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Stannylene extrusion/insertion equilibria, b X S n - S m  + &SnX2 + R$n, are found and investigated 
for X = Br and SPh. The Sn-Br and Sn-SPh bonds are efficient stannylene scavengers. Me2(PhS)Sn- 
Sn(SPh)Me2 is a convenient source both for thermal and photochemical stannylenoid reactions, gicng 
1,3,2-dioxastannolanes on reaction with 2 molar equiv of aldehyde or 1,3,2-dioxastannolenes by reaction 
with a-diketones such as a-naphthoquinone, biacetyl, or benzil. The saturated heterocycles can be converted 
by acetyl chloride to diacetates of glycols (under preservation of the D,L/meso relation). The unsaturated 
rings give diacetates of 2 enediols. 


Introduction 
The chemistry of carbenes, %C, has been and still is a 


rapidly developing field. In this connection, during the 
last years, growing attention has been directed toward the 
heavier analogues, the silylenes, %Si? germylenes, %Ge,4 
and stannylenes, R43n.5 These are of interest for synthetic 
purposes, and they also provide the opportunity to extend 
quantum chemical calculations to the heavier atoms of 
group 4e and to scrutinize the validity of the Woodward- 
Hoffmann rules of orbital symmetry for these elements and 
especially, for reactions of the heavy carbene analogues.’ 


Among known stannylene reactions, some proceed via 
a free stannylene, R2Sn,8 but others appear to take place 
via “stannylenoid mechanisms” (analogous to the 
“carbenoid mechanismsng) in which a free stannylene does 


(1) Part 6 see ref. 8. 
(2) Scherping, K.-H. Dr. rer. nat. Thesis, University of Dortmund, 


(3) Gaspar, P. P. in React. Zntermed. 1978, 1 ,  228; 1981, 2, 335. 
(4) Satg6, J.; Massol, M.; Riviare, P. J. Organomet. Chem. 1973,56, 


1. 
(5) Neumann, W. P. Organomet. Coord. Chem. Germanium, Tin, 


Lead, Plenary Lect. 2nd Znt. Conf. (Nottingham, England) 1978. 
(6) (a) Meadows, J. H.; Schaefer III, H. F. J. Am. Chem. SOC. 1976,98, 


4383. (b) Barthelat, J.-C.; Saint Roche, B.; Trinquier, G.; Satg6, J. J.  Am. 
Chem. SOC. 1980,102,4080. (c)  Olbrich, G. Chem. Phys. Lett. 1980, 73, 
110. 


(7) Schriewer, M.; Neumann, W. P. Angew. Chem. 1981, 93, 1089; 
Angew. Chem., Znt. Ed.  Engl. 1981,20,1019. 


(8) Grugel, Ch.; Neumann, W. P.; Schriewer, M. Angew. Chem. 1979, 
91,577; Angew. Chem., Znt. Ed. Engl. 1979,18,543. 


1981. 


not appear to be inv~lved .~  Many of the thermal and the 
photochemical stannylene reactions of di- and poly- 
stannanes, 1, belong to this latter group with a transition 
state 2 being operative, e.g., for an insertion reaction shown 
in eq 1. 


A-RZSn-B 


X = Y or X # Y; X, Y = alkyl, Hal, OAc, SnR,, (-R,Sn-), 


Apparently, the migratory aptitude of Y is important, 
in addition to the stability of R2SnXY, for the usefulness 
of a stannylene source of this type. After some studies of 
the validity of eq 1 employing Me2BrSn-SnBrMe2, la, we 
wish to report the use of a new and advantageous precursor 
for both thermal and photochemical stannylene transfer, 
1,2-bis(phenylthio)tetramethyldistannane, lb. 


Results and Discussion 
(A) Thermal Behavior of la. Me2C1Sn-SnC1Me2 is 


a good source both for transfer of M e a n  and MeSnCl units 


(9) Moss, R. A.; Jones, M., Jr. React. Zntermed. 1978, 1, 69. 
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Me2SnBrz (see Figure 2). About 85% of la now is found 
in the equilibrium mixture. Therefore, eq 2 gives a full 
description of what is taking place. The following con- 


[MezSn]  + Me2SnBr2 MeaSnBr + [MeS,nBr] 


Figure 1. Thermolysis of MezBrSn-SnBrMez (la) at 80 O C  in 
benzene: (a) la; (b) Me&Brz; (c) (l/n)(Me$n),; (d) MeBSnBr 
(t , observation of elemental tin). 


0.L "4 
I 1 2 3 1 -1Ihl 


Figure 2. Thermolysis of MezBrSn-SnBrMez (la) at 80 O C  in 
benzene: (a) la in the presence of 5 molar equiv of MezSnBr2; 
(b) MegSnBr under the same conditions. 


to aldehydes and ~t-diketones.'O-'~ Following our prelim- 
inary experience in the butyl series,14 Br instead of C1 in 
1 should be even more mobile with respect to eq 1. Thus, 
la should be suited for a more thorough investigation of 
what really happens to a stannylene precursor of the type 
1 during degradation. 


At 80 "C in benzene, in absence of a reaction partner 
A-B for a stannylene, first a rapid decomposition of la is 
observed with simultaneous formation of Me2SnBr2 and 
a stannylene oligomer, (Mean),. The lH NMR resonance 
(0.72 ppm) of the latter is very similar to that of the pure 
heptamer (Me2Sd7, 0.64 ppm in toluene,ls and excludes 
the presence of Me2BrSn-Me2Sn-SnBrMe2 or the corre- 
sponding tetrastannane.16 However, after 20 min, sur- 
prisingly, an equilibrium is reached (see Figure 1) which 
is subsequently altered slowly by the appearance of 
MeBSnBr and elemental Sn. That there is really an 
equilibrium (k1/kl)  could be demonstrated by performing 
the thermolysis in the presence of 5 molar equiv of 


(10) Grugel, Ch.; Neumann, W. P.; Seiiert, P. Tetrahedron Lett. 1977, 


(11) Grugel, Ch.; Neumann, W. P.; Sauer, J.; Seifert, P. Tetrahedron 


(12) Seifert, P. Dr. rer. nat. Thesis, University of Dortmund, 1977. 
(13) Scherping, K.-H. Diploma Thesis, University of Dortmund, 1978. 
(14) Schrhr, U.; Neumaun, W. P. Angew. Chem. 1975,87,247; Angew. 


Chem., Znt. Ed. Engl. 1976,14,246. 
(15) Sauer, J. Dr. rer. Nat. Thesis, University of Dortmund, 1980. 
(16) Derived from NMR data in: Gross, L.-W.; Moser, R.; Neumann, 


W. P.; Scherping, K.-H. Tetrahedron Lett. 1982,23,635, and unpublished 
results. 


2205. 


Lett. 1978, 2847. 


I I  
Br Br 


l a  


clusions may be derived from this evidence. (a) la is a 
rather good thermal stannylene Me2Sn source, kl = 
s-l a t  80 "C. (b) Br is a good migrating group, Y (eq l ) ,  
probably passing transition state 2. (c) Also Me is a mi- 
grating group, Y, but about 20 times slower than Br, k, = 
10"' s-l, passing probably transition state 2, but with a 
bridged R group. (d) The Sn-Br bond is a powerful 
stannylene 5~avenger.l~ (e) The oligomer formation, 
surprisingly, is reversible, and (Me2Sn),, thought to be 
thermally stable up to 150 OC,18 releases easily the Me2Sn 
units under these mild conditions, at  least in the presence 
of Me2SnBrz.lg Thus, eq 1 is, in principle, fuUy reversible. 
(f) Free radical reactions have very little, if anything, to 
do with the initial decay of la since a large excess of t- 
BuBr, known to be a powerful scavenger for free stannyl 
radicals and methyl radicals as well, has only a very small 
effect on kp But, t-BuBr seems to react with (more or less) 
free Me2Sn via the bulk equation 2 t-BuBr + Me2Sn - 
Me2SnBrz + 2 t-Bu., resulting in correspondingly higher 
concentrations of Me2SnBr2 and the nonappearance of the 
oligomer (Me2Sn),.20 


(B) Thermal and Photochemical Behavior of lb. 
Halogen-containing distannanes, 1, as precursors for 
stannylenes have some drawbacks from practical use be- 
cause of their sensitivity toward light and moisture. Ac- 
cordingly, we sought other groups, Y, which do not have 
such problems and which exhibit a high "migratory 
aptitude" in the sense of eq 1. A promising group should 
be the thiophenyl substituent because sulfur in its ether 
forms undergoes easily complexation with higher coordi- 
nation numbers, a t  least easier than the more electroneg- 
ative oxygen.21 As far as R is concerned, Me derivatives 
are decomposed easier than the corresponding Et- or Bu- 
substituted compounds.10 


Therefore, we prepared the as yet unknown 1,Bbis- 
(phenylthio)tetramethyldistannane, lb, following eq 3. 
The product forms colorless crystals, mp 89 OC, which are 
stable a t  room temperature in air, in the solid state, and 
in benzene solution as well and, therefore seems well suited 
for preparative purposes. 


MezSnHz + MeZSn(SPh)z e ZMeZSn(H)SPh $$ 
MeZSn-SnMe? (3)  


I I  
PhS SPh 


lb 
Thermolysis of l b  a t  80 "C in benzene is qualitatively 


similar to that of la (Figure 1) but is more clear-cut in the 
quantitative sense. After rapid initial decay of lb  to 40% 


(17) The eane applies to the SnCl bond. Compare ref 16 and Moser, 
R. Dr. rer. nat. Thesis, University of Dortmund, 1980. 


(18) Neumann, W. P.; Pedain, J. Justus Liebigs Ann. Chem. 1964,672, 
34. 


(19) Mass spectrometry results indicate that (Me2Sn), generates 
Mean thermally even below 80 OC: Watta! B. Diploma Thesis, Univ- 
ersity of Dortmund, 1981. 


(20) Detailed investigation is in progress. 
(21) Warren, S. Acc. Chem. Res. 1978, 11, 401. 
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Table I. Yields and Stereochemistry 
of Dioxastannolanes 4 Synthesized Following Eq 5 
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% % Of D.L 
yield isomer 


R t, h of 4 in 5 
~~ 


Me 6 91 60 
Et 2 47 95 
Pr 4 60 94 
Ph 6 86 49 


of the original value and appearance of the corresponding 
equivalents of MezSn(SPh)2 and (MezSn),, for 4 h this 
equilibrium remains constant. Only afterward, was slow 
deposition of elemental tin observed and Me3SnSPh ap- 
peared. Addition of 5 molar equiv of Me2Sn(SPh)2 shifts 
the equilibrium to 80% of lb. The decomposition of l b  
follows eq 4. Therefore, kl E s-l and k3 is of the order 


[MezSn] + MeZSn(SPh)z Me3SnSPh + [MeS;SPh] 


lb 


5 X 10" s-l. Thus, the migration (eq 1) of SPh is faster 
than that of Me. All the conclusions derived for la (see 
above) are valid here, too, but SPh is a better thermal 
migrating group, Y, than is Br and migration of Me does 
not interfere during preparative applications. Thus, the 
Sn-SPh bond is found to be a new and effective stannylene 
scavenger. 


Because of its long-waved UV absorption touching the 
visible, lb also should be a useful photolytic stannylene 
source. In Figure 3, the long-waved absorptions of several 
compounds, 1, X = Y = C1, Br (la), OAc, and SPh (lb), 
are compared for higher concentrations as are relevant for 
preparative applications, together with benzene as solvent 
and acetaldehyde as the standard reaction partner (see 
below). During photolysis of lb a t  11 "C in benzene, the 
same substances appear and disappear as observed during 
thermolysis. Again, an excess of Me2Sn(SPh)2 shifts the 
equilibrium (kl/k1) from 40% to 80% of lb as is expected. 
I t  remains constant for 4 h. Only then is a deposition of 
elemental tin observed. It can be hoped, therefore, that 
lb may be one of the most convenient stannylene sources 
for many preparative purposes, both thermally and pho- 
tochemically. 


(C) Thermal and Photochemical Application of lb 
for Stannylene Reactions. Thermal stannylene addi- 
tions to aldehydes and monoketones could not be achieved 
in many attempts and with various stannylene precur- 
s o r ~ . ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  This was confirmed by using lb and benz- 
aldehyde. However, upon irradiation of lb with aldehydes 
smooth reductive coupling occurred, eq 5. The products, 


h v  
MezSn-SnMez + 2R-CHO -Me2Sn(SPh)y 


PhS I 1  SPh 3 


lb 
H R  H R  
1 1  1 1  


4 5 


(22) Holtpnann, T. Dr. rer. nat. Thesis, University of Dortmund, 1980. 
(23) Sauer, J. Diploma Thesis, University of Dortmund, 1978. 


I 300 350 LOO 


Figure 3. UV absorption spectra in preparative concentrations 
(d = 1 cm): (a) benzene, pure; (b) Me2C1Sn-SnCIMez, 0.15 M 
in CH3CN; (c) Me2BrSn-SnBrMez, 0.15 M in CH3CN; (d) ac- 
etaldehyde, 1.5 M in benzene; (e) Mez(AcO)Sn+n(OAc)Me,, 0.15 
M in CH3CN, ( f )  Me2(PhS)Sn-Sn(SPh)Me2, 0.15 M in CH3CN. 


1,3,2-dioxastannolanes, 4, were isolated in higher yields 
and/or after shorter irradiation times than was possible 
when other Me2Sn sources1e13*22-24 were used; see Table 
I. The coproduct, Me2Sn(SPh)2, can be separated easily. 
For larger scale preparations, it  may be recycled (eq 3). 


Since dioxastannolanes with methyl substituents on the 
tin atom are practically insoluble, it still is an open 
question whether the simplest structure 4 is correct, or 
whether the product is polymeric. On the other hand, it 
could be demonstrated that the more soluble 2,2-di- 
ethyl-4,5-dimethyl-1,3,2-dioxastannolane is a monomer by 
determining the molecular weight by vapor pressure os- 
mometry in benzene M).13 In any case, derivati- 
zation with acetyl chloride yields the D,L/mt?SO mixture of 
the corresponding glycol diacetate 5, (Table I). 


For comparison, the distannane Me2(AcO)Sn-Sn- 
(OAc)Me2 with short-waved absorption (see Figure 3) was 
irradiated under the same conditions with acetaldehyde. 
Only a 27% yield of the dioxastannolane 4, R = Me, was 
obtained, and this only after an irradiation time of 42 h. 
a-Diketonea yield 1,3,2-dioxastannolenes via photochemical 
stannylenoid  reaction^.^^^^^^ In these cases, too, lb gave 
the best results obtained as yet. With benzil, a 72% yield 
of 6 could be isolated upon irradiation. Thermally, no 
reaction occurred a t  either 80 or 150 "C. The product 6 
could be converted to the enediol diacetate 7, as shown in 
eq 6, with preservation of the Z configuration. Apparently, 
MezSn-SnMee + Ph-C- h v  1 1  i-ph - M c Z S n ( S P h ) r  


0 0  I I  
PhS SPh 


Ph P h  Ph P h  


6 7 


the deeply yellow benzil absorbs most of the irradiation 
energy, givkg probably the triplet. A detailed report of 
organotin photochemistry in the presence of carbonyl 
compounds will be published elsewhere.26 Biacetyl, 
however, reacts only thermally (80 "C), giving a 71% yield 


(24) Neumann, W. P.; Schwarz, A. Angew. Chem. 1976,87,844; An- 


(25) D6ren, K.; Lehnig, M.; Neumann, W. P., in preparation. 
(26) Fieser, L. F. J. Chem. Educ. 1964, 31, 291. 


gew. Chem., Znt. Ed. Engl. 1976,14, 812. 
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of 6 (but Me instead of Ph), and not photochemically. 
1,2-Naphthoquinone gives good yields (73%) of the 


naphthodiol derivative 8 in a thermal reaction. The latter 
can easily be converted into the diacetate 9, eq 7. 


Scherping and Neumann 


was stirred for 3 days (formation of Hz). After half of the ether 
had been evaporated, l b  crystallized at -30 "C. The product was 
pure without recrystallization: yield, 17.2 g (66.8%); mp 89 "C; 


14 Hz, MeSn), 7.25 (10 H, m, Ph); MS (70 eV, 190 "C), m / e  
(relative intensities) 516 (M - 2H, 0.4%), 501 (M - Me - H, 4%), 
368 (M - MezSn, 31%), 274 (M - MeSnSPh, 8%), 259 (M/2, 
100%). Anal. Calcd for C16HzzSzSnz: C, 37.3; H, 4.3. Found: 
C, 37.6; H, 4.4. 
2,2,4,5-Tetramethyl-1,3,2-dioxastannolane, 4, R = Me. A 


solution of 1b 13.22 g, 6.25 mmol) and acetaldehyde (3.52 mL, 
62.5 mmol) in benzene (15 mL) was irradiated for 6 h. The 
precipitate was washed with benzene; recrystallization was not 
possible: yield 1.36 g (91.2%); mp 300 "C dec. Anal. Calcd for 
C6H1&Sn: C, 30.4; H, 6.0. Found: C, 30.9; H, 6.3. 


Acetyl chloride was added dropwise to a suspension of 4 (R 
= Me) in benzene. The colorless solution was evaporated, and 
after addition of a little benzene it was analyzed by GC (4 m, OV 
17): butane-2,3-diacetate (D,L/meSO = 60:40) and MezSnClz. 


The 1,3,2-dioxastannolanes 4 (R = Et, Pr, Ph) have been 
synthesized and analyzed corresponding to the procedure given 
above. (Since recrystallization also has been not possible, as 
mentioned above, elemental analysis gave poor results because 
of some SnO and RzSnO that were admixed.) 
2,2-Dimethyl-4,5-diethyl-1,3,2-dioxastannolane, 4, R = Et: 


yield 47%; mp 240 "C dec; MS (70 eV, 150 "C), m / e  (relative 
intensities) 265 (M - H, 2%), 251 (M - Me, l%),  237 (M - Et, 
32%), 208 (M - 2Et, 74%), 193 (M - 2Et - Me, 95%), 135 (MeSn, 
100%). Derivatization with acetyl chloride led to hexane-3,4- 
diacetate (D,L/meSO = 945) and MezSnClz. 
2,2-Dimethyl-4,6-dipropyl-1,3,2-dioxastannolane, 4, R = Pr: 


yield 60%; mp 203-205 "C. Derivatization with acetyl chloride 
led to octane-4,5-diacetate (D,L/meso = 94:6) and Me2SnClz. 
2,2-Dimethyl-4,5-diphenyl-l,3,2-dioxastannolane, 4, R = 


P h  yield 86%, mp 270-272 "C dec. Derivatization with acetyl 
chloride led to 1,2-diphenylethane-l,2-diacetate (D,L/meso = 4951) 
and MezSnClz. 
2,2-Dimethyl-4,5-diphenyl-1,3,2-dioxastannolene, 6. A 


benzene (5-mL) solution of l b  (0.72 g, 1.4 mmol) and benzil(0.88 
g, 4.19 mmol) was irradiated for 20 h. The colorless precipitate 
was washed twice with n-hexane (1 mL). Recrystallization was 
not possible: yield 0.36 g (72%). Anal. Calcd for C16H1602Sn: 
C, 53.5; H, 4.4. Found C, 52.6; H, 5.1. (The poor values are due 
to impurities mentioned above.) Derivatization with acetyl 
chloride as described above led only to (2)-1,2-diphenyl- 
ethylene-l,2-diacetate, 7, whose IR spectrum was identical with 
that of an independently prepared sample,26 and MezSnClz. 
2,2-Dimethylnaphtho[2,1-d]-1,3,2-dioxastannolene, 8. 


When lb  (0.60 g, 1.16 "01) and l,2-naphthoquinone (0.13 g, 0.81 
mmol) in benzene (6 mL) were heated to 80 "C for 140 min, 0.18 
g (73%) of 8 was formed. Recrystallization failed because of the 
insolubility of 8; mp >300 "C. Anal. Calcd for ClzH1zOzSn: C, 
47.0; H, 3.9. Found: C, 47.3; H, 4.0. Derivatization with acetyl 
chloride led exclusively to naphthalene-1,2-diacetate (GC) and 
MezSnClz. 


Acknowledgment. We are grateful to the Minister fiir 
Wissenschaft und Forschung, Diisseldorf, and to the Fonds 
der Chemischen Industrie for support. 


Registry No. la, 65487-81-2; lb, 81987-77-1; 3 (R = Me), 75-07-0; 
3 (R = Et), 123-38-6; 3 (R = Pr), 123-72-8; 3 (R = Ph), 100-52-7; 4 
(R = Me), 81987-78-2; 4 (R = Et), 81987-79-3; 4 (R = Pr), 81987-80-6; 
4 (R = Ph), 81987-81-7; 5 (R = Me) isomer 1,22152-23-4; 5 (R = Me) 
isomer 2, 17998-02-6; 5 (R = Et) isomer 1, 81987-82-8; 5 (R = Et) 
isomer 2, 81987-83-9; 5 (R = Pr) isomer 1, 55668-11-6; 5 (R = Pr) 
isomer 2, 55668-12-7; 5 (R = Ph) isomer 1, 63435-67-6; 5 (R = Ph) 
isomer 2, 6316-82-1; 6, 81987-84-0; 7, 26431-43-6; 8, 81987-85-1; 9, 
6336-79-4; MezSn(SPh)2, 4848-63-9; MezSnHz, 2067-76-7; 1,2- 
naphthoquinone, 524-42-5. 


'H NMR (CHZClz) 6 0.44 (12 H, 8, 'Jmn = 48.5-52 Hz, 3JHsn 


PhS SPh 


lb 
0-SnMe2 O A c  
I \  I 


8 9 


Me4Sn2C12 also gives 8, but in lower yield and with im- 
purities.12 With Et5SnaBr as the stannylene source, 8 (Et 
instead of Me) has been prepared in good yield, but with 
impurities which are hard to separate,12 and with Et5Sn21 
a t  20 OC the same Et  derivative is obtained, but only in 
44% yield. Again, lb  may be recommended here with 
respect to yields and easy workup. 


As mentioned, one must differentiate between a free 
stannylene mechanism and a concerted stannylenoid route. 
All observations during reactions 5, 6, and 7 concerning 
yields and reaction rate suggest that  reactions of the 
stannylene precursor lb  with carbonyl compounds take 
place via a stannylenoid mechanism, where the excited 
state 2 is complexed by the carbonyl compound. 


Experimental Section 
General Comments. All reactions were run under an argon 


atmosphere, because most of the organotin compounds used are 
sensitive to oxygen, especially the dibromodistannane la. Pho- 
tochemical procedures were carried out by using a 150-W high- 
pressure mercury lamp, TQ 150 Hanau, outside a quartz tube 
containing the reaction mixture. Temperature was maintained 
at 11 OC throughout the experiments: 'H NMR, Varian EM-360 
A, 60 MHz, chemical shifts in 6 against Me4Si. UV, Philips 
Unicam SP 1800, IR, Perkin-Elmer 457; mass spectra, Varian CH 
5; elemental analysis, Heraeus CHN Monar. 


Thermolysis of MezBrSn-SnBrMez, la. la (62 mg, 0.14 
mmol) and toluene (0.5 "01, internal standard) were refluxed 
in benzene (5 mL). Decomposition of la and formation of 
Me8nBrZ, Me3SnBr, and (MezSn), were monitored by analyzing 
samples of the reaction mixture at specified time intervals by 'H 
NMR (la, 0.62, MezSnBrz, 0.53, Me3SnBr, 0.30, and (MezSn),, 
0.72 ppm). The same procedure was carried out by starting with 
la and MezSnBrz (molar ratio 15). 


Thermolysis of Me(PhS)Sn-Sn(SPh)Mez, lb. l b  (504 mg, 
0.976 mmol) and toluene (3.9 mmol, internal standard) were 
refluxed in benzene (4 mL). The procedure was the same as with 
la: 'H NMR lb, 0.34, MezSn(SPh)z, 0.19, Me8SnSPh, 0.17 (es- 
timation of the latter two products by 'H NMR is not possible 
if one of them is present in large exceas), and (Mean),, 0.47 ppm. 
The same procedure was carried out by starting with l b  and 
MezSn(SPh)z (molar ratio 15). 


Photolysis of lb. Same procedure as described for thermolysis 
of l b  (see above) was used. 
1,2-Bis(phenylthio)tetramethyldistannane, Mez(PhS)Sn- 


Sn(SPh)Meu lb. To Mean(SPh)z (18.35 g, 50 "01) in diethyl 
ether (50 mL) at 20 "C was added MeanHz (5.1 mL, 50 mmol). 
After addition of 10 drops of pyridine in the dark, the solution 
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Reaction of Trimethylaluminum with Crown Ethers. The 
Synthesis and Structure of 


(Dibenzo-I 8-crown-6) bis(trimethyla1uminum) and of 
(1 5-Crown-5)tetrakis(trl"thylaluminum) 


Jerry L. Atwood," Duane C. Hrncir, Riz Shakir, M. Susan Dalton, Ralph D. Priester, and 
Robin D. Rogers 


Department of Chemistty, University of Alabama, University, Alabama 35486 


Received December 29, 198 1 


[AlMe3]2[dibenzo-18-crown-6] (I) and [A1Me3]4[15-crown-5] (11) have been prepared from the reactions 
of stoichiometric quantities of trimethylaluminum with dibenzo-18-crown-6 and 15-crown-5 in toluene. 
I crystallizes in the monoclinic space group P2,/c with lattice dimensions a = 11.500 (4) A, b = 17.816 (6) 
A, c = 7.545 (3) A, 0 = 105.39 (4)O, and D d d  = 1.19 g cm-3 for 2 = 2. I1 belongs to the monoclinic space 
group C2/c with lattice parameters a = 22.134 (8) A, b = 11.815 (5) A, c = 18.347 (7) A, @ = 135.07 (4)O, 
and D d  = 1.00 g cm4 for 2 = 4. Leasbsquares refinement gave a final R value of 0.037 for I (1059 observed 
reflections) and 0.072 for I1 (939 observed reflections). In I the six oxygen atoms of the crown adopt a 
chair configuration which allows a strong A1-0 interaction (the bond length is 1.967 (3) A). The benzo 
rings impart sufficient rigidity to prevent A1-0 bond formation to the neighboring oxygen atoms. 11, on 
the other hand, has considerable flexibility and can bind four M e 3  units. The Ala average bond distance 
is 2.005 (6) A. The fifth oxygen atom of the crown is oriented toward the inside of the ring and is not 
accessible for additional bond formation. I resides on a crystallographic center of inversion and 11, on a 
twofold axis. Both I and 11 react with a wide variety of ionic compounds of formulation MX (M = alkali-metal 
or similar ion; X = halide, pseudohalide, or related ion). 


Introduction 
The reaction of AlR3 with MX has been under inves- 


tigation for many years.'V2 The initial restriction of M to 
include only alkali-metal or tetraalkylammonium ions, and 
X to halide or pseudohalide ions has given way to ever- 
widening definitions. Thus, M may be such diverse ions 
as (CHJ2Tl+r3 (C6H6)2Cr+> or (C5H5)2Co+.4 The range of 
X is even more extensive: NO;: NO2-: CH3COO-,7 OH-: 
02-? CO?-,lo or 02-.11 Reactions leading to the formation 
of 1:l (eq 1) or 1:2 (eq 2) compounds were previously 


MX + AlR3 - M[A1R3X] (1) 


MX + 2AlR3 - M[A12&X] (2) 


carried out either neat or in aromatic solvents. The only 
limitation in the choice of MX is that the lattice energy 
of MX must be overcome by a temperature at  which both 
the alumhum alkyl and the resulting compound are stable. 
This meant that many of the important M[A12&X] could 
not be prepared (M = Na+ or Ba*, for example). We have 
found that the use of crown ethers together with aluminum 
alkyls to increase the solubility of MX in aromatic solvents 
affords a vast extension of the area. The aluminum alkyl 


(1) Ziegler, K.; Koster, R.; Lehmkuhl, H.; Reinert, K. Justus Liebigs 


(2) Atwood, J. L. Recent Deu. Sep. Sci. 1977,3, 195. 
(3) Seale, S. K.; Atwood, J. L. J.  Organomet. Chem. 1974, 64, 57. 
(4) Atwood, J. L.; Shakir, R., unpublished results. 
(5 )  Atwood, J. L.; Crissinger, K. D.; Rogers, R. D. J. Organomet. Chem. 


1978, 155, 1. 
(6) Priester, R. D.; Atwood, J. L., unpublished results. 
(7) Atwood, J. L.; Hunter, W. E.; Crissinger, K. D. J. Organomet. 


Chem. 1977, 127, 403. Zaworotko, M. J.; Rogers, R. D.; Atwood, J. L. 
Organometallics, in press. 
(8) Atwood, J. L.; Hrncir, D. C.; Priester, R. D., unpublished results. 
(9) Hmcir, D. C.; Rogers, R. D.; Atwood, J. L. J.  Am. Chem. SOC. 1981, 


103,4277. 
(10) Rogers, R. D.; Shakir, R.; Atwood, J. L., unpublished results. 
(11) Priester, R. D.; Atwood, J. L., unpublished results. 


Ann. Chem. 1960,629, 33. 


Table I. Bond Lengths (A ) and Angles (Deg) 
for [AIMe,],[dibenzo-18-crown-6] 


Bond Lengths 
1.967 (3) AI-C(11) 
1.982 (4)  Al-C(13) 
1.430 (5) O(1)-C(10) 
1.469 (4)  0(2)-C(3) 
1.408 (5) O( 3)-C( 5) 
1.509 (5)  C(3)-C(4) 
1.396 (5) C(5)-C(10) 
1.368 (6) C(7)-C(8) 
1.406 (6) C(9)-C(lO) 


1.967 
1.941 
1.392 
1.485 
1.354 
1.500 
1.393 
1.367 
1.379 


Bond Angles 
0(2)-Al-C(ll) 102.4 (2)  0(2)-Al-C(12) 102.2 (2)  
C(l1)-Al-C(l2) 114.8 (2)  0(2)-Al-C(13) 102.6 (2) 
C(ll)-Al-C(13) 117.1 (3) C(12)-Al-C(13) 114.7 (2) 
c(l)-Al-C(lO) 119.5 (3)  Al-O(2)-C(2) 117.2 (2)  
Al-O(2)-C(3) 123.2 (2 )  


forms a stable complex with the crown ether, but the 
substance readily dissociates to yield the desired compound 
according to the general reaction (3). We now wish to 


aromatic Mx 
solvent 


nA1R3 + CE12 - [A1R3],CE - 
WCEI  [Al&&I (3) 


discuss the ramifications of (3) and the structures of 
[AlMe3]2[dibenzo-18-crownS] and [A1Me3],[ 15-crown-51. 


Results and Discussion 
The strength of the A1-0 bond is known to be the 


thermodynamic driving force for the extreme water and 
oxygen sensitivity of aluminum alkyls. By the same token, 
the Lewis basicity of ethers such as diethyl ether, tetra- 
hydrofuran, or dioxane is sufficient to overcome dimer 
formation in trimethyl- or triethylaluminum and to lead 


(12) CE = 18-crown-6, dibenzo-18-crown-6, or 15-crown-5. 
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C 6 


Figure 1. Molecular structure and atom numbering scheme for 
[AlMe~]2[dibenzo-18-crown-6], I. The molecule resides on a 
crystallographic center of inversion. 


to a relatively strong donor-acceptor interaction. l3 The 
latter is, in fact, so substantial as to preclude the use of 
donor solvents for the bulk of our studies of the reaction 
of MX with a. Crown ethers, however, act to effect the 
transport of AlR3 to the X- moiety.14 With this in mind 
it is surprising to observe the structure of [A1Me312[di- 
benzo-18-crown-6], I, given in Figure 1. One might sup- 
pose that steric problems associated with the crown would 
lead to a weak A1-0 linkage. Contrary to this view, di- 
benzo-18-crown-6 has sufficient flexibility to make two of 
the oxygen atoms readily available as donor sites for the 
D e 3  The strength of the bond is revealed by 
the Al-0 length of 1.967 (3) A (Tables I and 11). This is 
marginally shorter than the 2.02 (2) A value found in 


The distortion of the plane of the oxygen atoms in di- 
benzo-18-crown-6 is considerable. O(2) resides 0.97 A out 
of the plane of O(l), O(l)’, 0(3), and O(3)’. The overall 
geometry is shown clearly in Figure 3 if one notes that the 
plane of C(2), 0(2), and C(3) makes an angle of 120° with 
that of O(l), O(l)’, 0(3), and O(3)’. 


The benzo rings in I impart sufficient rigidity to prevent 
Al-0 bond formation to the neighboring oxygen atoms. 
Only two AlMe3 molecules may be added to the dibenzo- 
18-crown-6 molecule,2l but the 15crown-5 moiety possesses 
greater flexibility. The structure of [ D e 3 I 4 [  15-crown-51, 
Figure 2, shows that the crown has, to a large extent, been 
turned “inside out”. In so doing four strong Al-0 bonds 
have been formed.n The independent bond lengths, both 


[~Me312[C4H8021 *20 


(13) Oliver, J. P. Adu. Organomet. Chem. 1977,15,235. 
(14) Atwood, J. L.; Hmcir, D. C.; Rogers, R. D.; Howard, J. A. K. J .  


Am. Chem. SOC. 1981,103,6787. 
(15) The oxygen atoms of 18crown-6 in the free molecule,16 the hy- 


drogen-bonded molecule,” and the alkali-metal bonding ligandI8 are 
normally planar. However, flexibility of the crown has been noted in the 
hydrated NaSCN complex of 18-cr0wn-6.~~ 


(16) Dunitz, J. D.; Seiler, P. Acta CrystalZogr., Sect. B 1974, B30,2739. 
(17) Vance, T. B.; Holt, E. M.; Varie, D. L.; Holt, S. L. Acta Crys- 


tallogr., Sect. B 1980, B36, 153. 
(18) Seiler, P.; Dobler, M.; Dunitz, J. D. Acta Crystallogr., Sect. B 


1974, B30,2744. 
(19) Dobler, M.; Dunitz, J. D.; Seiler, P. Acta Crystallogr., Sect. B 


1974, B30, 2741. 
(20) Atwood, J. L.; Stucky, G. D. J. Am. Chem. SOC. 1967,89,5362. 
(21) The title substances fall into the classification of “neutral mole- 


cule complexes”: see, for example: Newkome, G. R.; Taylor, H. C. R.; 
Fronczek, F. R.; Delord, T. J.; Kohli, D. K.; Vogtle, F., submitted for 
publication in J. Am. Chem. SOC. 


(22) The molecule contains a crystallographic two-fold axis which 
passes through O(3) and bisects the C(3)4!(3)’ bond. Therefore only two 
independent Al-0 lengths were determined. 


c4 


C6 


C8 


Figure 2. Molecular structure and atom numbering scheme for 
[AlMe3]4[15crown-5], II. The molecule contains a crystallographic 
twofold axis. 


0 D 


Figure 3. Stereoscopic view of the unit cell packing of I. 


2.005 (6) A (Table 111), are a t  the long end of the range 
of Al-0 interactions shown in Table I1 but should be re- 
garded as normal for neutral donor ligand complexes in 
which the aluminum atom is four-coordinate. 


O(3) (Figure 2) remains uncoordinated; this appears to 
arise as a result of constraints placed on the 15-membered 
ring. Indeed, O(3) is forced toward the interior of the 
system and is sterically unavailable for bond formation to 
another Lewis acid molecule. The position of O(3) and the 
overall distortion of the oxygen atoms from planarit? may 
be observed in Figure 4. 


The title compounds show that crown ethers will readily 
deviate from their usual configuration in the presence of 
aluminum alkyls. However, I and I1 react in a facile 
fashion with MX species as in 3 to transfer the AEt3 to an 
X- and to return the crown ether to its typical bonding 
mode. In subsequent contributions the synthesis of several 
new 1:l and 1:2 complexes (M[A1R3X] and M[Al2R6X]) 
and the structure of [ K*dibenzo-18-crown-6] [Al2Me6O2] 19 
[K.dibenzo-18-crown-6] [A12Me&1] ,24 [ K.dibenzo-18- 
crown-61 [A1Me3N03] ,25 [K*dibenzo-18-crown-6]- 
[ GaMe3NCS] ,26 and [ K=18-crown-6] [ GaMe3NCS] 26 will be 
described. In general reactions 1 and 2 can be effected at  
much lower temperature with the aid of the crown ether. 


Stereoscopic views of the unit cell packing of I and I1 
are shown in Figures 3 and 4, respectively. No unusual 


~~ ~~ 


(23) The five oxygen atoms are only planar to 0.25 k 
(24) Rogers, R. D.; Atwood, J. L., unpublished results. 
(25) Rogers, R. D.; Crissinger, K. D.; Atwood, J. L., unpublished re- 


(26) Zaworotko, M. J.; Atwood, J. L., unpublished results. 
sults. 
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Table 11. Comparison of Al-0 Bond Distances in Organoaluminum Compounds 


compd Al 0 dist, A ref 
[Me,AlOC(Ph)N(Ph)] -ONMe3 4 2 1.771 (7) U 


K[AlMe,(OPh), 1 4 2 1.79 (2) b 
[Me,AlOC(Ph)N(Ph)] , 4 2 1.805 (6) C 


[ ( s Hs )w(co) 3 ( AIMe 2 ) 1 3 4 2 1.81 (2) d 


AlMe,(ONNMeO)AlMe, 4 2 1.881 (6) e 


1.815 (8) 


[NMe,] [AlMe3(MeC00)] 4 2 1.83 (1) 7 
[NMe,] [Al,Me6(MeC00)] 4 2 1.871 (4) 7 


4 3 1.909 (6) 
2.004 (6) 


K2[~,Mei,S0,1 4 2 1.90 (2) f 
K, [ Al,Me, ,so,] -0. 5p-C6H,Me, 4 2 1.91 (3) f 


K[ AlMe3N03].C6H6 4 2 1.930 (6) 5 
K['2Me6N031 4 2 1.98 (3) 5 
Fe2(CSHS )2(c0)2(c0'AlEt,)2 4 2 2.00 (2) g 
[AsMe,] [AlMe,OAlMe,], 4 3 1.78 (2) h 


[K.DB-18-C-6] [A1Me,NO3]-0.5C6H6 4 2 1.92 (1) 25 


1.80 (2) 


1.84 (1) 


1.84 (1) 


[ Al 7 O6 cl 6 H4 8 1 ' c6 H5 Me 4 3 1.81 (2) 1 


[ A17°6 c1 6H48 1 'c6 H, 4 3 1.81 (1) 1 


[Me,AlOMe] , 4 3 1.851 (3) k 


[AlMe,] ,[DB-18-C-6] 4 3 1.967 (3) this study 
[ AlMe, ] , [ 15-C-51 4 3 2.000 (9) this study 


Mg[Al( OMe)ZMe2 1 2'C4H802 4 3 1.83 (4) j 


[ K- DB-1 8-C-6][ Al,Me6 0, ] -1 .5C6H6 4 3 1.86 (1) 9 


[MMe312[C4H8021 4 3 2.02 (2) 20 
[Me,AlOC(Ph)N(Ph)-MeCHO] , 5 3 1.868 (6) 1 


1.966 (6) 
2 2.047 (7) 


a Kai, Y.; Yasuoka, N.; Kasai, N.; Kakudo, M.; Yasuda, H.; Tani, H. Chem. Commun. 1971,940. Kerr, C. R.; Rogers, 
R. D.; Atwood, J. L., unpublished results. Kai, N.; Yasuoka, N.; Kasai, N.; Kakudo, M. J. Orgunomet. Chem. 1971,32, 
165. 
e Amirkhalili, S.; Hitchcock, P. B.; Smith, J. D. J. Chem. SOC., DuZton Truns. 1980, 2493. f Rogers, R. D.; Atwood, J. L., 
unpublished results. g Nelson, N. J.;.Kime, N. E.; Shriver, D. F. J. Am. Chem. SOC. 1969, 91, 5173. Zaworotko, M. J.; 
Atwood, J. L., unpublished results. 


J Atwood, J. L.; Stucky, G. D. J. Orgunomet. Chem. 1968, 13, 53. 
AZZg. Chem. 1973, 398, 241. Kai, Y.; Yasuoka, N.; Kasai, N.; Kakudo, M.; Yasuda, H.; Tani, H. Chem. Commun. 1969, 
575. 


Conway, A. J.; Gainsford, G. J.; Schrieke, R. R.; Smith, J. D. J. Chem. SOC. DuZton Truns. 1975, 2499. 


Rogers, R. D.; Priester, R. D.; Hrncir, D. C.; Atwood, J. L., unpublished results. 
Drew, D. A.; Haaland, A.; Weidlein, J. 2. Anorg. 


Table 111. 


O( 1)-Al( 1)-C( 6) 
c( 6)-Wl)-C(7 1 
C( 6)-Al( 1 )-C( 8) 
O( 2)-W 2)-c( 9 1 
C( 9)-Al( 2)-C( 10) 
C( 9)-Al( 2)-C( 11) 
Al( 1)-O( 1)-C( 1) 
Al( 2)-O( 2)-C( 3) 
Al( 2)-O( 2)-C( 2)' 


Bond Lengths (A ) and Angles (Deg ) for [ AlMe, 1, [ 15-crown-5 ] 


Bond Lengths 
2.005 (6) Al( 1 )-C( 6) 
1.99 (1) 1 )-C( 8 )  
2.005 (6) M2)-C(9) 
1.99 (1) Al(2)-C(11) 


Bond Angles 
102.2 (4) 
114.9 (5) 
117.1 (5) 
103.6 (4) 
116.8 (5) 
114.8 (6) 
123.2 ( 6 )  


129 (1) 
122.0 (5) 


O( 1 )-Al( 1)-C( 7) 
O( 1)-Al( 1)-C( 8) 
C( 7)-Al( 1)-C( 8) 
O( 2)-Al( 2)-C( 10) 
O( 2)-Al( 2)-C( 11) 
C( lO)-Al( 2)-C( 11 ) 
Al( 1 )-O( 1)-C( 5) 
Al( 1)-O( 1 )-C( 1)' 
Al( 2)-O( 2)-C( 2) 


1.90 (1) 
1.91 (1) 
1.94 (1) 
1.93 (1) 


101.2 (4) 
102.0 (4) 


99.7 (4) 
100.8 (4) 


110 (1) 


115.8 (5) 


117.1 (5) 
120.8 (5) 


112.3 (6) 


Figure 4. Stereoscopic view of the unit cell packing of 11. 
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Table IV. Crystal Data and Summary of Intensity Data 
Collection and Structure Refinement 


[AlMe,],[dibenzo- [AlMe3],[15- 
1 8 - ~ r 0 ~ n - 6 ]  crown-51 


504.6 508.6 
p2 1 IC  C2lc 


mol wt 
space group 
cell constants 


a,  A 
b,  A 
c, '4 
P ,  deg 


cell v01, A 
molecules / 


unit cell 


p (calcd), cm-I 
radiation, A 


Dcalcd, g Cm" 


nux crystal 
dimens, mm 


std reflctns 


variation of stds 
reflctns measd 
28 range, deg 
reflctns obsd 


no. of parameters 


goodness of fit 


R 


(1 > 341))  


varied 


(GOF) 


R w  


11.500 (4)  
17.816 (6)  


105.39 (4) 
1409.4 
2 


1.19 
1.45 
Mo KO! 


(0.710 69) 
0.30 X 0.45 X 


0.60 


7.545 (3) 


(0401, (4001, 
(002) 


f 2% 
201 8 
<42 
1059 


163 


0.85 


0.037 
0.038 


intermolecular contacts are noted. 


22.134 (8) 
11.815 (5)  
18.347 (7)  
135.07 (4)  
3388.5 
4 


1.00 
1.67 
MO Ko 


(0.7 10 69) 
0.20 X 0.35 X 


0.65 
(0401, (004) 


t 2% 
1150 
~ 3 6  
939 


14 1 


3.34 


0.070 
0.068 


Experimental Section 
AU reactions were carried out under a nitrogen atmosphere by 


using Schlenk techniques or an inert atmosphere box. Solvents 
were dried and degassed in the normal manner. The crown ethers 
were purchased from Aldrich Chemical Co., and the trimethyl- 
aluminum was purchased from Alfa Products. Both were used 
as obtained. 


Preparation of [A1Me31z[dibenzo-l&crown-6], I. A mixture 
of 1.00 mL of AlMe3 (0.01 mol) was added to a slurry of 1.80 g 
of dibenzo-18-crown-6 (0.005 mol) in ca. 20 mL of toluene. Re- 
action was immediate, but the mixture was heated to 50 'C for 
1 h, filtered, concentrated to ca. 10 mL, and cooled to room 
temperature. Colorless, extremely air-sensitive crystals resulted. 
The reaction is essentially quantitative. The same procedure with 
a fivefold excess of AlMe3 produced only [A1Me31z[dibenzo-18- 
crown-6], I. Reaction of I with acetone produces decomposition 
products and a quantitative recovery of dibenzo-18-crown-6. 


Preparation of [ A1Me3l4[ 15-crown-51, 11. The colorless, 
extremely &-sensitive crystalline material was produced by using 
the above-mentioned procedure. In all mole ratios (AlMe3:15- 
crown-5) from 1:1 to 8:1, the only crystalline product obtained 
was 11. 


X-ray Data Collection, Structure  Determination, and 
Refinement for [A1Me3]2[dibenzo-18-crown-6], I. Single 
crystals of the compound were sealed under N2 in thin-walled glass 
capillaries. Final lattice parameters as determined from a 
least-squares refinement of (sin 0/A)2 values for 15 reflections (0 
> 20') accurately centered on the diffractometer are given in Table 
IV. The space group was uniquely defined by systematic absences 
to be R1/c.  


Data were collected on an Enraf-Nonius CAD-4 diffractometer 
by the 8/28 scan technique. The method has been previously 
de~cribed.~' A summary of data collection parameters is given 
in Table IV. The intensities were corrected for Lorentz and 
polarization effects, but not for absorption. 


(27) Holton, J.; Lappert, M. F.; Ballard, D. G. H.; Pearce, R.; Atwood, 
J. L.; Hunter, W. E. J. Chem. Soc., Dalton Tram. 1979, 46. 


Table V. Final Fractional Coordinates for 
IAlMe. 1 .Idibenzo-l8-crown-61 


atom x / a  Y / b  z/c 


Al 0.1286 (1) -0.13073 (8) -0.0625 (2)  
0(1) 0.3831 (3)  0.0597 (2)  -0.2325 (4) 
O(2) 0.2187 (2) -0.0398 (2)  0.0395 (3)  
O(3) 0.4285 (3)  -0.0613 (2) 0.3416 (4) 


0.2789 (4 j  
0.3168 (4) 
0.2324 (4) 
0.3117 (4) 
0.5171 (4)  
0.5118 (5) 
0.6101 (5)  
0.7148 (5)  
0.7226 (4)  
0.6231 (4)  
0.0058 (4)  
0.0663 (5)  
0.2531 (6)  


0.0501 (2 j 
-0.0163 (3) 
-0.0138 (3) 
-0.0661 (3) 
-0.1068 (2) 
-0.1514 (3) 
-0.1932 (3) 
-0.1923 (3)  
-0.1482 (2) 
-0.1066 (2)  
-0.1364 (3)  
-0.1044 (3) 
-0.2074 (3) 


-0.1656 (6)  
-0.0393 (6)  


0.2310 (5) 
0.3664 (5)  
0.4384 (5)  
0.5882 (6)  
0.6758 (6)  
0.6225 (6)  
0.4716 (6) 
0.3824 (5) 
0.0735 (7) 


-0.3260 (6)  
-0.0113 (7)  


Table VI. Final Fractional Coordinates 
for [ AlMe, ] ,[ 15-crown-5 ] 


atom x /a  


Al(1) 0.1707 (2)  
Al(2) 0.1469 (2)  
O(1) 0.0868 (4) 
O(2) 0.0735 (4)  
O(3) 0.0000 
C(l)(l 0.0989 (8) 
C(2) 0.0749 (8) 
C(1)' 0.063 (2) 
C(21' 0.097 (2)  


Y / b  
0.3832 (3) 


0.3406 (6) 
0.0482 (5)  
0.4081 (8) 
0.239 (1) 
0.151 (1) 


0.170 (2)  


-0.0806 (3) 


0.212 (3) 


-0.0077 (6) 0.0294 (8) 
0.0073 (6)  0.4759 (8) 
0.0055 (5)  0.4031 (9)  
0.1650 (7)  0.544 (1) 
0.2786 (6)  0.318 (1) 
0.1247 (7)  0.308 (1) 
0.1209 (7)  -0.2009 (9)  
0.2614 (6) -0.009 (1) 
0.1026 (7)  -0.103 (1) 


z/c 
0.6118 (2)  
0.4875 (2)  
0.4621 (4)  
0.3908 (4)  
0.2500 
0.4223 (9)  
0.447 (1) 
0.449 (2)  
0.399 (2) 
0.2838 (7)  
0.3197 (7)  
0.3843 (7)  
0.6058 (9)  
0.6639 (8) 
0.6559 (8) 
0.3969 (8) 
0.5767 (8) 
0.5469 (9)  


a Atoms C(1) and C(2) have occupancy factors of 0.75 
(1 ); atoms C( 1 )' and C( 2)' have occupancy factors of 
0.25 (1). 


Calculations were carried out with the SHELX system of 
computer programs.% Neutral atom scattering factors for Al, 
0, and C were taken from Cromer and Waber." Scattering factors 
for H were from ref 30. 


The structure was solved by the straightforward application 
of the direct methods program MULTAN.'l Least-squares re- 
finement with isotropic thermal parameters led to R = CIIF, - 
F,II/CIFol = 0.090. Hydrogen atoms were located with the aid 
of a difference Fourier map, but their parameters were not rehed. 
Refinement of the nonhydrogen atoms with anisotropic tem- 
perature factors and inclusionof the hydrogen atom contributions 
gave f d  values of R = 0.037 and R, = lCzu(F,, - F32/C.w(Fb2)1/2 
= 0.038. A final difference Fourier map showed no feature greater 
than 0.3 e/A3. Unit weights were used at all stages of refinement. 
The positional parameters are given in Table V, and the tem- 
perature factors are available e l~ewhere .~~ 


X-ray Data Collection, Structure  Determination, and 
Refinement for [A1Me314[ 15-crown-S], 11. The compound was 
manipulated and data collected in the same manner as for I. In 


(28) SHELX, a system of computer programs for X-ray structure 


(29) Cromer, D. T.; Waber, J. T. Acta Crystallogr. 1966, 18, 104. 
(30) "International Tables for X-ray Crystallography"; Kynoch Press: 


(31) Germain, G.; Main, P.; Woolfson, M. M. Acta Crystallogr., Sect. 


(32) See paragraph at the end of paper regarding supplementary ma- 


determination by G. M. Sheldrick, 1976. 


Birmingham, England, 1974; Vol. IV, p 72. 


A 1971, A27,368. 


terial. 
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the course of the refinement of the data, disorder w a  noted with 
regard to atoms C(1) and C(2). On the basis of relative peak 
heights, initial occupancies of 0.75 were assigned to C(1) and C(2) 
and 0.25 to C(1)’ and C(2)’. These factors were refined for three 
cycles in the following manner: refinement of C(l) and C(2) ( x ,  
y, z )  and Vs only, refinement of C(1)’ and C(2)’ only, and re- 
finement of the occupancy factors only (the total was constrained 
to equal 1.0). This produced values of 0.75 (1) and 0.25 (1). C(1)’ 
and C(2)’ could not be refined with anisotropic thermal param- 
eters. Final positional parameters are given in Table VI, and 
temperature factors are available elsewhere.s2 
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(qS-CSMe6)2HfH2, 1, has been shown to react smoothly with RN3 (R = Ph, p-tolyl) to afford moderately 
stable triazenido complexes of hafnium, (q6-CsMes)2HfH(NHNNR), 2. Upon thermolysis at 80 “C, 2 loses 
dinitrogen to form hafnium arylamido complexes (q6-C5Mes)2HfH(NHR), 4, which can alternatively be 
prepared from 1 and RNH2. Treatment of 1, 2, or 4 with excess RN3 results in rapid formation of 
($-CsMeS)2Hf(NHR)2, which can also be prepared from 4 and RNHz at 80 “C. 


Introduction 
The reactions of organic azides, RN3, with transition- 


metal complexes are varied, but usually result in the loss 
of molecular nitrogen and addition of the “RN” fragment 
to the metal‘s coordination sphere.’ The “RN” moiety can 
be incorporated either as a coordinated nitrene (imido) 
ligand or as the product of a coupling or insertion reaction 
between “RN” and another coordinated ligand. Since 
organic azides are known to be excellent sources of free 
nitrenes (R-N) in photoassisted and thermal reactions,, 
i t  is not surprising that early workers often attributed 
organometallic nitrene-like products to the interactions of 
free nitrenes with metal complexes. 


A 
R-N: + :N=N: 


Most nitrenes have triplet ground states and are extremely 
reactive.2 I t  would be surprising if such species were 
particularly selective in their reactions with organometallic 
complexes. Indeed, evidence is compelling that rarely, if 
ever, are free nitrenes involved in reactions of metal com- 
plexes with organic azides. Instead, most of these reactions 
probably proceed via metal azide intermediates which 
subsequently lose dinitrogen. 


Transition-metal hydrido complexes are often quite 
reactive toward these azides. In some instances unexpected 
products are obtained. For example, RhH(dppe)2 is re- 
ported to react with tosyl azide to afford a dimeric di- 
imide-bridged complex [Rh(dppe)2]2(p-TosNNTos),S while 
the same azide reacts with OsH4(PEtPh2), to give the 
monomeric dinitrogen species OsH2(N2) (PEtPh2)3 and 
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tosyl amine.4 The most common products from the re- 
actions of transition-metal hydrides with organic azides, 
however, are metal amido complexes, formally resulting 
from the insertion of the “RN” fragment of the azide into 
a metal-hydride bond. Typical examples include trans- 
Pt(NHPh)C1(PPh3), from PhN3 and PtHC1(PPh3),,5 Re- 
(NHC(0)Ph)(CO),(PPh3), from benzoyl azide and ReH- 
(C0)2(PPh3)3,’ (a6-C6H6)W(C0)3(NHTos) from ($- 
C6H6)WH(CO)3 and tosyl azide: and Os3H(p-NHTos)- 
(CO),, from tosyl azide and O S ~ H , ( C O ) ~ ~ ~  Although 
several authors have speculated on the mechanisms by 
which these amido complexes form, no convincing evidence 
has been advanced to support any of the proposed mech- 
anisms. The isolation of the monosubstituted triazenido 
complexes W(N0) (NHNNTol) (CO) (PPh3), and Re- 
( N H N N T O ~ ) ( C O ) ~ ( P P ~ ~ ) ~  from the reactions of p-tolyl 
azide with WH(NO)(C0)2(PPh3)2 and ReH(C0)2(PPh3)3, 
respectively, suggested triazenido complexes might be 
reactive intermediates in the formation of amides from 
azides and metal hydrides.* It is known that free phe- 
nyltriazene, PhN=N-NH2, decomposes above -20 “C to 
give aniline and dinitrogen quantitatively, an observation 
compatible with the suggestion that triazenido complexes 
might be unstable with respect to dinitrogen loss and 
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(4) (a) Bell, B.; Chatt, J.; Leigh, G. J. J. Chem. SOC., Dalton 7’rans. 
1973,997. (b) Bell, B.; Chatt, J.; Leigh, G. J. Chem. Commun. 1970,576. 
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Table I. Infrared and 'H NMR Spectra 


compd IR, cm-' 'H NMRf (multiplicity, re1 ink,  assignt) 
Cp*,HfH( NHNNPh ), 2 a 


Cp*,HfH(NHNNTol), 2b 


Cp*,HfH( NTolNNTol), 3 
mol wt 683 (674 calcd) 


Cp* HfH( NHPh ), 4a 


Cp*,HfH(NHTol), 4b 


Cp* Hf (NHPh ) , , 5a 


Cp* ,Hf(NHTol),, 5b 


mol wt 484 (556 calcd) 


mol wt 596 (661 calcd) 


v(NH) 3340asb 
u(NNN) 1 2 9 7 ' ~ ~  
v(HfH) 1650 (br) 
u(NH) 3343e 
v(NNN) 1302d 
v(HfH) 1635 (br) 
v(NNN) 130ldle 
v(HfH) 1630 (br) 


u(NH) 3353" 
v(HfH) 1642 (br) 
v(NH) 3350e 
v(HfH) 1640 (br) 


v(NH) 3365e 


u(NH) 3365e 


1.80 (s, 30 H, C,(CH,),), 7.1 (m, 5 H, NC,H,), 
8.13 (br s, 1 H, NH),P 11.20 (s, 1 H, H M )  


1.83 (s, 30 H, C,(CH,),), 2.13 (s, 3 H, C,H,CH,), 
7.33 (AA'BB q, 4 H, C,H,CH,), 8.07 (br s, 1 H, 
NH), 11.20 (s, 1 H, HfH) 


1.89 (s, 30 H, C,(CH,),), 2.13 (s, 3 H, C,H,CH,), 
2.20 (s, 3 H, C,H,CH,), 7.13 (AA'BB' q ,  4H, 
C,H,CH,), 7.37 (AABB' q, 4 H, C,H,CH,), 
11.20 (s, 1 H, HfH) 


1.93 (s, 30 H, CJCH,),), 4.27 (br s, 1 H, NH),h 
6.8 (m, 5 H, NC,H,), 11.60 (s, 1 H, H M )  


1.93 (s, 30 H, C,(CH,),), 2.20 (s, 3 H, C,H,CH,), 
4.43 (br s, 1 H, NH), 6.70 (AA'BB' q, 4 H, 
C,H,CH,), 11.40 (s, 1 H, HfH) 


1.80 (s, 30 H, C,(CH,),), 4.83 (br s, 2 H, NH),' 
6.8 (m, 10 H. NC,H.) 


