 14 and 1,3-butadiene gave the 
usual products of silylene trapping, dimethyl- 
silacyclopentenes 16 and 17, in a combined yield of 64%. 


Mesn MeSi=CHZ - Me-Si-Me - In 
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[ '  H 


14 


C S i M e ,  + C S i M e 2  
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Thus it was reasonably concluded that initially formed 
2-silapropene (15) underwent 1,2-hydrogen migration to 
produce Me2Si:. Indeed this interpretation received con- 
siderable support in the accompanying report by Michl and 
West,I who presented evidence that photochemically 
generated 15 thermally isomerizes to Me2Si: a t  100 K! 


We would introduce a note of caution in the interpre- 
tation of silene rearrangement results from silacyclobutane 
pyrolyses. While we have no doubt that appropriately 
substituted silenes will undergo thermal rearrangement to 
silylenes, this route is not demanded for the formation of 
silylenes from the thermolysis of silacyclobutanes. There 
is considerable evidence in the literature8 that silacyclo- 
butanes undergo thermal decomposition largely through 
initial C-C rather than Si-C ring-bond homolysis. 
Therefore, neither our results for 13 nor Conlin's results 
for 14 allow one to disregard the possibility that migration 
from silicon is o c c m  at  the diradical(18) stage and that 


(5) Gusel'nikov, L. E.; Nametkin, N. S. Chem. Reu. 1979, 79, 529. 
(6) Conlin, R. T.; Wood, D. L. J. Am. Chem. SOC. 1981, 103, 1843. 
(7) Drahnek, T. J.; Michl, J.; West, R. J. Am. Chem. SOC. 1981,103, 


1843. 
(8) Barton, T. J.; Marquardt, G.; Kilgour, J. A. J. Orgummetal. Chem. 


1975,85,317. Golino, C. M.; Bush, R. D.; On, P.; Sommer, L. H. J. Am. 
Chem. SOC. 1976,97, 1957; ref 5. 
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a final S i 4  bond homolysis is the actual process leading 
to the silylene. Alternatively diradical 19 could close to 
silacyclopropane 20, which would be expected to extrude 
the silylene. 
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13, R = Me,Si 18 
14, R =  H 


MeSi + 
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In an effort to probe this mechanistic dichotomy, we 
sought to generate silene 15 from a precursor other than 
a silacyclobutane. As the thermal decomposition of sila- 
bicyclo[ 2.2.2loctadienes has been reported to proceed via 
a retrograde Diels-Alder extrusion of the bridging silene: 
we synthesized 22 from the Diels-Alder reaction of 5- 
methyl-5-silacyclohexa-1,3-diene (21) (see Scheme I). 
Pyrolysis of 22 in a vertical tube (450 "C) with nitrogen 
flow afforded o-bis(trifluoromethy1)benzene in 84% yield 
and 1,3-dimethyl-l,3-disilacyclobutane (23) in 35% yield. 
Flash vacuum pyrolysis of 22 (550 "C, -10"' torr) pro- 
duced the same two products in respective yields of 90% 
and 38%. Since 23 is known to be a major product re- 
sulting from the gas-phase dimerization of dimethyl- 
silylene,l0 these results alone do not allow the assumption 
that 23 originates from dimerization of silene 15. However, 
the inevitable coproduct from Me2Si: dimerization, 1,l- 
dimethyl-l,3-disilacycIobutane, is not a product from the 
pyrolyses of 22. More conclusive evidence that pyrolysis 
of 22 yields silene 15 is found in the copyrolysis (450 "C, 
N2 flow) of bicyclic generator 22 and 2,3-dimethyl-1,3- 


(9) Barton, T. J.; Kline, E. J. Organometal. Chem. 1972, 42, C21. 
(10) Conlin, R. T.; Gaspar, P. P. J. Am. Chem. SOC. 1976, 98, 868. 
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butadiene. After the hexafluoroxylene (74% ), the major 
volatile product is silacyclohexene 24 (23%), the expected 
product of cycloaddition of 15 and the 1,3-diene. This 
result stands in stark contrast with the reporteds copyro- 
lysis of silacyclobutane 14 and l,&butadiene (vide supra). 
The flow pyrolysis of 22 also affords a small amount ( 5 % )  
of 2-methyl-3- (dimethylsily1)methyl- 1 ,&butadiene (25). 
Although we have previously observed this type of linear 
adduct from the reactions of silenes and butadienes," it 
was conceivable that 26 arose from a stepwise radical ad- 
dition of dimethylsilylene to dimethylbutadiene followed 
by hydrogen migration from carbon to silicon. This in- 
terpretation is rendered highly unlikely since pyrolysis of 
22 in an excess of triethylsilane produced no 2,2-di- 
methyl-l,l,l-triethyldisilane, the normal product of silylene 
trapping by the Si-H bond. 


Thus, as the evidence seems strong that pyrolysis of 22 
does produce silene 15, the case for generation and rear- 
rangement of 15 from silacyclobutane 14 is a t  best weak- 
ened. However, the picture is confused by the recent 
report of isomerization of 15 to Me2Si: a t  100 K.' This 
amazingly facile hydrogen migration is consistent neither 
with our results for 22 nor with the recent calculations of 
Schaefer12 which predict that the activation energy for the 
essentially thermoneutral rearrangement H2Si=CH2 - 
H-Si-CH3 is about 40 kcal/mol. 


In the hopes of finding a silene particularly predisposed 
to rearrange to a silylene, we have generated allyl- 
methylsilene 28. This was accomplished by the flash 
vacuum pyrolyses (lo4 torr) of both silabicyclo[2.2.2]oc- 
tadiene 26 and l-allyl-l-methyl-l-silacyclobutane (27) 
(Scheme 11). Pyrolysis of 26 (520 "C) was extremely clean, 
affording only hexafluoroxylene (83 7%) and 1,3-diallyl- 
l,3-dimethyl-l,3-disilacyclobutane (28, 85% ). Pyrolysis 
of 27 required -200 O C  more than for 26, but still pro- 
duced 29 in 27 % yield. Thus, although silene 28 seemed 
an excellent candidate for rearrangement to silylene 30 
through a cyclic six-electron process, it appears that this 
does not happen, as 28 simply dimerizes in the normal 
head-to-tail fashion. However, in the pyrolysis of 27 there 
is a small amount (2.3 % ) of 4-methyl-4-silacyclopentene 
(31) formed which may well arise from the cyclization of 
silylene 30 followed by transannular hydrogen migration. 
This interpretation is not demanded as it is also possible 


(11) Barton, T. J.; Hoekman, S. K. J.  Am. Chem. SOC. 1980,102,1584. 
(12) Goddard, J. D.; Yoshioka, Y.; Schaefer, H. F. J. Am. Chem. SOC. 


1980,102,7644. 


to imagine 31 arising from 28 through a di-a-methane 
sequence. 


The many syntheses and structural proofs involved in 
this report will be incorporated with current work and 
complete details from ref 1 in a full paper. 
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Summary: The stepwise hydridation of RABBr,-SMe, with 
UAIH,, followed by stepwise hydroboration of two different 
alkenes, provides a convenient route to the mixed orga- 
noboranes, R%%cB, and to the products into which such 
mixed organoboranes can be transformed. 


A rational synthesis of mixed dialkylhaloboranes 
(RARBBX, 1) and trialkylboranes (RARBRCB, 2) has long 
eluded chemists. A convenient synthetic approach to such 
derivatives would greatly expand applications for the 
versatile organoboranes. We now wish to report the 
preparation of such mixed organoborane derivatives (1,2) 
via the controlled hydridation of alkyldihaloboranes 
(RABXz.SMe2, 3), followed by sequential hydroboration 
(eq 1). 


RABX2.SMez - RARBBX.SMe2 - RARBRCB (1) 3A, X = C1 1 2 
3B; X = Br 


The increasing importance of organoboranes' as syn- 
thetic intermediates reveals a need for mixed dialkyl- 
haloboranes and mixed trialkylboranes. Partially mixed 
trialkylboranes, RA2RBB (4), have been prepared by various 
methods.2* Most of the earlier approaches involved use 
of the stable RAzBH or RBBH2 reagents.'~~ Recently, more 
general methods have been reported (eq 2).4*6 


MH alkene B 
RA2BX - [RA2BH] - RA2RBB (2) 
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thetic route to the mixed dialkylbromoboranes, RARBBBr. 


RABHBr.SMe2 - RARBBBr.SMe2 (4) 
6B 1B 


The absence of any significant disproportionation was 
established by converting the product, lB, into the bori- 
nate ester (RARBBOMe, 7) by treatment with methanol- 
sodium methoxide and converting the product into ketone, 
RARBCO (8), via the DCME reaction (eq 5).15 Examina- 
tion of the product by GC analysis revealed the absence 
of RA2C0 and' RB2C0 impurities (Table I). 


alkene B 


1. ClnCHOMe 


Table I. Preparation of Mixed Organoboranes and 
Their Carbon Analogs 


yield,a % 


carbinol 
ketone RARBRC RARBRCB substituents 


RA RB RC RACORB COH 


n-C,H,, n-C,H,, Br 8 4  ( 7 0 )  
n-C,H,, n-ClzHz5 Br 87 (72) 
n-C,H,, n-C,H,, n-C,H,, 69' 


a GC yields, determined by using a suitable internal 
standard. Isolated yields of > 98% pure products are 
given in the parentheses. 
tion; > 99% pure material, mp 47-48 "C. Chemical 
purity 95%. 


Yield after double crystalliza- 


It is apparent that a general route to the totally mixed 
organoboranes, 2, would require a practical synthesis of 
mixed dialkylhaloborane, 1, or mixed dialkylboranes, 
RARBBH. A general synthesis of totally mixed trialkyl- 
boranes, such as 5, where RC is the highly hindered 2,3- 
dimethyl-2-butyl (thexyl, Thx) group, has been reported 
recently (eq 3).'p8 However, our attempts to obtain 


alkene A 


RBLi 
CI 


5 


RARBBH by the controlled elimination of 2,3-dimethyl-2- 
butene have thus far not been successful?JO Conse- 
quently, we undertook to search for a simple procedure 
for preparing the hitherto inaccessible mixed dialkyl- 
haloboranes (1) and mixed trialkylboranes (2). 


Alkyldihaloboranes (3) are readily prepared by hydro- 
boration of alkenes with dihaloborane-methyl sulfide 
(HBX2-SMe2)."J2 The addition of LiAlH4 to 3 in the 
presence of alkene B provides RARB2B (50%) and un- 
reacted 3 (50%). Fortunately, the reaction of 3B with the 
stoichiometric quantity of LiA1H4 (borane:hydride ratio 
1:l) in EhO affords the corresponding alkylbromoborane, 
RABHBr-SMe2 (6B).13 The llB NMR spectrum of 6B 
exhibits a doublet around 6 0.7 (JBH 136 Hz); heteronuclear 
proton decoupling shows a single resonance. The IR 
spectrum exhibits an absorption a t  2450 cm-', but none 
in the region of 1550 cm-', indicating the presence of a 
nonbridged boron hydride species (this implies both the 
existence of 6B as a SMez complex and the absence of 
RABHz dimer). The hydridation is relatively slow, re- 
quiring 3 h at  0 "C, followed by 1 h at  room temperature. 


Terminal alkenes are readily hydroborated by 6B at  0 
"C to provide the corresponding mixed dialkylbromo- 
boranes (eq 4).14 This procedure provides a simple syn- 


(7) Kulkami, 5. U.; Lee, H. D.; Brown, H. c. J. Org. Chem. 1980,45, 


(8) Zweifel, G.; Pearson, N. R. J.  Am. Chem. SOC. 1980, 102, 5919. 
(9) Brown, H. C.; Kulkarni, S. U., unpublished resulta. 
(10) Monoalkylborane-amine complexes have been prepared by the 


displacement of 2,3-dimethyl-2-butene, with amines, from thexylalkyl- 
boranea (ThrBRH): Brown, H. C.: Neaishi, E.: Katz, J.-J. J. Am. Chem. 


4542. 


. - . .  
SOC. 1972,94,5893. 


(11) Brown. H. C.: Ravindran. N.: Kulkami, S. U. J.  Ora. Chem. 1980, . .  
45, '384. 


(12) The hydridation-hydroboration reaction works with alkyldi- 
chloroboranes a~ well. But the yields obtained from bromoboranes are 
better than thcme from chloroboranes. Besides, the alkyldibromo- 
borane-methyl sulfide complexes can be prepared and handled more 
conveniently. Therefore, we employed mainly the alkyldibromoboranes 
during the present study. 


(13) Attempted hydridation of 3B with potassium triiiopropoxyboro- 
hydride in THF formed the boronate esters, RAB(OR),. 


NaOMe EhCOLi 
1 RARBBOMe RAC(=O)RB (5) 


7 2. P I  8 


The reaction of 1 with 1 equiv of hydride (1/4LiA1H4) 
in the presence of alkene C failed to provide the desired 
mixed organoborane 2. Instead, the DCME reaction16 
revealed the presence of largely disproportionated bo- 
rane~.~ '  Possibly the presence of the byproduct, LiAlBr4, 
facilitates redistribution. 


This difficulty was overcome by treating the reaction 
mixture containing 1 with methanol-sodium methoxide, 
when 1 was converted into 7 and the salts were precipitated 
as sodium bromide and aluminum methoxide. Finally, 7 
was converted into the mixed borane by treatment with 
alkene C and LiAlH4 (eq 6).2 GC analysis of the product 
revealed the presence of a single component (9,69% yield 
based on 3) in 95% purity. 


1. ClgHOMe 
EhCOLi 


RARBRCCOH (6) 
alkene C 


2. 101 9 
7 - RARBRCB 


'/sLiAlHI 


Consequently, the present procedures make available 
both mixed RARBBX and mixed RARBRCB for the first 
time. The following procedures are representative. 


To 3.18 g (10 mmol) of n-CsH13BBr2.SMe2" was added 
2.2 mL (30 mmol) of SMez and 15 mL of Et20  at  0 OC, 
followed by a slow addition of LiAlH4 in EbO (2.5 mmol) 
with stirring. The reaction was allowed to proceed for 3 
h a t  0 "C, followed by 1 h at  room temperature, and 1.2 
mL (11 mmol) of 1-pentene was added at 0 OC. After 3 
h, 4.48-mL solution of NaOMe in MeOH (17.5 mmol, 3.9 
M) was added slowly. The mixture was stirred for 0.5 h 
at  room temperature; solvents were removed under the 
aspirator vacuum (15 mmHg) and extracted with 2 X 15 
mL of a 1:l mixture of pentane and Et20. The solvents 
were removed, 15 mL of THF and 1.3 mL (5 mmol) of 
n-tetradecane (internal standard for GC analysis) were 
added, and the DCME reaction was carried out as de- 
scribed elsewhere.ls The GC analysis on a 6 f t  X 1/4 in. 
column packed with 10% SE-30 on Chromosorb W indi- 
cated 84% yield of 6-dodecanone. From a 20-mmol scale 
reaction, 97% pure ketone was isolated in 70% yield: bp 
85-87 "C (0.9 mm); nmD 1.4315 [lit.18 bp 125 OC (12 mm); 
nz0D 1.43391. 


(14) A small amount of ether-cleaved product, RARBBOEt (&lo%), 
was formed in this process. The llB NMR examination of the metha- 
nolysis product indicated the presence of >90% pure borinate ester 7 (6 
5 3 ,  along with some boronate (6 30, <5%) and borate (6 18, <5%) eaters 
a~ impurities. 


(15) Carlson, B. A; Brown, H. C. J. Am. Chem. SOC. 1973,95,6876. 
(16) Brown, H. C.; Katz, J.-J.; Carlson, B. A. J.  Org. Chem. 1973,38, 


3968. 
(17) The GC analysis revealed the formation of 510% RARWO (from 


RARBBOEt) and several carbinols (from the corresponding redistributed 
boranes). 
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For the preparation of 9, the borinate ester 7 (10 mmol) 
was dissolved in 15 mL of THF and treated with 3.33 mmol 
of LiAlH4 in the presence of 1.56 mL (10 "01) of 1-octene 
at 0 OC. The reaction mixture was stirred for 3 h at  room 
temperature, and the aluminum salts were removed by a 
slow addition of 0.65 g of HzS04 (6.66 mmol) and 0.5 mL 
of water at 0 "C. The reaction mixture was extracted with 
pentane (2 X 20 mL), the combined organic extracts were 
dried over anhydrous KzCO3, solvents were removed under 
vacuum, and the resulting 2 was subjected to the DCME 
reaction.16 GC analysis using n-dodecane as an internal 
standard showed a 69% yield of 7-pentylpentadecan-7-01. 
Approximately 5% of impurities could be detected. 


In summary, the bromine atoms of alkyldibromoboranes 
serve as effective and easily replaceable blocking groups 
for stepwise hydroboration. They can be sequentially 
replaced via the hydridation reaction.e Subsequent step- 
wise hydroboration provides the mixed dialkylbromo- 
boranes and trialkylboranes. This process represents the 
first general synthesis for such hitherto inaccessible de- 
rivatives via the stepwise hydridation-hydroboration 
processes. Both the mixed organoboranes as well as the 
sequential hydridation-hydroboration process possess 
great synthetic potential, some of which we are presently 
exploring. 


Acknowledgment. We thank the National Institutes 
of Health for the financial support through Grant GM 


Registry No. 1B (RA = n-C6H11, RB = fl-C&3), 79329-70-7; 1B 


10937-19. 


(RA = n-C6H13, RE = n-C12H2,), 79357-03-2; 2 (RA = n-CaHl3, RE 
n-CaH11, RC = n-C&17), 79329-09-2; 3B (RA = I Z - C ~ H ~ ~ ) ,  79329-71-8; 
6B (R* = n-Cfz), 79357-04-3; 6B (RA = n-C&I,d, 79357-05-4; 7 (RA 
= n-CsH11, R n-CBH13, RB = n- 
C12Hz), 79329-11-6; 8 (RA = n-Ca11, RB = n - C p J ,  6064-27-3; 8 (RA 
= n-C6H13, RE = n-C12H,), 79329-12-7; 9 (R = n-Cd13, RE = n- 


- n-C6H13), 79329-10-5; 7 (RA 


CSH11, RC = n-C&I17), 79329-13-8; 1-pentene, 109-67-1; 1-hexene, 
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Summary: The product formed by thermally induced loss 
of carbon monoxide from Os3(CO),,(.LtCO)(p-CH2) is for- 
mulated as H20s3(C0),(p3-1 ,~-Q~-CCO). The latter com- 
pound readily reacts with methanol to form the carbo- 
methoxymethylidyne cluster, H30s3(CO)g(~3-CC02Me). 


