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‘H NMR spin saturation transfer experiments were undertaken to measure the barrier for 1,3 iron shifta 
in (cyc1oheptatriene)iron tricarbonyl (CHT = cycloheptatriene) complexes. Values of AG* were determined 
for CHT (22.3 kcal/mol), 7-phenyl-7-(carbomethoxy)cycloheptatriene (23.9), 7-methyl-7-(carbometh- 
oxy)cycloheptatriene (23.3 and 23.6 for the two isomers), and (8-phenylheptafulvene)iron tricarbonyl(20.0). 
These together with the barriers for (0xepine)-, (ampine)-, and (tropone)iron tricarbonyl are not consistent 
with a transition state for the 1,3 iron shift which resembles a (n0rcaradiene)iron tricarbonyl species. 
Extended Hiickel molecular orbital calculations were undertaken to probe the geometry and electronic 
structure of the species in which the iron is at the midpoint of migration. It is found that a “modified” 
T~ geometry for this “way-point” is preferred with the Fe(C0)3 shifted toward the interior of the CHT ring. 
An electrocyclic ring closure from q2 to a (n0ncaradiene)iron tricarbonyl complex is shown to be symmetry 
forbidden. This “modXed” 12 geometry can account for the variations of the activation energies with respect 
to electronic perturbations at C,. In general, it is found that electron-donating groups at C7 decrease the 
activation energy for 1,3 iron shifts and electron-withdrawing groups increase it relative to (CHT)Fe(CO)* 


Several recent reviews2 have focused on the facile 
thermal rearrangements observed in cyclic polyene and 
polyenyl transition-metal complexes. For those examples 
in which the metal is a bound to a fragment of a fully 
conjugated a system, the most commonly observed rear- 
rangement pathway involves simultaneous 1,2 metal shifta 
and a-bond migrations. Evidence has been presented for 
the operation of 1,2 metal shifts in the degenerate rear- 
rangements of such diverse systems as (q1-C5H5)ML, (M 
= Fe, Re, Mo, Pd, Pt,  et^.),^ ( V ’ - C ~ H ~ ) R ~ ( C O ) ~ , ~  (q3- 
C,H,)ML, (M = Co, Mo, Fe): (q4-C6&)RhL,F (q4- 


(1) (a) University of North Carolina at  Chapel Hill. (b) University of 
Houston. (c) Camille and Henry Dreyfus Teacher-Scholar 1979-1984. 


(2) (a) Cotton, F. A. ‘Dynamic Nuclear Magnetic Resonance 
Spectroecopy”; Jackman, L. M., Cotton, F. A. W.; Academic Press: New 
York, 1975; Chapter 10. (b) Faller, J. W. Adu. Orgaomet .  Chem. 1977, 
16, 211. (c) Deganello, G. ‘Transition Metal Complexes of Cyclic Poly- 
olefins”; Academic Press: New York, 1979. 


(3) (a) See ref 2a, pp 378-401. (b) Larrabee, R. B. J. Organomet. 
Chem. 1974, 74, 313. (c) Hunt, M. M.; Kita, W. G.; Mann, B. E.; 
McCleverty, J. A. J. Chem. SOC., Dalton Trans. 1978,467. (d) Werner, 
H.; Kraus, H.-J. Angew. Chem. 1979,91,1013; Angew. Chem., Znt. Ed. 
Engl. 1979,18,948. (e) Casey, C. P.; Jones, W. D. J. Am. Chem. SOC. 
1980,102,6154. (f) Fabian, B. D.; Labinger, J. A. J. Organomet. Chem. 
1981,204, 387. 
(4) Heinekey, D. M.; Graham, W. A. G. J. Am. Chem. SOC. 1979,101, 
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C8Ha)h4L, (M = Fe, Ru, Os),’ (q5-C7H7)ML, (M = Mn, Re, 
Ru)? and (q6-C8H,Me4)M(C0)3 (M = Cr, Mo, W).g In 
sharp contrast to the tetramethylcyclooctatetraene com- 
plexes, it has been shown that the mechanism of rear- 
rangement for the parent complexes (q6-C8H8)M(C0), (M 


(5) (a) Faller, J. W. Znorg. Chem. 1969, 8, 767. (b) Bennett, M. A.; 
Bramley, R.; Watt, R. J. Am. Chem. SOC. 1969,91,3089. (c) Ciappenelli, 
D.; Roeenblum, M. Zbid. 1969,91,3673,6876. (d) Moll, M.; Behrens, H.; 
Kellner, R.; Knhhel, H.; Wiirstl, P. 2. Naturforsch., B Anorg. Chem., 
Org. Chem. 1976, 31B, 1019. Deganello, G.; Boschi, T.; Toniolo, L. J. 
Organomet. Chem. 1975,97, C46. (e) Hofmann, P. 2. Naturforsch., B 
Anorg. Chem., Org. Chem. 1978,33B, 251. Sepp, E.; Piirzer, A.; Thiele, 
G.; Behrens, H. Zbid. 1978,334 261. 


(6) Kang, J. W.; Childs, R. F.; Maitlis, P. M. J. Am. Chem. SOC. 1970, 
92, 721. 


(7) (a) Anet, F. A. L.; Kaesz, H. D.; Maasbol, A.; Winstein, S. J.  Am. 
Chem. SOC. 1967,89,2489. (b) Kreiter, C. G.; Maasbol, A.; Anet, F. A. 
L.; Kaesz, H. D.; Winstein, S. Zbid. 1966,88,3444. (c) Bratton, W. K.; 
Cotton, F. A,; Davison, A.; Musco, A.; Faller, J. h o c .  Natl. Acad. Sci. 
U.S.A. 1967,58,1324. Cotton, F. A.; Davison, A.; Marks, T. J.; Musco, 
A. J. Am. Chem. SOC. 1969,9I, 6598. Cotton, F. A.; Hunter, D. L. Zbid. 
1976,98,1413. (d) Bennett, M. A,; Matheson, T. W.; Robertson, G. B.; 
Smith, A. K.; Tucker, P. A. Znorg. Chem. 1980,19, 1014. 


(8) (a) Mahler, J. E.; Jones, D. A. K.; Pettit, R. J. Am. Chem. SOC. 
1964,86,3589. (b) Whiteaides, T. H.; Budnik, R. A. J. Chem. Soc., Chem. 
Commun. 1971, 1514; Znorg. Chem. 1976, 15, 874. Whitesides, T. H.; 
Lichtenberger, D. L.; Budnik, R. A. Zbid. 1976, 14,68. (c) Blackborow, 
J. R.; Grubbs, R H.; Hildenbrand, K.; Koener von Gustorf, E. A. J. Chem. 
SOC., Dalton Trcms. 1977,2205. (d) Lewis, C. P.; Kitching, W.; Ehnstadt, 
A.; Brookhart, M. J. Am. Chem. SOC. 1979,101, 4896. 
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= Cr, Mo, W) occurs predominantly by 1,3 metal shifts, 
with only 10-30% of the rearrangements occurring by 1,2 
metal shifts.l0 Observations of 1,3 metal shifts in fully 
conjugated cyclic polyene or polyenyl metal complexes are 
presently limited to these cyclooctatetraene examples, 
although there are a few fluxional systems for which the 
mechanism of rearrangement has not yet been determined: 


Nb(#-C5Hb)2.'3 The rearrangements in fully conjugated 
polyenes are in general relatively facile. However, in some 
cases, e.g., (q4-C&)Ru( $-C&) ,I4 ( 04-C&)Rh( $-C62,> ,6,lS 
and (~2-CBHa)Mn(CO)2(~S-CsHS),16 the barriers are ap- 
parently quite high. 


In conjugated acyclic systems or in cyclic systems where 
the conjugated ?r system has been interrupted by a +CH2+, 
group, products of simple 1,2 metal shifta are not observed 
since such shifts do not lead to degenerate isomerization 
but to species clearly quite high in energy relative to the 
ground state of the complex. Although simple 1,2 metal 
shifta are energetically inaccessible, complexes of this type 
can undergo degenerate 1,3 metal shifta either through the 
formation of a coordinately unsaturated intermediate or 
by 1,2 metal migration with simultaneous eletrocyclic ring 
closure to form bicyclic intermediates. These two mech- 
anisms are illustrated below for one of the simplest com- 
pounds in this class, (cyc1oheptatriene)iron tricarbonyl (I). 


(~2-C&)NiL2," (14-CaHa)C~(716-CaHg),12 and (q3-C9H9)- 
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degenerate 1,3 iron shift in 1 must be greater than 21 kcal 
mol-'. Although the line-broadening technique had not 
been successful in observing fluxional behavior in 1, the 
fundamental nature of this isomerization justified a rein- 
vestigation of this system using techniques designed to 
detect slower rates of rearrangement. The Hoffman- 
Forsen NMR technique of spin saturation transfer 
(SST)l8J9 was selected. Even with the limited thermal 
stability of 1, it was estimated that a 1,3 iron shift with 
a free energy of activation as high as 26 kcal mol-' might 
be observable by using SST. Results obtained recently in 
our laboratory, as well as information published by others, 
led us to believe that AG* for a 1,3 iron shift in 1 might 
be low enough to permit detection by SST. For example, 
the isomerization of (cyc1ooctatriene)iron tricarbonyl (4) 


M- Fe(CO)3 


These reaction pathways really represent two extremes in 
mechaniim. A more precise question which might be asked 
is what pathway does the metal traverse in moving from 
one side to the other and to what extent does bonding 
between C1 and c6 develop during metal migration in 3? 
A case distinct intermediate intervene? A case between 
these extremes could be envisioned in which no (nor- 
caradiene)iron tricarbonyl intermediate (with a full c146 
bond) is formed, but substantial c146 bonding develops 
in a concerted 1,3 shift of metal across the ring. An even 
more subtle question is the nature of the bonding of Fe- 
(CO), to the cycloheptatriene ring in 2. Is this q2 with 
bonding to C3 and C4 only or is it energetically more fa- 
vorable for the Fe(C0)3 to be located a t  some point with 
substantial bonding also to C2 and Cs? 


The 'H NMR of 1 showed no line broadening up to 100 
OC," implying that the free energy of activation, AG*, for 


(10) Mann, B. E. J. Chem. Soc., Chem. Commun. 1977,626. Gibson, 
J. A.; Mann, B. E. J. Chem. SOC., Dalton Trans. 1979,1021. 


(11) Browning, J.; Cundy, C. S.; Green, M.; Stone, F. G .  A. J. Chem. 
SOC. A 1971,448. Browning, J.; Green, M.; Spencer, J. L.; Stone, F. G .  
A. J.  Chem. Soc., Dalton Trans. 1974,97. Browning, J.; Penfold, B. R. 
J. Cryst. Mol. Struct. 1974, 4, 335. 


(12) Greco, A.; Green, M.; Stone, F. G .  A. J. Chem. SOC. A 1971,285. 
(13) Weaterhof, A.; de Liefde Meijer, H. J. J.  Organomet. Chem. 1978, 


149, 321. 
(14) Ti-, P. L.; King, R. B. J.  Chem. SOC., Chem. Commun. 1978, 


898. Darensbourg, M. Y.; Muettertiea, E. L. J. Am. Chem. Soc. 1978,100, 
7425. 


(15) Dickson, R. S.; Wilkinson, G .  J. Chem. SOC. 1964, 2699. 
(16) Benson, I. B.; Knox, S. A. R.; Stmafield, R. F. D.; Woodward, P. 


(17) See ref 2 6  Brookhart, M.; Davis, E. R.; Harris, D. L. J. Am. 
J.  Chem. SOC., Dalton Trans. 1981, 51. 


Chem. SOC. 1972,94, 7853. 


to (bicyclo[4.2.0]octadiene)iron tricarbonyl(5) occurs with 
AG* = 29.3 kcal mol-'.20 An even lower barrier, AG* = 
15.7 kcal mol-', is found for the conversion of the cationic 
cyclooctatrienyliron tricarbonyl (6) to bicyclo[5.l.0]octa- 
dienyliron tricarbonyl (7).21 In both examples, 1,2 metal 
shifts occur with simultaneous electrocyclic ring closure, 
analogous to the norcaradiene-intermediate pathway 
(mechanism 11), proposed for a possible 1,3 iron shift in 
1. Although there is no evidence for the existence of 
(n0rcaradiene)iron tricarbonyl, a stable iron tricarbonyl 
complex of tricyc10[4.3.1.0~~~]deca-2,4-diene has been iso- 
lated, 8; a crystal structure of the compound confirms its 


& I 
F R ( C O ) ~  


8 


characterization as an iron tricarbonyl complexed nor- 
caradiene derivative.22 


Analogies for the 1,3 iron shift pathway involving an 
unsaturated intermediate, 2 (mechanism I), were less nu- 
merous. I t  was postulated that the compounds ($- 
C8HaM(C0)3 (M = Cr, Mo, W) rearrange via such a 
mechanism, with AG"s sufficiently small to determine 
using 'H NMR line-broadening techniques at -20 to +50 


(18) (a) Hoffman, R. A.; Forsdn, S. B o g .  Nucl. Magn. Reson. Spec- 
trosc. 1966, I, 15. (b) Faller, J. W. 'Determination of Organic Structure 
by Physical Methode": Nachod, F. C., Zuckerman, J. J., Academic Press: 
New York, 1973; Chapter 2. 


(19) For additional information on the application of the spin satu- 
ration transfer technique in '9 NMR, see: Mann, B. E. J. Magn. Reson. 
1976,21, 17; 1979,101,3940. 


(20) Brookhart, M.; Lippman, N. M.; Reardon, E. J. J. Organomet. 
Chem. 1973,54,247. 


(21) (a) Brookhart, M.; Davis, E. R. J. Am. Chem. Soc. 1970,7622. (b) 
Brookhart, M.; Davis, E. R.; Harris, D. L. Zbid. 1972, 94, 7853. (c) 
Brookhart, M.; Davis, E. R. Tetrahedron Lett. 1971, 4349. 


(22) Bleck, W. E.; Grimme, W.; Giinther, H.; Vogel, E. Angew. Chem. 
1970,82,292; Angew. Chem., Znt. Ed. Engl. 1970,9,303. Beddoea, R. L.; 
Lindley, P. F.; Mills, 0. S. Angew. Chem. 1970,82,293; Angew. Chem., 
Int. Ed. Engl. 1970,9,304. See also Bachman, K.; von Philipbom, W.; 
Amith, C.; Ginsburg, D. Helu. Chim. Acta 1977,60,400 for other related 
examples. 
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OC.l0 An acyclic system, (l-p-tolyl-6-phenylhexa-1,3,5- 
triene)iron tricarbonyl (9), is constrained to isomerize via 
a coordinatively unsaturated intermediate and exhibits a 
high barrier (AG* = 33 kcal mol-l) to rearrangement.23 
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Ar = p-CH3C6H5 


9 


Although our initial goal was to detect and measure the 
rate of 1,3 iron shift in 1, we were also interested in de- 
termining the mechanism of this process. There are nu- 
merous cycloheptatriene derivatives, particularly C7-sub- 
stituted systems, which exhibit a cycloheptatriene (CHT) 
+= norcaradiene (NCD) dynamic equilibrium with CH- 
T:NCD ratios spanning many orders of magnitude.24 It 
was felt that such dramatic substituent effects in the free 
ligand system could be used to advantage as a mechanistic 
probe. If the geometry of the transition state for 1,3 iron 
shift approximates that of a norcaradiene system, 3, then 
substituents that stabilize the NCD form should accelerate 
the rate of 1,3 iron shift and a reasonable correlation be- 
tween KBg for NCD/CHT with the rate of metal migration 
might be expected. (In the extreme, 3 may become the 
ground-state structure.) Alternatively, if the transition 
state for iron migration resembled that of the coordina- 
tively unsaturated q2 complex 2, then substituents at  the 
remote C7-particularly of the electron-withdrawing tyye 
which stabilize the NCD f ~ r m ~ ~ * ~ ~ - w o u l d  probably have 
little effect on the groundstate-transition state energy 
difference. 


In this paper, we describe an SST lH NMR investigation 
of the rates of 1,3 shifts in variously substituted (CHT)- 
Fe(C0)3 systems and the mechanistic implications of these 
results. A preliminary account of this work has appeared.% 
Mann reported a parallel study of the parent cyclo- 
heptat~ieneFe(C0)~ system using 13C SST experimenkn 
We have also investigated the way-point28 of metal mi- 
gration in l, by molecular orbital calculations of the ex- 
tended Hiickel type.29 This forms part of a continuing 
study on the electronic requirements of fluxionality in 
(polyene)ML, complexes.30 


(23) Whitlock, H. W.; Chuah, Y. N. J. Am. Chem. SOC. 1965,87,3606. 
Whitlock, H. W.; Reich, C.; Woessner, W. D. Ibid. 1971, 93, 2483. 


(24) See, for ellample: Maier, G. Angew. Chem. 1967, 79,446; Angew. 
Chem., Int. Ed. Engl. 1967, 6, 402 and references therein. 


(25) A theoretical description of this can be found in: Hoffmann, R. 
Tetrahedron Lett. 1970, 2907. Ghther ,  H. Ibid. 1970, 5173. 


(26) Karel, K. J.; Brookhart, M. J. Am. Chem. SOC. 1978,100, 1619. 
(27) Mann, B. E. J. Organomet. Chem. 1977,141, C33. 
(28) By 'way-point" we mean that geometry in which the iron is at  the 


midpoint of migration between the two degenerate q' structures and lying 
in the plane bisecting C7 and the C 3 4 ,  bond. At this way-point, the 
position of the iron with respect to the ring may then lie anywhere 
between the extremes of a strictly q2 structure and a (NCD)Fe(C0I3 
geometry. 


(29) Hoffmann, R. J. Chem. Phys. 1963, 39, 1397. Hoffmann, R.; 
Lipscomb, W. N. Ibid. 1962,36, 3179,3489; 1962,37,2872. 


(30) For previous theoretical work in this area, see: ref 5e. (a) Al- 
bright, T. A. J.  Organomet. Chem. 1980, 198, 159. (b) Hofmann, p.; 
Albright, T. A. Angew. Chem. 1980,92,747; Angew. Chem., Int. Ed. Engl. 
1980, 19, 728. (c) Albright, T. A,; Hoffmann, R.; Tse, Y.-C.; DOttavio, 
T. J. Am. Chem. SOC. 1979,101,3812. (d) Anh, N. T.; Elian, M.; Hoff- 
mann, R. Ibid. 1978, 100, 110. (e) Albright, T. A.; Geiger, W. E., Jr.; 
Moraczewski, J.; Tulyathan, B. Ibid. 1981,103,4787. (0 Hemdon, W. 
C. Ibid. 1980,102,1538. (g) Su, C.-C. Ibid. 1971,93,5653. (h) Mingos, 
D. M. P.; Nurse, C. R. J. Organomet. Chem. 1980,184,281; Mingos, D. 
M. P. J. Chem. SOC., Dalton Tram. 1977, 31. (i) Mealli, C.; Midollini, 
S.; Moneti, S.; Sacconi, L.; Silvestre, J.; Albright, T. A. submitted for 
publication. 
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Table 11. Spin Saturation Transfer Data for 1,3 Iron Shifts in (Cyc1oheptatriene)iron Tricarbonyl and Its Derivatives 


compd 
AG*, AG* 


10*k, s kcal mol-' (av) 
1 61 


75 
86 
90 


11 80 
80 
95 
95 
105 


13 (major isomer) 85 
89 
98 
108 


86 
13 (minor isomer) 77 


19 
92 
37 
47 
53 
60 
63 
67 
73 


1.27 
1.80 
2.52 
4.50 
1.12 
1.13 
1.20 
1.10 
1.36 
1.20 
1.33 
1.46 
1.79 
1.17 
1.27 
1.58 
1.24 
1.72 
2.18 
2.90 
3.80 
4.15 
7.2 


Results and Discuesion 
'H NMR samples intended for use in SST experiments 


were carefully purified and rigorously degassed to avoid 
the preeence of paramagnetic impurities, this ensuring the 
maximum values for 'H spin-lattice relaxation times, T,, 
and M(O)/M(-). (See Experimental Section for details.) 
Prior to SST experiments, extensive 'H decoupling ex- 
periments were performed on each complex to verify 
chemical shift assignments (See Table I). In general, it 
was found that by saturating H1 and measuring the effect 
on the signal intensity of &, we could avoid potential 
interference by both nuclear Overhauser effects and de- 
coupler noise. In many cases, the signal for HS served as 
an internal integration standard. 


(Cyc1oheptatriene)iron Tricarbonyl (1). (Cyclo- 
heptatriene)iron tricarbonyl was prepared as previously 
described8'' and then purified by chromatography and 
distillation. A 100-mg sample in toluene-d8 (0.3 mL) was 
carefully degassed by several freezepumpthaw cycles 
before being sealed under vacuum in a 5-mm NMR tube. 


The spin saturation transfer experiments for 1 were 


performed at several temperatures between 60 and 90 "C. 
At 90 "C a dramatic decrease (78%) was measured in the 
integrated intensity of the signal due to & when H1 was 
saturated. Correspondingly smaller decreases were ob- 
served at  lower temperatures. The decrease in signal in- 
tensity upon irradiation of Hl is selective for &; no other 
signal in the 'H NMR spectrum is measurably a f f ' e c t e d  by 
the saturation of H1. Similarly, irradiation of causes 
a decrease only in the area of the signal due to H,. 
"e results clearly demonstrate. that net 1,3 iron shifts 


are occcurring in 1. The selective and reciprocal nature 
of the averaging process (H, s H6, H2 a H5, H3 H,) 


(31) (a) Brookhart, M.; hl, K. J.; Nance, L. E. J. Orgonomet. C h m .  
1977, 140, 203. (b) Karel, K. J.; Brookhart, M. unpublished results. 


14.5 
17.5 
10.7 
10.7 
7.7 
7.6 
7.9 
3.4 
4.1 
(6.8) 
6.8 
5.8 
(5.0) 
(6.7) 
(7.1) 
7.4 
3.6 
4.1 
(4.4 1 
(4.6) 
(4.7) 


(4.8) 
4.8 


1.90 
4.55 
14.2 
32.7 
1.56 
1.71 
2.53 
2.94 
8.77 
2.94 
4.85 
7.93 


2.48 
3.86 
7.78 
6.67 


15.8 


17.6 
26.8 
41.3 
59.6 
65.6 
129 


22.2 
22.4 
22.5 
22.1 22.3 
23.6 
23.5 
24.3 
24.2 
24.0 23.9 
23.5 
23.4 
23.7 
23.8 23.6 
23.1 
23.4 
23.3 23.3 
19.8 
19.8 
19.9 
20.0 
20.0 
20.2 
20.1 20.0 


rules out mechanisms involving 1,3 or 1,5 hydride shifts 
though metal hydride intermediates. Similarly, all inter 
molecular exchange mechanisms involving dissociation of 
the complex can be eliminated since there is no scrambling 
of the exo and endo substituents observed in (cyclo- 
heptatriene-d,(ezo-7-h))iron tricarbonyl (10) even after 
several days at 72 0C.31 


The rate of 1,3 iron shift in 1 is given by eq 1, where k 
(1) 


is the rate constant for exchange in a two-site, equal 
population system, A B.18 TIA is the spin-lattice re- 
laxation time of the nucleus at site A, and M(0) is the 
normal equilibrium magnetization of the nucleus at site 
A after the nucleus is saturated at site B. Experimentally, 
M(O)/M(m) is determined by comparing the signal areas 
for nucleus A with and without saturation of nucleus B. 
T ~ A  can be conveniently measured by the fast inversion- 
recovery method.s2 Values of M(O)/M(m) and T1 deter- 
mined for are given in Table 11. Also included are the 
rate constants, k, and the free energies of activation, AG*. 
Recently, Mann reported the results of a 13C SST exper- 
iment in which a AG* of 23 kcal mol-' was obtained for 
a 1,3 iron hift in 1 at 94 oC.n This value agrees well with 
our results obtained by 'H SST, AG* = 22.3 kcal mol-,, 
and demonstrata that SST exeriments need not be limited 
to the 'H nucle~s. '~ 


In order to probe further the mechanism of 1,3 iron shift 
in cycloheptatriene complexes, we synthesized several 
derivatives of 1 in an attempt, as discussed above, to 
discriminate between the pathways involving a nor- 
caradiene intermediate (mechanism 11) and that involving 
a coordinatively unsaturated intermediate (mechanism I). 
Ligands were chosen on the basis of their NCD:CHT iso- 


k = ( ~ / T ~ A ) [ ( M ( O ) / M ( ~ ) )  - 11 


(32) Canet, D.; Levy, G. C. J. Magn. Reson. 1975, 18, 199. 
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mer ratios and for compatibility of the substituent groups 
with iron carbonyl reagents. Results obtained for several 
systems are presented below. 


(7-Phenyl-7- (carbome t hoxy ) cyc1oheptatriene)iron 
Tricarbonyl (11). In contrast to cycloheptatriene, for 
which the CHTNCD ratio is estimated to be at least 
200:lF3 the ratio of 7-phenyl-7-(carbomethoxy)cyclo- 
heptatriene (12) to the corresponding norcaradiene isomer 
is 1:1.65 at 32.5 "C in CDClPM Although (benzylidene- 
acetoneliron tricarbonyl ((BDA)Fe(C0I3) has been shown 
to be a very selective diene trapping agent for species 
containing a cyclohexadiene ring,% the only product iso- 
lated from the reaction of 12 with (BDA)Fe(C0)3 was a 
(cyc1oheptatriene)iron tricarbonyl derivative, (7-phenyl- 
7-(carbomethoxy)cycloheptatriene)iron tricarbonyl (1 1), 
of unknown stereochemistry at  C,. Photolysis of 12 in 
benzene with Fe(CO), also gave 11. 


QPh C O M e  


Fe(C0l3 8 
I I  


The fdure to isolate a norcaradiene complex of 12 using 
(BDA)Fe(CO), is interesting and likely indicates that the 
(NCD)Fe(CO), complex is neither thermodynamically nor 
kinetically stable with respect to the (CHT)Fe(CO)3 form. 
(BDA)Fe(CO), has been shown to react selectively with 
the diene tautomers of cyclooctatriene, bicyclo[6.2.0]de- 
catriene, bicyclo[6.1.0]nonatriene, and cyclooctatrienone, 
for which K = [triene]/[diene] = 5.6,40,4500, and 140, 
respectively%% This dramatic stabilization of the com- 
plexed diene tautomer probably arises from the relief of 
steric strain in the complexed triene upon the ring clo- 


Similar relief of strain in the complexed cyclo- 
heptatriene system will be much less upon ring closure to 
a norcaradiene complex due to the less strained nature of 
the cycloheptatriene complex. (Free cycloheptatriene is 
more planar than the tub-shaped cyclooctatriene deriva- 
tives.) 


Spin saturation transfer experiments were performed 
in the same manner for 11 as for 1. However, preparation 
of the 'H NMR sample was modified to allow in vacuo 
filtration of the dissolved complex directly into a 5-mm 
NMR tube immediately prior to the final f reezepump 
thaw degassing cycles and vacuum sealing. (See Experi- 
mental Section.) As before, H1 was saturated while the 
changes in signal intensity of H6 were observed. The re- 
sults of the SST experiments are presented in Table 11. 
Between 80 and 105 OC, spin saturation transfer was ob- 
served in 11, indicating that 1,3 iron shifts are occurring 
in this species as well. However, AG', = 23.9 kcal mol-', 
a 1.6 kcal mol-' increase over that calculated for 1. An 
increase in AGS is opposite to the trend expected for a 
norcaradiene-like transition state and is suggestive of a 
mechanism involving a coordinatively unsaturated iron 
tricarbonyl intermediate (mechanism I). An alternative 
but less attractive explanation is that if the large phenyl 
group were to be exo at C7, then increased steric interac- 
tions with the ring may develop in a NCD-like transition 
state and retard the rate of 1,3 iron shift. Other ligands 
with relatively high NCD:CHT ratios and substituents 
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smaller than a phenyl group were sought to probe the 
effect of the size of the substituent at C7 on the rate of 1,3 
iron shift in (cyc1oheptatriene)iron tricarbonyl complexes. 


(7-Methyl-7-( carbomethoxy )cycloheptatriene)in 
Tricarbonyl (13). One such ligand is 7-methyl-7-(car- 
bomethoxy)cycloheptatriene, for which CHTNCD is 1:20 
at  -120 "C in CHFCl2/CDCl3 (4:1).37 Photolysis of this 
ligand with Fe(C0)5 in benzene gave three products which 
were separated by medium-pressure liquid chromatogra- 
phy. The first two yellow bands were identified m the 
endo- and exo-methyl isomers of (7-methyl-7-(carbo- 
methoxy)cycloheptatriene)iron tricarbonyl(l3); the third, 


(33) Warner, P. M.; Lu, S.-L. J. Am. Chem. Soe. 1980,102, 331 and 


(34) Hall, G. E.; Roberta, J. D. J.  Am. Chem. SOC. 1971, 99, 2203. 
(35) Graham, C. R.; Scholes, G.; Brookhart, M. J. Am. Chem. SOC. 


references therein. 


1977,99,1180. 


Wataon, R. A. J.  Am. Chem. SOC. 1976,98, 8166. 
(36) Brookhart, M.; Koezallra, 0. W.; Nebon, G. 0.; Scholes, G.; 


red band gave one isomer of a binuclear complex, (7- 
methyl-7-(carbomethoxy)cycloheptatriene)diiron hexa- 
carbonyl. Although it would be advantageous to know the 
stereochemistry at  C7 in these and other (cyclo- 
heptatriene)iron tricarbonyl complexes, no simple way of 
obtaining that information has been found. 


Spin saturation transfer experiments on the major iso- 
mer of 13 in toluene-d8 were performed by saturating H1 
and observing the change in signal intensity for h. For 
the minor isomer of 13, a nonaromatic solvent, odane-d18, 
was chosen to provide adequate separation of the & 
resonance from those of Hz and HS. In the SST experi- 
ments on this isomer, & was saturated and the integral 
of the overlapping multiplets Hl and H, measured by using 
the methyl resonance of the carbomethoxy groups m an 
integration standard. The results of these SST experi- 
ments are presented in Table 11. 


The free energies of activation for 1,3 iron shifta in these 
two isomers, AG' = 23.6 and 23.2 kcal mol-', are more than 
1.0 kcal mol-' higher than that measured for the unsub- 
stituted complex 1. This result is not consistent with the 
m e d "  involving a norcaradiene complex inbrmediatq 
however, this mechanism could not be convincingly ruled 
out until systems with very high NCDCHT ratios were 
studied. Among those norcaradienes selected for study 
were 7,7-dicyanonorcaradiene (14) ,w 2,5,7-triphenylnor- 


Ph 


14 Ph 16 
15 


X 


17 18 X=H,CI,OH 


caradiene ( 15p9 7-methyl-7-norcaradienecarboxylic acid 
(16),,' 3,4-dimethyl-7-phenyl-7-(carbomethoxy)nor- 
caradiene (17)," and 2,Bdisubstituted derivatives of 7- 


(37) h e r ,  F. G.; Y&, S.; We-, M. Chem. Ber. 1977,110,107. 
(38) Ciganek, E. J. Am. Chem. SOC. 1967,89,1464. 
(39) (a) Jutz, C.; Voitanleiher, F. Chem. Ber. 1364,97,29. (b) Mukai, 


T.; Kubota, H.; Toda, T. Tetrahedron Lett. 1967, 3681. 
(40) The eynthesin of this compound is analogoua to that for 12," 


except that 0-xylene wae used ae the solvent in the photolytic decompb 
eition of methyl phenyldiazoncetata." 


(41) Ciganek, E. J.  Org. Chem. 1970,35, 862. 
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phenyl-7-(dimethoxooxophosphoric)norcaradienes ( 18).43 
No iron carbonyl complexes of 14,16, or 18 were isolated 
from the reactions of the ligands with Fe(COIS, Fez(C0)9, 
Fe3(C0)1z, or (BDA)Fe(CO),. Presumably, the cyano, 
carboxylic acid, and phosphorio functionalities preclude 
reaction of the iron carbonyl reagents with the diene unit. 
Reaction of Fe3(C0)12 or Fe(CO)S with 15 gave several 
products, including (2,5,7-triphenylcycloheptatriene)iron 
tricarbonyl. In SST experiments with this complex, ob- 
served Tl's were short (1.5-3.0 s) and no more than a 10% 
decrease in the signal area for % could be measured upon 
saturation of H1, even at  105 OC. No reliable AG' values 
could be calculated from this experiment. Only small 
amounts of the expected cycloheptatriene complex were 
obtained from the reaction of 17 with Fe(CO)s or Fe3(C- 
O)12. Low yields and difficulties encountered in separating 
the desired complex from the large number of other un- 
identified products precluded the use of this complex in 
SST experiments. 
(8-Phenylheptafu1vene)iron Tricarbonyl(l9). Al- 


though the results obtained for the 7-carbomethoxy-sub- 
stituted systems provide evidence supporting mechanism 
I, it was felt that additional insight into the mechanism 
of iron migration could be obtained by examining a sub- 
stituted system where the activation energy is predicted 
to be substantially raised if a norcaradiene-like transition 
state (mechanism 11) is involved. (8-Phenylhepta- 
fu1vene)iron tricarbonyl, generously supplied by Dr. Pat- 
rick McArdle, is such a system. Operation of mechanism 
I1 would require formation of a very highly strained 
methylene cyclopropane-like transition state, and on this 
basis the activation energy would be predicted to increase 
substantially. 
(8-Phenylheptafulvene)iron tricarbonyl exists in solution 


as a 4:3 mixture of two isomers-19a and 19b. Com- 


... ... 
(major) (minor) 
19 a 19b 


W O M e  
M M H (8.4.22) 


2 0 0  20b 
M = Fe(C0)3 


parison of the chemical shifts of HI in these two isomers 
and those in (8-methoxyheptafu1vene)iron tricarbonyl 
(20)44 suggests that the major isomer 19a contains the 
phenyl group trans to the bound diene unit. In performing 
the SST experiments on 19, it is necessary to saturate a 
signal from one isomer and monitor the decrease in in- 
tensity for a signal from the other isomer. Therefore, H, 
of the minor isomer 19b was saturated while the signal 
intensity for the peak due to H6 of the major isomer, 19a, 
was measured. The results of the SST experiments are 
summarized in Table 11. These data apply to the con- 
version of 19b to 19a; however, since &, is close to 1, rates 
and activation energies for the conversion of 19a to 19b 
will be quite simliar. The free energy of activation of 20 
kcal mol-' for 19 is more than 2 kcal mol-' less than that 


(42) Ciganek, E. J.  Am. Chem. SOC. 1971,93,2207. 
(43) Scherer, H.; Hartmann, A.; Regitz, M.; Tunggal, B. D.; Gtinther, 


(44) Goldschmidt, Z.; Bakal, Y. J.  Organomet. Chem. 1979,179,197. 
H. Chem. Ber. 1972,105, 3357. 
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Table IIL Fluxional Cycloheptatriene- Fe( CO ), Systems 
complex AG*, kcal mol-' 


lCOl3Fe (2; 
1 


11 


13 


19 


21 


lCO13Fe 


Me 6 
LC 0 )$e/ 


22.3 


23.9 


23.3 (minor isomer) 


23.6 (major isomer) 


20.0 


> 2545-47 


17.0 (R = CH,)" 


17.4 (R = Ph) 


15.5" 


15.8% 


for 1,3 iron shift in unsubstituted 1. The change in acti- 
vation energy is again opposite to that expected for the 
norcaradiene mechanism and adds strong support for 
mechanism I. 


Instructive trends emerge when the results of the studies 
reported here are compared with the previously deter- 
mined activation energies for 1,3 iron shift in seven-mem- 
bered cyclic triene complexes. A comprehensive list of 
systems is given in Table 111. Contrast the free energy 
of activation of (8-phenylheptafulvene)iron tricarbonyl(20 
kcal mol-l) with that of (tropone)iron tricmbonyl(21) (>25 


21 


kcal mol-'). This lower limit is based on the observations 
of E i s e n ~ t a d t ~ ~  and Hunt,& who found that 21 can be 
deuterium-labeled preferentially at  C6 with no observable 


(45) Eisenstadt, A.; GW, J.; Mason, R. J. Organomet. Chem. 1973,80, 
245. 


(46) Hunt, D. F.; Farrant, G. C.; Rddeheaver, R. T. J. Organomet. 
Chem. 1972,38,349. 


(47) Goldschmidt, Z.; Bakal, Y. Tetrahedron Lett. 1976, 1229. 
(48) (a) Li Shing Man, L. K. K.; Takata, J. J. Organomet. Chem. 1976, 


117, C104. (b) T h e  stereochemistry of [(~-~~O-G~M~~C,H,)F~(CO)~] was 
determined by X-ray crystallography and reported at the Second Joint 
Meeting of the Chemical Institute of Canada-The American Chemical 
Society, Montreal, May 29-June 2, 1977 (Inorganic Section C, No. 90). 







(Cyc1oheptatriene)iron Tricarbonyl Complexes 


scrambling to C1 at 25 “C. Goldschmidt has also observed 
that an optically active (tropone)iron tricarbonyl complex 
can be observed at  25 “C (1,3 iron shift would racemize 
the complex). The steric constraints are quite similar in 
these complexes; thus, differing electronic effects of the 
>C=CHC6Hs and >C=O groups must be responsible for 
the substantial differences in AG*’s with the strongly T- 


electron-withdrawing carbonyl function increasing the 
activation energy for 1,3 iron migration. 


A similar trend can be noted for other complexes. In 
the azepine and ~ x e p i n e ~ ~ J ”  complexes the lone pairs on 
oxygen and nitrogen atoms at  the 7-positions serve as 
strong T donors and accordingly the activation energies 
are substantially diminished with respect to the parent 
system, 1. Among those complexes which have saturated 
carbon atoms at  position 7, the 7-exo-GeR3 substituted 
systems studied by Takaha have unusually low activation 
energies for metal shift compared to 1. This is consistent 
with the fact that the weak carbon-germanium u bond can 
serve as an excellent T donor via a hyperconjugative 
mechanism. Last, the complexes containing the elec- 
tron-withdrawing 7-carbomethoxy groups exhibit activa- 
tion energies slightly higher than the parent system in line 
with the trend that electron-withdrawing groups at  the 
7-position increase the activation energy for iron migration 
while electron-donating groups decrease the activation 
energy. 


Theoretical Calculations. We have carried out a series 
of molecular orbital calculations a t  the extended Hiickel 
level on (CHT)Fe(C0)3, 1. Computational details are given 
in the Experimental Section. Our primary concerns are 
the electronic and geometric nature of the way-point for 
a 1,3 shift. We also would like to know why the (nor- 
caradiene)iron tricarbonyl path (mechanism 11) appears 
to be energetically unfavorable. Finally, a simple model 
will be provided for rationalizing the data of Table 111, 
namely, that electron donors at C7 accelerate the reaction. 
Let us begin with the orbitals of an Fe(C0)3 group, shown 
in 22. Full details have been given elsewhere.51 The lower 
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set. At very high energy is 2a1, an empty hybrid orbital 


energy lies the 2e set. 2e8 and 2e, (the s and a subscripts 
refer to whether the orbital is symmetric or antisymmetric 
with respect to the plane of the paper) are identifiable with 
octahedral e In addition they are hybridized away from 
the carbony6, toward CHT. The 2e set is half-filled and 
is the source of greatest interaction with the 7r orbitals of 
CHT. Therefore, maximal bonding between CHT and 
Fe(C0)3 will occur when one member of 2e interacts with 
the HOMO of CHT and the other interacts with the 
LUMO of CHT. Top views of 2e, and 2e8 are also illus- 
trated in 22. At the ground-state, q4, geometry, 23, the 


k w ich is pointed toward the CHT ligand. At moderate 


22 
three orbitals, l e  + la,, strongly resemble the octahedral 


(49) (a) Giinther, H.; Wenzl, R. Tetrahedron Lett. 1967, 4155. (b) 
Papuette, L. A.; Kuhla, D. E.; Barrett, J. H.; Haluska, R. J. J. Org. Chem. 
1969,34,2866. 


(50) Aumann, R.; Averbeck, H.; Kriiger, C. Chem. Ber. 1975. 108. 
33336. 


(51) (a) Albright, T. A.; Hofmann, P.; Hoffmann, R. J. Am. Chem. SOC. 
1977,99, 7546. (b) Albright, T. A.; Hoffmann, R.; Hofmann, P. Chem. 
Ber. 1978,111,1591. (c) Elian, M.; Hoffmann, R. Inorg. Chem. 1975,14, 
1058. (d) Burdett, J. Ibid. 1975,14,375; J. Chem. SOC., Faraday Trans. 
2 1974, 70, 1599. 


5 


3 4Q; 


2 


23 2 4  25 


HOMO of CHT interacts with 2e, as shown in 24. The 
LUMO of CHT finds a strong interaction with 2e,, 25. We 
have illustrated the CHT ligand as being planar in 23. In 
fact the structures of related complexess2 show C1-C4 to 
be roughly planar with C5-C7 bent out of the plane, away 
from the Fe. (Tropone)-53 and (azepine)iron tricarbonyP 
and no doubt the other complexes in Table I11 also have 
this geometrical arrangement. This means that the mag- 
nitudes of the atomic p coefficients in the CHT portion 
of 24 and 25 may be somewhat altered. However, the 
relative phases will be the same as that shown. The 
bonding situation in 23 is then very reminiscent to that 
in (butadiene)iron tricarbonylslb. As far as the local sym- 
metry around Fe is concerned, 24 resembles the bonding 
interaction of 2e, with the HOMO of butadiene and 25 is 
2e, bonding with LUMO of butadiene. Let us turn now 
to the q2 way-point. 


Figure 1 shows a full interaction diagram for Fe(C0)3 
with CHT at an “ideal” q2 geometry where the projection 
of the iron bisects the C3-C4 bond (see 23). The valence 
orbitals of Fe(C0)3 are again displayed on the right side 
of this figure. The HOMO and LUMO T orbitals of CHT 
are given on the left along with the next lower filled orbital, 
2 ~ , .  The lowest occupied T orbital, 1rS, which contains 
no nodal planes along the polyene ribbon is not shown in 
the figure. The LUMO of CHT, 2 ~ , ,  interacts with 2e, 
giving 3a”. However, the HOMO of CHT, 2 ~ , ,  lies ap- 
proximately on the nodal plane of 2e,. Thus, the inter- 
action between these two fragment orbitals is close to zero 
so that molecular orbitals 3a’ and 4a’ are essentially in 
character identical with the respective fragment orbitals, 
27r8 and 2e,. The low-lying 4a’ is empty and serves to 
remind us that at this geometry the molecule is an un- 
saturated 16-electron complex. Consider now that a per- 


(52) (a) Jeffrey, J. A. D.; Metters, C. J. Chem. SOC., Dalton Trans. 
1977,729. (b) Broadley, K.; Connelly, N. G.; Mille, R. M.; Whiteley, M. 
W.; Woodward, P. J. Chem. Soc., Chem. Commun. 1981,19. (c) Connelly, 
N. G.; Mills, R. M.; Whiteley, M. W.; Woodward, P. Ibid. 1981, 17. (d) 
Stegemann, J.; Lindner, H. J. J. Organomet. Chem. 1979,166, 223. 


(53) (a) Dodge, R. P. J. Am. Chem. SOC. 1964,86,5429. (b) Smith, D. 
L.; Dahl, L. F. Zbid. 1962, 84, 1743. 


(54) (a) Johnson, S. M.; Paul, I. C. J. Chem. SOC. B 1970,1783. Paul, 
I. C.; Johnson, S. M.; Paquette, L. A.; Barrett, J. H.; Haludsa, R. J. J. Am. 
Chem. SOC. 1968,90,5023. (b) Waite, M. G.; Sim, G .  A. J. Chem. SOC. 
A 1971, 1009. (c) Aumann, R. Angew. Chem. 1970, 82, 982; Angew. 
Chem., Int. Ed. Engl. 1970, 9, 958. (d) Gieren, A.; Hoppe, W. Acta 
Crystallogr., Sect. B 1972, B28, 2766. (e) Woodhouse, D. I.; Sim, G. A,; 
Sime, J. G .  J. Chem. SOC., Dalton Trans. 1974, 1331. (f) Carty, A. J.; 
Taylor, N. J.; Jablonski, C. P. Inorg. Chem. 1976,15,1169. Carty, A. J.; 
Jablonski, C. R.; Snieckus, V. Ibid. 1976, 15, 601. 
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turbation is introduced at  C7, symbolized by 26. This 


26 27 


could be a high-lying occupied level of the (CHT)GeR3 
derivatives, the R system of tropone or heptafulvene, or 
a lone pair in oxepin and azepin complexes. 27ra is unef- 
fected; the perturbation is symmetric with respect to the 
mirror plane in 26 while 27ra is antisymmetric. 2 ~ ,  will be 
raised or lowered in energy, depending upon the pertur- 
bation, but that orbital is noninteracting in our “ideal” T~ 
complex. In other words, the perturbation does not result 
in any stabilization or destabilization in the complex. A 
similar argument can be constructed for an electron- 
withdrawing substituent at  C7, symbolized by 27 (for ex- 
ample, the CO T* orbital of a carboethoxy group). A small 
stabilization of 27ra would occur translating into a small 
stabilization of the v2 ~ a y - p o i n t . ~ ~  Clearly these predic- 
tions are at variance with the experimental results in Table 
111. As we shall see, if a modification of the geometry 
occurs so that 2e, interacts with 2?r, in a more significant 
way, this will lead us out of the dilemma. 


An attractive way to do this is to allow the Fe(C0)3 
group to move toward the interior of the CHT ring, as in 
28 or 29. Here R is the distance between the projection 


Ra I & I 


Fe / \  
28 29 


of Fe on the CHT ring and the C3-C4 bisector. Figure 2 
shows how the overlap between 2e8 and 27r8 along with 2ea 
and 27ra vary as a function of R. Figure 3 plots the energies 
of the molecular orbitals and total energy of 28. The most 
drastic change with increasing R occurs between 2e8 and 
27r,. That overlap, as seen in Figure 2, increases sharply. 
The bonding combination, 3a’-30, is then lowered in energy 


30 31 


and the empty, antibonding combination, 4a’, is pushed 
up. The total energy we calculate, therefore, drops as R 
is increased. An optimum value of R for 28 was found at  
0.38 A. It can be seen from Figure 2 that the optimum 
overlap of 2e8 with 2r8 actually comes when R = 1.15 A. 
That is approximately on the bisector of C2-C5 (see 28) 
and not far from an q6 geometry. There are two factors 
that stop the Fe(C0)3 group from slipping any further. 
First of all, the other primary bonding interaction, 2ea with 
2xa-3a” shown in 31, loses overlap a little beyond the 


(55) (a) These perturbations on the 9‘ ground state geometry, 23, will 
not be as strongly felt, since the CHT is folded in the manner previously 
described. However, a donor of type 26 will push 2.17, up in energy, closer 
to 2ea; therefore, 24 becomes more stabilized. An electron acceptor of type 
26 would do the opposite. Here again, one would predict that (hepta- 
fulvene) , (oxepine), or (azepine)iron tricarbonyl complexes would undergo 
1,3 shifts less readily, since the 9‘ ground state is stabilized. (b) An 
electron acceptor of type 27 would stabilize 25 at 9‘ so that both the 
ground state and q2 way-point are stabilized, leading to little change in 
the activation energy. 


2 7 r s , . 4 :  


n 
U 


Figure 1. Orbital interaction diagram for an (q2-CHT)Fe(C0)3. 


optimum structure. This is due to the nodal plane close 
to C2-C5. At v6, 2ea is almost on the nodal plane of 2ra 
and the overlap drops nearly to zero (see Figure 2). The 
second reason lies in the fact that as R increases the 
overlap between 2ea and lra, a lower R orbital of CHT 
increases. This is indicated by the dashed line in Figure 
2. Referring back to the orbital interaction of Figure 1, 
in a formal sense 2ea and lra are filled; 2aa is empty. 
Therefore, as R is increased, a 2-electron, 2-orbital sta- 
bilization (2ea with 2ra) is replaced by a 4-electron, 2-or- 
bital destabilization (2ea with 1 ~ ~ ) .  3a” then rises (see 
Figure 3) as R is increased. The energetic balance of 3a” 
with 3a‘ gives the minimum with the Fe(C0)3 group slip- 
ped toward the interior of the CHT ring. At  v6 this re- 
pulsion between the filled 2ea and lra is the molecular 
orbital consequence of a 20-electron complex. 


There are two further points to be considered before we 
turn to (n0rcaradiene)iron tricarbonyl complex. A series 
of calculations was carried out on varying R together with 
folding along the C2.-C5 axis, as in 32. We find that for 
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i e  / p  
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all values of R, e is a t  an optimum at Oo, although excur- 
sions away from this are quite soft. The reason behind this 
lies in 30. The bonding between C1 and C2 (c6 and C,) 
inhibits the folding process. Secondly, at  the optimum 
value of R, the Fe(CO), group prefers to be oriented as in 
28 rather than 29. The calculated energy difference is 
small-1.1 kcal mol-l. In 31, the 2ea is tilted over the 
symmetry-unique carbonyl.51a In 2 ra  the coefficients are 
larger at C3 and C4 compared to C2 and Cg. Therefore, the 
overlap between 2ea with 2r, is greater in 28 compared 
with that in 29 (notice that the nodal plane near C2 and 
C5 also will diminish the overlap between 2e, and 2ra in 
29). At the q4 ground state the three carbonyls are dif- 
ferent, labeled a-c in 33. For a 1,3 shift to 33' by way of 


0 


33 34 33' 


34, we then would predict that carbonyl a exchanges with 
b, but a and b do not exchange with c. If the conformation 
of the way-point was that given by 29 and the Fe(C0)3 
group rotates with respect to CHT in a counterclockwise 
fashion to attain this orientation, then continuing this 
rotational sense to 33' results in the exchange of a with c. 
If the rotation was carried out in a clockwise fashion, then 
b exchanges with c. It is difficult to see why there should 
be much of a difference in the sense of rotation to 29 since 
approximately the same reorientational motion is required. 
Likewise since there is a mirror plane of symmetry in 29, 
collapse to 33' should be equally facile in both rotational 
modes. Either or both of these conditions create exchange 
between all three carbonyls. The rotational barriers in 
(q'-polyene)iron tricarbonyl are in the 9-10 kcal/mol 
range.61a This will exchange the carbonyls at  a far lower 
activation energy than any of the 1,3 shifts reported in 
Table 111. 


The conversion of an (v~-CHT)F~(CO)~ at any value of 
R to the norcaradiene form is symmetry forbidden. Figure 
4 shows the essential details of an orbital correlation di- 
agram for disrotatory ring closure. The three orbitals 
between 3a" and lr, (derived from lal and le) transform 
as an equivalent set on Fe(C0)3 in the norcaradiene com- 
plex. The orbital crossing comes fairly early on the po- 
tential surface. When R = 1.64 A (see 28), a value typical 
for (butadiene)iron tricarbonyl complexes,51a the C1"'cG 
distance is 2.44 A for the CHT complex and the crossing 
occurs when the c1"'c6 distance is 2.05 A (the c1...c6 in 
8 is 1.52 Az2). We have not tried to calculate a reaction 
path from the (q4-CHT)Fe(C0)3 ground state to the nor- 
caradiene form. That would be geometrically very com- 
plicated. But there still should be a significant barrier to 
get to the norcaradiene structure. Not much motion is 
required to bring the Fe(CO)3 onto the mirror plane 
passing from C, to the C3-C4 bisector. Recall that the 
barrier of 4 to 5 is quite large. We also have not tried to 
optimize the norcaradiene form, but there appear to be 
several electronic problems which should destabilize it. 
These are tied to the high-lying, filled Walsh set of u or- 


c ' -  
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T 2  OPT. TS 
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Figure 2. Overlap between the 2e set and valence ?r orbitals of 
(CHT)Fe(C0)3. R is defined in 28. 
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Figure 3. Top: variation of the orbital energies in (CHT)Fe(CO), 
as a function of R, defined in 28. The dashed lines represent 
empty orbitals. The orbital labeling scheme follows that in Figure 
1. Bottom: variation of the calculated total energy as a function 
of R. 


bit&% in the cyclopropane portion of the molecule, 35 and 
36. 35 (represented by 3a' on the right of Figure 4) and 
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3 5  36 


36 destabilize la" and 2a' of (n0rcaradiene)iron tricarbonyl. 
This is then consistent with our previous conclusion that 
there are both kinetic and thermodynamic problems in 
attaining this structure. 


We are then left with the conclusion that the 1,3 shift 
proceeds via an "open" CHT structure with the Fe(C0)3 
moved toward the interior of the CHT ring.67 A strong 
a donor of type 26 will push the energy of 2a8 up closer 
to 2e, and consequently its interaction with 2e8 will become 
stronger. Therefore, the activation energy for the 1,3 shift 
is expected to be lowered. An alternative way to view this 
is by looking at  what happens in the q4 geometry for 24. 
When a a donor of type 26 is incorporated, it will enter 
out-of-phase with respect to the coefficients at  C1 and Ce 
This is shown in 37, for a heptafulvene system. An ad- 


4 


3 


37 38 
ditional node is brought into that orbital between C, and 
C1 (C6). There is then some antibonding introduced be- 
tween the p orbital a t  C7 and 2e,. That should cause the 
Fe(C0)3 group to move back, toward the C3-C4 bond and 
way-point of the 1,3 shift. An ultimate 7r donor would put 
a carbanion at C7 giving C7H7Fe(C0)f. The filled p orbital 
at  C7 pushes 2a8 up in energy, becoming degenerate with 
2aa. 38 is the resultant orbital. The Fe(C0)3 is pushed 
back to an q3 geometry in the ground state, and the q4 
structure becomes the transition state for ring whizzing.& 
The substitution of a acceptors at  C7 of type 26 will be 
incorporated in-phase with respect to the coefficients a t  
C1-Cs. 39 shows the situation for (tropone)iron tri- 


4 


3 


39 40 
carbonyl. The Fe(CO), should be shifted toward C7 away 
from the way-point of the 1,3 shift. Therefore, the barrier 
should and does increase with respect to the heptafulvene 


(56) (a) A recent report has totally confirmed these expectations: 
Grimme, W.; Kiiser, H. G. J. Am. Chem. Soc. 1981, 103, 5919. Both 
(exo-norcaradiene)- and (endo-norcaradiene)iron tricarbonyl were pre- 
pared by alternative methods. Both rearrange irreversibly to (CHT)Fe- 
(CO)3 which means that the latter is thermodynamically more stable. 
Furthermore the first-order rate constant for isomerization is approxi- 
mately lo8 slower than that for the 1,3 shift. In other words, there is a 
significant barrier for isomerization to (normadiene)iron trimbonyl and 
this must be larger than that for the direct 1,3 pathway. (b) For a 
description of these orbitals, see: Jorgenson, W. L.; Salem, L. 'The 
Organic Chemist's Book of Orbitals", Academic Press: New York, 1973; 
pp 19-23, 254. 


(57) We consider an (q4-1,2,5,6-CHT)Fe(Co), structure to be an un- 
likely intermediate or &ansition state for the 1,3 shift. At this geometry, 
2e, would interact only with lu,, and 2e, can interact, by symmetry, only 
with an unoccupied orbital higher in energy than 2ua (see Figure 1). 


n W 
h 


U wo-0 
Figure 4. Orbital correlation diagram for the disrotatory ring 
closure of an (v~-CHT)F~(CO)~ at some arbitrary value of R to 
an (q*-norcaradiene)iron tricarbonyl complex. 


complexes. An additional geometrical feature that one can 
see from 39 is that the C7 portion should be less pushed 
out of the coordination plane of Cl-C2-C3-C,. This ap- 
pears to be the case.63 An extreme situation would put an 
empty p orbital at  C7, giving 40. The distortion toward 
C7 is large, C7 becomes coplanar with C1-C4, and a q5 ge- 
ometry is observed for C7H7Fe(C0)3+.68 The q4 structure 
again becomes the transition state for ring whizzing. Note 
that there must be a point where the C7 position becomes 
such a good acceptor that the Fe(C0)3 group may migrate 
around the ring now in a counterclockwise fashion as op- 
posed to the clockwise motion in (tropone)iron tricarbonyl 
etc. 


Experimental Section 
Proton magnetic resonance spectra were recorded at 100 MHz 


by using a Varian XL-100 FT-NMR spectrometer; 13C NMR 
spectra were recorded at 25.2 MHz. Probe temperatures were 
measured by the use of an ethylene glycol sample. Infrared spectra 
were recorded on a Beckman spectrophotometer (IR 4250), using 
polystyrene film as a standard. A Buchi capillary apparatus was 
used to determine melting points (uncorrected). 


Manipulations of all iron carbonyl compounds were conducted 
under an atmosphere of dry, oxygen-free nitrogen. All lH NMR 
samples used in the SST experiments or in the determination of 
spin relaxation times, Tl, were carefully prepared and sealed in 
vacuo on an all Teflon stopcock greaseless vacuum line equipped 
with an oil diffusion pump capable of reaching lo4 torr. Deu- 


(58) There are no X-ray stntdures of C,H,Fe(CO)3+ that we are aware 
of, but the spectra of these complexes* are consistent only with an q5 
geometry. 







(Cyc1oheptatriene)iron Tricarbonyl Complexes 


terated solventa were stored in Teflon stopcock equipped ampules 
which contained 4A molecular sieves. 


Photolyses were performed in an immersion well using a 450-W 
medium-pressure Hanovia lamp. The medium-pressure liquid 
chromatography (MPLC) system was assembled from parta 
purchased from Altex. Assembly and operating instructions were 
supplied by Dr. A. Meyers of Colorado State University. 


The following compounds were prepared according to published 
procedures: (benzy1ideneacetone)iron tri~arbonyl,8~ (cyclo- 
heptatriene)iron tricarbonyl,81a 7-phenyl-7-(carbomethoxy)- 
cycloheptatriene,'2 2,5,7-triphenylnor~aradiene,~ 7,7-dicyano- 
norcaradiene,= 7-exo-(dimethoxooxophosphorio)-7-phenylnor- 
caradiene,u 7-methyl-7-norcaradienecarboxylic and 7- 
methyl-7-(carbomethoxy)cycloheptatriene.37 


(Cyc1oheptatriene)iron Tricarbonyl SST Sample Prepa- 
ration. (Cyc1oheptatriene)iron tricarbonyl was prepared by the 
photolysis of cycloheptatriene and Fe(CO)6 in benzene, as de- 
scribed by Brookhart?la After filtration and removal of the 
benzene and excess Fe(COl6 at  reduced pressure, the photolysis 
mixture was chromatographed (activity IIIA1203,2 X 30 cm) by 
using degassed hexane as eluant. The yellow oil obtained from 
the f i t  band was further purified by distillation under vacuum. 
A 100-mg %ample was distilled directly into a 5-mm NMR tube 
which had been sealed to a Teflon stopcock adapter; toluenedB 
(0.3 mL) was then distilled into the liquid nitrogen cooled NMR 
tube. Samples were degassed by several freezepump-thaw cycles 
and sealed under vacuum. 
(7-Phenyl-7-(carbomethoxy)cycloheptatriene)iron Tri- 


carbonyl. A solution of the ligand, 7-phenyl-7-(carbometh- 
oxy)cycloheptatriene s 7-phenyl-7-(carbomethoxy)norcaradiene 
(650 mg), and (benzy1ideneacetone)iron tricarbonyl (600 mg) in 
degassed benzene (180 mL) was stirred at 52-53 "C for 72 h. No 
evidence was found in the 'H NMR spectrum for the formation 
of either a (cyc1oheptatriene)- or (n0rcaradiene)iron tricarbonyl 
complex. The reaction mixture was then mled, filtered, degassed, 
and heated at reflux for 24 h, after which the solution was cooled 
and filtered. Following removal of the solvent, the residue was 
chromatographed (Florisil, 2 X 15 cm) by using degassed benzene 
as eluant. The f i t  pale yellow band contained unreaded ligand; 
the second band, slightly darker, contained (7-phenyl-7-(carbo- 
methoxy)cycloheptatriene)iron tricarbonyl(300 mg, -40%): mp 
110-112 OC; IR (cyclohexane) 2050,1995,1980,1742, cm-'; 13C 


and 94.7 (C2, Cd, 125.5,126.7,127.1, 128.7,128.7,130.8, and 144.8 
(c5, (26, phenyl), 172.2 (C(O)OMe), 209.5 ( F e C 4 ) .  See Table 
I for a summary of 'H NMR data. Anal. Calcd for Cl7Hl8O5Fe: 
C, 59.04; H, 3.85. Found C, 59.05; H, 3.62. 


(7-Phenyl-7-(carbomethoxy)cycloheptatriene)iron tricarbonyl 
can also be made by photolyzing the ligand (1.0 g) with Fe(CO)5 
(4 mL) in degassed benzene (150 mL) for 22 h. The product 
isolated is identical with that obtained from the reaction of the 
ligand and (BDA)iron tricarbonyl (BDA = benzlideneacetone). 
This complex can be crystallized and isolated as yellow needles 
from ether/pentane at -20 "C. 


Prepara t ion  of (7-Phenyl-7-(carbomethoxy)cyclo- 
heptatriene)iron Tricarbonyl for Spin Saturation Transfer. 
Solid samples such as this complex were prepared for spin sat- 
uration transfer experiments using NMR tube assemblies in which 
a 1C-mm coarse glaaa frit was sealed between the 5-mm NMR tube 
and the Teflon stopcock adapter. In this way, samples could be 
dissolved, filtered, and sealed in vacuo. 


After being recrystallized from ether/pentane, 100 mg of the 
complex was placed in one of the glass frit modified NMR tube 
assemblies and dried under vacuum. Solvent (toluene-dJ was 
distilled in by cooling the glass above the glass frit with liquid 
nitrogen. When the apparatus was allowed to warm up and the 
toluene melted, some of the complex dissolved and was filtered 
through the frit. More complex could be washed down into the 
NMR tube by distilling the solvent into the space above the frit 
and then, as the glass above the frit warmed up, allowing the 
pressure differential to force the solvent and dissolved complex 
through the frit. When the solution coming through the frit was 
no longer colored, the sample was degassed by several freeze- 
pump-thaw cycles and then sealed under vacuum. 
(7-Methyl-7-(carbomethoxy)cycloheptatriene)iron Tri- 


carbonyl. A degassed solution of 7-methyl-7-(carbomethoxy)- 


NMR (CDClJ 6 52.5,57.7, and 67.0 (Ci, Cd, C,), 53.4 (OCHd, 85.1 
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norcaradiene (0.2 g) and Fe(C0)5 (2 mL) in benzene (150 mL) 
was photolyzed for 8-12 h, at which time the solution had turned 
from pale yellow to red. After the photolysis mixture was fdtered 
quickly through a pad of Celite and alumina, the solvent was 
removed on a rotary evaporator. The oily red residue was 
chromatographed by MPLC using hexane as eluant. The first 
yellow band containing the major isomer of the complex (7- 
methyl-7-(carbomethoxy)cycloheptatriene)iron tricarbonyl (0.15 
g, -40%) was isolated as a yellow oil: IR (cyclohexane) 2050, 
1970, 1740 cm-'. 13C NMR (toluene-de) 6 31.4 (CH,), 48.2 (C,), 
52.3 (OCH,), 55.0 and 67.2 (Cl, C4), 85.7 and 95.6 (C2, C3), 128.6 
and 130.0 (C5, Ce), 174.7 (COMe), 210.9 (FeCO). See Table I for 
a summary of 'H NMR data. Anal. Calcd for C13H1208e: C, 
51.34; H, 3.98. Found C, 52.04; H, 4.32. A second yellow band 
was eluted with hexane/benzene (2:l) and characterized as the 
other isomer of (7-methyl-7-(carbomethoxy)cycloheptatriene)iron 
tricarbonyl (--0.08 g, 21%), in which the relative endo and exo 
positions of the methyl and carbomethoxy group at C, have been 
reversed: IR (cyclohexane) 2049,1993,1983,1750 ad. See Table 
I for a summary of 'H NMR data. Anal. Calcd for C13H1205Fe: 
C, 51.34; H, 3.98. Found: C, 53.07; H, 4.02. The last fraction 
contained a red complex whose 'H NMR and IR spectra were 
consistent with ita formulation as a binuclear complex, (7- 
methyl-7- (carbomethoxy)cycloheptatriene)diiron hexacarbonyl 
(-0.05 g, 11%): IR (cyclohexane) 2059, 2047, 2022, 1993, 1976, 
1730 cm-'; 'H NMR (CDCld 6 1.37 (3 H, CHd, 2.40 (2 H, Hl and 
Hs), 3.63 (3 H, COOMe), 4.39 (2 H, H2 and H6), 5.13 (2 H, H3 and 
H4). 


Prepara t ion  of (7-Methyl-7-(carbomethoxy)cyclo- 
heptatriene)iron Tricarbonyl for Spin Saturation Transfer 
Experiments. These complexes are nonvolatile oils and were 
prepared in a manner similar to that described for solid samples 
such as (7-phenyl-7-(carbomethoxy)cycloheptatriene)iron tri- 
carbonyl. After chromatography (MPLC), the sample (-100 mg) 
was dissolved in a small amount of degassed pentane and 
transferred to a small Schlenk tube. The bulk of the solvent was 
first removed in a stream of nitrogen, and then the Schlenk tube 
was placed on a vacuum line to remove the residual solvent. After 
several hours or overnight on a high vacuum line, the appropriate 
solvent was distilled into the Schlenk tube. The dissolved complex 
was then pipetted under nitrogen into an NMR tube assembly 
in which a 10-mm coarse glass frit had been sealed between the 
NMR tube and the Teflon stopcock adapter. The sample was 
filtered through the glass frit, degassed by several freeze- 
pump-thaw cycles, and sealed under vacuum. 


Reactions of 2,5,7-Triphenylnorcaradiene. a. With 
(BDA)Fe(CO)* A solution of the norcaradiene (200 mg) and 
(BDA)Fe(CO), (500 mg) in benzene was heated at reflux for 18 
h. An 'H NMR spectrum of the hexane-soluble product showed 
peaks only for the starting materials and uncomplexed BDA. 


b. With Fe(CO)5. A solution of the norcaradiene (300 mg) 
was photolyzed with Fe(C0)6 in degassed benzene (150 d). After 
10 h, it was necessary to filter the solution to remove Fe2(CO)9, 
but no evidence of an iron tricarbonyl complex was seen in the 
infrared spectrum of the reaction mixture. After an additional 
14 h of photolysis, the solution was very dark. The solution was 
filtered, and the solvent and unreacted Fe(CO)5 were removed 
on a rotary evaporator. The residue was chromatographed 
(MPLC) with degassed hexane to give two yellow bands and one 
very broad red band. The first yellow band contained unreacted 
norcaradiene; the product in the second band was isolated as a 
yellow oil and characterized as (2,5,7-triphenylcyclo- 
heptatriene)iron tricarbonyl: IR (CDCl,) 2055, 1995 (br) cm-'; 
'H NMR (toluene-dJ 6 3.58 (t, H,, 51,~ = J6,7 = 2 Hz), 3.70 (dd, 
H4, 53.4 = 8 Hz, J4,5 = 2 Hz), 4.20 (q, Hi, Jl,6 = 51,3 = 51,~ = 2 Hz), 
5.48 (dd, H3, Jl,s = 2 Hz, J3,4 = 8 Hz), 5.83 (q, H6, J1.6 = 54,6 = 
56,7 = 2 Hz), 7.20-7.75 (m, Ph). 


The red band was collected in two fractions. The fmt contained 
1,4,7-triphenylcycloheptatriene, the iron tricarbonyl complex of 
that ligand, (3,6,7-triphenylcycloheptatriene)iron tricarbonyl, and 
minor amounts of unidentified products. The second fraction 
contained predominantly (3,6,7-triphenylcycloheptatriene)iron 
tricarbonyl: IR (CDC13) 2050, 1990 (br) cm-'. 'H NMR (tolu- 
ene-d8) 6 3.48 (dd, H1, J1,2 = 8 Hz, J1,, = 5.5 Hz), 3.82 (dd, H4, 
J2,4 = 2 Hz, 54.5 = 8.5 Hz), 4.28 (dd, H7, 51,7 = 5.5 Hz, 55.7 = 1 
Hz), 5.30 (dd, H2, J1,2 = 8 Hz, J2,4 = 2 Hz), 6.50 (dd, H5, 54,5  = 
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8.5 Hz, J6,, = 1 Hz), 7.0-7.6 (m, Ph). 
c. With Fe3(CO)lp A degassed solution of benzene (100 mL), 


the norcaradiene ligand (0.3 g), and Fe3(CO)12 (2 g) was refluxed 
for 8-12 h. The solution was cooled and filtered through a pad 
of Celite and alumina. After the solvent was removed the reaidue 
was washed with several aliquots of degassed hexane (5 mL) to 
separate the products from the less soluble starting materials. 
The hexane extracts were concentrated to -5 mL and chroma- 
tographed (MPLC) with hexane. The first two yellow bands 
corresponded to 2,5,7-triphenylnorcaradiene and (2,5,7-tri- 
phenylcyc1oheptatriene)iron tricarbonyl. A third yellow band, 
although the major product in this reaction (yield, -30%), oould 
not be completely characterized: IR ( C a d  2050,1980 (br) cm-'; 
'H NMR (CDCIS) d 2.5-3.3 (m, 5 H), 6.3 (8 ,  2 H), 7.3-7.8 (m, 15 
H, phenyl). 


Reactions of 7,7-Dicyanonorcaradiene. Photolysis of di- 
cyanonorcaradiene with Fe(CO)s in degassed benzene gave a dark 
reddish brown solution. Filtration and removal of the solvent 
and excess Fe(CO), were accompanied by substantial decompo- 
sition of the reaction mixture, and no iron tricarbonyl containing 
complexes could be isolated. Similar results were obtained with 
the reaction of the norcaradiene with Fe3(CO)12, Fe2(CO)B, and 
(BDA)Fe(C0)3. 


Reactions of 7-exo-(Dimethoxooxophosphorio)-7- 
phenylnorcaradiene, 2,S-Dichloro-7-exo -( dimet hoxooxo- 
phosphorio)-7-phenylnorcaradiene, and 2,S-Dimethoxy-7- 
ex0 -(dimethoxooxophosphorio)-7-phenylnorcaradiene. 
Reaction of any of these ligands with Fe2(CO)e in ether at  room 
temperature led to substantial decomposition of the iron reagent. 
When it was found that the decomposition of Fe2(C0)e was also 
catalyzed by dimethyl benzoylphosphonate, no further attempts 
were made to prepare iron tricarbonyl complexes from these 
phosphate esters. 
23Dimethyl-7-phenyl-7-(carbomethoxy)norc and 


3P-Dimethyl-7-phenyl-7-(carbomethoxy)nor. Them 
two norcaradienes were prepared by a modification of Ciganek's 
method for the synthesis of 7-phenyl-7-(carbomethoxy)cyclo- 
heptatriene + 7-phenyl-7-(carbomethoxy)norcaradiene." A so- 
lution of methyl phenyldiazoacetate (2.0 g) in degassed o-xylene 
(150 mL) was irradiated through a Pyrex filter for 12 h. After 
photolysis, unread  xylene was removed under reduced pressure 
and the residue chromatographed on Florisil(2 X 25 cm) using 
hexane/benzene (21). The unsymmetrical isomer (2,3-dimethyl) 
eluted first, followed by fractions containing increasing amounts 
of the symmetrical norcaradiene (3,kdimethyl). The last fractions, 
obtained after -1500 mL of solvent had been used, contained 
the symmetrid isomer in >90% purity. An 'H NMR of the crude 
photolysis product revealed that these two isomers were the major 
products, with 2,3-dimethyL3,4dimethyl= 21. Photolyzing more 
concentrated solutions of the diazoacetate results in the ap- 
pearance of another product, which is assumed on the basis of 
'H NMR to result from the reaction of a second diazoacetate 
molecule with the 2,3-dimethylnorcaradiene. 
2,3-Dimethyl-7-phenyl-7-(carbomethoxy)norcardiene: mp 


113-116 OC; 'H NMR (CDC13) d 1.74 (8, 3 H, Me), 2.32 (8,  3 H, 
Me), 3.35 (d, H1, J1.6 = 9 Hz), 3.51 (dd, H6, Jls = 9 Hz, J 6 6  = 5 
Hz), 3.90 (8,  3 H, OMe), 5.86 (d, H4, J4,6 = 9 Hz), 6.26 (dd, H6, 
J4,s = 9 Hz), J6,6 = 5 Hz), 7.2-7.6 (m, 5 H, Ph). Anal. Calcd for 


Karel, Albright, and Brookhart 


C17HleO2: C, 80.29; H, 7.13. Found: C, 80.25; H, 7.20. 
3,4-Dimethyl-7-phenyl-7-(carbomethoxy)norcaradiene: mp 


104-105 OC; 'H NMR (CDClS) 6 1.78 (s,6 H, Me), 3.46 (dd, 2 H, 
H1 and &), 3.90 (8, 3 H, OMe), 6.14 (dd (br), 2 H, H2 and HtJ, 


C6), 52.3 (OCHS), 126.0 (para-phenyl C), 121.6 (C2, C6), 126.4 
(meta-phenyl C), 133.1 (ortho-phenyl C), 133.4 (ipso-phenyl-C), 
134.6 (C3, C4), 167.7 (COOMe). Anal. Calcd for C17HlaO2: C, 
80.29; H, 7.13. Found C, 80.49; H, 7.30. 
(3,4-Dimethyl-7-phenyl-7-( carbomethoxy)cyc lo-  


heptatriene)iron Tricarbonyl. 3,4-Dimethyl-7-pheny1-7- 
(carb0methoxy)norcaradiene (0.1 g) was photolyzed wwith Fe(C0l6 
(1 mL) in degassed benzene for 12 h. After the solution was 
fiitered, solvent and excess Fe(CO)6 were removed under reduced 
pressure. The reaidue was chromatographed (MPLC) with hexane 
or hexane/benzene to give at  least six separate bands, most of 
whose lH NMR spectra were too complex to permit full char- 
acteriziation of the compounds present. The fourth band con- 
tained a small amount (-50 mg) of a yellow oil with an 'H 
spectrum suggesting the presence of the two isomers of the cy- 
cfoheptatriene complex. Heating a benzene solution of the 3,4- 
dimethylnorcaradiene, with FQ(CO)~ at reflux gave no identifiable 
compounds other than starting materials. 


Theoretical Calculations. The calculations were carried out 
with the extended Hiickel method.29 The orbital He's and ex- 
ponents were taken from previous work?'' The modified 
Wolfsberg-Helmholz formula was usedFe The Fe-C(O), C-O, 
and F e C H T  distances used were 1.78, 1.14, and 1.64 A, re- 
spectively. The Fe-C-O and (O)-C-Fe-C(O) anglea were idealized 
at 180 and 90°, respectively. Bond lengths and angles in the CHT 
portion were idealized from the structure of (7-Ph-CHT)Fe- 
(CO),& Bond lengths and anglea for the q2 form were taken from 
(7-Ph-CHT)Cr(CO)*@ The slipping distortions for 28 and 29 
were done so that the F d 3  (C4) distance was kept constant at 
2.10 A. 
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%'o nuclear quadrupole resonance reflecta the extent of electron redistribution in delocalized cyclic olefin 
complexes containing Co(1II). (r16-Cd-16)zC0+ is compared to (r16-C~Ha)[r14-C4(CsH6)4]Co. In localized cyclic 
olefins the electron density is significantly asymmetric, and the strength of the bond between the (rlS-CJ-Ia)Co 
unit and the olefii is found to be cyclooctadiene > duroquinone > cyclopentadienone. The origin of this 
trend is related to the ability of the ligand to distort in order to maximize the overlap between the x system 
and the d, orbital of cobalt. This view is consistent with the EHMO calculations on similar complexes. 
The NQR data for (r16-C6H6)Co(r14-cyclop8ntBdienone) complexes where the cyclopentadienone ring is 
subetituted indicate that the cyclic ole& is a partially localized diene and that little variation in the Co-cyclic 
olefin bonding occurs as a function of substitution of the cyclopentadienone ring. 


Introduction 
The metal-olefii bond is fundamental to organometallic 


chemistry. Although a great deal is known both experi- 
mentally and theoretically about this interacti~n,l-~ the 
individual details from complex to complex continue to 
be of considerable interest. 


An experimental technique that is capable of elucidating 
the ground-state electron distribution in appropriate 
transition-metal complexes is nuclear quadrupole reso- 
nance spectroscopy. It has been applied on several occa- 
sions to the study of metals involved in metal-polyene 


In this paper we report a W o  NQR spectros- 
copy study of (q6-CJ4&Co(cyclic olefin) Complexes in which 
some of the details of the cobalt4efin bond are analyzed. 


Experimental Section 
Synthesis. C ~ C O ( C O ) ~  (Cp = qS-C6H6) was obtained from 


Pressure Chemical. All ligands are available from commercial 
sources and were used as received. Literature procedures were 
employed for preparation of the complexes: CpCoC,Ph,' (C4Ph, 


(CH3)402,B'10 CpCoCOD" (COD = q'-cyclooctadiene), and 


tained from Professor D. Seyferth, MIT. 
The products were characterized by accurate correlation of 


melting points and 'H NMR spectra with the literature values. 
NQR Spectroscopy. The NQR spectra were recorded on 


polycrystalline samples at room temperature with a spectrometer 
system described else~here.'~ Uncertainty in the measurement 


= q4-C4(C&)4), CpCOC~Phfl~ CPCOC~(CFs)4O~ cpcOc6- 


[CpCoC&&OOH]PF6.'2 [ C ~ H , C ( O H ) ( C ~ H ~ ) ~ C O C ~ P ~ ,  Was ob- 


(1) Fischer, E. 0.; Wemer, H. 'Metal *-Complexes"; Elsevier: New 


(2) Herberhold, M. "Metal *-Complexes"; Elsevier: New York, 1972, 
York, 1966, Vol. I. 


Vnl. 11. . .. 


(3) Deganello, G. "Transition Metal Complexes of Cyclic Olefins"; 


(4) Anderson, W. P.: Brill, T. B.: Schoenbera, A. R.: Stanaer, C. W. J.  
Academic Press: New York, 1979. 


- 
Organomet. Chem. 1972,44,161. 


Chem. 1976,14,2975. 
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(5) Chia, L. S.; Cullen, W. R.; Gerry, M. C. L.; Lemer, E. C. Inorg. 


(6) Brill, T. B.; Fultz, W. C.; Hofmann, B. R. Inorg. Chem. 1980,19, 


(7) Rausch, M. D.; Genetti, R. A. J. Org. Chem. 1970, 36, 3888. 
(8) Boston, J. L.; Sharpe, D. W. A.; Wilkinson, G. J. Chem. SOC. 1962, 


(9) Schramr, 0. N.; Dewhimt, K. C. J. Am. C h m .  SOC. 1964,86,3265. 
(10) Schrauzer, G. N.; Thyret, H. Angew. Chem., Znt. Ed. Engl. 1963, 


(11) N h u r a ,  A.; Hagihara, N. Bull. Chem. SOC. Jpn. 1961,34,452. 
(12) Sheets, J. E.; Rauech, M. D. J. Org. Chem. 1970,36, 3245. 
(13) Brill, T. B.; Long, G. G .  J .  Phys. Chem. 1971, 75,1898. 


3488. 


2, 478. 
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of the center line of the resonance multiplet produced a maximum 
error of 0.01 MHz in the resonance frequences. The nuclear 
quadrupole coupling constant and asymmetry parameter were 
calculated from the eigenvalue equation" for I = using a 
computer program.16 


We were unable to detect signals in CpCoCsH6, [C,(CH3)6]- 
CoC6He, and a number of substituted Cp2Co+ salts and 
CpCoC4Ph4 complexes. While relaxation times often determine 
whether or not a signal is detected with a superregenerative 
Oecillator, the number of NQR-active nuclei in the coil (the filling 
factor) is also important. 


NQR Analysis 
'Wo (I = "/2, produces three allowed transitions in NQR 


spectroscopy. These transitions occur between the mI = 
*'/z, f3/ , ,  f6/2, and f7/, levels with a selection rule of 
Aml = fl. In practice the 3/z  - l/, transition may not 
be observed unless the higher frequency transitions are 
intense. Nuclear quadrupole transitions occur in the RF 
region. Their location depends on the magnitude of the 
nuclear quadrupole moment, Q, which is constant, and the 
electric field gradient (EFG), q, at the nucleus, which varies 
in magnitude and symmetry depending on the distribution 
of charge about the nucleus. q is a tensor, the largest 
component of which is chosen by convention to be qu. The 
nuclear quadrupole coupling constant, ezQqEz/h, and the 
asymmetry parameter of the electric field gradient, 9, can 
be calculated from any two identified nuclear transitions. 
e2Qq,,/h (hereinafter e2Qq/h) measures the magnitude of 
the EFG sensed by the nucleus while 9 = (qrZ - qyy)/qzz 
measures ita deviation from axial symmetry about 2. 11 
may take on values from 0 to 1 depending on the degree 
of EFG asymmetry. Values of 9 in the 0 .0 .15  range can 
arise from distortions produced by lattice forces and gen- 
erally are too small to have chemical significance. Values 
of q greater than 0.15 may be chemically important. 


The magnitude of the EFG on the metal in diamagnetic 
transition-metal complexes is dominated by the distribu- 
tion of electron density in the valence d orbitals.lB If d,z 
is chosen to coincide with the Z axis of the EFG tensor, 
then the molecular coupling constant is related to the 
atomic value (a constant) through the combination of 
orbital populations, Nd,, given in the bracketed quantity 


(14) Das, T. P.; Hahn, E. L. Solid State Phys., Suppl. 1966,1, Chapter 


(15) Brill, T. B.; Hamilton, L. F., unpublished results. 
(16) Harris, C. B. Inorg. Chem. 1968, 7, 1517. 
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of eq 1. Although eq 1 is an approximation, it is valuable 


(e2Qq/h)moi = 


Brill and Landon 


very small. Ring substitution in these compounds pro- 
duces a negligible effect on the EFG at cobalt although a 
larger range of substituents might produce an observable 
effect such as that found in substituted CpMn(C0)3 com- 
p l e ~ e s . ~ ~ ~ ~ ~  The presence of phenyl groups on the cyclo- 
butadiene ring in 2 improves the stability of these com- 
plexes and wil l  not alter the description of the ring because 
the substituent effect of C6H5 is 


Co(II1) has an initial d electron distribution of d22(2), 
d,z 42), d,(2), d,,(O), dy,(0). Significant redistribution 
of &e electron density occurs when the Co(II1) ion bonds 
to cyclic olefin ligands to form 1 and 2. An increase in Nd, 
and Nd,, will produce a lower value of e2Qq/h according 
to eq 1. The lower value of e2Qq/h in 2 compared to that 
in 1 results from the fact that the six-electron donor Cp- 
and six-electron donor C4Ph2- ligands in 2 produce higher 
electron density in the d,, and dY orbitals than do the two 
six-electron donor Cp- ligands in 1. The magnitude of the 
bracketed quantity in eq 1 is, therefore, smaller in 2 than 
1. 


Alternatively, 2 might be considered to have a Co(1) 
atom with an initial d electron distribution of d,z(2), 
d,24(2), d,(2), dx,(l), d (1) bonded to Co- and a neutral 
four-electron donor C4gh4 ligand. Comparison of this 
electron distribution with that given above for Co(II1) 
shows by eq 1 that e2Qq/h in 1 will be larger than for 2. 
With either formalism the net electron density on the 
metal is less for 1 than 2. If only the metal d orbitals are 
considered, the difference in the electron occupation of the 
ml = 0, fl orbital set and the ml = f 2  orbitals is about 
17% greater in 1 compared to that in 2. 


Localized Cyclic Olefin Bonding 
Localized dienes yield rather different NQR data (Table 


11) than the delocalized dienes. The bonding between 
cyclic olefins and metals partly depends on how readily 
the olefin can alter its structure and orientation in order 
to optimize the overlap with the metal orbitals. Inflexible 
dienes where the metal-ligand bonding is restricted in a 
preset way are likely to produce overall less bonding MOs 
than those possible with flexible dienes. An experimental 
test of this prediction can be made by comparing the or- 
bital populations of a series of CpCo(cyc1ic olefin) com- 
plexes where a rigid cyclic diene is compared to a flexible 
one. 


Cyclopentadienone represents a relatively inflexible 
diene. It is based on butadiene in which the ring is cyclized 
by a carbonyl. The double bonds are a t  an angle to one 
another26v26 and, therefore, are not optimized for metal- 
ligand orbital overlap in 3. 


for relating the trend in the coupling constants over a series 
of complexes to changes that occur in metal-ligand 
bonding. 


The asymmetry parameter, 9, reflects the d orbital 
populations according to eq 2, assuming the 2 axis of the 


EFG is the same as that chosen in eq 1. rl is very useful 
because it detecta the difference in the electron distribution 
on perpendicular planes of the molecule containing the 2 
axis of the EFG. 


In addition to the intramolecular EFG, a contribution 
to the EFG in salts comes from the electrostatics of the 
lattice. The lattice contribution has been found to be 
relatively small in organometallic complexes where the 
metal atom is insulated from the counterions by the lig- 
a n d ~ . ~ '  Such is the case in Cp2Co+ salts. The data in 
Table I for Cp2Co+ cover several temperatures and salts. 
The coupling constant usually increases with a decrease 
in temperature.18 The values of e2Qq/h at  100 K are 
slightly larger than those at  298 K. All of the salts will 
have coupling constants in a narrow range around 166 
MHz when the low-temperature values are scaled a few 
megahertz lower for comparison with the room-tempera- 
ture values. Consequently there is only a small lattice 
effect, and no hazzard should be encountered in comparing 
these organometallic salts to neutral complexes. 


Delocalized Cyclic Olefin Bonding 
The metal orbital participation in the bonding of 


Cp2Co+, 1, and CpCoC4Ph4, 2, is ~ e l l - k n ~ ~ n . ~ ~  The 2 axis 


2 


W" 
&-R 


Ph I Ph R'H.C(OH)phZ 


e )-y 
co  


I & R= H. COOH 


1 t 
of the orbitals and the EFG tensor coincides with the 
metal-ring axis so that the d,z, d,, and d+y2 orbitals are 
mostly filled and nonbonding while d,, and dy2 dominate 
the MO's comprising the metal-ligand bonding.m*21 The 
cobalticinium salts are axially symmetric with respect to 
the orbitals of cobalt and consequently the values of 9 in 
Table I are very small. The CpCoC4Ph4 complexes have 
at most C, in symmetry, but the delocalization of electron 
density in the occupied MO's of the ring produces effec- 
tively axial symmetry at  cobalt. Accordingly, the asym- 
metry parameters for these compounds are observed to be 


(17) Brill, T. B.; Kotlar, A. J. Inorg. Chem. 1974,13,4706. 
(18) Kushida, T.; Benedek, G. B.; Bloembergen, N. Phys. Reo. 1956, 


(19) Cotton, F. A; Wilkineon, G. "Advanced Inorganic Chemistry", 4th 


(20) Schraml, J.; Voitlander, J. 2. Naturforsch, A 1965, 20A, 1424. 
(21) Warren, K. D. Inorg. Chem. 1974,13,1243. 


104, 1364. 


ed.; Wiley: New York, 1980; pp 100-104. 


R 


R 
I 


c o  R = c F ~ ,  Ph 


3 - 
(22) Nemeyanov, A. N.; Semin, G. K.; Bryuchova, E. V.; Babushkina, 


T. A.; Anisimov, K. N.; Kolobova, N. E.; Makarov, Yu. Y. Tetrahedron 
Lett. 1968, 37, 3987. 


(23) Brill, T. B.; Long, G. G. Inorg. Chem. 1971, 10, 74. 
(24) Ehreneon, S.; Brownlee, R. J. C.; Taft, R. W. h o g .  Phys. Org. 


Chem. 1973, 10, 1. 
(26) Dahl, L. F.; Smith, D. L. J .  Am. Chem. SOC. 1961,83, 752. 
(26) Gerloch, M.; Mason, R. h o c .  R.  SOC. London, Ser. A 1964,279, 
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Table I. Cobalt-59 Nuclear Quadrupole Resonance Frequencies for Delocalized Cyclic Olefins at 298 K, 
Unless Otherwise Indicated 


v ,  MHz 
complex l i t  c-, 3 i 2  312 ++ ' I 2  512 f--) l l ,  e2Qqlh ,  MHz 1 


[Cp,ColBr,, 1 168.43 0.0 
[Cp,ColC104,d 1 


[C,H4C( OH)Ph,]CoC,Ph,, 2 19.770 (3)  29.650 (3)  138.37 0.0 


[Cp,Co]NO,*H,O, 1 11.833 23.678 35.513 165.61 0.007 


[CpCoC5H,COOH]PF6, 1 23.635 (20) 35.547 (10) 165.98 0.076 
CpCoC,Ph4, 2 20.09 (10) 30.17 (15) 140.8 0.05 


12.250 24.500 36.740 171.43 0.0 


a Parenthetical numbers are signal-to-noise ratios. 
Nesmeyanov, A. N.; Semin, G. K.; Bryukhova, E. V.; Anisimov, K. N.; Kolobova, N. E.; Khmdozhko, V. N. ZZU. A k a d .  


Spiess, H. W.; Hass, H.; Hartmann, H. J.  Chem. Phys.  1969,50, 3057. 


Nauk SSSR 1969, 9, 1936. Data at 77 K. 
K. 


Voitlander, J.; Longino, R. Naturwissenschaften 1959, 46, 664. Data at 103 


Table IL Cobalt-59 Nuclear Quadrunole Resonance Data for Localized Dienes at 298 K" 
v ,  MHz 


complex xi2 - 3 i 2  3 i 2  - s i 2  51, - l i t  e z Q q / h ,  MHz 1 


CpCoC~(C6H5)40, 3 20.436 (4)  32.091 (4)  152.68 0.431 
CpCoC,(CF,),O, 3 20.726 (3)  32.357 (7)  153.11 0.367 


0.680 CpCoC6(CH3)402, 19,765 (2)  17.745 (7)  27,858 (7)  
CpCoC,H,,, 5 12.456 (4)  15.701 (20) 24.653 (50) 117.27 0.415 


136.70 


Parenthetical numbers are signal-to-noise ratios. 


To represent examples of more flexible ligands, cyclo- 
octadiene and duroquinone were selected. Duroquinone 
is distorted in the CpCo complex 4 such that the ketone 


cp ? 


c 5 


groups bend away-from the cobalt atoms while the Me 
groups move c10ser.~' The ring has C2" symmetry. Such 
a distortion appears to occur in order to orient the a- 
electron density of the diene in the direction of the Co 
bonding orbitals." Similarly the flexibility of COD permits 
the diene to position itself for optimum overlap with the 
metal orbitals in 5. These ligands, represented on one hand 
by nonparallel dienes with a less flexible five-membered 
ring, 3, and on the other hand by parallel dienes with 
flexible six- and eight-membered rings, 4 and 5, should 
produce alterations in the Co orbital occupation numbers. 


The 2 axis of the Co EFG tensor is chosen as shown on 
1. While this orientation is satisfactory for 4 and 5, it 
would be fortuitous if the axis system orientation were 
precisely the same as this in 3. The 2 axis in 3 will reside 
in the molecular mirror plane but may be canted from the 
Co-Cp axis.6 Thus the present discussion of 3 will be 
purposefully subjective. 


In these complexes Co(1) has an initial d orbital electron 
distribution of d,2(2), d,2+(2), d,,(2) with the remaining 
two electrons largely occupying the d orbital. Recent 
EHMO calculations of Albright et a1.2ron CpCo(olefin), 
complexes indicate that the metal MOs involving d,z, d,?, 
and d,, are filled and largely nonbonding in the diene 
complexes of the type 3-5. Consequently, these orbitals 
will be taken as filled and unchanging. The variations in 
the metal electron density as reflected by the NQR data 


~ 


(27) Uchtman, V. A.; Dahl, L. F. J.  Orgummet. Chem. 1972,40,403. 
(28) Albright, T. A.; Geiger, W. E.; Moraczewski, J.; Tulyathan, B. J. 


Am. Chem. SOC. 1981, 103, 4787. 
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Figure 1. The interaction dia ram for a parallel diene and the 


take place via the d,, and dr. orbitals of Co which have the 
correct symmetry for bonding with the dienes in Table 11. 
Figure 1 illustrates the overlap arrangement. The d,,-bz 
overlap is much more strongly bonding than the dyz-bl 
overlap which involves the a* levels of the olefins.28 It is 
reasonable, therefore, to expect a greater population for 
the d,, orbital of cobalt than dyZ. Although the electron 
density in these orbitals is redistributed to some extent 
by bonding, the sum of the negative terms in eq 1 will 
exceed the s u m  of the positive terms in 3-5. Because the 
d,, and d,, orbitals participate to a different extent in 
bonding, eq 2 predicts a nonzero value of 9. The values 


d,, and d,, orbitals of cobalt. if 
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of q will be discussed shortly. 
By using the fact that the negative terms are overall 


larger than the positive terms in eq 1, it is easy to see that 
an increase in the olefin-to-metal electron transfer through 
improved orbital overlap with the d,, orbital will decrease 
the 59C0 coupling constant. The trend in the coupling 
constants (Table 11) is 5 C 4 C 3. 5 is expected to have 
the best olefin-metal overlap due to the fact that COD is 
flexible enough for the 7~ system to orient toward the d,, 
orbital of cobalt. Likewise the duroquinone exhibits no- 
table flexibility in order to maximize the metal-ligand 
overlap in 4,27 but the olefin-to-metal electron transfer is 
reduced because the ketone groups compete with the metal 
for the diene electrons. As a result, in spite of the dis- 
tortion of the duroquinone to optimize overlap, the di- 
minished electron density in the ml = f l  orbitals of cobalt 
(eq 1) produces the observed larger 5gC0 coupling constant 
in 4 compared to 5. There is about 10-15% less electron 
density in the ml = f l  set in 4 than 5. 


The substituted cyclopentadienone ligands produce the 
smallest population of the d,, orbital according to the high 
value of the 59C0 coupling constant in 3. Not only are the 
double bonds ineffectively oriented for the optimum 
overlap, but also the five-membered ring is relatively rigid. 
Accordingly, the electron transfer from the olefin to the 
cobalt d,, orbital will not be as effective in 3 as in 4 or 5. 
These experimental NQR data support the conclusions of 
EHMO calculations where it is found that parallel dienes 
produce more strongly bonding MO's with the CpCo unit 
than do nonparallel dienes.28 


The localization of *-electron density in 3-5 generates 
considerable asymmetry in the electron distribution on 
perpendicular planes of the molecule. The d,, and d,, 
orbitals lie on these planes, and their population will reflect 
this difference. The relationship of the asymmetry pa- 
rameter to the occupation of these orbitals is given in eq 
2. An inverse relationship between q and (e2Qq/h),,, 
would be observed if the quantity (Nd,, - Nd,,) were con- 
stant in the series. This situation is sometimes observed5i6 
and means that proportional changes in the electron 


Brill and Landon 


density take place simultaneously in the two d orbitals. 
In Table I1 the trend in q does not match the trend in 
(e2Qq/h),,l and therefore the magnitude of (Nd,, - Nd,,) 
is altered by the olefin. The largest value occurs in 5 where 
the lobes of the d,, are directed at  the atomic framework 
of the ketone groups. A semiempirical MO analysis sug- 
gestsg this interaction is repulsive and is, in part, respon- 
sible for the distortion of the duroquinone ligand toward 
CZU symmetry. The decrease in N d Y z  relative to Nd is 
reflected in the large value of q observed with 4. '?he 
quantity (Nd ,  - Nd,,) is about 0.3 e in 4 and 0.2 e in 5 
assuming (e2dq/h),t 18 about 280 hfHz.16 The lower valum 
of q in 3 compared to that in 5 may result from a mod- 
eration of the difference between Nd I and Ndyz due to the 
overall weaker cobalt-cyclic olefin bonding. 


The NQR spectra of 3 with R = C6H5 and CF, (Table 
11) provide subjective information on the method of 
metal-olefin bonding in 3. The large values of q for cobalt 
are indicative of relatively localized double bonds in the 
cyclic olefin portion as opposed to highly delocalized mo- 
lecular orbitals as found in CpSz5 Differences in bonding 
in 3 when R is alternately an electron donor or acceptor 
substituent have been p r o p ~ s e d . ~ ~ J " ~ ~  The fact that 
e2Qq/h and q are very similar in 3 when R = CF, and R 
= C6H5 reveals that the bonding modes in these two com- 
plexes are very similar insofar as the electron occupations 
of the d orbitals of cobalt are concerned. 
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The kinetics of decomposition of PhCH(CH&o(dmgH),OH, in aqueous methanol were studied in acidic 
solution and suggest parallel reactions of the parent complex (kb,298 = 3.55 X s-l, AH* = 28.6 f 1.1 
kcal mol-’, AS* = 25.7 f 3.6 cal mol-’ K-’) and its conjugate acid (kazss. = 1.48 X lo-, s-l, AH* = 23.2 f 
0.2 kcal mol-’, AS* = 11.1 f 0.7 cal mol-’ K-l), the two reactants diftering by the extent of protonation 
of the oxime oxygens and interrelated by an equilibrium constant KH = 8.1 f 0.4 M-l. The products consist 
of Co2+, four “dimers” of PhCHCH3 (including a quinoid from a-to-para addition and 1,3-diphenylbutane 
as well as meso- and rac-2,3-diphenylbutanes) and styrene. The results suggest parallel homolytic (-72%) 
and &elimination (-28%) pathways. The intermediacy of cobalt(I1) cobaloxime was confirmed by ex- 
periments with added H202 and Co(NH&BP. These reagents do not alter the rate constant but do produce 
mixtures of Co2+ and (H,O),Co(dmgH),+ or BrC0(dmgH)~0H~, in ratios consistent with the rate constants 
determined independently for the Co(I1) complex. 


Introduction 
The study of the mechanisms by which organometallic 


compounds decompose has been a subject of much recent 
interest. Our attention was drawn to (1-phenylethy1)- 
aquocobaloxime, PhCH(CH3)Co(dmgH)2H20, by results 
we had obtained3 on the reactions of numerous organo- 
pentaaquochromium(II1) cations which often react by 
homolytic cleavage of the chromium-carbon bond (eq 1). 


(1) 
Can the same mode of reaction be observed for other 


compounds such as the electronically saturated organo- 
cobaloximes? Alkylcobaloximes are, as a class, generally 
so stable toward thermal decomposition in solution, that 
the tendency of the a-phenylethyl derivative to decompose 
is exceptional. Gaudemer et  al. reported that the decom- 
position of (a-phenylethyl) (pyridine)cobaloxime in meth- 
anol occurs by @hydrogen elimination (eq 2) rather than - PhCH= CH2 t HCo(dmgH)zpy ( 2 )  
PhCH(CH3Co(dmgH )2py - PhtHCH3 t Co(dmgH)zpy (3)  


by homolysis (eq 3) on the basis of product analysis, 
deuterium labeling, and trapping of hydrido(pyridine)co- 
baloxime from eq 2 by its reaction with phenyla~etylene.~ 


During the course of our work, Halpern, Ng, and Rem- 
pel6 reported the results of kinetics and equilibrium de- 
terminations in toluene solution. They observed hydrogen 
and styrene were produced in an overall equilibrium re- 
action but suggested, on the other hand, a mechanism in 
which homolysis was the rate-limiting reaction. According 
to their proposal the products of the homolysis step un- 
dergo subsequent and rapid reactions to complete the 
sequence 