1.82 (s, 30 H, C,(CH,j,'), 2.15 (s, 6 H, C,H,CH,), 
4.82 (br s, 2 H, NH), 6.70 (AA'BB' q ,  8 H, 
C6H4CH3) 


aRecorded in C,D, solution. b2a-y-'SN, 3334 cm-I. C2a-(u-15N, 1276 cm-l; 2a-7-lSN, 1292 cm-I. dCoupled strongly to 
u(CN). eRecorded in Nujol mull. fRecorded in C.D. solution, chemical shifts reported in 6 from internal SiMe,. g'J1sNH 
='74 H Z ,  , J ~ ~ N H  = 9 HZ. "JtsNH = 63 HZ. i1J1,~~"="664 HZ 


formation of metal amido spe~ ies .~  The above tungsten 
and rhenium triazenido complexes, however, have not been 
observed to readily lose dinitrogen. An interesting recent 
report describes the isolation and structural characteri- 
zation of OS,H(NHNNP~)(CO)~~ from the reaction of 
O~H2(CO)lo and phenyl azide; this compound decomposes 
upon thermolysis with extrusion of dinitrogen to give 
O S ~ H ~ ( C O ) ~ ( ~ ~ - N P ~ )  in moderate yield.I0 


Herein we report the results of our study of the inter- 
action of phenyl and p-tolyl azides with (q5-C5Me5)2HfH2 
to give isolable, moderately stable monosubstituted aryl- 
triazenido complexes of hafnium, (q5-C5Me5)2HfH- 
(NHNNR). Upon thermolysis a t  80 "C these triazenido 
complexes undergo an apparent hydrogen migration with 
loss of dinitrogen to cleanly yield the amido complexes 
(q5-C5Me5)2HfH(NHR). Reaction of either the triazenido 
complex or the amido complex with another equivalent of 
azide produces the bis(amido) complexes ( ~ ~ - c ~ M e ~ ) ~ H f -  
(NHR)2. 


Results and Discussion 
Phenyl and p-tolyl azides react with benzene solutions 


of Cp2*HfH2 (1),l1 (Cp* q5-C5Me5) to give moderately 
stable monosubstituted triazenido complexes Cp2*HfH- 
(NHNNR) (2) (eq 1) as air-sensitive, light yellow crystalline 


H H 


2a, R =  Ph 
b, R = To1 


materials. Labeling studies with Ph15NNN and Ph"I5N 
clearly show that the y-nitrogen atom of the azide formally 
inserts into a hafnium hydride bond: the 'H NMR spec- 
trum of 2a-yJ5N (prepared from Ph"15N) exhibits Jsm 
= 74 Hz indicative of one-bond 15NH coupling while the 
spectrum of 2a-aJ5N (prepared from Ph15NNN) exhibits 


(9) Dimroth, 0. Ber. Dtsch. Chem. Ges. 1907,40, 2376. 
(10) Burgess, K.; Johnson, B. F. G.; Lewis, J.; Raithby, P. R. J. Or- 


gonomet. Chem. 1982,224, C40. 
(11) Abbreviations used: Cp* = q6-C5(CH3)s, dppe = (C,&)2PCH& 


HzP(C&)z, Et = CHzCH,, Me = CH3, Ph = CBH6, To1 = p-CH3C6H4, 
TOE = p-CH&HdSOz. 


Jsm = 9 Hz, consistent with three-bond 15NH coupling.12 
Interestingly, the hydride ligand of 2a is not coupled 
strongly ( 2 J w  < 1 Hz) to either the a- or y-nitrogen atom. 
1 reacts with 1,3-di-p-tolyltriazene, TolN=N-NHTol, 
with vigorous evolution of hydrogen to give bright orange, 
air-stable crystals of the di-p-tolyltriazenido analogue of 
2, Cp2*HfH(NT01"T01) (3), nearly quantitatively (eq 2). 


Cp;HfHH t TolN=N-NHTol - H2 t 
'H 


1 


3 
The formulation of 2 and 3 as monomeric, 18-electron 


species containing chelating (as opposed to monodentate 
or bridging) triazenido ligands is based on a molecular 
weight measurement and theii infrared spectra. Both 2 
and 3 exhibit strong bands at  1300 cm-l associated with 
4N3) of the triazenido ligands, but no bands at  1150 or 
1210-1190 cm-', which Robinson has proposed as indica- 
tive of monodentate or bridging triazenido ligands, are 
observed.', There is some debate, however, concerning 
the validity of such assignments based on IR evidence 
a10ne.I~ It should be noted that while the band which 
appears at 1297 cm-l in 2a shifts to 1276 cm-' in 2a-a-15N 
(A = 21 cm-'), a much smaller isotopic shift is observed 
(1292 cm-', A = 5 cm-l) in 2a-y-I5N, suggesting this band 
is a coupled mode containing a strong v(CN) component 
in addition to v(N3). The solution infrared spectrum 
(C6D6) of 2 exhibits a single, sharp band at  3340 cm-' for 
v(NH). The hafnium-hydride stretching modes for both 
2 and 3 appear as broad absorptions at ca. 1650 cm-'. The 


(12) The 'Jism = 74 Hz for 2a compares to VisNH = 78.6 Hz for 
Ph"NH2 in CDClS. Although there are no reported through-nitrogen 
3Jism (Le., 16NNNH) for comparison, the 6.6-Hz 3 J 1 w  for PhlSNHN= 
CHPh suggests the observed V1sm = 9 Hz for 2a is reasonable. See: 
Witanoweki, M., Webb, G. A., E%. 'Nitrogen NMR"; Plenum Preas: New 
York, 1973; p 263 and references therein. 


(13) Laing, K. R.; Robinson, S. D.; Uttley, M. F. J. Chem. Soc., Dalton 
Tram. 1974, 1205. 


(14) Knoth, W. H. Znorg. Chem. 1973, 12, 38. 







Monosubstituted Triazenido Complexes 


lH NMR spectrum of 3 shows inequivalent tolyl reso- 
nances, consistent with either a chelate (eq 2) or mono- 
dentate structure for the TolNNNTol- ligand. 


Crystals of 2 are stable for months at  -20 "C under N2; 
however, benzene solutions of 2 decompose slowly at  room 
temperature and more rapidly (ca. 12 h) a t  80 "C with 
concomitant dinitrogen evolution to afford the lemon 
yellow arylamido complexes Cp,*HfH(NHR) (4), which 
can be prepared more conveniently by the reaction of the 
appropriate primary amine with 1 (eq 3 and 4). When 


H 


Cpz H f -N  / H  t Nz (3)  * I  / R  8 0  'C ~ Cp2*Hf 
h d k  'NHR 


4a, R = Ph 
b, R = To1 


H/ 


2 
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Cp;HfAH t H2 
25 'C 


Cp;Hf<H t RNH, - 
H \NHR 


(4) 


1 4a,b 


reaction 3 is carried out with 2a-aJ6N, the exclusive 
products are 4 a 3 N  (.AsNH = 63 Hz) and 14N=14N (mass 
spectrometry (eq 5));  likewise, thermolysis of 2 a - 9 N  gives 


H 


t Nz (5) * I  '5 /Ph - 80 ' C  CpZ*Hf /H 
C p z  Hf-N 


,N I -.ll - N '"NHPh 


H' 4aJ5N 
2 a - d 5 N  


only 4a-14N with liberation of lsN=14N. Although no 
detailed kinetic studies have been undertaken, the di- 
nitrogen extrusion was shown to be an intramolecular 
process by a crossover experiment in which a mixture of 
2b-d2, prepared from Cp2*HfD2 (l-d2) and TolN3, and 
2a-aJ6N was observed to yield only 4b-d2 and 4a3" upon 
thermolysis (eq 6). In contrast to 2, solutions of 3 are 


H D 


2a-cPN 2b-d2 
D 


* yH t CPZ * Hf, / t 2N2 


q5NHPh NDTol (6) 
CPZ Hf 


4a-"N 4b-d 


thermally stable with respect to nitrogen loss; 3 can be 
recovered quantitatively from benzene solutions after days 
at  150 "C. 


Two possible mechanisms for formation of 4 from 2 are 
illustrated in Scheme I. Pathway A requires the in- 
volvement of the hydride ligand of 2 to give a coordinated 
triazene intermediate 6. Cleavage of the N-N single bond 
in 6 gives a diazo complex 7 which could undergo an a 
elimination to give 4 and dinitrogen. Two points argue 
against this pathway. First, the requirement of a hydrido 
triazenido complex is implied if Nz loss is to occur. 
However, the addition of RN3 to 4 to give the bis(amido) 
complexes CP,*H~(NHR)~ (5) (see below) is not consistent 
with this notion. Second, compounds such as 7 would be 
expected to be stabilized with aryldiazo ligands (cf. (os- 
C6H6)Mn(CO)z(NPhN)-,15 hence the much higher thermal 


(15) Sellmann, D.; Weiss, W. Angew. Chem., Znt. Ed. Engl. 1977,16, 
880. 


Scheme I 


r 


A B C 


Figure 1. The three possible structural geometries of 4. A 
represents the geometry required for effective P overlap between 
Hf d and N p orbitals; the amido substituents are 1 to the yz 
plane. B represents the sterically least crowded conformation. 
C has no Hf-N P interaction. 


stability of 3 does not seem compatible with this mecha- 
nism. 


Pathway B appears more likely. In B, the triazenido 
proton of 2 undergoes a 1 , 3  hydrogen shift (perhaps via 
an a-N bound azide species) to give 8, from which N2 loss 
would clearly give 4. If B represents an important mech- 
anistic pathway for the 2 - 4 conversion, then the higher 
themal stability of 3 is not a t  all surprising. 


It is interesting that while 2 is susceptible to thermal 
decomposition to give the amido complex, 4, the mono- 
substituted triazenido complexes W(NO)(NHNNTol)- 
(CO)(PPh,), and R~(NHNNTO~)(CO),(PP~,)~ seem stable 
with respect to dinitrogen loss. The high activation energy 
expected for transformation from an octahedral d6, 18- 
electron closed-shell configuration to a five-coordinate d6, 
16- or 18-electron configuration could well be responsible 
for their inertness. It is noteworthy that when ReH- 
(C0)2(PPh3)3 is treated with benzoyl azide (instead of aryl 
azide), the anticipated amido complex is indeed f0rmed.l 


The 'H NMR spectrum of 4 is interesting in that the 
Cp* resonances are equivalent: 4b exhibits a single reso- 
nance for all 30 Cp* protons even at -65 "C at  500 MHz. 
Effective a overlap between the la l  LUMO of Cp2*MX2 
compounds, which is directed in the yz plane between the 
rings (see Figure l), and the amido nitrogen requires in 
4b that the amido proton be directed toward one ring and 
the tolyl group toward the other (formalism A in Figure 
l), resulting in chemically inequivalent rings.16 In light 
of the observed ring equivalence and barring accidental 
degeneracy, either the barrier to rotation about such a 
Hf-N multiple bond is very small (in contrast to typical 
values of ca. 10-15 kcal/mol for transition metal di- 
alkylamidesl') or, less likely, the amide does not donate 
a considerable amount of a-electron density to the metal 
and consequently acts merely as a u "pseudohalogen" do- 


(16) Lauher, J. W.; Hoffmann, R. J. Am. Chem. SOC. 1976,98, 1729. 
(17) (a) Chisholm, M. H.; Cotton, F. A.; Frenz, B. A.; Reichert, W. W.; 


Shiv, L. W.; Stulta, B. R. J.  Am. Chem. SOC. 1976,98,4469. (b) Chisholm, 
M. H.; Cotton, F. A.; Extine, M.; Stulta, B. R. Ibid. 1976,98,4477. 
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nor (formalism C in Figure 1).l8 Marks has reported that 
similar complexes, Cp2*MCl(NMe2) (M = Th, U),l9 like- 
wise show equivalent Cp* resonances but inequivalent 
amido methyl resonances in their 'H NMR spectra; for-  
bital participation in out-of-plane T bonding was invoked 
to explain these observations (corresponding to formalism 
B in Figure 1). The high solubility of 4 in most solvents 
(even in cold petroleum ether) has prevented isolation of 
crystals suitable for an X-ray study to elucidate the in- 
teresting metal-nitrogen bonding in 4, but we are pursuing 
this problem by using less sterically demanding amides, 
e.g., Cp,*HfH(NHMe). 


Compound 2 undergoes an immediate reaction at 25 "C 
with a second equivalent of azide with concomitant evo- 
lution of 2 equiv of dinitrogen to yield Cp2*Hf(NHR)2 (5) 
as beautiful pale yellow crystals (eq 7). The reaction is 


H 


(7 1 


Hillhouse and Bercaw 


5a, R = Ph 
b, R = To1 


x /  RNHp, 80 'C ,/ 
C P L  Hf, 


- H 2  NHR 
(9) 


4 


complete in minutes in contrast to reaction 3 which re- 
quires hours a t  elevated temperatures to effect N2 loss. 
The dramatic increase in the rate of nitrogen loss upon 
addition of the second equivalent of RN3 suggests that an 
unobserved bis(triazenid0) intermediate, [Cp2*Hf- 
(NHNNR),], which rapidly loses N2 in a stepwise fashion, 
might be involved. It is possible that the triazenido ligand 
of 2 is stabilized by chelation, while the proposed inter- 
mediates [Cp,*Hf(NHNNR),] and [Cp2*Hf(NHR)- 
(NHNNR)] must have at least one monodentate triazenido 
ligand which, in the absence of chelation, rapidly loses 
dinitrogen.20 3 does not react with RN3 even at  80 "C 
although this might be due to steric factors. Alternatively, 
4 might be an intermediate in reaction 7; if so, then the 
production of 4 from 2 must be catalyzed by RN3 in some 
way. Treatment of 4 with an excess of aryl azide does 
result in immediate liberation of dinitrogen and quanti- 
tative production of 5 (eq 8). Labeling studies again show 
that only the a-nitrogens of the aryl azides are incorporated 
into the amido ligands of 5 (J1sNH = 65 Hz for 5a-15N). 
Finally, thermolysis (80 "C, 24 h) of 4 in the presence of 
aniline or p-toluidine results in the formation of 5 with 
evolution of an equivalent of hydrogen (eq 9). 


Conclusions 
Although the reactions of organic azides with metal 


hydrides are known often to give metal amido species, little 
is known about how these interactions occur. In some 


cases, such as with tin hydrides, free radical mechanisms 
are implicated.21 For the vast majority of the cases in- 
volving transition metals, a mechanism involving initial 
formation of a monosubstituted triazenido species followed 
by a formal hydrogen migration with N2 loss is appealing. 
For the compounds trans-Pt(NHPh)Cl(PPh,),, (q5- 
C&)W(CO)3(NHT~), and Re(NHC(O)Ph)(C0)2(PPh3)2, 
all produced from RN3 and metal hydrides (see above), the 
corresponding diaryltriazenido analogues Pt- 


and Re(NPhNNPh)(CO)2(PPh3)223 are known, suggesting 
similar monosubstituted triazenido intermediates are not 
unreasonable. 


We consider it likely that the reaction of Cp2*HfH2 with 
RN3 is unusual only in that the initially formed 
Cp2*HfH(NHNNR) has moderate kinetic stability, allow- 
ing its isolation. The reaction of other transition metal 
hydrides, M-H, with RN3 is probably quite general to give 
monosubstituted triazenido (M-NHNNR) complexes, but 
most undergo a rapid decomposition to the thermody- 
namically favored amido complexes (M-NHR) and di- 
nitrogen. 


Experimental Section 
General Considerations. Compounds were handled in an 


inert atmosphere glovebox and reactions effected by using 
high-vacuum techniques. Gas evolution measurements were 
performed by using standard Toepler techniques and the identities 
of the gases determined by mass spectrometry (DuPont 21-492 
instrument) or by burning the gases over CuO with use of a 
Toepler pump for circulation. Rigorously anhydrous, oxygen-free 
solvents were vacuum transferred from green "titanocene"" and 
used throughout. Infrared spectra were recorded in Nujol and 
fluorinated hydrocarbon mulls or in C6Ds solution by using a 
Beckman 4240 spectrophotometer and were calibrated with a 
polystyrene film. Proton NMR spectra were recorded in c6D6 
with an internal SiMe, reference by using a Varian Associates 
EM 390 (90 MHz) spectrometer. High-field, low-temperature 
proton spectra were obtained on a Bruker WM-500 (500-MHz) 
instrument in C7DB solution. Open-faced, screw-capped 5-mm 
NMR tubes equipped with gas tight septa (Wilmad, Inc.) were 
used with a microliter syringe in the titration studies of Cp2*HfH2 
with RN3. Elemental analyses and molecular weight measure- 
ments were performed by Alfred Bernhardt (West Germany) and 
Galbraith, Inc. (Knoxville, Tenn.). 


Cp2*HfH2 was prepared from Cp2*HfC12, n-BuLi, and H2 and 
was recrystallized from petroleum ether.2s Cp2*HfD2 was pre- 
pared by stirring a toluene solution of Cp2*HfH2 under 1 atm of 
D2 for 48 h a t  ambient temperature. Phenyl and p-tolyl azides 
were prepared from the Corresponding diazonium salts and sodium 
azide% and vacuum distilled under N2 (PhN3, 51 "C (10 torr); 
TO& 53 "C (3 torr)). The resulting yellow oils were diluted with 
30/60 petroleum ether or c@6 to give -2.5 M solutions and stored 
over 4-A molecular sieves under N2 Phenyl azide isotopically 
labeled with nitrogen-15 in the a-position (Ph15NNN) was pre- 
pared similarly from [Ph16NN] [BF,], made by the diazotization 
of PhlSNH2 (99% lSN, Stohler Isotope Chemic&). The resulting 
azide was diluted with C p 6  and dried over MgSO, and 4-A sieves 
but was not distilled. Phenyl azide selectively labeled with ni- 
trogen-15 in the y-position (PhNN'6N) was prepared from phe- 
nylhydrazine and Na16N02 (99% 16N, Stohler Isotope Chemic&) 
in dilute HCl at -5 oC.n The labeled azide was extracted from 


(NPh"Ph)C1(PPh3)2,13 (q5-C6H5)W(C0)2(NP~~h) ,22  


(18) An editor suggested that the low barrier to rotation of the NHR 
ligand might be ascribed to formation of an intermediate [Cps*Hf- 
(NH2R)] in which the H's are in a nonclassical, semibridging position 
between Hf and N. To test this hypothesis, we prepared Cp,*HfH- 
(NDTol) (from CpF*HfH2 and TolND2) but observed no H-D exchange 
between the hydride and the amide positions (<2 days, 25 "C), thus 
eliminating this mechanism for facilitating NHR rotation. 


(19) Fagan, P. J.; Manriquez, J. M.; Vollmer, S. H.; Day, C. S.; Day, 
V. W.; Marks, T. J. J. Am. Chem. Soc. 1981,103, 2206. 


(20) We thank a reviewer for pointing out the possible correlation 
between chelation and stabilization of these monosubstituted triazenido 
ligands. 


(21) Frankel, M.; Wagner, D.; Gertner, D.; Zilkha, A. J .  Organomet. 


(22) Pfeiffer, E.; Kuyper, J.; Vrieze, K. J. Orgammet. Chem. 1976,105, 


(23) Haymore, B. L., unpublished results. 
(24) Marvich, R. H.; Brintzinger, H. H. J. Am. Chem. SOC. 1971,93, 


(25) Roddick, D. M.; Fryzuk, M. D.; Seidler, P. F.; Bercaw, J. E., 


Chem. 1967, 7, 518. 


371. 


2046. 


manuscript in preparation. 


739. (b) Clusius, K.; Weisser, H. R. Zbid. 1952, 35, 1548. 


(26) Noelting, E.; Michel, 0. Ber. Dtsch. Chem. Ges. 1893, 26, 86. 
(27) (a) Clusius, K.; Schwarzenbach, K. Helu. Chim. Acta 1959, 42, 







Monosubstituted Triazenido Complexes 


the aqueous solution by using C a 6  and washed several times with 
HzO to remove residual acid. The resulting solution was dried 
and stored over sieves but was not distilled. Technical grade 
p-toluidine (MCB) was sublimed prior to usage. 1,3-Di-p- 
tolyltriazene was prepared by the literature method.= 


Preparation of Cp,*HfH(NHNNTol), 2b. To a rapidly 
stirred solution of Cp2*HfH2 (0.30 g, 0.7 "01) in 10 mL of toluene 
was added 0.95 equiv of TolN3 (0.25 mL of a 2.45 M solution). 
The mixture was stirred at  0 "C for 15 min, then the volume of 
solvent was reduced under vacuum to -2 mL, and petroleum 
ether (5 mL) was added to precipitate light yellow crystals of a 
1:l toluene solvate of 2b. The precipitate was filtered cold and 
dried in vacuo to yield 0.24 g (62%) of uneolvatsd product. Anal. 
Calcd for CnHd3Hf:  C, 55.52; H, 6.73; N, 7.19. Found C, 55.79; 
H, 6.76; N, 7.18. Cp2*HfH(NHNNPh), 2a, was prepared analo- 
gously from phenyl azide. 


Preparation of 2a-a-15N and 2a-y-15N. The nitrogen-15 
labeled phenyl azides were prepared in such small amounts that 
distillation and subsequent accurate standardization of the labeled 
azides were precluded. Consequently, the compounds 
CpZ*HfH(l6NHNNPh), 2a-y-16N, and Cp2*HfH(NHN15NPh), 
2a-a-15N, were prepared by carefully titrating c&D, solutions of 
Cpz*HfH2 with the appropriate labeled azide and following the 
titration by 'H NMR. This was beat accomplished by monitoring 
the Cp* methyl resonances upon addition of aliquota of the azides. 
Extreme care was exercised to avoid "over titrating" which would 
result in rapid production of the bis(amido) species. 


Preparation of Cp2*HfH(NTolNNTol), 3. To a stirred so- 
lution of 0.18 g (0.4 "01) of Cpz*HfHz in 5 mL of benzene was 
added, via an attached sidearm, 1.1 equiv (0.10 g) of l,3-di-p- 
tolyltriazene. Immediate, vigorous evolution of gas was evident 
and ceased within 60 s (0.91 equiv of H,/Hf). The volume of 
benzene was reduced to 2 mL, and petroleum ether was slowly 
added to precipitate orange prisms which were filtered and washed 
with cold petroleum ether to yield 0.27 g (91%). Anal. Calcd 
for CuHISN3Hfi C, 60.57; H, 6.73; N, 6.23. Found: C, 60.29; H, 
6.89; N, 6.22. 


Preparation of Cp2*HM(NHTol), 4b. (a) To a stirred so- 
lution of Cp2*HW2 (0.23 g, 0.5 mmol) in 10 mL of benzene was 
added 0.06 g (1.1 equiv) of p-toluidine via an attached side arm. 
Gas evolution commenced immediately and proceeded for about 
5 min (0.84 equiv of H,/Hf), a t  which time the solvent was re- 
moved and the resulting yellow oil was allowed to sit under a 
dynamic vacuum for 12 h. This allowed any residual toluidine 
to sublime from the product and yielded 0.25 g (88%) of a bright 
lemon yellow solid. Anal. Calcd for CnH- C, 58.32; H, 7.07; 
N, 2.52. Found C, 58.40; H, 7.17; N, 2.25. Cp,*HW(NHPh), 
4a, waa prepared analogously by using aniline instead of TolNH2 
(b) A 0.12-g (0.2-mmol) sample of 2b was dissolved in 5 mL of 
toluene and placed in a thick-walled glass reaction vessel which 
was subsequently immersed in an 80 "C oil bath for 12 h. Af- 
terward the solvent was removed and the gases were collected 
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(0.81 equiv of N2/Hf). The yellow residue was dissolved in c&, 
and identified as 4b by 'H NMR. Similar experiments conducted 
in sealed 5-mm NMR tubes showed the conversion of 2 - 4 to 
be nearly quantitative after 12 h a t  80 "C for 2a, 2a-a-15N, and 
2a-y-15N, producing 4a, 4a-15N (with liberation of N2-28 deter- 
mined by mass spectrometry), and 4a (with liberation of N2-29), 
respectively. 


Thermolysis of a Cp2*HfH(NHN15NPh)-Cp2*HfD- 
(NDNNTol) Solution. h an NMR tube were combined a CpD, 
solution of Cp2*Hf(NHNlSNPh), 2a-a-15N (prepared by titrating 
0.012 g of Cp2*HfH2 with 1 equiv of Ph15NNN), and 0.015 g of 
Cp2*HfD(NDNNTol), 2b-d2 (prepared from Cp2*HfD, and 
TolN3). The tube was immersed in an 80 "C oil bath for 24 h 
and then examined by 'H NMR. Within experimental limits 
(As%), no crossover was observed, i.e., Cp2*HfH(16NHPh) and 
Cp,*HfD(NDTol) were produced, but no signals due to 14N-H 
amide products were present. 


Preparation of Cp,*Hf(NHTol),, 5b. (a) To a cooled (-78 
"C) solution of 0.69 g (1.5 mmol) of Cp2*HfH2 in 20 mL of pe- 
troleum ether was added 2.2 equiv of TolN3 (1.65 mL of a 2.05 
M solution). Upon warming to 0 "C (ice bath), the solution began 
to evolve gas, and after it was stirred for 3 h at room temperature, 
a yellow precipitate had separated from the olive green solution. 
A Toepler measurement showed 1.84 equiv of N2/Hf was pro- 
duced. The volume of solvent was reduced to about 5 mL under 
vacuum, and then the reaction mixture was cooled to -78 "C to 
ensure complete precipitation of the product. The yellow, powdery 
material was washed repeatedly with cold petroleum ether and 
then dried in vacuo to yield 0.74 g (73%). When the reaction was 
conducted by titrating a solution of Cp2*HfH2 with TolN3 
and following the course of the reaction by 'H NMR, 2b was 
formed immediately upon addition of 1 equiv of TO&, followed 
by rapid formation of 5b upon addition of the second equivalent 
of To& Anal. Calcd for CuHeNzHf: C, 61.76; H, 7.01; N, 4.24. 
Found: C, 61.69; H, 7.21; N, 4.16. CP ,*H~(NHP~)~ ,  5a, and 
C P ~ * H ~ ( ' ~ N H P ~ ) ~ ,  5a-15N, were prepared analogously from PhN3 
and Ph16NNN, respectively. (b) In a thick-walled glass reaction 
vessel were placed 0.15 g (0.27 mmol) of 4b, 1.1 equiv (0.03 g) of 
p-toluidine, and 5 mL of toluene. The vessel was immersed in 
an 80 "C oil bath for 24 h, after which the reaction gases were 
collected (0.92 equiv of H2/Hf) and the product was isolated by 
removal of solvent and addition of petroleum ether (-78 "C) to 
yield 0.13 g (73%). (c) To a solution of 0.025 g of 4b in c&, was 
added 1 equiv of TOP& (0.017 mL of a 2.65 M solution in C6D6!. 
Gas evolution was immediate and vigorous, and 5b was quanti- 
tatively produced by lH NMR. 
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Reactions between oxidesupported rhodium complexes and a variety of substrates, including phosphines, 
protic acids, Hz, and alkanes, can be described in terms of a general acid-base reactivity pattern. 


Introduction 
To attach a transition-metal complex to a metal oxide 


support can be accomplished by protolytic cleavage of an 
alkyl- (or allyl-) metal bond of the complex by hydroxyl 
groups of the oxide.’“‘ Often such supported complexes 
are prepared and routinely activated as catalysts by con- 
version to supported metal particles under vigorous con- 
d i t i o n ~ . ~  Were it possible to activate such species under 
mild conditions, it should be possible to characterize the 
resulting nonsoluble (but homogeneous) supported com- 
plexes more fully than is possible for typical 
“heterogeneous” systems, to understand their reactivity 
on the “molecular level”, and to rationally develop new 
catalyst systems based on them as is typical for their 
“soluble” counterparts. An important feature which dis- 
tinguishes oxide-bound supported complexes from phos- 
phine- or carbonyl-ligated soluble or supported ones is the 
presence of “hard” ligation6 by the metal-oxygen (oxide) 
bond. Thus, in the oxide-bound case, the support may 
exert medium effects (apart from simply stabilizing un- 
saturated species with regard to clustering) on the re- 
activity of the complex bound to it; for example, the 
presence of the “hard” metal-oxygen ligand bond may 
result in a preference for high oxidation states of the 
transition-metal center, since in these high oxidation states 
the strongest transition metal-oxygen (oxide) bonds should 
exist. Electrophilic activation of substrates by the metal 
center in these high oxidation state complexes may then 
occur. 


Silica-bound rhodium complex [Si]-ORh(allyl)2 (2) can 
be generated from Rh(allyl), (1) and can be readily con- 
verted to [Si]-ORh(ally1)H (3) by hydrogenation under 
ambient conditions.68 In the course of elucidating the 
chemistry of these species, a general pattern of reactivity 
has emerged in which the rhodium is maintained in the 
Rh(II1) oxidation state and acts primarily as an active 
Lewis acid; ita interactions with a reagent are governed by 
relative base properties of moieties within its ligand en- 
vironment. This Lewis acidity is manifest through reac- 
tions of such Rh complexes with both conventional and 
unconventional “bases”. 


(1) Zakharov, V. A.; Yermakov, Yu. I. Catal. Rev.-Sei. Eng. 1979,19, 


(2) Ballard, D. G. H. Ado. Catal. 1973,23, 263. 
(3) Candlin, J. P.; Thomas, H. Adu. Chem. SOC. 1974, 132, 212. 
(4) Yermakov, Yu. I.; Kusnetsov, B. N. J. Mol. Catal. 1980, 9, 13. 
(5) For a review of ‘hard” and “soft” character see: Pearson, R. G. 


“Hard and Soft Acids and Bases”; Dowden, Hutchinson and Ross: 
Stroudsburg, Pa., 1973. 


(6) Ward, M. D.; Harris, T. V.; Schwartz, J. J.  Chem. SOC., Chem. 
Commun. 1980, 357. 


(7) Ward, M. D.; Schwartz, J. J. Mol. Catal. 1981, 11, 397. 
(8) Stoichiometric measurements conclusively demonstrate that one 


allyl ligand remains coordinated to Rh following hydrogenation and that 
the Rh-0 bond remains intact. This was substantiated by the observation 
of ca. 1 equiv of C3/Rh upon hydrolysis of 3 and by evoluation of ca. 1 
equiv of CH,/Rh by treatment of 3 with CH& 


67. 
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Results and Discussion 
(1) Simple Reactions with Lewis  Bases. Silica-bound 


complexea such as 3,5 and 6 are functionally coordinatively 
unsaturated: as illustrated by the formation of phosphine 
adduct complexes of predictable st~ichiometry.~ Appar- 
ently an assignment of nominal coordination numbers 
about Rh can be operationally appliedgJo and suggests that 
in 3, two vacant coordination sites per Rh are present. In 
support of the concept of multiple coordinative unsatu- 
ration is the observation that 3 readily activates mono- and 
polycyclic arenes,12 a process believed to require coordi- 
nation of the substrate in a t  least q4 fashion.lSl5 That 
two active sites are present is supported by the observation 
that addition of 1 equiv of PMe3 completely quenches 
arene activation but leaves olefin activation (q2 binding) 
intact. 


(2) Electrophilic Cleavage of Ligands. Generation 
of a family of silica-bound rhodium hydrides from 3 was 
realized by protolytic removal of the allyl ligand to give 
[ Si]-ORh(H)Cl (5), a species nominally coordinatively 
more unsaturated than either 2 or 3. Although 3 was 
resistant to H2S04, reaction with gaseous HCl proceeded, 
although slowly. Cleavage of the rhodium-allyl bond can 
be accomplished readily, however, by hydrolysis under 
basic conditions by addition of an excess of sodium 
methoxide (in methanol). Apparently then, the counter- 
anion plays an important role in protonation of the allyl 
group of 3. Nucleophilic “assistance” in the electrophilic 
cleavage of carbon-metal bonds has been postulated for 
other coordinatively unsaturated metal complexes which 
are characterized by nonpossession of metal-centered basic 
lone electron pairs, e.g., those of Hg(II),16 SII(IV),~~ or 
Zr (IV) .18 


(9) In this working definition, the allylic ligands are asaumed to be v3 
and the Rh is assumed to be bound to the oxide via one oxide unit. 
Although p-oxo units of the oxide support may coordinate” with the Rh, 
each coordination is assumed to be weak and the p-oxo “ligands” are 
assumed to be easily replaceable. 


(10) Although [Si]-ORh(H)Cl(PM& is nominally a 16-electron com- 
plex (excluding p-oxo group ligation), a third phosphine ligand did not 
coordinate (strongly) to the rhodium center. n-Donation from chloride 
to rhodium though may labilize this third phosphine ligand toward dis- 
sociation. Replacement by hydride of the allyl ligand of 3 or the chloride 
ligand of 6 enabled net coordination of a third equivalent of PMe* 


(11) A similar interaction has been suggested for a silica-bound (al- 
1yl)nickel species. See: Yermakov, Yu. I.; Kuznetaov, B. N. Kinet. Katal. 
1972,13,1355. 


(12) Ward, M. D.; Schwartz, J. J. Am. Chem. SOC. 1981, 103, 5253. 
(13) Bleeke, J. R.; Muetterties, E. L. J .  Am. Chem. Soe. 1981,103,556. 
(14) Stuhl, L. S.; DuBois, M. R.; Hirsekorn, F. J.; Bleeke, J. R.; Ste- 


(15) Johnson, J. W.; Muetterties, E. J. J. Am. Chem. SOC. 1977, 99, 


(16) Jensen, F. R.; Rickborn, B. “Electrophilic Substitution of 


(17) McGahey, L. F.; Jensen, F. R. J. Am. Chem. Soe. 1979,101,4397. 
(18) Labinger, J. A.; Hart, D. W.; Siebert 111, W. E.; Schwartz, J. J. 


vens, A. E.; Muetterties, E. L. J. Am. Chem. SOC. 1978,100, 2405. 


7395. 


Organomercuriab”; McGraw-Hill: New York, 1968. 


Am. Chem. SOC. 1978,97, 3851. 
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Scheme I. H-D Exchange Reactions Involving 3 
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Scheme 11. H,-HCl Exchange 
a t  


S-OH 
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(3) Electrophilic Activation of Less Typical 
“Bases”. Dihydrogen. (i) Ligand Hydrogenolysis. We 
have proposed’ that H2 is activated heterolytically by 
Rh(II1) in the hydrogenolysis of rhodium allyl or rhodium 
alkyl species. Heterolytic activation of Hz has been ob- 
served19* in studies of RhC&* and has been proposed for 
[($-C&Ies)RhC12]z and for numerous metal oxides (Cr203, 
Co304, NiO, ZnO, A120&23-25 In each case an electrophilic 
metal center is suggested to abstract “H-”; a basic oxygen 
atom stabilizes the released proton.2629 A comparable 
scheme has been forwarded to explain hydrogenolysis of 
(q6-CsH6)zzr(R)X (X = H or Cl)30 in which the proton is 
transferred to the metal-carbon bond. For hydrogenolysis 
of 2, the “proton” would ultimately attack the metal- 
carbon bond of the d y l  ligand to generate 3 and propylene. 
Hydrogenolysis, therefore, is “ligand” assisted as is pro- 
tonolysis. 


(ii) Hz-D2 Exchange Catalyzed by 3. When 3 was 
exposed to D2, H-D exchange between the atmosphere and 
residual hydroxyl species of the silica support was ob- 
served. An infrared spectrum of 3 taken after 10 min of 
exposure to D2 (1 atm, 20 “C) showed a strong, very broad 
absorption assigned to OD vibrations centered at 2600 cm-’ 
(see Scheme I) which suggests that a proton (or D+) may 
be transferred to an oxygen atom of the support on acti- 
vation of hydrogen (or D2). This spectrum also showed 
that the Rh-H absorptions remained, although they ap- 
peared to decrease slightly in intensity; an increase in 
absorption in the 1450-cm-l region was also observed and 
may be attributed to the development of Rh-D species (the 
intensity of the absorption at  1800 cm-l decreased at  a 
faster rate than did that of the 2010-cm-I band). That 3 
catalyzes H-D exchange between Dz and residual hydroxyl 
group protons of the support faster than it undergoes 


(19) Halpern, J.; James, B. R. Can. J .  Chem. 1966,44,671. 
(20) James, B. R.; Rempel, G. L. Can. J. Chem. 1966,44,233. 
(21) (a) Maitlis, P. M. Acc. Chem. Res. 1978,11,301. (b) Russell, M. 


J.; White, C.; Maitlis, P. M. J. Chem. SOC., Chem. Commun. 1977,427. 
(22) This species was catalytically active toward olefin and arene hy- 


drogenation through Rh(1) intermediates. 
(23) Ozaki, A. ‘Isotopic Studies of Heterogeneous Catalaysta”; Ko- 


dansha: Tokyo, 1977; pp 13-15. 
(24) Kokes, R. J.; Dent, A. L.; Chang, C. C.; Dixon, L. T. J. Am. Chem. 


SOC. 1972,94,4429. 
(25) Burwell, R. L., Jr.; Haller, G. I.; Taylor, K. C.; Read, J. F. Adu. 


Catal. 1970,20, 1. 
(26) Henrici-Oliv6, G.; Oliv6, S. J. Mol. Catal. 1976, 1, 121. 
(27) Brintzinger, H. H. J. Organomet. Chem. 1979, 171, 337. 
(28) Tvrlik. S.; Kucharska, M. M.: Wolochowia, I. J. Mol. Catal. 1979, - .  


6, 393. 
(29) Fouda, S. A.; Rempel, G. L. Znorg. Chem. 1979, 18, 1. 
(30) Gell, K. I.; Schwartz, J. J.  Am. Chem. SOC. 1978,100,3246. Gell, 


K. I.; Poein, B.; Schwartz, J.; Williams, G. M. Zbid. 1982, 104, 1846. 
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hydride ligand exchange with the atmosphere suggests that 
hydride ligands of intermediate 4 are not e q ~ i v a l e n t . ~ l * ~ ~  


In another experiment it was found that when a 5050 
Hz-D2 mixture was added to 3 at  room temperature 
(H2-D2:3 = 401), an equilibrium mixture of H2, HD, and 
D2 (1.2:2:1) was obtained within 1 min. (This time span 
was the shortest possible one for measurement by methcds 
available to us.) The rate of HD formation from an H2:D2 
mixture catalyzed by 3 is a t  least 20 turnovers min-’ Rh-’ 
under subambient conditions (20 “C (600 mmHg)). This 
rate is a t  least 2000 times faster than is allyl ligand hy- 
drogenation of bis(ally1) species 2, which suggests that 
hydrogenolysis of the residual allyl ligand of 3 may be 
difficult due to ineffective kinetic competition. That is, 
following hydrogen activation, recombination may be so 
fast that attack of the proton on the metal-carbon bond 
of the allyl moiety is insignificant under the conditions 
studied. 


(iii) H2-HCl Ligand Exchange. Reaction of [Si]-0- 
Rh(H)Cl, 5, with H2 gives [Si]4RhH2, 6, presumably with 
evolution of HCl(g) (which would be difficult to detect 
under the reaction conditions).’ Since 5 does not lose HC1 
spontaneously in vacuo, a mechanism similar to that 
proposed above is suggested in which Rh(II1) activates H2 
heterolytically; the released proton attacks the chloride 
ligand (Scheme 11). This process is directly analogous to 
“classical” heterolytic activation of hydrogen by MC&” (M 
= Ru, Rh). It is interesting to note that 5 does not react 
with HC1 to give the dichloride complex; the intensity of 
the absorption attributed to u ~ - ~  of 5 did not decrease 
upon prolonged exposure to HC1. This behavior may result 
from kinetic competition between protonation of the Rh-H 
bond and the chloride ligand in 5. In other words, de- 


(31) No evidence for incorporation of deuterium into the allyl ligand 
of 3 was found by infrared spectroscopic analysis. 


(32) While alternative explanations for H-D exchange can not be 
entirely discounted, the fact that neither propane nor propene were 
observed in the course of these experiments argues against pathways 
involving reduced rhodium(1) or rhodium(II1) polyhydride species. 
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Table I. Deuterium Distribution in Butane from the 
Reaction of Butane-do and 3a with D, 


Ward and  Schwartz 


% distribution 
butane-d ,, 20 "C 100 "C 


do 92 20 
dl 5 5 
d, 
d, 


d, 
d6 
d, 0 1 0  
d* 0 4 
d9 0 2 


3 7 
0 8 


d4 0 14 
0 1 5  
0 14  


Reaction conditions: 3 (0.1 g, 0.04 mmol of Rh), 
butane (1 mmol), D, (1  atm), no solvent. 


generate exchange occurs more rapidly than does prod- 
uctive exchange, similar to that competition proposed for 
H2 between the allyl-Rh and Rh-H bonds of 3. These 
results suggest that the kinetic basicity of these ligands 
toward proton decreases in the order C1> H > allyl; the 
relative susceptibility of these ligands to protonation de- 
termines the outcome of a potential hydrogenolysis reac- 
tion. 


(iv) H-D Exchange between Butane and D2 Cata- 
lyzed by 3. In an experiment conceptually related to 
H2-D2 exchange, 3 was found to catalyze exchange of C-H 
bonds of butane with D2 (100 "C, 1 atm of D2)(see Table 
I). This process may involve hydride abstraction from the 
alkane by Rh(III)= leading to a carbonium ion which is 
either stabilized or deprotonated by the oxide support. If 
the latter reactivity mode is operative, D2 addition to the 
resulting olefin would account for the noted atmospheric 
label incorporation into the alkane. Indeed, when olefins 
were treated with D2 in the presence of 3, a range of 
deuterio isomers was observed. For example, reaction of 
l-butene with D2 resulted in the formation of butane-d, 
(n = 0-4) in the following amounts: do = 0.22, dl  = 0.28, 
d2 = 0.26, d3 = 0.14, d4 = 0.10. A minimal isotope effect, 
[k(H2)/k(D2)] = 0.92, was observed. 


Conclusion 
Reactivity of the oxide-bound rhodium complexes noted 


above can be described by a pattern of acid-base chem- 
istry: coordinatively unsaturated, electrophilic Rh(II1) and 
the presence of basic sites in its ligand sphere facilitate 
heterolytic activation of reagent species. This behavior 
is reminiscent of that found for several soluble metal 
complexes and metal oxides for activation of H,; it may 
be that this electrophilic pathway is a general one which 
accounts for important processes for activation of C-H 
bonds, such as the allylic oxidation of olefins, which are 
carried out over oxide-based catalyst systems.34 


(33) A similar postulate has been made for an Ir(III) system: Crabtree, 
R. H.; Mellea, M. F.; Mihelcic, J. M.; Quirk, J. M. J.  Am. Chem. SOC. 1982, 
104, 107. 


Experimental Section 
Preparation of starting materials and techniques used in this 


area have been reported.' 
Reaction of [Si]-ORh(H)Cl with H,. (1) Hydrogen was 


added to a pressure of 1 atm (10 mmol) to a 250-mL flask con- 
taining [Si]-ORh(H)Cl (0.5 g, 0.2 mmol). The reaction was left 
to stand for 2 days; the atmosphere of the flask was removed 
periodically and was refilled to ensure completeness of reaction 
and was checked by infrared analysis (disappearance of 2110-cm-' 
band of 5 and appearance of doublet at  2080 and 2020 cm-'). 


(2) Pellets of [Si]-ORhH2 were prepared similarly for infrared 
study by treatment of 5 with 1 atm of hydrogen, either in a flask 
or directly in the infrared cell. 


Reaction of [Si]-ORhH2 with HCl. (1) Silica-supported 
species 6 (0.5 g, 0.19 mmol of Rh) was added to a 600-mL flask. 
The flask was evacuated at  lo4 mmHg and refilled with gaseous 
HCl(1 atm). After 5 days the atmosphere was removed and was 
collected (after passage through a KOH trap followed by a -196 
"C trap). Calibrated manometer and mass spectral analysis found 
H2 (0.13 mmol, 0.7 equiv/equiv of Rh). 


(2) This reaction was also carried out on a pressed pellet of 6 
in an infrared cell and was observed directly spectrally. Removal 
of the HC1 atmosphere by evacuation followed by refilling with 
H2 (1 a h )  regenerated 6. This cycle was repeated numerous timea 
wihout noticeable decomposition of either species (judged from 
the intensities of the infrared absorptions). 


H-D Exchange between H2 and D2 Catalyzed by 3. A 1:l 
mixture of H2 and D2 was prepared by using an apparatus con- 
sisting of two flasks joined by a stopcock. The volumes of the 
flasks were calibrated (with Cod, and pressures were established 
by manometer. 


Hydrogen (580 mmHg, 7.88 mmol) was added to one of the 
previously evacuated flasks. Then D2 (700 mmHg, 7.91 mmol) 
was added to the other flask. The gases were mixed thoroughly 
by opening the stopcock between them and alternative cooling 
(-196 "C) and warming (room temperature) one of the flasks 
several times. The H2-D2 mixture was added to 3 (0.10 g, 0.04 
mmol of Rh) in a preevacuated 50-mL flask; the flask was closed 
immediately after the pressure equalized (460 mmHg). After ca. 
30 s the gas mixture was removed from the flask via Toepler pump 
to collect 1.5 mmol of gas in the collection chamber. The total 
exposure time was approximately 1 min. The collected gas mixture 
was analyzed by MS to give H2, HD, and D2 in a 1.2:2:1 ratio, 
respectively. 


In a control experiment it was found that the metallic source 
parts of the MS instrument slowly catalyzed H-D exchange of 
a 5050 H2-D2 mixture. Under conditions identical with those 
used for sample analysis, only 5 1 0 %  HD was produced in the 
mass spectrometer. 


H-D Exchange between n -Butane and D2 Catalyzed by 
3. To a 50-mL flask containing 3 was added n-butane (2 mmol). 
Then D2 (8.5 "01) was added from a 200-mL bulb (1 atm), and 
the flask was heated to 100 "c. After 2 days, collection of the 
volatiles gave n-butane (2 "01) by calibrated PV trap. GC/MS 
analysis showed extensive deuterium incorporation. 
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(34) For example, see: Iwasawa, Y.; Nakamura, T.; Takamatau, K.; 
Ogasawara, S. J. Chem. SOC., Faraday Trans. 1 ,  1980, 76,939. 
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When aryl groups are substituents in the l,4-positions of the diazabutadiene (DAB) ligand? substitution 
of carbon monoxide by PMe3 in Fe(CO),(DAB) takes place solely by a second-order process. The rate 
law is f i i t  order in both Fe(CO),(DAB) and PMe@ Activation parameters for the 4-fluorophenyl derivative 
in toluene support the associative nature of this reaction: AH* = 13.6 i 1.0 kcal/mol; AS* = -34.8 f 3.2 
eu. Carbon monoxide replacement rates depend on the nature of the nucleophile, and increase in the series 
PPh, < P(OMe), < P ( ~ - B U ) ~  < PMe& This rate also increases when the r-acceptor ability of the DAB 
ligand increases. When bulky tert-butyl groups are the substituents in the 1,4-positions of the DAB ligand, 
steric interactions become important in the six-coordinate transition state. Nucleophilic attack on this 
complex results in loss of the DAB ligand to give Fe(C0)3(PMe3)2. This reaction obeys a two-term rate 
law involving both associative (AH* = 20.4 & 0.8 kcal/mol and AS* = -18.2 f 2.0 eu) and dissociative (AH* 
= 25.0 i 1.0 kcal/mol and AS* = -8.0 f 3.0 eu) pathways. Factors which facilitate nucleophilic attack 
on iron in these coordinately saturated metallacycles and in the related Fe(C0)3(N4Me2) complex are 
discussed. 


Introduction 
In contrast to most other pentacoordinate iron carbonyl 


complexes, Fe(C0),(N4Me2) reacts readily with nucleo- 
philes by an associative (SN2) mechanism., 


Me 


Me 


We attributed this unusual behavior to the flexible r-ac- 
ceptor properties’ of the tetraazabutadiene ligand. Dia- 
zabutadiene (or diimine) ligands are also thoughts to 
posseas strong r-acceptor properties, although not as great 
as in the tetraazabutadiene metallacylic systems. These 
considerations prompted us to  examine substitution re- 
actions of analogous iron tricarbonyl1,4-diazabutadiene 
complexes (eq 1). Preliminary studies indicated3 that iron 


R 


Me- I 
R 


I 


Me‘ I 
R R 


tricarbonyl1,4-diphenyl-2,3-dimethyl-l,4-diaza-2,3-buta- 
diene undergoes carbon monoxide replacement in a man- 
ner similar to Fe(CO),(N4Mez>. In order to probe the role 
of the metallacycle in promoting nucleophilic attack on 
iron, we examined substitution reactions of Fe(CO),(DAB) 
as a function of the nature of the substituent R. An un- 
derstanding of how coordinately saturated organometallic 
complexes react by associative mechanisms is relevant to 
synthetic and catalytic  transformation^.^*' 


(1) (a) Lanzhou University, People’s Republic of China. (b) North- 
western University. 


(2) Abbreviations: (N,Me2), 1,4-dimethyltetraezabutadiene; DAB, 
l&diazabutadiene; Me, methyl; Ph, phenyl; Bu, butyl; L, ligand. 
(3) Chang, C. Y.; Johneon, C. E.; Richmond, T. G.; Chen, Y. T.; Tro- 


gler, w. C.; Basolo, F. Inorg. Chem. 1981,20, 3167-3172. 
(4) Tmgler, W. C.; Johnson, C. E.; Ellis, D. E. Znorg. Chem. 1981,20, 


960-986. Gross, M. E.; Trogler, W. C.; Ibers, J. A. J.  Am. Chem. SOC. 


(6 )  Norman, J. G.; Chen, L. M. L.; Perkins, C. M.; Rose, N. J. Znorg. 
Chem. 1981,20, 1403-1409. Gross, M. E.; Ibers, J. A,; Trogler, W .  C. 
Organometallics 1982, 1, 630-636. 


1981,103,192-193. 


0276-7333/82/2301-1033$01.25/0 


Experimental Section 
All manipulations were carried out under an atmosphere of 


prepurified nitrogen by using standard inert atmosphere tech- 
niqueix8 Toluene was dried with sodium, methanol with Mg- 
(OMe)z, and acetonitrile with Pz06. Solvents were distilled and 
degassed prior to use. Trimethylphosphine (Strem) was purified 
by distillation on a vacuum line and triphenylphosphine (Aldrich) 
was recrystallized from ethanol and dried under vacuum. Tri- 
methyl phosphite and tri-n-butylphosphine were distilled from 
sodium metal. Iron tricarbonyl 1,4-diazabutadiene complexes, 
Fe(CO)&DAB), were prepared by a ligand exchange reaction 
between iron tricarbonyl benzylidenea~etone~ and an equivalent 
of the appropriate Schiff base. This procedure avoids the for- 
mation of dimeric iron carbonyl products which may result when 
Fez(CO)g is used as the starting material.l0 Exchange reactions 
were complete in 6-20 h at 60 O C ,  as determined by IR monitoring. 
The detailed preparative procedure for the previously unreported 
4-fluorophenyl derivative” is given below. Other Fe(CO)S(DAE3) 
compounds were prepared similarly, and their IR spectra agreed 
with those prepared by other 


Preparation of Iron Tricarbonyl 1,4-Bis(4-fluoro- 
pheny 1 )-t,t-dimet hyl- 1,4-diaza-2,3-butadiene (la). A Schlenk 
flask was charged with 1.50 g (5.5 mmol) of 1,4-bis(4-fluoro- 
phenyl)-2,3-dimethy1-1,4-diaza-2,3-b~tadiene,’~ 1.57 g (5.5 “01) 
of iron tricarbonyl benzylideneacetone, and 85 mL of toluene. 
After the mixture was heated for 12 h at 60 O C ,  the IR spectrum 
showed complete loss of starting complex and a red solution was 
obtained following filtration. The solvent was removed under 
vacuum and the residue redissolved in 10 mL of toluene-hexane 
(6040). Chromatography on Grade I11 alumina (2.5 X 35 cm 
column) with the same solvent mixture gave a red band which 
was collected. Removal of the solvent yielded 0.95 g (42%) of 
deep red crystalline product, la, which may be recrystallized from 
hexane. Anal. Calcd for FeClgHlsN2F20s: C, 55.37; H, 3.42; N, 
6.68. Found: C, 55.19; H, 3.59; N, 6.80. 


(6) Tolman, C. A. Chem. SOC. Reu. 1972,1,337-353. 
(7) Basolo, F. Znorg. Chim. Acta 1981, 50, 66-70. 
(8) Shriver, D. F. “Manipulation of Air Sensitive Compounds”; 


McGraw-Hik New York, 1969. 
(9) Domingos, A. J. P.; Howell, J. A. S.; Johnson, B. F. G.; Lewis, J. 


Znorg. Synth. 1976,16, 103-106. 
(10) Fnihauf, H. W.; Landers, A.; Goddard, R.; Krber,  C .  Angew. 


Chem., Int. Ed.  Engl., 1978, 17, 64-66. 
(11) For convenience, we shall refer to the Fe(CO),(DAB) complexes 


by the name of the alkyl or aryl substituent in the 1,4-positions of the 
DAB ligand (Table I). 


(12) Otsuka, S.; Yoshida, T.; Nakamura, A. Znorg. Chem. 1967, 6, 
20-25. 


(13) tom Dieck, H.; Orlopp, A. Angew. Chem., Znt. Ed. Engl. 1977,14, 
251-252. 


(14) Staal, L. H.; Polm, L. H.; Vrieze, K. Znorg. Chim. Acta 1980,40, 
166-170. 


(15) tom Dieck, H.; Renk, I. W. Chem. Ber. 1967,100, 228-246. 


0 1982 American Chemical Society 
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Table I. Spectral Datad for 
R1 


R2, I 


Shi et al. 


l a  
l b  
I C  
Id  
l e  
2a 
2b 
3a 
3b 
4a 
4b 
4c 
5a 
5b 
5c 


Reference 12. 


4-fluorop henyl Me 
4-fluorophenyl Me 
4-fluorophenyl Me 
4-fluorophenyl Me 
4-fluorophenyl Me 
phenyl Me 
phenyl Me 
4-methoxyphenyl Me 
4-methoxyphenyl Me 
cyclohexyl H 
cyclohexyl H 
cyclohexyl H 
tert-butyl H 
tert-butyl H 
tert-butyl H 


Reference 13. Reference 14. 


I 
A 


co 
PMe, 
P(n-Bu), 
P(OMe), 
PPh, 
co 
PMe, 
co 
PMe, 
co 
PMe, 
PPh, 
co 
PMe, 
PPh, 


508 (7980), 380 (3830) 
522 (6740), 423 (6210) 
516 (6730), 436 (6370) 
498 (8690), 409 (6040) 
520 (6100), 445 (5920) 
508 (8610), 381 (4030) 
520 (6180), 422 (4930) 
508 (7540), 380 (3970) 
519 (5560), 419 (4730) 
505 (7550), 370 (3590) 
503 (6690), 408 (5940) 
509 (6500), 435 (4730) 
545 (6220), 377 (2670) 
531 (4710), 420 (2030) 
540 (4350), 448 (2670) 


d In toluene solution. 


Figure 1. Visible spectral changes during the reaction between 
9.87 X M 4-fluorophenyl complex (la) and 0.998 M PMe3 
in toluene solution. 


Spectral Studies. IR spectra were recorded on a Perkin-Elmer 
283 spectrometer using 0.1" CaF2 cells. Visible spectra were 
recorded on a Cary 14 spectrophotometer using 1.00-cm or 
1.00-mm quartz cells modified for work with air-sensitive com- 
pounds. Photochemical reactions were carried out by using a 
550-W mercury arc lamp and a Corning 0-52 filter (A > 340 nm). 


Kinetic Procedures. A quartz cell, containing a solution of 
the ligand in toluene, was allowed to thermally equilibrate in the 
thermostated (h0.5 "C) cell compartment of the Cary 14 for at 
least 15 min. Reactions were initiated by injecting a solution of 
the iron complex into the cell using a Hamilton gas-tight syringe. 
The cell was vigorously shaken, and then spectra were recorded 
as a function of time. To avoid competing photochemical reac- 
tions, we closed the slit of the Cary 14 between absorption 
measurements. A typical experiment for reaction of the 4- 
fluorophenyl complex with PMe3 is illustrated in Figure 1. 
Isosbestic points at 528, 453, 395, and 367 nm are maintained 
throughout the course of the reaction. Similar isosbestic points 
were observed for all the substitution reactions where the DAB 
ligand remains coordinated to the metal. Reactions were con- 
ducted under pseudo-first-order conditions, with the ligand 
concentration at least 1 order of magnitude greater than that of 
the iron complex. Plots of In (A, - A,) vs. time were linear for 
more than 3 half-lives and koM was obtained from the slope of 
this line, as determined by the method of least squares. Although 


2024,1949 
1960,1900 
1958,1896 
1979,1915 
1965,1905 
2035,1965" 
1961,1900 
2019, 1942b 
1957,1896 
2018, 193Eib 
1946,1885 
1949,1889 
2005, 1926c 
1935,1869 
1938,1876 


Scheme I 
Fe(CO)3L2 


R = tert-butyl 


R 


'C-N 
I 


R 


\C-N 


/C-N  


R 


Me Me I 


Me I 
R 


R = tert-butyl, cyclohexyl, aryl 
I 


R 


Me, I 


R 


R = aryl, cyclohexyl 


the statistical error from the analysis was always less than 1% 
the rate constants, kow,  were realistically reproducible to within 
*5%. The rate of substitution of la by P(OMe)3 and PPh3 was 
measured by observing the decrease in intensity of the infrared 
absorption at 2024 cm-'. Reaction products were identified by 
their infrared, electronic absorption, and mass spectra. Table 
I contains the visible absorption and IR spectroscopic data for 
the Fe(C0)JDAB) complexes and their monosubstitution prod- 
ucts, Fe( CO)2L(DAB). 


Rasults 
Thermal and photochemical substitution chemistry of 


the diazabutadiene complexes is summarized in Scheme 
I. Efficient visible light photosubstitution of a CO ligand 
has recently been demonstrated16 for the phenyl" complex. 


(16) Johnson, C. E.; Trogler, W. C. J.  Am. Chem. SOC. 1981, 103, 
6352-6358. 


3929-3936. 
(17) Thoreteinson, E. M.; Basolo, F. J .  Am. Chem. SOC. 1966, 88, 


(18) Schuster-Wolden, H.; Basolo, F. J.  Am. Chem. SOC. 1966, 88, 
1657-1663. 