Recently a new triosmium methylene cluster, Os3- 
(CO)lo(p-CO)(p-CHz), was prepared by protonation of 
[OS~(CO)~~CHO]- and was proposed to have structure I 
based on infrared and 13C and 'H NMR spectroscopy.' 
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The methylene cluster may also be obtained by treating 
O S ~ ( C O ) ~ ~ N C M ~  with CHzNz;2 an X-ray crystallographic 
study of the trimethylsilyl derivative O S ~ ( C O ) ~ ~ ( ~ - C O ) ( ~ -  
CHSiMe3) is consistent with structure I.2 From hydro- 
genation of OS~(CO)~~(~-CO)  (p-CH,j in refluxing benzene, 
a yellow byproduct having the stoichiometry "Os3(CO)10- 
(CHz)" was observed.' The same compound (mass spec- 
trum, m/z 870 M+ (lg20s); IR (v(CO), C6H12) 2121 mw, 
2086 8,2064 vs, 2055 vs, 2034 mw, 2006 ms, 1994 m, 1984 
mw) is prepared in 84% yield by refluxing a nitrogen- 
purged toluene solution of O S ~ ( C O ) ~ ~ ( ~ - C O ) ( ~ - C H ~ ) .  


Three formulations have been considered for "Os3- 
(CO)lo(CHz)n. The prospect of H O S ~ ( C O ) ~ ~ ( ~ ~ - C H )  (II), 
analogous to the conversion of HzOs3(CO)lo(p-CHz) into 
H30s3(C0)9(p3-CH),3 is eliminated by the absence of a 
methylidyne 'H NMR signal. A singlet hydride peak is 
seen at 25 "C (T 29.73, CHZClz) and down to -80 OC. The 
13C('H) NMR spectrum of "Os3(CO)lo('3CHz)" (90% 13C 
enriched, from Os3(CO)lo(p-CO)(p-13CH,j2) shows a singlet 
a t  S 8.6 (CDCl,, 25 "C); off-resonance decoupling estab- 
lishes that the labeled carbon is not hydrogen substituted 
(the 7 29.73 signal is now a doublet, V(C-H) = 2.9 Hz). 
A formula such as Hz0s3(CO)lo(C) seems unlikely, since 
compounds with either a divalent (IIIa) or a trivalent (IIIb) 
carbon atom are expected to be quite reactive and hence 
unstable. However, formulation of the yellow compound 
as a ketenylidene complex, H20s3(CO)&!CO) (IV), is 
consistent with all the available data. Thus, the IR 
spectrum (Nujol mull) shows a weak band at  1644 cm-' 
which is assigned to v(CC0) of the ketenylidene moiety. 
Furthermore, the '3c NMFt spectrum of a sample prepared 
from 0~3(CO)10(p-CO)(p-CHz) that was ca. 40% 13C en- 
riched at  the carbonyls and 90% 13C enriched at  the 
methylene shows both the 6 8.6 singlet and a superimposed 
doublet (V(C-C) = 86 Hz) of ca. 40% total intensity. 
Simultaneously, a doublet with the same coupling constant, 
due to the ketenylidene carbonyl, appears a t  6 160.3. 


(1) Steinmetz, G. R.; Geoffroy, G. L. J. Am. Chem. SOC. 1981, 103, 
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For the preparation of 9, the borinate ester 7 (10 mmol) 
was dissolved in 15 mL of THF and treated with 3.33 mmol 
of LiAlH4 in the presence of 1.56 mL (10 "01) of 1-octene 
at 0 OC. The reaction mixture was stirred for 3 h at  room 
temperature, and the aluminum salts were removed by a 
slow addition of 0.65 g of HzS04 (6.66 mmol) and 0.5 mL 
of water at 0 "C. The reaction mixture was extracted with 
pentane (2 X 20 mL), the combined organic extracts were 
dried over anhydrous KzCO3, solvents were removed under 
vacuum, and the resulting 2 was subjected to the DCME 
reaction.16 GC analysis using n-dodecane as an internal 
standard showed a 69% yield of 7-pentylpentadecan-7-01. 
Approximately 5% of impurities could be detected. 


In summary, the bromine atoms of alkyldibromoboranes 
serve as effective and easily replaceable blocking groups 
for stepwise hydroboration. They can be sequentially 
replaced via the hydridation reaction.e Subsequent step- 
wise hydroboration provides the mixed dialkylbromo- 
boranes and trialkylboranes. This process represents the 
first general synthesis for such hitherto inaccessible de- 
rivatives via the stepwise hydridation-hydroboration 
processes. Both the mixed organoboranes as well as the 
sequential hydridation-hydroboration process possess 
great synthetic potential, some of which we are presently 
exploring. 
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Under the same conditions (CDCl,, 25 "C) the osmium 
carbonyl carbons appear as broad resonances at 6 165.8 and 
175.6 (ratio 2:l). However, a t  a lower temperature a 
221:2:2 pattern is observed (-60 "C, CD2C12, 6 179.6,173.0, 
169.9, 168.0, 158.3). If the hydride ligands in H20s3(C- 
O),(CCO) are placed unsymmetrically as shown in IV, 
which is proposed in analogy with the arrangement es- 
tablished for H20s3(C0)9(CCH2) (V),4 then the low-tem- 
perature 'H and 13C NMR data require rapid hydride 
equilibration. Alternatively, the actual hydride positions 
in H20s3(C0)9(CCO) may be equivalent. 


The reactivity of H20s3(C0),(CCO) is consistent with 
its formulation (see Scheme I). Heating the ketenylidene 
complex in methanol affords the carbomethoxy- 
methylidyne cluster, H30s3(CO)9(p3-CC02Me). The same 
alkylidyne cluster may be prepared from H20s3(CO),(C- 
CO) by an alternative procedure. Treatment of a CH2C12 
solution of H20s3(CO)g(CCO) with HBF4-OEt2 at -80 "C 
gives an off-white precipitate (presumably [H,OS,(CO)~- 
(CCO)]+ or [H20s3(CO)g(CCOH)j+) which reacts with 
methanol a t  -80 "C to afford H30s3(C0)9(p3-CC02Me) 
(mass spectrum, m/z 902 M+ (lWOs); 'H NMR (CDCl,, 35 


vw, 2089 vs, 2081 w, sh, 2030 ms, 2025 vs, 2015 mw, 1688 
vw) in high yield. H30s3(CO)g(p3-CC02Me) can also be 
prepared by treating H30s3(C0)9(p3-CBr)6 with AlCl, in 
CH2C12 under CO followed by addition of methanol. An 
analogous procedure was used by Seyferth to prepare 
C O ~ ( C O ) ~ ( ~ ~ - C C O ~ M ~ ) ~  and by Keister to prepare 
H , R U ~ ( C O ) ~ ( ~ , - C C O ~ M ~ ) . ~  


The sequence of C-H bond cleavage and C-C bond 
formation in the conversion of O S ~ ( C O ) ~ ~ ~ - C O ) ( ~ - C H ~ )  to 
H20s3(CO),(CCO) is not yet clear. Possible intermediates 
include IIIa or IIIb, 11, or a complex of ketene. Transfer 
of an alkylidene ligand to coordinated CO is known in 
mononuclear transition-metal chemistry.' Transfer of CO 
to alkylidyne ligands has also been observed.8 The mi- 
gration of coordinated CO to a carbon center has been 
proposed to account for the formation of [Co3(C0),CCO]+ 
from CO, (CO)~(~~-CC~)  and AlC1,6 and for the formation 
of [Fe4(C0)12(p4-CC02Me)]- from the oxidation of [Fe&- 
(CO) 161 2+ by tropylium bromide in methan~l.~JO 


"C) 7 6.17 (9, 3 H), 29.38 (8, 3 H); IR (Y(CO), C6H12) 2116 


(4) Deeming, A. J.; Underhill, M. J.  Chem. Soc., Dalton Tram. 1974, 
1415. 


(5) Keister, J. B.; Horling, T. L. Znorg. Chem. 1980, 19 2304. 
(6) Seyferth, D.; Williams, C. H.; Nivert, C. L. Inorg. Chem. 1977,16, 
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Summary: Reduction of [M(CO),(NMe,)] (M = Cr, Mo, W) 
in THF with alkali naphthalides gives high purity solutions 
of the corresponding [M(CO),] *- dianions. Stable crys- 
talline salts of the [M(CO)5]2- danions (M = Mo, W) were 
prepared by complexlng the sodium counterions with'a 
cryptand. Reduction of [ W(CO),(NH,){P(i-Pr),}] with so- 
dium naphthalide gives [W(CO),(P(i-Pr),)] 2-, as demon- 
strated by reaction with Ph,SnCI and counterion exchange 
to give [NR,] [W(CO),(P(i-Pr),}SnPh,] . 


The development of the chemistry of the pentacarbonyl 
dianions of molybdenum and tungsten has been severely 
restricted by the lack of a convenient preparation of so- 
lutions of the complexes in an innocuous solvent such as 
an ether.' We wish to report new syntheses of these 
dianions using an alkali naphthalide as the reductants 
which provide direct excess to high purity solutions of the 


(1) As noted by others? Behrens' procedures are technically difficult 
and only suitable for preparing small quantities of the dianions3*' or give 
samples contaminated with other salts.s The cesium salts CS~[M(CO)~] 
(M = Cr, Mo, W), prepared by Cs/Hg reduction of the correspondmg 
hexacarbonyls, are insoluble in ethereal solvents and are usually con- 
taminated with Hg.6 In our hands, the reduction of [w(cO)e] with 
Na/Ng in dimethoxyethane' invariably resulted in mixtures of Naz- 
[W2(CO)lo] and Na2[W(CO),], an ohervation which is consistent with the 
published spectra of such reactiom and with the rather low yields re- 
ported for some of the reactions carried out by using material prepared 
in this way? Only reduction of the hexacarbonyls with Na in hexa- 
methylphosphoramideZ gives pure samples of the dianions in a convenient 
reaction, but the reactivity and high boiling point of this solvent con- 
siderably restrict the utility of this approach.6 


(2) Ellis, J. E.; Hagen, G. P. J. Am. Chem. Soc. 1974,96, 7825. 
(3) Behrens, H.; Haag, W. Chem. Ber. 1961,94,312. 
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(6) Ellis, J.; Hentges, S. G.; Kalina, D. G.; Hagen, G. P. J. Organomet. 


Chem. 1975,97, 79. 
(7)  Ellis, J. E.; Hagen, G. P. Inorg. Chem. 1977, 16, 1357. 
(8) NaCloH, haa been used previously to prepare metal carbonyl an- 
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equilibration. Alternatively, the actual hydride positions 
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its formulation (see Scheme I). Heating the ketenylidene 
complex in methanol affords the carbomethoxy- 
methylidyne cluster, H30s3(CO)9(p3-CC02Me). The same 
alkylidyne cluster may be prepared from H20s3(CO),(C- 
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vw, 2089 vs, 2081 w, sh, 2030 ms, 2025 vs, 2015 mw, 1688 
vw) in high yield. H30s3(CO)g(p3-CC02Me) can also be 
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include IIIa or IIIb, 11, or a complex of ketene. Transfer 
of an alkylidene ligand to coordinated CO is known in 
mononuclear transition-metal chemistry.' Transfer of CO 
to alkylidyne ligands has also been observed.8 The mi- 
gration of coordinated CO to a carbon center has been 
proposed to account for the formation of [Co3(C0),CCO]+ 
from CO, (CO)~(~~-CC~)  and AlC1,6 and for the formation 
of [Fe4(C0)12(p4-CC02Me)]- from the oxidation of [Fe&- 
(CO) 161 2+ by tropylium bromide in methan~l.~JO 
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in THF with alkali naphthalides gives high purity solutions 
of the corresponding [M(CO),] *- dianions. Stable crys- 
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published spectra of such reactiom and with the rather low yields re- 
ported for some of the reactions carried out by using material prepared 
in this way? Only reduction of the hexacarbonyls with Na in hexa- 
methylphosphoramideZ gives pure samples of the dianions in a convenient 
reaction, but the reactivity and high boiling point of this solvent con- 
siderably restrict the utility of this approach.6 


(2) Ellis, J. E.; Hagen, G. P. J. Am. Chem. Soc. 1974,96, 7825. 
(3) Behrens, H.; Haag, W. Chem. Ber. 1961,94,312. 
(4) Behrens, H.; Vogl, J. Chem. Ber. 1963,96,2220. 
(5) Behrens, H.; Weber, R. 2. Anorg. Allg. Chem. 1957, 291, 122. 
(6) Ellis, J.; Hentges, S. G.; Kalina, D. G.; Hagen, G. P. J. Organomet. 


Chem. 1975,97, 79. 
(7)  Ellis, J. E.; Hagen, G. P. Inorg. Chem. 1977, 16, 1357. 
(8) NaCloH, haa been used previously to prepare metal carbonyl an- 


ions: Ellis, J. E.; Barger, P. T.; Winzenburg, M. L. J. Chem. SOC., Chem. 
Commun. 1977. 686. 
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complexes in tetrahydrofuran (THF) and from which we 
have been able to obtain stable crystalline salts of both 
dianions. Alkali naphthalide reduction has also been ap- 
plied to the preparation of [W(CO)4(P(i-Pr)3)]2-, the first 
phosphine-substituted derivative of [W(C0),l2-. The new 
syntheses will for the first time allow a thorough explor- 
ation of the chemistry of the dianions; recent results from 
our laboratories on their reactions with iminium saltsg and 
CO2,lo together with Collman's work on the isoelectronic 
complex Na2[Fe(CO)4]11 and Ellis' earlier work on the 
group 6A carbonyl dianions t h e m ~ e l v e s ~ ~ ~ ~ '  would suggest 
that this is likely to be extensive. 


The reactions involve electron transfer from an alkali 
naphthalide to a carbonyl complex containing a labile 
donor ligand12 (eq 1). For example, Na2[W(CO),] is 


Communications 


M = W, M' = Li, Na M = Mo, M' = Na 


prepared by syringing a 0.2M THF solution of NaClJ18 
dropwise into a 0.1 M THF solution of [W(CO)5(NMe3)]13 
at  -78 OC until the orange solution begins to change color 
sharply to a dark red-orange.14 After the mixture is 
warmed to room temperature, IR spectra of the solution, 
which is now homogeneous and orange, typically show the 
presence of [W(CO)5]2-15 with only trace amounts of 
[W2(CO)lo]2-1e as a contaminant. The dianion was iden- 
tified chemically by its reaction with Ph3SnC1,B which gave, 
after counterion exchange and recrystallization, a 65% 
yield" of [NEt,] [W(CO)6SnPh3].18 Naphthalene free 
solutions of the dianion are readily prepared on a millimole 
scale by removing all but a few milliliters of the solvent 
from a solution of the dianion under vacuum at  0 "C and 
washing the residue with diethyl ether a t  0 "C to give an 
orange solid which can be redissolved in THF. The solid 
salt is unstable above 0 "C, and a significant quantity of 
the material will not redissolve in THF after 15 min at  25 
OC.lg Solutions of the dianion are extremely air sensitive 
but are stable a t  room temperature under N2 for several 
days. 


The tungsten dianion can also be prepared by NaCl,,.HB 
reduction of a suspension of [w(Co),] in THF at  -78 "C, 
but the very limited solubility of the hexacarbonyl ne- 


(9) Betty, R. P.; Maher, J. M.; Cooper, N. J. J. Am. Chem. SOC. 1981, 


(10) Maher, J. M.; Cooper, N. J. J. Am. Chem. SOC. 1980,102,7604. 
(11) Collman, J. P. Acc. Chem. Res. 1975, 8, 342 and references 


therein. 
(12) Substrates containing inert, labile donor ligands have been wed 


previously to facilitate the preparation of carbonyl anions: Ellis, J. E.; 
Parnell, C. P.; Hagen, G. P. J. Am. Chem. SOC. 1978,100,3605. 


(13) Strohmeier, W.; Guttenberger, J. F.; Blumenthal, H.; Albert, G. 
Chem. Ber. 1966,99,3419. 


(14) This normally requires 2.0 equiv of NaCl&, but this number is 
highly dependent on the purity of the NaCl&IB. Less than 1% of free 
base, as measured by quenching with BrCHzCH8r followed by titration 
with 0.1 M aqueoua HCl, will catalyze the consumption of additional 
naphthalide in side reactions. 


(15) 1829 (vs), 1772 (e br) cm-' (cf. lit.6 1827 (E), 1757 (s br) cm-'). 
(16) The principal absorption of [Wz(C0)!,Jz- a t  1890 cm-' provides 


a sensitive probe for the presence of the dimenc species, which is the first 
oxidation product of [W(CO)s]z-, as well as a side product in some 
preparations. 


(17) Yield based on the quantity of amine complex used in the re- 
duction. 


(18) Identified by comparison of the IR spectrum of the compound 
with that in the literature.6 The 'H NMR spectra of the compound in 
acetoned6 was also consistent with this formulation. 


(19) The thermal instability of solid Naz[W(CO),] prepared in this 
manner ia in marked contraat with the apparent stabMty of the materials 
for which Behrens reports analytical data.' In the absence of spectro- 
scopic data for Behrens' compound, we are unable to resolve this conflict. 


103, 238. 


cessitates very careful addition of the reductant, and it is 
more convenient to use the soluble amine as the substrate. 


An analogous reaction of NaCloH8 with [Mo(CO),- 
(NMe3)Im gives solutions of Na,[Mo(CO),] in THF. The 
only difference between this and the tungsten case is that 
the solid salt is less thermally stable, and the solvent must 
be removed at -30 "C and the solid washed at -30 "C when 
preparing naphthalene free solutions. The dianion was 
identified by solution IR spectroscopy21 and further 
characterized chemically by its reaction with Ph3SnC16 to 
give, after counterion exchange and recrystallization, a 
90% yield of [Mo(CO),SnPh3] [NEt4].18 The complex 
Na2[Cr(C0),l6 can be prepared in a similar manner. 


The tungsten dianion was also prepared as the lithium 
salt, using LiCIJIs as the reductant. This salt is chemically 
identical to the sodium salt but has a markedly different 
IR spectrum in THF solution.22 Since the available data 
on the solution ion pairing of Na2[Fe(CO)4]23 would suggest 
that both the sodium and lithium salts of the tungsten 
dianion are likely to be ion paired in THF, these features 
suggest a qualitatively different interaction between the 
different cations and the dianions. The most reasonable 
explanation is that the Li+ cations undergo a strong iso- 
carbonyl interaction2, with the oxygens of the carbonyl 
ligands. 


Crystalline salts of both dianions were precipitated from 
THF solutions of the sodium salts by addition of 2 equiv 
of a cryptand,% Kryptofix 2:2:1,% to complex the sodium 
ions. The orange solids were recrystallized from di- 
methylformamide/THF, and IR spectra of Nujol mulls 
indicated that they contained [W(CO),]* and [Mo(C0),l2-, 
respectively.n Analyses were consistent with the antic- 
ipated formulas.28 In marked contrast to solid samples 
of the sodium salt, crystalline samples of the [Na(crypt)]+ 
salts appear to be stable indefinitely a t  room temperature. 
Cryptands have been used previously to prevent solution 
and solid-state interactions between an alkali-metal cation 
and a metal carbonyl anion,% but this is the first case in 
which elimination of this interaction has been reported to 
have a stabilizing effect on such salts. 