(H20)&!rR2+ - Cr2+(aq) + R. 


~~~ 


(1) Bawd in part on the Ph.D. theais of HBG, Iowa State University, 
1981. 


(2) Cobaloxime = Co(dmgH)*, where dmgH- = monoanion of di- 
methylglyoxime (2,3-butanedione diosime). 


(3) (a) Kirker, G. W.; BakaE, A.; Espenson, J. H. J. Am. Chem. SOC., 
in press. (b) Bakac, A.; Espenson, J. H. Zbid. 1981,103,2721. (c) Nohr, 
R. 9.; Eapeneon, J. H. Ibid. 1976,97,3392. (d) Pohl, M. C.; Espenson, 
J. H. Znorg. Chem. 1980,19, 235. 


(4) Duong, K. N. V.; Ahond, A.; Merieene, C.; Gaudemer, A. J. Orga- 
nomet. Chem. 1973, 55, 375. See also Niahinaga, A.; Niahizawa, K.; 
Nakayama, Y.; Mateuura, T. Tetrahedron Lett. 1977, 1,  85. 


(5) Helpem, J.; Ng, F. J. J.; Rempel, G. J. J. Am. Chem. SOC. 1979,101, 
7124. 


fast 
PhCHCH3 + Co(dmgH),py - 


PhCH=CH2 + HCo(dmgH)zpy (4) 


Our approach has been to do quantitative studies of the 
kinetics and products under several conditions, with 
particular emphasis on the detection and trapping of the 
likely reaction intermediates by suitable chemical reac- 
tions. We report here evidence that both of the pathways 
cited above do occur, but that conditions can readily be 
found wherein the course of the reaction can be directed 
largely along one pathway or the other. 


Experimental Section 
Materials. (a-Phenylethyl)(base)cobaloxime, with base = 


pyridine or water, was prepared under nitrogen in methanol from 
cobalt(I1) acetate, dimethylglyoxime, styrene, and hydrogen by 
using published procedures! The compound was recrystallized 
by dissolution in methylene chloride with reprecipitation by 
hexane. The crystalline, air-sensitive products were characterized 
by elemental analyses and ‘H NMR spectra which agreed with 
the published spectrum.’ All experiments were conducted under 
rigorously deoxygenated solutions, using Cr2+-scrubbed nitrogen, 
as rapid decay in the presence of O2 was noted. The UV-visible 
spectrum in aqueous methanol shows absorption maxima at 464 
nm (e 850 M-’ cm-l) and 368 (e 3.02 X lo3). 


Cobalt(I1) cobaloxime was sometimes prepared and used as the 
solid material8 Co(dmgH)zpyz, which in neutral solution at the 
concentrations used iss Co(dmgH)zpy. More often, especially for 
experiments to determine ita lifetime under various experimental 
conditions, C~(dmgH)~oH~ was produced directly in the quartz 
reaction cell in the desired reaction medium by visible light 
photodissociationlo of RCo(dmgH)*OH2 for R = 2-propyl, a- 
phenylethyl, and ethyl. The photolysis of the organocobaloxime 
was done by using a 100-5 flash from fast extinguishing xenon 
flashlamps in the Xenon Corp. Model 710C flash photolysis 
system, using Pyrex filters to remove the UV radiation. Other 


(6) Schrauzer, G. N.; Windgassen, R. J. J. Am. Chem. SOC. 1967,89, 
143. 


(7) Fontaine, C.; Duong, K. N. V.; Merienne, C.; Gaudemer, A.; Gia- 
notti, C. J. Organomet. Chem. 1972, 38, 167. 
(8) Schrauzer, G. N. Znorg. Synth. 1968, 11, 65. 
(9) (a) Schneider, P. W.; Phelan, P. F.; Halpern, J. J. Am. Chem. SOC. 


1969, 91, 71. (b) Rockenbauer, A.; Bddo-ZHhonyi, E.; Simindi, L. I. J. 
Coord. Chem. 1972,2, 53. 


(10) Golding, B. T.; Kemp, T. J.; Sheena, H. H. J. Chem. Res., Min- 
iprint 1981, 334 and references therein. 
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reagents were prepared by standard procedures or were purchased. 
Kinetics. The kinetics of decomposition of (a-phenylethy1)- 


aquocobaloxime were determined in 40% aqueous methanol in 
solutions in which ionic strength was maintained at 1.00 M by 
lithium perchlorate. The progress of the reaction was monitored 
at the 368-nm absorption maximum of the reactant. The kinetic 
runs were conducted anaerobically in the presence of added 
perchloric acid and/or selected oxidizihg agents, as described later. 


Kinetic experiments to determine the rate of decomposition 
of cobalt(I1) cobaloxime in acidic solution (eq 6) were conducted 


Co(dmgH),H,O + 2H+ = 2Hzdmg + Co2+(aq) (6)  


at various [H+]. The Co(II) complex was generated photolytidy 
and its subsequent very fast decomposition recorded in the 
photolysis apparatus using a storage oscilloscope to record the 
transmittance change at 460 nm, an absorption maximum of 
Co(dmgH),(H,O) (e 3.4 X 103 M-' cm-'). 


The kinetic data were analyzed by routine methods for pseu- 
do-first-order kinetics, which all runs followed exactly. 


Products and Analyses. The concentration of Co2+ produced 
when the reaction was run under various conditions was deter- 
mined spectrophotometrically as Co(NCS)P in 50% acetone (623 
= 1842 M-' cm-*).ll The same method was used to determine 
the total cobalt content of samples containing a mixture of species 
which were converted to Co2+ by heating with a few milliliters 
of 70% perchloric acid almost to dryness after first vaporizing 
any organic material present. The concentration of (H20)&o- 
(dmgH)2+, also produced from (a-phenylethy1)cobaloxime under 
some conditions, was taken as the difference between the total 
cobalt and the concentration of Co2+ directly determined. Under 
other conditions, some of the organocobaloxime was converted 
to BrCo(dmgH),HzO. This yellow complex was washed through 
a column of SP Sephadex C-25 cation-exchange resin in the H+ 
form, which retained Co2+, (H20)2Co(dmgH)2+, and excess Co- 
(NH3)5B1'2+. It was identified by its characteristic UV spectrum, 
250 nm ( E  -2 X lo4 M-' cm-' ) and 228 (-2 X lo'), and was 
determined" as CO(NCS)~~- after conversion to Co2+ by fuming 
with perchloric acid. 


The organic produds were analyzed by GC and GC-h4S. After 
completion of the reaction, any free dimethylglyoxime was re- 
moved by filtration, and the organic products were extracted into 
methylene chloride. Those products which are dimers of the 
PhCHCHS radical were separated by using a Tracor 550 GC 
equipped with an OV-1-packed column with a FID at 150 O C  using 
bibenzyl as an internal standard for quantitative analysis. Exact 
mass values of these products were obtained on the residue from 
evaporation of the original methylene chloride extract. Styrene 
was detected similarly by using a FFAP-packed column with a 
FID at 65 OC; its concentration was determined by the method 
of standard additions. 


Results and Interpretation 
Kinetics in Acidic Solution. Studies of the kinetics 


of decomposition of PhCH(CH3)Co(dmgH)2L were con- 
ducted for L = H20, with a smaller number of ,runs carried 
out on solutions prepared from the crystalline complex 
having L = pyridine. The results agreed for the two, as 
expected, since the latter is rapidly and completely con- 
verted to the aquo complex in acid solution.12 The de- 
composition of the complex with [PhCH(CH,)Co- 
(dmgH)20H2]o = 1 X 10" M followed a pseudo-first-order 
rate law at each [H+] studied. The values of k o b d  (eq 7) 
were determined at  25.0 OC over the concentration range 
[H+] = 1.38 X to 1.00 M at a constant ionic strength 
of 1.00 M and are summarized in Table I. 
-d [ PhCH(CH3)Co(dmgH),0H2] /dt = 


kobsd[PhCH(CH3)Co(dmgH)20H21 (7) 


(11) (a) Parker, 0. J.; Espenson, J. H. J.  Am. Chem. SOC. 1968, 90, 


(12) Brown, K. L.; Lylea, D.; Pencovici, M.; Kallen, R. G. J.  Am. Chem. 
3868. (b) Kitson, R. E. A w l .  Chem. 1950,22, 664. 


SOC. 1976, 97,7338. 


Table I. Pseudo-First-Order Rate Constants for 
Decomposition of PhCH( CH,)Co( dmgH),OH, in 


Acidic Solutiona 
logkpbsdl  103kpbsdl 


[H+I/M S- [H+l/M S' 


0.001 38 3.65 0.170 10.2 
0.00550 4.13 0.180 10.1 
0.0083 4.22 0.200 10.5 
0.0200 5.01 0.240 10.8 
0.0300 5.90 0.300 11.3 
0.0500 6.89 0.400 11.7 
0.0600 7.53 0.500 12.4 
0.0700 8.06 0.600 12.8 
0.0900 8.37 0.700 13.0 
0.100 8.56 0.800 13.4 
0.120 9.01 0.900 13.9 
0.130 9.25 1 .oo 14.3 
0.150 9.81 


Conditions: 25.0 "C; 40% aqueous methanol; ionic 
strength 1.00 M (maintained by lithium perchlorate); 
initial [RCo(dmgH),OH,] = 1 X M. 


The value of k,, increases with [H+] in this range, but 
not linearly. On the basis of the behavior of numerous 
other organoaquocobaloximes which are stable in acidic 
so l~ t ion , '~  i t  seems reasonable to  propose that a rapidly 
established protonation equilibrium is responsible for a 
portion of the effect seen. In that equilibrium one 0-H-0 
link of the (dmgH)2 pseudomacrocycle is converted, by 
protonation, to two OH groups (i.e., to the chelate 
(dmg2H3)). The equilibrium can be written as 


RCo(dmgH),0H2 + H+ 2 RCo(dmg2H3)0H2+ (8) 


where KH symbolizes the equilibrium constant for the 
reaction as written. If it is further assumed that each of 
the cobaloximes undergoes a unimolecular decomposition 
reaction, then the expression for koM as a function of [H+] 
is 


where k b  symbolizes the rate constant for the original 
unprotonated species (the "basic" form) and k, that for 
the protonated or "acidic" species. The assumption is 
being made that any intermediates generated in such steps 
are rapidly converted to the ultimate products, in which 
case the kinetic equations will reflect only the first reaction 
of the sequence. Values of kobd were fit to eq 9, as illus- 
trated in Figure 1. The least-squares parameters are k, 


KH = 8.13 f 0.38 M-l. The satisfactory agreement between 
observed and calculated values substantiates this hy- 
pothesis. The value of KH is slightly larger than found for 
similar protonations: pKH = 0.91 compared to the usual 
range13 0-0.6. This difference, as pointed out to us by a 
reviewer, may arise from the change in the usual aqueous 
solution to 40% aqueous methanol used in the present 
study for reasons of solubility. 


Determinations of k o w  as a function of temperature 
(15-40 "C), also as a function of [H+] at each temperature, 
yield the rate constants in Table 11. The fit of the data 
was realized by using a nonlinear least-squares program 
for the fitting of koM as a simultaneous function of [H+] 


= (1.48 f 0.06) x 8-', k b  = (3.55 f 0.07) x S-', and 


~~ ~ ~ 


(13) (a) Adin, A,; Espenson, J. H. J. Chem. SOC. D 1971, 653. (b) 
Abley, P.; Dockal, E. R.; Halpern, J. J.  Am. Chem. SOC. 1973,95, 3166. 
(c) Cmbl i i s ,  A. L.; Bowman, J. T.; Gaus, P. L.; McPhail, A. T. J. Chem. 
SOC., Chem. Commun. 1973,415. (d) Eapenson, J. H.; Chao, T.-H. Znorg. 
Chem. 1977, 16, 2553. 







Reactions of (a-Phenylethy1)aquocobaloxime 


r----l 
Organometallics, Vol. 1, No. 3, 1982 437 


I , 0 0.2 0.4 0.6 0.8 1.0 I 
0 0.2 0.4 0.6 0.8 1.0 


Wi 'M 


Figure 1. Illustrating the variation of the pseudo-fmt-order rate 
constant for decomposition of PhCH(CH8)Co(dmgH)20Hz (at 25.0 
O C  in 40% aqueous methanol at 1.00 M ionic strength with [H+]). 
The solid line is that resulting from the least-squarea fit according 
to eq 9. The inset shows bow X (1 + &[H+]) VB. [H+] using KH 
= 8.33 M-I. 


Table 11. Temperature Dependence of the Rate 
Constantsa for the Decomposition of 


PhCH( CH3)Co( dmgH),OH, 
temp/"(= 103kkb/s-1 103kk,/s-1 


15.0 0.75 f 0.04 3.3 f 0.3 
25.0 3.55 f 0.07 14.8 f 0.6 
35.0 14.67 f 0.90 58.6 f 5.2 
40.0 31.06 f 1.44 105 f 9 
A p / k c a l  mol-' 28.55 f 1.1 23.23 f 0.22 
AS*/cal mol-' K-' 25.65 f 3.6 11.08 f 0.70 


In 40% aqueous methanol at 1.00 M ionic strength. 
The value of KH is approximately invariant with temper- 
ature, the value obtained in the least-squares analysis is 
8.1 f 0.4 M-' (see also ref 14). 


and T. The fiti4 gave KH = 8.1 f 0.4 M-l and the values 
of AH* and AS* given in Table 11. The substantial values 
of AH* (23.2-28.6 kcal m o l 3  for both are similar to the 
value for the reaction in toluene5 (21.2 f 0.5 kcal mol-'), 
but the values of AS* (11.1-25.7 cal mol-' K-l) are much 
larger (1.4 f 1.5 cal mol-' K-l). I t  is subsequently noted 
that k, and kb are believed to represent the sum of two rate 
constants for concurrent elementary reactions; we return 
to this point later. 


Reactions with Oxidizing Agents. The decomposi- 
tion of PhCH(CH3)Co(dmgH),0H2 was also studied in the 
presence of H202 and Co(NH&Br2+ in acidic solution. 
These reagents were chosen because they are knowni5 to 


(14) A second approach was taken in which the values of the three 
parameters of eq 9 were adjusted in a separate least-squares calculation 
at ecich temperature and subsequently fit as a function of 5". The valuea 
of KH so determined are 5.4,8.3, 7.4, and 8.6 M-' at 15.0, 25.0, 35.0, and 
45.0 O C ,  respectively. The rate constants and their activation parameters 
so calculated are within the experimental error of the valuea obtained by 
the method given in the text of the paper which was adopted as the 
preferable method since it better reflects the uncertainties in all of the 
parameters. 


(b) Adm, A.; Espenson, J. H. Ibid. 1972,11, 686. 
(15). (a) Heckman, R. A.; Espenson, J. H. Inorg. Chem. 1979,18,38. 
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Figure 2. Illustrating the variation of the pseudefmt-order rate 
constant for the reaction of the Co(I1) complex Co(dmgH)zOHz 
with H30+ aa a function of hydrogen ion concentration. The same 
complex is produced in the photolytic decomposition of the 2- 
propyl (O), ethyl (A), and a-phenylethyl (+) complexes. 


react with the products expected from homolysis and /3 
elimination yet were thought likely to show no direct re- 
action with the organocobaloxime. That proved to be the 
case: the rate constant was independent of [H202] and, 
in separate experiments, independent of [Co(NH3),Br2+]. 
The value of k o u  was the same within the experimental 
error a t  a given [H+] as when the oxidant was absent. 


Yet it was shown, as reported in a later section, that 
different products were formed and systematically varying 
yields obtained. These findings substantiate our hypoth- 
esis, showing that the role of H202 or C O ( N H ~ ) ~ B ~ , +  is to 
react with the intermediate(s) and not with the starting 
organocobaloxime. 


Kinetics of Decomposition of Cobalt(I1) Cobal- 
oxime. The complex Co(dmgH),OH,-or Co(dmgH),- 
(OH,),, the coordination number in solution is not known, 
although it is probablyga five-is rapidly converted to 
Co2+(aq) in acidic solution. Earlier studiesi5b were limited 
to determinations at  lower [H+] owing to the upper limit 
of the stopped-flow method. In the present case we have 
extended the determinations to higher [H+], using flash 
photolysis to generate the cobalt(I1) complex from any of 
three organocobaloximes. All three gave the same complex 
as judged by its absorption intensity and rate constants. 
Studies were carried out in the range 3.6 X lo4 to 5.35 X 


M H+. The pseudo-first-order rate contant describing 
the decomposition of Co(dmgH), in eq 6, happH,. increases 
sharply with [H+] as shown in Figure 2. Our interest is 
simply the value of kappH at  a particular [H+], rather than 
the algebraic expression of kWpH as a function of [H+] and 
the formulation of a mechanism for the reaction of eq 6. 
That is so because our purpose here is to consider by 
means of kinetic competition experiments and product 
ratios whether the Co(I1) cobaloxime is an intermediate 
in the decomposition of PhCH(CH&o(dmgH),OH,. For 
that reason and also because the likely intervention of one 
or more protonation equilibria complicates a detailed un- 
derstanding, we chose not to attempt a resolution other 
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Table 111. Organic Products from Decomposition of PhCH( CH,)Co( dmgH),OH, in Aqueous Methanol 
l o s  [product]/M 


103[RCo],/M [H+]/M A B C D styrene % homa 70 climb 
0.49 0.0050 8.6 7.8 1.9 3.9 7.1 71.1 28.9 
1.54 1.00 32.2 22.2 5.8 11.4 22.7 7 2.6 27.4 


a % homolysis= 2{([A] t [B] t [C])/[RCo],} X 100; %elimination = (2[D] + [styrene]/[RCo],) X 100. Percen- 
tages normalized to 100%. 


than to note that an equation of the form happH = kJH+I + k2[H+I2 does represent the results to fair accuracy. 
Products and Competition Experiments in Acidic 


Solutions. Direct measurements in acidic solutions 
showed that Co2+(aq) is formed quantitatively when the 
decomposition reaction of PhCH(CH3)Co(dmgH)20H2 is 
run in acidic solution in the absence of oxidizing agents.I6 
Under the same conditions the organic products" consist 
of a mixture of dimers of the 1-phenylethyl radical (de- 
scribed below, total 86%) and of styrene (14%); no 
ethylbenzene was detected. The relative proportions of 
the two seta of products are invariant with [H+] in the 
range where the reaction proceeds nearly totally by one 
pathway or the other (15% by k, a t  [H+] = 5 X M, 
97% at [H+] = 1.00 M). The data cited mean that both 
~pecies-PhCH(CH~)Co(dmgH)~OH~ and PhCH(CH3)- 
Co(dmg2H3)OH2+-yield the same product ratios. The 
same results were found'" for reactions of aUsylcobaloximes 
with Cr2+, where there is hardly any kinetic dependence 
on [H+] in the region where the protonation equilibrium 
is shifted. This reaction too involves transition states with 
substantial radical character, believed to proceed by the 
SH2 mechanism. On the other hand the rates of electro- 
philic cleavage reactions, e.g. with Hg2+Ih or Tl3+I3kb 
(which react by formal carbanion transfer), are strongly 
retarded by increasing [H+] since the protonated cobal- 
oxime is completely unreactive. Both typea of results are 
consistent with the very different inductive effects ex- 
pected for the two groups of reactions. 


Four different "dimers" of the a-phenylethyl radical 
(A-D) were separated and identified by the precise mo- 
lecular mass (210.1409 f 0.5 ppm) and where known (A 
and B) by comparison of the mass spectrometric frag- 
mentation patterns1g with those for the known materials. 
A and B are the expected meso- and d,l-2,3-diphenyl- 
butanes. The di-a-phenylethyl quinoid structure was as- 
signed to C (=ethylidene-4-(a-phenylethyl)cyclohexa-2,5- 
diene) and D is believed to be l,&diphenylbutane, again 
both on the basis of the mass spectrum (although now 
without comparison to knows). The former product is 
believed to arise from a-to-para coupling of a-phenylethyl 
radicals (eq 10). Precedents for the formation of C (found 


H 


CH3 


c 
in ca. 7% yield and persisting in the solution for several 
days) are the analogous material formed (a) in -2% yield 


(16) In the absence of oxidant the balance of the Co2+(aq) ie formed 
via C0(dmgH)~0H~ from the s l o e  decomposition of the hydridocobal- 
oxime (28%) formed in the elimination reaction HCo(dmgH)nOH2 -c 


(17) The yields are expreaaed as (P[&]/[R(Co)],) X 100% and as 
([styrene]/[R(C~)]~) X 100% and sum to 105-108%. (The percentage 
cited are corrected to 1001.) 


(18) Espeneon, J. H.; Shveima, J. S. J.  Am. Chem. SOC. 1973,95,4568. 
(19) The maas spectra are shown in the thesis cited.' 


l/ZHz + Co(dmgH)2OHp 


Co2* t Hndmg (Hf&Co(dmgH)2' 


from cumyl radicalsm and (b) in high yield by dimerization 
of triphenylmethyl radicals.21 


We suggest that D may arise from the reaction of 
PhCHCH3 with (8-phenylethy1)cobaloxime. The latter 
may be produced in very small yield from styrene and 
hydridocobaloxhe, products of the &elimination pathway. 
PhCHCH3 + PhCH2CH2Co(dmgH)20Hz - 


PhCH2CH2CH(CH3)Ph + C ~ ( d m g H ) ~ o H ~  


The dimers A, B, and C arise from coupling reactions 
of the a-phenylethyl r a d i d  Their yields in sum represent 
the total amount of reaction proceeding by homolysis (- 
71-73%), whereas the yield of D and styrene (27-29%) 
affords a measure of the extent of &elimination reaction 
occurring under the reaction conditions. The determina- 
tions referred to above are summarized in Table 111. 


On the basis of the kinetics and product determinations 
at  25 "c, the apparent rate constant k, and k b  of eq 9 can 
be resolved into their respective componenh for homolysis 
and elimination. The values are k , o  = 1.1 X 


S-1. 


Independently prepared a-phenylethyl radicals from the 
azo compounds22 are known to produce A and B in roughly 
equal amounts, 88% in total. No C was detected in that 
study, and the remaining 12%, although not detected, was 
attributed to disproportionation products styrene and 
ethylbenzene. Our failure to detect ethylbenzene suggests 
that the styrene observed here is formed not from dis- 
proportionation of R but from a different process entirely, 
g elimination. Reduction of a-phenylethyl chloride and 
bromide by Cr2+ leads to a rather different mixture of 
pr0ducta,2~ 8590% A and 10-15% B. This situation is 
not entirely comparable to ours, however, since it is 
probable that the (a-phenylethy1)chromium ion formed 
initially is responsible for products A and B by pathways 
other than free radical coupling reactions. 


The inorganic products resulting from the decomposition 
of (a-phenylethy1)aquocobaloxime in the presence of H+ 


D 


"@4 s-l, k 
= 4.1 x S-', kb(H) = 2.6 x lom3 S-', and kb(E) = 1.0 x 10- 


(20) Nelsen, S. F.; Barlett, P. D. J.  Am. Chem. Soc. 1966, 88, 137. 
(21) Laukamp, H.; Nanta, W. Th.; MacLean, C. Tetrahedron Lett. 


(22) Greene, F. D.; Berwick, M.; Stowell, J. C. J. Am. Chem. SOC. 1970, 


(23) Castro, C. E.; Kray, Jr., W. C. J.  Am. Chem. SOC. 1963,85,2768. 


1968, 249. 


92, 867. 
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11. Division of the two equations, and integration over the 
entire course of the reaction, gives, since [H202] and [H+] 
are constant during every experiment 


8 2.0 
+3 
"0 


P" 


I I 


I 1 
5.0 10.0 


[ H A 1  io4 - 
k H , a w  


Figure 3. Illustrating the varying proportion of Co2+ produced 
when decompoeition of PhCH(CHs)Co(dmgHbOH, is carried out 
in the preaence of varying concentrations of H and H202]. The 


[H+] from Figure 2. 


and H202 consisted of Co2+(aq) and (H20)2Co(dmgH)z+. 
Their concentrations were determined in experiments 
having different [H+] and [H202] and the results analyzed 
on the basis of the presumed competition of Co- 
(dmgH),OH, for H30+ (eq 6) and H202 (eq ll), the latter 


2C0(dmgH)~oH~ + H202 + 2H+ = 2(HzO)2Co(dmgH)2+ 
(11) 


d[(H20)2Co(dmgH)2+]/dt = 
k~p,[Co(dmgH)~OH2I[H~0~1 (12) 


plot is that suggested by eq 15, using k,, ! I1  values at [ particular 


kH,, = (1.92 * 0.20) x 103 ~ - 1  s-116, 


being a reaction also having a first-order dependence on 
[Co(dmgH),OH,] (eq 12). It is further assumed that 
H C O ( ~ ~ ~ H ) ~ O H ~  from /3 elimination is very rapidly oxi- 
dized by hydrogen peroxide to cobalt(I1) cobaloxime and 
enters the same competition.16@ The equations for the 
reaction rates based on Scheme I are 


where kobd represents the total experimental rate constant 
for loss of organocobaloxime (eq 91, k, pH refers to the 
reaction of eq 6 (Figure 21, and kH,, to t i e  reaction of eq 


(24) The basii for assuming the reaction occure according to the 
equation 2HCo(dmgH)gOH2 + H2Oz = 2Co(dm$H)20H, ia the following. 
The hydrido complex reacts with HaO+ slow1 and clearly disappeare 
by an oxidation p r m .  The other two poeeibilities, that it ie rapidly 
oxidized exclusively to COa+(aq) or to (HzO)2Co(dmgH)2+, are untenable, 
since the obeerved yields of thew two products are incompatible with 
either assumption. 


(26) Chao, T.-H.; Espenson, J. H. J. Am. Chem. SOC. 1978,100,129. 


Figure 3 depicts the results in a plot of the concentration 
ratio versus [H2O2]/kaPpH. The least-squares line has the 
expected intercept of unity (0.96 f 0.05) and a slope of 
(1.94 i 0.07) X lo3 M-' s-l in excellent agreement with the 
accepted valuelSa of kHZ0, (eq 12). 


Two similar experiments were carried out based on a 
competition for C ~ ( d m g H ) ~ o H ~  between H+ and Co- 
(NH3I6Br2+ which reacts (eq 16) to produce BrCo- 


C ~ ( d m g H ) ~ o H ~  + C O ( N H ~ ) ~ B ~ ~ +  = 
B r C ~ ( d m g H ) ~ o H ~  + Co2+ + 5NH3 (16) 


k16 = 3.2 X lo6 M-' s-llSb 


(dmgHI2OH2. We further assumed that the hydrido- 
cobaloxime was quantitatively converted to BrCo- 
(dmgH)20Hz. The observed yield of the bromocobalt(II1) 
cobaloxime was 5548% of the original [PhCH(CH3)Co- 
(dmgH)20H2], whereas some 41-43 % was expected from 
Scheme I. Considering the experimental situation, this is 
not bad agreement; it serves to demonstrate formation of 
a substantial yield of B r C ~ ( d m g H ) ~ o H ~ ,  the most likely 
precursors of which are the cobalt(I1) cobaloxime via eq 
16 and hydridocobaloxime. 


Experiments on the decomposition of the organo- 
cobaloxime in acidic solution were also done by wing other 
oxidizing agents, Fe3+ and Cu2+. The spectral changes 
noted with Fe3+ were complex, undoubtedly a reflection 
of the complexation of iron(II1) by the oxime oxygens of 
the cobaloxime,2s and possibly indicative of a pathway for 
direct reaction. Addition of Cu2+ to acidic solutions of 
PhCH(CH3)Co(dmgH)20H2 caused a reaction to occur 
more rapidly than if the solution contained only H30+. 
Instead of the large spectral change noted in all other cases 
corresponding to decomposition of the (a-phenylethy1)- 
cobaloxime, however, the changes were small. The final 
UV-visible spectrum, now stable toward further change, 
was that of an alkylcobaloxime, all of which are quite 
similar. Clearly none of the very reactive a-phenylethyl 
complex remained at  this point. I t  is proposed that Cu2+ 
caused isomerization to the more stable (8-phenylethy1)- 
cobaloxime, although the details of the process were not 
explored f ~ r t h e r . ~ '  


Kinetics in Neutral Solutions. The rate constant for 
decomposition of PhCH(CH3)Co(dmgH)20H2 was deter- 
mined directly by adding an oxidizing agent which would 
draw the reaction to completion by reaction with the co- 
balt(II) cobaloxime and hydridocobaloxime produced. The 
decomposition followed first-order kinetics with koM = 
(3.27 f 0.21) X s-l when carried out a t  25.0 "C and 
p = 1.00 M in the presence of Co(NH3)8r2+, and how was 
independent of its concentration. Similarly when the so- 
lution was saturated with O2 (- l X M), koW was (3.16 
f 0.01) X loV3 s-l: These experiments establish the validity 
of the extrapolation of the kinetic data obtained in acidic 
solution and verify the correctness of the interpretation 
given to kb so obtained by a fit to the [H+] dependence 


(26) BakaE, A.; Espenson, J. H. Znorg. Chem. 1980,19, 242. 
(27) A scheme in which CuCH(CHS)Ph2+, formed from Cu2+ + CH- 


(CH8)Ph in the firet step of radical oxidation, reacts with hydrido- 
cobaloxime to produce PhCH2CH2Co(dmgH)20H2 can be suggested to 
rationalize this result, but no evldence in ita support can be cited. 
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in eq 9, (3.55 f 0.07) X 
Experiments were done on the decomposition of the 


organocobaloxime in the presence of C ~ ( e n ) ~ ~ + .  In acidic 
solution it was without effect on the rates or product yields. 
This is to be expected since Co(en)l+ does not react with 
PhCHCH3 in acid, and its reaction with C ~ ( d m g H ) ~ o H ~  
is so slow that reaction 6 occurs instead. The concentration 
of Co2+ formed agreed exactly with [PhCH(CH,)Co- 
(dmgH)zOHzlo. 


In neutral solution, however, the rate constant when 
C ~ ( e n ) , ~ +  was present was much smaller than kb, and 


suggests that the buildup of C ~ ( d m g H ) ~ o H ~  suppresses 
a t  least partially the homolysis reaction, setting up a 
competition for the free radical. I t  may return to the 
starting complex by reaction with C ~ ( d m g H ) ~ o H ~  or may 
be oxidized by Co(en)l+. The effect is most pronounced 
when the reaction is run in the presence of added Co- 
(dmgH)zOHz. 


The relative yields of styrene are 1:227 in the following 
three experiments involving decomposition of (a-phenyl- 
ethy1)aquocobaloxime (a) in the presence of C ~ ( e n ) ~ ~ +  in 
neutral solution, (b) alone in neutral solution over a longer 
period of time, and (c) with C ~ ( e n ) ~ ~ +  in acidic solution. 
The much diminished yield of styrene in the first exper- 
iment is consistent with oxidation of the radical by Co- 


under these conditions. Only in c is a substantial 
quantity of dimers A-D produced; styrene is the only ap- 
preciable organic product of b. 


Conclusions. The data obtained in this study support 
the occurrence of parallel homolysis and @-elimination 


s-l. 
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pathways for decomposition of PhCH(CH3)Co- 
(dmgH)20H2. The former is readily reversed, such that 
when [C0(dmgH)~0H~] is allowed to accumulate as in 
neutral solution, the reaction occurs largely by P elimi- 
nation. This appears to have been the situation in Gau- 
demer's work: and the conclusion that decomposition 
occurs only by 0 elimination is the correct one for the 
conditions employed. On the other hand, homolytic C d  
cleavage becomes the major pathway under conditions in 
which a reagent which reacts rapidly with Co(dmgH)zOHz 
is present. In that case the inorganic and organic products 
can be quantitatively attributed to these intermediates. 


The question remains which is the predominant pathway 
in t01uene.~ Since C~(dmgH)~py is stable under those 
conditions, it seems likely that the contribution of homo- 
lysis is suppressed and that the major pathway is 0 elim- 
ination. The small values of AS* under those conditions5 
as compared to that when homolysis can be authenticated 
(1.4 vs. 25.7 cal mol-' K-l) lends support to that argument. 
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The mechanism of the reaction between organothallium(II1) diacetates (RTl(OAc),) and trimethyl 
phosphite, which gives bTlOAc as the main product, was reexamined primarily on the basis of stereochemical 
and kinetic considerations. The reaction is suggested to proceed through an initial RTl(OAc),-P(OMe), 
interaction rather than via spontaneous disproportionation of RT~(OAC)~ into R2T10Ac and Tl(OAc), as 
originally proposed, enhancing the reactivity of the compounds with respect to GTlOAc formation. The 
implications of such disproportionation as a potential obstacle in the synthetic application of RTIXP are 
pointed out. 


Redistribution of organic groups (disproportionation 
hereafter) of organometallic salts has received much at- 
tention, particularly in recent years, from an environmental 
chemical point of view.'V2 The disproportionation of 
RHgX is believed3 to proceed through the complexation 
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of Lewis bases with either RHgX or HgX, formed in a 
preequilibrium and the electron transfer from reductants 
to RHgX. Recent ~ t u d i e s ~ ? ~  related to the biomethylation 
of T1' suggested that disproportionation of RT~(OAC)~ (R 
= Me, Ph) with P(OMe)3 (eq 1)5 proceeds through initial 
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(5) This reaction is also useful for the synthesis of a variety of di- 
arylthallium(II1) com ounds from readily accessible arylthallium(II1) bis(trifluoroacetates). B 
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Disproportionation of Organothallium Compounds 


~ R T ~ ( O A C ) ~  + P(OMe)3 - MeOH 


la-e 
bTlOAc + TlOAc + OP(OMe)3 + MeOAc + HOAc 


(1) 
2a-e 


a, R = PhCH(OMe)CH2; b, R = Me; c, R = 
PhCH=CH; d, R = p-MeC6H4; e, R = Ph 


~ R T ~ ( O A C ) ~  R2T10Ac + TI(OAC)~ (2) 


spontaneous disproportionation (eq 2), followed by rapid 
reduction of Tl(OA& by P(OMe)* However, no spectral 
evidence was found to support the occurrence of such 
spontaneous disproportionation. Our recent finding7 that 
radical intermediates participate in the reductant-induced 
disproportionation of alkylthallium(II1) compounds 
prompted us to examine the mechanism of eq 1 in more 
detail. We report evidence to suggest the occurrence of 
a direct R T ~ ( O A C ) ~ - P ( O M ~ ) ~  interaction which leads to 
bTlOAc. We further emphasize implications of this type 
of disproportionation as a potential obstacle in synthetic 
applications of RTlX2 compounds. 


Results and Discussion 
Disproportionation of RTl(OAc)z with P(OMe)> 


The stereochemistry of the reaction of alkyl analogues with 
P(OMe)3 was examined by employing the stereoisomer 
erythro-PhCH(OMe)CHDTl(OAc)z (erythro-lad) ob- 
tainable from the trans oxythallation of (E)-PhCHeHD.8 
The main product from the reaction of la with P(OMe)3 
in THF/MeOD was 2a (84%), with small amounts of 
styrene and a-(methoxyethy1)benzene also being obtained. 
The 'H NMR spectrum of the deuterium analogue of 2a 
obtained from erythro-lad showed that 70% of the total 
alkyl groups had undergone epimerization. This degree 
of stereochemical loss is similar to that found during the 
disproportionation of erythro-la-d with hydrazine and 
ascorbic acid,' as well as that in the electrochemical gen- 
eration of 2a-d from erythro-la-d.O erythro-la-d is ste- 
reochemically stable unless treated with reducing agents. 
Further, the erythro/threo ratio in the sample of 2a-d 
obtained above no longer changed when this material was 
allowed to be in contact with an excess of P(OMe)* 


Next we examined the stereochemistry of the reaction 
of the vinyl analogues. The E isomer of IC reacted with 
P(OMe)3 in CD30D10 to give the E,E isomer of 2c and 
(E)-PhCH=CHD in comparable yields, showing retention 
of stereochemistry. The formation of styrene in this case 
consumed P(OMe)3 according to eq 3. Although we could 


RT~(OAC)~ + P(OMe)3 - 
RH + TlOAc + OP(OMe)3 + MeOAc (3) 


not obtain the pure Z analogue of IC, we treated a Z / E  
mixture (Z/E = 70/30) of IC with P(OMe)3 in CD30D and 
found retention of this Z / E  ratio in the products 
PhCH==CHD (56%, Z / E  = 76/24) and 2c (44%, Z / E  = 
63/37). In the latter product only the overall Z / E  ratio 
could be determined by 'H NMR spectroscopy of the re- 


k 


1 2 


MeOH 


(6) McKillop, A.; Hunt, J. D.; Taylor, E. C. J. Orgummet. Chem. 1970, 


(7) Kurosawa, H.; Yaauda, M. J.  Chem. SOC. Chem. Commun. 1978, 


(8) Kurosawa, H.; Kitano, R; Saeaki, T. J. Chem. SOC., Dalton Tram. 


(9) Nogami, J.; Okawara, R., private communication. 
(10) le is sparingly soluble in solventa other than methanol. 


24, 77. 


716. 


1978, 234. 
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action mixture. The somewhat smaller Z / E  ratio in 2c 
than in IC suggests a greater reluctance of the (2)- 
PhCH=CH group to undergo disproportionation, possibly 
owing to the greater steric congestion in the transition state 
involving Tl.-vinyl.-Tl bridging. 


Huber and co-workers suggested that the forward path 
of eq 2 is rate determining in eq l . 2 9 4  However, we could 
not detect any formation of 2 in the lH NMR spectrum 
of 1 (concentration range 0.1-0.2 mol/L) in CD30D. The 
lowest limit of detection in the spectroscopy suggests that 
the equilibrium concentrations of 2 and Tl(OAc),, if any, 
should be at  most 1/20 of that of 1. It  follows that the 
equilibrium constant, k1/k2, is smaller than 1/400. 


We next tried to estimate the order of k2 2a and 2b did 
not react a t  all with Tl(OAc), under conditions similar to 
those used in eq 1, even after a long period (>2 days). This 
observation together with kl < k2/400 leads to the un- 
likelihood of the forward path of eq 2 being rate deter- 
mining in the very fast reaction of eq 1 (R = PhCH- 
(OMe)CH2, Me; almost complete within 1 h). The reaction 
of ( E a - 2 c  with Tl(OAc), was indeed fast (complete in 10 
min), while 2d reacted with Tl(OAc), a t  such a rate that 
could allow us to follow the reaction by 'H NMR spec- 
troscopy. Thus, we observed that at [2d], = [TI(OAC)~!,, 
= 0.07 mol/L and 26 "C in CD30D, the first half-life is 
approximately 3 min and the time required for 80% com- 
pletion is ca. 10 min. This leads to the prediction that the 
first half-life of the forward path of eq 2 (R = p-MeC$€,), 
if [Id], = 0.14 mol/L, is more than 1200 min and the time 
required for 80% completion is more than 4000 min. In 
fact, however, the reaction between Id and P(OMe), in 
CD30D with the corresponding order of concentrations and 
temperatures was completed in much less than half an 
hour, affording a ca. 1:l mixture of 2d and toluene. 


It is now reasonable to assume other disproportionation 
mechanism(s) than the one involving eq 2. Presumably, 
the initial step common in eq. 1 is the coordination of 
P(OMe)3 to thallium. The complex PhT1C12.PPh3 was 
reported to give, when heated in methanol, benzene, TlC1, 
and OPPh3 almost quantitatively." Such complexation 
of PR3 may both increase the electron density on thallium 
and promote reduction of TI"' (e.g., eq 4), making the 


MeOH 
R 
'Tc i (OMe)3 - RTI f OP(OMeI3 t 


AcO' ! 
- 0 A c  


MeOAc f HOAc (4) 


thallium-bound carbon more susceptible to electrophilic 
attack (stereospecific in the case of the sp2 carbon) by 
protons or another thallium atom. However, it is difficult 
to determine explicitly a t  which stage (before, simulta- 
neously with, or after the reduction of Tlnl) such electro- 
philic attack takes place. As for the protolysis, we assume 
the first case (before the reduction) is unIikely, since even 
kT1x-L compounds, which are expected to be more easily 
cleaved by the electrophiles than RTlXpL compounds, are 
stable to protolysis. The ease with which the protolysis 
of monoaryl- and monovinylthallium(II1) compounds is 
accomplished by the action of NaBHJ2 may be explained 
similarly by the occurrence of ready redox processes such 
as eq 5. 


In the case of the disproportionation of the alkyl- 
thallium(II1) analogues with P(OMe)3, electron-transfer 


(11) Davidson, J. M.; Dyer, G. J. Chem. SOC. A 1968, 1616. 
(12) Uemura, S.; Tara, H.; Okano, M.; Ichikawa, K. Bull. Chem. SOC. 
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formation of RzTIX and the substitution products. 


Experimental Section 
Materials. (E)-lc was prepared by the reaction of (E)- 


PhCH=CHB(OH)2 with T ~ ( O A C ) ~  (1:l) in methanol and re- 
crystallized from methanol-diethyl ether: mp 155 "C dec; 'H 


(d, J q  = 1555 Hz, CHL) .  Anal. Calcd for C12H1304Tk C, 33.87; 
H, 3.08. Found: C, 33.81; H, 3.22. The reaction of B(OMe)3 with 
the Grignard reagent prepared from pure (2)-PhCH=CHBr gave 
only a Z/E mixture of PhCH=CHB(OH)2, which was used in the 
reaction with Tl(OAc), without further purification. (2)-lc; 'H 


7.51 (d, J q  = 3490 Hz, PhCH=). An authentic sample of 
(E,E)-2c was prepared from the boronic acid and TI(OAC)~ (2:l): 
mp 235 OC dec; 'H NMR (CD30D) 6 7.12 (br, Jn = 715 Hz, 
CH=CH overlapping). Anal. Calcd for Cl8Hl7O2T1: C, 46.03; 
H, 3.65. Found: C, 46.21; H, 3.72. The Z/E mixture of 2c was 
prepared similarly. (2)-2c: 'H NMR (CD30D) 6 6.70 (d, JH = 
10.5, J q  = 385 Hz, TlCH=), 7.93 (d, J q  = 1520 Hz, PhCH=). 
The p-tolyl compound Id and 2d were prepared similarly. Id: 
mp 206 "C dec. Anal. Calcd for CllH1304T1: C, 31.95; H, 3.17. 
Found C, 32.07; H, 3.29. 2d: mp above 250 "C. Anal. Calcd 
for C16H1302TI: C, 43.12; H, 3.84. Found: C, 42.92; H, 3.96. For 
'H NMR identification of Id and 2d, see ref 6. An authentic 
sample of 2a was prepared by the reaction of la17 (1.2 m o l )  with 
hydrazine hydrate (3.5 mmol) in methanol (8 mL) under nitrogen 
at room temperature for 3 h. After the solvent was evaporated 
under vacuum, the residue was extracted with chloroform (10 mL 
X 2). The chloroform solution was concentrated to give white 
solids which were recrystallized from chloroform-hexane to give 
white cryatals of 2a (60%): mp 113-114 "C dec; 'H NMR (CDCl,) 
6 2.15 (br, Jn = 370 Hz, T1CHH2), 2.33 (br, Jn = 490 Hz, 
TlCH'P; for the assignment of H' and H2, see ref 8), 4.75 (br, 
Jn = 420 Hz, CH<). Anal. Calcd for C20H2504T1: C, 45.00; H, 
4.72. Found: C, 45.02; H, 4.70. 


Reaction of 1 with P(OMe)* The reaction of la (1 mmol) 
with P(OMe)3 (1 mmol) was carried out in an oxygen-free THF 
(10 mL)-CH30D (2 mL) mixture at room temperature. GLC 
analysis (PEG-1000,3 mm X 1 m) after 1 h confirmed the for- 
mation of styrene (6%) and a-(methoxyethy1)benene (7%). The 
solvents were removed under vacuum. To the residue was added 
CDC13 containing a known amount of toluene as internal reference, 
and the CDC13 solution was examined by 'H NMR spectroscopy. 
The erythro/threo ratio in 2a-d was determined by the relative 
area of the methylene proton peaks (H' and H2) that were cor- 
rected for small amounts ( -10%) of la and threo-lad, which 
contaminated the erythro-la-d used. The reaction of IC and Id 
with P(OMe)3 was carried out in CD30D at room temperature 
by employing the concentration range of 1 and P(OMe)3 (1:l)  
appropriate for 'H NMR analyses (0.1-0.5 mol/L). 


Reaction of 1 with Other Reagents. Addition of NaSPh (2 
mmol) in methanol (10 mL) to le (1 mmol) in the same solvent 
(10 mL) gradually gave a pale yellow precipitate. GLC (SE-30, 
3 mm X 1 m) and 'H NMR analyses of the filtrate showed the 
formation of benzene (85%) and diphenyl disulfide (87%).  'H 
NMR spectra ((CD3),SO) of the precipitate showed the presence 
of the diphenylthallium(II1) species (no acetate ion present, 
possibly the thiophenoxide) in 11% yield. The reaction of la with 
NaSPh (1:2) was carried out similarly. 'H NMR spectra (CDC1,) 
of the yellow precipitate which was formed showed very broad, 
weak absorptions quite similar to those of 2a except that the OAc- 
peak is absent and absorptions around the phenyl region are more 
intense. Integration of the peaks due to H' and H2 relative to 
the internal reference (CHC12CHC12) indicated a ca. 20% yield 
of the dialkylthallium(II1) species. GLC and 'H NMR analyses 
of the filtrate showed formation of styrene (29%) and PhCH- 
(OMe)CH2SPh (26%), the identification of the latter being 
confirmed by an authentic sample prepared from styrene and 
ClSPh in CH2C12-methanol; 'H NMR (CDC13) 6 3.21 (s, OMe), 
3.0-3.45 (m, CH2), 4.30 (dd, JH = 5.0 and 7.5 Hz, CH<), 7.0-7.5 
(m, Ph). The methine signal was used to determine the stereo- 
chemical change in the deuterium-containing product from er- 
ythro-lad and NaSPh. The reaction of le with NaCH(COMe)2 
(1:2) in CD30D was followed by 'H NMR spectroscopy to show 
ca. 90% yield formation of the diphenylthallium(II1) species and 


NMR (CD3OD) 6 7.03 (d, JH = 16.0, J q  = 1580 Hz, CHI=), 7.15 


NMR (CD3OD) 6 6.35 (d, JH = 9.0, J q  = 1495 Hz, TlCH=), 


r/H - 
R-TI 


may precede, a t  least in part, the intermolecular alkyl 
transfer in view of the stereochemical results employing 
erythro-lad. One-electron transfer to RTlX2 and RHgX 
which induces radical generation and subsequent forma- 
tion of the disproportionation products containing the 
racemized or epimerized alkyl group is already 


Disproportionation of RTlX2 with a Potential 
Electron Donor in A Synthetic Application. One of 
the most useful reaction patterns of organothallium com- 
pounds for organic synthesis is shown in eq 6.13 However, 


RTlX2 + Y- - RY + T1X + X- (6) 


since the nucleophile to be used in eq 6 could be a potential 
electron-donor or reducing agent, there might be a chance 
that the formation of h T l X  competes with or dominates 
over the formation of RY. Indeed we have found the 
undesirable formation of a diphenylthallium(II1) species 
in high yield in attempts to substitute the CH(COMe)2 


for the T1(OAd2 moiety of le. The reaction of le 
with NaSPh similarly gave the diphenylthallium(II1) 
compounds. These disproportionations also may have 
been induced by the coordination of le with the nucleo- 
phile, since the diphenylthallium(II1) compounds were 
found to form much more rapidly than expected from the 
hypothetical spontaneous disproportionation of le. 


In similar attempts by us and by others to replace the 
T ~ ( O A C ) ~  moiety of la by SPh (with NaSPh), hydrido 
(with NaBH4),le and halogen (with CuX/KX, X = C1, Br)17 
groups, substantial yields (up to 40%) of dialkylthallium- 
(111) species were formed, together with varying yields of 
the intended products. Notably, the reaction with 
CuX/KX was demonstrated to involve the alkyl radical 
intermediate in the main course,17 and the dialkyl- 
thallium(II1) product from erythro-lad and N&H4 con- 
tained the partially epimerized alkyl group.' Furthermore, 
erythro-lad and NaSPh gave PhCH(0Me)CHDSPh with 
complete epimerization, although the stereochemistry of 
the disproportionation product (supposedly [PhCH- 
(OMe)CHD],TlSPh) could not be determined owing to its 
poor solubility. I t  may well be that the formation of the 
dialkylthallium(II1) compounds in the three reactions 
above is again induced by electron transfer to la followed 
by T1-C bond homolysis. 


Not all of the reactions of R T K Z  which proceed through 
the electron transfer from reductants to RTlX2 afforded 
the disproportionation products. Typical examples with- 
out disproportionation include hydrodethallation18 and 
carbodethallati~n'~ of la with 1,4-dihydronicotinamide and 
Me2CN02-, respectively. In order to make the synthetic 
application of RTlX2 more general, one needs to know 
more about the factors affecting the choice between the 


(13) McKillop, A.; Taylor, E. C.; Adv. Organomet. Chem. 1973,11,147. 
(14) The reaction of aryllead(1V) triacetates with 8-diwbonyl anions 


resulted in the high yield C-C bond formation.I6 
(15) Pinhey, J. T.; Rowe, B. A. A u t .  J .  Chem. 1979, 32, 1561. 
(16) Uemura, S.; Tabata, A.; Okano, M. J.  Chem. SOC., Chem. Com- 


mun. 1972, 517. 
(17) Uemura, S.; Zushi, K.; Tabata, A.; Toshimitsu, A.; Okano, M. 


Bull. Chem. SOC. Jpn. 1974, 47, 920. Backvall, J. E.; Ahmad, M. U.; 
Uemura, S.; Toshimitsu, A.; Kawamura, T. Tetrahedron Let t .  1980,21, 
2283. 


(18) Kuroaawa, H.; Okada, H.; Yasuda, M. Tetrahedron Lett. 1980,21, 
959. 


(19) Kurcmawa, H.; Sato, M. 'Abstract of Papers", The loth Interna- 
tional Conference on Organometallic Chemistry, Toronto, 1981, p 32. 
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a small amount of benzene after 2 h. 2a-d, 80515-38-4; (E3)-2c, 80515-39-5; (Z,Z)-2c, 80515-40-8; 2d, 
50795-46-5; diphenylthallium(III)+, 16785-98-1; Tl(PhCH(0Me)- 


(OH)2,60806-02-2; (Z)-PhCH=CHBr, 588-73-8; Tl(OAc),, 2570-63-0; 
B(OAc),, 121-43-7; P(OMe),, 121-45-9; NaSPh, 930-69-8; NaCH- 
(COMe),, 1543-71-9. 


'H NMR spectra were measured on a JEOL PS-100 spec- 


Registry No. erythro-la-d, 75276-79-8; threo-la-d, 75276-80-1; 
(E)-lc, 83515-36-2; (Z)-lc, 80515-37-3; Id, 55073-66-0; le, 20425-82-5; 


trometer operating at 100 MHz. CHJz', 80533-28-4; (E)-PhCH<H, 6783-05-7; (2)-PhCHZCHB- 
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The reaction of LiMe2Cu and [ (q6-C5H6)Fe(CO)(PPh3)(q2-MeC~CC02Et)]BF4 yields (q5-CSH5)Fe- 
(CO)(PPh3)(u-C(C02Et)=CMe2) as proven by an X-ray structural determination. The structure is made 
up of isolated molecules separated by ordinary van der Waals distances. The Fe atom is four coordinate 
with CO, PPh3, Cp, and the fourth coordination site made up of an Fe-C u bond to the gem-dimethyl alkene. 
The Fe-C distance of 2.030 (2) A is indicative of a single bond, a result expected from the orientation of 
the alkene relative to the rest of the iron substituents. The Fe-C(C0) distance is 1.724 (4) A, and the 
Fe-P distance is 2.224 (1) A. The molecule is very compact and the orientation of the ester group is largely 
determined by the triphenylphosphine moiety. The regiochemistry of the addition reaction seems to be 
dominated by the electronic influence of the ester group although the overall geometry of the entire complex 
may also be important. Crystal data: triclinic, P1, a = 10.333 (4) A, b = 17.750 (3) A, c = 8.334 (7) A, 
CY = 96.66 (3)O, fl  = 109.05 (6)O, y = 104.81 (2)O, pow = 1.27 g/cm3, p d d  = 1.31 g/cm3, 2 = 2, X = 0.71073 
A, NO = 6501, NV = 325, Rm = 0.057. Structure refiied by full-matrix least squares including anisotropic 
temperature factors and anomalous dispersion corrections. 


Introduction 
The addition of nucleophiles to alkenes a coordinated 


to a transition metal is a well-developed method for the 
synthesis of alkylmethyl complexes.' Only recently has 
this approach been extended to the synthesis of alkenyl- 
metal complexes starting from ?r-alkyne derivatives.2 An 
example is shown in eq 1 for an iron system developed by 


I 
PPh3 


some of ~ s . ~ ~ * ~  A very important question that needs to 
be answered is what factors will determine the regio- 
chemistry of the addition reaction for unsymmetrical 
alkynes (R # R'). This problem has been partially ad- 
dressed for ?r-alkene complexes3 and is the subject of a 
recent theoretical paper.4 Trends for alkene and alkyne 


(1) (a) Nicholas, K. M.; Rosan, A. M. J. Organomet. Chem. 1976,84, 
351. (b) Sanders, A,; Magatti, C. V.; Giering, W. P. J. Am. Chem. Soc. 
1974,96,1610. (c) Wong, P. K.; Madhavaro, M.; Marten, D. F.; Rosen- 
blum, M. Zbid. 1977,99, 2823. (d) Reger, D. L. Inorg. Chem. 1976,14, 
660. 


(2) (a) Reger, D. L.; McElligott, P. J. J. Am. Chem. SOC. 1980, 102, 
5923. (b) Rager, D. L.; Coleman, C. J. Znorg. Chem. 1979,18,3155. (c) 
m e r ,  D. L.; Coleman, C. J.; McElligott, P. J. J. Organomet. Chem. 1979, 
171, 73. (d) Bottrill, M.; Green, M. J. Am. Chem. SOC. 1977, 99, 5795. 


(3) (a) Chang, T. C. T.; Rosenblum, M.; Samuels, S. B. J. Am. Chem. 
SOC. 1980,102,6930. (b) Lemon, P.; Rosan, A. M.; Rosenblum, M. Ibid. 
1977, 99, 8426. (c) Chang, T. C. T.; Foxman, B. M.; Rosenblum, M.; 
Stockman, C. Zbid. 1981,103, 7361. 
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complexes should be similar for cases in which the alkyne 
is viewed as a two-electron donor. In fact, alkynes offer 
a simplification of the problem because, assuming free 
rotation about the alkyne single bonds, the a-metal com- 
plexes would have a local mirror plane containing the 
metal, the C=C atoms, and at least the adjacent carbon 
atoms. In contrast, (?r-alkene)metal complexes would have 
such a local mirror plane only with geminal substitution. 
We present here the synthesis and definitive characteri- 
zation by X-ray crystallography of the product obtained 
in the reaction of LiMe2Cu and [(q5-C5H5)Fe(CO)- 
(PPh3)(q2-MeC=CC02Et)]BFI. The results establish the 
regiochemistry of the addition reaction for the interesting 
case of an alkyne containing an electron-withdrawing 
substituent. This is a particularly informative case because 
these results can be compared to the same addition reac- 
tion with the free alkynea5 


Experimental Section 
Preparation of (~,6-C5H~)Fe(CO)(PPh,)[C(C02Et)C(Me)2]. 


All of the following procedures were carried out under an inert 
atmosphere using solvents that were dried and degassed. CH2C12 
(30 mL) was added to a flask containing (~5-CSHs)Fe(CO)(PPh3)I 
(1.0 g, 1.8 mmol), AgBF4 (0.36 g, 1.9 mmol), and MeC=CC02Et 
(0.25 g, 2.2 "01). The solution was stirred at room temperature 
until a deep red color appeared and immediately cooled to -78 
"C. The solution was filtered cold (-78 "C) through fiiter-aid on 
a medium glass frit, and the solvent was evaporated below 0 "C. 
Tetrahydrofuran (THF, 30 mL) chilled to -78 "C was added by 
cannula tubing to the prechilled residue. A chilled solution of 
freshly prepared LiCuMe, (0.18 g, 1.8 "01) in THF (20 mL) was 


(4) Eisenstein, 0.; Hoffmann, R. J. Am. Chem. SOC. 1981, 103, 4308. 
(5) Normant, J. F. Synthesis 1972, 63. 
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(4) Eisenstein, 0.; Hoffmann, R. J. Am. Chem. SOC. 1981, 103, 4308. 
(5) Normant, J. F. Synthesis 1972, 63. 
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Table I. Cell Data, Data Collection, and 
Refinement Parameters 


Cell Data 
a = 10.333 (4) A 
b = 17.750 (3) A 


P o b d  = 1.27 g/cm3 
Pc&d = 1.31 g/cm3 


c = 8.334 (7)  A 
01 = 96.66 (3)" 


y = 104.81 (2)" 


V =  1363.2 
fw = 538.3 


P = 109.05 (6)" 2 = 2  


Data Collection 
wavelength, Mo Ka 0.710 73 A 
graphite mono_chromator used, 2e = 6.1" 
space group P1 
size of crystal = 0.58 x 0.53 x 0.56 nm 
no systematic absences 
p = 6.59 cm-I 
faces of the form {lOO~{OlO}{OOl}{lOl}{llO} 
absorption corrections made and max-min transmission 


factor found were 0.817-0.705' 


Reger et al. 


P factor = 0.030 in u ( F o Z )  = [~(l,,)~ + (Pl,,)z]l'z/LP 
and w = l/dF,S 


data considereh Gonzero if Fz > 4u(F2), 11944 indepen- 
dent hkl's measured in W-2e mode to 2e = 70" 


6501 reflections used to solve and refine structure 
variable scan speed with preliminary scan speed of 


4"/(min % ) 
25 reflections used in orientation matrix (checked 


every 24 h) 
3 std reflections monitored every 100 reflections, decay 


less than 2% I 
room temp =18 "C 
structure refined by full-matrix least squares, including 


anisotropic temperature factors and anomalous disper- 
sion corrections with weights based upon intensity 
statistics' 


final least squares performed on Amdahl V6 with 
weights as above8 


largest shift at end of refinement = 0.04 u 
no. of variables = 325 
final R = 0.057, weighted R = 0.082 
error of obsd of unit weight = 2.19 


added. After being stirred cold (-78 "C) for 1 h, the solution was 
warmed to ambient temperature, concentrated to 10 mL, and 
placed on an alumina column. Elution with a mixture of 
CHzClz-hexane (1:2) resulted in one red band which was collected 
and the solvent evaporated (0.70 g, 72%). The crystal used in 
the X-ray study was formed from a mixture of hexanepentane 
(1:l) over a 21-day period in a cold room at -17 OC (mp 119-120 
OC): 'H NMR spectrum (6 in CDCI,) 7.2 (15, m, PPh3), 4.34 (5, 
d, J = 1.0 Hz, v6-C5H5); 3.6 (2, br m, CHJ, 1.83, 1.66 (3, 3, s, s, 
+Mez), 0.76 (3, t, J = 7.0 Hz, CH2CH3); IR spectrum (cm' in 


X-ray Data. Single crystals were placed in thin walled glass 
capillaria and mounted on a Enraf-Nonius CAD-4 diffractometer 
interfaced to a PDP-11/40. The crystal was aligned by standard 
methods! Unit cell data and data collection parameters are 
summarized in Table I. The structure was solved by standard 
heavy-atom methods' and fmal complete matrix least squarea with 
anomalous dispersion corrections waa performed on the Amdahl 
V6-4708 to a final conventional R of 0.057. For the final refmement 
the scattering factors were from Vol. IV of ref 9. A listing of 
structure factors is available as supplementary material. Table 
I1 contains the atomic positional and thermal parameters. In- 
teratomic distances and angles are in Table 111, and relevant 


CHZCIZ) v(C0) 1925, ~(C02Et) 1678. 


(6) Enraf-Nonius CAD-4 Data Collection Package, Revised for PDP 
8A-11 operation April 1980. Input parameters: fastest scan speed 4O/ 
min, base width 0.8O, 8-28 scan, n o n e q d  test, u(I) / I  = 3, mas wan time 
= 90 8,  bisecting mode, intensity control-3 ref every 2 h, update of 25 
orienting reflections every 24 h. 


(7) Frenz, B. A. 'Enraf-Nonius Structure Determination Package", 
Veraion 17, 1980, modified locally for the PDP-l1/40. 


(8) Stewart, J. M. Technical Report TR-446. An update of the X-ray 
System, University of Maryland, 1979. 


(9) Ibera, J. A., Hamilton, W. C., Eds., 'International Tables for X-ray 
Crystallography"; Kynoch Press: Birmingham, England, 1974; Vol. IV, 
71-95, 148-150. 


C(6V) 


Figure 1. An ORTEP~O drawing of an isolated ($-C5H5)Fe- 
(CO)(PPh&C(CO,Et)CMq] molecule. The notation is consistent 
with the tables except for the rings which have been denoted as 
rings 1,2,  and 3 for simplicity. The notation for the phenyl rings 
of the triphenylphosphine moiety is e.g., C(3P2), carbon 3 of ring 
2. C(1Pn) is bound to phosphorous, n = ring number, for each 
ring and the number increases C(2Pn), C(3Pn), etc. in a coun- 
terclockwise fashion around the ring. The notation for the Cp 
ring is such that C(4C) C for Cp is above C(3v) and increases C(5C) 
then to C(lC), etc. in a counterclokwise fashion around the ring. 
The ellipsoids are drawn at the 50% probability level. 


- -  


Figure 2. An O R T E P ~ O  drawing of the contents of the unit cell 
of the above. The origin is at the front lower left hand corner 
with a horizontal, b back into the paper, and c vertical. 


dihedral angles and nonbonded distances are in Table IV. An 
ORTEP'O drawing of an individual molecule is shown in Figure 1. 
Figure 2 shows an ORTEP drawing of the unit cell contents. 


Results 
The reaction of LiMezCu and [ (q5-CSHs)Fe(CO)- 


(PPh3)(s2-MeC=CCO2Et)]BF4 produces the  alkenyl iso- 
mer shown in eq 2. The  iron starting material for this 


I i  
PPh3 C 0 2 E t  


I C 0 2 E t  


PPh3 


(10) Johnson, C. A. ORTEP 11, "A Fortran Thermal-Ellipsoid Plot 
Program For Crystal Structure Illustrations", ORNL-3974, 1970. 
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Table 11. Positional Parameters and Their Estimated Standard Deviations 
atom 2 at om X Y z 


P 
Fe 
C( 6P1) 
C(lP1) 
C( 2P1) 
C( 3P1) 
C(4P1) 
C( 5P1) 
C( 1P2) 
C( 2P2) 
C( 3P2) 
C( 4P2) 
C( 5P2) 
C( 6P2) 
C(3P3) 
C(4P3) 
C( 5P3) 
C( 6P3 ) 


0.01819 (6)  0.22805 (3)  0.30169 (8) C(lP3) -0.1299 (3)  0.1610 (2)  
0.17169 (3)  0.16434 (1) 0.42233 (4)  C(2P3) -0.1644 (3) 0.1787 (2)  


-0.2282 (3) 0.2543 (2)  0.3433 (4)  C(1C) 0.1631 (3)  0.1155 (2)  
-0.0829 (2) 0.2590 (1) 0.4250 (3)  C(2C) 0.1194 (4) 0.0536 (2)  
-0.0141 (3) 0.2945 (2) 0.6022 (4) C(3C) 0.2339 (4) 0.0606 (2) 
-0.0877 (3)  0.3240 (2)  0.6960 (4) C(4C) 0.3501 (4)  0.1265 (2)  
-0.2291 (3) 0.3192 (2)  0.6132 (4)  C(5C) 0.3097 (3)  0.1632 (2) 


0.3003 (3)  0.2837 (2)  0.4360 (4)  C( l )  0.0738 (3) 0.1337 (2 )  
0.0789 (3)  0.3183 (1) 0.2232 (3)  0(1) 0.0093 (3) 0.1117 (2)  
0.1805 (3) 0.3235 (2)  0.1450 (4)  C(1V) 0.3181 (3)  0.2539 (2) 
0.2304 (3)  0.3904 (2)  0.0845 (4)  C(2V) 0.3935 (3)  0.2481 (2)  
0.1830 (4)  0.4568 (2)  0.1101 (5)  C(3V) 0.3725 (4)  0.1722 (2)  
0.0781 (4) 0.4520 (2)  0.1856 (5 )  C(4V) 0.5155 (4)  0.3184 (2)  
0.0289 (3) 0.3833 (2)  0.2426 (4) C(5V) 0.3658 (3) 0.3309 (2)  


-0.2738 (4) 0.1260 (2)  -0.1998 (4)  O(1V) 0.4450 (2)  0.3480 (1) 
-0.3542 (4) 0.0549 (2)  -0.1829 (5)  O(2V) 0.3111 (2)  0.3855 (1) 
-0.3224 (3) 0.0365 (2)  -0.0167 (6) C(6V) 0.3581 (4)  0.4655 (2) 
-0.2109 (3)  0.0878 (2)  0.1238 (5)  C(7V) 0.2781 (7)  0.5116 (2)  


Thermal Parameters and Their Estimated Standard Deviations [ U(I , J ) ] "  


0.1071 (4) 


0.1721 (4) 
0.2521 (4)  
0.4052 (5)  
0.4267 (4) 
0.2812 (4)  
0.5485 (4) 
0.6324 (4) 
0.6235 (3) 
0.7856 (4) 
0.8516 (4) 
0.9183 (4) 
0.5794 (3) 
0.4984 (3)  
0.6371 (3) 
0.6067 (4) 
0.6834 (7) 


-0.0588 (4)  


atom U(1J) U(2,2) U(3,3) U(1,2) U(1,3) U( 293 1 
P 0.0298 (3)  0.0356 (3) 0.0380 (3)  0.0092 (2)  0.0134 (3)  0.0091 ( 2 )  
Fe 0.0363 (2)  0.0359 (2) 0.0451 (2) 0.0145 (1) 0.0202 (2) 0.01 20 (2)  
C( 6P1) 0.031 (1) 0.058 (2 )  0.057 (2)  0.015 (1) 0.01 2 (1) 0.010 (1) 
C( 1P1) 0.030 (1) 0.038 (1) 0.046 (1) 0.0118 (9)  0.014 (1) 0.014 (1) 
C( 2P1) 0.042 (1) 0.044 (1) 0.043 (1) 0.016 (1) 0.018 (1) 0.014 (1) 
C( 3P1) 0.050 (2 )  0.060 (2)  0.052 (2)  0.021 (1) 0.025 (1) 0.015 (1) 
C(4P1) 0.050 (2)  0.058 (2)  0.071 (2)  0.022 (1) 0.033 (2)  0.013 (2)  
C( 5P1) 0.037 (1) 0.063 (2)  


C(2P2) 0.040 (1) 0.059 (2)  0.056 (2)  0.010 (1) 0.017 (1) 0.023 (1) 
C(3P2) 0.047 (2)  0.074 (2)  0.063 (2)  0.012 (1) 0.021 (1) 0.033 (2)  
C(4P2) 0.076 (2)  0.059 (2)  0.056 (2)  -0.000 (2) 0.014 (2) 0.023 (2)  


C( 6P2) 0.065 (2)  0.040 (1) 0.049 (2)  0.015 (1) 0.019 (1) 0.014 (1) 


0.068 (2) 0.016 (1) 0.020 (1) 0.010 (2)  
C( 1P2) 0.034 (1) 0.042 (1) 0.032 (1) 0.007 (1) 0.004 (1) 0.009 (1) 


0.027 (2)  0.020 (1) C(5P2) 0.084 (2)  0.048 (2)  0.063 (2) 0.020 (2)  


C(3P3) 0.054 (2 )  0.088 (2)  0.053 (2)  0.021 (2) 0.008 (2)  -0.006 (2)  
C(4P3) 0.044 (2)  0.070 (2)  0.079 (3) 0.014 (2)  0.007 (2)  -0.023 (2)  
C(5P3) 0.041 (2)  0.047 (2 )  0.105 (3)  0.005 (1) 0.018 ( 2 )  -0.002 ( 2 )  


0.046 (1) 0.077 (2)  0.008 (1) 0.021 (2)  0.010 (1) C(6P3) 0.048 (2 )  
C(lP3) 0.032 (1) 0.046 (1) 0.050 (2) 0.008 (1) 0.015 (1) 0.003 (1) 
C( 2P3) 0.047 (2)  0.068 (2)  0.044 (2)  0.014 (1) 0.009 (1) 0.006 (1) 


0.050 (2)  0.060 (2)  0.052 (2)  0.019 (1) 0.022 (1) -0.003 (1) 
0.069 (2)  0.038 (1) 0.071 (2)  0.014 (1) 0.031 (2) 0.002 (1) 
0.074 (2)  0.048 (2)  0.085 (2) 0.037 (2)  0.039 (2)  0.019 (2)  


0.060 (2)  0.060 (2)  0.020 (1) 0.029 (1) 0.002 (1) 


0.100 (2)  
0.041 (1) 0.047 (1) 0.040 (1) 0.021 (1) 0.020 (1) 0.012 (1) 
0.053 (2)  0.072 (2)  0.037 (1) 0.030 (1) 0.01 5 (1) 0.010 (1) 


C(1C) 
C(2C) 
C(3C) 
C(4C) 
C(5C) 
C(1) 
O(1) 
C(1V) 
C(2V) 
C( 3 V) 
C(4V) 
C(5V) 
O(1V) 
O(2V) 
C(6V) 
C(7V) 


0.061 (2)  0.074 (2)  0.059 (2) 0.045 (2)  0.021 (2)  0.006 (2)  
0.047 (2)  
0.050 (2)  0.054 (2 )  0.079 (2) 0.025 (1) 0.038 (2)  0.037 0.072 (2)  (2)  


0.094 (2)  0.136 (3) 0.045 (2)  0.085 (2)  


0.093 (3)  0.079 (2)  0.051 (2)  0.045 (2)  0.032 ( 2 )  0.031 (2)  
0.073 (2)  0.087 (3) 0.047 (2)  0.025 (2)  0.002 (2)  0.003 (2)  
0.030 (1) 0.048 (1) 0.040 (1) 0.011 (1) 0.011 (1) 0.007 (1) 
0.044 (1) 0.073 (1) 0.072 (2) 0.015 (1) 0.03 5 (1) 0.018 (1) 
0.049 (1) 0.0401 (9)  0.055 (1) 0.0118 (8) 0.0262 (9) 0.0078 (8) 
0.081 (2)  0.036 (1) 0.064 (2)  0.008 (1) 0.032 (2)  0.011 (1) 
0.183 (5) 0.060 (2)  0.098 (3)  0.064 (3)  0.073 (3)  0.020 ( 2 )  


a The form of the anisotropic thermal parameter is exp(-Z(PI)'( U(l , l )hza2 + U(2,2)hzbz + U(3,3)12c' + 2U(1,2)hhab 
cos(7) + 2U(1,3)hZac cos(p)  + 2U(2,3)kZbc COS(CU)). 


reaction is prepared in CH2C12 by mixing (v5-C5H5)Fe- 
(CO)(PPh,)I, AgBF4, and MeC=CC02Et.2C Although the 
7 complex is not very stable, its formation is readily 
monitored visually because the solution turns from green 
to red. In order to avoid displacement of the alkyne in 
reaction 2 by THF or iodide ions present in the LiMezCu 
solution, both the T H F  solvent and the solution of 
LiMezCu are prechilled to -78 OC prior to addition to the 
cooled reaction flask containing the *-alkyne complex. 
Failure to follow these precautions can lead to the for- 
mation of (v5-C5H5)FeCO(PPh,)I as a byproduct. Once 
formed, the a-alkenyl complex is thermally stable and only 


isomers, as pictured below, that could have formed in the 
reaction were observed. 


PPh3 PPh3 


Description of the Structure 
slowly decomposes in air. Note that none-of the other two Of the three possible alkene product isomers that could 
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Table 111. Bonded Distances ( A )  and Angles (Deg) with Esd's in Parentheses 


Fe-P 
Fe-C( 1) 
Fe-C( 1V) 
Fe-C( 1C) 
Fe-C( 2C) 
Fe-C( 3C) 
Fe-C(4C) 
Fe-C(5C) 
Fe-Center * a 
P-C( 1P3) 
P-C(lP1) 
P-C( 1P2) 
C( 1V)-C( 2V) 
C(1V)-C(5V) 
C( 2V)-C( 3V) 


P-Fe-C( 1) 
P-Fe-C( 1V) 
P-Fe-Center* 
C( 1)-Fe-C(1V) 
C( 1)-Fe-Center* 
C( 1V)-Fe-Center* 
Fe-P-C( 1P3) 
Fe-P-C( 1P1) 
Fe-P-C( 1P2) 
C( lP3)-P-C(lPl) 
C( 1P3)-P-C( 1P2) 
C( lPl)-P-C(lP2) 
Fe-C( 1V)-C( 2V) 
Fe-C( 1V)-C(4V) 
C( 2V)-C( lV)-C(5V) 
C(lV)-C(2V)-C(3V) 
C( 1V)-C( 2V)-C(4V) 
C(3V)-C(2V)-C(4V) 


2.2236 (8) 
1.724 (4 )  
2.030 (2)  
2.128 (4)  
2.116 (3)  
2.104 (4) 
2.108 (4 )  
2.127 (4) 
1.745 (4)  
1.841 (2)  
1.820 (3)  
1.840 (3)  
1.352 (4)  
1.462 (4)  
1.504 (5)  


89.8 (1) 
99.59 (9) 


124.7 (1) 
91.1 (1) 


125.4 (2)  
118.2 (2)  
110.04 (9)  
117.81 (9)  
120.62 (9)  
100.7 (1) 
103.2 (1) 
101.9 (1) 
127.8 (2)  
115.7 (2)  
115.6 (2 )  
124.4 (2)  
122.5 (3)  
113.0 (3) 


C( 2V)-C(4V) 1.529 (4)  
C( 5V)-O( 1V) 1.225 (4) 
C( 5V)-O( 2V) 1.357 (4)  
O( 2V)-C( 6V) 1.458 (4)  
C( 6V)-C(7V) 1.526 (8) 


1.149 (6)  
1.403 (5)  


C( 2C)-C( 3C) 1.395 (5) 
C( 3C)-C(4C) 1.391 (5)  
C(4C)-C(5C) 1.435 (5) 
C( 5C)-C( 1C) 1.451 (4) 
C( 1P3)-c( 2P3) 1.405 (5) 
C( 2P3)-c( 3P3) 1.367 (4)  
C( 3P3)-C(4P3) 1.374 (6)  
C(4P3)-C(5P3) 1,412 (7) 


C(1V)-C(5V)-O(1V) 126.7 (3)  
C( 1V)-C( 5V)-O( 2V) 112.7 (3)  
O(lV)-C(5V)-0(2V) 120.6 (3)  
C( 5V)-O( 2V)-C( 6V) 116.8 (3)  
O( 2V)-C(SV)-C(7V) 104.2 (3)  
Fe-C(l)-O(l) 178.6 (4)  
C( 5C)-C( 1C)-C( 2C) 108.0 (3)  
C( 1C)-C( 2C)-C( 3C) 108.2 (3)  
C( 2C)-C(3C)-C(4C) 109.8 (3)  
C( 3C)-C(4C)-C( 5C) 108.1 (3)  
C(4C)-C(5C)-C( 1C) 105.9 (3)  
P-C( 1P3)-C( 2P3) 123.2 (2)  
P-C(1P3)-C(6P3) 118.7 (2)  
C(6P3)-C(lP3)-C(2P3) 118.1 (2)  
C(lP3)-C(2P3)-C(3P3) 120.8 (3)  


C(3P3)-C(4P3)-C(5P3) 118.9 (3)  
C(4P3)-C(5P3)-C(6P3) 120.4 (3)  


C(1)-0(1) 
C( 1C)-C( 2C) 


C( 2P3)-C(3P3)-C(4P3) 121.0 (4)  


Center of cyclopentadiene ring. Esd's are approximate. 


have formed in the reaction, the crystal structure (Figure 
1) clearly shows that the major product is the gem-di- 
methyl isomer. This decision could not be made by lH or 
13C NMR spectroscopy. The structure may be described 
as isolated molecules separated by normal van der Waals 
distances. In space group Pi with two molecules per unit 
cell, the two optical enantiomers of the chiral complex are 
related by a center of symmetry. The environment of the 
iron atom, assuming one coordination site for the center 
of the cyclopentadienyl (Cp) ring, is distorted tetrahedral. 
As expected (see Table III), the angles involving the center 
of the Cp ring (Center*): (Center*)-Fe-P, (Center*)-Fe- 
C(l), Center*-Fe-C(lV), are all ~ 1 2 0 '  whereas the other 
three angles about Fe are 4 0 ° ,  indicating the steric effect 
of the Cp ring. The P-C distances are normal and within 
less than one standard deviation of the average, 1.840 A. 
However, the Fe-P-C angles are not so regular, varying 
from 110 to 120' (vide infra). The Fe-P bond length of 
2.224 (1) A is normal compared to other Fe-P bonds in 
similar systems." The Cp C-C distances and the Fe-C- 
(Cp) distances are normal for this type of organometallic 
structure, as are the Fe-C(l) and C=O and C-C phenyl 
ring distances. 


An examination of the dihedral angles between normals 
to planes shows that Fe,C(lV),C(2V),C(3V),C(4V) are all 
essentially coplanar. This coupled with the Fe-C(lV) 
distance of 2.030 (2) A clearly specifies this as an Fe-C 
single bond in which the carbon atom is sp2 hybridized. 
This distance is significantly longer than that found by 
Churchill and Wormald12" in Cp(CO)2FeC=CC=CFe- 


(11) Miles, S. L.; Miles, D. L.; Bau, R.; Flood, T. C. J .  Am. Chem. SOC. 
1978,100,1218. 


C( 5P3)-C(6P3) 
C(6P3)-C( 1P3) 
C( lPl)-C( 2P1) 
C( 2Pl)-C( 3P1) 


C(4Pl)-C( 5P1) 


C( lP2)-C( 2P2) 
C( 2P2)-C(3P2) 
C(3P2)-C(4P2) 
C(4P2)-C( 5P2) 


C( 3P1 )-C(4P1) 


C( 5Pl)-C(6Pl) 
C(GPl)-C(lPl) 


C( 5P2)-C(6P2) 
C(6P2)-C(lP2) 


C(5P3)-C(6P3)-C(lP3) 


P-C( 1P1 )-C( 6P 1) 
C(GPl)-C( lPl)-C( 2P1) 


P-C(lPl)-C( 2P1) 


C( lPl)-C(2Pl)-C( 3P1) 
C( 2Pl)-C( 3Pl)-C(4Pl) 
C(3Pl)-C(4Pl)-C( 5P1) 
C(4Pl)-C( 5Pl)-C( 6P1) 
C(5Pl)-C(GPl)-C( 1P1) 
P-C(lPB)-C( 2P2) 
P-C( 1P2)-C(6P2) 
C(6P2)-C(lP2)-C( 2P2) 
C(lP2)-C(2P2)-C(3P2) 
C( 2P2)-C(3P2)-C(4P2) 
C( 3P 2)-C( 4P 2)-C( 5P 2) 
C( 4P2)-C( 5P2)-C( 6P2) 
C(5P2)-C(6P2)-C(lP2) 


1.365 (4) 
1.403 (4)  
1.398 (4) 
1.400 (5)  
1.373 (4)  
1.400 (5) 
1.380 (5)  
1.407 (4)  
1.396 (5)  
1.389 (5)  
1.407 (6)  
1.410 (7) 
1.395 (5)  
1.392 (5) 


120.7 (4)  
120.4 (2)  
121.5 (2) 
117.9 (3) 
121.1 (3)  
119.9 (3)  
120.0 (4) 
120.2 (3) 


122.1 (2)  


120.9 (3) 
119.7 (2)  


118.3 (3)  
121.9 (3)  
119.3 (4)  
119.4 (3)  
119.6 (4)  
121.4 (4)  


(CO)&g at  1.987 (5) A.12b The potential for multiple 
bonding is apparently reduced by the facts that the di- 
hedral angle between the normals to the planes: 
Center*-Fe-C(lV) and Fe-C(1V)-C(2V) etc. is 82.8 (2)' 
and the angle between the Fe-CO line and the normal to 
the Fe-C(1V)-C(2V) etc. plane is 40.4 (1)'. The former 
angle delineates the 7 ~ *  orbital of the alkene as 7.2 (1)' 
from the Center*-Fe-C(lV) plane, and the latter describes 
the orientation of this orbital relative to the Fe-CO line. 
In order to obtain efficient overlap with the metal HOMO 
as calculated by Hoffmann et al.,13 the alkene would have 
to be oriented along the Fe-CO line. 


The orientation of the alkene relative to the ester group 
is of some interest. One might expect the carbonyl of the 
ester to be coplanar with the alkene. However, the plane 
of the carbonyl (Table IV) is almost orthogonal to the 
alkene (planes 1-2) a t  78.5 (1)'. This orientation is de- 
termined (Table IV) primarily by nonbonding interactions 
with phenyl ring 2 of the triphenylphosphine moiety. 
Neglecting hydrogen atoms, the entire ester group is planar 
within 8'. This geometry is probably also a result of the 
interactions with ring 2. These same interactions are no 
doubt responsible for the more open Fe-P-C(lP2) angle 
of 120.62 (9)'. The observed molecular conformation in 
the solid is very compact, and although Figure 1 makes it 
appear that there exists a large cavity between the Cp and 
the phenyl rings, that is not the case. For example: C- 


(12) (a) Churchill, M. R.; Wormald, J. h o g .  Chem. 1969,8,1936. (b) 
For a discussion on Fe-C sp2 bond lengths see also: Rybin, L. V.; Pe- 
trovskaya, E. A,; Bataanov, A. s.; Struchkov, Y. T.; Rybinskaya, M. I., 
J. Organomet. Chem. 1981,212, 95. Lenhert, P. G.; Lukehart, C. M.; 
Warfield, L. T. Inorg. Chem. 1980, 19, 2343. 


(13) Schilling, B. E. R.; Hoffmann, R.; Faller, J. W. J .  Am. Chem. SOC. 
1979, 101, 592. 







Nucleophilic Addition to MeC=CCO$t 


Table IV. Selected Nonbonded Distances ( A )  and 
Dihedral Angles (Deg) between Plane Normals 


C(lPB)-O(lV) 3.590 ( 3 )  C( l ) -C( lPl )  3.149 ( 4 )  
C(lP2)-C(5V) 3.378 (3)  C(l)-C(2Pl) 3.237 (5)  
C(lP2)-0(2V) 3.355 (3)  C(l)-C(6P3) 3.627 ( 4 )  
C(2P2)-C(lC) 3.686 ( 5 )  C(l)-C(lP3) 3.753 ( 4 )  
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c( 2 ~ 2  j-c( 5 c j  
C( 2P2)-C( 5V) 
C( 2P2)-0( 1V) 
C( 2P2)-0( 2V) 
C( 2P2)-C( 6V) 
C(3P2)-0(1V) 
~ ( 4 ~ 2  j-cisv j 
C( 5P2)-C( 6V) 
C( 5P2)-C(7V) 
c ( 6 ~ 2 j - o ( 2 v j  
C( 6P2)-C( 6V) 


3.586 
3.476 
3.189 
3.799 
3.864 
3.721 
3.905 
3.684 
3.856 
3.601 
3.550 


. .  . . 
C( 1C)-C( 1P3) 
C( 1C)-C( 2P3) 


C( 3V)-C( 3C) 
C( 3V)-C( 4C) 
C( 3V)-C( 1) 
C( lV)-C(IC) 
C( 1V)-C( 5C) 
C( 1V)-C( 1 )  


C( 1C)-C(6P3) 


3.224 
3.822 
3.648 
3.630 
3.458 
3.131 
2.790 
3.072 
2.688 


largest 
plane deviation 


4. ring 1 0.01 (1) 
5; ring 2 
6,  ring 3 
7,  [C(lV)-Fe-center*] 
8, [C( 1)-Fe-center*] 
9, IFe-C(lVI-C(2V)l 


0 .02 ( i j  
0 .01 ( 1 )  


Angles between Plane Normals 
plane 1-plane 2 78.5 (1) plane 7-plane 8 66.0 (1) 
plane 1-plane 7 82.8 ( 2 )  plane 7-plane 9 77.6 (1) 
plane 1-plane 1 2  25.6 (1)  plane 7-plane 10 41.8 ( 1 )  
plane 1-line 13 40.4 (1) plane 8-plane 10  89.1 (1)  
plane 2-plane 3 3.5 (1) plane 9-plane 1 1  8.5 ( 1 )  
plane 2-plane 5 7.3 ( 1 )  plane 12-line 13 54.5 (1) 
plane 3-plane 5 7.3 ( 1 )  


(2P2)-C(lC) = 3.686 (5) A, C(2P2)-C(5C) = 3.586 (5) A, 
C(2P2)-C(5V) = 3.467 (4) A. The environment of the 
alkene group is very crowded. Counterclockwise rotation 
about the Fe-C(1V) bond (when viewing down the C(1- 
V)-Fe bond) is restricted by the interaction between the 
ester group and phenyl ring 2 and the fact that the C(3V) 
to C(1) distance is 3.131 (5) A. Clockwise rotation about 
this bond is restricted by the fact that the C(3V)-C(4C) 
distance is already close at 3.458 (6) A. 


Discussion 
The observed regiochemistry of the addition reaction 


reported here is the same as that observed for the analo- 
gous reaction carried out on the free alkyne.5*14 A recent 
theoretical paper4 has considered both the basis for acti- 
vation of alkenes bonded to [ (s5-C5H5)Fe(C0),]+ and the 
effect of donor atom alkene substituents on the regio- 


(14) A reviewer suggested that the product could be formed by the 
cuprate first reacting with free alkyne followed by reaction with iron. 
Although this seemed unlikely to us in view of the variety of nucleophiles 
and alkynes (most of which, like 2-butyne, are not activated toward 
nucleophilic addition) that have been shown to be successful in this 
reaction,2 taken in the context of this paper, it was a reasonable possi- 
bility. Accordingly, [CpFeCO(PPh3)(THF)]+ was prepared in THF and 
cooled to -78 OC. In a separate flask, LiMezCu was added to a solution 
of MeC=CC02Et in THF at -78 OC. After 1 h, the two solutions were 
mixed. Workup as in the Experimental Section for the complex studied 
here did not yield any of this complex. 


chemistry of the addition reaction. These arguements 
should be readily applicable to q2-alkyne complexes acting 
as two-electron donors.15 In this work, it was suggested 
that the origin of the activation of the alkene in the ad- 
dition reaction is slippage of the metal along the K bond 
to an intermediate resembling q’ coordination. Experi- 
mental work with vinyl ether ?r complexes has shown that 
nucleophiles add specifically to the carbon bearing the 
donor group.3s It was argued that the donor substituent 
should favor slippage away from the substituent (this 
slippage in the ground state has very recently been verified 
crystallographically9, thus leading to the proper inter- 
mediate for the observed regiochemistry. The effect of an 
electron acceptor substituent was not as clear and “further 
theoretical and experimental study” was called for. The 
results reported here demonstrate that the addition oc- 
curred at  the alkyne carbon away from the acceptor sub- 
stituent. Note that this result is opposite to that which 
would be expected on a purely steric grounds where one 
would expect that the metal would slip to the side away 
from the larger ester substituent. Thus, the regiochemistry 
of the reaction appears to be dominated by electronic 
effects. In a reaction that is probably quite similar to that 
reported here, methoxide was shown to also add away from 
the electron-withdrawing CF, group in an (q2-CF3C= 
CH)Pt’I complex.16 A very recent paper” has shown 
similarly that nucleophilic addition to CH2CHCN and 
CH2CHC02Me K coordinated to Pt(I1) takes place at the 
carbon not bearing the acceptor substituent. 


We note that although the regiochemistry of the reaction 
reported here seems to be controlled by the electronic 
characteristics of the alkyne substituents, certainly the 
steric and electronic requirements of the whole molecule 
really need to be taken into account. This is particularly 
true in this case because the other ligands coordinated to 
the iron each have quite different electronic and steric 
characteristics. Thus, the regiochemistry could also be 
influenced or controlled by a preferred orientation of the 
alkyne dictated mainly by the other ligands. I t  has been 
shown that both the location of nucleophilic addition re- 
actions18 and the preferred orientation of ?r-back-bonding 
ligands can be controlled by the other ligands of the K 
c0mp1ex.l~ Moreover, the steric requirements of the 
product of these reactions could be very important. The 
molecule discussed here is quite crowded, particularly in 
the region of phenyl ring 2, the C(5C) atom, and the ester 
group. The special planar arrangement of the ester group 
observed in this structure allows it to fit even though this 
forces a loss of conjugation between the carbon-carbon and 
carbon-oxygen double bonds. A larger substituent would 
have difficulty fitting into this space, and this fact could 
also control the regiochemistry of the reaction. Additional 
substituents are being tested at present and attempts are 
underway to crystallize the unstable ?r complex starting 


(15) This assumes that the nucleophile does not react with the non- 
coordinated x orbital perpendicular to the Fealkyne axis. The well- 
known activation of alkenes bonded to this cationic iron moity should also 
occur with the T orbital of the alkyne bonded to the metal. Also, we have 
reported similar addition reactions at low temperatures to A complexes 
of 2-butyne. In these reactions, the perpendicular T bond is not activated 
by an ester functional group and should not be very reactive toward 
nucleophiles. Thus in this case, and presumably the case reported here, 
the r orbital bonded to the metal should be the site of nucleophilic 
addition. 


(16) Chisholm, M. H.; Clark, H. C.; Manger, L. E. Znorg. Chen.  1972, 
11, 1269. 


(17) Green, M.; Sarhan, J. K. K.; Al-Najjar, I. M. J. Chem. SOC., 
Dalton, Trans. 1981, 1565. 


(18) Faller, J. W.; Rosan, A. M. Ann. N.Y. Acad. Sci. 1977,295, 186. 
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The crystal and molecular structure of the title compound, (HEB)Cr(C0)2PEt, (1)) has been determined 
space group p2,/c, a = 9.729 (4) A, b = 18.353 (6) A, c = 29.869 (12) A, /3 = 98.26 ( 2 ) O ,  and 2 = 8, with 
two different conformations (1A and 1B) present in equal population. In 1A one terminal methyl (C(31)) 
projects toward the complexed (proximal) side of the ring while the other five project toward the uncomplexed 
(distal) side. The molecule is in an eclipsed conformation, with the PEt, ligand anti to C(31); the resulting 
structure has near C, symmetry. Conformation 1A is unprecedented among HEB transition-metal complexes. 
In 1B all six methyls are distal and the molecule adopts a staggered arrangement. The resulting conformation 
closely resembles that of the previously reported (HEB)Cr(C0)2PPh3 (2), and a detailed comparison of 
these structures has served to clarify the origin of the steric effect responsible for this conformational 
preference. Arguments are advanced that four diastereomeric HEB 7r complexes are energetically favored 
and that the range of stabilities spanned by these four is less than the calculated range spanned by the 
corresponding uncomplexed HEB conformers. Structures corresponding to three of these four isomers 
have been experimentally realized in this and a previous study. 


Special interest in hexaethylbenzene (HEB) derives from 
its role as a simple representative of a class of hexa- 
alkylbenzenes and hexaalkylbenzene analogues in which 
the alkyl groups point alternately up and down around the 
ring perimeter; such alternation is found in HEB itself and 
in its tricarbonylchromium and -molybdenum K com- 
plexes.2 In a previous study2 we had found that re- 
placement of one carbonyl group in tricarbonyl(hexa- 
ethylbenzene)chromium(O) by triphenylphosphine leads 
to a striking change in the conformation of the arene 
moiety: whereas the conformation of the tricarbonyl 
complex is eclipsed, with the terminal methyl groups al- 
ternately projecting toward the complexed (proximal) and 
uncomplexed (distal) side of the ring, in the dicarbonyl 
triphenylphoephine complex the conformation is staggered 
and all six methyls are distal. This conformational change 
was found to persist in solution and was ascribed to steric 
effects of the triphenylphosphine group. The present work 
was initiated in the hope that a study of conformational 
preferences in dicarbonyl(hexaethylbenzene)(triethyl- 


Table I. Selected Bond Lengths for 1A and lBa  
atomsb 1A 1B 


C( 11)-C( 12)  
C( 12)-C( 13)  
C(13)-C(14) 
C( 14)-C( 1 5 )  
C( 15)-C( 16)  
C( 16)-C( 11)  
Cr-C( 11) 
cr-C( 12)  
G - C (  13)  


Cr-C( 15)  
Cr-C( 14)  


Cr -C( 1 6)  
c r -C( l )  
cr-C( 2) 


C(1 )-O( 1) 
C( 2)-0(2)  


0 - P  


1.412 
1.428 
1.432 
1.414 
1.432 
1.41 2 
2.224 
2.201 
2.250 
2.263 
2.232 
2.209 
1.809 
1.790 
2.308 
1.164 
1.174 


1.423 
1.425 
1.413 
1.426 
1.412 
1.426 
2.184 
2.196 
2.231 
2.272 
2.256 
2.232 
1.812 
1.817 
2.324 
1.175 
1.168 


a In angstrom units. Estimated standard deviations for 
bond lengths are 0.002-0.009 and 0.001-0.009 A for 1A 
and lB, respectively. Numbering as in Figures 1, 2, and 
4. 


(1) (a) University of Dundee. (b) Hoffmann-La Roche, Inc. (e) 
Princeton University. 


(2) (a) Hunter, G.; Iverson, D. J.; Mislow, K.; Blount, J. F. J. Am. 
Chem. SOC. 1980,102,5942. (b) Iverson, D. J.; Hunter, G.; Blount, J. F.; 
Damewood, J. R., Jr.; Mislow, K. Zbid. 1981, 103, 6073. 


phosphine)chromium(O) (1) might serve to clarify the or- 
igin of this remarkable steric effect in the previously 
studied dicarbonyl(hexaethylbenzene)(triphenyl- 
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preference. Arguments are advanced that four diastereomeric HEB 7r complexes are energetically favored 
and that the range of stabilities spanned by these four is less than the calculated range spanned by the 
corresponding uncomplexed HEB conformers. Structures corresponding to three of these four isomers 
have been experimentally realized in this and a previous study. 


Special interest in hexaethylbenzene (HEB) derives from 
its role as a simple representative of a class of hexa- 
alkylbenzenes and hexaalkylbenzene analogues in which 
the alkyl groups point alternately up and down around the 
ring perimeter; such alternation is found in HEB itself and 
in its tricarbonylchromium and -molybdenum K com- 
plexes.2 In a previous study2 we had found that re- 
placement of one carbonyl group in tricarbonyl(hexa- 
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to a striking change in the conformation of the arene 
moiety: whereas the conformation of the tricarbonyl 
complex is eclipsed, with the terminal methyl groups al- 
ternately projecting toward the complexed (proximal) and 
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triphenylphoephine complex the conformation is staggered 
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was found to persist in solution and was ascribed to steric 
effects of the triphenylphosphine group. The present work 
was initiated in the hope that a study of conformational 
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Chem. SOC. 1980,102,5942. (b) Iverson, D. J.; Hunter, G.; Blount, J. F.; 
Damewood, J. R., Jr.; Mislow, K. Zbid. 1981, 103, 6073. 
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igin of this remarkable steric effect in the previously 
studied dicarbonyl(hexaethylbenzene)(triphenyl- 
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Figure 1. Stereoviews of the X-ray structures of the two conformations of dicarbonyl(hexaethylbenzene)(triethylphosphine)chromim(O) 
(1): top, 1A (unprimed); bottom, 1B (primed). 


Table 11. Selected Bond Angles for 1A and lBa 
atomsb 1A 1B 


C(ll)-C(12)-C(l3) 121.0 11 9.9 
q l 2 ) - C (  13)-C( 14)  119.1 120.3 
q 13)-C( 14)-C( 15)  120.3 119.6 
C(14)-C(15)-C(16) 119.3 120.7 
q l5 ) -C(16) -C( l l )  121.0 119.6 
C( 16)-C( 11 )-C( 1 2) 119.2 120.0 
q l 1 ) - C (  21)-C( 31) 116.6 115.2 
q12)-C(22)-c(32) 113.3 115.8 
C( 13)-C( 23)-C( 33) 114.9 115.8 
C( 14)-C( 24)-C( 34) 114.5 114.0 
q15)-C(25)-C(35) 116.5 115.1 
C( 16)-C( 26)-C( 36) 113.6 115.7 
C( 1)-Cr-C( 2) 87.0 87.0 
C( 1)-Cr-P 86.0 86.5 
C( 2)-Cr-P 86.0 87.1 
Cr-C(1)-O(1) 177.1 176.4 
cr-C( 2)-O( 2) 177.8 177.2 


a In degrees. Estimated standard deviations for bond 
angles are 0.2-0.5". 


phosphine)chromium(O) (2). 


See footnote b, Table I. 


Results and Discussion 
Ultraviolet irradiation of a pentane solution of tri- 


carbonyl(hexaethylbenzene)chromium(O) (3)2 in the 
presence of triethylphosphine yielded 1, isolated as orange 
crystals. The structure of 1 was determined by X-ray 
analysis. The crystals are monoclinic, space group R , / C .  
The unit cell contains two independent conformers (1A 
and 1B) in equal population, and neither conformer oc- 
cupies a special position in the unit cell. Stereoviews of 
1A and 1B are shown in Figure 1, deviations of the non- 
hydrogen atoms from the least-squares plane of the 
benzene ring are given in Figure 2, and selected bond 


Table 111. Selected Dihedral Angles with the Least- 
Squares Benzene Plane for 1A and lBa 


atoms b*c 1A 1B 
q l l ) -C(2 l ) -C(31)  88.7 86.7 
Cj12)-C( 22)-C( 32) 88.8 87.5 
C( 13)-C( 23)-C( 33) 88.4 84.7 
C( 14)-C( 24)-C( 34) 84.7 88.1 
C( 15)-C( 25)-C( 35) 83.8 87.9 
C( 16)-C( 26)-C( 36) 86.8 88.4 


a In degrees. Estimated standard deviations for dihedral 
The atoms which define the second angles are 0.3-0.5'. 


plane. See footnote b, Table I. 


lengths, bond angles, and dihedral angles are reported in 
Tables 1-111. Final atomic parameters for 1A and 1B are 
listed in Table IV. 


It  is immediately apparent upon examination of Figures 
1 and 2 that the structures of 1A and 1B differ in two 
important respects. First, whereas in 1A one methyl (C- 
(31)) is proximal and five are distal, in 1B all six methyls 
are distal. Second, whereas 1B adopts an approximately 
staggered arrangement about the arenemetal bond axis, 
in 1A the metal fragment assumes an eclipsed conforma- 
tion, with the triethylphosphine ligand anti to C(31). As 
a result the symmetry of 1A is close to C,(m).3 In most 
other respects the structural parameters of 1A and 1B do 
not deviate markedly from each other4 or from values 


(3) The plane formed by C(ll)-C(Zl)-C(31) is, to a high degree of 
approximation, the molecular symmetry plane which contains C(24)-C- 
(34) and C(Sl)-C(SZ) and which bisecta the C(l)-CA(Z) and C(41)-P- 
C(61) angles. Deviations from C, symmetry are, however, far from in- 
significant. For example, the C,-X-CrC, angles (X = centroid of arene 
ring) differ by over loo from symmetry-related values (Figure 2). 
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Figure 2. Dicarbonyl(hexaethylbenzene)(triethylphosphine)cbromium(O) (1): center, numbering scheme for heavy atoms; left, deviations 
(in A) of nonhydrogen atoms in 1A from the least-squares plane of the benzene ring and selected C,-X-Cr-Cco (or P) torsion angles 
(X = centroid of the arene ring) (a positive value indicates that the atom is proximal to the metal and a negative value that is is distal); 
right, the same for 1B. Torsion angles for lA, obtained from parameters in Table IV, are reported as their negatives for ease of comparison 
with 1B. 


which might be regarded as normal for ($-arene)chromium 
c~mplexes.~ 


Conformational Variability of Stereoisomeric 
Hexaethylbenzene T Complexes. Among the transi- 
tion-metal complexes of HEB, there is no precedent for 
the distal-proximal arrangement of methyl groups found 
in lA.6 In order to place the discussion of this finding 
into proper perspective, we begin with an enumeration of 
the possible stereoisomers of such complexes. 


In principle, complexation of the eight “up-down” iso- 
mers of HEB2b may occur on either face. Three of these 
isomers (la, Id, lf)2b each have three u ~ p ”  and three 
“down” methyls and have homotopic (equivalent) faces, 
whereas the other five have diastereotopic (nonequivalent) 
faces. Disregarding isomerism due to orientation of the 
metal fragment in relation to the ring, there should 
therefore be a total of 13 diastereomers (Figure 3).’i8 
When such orientation is taken into account, 36 diaste- 
reomers are possible, given that these (q6-arene)MX3 
complexes are either eclipsed or ~taggered.~ If the metal 
fragment does not have threefold symmetry, this number 


(4) See Tables 1-111. For example, the average C 4, bond distance 
for 1A (1B) is 1.422 (1.421) A, approximately 0.02 x longer than found 
for HEB,2b and there is no evidence for bond length alternation. The 
average C,-C,-C, bond angle is 120.0’ for both compounds and devi- 
ations of the aryl carbon atoms from the least-squares benzene planes are 
small. The benzene rings are therefore approximated well by regular 
hexagons. The planes formed by the C,-CHz-CHS fragments are es- 
sentially perpendicular to the least-squares benzene plane with an average 
dihedral angle of 86.9 (87.2)O. The average CI-C, distance is 2.230 (2.229) 
k The C,-CHz-CHa bond angle involving C(31) in la (116.6’) is similar 
to the average angle for the three proximal methyls in 3 (115.8°)?b 
However, the average C,-CHz-CH3 angle for the five (six) distal methyls 
in 1A (lB), 114.6’ (115.3O), is significantly larger than the average value 
for the three distal meth Is in 3 (111.9°)2b and is rather clwe to the angles 
found in 2 (av 115.7’)? This phenomenon probably reflects the in- 
creased steric interaction among these crowded distal grouprr. 


(5 )  For comprehensive reviews and leading references to the chemistry 
of tricarbonyl(~s-arene)tramition-metal complexes (M = Cr, Mo, W), see: 
Sneeden, R. P. E. yOrganochromium Compounds”; Academic Press: New 
York, 1975; p 19 ff. Silverthom, W. E. in Stone, F. G. A.; West, R., Eds. 
Adu. Organomet. Chem. Vol. 13; 13, p 48 ff. Albright, T. A.; Hofmann, 
P.; Hoffmann, R. J. Am. Chem. SOC. 1977,99,7546. For recent update 
on the literature, see: Atwood, J. D. J. Organomet. Chem. 1980,196,79. 


(6) In making this statement we discount a maverick methyl group 
(C(33B)) which is found on the proximal side as a disorder in the crystal 
of 2 and which is shown by a dashed bond and an open circle in Figure 
4. 


(7) As a matter of convenience in discuseion, we retain the previously 
introduced% configurational deacriptom (la-h) for the eight HEB isomers 
and extend them to the corresponding ?r complexes. 


(8) Of the eight HEB isomers, one (la) is chiral and exists in enan- 
tiomeric forms. The faces of the two enantiomers are enantiotopic by 
external comparison. 


b 


Figure 3. The 13 diastereotopic faces of hexaethylbenzene (HEB) 
7r complexes. The metal atom is the point of reference and should 
be viewed as residing over the ring and above the plane of the 
paper. The fded (open) circles represent proximal (distal) methyl 
groups projecting toward (away from) the observer: top row, HEB 
conformers with homotopic faces; middle and bottom rows, HEB 
conformers with diastereotopic faces. Diastereomeric complexes 
derived from the same HEB conformer are given the same de- 
scriptor’ and are differentiated by a prime. 


is even larger. However, the isomer count can be drasti- 
cally reduced if we postulate that eclipsing cannot take 
place over carbons bearing proximal groups, and stag- 
gering is disallowed if any  one o f  the  bisected bonds is 
joined to a carbon atom bearing a proximal group. Under 
these two constraints, which are based on the reasonable 
assumption that steric interactions between a normal metal 
fragment and proximal methyl groups play a decisive role 
in determining molecular stability, only one staggered (1 h) 
and four eclipsed (la, IC, le, and lh) structures need be 
considered. While 1 h is a member of both sets there ap- 
pears to be a preference for the staggered (Le., S(6)) con- 
formation.2b*6 Thus, four conformational types remain. 


On the premise that nonbonded repulsive interactions 
between a given metal fragment and &HEB (i.e., the 
bound HEB moiety) increases with the number of proxi- 
mal methyl groups, p ,  the destabilizing interaction for the 
four HEB complexes under consideration increases in the 
order lh  (p = 0) < le (p = 1) < lc (p = 2) < la (p = 3). 
This parallels the order of decreasing destabilization in 
the corresponding free arenes, lh  (s = 6) > le (s = 4) > 
IC (s = 2) > la (s = 0), where s is the number of repulsive 
syn interactions between ethyls in neighboring (ortho) 
positions whose methyls are located on the same side of 
the ringsg On the further assumption that these syn re- 







Conformation Variability in Hexaethylbenzene Complexes 


Table IV. Final Atomic Parameters for 1A and lBa-d 
atom X Y 2 


cr 0.56504 ( 7 )  0.13406 14) 0.13372 ( 2 )  


o ( 2 j  0.7690 ( 5 j  
O(1)’ 0.8815 (4)  
O(2)’ 0.6416 (4)  
C(1) 0.4378 (6)  
C(2) 0.6887 (6)  
C(11) 0.6240 (5)  
C(12) 0.7266 (5)  
C(13) 0.6917 (5)  
C(14) 0.5495 (5)  
C(15) 0.4452 (4) 
C(16) 0.4838 (5)  
C( 21) 0.6644 (5)  
C(22) 0.8765 (5)  
C( 23) 0.8040 (5)  
C(24) 0.5116 (5)  
C( 25) 0.2933 (5)  
C(26) 0.3746 (5)  
C(31) 0.6635 (6)  
C(32) 0.9564 (6)  
C( 33) 0.8635 ( 6 )  
C( 34) 0.5032 (6) 
C(35) 0.2371 (5)  
C(36) 0.3560 (6)  
C(41) 0.6215 (6)  
C(42) 0.7731 ( 7 )  
C(51) 0.3416 (6)  
C(52) 0.2180 (6)  
C(61) 0.5141 (6)  
C( 62) 0.4810 ( 7 )  
C(1)’ 0.8748 (5)  
C(2)’ 0.7273 ( 5 )  
C(11)’ 0.7955 (5)  
C(12): 0.6887 (5)  
C(13) 0.7218 (5)  
C(14)’ 0.8598 (5)  
C(15): 0.9663 (4)  
C(16) 0.9347 ( 5 )  
C(21)’ 0.7609 (5)  
C( 22)’ 0.5401 ( 5 )  
C(23)’ 0.6088 (5)  
C(24)’ 0.8942 (5)  
C( 25)’ 1.1146 (5)  
C(26)’ 1.0477 ( 5 )  
C(31)’ 0.7304 (6)  
C(32)’ 0.4539 (5)  
C(33)’ 0.5238 ( 5 )  
C(34)’ 0.8772 (5)  
C(35)’ 1.1473 (5)  
C( 36)‘ 1.0746 ( 5 )  
C(41)’ 1.0478 (6)  
C(42)’ 0.9166 ( 7 )  
C(51)’ 1.2062 (5)  
C(52)’ 1.2331 (6)  
C(61)‘ 0.9923 ( 5 )  
C(62)’ 1.0959 ( 7 )  


0.1124 ( 2 j  
0.6816 (2)  
0.7476 (2)  
0.0946 (3)  
0.1225 (3)  
0.0373 (2)  
0.0918 (3)  
0.1630 (3)  
0.1798 (3)  
0.1265 (3)  
0.0550 (3)  


0.0725 (3)  
0.2199 (3)  
0.2539 (3)  
0.1450 (3)  


-0.0404 (3)  


-0.0041 (3)  
-0.0578 (3)  


0.0443 (3)  
0.2219 (3)  
0.2569 (3)  
0.1248 ( 3 )  


0.3236 (3) 
0.3158 (3) 
0.2861 (3)  
0.2403 (4)  
0.2387 (3)  
0.3074 (3)  
0.6628 (3)  
0.7031 (3)  
0.5270 (2)  
0.5483 (2) 
0.5635 (2)  
0.5563 (2) 
0.5348 ( 2 )  
0.5193 ( 2 )  
0.5100 (3)  
0.5558 (3)  
0.5902 (3)  
0.5678 (3) 
0.5250 (3)  
0.4958 (3)  
0.4314 (3)  
0.4877 (3)  
0.5319 ( 3 )  
0.5006 (3)  
0.4504 ( 3 )  
0.4152 (3)  
0.7403 (3)  
0.7696 (3)  
0.7001 (3)  
0.6934 (3)  
0.8055 (3)  
0.8660 (3)  


-0.0521 (3)  


cr’ 0.85408 ( 7 j  0.63072 ( 4 j  
P 0.51173 (14)  0.24377 (7)  
P‘ 1.02267 (13) 0.71571 (7) 
O(1) 0.3558 (51 0.0666 (3)  


0.11967 ( 2 j  
0.16488 (4)  
0.14685 ( 4 )  
0.1842 (1) 
0.2164 (1) 
0.0264 (1) 
0.1210 (1) 
0.1652 (2)  
0.1837 ( 2 )  
0.0959 (1) 
0.0961 (1) 
0.0789 (1) 
0.0628 (1) 
0.0643 (1) 
0.0807 (1) 


0.1138 ( 2 )  
0.0766 ( 2 )  
0.0423 ( 2 )  
0.0483 ( 2 )  
0.0812 ( 2 )  
0.1610 (2)  
0.0773 (2)  
0.0322 (2)  


0.0001 ( 2 )  


0.1112 ( 2 )  


-0.0084 ( 2 )  


0.0387 (2)  
0.1 595 ( 2 )  
0.1810 (2)  
0.1462 ( 2 )  
0.1545 (2)  
0.2268 ( 2 )  
0.2521 (2)  
0.0636 (2)  
0.1 209 (2)  
0.0865 (1) 
0.1118 (2)  
0.1 588 ( 2 )  
0.1807 (1) 
0.1553 ( 2 )  
0.1086 (2)  
0.0365 ( 2 )  
0.0880 (2)  
0.1854 (2)  
0.2319 ( 2 )  
0.1791 (2)  
0.0814 ( 2 )  
0.0253 ( 2 )  
0.0854 ( 2 )  
0.2036 ( 2 )  
0.2595 (2)  
0.1995 ( 2 )  
0.0802 ( 2 )  
0.2070 (2)  
0.2235 ( 2 )  
0.1400 (2)  
0.0923 (2)  
0.1194 (2)  
0.1346 ( 2 )  


a Standard deviations in parentheses. 
tors for 1A and 1B are unprimed and primed, respectively. 


Anisotropic thermal parameters are recorded in the 
supplementary material. Parameters for hydrogen 
atoms are recorded in Table VI1 (supplementary material). 


Atom descrip- 


pulsions remain effective within @-HEB, it follows that 
there is a tradeoff in p and s destabilizations which leads 


(9) The calculatedZb order of stability among the eight HEB conform- 
ers seem to be qualitatively related to s. According to this criterion, the 
isomers of HEB may be partitioned into four seta: la (a = O), lb-d (s 
= 2), leg (s = 4), and lh (a = 6). The relative energies, in kcal mol-’, 
within each set are (EFF, EFF-EHMO): la (0.0, O.O), lb-d (3.5-3.7, 
3.6-5.0), 1- (5.9-7.2, 8.0-9.3), and lh (8.2, 11.5). 
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to a decrease in the range of stabilities spanned by the four 
HEB complexes relative to the range (8-11 kcal mol-l) 
calculatedzb for the corresponding uncomplexed HEB 
conformers. Additionally, the magnitude of a p destabi- 
lization is a function of the steric bulk of the tripodal 
ligands. As a result of this dependence, the relative 
magnitudes of p and s destabilizations are expected to vary 
from system to system. 


The preceding analysis is fully borne out by OUT present 
and previous2 observations. Of the 36 or more possible 
isomeric HEB complexes, only three types have thus far 
been observed (la (3), le (lA), and lh (lB, 2)), all of which 
belong to the set of four discussed above. Although no 
representative of the missing type IC has been reported, 
tricarbonyl(hexaethy1borazine) chromium (0) lo may be re- 
garded as a close relative since HEB and hexaethylborazine 
are isosteric. Furthermore, the coexistence of two con- 
formational isomers in the unit cell of 1 indicates that 1A 
and 1B do not differ appreciably in stability; this supports 
our argument that compensatory destabilization tends to 
equalize the internal energies of stereoisomeric HEB 
complexes, as in 1A (p = 1, s = 4) vs. 1B (p = 0, s = 6). 
Indeed, the observation (NMR) that 1A and 1B also 
coexist in comparable quantities in solution”J2 indicates 
that the two conformers are virtually isoenergetic. 


Steric Effects of PR, Groups on the Conformations 
of Hexaethylbenzene Complexes 1 and 2. We now turn 
to a consideration of the question which motivated this 
study. That the conformation of 1B is strikingly similar 
to that of 2 is obvious by comparison of Figures 1 and 2 
in the present paper with Figure 8 and 9 in reference 2b. 
In both molecules the six methyls are distal and the ex- 
pected staggered5 conformation is adopted. The resem- 
blance between the two compounds extends to a close 
similarity in bonding parameters for $-HEB as well as for 
the Cr-P (1B (2): 2.324 (2.320) A) and average Cr-C, (1B 
(2): 2.229 (2.241) A) distances, for the chromium atom 
distances from the least-squares plane (1B (2): 1.716 
(1.729) A), and for the chromium tilt angles (1B (2): 2.3 
(2.5)”).13 


At  first sight this result might seem surprising, since 
PEt, is presumably less sterically demanding than PPh3.I4 
However, detailed examination of the two structures re- 
veals that the relevant portions of the two PRB ligands are 
closely similar. As shown in Figure 4, one of the three ethyl 
groups in 1B (C(61)’-C(62)’) and one of the three phenyl 
rings in 2 (C(41)4(46)) points directly away from $-HEB 
and therefore has only a small, if any, direct effect on the 
arene conformation. In contrast, the remaining PEt, 
fragment in lB, whose nonhydrogen atoms (P’, C(41)’, 
C(42)’, C(51)’, C(52)’) are shaded in Figure 4, zig-zags 
across almost half of the face of the ring in an arc that 
extends virtually from C(13)’-Et to C(16)’-Et. Likewise, 
the lower edge of the remaining PPh2 fragment in 2, whose 
nonhydrogen atoms (P, C(51), C(52), C(61), C(66)) are 


(IO) Huttner, G.; Krieg, B. Angew. Chem., Int. Ed. Engl. 1971,10,512; 
Chem. Ber. 1972,105, 3437. 


(11) Preliminary results on 1 in CDzClz at -87 O C  (360 MHz). Inter- 
conversion of the conformers takes place by ethyl group rotation, with 
AG* ~i 9.4 kcal mol-’ at  -73 O C .  Further details will be reported else- 
where. 


(12) In view of the other similarities between 1B and 2, it is somewhat 
surprising that only one conformation of 2, i.e., ZB, w a ~  observed in the 
solid state and in solution at low temperatures.2t6 


(13) The chromium tilt angle is the angle between the XCr  vector and 
the normal to the arene least-squares plane. In both compounds this tilt 
is caused by a movement of the chromium atom toward the side of the 
benzene ring which is anti to the phosphorus atoms, i.e., toward C(l1)’ 
and C(12)’ in 1B. 


(14) However, the cone angles of PEt3 and PPh3 ligands are quite 
similar: Clark, H. C. Isr. J .  Chem. 1976, 15, 210. 







452 Organometallics, Vol. 1, No. 3, 1982 Hunter et al. 


Figure 4. Stereoviews of the X-ray structures of dicarbonyl(hexaethylbenzene)(triethylphosphine)chromium(O) (1) and di- 
carbonyl(hexaethylbenzene)(triphenylphosphine)chromium(0)(2): top, the S(6) of 1 (1B) with atoms p', C(41)', C(42)', C(51)', and 
C(52)' shaded; bottom, 2 with atoms P, C(51), C(52), C(61), and C(66) shaded. Views are perpendicular to the least- squares benzene 
planes. 


shaded in Figure 4, extends over a similar region of 716- 
HEB. The least-squares planes formed by the shaded 
atoms are essentially parallel to the least-squares planes 
of the benzene rings, making angles of only 2.0° (1B) and 
4.9O (2).16 Nonbonded interactions with the shaded atoms 
and the attached hydrogens are evidently responsible for 
forcing the terminal methyl groups to the distal side. In 
short, the present study clearly reveals that the confor- 
mational change induced by substitution of a triphenyl- 
phosphine ligand for a carbonyl group in 3 is almost en- 
tirely due to the interaction of $-HEB with a phosphorus 
atom and two CH-CH fragments belonging to two phenyl 
rings and that the remaining portions of these two rings, 
as well as the entire third phenyl ring, have little or no 
direct effect on the molecular conformation. 


This interpretation nicely accounb for the distal con- 
formation of those methyl groups which are located in the 
region covered by the sterically effective portion of the PR, 
ligand, i.e., the region under the arc spanned by the shaded 
atoms. As may be seen by inspection of Figure 1, the PEh  
fragment which is responsible for the steric effect in 1B 


(15) Although only moderate agreement might have been expected 
between the structural parametam about the phosphorus atom in 1B and 
in 2, because of inherent P-C& and P-C, bonding differences, the dis- 
similarities are in fact not pronounced. For example, in the shaded region 
the C-P-C angles for 1B (2) are 98.7 (104.1)', the average P-C distances 
are 1.841 (1.838) A and the average P-C-C angles are 114.3 (118.2)'. The 
bond angles are larger in 2 than in 1B and the expaneion occurs parallel 
to the least-squares benzene plane; this results in a somewhat larger arc 
in 2. The distances of the shaded atoms from their respective least- 
squares benzene planes show, in general, only moderate scatter and av- 
erage 3.516 and 3.331 A for 1B and 2. 


performs a similar function in 1A.16 Specifically, the 
terminal methyl groups in that fragment, C(42) and C(52), 
are located above methyl groups C(33) and C(35) and force 
the latter into distal positions. In 3, where the phosphine 
ligand is replaced by carbonyl, this effect is absent and the 
same two methyl groups are therefore able to assume 
proximal positions and thus relieve four syn interactions. 


The steric effect of the PR2 fragment cannot of course 
account for the disposition of groups, such as C(31)' and 
C(32)' in lB, which are on the far side of the ring and anti 
to the phosphorus atom and which are therefore not cov- 
ered by the shaded atoms. An explanation for this con- 
formational preference in 1B and 2 can however be found 
by considering the staggered arrangement of the metal 
fragment in these two molecules: according to our pos- 
tulated constraint, such an arrangement is only compatible 
with the observed all-distal conformation (1 h). 


We conclude by noting that in this as in the preceding 
section, our interpretations of conformational preferences 
in HEB transition-metal complexes have been predicated 
on the simplifying assumption that steric effects are ex- 
clusively responsible for the observed structures: although 
we recognize that electronic effects of the tripodal ligands, 
e.g. bonding involving phosphorus, might also play an in- 
direct role, there has been no need thus far to invoke such 
effects in order to rationalize any reported observations." 


(16) The nonhydrogen atoms of the PEt, fragment in 1A are an av- 
erage distance of 3.462 A from, and form a least-squares plane of 3.0' 
with, the least- squares benzene plane. The values of the average P-C 
distance (1.837 A), P-C-C angle (115.0°), y d  C-P-C angle (98.4") are 
similar to the corresponding values in 1B. 
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Experimental Section 
The infrared spectrum was recorded on a Perkin-Elmer 521 


spectrometer. NMR spectra were recorded a t  15.08 MHz in the 
Fourier transform mode on a Bruker WP60 spectrometer. All 
reported shifta are downfield relative to tetramethylsilane. The 
mass spectrum were measured on an AEI MS-9 high-resolution 
mass spectrometer with a DS-30 data system. An ionizing voltage 
of 70 eV was used. Reagents obtained from the indicated sources 
were used without further purification: hexaethylbenzene, Cr(CO)6 
(Pfaltz & Bauer); PEG (Fluka). 
Tricarbonyl(hexaethylbenzene)chromium(O) (3) was 


prepared as described previously.2 
Dicarbonyl(hexaethylbenzene)(triethylphosphine) 


chromium(0) (1) was prepared by UV irradiation for 1 h of a 
freeze-thaw degassed pentane (30 ml) solution of 3 (0.18 g, 0.47 
mmol) and PEG (0.1 g, 0.68 mmol) contained in a quartz vessel. 
The pentane solution was filtered under a nitrogen atmosphere 
and the solvent removed. The solid residue was recrystallized 
from pentane to give orange crystals of 1: IR (KBr) 1789,1846, 
1857,1948 cm-'; 13C(1H) NMR (CD2C12, ambient temperature) b 
6.5, 15.2, 16.1, 21.2, 22.5 (ethyl),lS 106.9 (C& 244.3 (CO, 2Jpc = 
22 Hz); mass spectrum, mle (relative intensity) 472 (M', 8), 416 


57), 246 (M+ - 2CO - PEt, - Cr, 100); mass spectrum (high 
resolution), mle 472.2560 (472.2562 calcd for C2eH45S2Cr02P). 


Crystallography. Crystals of 1, obtained by slow evaporation 
of a pentane solution, are monoclinic: F'2,lc; a = 9.729 (4) A, b 


(M' - 2C0,45), 326 (M' - CO - PEG, 7), 298 (M' - 2CO - PEG, 


(17) Cryatal packing effects are also unlikely to play a significant role 
in determining the conformations of 1 and 2, since there are no inter- 
molecular H-H contecta shorter than 2.3 A. 


(18) Absorptions from the ethyl groups of HEB overlap with those of 
triethylphoephine, and no attempt was made to assign individual CHB and 
CH2 signals. 


= 18.353 (6) A, c = 29.869 (12) A, /3 = 98.26 (2)'; d d d  = 1.189 
g cm-, for 2 = 8 (C2eHISCr02P, mol wt 472.61). The intensity 
data were measured on a Hilger-Watts diffractometer (Ni-filtered 
Cu Ka radiation, 8-28 scans, pulse-height discrimination). The 
size of the crystal used for data collection waa approximately 0.15 
X 0.15 X 0.5 mm; the data were corrected for absorption b =  44.4 
cm-'). A total of 4951 independent reflections were measured 
for 8 < 48O, of which 4015 were considered to be observed (I > 
2.50(0). The structure was solved by the heavy-atom method 
after the positions of the four chromium and phosphorus atoms 
had been obtained from an E map. A block-diagonal leashquarea, 
in which the matrix was partitioned into two blocks, was used 
for the final refinement. Two reflections which were strongly 
affected by extinction were excluded from the final refinement 
and difference map. Anisotropic thermal parameters were used 
for nonhydrogen atoms and isotropic temperature factors were 
used for hydrogen atoms in the final refinement. The hydrogen 
atoms were included in the structure factor calculations, but their 
parameters were not refined. The final discrepancy indices are 
R = 0.041 and R,  = 0.044 for the 4013 observed reflections. The 
final difference map has no peaks greater than h0.5 e A-3, 
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Pentakis(trimethy1 phosphite)ruthenium, Ru[P(OMe),], (5), has been prepared by the ultraviolet ir- 
radiation of a hexane solution of RU,(CO)~~ and excess P(OMeI3. When the reaction was followed by 31P(1H) 
NMR spectroscopy, the stepwise formation of RU(CO)~, , [P(OM~)~], ,  (n = 1-5) was indicated. Alternative 
syntheses for the derivatives with n = 1-4 are reported. As previously found for Ru(CO),[P(OMe),], 
Ru(CO)~JP(OM~), ] ,  (n = 3,4)  are probably fluxional, on the NMR time scale, in solution. When 5, in 
hexane solution, was heated to 120 "C, it isomerized to Ru[P(OM~),],(CH,)[P(O)(OM~)~] (59. Treatment 
of either 5 or 5i with Me1 gave ( R U [ P ( O M ~ ) ~ ] ~ ( C H ~ ) ) I .  The preparation of the ortho-metalated compound, 


(H)Ru [ ( C6H40)P ( OPh)2] [ P (  OMe),] ,, from Ru( CO)z [ P( OMe) ,] and P( OPh), is also described. 
, , 


Introduction 
In  the  past several years i t  has become apparent  t h a t  


phosphites, and trimethyl phosphite in particular, are able 
to stabilize transition metals in low, or formally zero, ox- 
idation states. These complexes (e.g., Cr[P(OMe)&,l 
W[P(OMe)&,2 Co[P(0Ph),l4H3) have stoichiometries tha t  
resemble the corresponding carbonyl derivatives. However, 
due to the  different electronic and steric properties of the 
CO and P(OR)3 ligands, i t  would be expected that the  two 


(1) Van-Catledge, F. A,; Ittel, S. D.; Tolman, C. A.; Jesson, J. P. J. 


(2) Choi, H. W.; Gavin, R. M.; Muetterties, E. L. J. Chem. SOC., Chem. 
Chem. Soc., Chem. Commun. 1980, 254. 


Commun. 1979, 1085. 


1979, 101, 1606. 
(3) Conder, H. L.; Courtney, A. R.; DeMarco, D. J. Am. Chem. SOC. 


types of compounds would have different chemical prop- 
erties. 


Two groups have reported the synthesis of Fe[P(OMe),], 
and described aspects of its ~ h e m i s t r y . ~ . ~  The preparation 
of t he  ruthenium analogue, Ru[P(OMe),], (5), has also 
been mentioned together with its temperature-dependent 
31P(1H} N M R  spectrum.6 The preparation involved t h e  
sodium amalgam reduction of Ru[P(OMe),I4Cl2 in  the  


(4) Tolman, C. A,; Yarbrough, L. W.; Verkade, J. G. Inorg. Chem. 
1977,16,479. Jesson, J. P.; Cushing, M. A.; Ittel, S. D. Zmrg. Synth. 1981, 
20. 79. __, 


(5 )  Harris, T. V.; Rathke, J. W.; Muetterties, E. L. J. Am. Chem. Soc. 
1978,100,6966. 


(6) English, A. D.; Ittel, S. D.; Tolman, C. A.; Meakin, P.; Jesson, J. 
P. J. Am. Chem. SOC. 1977,99, 117. Jesson, J. P.; Cushing, M. A.; Ittel, 
S. D. Znorg. Synth. 1981,20,80. 
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Experimental Section 
The infrared spectrum was recorded on a Perkin-Elmer 521 


spectrometer. NMR spectra were recorded at  15.08 MHz in the 
Fourier transform mode on a Bruker WP60 spectrometer. All 
reported shifta are downfield relative to tetramethylsilane. The 
mass spectrum were measured on an AEI MS-9 high-resolution 
mass spectrometer with a DS-30 data system. An ionizing voltage 
of 70 eV was used. Reagents obtained from the indicated sources 
were used without further purification: hexaethylbenzene, Cr(CO)6 
(Pfaltz & Bauer); PEG (Fluka). 
Tricarbonyl(hexaethylbenzene)chromium(O) (3) was 


prepared as described previously.2 
Dicarbonyl(hexaethylbenzene)(triethylphosphine) 


chromium(0) (1) was prepared by UV irradiation for 1 h of a 
freeze-thaw degassed pentane (30 ml) solution of 3 (0.18 g, 0.47 
mmol) and PEG (0.1 g, 0.68 mmol) contained in a quartz vessel. 
The pentane solution was filtered under a nitrogen atmosphere 
and the solvent removed. The solid residue was recrystallized 
from pentane to give orange crystals of 1: IR (KBr) 1789,1846, 
1857,1948 cm-'; 13C(1H) NMR (CD2C12, ambient temperature) b 
6.5, 15.2, 16.1, 21.2, 22.5 (ethyl),lS 106.9 (C& 244.3 (CO, 2Jpc = 
22 Hz); mass spectrum, mle (relative intensity) 472 (M', 8), 416 


57), 246 (M+ - 2CO - PEt, - Cr, 100); mass spectrum (high 
resolution), mle 472.2560 (472.2562 calcd for C2eH45S2Cr02P). 


Crystallography. Crystals of 1, obtained by slow evaporation 
of a pentane solution, are monoclinic: F'2,lc; a = 9.729 (4) A, b 


(M' - 2C0,45), 326 (M' - CO - PEG, 7), 298 (M' - 2CO - PEG, 


(17) Crystal packing effects are also unlikely to play a significant role 
in determining the conformations of 1 and 2, since there are no inter- 
molecular H-H contecta shorter than 2.3 A. 


(18) Absorptions from the ethyl groups of HEB overlap with those of 
triethylphoephine, and no attempt was made to assign individual CHB and 
CH2 signals. 


= 18.353 (6) A, c = 29.869 (12) A, /3 = 98.26 (2)'; d d d  = 1.189 
g cm-, for 2 = 8 (C2eHISCr02P, mol wt 472.61). The intensity 
data were measured on a Hilger-Watts diffractometer (Ni-filtered 
Cu Ka radiation, 8-28 scans, pulse-height discrimination). The 
size of the crystal used for data collection waa approximately 0.15 
X 0.15 X 0.5 mm; the data were corrected for absorption (JI = 44.4 
cm-'). A total of 4951 independent reflections were measured 
for 8 < 48O, of which 4015 were considered to be observed (I > 
2.50(0). The structure was solved by the heavy-atom method 
after the positions of the four chromium and phosphorus atoms 
had been obtained from an E map. A block-diagonal leashquarea, 
in which the matrix was partitioned into two blocks, was used 
for the final refinement. Two reflections which were strongly 
affected by extinction were excluded from the final refinement 
and difference map. Anisotropic thermal parameters were used 
for nonhydrogen atoms and isotropic temperature factors were 
used for hydrogen atoms in the final refinement. The hydrogen 
atoms were included in the structure factor calculations, but their 
parameters were not refined. The final discrepancy indices are 
R = 0.041 and R,  = 0.044 for the 4013 observed reflections. The 
final difference map has no peaks greater than h0.5 e A-3, 
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Pentakis(trimethy1 phosphite)ruthenium, Ru[P(OMe),], (5), has been prepared by the ultraviolet ir- 
radiation of a hexane solution of RU,(CO)~~ and excess P(OMeI3. When the reaction was followed by 31P(1H) 
NMR spectroscopy, the stepwise formation of RU(CO)~,,[P(OM~)~],, (n = 1-5) was indicated. Alternative 
syntheses for the derivatives with n = 1-4 are reported. As previously found for Ru(CO),[P(OMe),], 
Ru(CO)~JP(OM~),] ,  (n = 3,4) are probably fluxional, on the NMR time scale, in solution. When 5, in 
hexane solution, was heated to 120 "C, it isomerized to Ru[P(OM~),],(CH,)[P(O)(OM~)~] (59. Treatment 
of either 5 or 5i with Me1 gave (RU[P(OM~)~]~(CH~) ) I .  The preparation of the ortho-metalated compound, 
(H)Ru [ ( C6H40)P ( OPh)2] [ P(  OMe),] ,, from Ru( CO)z [ P( OMe) ,] and P( OPh), is also described. 


, , 


Introduction 
In  the  past several years i t  has become apparent t ha t  


phosphites, and trimethyl phosphite in particular, are able 
to stabilize transition metals in low, or formally zero, ox- 
idation states. These complexes (e.g., Cr[P(OMe)&,l 
W[P(OMe)&,2 Co[P(0Ph),l4H3) have stoichiometries that  
resemble the corresponding carbonyl derivatives. However, 
due to the different electronic and steric properties of the 
CO and P(OR)3 ligands, i t  would be expected that the two 


(1) Van-Catledge, F. A,; Ittel, S. D.; Tolman, C. A.; Jesson, J. P. J. 


(2) Choi, H. W.; Gavin, R. M.; Muetterties, E. L. J. Chem. SOC., Chem. 
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Commun. 1979, 1085. 