Iron Tricarbonyl 1,4-Diazabutadiene 


6'oo T 
Complexes 


P 


0.00 ,25 850 975 1.00 1.25 1.50 


( P Y E 3 )  M 
Figure 2. Plot of k o u  (e-') vs. PMe3 concentration (M) for the 
reaction of 4-fluorophenyl complex (la) with PMe3 in toluene 
solution: (0) T = 55.5 "C; (A) T = 70 "C; (+) T = 85 O C .  


Visible light photolysis of the other Fe(CO),(DAB) com- 
plexes in the presence of an excess of ligand also cleanly 
leads to Fe(C0)2L(DAB). Thermal replacement of CO 
occurs when the aryl- and cyclohexyl-substituted com- 
plexes are treated with PMe* At elevated temperatures 
in sealed reaction vessels, these complexes slowly react with 
additional PMe3 to yield Fe(C0)2(PMe3)$9 and Fe(C0)3- 
(PMe3)2m as the metal-containing products. In the case 
of the cyclohexyl derivative (4a), the rate of reaction (eq 
4, Scheme I) is comparable to that of the substitution 
reaction (eq 2). Qualitatively, the rate of DAB loss (eq 4) 
increases for changes in R in the order 4-fluorophenyl< 
phenyl < 4-methoxyphenyl< cyclohexyl. For this reason, 
the PMe3-substituted cyclohexyl derivative 4b is most 
conveniently prepared by the photochemical route at room 
temperature. The PPh3 derivative, 4c, can be prepared 
thermally but the reaction is very slow (tllz 100 h a t  80° 


Simple CO substitution does not occur thermally when 
the tert-butyl derivative (5a) is allowed to react with PMe3, 
P(OMeI3, or P(n-Bu)* Rather, the DAB ligand departs 
(eq 5)  to yield Fe(C0)3L2 as the only metal carbonyl 
product. Monosubstituted derivatives of the tert-butyl 
complex can only be prepared by photochemical dissoci- 
ation of CO in the presence of phosphine ligands. We have 
studied the kinetics of ligand substitution in detail for the 
aryl- and tert-butyl substituted complexes. Typical plots 
of k , , ~  (eq 2) vs. [PMe3] for the Cfluorophenyl compound 
are given in Figure 2. The y intercept of zero demon- 
strates that there is no ligand-independent reaction path. 
Second-order rate constants (eq 2) for the aryl-substituted 
complexes are provided in Table 11, along with the acti- 
vation parameters and solvent dependence of the substi- 
tution rate for the 4-fluorophenyl derivative. In addition, 
the estimated rate of substitution of CO by PMe3 in com- 
plex (4a) is recorded in Table II. Only an estimate of this 
rate was obtained because of competitive secondary re- 
actions of the product. As discussed above, the DAB lig- 
and is lost instead of CO when the tert-butyl complex is 
allowed to react with P(Me)3, P(OMe)3, or P(n-Bu)* The 
rate of this reaction (eq 5 )  as a function of ligand con- 


C, [PPh3] = 0.90 M). 


(19) Harris, T. V.; Rathke, J. W.; Muetterties, E. L. J. Am. Chem. Soc. 


(20) Reckziegel, A.; Bigorghe, M. J.  Organomet. Chem. 1965, 3, 
1978,100,6966-6977. 


341-354. 
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Table 11. Rate Constants for CO Substitution by 
Nucleophiles in Toluene According to Eq 1 


T, 
complex L oc 104k, ~ - 1 s - 1  


4-fluorophenyl ( la )  PMe, 55 
55 
55 
70 
85 


P(OMe), 85 
PPh, 85 


phenyl (2a) PMe, 70 
4-methoxyphenyl(3a) PMe, 70 
cyclohexyl (4a) PMe, 70 
W C O  ),"e 2 )  PMe, 70 


P(n-Bu), 85 


1.54 ? 0.01 
1.93a 
2.13 
4.02 * 0.02 
9.71 t 0.OSc 
0.21 
0.04 
0.01 
2.48 
0.60 
0.01 
4.10 x 105d 


Solvent = acetonitrile. Solvent = methanol. A* 
= 13.6 t 1.0 kcal/mol; A S *  = -34.8 t 3.2 eu. 
3. A* = 6.9 ? 0.8 kcal/mol; AS*  = -31.4 * 2.1 eu. 


Reference 


Table 111. Rates of DAB Replacement in the tert-Butyl 
Complex 5a by Nucleophiles in Toluene Solution 


nucleophile T, "C 105k,., &l-l s- l  105k,, s-l 
PMe , 55.5 2.36 t 0.03 0.27 t 0.03 
PMe , 70.0 9.33 * (3.24 1.22 t 0.13 
PMe , 77.0 18.1 * 0.2 2.94 t 0.14 
PMe, a 85.0 34.3 t 0.4 7.16 * 0.35 
P(OMe), 77.0 0.78 t 0.05 2.00 t 0.04 


a A H l *  = 25.0 f 1.0 kcal/mol; A S  * = -8.0 t 3.0 eu. 
AH,' = 20.4 t 0.8 kcal/mol; AS2"= -18.2 t 2.0 eu. 


P(n-Bu), 77.0 0.91 * 0.08 1.95 * 0.05 


6.004 /" 


0.0 
' i s 0 0  .25 .50 .75 1.00 1.25 1.50 


I P M E 3 )  M 


Figure 3. Plot of k,,u (8-l) vs. PMe3 concentration (M) for the 
reaction of the tert-butyl complex (5a) with PMe, in toluene 
solution: (0) T = 55.5 O C ;  (X) T = 70.0 "C; (A) T = 77 O C ;  (+) 
T = 85 O C .  


centration and temperature is plotted in Figure 3. Rate 
constants for the ligand-dependent and ligand-independent 
mechanisms are collected along with the activation pa- 
rameters in Table 111. The reaction of the tert-butyl 
complex with PPh3 was very slow and appeared to involve 
several competitive pathways, including CO substitution 
and DAB displacement. 


Discussion 
In accord with our preliminary observations,3 the phe- 


nyl-substituted Fe(CO),(DAB) complex reacts with PMe, 
by an associative mechanism. This behavior resembles 
that observed for Fe(CO),(N4M%). As illustrated in Figure 
2, the rate of substitution depends directly on the ligand 
concentration. The rate law for this process is given in eq 







1036 Organometallics, Vol. 1, No. 8, 1982 


7. The small enthalpy and large negative entropy of 
-d[Fe(CO)3(DAB)] /dt  = IZ[F~(CO)~(DAB)I [L] (7) 


activation (Table 11) for CO replacement in the 4-flUOrO- 
phenyl complex further indicate an associative process. An 
alternative mechanism involving bond rupture of one end 
of the DAB chelate ring, followed by CO replacement and 
ring closure, would be expected to exhibit a large AHs and 
little variation in rate with different nucleophiles. This 
contrasts with the observed AHs and the sensitivity of the 
rate to the nature of the nucleophile. The large negative 
A S  observed also would not be expected for a dissociative 
mechanism. In addition, our synthetic results suggest that 
a unidentate DAB ligand is readily displaced by phosphine 
ligands. These substitution reactions appear to proceed 
by a classical SN2 mechanism via a six-coordinate transi- 
tion state. 


As would be expected for an associative process, rates 
of substitution depend on the size and the basicity of the 
entering nucleophile. Relative rates of carbon monoxide 
displacement a t  85 "C increase in the series PPh3 (1) < 
P(OMe)3 (4) < P ( ~ - B U ) ~  (21) < PMe3 (971). A similar 
reactivity sequence was observed3 for Fe(C0)3(N4Me2), 
although the magnitude of the difference was significantly 
larger in the latter system. This suggests that bond making 
occurs to a greater extent in the transition state of the 
N,Me2 system compared to the DAB complexes. 


Although similar associative mechanisms appear to be 
operative, the rates of CO substitution in the aryl DAB 
complexes are approximately 5 orders of magnitude slower 
than in the previously studied3 Fe(C0)3(N4Me2) complex. 
Examination of the activation parameters (Table 11) for 
these two systems reveals that the difference in reactivity 
rests largely in the enthalpy term. This suggests to us that 
the reduced reactivity of the aryl-substituted Fe(CO),- 
(DAB) compounds may be attributed to electronic factors 
as opposed to steric considerations. Recent theoretical4 
and experimentalls investigations indicate that the ?r-ac- 
ceptor ability of the tetraazadiene ligand rivals that of CO. 
With use of CO stretching fequencies of the Fe(C0)3 
moiety as a guide, the N4Me2 ligand (weighted average pc0 
= 2019 cm-') appears to be a significantly stronger ?r ac- 
ceptor than the DAB moiety (vco = 1983 cm-'1. Thus, the 
electrophilic Fe(N4Me2) metallacycle can better accom- 
modate increased electron density on iron in the transition 
state than can the Fe(DAB) metallacycle. 


The rate of substitution in Fe(C0)3(N4Me2) depends on 
both the polarity and hydrogen-bonding ability of the 
s01vent.~ Relative rates of substitution in methanol, ace- 
tonitrile, and toluene are 149:9:1.3 Polar solvents should 
stabilize a polar transition state, however, the dramatic rate 
enhancement in methanol was attributed to hydrogen 
bonding to the 2,3 nitrogen atoms of the Fe(N4Mez) me- 
tallacycle. 7' , .H-0 /R 
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PMe, 
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This contrasts with the insensitivity to solvent seen for 
Fe(CO),(DAB) in which the relative substitution rates in 
methanol, acetonitrile, and toluene are 1.4:1.3:1. We 
suggest that the pseudooctahedral transition state is less 
polar in Fe(CO),(DAB) than in Fe(C0)3(N4Me2). In ad- 
dition, there is no opportunity for hydrogen bonding to 
the DAB ligand as there is for the tetraazabutadiene lig- 
and. 


Shi et al. 


Further support that electron-withdrawing abilities of 
the metallacycle affect the rate of displacement of CO was 
obtained by studying derivatives with different DAB lig- 
ands. For example, the substitution rate is reduced by a 
factor of 4 when the electron-donating methoxy group is 
placed in the para position of the phenyl ring (3a). A much 
larger rate reduction results when the phenyl ring is re- 
placed by the cyclohexyl group (4a). Thus, the substitution 
lability of these complexes parallels the ability of the 
metallacycle to accept electron density in the pseudooc- 
tahedral transition state. The importance of electron 
delocalization to ligands in 18-electron systems which react 
by associative mechanisms was first recognized for nitro- 
syl-" and for cyclopentadienylmetaP complexes. The 
diazabutadiene complex could add a ligand and still 
maintain an 18-electron configuration by delocalizing a pair 
of electrons onto the metallacycle. 
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In contrast to the simple CO substitution process ob- 
served for the above complexes, treatment of the tert-butyl 
compound 5a with nucleophiles leads to loss of the DAB 
moiety (eq 5).  The substitution products 5b and 5c are 
not inherently unstable but can only be prepared by the 
photochemical reaction (eq 3), which proceeds via a dis- 
sociative mechanism. In the thermal reactions, Fe(C0)3L2 
is the sole product observed by IR and mass spectroscopy. 
No intermediates could be detected in the infrared spec- 
trum of the reaction mixture. The kinetics of DAB re- 
placement in the tert-butyl complex exhibits both lig- 
and-dependent and ligand-independent pathways (Figure 
3) that follow the rate law (eq 8). Rate constants for this 
-d[Fe(CO),(DAB)]/dt = 


kl[Fe(CO)&DAB)l + kz[Fe(CO)3(DAB)1 [Ll (8) 
process are presented in Table I11 as a function of tem- 
perature for PMe, and for P(OMe)3 and P(n-Bu),. 
Analysis of the rate data as a function of temperature and 
ligand concentration for L = PMe3 permits an estimate 
of the activation parameters for the two pathways. The 
dissociative (k,) route exhibits a large enthalpy of activa- 
tion (AHl* = 25.0 f 1.0 kcal/mol) and a small entropy of 
activation (AS1* = -8.0 f 3.0 eu). This contrasts with the 
associative path (k,) which possesses a smaller enthalpy 
of activation (AH2* = 20.4 f 0.8 kcal/mol) and a larger 
negative entropy of activation (AS2* = -18.2 f 2.0 eu). 
These values are consistent with the mechanism proposed 
below. 


Ring opening has been observed21 when compounds of 
the type Fe(C0),(1,4-heterodiene), where heterodiene is 
an unsaturated aldehyde, ketone, or Schiff base, are treated 
with nucleophiles. These complexes also react according 
to a two-term rate law involving partial dissociation of the 
heterodiene ligand.22 Our kinetic data can be accommo- 
dated by the mechanism given in Scheme 11. The 18- 
electron intermediate 6 can be obtained by either a dis- 
sociative or an associative route. In the former, partial 
dissociation of the DAB ligand leads to the coordinately 


(21) Bellachioma, G.; Cardici, G. J. Chem. SOC., Dalton Tram. 1977, 


(22) Bellachioma, G.; Reickenbach, G.; Cardici, G. J. Chem. Soc., 
2181-2186; Inorg. Chem. 1977,16,3099-3104. 


Dalton Tram. 1980, 634-637. 
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(P(n-Bu),) or less basic (P(OMe),) ligands. Partial dis- 
sociation and subsequent loss of the DAB ligand seems to 
be a result of the steric bulk of the tert-butyl group. I t  
is reasonable that a transition state of increased coordi- 
nation should be susceptible to steric effects. Recall that 
the photochemical preparation of the monosubstituted 
tert-butyl derivatives 5b and 5c avoids the six-coordinate 
transition state. 


These studies show that both steric and electronic fac- 
tors may influence the thermal substitution chemistry of 
coordinately saturated Fe(CO),(DAB) complexes. Nu- 
cleophilic substitution occurs by an associative mechanism 
for this 18-electron system which may delocalize electron 
density onto the DAB ligand.'* Consequently the rate of 
substitution increases with the ability of the metallacycle 
moiety to accept electron density. With bulky substituents 
in the 1,4 positions of the DAB ligand, steric interactions 
dominate and lead to DAB loss rather than CO substitu- 
tion. 


Scheme I1 
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R I 


5a 7 
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unsaturated intermediate 7, which rapidly adds L to yield 
6. Alternatively, direct nucleophilic attack on 5a would 
lead to a pseudooctahedral transition state which is ste- 
rically crowded because of the bulky tert-butyl substitu- 
ents. Dissociation of one end of the DAB ligand would 
reduce the steric strain and produce 6. This intermediate 
can then react with another molecule of L, following dis- 
sociative loss of the monodentate DAB ligand, to give the 
observed product. With the assumption that the steady- 
state approximation holds for 7 and that k,[L] >> k-,, then 
koM conforms to eq 9. 


~ o b e d  = k3 + k4LI (9) 
Note (Table 111) that the ligand-dependent term dom- 


inates only in the case of the small, strongly basic PMe3 
nucleophile. The dissociative pathway prevails for larger 
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a-Thiocarbanions, generated from the reaction of sulfides with organolithium reagents or lithium di- 
isopropylamide, react with iron pentawbony1 and then with methyl iodide, to give ,&keto sulfides. Disaides 
were obtained as byproducta of these reactions and as the only product when iodine was used as the 
electrophile. The utilization of acid halides as the electrophilic reagent afforded thioesters in fine yields. 


There have been extensive investigations of the reactions 
of organolithium compounds2 and Grignard reagentsz4 
with iron pentacarbonyl. The products of these reactions 


are acyltetracarbonylferates (1) which are useful reagents 
in their own right being able, for example, to convert 
halides to ketones (2),293 imidoyl chlorides to mesoionic 
l,3-oxazol-bones (3) ,6 and epoxides to a,p-unsaturated 
ketones (4).6 (1) E. W. R. Steacie Fellow, 1980-1982. 
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cited therein. 
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It seemed of interest to apply the above process to a- 
thiocarbanions (5).' It was anticipated that reaction of 
5 with iron pentacarbonyl would give the acyltetra- 


R '  


I 
RSCHL i  + F e ( C 0 ) s  - RSCHCFe(C0)4 -L i f  


I II 
R'  


5 
0 


6 


R '  


carbonylferrate anion 6 which upon treatment with a 
halide (e.g., methyl iodide) would form the @-keto sulfide 
7, an important class of organic compounds.' Alternatively, 
complex 6 may experience decomplexation and elimination 
of RS-, a reasonably good leaving group, the byproducts 
being ketenes and iron tetracarbonyl. 


Results and Discussion 
Treatment of benzyl phenyl sulfide with n-butyllithium 


in anhydrous tetrahydrofuran at -78 "C gave 5, R = R' = 
Ph. When the latter was reacted with an equivalent 
amount of iron pentacarbonyl a t  -78 "C and the solution 
warmed to room temperature (2 h) and then treated with 
methyl iodide, the ,&keto sulfide 7, R = R' = Ph, was 
formed in 25% yield together with the coupled disulfide 
8, R = R' = Ph (15%), and stilbene (9, R = R' = Ph; 10% 


R'CHSR 


R'CHSR R '  
I 
8 9 


yield). A shorter reaction time for 5, R = R' = Ph, with 
Fe(C0)5 resulted in lower product yields. The presence 
of 0.1 equiv of diisopropylamine in these reactions had 
small effecta on the produd distribution. However, if the 
amount of diisopropylamine is increased to 2 equiv and 
the complete reaction sequence is carried out a t  -78 "C, 
the &keto sulfides (7) were obtained in good yields 
[44-60% (Table I)]. 


The use of tert-butyllithium instead of the n-butyl iso- 
mer in the reaction sequence resulted in minor changes 


(7) Stowell, J. C. 'Carbanions in Organic Synthesis"; Wiley: New 
York, 1979. 


9' 


13 


R I I 
Fe(C015  + RSCH. - RSCHCHSR I 


R '  
I 
R '  


14  8 


in the proportions of 7 and 8 but not 9 (R = R' = Ph). It 
is of interest to note that the disulfide (8) was obtained 
in good yield when iodine (in diisopropylamine) functioned 
as the electrophile. However, neither the &keto sulfide 
(7) or olefin (9) was detected in this reaction. 


Acceptable yields of 8-keto sulfides (7) were realized by 
the use of lithium diisopropylamide (LDA), rather than 
n- or tert-butyllithium, to generate the carbanion 5. It is 
also worth noting that reactant sulfide was recovered when 
5, R = R' = Ph (generated by using LDA), was treated with 
Fe(C0)5 (first a t  -78 "C and then either a t  room tem- 
perature or in refluxing THF) and then with acid. 


The use of an acid chloride [R'COCl] as the electrophile 
in these reactions resulted in the formation of thioesters 
(10) in 50-78% yields. In this reaction, the acid chloride 


10 11 


was added a t  room temperature. The yields become al- 
most quantitative when the electrophile is added at  -78 
"C, indicating that some decomposition of the interme- 
diate, or alternate reaction, occurs on warming the solution 
to room temperature. In addition, the reaction is ex- 
ceedingly facile a t  -78 "C, suggestive of the presence of 
a good leaving group. Thioesters were formed by using 
aliphatic, aromatic, heterocyclic, and cY,/3-unsaturated acid 
chlorides or benzoic anhydride. In no case was the a-di- 
ketone (11) detected in these reactions. 


The above results can be rationalized on the basis of the 
pathways outlined in Schemes I and 11. The &keto sulfide 
(7) probably arises from reaction of the anion 6 with 
methyl iodide to give 12, followed by reductive elimination 
(path a Scheme I). The formation of significant amounts 
of disulfide 8 is indicative of the simultaneous occurrence 
of an electron-transfer pathway in the reaction of 6 with 
methyl iodide. The iron carbonyl radical 13 so formed may 
collapse to 14, regenerating iron pentacarbonyl. Dimeri- 
zation of 14 would then afford 8. It is also conceivable that 
13 can couple with the formed methyl radical to give 12 
(and then 7). 
As previously noted, the best yields of 7 were achieved 


when the reaction (sulfide, n-C4H9Li, Fe(C0)5, CHJ) was 
carried out in the presence of 2 equiv of diisopropylamine. 
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Table I. Products Obtained from the Reaction of 5 with Fe(CO), 
reactant base electrophile products yield,b % 


PhSCH,Ph A CH,I 7 , R = R ' = P h  25 
1 5  8. R =  R = Ph 


AC CH,I 
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Ad 
E 
E 
E 
E 
E 
E 
E 
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p-CH,C,H,SCH,Ph C 


PhSCH,CH=CH, E 
p-CH,OC,H,SCH,Ph C 


E 
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CH,I 


CH,I 


CH,I 


CH,I 


I,/i-Pr,NH 
CH,COCI 
Phcoc l  
PhCOCl 
(CH,),CHCOCl 
CH,CH=CHCOCl 
CH,CH=CHCOCI 
2-furoyl chloride 
(PhCO),O 
CH,I 


CH,I 
CH,I 
CH,I 


PhCOCl 


9; R' = Ph 10 
7, R =  R = Ph 10 


15  8. R =  R = Ph 
9; R' = Ph 
7, R =  R = P h  
8, R = R' = Ph 
7, R = R' = Ph 
8 , R = R = P h  
7 , R = R ' = P h  
8, R = R' = Ph 
9, R' = Ph 
7, R = R' = Ph 
8 , R =  R ' = P h  
8, R =  R' = Ph 
10, R = Ph, R" = CH, 
10, R =  R ' =  Ph 
10, R =  R '  = Ph 
10, R = Ph, R" = CH(CH,), 
10, R = Ph, R" = CH,CH=CH 
10, R = Ph, R" = CH,CH=CH 
10, R = Ph, R" = C,H,O 
10, R =  R ' =  Ph 


7, R = p-CH,C,H,, R' = Ph 
8, R = p-CH,C,H,, R' = Ph 
7, R = p-CH,C,H,, R' = Ph 
7 ,  R = Ph, R' = C,H, 
7, R = p-CH,OC,H,, R' = Ph 
8, R = p-CH,OC,H,, R' = Ph 
10, R = p-CH,OC,H,, R' = Ph 


5 
26 
16 
44 
21 
20 
26 
10 
45 
10 
55 
74 
69 


l ooe  
50 
75 
97e 
72 
52 
56 
22 
29 
18 
60 
25 
78 


A = n-C,HpLi; B = n-C,H,Li + 0.1 i-Pr,NH; C = n-C,H,Li + 2 i-Pr,NH (at -78 "C); D = t-C,H,Li; E = LDA. Yields are 
Reaction time for 5 and Fe(CO), was 5 min instead of the usual 2 h. of pure materials. Crude yields were much higher. 


10% starting material was recovered. e Acid chloride was added at -78 "C. 


R'  


Scheme I1 
R'  


I I  
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One equivalent is required to generate LDA, and the 
second equivalent may participate in ligand substitution 
of iron pentacarbonyl, giving Fe(CO)4(i-Pr2NH). Ligand 
substitution of this type has been observed in the case of 
tertiary,8 and secondary acyclic: amines. The amine- 
substituted iron carbonyl may be more susceptible to at- 
tack by the a-thiocarbanion than iron pentacarbonyl itself. 
In olefin isomerization, an admittedly different reaction 
process, Fe(C0I4(R3N) is a more active catalyst than Fe- 


The electrophilic acid chlorides, instead of effecting 
acylation of 6 a t  iron, may react a t  sulfur to give 15 
(Scheme 11). The latter dipolar species contains the 
thioester, an excellent leaving group, and thus collapse of 
15 would generate 10. The ketene (16) was not detected 
in any of these reactions, but that may be due to a possible 
subsequent reaction of 16 with the reactive species Fe(C- 


(CO)rY* 


(8) Bhncwaig, F.; Shamai, H.; Shvo, Y .  TetrahedronLett. 1979,2947. 
(9) Miller, J. R.; Podd, B. D.; Sanchez, M. 0. J. Chem. Soe., Dalton 


Trans. 1980, 1461. 


O)& Ketenes apparently do not react thermally with Fe- 


Finally, it is not clear how alkenes (9) are produced as 
byproducts in several of the reactions. 


In conclusion, 8-keto sulfides are formed in moderate 
yields, and under very mild conditions, by treatment of 
a-thiocarbanions with Fe(C0)5 and then methyl iodide. 
Thioesten were formed in good yields by using acid halides 
as electrophiles. The latter reaction is of less synthetic 
utility than the &keto sulfide synthesis, since thioesters 
can be prepared from thiols and acid chlorides." How- 
ever, it is an intriguing carbon-sulfur bond cleavage pro- 
cess. 


(C0)&10 


Experimental Section 
General Data. Infrared spectral determinations were made 


by using a Unicam SP-1100 spectrometer, equipped with a cal- 
ibration standard. Mass spectra were recorded on a Varian MS902 
spectrometer. Proton magnetic resonance spectral determinations 
were made by using a Varian T-60 or HA-100 spectrometer. 
Elemental analyses were carried out by Canadian Microanalytical 
Service, Vancouver, Canada. A Fisher-Johns apparatus was used 
for melting point determinations. Solvents were purified and dried 
by standard methods. AU reactions were run under a dry nitrogen 
atmosphere. 


The required sulfides were prepared by the phase-transfer- 
catalyzed reaction of thiophenols with halides.12 Lithium di- 
isopropylamide was prepared by adding, a t  below 0 OC, a stoi- 
chiometric amount of n-C4H9Li (2.4 M in hexane) to a THF 
solution of diisopropylamine. Iron pentacarbonyl and n-butyl- 
or tert-butyllithium were commercial products and were used as 
received. 


(10) Hong, P.; Sonogashira, K.; Hagihara, N. Nippon Kagaku Zasshi 


(11) Satchell, P. Q. Reu., Chem. SOC. 1963, 17, 160. 
(12) Herriott, A. W.; Picker, D. Synthesis 1975, 447. 


1968, 89, 74. 
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General Procedure for the Reaction of a-Thiocarbanions 
with Iron Pentacarbonyl. To the sulfide (4.0 mmol) in an- 
hydrous THF (30 d) at -78 "C was added, drop-by-drop, 1 equiv 
of RLi or LDA. After the solution was stirred for 1 h (solution 
became yellow), iron pentacarbonyl (4.0 mmol) was added and 
the reaction mixture was stirred for 2 h either at -78 "C or while 
being warmed up to room temperature (see Table I). Then the 
electrophile (4.0 mmol in the cme of RLi; 8.0 mmol for LDA) was 
added, and stirring was continued overnight. The reaction mixture 
was then concentrated by flash evaporation, and the resulting 
crude products were separated by f i s t  filtering through a short 
column of silica gel (CH2C12-ethyl acetate) and then by silica gel 
thin-layer chromatography (hexane-ethyl acetate). 


Products. 7, R = R' = P h  IR v(C0) 1685 cm-l; 'H NMR 
(CDC13) 6 2.18 (8,  3 H, CH3), 4.97 (8 ,  1 H, CH), 7.40 (e (br), 10 
H, Ph); MS m/e 242 [MI+, 199 ([M - COCH3]+; mp 64-65 "C 
mp 64-66 "C). Anal. Calcd for ClSH140S: C, 74.36; H, 5.83; S, 
13.20. Found: C, 74.18; H, 5.85; S, 12.81. 
7, R = p-CH3CeH4, R' = P h  IR v(C0) 1690 cm-'; 'H NMR 


(CDC13) 6 2.11, 2.25 (s each, 6 H, two methyl groups), 4.91 (s, 1 
H, CH), 6.97 (d, 2 H, J = 8 Hz, protons on carbon ortho to sulfur 
bearing carbon), 7.22 (d, 2 H, J = 8 Hz, protons on carbon meta 
to sulfur bearing carbon), 7.27 (s ,5  H, Ph); MS m/e 256 [MI+, 


(13) Newman, H.; Angier, R. B. Tetrahedron 1970,26,825. 


213 [M - COCH3]+; mp 71-73 "c. Anal. Calcd for CI6Hl6OS: 
C, 74.96; H, 6.29; S, 12.51. Found: C, 74.60; H, 6.57; S, 12.93. 
7, R = p-CH30CsH4, R' = P h  IR v(C0) 1685 cm-'; 'H NMR 


(CDClJ 6 2.16 (9, 3 H, CHJ, 3.72 (9, 3 H, OCH3), 4.87 (9, 1 H, 
CH), 6.70-7.40 (m, 9 H, aromatic protons); MS m/e 270 [MI+, 
239 [M - OCH3]+, 227 [M - COCH3]+. Anal. Calcd for C1&16O@: 
C, 70.63; H, 5.92; S, 11.77. Found C, 70.81; H, 6.11; S, 11.43. 


Products 8-10 were identified by comparison of spectral data 
with those described in the literature and, in some cases, by 
comparison with authentic materials. 
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Reaction of R~~(CO)~(dppm) ,  (la) (dppm = bis(dipheny1phosphino)methane) with molecular hydrogen 
at 85 "C gives the trinuclear dihydrido cluster complex (c~-H)~R~~(CO)~(C~-P(C~H~)CH~P(C~H~)~)~ (3a) in 
high yield and purity. Under the same experimental conditions, Ru&CO)B(dpam), (lb) (dpam = bis- 
(dipheny1arsino)methane) provides the intermediate monohydrido species (C~-H)RU~(CO),(C~-AS(C~H~)- 
CH2As(C$16),)(dpam) (2b) which further reacts with H2 at 120 "C, yielding the dihydrido cluster complex 
(~-H)2Ru3(CO)e(~-As(C6HS)CH2As(C~HS)2)2 (3b). The crystal and molecular structures of 3a and 3b are 
reported. Crystal data for 3a: monoclinic, space group C2/c; a = 14.510 (2) A, b = 16.533 (1) A, c = 18.198 
(2) A, j3 = 90.80 (1)"; current R = 0.026, R, = 0.028 from 5151 reflections with F,, > 3a(F,). Crystal data 
for 3b  monoclinic, space group R1/c ;  a = 14.726 (5) A, b = 16.931 (7) A, c = 18.097 (4) A, j3 = 92.40 (2)"; 
current R = 0.041, R,  = 0.039 from 3565 reflections. Both structures consist of a triangular array of Ru 
atoms (isosceles in 3a) involving two equatorial CO ligands per metal atom; both cluster faces are capped 
in a similar way by identical ligand units c ~ - X ( C ~ H ~ ) C H ~ X ( C ~ H ~ ) ~  (X = P or As). In a typical ligand unit, 
the first P (or As) atom bridges a metal-metal edge, while the second one is coordinated to the third metal 
atom. The two hydrido ligands are found to bridge inequivalent metal-metal bonds. This feature is 
confirmed by 'H NMR data, including variable-temperature experiments. Acidification of the reported 
complexes gives new cationic trihydrido cluster complexes which are characterized by 'H NMR. Catalytic 
tests show that complex 3a catalyzes the hydrogenation of cyclohexane to cyclohexanol (86% conversion 
after 18 h, using a 1/1OOO catalyst/substrate ratio; t = 90 "C; P(H2) = 100 bar). 


Introduction 
Earlier work in this laboratory has led to  the  isolation 


of the new cluster complexes RU,(CO)&~ (1) stabilized by 
bridging bis(dipheny1phosphino)methane' or bis(di- 


(1) Lavigne, G.; Bonnet, J.-J. Inorg. Chem. 1981,20, 2713. 


0276-7333/82/2301-lO40$01.25/0 


pheny1arsino)methane ligands ( la ,  L = dppm, lb,  L = 
dpam). In  attempts t o  determine whether or not  such 
species could be efficient catalyst precursors, we were 
prompted to investigate the nature of the complexes which 
could be generated under the  conditions of a typical hy- 
drogenation reaction. We were led to these studies through 
previous reports2-" dealing with some versatile effects of 
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General Procedure for the Reaction of a-Thiocarbanions 
with Iron Pentacarbonyl. To the sulfide (4.0 mmol) in an- 
hydrous THF (30 d) at -78 "C was added, drop-by-drop, 1 equiv 
of RLi or LDA. After the solution was stirred for 1 h (solution 
became yellow), iron pentacarbonyl (4.0 mmol) was added and 
the reaction mixture was stirred for 2 h either at -78 "C or while 
being warmed up to room temperature (see Table I). Then the 
electrophile (4.0 mmol in the cme of RLi; 8.0 mmol for LDA) was 
added, and stirring was continued overnight. The reaction mixture 
was then concentrated by flash evaporation, and the resulting 
crude products were separated by f i s t  filtering through a short 
column of silica gel (CH2C12-ethyl acetate) and then by silica gel 
thin-layer chromatography (hexane-ethyl acetate). 


Products. 7, R = R' = P h  IR v(C0) 1685 cm-l; 'H NMR 
(CDC13) 6 2.18 (8,  3 H, CH3), 4.97 (8 ,  1 H, CH), 7.40 (e (br), 10 
H, Ph); MS m/e 242 [MI+, 199 ([M - COCH3]+; mp 64-65 "C 
mp 64-66 "C). Anal. Calcd for ClSH140S: C, 74.36; H, 5.83; S, 
13.20. Found: C, 74.18; H, 5.85; S, 12.81. 
7, R = p-CH3CeH4, R' = P h  IR v(C0) 1690 cm-'; 'H NMR 


(CDC13) 6 2.11, 2.25 (s each, 6 H, two methyl groups), 4.91 (s, 1 
H, CH), 6.97 (d, 2 H, J = 8 Hz, protons on carbon ortho to sulfur 
bearing carbon), 7.22 (d, 2 H, J = 8 Hz, protons on carbon meta 
to sulfur bearing carbon), 7.27 (s,5 H, Ph); MS m/e 256 [MI+, 


(13) Newman, H.; Angier, R. B. Tetrahedron 1970,26,825. 


213 [M - COCH3]+; mp 71-73 "c. Anal. Calcd for CI6Hl6OS: 
C, 74.96; H, 6.29; S, 12.51. Found: C, 74.60; H, 6.57; S, 12.93. 
7, R = p-CH30CsH4, R' = P h  IR v(C0) 1685 cm-'; 'H NMR 


(CDClJ 6 2.16 (9, 3 H, CHJ, 3.72 (9, 3 H, OCH3), 4.87 (9, 1 H, 
CH), 6.70-7.40 (m, 9 H, aromatic protons); MS m/e 270 [MI+, 
239 [M - OCH3]+, 227 [M - COCH3]+. Anal. Calcd for C1&16O@: 
C, 70.63; H, 5.92; S, 11.77. Found C, 70.81; H, 6.11; S, 11.43. 


Products 8-10 were identified by comparison of spectral data 
with those described in the literature and, in some cases, by 
comparison with authentic materials. 
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Reaction of R~~(CO)~(dppm),  (la) (dppm = bis(dipheny1phosphino)methane) with molecular hydrogen 
at 85 "C gives the trinuclear dihydrido cluster complex (c~-H)~R~~(CO)~(C~-P(C~H~)CH~P(C~H~)~)~ (3a) in 
high yield and purity. Under the same experimental conditions, Ru&CO)B(dpam), (lb) (dpam = bis- 
(dipheny1arsino)methane) provides the intermediate monohydrido species (C~-H)RU~(CO),(C~-AS(C~H~)- 
CH2As(C$16),)(dpam) (2b) which further reacts with H2 at 120 "C, yielding the dihydrido cluster complex 
(~-H)2Ru3(CO)e(~-As(C6HS)CH2As(C~HS)2)2 (3b). The crystal and molecular structures of 3a and 3b are 
reported. Crystal data for 3a: monoclinic, space group C2/c; a = 14.510 (2) A, b = 16.533 (1) A, c = 18.198 
(2) A, j3 = 90.80 (1)"; current R = 0.026, R, = 0.028 from 5151 reflections with F,, > 3a(F,). Crystal data 
for 3 b  monoclinic, space group R1/c;  a = 14.726 (5) A, b = 16.931 (7) A, c = 18.097 (4) A, j3 = 92.40 (2)"; 
current R = 0.041, R,  = 0.039 from 3565 reflections. Both structures consist of a triangular array of Ru 
atoms (isosceles in 3a) involving two equatorial CO ligands per metal atom; both cluster faces are capped 
in a similar way by identical ligand units c ~ - X ( C ~ H ~ ) C H ~ X ( C ~ H ~ ) ~  (X = P or As). In a typical ligand unit, 
the first P (or As) atom bridges a metal-metal edge, while the second one is coordinated to the third metal 
atom. The two hydrido ligands are found to bridge inequivalent metal-metal bonds. This feature is 
confirmed by 'H NMR data, including variable-temperature experiments. Acidification of the reported 
complexes gives new cationic trihydrido cluster complexes which are characterized by 'H NMR. Catalytic 
tests show that complex 3a catalyzes the hydrogenation of cyclohexane to cyclohexanol (86% conversion 
after 18 h, using a 1/1OOO catalyst/substrate ratio; t = 90 "C; P(H2) = 100 bar). 


Introduction 
Earlier work in this laboratory has led to  the isolation 


of the new cluster complexes RU,(CO)&~ (1) stabilized by 
bridging bis(dipheny1phosphino)methane' or bis(di- 


(1) Lavigne, G.; Bonnet, J.-J. Inorg. Chem. 1981,20, 2713. 
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pheny1arsino)methane ligands ( la ,  L = dppm, lb ,  L = 
dpam). In  attempts t o  determine whether or not such 
species could be efficient catalyst precursors, we were 
prompted to investigate the nature of the complexes which 
could be generated under the conditions of a typical hy- 
drogenation reaction. We were led to these studies through 
previous reports2-" dealing with some versatile effects of 
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Chemistry of Substituted Ruthenium Clusters 


phosphine addition in catalytic systems involving cluster 
participation. 


Our previous observations' revealed that the complex 
R ~ ~ ( C O ) ~ ( d p p m ) ~  ( la)  experiences a facile thermal 
transformation via a stepwise oxidative cleavage of a co- 
ordinated dppm ligand, yielding RU~(CO),(CL~-P(C~H~)(CL- 
CHP(C6H6)2)(dppm) as a final product.12 In contrast, la 
and 1 b were found to react with molecular oxygen without 
oxidative cleavage of the bridging ligand, affording the 
trhuclear oxo derivative Ru~(&-O)(CO)~(L)~~~  Following 
these observations as well as previous the oxidative 
cleavage of phosphine or arsine ligands could be expected 
to occur finally in absence of an energetically more fa- 
vorable reaction. 


When attempting the reaction of 1 with molecular hy- 
drogen, we had in mind a closely related e~periment'~ 
concerning RU&CO)~~  and O S ~ ( C O ) ~ ~ ,  which provided 
H4R~4(C0)12 and H20s3(CO)lo, respectively. We first 
hoped that an imposed retention of the trinuclear ruthe- 
nium frame by edge-bridging ligands could favor the for- 
mation of substituted analogues of the very attractive 
species H20s3(CO)lo which is still unknown in the chem- 
istry of ruthenium.16 However, different results have been 
obtained, since an oxidative cleavage of phosphine or arsine 
ligands has proved to be concomitant with the addition 
of hydrogen, leading to new hydrido cluster complexes 
which were characterized by spectroscopic and crystallo- 
graphic techniques. Preliminary catalytic runs show that 
these complexes have moderate efficiency in a catalytic 
hydrogenation reaction. 


Experimental Section 
Synthetic Work. The compounds reported in this study do 


not exhibit particular sensitivity to air at room temperature. 
However, as a matter of routine in this laboratory, the reactions 
were performed under an atmosphere of prepurified nitrogen using 
Schlenk tubes and vacuum lines. Organic solvents were degassed 
prior to use. R U ~ ( C O ) ~ ~ ' ~  and R ~ ~ ( C O ) ~ ( d p p m ) ~  (la)' were pre- 
pared by published procedures. R~~(CO)a(dpam)~ (lb) can be 
obtained through the same experimental conditions as those stated 
for the phosphorus derivative.' Complexes la and lb were purified 
on a silica gel column (benzene as eluent) and recrystallized from 
an acetone/ethanol medium. Molecular hydrogen was allowed 
to bubble into xylene solutions of these complexes at atmospheric 
pressure and variable temperatures. 


Spectroscopic Data. IR Spectra. Solution spectra in the 
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v(C0) region were recorded on a Perkin-Elmer 225 spectropho- 
tometer. 
NMR Spectra. 'H NMR spectra were recorded on a Bruker 


WH90 Fourier transform spectrometer. Since no 31P-spin de- 
coupler was available on this apparatus, the molecular structure 
of the complexes was elucidated from arsine derivatives. Chemical 
shifts, 6, given in this paper are relative to internal Me,Si reference. 
All 'H NMR spectra were recorded at 90 MHz, using CDzClz as 
solvent. The variable-temperature experiment was carried out 
in deuterated toluene. Complete NMR data are displayed in 
Table XI. 


Preparation of (r-H)2Ru3(CO)~(r-P(CsH,)CH2P(c6H5)~)2 
(3a). In a typical experiment, 350 mg of R~~(CO)~(dppm)~-2-  
(CH3)&0 (la) as crystals was dissolved in 30 mL of xylene. A 
continuous hydrogen stream was allowed to bubble into this 
solution. The temperature was raised to 80-85 "C for 90 min: 
the initial red solution turned gold yellow. The solution was cooled 
and concentrated under vacuum. Elution with dichloro- 
methane/hexane mixtures afforded a yellow band as the only 
detectable product. Recrystallization from a 1/1 dichloro- 
methane/hexane solution gave 210 mg of crystals (77 % yield) 
which were directly suitable for X-ray analysis: IR (u(CO), CH2C12 
solution) 2032 (m), 2000 (s), 1975 (s), 1940 (m), 1915 (m) cm-'; 
'H NMR (CD2C12 solution) 6 4.78 (broad methylene resonance), 
3.47 (broad methylene resonance), -15.87 (hydride signal), -19.35 
(hydride signal). Anal. Calcd for (~-H)2Ru3(CO)6(r-P(C6H5)- 
CH2P(C6HS)2)2 (C44H3806P4R~3): c, 48.58; H, 3.33. Found C, 
48.20; H, 3.30. Evidence for benzene evolution in this reaction 
was obtained through the synthesis of 3a by using 2-ethoxyethanol 
as a benzene-free solvent: gas chromatography of the reaction 
mixture was performed on an Intenmat IGC 121 DFL apparatus 
equipped with a flame ionization detector, using a 3.0 m X 0.33 
cm column packed with 10% SE 30 on Chromosorb PAW 80/lOO. 
In a typical experiment, 1.3 mol of C6H6 per mole of starting 
material (la) could be detected. (Note that the high insolubility 
of 3a in 2-ethoxyethanol at room temperature allows direct 
crystallization of this complex upon cooling, providing a clean 
recovery. This solvent can be favorably used in all the syntheses 
reported here). 


Preparation of (~-H)Ru~(CO)~(~-AS(C~H~)CH~AS- 
(C6H5)2)(dpam)CH2C12 (2b). The reaction of lb with molecular 
hydrogen was carried out under the same above conditions (xylene 
solution, 90 min, 80-85 OC, continuous hydrogen stream). Al- 
though no change in the initial red color was observed, the IR 
spectrum gave evidence for the formation of a new species. 
Chromatographic workup on silica gel (benzene as eluent) gave 
a red compound. Recrystallization from dichloromethane/pe- 
troleum ether afforded red crystals which were subsequently 
formulated as ( ~ - H ) R u ~ ( C O ) ~ ( ~ - A S ( C ~ H ~ ) C H ~ A S ( C ~ H ~ ) ~ ) -  
(dpam)CH2C12 (2b) (yield -50%): IR (v(CO), CHzC12 solution) 
2030 (s), 1975 (br), 1920 (m) cm-'; 'H NMR (CD2C12 solution) 6 
4.64 (8, CH2), 2.24 (9, CH2), -14.56 (s, hydride signal). The 
intermediate nature of this species was established by the following 
experiment. 


Preparation of (r-H)2Ru3(CO)6(r-As(CsH5)CH~(CsH5)2)~ 
(3b). Crystals of 2b were dissolved in xylene and molecular 
hydrogen was allowed to bubble into the solution for 3 h at 120 
OC: the initial red colour turned yellow. The solution was con- 
centrated and chromatographed; elution with benzene gave no 
traces of 2b; further elution with dichloromethane/hexane af- 
forded a new compound, 3b, which was recrystallized from 1/1 
dichloromethane/hexane as yellow crystals which can be for- 
mulated as 01-H)2R~3(Co)6(~-k9(c~~CH2k9(CgH5)2)2 (3b) (yield 
-60%): IR (v(CO), CHzC12 solution) 2037 (m), 2005 (s), 1980 (s), 
1940 (m), 1920 (m) cm-l; 'H NMR (CD2C12 solution) 6 4.74 (9, 
CH2), 3.13 (quartet with superimposing hydride coupling, CH2), 
-16.08 (doublet of doublets, hydride signal), -20.11 (d, hydride 
signal). 


Preparation of Cationic Hydrido Cluster Complexes. 
Acidification of various complexes reported here led to the for- 
mation of new cationic cluster complexes which were fully 
characterized from their 'H NMR spectra. These experiments 
were realized by adding an excess of trifluoroacetic acid to di- 
chloromethane solutions of the complexes at room temperature. 


(2) Chini, P.; Martinengo, S.; Garlaschelli, G. J.  Chem. SOC., Chem. 


(3) Ryan, R. C.; Pittman, C. U., Jr.; OConnor, J. P. J. Am. Chem. SOC. 


(4) Sanchez-Delgado, R. A.; Bradley, J. S.; Wilkinson, G. J. Chem. SOC. 


(5) Labroue, D.; Poilblanc, R. J.  Mol. Catal. 1977,2, 329. 
(6) Vaglio, G. A.; Valle, M. Inorg. Chim. Acta 1978, 30, 161. 
(7) Frediani, P.; Matteoli, U.; Bianchi, M.; Piacenti, F.; Menchi, G. J. 


(8) Pittman, C. U., Jr.; Wilemont, G. M.; Wilson, W. D., Ryan, R. C. 


(9) Brown, S. C.; Evans, J. J. Organomet. Chem. 1980, 194. 
(10) Reimann, W.; Abboud, W.; Basset, J. M.; Mutin, R.; Rempel, G. 


(11) Bianchi, M.; Matteoli, U.; Menchi, G.; Frediani, P.; Botteghi, C. 


(12) New intermediate species have now been isolated in this reaction 


(13) Lavigne G.; Lugan, N.; Bonnet, J.-J. Noun J. Chim. 1981,5,423. 
(14) Fahey, D. R.; Mahan, J. E. J. Am. Chem. SOC. 1976, 98, 4499. 
(15) Knox, S. A. R.; Koepke, J. W.; Andrews, M. A.; Kaesz, H. D. J.  


Am. Chem. SOC. 1975, 97, 709. 
(16) A emall number of polynuclear metal carbonyl derivatives are 


known which are formally unsaturated in that multiple metal-metal 
bonds are present. For example, see: Mays, M. J.; Prest, D. W.; Ftaithby, 
P. R. J. Chem. SOC. 1980, 171 and references therein. See also: Ciani, 
G.; DAlfonso, G.; Freni, M.; Romiti, P.; Sironi, A,; Albinati, A. J.  Orga- 
nomet. Chem. 1977,136, C49. 


Commun. 1972,709. 


1977,99,1986. 
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H+ 
2b - 2b* 


H+ 
3b - 3b* 


[(p-H)R~~(CO)~(dpam)~]+ Ob*): 'H NMR (CDZClz solution): 6 
4.57 (8, CHz), -19.45 (8, hydride signal). [(~PH)~RU~(CO),(~-AS- 
(C&&H&(C&&J(dpam)]+ (2b*): 'H NMR (CDZCIZ solution) 
6 4.06 (quartet with superimposed hydride coupling, CHz), 2.93 
(9, CHd, -14.05 (d, hydride signal), -18.49 (doublet of doublets, 
hydride signal). [ O I - H ) ~ R U ~ ( C O ) B ( ~ - A ~ ( C ~ ~ ) C H Z A S ( C ~ H ~ ) ~ ) ~ I +  
(3b*): 'H NMR (CD2ClZ solution) 6 3.75 (quartet with superim- 
posed hydride coupling, CHZ), -16.18 (d, hydride signal X 2), 
-19.43 (8,  hydride signal). 


Catalytic Tests. Preliminary catalytic runs were performed 
by using a Sotelem 15Ob rocking autoclave. Tetrahydrofuran was 
freshly distilled on Na/benzophenone prior to use. In a typical 
experiment, 35 mL of THF, 50 mg of 3a (0.046 mmol), and 5 mL 
of cyclohexanone (48.2 "01) (molar ratio, catalyt/cyclohexanone 
ca. 1/1OOO) were introduced into the autoclave under argon. The 
temperature was raised to 90 * 1 OC (stabilization required 15 
min). A pressure of 100 bars of hydrogen was then supplied. 
Reactions were quenched at desired times by rapid cooling and 
the products immediately analyzed by GC (Intersmat IGC 121 
DFL equipped with a 1.5-m column containing Carbowax 20M 
on Chromosorb PAW 60/80). 


Collection and Reduction of X-ray Data. A. Compound 
3a. Preliminary Lfiue and precession photographs showed 3a to 
crystallize in a monoclinic cell. Systematic extinctions (hkl, h + k = 2n + 1; h01,1= 2n + 1) were consistent with space groups 
cS,-C2/c and Ci-Cc. The structure was succesfully solved in 
the centric space group C2/c. The crystal selected for data 
collection was a truncated parallelepiped with boundary planes 
of the forms (211), (lil}, (001), and (Ill); the distances from these 
faces to an arbitrary origin in the crystal were respectively 0.069, 
0.194,0.126,and0.216mm,thecryatalvolumebeingequalto0.016 
mm3. The setting angles of 25 reflections with 24' < 2 8(Mo Ka) 
< 26O were refined by least-squares procedures which led to the 
cell constants. These constants and other pertinent data are listed 
in Table L Intensity data were collected by using an h a f  Nonius 
CAD4 diffradometer. A total of 7376 intensities were recorded 
out to 28(Mo) < 5 6 O .  Theae intensities were corrected for Lorentz, 
polarization, and absorption effe~ts '~  and reduced to observed 
structure factor amplitudes by using a p value of 0.03.ls Only 
5151 unique reflections having F,2 > 3a(F,2) were used in sub- 
sequent calculations after processing. 


B. Compound 3b. Preliminary film data revealed that crystals 
of 3b belong to the monoclinic system and show systematic ex- 
tinctions (OkO, k = 2n + 1; hOl,l= 2n + 1) consistent with space 
group C$,-P2,/c. Cell constants were obtained as described 
above. Crystal data are presented in Table IB. A total of 6514 
reflections were recorded up to 28(Mo) = 40°. Intensity data were 
processed under routine conditions (vide supra) (Note that ab- 
sorption corrections could not be computed in this case, owing 
to the poor shape of the crystal.) Finally, 3565 reflections with 
F t  > 3a(F$ were used in subsequent calculations. 


Solution and Refinement of the Structures 
A. Compound 3a. The structure was solved by the heavy-atom 


techniq~e.'~ The positions of Ru atoms were obtained from a 
conventional Patterson synthesis. Subsequent refinements and 
difference Fourier calculations led to the location of all other 
non-hydrogen atoms. Let us mention a feature concerning the 
location of the two CO ligands coordinated to Ru(1): these ligands 
should be related through the twofold axis symmetry, since Ru(1) 
is located on the Cz axis. However, a difference Fourier synthesis 
showed a splitting of the peaks associated with the electron density 
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of the corresponding carbon and oxygen atoms; the magnitude 
of these peaks was equal to half of the expected electron density. 
These features were consistent with a statistical distribution of 
the two CO ligands between four sites labelled as C(l)O(l), C- 
(lb)O(lb), C(1)*0(1)*, and C(lb)*O(lb)* (starred atoms are in 
equivalent position 1 - x ,  y, - z). The separation of these sites 
(C(l)--C(lb) = 0.8 A; 0(1)--0(lb) = 1.2 A) allowed a satisfactory 
refinement of the corresponding atomic coordinates, by using fixed 
occupancy factors of 0.5. 


To ascertain our choice of the centric space group C2/c, we 
tried to refie the structure in the alternative acentric space group 
Cc. Removal of the Cz rotation axis, when going from C2/c to 
Cc, might avoid the disorder problem or, at least, might lead to 
different occupancy factors for the disordered carbonyl groups. 
However, a difference Fourier map calculated after one cycle of 
refinement in the Cc group of a model including the whole 
molecule but the disordered atoms showed again a splitting of 
carbon and oxygen atoms coordinated to Ru(l), clearly indicating 
that the observed disorder was not induced by the Cz axis. The 
corresponding peaks were found to have the same position and 
intensity as in the centric space group C2/c. Consequently, no 
further attempts to refine the structure in space group Cc were 
made. 


Atomic scattering factors were taken from Cromer and Waber's 
tabulationz0 for all atoms but hydrogen, for which the values of 
Stewart et al. were used.21 Anomalous dispersion terms for Ru 
and P atoms were included in Fc.zz Full-matrix least-squares 
refinement of a model including all non-hydrogen atoms with 
anisotropic thermal parameters yielded values for R and R, on 
F of 0.034 and 0.046, respectively. A subsequent Fourier difference 
map allowed the location of all hydrogen atoms: two of the three 
higheat peaks in this map could be assigned to the hydrogen atoms 
of the methylene group; the third one, of equal intensity, was 
located on the Cz axis, giving a reasonable position for a p-hydride 
ligand bridging the metal-metal vector Ru(2)-Ru(2)* (Ru(2)-H(1) 
= Ru(2)*-H(l) = 1.81 A). Let us note that a residual peak of 
magnitude equal to half the preceding one was found close to the 
idealized position expected for the second p-hydride ligand H(2) 
bridging the metal-metal vector Ru(l)-Ru(2) (further discussion 
concerning this hydride ligand is given later in this paper). All 
hydrogen atoms were introduced in fixed position; no attempts 
to refine the hydride positions was made.23 AB. value of 4 A2 
was assigned to hydride ligands. The hydrogen atoms of phenyl 
rings were introduced in idealized position (C-H = 0.95 A); the 
isotropic thermal parameters of these atoms were taken as 1 A2 
greater than those of their neighbor carbon atoms. The fiial cycle 
of refinement, including an isotropic secondary extinction cor- 
rection:' led to R(F) = 0.026 and RJF) = 0.029. 


In regard to the alternative possibility of space group Cc dis- 
cussed above, additional features give now evidence that the 
correct space group has been used: (i) the low values of R and 
R, are satisfadory; (ii) all vibrational ellipsoids are quite normal; 
(iii) the fact that all hydrogen atoms could be located in difference 
Fourier maps clearly indicates that the crystallographic C, sym- 
metry even extends to the light atoms. 


Final positional and thermal parameters of all atoms are listed 
in Table 11. Table I11 contains the root-mean-square amplitudes 
of v i b r a t i ~ n . ~ ~  A complete listing of observed and calculated 
structure factor amplitudes is available.25 


B. Compound 3b. A conventional Patterson synthesis proved 
to be closely similar to that observed for 3a. Accordingly, ap- 


(18) The main programs used were the following: The Northwestern 
absorption program, AGNOST, which includes the Coppens-Leieerowitz- 
Rabmovich logic for Gawian integration and the Tompa De Meulenaur 
analytical method; Zalkin's FORDAP Fourier summation program; John- 
son's ORTFP; Busing's and Levy's ORFFF, error function program; Iber's 
WCLS full-matrix least-squares program, which in ita nongroup form 
closely resembles the Busing-Levy o m  program. 


(19) Moeset, A.; Bonnet, J.-J.; Galy, J. Acta Crystallogr., Sect. B 1977, 
B33, 2639. 


(20) Cromer, D. T.; Waber, J. T. "International Tables for X-ray 
Crystallomauhy"; Kynoch Press: Birmingham, England, 1974; Vol. IV, 
Table 2.!iA.- 


(21) Stewart, R. F.; Davidson, E. R.; Simpson, W. T. J. Chem. Phys. 
1965,42, 3175. 


(22) Cromer, D. T.; Waber, J. T. "International Tables for X-ray 
Crystallography"; Kynoch Press: Birmingham, England, 1974; Vol. IV, 
Table 2.3.1. 


(23) The observed residual peaks in this structure allowed an ap- 
proximate location of hydride ligands. Nevertheless, it was not found 
reasonable to refine these positions since metal-hydrogen bonding dis- 
tances may be underestimated in X-ray structure determinations. 


(24) (a) Zachariasen, W. H. Phys. Rev. Lett. 1967,18, 195. (b) Acta 
Crystallogr. 1967, 23, 558. 


(25) See paragraph at the end of the paper regarding supplementary 
material. 


- 







Chemistry of Substituted Ruthenium Clusters Organometallics, Vol. 1, No. 8, 1982 1043 


Table I. Experimental Data for X-ray Diffraction Studies 
A B 


compd 
formula 
fw, amu 
cryst system 
space group 
a, a 
b, A 


radiation 
takeoff angle, deg 
2s limits, deg 
scan mode 
scan range 


Crystal Data 
3a 
C44H3606P4Ru 3 
1087.87 
monoclinic 
c2/c 
14.510 (2) 
16.553 (1) 
18.198 (2) 
90.80 (1) 
4370 
1.652 
11.9 


Intensity Data 
Mo Ka ( h  = 0.709 30 A )  from monochromator 
3.5 
3-56 
~ 1 0 . 6 7 0  
0.9" below Ka. to 0.9" above Ka, 


w scan speed, deg/min 1.5 
reflctns collected 7376 
unique data used 
final no. of variables 277 
R = HF0I - lFcII/Z IFoI 0.026 


std error in an observn of 1.55 e 


5151F02 > 3o(FO)' 


R, = I z w ( I F ~ I -  IFc I )z /Z~Fo211 '2  0.028 


unit weight 


proximate atomic coordinates of all atoms were obtained from 
the previous model through the following translation: Ax =i 0.25; 
Ay 0.25; Az =i 0, lvding to a structure with all atoms in general 
positions. The main difference with the previous model 3a was 
the absence of any disorder of carbonyl ligands in this case. Owing 
to the large number of atoms in this structure, phenyl rings were 
refiied as rigid groups (imposed D% symmetry; C-C = 1.395 A; 
C-H = 0.95 A). Although a fiial Fourier difference map allowed 
an approximate location of hydride ligands, these atoms were not 
included in the model. 


The final cycle of refinement led to convergence factors R = 
0.041 and R, = 0.039. Final values of positional and thermal 
parameters of all independent atoms are listed in Table Iv; those 
of rigid groups are in Table V.26 The root mean squares am- 
plitudes of vibration are presented in Table VI.% A listing of 
observed and calculated structure factor amplitudes is available.% 


Results and Discussion 
Syntheses of 3a, 2b, and 3b. Owing to the absence of 


any detectable side product, the reaction of la and lb with 
molecular hydrogen is a very clean one. It can be sc- 
hematized as shown in eq 1-3. 