The versatility of alkaJj naphthalide reduction as a route 
to transition-metal dianions was further demonstrated by 
the preparation of thermally unstable solutions of [W- 
(CO)4{P(i-Pr)3]]2-, the first phosphine-substituted deriva- 
tive of [W(C0),l2-. A 0.2 M solution of NaCloH8 in THF 
was slowly added to a 0.1 M solution of [W(CO),{P(i- 
Pr)3)(NH3)]30 in THF at  -78 OC until the orange solution 
began to darken sharply in color. The formation of [W- 
(CO),(P(i-Pr),J]" under these conditions is suggested by 


(20) [MO(CO)~(NM~$] was conveniently prepared in 4-g quantities in 
60-70% yield by treating 5 g of [MO(CO)~] in 150 mL of THF with 1.5 
equiv of Me3N0 in the presence of 20 equiv of Me3N. We did not find 
a photochemical procedure to be a satisfactory route to this complex, a 
result consistent with the 46% yield reported previ~ualy.'~ 


(21) 1828 (vs), 1768 (s br) cm-' (cf. lit.6 1822 (E), 1757 (B br) cm-'). 
(22) Li2[W(CO)6]: 1820 (vs), 1775 (8 ,  sh), 1690 (E), 1608 (8 )  cm-' (cf. 


ref 15). 
(23) Collman, J. P.; Finke, R. G.; Cause, J. N.; Brauman, J. I. J. Am. 


Chem. SOC. 1977,99,2515. 
(24) Ellis, J. E. J. Organomet. Chem. 1975, 86, 1. Ulmer, S. W.; 


Skarstad, P. M.; Burlitch, J. M.; Hughes, R. E. J. Am. Chem. SOC. 1973, 
95,4469. 


(25) Lehn, J. M. Struct. Bonding (Berlin) 1973, 16, 1. 
(26) Kryptofix 221 is a proprietary name for 4,7,16,21-pentaoxa- 


1,10-diazabicyclo[8.8.5]~~e, as purchad  from Parish Chemical Co. 
(27) [Na(221)]z[W(CO),]: 1772 (81, 1725 (8 )  cm-'. [Na(22:1)lz[Mo- 


(CO),]: 1772 (E), 1720 (8  br) cm-'. 
(28) Anal. Calcd for C37&NlNaz01SW C, 42.94, H, 6.23. Found C, 


43.08; H, 6.70. Anal. Calcd for Cs7HMMoN,NazOl5: C, 46.94; H, 6.81. 
Found C, 46.89; H, 6.78. 


(29) Teller, R. G.; Finke, R. G.; Collman, J. P.; Chin, H. B.; Bau, R. 
J. Am. Chem. SOC. 1977,99, 1104. 


(30) Schenk, W. A. J. Organomet. Chem. 1979,179, 253. 
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the subsequent reaction of this solution with 1 equiv of 
Ph3SnC1 in THF at  -78 OC to give a 57% yield of off-white 
needles of Li[W(CO)4{P(i-Pr)3)SnPh3]-2THF31 after pre- 
cipitation with benzene and recrystallization from Et20. 
Counterion exchange using [NEt,]Br in ethanol gives 
[NEt,] [W(C0),(P(i-Pr),)SnPh3], which recrystallized as 
off-white needles of a CH2C12 solvate32 from CH2C12. 
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(31) IR v(C0) (THF) 1978 (a), 1858 (vs), 1823 (8 )  cm-'. 'H NMR 
[(CDd2CO] 6 8.62-8.37 (m, 6 H, m-H of Ph), 8.07-7.72 (m, 9 H, 0- and 
g H  of Ph), 3.64 (m, 8 H, OCH2CHJ, 1.79 (m, 8 H, OCHzCH2), 1.12 (dd, 
18 H, J = 6.4 Hz, J H - ~  12.8 Hz, CH(CH&), CH(CHJ2 obscured by 
solvent. 


(32) Anal. Calcd for CBgHaN04PSnW.0.5CH2C12: C, 48.46; H, 5.82. 
Found: C. 48.65: H. 6.12. IR: dC0) (CHoC13 1975 (8) .  1863 (vs~ .  1810 
(8) cm-1. ' 1 ~  NMR [ (cD~)~co~:  d 7.753.63 (m, S 'H, m-H di. Pi) ,  
7.17-7.01 (m, 9 H, 0- and g H  of Ph), 5.58 ( 8 ,  1 H, 0.5CHzC1J; 3.32 (9, 
8 H, J = 7.3 Hz, CH2CH3), 2.00 (septuplet, 3 H, J = 7.2 Hz, CH(CH&, 
partially obscured by solvent), 1.31 ( tof t ,  12 H, J 3 7.3 Hz, J H - N  = 1.6 
Hz, CHZCH,), 1.11 (d Of d, 18 H, J = 7.2 Hz, J w  12.5 Hz, CH(CH,&). 
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Summary: The electron-rich complex [RuCI(PMe,),(Cp)] 
reacts with the alkynol Ph,C(OH)(C--VH) and NH,PF, to 
produce the novel diphenylallenylidene complex [Ru(r)'- 
C=C=CPh,)(PMe,),(Cp)] [PF,] . An X-ray structural de- 
termination reveals a nearly linear metallacumulene chain 
with a short (1.884 (5) A) ruthenium-carbon bond. 


The chemistry of transition-metal alkylidene (carbene) 
complexes is now well established,' but only recently have 
unsaturated alkylidenes (vinylidene complexes, M=C= 
CFQ been explored.2 Still more rare are examples of the 
cumulogs3 of alkylidene complexes, denylidene complexes 


(1) Brown, F. J. B o g .  Znorg. Chem. 1980,27,1-122. 
(2) See for example: (a) Davison, A; Selegue, J. P. J.  Am. Chem. SOC. 


1978,100,7763-7765. (b) Adams, R. D.; Davison, A.; Selegue, J. P. Ibid. 
1979,101,7232-7238. (c) Bruce, M. 1.; Wallis, R. C. A u t .  J. Chem. 1979, 
32,1471-1485. (d) Bruce, M. I.; Swincer, A. G. Ibid. 1980,33,1471-1483. 
(e) Antonova, A. B.; Kolobova, N. E.; Petrovsky, P. V.; Lokshin, B. V.; 
Obezyuk, N. S. J. Organomet. Chem. 1977,137,55-67. ( f )  King, R. B.; 
Saran, M. 5. J. Am. Chem. SOC. 1973, 95, 1811-1817, 1817-1824. (g) 
Bolaud, B. E.; Fam, S. A.; Hughes, R. P. J. Organomet. Chem. 1979,172, 
C29432. (h) Chewier, B.; Webs, R.; Lange, M.; Chottard, J. C.; Maneuy, 
D. J. Am. Chem. Sm. 1981,103,2899-2901. (i) Berke, H. 2. Natwforsch., 
B Anorg. Chem., Org. Chem. 1980, %E, 86-90. (j) Folting, K.; Huffman, 
J. C.; Lewis, L. N.; Caulton, K. G. Inorg. Chem. 1979, 18, 3483-3486. 
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Figure 1. A perspective ORTEP diagram of the cation of [Ru- 
(C3Ph2)(PMe3)2(Cp)] [PFB] showing 50% probability ellipsoids. 


for  [Ru(C,Ph,)(PMe,),(CP)ItPF,I 
Table I. Selected Bond Lengths and Angles with Errors 


bond 
atoms length, A atoms angle, deg 


Ru-C1 1.884 ( 5 )  Ru-Cl-C2 175.9 (5) 
Ru-P1 2.289 (2)  Cl-C2-C3 175.1 ( 7 )  
R u - P ~  2 .292(2 )  C2-C3-C31 119.8 (6) 
Ru-CPO 1 .929  CZ-C3-C41 119.5 (6)  
C l -C2  1 . 2 5 5 ( 8 )  C31-C3-C41 120.7 (5)  
C2-C3 1.329 (9) Pl-Ru-P2 94.57 (6)  
C3-C31 1 .462  ( 9 )  P1-Ru-C1 87.0 ( 2 )  
C3-C41 1.511 ( 8 )  P2-Ru-Cl 92.4 (2)  


CPO is the  centroid of the  cyclopentadienyl ring. 


CPOa-Ru-C1 127.95 


(M=C=C=CFQ." A simple method for the preparation 
of cationic ruthenium allenylidene complexes is reported 
here, along with the structure of one of these complexes. 


The reaction of [RuC1(PMe3),(Cp)16 with the acetylenic 
alcohol Ph2C(OH)(C=CH)6 and NH4PF6 in ethanol (25 
"C, 27 h) leads to a deep orange-brown solution and a 
brown precipitate. Cooling, fitration, washing with water 
and ethanol, and drying in vacuo produces a 76% yield of 
a brown microcrystalline solid. Recrystallization from 
dichloromethane/ether yields large orange-brown crystals 
suitable for X-ray diffraction. 


Spectroscopic characterization of the product suggests 
that is [Ru(C3Ph2)(PMe,),(Cp)] [PF6] (I), a cationic di- 
phenyldenylidene complex. Strong infrared absorptions 
are found at 1926 and 840 cm-' (in CHCl,), corresponding 
to the asymmetric C==C=C stretch of an allene system7p8 
and to the asymmetric stretch of the [PF6]- ion: respec- 
tively. The proton NMR spectra of several [RuL- 
(PMe,),(Cp)]+ derivatives have suggested a direct rela- 
tionship between the chemical shift of the cyclopentadienyl 
group and the degree of "electron richness" a t  the metal 
site.5a In light of this correlation, the 'H NMR spectrum 
of complex I (CDCl,, 90 MHz; 6 7.8-7.4 (m, Ph), 5.50 (s, 
Cp), 1.55 (br t, PMe3)) suggests that the diphenyl- 


(3) Parmantier, M.; Galloy, J.; Van Meerssche, M.; Viehe, H. G. An- 
gew. Chem., Znt. Ed. Engl. 1975,14, 53. 


(4) (a) Fischer, E. 0.; Kalder, H.-J.; Frank, A.; Kohler, H.; Huttner, 
G. Angew. Chem., Znt. Ed. Engl. 1976,15,623-624. (b) Berke, H. Chem. 
Ber. 1980,113,1370-1376. (c) Berke, H. J. Organomet. Chem. 1980,185, 
75-78. 


(5 )  (a) Treichel, P. M.; Komar, D. A. Synth. React. Inorg. Met.-Org. 
Chem. 1980,10, 205-218. (b) Bruce, M. I.; Wong, F. S. J. Organomet. 
Chem. 1981,210, C M 8 .  


(6) Midland, M. M. J.  Org. Chem. 1975,40, 2250-2252. 
(7) Silverstein, R. M.; Bassler, G. C.; Morill, T. C. "Spectrometric 


Identification of Organic Compounds", 3rd ed.; Wiley: New York, 1974; 
P 88. 


(8) The value of u(C=C) in the complex [Mn(tl'-C,Ph,)(Co),(Cp)] is 
1909 cm-I.'b 


(9) Corbridge, D. E. C. 'Topics in Phoerphorus Chemistry-; Grayson, 
M., Griffith, E. J., Eds.; Interscience: New York, 1969; Vol. 6, p 330. 
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the subsequent reaction of this solution with 1 equiv of 
Ph3SnC1 in THF at  -78 OC to give a 57% yield of off-white 
needles of Li[W(CO)4{P(i-Pr)3)SnPh3]-2THF31 after pre- 
cipitation with benzene and recrystallization from Et20. 
Counterion exchange using [NEt,]Br in ethanol gives 
[NEt,] [W(C0),(P(i-Pr),)SnPh3], which recrystallized as 
off-white needles of a CH2C12 solvate32 from CH2C12. 
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Summary: The electron-rich complex [RuCI(PMe,),(Cp)] 
reacts with the alkynol Ph,C(OH)(C--VH) and NH,PF, to 
produce the novel diphenylallenylidene complex [Ru(r)'- 
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Figure 1. A perspective ORTEP diagram of the cation of [Ru- 
(C3Ph2)(PMe3)2(Cp)] [PFB] showing 50% probability ellipsoids. 
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atoms length, A atoms angle, deg 
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R u - P ~  2.292(2)  C2-C3-C31 119.8 (6) 
Ru-CPO 1.929 CZ-C3-C41 119.5 (6)  
Cl-C2 1 . 2 5 5 ( 8 )  C31-C3-C41 120.7 (5)  
C2-C3 1.329 (9) Pl-Ru-P2 94.57 (6)  
C3-C31 1.462 (9)  P1-Ru-C1 87.0 ( 2 )  
C3-C41 1.511 (8)  P2-Ru-Cl 92.4 (2)  


CPO is the centroid of the cyclopentadienyl ring. 


CPOa-Ru-C1 127.95 


(M=C=C=CFQ." A simple method for the preparation 
of cationic ruthenium allenylidene complexes is reported 
here, along with the structure of one of these complexes. 


The reaction of [RuC1(PMe3),(Cp)16 with the acetylenic 
alcohol Ph2C(OH)(C=CH)6 and NH4PF6 in ethanol (25 
"C, 27 h) leads to a deep orange-brown solution and a 
brown precipitate. Cooling, fitration, washing with water 
and ethanol, and drying in vacuo produces a 76% yield of 
a brown microcrystalline solid. Recrystallization from 
dichloromethane/ether yields large orange-brown crystals 
suitable for X-ray diffraction. 


Spectroscopic characterization of the product suggests 
that is [Ru(C3Ph2)(PMe,),(Cp)] [PF6] (I), a cationic di- 
phenyldenylidene complex. Strong infrared absorptions 
are found at 1926 and 840 cm-' (in CHCl,), corresponding 
to the asymmetric C==C=C stretch of an allene system7p8 
and to the asymmetric stretch of the [PF6]- ion: respec- 
tively. The proton NMR spectra of several [RuL- 
(PMe,),(Cp)]+ derivatives have suggested a direct rela- 
tionship between the chemical shift of the cyclopentadienyl 
group and the degree of "electron richness" a t  the metal 
site.5a In light of this correlation, the 'H NMR spectrum 
of complex I (CDCl,, 90 MHz; 6 7.8-7.4 (m, Ph), 5.50 (s, 
Cp), 1.55 (br t, PMe3)) suggests that the diphenyl- 
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gew. Chem., Znt. Ed. Engl. 1975,14, 53. 


(4) (a) Fischer, E. 0.; Kalder, H.-J.; Frank, A.; Kohler, H.; Huttner, 
G. Angew. Chem., Znt. Ed. Engl. 1976,15,623-624. (b) Berke, H. Chem. 
Ber. 1980,113,1370-1376. (c) Berke, H. J. Organomet. Chem. 1980,185, 
75-78. 


(5 )  (a) Treichel, P. M.; Komar, D. A. Synth. React. Inorg. Met.-Org. 
Chem. 1980,10, 205-218. (b) Bruce, M. I.; Wong, F. S. J. Organomet. 
Chem. 1981,210, C M 8 .  


(6) Midland, M. M. J.  Org. Chem. 1975,40, 2250-2252. 
(7) Silverstein, R. M.; Bassler, G. C.; Morill, T. C. "Spectrometric 


Identification of Organic Compounds", 3rd ed.; Wiley: New York, 1974; 
P 88. 


(8) The value of u(C=C) in the complex [Mn(tl'-C,Ph,)(Co),(Cp)] is 
1909 cm-I.'b 
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M., Griffith, E. J., Eds.; Interscience: New York, 1969; Vol. 6, p 330. 
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Scheme I 
NH4PF6 


iCp)(PMe3),Ru-Cl + HC=CC(OH)Ph, - 


I1 


allenylidene ligand is a significantly less effective *-acid 
than the similar phenylvinylidene (V'-C=CHPh) ligand 
(6(Cp) 5.94)'O but that it is similar in *-acid strength to 
a carbonyl ligand (6(Cp) 5.47).58 The 13C(lH] NMR spec- 
trum of complex I (50 MHz, (CD,),CO; 6~ 295.8 (8, Cl), 


= 17.9 Hz, PMe3)) clearly reflects the presence of an un- 
saturated alkylidene ligand. Furthermore, the simplicity 
of the aromatic region of the 13C spectrum suggests that 
both phenyl groups rotate freely and that rotation of the 
diphenylallenylidene moiety with respect to the [Ru- 
(PMe3),(Cp)] symmetry plane is rapid on the 13C NMR 
time scale a t  room temperature. 


Because of the paucity of structural data on metal- 
lacumulene complexes, a single-crystal X-ray diffraction 
study of complex I was undertakeall An ORTEP plot of 
the [Ru(C,Ph,)(PMe,),(Cp)]+ cation is shown in Figure 
1, and selected bond distances and angles are presented 
in Table I. The diphenylallenylidene ligand is of primary 
interest. The ruthenium to carbon (Cl) bond is consid- 
erably shorter than a typical Ru-C single bond length of 
ca. 2.1 AI2 and slightly shorter than most ruthenium to 
carbonyl bonds (1.92-1.93 &.I3 The C 1 4 2  bond length 
in I is nearly as short as a carbon-carbon triple bond 
(1.20-1.21 &.14 The C2-C3 bond length is typical of an 
allene C(sp)-C(spz) double bond (e.g., 1.31 A in CH2= 
C=CHZ14b,C). These structural parameters indicate a 
substantial contribution from two different mesomeric 
forms, Ia and Ib, [CpL,Ru=C=C=CPhz]+ - 
[CpL2Ru-C=C-CPhz]+ with the cationic charge stabi- 
lized by both the metal center and the diphenylcarbenium 
moiety. A similar conclusion was reached in the structural 
analysis of [ C r ( C O ) , ( ~ 1 - C ~ ( N M e z ) P h ) ] . 4 "  The nearly 
linear metallacumulene moiety in I is oriented such that 
it lies approximately in the [Ru(PMe,),(Cp)] pseudomirror 
plane; i.e., the plane defined by C2, C3, C31, and C41 forms 
a dihedral angle of 10.6O with the plane defined by Ru, C1, 
and the centroid of the cyclopentadienyl ring. This alle- 
nylidene orientation is consistent with that predicted by 
Hoffmann and his co-workers to maximize *-orbital 
overlap in the model compound [Fe(q1-C=C=CH2)- 


216.0 (8, C2), 153.8 (8, C3), 145.0 (8, Cipso), 131.6 (8, Cy), 
130.4 (9, Codo), 130.0 (9, C,,b), 92.0 (8, Cp), 22.9 (t, Jcp 


(CO)Z(CP)l+.15 


(10) Treichel, P. M.; Komar, D. A. Znorg. Chim. Acta 1980, 42, 
277-280. 


(11) Crystal data for complex I space group P2,/n, a = 10.815 (2) A, 
b = 13.602 (3) A, c = 20.268 (2) A, a = 103.06 (l)', V = 2904.38 A, 2 = 
4, puled = 1.495 g . ~ m - ~ .  The structure was solved by Patterson and 
difference Fourier techniques and refined by full-matrix least-squares 
procedures: R = 0.069 and R, = 0.085 using 4318 reflections with F L 
3u(FZ). The relatively high R factors are probably due to unresolvable 
disorder in the [PF& ion. 


(12) BNW, M. I.; Gardner, R. C. F.; Howard, J. A. K.; Stone, F. G. A.; 
Welling, M.; Woodward, P. J. Chem. SOC., Dalton Tram. 1977, 621. 