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(3) Conder, H. L.; Courtney, A. R.; DeMarco, D. J. Am. Chem. SOC. 


types of compounds would have different chemical prop- 
erties. 


Two groups have reported the synthesis of Fe[P(OMe),], 
and described aspects of its ~ h e m i s t r y . ~ . ~  The preparation 
of the  ruthenium analogue, Ru[P(OMe),], (5), has also 
been mentioned together with its temperature-dependent 
31P(1H} N M R  spectrum.6 The preparation involved the  
sodium amalgam reduction of Ru[P(OMe),I4Cl2 in  the  


(4) Tolman, C. A,; Yarbrough, L. W.; Verkade, J. G. Inorg. Chem. 
1977,16,479. Jesson, J. P.; Cushing, M. A.; Ittel, S. D. Zmrg. Synth. 1981, 
20. 79. __, 
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S. D. Znorg. Synth. 1981,20,80. 
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presence of excess trimethyl phosphite. During our study7 
of the preparation of some Ru(CO)~L derivatives, it was 
noted that 5 could be prepared by the ultraviolet irradi- 
ation of a hexane solution of R u ~ ( C O ) ~ ~  and excess P- 
(OMe)3. This method is similar to that used by Mathieu 
and PoilblancB to prepare MO[P(OM~)~]~ ,  although it does 
not appear to have been exploited since this original report. 


In this paper we describe the details of the preparation 
of Ru[P(OMe),], using this method, along with the syn- 
thesis of the other members of the series Ru(CO),,[P- 
(OMe)d, (n = 1-5). The isomerization of 5 to Ru[P- 
(OMe)3]4(Me)[P(0)(OMe)2] is also reported. This work 
has been the subject of a preliminary communi~ation.~ 


Experimental Section 
General Procedure. Unless otherwise stated, reactions (and 


the purification of solvents) were carried out under a nitrogen 
atmosphere with use of standard Schlenk techniques. Hexane 
was refluxed over potassium, distilled, and stored over type 4A 
molecular sieves before use. Dodecacarbonyltriruthenium was 
prepared by a literature method.1° Trimethyl phosphite, as 
obtained commercially, was transferred under nitrogen to a 
500-mL round-bottom flask fitted with a Teflon valve and stored 
under nitrogen before use; it was pure by ,lP(lH} NMR spec- 
troscopy. Previously, impure trimethyl phosphite was purified 
by distillation from sodium (under nitrogen). The ultraviolet 
irradiations were carried out with use of a Hanovia 200-W lamp 
inside a water-cooled, quartz jacket. The reactanta were contained 
in thick-walled Pyrex, Carius tubes (30 cm X 3 cm diameter) fitted 
at one end with a Teflon valve. There was approximately 3 cm 
between the edge of the UV source and the edge of the solution. 
Infrared spectra were recorded with a Perkin-Elmer 237 spec- 
trometer fitted with an external recorder. The spectra (carbonyl 
region) were calibrated by using carbon monoxide. Phosphorus 
NMR spectra were obtained on a Varian XL 100 instrument 
(operating in the Fourier transform mode, with proton decoupling). 
An internal reference of P(OMe), was used, and the chemical shifts 
referred to H3P04 (6 0, downfield negative) by taking the 31P 
resonance of trimethyl phosphite (in hexane, ambient tempera- 
ture) as -140.5 ppm. Proton NMR spectra were obtained on the 
same instrument with the exception of the spectrum of Ru[P- 
(OMe)3]4(CH3)[P(0)(OMe)2] shown in Figure 2. This spectrum 
was obtained on the Bruker 4ooMHz instrument at the University 
of Alberta; the spectrum was recorded with the phosphorus nuclei 
partially decoupled. Mass spectra were obtained on a Hewlett- 
Packard 5985 GC-MS system with an ionization voltage of 80 eV 
except in the cases of Ru[P(OMe),], and Ru[P(0Me),l4(CH3)- 
[P(0)(OMe)2]2 where chemical ionization (with CH5+) was used. 
Microanalyses were performed by Mr. M. K. Yang of the mi- 
croanalytical laboratory of Simon Fraser University or by Can- 
adian Microanalytical Service Ltd., Vancouver, B.C. Melting 
points were measured in sealed capillaries under nitrogen on a 
Gallenkamp apparatus. 


Ru(CO)~[P(OM~)~]  and R u ( C O ) ~ [ P ( O M ~ ) ~ ] ~  A g h a  Carius 
tube containing RU,(CO)~~ (0.32 g, 0.50 mmol) and P(OMe), (2.5 
mL, 21 mmol) in hexane (20 mL) was cooled to -196 "C and 
evacuated; the solution was degaased with two freeze-thaw cycles. 
The solution was stirred at room temperature for 24 h. An infrared 
spectrum (carbonyl region), after this period, of the orange-red 
solution indicated the presence of Ru(CO),[P(OMe),] (1) and 
RU(CO)~[P(OM~),]~ (2) in an approximate 2 1  ratio. There were 
also other absorptions of weak intensity which indicated the 
presence of other ruthenium-carbonyl species. An infrared 
spectrum of a reaction solution which had been stirred for a further 
96 h revealed a slight decrease in the intensity of the bands due 
to 1, with a corresponding increase in those due to 2. The solution 
was also a much paler red color. 
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The monosubstituted complex, 1, may be separated from 2 by 
fractional sublimation a t  <5 X IO-, mm and 0 "C, to a probe at 
-78 OC. After the removal of 1, which takes approximately 72 
h, 2 may be obtained by vacuum sublimation at 40 "C (to a probe 
at -78 "C). The yields of 1 and 2, as isolated by this method, were 
58% and 35%, respectively. A faster method of separation was 
by column chromatography on Florisil. The Florid was previously 
heated to 130 "C under vacuum for 72 h, deactivated by slurrying 
with anhydrous diethyl ether/hexane (1:4, by volume), and f i y  
washed free of the excess ether with hexane. The hexane and 
excess P(OMe)3 from the reaction solution were removed on the 
vacuum line, and the resulting solid was dissolved in hexane (5 
mL). This solution was placed on the column (25 X 1.5 cm) and 
eluted with hexane to give 1 (0.13 g, 26%). Further elution with 
hexane/toluene (l:l, by volume) afforded 2 (0.15 g, 23%). 
Subsequent elution using pure toluene yielded a small amount 
of a red-orange, crystalline solid which was identified as Ru3- 
(CO)9[P(OMe)3]3. (Anal. Calcd for ClSH2,Ol8P3Ru3: C, 23.30; 
H, 2.93. Found C, 23.24;, H, 2.93. u(C0): 2058 (vw), 2000 (sh), 
1989 (s), 1962 (sh); lit." 2054 (w), 2001 (sh), 1988 (s), 1963 (s).) 
There was evidence for traces of a t  least two other products on 
the column which have not been identified. (From the yields 
obtained by the use of sublimation to effect separation, it is evident 
that much of 1 and 2 were retained on the column.) 


Although the colorless crystals of 1 can be handled for very 
short periods in air, it appeared to be both thermally, and pho- 
tochemically, unstable. I t  could be stored a t  -15 "C in the dark 
for long periods without apparent decomposition. It may be 
recrystallized from hexane a t  -78 "C. The bis(phosphite) de- 
rivative, 2, is likewise a colorless solid which becomes yellow on 
prolonged exposure to air and light, although it is more robust 
than 1. It may be recrystallized from hexane at -15 "C. 


R u ( C O ) ~ [ P ( O M ~ ) ~ ] ~  (3). A glass Carius tube containing 
RU,(CO)~~ (0.32 g, 0.50 mmol) and P(OMe)3 (2.5 mL, 21 mmol) 
in hexane (15 mL) was evacuated a t  -196 "C and the solution 
degassed with two freeze-thaw cycles. The tube was heated a t  
100 "C for 72 h; the evolved carbon monoxide was removed, at 
-196 "C, at 12-h intervals. Hexane and excess trimethyl phosphite 
were removed under vacuum from the resultant yellow solution. 
To remove occluded P(OMe)3, the remaining yellow solid was 
redissolved in hexane (5 mL) and again evaporated to dryness 
on the vacuum line to give Ru(CO),[P(OMe),13 (0.74 g, 93%). The 
sample was recrystallized from hexane, at -15 "C, to give pale 
yellow, almost colorless, needles. 


The tris(phosphite) complex is stable for short periods in air, 
although it does decompose on prolonged exposure. It is in- 
definitely stable under nitrogen or vacuum at room temperature. 


When the reaction was followed by ,lP{lH) NMR spectroscopy, 
a spectrum after 72 h showed only the presence of 3 and P(OMe)% 
However, in a reaction of R U ~ ( C O ) ~ ~  with P(OMe), in hexane at 
135 "C, a small quantity of Ru(CO)[P(OMe),], was detected in 
the solution after 7 days. 


Ru(CO)[P(OMe),], (4). A glass Carius tube with Ru[P- 
(OMe),], (0.99 g, 1.37 mmol) in hexane (15 mL) was evacuated 
and the solution degassed as before. The tube was then pres- 
surized with carbon monoxide (2 atm) and the stirred solution 
irradiated with UV light for 1.5 h. A ,lP(lH) NMR spectrum of 
the solution a t  this stage showed, besides free P(OMe),, Ru- 
(CO),[P(OMe),],, and Ru(CO)[P(OMe),], in a ratio of approxi- 
mately 120, plus traces of Ru[P(OlWe),],. The hexane and P- 
(OMe)3 were removed on the vacuum line to leave a sticky yellow 
solid (yield 0.86 g, - 100%). Most of 3, plus some 4, was removed 
by sublimation (for 10 h), at 75 "C and <5 X lo-, mm, onto a 
water-cooled probe (9 "C). The remaining yellow solid was re- 
crystallized from hexane three times to give 4 as pale yellow, waxy 
crystals which were analytically pure. The compound can be 
handled for short periods in air but does decompose on prolonged 
exposure. 


The tetrasubstituted derivative, 4, was also detected by 31P(1H{ 
NMR spectroscopy during the preparation of Ru[P(OMe),], (5): 
the maximum concentration of 4 occurred after approximately 
24-h irradiation. It was also the major product when 5 was treated 
in hexane with carbon monoxide (85 atm) at 75 "C for 12 h. There 


(11) Bruce, M. I.; Shaw, G.; Stone, F. G .  A. J. Chem. SOC., Dalton 
Trans. 1972, 2094. 


(7) Cobbledick, R. E.; Einstein, F. W. B.; Pomeroy, R. K.; Spetch, E. 


(8) Mathieu, R.; Poilblanc, R. Inorg. Chem. 1972, If, 1858. 
(9) Pomeroy, R. K.; Alex, R. F. J.  Chem. SOC. Chem. Commun. 1980, 


(10) Mantovani, A.; Cenini, S. Inorg. Synth. 1976, 16, 47. 


R. J.  Organomet. Chem. 1980, 195, 77. 
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was some unreacted star t ing material, and 3, also present in this 
reaction. If desired 4 may be separated from 3 and 5 by column 
chromatography on Florid deactivated with P(OMe)3 (see below). 
Ru[P(OM~)~]~ (5). A glass carius tube with R U ~ ( C O ) ~ ~  (0.41 


g, 0.64 mmol) and P(OMe)3 (8 mL, 68 mmol) in hexane (20 mL) 
was evacuated and the solution degassed, as previously described. 
The stirred solution was then irradiated with UV light for ap- 
proximately 48 h. The evolved carbon monoxide was removed 
from the reaction vessel after 4,8, 20, and 36 h. After the irra- 
diation, the very pale yellow solution was transferred to a Schlenk 
h k  and cooled to -78 "C for 6 h The colorleas supernatant liquid 
was separated from an oily yellow precipitate by transferring it 
to a second Schlenk flask. All volatiles were removed from the 
supernatant solution on the vacuum line to give 5 (0.67 g, 48%) 
as a white, waxy, crystalline solid. The purity of the product was 
estimated at >99% by 31P(1H) NMR spectroscopy. (The yellow 
oil described above contained significant amounts of 5.) 


Two other methods of isolation of 5 were attempted. In the 
first method the volatiles from the reaction solution were removed 
on the vacuum line, and the resultant yellow waxy solid was 
extracted with hexane (3 X 5 mL). The extracts were then 
chromatographed on Florisil(1.25 X 8 cm column, eluant hexane). 
The florisil had previously been heated at 130 "C under vacuum 
for 72 h and then deactivated by slurrying with a 1:l hexane- 
trimethyl phosphite solution. The product isolated by this method 
was in lower yield (34%) and less pure by 31P{1HJ NMR spec- 
troscopy: it contained up to 10% of 4 and other products. I t  
appeared that significant amounts of 5 were retained on the 
column. In the second method the solid from the reaction solution, 
after removal of the volatiles, was extracted with hexane (3 X 10 
mL). The extracts were filtered through 1 cm of neutral grade 
alumina (activity 1).6 The final extract was eluted from the 
alumina with hexane (8 mL). The extracts were combined, and 
the solvent was removed on the vacuum line to give 5 (yield 65%). 
The purity of the product as isolated by this method was estimated 
to be at least 98% (by 31P(1HJ NMR spectroscopy). 


The time at  which optimum yields of 5 are obtained for a 
particular UV source and glass tube are best determined by 
monitoring the reaction by slP(lH} NMR spectroscopy. Prolonged 
irradiation of the solution c a w  further reaction of 5 as evidenced 
by a number of multiplets in the 31P{1H) NMR spectrum. 
RU[P(OM~)~]~(CH~)[P(O)(OM~)~] (Si). A glass Carius tube 


containing R U [ P ( O M ~ ) ~ ] ~  (0.30 g, 0.42 mmol) in hexane (20 mL) 
was evacuated and degassed as before. The tube was then heated 
for 24 h at 120 OC. A 31P(1H} NMR spectrum of the solution at 
this stage indicated complete reaction of 5, with 5i the sole 
product. The colorless solution was transferred to a Schlenk flask 
and cooled to -78 OC for several hours, whereupon a white pre- 
cipitate formed. The supernatant liquid was removed from the 
precipitate which was then dried on the vacuum line. Recrys- 
tallization of the white precipitate from hexane gave Ru[P- 
(OMe)3]4(CH3)[P(0)(OMe)z] as colorless plates. 


Some factors which influenced the rate of isomerization of 5 
were studied by using 31P(1H} NMR spectroscopy. The reactions 
were carried out in 12-mm NMR tubes fitted with a Teflon valve 
so that they could be evacuated on the vacuum line and sealed. 
In one experiment, two identical tubes were each charged with 
5 (0.27 g, 0.37 "01) and hexane (4.5 mL). To one tube was added 
P(OMe)3 (0.10 mL, 0.85 "01). Both tubes were then evacuated 
and the solutions degassed as before and placed in an oil bath 
at 110 OC. The extent of isomerization was monitored by slP(lH) 
NMR at approximately 1-h intervals. After 5 h, the solution with 
the added P(OMe)3 showed virtually no isomerization of 5 whereas 
it was approximately 50% complete in the other reaction. In a 
second experiment one tube was charged with 0.11 g (0.15 "01) 
of 5 and hexane (3.0 mL) and another with 0.67 g (0.93 mmol), 
also in hexane (3.0 mL). Both tubes were evacuated and the 
solutions degassed and then heated at  110 "C. The extent of 
isomerization was monitored by 31P(1H) NMR, as before. From 
the relative heights of the 31P(1H) NMR resonance of 5 to those 
of 5i, it appeared that the dilute solution of 5 isomerized faster 
than the concentrated one. In a third study solid 5 was heated 
under vacuum at  115 OC for 40 h. A 31P(1H} NMR spectrum of 
the resulting solid in hexane showed it consisted almost entirely 
of Si with traces of 5. The melting point reported for 5 (Table 
I and ref 6 )  is almost certainly due to that of 5i. 
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The mass spectrum of 5i obtained by using chemical ionization 
(CH,+) exhibited only a very weak set of peaks due to the parent 
ion; the most intense peaks in the spectrum were due to (P - 


(RU[P(OM~)~]~(CH~)JI. A solution of 5 (0.71 g, 0.98 "01) 
and CH31 (1.0 mL, 16 mmol) was stirred for 24 h (a white pre- 
cipitate began to form after ca 5 min). After the 24-h period, the 
hexane and excess CH31 were removed on the vacuum line. The 
remaining very pale yellow solid was washed with hexane (2 X 
5 mL) and dried on the vacuum line. The product (Ru[P- 
(OMe)3]6(CH,))I (0.81 g, 96%), obtained as white powder, was 
analytically pure. 


The rate of reaction appeared to depend on the concentration 
of CH31. Thus the reaction of a dilute solution of 5 with a large 
excess of CH31 was complete in approximately 15 min, as as- 
certained by 31P(1HJ NMR spectroscopy. 


When 5i was used in place of 5, in similar experiments to the 
two described above, {RU[P(OM~)~]~(CH~))I  (6) was produced in 
almost identical yield. The product was identified by melting 
point and slP{lH) NMR spectrum. 


A solid sample of 6 was heated at 70 OC under active vacuum 
for 24 h. A 31P{1HJ NMR spectrum of the solid in CHZCl2 indicated 
no change from that of the starting material. The solvent was 
removed, and the solid was heated at 100 "C under vacuum for 
a further 24 h. A 31P(1H) NMR spectrum of the sample (in CH&lJ 
indicated that it was mainly unchanged. A weak set of signals 
were present, but these were not due to either 5 or 5i. 
(H)Ru[(C,H,O)P(OP~),][P(OM~)~]~. A solution of Ru- 


(CO)z[P(OMe)3]3 (0.50 g, 0.94 mmol) and P(OPh)3 (0.71 g, 2.2 
mmol) in hexane (20 mL) was irradiated with UV light for 48 h, 
in the usual manner. During the irradiation a white solid slowly 
formed. After the 48h period, an infrared spectrum of the solution 
indicated complete reaction of 3. The solution and white solid 
were transferred to a Schlenk flask. The hexane was removed 
under vacuum and the remaining white solid recrystallized from 
hexane/CHzClz (2O:l) to give (H)RU[(C,H,O)P(OP~)~] [P- 
(OMe)3]3 as a colorless, microcrystalline solid. Although not 
measured, the yield appeared excellent. The compound can be 
handled for several days in air without apparent decomposition, 
although it does eventually yellow in air. 


Results and Discussion 
The Series RU(CO)~,,[P(OM~)~],, (n = 1-5). In  this 


study the five members of the  series, Ru(CO),_,[P- 
(OMe)3]n, have been prepared and characterized (Table 
I). Similar complete series of substituted metal carbonyl 
derivatives are not  common. T h e  iron analogues with n 
= 1, 2,12 315,12 and 5495 are well characterized. However, the 
case for Fe(CO)[P(OMe)3]t is not strong especially in view 
of the properties found for Ru(CO)[P(OMe),], (vide infra). 
The present series is reminiscent of the  M(CO)k,(PF3), 
(M = Fe,13 Ru14) groups of molecules. For the PF3 com- 
pounds, the various possible axial-equatorial isomers of 
each molecule were detected in solution which was not 
observed for the  trimethyl phosphite derivatives. 


The use of UV irradiation, as in the preparation of 
R U [ P ( O M ~ ) ~ ] ~  from R u ~ ( C O ) ~ ~ ,  has been employed pre- 
viously in  the  synthesis of highly substituted metal  car- 
bonyl derivatives. It has, for example, been used in the 
preparation of Fe(PF3)513 and of penta- and hesasubsti- 
tuted derivatives of group 6A hexacarbonyls including 


The  synthesis and structure of the first member of the  
series, Ru(CO),[P(OMe),] (I), have been recently reported 
from these laboratories.' T h e  crystal structure of 1 re- 
vealed a trigonal-bipyramidal geometry about the  ruthe- 
nium atom, with the phosphite ligand in the axial position. 
T h e  phosphite ligand did not have the expected threefold 


CH3)+. 


, i 


, 


Mo[P(OMe)316:* 


(12) Reckziegel, A.; Bigorgne, M. J.  Organomet. Chem. 1965, 3, 341. 
(13) Udovich, C. A.; Clark, R. J.; Haas, H. Znorg. Chem. 1969,8,1066. 
(14) Udovich, C. A.; Clark, R. J. J.  Organomet. Chem. 1972,36,355. 
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E a 
symmetry: one methyl group pointed directly up from the 
plane of the oxygen atoms, the other two down at an angle. 
This asymmetry probably persists, on the infrared time 
scale, in solution. This gives rise to the splitting of the 
lowest energy carbonyl stretching vibration observed in the 
solution infrared spectrum of the  omp pound.^ A similar 
argument can be applied to account for the two CO 
stretching absorptions observed in the infrared spectrum 
of the bissubstituted derivative, Ru(CO),[P(OMe),], (2). 
Trigonal-bipyramidal molecules of formula M(CO),L, with 
the L groups in the axial positions (D3,, symmetry) nor- 
mally exhibit only one such CO absorption.16 A similar 
result (and conclusion) has been obtained for Fe(CO),[P- 
(OMe)&, the crystal structure of which revealed the same 
asymmetry for the phosphite ligands.16 


Treatment of RU,(CO)~, in hexane with a large excess 
of P(OMe), gave 1 and 2 (in a ratio of ca. 1.7:l). There 
were traces of other, more deeply colored, species. One 
of these was identified as RU,(CO)~[P(OM~),],. It is 
possible that the other, still more minor, components were 
Ru,(CO),,,[P(OM~),]~ !n = 1, 2 ) .  Poe and Twiggi7 have 
carried out a detailed investigation of the reaction of 
Ru3(C0)12 and PBu, which gives analogous products to the 
P(OMe), case. In order to account for the 2:l ratio of the 
mononuclear products, it was proposed that the mono- 
substituted cluster R u ~ ( C O ) ~ ~ ( P B U ~ )  undergoes fission, 
since (as has also been found in the present case) the 
monosubstituted compound, Ru(CO)~L, does not readily 
give Ru(C0),L2 under the reaction conditions. The for- 
mation of the trisubstituted cluster, RU~(CO)~[PBU~]~,  was 
believed to arise from the combination of mononuclear 
intermediates. Many compounds of the type Ru,(CO)&,, 
including RU~(CO)~[P(OM~),],, have been described in the 
literature." There was no report of mononuclear inter- 
mediates involved in the formation of these compounds, 
although the conditions used in their preparation were 
more vigorous than those used in this study. 


The monomeric products 1 and 2 may be separated by 
fractional sublimation at 0 "C or by column chromatog- 
raphy. Both are somewhat light sensitive, colorless solids 
that can be handled for short periods in air without ap- 
parent decomposition. The monosubstituted compound 
1 appeared somewhat thermally unstable, slowly decom- 
posing at  room temperature, even under nitrogen in the 
dark. The preparation of 2 from R U ( C O ) ~ ( ~ ~ - C ~ H ~ )  has 
appeared in the literature;18 the physical properties re- 
ported are in good agreement with those found here (Table 
I). 


The reaction in an evacuated sealed tube of Ru,(CO),~ 
and excess (P(OMe), in hexane at  100 "C gives, with pe- 
riodic removal of carbon monoxide, almost exclusively 
Ru(CO),[P(OMe),], (3) after 72 h. (Prolonged reaction 
at 135 "C did give some of the tetrasubstituted derivative.) 
The compound, 3, was isolated as very pale yellow, 
somewhat air-sensitive, crystals. 


The crystal structures of 1' and Fe(C0)3[P(OMe)3]216 
reveal the transition metal to have trigonal-bipyramidal 
coordination. The same geometry was indicated for Ru- 
[P(OMe)& by the AzB3 pattern observed in the low-tem- 
perature 31P(1HJ NMR spectrum of the compound.6 It is 
tempting to assume that RU(CO)~[P(OM~),]~ and Ru- 
(CO)[P(OMe)3]4 (4) also have a trigonal-bipyramidal ar- 
rangement of ligands about the ruthenium atom. However, 


(15) Cotton, F. A.; Parish, R. V. J.  Chem. SOC. 1960,1440. Adams, D. 
M. "Metal-Ligand and Related Vibrations"; St. Martin's Press: New 
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the structure of these derivatives cannot be deduced from 
the available spectroscopic evidence. It is conceivable that 
the configuration in 3 and 4 is square pyramidal or in- 
termediate between square pyramidal and trigonal bipy- 
ramidal. Such an intermediate configuration has been 
observed in R U ( C O ) ~ ( S ~ P ~ , )  (with the SbPh, in an 
equatorial position).lg Also, structural studies on com- 
pounds of the type FeL3(diene),20 and the structure of 
Fe[P(OMe)3]3(~3-C~13),21 have found a coordination about 
the iron atom more nearly described as square pyramidal. 


The ,lP{lHJ NMR spectrum of 3 is a singlet even at -120 
"C (CC12FH solution). Barring accidental degeneracy of 
signals, this probably indicates the compound is nonrigid 
since a symmetric structure would not be expected to give 
two carbonyl stretching absorptions in the infrared spec- 
trum. 


Although Ru(CO)[P(OMe),], (4) was observed in the 
synthesis of Ru[P(OMe),] (5), the method of preparation 
of 4 preferred in this study was by the irradiation of 5 in 
hexane under an atmosphere of carbon monoxide. Small 
amounts of 3 were removed from the product by subli- 
mation and recrystallization which avoided the need for 
column chromatography. As isolated, 4 is a waxy, air- 
sensitive solid. The wax-like nature of 4 and 5 is hardly 
surprising since the periphery of these molecules must 
consist mainly of methyl groups. 


The value of v ( C 0 )  for 4 is almost coincident with that 
of the lowest energy CO stretching frequency of 3 (Table 
I). This is in contrast to the derivatives 1,2, and 3 where 
there is a shift to lower energies of the CO stretching 
vibrations with increasing phosphite substitution. 


The suggestion5 that the product with a CO band at 1990 
cm-l (formed from the reaction of Fe[P(OMe),], and CO) 
is Fe(CO)[P(OMe),I4 is probably not correct. In the two 
series of molecules M(CO),,[P(OMe),], (M = Fe, Ru) the 
CO stretching frequencies of the iron derivatives with n 
= 1-3 are all some l e 2 0  cm-l lower than their ruthenium 
counterparts22 (v(C0) for 4 is 1893 cm-l). 


The 31P{1H) NMR spectrum of 4 in CC12FH was similar 
to 3 in that it consisted of a single resonance even at -120 
"C. The actual 31P chemical shift of 4 and the other 
members of the series do not vary in a consistent manner 
(Table I). There is a significant change downfield between 
the resonance of 2 and that of 1. There is a small down- 
field shift on going to 3 from 2. However, from 3 to 4, and 
from 4 to 5, the shift is upfield. The theory of 31P chemical 
shifts of transition-metal complexes with phosphorus donor 
ligands is not well under~tood,~, and doubtless there are 
a number of factors of importance influencing the chemical 
shifts of the molecules of the present series. It has been 
proposed that changes in the bond angles (and hence the 
hybridization) of the phosphorus atom has a major effect 
on the chemical shift.24 In the more highly substituted 
members of the series, 4 and 5, the angles about the 
phosphorus atoms could be different to those in the 
molecules with n = 1 and 2 due to increased steric inter- 


(19) Forbes, E. J.; Jones, D. L.; Paxton, K.; Hamor, T. A. J. Chem. 
SOC., Dulton Trans. 1979,879. 


(20) Mills, 0. S.; Robinson, G. Acta Crystullogr. 1963,16,758. Cotton, 
F. A.; Day, V. W.; Frenz, B. A.; Hardcastle, K. I.; Troup, J. M. J. Am. 
Chem. SOC. 1973,95,4522. 


(21) Harlow, R. L.; McKinney, R. J.; Ittel, S. D. J. Am. Chem. SOC. 
1979,101,7496. 


(22) Ref 23 lists v(C0) of Fe(CO)[P(OMe)3]4 as 1864 cm-l. (A reviewer 
has indicated this value was obtained by monitoring the reaction of 
Fe[P(OMe)3]6 and Fe(C(& by infrared spectroscopy.) 


(23) Ittel, S. D.; Tolman, C. A.; Krusic, P. J.; English, A. D.; Jesson, 
J. P. Inorg. Chem. 1978,17,3432. 


(24) Pregosin, P. S.; Kunz, R. W. "31P and 13C NMR of Transition 
Metal Phosphine Complexes"; Springer-Verlag: New York, 1979; p 47 
and references therein. 
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Figure 1. The 40.5-Hz 31P{1H) NMR spectrum of Ru[P- 
(OMe),ldCH3) [P(O)(OMe)21 in C H Z C ~ ~  


actions in the former compounds.25 In {Ni[P- 
(OMe),],Brj+ 26 the conformations of the phosphite groups 
were different to that which is found in most other com- 
plexes with this ligand.7 


The last member of the series Ru[P(OMe),15, 5, was 
prepared by the UV irradiation of RU,(CO)~~ and excess 
P(OMe), in hexane, with periodic removal of carbon 
monoxide. The reaction was carried out in Pyrex appa- 
ratus as irradiation of P(OMe), in quartz vessels caused 
it to break down into products which were difficult to 
remove from 5. Not unexpectedly, there was both infrared 
and NMR evidence for the other members of the series, 
with n = 1-4, during the synthesis of 5. Prolonged irra- 
diation of 5 in hexane caused its conversion to at  least two 
compounds which have not been identified. 


Like 4,5 is a white, waxy solid. It is very air-sensitive. 
It is also extremely soluble in hexane, which is not sur- 
prising since this fluxional molecule should have virtually 
no dipole moment and its external surface should contain 
only methyl groups. English et a1.6 have previously pre- 
pared 5 by the sodium amalgam reduction of Ru[P- 
( OMe),I4Cl2 in the presence of excess phosphite in tetra- 
hydrofuran solution.28 They also reported that the singlet, 
observed in the 31P{1H] NMR spectrum of a solution of 5 
at  ambient temperature, collapses to an A2B3 pattern at  
low temperatures (-125 0C).6 We have confirmed this 
observation. 


Preliminary attempts to extend the present method of 
synthesis to M[P(OMe),15 (M = Fe, Os) have been un- 
successful. For Fe(C0)5, a brown oil was produced in the 
reaction which did not show any carbonyl absorptions in 
the infrared spectrum. It also did not exhibit any sharp 


(25) It might be argued that substitution in the equatorial positions 
causes the upfield shift in the 31P resonances of the P(OMe)3 groups in 
4 and 5. However, in the 31P(1H) NMR spectrum of 5, in the region of 
slow exchange, the resonance due to the equatorial P(OMe)3 substituents 
is some 24-ppm downfield from those in the axial position (a situation 
which is reversed in the iron compound).6 


(26) The geometry about the central atom in this cation is essentially 
trigonal bipyramidal with Br in an equatorial position.% 


(27) Milbrath, D. S.; Springer, J. P.; Clardy, J. C.; Verkade, J. C. Inorg. 
Chem. 1975,14,2665. 


(28) The iron analogue, and the incompletely characterized osmium 
compound, were prepared in a similar manner. Metal atom vapor tech- 
niques have also been used to prepare Fe[P(OMe)& (see footnote 1, ref 
31). 


(29) Tolman, C. A.; English, A. D.; Ittel, S. D.; Jesson, J. P. Inorg. 
Chem. 1978,17, 2374. 
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of the phosphorus atoms with common d orbitals on the 
ruthenium. In the case of the phosphonate ligand Ru-P 
T bonding may be considerably reduced because of d v p T  
bonding of the phosphorus to the unique oxygen atom. the 
Cr-P (phosphonate) distance (2.360 A), found in (C5H5)- 
Cr(CO)2[P(OMe)3] [P(0)(OMe)2],33 is greater than the 
Cr-P (phosphite) distance (2.267 A), which is consistent 
with less double-bond character in the former linkage. 


There are several examples in the literature of the in- 
teraction of a phosphite (P(OR),) with a transition-metal 
complex to give products with a M-R or M-P(O)(OR), 
group, or both.31p33-37 This appears to be the first case 
where the product has both linkages present in the same 
molecule although recently the migration of a phenyl group 
from phosphorus to iron has been reported.38 In the 
reaction of (C,H5)M(CO),(AsMe2) (M = Mo, W) with 
P(OMe)3, the methyl group transferred to the arsenic atom 
to give (C5H5) Mo(C0) [ P (0) (OMe) 2] (AsMe3) .35 


The mechanism by which the alkyl group is lost from 
the phosphite is uncertain, if indeed it proceeds by the 
same route in all  cases. Thus Alper and co-workers favored 
an intramolecular mechanism for the reaction of P(ORI3 
with (C5H6)2M02(CO),(R'2CS) to give (C5H5)M~(C0)2- 
(R'2CS)R.96 Howell and Rowan preferred the involvement 
of radical intermediates in the formation of (C5H5)Ru- 
(C0)2R and (C5H6)Ru(CO),[P(0)(OR)2] from [ (C5H5)Ru- 
(CO)2]2 and the appropriate p h ~ s p h i t e . ~ ~  This pathway 
was also indicated in the reaction of [ (C5H5)Cr(C0)2P- 
(OMe)J2 with P(OMe),, to give similar pr0d~ct.s.~~ How- 
ever, in the analogous reaction of the molybdenum com- 
plex, [(C,H,)MO(CO)~],, with phosphites, Haines and Nolte 
found clear evidence for ionic  intermediate^.^^ 


In some preliminary studies on the mechanism of the 
present rearrangement, it has been found that the isom- 
erization is markedly suppressed by free trimethyl phos- 
phite and that dilute solutions of 5 isomerize faster than 
concentrated solutions. This suggests that the rear- 
rangement of 5 (which formally is an intramolecular oxi- 
dative addition) proceeds via the 16-electron species Ru- 
[P(OMe),], arising from the equilibrium 


Ru[P(OMe),], + Ru[P(OMe),], + P(OMe)3 
(We have observed that 5 undergoes replacement of P- 
(OMe)3, by P(OEt),, at temperatures above 80 "C.) Similar 
behavior has been observed in the oxidative addition of 
triphenylphosphine to nickel in Ni(PEt3)3(PPh3).39 


The present rearrangement also has similarities to the 
isomerization of P(OMeI3 to MeP(0)(OMe)2. This occurs 
at 200 "C and is thought to involve the ionic intermediates 
[MeP(OMe)3]+ and [P(0)(OMe)2]-.40 This reaction is 
catalyzed by CH31 in the well-known Michaelis-Arbuzov 
reaction.,' However, treatment of a solution of either 5 
or 5i with excess methyl iodide gives, within a short period 
(depending on the concentration of CH31), an almost 
quantitative yield of {Ru[P(OMe),],CH3)+I- (6). The re- 


i 
6 5 4 3 2 1 0  


PPm 
Figure 2. The 400-MHz 'H NMR spectrum of Ru[P(OMe)J,- 
(CH3)[P(0)(OMe)2] in CDCIS. The spectrum is partially phos- 
phorus decoupled; the high field doublet of the methoxy reso- 
nances can also be collapsed to a singlet (at 3.49 ppm) by 
phosphorus decoupling. 


NMR signals (CH2C12 solution) which suggested the 
product was paramagnetic or at  least contained para- 
magnetic impurities. For O S ~ ( C O ) ~ ~  an insoluble orange 
adduct formed which prevented further reaction. (Ex- 
periments in an attempt to circumvent the latter problem 
are comtemplated.) 


Methyl Migration in Ru[P(OMe),],. When a solution 
of 5 in hexane was heated to 120 "C in an evacuated sealed 
tube for 24 h it was converted into a less soluble, more 
air-stable, white solid (5i). The new compound also ana- 
lyzed a~ Ru[P(OM~)~], (Table I). However, unlike 5 which 
exhibits only a singlet, 5i gave a complex multiplet in the 
31P(1H] NMR spectrum (Figure 1). Furthermore, the 'H 
NMR spectrum of 5i showed a broad resonance at  6 -0.02 
which sharpened on partial 31P decoupling (Figure 2). 
Previously, it has been observed that the protons of Ru- 
CH3 linkages occur in this region of the lH NMR spec- 
tr~m.~Obl On this evidence and the reaction (reported 
below) of both 5 and 5i with Me1 to give {Ru[P(OMe),],- 
(CH3))I, the structure of 5i is formulated as Ru[P- 
(OMe)3]4(CH&P(0)(OMe)2J. The isomerized product thus 
involves migration of a methyl group from a phosphite 
ligand to the metal. 


A band in the infrared spectrum of a hexane solution 
of 5i at 1135 cm-', which is not present in 5, may be as- 
signed to v(P=O).~~ The complex 31P{1H] NMR spectrum 
is consistent with an A2BCD pattern expected for 5i. 


The methoxy resonances in the 1H(31P} NMR spectrum 
of 5i (Figure 2) are also consistent with the formulation: 
6 3.49, 3.56, 3.63, and 3.65 in the ratio ca. 3:3:2:6. In the 
31P coupled spectrum each resonance is split into a doublet 
(JP+, = 10 Hz) except that at  3.65 ppm (assigned to the 
axial P(OMe), ligands) which is split into a triplet (ap- 
parent t & ~  = 5 Hz) due to strong phosphorus-phosphorus 
coupling.32 (Strong phosphorus-phosphorus coupling is 
also observed in the lH NMR spectrum of 2.) It is in- 
teresting that the other pair of trans phosphorus atoms 
(one of which is part of the P(0)(OMe)2 group) do not 
show this strong 31P-31P coupling. It may be that the 
strong interaction arises mainly because of the T bonding 


(30) Barnard, C. F. J.; Daniels, J. A.; Mawby, R. J. J. Chem. SOC., 
Dalton Trans. 1976,961. Cole-Hamilton, D. J.; Wilkhon, G. Zbid. 1977, 
797. Andersen, R. A.; Jones, R. A.; Wilkinson, G. Zbid. 1978, 446. 


(31) Howell, J. A. S.; Rowan, A. J. J. Chem. SOC., Dalton Trans. 1980, 
1845. 


(32) Muetterties, E. L., Ed. "Transition Metal Hydrides", Marcel 
Dekker: New York, 1971; p 85. Harris, R. K. Can. J. Chem. 1964,42, 
2275. 


(33) Goh, L.-Y.; D'Aniello, M. J.; Slater, S.; Muetterties, E. L.; Tava- 
naiepour, I.; Chang, M. I.; Fredrich, M.F.; Day, V. W. Inorg. Chem. 1979, 
18, 192. 


(34) Haines, R. J.; du Preez, A. L.; Marais, I. L. J. Organomet. Chem. 
1971,28,405. Labinger, J. A. Ibid. 1977,136, C31. King, R. B.; Diefen- 
bach, S. P. Znorg. Chem. 1979, 18, 63. 


(35) Malisch, W.; Janta, R. Angew. Chem., Int. Ed. Engl. 1978,17,211. 
(36) Hartgerink, J.; Silavwe, N. D.; Alper, H. Znorg. Chem. 1980, 19, 


2593. 
(37) Haines, R. J.; N o h ,  C. R. J. Organomet. Chem. 1970, 24, 725. 
(38) Vierling, P.; Riess, J. G.; Grand, A. J. Am. Chem. SOC. 1981,103, 


(39) Fahey, D. R.; Mahan, J. E. J. Am. Chem. SOC. 1976, 98, 4499. 
(40) Mark, V. Mech. Mol. Migr. 1969,2, 319. 
( 4 1 )  Kirby, A. J.; Warren, S. G. "The Organic Chemistry of 


2466. 


Phosphorus", Elsevier: New York, 1967; p 37. 







The Ru(CO),_,[P(OMe)J, Series 


action of 5 or 5i with CD31 was as expected. With 5, the 
product did not show the 'H NMR resonances centered 
a t  -0.13 ppm which are present in 6 and assigned to the 
methyl protons of the Ru-CH, linkage. In the 'H NMR 
spectrum of the derivative obtained by the combination 
of CD31 and 5i these resonances were observed. These 
results are, therefore, in contrast to the Michaelii-Arbuzov 
reaction where the ionic intermediates, analogous to 6, 
usually have only a fleeting existence in the conversion of 
the trialkyl phosphonate to the alkylphosphonate diester." 
The results may also be compared with those of Neukomm 
and Werner4, who found that treatment of (C5H5)Rh[P- 
(OMe),], with CH31, at  -30 "C in acetone gave ((C5H5)- 
Rh(CH,)[P(OMe),],)I. This, on warming to 50 "C, ehm- 
inated CH31 to yield the phosphonate complex, (C5H5)- 
Rh(CH,)[P(OMe)31 [P(0)(OMe)21.44 


The ,lP(lH} NMR spectrum (at 40.5 MHz) of 6 in 
CH2C12 solution consists of a singlet at room temperature. 
The spectrum of the solution at  -90 "C shows a number 
of satellites, which are not symmetric, about the main peak. 
This probably indicates that the chemical shifts of the two 
types of phosphorus nuclei in the rigid, octahedral (Ru- 
[P(OMe),]&H,))+ cation are accidentally degenerate at 
room temperature. However, different temperature de- 
pendencies of the two signals cause them to become in- 
equivalent at -90 "C, such that an AB4 pattern is observed. 
The low-temperature spectrum can be successfully simu- 
lated by assuming an AB4 spin system. Marked temper- 
ature dependencies of the ,'P NMR signals of 5,  and its 
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derivatives have been observed in this and other studies 
in this laboratory. 


Synthesis of (H)Ru[ ( C6H40)P( OP h),][P( OMe),13. 
From the ultraviolet irradiation of 3 in hexane with P- 
(OPh)3 a white, crystalline solid was isolated which ana- 
lyzed as Ru[P(OM~),]~[P(OP~),]  (7). This compound 
exhibited a complex pattern in the 31P(1H) NMR spectrum 
which suggested the P(OMe), ligands are not equivalent. 
In the 'H NMR spectrum, besides aromatic and methoxy 
protons, there was a multiplet centered at 6 -9.25 indicative 
of a metal hydride bond. On this evidence, 7 is formulated 
as the ortho-metalated compound, (H)Ru[ (C6H40)P- 
(OPh),] [P(OMe),],. Similar behavior has been observed 
previously in triphenyl phosphite derivatives of rutheni- 
um.29 


It is apparent from this and other s t ~ d i e s ~ l ~ ~  that oxi- 
dative addition at the electron-rich metal center in mole- 
cules of this type is a facile process. This and other aspects 
of the chemistry of Ru[P(OMe),], are under further in- 
vestigation. 
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(42) Hudson, H. R.; Rees, R. G.; Weekes, J. E. J. Chem. SOC., Chem. 


(43) Neukomm, H.; Werner, H. J. Organomet. Chem. 1976,108, C26. 
(44) The phoephonate complex is also an intermediate in the reaction 


(45) Werner, H.; Feser, R. 2. Anorg. Allg. Chem. 1979, 458,301. 


Commun. 1971, 1297. 


of (CsHs)Rh[P(OMe)s]2 with alkali-metal iodides." 
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Cleavage of Metal-Metal Bonds in Heteronuclear Clusters. The 


Me,SnH and the Crystal and Molecular Structures of 
Reaction of Os,(p,-S)(p,-q2-SCH2)(CO),PMe2Ph with 


HOs,(p,-S) (p3-q2-SCH2)(CO),( PMe2Ph) (SnMe,) and 
H2°s3 bQms) (p3-v2-SCH2) (co), ( PMe2P h, 
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From the reaction of Os3(p3-S) (p3-v2-SCH2) (C0)8(PMe2Ph) (I) with Me3SnH the compounds HOs3- 
(JL3-S)(JL3-q2-SCHJ(C!0),(PMe2Ph)(SnMe3) (II) and H2OS3GL3-S)GL3-v2-SCHZ)(C0),(PMe2Ph) (111) have been 
isolated. Both have been characterized by Et, 'H NMR, and X-ray crystallographic analyses. For I1 space 
group f c  at  23 OC; a = 10.426 (2) A, b = 11.421 (2) A, c = 24.563 (4) A, B = 95.41 (2)'; V = 2912 A3; 
2 = 4, pded = 2.68 g f cm3. For 3333 reflections (F: 1 3.0a(F:)) R1 = 0.034 and R2 = 0.034; I1 contains 
a cluster of three osmium atoms with two metal-metal bonds. There is a triply bridging sulfide ligand, 
a triply bridging thioformaldehyde ligand, and a bridging hydride ligand. A trimethyltin group is bonded 
to one of the exterior osmium atoms of the cluster. In contrast to I the dimethylphenylphosphine ligand 
is coordinated to the interior osmjum atom of the cluster. Mechanisms of formation are proposed and 
discussed. For I11 space group P1, at 23 "C; a = 9.169 (3) A, b = 11.157 (3) A, c = 12.359 (4) A, (Y = 70.50 
( 2 ) O ,  = 79.56 (3)O, y = 86.75 (3)O; V = 1172.0 (8) A3, 2 = 2, p d d  = 2.97. g/cm3. For 3356 reflections (F: 1 3.0u(F:)) R1 = 0.049 and R2 = 0.056. Like I and 11, I11 also contains a cluster of three osmium atoms 
mth  two metal-metal bonds, a triply bridging sulfide ligand, and a triply bridging thioformaldehyde ligand. 
111 is most similar to I but differs in that two bridging hydride ligands have been substituted for one carbonyl 
ligand. 


Introduction 
The  oxidative addition reaction has now been firmly 


established as one of the fundamental processes for the 
activation of small molecules by transition-metal com- 
plexes.'f Transition-metal cluster compounds have been 
discussed 88 a potentially new class of catalytic agents and 
as possible models for the types of catalytic processes 
which occur on  surface^.^ Oxidative addition reactions 
in polynuclear metal complexes can occur by the conven- 
tional addition to a single metal atom, analogous to those 
which commonly occur in mononuclear metal complexes, 
or by addition t o  a binuclear site which could result in 
either cleavage (eq 1) or formation (eq 2) of a metal-metal 


M-M t A-B - M-A t M-B (1) 
( 2 )  


n A 
M M t A 4  - M-M 


A B  
I I  


bond.2 Since metal-metal bonds are frequently the 
weakest chemical bonds in transition-metal cluster com- 
pounds, it  seems reasonable to  expect that  the bond- 
making and bond-breaking processes could be very im- 
portant in their chemistry. 


In an earlier paper4 we showed that  the oxidative ad- 
dition of HC1 to the  molecule 0s3(p3-S)(p3-v2-SCHZ)- 
(CO)8(PMe2Ph) (I) resulted in the cleavage of one of the 
metal-metal bonds. Group 4 hydrides have also been 
shown to cleave metal-metal bonds in metal carbonyl 
cluster c o m p o ~ n d s . ~  Thus, we decided to investigate the 


(1) Cotton, F. A.; Willrimon, G. 'Advanced Inorganic Chemistry", 4th 
ed. Wiley-Interscience: New York, 1980. 


(2) C?llman, J. P.; Hegedus, L. 'Principles and Applications of Orga- 
notramition Metal Chemistry"; University Science Books: Mill Valley, 
CA, 1980. 


(3) (a) Muetterties, E. L. Science (Washington, DC), 1977,196,839. 
(b) Bull. Soe. Chim. Belg. 1976,84,959. (c) Ugo, R. Catal. Reo. 1976,11, 
225. 


(4) Adams, R. D.; Golembeski, N. M.; Selegue, J. P. Organometallics, 
in press. 
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reactivity of I toward Me3SnH. These results are reported 
here. 


Experimental Section 
General Remarks. Although these compounds were generally 


air stable; reactions and workups were routinely performed under 
a prepurified nitrogen atmosphere. Mica t ion  of heptane solvent 
involved stirring reagent grade heptane with concentrated sulfuric 
acid for 2 days and then shaking the heptane layer with anhydrous 
sodium carbonate. Other solvents were stored over 4-A molecular 
sieves and degassed with a dispereed stream of nitrogen gas. The 
method of preparation of OS~&-S)~~-SCHJ(CO)~(PM~~P~) has 
been previously reported.' Trimethyltin hydride was prepared 
according to the method of Birnbaum and Javora? Alumina for 
chromatography was Baker acid-washed aluminum oxide deac- 
tivated with 6% water. 


Melting points were determined in evacuated capillary tubes 
using a Thomas-Hoover apparatus and are uncorrected. Infrared 
spectra were recorded on a Perkin-Elmer 237B spectrophotometer 
calibrated with polystyrene, 1601.4 cm-I. Fourier transform *H 
NMR spectra were obtained at 270 MHz on a Bruker HX270 
instrument. 


Reaction of Os3(fi3-S)(fi3-SCH2)(CO)8(PMeZPh) with 
Me3SnH. Trimethyltin hydride (0.134 g, 0.811 "01) was added 
to an oxygen-free solution of OS~(~~-S)(~~-SCH~)(CO)~(PM~~P~) 
(82 mg, 0.0811 mmol) in 50 mL of heptane solvent in a 100-mL 
3-necked flask fitted with a water-cooled reflux condenser and 
a magnetic stir bar. The reaction was refluxed with stirring for 
4 h after which time all volatile components were removed under 
vacuum. The remaining oily yellow residue was dissolved in a 
minimum amount of benzene and chromatographed on an alumina 
column. Three bands were eluted with hexanelbenzene (311, v/v) 
solvent. The first band contained a mixture of products. The 
second band was HzOs(p3-S)(~3-~2-SCHz)(C0)7PMezPh (III,29 


(5) (a) Knox, 5. A. R.; Stone, F. G. A. J.  Chem. SOC. A 1970,3147. (b) 
Brookes, A.; Knox, S. A. R.; Stone, F. G. A. J. Chem. SOC. 1971, 3469. 


(6) Johnson, B. F. G.; Lewis, J.; Kilty, P. A. J.  Chem. SOC. A 1968, 
2859. 


(7) Adams, R. D.; Golembeski, N. M.; Selegue, J. P. J.  Am. Chem. SOC. 
1981,103,546. 
(8) Birnbaum, E. R.; Javora, P. H. "Inorganic Synthesis"; McGraw- 


Hill: New York, 1970; Vol. 12, pp 45-57. 
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Table I. Crystallographic Data for X-ray Diffraction Studies 


Os,SnS,PO,C,H,, (11) 0s3S2P07C16H15 (I1') 
( A )  Crystal Data 


radiation 
monochromat or 
detector aperture, mm 


horizontal (A t B tan e )  
A 
B 


23 
P 2 , / c ,  No. 14  
10.426 (2)  
11.421 (2)  
24.563 (4)  
90.0 
95.41 (2)  
90.0 
2912 (2)  
1175.8 
4 
2.68 


23 
PT, No. 2 
9.169 (3) 
11.157 (3) 
12.359 (4)  
70.50 (2)  
79.56 (3)  
86.75 (3)  
1172.0 (8) 
985.0 
2 
2.79 


(B) Measurement of Intensity Data 
hb IG (0.710 73 A )  Mo KE (0.710 73 A) 


graphite 


3.0 
1.0 


3.0 
1 .o 


vertical 4.0 4.0 
crystal faces 001, ooi ,  io1  OlO,OTO, 001, OOT 


011, OTT, 111, TIT  TOT, 010, OTO 
crystal size: 
crystal orientation: direction; deg from e axis b ;  4.3 a * ;  11.9 
reflctns measd h,k , i l  h,t k , + l  


0.05 X 0.22 X 0.37 0.13 X 0.14 X 0.18 


max 20 
scan type 
W-scan width 


A + 0.347 tan 9 
background 
w-scan rate (variable) 


no. of reflctns measd 
data used (F2 > 3.0o(F)') 


max, deg/min 
min, deg/min 


absorption correction 


transmission coeff 


coeff, cm-' 
grid 


max 
min 


P factor 
final residuals R 


esd of unit wt 
largest shift /error value on final cycle 


R w  


50 52 
moving crystalstationary counter 


0.80 
one-fourth additional scan at each end of scan 


10.0 10.0 
1.25 1.25 
5642 4556 
3333 3356 


(C) Treatment of Data 


mg, 36%) as a mixture of isomers. The third band consisted of 
small amounts of HOS~(~~-S)(~~-~~-SCH~)(C~)~(PM~~P~)S~M~~ 
(I1 <3% yield) and another uncharacterized product. 


Both 11 and 111 were crystallized from cold hexane solvent (-20 
OC) over a period of several days. Pertinent spectra of I1 and I11 
are indicated below. 


11, HOs3 (p3-S) (p3-q2-SCHz) ( C0)7(PMe2Ph) (SnMe3): mp 150 
"C dec; 'H NMR (CDC13 at 298 K) 6 7.58 (m, Ph), 2.28 (d, 'JH-P 
= 10.1 Hz, Me), 2.27 (d, ' J H - ~  = 10.2 Hz, Me), 2.42 (d, '5 = 11.0 


0.43 ( 2 J i i ~ . i ~ w w  = 50.0,47.8 Hz, SnMe3), -16.30 (dd, JH-p = 13.3, 
J = 3.3 Hz, OsH); IR (hexane, va A5 cm-') 2091 (s), 2037 (s), 2OOO 
(vs), 1939 ( 8 ) .  


111, HzOs3(p3-S)(p3-~2-SCH2)(CO)7(PMenPh). Isomer a: mp 
115.5-116.0 "C; 'H NMR (CDC13 at  298 K) 6 7.49 (m, Ph), 2.26 
(d, 'JH-p = 7.7 Hz, Me), 2.21 (d, 'JH-P = 7.6 Hz, Me), 2.75 (d, 'JH-H 
= 11.8 Hz, SCH2), 1.11 (dd, 'JH-H = 11.8, '&-p = 2.6 Hz, SCHz), 
-14.95 (dd, 'JH-P 29.4, 'JH-H = 12.7 Hz, OsH), -16.51 (dd, 2 J ~ - ~  
= 12.7, 3JH-p = 2.5 Hz, OsH); IR (hexane, vco f 5  cm-') 2099 (s), 
2044 (vs), 2005 (s), 1977 (w). Isomer b 'H NMR 6 7.53 (m, Ph), 
2.34 (d, 2JH-p = 9.8 Hz, Me), 2.29 (d, 'JH-p = 9.7 Hz, Me), 3.06 


Hz, SCHZ), 1.37 (ddd, 2J = 11.0, J = 3.3, JH-p = 1.3 Hz, SCHt), 


(dd, ' 5 H - H  11.7, ' J H - ~  = 4.8 Hz, SCHa, 1.77 (ddd, 'JH-H = 11.6, 
4JH-p = 4.0, 'JH-H = 2.5 a, SCHJ, -15.45 (dd, 'JH-H = 11.6, 'JH-P 
= 7.7 Hz, OSH), -16.61 (dd, '5H-H = 11.6, 'JH-P = 2.4 Hz, OSH). 


149.6 
14 X 16 X 4 


0.472 
0.044 
0.005 
0.034 
0.034 
2.11 
0.03 


175.2 
16X 6X 8 


0.21 
0.10 
0.005 
0.049 
0.056 
3.78 
0.07 


Isomer c: 'H NMR 6 7.68 (m, Ph), 2.15 (d, 2J = 9.7 Hz, Me), 2.09 
(d, '5 = 9.7 Hz, Me), 2.99 (dd, 2JH-H = 11.4, JH-p = 0.6 Hz, SCHd, 
1.63 (dd, 'JH-H = 11.5, 'JH-P = 2.4 Hz, SCH2) -15.65 (dd, 'JH-H 
= 11.7, 3 J ~ - p  = 8.8 Hz, OsH), -16.71 (dd, 'JH-H = 11.7, 3 J ~ - p  = 
2.5 Hz, OsH). IR equilibrium mixture of 111: 2101 (s), 2043 (s), 
2027 (vs), 2011 (a), 1978 (s), 1969 (s) cm-'. 


Crystallographic Analyses. Crystals of HOs3(p3-S)(p3-$- 
SCH2)(CO),(PMezPh)SnMe3 (11) and H20s3(p3-S)(p3-q2- 
SCHJ(CO),(PMe,Ph) (111) suitable for diffraction measurements 
were obtained by slow crystallization from hexane solutions cooled 
to -20 "C. All crystals were mounted in thin-walled glass cap- 
illaries. Diffraction measurements were made on an haf-Nonius 
CAD-4 fully automated four-circle diffractometer using gra- 
phite-monochromatized Mo KCY radiation. Unit cells were de- 
termined and refiied from 25 randomly selected reflections ob- 
tained by using the CAD-4 automatic search, center, index, and 
least-squares routines. The I1 the space group P 2 , / c  was es- 
tablished from the systematic absences observed in the data. For 
I11 the space group PI was assumed and confirmed by the suc- 
cessful solution and refinement of the structure. Crystal data 
and data collections parameters are listed in Table I. All data 
proceasing was performed on a Digital PDP 11/45 computer wing 
the Enral-Noniua SDP program library (version 16). Absorption 
corrections of a Gaussian integration type were done for both 
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Table 11. Final Fractional Atomic Coordinates, Thermal Parameters, and 
Their Esds for HOE,( p ,-S)( p s-q WCH J( CO),( PMe,Ph)SnMe, (11) 


atom X Y z W,l)b B(2,2) B(3,3) B(1,2) B(1,3) B(2,3) 


oS(1) 0.82697 (4)  0.29918 (4)  0.04349 (2)  2.87 (2)  2.64 (2)  2.44 (2)  -0.16 (2)  -0.02 (2)  0.03 (2) 
oS(2) 0.68553 (4)  0.25387 (5)  0.14016 (2) 3.02 (2) 4.12 (2)  2.82 (2) -0.19 (2)  0.37 (2)  0.30 (2)  
oS(3) 1.05877 (4) 0.33029 (5)  0.12018 (2)  2.77 (2)  3.56 (2) 2.74 (2)  -0.11 (2) -0.12 (2)  0.02 (2) 
fl.1 1.16603 (8) 0.28459 (9)  0.22017 (4) 4.08 (4) 5.10 (5)  2.88 (4)  0.10 (4) -0.26 (3)  0.07 (4)  


S(2) 0.8500 (3)  0.4019 (3)  0.1326 (1) 3.1 (1) 3.9 (2) 2.8 (2)  -0.1 (1) 0.2 (1) -0.5 (1) 
P 0.7529 (3)  0.1663 (3)  -0.0254 (1) 3.9 (1) 3.0 (1) 3.0 (2)  -0.2 (1) 0.0 (1) -0.4 (1) 


S(1) 0.9515 (3)  0.1491 (3)  0.0974 (1) 3.4 (1) 3.0 (1) 3.6 (2)  0.3 (1) 0.1 (1) 0.5 (1) 


atom X Y z B, A2 atom X Y z B, A' 


4.8 (2)  H(171)" 0.8887 0.1855 -0.0977 6.0 O( 1) 1.0454 ( 7 )  
O( 2) 0.6655 (8)  
O(3) 0.4962 ( 9 )  
O(4) 0.6894 (10) 
O( 5) 0.4790 (8) 
O(6) 1.1639 (8)  
O(7) 1.3018 ( 8 )  
C ( l )  0.9646 (11) 
C(2) 0.7270 (10) 
C( 3) 0.5647 (11) 
C( 4)  0.6861 (1 2) 
C(5) 0.5574 (11) 
C(6) 1.1255 (11) 
C( 7) 1.2094 (10) 
C( 10) 0.8360 (11) 
C(11) 0.6001 (9)  
C(12) 0.4909 (11) 
C(13) 0.3714 (12) 
C(14) 0.3639 (12) 
C( 15) 0.4698 (13) 
C( 16)  0.5864 (11) 
C( 17)  0.8602 (12) 
C(18) 0.7220 (13) 
C(21) 1.2357 (16) 
C(22) 1.0356 (16) 
C( 23) 1.3209 (13) 


0.3676 (8)  
0.4999 (9)  
0.0520 (10) 
0.2686 (11) 
0.4477 (10) 
0.5759 (9)  
0.2396 (8)  
0.346 (1)  
0.423 (1) 
0.133 (1) 
0.261 (1) 
0.375 (1) 
0.480 (1) 
0.276 (1) 
0.123 (1) 
0.209 (1) 
0.213 (1) 
0.251 (1) 
0.283 (1) 
0.279 (1) 
0.243 (1) 
0.138 (1) 
0.019 (1) 
0.108 (2)  
0.303 (2)  
0.403 (1) 


-0.0249 (4) 
-0.0077 (4)  


0.1292 (5 j  
0.2629 (5) 
0.1 207 (5) 
0.1321 (5) 
0.0793 (4)  
0.0045 (6)  
0.0117 (6) 
0.1348 (6) 
0.2164 (7)  
0.1273 (6)  
0.1272 (6)  
0.0956 (5)  
0.1479 (6) 


-0.0611 (5) 
-0.0332 (6)  
-0.0594 (6)  


-0.1408 (7)  
-0.1153 (6)  
-0.0775 (6)  
-0.0005 ( 7 )  


-0.1121 (7)  


0.2263 (9)  
0.2820 (8)  
0.2445 (7)  


6.0 (2 j  
6.5 (3) 
8.7 (3) 
6.4 (2) 
6.1 (2)  
5.4 (2) 
4.3 (3)  
3.9 (3) 
4.7 (3) 


4.5 (3) 


5.6 (3)  
4.1 (3) 


3.6 (3) 
4.1 (3) 
3.0 (2) 
4.1 (3) 
4.9 (3)  
5.6 (3) 
6.0 (4)  
4.8 (3)  


5.6 (4) 
8.6 (5)  
8.2 (5)  
6.1 (4)  


5.4 (3)  


~ ( 1 7  2 j a  
H(181)" 
H(221)" 
H(231)" 
H(173)" 
H(182)" 
H( 183)" 
H( 222)" 
H( 223)" 
H( 23 2)" 
H( 233)" 
H( 21 1)" 
H( 212)" 
H( 213)" 
H(101)" 
H(102)" 
H( 1 2)" 
H( 13)" 
H( 14)" 
H(15)" 
H(16)" 


0.9434 
0.6113 
1.0000 
1.3320 
0.8124 
0.7393 
0.7759 
1.0781 
0.9694 
1.3154 
1.4024 
1.2960 
1.2805 
1.1671 
0.8792 
0.7983 
0.4966 
0.2947 
0.2810 
0.4622 
0.6628 


0.1113 
0.0000 
0.3691 
0.4434 
0.0909 
0.0133 


-0.0396 
0.3036 
0.2451 
0.4706 
0.3656 
0.0895 
0.0910 
0.0503 
0.1233 
0.0452 
0.1877 
0.2518 
0.3132 
0.3018 
0.2415 


-0.0566 
-0.0137 


0.2773 
0.2910 


0.0392 


0.3191 
0.2810 
0.2203 
0.2398 
0.2003 
0.2625 
0.2214 
0.1841 
0.1421 
0.0053 


-0.1051 


-0.0154 


-0.0397 
-0.1287 
-0.1799 
-0.1356 


6.0 
6.0 
6.0 
6.0 
6.0 
6.0 
6.0 
6.0 
6.0 
6.0 
6.0 
6.0 
6.0 
6.0 
6.0 
6.0 
6.0 
6.0 
6.0 
6.0 
6.0 


" Hydrogen atom positions were not refined. The form of the anisotropic thermal parameter is exp[-1/,(B,lh2a*2 + 
B,,k2b*' t B,,12c*Z t B,,hka*b* t B,,hla*c* + B,,klb*c*)]. 


structures. Neutral atom scattering factors were calculated by 
the standard procedures.@ Anomalous dispersion corrections 
were applied to all nonhydrogen atoms.* Full-matrix leasbsquarea 
refinements minimized the function &lw(lFol - lF,1)2 where w 
= l/u(Fj2, u(F)  = u(F,2)/2F0, and u(F2)  = [u(Zr,,J2 + 
(PF,2)2]1/2/Lp. The structure of I1 was solved by a combination 
of direct methods and difference Fourier techniques. The three 
0s" atoms and the tin atom were located in an elect" density 
map based on the phasing (MULTAN) of 197 reflections (Eh 2 
1.80). All remaining nonhydrogen atoms were located in subse- 
quent difference Fourier syntheses. Hydrogen atom positions were 
calculated by assuming idealized geometries and staggered 
threefold rotational conformations for the methyl groups. The 
hydride ligand was not found, and no attempt to calculate ita 
position was made. All atoms heavier than oxygen were refined 
with anisotropic thermal parameters. The others were refined 
with isotropic thermal parameters only. The positions of the 
hydrogen atoms were not refined. 


The structure of 111 was solved by a combination of Patterson 
and difference Fourier techniques. Hydrogen atom paitions were 
calculated by assuming idealized geometry. The hydride ligands 
were not located and were ignored. 


Fractional atomic coordinates, thermal parameters, and in- 
teratomic distances and angles with errors obtained from the 
inverse matrix calculated on the final cycle of least-squares re- 
finement are listed in Tables 11-VII. 


Results 
Two products, identified as HOs,(p,-S)(~c~-S)(p~-1~- 


SCH2)(C0),(PMe2Ph)(SnMe3) (11) and H20s3(p3-S)(p3- 


(9) 'International Tables for X-ray Crystallography"; Kynoch Preee: 
Birmingham, England, 1975; Vol. Tv: (a) Table 2.2B, pp 99-100, (b) 
Table 2.3.1, pp 149-160. 


Table 111. Interatomic Distances with Esds for 
HOs,(r,-S)(r,-SCH,)(CO ),(PMe,Ph )(SnMe, 1 (11) 


atoms dist, A atoms dist, A 


Os( 1)-Os( 2) 
Os( 1)-Os( 3) 
oS(2). . .os(3) 
Os( 1 )-S( 1 ) 
OS( i)-s( 2) 
Os( 1)-P 
Os( 1)-C( 1 ) 
Os( 1 )-C( 2) 
Os( 2)-S( 2) 


Os( 2)-C( 4)  
Os( 2)-C( 5) 
OS( 21-q 10)  


OS( 31-q 1 1 
Os( 3)-S( 2) 
OS( 3)-C( 6) 
Os( 3)-C( 7)  
Sn( 1)-C( 21) 


OS( 2)-C( 3) 


Os( 3)-Sn 


2.957 (1) 
2.942 (1) 
4.063 (1) 
2.461 (2)  
2.475 (2)  
2.349 ( 2 )  
1.876 (9) 


2.428 (2) 
1.865 (10) 
1.874 (13) 
1.931 (9) 
2.166 (9) 
2.653 (1) 
2.393 (2) 
2.372 (2) 
1.850 (10) 
1.840 (8) 
2.148 (14) 


1.880 (9)  


Sn-C( 22) 
Sn-C( 23) 
S( 1)-C( 10) 
P-C( 11) 


P-C( 18)  


C( 11 )-C( 1 2) 


P-C( 17) 


C( 11 )-C( 16)  


C( 12)-C( 13)  
C( 13)-C( 14)  
C( 14)-C(15) 
C( 15)-C( 16) 
C( 1)-0(1) 
C( 2)-0( 2) 
C( 3 )-O( 3 1 
C(4 )-0(4) 
C( 5)-0( 5) 
C(6)-0(6) 
C(7)-0(7 1 
Os(3). . .C(1) 


2.143 (13) 
2.144 (10) 
1.833 (9)  
1.813 (8) 
1.807 (10) 
1.833 (11) 
1.38 (1) 
1.38 (1) 
1.42 (1) 
1.34 (1) 
1.37 (1) 
1.38 (1) 


1.17 (1) 
1.17 (1) 
1.14 (1) 
1.16 (1) 
1.17 (1) 
1.16 (1) 
2.92 (1) 


1.19 (1) 


s2-SCH2)(C0),(PMe2Ph) (111) on the basis of IR and 'H 
NMR spectra and X-ray crystallographic analyses, have 
been isolated from the reaction of Me3SnH with oS3(/13- 
S) (p3-v2-SCH2) (CO)8(PMe2Ph) (I) in refluxing heptane 
solvent. 
HOS~(~~-S)(P~-$-SCH~)(CO)~(PM~~P~)(S~M~,) (11). 


The  molecular structure of I1 is shown in Figure 1. The 
molecule consists of an "open" cluster of three osmium 
atoms with only two metal-metal bonds, Os(l)-Os(2) = 
2.957 (1) A and Os(l)-Os(3) = 2.942 (1) A. There is a triply 
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Table IV. Interatomic Angles with Esds for HOs,(p3-S)(~,-SCH,)(CO),( SnMe,)(PMe,Ph) (11) 


atoms angle, deg atoms angle, deg atoms angle, deg 
Os( 2)-Os( 1)-Os( 3) 
Os( 2)-Os( 1 )-S( 1) 
Os( 2)-Os( 1 )-S( 2) 
Os( 2)-Os( 1)-P 
Os( 2)-0s( 1)-C( 1 ) 
Os( 2)-Os( 1)-C( 2) 
Os( 3)-Os( 1)-S( 1) 
os(3)-os( 1)-S(2) 
Os( 3)-Os( 1)-P 
Os( 3)-0s( 1)-C( 1 ) 
OS(  OS( 1 )-C( 2) 
S( 1)-Os( 1 )-S( 2) 
S( 1)-Os( 1 )-P 
S( 1)-Os( 1)-C( 1) 
S( 1)-Os( 1)-C( 2) 
S( 2)-Os( 1)-P 
S( 2)-Os( 1)-C( 1) 
S( 2)-Os( 1 )-C( 2) 
P-Os( 1)-C( 1) 
P-Os(1)-C( 2) 
C( 1)-Os( 1)-C( 2) 
Os( 1)-Os( 2)-S( 2) 
Os( 1)-Os( 2)-C( 3)  
Os(1)-Os( 2)-c(4) 


Os( 1)-Os( 2)-C( 10) 
S( 2)-Os( 2)-C( 3) 
S( 2)-Os( 2)-c(4) 
S( 2)-Os( 2)-C( 5) 


OS(  OS( 2)-C( 5) 


87.06 (1) 


52.18 (5)  
108.10 (6)  
157.4 (3)  


99.6 (3)  
51.64 (5)  
51.05 (5)  


137.20 (6)  
70.8 (3)  


124.4 (3)  
81.47 (8) 
93.38 ( 8 )  


73.94 (5)  


94.7 (3)  
172.0 (3) 
160.28 ( 8 )  
107.6 (3) 


91.8 (3)  
93.1 (3) 
89.8 (4)  
53.65 (6)  


117.2 (3)  
147.2 (3)  


97.6 (3) 


170.8 (3)  
96.4 (3)  
88.3 (3)  


90.9 (3)  


77.3 (3)  


S( 2)-0s( 2)-C( 10) 
C( 3)-Os( 2)-C( 4) 
C( 3)-0s( 2)-C( 5) 
C( 3)-0s( 2)-C( 10) 
c(4)-0s( 2)-C( 5) 
c(4)-0s( 2)-C(10) 
C( 5)-0s( 2)-C( 10)  
Os( l)-Os(3)-Sn 
Os( 1)-Os( 3)-S( 1) 
Os( 1)-Os( 3)-S( 2) 


Os( 1)-Os( 3)-C( 7) 
Sn-Os( 3)-S( 1)  
Sn-Os( 3)-S( 2) 
Sn-Os( 3)-C( 6) 
Sn-Os( 3)-C( 7) 
S(1)-Os( 3)-S( 2) 


S( 1)-Os( 3)-C( 7) 


S( 2)-Os( 3)-C( 7)  


Os( 3)-Sn-C( 21) 
Os( 3)-Sn-C( 22) 
Os( 3)-Sn-C( 23) 
C( 21)-Sn-C( 22) 
C( 21)-Sn-C( 23) 
C( 22)-Sn-C( 23) 


OS(  OS( 3)-C( 6) 


S( l)-Os( 3)-C( 6)  


S(  OS( 3)-C( 6 )  


C(  OS( 3)-C( 7) 


88.8 (2)  
92.4 (5)  


88.4 (4)  
94.0 (4)  
90.4 (4)  


174.9 (4)  
144.89 (2) 


54.24 (6)  


93.9 (4) 


53.74 (5) 


116.8 (3)  
115.1 (3) 
101.12 (6)  
105.10 (6)  


88.5 (3) 
86.5 (3)  
85.06 (7)  


170.2 (3)  
91.6 (3)  
90.6 (3)  


168.3 (3)  
90.9 (4)  


111.1 (4)  


112.0 (3)  
113.4 (4)  


106.1 (5)  
109.3 (4)  
104.6 (5)  


Os( 1)-S( 1)-Os( 3)  
Os( 1)-S( 1)-C( 10) 
Os( 3)-S( 1)-C( 10 )  
Os( 1)-S( 2)-Os( 2) 
Os( 1)-S( 2)-Os( 3) 


Os( 2)-C( 1O)-S( 1) 
Os( 1)-P-C( 11) 
Os( l)-P-C( 17)  


C( 11)-P-C( 17)  


P-C(11)-C(12) 


C(ll)-C(12)-C(l3) 
C( 12)-C( 13)-C( 14)  
C( 13)-c(14)-c( 15)  


Os( 1)-C( 1)-O( 1) 
Os( 1)-C( 2)-O( 2) 


OS( 2)-S(  OS( 3) 


OS( 1)-P-C( 18) 


C( 1 l)-P-C( 18) 
C(17)-P-C(18) 


P-C(11)-C(16) 
C( 12)-C( 11)-C( 16)  


C(14)-C(15)-C(16) 
C(l5)-C(l6)-C(ll) 


OS( 2)-C( 3)-O( 3)  
OS( 2)-C(4)-0( 4) 
OS( 2)-C( 5)-O( 5) 
OS( 3)-C( 6)-O( 6) 
OS( 3)-C( 7)-O( 7) 


74.62 (7)  
97.6 (3) 


107.9 (3)  
74.17 (6)  
74.71 (6)  


115.7 (1) 


11 2.8 (3)  
116.3 (3) 
114.2 (4)  
106.3 (5)  
103.8 (4)  
102.3 (5)  
119.7 (7)  
123.3 (5)  
117 (1) 


110.0 (5)  


121 (1) 
119 (1) 
121 (1) 
120 (1) 
122 (1) 
172.5 ( 8 )  
179.5 (6) 
174.5 (9 )  
178.0 (10) 
178.3 (9)  
177.9 ( 8 )  
177.8 (7)  


Table V. Final Fractional Atomic Coordinates and Thermal Parameters and 
Their Estimated Standard Deviations for H,Os,(p,-S)(p,-SCH,)(CO),PMe,Ph (111) 


atom X Y z B P , l I b  B(2,2) B(3,3) B(1,2) B(1,3) B(2,3) 
Os(1) 0.10791 (7)  0.68100 (7)  0.16254 (6)  2.54 (3)  2.72 (3)  3.53 (2)  0.39 (2)  -0.80 (2) -0.89 (2)  
Od2)  0.34722 ( 8 )  0.66494 (7)  0.29161 (5)  2.59 (3)  3.05 (3)  3.06 (2)  0.14 (21 -0.63 (2 )  -0.90 f2) 
o ~ ( 3 j  0.16063 (7 j  0.43197 jsj 0.15613 ( 5 j  2.56 j3j  2.75(3j 2.68 (2 j  0.10 (2 j  -0.23 j2j  -0.83 (2 j  
S ( l )  0.0630 (5)  0.4866 (4)  0.3281 (3)  2.9 (2)  3.3 (2)  3.0 (2)  -0.2 (2)  0.3 (1) -0.9 (1) 
S(2) 0.3516 (5)  0.5863 (4)  0.1296 (3)  2.5 (2)  3.4 (2)  2.5 (1) 0.2 (2)  -0.1 (1) -0.6 (1) 
P 0.2917 (6) 0.2484 (5)  0.2334 (4)  3.9 (2)  3.0 (2)  3.4 (2)  0.6 (2)  0.1 (2)  -0.7 (2) 


atom X Y z B, A' atom X Y z B, A' 


0.178 (2)  0.908 (2)  -0.057 (1) 7.6 (4) C(14) 0.192 (3)  0.064 (2)  0.632 (2)  6.1 (5)  
0.337 (3)  0.086 (2)  0.573 (2)  6.1 (5 )  


O(1) 


0.524 (2)  0.899 (1) 0.112 (1) 6.4 (4)  C(16) 0.371 (2)  0.138 (2)  0.453 (2)  4.9 (4)  
0.284 (2)  0.772 (2)  0.491 (1) 7.1 (4)  C(17) 0.491 (3)  0.263 (2)  0.191 (2)  5.8 (5)  


O(3) 


0.618 (2)  0.512 (1) 0.372 (1) 5.9 (3)  C(18) 0.258 (3)  0.1 17 (2)  0.185 (2)  6.0 (5)  
O(4) 


0.0292 0.1802 0.4072 6.0 
O(5) 


0.273 (1) 0.428 (1) -0.089 (1) 4.8 (3)  H(13)" -0.0227 0.0900 0.6117 6.0 
0.150 (2)  0.821 (2)  0.028 (2)  4.5 (4)  H(14)' 0.1697 0.0214 0.7161 6.0 


O(7) 
C(1) 
C(2) -0.087 (2)  0.735 (2)  0.194 (2)  4.6 (4)  H(15)" 0.4168 0.0634 0.6200 6.0 


0.457 (2)  0.811 (2)  0.177 (1) 4.3 (4)  H(16)" 0.4737 0.1480 0.4134 6.0 
0.309 (2)  0.730 (2)  0.413 (2)  4.3 (4)  H(81)" 0.2730 0.4257 0.4165 6.0 


C(3) 


0.519 (2)  0.577 (2)  0.343 (1) 3.8 (4)  H(82)a 0.1737 0.5113 0.4758 6.0 
C(4) 


0.3047 0.2207 6.0 
(75) 


0.231 (2)  0.429 (2)  0.004 (1) 3.3 (3)  H(172)" 0.5273 0.2773 0.0820 6.0 
0.213 (2) 0.503 (2)  0.402 (1) 3.3 (3)  H(173)' 0.5504 0.1903 0.2264 6.0 


C(7 1 
C(8) 
C(11) 0.254 (2)  0.178 (2) 0.390 (1) 3.4 (3)  H(181)" 0.1660 0.1094 0.1934 6.0 
C(12) 0.112 (2)  0.157 (2)  0.451 (2)  4.6 (4)  H(182)" 0.2943 0.0385 0.2311 6.0 
C(13) 0.080 (2)  0.102 (2)  0.572 (2)  5.9 (5)  H(183)a 0.2973 0.1320 0.1054 6.0 


The form of the anisotropic thermal parameter is exp[-1/,(Bl,hza*2 -t 
B,,kzb*2 + B,,lzc*2 + B,,hka*b* + B,,hla*c* + B,,klb*c*)]. 


bridging q2-thioformaldehyde ligand in which the sulfur 
atom bridges the Os(l)-Os(3) bond and the carbon atom 
is coordinated solely to Os(2), Os(2)-C(lO) = 2.166 (9) A. 
The carbon-sulfur distance, S(l)-C(lO), a t  1.833 (9) A is 
similar to that found in I, 1.869 (6) A: oS3(cL3-s)(cL3-92- 


SCH,)(CO)7(PMe2Ph)P(OMe)3 (IV), 1.837 (7) and 
HOS~GL~-S)(~L~-SCH~)(CO)~(PM~~P~)C~ (V), 1.872 (12) A,4 
and is indicative of a carbon-sulfur single bond. The 
hydrogen atoms on C(l0) were not observed crystallo- 
graphically but were confirmed by a characteristic AB 
quartet resonance pattern (6A 1.37, i& 2.42 (JAB = 11.0 Hz)) 


O(2) -0.207 (2)  0.767 (2)  0.212 (1) 7.3 (4) C(15) 


O(6) -0.122(2) 0.283 (1) 0.190 (1) 5.9 (3 )  H(12)" 


C(6) -0.013 (2 )  0.337 (2)  0.176 (1) 3.7 (4)  H(171)" 0.5273 


" Hydrogen atom positions were not refined. 


in ita 'H NMR spectrum. There is also a triply bridging 
sulfide ligand, S(2). The 'H NMR spectrum shows a 
resonance 6 -16.30 indicative of a bridging hydride ligand. 
This was not detected crystallographically, but there is a 
large cavity along the Os(l)-Os(2) bond which is circum- 
scribed by the phosphine ligand and the three carbonyls 
C(2)-0(2), C(3)-0(3), and C(5)-0(5) which could signify 
ita location. A trimethylstannyl group is coordinated to 
atom Os(3)-Sn = 2.653 (1) A, and as far as we can ascer- 
tain, this is the first crystallographic characterization of 
an osmium-tin bonding distance.1° Unlike I the di- 
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Table VI. Interatomic Distances with Esds for 
H,Os,(fi,-S)(fi,-SCH,)(CO),PMe,Ph (111) 


atoms dist, A atoms dist, A 


Adams and Katahira 


Os( 1 )-Os( 2) 


Os( 1)-S( 1) 
Os( 1)-S( 2)  
Os( 1)-C( 1 )  
Os( l ) -C(  2) 
Os( 2)-S( 2)  


OS(  OS( 3)  
OS( 2) .  . .OS( 3)  


OS( 2)-C( 3)  
OS( 2)-C( 4 )  
OS( 2)-C( 5) 
OS( 2)-C( 8 )  


OS( 3)-S( 2)  
OS( 3)-P 
OS( 3)-C( 6)  


Os( 3)-S( 1 )  


Os( 3)-C( 7 )  


2.903 (1) 
2.818 ( 1 )  
4.115 (1) 
2.428 ( 2 )  
2.442 ( 2 )  
1 .86 (1) 
1.87 (1) 
2.432 ( 2 )  
1 .95 (1)  
1 .85  (1) 


2.155 (9)  
2.409 ( 2 )  
2.428 ( 2 )  
2.320 ( 3 )  


1 .88  (1) 


1.90 ( 1 )  


1.90 (1) 


1.828 ( 8 )  
1.807 (9)  
1.81 (1) 
1.82 (1) 
1.37 (1) 
1.40 (1)  
1.34 ( 2 )  
1.38 ( 2 )  
1.38 (1) 
1.41 (1) 
1.16 ( 1 )  
1.14 ( 1 )  
1.16 ( 1 )  


1 .16 (1) 
1.16 ( 1 )  
1.15 (1)  


1.19 (1) 


c23 


Figure 1. A perspective ORTEP diagram of H0s3(fi3-S)(fi3-f- 
SCH2)(C0)7(PMe2Ph)SnMe3 (11) showing 50% electron density 
probability ellipsoids. 


methylphenylphosphine ligand is coordinated to the in- 
terior osmium atom of the cluster. The mechanistic im- 
plications of this result are discussed below. There are 
seven carbonyl ligands. Six of these are clearly linear 
terminal ligands; however, C(1)-O(l), which is principally 
bonded to Os(l), is also leaning significantly toward Os(3). 
The Os(3)-0s(l)-C(l) angle is acute a t  70.8 (3)O and the 
Os(3)--C(1) internuclear separation is 2.92 (1) A. This 
ligand may be involved in a slight semibridging interaction 
to Os(3). The Os(1)-C(1)-O(1) angle at 172.5 ( 8 ) O  is the 
most nonlinear of the seven carbonyl ligands. The shortest 
intermolecular contact was between carbonyl oxygen atoms 
0(2)-.0(5) at  3.09 (1) A. 
HzOs3(p3-~2-SCH2)(CO)7(PMezPh) (111). The mo- 


lecular structure of III is shown in Figure 2. This molecule 
also contains an open cluster of three osmium atoms with 


(10) (a) Kennard, 0.; Watson, D. G.; Allen, F. H.; Weeds, S. M. 
'Molecular Structures and Dimensions"; D. Reidel Publishing: Dor- 
drecht, 1970-1980, Vols. 1-11. (b) Brown, I. D.; Brown, M. C.; Haw- 
thorne, F. C. 'BIDICS"; Institute for Materials Research, McMaster 
University, Hamilton, Ontario, 1969-1978. 


c4 u "8;' ;8 O4 


Figure 2. A perspective ORTEP diagram of H20~3(p3-S) (fi& 
SCH2)(C0)7(PMe2Ph) (111) showing 50% electron density prob- 
ability ellipsoids. 


two metal-metal bonds, Os(l)-Os(2) = 2.903 (1) A and 
Os(l)-Os(3) = 2.818 (1) A. The Os(2)--Os(3) distance at  
4.115 (1) A is clearly nonbonding. There is a triply bridging 
thioformaldehyde ligand, C(8)-S(1), with the sulfur atom 
bridging the Os(l)-Os(3) bond and the carbon atom co- 
ordinated to 0 4 2 ) .  As in 1,S 11, IV,4 and V,4 the C(8)-S(1) 
distance of 1.828 (9) A is indicative of a carbon-sulfur 
single bond. The two hydrogen atoms of C(8) were not 
observed crystallographically but were identified by a 
characteristic AB quartet resonance pattern (aA 1.11, BB 
2.75 (2Jm = 11.8 Hz)) in the 'H NMR spectrum. The 
molecule also contains a triply bridging sflide ligand, S(2), 
and two bridging hydride ligands, presumably one on each 
metal-metal bond. The hydride ligands were not observed 
crystallographically but were confirmed in the 'H NMR 
spectrum (6 -14.95 and -16.51 (J = 12.7 Hz)). As in I the 
dimethylphenylphosphine ligand is coordinated to the 
exterior osmium atom of the cluster which is also coor- 
dinated to the two sulfur atoms. There are seven linear 
terminal carbonyl groups arranged such that Os(1) and 
0 4 3 )  have two each and Os(2) has three. The shortest 
intermolecular contact is between the carbonyl oxygen 
atoms 0(2)-.0(3) at 3.05 (1) A. I11 is structurally very 
similar to I but differs in that one carbonyl ligand on the 
interior osmium atom of the cluster has been replaced with 
two hydride ligands which bridge the metal-metal bonds. 


A molecule which is structurally very similar to I11 is 
H,OS~(~~-S)~ (CO) ,CS. '~  It has two triply bridging sulfide 
ligands, one on either side of an "open" cluster of three 
osmium atoms, one hydride ligand bridging each of met- 
al-metal bonds, and only two carbonyl ligands on the in- 
terior osmium atom. 


In solution I11 exists as a mixture of three isomers. IIIa 
is the isomer found in the solid state. All isomers exhibit 
the same general 'H NMR spectral pattern (see 'H NMR 
data in Experimental Section). A t  equilibrium, the dis- 
tribution of isomers is (a/b/c, 15%/62%/23%). The 
half-life for the disappearance of isomer IIIa is approxi- 
mately 70 min at  298 K. 


Discussion 
Stoichiometrically, the formation of I1 requires the loss 


(11) Broadhurst, P. V.; Johnson, B. F. G.; Lewis, J.; Orpen, A. G.; 
Raithby, P. R.; Thornback, J. R. J. Organomet. Chem. 1980, 187, 141. 







Metal-Metal Bonds in Heteronuclear Clusters Organometallics, Vol. 1, No. 3, 1982 465 


Table VII. Interatomic Angles with Esds for H,Os,(p,-S)(p,-SCH,)(CO),PMe,Ph (111) 
atoms angle, deg atoms angle, deg atoms angle, deg 


0 ~ ( 2 ) - 0 ~ ( 1 ) - 0 ~ ( 3 )  92.00 (1) C(3kOsf2)-C(5) 94.7 (4)  OS(2kS12kOS(3) 115.69 (8) 
Os( 2 )-Os( 1 )-S( 1 74.35 16) ci 3 i-osi 2 i-ci 8 i 
o ~ ( 2 j - 0 4 1  j-sizj 
Os( 2)-Os( l)-C(l) 
Os( 2)-Os( 1)-C( 2) 
Os(3)-0s(l)-S(1) 
OS(  OS( 1)-S( 2)  
os(3)-Os( 1)-C( 1) 
Os( 3)-Os( 1)-C( 2) 
S( 1)-Os( 1 )-S( 2) 
S( 1)-Os( 1)-C( 1) 
S( 1)-Os( 1)-C( 2) 
S( 2)-Os( 1)-C( 1) 
S( 2)-Os( 1)-C( 2) 
C( 1)-Os( 1 )-C( 2) 
Os( l)-Os( 2)-S( 2) 
OS(  OS( 2)-C(3) 
OS( 1 )-OS( 2)-C( 4)  
OS(  OS( 2)-C( 5) 
OS(  OS( 2)-C( 8) 
S( 2)-Os( 2)-C( 3)  
S( 2)-Os( 2)-c(4) 
S( 2)-Os( 2)-C( 5) 


C(3)-0s(2)-C(4) 
S(  OS OS( 2)-C( 8) 


53.31 (5 j  
106.3 (3) 
128.6 (3)  


54.06 (6) 
54.42 (6)  


120.7 (3)  
119.4 (3)  


83.02 (7) 
174.7 (3)  


91.7 (3)  
93.2 (3)  


173.6 (3)  
91.9 (5)  


95.5 (3)  
53.60 (5)  


116.4 (3)  
147.2 (3)  


78.2 (2)  
85.9 (3 )  


169.9 (3)  
96.3 (3)  
88.5 (2)  
97.1 (4)  


Scheme I 


c ( 4  j-042 j-c(5 j 
C(  OS( 2)-C( 8) 
C(  OS OS( 2)-C( 8) 
0 ~ ( 1 ) - 0 ~ ( 3 ) - S ( l )  
Os( 1)-Os( 3)-S( 2) 
Os( 1)-Os( 3)-P 


Os( 1)-Os( 3)-C( 7) 
S( 1)-Os( 3)-S( 2) 
S( 1)-Os( 3)-P 


OS(  OS( 3)-C( 6) 


S(  OS( 3)-C( 6)  
S(l)-OS(3)-C( 7)  
S(2)-0~(3)-P 
S(  OS( 3)-C( 6)  


P-Os(3)-C(6) 


C( 6 ) - 0 ~ (  3)-C( 7)  
OS( 1)-S(  OS( 3) 
OS( 1)-S( 1 )-C( 8) 
OS( 3)-S( 1)-C(8) 


OS(1)-S(  OS OS( 3) 


S( 2)-Os( 3)-C( 7)  


P-Os( 3)-C( 7)  


Os( 1)-S( 2)-Os( 2) 


Me,PhP(CO), 
OS 


Me,P h P(CO), 


I 


+Me3SnH (2) -co i 1 -co 


of 1 mol of carbon monoxide from I and the addition of 
1 mol of Me3SnH. However, a more subtle result is the 
repositioning of the phosphine ligand from an exterior 
osmium atom of the cluster in I to the interior osmium 
atom in 11. 


A simple rearrangement could be dissociation of the 
phosphine from the exterior osmium atom and reattach- 
ment a t  the interior one, but if this were occurring, one 
would also expect that in the presence of uncoordinated 
donor ligands, phosphine ligand substitution would be an 
important reaction. However, we believe that this can be 
ruled out since we have shown that the reaction of I with 
trimethyl phosphite yields CO substitution, and no prod- 
ucts of replacement of the dimethylphenylphosphine lig- 
and were ~ b s e r v e d . ~  


Scheme I shows two other poasible routes to 11. By route 
1 the MegSnH molecule oxidatively cleaves one osmium- 
osmium bond to give an intermediate like A which might 
be very similar to the known molecule V. Decarbonylation 
and formation of a new osmium-osmium bond between 
the former exterior osmium atoms of the cluster in I could 
lead to 11. 


By route 2 we envisage a dissociation of a carbonyl ligand 
from the interior osmium atom in I. Oxidative addition 
of MesSnH to that metal atom could produce an inter- 
mediate like B which subsequently undergoes a relocation 
of the metal-metal bond to give 11. At  present we have 


173.3 i4 j  
93.1 (4) 
89.7 (4)  
89.6 (4)  
54.67 (6)  
54.88 (5) 


142.48 (7)  
114.5 (3) 
112.3 (3)  


83.69 (8) 
101.35 (8) 


90.7 (3)  
166.9 (3)  


98.33 (9)  
169.3 (3)  


89.5 (3)  
91.7 (3) 
90.7 (3)  
94.2 (2) 
71.26 (6)  
98.3 (3)  


110.6 (3)  
73.09 (6)  
70.70 (6)  


OS( 3 j -plc( i  1)' ' 
Os( 3)-P-C( 17) 
OS( 3)-P-C( 18)  
C( 1 1)-P-C( 17)  
C( ll)-P-C(18) 
C( 17)-P-C( 18) 
OS( 2)-C( 8)-S(1) 
C( 1 1)-C( 12)-C( 13)  
C(12)-C( 13)-C( 14)  
C( 13)-C( 14)-C( 15)  
C(14)-C(15)-C(16) 
C(l5)-C(l6)-C(ll) 
C(16)C(ll)-C(12) 
P-C(ll)-C( 12)  
P-C(11)-C(16) 
Os( 1)-C( 1)-O( 1) 
Os( 1)-C( 2)-O( 2) 
OS( 2)-C( 3)-O( 3) 
OS( 2)-C( 4)-O( 4) 
OS( 2)-C( 5)-O( 5) 
OS( 3)-C( 6)-O( 6 )  
OS( 3)-C( 7)-O( 7) 


11 5.8 j 3 j ' 
115.1 (4)  
114.7 (4)  
106.8 (5) 
102.4 (5) 
100.3 (6)  
108.7 (4)  
123 (1) 
119 (1) 
120 (1) 
122 (1) 
119 (1) 
118 (1) 
121.7 (7)  
120.5 (7)  
179.7 (7)  
179 (1) 
178.4 (9)  
179.5 (8) 
173.2 (9)  
177.2 (9)  
179.5 (7) 


no evidence which distinguishes between them, but we 
favor route 1 because of mitigating evidence concerning 
route 2. If carbon monoxide were being dissociated readily 
from the interior osmium atom, one might expect that in 
the presence of uncoordinated donor ligands CO substi- 
tution at the interior osmium atom would occur. However, 
we have shown; as mentioned earlier, that although the 
reaction of trimethyl phosphite with I does lead to CO 
substitution, the substitution occurs a t  the exterior 
phosphine-substituted osmium atom, although admittedly 
this does not prove that CO loss originated at  the metal 
atom. I t  is well-known that trialkyltin hydrides react 
characterisically via radical chain processes.12 Mecha- 
nistically, it is probable that the intermediates proposed 
in Scheme I are formed via radical processes, probably, via 
additional and even more elusive intermediates. 


At present we have no attractive mechanisms to explain 
the formation of 111 and do not wish to advance speculation 
at  this time. 


As mentioned earlier the general features of the lH 
NMR spectra of the isomers of I11 are similar. However, 
in the splitting patterns there is a striking difference be- 
tween the hydride-phosphorus coupling in these isomers. 
In isomer IIIa the phosphorus coupling to the 6 -14.95 
hydride (J = 29.4 Hz) is more than twice that observed 
for the corresponding coupling in either isomer b or c. 
This could be attributed to differences in stereochemistry 
about Os(3). In IIIa the phosphine and one hydride should 
be approximately trans to one another about 0 4 3 ) .  Two 
other isomers would be formed by placing the phosphine 
ligand in sites cis to the bridging hydride ligand. I t  is 
well-known that trans-hydride-phosphorus couplings are 
much larger than cis  coupling^.'^ 
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Absolute rate constants for the reactions of tert-butoxyl radicals and some ketone triplets with a variety 
of silanes have been measured by a laser flash technique. At 300 K rate constants, k,, for H atom abstraction 
by tert-butoxyl from, e.g., Et3SiH, n-CSH11SiH3, CBHSSiH3, and C13SiH are 5.7, 10.6,7.5, and -40 X lo6 
M-' s-l, respectively, and for quenching the benzophenone triplet, 9.6, 8.8, 5.0, and -7.6 X lo6 M-' s-l, 
respectively, the principal reaction in all these cases being abstraction of an H atom bound to silicon. With 
(EtO),SiH, however, tert-butoxyl abstracts hydrogen, k ,  = 2.0 X lo6 M-' s-l, from the methylene positions 
rather than from the silicon. The effect (or lack of it) produced by neighboring phenyl, &oxy, and chlorine 
substituents on the ease of formation of silyl radicals is discussed in relation to formation of the analogous 
carbon-centered radicals. Additional kinetic data are presented together with the UV absorption spectra 
of some silicon-centered radicals. 


Silanes which contain silicon-hydrogen bonds are known 
to react with a variety of free-radicals to form silyl radi- 
c a l ~ . ~ ~ ~  Although these are important intermediates in 
many chemical reactions, absolute rate data regarding their 
formation from silanes are extremely l i m i k ~ d . ~ , ~  Utilizing 
the techniques of kinetic EPR spectroscopy and laser flash 
photolysis, we have recently embarked upon a research 
program which will provide a reliable body of quantitative 
kinetic data for many of the important reactions of group 
4 centered organometallic radicals in s o l u t i ~ n . ~ ? ~  For such 
studies, the preferred method for generating the organo- 
metallic radical is hydrogen atom abstraction from an 
appropriate precursor in a very fast (essentially 
"instantaneous") photoinitiated process. The preferred 
hydrogen atom abstracting agents will be tert-butoxyl 
radicals or ketone triplets. Although the tert-butoxyll 
silane reaction has been very extensively used for silyl 
radical generation: only for triethylsilane has a rate con- 


~~ ~ ~~~ ~ 


(1) Issued as N.R.C.C. No. 19985. 
(2) N.R.C.C. Research Associate, 1979-1981. 
(3) For a concise general review, see: Sakurai, H. Free Radicals 1973, 


2, 741-808. 
(4) For a comprehensive review of kinetic data for hydrogen abstrac- 


tion from silanes in the gas phase, see: Arthur, N. L.; Bell, T. N. Reu. 
Chem. Intermed. 1978,2, 37-74. 


( 5 )  The gas phase data are restricted to abstractions by atoms and 
carbon-centered radicals' while the liquid-phase data are restricted to 
carbon-centered radicals.6 


(6) See, e.g.: Aloni, R.; Rajbenbach, L. A.; Horowitz, A. Int. J. Chem. 


(7) Chatgilialoglu, C.; Ingold, K. U.; Scaiano, J. C.; Woynar, H. J. Am. 
Chem. SOC. 1981,103, 3231-3232. 


(8) Chatgilialoglu, C.; Ingold, K. U.; Scaiano, J. C. J. Am. Chem. SOC., 
in press. 


(9) See, e.g. (a) Sakurai, H.; Hosomi, A., Kumada, M. Bull. Chem. SOC. 
Jpn. 1967,40,1551. (b) Hudson, A.; Jackson, R. A. J. Chem. SOC. D 1969, 
1323-1324. (c) Krusic, P. J.; Kochi, J. K. J. Am. Chem. SOC. 1969,91, 
3938-3940. (d) Frangopol, P. T.; Ingold, K. U. J. Organomet. Chem. 1970, 
25, C W 1 2 .  (e) Bowles, A. J.; Hudson, A.; Jackson, R. A. J. Chem. SOC. 


Kin. 1981, 13, 23-38. 


B 1971, 1947-1949. 


stant been measured (6 X lo6 M-I s-l at 300 K, as reported 
in our preliminary communication) .' For ketone triplets 
the literature contains one report indicating that the re- 
action does take place when ketone/organosilane systems 
are examined by EPR spectroscopy,1° plus a gas-phase 
study of the acetone/SiH4 system." In addition, a 
semiempirical calculation based on the bond energy bond 
order (BEBO) method predicted that the photoreduction 
of benzophenone triplets by trimethylsilane should occur 
with a rate constant of 3 X lo6 M-' s-l a t 298 K and an 
activation energy of 3.05 kcal/mol.12 


Experimental Section 
Materials. All the reagents and solvents used in this work 


were commercial materials which were purified by standard 
methods before use. 


Procedure. The experiments were carried out under oxy- 
gen-free conditions using the pulses (337.1 nm, -8 ns, up to 10 
mJ) from a Molectron UV 24 nitrogen laser for excitation. The 
experimental system has been interfaced with a PDP-ll/OBL 
computer that controls the experiment and provides suitable data 
gathering, storage, and hardcopy facilities. Complete details have 
been given e1~ewhere.l~ 


Results 
Reactions with tert-Butoxyl Radicals. The rates of 


reaction of tert-butoxyl radicals with various silanes were 
measured by using the technique described previou~ly,'~ 


(10) Cooper, J.; Hudson, A.; Jackson, R. A. J. Chem. SOC., Perkin 


(11) ONeal, H. E.; Pavlou, S.; Lubin, T.; Ring, M. A.; Batt, L. J. Phys. 


(12) Previtali, C. M.; Scaiano, J. C. J. Chem. Soc., Perkin Trans. 2 


(13) Scaiano, J. C. J. Am. Chem. SOC. 1980,102, 7747-7753. 
(14) Paul, H.; Small, R. D., Jr.; Scaiano, J. C. J.  Am. Chem. SOC. 1978, 


Trans. 2, 1973, 1933-1937. 


Chem. 1971, 75, 3945-3949. 


1975,934-938. 


100,4520-4527. 
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kinetic data for many of the important reactions of group 
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studies, the preferred method for generating the organo- 
metallic radical is hydrogen atom abstraction from an 
appropriate precursor in a very fast (essentially 
"instantaneous") photoinitiated process. The preferred 
hydrogen atom abstracting agents will be tert-butoxyl 
radicals or ketone triplets. Although the tert-butoxyll 
silane reaction has been very extensively used for silyl 
radical generation: only for triethylsilane has a rate con- 


~~ ~ ~~~ ~ 


(1) Issued as N.R.C.C. No. 19985. 
(2) N.R.C.C. Research Associate, 1979-1981. 
(3) For a concise general review, see: Sakurai, H. Free Radicals 1973, 


2, 741-808. 
(4) For a comprehensive review of kinetic data for hydrogen abstrac- 


tion from silanes in the gas phase, see: Arthur, N. L.; Bell, T. N. Reu. 
Chem. Intermed. 1978,2, 37-74. 


( 5 )  The gas phase data are restricted to abstractions by atoms and 
carbon-centered radicals' while the liquid-phase data are restricted to 
carbon-centered radicals.6 


(6) See, e.g.: Aloni, R.; Rajbenbach, L. A.; Horowitz, A. Int. J. Chem. 


(7) Chatgilialoglu, C.; Ingold, K. U.; Scaiano, J. C.; Woynar, H. J. Am. 
Chem. SOC. 1981,103, 3231-3232. 


(8) Chatgilialoglu, C.; Ingold, K. U.; Scaiano, J. C. J. Am. Chem. SOC., 
in press. 


(9) See, e.g. (a) Sakurai, H.; Hosomi, A., Kumada, M. Bull. Chem. SOC. 
Jpn. 1967,40,1551. (b) Hudson, A.; Jackson, R. A. J. Chem. SOC. D 1969, 
1323-1324. (c) Krusic, P. J.; Kochi, J. K. J. Am. Chem. SOC. 1969,91, 
3938-3940. (d) Frangopol, P. T.; Ingold, K. U. J. Organomet. Chem. 1970, 
25, C W 1 2 .  (e) Bowles, A. J.; Hudson, A.; Jackson, R. A. J. Chem. SOC. 


Kin. 1981, 13, 23-38. 


B 1971, 1947-1949. 


stant been measured (6 X lo6 M-I s-l at 300 K, as reported 
in our preliminary communication) .' For ketone triplets 
the literature contains one report indicating that the re- 
action does take place when ketone/organosilane systems 
are examined by EPR spectroscopy,1° plus a gas-phase 
study of the acetone/SiH4 system." In addition, a 
semiempirical calculation based on the bond energy bond 
order (BEBO) method predicted that the photoreduction 
of benzophenone triplets by trimethylsilane should occur 
with a rate constant of 3 X lo6 M-' s-l a t 298 K and an 
activation energy of 3.05 kcal/mol.12 


Experimental Section 
Materials. All the reagents and solvents used in this work 


were commercial materials which were purified by standard 
methods before use. 


Procedure. The experiments were carried out under oxy- 
gen-free conditions using the pulses (337.1 nm, -8 ns, up to 10 
mJ) from a Molectron UV 24 nitrogen laser for excitation. The 
experimental system has been interfaced with a PDP-ll/OBL 
computer that controls the experiment and provides suitable data 
gathering, storage, and hardcopy facilities. Complete details have 
been given e1~ewhere.l~ 


Results 
Reactions with tert-Butoxyl Radicals. The rates of 


reaction of tert-butoxyl radicals with various silanes were 
measured by using the technique described previou~ly,'~ 


(10) Cooper, J.; Hudson, A.; Jackson, R. A. J. Chem. SOC., Perkin 


(11) ONeal, H. E.; Pavlou, S.; Lubin, T.; Ring, M. A.; Batt, L. J. Phys. 


(12) Previtali, C. M.; Scaiano, J. C. J. Chem. Soc., Perkin Trans. 2 


(13) Scaiano, J. C. J. Am. Chem. SOC. 1980,102, 7747-7753. 
(14) Paul, H.; Small, R. D., Jr.; Scaiano, J. C. J.  Am. Chem. SOC. 1978, 


Trans. 2, 1973, 1933-1937. 


Chem. 1971, 75, 3945-3949. 


1975,934-938. 


100,4520-4527. 


0276-7333/82/2301-0466$01.25/0 0 1982 American Chemical Society 







Reactions of t-BuO. with Silanes Organometallics, Vol. 1, No. 3, 1982 467 


Table 11. Rate Constants for the Reaction o f  
tert-Butoxyl Radicals with Some Silanes and 


Other Compounds at 300 K 


Table I. Representative Kinetic Data for the Reaction 
of tert-Butoxyl and Benzophenone Triplets with 


’Ikiethylsilane a t  302 Ku 


reagent [ (CH,CH,),SiH] /M 


(CH,),CO. 0 
0.031 
0.093 
0.154 
0.242 
0.242 


(C,H,),CO* 0.032 
0.062 
0.124 
0.183 
0.242 


kexpu or k&’ 
1.30 X 10, 
1.50 X l o 6  
1.90 x 106 
2.18 X l o 6  
2.85 X l o 6  
2.68 X l o 6  
1.08 x l o 6  
1.59X l o 6  
2.06 X l o 6  
2.75X l o 6  


7.0 x 105 


For complete  details see Tables IV and V of the sup- 
plementary material. 


in which diphenylmethanol is used as a probe and the 
photolysis of di-tert-butyl peroxide as the tert-butoxyl 
source. 


Me3COOCMe3 2Me3C0. (1) 


Me3C0. + RR’R’’SiH - Me3COH + RR’R’’Si- (2) 


Me3C0. + Ph2CHOH 5 Me3COH + Ph2COH (3) 


In this technique, the kinetics of the formation of Ph2COH 
are monitored for a series of samples with a constant 
concentration of diphenylmethanol and variable concen- 
trations of substrate. The time profiles for the formation 
of Ph2COH (montored at  540 nm) lead to an experimental 
pseudo-first-order rate constant,14 kexptl, which is related 
to the elementary steps of interest according to eq 4, where 


keXpd = ko + ~ B [ P ~ ~ C H O H ]  + k,[substrate] (4) 


ko is the rate of tert-butoxyl decay in the solvent (con- 
trolled by hydrogen abstraction and /3 scission) and k, and 
kB the rate constants for the reactions of tert-butoxyl with 
the substrate and diphenylmethanol, respectively. Since 
the concentration of the latter is a constant, eq 4 reduces 
to eq 5. 


(5) 


The values of k, obtained in this way are absolute rate 
constants and measure the overall (or molecular) reactivity 
of the substrate, regardless of the site or mechanism of 
reaction. The solvent used in these experiments was a 1:2 
(v/v) mixture of benzene/di-tert-butyl peroxide. Table 
I shows representative values of k tl for triethylsilane from 
which the value of k,  at 300 K c&% obtained. The results 
are summarized in Table I1 together with data for a few 
representative substrates which had been measured pre- 
viously.1b16 


The measurements with C13SiH were particularly dif- 
ficult, and the reproducibility was significantly less than 
in other experiments. It seems likely that the problem was 
caused by hydrolysis by traces of water. The errors given 
are the result of the comparison of five independent series 
of experiments. Competitive experiments in which tert- 
butoxyl radicals generated from the corresponding hypo- 
nitrite were made to compete for a mixture of (C2H5)3SiH 
and C13SiH (monitored by NMR), confirmed the sub- 
stantially higher reactivity of the latter. No supplementary 


kexptl = ko’ + k,[substrate] 


(15) Malatesta, V.; Scaiano, J. C. J. Org. Chem., submitted for pub- 


(16) Scaiano, J. C. J. Am. Chem. Soc. 1980, 102, 5399-5400. 
lication. 


~ 


substrate k,/M” s-’ ref 


(CH,CH,).,SiH (5.7 t 0.6) X l o 6  this work 
n -C5Hl,S1H, (1.06 i: 0.08) X 10’ this work 
C,H,SiH, (7.5 t 1.3) x l o 6  this work 
C,H,Si(CH,),H (6.6 t 1.0) X l o 6  this work 
(CH,CH,O),SiH (2 .0 t 0.3) X lo6 this work 
(CH,CH,),Si (1.2 t 0.4) x l o 6  this work 
Cl,SiH (4.0 f 3.0) x l o 7  this work 


2.3 t i o S d  14 
14 C6H5C(CH,),H 8.7 t 


C1,CH (4.55 I 0.23) X l o 5  this work 
( ‘ZH5 1 2  3.9 x l o 6  15 
(n-C,H,),SnH 1.9 x l o 8  16 


C 6 H 5 C H 3  


(I Error limits represent 95% confidence level. Value 
derived from the complete kinetic study between 253 and 
345 K, not  just from the data at this temperature. C See 
text .  At 295 K. 


material is provided for this substrate. 
For triethylsilane the temperature dependence for re- 


action with tert-butoxyl was examined in 1:2 (v/v) benz- 
eneldi-tert-butyl peroxide. Between 253 and 345 K the 
results could be represented by 


log (k,/M-’ s-l)fi;WH = 
(8.69 f 0.46) - (2.64 f 0.62)/8 


where B = 2.3RT kcal/mol and the errors correspond to 
95% confidence limits. 


Reactions with Carbonyl Triplets. As is frequently 
the ca~e,~’-~O carbonyl triplets, particularly the benzo- 
phenone triplet, react in much the same manner and at  
a similar rate to tert-butoxyl radicals, e.g. 


Ph2CO* + RR’R’’SiH - Ph,COH + RR’R’’Si- (6) 


The silyl radicals generated in this reaction may add to 
the parent carbonyl compound,’JO e.g. 


RR’R’’Si. + Ph2C0 - RR’R’’SiOCPh2 (7) 


Reaction 7 and analogous processes will be the subject of 
a comprehensive kinetic study to be reported elsewhere. 
For the present purpose our aim was merely to minimize 
the interference of this reaction with the measurement of 
the kinetics of reaction 6. To achieve this, work was carried 
out at relatively low ketone concentrations and in solvents 
that could act as silyl radical scavengers such as benzenez1 
and carbon tetra~hloride.~ However, it should be added 
that the rate constants which were measured are for triplet 
quenching. That is, if in addition to hydrogen abstraction 
(reaction 6) any other mode of quenching were involved, 
then this other process would be included in the measured 
rate constant. In these experiments the T-T absorptions 
were monitored at or near one of the absorption maxima 
(525 nm for benzophenone,22 645 nm for xanthone,I3 486 
nm for b e n ~ i l , ~ ~  and 390 nm for p-methoxyaceto- 
p h e n ~ n e ~ ~ s ~ ~ ) .  The pseudo-first-order rate constants for 


(17) Padwa, A. Tetrahedron Lett. 1964, 3465-3469. 
(18) Walling, C.; Gibian, M. J. J. Am. Chem. SOC. 1966,87,3361-3364. 
(19) Wagner, P. J. Acc. Chem. Res. 1971, 4, 168-177. 
(20) Scaiano, J. C. J. Photochem. 1973/1974,2, 81-118. 
(21) Griller, D.; Marriot, P. R.; Nonhebel, D.; Perkins, M. J.; Wong, 


(22) Topp, M. R. Chem. Phys. Lett. 1975,32, 144-149. 
(23) Porter, G.; Windsor, M. W. R o c .  R. SOC. London, Ser. A 1958, 


(24) Selwyn, J. C.; Scaiano, J. C. Polymer 1980,21, 1365-1366. 


P. C. J. Am. Chem. SOC. 1981,103, 7761. 


A245, 238-258. 
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Figure 1. Quenching of benzophenone triplets by triethylsilane 
in benzene at 302 K, monitored at 525 nm. Insert: decay trace 
obtained at 540 nm (the residual optical density is proportional 
to the yield of ketyl radicals). 


Table 111. Rate Constants for the Quenching of Some 
Carbonyl Triplets by Some Organosilanes at 300 K 


ketone silane solvent h,/M-' s-* a 


benzophenone (CH,CH,),SiH C6H, (9.6 * 0.8) 


benzophenone n-C,H,,SiH, C6H6 (8.8 i 1.2)  
x l o 6  
x l o 6  


benzophenone C6H,SiH, C6H6 (5 .0 f 0.1) 
x 106 


benzophenone C1,SiH C6H6 (7.6 i 6.0) 
x 1 0 6 b  


xanthone (CH,CH,),SiH CC1, (6.0 f 1.0) 


benzil (CH,CH,),SiH C,Hl,C < l o s d  
p-methoxy- (CH,CH,),SiH C6H6 - 8 X l o 5  


a Error limits represent 95% confidence level. See 
text. Isooctane. No supplementary material. 


triplet decay, kd, were measured for several concentrations 
of the silane (see Table I), and the bimolecular rate con- 
stant, k,, was determined from a plot of kd vs. the silane 
concentration. Figure 1 illustrates a typical plot, the insert 
showing a trace of the evolution of the signal at 540 nm. 
Since the ketyl radical also has a strong absorption at  540 
nm, some signal remains following the triplet decay. 
Values of k, for several ketone/silane combinations are 
summarized in Table 111. As in the case of tert-butoxyl, 
reproducibility was a problem with C1,SiH. 


For the benzophenone/ triethylsilane system the tem- 
perature dependence of the triplet quenching rates in 
benzene were measured between 280 and 345 K and could 
be represented by 
log (k,/M-' s-l)f!!@PH = 


in excellent agreement with the results of the BEBO 
calculation12 (vide supra). For this reaction the yield of 
ketyl radicals was estimated from the residual absorption 
at 540 nm (see insert in Figure 1).26 That is, the ratio of 
optical densities after (ketylj and before (triplet) decay is 
proportional to the yield of ketyl radicals. The reaction 
of benzophenone triplets with triethylamine was used as 


x 107 


acetophenone 


(8.89 f 0.24) - (2.61 f 0.34)/8 


(25) Das, P. K.; Encinas, M. V.; Scaiano, J. C. J. Am. Chem. SOC. 1981, 


(26) Encinas, M. V.; Scaiano, J. C. J. Am. Chem. SOC. 1981, 103, 
103,4154-4162. 


6393-6397. 


A ,  nm 


Figure 2. Comparison of transient absorption spectra for.silicon- 
and carbon-centered radicals: C6H5SiH2 (A, 2a), C6H5CH2 (0, 
2a), (C2H5)3Si. (0,2b), C6H5Si(CH3)2 (m, 2b) and C6H5C(CH3)2 
(v, 2b), obtained at 300 K in di-tert-butyl peroxide/isooctane 
mixtures. The ratios of AOD are not a direct measure of the ratios 
of extinction coefficients for the corresponding transients because 
the samples were not matched and the sensitivity of the instru- 
ment varies on a day-to-day basis. 


an a ~ t i n o m e t e r . ~ ~  At 300 K we estimate that ca. 85% 
(which may not be significantly different from 100%) of 
the quenching events led to the formation of a ketyl rad- 
ica1.28 A similar study for C6H5SiH3 leads to a value of 
74% for the yield of ketyl radicals. 


Absorption Spectra of Some Silyl Radicals. The 
reaction of tert-butoxyl radicals with the various silanes 
provided an excellent source of silyl radicals for spectro- 
scopic study. Figure 2a shows the spectra recorded for 
C6H5SiH2 and C&CH2 (the last being in good agreement 
with the spectrum reported. in the literature)% and Figye 
2b the spectra for (C2H5)&, C6H5Si(CH3)2, and C6H5C- 


Decay of Triethylsilyl Radicals. While all the tri- 
ethylsilane experiments described above depend upon the 
detection of a species other than (C2H5),Si., this radical 
can be detected at sufficiently short wavelengths (see 
Figure 2). At  the concentrations necessary for detection 
of these weak signals, their decay in is&e/di-tert-butyl 
peroxide/triethylsilane (82:l) as solvent occurs with clean 


(CH3)2* 


second-order kinetics and with 2kt/emanm = 1.1 X lo7 cm-' 
s-' at 300 K.30 


(8) 2(C2H5)3Si- - products 
In order to convert this value to an absolute rate constant, 
the transient optical absorption due to (C2H5),Si- a t  308 
nm was compared with that due to Ph2COH at 540 nm, 
both radicals being generated by hydrogen abstraction 
from the parent molecules with tert-butoxyl radicals. 
Taking ea0 for Ph2COH to be 3220 M-' cm-l,,l e308 for 
(C,H,),Si. was estimated to be 1100 f 600 M-' cm-l. The 
value of 2kt is therefore -1.2 X 1 O ' O  M-' s-l under these 
conditions, which indicates that triethylsilyl radicals decay 
at  the diffusion-controlled limit, as do other sterically 


2kt 


(27) Inbar, S.; L k h i t z ,  H.; Cohen, S. G. J. Am. Chem. SOC. 1981,103, 
1048-1054. 
(28) Spectral examination following triplet decay confirmed that the 


residual absorption was indeed due to Ph,COH. 
(29) Habersbergerovi, A.; Janovs&, I.; Teply, J. Rad. Res. Reu. 1968, 


1, 109-181. 
(30) This reaction probably yields both combination and dispropor- 


tionation produds. See: Tokach, S. K.; Koob, R. D. J. Am. Chem. SOC. 
1980,102,376-377; J. Phys. Chem. 1980,84,1-5. Cornett, B. J.; Choo, 
K. Y.; Gaspar, P. P. J. Am. Chem. SOC. 1980,102,377-378. Gammie, L.; 
Safarik, I.; Strausz, 0. P.; Roberge, R.; Sandorfy, C. Ibid.  1980, 102, 
378-380. 


(31) Land, E. J. h o c .  R. SOC. London, Ser. A 1968, 305, 457-471. 
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be enhanced if the attacking radical were less reactive, but 
even the trichloromethyl radical is remarkably unselec- 
t i ~ e . ~ ,  


Although a neighboring phenyl group fails to activate 
an Si-H bond toward reaction with tert-butoxyl, such 
activation is achieved with three neighboring chlorine 
atoms. This result was somewhat surprising because C-H 
bonds are not activated substantially by chlorine substi- 
tution; for example, chloroform and tertiary alkyl C-H 
bonds show similar reactivity toward tert-butoxyl (i.e., 4.55 
X lo5 and 2.7 X lo5 M-ls-l , r e~pect ively) .~~ This result 
is consistent with EPR studies which indicate that the 
C13Si- radical is stabilized (with respect to C1&, at  least) 
by a bonding interaction between chlorine d orbitals and 
the semioccupied p orbital on the silicon, i.e., by (d-3p)~  
bonding.& Polar factors must also play a role since tri- 
chlorosilane is about 1 order of magnitude less reactive 
than are trialkylsilanes toward C13C- r a d i ~ a l s . ~ ~ ~ ~ ~ , ~ ~  It is 
also less reactive toward CF,. radicals but is more reactive 
toward CH,. radicals.47 


Although a phenyl group has little effect and three 
chlorine atoms are activating, three ethoxy groups strongly 
deactivate a neighboring Si-H bond. In fact, EPR ex- 
periments with (CH3CH20),SiH showed that tert-butoxyl 
attack occurred predominantly a t  the CH2 groups 
[(CH3CH20)2Si(H)OCHCH3, aH(lH) = 17.3 and aH(3H) 
= 23.0 GI, no silicon-centered radical being detectable in 
the temperature range 165-297 K.48 The low reactivity 
of this Si-H bond should probably be attributed to the 
electron-withdrawing effect of the three alkoxy substitu- 
ents, which is not offset by any appreciable stabilization 
due to interactions of the unpaired electron with the p-type 
lone pairs on the oxygen atoms. The k, value for diethyl 
ether (see Table 11) also implies that triethoxysilane owes 
its reactivity to ita ethoxy groups. 


In conclusion, we note that the abstraction of hydrogen 
from most silanes by tert-butoxyl radicals and by some 
ketone triplets will be just fast enough to make silyl radical 
formation a sufficiently "instantaneous" process at high 
silane concentrations that time resolved studies of their 
further (secondary) reactions by laser flash photolysis are 
viable. We will report on the reactions of trialkylsilyl 
radicals with carbonyl compounds and organohalides 
elsewhere. 


Registry No. (CH3CH2)3SiH, 617-86-7; n-C5H11SiH3, 10177-98-7; 
C6H5SiH3, 694-53-1; C6H5Si(CH3)2H, 766-77-8; (CH3CH20)3SiH, 
998-30-1; (CH3CH&Si, 631-36-7; C13SiH, 10025-78-2. C13CH, 67-66-3; 
(CH,),,CO., 3141-58-0; (CBH5)&0, 119-61-9; C6H5SiH2, 72975-30-5; 
C6H5CH2, 2154-56-5; (C2H5)3Si., 24669-77-0; C6H5Si(CH3),, 32512- 
19-9; C6H5C(CH3)2, 4794-07-4; xanthone, 90-47-1; benzil, 134-81-6; 
p-methoxyacetophenone, 100-06-1. 


Supplementary Material Available: Tables of absolute rate 
constants for reactions of tert-butoxyl radical and some ketone 
triplets with silanes (19 pages). Ordering information is given 
on any current masthead page. 


Discussion 
Comparison of the kinetic data for the tert-butoxyl 


radicals (Table 11) with that for the benzophenone n-r* 
triplet (Table 111) shows that these two species have a 
rather similar reactivity toward silanes-just as they do 
toward many other s~strates."-'~ As is frequently the 
case,13 xanthone was found to be more reactive than ben- 
zophenone, while benzil (due to its low triplet energy) and 
p-methoxyacetophenone (due to the T,P* character of its 
triplet) are considerably less reactive.34 


When trialkylsilanes and di-tert-butyl peroxide are 
photolyzed in the cavity of an EPR spectrometer, only 
trialkylsilyl radicals are It was therefore 
not surprising to find that tetraethylsilane was significantly 
less reactive toward tert-butoxyl than triethylsilane. In 
fact, we estimate from the k, values for these two silanes 
that about 80% of the attack occurs a t  the Si-H bond of 
triethylsilane. Similarly, for n-pentylsilane it seems 
probable that more than 80% of the reactivity is due to 
the SiH, group, the a-CH2 group accounting for ca. 0.4 X 
lo6 (i.e., 25% of the (CH3CH2)4Si k, value) and the rest 
of the hydrocarbon chain for less than 1.0 X lo6 M - ' d  
of the measured k, value.35 


It  is interesting to note that the reactivity of phenyl- 
silanes toward tert-butoxyl radicals and benzophenone 
triplets is similar to that of alkylsilanes (cf. C&SiH3 vs. 
n-C5H11SiH3). For comparison, in the case of the carbon 
analogues, the CH, group in toluene is about 9 times more 
reactive than one of the CH3 groups in 2,3-dimethyl- 
butane.% We believe that the major cause of the lack of 
difference in the reactivities of phenylsilanes and alkyl- 
silanes can be attributed to ineffective ~ tab i l iza t ion~~ of 
silicon-centered radicals by neighboring phenyl groups. In 
this connection, we note that the strong and well-resolved 
band observed for benzyl a t  317 nm is shifted toward 
higher energies, viz., 297 nm for C6H5SiH2 (see Figure 2a) 
and 306 nm for C&,Si(CH3)2 vs. 312 nm for C6H5C(CH3)2. 
Moreover, this band is not as sharp or strong as that found 
for benzyl and related radicals. Furthermore, EPR spec- 
troscopic studies of triarylsilyl radicals have shown that 
while there is some delocalization of spin into the aromatic 
 ring^,^-^ the extent of delocalization is less than for the 
corresponding triarylmethyl No doubt re- 
activity differences between alkyl and arylsilanes would 


(32) Watts, G. B.; Ingold, K. U. J. Am. Chem. SOC. 1972,94,491-494. 
See also: Gaspar, P. P.; Haizlip, A. D.; Choo, K. Y. Ibid. 1972, 94, 
9032-9037. 


(33) Griller. D.: Ineold. K. U. Acc. Chem. Res. 1976.9. 13-19. 
(34) Wagner, P. J.rKemppainen, A. E.; Schott, H. N. J. Am. Chem. 


(35) Small, R. D., Jr.; Scaiano, J. C.; Patterson, L. K. Photochem. 
SOC. 1973, 95, 5604-5614. 


Photobiol. 1979, 29, 49-51. 
(36) Walline. C.: Mintz. M. J. J. Am. Chem. SOC. 1967.89.1515-1519. 
(37) As judged by comparison of the ?Si hyperfine splittings relative 


(38) Geoffroy, M.; Lucken, E. A. C. Helu. Chim. Acta 1970, 53, 


(39) Gynane, M. J. S.; Lappert, M. F.; Riley, P. I.; Riviere, P.; Rivi- 
er-Baudet, M. J. Organomet. Chem. 1980,202, 5-12. 


(40) Sakurai, H.; Umino, H.; Sugiyama, H. J. Am. Chem. SOC. 1980, 
102, 6837-6840. 


(41) As judged by comparison of the ring proton h erfine splittings 
with those of the corresponding triarylmethyl radicaLPme spin density 
on the central atom of ArsM radicals (Ar = 3,5-di-tert-butylphenyl) have 
been estimated to be 0.50 (M = C) and 0.78 (M = Si)." 


(42) A similar conclusion was reached in an article published as the 
present paper was being considered for publication: Walsh, R. Acc. 
Chem. Res. 1981, 14, 246-252. 


to those of trialkybilyl r a d i ~ a l s . ~ * ~ ~  


813-818. 


(43) For example,M relative rates for attack by C13C. in refluxing CCll 
for Me(C6H11)2SiH, PhMe2SiH, Ph2MeSiH, PhsSiH, and C1,SiH are 
1.200.83:1.00:1.47:0.11, respectively. 


(44) Sommer, L. H.; Ulland, L. A. J. Am. Chem. SOC. 1972, 94, 


(45) See footnote 25 of ref 7. 
(46) Lloyd, R. V.; Rogers, M. T. J. Am. Chem. SOC. 1973, 95, 


(47) Baruch, G.; Horowitz, A. J. Phys. Chem. 1980, 84, 2535-2539. 
(48) It has previously been shown by EPR spectroscopy that in the 


reaction of terpbutoxyl radicals with (CH3CH20),CH the 
(CH3CH20)2CHOCHCH3 and (CHf!H,O),C* radicals are formed at ap- 
proximately equal rates at  213 K.' 


(49) Malatesta, V.; Ingold, K. U. J. Am. Chem. SOC. 1981,103,609-614. 


3803-3806. 


2459-2464. 
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cy-Lithio derivatives of furan, thiophene, benzo[b] thiophene, pyridine, N-tosylpyrrole, and N-tosylindole 
as well a 44ithiodibenzothiophene react readily with tellurium in THF. Representative conversions of 
the resulting heterocyclic lithium tellurolates to ditellurides, alkyl tellurides, and telluroacetals are described. 


Elemental tellurium has long been known to insert into 
the carbon-metal bonds of metal acetylides,'-' Grignard 
reagents,&13 and various organolithium 
The two latter classes of compounds have been used ex- 
tensively for the preparation of aromatic ditellurides by 
hydrolysis and air oxidation according to eq 1. 


P 
/ Ar2Te2 


A r M g B r  + Te - ArTeMgBr 


ArLi  + Te - ArTeLi 


In the Grignard reactions the presence of limited 
amounts of oxygen during the reaction with elemental 
tellurium seems to be essential. The formation of di- 
tellurides during the course of the reaction, however, re- 
sults in secondary reactions. Early studies using ethyl 
ether as solventlo gave mixtures of ditellurides and tellu- 
rides, a complication later eliminated by the use of THF 
as solvent.12 Although convenient for some special cases, 
the Grignard reaction shows a poor generality and the 
reaction mechanism is not well understood.12 


The organolithium compounds used for reactions with 
elemental tellurium have been synthesized from aromatic 
halides either by direct halogen-metal exchange or by 


(1) Brandsma, L.; Wijers, H.; Arena, J. F. Red.  Trau. Chim. Pays-Bas. 


(2) Petrov, A. A.; Radchenko, S. I.; Mingaleva, K. S.; Savich, I. G. Zh. 
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(5) Boiko, Yu. A.; Kupin, B. S.; Petrov, A. A. Zh. O g .  Khim. 1969,5, 


1962,81, 583. 


Obshch. Khim. 1964,34, 1899. 


1355. 


1553. 
(6) Radchenko, S. I.; Ivanova, E. A. Zh. Org. Khim. 1973, 9, 1601. 
(7) Radchenko, S. I.; Petrov, A. A. Zh. Org. Khim. 1975, 11, 1988. 
(8) Giua, M.; Cherchi, F. C a n .  Chim. Ital. 1920,50, 362. 
(9) Bowden, K.; Braude, E. A. J. Chem. SOC. 1952, 1068. 
(10) Petragnani, N.; de Moura Campos, M. Chem. Ber. 1963,96,249. 
(11) Pourcelot, G. C. R. Hebd Seances Acad. Sci. 1965, 260, 2847. 
(12) Haller, W. S.; Irgolic, K. J. J. Organomet. Chem. 1972, 38, 97. 
(13) Kohne, B.; Lohner, W.; Praefcke, K. J. Organomet. Chem. 1979, 


(14) Piette, J. L.; Renson, M. Bull. SOC. Chim. Belg. 1970, 79, 353. 
(15) Piette, J. L.; Renson, M. Bull. Soc. Chim. Belg. 1970, 79, 367. 
(16) Piette, J. L.; Renson, M. Bull. SOC. Chim. Belg. 1971, 80, 669. 
(17) Piette, J. L.; Lysy, R.; Renson, M. Bull. SOC. Chim. Fr. 1972,3559. 
(18) Dereu, N.; Piette, J. L.; Van Coppenolle, J.; Renson, M. J. Het- 
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exchange via n-butyllithium. Aromatic ditellurides are 
easily accessible by the former route via oxidative wor- 
kup14J8 (eq 2). The latter reaction, however, produces 


TO n+/n2o 
A r L i  + L i X  - ArTeLi - Ar2Te2 


02 7 
A r - X  (2 )  


KuL' A r L i  + B u B r  Tc Ar-Te-Bu + LiBr 


X =  Br, I 


n-butyl aryl tellurides as the main products due to the 
rapid alkylation of the nucleophilic lithium arene- 
tellurolates by the exchange product n-butyl b r ~ m i d e ' ~ ? ' ~  


The exchange reaction with n-butyllithium has, never- 
theless, been used for the synthesis of 1,2-ditelIuraace- 
naphthene (1) and related compounds from 1,8-dibromo- 
naphthalene, although the yields of the desired products 
are l 0 ~ . ~ ~ 1 ~ ~  


(eq 2). 


Te -Te 
1 1  


1 


Heteroatom-facilitated lithiations constitute a well- 
recognized avenue for the synthesis of a variety of organ- 
olithium compounds. This subject has recently been ex- 
tensively and the last 10 years have seen in- 
tensive explorations into this area, especially concerning 
new functional groups that promote metalation. This 
approach seemed especially promising for the syntheses 
of heteroaromatic ditellurides and related compounds, 
since the lithiation step using n-butyllithium produces the 
inert butane as the only byproduct (eq 3). 


BuLi Te H+/H,O 
Ar-H - + BuH - ArTeLi - ArzTez 


0 2  
(3) 


Ar = heteroaromatic 
The lithiation of tellurophene (2) with n-butyllithium 


0 & T e - T e q  @Tea 
Te Te 


2 3 4 


in diethyl ether, followed by reaction with elemental tel- 
lurium, is, to the best of our knowledge, the only example 
in the literature using this methodology for the synthesis 
of a heterocyclic organotellurium compound. After oxi- 


(25) Gschwend, H. W.; Rodriguez, H. R. Org. React. 1979, 26, 1. 
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Reactions of Some Heterocyclic Lithium Tellurolates 


dative workup, the monotelluride (4) was isolated in low 
yield rather than the expected ditelluride (3).% 


In this paper we report the reaction of elemental tellu- 
rium with a variety of heterocyclic organolithium com- 
pounds generated via heteroatom-facilitated lithiations and 
some reactions of the resulting lithium tellurolates. All 
of our reactions were carried out in T H F  rather than di- 
ethyl ether, since this solvent has been recommended in 
the reaction of tellurium with some benzenoid organo- 
metallic 


Results and Discussion 
2-Lithiothiophene and 2-lithiofuran are easily obtained 


by treatment of thiophene and furan, respectively, with 
n-butyllithium in THF. When finely ground elemental 
tellurium was added to these solutions under N2, the metal 
was completely consumed at  ruom temperature within 30 
min to give yellowish solutions of the corresponding lith- 
ium arenetellurolates. By contrast, the analogous reaction 
of tellurium with phenyllithium in THF was reported" to 
require 2 h of stirring followed by 1 h of reflux without 
going to completion. 


The resulting heterocyclic lithium tellurolates are ex- 
tremely &-sensitive and are easily converted to the cor- 
responding ditellurides when submitted to aqueous oxi- 
dative workup. Di-Bthienyl ditelluride (5) and did-fury1 


5 6 


ditelluride (6) were synthesized and isolated in this way 
in 74% and 60% yields, respectively. The latter compound 
has to our knowledge not been reported in the literature, 
while the former one was synthesized in an unspecified 
yield only by a lengthy procedure from 2-thienylmercuric 
chloride.n 


Pyrrole and indole can be regiospecifically lithiated in 
the 2-position when bearing a suitable nitrogen protecting 
group. In this respect, the benzenesulfonyl group has 
proven to be very useful, allowing lithiation with tert-bu- 
tyllithium in THF at  temperatures slightly below 0 0C.28@ 
When finely ground elemental tellurium was introduced 
into solutions of 2-lithio-N-tosylpyrrole or 2-lithio-N-b- 
sylindole, it was completely consumed within 1 hour, 
producing orange-yellow solutions of the corresponding 
lithium tellurolates. Oxidative aqueous workup afforded 
the new crystalline ditellurides 7 and 8 in 63% and 37% 
yields, respectively. Rapid oxidations using aqueous po- 
tassium ferricyanide gave cleaner reactions with higher 
isolated yields of the desired products as compared to the 
slower air oxidations. 


N-Lithioindole, generated from indole and 1 equiv of 
n-butyllithium, did not react with elemental tellurium 
under the usual reaction conditions. 


nButyIlithium cannot be used to lithiate pyridine in the 
2-position since ring alkylation occurs rather than proton 
abstraction even at  low temperatures. 2-Lithiopyridine 
could, however, be generated by treatment of 2-bromo- 
pyridine in THF with tett-butyllithium a t  -78 "C. Ad- 
dition of elemental tellurium to this solution, followed by 
aqueous potassium ferricyanide workup, afforded di-2- 


(26) Fringuelli, F.; Gronowitz, S.; Hhmfeldt, A,-B.; Johmon, L.; Tat- 


(27) Chia, L. Y.; McWhinnie, W. R. J. Organomet. Chem. 1978,148, 
icchi, A. Acta Chem. Scad. Ser. B, 1976, B30,605. 
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I o=s=o 
I o=s=o 


I o=s=o o=-s=o 
I I 


8 


pyridyl ditelluride (9) in 56% yield as a red viscous oil. 


Q D  Te-Te 


9 


Lithium or sodium arenetellurolates are very nucleo- 
philic species, which are easily alkylated" or acylatedm by 
alkyl halides and acyl halides, respectively. 
As a heterocyclic example of the latter reaction, di- 


benzothiophene was lithiated, the lithio reagent was re- 
acted with elemental tellurium, and the resulting telluro- 
late was alkylated with methyl iodide. The oily methyl- 
telluro compound was characterized by reaction with 
S02C12 to give the solid white dichloride 10, obtained in 
74% overall yield. 


1 
C I -Te-C I 


I 
C H 3  


10 


The lithium tellurolate obtained from benzo[b]- 
thiophene, butyllithium, and finely ground elemental 
tellurium also could be alkylated by addition of 1 equiv 
of methyl iodide to give 2-methyltellurobenzo[b]thiophene 
( l l ) ,  in 82% yield. The compound is a low melting but 
highly crystalline solid. 


m T e - M e  


11 
Seebachm studied the alkylation of lithium benzene- 


tellurolate with diiodomethane as a synthesis of bis(phe- 
nyltel1uro)methane (12), a telluroacetal of formaldehyde. 


Ph-Te-CH2-Te-Ph 
12 


However, the yield in this process was very low (6%) as 
compared with the earlier telluroacetal synthesis involving 


(28) Hasan, J.; Marinelli, E. R.; Lin, L.-C. C.; Fowler, F. W.; Levy, A. 
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the addition of diazomethane to a diary1 d i t e l l ~ r i d e . ~ ~  
We have now found that several representative hetero- 


cyclic lithium tellurolates react with dichloromethane in 
THF to give good yields of telluroacetals. Compounds 13a 
and 13b were thus obtained in 68% and 67% yields, re- 


Ar-Te-CH2-Te-Ar Ar-Te-CH2-C1 
13a, Ar = benzo[b thien-2-yl 
13b, Ar = N-tosy~-2-indolyl 


14 


spectively, starting from benzo[ b] thiophene and N-tosyl- 
indole. In both cases, a large excess of dichloromethane 
was rapidly syringed into a solution of the lithium tellu- 
rolate a t  ,room temperature. The reaction mechanism 
seems to involve two consecutive nucleophilic substitutions, 
the former slow and rate-determining and the latter fast, 
since the intermediate chloromethyl tellurides (14) could 
never be isolated. 


Experimental Section 
Melting point9 were determined on a Thomas-Hoover apparatus 


and are uncorrected. Mass spectra were recorded by using a 
Hitachi Perkin-Elmer RHM-2 machine and a Perkin-Elmer 270B 
instrument. All tellurium containing mass peaks are reported 
for ' q e .  NMR spectra were obtained by using a Bruker WM 
250 instrument. They were recorded in CDCl, solutions containing 
MelSi as internal standard and are reported in 6 units. Infrared 
spectra were recorded with a Perkin-Elmer 137 instrument. 


All preparations of lithium arenetellurolates were performed 
under nitrogen in a three-necked 250-mL flask fitted with a 
septum, a glass stopper, and a reflux condenser connected to a 
nitrogen tank via a Firestone valve. Commercial solutions of 
n-butyllithium and tert-butyllithium were syringed into solutions 