Ru&O)ddppm)2 + 2H2 - 85 o c  


(cL-H)~RU~(C~)~(~-P(C~H~)CH~P(C~H~)~)~ + 2co + 
2C&6 (1) 


85 o c  
Rus(CO)~(dPam)z + H2 - 
(~-H)Ru~(C~)~(~-A~(C~H~)CH~A~(C~H~)Z)(~P~~) + 


co + C6H6 (2) 


(~-H)RU~(C~)~(CL-AS(C~H~)CH~A~(CGH~)~)(~P~~) + 
120 "C 


H2 (~-H)~R~~(CO)~G-AS(C~HS)CH~A~(C~H~)~)~ 


This reaction scheme reveals three salient features: (i) 
the triangular framework of ruthenium atoms is retained 
throughout the reaction with hydrogen, whereas an in- 
creased nuclearity wtu previously observed'5 for R u ~ ( C O ) ~ ~ ,  
providing H4R~4(C0)12; (ii) both clusters la  and lb exhibit 
an increased affinity for molecular hydrogen in comparison 
with R u ~ ( C O ) ~ ~  since the reactions work under milder 


+ co + C6H6 (3) 


3b 


1263.66 
monoclinic 


14.726 (5) 
16.931 (7)  
18.097 (4) 
92.40 (2) 
4508 
1.862 
40.9 


C44H3606 


p2 1 IC  


Mo Ka from monochromator 
3.2 
3-40 
w /2e 
0.9" below Ka, to 0.9" above Kor, 
2 
6514 
3565FO2 > 3u(FO) '  
262 
0.041 
0.039 
1.72 e 


conditions: (iii) the hydrogen uptake is concomitant with 
an oxidative addition of coordinated dppm or dpam ligands 
to the clusters and proceeds in two steps; i t  provides a 
satisfactory control of the oxidative addition of these lig- 
ands, since no further cleavage is observed in refluxing 
xylene. 


The intermediate monohydride species 2b has been 
isolated from the arsine derivative. An accurate structural 
study of this complex (both X-ray and neutron diffraction 
experiments) will be published elsewhere.26 A scheme of 
this structure is given I. 


I 
A dpam ligand is still bridging two ru the rxm atoms, 


as referred to the parent complex lb, while the activation 
of the second ligand led to the formation of the p-As- 
(C6H5)CH2h(C6H5)2 fragment in a face capped position. 
The final step of the reactions with molecular hydrogen 
is illustrated by structures 3a and 3b which are described 
(vide infra). 


Description of the Structures of 3a and 3b. A. 
Structure of 3a. The crystal structure of 3a consists of 
the packing of four trinuclear molecules per unit cell 
separated by normal van der Walls distances. Figures 1 
and 2 show respectively a perspective view including the 
labeling scheme and a stereoscopic diagram of the molecule 
3a. Interatomic distances and bond angles are listed in 
Tables VI1 and VIII, respectively. The molecule has ap- 


(26) Bonnet, J.-J.; Lavigne, G.; Lugan, N.; Savariault, J. M., in prep- 
aration. 
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Table IV. Positional and Thermal Parameters for the Nongroup Atoms of H,Ru,(CO)~((C,H,)~~CH,~~(C,H,),), a 


atom X V z P ( l l 1  O(221 P(33) P(12) ~ ( 1 3 )  P(23) 
0.24992 (7) 
0.33725 (6) 
0.14588 (6) 
0.26314 (8) 
0.09117 (8) 
0.23384 (8) 
0.39439 (8) 
0.3573 (10) 
0.4264 (7) 
0.179 (1) 
0.1371 (8) 
0.4483 (8) 
0.5169 (6) 
0.0352 (8) 


0.3527 (7) 
0.3593 (6) 
0.1412 (8) 
0.1385 (7)  
0.1508 (7) 
0.3346 (7)  


-0.0356 (6) 


0.35256 (4) 
0.49898 (6)  
0.49330 (6) 
0.41276 (8) 
0.52305 (8) 
0.41121 (8) 
0.52774 (7) 
0.2985 (9) 
0.2657 (6) 
0.2612 (8) 
0.2036 (6) 
0.4568 (7)  
0.4341 (6) 
0.4620 (7) 
0.4433 (6) 
0.5938 (8) 
0.6503 (5) 
0.5903 (9)  
0.6454 (6) 
0.4542 (7) 
0.4652 (7)  


0.24594 (6) 
0.28174 (4) 
0.20763 (5) 
0.36515 (6) 
0.33267 (6) 
0.12605 (6) 
0.15910 (6) 
0.2488 (7) 
0.2497 (5) 
0.2459 (6) 
0.2465 (5) 
0.3130 (6)  
0.3341 (5)  
0.1638 (6) 
0.1395 (5) 
0.3349 (7) 
0.3702 (5) 
0.1535 (7)  
0.1200 (6) 
0.4053 (6) 
0.0805 (5)  


. .  
4.83 (5) 


3.76 (5) 
4.42 (7) 
4.06 (6) 


3.92 (6) 


9.8 (8) 


3.77 (5) 


4.44 (7) 


8 (1) 


12 (1) 
18 (1) 


5.3 (8) 
6.1 (6) 
5.0 (7) 
5.8 (6) 


7.2 (6) 
4.1 (7) 
8.5 (7)  


4.5 (6) 


3.5 (7) 


5.7 (7)  


. .  . 
2.24 (3) 
2.48 (5) 
2.54 (5) 
2.63 (6) 
2.74 (6) 
2.57 (6)  
2.78 (6) 
6.5 (9) 
6.6 (6) 
4.3 (7) 
4.4 (5) 
3.8 (6) 
6.8 (6) 
3.2 (6) 
6.0 (5) 
3.2 (6) 
3.9 (5) 
3.9 (7 )  
5.1 (6) 
3.9 (6) 
3.6 (6) 


2.15 (3) 


2.23 (3) 
2.04 (4) 
2.55 (4) 
2.09 (4) 
2.49 (4) 
2.6 (5) 
6.2 (5) 
2.0 (4) 
5.2 (4) 
2.6 (4) 
5.6 (4) 
3.6 (5) 
7.1 (5) 
3.4 (5) 
5.7 (4) 
3.3 (5)  
6.2 (5) 
2.6 (4) 
2.1 (4) 


2.12 (3) 


. .  
0.15 (5) 
0.12 (4) 
0.07 (4) 
0.43 (5) 
0.31 (5) 


3.3 (8) 
3.9 (6) 


-0.30 (5) 
-0.24 (5) 


-1.8 (7) 
-5.6 (6)  
0.8 (5) 
2.2 (5) 


-0.3 (5) 
-1.7 (4) 


0.0 (5) 
0.2 (4)  


-0.5 (6)  
0.2 (5)  
0.8 (5) 


-0.9 (5)  


. .  


0.09 (3) 
0.19 (3) 
0.17 (3) 
0.08 (4) 
0.43 (4) 
0.18 (4) 
0.59 (4) 


-0.4 (6)  
-1.6 (5)  
-0.5 (6) 


0.4 (5) 
0.2 (5)  


-1.2 (4) 
-0.1 (5) 


0.4 (4) 
-1.5 (4) 


-0.4 (4)  
-0.5 (5) 
-0.5 (5)  


0.3 (4) 
1.0 (4) 


. .  


-0.10 (4 
-0.18 (3 


0.21 (3 
0.04 (4 
0.11 (4 


-0.19 (4 
-0.01 (4 


0.1 (4) 
0.2 (4)  


-0.8 (5)  
-1.5 (4)  


-0.5 (4)  
0.5 (4)  
0.4 (4) 


-0.1 (4) 
-0.4 (5) 
-2.9 (4) 


0.6 (5) 
3.6 (4) 
0.9 (4) 
0.0 (4)  


atom X 'y z atom X Y z 


H(71)b 0.164 0.482 0.451 H( 81) 0.312 0.498 0.039 
H(72)b 0.111 0.410 0.418 H( 82) 0.376 0.428 0.059 


Estimated standard deviations in the least significant figure@) are given in parentheses in this and all subsequent tables. 
The form of the anisotropic thermal ellipsoid isexp[-(P(l1)h' + P(22)k' + P(33)Z2 + 2p(12)hk + 2p(13)hZ + 2p(23)kl)]. 
The quantities given in the table are the thermal coefficients X103. OB = 3.0 A'. 


C7' 


Figure 1. Perspective view of the complex (pH)2RuS(CO)6(p 
P(C6Hs)CHzP(CeH5)2)2 (3a). Phenyl rings about phosphorus 
atoms have been omitted for clarity. Vibrational ellipsoids are 
given at the 30% probability level. 


parent crystallographic symmetry C2 (vide infra) and 
consists of an isosceles triangle of metal atoms (Ru(1)- 


3.0367 (5) A; Ru( 1) lies on the Cz axis). Both cluster faces 
are capped in a similar way by identical ligand units p-P- 
(C&-I&2H2P(C&& which are related by the Cz symmetry 
operation. The first phosphorus atom P(1) of a ligand unit 
bridges the Ru(l)-Ru(2) edge (Ru(l)-P(l) = 2.2958 (6) A; 
Ru(2)-P(1) = 2.3262 (6) A) while the second phosphorus 
atom P(2) is coordinated to Ru(2)* (Ru(2)*-P(2) = 2.3863 
(6) A) (Ru-P bond lengths are in the range of those ob- 
served in cluster species involving termina127-28 or bridg- 
ing1m2 phosphorus ligands). The same bonding situation 


Ru(2) = Ru(l)-Ru(2)* = 2.8361 (2) A; Ru(2)-Ru(2)* = 


(27) De Boer, J. J.; Van Doom, J. A.; Mastere, C.  J. Chem. SOC., Chem. 
Commun. 1978,1006. 


(28) Forbes, E. J.; Goodhand, N.; Jones, D. L.; Hamor, T. A. J. Orga- 
nomet. Chem. 1979,182, 143. 


(29) See ale0 the X-ray structure of RU~(CO)~(~~~~)~.~(CH~)CO: 
Lavigne, G.; Lugan, N.; Bonnet, J.-J. Acta Crystallogr., Sect. B in press. 


(30) Ehtarayau, IC; hlnai ,  L.; Huber, G. J. Organomet. Chem. 1981, 
209,85. 


Ruthenium-Ruthenium 


Ruthenium-Phosphorus 


2.3262 (6) 


2.8361 (2) Ru(2)-Ru(2)* 


2.2958 (6) Ru(2)*-P(2) 


Ruthenium-Carbon 
1.868 (6) Ru( 2)-C( 2) 
1.881 (6) Ru( 2)-C( 3) 


Carbon-Oxygen 
1.150 (6) C(2)-0(2) 
1.139 (7) C(3)-0(3) 


Phosphorus-Carbon 
1.845 (2) P(2)-C(ll) 
1.820 (2) P(2)-C(17) 
1.843 (2) 


Caxbon-Carbon 
1.377 (3) C(l1)-C(12) 
1.378 (4) C(12)-C(13) 
1.363 (5) C(13)-C(14) 
1.333 (5) C(14)-C(15) 
1.406 (4) C(15)-C(16) 
1.354 (3) C(16)-C(ll) 
1.384 (3) C(20)-C(21) 
1.383 (4) C(21)-C(22) 
1.356 (5) C(22)-C(17) 


3.0367 (5) 


2.3863 (6) 


1.878 (3)  
1.888 (2) 


1.135 (3)  
1.135 (3) 


1.819 (2) 
1.828 (2)  


1.393 (3) 
1.376 (4) 
1.359 (4) 
1.353 (4) 
1.382 (3) 
1.375 (3) 
1.351 (5)  
1.392 (4) 
1.367 (3) 


is, indeed, observed for the second ligand unit; i t  thus 
appears that  the two equivalent ruthenium-ruthenium 
bonds Ru(l)-Ru(2) and Ru(l)-Ru(2)* are supported by 
the bridgehead atoms P(1) and P(l)*, respectively, while 
the third one Ru(2)-Ru(2)* is unsupported. In keeping 
this, we originally expected to find the two hydride ligands 
bridging the two equivalent Ru(l)-Ru(2) and Ru(1)-Ru- 


(31) Iwaaaki, F.; Maya, M. J.; Raithby, P. R.; Taylor, P. L.; Wheatley, 


(32) Natarayan, K.; Scheidsteger, 0.; Huttner, G. J. Organomet. 
P .  J. J. Organomet. Chem. 1981,213,185. 


Chem. 1981,209,85. 
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Figure 2. Stereoview of the complex ( p - ~ ) Z ~ ~ S ( ~ ~ ) 6 ( p - ~ ( ~ 6 ~ S ) ~ ~ z ~ ( ~ 6 ~ 5 ) z ) z  @a). 


Figure 3. Distribution of carbonyl ligands in (p-H)zRu3(C0)6- 
(~-P(CBH5)CH2P(C6H5)z)z (3a). The disorder of both carbonyl 
ligands bonded to Ru(1) is related to the alternate occupation 
of the two hydride sites H(2) and H(2)*. 


(2)* bonds in addition to the bridging phosphorus atoms 
P(1) and P(l)*. Nevertheless, several important features 
give evidence for a different situation: (i) the 'H NMR 
spectrum of 3a in the high-field region shows two hydride 
multiplets (6 -15.87 (1 H) 6 -19.35 (1H)) in agreement with 
the existence of two nonequivalent sites (vide infra); (ii) 
the highest peak in a tridimensional Fourier map is located 
on the C2 axis, giving a reasonable position for the H(1) 
hydride ligand bridging the Ru(2)-Ru(2)* vector. This 
observation is fully consistent with the long bonding dis- 
tance Ru(2)-Ru(2)* = 3.0367 (5) A in agreement with the 
currently observed lengthening influence of a bridging 
hydride l i g a ~ ~ d . ~ ~ ~ ~  Consequently, the second hydride 
ligand could be expected to bridge one of the two equiv- 
alent metal-metal bonds available, i.e., Ru(l)-Ru(2) or 
Ru(l)-Ru(2)*, thus disturbing the crystallographic sym- 
metry of the molecule. As shown in experimental part, a 
Fourier difference map allows an aproximate location of 
this atom consistent with this assumption; (iii) finally, 
conclusive evidence for hydride location can be obtained 
from the orientations of equatorial carbonyl ligands which 
are depicted in Figure 3. The value of 107.20 (6)O found 
for both angles Ru(2)*-Ru(2)-C(3) and Ru(2)-Ru(2)*-C- 
(3)* is significantly larger than the corresponding average 
Ru-Ru-CO (equatorial), 97.95O, in R U ~ ( C O ) ~ ~ . ~ ~  Such a 


(33) Churchill, M. R.; De Boer, B. G.; Rotella, F. J. Znorg. Chem. 1976, 


(34) Bau, R.; Koetzle, T. F.; Pure Appl. Chem. 1978,50, 55 and ref- 


(35) Churchill, M. R.; Hollander, F. J.; Hutchinson, J. P. Znorg. Chem. 


15,1843 and references therein. 


erences therein. 


1977,16, 2655. 


Figure 4. Perspective view of the complex (p-H),R~~(co)~(p-  
A S ( C ~ H ~ ) C H ~ A ~ ( C ~ H ~ ) ~ ) ~  (3b). Vibrational ellipsoids are given 
at the 30% probability level. Phenyl rings about phosphorus 
atoms have been omitted for clarity. 


Figure 5. Distribution of carbonyl ligands in (p-H)zRu3(CO)6- 
(p- As ( C6Hs) CHzAs ( C6H5) z) (3b). The orientations of carbonyl 
ligands are well related to the presence of two hydride ligands 
bridging the metal-metal vectors Ru(l)-Ru(3) and Ru(2)-Ru(3). 


perturbation is consistent with the presence of the bridging 
hydride H( l ) ,  in agreement with current observations in 
hydrido cluster c ~ m p l e x e s . ~ ~ ~ ~ ~  The second p-hydride 
ligand H(2) would be expected to induce similar repulsions 
about the adjacent carbonyl ligands. Accordingly, the 
disorder of the two carbonyl ligands bonded to Ru(1) (see 
Experimental Section) is related to the alternate occupa- 
tion of the sites H(2) and H(2)*: the presence of a hydride 
in site H(2) is consistent with carbonyl groups C(lb)O(lb) 


(36) Churchill, M. R.; De Boer, B. G. Znorg. Chem. 1977, 16, 878. 
(37) Jeannin, S.; Jeannin, Y.; Lavigne, G. Inorg. Chem. 1978,17,2103. 
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Table VIII. Bond Angles (Deg) with Esd's for (p-H),Ru3(CO),(p-P(C,H,)CH,P(C,H,),), 
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Within the Ru, Triangle 
Ru( ~ ) - R u (  l)-Ru(2)* 64.739 (9) Ru(l)-Ru(2)-Ru(2)* 57.630 (9) 


P( 1 )-Ru( 1 )-Ru( 2) 52.63 (1) P( 2)-Ru(2)*-Ru(2) 85.59 (2) 
96.81 (1) P( 1 )-RIA( ~ ) - R u (  1 ) 


P(l)-Ru(B)-Ru( 2)* 77.16 (2) P(l)-Ru(l)-Ru(2)* 81.96 (2)  


Ru(2)-Ru(l)-C( l b )  115.2 (2) R u ( ~ ) * - R u ( ~ ) - C ( ~ )  107.20 (6) 
Ru(l)-Ru(2)-C( 2) 102.56 (8) Ru( 2)*-Ru( 1 )-C(1)* 90.6 (2) 


C( 1)-Ru(1 )-C( 1 b)* 94.1 (3) C(2)-Ru(2)-C(3) 91.65 (9) 


P( 1)-Ru( 1)-C( l b )  110.7 (2) P( l)-Ru(l)-C(l)* 106.0 (2) 


Ru-Ru-P 


51.67 (1) P( 2)-Ru( 2)*-Ru( 1) 


Ru-Ru-C 0 


OC-Ru-CO 


P-Ru-C 


P( l  )*-Ru( 1)-C(1b) 111.9 (2) P( 1 )*-Ru( 1 )-C( 1 )* 99.9 (2) 
c-P-c 


C(4)-P(l)-C( 5) 
C(4)-P(2)-C(ll) 


102.19 (9) 
104.3 (1) 


Ruthenium-Ruthenium 


2.906 (1) 
2.859 (2)  Ru(2)-Ru(3) 


Ruthenium-Arsenic 
2.451 (2) Ru( 2)-AS(4) 
2.454 (2) Ru( 3)-AS( 3) 
2.428 (2) Ru( 3)-AS( 2) 
Ruthenium-Carbon 


1.83 (1) Ru(2)-C(5) 
1.87 (1) Ru(3)-C(4) 
1.86 (1) Ru(3)-C(6) 


Carbon-Oxygen 
1.16 (2) C(4)-0(4) 
1.15 (2) C(5)-0(5) 
1.14 (1) C(6)-0(6) 


Arsenic-Carbon 
1.97 (1) AS(2)-C(21) 
1.97 (1) AS(2)-C(15) 
1.97 (1) AS(3)-C(27) 


1.961 (7)  AS(4)-C(39) 
1.99 (1) AS(4)-C(33) 


3.089 (2) 


2.523 (2) 
2.470 (2) 
2.555 (2) 


1.90 (1) 
1.87 (1) 
1.93 (1) 


1.16 (1) 
1.16 (2) 
1.12 (2) 


1.927 (6) 
1.932 (7)  
1.973 (6) 


1.943 (7)  
1.919 (7) 


and C(l)*O(l)* (Ru(2)-Ru(l)-C(lb) = 115.2 (2)'); alter- 
natively, occupation of site H(2)* is consistent with car- 
bonyl groups C(l)O(l) and C(lb)*O(lb)*. Consequently, 
in a given molecule, 3a, the Cz symmetry works for the 
whole molecule but the hydride H(2) and related carbonyl 
groups bonded to Ru( 1). 


B. Structure of 3b. The crystal structure of 3b con- 
sists of the packing of four discrete trinuclear molecules 
per unit cell. A perspective view of a molecule, 3b, is shown 
in Figure 4; i t  includes the labeling scheme which is 
somewhat different from that one used for 3a owing to the 
fact that in 3b all atoms are in general positions. Intera- 
tomic distances and bond angles are presented in Tables 
IX and X, respectively. Although a close similarity with 
3a can be observed, the main features to note are the 
following ones: (i) the molecule has no crystallographic 
symmetry; (ii) no disorder of carbonyl groups is now ob- 
served; (iii) the position of carbonyl ligands (see Figure 5 )  
agrees well with previous observations that the two hydride 
ligands bridge the inequivalent metal-metal bonds Ru- 
(1)-Ru(3) and Ru(2)-Ru(3). Indeed, Ru-Ru-C(O) angles 
adjacent to the hydride positions are significantly larger 
than others (see Table X); (iv) the ruthenium triangle is 
no longer isosceles, since ruthenium-ruthenium bond 
lengths in 3b are well related to the presence of hydride 


C(4)-P(2)-C( 17) 103.8 (1) 
C( 11 )-P( 2)-C( 17) 103.9 (1) 


90MHz 


6ppm -17.87 19.35 


Figure 6. 'H NMR spectrum of the complex 3a in the high-field 
region showing two hydride resonances with superimposed 
phosphorus coupling. 


ligands. A comparison of various Ru-Ru bonds in 3a and 
3b is given: 


3a 3b 


/* ' \Ru 2859 (2)  4 YP\ 
R ~ - - R ~  2 8361 (21 a R ~ -  


30367  (51 A Ru- 3089 ( 2 )  4 
\ / R u  


RU- 


Although a lengthening influence is currently assigned to 
a bridging hydride ligand, the above table supports the 
previous o b s e r ~ a t i o n ~ ~  that metal-metal bond lengths in 
dibridged species M-X-M-H are also dependent on the 
nature of the bridgehead atom X. 


Structures of 3a and 3b in Solution. Despite the 
reported differences in the solid state, both dihydride 
species 3a and 3b were found to have a similar behavior 
in solution. Considering the complexity of phosphorus 
coupling in 'H NMR spectrum of 3a (see Figure 6), the 
problem was first elucidated with the arsenic derivative. 
Complete 'H NMR data are displayed in Table XI. The 
'H NMR spectrum of 3b also appears in Figures 7 and 8. 
The occurrence of two signals in the high-field region (6 
-16.08, -20.11) is consistent with the existence of two in- 
equivalent bridging hydrido ligands. Such a disturbance 


I 


(38) Churchill, M. R.; Wasserman, H. J. Inorg. Chem. 1981,20,2905 
and references therein. 
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Table X. Bond Angles (Des) with Esd's for (AI-H),R~,(CO),(~-P(C,H,)CH,P(C,H,),), 
Within the Ru, Triangle 


Ru( 1 )-Ru( ~ ) - R u (  3)  58.34 (4) Ru( ~ ) - R u (  l)-Ru( 2) 64.79 (4) 
Ru( ~ ) - R u (  ~ ) - R u (  1 ) 


As(l)-Ru(l)-Ru(B) 53.75 (3) As( ~ ) - R u (  ~ ) -Ru(  1) 96.80 (4) 
As( 1 )-Ru( l)-Ru( 3)  84.50 (4) As(4)-Ru( ~ ) - R u (  3) 86.04 (5) 


As( ~ ) - R u (  l)-Ru( 3)  54.08 (4) As(3)-Ru( ~ ) - R u (  2) 78.60 (4) 
As( 1 )-Ru( ~ ) -Ru(  1 ) 96.85 (4) 
As( 1 )-Ru( ~ ) - R u (  3) 80.98 (4) As(2)-Ru(3)-Ru(2) 84.26 (4) 


Ru( 2)-Ru( 1)-C( 1) 92.6 (5) Ru( l)-Ru( 2)-C( 3) 97.0 (4) 
Ru( ~ ) - R u (  1)-C( 2) 112.8 (5)  Ru( ~ ) - R u (  2)-C( 5) 110.4 (3) 
Ru( 1 )-Ru( 3)-C( 4) 108.4 (4)  Ru( ~ ) - R u (  3)-C( 6)  102.8 (3) 


56.87 (3) 
R u - R u - As 


As( ~) -Ru(  l)-Ru( 2 )  83.58 (4) As( ~ ) - R u (  ~ ) - R u (  1) 53.57 (4) 


54.50 (4) As( 2 )-Ru( ~ ) - R u (  1 ) 


Ru-Ru-CO 


OC-Ru-CO 
C(l)-Ru(l)-C(2) 94.0 (7)  C( ~ ) - R u (  3)-C( 6) 90.0 (5) 
C( ~ ) - R u (  2)-C( 5 )  94.3 (5) 


As-Ru-C 
C(l)-Ru(l)-As(l) 98.3 (4)  C( ~ ) -Ru(  2)-As( 1 ) 88.9 (4)  
C( 1 )-Ru( 1 )-As( 3) 106.3 (4) C( ~ ) -Ru(  2)-As( 4) 92.2 (3) 
C(2)-R~(l)-As(l) 111.6 (4)  C( ~ ) - R u (  2)-As( 1 ) 102.7 (4) 
C( ~ ) - R u (  1 )-As( 3) 107.6 (4) C( ~ ) - R u (  2)-As(4) 106.0 (4) 


C(21)-As(2)-C(15) 103.8 (4)  C(33)-As(4)-C(39) 101.6 (4)  
C(21)-As(2)-C(7) 100.8 (4) C(33)-As(4)-C( 8) 101.7 (4)  
C(15)-As( 2)-C( 7)  102.2 (4) C(39)-As(4)-C(8) 102.4 (4)  


c-As-c 


C(8)-&(3)-C(27) 101.4 (4) C( 9)-As( 1 )-C( 7)  100.9 (4) 


Table XI. Summary of 'H NMR Data" 
hydride signals 


coupling const, Hz 
Ru-Ru 


A 
Ru-Riu 


complexes methylene signals '"/ '"/ J H , H b  J H - H ~  J H - H ~  


l a  4.11 (4 H, t )  
3a 
l b  3.81 (4 H. s)  


4.78 (2 H, br), 3.47 (2  H, br) -17.87 (1 H, br) -19.35 (1 H, br) 


lb* 4.57 (4 H; s)  -19.45 (1 H, S) 


2b* 4.06 (2  H, q*), 2.93 (2 H, 9) -14.05 (1 H, d )  -18.49 (1 H, dd) 13.2,12.1 2.2 1.4 
3b 4.74 (2 H, q), 3.13 (2 H, q*) -16.08 (1 H, dd) -20.11 (1 H, d )  12.5, 11.7 3.6 2.2 


2b 4.64 (2  H, s), 2.24 (2 H, q) -14.56 (1 H, 8 )  11.3 


3b* 3.75 (4 H, q*) -16.18 (2 H, d)  -19.43 (1 H, S) 13.2 3.6 very weak 
Chemical shifts are in ppm relative to  internal Me,Si. br = broad resonance; s = singlet; d = doublet; dd = doublet of 


Methylene. Methylene-hydride. doublet; q = quartet; q* = quartet with superimposed hydride coupling (see text). 
Hydride-hydride. 


on the symmetry of the molecule induces a magnetic in- 
equivalence of the two methylene groups; it supports our 
treatment of this system with the labeling shown in 11. 


I1 


Features in the 'H NMR spectrum of 3b (Table XI) can 
be discussed as follows: (i) the existence of an AB quartet 
for the first methylene resonance (6 4.74 (2 H, JAB = 12.5 
Hz)) is consistent with the magnetic inequivalence of H 
nuclei within this group; (ii) a more inticate f i i e  is found 
for the second methylene resonance KL (6 3.13 (2 H, J a  
= 11.7 Hz)) since the left part of the observed quartet is 
split (Figure 7). This feature would suggest that  K is 


coupled to an additional nucleus (vide infra); (iii) in the 
high-field region, the hydride nucleus X is coupled to the 
second hydride nucleus R (6 -20.11 (d, 1 H, JRx = 2.2 Hz); 
(iv) although a doublet would also be expected for the 
second hydride nucleus R, this resonance arises as a 
doublet of doublets (6 -16.08 (1 H)). 


The occurrence of features ii and iv strongly suggest that 
the hydride nucleus R is coupled to the methylene proton 
K ( J a  = 3.6 Hz). A selective irradiation of R has proved 
to restore a symmetric quartet for the resonance of the 
methylene protons KL. Moreover a simulation of the 
entire 'H spectrum has been performed by using the 
procedure described elsewhere:39 i t  fits well with the ob- 
served one and shows features in good agreement with 
structural data, i.e., the hydride ligand X lies in the plane 
of the ruthenium triangle being thus far away from both 
methylene groups. In contrast, the hydride ligand R is 
bridging a ruthenium-ruthenium bond which is also sup- 
ported by the bridgehead arsenic atom; this situation 
brings the hydride ligand R out of the plane of the ru- 


(39) Bother-By, A. A.; Castellano, S. "Quantum Chemistry Program 
Exchange"; Indiana University: Bloomington, IN, 1900; No. 111. 
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thenium triangle, thus favoring the observed interaction 
which we believe to be a through-space coupling. 


Two additional experiments were performed in order to 
check the correctness of this interpretation. First, a var- 
iable-temperature 'H NMR experiment provided infor- 
mations on the mobility of hydride ligands. As shown in 
Figure 8, no exchange between R and X is observable on 
the NMR time scale, since no coalescence of hydride sig- 
n& occurs in the temperature range 293-373 K. However, 
coalescence of the two methylene signals occurs a t  360 K, 
clearly indicating a fast exchange of R between the two 
equivalent sites available to it. Same experiment per- 
formed with the phosphorus derivative 3a showed the 
coalescence of the methylene signals a t  320 K. In both 
cases, an edge-terminal-edge scrambling pathway in- 
volving thus a terminal hydride intermediate may work; 
evidence of such a process would require a variable-tem- 
perature '3c experiment which has not been realized, owing 
to the low solubility of the complex. 


If the inequivalence of the two methylene groups AB and 
KL is only related to the position of the hydride nucleus 
R, then occupation of the available site (R*) by an addi- 
tional proton should restore a perfect equivalence of both 
methylene signals. This was the main purpose of the 
second experience which was realized upon acidification 
of 3b with trifluoroacetic acid providing the cation [ ( p -  
H)3R~3(CO)BG-As(C6H,)cH2As(c6H5)2)~]+ (3b*). The 'H 
NMR spectrum of 3b*, displayed in Table XI shows fea- 
tures which allow the following conclusions. (i) The in- 
tegration of hydride signals shows a ratio 2/1, indicating 
that the additional nucleus occupies a site R* equivalent 
to R (6 -16.18 (d, 2 HI). The very weak coupling R-X is 
not observable is this spectrum. (ii) The additional hydride 
nucleus R* interacts with the methylene AI3 group in a way 
similar to the already observed interaction of R with KL. 
Consequently, both methylene resonances are no longer 
discernible and arise as a quartet K2L2, the left part of 
which is split (Figure 7; 6 3.75 (4 H, 6 3.75 JKL = 13.2 Hz, 
JKR = 3.6 Hz)). It should be noted that the chemical shift 
of the methylene signal in 3b* is close to the value observed 
when coalescence of the two signals occurs a t  360 K for 
3b. (iii) This spectrum allows an unambiguous assignment 
of the hydride resonances to the two different sites 


available in 3b, i.e., Ru-As-Ru-H and Ru-H-Ru. It thus 
appears that the effect of the bridgehead atom (As or P) 
is a lowering of the hydride resonance. Accordingly, 
acidification of the monohydride species 2b (it has been 
proved by neutron diffraction26 that in 2b the hydride 
ligand occupies the site bridged by the arsenic atom) 
provides an upperfield resonance in agreement with the 
fact that the additional hydride ligand occupies one of the 
two unsupported ruthenium-ruthenium bonds (see Table 
XI) * 


The study of these complexes raises a t  least two intri- 
guing questions. First, why in both complexes 3a and 3b 
a hydride ligand occupies a site related to a nonbridged 
metal-metal bond even though a site associated with a 
bridged metal-metal bond is available? Apparently, the 
latter site is not sterically hindered since it can be occupied 
by an additional hydrogen atom upon acidification. In 
regard to the preferred sites associated with metal-metal 
bonds Ru(2)-Ru(2)* in 3a and Ru(2)-Ru(3) in 3b, we 
would suggest that the large bit angle of both rigid face 
capped ligands accounts in determining large metal-metal 
separations Ru(2)-Ru(2)* = 3.0367 (5) 8, in 3a and Ru- 
(2)-Ru(3) = 3.089 (2) 8, in 3 b  this may lower the potential 
energy of the corresponding sites of bridging hydrido lig- 
ands. Another important question concerns the mecha- 


I 


A K L  


(B) 


K2 , 


Figure 7. 'H NMR spectra in the methylene region. (A) Complex 
O ~ - H ) Z R U S ( C O ) , O ~ - A ~ ( C ~ ~ ) C H ~ ( C ~ ~ ~ ~  (3b): 6 4.74 (2 H, AB, 
q, JAB = 12.5 Hz), S 3.13 (2 H, KL, quartet with superimposed 
hydride coupling KFt, Jm = 11.7 Hz, Jm = 3.6 Hz). (B) Complex 


H, KX2, quartet with superimposed hydride couplmg K2R2 JKL 
[ O ~ - H ) ~ R U ~ ( C O ) B ( ~ - A ~ ( C B H ~ ) C H ~ A S ( C ~ H ~ ) ~ ) ~ I +  (3y): 6 3.75 (4 


= 13.2 Hz, Jm = 3.6 Hz). 


373PK 


363PK 


353PK 


3430K 


333PK 


323PK 


293PK 


1 1 


R X 


Figure 8. 'H NMR spectrum of 3 b  variable-temperature ex- 
periment showing the coalescence of methylene signals at 360 K 
(same experiment with complex 3a shows coalescence at 320 K). 
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nism of these reactions. Since no quantitative oxidative 
cleavage of dppm or dpam ligands occurs when la or l b  
are heated a t  80-85 "C for 90 min, the oxidative addition 
of hydrogen has likely preceded the oxidative cleavage of 
the ligand. Is there any possibility to obtain activation of 
hydrogen without oxidative cleavage of dppm or dpam 
ligands? Such a reaction has not been observed until now. 
The oxidative addition of hydrogen seems to promote 
subsequent cleavage of these ligands; it also provides a 
satisfactory control of these reactions which do not go 
further: both complexes 3a and 3b were recovered un- 
changed after prolonged reflux in dibutyl ether (145 "C). 


Prel iminary Catalyt ic  Runs. The hydrogenation of 
cyclohexanone was chosen as a first test, owing to the 
known efficiency of H4Ru4( CO)lz and related phosphine 
derivatives for this reaction.' The preliminary results 
mentioned here were obtained under experimental con- 
ditions close to those stated in the referenced paper7 no 
attempt was made to check the influence of temperature 
and hydrogen pressure on the rate of the hydrogenation 
reaction. Although attempts to use la as the loaded form 
of the catalyst gave poor conversion yields, direct use of 
the dihydride species 3a led to satisfactory results. I t  
should be noted that the rate of hydrogenation is lower 
than that obtained for H4R~4(C0)12.  Nevertheless, the 
amount of 89.8% conversion after 18 h is close to the best 
results obtained by using phosphine-substituted derivatives 
of H4R~4(C0)12  under closely related experimental con- 
d i t i o n ~ . ~  The important point, however, is that a degra- 
dation of the cluster frame of 3a is avoided under the 
reported conditions. Indeed, after the hydrogenation re- 
action, the cluster 3a could be recovered unchanged. This 
result supports previous design of nonfluxional face- 
bridging ligands in view of cluster c a t a l y s i ~ , ~ ? ~  despite the 
known limited use of such 


13C DNMR 


complexes under extremely 


severe conditions.40 Following the previous demonstra- 
tions that a reversible opening of metal-metal bonds may 
have a role in cluster catalysis,4l* we would suggest that 
the activity of 3a could be related to the observed mobility 
of the hydride ligand providing active sites through a re- 
versible opening of M-H-M bonds. 


We are now exploring possible new applications of these 
complexes in catalysis. Some of these applications may 
be inferred from our recent o b ~ e r v a t i o n ~ ~  that the di- 
hydrido cluster complexes can be synthetized through the 
reaction of la or lb  with water. We emphasize that in- 
vestigators in catalysis with phosphine-substituted clusters 
should be aware of possible transformations of such com- 
plexes under catalytic conditions. Let us recall an earlier 
communication2 concerning a hydroformylation of propene 
using Rh4(CO)lo(PPh3)z for which a catalytic reaction was 
observed together with decomposition of the phosphine. 
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A variabletemperature '% NMR study has been conducted on [(Ph3P)2N] [CORU~(CO)~~], a tetranuclear 
cluster with a chird arrangement of carbonyl ligands. The spectral data indicate that the lowest energy 
exchange process involves concerted motion of 12 of the 13 carbonyls and leads to interconversion of the 
two enantiomers of the cluster anion. 


The cluster anion [CORU~(CO)~,]- has been shown by an 
X-ray diffraction study to adopt the unique structure 
shown in Figure 1 with carbonyls bridging each of the three 
Co-Ru bonds.'P2 These bridging carbonyls are positioned 


such that each is nearly coplanar with one of the three 
CoRuz faces. Furthermore, as shown in Figure 2, the three 
terminal carbonyls on each Ru are nonequivalent. This 


(1) Steinhardt, P. C.; Gladfelter, W. L.; Harley, A. D.; Fox, J. R.; 
Geoffroy, G. L. Znorg. Chem. 1980,19, 332. 


0276-7333/82/2301-1050$01.25/0 


(2) The only other cluster known to have a distribution of CO ligands 
similar to that in [CORU~(CO)~J is [F~RU~(CO)~~(NO)]-: Fjare, D. E.; 
Gladfelter, W. L. J. Am. Chem. SOC. 1981,103, 1572. 
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nism of these reactions. Since no quantitative oxidative 
cleavage of dppm or dpam ligands occurs when la or l b  
are heated at  80-85 "C for 90 min, the oxidative addition 
of hydrogen has likely preceded the oxidative cleavage of 
the ligand. Is there any possibility to obtain activation of 
hydrogen without oxidative cleavage of dppm or dpam 
ligands? Such a reaction has not been observed until now. 
The oxidative addition of hydrogen seems to promote 
subsequent cleavage of these ligands; it also provides a 
satisfactory control of these reactions which do not go 
further: both complexes 3a and 3b were recovered un- 
changed after prolonged reflux in dibutyl ether (145 "C). 


Preliminary Catalytic Runs. The hydrogenation of 
cyclohexanone was chosen as a first test, owing to the 
known efficiency of H4Ru4( CO)lz and related phosphine 
derivatives for this reaction.' The preliminary results 
mentioned here were obtained under experimental con- 
ditions close to those stated in the referenced paper7 no 
attempt was made to check the influence of temperature 
and hydrogen pressure on the rate of the hydrogenation 
reaction. Although attempts to use la as the loaded form 
of the catalyst gave poor conversion yields, direct use of 
the dihydride species 3a led to satisfactory results. I t  
should be noted that the rate of hydrogenation is lower 
than that obtained for H4R~4(C0)12. Nevertheless, the 
amount of 89.8% conversion after 18 h is close to the best 
results obtained by using phosphine-substituted derivatives 
of H4R~4(C0)12 under closely related experimental con- 
d i t i o n ~ . ~  The important point, however, is that a degra- 
dation of the cluster frame of 3a is avoided under the 
reported conditions. Indeed, after the hydrogenation re- 
action, the cluster 3a could be recovered unchanged. This 
result supports previous design of nonfluxional face- 
bridging ligands in view of cluster ca t a lys i~ ,~?~  despite the 
known limited use of such 


13C DNMR 


complexes under extremely 


severe conditions.40 Following the previous demonstra- 
tions that a reversible opening of metal-metal bonds may 
have a role in cluster catalysis,4l* we would suggest that 
the activity of 3a could be related to the observed mobility 
of the hydride ligand providing active sites through a re- 
versible opening of M-H-M bonds. 


We are now exploring possible new applications of these 
complexes in catalysis. Some of these applications may 
be inferred from our recent o b ~ e r v a t i o n ~ ~  that the di- 
hydrido cluster complexes can be synthetized through the 
reaction of la or lb  with water. We emphasize that in- 
vestigators in catalysis with phosphine-substituted clusters 
should be aware of possible transformations of such com- 
plexes under catalytic conditions. Let us recall an earlier 
communication2 concerning a hydroformylation of propene 
using Rh4(CO)lo(PPh3)z for which a catalytic reaction was 
observed together with decomposition of the phosphine. 
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Unique Fluxional Process Which Involves Concerted Motion of 


12 Carbonyl Ligands and Leads to Rapid Interconversion of 
Enantiomers 
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A variabletemperature '% NMR study has been conducted on [(Ph3P)2N] [CORU~(CO)~~], a tetranuclear 
cluster with a chird arrangement of carbonyl ligands. The spectral data indicate that the lowest energy 
exchange process involves concerted motion of 12 of the 13 carbonyls and leads to interconversion of the 
two enantiomers of the cluster anion. 


The cluster anion [CORU~(CO)~,]- has been shown by an 
X-ray diffraction study to adopt the unique structure 
shown in Figure 1 with carbonyls bridging each of the three 
Co-Ru bonds.'P2 These bridging carbonyls are positioned 


such that each is nearly coplanar with one of the three 
CoRuz faces. Furthermore, as shown in Figure 2, the three 
terminal carbonyls on each Ru are nonequivalent. This 


(1) Steinhardt, P. C.; Gladfelter, W. L.; Harley, A. D.; Fox, J. R.; 
Geoffroy, G. L. Znorg. Chem. 1980,19, 332. 
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(2) The only other cluster known to have a distribution of CO ligands 
similar to that in [CORU~(CO)~J is [F~RU~(CO)~~(NO)]-: Fjare, D. E.; 
Gladfelter, W. L. J. Am. Chem. SOC. 1981,103, 1572. 
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Figure 1. An ORTEP drawing of the [CoRu3(C0),,]- anion taken 
from ref 1. Thermal ellipsoids are drawn at the 20% probability 
level. The terminal carbonyl (CIO1) attached to Co is omitted 
for clarity. 


01 


CI 


DO7 
Figure 2. An ORTEP drawing of a portion of the [CORU~(CO),~]- 
anion which illustrates the nonequivalence of the terminal car- 
bonyls on Rul. 


particular arrangement of carbonyl ligands renders the 
[CoRu,(CO),,]- cluster chiral with an overall symmetry of 
Cs. This is best illustrated by the diagrams below which 
show the metal framework and the disposition of the three 
bridging CO's. The enantiomer on the left, A, is clearly 
not superimposable on its mirror image, B. 


I A B 


The cluster crystallizes in the centrosymmetric space 
group PI, and thus both enantiomers are present in the 
unit cell.' This raises the interesting possibility of a low- 
energy racemization pathway for the cluster anion, and 
accordingly a variable-temperature 13C NMR study was 
undertaken. As detailed herein, evidence has been ob- 
tained for a unique fluxional process which leads to rapid 
interconversion of the two enantiomers and involves a 
simultaneous movement of 12 of the 13 carbonyl ligands. 


20'C I -82'C 


-5O'C I 12% 


- 7 d c  -1 23.C 


-02'C -1so'c I I 


* . I  * l e  1 0 s  1.1 1.8 2.1 1.1 t o *  I . .  


ppm DO m 


Figure 3. Variable-temperature 13C NMR spectra of 
[(Ph3P),N][C~R~3(CO)13]. Only the CO region of the spectrum 
is shown. The spectra on the right (-130 - -92 "C) were recorded 
in a 9 1  CHFC12/CD30D solvent mixture. The resonance marked 
with the asterisk is due to RU,(CO)~, impurity. The spectra on 
the left (-92 - 20 "C) were recorded in a 9:l CH2C12/CDSOD 
solvent mixture. 


Experimental Section 


[(Ph,P),N] [CORU,(CO)~~] was prepared according to the lit- 
erature procedure.' Since the cluster anion readily fragments 
when placed under a CO atmosphere: enrichment was carried 
out by synthesizing the cluster with lSCO enriched Rus(CO)lZ. A 
final enrichment of -20% was obtained. 13C NMR spectra were 
obtained on a Bruker WH 400-MHz NMR spectrometer at the 
University of South Carolina in the National Science Foundation's 
Regional NMR Facility. Cr(acac)s (-0.001 M) was added to each 
sample as a "shiftless relaxation agent",' and the concentration 
of [(Ph3P)2N][CoRu3(CO)13] was 6 X lo4 M. All spectra were 
referenced to external Me& Each spectrum was recorded with 
an acquisition time of 0.13 8, a digital resolution of 7.6 Hzlpoint, 
and 744 accumulations/spectrum. The probe temperature was 
determined by using a calibrated thermocouple and is accurate 
to *1 OC. 


(3) Fox, J. R.; Gladfelter, W. L.; Geoffroy, G .  L. Inorg. Chem. 1980, 


(4) Gansow, 0. A.; Burke, A. R.; LaMar, G. N. J.  Chem. SOC., Chem. 
19, 2574. 


Commun. 1972, 456. 
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Results and Discussion 
The results of the variable-temperature 13C NMR study 


of [CoRu,(CO),,]- are shown in Figure 3. The 20 "C 
spectrum shows a single broad resonance at  209.1 ppm, 
implying rapid exchange of all 13 carbonyl ligands at  this 
temperature. Five resonances were resolved upon cooling 
to -130 "C, and these correspond to the five nonequivalent 
carbonyl ligands shown in the solid-state structure. The 
labeling scheme used in the spectral assignment corre- 
sponds to that of Figure 2. The singlet a t  242.1 ppm of 
relative intensity 3 is assigned to the three equivalent 
bridging carbonyl ligands 2 since bridging carbonyls gen- 
erally appear further downfield than terminal carbonyls.6 
The 211.1-ppm singlet of relative intensity 1 is logically 
attributed to the terminal carbonyl on cobalt, 1. The 
remaining three singlets a t  209.7, 197.6, and 193.8 ppm, 
each of relative intensity 3, are assigned to the three sets 
of nonequivalent terminal carbonyl ligands on the ruthe- 
nium atoms, 5, 6, and 7. The present data do not allow 
these carbonyl ligands to be distinguished, but the varia- 
bletemperature data discussed below indicate that the two 
furthest upfield resonances are due to carbonyls 5 and 6. 


When the solution is warmed from -130 "C, the 6 197.6 
and 193.8 resonances broaden and by -112 "C have coal- 
esced into a single resonance at  6 195.7. Only these two 
resonances are affected in moving from -130 to -123 "C, 
implying that these two terminal carbonyls on Ru exchange 
with each other but not with the third Ru carbonyl nor 
with any other in this temperature range. We suggest that 
the 6 197.6 and 193.8 resonances are due to carbonyls 5 and 
6 and that their exchange occurs by a process which in- 
terconverts the two enantiomers. Consider the diagrams 
shown in eq 1 which depict the stereochemistry about Ru. 


1 1 


Roberts, Harley, and Geoffroy 


i 
.\ &" - 


B A 


If the RU(CO)~ group were to rotate such that the bridging 
CO were to move from its initial position coplanar with 
the Ru1Ru2Co face, A, to a position coplanar with the 
Ru1Ru3Co face, B, carbonyls 5 and 6 would exchange en- 
vironments. Although the bridging carbonyl and carbonyl 
7 move during this process, their environment is the same 
in both A and B and their resonances are not affected. Of 
course, such an exchange process cannot be localized at  
one Ru and must involve a similar concerted movement 
a t  the other two Ru centers. In essence, 12 of the 13 
carbonyls must move together in a concerted process with 
the one terminal carbonyl on Co not participating. The 
carbonyl movement changes the relative orientation of the 
bridging carbonyls and thus leads to interconversion of the 
two enantiomers. The key feature of this interpretation 
is that although the two enantiomers have identical 13C 
NMR spectra, as they must, their interconversion is sensed 
by the diastereotopic carbonyls 5 and 6 which exchange 
environments during the racemization. This exchange has 
an estimated lifetime (7 )  of 2.2 (f0.6) X s at  -123 
oC,697a from which an activation free energy (AG*) of 28.2 


(5) (a) Evans, J.; Johnson, B. F. G.; Lewis, J.; Norton, J. R.; Cotton, 
F. A. J.  Chem. SOC., Chem. Commun. 1973,807. (b) Johnson, B. F. G.; 
Lewis, J.; Matheson, T.  W. Ibid. 1974, 441. (c) Stuntz, G. F.; Shapley, 
J. R. J. Am. Chem. SOC. 1977,99,607. (d) Geoffroy, G. L.; Gladfelter, 
W. L. Ibid. 1977,99, 6775. 


(6) Martin, M. L.; Delpuech, J. J.; Martin, G. J. "Practical NMR 
Spectroscopy"; Heyden: Philadelphia, PA, 1980. 
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Scheme 11 
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Scheme I11 


f 2.0 kJ/mol can be calculated for the racemization pro- 
cess .697b,c 


The -112 "C spectrum also shows the loss of the reso- 
nance assigned to the terminal carbonyl on cobalt and a 
broadening of the 242-ppm resonance due to the bridging 
CO's. This presumably reflects exchange between the 
terminal cobalt carbonyl and the three bridging ligands. 
Such exchange most likely occurs by the process shown 
in Scheme I which involves opening one of the carbonyl 
bridges, a subsequent twist of the resultant CO(CO)~ unit, 
and finally reforming the CO bridge. Such an exchange 
process predicts that the resonance due to the terminal CO 
would broaden faster than that due to the bridging CO's 
since the former exchanges in every process whereas the 
latter only one in three.8 This is indeed observed since 
at  -112 "C the resonance due to carbonyl 1 has collapsed 
into the baseline whereas that due to 2 has only broadened. 
A similar bridne-terminal exchange Drocess has been 
proposed for H2FeRu3(CO)13, H2@eRu20s(C0)13, and 
H9FeRuOsp(CO)ll.g - .  .*- 


Further warming leads to continued broadening of the 
bridging carbonyl resonance until at -74 "C only two broad 
singlets are observed due to the terminal carbonyls on 


(7) (a) The lifetime for this exchange between two equally populated 
sites in which the line widths are small relative to the peak separation 
at -123 'C was calculated by using eq 8.14 on p 300 of ref 6. In our case 
Au- = 374 Hz and r' = 1.88 f 1. The uncertainty was estimated by a 
qualitative assessment of the uncertainty in the experimental data. (b) 
Calculated from eq 8.64 on p 340 of ref 6 using K = 1 and k = 1 / ~ .  (c) 
A value of AG* = 28.4 2.0 kJ/mol was ala0 calculated from the -112 
OC spectrum (after coalescence) following the procedure given in Section 
1.3.2 on page 299 of ref 6 with Aul,* = 121 Hz. 


(8) The observed differential broadenin may be in part due to dif- 


of the bridging and terminal Co carbonyl resonances. The extreme 
broadening observed does strongly argue for a fluxional process, although 
the experimental data do d o w  an accurate assessment to be made of the 
relative contributions of the fluxional process and the quadrapolar effect 
to the observed line broadening. 


(9) Gladfelter, W. L.; Geoffroy, G. L. Inorg. Chem. 1980, 19, 2579. 


ferent degrees of temperature-dependent J Co quadrapolar broadening 
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ruthenium. The breadth of these singlets indicates that 
exchange is now occurring between the bridging COS and 
the terminal CO's on Ru, most likely through a process 
similar to that of Scheme I. Further warming leads to total 
exchange of all carbonyls by a combination of these pro- 
cesses. 


The racemization process is the crucial element of this 
study as it  represents the concerted motion of a t  least 12 
carbonyl ligands and it occurs with an exceedingly low 
activation energy. We know of no precedent for such a 
process. There appear to be two plausible mechanisms for 
this exchange which differ in subtle detail. These are 
illustrated in Schemes I1 and 111. The exchange could 
proceed through an intermediate in which the three car- 
bonyls become fully face bridging and then migrate to the 
other ruthenium atom in the face, Scheme 11. The Ru- 
(CO), group would have to twist to accomodate this 
motion, and carbonyls 5 and 6 would exchange. The 
second mechanism, Scheme III, would involve a movement 
of the bridging carbonyls from their facial-coplanar ar- 
rangement to an edge-bridging position in which they lie 
in a plane perpendicular to that containing the opposite 


face of the cluster. From this Csv intermediate the other 
enantiomer can be obtained by movement of this carbonyl 
to a facial-coplanar arrangement with the adjacent face of 
the cluster. This of course requires movement of the 
terminal Ru carbonyls and results in exchange of carbonyls 
5 and 6. This is in essence the process depicted in eq 1. 
Although the present data do not allow a distinction be- 
tween these two possible mechanisms, the second seems 
more likely for a concerted path involving 12 carbonyl 
ligands since it involves a minimum amount of bond 
breaking and forming. 
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Addition of Grignard Reagents and Ketone Enolates to the 
Arene in (Arene)manganese Tricarbonyl Cations 
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Grignard reagents and ketone enolates add to the arene ring in [ (arene)Mn(CO)3]+ to give good yields 
of thermally stable cyclohexadienyl complexes which are easily oxidized with Jones reagent to give the 
functionalized arenes. A method to free the functionalized arene that allows isolation and recycling of 
the MII(CO)~+ moiety is also described. Addition to substituted arenes is shown to be regioselective in 
a predictable manner. It seems that the (arene)manganese complexes will prove to be of significant utility 
in organic synthesis. 


Introduction 
Coordinated arenes and other cyclic 7r-hydrocarbons can 


be functionalized by nucleophile addition provided the 
hydrocarbon ring is sufficiently activated. The cyclo- 
hexadienyl ring' in [(C6H,)Fe(Co)3]+ and the arene ring2 
in [ (arene)Cr(CO)3] have been extensively investigated in 
this regard. The [(arene)Cr(CO),] complexes are readily 
synthesized with a variety of arenes, and the ring is elec- 
trophilic enough to react with strong nucleophiles such as 
organolithium reagents to give cyclohexadienyl complexes 
that can be oxidized to free the functionalized arene. The 
principal limitation with the [ (arene)Cr(C0)3] complexes 
is the requirement that the nucleophile be very strong. 
Synthetically useful nucleophiles such as Grignard reagents 
and ketone enolates give little or no product. 


The arene in [(arene)Mn(CO),]+ (1) is kn0wn~9~ to be far 
more electrophilic than in [(arene)Cr(CO),], and so the 


(1) Birch, A. J.; Jenkins, 1. D. In "Transition Metal Organometallics 
in Organic Synthesis"; Alper, H., Ed.; Academic Press: New York, 1976; 
Vol. I. Pearson, A. J. Acc. Chem. Res. 1980, 13, 463. 


(2) Semmelhack, M. F.; Hall, H. T.; Traina, R.; Yoshifiji, M.; Clark, 
G.; Bargar, T.; Kirotau, K.; Clardy, J. J. Am. Chem. SOC. 1979,101,3535 
and reference6 therein. Card, R. J.; Trahanovsky, W. S. Tetrahedron 
Lett. 1973, 3823. 


(3) Walker, P. J. C.; Mawby, R. J. Znorg. Chim. Acta 1973, 7, 621. 
(4) Kane-Maguire, L. A. P.; Sweigart, D. A. Znorg. Chem. 1979,18,700. 
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manganese complexes are a t  least potentially more ver- 
satile synthetic reagents. Their use so far has been very 
limited due to solubility problems because of the positive 
charge and, more importantly, the rather severe conditions 
used for their synthesis, which limits the arenes that can 
be complexed without substituent isomerization or mod- 
ification. Recently, however, very mild procedures have 
been reported5 that allow the synthesis of [(arene)Mn- 
(CO),]' with a wide variety of arenes. 


It is known6 that organolithium reagents add to the ring 
in [(arene)Mn(CO),]+. In this paper we report that 
Grignard reagents and ketone enolates also add in high 
yield and that the resulting cyclohexadienyl complexes (2) 
are easily oxidized to give the functionalized arene as in 
reaction 1. A method to free the functionalized arene that 


+ 


(5) B h i n ,  K. K.; Balkeen, W. G.; Pauson, P. L. J. Organomet. Chem. 


(6) Pauson, P. L.; Segal, J. A. J. Chem. Soc., Dalton Trans. 1975,1683. 
1981, 204, C25. 
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concerning orbital vs. charge control effects have appeared, 
but more research is needed before confident predictions 
can be made. 


The manganese systems discussed in this paper are 
versatile not only for arene functionalization via Grignard 
reagents and ketone enolatea but also may provide a useful 
route to polyfunctionalized cyclohexadienes.' Thus, the 
remarkably stable cyclohexadienyl complexes 2 can be 
"reactivated" by CO substitution with NO+ to allow re- 
gioselective and stereoselective nucleophile addition to 
yield cyclohexadienes. 


(17) Clark, D. W.; Kane-Maguire, L. A. P. J. Organomet. Chem. 1979, 


(18) Albright, T. A.; Carpenter, B. K. Inorg. Chem. 1980, 19, 3092. 
174, 199. 
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Iodide ICH,OSi(CH& is generated in situ from H 2 W  and (CHJ3SiI and then reacted with K+(CO)5Mn- 
to give cy-(sily1oxy)alkyl (C0)5MnCH20Si(CH3)3 (1). Reaction of (CO)5MnSi(CH3)3 (3) with H,C=O does 
not yield 1, and the addition of (CH3)3SiI to (C0)5MnCH20CH3 gives instead iodomethyl complex (C- 
0)JhCHJ (2) and CH30Si(CHJ9. While 1 is easily converted to acyl (CO)JhCOCH,OSi(CH,), (7) under 
200 psi of CO, 2 decomposes (to (CO)5MnI and/or [(CO),MnI]J faster than it carbonylates. The observed 
rates of carbonylation of 1 and reference alkyl (C0)5MnCH20CH3 are first order and independent of CO 
pressure over the 750-1500 psi range in acetonitrile. Average how at 24 "C are (10.9 f 1.7) X lo4 s-l and 
(3.0 f 0.5) X lo", respectively. Comparisons are made with the carbonylation rates of other (C0)5MnCH2X 
compounds. 