(13) (a) Churchill, M. R.; Hollander, F. J.; Hutchinson, J. P. Znorg. 
Chem. 1977,16,2665. (b) Cobbledick, R. E.; Einstein, F. W. B.; Pomeroy, 
R. K.; Spetch, E. R. J.  Organomet. Chem. 1980,195, 77-88. 


(14) (a) Pauling, L. 'The Nature of the Chemical Bond", 3rd ed.; 
Cornell University Press: Ithaca, New York, 1960; pp 221-231. (b) 
Almenninger, k; Bustiansen, 0.; Tratteberg, M. Acta Chem. Scad .  1959, 
13,1699-1702. (c) Maki, A. G.; Toth, R. A. J. Mol. Spectrosc. 1965,17, 
136-155. 
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A probable mechanism for the formation of I is indicated 
in Scheme I. Heterolytic dissociation of the highly po- 
larized ruthenium-chlorine bond of [RUC~(PM~,) , (C~)]~J~  
is followed by alkyne coordination and a 1,Zhydrogen shift 
to form the intermediate hydroxyvinylidene complex II.%l0 
Although not observed in this case, such intermediates may 
be isolated from reactions of [FeCl(dppe)(Cp)] with alk- 
ynols." Under the reaction conditions, complex I1 
spontaneously dehydrates to form allenylidene complex 


Other reactions of [MX(PR,),(Cp)] (M = Fe, Ru; X = 
C1, Br, I) with alkynols are under investigation. In par- 
ticular, it appears that alkyl-substituted allenylidene 
complexes (e.g., [Ru(C3Mez)(PPh3),(Cp)]+) may be pre- 
pared similarly to I, but their chemistry is dominated by 
deprotonation of the alkyl groups." 
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(CMe3)2)(C0)z(Cp)] undergoes dehydration in the mass spectrometer.2i 
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Peri-substituted naphthalenes are an important subset 
of the class of overcrowded molecules.' Most notable in 
this group are 1,8-di-tert-butylnaphthalenes (la) in which 


(CH3)sM M(CH3)s 


bb 
la ,  M = C 
b, M = Si 
c, M = Ge 
d, M = Sn 


the steric interaction is so great that the naphthalene 
skeleton is severely distorted from planar geometry., It 


(1) For a review of early work, see: Balasubramanian, V. Chem. Reu. 
1966, 66, 567. 
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allenylidene ligand is a significantly less effective *-acid 
than the similar phenylvinylidene (V'-C=CHPh) ligand 
(6(Cp) 5.94)'O but that it is similar in *-acid strength to 
a carbonyl ligand (6(Cp) 5.47).58 The 13C(lH] NMR spec- 
trum of complex I (50 MHz, (CD,),CO; 6~ 295.8 (8, Cl), 
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saturated alkylidene ligand. Furthermore, the simplicity 
of the aromatic region of the 13C spectrum suggests that 
both phenyl groups rotate freely and that rotation of the 
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(PMe3),(Cp)] symmetry plane is rapid on the 13C NMR 
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A probable mechanism for the formation of I is indicated 
in Scheme I. Heterolytic dissociation of the highly po- 
larized ruthenium-chlorine bond of [RUC~(PM~,) , (C~)]~J~  
is followed by alkyne coordination and a 1,Zhydrogen shift 
to form the intermediate hydroxyvinylidene complex II.%l0 
Although not observed in this case, such intermediates may 
be isolated from reactions of [FeCl(dppe)(Cp)] with alk- 
ynols." Under the reaction conditions, complex I1 
spontaneously dehydrates to form allenylidene complex 


Other reactions of [MX(PR,),(Cp)] (M = Fe, Ru; X = 
C1, Br, I) with alkynols are under investigation. In par- 
ticular, it appears that alkyl-substituted allenylidene 
complexes (e.g., [Ru(C3Mez)(PPh3),(Cp)]+) may be pre- 
pared similarly to I, but their chemistry is dominated by 
deprotonation of the alkyl groups." 


Acknowledgment. Thanks are due to Research Corp., 
Sigma Xi, and the Research Foundation and Graduate 
School of the University of Kentucky for financial support 
and to Engelhard Industries and Johnson Matthey, Inc., 
for generous loans of ruthenium trichloride. 


Rsgistry No. I, 79152-77-5; [RUC~(PM~~)~(C~)] ,  74558-74-0; 


Supplementary Material Available: Listings of positional 
and thermal atomic parameters (Table 11) and experimental and 
calculated structure factors (Table 111) (27 pages). Ordering 
information is given on any current masthead page. 


1.13 


PhzC(0H) ( C d H ) ,  3923-52-2. 


(15) Schilling, B. E. R.; Hoffmann, R.; Lichtenberger, D. L. J.  Am. 
Chem. SOC. 1977,101, 585-591. 


(16) The stable hydroxyvinylidene complex [Mn(ql-C=CHC(OH)- 
(CMe3)2)(C0)z(Cp)] undergoes dehydration in the mass spectrometer.2i 


(17) Selegue, J. P., unpublished results. 
(18) A similar dehydration reaction o c m  when trans-[PtHC1(PPhs)Z] 


reacts with a-hydroxyalkynes, e.g., MeZC(OH)(C=CH) yields trans- 
[PtCl(~C=CCMe=CHz)(PPhs)z]. Furlani, A.; Licoccia, S.; Russo, M. V.; 
Guastini, C. J. Chem. Soc., Dalton Trans. 1980, 1958. 


Synthesis of the Elusive 
1,8-Bis( trlmethylsilyl)naphthaiene and Its Facile 
Rearrangement to the 1,7 Isomer 


Ratnasabapathy Soorlyakumaran and Phllip Boudjouk' 
Department of Chemistry 
North Dakota State University 
Fargo, North Dakota 58105 


Received May 27, 198 1 


Peri-substituted naphthalenes are an important subset 
of the class of overcrowded molecules.' Most notable in 
this group are 1,8-di-tert-butylnaphthalenes (la) in which 


(CH3)sM M(CH3)s 


bb 
la ,  M = C 
b, M = Si 
c, M = Ge 
d, M = Sn 


the steric interaction is so great that the naphthalene 
skeleton is severely distorted from planar geometry., It 


(1) For a review of early work, see: Balasubramanian, V. Chem. Reu. 
1966, 66, 567. 


0 1982 American Chemical Society 







Organometallics 1982, 1, 219-222 219 


ion, M', and the base peak at  257, M - CH3+. 
l,&Bis(trimethylsilyl)naphthalene is a white crystalline 


solid (mp 64-66 "C) which can be purified by crystalliza- 
tion from methanol or by preparative gas chromatography. 
It was in using the latter technique that we accidentally 
discovered that l b  rearranges to the 1,7 isomer 4 at  tem- 
peratures above 150 "C. When the column (6 f t  X 0.25 


Me371 


Scheme I 
I Br 


1 .  n-BuL i ,  -76 *C 


3 .  n-BuLi ,  -76 O C  


4 .  MsZSiHCI, - 4 0  'C 


c 


lb 1 .  PCI,.CCI4, 0 OC @@ 2.  MeMgCI. THF 


3 


was logical then that interest should accrue to the silicon, 
germanium, and tin analogues of la. Recently, the heavier 
congeners, lc3 and ld,4 have been prepared and fully 
characterized, including structural determinations by 
X-ray crystallography5 and conformational analyses by 
NMR spectroscopy.6 Both compounds show deviations 
from planarity but are significantly less distorted than la, 
i.e., la >> IC > ld.5 The rotation barriers decrease in the 
same order?' a trend opposite to that predicted.8 Most 
useful would be a study of l b  for comparison purposes. 


In this communication we report the successful synthesis 
of the elusive member of this series, l,&bis(trimethyl- 
sily1)naphthalene (lb), and ita facile rearrangement to the 
1,7-isomer 4. Earlier work4 describing the preparation of 
lb from l&dilithionaphthalene was reinvestigated: and 
it was found that the product of that reaction was actually 
24  l-naphthyl)-2,4,4-trimethyl-2,4-disilapentane. 
Our approach to the synthesis of lb  was a stepwise 


lithiationailation procedure similar to one we recently 
described for the preparation of disilaacenaphthenes.'O In 
this case we used the smaller dimethylchlorosilane as the 
da t ing  agent to generate 3. The structure of 3 was de- 
duced from elemental analysis and mass spectral and 'H 
NMR data. Chlorination of both Si-H functions with 
PCltl followed by methylation led to lb (Scheme I). This 
compound was obtained in -25% yield (isolated, >98% 
pure) based on 2. 


The structure of lb  is deduced mainly from spectro- 
scopic data: lH NMR (90 MHz, CC14, acetone) 6 0.32 (e, 
18 H, SiCH3), 7.30-7.90 (m, 6 H, aromatic); I3C NMR (90 


(proton bearing aromatic carbons), 133.26, 139.70, and 
141.26 (quatemary carbons). The off-resonance decoupled 
spectrum showed a quartet a t  6 3.18 and doublets a t  6 
123.51, 130.34, and 136.26 supporting these assignments. 
The spectrum of lb  was compared to that of the germa- 
nium analogue IC and found to be very similar. 


Compositional data on l b  were also obtained. Anal. 
Calcd for C16H24Si2: C, 70.51; H, 8.88; Si, 20.61. Found: 
C, 70.49; H, 8.87; Si, 20.65. Mass spectral analysis (70 eV) 
showed an intense peak at 272, assignable to the molecular 


MHz, CDC13) 6 3.18 (CH,), 123.51, 130.34, and 136.26 


(2) Handal, J.; White, J. G.; Franck, R. W.; Yuh, U. H.; Allinger, N. 


(3) C d ,  F.; Sj&trand, U.; Mislow, K. J. Organomet. Chem. 1979,174, 


(4) Seyferth, D.; Vick, S. C. J .  Organomet. Chem. 1977, 141, 1973. 
(6) Blount, J. F.; Cozzi, F.; Damewood, J. R., Jr.; Iroff, L. D.; Sjbstrand, 


(6) Anet, F. A. L.; Donovan, D.; Sjbstrand, U.; Mislow, K. J.  Am. 


(7) Anderson, J. E.; Franck, R. W.; Mandella, W. L. J.  Am. Chem. SOC. 


(8) Hutchings, M. G.; Watt, I. J. Organomet. Chem. 1979, 177, 329. 
(9) Wrocynski, R. J.; Baum, M. W.; K0st.D.; Mislow, K.; Vick, S. C.; 


(10) Kiely, J. S.; Boudjouk, P. J.  Organomet. Chem. 1979, 182, 173. 
(11) Mawaziny, S. J. Chem. SOC. A 1970, 9, 1641. 


L. J.  Am. Chem. SOC. 1977,99, 3346. 
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U.; Mislow, K. J.  Am. Chem. SOC. 1980,102, 99. 


Chem. SOC. 1980,102, 1748. 


1972,94,4608. 


Seyferth, D. J. Organomet. Chem. 1979,170, C29. 


4 


in., 5% SE-30 on Chromosorb W) is kept above 200 "C, 
the isomerization is quantitative. Complete conversion to 
4 can also be effected by heating a solution of lb  in carbon 
tetrachloride at 150 "C for 1 h. The structural assignment 
is based on mass spectral data and the comparison of its 
NMR spectrum with that of an authentic sample. This 
appears to be a simple thermal reaction although we have 
not yet ruled out the presence of traces of acid that could 
catalyze the isomerization. Relevant to this is the known 
acid-catalyzed rearrangement of 2-(l-naphthyl)-2,4,4-tri- 
methyl-2,4-disilapentane to 2-(2-naphthyl)-2,4,4-tri- 
methyl-2,4-disilapentane,12 a reaction originally believed4 
to be the l b  - 4 transformation we report here. 


Determination of the molecular structure of l b  by dif- 
fraction methods, conformational analysis by NMR, and 
further study of the 1,8 - 1,7 rearrangement are now in 
progress. 
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Summary: A series of terminal and internal (p-alkylid- 
ene)cobalt complexes (3a-g) has been prepared. These 
complexes have the empirical formula (p-CR,R2)(v5- 
C,H,),Co,(CO),. Isomers having doubly bridging, cis 
terminal, and trans terminal carbonyl groups have been 
detected spectroscopically, the relative amounts of each 
isomer depending in a sensitive way upon the aikylidene 
substltuents. Complexes 3 in which both R and R' are 
alkyl groups lose one molecule of CO, forming the cor- 
responding unsaturated dinuclear complexes 4. Upon 
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It was in using the latter technique that we accidentally 
discovered that l b  rearranges to the 1,7 isomer 4 at  tem- 
peratures above 150 "C. When the column (6 f t  X 0.25 
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3 .  n-BuLi ,  -76 O C  
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was logical then that interest should accrue to the silicon, 
germanium, and tin analogues of la. Recently, the heavier 
congeners, lc3 and ld,4 have been prepared and fully 
characterized, including structural determinations by 
X-ray crystallography5 and conformational analyses by 
NMR spectroscopy.6 Both compounds show deviations 
from planarity but are significantly less distorted than la, 
i.e., la >> IC > ld.5 The rotation barriers decrease in the 
same order?' a trend opposite to that predicted.8 Most 
useful would be a study of l b  for comparison purposes. 


In this communication we report the successful synthesis 
of the elusive member of this series, l,&bis(trimethyl- 
sily1)naphthalene (lb), and ita facile rearrangement to the 
1,7-isomer 4. Earlier work4 describing the preparation of 
lb from l&dilithionaphthalene was reinvestigated: and 
it was found that the product of that reaction was actually 
24  l-naphthyl)-2,4,4-trimethyl-2,4-disilapentane. 
Our approach to the synthesis of lb  was a stepwise 


lithiationailation procedure similar to one we recently 
described for the preparation of disilaacenaphthenes.'O In 
this case we used the smaller dimethylchlorosilane as the 
da t ing  agent to generate 3. The structure of 3 was de- 
duced from elemental analysis and mass spectral and 'H 
NMR data. Chlorination of both Si-H functions with 
PCltl followed by methylation led to lb (Scheme I). This 
compound was obtained in -25% yield (isolated, >98% 
pure) based on 2. 


The structure of lb  is deduced mainly from spectro- 
scopic data: lH NMR (90 MHz, CC14, acetone) 6 0.32 (e, 
18 H, SiCH3), 7.30-7.90 (m, 6 H, aromatic); I3C NMR (90 


(proton bearing aromatic carbons), 133.26, 139.70, and 
141.26 (quatemary carbons). The off-resonance decoupled 
spectrum showed a quartet a t  6 3.18 and doublets a t  6 
123.51, 130.34, and 136.26 supporting these assignments. 
The spectrum of lb  was compared to that of the germa- 
nium analogue IC and found to be very similar. 


Compositional data on l b  were also obtained. Anal. 
Calcd for C16H24Si2: C, 70.51; H, 8.88; Si, 20.61. Found: 
C, 70.49; H, 8.87; Si, 20.65. Mass spectral analysis (70 eV) 
showed an intense peak at 272, assignable to the molecular 


MHz, CDC13) 6 3.18 (CH,), 123.51, 130.34, and 136.26 


(2) Handal, J.; White, J. G.; Franck, R. W.; Yuh, U. H.; Allinger, N. 


(3) C d ,  F.; Sj&trand, U.; Mislow, K. J. Organomet. Chem. 1979,174, 


(4) Seyferth, D.; Vick, S. C. J .  Organomet. Chem. 1977, 141, 1973. 
(6) Blount, J. F.; Cozzi, F.; Damewood, J. R., Jr.; Iroff, L. D.; Sjbstrand, 


(6) Anet, F. A. L.; Donovan, D.; Sjbstrand, U.; Mislow, K. J.  Am. 


(7) Anderson, J. E.; Franck, R. W.; Mandella, W. L. J.  Am. Chem. SOC. 


(8) Hutchings, M. G.; Watt, I. J. Organomet. Chem. 1979, 177, 329. 
(9) Wrocynski, R. J.; Baum, M. W.; K0st.D.; Mislow, K.; Vick, S. C.; 


(10) Kiely, J. S.; Boudjouk, P. J.  Organomet. Chem. 1979, 182, 173. 
(11) Mawaziny, S. J. Chem. SOC. A 1970, 9, 1641. 


L. J.  Am. Chem. SOC. 1977,99, 3346. 


c1. 


U.; Mislow, K. J.  Am. Chem. SOC. 1980,102, 99. 


Chem. SOC. 1980,102, 1748. 


1972,94,4608. 


Seyferth, D. J. Organomet. Chem. 1979,170, C29. 


4 


in., 5% SE-30 on Chromosorb W) is kept above 200 "C, 
the isomerization is quantitative. Complete conversion to 
4 can also be effected by heating a solution of lb  in carbon 
tetrachloride at 150 "C for 1 h. The structural assignment 
is based on mass spectral data and the comparison of its 
NMR spectrum with that of an authentic sample. This 
appears to be a simple thermal reaction although we have 
not yet ruled out the presence of traces of acid that could 
catalyze the isomerization. Relevant to this is the known 
acid-catalyzed rearrangement of 2-(l-naphthyl)-2,4,4-tri- 
methyl-2,4-disilapentane to 2-(2-naphthyl)-2,4,4-tri- 
methyl-2,4-disilapentane,12 a reaction originally believed4 
to be the l b  - 4 transformation we report here. 


Determination of the molecular structure of l b  by dif- 
fraction methods, conformational analysis by NMR, and 
further study of the 1,8 - 1,7 rearrangement are now in 
progress. 
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Summary: A series of terminal and internal (p-alkylid- 
ene)cobalt complexes (3a-g) has been prepared. These 
complexes have the empirical formula (p-CR,R2)(v5- 
C,H,),Co,(CO),. Isomers having doubly bridging, cis 
terminal, and trans terminal carbonyl groups have been 
detected spectroscopically, the relative amounts of each 
isomer depending in a sensitive way upon the aikylidene 
substltuents. Complexes 3 in which both R and R' are 
alkyl groups lose one molecule of CO, forming the cor- 
responding unsaturated dinuclear complexes 4. Upon 
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thermolysis, the internal alkylidene complexes 3 (R and 
R' = n-alkyt) lead to alkenes. However, they also un- 
dergo a surprising rearrangement to terminal alkylidene 
complexes 3 (R = H, R' = n-alkyl'). Isotope labeling 
studies have provided evidence that both metal/hydrogen 
migration and a/a-allyl interconversion are involved as 
primary steps in this rearrangement. 


We wish to report that p-alkylidene complexes in the 
cobalt series having general structure 3, R and R' = n-alkyl 
(Scheme I), undergo a new type of fundamental organo- 
metallic transformation: migration of the dinuclear metal 
group from carbon to carbon along the chain (eq l), ul- 
timately leading to monosubstituted alkylidene complexes 
3 (R = H, R' = n-alkyl'). 