of the appropriate heteroaromatic compound to freshly distilled 
THF (sodium/benzophenone). Elemental tellurium was finely 
ground in a mortar.and added rapidly to the reaction flask. A 
brisk stream of nitrogen was passed through the open system 
during the addition to prevent any introduction of air. 


N-Tosylindole" and N-tosylpyrroleS were synthesized ac- 
cording to literature methods. 


Di-2-thienyl Ditelluride (5). n-Butyllithium (11.0 mL, 2.2 
M, 24.2 mmol) was added to an ice-cooled stirred solution of 
thiophene (2.0 g, 23.8 mmol) in dry THF (50 mL). After 10 min 
at 0 "C and 50 min at room temperature, elemental tellurium (2.9 
g, 22.7 mmol) was rapidly added. All tellurium had completely 
dissolved after 30 min when the yellowish solution was poured 
into a beaker containing water (300 mL). 


Dichloromethane (200 mL) was then added and air passed 
through the two-phase system for 1 h. To effect complete oxi- 
dation, we left the beaker overnight in the open air. The organic 
phase was separated and the aqueous phase extracted several 
times with dichloromethane. The combined organic extracts were 
dried (CaClJ and evaporated to give a red solid. Recrystallization 
from ethanol afforded 3.54 g (74%) of di-2-thienyl ditelluride (5): 
mp 84-90 "C (lit.n 88 "C); MS, m/e (relative intensity) 426 (21), 
296 (14), 213 (a), 166 (100); NMR 6 6.93-6.97 (m, 1 H), 7.39-7.41 
(m, 1 H), 7.45-7.47 (m, 1 H). 


Di-%-fury1 Ditelluride (6). This compound was prepared 
analogously to the preparation of di-2-thienyl ditelluride from 
n-butyllithium (25 mL, 1.85 M, 46.2 mmol), furan (3.0 g, 44.2 
mmol), and elemental tellurium (5.7 g, 44.6 mmol) in dry THF 
(100 mL). Recryakdlhtion of the red crude material from ethanol 
afforded 5.2 g (60%) of di-2-fury1 ditelluride (6): mp 81-83 "C; 
MS, m/e (relative intensity) 394 (2), 264 (7), 260 (lo), 134 (100); 
NMR S 6.37-6.39 (m, 1 H), 6.80-6.82 (m, 1 H), 7.56-7.57 (m, 1 
H). Anal. Calcd for C8H602Te2: C, 24.68; H, 1.55. Found: C, 
24.45; H, 1.62. 


Bis(N-tosyl-2-pyrryl) Ditelluride (7). tert-Butyllithium (4.3 
mL, 2.0 M, 8.6 mmol) was added at -23 "C to a stirred solution 
of N-tosylpyrrole (1.9 g, 8.6 mmol) in dry THF (50 mL). After 
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15 min elemental tellurium (1.0 g, 7.8 mmol) was added and the 
cooling bath removed. All tellurium was consumed after 1 h at 
room temperature when the yellowish red solution was poured 
into water (200 mL) containing K3Fe(CN)6 (2.7 g, 8.2 mmol) and 
the mixture extracted several times with dichloromethane. Drying 
(CaClJ and evaporation of the organic phase afforded a semisolid 
that was recrystallized twice from acetonitrile to give 1.72 g (63%) 
bis(N-toayl-2-pyrryl) ditelluride (7). The compound crystallized 
in a yellow microcrystalline form, mp 149-150 "C, from concen- 
trated solutions and in a red, highly crystalline form, from more 
dilute solutions: mp 160-162 "C; MS, m/e (relative intensity) 
(M - Te)+ 570 (29), 260 (29), 155 (64), 91 (100); NMR 6 2.42 (s, 
3 H), 6.21-6.24 (m, 1 H), 6.51-6.53 (m, 1 H), 7.28 (d, 2 H), 7.44-7.46 
(m, 1 H), 7.77 (d, 2 H). Anal. Calcd for C22H20N204S2Te2: C, 
37.98; H, 2.90. Found C, 37.72; H, 3.04. 


Bis(N-tosyl-2-indolyl) Ditelluride (8). This compound was 
prepared analogously to the preparation of bis(N-tosyl-2-pyrryl) 
ditelluride from tert-butyllithium (4.6 mL, 2.0 M, 9.2 mmol), 
N-tosylindole (2.5 g, 9.2 mmol), and elemental tellurium (1.15 g, 
9.0 mmol) in dry THF (50 mL). The yellowish red THF solution 
was poured into water (200 mL) containing K3Fe(CN)6 (3.0 g, 9.1 
mmol). Extractions with dichloromethane, drying (CaC12), and 
evaporation afforded a semisolid that was crystallized from 
acetonitrile to give 1.34 g (37%) of bis(N-tosyl-2-indoly1) ditelluride 
as a yellow microcrystalline powder: mp 197-199 OC; MS, m/e 
(relative intensity) 800 (l), 670 (9), 231 (loo), 91 (78); NMR 6 2.35 
(s, 3 H), 7.06 (s, 1 H), 7.14-7.20 (several peaks, 2 H), 7.23 (d, 2 
H), 7.27-7.29 (m, 1 H), 7.85 (d, 2 H), 8.00-8.03 (m, 1 H); IR (KBr) 
1165, 1355 cm-' (S02-N stretching). Anal. Calcd for 
CfiuN2O4S2Te2: C, 45.28; H, 3.04; N, 3.52; S, 8.06; Te, 32.06. 
Found: C, 45.36; H, 3.10; N, 3.48; S, 8.26; Te, 31.84. 


Di-2-pyridyl Ditelluride (9). tert-Butyllithium (6.4 mL, 2.0 
M, 12.8 mmol) was added at -78 "C to a stirred solution of 
2-bromopyridine (2.0 g, 12.7 mmol). After 1 h elemental tellurium 
(1.55 g, 12.1 m o l )  was added and the cooling bath removed. Most 
of the tellurium was consumed after 1 h at room temperature when 
the reaction mixture was poured into water (300 mL) containing 
KJ?e(CN), (4.0 g, 12.2 "01). Extraction with dichloromethane, 
drying (CaC12), and evaporation afforded a red oil that was 
submitted to chromatographic purification (SiOz, CH2Cl, con- 
taining 5% MeOH). Di-2-pyridyl ditelluride (9), 1.39 g (56%), 
was obtained as a viscous red oil that solidified after several 
months of refrigeration: mp 50-51 OC (lit.34 50-51.5 "C); MS, m/e 
(relative intensity) 416 (7), 286 (22), 156 (100); NMR 6 7.00-7.05 
(m, 1 H), 7.35-7.42 (m, 1 H), 8.02-8.06 (m, 1 H), 8.44-8.47 (m, 
1 H). Anal. Calcd for CloH8N2Te2: C, 29.20; H, 1.96. Found: 
C, 29.26; H, 2.05. 


4-Met hy ltsllurodibenzothiophene Te , Te -Dic hloride ( 10). 
nButyllithium (8.5 mL, 1.60 M, 13.6 mmol) was added at room 
temperature to a stirred solution of dibenzothiophene (2.5 g, 13.6 
mmol) in THF (50 mL). After 2 h elemental tellurium (1.7 g, 13.3 
"01) was added and the stirring continued for another 3 h when 
almost all tellurium was consumed. Addition of methyl iodide 
(1.95 g, 13.7 mmol) in THF (5 mL) caused a color change from 
reddish brown to pale yellow. The reaction mixture was poured 
into water (200 mL) and extracted with ethyl ether. Drying 
(CaClZ) and evaporation gave a yellow oil that was dissolved in 
a mixture of CCl, (40 mL) and hexane (10 mL). Addition of excess 
sulfuryl chloride, S02C12, caused precipitation of 4-methyl- 
tellwodibemthiophene Te,Te-dichloride (10): yield 3.91 g (74%); 
mp 209-211 "C (CHC13/hexane); MS, m/e (relative intensity) (M 
- 2 C1) 328 (66), 313 (62), 183 (68), 139 (100); NMR 6 3.58 (9, 3 
H), 7.50-7.58 (several peaks, 2 H), 7.65-7.71 (t, 1 H), 7.89-7.92 
(m, 1 H), 8.02-8.05 (d, 1 H), 8.17-8.21 (m, 1 H), 8.31-8.35 (d, 1 
H). Anal. Calcd for C13HloC1,STe: C, 39.35; H, 2.54. Found: 
C, 39.07; H, 2.65. 
2-Methyltellurobenzo[b]thiophene (11). n-Butyllithium 


(6.5 mL, 2.3 M, 15 mmol) was added at room temperature to a 
stirred solution of benzo[b]thiophene (2.1 g, 15.7 mmol) in THF 
(50 mL). After 1 h elemental tellurium (1.9 g, 14.9 mmol) was 
added, and the stirring continued until all tellurium was consumed 
(1 h). Addition of methyl iodide (2.2 g, 15.0 mmol) in THF (7 
mL) caused a color change from orange-red to pale yellow. The 
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reaction mixture was then poured into water (200 mL) and ex- 
tracted with ethyl ether. Drying (CaC12) and evaporation yielded 
an oil that solidified upon standing. Recrystallization from hexane 
gave 3.37 g (82%) of 2-methyltellurobenzo[b]thiophene (11): mp 
39 'C; MS, mle (relative intensity) 278 (EM), 263 (loo), 133 (72); 
NMR 6 2.26 (s,3 H), 7.24-7.32 (several peaks, 2 H), 7.56 (8, 1 H), 
7.71-7.83 (several peaks, 2 H). AnaL Calcd for C&&Te: C, 39.19; 
H, 2.92. Found C, 39.30; H, 3.02. 


Bis(benzo[ blthien-2-ylte1luro)methane (13a). A solution 
of lithium 2-benzo[b]thiophenetellurolate was prepared in THF 
as described above for the preparation of 2-methyltellurobenzo- 
[blthiophene (11). Dry dichloromethane (40 mL) was added to 
this solution and stirring continued overnight at room tempera- 
ture. The reaction mixture was then poured into water (200 mL) 
and extracted with more dichloromethane. Drying (CaCl,) and 
evaporation afforded a solid that was recrystallized from CH&N 
to give 2.70 g (68%) of bis(benzo[b]thien-2-y1telluro)methane 
(13a): mp 125-127 'C; MS, m / e  (relative intensity) 540 (2), 266 
(18), 263 (8), 148 (18), 147 (loo), 133 (24); NMR S 3.93 (8, 1 H), 
7.28-7.36 (several peaks, 2 H), 7.59 (8 ,  1 H), 7.72-7.83 (several 
peaks, 2 H). Anal. Calcd for C1,H12S2Te2: C, 38.12; H, 2.26. 
Found: C, 38.12; H, 2.44. 
Bis((N-tosyl-2-indoly1)telluro)methane (13b). A solution 


of lithium N-tosyl-2-indoletellurolate was prepared in THF as 
described above for the synthesis of bis(N-tosyl-2-indolyl) di- 


telluride (8). Dry dichloromethane (20 mL) was added to this 
solution and stirring continued overnight at room temperature. 
The reaction mixture was then poured into water (200 mL) and 
the solution extracted with more dichloromethane. Drying (CaC12) 
and evaporation afforded a semisolid that was submitted to 
chromatographic purification @ioz, CH2Clz/hexane (2:3)). The 
yield of bis((N-tosyl-2-indoly1)telluro)methane (13b) was 2.43 g 
(67%): mp 182-183 "C (etherlhexane); NMR 6 2.33 (s,3 H), 3.91 
(8,  1 H), 6.68 (s, 1 H), 7.16-7.23 (several peaks, 4 H), 7.34-7.38 
(m, 1 H), 7.84 (d, 2 H), 8.02-8.06 (m, 1 H). Anal. Calcd for 
C31HzsNz04S2Tez: C, 45.97; H, 3.24. Found: C, 45.85; H, 3.28. 
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The structures of (p-RS)(p-RHgS)Fez(CO)s with R = CH3 and C2H6 have been determined by X-ray 
diffraction. Crystals of both compounds are triclinic, belon ing to space grou P1, and the cell constants 
are as follows: for R = CH3, a = 7.841 (4) A, b = 7.819 (3) f ,  c = 13.197 (4) a = 100.70 (3)', p = 74.59 
(3)', y 
79.94 (4) , y = 107.51 (4)'. The molecular structures consist of a dimeric unit, [Fe(C0)3]2, with short Fe-Fe 
distances of 2.512 (5) and 2.508 (4) A, respectively, for R = CH3 and CZHk In addition, the Fe atoms are 
bridged by the two sulfur atoms of the alkylthio and alkylmercurithio groups. The angles between the 
three bonds, two Fe-S and one S-C or S-Hg, around the S atoms have the following average values for 
the complex with R = CHd FeSFe = 67.4 (2)'; FeSC = 115 (1)'; FeSHg = 110 (1)'. For the complex 
with R = CzH6 these angles are 66.9 (81, 116 (11, and 110 (l)', respectively. Thus the four atoms FezSC 
or FezSHg are not coplanar, and in both compounds the S-C and S-Hg bonds of a molecule bend toward 
the same direction with respect to the Fe-S-Fe skeleton. This configuration is in agreement with that 
of (cc-C~HSS)ZF~~(CO)G. 


107.13 (3)'; R = CzH6, a = 8.041 (5) A, b = 8.463 (4) A, c = 13.346 (6) A, a = 101.35 (3)', 6 


Introduct ion Scheme I 
The complexes &-RS) (p-RHgS)Fe2(CO)6 were obtained 2LiBEt3H/THF RHgCi 


by the reactions shown in Scheme I.2 The formation of 


and involved an unusual ethyl group transfer from boron 


3-1 ~ ~ ~ - R S ) ( r - R H g S i F e ~ ( C O )  the complex with R = CH3 was straightforward, but the (r-S2)Fe2(C0)6 RHgCl / 
isolation of the compound with R = C2H6 was unexpected -78 o c  IR=CH31 


~~ 


to sulfur. Although the structures could with confidence 
be assigned on the basis of their IR, NMR, and mass 
spectra, their stereoconfigurations also were of interest, 
in Particular, the relative positions of the RS and RHgS 
groups in the molecules. This paper reports the crystal- 


(1) (a) University of Waterloo. (b) Massachwtta Institute of Tech- 
nology. (c) Vieiting scholar at M.I.T., on leave from the Department of 
Chemistry, Nankai University, Tian-Jin, P.R.C. 


(2) D. Seyferth, L.-C. Song, and R. s. Hendemon, J. A,,,. them. sot., 
103, 6103 (1981). 
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reaction mixture was then poured into water (200 mL) and ex- 
tracted with ethyl ether. Drying (CaC12) and evaporation yielded 
an oil that solidified upon standing. Recrystallization from hexane 
gave 3.37 g (82%) of 2-methyltellurobenzo[b]thiophene (11): mp 
39 'C; MS, mle (relative intensity) 278 (EM), 263 (loo), 133 (72); 
NMR 6 2.26 (s,3 H), 7.24-7.32 (several peaks, 2 H), 7.56 (8, 1 H), 
7.71-7.83 (several peaks, 2 H). AnaL Calcd for C&&Te: C, 39.19; 
H, 2.92. Found C, 39.30; H, 3.02. 


Bis(benzo[ blthien-2-ylte1luro)methane (13a). A solution 
of lithium 2-benzo[b]thiophenetellurolate was prepared in THF 
as described above for the preparation of 2-methyltellurobenzo- 
[blthiophene (11). Dry dichloromethane (40 mL) was added to 
this solution and stirring continued overnight at room tempera- 
ture. The reaction mixture was then poured into water (200 mL) 
and extracted with more dichloromethane. Drying (CaCl,) and 
evaporation afforded a solid that was recrystallized from CH&N 
to give 2.70 g (68%) of bis(benzo[b]thien-2-y1telluro)methane 
(13a): mp 125-127 'C; MS, m / e  (relative intensity) 540 (2), 266 
(18), 263 (8), 148 (18), 147 (loo), 133 (24); NMR S 3.93 (8, 1 H), 
7.28-7.36 (several peaks, 2 H), 7.59 (8 ,  1 H), 7.72-7.83 (several 
peaks, 2 H). Anal. Calcd for C1,H12S2Te2: C, 38.12; H, 2.26. 
Found: C, 38.12; H, 2.44. 
Bis((N-tosyl-2-indoly1)telluro)methane (13b). A solution 


of lithium N-tosyl-2-indoletellurolate was prepared in THF as 
described above for the synthesis of bis(N-tosyl-2-indolyl) di- 


telluride (8). Dry dichloromethane (20 mL) was added to this 
solution and stirring continued overnight at room temperature. 
The reaction mixture was then poured into water (200 mL) and 
the solution extracted with more dichloromethane. Drying (CaC12) 
and evaporation afforded a semisolid that was submitted to 
chromatographic purification @ioz, CH2Clz/hexane (2:3)). The 
yield of bis((N-tosyl-2-indoly1)telluro)methane (13b) was 2.43 g 
(67%): mp 182-183 "C (etherlhexane); NMR 6 2.33 (s,3 H), 3.91 
(8,  1 H), 6.68 (s, 1 H), 7.16-7.23 (several peaks, 4 H), 7.34-7.38 
(m, 1 H), 7.84 (d, 2 H), 8.02-8.06 (m, 1 H). Anal. Calcd for 
C31HzsNz04S2Tez: C, 45.97; H, 3.24. Found: C, 45.85; H, 3.28. 
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Chieh, Seyferth, and Song 


b 


‘3 
Figure 1. Stereopairs of (r-RS)(r-RHgS)Fe,(CO),: (a) R = CH,; (b) R = C2H6. Spheres for 0 and C are drawn with arbitrary fixed 
isotropic temperature factors of 4.0 and 3.0, respectively. 


Table I. Crystal Data for (fi-RS)(p-RHgS)(Fe(CO),), 
R 


CH, C,H. 


crystal type 
a,  A 
b,  a 
c, a 
a ,  deg 
0, deg 
Y, deg 
u ,  a3 
space group 
D( measd) 
z 
D(ca1cd) 


@-(Mo Ka), cm-’ 
color 
2s (max), deg 
no. of ref Ins 
R 


mp, “C 


triclinic 
7.841 (4 )  8.041 (5)  
7.819 (3 )  8.463 (4)  
13.197 (4 )  13.346 (6)  
100.70 (3)  100.35 (3 )  


107.12 (3 )  107.51 (4 )  
740.4 (5)  842.7 (8) 


2.54 2.40 
2 2 
2.575 2.373 
140 (sublimate) 112-113 
128 112 


40 40 
1397 1574 
0.084 0.081 


74.59 (3 )  79.94 (4 )  


Pi pi 


red 


lographic results for the two compound with R = CH3 and 


Results and Discussion 
Crystals of the title compounds with R = CH3 or C2HS 


are triclinic; the pertinent crystal data are given in Table 
I. Although the cell constants for the two compounds are 
similar, they are not isostructural to the extent of having 
the same molecular orientations and locations in the unit 
cell. 


C2H5. 


Table 11. Comparison of 
Bond Lengths ( A )  and Angles (Deg)= 


( r  -RS )(r -RH&)- 
(Fe(C0 )A (Cc-S,)- ( ~ - ~ z H $ ~ , -  - 


(Fe(CO),), (Fe(CO),), R = CH, R = C,H, 
Fe-Fe 
Fe-S 
Fe-S( Hg) 
Fe-CO 
s-s 
s. ’ .s 
s- c 
S-Hg 
Hg. . .S 
Hg-C 
(Fe)C-0 
FeSFe 
SFeFe 
SFeS 
SFeC 


CFeC 
FeSC 
FeSHg 
SHgC 


2.552 (2)  
2.228 (2 )  


1.776 (5 )  
2.007 (5)  


1 .17  (3 )  
69.9 (1) 
55.1 (2 )  
53.5 (1) 
101-1 04 
150-151 
93.9-98.8 


2.537 (10) 
2.259 (7)  


1.81 (2)  


2.93 (1) 
1.81 (3) 


1.15 (2)  
68.3 (3 )  
55.8 (8) 
81.0 (3)  
84-103 
154-158 
86-104 


2.512 (5)  
2.254 (4) 
2.276 (6)  
1.73 (3 )  


2.886 (8) 
1.84 (3 )  
2.396 (6)  
3.244 (6)  
2.13 (5 )  
1.18 (2)  
67.4 (2 )  
56.3 (2 )  
79.2 (3 )  
86-105 
154-159 
93-101 


2.508 (4 )  
2.261 (5)  
2.293 (5)  
1.74 (2 )  


2.904 (8) 
1.82 (3)  
2.392 (5 )  
3.207 (5 )  
1.98 (4 )  
1.19 (3) 
66.9 (8) 
56.6 (2)  
79.2 (3)  
85-104 
155-1 58 
92-102 


113.5 (7 )  115 (1) 116.5 (5)  
110 (1) 110 (1) 
177 (1) 177 (1) 


a Average values from those within experimental errors 
are given. 


The X-ray analysis confirmed the structures of (p- 
RS)(p-RHgS)Fe2(CO)6 with R = CH, and CzHS as pre- 
dicted.2 In addition, i t  revealed the relative positions of 
the R and RHg groups in the molecules. The stereopairs 
of the molecules are shown in Figure 1; these diagrams 
were made in such a way that their orientations are the 
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Table IV. Fractional Atomic Coordinates ( x lo4)  for 
(P-CH,S )(P-CH,H~S Fe(CO )A2 


Table 111. Individual Bond Distances ( A )  and 
Angles (Deg) for (M-RS)(p-RHgS)( Fe(CO),), 


R 


Distances 
2.512 (5) 
2.257 (7)  
2.251 (7) 
2.271 (7) 
2.280 (7)  
1.78 (3 )  
1.74 (3 )  
1.69 (3) 
1.75 (3) 
1.71 (3)  
1.72 (3) 
1.84 (3) 
2.396 (6)  
2.13 (5)  


1.14 (3)  
1.19 (3)  
1.18 (3) 
1.19 (4 )  
1.20 (3 )  
1.19 (3 )  


Angles 
67.7 (2)  
67.0 (2)  
114.4 (9)  
115.9 (9 )  
108.8 (3)  
110.6 (3)  
56.0 (2 )  
56.7 (2)  
79.2 (3 )  
79.1 (3) 
159 (1) 
103 (1) 
155 (1) 
87 (1) 
105 (1) 
155 (1) 
103 (1) 


155 (1) 
105 (1) 
158 (1) 
86 (1) 
95  (1) 
9 3  (1) 
100 (1) 
98 (1) 
101 (1) 
92 (1) 
177 (1) 


94 (1) 


2.508 (4)  
2.256 (6) 
2.266 (6)  
2.296 (6)  
2.290 (6) 
1.75 (3)  
1.72 (2)  
1.74 (3)  
1.74 (3)  
1.70 (3 )  
1.76 (3)  
1.82 (3)  
2.392 (5)  
1.98 (4 )  
1.51 (6)  
1.17 (3)  
1.20 (3 )  
1.16 (3 )  
1.17 (3)  
1.23 (3 )  
1.18 (3 )  


61.4 (2)  
66.3 (2 )  
117.0 (8) 
115.9 ( 7 )  
111.4 (2)  
109.1 (2)  
56.5 (2)  
56.7 (2)  
79.3 (3)  
79.2 (3 )  
104 (1) 
155 (1) 
94 (1) 
104 (1) 
85 (1) 
158 (1) 
94 (1) 
156 (1) 
102 (1) 
156 (1) 
86 (1) 
102 (1) 
99 (1) 
98 (1) 
93 (1) 
92 (1) 
102 (1) 
101 (1) 


121 (3 )  
177 (1) 


same with respect to the Fe-Fe and Fe-S(Hg) vectors so 
that a direct comparison can be made. It should be noted 
though that both compounds exist as a racemic mixture 
and that half of the molecules are the enantiomers of their 
respective molecules shown in the diagrams. 


The average bond lengths and angles for the two com- 
pounds are compared with those of (pS2)Fe2(CO)63a and 
(p-C2H5S)2Fe2(C0)$b in Table 11. The similarity between 
the latter and the two structures reported in this paper 
is evident from their molecular parameters. A detailed 
listing of the observed bond distances and angles is given 
in Table III. The labeling of the carbon and oxygen atoms 
does not have an exact correspondence in terms of mo- 


(3) (a) C.-H. Wei and L. F. Dahl, Znorg. Chem., 4, l (1965); (b) L. F. 
Dahl and C.-H. Wei, ibid., 2, 328 (1963). 


atom X 


2149 (1) 
3324 (5)  
4415 (5) 
1455 (9)  
4556 (9) 
6726 (38)  
5384 (36) 


997 (30) 
2003 (44) 
2594 (33) 
2872 (39) 
4537 (38) 
4439 (44) 
4020 (33) 
4194 (41) 
8319 (31) 
6721 (38) 


0 (38) 
105  (72) 


Y 
3169 (1) 
5102 (4)  
2289 (5 )  
2331 (8) 
4292 (9) 
7930 (31) 
6834 (36) 
7409 (28) 
6525 (41) 
5028 (36) 
5042 (36) 


268 (43) 
914 (33) 


1505 (40) 
3935 (29) 
3251 (35) 
1395 (36) 
2086 (70) 


-1069 (38) 


z 


359 (1) 
3021 (3)  
2392 (3)  
2745 (6) 
1299 (5)  
3006 (17) 
3024 (20) 
2981 (16) 
2988 (23) 
5262 (19) 
4341 (23) 


980 (21) 
1568 (24) 
4371 (19) 
3561 (24) 
2195 (16) 
2293 (20) 
3958 (21) 
-541 (38) 


lecular orientation, and, therefore, the values for the CFeC 
angles cannot be compared directly. 


For the (p-RS)(p-RHgS)Fe2(CO)6 complexes four-con- 
formations, I (a,a), I1 (e,e), I11 (a,e), and IV (e,a),4 are 


R TgR 


IV (%a) I11 (a,e) 


possibile. The a,a isomer is sterically hindered and has 
been found only for R = H and for bridged compounds 
(e.g., those in which a methylene or a vinylene unit bridges 
the sulfur atoms) in the case of (p-m2)Fe2(C0)6 complexes. 
Usually the a,e and the e,e isomers are formed in reactions 
leading to (p-RS)2Fe2(CO)6 compounds, with the a,e isomer 
predominating. In the case of the (p-RS) (p-RHgS)Fe,- 
(CO), complexes, only one isomer could be detected by 'H 
and 13C NMR? and X-ray crystallography now has shown 
this to be the e,a isomer, IV.5 This, we believe is signif- 
icant. For both ( C L - R S ) ( ~ - R H ~ S ) F ~ ~ ( C O ) ~  structures the 
S-Hg bonds are bent toward the other sulfur atom, with 
a H g - S  distance of 3.2 A (Table 11). Thus it is tempting 
to suggest that this is a result of a weak H g S  interaction 
and that it is this interaction which is responsible for the 
formation of IV rather than I1 or 111. In mercury com- 
pound structures it is a rather common phenomenon for 
the Hg atom in an RHg group to have a weak secondary 
interaction of this kind.6 The configuration of the a,e 
isomer of (pu-C2H5S)2Fe2(C0)6 is similar to those found in 
the (p-RS)(p-RHgS)Fe,(cO), compounds in that one of the 


(4) The abbreviations a = axial and e = equatorial follow the nomen- 
clature of A. Shaver, P. J. Fitzpatrick, K. Steliou, and I. S. Butler, J. Am. 
Chem. SOC., 101, 1313 (1979). 


(5) In our preparative paper: we favored the e,e structure 111, for the 
(p-RS!(p-RHgS)Fe,(CO)B complexes. Proton NMR indicated that the R 
substituenta on sulfur were in the equatorial position, and on steric 
grounds, we suggested that the RHg substituents also should be in 
equatorial positions. 


(6) C. Chieh, Can. J. Chem., 54, 3077 (1976). 
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d Q 0 


Figure 2. Comparison of the molecules Gc-CH3S)G-CH3HgS)Fe2(CO)~, Gc-C2H5S)Gc-CzH5HgS)Fe~(CO)s, and (~-C~HSS)~F~Z(CO)B.  Shes 
of circles are fixed for each atom type. 


Table V. Fractional Atomic Coordinates (X  lo4)  for 
(cr-C,H,S)(cc-C,H,HgS)(Fe(CO),), 


atom X N 2 


1844 (1) 
2629 (4 )  


1 5  (4)  
2786 (7 )  


676 (8) 
5862 (24)  
4536 (32) 


847 (24) 
1550 (31) 
3442 (32) 
3939 (24) 


192 (23) 
112 (33) 


-1579 (34) 
-2858 (28)  
-1241 (36) 
-2136 (28) 


3834 (30) 
3140 (35)  
2814 (50) 
2754 (56) 


2520 (1) 290 (1) 
306 (4)  2370 (2 )  


1432 (4)  2980 (2 )  
3059 (7)  2618 (4 )  


306 (7)  1304 (4) 
1 4  (25)  1048 (15 


158 (31) 1535 (19 
-3267 (24) 2324 (15 
-1797 (30) 2321 (18 


421 (31) 3518 (18 
516 (24) 4297 (16 


1828 (34) 4305 (22 
2113 (24) 5192 (15 
-401 (34) 3075 (20 


-1632 (29)  3178 (17 
2734 (37) 2838 (21  
3622 (30) 2873 (17 
4361 (31) 3717 (19 
5877 (38) 4100 (23 
4269 (54) -615 (31  
6051 (61) -229 (33 


two S-C bonds bends toward the other sulfur atom. The 
configurations of these molecules are compared in Figure 
2. Therefore, these steric requirements when compounded 
with the weak H g S  interaction make it predictable that 
(p-RS) ( P - R H ~ S ) F ~ ~ ( C O ) ~  complexes should always have 
the configuration shown in Figure 1. In the case of (p- 
RHgS)2Fe2(CO)6 complexes? we predict that it is the a,e 
isomer which is formed since there is only enough room 
to accommodate one RHg group in the space between the 
two sulfur atoms of the molecule. 


The opening of the S2 bridge of ( P - S ~ ) F ~ ~ ( C O ) ~  in the 
formation of the ( ~ . ( - R s ) ~ F e ~ ( c o ) ~  complexes' results in 
shorter Fe-Fe distances, and still shorter Fe-Fe distances 
were observed when RHg groups are present (Table 11). 


~ 


(7) (a) D. Seyferth and R. S. Henderson, J .  Am. Chem. Soc., 101,508 
(1979); (b) D. Seyferth, R. S. Henderson, and LA!. Song, J .  Organomet. 
Chem., 192, Cl(1980); (c) D. Seyferth, R. S. Henderson, and L.-C. Song, 
Organometallics, 1, 125 (1982). 


However, the gross features of the bonding in these mol- 
ecules remain the same as in the parent compound. A 
recent theoretical approach to interpret the photoelectron 
spectrum of (p-Sz)Fez(CO)s led to the conclusion that there 
is a slightly bent u bond and a significant direct Fe-Fe K 
bond between the iron centersS8 


Experimental Section 
Irregular crystals of the two compounds with the maximum 


linear dimension of 0.15 mm were mounted on a Syntex P21 
computer-controlled diffractometer in an arbitrary orientation. 
Rotation photographs were taken, and film coordinates for 15 
reflections were measured for each crystal. From these coordi- 
nates, angles for each reflection were calculated and refined by 
repetitive measurements. From these refined angles, cell di- 
mensions and orientation matrices were calculated by least-squares 
methods. 


The structures were solved by the heavy-atom method and 
refined by full-matrix least-squares methods using the SHELX 
~ y s t e m . ~  The weighting function (a2(F) + 0.0001F)-' was used 
for both structures, and the final R (=Z(IF,,l - (FcI) /ZFo) and 
R, (=CW'/~(IF~~ - ~ F c ~ ) / ~ w l ~ * ~ F o ~ )  were 0.084 and 0.091 for the 
compound where R = CH,. For the ethyl derivative, these values 
wer 0.081 and 0.090, respectively. In both structural analyses, 
Hg, Fe, and S atoms were given anisotropic temperature factors, 
whereas 0 and C atoms assumed isotropic temperature factors 
in the refinement by full-matrix least squares. Final atomic 
coordinates are given in Tables IV and V. Tables of structure 
factors are available as supplementary material. 
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A series of chloride- and hydride-exchange reactions involving the trimethylsilyl cation have been 
investigated in the gas phase using pulsed ion cyclotron resonance mass spectrometry. Estimates of 154 
f 14 kcal/mol (644 f 59 kJ/mol) for the heat of formation of the trimethylsilyl cation and a lower limit 
of -40 f 2 kcal/mol (-167 f 8 kJ/mol) for the heat of formation of trimethylsilane have been obtained. 
With hydride as the reference base the trimethylsilyl cation is established to be 10-20 kcaljmol (42-84 
kJ/mol) more stable than the tert-butyl cation. Results of a limited laser photodissociation experiment 
involving two different C3H9SiCl+ ions, as well as a new chloride-transfer reaction which forms the tri- 
methylsilylenium ion, are reported. Implications of these gas-phase results for the possible existence of 
silylenium ions in solution are discussed. 


Introduction 
After several decades of intensive investigation the 


search for examples of stable trivalent organosilane de- 
rivatives continues unabated. Recently, evidence pur- 
porting to establish the transitory existence of >C=Si<, 
>&=Si<, -N=Si<, and O=Si< intermediates in both 
solution and the gas phase has been publi~hed.~.~ In sharp 
contrast the silylenium ions+5 R3Si+, have thus far eluded 
detection in solution, although their existence in the gas 
phase seems well established by the mass spectral studies 
of Lampe,s among others.' The qualitative conclusion 
from this work is that trivalent silyl cations are energet- 
ically similar to the corresponding trivalent carbocations, 
a finding which is consistent with the relative electro- 
negativities of silicon and carbon. Of course the more 
electropositive character of silicon should be partly offset 
by a more favorable hyperconjugative effect in the car- 
bocation case? Thus for the pair of cations (CH3)3Si+ and 
(CH3)3C+ it would be difficult to predict (a priori) which 
would have the greater thermodynamic stability. 


Recognizing the central role played by the tert-butyl 
cation in carbon chemistry, considerable effort has been 
expended in the determination of its heat of formation 
(AH,"). Table I provides a chronological listing of the 
better AHf" values for this ion reported since 1959. Com- 
panion values for the heat of formation of (CH3)3Si+ re- 


(1) (a) Camille and Henry Dreyfus Foundation Teacher-Scholar, 
1978-1982. (b) Department of Chemistry, University of South Carolina, 
Columbia, SC 29208. 


(2) For a brief review of silicon analogues of olefine and ketones prior 
to 1975 see: Gusel'nikov. L. E.: Nametkin, N. S.; Vdovin, V. M. Acc. 
Chem. Res. 1975, 8,  18. 


(3) Silaethenes: (a) Wiberg, N.; Preiner, G. Angew, Chem., Int. Ed. 
Engl. 1977,16,328. (b) Chapman, 0. L.; Chang, C. C.; Kolc, J.; Jung, M. 
E.; Lowe, J. A.; Barton, T. J.; Tumey, M. L. J. Am. Chem. SOC. 1976,98, 
7846. (c) Brook, A. G.; Harris, J. W.; Lennon, J.; Sheikh, M. E. Ibid. 1979, 
101,83. Disilenes: Wulff, W. D.; Goure, W. F.; Barton, T. J. Ibid. 1978, 
100,6236 and references cited therein. Silanones: (d) Soysa, H. S. D.; 
Okinoshima, H.; Weber, W. P. J. Organomet. Chem. 1977,133, C17. (e) 
Ando, W.; Ikeno, M.; Sekiguchi, A. J. Am. Chem. SOC. 1977,99, 6447. 
Silimines: Wiberg, N.; Preiner, G. Angew. Chem., Int. Ed. Engl. 1978, 
17, 362. 


(4) Although the tricoordinated organosilicon cation R3SiC has been 
referred to as siliconium ion, or lately a silicenium ion, the silylenium ion 
terminology recommended by Barton6 is preferred. 


(5) Barton, T. J.; Hovland, A. K.; W y ,  C. R. J. Am. Chem. SOC. 1976, 
98, 5695. 


(6) (a) Hess, G. G.; Lampe, F. W.; Sommer, L. H. J. Am. Chem. SOC. 
1965,87,5327. (b) Potzinger, P.; Lampe, F. W. J. Phys. Chem. 1970, 74, 
719. (c) Potzinger, P.; Lampe, F. W. Ibid. 1971, 75, 13. 


(7) (a) Weber, W. P.; Felix, R. A.; Willard, A. K. Tetrahedron Lett. 
1970, 907 and references cited therein. (b) Potzinger, P.; Ritter, A.; 
Krause, J. Z. Natorforsch., A 1975,30A, 347. (c) Krause, J. R.; Potzinger, 
P. Int. J. Mass Spectrom. Ion Phys. 1975, 18, 303. 


(8) Apeloig, Y.; Schleyer, P. v. R. Tetrahedron Lett. 1977, 4647. 


0276-733318212301-0477$01.25/0 


Table I. Chronological Listing of Selected AHf Values 
for tert-Butyl Cation [ (CH,),C+] 


Ye= A Hf" /kcal/mol ref 
1959 
1963 
1970 
1972 
1976 
1979 
1979 
1980 


176 
177.9 * 2.6 
166.6 t 2.1 
169.1 ?r 2.1 
168.2 
162.9 ?: 1 . 2  
162.1 * 0.8 
168 ? 


a Taken from: Lias, S. G. In 'Kinetics of Ion-Molecule 
Reactions'; Ausloos, P., Ed.; NATO Advanced Study In- 
stitute; Plenum Press: New York, 1979; Vol. B40, p 241. 
Original references may be found therein. 


McLoughlin R. G.; Traeger, J. J. A m .  Chem.  SOC. 1979, 
101, 5791. Ausloos, P. ,  private communication. 


Table 11. 


Reference 21. 


Chronological Listing of Selected A Hf Values 
for the Trimethylsilyl Cation [ (CH,),Si+] 


Ye= A Hf'lkcallmol ref 


1961 166 a 
1962 146 b 
1965 140 + 4 c 


d 1970 
1971 176 i 3 e 
1975 160.4 f 
1977 154.8 g 


a Hobrock, B. G.; Kiser, R. W. J. Phys. Chem 1961, 65, 
2186. 


Reference 6a. Reference 6b. e Reference 20. f Ref- 
erence 7b. Reference 19. 


ported since 1961 are included in Table I1 for comparison. 
Both ions show a general trend, at least in the last 10 years, 
toward lower values of AHf" as a result of improved ex- 
perimental techniques and refined thermochemical values 
employed in the calculations. Prior to 1970 experimental 
determination of the heat of formation for the tri- 
methylsilyl cation gave values lower than those for the 
carbon analogue (CH3)3C+; however, precipitous jumps of 
5-7 kcal/mol in reported AH? values for each of these ions 
in recent years make reliable prediction of their relative 
stabilities quite uncertain even today. 


Several groups have recently published studies involving 
the trimethylsilyl cation. Reactions of the ion have been 
observed in tri- and tetramethylsilane,6c it has been used 
as a reagent ion in chemical ionization mass spectrometry: 


171 k 2 


Hobrock, B. G.; Kiser, R. W. Ibid. 1962, 66, 155. 


(9) Odiorne, T. J.; Harvey, D. J.; Vouros, P. J. Phys. Chem. 1972, 76, 
3217. 


0 1982 American Chemical Society 
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Table 111. Chloride- and Hydride-Transfer Reactions Involving the Trimethslsilyl Cation 
reaction thermochemical conclusions 


A. Chloride Transfer 
1. (CH,),SiCl+ + (CH,),SiCl+ (CH,),Si+ + (CH,),SiCl, 
2. i-C,H,Cl + (CH,),Si+ --t (CH,),SiCl + i-C3H7+ 
3.  C,H,+ + (CH,),SiCl -f C,H,Cl + (CH,),Si+ 
4.  (CH,),Si+ + s-C,H,Cl+ s-C,H,+ + (CH,),SiCl 


AHf" ((CH,),Si+) > 142 i 4 kcal/mol 
AHf"((CH,),Si+) d 166 f 3 kcal/mol 
AHf"((CH,),Si+) > 136 f 5 kcal/mol 


B. Hydride Transfer 
1. (CH,),Si+ + (CH,),CHIfr (CH,),C+ + (CH,),SiH 
2. (CH,),C+ + (CH,),SiH -+ (CH,),CH + (CH,),Si+ 


and it is a major product ion in methane chemical ioni- 
zation of tetramethylsilane, the process presumably in- 
volving CH3- transfer.1° Bowie and co-workers have re- 
ported" on the reactions of the trimethylsilyl cation with 
alcohols, ketones, carboxylic acids, and esters. No ther- 
mochemical data were derived in any of the above refer- 
enced studies. Hehre and co-workers12 used the (CH3),Si+ 
ion in ion cyclotron resonance proton-transfer experiments 
which determined the heat of formation of 1,l-dimethyl- 
silaethylene. They employed the 1975 value given in Table 
I1 of 160.4 kcal/mol for AH,O[(CH,),Si+] in their calcula- 
tions. A recent paper by Lampe and c o - ~ o r k e r s ~ ~ *  re- 
porting reactions of methyl cations with methylsilanes 
contains in ita Figure 1 a prediction that hydride transfer 
from (CH3),SiH to (CH3),C+ should be ca. 21 kcal/mol 
exothermic. However, an earlier study68 from the same 
laboratory had estimated that the reaction was 8 kcal/mol 
e ~ 0 t h e r m i c . l ~ ~  


Because of the thermochemical uncertainties still sur- 
rounding (CH3)&+ and (CH3),Si+, we have employed ion 
cyclotron resonance mass spectrometric techniques to 
study directly the relative stability of the trimethylsilyl 
cation compared to that of several alkyl cations including 
the tert-butyl ion. Both chloride- and hydride-transfer 
reactions between these ions were investigated. We report 
here the resulta of this study which include an upper and 
lower limit to the heat of formation value for the (CHJ3Sif 
ion and the first direct evaluation of the relative stabilities 
of the (CH3),M+ ions (M = Si or C). A chloride-transfer 
reaction between (CH,),SiCl and (CH3)&3C1+ which gen- 
erates the trimethylsilyl cation is also reported, as are 
results of a qualitative laser photodissociation experiment 
involving C3H9SiC1+ ions from two different neutral pre- 
cursors. 


Experimental Section 
All ICR experiments were carried out on a pulsed ICR mass 


spectrometer constructed at the University of Florida. Descrip- 
tions of the pulsed ICR technique in general" and our application 
of it16 have been published. Double-resonance experiments were 
performed by setting the frequency of a radio frequency oscillatp 
(wz) equal to that calculated for a suspected parent ion in some 
ion-molecule reaction. The oscillation level and the duration of 
the w2 pulse were set so that the ion in question would absorb 
sufficient energy (thus increasing its cyclotron radius) to cause 
it to strike the upper or lower plate of the ICR cell, thus completely 
removing it from the cell. Since there was no indication that any 
of the reactions studied was near equilibrium, if a substantial 


(10) Klevan, L.; Munson, B. Int. J. Mass Spectrom. Ion Phys. 1974, 
13, 261. 


(11) (a) Blair, I. A.; Phillipou, G.; Bowie, J. H. Aust. J. Chem. 1979, 
32, 59. (b) Blair, I. A.; Bowie, J. H. Ibid. 1979, 32, 1389. 


(12) Pietro, W. J.; Pollack, S. K.; Hehre, W. J. J. Am. Chem. SOC. 1979, 
101, 7126. 


(13) (a) Goodloe, G .  W.; Austin, E. R.; Lampe, F. W. J. Am. Chem. 
SOC. 1979,101,3472. (b) The lower number has apparently been recon- 
firmed in a recent study employing a tandem mass spectrometer; see: 
Goodloe, G. W.; Lampe, F. W. J. Am. Chem. SOC. 1979,101,6028. 


(14) McIver, R. T., Jr. Reu. Sci. Instrum. 1978,49, 111. 
(15) Dugan, R. J.; Morgenthaler, L. N.; Daubach, R. 0.; Eyler, J. R. 


Reu. Sci. Instrum. 1979, 50, 691. 


AHf"(CH,),SiH > -40 f 2 kcal/mol 


Table IV. Thermochemical Values Used To Establish 
Conclusions in Table I11 


species AH+"/kcal/mol ref 


A. ions C,HS+ 
i-C3H7+ 
s-C4H,+ 
t-C,H,+ 
(CH,),Si+ 


B. neutrals C,H,Cl 
i-C,H,Cl 
s-C4H, C1 
(CH, ),Sic1 
(CH,),CH 


219.2 f 1.1 Q 
187.3 f 1.1 Q 
176.7 ?: 2.9 b 
162.9 j: 1 . 2  a 
154.8 C 
-26.1 ?: 0.4  d 
-33.6 * 1.0 d 
-38.6 f 2.0 d 
-79.4 e 
-32.15 f 


a Reference 21. Lias, S., Ausloos, P. J .  Am. C h e m .  
SOC., in press. Reference 19.  Cox, J. D.; Pilcher, G. 
'Thermochemistry of Organic and Organometallic Com- 
pounds'; Academic Press: New York, 1970. e Quane, D. 
J.  Phys. C h e m .  1971, 75, 2480. Rossini, F. D.; Pitzer, 
K. S.; Arnett, R. L.; Braun, R. M.; Pimentel, G. C., 'Selec- 
ted Values of Physical and Thermodynamic Properties of 
Hydrocarbons and Related Compounds'; American Petro- 
leum Institute Research, Project 44, Pittsburgh, 1953; 
Table 1 p, Paraffins C, to C,,  p 466. 


decrease in the product of an ion-molecule reaction was observed 
when a particular reactant ion was ejected, this was taken as 
indication that the reaction in question was exoergic. 


For the one series of qualitative photodiasociation experiments 
carried out, a pulsed dye laser was used to irradiate C3HgSiCl+ 
ions from two different C3H@iCl species 50 ms after ion formation. 
Experimental methodology was quite similar to that reported in 
our previous photodissociation studies.ls 


Chlorotrimethylsilane (PCR Research Chemicals, Inc.), s- 
C4H9C1, and i-C3H7C1 (both Chem. Services) were obtained com- 
mercially and purified by fractional distillation. Methane, iso- 
butane, 2,2-dimethylpropane (all from Matheson), and t-C4HgCl 
(Chem. Services) were used directly as obtained commercially after 
freeze-pump-thaw purification on the ICR mass spectrometer 
inlet vacuum system. Routine mass spectrometric analysis using 
the ICR mass spectrometer revealed no detectable impurities. 
(Chloromethyl)dimethylsilane, ClCH2(CH3)2SiH,17 was prepared 
by lithium aluminum hydride reduction of (chloromethy1)di- 
methylchlorosilane (Petrarch Systems, Inc.) in diglyme. The 
distilled product was further purified by freezepump-thaw cycles 
on the ICR mass spectrometer inlet vacuum system. 


Results 
A. Chloride- and Hydride-Transfer Experiments. 


Table III gives the chloride- and hydride-transfer reactions 
involving the trimethylsilyl cation, (CH3),SiC1, (CH3),SiH, 
and various alkyl halides and alkyl ions which were studied 
in this work. All observed reactions were confirmed by ion 
cyclotron double-resonance ejection, as detailed in the 
Experimental Section. Thermochemical values used to 
obtain the "thermochemical conclusions" in Table I11 are 
given in Table IV. Uncertainties in the "thermochemical 
conclusions" in Table I11 were obtained by propagation 


(16) (a) Eyler, J. R. J. Am. Chem. SOC. 1976, 98, 6831. (b) Morgen- 
thaler, L. N.; Eyler, J. R. J. Chem. Phys. 1979, 71,1486. (c) Ibid., in preas. 


(17) Seyferth, D.; Rochow, E. G. J. Am. Chem. SOC. 1955, 77, 907; 
Kaesz, H. D., Stone, F. G. A. J. Chem. SOC. 1957, 1433. 
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of the uncertainties in Table IV, with an assumed error 
of f 3  kcal/mol for AHH,O[(CH&SiCl], even though none 
was specifically given in the original reference. 


Because CzH5+ in CzH5C1 is highly reactive with the 
parent neutral, the C2H5+ used in reaction A.3 in Table 
I11 was obtained in an excess of methane (ca. 9 X lo+ torr 
of CHI, 5 X torr of (CH3)$3iC1) by the ion-molecule 
reaction CH3+ + CH, - CzH5+ + Hz. Neopentane (2,2- 
dimethylpropane) was used to generate the tert-butyl 
cations in reaction B.2 of Table 111, because much higher 
intensities of these ions could be obtained than with 2- 
methylpropane. 


B. Photodissociation Studies. C3HgSiC1+ ions formed 
from (CHJ3SiC1 and ClCHZ(CHJzSiH were irradiated by 
light of wavelength 540 nm from a flashlamp-pumped dye 
laser 50 ms after the beginning of their formation by 
electron-impact ionization. Significant photodisapperance 
of the parent ions formed in (CH3),SiC1 was seen. This 
is presumably due to the process (CH3)3SiC1+ + hv - 
(CH&3i+ + Cl., which can be calculated18 to be only 33 
kcal/mol endothermic. Since photons of wavelength 540 
nm have an energy of 53 kcal/mol, more than sufficient 
photon energy is present to induce this dissociation. No 
effect was seen a t  the same wavelength when the 
C3HgSiC1+ ion was formed from C1CH2(CH3)zSiH indi- 
cating that ionization occurred without internal rear- 
rangement to (CH3)&3iC1+. Of perhaps more importance 
these experiments are supportive of the heretofore as- 
sumed structure of the ion derived by loss of C1- from 
(CH3)&3iC1+. 


Discussion 
From the chloride-transfer bracketing experiments given 


in Table 111, an estimate of the heat of formation of the 
trimethylsilyl cation, AHfo[(CHJ3Si+] = 154 f 14 kcal/mol 
(644 f 59 kJ/mol), can be obtained. This agrees quite well 
with the most recent value of 154.8 kcal/mol obtained by 
Murphy and Beauchamp;lg the value of 160.4 kcal/mol 
given by Potzinger, Ritter, and K r a ~ s e ~ ~  is also contained 
within our (rather large) limits of error. However, the 
earlier values of 171 f 2 kcal/mol reported by Potzinger 
and LampeGb and the 176 f 3 kcal/mol average of a num- 
ber of previous workers' values reported by Gaidis, Briggs, 
and Shannonz0 do not agree with our results. 


In addition to providing direct confirmation of the 
greater stability of (CH3)&3i+ relative to (CH3)&+, at least 
with respect to hydride transfer, reactions B.l and B.2 in 
Table 111 also permit calculation of AH; [(CH,),SiH]. 
Because our hydride-transfer results are consistent with 
the most recent AH: values for (CH3)&+ and (CHJ3C+ 
obtained by photoionization  method^,'^^^^ we use those 
values to obtain a lower limit for AHf0[(CH3),SiH] of -40 
f 2 kcal/mol (-167 f 8 kJ/mol). This value permits no 
decision to be made between values of -18.1 f 5 kcal/mol 
given by Potzinger and LampetGb -29.6 kcal/mol given by 
Potzinger, Ritter, and K r a u ~ e , ~ ~  and -42 kcal/mo16* but 
is at variance with the earlier value of -60 kcal/mo1.z2 
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The thermochemical conclusions drawn from reaction 
A.4 in Table I11 " m e  that the s-C4Hg+ ion formed from 
chloride transfer to the trimethylsilyl cation does not re- 
arrange to the more stable t-C4Hg ion or that if it does, the 
energy of rearrangement does not influence the overall 
thermochemistry of the reaction. If this were not the case, 
the lower limit derived for AH,"[Si(CH,),+] from reaction 
A.4 would be approximately 15 kcal/mol lower. This is 
not an important point, however, since reaction A.2 in 
Table 111 is actually used to obtain a lower limit for 
AH?[Si(CH,),+]. In this case, the i-C3H7+ formed is known 
to be the most stable form of the 


Since reactions B . l  and B.2 in Table I11 are appropri- 
ately considered as direct hydride-transfer reactions,7cJ3 
the relative stabilities of ions [(CH,),M]+ (M = C or Si) 
with H- as the reference base are given by their calculated 
heterolytic bond dissociation energies (hydride affinities) 
D[R3M+ - H-] where 
D[R3M+ - H-] = 


AHfo[R3M+] + AHfo[H-] - AHfo[R3MH] 
Using the knownz4 value AHfo[H-] = 34.7 kcal/mol to- 
gether with the appropriate values in Table IV affords 
D[(CH3)&+ - H-] = 230 kcal/mol.zl The analogous cal- 
culation for the silylenium ion is complicated by the un- 
certainty in the value for AHf0[(CH3),SiH] as discussed 
above; however, if the currently acceptable values of -18.16b 
and -29.67b kcal/mol are used, values of 208 and 219 
kcal/mol are obtained for D[(CH&Si+ - H-1. Thus we 
conclude that (CH&3i+ is 10-20 kcal/mol more stable 
than (CH3)&+ when hydride is the reference base. In 
contrast Murphy and BeauchampIg have recently estab- 
lished the ion stability order (CH&Si+ < (CHJ2FC+ < 
(CHJ3C+ for F- as the reference base. As these authors 
correctly point out "... the differences in heterolytic bond 
dissociation energies reflect directly differences in C-F and 
Si-F homolytic bond dissociation energies".lg For the 
(CHJ3Si+ ion the calculated fluoride affinity is 37.5 
kcal/mol higher than for the analogous carbenium ion 
which may explain Olah's failure to detect unambiguously 
the former ion from treatment of (CHJ3SiF with SbF, in 
SOzCIF at -50 to -80 O c a z 5  


Reference to the Olah work in superacid media prompts 
us to reopen, hesitatingly, the still unresolved question of 
the possible existence of silylenium ions in solution. 
Without detailing the claims and counterclaims it is gen- 
erally recognized that there is no firm evidence for exist- 
ence of R3Si+ ions in solution.26 Despite this and the 
well-known tendency of silicon toward coordinative ex- 
pansion there does not appear to be any logical reason to 
exclude [Si"']+ ions from possible existence in solution. 
Indeed if one were to ignore counterion solvation and 
nucleophilicity for the moment, then two limiting cases for 
the solvation (eq 1) of gaseous R3Si+ can be recognized 
depending on the nucleophilicity of the solvent (S) 


(1) R3Si+(g) + 2 s  - [R3Si-Sz]+(s) 
For solvents of reasonable nucleophilicity such as R3N, 


S 


(18) Calculated by using AHQO[(CH3)3SiC1C] = 151 k ~ a l / m o l , ~ ~  
AH:[(CH3)3Si+] = 155 kcal/mol,' and AHr"[Cl.] = 29 kcal/mol (from 
Wagman, D. D.; Evans, W. H.; Parker, V. B.; Halow, I.; Bailey, S. M.; 
Schumm, R. H. NBS Tech. Note (U. S.) 1968 No. 270-3. The alternative 
loss of CH3. from (CH&SiCl+ is clearly a more endothermic process based 
on the higher heats of formation of CH3. (34 kcal/mol) and (CH3)*SiC1+ 
(qualitative estimate from reaction A.l in Table 111). 


(19) Murphy, M. K.; Beauchamp, J. L. J. Am. Chem. SOC. 1977,99, 
2085. 


(20) Gaidis, J. M.; Briggs, P. R.; Shannon, T. W. J. Phys. Chem. 1971, 
75, 974. 


(21) Houle, F. A,; Beauchamp, J. L. J. Am. Chem. SOC. 1979,101,4067. 
(22) Tannebaum, S. J. Am. Chem. SOC. 1954, 76, 1027. 


(23) All thermochemical conclusions assume that highly excited ions 
were not involved in the reactions studied, although no specific proof that 
this waa indeed the case can be given. In view of the relatively large error 
limits quoted, presence of ca. 5-7 kcal/mol excess energy would not affect 
the conclusions drawn here. 


(24) JANAF Thermochemical Tables. NatE. Stand. Ref. Data Ser. 
(US., Natl. Bur. Stand.) 1971, NSRDS-NES 37. 


(25) Olah, G. A.; Mo, Y. K. J. Am. Chem. SOC. 1971,93,4942. 
(26) For earlier reviews of this subject see: (a) Curriu, R. J. P.; Henner, 


M. J. Organomet. Chem. 1974, 74 .1 .  (b) O'Brien. D. H.: Hairston. T. J. 
Organonet. Rev. A 1971, 7, 95. 
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R2S, and R20, pentacoordinate siliconium ions of the type 
I are expected and have literature precedence.26a On the 
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synthesis and utility of silyl perchlorates as silylating 
a g e n t ~ ~ ~ , ~ l  has stimulated recent interest in these sub- 
strates. As a group silyl perchlorates show greatly en- 
hanced reactivity toward hydroxyl groups as compared 
with the analogous silyl halides.30 Pertinent to this dis- 
cussion is the highly hindered silylating agent tri-tert- 
butylsilyl perchlorate, ( ~ - B U ) ~ S ~ O C ~ O ~ ,  which reacts almost 
instanteously with water in acetonitrile whereas under the 
same conditions the corresponding iodide, ( t-B~)~Si1,  fails 
to react even a t  75 0C.30 This is a striking result even 
considering the relative leaving group abilities of iodide 
and perchlorate and is reminiscent of the reactivity dif- 
ference between a covalent halocarbon and the corre- 
sponding carbenium perchlorate. Although Barton has 
presented5 convincing NMR evidence for the essential 
covalency of ( ~ - B U ) ~ S ~ O C ~ O ~  in acetonitrile solution, there 
is no evidence to preclude kinetically significant generation 
of the silylenium perchlorate ion pair which reacts ac- 
cording to eq 2 where k2 > k1 (or kz C k1), Eaborn and 
co-workersB have in fact obtained kinetic evidence for just 
such a pathway (typical SN1) in the methanolysis of the 
hindered perchlorate (Me3Si)3CSiMe20C103.zg Further 
investigation of organosilicon perchlorates and related 
derivatives is clearly warranted. 


R3SiOC10, [R3Si+OC103-] R3SiOS + HCIOI 


(2) 
In conclusion, it appears that the search for silylenium 


ions in solution will continue, spurred by the evolving 
gas-phase chemistry of these species and the development 
of new organosilicon materials of mechanistic utility. 
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I I1 
other hand, solvents of limited nucleophilicity such as 
CH2C1,, benzene, trifluoroethanol, FS03H, etc. could well 
promote trigonal hybridization of silicon to give I1 or some 
less idealized version of a solvated [Si'"]' ion. Of course 
for a given solvent the nucleophilicity of the medium, 
including counterion, would be the dominant factor de- 
termining the lifetime of either ionic species I or 11. Given 
these factors, conditions favoring the formation of silyle- 
nium ions 11, if only as reactive intermediates, should exist. 
Tentative and as yet unrefuted evidence supporting this 
viewpoint has been recently p ~ b l i s h e d . ~ ~ J ~  The most 
recent of these reports% describes a study of the solvolytic 
behavior of (tris(trimethylsily1)methyl)dimethylsilyl per- 
chlorate, (Me3Si)3CSiMe20C103.zg 


Organosilicon perchlorates offer perhaps the greatest 
promise as precursors of silylenium ions in solution because 
of the low nucleophilicity and high solvation energy of the 
perchlorate ion. Barton and Tully's reinvestigation of the 


(27) Chojnowski, J.; Wilczek, L.; Fortuniate, W. J. Orgnaomet. Chem. 
1977,135, 13. 


(28) Dua, S. S.; Eabom, C.; Mahmoud, F. M. S. J. Organomet. Chem. 
1980,192, 293. 


(29) Eaborn and co-workers28 suggest rate-determining ionization of 
(Me3Si)3CSiMe20C103 to give the methyl-bridged ion i (R = Me); how- 
ever, the available evidence is equally consistent with the trivalent ion 
ii (R = Me). The previously observed rearrangement of (Me3Si),CSi&X 


y e 2  


ble,S ,C-S R: 
2 \ 


Me,S I &  \;/Me 


?, ii 
i 


substrates to (Meai),C(S&Me)SiM%Y by a formal l,&methyl shift (see 
literature citations in ref 28) may be considered analogous to intermo- 
lecular methide transfers from silicon in the gas phase. In fact the ease 
and extent of methide transfer relative to hydride transfer prompted 
Lampe to suggest that they may have mechanistic significance in the 
solution chemistry of organosilanea. It is conceivable then that ion ii and 
ita rearranged ion (Me3Si)2C(SiR2Me)SiMe2+ are interconverted via a 
transition state similar to i. 


(30) Barton, T.  J.; Tully, C. R. J. Org. Chem. 1978, 43, 3649. ' 
(31) Barton, T. J.; Tully, C. R. J. Organomet. Chem. 1979, 172, 11. 
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The reaction between TaNp2(Et)C12 and L (L = PMe3) gives a mixture of Ta(C2H4)(Np)C12L2 and 
Ta(CHCMe3)(Et)ClZLp These tautomers are shown to be in equilibrium with each other by magnetization 
transfer experiments. In Ta(C2H,)(Np)C1,L2 the low field chemical shift for the neopentyl a-carbon atom 
(139 ppm) and the low value for JCH (98 Hz) suggest that at least one a-hydrogen atom is interacting with 
the metal, thereby making the neopentyl complex look like a neopentylidene hydride complex. The 
neopentylidene ligand in Ta(CHCMe3)(Et)C12Lz is one of the distorted variety (close to being a neo- 
pentylidyne hydride), and there is some evidence that a @-hydrogen of the ethyl group may also be “activated” 
by interaction with the metal. The mixture of Ta(C2H4)(Np)Cl2L2 and Ta(CHCMe3)(Et)ClzL2 reacts with 
ethylene to give Ta(C2H4)(Et)Cl2L2 in high yield and the organic products expected from reaction of the 
neopentylidene ligand in Ta(CHCMe3) (Et)C12L2 with ethylene. 


Introduction 
It is generally assumed that @-hydride elimination is 


more facile than a-hydride elimination., When the @- 
position is blocked by methyl groups y elimination appears 
to be the next most favorable process for relatively elec- 
tron-rich, later transition metals (e.g., Pt(II))3 and a elim- 
ination the next most favorable for relatively electron-poor, 
earlier transition metals (e.g., Ta(III))., Since some recent 
results in rhenium chemistry demonstrate that an a-hy- 
dride can be removed selectively (by an external reagent) 
from an alkyl ligand which possesses @-hydrogens? it is 
conceivable that circumstances might arise where an a- 
elimination process is more rapid than a @-elimination 
process, either respectively in two different alkyl ligands 
bound to the same metal or more spectacularly in the 
single alkyl ligand which possesses both a- and @-protons. 
Since the alkylidene complex must be an energetically 
accessible species, we might expect to encounter one of 
these two versions of competition between an a- and a 
@-hydride elimination process in complexes of Ta, W, or 
Re. We have now discovered an example of the first of 
these two versions, an equilibrium between a tantalum 
neopentyl ethylene complex and a tantalum neo- 
pentylidene ethyl complex. 


Results 
Preparation of the Ta(C2H4)(Np)Cl2L2/Ta- 


(CHCMe3)(Et)ClzL2 Mixture. TaNp2C13 reacts with 0.5 
equiv of ZnEt, in pentane to give a yellow oil which slowly 
decomposes at  25 OC but which is indefinitely stable as a 
solid at  -30 “C. This product was shown by ‘H and 13C 
NMR to be TaNp2EtClz (I). It is probably a trigonal- 
bipyramidal species with axial chloride ligands. It is un- 
usual to the extent that it is relatively stable even though 
@-hydrogen atoms are present. (TaNp2Et3 has also been 


(1) NSF Regional NMR Facility, Yale University. 
(21 [a) Collman. J. P.: Henedue, L. S. ’Princides of Oraanotransition 


Metal Chemistry”; University Science Books: Mill Valley, CA, 1980; p 
73. (b) Kochi, J. ‘Organometallic Mechanisms and Catalysts”; Academic 
Prese, New York, 1978; Chapter 12. (c) Schrock, R. R.; Parshall, G. W. 
Chem. Rev. 1976, 76, 243-268. 


(3) (a) Andereen, R. A,; Jones, R. A.; Wilkinson, G. J. Chem. SOC., 
Dalton Trans. 1978,446. (b) Foley, P.; DiCosimo, R.; Whitesides, G. M. 
J. Am. Chem. SOC. 1980,102,6713-6725. 


(4) (a) Schrock, R. R Acc. Chem. Rea. 1979,12,98-104. (b) Fellmann, 
J. D.; Tumer, H. W.; Schrock, R. R. J. Am. Chem. SOC. 1980, 102, 
6608-6609. 


(5) Ee l ,  W. A.; Lin, G.-Y.; Gladysz, J. A. J. Am. Chem. SOC. 1980,102, 
3299-3301. 
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Table I. I3C NMR Data for Some Tantalum Neopentyl 
Complexes in C,D, 


6 ( CcY) JCH,, Hz 


TaNp2 c1 3 3 96 1217 


TaNp3C12 115 119 
Ta Np ,Et Cl, 112 117 


TaNp.Cl, 123 116 
TaNpCl,. 132 110 


Ta( C2H4)(NP)a2L2 139 98 
Ta( CHCMe3)Np, 114 107’ 


isolated but appears to be less stable than TaNp2EtClpe) 
Addition of PMe3 to TaNp,EtCl, gave a brown crys- 


talline product in good yield. The brown product decom- 
poses slowly at  25 “C in the solid state or in solution and 
therefore could be characterized by NMR studies only. 
The ‘H NMR spectrum was complex, and some assign- 
ments were therefore suspect (see Experimental Section). 
The 13C NMR spectrum, however, was considerably more 
informative (Figure 1). The product is actually a mixture 
of two species. One is Ta(CHCMe3)(Et)C1,LZ (2a). The 
other is its tautomer, Ta(C2H4)(Np)C1,L, (2b). We have 
found no samples in which the ratio of 2a to 2b deviates 
from ca. 1:l. Attempts to make Ta(CHCMe3)(Et)C1,L2 by 
alkylating tram,mer-Ta(CHCMe3)Cl3L,’ with EtMgBr did 
not succeed. The only product was Ta- 
(CHCMe3)(C2H,)(Et)L2, a trigonal-bipyramidal molecule 
containing apical phosphine ligands.6 


The neopentyl ligand in 2b is one of the more unusual 
ones we have seen for the following reasons. The chemical 
shift of its a-carbon atom is much larger than one would 
predict based on the fact that only two chlorides are 
present (cf. TaNpCl,, Table I). It is, in fact, the lowest 
field neopentyl a-carbon atom resonance we have ever 
observed (Table I). In addition, JcH, (98 Hz) is the lowest 
we have ever observed. Note that a low value for JCH. in 
alkylidene ligands has been shown to be characteristic of 
H, (and/or the CH, electrons) interacting with the metal 
and thereby activating Ha toward abstraction to give al- 
kylidyne complexes.4” For this reason we believe a low JFK 
value in 2b suggests that the a-hydrogen atom is beginnmg 
to transfer to the metal; i.e., the neopentyl complex can 


(6) Fellmann, J. D.; Schrock, R. R.; Rupprecht, G. A. J.  Am. Chem. 


(7) Rupprecht, G. A,; Messerle, L. W.; Fellmann, J. D.; Schrock, R. R. 


(8) Schrock, R. R.; F e l l ” ,  J. D. J. Am. Chem. SOC. 1978,100,3359. 


SOC. 1981,103,5752. 


J.  Am. Chem. SOC. 1980,102,6236. 
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Figure 1. The 67.89-MHz 'H-gated 13C NMR spectrum of Ta- 
(CHCMe3)(C2H6)C12(PMe3)2 (2a) and Ta(CH2CMe3) (C2H4)Cl2- 
(PMe3), (2b) in toluene& (asterisk). 


be regarded as an "incipient neopentylidene hydride 
complex". Neopentylidene hydride complexes have been 
prepared by reducing tantalum(V) neopentyl complexes 
by two electrons.4b 


The neopentylidene ligand in 2a is one of the distorted 
variety (JCH = 80 Hz) such as that found in truns,mer- 
Ta(CHCMe3)C13(PMe3)2.7 Therefore, the Ta=C,-C, 
angle must be about 170" and the Ta=C,-H, angle about 
75" (cf. Ta(q5-C5Me5)(CHCMe3)(C2H4)(PMe3)g). 2a may 
be regarded as an "incipient neopentylidyne hydride" 
complex. While the ethyl ligand does not appear to be 
entirely normal in 2a (JCH, (146 Hz) is not much less than 
the olefin CH coupling constant in the ethylene ligand in 
2b (151 Hz) and other ethylene complexes of tantalum6), 
we want to forego considering possible explanations at this 
time since the phenomenon may be of only incidental 
importance. 


The most important question is whether 2a and 2b ac- 
tually interconvert at a relatively rapid rate. In simplified 
form and without regard to structure, we can view the 
interconversion as shown in eq 1. Unfortunately, these 


H, M.. 4.. .-t.-tl C=Ta CH,CH, 
Me&' Me&' 


complexes are not thermally stable. Above ca. 50 "C they 
decompose rapidly. At  that temperature also the NMR 
spectra are broad and featureless due to what appears to 
be loss of PMe3 from both 2a and 2b. In order to dem- 
onstrate that they do interconvert, we had to turn to 
magnetization transfer experiments.1° 


Magnetization Transfer Experiments. The carbon 
atoms whose relaxation times are most suitable for the 
magnetization transfer experiment at  -30 "C are the ter- 
tidry carbon atom in the neopentyl group in 2b (C22b) and 
the neopentylidene group in 2a (C22a); attempts to utilize 
other carbon atoms failed. This region of the 13C{lHJ NMR 
spectrum of the 2a/2b mixture is shown in Figure 2a. 
Irradiating C22b caused the intensity of the signal for C2% 
to decrease significantly (Figure 2b); no other signal de- 
creased in intensity except that ascribed to the a-carbon 
atom of the ethyl group in 2a (C42a) nearby. The reverse 
experiment (Figure 2c) was equally successful. In this case 
the intensity of the signal due to C4% did not decrease since 
the irradiation frequency was further away. This confirms 


(9) Schultz, A. J.; Brown, R. K.; Williams, J. M.; Schrock, R. R. J. Am. 
Chem. SOC. 1981,103,169-176. 


(10) (a) Forsen, S.; Hoffmann, R. A. J. Chem. Phys. 1963, 39, 
2892-2901. Ibid. 1964,40, 1189. (c) Dahlquist, F. W.; Longmuir, K. J.; 
DuVernet, R. B. J. Mugn. Reson. 1975,17,406-410. (d) Morris, G. A.; 
Freeman, R. Ibid. 1978,29,433-462. 


60 40 PPm 


Figure 2. The 67.89-MHz 13C NMR magnetization transfer 
experiment on the mixture of Ta(CHCMe3) (Et)C13(PMe3), and 
Ta(C2H4)(Np)Cl2(PMe3), in toluene-d8 at  -30 "C: (a) the partial 
13C(lH) NMR spectrum; (b) the partial 13C11H] NMR spectrum 
irradiating C22b; (c) the partial 13C(lH) NMR spectrum irradiating 
C22a. See Figure 1 for numbering scheme. 


I L 


2a 2 b  3 


Figure 3. Possible structures for 2a, 2b, and 3. 


that 2a and 2b are interconverting at  -30 "C at  a rate 
between that of the NMR and chemical time scales. Un- 
fortunately, the large amount of time needed to determine 
this rate exactly by 13C NMR experiments precluded doing 


Structures of Ta(C2H4)(Np)C12L2 and Ta- 
(CHCMe,) (Et)C12L2 and Dynamic Behavior in Solu- 
tion. It is important, if not essential, to know the struc- 
tures for 2a and 2b in solution, for if the hydrocarbon 
ligands are trans to each other, one might expect loss of 
PMe, to be integral part of the interconversion process. 
The virtually coupled pattern for the methyl protons or 
carbon atoms in the lH or 13C NMR spectra assure that 
the PMe3 ligands in each compound are trans, or nearly 
trans, to each other. The major question is whether the 
remaining geometry is cis or trans (assuming the overall 
geometries of 2a and 2b are similar). Unfortunately, no 
data in hand suggest one or the other. Let us for the 
moment assume that the two chloride ligands in 2a and 
2b are trans (Figure 3) but keep in mind that they could 
be cis (cf. Ta(C2H4)(Et)Cl2L2 later). The ethylene ligand 
in 2b probably lies parallel to the L-Ta-L axis since it 
lies parallel to the L-Ta-L axis in truns,mer-Ta- 
(C2H4)C13(PMe&.11 Since the plane of the neopentylidene 
ligand in tr~ns,mer-Ta(CHCMe~)Cl~(PMe~)~ probably 
contains the Cl-Tax1 axis,ll we might expect the plane 
of the neopentylidene ligand in 2a also to contain the 
C1-Ta-C1 axis. 


The 31P NMR spectrum of the 2a/2b mixture is shown 
at  205 K in Figure 4a. Interestingly, the two phosphine 
ligands in 2a are inequivalent (Jpp = 124 Hz) at this tem- 
perature. In 2b the phosphine ligands are still equivalent. 
At 300 K the phosphine ligands in 2a are equivalent, but 
they still are not exchanging with those in 2b (Figure 4b). 


so. 


(11) Rocklage, S. M.; Fellmann, J. D.; Rupprecht, G. A.; Messerle, L. 
W.; Schrock, R. R. J. Am. Chem. SOC. 1981,103,1440. 
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consider this alternative less likely than the former since 
there is no structural precedent for this precise situation. 
Also, even though it is a perfectly reasonable and often 
proposed state in a @-elimination process, we do not think 
it necessary to establish in this case whether the &proton 
interaction is or is not present in this six-coordinate com- 
plex. 


We proposed that one or both a-hydrogen atom(s) is 
(are) interacting with the metal in 2b. Such an interaction 
(along an edge or on a face) should also make the PMe, 
ligands inequivalent. We propose that freezing out this 
configuration on the NMR time scale is simple more dif- 
ficult than in the case of 2a. 


If the structures of 2a and 2b are those shown in Figure 
3, then PMe3 probably is lost prior to interconversion of 
the two. There is still a possibility that the hydrocarbon 
ligands are actually cis to each other, in which case 2a and 
2b could interconvert simply by migration of a proton 
across the face of the octahedron. 


Reaction of the 2a/2b Mixture with Ethylene. The 
2a/2b mixture reacts with ethylene at 25 “C to give nearly 
black, crystalline Ta(C2H4)(Et)C12L2 (3). The organic 
products are 4,4-dimethyl-l-pentene (0.67 equiv) and 
4,4-dimethyl-trans-2-pentene (0.25 equiv), the products 
expected from the reaction of the neopentylidene ligand 
in 2a with ethylene (eq 2).4e This result could be taken 


2a/2b t C 2 H 4  - 06v== + O Z 5 +  + 
Ta(CzH4)IEt )CIzL2 (2)  


as additional evidence that 2a and 2b interconvert readily. 
But in addition, it suggests that formation and rear- 
rangement of a tantalacyclobutane ring formed from the 
neopentylidene ligand and ethylene is faster than forma- 
tion and rearrangement of a tantalacyclopentane ring 
formed from two ethylenes. 1-Butene and eventually C6 
and c8 olefins form but only after long reaction times. 


The NMR spectra of Ta(C2H4)(Et)C12L2 suggest that it 
contains trans PMe3 ligands. Since two sets of ethylene 
protons are observed in the lH NMR spectrum, 3 must 
contain cis chloride ligands (Figure 3). Note that the CH, 
coupling constant in the ethyl ligand is only 133 Hz, far 
more normal than the 146 Hz found in Ta(CHCMe3)- 


Discussion 
The neopentyl ligand is the most susceptible ligand 


toward abstraction of an a-hydrogen atom to give an al- 
kylidene complex4a which we have found so far. It is 
reasonable to suspect that it is also the most susceptible 
to a elimination to give an alkylidenelhydride complex.4b 
Nevertheless, we were surprised to find that a elimination 
from a neopentyl ligand competes with /3 elimination from 
an ethyl ligand. 


We had found some evidence for a related phenomenon 
in the study of the reaction of ethylene with trigonal-bi- 
pyramidal neopentylidene complexes.6 Ta(CHCMe3),- 
(CH2CMe3)L2 (L = PMe3) reacts with ethylene to give 3 
equiv of 4,4-dimethyl-l-pentene and 4,4-dimethyl-trans- 
2-pentene (cf. eq 2) and Ta(C2H4)2(Bu)L2. In contrast, 
Nb(CHCMe3)2(CH2CMe3)L2 reacts with ethylene to give 
3 equiv of a mixture of 4,4-dimethyl-l-pentene and 4,4- 
dimethyl-trans-2-pentene and Nb(C2H4),(Et)L2. I t  was 
proposed (inter alia) that (i) ethylene reacted more rapidly 
with neopentylidene ligands than with ethylene ligands, 
(ii) a neopentyl ligand is turned into a neopentylidene 
ligand by donating an a-hydrogen atom to an a-carbon 
atom of an intermediate a-tert-butyltantalacyclobutane 


(Et)C12L2. 


2 b  


-11.7ppm 


1 


A v e r a g e  JtH,= 122 


Figure 5. A possible interaction of a &hydrogen with the metal 
in 2b. 


Irrespective of whether the overall geometry of 2a is that 
shown in Figure 3 or the alternative with cis hydrocarbon 
ligands, either the neopentylidene or the ethyl ligand must 
be locked at  low temperatures in a position so as to make 
the phosphines inequivalent. The possibility that the 
neopentylidene ligand is responsible seems the most likely 
to us. Either the plane of the neopentylidene ligand 
contains the L-Ta-L axis (not the C1-Ta-C1 axis, as 
proposed earlier) or Ha is located on a face of the octa- 
hedron. There are now two examples of compounds in 
which Ha is located on the face of an octahedron, [W- 
(CH2)(PMe3)4]+12 and W(CHCMe3)(PMe3)2(CO)C12,13 al- 
though in each case the metal is in a formal oxidation state 
two electrons below that of tantalum in Ta- 
(CHCMe3)(C2H6)(PMe3)2C12. 


The alternative is to propose that a ,&hydrogen atom 
in the ethyl ligand is interacting with the metal, either 
along the L-Ta-L edge or on one of the faces of the 
octahedron. The only good reason for considering this 
possibility is the high value for J c H 2 .  J C H ,  could be high 
because the ethyl ligand is being turned into an ethylene 
hydride; i.e., the “normal” value for J C H  is actually the 
average of two other “abnormal” values (figure 5). There 
is some important literature precedent for interactions of 
methyl groups with metals in the form of a neutron dif- 
fraction structure of [Fe(q3-C8H13)[P(OMe)3]3]+ l4 and 13C 
NMR parameters for this and similar compounds.16 We 


(12) Holmes, S. J.; Schrock, R. R. J. Am. Chem. SOC. 1981, 103, 
4599-4600. 


(13) Churchill, M. R.; Wasserman, H. J.; Wengrovius, J. W.; Schrock, 
R. R. J. Am. Chem. SOC., in press. 


(14) Brown, R. K.; Williams, J. M.; Schultz, A. J.; Stucky, G. D.; Ittel, 
S. D.; Harlow, R. L. J. Am. Chem. SOC. 1980,102,981. 


(15) (a) Olah, G. A.; Liang, G.; Yu, S. H. J. Org. Chem. 1976,41,2227. 
(b) Brookhart, M.; Whitesides, T. H.; Crockett, J. M. Znorg. Chem. 1976, 
15,1550. (c) Ittel, S. D.; Van-Catledge, F. A,; Jesson, J. P. J. Am. Chem. 
SOC. 1979,101,6905. 
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complex, and (iii) the ethyl ligand in Nb(C2H4),(Et)L2 is 
formed by isomerization of a neoheptylniobium ethylene 
to an ethylniobium neoheptene complex. Ta(C2H4)2(Bu)Lz 
is a catalyst for the rapid dimerization of ethylene to 1- 
butene, probably via a tantalacyclopentane intermediate. 
Nb(C2H4),(Et)L2 is not, probably because formation and 
rearrangement of an analogous niobacyclopentane complex 
is not as facile. 


The selective reaction of the 2a/2b mixture with 
ethylene to give the products shown in eq 2 (and only very 
slowly 1-butene and other oligomers), along with the results 
mentioned immediately above, could be used as evidence 
in support of the "alkylidene mechanism" of polymerizing 
ethylene.le A variation of the original proposal is that the 
alkylidene hydride need not be fully formed, only incipient, 
as found in 2b." Therefore a polymerization can be 
viewed as shown in eq 3. However, another plausible way 
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to -30 OC. ZnEh (0.21 g, 1.64 mmol) was added rapidly and the 
solution wm warmed to 25 "C and stirred for 10 min. ZnC1, (0.24 
g, 0.22 g theory) was filtered off and the solvent removed from 
the yellow filtrate. The yellow oil (1.36 g, 98%) slowly darkened 
a t  25 "C. 'H NMR (C6D&D3, 60 MHz, -20 "C) 6 2.52 (s, 4, 
CHzCMe3), 2.20 (m, 5, ethyl resonances), 1.22 (s, 18, CHzCMe3); 
"C NMR (C&&D3,15 MHz, -20 "C) 6 112.0 (t, 'JCH = 117 Hz, 
CHzCMe3), 90.8 (t, 'JCH = 125 Hz, CHZCH,), 35.3 (9, 'JCH = 125 
Hz, CHzCMe3), 34.7 (s, CHzCMe3) , 14.4 (q, 'JCH = 129 Hz, 
CHZCH,). 


Preparation of Ta(CHCMe3)(Et)Cl2(PMe3), (2a) and Ta- 
(C2H4)(Np)ClZ(PMe3)2 (2b). TaNpzEtClz (0.93 g, 2.20 mmol) 
was dissolved in ether (10 mL), and PMe3 (0.35 g, 4.60 mmol, 
excess) in ether (5 mL) was added rapidly at  -30 "C. The color 
changed from yellow to red. The solution was warmed to 25 "C 
and stirred for 10 min. The solvent was removed in vacuo. The 
brown oil was extracted with pentane (10 mL), and the solution 
was filtered and cooled to -30 "C. After 12 h 0.84 g of brown 
urchin-like needles were collected (76%). The crystalline product 
is indefinitely stable at  -30 "C but'decomposes in 1 h at  25 "C 
to give an intractable brown tar. Similar results were obtained 
by using pentane as a reaction solvent: 'H NMR (C6D5CD3, 270 
MHz, -40 "C) for Ta(CHCMeS)(Et)Cl2(PMe3), 6 1.372 (br m, , J H ~  
= 7.4 Hz, PMe3), 0.742 (8, CHCMe3), -0.087 (br m, CH2CH3); for 
Ta(CzH4)(Np)Clz(PMe3)z 6 2.431 (br m, CzH4), 1.459 (br t, ,JHP 
= 3.6 Hz, PMe,), 0.556 (s, CHzCMe3), -1.952 (s, CH2CMe3); 13C 
NMR (C6D5CD3, 67.89 MHz, -20 "C) for Ta(CHCMe3)(Et)C12- 
(PMe3)z 6 222.3 (dt, ,Jcp = 8.1 Hz, 'JcH = 80 Hz, CHCMe,), 46.7 
(8,  CHCMe3), 39.6 (tt, 'Jcp = 9.5 Hz, 'JcH = 146 Hz, CH,CH,), 
33.2 (9, 'JCH = 126 Hz, CHCMe3), 15.4 (qt, 'Jcp = 12 Hz, 'JCH 
= 130 Hz, PMe,), -3.0 (qt, 3Jcp ii: 3 Hz, 'JCH = 124 Hz, CHZCH,); 
for Ta(C2H4)(Np)Cl2(PMe3)2 6 138.9 (t, ~JCH = 98 Hz, CH2CMe3), 
56.9 (tt, 'Jcp ii: 3 Hz, 'JCH = 151 Hz, C2H4), 38.5 (9, CH2CMe3), 
32.7 (4, 'JCH = 127 Hz, CHzCMe3), 14.9 (qt, 'Jcp = 12.5 Hz, 'JCH 
ii: 130 Hz, PMe,); 31P NMR (C6D5CD3, 109.29 MHz, +27 to -67 
"C) for Ta(CHCMe3)EtC12(PMe3)z at  27 "C 6 -12.4 (br s), -37 "C, 
coalescence of PA and PB resonances, -67 "C 6 -7.4 (d, 2J 7 124 Hz, PMe3(A)), -17.7 (d, ,Jp = 126 Hz, PMe3(B)); for a 
(C2H4)(Np)C1z(PMe3)z 6 -11.7 e s h a r p  singlet to -67 "C). 


Preparation of Ta(C2H4)(Et)ClZ(PMe3), (3). A sample of 
2 (3.38 g, 6.72 mmol) in ether (20 mL) reacted with CzH4 (30 psi) 
in 2.5 h at  25 "C. The reaction mixture was filtered and solvent 
removed from the filtrate to give nearly black crystals. The crude 
product was dissolved in a minimal amount of ether (- 15 mL). 
After 12 h at -30 "C, 1.95 g of irregularly shaped blue-black crystals 
were isolated by fitration. The volume of the mother liquor was 
reduced in vacuo to -7 mL, and pentane (-3 mL) was added. 
Mter this solution was left standing at  -30 "C for 16 h, an ad- 
ditional 0.35 g of pure compound was isolated 75% total yield; 
'H NMR (C6D5CD3, 250 MHz, -30 "C) 6 1.729 (m, 2, olefinic H), 
1.299 (t, 18, ?-JHp = 3.7 Hz, PMe3), 1.081 (m, 2, CH2CH3), -0.104 
(m, 3, CHzCH3), -1.031 (m, 2, olefinic H); 13C NMR (C6D6, 15 
MHz,  25 "C) 61.65 (tt, 'Jcp = 8 Hz, 'JCH = 133 Hz, CH&H3), 54.30 
(tt, 'Jcp 4 Hz, 'JCH 151 Hz, C2H4), 14.20 (qt, 'Jcp = 11.7 Hz, 
'JCH = 129 Hz, PMe,), 1.8 (br q, 'Jcp z 4 Hz, 'JCH = 125 Hz, 
CHZCH,); 31P (C&,CH3, 36 MHz, 30 "C) 6 -13 (s). 


Anal. Calcd for TaCl&,ClzP2: C, 25.82; H, 5.85. Found: C, 
25.30, H, 5.91. 


A sample of 3 (0.15 g, 0.298 mmol) in ether (-1.5 mL) which 
contained heptane (50 pL, 0.340 mmol) was treated with ethylene 
(30 psi) at  0 "C. Samples were withdrawn periodically and 
quenched with air. GLC analysis showed 0.67 equiv of 4,4-di- 
methyl-1-pentene and 0.25 equiv of 4,4-dimethyl-truns-2-pentene. 
Longer reaction times gave >1 equiv of butenes, 0.58 equiv of 
3-ethyl-1-butene (identified by coinjection with an authentic 
sample), and -0.3 equiv of unidentified C8 olefins. The pro- 
duction of butenes was suppressed in the presence of excess PMe3 
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H. C2H4 H. H 
td-CHR - M CHR - MCH$' - M-CHR' (3) 


bH2-kH2 


of viewing insertion of ethylene into a metal-alkyl bond 
involves the reaction of a related incipient olefin hydride 
complex with ethylene to give an incipient metallacyclo- 
pentane hydride complex (eq 4). From what we have 


(4) 


observed in tantalum chemistry, the alternative in eq 3 
seems more plausible than that in eq 4, at  least for earlier 
transition metals where alkylidene complexes are now 
fairly common.4a 


One puzzling fact is that 2a is stable at  all. One might 
have predicted on the basis of the reaction of cyclo- 
pentadienyltantalum alkylalkylidene complexes with 
phosphines to give alkylidyne complexes18 and the isolation 
of tungsten complexes such as W(CCMe3)C13(PMe3)319 that 
2a would decompose to Ta(CCMe3)C12(PMe3)2 in high 
yield or to Ta(CCMe3)C12(PMe3)3 in lower yield. However, 
so far all our efforts to characterize the product of the 
decomposition of the 2a/2b mixture in the presence of 
PMe3 have been unsuccessful. 


Experimental Section 
General experimental procedures can be found el~ewhere.'?~ 


NMR data are listed in parts per million relative to Me& ('H 
and 13C NMR) or external 85% H3P04 (31P NMR). 


The magnetization transfer experiments were performed by 
using a presaturation pulse sequence. A presaturating frequency 
of 0.5 W was used to irradiate the desired line for 4 s. At the end 
of that period the irradiating frequency was gated off and then 
followed 0.001 s later by the short RF pulse required to obtain 
the FID. 


Preparation of TaNpatCl,  (1). TaNhC13 (1.41 g, 3.28 "01) 
was dissolved in pentane (20 mL), and the solution was cooled 


(16) Ivin, K. J.; Rooney, J. J.; Stewart, C. D.; Green, M. L. H.; W t a b ,  


(17) Rooney, J. J., personal communication. 
(18) McLain, S. J.; Wood, C. D.; Messerle, L. W.; Schrock, R. R. J. Am. 


R. J. Chem. Soc., Chem. Commun. 1978, 604. 


Chem. Soc. 1978.100.5962-6964. 
(19) Wengro&, J: H.; Sancho, J.; Schrock, R. R. J.  Am. Chem. Soc. 


1981,103, 3932-3934. 
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Photolysis of RuCp(benzene)+ in CH&N at 313 nm gives a quantitative yield of [RuCp(CH,CN),]: which 
is isolated as the PF6- salt. The quantum yield for this reaction is 0.4 f 0.04. The thermal substitution 
chemistry of this complex is remarkably rich. When the reaction conditions are varied (temperature and 
solvent), one, two, or three of the CH&N molecules can be selectively replaced. For example, with P(OCH3), 
as the incoming ligand, reaction of [RUC~(CH&N)~]PF~ with an excess of P(OCH,), in acetonitrile at room 
temperature gives a quantitative yield of [RUC~(CH&N)~(P(OCH,)~)]PF~. Further treatment of this 
monophosphite complex with an excess of P(OCH,), for several days at room temperature yields quan- 
titatively [RuCp(CH3CN)(P(OCH3),),]PF6. Finally, refluxing this bisphosphite complex with an excess 
of P(OCH3)3 for several hours in dichloroethane yields [ R U C ~ ( P ( O C H ~ ) ~ ) ~ ] P F ~ .  [CpRu(CH,CN),]+ also 
reacts with a variety of unsaturated hydrocarbons to yield compounds in which all three acetonitrile molecules 
have been replaced. Compounds synthesized by this method include: [CpRu(q6-hexamethylbenzene)]PF6, 
[CpRu(q6-[2.2]-p-cyclophane)]PF6, [CpRu(~f-p-dichlorobenzene)]PF~, and [CpRu(q6-cyclooctatetraene)]PFs. 
Finally, photolysis of RuCp(benzene)+ in degassed CHzClz in the absence of potential ligands leads to no 
net photoreaction. However, the addition of P(OCH3)3 or P(OEt)3 to a CHzClz solution of RuCp(benzene)+ 


0 yields on photolysis RuCp(P(OR),),?. Photolysis of RuCp(benzene)+ in CHzClz in the presence of P(0Ph) 
yields no observable products. This contrasts the behavior found for the photolysis of FeCp(p-xylene) 
which, under identical conditions, leads to the efficient formation of FeCp(P(OPh),),+. These results are 
interpreted in terms of differences in the degree of unsaturation in the reactive intermediates in the Fe 
and Ru systems. 


Introduction 


We have recently begun an investigation of the photo- 
chemical properties of transition metal arene complexes. 
In recent publications,lJ we have reported our studies on 
the cyclopentadienyl(arene)iron(II) cations. Visible light 
photolysis of these ions in a variety of solvents leads to  
efficient reactions in which the arene ring is replaced by 
three monodentate ligands or one tridentate ligand. In the 
absence of a suitable ligand, photolysis leads to  the for- 
mation of ferrocene and Fe(II)., 


We now wish to report the extension of these studies to 
the Ru( 11) analogue, cyclopentadienyl(benzene)rutheni- 
um (11) hexafluorophosphate, [ CpRu ( q6- benzene)] PF6. 
These studies have led us to  the photochemical synthesis 
of C ~ R U ( C H ~ C N ) ~ P F ~ ,  which due to the lability of the 
coordinated acetonitrile molecules, is a useful starting 
material for the synthesis of compounds containing the 
CpRu" group. Previous synthetic methods which have 
been extensively exploited in CpFe" chemistry4 have not 
generally been useful in the development of the analogous 
chemistry of the CpRu" moiety although M. I. Bruce and 
co-workers have recently made several interesting obser- 
v a t i o n ~ . ~  We feel that the synthetic methods illustrated 
here for several new compounds containing the CpRuI' 
group may be extended to the preparation of a large variety 
of other CpRun compounds that are otherwise unavailable. 


(1) T. P. Gill and K. R. Mann, Inorg. Chem., 19, 3007 (1980). 
(2) T. P. Gill and K. R. Mann, J. Organomet. Chem., 216,65 (1981). 
(3) A. N. Nesmeyanov, N. A. Vol'kenau, and L. S. Shiloutaeva, Dokl. 


(4) See: M. Roseblum, Acc. Chem. Res., 7,122 (1974); J. A. McClev- 


(5) M. I. Bruce and R. C. Wallis, Awt. J. Chem., 34, 209 (1981) and 


Akad. Nauk SSSR, 190, 857 (1970). 


erty, J. Organomet. Chem., 183, 281 (1979) and references therein. 


references therein. 


Experimental Section 
General Data. All small scale synthetic photolyses were 


performed at 20 f 2 OC in a quartz test tube equipped with a 
magnetic stir bar and serum stopper. The unfiltered output of 
a 175-W medium-pressure mercury lamp was used as a light 
source. Before photolysis, the solutions were degassed by bubbling 
them with nitrogen for approximately 15 min. For bulk photolyses 
and the quantum yield determination, different optical ar- 
rangements were used (vide infra). 


Cyclooctatetraene was prepurified by passage through a short 
alumina column. All other reagents were purchased and used 
without additional purification. Solvents used were of spectro- 
scopic quality. Proton NMR spectra were recorded on a Varian 
Associates CFT-20 spectrometer equipped with a 79.5MHz proton 
accessory. All NMR spectra were recorded in acetone-d6 and are 
referenced to MelSi (internal standard). UV-visible spectra were 
recorded on a Cary 17D spectrophotometer. IR spectra were 
recorded on a Perkin-Elmer 297. Elemental analyses were per- 
formed by Galbraith Microanalytical Laboratories, Knoxville, TN. 


Preparation of Complexes. [CpRu(~~~-benzene)]PF~. The 
compound [CpRu(bz)]Cl was prepared from RuC13-1-3H20 via 
the procedure of Zelonka and Baird.6 This compound was 
dissolved in water and filtered. The filtrate was treated with an 
aqueous solution of NH4PF6, precipitating [CpRu(bz)]PF6 as a 
tan colored solid. The tan solid was then dissolved in acetone 
and eluted through a short alumina column. The brown impurity 
remained at  the top of the column. Sometimes the product had 
a very faint yellow coloration. This color could be removed by 
dissolving the compound in a 50/50 mixture of dichloro- 
methane/acetone and eluting through a second column of alumina. 
The product in both cases is obtained by evaporating the solvent 
on a rotary evaporator. In a typical preparation, 3.4 g of Ru- 
C13.3H20 yielded 3.2 g of white crystalline [CpRu(bz)]PF6 (61% 
yield): mp 288-290 "C with decomposition; 'H NMR T 4.46 (s, 
Cp, 5 H), T 3.65 (s, bz, 6 H). Anal. Calcd for C11HIIRuPF6: C, 


(6) R. A. Zelonka and M. C. Baird, J. Organomet. Chem., 44, 383 
(1972). 
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33.94; H, 2.85. Found: C, 34.07; H, 2.96. 
[ C ~ R U ( P ( O C H ~ ) ~ ) ~ ] P F ~  [C~RU(P(OCH,)~)~]PF~ was pre- 


pared by irradiating a solution containing 54.2 mg of [CpRu- 
(bz)]PF, and 966 mg of P(OCH3), in 10 mL of dichloromethane 
for 4.5 h. Initially, all of the CpRu(bz)PF6 was not dissolved; 
however, as the reaction proceeded, dissolution was complete. 
Upon completion of the photolysis, the solvent was evaporated 
and the product was crystallized from CH2C12/hexane. A 81.1-mg 
sample of [ C ~ R U ( P ( O C H ~ ) ~ ) ~ ] P F ~  (85% yield) was recovered as 
a white powder: mp 242-244 "C with decomposition; NMR 7 4.61 
(q, Cp, 5 H, J = 1 Hz), 7 6.27 (complex pattem, CH,, 27 H, J m H  
= 11.5 Hz).' Anal. Calcd for C14H3z0p4F&~: C, 24.61; H, 4.72. 
Found: C, 24.42; H, 4.71. 


prepared by irradiating a solution containing 55.5 mg of 
[CpRu(bz)]PF6 and 1.64 g of P(OCH2CH3)3 in 10 mL of di- 
chloromethane. After 5.5 h of photolysis, the solvent was evap- 
orated and the residue was crystallized from CH2C12/hexane. A 
79.8-mg sample of [C~RU(P(OCH~CH~) , )~ ]PF~  was collected as 
a white powder (69% yield): mp 212-214 "C with decomposition; 
'H NMR 7 4.73 (q, Cp, 5 H, J = 0.9 Hz), 7 5.89 (m, CH2, 18 H), 
T 8.70 (t, CH,, 27 H, J = 7 Hz). Anal. Calcd for C,HmOp4F&u: 
C, 34.12; H, 6.22. Found C, 34.08; H, 6.24. 


[ C ~ R U ( C H ~ C N ) ~ ] P F ~ .  [ C ~ R U ( C H ~ C N ) ~ ] P F ~  was prepared 
by irradiating a solution (514.2 mg of [CpRu(bz)]PF6, 120 mL 
of CH3CN) in the quartz water jacket of an immersion lamp. The 
jacket was stoppered and the solution degassed 'by bubbling with 
N2 for several minutes. The stirred solution was irradiated with 
the output of a 400-W Ace-Hanovia medium-pressure Hg lamp 
for 22 h. After irradiation, the solvent was evaporated, yielding 
569.4 mg of product (100% yield): mp 117-118 "C with decom- 
position; 'H NMR 7 5.69 (s, Cp, 5 H), 7 7.48 (8, C H ,  9 H). Anal. 
Calcd for ClIH14N3RuPF6: C, 30.42; H, 3.25. Found: C, 29.75; 
H, 3.12. 


[ CpRu( CH3CN)&O]PFB. [ C ~ R U ( C H ~ C N ) ~ ] P F ~  (105.1 mg) 
was dissolved in 10 mL of CH3CN. This solution was bubbled 
with CO for about 20 min at rmm temperature. Upon evaporation 
of the solvent, 97.4 mg of [ c p R ~ ( c H ~ c N ) ~ ( c o ) ] P F ~  (96% yield) 
was recovered as yellow crystals: mp 159-161 "C with decom- 
position; NMR 7 4.65 (s, Cp, 5 H), 7 7.40 (8 ,  CH3, 6 H); IR ~l(C0) 
2004 cm-' (CH3CN solution). Anal. Calcd for Cl&11N20RuPF6: 
C, 28.51; H, 2.63. Found: C, 29.36; H, 2.73. 
[C~RU(CH,CN)~P(OCH~)~]PF~ A solution of 53.1 mg of 


[CpRu(bz)]PF6 in 10 mL of CH3CN was irradiated for 3.5 h, at 
which time the formation of C ~ R U ( C H ~ C N ) ~ +  was judged to be 
complete. To this solution was added 1 mL of trimethyl phoaphite, 
and the mixture was stirred for 5 min. The solvent was evapo- 
rated, and ether was added to the remaining oil. After a few 
minutes crystals of [C~RU(CH~CN)~P(OCH~)~]PF~ formed: 62.1 
mg (88% yield); mp 107-108 "C with decomposition; 'H NMR 


7 7.46 (d, NCCH3, 6 H, J = 1.4 Hz). Anal. Calcd for 
C1&&uPzo3F6Nz: C, 27.96; H, 3.90. Found C, 27.65; H, 4.01. 
[C~RU(CH,CN)(P(OCH~)~)~]PF~ A solution of [CpRu- 


(CH3CN)zP(OCH3)3]PF6 (29.3 mg) and 0.5 mL of trimethyl 
phosphite in 15 mL of dichloromethane was stirred for 22 h. 
Evaporation of the solvent yielded a yellow oil, which on addition 
of diethyl ether yielded [C~RU(CH~CN)(P(OCH~)~),]PF~ (34.1 
mg) as yellow crystals in 100% yield mp 144-146 "C; 'H NMR 
7 4.84 (t, Cp, 5 H, J = 1 Hz), T 6.30 (apparent t, POCH3, 18 H, 


for ClBH36RuP306F6N: c, 26.01; H, 4.37. Found: c, 25.82; H, 
4.14. 
[CpRu(q6-hexamethylbenzene)]PFs. A 53.5-mg sample of 


[C~RU(CH~CN)~]PF, and 91.6 mg of hexamethylbenzene were 
dissolved in 15 mL of dichloroethane and refluxed under N2 for 
21 h. Evaporation of the solvent yielded a residue which was 
washed several times with hexane to remove unreacted hexa- 
methylbenzene. Elution of the residue with acetone on a short 
alumina column yielded on evaporation 35 mg (60% yield) of white 
crystalline [CpRu(qs-hexamethylbenzene)]PF6. Further elution 
of the column with CH30H afforded an additional amount of 
product of lower purity. 1st fraction: mp 302-305 "C with de- 
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[CPRU(P(OCH&H,),)~]PF~. [C~RU(P(OCH~CHJJ~]PF~ 


7 5.17 (d, Cp, 5 H, J = 0.9 Hz), 7 6.34 (d, POCH3, J = 11.9 Hz), 


JpocH = 11.7 Hz), 7 7.49 (t, NCCH3, 3 H, J = 1.3 Hz). Anal. Calcd 


(7) R. K. Harris, Can. J. Chem., 42, 2275 (1964). 
(8) E. Roman and D. Astruc, Inorg. Chim. Acta, 37, L465 (1979). 
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composition; 'H NMR 7 4.83 (9, Cp, 5 H), 7 7.52 (5, CH3, 18 H). 
Compares favorably to literature values.8 


[CpRu(q6-PCP)]PFs. [CpRu(CH3CN),]PF6 (49.5 mg) and 
[2.2]-p-cyclophane (84.2 mg) were dissolved in 15 mL of di- 
chloroethane. This solution was refluxed under N2 for 17.5 h, 
and the solvent was evaporated. The residue was crystallized from 
dichloromethane/hexane affording 50 mg (85% yield) of tan 
microcrystalline product mp 266-267 "C with decomposition; 
'H NMR 7 3.09 (s, arene protons on complexed ring, 4 H), T 4.38 
( 8 ,  arene protons on uncomplexed ring Ru, 4 H), T 4.82 (s, Cp, 
5 H), 7 6.86 (m, CH2 protons, 8 H). Anal. Calcd for CZ1Hz1RuPF6: 
C, 48.56; H, 4.07. Found: C, 48.41; H, 4.09. 


[CpRu(q6-p -dichlorobenzene)]PFs. A solution of [CpRu- 
(CH3CN)3]PF6 (51.6 mg) and p-dichlorobenzene (176.2 mg) in 15 
mL of dichloroethane was refluxed under N2 for 15 h. The solution 
turned brown, and some insoluble brown material was observed. 
The solvent was evaporated, and the residue was washed with 
hexane several times. The product was dissolved in acetone and 
eluted down a short alumina column. Evaporation of the solvent 
yielded 35.9 mg (66% yield) of white CpRu($-p-dichloro- 
benzene)PF6: mp 248-250 "C with decomposition; 'H NMR T 


3.04 (s, aromatic protons, 4 H), 7 4.22 ( 8 ,  Cp, 5 H). Anal. Calcd 
for C11H9C12RuPF6: C, 28.84; H, 1.98. Found C, 29.02; H, 2.01. 


[CpRu(q6-C8H8)]PFP [CpRu(?+-C8H8)]PF6 was prepared in 
two steps. A solution of 50.6 mg of [CpRu(bz)]PF6 in 10 mL of 
CH3CN was irradiated for 4 h and 20 min, at which time the 
formation of C~RU(CH~CN)~+ was judged to be complete. Then 
0.5 mL of cyclooctatetraene was added to this solution, and the 
mixture was stirred for 10 min. The solvent was evaporated, 
yielding 49.8 mg of yellow crystalline [CpRu(@-C8H8)]PF6 (92% 
yield): mp 228-230 "C with decomposition; 'H NMR T 4.25 (s, 
Cp, 5 H), cyclooctatetraene protons 7 3.05 (m, H3v4, 2 H), T 3.96 
(overlapping multiplets, H'92*516 4 H), 7 4.89 (m, H7l8, 2 H). Anal. 
Calcd for C13H13RuPF6: C, 37.60; H, 3.16. Found: C, 38.03; H, 
3.36. 


[ CpRu( CO ) ( q4-C&J]PFS. [ CpRu( CH3CN) 2CO] PF6 (32.6 mg) 
and 0.6 mL of cyclooctatetraene were dissolved in 15 mL of 
dichloroethane. After reflux under Nz for 19 h, the solvent was 
evaporated. Crystallization of the product from dichloro- 
methane/hexane yielded 23.2 mg of [C~RU(~~-C&B)CO]PF~ (68% 
yield) as yellow crystals: mp 175-177 "C with decomposition; 'H 
NMR 7 4.12 (s, Cp, 5 H), cyclooctatetraene protons 7 3.62 (m, 
H1o4, 2 H), 7 3.94 (m, HV, 2 H), 7 4.24 (m, H5S, 2 H), 7 4.85 (doublet 
of multiplets, H6v7, 2 H); IR s(C0) 2053 cm-' (KBr pellet). The 
coordination mode of the cyclooctatetraene ligand (i.e., 1-4-7' or 
1,25,6-v4) is not certain, although chemical shift arguments favor 
the 1" coordination mode, which we adopt here in our assignment. 
Anal. Calcd for C14H13RuOPF6: C, 37.93; H, 2.96. Found: C, 
38.02; H, 2.97. 


Reactions. Attempted Thermal Reaction of [CpRu- 
(bz)]PF6 with CH3CN. A solution of 28 mg of [CpRu(bz)]PF6 
in 15 mL of CH3CN was refluxed under N2 in the dark for 52 h. 
The solvent was then removed, yielding 25.2 mg of a white solid. 
A proton NMR spectrum of the recovered solid showed it to be 
pure [CpRu(bz)]PF6. 


Attempted Thermal Reaction of [CpRu(bz)]PF, with 
Trimethyl Phosphite. A solution of [CpRu(bz)]PF, (35.1 mg) 
and 1 mL of P(OCH3)3 in 15 mL of dichloromethane was refluxed 
under N2 for 42 h in the dark. The solvent was evaporated, and 
the product was washed with diethyl ether to remove excess 
P(OCH3)B. The 30.4 mg of white, crystalline solid was verified 
to be CpRu(bz)]PF6 by recording its proton NMR spectrum. 


Photochemical Reaction of [CpRu(bz)]PF6 with P(OPh),. 
A solution of 51.8 mg of [CpRu(bz)]PF6 and 845 mg of P(OPh)B 
in 15 mL of dichloromethane was placed in a quartz test tube, 
degassed by bubbling with N2, and irradiated for 5 h. The solvent 
was removed, and the residue was redissolved in dichloromethane 
and precipitated upon addition of hexane. A proton NMR of the 
product showed it to be pure [CpRu(bz)]PF,. 


Photochemical Reaction of [CpRu(bz)]PF, with P(0CH- 
(c&)2)3* A solution of 966 mg of triisopropyl phosphite and 54.2 
mg of [CpRu(bz)]PF6 in 15 mL of dichloromethane was degassed 
by N2 bubbling and irradiated for 5 h. The solvent was removed 
and the product washed with hexane. The proton NMR spectrum 
recorded of the solid product indicated it to be a 1:l mixture of 
[C~RU(P(OCH(CH~),)~),IPF, and CpRu(bz)PF6. 







Photochemical Properties of the RuCp(q6-benzene)+ Cation 


Thermal Reaction of [CpRu(CH,CN),]PF, with P(OPh),. 
A solution containing 55 mg of [CpRu(CH3CN),]PF6 and 0.5 mL 
of P(OPh), in 15 mL of dichloroethane was refluxed under ni- 
trogen for 22 h. Evaporation of the solvent yielded a yellow brown 
oil which was repeatedly washed with diethyl ether and hexane 
to remove the excess P(OPh),. The proton NMR spectrum of 
the oil revealed three major signals in the region where cyclo- 
pentadienyl protons generally occur. A singlet was observed at 
7 4.42 which we assign to the cyclopentadienyl proton resonance 
of the [CpRu($-P(OPh),]+ cation in which the triphenyl phosphite 
ligand is bound in an qa fashion through a phenyl ring. Both the 
chemical shift and the lack of 31P spinapin splitting are consistent 
with this assignment. A triplet 7 5.43 (J  = 1.1 Hz) and a quartet 
T 5.04 ( J  = 1.0 Hz) were also observed. These resonances are 
assigned as the cyclopentadienyl proton signals from CpRu(P- 
(0Ph)&(CH3CN)+ and CpRu(P(OPh),),+, respectively. Con- 
sistent with this assignment, a triplet resonance at 7 7.57 ( J  = 
1.2 Hz) is assigned to the acetonitrile methyl group in CpRu(P- 
(OPh)&CH,CN)+. These three compounds appear to be produced 
in approximately equal amounts. 


Attempted Thermal Reaction of [CpRu($-cyclo- 
octatetraene)]PF, with CO. A solution of [CpRu(&cyclo- 
octatetraene)]PF, in acetoned in an NMR tube was bubbled 
with carbon monoxide for 10 min. Proton NMR analysis of the 
reaction mixture revealed signals due to only the stating material, 
[CpR~(~~-cyclooctatetraene)]PF~ 


Reaction of [C~RU(CH~CN)P(OCH,)~]PF~ with Toluene. 
A 1.0-mL sample of toluene and 28 mg of [CPRU(CH,CN)~P- 
(OCH3)]PF6 were dissolved in 15 mL of dichloroethane. This 
solution was refluxed under N2 for 19 h. The solvent and excess 
toluene were removed by rotary evaporation. Proton NMR 
analysis of the yellow solid revealed that [ CpRu(qs-toluene)]PF6 
and [C~RU(P(OCH~~)~CH,CN]PF, were present in approximately 
a 1:l ratio. The presence of these compounds was confirmed by 
comparison with proton NMR spectra of authentic samples. 


Quantum Yield Measurement for the Conversion of 
CpRu(benzene)+ to CpRu(CH&N),+. The 313-nm radiation 
was isolated from the output of a 100-W medium-preasure mercury 
lamp using an Oriel interference filter. Reineckate actinometjd 
was performed before and after photolysis of the ruthenium 
solutions, giving an average light intensity of 6.27 X lo-' ein- 
steins/min. The quantum yield for the photochemical reaction 


was determined by irradiating solutions containing 7 mg of 
[CpRu(bz)]PF, in 3 mL of CH3CN in a quartz cell. The cell was 
equipped with a magnetic stir bar and stoppered. The solution 
was degassed by bubbling with nitrogen saturated with acetonitrile 
for about 10 min. The amount of product formed was determined 
by measuring the absorption spectrum of the reaction mixture 
at 5- or 10-min intervals. During each photolysis period, the 
percent conversion to product was less than 5%. When the 
quantum yield was calculated, corrections were applied for in- 
complete absorption of light by the solution and the absorption 
of light by the product, [ C ~ R U ( C H ~ C N ) ~ ] P F ~ . ' ~  The quantum 
yield for this reaction is 0.40 i~ 0.04. 


Electronic Spectra. The electronic spectra of [CpRu(bz)]PF, 
and [C~RU(CH~CN)~]PF,  were recorded in acetonitrile: 
[CpRu(bz)]PF, X 320 nm ( e  = 136 M-' cm-'); [CpRu- 
(CH3CN),]PF6, X 309 nm (e = 860 M-' cm-'), X 365 nm (e = 1071 
M-' cm-'). 


Resul t s  and Discussion 
The behavior of [CpRu(bz)]PF6 somewhat parallels that 


of the iron system previously studied.ll2 In both the iron 
and ruthenium systems, attempted reactions with trialkyl 
phosphites in refluxing dichloroethane led only to recovery 
of starting material. Replacement of the arene ring by 
three trialkyl phosphite (alkyl = methyl, ethyl) ligands 


(9) E. E. Wegner and A. W. Adamson, J. Am. Chem. Soc., 88, 394 


(10) 0. Kling, E. Nikoaiski, and H. L. Schlhfer, Ber. Bumenges. Phys. 
(1966). 


Chem., 67,883 (1963). 
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could be affected in both systems by photolysis of CpM- 
bene ) '  in CH2C12 containing trialkyl phosphite. However, 
[CpRu(bz)]PF6 exhibited a ligand selectivity in the pho- 
tochemical reaction that  was not observed in the iron 
system. For example, photolysis of [cpRu(bz)]PF, in the 
presence of P(OPhI3 yielded no [CpRu(P(OPh)J,]PF,. By 
contrast, the facile photochemical replacement of p-xylene 
from [ CpFe(q'-p-xylene)]PF, was observed when CH2C12 
solutions containing the iron complex and P(OPh)3 were 
irradiated, yielding [CpFe(P(OPh),),]PF, in excellent 
chemical yield. 


Although the observed differences in photochemical 
reactivity between the iron the ruthenium complexes were 
not anticipated, the results suggest that  the intermediates 
produced upon photolysis may differ in their degree of 
association of the arene ring with the metal center. Since 
the Ru-P bonds would be expected to  be of similar 
strength for trimethyl phosphite or triphenyl phosphite, 
and the cone angle of triphenyl phosphite is much greater 
than that  of either trimethyl phosphite or triethyl phos- 
phite,l' we prefer to  ascribe these observed reactivity 
differences to  kinetic effects rather than thermodynamic 
effects.12 T o  probe these kinetic effects, [CpFeb-xyl- 
ene)]PF6 and [CpRu(bz)]PF6 were irradiated under 
analogous conditions in the presence of triisopropyl 
phosphite, a ligand which is slightly more basic than tri- 
methyl phosphite, but with approximately the same cone 
angle as triphenyl phosphite." Photolysis of [CpFe(p- 
xylene)]PF6 in the presence of triisopropyl phosphite gave 
[ CpFe( P (  OCH (CH,) 2)3)3] PF6 in good yield. l3 However, 
replacement of benzene in [CpRu(bz)]PF, by triisopropyl 
phosphite proceeded in about 50% conversion to [CpRu- 
(P(OCH(CH,),),),]PF,. These conditions would have af- 
fected total replacement of benzene in the ruthenium 
complex by trimethyl phosphite. Thus, it  appears that  
both the steric and electronic properties influencing the 
nucleophilicity of the incoming ligand may be important 
in determining the efficiency of the ring replacement re- 
actions in the ruthenium system. 


Other differences have been observed in the photo- 
chemical reactivity of the iron and ruthenium systems. 
When [CpFe(bz)]PF6 is irradiated in acetonitrile, the 
iron-containing products are Fe(I1) and ferrocenes3 Our 
previous results, which illustrate that  the replacement of 
the p-xylene ligand with three monodentate ligands readily 
occurs, suggest that  CPF~(CH,CN)~+ may be formed as an 
intermediate in this reaction with subsequent decompo- 
sition to  Fe(I1) and ferrocene. However, when [CpRu- 
(bz)]PF6 is irradiated in CH,CN, a stable compound, 
[CpRu(CH3CN),]PF6, is formed with a quantum yield of 
0.4 f 0.04. (The spectral changes observed on photolysis 
are illustrated in Figure 1.) [CpRu(CH3CN),]PF6 is air 
stable in the solid state and in acetonitrile solution, al- 
though it decomposes slowly in other solvents such as 
acetone or methylene chloride. 


Since acetonitrile ligands in many metal complexes are 
readily replaced,14 we suspected that  the facile thermal 
displacement of one or more acetonitrile ligands from the 
complex [C~RU(CH,CN)~]PF, could be accomplished and 
lead to  reactions of synthetic utility. This was borne out 
by experiment. Further, control of the degree of substi- 
tution was attained by controlling the reaction conditions. 


(11) C. A. Tolman, Chem. Reu., 77, 313 (1977). 
(12) The thermodynamic stability of [CpRu(P(OPh),),]+ is further 


substantiated by ita formation in the thermal reaction of C~RU(CH~CN)~+  


(13) T. P. Gill and K. R. Mann, unpublished results. 
(14) B. N. Storhoff and H. C. Lewis, Jr., Coord. Chem. Reu., 23, 1 


and P(0Ph)s. 


(1977). 
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Figure 1. The photolysis of [CpRu(bz)]PF6 in acetonitrile (see 
text for experimental details): w e  a, 0 min; curve b, 5 min, curve 
c, 10 min; curve d, 15 min; curve e, 25 min; curve f, 35 min; curve 
g, 45 min. 


For example, in acetonitrile solution at  room temperature, 
one acetonitrile molecule in the complex is rapidly replaced 
upon addition of excess P(OCH,), or CO, to produce 
[ C ~ R U ( C H , C N ) ~ L ] P F ~ .  Isolation of both [CpRu- 


accomplished in high yield with no indication of the for- 
mation of [CpRu(CH3CN)L2]+ or [CpRuL,]+. Controlled 
substitution of a second acetonitrile molecule was affected 
by treatment of [C~RU(CH~CN)~P(OCH~)~]PF~ with ex- 
cess P(OCH3), again at  room temperature but in CH2Clz 
solution. The trisubstituted complex [CpRu(P(OCH,),),]+ 
can then be obtained from [C~RU(P(OCH,)~)~(CH~CN)I+, 
by reaction with an excess of P(OCH,), in refluxing di- 
chloroethane. 


Formally trisubstituted products are also isolated in the 
reaction of [ C ~ R U ( C H ~ C N ) ~ ] P F ~  with arenes (p-dichloro- 
benzene, hexamethylbenzene, and [2.2]-p-cyclophane). 
Although i t  appears that  the reaction sequence (reactions 
2 and 3) is inefficient, the other syntheses of [CpRu(ar- 


[CpRu(bz)]PF6 -$& [ C ~ R U ( C H ~ C N ) ~ ] P F ,  + bz (2) 


[CpRu(CH,CN)dPF6 + arene dichloroethane) 
[CpRu(arene)]PF, + 3CH3CN (3) 


ene)]+ cations lack generality. One method of synthesis 
begins with ruthenocene using A1/AlC13/H20 to promote 
the replacement of one cyclopentadienyl ligand with an 
arene.s This method often gives rearrangement of the 
arene, and the yields are generally low. Another synthetic 
route to CpRu(arene)+ complexes involves the reaction of 
cyclohexadienes with RuC1, to form [ (arene)R~Cl,]~.com- 
pounds.15 Treatment of these chloride-bridged dimers 
with TlCp produces [CpR~(arene) ]Cl .~  The major draw- 
back to this method is the unavailability of appropriately 
substituted cyclohexadienes. Our method of preparing 
[CpRu(arene)]PF, compounds involves the reaction of 
[ C ~ R U ( C H ~ C N ) ~ ] P F ~  with the appropriate arene in re- 
fluxing dichloroethane. The yields of these preparative 


(CH3CN)&O]PF6 and [CPRU(CH~CN)~P(OCH&.]PF~ WBS 


A 


reactions are high (between 60% and 85%), and the com- 
plications observed in the previously discussed reactions 
do not occur. 


Nonaromatic unsaturated hydrocarbons are also able to 
displace all three acetonitrile ligands from [CpRu- 
(CH,CN),]+. The $-cyclooctatetraene complex, [CpRu- 
($-COT)]PF,, was isolated in 92% yield from the reaction 
of [ C ~ R U ( C H ~ C N ) ~ ] P F ~  with cyclooctatetraene, the reac- 
tion in this case being complete in 10 min a t  room tem- 
perature. 


The order of reagent addition to [ C ~ R U ( C H , C N ) ~ ] P F ~  
in some cases was found to allow control of the nature of 
the final product. Although carbon monoxide failed to 
react with [CpRu($-COT)]PF6 at  room temperature, the 
reaction of [C~RU(CH,CN)~CO]PF~ with cyclooctatetraene 
in refluxing acetonitrile gave a 68% yield of [CpRu(v4- 
C&&O]PF6 after recrystallization. 


Isolation of the [CpRu(q4-C8H8)CO]PF6 complex sug- 
gested that stable g4-arene complexes might be available 
via the reaction of [C~RU(CH,CN)~P(OCH,)~]PF~ with 
toluene in refluxing dichloroethane. However, the products 
observed in this reaction were [CpRu(toluene)]PF6 and 
[C~RU(P(OCH,),)~CH,CN]PF~ The desired complex, 
[CpR~(~~-toluene)P(OcH~)~]PF~, may have been formed 
as an intermediate during the course of the reaction, 
subsequently releasing P(OCH,), to form [CpRu(tolu- 
ene)]PFG. This would also account for the formation of 
[C~RU(P(OCH~)~)~CH,CN]PF, by reaction of the released 
P(OCH3), with C ~ R U P ( O C H , ) ~ ( C H ~ C N ) ~ + .  


Conclusions 
The chemistry of CpRu" compounds has not been ex- 


tensively explored in contrast to CpFe" chemistry which 
has been the subject of hundreds of papers! This is in part 
due to the lack of a convenient, general method for the 
introduction of the CpRun unit into a molecule. Currently, 
most CpRu" complexes are prepared from CpRu(P- 
(Ph)3)2C1.5 This reagent is prepared in two steps from 
RuC1,.3H20 with an overall yield of only 26% .16J7 For- 
tunately, the efficient displacement of chloride or one 
triphenylphosphine from CpRu(P(Ph),),Cl can be accom- 
plished by varying the reaction  condition^.^ However, 
displacement of both triphenylphosphines from the com- 
plex has been observed in very few cases. The direct 
photolysis of [CpRu(bz)]PF6 in CH2C12 or the thermal 
replacement of acetonitrile from the complex [CpRu- 
(CH3CN),]PF6 should provide the convenient synthetic 
methodology needed to prepared a large variety of CpRu" 
complexes. 


Acknowledgment. Support of this research by the 
Research Corp. and the donors of the Petroleum Research 
Fund, administered by the American Chemical Society is 
gratefully acknowledged. We wish to thank the Engelhard 
Minerals and Chemicals Corp. for a generous loan of 
RuC13.3H20. The Cary Model 17-D spectrophotometer 
was made available by funding received in part from the 
National Science Foundation (Grant CHE 78-23857). 


Registry No. [CpRu($benzene)]PF6, 72812-91-0; [CpRu(P- 
(OCH$,)JPF,, 71397-30-3; [CpRu(P(0CH2CH,)J3]PFe1 80049-59-8; 
[ C ~ R U ( C H ~ C N ) ~ ] P F ~ ,  80049-61-2; [ C ~ R U ( C H ~ C N ) ~ ( C O ) ] P F ~ ,  
80049-63-4; [C~RU(CH&N)~P(OCH~)~]PF~,  80049-65-6; [CpRu- 
(CH,CN)(P(OCH3)3)2]PF,, 80049-67-8; [CpRu(&hesamethyl- 
benzene)]PF6, 72804-78-5; [CpRu(q6-PCP)]PF6, 80049-69-0; [CpRu- 
(~6-p-dichlorobenzene)]PF6, 80049-71-4; [CpRu(tts-C8Hs)]PF6, 
80049-73-6; [CPRU(CO)(~ ' -C~H&]PF~,  80049-75-8. 


(16) T. A. Stephenson and G. J. Wilkinson, J. Inorg. Nucl. Chem., 28, 


(17) T. Blackmore, M. I. Bruce, and F. G. A. Stone, J. Chem. SOC. A, 
945 (1966). 


2376 (1971). (15) R. A. Zelonka and M. C. Baird, Can. J .  Chem. 50, 3063 (1972). 








Organometallics 1982,1, 489-496 489 


Molecular Orbital Calculations on Octahedral Carbyne 
Complexes: Bonding, Structure Deformations, and 


Frontier-Controlled Nucleophilic Additions 


Nenad M. Kostid and Richard F. Fenske‘ 


Depertment of Chemistty, University of Wisconsin -Madison, Madison, Wisconsin 53706 


Received August 4, 198 1 


Nonparametrized Fenske-Hall molecular orbital calculations were carried out on trans-XCr(CO)&R 
(X = C1, Br, I; R = Me, Ph, NEtJ, tran~-PMe~Cr(C0)~CMe+, mer-BrCr(CO)&PMe&Me, various isomers 
of BrCr(CO)z(CNMe)2CPh and BrCr(C0)2[P(OH)S]zCPh, and ~ ~ U ~ ~ ( P H & ( P H ~ ) ~ ( C ~ ) ~ F ~ C P ~ + .  The two 
Cr-C(carbyne) a bonds are equivalent in the tetracarbonyl complexes containing CMe+, slightly non- 
equivalent in the complexes with CPh+, and greatly different in the complexes with CNEb+ ligand. This 
change is evident in the molecular orbital energies, metal-ligand overlap populations, and ligand orbital 
populations. The Cr-C(carbyne)-R units in most complexes are slightly bent because of the low symmetry 
of the carbyne a-electron clouds, crystal packing forces, and nonbonding interactions. Carbynes seem to 
be stronger ?r acceptors than CO, CNE&+ being weaker than CMe+ and CPh+. The calculations indicate 
that halogens do not use their pr orbitals for bonding to chromium. Equatorial CO ligands are displaced 
toward the axial halogen atom. We attribute this to direct donation from the halogen po orbital into the 
27r orbitals of carbonyl ligands, not to steric strain. The trans position of the halogen and carbyne ligands 
and the observed confiiations of disubstituted Complexes do not seem to be due to bonding. The calculated 
electronic structures may be verified by photoelectron spectroscopy. The only neutral chromium complex 
reported to add nucleophiles to its carbyne carbon atom is the only one whose LUMO corresponds to a 
Cr-C(carbyne) a antibond. This finding corroborates our claim that nucleophilic additions to carbyne 
ligands are frontier controlled rather than charge controlled. Addition of H- to trans(PPh&(PPh,),- 
(CO)zOsCC6H4Me-p+ also seems to be frontier controlled. On the basis of calculations, we propose 
experiments by which new frontier-controlled reactions of carbyne complexes may be discovered. 


Introduction 
Multiple metal-ligand bonds greatly influence the 


properties and behavior of coordination and organometallic 
complexes. Experimental and theoretical studies of 
multiple bonding have often been Micult, sometimes even 
controversial. If the symmetry of an ensemble of ligands 
around the metal atom is sufficiently high, u and ?r in- 
teractions do not mix appreciably. Such separation makes 
the discussion of bonding easier. This is why we chose to 
study novel octahedral carbyne complexes of chromium, 
which, by electron-counting rules, contain triple metal- 
carbon bonds. We also discuss briefly an iron-containing 
model of a trigonal-bipyramidal compound of osmium, the 
only known carbyne complex with that geometry. 


This work represents the second part of our theoretical 
study of electronic structure, bonding, reactivity, and ge- 
ometry of carbyne complexes. The first part’ dealt with 
metal-carbyne bonds in several CpMn(CO)&R+ (Cp = 
q5-C&J and ArCr(CO)&Ph+ (Ar = $-aryl) complexes and 
in (C0)5CrCNEb+. We offered a general explanation, in 
terms of frontier control, for addition of many nucleophiles 
to these complexes. In this paper we further discuss triple 
metal-carbon bonds, examine bonding of chromium with 
other ligands in the carbyne complexes, discuss orientation 
in substitution of CO ligands, and recognize new examples 
of frontier-controlled nucleophilic addition to the carbyne 
carbon. 


Details of Calculations 
An approximation to  the Hartree-Fock-Roothaan 


technique, the Fenske-Hall self-consistent field (SCF) 
method has been described elsewhere2 and some of its 
applications have been revie~ed.4~ The method is devoid 


(1) KostiE, N. M.; Fenske, R. F. J. Am. Chem. SOC. 1981, 103, 


(2) Hall, M. B.; Fenske, R. F. Inorg. Chem. 1972,11,768-775. 
(3)  Fenske, R. F. h o g .  Inorg. Chem. 1976,21, 179-208. 
(4) Fenske, R. F. Pure Appl. Chem. 1971,27,61-71. 


4677-4885 and references cited therein. 


of adjustable parameters so that the results of a calculation 
(eigenvectors and eigenvalues) are completely determined 
by the geometry of the molecule and by the nature and 
size of the atomic basis set. To expedite calculations on 
the large molecules, we used P(OH)3, P H ,  MeNC, and 
CPh+ as models of ligands P(OPh),, PPh3, t-BuNC, and 
CC6H4Me-p+, respectively. Comparative calculations on 
the real ligands and their models did not reveal any sig- 
nificant differences in .the electronic structures and 
bonding abilities that would be attributable to substitution 
of hydrogen atoms for larger groups. We therefore believe 
that these simplifications, routinely made in nonrigorous 
as well as in ab initio molecular orbital calculations, are 
justified. The basis functions for heavy atom osmium are 
not available, and we used the basis functions of iron in- 
stead. Since the validity of this approximation is uncer- 
tain, our discussion of the osmium carbyne complex will 
be brief. The orbital populations and atomic charges are 
calculated by the Mulliken population analysis. 


Basis Sets. The term basis function, as used in this 
paper and elsewhere, corresponds to a distinct pair of n 
and 1 quantum numbers. For example, a 3p function 
comprises three 3p orbitals. The atomic functions for Cr, 
C, H, 0, and N were the same ones used in the first part 
of our study.’ The functions 1s through 4s for Fe were 
taken from the tables5 and function 4p had 1.60 as its 
exponent. Single-{ forms were used for all functions of 
phosphorus except for 3p, whose double-{ coefficients were 
1.243 and 2.07L6 The “best atom” functions were used 
for halogens.’ 


Structures. We took geometries of most carbyne 
complexes from the known crystal structures, determined 
by Fischer, Huttner, Frank, and their co-workers: ICr- 


(5) Richardson, J. W.; Nieuwport, W. C.; Powell, R. R.; Edgell, W. F. 


(6) Yeakel, W. C. Ph.D. Dissertation, University of Wisconsin, Mad- 
J. Chem. Phys. 1962,36, 1057-1061. 


ison, WI, 1972. 
(7) Clementi, E.; Raimondi, D. L. J. Chem. Phys. 1963,38,26862689. 
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(CO),CMe,*t9 CICr(CO),CPh,lo BrCr(C0)4CPh,8J0 BrCr- 
(C0),CNEt2>l'J2 mer-BrCr(CO)3(PMe3)CMe,8*9 truns- 
(CO)-BrCr(CO)2[P(OPh)3]2CPh,8,13 cis(CO)-BrCr(CO),(t- 
BuNC)&!Ph>13 and truns-[PMe,Cr(CO),CMe]BC&.B The 
halogen and carbyne ligands are trans to each other in 
every complex. We chose bond lengths in the remaining 
few carbyne complexes on the basis of the known struc- 
tures mentioned above and several other related o n e ~ . ~ ~ J ~  
The bond angles at Cr were 90° in most calculations, and 
we base our discussions on these results. In several ex- 
ploratory calculations, equatorial CO ligands were bent 
toward the halogen atom by 3O. We assumed the five- 
coordinate complex (PPh3)2(C0)20sCC6H4Me-p+ to be 
trigonal bipyramidal with axial phosphines on the x: axis 
and with the tolyl group and the carbonyl ligands in the 
equatorial (yz)  plane and calculated the bond lengths in 
the iron model from the known structures of closely related 
carbyne16 and vinylidene" complexes. In every complex 
molecule the right-hand coordinate system is centered at 
the metal atom, with the z axis pointing toward the car- 
byne carbon atom. 


Bonding Abilities of the Fragments 
We partitioned each octahedral molecule into the metal 


atom and the ligands, when there was more than one ligand 
of the same kind, we treated them as a single fragment. 
This approach permitted simultaneous examination of all 
metal-ligand bonds and allowed for ligand-ligand inter- 
actions. The trigonal-bipyramidal molecule consisted of 
two fragments-the metal-containing moiety and the 
carbyne-so that only the metal-carbyne bonding could 
be examined. After the SCF portion of a calculation would 
converge in the atomic basis set, the molecular orbitals 
were transformed into a basis of metal and ligand (or 
ligand fragment) orbitals. Partitioning and basis trans- 
formation made the bonding clearer without changing the 
results of the calculations. 


Carbynes. In order to simplify description of bonding, 
we treated carbyne fragments as ions CR+, which have 
even numbers of electrons. Of course, such redistribution 
of electrons among the fragments does not affect the re- 
sults of calculations on complete molecules. A detailed 
account of electronic structures and bonding capacities of 
carbynes can be found in our first paper,' so only the 
salient features will be summarized here. 


The highest occupied molecular orbital (HOMO) in 
every carbyne ligand is labeled a and corresponds to a lone 
pair in an sp hybrid orbital, localized on the carbyne 
carbon atom. The three carbyne ligands have different 


Kostic' and Fenske 


low-lying empty orbitals. In CMe+, the two degenerate 
lowest unoccupied molecular orbitals (LUMO's), labeled 
a, are practically pure p orbitals of the carbyne carbon 
atom. The LUMO in CPh+, designated 4a, is perpendi- 
cular to the phenyl ring and delocalized over its ortho and 
para positions, as in benzyl species. This delocalization 
somewhat stabilizes the LUMO relative to the next lowest 
unoccupied molecular orbital, marked 5a, which is essen- 
tially a p orbital of the carbyne carbon atom in the ring 
plane. In CNEt,+, extensive mixing occurs between one 
p orbital of carbon and the p orbital (lone pair) of trigonal 
nitrogen, which are both perpendicular to the ligand plane. 
Their in-phase combination is the principal constituent 
of molecular orbital la, which corresponds to a C-N a 