Introduction 
Some time ago, we observed that the introduction of an 


CI-OS~(CH~)~ substituent on alkyl (C0)5MnCH2C6H5 dra- 
matically affected the rate of carbonylation.2 While 
(C0)5MnCH2C6H5 showed no reaction after 1 h a t  25 "C 
under 2000 psi of CO in THF, (C0)5MnCH(C6H5)0Si(C- 
H3)3 was 50% carbonylated to the corresponding acyl, 
(C0)5MnCOCH(C6H5)0Si(CH3)3, under the same condi- 
tions (eq 1). Since a-oxy substituents normally retard the 
rate of metal alkyl ~arbonylation,~ we have sought to de- 
termine if the parent molecule (C0)5MnCH20Si(CH3)3 (1) 
shows similar anomalous reactivity. Carbonylation rate 
studies of (C0)5MnCH2X compounds have been under- 
taken by several research so much useful com- 
parative data are available. 


(1) To whom correspondence should be addressed at  the Department 
of Chemistry, University of Utah, Salt Lake City, UT 84112. Fellow of 
the Alfred P. Sloan Foundation (1980-1984) and Camille and Henry 
Dreyfus Teacher-Scholar Grant Recipient (1980-1985). 


(2) Gladysz, J. A.; Selover, J. C.; Strouse, C. E. J. Am. Chem. SOC. 1978, 
lW, 6766. 


(3) C a m ,  J. N.; Fiato, R. A.; Pruett, R. L. J. Organomet. Chem. 1979, 
172, 405. 


(4) Calderazzo, F. Angew. Chem., Int. Ed. Engl. 1977, 16, 299 and 
references therein. 


(5) Wojcicki, A. Adu. Organomet. Chem. 1973, 11, 87 and references 
therein. 


(6) Casey, C. P.; Bunnell, C. A,; Calabrese, J. C. J. Am. Chem. SOC. 


(7) Flood, T. C.; Jensen, J. E.; Statler, J. A. J. Am. Chem. SOC. 1981, 
1976,98, 1166. 


103,4410. 
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In this paper, we describe the synthesis and carbony- 
lation of (C0)5MnCH20Si(CH3)3 (1). Despite its apparent 
simplicity, this molecule proved to be difficultly accessible. 
One attempted synthesis of 1 yielded (C0)5MnCH21 (2), 
which is one of the few iodomethyl complexes k n o ~ n . ~ , ~  
In view of recent interest in the use of iodide promoters 
in ruthenium-catalyzed CO/H2 - glycol conversions,1° we 
expanded our study to include attempts a t  the carbony- 
lation of 2. 


Results 
Syntheses of 1 and 2. We previously reported that 


(C0),MnSi(CHJ3 (3) undergoes 1,2-addition to aldehydes 
(eq 2).11 For instance, a-(sily1oxy)alkyl (C0)5MnCH- 
(C6H5)OSi(CH3)3 (4, R = C&5, eq 2) can be isolated from 
the reaction of benzaldehyde with 3. When adducts 4 
contain a hydrogen /3 to the manganese, rapid decompo- 
sition to (C0)5MnH and a silyl enol ether takes place. 
However, in these cases 4 may be trapped as the corre- 
sponding acyl (CO)5MnCOCH(R)OSi(CH3)3 by conducting 
eq 2 under C0.'lbJ2 


(8) (a) Davison, A.; Krussel, W. C.; Michaelson, R. C. J. Organomet. 
Chem. 1974, 72, C7. (b) Flood, T. C.; DiSanti, F. J.; Miles, D. L. Inorg. 
Chem. 1976.15. 1910. , - . , - - - - 


(9) Feser, F.; Werner, H. Angew. Chem., Int. Ed. Engl. 1980,19,940. 
(10) Dombek, B. D. J. Am. Chem. SOC. 1981,103,6508. 
(11) (a) Johnson, D. L.; Gladysz, J. A. J. Am. Chem. SOC. 1979, 101, 


6433. (b) Johnson, D. L.; Gladysz, J. A. Inorg. Chem. 1981,20, 2508. 
(12) Brinkman, K. C.; Gladysz, J. A., manuscript in preparation. 
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X 
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4 R = H  


2,94% 
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Table I. Spectroscopic Charactaimtion of New Organometallic Compounds 
compd IR,= cm-' 'H NMR,* 6 NMR,C ppm 


1 2049 (w, sh) 0.09 (8 ,  9 H) 209.5 (trans C=O) 


(CO),MnCH,I 2123 (w) 2.26 (s, 2 H) 210.7 (cis C=0)*vd 
2 2063 (vw) 207.9 (trans C=O) 


(CO),MnCH,OSi(CH,), 2116 (w) 4.46 (s, 2 H) 212.2 (cis C=O) 


2014 (s) 52.2 (CH,) 
1999 (m, sh) -1.9 (SiCH,) 


2049 (vw) -20.2 (CH,) 
2029 (s) 
2005 (m) 


7 2052 (w, sh) 0.15 (s, 9 H) 209.0 ( C d )  
2023 (e) 78.6 (CH,) 
2007 (m, sh) -1.8 (SiCH,) 
1647 (w) 


(CO),MnC(=O)CH,OSi(CH,), 2120 (w) 3.72 (s, 2 H) 268.9 (acyl C=O) 


a In hexane. * In CDC1,. In CD,C1, at -53 "C unless noted. -30 "C. 


Accordingly, we attempted to synthesize (CO)&nC- 
H20Si(CH& (1) by treating formaldehyde (and its oli- 
gomers) with (CO)&nSi(CH&. Numerous reaction con- 
ditions were tried (polar and nonpolar solvents; use of 
s-trioxane, paraformaldehyde, and gaseous form- 
aldehyde9, but no trace of 1 was detected. Similar re- 
actions were conducted under CO, but no manganese acyl 
products were found. We concluded that under the con- 
ditions employed, monomeric formaldehyde underwent 
repolymerization faster than Mn-Si bond addition. 


A second attempted synthesis of 1 utilized the Jung- 
Olah procedure14Js for the conversion of methyl ethers to 
Si(CH&, ethers. AB shown in eq 3, (CO)sMnCH20CH32Jg 
was treated with 1.0 equiv of (CH&,SiI. However, instead 
of 1, we obtained iodomethyl complex (CO)6MnCH21 (2) 
as the exclusive organometallic product. 