We reported earlier that reaction of radical anion 1 with 
methylene iodide led to p-methylene complex 3 (R = R' 
= H). This material reads with alkenes by an autocatalytic 
mechanism, leading in the case of ethylene to propene and 
CpCo(CO)(CzH4) as final products.' We have now found 
that the radical anionldiiodide reaction appears to be 
general for gem-diiodides and that both internal and ter- 
minal dinuclear alkylidene complexes can be prepared by 
this procedure. Thus, addition of 1.5 equiv of the appro- 
priate gem-diiodide to a suspension of the sodium salt of 
1 in THF resulted in immediate color changes from pale 
green to blue-green (due to the formation2 of neutral dimer 
2) and then to red-brown. Evaporation of solvent and 
chromatography of the residues on alumina under air-free 
conditions, followed by recrystallization from pentane, in 
every case afforded the corresponding (p-alky1idene)-bis- 
( (~5-cyclopentadieny1)carbonylcobalt) (3a-g) in 2 0 4 0 %  
yielda3 


The structures and reactions of complexes 3 are ex- 
tremely sensitive to steric factors. As reported earlier, the 
p-CH, complex exists completely as the coordinatively 


(1) Theopold, K. H.; Bergman, R. G. J. Am. Chem. SOC. 1981, 103, 
2489. 


(2) (a) Schore, N. E.; Ilenda, C. S.; Bergman, R. G. J. Am. Chem. SOC. 
1977,99, 1781. (b) Bergman, R. G. Ace. Chem. Res. 1980, 13, 113. (c) 
Lee, W. S.; Brintzinger, H. J. Organomet. Chem. 1977, 127, 87. 
(3) Satisfactory spectral and analytical data have been obtained on 


each complex. These data are included in the supplementary material 
for this paper, available in the microfilm edition of the journal. 


series 
a R=R'=CH3 
b R = H ,  R': CH$H3 


d R = CH3, R' = n-Pr 


e R=H,  R' c n-BU 


c R=R'=CHZCH3 


f R = R ' z  CD3 


g R =  R ' =  CD2CH3 


0 C 
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saturated, terminally CO-bonded structures A and B 
(Scheme I). The ratio of trans and cis isomers (B/A) is 
955 at  room temperature; reactions of the g-CH2 complex 
take place without detectable buildup of other isomers. 
When R = R' = n-alkyl, the alkyl groups are equivalent 
in the 'H NMR spectrum, indicating that the terminal CO 
isomer having the Cp groups trans to one another (isomer 
B) again predominates. However, IR shows both terminal 
(for example, when R = R' = Me, vco = 1937 cm-l) and 
bridging (1813,1853 cm-') carbonyl groups, indicating the 
presence of both isomers B and C (presumably equilibra- 
ting rapidly on the NMR time scale) in solution. In the 
complexes where R and R' are different (i.e., 3b,d,e), only 
CO terminal. structures are seen when one group is H when 
both are alkyl, again IR shows that both terminal and 
bridging isomers are present in solution. 


Also isolated in the reactions of secondary gem-diicdides, 
in approximately 3% yield, were small amounts of struc- 
turally related complexes. On the basis of spectral and 
analytical properties4 their structures can be assigned as 
p-alkylidene-p-carbonyl-bis(~s-cyclopentadienyl)cobalt) (4). 
These form purple, air-sensitive crystals, and in solution 
they react with excess CO immediately and quantitatively 
to form the corresponding saturated dimers 3. Complexes 
4 are also generated during irradiation of Nz-purged so- 
lutions of 3 or simply by heating. Complex 4a, for example, 
builds up to a maximum of 17 % in the thermal reaction. 
The fact that these reactions are autocatalytic makes them 
difficult to monitor well during large-scale runs and thus 
use preparatively. However, 4 may be isolated in the re- 
action of 3 with C ~ C O ( C ~ H ~ ) ~ ;  4d, for example, was ob- 
tained in 50% yield in this way. 


When a solution of 2-propylidene complex 3a in benz- 
ene-d6 was heated to 80 "C for 10 h, formation of 4a was 
observed after 3 h; following that, decomposition began 
to occur and propene was produced as the only organic 
product. However, during NMR monitoring of this reac- 
tion we were also surprised to discover that a small amount 
(7%) of the terminal alkylidene complex 3b appeared 
during the course of the reaction (cf. Scheme 11). Curious 
to know whether this apparent metal-migration reaction 


(4) The first dinuclear cobalt p-CH2 complex of this type was discov- 
ered in an unexpected reaction between the lithium enolate of acet- 
aldehyde, CoC12 and pentamethylcyclopentadiene: 6. (a) Halbert, R. T.; 
Leonowcz, M. E.; Maydonovitch, D. F. J.  Am. Chem. SOC. 1980, 102, 
5101. For a more recent example, see: (b) Herrmann, W. A.; Huggins, 
J. M.; Reiter, B.; Bauer, C. J. Organomet. Chem. 1981,214, C19-C24. 







Communications Organometallics, Vol. I, No. 1, 1982 221 


Scheme I1 


+ CH3CH=CH2 HKcH2cH3 
3 b  (3a)  


R. 


R=R'=CH3* cp(C0)co- o(c0)Cp 


R=R'=Et 
( 3 c )  


+ 4 d  + pentenes 


3 d  30 


Scheme I11 


- 
heated until NMR monitoring showed it had almost all 
reacted. The prodQt 3e-d4 formed was then isolated by 
column chromatography and its 'H NMR spectrum ex- 
mined. This showed6 clean and specific conversion to the 
complex labeled as illustrated in Scheme 111. 


The conversion of 3a to 3b obviously involves an overall 
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could occur over a longer carbon chain, we heated a solu- 
tion of 3-pentylidene complex 3c under similar conditions. 
In this case heating even at  lower temperature (60 "C) in 
toluene-d8 for several hours led to the formation of 4c, 
pentenes, a small amount of 3e (12% at  maximum build- 
up), and traces of 3d (2%) and 4d (3%). Heating 3d at  
60 "C for 7 h gave ca. 3% of 3e, but this rearrangement 
took place slowly enough that 3d and 4d could not have 
been the sole intermediates in the conversion; i.e., there 
is apparently a direct path from 3c (or 4c) to 3e. No 
reverse isomerization was observed on heating 3b or 3e; 
only alkene and intractable organometallic products were 
formed. 


Examination of the time course of these reactions in- 
dicated that they are initiated autocatalytically, perhaps 
by product-assisted removal of a CO ligand, as in the re- 
action of the parent pCH2 complex with ethy1ene;l for this 
reason it is difficult to obtain clear-cut information about 
the mechanism of the metal-migration reaction from ki- 
netic studiw. We have therefore turned to isotope labeling 
studies to probe the mechanism of the rearrangement. 
Complex 3g (199.5% deuterated a t  the a-positions) was 
prepared by conversion of completely deu te ra t ed  3- 
pentanone to the corresponding diiodide5 followed by re- 
action with radical anion 1. A solution of this material was 


(5) Prose, A.; Stemhell, S. A u t .  J. Chem. 1970,23, 989. 


one-carbon migration of the metal fragment. However, the 
relative amounts of product complexes formed, and the 
rates a t  whcih 3c and 3d rearrange seem to discredit 3d 
as the sole intermediate in the two-carbon transformation 
of 3c to 3e. The labeling results obtained in the 3g - 3e 
reaction require that in moving the metal fragment from 
the center to the end of the chain, one hydrogen initially 
attached to the migration terminus has been transferred 
to the central carbon and one has been transferred to C-2. 
In addition, a deuterium initially residing on the a-carbon 
has also been transferred to the former alkylidene carbon. 
These data indicate that both (overall) one- and two- 
carbon migration can occur and that hydrogen, rather than 
carbon, rearrangement has taken place along with metal 
migration. 


These observations set some quite specific constraints 
on mechanisms which can be responsible for these mi- 
gration reactions. In considering such mechanisms, a 
significant question is whether the dinuclear fragment 
remains intact during the rearrangement, Although this 
is in principle determinable by using crossover experi- 


(6) 'H NMR (benzene-de) of the alkyl region of 3e: 6 8.13 (t, 1 H, J 
= 7.9 Hz, proton attached to alkylidene carbon), 2.51 (m, 2 H, H), 1.55 
(m, 4 H, H, and H-,), 1.04 (t, 3 H, J = 7.1 Hz, terminal methyl group). 
For h d , :  6 8.13 (br d, 1 H), 2.49 (br t, 1 H, Ha), 1.89 (br 8, 1 H, H8), 1.05 
(br 8,  3 H, terminal methyl group). 
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ments, in this case the earlier reported propensity of 
bridging carbene complexes to undergo metal-fragment 
interchange1 destroys the molecular integrity necessary for 
analysis of such experiments. We can therefore write a 
reasonable mechanism for the migration reaction which 
accounts for our product and labeling results, but we do 
not yet know whether the moiety which migrates in the 
actual reactive species is mono- or dinuclear. 


Such a mechanism, illustrated for the observed con- 
version of 3g to 3e-d,, is shown in Scheme IV. We believe 
the first step in the process involves migration of metal 
and a hydrogen atom in opposite directions (perhaps via 
a P-eliminationlreductive elimination sequence), leading 
to *-complex 5. Given that one-carbon migration occurs 
in the closely related rearrangement of 3a, it may be 
possible to do the same sort of process in reverse, leading 
to 6. However, the labeling results rule out this direct 1,2 
metal/H interchange as the predominant path in the case 
of 3g, because that would lead to the (unobserved) labeling 
pattern shown in the scheme as resulting directly from 6. 
Instead, x-complex 5 apparently more rapidly undergoes 
insertion into the methyl C-H bond, leading to 7-allyl 
complex 7. Reductive elimination leads to 8, and then 1,2 
metal/H interchange can occur, leading to the labeling 
pattern actually found' in 3e. 


The x-complexes 5 and 8 are obvious precursors for the 
pentenes formed as major products in the reaction. 
However, given the often demonstrated reversibility of 
a-complex formation between low-valent metals and ole- 
fins, if this mechanism is correct, it suggests that free olefin 
becomes reincorporated into the manifold of intermediates 
(i.e., there is a viable pathway for conversion of alkenes 
into dinuclear carbene complexes). If the reentry rate is 
slow enough, it may be difficult to detect incorporation of 
olefin in the time required for complete rearrangement of 
a given internal alkylidene, but we decided to test this 
prediction. First, we carried out the thermolysis of deu- 
terium-labeled 2-propylidene complex 3f in the presence 
of unlabeled propene. Isolation of the terminal alkylidene 
product 3c and mass spectral analysis showed that it did, 
in fact, contain a small but significant amount (ca. 6%)  
of alkylidene-he, without contamination by mixed H/D 
species which might have arisen by a hydrogen (rather than 
alkylidene ligand) exchange process. Second, we examined 
the rearrangement of unlabeled 3c in the presence of an 
excess of propene. In this experiment, detectable amounts 
(ca. 1%) of 1-propylidene complex 3b appear in place of 
the 1-pentylidene rearrangement product 3e formed in the 
absence of propene.8 


Whether or not the intermediates in Scheme IV are 
dinuclear, if stable mononuclear carbene complexes can 
be prepared with n-alkyl chains attached to the alkylidene 
carbon, it seems likely that carbon-to-carbon migrations 
analogous to those we have found might occur. In addition, 
it is perhaps reasonable to point out that the alkylidene/ 
7-complex interconversions illustrated in Scheme IV 


(7) It is also obviously important to examine the labeling pattern in 
the one-carbon migration product 3d formed from 3g. However, the small 
amounta of this material which build up in the thermolysis of 3g have 
so far made isolation of enough material for careful NMR analysis very 
difficult. We are presently investigating the possibility of carrying out 
this isolation by preparative HF'LC; if this is successful, we should be able 
to test the prediction that the one-carbon migration gives a labeling 
pattern corresponding to that illustrated in 6 (Scheme IV). 


(8) A reviewer has asked whether there is any possibility that the 3b 
formed during the rearrangement of 3c in the presence of propene might 
be due to the occurrence of some olefin metathesis under the reaction 
conditions. We feel this interesting poeeibility is unlikely, since we are 
unable to detect either metathesized olefm or other alkylidenes (e.g., we 
see neither the parent complex 3, R = R' = H, nor the ethylidene complex 
3, R = H, R' = Me) during this process. 
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constitute a mechanism for alkene isomerization. In our 
particular system it appears that even though this path 
is accessible, isomerization via 7-allyl complexes is more 
rapid (e.g., 5 is apparently converted to 7 faster than it 
rearranges to 6). However, the alkylidene route may in 
some cases turn out to be the favored pathway. In any case 
it should certainly now be considered as a viable alternative 
to the more conventionalg a-allyl and metal hydride ad- 
dition/elimination mechanisms. 
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Summary: A CIDNP effect has been observed when 
1, ldiphenylethylene is reacted at low temperature with 
HCo(CO),. This and other chemical evidence clearly 
demonstrate radical formation. 


I t  has been suggested that the reaction of HCO(CO)~ 
with 1,l-diphenylethylenel* (and related compoundslb) 
proceeds by a radical mechanism (Scheme I), but no ev- 
idence for the presence of radicals could be secured. We 
have restudied this reaction and wish to report the first 
example of a CIDNP effect observed with HCo(CO),. 


When 1,l-diphenylethylene is injected into a NMR tube 
containing a CH2C12 solution of HCo(CO), at -78 "C and 
the tube placed immediately in a 'H NMR cavity at 31 "C, 
the CIDNP effect shown in Figure 1 is observed. The 
proton signal of the methyl group in the product a t  6 1.6 
shows a doublet emission which quickly changes to a 
doublet absorption with an upfield shift as the reaction 
proceeds with the rise in temperature. 


The CIDNP effect represents evidence for the inter- 
mediacy of the geminate radical pair Ph,CCH3Co(CO), 
formed by diphenylethylene abstracting hydrogen from 
HCo(CO), (Scheme I). If it is assumed that the geminate 
radical pair is derived from a singlet precursor and that 
the g factor for Co(CO), (2.137 f 0.OU2 is larger than that 
for Ph2CCH3, with a positive coupling constant, a, for a 
C-CH type radical, application of the Kaptein formulation3 
predicts the observed emission spectrum. 


(1) (a) J. A. Roth and M. Orchin, J. Organomet. Chem., 182, 299 
(1979); (b) T. E. Nalesnik and M. Orchin ibid., 199, 265 (1980). 


(2) R. L. Sweany, Znorg. Chem., 19, 3512 (1980). 
(3) R. Kaptein, J. Chem. SOC. D., 732 (1971). T. H. Lowry and K. S. 


Richardson, 'Mechanism and Theory in Organic Chemistry", Harper and 
Row, New York, 1976, p 537. 
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ments, in this case the earlier reported propensity of 
bridging carbene complexes to undergo metal-fragment 
interchange1 destroys the molecular integrity necessary for 
analysis of such experiments. We can therefore write a 
reasonable mechanism for the migration reaction which 
accounts for our product and labeling results, but we do 
not yet know whether the moiety which migrates in the 
actual reactive species is mono- or dinuclear. 


Such a mechanism, illustrated for the observed con- 
version of 3g to 3e-d,, is shown in Scheme IV. We believe 
the first step in the process involves migration of metal 
and a hydrogen atom in opposite directions (perhaps via 
a P-eliminationlreductive elimination sequence), leading 
to *-complex 5. Given that one-carbon migration occurs 
in the closely related rearrangement of 3a, it may be 
possible to do the same sort of process in reverse, leading 
to 6. However, the labeling results rule out this direct 1,2 
metal/H interchange as the predominant path in the case 
of 3g, because that would lead to the (unobserved) labeling 
pattern shown in the scheme as resulting directly from 6. 
Instead, x-complex 5 apparently more rapidly undergoes 
insertion into the methyl C-H bond, leading to 7-allyl 
complex 7. Reductive elimination leads to 8, and then 1,2 
metal/H interchange can occur, leading to the labeling 
pattern actually found' in 3e. 


The x-complexes 5 and 8 are obvious precursors for the 
pentenes formed as major products in the reaction. 
However, given the often demonstrated reversibility of 
a-complex formation between low-valent metals and ole- 
fins, if this mechanism is correct, it suggests that free olefin 
becomes reincorporated into the manifold of intermediates 
(i.e., there is a viable pathway for conversion of alkenes 
into dinuclear carbene complexes). If the reentry rate is 
slow enough, it may be difficult to detect incorporation of 
olefin in the time required for complete rearrangement of 
a given internal alkylidene, but we decided to test this 
prediction. First, we carried out the thermolysis of deu- 
terium-labeled 2-propylidene complex 3f in the presence 
of unlabeled propene. Isolation of the terminal alkylidene 
product 3c and mass spectral analysis showed that it did, 
in fact, contain a small but significant amount (ca. 6%)  
of alkylidene-he, without contamination by mixed H/D 
species which might have arisen by a hydrogen (rather than 
alkylidene ligand) exchange process. Second, we examined 
the rearrangement of unlabeled 3c in the presence of an 
excess of propene. In this experiment, detectable amounts 
(ca. 1%) of 1-propylidene complex 3b appear in place of 
the 1-pentylidene rearrangement product 3e formed in the 
absence of propene.8 


Whether or not the intermediates in Scheme IV are 
dinuclear, if stable mononuclear carbene complexes can 
be prepared with n-alkyl chains attached to the alkylidene 
carbon, it seems likely that carbon-to-carbon migrations 
analogous to those we have found might occur. In addition, 
it is perhaps reasonable to point out that the alkylidene/ 
7-complex interconversions illustrated in Scheme IV 


(7) It is also obviously important to examine the labeling pattern in 
the one-carbon migration product 3d formed from 3g. However, the small 
amounta of this material which build up in the thermolysis of 3g have 
so far made isolation of enough material for careful NMR analysis very 
difficult. We are presently investigating the possibility of carrying out 
this isolation by preparative HF'LC; if this is successful, we should be able 
to test the prediction that the one-carbon migration gives a labeling 
pattern corresponding to that illustrated in 6 (Scheme IV). 


(8) A reviewer has asked whether there is any possibility that the 3b 
formed during the rearrangement of 3c in the presence of propene might 
be due to the occurrence of some olefin metathesis under the reaction 
conditions. We feel this interesting poeeibility is unlikely, since we are 
unable to detect either metathesized olefm or other alkylidenes (e.g., we 
see neither the parent complex 3, R = R' = H, nor the ethylidene complex 
3, R = H, R' = Me) during this process. 
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constitute a mechanism for alkene isomerization. In our 
particular system it appears that even though this path 
is accessible, isomerization via 7-allyl complexes is more 
rapid (e.g., 5 is apparently converted to 7 faster than it 
rearranges to 6). However, the alkylidene route may in 
some cases turn out to be the favored pathway. In any case 
it should certainly now be considered as a viable alternative 
to the more conventionalg a-allyl and metal hydride ad- 
dition/elimination mechanisms. 
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Summary: A CIDNP effect has been observed when 
1, ldiphenylethylene is reacted at low temperature with 
HCo(CO),. This and other chemical evidence clearly 
demonstrate radical formation. 


I t  has been suggested that the reaction of HCO(CO)~ 
with 1,l-diphenylethylenel* (and related compoundslb) 
proceeds by a radical mechanism (Scheme I), but no ev- 
idence for the presence of radicals could be secured. We 
have restudied this reaction and wish to report the first 
example of a CIDNP effect observed with HCo(CO),. 


When 1,l-diphenylethylene is injected into a NMR tube 
containing a CH2C12 solution of HCo(CO), at -78 "C and 
the tube placed immediately in a 'H NMR cavity at 31 "C, 
the CIDNP effect shown in Figure 1 is observed. The 
proton signal of the methyl group in the product a t  6 1.6 
shows a doublet emission which quickly changes to a 
doublet absorption with an upfield shift as the reaction 
proceeds with the rise in temperature. 