bond. The LUMO, designated 2a0 is an almost pure in- 
plane p orbital of the carbyne carbon atom. The next 
lowest unoccupied orbital, 3a, has much higher energy than 
the LUMO because it is an out-of-phase pc-pN combina- 
tion, Le., a C-N a antibond. The results of an extended 
Huckel calculation on CNH2+ agree with the above de- 
scription.18 


These three carbyne ligands constitute a unique series. 
When attached to a metal fragment that contains degen- 
erate r-donating orbitals, CMe+ will form two equivalent 
a bonds with the metal, CPh+ will make two similar but 
not equivalent bonds, and CNEt2+ will create two very 
different a bonds with the metal. The two a systems in 
the same molecule will be orthogonal in each case. If the 
symmetry of the metal fragment is too low to permit a 
doubly degenerate a level, the bonding with carbynes will 
become even more complicated.' 


Other Fragments. The CO ligand binds to a transition 
metal mainly through ita frontier orbitals: the a-donating 
5a (a carbon lone pair) and two degenerate a-accepting 
orbitals 2a; the latter are antibonding within the ligand.lg 
This mode of bonding is preserved when the fragments 
(CO),, (CO),, and (CO), are used. The levels derived from 
individual 5a orbitals are filled and the high-energy levels 
made from the 2a orbitals of individual carbonyls are 
empty in the free fragments. 


The PMe3 ligand has a phosphorus-localized a orbital 
as ita HOMO. The next highest filled level is 7 eV below 
the HOMO and consists of two degenerate hyperconju- 
gative orbitals of e symmetry; these orbitals can be viewed 
as combinations of the phosphorus p orbitals with the P-C 
a bonds. The doubly degenerate LUMO level is high in 
energy. The electronic structure of PH3 is analogous to 
that of PMe,. Ligand P(OH), is similar to these two lig- 
ands except its LUMO level is much lower in energy. 


The MeNC ligand has a carbon-localized u orbital (its 
lone pair) as the HOMO, two degenerate C-N a-bonding 
orbitals below it, and two degenerate LUMOs as their C-N 
a-antibonding counterparts. This set of five orbitals is 
isolated in energy from the lower lying occupied and from 
the higher lying vacant molecular orbitals.20 The elec- 
tronic structures of the phosphines and isocyanides will 
be discussed again in connection with the reactivity of 
carbyne complexes. 


The bonding abilities of fragment (PH,),(CO),Fe are 
similar to those of Fe(CO),, examined elsewhere.21 A set 
of five orbitals, largely localized on the iron atom, is iso- 
lated in energy from other orbitals. The highest three 
orbitals in this set are as follows: aLz, almost a pure d,, 


(19) Cotton, F. A.; Willrinson, G. "Advanced Inorganic Chemistry", 4th 


(20) Sarapu, A. C.; Fenske, R. F. Inora. C h m .  1975.14.247-253: 1972, 
ed.; Wiley-Interscience: New York, 1980; pp 82-85. 


(8) Huttner, G.; Frank, A,; Fischer, E. 0. Isr. J. Chem. 1976/1977,15, 


(9) Huttner, G.; Lorenz, H.; Gartzke, W. Angew. Chem., Int. Ed. Engl. 


(IO) Frank, A,; Fischer, E. 0.; Huttner, G. J. Organomet. Chem. 1978, 


(11) Fischer, E. 0.; Kleine, W.; Kreis, G.; Kreissl, F. R. Chem. Ber. 


(12) Fischer, E. 0.; Huttner, G.; Kleine, W.; Frank, A. Angew. Chem., 
Int. Ed. Engl. 1975, 14, 760. 
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Figure 1. Molecular orbital diagrams for trans-BrCr(CO)4CR (R = Me, Ph, NEh). The second CI-CNEt, r antibond has high energy 
and is not shown. Labels of the fragment orbitals: d for Cr 3d, p for Br 4p, 2 r  for the lowest four 2r-derived levels of (CO),, r for 
CMe+, 4a and 5 r  for CPh+, and 2r, and 3 r  for CNEh+. 


Table I. Energies and Percent Compositions of Important MO's in trans-BrCr(CO),CMe 


(cola Br cr CMe 
E ,  eV dzz dxz-yz dxy dxz,yz 4P 0 n 50 2n 4P 


-1.69' 34 54 8 
-2.31 (LUMO) 9 63 22 
-7.85 (HOMO'S)" 98 
-9.49 8 12 7 70 
-9.66 58 40 


-11.48 " 43 38 14 
-17.61 39 54 
-17.63 29 7 50 
-17.85" 21 73 
-19.75 13  65 


Doubly degenerate level. 


Table 11. Energies and Percent Compositions of Important MO's in trans-BrCr(CO),CPh 


(Cold Br Cr CPh 
E ,  eV dz2 dx2-y' dxy dxz,y,z 4p 0 4n 5 s  50 2s 4p 


-3.76 (LUMO) 32 42 7 
-7.80 (HOMO) 98 
-7.82 98 
-9.39 8 12 6 7 1  
-9.42 61 38 


-11.13 38 46 11 
-11.27 45 37 13 
-14.47 lower MO 
-15.17 lower MO 
-16.80 17 4 56 
-17.60 39 56 


orbital of Fe; the HOMO (ny,), a combination of 60% of 
d , and 20% of py of Fe; and the LUMO, designated 2u. 
h e  two filled orbitals of the fragment can donate electrons 
to the low-lying empty carbyne orbitals, whereas the empty 
orbital 2u can accept electron density from the HOMO u 
of a carbyne ligand. 


Bonding in the Complexes 
All energies of fragment orbitals in Figures 1-3 are di- 


agonal elements of the Fock matrices from the calculations 
on complete carbyne complexes. These energies reflect the 
influences of the molecular environment upon the frag- 
menta "ready for bonding". In the discussions of bonding 
we will emphasize metal-ligand A interactions. The 
metal-ligand u-bonding orbitals have such low energies 
that most of them are not shown in the molecular orbital 
diagrams. 


tra~zs-BrCr(CO)~CR (R = Me, Ph, NEt2). Compar- 
ison of these three compounds (Figure 1 and Tables I-In) 
shows how the electronic structure of a complex depends 
on the bonding ability of the carbyne ligand in it. The 
HOMO in each complex is practically pure pr orbital of 
Br; the highest occupied level is doubly degenerate in the 
complex containing CMe+, but in other two complexes, 
whose overall symmetries are lower, the splitting occurs. 


Chromium-carbyne A interactions are particularly in- 
teresting. Even without calculations on the fragment 
BIC~(CO)~, it is clear that it has two equivalent n-donating 
orbitals (mainly d,, and dy, atomic orbitals of Cr). Their 
interactions with two equivalent r orbitals of CMe+ give 
rise to an essentially doubly degenerate level at -11.48 eV. 
Each d r y  overlap population is 0.269; this relatively large 
positive number indicates that these two n interactions are 
bonding. Since the two n-accepting orbitals of CPh+ (4n 
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Table 111. Energies and Percent Compositions of Important MO's in trans-BrCr(CO),CNEt, 


(COh Br Cr CNEt, 
E ,  eV dz' dxa-y' dxy dxz,yz 4~ In o 2n 3n 50 2n 4p 


-0.94 34 52 11 
-1.35 (LUMO) 9 4 65 20 
-6.77 (HOMO) 9 5 84 
-6.97 98 
-8.16 46 18 17 16 
-8.34 46 43 
-8.52 9 11 7 71 
-10.20 40 41 14 
-15.43 7 58 24 
-16.40 38 56 
-16.97 4 72 20 
-17.16 14 28 51 
-17.34 28 6 31 


Table IV. Populations of Crucial Ligand Orbitals in trans-BrCr(CO),CR Complexes 
CR 


average CO Br next lowest 
R HOMO u LUMO orbital 50 2n Po PlT 


Me 1.33 0.92 0.92 1.44 0.39 1.39 3.97 
Ph 1.38 1.07 0.88 1.45 0.36 1.42 3.96 
NEt, 1.39 0.96 0.50 1.46 0.43 1.42 3.98 


Table V. Energies and Percent Compositions of Important High-Lying MO's in truns-ClCr(CO),CMe 


CMe (CO), c1 
E, eV dzz dx2-yl dXY dxz.yz 4P n 2n 3P 


-8.64 (HOMO'S)' 97 


Cr 


-9.83 59 40 
7 11 5 74 


42 37 14 
-10.27 
-11.6ga 


a Doubly degenerate level. 


and 57r) are not equivalent, the two Cr-C u-bonding mo- 
lecular orbitals (at -11.13 and -11.27 eV, respectively) are 
not degenerate. The overlap populations of d, with 4u and 
5u are 0.225 and 0.279, respectively. The greater overlap 
population corresponds to the more stable molecular or- 
bital. Since the 237, and 37r orbitals in CNEb+ are very 
different, the two Cr-C u-bonding molecular orbitals in 
the complex are widely separated: -10.20 and -8.16 eV. 
Respective overlap populations between the chromium d, 
and the 2uc and 37r orbitals of CNEh+ are 0.259 and 0.180. 
The *-bonding orbitals discussed so far have unoccupied 
7r-antibonding counterparts, which are shown in Figure 1. 
In the later discussion of reactivity it will be important to 
notice that the LUMO in trans-BrCr(CO)4CPh is 7r anti- 
bonding between chromium and carbyne. 


On the basis of Kettle's symmetry arguments,22 the 
Cr-C-Me unit in the octahedral carbyne complexes should 
be linear, whereas the Cr-C-Ph and Cr-C-NEb units 
should be bent. Indeed, data in Table IV show that the 
electron cloud is cylindrically symmetrical in CMe and 
unsymmetrical in CPh and CNEb ligands. The observed 
bond angles in the solids confirm the influence of the 
symmetry-dictated chromium-carbyne bonding upon the 
geometries but reveal some effeds of crystal forces as well. 
The Cr-C-R moiety is linear in the neutral complex 
t r a n ~ - I C r ( C 0 ) ~ C M e ~ ~ ~  but slightly bent in the salt 
trans-[PMe3Cr(CO)4CMe]BC14.s In seven out of eight 
chromium complexes containing CPh and CNEb ligands 
the Cr-C-R units are bent, as predicted.&15 


The carbynes seem to be stronger 7r acids than the 
carbonyl ligand. The comparison is only meaningful when 
all ligands are treated as equally charged fragments. For 


(22) Kettle, S. F. A. Znorg. Chem. 1965, 4, 1661-1663. 


example, CMe withdraws 0.84 electron from the metal 
fragment, whereas CO withdraws only about 0.40 electron. 
Of the three carbyne ligands studied, CNEb is the weakest 
7r acid; its 7r orbitals contain 0.46 electron, as Table IV 
shows. The reason for greater back-donation to carbynes 
than to carbonyls is evident from Figure 1 and the previous 
discussion of the bonding abilities of the ligands. The 
u-accepting orbitals of carbynes are essentially nonbonding 
in the ligands and therefore lower in energy-thus closer 
to the *-donating orbitals of the metal fragment-than are 
2s orbitals of carbonyls, which are strongly antibonding 
in those ligands. Our conclusions about the relative 7r- 
accepting abilities agree with the observed CO stretching 
frequencies in the infrared spectra of trans-XCr(CO),CR 
(X = Br, I; R = Me, Ph)23 and t r~ns-XCr(C0)~CNEb (X 
= C1, Br, 1).l1 Very strong e-symmetry bands occur at ca. 
2048 cm-' in the complexes with R = Me or Ph but at ca. 
1994 cm-' in the complexes containing the CNEg+ ligand. 
The weaker the 7r acidity of the carbyne ligand, the greater 
the chromium-to-carbonyls back-donation and the lower 
the C-0 stretching frequency. Our findings agree with 
crystallographic evidence that the Cr-CNEh bond order 
in several compounds is between two and three.8J1J5Js 


Bromine pz orbitals are practically filled and localized 
on that atom. The populations of all a-type ligand orbitals 
are lower than 2.00 electrons, which indicates their do- 
nating abilities. 


traz~s-XCr(CO)~CMe (X = C1, Br, I). The electronic 
structures of these three complexes are similar, as can be 
seen in Figure 2 and Tables I, V, and VI. The crystal 
structures of various trar~-XCr(C0)~CR complexes reveal 
that equatorial CO groups are bent toward the halogen 


(23) Fischer, E. 0.; Kreis, G. Chem. Be?. 1976,109, 1673-1683. 
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Figure 2. Molecular orbital diagrams for trans-XCr(CO)&Me (X = C1, Br, I). The fragment orbitals are labeled as in Figure 1, except 
that p stands for valence p orbitals of the halogens: 3p of C1, 4p of Br, and 5p of I. 


Table VI. Energies and Percent Compositions of Important High-Lying MO’s in fruns-ICr( CO),CMe 


CMe (CO), I 
E ,  eV dzz dXz-,Z ax, dXZ,YZ 4P n 2n 5P 


Cr 


-7.57  HOMO'S)^ 
-9.17 9 
-9.98 


-11.73 


a Doubly degenerate level. 


atom.8 In t r~ns-XCr(C0)~CPh (X = C1, Br), the only 
compounds for which actual values have been reported, 
the deviation is about 3 O . l 0  The effect was ascribed to 
steric strain induced by the extremely sort axial Cr-C- 
(carbyne) bond.8 Displacement of equatorial CO groups 
toward an axial substituent is a very common phenomenon, 
observed in the crystal and gas-phase structures of nu- 
merous octahedral and trigonal-bipyramidal complexes.24i26 
Carbonyls in them are often bent toward the bulkier of 
the two axial ligands, which indicates that the interaction 
responsible is not primarily steric. It has been concluded 
from symmetry and perturbation arguments that equato- 
rial carbonyls prefer to bend toward the weaker T accep- 
tor,% or the stronger donor,26b which in the carbyne com- 
plex is halogen. On the basis of the present calculations, 
we propose that the likely explanation for the distortion 
is direct donation from the halogen po orbital into the al 
combination of 2 a  orbitals of equatorial carbonyls. A 
similar carbyne-to-carbonyl donation is weaker. This 
halogen-carbonyl interaction through space is responsible 
for the participation of the al-symmetry, 2~-derived level 
of (CO), in the Cr-X a-bonding molecular orbital in every 
t ran~-XCr(C0)~CR complex, as Tables 1-111, V, and VI 
show. Direct donation has been observed in molecular 
orbital  calculation^;^^^'-^ invoked in the interpretation of 


(24) McNeil, E. A.; Scholar, F. R. J. Am. Chem. SOC. 1977, 99, 
6243-6249. Couldwell, M. C.; Simpson, J.; Robinson, W. T. J. Orgummet. 
Chem. 1976,107,323-339. Van Den Berg, G .  C.; Oskam, A. Ibid. 1976, 
91, 1-10. Van Den Berg, G. C.; Oskam, A.; Olie, K. Ibid. 1974, 80, 
363-368. Clegg, W.; Wheatley, P. J. J. Chem. SOC., Dalton Tram. 1974, 
424-428 and references cited therein. Robinson, W. R.; Schussler, D. P. 
Znnrg. Chem. 1973,12,84.8-854. Katcher, M. L.; Simon, G. L. Ibid. 1972, 
11,1651-1657. Almenningen, A; Jacobsen, G. G.; s i p ,  H. M. Acta Chem. 
Scand. 1969,23, 685-686. 


(25) Berry, A. D.; Corey, E. R.; Hogen, A. P.; MacDiarmid, A. G.; 
Saalfeldt, F. E.; Wayland, B. B. J. Am. Chem. SOC. 1970,92,1940-1945 
and references cited therein. 


(26) (a) Bennett, M. J.; Mason, R. Nature (London) 1966, 205, 
760-762. (b) Elian, M.; Hoffmann, R. Znnrg. Chem. 1976,14,1058-1076. 


(27) Fenske, R. F.; DeKock, R. L. Inorg. Chem. 1970,9, 1063-1060. 
(28) Brown, D. A.; Chambers, W. J.; Fitzpatrick, N. J.; Rawlinson, R. 


M. J. Chem. SOC. A 1971, 720-725. 
(29) Hall, M. B.; Fenske, R. F. Inorg. Chem. 1972, 11, 1619-1624. 


56 


99 
12  11 65 


42 
4 3  37 14  


mass,25*31 v i b r a t i ~ n a l , ~ J ~ - ~ ~  NMR,35 and NQR spectra;32 
and used to explain chemical r e a ~ t i v i t y . ~ ” ~  It is con- 
ceivable that observed variation of Cr-X bond length as 
CO groups are replaced by other ligands8 may be due, a t  
least partly, to changes in the extent of halogen-to-carbonyl 
direct donation. 


Halogen and carbyne ligands are trans to each other in 
all known complexes that contain them. An exploratory 
calculation on ci~-1Cr(C0)~CMe leads us to conclude that 
the overall extent of Cr-ligand ?r interactions-as repre- 
sented by the sum of the populations of Cr d, orbitals, 
carbyne *-accepting orbitals, and (CO), 2 7 ~  orbitals-is 
practically the same in the cis and trans isomers. It seems 
that trans configuration is indeed a result of the mecha- 
nism of formation of carbyne complexes from their carbene 
precursors, as explained by Fischer and his co-workers.37-39 


In each complex, one of the the two molecular orbitals 
below the HOMO level corresponds to a Cr-X u bond and 
the other molecular orbital represents CP(CO)~ 7~ bonding 
in the equatorial plane. As electronegativity decreases 
from C1 to Br to I, the halogen p orbital gets destabilized, 


(30) Labarre, J.-F. Struct. Bonding (Berlin) 1978, 35, 1-35; ref 36. 
Missner, Kh.; Korol’kov, D. V. J. Struct. Chem. USSR (Engl. Traml.) 
1972,13,639-647; Zh. Strukt. Khim. 1972,13,689-700. Brown, D. A.; 
Fitzpatrick, N. J.; Manning, A. R. J. Organomet. Chem. 1976,102, C29- 
C30. 


(31) Saalfeldt, F. E.; McDowell, M. V.; MacDiarmid, A. G. J. Am. 
Chem. SOC. 1970,92, 2324-2327. 


(32) Brill, T. B.; Miller, D. C. Znorg. Chem. 1977,16,1689-1694. 
(33) Dobson, G. R. Ann. N.Y. Acad. Sci. 1974,239,237-243. 
(34) Brown, D. A.; Dobson, G. R. Znorg. Chim. Acta, 1972,6,65-71. 


Jemigan, R. T.; Brown, R. A.; Dobson, G. R. J.  Coord. Chem. 1972,2, 
47-52. Keeling, G.; Kettle, S. F. A.; Paul, I. J. Chem. Soc. A 1971, 
3143-3147. 


(35) Hickey, J. P.; Wilkiison, J. R.; Todd, L. J. J. Organomet. Chem. 
1979,179, 159-168. 


(36) Dobson, G. R. Inorg. Chem. 1980,19,1413-1415. Dobson, G. R.; 
Aaali, K. J. J. Am. Chem. SOC. 1979,101,5433-5435. Dobson, G. R. Acc. 
Chem. Res. 1976,9, 300-306. 


(37) Schubert, U. In ‘Chemistry of the Metal-Carbon Bond”; Patai, 
S., Ed.; Wiley-Interscience: New York, in press. 


(38) Brown, F. J. B o g .  Znorg. Chem. 1980,27, 60-66. 
(39) Fischer, E. 0.; Schubert, U.; Fischer, H. Pure Appl. Chem. 1978, 


50, 857-870. 
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Table VII. Energies and Percent Compositions of Important MO's in truns-PMe,Cr(CO),CMe+ 
cr CMe (CO), PMe, 


E, eV dz2 dx2-yZ dxy dxz,yz 4~ U R 50 2n U 


-5.20 (LUMO's)' 31 57 7 
-13.87 (HOMO) 56 42 
-15.41 a 44 35 15 ~. ~ 


-18.19 
-21.62 
-21.73 


(I Doubly degnerate level. 


17 


27 
39 


causing gradual destabilization of the Cr-X u bonding 
molecular orbital from -10.27 to -9.49 to -9.17 eV, re- 
spectively. This rise in energy results in an inversion of 
the two molecular orbitals below the HOMO level in going 
from the C1 to the I complex. The ordering of these or- 
bitals and other details of the electronic structures can be 
studied by variable-intensity photoelectron spectrosco- 


Other Tetracarbonyl Complexes 
The results of calculations on t r~ns-XCr(C0)~CPh (X 


= C1, I) and on t r~ns- ICr(C0)~CNEt~ are similar to the 
results for the corresponding Br complexes. The trend 
discussed above for the CMe+ compounds is also evident 
in the series of three CPh+ compounds: as the halogen 
becomes less electronegative, the Cr-X a-bonding molec- 
ular orbital rises in energy from below the Cr-(C0)4 T- 


bondigg orbital in the C1 complex to above that orbital in 
the I complex. 


The cationic complex trar~s-PMe~Cr(CO)~CMe+ differs 
from the compounds discussed so far in that it does not 
contain halogen. Figure 3 and Table VI1 show that the 
a-accepting level of PMe3 is so high in energy that it does 
not appreciably interact with d, orbitals of Cr, so that it 
stays practically empty (populated by less than 0.05 
electron). The calculated atomic charge of P is +0.87. The 
bonding picture that emerged from the calculation on 
t ran~-PMe~Cr(C0)~CMe+ agrees with conclusions of a 
crystallographic study of this complex, i.e., chromium-to- 
phosphorus back-bonding is negligible and the P atom is 
akin to a phosphonium centera8 


The three lowest unoccupied molecular orbitals and six 
highest occupied ones in n~er-BrCr(cO)~(PMe~)CMe are 
ordered as in tr~ns-ClCr(CO)~CMe. The Cr-P a-bonding 
molecular orbital lies below the Cr-C(carbyne) *-bonding 
level. The population of high-energy, *-accepting level in 
PMe3 is nearly zero, in accord with experimental findings.@ 
A recent study of compounds (CO)&rPR3 led to the 
suggestion that poor T acceptor alkylphosphine may be a 
weak a donor owing to ita e-type level, which corresponds 
to P-C bonds, below the HOMO.47 Our calculations on 


and we would like to encourage such a study. 


(40) Cowley, A. H. B o g .  Inorg. Chem. 1979,26,46160 and references 
cited therein. Furlani, C.; Cauletti, C. Struct. Bonding (Berlin) 1978,35, 
119-169 and references cited therein. 


(41) Green, J. C. Struct. Bonding (Berlin) 1981,43,37-112 and ref- 
erences cited therein. 


(42) Higginson, B. R.; Lloyd, D. R.; Evans, S.; Orchard, A. F. J.  Chem. 
Soc., Faraday Trans. 2 1975, 71,1913-1928. 


(43) Lichtenberger, D. L.; Sarapu, A. C.; Fenske, R. F. Znorg. Chem. 


(44) Brown, D. A.; Chambers, W. J. J.  Chem. SOC. A 1971,2083-2088. 
(45) DeKock, R. L.; Lloyd, D. R. Adu. Znorg. Chem. Radiochem. 1974, 


16, 65-107 and references cited therein. Nixon, J. F.; Suffolk, R. J.; 
Taylor, M. J.; Norman, J. G., Jr.; Hoskins, D. E.; Gmur, D. J. Inorg. 
Chem. 1980, 19, 810-813 and references cited therein. Granozzi, G.; 
Tondello, E.; Benard, M.; Fragala, I. J. Organomet. Chem. 1980, 194, 
83-89. Creber, D. K.; Bancroft, G. M. Znorg. Chem. 1980, 19, 643-648 
and references cited therein. 


1973,12,702-705. 


(46) Reference 19, pp 87-90. 
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Figure 3. Molecular orbital diagram for trans-PMe,Cr- 
(CO)&Me+. The dashed line indicates a minor contribution to 
the molecular orbital from the fragment orbital. 


a different compound, n~er-BrCr(cO)~(PMe~)CMe, re- 
vealed some overlap between this e level of PMe3 and the 
d, orbitals of Cr, but their large energy separation makes 
the interaction (in terms of overlap populations) practically 
negligible. In general, interactions between filled a orbitals 
of ligands and metal d orbitals are not readily detectable 
by physical methods.& 


Other substituted halocarbyne complexes have been 
prepared directly by displacing CO ligands in tetracarbonyl 
precursors. Two P(OPh)3 ligands in a dicarbonyl complex 
are trans; all other disubstituted complexes, including the 
one with two t-BuNC groups, contain two ligands of the 
same kind in cis  position^.^'^^^ We investigated these 
preferences by molecular orbital theory. 


We carried out calculations on three possible isomers 
of BrCr(CO)2(CNMe)2CPh. The bromine and carbyne 
were trans in all three isomers: one of them contained cis 
CO ligands, the second had CO groups trans and coplanar 
with the Ph ring, and the third isomer had trans CO groups 
and the Ph ring coplanar with the MeNC ligands. We will 
focus our discussion on a-bonding systems in these three 
isomers. The changes in configuration of the molecule do 
not appreciably affect the overall chromium-to-ligand 
back-donation-the total population of the ligand x-ac- 
cepting orbitals is practically the same for the three con- 


(47) Yarbrough, L. W.; Hall, M. B. Inorg. Chem. 1978,17,2269-2275. 
(48) Hubbard, J. L.; Lichtenberger, D. L. Znorg. Chem. 1980, 19, 


(49) Fischer, E. 0.; Ruhs, A.; Kreissl, F. R. Chem. Ber. 1977, 110, 
3865-3866. 


805-815. 
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figurations we studied. This makes sense in molecular 
orbital terms because various metal-ligand 7r interactions 
are not isolated from one another; they participate in an 
extended 7r system, which is synergically related to the 
system of u bonds. The calculations on different isomers 
did not reveal any differences in the sequence of filled 
molecular orbitals; they are ordered as in trans-ICr- 
(C0)4CMe. In the trans(C0) isomers, one a-accepting 
orbital of CPh+ competes with two carbonyl ligands for 
the Cr d, electron density while the other such orbital, 
orthogonal to the first one, competes with two isocyanide 
ligands. This causes an energy gap between two Cr-CPh 
a-bonding molecular orbitals in the trans isomers. This 
gap is very small in the cis isomer because each a-accepting 
orbital of CPh+ competes with one carbonyl and one iso- 
cyanide ligand; here nondegeneracy is due solely to non- 
equivalence of the carbyne orbitals 47r and 57r. The cal- 
culations indicate that the observed cis configuration of 
BrCr(CO),(t-BuNC),CPh is probably not due to preferred 
bonding. The explanation possibly lies in the mechanism 
of stepwise substitution of two CO  group^^^-^ by two RNC 
ligands, which are stronger u donors and weaker 7r accep- 
tors than C0.20751 The cis position of two cylindrical RNC 
ligands probably does not cause appreciable steric strain. 


We examined by calculations three possible isomers of 
BrCr(C0),[P(OH),I2CPh. In one isomer, the CO groups 
were cis; in the other two isomers they were trans, the Ph 
ring being coplanar with CO or with P(OH)3 ligands; Br 
and CPh+ were trans in all three configurations. Again, 
the overall chromium-to-ligand back-donation is practically 
the same in the three molecules. The phosphite is con- 
firmed to be a weaker a acceptor than the ~ a r b o n y l . ~ * ~ ~ ~ ~ ~  
The diversity of ligands makes the electronic structure of 
this compound rather complicated. The molecular orbital 
diagrams for the cis and trans isomers are very similar, and 
they do not answer the question of orientation in disub- 
stitution. The bulkiness of phosphite ligands can not, by 
itself, satisfactorily explain their trans position. The cone 
angle of P(OPh)3 is 128';" PPh,, whose cone angle is 
145'," gives cis-disubstituted complex.49 The present 
calculations do not reveal any significant change in bonding 
as the phenyl ring rotates. 


Reactions with Nucleophiles 
In our previous article' we emphasized the metal-car- 


byne a-antibonding character and energy isolation of the 
LUMO's in cationic carbyne complexes-rather than the 
presumed positive charge at  the carbyne carbon at- 
oms15,39-as decisive factors responsible for addition of 
various nucleophiles to these compounds. We corroborate 
this conclusion now by comparing the results of molecular 
orbital calculations on neutral complexes-trans-XCr- 
(CO),CR-with their chemical behavior. The only such 
complex reported to undergo nucleophilic addition to its 
carbyne carbon atom is trar~-BrCr(CO)~CCd-I,Me-p," the 
only one whose LUMO corresponds to a Cr-carbyne a 
antibond (see Figure 1 or 2). In a frontier-controlled re- 
action at  -50 "C, the incoming PMe, donates electron 
density from its HOMO (the phosphorus lone pair) to the 


(50) A mechanistic study of monosubstitution into analogous W com- 
plex: Fischer, H.; Ruha, A. J. Organomet. Chem. 1979, 170, 181-194. 


(51) Malatesta, L.; Bonati, F. 'Isocyanide Complexes of Metals"; 
Wiley-Interscience: New York, 1969; p 27. Treichel, P. M. Adu. Orga- 
nomet. Chem. 1973,Il, 21-86. 


(52) Bodner, G. M.; May, M. P.; McKinney, L. E. Inorg. Chem. 1980, 


(53) Avanzino, S. C.; Chen, H.-W.; Donahue, C. J.; Jolly, W. L. Inorg. 


(54) Tolman, C. A. Chem. Reu. 1977, 77, 313-348. 
(55) Kreissl, F. R. J. Organomet. Chem. 1976, 99, 305-308. 


19, 1951-1958. 


Chem. 1980,19,2201-2205. 
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LUMO of the substrate; this destroys one Cr-C(carbyne) 
bond and converts the starting carbyne complex into 
chromium-substituted phosphorus ylide, akin to carbene 
complexes.55 
tran~-BrCr(Co)~CR + PMe3 - 


tran~-BrCr(C0)~C(R)PMe, 
Nucleophiles P(~-PI-)~,  PPh,, P(OPh),, and t-BuNC dis- 
place CO ligands in trans-BrCr(CO),CPh when the reac- 
tions are performed between -20 OC and room tempera- 
t ~ r e ; , ~  PH3 seems to react similarly.s6 The difference in 
behavior between PMe3 on one side and other phosphines 
and a phosphite on the other was attributed to the dif- 
ference in nucleophilicity brought about by changing 
substituents on p h o ~ p h o r u s . ~ ~  We believe that experi- 
mental conditions, particularly temperature, play an im- 
portant role in determining the final products of reactions 
between carbyne complexes and  nucleophile^.^*^^ All re- 
ported additions of many nucleophiles to various com- 
plexes, CpMn(CO),CR+ and ArCr(CO),CPh+, have been 
carried out a t  temperatures about -50 'C or lower, even 
though these two kinds of compounds are inert to thermal 
substitution of C05* and the carbyne carbon atom is less 
shielded by a ring (the cone angle of Cp is only about 
136')" than by three monodentate ligands.59 For an 
addition to occur, the substrate carbyne complex must be 
sufficiently concentrated in solution; its thermolability 
necessitates low temperature.60 Carbene complexes 
formed by initial nucleophilic attack at carbyne carbon 
atom can rearrange into substituted carbyne complexes 
at  higher temperatures.'~~',~~ If this happens, the final 
products are not indicative of the reaction mechanism. 
The influence of temperature upon the outcome of the 
nucleophilic attack may be studied by attempting reactions 
between trans-BrCr(CO),CC6H4Me-p and P(i-Pr)3, PPh,, 
and RNC under the same conditions that were used for 
addition of PMe3 to this carbyne complex. Our calcula- 
tions on these three nucleophiles show that the HOMO in 
every one of them is a a-type lone pair, localized on the 
donor atom and isolated energetically from the LUMO and 
from the next highest occupied molecular orbital. The 
frontier orbitals of these nucleophiles and of the substrate 
trar~-BrCr(CO)~CPh seem to be well suited for frontier- 
controlled reactions. Although steric bulkiness of P(i-Pr)3 
and PPh3 (their cone angles are 160 and 145', respec- 
t i ~ e l y ) ~ ,  may hinder addition, we expect that cylindrical 
molecules of RNC will add relativelv easilv to the octa- 
hedral carbyne complex, as they ada to CpMn- 
(CO)oCPh+.62 


The calculation on trans(PH3)-(PH3),(CO),FeCPh+ 
shows its LUMO to be an out-of-phase combination con- 
taining 17% of the metal fragment orbital a, and 63% 
of the carbyne orbital 4a; another 12% is contributed by 
a higher lying empty orbital of CPh+, which is more 


(56) This is stated in ref 50 but the article cited there does not ex- 
plicitly report substitution of PH, for CO. 


(57) Schubert, U., Technische Universitiit Munchen, West Germany, 
personal communication, 1981. 


(58) Angelici, R. J.; Loewen, W. Inorg. Chem. 1967,6,682-686. Wo- 
jcicki, A.; Basolo, F. J. Inorg. Nucl. Chem. 1961, 17, 77-83. 


(59) Basolo, F.; Pearson, R. G. "Mechanisms of Inorganic Reactions", 
2nd ed.; Wiley: New York, 1967; p 557. 


(60) When the reaction between trans-BrCr(CO),CCBH,Me-p and 
PMe, is carried out above -50 O C ,  addition is accompanied by decom- 
position. This is a personal communication from U. Schubert and F. R. 
Kreissl, Technische Universitiit Miinchen, West Germany, 1981. 


(61) Fischer, E. 0.; Kleine, W.; Kreissl, F. R.; Fischer, H.; Friedrich, 
P.; Huttner, G. J. Organomet. Chem. 1977,128, C49-C53. Fischer, H.; 
Motach, A.; Kleine, W. Angew. Chem., Int. Ed. Engl. 1978,17,842-843. 


(62) Fischer, E. 0.; Schambeck, W.; Kreissl, F. R. J. Organomet. 
Chem. 1979,169, C27-430. Fischer, E. 0.; Schambeck, W. Ibid. 1980,201, 
311-318. 
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localized on the para than on the ortho carbon atoms of 
the ring. Hence, the LUMO is a metal-carbyne T anti- 
bond, largely localized on the ring and isolated in energy 
from the HOMO and from the next lowest unoccupied 
molecular orbital. If this is also true about the real osmium 
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compound, the reported addition of nucleophile H- to the 
para position of the ring may well be frontier rather than 
charge ~ o n t r o l l e d . ~ ~  
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The reaction of (cL-C~H~)(CL-B~)P~~(P-~-P~~)~ (4) with allene leads to a 1:l adduct C5H5(P-i-Pr3)Pd- 
(s1,s3-C3H4)Pd(P-i-Pr3)Br (5) which has been characterized by elemental analysis, mass spectroscopy, NMR 
spectroscopy, and single-crystal X-ray investigations. The compound crystallizes in the space group C2/c 
with a = 25.179 (9) A, b = 17.173 (8) A, c = 16.065 (9) A, /3 = 91.86 (4)O, and V = 6943 (6) A3. Full-matrix 
least-squares refinement gave final discrepancy factors R1 = 0.064 and R2 = 0.078. The molecule contains 
a bridging allyl group which is (in 2-position) u bonded to Pd(P-i-Pr3)(q5-C5H5) and T bonded to Pd(P- 
i-Br3)Br. The Pd-Pd distance is 3.58 8, (almost 1 8, longer than in 4) indicating that the formation of 5 
from 4 involves a real insertion of allene into the Pd-Pd bond. The structure of the previously described 
1:l adduct prepared from (CLL-C~H~)(CL-C~)P~~(P-~-P~~)~ and allene is shown to be almost identical with that 
of 5. 


There is much current interest in the chemistry of bi- 
nuclear transition-metal compounds which may serve to 
activate small molecules such as CO, C2H2, C2H4, e tc2  
Recently, we have investigated the synthesis and reactivity 
of a new class of palladium and platinum complexes of the 
general composition &-X)&-Y)M2L2 in which the bridging 
ligands X and Y are C6H6, 2-R’C3H4, RCOO, SR, C1 etc. 
and L is a two-electron donor such as PR3, P(OR)3, or 


The most general route for the preparation of these 
complexes involves the reaction of (X)M(Y) (sometimes 
only stable as a dimer) with the coordinatively unsaturated 
compounds ML2 (e.g., M(P-i-Pr3),, M(P-c-Hx&, etc.) or 
suitable precursors (L’)ML2 where L’, for example, is a 
substituted 01efin.~ 


During our investigations of the synthesis of the com- 
plexes (cL-X)(CL-Y)P~~(P-~-P~~)~ with X = C5H5 and Y = 
2-R’C3H4 from C5H5Pd(2-R’C3H4) and Pd(P-i-Pr,),, we 
observed5 that for R’ = H, Me, or t-Bu the expected 
product (C5H5)(2-R’C3H4)Pd2 (P-i-Pr3)2 is formed (eq 1) 
whereas for R’ = C1 the corresponding compound 1 con- 
taining chloride rather than 2-chloroallyl as the bridging 


ligand is obtained (eq 2). An alternative route to the 
complex 1 has been described by Felkin and Turner, who 
used C5H5Pd(P-i-Pr3)C1 and Mg as starting material.6 
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Table I. ‘H NMR Data of 2 (X = Cl) and 5 (X = Br), in C,D, a 


H ‘  


protons s J(PH) J( H H4) 6 J(PH 1 J( H ’ H4 ) 
C,H, 5.98 (d) 1.5 5.93 (d) 1.4 
Hl 5.27 (dd) 
H2 4.17 (d) 
H3 2.73 (b s) 
H4 3.55 (d) 
PC€p 2.30 (m) 


1.77 (m) 
CHC& 1.30 (m) 


1.02 (m) 


5.5 2.5 5.30 (ad) 5.6 2.6 


2.80 (b s) 


2.30 (m) 
1.77 (m) 
1.30 (m) 
1.02 (m) 


8.0 4.15 (d) 9.0 


2.5 3.70 (d) 2.6 


a 6 in parts per million from Me,Si (internal standard); J in  hertz. b Due to the coordination to two different Pd atoms, 
the phosphine ligands are different and thus two signals for the PCE and two for the CHC& protons are observed. 


The observation that a freshly prepared solution con- 
taining the allene and compound 1 in benzene further 
reacts to give a new binuclear complex 2, which on warm- 
ing isomerizes to form the substituted p-allyl complex 35 
prompted us to study the reactivity of 1 and its analogues 
toward allene in more detail. In this paper we report the 
preparation of the bromide derivative of 2 and the X-ray 
structure of this compound which proves that its formation 
from (C5H5)(Br)Pd2(P-i-Pr3)2 involves a real insertion of 
allene into the Pd-Pd bond. 


Results 
The reaction of (CsH5)(Br)Pd2(P-i-Pr3)2 (4) with allene 


(p-C5H5)(p-Br)Pd2(P-i-Pr3)2 + C3H4 - 
4 


C5Hs(P-i-Pr3)Pd(#,q3-C3H4)Pd(P-i-Pr3)Br (3) 


in toluene at  room temperature leads to an orange-red 
solution which, on addition of pentane, afforded orange-red 
crystals. Elemental analysis and the mass spectrum in- 
dicated that the composition of the product 5 formally 
corresponds to a 1:l adduct of 4 and allene; i.e., two pal- 
ladium atoms are still present. The lH NMR spectrum 
is characteristic of a complex containing an unsymmetrical 
?r-bonded allylic ligand as found in 2-R’C3H4Pd(PR3)X 
with X = halogen, alkyl, etc.7 The four allylic protons give 
rise to four different signals which not only have different 
chemical shifts but also have different P-H coupling 
constants. It has been proved by selective decoupling 
experiments that the P-H coupling of the cyclopentadienyl 
protons and of the allylic protons are due to two non- 
equivalent phosphorus atoms. From the lH NMR data 
(Table I) there is no doubt that the structures of 5 and of 
the previously described compound 25 are almost identical. 


Crystal Data and Structure Determination of 5. 
Crystals of 5 which have been obtained from toluene/ 
pentane are monoclinic with a = 25.179 (9) A, b = 17.173 
(8) A, c = 16.065 (9) A, p = 91.86 (4)O, and V = 6943 (6) 
A3. The cell constants resulted from least-squares calcu- 
lation using 15 strong reflections of the crystal in the range 
24’ < 28 < 26’. The crystal was ground into a sphere of 
about 0.2-mm diameter. The space group is C2/c (2 = 8) 
and the density p(pyk) = 1.42 g/cm3 and p(ca1cd) = 1.37 
g/cm3. 


5 


(6) H. Felkii and G. K. Turner, J. Organomet. Chem., 129,429 (1977). 
(7) P. M. Maitlis, “The Organic Chemistry of Palladium”, Vol. 1, 


Academic Press, New York, 1971, p 207. 


Figure 1. The molecular structure of CsHs(P-i-Pr,)Pd(r11,r13- 
C3H4)Pd(P-i-Pr3)Br (5). 


Intensity data were collected on a Synte~-P2~ four circle 
automatic diffractometer using MoKa radiation (graphite 
monochromator, X = 0.71069 A, o scan, A& = lo) with 1720 
symmetrically independent reflections measured in the 
range of 2O < 28 <35O. Corrections for absorption and 
extinction were not applied (pM, = 2.34 mm-l). The 
heavy-atom part of the structure could be solved by direct 
methods (program SHELX~). Positions of the remaining 
atoms (except hydrogen) were located from Fourier and 
difference Fourier maps. Refinement of the atomic pa- 
rameters by full-matrix least squares gave the final dis- 
crepancy factors R1 = 0.064 and R2 = 0.078 for 1720 re- 
flections. All reflections were given unit weight. These 
calculations were carried out by means of the XTL pro- 
gram packageg on a NOVA 1200 minicomputer with 
structure factors for uncharged atoms as given in ref 10, 
corrected for anomalous dispersion. As the data set was 
limited (due to radiation damage) only Pd, Br, and P 
atoms were treated anisotropically, thus limiting the 
number of free variables to 150. 


In the final difference Fourier map the maxima were 
smaller than 1.1 e/A3. The highest peaks were in the 
regions of the methyl groups of the phosphine ligands 
which, in accordance with the thermal parameters of the 
carbon atoms C9-C26 and the variation of the C-C dis- 
tances, point to a small disorder of these groups. 


(8) SHELX Program, G. M. Sheldrick, 1976, unpublished. 
(9) Syntex-XTL-Systems (1976), Syntex Analytical Instruments, Cu- 


pertino, CA. 
(10) D. T. Cromer and J. T. Waber, “International Tables for X-ray 


Crystallography”, Vol. IV, Kynoch Press, Birmingham, England, 1974, 
pp 99-101. 
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Table 11. Positional and Thermal Parameters and Their Estimated Standard Deviations 


atom X Y z Bll Bzz B 33 BIZ B13 B 23 
Pdl  0.2790 (1) 0.5539 (1) 0.3251 (1) 4.8 (1) 4.4 (1) 4.2 (1) -0.2 (1) -0.3 (1) 0.7 (1) 
Pd2 0.1922 (1) 0.3919 (1) 0.3532 (1) 4.8 (1) 3.8 (1) 4.0 (1) -0.0 (1) -0.2 (1) -0.1 (1) 
Br 0.1437 (1) 0.3504 (2)  0.2220 (2)  7.9 (2)  6.0 (2)  4.8 (2)  0.4 (1) -1.2 (1) -1.4 (1) 
P1 0.3522 (2)  0.5771 (4)  0.4054 (4)  4.6 (3) 5.0 (4)  5.2 ( 4 )  -0.4 ( 3 )  -0.0 (3) 1.2 (4)  
P2 0.1220 ( 2 )  0.3921 (4)  0.4408 ( 4 )  4.6 (3)  4.5 (4)  4.3 ( 4 )  -0.5 (3)  -0.5 (3)  -0.1 (3)  


atom X Y z B ,  A' atom X Y z B ,  A' 


C1 0.2695 (11) 0.5987 (17) 0.1847 (17) 7.4 (7)  C14 0.2989 (12) 0.6033 (19)  0.5546 (19) 9.6 (9)  
C2 0.2268 (111 0.5522 (16)  0.2028 (171 7.0 (71 C15 0.4001 (11) 0.6313 (17) 0.3427 (19) 8.2 (8) 


' C16 0.4153 (10) 0.5908 (161 0.2609 (181 7.7 (71 C3 0.1966 
C4 0.2183 
C5 0.2668 
C6 0.2730 
C7 0.2714 
C8 0.2534 
C9 0.3804 
C10 0.4218 
C11 0.4085 
C12 0.34.02 
C13 0.3207 


0.5824 ( i 4 j  
0.6560 (16) 
0.6662 (1 5) 
0.3817 (13) 
0.4412 (13) 
0.4189 (12) 
0.4904 (17)  
0.5071 (17)  
0.4419 (19) 
0.6466 (17) 
0.7268 (16) 


0.2661 ( i 6 j  
0.2893 (17)  
0.2404 (17)  
0.3034 (14)  
0.3632 (15) 
0.4458 (14) 
0.4608 (18) 
0.5369 (19) 
0.3913 (20) 
0.4937 ('19) 
0.4645 (17)  


Table 111. Bond Lengths ( A )  in 5a  


Pdl-Pd2 3.575 (3)  C9-C10 1.61 
Pdl-P1 2.250 (7) C9-Cll  1.58 
Pd2-P2 2.294 (7)  C12-Cl3 1.53 
Pd2-Br 2.505 (31 C12-Cl4 1.63 \ ,  


Pdl-C1 2.39 (3) c15-c16 1*55 
C15-Cl7 1.61 Pdl-C2 2.33 ( 3 )  


Pdl-C3 
Pdl-C4 
Pdl-C5 
Pdl-C7 
Pd2-C6 
Pd2-C7 
Pd2-C8 
Pl-C9 
P1-c12 
Pl-Cl5 


2.31 ( 2 j  
2.38 (3) 
2.38 (3)  
2.04 (2)  


2.17 (2)  
2.16 (2)  
1.86 ( 3 )  
1.89 (3)  
1.85 (3)  


2.22 ( 2 )  


C6-C7 
C7-C8 
P2-Cl8 
P2-C21 
P2-C24 
C18-Cl9 
C18-C20 
c 2  1-c22 
C21-C23 
C24-C25 
C24-C26 


5.8 ( 6 j  
6.9 (7)  
6.5 ( 7 )  
4.6 (6)  


4.6 (5)  
7.9 (8) 


4.3 ( 5 )  


8.8 (8) 


8.5 (8) 
7.2 ( 7 )  


9.7 (9) 


4)  
4)  
4 )  
4 )  
4 )  
4 )  


1.41 (3)  
1.47 (3)  
1.85 (3)  
1.89 (3)  
1.87 (3)  
1.60 (4)  
1.60 (4)  
1.60 (4)  
1.55 (4)  
1.60 (4)  
1.42 (5)  


Numbers in parentheses are estimated standard devia- 
tions in the least significant digits. 


The final atomic coordinates are listed in Table 11, and 
selected intramolecular bond lengths and bond angles in 
Tables 111, and IV, respectively. 


The molecular structure is shown in Figure 1. The most 
characteristic feature is that the two different palladium- 
containing units, C5H5(P-i-Pr3)Pd and Pd(P-i-Pr3)Br, are 
bridged by a bent C3H4 group. The Pd-Pd distance of 3.58 
A in 5 is much longer than in 4 (2.61 A), indicating that 
due to the insertion of the allene into the metal-to-metal 
bond the two palladium atoms in the resulting complex 
are no longer bonded to each other. 


Whereas only the central carbon atom C(7) of the C3H4 
group is u bonded to Pd(l), all three allylic carbon atoms 
C(S)-C(S) are 7r bonded to Pd(2). The coordination in this 
part of the molecule is very similar to that in (r-ally1)- 
palladium complexes of the general composition 2- 
R'C3H4Pd(PR3)X which means, for example, that the 
distance Pd(2)-C(8) which is trans to Br is significantly 
shorter than the distance Pd(2)-C(6). A comparison shows 
that the bond lengths and bond angles of the allyl- 
palladium moiety in 5 and in the complex 2-MeC3H4Pd- 
(PPh,)Cl" are very similar. 


The bond length of the u bond between the palladium 
atom Pd(1) and the carbon atom C(7) corresponds to the 


(11) R. Mason and D. R. Russel, J. Chem. SOC., Chem. Commun., 26 
(1966). 


C17 
C18 
c 1 9  
c 2 0  
c 2 1  
c 2 2  
C23 
C24 
c 2 5  
C26 


0.4528 (12j  
0.1329 (10) 
0.0870 (11) 
0.1406 (10)  
0.1172 (10) 
0.1144 (12) 
0.1634 (11) 
0.0561 (12)  
0.0542 (11) 
0.0099 (17)  


0.6585 ( i g j  
0.4586 (15) 
0.4579 (16) 
0.5464 (16) 
0.2947 (16)  
0.2283 (19) 
0.2828 (16) 
0.4031 (18) 
0.4880 (17)  
0.3700 (26)  


0.3936 (20j  9.8 (9  j 
0.5300 (16) 6.4 (7)  
0.5961 (18) 8.1 (8) 
0.4992 (17) 7.1 (7)  
0.4949 (17) 7.4 ( 7 )  
0.4247 (20)  10.0 ( 9 )  
0.5595 (18) 7.8 ( 7 )  
0.3849 (19) 8.9 (8) 
0.3438 (18) 8.3 (8) 
0.4183 (27) 15.2 (14)  


Table IV. Bond Angles (Deg) in 5 a 


Pl-Pdl-C7 


P2-Pd2-C7 
P2-Pd2-Br 


Br-Pd2-C7 
C6-C7-C8 
Pdl-C7-C6 
Pdl-C7-C8 
Pdl-P1-C9 
P d l  -P1 -C 1 2 
Pdl-P1-C15 
c9-P1-c12 
C9-Pl-Cl5 
C12-Pl-Cl5 
Pl-C9-C10 
P1-c9-c11 
Pl-Cl2-Cl3 
Pl-Cl2-Cl4 
Pl-Cl5-Cl6 
Pl-Cl5-Cl7 
c1 O-C9-Cll 
C13-Cl2-Cl4 
C16-Cl5-Cl7 


94.5 (6)  P1-Pdl-Pd2 
98.8 (2)  P2-Pd2-Pdl 


132.8 (6) Br-Pd2-Pdl 
126,6 (6)  
116.4 (19) 
118.6 (16)  
123.7 (16) 
115.1 (9)  Pd2-P2-C18 
113.3 (10) Pd2-P2-C21 
108.3 (10) Pd2-P2-C24 
102.4 (13) C18-P2-C21 
114.7 (13) C18-P2-C24 
102.4 (13) C21-P2-C24 
116.7 (19)  P2-Cl8-Cl9 
104.8 (19)  P2-C18-C20 
113.4 (20) P2-C21-C22 
106.4 (15)  P2-C21-C23 
114.9 (20) P2-C24-C25 
114.4 (20)  P2-C24-C26 
109.7 (23) C19-C18-C20 
112.9 (23)  C22-C21-C23 
109.9 (23) C25-C24-C26 


123.9 (2)  
124.2 (2)  
113.5 (1) 


112.3 (8) 


113.3 (10) 
101.5 (12) 
114.7 (13) 
103.9 (13) 
114.8 (18) 
111.0 (17) 
107.9 (19)  
111.6 (18) 
107.7 (20)  
120.3 (26)  
108.1 (20)  
113.1 (23) 
120.5 (29) 


110.1 (9)  


a Numbers in parentheses are estimated standard devia- 
tions in the least significant digits. 


value which had been anticipated.12 Together with the 
05-cyclopentadienyl and the phosphine ligands, this part 
of the molecule is similar to that of other complexes 
C5H5Pd(PRt3)R where R is alkyl, aryl, etc. I t  should be 
noted that the metal-substituted 2-PdC3H4 unit is not 
planar and that both palladium atoms are located on the 
same side of the allyl group. 


Discussion 
There are only a few examples describing the addition 


of allenes to M-M-bonded binuclear transition-metal 
complexes reported in the literature. Cotton and co- 
w o r k e r ~ ~ ~  studied the reactions of (CSH5)2M2(C0)4 com- 
pounds (M = Mo and W) which contain M-M triple bonds 
with various allenes C3H2R2 (R = H and Me) and isolated 
the 1:l adducts (C5H5)2M2(C0)4(C3H2R2). According to 
the X-ray structure of (C5H5)2M02(C0)4(C3H4), the allene 


(12) H. Werner, A. Kiihn, and Ch. Burschka, Chem. Ber., 113, 2291 


(13) W. I. Bailey, Jr., M. H. Chisholm, F. A. Cotton, C. A. Murillo, and 
(1980) * 


L. A. Rankel, J. Am. Chem. SOC., 100, 802 (1978). 
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is V shaped (C-C-C = 146') and bridges the Mo-Mo bond; 
it may be considered to form one olefin-metal bond to each 
molybdenum atom. 


The structure of the binuclear palladium complex 5 is 
very different from that of Cotton's Mop compound. It is 
not only that the C-C-C angle is much smaller but also, 
more important, that the bonding mode of the C3H4 moiety 
is not of the same type. As far as we know, there is pre- 
cedent for the a-alkyl-plus-*-allyl function of the C3H4 
group only in two other complexes, namely, Fez(C0)6L- 


The iron complexes differ from the Pdz compound 5 in- 
sofar as in both Fe2(C0),(C3H4) and F ~ z ( C O ) ~ P P ~ ~ ( C ~ H ~ )  
a M-M bond is still present. However, it is worth noting 
that the structural data for the bridging allyl ligand in 5 
(C-C = 1.41 and 1.47 A, C-C-C = 116.4') and in Fez- 


= 116 f 1.30)14 are very similar. 


(C3H3 (L = CO and PPh3)14 and (C&I&RU~(CO)~(C~H~).~~ 


(CO)6PPh3(C3H4) (c-c = 1.41 and 1.45 f 0.02 A, c-c-c 


Experimental Section 
NMR spectra were recorded on a Varian T 60 and m w  spectra 


on a Varian MAT CH 7. All experiments were carried out under 


(14) R. Ben-Shoshan and R. Pettit, J. Chem. Soc., Chem. Commun., 


(15) A. F. Dyke, S. A. R. b o x ,  and P. J. Naish, J.  Organomet. Chem., 
247 (1968); R. E. Davies, ibid. 248 (1968). 


199, C47 (1980). 


purified nitrogen. The synthesis of C5H5(P-i-Pr3)Pd(v1,q3- 
CsH4)Pd(P-i-PrS)C1 (2) has been described previ~usly.~ 


Preparation of C5H5(P-i-Pr3)Pd(#,q3-C3H4)Pd(P-i-Pr3)Br 
(5). (r-CgH5)(r-Br)Pdz(P-i-Pr,)z (4) (0.55 g, 0.81 mmol)6 was 
dissolved in toluene (10 mL), and allene was bubbled through the 
solution for 30 min. An orange-red solution and a flocky pre- 
cipitate resulted which was removed by filtration. The solution 
was concentrated in vacuo, and pentane was added. After the 
solution was left standing at 0 OC, orange-red crystals of 5 were 
formed which were washed with pentane and dried in vacuo: yield 
0.3 g (53%); mp 86 "C; mass spectrum (70 eV), m l e  717 (32%, 
M+), 451 (56, M+ - PdP-i-Pr,), 426 (98, Pd(P-i-Pr3)2f), 371 (95, 
C5HSPd(C3H4)P-i-PrS+), 266 (100, PdP-i-Pr3+). 


Anal. Calcd for (C5H5)(C3H4)Pdz(P-i-Pr3)zBr: C, 43.47; H, 7.20; 
Pd, 29.62. Found: C, 43.15; H, 7.08; Pd, 29.90. 
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The compound Fe3(p3-Te)2(CO)9, 1, reacts with a range of Lewis bases, L, to form adducts Fe3(p3- 
Te)2(CO)& where L = PPhB, t-BuNC, CO, and amines. Spectroscopic evidence indicates that, contrary 
to previous suggestions, the base is bound to an iron center and not to the tellurium atoms. X-ray 
crystallography of the PPh3 adduct proves this point: the structure consisb of an isosceles triangle of iron 
atoms tethered by capping r3-Te atoms. The basal Fe2(C0)6 unit contains a Fe-Fe bond while the apical 
Fe(C0)3PPh3 is octahedral, two coordination sites being occupied by the bridging tellurium atoms. We 
suggest that in 1 the r3-Te moieties are constrained to acute (strained) -60' Fe-Te-Fe angles which are 
fixed by Fe-Fe bonding. Upon adduct formation, one Fe-Fe vector elongates by 1.4 A and one pair of 
the acute Fe-Te-Fe angles opens up to 98'. As such, 1 represents an unusual example of a strained metal 
cluster compound and the difference in its chemical behavior relative to the analogous but less strained 
Fe3&-E),(CO), (E = S, Se) can thus be understood. Treatment of 1 with potentially chelating bis(tertiary 
phosphines) demonstrates that 1 is effectively coordinatively unsaturated with respect to only one base 
addition: in this way monodentate derivatives of Ph2P(CH2),PPh2 (n = 1-3) were prepared. For 
PhzPCHzCHzPPhz(dppe), the chelate-bridged bis cluster compound [Fe3(p3-Te)z(CO)gJ2(dppe) was isolated 
and characterized. 


Introduction 
Tellurium-containing transition metal clusters have been 


little studied'-* as they are few in number and they have 


(1) Fe3(rs-Te)&O)~: Hieber, W.; Gruber, J. 2. Anow. A&. Chem. 
1968,296,91. 


(2) Fe3(ps-E)(pa-Te)(CO)9 (E = S, Se): Rosetti, R.; Cetini, G.; Gam- 
bino, 0.; Stanghellini, P. L. Atti Acad. Sci. Ton", U. Sci. Fk, Mat. Nat. 
1969-1970,104,127. 


(3) CoZFe&-Te)(CO)B: Strouse, C. E.; Dahl, L. F. J. Am. Chem. SOC. 
1971, 93, 6032. 


(4) CO,(~~-T~)~(CO)~(~-CO)~: Ryan, R. C.; Dahl, L. F. J. Am. Chem. 
SOC. 1976, 97, 6904. 


(6) Os3(p3-Te)z(CO)B: Johnson, B. F. G.; Lewis, J.; Lodge, P. G.; 
Raithby, P.; Henrick, K.; McPartlin, M. J. Chem. Soc., Chen. Commun. 
1979, 719. 


been assumed to be chemically analogous to  the more 
numerous sulfur and selenium derivatives. Certain char- 
acteristics of tellurium suggest, however, that the chemistry 
of its transition metal clusters may prove distinctive. First, 
tellurium has a relatively large covalent radius (1.36 A); 
therefore one might expect geometrid differences between 
tellurium-bridged clusters and those containing sulfur and 


(6) FezPt(p3-Te)z(CO)6(PPh3)2: Lesch, D. A.; Rauchfuss, T. B. J. Or- 
ganomet. Chem. 1980, 99, C7. A full paper describing the structural 
aspects of this work has been submitted for publication. 


(7) Fez(p-Tez)(CO)6 and Fe3(p3-Te)2(CO)lo: Lesch, D. A.; Rauchfuss, 
T. B. Inorg. Chem. 1981, 20, 3583. 


(8) The second paper in this series will describe the stereochemistry 
of substituted derivatives of Fe3(p3-Te)2(CO)g. 
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it may be considered to form one olefin-metal bond to each 
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purified nitrogen. The synthesis of C5H5(P-i-Pr3)Pd(v1,q3- 
CsH4)Pd(P-i-PrS)C1 (2) has been described previ~usly.~ 
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(5). (r-CgH5)(r-Br)Pdz(P-i-Pr,)z (4) (0.55 g, 0.81 mmol)6 was 
dissolved in toluene (10 mL), and allene was bubbled through the 
solution for 30 min. An orange-red solution and a flocky pre- 
cipitate resulted which was removed by filtration. The solution 
was concentrated in vacuo, and pentane was added. After the 
solution was left standing at 0 OC, orange-red crystals of 5 were 
formed which were washed with pentane and dried in vacuo: yield 
0.3 g (53%); mp 86 "C; mass spectrum (70 eV), m l e  717 (32%, 
M+), 451 (56, M+ - PdP-i-Pr,), 426 (98, Pd(P-i-Pr3)2f), 371 (95, 
C5HSPd(C3H4)P-i-PrS+), 266 (100, PdP-i-Pr3+). 


Anal. Calcd for (C5H5)(C3H4)Pdz(P-i-Pr3)zBr: C, 43.47; H, 7.20; 
Pd, 29.62. Found: C, 43.15; H, 7.08; Pd, 29.90. 
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(8) The second paper in this series will describe the stereochemistry 
of substituted derivatives of Fe3(p3-Te)2(CO)g. 


0276-7333/82/2301-0499$01.25/0 0 1982 American Chemical Society 







500 Organometallics, Vol. 1, No. 3, 1982 


selenium. Additionally, since tellurium enjoys an extensive 
coordination chemistry of its own? this Lewis acidity could 
be manifested in its transition metal derivatives. 


With the objective of evaluating the influence of tellu- 
rium on the reactivity of its transition metal clusters, we 
chose to first reexamine the behavior of Fe3(p3-Te)2(CO)g, 
1, toward Lewis bases. Compound 1 is known to undergo 


Lesch and Rauchfuss 


prepared as previously described.' 
Fe3Tez(CO)gPPh3 (2a). Compound 1 (1.0 g, 1.5 mmol) and 


PPh3 (5.0 g, 19 mmol) were dissolved in benzene (50 mL) and 
stirred 5 min at room temperature. After being concentrated, 
the resulting solution was chromatographed on a 2 X 40 cm 
Bio-Beads SX-4 column. The dark red fraction was eluted with 
benzene, evaporated to dryness, and recrystallized from 
CHzClZ/MeOH; yield 0.87 g (62%). Anal. Calcd for 
Cz7Fe3Hl60$TeZ: C, 34.61; H, 1.61; Fe, 17.88; P, 3.30. Found: 
C, 34.82; H, 1.33; Fe, 17.66; P, 3.45. 


Fe3Tez(CO),( t-BuNC), 2b. tert-Butyl isocyanide (150 WL) 
was added to a stirred solution of 1 (0.5 g, 0.74 mmol) in CHzC12 
(25 mL). After 1 min the solution was diluted with MeOH and 
concentrated to afford crystals which were washed with 95% 
EtOH; yield 0.43 g (77%). Anal. Calcd for Cl4Fe3H9NOSTe2: C, 
22.18; H, 1.19, Fe, 22.09; N, 1.85. Found C, 22.58; H, 1.04; Fe, 
21.93; N, 1.88. 


Fe3Tez(CO)$Ph3, 3a. Compound 1 (0.715 g, 1.06 mmol) and 
PPh3 (0.276 g, 1.06 mmol) were dissolved in 150 mL of CHZClz. 
After being refluxed for 18 h, the solution was evaporated to 
dryness. The residue was dissolved in hexanes (150 mL), and the 
solution was refluxed for 30 min, fiitered through a 2-cm plug of 
silica gel, and evaporated to dryness. The residue was recrys- 
tallized from CHZClz/MeOH, giving 0.81 g of black crystals (84%). 
Anal. Calcd for CZ6Fe3Hl5O8PTez: C, 34.35; H, 1.66; Fe, 18.43; 
P, 3.41. Found: C, 34.27; H, 1.67; Fe, 18.43; P, 3.32. 


The Reaction of Fe3Ez(CO)s (E = S, Se)  and PPh3 Fe3- 
Sez(CO)s (58 mg, 0.10 "01) and PPh3 (130 mg, 0.50 "01) were 
stirred in CHzClz (5 mL) at 25 OC. TLC on silica gel indicated 
that a small amount of Fe3Sez(CO)8PPh3 had formed after 1 h. 
After 48 h, Fe3Sez(CO)pPh3 was the predominant iron complex 
in solution. Under the same conditions Fe3Sz(C0)9 did not react 
with the PPh3 in 6 h and Fe3T%(CO)9 was quantitatively converted 
to Fe3Tez(CO)$Ph3. 


Reaction of 1 with Nitrogenous Bases. Addition of neat 
nitrogenous bases (NH, 1-MeIm, and CMepy) to CHzClz solutions 
of 1 resulted in a rapid color change to orange. Dilution of these 
solutions with hexane, followed by concentration with a stream 
of Nz or NH3 (for the NH3 adduct), gave red brown microcrys- 
talline precipitates which upon storage evolved the free amine. 
Attempted TLC of any of these compounds resulted in their 
decomposition. 


Fe3Tez(CO),(dppm), 4a. Bis(dipheny1phosphino)methane 
(0.20 g, 0.53 mmol) was added to a CHZClz solution (50 mL) of 
1 (0.34 g, 0.5 mmol). After being refluxed for 5 min, the solution 
was concentrated and chromatographed on a silica gel column. 
Crystals were obtained from benzene/hexane. Anal. Calcd for 
CMFe3HzzO$zTez: C, 38.56; H, 2.08; Fe, 15.83; P, 5.86. Found 
C, 38.42; H, 1.99; Fe, 15.73; P, 5.97. 


Fe3Tez(CO)s(dppe), 4b. Compound 1 (0.135 g, 0.20 mmol) 
was added to a stirred solution of dppe (0.24 g, 0.6 mmol) in 
CHzC1z (10 mL). After 5 min TLC (silica gel/l:l benzene/hexane) 
indicated complete conversion to the desired product. The 
compound was stable in solution for several hours at 25 OC; 
however, attempted purification (crystallization or preparative 
chromatography under an inert atmosphere) was unsuccessful. 


Fe3Tez(CO)s(dppeS), 4b-S. To the above prepared solution 
of Fe3Tez(CO)s(dppe) was added a large excess of sulfur (-50 
mg). After being stirred 15 min the solution was evaporated to 
dryness and the resulting solid was chromatographed on a silica 
gel column with CH2Cl2. The red-orange fraction was collected, 
and crystals were obtained by adding hexane and concentrating 
to a small volume. Anal. Calcd for CSFe3H,OJ',STez: C, 38.03; 
Fe, 15.16; H, 2.19; P, 5.60. Found C, 37.61; H, 2.25; Fe, 13.85; 
P, 6.54. 


[Fe3Tez(CO)s]z(dppe), 4c. Compound 1 (0.17 g, 0.25 mmol) 
and dppe (0.040 g, 0.10 mmol) were dissolved in CH2C12 (15 mL). 
After being stirred 5 h at 25 OC, the solution was filtered through 
silica gel and diluted with MeOH. Concentration to a small 
volume produced a brown solid which was recrystallized twice 
from CHZClz/MeOH; yield 0.138 g (80%). Anal. Calcd for 
CuFe6H,Ol$',Te4: C, 30.23; H, 1.38; Fe, 19.17; P, 3.54. Found: 
C, 30.18; H, 1.36; Fe, 18.58; P, 3.96. 


Fe3Tez(CO)s(dppp), 4d. Equimolar amounts of 1 and 1,3- 
bis(dipheny1phosphino)propane were dissolved in CHzClz and 
refluxed for 5 min. The resulting solution was evaporated to 


1 


substitution by Lewis bases via second-order kinetics1@l5 
(first order in cluster and first order in Lewis base) and 
in some cases unstable intermediates of the formula Fe3- 
(p3-Te),(CO),L could be isolated in such reactions, eq 1. 


+L -GO 
Fe3Te2(CO), 5 Fe3Te2(CO),L - Fe3Te2(CO)8L 


(1) 
Interestingly the sulfur and selenium analogues of Fe3- 
Te2(CO)9 undergo substitution primarily via a first-order, 
presumably dissociative, process.12 The difference in ki- 
netic behavior between the tellurium-containing cluster 
and the analogous clusters of S and Se was attributed to 
the Lewis acidity of Te, and on the basis of a variety of 
circumstantial evidence, the suggestion has been repeatedly 
advanced that in these adducts the Lewis base was in fact 
bound to the nonmetal component of the 
Adduct formation by metal cluster compounds is unusu- 
al,16-19 and thus we investigated this system in order to 
clarify the nature and scope of this reaction and to de- 
termine the role of the tellurium atoms in these processes. 


Experimental Section 
'H NMR spectra were obtained on a Varian EM-390 spec- 


trometer using Me4Si as an internal reference. 31P and ' q e  NMR 
spectra were obtained on a modified Varian XL-100 spectrometer 
with proton decoupling and using an external DzO lock with 85% 
H3PO4 and MezTe (neat), respectively, as external references. All 
NMR samples were CDC13 solutions. IR spectra were obtained 
on a Perkin-Elmer 599B spectrophotometer on cyclohexane so- 
lutions. UV-visible spectra were recorded with a Varian Cary 
219 spectrophotometer on toluene solutions. Field desorption 
mass spectra were run on a Varian 731 spectrometer by Mr. Carter 
Cook. Microanalyses were performed by the School of Chemical 
Sciences analytical laboratory. 


Reactions were performed under nitrogen in reagent grade 
solvents. Ligands were obtained from commercial sources and 
used without further purification. Compounds 1 and 2c were 


(9) For recent examples of coordination compounds of divalent Te, see: 
Elder, R. C.; Marcuso, T.; Boolchand, P. Inorg. Chem. 1977, 16, 2700. 
Hoskins, B. F.; Pannan, C. D. A u t .  J. Chem. 1976,29, 2337. 


(10) Cetini, G.; Stanghellini, P. L.; Rossetti, R.; Gambino, 0. J .  Or- 
ganomet. Chem. 1968,15,373. 


(11) Cetini, G.; Stanghellini, P. L.; Rossetti, R.; Gambino, 0. Inorg. 
Chim. Acta 1968, 2,433. 


(12) Rossetti, R.; Stanghellini, P. L.; Gambino, 0.; Cetini, G. Inorg. 
Chim. Acta 1972,6, 205. 


(13) Stanghellini, P. L.; Cetini, G.; Gambino, 0.; Rossetti, R. Inorg. 
Chim. Acta 1968,3, 651. 


(14) b e ,  S.; Milone, L.; Rossetti, R.; Stanghellini, P. L. J. Chem. SOC. 
Dalton Trans. 1980, 46. 


(15) Roseetti, R.; Stanghellini, P. L. J. Coord. Chem. 1974, 3, 217. 
(16) Rus(CO),(C=CR)(PPh,): Carty, A. J.; MacLaughlin, S. A.; 


Taylor, N. J. J. Organomet. Chem. 1981, 204, C27. 
(17) @(NO)&O),: Bhaduri, S.; Johnson, B. F. G.; Lewis, J.; Watson, 


D. J.; Zuccaro, C. J .  Chem. SOC. Dalton Tram. 1979, 557. 
(18) H,Oss(CO)lo: Shapley, J. R.; Keister, J. B.; Churchill, M. R.; 


DeBoer, B. G. J.  Am. Chem. SOC. 1976,97,4146. Deeming, A. J.; Hasso, 
S. J. Organomet. Chem. 1976,88, C21. 


(19) CrFea(p3-PR)(CO),z: De, R. L.; von Seyerl, J.; Huttner, G. J .  
Organomet. Chem., 1979, 178, 319. 
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dryness, and the solid obtained was recrystallized in benzene/ 
hexane. TLC indicated the presence of some starting material. 
In addition to TLC, the identity of this compound was verified 
by IR and 31P NMR. 


Fe3Tez(CO)7(dppm), 5a. This compound was prepared by 
heating 4a in refluxing benzene for 30 min and was crystallized 
from CHZClz/MeOH. Anal. Calcd for C3zHz2Fe307PzTez: C, 
38.32; H, 2.20; Fe, 16.70; P, 6.19. Found: C, 38.21; H, 2.33; Fe, 
15.53; P, 6.2. 


Crystallography. X-ray crystallography was performed as 
a commercial service by Dr. C. S. Day of Crystalytics Co. 


Dark red single crystals of Fe3Tez(CO)$Ph3 were grown from 
CH2Clz/hexanes at -20 'C. A 0.50 X 0.60 X 0.38 mm crystal was 
mounted on a 0.15-mm diameter glass fiber. The crystals are 
triclinic PI-C! (No. 2),% with a = 9.891 (3) A, b = 12.140 (3) A, 
c = 13.571 (3) A, a = 100.59 (2)', p = 89.75 (2)', y = 105.49 (2)', 
and 2 = 2 at 20 f 1 "C. Intensity measurements were made on 
a computer controlled four-circle Nicolet autodiffractiometer using 
0.90' wide w scans and graphite-monochromated Mo Kn radiation. 
A total of 7095 independent reflections having 28 C 55.0' were 
measured in two concentric shells of increasing 28. A scanning 
rate of 6.0°/min was employed for the scan between w settings 
0.45' above and below the calculated Kn doublet value (hKa = 
0.71073 A) for those reflections having 3.0' < 20 < 43.0°, and a 
scanning rate of 4.0°/min was used for those reflections having 
43.0' < 28 < 55.0'. Six standard reflections measured every 400 
reflections as a monitor for possible disalignment and/or dete- 
rioration of the crystal gave no indication of either. Before ap- 
plying standard Lorentz and polarization corrections, we corrected 
the intensity data empirically for absorption effecta using $ scans 
for seven reflections having 20 values between 8' and 36'. 


The three iron and two tellurium atoms were located by direct 
methods, and the remaining nonhydrogen atoms were located by 
using standard difference Fourier techniques. Isotropic unit- 
weighted full-matrix leaabsquares refinement for the nonhyhogen 
atoms gave Rl(unweighted, based on F) = 0.072 and R2(weighted) 
= 0.073; anisotropic22 refinement converged to R1 = 0.029 and 
R2 = 0.033 for 3220 reflections having 28M,Ka < 43' and I > 3u(I). 
These and all other subsequent structure factor calculations 
employed an anomalous dispersion correction to the scattering 
factors of the iron, phosphorus, and tellurium atoms.23 The final 
cycles of empirically weighted% full-matrix least-squares refine- 
ment which employed anisotropic thermal parametersz2 for all 
nonhydrogen atoms converged to R1 = 0.029z6 and R2 = 0.03927 
for 6007 independent reflections having 28 5 55' and I > 3 4 .  
During the f d  cycle of refinement, no parameter shifted by more 
than 0.62up, with the average shift being less than 0.05up, where 
up is the estimated standard deviation of the parameter. 


Results 
We found that compound 1 readily reacted with a wide 


variety of Lewis bases to  form orange adducts many of 
which are easily obtained in crystalline form. Our objective 
in this study was to  define the nature of this adduct for- 
mation via a combined spectroscopic and structural study 
and to explore the scope and synthetic utility of this re- 
action. For measurement purposes we focused most of our 
attention on spectroscopically visible ligands such as 
phosphines (31P NMR) and isocyanides (IR). 


(20) 'International Tables for X-ray Crystallography"; Kynoch Press: 
Birmingham, England, 1969; Vol. I. 


(21) 'Intemational Tables for X-ray Crystallography"; Kynoch Press: 
Birmingham, England, 1967; Vol. 11, pp 302-5. 


(22) The anisotropic thermal parameter is of the form: exp[-0.25- 
(Bllh2a*2 + B2zk2b*2 + B33Z2~*z + 2Bl2hka*b* + 2BI3hla*c* + 


(23) 'International Tables for X-ray Crystallography"; Kynoch Press: 
Birmingham, England, 1967; Vol. IV, pp 149-50. 


(24) The weighting scheme used in the least-squares minimization of 
the function xw((F,J - 


(25) For empirical weights: Ap = x2a,lFoln = a, + allFol + 4 F , J 2  + 
a3PJ3 with the a, bei coefficients from the least-squares fitting of the 
curve IFoF,I - 
a2 = 1.60 X 10 , and a3 = -1.52 X lo-'. 


(26) 4 = XlIJ'ol- I F c l V ~ l J ' o t .  
(27) Rz lXw(lFoI - IFJ) /CIFo121"2. 


!2Baklb*c*)j. 


is defined as w = l/ug. 


= x ~ , , l F , ~ .  In this case: a, = 0.886, al = 4.28 X 
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Table I. IR Data (cm-I, Cyclohexane Solution) 


Fe,Te,(CO),PPh,, 2a 


Fe,Te,( CO),t-BuNC, 2b 


2046 vs, 


2060 w, 2041 s, 2016 vs, 


2070 w, 2044 vs, 2028 vs, 


2025 vs, 2004 s, 1992 w(br) 


1992.5 w, 1981 vs, 1968 w 


2020 m, 2007 s, 1990 m, 
1983.5 vs, 1970 m, 1958 w, 


2102 w, 2052 s, 2045 s, 2033 
w, 2014 m, 1993 m, 1981 
w, 1968.5 w 


2053 m, 201.5 s, 1992 s 
(br), 1942 w 


2062 w, 2040 s, 2016 vs, 
1989.5 m, 1980 s, 
1967.5 w(br) 


m, 1982.5 s, 1969 m, 
1956 w 


2042 s, 2016 vs, 1994 w, 
1983 s, 1970 w 


2042 s, 2016 vs, 1991 w, 
1984 s, 1971 w 


2059 w, 2041 s, 2016 s, 
1993.5 m, 1989.5 s, 
1982.5 s, 1970 w(br) 


2042 s, 1986.5 vs, 1981 s(sh), 
1965 w, 1945.5 w, 1939 w 


(l'NC 2167) 


2066 w, 2041 s, 2015 s, 1995 


Table 11. "P{'H}NMR Data 
compd 6(31P)a JPX, Hz 


2a 41.9 42  ( X =  Te), 12OC 
3a 68.0 b 
4a 35.7, -31.4 89 ( X  = P'), 48 (X  = Te) 
4b 42.1,  -12.9 37 ( X =  P'), b 
4b-S 42.7,  39.8 4 8  ( X =  P'), b 
4c 40.3 b 
4d 33.5, -23.0 44  ( X  = Te) 
5a 49.7,  43.4 63.6 ( X  = P'), 27 ( X  = Te) 


a Positive chemical shifts are downfield of our 85% 
H,PO, standard. J P T ~  was ill-defined. Unassigned- 
intensity is - 25% of the Te satellites. 


Table 111. Field Desorption Mass Spectral Results 
m / e (  obsd ) 
(approx re1 


compd m/e(calcd) intensity) assignt 
936(80%)  M+ 
908 (20%) M+ - CO 


2a 936 


2b 7 58 758(50%)  M+ 
730 (50%) M + -  CO 


4a 1059 1059 
1031 
1003 


1077 
4c 1748 1692 
5a 1003 1003 


4b-S 1105 1105 


33%j M +  
33%) M+-CO 
33%) M+-2CO 


60%) M+-CO 
100%) M+-2CO 


40%) M+ 


100%) M+ 


Adduct Formation with Unidentate Ligands. Ad- 
dition of an  excess of triphenylphosphine to a CHzClz 
solution of 1 caused a rapid color change to  the orange 
characteristic of the adduct. The product of this reaction, 
Fe3(p3-Te)2(CO),PPh3, 2a, was isolated in high yield and 
characterized by IR, field desorption mass spectrometryB 
(FDMS), combustion analysis, and 31P NMR (Tables I- 
111). The 31P NMR measurement showed only one reso- 
nance downfield of free ligand flanked by two sets of 


(28) Beckey, H. D.; Schulten, H. R. Angew. Chem., Int. Ed. Engl. 1975, 
14, 403. 
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400 500 600 


X (nm) 


Figure 1. Electronic absorption spectra of 1, 2a, and 3a in toluene at 30 "C. 


700 


satellites, one of which we assign to 2JTeg(trans). The small 
value of this coupling constant is inconsistent with direct 
binding of the PPh3 to Tea6 As previously mentioned, 
adduct formation is accompanied by a dramatic change 
in the optical absorption spectrum (Figure 1). In view of 
the prevailing theoretical assumptionsa that in complexes 
of this type both the HOMO and LUMO are metal-metal 
bonding or antibonding in character, such a dramatic shift 
in the optical spectrum suggests that a change in metal 
framework had occurred. This view was supported by the 
X-ray crystal structure analysis. 


These adducts are intermediates in the formation of 
substituted derivatives1*12 of 1; thus we found that Fe3- 
(p3-Te)2(CO)$Ph3, 3a, was formed in good yield when 2a 
was heated in hexane. The black color of 3a, or more 
specifically its optical spectrum, closely resembles that for 
1 (Figure 1). This finding supports the notion that the 
HOMO and LUMO of these compounds are primarily 
metallic in character and are not particularly sensitive to 
substituent effects. The 31P NMR shift for 3a is different 
from 2a and displays lZ5Te satellites (as shoulders) of 
similar magnitude as found for 2a. From the practical 
perspective, not only the color and IR spectroscopy dif- 
ferentiate the substituted derivatives of 1 from the adducts 
but also thin-layer chromatography on silica gel is con- 
ventient for the analysis of mixtures 1,2a, and 3a. The 
stereochemistry of compounds of the formula Fe3(p3-E),- 
(CO)8L has previously been studied by 13C NMR spec- 
t r o s ~ o p y . ~ J ~  


The reaction of 1 with t-BuNC was especially facile. The 
solution IR (Table 11) of the product, Fe3(p3-Te),(CO),- 
(t-BuNC), 2b, showed that vCN shifted to lower frequency 
upon coordination, indicating that this ligand is func- 
tioning as a net A acceptor, in accord with the base binding 
a t  an iron center. 


The parent compound, 1, is prepared in good yield via 
the reduction of Te032- by a basic aqueous solution of 
Fe(CO)S. As originally described,l this synthesis affords 
primarily 1 and a small amount of the more fragile Fez- 
h ~ - T e , ) ( C 0 ) ~ . ~  We recently reported that a modified 
procedure for the same reaction affords a good yield of 
Fe3(fi3-Te)2(CO)lo,7 2c, which, on the basis of spectral 


~ ~~ 


(29) Tyler, D. R.; Gray, H. B. J. Amer. Chem. SOC. 1978, 100, 7888. 
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Figure 2. ORTEP plot of the metal coordination spheres of the 
Fe3&-Te)&O)gPPh3 molecule with thermal ellipsoids drawn at 
the 50% probability level. 
comparisons, is analogous to 2a and 2b. Consistent with 
its coordinative saturation, orange solutions of 2c do not 
react with a large excess of PPh,. Thus 2c resembles most 
other metal carbonyl clusters in being exchange inert. 
Since 2c does not form upon reaction of 1 with Fe(C0)5 
in neutral or basic solution, this CO adduct must be an 
intermediate in the traditional synthetic procedure for 1.' 


Compound 1 quickly reacted with classical nitrogenous 
bases, ammonia, 1-methylimidazole, and 4-methylpyridine, 
to form orange adducts. Attempted chromatography of 
any of these adducts caused reversion to 1 or its substi- 
tuted analogues. In the case of ammonia, adduct formation 
was reversed simply by purging with argon or stirring in 
vacuo. By monitoring the ammonolysis and its reversal 
using optical spectroscopy, we demonstrated that each 
cycle was not completely reversible but was accompanied 
by a steady change in the spectrum of the nonadduct form. 
Adduct formation by incremental addition of 4-methyl- 
pyridine to 1 was monitored spectrophotometrically and 
an isasbestic point at  492 nm was observed. The formation 
constant for Fe3Tez(CO),(pyMe) was estimated to be 50 
M-l in toluene a t  27 "C. 


Descr ipt ion of t h e  S t r u c t u r e  of Fe3(p3-Te)2- 
(CO)PPh, .  As depicted in Figure 2, the structure of 2a 
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Table IV. Bond Lengths and Selected Nonbonded 
Contacts Involving Nonhydrogen Atoms in Crystalline 


Fe3Te2(C0),(P(C6HS 
type length. A type length. A 


Te, -Fe, 
Te2-Fe, 


Te, -Fez 
Te,-Fe, 
Te,-Fez 
Te,-Fe, 


Te,-.Te, 


Fe - Fe , 
Fe , ... Fe 
Fe ,. .. Fe , 
Fe,-P 


Fe,-C, 
Fe, -C, 
Fe,-C, 
Fez-C, 
Fe,-C, 


Fe,-C, 
Fe,-C, 
Fe,-C, 


Fe, -c, 


P-Cai 
p-cbi 
p-cc, 


2.657 ( 1 )  
2.668 (1) 


2.565 (1)  
2.577 ( 1 )  
2.575 (1) 
2.567 (1) 


3.138 (1) 


2.585 ( 1 )  


3.947 ( 1 )  
3.939 (1)  


2.297 (1) 


1.815 ( 4 )  
1.805 ( 4 )  
1 .822 (4 )  
1.777 ( 5 )  
1.789 ( 6 )  
1.782 ( 7 )  
1.781 ( 5 )  
1 .786 ( 5 )  
1.785 ( 5 )  


1.830 ( 4 )  
1.838 ( 4 )  


1.397 ( 6 )  
1 .395 (6 )  
1.401 ( 7 )  
1.378 (8)  
1.393 ( 9 )  
1.396 ( 6 )  
1.401 ( 6 )  
1.392 ( 6 )  
1.392 ( 7 )  
1.390 (8 )  
1.386 (8)  
1.402 ( 7 )  
1.410 ( 6 )  
1.395 ( 6 )  
1.389 ( 7 )  
1.392 (8)  
1.377 (8 )  
1.405 (8 )  


1.131 ( 5 )  
1.125 ( 6 )  
1.127 ( 5 )  
1.133 ( 7 )  
1.145 (9)  
1.134 (10) 
1.143 ( 7 )  
1.139 ( 7 )  
1 .132 ( 7 )  


a The numbers in parentheses are the estimated standard 
deviations in the last significant digit. 
labeled in agreement with the figures. 


consists of an isosceles triangle of iron atoms with the short 
edge representing the 2.585 (l)-A Fe-Fe bond. The basal 
F%Tq(CO), unit resembles that found for Fe2(p-Se2)(CO), 
with the distorted octahedral geometry of each iron being 
defined by three carbonyls, two bridging tellurium atoms, 
and the metal-metal bond. The unique iron appears to 
be conventionally octahedral with the two pseudohalide 
(one electron donor) tellurium atoms and the triphenyl- 
phosphine meridionally disposed. The observed geometry 
is that which would result from the addition occurring from 
the sterically most accessible direction. The Fe-C dis- 
tances (Table IV) for the carbonyls clearly indicate that 
Fe(1) has a higher oxidation state than Fe(2) and Fe(3): 
this is also consistent with the view that the tellurium 
atoms are functioning as one electron donor (pseudo- 
halides) toward the unique iron. 


We attribute the unusual reactivity of 1 to the energy 
inherent in its four acute Fe-Te-Fe angles and for this 
reason the geometry about the tellurium atoms deserves 
special comment. In 2a, the angles (Table V) Fe(2)-Te- 
(1)-Fe(3) and Fe(2)-Te(2)-Fe(3) are 60.3' which can be 
compared with the M-Te-M angles of 63.6' found in 
Co2Fe(p3-Te) In keeping with the 18-electron rule 
each tellurium functions as a three-electron bridge along 
the metal-metal bonded edge in 2a while for 1 the EAN 
rule requires that the three-electron bridges occur across 
the open iron-iron edge (vide infra). The four Fe(1)- 
TeFe(2)  and the Fe(l)-TeFe(3) angles in 2 average 97.8'. 
We assume that the two small triangular faces (Fe(2)- 
Te-Fe(3)) in 2a are geometrically similar to the four small 
triangular faces in l;30 thus the conversion of 2 to the 


Atoms are 
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Figure 3. ORTEP plot of the nonhydrogen atoms of the Fe3- 
(p3-Te)2(CO)gPPh3 molecule with thermal ellipsoids drawn at the 
50% probability level. 


Scheme I 


Fe 


I Ph2PlCH21,PPh2 In= 1.2.31 


adduct is accompanied by the opening of two Fe-Te-Fe 
angles. In the language of Wade's rules,31 adduct forma- 
tion involves the conversion of a five-vertex-seven-electron 
pr, nido cluster to a five-vertex-eight-electron pr, arachno 
cluster. 


A top view of the molecule (Figure 3) shows the Te  
atoms to be significantly displaced toward the base of the 
triiron isosceles triangle. This perspective suggests an 
alternative view of 2a as being derived from the addition 
of a 16-electron Fe(C0I3PPh3 unit to the Te-Te bond of 
Fe2(p-Te2)(CO),.' For this reason this structure bears a 
strong resemblance to that of the crystallographically 
characterized PtFe2(113-Se)z(CO)6(PPh3)2 prepared ac- 
cording to eq 2., The similarity between the adducts 


( 2 )  


derived from 1 and our previously reported PtFe2(p3- 
E)2(CO),(PPh3), includes their electronic absorption 


(30) The structure of Fe3Te2(C0),(PPh3)2 has been determined and 
will be described in a future publication. 


(31) Wade, K. Ado. Znog. Radiochem. 1976, 18, 1. 
(32) Monodentate dppe: Keiter, R. L.; Sun, Y. Y.; Brodack, J. W.; 


Cary, L. W. J. Am. Chem. Sac. 1979, 101, 2638 and references therein. 
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Table V. Bond Angles Involving Nonhydrogen Atoms 
in Crystalline Fe3Te,(CO),(P(CsH,),)u 


Lesch and Rauchfuss 


Table VI. Atomic Coordinates for Nonhydrogen Atoms 
in Crystalline Fe,(p ,-Te),( CO),(P(C,H, ),la 


typeb angle, deg typeb angle, deg 
Fe.Te.Fe. 98.19 (2)  


I -  I 1 


Fe ,Te, Fe, 
Fe,Te,Fe, 
Fe, Te,Fe3 


Fe,Te, Fe, 
Fe,Te, Fe, 


Te,Fe,P 
Te, Fe, C, 
Te, Fe, C, 
Te, Fe , C, 
Te,Fe,P 
Te,Fe , C, 
Te,Fe,C, 
Te, Fe , C 
PFe, C, 
PFe, C, 
PFe,C3 


C, Eel C, 
C,Fe,C, 


C,Fe,C, 


FeiPCai 
Fe 1 pcb 1 


Fe,PCc, 
caipcbi 
Ca 1 PCci 
cbipcci 


Fe, c, 01 
Fe I cz 0, 
Fe 1 '3' 3 


Fe2C404 


Fe2C505 


FeaCsOs 
Fe3C707 
Fe 3C808 
Fe3C90, 


PCai Ca, 
PCai Cab 
CasCai Cas 
CaiCazCa, 
CazCa3Ca4 
Ca3Ca4 Cas 
Ca4Ca5 Ca6 
CasCa6 Ca, 


97.62 (2 j 


97.59 (2) 
97.66 (2)  


60.35 (2)  
60.36 (2)  


93.74 (3)  
88.2 (1) 


167.5 (1) 
89.4 (1) 


165.88 (3)  
86.8 (1) 


86.7 (1) 


98.7 (1) 


89.5 (2)  
173.4 (2)  
91.5 (2) 


115.2 (1) 
115.2 (1) 
112.7 (1) 
102.3 (2)  
104.7 (2)  
105.5 (2)  


177.7 (4)  
178.8 (4)  
177.9 (4)  
177.6 (5) 
177.9 (6)  
175.0 (7)  
179.3 (5) 
174.9 (5) 
179.2 (6)  


117.6 (3) 
122.5 (3) 


119.4 (4) 


95.4 (1) 


94.4 (1) 


91.9 (1) 


119.9 (4)  


120.1 (5)  
121.0 (5)  
119.0 (5) 
120.5 (4)  


Te,Fe,Te, 
Te,Fe,Te, 


Te,Fe,Fe, 
Te, Fez Fe, 
Te, Fe3Fe, 
Te, Fe, Fez 


Te, Fe,C, 
Te, Fe,C5 
Te, Fe,C, 
Te,Fe,C, 
Te Fe,C 
Te,Fe,C, 
Fe,Fe,C4 
Fe Fez C, 
Fe 3Fez C, 
C,Fe,C5 
C4Fe2C6 


C5Fe2CS 


Te Fe , C, 
Te,Fe,C, 
Te,Fe,C9 
Te, Fe3C, 
Te,Fe C, 
Te2Fe3 C, 
Fe2Fe3C, 
FeaFe3C, 
Fez Fe, C, 
C'lFe3C8 


C7Fe3C9 


PCbiCbi 
PCbiCbs 


Cbi cbz cb 3 


Cb z Cb 3 cb4 


Cb3Cb4Cb5 
Cb4Cb 5 cb6 


'b 2 'bl% 6 


Cb5Cb6%l 


PCCICC2 


cc1cczcc3 
cczcc3cc4 
cc3cc4cc5 


"Cl 'C6 


cCZcClcC6 


cC4cC5 'C6 


cC5cCbcCl 


72.21 (2) 
75.25 (2) 
75.17 (2 )  


60.06 (2)  
59.67 (2)  
59.59 (2)  
59.97 (2) 


151.4 (2)  
89.4 (2) 


108.8 (2)  
94.1 (2)  


159.5 (2)  
101.1 (2)  
91.5 (2)  


101.0 (2)  
158.8 (2)  
93.2 (3) 
99.3 (3)  
96.6 (3)  


158.4 (2)  
103.6 (2)  


90.2 (2)  
90.8 (2)  


109.3 (2)  
152.3 (2)  
99.3 (2)  


160.9 (2) 
92.4 (2)  
96.5 (2)  
95.4 (3)  
96.8 (3)  


119.5 (3) 
121.4 (3) 


120.6 (4)  
120.3 (5)  
119.4 (5) 
120.8 (5) 


119.1 (4)  


119.9 (4)  


118.4 (3) 
121.8 (3)  
119.8 (4) 
119.3 (4) 
120.6 (5)  
120.4 (6)  
119.9 (5)  
120.0 (5)  


(I The numbers in parentheses are the estimated standard 
deviations in the last significant digit. 
labeled in agreement with the figures. 


spectra and their 77Se and 125Te NMR behaviora6 
Adducts of Ditertiary Phosphines. Evidence pres- 


ented so far indicates that 1 is coordinatively unsaturated 
to the extent that it can bind a single electron pair ligand 
and thereafter behaves like the more conventional variety 
of exchange inert, closed-shell metal carbonyl cluster 
compounds. This pattern extends to the reactivity of 1 
toward chelating ligands (Scheme I). The ditertiary 
phosphines were chosen for these experiments since their 
31P NMR behavior is sensitive to their mode of coordi- 
nation.32 


Treatment of 1 with 1 equiv of dppm (dppm = bis(di- 
pheny1phosphino)methane) effected clean conversion to 
the Fe3(p3-Te)z(CO)9(dppm) (4a) which was isolated as 
thermally and aerobically robust orange crystals. Field 


Atoms are 


atom 
typeb 1 0 4 ~  104y 1 042 


2825.5 (2) 
810.9 (3) 
142.7 (5) 


2699.3 (6) 
3405.4 (6)  


114.8 (9)  
1014 (4)  


-2753 (3)  
-709 (4)  
3195 (5)  
5385 (6)  
1015 (7)  
3598 (5)  
3687 (5)  
6368 (4) 


707 (4)  
-1646 (4)  
-357 (4)  


4343 ( 7 )  
2978 (5)  


1638 (7) 
3515 (5)  
3520 (5)  
5221 (5)  


556 (4)  
1816 (4)  
2224 (5)  
1372 ( 7 )  


106 (6) 


1365 (4)  
1392 (5)  
2362 (6) 
331 2 (5)  
3286 (6) 
2307 (5)  


-290 (5)  


-1605 (4) 
-27 54 (4)  
-4077 (5) 
-4273 (5) 
-3156 (6)  
-1808 (5)  


2770.9 (2) 
617.6 (2)  


1817.1 (4) 
2296.0 (5)  
908.0 (5)  


3140.1 (8) 
175 (3) 
360 (3)  


3282 (3) 
932 (4)  


4051 (5)  
3589 (7)  
-954 (3) 
-366 (5)  
2177 (5)  


820 (3)  
929 (4) 


2732 (4)  
1444 (5)  
3365 (5)  


3089 (6 )  


136 (5) 
1677 (5) 
27 24 (3) 
2421 (4)  
2147 (4)  
2152 (4) 
2441 (4)  
2738 (4)  
4581 (3)  
5177 (4)  
6250 (4)  
6747 (4)  
6163 (4)  
5086 (4) 
3416 (3)  
2483 (4)  
2667 (5)  


4675 (5)  
4510 (4)  


-225 (4)  


3759 (5)  


3027.5 (2) 
3734.2 (2)  
2437.9 (4) 
4796.6 (4) 
3328.0 (4)  
1431.0 (7)  


852 (2)  
2028 (3) 
4179 (3)  
6243 (3)  
5386 (5) 
6040 (4) 
4369 (3) 
1324 (3)  
3647 (5) 
1462 (3) 
2188 (3)  
3519 (3) 
5670 (3)  
5138 (4)  
5519 (4)  
3966 (4)  
2090 (4) 
3524 (5)  
129 (3) 
-35 (3)  


-1020 (4) 
-1819 (4) 
-1666 (3)  


-685 (3) 
1825 (3)  
3141 (4)  
3141 (4) 
2484 (4) 
1502 (4) 
1164 (3)  
1339 (3)  


912 (3)  
860 (4)  


1230 (5)  
1646 (5)  
1701 (4) 


(I The numbers in parentheses are the estimated standard 
deviation in the last significant digit. 
labeled in agreement with Figures 2 and 3. 


Atoms are 


desorption mass spectrometry confirmed the formulation 
of 4a but also revealed the presence of some Fe3Te2- 
(CO),(dppm) (n  = 7, 8) which are apparently formed in 
the ionization/volatilization process in the probe. Of 
crucial importance is the 31P NMR of 4a which clearly 
demonstrated the presence of two nonequivalent, strongly 
coupled phosphorus moieties whose resonance frequencies 
were consistent with one being coordinated and one being 
pendant (Figure 4). When incorporated in bi- or tri- 
metallic complexes, dppm generally functions as a bridging 
ligand, Fe2(C0)7(dppm)33 being a prime example. The 
synthesis of 4a demonstrates that 1 is kinetically labile 
with respect to only  one ligand addition. 


We can be certain that no thermodynamic effects pre- 
vent the diphosphine in 4a from functioning as a bidentate 
ligand since 4a is easily converted to Fe,(p3-Te),(CO),- 
(dppm), 5a, upon heating in benzene. The inequivalence 
of the two phosphorus atoms (31P NMR) in 5a is consistent 
with the structure shown in the scheme, this geometry 
being dictated by the geometric preference of dppm for 
metal-metal distances of 2.7-3.2 Aa.34 Qualitative ex- 


(33) Cotton, F. A,; Hunter, D. L. J. Am. Chem. SOC. 1974, 96, 4422. (34) Cowie, M.; Dwight, S. K. Inorg. Chem. 1980, 19, 2501. 







J ~ T ~  =48 Hz 


periments demonstrate that the disubstituted character 
of 5a does not impede further adduct formation.8 


The reaction of 1 with 1 equiv of dppe (dppe = 1,2- 
bis(dipheny1phosphino)ethane) gave two chromatograph- 
ically distinct orange products. We found that 1 and exceas 
dppe favored the less polar and smaller (by gel permeation 
chromatography) of the two adducts which, on the basis 
of 31P NMR (Table 11) and IR (Table I), is F ~ ( P ~ - T ~ ) ~ -  
(CO)Q(dppe),32 4b. Treatment of 4b with sulfur afforded 
the corresponding monosulfide which was definitively 
characterized by IR and more importantly by 31P NMR. 
The field desorption mass spectrum of the sulfide of 4b 
(4b-S) gave a molecular ion corresponding to Fe3Te2- 
(CO)&)Ph2CH2CH2PPh& indicating that decarbonylation 
had occurred in the volatization/ionization of this rela- 
tively heavy molecule. The reaction of dppe with 2 equiv 
of 1 afforded the bis cluster compound [Fe3(p3-Te)2- 
(CO),] ( d ~ p e ) , ~ ~ ~  4c, which corresponded to the other 
component of the 1:l reaction of dppe with I. 31P NMR 
spectrometry demonstrated the equivalence of the (coor- 
dinated) phosphorus atoms in 4c, and this singlet is 
flanked by distinct shoulders attributable to 12Te satel- 
lites. As expected, the FDMS of 4c showed a molecular 
ion for the twice decarbonylated compound. Unlike 4b, 
4c proved to be sufficiently robust to isolate as a micro- 
crystalline product in good yield. 


The compound Fe3(pLB-Te)2(CO)Q(dppp) (dppp = 1,3- 
bis(dipheny1phosphino)propane) was not isolated in pure 
form. Ita 31P NMR demonstrated that here again only one 
donor was coordinated; in this case, however, no PP’ 
coupling was observed. 


Discussion 
Two aspects of the reactivity of 1 require comment: the 


reason for the reactivity difference between 1 and its S and 
Se analogues and a mechanistic rationale consistent with 
our synthetic and structural results. 


The structural chemistry of tetrahedral transition 
metal-nonmetal cluster compounds (TMNMCs) has been 
thoroughly and systematically examined by Dahl, Schmid, 
and their co-workers. Schmid has focused on elucidating 
the structural trends in the electron precise tricobalt 
carbonyl TMNMCs as a function of the covalent radius 
of the tethering nonmetal.37 As summarized in his recent 
review, the principal result is that the tricobalt assembly 
adopts a closed, nonacarbonyl structure when the covalent 


(36) Dppe-bridged complexes: Mawby, R. J.; Morris, D.; Thorateinson, 
E. M.; Baeolo, F. Zmrg. Chem. 1966,5, 27. 


(36) Dppe bridged complexes: Keiter, R. L.; Kaiser, 5. L.; Hansen, N. 
P.; Brodack, J. W.; Cary, L. W. Zmrg. Chem. 1981,20,283 and references 
therein. 


(37) Schmid, G. Angew, Chem., Int. Ed. Engl. 1978,17,392. 
(38) The .semiopen (arachno) cluster CH8GeCo&O)ll has been iso- 


lated as an mtermediate in the synthesis of CH8GeCoa(C0)8: Etzrodt, 
G.; Schmid, G. J.  Organomet. Chem. 1979,169, 259. 


Scheme I1 


(COhCO 


M = BNR,, CR, Al, SiR, M = Sb, SnR, Bi, PbR 
P, S, GeR, As, Se 


Fe,S2CCO), Fe3Sea(CO), Fe3Te2(CO19pph3 Fe3Tep(CO)gPPh3 lCH3)3Te+ 


(closed edge) (open edge) 


Figure 5. Selected structural parameters for compound 2a and 
related species. 


IC013Fe lCO13F: 


“iF‘~Fe(CO)3 & p F e ( c 0 ) ,  -co T >FeKO13 


(CO13Fe L K O S F e  LICOhFe 


Figure 6. The stereochemistry of adduct formation by Fe3- 
(r3-Te)AC0)9. 


radius of the nonmetal is 1.22 A (Ge)38 or less. However, 
when the capping nonmetal assumes the covalent radius 
of 1.40 A (Sb) or greater, these compounds adopt the open 
dodecacarbonyl structure with no cobalt-cobalt bonds 
(Scheme 11. Inasmuch as the covalent radius of Te is 1.36 
A, Co3(p3-Te)(CO), represents a missing link in Schmid’s 
analysis. This compound has resisted synthesis apparently 
as a result of combined steric and electronic factors. While 
C O ~ ( ~ ~ - T ~ ) ( C O ) ~  is not known, the electron precise 48- 
electron cluster, FeCo2G3-Te)(CO), has been prepared in 
30% yield3 and is quite stable, suggesting that the upper 
limit for the closed tricobalt cluster is larger than previ- 
ously appreciated. 


It appears that tellurium occupies a borderline position 
in TMNMCs. Consistent with this thesis, the recently 
reported Fe&-Te,)(CO), is unstable thermally due to ring 
strain,’ but its more open derivative Fe2Pt(p3-Te)2(CO)6- 
(PPhd2 is quite robust! Compound 1 is both synthetically’ 
and topologically related to Fe2(p-Te2)(C0), via the ad- 
dition of a Fe(C0)3 fragment to a FeTe2 face. It follows, 
therefore, that 1 should be subject to considerably more 
strain in the FeE-Fe  angle than its S and Se analogues. 
Figure 5 illustrates the progressive tightening of the M- 
E-M angle as a function of E. For comparison, uncon- 
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strained approximately sp3-hybridized divalent Te assumes 
a 9 5 O  C-Te-C angle in [(CH3)3Te]I.39 


An operational mechanism for the formation of the ad- 
ducts has been formulated which involves only modest 
rearrangement of the starting structure and which is 
consistent with the stereochemistry of both the adduct and 
the substitution product. Attack a t  an open face of 1 
would place the addend on a basal iron meridional with 
respect to the tellurium atoms and would induce the tau- 
tomerization of the Fe-Fe and the Fe-Te bonding ar- 
rangement. This tautomerization involves loss of one 
Fe-Fe bond and a formal shift in the orientation of the 
tellurium lone pairs (Figure 6). Reversal of this process 
with explusion of a CO (which is also meridional with 
respect to the Te atoms) completes the cycle and affords 
the basally substituted derivative of 1 (e.g., 3a). An al- 
ternative mechanism would involve attack by the ligand 
a t  the apical, seven-coordinated iron; however, this 


(39) Einstein, F.; Trotter, J.; Williston, B. J. Chem. SOC. A 1969,2018. 


mechanism requires considerably more rearrangement of 
the cluster. 


It is important to note that the reactivity associated with 
each -60° M-Te-M angle is not independent since 1 
binds only one donor which in turn opens only one of the 
two pairs of acute Fe-Te-Fe angles. Were there any 
tendency to bind an additional ligand to afford the open 
cluster, e.g., Fe3(p3-Te)2(CO)&2, one would expect this to 
occur in the derivatives which contain monodentate di- 
(tertiary phosphine) ligands. 
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This paper is concerned with an evaluation of the factors which influence the facility of the oxidative 
addition of chelating substrates. Spectrophotometrically we determined the [Ir(III)] / [Ir(I)] ratios resulting 
from the oxidative addition of CeHsXH and o-Ph2PC6H4XH (X = 0, COz) to tran~-IrCl(CO)(EPh~)~ (E 
= P, 1; E = As, 2). The measured [Ir(III)]/[Ir(I)] ratios for the chelating substrates were 103-104 greater 
than those for the nonchelating substrates. While benzaldehyde does not detectably add to 1, 0- 
Ph2PC6H4CH0 (PCHO) does so quantitatively (K 5 X lo4) affording a stable acyl hydride, I= 
(PCO)C1(CO)(PPh3). Related stable acyl hydrides prepared in this way are IrH(PCO)Cl(CO)(PCHO), 
IrH(PCO)Cl(CO)(AsPh,), IrH(AsCO)Cl(CO)(AsPh,), and IrH(PCO(CHO))C1(CO)(PPh3), the last com- 
pound being derived from (pheny1phosphino)dibenzaldehyde (P(CHO),). Equilibrium measurements using 
1,2, PCHO, and the analogous mine, AsCHO, established a strong dependence of the facility of the oxidative 
addition on the nature of the ancillary donor ligands. An attempted synthesis of a nonchelated acyl hydride 
from the reaction of “IrH(CO)(PPh,),’ and PhCOCl gave only 1 and PhCHO. This result establishes that 
the differing facilities for oxidative addition of PhCHO and PCHO to 1 is a thermodynamic and not a 
kinetic effect. The single-crystal X-ray diffraction study of PCHO itself revealed an unexceptional structure 
which closely resembles that of PPh* o-Ph2PC6H4CH0 crystallizes in the triclinic space group Cl-PT with 
cell dimensions of a = 10.663 (3) A, b = 11.065 (3) A, c = 8.585 (2) A, CY = 103.20 (2)O, ,!3 = 105.95 (2)O, 
y = 118.67 ( 2 ) O ,  V = 772.8 (3) A3, and 2 = 2. 


F I - 1 I 


Introduction 
The oxidative addition reaction is of great importance 


in inorganic and organometallic chemistry.l* Tradition- 
ally, this process involves the formal addition of two 
one-electron fragments to a single metal centerlbV2 (eq 1) 


/ A  


‘-8 
L,M + A--8 L,M 


although several variations on this theme exist including 
addition to bimetallic c o m p l e ~ e s , ~ ~  one-electron oxidative 


(1) (a) Collman, J. P.; Roper, W. R. Ado. Organomet. Chem. 1968, 7, 
53. (b) Stille, J. K.; Lau, K. S. Y. Acc. Chem. Res. 1977, 10, 434. 


(2) Crabtree, R. H.; Hlatky, G. G. Inorg. Chem. 1980, 19, 571. 
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addition: and oxidative elimination.6 An alternative mode 
of addition is that involving chelating substrates where the 
addend fragments occupy three (or more) coordination 
sites in the product (eq 2). This last process can be con- 
sidered a special case of the cyclometalation reaction.’+ 


YL‘) + L (2) n 
L,M + L’  A--8 Ln-iy,A 


B 


(3) Poilblanc, R. Nouu. J. Chim. 1978,2, 146. 
(4) Tolman, C. A.; Meakin, P. 2.; Lindner, D. L.; Jesson, J. P. J. Am. 


(5 )  Olmstead, M. M.; Hope, H.; Benner, L. S.; Balch, A. L. J. Am. 


(6) Kummel, R.; Graham, W. A. G. Inorg. Chem. 1968, 7, 310. 


Chem. SOC. 1974,96, 2762. 


Chem.Soc. 1977, 99,5502. 
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(39) Einstein, F.; Trotter, J.; Williston, B. J. Chem. SOC. A 1969,2018. 


mechanism requires considerably more rearrangement of 
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Table I. IR and 'H NMR Data for New Iridium Complexes 
~ 


IR data (mineral oil mull, cm-*)  'H NMR (CDC1,) 


VIr-H v co vacyl-CO 7 IrH 'JPH TOH(CH0) 


I 
IrH(PCd,)Cl(CO)( PPh,) 2180 2105 1640 22.8 10.5, 11 


I r ! ) C l ( C O ) (  PPh,) 2230 2010 24.7 9.8 
I 


IrH( Pd)Cl( CO)( POH) 2190 2025 25.2 9.6 -0.9 


d H (  PbO)Cl( CO)(PPh, ) 2010 2105 1640 17.4 12, 10.5 
n 


n 


n 


n 


IrH( PCO)Cl( CO)(PCHO) 2020 2110 1630,1698 17.5 15.0 -0.2 


IrH[P(CO)(CHO)]Cl(CO)(PPh,) 2010 2105 1630 17.5 15.0 tO. l ,  -0.5 


IrH(PCO)Cl(CO)(AsPh,) 2010 2100 1630 17.4 b 13.5 


IrH( AsCO)Cl(CO)(AsPh,) 2005 2095 1625 17.6 


m 
a IrL)(PCO,)Cl(CO), (PPHs), U ~ - D  = 1715, vco = 2050, and uacyl-CO = 1640 cm-'. UOH was observed at 3060-2560 


cm-' (hexachlorobutadiene mull). C,D, solvent. 


The chelate-assisted oxidative addition ("chelate 
trapping"gJO) is a reaction of potential utility for the se- 
lective activation of organic functional gro~ps.~J* '~ Ap- 
plication of this methodology, however, must be predicated 
upon an understanding of ita scope and limitations. To 
this end we have measured the chelate enhancement (eq 
1 vs. eq 2) as a function of the oxidatively added functional 
group, A-B, comparing the aptitude of simple protic or- 
ganic compounds and their chelating derivatives for oxi- 
dative addition to iridium(1). The chelating agents em- 
ployed in this project were the ortho functionalized aryl 
phosphines14 (Figure 1). These phosphines bear sub- 
stituents which exhibit a range of aqueous acidities and 
whose conjugate bases vary widely in their "hardness". 


One of the major accomplishments of the present work 
was the oxidative addition of an aldehyde to afford unusual 
examples of a transition-metal acyl hydrides. Interest in 
this process is heightened since it is generally accepted that 
acyl hydride intermediates are involved in certain met- 
al-catalyzed ~arbonylation'~ and decarbonylation pro- 
cesses.16 Simple aldehydes are perplexing substrates in 
that they generally to not oxidatively add to give stable 
acyl hydrides" although the reaction of formaldehyde with 
highly nucleophilic iridium(1) compounds represents a 
recent exception.le The reason for the reticence of al- 
dehydes to react with metals which otherwise add such 
apolar substrates as H2 is not known but could be either 
kinetic or thermodynamic in origin.lg 


(7) Bruce, M. I. Angew. Chem., Znt. Ed. Eng. 1977, 16, 73. 
(8) Omae, I. Coord. Chem. Rev. 1980, 32, 235. 
(9) Parshall, G. W. Acc. Chem. Res. 1970,3, 139. 
(10) Suggs, J. W. J. Am. Chem. SOC. 1978,100,640. 
(11) Suggs, J. W. J. Am. Chem. SOC. 1979,101,489. 
(12) Rauchfuss, T. B.; Roundhill, D. M. J. Am. Chem. SOC. 1975,97, 


(13) Rauchfuss, T. B. J. Am. Chem. SOC. 1979,101, 1045. 
(14) Rauchfuss, T. B. Platinum Met. Rev. 1980,24, 95. 
(15) Chem. Eng. News 1976,54 (April 26), 25. 
(16) Doughty, D. H.; Pignolet, L. H. J. Am. Chem. SOC. 1978,100,7083 


and references therein. 
(17) Ittel and co-workers have presented data consistent with the 


oxidative addition of PhCHO by iron phosphines; however, the acyl 
hydride WBB not isolated. Tolman, C. A,; Ittel, S. D.; English, A. D.; 
Jesson, J. P. J.  Am. Chem. SOC. 1979,101, 1742. 


(18) Thorne, D. L. J. Am. Chem. SOC. 1980,102, 7109. 
(19) Preliminary accounta of aspects of this work were presented at 


the First International Conference on Phosphorus Chemistry, Duke 
University, June 1981 (ACS Symp. Ser. (L. D. Quin and J. Verkade, 
Eds.), in press) and at the Central and Great Lakes ACS Regional 
Meeting, May 1981, University of Dayton Campus, Dayton, OH. 
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I 


POH PCH,OH 
Figure 1. Ortho-substituted triarylphosphines and -arsines em- 
ployed in this study. 


Experimental Section 
Materials and Methods. 'H NMR spectra were obtained a t  


90 MHz on a Varian EM-390 spectrometer; proton chemical shifta 
are reported in parts per million with tetramethylsilane (Me4Si) 
as an internal standard ( r  scale). slP NMR spectra were obtained 
at 40.503 MHz on a modified Varian XL-100 spectrometer; 
chemical shifts are reported in parta per million from 85% H3P04 
as an external standard. Infrared spectra (mineral oil or hexa- 
chlorobutadiene mulls) were measured on a Perkin-Elmer 599B 
spectrophotometer. Maas spectral data were obtained on a Varian 
CH-5 mass spectrometer by the Mass Spectrometry Laboratory 
of the University of Illinois. Gas chromatographic (GC) analyses 
were performed on a Tracor 560 gas chromatograph equipped with 
a flame ionization detector. Elemental analyses were performed 
by the microanalytical laboratory of this department. Analytical 
data for the compounds reported in this paper are included in 
the supplementary material. NMR and IR data are summarized 
in Tables I and 11. 


Toluene was distilled from sodium under nitrogen. Benz- 
aldehyde was trap-to-trap distilled on a vacuum line prior to use. 
Benzoic acid and phenol were reagent grade and were used without 
further purification. p-Tohidine was sublimed prior to use. 
Triphenylarsine was prepared via the Grignard method from 
bromobenzene and arsenic trichloride. o-(Diphenylphosphin0)- 
benzaldehyde, o-(diphenylphosphino)phenol, and o-(diphenyl- 
phosphin0)benzoic acid are known compounds and were prepared 
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(AsPh,) and 5 x lo4 M AsPh,; (5) 5 x M IrCl(CO)(AsPh,), 
and 5 X M o-PhzPC6H4CHO; (6) 5 X M IrH(o- 
PhzPC6H4CO)C1(CO)(AsPh3) and 5 X M AsPh,. 


trans -Chlorocarbonylbis(triphenylarsine)iridium, 2. A 
refluxing solution of IrC13.3Hz0 (1.18 g, 3.4 mmol) and LiCl (0.14 
g, 3.4 mmol) in 10 mL of CH30CHzCH20H was purged with Ar 
for 15 min and treated with CO for 3 h at which time a pale yellow 
solution was obtained. The solution was cooled, and triethylamine 
(0.8 mL, 6.0 mmol) and AsPh3 (2.13 g, 6.9 mmol) dissolved in a 
small quantity of degassed CHzCl2 were added. The dark brown 
solution was refluxed 10 min, then cooled, and fdtered, giving 1.10 
g (37%) of yellow crystals which showed one IR peak in the CO 
region (vco = 1960 cm-’). 


o -(Diphenylphosphino)benzyl Alcohol ,  o - 
PhzPC6H4CHz0H. o-PhzPC6H4CH0 (1.03 g, 3.5 mmol) and 
NaBH4 (0.12 g, 3.1 mmol) were stirred in 50 mL of CH30H for 
10 min. The resulting pale orange solution was added to 50 mL 
of HzO, and the product was extracted with CHZClz. The dried 
(NazS04) organic phase was evaporated to an oil and Kugelrohr 
distilled (205 “C, 0.05 mm), giving 0.98 g (95%) of the product 
as a pale yellow oil: *H NMR (CDCl,) T 2.0-2.9 (14 H, m), 5 (2 
H, s), 7.5 (1 H, br 5.). 


o -( Dipheny1phosphino)benzoic acid-d, o -Ph$C6H4Co2D. 
Methanolic NaOH (ca. 0.3 M) was added to o-PhzPC6H4co2H 
diasoved in CHZCl2. The resulting salt was fdtered and suspended 
in CHZClz. Deuterium chloride in DzO was added until the so- 
lution was acidic and homogeneous. The CHzClz layer was dried 
(NazS04) and evaporated to obtain the product. 


Addition of o-PhzPC6H4Co2H to IrCl(CO)(PPh,),. IrCl- 
(CO)(PPh,), (0.15 g, 0.19 mmol) and PhZPC6H4COzH (0.12 g, 0.38 
mmol) were dissolved in 15 mL of degassed benzene. After 90 
min the product mixture was precipitated with ethyl ether to give 
0.099 g of pale yellow powder. 


Addition of o-Ph2PC6H40H to IrCl(CO)(PPh,),. A 20-mL 
sample of degassed CHzClz was added to 0.20 g of IrCl(CO)(PPh& 
(0.26 mmol) and 0.07 g of o-PhzPC6H40H (0.21 mmol) in an 
Ar-flushed 50-mL flask. The mixture was stirred 135 min and 
then filtered. The filtrate was concentrated, and the reaction 
product was precipitated with hexane to give 0.11 g of light yellow 
powder. 


3. 
IrC1(C0)z(p-NHzC6H4CH3) (0.7 g, 0.18 mmol) was added to o- 
PhzPC6H40H (0.10 g, 0.38 mmol) dissolved in 20 mL of degassed 
ethyl ether. After 45 min the product was collected by filtration 
and rinsed with acetone to give 0.079 g (53%) of a light yellow 
powder. The crude product can be recrystallized from degassed 
CHzClz-ether to give the off-white microcrystals. 


I - 


I . 
t rans  -IrH( o -PhzPC6H40)C1(CO) ( 0  -Ph2PC6H40H), 


Table 11. 31P NMR Data 
6 ‘(CDCl, Jpp’, 


comDd soln) Hz 
PCO,H 
POH 
PCH,OH 
PCHO 
P(CHO), 
n 
IrH( PO)Cl( CO)( PPh, ) 


n 
IrH(PO)Cl(CO)(POH) 


m 
IrH(PCO)Cl(CO)(PPh,) 


n 
IrH(PCO)Cl(CO)(PCHO) 


LH( PbO( CHO))Cl( CO)(PPh,) 


-5 .01 
-29.54 
-16.67 
-12.23 
-17.44 


23.11, 
-5.47 


28.81, 
7.97 


25.25, 
11.09 


25.53, 
9 . 7 2 c  


38.29, 
0.77 


23.88, 
11.08 


402 52.65 


339 59.35 
37.51 


310 34.47 


313 37.76 
21.95 


340 55.73 


311 41.32 


LH(PdO)Cl(CO)(AsPh,) 26.13 38.36 


a In ppm vs. 85% H,PO,; upfield shifts are negative. A 
= coordination chemical shift, 31P chemical shift difference 
between free and coordinated phosphines. C,D, solvent. 


according to literature preparations.2*22 o-(Dipheny1arsino)- 
benzaldehyde was readily prepared by using the method applicable 
to the phosphine aldehyde and exista as pale yellow air-stable 
crystals. o-(Pheny1phosphino)dibenzaldehyde was prepared from 
ita ethylene glycol acetal by using the hydrolysis method of 
Hellwinkle and Krapp.= The yield was substantially improved 
by neutralization of the acidic layer with sodium carbonate. 
trans-Chlorocarbonylbis(triphenylphosphine)iridium was prepared 
by the method of Collman” and chlorodicarbonyl(p-toluidine)- 
iridium was prepared by the method of Klabunde.26 Tri- 
hydridocarbonylbis(tripheny1phosphine)iridium and hydrido- 
carbonyltris(tripheny1phosphine)rhodium were made according 
to literature  preparation^.^^^^^ 


UV-Visible Measurements. Stock lo-, M toluene solutions 
of o-Ph2EC6H4X (E = P, As; X = OH, CHO, C02H) and trans- 
IrCl(CO)(EPhJ, (E = As, P) were prepared in an inert atmosphere 
box. Equal volumes of iridium and substrate solutions were mixed 
and the measurements were made 30 min after addition. In some 
cases, measured portions of the neat reactants PhX (X = OH, 
COZH, CHO, CHzOH) and o-PhzPC6H4CHz0H were dissolved 
in the stock iridium solutions. Using the latter method we were 
able to detect 2 X lo4 M iridium(I), A- = 440 nm (e = 766). For 
the equilibrium measurements of the additions of o- 
PhzPC6HICH0 to trans-IrCl(CO)(EPh~)~ (E = P, As) and the 
addition of o-Ph2AsC6H4CH0 to trans-IrC1(CO)(AsPh3)z, the 
following solutions were prepared in an inert atmosphere box and 
monitored spectrophotometrically for 48 h (1) 5 X M 
IrCl(CO)(PPh&, 5 X lo4 M O-P~~PC&~CHO,  and 0.35 M PPh,; 
(2) 5 X lo4 M IrH(o-Ph2PC6H,CO)C1(CO)(PPh3) and 0.35 M 
PPh3; (3) 5 X 10” M IrCl(CO)(AsPh& and 5 X M o- 
Ph2AsC6H4CHO; (4) 5 X lo4 M IrH(o-Ph2AsC6H4CO)C1(CO)- 


t I 


b 


(20) (a) Schiemenz, G. P.yk&k, H.3utu.q Liebigs Ann. Chem. 1973, 
9,1480. (b) Hoots, J. E.; Rsuchfuas, T. B.; Wrobleski, D. A. Inorg. Synth., 
in press. 


(21) Rauchfuss, T. B. Inorg. Chem. 1977, 16, 2966. 
(22) Iseleib, K.; Zmerman, H. 2. Anorg. Allg. Chem. 1967,353,197. 
(23) Hellwinkel, D.; Krapp, W. Chem. Ber. 1978, 111, 13. 
(24) Collman, J. P.; Sears, C. J., Jr.; Kubota, M .  Inorg. Synth. 1968, 


(26) Klabunde, U. Znorg. Synth. 1974, 15, 82. 
(26) Harrod, J. F.; Yorke, W. J. Inorg. Chem. 1981,20, 1156. 
(27) Ahmad, N.; Leviaon, J. J.; Robinson, S. D.; Uttley, M .  F. Inorg. 


11, 101. 


Synth. 1974,15, 69. 


trans-IrH[o-Ph2PC6H4C(0)]Cl(CO)(PPh3), 4. IrCl(C0)- 
(PPh3)z and o-PhzPC6H4CH0 were added in a 1:l molar ratio to 
degassed benzene. After 1 h, the solution was concentrated and 
the product was precipitated with hexane. The crude pale yellow 
product was recrystallized from CHzClz-ether. 


trans -IrH[ o -PhzPC6H4C( O)]Cl(CO) (0  -Ph2PC6H4CHO), 
5. IrC1(C0)2@-NHzC6H,CH3) (0.07 g, 0.18 mmol) was added to 


o-Ph2PC6H4CH0 (0.12 g, 0.04 mmol) dissolved in 20 mL of de- 
gassed ethyl ether. After being stirred l h, the solution was 
concentrated and the crude product was precipitated with hexane 
as a beige powder, 0.10 g (71%). This crude product was extracted 
well with ethyl ether. The extract was concentrated and the cream 
product precipitated with hexane. 


, . 


trans -IrH[o-PhPC6H4C(o)(C6H4CHO)]Cl(CO)(PPh3), 6. 
IrC1(CO)(PPh3)z (0.10 g, 0.12 mmol) and O - P ~ P ( C ~ H ~ C H O ) ~  (0.04 
g, 0.13 mmol) were placed in an Ar-flushed flask to which was 
added 20 mL of degassed toluene. After 1 h, the solution was 
concentrated and the product was precipitated with hexane. The 
crude pale yellow product was washed well with ethyl ether. The 
filtrate was concentrated, and the product was precipitated with 
hexane to give 0.057 g (53%) of pale yellow powder. 


trans -IrH[ o -PhzPC6H4C(0)]C1(CO)(AsPh3). This com- 
pound was prepared in a manner similar to that for 4 from 
1rCl(C0)(A~Ph~)~ and o-PhzPC6H4CH0. 


trans-IrH[ o -PhzAsC6H4C(0)]Cl(CO)(AsPh3). This com- 
t I 
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Table 111. [Ir(III)]/[Ir(I)] Ratios for the Addition of HX to trans-IrCl(CO)(EPh,), (E = As, P) 
[IrCl(CO)(PPh,),] = 5 X M [IrCl(CO)(AsPh,),] = 5 x M 


nonchelating a chelating nonchelating a chelating 


PhC0,H 5 . 6 0 ~  10-4 PCO,H 1.34 PhC0,H 3.45 x 10-3 PCO,H 1.48 
PhOH 8.82 x 10-5 POH 1.76 PhOH 1.95 x 10-4 POH 1.61 
PhCHO <4 x 10-5 PCHO 103 PhCHO <4 x 10-5 PCHO 2.73 


AsCHO 9.97 x 10-3 AsCHO 7.12 
PhCH,OH 2.73 X PCH,OHb 0.19 PhCH,OH 6.38 X PCH,OH 0.29 


a [HX] = 5 x M. Calculated from experimental equilibrium constants obtained at [HX], = 2 x l o - ,  M and [Ir], = 
1 x M. [PCH,OH] = [Ir] = 1 x lo - '  M. [HX] = 5 x M. 


pound was prepared in a manner similar to that for 4 from 
IrCl(C0) (AsPh3)z and o-PhzAsC6H4CH0. 


Addition of Benzoyl Chloride to Trihydridocarbonyl- 
bis(tripheny1phosphine)iridium. IrH3(CO)(PPh& (0.103 g, 
0.138 "01) was dissolved in 2 mL of degassed toluene to which 
4 pL of phenetole had been added as an internal standard. 
Benzoyl chloride (15.5 pL, 0.133 mmol) was added, and the re- 
action mixture was kept a t  43 "C for 2 days during which time 
the progress of the reaction was monitored by GC. After com- 
pletion, the yellow precipitate that had formed was collected and 
washed with ethyl ether to give 0.0681 g of product identified by 
IR and elemental analysis as IrCl(CO)(PPh3)2 (63% yield based 
on iridium). 


The volatile reaction products were separated on a 6-ft stain- 
less-steel column packed with 10% OV-101 on 80/100 Chromo- 
sorb-HP using a temperature program of 2 min at 70 "C followed 
by a gradient of 10°/min to a final temperature of 100 "C. 


X-ray S t r u c t u r e  Determinat ion of o -(Diphenyl- 
phosphino)benzaldehyde. X-ray crystallography was performed 
by Dr. S. Wilson of the School of Chemical Sciences, University 
of Illinois. A suitable crystal (dimensions 0.18 X 0.28 X 0.93 mm) 
was obtained by slow evaporation of a benzene-methanol solution. 


Crystal Data. C19HISOP: mol wt 209.30; triclinic; a t  22 "C 
a = 10.663 (3) A, b = 11.065 (3) A, c = 8.585 (2) A, a = 103.20 
(2)", @ = 105.95 (2)O, y = 118.67 (2)", V = 772.8 (3) A3, 2 = 2, 
p = 1.247 g ~ m - ~ ,  F(000) = 304.00 e, p = 15.20 cm-', space group 
PI-C: (No. 2). Unit-cell parameters were determined by a 
least-squares fit to the settings for 15 accurately centered high- 
order reflections (Cu Ka, X = 1.541 78 8, graphite monochromater). 
Successive refinement of the structure confirmed the choice of 
the space group. 


Intensity data were collected on a computer-controlled four- 
circle Syntex P2, diffractometer (Cu Ka). Reflections in the range 
28 = 3-130" ( fh , fk ,+l )  were measured by a 28/19 scan method. 
A total of 2297 nonzero reflections out of a possible 2564 unique 
reflections were obtained at the 3 . 0 ~  significance level. There 
was good agreement between equivalent reflections. There was 
no evidence for absorption or extinction in the observed intensities. 
An empirical adsorption correction did not significantly improve 
the residuals nor alter the proposed model, and since all crystal 
dimensions were less than 2 / p ,  this correction was deemed un- 
necessary. 


The structure was solved by direct methods;% positions for 19 
of the 21 nonhydrogen atoms were deduced from an E map. 
Subsequent difference Fourier syntheses revealed positions for 
all of the remaining atoms including the hydrogens. The final 
cycle of least squares, which employed anisotropic thermal pa- 
rameters for all nonhydrogen atoms and isotropic thermal pa- 
rameters for all hydrogen atoms, converged to R = 0.0444 and 
R, = 0.0608 with a maximum change/error of 0.005.29 


Results and Discussion 
Methodology. Following the procedure originally 


outlined by Deeming and Shaw,% we measured the abilities 


(28) Sheldrick, G. M. SHELX 76, a momam for crvstal structure de- 
termination, University of Cambridge, Eigland, 1976. 


The function mimlzed  was YuJIIF~I - IF,1I2. Scatterine factor tables for 
(29) R = xlIF?l : i ~ c l l / x l ~ o l  and Rw = [X:WllFOl ; IFcllz/x~I~01z11'2. - ., -, 


neutral atoms were taken from: "international Tables for X-ray 
Crystallography"; Ibers, J. A,, Hamilton, W. C., Eds.; Kynoch Press: 
Birmiigham, England, 1974 Vol. IV, pp 99-100. Anomalous dispersion 
corrections for non-hydrogen atoms were taken from pp 148-51. 


1 1 I 
450 500 550 600 650 


X ( n m )  


Figure 2. Spectral changea associated with the reaction of various 
substrates with Vaska's complex. 


of various chelating and nonchelating substrates to oxi- 
datively add to tr~ns-IrCl(CO)(PPh~)~, 1 and trans-IrC1- 
( C O ) ( A S P ~ ~ ) ~ ,  2, by determining the diminuation of their 
MLCT bands31 at 4-40 and 437 nm, respectively (Figure 2). 
Due to the fact that the units of the equilibrium constants 
for the simple and chelate-assisted oxidative addition re- 
actions (eq 1 and 2) are different, these constants are not 
comparable. Furthermore, determination of the equilib- 
rium constants for chelating substrates is complicated by 
the occurrence of substitution without oxidative addition. 
For these reasons, we express our data in terms of [Ir- 
(III)]/[Ir(I)] ratios. This quotient is a measure of the net 
conversion of iridium(1) to iridium(II1). Comparison of 
the [Ir(III)]/[Ir(I)] ratio for a given substrate with that for 
its chelating counterpart provides a measure of the influ- 
ence of chelation upon the "facility" of the oxidative ad- 
dition process. The magnitude of this effect varies widely. 
For all of the reactions discussed in this paper, the oxi- 
dative addition to the coordinatively unsaturated iridi- 
um(1) precursors are virtually complete within the time 
of mixing of the reactants; therefore we assume that our 
measurements reflect the relative thermodynamic stabil- 
ities of the oxidative addition products.32 Slower (tIlz k 
12 h) redistribution reactions do occur however. When the 
spectrophotometric measurements are taken soon after 
mixing, the effects of such secondary processes are mini- 
mized. 


(30) Deeming, A. J.; Shaw, B. L. J. Chem. SOC. A 1969, 1802. 
(31) Brady, R.; Flynn, B. R.; Geoffroy, G. L.; Gray, H. B.; Peone, J., 


(32) van Doom, J. A.; Masters, C. A.; van der Woude, C. J. Chem. Soc., 
Jr.; Vaska, L. Znorg. Chem. 1976, 15, 1485. 


Dalton Trans. 1978, 1213. 
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iridium(1) fragments would also be similar. IR measure- 
ments on 3 do, however, indicate that the nonchelating 
POH ligand is strongly hydrogen bonded, presumably to 
the chelated phenoxide ligand (Figure 3). This additional 
interaction stabilizes 3 relative to IrH(PO)Cl(CO)(PPh,). 
The stability attributed to 3 contributes significantly to 
the [Ir(III)]/[Ir(I)] ratio observed in the 1:l reaction. In 
fact, addition of two equivalents of POH to solutions of 
1 results in the complete bleaching of the iridium(1) 
charge-transfer band over a period of 2 days. 


The ability of the chelating benzyl alcohol, PCH20H, 
to oxidatively add to 1 was measured spectrophotomet- 
rically. As can be seen from the low value of the associated 
[Ir(III)]/ [Ir(I)] ratio, this process is considerably less fa- 
vorable than the addition of POH or PC02H to 1. Con- 
ceivably, this addition process could occur via scission of 
either the 0-H bond or the benzylic C-H bond. 


As indicated by the data presented in Table 111, the 
observed affinity of trans-IrCl(CO)(A~Ph,)~, 2, for simple 
and phosphinated protic substrates is distinctly higher 
than that observed for 1. It is interesting that PC02H adds 
to 2 more effectively than does POH while the reverse was 
true for 1. This observation is consistent with the sug- 
gestion that 2 is the better base for hard acids.30 


Oxidative Addition of Chelating Aldehydes to 
tran~-IrCl(CO)(EPh,)~ (E = As, P). The reaction of 1 
with o-(diphenylphosphino)benzaldehyde, PCHO, is an 
extremely efficient process (Figure 2). Unlike the reactions 
of 1 or 2 with PC02H, POH, or PCH20H, spectrophoto- 
metric measurements on solutions prepared from 1 and 
1 equiv of PCHO showed only traces, if any, of residual 
iridium(1). The product of this reaction IrH(PC0)Cl- 
(CO)(PPh,) was isolated in crystalline form and subjected 
to the usual spectroscopic examination. The stereochem- 
istry indicated in eq 4 is supported by the preliminary 
results of a single-crystal X-ray study.,, 


- 


- 


Figure 3. Propceed structure for IrH(PO)CI(CO)(POH) showing 
the intramolecular hydrogen bonding. 


Oxidative Addition of Protic Substrates to trans- 
IrCI(CO)(EPh,), (E = As, P). Weakly acidic substrates 
interact only slightly with 1. In order to detect the addition 
of PhOH and PhC02H to 1, it was necessary to use a 
20-fold excess of these compounds relative to the iridium- 
(I) (under comparable conditions no interaction of 1 or 
2 with PhCHO was detected). The observed equilibrium 
constants were used to calculate the [Ir(III)]/[Ir(I)] ratios 
which would exist if the initial concentrations were both 
5 X lo4 M. (Table 111) These determinations were 
straightforward and the agreement between ours and 
Shaw’s data for the addition of PhC02H to 1 is good. 


The chelating substrates oxidatively add to 1 consid- 
erably more effectively than do the simpler addends. Thus 
the [Ir(III)]/[Ir(I)] ratio observed for the reaction of 1 with 
o-(dipheny1phosphino)benzoic acid, PC02H, was 2000 
times greater than that determined for benzoic acid itself 
(Table 111). Despite this enhancement, the overall effec- 
tiveness of PC02H in this oxidative addition is of no utility 
preparatively. For instance, treatment of 1 with PC02H 
on a larger scale followed by isolation of the iridium-con- 
taining products gave a mixture which by IR was composed 
of equal quantities of iridium(1) carbonyls (vco 1960 
cm-’) and the iridium(II1) hydridocarboxylate, IrH- 
(PCO2)C1(CO)(PR,) (see Table I for spectral details). The 
ability of o-(diphenylphosphino)phenol, POH, to protonate 
1 proved to be comparable to that for PC0,H; however, 
the chelate enhancement for the phenols was greater than 
that observed for the benzoic acids. Our spectrophoto- 
metric study of the reaction of POH with 1 was compli- 
cated by the fact that after the addition of POH, the 
low-energy absorption maximum which is attributable to 
residual iridium(1) was red-shifted by 5 nm. We suggest 
that the substituted iridium(1) compound IrCl(C0)- 
(POH)(PPh3) is responsible for this small spectral shift. 
Despite this complication, the important result is that 
POH is comparable to PC02H in its overall effectiveness 