Complex 2 was characterized by spectral (Table I) and 
elemental analysis, However, in solution 2 underwent slow 


~~~ 


(13) S c h w a  J . ; b t a ,  M. J.; Kosugi, H. J. Am. Chem. SOC. 1980, 


(14) J u g ,  M. B, M a m a n ,  A. B.; Lysbr, M. A. J. Org. Chem. 1978, 


(15) Ho, T.-L; OM, G. A. Synthesis, 1977,417. 
(16) Jolly, P. W.; Petit, R. J. Am. Chem. SOC. 1966,88,M. 


102,1333. 


43, 3698. 


decomposition (CH2C12, several days; THF and ether, 
10-12 h; CH3CN, 2-4 h) to a mixture of (CO)&inI and the 
red bridging diiodide [(CO)4MnI]2 (IR (hexane, cm-') 2093 
(w), 2040 (a), 2015 (m), 1986 (a))." Slow, purity-de- 
pendent, solid-state decomposition also occurred. The fate 
of the CH2 group in 2 is presently under investigation. 


The third route to 1 considered was the alkylation of 
(CO)&n- by XCH20Si(CH3)3 electrophiles. Surprisingly, 
we were unable to find syntheses of C1CH20Si(CH3)3, 
BrCH20Si(CH3)3, or ICH20Si(CH3)3 in the literature.ls 
This may in part be due to the fact that the conventional 
alcohol precursors to these silyl ethers, XCH20H, are not 
stable molecules. Since Jung had reported the 1,2 addition 
of (CH&SiI to aldehydes to give labile ICHROSi(CHJ3 
adducts,l9 we investigated the reaction of (CH3)3SiI with 
monomeric formaldehyde. Gratifyingly, solutions were 


(17) (a) Abel, E. W.; Wilkinson, G. J .  Chem. SOC. 1959, 1501. (b) 
El-Sayed, M. A.; Kaeaz, H. D. Inorg. Chem. 1963,2,158. 
(18) ClCH,OSi(CHJ, hae been mentioned in the literature, but we 


have been unable to locate detaila of ita preparation: Pola, J.; 
PapouBkovil, 2, Chvalow&, V. Collect. Czech. Chem. Commun. 1976, 
41, 239. Schraml, J.; Pola, J.; Jancke, H.; Engelhardt, G.; Cerng, M.; 
Chvalov&$ V. Ibid. 1976,41, 360. 


(19) Jung, M. E.; Moesman, A. B.; Lyster, M. A. J.  Org. Chem. 1978, 
43,3698. 
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obtained which, upon reaction with K+(CO),Mn-, afforded 
good yields of 1 (eq 4). Although we could not isolate the [ ] (C0)SMn- ( C H ~ ) ~ S I - I  f HzC=O - H - C - O S I ( C H ~ ) ~  - 


(4) 
0 
II 


(C0)5Mn-CHzOSi (CH 3i3 5 ( C ~ ) ~ M ~ - C - C H Z O S I ( C H ~ ) ~  


1, 66% 7 


presumed intermediate ICH20Si(CH3),, the success of eq 
4 constitutes good evidence for its formation. Solutions 
generated from s-trioxane and (CH3)3SiI gave much lower 
yields of 1 upon treatment with K+(CO),Mn-. 


Carbonylation Experiments. When 1 was treated 
with 200 psi of CO, facile carbonylation to (CO)5MnCOC- 
H20Si(CH3)3 (7; eq 4) occurred. Acyl 7 was characterized 
by spectral (Table I) and elemental analysis. However, 
when iodomethyl2 was treated with 200-1500 psi of CO 
(both polar and nonpolar solvents; dilute and concentrated 
solutions), in no case could more than a trace of a possible 
acyl product be detected. The predominant product was 
always (CO),MnI; an 87% yield was obtained after 2 was 
treated with 1200 psi of CO for 18 h in CH3CN. 


The rate of carbonylation of 1 was measured a t  750, 
1000, and 1500 psi in CD3CN a t  24 "C (four to five data 
points/run). To provide a reference to a previously studied 
compound, we determined the rate of carbonylation of 
(CO),MnCH20CH3 simultaneously in the same autoclave 
(but in a separate flask). In each case, the rate law d- 
[alkyl]/dt = -k,m[alkyl] was followed. Within experi- 
mental error, there was no dependence upon CO pressure. 
For 1, koW of (10.6 f 1.7) X lo4 s-l (750 psi), (12.4 f 2.0) 
X s-l (lo00 psi), and (9.6 f 1.5) X lo4 s-l (1500 psi) 
were determined. For (CO),MnCH30CH3, kom of (3.0 f 
0.5) X lo4 s-l (750 psi), (3.1 f 0.5) X lo4 s-l (1000 psi), 
and (2.8 f 0.5) X s-l (1500 psi) were determined. 
These data give average kom of (10.9 f 1.7) X s-l (1) 
and (3.0 f 0.5) X lo4 s-l ((C0),MnCH20CH3). Thus 
under the conditions investigated, an (Y-OS~(CH,)~ sub- 
stituent provides a modest carbonylation rate enhancement 
over an a-OCH, substituent. 


The rate of disappearance of 2 was monitored in CD3CN 
under 750 psi of CO. Plots of -In ([2]/[2],) vs. time de- 
viated somewhat from linearity, but the data could be used 
to bound the kOM for a hypothetical carbonylation as 11.7 
X s-'. In CHzC12 under 1300 psi of CO, the carbony- 
lation kom was bounded as 10.85 X lo4 s-l. Under these 
conditions, koW for (C0),MnCH20CH3 carbonylation was 
(4.1 f 0.5) X lo+ s-l. Side-by-side experiments showed 
that 2 disappeared a t  the same rate in the absence of CO. 
Thus the observation of 2 - (C0),MnCOCH21 is pre- 
cluded by the instability of the former. 


The rate of carbonylation of (C0),MnCH3 was much 
greater than that of 1. Accurate rate constants could not 
be simultaneously determined for both compounds under 
identical conditions (solvent, temperature). In acetone-d, 
under lo00 psi of CO, kom for (CO),MnCH, could be 
bounded as 210 times that of 1. 


Brinkman, Vaughn, and Gladysz 


zation appears to be faster than addition. Similar 3/ 
(CH3)3SiI reactivity differences have been observed with 
other organic substrates.20 


Silylated oxonium ions have been previously proposed 
as intermediates in (CH3)3SiI/methyl ether reactions,14J5 
and we likewise suggest the initially formed intermediate 
in eq 3 to be the ion pair 5. However, attack of I- upon 
the methyl group of 5, which would irreversibly yield 1 
analogously to the Jung-Olah demethylations, does not 
occur. Rather, dissociation of CH30Si(CH&, from 5 to give 
the methylidene (C0),Mn+=CH2 I- (6; eq 3) is faster. 
Subsequent internal addition of I- then affords product 
2. Direct SN2 conversion of 5 to 2 is also possible, but in 
our opinion less likely. 


The carbonylation of manganese alkyls is known to occur 
via the two stage mechanism shown in eq 5.2-7 The re- 
sulting rate expression 


Discussion 
Silanes (CO),MnSi(CH,), and (CHJ,SiI contrast in their 


reactivity toward formaldehyde. Both can be expected to 
silylate the carbonyl oxygen to give H2C=0+-Si(CH3),X-. 
When X- = I-, subsequent nucleophilic addition occurs. 
However, when X- = (C0I5Mn-, formaldehyde polymeri- 


-klk~[COl [(CO),MnRI 
k-1 + kz[CO] d[(CO),MnR]/dt = 


simplifies when k2[CO] >> k-l (a condition which for one 
study was met above 225 psi of CO)4721 to 


d[ (CO),MnR] /dt  = -k,[ (CO),MnR] 


Under these conditions, k o b d  = kl and thus reflects the 
migratory aptitude of the alkyl group (eq 5).  


In the 750-1500-psi regime, k2[CO] >> kl for both 1 
and (C0),MnCH20CH3. Therefore the ratio of hobs& ca. 
4, gives the OSi(CH3),/0CH3 substituent effect upon the 
rate of CH2X migration. There are several obvious dif- 
ferences between Si(CH3), and CH,: the former is much 
larger, more electropositive, and better able to stablize a 
@-positive chargen and increase its coordination number.23 
Apparently, these factors either do not significantly affect 
CHzX migratory aptitudes, or they approximately cancel. 
When X = I, migration is slower yet. However, in contrast 
to the example in eq 1, carbonylation when X = H is 
considerably faster than when X = OSi(CH,),. 


In advance of this work, we considered several rationales 
as to why a-silyloxy and a-iodo substituents might cause 
anomalously high metal alkyl carbonylation rates. It is 
well-known that cation additives are important in optim- 
izing glycol yields from CO/H2 over rhodium catalysts.24 
Assocation of an electropositive atom M' with a migrating 
CH20- group might result in stabilized acyl 9. However, 
our data do not provide any support for such an interaction 
involving silicon in 1 - 7. 


With 2, it  seemed possible that the iodide might an- 
chimerically assist the alkyl migration mechanism via a 
weakly chelated intermediate such as 10. We envisioned 
that iodide-promoted glycol synthesislo might occur sim- 
ilarly to the iodide promoted (rhodium catalyzed) CH30H 
+ CO - CH,CO2H t r ans fo rma t i~n .~~  As is well-known, 


(20) Marsi, M.; Gladysz, J. A. Tetrahedron Lett. 1982,23, 631. 
(21) Calderazzo, F.; Noack, K.; Ruch, M. Inorg. Chem. 1968, 7, 345, 


(22) Traylor, T. G.; Koermer, G. S. J. Org. Chem. 1981,46, 3651 and 


(23) Corriu, R. J. P.; Guerin, C. J. Organomet. Chem. 1980,198, 231. 
(24) Pruett, R. L. Ann. N.Y. Acad. Sci. 1977, 295, 239. 


see p 348. 


references therein. 







Syntheses of (CO)@nCHJ and (CO)@nCH20Si(CH3)3 
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a key step in the latter is the conversion of kinetically 
unreactive CH30H to reactive CH31. However, our data 
show that the CH21 group in 2 possesses no extraordinary 
migrating ability. 


Cawse, Fiato, and Pruett found the k,, for carbony- 
lation of (CO)5MnCH20CH3 at  30 "C in CH3CH20CH2C- 
H20CH2CH20CH2CH3 to be (2.5 f 0.4) X lo4 s-', which 
is quite close to the value we obtained in CH3CN (25 0C).3 
These authors were also able to correlate the carbonylation 
rates of (CO)5MnCH2CH2CH3, (C0)6MnCH2CH3, 
(CO)5MnCH2(c-C6H11), (C0)6MnCH3, and (C0)5MnCH2- 


and $0.22, respectively) with a p* of -8.8. Taft a* con- 
stants reflect polar/a-inductive effects and are most pos- 
itive with electron-withdrawing CH2X groups.26 While 
this correlation breaks down for groups with a* > 0.30 
(such as CH20CH3, a* = 0.523 - 0.64,26 which migrates 
somewhat faster than expected), the reluctance of 2 to 
carbonylate (a* = 0.85 for CH2I)% is nonetheless qualita- 
tively predicted. 


In summary, this study has provided useful new data 
on the carbonylation of manganese alkyls. The reactivity 
trend noted in eq 1 is not evidenced in the parent 
(CO)@CH2X compounds and thus remains unexplained. 
We h v e  considered the possibility that eq 1 might proceed 
via a different mechanism, but the carbonylation of related 
silyloxyalkyl (C0)6MnCH(n-C3H,)OSi(CH3)3 with 13C0 
showed the label distribution predicted by eq 5.11b Al- 
though the decomposition of 2 prevented the acquisition 
of quantitative data on ita carbonylation rate, ita chemistry 
will be the subject of future reports from our Utah labo- 
ratory.' 


C6H5 t0 Taft CH2X a* values (4.115, -0.10, 4.06, 0.00, 


Experimental Section 
General Data. All reactions and manipulations were carried 


out under an atmosphere of dry Nz. THF and ether were purified 
by distillation from benzophenone ketyl. Hexane was distilled 
from potassium. CH2C12 and CD3CN were distilled from P2Ok 
CDC13 and CDzC12 were used without purification. "Ultra high 
purity" CO was obtained from Air Producta and was used without 
purification or analysis. 


IR spectra were recorded on a Perkin-Elmer Model 521 
spectrometer. 'H NMR and 13C NMR spectra were recorded 
(unless noted) at 200 and 50 MHz, respectively, on a Bruker 
WP-200 spectrometer, and were referenced to the deuterated 
solvent employed. Carbonylation rate measurements were made 
on a Varian T-60 spectrometer. Microanalyses were conducted 
by Galbraith Laboratories. 


Starting Materials. Mn2(CO)lo was purchased from Pressure 
Chemical Co. and sublimed before use. (CH&SiI was obtained 
from Petrarch Systems and was distilled from CaH2 and stored 
over fine granular copper under Nz. Paraformaldehyde was 
purchased from Eastman. Internal standard (C6H5)3SiCH3 was 
synethesized from (C6H6)3SiC1 and CH3MgBr and recrystallized 
from CH OH.n Although (C0)&lnCH20CH3 is a known com- 
pound,3Ji we were not able to find a literature preparation. We 
synthesized ours by the reaction of K+(CO)&fn- (in THF)= with 
ICH20CH3 (1.3 equiv; in ether)29 at -78 "C. A white precipitate 


(25) Parshall, G. W. 'Homogeneous Catalysis"; Wiley: New York, 
1980; pp 80-81. 


Wiley: New York, 1975; p 91. 
(26) Hme, J. 'Structural Effects on Equilibria in Organic Chemistry"; 


(27) Marsden, H.; Kipping, F. S. J. Chem. SOC. 1908, 198. 
(28) Ellis, J. E.; Flom, E. A. J. Organomet. Chem. 1976, 99, 263. 
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formed immediately, and after being stirred overnight at -30 OC, 
the reaction mixture was filtered through silica gel. The filtrate 
was concentrated to a dark yellow liquid and "sublimed" into a 
dry ice/CC1, cold finger to give (C0)5MnCH20CH3 (mp 3-5 "C) 
as a light yellow liquid in 40-50% yields. 


Preparation of (C0)5MnCH20Si(CH3)3 (1). Paraform- 
aldehyde was predried by warming in vacuo for 5 h at 85 OC.13 
It was then pyrolyzed at 120 OC under vacuum, and the volatile 
products were collected in two cold traps. The first was cooled 
with dry ice and stopped water vapor, and the second was cooled 
with liquid nitrogen and collected solid formaldehyde monomer. 
When about 0.5 mL (ca 13.6 "01) of formaldehyde had collected, 
the system was filled with N2 and a septum installed over the 
formaldehyde trap. Ether (which had been cooled to -78 "C) was 
then added to the formaldehyde trap via a transfer needle, and 
the resulting solution was then transferred into a -78 "C solution 
of (CHd3SiI (1.0 mL, 7.35 "01) in 30 mL of ether. The resulting 
clear colorless solution turned cloudy upon sitting overnight at 
-30 "C. The mixture was then concentrated to ca. 10 mL under 
vacuum and added to a -78 OC solution of K+(C0)5Mn- (7.34 
mmol)% in 30 mL of THF. A white precipitate formed imme- 
diately. The reaction was stirred for 1 h at -78 "C and then stored 
at -30 OC overnight. The reaction was cold filtered, and the 
resulting reddish brown solution was evaporated to dryness under 
vacuum while being maintained below 0 OC. The remaining liquid 
was "sublimed" onto an icecooled probe to give solid white 1 (1.45 
g, 66% based upon (CO)5Mn-), mp 21.5-23 "C. Spectroscopic 
data: see Table I. 


Preparation of (CO)6MnCH21 (2). To (C0)6MnCH20CH3 
(0.600 g, 2.50 "01) in CH2C12 (30 mL) was added (CHd3SiI (0.45 
mL, 3.25 mmol). After 45 min, the solution was filtered through 
silica gel and the solvent was removed under vacuum. The residue 
was sublimed at 40 "C under vacuum onto a ice-cooled cold f i e r .  
Yellow crystals of 2 (0.790 g, 2.35 mmol, 94%), mp 39.5-40.5 OC, 
were collected. Spectroscopic data: see Table I. Anal. Calcd 
for C6H21Mn05: C,, 21.45; H, 0.60; I, 37.78; Mn, 16.35. Found: 
C, 21.55; H, 0.58; I, 37.48; Mn, 16.58. 


Preparation of (CO)5MnCOCH20Si(CH3)3 (7). A Fisch- 
er-Porter bottle was charged with 1 (0.149 g, 0.50 "01) and ether 
(2 mL). It was then pressurized with 200 psi of CO. After 14 h, 
the pressure was released and the solvent was evaporated to give 
0.162 g (0.49 mmol), 99%) of 7 as a white powder, mp 72.5-73.0 
OC. Spectroscopic data: see Table I. Anal. Calcd for 
Cl$IllMnO7Si: C, 36.82; H, 3.40; Mn, 16.84; Si, 8.61. Found C, 
36.73; H, 3.51; Mn, 16.77; Si, 8.76. 


Carbonylation Rate Measurements. The following proce- 
dure was standard. To 0.60 mL of CD3CN was added 0.20 mmol 
of (CO)5MnCH20CH3. To another 0.60 mL of CD&N was added 
0.20 mmol of 1. Thetie solutions were transferred to separate 
10-mL volumetric flasks which contained a mini stir bar (surface 
area of solution, ca. 4 cm2). The two flasks were placed in a 1-L 
stainless-steel autoclave. Some Nujol was added to the bottom 
of the autoclave interior to enhance temperature stability. The 
autoclave was pressurized to 700-1500 psi, and the solutions were 
stirred via an external stir plate. Data points were taken at a. 
5-min intervals by discharging the autoclave and transferring the 
solutions to NMR tubes (k1 negligible). Product and starting 
material methylene resonances were integrated 
((CO)5MnCH20CH3, 8 4.21; (CO)5MnCOCH20CH3, d 3.78). The 
NMR samples were returned to the autoclave, and fresh CD&N 
was added (to compensate for evaporative losses) to maintain the 
initial volume of 0.60 mL. 


Decomposition and Attempted Carbonylation of 2. To 1.00 
mL of CH2C12 was added 0.20 mmol of 2 and 0.055 g (0.20 "01) 
of internal standard (CGH5)3Si(CH3). To another 1.00 mL of 
CH2Clz was added 0.20 mmol of (CO)5MnCH20CH3. These were 
treated at 24 "C with 1300 psi of CO as described in the previous 
experimental procedure. Starting material concentrations were 
determined by 'H NMR integration of the CH2 protons at 0.5, 
5.0,36, and 74 h A similar experiment was conducted in CD3CN 
under 750 psi of CO. Data: see Results. 


To 0.60 mL of CH3CN was added 0.061 g (0.18 mmol) of 
(CO)5MnCH21. This solution was treated with 1200 psi of CO 


(29) Jung, M. E.; Mazurek, M. A.; Lim, R. M. Synthesis 1978,588. 
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for 18 h as described in the previous experimental. The solvent 
was blown off with Nz to yield 0.58 mg of an orange solid. The 
solid was vacuum sublimed to give 0.050 g (0.16 mmol,87oPA) Of 
CWsWne (CO)&lnI (IR (hexane, cm-') 2131 (W), 2050 (S), f2oO9 
(m)) which was identical with an authentic sample30 by TLC. 
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This paper presents the first data obtained on the electronic structure of 1,l'-ring-substituted uranwenes 
studied by He I and He I1 photoelectron spectroscopy. Quite unexpectedly, differences of the electron 
donor-acceptor properties of substituents do not reauk in any significant change of spectral patterns, the 
photoelectron data thus pointing to the same b o n d 4  roadel adopted for the unsubstituted complex. Ring 
substitution leads to the lifting of degeneracy of P wbihls in the electroneutral free ligand. By contrast 
similar effects, due to the lowering of the symmetry, we not evident in the spectra of 1,l'-ring-substituted 
complexes neither in the form of splitting nor broadening of liiand-centered photoelectron bands. Within 
the proposed molecular orbital model, this observatian is evidence of comparable involvement of U 5f and 
U 6d orbitals in the metal-ligand bonding. The d u m  associated with ionizations of ligand-centered P 
molecular orbitals in the ring-substituted uranOOenes do not depend upon the nature of a particular 
substituent. This observation suggests an almwt unique ability of the central uranium atom to restore 
electronic charge variation induced on the lig&. 


Introduction 
efforts in recent years devoted to an u d e r -  


standing of the metal-ligand bonding in actinoid orgwo- 
metallics have resulted in a revision of some aspects sf the 
bonding model previously adopted.' Thus the photo- 
electron (PE) spectra of the highly symmetrical cyclooc- 
tatetraenide complexes, h ( C & &  (Am = Th(IV), U(IV)), 
have provided evidence of a substantial participrPtion of 
6d as well as 5f orbitals in the and analogous 
conclusions have been arrived a t  by high-level theoretical 
 calculation^.^ In the case of actinide complexes of con- 
siderably lower symmetry, the use of combined % I and 
He I1 PE techniques as well as the comparison with the 
spectra of analogous nd transition-metal complexes have 
indicated specific metal-ligand covalency effects due not 
only to 5f metal subsheh but also tar 6d orbitala as well.4~~ 


In order to gain a further insight into the problem, we 
have extended our research on the bonding in actinoid 
sandwich comDounds to the P E  mectra of two l.k'-ring.- 
substituted uranocene derivatives,-namely, U(c6H7R)2 
= Si(CH&, P(t-C,H,),. 


Anothermotivation for this study has been the expec- 
tation of a substantial perturbation of the ligand electronic 
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structure by the ring substituent which should allow an 
estimate as to what extent the resulting spectral variations 
fit into the framework of the current bonding hypotheses, 


Experimental Section 
The complexes under study were purified by vacuum aubli- 


mation and always handled under argon atmosphere. Spectra 
were run on a Perkin-Elmer PS 18 spectrometer modified by 
inclusion of a hollow cathode discharge lamp giving high yields 
of He I1 photons. Energy calibration of spectra was obtained by 
reference to peaks of Ar and Xe gases allowed into the target 
chamber and to He Is-' self-ionization. Spectra were run in the 
100-120 O C  temperature range. 


Results and Discussion 
Figure l a  shows the PE spectrum of the electroneutral 


ligand C8H7Si(CH3),, which is of some relevance to the 
understanding of the spectrum of its uranium complex, 
(CsH7Si(CH,),),U (hereafter U(cotSi),). The general a p  


(1) See, for example: 'Organometallic off Elements"; Marks, T. J., 


(2) Clark, J. P.; Green, J. C. J. Chem. SOC., Dalton Trans. 1975,5555. 
(3 )  See: Streitwieser, A., Jr., in ref 1. 
(4) See: Fragali, I., in ref 1. 
(5) Fragali, I.; Condorelli, G.; Tondello, E.; Cassol, A. Inorg. Chem. 


1978, 17, 3175. Ciliberto, E.; Fagan, P. I.; Manriquez, J. M.; FrggalB, I.; 
Marks, T. J. J. Am. Chem. SOC. 1981,103,4755. Fragall, I.; GafPard, J.; 
Granozzi, G.; Zerbo, M. A. Inorg. Chem., to be submitted for publication. 


Fischer, R. D., Eds.; D. Reidel Publishing Co.: Dordrecht, 1979. 
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for 18 h as described in the previous experimental. The solvent 
was blown off with Nz to yield 0.58 mg of an orange solid. The 
solid was vacuum sublimed to give 0.050 g (0.16 mmol,87oPA) Of 
CWsWne (CO)&lnI (IR (hexane, cm-') 2131 (W), 2050 (S), f2oO9 
(m)) which was identical with an authentic sample30 by TLC. 
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This paper presents the first data obtained on the electronic structure of 1,l'-ring-substituted uranwenes 
studied by He I and He I1 photoelectron spectroscopy. Quite unexpectedly, differences of the electron 
donor-acceptor properties of substituents do not reauk in any significant change of spectral patterns, the 
photoelectron data thus pointing to the same b o n d 4  roadel adopted for the unsubstituted complex. Ring 
substitution leads to the lifting of degeneracy of P wbihls in the electroneutral free ligand. By contrast 
similar effects, due to the lowering of the symmetry, we not evident in the spectra of 1,l'-ring-substituted 
complexes neither in the form of splitting nor broadening of liiand-centered photoelectron bands. Within 
the proposed molecular orbital model, this observatian is evidence of comparable involvement of U 5f and 
U 6d orbitals in the metal-ligand bonding. The d u m  associated with ionizations of ligand-centered P 
molecular orbitals in the ring-substituted uranOOenes do not depend upon the nature of a particular 
substituent. This observation suggests an almwt unique ability of the central uranium atom to restore 
electronic charge variation induced on the lig&. 


Introduction 
efforts in recent years devoted to an u d e r -  


standing of the metal-ligand bonding in actinoid orgwo- 
metallics have resulted in a revision of some aspects sf the 
bonding model previously adopted.' Thus the photo- 
electron (PE) spectra of the highly symmetrical cyclooc- 
tatetraenide complexes, h ( C & &  (Am = Th(IV), U(IV)), 
have provided evidence of a substantial participrPtion of 
6d as well as 5f orbitals in the and analogous 
conclusions have been arrived at  by high-level theoretical 
 calculation^.^ In the case of actinide complexes of con- 
siderably lower symmetry, the use of combined % I and 
He I1 PE techniques as well as the comparison with the 
spectra of analogous nd transition-metal complexes have 
indicated specific metal-ligand covalency effects due not 
only to 5f metal subsheh but also tar 6d orbitala as well.4~~ 


In order to gain a further insight into the problem, we 
have extended our research on the bonding in actinoid 
sandwich comDounds to the PE  mectra of two l.k'-ring.- 
substituted uranocene derivatives,-namely, U(c6H7R)2 
= Si(CH&, P(t-C,H,),. 


Anothermotivation for this study has been the expec- 
tation of a substantial perturbation of the ligand electronic 


Instituto di Chimica e Chimica Industriale U n i v e k a  di Catania. * Institut fur Anorganische und Angewandte Chemie, Universitlit 
Hamburg. 
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structure by the ring substituent which should allow an 
estimate as to what extent the resulting spectral variations 
fit into the framework of the current bonding hypotheses, 


Experimental Section 
The complexes under study were purified by vacuum aubli- 


mation and always handled under argon atmosphere. Spectra 
were run on a Perkin-Elmer PS 18 spectrometer modified by 
inclusion of a hollow cathode discharge lamp giving high yields 
of He I1 photons. Energy calibration of spectra was obtained by 
reference to peaks of Ar and Xe gases allowed into the target 
chamber and to He Is-' self-ionization. Spectra were run in the 
100-120 O C  temperature range. 


Results and Discussion 
Figure l a  shows the PE spectrum of the electroneutral 


ligand C8H7Si(CH3),, which is of some relevance to the 
understanding of the spectrum of its uranium complex, 
(CsH7Si(CH,),),U (hereafter U(cotSi),). The general a p  


(1) See, for example: 'Organometallic off Elements"; Marks, T. J., 


(2) Clark, J. P.; Green, J. C. J. Chem. SOC., Dalton Trans. 1975,5555. 
(3 )  See: Streitwieser, A., Jr., in ref 1. 
(4) See: Fragali, I., in ref 1. 
(5) Fragali, I.; Condorelli, G.; Tondello, E.; Cassol, A. Inorg. Chem. 


1978, 17, 3175. Ciliberto, E.; Fagan, P. I.; Manriquez, J. M.; FrggalB, I.; 
Marks, T. J. J. Am. Chem. SOC. 1981,103,4755. Fragall, I.; GafPard, J.; 
Granozzi, G.; Zerbo, M. A. Inorg. Chem., to be submitted for publication. 


Fischer, R. D., Eds.; D. Reidel Publishing Co.: Dordrecht, 1979. 
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Table I. Relevant Spectral Data and Assignments of Studied Complexes 
U(cot), U(cotSi), U( cotP), 


half- 
width, intensities half- 


width, intensities half- 
width, intensities 


IE,eV He1  HeII eV IE,eV He1 HeII eV IE,eV He1 HeII eV assignt 
6.15 0.15 1 0.28 6.05 0.13 0.80 0.27 6.15 0.18 0.26 e3u (5f,3) 
6.80 0.83 1.27 0.36 6.70 0.80 1.20 0.38 6.74 0.90 


7.75 1 1 0.44 7.69 1 1 
9.80 9.75 
10.20 10.14 
10.60 10.23 
11.40 11.22 


a l b  


I C  
A I 


Figure 1. (a) PE spectra of the ligand C8H7Si(CH&. (b) PE 
s w a  of U(cotSi)2 (low + rqion). (c) He I spectrum of U(cotP), 
(low IE region). (d) Qualitative scheme of splitting of MO's in 
the low-symmetry compound C8H7Si(CH3)9. 


pearance of this spectrum resembles that of unsubstituted 


Major differences are the splittings into two components 
(b in Figure 1) of the band present in C$18 at  9.78 eV and 
also a new feature c in the 10-11-eV region. No remarkable 
differences are, however, observed in the IE's associated 
with various bands, contrary to what one would expect 
because of the trimethylsilyl substitution. In the He I1 
spectrum the band b increases moderately in relative in- 
tensity. 


The He I spectrum of the complex U(cotSi), is shown 
in Figure lb. It is similar to that of the simpler U(C8HS).2 
The IE's associated with various bands are no longer in- 
fluenced by ring substitution. Relative intensity variations 
when passing to He 11 spectra are reported in Table I. The 
spectrum of U(C$17P(t-Bu)2)2 (hereafter U(cotP),) reveals 
(Figure IC) noteable differences compared with that of the 
trimethylsilyl-substituted complex, the band c being more 
intense and somewhat more structured. The He I1 spec- 
trum of the former complex is not reported. The lesser 
resolution inherent in the use of He I1 radiation results 
in a structure where relevant intensity variations are hardly 
understandable. 


The assignment of bands in the spectrum of the ligand 
C8H7Si(CH3)3 is quite straightforward. By comparison 
with the PE data of the parent compound C8H8,6 it is 
evident that the structures a and b represent ionizations 
from molecular orbitals (MO's) related to the 4al and 7e 
molecular orbitals of C8H,. 


(6) Batich, C.; Bischop, P.; Heilbronner, E. J .  Electron Spectrosc. 


(7)  Evans, S.;  Green, J. C.; Joachim, P. J.; Orchard, A. F.; Turner, D. 
Rekrt. Phenom. 1972, I ,  333. 


W.; Maer, J. P. J.  Chem. SOC., Faraday Trans. 2 1972,905. 


7.46 2.00 
0.44 7.84 


9.44 
10.03 


11.39 onset of ring 
structure 


The splitting into two components of the band b is 
certainly due to the lifting of the twofold degeneracy of 
the MO 7e because of the trimethylsilyl substitution. The 
higher IE structures up to 11.5 eV must involve, analo- 
gously to C a s ,  the ionization of the remaining a MOs (4b2 
in C8H8). Moreover, ionization from the u(Si-C) orbital 
must be expected in this region. Comparison with data 
on some closely related compounds suggests7 an assign- 
ment of the 10.4-eV band to this particular ionization. The 
remaining bands above 11.5 eV are attributed to ring u 
MO's and devoid of any relevance to the bonding ability 
of the unsaturated hydrocarbon. 


Finally, we comment on the slight shifts to lower IE's 
observed when passing from the simple C8H8 to its tri- 
methylsilyl derivative. As mentioned, somewhat larger 
variations would have been expected, owing to the in- 
ductive effect of the substituent. However, detailed ab 
initio calculations8 on related molecules suggest significant 
(C 2p - Si 3d) a bonding which stabilizes the ring a orbital 
~ y s t e m . ~  Such a stabilization is likely to counterbalance 
effectively the shift toward lower IEs, as opposed to what 
we expected as a result of the inductive effect of the Si- 
(CH,), group. 


Turning to the spectra of U(cotSi), (Figure lb), a sur- 
prising analogy with those of U(cot)310 is noted. Relevant 
spectral data such as IE's, relative intensities, and half- 
widths are almost coincident (Table I). This feature should 
clearly imply an analogous assignment (Table I) and, 
hence, a completely analogous bonding model as for un- 
substituted uranocene. Thus the bands a, b, and c in 
Figure l b  represent, respectively, ionizations of MO's 
corresponding to the metal e3u (5f,,) and to the "ligand" 
a e% and ea orbitals (labeling refers to D% symmetry). An 
obvious implication of this sequence is that, analogous to 
U(cot),,2$ covalent interactions between ring a and actinoid 
6d orbitals are a substantial source of bonding also in 
U ( c ~ t S i ) ~ . ~ * ~  There is, however, evidence of covalent in- 
volvement of 5f orbitals in the bonding. The relative in- 
crease of intensity of band b accompanying the change 
from He I to He I1 excitation (Table I) confiims a 5f,2-e2u 
interaction of similar extent to that in U(cot)2. It might 
appear that the present data are devoid of any further 
information on the relative preponderance of 6d and 5f 
orbitals for complex stability. This question has remained 
a controversial point even in the treatment of U(CO~),.~ We 
believe, however, that a closer examination of variations 
of the band widths can be of some guidance. Actually in 


(8) Cradock, S.; Finlay, R. H.; Palmer, M. H. J .  Chem. SOC., Dalton 
T r a m  1974,905. 


(9) The increase of relative intensity in the region b of the He I1 
spectrum can be accounted for by such (p - d)a interaction, the silicon 
3d cross-section being larger than C, at He I1 wavelength. 


(10) Fragak, I.; Condorelli, G.; Zanella, P.; Tondello, E. J.  Organomet. 
Chem. 1977,122, 357. 
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the planar dianion (C8H7Si(CH,)3)2- of CZu symmetry the 
degeneracy of each of the orbitals el-3 of the Dah system 
(C8H812- is removed, thus giving rise to three pairs of or- 
bitals of a, and b, symmetry. The actual energy separa- 
tions AE(a2 - b,) depend upon the magnitude of d,-p, 
interactions between the (CH3)Si group and the C8H7 A 


orbital systems. In view of results already discussed for 
the neutral ligand C8H7Si(CH3)3, M ( a 2  - b,) values 
somewhat higher than 0.3 eV are expected.l’ Further- 
more, when two such ligands are arranged in the complex 
U(cotSi), in a fixed staggered sandwich structure of C2,, 
symmetry about the uranium atom, the corresponding 
pairs of a, and b2 orbitals will give rise to symmetric and 
antisymmetric combinations. Figure Id shows, as an ex- 
ample, the case of orbitals related to the e2 MO in U(C8H& 
which proved to be the main bonding orbital. The energy 
separation between the last-mentioned symmetry combi- 
nations (AE(a, - b,)) depends upon nonbonded inter-ring 
repulsion and is expected to be of the same order of 
magnitude as M ( a 2  - b,). As a consequence, a greater 
(than in the unsubstituted U(C8H8), intrinsic energy dis- 
persion of potentially bonding ligand electronic levels holds 
for the 1,l’-trimethylsilyl-substituted complex.12 There- 
fore we should expect a greater energy spread (and, thence, 
a different band width) of the PE  band responsible for g- 
and u-type orbitals, unless both sets were strongly and 
equally perturbed by metal orbitals of appropriate sym- 
metry (U 5f and U 6d, respectively). In that case, such 
a stronger perturbation will act as a leveling effect upon 
intrinsic energy dispersion of ligand orbitals. Actually, the 
analysis of band-widths collected in Table I indicates that 
values in the spectrum of U(cotSi), are no longer different 
from those in U ( C O ~ ) ~  and, in any case, are comparable for 
both sets of orbitals of u and g symmetry. 


Within the proposed qualitative model, this observation 
becomes evidence of an equally strong involvement of both 
U 5f and U 6d orbitals into the metal-ligand bonding. 


Finally, turning to the PE spectrum of U(cotP), we shall 
consider first structure c. This spectral feature is, unlike 
the case of both U(cot), and U(cotSi),, structured into two 
components, the total intensity of which being approxi- 
mately twice that of corresponding bands in the two former 
complexes (Table I). Actually in the low IE region we 


(11) A higher value than in neutral C8H7Si(CH& is expected in the 
planar aromatic dianion because of a minor u--?T mixing. For example, 
the energy splitting is 0.3 eV in the (trimethylsily1)benzene. See: 
McLean, R. A. N. Can. J. Chem. 1973,51,2089. 


(12) Actually, several conformational rotomers can be populated in the 
vapor phase at the temperature at which the spectra have been recorded. 
However, the final energy dispersion of ring centered ligand ?r orbitals 
does not depend upon the particular conformation adopted since the 
energy values are mainly mediated by inter-ring overlaps which, in turn, 
almost depend upon inter-ring distances. For instance, in the eclipsed 
Czo conformation (the less favorable because of the bulky ring substitu- 
ents) the symmetric and antisymmetric combinations of orbitals related 
to the e2 in the C8H8 dianion transform as al + b2 and a2 + bl. Their 
energy dispersion is, however, comparable with that of related combi- 
nations in the staggered conformation since overlaps between Cw-based 
ring r orbitals are mainly dependent upon inter-ring distances. Such 
geometrical parameters are likely to be similar to that in U(cot), whatever 
the adopted conformation. 


Electronic Structure of Ring-Substituted Uranocene 


expect some additional bands due to ionization from the 
phosphorus 3p lone pairs. In C a  symmetry, two different 
symmetry combinations are expected which should, how- 
ever, be almost completely degenerate because of the great 
distance between the two P atoms. The corresponding 
ionization has been detected at  7.70 eV in the simple P- 
(~-BU);~ while it is firmly established that substitution by 
aromatic rings results in a shift toward lower IE’s.14 


Therefore we favor the lower energy band at 7.46 eV for 
an assignment to the phosphorous lone-pair ionizations. 
Given this assignment, we arrive at  a spectral pattern for 
the remaining low energy bands completely analogous to 
that observed for both U(cot), and U(cotSi), (Table I). 
Therefore we propose, also in the case of U(cotP),, the 
same MO sequence, e3” (5fk3), e2,,, e,, (ligand A), found in 
previous cases (Table I) and, consequently, an identical 
bonding scheme. 


Conclusions 
The results presented appear rather unexpected. We 


embarked on a PE study of ring substitution effects on 
uranocenes with the fair conviction that different donor- 
acceptor abilities of ring substituents would cause marked 
differences in the PE spectra of corresponding uranium 
complexes. Our experimental results, however, do not 
reflect any noteworthy variations in the relevant data. 
Obvious implications of these results are identical elec- 
tronic structure as well as the assumption of an almost 
comparable involvement of both 6d and 5f uranium or- 
bitals in the bonding. The absence of any IE shift of the 
corresponding PE  bands associated to ligand-centered A 


ionizations by varying the nature of ring substituents is 
of particular relevance for still another reason. Clearly the 
different donor-acceptor characteristics of the two ring 
substituents presently considered should result in non- 
negligible variations of the gross electronic charge localized 
on the rings.15 The experimental fact that the IE’s as- 
sociated with relevant bands remain almost constant seems 
to indicate a unique ability of the uranium atom to “buffer” 
charge variation. This “charge buffering” should, in turn, 
imply a different transfer of free spin density onto ligand 
atoms which may be revealed by complementary NMR 
measurements. Finally, it would be of interest to test the 
generality of the conclusion drawn in this paper by stud- 
ying further examples of ring-substituted uranocenes. 
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(13) Lappert, M. F.; Graffenil, M.; Labarre, J. F.; Leibovici, C.; Stelzer, 
0. J. Chim. Phys. 1975, 72, 799. 


(14) Debies, T. P.; Rabelais, J. W. Znorg. Chem. 1974,13, 308. 
(15) For instance, the average IE of ionization in C,H5-Si(CH,), and 


C,H5-P(CH,), are respectively 9.25 and 9.0 eV. A greater IE difference 
of nng ?r ionizations would be expected when paaaing from C,HTSi(CH,), 
to C*H,-P(t-Bu)z because of the electron-releasing effect of t-Bu groups. 
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N-Substituted pyrazoles (L) form complexes [MeHgLINO, for which 2J(1H-1sHg) decreases with in- 
creasing basicity of L in a very similar manner to that observed for closely related N-substituted imidazole 
complexes. The relationships differ from that for complexes of pyridines and suggest that for ligands of 
similar log KH (pK, of LH+ in 50% dioxane-water) the N-substituted imidazoles and pyrazoles are better 
u donors toward MeHg" than pyridines. The complexes [MeHgLINO, [L = N-(2-pyridyl)pyrazole and 
bis(N-pyrazoly1)methanel have the ligands chelated to  MeHg" when in methanol. 


Introduction 
T h e  coupling constant V('H-lg9Hg) for t he  methyl- 


mercury(I1) group in  complexes [ MeHgL] NO3 decreases 
with increasing basicity of pyridyl'12 and N-substituted 
imidazolyl3 donor ligands L. Although the  linear rela- 
tionship between 2J(1H-199Hg) and log KH (pK, of LH+ 
in 50% dioxane-water) is not identical for those two types 
of donor ligand, the general trend has been useful for more 
complex systems, e.g., determination of the binding sites 
for interaction of MeHg" with g ~ a n o s i n e . ~  To further 
explore this relationship, we have extended these studies 
to include N-substituted pyrazoles (NRPyz, abbreviations 
given in Experimental Section) which have lower basicities 
than both pyridines and N-substituted imidazoles (NRIm); 
these results have been briefly r e p ~ r t e d . ~  


,. 
PY NRIm NRPyz 


NPY PYZ 


X-ray diffraction studies reveal that both NpyPyz and 
Pyz2CHz in [MeHgLINO, are chelated to MeHg11,6 and 
these complexes have been included in  this s tudy to  de- 
termine the coordination behavior of the ligands in  solu- 
tion. 


Experimental Section 
Reagents. For synthesis of ligands the reagents pyrazole, 


3,5-dimethylpyrazole (Fluka), phenylhydrazine (BDH), and 
3,4,5-trimethylpyrazole (Columbia) were used as received. The 
reagents acetylacetone (distilled), diethyl ether (washed with 
aqueous 10% NaHS03 and dried with CaClz followed by passage 
through a column of 4A molecular sieves), dimethyl sulfate (over 


(1) Canty, A. J.; Marker, A. Znorg. Chem. 1976,15,425. 
(2) Canty, A. J.; Barron, P.; Healy, P. C. J. Organomet. Chem. 1979, 


(3) Canty, A. J.; Chaichit, N.; Gatehouse, B. M.; George, E. E.; Hay- 


(4) Canty, A. J.; Tobias, R. S. Znorg. Chem. 1979, 18, 413. 
(5) Canty, A. J.; Lee, C. V. Inorg. Chim. Acta 1981,54, L205. 
(6) Canty, A. J.; Lee, C. V.; Chaichit, N.; Gatehouse, B. M. Acta 


179, 447. 


hurst, G. Inorg. Chem. 1981,20, 2414. 


Crystallogr., Sect. B 1982, B38, 743. 


Table 1. Analytical Data for the New Complexes 
% calcd % found 


complex C H H g  C H H g  
[MeHg(NMePyz)]NO,' 16.7 2.5 55.8 16.8 2.3 55.6 
[MeHg(Me,NMePyz)]NO, 21.7 3.4 51.7 21.7 3.5 51.6 
[MeHg(Me,NMePyz)]NO, 23.9 3.8 50.0 23.7 3.6 49.4 
[MeHg(Me,NPhPyz)]NO, b 32.0 3.4 44.6 31.6 3.3 45.0 
[MeHg(NB~lPyz)lN0,~ 30.3 3.0 46.0 30.0 3.1 45.8 


Me,NPhPyz - N -  
phenyl-3,5-dimethylpyrazole. Other ligands similarly 
abbreviated, 


K2CO3 until neutral to Congo red paper, distilled from CaO), 
methanol (ref 7, p 268), ethanol (ref 7, p 269), and acetone (ref 
7, p 275 (method a)) were purified as indicated in parentheses. 


The ligands N-methylpyrazole8 (NMePyz, yield 23%, bp 
127-134 "C ( l k 9  126-127 "C)), 1,3,5-trimethylpyrazole8 
(Me2NMePyz, 22%, bp 45-49 OC (5 mm) (lit.l0 170 "C (755 mm))), 
1,3,4,5-tetramethylpyraole8 (Me3NMePyz, 22 % , bp 72-73 "C (8 
mm) (lit." 190-193 "C)), N-phenyl-3,5-dimethylpyraz0le'~ 
(Me2NPhF'yz, 80%, bp 114-118 "C (5 mm) (lit.12 144-148 "C (17 
mm))), and N-ben~ylpyrazole'~ (NBzlPyz, 52%, bp 128-131 "C 
(11 mm) (lit.13 134-136 "C (15 mm))) were prepared as reported. 
The ligands have satisfactory 'H NMR spectra in CDC13 and 
CD30D, and their MeHg" derivatives have satisfactory spectra 
in CD30D (Table 11). 


Complexes. Methylmercuric nitrate4 and [MeHgL]N03 (L 
= N-(2-pyridyl)pyrazole and bis(N-pyrazolyl)methane)6 were 
prepared as described previously; the remaining complexes, except 
for that of N-benzylpyrazole, were obtained as crystals from 
acetone solutions of MeHgN03 and ligand (yield 7-71%). The 
N-benzylpyrazole complex formed on evaporation of the solution 
to dryness and required recrystallization from ethanol (58%). 
Characterization data for new complexes are presented in Table 
I. Microanalyses were by the Australian Microanalytical Service, 
Melbourne. 


Physical Measurements. 'H NMR spectra at 100 MHz were 
measured in a JEOL JNM-4H-100 spectrometer. Chemical shifts 
in CD30D were measured relative to 1,4dioxane internal standard; 
shifts upfield of 1,4-dioxane are taken as negative (Table 11). 


Apparent protonation constants log KH (pK, of LH' in 50% 
dioxane-water) for all ligands were measured following the general 
procedure described earlier1v3 modified to account for the lower 
basicities of some of the ligands studied here. Thus, instead of 


NMePyz - N-methylpyrazole. 


(7) "Vogel's Textbook of Practical Organic Chemistry", 4th ed.; revised 
by Fumise, B. S., Hannaford, A. J., Rogers, V., Smith, P. W. G., Tatchell, 
A. R.; 1978. 


(8) Grimmett, M. R.; Lim, K. H. R.; Weavers, R. T. A u t .  J. Chem. 
1979,32,2203. 


(9) Finar, I. L.; Lord, G. H. J. Chem. SOC. 1967, 3314. 
(10) Knorr, L. Justus Liebigs Ann. Chem. 1894,279, 232. 
(11) Knorr, L. Chem. Ber. 1896,28, 714. 
(12) Reid, W.; Muhle, G. Jwtus Liebigs Ann. Chem. 1962, 656,119. 
(13) Jones, R. G. J. Am. Chem. SOC. 1949, 71, 3994. 
(14) Anet, F. A. L.; Sudmeier, J. L. J. Magn. Reson. 1969, 124. Hen- 


neike, H. F. J. Am. Chem. SOC. 1972,94, 5945. 
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Table 11. 'H NMR Data for the Complexesa 


240- 


+- 


ligand protons p d  p e  I'J('H- 
complex MeHgb 199Hg) I C  H3(5)f H4 R 


[MeHg( NMePyz)]NO, -2.56 234.3 4.41 d (2.7), 4.24 d (2.4) 2.97 m 0.48 (NMe) 
[MeHg( Me,NMePyz )]NO, - 2.5 2 228.8 2.56 0.30 (NMe) 


[MeHg( Me,NMePyz )]NO, -2.53 2 27.2 0.28 (NMe) 


[MeHg( Me,NPhPyz )]NO, -2.8 1 229.7 2.80 4.016 (NPh) 


[MeHg(NBzlPyz)]NO, -2.89 234.7 4.67 d (2.3), 4.3 d (2.4) 3.05 m 2.00 (CH,) 


[MeHgWPY &z)lNO, -2.51 245.7 3.33 m 4.93 db (He,) 


[MeHg(Pyz ,CH,)INO, -2.50 243.8 4.54 d (2.4), 4.20 (1.8) 2.91 m 3.16 (CH,) 


-1.23, -1.31 


-1.30, -1.38, -1.68 


-1.17, -1.39 


3.6-3.9 m (Ph) 


4.4-4.69 m (H3(5),3t94f) 
3.99 m (H5,),J5,,6t = 5 


Chemical shift from internal 1,4- a Solutions in CD,OD. Atom numbering schemes are shown in the Introduction. 
dioxane; accuracy to ca. 0.005 ppm. 
nega t i~e . '~  Key: m, multiplet; d, doublet; b, broad. e First order analysis.' Differentiation between H, and H, not 
attempted (Jx,4 given in parentheses). 


Accuracy to ca. k0.5 Hz. The sign of the coupling constant is assumed to be 


titration of 0.1 M HC1 with 0.01 M solutions of ligand with 1:l 
equivalence of HCl and ligand occurring for a 50-mL solution of 
50% dioxane in water,'p3 1 M HC1 was added to 0.1 M solutions 
of ligands using an autoburette with 1:l equivalence occurring 
for a 10-mL solution. For ligands of high log KH both procedures 
give similar results, e.g., 2,2/-bipyridyl, 3.24 (with 1 M HCI) and 
(ref 1,3.18 with 0.1 M HCl). Measured pH values below 3.0 were 
corrected by using a plot of expected pH vs. measured pH for 
the average of three titrations in the absence of ligand. 


Results 
Formation of complex ions [MeHg]+ in methanol is 


assumed for unidentate pyridine, N-substituted imidazole, 
and N-substituted pyrazole ligands, as both pyridines and 
N-methylimidazole are known to form complexes with 
appreciable formation constants in water; e.g., complexes 
[MeHgLf+ have log K M e H g  = 4.8,15 4.7216 (pyridine), 4.69 
(3-methylpyridine17), 5.03 (4-methylpyridine1'), and 6.96 
(N-methylimidazolel*). Polydentate ligands also form 
stable complex ions, e.g., 2,2'-bipyridyl (log K%& = 5.86t9 
5.9316) and 2,2/:6',2"-terpyridyl (log K M ~ H ~  = 6.3516). 


For unidentate N-substituted pyrazoles the coupling 
constant 2J(1H-1wHg), for complexes in methanol, varied 
with log KH in a similar manner to complexes of pyridines 
and N-substituted imidazoles (Figure l), with the poorer 
correlation reflecting lower precision in determination of 
lower KH values. The relationships for N-substituted 
pyrazoles (correlation coefficients in parentheses) 


and N-substituted imidazoles3 
2J('H-1wHg) = -2.64 log KH + 235.9 HZ (4.93) 


2J('H-1ggHg) = -2.50 log KH + 234.6 HZ (4.98) 
are displaced from that for pyridines (altered from the 
previously quoted r e l a t i o n ~ h i p ~ ~ ~ ~  to include the complex 
of P Y C H P ~ ~ ~ ' )  


zJ(1H-199Hg) = 2.96 log K H  + 241.6 HZ (-0.99) 
by approximately 5 Hz. 


The Me2NPhPyz chemical shift of the MeHg" proton 
for complexes of Me2PhPyz and NBzlPyz occurs 0.25-0.37 
ppm upfield from those for NMePyz, Me2NMePyz, and 
Me3NMePyz, consistent with orientation of the rings re- 


(15) Simpson, R. B. J.  Am. Chem. SOC. 1961,83,4711. 
(16) Geier, G.; Erni, I.; Steiner, R. Helu. Chin. Acta 1979,60, 9. 
(17) Emi, I. W. Ph.D. Dissertation, E.T.H. Zurich, 1977. 
(18) Flabenstein, D. L. Acc. Chem. Res. 1978,11, 100. 
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(20) Canty, A. J.; Chaichit, N.; Gatehouse, B. M.; George, E. E. Inorg. 


Chem. 1981,20,4293. 
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Figure 1. 12J(1H-199Hg)l for [MeHgL]N03 (in CD30D) vs. log 
KH for the ligands (L). Log KH values are those obtained for a 
50% dioxane-water mixture as solvent: (+) L = pyridines; ( 0 )  
N-substituted imidazoles; (+) N-substituted pyrazoles. Values 
of 2J('H-'gsHg) for N-substituted yrazole complexes are given 


complexes are given elsewhere.2am N-substituted pyrazoles with 
log KH values in parentheses are (1) NMePyz (1.19), (2) 
MezNMepyZ (2.901, (3) Me3NMepyZ (3.261, (4) Mez?IPhPyz (1.63, 


sulting in anisotropic shielding of the methyl group. This 
effect occurs for several complexes of pyridyl and N-sub- 
stituted imidazolyl  ligand^,'-^^^^^^^ and for the 2-benzyl- 
pyridine complex this orientation results from presence 
of a weak Hg.-a interaction.22 


in Table 11, and values of %T('H-' E2 Hg) and log KH for the other 


(5) N-BzlPyz (0.42), and NpyPy~ (0.78). 


L L 


[MeHg(MqNPhPyz)]' [MeHg(NBzlPyr:]* 


(21) Canty, A. J.; Hayhurst, G.; Chaichit, N.; Gatehouse, B. M. J. 
Chem. Soc., Chem. Commun. 1980, 316. 
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formation constants; e.g., cysteine containing the soft RS- 
group has pK, = 8.53,,', similar to that of NH, (9.32), but 


= 174.0,32 and the NH3 complex has log K M ~ H ~  = 7.25, 
2J('H-199Hg) = 214.1 Hz.,~ 


Relative values of coupling constants thus give an es- 
timate of the order of strength of binding of ligands to 
MeHg"; e.g., formation constants for selenol complexes 
have not been reported, but since selenol complexes have 
2J('H-'gsHg) lower than analogous thiolates,34* it has been 
concluded that RSe- binds more strongly than RS-.34 
Similarly, the N-methylimidazole complex with 2J( lH- 
"Hg) = 219A3 has formation constant log KMag = 6.9618 
and log KH = 6.25: but the pyridine complex with higher 
2J(1H-'99Hg), 229.6 Hz,' has both lower log KMe%, 4.8'' and 
4.7216 and log KH, 4.09.' Consistent with these results 
polydentate ligands containing both imidazolyl and pyridyl 
rings bind more strongly via the imidazolyl ring; e.g., 
N-pyridylimidazole binds via the imidazolyl ring only and 
py2(NMeIm)COH acts as a tridentate in the solid state 
(bidentate in methanol) with Hg-N(NMe1m) = 2.13 (1) 


the cysteine complex has log = 15.7,15 2J(1H-199H g) 


A and Hg-N(py) = 2.66 (1) and 2.77 (1) Azo 


i J L  _I 


[MeHg(NpyPyz)]* [MeHg(PY+yl+ 


Figure 2. Structures of [MeHg(NpyPyz)]+ and [MeHg- 
(Pyz2CHz)]+. The NpyP comples has H g O  distances of 2.97 
(3), 3.07 (3), and 3.14 (3) r a n d  the PyzzCHz complex has H g O  
distances of 2.88 (2) and 2.90 (2) A to form dimeric units 
I [MeHgLl 


Consistent with chelation by NpyPyz and Pyz2CH2 in 
methanol, as found in the solid state5 (Figure 2), their 
MeHgu complexes have G(MeHg) -2.51 and -2.50, re- 
spectively, similar to those observed for NMePyz, 
Me2NMePyz, and Me,NMePyz (-2.52-2.56 ppm) and well 
below values for complexes of ligands having an uncoor- 
dinated ring adjacent to mercury, -2.81 (MeJWhPyz) and 
-2.89 ppm (NBzlPyz). The NpyPyz complex has 2J(1H- 
lWHg) = 245.7 Hz, higher than expected for unidentate 
pyridine or N-substituted pyrazole complexes (Figure 1) 
and consistent with chelation; e.g., complexes of bidentate 
2,2'-bipyridy11a and py2CH23l have 2J('H-199Hg) ca. 6 Hz 
higher than complexes of unidentate pyridines of similar 
log KH. The Pyz2CH2 complex has a similar value for 
2J('H-'gSHg), 243.8 Hz, but has a log KH value too low to 
measure with the procedure used. 


Discussion 
For complexes MeHgX and [MeHgL]+ the coupling 


constant 2J('H-'gsHg) correlates with the pK, of HXleWze 
or LH+,1-3 with each type of ligand giving a different re- 
lationship, but similar to those in Figure 1; e.g., for X- = 
RO- 


2J(1H-1wHg) = -5.72pK, + 250.2 


and for X- = RS- 
2J(1H-'99Hg) = -B.BlpK, + 193.9 H z ~ ~  


(In these examples the pKa values were estimated28 by 
using the method of Barlin and Perrin.,O) 


For a particular type of ligand higher basicity or pK,, 
reflecting donor ability toward the "hard acid" H+, also 
renders a ligand a better donor toward the "soft acid" 
MeHe,  leading to a lower value for the coupling constant. 
These, and similar relationships, have been attributed to 
the effect of the major contribution of the Fermi contact 
interaction to the coupling constant. 


For ligands of similar basicity but different donor atom 
the coupling constant is lower for complexes with higher 
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(26) Beletakaya, I. P.; Fedin, E. I.; Fyodorov, L. A.; Kvasov, B. A.; 
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Reutov, 0. A. Zzu. Akad. Nauk SSSR, Ser. Khim. 1967, 221. 


Struct. Chem. (Engl. Transl.) 1969, IO, 231. 


NPYIm pyz( NM eIm IC OH 


An estimate of relative order of bond strengths from 
2J(2H-'99Hg) is generally satisfactory provided that the 
2J('H-1esHg)-pK, correlations are well separated, so that 
ligands of one donor type will always form complexes 
having a lower coupling constant than the other type de- 
spite variations in pKu, e.g., MeHgOR and MeHgSR (see 
equations above and Figure 1 in ref 28). Care is required 
for ligands with similar 2J(1H-'gSHg)-pK, relationships 
such as pyridines and N-substituted imidazoles and py- 
razoles (Figure 1). Thus 1,3,4,5-tetramethylpyrazole has 
2J('H-1gsHg) lower than that for pyridine but higher than 
that for 2,4,64rimethylpyridine. 


In addition, when comparing relationships for closely 
related ligands, it is essential that log KH (pK,) values be 
obtained under identical conditions (50% dioxane-water 
for Figure l), e.g., reported pK, values for pyridine in water 
cover the wide range 5.15-5.52,% but values for 10 pyridines 
in water, obtained by the same workers:' give a relation- 
ship 2J(1H-'gsHg) = -2.80pKa + 244.3 Hz with an excellent 
correlation coefficient, -0.99,2 and different from that 
obtained by using log KH values measured in 50% diox- 
ane-water (see above). Similarly, different types of ligands 
may have log KH values altered in a different way on 
change of solvent conditions, and 2J(1H-199Hg) should refer 
to measurements in the same solvent. 


Thus, with Hg-L bonding in [MeHgL]+ (L = pyridines, 
N-substituted imidazoles, and pyrazoles) considered to be 
essentially u bonding the relative values of coupling con- 
stants are expected to indicate the relative a-bonding 
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abilities of the ligands toward the soft acid MeHg", with 
lower values of 2J(1H-1wHg) indicating greater u ability; 
and thus, for ligands with similar log KH (as measured), 
the N-substituted 
u donors than pyridines. 


A. P. Arnold for assistance with measurement of I.og KH 
values. 
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80834-31-7; [MeHg(NpyPyz)]N03, 81420-87-3; [ MeHg(PyzzCHz)]- 
NO,, 81420-89-5; NMePyz, 930-36-9; Me,NMePyz, 1072-91-9; 
Me3NMePyz, 1073-20-7; Me2NPhPyz, 1131-16-4; NBziPyz, 10199- 
67-4; MeHgNO,, 2374-27-8. 
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The structure of [ (2,6- (Me2NCH2)2C6H3)Pt(p-( (p-tol) NC (H)N(i-Pr))) HgBrCl] (p-to1 = p-tolyl) was de- 
termined by X-ray methods and refined to R = 0.058, using diffractometer intensities of 5021 independent 
reflections. The crystals are monoclinic of space group ml/c with a = 9.192 (5) A, b = 12.016 (5) A, c 
= 26.895 (4) A, 6 = 94.30 (3)O, and Z = 4. The discrete heterodinuclear molecular units comprise a 
pseudmquare-pyramidally surrounded platinum center. The square plane contains the platinum coordinated 
terdentate monoanionic li and [2,6-(MezNCH2)2C6H3]- (Pt-N(3) = 2.097 (9) A, Pt-N(4) = 2.080 (10) A, 
plane type). The fourth coordination site in the square plane is occupied by the donor nitrogen atom of 
a (p-to1)N group (Pt-N(l) = 2.155 (9) A of a nonsymmetrically substituted formamidino ligand. A HgBrCl 
unit resides at the apical position of the square pyramid (Pt-Hg = 2.8331 (7) A), and the formamidino 
ligand bridges to this mercury center to which it bonds with an (i-Pr)N unit (Hg-N(2) = 2.156 (11) A). 
The five-membered heterometallic ring is nonplanar, and viewed along the Pt-Hg axis there is a small 
twist of the HgBrClN unit so that the M-N bonds are not eclipsed (N(2)-Hg-Pt-N(1) = -16.5 ( 4 ) O ) .  The 
title compound can be considered as the first example of a complex formed by coordination of the bidentate 
[(2,6-(Me2NCHJ2C6H3)Pt(N(R)C(H)N(R'))] ligand, in which the Pt center and the N(R') atom act as donor 
sites to a post-transition-metal salt (HgXJ. 


and Pt-C(9) = 1.909 (11) 1 ), and the two cyclometalated rings show unique puckering geometry (mirror 


Introduction 
Compounds with a bond between two dissimilar metal 


atoms have been an area of particular interest.l In our 
laboratory a large series of complexes have been syn- 
thesized involving de Rh' (Ir') complexes and complexes 
of CUI, Ag', Hg", and T1"' post transition metals having 
a dl0 electronic c~nfiguration.~-~ The complexes can 
formally be divided into those with a covalent metal-metal 
bond (type I) and those with a metal-to-metal donor bond 
(type II).676 
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with Hg(O&R), resulted in elimination of metallic mer- 
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reaction of the corresponding cis isomer with Hg(02CR)z 
afforded quantitatively the stable Pt-Hg bonded com- 
plexes [ (2-Me2NCH2C6H4)2Pt(p-02CR)Hg(02CR)] (R = 
Me, i-Pr): see Figure l.7 An X-ray structure determi- 
nation of this latter compound with R = Me revealed the 
presence of a six-coordinate Pt center and a Pt-Hg bond 
(2.513 (1) A) bridged by a carboxylate group.'$ Formation 
of this compound, which belongs to type I, was proposed 
to occur via an intermediate containing a Pt-to-Hg donor 
bond (type II).' A possible reason for the different reaction 
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A Platinum Complex Containing a Pt-to-Hg Donor Bond 


-R 


type I' 


Figure 1. Two examples of heterodinuclear Pt-Hg compounds. 


courses with cis- and tram-[  (2-Me2NCH2C6H4)2Pt] lies in 
the orientation of the N donor atoms which in the trans 
isomer causes enhanced nucleophilicity of the Pt center.' 


Recently we succeeded in the isolation of stable heter- 
odinuclear complexes using the terdentate monoanionic 
ligand system [2,6-(Me2NCH2)2C6H3]-, which has a fixed 
trans arrangement of the N donor sites, and formamidino 
and triazenido ligands instead of carboxylato g r o u p ~ . ~ J ~  
On the basis of NMR data a type II structure was proposed 
for these compounds,'l [(2,6-(Me2NCH2),C6H3)Pt(p-{(P- 
tol)NYNRJMX,] (Y = CH, N; R = Me, Et, i-Pr; M = Ag, 
X = Br; M = Hg, X2 = Br, C1) (see Figure 1). 


In this paper we report the X-ray structure determina- 
tion of one of the Pt-Hg compounds, [(2,6- 
(Me2NCH2)2C6H3]Pt(p-{(p-tol)NC(H)N(i-Pr)))HgBrC1], 
thus providing direct evidence for the Pt-to-Hg bonding. 
Furthermore, the implications of the presence of both a 
nonsymmetrical formamidino ligand and a rigid terdentate 
ligand on the molecular geometry are discussed. 


Experimental Section 
The title compound was prepared according to the method 


recently described.1° Single crystale suitable for X-ray structure 
determination were obtained by crystallization from a CH2C12/ 
pentane mixture. 


Structure  Determination and Refinement of C2$IMBr- 
ClHgN4PtCH2C12. An orange crystal of the title compound was 
glued on top of a glass fiber and transferred to an ENRAF- 
NONIUS CAD4 diffractometer for data collection. Unit cell 
dimensions, their corresponding standard deviations, and a re- 
dundant data set were obtained by procedures standard at our 
laboratory12 using zirconium-filtered MoKa radiation. The crystal 
data and details of the data collection and structure refinement 
are summarized in Table I. The intensity of one reflection waa 
monitored after every hour of X-ray exposure time. A decay of 
up to 16% at the end of the data collection was observed. The 
data were subsequently corrected for absorption (via an ap- 
proximate description of the crystal boundaries) and Lorentz and 
polarization effects and averaged into a unique set of data in the 
previously described way.12 The structure was solved via location 
of the Pt and Hg from the Patterson synthesis and the other atoms 
by standard difference Fourier techniques, except for the hydrogen 
atoms that were located on calculated positions. Refinement by 
blocked full-matrix least-squares techniques converged at  R = 
0.058. All non-hydrogen atoms were refined with anisotropic 
thermal parameters. Hydrogen atoms were refined in the riding 
mode with one overall isotropic thermal parameter. 


In addition a rotation parameter was refined for each methyl 
moiety. Weights based on counting statistics were introduced 
in the final stages of the refinement. A final difference Fourier 


(9) van der Ploeg, A. F. M. J.; van Koten, G.; Vrieze, K. Znorg. Chem. 


(10) van der Ploeg, A. F. M. J.; van Koten, G.; Vrieze, K. J .  Organo- 


(11) van der Ploeg, A. F. M. J.; van Koten, G.; Brevard, C. Inorg. 


(12) van der Ploeg, A. F. M. J.; van Koten, G.; Spek, A. L. Znorg. 


1982,21, 2026. 


met. Chem. 1982,226,93. 


Chem. 1982,21,2878. 


Chem. 1979,18, 1052. 
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Table I. Crystal Data and Details 
of the Structure Analysis 


a. Crystal Data 
formula C ,,H,BrClHgN,P t.CH, C1 
mol wt 962.52 
space group no. 14;P2,/c 
cryst system monoclinic 
a, A 9.192 (5) 
b, A 12.016 (5) 
c, PI 26.895 (4) 
P ,  deg 94.30 (3) 
v, A3 2962 (2)  
z 4 
D( calcd), g ~ m - ~  2.158 
D(obsd), g ~ m - ~  2.16 
F( 000), electrons 1808 
~ ( M o  Ka), cm-' 111 
approx cryst size, mm 
cryst vol, mm3 0.020 
no. of grid points 560 
max transmissn 0.201 
min transmissn 0.053 


0.15 X 0.45 x 0.30 


b. Data Collection 
e (min), e (max) 
radiation, A 


W-28 scan, deg 
data set 
horizontal and vertical aperture, mm 
max time per reflctn, s 
ref reflctn 
total reflctn data 
total unique reflctn 
obsd data ( I  > 2.50(Z)) 


0.1, 27.5 
0.71069 (Mo Ka) 
Zr filtered 
0.60 t 0.35 tan e 
+ h , t k , i l  
3.0, 3.0 
120 
3, 0, 8 
14134 
6165 
5021 


c. Refinement 
no. of refined parameters 329 
weighting scheme 
final RF and R w ~  


w-' = ( o Z ( F )  t 0.006F2)/1.3047 
0.058, 0.068 


Table 11. Positional Parameters and Their Estimated 
Standard Deviations 


Hg 0.15274 (6)  0.22051 (4) 0.32429 (2) 
Pt 0.28419 (4) 0.04610 (4) 0.38259 (1) 
Br 0.3229 (31 0.3095 131 0.2674 (11 


0.0753 ( 4 j  
0.4297 (7) 
0.510 (1) 
0.0866 (9)  


0.223 (1) 
0.415 (1) 
0.007 (1) 
0.034 (1) 


0.020 (1) 


-0.120 (1) 
-0.169 (1) 
-0.073 (1) 


0.071 (1) 
0.123 (1) 


0.457 (1) 
0.577 (1) 
0.705 (1) 
0.706 (2)  
0.582 (1) 
0.465 (1) 
0.315 (1) 
0.074 (1) 
0.267 (1) 
0.542 (2) 
0.470 (2)  
0.354 (2)  


0.034 (2) 