The CIDNP effect represents evidence for the inter- 
mediacy of the geminate radical pair Ph,CCH3Co(CO), 
formed by diphenylethylene abstracting hydrogen from 
HCo(CO), (Scheme I). If it is assumed that the geminate 
radical pair is derived from a singlet precursor and that 
the g factor for Co(CO), (2.137 f 0.OU2 is larger than that 
for Ph2CCH3, with a positive coupling constant, a, for a 
C-CH type radical, application of the Kaptein formulation3 
predicts the observed emission spectrum. 


(1) (a) J. A. Roth and M. Orchin, J. Organomet. Chem., 182, 299 
(1979); (b) T. E. Nalesnik and M. Orchin ibid., 199, 265 (1980). 


(2) R. L. Sweany, Znorg. Chem., 19, 3512 (1980). 
(3) R. Kaptein, J. Chem. SOC. D., 732 (1971). T. H. Lowry and K. S. 


Richardson, 'Mechanism and Theory in Organic Chemistry", Harper and 
Row, New York, 1976, p 537. 
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Scheme I 
c1, 
%- Ph&CH36o(C0)4 Ph2C=CH2 + HCo(C0)4 


H Co [ C0)4 
ko(CO)4 + Ph2CCH3 - PhzCHCH3 i- ~ o ( C O ) ~  


f a s t  
2 6 0 ( c o ) 4  - c O 2 ( c o ) 8  


It has been reported that when Ph2CHBr is reacted with 
CO~(CO)~  in THF, Ph2CHCHPh2 is formed in good yield: 
The THF disproportionates C O ~ ( C O ) ~  to provide [Co(C- 
O),];, and this anion reacts with the bromide to give 
Ph2CH as an intermediate which couples to the observed 
dimer. When we repeated this experiment in the presence 
of HCo(CO),, Ph2CH2 was obtained in 95% yield. Ap- 
parently the radical intermediate abstracts hydrogen from 
HCo(CO), faster than it dimerizes. Ph2CHBr in THF 
reacts with HCO(CO)~ in the absence of added C O ~ ( C O ) ~  
to give Ph2CH2, but the reaction is probably initiated by 
[Co(CO),]- available either from the strongly acidic6 
HCo(CO), or from the disproportionation of CO~(CO)~  
generated from the decomposition of HCo(CO), in THF.6 


The hydrogenation of a-methylstyrene with HMII(CO)~, 
after which Scheme I is modeled, has also been reported 
to show a CIDNP effect.' The reported second-order rate 
law, inverse isotope effect, and deuterium exchange be- 
tween reactants and produds for HMn(CO), reactions with 
a-methylstyrene are also characteristic of our reactions 
with HCo(CO),,l suggesting similar mechanisms for hy- 
drogenations with HMn(CO)6 and HCo(CO)& 


HCo(CO), was prepared as previously described.lb 
Ph2C=CH2 was purchased from the Aldrich Chemical Co. 
CIDNP effects were observed on a Varian T 60-MHz 'H 
NMR spectrophotometer. 


CIDNP Effect with 1,l-Diphenylethylene. A 500-pL 
aliquot of freshly prepared 0.80 M (0.40 mmol) HCO(CO)~ 
was injected into a NMR tube capped with a rubber sep- 
tum and flushed well with CO. The NMR tube was then 
placed in a C02/acetone bath at  -78 OC. The tube was 
then removed from the bath, and 40 pL (0.22 mmol) of 
1,l-diphenylethylene was quickly injected into the HCo- 
(CO), solution. The NMR tube was then shaken vigor- 
ously for 2 s, wiped clean, and immediately placed in the 
NMR cavity a t  31 OC. The spectrum is quickly scanned 
in the methyl proton region in order to observe the tran- 
sient emission spectrum. The elapsed time between the 
injection of the olefin and the beginning of the spectrum 
scan must be 15-25 s or only an absorption spectrum will 
be observed. The entire reaction is over in about 60 s. 


Reaction of HCO(CO)~/CO(CO),- with Bromodi- 
phenylmethane. In a 200-ml round-bottom flask well 
flushed with CO was placed a 78-mL THF solution of 0.185 
M (14.0 mmol) HCo(CO)& To the solution was added 2.4 
g (4.9 mmol) of C O ~ ( C O ) ~  followed by the addition of 1.2 
g (4.9 mmol) of bromodiphenylmethane dissolved in 5 mL 
of THF. The solution was stirred for 1 2  h a t  room tem- 
perature. The solvent was then evaporated and the residue 
redissolved in 70 mL of CH2C12. To this solution was then 
added dropwise 5 mL of ethylenediamine. The solution 
was then washed with H20, 2% aqueous HC1, and satu- 
rated aqueous NaCl before drying over CaClz and filtering. 
Evaporation of the solvent gave a clear oil, 0.78 g (95% 
yield). Analysis by lH NMR showed it to be essentially 


(4) D. Seyferth and M. D. Miller, J. Organomet. Chem., 38,373 (1972). 
(5) T. E. Nalesnik and M. Orchin, J. Organomet. Chem., 212, C16 


(l981\. . - - - -, . 
(6) M. V. McCabe, J. F. Terrapane, and M. Orchin, Ind. Eng. Chem. 


(7) R. L. Sweany and J. Halpern, J. Am. Chem. SOC., 99,8335 (1977). 
Prod. Res. Dev., 14, 281 (1975). 


Figure 1. 'H NMR spectr~ (a) emission spectrum of Ph2CHCH3; 
(b) absorption spectrum of Ph2CHCH3 observed 20 s after a; (c) 
spectrum of Ph2CHCH3 with spinning side band of CH2C1,. 


pure diphenylmethane. 'H NMR (CDClJ: 6 7.1 (s, 10, 
phenyls), 3.9 (s, 2, methylene). When the above reaction 
was repeated in the absence of added CO~(CO)~,  an 80% 
yield of PhzCH2 was obtained; no coupled product could 
be detected ('H NMR). 


Registry No. HCo(CO),, 16842-03-8; Co2(C0),,, 10210-68-1; 1,l- 
diphenylethylene, 530-48-3; bromodiphenylmethane, 776-74-9. 
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Summary: (C5H4R),TiE5 (R = H, CH,; E = S, Se) effi- 
ciently transfer a dichalcogenide fragment to [ Ir- 
(Ph,PCH2CH2PPh2),]CI affording Ir"*E, complexes and in 
one case 1 ,4-[(C5H4CH3),Ti],S4. The unique Ti,S4 het- 
erocycle can also be prepared via the PBu, desulfuriza- 
tion of (C5H,CH,),TiS5. 


This report describes a new intermetallic atom transfer 
reaction' and the synthesis of a very unusual organo- 
transition metal chalcogenide. The key reagents employed 
in this study are the dicyclopentadienyltitanium(1V) 
pentachalcogenides whose structures are composed of 
metallapentachalogenide rings.2 The reactivity of these 


(1) For other examples of intermetallic atom transfer reactions see: 
Templeton, J. L.; Ward, B. C.; Chen, G. J.-J.; McDonald, J. W.; Newton, 
W. E. Inorg. Chem. 1981,20, 1248-1253. Reynolds, J. G.; Holm, R. H. 
Inorg. Chem. 1981,20, 1873-1878. 


(2) Epstain, E. F.; Bernal, I. J. Organomet. Chem. 1971,26,229-245. 
Muller, K. G.; Petersen, J. L.; Dahl, L. F. Ibid. 1976, 111, 91-112. 
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Scheme I 
c1, 
%- Ph&CH36o(C0)4 Ph2C=CH2 + HCo(C0)4 


H Co [ C0)4 
ko(CO)4 + Ph2CCH3 - PhzCHCH3 i- ~ o ( C O ) ~  


f a s t  
2 6 0 ( c o ) 4  - c O 2 ( c o ) 8  


It has been reported that when Ph2CHBr is reacted with 
CO~(CO)~  in THF, Ph2CHCHPh2 is formed in good yield: 
The THF disproportionates C O ~ ( C O ) ~  to provide [Co(C- 
O),];, and this anion reacts with the bromide to give 
Ph2CH as an intermediate which couples to the observed 
dimer. When we repeated this experiment in the presence 
of HCo(CO),, Ph2CH2 was obtained in 95% yield. Ap- 
parently the radical intermediate abstracts hydrogen from 
HCo(CO), faster than it dimerizes. Ph2CHBr in THF 
reacts with HCO(CO)~ in the absence of added C O ~ ( C O ) ~  
to give Ph2CH2, but the reaction is probably initiated by 
[Co(CO),]- available either from the strongly acidic6 
HCo(CO), or from the disproportionation of CO~(CO)~  
generated from the decomposition of HCo(CO), in THF.6 


The hydrogenation of a-methylstyrene with HMII(CO)~, 
after which Scheme I is modeled, has also been reported 
to show a CIDNP effect.' The reported second-order rate 
law, inverse isotope effect, and deuterium exchange be- 
tween reactants and produds for HMn(CO), reactions with 
a-methylstyrene are also characteristic of our reactions 
with HCo(CO),,l suggesting similar mechanisms for hy- 
drogenations with HMn(CO)6 and HCo(CO)& 


HCo(CO), was prepared as previously described.lb 
Ph2C=CH2 was purchased from the Aldrich Chemical Co. 
CIDNP effects were observed on a Varian T 60-MHz 'H 
NMR spectrophotometer. 


CIDNP Effect with 1,l-Diphenylethylene. A 500-pL 
aliquot of freshly prepared 0.80 M (0.40 mmol) HCO(CO)~ 
was injected into a NMR tube capped with a rubber sep- 
tum and flushed well with CO. The NMR tube was then 
placed in a C02/acetone bath at  -78 OC. The tube was 
then removed from the bath, and 40 pL (0.22 mmol) of 
1,l-diphenylethylene was quickly injected into the HCo- 
(CO), solution. The NMR tube was then shaken vigor- 
ously for 2 s, wiped clean, and immediately placed in the 
NMR cavity a t  31 OC. The spectrum is quickly scanned 
in the methyl proton region in order to observe the tran- 
sient emission spectrum. The elapsed time between the 
injection of the olefin and the beginning of the spectrum 
scan must be 15-25 s or only an absorption spectrum will 
be observed. The entire reaction is over in about 60 s. 


Reaction of HCO(CO)~/CO(CO),- with Bromodi- 
phenylmethane. In a 200-ml round-bottom flask well 
flushed with CO was placed a 78-mL THF solution of 0.185 
M (14.0 mmol) HCo(CO)& To the solution was added 2.4 
g (4.9 mmol) of C O ~ ( C O ) ~  followed by the addition of 1.2 
g (4.9 mmol) of bromodiphenylmethane dissolved in 5 mL 
of THF. The solution was stirred for 1 2  h a t  room tem- 
perature. The solvent was then evaporated and the residue 
redissolved in 70 mL of CH2C12. To this solution was then 
added dropwise 5 mL of ethylenediamine. The solution 
was then washed with H20, 2% aqueous HC1, and satu- 
rated aqueous NaCl before drying over CaClz and filtering. 
Evaporation of the solvent gave a clear oil, 0.78 g (95% 
yield). Analysis by lH NMR showed it to be essentially 
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(5) T. E. Nalesnik and M. Orchin, J. Organomet. Chem., 212, C16 
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(7) R. L. Sweany and J. Halpern, J. Am. Chem. SOC., 99,8335 (1977). 
Prod. Res. Dev., 14, 281 (1975). 


Figure 1. 'H NMR spectr~ (a) emission spectrum of Ph2CHCH3; 
(b) absorption spectrum of Ph2CHCH3 observed 20 s after a; (c) 
spectrum of Ph2CHCH3 with spinning side band of CH2C1,. 


pure diphenylmethane. 'H NMR (CDClJ: 6 7.1 (s, 10, 
phenyls), 3.9 (s, 2, methylene). When the above reaction 
was repeated in the absence of added CO~(CO)~,  an 80% 
yield of PhzCH2 was obtained; no coupled product could 
be detected ('H NMR). 
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ciently transfer a dichalcogenide fragment to [ Ir- 
(Ph,PCH2CH2PPh2),]CI affording Ir"*E, complexes and in 
one case 1 ,4-[(C5H4CH3),Ti],S4. The unique Ti,S4 het- 
erocycle can also be prepared via the PBu, desulfuriza- 
tion of (C5H,CH,),TiS5. 


This report describes a new intermetallic atom transfer 
reaction' and the synthesis of a very unusual organo- 
transition metal chalcogenide. The key reagents employed 
in this study are the dicyclopentadienyltitanium(1V) 
pentachalcogenides whose structures are composed of 
metallapentachalogenide rings.2 The reactivity of these 


(1) For other examples of intermetallic atom transfer reactions see: 
Templeton, J. L.; Ward, B. C.; Chen, G. J.-J.; McDonald, J. W.; Newton, 
W. E. Inorg. Chem. 1981,20, 1248-1253. Reynolds, J. G.; Holm, R. H. 
Inorg. Chem. 1981,20, 1873-1878. 


(2) Epstain, E. F.; Bernal, I. J. Organomet. Chem. 1971,26,229-245. 
Muller, K. G.; Petersen, J. L.; Dahl, L. F. Ibid. 1976, 111, 91-112. 
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compounds has been found to contrast sharply with that 
of the cyclo-octachalcogenides.3 


l a ,  E = S, R = H 
lb, E = S, R = CH, 
2a, E = Se, R = H 
2b, E = Se, R = CH, 


Equimolar quantities of la or lb  and [I~(dppe)~]Cl (dppe 
= 1,2-bis(diphenylphosphino)ethane) 3,4 were found to 
react efficiently in dichloromethane solution (25 "C, 4 h). 
After solvent evaporation, washing with THF, and re- 
crystallization of the residue from CH2C12-Et20, a 60% 
yield of orange, crystalline [Ir(dppe)2S2]C15 was realized. 
The identity of this product was confirmed by detailed 
comparison of its 360-MHz 'H NMR spectrum with that 
of the same compound prepared from 3 and c-Spe The 
efficient synthesis of [Ir(dppe)2Se2]C1 by an analogous 
procedure from 2a and 2b is particularly notable since the 
published procedure5 using c-Se8 proceeds very sluggishly 
(eq 1). This result illustrates the utility of pentaselenides ,*, 


[Iridppe),ICl [Ir(dppe),Se,lCl (1) 


2a and 2b as conveniently reactive and soluble (8.3 X lo9 
and 1.0 X 1W2 M, respectively, in CH2C12 at  23 OC') sources 
of elemental selenium. In contrast, c-Se8 is practically 
insoluble in useful organic solvents (<2.5 X M in 
CH2C12 at  23 OC') wherein it reverts to the refractory, 
polymeric gray allotrope. 


Chromatographic workup (CH2C12 elution on Merck PF 
254 silica gel) of the products of the iridium desulfurization 
of l b  afforded ( M ~ C P ) ~ T ~ ~ S ~ ,  4b (Rf = 0.25), a new com- 
pound isolated in 22% yield as red crystals from 
CH,Cl,-he~anes.~ A symmetric structure with two S-S 
bonds was indicated for 4b on the basis of its cleavage 
reaction with dimethyl acetylenedicarboxylate (eq 2). The 


Z = CO,CH, 


new dithiolene complex was purified by chromatography 
on Sephadex LH-20 (CH2C12 eluent) and can also be 
prepared directly from lb.3 'H NMR spectroscopy indi- 
cates that 4b, like its pentasulfido precursor, contains 
nonequivalent MeCp ligands (Figure 1). This observation 
is consistent with 4b existing in a stereochemically rigid 
chair form.28Jo Attempts to characterize the ring inversion 


(3) A paper describing the detailed mechanistic and structural study 
of the reaction of the acetylenes with these titanium pentachalcogenides 
is in preparation. 


(4) Vaaka, L.; Catone, D. L. J. Am. Chem. SOC. 1966,88,5324-5325. 
(5) Ginsberg, A. P.; Lindsell, W. E. J. Chem. SOC. D 1971, 232-233. 


Bonds, W. D., Jr.; Ibers, J. A. J. Am. Chem. SOC. 1972,94, 3413-3419. 
(6) Ginsberg, A. P.; Lindsell, W. E. Znorg. Chem. 1973,12,1983-1985. 
(7) The solubilities were determined by UV-VIS spectrophotometry. 
(8) Anal. Calcd for C12H14SZTi: C, 53.33; H, 5.22; Ti, 17.72. Found 


C, 53.51; H, 5.22; Ti, 17.57. 'H NMR (CDCla, 360 MHz): 6 6.54 (4 H, m, 
C6H,), 6.33 (4 H, m, C&), 6.07 (4 H, m, C&), 5.98 (4 H, m, C&), 2.46 
(6 H, 8,  CH,), 1.84 (6 H, 8,  CHS). Field desorption ma88 spectrum: m / e  
541 (M+). IR (mineral oil mull): 1035,939,896,870,818,422,390 cm-'. 
The corresponding products derived from la, 26, and 2b were insuffi- 
ciently soluble to be purified. 


(9) K6pf, H.; Block, B.; Schmidt, M. Chem. Ber. 1968,101, 272-276. 
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Figure 1. 360-MHz 'H NMR spectrum of l,4-[(MeCp),Ti]zS4 
and its proposed structure. 


by variable-temperature 'H NMR spectroscopy were un- 
successful due to the thermal instability of this new com- 
pound. Compound 4b is a unique example of a complex 
containing a cyclic M2S4 core and as such represents a new 
valence isomer of this topical chemical entity."J2 


The formation of 4b via the iridium abstraction of an 
S2 unit from l b  would be expected to proceed via the 
intermediacy of (MeCp),TiS, which could couple to form 
the known dimer, 1,5[/MeCp)2Ti].$e'3 Curiously, we find 
that this cyclic hexasulfide is not readily desulfurized by 
3. Furthermore, 1,5-[ ( M e C ~ ) ~ l ' i ] ~ s ~  was never detected 
in any reactions of l b  with 3b. However, we have found 
that the cyclic pentasflide l b  could be desulfurized to the 
cyclic tetrasulfide 4b by using tri-n-butylphosphine. This 
discovery has led to an inexpensive, one-pot synthesis of 
4b. Treatment of l b  with 3 equiv of P ( ~ - B U ) ~  in refluxing 
CH2C12 for 15 min, followed by concentration and cooling 
to -20 "C, afforded pure 4b as red needles in 28% yield 
(eq 3). 
2(MeCp),TiS5 + 6PBu3 - 


1 , 4 - [ ( M e C ~ ) ~ T i l ~ S ~  + 6SPBu3 (3) 


An additional facet of the chemistry of 4b is that it is 
formally, although not preparatively, the oxidized dimer 
of the dithiol, ( M ~ C P ) , T ~ ( S H ) ~ ~ ~  (eq 4). This intercon- 
version represents a theme of continuing interest to us and 
others.16 


(10) For a discussion of the conformational analysis of organic poly- 
sulfides, see: Allinger, N. L.; Hickey, M. J.; Kao, J. J. Am. Chem. SOC. 