in oxidatively adding to 1. 


Examination of solutions prepared from 1 and POH (1:l) 
by ‘H NMR indicated the presence of two bis(phos- 
phine)iridium(III) hydrides. We assume that one is 
IrH(PO)Cl(CO) (PPh,) while the H P  and PP’ coupling 
constants for the other correspond to that for IrH(P0)- 
Cl(CO)(POH), 3. The latter was prepared in good yield 
from IrCl(C0)2(H2NC6H4CH3) (eq 3). IR, ‘H and ,‘P 
IrCl(C0)2(H2NC6H4CH3) + 2POH - 


I 


I 


. - 
n 


IrH(PO)Cl(CO)(POH) + H2NC6H4CH3 + CO (3) 


NMR, and UV-visible spectroscopy indicate that 3 exists 
exclusively in the iridium(II1) form. Consistent with the 
anticipated exchange inert character, 3 did not readily 
equilibrate with 1. The obvious conclusion which must be 
drawn from these experiments is that POH adds much 
more effectively to “IrCl(CO)(POH)” than to “IrC1- 
(CO)(PPh3)”. This result is surprising since the donor 
characteristics (at P) for PPh, and POH are expected to 
be very similar; therefore the nucleophilicity of the two 


C I  


The preparation of other acyl hydrides from iridium(1) 
was undertaken to provide more insight into the stability 
and nature of this unusual species. Treatment of IrCl(C- 
0)2(H2NC6H4CH3) with 2 equiv of PCHO afforded I r z  
(PCO)Cl(CO)(PCHO), 5. ‘H NMR and IR demonstrated 
the presence of both metalated bidentate and monodentate 
PCHO ligands in 5. lH NMR spectroscopy indicated that 
the pendant formyl group does not exchange readily with 
the metalated one. An indication that effects other than 
those involving chelation are not influencing the reactivity 
of PCHO toward 1 is provided by the 31P NMR chemical 
shift differences between monodentate PCHO and its 


7 


deprotonated chelate in IrH(PCO)Cl(PCHO)(CO). The 
measured value of 15.81 ppm is similar to that of 21.84 
ppm measured for the analogous POH system, IrH(P- 
O)Cl(POH)(CO). These “AR” values are reasonable for 
tertiary phosphines in 5-member chelate rings.34 


7 


-I 


(33! o-@iphenylphosphino)benzoyl chelates were fmt prepared by the 
insertion of carbon monoxide into the Rh-C bond of ortho metalated 
triphenylphosphine: Keim, W. J .  Organomet. Chem. 1969, 19, 161. 


(34) Garrou, P. E. Chem. Rev., in press. 
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Table IV. Positional Parameters 
atom x / a  Y/b z/c 


1 0.35856 (5) -0.12520 (7) 
0.0921 (2)  -0.0920 14) 


P 0.71323 (6)  
0 0.6632 (3) 
C1 0.7410 (2)  
C2 0.7328 (3) 
C3 0.7635 (4)  
C4 0.8023 (4) 
C5 0.8105 (4) 
C6 0.7807 (3) 
C7 0.6940 (4)  
CA1 0.7373 (2)  
CA2 0.61 20 (3)  
CA3 0.6432 (4)  
CA4 0.7972 (4)  
CA5 0.9234 (3) 
CA6 0.8938 (3)  
CB1 0.4956 (2)  
CB2 0.3880 (3)  
CB3 0.2254 (3)  
CB4 0.1709 (3) 
CB5 0.2760 (4)  
CB6 0.437 5 (3) 
H3 0.746 (4)  
H4 0.822 (4) 
H5 0.845 (4) 
H6 0.781 (3)  
H7 0.681 (4)  
HA2 0.502 (3) 
HA3 0.557 (4) 
HA4 0.830 (3)  
HA5 1.040 (3)  
HA6 0.986 (3) 
HB2 0.432(3) 
HB3 0.156 (3) 
HB4 0.069(4) 
HB5 0.252 (4)  
HB6 0.504 (3)  


0.3945 i 3 j  
0.2873 (3)  
0.3201 (6)  
0.4544 (7) 
0.5587 (5) 
0.5313 (3) 
0.1396 (4)  
0.5305 (2) 
0.5366 (3)  
0.6663 (3)  
0.7913 (3) 
0.7872 (3) 
0.6586 (3)  
0.2161 (2)  
0.2000 (3) 
0.0865 (3) 


-0.0101 (3)  
0.0059 (3)  
0.1187 (3)  
0.235 (4)  
0.466 (4) 
0.662 (4)  
0.597 (3)  
0.059 (4)  
0.453 (3)  
0.669 (4)  
0.886 (3)  
0.876 (3)  
0.658 (3)  
0.274 (3) 
0.085 (3) 


-0.001 (3) 
-0.051 (3)  


0.129 (3) 


0.1057 (3j 
0.1731 (4) 
0.3508 (5) 
0.4646 (5) 
0.4020 (4) 
0.2243 (3) 
0.0616 (6) 


-0.1399 (3) 
-0.2301 (3) 
-0.2536 (4) 
-0.1858 (4) 
-0.0947 (4) 
-0.0724 (3) 
-0.2554 (3)  
-0.1865 (3) 
-0.2910 (4)  
-0.4633 (5) 
-0.5350 (4) 
-0.4318 (3) 


0.390 (5)  
0.568 (5) 
0.466 (5)  
0.177 (3)  
0.134 (5)  


-0.282 (3) 
-0.314 (4) 
-0.209 (4)  
-0.047 (4)  
-0.013 (3)  
-0.059 (3)  
-0.226 (3)  
-0.539 (4) 
-0.644 (4)  
-0.491 (3) 


Compound 1 and (phenylphosphino)dibenzaldehyde, 
P(CH0)2, react smoothly to give an acyl hydride. Inter- 
estingly, 'H and 31P NMR established that the product, 
IrH(PCO(CHO))Cl(CO)(PPh,), exists as a -1:l mixture 
of noninterconverting diastereoisomers arising from the 
presence of chiral centers a t  both phosphorus and iridium 
(Figure 4). Thus, the synthesis of this complex represents 
an unusual example of asymmetric induction involving a 
prochiral tertiary phosphine. 


1 


P t h  


Figure 4. Two diastereoisomeric acyl hydrides derived from the 
addition of (Dhenv1DhosDhino)dibenzaldehvde to trans-IrC1- 


Scheme I 


K, r-1 
1 + PCHO IrH(PCO)Cl(CO)(PPh,) + PPh, 


5.1 x 104 < K, < 8.9 x 104 


IC2 r-7 
2 + AsCHO IrH(AsCO)Cl(CO)(AsPh,) + AsPh, 


290 < K ,  < 690 


Xj r-1 
2 + PCHO IrH(PCO)Cl(CO)(AsPh,) + AsPh, 


23 < K ,  < 250 


o-(Diphenylarsino) benzaldehyde, AsCHO, was prepared 
in a manner analogous to the PCHO synthesis.20 Com- 
parative studies involving PCHO, AsCHO, 1, and 2 yielded 
further insight into the factors influencing the formation 
of the acyl hydrides. The mixed-ligand complexes IrH- 
(AsCO)C1(CO)(AsPh3) and IrH(PCO)Cl(CO)(AsPhJ 
were easily isolable in pure form and were characterized 
in the usual way. The equilibrium constants indicated in 
Scheme I were determined spectrophotometrically starting 
from both the iridium(1) and iridium(II1) directions. In 
this way we were able to obtain an accurate, although not 
very precise, measure of the dependence of the stabilities 
of the acyl hydrides on the nature of the coligands. Since 
AsCHO reads very slowly with I, equilibrium data for this 
acyl hydride were not obtained. As can be seen in Scheme 
I, the neutral donor ligands have a large impact on the 
thermodynamics of this cyclometalation reaction. 


The Solid-state Structure of o -(Diphenyl- 
phosphin0)benzaldehyde. The spectrophotometric data 
reveal an affinity of PCHO for iridium(1) which is un- 


7 


7 - 


Table V. Atoms with Anisotropic Thermal Parameters a 


atom Bll B 22 B33 Bl, B13 b13 
P 4.42 (2) 4.35 (2)  4.89 (3)  2.80 (2)  2.12 (2) 2.03 (2) 


c1 3.80 (8) 6.0 (1) 4.83 (9) 2.64 (7)  1.68 (7) 2.42 (8) 
c 2  4.39 (9)  7.8 (1) 7.2 (1) 3.3 (1) 2.64 (9) 4.8 (1) 


c 4  6.0 (1) 15.5 (4)  5.5 (2) 4.3 (2) 2.9 (1) 5.0 (2)  


C6 5.5 (1) 6.7 (1) 5.0 (1) 2.9 (1) 2.22 (9)  1.6 (1) 
c 7  7.1 (2)  8.2 (2) 11.4 (2)  5.0 (1) 4.3 (2)  6.8 (2)  
CA1 4.56 (8) 4.29 (8) 4.36 (8) 2.59 (7)  1.00 (7)  1.61 (7)  
CA2 5.1 (1) 4.98 (9)  6.1 (1) 3.18 (8) 2.12 (9)  2.32 (8) 
CA3 7.2 (1) 5.6 (1) 6.6 (I) 4.2 (1) 1.9 (1) 2.8 (1) 
CA4 8.4 (2)  4.6 (1) 7.4 (1) 3.6 (1) 2.6 (1) 2.7 (1) 


CA6 4.86 (9) 4.68 (9)  6.1 (1) 2.42 (8) 1.62 (9)  1.88 (8) 
CB1 4.76 (8) 3.86 (7)  5.20 (9) 2.70 (7) 1.92 (7)  2.03 (7)  
CB2 4.67 (9)  5.13 (9)  6.1 (1) 2.90 (8) 2.12 (8) 2.44 (9) 
CB3 4.6 (1) 6.3 (1) 8.6 (2)  3.0 (1) 2.2 (1) 3.6 (1) 
CB4 4.9 (1) 4.9 (1) 8.7 (2)  2.32 (9)  0.2 (1) 2.4 (1) 


CB6 6.3 (1) 4.78 (9)  5.3 (1) 3.48 (9) 1.92 (9) 1.81 (8) 


0 8.6 (1) 6.7 (1) 10.7 (1) 5.0 (1) 3.9 (1) 4.5 (1) 


c3 6.1 (1) 13.2 (3)  8.3 (2)  5.1 (2)  3.7 (1) 7.4 (2)  


c 5  6.1 (1) 10.4 (2)  5.2 (1) 3.1 (1) 2.5 (1) 1.1 (1) 


CA5 6.4 (1) 4.2 (1) 8.1 (2)  2.21 (9)  2.2 (1) 2.2 (1) 


CB5 7.4 (2)  5.2 (1) 5.8 (1) 3.8 (1) 0.4 (1) 1.0 (1) 


a Anisotropic thermal parameters are expressed as exp[-1/,(a*2B,,h2 + b*2B22k2 + c*2B,,12 + 2a*b*B,,hk + 2a*c*Bl3h2 + 
2b*c*B2,kZ)]. 
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Figure 5. ORTEP drawing of the PCHO molecule with thermal ellipsoids 


P 
P 
P 
0 
c1 
c1 
c 2  
c 2  
c 3  
c 3  
c 4  
c 4  
c5 
c 5  
C6 
c 7  
CA1 
CA1 
CA2 


Table VI. Bond Distances ( A )  


C1 1.839(2)  CA2 HA2 0.95 (3) 
CA1 1.833 (2) CA3 CA4 1.370 (5)  
CB1 1.838 (3) CA3 HA3 0.94 (4)  
C7 1.185(5) CA4 CA5 1.387 (5)  
C2 1.411 (4)  CA4 HA4 1.02 (3) 
C6 1.396(4)  CA5 CA6 1.373 (4) 
C3 1.387 (5)  CA5 HA5 1.02 (4)  
C7 1.476(5) CA6 HA6 0.98 (4) 
C4 1.363(7) CB1 CB2 1.388(4) 
H3 1.02 (4) CB1 CB6 1.392(3) 
C5 1.357 (8) CB2 CB3 1.389(4) 
H4 0.81 (4) CB2 HB2 1.01 (2)  
C6 1.396(4) CB3 CB4 1.370(5) 
H5 0.97 (4)  CB3 HB3 1.04(4)  
H6 0.91 (3) CB4 CB5 1.379(6) 
H7 1.17 (4)  CB4 HB4 0.88(4) 
CA2 1.390(4) CB5 CB6 1.379(5)  
CA6 1.395(4) CB5 HB5 0.88 (3)  
CA3 1.386(4) CB6 HB6 0.96 (3) 


usually high, particularly in view of the chelate enhance- 
ments measured for the phenols and benzoic acids. As a 
demonstration of the conventional nature of PCHO itself, 
its structure was characterized by single-crystal X-ray 
diffraction. The gross structure of this tertiary phosphine 
(Figure 5) closely resembles that for triphenylphosphine.= 
The only possible unusual feature is that the formyl oxygen 
is oriented directly toward the phosphorus atom, the C-0 
distance is normal, however, and the long P-.O distance 
precludes a strong interaction, Some important structural 
data are collected in Tables IV-VII. 
On the Stability of IrH(PhCO)Cl(CO)(PPh$,. 


Critical to a more complete interpretation of the oxidative 
addition observed for chelating aldehydes is an explanation 
of nonreactivity of 1 and 2 toward PhCHO. Our failure 
to prepare IrH(PhCO)Cl(CO)(EPh,), may, of course, be 
due to a slow rate of oxidative addition and that, once 
formed, this acyl hydride would be as robust as the che- 
lated ones. To test this proposal, we devised an experiment 
to generate the acyl hydride formally derived from 1 and 
PhCHO. Our plan simply called for the addition of ben- 
zoyl chloride to an appropriate iridium(1) hydride. It is 
known that IrH3(CO)(PPh3), reversibly dissociates in so- 
lution to afford IrH(CO)(PPh3)226 which, unlike its pre- 
cursor and the related IrH(CO)(PPh3)3, is quite reactive. 
By monitoring the progress of the reaction of IrH,(CO)- 
(PPh3)2 and PhCOCl by gas chromatography, we observed 
the steady conversion of the acid chloride to benzaldehyde. 
At the end of the reaction, the reaction solution was fil- 
tered, affording ca. 60% of pure l. A mechanistic rationale 
for this process, Figure 6, is based on a classical reductive 
elimination, oxidative addition, reductive elimination cycle. 
We conclude from these results that the difference in the 


(35) Daly, J. J. J. Chem. SOC. 1964, 3799. 


set at t h  


c1 
c1 
CA1 
P 
P 
c 2  
c1 
c1 
c 3  
c 2  
c 2  
c 4  
c 3  
c 3  
c 5  
c 4  
c 4  
C6 
c1 
c1 
c 5  
0 
0 
c 2  
P 
P 
CA2 
CA1 
CA1 
CA3 
CA2 
CA2 
CA4 
CA3 
CA3 
CA5 
CA4 
CA4 
CA6 
CA1 
CA1 
CA5 
P 
P 
CB2 
CB1 
CB1 
CB3 
CB2 
CB2 
CB4 
CB3 
CB3 
CB5 
CB4 
CB4 
CB6 
CB1 
CB1 
CB5 


le 50% probability level. 


Table VII. 


P 
P 
P 
c1 
c1 
c1 
c 2  
c 2  
c 2  
c 3  
c3 
c3 
c 4  
c 4  
c 4  
c 5  
c 5  
c 5  
C6 
C6 
C6 
c 7  
c 7  
c 7  
CA1 
CA1 
CA1 
CA2 
CA2 
CA2 
CA3 
CA3 
CA3 
CA4 
CA4 
CA4 
CA5 
CA5 
CA5 
CA6 
CA6 
CA6 
CB1 
CB1 
CB1 
CB2 
CB2 


Bond Angles (Deg) 


CA1 102.3 (1) 
CB1 101.9 (1) 
CB1 102.0 (1) 


C6 122.0 (2) 


c 3  119.9 (3) 


c 2  120.6 (2) 


C6 117.4 (3) 


c 7  122.4 (3)  
c 7  117.7 (3) 
c 4  121.9 (5)  
H3 117 (3)  
H3 121 (3)  
c 5  119.0 (5) 
H4 116 (3)  
H4 125 (3)  
C6 121.3 (4)  
H5 130 (3) 
H5 109 (3) 
c 5  120.6 (3)  
H6 116 (2) 
H6 123 (2) 
c 2  127.0 (4)  


H7 114 (2) 
CA2 124.4 (2) 
CA6 116.9 (2 )  
CA6 118.2 (2) 


123 (2)  HA2 
HA2 117 (2)  
CA4 120.9 (3)  


H7 119 (2)  


CA3 120.2 (3 )  


HA3 119 (2)  
HA3 120 (2 )  
CA5 119.5 (3)  


125 (2)  HA4 
HA4 115 (2)  
CA6 120.1 (3 )  
HA5 122 (2) 
HA5 110 (3) 
CA5 121.0 (3)  
HA6 121 (2)  
HA6 118 (2 )  
CB2 123.5 (2)  
CB6 117.6 (2)  
CB6 118.8 (2)  
CB3 120.4 (3)  
HB2 118 (2 )  


122 ( 2 j  CB2 HB2 
CB3 CB4 119.8 (3)  
CB3 HB3 114 (2)  
CB3 HB3 126 (2)  
CB4 CB5 120.6 (3 )  


125 (2 j  CB4 HB4 
CB4 HB4 114 12) 
CB5 CB6 119.8 (3)  


127 (2)  CB5 HB5 
CB5 HB5 113 (2) 
CB6 CB5 120.5 (3) 
CB6 HB6 123 (2 )  
CB6 HB6 116 (2)  
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Figure 6. Mechanism proposed for the reaction of IrH,(CO)- 
(PPh& with PhCOCl. 


facilities of the oxidative additions of PhCHO and PCHO 
to 1 is not solely due to a kinetic enhancement but is 
related to the greater thermodynamic stability associated 
with the cyclometalated product.36 


Summary 
1. The overall effectiveness of simple substrates to add 


to truns-IrC1(CO)(EPh3), (E = P, As) follows the order of 
their aqueous acidities PhC02H > PhOH >> PhCHO. 


2. The effectiveness of the chelating substrates toward 
trans-IrC1(CO)(PPh3), follows the order: PCHO > POH 
2 PCO2H. It follows that the intermolecular versions of 
the oxidative addition reaction do not serve as reliable 
indicators for the corresponding intramolecular processes. 


3. The kinetic and thermodynamic facility of the oxi- 
dative addition reaction depends heavily on the identity 
of the ancillary donor component of the bifunctional ad- 
dend. 


(36) For a discusion of the thermodynamics of intermolecular C-H 
bond activation by platinum(0) see: Luigi, A.; Ayusman, S.; Halpern, J. 
J. Am. Chem. SOC. 1978,100, 2915. 


4. The differing abilities of PhCHO and PCHO to add 
to 1 is a consequence of the differing thermodynamic 
stabilities of the resultant acyl hydrides. 
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The proton-noise-decoupled tellurium-125 NMR spectra of symmetric dialkyl ditellurides R2Te2 [ R = 
Me, Et, n-Pr, i-Pr, n-Bu, i-Bu, s-Bu, t-Bu, n-Pent, neo-Pent, i-Pent, and n-CnH2n+l (n = 6,7,8,9,11, and 
18)] and 36 unsymmetric dialkyl ditellurides (R = all alkyl isomers C1-CI and neopentyl) are reported. 
The unsymmetric dialkyl ditellurides were prepared in situ by mixing chloroform solutions of two symmetric 
ditellurides. Equilibration took place but exchange was slow on the tellurium-125 NMR time scale and 
the spectra contained four Te resonances, one each for the two symmetric ditellurides and two for the 
unsymmetric ditelluride. The effect of alkyl substitution on tellurium chemical shifts was found to be 
additive. The magnitude of the effect diminishes as the substitution site moves away from the tellurium 
atoms and becomes negligible at the fourth atom. 


Introduction 
Recent investigations have shown that organic tellurium 


compounds have considerable potential as agents in nu- 
clear medicine. Telluracarboxylic acids are attractive 
candidates for myocardial imaging,14 tellurium-containing 
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steroids show preferential uptake by the adrenal gland,"' 
and alkyltellurobarbiturates show promise as reagents for 
the determination of regional cerebral blood perfusion.8~~ 
Because of the large number of resonances and complex 
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(PPh& with PhCOCl. 


facilities of the oxidative additions of PhCHO and PCHO 
to 1 is not solely due to a kinetic enhancement but is 
related to the greater thermodynamic stability associated 
with the cyclometalated product.36 
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1. The overall effectiveness of simple substrates to add 


to truns-IrC1(CO)(EPh3), (E = P, As) follows the order of 
their aqueous acidities PhC02H > PhOH >> PhCHO. 


2. The effectiveness of the chelating substrates toward 
trans-IrC1(CO)(PPh3), follows the order: PCHO > POH 
2 PCO2H. It follows that the intermolecular versions of 
the oxidative addition reaction do not serve as reliable 
indicators for the corresponding intramolecular processes. 


3. The kinetic and thermodynamic facility of the oxi- 
dative addition reaction depends heavily on the identity 
of the ancillary donor component of the bifunctional ad- 
dend. 


(36) For a discusion of the thermodynamics of intermolecular C-H 
bond activation by platinum(0) see: Luigi, A.; Ayusman, S.; Halpern, J. 
J. Am. Chem. SOC. 1978,100, 2915. 


4. The differing abilities of PhCHO and PCHO to add 
to 1 is a consequence of the differing thermodynamic 
stabilities of the resultant acyl hydrides. 
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The proton-noise-decoupled tellurium-125 NMR spectra of symmetric dialkyl ditellurides R2Te2 [ R = 
Me, Et, n-Pr, i-Pr, n-Bu, i-Bu, s-Bu, t-Bu, n-Pent, neo-Pent, i-Pent, and n-CnH2n+l (n = 6,7,8,9,11, and 
18)] and 36 unsymmetric dialkyl ditellurides (R = all alkyl isomers C1-CI and neopentyl) are reported. 
The unsymmetric dialkyl ditellurides were prepared in situ by mixing chloroform solutions of two symmetric 
ditellurides. Equilibration took place but exchange was slow on the tellurium-125 NMR time scale and 
the spectra contained four Te resonances, one each for the two symmetric ditellurides and two for the 
unsymmetric ditelluride. The effect of alkyl substitution on tellurium chemical shifts was found to be 
additive. The magnitude of the effect diminishes as the substitution site moves away from the tellurium 
atoms and becomes negligible at the fourth atom. 


Introduction 
Recent investigations have shown that organic tellurium 


compounds have considerable potential as agents in nu- 
clear medicine. Telluracarboxylic acids are attractive 
candidates for myocardial imaging,14 tellurium-containing 
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steroids show preferential uptake by the adrenal gland,"' 
and alkyltellurobarbiturates show promise as reagents for 
the determination of regional cerebral blood perfusion.8~~ 
Because of the large number of resonances and complex 


(5) F. F. Knapp, Jr., K. R. Ambrose, and A. P. Callahan, J. Labelled 
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a 
CH,CH,CH&Hj-Te-Te-CH,CH,CH,CH, 


+ 
(CH3),CCH2-Te-Te-CH2C(CH~)3 


b 


a 


CH3CH,CHzCH2-Te-Te-CH2C (CH,), * 
c d  


200 100 0 


Figure 1. The tellurium-125 NMR spectrum of n-butyl neopentyl ditelluride generated by mixing CDC& solutions of dibutyl ditelluride 
and dineopentyl ditelluride. 


coupling patterns inherent in proton NMR, 12Te NMR 
is a more efficient method to assess the purity of reagents 
and products and to detect and identify byproducts. In 
addition, ' T e  NMR may also be a useful method to in- 
vestigate the metabolism and fate of the organic tellurium 
compounds in the biological systems. Tellurium-125 NMR 
with a chemical shift range of at least 4000 ppm is a much 
better method for these purposes. 


Although there has been an increasing use of direct 'WTe 
NMR measurements with broad-band probes in the 
characterization of tellurium compounds,l*a few data have 
been reported for dialkyl ditellurides.2s Earlier shift 
measurements were obtained with double-resonance 
techniques.2627 The chemical shift range for tellurium 


(10) D. B. Denney, D. 2. Denney, P. J. Hammond, and Y. F. Hsu, J. 


(11) P. Granger, S. Chapelle, and C. Brevard, J. Magn. Reson., 42,203 
Am. Chem. SOC., 103,2340 (1981). 


(1981). . ~ .  . ~ ,  
(12) H. J. Gysling, N. Zumbulyadis, and J. A. Robertson, J.  Organo- 


(13) W. Lohner and K. Praefcke, J. Orgammet. Chem., 208,43 (1981). 
(14) W. Lohner and K. Praefcke, J. Orgummet. Chem., 208,39 (1981). 
(15) N. Zumbulyadis and H. J. Gysling, J. Orgummet. Chem., 192,183 


met. Chem., 209, C41 (1981). 


(1980). 
(16) P. Granger and S. Chapelle, J. Magn. Reson., 39, 329 (1980). 
(17) B. Kohne, W. Lohner, K. Praefcke, H. J. Jakobsen, and B. Vil- 


ladsen, J. Organomet. Chem., 166, 373 (1979). 
(18) G. V. Fazakerley and M. Celotti, J. Magn. Reson., 33,219 (1979). 
(19) T. Drakenberg, A.-B. Homfeldt, S. Gronowitz, J.-M. Talbot, and 


J.-L. Piette, Chem. Scr. 13, 152 (1978-1979). 
(20) W. Koch, 0. Lutz, and A. Nolle, 2. Phys. A, 289, 17 (1978). 
(21) C. R. Lasaigne and E. J. Wells, J. Chem. SOC., Chem. Commun., 


956 (1978). 
(22) G. J. Schrobiligen, R. C. Bums, and P. Granger, J. Chem. SOC., 


Chem. Commun., 957 (1978). 
(23) K. U. Buckler, J. Kronenbitter, 0. Lutz, and A. Nolle, Z. Na- 


turforsch., A, 32A, 1263 (1977). 
(24) P. L. Coggin, R. J. Goodfellow, and S. R. Haddock, J. Chem. SOC., 


Chem. Commun., 176 (1975). 
(25) H. C. E. McFarlane and W. McFarlane, J. Chem. SOC., Dalton 


Trans., 2416 (1973). 
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is quite large, from the highly deshielded tellurium-sele- 
nium dications (6 -2600-3300)21*22 to the much more 
shielded dialkyl ditellurides and dialkyl tellurides (6 -0 
to 700).'6J892627 It has been noted that changing the 
halogen in tellurium halides results in the expected de- 
shielding of the tellurium as the halogen becomes more 
electronegative. However, the limited data so far reported 
have been for compounds of such widely different struc- 
tures that little is known concerning the response of tel- 
lurium chemical shifts to structural changes in the organic 
moiety of similar tellurium compounds. 


Results and Discussion 
We report the '%Te chemical shifts for a large number 


of symmetric and unsymmetric dialkyl ditellurides. The 
only previously reported chemical shifts for symmetric 
dialkyl ditellurides were for dimethyl ditelluride (6 63), 
diethyl ditelluride (6 188), and diisopropyl ditelluride (6 
303).26 These large changes in shift upon a-alkyl substi- 
tution have not been explained. No chemical shifts have 
been reported for unsymmetric dialkyl ditellurides. Un- 
symmetric diorganyl ditellurides have not yet been isolated 
although mass spectral evidenceBPB and proton NMR data 
point to their existence.29 The presence of unsymmetric 
dialkyl ditellurides in solution has now been established 
on the basis of their 12Te NMR spectra. 


For dialkyl ditellurides with Me, Et, Pr, Bu, and neo- 
Pent groups, nine symmetric dialkyl ditellurides and 36 
unsymmetric dialkyl ditellurides can be prepared. Only 
one 12Te resonance is observed for the equivalent tellu- 
riums in the symmetric ditellurides and two separate 'WTe 
resonances are observed for the nonequivalent telluriums 
in the unsymmetric ditellurides. The unsymmetric dialkyl 


(27) W. McFarlane, F. J. Berry, and B. C. Smith, J. Organomet. 


(28) C. D. Desjardins, H. L. Paige, 3. Passmore, and P. Taylor, J. 
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Table I. Tellurium-1 25 Chemical Shifts for Dialkyl Ditelluridesu 


6Me 6neo-Pent 6i-Bu 8 n - h  6 n -Bu Et 6s-Bu 6i-Pr 6 t-Bu 
Me 69 92 150 205 21 3 284 390 455 61 7 


i-Bu 16 37 - 99 151 158 228 335 398 565 
n-Pr -11 11 73 - 124 132 202 311 374 54 0 
n-Bu -1 1 12  73 125 - 133 203 31 2 375 54 2 
Et -28 -5 57 108 117 - 186 296 357 523 


497 t-Bu -48 -25 36 83 91 155 269 325 
i-Pr -74 -45 14 64 71 138 256 313 490 
S-BU -88 -59 1 50 57 125 - 243 301 480 


neo-Pent 62 - SO 142 192 201 269 373 435 597 


- 


a Shifts are relative to dimethyl telluride; negative shifts are upfield from dimethyl telluride. 


ditellurides were prepared in situ by dissolving approxi- 
mately equal molar amounts of the symmetric ditellurides 
in deuteriochloroform. Equilibration took place but ex- 
change was slow on the 12Te NMR time scale. Four 
tellurium resonances were observed in the spectra of so- 
lutions initially containing two symmetric dialkyl di- 
tellurides, one resonance corresponding to the Te in each 
symmetric ditelluride and two resonances representing the 
nonequivalent tellurium atoms of the unsymmetric di- 
telluride (Figure 1). 


In the spectra of 33 of the unsymmetric ditellurides, the 
two resonances of the unsymmetric ditellurides appeared 
outside the range bounded by the resonance of the parent 
symmetric ditellurides. In the spectra of the other three 
compounds, the Te resonances for isopropyl sec-butyl 
ditelluride, isopropyl tert-butyl ditelluride, and n-propyl 
n-butyl ditelluride were located between the resonances 
of the symmetric ditellurides. The principle that the effect 
of a structural change on the chemical shift of an atom 
decreases as the site of the change is moved away from the 
atom has been used to assign the tellurium resonances of 
the unsymmetric ditellurides (Table I). For example, the 
resonances for ethyl methyl ditelluride, CH3CH2-Tea- 
Teb-CH3 are 6 284 for Tea and 6 -28 for Teb Compared 
to dimethyl ditelluride (6 69), the effect of methyl sub- 
stitution is a larger, downfield shift change for the close 
tellurium, Tea (+215 ppm), and a smaller, upfield shift 
change for the remote tellurium, Teb (-97 ppm). 


In Table I, the 12Te chemical shifts of the symmetric 
dialkyl ditellurides are underlined. Each of the two shifts 
for an unsymmetric ditelluride may be located in Table 
I by proceeding down the column headed by the appro- 
priate alkyl group and finding the shift opposite the other 
alkyl group. As an example, the chemical shifts for n-butyl 
isopropyl ditelluride are 6 71 for the tellurium attached 
to the n-Bu group (n-butyl column opposite isopropyl) and 
6 375 for the tellurium attached to the i-Pr group (iso- 
propyl column opposite n-butyl). Table I is arranged so 
that the chemical shifts increase in the horizontal rows 
from left to right. In this manner, the effect of changing 
alkyl group structure on the chemical shift of the directly 
attached tellurium is illustrated. The vertical columns 
have been arranged with the chemical shifts decreasing 
from top to bottom. This arrangement clearly illustrates 
the effect of a change in the alkyl group on the chemical 
shift of the tellurium not bonded to this alkyl group. 


Several features of the tellurium chemical shifts for 
dialkyl ditellurides are apparent. The range of shifts is 
quite large, -705 ppm (t-Ru-Te of t-Bu-TeTeMe, 6 617; 
M e T e  of M e T e T e s - B u ,  6 -88). The large effect caused 
by a-methyl substitution of R, on Tea may be seen by 
comparing the values listed in the chemical shift columns 
(Table I) for Me to Et, Et  to i-Pr, and i-Pr to t-Bu. The 
effect of alkyl substitution on tellurium chemical shifts 
diminishes as the site of substitution moves away from the 
tellurium atoms. For example, y-methyl substitution of 


Table 11. Tellurium-125 Chemical Shifts for Long-chain 
Symmetric Dialkyl Ditellurides, R,Te, 
R 6 R s 


n-C,H, 133 n-C8H17 138 
i-C5Hll 140 n-C9H19 134 
n-C5H11 135 n-C,,H,, 133 
n-C*H*3 137 n-C11H23 137 
n-C7H15 140 n-C18H37 134 


Table 111. Tellurium-125 Chemical Shift Changes 


Ditellurides, Ra-TeaTeb-Rb 


Ra Rb ti Tea A6 Tea 6T% A6Tq, 


Me Me 
Et Me 
Me neo-Pent 
Et neo-Pent 269 
Me i-Bu 
Et i-Bu 


Caused by &-Methyl Substitution, CY in Dialkyl 


69 
2:: t 215 -28 -97 


92 -97 -5 
150 


62 t 2 0 7  


2;: t 212 56 -94 


9;; -97 Me n-Pr -11 
Et n-Pr 202 213 
Me n-Bu -11 2 l 3  -98 
Et n-Bu 203 214 115 
Me Et 
Et Et 


-28 
186 +214 


Me t-Bu -4 8 61 7 
Et t-Bu 155 ' 203 523 -94 
Me i-Pr -74 4 54 
Et i-Pr 138 +212 357 -98 
Me s-Bu -88 390 
Et S-BU 125 t213 296 -94 


av t 2 1 1  r 3 -96r  2 


R, in dialkyl ditellurides (n-Pr to n-Bu, Table I) results 
in a downfield shift change of 7-9 ppm for the close tel- 
lurium atom Tea and no change at  the remote tellurium 
Teb In contrast, y substitution in the symmetric dibutyl 
ditelluride to form diisopentyl ditelluride results in a 
downfield shift change of 7 ppm (Table 11) for both tel- 
lurium atoms. In Table I1 the tellurium chemical shifts 
for long-chain symmetric dialkyl ditellurides are summa- 
rized. These shifts vary between 6 133 and 140, indicating 
that alkyl substitutions on the &carbon or further down 
the chain have a very small influence on the '2STe chemical 
shift. 


The consistency of the differences in shifts among col- 
umns or rows of Table I strongly suggests that the effect 
of alkyl substitution on 12Te chemical shifts obeys simple 
additive rules similar to those developed for the empirical 
calculation of carbon-13 shifts of alkanes.30 These data 
may be useful in assigning substitution patterns to di- 
tellurides of unknown structure. In Figure 2 the desig- 


~~ ~ ~~ ~ 


(30) J. B. Strothers, "Carbon-13 NMFt Spectroscopy", Academic Press, 
New York 1972, pp 55-60. 
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v P a  
C- C- C -le a-Te b 


cn3- 


CH,CH,- 


cn, 
~\ ,cn - 


CH3 


yi, 
cn,-c-cn2- 


CH, 


Figure 2. Scheme of methyl substitutions generating all C1 
through C4 alkyl isomers and neopentyl. 


Table IV. Tellurium-125 Chemical Shift Changes 
Caused by Methyl Substitutions in Dialkyl 


Ditellurides, Ra-TeaT%-Rb 
substitutn" A ~ T ~ ,  A 6 T g  comparison 


a1 t 2 1 1  f 3 - 9 6 i  2 MetoEt 
a2-, t 1 7 1  2 2 -42 t 3 Et to i-Pr 
a2-2 t 1 8 7  t 3 -72 i. 4 n-Pr tos-Bu 
f f 3  t 1 7 0  i: 4 t 1 7  i. 5 i-Pr to t-Bu 
01 -77 i: 2 t 1 7  i 0 Et ton& 
02.1 -51 t 2 t 25 i. 1 n-Pr to i-Bu 


0 3  -61 i: 3 t 4 0  t 3 i-Bu to 


Y - t 7 *  1 0 i. 0 n-Pr to n-Bu 


0 2 - 2  -61 i 3 -13 t 1 i-Pr t 0 s - B ~  


neo-Pent 


a See Figure 2 for definitions. 


nation for methyl substitutions on the C1 through C4 alkyl 
isomers are illustrated. In Table 111, the chemical shift 
changes for nine a-methyl substitutions, al, are calculated 
from the chemical shifts of dialkyl ditellurides, Ra- 
TeaT%-Rb, in which one alkyl group (R,) is changed from 
methyl to ethyl. The chemical shift change for the close 
tellurium, Tea, is large and downfield while the change for 
the remote tellurium, Teb, is smaller and upfield. These 
opposite effects explain why chemical shift data on sym- 
metrical dialkyl ditellurides alone do not lead to recog- 
nizable patterns of shift changes with substitution. Simply 
by comparison of the 12Te chemical shifts in symmetric 
dialkyl ditellurides, it is not possible to predict the chem- 
ical shifts observed in the unsymmetric ditellurides. As 
shown in Table 111, the chemical shift change at  each 
tellurium of diethyl ditelluride compared to dimethyl 
ditelluride is the sum of the contribution of the close a- 
methyl substitution (+211 ppm) and the remote a-methyl 
substitution (-96 ppm). 


Table IV summarizes the tellurium chemical shift 
changes caused by the nine structural changes (methyl 
substitutions) outlined in Figure 2. These tellurium shift 
changes are analogous to the additive carbon-13 shift 


Table V. Tellurium-125 Chemical Shift Changes Caused 
by Larger-Than-Methyl Group or Multiple Substitution8 


calculatn a 


€TOUP A6 Tea A6 T g  


substitutn calcd obsd calcd obsd modification 
a-ethyl t 1 3 5  t 1 3 4  -79 -79 a1 t 0, 


Me to n-Pr 
2a-methyl t 3 8 3  t 3 8 2  -138 -138 a 1  t D ~ - ~  


Me to i-Pr 
a-propyl t 1 4 2  t 1 4 1  -78 -79 a 1  t 0, t Y 


Me to n-Bu 
a-isopropyl +84  t 8 3  -54 -54 a1 t B1 t 02-1 


Me to i-Bu 
a-methyl, t 3 2 2  t 3 2 1  -151 -151 oil t 0, t a2-2 


a-ethyl Me to s-Bu 
3a-methyl t 5 5 1  t 5 5 2  -121 -121 a l  t Q ~ - ~  t a 3  


Me to t-Bu 
a-tert- t 2 3  t 2 2  -13 -14 + 0, t 02-1 t 0, 


butyl Me to neo-Pent 
(I The overall shift change was calculated as the sum of 


the shift changes corresponding to the pertinent structural 
modifications of the alkyl group (Figure 2). 


changes for methyl substitution in linear and branched 
alkanes.30 Methyl substitution a and /3 to Tea are equiv- 
alent to 0- and y-methyl substitutions in alkanes. For 
carbon-13, the shift change parameters are +9.4 ppm for 
P-methyl and -2.5 ppm for y-methyl substitutions. The 
ratio is approximately 31 and the sign changes, as has been 
observed for the corresponding tellurium shift changes. 
However, the magnitude of the shift changes for tellurium 
are approximately 20 times larger than for carbon. This 
is to be expected when one compares the shift range for 
tellurium in dialkyl ditellurides (- 700 ppm) to the shift 
range for alkane carbons (-30-40 ppm). Unlike carbon-13 
shift changes, this larger shift range leads to observable 
shift changes (-7 ppm) for tellurium when the methyl 
substitution is three atoms away from the tellurium (y for 
Tea and /3 for Teb). 


The shift parameters for methyl substitution allow the 
calculation of shift changes that occur upon larger group 
or multigroup substitutions. Table V shows shift changes 
that are observed for a-ethyl, a-propyl, a-isopropyl, and 
a-tert-butyl and for multiple group substitutions. These 
observed shift changes agree well with those calculated by 
summing the appropriate methyl shift changes from Table 
IV. 


The shift parameters found in this work are also useful 
in predicting tellurium chemical shifts for aryl alkyl di- 
tellurides. Solutions of phenyl methyl ditelluride and 
phenyl ethyl ditelluride were prepared by mixing diphenyl 
ditelluride with dimethyl ditelluride or with diethyl di- 
telluride. The chemical shifts for phenyl methyl ditelluride 
were 6 404 for the phenyl tellurium and 6 115 for the 
methyl tellurium. For phenyl ethyl ditelluride, the shifts 
were 6 309 for the phenyl tellurium and 6 315 for the ethyl 
tellurium. The shift values predicted from Table IV for 
phenyl ethyl ditelluride are 6 308 and 326, respectively. 
Similar additive shift changes are to be expected for tel- 
lurium in monotellurides, and these will be reported in a 
forthcoming publication. 


Experimental Section 
Symmetric dialkyl ditellurides were synthesized as reported 


el~ewhere.~* Solutions for NMR measurements were prepared 
by dissolving approximately 100 mg of the symmetric ditelluride 
or approximately 100 mg each of two different symmetric di- 


(31) K. J. Irgolic, R. A. Grigsby, N. Dereu, S. W. Lee, and F. F. Knapp, 
in preparation. 
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tellurides in 1.5 mL of deuteriochloroform (-0.2M). All tellu- 
rium-125 spectra were obtained with a Varian Associates Model 
FT80 NMR spectrometer equipped with a broad-band probe 
tuned to 25.104 MHz. About 1000-3000 average transients were 
required to obtain satisfactory signal to noise ratios using sweep 
widths of either 8 KHz (-318 ppm) or 4 KHz (-159 ppm) stored 
in 8K data points. With these spectral parameters, proton- 
noise-decoupled tellurium resonances were 5-10 Hz wide at 
half-height. All tellurium-125 shifts are referenced to dimethyl 
telluride at 25094885 Hz and are believed to be precise to at least 
*1 ppm. Positive shifts are downfield and negative shifts are 
upfield from dimethyl ditelluride. The differences between shifta 
of dialkyl ditellurides reported in the literature and those pres- 
ented in Table I (MezTe, 6 63% vs. 6 69; EhTez, 6 188% vs. 6 186; 
and i-PrzTez, 6 30326 vs. 6 313) are probably due to solvent. In 
the previous work, the spectra were obtained for neat liquids or 
for solutions in benzene. 
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Cyclopentadienylcobalt complexes of a,@-unsaturated thioaldehydes (enethials) can be alkylated on the 
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vacuum thermolysis of didyl sulfide; it decomposes slowly 
at -196 OC.’ However, propenethial and other a,@-un- 
saturated thioaldehydes have been obtained as stable 
complexes with iron or cobalt (e.g., I, II).* An X-ray 
analysis has been performed on IL9 These complexes are 
derived from thietes which are readily prepared.8bJ0 
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tellurides in 1.5 mL of deuteriochloroform (-0.2M). All tellu- 
rium-125 spectra were obtained with a Varian Associates Model 
FT80 NMR spectrometer equipped with a broad-band probe 
tuned to 25.104 MHz. About 1000-3000 average transients were 
required to obtain satisfactory signal to noise ratios using sweep 
widths of either 8 KHz (-318 ppm) or 4 KHz (-159 ppm) stored 
in 8K data points. With these spectral parameters, proton- 
noise-decoupled tellurium resonances were 5-10 Hz wide at 
half-height. All tellurium-125 shifts are referenced to dimethyl 
telluride at 25094885 Hz and are believed to be precise to at least 
*1 ppm. Positive shifts are downfield and negative shifts are 
upfield from dimethyl ditelluride. The differences between shifta 
of dialkyl ditellurides reported in the literature and those pres- 
ented in Table I (MezTe, 6 63% vs. 6 69; EhTez, 6 188% vs. 6 186; 
and i-PrzTez, 6 30326 vs. 6 313) are probably due to solvent. In 
the previous work, the spectra were obtained for neat liquids or 
for solutions in benzene. 
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Table I. S-Alkyl Enethial Fluoroborate Salts 
R' Rz R3 appearance mp,"C 


b Ph H CH, brickred 128-131 
b' Ph H C,H, brickred 130-134 
c p-naphthyl H CH, brick red 57-60 


CH, CH, purple 138-141 
CH, C,H, purple 87-91 d' C,H, 


e ( C H 2 ) 5  CH, black 165-166 


VIa H H CH, black 86-88 


'ZH5 


Parker et al. 


methylene chloride at  room temperature. Salts (VI) were 
obtained (Table I) in essentially quantitative yield. Two 
of several possible resonance structures are given for V and 
VI. The salts are hygroscopic. 


The lH NMR spectra of the salts, VI, and their pre- 
cursors, V, are compared in Table 11. Since the protons 
of the +SCH3 group in simple sulfonium salts absorb in the 
range 6 2.52-3.02 and those of the +SCH2CH, group in the 
ranges 6 3.03-3.58 and 6 1.38-1.51,13 it is reasonable to 
assume S-alkylation of V since the protons of these two 
groups in salts VI have chemical shifts in the above ranges. 
Methylation of the cobalt atom would be expected to result 
in somewhat deshielded methyl protons.14J5 Alkylation 
of the sulfur atom results in downfield shifts for the cy- 
clopentadienyl protons of 0.47-0.74 ppm. Protonation of 
the oxygen atom in the cyclopentadienone complexes I11 
(R = CH3, Ph) gives downfield shifts of the cyclo- 
pentadienyl protons of 0.45 and 0.74 ppm, respectively.l'* 
The proton chemical shifts associated with the ?r-cyclo- 
pentadienyl group have been used as a measure of the 
electron density on the cobalt atom,16 and our results are 
in accord with electron withdrawal from cobalt. Inspection 
of Table I1 reveals that while introduction of a positive 
charge into Va by S-alkylation leads to a downfield shift 
of 0.95 ppm for R2 = H, it leads to upfield shifts for H' 
and H2 of 0.43 and 0.07 ppm, respectively. A somewhat 
similar shielding effect is observed on protonation of the 
sulfur atom of the thiocarbonyl group of 3-benzyl-3- 
phenylthiophthalimidine. The upfield shifts observed were 
attributed to a diminution of the usual deshielding effect 
caused by the anisotropy of electron circulations in the 
thiocarbonyl group." In the 5'-alkyl salts, the effect is 
expected to be felt most by the protons, H' and H2, nearer 
the complexed thiocarbonyl group where the expected 
downfield shift due to the positive charge is more than 
offset by the upfield shift caused by a decrease in the 
normal anisotropic contribution of the thiocarbonyl group. 
The proton, R2 = H, more distant from the thiocarbonyl 
group, apparently is affected mainly by the positive charge 
and less by the anisotropic effect since its absorption shifts 
downfield. 


Ultraviolet and infrared spectral data, to be briefly 
discussed, are given in the Experimental Section. The 
absorption at  highest wavelength in the UV spectrum of 
the precursors, V, in the range 453-495 nm ( E  850-1300) 
is lost on going to the salts VI (highest wavelength 250-393 
nm) which may signify a more electronically stabilized 
ground state due to the positive charge or may signify the 
cancellation of an n - ?r* transition of the lone pair of 
electrons on sulfur which becomes bonded to the alkyl 
group on the conversion of V to VI. 


The infrared spectra of both precursors and salts show 
bands attributable to the q5-cyclopentadienyl ring.ls 
However, absorption bands at  ca. 1460 cm-' tentatively 
assigned to carbon-carbon double-bond stretching in the 


first to investigate the nucleophilicity or Lewis base 
character of the sulfur atom. Since cobalt frequently do- 
nates electrons to ligands (back-bonding), the sulfur atom 
may be relatively nucleophilic. For example, the carbonyl 
oxygen atom in cyclopentadienylcobalt tetrasubstituted 
cyclopentadienones is easily protonated, indicating an 
enhanced basicity which has been attributed to donation 
of electrons from cobalt to the dienone as illustrated by 
the two resonance structures I11 and IV." 


CP 


R Co R 
\ / \  / 


I 


e o  - R*o- 


R R 
R 


I11 IV 


Attachment of electrophiles to the sulfur atom might 
yield new and unusual ligand types, and another goal of 
this investigation was the study of the free ligand by re- 
moving the transition metal, if possible. Such ligands 
might have diene or dienophilic properties of use in syn- 
thesis. 


Results and Discussion 
S-Alkyl Enethial Cationic Complexes. Thiobenzo- 


phenone has been S-alkylated by melting it with tri- 
ethyloxonium tetrafluoroborate.12 Derivatives of (prop- 
enethial)(?r-cyclopentadieny1)cobalt (V) react readily with 


I 
R 2  


I 
R2 


V 


F p 


I 
R 2  


I 
R 2  


VI 
a, R' = RZ = H; b, R' = Ph, R2 = H; c, R' = 2-naphthyl, 
R2 = H; d, R' = C,H,, RZ = CH,; e, R' = R2 = (CH,), 


trimethyloxonium or triethyloxonium tetrafluoroborate in 


(11) (a) J. E. Sheata, W. Miller, M. D. Rausch, S. A. Gardner, P. S. 
Andrews, and F. A. Higbie, J. Organomet. Chem., 96,115 (1975); (b) J. 
E. Sheata and M. D. Rausch, J. Org. Chem., 36, 3245 (1970); (c) G. N. 
Schrauzer and G. Kratal, J. Organomet. Chem., 2, 336 (1964); (d) R. 
Markby, H. W. Stemberg, and I. Wender, Chem. Ind. (London) 1381 
(1959). 
(12) L. Carlsen and A. Holm, Acta Chem. Scand., Ser. B, B30, 277 


(1976). 
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(13) G. A. Olah, J. R. DeMember, J. K. Mo, J. J. Svoboda, P. Schilling, 
and J. A. Olah, J. Am. Chem. SOC., 96,884 (1974); M. C. Caserio, R. E. 
Pratt, and R. J. Holland, Ibid. 88, 5747 (1966); T. E. Young and R. A. 
Lazarus, J. Org. Chem., 33, 3770 (1968). 


(14) R. G. Kidd in 'Characterization of Organometallic Compounds", 
M. Tsutsui, Ed., Part 11, Wiley-Interscience, New York, 1971, p 379 ff. 
H. A. 0. Hill, J. M. Pratt, and R. J. P. Williams, Faraday Discuss. Chem. 
SOC., 47, 165 (1969). 


(15) That the alkyl group is on the sulfur atom is proved subsequently 
by the reaction with cyanide ion: E. J. Parker and D. C. Dittmer, 
following paper in this issue. 
(16) R. B. King, Inorg. Chim Acta, 2,454 (1968); E. S. Bolton, G. R. 


Knox, and C. G. Robertson, J. Chem. SOC., Chem. Commun., 664 (1969). 
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Table 11. Proton Chemical Shifts ( 6 )  of Enethial Complexes (V) and S-Alkyl Salts (VI)a 
Va VIa Vb VIb VIb' Vc VIc Vd VId V I 2  Ve VIe 


H' 7.38 6.95 7.10- 


H' 1.19 1.12 1.12 
7.80 


R' 5.57 5.37- 7.10- 
6.10 7.80 


R' 2.78 3.73 3.23 
C,H, 4.81 5.55 4.83 
R3 . . . 2.40 . . . 


7.20- 
7.97 


0.90 
7.20- 
7.97 


4.12 
5.37 
2.67 


7.15- 7.22- 
8.02 8.07 


0.91 1.18 
7.15- 7.22- 


4.17 3.36 
8.02 8.07 


5.37 4.83 
3.07- . . . 
1.50 


a Solvents: CDCl,, Va-d, VIb-d; CD,CN, Ve; VIa,e. 


precursors V are missing in the salt complexes VI, which 
may reflect a change in the bonding description of the 
enethial ligand caused by electron donation from cobalt. 


Alkylation of the sulfur atom of Vd with methyl iodide 
was slower than with the oxonium salts. When a onefold 
excess of methyl iodide was used, the reaction was com- 
plete after 4 h at  room temperature as indicated by thin- 
layer chromatography. The product was unstable, but 'H 
NMR, UV-visible, and IR spectra suggest a structure 
similar to that of VId. The 'H NMR spectrum of the 
iodide salt is essentially identical with that of VId. If the 
absorption at  207 and 245 nm due to iodide ion is sub- 
tracted from the observed UV spectrum of the iodide salt, 
a spectrum similar to that of VId is obtained iodide salt 
corrected for iodide ion absorption, 207 ( E  14400), 277 
(10700), 304 (4480); fluoroborate salt VId, 207 (14600), 278 
(13200), 305 (5840). The instability of the iodide salt 
probably is related to the nucleophilic power of iodide ion 
which may attack the complex. Treatment of crude iodide 
salt (obtained with 1 equiv of methyl iodide) with excess 
silver tetrafluoroborate gave VId in 59% yield, thus es- 
tablishing the similarity of the two compounds. A similar 
result was obtained with the complex of 2-phenyl- 
propenethial (Vb) although it reacted more slowly with 
methyl iodide. 


C H 3  


I 
C H 3  


VId 
When silver tetrafluoroborate was used in conjunction 


with methyl iodide in an attempt to effect a one-step 
conversion to the tetrafluoroborate salt, a dicobalt salt, VII, 


7.20- 7.01 6.95 7.00 6.93 6.62 
8.30 


0.88 1.64 1.58 1.13-1.80 1.07-3.13 1.07-3.13 
7.20- 2.41- 2.59- 2.13-3.121 1.07-3.13 1.07-3.13 8.30 1.25 1.32 1.13-1.80 
4.23 1.27 1.58 1.13-1.80 
5.33 4.81 5.28 5.33 4.80 5.34 
2.65 . . . 2.47 2.13-3.12 . . . 2.30 


1.13-1.80 


tropylium tetrafluoroborate," was obtained. Silver tet- 
rafluoroborate alone gave the same result, the silver ion 
being reduced to free silver. This reaction represents an- 
other manifestation of the ease with which electrons are 
donated from the complexes, V. 


Complex Ve also reacted with a-bromoacetophenone and 
with dimethyl diazomalonate (photochemically). The re- 
actions seemed complex and the products were not iden- 
tified. 


Reaction with HgCIP. Stable green complexes (VIII) 


CP 
I 


CP 
I 


I I 
R2 CH3 


VIIIa, R1 = C,H,, R2 = CH, 
b, R' = Ph, R' = H 


are formed when the (2-ethyl-2-butenethia1)- or (2- 
phenylpropenethia1)cobalt complexes are treated with 
mercuric chloride. Their proton NMR spectra me similar 
to those of other S-substituted salts (e.g., VId). The 
mercuric chloride may be removed by treatment with 
triphenylphosphine. Mercury(I1) sulfate and phenyl- 
mercuric chloride did not react. 


A number of other metal ions and Lewis acids react with 
the brown cobalt complex of 2-ethyl-2-butenethia11, but no 
definite products were identified. The observations may 
be summarized as follows: PtCl,, yellow to green solid; 
PdCl,, red-brown solid; ZnCl,, green - black solution; 
Zn(N03),, brown-black solution; CdCl,, green solution; 
AlCl,, black solution; FeC13, black solution; BF3, black 
solution. Photolysis of (2-ethyl-2-butenethial) (r-cyclo- 
pentadieny1)cobalt with iron pentacarbonyl in ether gave 
an unstable red oil. Its infrared spectrum showed strong 
absorption at  1860-2070 cm-' in the region for terminal 
carbonyl stretching. The 'H NMR spectrum showed broad 
singlets a t  6 5.01 and 5.73 and a broad multiplet a t  6 
0.77-1.80. A reaction apparently had occurred since no 
absorption remained at 6 4.81 for the cyclopentadienyl 
protons of the starting material; but the unstable, red oil 
resisted further characterization. 


Experimental Section 
Elemental analyses were obtained from Micro-Analysis, Inc., 


Wilmington, DE. Melting points were taken on a Mel-Temp 
melting point apparatus and are uncorrected. Infrared spectra 
were obtained on a Perkin-Elmer 710B infrared spectrometer; 
absorptions are classified as very strong (vs), strong (E), medium 
(m), and weak (w). Ultraviolet and visible spectra were recorded 
on a Cary 118 ultraviolet and visible spectrometer. The proton 
NMR spectra were obtained on a Varian T-60 spectrometer. The 
chemical shifts are reported in parts per million downfield from 
the internal standard tetramethylsilane (Me,Si). 


ep 
H CO 


,)fH - -s  - AgBF4 [ cP-cO----- c H ~ c o - c ~  


C2H5 BF4 + Ag 
C H 3  


2H5 


VI1 
previously obtained by treatment of Vd with trityl or 
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C=S), 1040(w),1020 (w, C5H5), 995 (w, C5H5), 960 (m, C5H5), 895 
(w), 840 (m), 830 (m), 815 (m, C5H5), 805 (w), 740 (m), 750 (w) 
cm-'; UV max (hexane) 459 nm (e 9.55 X lo2), 343 (sh) (1.80 X 
lo3), 296 (sh) (6.43 X lo3), 267 (1.18 X lo4), 215 (2.05 X lo4); 'H 


3.13-1.07 (complex multiplet, 11 H, -(CH2)5-, =CH). 
Anal. Calcd for C13H17CoS: C, 59.09; H, 6.44. Found C, 59.25; 


H, 6.36. 
(S-Methylpropenethial) (r-cyclopentadieny1)cobalt Tet- 


rafluoroborate (VIa). (Propenethial)(a-cyclopentadieny1)cobalt 
(100 mg, 0.51 mmol) was dissolved in dry, degassed methylene 
chloride (20 mL) in an Erlenmeyer flask which was equipped with 
a magnetic stirrer. A nitrogen atmosphere was maintained. 
Trimethyloxonium tetrafluoroborate (75 mg, 0.51 mmol) was 
added and the suspension stirred at room temperature for 90 min. 
A small amount of black solid was removed by filtration, and the 
solvent was removed under reduced pressure (water aspirator) 
to give a black solid (149 mg, 0.50 mmol, 98.0%) which was 
recrystallized from acetone-ether: mp 86-88 "C dec; IR (thin f h )  
3100 (m), 3070 (m, C5H5), 3020 (w), 2970 (w), 2930 (w), 1600 (m, 
br), 1420 (e, C5H5), 1400 (e), 1370 (w, C5H5), 1320 (w), 1280 (m), 
1050 (vs, br, BF4-), 900 (w), 820 (s, C5H5) cm-l; UV max (CH,CN) 
393 (sh) nm (e 3.04 X lo3), 267 (1.10 X lo4), 231 (7.90 X lo3); 'H 
NMR (CD3CN, 60 MHz) 6 6.95 (doublet of doublets, J = 5,2 Hz, 
1 H, CHS),6.10-5.37 (m, 1 H,CHCHS), 5.55 (s, 5 H, C5H5), 3.73 
(AMX multiplet, J = 8,2,2 Hz, 1 H, =CH anti to cobalt), 2.40 
(s, 3 H, St-CH3), 1.12 (doublet of doublets, J = 10, 2 Hz, 1 H, 
=CH syn to cobalt). 


Anal. Calcd for C9H12BCoF4S: C, 36.28; H, 4.03. Found: C, 
35.83; H, 4.05. 


(S-Methyl-2-phenylpropenet hial) (r-cyclopentadieny1)- 
cobalt Tetrafluoroborate (VIb). (2-Phenylpropenethial)(a- 
cyclopentadieny1)cobalt (300 mg, 1.10 mmol) was treated with 
trimethyloxonium tetrafluoroborate (163 mg, 1.10 mmol) in the 
same manner as described for the synthesis of VIa. The (S- 
methyl-2-pheny1propenethial)cobalt salt was obtained as a dark 
red solid (402.9 mg, 1.08 mmol,98.0%): mp 128-131 "C; IR (KBr) 
3100-2800 (w), 1410 (m, C5H5), 1380 (m, C5H5), 1300 (w), 1270 
(w), 1020 (vs, br, BF4-), 830 (m, C5H5), 755 (m) cm-'; UV max 
(CHSCN) 316 nm (c 4.56 X 1@), 257 (2.06 X 1@), 227 (1.42 X lo4); 
'H NMR (CDC13, 60 MHz) 6 7.97-7.20 (m, 6 H, CHS, C&), 5.37 
(s,5 H, C5H5), 4.12 (doublet of doublets, J = 4, 2 Hz, 1 H, =CH 
anti to cobalt), 2.67 (s, 3 H, St-CH3), 0.90 (d, J = 4 Hz, 1 H, syn 
to cobalt). 


Anal. Calcd for C15H16BCoF4S: C, 48.15; H, 4.28. Found: C, 
48.38; H, 4.54. 


(S-Ethyl-2-phenylpropenethial) (r-cyclopentadieny1)co- 
balt Tetrafluoroborate (VIb'). The salt obtained by the 
treatment of (2-phenylpropenethial)(a-cyclopentadienyl)cobalt 
(300 mg, 1.10 mmol) with triethyloxonium tetrafluoroborate (163 
mg, 1.10 "01) was a brick red solid (419 mg, 1.08 mmol,98.0%): 
mp 130-134 "C; IR (KBr) 3400 (m, br, H20), 3100 (w), 3050 (w, 
C5H5), 2960 (w), 2920 (w), 1440 (m, C5H5), 1400 (m), 1380 (m, 
C5H5), 1260 (m), 1030 (vs, br, BF4-), 840 (s, C5H5), 755 (s), 680 
(m) cm-'; UV max (CH,CN), 317 nm (e  4.47 X lo3), 259 (2.13 X 
lo4), 226 (1.59 X lo4); 'H NMR (CDCI,, 60 MHz) 6 8.02-7.15 (m, 
6 H, CsH5, CHS), 5.37 (s, 5 H, C5H5), 4.17 (doublet of doublets, 
J = 4, 2 Hz, 1 H, =CH anti to cobalt), 3.07 (9, J = 7 Hz, 2 H 


Hz, 1 H, =CH syn to cobalt). 
Anal. Calcd for Cl6HI8BCoF4S + 0.6H20: C, 48.17; H, 4.82. 


Found: C, 48.64; H, 5.32. 
(S -Methyl-2-~-naphthylpropenethial)(r-cyclo- 


pentadieny1)cobalt Tetrafluoroborate (VIc). (2-p- 
Naphthylpropenethial)(a-cyclopentadieny1)cobalt (300 mg, 0.93 
"01) was treated with trimethyloxonium tetrafluoroborate (138 
mg, 0.93 mmol) to give a brick red solid (387 mg, 0.913 mmol, 
98.0%): mp 57-60 "C; IR (KBr) 3100 (w), 3050 (w, C5H5), 2900 
(w), 1420 (m, C,&), 1400 (w), 1390 (w, C5H5), 1030 (vs, br, BF4-), 
840 (w, Cd-€5), 800 (w) cm-'; UV max (CH3CN) 250 (sh) nm (e 2.71 
X lo4), 226 (4.22 X lo4); 'H NMR (CDCl,, 60 MHz) 6 7.2G8.30 
(m, 8 H, C&,, CHS), 5.33 (s,5 H, Ca5) ,  4.23 (doublet of doublets, 
J = 4, 2 Hz, 1 H, =CH anti to cobalt), 2.65 (s,3 H, S+-CH3), 0.88 
(d, J = 4 Hz, 1 H, syn to cobalt). 


Anal. Calcd for C19H18BCoF4S: C, 53.80; H, 4.28. Found: C, 
54.30; H, 4.86. 


NMR (CDC13, 60 MHz) 6 6.93 (9, 1 H, CHS), 4.80 (9, 5 H, C5H5), 


S+CH&H3), 1.50 (t, J = 7 Hz, 3 H, StCH2CH3), 0.91 (d, J = 4 


Pentane and hexane were washed successively with sulfuric acid, 
water, saturated aqueous sodium bicarbonate, and water, dried 
(MgS04), and distilled from Linde molecular sieves, type 4A. 
Ethyl ether and nitromethane were distilled from calcium hydride 
and stored over Linde molecular sieves, type 4A. Acetone, ace- 
tonitrile, chloroform, methylene chloride, and methanol were dried 
over Linde molecular sieves, type 4A. Solvents were degassed 
by passing nitrogen or argon through them for 15-30 min prior 
to use. 


Trimethyloxonium tetrafluoroborate (Alfa-Ventron, freshly 
opened sample), triethyloxonium tetrafluoroborate (Alfa-Ventron), 
triethyloxonium hexafluorophosphate (Alfa-Ventron), silver 
tetrafluoroborate (Alfa-Ventron), iron pentacarbonyl (Strem 
Chemid ,  Inc.), and (r-cyclopentadieny1)cobalt dicarbonyl (Strem 
Chemicals, Inc.) were used as obtained. 


The photochemical irradiation was done by means of a 450-W 
high-pressure mercury arc lamp (Hanovia 679A/36). The cooling 
system used for the photolyses consisted of a Blue M Electric Co. 
portable cooling unit (Model PCC-13A-3) and an ethylene glycol 
bath. 


(Propenethial)(a-cyclopentadienyl)cobalt, (2-ethyl-2-butene- 
thial) (a-cyclopentadienyl)cobalt, and (2-phenylpropenethial) (a- 
cyclopentadieny1)cobalt were prepared as previously described.8 
However, ether is the preferred solvent for the preparation of the 
complexes instead of the hexane used earlier." Its use is illustrated 
in the following preparations which include a more detailed 
procedure for the synthesis of the 2-phenylpropenethial complex. 


(r-Cyclopentadienyl)(2-phenylpropenethial)cobalt (Vb). 
3-Phenylthiete (1.30 g, 8.87 mmol) and cyclopentadienylcobalt 
dicarbonyl(3.2 g, 17.6 mmol) were disolved in dry, degassed ether 
(500 mL) in a photolysis vessel cooled in a bath at -10 "C. The 
reaction mixture was photolyzed with a high-pressure mercury 
lamp (Corex filter) under argon for 20 h dter  which it was fiitered 
through a plug of glass wool and the solvent removed under 
reduced pressure (water aspirator) at 20 "C. The resulting dark 
oil was chromatographed on Woelm neutral alumina (activity 11). 
Unreacted cyclopentadienylcobalt dicarbonyl (1.2-1.5 g) was eluted 
with pentane as a reddish brown band. Elution with ether gave 
the enethial complex (brown band); the solution was concentrated 
to give a brown solid (2.0-2.2 g, 7.4-8.1 mmol, 83.3-91.7%). The 
material could be purified by sublimation (75 "C (0.02 mm)) to 
give a light brown, crystalline solid mp 58-60 OC; IR (KBr) 3080 
(m), 3050 (m, C$-15), 3000 (m), 2950 (m), 1600 (w), 1500 (m), 1460 
(m, C=C), 1440 (m, C5H5), 1415 (m), 1380 (w, C5H5), 1360 (w, 
C=CH2), 1230 (m), 1120 (m, C5H5), 1060 (m, C=S), 1020 (m, 
C5H5), lo00 (m, C5H5), 920 (m), 900 (w, C=CH2), 880 (s), 820 (s, 
C5H5), 785 (s), 770 (s), 700 (s), 655 (m) cm-'; UV max (95% 
ethanol) 453 nm (e 1.11 X lo3), 306 (sh) (5.86 X lo3), 248 (2.04 
X lo4), 223 (1.96 X lo4); 'H NMR (CDCl,, 60 MHz) 6 7.80-7.10 
(m, 6 H, CsH5, CHS), 4.83 (8, 5 H, C5H5), 3.23 (s, 1 H, =CH anti 
to cobalt), 1.12 (s, 1 H, =CH syn to cobalt). 


Anal. Calcd for Cl4HI3CoS: C, 61.76; H, 4.78. Found C, 62.01; 
h, 4.98. 


(r-Cyclopentadienyl) (2-8-naphthylpropenethia1)cobalt 
(Vc). The (2-@-naphthylpropenethial)cobalt complex was ob- 
tained as a metallic golden crystalline solid in 80.9% yield ac- 
cording to the above procedure: mp 96-98 "C; IR (KBr) 3450 
(w, H20), 3100 (m), 3055 (s, C5H5), 2960 (s), 2900 (s), 2880 (s), 
2860 (s), 1595 (m), 1500 (m), 1460 (m, C=C), 1450 (m, C5H5), 1410 
(w), 1380 (m, C5H5), 1360 (m, C=CH2), 1285 (s), 1270 (s),1120 
(s),1110 (8, C$-15), 1070 (m, C=S), 1010 (m, C&H,), 990 (m, CsH5), 
945 (m, C5H5), 890 (m, C=CH2), 855 (m), 805 (s, C5H5), 740 (s), 
695 (m), 670 (m) cm-'; UV max (hexane) 453 nm (e 1.06 X lo3), 
294 (sh) (1.28 X lo4), 245 (sh) (2.72 X lo4), 225 (4.8 X lo4); 'H 
NMR (CDCl,, 60 MHz) 6 8.07-7.22 (m, 8 H, C10H7, CHS), 4.83 
(s, 5 H, C5H5), 3.36 (s, 1 H, ==CH anti to cobalt), 1.18 (s, 1 H, = C H  
syn to cobalt). 


Anal. Calcd for Cl8HI5CoS C, 67.08; H, 4.66. Found C, 67.55; 
H, 4.87. 
(1-Cycloheptenethiocarboxaldehyde) ( r - c y c l o -  


pentadieny1)cobalt (Ve). The enethial cobalt complex was 
obtained in 81.5% yield as a brown solid. The material was 
purified by sublimation (85 "C (0.02 mm)): mp 91-93 "C; IR 
(KBr) 3090 (w, C5H5), 2980 (m), 2950 (s), 2870 (m), 1580 (w), 1460 
(m, C=C), 1430 (m, C5H5), 1380 (m, C5H5), 1360 (w), 1290 (s), 
1275 (s), 1220 (w), 1165 (w), 1140 (m), 1120 (m, C5H5), 1080 (m, 







Cobalt Complexes of a,P- Unsaturated Thioaldehydes 


(S-Methyl-2-ethyl-2-butenethial)(r-cyclopentadienyl)co- 
balt Tetrafluoroborate (VId). Treatment of (2-ethyl-2-but- 
enethial)(r-cyclopentadieny1)cobalt (300 mg, 1.26 mmol) with 
trimethyloxonium tetrafluoroborate (185 mg, 1.26 mmol) gave 
a dark oil. The oil was dissolved in dry dichloromethane (5 mL) 
and added rapidly to dry, stirred ether (100 mL). The suspension 
was filtered, giving VId as a purple solid (419.6 mg, 1.23 mmol, 
98.0%): mp 138-141 OC; IR (KBr) 3100 (w), 3075 (w, Ca5) ,  2970 
(w), 2875 (w), 1420-1400 (m), 1375 (m, C a 5 ) ,  1350 (w), 1315 (w), 
1040 (vs, br, BF4-), 845 (s), 840-810 (s), 760 (w) cm-'; UV max 
(CH3CN) 305 (sh) nm (e 5.84 X lo3), 278 (1.32 X lo4), 207 (1.46 
X lo4); 'H NMR (CDC13, 60 MHz) 6 6.95 (8,  1 H, CHS), 5.28 (8,  


1.58 (br s, 4 H, =CHCH3), 1.32 (t, J = 7 Hz, 3 H, CHzCH3). 
Anal. Calcd for Cl2Hl8BCoF4S: C, 42.38; H, 5.30. Found: C, 


42.53; H, 5.56. 
(S-Ethyl-2-ethyl-2-butenethial)(r-cyclo~ntadienyl)cobalt 


Tetrafluoroborate (VId'). (2-Ethyl-2-butenethial)(r-cyclo- 
pentadieny1)cobalt (300 mg, 1.26 mmol) was treated with tri- 
ethyloxonium tetrafluoroborate (239 mg, 1.26 "01) as described 
for the synthesis of V h  The (S-ethyl-2-ethyl-2-butenethial)cobalt 
salt was obtained as a purple solid (437.0 mg, 1.235 mmol,98.0%): 
mp 87-91 "C; IR (KBr) 3040 (w, C5H5), 2960 (w), 2930 (w), 2870 
(w), 1440 (w, CsH5), 1400 (w), 1380 (w, C5Hs), 1030 (vs, br, BF4-), 
840 (m), 820 (m, C5H5) cm-'; UV max (CH3CN) 305 (sh) nm (e 
4.79 X 1@), 277 (1.13 X lo4), 208 (1.24 X lo4); 'H NMR (CDC13, 
60 MHz) 6 7.00 (e, 1 H, CHS), 5.33 ( 8 ,  5 H, C5H5), 2.13-3.12 (m, 
4 H, S+CHzCH3, CHzCH3), 1.13-1.80 (m, 10 H, S+CHzCH3, 


Anal. Calcd for C13H&CoF4S: C, 44.10; H, 5.65. Found C, 
44.33; H, 5.29. 
(S-Methyl-1-cycloheptenethiocarboxaldehyde) (r-cyclo- 


pentadieny1)cobalt Tetrafluoroborate (VIe). (1-Cyclo- 
heptenethiocarboxaldehyde) (r-cyclopentadieny1)cobalt (300 mg, 
1.14 "01) was treated with trimethyloxonium tetrafluoroborate 
(168 mg, 1.14 mmol) in degassed methylene chloride (20 mL) 
under nitrogen. Removal of the solvent gave VIe as a black solid 
(411.5 mg, 1.125 mmol, 99.0%) which was recrystallized from 
acetone-ether: mp 165-166 OC; IR (KBr) 3050 (w, C5H5), 2900 
(m), 2830 (w), 1420 (m, CSH5), 1390 (m, C5Hs), 1310 (w), 1040 (vs, 
br, BF,), 830 (m, CsH5), 810 (w), 780 (w) cm-'; UV max (CH3CN) 
304 (sh) nm (e 6.01 X lo3), 279 (1.12 X lo4), 219 (1.25 X lo4); 'H 


2.30 (s,3 H, S'CHd, 3.13-1.07 (complex multiplet, 11 H, -(CH3,-, 
=CH). 


Anal. Calcd for C14H&CoF4S: C, 45.94; H, 5.47. Found: C, 
46.64; H, 5.52. 


Alkylations with Methyl Iodide. (A) (2-Ethyl-2-butene- 
thial)(r-cyclopentadieny1)cobalt (50 mg, 0.21 "01) was dissolved 
in dry, degassed methylene chloride (20 mL) in an Erlenmeyer 
flask which had been flushed with argon. Methyl iodide (60 mg, 
0.42 mmol) was added and the solution stirred for 4 h at  room 
temperature. The excess methyl iodide and the solvent were 
removed under reduced pressure (water aspirator) to give a dark 
brown oil. The oil was dissolved in dry methylene chloride (2 
mL) and poured rapidly into dry ether (100 mL). The suspension 
was filtered giving the (S-methyl-2-ethyl-2-butenethial)cobalt 
iodide salt as a brown solid (40 mg, 0.105 mmol, 50.0%). The 
solid decomposes on standing to a dark brown solid which is 
insoluble in organic solvents (e.g., ether, acetone, dimethyl sul- 
foxide) and in water. The material decomposed without melting: 
IR (KBr) 3050 (m, C5H5), 2960 (m), 1445 (m, C=C), 1420 (m, 
C5Hs), 1395 (m), 1370 (m, CsH6), 1305 (m), 1100 (w, C5H5), 1070 
(w, C=S), 1030 (m), 1005 (m, C5H5), 970 (m, C5H5), 940 (w), 845 
(s), 820 (m, C5H5), 800 (w), 760 (w) cm-'; UV max (CH,CN) 304 
(sh) nm (e 4.48 X 1@), 277 (1.07 X lo"), 245 (1.59 X lo4), 207 (3.03 
X lo4); 'H NMR (CD&N, 60 MHz) 13 6.67 (a, 1 H, CHS), 5.30 (s, 


1.57 (br s, 4 H, CHCH,), 1.26 (t, J = 7 Hz, 3 H, CH2CH3). 
(B) (2-Phenylpropenethial)(r-cyclopentadienyl)cobalt (100 mg, 


0.368 mmol) was treated with methyl iodide (156 mg, 1.10 "01) 
as above, and the solution was stirred for 5 h at room temperature. 
A black solid was removed by filtration. The solvent and excess 
methyl iodide were removed under reduced pressure (water as- 
pirator) to give the (S-methyl-2-pheny1propenethial)cobalt iodide 
salt as a brown solid which on standing became insoluble in organic 


5 H, Cas) ,  2.59 (9, J = 7 Hz, 2 H, CHZCHd, 2.47 ( ~ , 3  H, S+CH3), 


CHZCH,, CHCH,). 


NMR (CDaCN, 60 MHz) 6 6.62 ( ~ , 1  H, CHS), 5.34 ( ~ , 5  H, C5H5), 


5 H, Cas ) ,  2.47 (4, J = 7 Hz, 2 H, CHZCH,), 2.28 ( ~ , 3  H, S+CH3), 
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solvents (e.g., ether, acetone, dimethyl sulfoxide) and in water: 
IR (KBr) 3440 (8, br, HzO), 3070 (a), 3045 (8, CJ-15), 2970 (s), 2900 
(m), 1480 (w), 1450 (w, C=C), 1430 (m, C5H5), 1410 (m), 1395 
(s), 1380 (m, C5H6), 1305 (m), 1250 (m), 1200 (w), 1090 (m), 1070 


C5HS), 755 (4,680 (81,640 (w) cm-'; UV max (CH,CN) 313 (sh) 
nm (e 4.67 X 1@), 247 (2.52 X lo"), 230 (sh) (1.70 X lo"); 'H NMR 
(CD3CN, 60 MHz) 6 8.02-7.25 (m, 6 H, CBHS, CHS), 5.35 (s,5 H, 
C5H5), 4.25 (doublet of doublets, J = 4, 2 Hz, 1 H, = C H  anti to 
cobalt), 2.58 (s,3 H, S'CHJ, 0.93 (d, J = 4 Hz, 1 H, syn to cobalt). 


(2-Phenylpropenet)(r-cyclopentadienyl)cobalt (50 mg, 0.184 
mmol) was treated with methyl iodide (26 mg, 0.184 mmol) as 
described above. After the solution had stirred for 10 h at  room 
temperature, silver tetrafluoroborate (39.6 mg, 0.202 mmol) was 
added and the suspension was stirred overnight. A brown solid 
was removed by filtration. The solvent was removed under re- 
duced pressure (water aspirator) to give a brick red solid (32 mg, 
0.086 mmol, 46.5%) which was identified as the (S-methyl-2- 
pheny1propenethial)cobalt tetrafluoroborate salt VIb from its 
infrared and 'H NMR spectra.& 


Reactions of (2-Ethyl-2-butenethial)(r-cyclo- 
pentadieny1)cobalt with Methyl Iodide and Silver Tetra- 
fluoroborate. (A) (2-Ethyl-2-butenethial)(r-cyclo- 
pentadieny1)cobalt (50 mg, 0.21 mmol) and methyl iodide (29.8 
mg, 0.21 "01) were dissolved in dry, degassed methylene chloride 
(20 mL) in an Erlenmeyer flask, which had been flushed with 
argon. Silver tetrafluoroborate (40.9 mg, 0.21 mmol) was added, 
and the suspension was stirred for 1 h at  room temperature. A 
brown solid was filtered from the reaction mixture, and the solvent 
was removed under reduced pressure (water aspirator) to give a 
dark oil. The oil was dissolved in dry methylene chloride (3 mL) 
and the mixture added rapidly to stirred, dry ether (100 mL). A 
brown solid was removed by filtration. The infrared, ultravio- 
let-visible, and 'H NMR spectra are identical with those of the 
(2-ethyl-2-butenethial)dicobalt salt VI1 which was obtained from 
the reaction of (2-ethyl-2-butenethial) (r-cyclopentadieny1)cobalt 
with trityl tetrafluoroborate.& No (S-methyl-2-ethyl-2-butene- 
thial)cobalt salt was obtained. 


(B) (2-Ethyl-2-butenethial) (r-cyclopentadieny1)cobalt (50 mg, 
0.21 "01) was dissolved in dry, degassed methylene chloride (15 
mL). Methyl iodide (29.8 mg, 0.21 mmol) was added and the 
solution stirred for 4 h at  room temperature. Silver tetra- 
fluoroborate (50.9 mg, 0.26 mmol) was added, and the suspension 
was stirred overnight. A brown solid was filtered from the reaction 
mixture, and the solvent was removed under reduced pressure 
(water aspirator) to give a brown oil. The oil was dissolved in 
dry acetone (2 mL) and the mixture poured into stirred, dry ether 
(100 mL). Filtration of the resulting suspension gave a purple 
solid (42 mg, 0.12 mmol, 58.8%) which was identified as the 
(S-methyl-2-ethyl-2-butenethial)cobalt tetrafluoroborate salt VId 
from its infrared and 'H NMR spectra. 


Reaction of (2-Ethyl-2-butenethial)(r-cyclo- 
pentadieny1)cobalt with Silver Tetrafluoroborate. (2- 
Ethyl-2-butenethial)(r-cyclopentadienyl)cobalt (100 mg, 0.42 
mmol) was dissolved in dry, degassed methylene chloride (15 mL) 
in an Erlenmeyer flask, which was equipped with a magnetic 
stirrer and which had been flushed with nitrogen. Silver tetra- 
fluoroborate (40.9 mg, 0.21 mmol) was added and the suspension 
stirred for 4 h at room temperature. Solid impurities were re- 
moved by filtration. The filtrate was concentrated to ca. 3 mL 
and poured into stirred, dry ether (150 mL). Filtration of the 
suspension gave a brown solid which was precipitated twice from 
acetone-ether to give (2-ethyl-2-butenethial)dicobalt salt VI1 as 
a brown solid (61 mg, 0.136 mmol, 64.9%). Ultraviolet-visible, 
infrared, and 'H NMR spectra are identical with those of VI1 
obtained from treatment of the (2-ethyl-2-butenethia1)cobalt 
complex with trityl ion.& 


Mercuric Chloride Adduct (VIIIa) of (2-Ethyl-2-butene- 
thial)(r-cyclopentadieny1)cobalt. (2-Ethyl-2-butenethial)(r- 
cyclopentadieny1)cobalt (Vd) (50 mg, 0.21 mmol) was dissolved 
in dry, degassed acetone (10 mL) in an Erlenmeyer flask, which 
was equipped with a magnetic stirrer and which had been flushed 
with nitrogen. Mercuric chloride (57 mg, 0.21 mmol) was added. 
The reaction mixture immediately turned dark green and within 
a few seconds a precipiate formed. After being stirred for 15 min, 
the mixture was filtered and the solid was washed with acetone. 


(9, C=S), 1030 (s), 1010 (9, CEHs), 990 (8,  CSHS) 890 (s), 820 (9, 
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The mercuric chloride adduct VIIIa was obtained as a green solid 
(80.0 mg, 0.157 mmol, 74.8%): mp >300 O C ;  IR (KBr) 3080 (w), 
3040 (w, C5H5), 2960 (w), 2860 (w), 1630 (w, br), 1455 (w), 1420 


CsHd, 1050 (w), 1020 (m), 1010 (m, C ~ H , ) ,  980 (w, CSHS), 950 (w, 
CsHS), 880 (w), 840 (s), 820 (s), 810 (8 ,  C6Hs), 790 (w) cm-'; 'H 


CSH6), 1.43 (br s, 4 H, CHCH3), 1.21 (t, J = 7 Hz, 3 H, CH2CH8). 
Anal. Calcd for ClIHlSC12CoHgS: C, 25.90; H, 2.94. Found: 


Mercuric Chloride Adduct (VIIIb) of (2-Phenyl- 
propenethial)(r-cyclopentadieny1)cobalt. (2-Phenyl- 
propenethial)(myclopentadienyl)cobalt (Vb) (50 mg, 0.184 "01) 
was treated with mercuric chloride (49.9 mg, 0.184 mmol) as 
described for the synthesis of VIII. Addition of the mercuric 
chloride caused an immediate change in color to green, and solid 
began to precipitate within 10 min. After having been stirred 
for 45 min at room temperature, the reaction mixture was fitered 
and the solid was washed with acetone. The mercuric chloride 
adduct VIIIb was obtained as a yellow-green solid (70.0 mg, 0.129 
mmol,70.1%): mp >300 OC; IR (KBr) 3080 (w), 3030 (w, C5Hs), 
2970 (w), 1640 (w, br), 1500 (w, br), 1430 (w, C a d ,  1390 (w, C a d ,  
1190 (w), 1100 (w, C,H5), 1070 (w), 1050 (w), 1030 (w), lo00 (m, 


(w, C&), 1390 (w), 1380 (w, C&), 1360 (w), 1340 (w), 1100 (w, 


NMR (Me2SO-d6, 60 MHz) 6 7.08 (8,  1 H, CHS), 5.20 (8, 5 H, 


c, 25.82; H, 2.86. 


C5H5), 985 (m, c5H6), 920 (m), 860 (w), 840 (81,815 (s, c&6), 765 
(s), 745 (s),680 (s), 640 (m) cm-';'H NMR (Me$O-d6,60 MHz) 
6 7.92-7.22 (m, 6 H, C & , ,  CHS), 5.18 (9,s H, C6H6), 3.78 (br m, 
1 H, =CH anti to cobalt), 0.93 (br s, 1 H, =CH syn to cobalt). 


Anal. Calcd for C14H13C12CoHgS: C, 30.90; H, 2.39. Found: 
C, 29.99; H, 2.62. 
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Treatment of the cation (?r-cyclopentadienyl) [S-methyl(or S-ethyl)-2-phenylpropenethial]cobalt tetra- 
fluoroborate with cyanide ion in organic solvents apparently generates an anion of methyl (or ethyl) 
2-phenylpropenyl sulfide which can be protonated by reaction with deuterated nitromethane. A similar 
treatment with potassium thiocyanate ion gave complex and unidentified organic products and an inorganic 
substance believed to be K2Co(NCS)4. 


VP Introduction 
As reported in the  previous paper,2 attachment of 


electrophiles t o  the  sulfur atom in cobalt complexes of 
enethials yields new and unusual ligand types, and a goal 
of this investigation was the  study of the free ligand by 


Ph 


s y R  (C2H514N+CN- I BF,- CH3CN - CH2=C-CH2SR + 
I1 


removing the  transition metal. Ph 


Results and Discussion 
Reaction of S-Alkyl Enethial Cations with Cyanide 


Ion. In an attempt to remove the cyclopentadienylcobalt 
moiety and to free the S-alkyl enethial cation, we treated 
complex Ib or Ib'with tetraethylammonium cyanide in 
acetonitrile a t  room temperature. When 6 equiv of cyanide 
ion were used, allyl sulfide I1 and vinyl sulfide I11 were 
obtained. Spectroscopic evidence also indicated the for- 
mation of tetraethylammonium cyclopentadienyltri- 
cyanocobaltate. This  compound has been obtained by 
treatment of (a-cyclopentadieny1)cobalt dicarbonyl with 
excess cyanide ions.3 


H 


l b ,  R = CH, 
b', R = C,H, 


Ph 
I 


CH,C=CHSR + (C,H~I,N*CPCO(CN); + (c~H~),N+BF,- 


Vinyl sulfide III is obtained as the E isomer since it lacks 
the absorption a t  6 5.95 in the 'H NMR spectrum of the 
2 isomer.4 An independent synthesis of I1 (R = C&) was 
achieved by treatment of a-bromomethylstyrene with 
ethanethiol in the presence of base. Its 'H NMR and IR 
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Cobalt Complexes of a$- Unsaturated Thioaldehydes 


spectra are identical with those obtained for the product 
of the cyanide reaction. An elemental analysis for the solid 
mercuric chloride derivative of I1 (R = C2H5) was satis- 
factory. The spectroscopic data for the S-methyl derivative 
I1 are similar in every respect except for the absorptions 
originating from the methyl group. 


Comparison of the allyl and vinyl sulfide products with 
the initial cobalt salt shows that an extra hydrogen atom 
has become attached to the ligand backbone. That this 
proton does not originate from the acetonitrile solvent was 
established by the use of deuterated acetonitrile, pK, = 
25;5 no deuterium incorporation into the products was 
indicated by the proton NMR spectra. The extra proton 
was not introduced during the aqueous workup of the 
reaction mixture since no deuterium incorporation was 
observed when D20 was used. Proton donation via an E2 
elimination reaction from the tetraethylammonium ion is 
unlikely since switching to the tetramethylammonium salt 
did not change the results. Since the a-protons of sulfo- 
nium salts are acidic, we suggest that the extra proton in 
the products may originate from the S-methyl or S-ethyl 
group in Ib or b'. If this is so, half of the starting material 
is playing proton donor to the other half and the yields 
of sulfide products should not be greater than 50%. Sig- 
nificantly, the yields were typically 40-48%. Addition of 
a better proton donor than the S-alkyl groups should in- 
crease the yields in proportion to the extent to which the 
added proton donor is involved. Nitromethane (pK, = 
is presumably a stronger carbon acid than the sulfonium 
salts;6 and when the reaction was done in nitromethane- 
methylene chloride, the yields improved to 85-90%. Fi- 
nally, when deuterated nitromethane is used, deuterium 
is found in the allylic position in the sulfide products. 
These results imply that treatment of the S-alkyl enethial 
salts with cyanide ion yields an allyl sulfide carbanion 
which abstracts a proton from an available acidic site 
(>+S-CH2R or CH3NOJ. This is a somewhat unique way 
of generating allyl sulfide anions since they normally are 
obtained by treating an allyl sulfide with a very strong base 
such as an alkyllithium reagent.' By comparison, cyanide 
ion is a very weak base. The ylide presumably formed by 
proton abstraction from the S-alkyl group in the salt is 
apparently unstable and could not be isolated or trapped. 
Scheme I gives a rationalization of the results. A key 
intermediate may involve a cobalt-carbon u bond (e.g., IV) 
although a cobalt allyl sulfide anion complex (V) may be 
written also. Displacements by cyanide ion involving co- 
balt-carbon u bonds in vitamin B12 were once thought to 
be direct but are now believed to be more complex.* Much 
of vitamin B12 chemistry probably involves radical inter- 
mediates.8 We do not think that allyl sulfide radicals are 
involved in our reactions since they presumably should 
have abstracted deuterium atoms from CD3CN since 
cyanoalkyl radicals are relatively stable. The Q value, 
which is related to the stability of radicals, for acrylonitrile 
is +0.60 (i.e., for RCH2CHCN),g and the cyano group is 
known to remove spin density (14.5%) from an alkyl 
carbon radical site.1° 


When the S-methyl salt Ib was treated with 1 equiv of 
tetraethylammonium cyanide, an unstable red oil was 


(5) R. G. Peamon and R. L. Dillon, J. Am. Chem. SOC., 75,2439 (1953). 
(6) C. J. M. Stirling in 'Organic Chemistry of Sulfur", S. Oae, Ed., 


(7) E. Block, 'Reactions of Organosulfur Compounds", Academic 


(8) For a review see R. H. Abeles and D. Dolphin, Acc. Chem. Res., 


(9) L. J. Young in "Polymer Handbook", J. Brandrup and E. H. Im- 


(10) H. Fischer, Z. Nnturforsch., A, 19A, 866 (1964); ZOA, 428 (1965). 


Plenum Press, New York, 1977, p 486. 


Press, New York, 1978, Chapter 2. 


9, 114 (1976). 


mergut, Eds., Interscience, New York, 1966, pp 11-352. 
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Scheme I 


CP CN 


Cp CN 


c o  + 
\ /  


H 
IV 


NC-CO-CN 


obtained which showed absorption for cyanide in the in- 
frared at  2090 cm-l which may be attributable to a co- 
bdt-cyanide bond." Strong absorption at 1050 cm-l for 
the tetrafluoroborate anion was absent. The W spectrum 
of the red oil differed from that of the starting material. 
The proton NMR spectrum showed absorption at  6 
7.13-7.52 and a singlet a t  6 5.05 possibly representing 
absorption for the phenyl and cyclopentadienyl groups, 
respectively. The absorption of the latter group is inter- 
mediate between that of (~-cyclopentadienyl)(2-phenyl- 
propenethia1)cobalt (6 4.83)2 and the S-alkyl salt Ib (6 
5.37),2 indicating a possible decrease in the electron 
withdrawal from cobalt effected by complexing with 
cyanide ion. These data are consistent with those of a 
monocyano complex, IV or V (Scheme I). A monocyano 
cobalt cyclopentadienyl diiodide complex, obtained by 
treatment of (r-cyclopentadieny1)cobalt carbonyl diiodide 
with cyanide ion, is reported to be unstable 


Reaction with Thiocyanate. Potassium thiocyanate 
also reacts with Ib. The organic products were complex 
as indicated by spectroscopic data. A blue, inorganic solid 
was obtained which appears to be K2Co(NCS)4 by com- 
parison of its infrared and UV spectrum with those of 
tetraethylammonium or tetramethylammonium tetrakis- 
(isothiocyanato)cobaltate(1I).l2 The difference in the 
reaction of cyanide ion, which yields a cobalt(II1) deriva- 
tive, and thiocyanate, which yields a cobalt(I1) derivative, 
may be related to the observation that cobalt(II1) is gen- 
erally stable only when complexed to strong field ligands; 
otherwise, it acts as an oxidizing agent (toward the ligand 
or other species present), and reactions involving it result 
in isolation of cobalt(I1) salts.I3 Since cyanide ion is a 
strong field ligand whereas thiocyanate is not, the differ- 


(11) T. Funabiki and K. Tarama, Bull. Chem. SOC. Jpn., 45, 2945 
(1972). 


(12) K. Nakamoto, 'Infrared Spectra of Inorganic and Coordination 
Compounds", 2nd ed., Wiley-Interscience, New York, 1970, p 188. A. 
Sabatini and I. Bertini, Inorg. Chem., 4, 959 (1965); F. A Cotton, D. M. 
L. Goodgame, M. Goodgame, and A. Sacco, J. Am. Chem. Soc., 83,4157 
(1961). 


(13) J. E. Huheey, "Inorganic Chemistry", Harper and Row, New 
York, 1972, p 306 ff, 449 ff. P. J. Durant and B. Durant, "Introduction 
to Advanced Inorganic Chemistry", 2nd ed., Wiley, New York, 1970, pp 
970, 1083. 
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ence in the two reactions is understandable. Any cobalt- 
(111) formed in the thiocyanate reaction is probably con- 
verted to cobalt(I1) with concomitant oxidation of the 
organic ligands or thiocyanate to unknown materials. 


Treatment of Ib with sodium methoxide, potassium 
tert-butoxide and lithium aluminum hydride decomposed 
the salt to unidentified materials. 


Experimental Section 
Elemental analyses were obtained from Micro-Analysis, Inc., 


Wilmington, DE. Melting points were taken on a Mel-Temp 
melting point apparatus and are uncorrected. Infrared spectra 
were obtained on a Perkin-Elmer 710B infrared spectrometer; 
absorptions are classified as very strong (vs), strong (s), medium 
(m), or weak (w). Ultraviolet and visible spectra were recorded 
on a Cary 118 ultraviolet and visible spectrometer. The proton 
NMR spectra were obtained on a Varian T-60 spectrometer. The 
chemical shifts are reported in parts per million downfield from 
the internal standard tetramethylsilane (Me,Si). Tetraethyl- 
ammonium cyanide (Fluka), and potassium thiocyanate (J. T. 
Baker Chemical Co) were used as obtained. 


Reaction of (S-Methyl-2-phenylpropenethial)(r-cyclo- 
pentadieny1)cobalt Tetrafluoroborate with Excess Cyanide. 
(A) (5'-Methyl-2-phenylpropenethial) (r-cyclopentadieny1)cobalt 
tetrafluoroborate (Ib) (270 mg, 0.696 "01) was dissolved in dry, 
degassed methylene chloride (40 mL). Tetraethylammonium 
cyanide (652 mg, 4.17 mmol) was added, and the solution was 
stirred for 30 min at room temperature, during which it became 
dark brown. The reaction mixture was poured into water (100 
mL)-methylene chloride (150 mL). The methylene chloride layer 
was separated, washed with water (2 X 50 mL), and dried over 
anhydrous magnesium sulfate. The solvent was removed under 
reduced pressure (water aspirator) to give a brown oil which was 
extracted with pentane. Removal of the pentane gave a mixture 
of methyl 2-phenyl-2-propenyl sulfide, 11, and (E)-methyl 2- 
phenyl-1-propenyl sulfide as a yellow oil (51.4-54.7 mg, 45.0- 
47.9%; II/III from 73:27 to 1WO): IR (thin film) 3400 (w, br, 
HzO), 3080 (m), 3050 (m), 3030 (m), 2960 (s), 2910 (s), 2880 (m), 
2860 (m), 2830 (w), 1790 (w, C=CH2), 1720 (m), 1660 (w), 1615 


C=CHJ, 1395 (w), 1370 (m), 1305 (m), 1290 (m), 1225 (m), 1150 
(w), 1120 (w), 1095 (w), 1065 (w), 1020 (m), 975 (m), 950 (w), 895 
(8, C=CH2), 800 (w, C=CHR3), 765 (s), 740 (s), 685 (8) cm-';'H 
NMR (CDC13, 60 MHz) 6 7.13-7.55 (m, 5 H, C a b ) ,  6.21 (s, 0.27 
H, =CHSCH3), 5.40 (8, 0.73 H, =CH2 hydrogen cis to phenyl 
group), 5.14 (s,0.73 H, =CH2 hydrogen trans to phenyl group), 


(m, C=CCsHb), 1580 (m), 1565 (W), 1485 (S), 1435 (S), 1415 (8 ,  


3.55 (8, 1.46 H, CHZSCH,), 2.33 (8, 0.81 H, =CHSCH,), 2.12 (8, 


0.81 H, CH,C=), 2.02 (9, 2.19 H, CHzSCH3). 
(B) Salt Ib (100 mg, 0.267 mmol) was treated with tetra- 


ethylammonium cyanide (250 mg, 1.6 mmol) in dry acetonitrile 
(20 mL). A mixture of methyl 2-phenyl-2-propenyl sulfide, 11, 
and @)-methyl 2-phenyl-1-propenyl sulfide, 111, was obtained as 
a yellow oil (20.5 mg, 46.8%, II/III = 9O:lO); the 'H NMR 
spectrum of the mixture was similar to that obtained from the 
previous reaction. 


The reaction was repeated in deuterated acetonitrile. A mixture 
of I1 and I11 was obtained as a yellow oil (19 mg, 43%, II/III = 
80:20). The relative areas of the absorptions in the 'H NMR 
spectrum were unchanged, indicating no deuterium incorporation. 


(C) Salt Ib (100 mg, 0.267 mmol) was treated with tetra- 
ethylammonium cyanide (250 mg, 1.6 "01) in methylene chloride 
(15 mL) as previously described. The reaction mixture was poured 
into methylene chloride-deuterium oxide. Separation of the 
methylene chloride layer, and removal of the solvent gave a brown 
oil. The oil was extracted with pentane and the solvent was 
removed. The sulfide mixture was obtained as a yellow oil (21 
mg, 48%); the relative areas of the absorptions in the 'H NMR 
spectrum were unchanged, indicating no deuterium incorporation. 


(D) Salt Ib (125 mg, 0.334 mmol) was treated with tetra- 
methylammonium cyanide (120 mg, 2.01 "01) in dry acetonitrile 
(20 mL) as previously described. A mixture of allylic sulfide I1 
and vinylic sulfide I11 was obtained as a yellow oil (22 mg, 40.1 % , 
II/III = 7525). 


(E) Salt Ib (70 mg, 0.187 mmol) was treated with tetraethyl- 
ammonium cyanide (175 mg, 1.12 mmol) in methylene chloride 


Parker and Dittmer 


(15 mL)-nitromethane (5 mL), as previously described. A mixture 
of I1 and I11 was obtained as a yellow oil (27.8 mg, 90%, II/III 
= 955). 


(F) The above reaction was repeated with deuterated nitro- 
methane in place of nitromethane. A mixture of allylic sulfide 
I1 and vinylic sulfide I11 was obtained as a yellow oil (27.4 mg, 
88.3%, II/III = 955): 'H NMR (CDC13, 60 MHz) 6 7.13-7.55 (m, 


hydrogen cis to phenyl group), 5.14 (e, 0.95 H, =CHz hydrogen 
trans to phenyl group), 3.55 (s, 0.95 H, =CCHDS), 2.33 (s, 0.15 
H, =CHSCH,), 2.12 (8, 0.10 H, =CCH$), 2.02 (s, 2.85 H, 
CHzDSCH3). The reaction mixture was poured into water- 
methylene chloride. The aqueous layer was separated and the 
water was removed to give an orange solid. The infrared and 'H 
NMR data indicate the orange solid is a mixture of tetraethyl- 
ammonium cyanide, tetraethylammonium tetrafluoroborate, and 
tetraethylammonium ( r-cyclopentadienyl)tricyanocobaltate(III)3 
(combined weight 140 mg, 80%). The components could not be 
separated by chromatography (silica gel): IR (KBr), 3370 (s, br, 
HzO), 3100 (w), 2980 (m), 2950 (w), 2890 (w), 2130 (m, CN), 2100 
(8, CN), 2060 (m, CN), 1700-1590 (s), 1480-1430 (s), 1390 (s), 1360 
(m), 1330 (w), 1310 (w), 1240 (w), 1220 (m), 1175 (m), 1165 (m), 
1090-lo00 (s, BF,-), 995 (s), 955 (m), 840 (m), 825 (w), 780 (s) 
cm-'; 'H NMR (D20, 60 MHz) 6 5.50 (8, 5 H, C5H5), 3.20 (9, J 
= 8 Hz, 45 H, NCH2CH3), 1.20 (triplet of triplets, J = 8, 2 Hz, 


Reaction of (S -Et hyl-2-phen ylpropenet hial) (r-cyclo- 
pentadieny1)cobalt Tetrafluoroborate with Excess Cyanide. 
(S-Ethyl-2-phenylpropenethial) (r-cyclopentadieny1)cobalt tet- 
ratluoroborate (230 mg, 0.593 "01) was dissolved in dry, degassed 
methylene chloride (40 mL). Tetraethylammonium cyanide (560 
mg, 3.56 mmol) was added, and the solution was stirred for 1 h 
at room temperature. After the workup described above, a yellow 
oil was obtained (50 mg, 0.281 mmol,47.3%): IR (thin f i b ) ,  3400 
(w, br, HzO), 3080 (m), 3060 (m), 3030 (m), 2960 (s), 2930 (s), 2860 
(m), 1800 (w, W H z ) ,  1720 (m), 1615 (m, c=cC6H5), 1590 (m), 
1570 (m), 1485 (m), 1440 (s), 1420 (w), 1375 (m), 1260 (m), 1225 
(m), 1110 (m), 1070 (s), 1030 (m), 895 ( 8 ,  C=CHz), 800 (w, C= 
CHR), 770 (s), 750 (s), 690 (8) cm-'; 'H NMR (CDC13 60 MHz) 
6 7.13-7.57 (m, 5 H, C6H5), 6.30 (s, 0.3 H, =CHSCH2CH3, z' 
isomer), 6.05 (s, 0.3 H, =CHSCHzCH3, E isomer), 5.38 (s,0.7 H, 
=CH2 hydrogen cis to phenyl group), 5.17 (s,0.7 H, =CH, hy- 
drogen trans to phenyl group), 3.58 (s,1.4 H, =C-CH#), 3.46-2.00 
(m, 4.4 H, =C-CH3 E and 2 isomers, ==CSCHz, E and 2 isomers, 
SCH2CH3), 1 .50 .96  (m, 3.9 H, S-CH2CH3). The mixture was 
chromatographed on silica gel (pentane, ether). Ethyl 2- 
phenyl-2-propenyl sulfide (elution with pentane) was obtained 
as a yellow oil (15 mg, 14.2%) 'H NMR (CDC13, 60 MHz) 6 
7.15-7.55 (m, 5 H, CsH5), 5.38 (8, 1 H, =CH, hydrogen cis to 
phenyl group), 5.17 (s, 1 H, =CH2 hydrogen trans to phenyl 


5 H, Cab),  6.21 (~,0.05 H, 4HSCH3,  E), 5.40 (~,0.95 H, 4 H 2  


67.5 H, NCH2CH3). 


POUP), 3.58 (8, 2 H, CHZSCHZCHS), 2.50 (9, J = 7 Hz, 2 H, 
CHpKYZZCHJ, 1.22 (t, J = 7 Hz, 3 H, CH2SCHzCH3). 


Ethyl 2-Phenyl-2-propenyl Sulfide (11, R = CZH5). a- 
Bromomethylstyrene" (1.97 g, 10.0 mmol) was added dropwise 
to a solution of ethanethiol(620 mg, 10.0 mmol) and 10 N aqueous 
sodium hydroxide (1 mL, 10.0 "01) in methanol (15 mL). The 
solution was stirred at room temperature for 1.5 h. Ether (75 mL) 
was added, and the precipitated sodium bromide was removed 
by filtration. The filtrate was washed with saturated sodium 
chloride solution and dried over anhydrous magnesium sulfate 
and the solvent removed under reduced pressure (water aspirator). 
Ethyl 2-phenyl-2-propenyl sulfide was obtained as a yellow oil 
(1.65 g, 9.27 mmol, 92.7%): IR (thin film) 3080 (w), 3050 (w), 
3325 (w), 2960 (m), 2920 (m), 2860 (w), 1600 (w, br), 1480 (m), 
1435 (m), 1415 (m), 1390 (w), 1360 (w), 1290 (w), 1255 (m), 1220 
(m), 1050 (s, br), 1020 (s), 970 (w), 890 (s), 790 (m), 760 (s), 740 
(m), 680 (s) cm-'; 'H NMR (CDCl3, 60 MHz) 6 7.58-7.13 (m, 5 
H, C6H6), 5.44 (8, 1 H, =CH cis to phenyl group), 5.19 (s, 1 H, 
=CH trans to phenyl group), 3.59 (8, 2 H, =CCHzS), 2.50 (4, J 


The liquid sulfide (30 mg, 0.168 "01) was converted to a solid 
derivative by dissolving it in methylene chloride (2 mL) and 
shaking the mixture with a saturated, aqueous solution of mercuric 


= 7 Hz, 2 H, SCHZCH,), 1.22 (t, J = 7 Hz, 3 H, SCH2CH3). 


(14) S. F. Reed, Jr., J. Org. Chem., 30, 3258 (1965). 
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chloride (20 mL). A white solid precipitated within 1 min. The 
suspension was filtered and the solid washed with methylene 
chloride (20 mL) to give the bis(mercuric chloride) adduct of ethyl 
2-phenyl-2-propenyl sulfide as a white solid (110 mg, 0.152 "01, 
90.9%): mp 123-124 "C; 'H NMR (MezSO-d6, 60 MHz) 6 
7.13-7.62 (m, 5 H, C&), 5.43 (8, 1 H, =CHz hydrogen cis to 
phenyl group), 5.21 (s, 1 H, =CH2 hydrogen trans to phenyl 
group), 3.65 (s, 2 H, CH2SCH2CH3), 2.52 (9, J = 7 Hz, 2 H, 


Anal. Calcd for CllH14C14Hg2S: C, 18.31; H, 1.94; C1, 19.67. 
Found C, 18.05; H, 1.62; C1, 17.15.16 


Reaction of (S -Met hyl-2-phenylpropenet hial) (r-cyclo- 
pentadieny1)cobait Tetrafluoroborate with Equimolar 
Cyanide Ion. (S-Methyl-2-phenylpropenethial)(r-cyclo- 
pentadieny1)cobalt tetrafluoroborate (Ib) (175 mg, 0.468 mmol) 
was dissolved in dry, degassed acetonitrile (15 mL). Tetra- 
ethylammonium cyanide (73 mg, 0.468 "01) was added, and the 
reaction mixture was stirred at  room temperature for 30 min. 
During this time the solution became light red. The solvent was 
removed under reduced pressure (water aspirator). The resulting 
brown oil was chromatographed (silica gel, ether, acetone). A red 
oil (200 mg eluted with acetone) was obtained after solvent re- 
moval. The red oil is believed to be an impure monocyano adduct 
of I b  IR (thin film) 3400 (8, br, HzO), 2970 (s), 2940 (m), 2890 
(m), 2090 (m, CN), 1685 (s), 1670 (s), 1660 (s), 1650 (s), 1635 (s), 
1615 (s), 1450 (m), 1430 (m), 1415 (m), 1360 (s), 1340 (m), 1300 
(m), 1215 (m), 1165 (m), 1135 (s), 1015 (s), lo00 (m), 945 (m), 905 
(m), 890 (m), 820 (m), 780 (m), 750 (m) cm-'; UV max (CH3CN)16 
544 nm ( E  28), 408 (144), 253 (3070); 'H NMR (CDC13, 60 MHz) 
6 7.52-7.13 (m, 30 H, C6H5), 7.32 (e), 5.05 (8,  5 H, C5Hs), 3.36 (s), 
2.62 (s), 2.40 (s), 2.17 (s), 1.42 (s), 1.35 (s), 1.24 (s), 0.85 (8). 


Reaction of (S-Methyl-2-phenylpropenethial)(r-cyclo- 
pentadieny1)cobalt Tetrafluoroborate with Thiocyanate Ion. 


CH2SCH&H3), 1.12 (t, J = 7 Hz, 3 H, CHZSCH2CH3). 


(15) Mercury often interferes with analysis for chlorine: C. Ayers in 
'Comprehensive Analytical Chemistry", C. L. Wilson and D. W. Wilson, 
Eds., Vol. lB, Elsevier, New York, 1960, p 230. 


(16) Molar absorptivities are low because of the presence of impurities. 


(S-Methyl-2-phenylpropenethial) (T-cyclopentadieny1)cobalt 
tetrafluoroborate (Ib) (100 mg, 0.268 "01) was dissolved in dry, 
degassed acetone (40 mL). Potassium thiocyanate (156 mg, 1.60 
"01) was added, and the solution was stirred for 30 min at room 
temperature. During this time the solution turned blue-green. 
The solvent was removed under reduced preasure (water aspirator) 
to give a green solid. The solid was chromatographed (silica gel, 
ether, acetone). A brown oil was obtained from the ether fraction 
after solvent removal. The acetone fraction yielded a blue solid, 
[K&o(NCS)~]. The brown oil was rechromatographed (silica gel, 
pentane, ether). Pentane elution and solvent removal gave a 
yellow oil. A brown oil was obtained from the ether fraction. 
Yellow oil: IR (thin f i b )  3070 (m), 3050 (m), 3030 (m), 2950 (s), 
2920 (s), 2860 (m), 1720 (s), 1680 (w, C=C), 1585 (m), 1615 (w, 
C=CC6H5) 1485 (m), 1435 (s), 1420 (m, C=CH2), 1350 (w, c= 
CHR), 1310 (m), 1270 (e), 1115 (m), 1060 (m), 890 (m, C=CH2), 
815 (w, C=CHR), 800 (w, C-CHR), 740 (8) cm-', 'H NMR 
(CDC13, 60 MHz) 6 7.13-7.43 (m), 6.39 (s), 6.20 (s), 5.48 (s), 4.73 
(s), 4.30 (s), 4.22 (s), 3.07 (s), 2.77 (s), 2.38 (s), 2.30-1.97 (m). Brown 
oil: IR (thin film) 3400 (m, br, HzO), 3070 (w), 3050 (m), 3030 
(m), 2950 (s), 2910 (s), 2860 (m), 1710 (m), 1690-1640 (s, C=C), 
1620 (w, C=CC&15), 1590 (w), 1480 (w), 1430 (m), 1410 (m), 1250 
(s), 1080 (m), 1060 (m), 1035 (m), 1010 (m), 790 (s), 770 (s), 740 
(8) cm-'; 'H NMR (CDC13, 60 MHz) 6 7.87-7.23 (m), 4.40 (s), 4.32 
(s), 2.90-2.07 (m), 1.73-1.27 (m). K,CO(NCS)~: IR (KBr) 3400 
(s, br, H,O), 2060 (8, SCN), 720 (m, br) cm-'; visible (acetone), 
620, 584 (sh) nm. Similar results were obtained with tetra- 
ethylammonium thiocyanate. 
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Introduction 
Several simple neutral metal carbonyl complexes (Co2- 


(CO),, Mn2(CO)lo, Ru(CO),) have been found to be catalyst 
precursors for the  homogeneous reduction of CO/H2 gas 
mixtures to  oxygen-containing organic molecules.2 For 
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such transformations, a plausible initial step is the  for- 
mation of a catalyst bound formyl (-CHO). Hence the  
synthesis of neutral, homogeneous transition metal formyl 
complexes has been an  extremely active research area.3 


(2) (a) Feder, H. M.; Rathke, J. W. Ann. N.Y. Acad. Sci. 1980, 333, 
45 and references therein. (b) Pruett, R. L Ibid. 1977, 295, 239. (c) 
Bradley, J. S. J. Am. Chem. SOC. 1979, l O f ,  7419. (d) Dombek, B. D. Ibid. 
1980,102, 6855. (e) Fahey, D. R. Zbid., 1981, 103, 136. (0 Keim, W.; 
Berger, M.; Schlupp, J. J. Catal. 1980,61,359. (9) Knifton, J. F. J. Chem. 
Soc., Chem. Commun. 1981, 188. 
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chloride (20 mL). A white solid precipitated within 1 min. The 
suspension was filtered and the solid washed with methylene 
chloride (20 mL) to give the bis(mercuric chloride) adduct of ethyl 
2-phenyl-2-propenyl sulfide as a white solid (110 mg, 0.152 "01, 
90.9%): mp 123-124 "C; 'H NMR (MezSO-d6, 60 MHz) 6 
7.13-7.62 (m, 5 H, C&), 5.43 (8, 1 H, =CHz hydrogen cis to 
phenyl group), 5.21 (s, 1 H, =CH2 hydrogen trans to phenyl 
group), 3.65 (s, 2 H, CH2SCH2CH3), 2.52 (9, J = 7 Hz, 2 H, 


Anal. Calcd for CllH14C14Hg2S: C, 18.31; H, 1.94; C1, 19.67. 
Found C, 18.05; H, 1.62; C1, 17.15.16 
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pentadieny1)cobait Tetrafluoroborate with Equimolar 
Cyanide Ion. (S-Methyl-2-phenylpropenethial)(r-cyclo- 
pentadieny1)cobalt tetrafluoroborate (Ib) (175 mg, 0.468 mmol) 
was dissolved in dry, degassed acetonitrile (15 mL). Tetra- 
ethylammonium cyanide (73 mg, 0.468 "01) was added, and the 
reaction mixture was stirred at room temperature for 30 min. 
During this time the solution became light red. The solvent was 
removed under reduced pressure (water aspirator). The resulting 
brown oil was chromatographed (silica gel, ether, acetone). A red 
oil (200 mg eluted with acetone) was obtained after solvent re- 
moval. The red oil is believed to be an impure monocyano adduct 
of I b  IR (thin film) 3400 (8, br, HzO), 2970 (s), 2940 (m), 2890 
(m), 2090 (m, CN), 1685 (s), 1670 (s), 1660 (s), 1650 (s), 1635 (s), 
1615 (s), 1450 (m), 1430 (m), 1415 (m), 1360 (s), 1340 (m), 1300 
(m), 1215 (m), 1165 (m), 1135 (s), 1015 (s), lo00 (m), 945 (m), 905 
(m), 890 (m), 820 (m), 780 (m), 750 (m) cm-'; UV max (CH3CN)16 
544 nm ( E  28), 408 (144), 253 (3070); 'H NMR (CDC13, 60 MHz) 
6 7.52-7.13 (m, 30 H, C6H5), 7.32 (e), 5.05 (8,  5 H, C5Hs), 3.36 (s), 
2.62 (s), 2.40 (s), 2.17 (s), 1.42 (s), 1.35 (s), 1.24 (s), 0.85 (8). 


Reaction of (S-Methyl-2-phenylpropenethial)(r-cyclo- 
pentadieny1)cobalt Tetrafluoroborate with Thiocyanate Ion. 


CH2SCH&H3), 1.12 (t, J = 7 Hz, 3 H, CHZSCH2CH3). 


(15) Mercury often interferes with analysis for chlorine: C. Ayers in 
'Comprehensive Analytical Chemistry", C. L. Wilson and D. W. Wilson, 
Eds., Vol. lB, Elsevier, New York, 1960, p 230. 


(16) Molar absorptivities are low because of the presence of impurities. 
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tetrafluoroborate (Ib) (100 mg, 0.268 "01) was dissolved in dry, 
degassed acetone (40 mL). Potassium thiocyanate (156 mg, 1.60 
"01) was added, and the solution was stirred for 30 min at room 
temperature. During this time the solution turned blue-green. 
The solvent was removed under reduced preasure (water aspirator) 
to give a green solid. The solid was chromatographed (silica gel, 
ether, acetone). A brown oil was obtained from the ether fraction 
after solvent removal. The acetone fraction yielded a blue solid, 
[K&o(NCS)~]. The brown oil was rechromatographed (silica gel, 
pentane, ether). Pentane elution and solvent removal gave a 
yellow oil. A brown oil was obtained from the ether fraction. 
Yellow oil: IR (thin f i b )  3070 (m), 3050 (m), 3030 (m), 2950 (s), 
2920 (s), 2860 (m), 1720 (s), 1680 (w, C=C), 1585 (m), 1615 (w, 
C=CC6H5) 1485 (m), 1435 (s), 1420 (m, C=CH2), 1350 (w, c= 
CHR), 1310 (m), 1270 (e), 1115 (m), 1060 (m), 890 (m, C=CH2), 
815 (w, C=CHR), 800 (w, C-CHR), 740 (8) cm-', 'H NMR 
(CDC13, 60 MHz) 6 7.13-7.43 (m), 6.39 (s), 6.20 (s), 5.48 (s), 4.73 
(s), 4.30 (s), 4.22 (s), 3.07 (s), 2.77 (s), 2.38 (s), 2.30-1.97 (m). Brown 
oil: IR (thin film) 3400 (m, br, HzO), 3070 (w), 3050 (m), 3030 
(m), 2950 (s), 2910 (s), 2860 (m), 1710 (m), 1690-1640 (s, C=C), 
1620 (w, C=CC&15), 1590 (w), 1480 (w), 1430 (m), 1410 (m), 1250 
(s), 1080 (m), 1060 (m), 1035 (m), 1010 (m), 790 (s), 770 (s), 740 
(8) cm-'; 'H NMR (CDC13, 60 MHz) 6 7.87-7.23 (m), 4.40 (s), 4.32 
(s), 2.90-2.07 (m), 1.73-1.27 (m). K,CO(NCS)~: IR (KBr) 3400 
(s, br, H,O), 2060 (8, SCN), 720 (m, br) cm-'; visible (acetone), 
620, 584 (sh) nm. Similar results were obtained with tetra- 
ethylammonium thiocyanate. 


Acknowledgment. This work was supported by the 
National Cancer Institute (Grant CA 08250) and by Syr- 
acuse University. We are indebted to Professor Alan 
Davison for helpful discussions. 


Registry No. Ib, 79991-97-2; Ib', 79991-99-4; 11, R = CH3, 


79991-92-7; [K,Co(NCS),], 19543-13-5; tetraethylammonium (T- 


cyclopentadienyl)tricyanocobaltate(III), 79991-93-8; a-bromo- 
methylstyrene, 3360-54-1; ethanethiol, 75-08-1. 


79992-70-4; 11, R CzHE, 51876-02-9; 111, R = CH3, 25650-53-7; V, 


Syntheses of Kinetically Unstable Neutral Formyl Complexes 
Li(C2H&BH and "Transformylation" Reactions of Metal 


Carbonyl Cations 


Wilson Tam, Gong-Yu Lin, and J. A. Gladysz'' 


Department of Chemistry, Universrty of California, Los Angeles, California 90024 


Received October 8, 1981 


via 


Low-temperature syntheses of the kinetically unstable formyls (T&H~)R~(NO)(CO)(CHO) (9), (7- 
C5H5)Mn(NO)(CO)(CHO) (101, Re(PPh3)(CO)4(CHO) (ll), Mn(PPh3)z(CO)3(CHO) (121, Ir(PPh&- 
(CO),(CHO) (13), and (s-C~6)Mo(PPh~(CO)z(CHO) (14) by reaction of Li(C2H6)3BH with the correspondmg 
metal carbonyl cations are described. Formyls 9, 10, and 11 can also be synthesized by hydride transfer 
from the stable neutral formyl (v-C5H6)Re(NO)(PPh3)(CHO) (1) to the appropriate metal carbonyl cation 
precursor ("transformylation"); this procedure avoids formation of byproduct (C2H5)3B. Whereas 9 (in 
dilute solution) and 13 decarbonylate to detectable metal hydrides upon warming, the decomposition 
chemistry of the other formyls is more complex and sometimes involves the dichloromethane cosolvent. 


Introduction 
Several simple neutral metal carbonyl complexes (Co2- 


(CO),, Mn2(CO)lo, Ru(CO),) have been found to be catalyst 
precursors for the homogeneous reduction of CO/H2 gas 
mixtures to  oxygen-containing organic molecules.2 For 


(1) Fellow of the Alfred P. Sloan Foundation (19W1982) and Camille 
and Henry Dreyfua Teacher-Scholar Grant recipient; after 6/30/82. 
Address correspondence to the Department of Chemistry, University of 
Utah, Salt Lake City, UT 84112. 


0276-7333/82/2301-0525$01.25/0 


such transformations, a plausible initial step is the for- 
mation of a catalyst bound formyl (-CHO). Hence the 
synthesis of neutral, homogeneous transition metal formyl 
complexes has been an extremely active research area.3 


(2) (a) Feder, H. M.; Rathke, J. W. Ann. N.Y. Acad. Sci. 1980, 333, 
45 and references therein. (b) Pruett, R. L Ibid. 1977, 295, 239. (c) 
Bradley, J. S. J. Am. Chem. SOC. 1979, l O f ,  7419. (d) Dombek, B. D. Ibid. 
1980,102, 6855. (e) Fahey, D. R. Zbid., 1981, 103, 136. (0 Keim, W.; 
Berger, M.; Schlupp, J. J. Catal. 1980,61,359. (9) Knifton, J. F. J. Chem. 
Soc., Chem. Commun. 1981, 188. 


0 1982 American Chemical Society 







526 Organometallics, Vol. 1, No. 3, 1982 


To date, three types of neutral formyl complexes, (9- 
C,H,)Re(NO) (PPh3) (CHO) ( 1) ,436 Os( C1) (CO) (CN-p- 
C6H4CH3)(PPh3)z(CHO),6 and Ir(X)(H)(PMe3)3(CHO) (X 
= H, CH3),7 have proved isolable in pure form. The formyl 
ligands in these compounds are in general reducible with 
BH3 and related hydride d o n o r ~ . ~ r ~ J  However, no well- 
defined reactions have yet been observed with Hz or 
transition-metal hydrides, which are plausible reducing 
agents for catalyst-bound formyls. Thus, i t  appears that 
i t  will not be possible to precisely model the individual 
steps of the forementioned CO reduction reactions with 
neutral formyl complexes which are stable a t  room tem- 
perature. 


Consequently, we have focused our attention on the 
synthesis of unstable formyl complexes-certain of which 
may be close relatives of catalytic intermediates in ho- 
mogeneous CO reduction. In this paper, we report (a)* that 
the reaction of Li(C2H&BH with metal carbonyl cations 
(eq 1) provides an entry of considerable generality into 


CL,M-COf f R3BH- L,M-CHo t R 3 B  (1) 
‘H 


T a m ,  Lin,  and Gladysz 


(2) 
I t  


H R e \ P P h 3  
O N  I co 


2 


unstable neutral formyl complexes, (b) that (q-C&I,)Re- 
(NO)(PPh,)(CHO) (1) reacts cleanly with certain metal 
carbonyl cations to generate new formyl complexes via 
“transformylation” (eq 2)>1° and (c) selected decompo- 
sition data on the formyl complexes thus prepared. 


Results 
The metal carbonyl cations listed in Table I were dis- 


solved or suspended in the indicated solvents and treated 
with 1.0-1.1 equiv of Li(CzH6)3BH in THF. In all cases, 
good NMR evidence3 for the formation of the corre- 
sponding neutral formyl complexes was obtained. With 
the exception of the formyl (9-C6H,)Re(NO)(C0)(CHO) 
(9) derived from cation 3, all formyl complexes decomposed 


(3) For a review of transition-metal formyl complexes, see: Gladysz, 
J. A. Adu. Organomet. Chem. 1982,20, 1. 


(4) (a) Tam, W.; Wow, W.-K.; Gladysz, J. A. J. Am. Chem. SOC. 1979, 
101, 1589. (b) Wong, W.-K.; Tam, W.; Strouse, C. E.; Gladysz, 3. A. J. 
Chem. SOC., Chem. Commun. 1979, 530. (c) Wong, W.-K.; Tam, W.; 
Gladysz, J. A. J. Am. C k m .  SOC. 1979,101,5440. (d) Tam, W.; Lin, G.-Y.; 
Wong, W.-K.; Kiel, W. A.; Wong, V. K.; Gladysz, J. A. Zbid., 1982, 104, 
141. 


(5) Related studies on (9-C6Hs)Re(NO)(CO)(CHO): (a) Casey, C. P.; 
Andrew, M. A.; McAlister, D. R.; Rinz, J. E. J. Am. Chem. SOC. 1980, 
102,1927 and references therein. (b) Sweet, J. R.; Graham, W. A. G. J. 
Organomet. Chem. 1979,173, C9. 


(6) Collins, T. J.; Roper, W. R. J. Organomet. Chem. 1978, 159, 73. 
(7) Thorn, D. L. J. Am. Chem. SOC. 1980,102, 7109. 
(8) A portion of this study has been communicated.‘. 
(9) (a) Gladysz, J. A.; Williams, G. M.; Tam, W.; Johneon, D. L. J. 


Organomet. Chem. 1977,140, C1. (b) Gladysz, J. A.; Tam, W. J. Am. 
Chem. SOC. 1978,100, 2545. 


(10) (a) Casey, C. P.; Neumann, S. M. J.  Am. Chem. SOC. 1978,100, 
2544. (b) Adu. Chem. Ser. 1979, No. 173, 132. 







Syntheses of Unstable Neutral Formyl Complexes 


rapidly a t  or below room temperature, 
Formyl 9 exhibited a half-life of several hours a t  room 


temperature and was additionally characterized by an in 
situ IR spectrum (cm-l, THF): v- 1985 (9); v N ~  1709 
(9); v M  1614 (m). However, efforts to isolate 9 in pure 
form were unsuccessful. Formyl 9 has been prepared via 
related routes by Casey5" and Graham (who obtained 9 as 
orange microcrystals) ,Sb but analytically pure material has 
not yet been reported. A dilute solution of 9 (0.001 M, 
prepared in situ) decomposed principally to (v-C5H5)Re- 
(NO)(CO)(H) (57% isolated). Similar observations have 
been previously reported by C a ~ e y . ~ ~  


The decomposition products of formyls 10-14 were also 
briefly examined. When Ir(PPh,),(CO),(CHO) (13) was 
warmed to -40 "C, quantitative decomposition to Ir- 
(PPh3),(C0),H occurred, as evidenced by a new lH NMR 
resonance a t  6 -10.60 (t, J I ~ - B I ~  = 3 Hz) (lit." 6 -10.97 (J 
= 3 Hz)). At  room temperature, the IR spectrum ((cm-', 
CH2C12/THF): 2084 (w), 1985 (m), 1972 (sh), 1923 (8)) 
agreed well with that reported for Ir(PPh3),(C0),H ((cm-l, 
CH2C12 (two isomers)): A, 2085 (w), 1984 ( e ) ,  1930 (m, sh); 
B, 2050 (sh), 1972 (m), 1920 (s)).ll 


Samples of Re(PPh,)(CO),(CHO) (11) which were al- 
lowed to stand a t  room temperature gave complex IR 
spectra ((cm-', CH,Cl2/THF): 2109 (m), 2082 (m), 1999 
(s), 1988 (s), 1968 (s), 1948 (s), 1859 (w)). No rhenium 
hydrides were detected by 'H NMR, but some IR bands 
matched absorptions reported for Re(PPh,)(CO),(H) (cm-', 
C6H12: 2081 (m), 1993 (s), 1978 (vs), 1966 (s)).', Chro- 
matography of the reaction residue remaining after solvent 
evaporation gave Re(PPh,)(CO),(Cl) (IR (cm-l, CCl,): 
2106 (m), 2018 (m), 2003 (s), 1941 (s))13 in 44% yield. 


Similarly, decomposed samples of (v-C5H5)Mo(PPh3)- 
(CO),(CHO) (14) did not exhibit any metal hydride reso- 
nances in the 'H NMR. However, addition of CCll to the 
reaction mixture gave (v-C5H5)Mo(C0),C1 in 78% yield. 
Decomposed samples of (v-C5H5)Mn(NO)(CO)(CHO) (10) 
contained IR bands ((cm-l): 1967 (s), 1792 (s), 1715 (s), 
1503 (8)) similar to those reported for the known dimer 
[(v-C&15)Mn(NO)(CO)]2 ((cm-', halocarbon oil mull): 1956 
(s), 1781 (s), 1707 (s), 1509 (s)).', When Mn(PPh3),- 
(CO),(CHO) (12) was allowed to decompose, we did not 
observe 'H NMR or IR evidence for known manganese 
hydrides, halides, or dimers. 


Equation 1 clearly provides a general entry into neutral 
formyl complexes, but to date we have been unable to 
devise satisfactory means for removing the trialkylborane 
and ionic byproducts. Since formyl complexes have often 
been observed to act as hydride d 0 n 0 1 ~ 3 ~ ~ ~ ~ d * ~ ~ ~ ~  we sought 
to determine whether a neutral formyl complex might 
transfer hydride to a metal carbonyl cation ("trans- 
fo rmyla t i~n" ) ,~J~  as exemplified in eq 2. By proper ma- 
nipulation of solvents it seemed possible that the carbonyl 
cation byproduct (eq 2) might be precipitated, leaving a 
pure solution of neutral formyl. We selected (q-C5H5)- 
Re(NO)(PPh,)(CHO) (1) for initial study. 


Formyl 1 and cation [ (v-C5H5)Re(NO)(CO)2]+BF, (3) 
were mixed in CD2C12 a t  -78 "C. lH NMR monitoring at  
-73 "C revealed that some hydride transfer had occurred, 
but the reaction stopped at  partial conversion, apparently 
due to the incomplete solubility of 3. A similar reaction 
was attempted between 1 and cation [Re(PPh3)(CO)5]'- 
BF, (5) a t  -40 "C in CD3CN. Under these conditions, 5 


(11) Yagupsky, G.; Wilkinson, G .  J. Chem. SOC. A 1969, 725. 
(12) Flitcroft, N.; Leach, J. M.; Hopton, F. J. J.  Znorg. Nucl. Chem. 


(13) Zingalea, F.; Sartorelli, U.; Canziani, F.; Raveglia, M. Znorg. Chem. 


(14) King, R. B.; Bisnette, M. B. J. Am. Chem. Soc. 1963,85, 2527. 


1970,32 137. 


1967, 6, 154. 
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Figure 1. (A) 1 in CDzClz at ambient probe temperature. (B) 
3 in CD&N at ambient probe temperature. (C) Spectrum re- 
corded at -40 O C  3 min after mixing samples A and B at -40 OC. 
For exact quantities employed, see Experimental Section. 


was completely soluble, but only a small amount of 1 
dissolved. Again, reaction proceeded only to a very small 
conversion. Slow warming of either of these reactions did 
not improve product yields. 


"Transformylations" were next attempted in mixed 
CD2C12/CD3CN solvent to solubilize both reactants. In 
a typical reaction, 3 in CD3CN (see spectrum B, Figure 1) 
was added to 1 in CD2C12 (see spectrum A, Figure 1) at -40 
"C. As shown in spectrum C (Figure l), quantitative hy- 
dride transfer rapidly occurred to give (v-C5H5)Re(NO)- 
(CO)(CHO) (9) and [(v-C5H,)Re(NO)(PPh3)(CO)]+BFc 
(2). Subsequent addition of toluene-d, (-40 "C) precipi- 
tated most of the carbonyl cation 2 and shifted the C5H5 
resonance of 9 upfield (Casey has observed an upfield shift 
in CgD6)'* to 6 5.49. A similar reaction of [(v-C5H5)Mn- 
(NO)(CO),]+PF6- (4; in CD,CN) with 1 (in CD2C12) a t  -40 
"C cleanly gave (q-C5H5)Mn(NO)(CO)(CHO) (10) and 2. 


Reaction of 1 (in CD2Cl,) with 5 (in CD3CN) was very 
slow a t  -40 "C; complete hydride transfer took place only 
upon warming to 20 "C. Surprisingly, 1 and [Mn- 
(PPh3)2(C0)4]+PF6- (6) did not react a t  all. When 1 was 
similarly treated with [Mn(CO)6]+CF3S03- a t  -50 OC, im- 
mediate formation of 2 (6 5.99) was evident. However, 'H 
NMR resonances were somewhat broadened, and no new 
formyl species or (C0)5MnH could be detected. The re- 
action mixture was warmed to room temperature; IR ab- 
sorptions of 2 (2000 (s), 1764 (8) cm-') and Mn2(C0)10 (2044 
(m), 2014 (s), 1981 (m) cm-') were present. 


The above "transformylation" synthesis of 9 from 1 and 
3 was conducted on a larger scale. The reaction was 
warmed to 0 "C, after which C6H, was added to precipitate 
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2. The mixture was allowed to stand at  15 "C for 1 h, after 
which 2 was isolated by Schlenk filtration (83%). Solvent 
was then removed from the filtrate at  10 "C to give an oily 
orange solid, which was shown by lH NMR in C6D6 to be 
a ca. 7525 mixture of 9 and the bimetallic "ester" [(v- 
C5H5)Re(NO) (P-CO~CH,-) [(Co)(NO)Re(v-C5H5)1 
(15) previously isolated and characterized by  case^.^^ No 
(q-C5H5)Re(NO)(CO)(H) was present. 


Discussion 
The syntheses of unstable neutral formyl complexes 


described in this paper fill important gaps in preparative 
methodology but are not without limitations. An obvious 
requirement for the purification of kinetically labile formyl 
complexes is that all byproducts be easily removed at  low 
temperature. Formyl synthesis utilizing Li(C2H5)3BH (eq 
1) is complicated by the formation of (C2H5)3B (bp >60 
"C) and Li+ salts. Use of Li(CH3),BH would afford the 
more volatile by-product (CH3),B (bp -20 "C), but Li(C- 
H,),BH is a significantly weaker hydride donor toward 
metal ~arbony1s.l~ 


"Transformylation" reactions similar to eq 2 have been 
previously used in our laborator3rg and Casey's'O to generate 
anionic formyl complexes from neutral metal carbonyl 
precursors. Formyl complexes of third row metals and/or 
with good donor ligands are generally stronger hydride 
transfer agents; thus 1, which has a very low V C ~  
(1559-1565 cm-l), is an obvious choice for use in eq 2. 
Since the metal carbonyl cation byproduct in eq 2 can be 
precipitated by addition of a hydrocarbon solvent, quite 
pure solutions of labile formyl complexes can in principle 
be prepared by this route. The 'H NMR chemical shifts 
of formyls synthesized via eq 2 (Figure 1 and Experimental 
Section) differ from those in Table I. This effect, which 
has been previously noted, is principally due to the pres- 
ence of (C2H5),B in the latter samples (which also imparts 
a temperature dependence);, solvent dependeces have also 
been ~ b s e r v e d . ~  


The mixed solvent systems generally utilized for eq 1 
and 2 present some difficulties. Smooth "trans- 
formylation" requires a polar but inert cosolvent to dissolve 
the reactant cation. Acetonitrile (mp -46 "C) serves well, 
but reactions cannot be run significantly below -50 "C 
without some solvent freezing. One of our most highly 
sought synthetic targets, Mn(CO),(CHO), does not appear 
to be stable a t  these temperatures. Also, the dichloro- 
methane cosolvent can complicate analysis of the formyl 
decomposition chemistry; formyl complexes often ther- 
mally decarbonylate to metal hydrides? which are in turn 
susceptible to free radical chlorination in halocarbon 
solvents.16 


We were disappointed to find that samples of (7- 
C,H,)Re(NO)(CO)(CHO) (9) prepared via "trans- 
formylation" afforded, upon concentration, significant 
quantities of byproduct [(v-C5H5)Re(N0)(CO)](p- 
CO,CH~[(CO)(NO)R~(T&H~)] (15). Casey has previously 
shown that concentrated solutions of 9 (as opposed to 
dilute solutions, which decarbonylate as described above) 
decompose to 15 by both acid-catalyzed and non-acid- 
catalyzed  mechanism^.^* Graham has reported carefully 
controlled conditions which lead to 9 free of 15.5b 


Of the remaining neutral formyl complexes synthesized, 
only Ir(PPh,),(CO),(CHO) (13) undergoes a straight-for- 
ward thermal decarbonylation to a metal hydride. How- 


Tam, Lin, and Gladysz 


(15) Selover, J. C.; Marsi, M.; Parker, D. W.; Gladysz, J. A. J. Orga- 
nomet. Chem. 1981,206, 317. 


Nakamura, A. J. Orgunomet. Chem. 1979, 164, 183. 
(16) (a) Kaesz, H. D.; Saillant, R. B. Chem. Reo. 1972, 72, 231. (b) 


ever, in view of the above-mentioned tendency of transi- 
tion-metal hydrides to abstract halogen from solvents, the 
isolation of Re(PPh,)(CO),(Cl) following the decomposition 
of Re(PPh,)(CO),(CHO) (11) constitutes (together with 
IR data) reasonable evidence for the intermediacy of Re- 
(PPh,)(CO),H. The formation of metal hydrides from 
( v-C5H5)Mo(PPh3) (CO),( CHO) (1 4) and (v-C5H5)Mn- 
(NO)(CO)(CHO) (10) is less certain. Although high-field 
metal hydride lH NMR resonances could not be detected, 
formation of a molybdenum chloride (subsequent to CC14 
addition) and a manganese dimer, respectively, is con- 
sistent with metal hydride intermediates. 


Our observation of Mn2(CO)lo following the attempted 
generation of Mn(CO),(CHO) from 1 and [Mn(CO)6]+ 
CF3S03- is relevant to an earlier experiment by Fiato, 
Vidal, and Pruett." These authors noted that reaction 
of (CO)@n- with 13C-formic acetic anhydride at  0 "C gave 
varying quantities of HM~I(CO)~  and Mn,(CO)lo; label 
distributions were consistent with the intermediacy of 
Mn(CO),(CHO). Together with our data, it is clear that 
preparative methods which operate a t  yet lower temper- 
atures will be required if neutral formyl complexes which 
are plausible intermediates in homogeneous catalytic CO 
reduction are to be directly observed. 


Experimental Section 
General Data. General procedures employed for this study 


were identical with those given in a previous paper.4d Starting 
materials were prepared described in the following references: 
l,&sd 3,4a,d 4,14 5 (analogously to the PPhMe2-substituted cation 
using NO+BF4- instead of NO+PF6-),'s 6,'97,20 8," [Mn(Co),]+- 


Preparations of (s-C,H,)Re(NO)(CO)(CHO) (9). A. Re- 
action of Li(C2H5)3BH with [(tj-C$35)Re(NO)(CO)2]+BF; (3). 
To 0.0336 g (0.0792 mmol) of 3 suspended in 0.3 mL of THF 
(containing 0.0047 g (0.0250 "01) of p-di-tert-butylbenzene) in 
a septum capped 5-mm NMR tube at -78 "C was added 0.080 
mL (0.080 mmol) of 1.0 M Li(C2HJ3BH in THF. The homoge- 
neous sample was transferred to a -23 "C (60-MHz) 'H NMR 
probe. Data: see Table I. 


B. Reaction of (q-C5H5)Re(NO)(PPh3)(CHO) (1) with 3. 
Samples of 1 (0.010 g, 0.017 mmol) in CD2C12 (0.300 mL) and 3 
(0.008 g, 0.019 mmol) in CD3CN (0.100 mL) were prepared in 
separate septum-capped 5-mm NMR tubes and cooled to -40 "C 
(CH3CN/C02 bath). The latter was then added to the former, 
giving a homogeneous solution which was quickly transferred to 
an NMR probe precooled to -40 "C. A 'H NMR spectrum (200 
MHz, C in Figure 1) was immediately recorded, which showed 
complete conversion to [(q-C5H5)Re(NO)(PPh3)(CO)]+BF4- (2) 
(6 5.87)4 and 9 (6 16.20 (1 H), 5.83 (5 H)).495 Toluene-d8 (0.300 
mL) was then added. Formyl 9 remained in solution (6 16.20, 
5.49), and 2 precipitated. 


Isolation of 9 was attempted from a larger scale reaction. To 
0.040 g (0.070 "01) of 1 in 3 mL of CH2C12 at -40 "C was added 
0.030 g (0.071 mmol) of 3 in 1 mL of CH3CN. The reaction was 
stirred at -40 "C for 10 min and then at 0 "C for 10 min. Benzene 
(20 mL) was added, and the reaction was kept at 15 "C for 1 h. 
During this time, 2 precipitated, which was isolated by Schlenk 
fitration (0.038 g, 0.058 mmol,83%; IR (cm-', CH2C12) u~ 2009 
(s), uN4 1765 (9)). Solvent was removed from the filtrate at 10 
"C to give an oily orange solid, which a 'H NMR spectrum (200 
MHz) in CsD6 indicated to be a ca. 75:25 mixture of 9 and [(q- 


CF3S03-.22 


(17) Fiato, R. A.; Vidal, J. L.; Pruett, R. L. J. Orgunomet. Chem. 1979, 


(18) Drew, D.; Darensbourg, D. J.; Darensbourg, M. Y. Inorg. Chem. 


(19) Angelici, R. J.; Brink, R. W. Inorg. Chem. 1973, 12, 1067. 
(20) Church, M. J.; Mays, M. J.; Simpson, R. N. F.; Stefanini, F. P. J. 


(21) N o h ,  M. J.; Reimann, R. H. J. Chem. SOC., Dalton Trans. 1978, 


(22) Trogler, W. C. J. Am. Chem. SOC. 1979, 101, 6459. 


172, C4. 


1975,14, 1579. 


Chem. SOC. A 1970, 2909. 


932. 
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C~H~R~(NO)(CO)IOL-CO,CHZ-)[(CO)(NO)R~(~C~S)I (15) (Cas  