0.451 (3) 


-0.133 (2)  


-0.066 (2) 


-0.152 (2) 


0.3681 (3 j 
0.5237 (6) 
0.5835 (8) 


0.0846 (9) 
0.0952 (8) 


-0.0397 (8) 


-0.0088 (9) 
-0.008 (1) 
-0.132 (1) 
-0.149 (1) 
-0.246 (1) 
-0.325 (1) 
-0.299 (1) 


-0.422 (1) 
0.128 (1) 
0.124 (1) 
0.182 (1) 
0.238 (1) 
0.243 (1) 
0.192 (1) 
0.194 (1) 
0.126 (1) 
0.008 (1) 
0.071 (1) 


-0.211 (1) 


-0.118 (1) 
-0.024 (1) 


0.103 (1) 
0.089 (2) 
0.207 (1) 
0.473 (2) 


0.3803 (1 j 
0.4364 (2)  
0.3384 (3) 
0.3572 (3) 
0.2943 (4) 
0.4529 (3)  
0.3278 (4) 
0.3171 (4) 
0.3821 (4) 
0.3837 (4) 
0.4058 (5) 
0.4299 (4) 
0.4309 (5)  
0.4058 (4) 
0.4545 (7) 
0.4024 (4) 
0.3750 (5) 
0.3921 (5) 
0.4347 (6) 
0.4631 (6) 
0.4476 (5) 
0.4686 (5) 
0.4568 (5) 
0.4883 (5) 
0.3251 (5) 
0.3457 (6) 
0.2779 (5) 
0.2439 (5) 
0.2051 (7) 
0.2425 (7) 
0.3756 (8) 
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Table 111. Interatomic Bond Distances ( A )  and Bond Angles (Deg) 


Hg-Pt 
Hg-Cl( 1) 
Hg-N 2 ) 
Hg-Br 
Pt-N( 1) 
Pt-C(9) 
Pt-N( 3) 
Pt-N(4) 
C1( 2)-C( 24) 
C1( 3 )-C( 24) 
N(I)-C(2) 
N(1 )-C(I 1 
N( 2 )-C( 1) 


Pt-Hg-Cl( 1) 
Pt-Hg-N( 2) 


Cl( l)-Hg-N( 2) 
Pt-Hg-Br 


Br-Hg-Cl( 1) 
Br-Hg-N( 2) 
Hg-Pt-N( 1) 
Hg-Pt-C( 9 )  
Hg-Pt-N( 3) 
Hg-Pt-N( 4) 
N(1)-Pt-C(9) 
N( l)-Pt-N( 3 )  
N( l)-Pt-N(4) 
N(3)-Pt-C(9) 
N( 4)-Pt-C( 9 )  
N( 3 )-Pt-N (4 ) 
Pt-N(l)-C(l) 
Pt-N(l)-C(B) 
C(l)-N(l)-C(2) 
Hg-N( 2)-C( 1) 
Hg-N( 2)-C( 21) 


Bond Distances 
2.8331 (7) N(2)-C(21) 1.53 (2) 
2.465 (3) N(3 )-C(15) 1.50 (2 )  
2.16 (1) ' 
2.509 (3 )  
2.155 (9)  


2.097 (9 )  
2.08 (1) 
1.77 (2 )  
1.77 (3)  
1.40 (1) 
1.32 (1) 
1.28 ( 2 )  


1.91 (1) 


108.94 (8) 
81.5 (3) 


113.17 (7)  
126.3 (3) 
106.8 (1) 
117.0 (3) 


82.2 (2) 
94.8 (4) 


95.1 (3)  
177.0 (4) 


98.3 (3) 
98.2 (4) 
82.9 (4) 
81.2 (4) 


159.5 (4) 
121.8 (8) 
122.9 (7 )  
115.3 (9) 
123.5 (8) 
117.6 (8) 


99.1 (3 )  


~ ( 3  j-c(i 7 j 1.45 (2 j 
N( 3)-C( 16)  1.44 (2) 
N(4)-C(19) 1.48 (2)  
N( 4)-C( 18) 1.52 (2) 
N(4)-C( 20) 1.43 (2) 


1.38 (2)  
1.43 (2) 
1.40 (2) 
1.42 (2)  
1.47 (2) 
1.36 (2 )  


C(2)-C(7) 
C(2)-C(3 1 
C(3 )-C(4 1 
C(4 )-C(5 1 
C(5)-C(8) 
C( 5 )-C(6 1 


Bond Angles 
C( 1)-N(2)-C( 21) 
C( 16)-N( 3 )-C( 17  ) 
Pt-N(3)4(17) 
P t-N( 3 )-C( 15  ) 
Pt-N(3)-C(16) 
C(15)-N(3)4(16) 
C(15)-N(3)-C(17) 
Pt-N(4)-C( 20) 
Pt-N(4)6(  1 9 )  
Pt-N( 4 )-C( 18) 
C( 18)-N( 4)-C( 19)  
C( 18)-N(4)-C(20) 
C( 19)-N( 4)-C( 2 0) 
N( 1)-C( 1)-N( 2) 


N( 1)-C( 2)-C( 3)  
C(3 )-C( 2)-C(7 1 
N( 1 )-C( 2 )-C( 7 1 
C(2)-C( 3)-C(4) 
C( 3 ) 4 ( 4 ) 4 (  5) 


C(6 ) 4 ( 5  )-C(8) 
C( 4)-C( 5)-C( 8) 


map showed no significant featurea. The f i i  value of the refined 
positional parameters are given in Table II (except for the U(iso) 
= 0.074 (6) A* overall temperature factor of the hydrogen atoms, 
see supplementary material). 


Neutral scattering factors were taken from ref 13 and corrected 
for anomalous dispersion effects.14 All calculations were carried 
out on either the in-house Eclipse S/230 minicomputer with the 
program ILM*~ (structure determination and refinement) or the 
CYBER-175 computer a t  the University of Utrecht computer 
center with the programs from the EUCLID packagelB (molecular 
geometry and illustrations). 


Discussion 
Description of the Structure. The crystal structure 


of [(2,6-(Me2NCH2)2C,H3)Pt(p-((p-tol)NC(H)N(i-Pr)))- 
HgBrCl] consists for four discrete heterodinuclear mole- 
cules and four CH2C12 molecules per unit cell that are 
mutually separated by normal van der Waals distances. 
The molecular structure along with the adopted numbering 
scheme is shown in a PLUTO drawing (Figure 2). A ORTEP 
stereodrawing (Figure 3) shows the thermal vibration el- 
lipsoids in a view down the Pt-Hg bond. Interatomic 
distances and bond angles are listed in  Table 111. 


The five-coordinate platinum center has a nearly 
square-pyramidal geometry by  virtue of the N,N',C ter- 
dentate ligand 2,6-(Me2NCH2)2CBH3, one N atom of the 
formamidino ligand, and the apically positioned mercury 


(13) Cromer, D. T.; Mann, J. B. Acta Crys tdogr . ,  Sect. A 1968, A24, 


(14) Cromer, D. T.; Libermann, D. J. Chem. Phys. 1970, 53, 1891. 
(16) 1 ~ ~ 8 ,  a DG-Eclipse S/230 adaption and extaneion (by A. L. Spek) 


of the SHELX-76 package (by G. Sheldrick). 
(16) EUCLID, a program package for the calculation and tabulation 


of geometrical data and structure illustrations including an extended 
version of the program PLUTO (5. Motherwell, B. Clegg) by A. L. Spek. 


321. 


119 (1) 
111 (1) 
107.9 (8) 
107.1 (7) 
117.5 (8) 
107.3 (9) 
105.2 (9) 
119.9 (8) 
104.7 (8) 
108.5 (8) 


107 (1) 
107 (1) 
125 (1) 
116 (1) 


124 (1) 


123 (1) 


125 (1) 


110 (1) 


120 (1) 


119 (1) 


120 (1) 


C(6)-C(7 1 
C(9)-C(14 1 
C( 9)-C( 10) 


C(lO)-C(ll) 
C( 11 )-C( 12) 


C(lO-C( 18) 


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


C( 21 )-C( 23) 
C(21)4(  22) 


C(4)-C( 5 )-C(6) 


C(2 )-c(7 )-C(6) 
Pt-C( 9)-c( 10) 


Pt-C(9)-C( 14 )  
C( 9 )-c (1 0 )-C( 1 1 ) 


C( 10 )-C( 11 )-C( 12 )  


C( 5)-C(6)-C(7) 


C( lO)-C(9)C(14) 


C( 9)-C(lO)-C( 18) 
C(ll)-C(lO)-C(18) 


C(l  l)-C( 12)-C( 13)  
C( 12)-C( 13)-C( 14) 
C( 13)-C( 14)-C( 15) 
C(9)-C( 14)-C( 15)  
C(9)-C( 14)-C( 13) 
N(3)-C(15)-C(14) 
N(4)-C(18)-C( 10) 
N(2)-C(21)-C(23) 
N( 2)-C( 21)-C( 22) 
C( 22)-C( 21)-C( 23) 
C1( 2)-C( 24)-C1( 3) 


1.35 (2) 
1.43 (2) 
1.38 (2) 
1.49 (2) 
1.41 (2)  
1.33 (2) 
1.42 (2) 
1.28 (2) 
1.53 (2) 
1.45 (2) 
1.48 (2)  


116 (1) 
123 (1) 
123 (1) 
121.1 (9) 
119 (1) 


119 (1) 
111 (1) 


119 (1) 
122 (1) 
119 (1) 


109 (1) 
122 (1) 
113 (1) 
110 (1) 
112 (1) 


109 (1) 


120.2 (8) 


129 (1) 


129 (1) 


108 (1) 
116 (1) 


k181) 
ii 


Figure 2. PLUTO drawing of the molecular structure of [(2,6- 
(MezNCHz)zC,H,)Pt(~-((p-tol)NC(H)N(i-Pr)J)HgBrC1]~CHzC1z 
along with the adopted numbering scheme. 


atom. The Pt-Hg distance amounts to 2.8331 (7) A. The 
formamidino ligand is present in a bridging bonding mode 
with the second N atom (N(2)) coordinated to the mercury 
atom. The latter atom is an asymmetric center as a result 
of coordination of four dissimilar atoms, i.e. Pt, Br, C1, and 
N(2) with the two possible stereoisomers present in equal 
proportions. 


Platinum-Mercury Bond. The Pt-Hg distance in the 
title compound (2.8331 (7) A) is much longer than that of 
previously r e p o r t e d  d i s t o r t e d  o c t a h e d r a l  - 
and that of square-planar cis-[ (Ph,P),(F,C)PtHg(CF,)] 
(2.569 (2) A).17 T h e  latter two Pt-Hg distances point to 


Me2NCH2C&4)2Pt(p-02CMe)Hg(OzCMe)] (2.513 (1) 12 )78 
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Figure 3. A ORTEP stereodrawing showing the thermal vibration ellipsoids (50% probability) as viewed down the Pt-Hg axis. 


a high covalent character of the metal-metal bond (sum 
of the radii for Pt and Hg amounts to 2.53 A)? This allows 
a description of these bonds as formal PtmHgI and 
PtLHg’, respectively, with the smaller covalent radius of 
Ptm compared to Ptl accounting for the shorter P t n H g I  
bond. 


The title compound is one of the few complexes in which 
a square-pyramidal coordination around platinum(I1) has 
been found. This geometry in combination with the longer 
Pt-Hg distance of 2.8331 (7) A leads to a Pt-Hg interaction 
which is best described as a Pt-to-Hg donor bond (type 
II)9J0 with both metals in a formal oxidation state of 2. 


A comparable bonding situation is met with in recently 
reported [Pt&e3(Ph2PCH2PPh2)2]PF6 which contains a 
square-pyramidally surrounded Pt(1) atom with a donor 
bond to the apically positioned Pt(2) atom (Pt(1)-Pt(2) 
= 2.769 (1) A)>8 The relatively small ‘J(Pt(l)-Pt(2)) value 
of 332 Hz was taken as evidence for a fairly weak Pt(1)- 
Pt( 2) intera~ti0n.l~ For covalently Pt-Pt-bonded com- 
plexes lJ(Pt-Pt) values up to 9000 Hz have been report- 
ed.20 Gathering of similar data for the Pt-Hg compound 
of type I and I1 from lg5Pt NMR spectra was unsuccessful 
because of extensive line broadening resulting from in- 
complete collapse of spin-spin coupling to the 14N nuclei 
of the 2,6-(Me2NCH2),C6H3 ligand. However, for the 
platinum-silver complexes [ (2,6-(Me2NcH2),C6H,jPt(~- 
((p-tol)NC(H)NR))AgBr] (R = Me, Et, i-Pr, p-tol), which 
are structurally related to the present Pt-Hg complexes, 
a 1J(195Pt-109Ag) value of about 170 Hz was observed by 
INEPT lmAg NMR spectrometry,ll thus supporting the 
presence of a platinum-to-silver interaction. The geometry 
of these heterodinuclear Pt-Ag and Pt-Hg complexes 
suggests that the platinum uses a hybrid orbital having a 
high percentage of 4 2  character for its bonding to mercury 
or silver. The resulting low s content of such an orbital 
could then explain the low value of the 1J(196Pt-1mAg).11 
Furthermore, these heterodinuclear complexes can be 
viewed as derived by complex formation of the post- 
transition-metal salt (HgX, of AgX) with the bidentate 


[ (2,6-( Me2NCH2),C6H3)Pt{N(p-tol)C (H) N( i-Pr))] ligand in 
which the Pt center and the formamidino N atom act as 
donor sites. This view has support from the trans- 
metalation route via which these complexes are formedgJO 
as well as from the observation that direct interaction of 
the platinum-formamidino ligand with HgC1, yields the 
corresponding platinum-mercury compound (eq 1). 


C (2,6-(MezNCHz),C,H,}Pt (NCp-tol)C(H)N(i-Pr) }] t 


Hg- ” 
CI,\ CI I-Pr 


HgClz + e ; P t c ( p . T o ,  ‘ I-; \CH (1) 


,C-N 
\ 


The “bite anglenof this new ligand system, which may 
be expected to be close to 80’ (vide infra), is very suitable 
for the formation of five-membered chelate rings. 


Coordination around Mercury. The mercury atom 
has a pseudotetrahedral geometry with distortions caused 
by the “bite angle” Pt-Hg-N(2) of 81.5 (3)O of the [(2,6- 
( Me2NCH2),C6H3jPt(N(p-tol) C (H)N (i-Pr) )] ligand. The 
HgBrClN(1) unit is rotated around the Pt-Hg axis (N- 
(a)Hg-PtN(l) = -16.5 (4)’) in such a direction that steric 
interaction between the halide atoms and the CH2NMe2 
groups on platinum are reduced. The bulky bromine atom 
has moved away from the methyl group on N(4) in the 
direction of the aryl ring (BrHg-PtC(9) = 46.9 (4)’) while 
the chlorine atom has moved in the direction of N(3) 
(ClHg-PtC(9) = -71.7 (4)’). This is clearly illustrated by 
the projection along the Pt-Hg bond (Figure 3). 


Coordination around Platinum. When compared to 
atomic separations in [ ( 2-Me2NCH2C6H4),Pt(~-O2CMe)- 
Hg(02CMe)],8 the corresponding Pt-C and Pt-N bond 
lengths in the present Pt-Hg complex are much shorter: 
i.e., Pt-C(9) = 1.909 (11) A vs. 2.012 (9) and 2.004 (9) A; 
2.223 (8) and 2.317 (7) A. 


The puckering in the cyclometalated rings21 that is ob- 
served in complexes with the terdentate ligand 2,6- 


Pt-N(3) = 2.097 (10) A and Pt-N(4) = 2.080 (10) A VS. 


(17) Kuz’mina, L. G.; Struchkov, Yu. T.; Basilov, U. U.; Sokolov, V. 
I.; Reutov, 0. A. Izv. Akad. Nauk SSSR, Ser. Khim. 1978,3,621 (Chem. 
Abstr. 1978,89, 43730). 


(18) Frew, A. A.; ManojloviE;-Muir, L.; Muir, K. W. J.  Chem. SOC., 
Chem. Commun. 1980,625. 


(19) Brown, M. P.; Cooper Franklin, S. J.; Puddephatt, R. J.; Thom- 
som, M. A.; Seddon, K. R. J. Chem. SOC., Chem. Commun. 1979,1117. 


(20) Boag, N. M.; Browning, J.; Crocker, C.; Goggin, P. L.; Goodfellow, 
R. J.; Murray, M.; Spencer, J. L. J.  Chem. Res. Synop. 1978,228. 


~ ~~ 


(21) van Koten, G.; Timmer, K.; Noltes, J. G.;Spek, A. L. J. Chem. 
SOC., Chem. Commun. 1978,250. Grove, D. M.; van Koten, G.; Louwen, 
J. N.; Noltes, J. G.; Spek, A. L.; Ubbels, H. J. C. J. Am. Chem. SOC., in 
press. 


(22) van Koten, G.; Jastrzebski, J. T. B. H.; Pontenagel, W. M. G. F.; 
Kroon, J. Spek, A. L. J. Am. Chem. SOC. 1978,100,5021. van Koten, G.; 
Jastrzebski, J. T. B. H.; Noltes, J. G.; Verhoeckx, G. J.; Spek, A. L.; 
Kroon, J. J. Chem. SOC., Dalton Trans. 1980,1352. 
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C L ( 1 1  


Figure 4. Projection along Pt-N(l) axis showing the puckering 
of the five-membered cyclometalated rings and the conformation 
of the Pt-HgNCN part of the molecule. 
. 


(Me2NCH2)2C6H3 may be of either the mirror plane or the 
twofold axis symmetry variety. One example of the latter 
type is found in the structure of [(12,6-(Me2NCH2)2C6H3)- 
Pd(p-C1)Pd{C6H3(CH2NMe2)2-2,6)]BF4 in which the N- 
(MeJ atoms are at opposite sides of the aryl plane.= The 
present compound is an example of the former type with 
both N(3) and N(4) donor atoms on the same side of the 
aryl plane away from the mercury atom (N(3), -0.37 (9) 
A, and N(4), -0.26 (8) A); see Figure 4. Accordingly the 
two methylene carbon atoms C(15) and C(l8) are both 
positioned above the aryl-PtN(1) plane (+0.15 (9) and 
+0.23 (8) A, respectively). As a result the N-Pt-Hg angles 
(99.1 (3) and 95.0 (3)O) deviate from the ideal value of 90° 
for a square pyramid. However, these angles are much 
smaller than 120° which would have been appropriate for 
an alternative trigonal-bipyramidal description with the 
two N(Me2) atoms and mercury in the equatorial plane 
around platinum. The virtually planar aryl ring and the 
formamidino N(l) are mutually trans (C(9)-Pt-N(l) = 
176.9 (4)’) with the Pt and N(l) atoms lying only -0.09 
(8) and -0.08 (8) A, respectively, out of the least-squares 
plane defined by the aryl C atoms. 


The Bridging Formamidino Ligand. The observed 
coordination mode of the nonsymmetrically substituted 
formamidino ligand is in agreement with the structure 
deduced from the lH NMR spectra of this Pt-Hg com- 
plex,l0 i.e., p-tolyl-N bonded to platinum and isopropyl-N 
to mercury. The fact that the M-N distances are almost 
identical (Pt-N(l) = 2.155(9) A and Hg-N(2) = 2.156 (11) 
A) is in remarkable contrast to the nonsymmetrically 
bridging groups in [ (2-Me2NCH2C6H4)2Pt(p-02CMe)Hg- 


(23) Grove, D. M.; van Koten, G.; Ubbels, H. J. C.; Spek, A. L. J. Am. 
Chem. SOC. 1982,104,4285. 


(02CMe)] (Pt-O(l) = 2.152 (6) A and Hg-0(2) = 2.621 (8) 
A)7 and [ (cycloocta- 1,5-diene) ((p-tol) NNNEt)21rHgC1] 
(Ir-N(l) = 2.10 (1) A and Hg-N(3) = 2.42 (1) A).24 
Furthermore, the five-membered ring, formed by the 
bridging N-C-N ligand and the heterodinuclear Pt-Hg 
unit, is nonplanar (Hg, +0.15 (3) A; Pt, -0.15 (3) A; N(l), 
0.19 (3) A; N(2), -0.18 (3) A; C(l), -0.01 (3) A). Distortions 
from planarity are often observed for bridged heteronu- 
clear24 and homodinuclear complexes (e.g., [ Me4(p- 
02CMe)2Pt,(SEtJ2]25*26). The extent of nonplanarity may 
be connected with the length of the M-M’ bond which is 
spanned by the triatomic ligand system. This has recently 
been discussed for complexes containing a M-P-CH2-P-M 
unit.27 


The substituents on the formamidino ligand, p-tolyl and 
isopropyl, occupy special conformations (see Figure 4). 
The p-tolyl group is positioned such that one of the two 
ortho hydrogen atoms lies rather close to the Pt center 
(3.03 (3) A). Such nonbonding M-H distances even down 
to values of 2.6 A have been observed.B* The more bulky 
isopropyl group is bonded to the N(Hg) atom with the 
methyl groups turned away from the central formamidino 
hydrogen atom. These facts indicate that steric interac- 
tions between formamidino substituents stabilize the syn 
relative to the gauche conformation (see discussion in ref 
10) and thus to a large extent determine the overall con- 
figuration of the (I2,6-(Me2NCH2),C6H3)Pt{N(R)CHN(R’)) 
part of this complex. 


Further work is currently in progress to explore the 
potential of this novel ligand system (2,6- 
(Me2NCH2),C6H3)M(N(R)YN(R’)) for chelate bonding to 
metal centers M’L, and its stabilization of M-M’ bonds. 
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Iridium( 1)-Catalyzed Rearrangements of ex0 - and 
endo-Tricycle[ 3.2.1 .0294]oct-6-ene and ex0 - and 


endo-Tricycle[ 3.2.1 .0294]octane 


William H. Campbell and P. W. Jennings' 


Department of Chemistry, Montana State Unjversity, Bozeman, Montana 597 17 


Received March 2, 1982 


Cyclopropane moieties within the rigid hydrocarbon matrices of tricyclo[3.2. 1.02-4]octane and tricyclo- 
[3.2.1.02v4]oct-6-ene systems are converted primarily to exocyclic methylene compounds by using an Ir(1) 
catalyst. O2 is necessary for the reaction. In chloroform solvent, the reaction is more efficient but less 
selective than in benzene. A metallocarbene olefin intermediate is suggested for the reactions of hydrocarbons 
7 and 8. 


In 1969, Volgerl reported on the interesting reactions 
shown as eq 1 and 2. Under the reaction conditions used, 
130 "C and benzene, the endo isomer of 1 and the exo, 
endo isomer of 3 failed to react. Likewise the remaining 


& - &T (1) 


+ & ( 2 )  


1 2 


& 3 4 


cyclopropyl group of 4 was inactive. This led him to 
suggest that the reaction required an intermediate which 
had the metal atom situated on the endo side of the bi- 
cyclic ring system and coordinated to the olefin and the 
cyclopropane as shown in structure 5. As part of our 
program on transition metal catalyzed reactions of cyclo- 
propanes in rigid hydrocarbon matrices, we were interested 
in the details of this reaction.2 


5 


In this article we will show that O2 is necessary in the 
reactions, that  replacement of benzene with chloroform 
facilitates the reaction, and that a bidentate endo metal 
intermediate such as 5 is not warranted in CHCl,. Further, 
under the revised reaction conditions (CHC13-02), not only 
is the endo isomer of 1 reactive but so are the ex0 and endo 
isomers of the saturated analogues (6-8). 


6 7 8 


Oxygen Requirement. In attempting to repeat Vol- 
ger's results, we placed the constituents in a glass vessel, 
removed the oxygen by evacuation and N2 purge, sealed 
the vessel, and heated for 2-32 h. subsequent analysis (see 
Experimental Section) showed that the reaction had not 
progressed. We changed the solvent to chloroform and 
observed the same results. When the vessel was sealed 


(1) Volger, H. C.; Hogeveen H.; Gaasbeek, M. M. P. J.  Am. Chem. Soc. 


(2) Waddingtan, M. D.; Jennings, P. W .  Organometallics 1982,1,385. 
1969, 91, 218,2137. 
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Table I. Roducts and Relative Yields 
for Hvdrocarbons 1. 6.7. and 8 


&&ce h i i Lb k 


0 0 45 


11 6 0 


0 0 2 8  


64 6 30 0 


For 1 and 7 R i s  HC=CH;  6 and 8 R i s  H z C - C H z  


without evacuation or N2 purge, a good yield of rearranged 
hydrocarbon was obtained from tubes containing both 
benzene and chloroform. Presumably the O2 is reacting 
with the iridium complex which subsequently facilitates 
the reaction. Triphenylphosphine oxide was identified 
among the reaction products. Further work is proceeding 
on the oxygen requirement. 


Effect of Chloroform. As noted above chloroform was 
also investigated as a solvent for the reaction. When the 
reaction products were analyzed from hydrocarbon 1, using 
CHC13 as the solvent, two things were noted. First, there 
was less starting material remaining in this reaction (33%) 
compared to the same reaction in benzene (66%). Second, 
there were two products in the chloroform reaction (eq 3) 
whereas the benzene reaction produced only one, as pre- 
viously reported. The overall product yield for eq 3 was 
63%) and the ratio of products lh and lk was 1:l. 


&+& ( 3 )  *-- i h  1k 


Since product 1 k had previously been reported3 to result 
from the thermal reaction of 1, we considered the possi- 
bility that it arose from thermal processes. In addition, 
HCl might have been generated in the reaction and per- 
haps had catalyzed the reaction. Therefore three control 
experiments were run simultaneously. The first control 
tube contained all ingredients except the iridium complex. 
The second contained Na2C03 in addition to all of the the 
reaction constituents. The third tube contained all of the 
reaction participants. There were no hydrocarbon prod- 
ucts formed in tube 1 and the products from tubes 2 and 


(3) Simmons, H. E., Quoted in ref 15 by: Prinzback, Tetrahedron 
Lett. 1966, 1681. 
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Scheme I 
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3 were identical in type and yield. Thus, it appears that 
product lk is indeed generated via the iridium catalyst. 


Investigation of Other Cyclopropane Compounds. 
The enhanced activity found in using the solvent chloro- 
form encourged us to reinvestigate some of the reactants 
(6-8) which were previously reported to fail in benzene 
solutions. The results are shown in Table I. Obviously 
these compounds do react in chloroform. Furthermore, 
a third product, i, was obtained from the saturated ana- 
logues 6 and 8. The possibility that this third product is 
a reaction intermediate is being investigated. 


The fact that compounds 6 and 8 react with high yields 
(see Experimental Section) suggests that the earlier pro- 
posed intermediate 5 has no merit a t  least in CHC13. We 
did not determine the relative reactivities of the substrates 
and thence the influence of the olefin on the relative rates. 


Discussion 
The exocyclic methylene products, lh and 6h, as well 


as product 6i appear to be ready explained as arising from 
an exo-iridacyclobutane intermediate la (path B) as shown 
in Scheme I. Likewise the formation of products lk and 
6j may be rationalized on the basis of the intermediate Id 
(path A) in Scheme I. The latter pathway has been well 
documented by the excellent work of  kat^.^ 


The site of initial iridium insertion into these two sub- 
strates is uncertain. It could occur a t  two different cy- 
clopropane edges to yield la and Id or it  could enter one 
of the edges and then equilibrate via a Puddephatt-type 
me~hanism.~  The low yield observed for the formation 
of product 6j (Table I) suggests that the intermediate Id 
is not favored for substrate 6 either by the equilibrium 
connecting intermediates Id and la or by the initial in- 
sertion of Ir into the more substituted cyclopropane bond. 


While the m e c l "  for the formation of products from 
hydrocarbons 1 and 6 appears to have ample precedent in 
the literature, the products from 7 and 8 are proposed by 
us to involve a metallocarbene-olefin intermediate, Scheme 
11. In this discussion, we are assuming that substrates 7 
and 8 follow similar paths. Products 7h, 8h, and 8i can 
be rationalized by inserting the iridium into one of the least 
substituted cyclopropane bonds to form intermediate B. 
Subsequent B elimination and reductive elimination would 


(4) Katz, T. J.; Cerefice, A. A. J. Am. Chem. SOC. 1969,91,2405; 1971, 


(5) Al-Ewa, R. J.; Puddephatt, R. J.; Thompson, P. J.; Tipper, C. F. 
93, 1049. 


H. J.  Am. Chem. SOC. 1980,102, 7546. 


Pudd epha tt - - 
\ I r i I )  


i 


C + D  
Casey 8 j ,  7k 


yield the observed products 7h, 8h, an 8i. 
The unique feature in the formation of products 8j and 


7k is that they require the inversion of at  least one of the 
cyclopropyl ring juncture carbons. The Puddephatt re- 
arrangement: which nicely accommodates a 1,2 rear- 
rangement of the metal atom in metallacyclobutane com- 
plexes would provide a path for the equilibrium between 
intermediates A and B. However, as presently viewed, it 
does not provide a path for the 1,3 rearrangement which 
is necessary for the formation of intermediate D which is 
the logical precursor for products 8j and 7k. 


The Casey mechanism: which is an alternative to the 
Puddephatt mechanism, appears to offer a reasonable 
pathway for the formation of these intermediates and 
subsequent products. In this case either intermediate A 
or intermediate B undergoes a 2 + 2 cycloreversion to form 
the metallocarbene-olefin intermediate C which may be 
free to rotate about the bonds indicated. Closure of this 
intermediate to D would accomplish the required inversion 
of the requisite carbons and subsequently lead to the 
formation of products 8j and 7k. 


The Casey mechanism was proposed for a platinacy- 
clobutane system which rearranged stereospecifically a t  
52 "C. In this rearrangement, Casey proposed that the 
reaction proceeded with the metal portion of the carbene 
coordinated to the olefin. We are now suggesting that 
intermediate C, if free, could rotate as required to form 
the iridacycle D which can generate products via the 
previously characterized paths. The reaction conditions 
of 130 "C in chloroform appear to be adequately rigorous 
to release the metal from coordination. 


Conclusions 
Cyclopropane moieties within rigid hydrocarbon ma- 


tricies such as the tricyclo[3.2.1.02~4]~ctane and tricyclo- 
[3.2.1.02~4]oct-6-ene systems are converted primarily to 
exocyclic methylene groups using (Ph,P)21rCOCl. In 
benzene, the reaction is highly specific in that the exocyclic 
methylene compound is the only product formed. Further, 
in benzene the number of reactants may be limited. In 
chloroform, the specificity is somewhat reduced but the 
reaction proceeds further toward completion. Oxygen is 
required for the reaction in either solvent. 


The fact that the saturated compounds react abrogates 
the need for the endo bidentate intermediate which had 


(6) Casey, C. P.; Scheck, M.; Shuterman, A. J. J. Am. Chem. SOC. 
1979, 101, 4233. 
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been previously suggested for this reaction. All of the 
products can be rationalized via mechanistic schemes in- 
volving iridacyclobutane intermediates followed by @ 
elimination and reductive elimination. Another interestkg 
development occurs with the two substrates which have 
the cyclopropane moieties in the endo configuration. For 
these two substrates a metallocarbene-olefm intermediate 
is proposed as the key intermediate which is responsible 
for the necessary inversion of one if not both of the ring 
juncture carbons. 


Experimental Section 
General Remarks. All NMR lrpectra were obtained with a 


Bruker WM 250 spectrometer using CDC13 as the solvent and 
Me,Si as an internal standard. Maso spectra were recorded by 
sing a Varian MAT CH5 spectrometer. GC data were measured 
in a Varian series 1400 chromatograph using a l e f t .  column of 
5% SE30 on Chromcaorb. W. Retention times and peak integrals 
were determined with a Spectra-Physics autolab minigrator. 


Chloroform-dl was purchased from Stuhler Isotope Chemicals 
and used as a reaction solvent without further purification. 
Benzene was purchased from J. T. Baker Chemical Co. and 
distilled over CaH, prior to we. Allyl chloride, cyclopentadiene, 
and n o r b o d e n e  were purchased from Alclrich and distikd prior 
tu use. The following chemicals. were used as received: cyclo- 
octane (Chem. SeMce), N-methyl-N-ni~~~-toluenesulfonamide 
(Aldrich), palladium acetate (Aldrich), chlorocarbonylbis(tri- 
pheny1phosphine)iridium (Strem), and norbornene (Aldrich). 


Synthesis of Substrates 1, 6, 7, and 8. exo-Tricyclo- 
[3.2.1.w]oct-6-ene and ita dihydro derivative, 6, were prepared 
by the method of Kottwitz.7 endo-Tricyclo[3.2.1.@~']ocb6-ene, 
7, was obtained by using the procedure of Closs? The dihydro 
derivative 8 was prepared by hydrogenating wmpound 7 with 10% 
Pd on carbon. The lH NMR data which were used to confirm 
the structures of all these substrates are listed at the end of the 
Experimental Section. 


Attempted Reaction of 1 with (Ph3P)&COCI in a n  Oxy- 
gen-Free Environment. Two glass reaction vegsels were charged 
with 76 mg of 1 (7 X l v m o l ) ,  50 mg of iridium catalyst (6.4 X 
lob mol), and 1.5 mL of benzene. They were then subjected to 
three freeze-thaw cycles under vacuum with Nz used as the 
purging gas. After being sealed, the reaction vessel waB heated 
in an oven at 130 "C. The first tube was opened after 2 h and 
th second after 32 h. Analysis of the reaction mixture by GC and 
'H NMR spectroscopy confirmed that >90% of the starting 
material remained and none of the expected product could be 
observed. 


Reaction of Sabstrates 1,6,7, and 8 with (Ph3P),IrCOC1 
in an  Oxygen Environment. All of the reactions were carried 
out in sealed glass tubes (13 mm X 120 mm) which were heated 
at 130 "C for 3 h. Each was charged with 0.46 M substrate, 8-10 
mole % iridium complex, 20 pL of cyclooctane as a GC standard, 
and 2 mL of the solvent, benzene or chloroform. The product 
mixture was analyzed by GC and 'H NMR spectroscopy imme- 
diately after opening the liquid Nz cooled tubes by GC and 'H 
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(7) Kottwitz, J.; Vorbruggen, H. Synthssis 1975,636. 
(8) Cloea, C. L.; Krantz, K. D. J. Org. Chem. 1966,82,638. 


NMR spectroscopy. Subsequently, the product mixture was 
distilled under vacuum at 25-60 "C, yielding the volatile com- 
ponents. The individual products were isolated by preparative 
GC. The NMR and MS data agree with the literature. The GC 
determined percent yield of products isolated for each of the 
substrates are as follows: 1 (benzene), 34%, (CDC13), 63%; 6 
(benzene), 0%, (CDC&), 51%; 7 (CDC13), 83%; 8 (CDCl,), 79%. 
'H NMR Data of Reactants and Products. These data are 


values (6) obtained on our 250-MHz spectrometer. However, 
references are given of earlier data obtained on a lower field 
instrument. 


Compound 1:7 C1, C,, 2.75 (br s, 2 H); Cz, C,, 1.01 (dd, 2 H, 
J = 6.4 and 3 Hz); (&(anti), 0.80 (dt, 1 H, J = 6.4 and 6.4 Hz); 
c3(Syn), 1.47 (dt, 1 H, J = 6.4 and 3 Hz); C6, C7, 6.40 (br 8, 2 H); 
Cs, 0.86 (d, 1 H, JBBm = 8.96 Hz); Cs, 1.13 (d, 1 H, J = 8.96 Hz). 


Compound l h  C1, 3.15 (br s, 1 H); C3(exo), 1.42 [br d, 1 H, Jgm 


1 H); C,, C6, 6.05-6.2 (m, 2 H); C7, 1.76 (dd, 1 H, J = 14.5 and 
2.6 Hz); C,, 2.25 (dd, 1 H, J = 14.5 and 2.6 Hz); C,, 4.71 (br s, 
1 H); Cg, 4.99 (br s, 1 H). 


Cbmpound lk? C1, 1.39 (d, 2 H, J = 7.7 Hz); Cz, 0.70 (d, 2 
H,J = 11 Hz); Cz, 1.53 (dd, 2 H, J = 11 and 4.3 Hz); C3, 2.50 (br 


Csmpound 6: C1, C6, 2.20 (br s, 2 H); C2, C4, 0.65 (dd, 2 H, 
3 = 8.5 and 3.2 Hz); C3(anti), -0.15 (dt, 1 H, J = 6.5 Hz); c3(Syn),  
0% (dt, 1 H, J = 6.5 and 3.2 Hz); c g ,  C7, 1.15-1.45 (m, 4 H); Cs, 


Compond 6h:" C1, 2.79 (br s, 1 HI; C3(exo), 2.01 (d, 1 H, J ,, 
= 15.4 Hz); C3(endo), 2.28 (br d, 1 H, J ,, = 15.4 Hz); C4, 2.46 [br 
s, 1 M); Cg, Cg, C7, 1.3-1.85 (m, 6 H); &, 4.62 (br 8,  1 H); Cs, 4.85 
(br s, 1 H). 


Compound 6i:lo C1, 2.87 (br s, 1 H); C3, 5.54 (br s, 1 H); C,, 
cg,ic7, 1.0-1.8 (m, 6 HI; Cq, 2.72 (br s, 1 H); methyl, 1.8 (d, J = 
1.7 Hz). 


Compound 6i" Cl, C5, 2.3 (m, 2 H); C2, 5.35 (m, 1 H); C3, 5.80 
(m, 1 HI; C4, cg, C7, C8, 1.2-1.9 (m, 8 H). 


Compound 7:s C1, C,, 2.79 (br 8, 2 H); Cz, Cq, 1.35 (m, 2 H); 
C3(anti), 0.49 (dtt, 1 H, J = 6.3, 6.3, and 2.6 Hz); C3(Sp), 0.38 
(dt, 1 H, J = 6.3 and 3.0 Hz); C6, C7, 5.72 (br s,2 H); Cs, 1.68 (br 
d, 1 H, Jgem = 8 Hz); Cs 1.82 (br d, 1 H, J ,, = 8 Hz). 


Compound 8: C1, c,, 2.20 (br s, 2 H); e,, C4, 1.00 (dd, 2 H, 
J = 7.25 and 2.45 Hz); C3(anti), 0.72 (dtt, 1 H, J = 7.4, 7.25, and 
2.8 Hz); C3 (syn), 0.88 (dt, 1 H, J = 7.4 and 2.45 Hz); cg, C7, 1.2-1.4 
(m, 4 H), Cs, 1.44 (br d, 1 H, J = 8.9 Hz); C8, 1.88 (dm, 1 H, J,,, 
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= 8.5 Hz); C3(en,jo), 1.60 (br d, 1 H, Jgem 8.5 Hz); Cq, 2.97 (br 8, 


8 , l  H); Cq, C,, 5.82-5.90 (m, 2 H); Cg, 1.59 (br d, 1 H, J = 7.7 Hz). 


0.55 (d, 1 H, Jgem = 11 Hz); Cs, 0.90 (d, 1 H, Jgem = 11 Hz). 


= 8.9 HZ). 
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Synthesis of (Transition metal carbony1)zinc Alkoxides and the 
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Bis(transition metal carbony1)zinc compounds react with methanol giving tetrameric (transition metal 
carbony1)zinc methoxides, [CH30Zn(ML,)14 (where ML, is one of the following: CO(CO)~, Mn(CO)5, 
MO(CO)~C~,  and Fe(CO)zCp; Cp = T ~ - C ~ H ~ ) ,  and the corresponding metal carbonyl hydride, HML,. Ethyl 
analogues for all but the first of these were also synthesized from ethanol. The formation reactions are 
favored by elimination of undissociated metal carbonyl hydride and are inhibited by basic, aprotic solvents. 
The degree of conversion to alkoxide in neat methanol is in the order Zn[Fe(CO)zCp]z > Zn[Mo(CO),Cp], 
> Zn[Mn(CO)& >> Z ~ [ C O ( C O ) ~ ] ~  and qualitatively follows the pK, of the hydride formed. Ethanol was 
always less reactive than methanol. The methoxide [CH30ZnFe(CO)zCp]4 was characterized by single-crystal 
X-ray structure analysis. This compound crystallizes in space grou R 1 / n  with 2 = 4 and monoclinic 
unit-cell dimensions a = 14.340 (3) A, b = 12.819 (5) A, c = 21.493 (9) x, and 0 = 96.82 (3)". The structure 
has been refined to an R index on of 0.045. The tetramer possesses C1 symmetry with a distorted cubic 
Zn404 core made up of interpenetrating tetrahedra of zinc and oxygen atoms with Zn-0 distances in the 
range 2.099 (4)-2.048 (5) A. Each oxygen atom of the core is bonded to a methyl group, and each zinc 
is bonded to the iron atom of a normal Fe(CO),Cp group; the Zn-Fe bond lengths range from 2.344 (2) 
to 2.354 (2) A (2.350-A average). The tetrameric nature of the other alkoxides has been deduced from 
mass spectroscopy. Two analogous hydroxo derivatives, [HOZnFe(CO)zCp], and [HOZ~CO(CO)~],, were 
prepared similarly. 


Introduction 
The  formation of (transition metal carbony1)zinc alk- 


oxides, from the reaction of lower alcohols with transition 
metal carbonyl derivatives of zinc1 was unexpected since 
alcohols had been used in previous studies of bidmetal  
carbony1)zinc compounds without apparent r e a c t i ~ n . ~ "  
The  analogous transformations of dialkylzinc and di- 
alkylcadmium compounds into organozinc and organo- 
cadmium alkoxides are well ~ ~ O W I L ~ +  The  alkylzinc al- 
koxides are predominately tetrameric in solution4 and in 
the  gas phase.$ For [MeZnOMe],' and [EtZnO-t-Bu], a 
tetrameric structure was observed in the crystalline state.$ 


In  this paper we describe the  syntheses of several 
(transition metal carbony1)zinc alkoxides and  of two 
analogous hydroxides. We examine the factors bearing on 
the diverse conditions required for their formation. Finally 
we present t he  crystal and  molecular structure of 
[CH30ZnFe(C0)&p14 (Cp = q5-C5H5) as determined by 
X-ray diffraction analysis. 


Experimental Section 
All manipulations were carried out under a purified argon 


atmosphere in Schlenk reaction vessels (SRV)e that had been 
flame dried under vacuum. Solvents (reagent grade) were distilled 
from suitable drying agentdo directly into the reaction vessels. 


(1) (a) Burlitch, J. M.; Hayes, S. E. J. Organomet. Chem. 1972, 42, 
C13. (b) Hayes, S. E. Ph.D. Thesis, Cornell University, 1973. 


(2) (a) Hsieh, A. T. T.; Mays, M. J. J. Chem. SOC. A 1971, 729. (b) 
Ibid. 2648. 


(3) Burlitch, J. M.; Blackmore, T., unpublished observations. 
(4) Coates, G. E.; Ridley, D. J. Chem. SOC. 1965, 1870. 
(5) Coates, G. E.; Lauder, A. J. Chem. SOC. A 1966,264. 
(6) Bruce, J. M.; Cutaforth, B. C.; Farren, D. W.; Hutchinson, F. G.; 


Rabagliati, F. M.; Reed, D. R. J. Chem. SOC. B 1966, 1020. 
(7) Shearer, H. M. M.; Spencer, C. B. Chem. Commun. 1966, 194. 
(8) Mataui, Y.; Kamiya, K.; Nishikawa, M.; Tomiie, Y. Bull. Chem. 


SOC. Jpn. 1966,39,1828. 
(9) Burlitch, J. M. 'How to Use Ace No-Air Glassware"; Ace Glass Inc.: 


Vineland, NJ; Bulletin No. 570. 
(10) Burlitch, J. M.; Theyson, T. W. J. Chem. SOC., Dalton Trans.  


1974, 828. 


All melting and decomposition points were determined under 
argon in sealed capillaries. All IR spectra were obtained by using 
a Perkin-Elmer Model 337 spectrophotometer calibrated with 
polystyrene. Solution spectra were obtained as described pre- 
viouslylo and are given in Table I. KBr pellets of solid samples 
were prepared by using a Mini press (Wilks Scientific Corp.) in 
a Vacuum/Atmospheres Co. nitrogen-filled drybox and were 
recorded within 2 min after exposure to air. Mass spectra were 
obtained at 70 eV at a source temperature in the range 160-220 
"C using an AEI MS902 instrument calibrated with PFK and 
equipped with a direct insertion probe; the listed value of m/z  
corresponds to that of the isotope combination of highest abun- 
dance in the cluster of peaks due to the given ion. 'H NMR 
spectra of samples in CHC13 or CHzClz solutions in evacuated, 
sealed tubes were obtained with a Varian A-60A spectrometer 
and were calibrated by using the resonance of the solvent ref- 
erenced to Me4Si. Microanalyses were performed by Pascher 
Mikroanalytiches Laboratorium, Bonn, Germany; results are given 
in Table I. 


The following compounds were prepared by methods described 
in the literature: Zn[C0(C0)~]z,ll Zn[Mn(C0)5]2,12 Zn[Mo- 
(CO)3Cp]a11 HMII(CO)~,'~ and HCo(CO), (in tol~ene).'~ Methanol 
and ethanol were distilled under argon from magnesium alkoxides 
formed in situ from magnesium turnings. Distilled water was 
deaerated with argon while being boiled. 


Preparation of Zn[Fe(CO)&pla A 400-mL SRV was charged 
with 15.6 g (90 mmol) of zinc powder (Cerac, Inc.), 8.48 g (9.00 
mmol) of [Fe(CO)&p], (Strem Chemical Co., resublimed), and 
240 mL of diglyme (distilled from sodium) and then was equipped 
with a cold-finger condenser. The mixture was heated in an oil 
bath at 120 "C and stirred magnetically to keep the zinc sus- 
pended. After 67.5 h, when the meniscus of the deep red solution 
appeared yellow, the solution was allowed to cool and filtered 
through a "medium" frit and evaporated to dryness under vacuum. 
The residue was dissolved in toluene (70 mL) at 60 "C, and the 
resulting red solution was filtered and cooled slowly to  -22 "C. 


~ ~~~ 


(11) Burlitch, J. M.; Ferrari, A. Znorg. Chem. 1970, 9, 563. 
(12) Burlitch, J. M. Chem. Commun. 1968,887. 
(13) King, R. B. 'Organometallic Syntheses"; Eisch, J. J., King, R. B., 


(14) Kirch, L.; Orchin, M. J. Am. Chem. SOC. 1963,91,3597. 
(15) Edgell, W. F.; Magee, C.; Gallup, G. J. Am. Chem. SOC. 1956, 78, 


Eds.; Academic Press: New York, 1965; p 158. 
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Table I. Analytical and IR Spectroscopic Data for ROZnML, Compounds 
% C  % H  


compd calcd obsd calcd obsd u C O , ~  cm-1 solvent 


[CH,OZnFe(CO),C,H,], 35.37 35.14 2.77 2.96 1966 sh (6),  1956 ( l o ) ,  1905 sh (6), 1895 (9)  toluene 
[CH,OZnMn(CO),] 24.65 24.66 0.89 1.04 2077 (3),  1978 (10) dichloromethane 
[CH,OZnMo(CO),C,H,], 31.36 31.67 2.46 2.36 1976 ( lo) ,  1908 sh (2),  1885 (7),  1868 (7), toluene 


[C,H,OZnFe(CO),C,H,], 36.49 37.64 3.29 3.51 1964 (8 ) ,  1958 (9), 1909 (7), 1895 (10) toluene 
[C,HsOZnMn(CO)sl4 26.56 27.53 1.70 1.65 2084 (4), 1990 sh ( 8 ) ,  1977 (10) dichloromethane 
[C,H,OZnMo(CO),C,H,], 33.49 33.78 2.92 2.83 1990 sh (4), 1979 (9),  1963 (6),  18Y3 (8), dichloromethane 


1857 (6),  1843 (8) 


1865 (10). 1832 (7)  
[HOZnCo(CO),] , 20.55 18.96 0.51 0.40 2074 (4), 2009 (2); 1979 (10) 
[HOZnFe(CO),C,H,], 32.25 32.41 2.48 2.34 c 
~C,H,OZnFe(CO),C,H,], 46.89 46.66 3.00 3.00 c 
[CH,OZnCo(CO),] 22.26 22.44 1.06 1.13a 2081 (5),  2017 (3),  1982 (10) 


toluene 


hexane 


Anal. Calcd: Co, 22.03; Zn, 24.44 Obsd: Co, 22.02; Zn, 24.62. Relative intensities based on absorbance are given 
Compound was unstable in solution; see Experimental Section for solid-state spectrum. in parentheses. 


This afforded large, red prismatic crystals of Zn[Fe(CO)&pl, 
which were dried under vacuum. The yield was 8.5 g (93%) of 
crystals, mp 158.5-160 "C (lit." mp 158-159.5 "C). 


Reaction of Z~[CO(CO),]~ with Methanol. To a filtered 
solution of Zn[Co(C0),lz prepared in situ from Hg[Co(CO)4]z (1.19 
g, 2.20 mmol) in hexane (38 mL) was added methanol (64.8 pL, 
1.60 mmol) with a microsyringe. The SRV was equipped with 
an oil bubbler. After being left standing in the dark for 1 h, the 
solution had darkened and slow gas evolution was obsewed. After 
19.5 h the brown supernatant liquid was removed with a syringe, 
and the clear, colorless cubic crystals were washed with hexane 
and dried under vacuum. This gave 0.271 g (63%) of white, 
crystalline [CH30ZnCo(C0)4]4: mp 193-200 "C dec; NMR 6 -3.99 
(9, OCH,); mass spectrum, m / z  1070 (M'), 930 (M' - 5CO), 899 
(M+ - 5C0, CH,O), 790 (M+ - loco), 759 (M' - 10C0, CH,O); 
IR (CHAOH) ucn 2061 (m), 2052 (w, sh), 1971 (9, sh), 1958 (vs), _ _  
1908 (s) cm-'. 


Reaction of [CH30ZnCo(C0)4]4 with HCO(CO)~ Bubbling 
CO through a solution of HCO(CO)~ (prepared from CO&O)~ (1.04 
g) in toluene (20 mL)14) and thence into a solution of [CH30- 
ZnCo(CO),], (0.40 g, 1.57 mmol) in methanol (20 mL) caused a 
steady increase in the vm at 2067,2050, and 1962 cm-', attributed 
to Zn[Co(CO),lz, and a concomitant decrease in the intensities 
of the uco of [CH30ZnCo(C0),],. After 30 min the vco of HCo- 
(CO), and ita decomposition products obscured the spectrum; no 
attempt was made to isolate the Z~[CO(CO)~]~ formed. In a control 
reaction without [CH30ZnCo(C0),I4, the vco of HCo(CO), and 
ita decomposition products appeared after 3 min; an IR spectrum 
taken immediately after introduction of HCO(CO)~ had va at 2075 
(vw), 2030 (w), and 1908 (s) cm-', and subsequent spectra showed 
increasing intensities of the first two bands relative to the third. 


Attempted Reaction of Z~[CO(CO),]~ with Ethanol. A 
solution of Z~[CO(CO),]~ (0.092 g, 0.226 "01) and ethanol (13.0 
pL, 0.226 "01) in hexane (10 mL) turned orange after being left 
standing in the dark for 12 h, but no changes were seen in the 
IR spectrum. After 4.6 days a weak absorption at 1860 cm-' was 
the only new feature. A similar experiment employing a tenfold 
excess of EtOH gave the same result. 


Reaction of Z~[CO(CO),]~ with Water. With use of a mi- 
crosyringe, water (18.7 pL, 1.04 mmol) was added to a solution 
of Zn[C0(CO),lZ (0.424 g, 1.04 "01) in toluene. After the solution 
was stirred for several minutes, the water dissolved, giving a clear 
yellow solution. A weak band at 2123 cm-' in the IR spectrum 
of the solution taken after 40 min indicated that some HCo(CO), 
had formed.16 After 1.7 h the brown supernatant liquid was 
decanted from the light colored precipitate. The latter was washed 
with hexane (2 mL) and dried under vacuum giving 0.097 g of 
a white powder. A second crop precipitated from the supematant 
liquid upon standing for 12 h. The combined crops were re- 
crystallized from toluene (30 mL, +60 to -65 "C) and afforded 
0.109 g (41%) of white, microcrystalline [HOZnCo(CO),],, mp 
slow decomposition above 157 "C. The ion with the largest m / z  
in the mass spectrum corresponded to Z~[CO(CO)~]~+.  No res- 
onance was observed in the NMR spectra of saturated solutions 
of the product in toluene or dichloromethane in the range -17 
to +8.5 ppm relative to Me4Si. IR (KBr): 3591 (m), 2940 (vw), 


2910 (vw), 2837 (vw), 2073 (s), 2018 (m), 1966 (8,  sh), 1941 (s), 
1630 (vw), 752 (w), 740 (w), 550 (m), and 495 (w) cm-l. 


Reaction of Zn[Fe(CO)2Cp]z with Methanol in Toluene. 
To a solution of Zn[Fe(C0)2Cp]2 (0.923 g, 2.20 mmol) in toluene 
(30 mL) was added methanol (90.2 pL, 2.20 mmol). After the 
solution was stirred for 2 h, an IR spectrum showed that essentially 
all of the starting zinc compound had reacted (disappearance of 
vco at 1982 cm-') and that HFe(C0)2Cp (VCO at 2016 cm-' le) had 
formed. The solution was refrigerated at -8 OC for 2 days, but 
no solid formed and the IR spectrum was unchanged. Hexane 
(10 mL) was distilled in, and after filtration, the solution was 
slowly cooled to -22 "C. The resulting crystals were collected, 
were washed with hexane (which caused them to become opaque) 
and toluene, then dried under vacuum, and gave straw-colored 
crystals (0.274 g, 47%). A second crop of yellow crystals (0.097 
g, 17%) was obtained by addition of hexane (20 mL) to the 
supernatant liquid followed by cooling to -22 OC; drying caused 
the crystals to become opaque. The first crop of crystals was 
recrystallized from methylene chloride-hexane (1:l) and dried 
under vacuum to give an analytical sample (0.090 g) of clear, 
yellow-orange prismatic crystals of [CH30ZnFe(CO)zCp]4: mp 
300 OC dec; NMR (CHC13) 6 -4.80 (8, 5 H, C6H6), -3.75 (8,  3 H, 
CH,O); mass spectrum (source, 160 "c), m/z 917 (M+ - C6H5, 
4CO). 


Preparation of [CH30ZnFe(C0)2Cp]4 in Methanol. A 
mixture of Zn[Fe(CO)2Cp]z (0.258 g, 0.651 mmol) and methanol 
(10 mL) was stirred for 8 min during which all the start ing material 
dissolved and a yellow solid precipitated. The IR spectrum of 
the supernatant liquid contained only vco due to HFe(CO)&p. 
After 10 min the supernatant liquid was removed with a syringe, 
and the orange residue was washed with methanol (2 X 10 mL) 
via a syringe then dried under vacuum. Thus 0.157 g (88%) of 
[CH30ZnFe(CO)zCp]4 was obtained as a yellow-orange powder, 
mp 300-303 "C dec. 


Reaction of Zn[Fe(CO)zCp]z with Ethanol. Stirring a 
mixture of Zn[Fe(CO)&p], (0.400 g, 1.00 mmol) and ethanol (10 
mL) gave a cloudy solution. After 30 min an orange solid had 
formed, and the IR spectrum of the supernatant liquid showed 
only bands at 2013 and 1954 cm-' due to HFe(C0)&p.16 The 
supernatant liquid was removed with a syringe, and the orange, 
powdery product was washed with ethanol (3 mL) and then dried 
under vacuum. The product was redissolved in 7 mL of di- 
chloromethane and 3 mL of ethanol. After being fitered through 
a "medium" frit, the solution was cooled slowly to -22 OC. The 
resulting crystals were washed with ethanol (2 mL) and then dried 
under vacuum. The yield was 0.161 g (59%) of orange, prismatic 
crystals of [CzH60ZnFe(CO)zCp]4: mp 245-250 "c; NMR (c- 
-4.99 (8,  C5H6); mass spectrum (source at  170 "c), m / z  418 from 
Zn[Fe(C0)2Cp]2+. 


Reaction of Zn[Fe(C0)&~1~ with Water. To a solution of 
Zn[Fe(CO)zCp]z (0.671 g, 1.60 "01) in toluene (25 mL) was added 


HZC1,) 6 -1.47 (t, J = 7 Hz, CH3), -4.09 (4, J = 7 Hz, OCHZ) and 


(16) Davison, A.; McCleverty, J. A.; Wilkinson, G. J. Chem. SOC. 1963, 
1133. 
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citrate (0.38 g) and zinc powder (0.20 g); no evidence for Zn- water (28.8 pL, 1.60 mmol). The mixture was stirred vigorously 
to disperse the water into fine droplets. After 24 h, when IR 
spectroscopy indicated that formation of HFe(C0)2Cp had ceased, 
the orange supernatant liquid was decanted off and the yellow, 
powdery precipitate was washed with toluene (2 X 2 mL) and then 
dried under vacuum to afford 0.232 g (57%) of yellow, powder-like 
[HOZnFe(CO)2Cp],, mp 148-152 "C dec. The product was in- 
soluble in toluene, hexane, and water and decomposed in water. 
IR (KBr): 3615 (m), 3010 (vw), 2925 (w), 2860 (w), 2010 (w, sh), 
1957 (vs, sh), 1946 (vs), 1890 (vs, sh), 1870 (vs, br), 1647 (vw), 1516 
(vw), 1405 (w), 1010 (vw), 998 (vw), 839 (w), 825 (w), 744 (w), 653 
(m), 593 (m), and 512 (vw) cm-'. 


Reaction of Zn[Fe(C0)2Cp]2 with Phenol. A solution of 
Z I I [F~(CO)~C~]~  (0.264 g, 0.630 "01) and phenol (0.0593 g, 0.630 
mmol; Mallinckrodt, recrystallized from hexane) in toluene (15 
mL) was stirred for 2 h and then filtered through a *fine" frit. 
The clear yellow fdtrate was slowly cooled to -22 OC. After 2 days 
the resulting crystals were collected, washed with toluene (2 X 
2 mL), and then dried under vacuum. This afforded 0.107 g (51%) 
of irregular yellow-orange crystals of [CsHSOZnFe(CO)2Cpl,, mp 
decomposition above 175 "C. The product was too unstable in 
solution (e.g., toluene) in the absence of HFe(C0)2Cp, for reliable 
spectra to be obtained IR (KBr) 3075 (w, br), 3020 (w, br), 1955 
(vs), 1926 (s, sh), 1899 (vs), 1865 (m, sh), 1584 (m), 1478 (m), 1402 
(w), 1198 (s), 1167 (m), 1110 (vw), 1060 (w, br), 1015 (w), 997 (wv), 
895 (w), 835 (m), 816 (ms), 760 (ms), 697 (ms), 648 (ms), 591 (s), 
565 (mw), 500 (ms) cm-'. 


Preparation of Zn[Mn(CO)s]2. A mixture of powdered zinc 
(0.65 g, 10 m o l ,  Cerac, Inc.) and MII~(CO)~O (0.389 g, 1.0 mmol"), 
in diglyme (20 mL, Ansu l  Chemical Co., No. 141, triply distilled 
from sodium) was stirred at  120 OC for 10 h during which time 
the yellow solution gradually turned light salmon in color. Fil- 
tration and evaporation of the solvent under vacuum gave a light 
orange residue (5.3 g). This powder-like solid was transferred 
under argon to a sublimator with a sidearm Schlenk tube receiver 
(similar to Ace Glass Co., Cat. No. 7775), covered with a loose 
pad of glass wool, and sublimed at  115-120 OC and 0.001 torr. 
The cream white sublimate afforded Zn[Mn(CO)s12: 3.8 g (84%) 
as a microcrystalline solid; mp 210-211.5 "C; mass spectrum m/z 
453.75434 (dcd for %~Mn~2cl~sOlo ,  453.75439); IR YW (THF) 
2075 (w), 2052 (wm), 2014 (mw), 1965 (vs) cm-'; vco (KBr) 2065 
(m), 1985 (ms, sh), 1945 (vs), 645 (m). Calcd for 
CloOloMn2Zn: C, 26.35; H, 0.00. Found: C, 26.21; H, 0.04; 0.10. 
The extreme sensitivity of this compound to water may have 
produced a small amount of HMn(CO)s in the THF solution 
responsible for the band at  2014 cm-'. 


Attempted Preparation of Zn[Re(CO)& from Re2(C0)10. 
A mixture of powdered zinc (2.0 g, 30 "01, Cerac, Inc.), Rt$CO)l~ 
(1.96 g, 3.0 "01, Strem Chemical Co.), and diglyme (30 mL) was 
stirred at  120 "C for 40.8 h, then at  150 "C for 16 h, and finally 
at 165 "C for 76.1 h. IR spectroscopic analysis of the red-brown 
solution showed that -90% of the starting material remained. 
The solvent was removed from the filtered mixture, and most of 
the Re2(CO)lo was removed from the residue by vacuum subli- 
mation (175 "C). No ions other than those attributable to Re2- 
(CO)lo were seen in the mass spectra of the residue. 


Several variations on the above procedure were tried. A stirred 
mixture of zinc powder and Re2(CO)lo was heated at  165 OC in 
diglyme in the dark for 60 h. Also zinc dust (Baker and Adamson, 
90-95% Zn) was substituted for zinc powder in another experi- 
ment carried out at 165 OC in the dark for 86.5 h. IR spectroscopic 
analysis of the reaction solution showed only va due to &(CO)'@ 


Attempted Preparation of Zn[Re(CO)& from Hg[Re(C- 
O)6]2. A mixture of Hg[Re(CO)S]2 (0.941 g, 1.10 "01; this was 
prepared by a modification of the published procedure2 whereby 
a THF solution of NaRe(CO)s was added to a THF solution of 
Hg(CN)21b) and zinc powder (0.72 g, 11 mmol) in diglyme (100 
mL) was stirred at 165 "C in the dark for 5 days). IR spectra taken 
during and at the end of this period showed that only Re2(C0)10 
had formed (va 2073 (m), 2013 (s), and 1974 (m) cm-'). The same 
procedure was tried (1) with zinc powder (0.262 g) which had been 
amalgamated by prior reaction with mercuric chloride (0.271 g) 
in THF and (2) with a zinc-copper couple18 formed from copper 


Anal. 


(17) King, R. B.; Stokes, J. C.; Korenowaki, T. F. J.  Organomet. Chem. 
1968, 11, 641. 


[Re(C0)s]2 w& found. 
Reaction of Zn[Mn(CO)s]2 with Methanol. With use of a 


microsyringe, methanol (70 pL, 1.70 mmol) was added to a sus- 
pension of Zn[Mn(CO)& (0.835 g, 1.84 "01) in dichloromethane 
(20 mL). The mixture was stirred for 10 h during which time the 
solid partly dissolved. Additional methanol (212 pL, 5.17 "01) 
was added slowly with a syringe while the mixture was stirred 
until all of the solid dissolved. The solvent was removed by 
trap-to-trap distillation leaving a white powder (0.536 g, 100%). 
The IR spectrum of the distillate contained only va for HM~I(CO)~ 
at 2010 cm-', identified by comparison with the spectrum of an 
authentic sample. The crude product was recrystallized from 
dichloromethane (10 mL) by cooling to -22 "C and gave 0.403 
g (75%) of colorless, prismatic crystals of [CH30ZnMn(C0)s]4: 
mp 195-196.5 OC; NMR (CH2C12) 6 -3.99 (8,  OCH,); mass spec- 
trum, m/z 971 (M+ - Mn(CO)& 


When Z ~ I [ M ~ ( C O ) ~ ] ~  (0.454 g, 0.997 mmol) and methanol (82 
pL, 2.01 mmol) were mixed in tetrahydrofuran (10 mL), IR 
spectroscopic analysis showed no change in the spectrum during 
47 h compared to that taken before methanol was added. No 
absorption due to HMn(COIS was observed. 


When Zn[Mn(CO& (0.345 g, 0.759 mmol) was dissolved in 
methanol (10 mL) and stirred for 3 h, IR spectroscopic analysis, 
using the absorbance of 2010-cm-' band of HMn(CO)S, indicated 
that only 40 & 5% of the expected quantity of HMn(CO)s had 
formed; no change in the absorbance was seen after 30 min. 


Reaction of Zn[Mn(CO)& with Ethanol. Sufficient ethanol 


onto the solid. The yellow solution was stirred for 0.5 h, and then 
the solvent was removed under vacuum. The residue was diesolved 
in the minimum amount of ethanol (20 mL), giving a clear yellow 
solution. After 0.5 h the solvent was removed under vacuum; the 
clear, colorless distillate turned yellow on exposure to air. The 
residue was dissolved in ethanol (10 mL) at 70 OC and was cooled 
rapidly to -60 OC; no precipitate formed over 15 min. The yellow 
solution was distilled to dryness giving an orange residue (0.303 
9). This was dissolved in CH2C12 (5 mL), filtered, and cooled slowly 
to -22 OC. The resulting crystals were washed with cold CH2C12 
(2 X 2 mL) and dried under vacuum for 1 h. This afforded 0.239 
g (79%) of opaque, off-white crystals of [C2H60ZnMn(CO)S]4: mp 


J = 7 Hz, CH20); mass spectrum (source, 200 "C), m/z  997 (M+ 
- Mn, 6CO). 


Reaction of [CH30ZnMn(CO)s]4 with HMn(CO)& To a 
solution of [CH30ZnMn(CO)J4 (0.072 g, 0.24 mmol) in CH2C12 
(10 mL) was added a solution of Hhh1(C0)~ (0.37 "01) in CH2C12 
(0.5 mL). After being stirred for 3.3 h, the IR spectrum of the 
solution showed that no reaction had occurred. Additional 
HMn(C0)6 (4.7 mL, 3.11 mmol) was added, and when IR spec- 
troscopic analysis showed no reaction, the SRV was equipped with 
a cold-finger condenser and the solution was heated at reflux for 
1.5 h. The IR spectrum of the orange supernatant liquid showed 
that -40% of the HM~I(CO)~ had been consumed. The white 
precipitate was collected and washed with CH2C12 (1 mL) and 
then dried under vacuum to give 0.027 g of Zn[Mn(CO),lZ: mp 
208 OC dec (lit.12 mp 209-210 "C); IR vc0 (KBr) 2063 (m), 2050 
(m, br), 1996 (s), 1948 (vs) cm-'. 


Reaction of [C2HsOZnMn(C0)s]4 with Methanol. Into an 
NMR tube was placed a solution containing 0.0235 mmol of 
[C2HSOZnMn(C0)6]4 and 0.73 mmol of methanol in CH2C12 (0.65 
mL); the tube was sealed under vacuum: 'H NMR S -0.9-1.4 (br), 
-1.62 (t, J = 7 Hz, CH&H20Zn), -3.98 (s, CH30Zn) -3.5-4.0 (br), 
4.30 (9, J = 7 Hz, CH3CH20Zn); integration by planimetry gave 
the area ratio t l s  = 0.55. 


Preparation of Zn[Mo(CO),Cp12 from [Mo(CO),Cplz. A 
solution of [MO(CO)~C~]~  (1.96 g, 4.0 mmol) in THF (60 mL) was 
stirred with zinc powder (2.61 g, 40 mmol) in a 90-mL SRV 
equipped with a water condenser at 60 "C (oil bath). After 15.5 
h the light brown mixture was filtered and the solvent was re- 
moved by trap-to-trap distillation under vacuum. The resulting 
light gray crystalline residue was recrystallized from toluene (30 
mL; +60 "C to -35 OC). The first crop of crystals was washed 


(5 mL) tO dissolve Zn[Mn(CO)6]2 (0.454 g, 0.99 "01) Was distilled 


153-154.5 "C; NMR (CH2C12) S -1.55 (q, J = 7 Hz, CH3), 4.25 (t, 


(18) Krug, R. C.; Tang, P. J. C. J. Am. Chem. SOC. 1954, 76, 2262. 
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with cold toluene (5 mL) and gave Zn[Mo(CO),Cp], as light yellow 
flakes, mp 194.4-195.8 "C (lit." mp 194-196 "C). A second crop 
(0.27 g) of light brown crystals, mp 192.5-194.5 OC, was obtained 
by concentrating and cooling the mother liquor. 


Reaction of Z ~ [ M O ( C O ) ~ C ~ ] ~  with Methanol. Stirring a 
solution of Zn[Mo(CO),Cp]z (0.423 g, 0.763 mmol) in methanol 
(5 mL) for 5 min caused a white precipitate to form. IR spec- 
troscopic analysis of the supernatant liquid showed it to contain 
HMo(CO),Cp (vco 2021 (s) and 1932 ( 8 )  cm-'; lit.13 vm (CS2) 2030 
(8) and 1949 (s) an-'). The precipitate was washed with methanol 
(5 mL) and then was dissolved in a mixture of CH2C12 (7.5 mL) 
and methanol (1 mL). This was slowly reduced to half volume 
by trap-to-trap distillation, and the resulting crystals were col- 
lected, washed with methanol, and dried under vacuum. The yield 
was 0.158 g (66%) of nearly white crystals of [CH30ZnMo- 
(CO),Cp],: mp decomposition slowly above 210 "C; NMR 6 -5.39 


Reaction of Zn[Mo(C0)&plz with Ethanol. After being 
stirred for several min a solution of Zn[Mo(CO)&p]? (0.293 g, 
0.474 "01) in ethanol (10 mL) became cloudy. The rmxture was 
left standing for 12 h, then the pink supernatant liquid was 
decanted, and the light pink precipitate waa washed with ethanol 
and dried under vacuum. This gave 0.051 g (30%) of 
[C2H60ZnMo(CO)3Cp], as a white powder, mp 280 dec. The 
supernatant liquid stood for 7 days without further formation 
of any solid. The solvent was removed by trap-tu-trap distillation, 
and after the residue was washed with hexane, ethanol (5 mL) 
was added. Stirring the solution for 5 min at 40 "C caused a white 
precipitate to form. The process was repeated, and a third 
quantity of light colored solid was obtained. The product was 
not sufficiently soluble in hexane, toluene, or dichloromethane 
to give an NMR spectrum. 


Collection of X-ray Diffraction Data. In the drybox a 
yellow-orange crystal of [CHSOZ~F~(CO)~C~], ,  prepared as de- 
scribed above, was mounted on the tip of a 0.2-mm Lindemann 
glass capillary which was sealed into a 0.5-mm capillary. The 
crystal was mounted on a Syntex R1 automated four-circle 
diffradometer equipped with a graphite monochromator and was 
centered with 15 reflections having 20 > 20". Details of the crystal 
data, the data collection experiment, data reduction, and the 
structure solution and subsequent refinement are presented in 
Table 11. The final positional parameters with estimated errors 
are given in Table III. Anisotropic thermal parameters are given 
in Table VIII. Hydrogen atom positions (with BH = 7.35) were 
calculated for each of the last five cycles at 0.95 A from Cp carbon 
atoms and are listed in Table IX. 


Results and Discussion 
Formally, the syntheses of alkoxides described in this 


work (eq 1) consist of the replacement of a transition metal 
ROH + Zn[M(CO),LI2 


1/4[ROZnM(CO),L]4 + HM(CO),L (1) 


carbonyl anion ([M(CO),L]- = CO(CO)~-, Mn(CO)5-, Mo- 
(CO)&!p-, or Fe(CO),Cp-) by an alkoxide anion (OCH3- 
or OC,Hf) with concomitant formation of a metal carbonyl 
hydride. In essence this involves transfer of a proton from 
the hydroxo species ROH to the metal hydride, HM- 
(CO),L. In all cases the hydride was identified by IR 
spectroscopy whereas the  alkoxides were isolated and 
characterized by analyses and spectroscopic methods. 


Reactions of Zn[Fe(CO),Cp],. When the  compound 
Zn[Fe(CO),Cp], was dissolved in methyl alcohol, a rapid 
reaction occurred with precipitation of [CH30ZnFe- 
(CO)2Cp]4 as a light orange solid in high yield; the su- 
pernatant liquid contained only HFe(CO),Cp (IR spec- 
troscopy). In toluene with added methyl alcohol the same 
reaction occurred somewhat more slowly bu t  without 
forpation of a precipitate. The  orange crystalline product 
from both reactions was identified as [CH30ZnFe- 
(CO),Cp], by elemental analysis and  'H NMR spectros- 
copy. The first indication of ita tetrameric nature came 
from ita mass spectrum, the highest mass ion of which had 


(8,  CbHs), -3.78 (8,  CHJ. 
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Table 11. Experimental Conditions and Data from the 
X-ray Structure Analysis of [CH,OZnFe(CO),Cp], 


Crystal Data 
cryst shape rectangular block 
cryst dimens, mm 
cell parameters 
a, A 14.340 (3) 
b, a 12.819 (5)  
c, 18 21.493 (9)  


P ,  deg 96.82 (3)  
cell vol, .& 3923.1 (23) 
z 4 


Pot&, g/cm3 (flo- 1.89 


Laue symmetry monoclinic 
space group P2,/n (alternate P2,lc; 


systematic absences 


mol formula [CH,OZnFe\CO),C,H, J , 
Data Collection and Reduction 


radiatn Mo KCY 
p, cm-' 36.30 
mounting axis "vu 
take off angle, deg 6.2 
scan type W 


scan speed, deglmin 2.0-29.3 
scan width, deg 1.0 
bkgd(tota1):scan ratio 1:l 
std reflctns and freq 3/50 
variatn of Istd < 6% 


0.20 x 0.20 x 0.10 


CY = y ,  deg 90 


Pcalcdr g/cm3 1.99 


tation CCl,/CBr,) 


C : h ;  no. 14)  
OkO, k = 2n + 1; 


hO2, h + 2 = 2n + 1 


28 limits 0.0-43.0" 
criterion for observ 3 4 F )  
total datalobsd data 4275/3826 


Structure Solution and Refinement 
solutn direct methods and 


difference fourier 
refinement full-matrix least squares 
isotropic convergenceb R ,  = 14.9%; R ,  = 15.9% 
anisotropic convergenceb R ,  = 4.5%; R, = 5.0% 
max shifts in positional, 0.16; 


parameters ( A / u )  in thermal, 0.14 
final cycle 


error of fit 2.85 
data/parameters 8.15 
estimated variation in I's 


max residual electron 


<2% (spherical model) 


1.02 (e/A) at "v1.1 .& 
due to absorptn 


density in final difference 
map Fe( 4) bond 


from center of Zn(4)- 


All crystallographic calculations were done on a Prime 
400 computer operated by the Materials Science Center 
and the Department of Chemistry, Cornell University. 
The principal programs used were as follows: RE DUCE 
and UNIQUE, data reduction programs, M. E. Leonowicz, 
Cornell University, 1978; BLS, block-diagonal least-squares 
refinement, K. Hirotsu, Cornell University, 1978; ORFLS 
(modified), full-matrix least squares, W. R. Busing, K. 0. 
Martin, and H. S. Levy, Oak Ridge, ORNL-TM-305; 
ORTEP, crystallographic illustration program, C. Johnson, 
Oak Ridge, ORNL-3794; BOND, Structural parameters and 
errors, K. Hirotsu, Lornell University, 1978; MULTAN -76, 
direct methods and fast fourier transform, G. Germain, P. 
Main, and M. Woolfson, University of York. 
ZIIF~I- iFcII/I:lFoIand R, = ( ~ w ( l F ~ l -  l F c l ) z / ~ w E o l ~ ) l ' ~ ,  


the expected isotopic distribution and nominal mlz values 
for [ (CH30Zn)4Fe4(C0)4Cp3]+. Subsequently, formulation 
as a tetramer in the solid state was confirmed by the results 
of a single-crystal X-ray diffraction study described below. 


The reaction of Zn[Fe(CO),Cp12 with neat ethyl alcohol 
also occurred readily, giving a n  orange precipitate of 
[CzHsOZnFe(CO)pCp],. In  this case no evidence for the 