(11) For a synopsis of transition metal-S2 complexes, see: Miiller, A.; 
Jaegermann, W. Inorg. Chem. 1979,18, 2631-2633. 


(12) Recent examples of metal complexes containing the MzSl core: 
DuBois, D. L.; Miller, W. K.; Rakowski DuBois, M. J.  Am. Chem. SOC. 
1981,103,3429-3436. Clegg, W.; Christov, G.; Garner, C. D.; Sheldrick, 
G .  M. Znorg. Chem. 1981,20, 1562-1566. Milller, A,; Krickemeyer, E.; 
Reinsch, U. 2. Anorg. Allg. Chem. 1980, 470, 3638. Chanaud, H.; Du- 
courant, A. M.; Giannotti, C. J. Organomet. Chem. 1980,190, 201-216. 
Kubas, G.; Vergamini, P. J. Znorg. Chem. 1981,20,2667-2676. 


(13) Bolinger, C. M.; Raucbfuea, T. B.; Wilson, S. R. J.  Am. Chem. SOC. 
1981,103,5620-5621. 
(14) This compound, prepared by using the method of McCall and 


Shaveri6 for the CaH, derivative, is considerably easier to isolate in 
crystalline form. Anal. Calcd for C,H&Tt C, 52.93; H, 5.92; Ti, 17.58. 
Found C, 52.85; H, 5.81; Ti, 17.51. 'H NMR (CDCl,, 90 mHz): 6 (4 H, 
m,C&), 6.95 (4 H, m, C&), 3.09 (2 H, 8, SH), 2.35 (6 H, 8,  CH,). IR 
(mineral oil mull): 3079, 2562, 2545, 1083, 942, 921, 842, 815 cm-'. 


(15) McCall, J. M.; Shaver, A. J. Organomet. Chem. 1980,193, C37- 
c39. 


(16) For recent discussions of metallothiol-metallodisu&lde intercon- 
versions see: Seyferth, D.; Henderson, R. S. J. Organomet. Chem. 1981, 
204,333-343. KiUmer, V.; Rattinger, E.; Vahrenkamp, H. J. Chem. SOC., 
Chem. Commun. 1977,782-783. Ramsani, T.; Taylor, R. S.; Sykes, A. G. 
Zbid. 1976, 383-384. 


1976,89,2741-2745. 
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Summary: The intrinsically chiral tetrahedral organo- 
transition-metal clusters PhaCO,CHMe, [ (C,H,)Ni- 
MI, where M is CO(CO)~ (l), (C,H,)Mo(CO), (2), or Mn(G 
0), (3), have been prepared. The low symmetry of these 
molecules allows the detection and analysis of a new 
fluxional process, viz., the formal rotation of the M-M 
and C-C bond vectors. Using high-field NMR spectros- 
copy, AG* for 2 is 20.5 f 0.5 kcal/mol. The fluxionality 
and high reactivii of these molecules toward addition of 
an Fe(CO),, moiety are rationalized in terms of Wade's 
rules for electrondeficient clusters. 


While many of the recent advances in cluster chemistry' 
have focussed on larger and larger molecular assemblies, 
the oldest and most widely investigated systems2 still pose 
fascinating challenges not only of synthesis but also of 
bonding and molecular dynamics. Thus, to rationalize the 
high reactivity of the acetylene clusters A such as p-($- 
~ c ~ ) c o ~ ( c o ) 6 ,  it was suggested more than a decade ago3 
that they might be in equilibrium with the isomeric 1,2- 
dimetallacyclobutenes B (Scheme I). Although some 


f Ecole Nationale Supgrieure de Chimie. * Universit6 de Rennes I. 
1 McMaster University. 
(1) For a recent review, see: "Transition Metal Clusters"; Johnson, B. 


F. G., Ed.; Wiley-Interscience: New York, 1980. 
(2) See, for example: Pino, P.; Braca, G. In "Organic Syntheses via 


Metal Carbonyls": Wender, I., Pino, P., Eds.; Wiley-Interscience: New 
York, 1977; Vol. 2, p 419. 
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1970,43, 152G1523. 
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extremely interesting observations have been reported? 
there has been, to our knowledge, no unequivocal dem- 
onstration of a process corresponding formally to relative 
rotation of the C-C and M-M bond vectors in a tetrahedral 
cluster. Furthermore, calculations suggest that, for such 
an interconversion process to occur, a relatively high 
barrier must be su rm~un ted .~  We now report the con- 
struction of molecules possessing appropriate functional- 
ities to allow us to probe the viability of such a process. 


We have found that the reaction of CO~(CO)~, (C5H5)2Ni 
and an alkyne yields (inter alia) molecules of the type 
(C5H5)NiCo(C0)3(RC=CR).6 Similarly, the new mixed 
dimetallic series (C5H5)NiMo(C0)2(C5H5)(RC=CR) is 
readily accessible by treatment of an alkyne with (Ca5),Ni 
and (C5H5)2Moz(C0)6.899 When the precursor acetylene 
bears two different substituents, these molecules are chiral 
and the incorporation of an isopropyl moiety, as in 
(C5H5)NiC~(C0)3(PhCH.+C02CHMe2) (1) and (C5H5)- 


N~MO(CO)~(C~H~)(P~C=C-CO~CHM~~) (2) provides 
diastereotopic methyl groups with which to monitor the 
rate of racemization of the complex and thus unmask the 
hitherto hidden process. In the absence of exchange the 
isopropyl methyls exhibit a pair of doublets which only 


(4) (a) Dickson, R. S.; Pain, G. N. J. Chem. Soc., Chem. Common. 
1979, 277-278. (b) Boag, N. M.; Green, M.; Stone, F. G. A. Zbid. 1980, 


(5) Calculations on CpzNiz(CzHz) yield a barrier of 20.7 kcal/mol; 
Hoffmann, R.; Hoffman, D., personal communication. 
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CEH6C2C0zCHMe2 (1 g, 5.3 mmol) were heated at  100 "C in heptane 
under N2 for 6 h and gave rise to the heterobimetallic acetylene complex 
1 [25% yield; oil, m/z 453.9756, calcd m/z 453.9761; 'H NMR (80 MHz) 
6 7.66,7.35 (m, C a s ) ,  5.31 (8, C6H6), 1.29 (d, CH3, J = 6.6 Hz) in CD2ClZ 
at  22 "C; 6 (in CJI, at  22 "C) 1.13 (d, CH3, J = 6.4 Hz); IR (neat liquid) 
uc0 2055 (a), 2000 (vs), 1700 (8 )  cm-'1 as the main product together with 
(inter alia) NizCpz(CO)2, Cq(CO)E(PhCzCOri-Pr), Ni2Cpz(PhC2COz-i-Pr), 
and Cq(CO)4(PhC2COz-r-Pr)s. These products were easily separated by 
TLC on silica gel using petroleum ether/ether (91). An alternative but 
less direct mode of accees to the mixed bimetallic complex (p- 
C E H S C ~ C ~ H , )  [(CO)&~Ni(~6-C&,)] has recently appeared involving the 
reaction of (C&),Ni,(PhC,Ph) with Coz(C0)~ (24% yield). The X-ray 
structural determination shows the acetylene bonded perpendicularly to 
the metal-metal bond.' 


1281-1282. 


(7) Freeland, B. H.; Hux, J. E.; Payne, N. C.; ve ra ,  K. G. Znorg. Chem. 
1980. 19.69349fi. - - - -, - -, - - - - - -. 
(8) (C&&Ni (1 g, 5.3 mmol), (C~H~)ZMOZ(CO)E (1.3 g, 2.7 mmol), and 


PhCzCOri-Pr (1 mL, 5.3 "01) were heated at 105 "C in 35 mL toluene 
for 7 h under NP TLC as before afforded 1.19 g (40%) of 2 as a red- 
brown crystalline solid mp 90-91 'C; m z 529.9922, calcd 529.99254; IR 
(heptane) YCO 2030 (w), 1978 (sh), 1968 La), 1930 (s), 1402 (m), 1857 (a), 
1682 (m) cm-'; 'H NMR (CDC13 at 30 "C at  80 MHz)  6 7W7.25 (m, Ph), 
5.24 (8, Cp), 5.14 (8, Cp), 1.35 (d, CHB, J = 6.4 Hz); !in CEDE at 30 "C) 6 
1.22, 1.17 (dd, CH3, J = 6.1 Hz)] together with .N!2Cp2(C0)2, Ni2Cp2- 
(PhC2C02-i-Pr), and unreaded Mo&~,(CO)~ Similarly, other hetero- 
bimetallic species are accessible (e.g., (a-PhCzCOz-i-Pr)[(CO),MnNi- 
($-CG6) (9, mp 128 OC, was obtained from Mnz(CO)lo and CpzNi in 
40% yield). 


(9) The 1857-cm-* band in 2 suggests the presence of a semibridging 
carbonyl a~ in [ C ~ M O ( C O ) ~ ] ~ C ~ R ~ :  Bailey, W. I.; Chisholm, M. H.; Cot- 
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Summary: The intrinsically chiral tetrahedral organo- 
transition-metal clusters PhaCO,CHMe, [ (C,H,)Ni- 
MI, where M is CO(CO)~ (l), (C,H,)Mo(CO), (2), or Mn(G 
0), (3), have been prepared. The low symmetry of these 
molecules allows the detection and analysis of a new 
fluxional process, viz., the formal rotation of the M-M 
and C-C bond vectors. Using high-field NMR spectros- 
copy, AG* for 2 is 20.5 f 0.5 kcal/mol. The fluxionality 
and high reactivii of these molecules toward addition of 
an Fe(CO),, moiety are rationalized in terms of Wade's 
rules for electrondeficient clusters. 
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Figure 1. Proton NMR spectrum (400 MHz) of 1 at 20 O C  in 
C6D6 (methyl region). 


coalesce to one doublet when the rate of racemization is 
fast on the lH NMR time scale.1° For the complex 1, this 
situation obtains over the temperature range 298-383 K. 
As shown in Figure 1, the two doublets expected for the 
methyls in a chiral environment are apparent a t  20 "C in 


(A6 = 0.012 ppm, 3JHH = 6.25 Hz)). In toluene, a t  this 
temperature, the spectrum exhibits only three peaks owing 
to the overlapping of the two central signals. In this 
solvent, the coalescence temperature was reached at  -378 
K and AG* = 20.5 f 0.5 kcal/mol. For the complex 2, the 
low temperature limiting spectrum (two doublets) (see 
Figure 2) persists up to -340 K in C6D6 and true coales- 
cence has not quite occurred in toluene-$ even at 383 K." 
To account for the facile racemization of these molecules, 
one must invoke a mechanism which corresponds formally 
to relative rotation of the C-C and M-M bond vectors. 
An obvious possibility is dissociation of the alkyne ligand 
followed by reassociation to give the other enantiomer. 
However, exchange between free and complexed alkynes 
was not observed under the conditions of the NMR ex- 
periment. Of the intramolecular possibilities the tetra- 
hedral-square-planar interconversion (as originally pro- 
posed for (RC=C!R) Co2(CO)& must be considered; there 
exists also the attractive idea of metal-metal bond cleavage 
to give a butterfly cluster which could then invert, reform 
the metal-metal bond, and give the other enantiomer. 


C6D6 by using a 9.395 T field (400 MHZ) (6 1.094, 1.082 


(10) One must sound a cautionary note that the mere observationof 
a doublet is insufficient evidence on which to presume rapid intercon- 
version since small chemical shift differences between the diastereotopic 
methyla are the norm in the systems we have studied. The data reported 
here for compound 1 were obtained at  400 MHz. This complex shows 
only a doublet in any solvent at  80 MHz (see ref 6). 


(11) A Catch-22 exists here in that a high-field instrument is required 
to provide chemical shift discrimination between the methyls, yet use of 
such high fields raisea the coalescence temperature near to the decom- 
position temperature of the complex. We estimate AC' for 2 to be in 
excess of 21 kcal/mol. 


i 
Figure 2. Proton NMR spectrum (250 MHz) of 2 at 30 O C  in 
C,$6 (methyl region). 


Scheme I1 


Fluxionality in these nominally saturated systems12 is 
perhaps somewhat surprising and, rather than regarding 
these metal atoms as being in 18-electron environments, 
we take as a starting point Wade's modeP in which these 
tetrahedral clusters possess six skeletal electron pairs and 
are formally classifiable as nido trigonal bipyramids. One 
can readily visualize, for example, the intermediacy of the 
alternative trigonal-bipyramidal geometry with the vacancy 
in the equatorial plane as in Scheme 11. This leads to a 
butterfly-type intermediate without scission of a formal 
two-electron bond; indeed, the ready fluxionality of these 
molecules is merely symptomatic of a low barrier to re- 
arrangement because of the vacancy on the cluster surface. 
Taking the viewpoint of these molecules as nido clusters 
with a vacant coordination position, it is easy to account 
for their reactivity, particularly the extreme ease of ad- 
dition of the Fe(C0)3 moiety14 to these supposedly satu- 
rated clusters without the need for thermal or photo- 
chemical initiation. One might be tempted to regard the 
Fe(C0)3 adduct (which is square pyramidal14 with an iron 
atom capping the b a d  plane comprised of the four original 
cluster moieties) as arising from Fe(C0)3 trapping of the 
nido trigonal bipyramid with the cluster vacancy in the 
equatorial position. 


A number of tetrahedral clusters which are chiral by 
virtue of the asymmetry of the arrangement of ligands15 
(rather than having an inherently chiral cluster of four 
different skeletal atoms) have been studied by NMR 


(12) Muetterties, E. L.; Pretzer, W. R.; Thomas, M. G.; Beier, B. F.; 
Thom, D. L.; Day, V. W.; Anderson, A. B. J.  Am. Chem. SOC. 1978,100, 
2090-2096. 


(13) Wade, K., in ref 1, p 193. 
(14) The reaction of 1 with F P ~ ( C O ) ~  in heptane at  40 'C for 3 h gave 


(pa-PhC&Og-i-Pr)[Fe(CO),Co(CO)aNiCp] in 86% yield as the only isol- 
able product. This complex has been M y  charactarized spectroeeopidy 
and by X-ray crystallography. This reaction provides a new mode of 
access to heterotrimetellic pentanuclear clusters: Marinetti, A,; Jaouen, 
G.; Saillard, J. Y.; Mentzen, B.; Mutin, R.; Sayer, B. G.: McGlinchey, M. 
J., submitted for publication. 


(16) (a) Geoffroy, G. L. Acc. Chem. Res. 1980,13,469-476. (b) Glad- 
felter, W. L.; Geoffroy, G. L. Ado. Organomet. Chem. 1980, 18, 207. 
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Figure 3. Temperature-dependent 'H NMR spectrum (80 MHz) 
of 4 (4') in CDzC12 (methyl region) showing interconversion of the 
enantiomers of 4. Carbonyls are omitted for clarity. 
techniques.ls A molecule which falls between these two 
extremes is (arphos)Co3C(CO),(COzCHMe2) (4)," which 


4 - - 


again contains the diastereotopic probe. The appropriate 
section of the 'H NMR spectrum is shown as Figure 3. 
This molecule, for which AG' = 13.1 f 0.6 kcal/mol for 
the racemization process, could utilize a mechanism in- 
volving cleavage of a Co-P or Co-As bond and migration 
of the dangling ligand with concomitant reorganization of 
the carbonyls. However, in light of the resulta in the M2C2 
tetrahedral systems, it is conceivable that racemization 
could occur not only by ligand migration but also by direct 
interchange of the cluster skeletal nuclei. This and other 
related systems are currently under investigation using 
59C0 NMR spectroscopy. 


~ ~~ 


(16) Gladfelter, W. L.; Geoffroy, G. L. Znorg. Chem. 1980, 19, 
257S2585. 
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D. Ado. Orgcmomet. Chem. 1976,14,97) to give Co3(CO)&COz-i-Pr (2.9 
g, 37761, mp 64-65 'C. This latter compound (0.35 g) and Ph2P- 
(CH1)&PhZ (ituphoe) (0.22 g) in 35 mL of THF were heated at  50 OC 
for 1.5 h to give 4 (0.38 g), mp 176 'C, 88 black-green crystals after 
chromatography and crystallization from hexane/ether: IH NMR (80 
MHz, CD,Cl1) S 1.13 (d, J = 6.25 Hz at +30 "C); S 1.12,1.00 (dd a t  -60 


exchanging at room temperature), 182.2 (Cod, 137.7,132.1,130.5,130.2, 
129.2, 129.0, 128.9 (aromatiat), 68.5 (CHMe,), 25.4 (PCHz, d, Jcp = 23 
Hz), 23.1 (AeCH1), 22.0 (CHMe,); IR (CH2C1&, 2056 (a), 1998 (w), 1975 
(m), 1966 (ah), 1715 (e) cm-I. 


'(2); 'BC NMR (100.577 MHz, CD& 22 OC) 6 243.1 (1 C), 205 (COS 
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Summary: Several novel acetylene complexes of Mo(1 I), 
Mo(t-BuS).#-BuNC),,,jR-R') (R, R' = H or Ph), formally 
five-coordinate if the acetylene is counted as a mono- 
dentate ligand, are prepared from the reaction of Mo(t- 
BUS)#-BuNC), with acetylenes. The crystal structures 
of two of these were determined. The metal is in an 
approximate trigonal-bipyramid geometry, the acetylene 
CC vector parallel to the -NS-Mo-C=N- axis of 
the trigonal bipyramid. This unusual orientation follows 
from the electronic structure of the complex. 


Despite current interest in molybdenum thiolato com- 
plexes'$ viable synthetic materials have so far been rather 
limited.' The sulfur ligands in known (alkyne)molybde- 
num complexes, apart from Mo(SC6F5) (7-C5H5) (C0)- 
(CF3C=CCF3),3 are limited to dithiocarbamatee7 or sim- 
ilar chelating disulfur compounds such as R2PS2-.* The 
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Figure 3. Temperature-dependent 'H NMR spectrum (80 MHz) 
of 4 (4') in CDzC12 (methyl region) showing interconversion of the 
enantiomers of 4. Carbonyls are omitted for clarity. 


techniques.ls A molecule which falls between these two 
extremes is (arphos)Co3C(CO),(COzCHMe2) (4)," which 


4 - - 


again contains the diastereotopic probe. The appropriate 
section of the 'H NMR spectrum is shown as Figure 3. 
This molecule, for which AG' = 13.1 f 0.6 kcal/mol for 
the racemization process, could utilize a mechanism in- 
volving cleavage of a Co-P or Co-As bond and migration 
of the dangling ligand with concomitant reorganization of 
the carbonyls. However, in light of the resulta in the M2C2 
tetrahedral systems, it is conceivable that racemization 
could occur not only by ligand migration but also by direct 
interchange of the cluster skeletal nuclei. This and other 
related systems are currently under investigation using 
59C0 NMR spectroscopy. 