resonances, 6 (vs. internal (CH3)4Si): 4.920, 4.922, 5.002, 5.004 
(mixture of diastereomers) (litah 4.956, 4.958, 5.032, 5.034)). 


Decomposition of 9 in Dilute Solution. A solution of 9 was 
prepared by adding 0.270 mL (0.270 "01) of 1.0 M Li(C2HS),BH 
in THF to 0.1136 g (0.268 mmol) of 3 in 15 mL of THF at -22 
"C. After the resulting homogeneous yellow solution was warmed 
to room temperature, 250 mL of THF was added and the mixture 
stirred for 67 h. The solvent was then removed by rotary evap- 
oration and the residue extracted with hexane until the hexane 
was colorless. The solvent was removed and the extraction re- 
peated to give 0.0472 g (0.152 mmol, 57%) of a red-orange liquid, 
which a 'H NMR spectrum indicated to be pure (?-C,H,)Re- 


Preparations of (~-C,H,)Mn(NO)(CO)(CHO) (10). A. 
Reaction of Li(C2H,)$3H with [(pC,H,)Mn(NO)(CO)2]+PF, 
(4). To 0.0645 g (0.184 mmol) of 4 suspended in 0.3 mL of THF 
(containing 0.0108 g (0.0567 mmol) of p-di-tert-butylbenzene) in 
a septum-capped 5-mm NMR tube at -78 OC was added 0.190 
mL (0.190 mmol) of 1.0 M Li(C2HS),BH in THF. The homoge- 
neous sample was transferred to a -23 "C (60-MHz) 'H NMR 
probe. Data: see Table I. 


B. Reaction of 1 with 4. A reaction similar to preparation 
B of 9 was conducted by using 1 (0.008 g, 0.014 mmol) in CDzC12 
(0.300 mL) and 4 (0.007 g, 0.020 mmol) in CD3CN (0.100 mL). 
A 'H NMR spectrum (200 MHz) obtained in an indentical fashion 
at -40 OC showed complete conversion to [(?-CsHs)Re(NO)- 


(6 14.77 (1 H), 5.28 (5 H)). The sample was warmed, and marked 
decomposition of 10 began between 0 and 20 "C. 


Preparations and Decompositon of Re(PPh,)(CO),(CHO) 
(11). A. Reaction of Li(C2HS),BH with [Re(PPh,)(CO),]+- 
BF, (5). To 0.0198 g (0.0293 mmol) of 5 in 0.3 mL of CH2Clz 
in a septum-capped 5-mm NMR tube at -78 "C waa added 0.030 
mL (0.030 mmol) of 1.0 M Li(C2Hs),BH in THF. The homoge- 
neous sample was transferred to a -23 OC (60-MHz) 'H NMR 
probe. Data: see Table I. 


B. Reaction of 1 with 5. A reaction similar to preparation 
B of 9 was conducted by using 1 (0.010 g, 0.017 mmol) in CDzC12 
(0.300 mL) and 5 (0.012 g, 0.018 mmol) in CD3CN (0.100 mL). 
A 'H NMR spectrum (200 MHz) obtained in an identical fashion 
showed only a trace of reaction at -40 "C, but as the sample was 
warmed to 20 "C, conversion to [ (rl-CsHs)Re(NO)(PPh3)(CO)]+- 
BFL ( 6  5.86) and Re(PPh,)(CO),(CHO) (11, 6 14.99) became 
complete. 


A larger sample of 11 was prepared by adding 0.610 mL (0.610 
mmol) of 1.0 M Li(C2H5),BH in THF to 0.4115 g of 4 in 50 mL 
of CH2C12. The reaction was warmed to room temperature (IR 
data: see Results), the solvent removed on a rotovap, and the 
residue chromatographed on silica gel with 5:95 (v/v) ethyl 
acetate/hexane. Thus obtained was 0.158 g (0.265 mmol, 44%) 
of Re(PPh3)(C0)4(C1), which recrystallized from THF/hexane: 
mp 150-156 OC; IR, see Results. Anal. Calcd for CZHl,ClPO4Re: 


(NO)(CO)(H) ( 6 ,  C&): 4.66 (8,  5 H), -8.00 (8, 1 H).23 


(PPhd(CO)]+PF6- (6 5.86) and (q-CSHs)Mn(NO)(CO)(CHO) (10) 
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C, 44.34; H, 2.54; P, 5.20. Found: C, 44.68; H, 2.63; P, 5.26. 
Preparation of Mn(PPh,),(CO),(CHO) (12). To 0.457 g 


in a septum-capped 5-mm NMR tube at -78 "C was added 0.060 
mL (0.060 mmol) of 1.0 M Li(C2H6),BH in THF. The homoge- 
neous sample was transferred to a -22 "C (60-MHz) 'H NMR 
probe. Data: see Table I. 


Preparation and Decomposition of Ir(PPh3)2(CO),(CHO) 
(13). To 0.0647 g (0.0683 mmol) of [Ir(PPh,),(CO),]+PF,- (7) in 
0.3 mL of CHzC12 in a septum-capped 5-mm NMR tube at -78 
"C was added 0.070 mL (0.070 mmol) of 1.0 M Li(C2H5),BH in 
THF. The sample was transferred to a -60 OC (60-MHz) 'H NMR 
probe. Data: see Table I. The probe was warmed to -40 OC ('H 
NMR: see Results) and an IR spectrum (Results) recorded after 
the solution was warmed to room temperature. 


Preparation and Decomposition of (q-CSH5)Mo(PPh,)- 
(CO),(CHO) (14). To 0.0257 g (0.0394 mmol) of [(q-C,H,)Mo- 
(PPh3)(C0)3]+PF6- (8) in 0.3 mL of CH2Clz in a septum-capped 
5-mm NMR tube at -78 "C was added 0.040 mL (0.040 mmol) 
of 1.0 M Li(C2Hs),BH in THF. The homogeneous sample was 
transferred to a -41 "C (60-MHz) 'H NMR probe. Data: see 
Table I. 


A larger sample was similarly prepared by adding 0.350 mL 
(0.350 mmol) of 1.0 M Li(C2Hs),BH in THF to 0.2156 g (0.3307 
mmol) of 8 in 20mL of CH2C12. The mixture was slowly warmed 
to room temperature (IR (cm-*) 1935 and 1900 (br)), after which 
2 mL (20 mmol) of CCll was added. The yellow solution im- 
mediately turned red. The solvent was removed and the residue 
chromatographed on silica gel with CH2C12. A red band was 
collected, from which 0.0724 g (0.258 mmol, 78%) of (q-C,H,)- 
MO(CO)~C~, identical with an authentic sample,% was obtained. 
IR (cm-', CH2C12): 2059 (m), 1969 (9). 


Reaction of 1 with [Mn(CO)6]+CF3S0;. Samples of 1 (0.011 
g, 0.019 mmol) in CDzClz (0.300 mL) and [Mn(Co),]+ CF3S03- 
(0.008 g, 0.022 mmol) in CD3CN (0.150 mL) were prepared in 
separate septum-capped 'H NMR tubes. The former solution 
was cooled to -50 "C (CH3CN/C02 slush), and the latter solution 
was slowly added. The homogeneous reaction mixture was rapidy 
transferred to a -50 OC 'H NMR probe. A spectrum recorded 
immediately showed the complete conversion of 1 to 2 (6 5.99 (br)), 
but no other new resonances between 6 -10 and 25. I R  see 
Results. 
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The compounds (q5-C5H5)Co(HNC6X4NCBX5), X = H and F, are produced by photolysis of (q5- 
C5H5)CO(C6X&C6X6). The crystal structure of the complex (?5-C6H5)C~(HNC6F4NC6F5) has been de- 
termined at -60 "C by singlecrystal X-ray diffraction techniques and shown to contain a bidentate a-diimine 
moiety, bonded through the nitrogen atoms to (q5-cyclopentadienyl)cobalt. The metallacycle and per- 
fluorophenylene ring are essentially coplanar. Short CG-N and N-C bond lengths in the former are indicative 
of delocalized ?r bonding. An intense x - a* transition of the metallacycle dominates the electronic 
absorption spectrum. The C5 portion of the C5H ring is planar; however, the H atoms are bent out of 
the plane toward the Co atom by an average of 0.07 1. The C-C distances in the C5H5 ring show a significant 
distortion from idealized DSh geometry. Crystals of Cl7H6CoFgN2 are triclinic, space grou C!-Pi, with 
two formula units in a unit cell of dimensions at -60 "C of a = 9.832 (3) A, b = 9.932 (3) 1, c = 8.922 (3) 
A, a = 103.88 (l)", (3 = 101.19 (1)O, and y = 74.02 (1)'. Least-squares refinement of 286 variables has led 
to a final value of the R index on F of 0.054 for 5673 observations: the conventional R index on F is 0.043 
for 4054 observations having F,2 > 3u(F,2). 


Introduction 
Much attention has been given to the chemistry and 


spectroscopic properties of a-diimine complexes of tran- 
sition metals.'-'O However, within this group the o- 
phenylenediimine, or o-benzoquinone diimine, species has 
received little The o-phenylenediimine 
ligand is particularly interesting in its versatility. There 
exist three potential redox forms for the isolated ligand: 
the reduced o-phenylenediimine dianion, Ia, the o-benzo- 
semiquinone diimine radical anion, Ib, and the oxidized, 
neutral o-benzoquinone diimine, IC. To facilitate dis- 


k k R 


Ia Ib IC 
cussion, we shall use the term "quinone diimine" to refer 


(1) (a) Svoboda, M.; tom Dieck, H.; Kruger, C.; Tsay, Y.-H. 2. Na- 
turforsch., B Anorg. Chem., Org. Chem. 1981,368, 814-822. (b) tom 
Dieck, H.; Svoboda, M.; Greiser, T. Ibid.  1981, 36B, 823-832. 


(2) (a) Balk, R. W.; Stufkens, D. J.; Oskam, A. Inorg. Chim. Acta 1981, 
48,105-115. (b) Balk R. W.; Snoeck, T.; Stufkens, D. J.; Oskam, A. Inorg. 
Chem. 1980,19, 3015-3021 and references therein. 


(3) Crociani, B.; Boschi, T.; Uguagliati, P. Inorg. Chim. Acta 1981,48, 
9-22. 


(4) Otsuka, S.; Yoshida, T.; Nakamura, A. Inorg. Chem. 1967,6,20-25. 
(5) Busch, D. H.; Bailar, J. C., Jr. J. Am. Chem. SOC. 1956, 78, 


(6 )  Krumholz, P.; Serra, 0. A.; DePaoli, M. A. Inorg. Chim. Acta 1975, 


(7) Norman, J. G., Jr.; Chen, L. M. L.; Perkins, C. M.; Rose, N. J. 


(8) Krumholz, P. Struct. Bonding (Berlin) 1971,9, 139-174 and ref- 


(9) Schloeser, K.; Hoyer, E. J. Inorg. Nucl. Chem. 1971,33,4370-4373. 
(10) Reinhold, J.; Benedix, R.; Birner, P.; Hennig, H. Inorg. Chim. 


(11) Balch, A. L.; Holm, R. H. J. Am. Chem. SOC. 1966,88,5201-5209. 
(12) Christoph, G. G.; Goedken, V. L. J.  Am. Chem. SOC. 1973, 95, 


(13) Warren, L. F. Inorg. Chem. 1977, 16, 2814-2819. 
(14) Vogler, A.; Kunkely, H. Angew. Chem., Int. Ed. Engl. 1980, 19, 


(15) Zehnder, M.; Loliger, H. Helu. Chim. Acta 1980, 63, 754-760. 
(16) Baikie, P. E.; Mills, 0. S. Inorg. Chim. Acta 1967, 1, 55-60. 
(17) Hall, G. S.; Soderberg, R. H. Inorg. Chem. 1968, 7, 2300-2303. 


1137-1142. 


15, 25-32. 


Inorg. Chem. 1981,20, 1403-1409. 


erences therein. 


Acta 1979, 33, 209-213. 


3869-3875. 


221-222. 
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generally to ligands where the redox form has not been 
established. The term "a-diimine" refers to both aromatic 
and aliphatic diimines. 


a-Diimine complexes are prepared most commonly by 
coordination of the appropriate diamine at  the metal 
center followed by oxidative dehydrogenati~n."-'~J~J~ 
Certain complexes of Mo, Fe, Co, and Rh will also react 
with azobenzene to produce coordinated N-phenyl-o- 
phenylenediimine.'6,2@22 Although free o-benzoquinone 
diimine has never been isolated,23 other members of the 
a-diimine family are known and may be coordinated di- 
rectly to transition metals.'* We recently described a 
novel photochemical synthesis of the intensely colored 
compounds (?5-C5H6)Co(HNC6X4NC6x5), X = H and F, 
by irradiation of the tetraazadiene complex (q5-C5H5)Co- 
(C6X5N4C6X5), as shown in eq l.19 The unprecedented 


C6H5 x 
I I  


c 6 x 5  
I 


I - N z  
c 6 x 5  


IIa, X = H 
b , X = F  


I 1  
H X  


IIIa, X = H 
b , X = F  


abstraction of a fluorine atom in the putative bis(nitrene) 
intermediate prompted us to elucidate the molecular 
structures of IIb and IIIb. Complex IIb exhibits unusually 
strong Co-N a interactions and partial a delocalization, 
in contrast to the localized bonding found in metalla- 
cyclopentadiene We wondered whether the 
metalladiimine species IIIb would exhibit a-bonding in- 


(18) Espinet, P.; Bailey, P. M.; Maitlis, P. M. J. Chem. Soc., Dalton 


(19) Gross, M. E.; Trogler, W. C. J. Organomet. Chem. 1981, 209, 


(20) Bruce, M. I.; Iqbal, M. Z.; Stone, F. G. A. J. Chen. SOC. A 1970, 


Trans. 1979, 1542-1547. 


407-414. 


3204-3209. 
(21) Joh, T.; Hagihara, N.; Murahashi, S. Bull. Chem. SOC. Jpn. 1967, 


(22) Joh, T.; Hagihara, N.; Murahashi, S. J .  Chem. SOC. Jpn. 1967,88, 


(23) Willstiitter, R.; Pfannensteil, A. Ber. Dtsch. Chem. Ges. 1905,38, 


(24) Gross, M. E.; Trogler, W. C.; Ibers, J. A. J. Am. Chem. SOC. 1981, 


40,661-664. 


786-789. 


2348-2352. 


103, 192-193. 
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Figure 1. Stereoview of the unit cell of (r15-C5H5)Co(HNC6F4NC6F5) (IIIb). The a axis is almost vertical and the c axis is horizontal 
to the right. Vibrational ellipsoids are drawn at the 50% probability level; cyclopentadienyl hydrogen atoms are drawn at  the 20% 
probability level for clarity. 


termediate between the two extremes. 
In previous work we showed that the covalent interac- 


tion between a metal d?r orbital (in a de complex) and the 
empty A* orbital of the tetraazadiene fragment leads to 
a low-lying unoccupied metallacycle A* 0 r b i t a 1 . ~ ~ ~ ~ ~  
Electronic transitions to this orbital result in characteristic 
electronic absorption bands. It seemed likely that the 
magenta colors of complexes IIIa and IIIb result from 
transitions analogous to those observed in the isoelectronic 
metallatetraazadiene complexes. Although electronic 
spectra of transition metal-bidentate a-diimine complexes 
have been extensively ~tudied,lOJ%~~~' there have been little 
structural data to aid in the analysis. In this paper we 
report structural and spectroscopic parameters for IIIb and 
comparisons with structural results for IIb and spectro- 
scopic data for IIa, IIb, and IIIa. 


Experimental Section 
The compounds (r15-C5HS)Co(HNC6X4NC6X5), X = H and F, 


were prepared by a previously described pro~edure.'~ Absorption 
spectra were recorded on a Perkin-Elmer 320 spectrophotometer 
at room temperature in various solvents and at  77 K in 2- 
methylpentane glasses. 


Slow evaporation of heptane solutions of (r15-C5H5)Co- 
(HNC6FINC6F5) afforded dark violet crystals of rectangular 
prismatic habit suitable for X-ray diffraction study. Several 
attempts at rerrystallization from benzene, hexane, and petroleum 
ether and by sublimation produced crystals of the aforementioned 
habit as well as hexagonal prisms. Preliminary X-ray photographic 
data showed the latter to be unsuitable for study, and all further 
investigations were carried out on the rectangular prisms. 


X-ray Data Collection for ($-C,H,)CO(HNCJ?~NC$~). An 
examination of a crystal by Weissenberg and precession methods 
revealed no symmetry, other than the trivial center of symmetry. 
For data collection, a crystal was mounted on a four-circle, com- 
puter-controlled Picker FACS-1 diffractometer. The first crystal, 
which was mounted in a stream of cold nitrogen at -150 'C,a6 
shattered over a period of hours, presumably as a result of a phase 
change. A second crystal was mounted at -12 "C, and the in- 
tensities of two strong reflections were monitored as the tem- 
perature was lowered. Significant decreases in intensity were 
observed below -80 "C, at which time the crystal was visibly 
disintegrating. A third crystal was mounted at -60 * 3 "C and 
remained intact throughout the data collection. The crystal, of 
rectangular prismatic habit, had faces of forms (loll, (llO), and 
(1101, with distances between members of the forms of 0.294,0.304, 
and 0.218 mm and a volume of 0.0255 mm3. 


Unit-cell dimensions were determined by a least-squares 
analysis of the angular positions of 15 hand-centered reflectionsn 
at -60 "C in diverse regions of reciprocal space (25' 5 28(Mo Kal)  
5 29'). A Delaunay reduction of these unit cell constants did 


(26) Trogler, W. C.; Johnson, C. E.; Ellis, D. E. Inorg. Chem. 1981,20, 
9*9ll(i. - - - - - -. 


(26) The design of the low-temperature apparatus is from: Huffman, 


(27) Corfield, P. W. R.; Doedens, R. J.; Ibers, J. A. Znorg. Chem. 1967, 
J. C. Ph.D. Thesis, Indiana University, 1974. 


6, 197-204. 


not reveal any hidden symmetry. The assumption of space group 
Cf-Pi was confirmed ultimately by the successful refinement 
of the structure. The complex Cl7H6CoFsN2, molecular weight 
468.17 amu, crystallizes with two formula units in a cell of di- 
mensions a = 9.832 (3) A, b = 9.932 (3) A, c = 8.922 (3) A, CY = 


1.87 (2) g/cm3 (25 "C), and pealed = 1.932 g/cm3 (-60 "C). 
Data collection was carried out with techniques standard in 


this laboratory,% employing monochromatized Mo K a  radiation 
(h(Mo Kal)  = 0.70930 A). Intensities for reflections ih,*k,+l 
were measured in the range 4.0' 5 28 564.3'. A scan speed of 
2'/min in 28 ranging from 1.0' below Kal to 1.0" above KaZ was 
employed. The takeoff angle was 3.1". Of the 5673 unique 
reflections collected, 4054 and F,2 > 347: ) .  An absorption 
correction was applied to the data by using an absorption coef- 
ficient (Mo K a )  of 11.6 cm-'; resultant transmission factors fell 
in the range 0.744-0.806. 


Solution and Refinement of the Structure.  The cobalt 
atom was located from an origin-removed Patterson synthesis, 
and all remaining nonhydrogen and hydrogen atoms were found 
by Fourier methods. The usual procedure for refinement was 
employed.28 The function xw(F,2 - F,2)2 was minimized in the 
final cycle of refinement, in which all nonhydrogen atoms were 
refined anisotropically and all hydrogen atoms isotropically. This 
refinement involved 286 variables and 5673 observations (including 
those for which F: < 0) and converged to values of R and R, (on 
F,2) of 0.054 and 0.105, respectively, and to an error in an ob- 
servation of unit weight of 1.33 electrons2. Values of the con- 
ventional R and R,  indices on lFol for those reflections having 
Fo2 > 3cr(F,2) are 0.043 and 0.053, respectively. A final difference 
electron density map revealed no peaks above 0.51 e/A3. The 
atomic positional and thermal parameters are listed in Table I. 
The root-mean-square amplitudes of vibration and a listing of 
the observed and calculated structure amplitudes are available.= 


Results and Discussion 


103.88 (l)", @ = 101.19 (l)", = 74.02 (l)", V = 805 A3, pow = 


Description of the Structure of (q5-C5H5)Co- 
(HNC6F4NC6F5). The overall structure of the (q5- 
C5H5)Co(HNC6F4NC6F5) complex, illustrated in Figure 1, 
contains two well-separated molecules in the unit cell. 
Interatomic bond distances and angles are compiled in 
Table 11 according to the labeling scheme defined in Figure 
2. The coordination sphere of the cobalt atom can be 
viewed as trigonal with the center of a 75-C5H5 ligand 
occupying one coordination site and a perfluorinated 
N-phenyl-o-phenylenediimine ligand coordinated through 
atoms N(1) and N(2) occupying the other two sites. The 
CoN2C2 metallacycle is planar (average displacement of 
an atom from the  least-squares plane of the  ring being 
0.003 A) and is essentially perpendicular to  the cyclo- 
pentadienyl group, the dihedral angle between the two 
planes being 89.16'. Table 11129 presents information on 
selected, weighted least-squares planes through the mol- 


(28) See, for example: Waters, J. M.; Ibers, J. A. Inorg. Chem. 1977, 


(29) Supplementary material. 
16,3273-3277. 
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Table I. Positional and Thermal Parameters for the Atoms of ( r )  5-CsH5)Co(HNC6F$JC6 F, 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  X A  .................................................................................................... 


-0.02642 ( 1 9 )  


-0.17669 ( 1 6 )  


0 .15247(22)  


0.19140 (23 )  


0.10475 (24  1 


-0.C1838 ( 2 1  1 


-0 e06109 (19  ) 


0 .02566(19)  


0.23479 (15 1 
0.31531(15)  


0 .14490(17)  


-0.09712 (15 1 


-0 39693 (19 ) 


-0.49786 (19 ) 


-0.48294(21) 


-0.36698(22) 


-0.26601(211 


-0.27763(19) 


-0.41384 (14  1 


-0 6095 7 (13 1 


-0.58143 (15 1 
-0 .35261(17)  


-0.15253 (15 1 
-0.38924 ( 2 5 )  


-0.28211 (29) 
-0.20305 (32 1 
-0.26488 (32 )  


-0.37944 ( 2 5 )  


-0.4482(29) 


-0.2594(29) 


-0.1337(40) 


-0.2330( 31)  


-0.4410(323 


0.0218(33) 


0.27003 ( 1 9 )  


0 23406(  1 8  1 


0 3431 1 ( 22 1 


0.36847 ( 24 1 


0.35310(26)  


0.31072( 25 1 


0.28071(20)  


0 .29993(19)  


0.35755 ( 1 7  1 


0 40599 (1 7)  


0 37938 (22) 
0.29564(20)  


0.31916(20 1 


0.29807( 22 ) 


0.16679(243 


0.05797(22)  


0 .08039(21)  


O.21140(20) 


0.44651 (13  1 


0 40571 ( 1 4  ) 


0 .14460(16)  
-0.06997 (1 5 ) 


-0002759(14 )  


0 .27286(27)  


0 .25454(35)  


0.11030(43) 


0.04251132) 


0.14539(24) 


0.3683 (29  b 
0.3306(29) 
0 . 0 6 6 6 ( 3 8 )  


- 0 . 0 4 6 8  ( 3 1  ) 


0 .1301(32)  


0.2780 (32 1 


0.011 780( 28 1 93.13 (32 1 
0.06966 ( 2 0  1 


-0 18426 (1 8 1 


-0 .03380(29)  


-0 15945 ( 3 3 1 


-0 30372 ( 3 1  1 


-0 .31881(26)  


-0.19229 (23 1 
-0.04551(23) 


0.10635 ( 1 8 )  


-0.15027122) 


-0 .42703(22)  


-0 46066 ( 1 6  1 


-0 e351 42 ( 2 1 )  


-0.47902(22) 


-0 .57766(21)  


-0.54858(23) 


-0 42 0 73 (2  2 1 
-0 .31392(20)  


-0 .25659(15)  


-0.50812(16) 


- 0 0 7 0 1  33 (1 5)  
-0 645 22 ( 1 6 )  


-0 39669 ( 1 7  1 


0.08533 ( 2 7 )  


0.20981 ( 2 7 )  


0.17897(38) 


0.03223(39) 


-0.02225 (26) 
0.0700(311 


0.3018(34) 


0.2185(42) 


-0 .0199(33)  


-0.1197( 37 ) 
0.15701371 


11 3 .06  (36 1 88 26 ( 3 5  1 -20.78 (24 1 


. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
AESTIMATED STANDARD D E V I A T I O N S  I N  THt LEAST SIGNIFICANT F I C U R € ( S )  ARE OIVEN I N  PARENTHESES I N  THIS AND ALL SUBSEQUENT TABLES. 'THE 


2 2 2  
FORR OF THE ANISOTROPIC'THERMAL ELLIPSOID I S 1  EXP[ - (B l lH  t922K tB33L tZR12HK+2913HL+2823KL)J. THE OUANTITIES GIVEN I N  THE TABLE 


A R E  THE THERRAL COEFFICIENT$ X 1 0  


Figure 2. Drawing of an individual molecule of (q6-C5He)Co- 
(HNCf14NC$5) (IIIb) showing the labeling scheme. Vibrational 
ellipsoids are drawn at the 50% probability level. 


ecule. There is no crystallographically imposed symmetry 
but the molecule conforms to a local point group symmetry 
close to C,(m); a pseudo mirror plane bisects the C5H5 and 
C6F5 rings and lies in the plane of the metallacycle. The 
C-F distances of the pentafluorophenyl substituent range 
from 1.330 (2) to 1.342 (2) A and average 1.338 (5) A. The 
standard deviation of a single observation of 0.005 A is 
obtained on the assumption that the distances averaged 
are from the same population. The fact that the standard 
deviation estimated in this way is more than twice that 
estimated from the inverse matrix indicates that either the 
standard deviations from the inverse matrix are under- 
estimated or that there are possibly some significant 


Figure 3. Selected bond distances (A) and bond angles (deg) for 
the metallacycle moiety of (115-c~H6)Co(HNC6F4Nc6F~) (IIIb). 
Vibrational ellipsoids are drawn at the 50% probability level. 


variations. We favor the former explanation because sim- 
ilarly large standard deviations for the average distances 
are seen in the c-c (of Ca5) and C-F (of C6F4) distances. 


The Metallacycle Fragment. Of particular interest 
is the bonding within the metallacycle and tetrafluoro- 
phenylene ring (Figure 3). Several modes of coordination 
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Table 11. Intramolecular Bond Distances (A) and Angles (Deg) in (~5-CSHs)Co(HNC,F4NC6F5) 


N( 1 )-Co-N( 2) 
&-N(l)-C( 1 6 )  
Co-N( 2)-C(15) 
Co-N( 1)-H 
Co-N( 2)-C( 26) 
N(l)-C(l6)-C(l5) 
N( 2)-C( 15)-C( 1 6 )  
H-N( 1 )-C( 1 6 )  
q26)-N(2)-C(15) 
C( 15)-C( 16)-C( 11 ) 
C(16)-C(15)-C(14) 
C(l6)-C(ll)-C(l2) 
C( 11 )-C( 12)-C( 1 3 )  
C( 12)-C( 13)-C( 1 4 )  
C(13)-C(14)-C(15) 


1.829 (2)  
1.859 (2 )  
2.046 ( 2 )  
2.026 (2 )  
2.014 (3)  
2.044 (3)  
2.056 (2 )  
2.038 (17)" 
1.383 (3 )  
1.419 (5 )  
1.425 (5)  
1.393 (4 )  
1.385 (3)  
1.396 (20) 
0.99 (3)  
1.01 (3) 


0.90 (3 )  
0.77 (4)  


0.96 (3)  
0.94 (10) 


83.37 (7)  
116.3 (1) 
115.5 (1) 
127 (2)  
124.6 (1) 
113.1 (2 )  
111.7 (2)  
117 (2)  


119.3 (2)  


120.9 (2)  


119.9 (1) 


118.0 (2)  


120.2 (2)  
120.2 (2 )  
121.3 (2 )  


Bond Distances 
N( 1 )-C( 16 )  1.349 (3)  c( 26)-C( 21 ) 1.390 (3) 
N(2)-C(15) 1.362 (2)  C(21)-C(22) 1.373 (3 )  
N-C(av) 1.356 (9 )  C(221-C(23) 1.375 (3)  . ,  . ,  c( 23 j-c( 24 j 1.370 ( 3 j  


c(24)-C( 25) 1.377 (3 )  0.835 (32) 
1.416 (2 )  C(25 )-C( 26) 1.387 (3 )  


N(1 F 
N( 2)-C( 26) 
C(16 )-C( 15 )  1.420 (3 )  c-c(av) '  ' 1.379 (si 
c(i~j-c(ii j 
C( 11)-C( 12 )  
C( .l2)-C( 1 3  ) 
C(13)-C(14) 
C(14)-C(15) 
C-C(av) 
C ( l l ) - F ( l l )  
C(12)-F(12) 
C( 13)-F( 13 )  
C( 14)-F( 14 ) 
C-F( av) 


1.404 (3 j  
1.350 (4 )  
1.399 (4)  
1.360 (3)  
1.398 (3)  
1.392 (27) 
1.351 (3)  
1.351 (2)  
1.341 (3 )  
1.348 (3)  
1.348 ( 5 )  


Bond Angles 
F( 11 )-C( 11 )-C( 1 6 )  11 8.2 (2)  
F( 11 )-c( 11)-C( 1 2 )  121.0 (2 )  
F(l2)-c(12)-C(ll) 121.3 (2)  
F( 12)-C( 12)-C( 13) 118.5 (2)  
F(13)-C( 13)-C(14) 120.4 (2)  
F( 13)-C( 13)-C( 1 2 )  119.3 (2) 
F(14)-c(14)-C(15) 120.7 (2) 
F( 14)-C(14)-C( 1 3 )  11 8.0 (2) 
N(2)-C(26)-C(25) 122.2 (2)  
N(2)-C(26)-C(21) 121.0 (2 )  
C(21)-C(26)-C(25) 116.7 (2)  
C(26)-C(21)-C(22) 121.9 (2) 
C( 21 )-C( 22)-C( 23 ) 11 9.9 (2)  
C(22)-C(23)-C(24) 119.8 (2)  
C(23)-C(24)-C(25) 119.9 (2)  
C(24)-C(25)-C(26) 121.8 (2)  


. .  


C( 21 )-F( 21 ) 
C( 22)-F( 22) 
C( 23)-F( 23) 
C( 24)-F( 24) 
C( 25)-F( 25) 
C-F( av) 


C( 2)-C( 1)-C( 5 )  
C(1)-C( 5)-C(4) 


6(3)-C(4)-C(5) 
C( 2 )-C( 3 )-C( 4 )  


C( 1 )-C( 2)-C( 3 )  


F(21)-C(21)-C(26) 
F(21)-C(21)-C(22) 
F( 22)-C( 22)-C( 21 ) 
F( 22)-C( 22)-C( 23) 
F( 23)-C( 23)-C( 22) 
F(23)-C(23)-C( 24) 
F( 24)-C( 24)-C( 25) 
F( 24)-C( 24)-C( 23) 
F( 25)-C( 25)-C( 26) 
F(25)-C(25)-C( 24) 


. .  


1.330 ( 2 )  
1.339 (2 )  
1.338 (2)  
1.342 (2)  
1.341 ( 2 )  
1.338 (5) 


109.4 (2)  


107.1 (2 )  
106.7 (3 )  
107.8 (2)  


109.0 (2 )  


119.1 (2)  
119.0 (2 )  
120.0 (2 )  
120.2 (2)  
120.4 (2) 
119.9 (2 )  
120.4 (2)  
119.6 (2 )  
119.6 (2 )  
118.5 (2 )  


The standard deviation in parentheses following an average value is the larger of that estimated for an individual value 
from the inverse matrix or on the assumption that the values averaged are from the same population. 


Table IV. Comparison of Metallacycle Bond Distances (A)  in Quinone Diimine Complexes 


compd 
N-C- 


M-N(av) (phenylene)(av) C( 5)-C(6)" N-C 


IIIb (a5-C,H,)Co( HNC6F,NC6F,)b 1.844 (21)c 1.356 (9)  1.420 (3)  1.416 (2)  
IV [Co(C6H4(NH)2 )3 1 LBPh41 1.877 (25), 1.337 (19)  1.454 (18), 


V [ Fe(CO),J 2-b-iV,iV'-( HNC6H4NC,H,)I 2.001 (32)  1.447 (14) 1.363 (15) 1.441 (14) 
VI Ni(C,H4(NH), ) Z g  1.832 (12)  1.38 (2)  1.40 (2 )  


1.43 (2 )  
VI1 [F~(CN),(C,H,(NH),)][M~,D~~CO]~ 1.909 (5 )  1.321 (6)  1.443 (4)  


2.079 1.465 (17)  


" Numbering scheme is that used in the text. This work. f = -60 "C. All other structural data tabulated here were 
obtained at  room temperature. 
same type in a given complex is the larger of that estimated for an individual value from the inverse matrix or on the assump- 
tion that the values averaged are from the same population. 
benzosemiquinone diimine ligand. f Reference 18. g Reference 22. h Reference 10. 


The standard deviation in parentheses following the average value for bond lengths of the 


Reference 13. e Co-N bond of the singly coordinated o- 


of the diimine to the cobalt atom may be envisioned, 
differing in the formal oxidation state of the ligand and 
reflecting varying degrees of metal-nitrogen multiple 
bonding. That partial T delocalization occurs within the 
cobalt-bicyclic moiety is indicated by the Co-N(l) and 
Co-N(2) bond lengths (1.829 (2) and 1.859 (2) A, respec- 
tively), which are much shorter than the expected range 
for M-N single bonds of 1.95-2.15 A.30 They may be 
contrasted with the Ni-N single bond length of 2.118 (9) 


A in the complex NiC12(H20)2(C6H4[N(CH3)2]2)31 and 
compared with the Co-N bond lengths of 1.802 (2) and 
1.819 (2) A in the symmetric tetraazadiene complex IIb.24 
Longer Co-N distances in the present system relative to 
those in complex IIb probably reflect the presence of 
competing A delocalization between the phenylene and 
metallacycle moieties. 


The N(l)-C(16) and N(2)-C(15) bond lengths of 1.349 
(3) and 1.362 (3) A, respectively, are substantially shorter 


(30) Davis, B. R.; Payne, N. C.; Ibers, J. A. Inorg. Chem. 1969, 8, (31) Bombieri, G.; Forsellini, E.; Bandoli, G.; Sindellari, L.; Graziani, 
2719-2728. R.; Panattoni, C. Inorg. Chin. Acta 1968,2, 27-32. 
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than the exocyclic N(2)-C(26) bond length of 1.416 (2) A. 
The angles about atoms N(1) and N(2) and the planarity 
of the metallacycle are consistent with sp2 hybridization 
of the nitrogen atoms. Hexachloroquinoxaline, a planar 
10 n-electron aromatic molecule, exhibits an average N- 
C(pheny1ene) bond length of 1.368 (5) A,32 reflecting ap- 
proximately 35% double-bond character, as calculated by 
assuming equivalent contributions of the three valence- 
bond resonance  structure^.^^ 


cl+;x:’ C I  ypf N CI 


C I  CI 


CI 


Gross, Ibers, and Trogler 


Fe-N and N-C distances in p-(N,N’-dehydrosemi- 
dinato)-bis(tricarbonyliron), V, are consistent with Fe-N 
single bonds and sp3-hybridized nitrogen atoms, revealing 
scant n delocalization in that molecule.16 The bis(o- 
benzosemiquinone diimine)nickel( 11) complex, VI, was so 


Y H 


ci 


A longer average N-C bond length of 1.400 (4) A is found 
between the sp3-hybridized nitrogen and phenylene carbon 
atoms of the substituted benzimidazole molecule, Cloda- 
zone.% 


I 


The six-carbon ring of the tetrafluorophenylene moiety 
is planar,% essentially coplanar with the CoN2C2 plane 
(dihedral angle = 1.4O), enabling substantial n-orbital 
overlap between the rings. Variations of the C-C bond 
distances within the phenylene moiety, with short 
C(ll)-C(12) and C(13)-C(14) bond lengths of 1.350 (4) and 
1.360 (3) A and a long C(15)-C(16) bond length of 1.420 
(3) A, implicate a contribution from the quinone diimine 
valence-bond form. 


The structures of some related organometallic complexes 
containing the phenylenediimine moiety, compared in 
Table IV, exemplify the three different valence-bond 
configurations, Ia, Ib, and IC, although the large errors 
associated with the bond lengths and angles in two of these 
structures must be considered. Bond lengths throughout 
the heterocycle in the present structure compare well with 
those found in bis(l,2-benzoquinone diimide)( 1,2-benzo- 
semiquinone diimido)cobalt(II), IV.15 In contrast, the 


( C H p  ) 3 N ( C H s ) 2  


V 


(32) Vermeulen, A. J. W. A.; Huiszoon, C. Acta Crystallogr., Sect. E 
1979.35.3087-3089. -. . . , -. , -. - . - -. . 


(33) Pauling L. ‘The Nature of the Chemical Bond”; Cornel1 Univ- 


(34) Lambert, P.; Evrard, G.; Durant, F.; Germain, G.; Declercq, J. P. 
ersity Press: Ithaca, NY, 1960. 


Acta Crystallogr., Sect. B 1978, B34, 26562658. 


VI1 VI 
formulated on the basis of its redox chemistry and the 
planarity of the molecule, indicating that nickel is in a 
divalent rather than zerovalent oxidation state; however, 
the ligands still exhibit alternating double bonds rather 
than complete delo~alization.~~ The bidentate ligand in 
(0-benzoquinone diimine)tetracyanoiron(II), VII, was 
formulated as having the completely oxidized structure, 
Ic.12 All of the above structures, irrespective of their as- 
signments, exhibit alternating double bonds to some de- 
gree. A molecular orbital description would ascribe the 
variations to differing amounts of n-back-bonding into the 
low-lying empty n* orbital of IC. This closely resembles 
the bonding model advanced for the tetraazadiene com- 
p l e ~ e s . ~ ~ ~ ~ ~  


The Cyclopentadienyl Group. Differences in the 
Co-C distances to coordinated cyclopentadiene indicate 
a symmetric tilting of the C5 ring such that atoms C(2) and 
C(3) are closest to, and atom C(5) furthest from, the cobalt 
atom. Two noteworthy features involve the variations in 
the carbon-carbon bond distances and bending of the 
hydrogen atoms out of the Cs-ring plane. 


The lack of cylindrical symmetry in the Co(HNC6F4N- 
C6F5) moiety, which lifts the degeneracy of the cobalt 3d,, 
and 3d, orbitals that interact with the cyclopentadienyl 
ligand, is the most plausible explanation for the observed 
asymmetry in the C-C distances. Detailed discussions of 
this phenomenon are 


Hydrogen atoms of the C5H5 group deviate from the 
five-carbon ring plane toward the Co atom by an average 
of 0.07 A. The few structures containing accurate data for 
cyclopentadienyl hydrogen atom positions also show a 
trend of bending toward the meta1.24y4648 Although less 
common for hydrogen substituents in C5H5,49 bending away 
from the metal is frequently observed for the methyl 
substituents of coordinated pentamethylcyclopentadienyl 


(35) Riley, P. E.; Davis, R. E. J. Organomet. Chem. 1976,113,157-166. 
(36) Byers, L. R.; Dahl, L. F. Inorg. Chem. 1980,19, 277-284. 
(37) Frevbere. D. P.: Robbins. J. L.: Ravmond. K. N.: Smart. J. C. J.  


1 -  


Am. dhem: So~’1979,101, 892-897. 
(38) Mingos, D. M. P.; Minshall, P. C.; Hursthouse, M. B.; Malik, K. 


M. A.; Willoughby, S. D. J.  Organomet. Chem. 1979,181, 169-182. 
(39) Rigby, W.; Lee, H.-B.; Bailey, P. M.; McCleverty, J. A.; Maitlis, 


P. M. J. Chem. Soc., Dalton Trans. 1979, 387-394. 
(40) Byers, L. R.; Dahl, L. F. Inorg. Chem. 1980, 19,680-692. 
(41) Smith, A. E. Inorg. Chem. 1972,11, 165-170. 
(42) Mitachler, A.; Rees, B.; Lehmann, M. S. J. Am. Chem. SOC. 1978, 


(43) Day, V. W.; Reimer, K. J.; Shaver, A. J .  Chem. SOC., Chem. 


(44) Dahl, L. F.; Wei, C. H. Inorg. Chem. 1963,2, 713-721. 
(45) Guggenberger, L. J.; Cramer, R. J. Am. Chem. SOC. 1972, 94, 


(46) Seiler, P.; Dunitz, J. Acta Crystallogr., Sect. B 1980, B36, 


100, 3390-3397. 


Commun. 1975,403-404. 


3779-3786. 


2255-2260. ~ ~ . .  ~ ~ . .  


(47) Takusagawa, F.; Koetzle, T. F. Acta Crystallogr., Sect B 1979, 


(48) Zimmerman, G. J.; Sneddon, L. G. Inorg. Chem. 1980, 19, 
B35, 1074-1081. 


2(;.5r!-%35.5. - - - - - - - -. 
(49) Petersen, J. L.; Dahl, L. F.; Williams, J. M. J .  Am. Chem. SOC. 


1974, 96,6610-6620. 
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Table V. Electronic Absorption Spectral Data (nm) 
for (qs-C,H,)Co( N-N) Complexes 
N-N solvent" hmaxl ( E )  hmexZ ( E )  


IIIa (HNC,H,NC,H,) C,H,, 758 528 
(640) (13 900) 


CH,CN 757 ' 534 
(930) (14 300) 


(670) (13 500) 


(930) (17 600) 


IIIb (HNC,F,NC,F,) C,H,, 753 556 


CH,CN 744 557 


IIa (C,H,N,C,H,) C,H,CH, 6 f l  ' 4?0 
(690) (6200) 


IIb (C,F,N,C,F,) C,H,CH, 657 . 470 ' 


(430) (5190) 
IIc (CH,N,CH,) 598 ' 424 


(260) (9260) 


a All spectra were measured at room temperature. 


groups.3738bo The ($16-C6HS)Co(~4-C4H4) complex exhibits 
a slight bending of the cyclopentadienyl hydrogen atoms 
toward the cobalt atom, while the cyclobutadiene hydrogen 
atoms are bent away.% 


Electronic Spectra. In early studies of a-diimine 
complexes it was proposed that their intense colors were 
characteristic of a bonding between the unsaturated lig- 
ands and metal d electrons;sfil more recent work supports 
this proposal.+l0 Norman, Chen, Perkins, and Rose' re- 
cently examined the electronic structure of the model 
bis(a-diimine) iron complex Fe(N2C2H4)X2. They con- 
cluded that significant Fe du - N2C2H4 u* back-donation 
was present, owing to the essentially equivalent energies 
of C-N a* orbitals and Fe 3d orbitals.' 


Electronic absorption spectra of the quinone diimine 
complexes IIIa,b and of the tetraazadiene complexes IIa,b 
exhibit several bands in the visible region (Table V). The 
molecular structure of complex IIIb displays the covalent 
nature of quinone diiminemetal bonding. Similarly strong 
cobalt-nitrogen interactions are found in the molecular 
structure of complex IIb. Calculations on the model com- 
plex (&&Hs)Co(HN4H) (coordinate system shown below) 
demonstrated the presence of a low-lying unoccupied 
metallacycle A* orbital (LUMO) of proper symmetry to 


(50) Ibers, J. A. J. Orgummet. Chem. 1974, 73,389-400. 
(61) Krumholz, P. J.  Am. Chem. SOC. 1953, 75, 2163-2166. 


co 
H-N' 'N-H \NO -N 1 .. .. 


accept electron density from the predominantly metal d,a 
and d, molecular orbitals." A related SCC-DV-Xa study 
of Fe(C0)JHN4H) showed little overlap between metal 
d,z and N a* orbitals.25 This is consistent with the weak 
intensity of A,' of IIa,b and a d,z - LUMO assignment. 
The intense visible absorption, Amaz, was assigned to a 
transition from a lower lying occupied molecular orbital, 
composed of metal d,, and HN4H u* contributions, to the 
LUMO, that is, the a - u* transition of the metallacycle. 
The significantly greater overlap between the d,, and N 
a orbitals is reflected in the greater intensity of Amarz 
relative to Amarl. 


In comparison with the visible spectra of metallate- 
traazadiene complexes IIa,b, the two low-energy absorp- 
tions of complexes IIIa,b are systematically red-shifted, 
their separation (Awl - Am2) remaining essentially con- 
stant. This bathochromic shift is consistent with extension 
of the conjugated chromophore. Note that a similar shift 
is observed on substitution of phenyl for methyl substit- 
uents in the tetraazadiene complexes. A simple charge 
transfer assignment of the visible absorption bands of 
IIIa,b is ruled out by the insensitivity of the band energies 
to solvent polarity and electronegative ring substituents. 
Absorption bands in the spectra of complexes IIIa,b at 77K 
in 2-methylpentane glasses are not significantly shifted in 
energy relative to their room-temperature values, although 
the expected narrowing is observed. The above data 
support assignments of the visible absorption bands of 
IIIa,b as a d,z - metallacycle u* transition for Amarl and 
a metallacycle A - A* transition for Amma, analogous to 
our assignments of the tetraazadiene spectra. 
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Photochemical Reactions of a Cobaltacyclopentadiene and the 
Molecular Structure of 
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Ultraviolet irradiation of the cobaltacyclopentadiene complex (.115-CsH5)C~[C4(C6H5)4] [P(C6H5),], 1, in 
oxygenated CH2C12 or C6H6 solvents yields ( ~ I ~ - C ~ H ~ ) C ~ [ ~ ~ - O C ( ~ ~ ~ ~ ~ ~ ~ ~ ~ H ~ ~ ~ ~ ~ ~ ~ ~ ) ~ ( ~ ~ ~ ~ ) ~ ] ,  2, and 
(sS-CsH5)C~[~4-C4(C6H5)4], 3. In the absence of 0, only 3 forms. Complexes 2 and 3 are formed by 
independent photochemical pathways with low quantum efficiencies (<5 X lo4 at 366 and 313 nm). The 
crystal structure of complex 2 at -150 "C was determined. Unusual v4-OCCC bonding of the enedione 
?r system of coordinated 1,2,3,4-tetraphenyl-cis-2-butene-1,4-dione (or (2)-dibenzoylstilbene) is observed 
with a Co-0 bond length of 1.936 (3) A and Co-C bond lengths of 2.004 (5), 2.012 (51, and 2.066 (5) A. 
There is a dihedral angle of only 10.2O between the cyclopentadiene and q4-OCCC planes. Crystals of 2 
are monoclinic, space group C&-P21/n with four C33H COO, formula units in a cell of dimensions, at 
-150 "C, of a = 17.128 (6) A, b = 15.893 (3) A, c = 9.097 (2)1, and j3 = 101.92 (2)O. Least-squares refinement 
on 177 variables led to a final value of the R index on of 0.106 for 4980 unique observations; the 
conventional R index on F is 0.062 for 2748 observations having F: > 3u(F:). 


Introduction 


Although there has been interest in the chemistry of 
cobaltacyclopentadiene complexes for over two decades,1-30 


(1) Nakamura, A,; Hagihara, N. Bull. Chem. SOC. Jpn. 1961, 34, 


(2) Boston, J. L.; Sharpe, D. W. A. Wilkinson, G. J.  Chem. SOC. 1962, 


(3) Maitlis, P. M.; Efraty, A.; Games, M. L. J.  Organomet. Chem. 1964, 


(4) Rauach, M. D.; Genetti, R. A. J.  Org. Chem. 1970,35,388&3897. 
(5) Yamazaki, H.; Hagihara, N. J. Organomet. Chem. 1970, 21, 


(6) Yamazaki, H.; Hagihara, N. Bull. Chem. SOC. Jpn. 1971, 44, 


(7) Bemal, I.; Davis, B. R.; Rausch, M. D.; Siegal, A. J. Chem. SOC., 


(8) Rausch, M. D. Pure Appl. Chem. 1972,30,523-538. 
(9) Gardner, S. A,; Rausch, M. D. J. Organomet. Chem. 1974, 78, 


415-421. 
(10) Wakatauki, Y.; Kuramitau, T.; Yamazaki, H. Tetrahedron Let t .  


1974,4549-4552. 
(11) Vollhardt, K. P. C.; Bergman, R. G. J. Am. Chem. SOC. 1974,96, 


4996-4998. 
(12) Y d ,  H.; Aoki, K.; Katauyuki, A.; Yamamoto, Y.; Wakatauki, 


Y. J. Am. Chem. SOC. 1975,97, 3546-3548. 
(13) Gardner, S. A.; Tokas, E. F.; Rausch, M. D. J.  Organomet. Chem. 


1975,92,69-79. 
(14) Gastinger, R. G.; Rausch, M. D.; Sullivan, D. A,; Palenik, G. J. J.  


Am. Chem. SOC. 1976, 98, 719-723; J. Organomet. Chem. 1976, 117, 
355-364. 


452-453. 


3488-3494. 


2,284-286. 


431-443. 


2260-2261. 


Chem. Commun. 1972, 1169-1170. 


(15) Vollhardt, K. P. C. Acc. Chem. Res. 1977, 10, 1-8. 
(16) Lee, W. S.; Brintzinger, H. H. J. Organomet. Chem. 1977, 127, 


(17) Yamazaki, H.; Wakatauki, Y. J. Organomet. Chem. 1977, 139, 


(18) Wakatauki, Y.; Yamazaki, H. J. Organomet. Chem. 1977, 139, 


(19) Clearfield, A,; Gopal, R.; Rauach, M. D.; Tokas, E. F.; Higbie, F. 


(20) Wakatauki, Y.; Yamazaki, H. Synthesis 1976, 25-28. Hong, P.; 


(21) McAliater, D. R.; Bercaw, J. E.; Bergman, R. G. J.  Am. Chem. SOC. 


93-99. 


157-167. 


169-177. 


A.; Bernal, I. A. J. Organomet. Chem. 1977, 135, 229-248. 


Yamazaki, H. Ibid. 1977, 50-52. 


1977.99.1666-1668. 
(22) Grevels, F.-W.; Wakatauki, Y.; Yamazaki, H. J. Organomet. 


(23) McDonnell Bushnell, L. P.; Evitt, E. R.; Bergman, R. G. J. Or- 
Chem. 1977, 141, 331-337. 


ganomet. Chem. 1978,157, 445-456. 


only one study2, alluded to their photochemistry. We 
recently observed photochemical extrusion of N, from 
(o5-C@&C0[ (Ar)NN"(Ar)] complexes (Ar = C6H5, C6F5) 
that contain the metallotetraazadiene moiety.31 In view 
of the electronic similarity between the bidentate C4R42- 
and N4& gr0ups,3~-~~ we examined the photoreactivity of 
(v5-C5H5)Co(C4Ph)(PPh3), 1. One of the products of the 


Ph 


@I,h ' Ph 


1, Ph = C,H, 


reaction with 02, 2, appeared to contain 1,2,3,4-tetra- 
phenyl-cis-2-butene-1,4-dione (or (2)-dibenzoylstilbene) 
coordinated to an (T~-C~H,)CO fragment. A product with 
similar spectral properties was observed in an earlier re- 
port.22 In order to characterize definitively the coordina- 
tion geometry of this sterically hindered enedione ligand, 
we undertook a single-crystal X-ray diffraction study of 
product 2. This investigation reveals an unusual delo- 


(24) Rauach, M. D.; Gardner, S. A.; Tokas, E. F.; Bernal, I.; Reisner, 
G. M.; Clearfield, A. J.  Chem. SOC., Chem. Commun. 1978, 187-188. 


(25) Yamazaki, H.; Wakatauki, Y. J.  Organomet. Chem. 1978, 149, 
377-384. 


(26) Wakatsuki, Y.; Yamazaki, H. J. Organomet. Chem. 1978, 149, 
385-393. 


(27) Evitt, E. R.; Bergman, R. G. J. Am. Chem. SOC. 1980, 102, 
7003-7011. 


(28) Rausch, M. D.; Westover, G. F.; Mmtz, E.; Reisner, G. M.; Bernal, 


(29) Yasufuku, K.; Hamada, A.; Aoki, K.; Yamazaki, H. J.  Am. Chem. 


(30) Bergman, R. G. Pure Appl. Chem. 1981,53, 161-170 and refer- 


(31) Gross, M. E.; Trogler, W. C. J. Organomet. Chem. 1981, 209, 


I.; Clearfield, A.; Troup, J. h o g .  Chem. 1979,18, 2605-2615. 


SOC. 1980 102,4363-4372. 


ences therein. 


407-414. ~. 


(32) Gross, M. E.; Trogler, W. C.; Ibers, J. A. J.  Am. Chem. SOC. 1981, 


(33) Trogler, W. C.; Johnson, C. E.; Ellis, D. E. Inorg. Chem. 1981,20, 
103, 192-193. 


980-986. 
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Photochemical Reactions of a Cobaltacyclopentadiene 


2 


calized q4-enone bonding mode depicted. An additional 
photochemical pathway, which yielded the cyclobutadiene 
derivative 3, was also observed. 


3 


Experimental Section 
Materials (sources) were as follows: C6H6, hexanes, toluene, 


CH2C12, cyclopentadiene dimer, PPh3, C2Ph2, and P(OMe)3 
(Aldrich); c&, CX13 (Merck); (+-C$S)CO(CO)~ (Strem); sodium 
(Alfa); xylenes and diethyl ether (Mallinckrodt) CoC12.6H20 
(Baker); o2 (Linde). The solvents C6H6, C6D6, toluene, and 
hexanes were purified by distillation from Na-benzophenone or 
Na under a dinitrogen atmosphere. Xylenes and CH2C12 were 
dried over CaH2. Cyclopentadienylcobalt dicarbonyl was vacuum 
distilled. Trimethyl phosphite was distilled twice from Na prior 
to and PPh3 was recrystallized from hot ethanol. 
IR spectra were recorded on Perkin-Elmer 283 and Nicolet 7199 


FT-IR spectrometers with the use of 0.1-mm path length NaCl 
cells. UV-visible spectra were obtained on a Perkin-Elmer 320 
spectrophotometer; 'H NMR spectra (60 MHz)  were recorded on 
a Perkin-Elmer R-20B spectrometer, and a Varian CFT-20 
spectrometer was used to obtain 'H (79.54-MHz) and I3C (20- 
MHz) NMR spectra. Chemical shifts are reported in parts per 
million downfield from internal Me4Si or by using the following 
solvent reference peaks (CJ15H 6~ 7.15, 6c 128.0; CHC& 6~ 7.24, 
bc 77.24). Mass spectra were recorded on a Hewlett-Packard 5985 
GC/MS system by Dr. D. Hung of the Northwestern University 
Analytical Services Laboratory. Elemental analysis were deter- 
mined by H. Beck of the same laboratory or by Micro-Tech 
Laboratories, Skokie, IL. 
(q5-C6HS)Co(C4Ph4)(PPh3), 1. This complex was prepared 


from c0Cl(PPh3)~~ and Na(C&) by a literature procedure" and 
recrystallized from benzene-hexane: 'H NMR (CDCl,) 6 4.73 


133.87 (d, J = 10.0 Hz), 129.94 (d, J = 20.8 Hz), 130.10 (d, J = 
5.0 Hz), 128.27 (d, J = 9.6 Hz), 126.64 (d, J = 11.3 Hz), 123.58 
(d, J = 9.5 Hz), 89.82 (d, J = 1.3 Hz, q6-CsHs). Anal. Calcd for 
CSIHIOCoP: C, 82.73; H, 5.60. Found C, 82.5; H, 5.47. A partial 
'3c NMR spectrum of this complex was reported during the course 
of this workas We did not observe signals from some quaternary 
carbons that may be found in ref 36. 


Irradiation of 1 i n  the  Preeence of OF An 02-saturated 
solution containing 0.5 g of 1 in 80 mL of freshly distilled C6H6 
was irradiated for 4 h in a Pyrex immersion well with a 450-W 
medium-pressure Hanovia Hg arc lamp. The solution was fitered, 
the solvent removed, and the residue extracted with Et&CH2Cl2. 
Mass spectrometry showed the presence of dibenzoylstilbene in 
the extract. Half of the dark insoluble residue was dissolved in 
CH2C12 and spotted on an Analtech, silica gel G (2000 pm thick) 


(~"CSHs); I3C{'Hj NMR (CDClJ 153.76, 142.35 (d, J = 3.1 Hz), 


(34) Kindly provided by Mr. Joseph Kolis of Northweatem University. 
(35) Aresta, M.; Roesi, M.; Sacco, A. Znorg. Chim. Acta 1969, 3, 


(36) Mattia, J.; Sikora, D. J.; Macomber, D. W.; Rausch, M. D.; 
Hickey, J. P.; Friesen, G. D.; Todd, L. J. J. Organomet. Chem. 1981,223, 


227-231. 


441-460. 
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preparative TLC plate. Development with CH&12 yielded a fast 
moving brown band (complex 1 and traces of 3) and a slow moving 
chocolate brown band (2), which was removed and extracted with 
methanol and dichloromethane. The second portion was treated 
in a similar fashion. Considerable decomposition occurred in 
extracting the second complex from the support to yield about 
300 mg of 2, contaminated with (2)-dibenzoylstilbene. Soxhlet 
extraction of 2 from the support with CHZCl2 did not improve 
its yield. The organic product could be isolated by extracting the 
crystalline mixture with ether-CH2C12 (or by TLC) and recrys- 
tallized from benzene-hexane to yield 150 mg (58%) of (2)-di- 
benzoylstilbene: mass spectrum (20 eV), m / e  (relative abundance) 


105 (55, COPh+) [the 13C isotope peak at m / e  389.2 at 32% 
intensity is close to the calculated value of 31%]; 'H NMR (CDC13) 
6 7.22 and 7.85 (m, C6Hs); IR (CH2C12) 3058 (w), 1660 (s), 1598 
(s), 1580 (m), 1492 (m), 1447 (m), 1444 (m), 1248 ( 8 )  cm-'; mp 
216-220 "C (lit?' 211-213 "C and lit.% 218-220 "C for the 2 and 
lit.% 232-234 for the E isomer). The residue containing complex 
2, (q5-cyclopentadienyl)(q4-1,2,3,4-tetraphenyl-2-butene-1,4- 
dione-O,C,C',C'?cobalt(I), was recrystallized from benzene-hexane 
and washed with ether to yield 40 mg (11%): 'H NMR (CDCl,) 
6 4.83 (qS-C5H6), 7.25 and 8.47 (m, C6H6); IR (CHZC12) 1653 (s), 
1599 (m), 1496 (m), 1446 (m) cm-'. Anal. Calcd for CSHwCoO2: 
C, 77.34; H, 4.92. Found: C, 77.6; H, 4.68. The mass spectrum 
of this complex could not be obtained. Heating (120 "C) led to 
decomposition that yielded (qS-C6H6)2Co and OC(Ph)C(Ph)C- 
(Ph)C(Ph)O as the only volatile species, as identified by electron 
impact and chemical ionization mass spectrometry (with CH5+). 


(q6-C5H6)Co(q4-C4Ph4), 3. This complex was prepared from 
(qS-C6H6)Co(C0)2 and C2Ph2 by the literature procedure: and 
the 'H NMR (CDC13) spectrum agreed with that reported. 


Relative photoreactivity studies employed solutions ((5 - 8) 
X lo-, M) of 1 in C6D6 solvent (vacuum distilled from Na- 
benzophenone) or CH2C12 (vacuum distilled from CaH2). Aliquots 
(0.5 mL) were placed in identical Pyrex NMR tubes, and each 
was given the same dose of radiation. Product distributions were 
then analyzed by monitoring the q6-C6H5 chemical shifts in C6D6 
relative to Me4Si: 1 (6 4.81); 2 (6 4.45); 3 (6 4.51). A 450-W 
high-pressure xenon arc lamp served as the radiation source. The 
light was collimated, passed through 10 cm of cooled distilled water 
and a Corning 1-75 filter (to cut out X < -300 nm and X > -800 
nm), and then focused onto the NMR tube in a holder. Quartz 
optics were used throughout. Quantum yield measurements 
employed a previously described apparatu~.,~ 


Crystallographic Data for 2. Preliminary precession and 
Weissenberg photographs showed monoclinic symmetry and the 
systematic absences h01 (h + 1 = odd) and OkO ( k  = odd). These 
observations uniquely establish the space group as C&-P21/n. 


A small, irregular (0.16 X 0.20 X 0.30 mm) but well-formed 
crystal was mounted on a Picker four-circle diffractometer. With 
the crystal at -150 O c a  14 reflections in the range 20" < 20(Mo 
Kal) < 24" were centered. Least-squares analysis of the resultant 
angular positions yielded the unit cell parameters of Table I. 
Details of data collection are also given in this table. The crystal 
showed no decomposition during data acquisition, since the in- 
tensities of six standard reflections, measured after every 100 
reflections, showed only variations expected from counting sta- 
tistics. Of the 5176 reflections measured 4980 are unique and 
2748 of these obey the condition F: > 3u(F:). Because of the 
small crystal size diffraction intensities were weak. 


Heavy-atom methods were employed to solve the structure!l 
The position of the cobalt atom was located from an origin-re- 


388.1 (199, M'), 372.2 (41, M+ - 0), 360.2 (66, M+ - CO), 359.2 
(80, M+ - HCO), 283.2 (59, M+ - COPh), 255.2 (39, M+ - (CO),Ph), 


(37) Lutz, R. E.; Bauer, C. R.; Lutz, R. G.; Gillespie, J. S. J. Org. Chem. 
1966, 20, 218-224. 


(38) Haynes, R. K.; Peters, J. M.; Wilmot, I. D. Aust. J. Chem. 1980, 
33, 2653-2661. 


(39) Johnson, C. E.; Trogler, W. C. J. Am. Chem. SOC. 1981, 103, 
6352-6358. 


(40) The low-temperature system is based on a design by J. C. Huff- 
man (Ph.D. Thesis, Indiana University, 1974). The diffractometer was 
run under the Vanderbilt disk system (Lenhert, P. G. J.  Appl. Crystal- 
logr. 1975, 8, 568-570). 


(41) For details of the refinement techniques and programs, see: 
Bonnet, J. J.; Mathieu, R.; Ibers, J. A. Znorg. Chem. 1980,19,2448-2453. 
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Table I. Summary of Crystallographic Details for 
(q5-C5Hs )Co[q4-OC(Ph )C( Ph )C( Ph )C( Ph )O] ( 2) 


formula 
fw, g/mol 


a, a 
b, A 
CY A 
0, deg v, A3 
z 
d(ca1cd) (-150 "C), g/cm3 
d(obsd) (25 "C), g/cm3 


space group 
cryst faces 
cryst v01, mm3 
temp, "C 
radiation 


p(Mo Ka), cm-' 
transmission factors 
28 range, deg 
aperture 


scan speed, deg/min 
scan width, deg 


bkgd count time, s 
reflctns measd 


final no. of variables 
unique data 


unique data (Fo2  > 3o(FO2)) 


P 


R(F2) 
R w ( F 2 )  


RdF, Fo2 > 3o(FO2)) 
R(F, FO2 > 3o(FO2)) 


a Reference 40. 


C33H25C002 
512.50 . 
17.128 (6)  
15.893 (3)  
9.097 (2) 
101.92 (2) 
2423 
4 
1.405 
1.35 
Cih-P2, In 


0.014 
-150" 
M o  KLY [A(Mo K a , ) =  


7.33 
0.85-0.90 
3-50 


{loo}, {011), (131) 


0.709 30 A]  


3.7 mm wide by 4.3 mm 
high, 32 cm from 
crystal 


above Ka, 


2 in 28 
-1.0 below Ka, to +0.9 


20 with rescan optiona 
*h,+ k,+ 1 
0.04 
177 
4980 
0.106 
0.146 
2748 
0.062 
0.062 


moved, sharpened Patterson map, and the remaining nonhydrogen 
atoms were found from difference Fourier maps subsequent to 
leastisquares refinement. The four phenyl groups in the molecule 
(denoted Phl-Ph4) were constrained to Dgh symmetry and iso- 
tropic thermal motion. The other nonhydrogen atoms were al- 
lowed anisotropic motion. Refinement of this model on F led to 
values of R and R, of 0.076 and 0.089. The positions of the 
hydrogen atoms were idealized by assuming C-H distances of 0.975 
and 0.950 for the ($-C6Hs) and (C6H6) hydrogen atoms, respec- 
tively. In the final cycles of refinement the hydrogen atoms of 
the q6-C6H5 group were allowed to refine isotropically; however, 
only the temperature faders of the hydrogen atoms of the phenyl 
groups were permitted to vary. 


Final least-squares refinement on F for all 4980 unique ob- 
servations (including those having F t  < 0) led to values of R and 
R, on F- of 0.106 and 0.146, to a value of an error in an observation 
of unit weight of 1.13 e2, and to a value of R on F, of 0.062 for 
the 2748 observation having F t  > 3a(Ft). The largest peak in 
a final difference electron density map is 0.95 e/A3. Analysis of 
Cu(F,2 - F,2)2 as a function of F,2, setting angles, and Miller 
indices revealed no unusual trends. The observed and calculated 
structure amplitudes are 


Final positional and thermal parameters of the nongroup atoms 
are listed in Table 11. Rigid group atomic positions and pa- 
rameters are provided in Table 111. Selected bond lengths and 
angles in 2 are presented in Tables IV and V. The atom num- 
bering scheme for the (q6-C6H6) moiety and for the skeleton of 
the coordinated (2)-dibenzoylstilbene ligand are described in 
Figure 1. Atom C(6) of group Phl  is bound to atom C(32), atom 
C(12) of group Ph2 is bound to atom C(31), atom C(18) of group 
Ph3 is bound to atom C(30), and atom C(24) of group Ph4 is bound 
to atom C(33). Hydrogen atoms H(6)-H(25) are bound to carbon 
atoms of groups Ph l  to Ph4 in an ascending numerical corre- 
spondence. 


(42) See supplementary material. 


H(I )  


Figure I. View of the inner coordination sphere of 2, including 
atom-numbering scheme for the cyclopentadienyl ligand and the 
skeleton of coordinated (2)-dibenzoylstilbene. Bond lengths (8) 
are provided for the latter fragment. In this and in subsequent 
plots all hydrogen atoms are given isotropic thermal B values of 
1.0 A2, and vibrational ellipsoids of other atoms are drawn at the 
50% probability level. 


Results and Discussion 
Molecular Structure of ( q5-C5H5)Co[ q4-0C (P h)C- 


(Ph)C(Ph)C(Ph)O], 2. A stereoscopic view of complex 
2 (Figure 2) illustrates the helical q4-OCCC coordination 
of the enedione. The planar cyclopentadienyl and nearly 
planar v4-OCCC fragments (Table VI) are close to being 
parallel (dihedral angle of 10.2O), reminiscent of cobal- 
tocene. The two ligand r systems are in an approximately 
eclipsed conformation. Other noteworthy features include 
the feathered phenyl groups (dihedral angles in Table VI) 
and the free benzoyl group that juts up and away from the 
v4-OCCC plane. The long CwC(32) bond compared with 
the Co-C(31), Co-C(30), and Co-O(l) bond distances may 
reflect steric interference by the bulky benzoyl and phenyl 
substituents on atom C(32). No unusual intermolecular 
contacts affect the molecular structure; the unit-cell con- 
tents are illustrated in Figure 3. 


Coordination of the enone fragment is unusual. Several 
transition-metal complexes are known43 to exhibit the 
metallacyclic structure 4, a metalated enone. A cobalt 
complex of type 5 has also been reported.44 Structural 


/ o/co. f=O 
\ 


C 
\ \  I l  


/ c  -c\ f=\ 
4 5 


parameters in Figure 1 suggest to us that all the p, orbitals 
of the v4-OCCC fragment contribute to bonding with the 
cobalt atom. Compare (Figure 1) the long C(30)-0(1) bond 
with the uncoordinated C(33)-0(2) bond and the equiva- 
lence of the C(30)-C(31) and C(31)-C(32) distances. The 
localized enone description of bonding to cobalt, 6, is not 


6 


appropriate. Dissimilarities between the bond lengths in 
this coordinated dibenzoylethylene with those of the re- 


(43) Dettlaf, G.; Behrens, U.; Eicher, T.; Weiss, E. J. Orgunomet. 
Chem. 1978,152,197-201. Domingos, A. J. P.; Johnson, B. F. G.; Lewis, 
J.; Sheldrick, G. M. J. Chem. SOC., Chem. Commun. 1973, 912-913. 
Komiya, S.; Ito, T.; Cowie, M.; Yamamoto, A.; Ibers, J. A. J.  Am. Chem. 
SOC. 1976,98,3874-3884. 


(44) Ziegler, M. L.; Weidenhammer, K.; Herrmann, W. A. Angew. 
Chem., Int. Ed. 1977,16,555-556. Herrmann, W. A.; Steffl, I.; Ziegler, 
M. L.; Weidenhammer, K. Chem. Ber. 1979,112,1731-1742. 
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(1) 


data. We have monitored by 'H FT NMR spectroscopy 
the photochemical reaction, as the q5-C5H5 resonance 
provides a sensitive analytical probe. When complex 1 is 
irradiated in dry deoxygenated CH2C12 or C6D6, only 3 
forms according to 


1 % 2 + OPPh, Table IV. Bond Lengths within 
(q5-C ,H PO[( q4-OC(Ph )C(Ph )C( Ph)C(Ph )O )] (A  ) 


co-O( 1) 1.936 (3)  C(l)-C(2) 1.420 (7)  
&-C( 30) 2.004 ( 5 )  C( 1)-C( 5) 1.404 (8) 
CO-C( 31) 2.012 (5)  C(2)-C(3) 1.437 (7)  
CO-C( 3 2) 2.066 (5)  C(3)-C(4) 1.412 (7)  


2.106 ( 5 )  c(4)-c(5) (8) 
1.418 (12)a co-C( 1) 


co-C( 2) 2.056 (5)  c-c 
co-C( 3) 2.041 ( 5 )  C(l)-H(l)  0.91 (5)  
co-C( 4 )  2.074 (5) C(2)-H(2) 1.01 (4)  
co-C( 5) 2.064 (5)  C(3)-H(3) 0.96 (5)  
av Co-C 2.068 (24)'" C(4)-H(4) 0.96 (4)  


C(31)-C(12) 1.483 (6)  
C(32)-C(33) 1.521 (6)  
C(32)-C(6) 1.520 ( 5 )  
C(33)-C(24) 1.492 ( 5 )  
C(33)-0(2) 1.220 (5)  


a The number in parentheses following an average value 
is the standard deviation of a single observation estimated 
on the assumption that the values averaged are from the 
same population. 


lated compound tetrabenzoylethylene, 7, further support 
the delocalized bonding model. Contrast the carbon- 
carbon double bond length46 of 1.31 (1) A in 7 with the 
C(32)-C(31) distance of 1.451 (6) 8, in 2 and the C-C(Ph)O 
distance& of 1.52 (1) A in 7 with that of 1.451 (6) A for the 
C(31)-C(30) length in 2. 


A tungsten complex of methyl vinyl ketone possesses a 
bent structure halfway between 5 and the present type.& 
The closest structural analogues of 2 contain the a,o-un- 
saturated aldehyde, cinnamaldehyde [OC(H)C(H)CHPh], 
coordinated to the Fe(C0)3 and Fe(C0)2(PPh3) moie- 
ties!'" Bond lengths (A) in the cinnamaldehyde skeleton 
complexed with Fe(C0)347 [0-C = 1.239 (7), OC(H)-C- 
(H)CHPh = 1.411 (8), OC(H)C(H)-CHPh = 1.412 (7)] are 
similar to those in 2; however, the metal-oxygen interaction 
appears to be weaker in the iron complex as evidenced by 
the 0.06 A longer M-0 and 0.08 A shorter 0-C bond 
lengths. Significantly similar are the increasing distances 
from Fe of 2.013 (3), 2.031 (5), 2.067 (4), and 2.152 (4) A 
of the respective atoms in the q4-OCCC skeleton of a bound 
 inna am aldehyde.^' Again the metal-carbon bond length 
at the carbon end of the q4 fragment is comparatively long. 


Novel q4 bonding of a,@-unsaturated aldehydes and 
ketones by the isoelectronic Fe(C0)3 and (q5-C5H6)Co 
moieties is of chemical significance. Conventional nu- 
cleophilic addition to enones generally occurs in either a 
[1,2] or [1,4] sense.@ The q4 coordination may be regarded 
as an electrophilic addition of Fe(C0)3 and (q5-C5H5)Co 
fragments to the enone ?r system. 


Photochemistry of ( T J ~ - C ~ H ~ ) C ~ ( C ~ P ~ ~ ) ( P P ~ ~ ) ,  1. 
Grevels, Wakatsuki, and Yamazaki22 observed formation 
of 2 when complex 1 was heated (70 "C) with O2 in solution 
or treated with '02 at  room temperature. They also noted 
production of 2 as in eq 1 and formulated the structure 
of 2 as a localized enone complex 6 on the basis of spectral 


hu, Pyrex 


CHlClz 
1-3 


If an 02-saturated CH2C12 solution of 1 is irradiated, both 
2 and 3 form in a 4.51 ratio. Some decomposition also 
occurs and this ratio was measured by integrating the 
q5-C&15 resonances in a solution that was irradiated to 50% 
conversion. Complex 3 was identified by comparing its 'H 
NMR spectrum with that of an authentic sample. Sepa- 
ration of 3 by TLC (benzene eluent) and mass spectral 
analysis (parent ion at m l e  481.2 using chemical ionization 
mass spectrometry with CH6+) further establish its iden- 
tity. Irradiation of a solution of 3 containing O2 did not 
produce 2. The quantum yields to form 2 and 3 are low, 
less than 5 X lo4 with 366- and 313-nm excitations. This 
fact hampered more quantitative study of the mechanism. 
Added PPh3 or P(OCH3), inhibits production of 3, which 
suggests that it forms from a coordinately unsaturated 
species produced by photodissociating PPh,. When P(0- 
CH3)3 was added in the absence of 02, only new 'H reso- 
nances attributable to the simple substitution productB 
were observed. Formation of 3 has also been found% when 
1 is heated to 120 "C. This process is also thought to 
require dissociation of the phosphine ligand. We could not 
detect any products resulting from fragmentation of the 
cobaltacycle as has been observed for related metallo- 
tetraazadiene species.31 


Neither added PPh3 nor P(OCH3)3 quenched the pho- 
tooxidation of 1, which implies that two independent 
photochemical pathways form 2 and 3. Grevels et a1.22 
suggest that photooxidation occurs via the intermediacy 
of 'OF In this regard we note an analogy to the oxidation 
of the heterocycle, tetraphenylfuran,m which undergoes 
reaction 3. 


O *  ' c = c  Po 
Ph' 'Ph (3) 


P< 'Ph 


0 
II 


Bzo = -C-Ph 


Partial dissociation of the C4Ph4 ring and insertion of 0, 
to form a peroxpnetal species also should be considered, 
by analogy with the photochemistry of other cobalt(II1) 
alkyls.51 Recently, photochemical oxidation of a Pd co- 
ordinated allyl to an enealdehyde was rep~rted;~' however, 
the mechanism is unknown. 


The mechanistic duality of the photoreactivity of 1 may 
resemble that found in thermal studies. Bergman30 has 
observed both phosphine dissociation and electrophilic 
attack on the cobaltacycle for alkyne cyclotrimerization 


(45) Cannon, J. R.; Patrick, V. A.; Raston, C. L.; White, A. H. Aust. 


(46) Moriarty, R. E.; Ernst, R. D.; Bau, R. J. Chem. SOC., Chem. 


(47) De Cian, A.; Weiss, R. Acta Crystallogr., Sect. B 1972, B28, 


J .  Chem. 1978, 31, 1265-1283. 


Commun. 1972, 1242-1243. 


3273-3280. 
(48) Sacerdott, M.; Bertolasi, V.; Gilli, G. Acta Crystallogr., Sect. B 


(49) Mundy, B. P. "Concepts of Organic Synthesis"; Marcel Dekker: 
1980, B36, 1061-1065. 


New York, New York, 1979. 


(50) Wasserman, H. H.; Scheffer, J. R. J.  Am. Chem. SOC. 1967,89, 
3073-3075. Gundermann, K. D. Angew. Chem., Znt. Ed. Engl. 1976,87, 
560. Wasserman, H. H.; Murray, R. W. E&. "Singlet Oxygen"; Academic 
Prese: New York, 1979 and references therein. 


(51) Fontaine, C.; Duong, K. N. V.; Merienne, C.; Gaudemer, A.; Gi- 
annotti, C. J.  Organornet. Chem. 1972,38,167-178. Giannotti, C.; Merle, 
G.; Bolton, J. R. Ibid. 1976,99,145-156. Mimoun, H. J. Mol. Catal. 1980, 
7,  1-29 and references therein. 


(52) Muzart, J.; Pale, P.; Pete, J.-P. J. Chem. SOC., Chem. Commun. 
1981,668-669. 
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Table V. Selected Interatomic Bond Angles (Deg ) within ( q5-C H )Co[ (q4-0C (Ph )C (Ph )C (Ph )C (Ph )O )] 


O( 1 )-Co-C( 30) 39.1 (2) 


C( 31)-co-C( 32) 41.6 (2) 


C( 2)-co-C( 3) 41.1 (2) 
C( 3)-co-C(4) 40.1 (2) 
C(4)-Co-C( 5) 40.0 (2) 


C(l)-C(2)-C(3) 107.0 (5) 
C(2)-C(3)-C(4) 108.6 (5) 
C(3)-C(4)-C(5) 106.9 (5) 
C(4)-C(5)-C(1) 109.6 (5) 


C(30)-C0-C(31) 42.4 (2) 


C( 1 )-co-C( 2) 39.9 (2) 


C( 5)-Co-C( 1 )  39.3 (2) 


C( 5)-C( 1)-C( 2) 
H( 1)-C( 1)-C( 2) 
H( 1)-C( 1)-C( 5) 
H( 2)-C( 2)-C( 1 ) 
H( 2)-C( 2)-C( 3) 
H( 3)-C( 3)-C( 2) 
H( 3)-C( 3)-C( 4) 
H(4)-C(4)-C( 3) 
H(4)-C(4)-C( 5) 
H( 5)-C( 5)-C( 4) 
H( 5)-C( 5)-C( 1 ) 
O(1)-C( 30)-C(31) 


107.8 (5) 
125 (3) 
127 (3) 
129 (3) 
123 (3) 
126 (3) 
125 (3) 
125 (3) 
128 (3) 
127 (4) 
124 (4) 
114.6 (4) 


O(l)-C(3O)-C( 18) 
C( 18)-C( 30)-C(31) 
C( 3 0 )-C( 3 1 )-C( 3 2) 
C(30)-C(31)-C(12) 
C(12)-C( 31)-C( 32) 
C( 31)-C( 32)-C( 33) 


C( 32)-C( 3 3 ) - q  2) 
C( 3 2)-C( 33)-C( 24) 


C( 31)-C( 32)-C(6) 
C(6)-C(32)-C( 33) 


C( 24)-C( 33)-O( 2) 


Table VI. Least- Squares Planes in ( q5-C H )Co[ (q4-0C( Ph )C (Ph )C (Ph )C (Ph )O )] 


118.3 (4) 
127.2 (4) 
112.8 (4) 
123.2 (4) 
124.0 (4) 
115.7 (4) 
119.7 (4) 
113.4 (4) 
119.6 (4) 
119.5 (4) 
120.8 (4) 


plane eq A x  + B y  + Cz = Da plane 
no. description A B C D devb from plane (A)  


1 cyclopentadienyl 


2 cyclopentadienyl 


3 ?p-occc 


carbon atoms 


hydrogen atoms 


Phl  phenyl group 


Ph2 phenyl group 


Ph3 phenyl group 


Ph4 phenyl group 


bound to C(32) 


bound to (C31) 


bound to C(30) 


bound t o  C( 33) 


5.227 12.844 3.911 0.743 C(1), -0.019 (5); C(2), 0.011 (5); C(3), -0.002 (5); 


4.92 12.81 4.07 0.81 H(l), -0.04 (5); H(2), 0.01 (4); H(3), 0.02 (5); 


2.267 13.289 4.489 3.761 O(1), -0.008 (3); C(30), 0.029 (4); C(31), -0.027 


C(4), -0.010 (5); C(5), 0.020 (5); CO, 1.680 


H(4), -0.03 (4); H(5), 0.06 (5); CO, 1.632 


(4); C(32), 0.016 (4); CO, -1.520 
-15.679 -4.357 -0.903 -3.549 


-3.253 -0.427 -8.379 -4.076 


-7.626 10.862 5.986 2.199 


-3.899 -13.651 4.511 1.444 


Interplanar Angles (Deg) 
plane plane dihedral angle 


1 2 1.33 
1 3 10.18 
3 P h l  120.49 
3 Ph2 124.76 
3 Ph3 34.87 


C( 3 2)C( 3 3)0( 2) Ph4 166.60 


a Equations of planes are expressed in crystal coordinates as defined by: Hamilton, W. C. A c t a  Crystallogr. 1961, 14,  
185-1 89. Standard deviations are given for those atoms used in the definition of a particular plane. 


Figure 2. Stereoscopic view of 2. 


Figure 3. Stereoscopic view of the unit cell of 2. The vertical axis is b and the horizontal axis is a .  
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reactions of related complexes. An excited form of 1 could 
add O2 to generate an endo peroxidem intermediate 


Ph 


y - c / p h  


co 0 I\ 
“c-c I ‘Ph 


Ph 


Further studies will be necessary to resolve the mechanism 
of the oxidation process. 
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Five types of palladium-promoted carbon-carbon bond forming reactions have been achieved with 
potassium Q-alkenylpentafluorosilicates which are readily available from alkynes by hydrwilylation followed 
by silicate formation. (1) The homocoupling reaction of styryl- and phenylsilicates gives 1,4-diphenyl- 
butadiene and biphenyl, respectively. (2) The cross-coupling reaction with activated olefins such as methyl 
acrylate giving unsymmetrical l,&dienes is promoted by palladium acetate. (r-Ally1)palladium complexes 
are obtained with palladium chloride. (3) The palladium-catalyzed cross-coupling reaction with allylic 
halides gives (E)-1,4-dienes and has been applied to the synthesis of a key intermediate for total synthesis 
of (*)-recifeiolide. (4) A facile carbonylation occurs in methanol to give a,@-unsaturated carboxylic esters. 
( 5 )  A limited number of cross-coupling reactions occur with C(sp2) halides in the presence of palladium 
complexes as catalysts under forced conditions. The products of these reactions may be interpreted in 
terms of the chemistry expected of alkenylpalladium intermediates, arising from transfer of the alkenyl 
group from silicon to palladium. 


The formation of carbon-carbon bonds is one of the 
most fundamental problems in organic chemistry, and 
numerous selective reactions have been explored by the 
use of transition-metal compounds.2 In our previous 
papers organopentafluorosilicates have been shown to be 
useful intermediates for functional group transforma- 
t i o n ~ . ” ~  Preliminarily we have reported several types of 
carbon-carbon bond forming reactions of organopenta- 
fluorosilicates under the influence of palladium,4$ copper! 
and silver’ salts. This paper describes the full details of 
the palladium-promoted carbon-carbon bond forming 
reactions. Since only the potassium salts of organo- 
pentafluorosilicates are used throughout the present study, 
the countercation will be omitted from the individual 
names of the silicates. 


(I) For part 13, see: Yoshida, J.; Tamao, K.; Kakui, T.; Kurita, A.; 
Murata, M.; Yamada, K.; Kumada, M. Organometallics 1982, I ,  369-380. 


(2) For example: (a) Noyori, R. In Wansition Metal Organometallics 
in Organic Synthesis”; Alper, H., Ed.; Academic Press: New York, 1976; 
Vol. 1, p 93. (b) Tsuji, J. ‘Organic Synthesis with Palladium 
Compounds“, Springer-Verlag: Heidelberg, New York, 1980. (c) Coll- 
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1980. 
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Results and Discussion 
Homocoupling Reaction. The reaction of (E)-styryl- 


pentafluorosilicate with 1 equiv of palladium chloride in 
acetonitrile a t  room temperature gave (E,E)-1,4-di- 
phenyl-l,&butadiene in 54% yield. The reaction was quite 
rapid and a black mixture resulted, probably indicating 
the formation of the palladium metal. Other alkenyl- 
silicates such as 1-hexenylsilicate did not undergo a similar 
coupling reaction when treated with palladium chloride 
under various conditions but gave several minor products 
which were not characterized. The reason why other 
alkenylsilicates gave no coupling products is not clear a t  
the present time. The phenylsilicate, however, reacted 
with palladium chloride to produce biphenyl in moderate 
yield. 


KZ[~~-S,F,I + WCI, Ph-Ph (54%) 


THF KptPhS~Fsl + PdCIz Ph-Ph (48%) 


The palladium-promoted homocoupling reaction may 
have possibly proceeded via intermediacy of the organo- 
palladium species, arising from the metal-exchange reac- 
tion between the organosilicate and the palladium salt, by 
a mechanism analogous to that proposed for similar pal- 
ladium-promoted coupling of alkenylmercuric chloridess 
and styryltrimethylsilane,9 a tetracoordinate alkenylsilane. 
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reactions of related complexes. An excited form of 1 could 
add O2 to generate an endo peroxidem intermediate 


Ph 


y - c / p h  


co 0 I\ 
“c-c I ‘Ph 


Ph 


Further studies will be necessary to resolve the mechanism 
of the oxidation process. 
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Five types of palladium-promoted carbon-carbon bond forming reactions have been achieved with 
potassium Q-alkenylpentafluorosilicates which are readily available from alkynes by hydrwilylation followed 
by silicate formation. (1) The homocoupling reaction of styryl- and phenylsilicates gives 1,4-diphenyl- 
butadiene and biphenyl, respectively. (2) The cross-coupling reaction with activated olefins such as methyl 
acrylate giving unsymmetrical l,&dienes is promoted by palladium acetate. (r-Ally1)palladium complexes 
are obtained with palladium chloride. (3) The palladium-catalyzed cross-coupling reaction with allylic 
halides gives (E)-1,4-dienes and has been applied to the synthesis of a key intermediate for total synthesis 
of (*)-recifeiolide. (4) A facile carbonylation occurs in methanol to give a,@-unsaturated carboxylic esters. 
( 5 )  A limited number of cross-coupling reactions occur with C(sp2) halides in the presence of palladium 
complexes as catalysts under forced conditions. The products of these reactions may be interpreted in 
terms of the chemistry expected of alkenylpalladium intermediates, arising from transfer of the alkenyl 
group from silicon to palladium. 


The formation of carbon-carbon bonds is one of the 
most fundamental problems in organic chemistry, and 
numerous selective reactions have been explored by the 
use of transition-metal compounds.2 In our previous 
papers organopentafluorosilicates have been shown to be 
useful intermediates for functional group transforma- 
t i o n ~ . ” ~  Preliminarily we have reported several types of 
carbon-carbon bond forming reactions of organopenta- 
fluorosilicates under the influence of palladium,4$ copper! 
and silver’ salts. This paper describes the full details of 
the palladium-promoted carbon-carbon bond forming 
reactions. Since only the potassium salts of organo- 
pentafluorosilicates are used throughout the present study, 
the countercation will be omitted from the individual 
names of the silicates. 
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Compounds“, Springer-Verlag: Heidelberg, New York, 1980. (c) Coll- 
man, J. P.; Hegedus, L. S. ‘Principles and Applications of Organo- 
transition Metal Chemistry”, University Science Books: Mill Valley, CA, 
1980. 
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Results and Discussion 
Homocoupling Reaction. The reaction of (E)-styryl- 


pentafluorosilicate with 1 equiv of palladium chloride in 
acetonitrile a t  room temperature gave (E,E)-1,4-di- 
phenyl-l,&butadiene in 54% yield. The reaction was quite 
rapid and a black mixture resulted, probably indicating 
the formation of the palladium metal. Other alkenyl- 
silicates such as 1-hexenylsilicate did not undergo a similar 
coupling reaction when treated with palladium chloride 
under various conditions but gave several minor products 
which were not characterized. The reason why other 
alkenylsilicates gave no coupling products is not clear a t  
the present time. The phenylsilicate, however, reacted 
with palladium chloride to produce biphenyl in moderate 
yield. 


KZ[~~-S,F,I + WCI, Ph-Ph (54%) 


THF KptPhS~Fsl + PdCIz Ph-Ph (48%) 


The palladium-promoted homocoupling reaction may 
have possibly proceeded via intermediacy of the organo- 
palladium species, arising from the metal-exchange reac- 
tion between the organosilicate and the palladium salt, by 
a mechanism analogous to that proposed for similar pal- 
ladium-promoted coupling of alkenylmercuric chloridess 
and styryltrimethylsilane,9 a tetracoordinate alkenylsilane. 
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N C C H 2 C H z O C H 2 m  


Ph 


Ph- 


Table L Cross-Coupling Reaction of Organopentafluorosilicates with Activated Olefins" 


R in K, [RSiF,] olefin time, h product yield,b % 


4 H 9 -  CH,=CHCO,CH, 47 r C 4 H g ~ C O z C H 3  37 


CH,=CHCHO 4 n - C 4 H 9 - ~ ~ ~  20 
CH,=CHCN 45 * - C 4 H 9 w C N c  43 
CH,=CHCO,CH, 28 -CO2CH3 (61) 


CH,=CHCO,C,H, 20 -co2c2H5 


CH,=CHC0,C2H, 20 n-C4Hg-C0zC2H5 48 


f - C 4 H g  


f - C 4 H s  


NCCH2CHZOCH2 


n-C6H,3 GH13-n 


CH,=CHCO,C,H, 20 -C02C2H5 38 


23 


28 
'ZCZH5 


(35) 
CH,=CHCO,CH, 19 ph-cozcH, (69) 


CH,=CHCHO~ 29 p"-CHO (27) 


Y CH,=CHCO,C,H, 48 


CH,=CHCO,CH, 9 p"-COzCH, 


53 (60) 
Y r  
/"=I (E)-CH,CH=CHCO,CH, 32 


CH3 COZCH3 


The reactions were carried out on 1-2-mmol scale with 1 part of K,[RSiF,], 1 part of Pd(OAc),, 10 parts of an olefin, 
and 5.0 mLlmmo1 of THF at room temwrature unless otherwise stated. Isolated yields. The yields determined by GLC 


The reaction was carried out in acetonitrile under reflux. are given in' parentheses. A mixture of E, E and 2, E isomers. 


Cross-Coupling Reaction with Activated Olefins. 
Alkenyl- and phenylpentafluorosilicates were found to 
react with activated olefins such as methyl acrylate, 
acrylonitrile, acrolein, and methyl crotonate in the presence 
of palladium acetate producing alkenyl- and phenyl-sub- 
stituted olefins, respectively (eq 1). After the reaction a 


R 


K,[RSiF,I t + Pd(OAc1, - 
Y 


/ \  
H Y  


Y = CO,R', CHO, CN 


palladium mirror appeared. The reaction, therefore, re- 
quires a stoichiometric amount of palladium acetate. The 
results are summarized in Table I. The reaction of 
(E)-alkenylsilicates with methyl or ethyl acrylate and 
acrolein is highly stereoselective and only E,E dienes were 
obtained. A similar coupling reaction of an internal alk- 
enylsilicate proceeded rather slowly, the stereochemistry 
of the product being analogously assigned to be an E,E 
diene. The phenylsilicates also reacted with these olefins 
stereoselectively to give (E)-phenyl-substituted olefins. 
However, the reaction of the hexenylsilicate with acrylo- 
nitrile is nonstereoselective and a mixture of E,E and 23 
dienes was obtained. Unfortunately, the yields could not 
be improved by the variation in reaction conditions. 


There have been reported similar coupling reactions of 
organometallic compounds with activated olefins under the 
influence of palladium salts. Organopalladium species 
prepared in situ from organomercuric sa1ts,l0 alkenyl- 
boronic acidsll* or organic halides" have been known to 
react with activated olefins to give the cross-coupling 
products, and a mechanism involving addition of the or- 
ganopalladium species followed by elimination of the hy- 
dridopalladium group has been proposed. Tetracoordinate 


(IO) (a) Heck, R. F. J.  Am. Chem. SOC. 1968,90,5518. (b) Zbid. 1969, 
91, 6707. 


(11) (a) Dieck, H. A.; Heck, R. F. J. Org. Chem. 1975, 40, 1083. (b) 
Heck, R. F.; Nolley, J .  P. Zbid. 1972,37,3220. (c) Dieck, H. A.; Heck, R. 
F. J. Am. Chem. Soc. 1974,96, 1133. (d) Heck, R. F. Acc. Chem. Res. 
1979,12,146. 


styryltrimethylsilane was also reported to react with 
methyl acrylate in the presence of palladium chloride to 
give the cross-coupling product, and a mechanism involving 
the styrylpalladium intermediate was p rop~sed .~  The 
present reaction can also be explained by a similar 
mechanism. 


Stereoselective formation of methyl (E)-3-phenyl- 
crotonate in the reaction of the phenylsilicate with methyl 
crotonate may suggest that the reaction proceeds by the 
syn addition of the organopalladium species followed by 
the syn elimination of the hydridopalladium group. Loss 
of stereoselectivity observed in the reaction of the hexe- 
nylsilicate with acrylonitrile may resemble the low ste- 
reoselectivity of the reaction of a phenylpalladium species 
with acrylonitrile.'O 


The present reaction does not give very high yields but 
may provide an alternative to some elegant procedures for 
the preparation of unsymmetrical l,&dienes using hy- 
droboration,12 hydroal~mination,~~ or hydro~irconation'~ 
of alkynes. 


Formation of (?r-Ally1)palladium Compounds. In 
connection with the reaction of the alkenylsilicates with 
activated olefins, we have found that (r-ally1)palladium 
complexes can be isolated when palladium chloride is used 
in place of palladium acetate. The result affords direct 
evidence for transfer of the alkenyl group from silicon to 
palladium. 
(E)-1-Hexenylpentafluorosilicate reacted with ethyl 


acrylate in the presence of 1.1 equiv of palladium chloride 
at  0 OC to produce di-p-chloro-bis(1-(ethoxycarbony1)- 
oct-2-enyl)dipalladium(II) in 38% yield. As shown in 
Table I1 the reaction of (E)-1-hexenylsilicate with styrene 
and methyl vinyl ketone also proceeded smoothly at 0 OC 
to give the corresponding (?r-ally1)palladium compounds. 


The following observations are noteworthy. When the 
reaction of the 1-hexenylsilicate with ethyl acrylate and 
palladium chloride was carried out at 50 "C, the yield of 


~~ _______ 


(12) Yatagai, H. Bull. Chem. SOC. Jpn. 1980,53, 1670. 
(13) Baba, S.; Negiehi, E. J.  Am. Chem. SOC. 1976,98, 6729. 
(14) Okukado, N.; VanHorn, D. E.; Klima, W. L.; Negishi, E. Tetra- 


hedron Lett. 1978, 1027. 
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Table 11. Formation of (n-Ally1)palladium Compounds in the Reaction of 1-Hexenylpentafluorosilicate with 


olefin temp, "C time, h product yield,b % 
Palladium Chloride and Olefinsa 


H 


I 
CH,=CHCO,Et 50 0.5 n-C4rig-C'&CH,C02Ef 25 


I b d  I 
H ci/, H 


CH,=CHPh 


0 6 
- 20 9 


0 2.5 


38 
6 


19 


Li 
I 


CH,=CHCOCH, 0 5 n - C 4 H 9 - c A c c H , c o c r ,  80 
I b d  1 
H C / ~ Y  


a The reactions were carried out with 1.0 mmol of 1-hexenylpentafluorosilicate, 1.1 mmol of palladium chloride, 1.1 
mmol of an olefin, and 5.0 mL of dry THF. Isolated yield and based on the 1-hexenylsilicate. 


Table 111. Cross-Coupling Reaction of Alkenylsilicates with Allylic Substratesa 
R in K, [RSiF,] allylic substrate equiv solvent product yield,b % 


n-C4H9- CH,=CHCH,Cl 1.0 Et,O A 4 H 9  - 
CH,=CHCH,Br 
CH,=CHCH,O Ac 
CH,=CHCH,OTs 
CHIZ%HCHC 


I 
CtJ3 


CH - t c r  ,c 
2- I 


CH, 


CH,CH=CHCH,Cl 


CH,=CHCH,Cl 


Ph- CH,=CHCH,Cl 
C1& $iCHJG- CH,=CHCH,Cl 


2.0 
5.0 


10.0 
10.0 
10.0 
10.0 
1o.oc 
10.0d 
10.0 
10.0 
10.0 


10.0 


10.0 


10.0 


10.0 


10.0 
10.0 


Et,O 
Et,O 
Et,O 
THF 
CH,CN 


THF 
THF 
THF 
THF 
THF 


C6H6 


THF 


THF 


THF m - 
THF C H , O z C I C H z l ~ ~  


38 
60 
66 
69 
71 
50 
50 
39 
trace 
60 
4 


24 


59 


35f 


g 


66 


40 
55' 


a Unless otherwise noted, the reactions were carried out with 1.0 mmol of K,[RSiF,] in the presence of Pd(OAc), (10 
mol %) in 5.0 mL of a solvent at  room temperature for 24 h. 
used. Pd(acac), (10 mol %) was used. e A mixture of (2E,5E)- and (22,5E)-decadiene was obtained,. f Refluxed for 4 


Determined by GLC analysis. 


The reaction was carried out for 7 h. 


PdCl, (10 mol %) was 


Isolated yield. h. g Trace amout& of unidentified products were obtained. 


the (a-ally1)palladium compound decreased and palladium 
metal was deposited. Probably the (7r-ally1)palladium 
compound decomposed at  this temperature. When the 
reaction was carried out a t  -20 "C, most of the alkenyl- 
silicate was consumed at the end of the reaction, indicating 
that the transfer of the alkenyl group from silicon to 
palladium occurred smoothly even at  this temperature. 
But the yield of the (a-ally1)palladium compound was also 
low probably because of the slow addition of the alke- 
nylpalladium intermediate to the olefin. 


Larock et al. have reported that alkenylmercuric chlo- 
rides readily reacted with palladium chloride and olefins 
to give (a-ally1)palladium compounds in high yield and 
proposed a mechanism involving the addition of alke- 
nylpalladium intermediates to olefins followed by palla- 
dium hydride rem~angement.'~ Most probably the present 


reaction also proceeds by a similar mechanism, as shown 
in Scheme I. 


The present results may not only offer evidence for the 
transfer of the alkenyl group of the silicate from silicon 
to palladium but also provide a new route to (a-allyl)- 
palladium compounds.'* 


Cross-Coupling with Allylic Halides. In the previous 
sections it has been shown that the reaction of alkenyl- and 
phenylsilicates with palladium salts may proceed through 
organopalladium intermediates. Since the aryl-17a and 
alkenylpalladi~ml~~ species are known to react with allylic 
halides producing the cross-coupling product, we have 
examined the reaction of the (E)-alkenylsilicates with 


(16) (a) Huttel, R. Synthesis 1979,228. (b) Trost, B. M. Tetrahedron 
1977, 33, 2615. 
(17) (a) Heck, R. F. J.  Am. Chem. SOC. 1968,90,5531. (b) Larock, R. 


C.; Bernhardt, J. C.; Briggs, R. J. J. Organomet. Chem. 1978, 156, 45. (15) Larock, R. C.; Mitchell, M. A. J. Am. Chem. SOC. 1978,100,180. 
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Scheme I1 Scheme I 
R 


H S i F 2 -  d 'PdCl 


t WCI, - C=C + 


H H  R 


F=C\ t )c=( - F'C\ 


CIS iF t -  


6dCl 


i 
LdCl Cl/, 


\ r  ==c - 
\ R--C<c~CCHzY 


id '  
H CHZCHY 


allylic halides in the presence of catalytic amounts of 
palladium salts (eq 2). As shown in Table I11 the corre- 


sponding cross-coupling products E l,4-dienes were ob- 
tained stereoselectively in good yields. For example, 
(E)-1-hexenylpentafluorosilicate reacted with allyl chloride 
in the presence of palladium acetate (10 mol %) in THF 
to give (E)-l,Cnonadiene in 71% yield. Although the 
reaction proceeded with 1 equiv of allyl chloride, the yield 
of the product increaqed by increasing the amount of allyl 
chloride and the most satisfactory yield was obtained when 
10 equiv of allyl chloride was used. The nature of the 
reaction medium did not significantly affect the yield, but 
THF seems to be the most suitable solvent. Palladium 
acetate was the most effective of the examined catalysts. 
Palladium chloride was also effective, but palladium ace- 
tylacetonate was almost inactive. 


With the use of optimum reaction conditions the scope 
and limitations of this cross-coupling reaction were then 
studied with several types of allylic substrates and alke- 
nylsilicates. As an allylic substrate allyl chloride was the 
most satisfactory. Allyl bromide was less effective. When 
allyl acetate or allyl tosylate was used, the yield of the 
cross-coupling product decreased conspicuously. In the 
reaction with 3-chloro-1-butene the carbon-carbon bond 
formation occurred exclusively at  the y-position and a 
mixture of (2E,5E)- and (22,5E)-2,5-decadiene was ob- 
tained. Methallyl chloride also reacted with the alke- 
nylsilicate but the yield of the cross-coupling product was 
low, indicating that the present reaction is subject to the 
steric hindrance around the double bond in the allylic 
substrate. Crotyl chloride was almost inactive, and only 
trace amounts of unidentified products were obtained. 


Both terminal and internal (E)-alkenylsilicates reacted 
smoothly with allyl chloride to give the cross-coupling 
products. In all cases the reaction is highly regioselective 
and an allyl group is introduced onto the carbon to which 
the silicon atom has been attached. The E stereochemistry 
of the alkenylsilicates is retained during the reaction and 
E 1,Cdienes are obtained stereoselectively. Mechanisms 
of the reaction of organopalladium with allylic halides have 
already been discussed in detail by Heck and Larock." 


HSiCl 
HC~c(CH2)6C02CH3 & C ' 3 s ' ~ ( C H 2 ) & 0 2 C H 3  KF H20 


W 


W 
recifeiolide 


Analogously, the present reaction may involve the following 
processes. The alkenyl group of the alkenylsilicate 
transfers from silicon to palladium, producing the alke- 
nylpalladium species which adds to the allylic double bond. 
The (l-alkenyl-3-chloro-2-propyl)palladium species then 
decomposes by eliminating palladium chloride to give the 
E-1,4-dienes. Palladium chloride thus formed may again 
react with the alkenylsilicate, and the overall reaction 
proceeds catalytically in palladium. 


The synthesis of the 1,4-diene structure has received 
increasing attention, and several cross-coupling reactions 
of vinylic organometallics with allylic substrates have been 
developed as useful routes from alkynes. These involve 
the palladium-promoted coupling of alkenylmercury'"' and 
-boron compounds,12J8d coupling of organocopper18f or 
copper-induced coupling of organoboron,ls and direct 
coupling of alkenylaluminum reagents.lg Of these pro- 
cedures, the alkenylmercurial route gives higher yields of 
1,Cdienes but is applicable only to the terminal alkenyl 
derivatives. The present procedure, like the alkenylboron 
routes, can be applied to both the terminal and internal 
alkenyl derivatives. Although the present procedure does 
not give very high yields and requires 10 equiv of allylic 
halide, it requires only 10 mol % of palladium chlorid:: like 
the other palladium-promoted reactions mentioned above, 
retains the E configuration of the double bond, and is 
capable of tolerating some functional groups such as an 
alkoxymbonyl group incompatible with hydroalumination. 


To illustrate one of the unique synthetic applications 
of the present coupling reaction, we have developed a new 
route to methyl (f)-ll-hydroxy-(E)-8-dodecenoate, a 
precursor of recifeiolide, the naturally occurring macrolide 
from Cephalosporium recifeim (Scheme 11). The high E 


(18) (a) Yamamoto, Y.; Yatagai, H.; Sonoda, A.; Murahashi, S. J.  
Chem. Soc., Chem. Commun. 1976,452. (b) Yatagai, H. J.  Org. Chem. 
1980,45, 1640. (c) Uchida, K.; Utimoto, K.; Nozaki, H. Zbid. 1976, 41, 
2941. (d) Miyaura, N.; Yano, T.; Suzuki, A. Tetrahedron Lett. 1980,21, 
2865. (e) Brown, H. C.; Campbell, Jr. J. B. J.  Org. Chem. 1980,45,550. 
(f) Normant, J. F.; Cahiez, G.; Chuit, C.; Alexakis, A.; Villieras, J. J.  
Organomet. Chem. 1972,40, C49. 


(19) (a) Baba, S.; VanHom, D. E.; Negishi, E. Tetrahedron Lett. 1976, 
1927. (b) Eisch, J. J.; Damasevits, G. A. J. Org. Chem. 1976, 41,  2214. 
(c) Uchida, K.; Utimoto, K.; Nozaki, H. Zbid. 1976,41,2215. (d) Lynd, 
R. A.; Zweifel, G. Synthesis 1974, 658. 


(20) (a) Vesonder, R. F.; Stodola, F. H.; Wickerham, L. J.; Ellis, J. J.; 
Rohweddor, W. K. Can. J. Chem. 1971,49,2029. (b) Gerlach, H.; Oertle, 
K.; Thalmann, A. Helu. ChiM. Acta 1976,59,755. (c) Corey, E. J.; Ulrich, 
P.; Fitzpatrick, J. M. J. Am. Chem. SOC. 1976,98,222. (d) Utimoto, K.; 
Uchida, K.; Yamaya, M.; Nozaki, H. Tetrahedron Lett. 1977, 3641. (e) 
Narasaka, J.; Yamaguchi, M.; Mukaiyama, T. Chem. Lett. 1977,959. (0 
Tsuji, J.; Yamakawa, T.; Mandai, T. Tetrahedron Lett. 1978, 565. (g) 
Trost, B. M.; Verhoeven, T. R. J. Am. Chem. SOC. 1980,102, 4743. 
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C=C + co ' room l e m p , 4  h /"=f ( 3 )  
H C02Me 


/ /  
H SIF, 


Table IV. Carbomethoxylation of K,[RSiF,]" 
R in K, [RSiF ,I product yield,b % 


n - : 6 H 1 3 m  "-C6H'3-~o,~p, 91 (83)c 
t -c4K- '-"H9-C32CH3 90 


p'* ph-co2c~I, 76 
CH30CH2- c H 3 0 C p 2 ~ ~ o , ~ ~ 3  61 (57)'  
C.i30,CCHp,- C H 3 0 ~ C I C H ~ ) ~ - ~ 0 2 ~ ~ 3  72 
n-c4rRc4ps-. n - C 4 H I C 4 P 9 - n  


88 
* - CCzCH3 


Ph- PhCO,CH, trace 
PhCH,- PhCH,CO,CH, trace 


a Carried out by using 1 mmol of silicate, PdC1, (1.1 
mmol), CH,CO,Na (ca. 2 mmol), and methanol ( 5  mL) 
under atmospheric pressure of CO at room temperature 
for 4 h, unless otherwise noted. 
mined by GLC based on  the silicate. A 3-mmol scale 
reaction, the product being isolated by distillation. 


stereoselectivity and the functional group compatibility 
should be noted here. The silicate K2[F5SiCH=CH(C- 
H2)6C02CH3], prepared by hydrosilylation of methyl 8- 
nonynoate followed by treatment with aqueous KF (62% 
yield), was allowed to react with allyl chloride in the 
presence of palladium acetate. Methyl (E)-8,11-dodeca- 
dienoate thus obtained (55% yield) was oxidized by the 
Wacker process (PdC12-CuC1/DMF-H20/02 system)21 to 
give methyl ll-oxo-(E)-8-dodecenoate in 67% yield. Re- 
duction with NaBH4 gave isomerically pure methyl (*)- 
1 l-hydroxy-(E)-8-dodecenoate in 93 % yield. Several ele- 
gant cyclization methods for the macrolide synthesis have 
been developed.22 


Carbonylation. We find that (E)-alkenylpentafluoro- 
silicates readily react with carbon monoxide (atmospheric 
pressure) in the presence of palladium salts and sodium 
acetate in methanol to give E cu,p-unsaturated carboxylic 
esters in excellent yields. This reaction (eq 3) is indeed 
the first case of carbonylation of organosilicon compounds. 


Yields were deter- 


The use of sodium acetate as a base afforded the most 
satisfactory results; tertiary amines in place of sodium 
acetate gave only moderate to poor yields, e.g., the yield 
of methyl 2-nonenoate was 40% with Et3N and 20% with 
pyridine. While PdC12 and PdBr2 exhibited similar re- 
activities, P ~ ( O A C ) ~  was somewhat less active and no 
carbonylation occurred with PdC12(PPh3)2. The carbo- 
nylation proceeded smoothly at room temperature (around 
25 "C) but very slowly at  0 "C. The results summarized 
in Table IV were obtained under the typical reaction 
conditions: PdC12/AcONa/MeOH/C0 (1 atm)/25 "C. 
The present carbonylation proceeds highly stereoselectively 
with both the terminal and internal alkenylsilicates and 
is capable of tolerating some functional groups such as 
ester and ether. Phenyl- and alkylsilicates, unfortunately, 
gave only trace amounts of carbonylation products. 


Preparation of a,@-unsaturated carboxylic esters via 
carbonylation of organometallics has so far been known 
only for the palladium-catalyzed reaction of alkenyl- 


(21) Tsuji, J.; Shimizu, I.; Yamamoto, K. Tetrahedron Lett. 1976, 


(22) Steliou, K.; Szczygielska-Nowosielska, A.; Favre, A.; Poupart, M. 
2975. 


A,; Hanessian, S. J.  Am. Chem. SOC. 1980,102, 7578. 


 mercurial^.^^ Quite recently, alkenylboranes have also 
been reported to be carbonylated under similar conditions 
to our present system.24 These carbonylations proceed 
catalytically in palladium if copper(I1) halide or p-benzo- 
quinone is used as a reoxidant. The present reaction, 
unfortunately, requires a stoichiometric amount of palla- 
dium salt, since copper(I1) salts react readily with alke- 
nylsilicates' and hence cannot be used as a reoxidant. 
While carbonylation of alkenyl halides with nickel carbonyl 
proceeds with retention of  onf figuration,^^ palladium- 
catalyzed reactions suffer from rather low stereoselectiv- 
ity.26 Our present procedure may provide a convenient, 
efficient, and stereoselective route to E a,Sunsaturated 
carboxylic esters from acetylenes. 


Cross-Coupling Reaction with C(sp2) Halides. 
Cross-coupling reactions between organic halides and or- 
ganometallics have recently been accomplished in the 
presence of transition-metal c~mplexes.~' The afore- 
mentioned reactions involving the alkenyl group transfer 
from silicon to palladium suggest the possibility of the 
cross-coupling of organopentafluorosilicates with organic 
halides. We find that the styrylsilicate couples with iodo- 
or bromobenzene in the presence of palladium complexes 
as catalysts under rather drastic conditions (135 "C) to give 
(E)-stilbene in fair yields, together with 1,l-diphenyl- 
ethylene, no (2)-stilbene being formed (eq 4). 


1 3 5 O C  
+ Ph,C=CH, ( 4 )  


major minor 


Results are summarized in Table V. The reaction oc- 
curred with either Pd(0)  or Pd(I1) catalyst precursors 
regardless of the nature of the ligands. Unfortunately, the 
yield could not be improved by variation of conditions and 
catalysts. A somewhat improved yield was observed in the 
presence of triethylamine, but it might have resulted from 
the Heck reaction" between iodobenzene and styrene 
which was formed in all cases as a byproduct. Lower yields 
were obtained with bromobenzene. (E)-1-Hexenylsilicate 
gave a complex mixture of products. No reaction was 
observed under refluxing conditions in THF or with 
NiC12(dppp) (dppp = Ph2P(CH2)3PPh2) as a catalyst at 
135 "C. 


A similar reaction between phenylsilicate and bromo- 
styrene gave 1,l-diphenylethylene as a major product, 
along with a trace amount of (E)-stilbene. This reaction 
occurred only in the presence of THF. 


K,IPhSiF,I + Phw~r - Ph-ph + Ph,C=CH, 


minor major 


Formation of (E)-stilbene may be explained by a 
mechanism similar to that proposed for palladium-28 or 
nickel-catalyzed% cross-coupling of active organometallics 


(23) Larock, R. C. J.  Org. Chem. 1975, 40, 3237. 
(24) (a) Miyaura, N.; Suzuki, A. Chem. Lett. 1981,879. (b) Miyaura, 


N.; Yamada, K.; Yano, T.; Yanagi, T.; Suzuki, A. "The 26th Symposium 
on Organometallic Chemistry", Kyoto, Japan, Oct 11-12, 1979; Abstr 
B215, p 199. 


(25) Corey, E. J.; Hegedus, L. S. J.  Am. Chem. SOC. 1969, 91, 1233. 
(26) Schoenberg, A.; Bartoletti, I.; Heck, R. F. J.  Org. Chem. 1974,39, 


3318. 
(27) Tamao, K.; Kumada, M. In "Organometallic Reactions and 


Syntheses"; Becker, E. I.; Tsutsui, M., Eds.; Plenum Press: New York, 
in press. 


(28) Muraha~hi, S.; Yamamura, M.; Yanagisawa, K.; Mita, N.; Kondo, 
K. J. Org. Chem. 1979,44, 2408 and references cited therein. 


(29) Tamao, K.; Sumitani, K.; Kiso, Y.; Zembayashi, M.; Fujioka, A.; 
Kodama, S.; Nakajima, I.; Mmato, A.; Kumada, M. Bull. Chem. SOC. Jpn. 
1976,49, 1958. 
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Table V. Cross-Coupling Reactions of Phenyl- and Styrylsilicate with C(sp' ) Halidesa 
% yield of productsC 


R in K,[RSiF,] halide catalyst,b 5 mol % time, h P h w p h  Ph,C=CH, 


P h V  


Ph- 


PdL, 
PdCl, 
PdCl, 
Pd(O'Ac),/PL/Et,N 
Pd(OAc);/dppb 
Pd,( DBA)(CHCl,)e 
Pd,(DBA)(CHC1,)/4Le 
Pd (DBA)( CHCl,)/2dppp e 
Pd,( DBA)(CHC1,)/2dppbe 
Pd,( DBA)(CHCl,)e 
Pd,(DBA)(CHCl )/4Le 
Pd(OAc),/dppbf 


20 
5 
5 


20 
20 


5 
5 
5 
5 
5 
5 
5 


28 7 
36 9 
38 9 
51 8 
39 5 
40 4 
41  6 
33 8 
39 6 
18 4 
33 3 
trace 23 


a Carried out in a seale- glass tube at  135 "C in the absence of solvent, ur.-ss otherwise state 
Ph,P(CH,),PPh,, dppb = Ph,P(CH,),PPh,, and DBA = dibenzylidenacetone. Determined by GLC. In heptane. e One 
mol % of the catalyst precursor was used. f In THF. 


L = PPh,, dppp = 


Scheme I11 


Ph2C=CH2 P hSiFS2- 


Ph-PdX u: \ 
Pd X 


\ 


l H - t d X  


with organic halides. Thus, the reaction might involve 
oxidative addition of an organic halide, organic group- 
transfer from silicon to the palladium(I1) species, and re- 
ductive elimination of the coupling product. Production 
of a palladium(0) species from a palladium(I1) catalyst 
precursor may be attained by homocoupling of an orga- 
nosilicate as mentioned above. 


Formation of 1,l-diphenylethylene lacks a ready ex- 
planation, but speculatively, a t  least, the reaction of 
phenylsilicate and styryl bromide might proceed through 
an addition-elimination mechanism as visualized in 
Scheme 111. The hydride-palladium rearrangement 
process may result in the formation of a (r-benzy1)palla- 
dium species,3o reminiscent of the formation of (*-allyl)- 
palladium complexes (Scheme I). 


Although similar coupling reactions involving the rear- 
rangement of an alkenyl group have been observed in the 
palladium-promoted head-to-tail coupling of alkenyl- 
merc~ials~land -boranes,24b a detailed mechanism remains 
obscure. 


Summarizing Remarks 
Palladium-promoted reactions of alkenylpentafluoro- 


silicates presented herein are summarized in Scheme IV. 
While the coupling reactions with allylic and aryl halides 
are catalytic in palladium, other reactions require a stoi- 
chiometric amount of a palladium salt. In view of the 
ready accessibility of (E)-alkenylsilicates, the present re- 
actions may be useful for the preparation of a variety of 
olefinic compounds containing an E alkenyl moiety. These 
reactions are all characteristic of organopalladium com- 


(30) (a) Stevens, P. S.; Shier, G. D. J. Orgammet. Chem. 1970,21,495. 
(b) Roberta, J. S.; Klabunde, K. J. J.  Am. Chem. SOC. 1977,99,2509. (c) 
Becker, Y.; Stille, J. K. Ibrd. 1978, 100, 845. 


(31) Larock, R. C.; Riefling, B. J. Org. Chem. 1978,43, 1468. 


Scheme IV 


plexes. One of the most important features from a 
mechanistic standpoint is that an alkenyl or aryl group 
readily transfers from silicon to a palladium(I1) salt. It 
should be noted here that most reactions occur only with 
the palladium(I1) halides or acetate not coordinated by 
phosphine ligands. This feature strongly suggests that an 
interaction between an alkenyl group and a rather naked 
palladium(I1) species may play an important role in the 
alkenyl group transfer step and is reminiscent of the 
mechanism of the copper(I1)-induced cleavage reactions 
of alkenylsilicates.' Delineation of a detailed mechanism, 
however, must wait for further studies. 


Experimental Section 
General Remarks. Infrared spectra were recorded on a Hi- 


tachi EPI-G3 grating infrared spectrometer. 'H NMR spectra 
were determined with a JEOL JNM-MH-100 (100-MHz) spec- 
trometer in carbon tetrachloride. Chemical shifts (6) are recorded 
in parts per million downfield from Me4Si. Mass spectra were 
measured on a JEOL JMS-D3OO mass spectrometer connected 
with a JEOL LGC-BOK gas chromatograph, equipped with a 1-m 
glass column packed with OV-17 (1%) on Chromosorb B, and 
JMA-2OOO data processing system. Ionization voltage was 24 eV 
for all compounds. GLC analyses and preparative purification 
were performed on a Shimadzu GC-4B gas chromatograph, 
equipped with a 3-m column packed with 30% Silicone DC550 
on Chromosorb B or Celite 545. GC peak integrals were recorded 
by using a Shimadzu Chromotopac C-E1B integrator. 


Materials. Organopentafluorosilicates were prepared as de- 
scribed previo~sly.~ Palladium chloride and palladium acetate 
of ordinary commerical grade were used without further purifi- 
cation. Pd2(DBA)(CHC13)32 and allyl t ~ s y l a t e ~ ~  were prepared 
according to the published procedures. Methyl 8-nonynoate was 
prepared by the acid-catalyzed esterification of gnonynoic acid.= 


(32) Ukai, T.; Kawazura, H.; Ishii, Y.; Bonnet, J. J.; Ibers, J. A. J. 


(33) Johnson, C. R.; Dutra, G. A. J. Am. Chem. SOC. 1973,95, 7777. 
Organomet. Chem. 1974,65, 263. 
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All solvents were dried in the usual manner and distilled before 
use. Other chemicals and nitrogen were used directly as obtained 
commercially. 


Homocoupling Reaction of Organopentafluorosilicates. 
The homocoupling reaction of styrylpentatluomilicate was carried 
out as follows. A mixture of the styrylsilicate (327 mg, 1.07 mmol), 
palladium chloride (188 mg, 1.06 mmol), and acetonitrile (2.0 mL) 
was stirred at room temperature for 3 h. The black mixture was 
filtered, and the solid product was washed with benzene. The 
combined filtrate was concentrated by evaporation. Column 
chromatgraphy on silica gel (petroleum ether/benzene, 1:l) of the 
brown solid residue yielded 59 mg (54% yield) of l,4-diphenyl- 
butadiene, which was identified by comparison of its spectral data 
with those of an authentic material.' 


The homocoupling reaction of the phenylsilicate (310 mg, 1.12 
"01) in the presence of palladium chloride (191 mg, 1.08 mmol) 
in 3.0 mL of THF was carried out at room temperature in a similar 
fashion. After 20 h GLC analysis of the reaction mixture showed 
the formation of biphenyl in 48% yield based on palladium 
chloride. The product was isolated and identified by comparison 
of its spectral data with those of an authentic meterial. 


Cross-Coupling Reaction of Organopentafluorosilicates 
with Activated Olefins. General Procedure. A mixture of 
an organopentafluorosilicate (1.0 mmol), palladium acetate (224 
mg, 1.0 mmol), an activated olefin (10.0 mmol), and a given solvent 
(5.0 mL) was stirred at room temperature for a given period of 
time (see Table I). After the reaction methylene chloride was 
added and the insoluble material was removed by fitration. The 
product was isolated, after evaporation of the solvent, by prep- 
arative TLC or column chromatography and characterized by 'H 
NMR, IR, and mass spectroscopy and elemental analyses. 


Formation of (r-Ally1)palladium Compounds. The fol- 
lowing preparation of di-p-chloro-bis( 1-(ethoxycarbony1)oct-2- 
enyl)dipalladium(II) is representative of the procedure used in 
determining the isolated yields reported in Table 11. 


Di-p-chloro-bis( 1-(ethoxycarbony1)oct-2-eny1)di- 
palladium(I1). Nitrogen was bubbled into a mixture of (E)-1- 
hexenylpentafluorosilicate (286 mg, 1.0 "01) and dry THF (5.0 
mL). After addition of palladium chloride (195 mg, 1.1 mmol) 
and ethyl acrylate (1.1 mL, 10 mmol) the mixture was stirred at 
0 "C for 6 h. Ether was added and insoluble matters were removed 
by filtration. Evaporation of the yellow fitrate gave 123 mg (38% 
yield) of the (r-ally1)palladium compound. Recrystallization of 
the crude product from ethanol-hexane (1:l) gave pale yellow 
crystals: mp 115-117 "C (lit.lb 116-117 "C dec); IR (KBr) 2960, 
2930,2860,1735,1520,1465,1367,1328,1190,1030 cm-'; 'H NMR 
(CDC13) 6 0.95 (t, J = 6 Hz, 3 H), 1.2-1.9 (m, 6 H), 1.25 (t, J = 
7 Hz, 3 H), 2.52 (dd, J = 9 and 16 Hz, 1 H), 2.81 (dd, J = 5 and 
16 Hz, 1 H), 3.5-4.0 (m, 2 H), 4.16 (q, J = 6 Hz, 2 H), 5.12 (t, J 
= 11 Hz, 1 H). The spectral data of the reaction product accorded 
with those of an authentic sample reported in the 1iterature:l5 
IR (KBr) 1728 cm-'; 'H NMR (CDC1,) 6 0.8-1.9 (m, 9 H), 1.20 
(t, J = 7 Hz, 3 H), 2.48 (dd, J = 9 and 17 Hz, 1 H), 2.78 (dd, J 
= 5 and 17 Hz, 1 H), 3.5-4.0 (m, 2 H), 4.12 (9, J = 7 Hz, 2 H), 
5.18 (t, J = 11 Hz, 1 H). Anal. Calcd for C11H19C102Pd C, 40.64; 
H, 5.89. Found C, 40.86; H, 6.12. 


The following (r-ally1)palladium compounds were prepared in 
a similar fashion. 
Di-p-chloro-bis(2-oxodec-4-enyl)dipalladium(II) was re- 


crystallized from hexaneCHC1, (201): mp 133-135 "C dec; IR 
(KBr) 3000,2955,2930,2860,1715,1515,1463,1420,1380,1360, 
1168,1025 cm-'; 'H NMR (CDCld 6 0.90 (t, J = 6 Hz, 3 H), 1.1-1.9 
(m, 6 H), 2.18 (s,3 H), 2.65 (dd, J = 9 and 17 Hz, 1 H), 2.98 (dd, 
J = 5 and 17 Hz, 1 H), 3.5-4.0 (m, 2 H), 5.16 (t, J = 11 H, 1 H). 
Anal. Calcd for C,&ClOPd C, 40.70; H, 5.81. Found: C, 40.99; 
H, 5.72. 


Di-r-chloro-bis( l-phenyloct-2-enyl)dipalladium(II) was 
recrystallized from hexane: mp 116-118 "C; IR (KBr) 3025,2955, 
2930,2860,1600,1510,1492,1450,1100,1075,1030,975,750,700 
cm-I; 'H NMR (CDCl,) 6 0.90 (t, J = 6 Hz, 3 H), 1.1-1.9 (m, 6 
H), 2.96 (d, J = 6 Hz, 2 H), 3.6-4.0 (m, 2 H), 5.04 (t, J = 11 Hz, 
1 H), 7.23 (br s , 5  H). Anal. Calcd for C,,H1&lPd C, 51.09; H, 
5.82. Found: C, 50.05; H, 5.50. 


Yoshida et al. 


(34) Sood, R.; Nagasawa, M.; Sih, C. J. Tetrahedron Lett. 1974, 423. 


Cross-Coupling Reaction of Alkenylsilicates with Allylic 
Halides. The following preparation of (E)-1,4-nonadiene is 
representative of the procedure for the reaction of alkenylsilicates 
with allylic substrates catalyzed by palladium(I1) salts. 


(E)-l,4-Nonadiene. A mixture of (E)-1-hexenylpentafluoro- 
silicate (1.422 g, 5.0 mmol), allyl chloride (4.10 mL, 50 mmol), 
palladium acetate (112 mg, 0.50 mmol), and dry THF (10 mL) 
was stirred at room temperature for 24 h. After addition of 
pentane (20 mL) insoluble material was removed by filtration and 
the solvent was evaporated. The residue was distilled (bulb-to- 
bulb distillation) to give 259 mg (42% yield) of Q-1,Cnonadiene: 


2850,1643,1468,1458,1435,1380,1100,989,967,911 cm-'; 'H 
NMR 6 0.90 (t, J = 6 Hz, 3 H), 1.1-1.5 (m, 4 H), 1.8-2.15 (m, 2 
H), 2.3-2.5 (m, 2 H), 4.8-5.05 (m, 2 H), 5.25-5.4 (m, 2 H), 5.45-5.95 
(m, 1 H); mass spectrum, m/e (%) 125 (M' + 1,2), 124 (M', 16), 
82 (34), 81 (49), 54 (100); high resolution mass spectrum, m/e  
124.1257 (calcd for C9Hl6, m/e 124.1253). 


An authentic sample of (Z)-1,4-nonadiene was prepared ac- 
cording to Normant's method.% n-Butylcopper prepared from 
n-butylmagnesium bromide and cuprous bromide was allowed 
to react with acetylene followed by treatment with allyl bromide 
in the presence of HMPA and triethyl phosphite to give (2)- 
1,enonadiene: IR (CCh) 3084,3020,1643,988,908 cm-'; 'H NMR 
6 0.95 (t, J = 6 Hz, 3 H), 1.1-1.6 (m, 4 H), 1.8-2.3 (m, 2 H), 
2.75-2.85 (m, 2 H), 4.8-5.1 (m, 2 H), 5.1-5.5 (m, 2 H), 5.5-6.0 (m, 
1 H). GLC analysis (QF-130% on Celite 545,3 m) of the product 
from (E)-1-hexenylsilicate and allyl chloride showed a single sharp 
peak which could be separated from that of the authentic 2 isomer. 
Thus the stereochemical purity of the reaction product was as- 
signed to be 100% E. 


n20D 1.4306 (lit.'& nZD 1.4301); IR (CCld) 3075,2950,2925,2870, 


All other 1,4-dienes were prepared in a similar fashion. 
(8-(Methoxycarbonyl)-l-octenyl)pentafluorosilicate. 


Methyl Snonynoate (3.36 g, 20.0 "01) was allowed to react with 
trichlorosilane (2.50 mL, 24.8 mmol) in the presence of chloro- 
platinic acid (0.10 M solution in 2-propanol, 200 pL, 0.020 "01) 
a t  5 OC for 24 h. Distillation (130 "C (5mmHg)) of the reaction 
mixture gave 4.576 g (76% yield) of ((E)-8-(methoxycarbonyl)- 
1-&nyl)trichlorosilane: 'H NMR 6 1.1-1.8 (m, 8 H), 2.1-2.5 (m, 


= 19 Hz (d) and 7 Hz (t), 1 H). The alkenylsilane (4.576 g, 15.1 
mmol) was treated with potassium fluoride (23.2 g, 400 mmol) 
in 30 mL of water at 0 "C in the usual manner. White precipitate 
was separated by filtration followed by washing with water, 
ethanol, and ether. After the mixture was dried in vacuo, 4.074 
g (73% yield) of ((E)-8-(methoxycarbonyl)-l-octenyl)penta- 
fluorosilicate was obtained. IR (KBr) 2920,2850,1745,1622,1438, 
1260,1200,1167, 1000,775, 738,657,549,453 cm-'. Although 
satisfactory elemental analysis was not obtained, the silicate was 
used in the subsequent reaction without further purification. 
(E)-ll-(Methoxycarbonyl)-1,4-undecadiene: A mixture of 


((E)-8-(methoxycarbonyl)-l-octenyl)pentafluorosilicate (1.12 g, 
3.0 mmol), allyl chloride (2.46 mL, 30.0 mmol), palladium acetate 
(67 mg, 0.30 mmol), and dry THF (10 mL) was stirred at room 
temerature for 20 h. Ether (20 mL) was added, and the insoluble 
matters were removed by filtration followed by evaporation of 
the solvent. Bulb-to-bulb distillation under reduced pressure 
(1mmHg) gave 344 mg (55% yield) of (E)-11-(methoxy- 
carbonyl)-l,Cundemdiene: 1.4563; IR (liquid film) 3075,2920, 
2850,1745,1642,1452,1435,1362,1255,1200,1167,990,965,907 
cm-'; 'H NMR 1.1-1.75 (m, 8 H), 1.8-2.1 (m, 2 H), 2.21 (t, J = 
7 Hz, 2 H), 2.6-2.8 (m, 2 H), 3.58 (s,3 H), 4.8-5.1 (m, 2 H), 5.25-5.4 
(m, 2 H), 5.45-5.95 (m, 1 H); mass spectrum m/e  (%) 211 (M+ 
+ 1, l) ,  210 (M', lo), 178 (25), 136 (27), 95 (60),81 (81), 68 (100). 
Anal. Calcd for C13H2202: C, 74.24; H, 10.54. Found: C, 73.94; 
H, 10.79. 


Methyl (E)-ll-Oxo-8-dodecenoate. A mixture of (E)-11- 
(methoxymbonyl)-l,Cundemdiene (163 mg, 0.776 mmol), cuprous 
chloride (79 mg, 0.800 mmol), palladium chloride (14 mg, 0.079 
mmol), DMF (5.0 mL), and water (0.6 mL) was stirred under an 
atmosphere of oxygen. After 15 h palladium chloride (14 mg) was 
added and the mixture was stirred for 2 h. The mixture was 


4 H), 3.61 (8, 3 H), 5.77 (d, Jew = 19 Hz, 1 H), 6.65 (dt, Jbm 


(35) Normant, J. F.; Cahiez, G.; Chuit, C. J.  Oganomet. Chem. 1974, 
77, 269. 
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poured into aqueous HC1, and the organic matters were extracted 
with ether. The extracts were dried over N@04 and Concentrated 
by evaporation. Bulb-to-bulb distillation of the residue gave 117 
mg (67% yield) of methyl (E)-ll-oxo-8-dodecenoate: IR (liquid 
film) 2925,2850,1745,1723,1460,1438,1360,1255,1160,1008, 
965 cm-'; 'H NMR 6 1.2-1.8 (m, 8 H), 1.9-2.2 (m, 2 H), 2.05 (8,  
3 H), 2.22 (t, J = 7 Hz, 2 H), 2.95-3.05 (m, 2 H), 3.60 (8,  3 H), 
5.35-5.55 (m, 2 H); mass spectrum, m / e  (%) 227 (M+ + 1, l), 226 
(M+, 33), 208 (24), 136 (100). Although the product was con- 
taminated with small amounta of impurities (GLC), it was used 
in the subsequent reaction without further purification. 


Methyl (*)-(E)-11-Hydroxy-8-dodecenoate. To a solution 
of methyl (E)-ll-oxo-8-dodecenoate (117 mg, 0.52 mmol) in 
ethanol (5.0 mL) was added sodium borohydride (70 mg, 1.85 
mmol), and the mixture was stirred a t  room temperature over- 
night. After addition of dilute aqueous HCl the product was 
extracted with ether, dried over Na2S04, and concentrated by 
evaporation. Bulb-to-bulb distillation of the residue gave 110 mg 
(93% yield) of methyl (*)-(E)-ll-hydroxy-8-dodecenoate: n 2 0 ~  
1.4600, IR (liquid film) 3400,2925,2850,1748,1460-1000 (broad 
absorptions including maximum at 1440,1378,1330,1260,1200, 
1170,1070, lolo), 965,935 cm-'; 'H NMR 6 1.0-1.8 (m, 8 H), 1.10 
(d, J = 6.5 Hz, 3 H), 1.8-2.2 (m, 4 H), 2.20 (t, J = 8 Hz, 2 H), 
3.59 (8, 3 H), 3.5-3.8 (m, 1 H), 5.3-5.5 (m, 2 H); mass spectrum, 
m / e  (%) 210 (M+ - 18,5), 184 (M' - 44,16), 152 (53), 84 (100). 
Anal. Calcd for C13&03: C, 68.38; H, 10.59. Found: C, 68.61; 
H, 10.53. The spectral data of the reaction product accorded with 
those reported for methyl (+)-(S)-(E)-ll-hydroxy-8-dodece- 
noate.20b 


Carbonylation of Alkenylsilicates. A typical procedure is 
as follows. 


Methyl (E)-2-Nonenoate. To a mixture of (E)-l-octenyl- 
pentafluorosilicate (936 mg, 3.0 mmol), sodium acetate (480 mg, 
5.9 mmol), and anhydrous methanol (15 mL), through which had 
been bubbled carbon monoxide for 5 min, was added palladium 
chloride (585 mg, 3.3 "01). The mixture was stirred under the 
carbon monoxide atmosphere (a CO balloon) at room temperature 
(ca. 25 "C) for 4 h. Almost immediately the color changed from 
brown to black (possibly palladium black). Ether was added and 
the mixture filtered. The filtrate was washed three times with 
10% NaCl aqueous solution, dried over magnesium sulfate, and 
distilled (bulb-to-bulb) to give 424 mg (83% yield) of methyl 
(E)-2-nonenoate: n20D 1.4459; IR (liquid film) 2920,2850,1730, 
1660,1470,1460,1440,1382,1315,1275,1190,1170,1125,1037, 
974, 845 cm-'; 'H NMR 6 0.91 (t, J = 6 Hz, 3 H), 1.15-1.6 (m, 
8 H), 2.20 (br q, J = 7 Hz, 2 H), 3.67 (8 ,  3 H), 5.72 (dt, J = 16 
and 1 Hz, 1 H), 6.86 (dt, J = 16 and 7 Hz, 1 H); mass spectrum, 
m / e  (%) 170 (M+, 3), 87 (100). Anal. Calcd for c10H1802: C, 
70.55; H, 10.66. Found C, 70.69; H, 10.90. 


Reaction of an Organopentafluorosilicate with a n  Or- 
ganic Halide. Typical Procedure. A mixture of (E)-styryl- 
pentafluorosilicate (306 mg, 1 mmol), palladium chloride (8.7 mg, 
0.05 mmol), and iodobenzene (0.15 mL, 1.3 mmol) was sealed in 
a glass tube and heated a t  135 OC for 5 h. GLC analysis of the 
mixture showed that (E)-stilbene and 1,l-diphenylethylene were 
formed in 36% and 9% yields, respectively. Styrene was also 
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detected, but the yield was not determined. After filtration and 
flash distillation the products were isolated by preparative GLC 
and identified by spectral data superimposable with those of 
authentic samples. The insoluble filter cake showed an IR 
spectrum corresponding to hexafluorosilicate. 
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The complex t~ans-[PtH~(P-c-Hx~)~] reacts with carbon monoxide at low temperature to yield [Pt- 
(CO)~(P-C-HX~)~], the reductive elimination of H2 being reversible at 298 K. The platinum(0) complex 
undergoes trimerization on warming to ambient temperature to give [Pt3(C0),(P-c-Hx3),]; it gives [Pt- 
(CO),(P-c-HxJ(P-n-BuJ] when treated with P-n-Bu3 and reacts with iodine to produce trans-[PtI,(P-c-HxJ,]. 
No reaction of trans-[PtH2(P-c-Hx3)2] with ethylene occurs, but with C2F4 insertion into one of the Pt-H 
bonds takes place. With tetracyanoethylene a 1:l adduct is formed at 213 K which, on warming to ambient 
temperature, loses HCN to give ~~~~~-[P~H(C(CN)=C(CN)&P-C-HX~)~]. 


Introduction 
In many homogeneous catalytic systems, one of the key 


steps is believed to be the insertion of unsaturated, organic 
molecules into metal-hydrogen bonds.' Within this 
context, reactions of hydridoplatinum(I1) complexes, 
truns-[PtHX(PRJ2], with olefinsM and acetylenes- have 
been extensively studied. Four-coordinate cationic com- 
plexes, formed by anion displacement, and/or five-coor- 