~ ~~ 
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g, 37761, mp 64-65 'C. This latter compound (0.35 g) and Ph2P- 
(CH1)&PhZ (ituphoe) (0.22 g) in 35 mL of THF were heated at  50 OC 
for 1.5 h to give 4 (0.38 g), mp 176 'C, 88 black-green crystals after 
chromatography and crystallization from hexane/ether: IH NMR (80 
MHz, CD,Cl1) S 1.13 (d, J = 6.25 Hz at +30 "C); S 1.12,1.00 (dd a t  -60 


exchanging at room temperature), 182.2 (Cod, 137.7,132.1,130.5,130.2, 
129.2, 129.0, 128.9 (aromatiat), 68.5 (CHMe,), 25.4 (PCHz, d, Jcp = 23 
Hz), 23.1 (AeCH1), 22.0 (CHMe,); IR (CH2C1&, 2056 (a), 1998 (w), 1975 
(m), 1966 (ah), 1715 (e) cm-I. 


'(2); 'BC NMR (100.577 MHz, CD& 22 OC) 6 243.1 (1 C), 205 (COS 
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Summary: Several novel acetylene complexes of Mo(1 I), 
Mo(t-BuS).#-BuNC),,,jR-R') (R, R' = H or Ph), formally 
five-coordinate if the acetylene is counted as a mono- 
dentate ligand, are prepared from the reaction of Mo(t- 
BUS)#-BuNC), with acetylenes. The crystal structures 
of two of these were determined. The metal is in an 
approximate trigonal-bipyramid geometry, the acetylene 
CC vector parallel to the -NS-Mo-C=N- axis of 
the trigonal bipyramid. This unusual orientation follows 
from the electronic structure of the complex. 


Despite current interest in molybdenum thiolato com- 
plexes'$ viable synthetic materials have so far been rather 
limited.' The sulfur ligands in known (alkyne)molybde- 
num complexes, apart from Mo(SC6F5) (7-C5H5) (C0)- 
(CF3C=CCF3),3 are limited to dithiocarbamatee7 or sim- 
ilar chelating disulfur compounds such as R2PS2-.* The 
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Table I. Comparison of Selected Molecular Parameters of Molybdenum(I1) Alkyne Complexes 
~~ ~ 


angles, deg bond lengths, A 


M-C e= GC-R ref 


Mo(q -C5H5)z( PhCkCPh) 2.143 (6) 
2.144 16) 


Mo( t-BuS),( t-BuNC),(PhCSPh) 2.05 (i j ' 
2.06 (1) 


Mo(EtDTC),(CO)(PhCkCPh) 2.026 (2) 
2.042 (3)  


Mo( TPP)(PhC=CPh) 1.983 (4)  
1.965 (4)  


Mo(t-BuS),(t-BuNC),(HCSH) 2.04 (2)  
2.05 (2)  


W( EtDTC),( CO)( HC=CH) 2.015 (9) 
2.038 (8) 


recently reported 16-electron Mo(I1) compound, cis-Mo- 
( ~ - B U S ) ~ ( ~ - B U N C ) ~ , ~ J ~  which is preparable virtually 
quantitatively from Mo(t-BuS)4,11 was found to be highly 
reactive toward electrophiles such as CO, NO, SO2, 02, 
alkynes, etc. We wish to report here the title compounds 
derived therefrom. These unusual five-coordinate acety- 
lene complexes of Mo(I1) show an equilibrium orientation 
of the acetylene ligand that illuminates several aspects of 
acetylene bonding. 


A deep yellowish green solution of Mo(t-BuS),(t-BuNC), 
in toluene was treated with excess acetylene (1 atm, 30 "C, 
30 min) resulting in a dark solution. From this was iso- 
lated, after purification by alumina chromatography, an 
acetylene complex of formula MO(~-BUS)~(~-BUNC),- 
(HC=CH) (1, as orange vermilion crystals,lb mp 120 "C 
dec, 63% yield). Similar reactions of Mo(t-BuS),(t- 
BuNC)* with an excess of PhCeCH and PhCECPh (50 
"C, in toluene) produced Mo(t-BuS),(t-BuNC),(Ph~H) 
(2, vermilion crystals, mp 90 "C dec, 60%) and Mo(t- 
BUS)~(~-BUNC) , (P~C=CP~)  (3, deep rose crystals,lZb mp 
184 "C dec, 70%), respectively. 


I 
L 


L L 


i R =  R ' = H  


2 R = H ,  R'=Ph 


3 R =  R ' = P h  


These compounds were well characterized by IR and lH 
and 13C NMR spectra and elemental analysis. The 13C 
signal(s) in (C6D6) of the acetylenic carbons of 1, 2, and 
3 appear a t  6 171.7,lU.O (PhCE) and 171.6(=CH), and 
183.4, respectively. The signal was observed around 6 200 
for M ~ ( d t c ) ~ (  CO) ( R m R ) 9  and W(dtc),(CO) (RC4R)13 
(dtc = dialkyldithiocarbamate), where the alkyne was 
thought to donate four electrons to the metal ~ e n t e r . ~ J ~  
According to the electron count formalism proposed by 


(9) Kamata, M.; Yoshida, T.; Otauka, S.; Hirotsu, K.; Higuchi, T. J.  


(10) Kamata, M.; Hirotau, K.; Higuchi, T.; Tatsumi, K.; Yoshida, T.; 


(11) Otauka, S.; Kamata, M.; Hirotsu, K.; Higuchi, T. J .  Am. Chem. 


(12) (a) The product waa recryatalized from hexane and waa dried in 
vacuo for a few days. Anal. Calcd for C&&&&Mo: C, 51.48; H, 8.21; 
N, 6.00. Found C, 50.94; H, 8.09; N, 6.05. (b) After recrystalization from 
toluene/hexane mixture, the product waa dried in vacuo. Anal. Calcd 
for C ~ ~ H ~ N ~ S ~ M O :  C, 62.11, H, 7.51; N, 4.55. Found C, 61.86; H, 7.51; 
N. 4.55. 


Am. Chem. SOC. 1981,103, 3572-3574. 


Hoffmann, R.; Otauka, S. J .  Am. Chem. SOC. 1981,103, 5772-5778. 


SOC. 1981, 103, 3011-3014. 


(13) Ward, B. C.; Templeton, 3. L. J. Am. Chem. SOC. 1980, 102, 
1532-1538. 


1.269 ( 7 )  1 7  


1.28 (2)  139 (1) this work 
140 (1) 


1.313 (4) 140.30 (32) 6, 18 
140.35 (32)  


1.324 (5)  136.4 ( 4 )  17  
145.4 (4)  


1.28 (2)  143 (2) this work 
152 (2)  


136.1 (4.4) 
1.29 (1)  130.2 (6.2) 19 


A r 
A 


W W 


Figure 1. Perspective view of Mo(~-BuS)&-BUNC)~(HC~H) 
(1). Important parameters around the alkyne ligand are listed 
in Table I. Other main distances (A) are as follows: Mo-S = 
2.321 (3) and 2.329 (4) for 1 and 2.338 (3) and 2.337 (3) for 3; 
Mo-C(N) = 2.115 (16) and 2.088 (14) for 1 and 2.109 (11) and 
2.154 (11) for 3. 


King14 and TempletonFl3 the alkyne ligand in 1-3 can be 
regarded as a four-electron donor. The present 13C NMR 
data thus indicate that the four electron donating alkyne 
ligands can show a range of chemical shifts considerably 
broader than previously t h ~ u g h t . ~  For a better underst- 
ainding of these data, therefore, comparative studies based 
on established molecular structural parameters and mo- 
lecular orbital analyses are desirable. 


X-ray diffraction studies were carried out on 1 and 3. 
Figure 1 shows the results for molecule l.15 Molecule 316 


(14) King, R. B. Znorg. Chem. 1968, 7,1044-1046. 
(15) Single crystale of 1, [ M O ( ~ - B U S ) ~ ( ~ - B ~ N C ) ~ ( H ~ H ) ] . ' / ~ C B H ~ ~ ,  


were grown from hexane. They belong to space group P21/a mth a = 
18.672 (9) A, b = 10.105 (3) A, c = 17.322 (8) A, j3 = 112.58 (7)A, V (for 
2 = 4) = 3018 (3) A*, and d& = 1.12 g cm" and R = 5.9% for 1684 
reflections with I > 3 4 .  
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was virtually isostructural. Conspicuously the CC vector 
is nearly parallel to the -Nd-Mo-C=N- axis. If the 
alkyne is regarded as a unidentate ligand, the first coor- 
dination environment is approximately a trigonal bipyra- 
mid. The important structural parameters are compared 
with those of other molybdenum(I1) alkyne complexes in 
Table I. 


The molecular structure of 2 was deduced from NMR 
data in (C6D6) to be analogous to those of 1 and 3: 'H 


10.40 (8, W H ) ;  l3C NMR 6 29.73,30.26 (CH3),CNC), 56.15 


(PhC=), 171.62 ( 4 H ) .  The two inequivalent lH and 13C 
signals of the two axial t-BuNC ligands do not equilibrate 
up to 100 "C, implying stereochemical rigidity. 


A bonding description of a model compound for 1-3, 
Mo(HS),(HNC),(HC=CH), can be conveniently con- 
structed from the acetylene r orbitals and the ML4 frag- 
ment. The bent acetylene orbitals are given in 4. Note 


NMR 6 1.08 (s), 1.28 (8 ,  (CH&CNC), 1.67 (8 ,  (CH&S), 


((CH,)&HC), 34.91 ((CH3)3CS), 44.97 ((CH,)&S), 183.98 


Orientation of CIC 


parallel 


x 


x 
x b' 


b2 


perpendicular 


a2 


Y 


b2 


the switch in the b orbital labels depending on whether 
the acetylenes are parallel or perpendicular to the HN- 
C-Mo-CNH axis. 


The Mo(HS)~(HNC)~ orbitals, 5, are typical of an ML4 
fragment.20 Above the remnant of an octahedral t2g set 
(al, a2, b2) there lie out-of-phase bl and in-phase combi- 
nations of hybrids. In a d4 low-spin complex what one 
wants to achieve is a maximal splitting of the t2g set in a 
pattern of two below one. Juxtaposition of 4 and 5 clearly 
shows that this is best achieved in the observed acetylene 


(16) Single crystals of 3 [Mo(t-BuS)2(t-BuNC)2(PhCMPh)], were 
grown from a toluene/hexane mixture (21). They belong to space group 
P2 c with a = 16.982 (9) A, b = 17.378 (8) A, c = 12.013 (6)A, B = 96.59 


for 2694 reflections with Z > 1.96u(Z). 
(17) De Cian, A.; Colin, J.; Schappacher, M.; Ricard, L.; Weiss, R. J. 


Am. Chem. SOC. 1981,103,185~1851.  
(18) hivate communication, we are indebted to Professor R. Weiss for 


supplying us with the X-ray diffraction resulta prior to publication. 
(19) Ricard, L.; Weiss, R.; Newton, W. E.; Chen, G. J.-J.; McDonald, 


J. W. J. Am. Chem. SOC. 1978,100, 1318-1320. 
(20) For the ML, fragment orbitals see: (a) Elian, M.; Hoffmann, R. 


Znorg. Chem. 1975, 14, 1058-1076. (b) Burdett, J. K. J.  Chem. SOC., 
Faraday Trans. 1974,70,1599-1613. (c) Mingce, D. M. P. J. Chem. SOC., 
Dalton Trans. 1977,602-610; Ado. Orgummet. Chem. 1977,15,1-51. (d) 
Albright, T. A.; Hoffmann, R.; Thibeault, J. C.; Thorn, D. L. J. Am. 
Chem. SOC. 1979,101, 3801-3812. 


(21) For further details see: Tataumi, K.; Hoffmann, R.; Templeton, 
J. L. Znorg. Chem., in press. 


(4) i , V (for 2 = 4) = 3522 (3) A, and duld = 1.17 g cm-3 and R = 6.2% 


Table 11. Some Individual Orbital Populations (electrons) 
in Three ( Acetylene)molybdenum( 11) Complexes 


6 7 8 
Mo- Mo(HS),- Mo(q - 


(porphyrin) (HNC),- C,H,)- 


n,* 0.106 0.082 0.014 
( H C S H )  ( H G C H )  ( H G C H )  


0.803 
1.775 
1.752 
4.436 


n? 
77 II 
=l 


0.584 0.740 
1.704 1.772 
1.777 1.854 
4.147 4.380 


- (  


- -I(  
b 
v 


> 


Q) 
C 
w 


P 


- I  I 


H 
N 


120° c 


H\&la 


dS d 
N 
H 


5 


orientat- m, C d  "upright" or parallel to HP - -Mo-C- 
NH. Here rII* and rl* stabilize b2 and a2 orbitals, and 
rII is stabilized by the al orbital, pushing that orbital 
up. The optimal two befow one splitting is obtained. In 
the alternative in-plane or parallel orientation no such 
optimal two electron bonding pattern is possible. 


In Table I1 some specific orbital populations of three 
model tolane complexes are compared. These are Mo- 
(porphyrin)(HC=CH) (6, a model for Mo(TPP)(PhC= 
CPh)), Mo(HS)~(HNC),(HC=CH) (7, a model for 1-3), 
and M O ( ~ - C ~ H ~ ) ~ ( H C = C H )  (8, a model for Mo(v- 
C,H,),(PhC--=CPh)). The ril* population decreases in the 
order 6 > 8 > 7, while that of rl increases in the order 
6 < 7 < 8. The observed trend in Mo-C and C=C dis- 
tances (Table I) suggests that the order of alkyne-metal 
bond strength is 8 < 7 < 6. Thus the strength of acetylene 
bonding appears to be a reflection of composite contri- 
butions of various MO interactions. For example, the 
equatorial thiolato ligands in 1-3 push up the dyz level 
relative to that of the pseudo CdV complex, Mo(TPP)- 
(PhCECPh), leading to a reduced bl (yz-r,) interaction 
as reflected in the rl population. The axial isocyanide 
ligands in 1-3 push down the d,, resulting in a reduced b2 
interaction, This situation should also affect the magnetic 
resonances of alkyne ligands. The observed divergence of 
acetylenic 13C resonances of 1-3 from the tenet proposed 
by Templeton reflects the complexity of their origin. 
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A question pertinent here may be as follows: can the 
acetylene ligand in 3, having the least population compared 
to other two, act as an electrophile? The alkyneMo bond 
in 1 or 3 was suprisingly inert toward acid hydrolysis. 
When 3 was treated with an excess of anhydrous HC1 in 
CH2C12, a very small amount (-3%) of stilbene (a 1:1 
cis/trans mixture) was obtained; together with a trace 
amount of free PhCfCPh. Similar treatment of 3 with 
CF,COOH in C6H6 gave a comparable result. In contrast, 
when 3 was treated with NaBH4 in aqueous THF 
(THF/H,O = 1:4), a 1:l mixture of trans- and cis-stilbene 
was obtained in 98% yield. Thus, electrophilicity of the 
coordinated alkynes is apparent. The origin of this elec- 
tronic property of alkyne ligands and the nature of their 
bonding are rather complex, as we have seen above. The 
electrophilic behavior of the coordinated acetylene ligand, 
perhaps enhanced by the r,-bonding i n t e r a c t i ~ n , ~ J ~ , ~ ~  is 
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unprecedented in complexes with low oxidation states. 
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Topics in Inorganic and Organometallic Stereochemistry. 
Edited by G. Geoffroy. John Wiley and Sons, New York. 1981. 
x + 352 pages. $60.00. 


This book is actually Volume 12 of the well-known Topics in 
Stereochemistry series and is similar in appearance and format 
to previous volumes in that series. In contrast to past practices, 
however, the issue is edited by an inorganic chemist and is devoted 
entirely to inorganic and organometallic chemistry. The result 
is a good book, of six reviews written by recognized masters of 
the fields discussed. I wonder about the title of volume, however; 
the addition of the words “Inorganic and Organometallic” to the 
title of the series somehow implies that just plain stereochemistry 
has only to do with the structures of carbon compounds. 


The fmt article, by T. E. Sloan of Chemical Abstracts Service, 
deals with “Stereochemical Nomenclature and Notation in In- 
organic Chemistry”. Included are a history of the development 
of stereochemical nomenclature, which will appeal to most 
chemists with interests in structures of compounds, and a critical 
discussion of current practices and (exceedingly complicated) 
conventions for describing the stereochemistry of inorganic and 
organometallic Compounds. In contrast to the structural simplicity 
of compounds of carbon, most of the other elements in the periodic 
table exhibit a bewildering variety of coordination numbers and 
stereochemistries. Hence it is clear that the day is long past when 
a majority of inorganic chemists will be fluent in the nomenclature 
of their discipline. 


The second article, “Stereochemistry of Reactions of Transition 
Metalearbon Sigma Bonds”, is by T. C. Flood. It is a very long 
(more than 260 references) and comprehensive account of what 
is known about the stereochemistry of all important reactions 
which make or break transition-metal-carbon u bonds. In ad- 
dition, the author has not hesitated to make pertinent, critical 
comments on some of the work reported, and his review should 
be a standard reference work for mechanisms of reactions of 
transition-metal alkyl compounds for the next few years. 


In contrast, the article by B. Bosnich and M. D. Fryzuk, 
“Asymmetric Synthesis Mediated by Transition Metal 
Complexes”, makes no attempt to be comprehensive. The em- 


phasis is almost entirely on reactions catalyzed by or via or- 
ganometallic compounds, and enzyme and model enzyme systems 
are almost ignored. Furthermore, even for those reactions dis- 
cussed, the authors eschew actually surveying the literature; in 
several cases, this has already been done. The strength of this 
article lies rather in ita critical assessment of the finer points of 
the diastereotopic “tuning” which occurs in the diastereomeric 
transition statss of asymmetric transformations and which results 
in observed enantiomeric excesses. This approach, unusual in 
a review article, may well induce more ideas for research in the 
field than would a more traditional survey of the literature. 


The four’,n article, by R. D. Feltham and J. H. Enemark, is 
entitled “Ctructures of Metal Nitrwyls”, and is a comprehensive 
survey of X-ray crystal structure data on nitrosyl complexes. Aside 
from detailed discussion of the significance of variations in 
metal-N-0 bond angles, there is really little pertaining to ster- 
eochemistry per se. Thus the article seems rather out of place, 
although it will hold great appeal to afficionados. 


“The Stereochemistry of Germanium and Tin Compounds”, 
by M. Gielen, is the only main-group contribution to the volume. 
Particular emphasis is placed on tetrahedral molecules chiral at 
the metal and on the nature of the five-coordinate intermediates 
formed during reactions of such compounds. Fluxional six-co- 
ordinate compounds are also discussed. 


The final review, “Stereochemistry of Transition Metal Car- 
bonyl Clusters”, is by B. F. G. Johneon and R. E. Benfield. The 
very complex structures found for clusters are considered in the 
light of various theories such as the 18-electron rule, Wade’s rules, 
molecular orbital theory, and, finally, some original ideas by the 
authors, themselves. It is difficult to judge, inasmuch as the field 
of cluster chemistry is still growing rapidly, whether this review 
is to be taken as essentially a progress report or whether it will 
be regarded in time as being definitive. What cannot be denied, 
however, is that the authors have provided a solid bit of schol- 
arship. 
All of the articles discuss aspects of organometallic chemistry; 


those by Sloan, Flood, Bosnich and Fryzuk, and Gielen should 
appeal to organic chemists having catholic interests. 
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