dinate intermediates have been proposed3 during the in- 
sertion of olefins into the platinum-hydrogen bond. 


Dihydridoplatinum(I1) complexes, stabilized by bulky 
tertiary phosphines, have recently become available.+l' 
These complexes do not possess a readily displaceable 
anionic ligand, and the sterically crowded platinum center12 
would not be expected to react via a five-coordinate in- 
termediate, yet we have found that such complexes exhibit 
a surprisingly high reactivity toward unsaturated, organic 
molecules. 


A preliminary report from this laboratory has shown 
that trans-[PtH2(P-c-Hx3),] (c-Hx = cyclohexyl) reacts 
with activated acetylenes to give the corresponding hy- 
drido(alkenyl)platinum(II) complexes," and the involve- 
ment of free radical intermediates has been The 
reactions with carbon dioxide14 and carbon disulfide'6 have 
also been described. We here report the reactions of 
trans- [PtH2(P-c-Hx3)2] with carbon monoxide (for a pre- 


(1) Collman, J. p.; Hegedus, L. s. "Principles and Applications of 
Organotransition Metal Chemistry", University Science Books: Mill 
Valley, Calif., 1980. 


(2) Clark, H. C.; Kurosawa, H., Inorg. Chem. 1972, 11, 1275. 
(3) Clark, H. C.; Jablomki, C.; Halpem, J.; Mantovani, A.; Weil, T. A. 


Inorg. Chem. 1974,13, 1541. 
(4) Clark, H. C.; Jablonski, C. Znorg. Chem. 1974, 13, 2213. 
(5) Clark, H. C.; Jablonski, C.; Wong, C. S. Inorg. Chem. 1975, 14, 


1332. 
(6) Clark, H. C.; Fiese, P. L.; Wong, C. S. Can. J. Chem. 1977,55,177. 
(7) Attig, T. G.; Clark, H. C.; Wong, C. S. Can. J. Chem. 1977,55,189. 
(8) Clark, H. C.; Wong, C. S. J.  Am. Chem. SOC. 1977,99, 7073. 
(9) Forniea, J.; Green, M.; Spencer, J. L.; Stone, F. G. A. J. Chem. SOC., 


(10) Yoghida, T.; Otsuka, S. J. Am. Chem. SOC. 1977, 99, 2134. 
(11) Clark, H. C.; Goel, A. B.; Wong, C. S. J. Organomet. Chem. 1978, 


Dalton Tram. 1977, 1006. 


152. C45. 
(12) Immirzi, A.; Musco, A.; Carturan, G.; Belluco, U. Inorg. Chim. 


Acta 1975. 12. L23. 
(13) C k k ,  HYC.; Janzen, E. G.; Wong, C.-L.; Wong, C. S., unpublished 


(14) Immirzi, A.; Musco, A. Inorg. Chim. Acta 1977,22, L35. 
(16) Albinati, A.; Musco, A.; Carturan, G.; Strukul, G .  Inorg. Chim. 


results. 


Acta 1976, 18, 219. 


liminary report see ref 16) and a number of olefins, which 
lead to a diverse range of products. 


Results and Discussion 
It  was previously noted16 that when a benzene solution 


of t~ans-[PtH~(P-c-Hx,)~] was treated with carbon mon- 
oxide a t  ambient temperature, it  became red, and the 
isolated product was tentatively assigned as the trimeric 
complex [Pt3(C0),(P-c-Hx3),]. No attempt was made a t  
that stage, however, to determine the mechanism by which 
[Pb(CO)3(P-c-Hx3)3] was produced. The structures of the 
complexes [Pt3(CO)3(P-c-Hx3)3]17 and [Pt3(CO)3(P-c- 
Hx,),]'* had previously been determined. 


When carbon monoxide was passed through a toluene 
solution of t r a r ~ - [ P t H ~ ( P - c - H x ~ ) ~ ]  a t  213 K no color 
change was evident, but the 31P(1H) NMR spectrum at this 
temperature indicated that quantitative formation of a new 
species (6(P) 20.2 ('J(Pt-P) = 3123 Hz) had occurred. 
After a similar solution of trans-[PtH2(P-c-Hx3),1 was 
stirred under 1 atm of carbon-13 monoxide a t  233 K, the 
13C(lH) NMR spectrum exhibited a triplet resonance a t  
6(C) 185.0 (2J(P-C) = 12 Hz) with '=Pt satellites (lJ(Pt-C) 
= 1809 Hz), indicating the presence of only one CO en- 
vironment. Such a chemical shift is more reminiscent of 
a terminal carbonyl attached to platinumlg than of a 
metal-formyl group,2o which might have been formed by 
insertion of CO into a Pt-H bond, and the multiplicity is 
due to coupling to two equivalent phosphorus nuclei. The 
31P(1HJ NMR spectrum of such a solution also contained 
triplet resonances, indicating the presence of two equiva- 
lent carbonyl groups. Thus, the new species is formulated 
as the platinum(0) complex [Pt(CO),(P-c-Hx,),]. 


This formulation is consistent with the observation that 
when a toluene-d8 solution of tram-[PtH2(P-c-Hx3),] was 
treated with carbon monoxide a t  213 K, the 'H NMR 
spectrum indicated that complete reaction had taken place, 
as evidenced by the disappearance of the hydride reso- 
nance a t  6(H) -3.35. The lack of any new resonances 


(16) Clark, H. C.; Goel, A. B.; Wong, C. S. Inorg. Chim. Acta 1979,34, 


(17) Albinati, A. Inorg. Chim. Acta 1977, 22, L31. 
(18) Albinuti, A.; Carturan, G.; Musco, A. Inorg. Chim. Acta 1976,16, 


159. 
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(20) Collman, J. P.; Winter, S. R. J. Am. Chem. SOC. 1973, 95,4089. 
iprint 1979, 1601. 
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suggests that reductive elimination of dihydrogen occurs 
on treatment of the complex with carbon monoxide. While 
CO insertion into metal-carbon bonds is well document- 
ed,21 the insertion of CO into a metal-hydrogen bond to 
yield a metal-formyl complex22 in this case is obviously 
a less favored process. 


When the passage of carbon monoxide was continued 
a t  ambient temperature, the solution rapidly became red. 
From such a solution were obtained orange-red crystals 
of the trimeric complex [Pt3(C0)3(P-~-H~3)3], which was 
identified by its characteristic 31P(1H) NMR spectrum (6(P) 


55 Hz, lJ(Pt-Pt) = 1633 If [Pt(CO)2(P-c-Hx&] 
was prepared at 213 K and free CO was removed from the 
system by purging with a stream of nitrogen before 
warming to ambient temperature, however, the solution 
only slowly became red and, after it was left standing for 
24 h, the 31P(1H) NMR spectrum showed that [Pt(CO),- 
(P-c-Hx,),] was still the major phosphorus-containing 
species in solution. A broad resonance a t  6(P) 19.8 was 
previously observed for such a solution, but this was not 
recognized as an intermediate in the reaction sequence and 
was erroneously attributed to a rapid equilibrium between 
the species [P t3(C0)3(P-~-H~3)3]  and [Pt3(CO)3(P-c- 
HxJ4l." 


The reductive elimination of H2 from trans-[PtH,(P-c- 
Hx,)~] was found to be irreversible a t  low temperature, but 
when hydrogen gas was passed through a solution of 
[Pt(CO),(P-c-HxJ,] for 5 min a t  213 K (to remove free CO 
and hence reduce the rate of trimerization), followed by 
30 min a t  ambient temperature, regeneration of the di- 
hydridoplatinum(II) complex occurred. No resonances due 
to organic species were detected in the 'H NMR spectrum 
of such a solution, demonstrating that the elimination of 
carbon monoxide occurs without its reduction. Reductive 
elimination of H, from transition-metal complexes by 
displacement with carbon monoxide has also been shown 
to be reversible in certain other cases.24 
h the absence of a nucleophile such as carbon monoxide, 


the reductive elimination of H2 is extremely slow. Indeed, 
when a solution of trans-[PtH,(P-c-Hx3),] was heated to 
423 K in vacuo, the reaction was incomplete after 4 days, 
the new species formed being identified by its 31P(1P) NMR 
spectrum as [Pt(P-c-Hx,),] (6(P) 61.1 ('J(Pt-P) = 4180 
Hz)). I t  is not surprising that such vigorous conditions 
should be necessary to promote this reaction, because 
tr~ns-[PtH,(P-c-Hx~)~] may be prepared by oxidative ad- 
dition of H2 to the bis(phosphine)platinum(O) complex a t  
ambient tempera t~re .~ . '~  The previously proposed mech- 
anism for the carbonylation of tran~-[PtH~(P-c-Hx,)~],  
namely, initial reduction to give [Pt(P-c-Hx3),] followed 
by reaction with CO to yield [Pt&0)3(P-~-H~3)3] and free 
tricyclohexylphosphine,16 is clearly inconsistent with these 
observations, nucleophilic attack of carbon monoxide on 
the dihydridoplatinum(I1) complex being the initial step. 
When a trans-[PtH,(P-~-Hx~)~] solution was heated in the 
presence of oxygen the bis(phosphine)platinum(O) complex 
was readily oxidized to give [P~O,(P-C-HX~)~]  (6(P) 25.0 
(V(Pt-P) = 3940 Hz)). 


When a toluene solution of [Pt(CO)2(P-c-Hx3)2] a t  213 
K was treated with 1 molar equiv of tri-n-butylphosphine, 


71.0 ('J(Pt-P) = 4409 Hz, 2J(Pt-P) = 409 Hz, 'J(P-P) = 
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the mixed phosphine complex [Pt(CO)2(P-c-Hx,)(P-n- 


-24.4 ('J(Pt-P) = 3230 Hz, ,J(P-P) = 15 Hz)) was pro- 
duced, along with free tricyclohexylphosphine (6(P) 7.0). 
With a second molar equivalent an equilibrium was set up, 
involving the mixed phosphine complex and [Pt(CO),(P- 
n-Bu&] (6(P)-19.3 (lJ(Pt-P) = 3191 Hz). The displace- 
ment of tertiary phosphine is unusual, since addition of 
a nucleophile to complexes of the type [Pt(CO)2(PR3)2] 
normally results in loss of carbon monoxide.25 The 
preferential displacement of P-c-Hx, in this case is likely 
to be due to the relief of steric crowding afforded in the 
platinum(0) complex, and this might also be an important 
factor in the ready formation of [Pt3(C0)3(P-~-H~3)3], 
where dissociation of P-c-Hx, may be promoted thermally 
by warming a [Pt(CO),(P-c-Hx,),] solution to ambient 
temperature. 


Similar treatment of [Pt(C0)2(P-c-Hx3)2] with other 
nucleophiles, including tert-butyl isocyanide, pyridine, and 
dimethyl sulfide, did not result in such clean reactions. 
With each of these ligands no reaction took place a t  213 
K, while a t  ambient temperature displacement of both 
tertiary phosphine ligands occurred, accompanied by ex- 
tensive decomposition, giving no phosphorus-containing 
platinum species. 


When excess iodine was introduced to a toluene solution 
of [Pt('3C0)2(P-c-H~3)2] at 213 K the 31P(1H) NMR spec- 
trum, after 2 h at this temperature, indicated that complete 
reaction of the zerovalent platinum complex had occurred. 
Almost total conversion to t r~ns- [Pt I~(P-c-Hx~)~]  (6(P) 9.3 
('J(Pt-P) = 2253 Hz)) was evident, while a trace of cis- 


2J(P-C) = 5 Hz)) was also observed. It was previously 
found that [Pt&0)3(P-c-Hx3)3] underwent reaction with 
iodine to yield C~~-[P~I~(CO)(P-C-HX,)],'~ so it may be that 
the latter species formed in this case was obtained by 
reaction of a trace of the trimeric complex present in the 
solution. 


I t  is perhaps surprising that displacement of P-c-Hx, 
from [P~(CO),(P-C-HX~)~] occurs on addition of P-n-Bu, 
a t  213 K, while the reaction with iodine causes displace- 
ment of carbon monoxide. I t  has been suggested (vide 
supra) that loss of P-c-Hx~, rather than CO, to give [Pt- 
(CO)2(P-c-Hx3) (P-n-Bu3)] occurs because it involves a re- 
duction in steric crowding in the platinum(0) product. 
While four-coordinate platinum(0) complexes adopt a 
geometry approaching tetrahedral, their divalent coun- 
terparts are square planar and, by forming a complex of 
trans configuration, may be less sterically hindered. 
However, on purely steric grounds, the complex trans- 
[Pt12(P-c-Hx3),], which contains the bulkiest of halides, 
would be expected to be relatively crowded and so cis- 
[PtI,(CO)(P-c-Hx3)] may possibly be the preferred steric 
product. Electronically, however, the two strong a-donor 
phosphine ligands may roughly balance the electronegative 
halides in the trans-[Pt12(P-c-Hx3),] complex, whereas in 
cis-[Pt12(CO)(P-c-Hx3)], the 7r-acid carbonyl ligand would 
result in a electron-poor metal center. Thus for the former 
complex, where the bulky tricyclohexylphosphine ligands 
make an angle of about 180° a t  platinum,% the course of 
the reaction is determined by the steric requirements of 
the produds and also the valence of the metal center (i.e., 
electronically). The reactions of [Pt(CO)2(P-c-Hx3),] are 
summarized in Scheme I .  


B u ~ ) ]  (~(P-c-Hx,) 24.2 ('J(Pt-P) = 3064 Hz), G(P-n-Bu3) 


[Pt12(13CO)(P-~-H~3)] (6(P) 33.6 ('J(Pt-P) = 2788 Hz, 
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It has previously been observed that trans-[PtH,(P-c- 
Hx,),] reacts with substituted acetylenes, only if they 
contain electron-withdrawing substituents."J3 A similar 
situation has been found to prevail for the analogous re- 
actions with olefinic compounds. 


When ethylene was passed through a toluene solution 
of trans-[PtH2(P-c-Hx,),] a t  ambient temperature for 1 
h, the 31P(1H) NMR spectrum indicated that no reaction 
had taken place. With tetrafluoroethylene, however, a slow 
reaction took place, which was complete after passing the 
gas through a solution of t r ~ n s - [ P t H ~ ( P - c - H x ~ ) ~ ]  a t  am- 
bient temperature for 3 h or after stirring under 1 atm of 
C2F4 for 2 days. The complex isolated from this reaction 
was trans-[PtH(CF,CF2H)(P-c-Hx3),], formed by insertion 
of the olefin into one of the platinum-hydrogen bonds. Ita 
31P(1H1 NMR spectrum consisted of a triplet resonance 
(,H(P-F) = 15 Hz), due to coupling to the two a-fluorine 
nuclei, with lg6Pt satellites, while the 'H NMR spectrum 
exhibited a hydride resonance at 6(H) -9.95, which was a 
complex multiplet due to coupling to two phosphorus and 
two fluorine nuclei. The low 'J(Pt-H) value of 520 Hz is 
consistent with the hydride being trans to an alkyl moiety. 
The analytical data (see Experimental Section) also sup- 
port this formulation. 


These observations are similar to those for the reactions 
of the dihydridoplatinum(I1) complex with acetylenes, 
where no interaction with the unsubstituted compound was 
found. Also, both hexafluorobut-2-yne and tetrafluoro- 
ethylene insert into only one of the P-H bonds. 


A reaction of trans- [PtH2(P-c-Hx3),] with tetracyano- 
ethylene was found to occur even at 213 K. When 1 molar 
equiv of the olefin was added to a toluene solution of 
trans-[PtH,(P-c-Hx,),] a t  this temperature, a pale green 
solution resulted. The 31P{1HJ NMR spectrum of this so- 
lution indicated quantitative formation of a new species 
(6(P) 34.5 ('J(Pt-P) = 2695 Hz)), which underwent further 
reaction on warming to ambient temperature. The second 
stage of the reaction was promoted by heating to 348 K 
for 1 h and the final product was isolated and identified 
as ~~~~S-[P~H{C(CN)=C(CN)~J(P-C-HX,)~]. Its infrared 
spectrum exhibited a band a t  1595 cm-l, indicative of the 
alkenyl moiety, and bands a t  2192,2168, and 2144 cm-l, 
due to u(Pt-H) and v(C=N). The 'H NMR spectrum 
contained a triplet resonance at 6(H) -8.41 (,J(P-H) = 14 
Hz) with lg6Pt satellites ('J(Pt-H) = 777 Hz), and the 
relatively low value of lJ(Pt-H) is consistent with the 
hydride lying trans to a ligand of high trans influence such 
as an alkenyl group. The formulation of the final product 
as trans-[PtH(C(CN)=C(CN)2)(P-c-Hx,),l is also sup- 
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The nature of the intermediate species was investigated 
by 'H NMR spectroscopy. When a toluene-d8 solution of 
tr~ns-[PtH,(P-c-Hx,)~] was treated with tetracyano- 
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a t  6(H) -18.06, with a one-bond coupling to platinum-195 
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C-HX~)~((NC)~C=C(CN)~)I. 


In support of this formulation, similar adducts of the 
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the reaction of trans-[PtHX(PR,),] with tetracyano- 
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= Et; X = CN).27 
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in tr~ns-[PtH~(P-c-Hx~)~],~~ adduct formation is clearly 
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case, the planar tetracyanoethylene molecule28 may ap- 
proach the platinum center perpendicular to the PtP, axis, 
thus minimizing interactions with the bulky cyclohexyl 
groups. This is in agreement with the general observation 
that the olefinic moiety in platinum(I1) olefin complexes 
lies perpendicular to the square plane containing the metal 
center.29 


It  is interesting that reductive elimination of HX from 
[PtHX(PR3)2{(NC)2C=C(CN)2}] took place27 to yield the 
platinum(0) complex, [Pt(PR3)2((NC)2C=C(CN)2)]. Here 
it is found that [PtH2(P-c-Hx3)2((NC)2C=C(CN)2J] reacts 
thermally by elimination of HCN to give an alkenyl- 
platinum(I1) complex. Similar chemistry has been ob- 
served for an iridium(II1) species.30 


These results show that tr~ns-[PtH~(P-c-Hx,)~] may 
undergo reductive elimination of H2, insertion of an un- 
saturated molecule into a Pt-H bond or adduct formation, 
followed by elimination of HCN, the course of the reaction 
being determined by the nature of the added ligand. 
These, and subsequent reactions of [Pt(CO),(P-c-Hx,),], 
demonstrate the high degree steric control involved in the 
reactions of platinum complexes containing tricyclo- 
he~ylphosphine.~' 


Experimental Section 
The 'H, '3C('HJ, and 31P(1H] NMR spectra were recorded at 


60.0, 15.1, and 24.3 MHz, respectively, on a B r ~ k e r  WP-60 
spectrometer operating in the Fourier transform mode. 'H and 
'% chemical shifts are relative to Me4Si (internal) and 31P chemical 
shifts are relative to H 3 P 0 4  (external), more positive values 
representing deshielding. Infrared spectra were measured for 
Nujol mulls between CsI plates, using a Perkin Elmer 180 


(27) Uguagliati, P.; Baddley, W. H. J. Am. Chem. Soc. 1968,90,5446. 
(28) Becker, P.; Coppens, P.; Ross, F, K. J. Am. Chem. SOC. 1973,95, 


7finA . "" -. 
(29) Hartley, F. R. 'The Chemistry of Platinum and Palladium"; 


(30) Clark, H. C.; Mittal, R. K. Can. J .  Chem. 1973,51, 1511. 
(31) Anderson, G. K.; Clark, H. C.; Davies, J. A. Inorg. Chem. 1981, 


Wiley: New York, 1973; p 364. 
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spectrophotometer. Elemental analyses were performed by 
Guelph Chemical Laboratories Ltd. 


Carbon-13 labeled carbon monoxide (90% enriched) was ob- 
tained from Prochem, tetrafluoroethylene was supplied by PCR 
Research Chemicals Inc., and tetracyanoethylene was obtained 
from Aldrich. 


The complex tr~ns-[PtH~(P-c-Hx~)~] was prepared by treating 
truns-[PtHCl(P-c-H~,)~] with NaBH, in ethanol.32 


Reaction of trans-[PtH2(Pt-c-Hx3)2] with Carbon Mon- 
oxide. tr~ns-[PtH~(P-c-Hx~)~] was dissolved in toluene and the 
solution was cooled to 213 K. Carbon monoxide was passed 
through the solution for 1 h (or, where '%O was used, the solution 
was stirred under 1 atm of the gas for 3 h), resulting in quantitative 
conversion to the complex [Pt(CO)2(P-c-Hx&2] (b(P)  20.2 ('J(Pt-P) 


When excess CO was removed by purging the solution with ni- 
trogen, the major species present after standing for 24 h at ambient 
temperature was still [Pt(CO)2(P-c-Hx&2], but when the solution 
was allowed to warm in the presence of free CO, it rapidly became 
red and ita 31P(1HJ NMR spectrum indicated the presence of free 


= 3123 Hz); 6(C) 185.0 ('J(Pt-C) = 1809 Hz, 2J(P-C) 12 Hz)). 


P-c-Hx~ (b(P) 7.0) and [P~(CO)~(P-C-HX~)~] (b(P) 71.0 ('J(Pt-P) 
= 4409 Hz, 2J(Pt-P) = 409 Hz, 'J(P-P) = 55 Hz, 'J(Pt-Pt) = 
1633 Hz)), when the spectrum was recorded at 213 K. 


Thermal Decomposition of tran~-[PtH~(P-c-Hx~)~].  A 
tolueneds solution of tr~ns-[PtH~(P-c-Hx&~] was sealed in a NMR 
tube under vacuum and heated to 423 K. After 4 days the signal 
at 6(H) -3.35 in the 'H NMR spectrum had diminished in in- 
tensity, and after 11 days it had disappeared completely. In the 
31P(1H) NMR spectrum the resonance due to trans-[PtHz(P-c- 
H x ~ ) ~ ]  was replaced by one associated with [P~(P-C-HX,)~] (6(P) 
61.1 ('J(Pt-P) = 4180 Hz)). When the solution was heated in 
air, the complex [PtOz(P-c-Hx&2] (6(P) 25.0 ('J(Pt-P) = 3940 Hz)) 
was produced. 


Reaction of [Pt(C0)2(P-~-H~3)z]  with Tri-n -butyl- 
phosphine. To a solution of [Pt(CO)2(P-c-Hx3)21, prepared by 
treatment of tran~-[PtH~(P-c-Hx~)~] with carbon monoxide in 
toluene at 213 K, was added 1 mol equiv of P-n-Bu3. The 31P(1HJ 
NMR spectrum at 213 K indicated the formation of [Pt(CO)z- 


(P-n-Bu3) -24.4 ('J(Pt-P) = 3230 Hz, zJ(P-P) = 15 Hz)) and free 
P-c-Hx3 (b(P) 7.0). Addition of further P-n-Bu3 resulted in some 
formation of [Pt(CO)z(P-n-Bu3)z] (6(P) -19.3 ('J(Pt-P) = 3191 
Hz)). 


(P-c-Hx~)(P-~-Bu~)] (~(P-c-Hx~) 24.2 ('J(Pt-P) = 3064 Hz); 6- 


(32) Leviston, P. G.; Wallbridge, M. G. H. J. Orgonomet. Chem. 1976, 
110. 271. 


Similar treatment of [Pt(CO)z(P-c-Hx3)2] with CN-t-Bu (1 mol 
equiv), Me2& or pyridine (excess) caused no reaction at 213 K, 
while displacement of P-c-Hx3 (6(P) 7.0) occurred at ambient 
temperature, accompanied by extensive decomposition. 


Reaction of [Pt(C0)2(P-c-Hx3)2] with Iodine. Excesa iodine 
was added to a toluene solution of [Pt('3CO)2(P-c-Hx3)2] at 213 
K and, after the solution was left standing at this temperature 
for 2 h, the 3'P(1HJ NMR spectrum contained resonances due to 
trans-[Pt12(P-c-HxJ2J (b(P) 9.3 ('J(Pt-P) = 2253 Hz)) and a very 
minor amount of C~-[P~I~('~CO)(P-C-HX~~] @(P) 33.6 ('J(Pt-P) 


Reaction of tran~-[PtH~(P-c-Hx~)~] with Tetrafluoro- 
ethylene. A benzene solution of trans-[PtHz(P-c-Hx3),] was 
stirred under 1 atm of CzF4 for 2 days, which resulted in complete 
reaction to give trans-[PtH(CF2CF2H)(P-c-Hx3),] (b(P) 36.9 


Hz, 'J(P-H) = 16 Hz, %J(F-H) = 3 Hz)). Slow evaporation of 
the solvent allowed isolation of colorless crvstals. (Anal. Calcd 


= 2788 Hz, 2J(P-C) 5 Hz)). 


('J(Pt-P) = 2905 Hz, V(P-F) 15 Hz); 6(H) -9.95 (?I(Pt-H) = 520 


for CSHssF4PzPt: C, 53.21; H, 8.00; F, 8.8-7. Found: C, 53.11; 
H. 8.13: F. 8.96.) 


.Reaction of .  trans -(PtH2(P-c-Hx3)z] with Tetracyano- 
ethylene. Tetracyanoethylene (1 mol equiv) was added to a 
toluene solution of tr~ns-[PtH~(P-c-Hx~)~] at 213 K, giving a pale 
green solution, and quantitative formation of a new species (6(P) 


'J(P-H) 12 Hz)) resulted. Heating to 348 K for 1 h caused 
complete conversion to trans- [PtH(C(CN)=C(CN)2)(P-c-Hx3)z] 


%J(P-H) = 14 Hz)) and, after treatment with charcoal and fil- 
tration, slow evaporation of the solvent produced yellow crystals. 
(Anal. Calcd for C41I&N3PzPt: C, 57.34; H, 7.87; N, 4.90. Found 
C, 56.64; H, 8.08; N, 4.68. IR data: v(C=C) 1595 cm-l, v(Pt-dH) 
and v(C=N) 2192, 2168, and 2144 cm-'.) 
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spectrophotometer. Elemental analyses were performed by 
Guelph Chemical Laboratories Ltd. 


Carbon-13 labeled carbon monoxide (90% enriched) was ob- 
tained from Prochem, tetrafluoroethylene was supplied by PCR 
Research Chemicals Inc., and tetracyanoethylene was obtained 
from Aldrich. 


The complex tr~ns-[PtH~(P-c-Hx~)~] was prepared by treating 
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Table I 


Me,SiCH,Cla + RONa __f Me,SiOR + Me,SiCH,OR 
ROH 


R =  Me 0% 7 5% 
R =  Et 11% 70% 
R = n-Bu 31% 19% 


O E t  
EtONa 


EtOH 32% 4 2% 16% 
PhMe,SiCH,CI __f Me,SiCH,Ph + PhMe,SiCH,OEt t PhMe,SiOEtlZ 


Me,SiCH,Br gives more  cleavage products ;  aprot ic  solvents give more  cleavage products. 


Scheme I1 
R’ R1 R‘ 


Scheme I11 
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MeS d R 2  


metal is lithium, since the synthesis of these reagents most 
frequently involves hydrogen-metal exchange using an 
alkyllithium as the base (Scheme I). 


A comprehensive range of variations of this metalation 
process has been described, where the resulting species 1 
usually is treated with either an aldehyde or a ketone to 
give a 8-alkoxysilane 2.3 The adduct 2 either undergoes 
in situ syn elimination of the elements of lithium tri- 
methylsilanolate to give an alkene or is reasonably stable 
and is eliminated to an alkene in a subsequent step. As 
such, this reaction, most frequently known as the Peterson 
reaction, may be viewed as a silicon version of the Wittig 
olefin synthesis. The exceptionally wide range of sub- 
stituents Z make this an  extremely flexible method of 
preparing functionalized alkenes. Furthermore, the lith- 
ium species 1 appear to be considerably more nucleophilic 


Me3Si, pLi ,R2  
1 t PO - HR2 - dR, t Me3SiOLi 


R Z R’ Z 
2 


than their phosphorane counterparts. Unfortunately, the 
overall method is not stereospecific, even though the 
elimination of trimethylsilanolate is known to be a syn 
process,4 since the initial diastereomeric adducts are not 
formed with any overwhelming stereoselectivity. Conse- 
quently, if the stereochemical outcome of an olefination 
reaction is not a prime consideration, then the ((tri- 
methylsily1)methyl)lithium system 1 offers high nucleo- 
philicity and large variations in Z. 


(3) A wide range of reagents of the general type Me&3iCHzZ have been 
described, representative examples are Z = H, Ph, SiMeS, PPh2, P(S)Ph2, 
SMe, P(0)(EtO)z, SPh, SOPh, SePh, CN, COZH, C02Et, and C1. For a 
more complete list consult the last citation in ref 2. 


(4) Hudrlik, P. F.; Peterson, D. Tetrahedron Lett. 1974,133. Hudrlik, 
P. F.; Peterson, D. J. Am. Chem. SOC. 1976,97, 1464. 


While, as already alluded to above, the wide range of Z 
is a very commendable feature of the Peterson reaction, 
it is noticeable that Z = OR is absent from the list. Many 
lithio species adjacent to oxygen have been described? and 
recently a theoretical description of C-lithiomethanol as 
a model for a-lithio ethers suggests that these compounds 
have an energy minimum as the bridged structure 3.6 A 
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large number of reagents has been studied where the 
carbon-lithium bond is adjacent to phosphorus (3 or 5 
oxidation states) as well as an alkoxy group. These mod- 
ified Wittig reagents convert aldehydes or ketones into 
their respective enol ether derivatives (Scheme II).’ This 
important transformation forms the basis of a useful se- 
quence that converts an aldehyde or a ketone into the 
homologous aldehyde or ketone. In purely descriptive 
terms, such a process is called reductive nucleophilic 


(5) MeOCHzLi: Schollkopf, U. ‘Methoden der Organischen Chemie”; 
Mtiller, E., Ed.; Georg Thieme Verlag: Stuttgart. 1970; Vol. 13, pp 87, 
253. Still, W. C. J. Am. Chem. SOC. 1978,100,1482. Still, W. C.; Sree- 
kumar, C. Ibid. 1980, 102, 1201. [2.3] sigmatropic rearrangement of 
a-alkoxy anions: Still, W. C.; Mitra, A. J. Am. Chem. SOC. 1978,1927. 
Oxyallyl anions: Evans, D. A.; Andrews, G. C.; Buckwalter, B. J .  Am. 
Chem. SOC. 1974,96,5560. Still, W. C.; MacDonald, T. L. Ibid. 1974,96, 
5561. Burke, S. D. Tetrahedron Lett. 1980, 1285. Dipole-stabilized 
anions: Beak, P.; Baillargeon, M.; Cartar, L. J. Org. Chem. 1978,43,4255. 
Beak, P.; McKinnie, B. G. J. Am. Chem. SOC. 1977,99, 5213. Reitz, D. 
B.; Beak, P.; Farney, R. F.; Heimick, L. S. Ibid. 1978,100,5428. Beak, 
P.; McKinnie, B. G.; Reitz, D. B. Tetrahedron Lett. 1977, 1839. Beak, 
P.; Reitz, D. B. Chem. Rev. 1978, 78, 275. Schecker, R.; Seebach, D.; 
Lubosch, W. Helu. Chim. Acta 1978,61, 512. Beak, P.; Carter, L. G.-J. 
Org. Chem. 1981,46,2363. LiOCHzLi: Seebach, D.; Meyer, N. Angew. 
CheM. Int. Ed. Engl. 1976,15,438. Seebach, D.; Meyer, N. Chem. Ber. 
1980, 113, 1290. a-Halo ethers as precursors to a-metallo ethers: 
Schollkopf, U.; Kuppers, H. Tetrahedron Lett. 1964, 1503. Runge, F.; 
Taeger, E.; Fiedler, C.; Kahlert, E. J.  Prakt. Chem. 1963,291,37. Welge, 
P. M.; Clark, R. D.; Heathcock, C. H. J .  Org. Chem. 1976, 41, 3144. 
a-Phenylthiohemiacetals aa precursors to a-lithio ethers: Cohen, T.; 
Matz, J. R. J.  Am. Chem. SOC. 1980,102,6902. a-Lithio tetrahydrofuran 
fragmentation: Maercker, A.; Theaaohn, W. Justus Liebigs Ann. Chem. 
1971, 747,70. Carbenoids from a-halo ethers: Olofson, R. A.; Lotta, K. 
D.; Barber, G. Tetrahedron Lett. 1976, 3779. Wittig rearrangement of 
a-metallo ethers: Schollkopf, U.; Eisert, M. Justus Liebigs Ann. Chem. 
1963, 664, 76. Dalrymple, D. L.; Kruger, T. L.; White, W. N. In “The 
Chemistry of the Ether Linkage”; Patai, S., Ed.; wiley: New York, 1967; 
p 618. Brook rearrangement: Brook, A. G. Acc. Chem. Res. 1974,7,77. 
For recent general reviews of a-heterosubstituted organometallics see: 
Krief, A. Tetrahedron 1980,36,2531. Peterson, D. J. Organomet. Chem. 
Reu., Sect. A 1972, 7, 295. 


(6) Clark, T.; Schleyer, P. von R.; Houk, K. N.; Rondau, N. G. J.  
Chem. SOC., Chem. Commun. 1981,579. 


(7) Kluge, A. F.; Cloudsdale, I. S. J. Org. Chem. 1979,44,4847. Kluge, 
A. F. Tetrahedron Lett. 1978, 3629. Levine, S. G. J. Am. Chem. SOC. 
1968, 80, 6150. Schlude, H. Tetrahedron 1975,31, 89. Wittig G.; Boll, 
W.; Kruck, K.-H. Chem. Ber. 1962,95,2514. Wittig, G.; Kraus, E. Angew. 
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Table IIa 
substrate adduct (%) aldehyde (%) enol ether (%) methoxy ketone (%) 
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a These desilylated products resulted from chromatography over silica gel. 


acylation. The original electrophilic carbonyl group in the 
substrate has become reduced in the homologous carbonyl 
compound.8 Petersong has reported that the reagent, 
((methy1thio)methyl)trimethylsilane 4, is readily depro- 
tonated by using n-butyllithium, and the resulting lithio 
species 5 on treatment with aldehydes or ketones gives 
thiomethyl enol ethers directly (Scheme 111). 


Reported attempts to deprotonate (methoxymethy1)- 
trimethylsilane 6 using n-butyllithium resulted in nu- 


Me3SiCHzOMe LiCHzSiMe2CHzOMe Me3SiCHOMe 
I 


6 7 I 
Li 


8 


cleophilic attack a t  silicon and subsequent cleavage of the 
-CH20Me group, giving trimethyl-n-butylsilane as an 
isolable p r o d ~ c t . ~  Treatment of 6 with tert-butyllithium 
gave the a-lithio species 7, which could be regarded as a 
kinetic product? Eisch has reported the lithiation of ep- 
oxyethylsilanes where lithium is adjacent to a triphenylsilyl 
group and an epoxy oxygen atom.1° 


(8) For examples of methods used to conduct reductive nucleophilic 
acylation sequences see: Cooke, F.; Magnue, P. J. Chem. SOC., Chem. 
Commun. 1977,513. Burford, C.; Cooke, F.; Ehlinger, E.; Magnus, P. J. 
Am. Chem. SOC. 1977,99,4536. Seebach, D.; Grobel, G.-Th.; Beck, A. K.; 
Braun, M.; Geiss, K.-H. Angew. Chem., Int. Ed. Engl. 1972, 11, 443; 
Carey, F. A.; Court, A. S. J. Org. Chem. 1972, 37, 1926. Carey, F. A,; 
Neergaard, J. R. Ibid. 1971,36,2731. Corey, E. J.; Shulman, J. I. J. Org. 
Chem. 1970,35,777. Corey, E. J.; Shulman, J. I. J.  Am. Chem. SOC. 1970, 
92,5522. Jones, P. F.; Lappert, M. F. J. Chem. SOC., Chem. Commun. 
1972,526. Ferwanah, A.; Pressler, W.; Reichardt, C. Tetrahedron Lett. 
1973,3979. Pettit, G. R.; Green, G.; Dunn, G. L.; Sunder-Plassmann, P. 
J. Org. Chem. 1970,35,1385. Reichardt, C.; Wurtheim, E.-U. Synthesis 
1973,604. Blanchard, E. P.; Buchi, G. J. Am. Chem. SOC. 1963,85,995. 
Matteson, D. S.; Moody, R. J.; Jesthi, P. K. Zbid. 1975,97,5608. For an 
interesting method, particularly applicable to hindered ketones see: 
Corey, E. J.; Tius, M. A.; Das, J. J. Am. Chem. SOC. 1980,102,1742. For 
general references to nucleophilic acylation see: Lever, 0. W. Jr. Tetra- 
hedron 1976,1943. ApSimon, J.; Holmes, A. Heterocycles 1977,6,731. 
Martin, S .  F. Synthesis 1979, 633. Reference 7 describes phosphorus- 
based reagents that accomplish the conversion shown in Scheme 11. 


(9) Peterson, D. J. J. Org. Chem. 1968,33, 780. Carey, F. A.; Court, 
A. S .  Zbid. 1972, 37, 939. 


Results" 
(Methoxymethy1)trimethylsilane 6 is readily prepared 


by treatment of (chloromethy1)trimethylsilane with sodium 
methoxide in methanol heated at  reflux.12 I t  is interesting 


(10) Eisch, J.; Galle, J. E. J. Am. Chem. SOC. 1976, 98, 4646. 
(11) A preliminary account of this work has been reported. Magnus, 


P.; Roy, G. J. Chem. SOC., Chem. Commun. 1979, 822. Part 13: 
Schwindeman, J. A.; Magnus, P. Tetrahedron Lett. 1981, 4925. 
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to note that use of higher alcohols and replacement of the 
trimethylsilyl group by a dimethylphenylsilyl group lead 
to increasing amounts of alkoxide attack a t  silicon and 
subsequent rearrangement. Table I shows this trend and 
demonstrates that it is by no means a foregone conclusion 
that treatment of alkoxides with (a-haloalky1)silanes will 
give useful yields of the corresponding ethers. 


Treatment of (methoxymethy1)trimethylsilane (6) in 
tetrahydrofuran a t  -78 "C with sec-butyllithium (1.4 M 
in cyclohexane) followed by warming the mixture to -30 
"C gave solutions of (methoxy(trimethylsily1)methyl)lith- 
ium (8) in >95% yield, as judged by its subsequent reac- 
tions with aldehydes and ketones. I t  is essential to bring 
the reaction mixture to -30 "C to ensure formation of 8; 
at  lower temperatures very little hydrogenmetal exchange 
occurs. Once 8 has been formed, it can be used at  a variety 
of temperatures, usually between -78 and +25 "C is con- 
venient. 


Table I1 shows that 8 adds efficiently to a number of 
aldehydes and ketones to  give 1:l  adducts, and, most no- 
tably, the elimination of lithium trimethylsilanolate 
(Me,SiOLi) did not take place. This is in marked contrast 
to the thioanalogue of 8, namely, 5, where the reaction 
proceeds directly to the thio enol ether. The reagent 8 
shows no marked stereoselectivity since the adducts 13, 
14, 15, and 16 were formed in the ratios 3:1, 1.61,2:1, and 
1:1, respectively as diastereomeric mixtures (NMR, VPC). 
The (0-hydroxyalky1)silane adducts are labile to acidic 
conditions. When they are treated with 90% formic acid 
a t  room temperature, they are converted into aldehydes 
(Table 11). For very sensitive aldehydes, acid-catalyzed 
elimination of trimethylsilanol is competitive with the 
destruction of the product aldehyde. This is the case with 
1-pyrenylacetaldehyde. 


Exposure of the P-hydroxysilanes 10,11,12,13,14, and 
15 to potassium hydride in tetrahydrofuran a t  60 "C re- 
sulted in the elimination of potassium trimethylsilanolate 
to give the enol ethers 21, 22, 23, 24, 25, 26, and 27, re- 
spectively.16 


When the adamantane adduct 10 was treated with dry 
cesium fluoride in dimethyl sulfoxide a t  80 "C, it was 
cleanly transformed into the desilylated product 28. No 


Magnus and Roy 


native route, the epoxysilane 30 was treated with methanol 
containing a catalytic amount of trifluoroacetic acid at  0 
O c a 1 '  The only product formed was adamantane-2- 
carboxaldehyde dimethyl acetal 31 (70%).18 Exposure of 
a number of adducts to cesium fluoride in dimethyl sulf- 
oxide resulted in desilylation. The substrates 11 and 12 
gave 32 and 33, respectively, but competitive elimination 
also took place resulting in 22 and 23, whereas the adducts 
13 and 15 were cleanly desilylated to give 34 and 35, re- 
spectively. 


trace of elimination to give the enol ether 21 was detected. 
To verify this unusual result, adamantanone was converted 
into the epoxide 29 by treatment with dimethylsulfonium 
methylide and exposed to potassium methoxide in meth- 
anol to give 28. In an attempt to  prepare 10 by an alter- 


(12) Speier, J. L. J. Am. Chem. SOC. 1948, 70, 4142. Speier, J. L.; 
Daubert, B. F.; McGregor, R. R. Ibid. 1948,70,1117. Earbom, C.; Jeffrey, 
J. C. J. Chem. SOC. 1957, 137. 


(13) Vedejs, E.; Martinez, G. R. J. Am. Chem. SOC. 1979,107,6452. 
(14) Kende, A. S.; Blacklock, T. J. Tetrahedron Lett. 1980, 3119. 
(15) Farcasiu, D. Synthesis 1972, 615. 
(16) Hudrlik, P. F.; Hudrlik, A. M.; Rona, R. J.; Misra, R. N.; Withers, 


G .  P. J. Pm. Chem. SOC. 1977, 99, 1993. 


PH I 


0""' 02, 
3,4 A 


% 
Oxidation of the adducb derived from aldehydes 13, 14, 


and 16 with pyridinium chlorochromate leads initially to 
the (c4rimethylsilyl)alkyl ketones, which on chromatog- 
raphy undergo desilylation to give a-methoxyalkyl ketones 
(Table 11). 


In an effort to use (trimethylsily1)methyl ethers of allylic 
alcohols in [2.3] sigmatropic rearrangements, analogous to 
the tin system described by Still: we treated perillyl al- 
cohol 39 with (iodomethy1)trimethylsilane in the presence 


PH {OCHSiMe, /QMe 
I CH $i Me, 


K H  I 10-C-6 


L J 


of potassium hydride/l&crown-6 to give the ethers 40 and 
41 (1:l). Exposure of 40 to cesium fluoride resulted only 
in conversion to the starting alcohol 39 and the methyl 
ether 41. No rearrangement was detected. 
As alluded to in the Introduction, (trimethylsily1)methyl 


ethers can be difficult to prepare. In connection with 
another study we required the trimethylsilylmethyl ether 
of a phenol. I t  was found that trimethylsilyl trifluoro- 
methanes~l fona te l~  reacts with hexamethylphosphorus 
triamide to give the salt 42. Treatment of this salt with 
m-cresol in the presence of sodium hydride gave a clean 
transformation, and the ether 43 was isolated in 72% yield. 


e 
Ms,SiCH,OTf + (MR,N),P=O - (Me,N),POCH,SiMe, T f z  


?? 


(17) Robbins, C. M.; Whitham, G. H. J. Chem. SOC., Chem. Commun. 
1976. 697. ~. . . 


(l'8)Stork, G.; Colvin, E. J. Am. Chem. SOC. 1971, 93, 2080. 
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Finally, all attempts to make a cuprate species of 8 were 
unsuccessful. 


Conclusions 
(Methoxy(trimethylsily1)methyl)lithium 8 converts ke- 


tones and aldehydes into (&hydroxy-a-methoxyalky1)tri- 
methylsilane adducts (Table 11). These adducts are readily 
transformed into enol ethers, aldehydes, methoxymethyl 
alcohols, and methoxymethyl ketones. The major advan- 
tage the reagent 8 offers over modified Wittig reagents is 
higher nucleophilicity and less steric encumbrance. The 
conversion of menthone into 15 is exemplary. 


Kende14 has recently reported a successful application 
of this new homologation sequence to  the synthesis of a 
warburganal, where other methods (including Wittig 
reagents) to convert a ketone into the homologous aldehyde 
failed. 


Experimental Section 
General Data. Infrared spectra were recorded on a Perkin- 


Elmer grating spectrometer. 'H NMR spectra were recorded on 
either a Varian A-60A or Varian EM-360 (90-MHz) spectrometer. 
For compounds containing a trimethylsilyl group, spectra were 
recorded in the stated solvents containing approximately 2 % 
benzene as an internal standard. Mass spectra were recorded on 
a Consolidated Electronic MS-9 double-focusing mass spectrom- 
eter. Melting points were taken on a Thomas-Hoover melting 
point apparatus and are uncorrected. Boiling points are uncor- 
rected. Gas chromatographic analyses were done on a Perkin- 
Elmer 3920B instrument with 10% OVlOl on Chrom WHP 
(80-100) or 10% SE-30 on Chrom DAW (100-120). Plate layer 
chromatography (PLC) was done by eluting with petroleum ether 
(bp 60-90 "C) and ethyl acetate (41) unless otherwise specified. 
Column chromatography was carried out by using silica gel 
(nominal grade 923). All solvents were dried and purified by 
standard techniques prior to use. Reactions involving alkyl- 
lithiums were run under argon or nitrogen. 
(Methoxymethy1)trimethylsilane (6)12 was prepared as 


described in the literature? bp 83 "C (760"); NMR (CC14) 
6 0.2 (9 H, s), 3.1 (2 H, s), 3.4 (3 H, 8). 
24 Methoxy(trimethylsilyl)methyl)-2-adamantanol (10). 


(Methoxymethy1)trimethylsilane (6) (0.66 mL, 4.23 mmol) in dry 
tetrahydrofuran (6.0 mL) was cooled to -78 "C and sec-butyl- 
lithium (3.0 mL, 4.23 mmol, 1.4 M in cyclohexane) slowly added 
via syringe. The mixture was warmed to -25 "C and held at this 
temperature for 0.5 h to ensure complete formation of (meth- 
oxy(trimethylsily1)methyl)lithium (8). The above pale yellow 
solution was cooled to -35 "C and adamantanone (9) (0.57 g, 3.8 
"01) added. The mixture was slowly allowed to warm to 25 "C 
over 1.5 h and then quenched with saturated aqueous ammonium 
chloride solution (30 mL) and the solution extracted with ether 
(2 X 30 mL). The ether layer was washed with water (2 X 20 mL) 
and saturated aqueous sodium chloride solution (10 mL), dried 
(MgS04), and evaporated in vacuo to give 10 (0.91 g, 89%): mp 
65-67 "C (from petroleum ether (bp 30-40 "C)/ethyl acetate); 
IR (Nujol) 3500,2900,2850,1450,1375,1320,1250,1170,1050, 
990,930,910,870,840 cm-l; NMR (CDC13) 6 0.1 (9 H, s), 1.65 (10 
H, b s), 1.7(4 H, b s), 2.2 (1 H, b s), 3.4 (3 H, s); mass spectrum 
m/e (M+ - H20) 250 (87.5), 236 (601,223 (40), 205 (70), 178 (100). 
Anal. Calcd for C15HBSi02 requires: C, 67.16; H, 10.45. Found: 
C, 67.04; H, 10.30. 
2-(Methoxymethyl)-2-adamantanol(28). The adduct 10 (50 


mg, 0.186 mmol) in dry dimethyl sulfoxide (3 mL) containing 
anhydrous cesium fluoride (0.04 g, 0.2 mmol) was heated at 80 
"C for 1 h. The mixture was cooled to room temperature and 
quenched with water (10 mL) and the solution extracted with ether 
(2 x 10 mL). Drying (MgS04) and evaporation of the extract gave 
26 (36 mg, 98%): mp 86-87 "C (sublimation at 32 "C (0.1 " H g ) ) ;  
IR (Nujol) 3520,2900,1485, 1470,1460,1350,1340,1195,1170, 
1100,1050,1035,965,955,935,875,880,810 cm-'; NMR (CDCl,) 
6 1.2 (4 H, b s), 1.7 (10 H, b s), 3.4 (3 H, s), 3.5 (2 H, 8); mass 
spectrum, m/e 196 (0.26), 178 (3), 164 (2), 152 (lo), 151 (loo), 
150 (3.6), 148 (3.1), 135 (2), 109 (2.31, 107 (5), 105 (2.9), 95 (3), 
93 (6.3),92 (13.3), 81 (7). Anal. Calcd for C12Hm02 requires: C, 
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73.47; H, 10.20. Found: C, 73.66; H, 10.38. 
Adamantylidene oxide (a), prepared by the literature methodI5 


(trimethylsulfonium iodide/sodium hydride/tetrahydrofan, mp 
40 "C; NMR (CDC13) 6 1.4 (2 H), 1.9 (12 H, b s), 2.6 (2 H)), on 
treatment with potassium methoxide in methanol for 4 days at  
55 OC gave 28 (€E%), whose NMR, IR, and mas spectra, melting 
point, and mixed melting point were identical with those of the 
compound described above. 
2- (Dimet hoxymet hy1)-2-adamantane (3 1). The epoxysilane 


30 (230 mg, 0.97 mmol; from P-adamantanone and (chloro(tri- 
methylsilyl)methyl)lithium),B in methanol (2 mL) at  0 "C was 
treated with trifluoroacetic acid (0.1 mL). After 1 h the mixture 
was quenched with saturated aqueous sodium bicarbonate (30 
mL) and the solution extracted with ether (2 x 30 mL), dried 
(MgSO,), and evaporated to give 31 (70%), purified by PLC IR 
(neat liquid) 2900,2850,2650,1450,1385,1360,1350,1310,1260, 
1250,1190,1135,1100,1065,1045,1040,985,970,960,940,910, 
880,840,820 cm-'; NMR (CC14) 6 1.6-2.0 (14 H, b m), 3.15 (1 H, 
b s), 3.40 (6 H, s), 3.70 (1 H, b 8); mass spectrum, m/e 210 (1.6), 
194 (1.6), 179 (38), 178 (loo), 165 (891,164 (20); M+ corresponding 


Adamantane-2-carboxaldehyde (17). The adduct 10 (50 mg, 
0.186 mmol) in 90% formic acid (1 mL) was stirred at  0 "C to 
25 "C over 0.5 h and the mixture evaporated under reduced 
pressure (0.1 mm) to give 17 (30 mg, 89%): mp 99-102 "C; IR 
(Nujol) 2900,2850,2700,1725,1450, 1100,935,875 cm-'; NMR 


(2 H, b s), 9.7 (1 H); mass spectrum (m/e) calcd for CllH160 
164.120, obsd 164.120; mass spectrum, m/e 164 (62), 162 (31), 150 
(14), 136 (35), 135 (1001, 134 (55). 
2-Methoxy-2-adamantylidene (21). The adduct 10 (50 mg, 


0.18 "01) in dry tetrahydrofuran (4 mL) under argon was treated 
with potassium hydride (0.2 g, 0.8 mmol, 20% dispersion in oil, 
washed with pentane and decanted). The mixture was heated 
at 60 "C for 1 h and then quenched with saturated aqueous 
ammonium chloride (10 mL) and the solution extracted with ether 
(2 X 20 mL). The extract was eashed with water (2 x 10 mL) 
and saturated aqueous sodium chloride (10 mL), dried (MgS04), 
and evaporated in vacuo to give 21 (28 mg, 87%), p d i e d  by PLC: 
IR (thin film) 2920,2860,1460,1370,1300,1200,1150,1120,1030, 
970, 930 cm-'; NMR (CDC13) 6 1.8-2.2(14 H, b), 3.6 (3 H), 5.8 (1 
H); mass spectrum calcd for ClzHlsO 178.136, obsd 178.136; mass 
spectrum, m / e  178 (loo), 163 (111, 151 (3), 135 (5), 131 (6), 121 
(24). 
1-(Methoxy(trimethylsily1)methyl)cyclohexanol (1 1). 


(Methoxy(trimethylsily1)methyl)lithium 8 (prepared as described 
from (methoxymethy1)trimethylsilane (0.66 mL 4.2 mmol) was 
treated at -35 "C with cyclohexanone (0.4 mL, 3.8 mmol). After 
1.5 h the above mixture was worked up in the usual way to give 
the adduct 11 (0.6 g, 73%): bp 60 "C (0.05mmHg); IR (thin film) 
3450,2940,2850,2820,1450,1375,1350,1310,1300,1260,1250, 
1175,1150,1090,1050,980,960,940,890,870,840 cm-'; NMR 


3.30 (3 H); mass spectrum (m/e) calcd for Cl1H2,SiO2 216.156, 
obsd 216.155. 


The adduct 11 (200 mg) was dissolved in 90% formic acid (2 
mL) and this solution stirred at 25 "C for 2 h. Workup as de- 
scribed gave cyclohexane-carboxaldehyde 18 (90%): IR u(max) 
(thin film) 2920,2850,2700,1725,1450,1440,1410,1375,1340, 
1250,1120,1050,940,830,750 cm-'; NMR (CCl,) 6 1.5 (10 H, b 
e), 2.3 (1 H, b m), 9.7 (1 H, d, J = 2 Hz). 


The adduct 11 (150 mg, 0.69 mmol) was treated with potassium 
hydride (0.2 g) in dry tetrahydrofuran (3 mL) at reflux for 3 h. 
Workup as described gave the enol ether 22 (77 mg, 85%) which 
was identical with an authentic ~amp1e.l~ 


The adduct 11 (150 mg) in dimethyl sulfoxide (2 mL) containing 
cesium fluoride (117 mg) was heated at 80 "C for 1 h. The mixture 
was worked up in the usual way to give a mixture (70 mg, 69%) 
of 22 and 32 in approximately 1:l ratio. 


1-(Methoxyftrimethylsily1)methyl)cycloheptanol (12). 
(Methoxy(trimethylsily1)methyl)lithium (8) (prepared as described 
from (methoxymethy1)trimethylsilane (2.1 mL, 13.37 "01)) was 
treated at -30 "C with freshly distilled cycloheptanone (1 mL, 


to C13H2202. 


(CDC13) 6 1.75-2.00 (10 H, b), 2.10 (2 H, b s), 2.20 (1 H, b s), 2.45 


(CDCl3) 6 0.0 (9 H), 1.35 (10 H, b s), 2.15 (1 H, -OH), 2.45 (1 H), 


(19) Wittig, G.; Boell, W.; Krueck, K. H. Chem. Ber. 1962, 95, 2514. 
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8.9 mmol). The mixture was stirred at -30 "C for 0.5 h and then 
slowly warmed to 0 "C over 1 h. Workup, in the usual way, gave 
an oil that was distilled to give 12 (1.3 g, 65%): bp 103 "C 
(2.2"Hg); IR (thin f i )  3450,2920,2&40,2800,1460,1440,1250, 
1080,1050,1020,920,900,860,840,750 cm-'; NMR (CDC13) 6 
0.1 (9 H), 1.5 (12 H, b s), 2.6 (1 H), 3.2 (1 H), 3.4 (3 H). Anal. 
Calcd for CI2H&iO2 requires: C, 62.61; H, 11.30. Found C, 62.42; 
H, 11.18. 


The adduct 12 (250 mg, 1.08 "01) was treated with potassium 
hydride (260 mg) in dry tetrahydrofuran (10 mL) at reflux for 
10 h. Workup as described gave the enol ether 23 (120 mg, 79%): 
bp 80 "C (1.5mmHg); IR (thin f i )  2920,2850,1670,1460,1440, 
1370,1340,1250,1210,1190,1150,1120,1050,1000,960,890,830, 
800, 750 cm-'; NMR (CDC13) 6 1.5 (8 H, b s), 2.0-2.4 (4 H, b m), 
3.3 (1 H, s), 3.5 (2 H, s), 3.6 (3 H, 8). Desilylation of 12 in the 
described manner (CsF/Me#O) gave a mixture of the enol ether 
23 and the alcohol 33 (3:l ratio, 70% yield). 


(Methoxy(trimethylsilyl)methyl)-l-cyclohexylcarbinol 
(13). (Methoxy(trimethylsily1)methyl)lithium 8 (prepared as 
described from (methoxymethy1)trimethylsilane (1.0 mL 6.68 
mmol)) was treated at -35 "C with cyclohexane carboxaldehyde 
(0.54 mL, 4.4 mmol) and the mixture warmed to 25 OC over 1.5 
h. Workup, in the usual way, gave a mixture of diastereomeric 
adducts 13 (0.8 g, 80%): bp 69 OC (0.2mmHg); IR (thin fiilm) 3450, 
2920,2860,1450,1250,1100,1080,1060,1040,980,940,890,845, 
760 cm-'; NMR (CDC13) 6 0.2 (9 H), 1.1-1.9 (11 H, b), 2.4 (1 H, 
m) 3.1-3.2 (1 H, d, J = 2.5 Hz), 3.5-3.6 (3 H, d, 3:l ratio for the 
two adducts). No mass ion could be obtained for this adduct. 
M+ - 15 corresponds to C12HzeO&i. Anal. Calcd for ClzHzeOzSi 
requires: C, 62.60; H, 11.30. Found: C, 62.36; H, 11.14. 


The adduct 13 (50 mg) was dissolved in 90% formic acid (1 
mL) and the mixture stirred at 25 OC for 0.5 h. Workup as 
described gave cyclohexylacetaldehyde 19 (21 mg 76%): IR v(max) 
(thin film) 2720,1710 cm-'; NMR (CDC13) 6 0.8-1.8 (11 H, b m), 
2.0-2.2 (2 H, m), 9.6 (1 H, t, J = 2 Hz). 


The adduct 13 (0.5 g, 2.1 mmol) was treated with potassium 
hydride (1.0 g) in dry tetrahydrofuran (8 mL) at reflux for 3 h. 
Workup as described gave the enol ether 24 (0.29 g, 95%): IR 
(thin film) 2920,2840,1660,1440,1375,1280,1250, 1225,1200, 
1160,1100,1080,970,940,880,830 cm-'; NMR (CDClJ 6 1.1-1.9 
(10 H, b m), 2.1 (1 H, b s), 3.6 (3 H, two singlets), 4.2-4.9 (2 H, 
m), 5.8-5.9 (1 H, d, J = 6 Hz), 6.2-6.5 (1 H, d, J = 12 Hz) for E 
and 2 isomers; mass spectrum ( m / e )  calcd for CgH160 140.120, 
obsd 140.120. 


The adduct 13 (150 mg) in dimethyl sulfoxide (5 mL) containing 
cesium fluoride (117 mg) was heated at 80 "C for 1 h. The mixture 
was worked up in the usual way to give 34 (60%): IR (thin f i i )  
3450,2920,2860,1450,1100,1080,1060,1040,980,890,810,760 
cm-'; NMR (CDC13) 6 1.1-1.9 (11 H, b s), 2.4 (1 H, b s), 3.1-3.2 
(1 H, m), 3.5-3.6 (3 H, two singlets, diastereomers), 3.7 (2 H, d, 
J = 3 Hz); mass spectrum ( m / e )  (M+ - H20) calcd for CgHleO 
140.120, obsd 140.120. 
Methoxy(trimethylsily1)methyl Cyclohexyl Ketone (36). 


Pyridinium chlorochromate (70 mg, 0.325 mmol), slurried in 
dichloromethane (1 mL) at 0 "C, was treated with the adduct 13 
(50 mg, 0.217 mmol) in dichloromethane (1.0 mL). After 1 h the 
mixture was diluted with ether (15 mL) and fltered through Celite. 
Evaporation and plate layer Chromatography of the residue gave 
36 (31 mg 50%); IR (thin f i i )  2920,2860,1725,1450,1375,1310, 
1250, 1100, 890,845, 750 cm-'; NMR (CC14) 6 0.0 (9 H), 1.0-1.8 
(10 H, b e), 2.1 (1 H, b s), 3.3 (3 H), 3.8 (1 H); masa spectrum ( m / e )  
calcd for ClzHu02Si 228.156, obsd 228.155. 


1-(Methoxy(trimethy1silyl)methyl)myrtenol (14). 
(Methoxy(trimethylsily1)methyl)lithium (8) (prepared as described 
from (methoxymethy1)trimethylsilane (2.55 mL, 9.9 mmol)) was 
treated with freshly distilled myrtenal (1 g, 6.6 mmol) in tetra- 
hydrofuran (1 mL) and the mixture stirred at -30 "C for 1 h and 
then warmed to 25 "C over 1.5 h. Workup, in the usual way, gave 
14 (1.5 g, 85%): bp 120 O C  (0.2mmHg); NMR (CC14) 6 0.1 (9 H, 
two singlets, diastereomers), 0.8 (6 H, d), 1.3 (4 H, b s), 2.3 (3 H, 
b m), 2.8 (1 H, m), 3.3 (3 H, two singlets, diastereomers), 3.85 (1 
H, m), 5.4 (1 H, b a). (M+ - HzO) mass spectrum ( m / e )  calcd 
for Cl,HzeOSi 250.175, obsd 250.175. Anal. Calcd for CI6H,O2Si 
requires: C, 67.16; H, 10.44. Found: C, 66.90; H, 10.40. 


Methoxymethyl Myrtenyl Ketone (37). The adduct 14 (250 
mg, 0.93 mmol) in dichloromethane (6 mL) at 0 "C was treated 
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with pyridinium chlorochromate (301 mg, 1.4 mmol). Workup, 
as before, followed by chromatography over silica gel gave 37 (110 
mg, 60%): IR 3010,2920,2860,2820,1670,1610,1460,1370,1360, 
1240, 1100, 1050, 830, 780, 750, 700 cm-'; NMR (CC14) 6 0.8 (3 
H), 1.3 (3 H), 1.6-2.5 (6 H, b m), 3.3 (3 H), 3.9 (2 H, s), 6.5 (1 H, 
b 8). Anal. Calcd for C12H1802 requires: C, 74.23; H, 9.28. Found 
C, 74.01; H, 9.18. 


l-Methoxymyrta-1,3-diene (25). The adduct 14 (210 mg, 0.78 
mmol) was added dropwise in tetrahydrofuran (1 mL) to po- 
tassium hydride (250 mg) in tetrahydrofuran (6 mL). The mixture 
was heated at 60 OC for 1 h and worked up in the usual way to 
give 25 (70%): bp 100 "C (1mmHg); IR (thin film) 3030,2920, 
2880,2840,1670,1640,1600,1460,1375,1360,1270,1190,1100, 
1050, 960, 890, 830, 800, 780 cm-'; NMR (CCl,) 6 0.9 (3 H, b s), 
1.1 (2 H, b s), 1.3 (3 H, b s), 1.7 (2 H, bs), 2.0-2.6 (2 H, b m), 3.3 
and 3.6 (3 H, two singlets, 1.61 ratio for E and 2 isomers), 5.2-5.8 
(4 H, b m); mass spectrum ( m / e )  calcd for C&l8O 178.135, obsd 
178.136. 


1-( Met hoxy(trimet hylsily1)met hy1)ment hol (15). (Meth- 
oxy(trimethylsiily1)methyl)li~um (8) (prepared as described from 
(methoxymethy1)trimethylsiie (1.55 mL, 9.9 mmol)) was treated 
with freshly distilled L-menthone (1 mL, 6.65 mmol) in dry tet- 
rahydrofuran (2 mL). The mixture was stirred at -30 "C for 0.5 
h and then warmed to 25 "C over 1.5 h. Workup in the usual way 
gave 15 (1.6 g, 89%): bp 83 OC (1.5mmHg); IR (thin film) 3500, 
2940,2920,1450,1380,1360,1320,1260,1250,1175,1150,1080, 
1070,1000,980,940,930,910,880,860,840,780,760,750 cm-'; 
NMR (CClJ 6 0.1 (9 H, d), 0.6-0.9 (9 H, b m), 1.1-1.9 (9 H, b m), 
3.0 (1 H, b s), 3.2 (1 H, d), 3.4 (3 H, 8); mass spectrum (M+ - H20) 
m / e  calcd for C16Hm0Si 253.972, obsd 253.972. Anal. Calcd for 
ClaH,O$i requires: C, 66.17; H, 11.76. Found C, 65.98; H, 11.66. 


The adduct 15 (250 mg, 0.9 mmol) was stirred with 88% formic 
acid (2 mL) at 25 "C for 1 h. The mixture was poured into 
saturated aqueous sodium bicarbonate solution (20 mL) and 
extracted with ether (3 X 10 mL). Evaporation and distillation 
of the residue gave menthyl carboxaldehyde 20 (150 mg, 98%): 
bp 80 "C (0.4mmHg); IR (thin film) 2960,2920,2880,2700,1720, 
1450,1380,1370,1250,1220,1180,1110,1050,1030,930,840,780, 
750, 700 cm-'; NMR (CC1,) 6 0.7-1.0 (9 H, b m), 1.0-2.2 (10 H, 
b m), 9.3 and 9.7 (1 H, two singlets for epimers of the aldehyde, 
1:l); mass spectrum (m/e)  calcd for Cl1HmO 168.151, obsd 168.150. 


The adduct 15 (400 mg, 1.47 mmol) in tetrahydrofuran (10 mL) 
was treated with potassium hydride (440 mg) and the mixture 
heated at 60 "C for 1 h. Workup in the usual way gave 26 (230 
mg, 86%): bp 95 OC (0.4mmHg); IR (thin film) 2940,2920,2860, 
1670,1460,1450,1370,1360,1280,1250,1230,1220,1200,1180, 
1120, 1110, 1060,1050, 1010, 980,960,890, 870, 830, 750 cm-'; 


(2 H, s), 1.5-1.9 (5 H, b m), 2.1-2.4 (2 H, b m), 3.5 (3 H, s), 5.7 
(1 H, 8 ) ;  mass spectrum ( m / e )  calcd for Cl2HzzO 182.167, obsd 
182.167. 


The adduct 15 (200 mg, 0.74 mmol) in dimethyl sulfoxide (3 
mL) containing cesium fluoride (123 mg) was heated at 70 "C for 
24 h. The mixture was worked up in the usual way to give 35 
(100 mg, 67%): IR (thin film) 3400,2940,2860,1460,1450,1190, 
1110,1050,1030,950 cm-'; NMR (CClJ 6 0.6 (3 H, d, J = 3.5 Hz), 
0.8 (6 H, d, J = 4 Hz), 1.0-1.8 (9 H, b m), 3.0 (2 H, d, epimers), 
3.1 (3 H, 8) .  Mass spectrum ( m / e )  calcd for C12H2402 200.177, 
obsd 200.177. 


(Met hoxy (trimet hylsily1)met hy1)- 1 - pyrenylcarbinol ( 16). 
(Methoxy(trimethylSily1)methyl)li~um (8) (prepared as described 
from (methoxymethy1)trimethylshe (2.1 mL, 13.37 "01)) was 
treated with 1-pyrenecarboxaldehyde (1.0 g, 4.34 mmol) dissolved 
in tetrahydrofuran (5 mL). The mixture was stirred at -30 "C 
for 0.5 h and then warmed to 25 "C over 1 h. Workup in the usual 
way gave 16 (0.80 g, 55%) purified by plate layer chromatography: 
IR (thin film) 3400,3040,2960,2920,2890,2800,1600,1590,1580, 
1450,1410,1370,1250,1180,1060,1040,920,860,750,720 cm-'; 
NMR (CDClJ 6 0.1 (9 H, s), 3.5 (3 H, s), 3.8 (1 H, b m), 6.2 (1 
H, d, J = 6 Hz), 8.0-8.6 (9 H, b m); mass spectrum ( m / e )  calcd 
for CZHuO#i 348.154, obed 348.154. Anal. Calcd for CzzHuOai 
requires: C, 75.86; H, 6.90. Found: C, 75.66; H, 6.68. 


Methoxymethyl 1-Pyrenyl Ketone (38). The adduct 16 (130 
mg, 0.37 mmol) in dry dichloromethane (5 mL) at 0 "C was treated 
with pyridinium chlorochromate (120 mg). After 1 h at 25 "C, 
the mixture was worked up and chromatographed over silica gel 


NMR (CCl,) 6 0.8 (3 H, d, J = 3 Hz), 0.9 (6 H, d, J = 3 Hz), 1.2 
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to give 38 (47%, 48 mg): mp 45 "C; IR 3040,2920, 1670,1590, 
1460, 1370,1200,900,840 cm-'; NMR (CDClJ 6 3.70 (3 H, s), 4.35 
(2 H, s), 7.9-8.3 (9 H, m); mass spectrum (m/e) calcd for C14H1402 
274.099, obsd 274.100. 


The adduct 16 (100 mg, 0.28 mmol) in dry tetrahydrofuran (5 
mL) was treated with potassium hydride (35 mg) and the mixture 
heated at 60 "C for 12 h. Workup in the usual way gave 27 (70%, 
78 mg purified by plate layer chromatography): IR (thin film) 
3040,2940,2920,2850,1630,1460,1410,1330,1220,1210,1150, 
840, 710 cm-'; NMR (CDC13) 6 3.9 (3 H, s), 7.05 (2 H, ABq., J 
= 14 Hz), 8.0-8.5 (9 H, b m); mass spectrum (m/e) calcd for 
Cl9Hl4O 258.104, obsd 258.104. 


Perilla Alcohol (Trimethylsily1)methyl Ether (40). Perilla 
alcohol (39) (1.8 g, 0.118 mmol) in dry THF (12 mL) and sodium 
hydride (370 mg) were heated at  reflux for 2 h. (Iodomethy1)- 
trimethylsilane (3.2 g, 0.15 "01) wm added to the above mixture 
and the solution maintained at reflux for 15 h. The mixture was 
poured into saturated aqueous sodium bicarbonate (100 mL) and 
the solution extracted with ether (2 X 30 mL), dried (MgSOJ, 
and evaporated to give an oil (2.86 g). Plate layer chromatography 
of this oil gave two products. 40 (0.86 g): IR (thin film) 3080, 
2960,2920,1640,1250,1070,860,840 cm-'; NMR (CDC13) 6 0.1 
(9 H, s), 1.0 (2 H, s), 1.8 (3 H, s), 2.0-2.2 (7 H, b m), 4.0 (2 H, t, 
J = 10 Hz), 4.7 (2 H, s), 5.7 (1 H, b 8); mass spectrum (m/e) calcd 
for C14H26Si0 238.175, obsd 238.176. 41 (0.58 9): NMR (CD113) 
6 3.3 (3 H, s, -0Me); mass spectrum (mle) calcd for CllHleO 
166.136, obsd 166.136. The ratio of 40 to 41 is ca. 1:l (VPC) in 
a yield of 30% for each product. 
((Trimethylsilyl)methoxy)tris(dimethylamino)- 


phosphonium Trifluorosulfonate (42). To a solution of 
(trimethylsily1)methyl trifluoromethanesulfonate (519 mg, 2.2 
"01) in dry THF (5 mL) was added HMPA (447 mg, 2.5 mmol). 
A colorless crystalline precipitate formed immediately. Filtration 
gave the salt 42 (660 mg, 69%): mp 150-152 OC; NMR (MeaO-dG) 


6 3.88 (1 H, s), 3.82 (1 H, s), 2.68 (9 H, s), 2.54 (9 H, s), 0.09 (9 
H, s). The salt did not give satisfactory mass spectrum or mi- 
croanalytical data. 
0-((Trimethylsily1)methyl)-m -cresol (43). m-Cresol(lO8 


mg, 1 mmol) in THF (5 mL) was treated with NaH (26 mg) and 
the mixture stirred 4 h at 20 "C. The salt 42 (410 mg, 1 mmol) 
was added to the above solution and the mixture stirred for 48 
h at 20 OC. Water (10 mL) was added to the above mixture and 
the solution extracted with ether (2 X 20 mL), dried (MgS04), 
and evaporated to give 43 (140 mg, 72%): IR (thin film) 2950, 
1600,1490,1250,1154,860,840 cm-l; NMR (CDC13) 6 7.30-6.80 
(4 H, m), 3.53 (2 H, s), 2.70 (3 H, s), 0.1 (9 H, s). This compound 
did not give satisfactory mass spectrum (M+ - 15) or microana- 
lytical data, although the above spectra, because of their simplicity, 
confirm the structure. 
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Summary: [TaCp'CI,H], (Cp' = q5-C5Me,Et) reacts with 
acetonitrile to give Ta,Cp',CI,(HXNCHMe). A single-crys- 
tal X-ray structure shows that Ta,Cp',CI,(H)(NCHMe) has 
a structure related to that of Ta,Cp',CI,(H)(CHO) and 
Ta,Cp',CI,(H)(Me,PCH)(O) in which the three bridging 
positions between the two tantalum atoms are occupied 
by the nitrogen of the NCHMe ligand, a chloride, and a 
hydride. Addition of ethylene to Ta,Cp',CI,(H)(NCHMe) 


yields Cp'CI,TaCH,CH,CH,CH, and TaCp'CI,(NEt) by a 
proposed ethylene-induced formation of a C-H bond on 
one tantalum center. 


We have been exploring the reactions of [TaCp'Cl,H],' 


b . 
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(Cp' = q5-C5Me4Et) with reducible substrates in order to  
probe the  question concerning the  role of more than one 
metal in such reactions. For example, we have shown that 
carbon monoxide is reduced to give a dimeric formyl hy- 
dride complex in which the formyl and hydride are trapped 
between the two metal centersa2p3 Here we show tha t  
nitriles are also reduced to  give dimeric species whose 
structures are related t o  that of the formyl hydride prod- 
uct. 


[TaCp'Cl2HI2 reacts rapidly with one and only one 
equivalent of acetonitrile at 25 "C to  give dimeric, or- 
ange-red T ~ , C P ' , C ~ ~ ( H ) ( N C H M ~ ) . ~  The analogous reac- 
t ion between [TaCp'Cl,H], a n d  CD&N gives 
Ta2Cp',C14(H)[NCH(CD3)], between [TaCp'Cl,D], and 
CH&N gives Ta2Cp'&l4(D)(NCDMe), and between [Ta- 


'State University of New York. * Massachusetts Institute of Technology. 
(1) Belmonte, P. A.; Schrock, R. R.; Day, C. V. J. Am. Chem. SOC. 


1982,104, oo00. 
(2) Belmonte, P.; Schrock, R. R.; Churchill, M. R.; Youngs, W. J. J. 


Am. Chem. SOC. 1980,102, 2858. 
(3) (a) Churchill, M. R.; Wasserman, H. J. Inorg. Chem. 1982, 21, 


226-230. (b) J. Chem. SOC., Chem. Commun. 1981, 274-275. 
(4) Yield 78% from ether/pentane. Anal. Calcd for Ta2CuH&1,N 


C, 34.10; H, 4.65; N, 1.66. Found: C, 34.26; H, 4.81; N, 1.75. Mol wt 
((&He): Calcd, 845; Found, 875. Pertinent 'H NMR data (ppm, C6D6): 
6.62 (8, 1, TaHTa), 3.89 (4, 1, J = 5.8 Hz, CHMeN), 2.26 (d, 3, CHMeN). 
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1977, 16, 265-271. 
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triosmium carbonyl system.16 [TaCp’Cl2HI2 reduces 
acetonitrile especially easily simply because it also easily 
reduces carbon monoxide, a much more difficult feat. 
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Summary: The synthesis and variable-temperature NMR 
properties of Co,(CO),CCHCHMe,+ are described. At 
-65 OC the methyl groups are anisochronous, consistent 
with a tilted but not with an upright structure. Coales- 
cence of the methyl signals at higher temperatures re- 
flects enantiomerization of the cluster, presumably by 
disrotatory correlated rotation (gearing) about the Co3(C- 
O)g-C and C-CHCHMe, axes. The barrier (AG *) to site 
exchange is 10.5 f 0.1 kcal mol-’ at -52 OC. The 
present findings corroborate theoretical predictions by 
Schilling and Hoffmann. 


Among the many interesting properties of the Co3(C0),C 
cluster is ita ability to stabilize adjacent carbenium  ion^.^^^ 
Schilling and Hoffmann4 have proposed, on the basis of 
theoretical considerations, that stabilization occurs in 
Co3(CO),CCH2+ as a result of the formation of tilted 
structures 2a or 3a rather than the upright structure of 
type la originally assumed2p5 (Figure 1). We now report 


(1) (a) Colorado State University. (b) Princeton University. (c) Alfred 
P. Sloan Fellow. 1977-1981. 


(2) Seyferth,’D.; Williams, G. H.; Eschbach, C. S.; Nestle, M. D.; 
Merola, J. S.; Hallgren, J. E. J.  Am. Chem. SOC. 1979, 101, 4867 and 
references therein. 


(3) Seyferth, D. Adu. Organomet. Chem. 1976,14,97 and references 
therein. 


(4) (a) Schilling, B. E. R.; Hoffmann, R. J. Am. Chem. SOC. 1978,100, 
6274. (b) schilling, B. E. R.; Hoffmann, R. Ibid. 1979,101, 3456. On p 
3461 the structure labels 25 and 26 were accidentally transposed in the 
text below the drawings. The calculations predict that the 26 structures 
are local minima, with the 26 structures saddle points (Hoffmann, R., 
private communication). 
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Figure 1. Schematic representation of CoS(CO)&CXY+ con- 
formations. The  Co&20), triangle is capped by a C-CXY+ 
fragment in upright (1) or tilted (2, 3) positions. The  gearing 
motion in 2 - 3 - 2’ is shown by the curved arrows. 


NMR evidence for CO~(CO)~CHCHM~~+ which unam- 
biguously excludes the upright structure and which permits 
an analysis of the dynamic stereochemistry in this system. 


In la the C3 axis of Co3(CO)9 and the C2 axis of C-CH2+ 
are collinear, leading to a sixfold rotation barrier about the 
common axis. In the tilted structures, the two axes sub- 
tend an angle, and the extended Huckel calculations of 
Schilling and Hoffmann4 indicate two stationary pointa on 
the potential energy hypersurface. In one (2a, C,) the C+ 
bends toward a Co atom and the u plane bisecta the H- 
C-H angle, whereas in the other (3a, C,) the CH, group 
bends toward the Co-Co bond center and lies in the u 
plane. According to Schilling and Hoffmann: 2a is the 
ground state, and degenerate isomerization (topomeriza- 
tion) occurs by way of the saddle point 3a. When X # 
Y, 2 becomes chiral(2b), and the topomerization described 
above becomes an enantiomerization (2b F? 2’b) by way 
of achiral transition states 3b or 3’b. On the other hand, 
l b  is expected to be achiral (the approximately sixfold 
barrier ensures that any chiral conformation has a negli- 
gible lifetime on the NMR timescale). Under conditions 
of slow enantiomerization, a probe testing for chirality 
therefore allows a distinction between lb  and 2b. The 
isopropyl group in the derivative with X = H and Y = i-Pr 
is such a probe: in lb  and 3b (or 3’b), the methyls are 
enantiotopic on the NMR timescale and hence isochro- 
nous, whereas in 2b they are diastereotopic and therefore 
anisochronous (barring accidental isochrony). 


The unsaturated (alky1idyne)tricobalt complex 4,6 re- 
quired as a precursor to CO~(CO)~CCHCHM~~+,  was pre- 
pared in 14% yield (after extensive purification) by the 
treatment of l,l,l-trichloro-3-methyl-2-butene (5)’ with 
C O ~ ( C O ) ~  in the usual method for the preparation of 
Co3(CO),CR complexes.* The required trichloromethyl 
compound 5 was obtained by careful dehydrobromination 
of l , l ,  1- trichloro-3-bromo-3-methylbutane (6) ., 


(6) (a) Seyferth, D.; Williams, G. H.; Hallgren, J. E. J.  Am. Chem. Soc. 
1973,95, 266. (b) Seyferth, D.; Williams, G. H.; Trdicante, D. D. Ibid. 
1974,96,604. (c) Seyferth, D.; Williams, G. H.; Wehman, A. T.; Nestle, 
M. 0. Ibid. 1975, 97, 2107. 


(6) ‘H NMR of 4 (CD2Cl2): 6 1.87 (8,  3 H), 1.83 (8 ,  3 H), 7.53 (m, 1 H). 
Anal. Calcd for C1,H7C%08: C, 33.90; H, 1.42. Found C, 34.08; H, 1.41. 


(7) Nesmeyanov, A. N.; Freidlina, R. Kh.; Zakharkin, L. I.; Belyavekii, 
A. B. Zh. Obshch. Khim. 1956,26,1070. ‘H NMR of 6 (CCl,): 6 1.85 (m, 
3 H), 2.10 (m, 3 H), 6.25 (m, 1 H). 


(8) (a) Seyferth, D.; Hallgren, J. E.; Hung, P. L. K. J. Organomet. 
Chem. 1973,50,265. (b) Seyferth, D.; Eschbach, C. D.; Williams, G. H.; 
Hung, P. L. K. Ibid. 1977, 134, 67. 
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KO-t-Bu 
C13CCH2C(CH3)2Br THF, o ~ *  


6 


When 4 is dissolved in fluorosulfonic acid, it undergoes 
protonation and forms CO,(CO)&CHCHM~~+.'~ As the 
temperature is lowered, the isopropyl methyl I3C reso- 
nance, a single peak at  6 24.2 at  room temperature, 
broadens; a t  -65 "C two peaks of equal intensity are ob- 
served at 25.8 and 22.1 ppm. The barrier to site exchange 
of the methyl groups can be estimated from the coalescence 
temperature (-52 f 2 OC) as AG* = 10.5 f 0.1 kcal mol-'. 


These results are consistent with 2 as the most stable 
structure, but not with 1 or 3." The observed coalescence 
corresponds to a process of enantiomerization for which 
two diastereomeric transition states, 3b and 3'b, need be 
considered. The observed barrier corresponds to the one 
lower in energy; this is presumably 3b since in 3'b a bulky 
i-Pr group is compressed against the CO(CO)~ groups. By 
the same token, the magnitude of the barrier in 3b should 
be similar to that in 3a, since the bulky i-Pr group is now 
out of the range of repulsive nonbonded interactions. The 
rough agreement between the barriers calculated for 3a 
(16 kcal mol-' as an upper limit4) and found for 3b is in 
accord with this supposition. 


It is appropriate to view Co3(CO)&CH2+ as an elec- 
tronically driven bevel gear system in which gearing occurs 
by disrotatory correlated rotation about the two axes, via 
3a (Figure We particularly note the stereochemical 
correspondence of this system to 9-benzy1triptycene,l3 in 
which a twofold rotor (benzyl) and a threefold rotor 
(triptycene) undergo an analogous internal rotation. The 
major difference between the two systems lies in the cou- 
pling mechanism, since the forces governing the internal 
motions in 9-benzyltriptycene are nonbonded interactions. 


The transition-metal-stabilized cations CO~(CO)~CCHR+ 
are thus not true three-coordinate carbenium ions but are 
stabilized by direct interaction between the cationic carbon 
and the metal framework. A similar conclusion, suggested 
by similar use of isopropyl diastereotopism as a chirality 
probe, has already been reached for the other principal 
class of transition-metal-stabilized carbocations, the fer- 
rocenyl derivatives FcCHR+,14 and has been confirmed by 
X-ray structure  determination^.'^ 
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Summary: Treatment of 7-trimethylsilyl-substituted bicy- 
cloC4.1 .O] carbinols with electrophiles leads to ring ex- 
pansion into an cycloheptenylallylsilane, which can un- 
dergo further transformations into substituted cyclo- 
heptene derivatives. 


The general formulation shown depicts a complicated 
overall transformation involving one carbon ring expansion 
of a cyclic enone, combined with the introduction of an 
electrophile and nucleophile in a 1,4 relationship to one 
another. 


E 


N 


Here we describe a short and flexible way of carrying 
out this transformation for the cyclohexenone to cyclo- 
heptene system, that utilizes the combined chemistry of 
silylcyclopropanes,' cyclopropylcarbinyl rearrangements? 
and allylsilane electrophilic sub~ti tut ion.~ I t  was envi- 
sioned that a (silylcyclopropyl)carbinol, 1, would readily 
rearrange under electrophilic conditions via la to give lb, 
where the carbenium ion is now situated 0 to the tri- 
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and the metal framework. A similar conclusion, suggested 
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result since it would appear to imply that the carbenium 
ion l b  is trapped by the acetic acid in a totally nonster- 
eoselective manner. Furthermore lb, if formed, can rapidly 
undergo conformational inversion to bring the P-carbenium 
ion into the same plane as the C-Si bond and eliminate 
"Measi+" to give IC. No cyclohepta-l,3-diene was formed. 
This would indicate that 4 is formed by concerted attack 
of AcOH on 3, which should give clean stereochemical 
results. In other words, cis-exo-3 should yield trans-4. If 
3 (exolendo ratio of the MeaSi group, 7:l) is exposed to 
BF3.0Et2 at  0 "C and the resulting product oxidized 
(PCC), the ketone 2 is recouered (84%), but, as a mixture 
of exolendo-trimethylsilyl epimers in the ratio of l:l. The 
formation of 4 as a 3:2 &/trans mixture is a result of 
epimerization at the trimethylsilyl group and not the 
acetoxy group.4 


,SiMe, ,SiMe, ,SiMe, 


lb W Hd 
1 l a  / I 


N N 


le Id 


methylsilyl group. It should be noted that whether the 
trimethylsilyl group is exo or endo12 the stereoelectronic 
requirements of the conversion of la into l b  does not 
initially place the newly developing sp2 orbital in the same 
plane as the C-Si bond; and, therefore, the carbenium ion 
lb  should not experience the same degree of stabilization 
as a colinear arrangement of the sp2 orbital and the C-Si 
bond. If the carbenium ion l b  had a colinear arrange- 
ment with the C-Si bond, it would be expected that the 
trimethylsilyl group would be lost to give a diene, IC. As 
we shall see, this is not the case, and l b  is intercepted by 
nucleophiles to give Id, an allylsilane. Allylsilanes of the 
type Id can undergo electrophilic substitution with a 
concomitant double-bond shift to give le.  


Reduction of 2 (ca. 9:l exo/endo)' with sodium boro- 


I I 
I 


trans AcO 


cis 


When 3 was treated with acetic anhydridelacetic acid 
containing perchloric acid (0 "C, 0.5 h), the initially formed 
allylsilane 4 was acetylated under these mild conditions 
to give 6 which readily eliminated acetic acid to give the 
dienone 7 (X(max) 288, u(max) 1660, 1595 cm-l). The 2 3 


bAc 


4 
OAc 


5 


hydride in methanol gave the alcohol 2a as a mixture of 
cis and transisomers (83); the cis-exo12 epimer slowly 
crystallized from this mixture, mp 42-44 0C.6 Treatment 
of pure 3, or the cisltrans-exolendo mixture with acetic 
acid containing perchloric acid (ca. 5%) at  20 "C for 1 h 
gave the allylsilane 4 as a mixture of epimers (32). Further 
exposure (2 h) of 4 to the above reagents gave cyclo- 
heptenyl acetate 5 in good yield? It should be noted that 
the ratio of cis and trans epimers 4 does not vary with the 
composition of 3. At first sight this seems to be a curious 


(5) Cope, A. C.; Lisa, T. A.; Wood, G. W. J.  Am. Chem. SOC. 1957,79, 
6287. 


(6) 3 p-nitrobenmate, mp 122 OC. Anal. Calcd for CI7HaO1NSi: C, 
61.23; H, 6.95; N, 4.20. Found: C, 61.43; H, 7.08; N, 4.44 (94% yield). 
4 u(max) 1735, 1230, 1040,830 cm-'; NMR 6 5.6 (1 H, m), 5.0 (2 H, m), 
1.97 and 1.91 (3 H, two singlets for epimers), 2.30-1.1 (7 H, m), 0.19 and 
0.08 (9 H, two singlets) (74% yield). 7 v(max) 1660 cm-'; X(max) 288 
nm; NMR 6 6.77 (1 H, d, J = 8 Hz), 6.30-5.7 (2 H, m), 2.5 (4 H, m), 2.29 
(3 H, s), 1.87 (2 H, m) (80% yield). 8 NMR 6 5.7 (2 H, m), 5.37 (1 H, 
m), 4.36 (1 H, m), 2.00 (3 H, s), 2.2-1.7 (6 H, b s), 6.9 (1 H, exchanged 
by DzO) (60% yield). 9: v(max) 1730,1670 cm-'; NMR 6 6.31 (1 H, dd, 
J = 12 Hz and 3 Hz), 5.84 (1 H, dd, J = 12 Hz and 2 Hz), 5.45 (1 H, m), 
2.50 (2 H, t, J = 6 Hz), 2.00 (3 H, s), 2.20-1.70 (4 H, m); 13C NMR 202.20, 
169.29, 144.13, 131.45, 72.03, 42.90, 31.74, 21.0, 18.15 ppm (80% yield). 
11: NMR 6 5.21 (1 H, d, J = 4.5 Hz), 4.93 (1 H, m), 1.45-2.15 (7 H, m), 
1.92 (3 H, s), 0.00 (9 H, s) (70% yield). 1 4  NMR 6 5.8-5.6 (2 H, m), 4.4 
(1 H, m), 4.0 (1 H, b s), 1.95 (3 H, s), 2.4-1.5 (6 H, b m) (54% yield). 15: 
NMR 6 3.28 (J = 3.5 Hz), 7a, 3.10 (J = 3.5 Hz). (90% yield). 16: NMR 
6 1.2-2.7 (9 H, m), 0.67 (2 H, d, J = 5 Hz), 0.01 (9 H, s) (84% yield). All 
new compounds gave satisfactory MS and/or microanalytical data. 


3 - 4 - Q  OAc -9 
6 


intermediate 6 is readily observable (v(max) 1755 and 1735 
cm-'). The structure of 7, and of course, ultimately, the 
diagnostic proof of this ring expansion, was demonstrated 
by hydrogenation (H,/Pd/C) of 7 to give acetylcyclo- 
h e ~ t a n e . ~  


Treatment of 3, in acetic acid with peracetic acid (40% 


v/v) a t  20 "C for 7.5 h, gave a clean conversion into 8 
(v(max) 3400 and 1730 cm-') as a 3:2 mixture of epimers. 
Oxidation of 8 with pyridinium chlorochromate gave y- 
acetoxycycloheptenone 9, reinstating the carbonyl group 
in its original position. 


(7) Comparison with an authentic sample of acetylcycloheptane, pre- 
pared from cycloheptanone and Me3SiCMeLiC1, followed by acid hy- 
drolysis, confirmed ita identity. Cooke, F.; Magnus, P.; J. Chem. SOC., 
Chem. Commun. 1977, 513. 







564 Organometallics 1982, 1, 564-565 


Treatment of 2 with methyllithium in ether at 0 "C gave 
the tertiary carbinol 10, which when exposed to BF,. 


-5 10 OAc 


12 


OEk/AcOH/CH2Cl2 at  -40 "C for 15 min, was cleanly 
converted into the allylsilane 11. In this particular case 
there was no scrambling of stereochemistry, presumably 
because the tertiary carbenium ion 12 has nothing to gain 
in stabilization by entering into cyclopropane migration 
in the way that 3 does.4 


The allylsilane 4, on treatment with diphenylseleninic 
anhydride8 in dichloromethane at  20 "C containing a 
catalytic amount of BF3.0Et2, gave the a-acetoxyalcohol 
14 (3:2 &/trans), via a [2.3] sigmatropic rearrangement 
of the intermediate 13. 


4 -  


0 


\ 


($ SiMe, 


'OAc 


Ph 
I 


\ 
OA c 


13  
A VOH+ (PhSel, 


6Ac 
14  


To demonstrate that the cyclopropylcarbinyl system is 
necessary to ring expansion and the -SiMe3 group cannot 
direct this alone, we treated the ketone 2 with tri- 


0 0 


H-Sn-n-Bu3 
2 -  -20 *C &SiMe3 - &SiMe3 


I 16 X 


15, X =  I 
15a, X =  Br 
15b, X =  C1 
f 


+ ( M ~ ~ S I C H ~ ) ~ C U L I  6 
methylsilyl iodide in acetonitrileg at  20 "C for 1.5 h. The 
iodide 15 was the only product formed.1° Its structure was 
demonstrated by removal of the iodine atom with tri-n- 
butyltin hydride to give 16. An authentic sample of 16 was 
prepared from cyclohexenone and the cuprate 


(8) Barton, D. H. R.; Ley, S. V.; Magnus, P.; Rosenfeld, M. N. J. Chem. 


(9) Olah, G. A.; Narang, S. C.; Gupta, B. G. B.; Malhotra, R. Synthesis, 
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(Me3SiCHz)zCuLi.11 Similarly the ketone 2 gave the ad- 
ducts 15a and 15b, respectively, on treatment with HBr 
and HC1. 


The ring expansion-functionalization sequences (e.g., 
3 - 9), where no stereochemistry evolves, provide a new 
method of converting cyclohexenone into y-acetoxycyclo- 
heptenone. We anticipate that the conversion of the 
tertiary carbinol 10, with control of stereochemistry into 
11, will have synthetic promise in the construction of 
seven-membered rings with substitutents in fixed relative 
stereochemistry. 
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toluene, and (3) Ni(COD), + HSiCI, + toluene. Complex 
1 possesses a very labile n-toluene ligand which can be 
exchanged with CsD, at room temperature. 


For several years we have been investigating the 
syntheses and chemistry of a-arene complexes of Co(I1) 
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These complexes are rare and Ligand for two reasons: (1) 
they are unique structures3 and, until now, only stable 
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Si-SiCl, does not yield 1. Therefore, by ensuring that COD 
will be simultaneously destroyed during the reaction by 
adding adequate amounts of HSiCl,, we can obtain con- 
venient yields of 1 from Ni(COD)2. 


The 'H NMR spectrum of 1 has absorptions at 6 2.7 (s, 
CH3) and 6.7 (m, aromatic H), indicating a substantial 
upfield shift for the aromatic protons and a slight down- 
field shift for the CH3 group. The toluene ligand is highly 
labile: addition of C6D6 to the NMR sample caused the 
immediate release of toluene (as detected by NMR). In 
addition, pure (q6-benzene)Ni(SiC1,)2 was synthesized by 
exhaustive arene displacement exchange. 


Further studies of the exchange process, arene dis- 
placement reactions, and catalysis studies of 1 will be re- 
ported later. 


Procedure. I. Nickel vapor (0.532 g, 9.06 mmol) was 
cocondensed with a mixture of 10 mL of Cl,Si-SiCl, in 10 
mL of toluene at -196 "C over a l-h p e r i ~ d . ~  The resulting 
dark red-brown matrix turned black with some gold areas 
on warming. The excess ligand was recovered by trap- 
to-trap distillation in vacuo. The residue was flushed with 
nitrogen and washed three times with 10-mL portions of 
toluene, and the washings were filtered under nitrogen 
through a medium porosity glass frit. The dark red filtrate 
was reduced to 5 mL in vacuo and 20 mL of purified, 
deoxygenated pentane was added to precipitate a yellow- 
orange powder (1). The solid was washed three times with 
3.5-mL portions of pentane and dried under vacuum (17% 
yield based on Ni vaporized), mp 140 "C; the solubility of 
1 is high in toluene and CHzCl2 but low in CC14 and pen- 
tane; it has long term stability in the solid or dissolved state 
(slight decomposition of the solid in a 4-week period while 
under nitrogen at  room temperature) and is moderately 
air sensitive. NMR (CCl,): 6 2.70 (CH,, s), 6.70 (C6H5, m). 


Anal. Calcd for (C7H8C16NiSiz): C, 20.03; H, 1.92; C1, 
50.68; Si, 13.38. Found: C, 20.14; H, 2.03; C1, 50.25; Si, 
12.90. 


11. Addition of a solution of 15 mL of HSiC13 in 20 mL 
of purified, deoxygenated toluene at -95 "C to a solution 
of 1 g of Ni(COD)z (3.6 mmol) in 80 mL of toluene at  -95 
"C under nitrogen resulted in no color change. The mix- 
ture was allowed to warm slowly, and at  about -65 "C it 
started to turn red-brown. At -45 "C it was red-black. The 
mixture was filtered under nitrogen at room temperature, 
the filtrate was concentrated under vacuum, and pentane 
was added as in procedure I. The yield of pure 1 was 0.84 
g (55% based on Ni(COD),).'l 


Registry No. 1, 80410-01-1; Ni(COD)2, 1295-35-8; C13SiSiC13, 
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when C6Fa a-bonding ligands were present, even though 
the ?r-arene could be varied at  will, and (2) the A-arene 
lability is very high, probably higher than any other A- 


arene complex 
After considerable effort we have now found another 


a-bonding ligand, SiCl,, that imparts good thermal stability 
to the (r-arene)NiXz system. The impetus for using SiC1, 
as a a-bonding ligand comes from the interesting work of 
Pomeroy and co-workers in (ir-arene)Ru chemistry: Lap- 
pert and co-workers on the reactivity of metal atoms and 
silanes! and Uhlig and co-workers on the studies of Ni 
complexes with anionic  ligand^.^ Of course, the method 
of introduction of the SiC1, groups into a Ni system was 
the most critical problem, and we report herein the first 
examples of oxidative addition of Si-H and Si-Si bonds 
to Ni atoms.8 We also report that bis(l,5-cyclo- 
octadiene)nickel(O), [Ni(COD),],S can be used for the 
preparation of A-arene complexes containing SiC1, ligands. 


Codeposition of the vapors of Ni, toluene, and HSiC1, 
at -196 "C, followed by slow warming to room temperature, 
led to the production of Hz and (~-toluene)Ni(SiCl,)~ (1). 
In the absence of toluene as a stabilizing ligand (Ni vapor 
+ HSiCl,) hydrogen was produced but no stable complex 
was isolable. Preparation of a Ni atom-toluene matrix 
(toluene-solvated Ni atoms) followed by HSiC1, addition 
did not lead to 1, which suggests that Ni atoms first attack 


-toluene 
-H2 


ZNi(vapor) + ZHSiCI, 2H-NI-SICI, +"re - -NI 


1 


t toluene (20% yield) t 
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the Si-H bond. Stabilization of the initially formed Si- 
Ni-H species by toluene seems likely, and upon warming 
and meltdown, two such molecules could combine (or an- 
other HSiC1, molecule could react) to release Hz and form 
the product. 


A more direct route to 1 is by oxidative addition of 
C13Si-SiC13 to Ni atoms in the presence of toluene. This 
reaction is more efficient and even small amounts of 
C13Si-SiC13 are utilized well. 


A third method to obtain 1 can be used, not employing 
Ni vapor, but Ni(COD)2 instead. The success of this 
method is dependent on at  least one COD ligand being 
converted to reduced and/or silylated derivatives. (About 
50% of the COD is converted to cyclooctene during the 
reaction.) Furthermore, addition of COD to 1 causes the 
displacement of toluene, showing that 1 cannot exist in the 
presence of an excess of COD. Lastly, Ni(COD)z + C13- 
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these compounds with 2 equiv of n-BuLi produces a va- 
riety of products including the di-n -butyl complexes 
Me,Si [C,H,F~(CO)(L)(Q~-C,H,)] ,, L = Ph,P and (Ph0)3P 
and the Fe-Fe bonded compounds Me,Si[C,H,Fe(CO)[P- 
(OPh),] ] , and Me,Si[C,H,Fe(CO),] [C,H,Fe(CO)(PPh,)]. 
Treatment of the Ph,P-substituted diiodide with 1 equiv of 
n-BuLi results in isolation of the mixed iodo-alkyl complex 
Me,Si [C,H,Fe(CO)(PPh,)I] [C,H,F~(CO)(PP~,)(Q~-C,H~)]. 
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at the possibility of interaction between organic groups 
attached to metal centers linked through noninteractive 
ligands. Our initial work has been concerned with deriv- 
atives of the dimethylsilyl-bridged complex MezSi- 
[C6H4Fe(C0)2]z.1,2 We describe here the synthesis and 
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Am.  Chem. SOC. 1977,99,4846-4848. 


(2) Nelson, G .  0.; Wright, M. E. J. Organomet. Chem. 1981, 206, 
C21-23. 
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characterization of the substituted diiodides Me2% 
[Cd,Fe(CO)(L)I], (L = PPh3, 2; L = P(OPh),, 3) and their 
reactivity under various conditions. Most significantly we 
report here a difference in the alkylation of 3 as compared 
to it's mononuclear analogue and the ability to mono- 
alkylate 2 producing the mixed iodo-alkyl complex 8. 


Complexes 2 and 3 are readily available through pho- 
tolytic displacement of carbonyl in Me2Si[C5H4Fe(CO),I], 
(l),v4 by the appropriate ligand. For instance, photolysis 
of a brown solution of 1 (1.0 g, 1.5 mmol) and triphenyl- 
phosphine (PPh,) (1.2 g, 4.4 mmol) in benzene (50 mL) 
with a 450-W mercury lamp (Pyrex filter) for 2 h results 
in formation of a deep green solution from which Me2Si- 
[C5H4Fe(CO)(PPh3)I], (2) can be isolated in a 90% yield.5 
By employing the analogous photolytic conditions with 
(PhO),P, the bis(tripheny1 phosphite) derivative Me2Si- 
[C,H4Fe(CO)[P(OPh),]I], (3) is obtained as a golden brown 
oil in a 90% yield.6 


Complexes 2 and 3 exhibit different chemistry in their 
reactions with lithium anions such as n-butyllithium (n- 
BuLi).' For instance, when a solution of 3 (0.50 g, 0.4 
mmol) in THF (10 mL) is allowed to react with 2.5 equiv 
of 7-BuLi (2.4 M in hexane) a t  -78 "C, a green solution 
results from which Me$3i[C5H4Fe(CO) [P(OPh)& (4) and 
Me$3i[C,H4Fe(CO) [P(OPh),] (01-C4H9)12 (5) can be isolated 
in 60% and ca. 10% yields, respectively. Complex 5 is 
obtained as a gold oil showing 'H NMR signals in CDC1, 
a t  6 7.22 (m, 30, OPh), 4.27 (8 ,  2, C5H4), 4.20 (s, 2, C5H4), 
3.93 (s, 2, C5H4), 3.29 (s, 2, C5H4), 1.5-0.8 (m, 18, 
CH2CH2CH2CH3), and 0.41, 0.32, 0.22 (s, s, s, 6, SiCH3).8 
The unique disubstituted iron complex 49 has been fully 
characterized and must arise by reduction of the diiodo 
complex, a reaction that is not unexpected in these sys- 
tems.' The bis(tripheny1phosphine) complex 2, on the 
other hand, alkylates quite nicely under the same condi- 
tions to produce a 60% yield of MezSi[C5H4Fe(CO)- 
(PPh3)(7'-C4HS)], (6).16 Column chromatography of the 
crude material from this latter reaction (alumina (III), 
hexane/benzene, v/v, 4/1) results in the formation of a 
relatively rapidly moving red-orange band which corre- 
sponds to 6 and a slower moving green band which was 
identified as a Fe-Fe bonded product Me2Si[C5H4Fe- 
(CO),] [C5H4Fe(CO)(PPh3)] (7),'O indicating the lack of 


Organometallics, Vol. 1, No. 3, 1982 561 


formation of the bis(tripheny1phosphine)-substituted 
complex analogous to 4. Complex 6 is a red oil which 
shows 'H NMR signals in CDC1, a t  6 7.2-7.5 (m, 30, Ph), 


3.98 (b s, 2, C5H4), 0.95-1.4 (m, 12, CH2CH,CH2CH3), and 
0.6-0.75 (m, 12, CH2CH2CH2CH3, SiCH3)." In addition, 
careful treatment of 2 with 1 equiv of 7-BuLi at  -78 OC 
gives a 30% isolated yield of the unsymmetrical iodo-alkyl 
complex Me2Si [ C5H4Fe (CO) (PPh3)I] [ C5H4Fe( C0)-  
(PPh3)(7'-C4H9)] (8).12 This complex displays 'H NMR 
signals in CDCl, a t  6 7.1-7.8 (m, 30, Ph), 5.52 (b s, 1, C5H4), 


4.50 (b 8, 2, C5H4), 4.27 (b 8, 2, C5H4), 4.12 (b S, 2, C5H4), 


4.62 (b 9, 1, C5H4), 4.49 (b 9, 1, C5H4), 4.30 (b 9, 1, C5H4), 
4.13 (b 8, 1, C5H4), 3.99 (b S, 2, C5H4), 3.79 (b 8 ,  2, C5H4), 
0.65-1.25 (m, 9, 7-butyl), and 0.55-0.65 (m, 6, SiCH,). 


The fact that 4 is formed in the reaction of 3 with BuLi 
whereas 7 is isolated from the same reaction with 2 sug- 
gests that steric hinderance probably plays an important 
role in the formation of mono- and disubstituted analogues 
of these F e F e  bonded complexes. In the reaction of 3 with 
BuLi the disubstituted complex 4 is isolable and is the 
major product. Perhaps when 2 is reacted with BuLi the 
[Ph,P], complex is initially formed but rapidly dispro- 
portionates to 7. These results could be related to a 
mechanistic study by Gray,', who has shown that PPh, and 
P(O-i-Pr), only monosubstitute when photolytically re- 
acted with [CpFe(CO),12 to give Cp2Fez(CO)3PPh3 and 
Cp,Fe,(CO),P(O-i-Pr),, respectively, whereas P(OMe), 
disubstitutes to give Cp2Fe2(CO),[P(OMe)3]2. In the di- 
nuclear mechanism suggested by Gray's data, steric hin- 
derance could prevent disubstitution of the complex if the 
ligand is too bulky. We believe that such steric interaction 
could cause the [Ph3PI2 complex if formed to be unstable 
in our system. We should point out that the bis(tripheny1 
phosphite) complex 4 itself is relativley labile14 and de- 
composes upon slight heating or extended exposure to air. 
Since P(OPh), has a cone angle only slightly smaller than 
P(O-i-Pr),, this lability could again be due to steric strain 
in the molecule. Finally, the fact that 4 is the major 
product of the reaction mixture might indicate its relative 
ease of formation as compared to the more sterically hin- 
dered disubstituted [Ph,P], c0mp1ex.l~ 


In summary, this synthetic study reveals a t  least one 
important parallel of the chemistry between the mono- 
nuclear and bridged dinuclear iron complexes, e.g., the 
result that 2 can be alkylated with n-BuLi. However, there 
are also significant differences in reactivity. For instance, 
reaction of 3 with n-BuLi at -78 "C gave the F e F e  bonded 
compound 4 as the major product and only minor amounts 
of alkylation.18 This is in contrast to the mononuclear 


(3) Synthesis of this compound has been reported by Wegner: Weg- 
ner, P. A,; Kiester, R. P.; Speck",  D.; Sterling, G., Pacific Conference 
on Chemistry and Spectroscopy, Anaheim, CA, Oct 1977. 


(4) We have completed an X-ray structural analysis of 1 and the 
related complex [CpFe(CO)I]2(Ph0)2PCzH4P(OPh)z. Details will be 
published shortly: Nelson, G. 0.; Wright, M. E., in preparation. 


(5) Anal. Calcd for CJ3,,Fe21202P2Si: C, 53.13; H, 3.92; I, 22.45. 
Found C, 52.97; H, 3.97; I, 22.39. IR for 2 (CH,CI& 1952 cm-'. Complex 
2 is isolated as a pair of separable diastereomers. The diastereomeric 
mixture can be obtained in analytically pure form by simply washing the 
crude reaction solid (benzene evaporated in vacuo) with acetonitrile to 
remove excess ligand. 'H NMR (CDCl,, one diastereomer): 6 7.39 (m, 
30, Ph), 5.61 (m, 2, C6H4), 4.61 (m, 2, C6H4), 4.0 (8 ,  2, C6H4), 3.73 (m, 2, 
C&14), 0.93 (8 ,  6, SICH,). Further details will be reported later. 


(6) Anal. Calcd for C&uFezIzOsP+3i: C, 48.89; H, 3.61; I, 20.66. 
Found C, 49.01; H, 3.65; I, 20.53. IR for 3 (CH2C12): 1981 cm-'. The 
mixture of diastereomers in CDCl, show 'H NMR signals at  6 7.36 (m, 


3.12 (a, 8,  2, C6H4), an-d 0.64, 0.62, 0.58 (s, 8, 8 ,  6, SiCH,). This complex 
is obtained in analytically pure form by chromatography on silica gel 
(benzene) in the absence of air. 


(7) The reaction of 1 with BuLi gives almost entirely the Fe-Fe 
bonded product MezSi[C6H,Fe(CO)z]z. 


(8) Anal. Calcd for CS8HB2Fe20&'2Si: C, 63.98; H, 5.74. Found: C, 
63.79; H, 5.83. IR for 5 (CH2Clz): 1936 cm-'. It should be noted that all 
reactions with BuLi were done with mixtures of the diastereomeric di- 
iodides and thus diastereomeric products were formed. The question of 
whether each diastereomer (diiodide) behaves differently under these 
conditions has not yet been addressed. 


(9) 'H NMR for 4 (CDCI,): S 7.e7.5 (m, 30, Ph's), 4.53 (b s,4, C a d ,  
4.45 (b s, 4, C6H4), 0.34 (s, 6, SiCH3). IR (CH2Cl2): 1722 cm-'. Anal. 
Calcd for C&,Fe20sP#3i: C, 61.62; H, 4.55. Found C, 61.52; H, 4.59. 


30, Ph), 5.04, 5.00 (s,s, 2, C5H4), 4.35 (8, 2, C6H4), 3.98 (8, 2, CSH4), 3.14, 


(10) This compound has already been synthesized by Wegner through 
another route.s We obtained analytically pure samples with comparable 
IR and NMR data. 


(11) Anal. Calcd for C68H,,Fe202P2Si: C, 70.31; H, 6.31. Found C, 
70.45 H. 6.28. IR for 6 (CH,Cl,k 1903 cm-'. 


(12) Anal. Calcd for CJ-&~~ezIOzPzSi: C, 61.15; H, 5.04; I, 11.96. 
Found C, 61.26; H, 5.07; I, 11.83. IR for 8 (CHzC12): 1952 and 1903 cm-'. 


(13) Tyler, D. R.; Schmidt, M. A.; Gray, H. B. J. Am. Chem. SOC. 1979, 
101, 2753-2755. 


(14) Other related Fe-Fe bonded complexes such as [CpFe(CO)],- 
(Ph0)zPC2H4P(OPh)24 are extremely stable in comparison with com- 
pound 4. 


(15) However, one reviewer has correctly pointed out that the forma- 
tion of Fe-Fe bonded products probably arises via an electron-transfer 
mechanism, and the appearance of less of this product in the reaction of 
2 with BuLi could be related to the poorer ability of the Ph3P-substituted 
metal center to stabilize extra electron density. 


(16) It is noteworthy that thermal decomposition of 6 results in iso- 
lation of the dihydride Me3Si[C5H4Fe(CO) (PPh3!H],. An 'H NMR of 
this complex (benzene-d& shows the characteristic hydride signal as a 
doublet (JP-H = 75 Hz) at d -12.82. Attempts to produce a mixed hy- 
dride-iodo system from 8 are currently under investigation. 


(17) Reger, D. L.; Culbertaon, E. C. J. Am. Chem. SOC. 1976, 98, 
2789-2794. 
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complex where only the n-butyl-substituted complex has 
been isolated in the alkylation reaction.20 Finally, the 
ability to monoalkylate 2 to produce the mixed iodo-alkyl 
complex 8 opens the pathway to investigate the interac- 
tions of different types of reactive groups attached to these 
dinuclear compounds. Further studies directed toward 


Book Reviews 


(18) Other differences are currently being studied. For instance, 
preliminary results indicate that the reaction of 8 with AgBF, in the 
presence of olefin does not give an alkyl-olefin complex aa would be 
expected.18 A full account will be reported later. 


(19) Reger, D. L.; Coleman, C. J.; McElligott, P. J. J .  Organomet. 
Chem. 1979,171, 73-84. 
(20) Reger, D. L.; Coleman, C. J. Inorg. Chem. 1979,18, 3155-3160. 
(21) Camille and Henry Dreyfus Award for Newly Appointed Faculty, 


1980. 


exploring the reactivity of complexes 2 and 3 and their 
derivatives are subjects of a continuing investigation. 
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Gmelin Handbook of Inorganic Chemistry, 8th Edition, Au, 
Organogold Compounds. H. Schmidbaur, volume author, A. 
Slawisch, volume editor. Gmelin Institut fiir Anorganische Chemie 
der Max-Planck-Gesellschaft zur Forderung der Wissenschaften 
and Springer-Verlag, Berlin/Heidelberg/New York. 1980. vi + 
351 pages. DM 789. $465.60. 


We have in this new Gmelin volume a comprehensive treatment 
of organogold chemistw 296 pages of text packed with everything 
that is known about gold compounds in which there is a gold- 
carbon bonding interaction. The compounds which the reader 
will encounter range in stability from the elusive matrix-isolated 
gold carbonyls to the very stable phosphorus ylide complexes of 
gold. Although organogold chemistry, until recent years, has not 
been investigated by many research groups at any one time, the 
accumulated results, dating back to the preparation of the first 
organogold compound in 1907 by Pope and Gibson, are impressive 
indeed: the empirical formula index for this volume requires 19 
pages, with 50-60 compounds listed per page! 


The organization of the material in this book follows the rules 
which have been established for the Gmelin volumes on or- 
ganometallic compounds. The book begins with a discussion of 
mononuclear organogold compounds and continues with dinuclear 
compounds (regardless of how the two gold atoms in the molecule 
are connected) and then with compounds of higher gold nuclearity, 
to the last chapter, which covers polymeric organogold compounds. 
Within each of these chapters the compounds are presented first 
of all according to organic ligand hapticity, then according to 
organic ligand type and number and gold oxidation state (I or 
111). Included among the organic ligands bonded via one C atom 
are alkyl, aryl, alkenyl, and carbene groups; among those of higher 
hapticity are olefii and polyolefi, acetylenes, carboranyl groups, 
and chelating alkylene and dienyl groups. Of special interest are 
the gold compounds with trialkylphosphonium methylide and 
dialkylphosphonium bismethylide ligands which were discovered 
and studied with great vigor by the author of this book and the 
intriguing salts of 1,l-bis(triorganophosphinegold(1))-substituted 
olefins, arenes, ferrocenes, and cymantrenes discovered by Nes- 
meyanov, Perevalova, and their co-workers, who have contributed 
so much to other aspects of modern organogold chemistry. 


The coverage of organogold chemistry in this book is as ex- 
haustive as ”Chemical Abstracts“ allows, with references to original 
research papers, theses, and conference reports and to the review 
literature through the end of 1979. All known details about the 
compounds covered are provided in text and tables: preparation, 
physical, and spectroscopic properties, theoretical studies, chemical 
studies, and applications. 


As mentioned, a formula index is provided. There also is a 
ligand formula index, and the long and very detailed table of 


contents will quickly guide the reader to the section he wants. 
Thii book is one of the new-style “Gmelins” in that it is written 


in English. It is a welcome addition to the Gmelin Handbook 
series on organometallic chemistry, and it will be the definitive 
treatment of the organic compounds of gold for some years to 
come. 
Dietmar Seyferth, Massachusetts Institute of Technology. 


The Chemistry of Catalytic Hydrocarbon Conversions. 
Edited by H. Pines. Academic Press, New York. 1981. xiii + 
305 pages. $35.00 


The first chapter of this eight-chapter book describes “Acid- 
Catalyzed Reactions”, including a discussion of zeolite-catalyzed 
cracking, and comprises more than 40% of the entire treatise. 
In considering nomenclature a better case than the author admits 
to can be made for the use of the term “carbenium ion” to describe 
the carbocations, R&+ (R may be hydrogen, alkyl, or aryl). Enium 
and onium are generic terms. Carbenium ion thus refers to an 
enium ion having a positively charged carbon atom possessing 
six valence electrons. Carbonium logically refers to an ion having 
a charged carbon with a coordination number greater than three. 
Other chapters in the book are, in order: Base-Catalyzed Re- 
actions: Heterogeneous Hydrogenation; Dehydrogenation and 
Cyclodehydrogenation (Aromatization); Oxidation; Homogeneous 
Catalysis by Transition Metal Organometallic Compounds; Me- 
tathesis of Unsaturated Hydrocarbons; and Synthesis of Liquid 
Hydrocarbons (Synthetic Fuels). The first, second, and fourth 
chapters describe work to which the author has made substantial 
contributions; these contain many fascinating nuggets of infor- 
mation. The last three chapters are rather cursory treatments 
of important current topics that are discussed in more complete 
and sophisticated detail in other books and reviews. 


It is difficult to determine exactly what kind of audience this 
book is intended for and the preface provides little guidance. 
However, students with a good undergraduate course in organic 
chemistry should have no trouble understanding most of it. It 
is disappointing not to find in a book dealing with catalysis clear 
definitions of terms such as selectivity and turnover number. 


As the author points out, the chemistry of catalytic hydrocarbon 
conversions is of enormous practical importance to all industri- 
alized nations and is at the core of the petroleum and associated 
industries. The preeminence of the United States in this field 
during the period 1945-1960 was due in no small measure to a 
small group of talented chemists and chemical engineers. It would 
have been a treat if the history of this exciting achievement could 
have been worked into this book by one of the major contributors 
to this effort. 


Milton Orchin, University of Cincinnati. 
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that is known about gold compounds in which there is a gold- 
carbon bonding interaction. The compounds which the reader 
will encounter range in stability from the elusive matrix-isolated 
gold carbonyls to the very stable phosphorus ylide complexes of 
gold. Although organogold chemistry, until recent years, has not 
been investigated by many research groups at any one time, the 
accumulated results, dating back to the preparation of the first 
organogold compound in 1907 by Pope and Gibson, are impressive 
indeed: the empirical formula index for this volume requires 19 
pages, with 50-60 compounds listed per page! 


The organization of the material in this book follows the rules 
which have been established for the Gmelin volumes on or- 
ganometallic compounds. The book begins with a discussion of 
mononuclear organogold compounds and continues with dinuclear 
compounds (regardless of how the two gold atoms in the molecule 
are connected) and then with compounds of higher gold nuclearity, 
to the last chapter, which covers polymeric organogold compounds. 
Within each of these chapters the compounds are presented first 
of all according to organic ligand hapticity, then according to 
organic ligand type and number and gold oxidation state (I or 
111). Included among the organic ligands bonded via one C atom 
are alkyl, aryl, alkenyl, and carbene groups; among those of higher 
hapticity are olefii and polyolefi, acetylenes, carboranyl groups, 
and chelating alkylene and dienyl groups. Of special interest are 
the gold compounds with trialkylphosphonium methylide and 
dialkylphosphonium bismethylide ligands which were discovered 
and studied with great vigor by the author of this book and the 
intriguing salts of 1,l-bis(triorganophosphinegold(1))-substituted 
olefins, arenes, ferrocenes, and cymantrenes discovered by Nes- 
meyanov, Perevalova, and their co-workers, who have contributed 
so much to other aspects of modern organogold chemistry. 


The coverage of organogold chemistry in this book is as ex- 
haustive as ”Chemical Abstracts“ allows, with references to original 
research papers, theses, and conference reports and to the review 
literature through the end of 1979. All known details about the 
compounds covered are provided in text and tables: preparation, 
physical, and spectroscopic properties, theoretical studies, chemical 
studies, and applications. 


As mentioned, a formula index is provided. There also is a 
ligand formula index, and the long and very detailed table of 


contents will quickly guide the reader to the section he wants. 
Thii book is one of the new-style “Gmelins” in that it is written 


in English. It is a welcome addition to the Gmelin Handbook 
series on organometallic chemistry, and it will be the definitive 
treatment of the organic compounds of gold for some years to 
come. 


Dietmar Seyferth, Massachusetts Institute of Technology. 


The Chemistry of Catalytic Hydrocarbon Conversions. 
Edited by H. Pines. Academic Press, New York. 1981. xiii + 
305 pages. $35.00 


The first chapter of this eight-chapter book describes “Acid- 
Catalyzed Reactions”, including a discussion of zeolite-catalyzed 
cracking, and comprises more than 40% of the entire treatise. 
In considering nomenclature a better case than the author admits 
to can be made for the use of the term “carbenium ion” to describe 
the carbocations, R&+ (R may be hydrogen, alkyl, or aryl). Enium 
and onium are generic terms. Carbenium ion thus refers to an 
enium ion having a positively charged carbon atom possessing 
six valence electrons. Carbonium logically refers to an ion having 
a charged carbon with a coordination number greater than three. 
Other chapters in the book are, in order: Base-Catalyzed Re- 
actions: Heterogeneous Hydrogenation; Dehydrogenation and 
Cyclodehydrogenation (Aromatization); Oxidation; Homogeneous 
Catalysis by Transition Metal Organometallic Compounds; Me- 
tathesis of Unsaturated Hydrocarbons; and Synthesis of Liquid 
Hydrocarbons (Synthetic Fuels). The first, second, and fourth 
chapters describe work to which the author has made substantial 
contributions; these contain many fascinating nuggets of infor- 
mation. The last three chapters are rather cursory treatments 
of important current topics that are discussed in more complete 
and sophisticated detail in other books and reviews. 


It is difficult to determine exactly what kind of audience this 
book is intended for and the preface provides little guidance. 
However, students with a good undergraduate course in organic 
chemistry should have no trouble understanding most of it. It 
is disappointing not to find in a book dealing with catalysis clear 
definitions of terms such as selectivity and turnover number. 


As the author points out, the chemistry of catalytic hydrocarbon 
conversions is of enormous practical importance to all industri- 
alized nations and is at the core of the petroleum and associated 
industries. The preeminence of the United States in this field 
during the period 1945-1960 was due in no small measure to a 
small group of talented chemists and chemical engineers. It would 
have been a treat if the history of this exciting achievement could 
have been worked into this book by one of the major contributors 
to this effort. 


Milton Orchin, University of Cincinnati. 
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complex where only the n-butyl-substituted complex has 
been isolated in the alkylation reaction.20 Finally, the 
ability to monoalkylate 2 to produce the mixed iodo-alkyl 
complex 8 opens the pathway to investigate the interac- 
tions of different types of reactive groups attached to these 
dinuclear compounds. Further studies directed toward 
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(18) Other differences are currently being studied. For instance, 
preliminary results indicate that the reaction of 8 with AgBF, in the 
presence of olefin does not give an alkyl-olefin complex aa would be 
expected.18 A full account will be reported later. 
(19) Reger, D. L.; Coleman, C. J.; McElligott, P. J. J .  Organornet. 


Chem. 1979,171, 73-84. 
(20) Reger, D. L.; Coleman, C. J. Inorg. Chern. 1979,18, 3155-3160. 
(21) Camille and Henry Dreyfus Award for Newly Appointed Faculty, 


1980. 


exploring the reactivity of complexes 2 and 3 and their 
derivatives are subjects of a continuing investigation. 
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a requirement for those serious minded chemists who work in 
phosphorus chemistry and for those who want to begin work in 
this branch of phosphorus chemistry. The monumental task of 
searching the literature, evaluating the information, and drafting 
such a readable book has been done in a masterful way by a 
pioneer in the field who has made such outstanding contributions 
in his own right. Carbon-phosphorus heterocycles remains an 
area not totally matured and will continue to grow over the next 
decade. This book will serve as a benchmark for the work which 
follows. 


K. Darrell Berlin, Oklahoma State University. 


Soviet Scientific Reviews/Section B. Chemistry Reviews. 
Volume 2. Edited by M. E. Vol’pin. Harwood Academic Pub- 
lishers, Chur, Switzerland. 1980. ix + 469 pp. $99.00. 


This book is a collection of six separate chapters by Soviet 
authors. The edition is well prepared and published and suffers 
little from the original having been written in the Russian lan- 
guage. The chapter headings are as follows: The Catalytic 
Properties of Zeolite Systems in the Presence of CO,; Gel-Im- 
mobilized Metal-Complex Catalysts; Biphotonic Photochemistry; 
Organometallic Catalysis in Stereospecific Polymerization Pro- 
cesses and Nature of the Active Centers; Boraheterocycles from 
Allylboranes; Long-Range Electron Tunneling in Chemical Re- 
actions in condensed Media. 


Each of the chapters is up-to-date with references through the 
late 1970s. Obviously the majority of the references are to Russian 
work, but in several cases an attempt is made to integrate the 
Soviet research with that from other parts of the world. All of 
the chapters present considerable experimental detail which makes 
the book more of a reference material than a readable text. The 
chapter on boraheterocycles is of interest to a very limited 
readership and is largely a description of the personal work of 
the author B. M. Mikhailov. The chapters on Biphotonic Pho- 
tochemistry and Long-Range Electron Tunneling in Chemical 
Reactions in Condensed Media are particularly interesting. Each 
one gives a good summary of the field and is useful reading for 
learning the beginning literature in the field as well as the current 
research. The remaining three chapters are related to catalysis 
and would be useful to persons having direct interest in these 
particular fields. Overall the book has use to persons having 
specific interests in the fields of the chapters. As usual in such 
books the chapters are not coordinated together, and the number 
of references in each chapter varies from 17 to 258. 


D. Max Roundhill, Washington State University. 


A Bibliography of X-Ray Crystal Structures of Tin Com- 
pounds (I.T.R.I. Publication No. 588). By P. A. Cusack, P. 
J. Smith, J. D. Donaldson, and S. M. Grimes, International Tin 
Research Institute, Greenford, Middlesex (England). 1981. 160 
pages. f4.00. 


This I.T.R.I. publication will be welcomed by chemists who 
deal with inorganic or organic tin chemistry as well as structural 
chemists. In this soft-cover, photoreproduced volume is provided 
complete coverage of all known crystal structures of tin 
compounds-inorganic and organic-which have been reported 
(via “Chemical Abstracts”) up to mid-1980. This is not, as the 
authors point out, a critical discussion of structural tin chemistry, 
rather it is a source book for tin compound structures. For each 
structure which has been reported the compound formula is given, 
the salient featurea of the structure are provided and the literature 
reference is given, e.g., to cite on example: “Ph3SnN03Q(0)- 
Ph2(CH&Ph$(0)Qh$nNO3. Coordination number 5: each tin 
atom is occupying a trigonal-bipyramidal R$nXz geometry, with 
the diphosphine ligand bridging two axial sites through the ox- 
ygens. The other axial positions are occupied by the oxygen atom 
from the unidentate nitrate groups”. There are no figures, but 
the structures, for the most part, are simple ones and the one- 
to-two sentence descriptions are clear. 


Separate chapters, each with a fairly detailed table of contents, 
provide coverage of organotin(IV), organotin(II), inorganic tin(IV), 
and inorganic tin(I1) compounds. A 15-page appendix brings 
recent structures not included in the main text. There are no 
indexes; a formula index would have been useful. 


The International Tin Research Institute is to be commended 
for providing this volume as a service to tin chemists at an af- 
fordable price (which includes postage and packing, but not airmail 
charges). 


Dietmar Seyferth, Massachusetts Institute of Technology. 


The Heterocyclic Chemistry of Phosphorus-Systems Based 
on the Phoephorus-Carbon Bond. By L. D. Quin. Department 
of Chemistry, Drake University. John Wiley and Sons, New York. 
1981. ix + 434 pages. $47.50. 


This is the first major treatise in this area in many years in 
a fast growing field of heterocycles. Dr. Quin has done an excellent 
job in beginning this review with sufficient background that a 
beginnins student of the field can obtain an adequate introduction 
before proceeding to the more sophisticated material. The 
Chapters given are as follows: 1. Introduction to Phosphorus- 
Containing Ring Systems and Some General Characteristics; 2. 
Principles of Forming 5-Membered Ring Compounds in Phos- 
phorus Chemistry; 3. Synthetic Methods for &Membered Rings; 
4. Small and Large Rings Containing Phosphorus; 5. 31P NMR 
Spectroscopy of Cyclic Compounds; 6. I3C NMR Spectra of 
Heterocyclic Phosphorus Compounds; 7. Proton NMR Spec- 
t r m p y  of Cyclic Phosphorus Compoundq 8. Special Properties 
of Phosphorus Heterocycles: Conformation and Cyclic Electron 
Delocalization. The development of the chemistry, including the 
synthetic approaches to each ring system as well as the discussion 
of the reactions at  phosphorus and at  other reactive functional 
groups in the ring systems, has been accomplished logically in 
a most lucid manner in the first four chapters. NMR analysis, 
which encompasses 31P, ’%, and ‘H techniques, then follows and 
permits the reader to glean an excellent overview of the entire 
field of structural analysis with this class of heterocycles. Sol- 
id-state properties, conformational analysis, reactivity at phos- 
phorus, and the participation of phosphorus in electron delo- 
calization bring the text to a sound conclusion. The drawings 
are quite well done in this last chapter which makes for easier 
comprehension of the shape of the molecules as well as to the 
direction of attack on such systems by reagents. This is partic- 
ularly true for the chemistry of the 5- and 6-membered ring 
compounds. The tables containing NMR data are especially well 
done with structure, NMR chemical shift, and reference centrally 
located. In fact, the reference citations are extremely compre- 
hensive for each chapter. 


Perhaps some might have wanted more discussions on the 
operation of pseudorotation in these families, but there are other 
reviews on the subject. There are several citations to the phe- 
nomenom where appropriate. This reviewer considers this book 


The Inorganic Heterocyclic Chemistry of Sulfur, Nitrogen 
and Phosphorus. By H. G. Heal. Academic Press, New York. 
1980. xv + 271 pages. $86.00. 


Fifteen years ago it was possible for a single author to survey 
the whole field of inorganic heterocyclic chemistry in some depth 
and without serious neglect of any one area. This is no longer 
possible. Today a multiauthored encyclopedia would be needed 
to provide an adequate coverage. Faced with this problem, the 
monograph writer has two options-either to focus on one narrow 
research area and produce an in-depth analysis mainly for the 
benefit of specialists in that area or to write a survey book for 
the general reader, aiming for an overview rather than depth. Heal 
has chosen the latter approach. 


Even though heterocyclic systems derived from only sulfur, 
nitrogen, and phosphorus are considered, the coverage is, of ne- 
cessity, at a rather general level. The book seems designed to 
stimulate the reader’s curiosity rather than provide a detailed 
analysis. This approach may generate a few grumbles from re- 
searchers in the various specialized areas, but this is not a book 
for specialists. Instead, it provides a useful introduction to the 
field at a level that should appeal to university students or pro- 
fessional scientists in other areas. 


The book deals with general synthesis methods, sulfur imides 
and amides, bonding in sulfur-nitrogen systems, phosphorus- 
sulfur rings and cages, and phosphazanes and phosphazenes. 
Sulfur-nitrogen and phosphorus-nitrogen polymers derived from 
heterocyclic precursors are also mentioned, although not in detail. 
References are given to primary research data and reviews up to 