degree of aggregation of the product was obtained; its mass 


R, = 







1078 Organometallics, Vol. 1, No. 8, 1982 Burlitch, Hayes, and Whitwell 


(CO)2Cp]4 (R = CH, or R = C2H5) but also shows an 0-H 
stretching vibration at 3615 cm-'. The degree of associa- 
tion of [HOZnFe(CO),Cp], is not known, but its insolu- 
bility suggests a polymeric form. 


Phenol was also found to react readily with Zn[Fe- 
(CO)2Cp]2, but in contrast to the reaction with ethanol and 
methanol, an excess of phenol gave more than the expected 
amount of HFe(CO),Cp (determined by IR spectroscopy) 
and a solid tentatively identified as zinc phenoxide (eq 2). 
Zn[Fe(CO),Cp], + 2C6H50H - 


2HFe(CO)&p + Zn(OC,H,), (2) 
When equal amounts of Zn[Fe(CO),Cplz and phenol were 
combined in toluene, [C6H50ZnFe(CO)2Cp], was obtained 
as irregular orange crystals. However, recrystallization of 
the product was thwarted by the persistent formation of 
Zn(OC6H5)2. The product gave a satisfactory elemental 
analysis and a solid-state infrared spectrum similar to those 
of the analogous alkoxides. 


Crystal Structure of [CH30ZnFe(CO)2Cp]4. The 
crystal structure of [CH30ZnFe(CO)zCp]4 is composed of 
discrete tetrameric molecules located in general positions 
of space group P2,ln. The tetramer possesses C1 sym- 
metry and adopts a pseudo-cubic structure as shown in 
Figure 1. The distorted cubic Zn404 core is made up of 
interpenetrating tetrahedra of zinc and oxygen atoms. 
Each oxygen atom is bonded to a methyl group while each 
zinc is bonded to the iron atom of an (q5-cyclo- 
pentadieny1)dicarbonyliron ligand. As observed in other 
M4X4 systemslg the Zn, and 0, units deviate substantially 
from idealized tetrahedral geometry; the Zn-Zn distances 
range from 3.106 (2) to 3.049 (2) A (3.081-A average), the 
0-0 distances range from 2.771 (6) to 2.739 (6) A (2.755-A 
average), and the Zn-0 distances (Table IV) range from 
2.099 (4) to 2.048 (5) A. The Zn-Zn interactions are con- 
sidered to be nonbonding as the observed separation is 
substantially longer than the Zn-Zn distance of 2.665 A 
in zinc metal.20a Likewise the 0-0 distances are consid- 
erably longer than the value of 1.32 A computed from the 
covalent single-bond radius.20b 


The average Zn-0 distance of 2.07 A compares favorably 
with the value of 2.09 A determined for [CH30ZnCH3],.21 
The Zn-0-Zn angles (Table V) range from 97.6 (2) to 94.8 
(2)' (96.2' average), and the 0-Zn-0 angles vary between 
84.7 (2) and 82.3 (2)' (83.4' average). The best planes 
calculated from the six sets of four facial atoms of the core 
are within 1' of being parallel to opposite planes and 
within 1' of being perpendicular to adjacent planes (Table 
VII); the component atoms of these planes are all found 
to lie within 0.07 A of the calculated planes. The tetra- 
hedral coordination of each core atom is completed by the 
methyl groups on oxygen with Zn-0-C angles between 
123.6 (4) and 117.5 (4)' (120.8' average) and the Fe- 
(CO),Cp group on zinc with 0-Zn-Fe angles between 134.0 
(1) to 126.2 (1)' (129.6' average). The core atom to sub- 
stituent atom distances vary in a nonsystematic fashion. 
The 0-CH3 distances range from 1.468 (9) to 1.458 (9) A 
with an average distance of 1.462 A that is similar to the 
value of 1.44 A in [CH30ZnCH3]4.21 The Zn-Fe bond 
lengths range from 2.354 (2) to 2.344 (2) A. These are 
significantly shorter than the previously reported Zn-Fe 
bond lengths of 2.532 and 2.585 in the cyclic complex 
[ (bpy)ZnFe(C0)4]2.22 The observed bond lengths (2.350-A 


Table 111. Fractional Coordinates for 
[CH,OZnFe(CO),Cp] 4a 


atom X Y z 


0.6098 (1) 
0.5056 (1) 
0.4943 (1) 
0.3921 (1) 
0.7390 (1) 
0.5098 (1) 
0.4805 (1) 
0.2534 (1) 
0.4038 ( 3 )  
0.4928 (3)  
0.5074 (3)  
0.5967 ( 3 )  
0.3212 (6 )  
0.4849 (6)  
0.9167 (6)  
0.6806 (6)  
0.7333 (6)  
0.7331 (5 )  
0.6516 (8) 
0.5913 (6 )  
0.8524 (7 )  
0.7910 (7 )  
0.7863 (7)  
0.8460 (8) 
0.8853 ( 7 )  
0.5253 ( 7  j 
0.5341 (6)  
0.6241 ( 7 )  
0.6991 (6)  
0.3761 (7 )  
0.3809 (8)  
0.4505 (9 )  
0.4829 (8) 
0.4374 (8)  
0.5595 (6)  
0.6097 (5)  
0.3874 (7)  
0.3225 (5)  
0.5291 (12) 
0.4335 (12)  
0.4127 (11) 
0.4976 (13) 
0.5683 (9 )  
0.2630 ( 7 )  
0.2671 (6)  
0.3277 ( 7 )  
0.3752 (6)  
0.1081 (6)  
0.1476 ( 7 )  
0.2109 ( 7 )  
U.2100 (8) 
0.1450 (8) 


0.2753 (1) 
0.1003 (1) 
0.3281 (1) 
0.2610 (1) 
0.3143 (1) 
0.0761 (1) 
0.4386 (1) 
0.2740 (1) 


0.3657 (3)  
0.1628 (4 )  
0.2232 (3)  
0.1836 (7 )  
0.4728 (6 )  
0.0958 ( 6 )  
0.2090 (6 )  
0.4352 (8) 
0.5141 ( 6 )  
0.3388 (7)  
0.3516 (6 )  
0.2456 (9 )  
0.1677 (8)  
0.1777 (8) 
0.2620 (9)  
0.3030 (8)  
0.0168 ( 7 )  
0.0244 (6)  
0.0635 (7 )  
0.0567 (6 )  
0.1301 ( 9 )  
0.0930 (8) 
0.1543 (9 )  
0.2266 (7)  
0.2119 (7 )  
0.5124 ( 7 )  
0.5651 (6 )  
0.4809 (7)  
0.5107 (6)  
0.4597 (11) 
0.4451 (12)  
0.3477 (12) 
0.3022 (9)  
0.3713 (14) 
0.1410 (9 )  
0.0508 (6)  
0.2849 (9 )  
0.2908 (8) 
0.2936 (9 )  
0.2960 (9)  
0.3801 ( 9 )  
0.4274 (8) 
0.3737 (11) 


0.2112 ( 3 )  


0.3732 (1) 
0.3113 (1) 
0.2671 (1) 
0.3957 (1) 
0.4264 (1) 
0.2811 (1) 
0.1815 (1) 
0.4657 (1) 
0.302U (2)  
0.3604 (2)  
0.3989 (2 )  
0.2838 ( 2 )  
0.2718 (4 )  
0.3845 (4)  
0.4529 (4 )  
0.2392 (4)  
0.3891 (5)  
0.3642 ( 4 )  
0.4836 (4)  
0.5254 (3 )  
0.3713 (5)  
0.3990 (7 )  
0.4648 (5)  
0.4762 (5)  
0.4199 (6)  
0.2093 (4 )  
0.1607 (3)  
0.2974 (5 )  
0.3100 (5)  
0.2753 ( 6 )  
0.3366 (6)  
0.3602 (5 )  
0.3149 (6)  
0.2627 (5)  
0.2177 (4)  
0.2414 ( 3 )  
0.2299 (5)  
0.2648 (4)  
0.0862 (5)  
0.0934 (6 )  
0.1209 (5)  
0.1295 (5)  
0.1093 (5 )  
0.4641 ( 5 )  
0.4640 (5)  
0.5223 (5 )  
0.5612 (4)  
0.4721 (5 )  
0.4094 (5)  
0.4007 ( 5 )  
0.4580 ( 6 )  
0.5018 (5)  


a Numbers in parentheses are estimated standard devia- 
tions in the last significant figure. 


spectrum was essentially that of Zn[Fe(CO),Cp],, which 
may have resulted from synproportionation during the 
analysis. 


The infrared spectra of toluene solutions of the methoxy 
and ethoxy derivatives in the C-0 stretching region are 
similar (Table I); each consists of two doublets with the 
component of lower intensity appearing about 10 cm-' 
higher in energy. The number of bands is greater than 
predicted by local symmetry of the Fe(CO)&p group but 
fewer than expected on the basis of the observed molecular 
symmetry in the crystal (Cl). 


Water also reacted with Zn[Fe(CO),Cp], when equi- 
molar amounts were vigorously mixed in toluene for 24 h. 
The yellow product, (cyclopentadienyldicarbony1iron)zinc 
hydroxide was found to be insoluble in all common sol- 
vents. The solid-state infrared spectrum is similar in the 
carbonyl region to those of the alkoxides [ROZnFe- 


(19) Teo, B.-K.; Calabrese, J. C. Inorg. Chem. 1976, 15, 2467 and 
references cited therein. 


(20) (a) Spec. Publ.-Chem. SOC. 1969, No. 18, 5135. (b) Pauling, L. 
"The Nature of the Chemical Bond", 3rd ed.; Cornel1 University Press: 
Ithaca, NY, 1960; p 224. 


(21) Shearer, H. M. M.; Spencer, C. B. Chen. Commun. 1966, 194. 
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Figure 1. A stereoscopic ORTEP drawing of [CH80ZnFe(CO)&p14 with 35% probability thermal ellipsoids. 


Table IV. Bond Distances" ( A )  in [CH,OZnFe(CO),Cp], 


Zn( 1)-O( 2) 
Zn(1)-O(3) 
Zn( 1)-O( 4) 
Zn( 2)-O( 2) 
Zn( 2)-O( 3) 
Zn( 2)-O( 4) 


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


Zn( 1 )-Fe(1) 
Zn( 2)-Fe( 2) 


Fe( 1 )-C( 11) 
Fe( 1 )-C( 12 )  
Fe( 2)-C( 21 ) 
Fe( 2)-C( 22) 


C(11)-0( 11) 
C(12)-0(12) 
C(21)-0(21) 
C( 22)-O( 22) 


Fe(l)-C(13) 
Fe( 1)-C( 14 )  
Fe( 1 )-C( 15)  
Fe( 1 )-C( 16)  


2.083 (5)  Zn(3)-O(1) 
2.085 (5)  Zn(3)-O(2) 
2.063 (4)  Zn( 3)-0(4) 
2.064 (4)  Zn(4)-O(1) 
2.048 (5)  Zn(4)-0(2) 
2.086 (4)  Zn(4)-O(3) 


Zn-O(av) = 2.070 
1.460 (10) 0(3)-C(3) 
1.468 (9)  0(4)-C(4) 


0-CH,(av) = 1.462 
2.344 (2)  Zn( 3)-Fe( 3) 
2.352 (2)  Zn(4)-Fe(4) 


1.752 (11) Fe(3)-C(31) 
1.677 (10)  Fe(3)-C(32) 
1.711 (9)  Fe(4)-C(41) 
1.724 (11) Fe(4)-C(42) 


Zn-Fe(av) = 2.350 


Fe-CO(av) = 1.712 
1.143 (13)  C( 31)-O( 31) 
1.181 (12) C(32)-0(32) 
1.165 (11) C(41)-O(41) 
1.143 (14) C(42)-O(42) 


C-O(av) = 1.158 
2.090 (10)  Fe( 3)-C(33) 
2.081 (11) Fe(3)-C(34) 
2.083 (11) Fe(3)-C(35) 
2.083 (12) Fe(3)-C(36) 


2.065 (4) 
2.059 (4) 
2.054 (4) 
2.099 (4)  
2.049 (4)  
2.085 (5)  


1.463 (10) 
1.458 (9)  


2.348 (2)  
2.354 (2)  


1.729 (9) 
1.682 (10) 
1.710 (12) 
1.714 (11) 


1.150 (12) 
1.185 (12) 
1.158 (14) 
1.141 (14) 


2.102 (11) 
2.086 (14) 
2.075 (14) 
2.075 (11) 


2.090 i i o j  Fe(3j-Ci37) 2.069 i13j  Fe(1)-C(17) 
Fe(l)-CTR(l)b 1.709 (10) Fe(3)-CTR(3) 1.717 (12j  
Fe(2)-C(23) 2.056 (11) Fe(4)-C(43) 2.088 (9)  
Fe(2)-C(24) 2.089 (11) Fe(41-C(44) 2.070 (11) 
Fe(2j-C(25j 2.067 (iij  Fe(4j-C(45) 2.093 (11 j 
Fe(2)-C(26) 2.081 (10) Fe(4)-C(46) 2.077 (11) 
Fe(2)-C(27) 2.089 (10) Fe(4)-C(47) 2.089 (11) 
Fe(2)-CTR(2) 1.706 (11) Fe(4)-CTR(4) 1.715 (11) 


Fe-CTR(av) = 1.712 
Fe-C(av) = 2.082 


C(13)-C(14) 1.415 (15)  C(33)-C(34) 1.374 (24) 
C(14)-C(15) 1.412 (18) C(34)-C(35) 1.398 (21) 
C(15)-C(16) 1.419 (16) C(35)-C(36) 1.383 (24) 
C(16)-C(17) 1.375 (16) C(36)-C(37) 1.379 (21) 
C(17)-C(13) 1.405 (17) C(37)-C(33) 1.383 (22)  
C(23)-C(24) 1.410 (18) C(43)-C(44) 1.399 (14) 
C(24)-C(25) 1.410 (17) C(44)-C(45) 1.407 (15) 
C(25)-C(26) 1.384 (15)  C(45)-C(46) 1.371 (17) 
C(26)-C(27) 1.376 (17) C(46)-C(47) 1.423 (16)  
C(27)-C(23) 1.374 (15) C(47)-C(43) 1.350 (17)  


C-C(av) = 1.392 
a The uncertainty of the least significant figure(s) is  


given in parentheses. CTR is the center of the Cp ring 
calculated as the average of the carbon atom positions in 
the ring. 


average) are close to the value of 2.36 A estimated from 
the sum of the covalent radii derived from similar mole- 


c u l e ~ . ~ ~  The Zn-Fe bond length is also dependent on the 
hybridization of the iron atoms which in turn is dependent 
on the geometry of the CpFe(CO)z moiety which varies in 
a nonsystematic way in this case. 


Teo and Calabrese considered nonsystematic distortion 
in M4X4 clusters in terms of steric effects and hybridiza- 
tion.lg In the present example the observed trend of in- 
creasing M-Y bond length (i-e., Zn-Fe or 0-C) with in- 
creasing X-M-Y bond angle (i.e., 0-Zn-Fe or Zn-0-C) 
is not seen in the Zn-Fe distances and may or may not be 
preaent in the 0-C bond lengths; the esd's of the 0-C bond 
lengths are larger than the variations observed. 


The shapes of the Fe(CO)2Cp moieties are very similar 
to those previously reported except for the Fe-C distances 
in the carbonyls on Fe(l), viz., 1.677 (10) and 1.752 (11) 
A, which deviate considerably from the mean distance 
(1.712 A) found in this compound and in others (1.72-A 


The average Zn-Fe-CO angle of 81.7O is 
smaller than the X-Fe-CO angle in similar XFe(CO)zCp 
compounds (90° average2"? but is very similar to the 
average Zn-Co-C angle of 81.1O observed in Zn[Co(C- 
o)4]2.30 This may be the result of a bonding interaction 
between the carbonyl carbon and the zinc atom similar to 
that postulated for carbonyl carbon-silicon interactions 
in X3SiC o (C 0) compounds .31 


The C P F ~ ( C O ) ~  groups assume a gauche rotational 
conformation (about the Zn-Fe bond) relative to the three 
core oxygen atoms adjacent to that bond as shown by the 
torsional angles found for 0-Zn-Fe-CO and for O-Zn- 
Fe-CTR linkages (see Table VI). 


Reactions of Z~[CO(CO), ]~ In contrast to the chem- 
istry of Zn[Fe(CO),Cp], described above, the reaction of 
Zn[Co(C0),l2 in pure methyl alcohol predominantly con- 
sists of the partial ionic dissociation of the metal-metal 
bonds into Co(C0)c and (presumably) the cation 


(22) Neustadt, R. J.; Cymbaluk, T. H.; E r s t ,  R. D.; Cagle, F. W., Jr. 
Znorg. Chem. 1980, 19, 2375. 


(23) By subtracting the covalent radius of oxygenz1 from the average 
Zn-0 bond length in [CHs0ZnCHs]r22, we obtain a value of 1.17 A for the 
covalent radius of zinc. Similarly by subtracting the appropriate covalent 
radiusz1 of the atom X from the re rted Fe-X distance in six compounds 
containiig the Fe(CO),Cp moiety?= we obtain an average value of 1.19 
A for the covalent radius of iron with a range of 1.13-1.31 A. 


(24) Redhouee, A. D. J.  Chem. SOC., Dalton Trans. 1974, 1106. 
(25) Einstein, F. W. B.; MacGregor, A. C. J.  Chem. SOC., Dalton Trans. 


(26) Cotton, F. A.; Frenz, B. A.; White, A. J. J. Oganomet. Chem. 
1974, 778. 


1973, 60, 147. 
(27) Bryan, R. F. J. Chem. SOC. A 1967, 192. 
(28) Bush, M. A.; Woodward, P. J.  Chem. SOC. A 1967,1833. 
(29) Toan, T.; Dahl, L. F. J. Am. Chem. SOC. 1971,93, 2654. 
(30) Lee. B.: Burlitch. J. M.: Hoard, J. L. J. Am. Chem. SOC. 1967,89, 


I , .  
6362. 


Am. Chem. SOC. 1970,92, 1940. 
(31) Berry, A. D.; Corey, E. R.; Hagen, A. P.; MacDiarmid, A. G. J. 
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Table V. 


O( 2)-Zn( 1)-O( 3) 
O( 2)-Zn( 1)-0(4)  
O( 3)-Zn( 1)-O( 4) 
0-Zn( 1 )-O(av) 
O( 1 )-Zn( 2)-O( 3) 
0(1)-Zn(2)-0(4) 
O( 3)-Zn( 2)-O( 4) 
0-Zn( 2)-0(av) 


Fe(1)-Zn(1)-0(2) 
Fe(1)-Zn(1)-O( 3) 
Fe(1)-Zn(1)-O(4) 
Fe(1)-Zn(1)-O(av) 
Fe( 2)-Zn( 2)-O( 1 ) 
Fe( 2)-Zn( 2)-O( 3 )  
Fe( 2)-Zn( 2)-O( 4)  
Fe( 2)-Zn(2)-0(av) 


Zn( 2)-O( 1 )-Zn( 3) 
Zn( 2)-O( 1 )-Zn(4) 
Zn( 3)-O( 1 )-Zn( 4) 
Zn-O( 1)-Zn(av) 
Zn( 1)-O( 2)-Zn( 3)  
Zn( 1)-O( 2)-Zn(4) 
Zn( 3)-0(2)-Zn(4) 
Zn-O( 2)-Zn(av) 


C( 1 )-O( 1 )-Zn( 2) 
C( 1 )-O( 1 )-Zn( 3) 
C( 1 )-O( 1 )-Zn( 4) 
C( 1)-O(1)-Zn(av) 
C(2)-0(2)-Zn(l) 
C( 2)-O( 2)-Zn( 3) 
C( 2)-O(2)-Zn( 4) 
C( 2)-O( 2)-Zn(av) 


Zn( 1)-Fe( 1 )-C( 11) 
Zn( 1)-Fe( 1 )-C( 12)  
Zn(l)-Fe(l)-CTR(l)b 
Zn(1)-Fe(1)-CO(av) 
Zn(2)-Fe(2)-C(21) 
Zn( 2)-Fe( 2)-C( 22) 
Zn( 2)-Fe( 2)-CTR( 2) 
Zn( 2)-Fe(2)-CO(av) 


Fe(1)-C(l1)-O( 11) 
Fe(1)-C( 12)-O( 12 )  
Fe( 2)-C( 2 1 )-O( 2 1 ) 
Fe(2)-C( 22)-O(22) 


C( 11)-Fe(1)-C( 12)  
C(ll)-Fe(l)-CTR(l) 
C(12)-Fe(l)-CTR( 1) 
C( 21)-Fe( 2)-C( 22) 
C( 21 )-Fe( 2)-CTR( 2) 
C( 22)-Fe( 2)-CTR( 2) 


Selected Interatomic Anglesa (Deg) for [CH,OZnFe(CO), 


82.3 (2) O( l)-Zn( 3)-O( 2) 
83.9 (2)  O( 1)-Zn( 3)-O( 4)  
83.3 (2)  O( 2)-Zn( 3)-O( 4 )  
83.2 0-Zn( 3)-0(av) 
84.6 (3)  O( l)-Zn(4)-0(2) 
83.0 (2)  O( l)-Zn(4)-0( 3)  
83.7 (3)  O( 2)-Zn( 4)-O( 3) 
83.8 0-Zn( 4)-0(av) 


0-Zn-O(av) = 83.4 
129.9 (1) Fe( 3)-Zn( 3)-O( 1) 
126.2 (1) Fe( 3)-Zn( 3)-0(2) 
133.5 (1) Fe( 3)-Zn( 3)-0(4) 
129.9 Fe( 3)-Zn( 3)-0(av) 
129.1 (I) Fe( 4)-Zn( 4)-O( 1) 
128.8 (2)  Fe( 4)-Zn( 4)-O( 2) 
130.8 (1) Fe(4)-Zn(4)-0( 3) 
129.6 Fe( 4)-Zn( 4)-O( av) 


96.5 (2)  Zn( 1)-O( 3)-Zn( 2) 
95.3 (2)  Zn( 1 )-O( 3)-Zn( 4) 
95.9 (2)  Zn( 2)-O( 3)-Zn( 4) 
95.9 Zn-O( 3)-Zn(av) 
94.8 (2 )  Zn( 1)-O(4)-Zn( 2 )  
97.5 (2)  Zn( 1)-O( 4)-Zn( 3) 
97.6 (2)  Zn(2)-0(4)-Zn( 3)  
96.6 Zn-O(4)-Zn( av) 


Fe-Zn-O(av) = 129.6 


Zn-0-Zn(av) = 96.2 
119.8 (4)  C( 3)-O( 3)-Zn( 1) 
121.5 (4 )  C( 3)-O( 3)-Zn(2) 
121.6 (4)  C( 3)-O( 3)-Zn( 4) 
121.0 C( 3)-O( 3)-Zn(av) 
120.2 (4)  C(4)-0(4)-Zn(l) 
123.6 (4)  C(4)-0(4)-Zn(2) 
117.5 (4)  C(4)-0(4)-Zn( 3) 
120.4 C( 4)-O( 4)-Zn(av) 


C-0-Zn(av) = 120.8 
83.2 (3)  Zn( 3)-Fe( 3)-C( 31) 
80.4 (4)  Zn( 3)-Fe( 3)-C( 32) 


122.0 (4 )  Zn( 3)-Fe( 3)-CTR( 3)  
81.8 Zn( 3)-Fe( 3)-CO(av) 
79.5 (3)  Zn(4)-Fe( 4)-C( 41) 
81.2 (3)  Zn(4)-Fe(4)-C(42) 


122.3 (4)  Zn(4)-Fe( 4)-CTR(4) 
80.4 Zn(4)-Fe(4)-CO(av) 


Zn-Fe-CO(av) = 81.7 
Zn-Fe-CTR(av) = 120.7 


177.4 (8) Fe( 3)-C( 31)-O( 31) 
176.7 (9)  Fe( 3)-C(32)-0( 32) 
178.7 (9)  Fe(4)-C( 41)-O( 41) 
177.8 (10) Fe(4)-C( 42)-O(42) 


95.6 (4)  C( 31)-Fe(3)-C(32) 
129.0 (5)  C( 31)-Fe( 3)-CTR( 3)  
129.4 (5)  C( 32)-Fe( 3)-CTR( 3)  
96.7 ( 5 )  C(41)-Fe(4)-C(42) 


129.0 (6)  C(41)-Fe(4)-CTR(4) 
129.6 (5)  C(42)-Fe(4)-CTR(4) 


Fe-C-O(av) = 177.7 


OC-Fe-CO(av) = 94.5 
OC-Fe-CTR(av) = 130.1 


CPl4 
83.2 (2)  
83.8 (2)  
84.7 (2)  
83.9 
82.7 (2)  
82.8 (2)  
83.2 (2)  
82.9 


127.9 (1) 
129.0 (1) 
131.3 (1) 
129.4 
126.9 (1) 
134.0 (1) 
129.3 (1) 
130.3 


96.4 (2)  
96.3 (2)  
96.3 (2)  
96.3 


95.6 (2)  
96.2 (2)  
95.9 


95.9 (2)  


119.2 (4)  
120.8 (4)  
121.9 (4)  
120.6 
119.6 ( 4 )  
122.1 (4)  
121.2 (4 )  
121.0 


81.8 (3 )  
81.0 (4)  


118.7 (5)  
81.4 
81.8 (3)  
84.9 (3)  


83.4 
119.9 (4)  


177.1 (8) 
179.0 (10)  
178.1 (9)  
178.0 (9)  


93.5 (5)  
131.2 (6)  
131.2 (7)  


92.3 (5) 
130.8 (5)  
130.3 (5)  


The uncertainty of the least significant figure(s) is given in parentheses. CTR is the center of the Cp ring. 


(CH30H),ZnCo(C0)4+. Evidence for dissociation comes 
from the conductivity and IR spectrum of a 0.01 M solu- 
tion of Zn[Co(CO),], in methyl alcohol; the molar con- 
ductivity, measured at room temperature at lo00 Hz, was 
116 (Q cm)-l, and the uco were observed at 2060 (wv), 1962 
(m), and 1911 (8) cm-1.32 The last band listed is assigned 
to the anion, Co(CO),-. No evidence for decomposition 
produds characteristic of HCO(CO)~ in methyl alcohol was 
seen by IR spectroscopy, and we conclude that it does not 


form to a significant extent under these conditions. Yet 
when a hexane solution of nearly equimolar amounts of 
methyl alcohol and Z~[CO(CO),]~ stood in the dark, [C- 
H,OZnCo(CO),], formed as clear, colorless, cubic crystals 
in 63% yield. The expected coproduct HCo(CO), was 
detected by its characteristic pungent odor and by IR 
spectro~copy.~~ The elemental analytical and spectro- 
scopic data for the crystalline methoxide are all consistent 
with a highly symmetrical, tetrameric structure similar to 


(32) Burlitch, J. M.; Blackmore, T., unpublished observations. (33) Ungviry, F.; Markb, L. J. Orgnnomet. Chem. 1969,20, 205. 
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suggest dissociation of the molecule or hydrogen bonding 
in solution. 


When the foregoing reaction was carried out in hexane, 
an unstable adduct tentatively identified as [Co- 
(C0)4]2Zn(H20), precipitated from the reaction mixture.lb 


Reactions of Zn[Mo(CO),Cp],. Both ethanol and 
methanol reacted readily with the complex Zn[Mo- 
(C0),Cpl2; methanol as the solvent gave [CH,OZnMo- 
(CO),Cp], as a cream colored solid in high yield. The 
product gave the expected 'H NMR spectrum, with two 
sharp resonances at 6 -5.39 (C5H5) and 6 -3.78 (OCH,). 
The IR spectrum of a sample in KBr had four bands in 
the carbonyl stretching region while the spectrum in di- 
chloromethane solution showed six bands. Although some 
of the bands fall a t  relatively low frequencies (Table I), 
all are characteristic of terminal carbonyls in compounds 
containing the cyclopentadienyl ligand. The degree of 
aggregation of the product is unknown in the absence of 
mass spectroscopic or molecular weight data. 


The reaction of Zn[Mo(CO),Cp], with neat ethanol gave 
a 30% yield of [C2H50ZnMo(CO),Cp],. No more ethoxide 
formed when the reaction stood longer. When the su- 
pernatant liquid was decanted, evaporated to dryness, 
washed with hexane to remove the hydride HMo(CO),Cp, 
and then retreated with ethanol, more product was ob- 
tained. The significance of this behavior is considered in 
a subsequent section. 


As observed for the methoxy analogue, the spectrum of 
a solution contained six terminal C-0 stretching bands 
while that from the solid state contained four. The general 
appearance of these spectra suggest that the Al + E pat- 
tern expected on the basis of the (& local symmetry of the 
-Mo(CO),Cp group is perturbed by considerable splitting 
of the E mode especially in the solid state. 


Reactions of Zn[Mn(CO),]?. Bis(pentacarbony1- 
manganese)zinc is quite insoluble in solvents which are not 
Lewis bases. Thus when equimolar amounts of Zn[Mn- 
(C0),l2 and methanol were mixed in dichloromethane, 
most of the Zn[Mn(CO)5]2 remained undissolved and un- 
reacted after 12 h. A 3.5-fold excess of methanol dissolved 
the starting material, but the reaction (eq 3) was not 
CH,OH + Zn[Mn(CO)5]2 - 


HMn(C0)5 + 1/4[CH30ZnMn(C0)5]4 (3) 
complete until the volatile product, HMII(CO)~, was re- 
moved by trapto-trap distillation. The concentration of 
HMn(CO), which was determined from the infrared 
spectra of the reaction solution and of the distillate in- 
dicated that before distillation the reaction was only 60% 
complete. 


The white, crystalline product had the expected singlet 
in a 'H NMR spectrum. The highest mass ion in the mass 
spectrum has the isotopic distribution expected for four 
zinc atoms and is attributed to (CH30Zn)4(Mn(C0)5)3+. 
Thus the mass spectrum establishes the tetrameric nature 
of [CH30ZnMn(C0)5]4 in the vapor phase. 


When a suspension of Z ~ [ M ~ I ( C O ) ~ ] ~  in dichloromethane 
was treated with a 13-fold excess of ethanol, the solid 
dissolved, but very little pentacarbonylmanganese hydride 
or [C2H50ZnMn(C0)5]4 formed. Appreciable yields of 
ethoxide were obtained only when the reaction mixture was 
repeatedly vacuum distilled to remove the volatile HMn- 
(CO), and the residue redissolved in pure ethanol. No 
reaction was observed in THF. 


The isotopic distribution of the highest mass ion in the 
mass spectrum of the white product was identified as 
(C2H50Zn)4Mn3(CO)14+ and suggests that [C2H50ZnMn- 
(CO)5]4 is also tetrameric in the vapor phase. The infrared 
spectrum of [CH30ZnMn(C0)5]4 contained two bands in 


0(3)-Zn(l)-Fe(l ) -C(l l )  
O( 4)-Zn( 1)-Fe( 1 )-C( 12)  
O( 2)-Zn( 1)-Fe( 1 )-CTR( 1 ) 
O( 3)-Zn( 2)-Fe( 2)-C( 21) 
O( 1)-Zn( 2)-Fe(2)-C( 22) 
O( 4)-Zn( 2)-Fe( 2)-CTR( 2) 
O( l)-Zn( 3)-Fe( 3)-C( 31) 
O(4)-Zn( 3)-Fe(3)-C( 32) 
O( 2)-Zn( 3)-Fe( 3)-CTR( 3) 
O( 2)-Zn( 4)-Fe( 4)-C( 41) 
O(l)-Zn(4)-Fe(4)-C(42) 
O( 3)-Zn( 4)-Fe( 4)-CTR( 4) 


156.2 
179.0 
17 5.1 
170.1 
168.5 
179.4 
161.1 
173.5 
177.8 
167.0 
165.9 
174.3 


the Fe(CO),Cp analogue. The highest mass ion in the mass 
spectrum at  m/z 1064-1076 showed a distribution of iso- 
topic abundances which corresponds to that calculated for 
four zinc atoms. Other ions corresponding to the loss of 
CO or CH30 groups were observed. Three IR-active C-O 
stretching modes are predicted (and observed) for [CH3- 
OZ~CO(CO)~],, viz., 3T2 or 2A1 + E assuming overall Td 
symmetry or CSu local symmetry for equivalent Co(CO), 
groups, respectively. In methanol, this alkoxide partially 
dissociates; the vm observed at 2061 (m), 2052 (w, sh), 1971 
(s, sh), 1958 (vs), and 1908 (8) cm-' include the charac- 
teristic absorption for the anion CO(CO).,-.~ The degree 
of aggregation is not known. 


Under conditions similar to those used for the reaction 
with methanol, Z~[CO(CO),]~ did not react with ethanol. 
Infrared spectra of reaction mixtures in hexane indicated 
the formation of the Lewis base adduct [CO(CO),]~ZI-P 
(C2H50H),. Addition of a tenfold excess of ethanol caused 
the spectrum's complexity to increase from the three 
terminal carbonyl peaks of Zn[Co(CO),];' to five terminal 
carbonyl peaks (vco 2068 ( l ) ,  2051 (61,1983 (9), 1976 sh 
(8), and 1959 (10) cm-l). Coordination of ethanol appar- 
ently decreases the symmetry of the molecule from DM to 
CZu or lower; seven terminal bands are predicted for CZu 
symmetry. A similar increase in the complexity of the 
infrared spectrum in the carbonyl region of the adduct 
Cd[Mn(C0),l2.(diglyme) as compared with spectra of 
C ~ [ M I I ( C O ) ~ ] ~  has been reported by Hsieh and Mays.2a 


Equimolar amounts of water and Z~[CO(CO),]~ in tolu- 
ene reacted in several hours, giving HCo(CO), and a white, 
crystalline compound, the elemental analysis of which was 
consistent with the formula [HOZnCo(CO),],. IR spectra 
of the compound in toluene (vco 2074 (4), 2009 (2), and 
1979 (10) cm-') and in potassium bromide pellets are very 
similar to those of [CH30ZnCo(C0)4]4. In the 0-H 
stretching region the toluene solution shows a broad single 
peak at  3497 cm-l, while the spectrum of the compound 
in the potassium bromide pellet contains a sharper single 
peak at  3591 cm-'; both indicate the presence of OH 
groups. This assignment was confirmed by the solid state 
infrared spectrum of [DOZnCo(CO),], (synthesized from 
D20 and Z~[CO(CO),]~), which displayed a band at  2660 
cm-' assigned to vg-D. 


Since the highest mass ion in the mass spectrum of 
[HOZnCo(CO),], was Zn[Co(C0),I2+ and since no peaks 
appeared in the 'H NMR spectrum, the structure of 
[HOZ~CO(CO)~], is uncertain. The shift in the position 
of the 0-H stretching band on going from the solid state 
to solution suggests a change in structure, while the 
broadness of the 0-H stretching band in the solution IR 
spectrum and the lack of an observable 'H NMR spectrum 


(34) Burlitch, J. M. J. Am. Chem. SOC. 1969, 91, 4563. 
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the carbonyl stretching region, while that of [C2H60Zn- 
Mn(CO),], shows three bands (Table I); the solid-state 
spectra of both compounds show three bands in agreement 
with expectations based on the local symmetry the (C- 
O),Mn group. 


The necessity of removing HMn(CO), in order to drive 
to completion the reactions of Zn[Mn(CO),12 with ethanol 
and methanol strongly suggests the equilibria shown in eq 
4. The presence of these equilibria was established by 
ROH + Zn[Mn(CO),12 * 


HMn(CO), + 1/4[ROZnMn(C0)5]4 (4) 


R = CH3, C2H5 


treating [C2H50ZnMn(C0),I4 with HMn(CO), from which 
Zn[Mn(CO),Iz (and presumably ethanol) was obtained. 


As noted previously methanol was found to be more 
reactive than ethanol in every case. Additional evidence 
for this order of reactivity was gleaned from the observa- 
tion that [C2H60ZnMn(C0),], was largely converted to 
[CH30ZnMn(CO)5]4 on treatment of the former with 
methanol. One and one-tenth equivalents of the ethoxide 
were used per equivalent of methanol, so that both the 
methoxide and the ethoxide were present in sufficient 
quantities to be seen easily in an lH NMR spectrum of the 
reaction mixture. From signal intensities the Kq for the 
process of eq 5 was estimated to be 8. 
4CH30H + [C2H50ZnMn(C0)5]4 6 


4C2H50H + [CH30ZnMn(C0)5]4 (5 )  


We were unable to extend the above chemistry to the 
analogous rhenium compound Zn[Re(C0),l2 because of our 
inability to synthesize it. Neither the reported insertion 
reaction (eq 6)lb analogous to that used for the synthesis 
of Zn[Mn(CO),]f nor the reported metal-metal exchange 
reaction (eq 7)l worked in our hands. 


Zn + Re2(CO)lo - Zn[Re(CO),12 (6) 
Zn + Hg[Re(CO)5]2 - Zn[Re(CO)512 (7) 


Reactivity Patterns. From the degree of conversion 
of the trimetallic species Zn(ML,), to alkoxides MeOZn- 
(MLJ estimated by IR spectroscopy, the order of reactivity 
in methanol is the following: Zn[Fe(C0)2Cp]2 > Zn[Mo- 
(CO)3C~12 > Zn[Mn(CO)& >> zn[co(Co)41~. 


The Lewis base property of the solvent has a marked 
influence on the rates and equilibrium positions of these 
reactions. The clearest example of this was seen in the 
reactions of Zn[Mn(CO),12. The reaction of a 3.7-fold 
excess of methanol with Zn[Mn(C0),l2 in dichloromethane 
reached equilibrium when 60% of the theoretical amount 
of HMn(CO), was produced (IR). In contrast, when Zn- 
[Mn(C0),l2 was treated with a 3.7-fold excess of methanol 
in tetrahydrofuran, no HMn(CO), formed. 


The formation of Lewis base adducts of Zn[Mn(CO),12 
by the basic solvent, THF, appears to give the most 
plausible explanation of this inhibition. Considerable 
precedent exists for the formation of such adducts espe- 
cially for cadmium analogues such as (Cd[Mn(CO),],.(di- 
glyme)).%% Two coordination sites on zinc in Zn[Mn(C- 
O),j2 are occupied by THF molecules so that coordination 
by methanol is blocked and little or no reaction occurs 
(Scheme I). This line of reasoning leads us to postulate 
that coordination of the alcohol a t  zinc is the first step 
toward alkoxide formation. 


The order of reactivity noted above and the consistently 
lower reactivity of ethanol suggest that one of the major 


Burlitch, Hayes, and Whitwell 


Scheme I. Romotion of Alkoxide Formation 
by Elimination of Undissociated Transition 


Metal Carbonyl Hydride 


(35) Clegg, W.; Wheatley, P. J. J. Chem. SOC., Dalton Trans. 1974,511. 


Scheme 11. Behavior of Lewis Bases as Inhibitors for 
(Transition meta1)zinc Alkoxide Formation 


LnM-Zn -ML, 


J 


driving forces for these reactions is the formation of an 
undissociated metal hydride. The K,'s of the product 
hydrides decrease as HCo(CO), >> HMn(CO), 1 HMo- 
(CO)&p > HFe(C0)2Cp36 and correlate inversely with the 
order of reactivity. Thus any process which either reduces 
the K ,  of the hydride relative to that of the alcohol or 
which removes the hydride entirely will enhance transfer 
of protons from the alcohol and formation of the alkoxide. 
Some metal carbonyl hydrides, especially HCO(CO)~ and 
HFe(C0)2Cp, are unstable toward formation of hydrogen 
and metal dimer.33J7 This process and that of volatil- 
ization, by sublimation, as used for HMn(CO), and 
HMo(CO),Cp, remove hydride. These processes are shown 
in Scheme 11. 


The facile reaction of Zn[Co(CO),], with methanol in 
hexane to form the methoxide [CH30ZnCo(C0)4]4, in 
contrast to the heterolytic dissociation seen with methanol 
as solvent, is attributed to a combination of the above 
effects. In hexane solvent the K,'s of HCo(CO), and of 
methanol would be expected to be considerably smaller 
than they are in methanol solvent. In hexane the HCo- 
(CO), formed will exist mainly as the undissociated hydride 
and will decompose to H2 and C%(CO),% or be lost through 
volatilization. In methanol, however, small amounts of 
HCO(CO)~ will exist in the dissociated form, viz., as 


(36) (a) Shiver, D. F. Acc. Chem. Res. 1970,3, 231. (b) Fischer, E. 
0.; Hafner, W.; Stahl, H. 0. Z .  Anorg. Allg. Chem. 1955,282, 46. 


(37) Green, M. L. H.; Street, C. N.; Wilkinson, G. Z .  Naturforsch., B: 
Anorg. Chem., Org. Chem., Biochem., Biophys., Biol. 1959, 14B, 738. 
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CH30H2+ and Co(CO),, and effectively inhibit formation 
of significant amounts of alkoxide. 
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Addition of NaOCH3 to (CSHS)(C0)2Ft-CH(OCH3)+PF~, 4, and to (C,H,)(CO) [P(C6HS),]Fe=CH- 
(OCH3)+PF6-, 6 led to the isolation of the stable acetals (CsHs)(C0)2FeCH(OCH3)2, 5, and (C,H,)(CO)- 
[P(C6H6)3]FeCH(OCH3)2, 7. Similarly addition of NaOCH, to (C5H6)(C0)2Fe=C(OCH3)C6Hs+BF4-, 8, 
led to the isolation of the stable ketal (CSHs)(C0)2FeC(OCH3)2C6Hs, 9. 


Introduction 
Anionic ketal derivatives of metal acyl compounds have 


previously been suggested as unstable intermediates in the 
exchange of alkoxy groups of alkylalkoxycarbene com- 
ple~es ' -~ and in the conversion of alkylalkoxycarbene 
complexes into (2,2-dia&oxyacyl)metal complexes.23 Here 
we report the synthesis and isolation of stable neutral 
acetal and ketal derivatives related to metal formyl and 
metal acyl complexes. A dithioacetal complex, (C5H5)- 
(CO),Fe[C(H)S(CH,),S], and ortho ester complexes such 
as (CSHS)(C0),FeC(SCH3), have recently been r e p ~ r t e d . ~  


, . 


Results and Discussion 
In the course of studying the reactions of [(C,H,)- 


(CO),Fe=C(OCH3)CH3]+BF4-, 1, with methyl organo- 
metallic reagents, we found that deprotonation to give the 
vinyl ether (CSHs)(C0)2Fe-C(OCH3)=CH2, 2, was a 
major product of the reaction with methyllithium., In an 
attempt to prepare a pure sample of vinyl ether 2, we 
examined the reaction of l6 with NaOCH, in CH2C1, at -78 


(1) Kreiter, C. G. Angeu. Chem., Znt. Ed. Engl. 1968, 7,390. 
(2) Fischer, E. 0.; Schubert, U.; Kalbfus, W.; Kreiter, C. G. 2. Anorg. 


(3) Schubert, U.; Fischer, E. 0. Justus Liebigs Ann. Chem. 1975,393. 
(4) McCormick, F. B.; hgelici, R. J.; Pickering, R. A.; Wagner, R. E.; 


(5) Casey, C. P.; Miles, W. M.; Tukada, H.; OConner, J. M. J. Am. 


(6) The PFs7  and CF$S08-* salts related to 1 have been reported 


Allg. Chem. 1976,416, 135. 


Jacobson, R. A. Znorg. Chem. 1981,20,4108. 


Chem. SOC. 1982,104, 3761. 


ureviouelv. 
(7) Bohner, T.; LaCroce, S. J.; Cutler, A. R. J. Am. Chem. SOC. 1980, 


102. 3292. 
(8) Brookhart, M.; Tucker, J. R.; Husk, G. R. J. Am. Chem. SOC. 1981, 


103, 979. 


"C. In addition to vinyl ether 2, this reaction also produced 
(C6HS)(C0),FeCOCH3 and the dimethyl ketal (C,H,)(C- 
0)2FeC(OCH3)2CH3, 3, in a 55:6:39 ratio. Dimethyl ketal 
3 was tentatively identified by the 'H NMR (CDC1,) 
spectrum of the mixture which had resonances at  6 4.84, 
3.20, and 1.80 in an area ratio of 5:63 in addition to peaks 
due to 2. Attempted purification of 3 by both vacuum 
sublimation and alumina chromatography failed. Similar 
treatment of 1 with the more hindered base potassium 
tert-butoxide led to the isolation of vinyl ether 2 in 87% 
yield. The related conversion of (C,H5)(CO)[P(C6H,),]- 
Fe=C(OCH2CH3)CH3+ to (C,H5)(CO)[P(C,H,),]FeC(OC- 
H2CH3)=CH2 has been reported by Davison and Regerag 


e -  e e 


This observation of a mixture of compounds containing 
a stable ketal of a metal acyl complex led us to attempt 
the synthesis of pure compounds containing this new 
functional group by studying the reactions of methoxide 
with cationic iron methoxycarbene complexes which cannot 
be deprotonated to vinyl ether complexes. 


The preparation of an acetal complex related to a metal 
formyl complex was achieved by addition of methoxide to 
(C&) ( C0)2Fe=CH ( OCH3)+PF6- (4) .lo The acetal com- 
plex (C5H,)(C0)2FeCH(OCH3)2 (5) was isolated as a yellow 
oil in 77% yield and was characterized by lH and l3C NMR 
and by IR spectroscopy. Similarly, addition of methoxide 
to (C5Hs)(CO) [P(C6H6)3]Fe=CH(OCH3)+PF6- (6)1° gave 
the acetal complex (C,H,) (CO) [ P (C6H5) 31 FeCH ( OCH,) 
(7) in 99% yield as a yellow solid. In the 'H and 13C NMR 


(9) Davison, A.; Reger, D. L. J. Am. Chem. SOC. 1972, 94, 9237. 
(10) Cutler, A. R. J. Am. Chem. SOC. 1979, 101, 604. 
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CH30H2+ and Co(CO),, and effectively inhibit formation 
of significant amounts of alkoxide. 
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Mnz(CO)l,,, 10170-69-1; Zn[Re(CO)&, 33728-44-8; Rez(CO),o, 
14285-68-8; Hg[Re(CO)&, 33728-46-0; [CH30ZnMn(CO)6]4, 38999- 
01-8; [C2Hs0ZnMn(CO)s]4, 38999-02-9; HMn(C0)6, 16972-33-1; Zn- 
[Mo(CO)3Cp]z, 54244-98-3; [Mo(CO)SCp]Z, 12091-64-4; 
[CH30ZnMn(CO)~Cp],, 82246-76-2; [CzHsOZnMo(CO)3Cp],, 82264- 
85-5. _ _  -. 


by the Materials Science Center which also provided 
support for the structure determination. Supplementary Material Available: Table VI1 (calculated 


planes), Table VI11 (thermal mrameters), Table XI (calculated 
Registry No. Zn[Fe(CO)2Cp]z, 82246-68-2; [Fe(CO)zCp]2, 12154- 


95-9; Z~[CO(CO)~], ,  16985-99-2; [CHaOZnCo(CO)4]4, 38999-00-7; 
H atom positions), and a listkg of structure factor amplitudes 
(32 pages). Ordering information is given on any current masthead 
page. HCO(CO)~, 16842-03-8; [HOZ~CO(CO)~],, 82246-70-6; HFe(CO)&p, 
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Addition of NaOCH3 to (CSHS)(C0)2Ft-CH(OCH3)+PF~, 4, and to (C,H,)(CO) [P(C6HS),]Fe=CH- 
(OCH3)+PF6-, 6 led to the isolation of the stable acetals (CsHs)(C0)2FeCH(OCH3)2, 5, and (C,H,)(CO)- 
[P(C6H6)3]FeCH(OCH3)2, 7. Similarly addition of NaOCH, to (C5H6)(C0)2Fe=C(OCH3)C6Hs+BF4-, 8, 
led to the isolation of the stable ketal (CSHs)(C0)2FeC(OCH3)2C6Hs, 9. 


Introduction 
Anionic ketal derivatives of metal acyl compounds have 


previously been suggested as unstable intermediates in the 
exchange of alkoxy groups of alkylalkoxycarbene com- 
p le~es ' -~  and in the conversion of alkylalkoxycarbene 
complexes into (2,2-dia&oxyacyl)metal complexes.23 Here 
we report the synthesis and isolation of stable neutral 
acetal and ketal derivatives related to metal formyl and 
metal acyl complexes. A dithioacetal complex, (C5H5)- 
(CO),Fe[C(H)S(CH,),S], and ortho ester complexes such 
as (CSHS)(C0),FeC(SCH3), have recently been r e p ~ r t e d . ~  


, . 


Results and Discussion 
In the course of studying the reactions of [(C,H,)- 


(CO),Fe=C(OCH3)CH3]+BF4-, 1, with methyl organo- 
metallic reagents, we found that deprotonation to give the 
vinyl ether (CSHs)(C0)2Fe-C(OCH3)=CH2, 2, was a 
major product of the reaction with methyllithium., In an 
attempt to prepare a pure sample of vinyl ether 2, we 
examined the reaction of l6 with NaOCH, in CH2C1, at  -78 


(1) Kreiter, C. G. Angeu. Chem., Znt. Ed. Engl. 1968, 7,390. 
(2) Fischer, E. 0.; Schubert, U.; Kalbfus, W.; Kreiter, C. G. 2. Anorg. 


(3) Schubert, U.; Fischer, E. 0. Justus Liebigs Ann. Chem. 1975,393. 
(4) McCormick, F. B.; hgelici, R. J.; Pickering, R. A.; Wagner, R. E.; 


(5) Casey, C. P.; Miles, W. M.; Tukada, H.; OConner, J. M. J. Am. 


(6) The PFs7  and CF$S08-* salts related to 1 have been reported 


Allg. Chem. 1976,416, 135. 


Jacobson, R. A. Znorg. Chem. 1981,20,4108. 


Chem. SOC. 1982,104, 3761. 


ureviouelv. 
(7) Bohner, T.; LaCroce, S. J.; Cutler, A. R. J. Am. Chem. SOC. 1980, 


102. 3292. 
(8) Brookhart, M.; Tucker, J. R.; Husk, G. R. J. Am. Chem. SOC. 1981, 


103, 979. 


"C. In addition to vinyl ether 2, this reaction also produced 
(C6HS)(C0),FeCOCH3 and the dimethyl ketal (C,H,)(C- 
0)2FeC(OCH3)2CH3, 3, in a 55:6:39 ratio. Dimethyl ketal 
3 was tentatively identified by the 'H NMR (CDC1,) 
spectrum of the mixture which had resonances a t  6 4.84, 
3.20, and 1.80 in an area ratio of 5:63 in addition to peaks 
due to 2. Attempted purification of 3 by both vacuum 
sublimation and alumina chromatography failed. Similar 
treatment of 1 with the more hindered base potassium 
tert-butoxide led to the isolation of vinyl ether 2 in 87% 
yield. The related conversion of (C,H5)(CO)[P(C6H,),]- 
Fe=C(OCH2CH3)CH3+ to (C,H5)(CO)[P(C,H,),]FeC(OC- 
H2CH3)=CH2 has been reported by Davison and Regerag 


e -  e e 


This observation of a mixture of compounds containing 
a stable ketal of a metal acyl complex led us to attempt 
the synthesis of pure compounds containing this new 
functional group by studying the reactions of methoxide 
with cationic iron methoxycarbene complexes which cannot 
be deprotonated to vinyl ether complexes. 


The preparation of an acetal complex related to a metal 
formyl complex was achieved by addition of methoxide to 
(C&) ( C0)2Fe=CH ( OCH3)+PF6- (4) .lo The acetal com- 
plex (C5H,)(C0)2FeCH(OCH3)2 (5) was isolated as a yellow 
oil in 77% yield and was characterized by lH and l3C NMR 
and by IR spectroscopy. Similarly, addition of methoxide 
to (C5Hs)(CO) [P(C6H6)3]Fe=CH(OCH3)+PF6- (6)1° gave 
the acetal complex (C,H,) (CO) [ P (C6H5) 31 FeCH ( OCH,) 
(7) in 99% yield as a yellow solid. In the 'H and 13C NMR 


(9) Davison, A.; Reger, D. L. J. Am. Chem. SOC. 1972, 94, 9237. 
(10) Cutler, A. R. J. Am. Chem. SOC. 1979, 101, 604. 
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spectra of 7, separate signals were observed for the dia- 
stereotopic methoxy groups. When NaOCD, (prepared 
from 8 mg of Na, 0.348 mmol, in 0.45 mL of CD30D) was 
added to 6 (110 mg, 0.182 mmol) in 15 mL of CH2C12 a t  
-78 "C, a 9:l mixture of the diastereomers of (C,H,)(C- 
O)[P(C6H5),]FeCH(OCH3)(0CD,) was obtained. The lH 
NMR indicated that the major diastereomer had a meth- 
oxy resonance a t  6 2.83 and the minor diastereomer had 
a methoxy resonance a t  6 3.12. High stereospecificity was 
also observed by Gladysz" in deuteride addition to 
(C&i)(NO) [P(C~H&IR-CHC~HS+. 


Casey, Tukada, and Miles 


H3)2CH3 (3,39%), and (C&S)(C0)2FeCOCH3 (6%). Attempted 
isolation of 3 either by vacuum ablimation (60 "C mm)) 
or by chromatography on alumina led to decomposition. 


A THF solution of potassium tert-butoxide (150 mg, 1.34 "01) 
was added to a solution of 1 (409 mg, 1.27 mmol) in CHzClz at 
-78 OC. Solvent was evaporated under vacuum below 0 OC, and 
the residue was extracted with hexane (5 X 5 mL). The hexane 
extract was fiitered through Celite and solvent evaporated under 
vacuum to give pure 2 (260 mg, 87%) as a yellow oil; 'H NMR 
(CDCl3, 100 MHz) 6 4.80 (s, 5 H), 4.59 (d, J = 1.5 Hz, 1 H), 4.02 
(d, J = 1.5 Hz, 1 H), 3.52 (8,  3 H); "C NMR (CsDs, 15 MHz) 6 
216.2 (CO), 176.6 (CH=CH2), 97.3 (CH=CH&, 85.6 (C&), 56.3 
(OCH,); Et (CH2Cl& 2018,1969 cm-'; exact mass 233.9979, calcd 
for CloHlo03Fe 233.9979. 
(CSHS)(CO)2F&H(OCH3)2 (6). Sodium methoxide (54 mg, 


1.00 mmol) in 3 mL of methanol was added to a suspension of 
(C&~(C0)2F~H(OCH3)+PF6-, 'o 4 (269 mg, 0.82 mmol), in 10 
mL of CH2C12 at -78 "C. Solvent was evaporated under vacuum 
below 0 OC, and residue was extracted with hexane (5 X 5 mL). 
The hexane extract was filtered and evaporated under vacuum 
to give 6 (160 mg, 77%) as a yellow oil: 'H NMR ( cas ,  100 MHz) 
6 6.58 (8 ,  1 H, FeCH), 4.39 (8,  5 H, CsHs), 3.38 (8,  6 H, OCH,); 
'3c NMR (c&& off resonance decoupled, 15 MHz)  6 217.1 (s, CO), 
116.2 (d, FeCH), 86.0 (d, Cas),  54.9 (4, OCHJ; IR (CH2C1& 2002, 
1952 cm-*. 
(C&s)(CO)[P(CJ3s)3]FeCH(OCH3)2 (7). Sodium methoxide 


(25 mg, 0.46 "01) in 2.5 mL of methanol was added to a solution 
of 61° (215 mg, 0.36 mmol) in CHzC12 at -78 OC. Solvent was 
evaporated under high vacuum at room temperature. The residue 
was extracted with toluene (5 X 8 mL). The toluene extract was 
filtered through Celite and evaporated under vacuum to give 7 
(173 mg, 99%) as a yellow crystalline powder: mp 160-162 "C 
dec; 'H NMR (CDCl,, 100 MHz) 7.3 (m, 15 H, c&H,), 4.69 (d, JPH 
= 6 Hz, 1 H, FeCH), 4.42 (d, JpH = 1 Hz, 5 H, CsHS), 3.12 (8,  3 
H, diastereotopic OCH,), 2.83 (s ,3  H, diastereotopic OCH,); 13C 
NMR (CD2C12, 0.02 M Cr(acac),, 15 HMz) 6 222.6 (d, J ~ c  = 31.3 
Hz, CO) 136.6 (d, Jpc = 40.0 Hz, ipso), 134.0 and 128.2 (d, Jpc 
= 9.8 Hz, and d, J ~ c  = 8.8 Hz, ortho and meta), 129.6 (para), 125.6 
(d, J ~ c  = 23.4 Hz, FeCH), 85.9 (Cad ,  58.7 and 55.0 (diastereotopic 
OCH,); IR (CH2C12) 1904 cm-'. Anal. Calcd for CZ7Hz7FeO3P: 
C, 66.68; H, 5.59. Found: C, 67.11; H, 5.74. 
(CsH6)(C0)2FeC(OCH3)zC6Hs (9). A methanol solution of 


NaOCH, (45 mg, 0.83 mmol in 2 mL) was added to a solution of 
(CsHs)(C0)2Fe=C(OCH3)C6Hs~BF~~ (8") (250 mg, 0.65 mmol), 
in 10 mL of CHzClz at -78 "C. Solvent was evaporated under 
high vacuum below 0 OC, and the residue was dissolved in toluene. 
Evaporation of toluene gave 9 (170 mg, 80%) as a yellow cwtdine 
powder: mp 97-98.5 OC; 'H NMR (CDCl,, 100 MHz) 6 7.4 (m, 


(CD2C12, 15 MHz) 6 217.3 (CO), 127.8 and 124.6 (ortho and meta), 
125.9, 125.2, and 121.0 (ipso, para, and FeCH), 87.5 (CsHs), 51.3 
(OCHJ; IR (CH2C1& 2000,1955 cm-'. Anal. Calcd for Cl&lpe04: 
C, 58.56; H, 4.91. Found: C, 58.71; H, 5.22. 


Acknowledgment. Research support from the Na- 
tional Science Foundation is gratefully acknowledged. 


Registry No. 1, 81939-66-4; 2, 82246-54-6; 3, 82246-55-7; 4, 


5 H, C&), 4.40 (9, 5 H, CsHS), 3.20 (8 ,  6 H, OCH,); 13C NMR 


69621-12-1; 5,82246-56-8; 6,69621-16-5; 7,82246-57-9; 8,82246-58-0; 
9, 82246-59-1; (C6H5)(C0)2FeCOCH8, 12108-22-4. 


The acetal complex 7 can be converted back to meth- 
oxycarbene complex 6 by treatment with strong acid. For 
example, addition of an ether solution of 7 (43 mg, 0.088 
mmol in 20 mL) to an ether solution of HBFl (0.16 "01) 
at -10 "C led to loas of methoxide and precipation of 6 (40 
mg, 84% yield). Similarly, demethoxylation of 7 was ac- 
complished by treatment with (C&)&+PF6-. 


Attempts to  add NaOCH, to the diphosphine adduct 
C,H,[ (C6HS)2PCH2CH2P(C6H6)2]Fe=CH(OCH3)+PF6- 
resulted only in the reisolation of starting material. The 
strongly electron-donating and bulky phosphine ligands 
either prevent nucleophilic attack of methoxide or make 
adduct formation thermodynamically unfavorable. 


An example of a stable ketal complex of an iron acyl 
complex was also synthesized. Addition of methoxide to 
(CSHS)(C0)2Fe=C(OCH3)C6HS+BF4- (8)' led to  the for- 
mation of the ketal (C&S)(C0)2FeC(OCH3)2C$15 (9) which 
was isolated as yellow crystalline powder in 80% yield. 


In summary, the results reported here establish that 
acetal and ketal derivatives of metal formyl and metal acyl 
complexes can be stable and readily isolated materials. 


Experimental Section 
General Data. All reactions were carried out under an at- 


mosphere of dry nitrogen by using degassed solvents. NMR 
spectra were recorded on JEOL MH-100, FX-60, or Brucker 
WH-270 spectrometers. Infrared spectra were recorded on a 
Beckman 4230 infrared spectrometer. Mass spectra were recorded 
on an AEI-MS-902 spectrometer at 70 eV. 
(C$ls)(C0)2FeC(OCH3)=CH2 (2). A suspension of NaOCH, 


(108 mg, 2.0 mmol) in 2 mL of THF was added to a solution of 
1 (644 mg, 2.0 m m ~ l ) ~ * ~  in 15 mL of CHzClz at -78 OC. After 
evaporation of solvent under high vacuum below 0 "C, the residue 
was extracted with hexane to give 310 mg of a oil which was shown 
by 'H NMR to be a mixture of 2 (55%), (CSHs)(C0)2FeC(OC- 


(11) Kid, W. A.; Lin, G.-Y.; Gladysz, J. A. J. Am. Chem. SOC. 1980, 
102, 3299. 
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The structure of (q6-C6H6)(CO)2MnC(OEt)Ph has been determined by X-ray diffraction. Cell dimensions 
are as follows: a = 756.0 (3) pm, b = 722.8 (4) pm, c = 2652 (1) pm, @ = 94.11 (4)O, V = 1445 X loe pm3; 
space group B 1 / c  (2 = 4). R = 0.085 and R, = 0.068 for the 945 reflections with F, 1 3.92a(F0). The 
Mn-C(carbene) distance is 186.5 (14) pm. A comparison of all known structures of (q6-C5H5)- or ( f -  
CH3C5H4) (CO),Mn-carbene complexes shows that the orientation of the carbene plane approximately m 
the mirror plane of the (q5-C6H6)(CO),Mn fragment is more favorable than the orientation perpendicular 
to it, in agreement with theoretical predictions. However, the structural parameters also show that the 
conformations found in the structures are largely determined by the substituents at the carbene carbon 
atom and by crystal packing forces. Therefore, the differences in energy among the different conformations 
should be small. Because of the high *-donating ability of the (q6-C5H5)(C0),Mn moiety, the electronic 
influence of the organic substituents at the carbene carbon upon the metal-carbene carbon bond is weak 
as long as they are not better u donors than the metal-containing moiety. 


Introduction 
The importance of transition-metal complexes contain- 


ing terminal carbene (alkylidene) ligands in organometallic 
chemistry need not be emphasized. Although their chem- 
ical behavior may differ considerably (e.g., electrophilic 
“Fischer-typeni v8. nucleophilic “Schrock-typen2 complexes 
as limiting cases), they share a common feature-an 
sp2-hybridized carbon atom bonded to a metal by a (par- 
t idy)  double bond. The prerequisite for an understanding 
of the reactivity of such complexes is to understand their 
geometries and the nature of the bond between the carbene 
ligand and the metal-containing moiety. Theoretical 
studies are able to supply basic concepts but usually are 
restricted to idealized or simple complexes. The geome- 
tries of more complex molecules are obtained by diffraction 
methods, but interpretation of the structural parameters 
in terms of bonding can be speculative if it is based on a 
single structure. However, if one compares the structures 
of two or more compounds that only differ by a single 
substituent or ligand, the influence of the replaced group 
on the bonding situation and the overall geometry can be 
followed by the changes in structural parameters. In a 
series of papers we were thus able to show the following 
from X-ray structure determinations of carbene complexes 
of the Fischer-type: (i) that regardless of a formal met- 
al-carbon double bond (derived from electron bookkeep- 
ing) the actual bond order may even be close to 1 3 9 4  or 
larger than 2,5 depending on the electronic nature of the 
groups bonded to the carbene carbon atom; (ii) that the 
three groups (including the metal-containing moiety) 
bonded to the carbene carbon atom compete with one 
another for u bonding and that therefore any bond length 
around the carbene carbon atom depends on the u-do- 
nating ability of each (iii) that the bond angles 


(1) Fischer, E. 0. Pure Appl. Chem. 1970,24,407-423; 1972,30,353- 
372; Angew. Chem. 1974,86,661-663; Adv. Organomet. Chem. 1976.14, 


(2) Schrock, R. R. Acc. Chem. Rea. 1979,12, 98-104. 
(3) Voran, S.; Blau, H.; Malisch, W.; Schubert, U. J. Organomet. 


(4) Malisch, W.; Blau, H.; Schukrt, U. submitted for publication in 


(5) Fischer, E. 0.; Kleine, W.; Schambeck, W.; Schubert, U. 2. Na- 


(6) Schubert, U. J. Organomet. Chem. 1980,186, 373-384. 


1-32. 


Chem. 1982,232, C33-40. 


Chem. Ber. 


turforsch., B: Anorg. Chem. Org. Chem. 1981,36B, 1575-1579. 


at  the carbene carbon atom are strongly influenced by 
steric interactions!i8 


The structural study of Cp(CO),MnC(OEt)Ph (Cp = 
q5-C5H6, MeCp = q5-CH3C5H4) was undertaken for two 
reasons. (1) Recently, Kostie and Fenske made detailed 
predictions about the geometry of Cp(CO),MnC(OMe)Ph 
on the basis of molecular orbital (MO)  calculation^,'^ thus 
stimulating a structural investigation. (2) The structure 
of Cp(CO)&fnC(OEt)Ph can be compared with the known 
structures of Cp- or MeCp(CO),MnC(X)Ph (X = F,6 0- 
Ph,’O COPh”) and [Cp(C0)2MnC(Ph)]20.12 By th i t  
comparison the influence of replacing the alkoxy substit- 
uent for another one (while keeping the remainder of the 
molecule intact) on geometry and bonding in carbene 
complexes with strongly u-donating metal-containing 
moieties can be studied. 


Experimental Section 
Crystals of Cp(CO)2MnC(OEt)Ph14 were obtained by crys- 


tallization from a hexane solution. A crystal (0.3 X 0.3 X 0.2 mm) 
was mounted on a Syntex P21 automatic four-circle diffractometer 
equipped with a scintillation counter and a graphite monochro- 
mator. Mo Ka radiation (A = 71.069 pm) was used for all mea- 
surements. Centering and refinement of 15 reflections from 
different parts of the reciprocal space resulted in the following 
unibcell dimensions: a = 756.0 (3) pm, b = 722.8 (4) pm, c = 2652 
(1) pm, B = 94.11 ( 4 ) O ,  V = 1445 X lo6 pm3 (at -20 & 2 “C). By 
systematic absences space group R 1 / c  was established; d(calcd) 
= 1.425 g/cm3. Diffraction intensities were measured at the same 
temperature in an w-scan mode for which the scan range was 0.9O; 
the scan rate varied as a function of maxi” peak intensity from 
1.2 to 29.3 min-*. Background radiation was measured on each 
side of the reflection center for half of the total scan time. A 


(7) Schubert, U.; Ackermann, K.; Tran Huy, N. H.; RB11, W. J. Orga- 


(8) Schubert, U.; Ackermann, K.; Rustemeyer, P. J.  Organomet. 
nomet. Chem. 1982,232, 155-162. 


Chem. 1982,231, 323-334. 
(9) Hgdicke, E.; Hoppe, W. Acta Crystallogr. Sect. B 1971, B27, 


760-768. Though this compound is no carbene complex but a metal 
acylate, the bonding situation around C(acy1) is the &e. 
(10) Haymore, B. L.; Hillhouse, G.; Herrmann, W. A., unpublished 


results. I thank Professor W. A. Herrmann for communicating these 
results. 
(11) Redhouse, A. D. J. Organomet. Chem. 1976, 99, C29-C30 and 


unpublished atomic coordinates, supplied by Professor W. A. Herrmann. 
(12) Fischer, E. 0.; Chen, J.; Schubert, U. 2. Naturforsch., in press. 
(13) KostiE, N. M.; Fenske, R. F. J. Am. Chem. Soc., in press. 
(14) Fischer, E. 0.; Maasbbl, A. Chem. Ber. 1967, 100, 2445-2456. 
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Table I. Positional and Thermal Parameters with Their Standard Deviations for (n-C,H,)(CO),MnC(OC,H, )C,H, 
atom X Y 2 B, A' atom X Y z B, A' 


0.2906 (3)  
0.405 ( 2 )  
0.233 (2 )  
0.189 (1) 
0.477 (2)  
0.586 (1) 
0.059 (2)  


0.255 ( 2 )  
0.144 (2)  


0.199 ( 2 )  


0.2339 (3)  
0.070 (2 )  
0.046 (2)  


0.292 (2 )  
0.343 (1) 
0.302 (2 )  
0.415 (2)  
0.520 (2)  
0.476 (2 )  


-0.073 (1) 


0.08908 (7 )  
0.1339 (5 )  
0.0475 (6 )  
0.0208 (4 )  
0.0539 (5 )  
0.0301 (4)  
0.1290 (5 )  2.8 ( 3 )  
0.1468 (5 )  3.0 (3)  
0.1070 (5)  2.9 ( 3 )  
0.0634 (5 )  2.7 (3 )  


0.025 (2)  
0.533 (1) 
0.632 (2 )  
0.759 (2)  
0.345 (2 )  
0.430 ( 2 )  
0.367 (2 )  


0.137 (2) 
0.197 (2)  


0.221 (2 )  


0.341 (2)  
-0.058 (1) 
-0.068 (2 )  
-0.227 (2)  


0.035 (2 )  
0.127 (2)  
0.105 (2)  


-0.003 (2 )  
-0.094 (2)  
-0.076 (2)  


0.0762 (5 )  2.3 (3 )  
0.1307 (3)  
0.0855 (5 )  2.8 (3)  
0.0929 (5 )  3.6 (3)  
0.1866 (5)  2.0 (3)  
0.2274 (5) 2.0 (3 )  
0.2759 (5)  3.0 (3 )  
0.2825 (5) 2.6 (3 )  
0.2422 (6 )  2.9 (3)  
0.1936 (5)  2.2 (3)  


atom Blla BZ 2 B33 B , ,  B 1 3  B 2 3  


Mn 2.07 (9)  1.5 (1) 1.71 (8) 0.5 (1) 0.32 (6)  0.1 (1) 


2.0 (8) 2.0 (8) 3.2 (9 )  1.2 (7)  0.7 ( 7 )  -0.2 (7 )  
C(1) 


4.0 (8) 3.7 (6)  3.8 (6)  0.6 (5) -0.3 (5)  -1.9 (5)  
C(2) 
C(2) 
(73) 
O(3) 
O(1) 


atom X Y 2 atom X Y z 


2.3 (8) 2.8 (8) 1.5 (7)  -0.9 (7 )  0.3 (6 )  -1.5 (6)  


3.0 (8) 1.1 (8 )  2.3 (7 )  0.4 (7 )  -0.7 (6)  0.2 (6)  
4.1 ( 7 )  3.4 (6 )  4.8 (7 )  1.1 (5)  2.5 (5 )  2.8 (5)  
2.3 (5)  2.8 (5)  1.8 ( 5 )  0.8 (4 )  0.6 (4 )  0.6 (4)  


H21 0.528 
H22 0.433 
H23 0.176 
H24 0.035 
H25 0.137 
H4 0.005 
H5 0.246 
H6 0.356 


0.208 
0.166 


-0.017 
-0.171 
-0.138 


0.214 
0.422 
0.606 


0.221 H7 0.147 0.536 0.031 
0.305 H8 -0.070 0.288 0.054 
0.315 H I 1 1  0.557 -0.091 0.056 
0.250 H112 0.698 0.041 0.079 
0.164 H121 0.842 -0.190 0.112 
0.150 H122 0.803 -0.271 0.063 
0.182 H123 0.706 -0.331 0.109 
0.109 


a The form of the anisotropic thermal parameter is exp[-l/,(h2a*zBll t hzb*zB,, t Z2~*zB33 + 2hka*b*Bl, t 
2hla*c*Bl, + 2klb*c*B,,)]; Bij in 10" pm2. 


Table 11. Bond Lengths (pm) and Angles (Be) with Their Standard Deviations 


Mn-C( 1) 
Mn-C( 2) 
Mn-C( 3) 
Mn-C( 4) 
Mn-C( 5) 
Mn-C( 6 )  
Mn-C(7) 
Mn-C( 8) 
C( 1)-0( 1) 


C( 1)-Mn-C( 2) 
C( l)-Mn-C( 3 )  
C( 1)-Mn-C( 4) 
C( 1)-Mn-C( 5) 
C( 1)-Mn-C( 6) 
C( 1)-Mn-C( 7)  
C( l)-Mn-C(8) 
C(2)-Mn-C( 3) 
C( 2)-Mn-C( 4) 
C( 2)-Mn-C( 5) 
C( 2)-Mn-C( 6) 
C( 2)-Mn-C( 7 )  


186.5 (14) 
179.5 (14) 
180.5 (15) 
217.7 (14) 
217.7 (14) 
215.0 (14) 
216.7 (15) 
217.4 (14)  
135.6 (17) 


90.3 (7 )  
97.8 (6)  


100.7 (6)  
94.7 (6 )  


122.0 (6)  
158.4 (6)  
136.0 (6 )  


107.8 (6 )  
145.1 (6)  
147.1 (6)  
108.2 (6 )  


91.1 (7 )  


Bond Lengths 
153.6 (19) 
147.1 (17) 
150.7 (21) 
115.9 (18) 
114.3 (18) 


C(4)-C(5) 139.5 (20) 
140.2 (20) 
143.9 (21)  


C( 1 ) 4 ( 2 0 )  
O( 1)-C( 11) 


C(2)-0(2 1 
C( 3)-0(3) 


C( 5 )-C( 6 1 
C( 6)-C(7 1 


C( 11 j-C( 12) 


ci 3 j-wc('4 j 
C( 3)-Mn-C( 5 )  
C( 3)-Mn-C( 6) 
C( 3)-Mn-C( 7)  
C( 3)-MnG( 8) 
Mn-C( 1)-O( 1) 
MnG(  1)C( 20) 
O( l)-C( 1)-C( 20) 
Mn-C( 2)-O( 2) 
Mn-C( 3)-O( 3) 


Bond Angles 
C( 2 bMn-C 8 89.1 (6)  


153.3 (61 
122.1 ( 6 j  
90.4 (6)  
93.1 (6)  


126.1 (6 )  
134.6 (10) 
123.2 (10) 
101.7 (11) 
177.4 (13)  
173.6 (13) 


reference reflection measured every 50 reflections showed no 
significant deviation in ita intensity. A total of 1926 independent 
reflections were collected ( 2 O  5 28 5 4 8 O ) .  Intensity data were 
corrected for Lorentz and polarization effects; absorption cor- 
rection was not applied & = 6.7 cm-'). The structure was solved 
by the heavy-atom method (Syntex XTL); positions of some 
hydrogen atoms were calculated according to the idealized ge- 
ometry. Atomic coordinates and temperature factors of the 
non-hydrogen atoms and a scale factor (116 variables) were refined 
by full-matrix least squares with 945 structure factors (F, 2 
3.92a(F0)). Hydrogen atoms were included as fixed-atom con- 
tributions (Bb = 4.0 A2). Final R1 = 0.085 and Rz = 0.068, where 
Ri = ZlIFol - I ~ ~ l l / Z I ~ o l  and Rz = (Cw(lFo! T lFc1)2/XwF~)"2 
( l / w  = u2(Fo) + O.OO0225Fo2). The final positional and thermal 
parameters are listed in Table I. Table I1 contains interatomic 
bond lengths and angles. Table 111, the observed and calculated 
structure factors, is available as supplementary material. 


C(7)-C(8) 
C ( 8 ) 4 ( 4 )  
C( 2 0 ) 4 (  21) 
C(21)C(22)  
C(22)-C(23) 
C ( 2 3 ) 4 ( 2 4 )  
C ( 2 4 ) 6 (  25) 
C( 25)-C( 20) 


C( 4)-C( 5)-C( 6 )  
C ( 5 ) 4 ( 6 ) 4 ( 7  1 
C( 6)-C(7)-c(8) 
C ( 7 ) 4 ( 8 ) 4 ( 4 )  


C( 20)4(21)-C(22) 


C( 8)-C( 4)-C( 5) 
C(25)4(2O)-C(21) 


C ( 2 1 ) 4 (  22)-C( 23) 
C( 22) -C( 23)-C( 24) 
C( 23)-C(24)-C(25) 
C( 24)-C( 25)-C( 20) 


138.7 (20) 
145.2 (19) 
140.6 (19) 
142.4 (20) 
138.0 (20) 
139.0 (20) 
141.5 (20)  
140.5 (19) 


108.8 (12)  
107.6 (13) 
108.4 (13) 
107.4 (12) 
107.8 (12) 
120.3 (12) 
119.5 (12)  
120.0 (13) 
120.4 (13) 
120.9 (13)  
118.9 (12)  


Results and Discussion 
Conformation. In Cp(CO),MnCXY complexes with 


two different organic substituents X and Y at the  carbene 
carbon (generally in any (r-arene) (CO),MCXY complex), 
there are three different idealized conformations (A, B, and 
C in Figure l ) ,  as far as the  mutual orientation of t he  
carbene plane and the Cp(CO),Mn moiety is concerned. 
In A the carbene plane is perpendicular to the mirror plane 
of the Cp(CO),Mn fragment with C, symmetry. In both 
B and C the carbene plane coincides with the mirror plane. 
However, B and C differ by  the  positions of the organic 
substituents. MO  calculation^^^^^^ have shown that in 


(15) Schilling, B. E. R.; Hoffman, R.; Lichtenberger, D. L. J. Am. 
Chem. SOC. 1979,101, 585-591. 
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MO calculations were restricted to four idealized confor- 
mations, which certainly do not reproduce the potential 
surface sufficiently well. Rigorous conformational study 
would require variations in several structural parameters. 
Therefore the numerical values for the relative energies 
are not certain. 


If one assumes that the actual energy differences be- 
tween the various conformations are smaller than the ones 
calculated by KostiE and Fenske (for C P ( C O ) ~ M ~ C H ~  
Schilling, Hoffmann, and Lichtenberger16 have calculated 
conformation B (=C) to be more stable than A by 6.2 
kcal/mol), than these values reach the magnitude of 
packing forces. In this case the conformation found in the 
crystalline state does not necessarily correspond to the 
conformation that is lowest in energy in the gas phase or 
in s01ution.l~ 


Comparison of all known structures of Cp- or MeCp- 
(CO)2Mn-carbene c o m p l e x e ~ ~ ~ ~ ~ + ~ ~ J ~ ~ ~  clearly shows that, 
as predicted by theory,13*ls the orientation of the carbene 
plane approximately in the mirror plane of the C ~ ( c 0 ) ~ M n  
fragment (B and C in Figure 1) is more favorable than the 
orientation-perpendicular to it (A in Figure 1). Confor- 
mation A is found in only two structures: CP(CO)~M~C- 
(menthyl)OMe21 and MeCp(CO)zMnC(OMe)C(Me)PMe3.4 
In both of these complexes the carbene carbon atom carries 
bulky substituents, which probably force the carbene plane 
to orient in a less favorable way with respect to the Cp- 
(C0)2Mn fragment.22 


If only structures of phenyl-substituted carbene com- 
plexes Cp: or MeCp(CO)2MnC(X)Ph are compared with 
each other (Table IV), one can clearly find a preference 
for conformation B2,23 which MO calculations have pre- 
dicted to be the most stable one for CP(CO)~M~C- 
(OMe)Ph.13 One cannot even exclude the possibility that 
this conformation would be found in crystalline Cp- 
(CO)2MnC(OMe)Ph. The fact that Cp(CO),MnC(OEt)Ph 
has a conformation different from those of most of the 
other Cp(CO)2MnC(X)Ph complexes and the fact that 
some Cp(CO)zMn-carbene complexes even adopt confor- 
mation A prove that the conformation easily can be ad- 
justed to steric or crystal lattice requirements. This means 
that the differences in energy between conformations A, 
B, and C, in particular between B and C, cannot be large. 


The same should be true for Bz(CO)zCr-carbene com- 
plexes (Bz = qs-C6Hs). MO calculations predict a reori- 
entation of the carbene plane (A in Figure 1) in comparison 
with C~(CO)~Mn-carbene ~omp1exes.l~ Indeed, confor- 
mation A2 is found in crystalline Bz(CO)zCrC(OMe)Ph.G 
However, this is the only known structure of a carbene 
complex of this kind, and one cannot exclude the possi- 
bility of finding conformations B or C (Figure 1) in later 
structure determinations, provided that substituents with 
different steric or packing properties are bonded to the 
carbene carbon. 


A2 AI 


c2 c1 
Figure 1. Idealized pwible conformations of carbene complexes 
Cp(CO)2MnC(X)Ph. 


Figure 2. Perspective drawing of Cp(CO)2MnC(OEt)Ph. All 
hydrogen atoms have been omitted for clarity. 


carbene complexes of this type there is a barrier for the 
rotation of the carbene ligand about the metal-C(carbene) 
axis and that conformations A, B, and C differ in energy. 
If one of the organic substituents is a phenyl group, the 
torsional angle between the carbene and phenyl planes can 
vary between 0 (A2, B2, C2) and 90° (Al,  B1, Cl). The 
limiting conformations are shown in Figure 1. Confor- 
mation C2 is very unlikely to occur, since it results in severe 
steric interactions between the phenyl and cyclo- 
pentadienyl rings. 


The conformation found in Cp(CO)2MnC(OEt)Ph is 
best described by C1 (Figure 2). The phenyl ring and the 
carbene plane are nearly perpendicular (82.4') to each 
other. However, the carbene plane is twisted by about 14' 
relative to  the mirror plane of the Cp(CO),Mn 
fragment-the angles between the vectors Mn-C(2) and 
Mn-C(3) and the normal to the carbene plane (Mn, C(1), 
O(l), C(20)) are 60 (1)' and 31 ( 1 ) O .  


KostiC and Fenske13 have calculated the relative energies 
of the conformations Al, B1, B2, and C1 for Cp- 
(CO)2MnC(OMe)Ph. They found B2 to be the most stable 
one and B1 to be destabilized by 2, C1 by 14, and A1 by 
19 kcal/mol relative to B2. 


The apparent discrepancy between the MO calculations 
and the crystal structure requires some comments.l6 The 


(16) I acknowledge the valuable discussions with N. M. KostiE, whose 
comments concerning the MO calculations are given in this paragraph. 


(17) See Ref 7 and 18 for further examples. 
(18) Schubert, U.; Kappenstein, C.; Mdewski-Mahrla, B.; Schmidbaur, 


H. Chem. Ber. 1981,114,3070-3078. 
(19) Friedrich, P.; Bed, G.; Fischer, E. 0.; Huttner, G. J. Organomet. 


Chem. 1977,139, C6W72. 
(20) Herrmann, W. A.; Weidenhammer, K.; Ziegler, M. L. 2. Anorg. 


Allg. Chem. 1980,460, 200-206. 
(21) Fontana, S.; Schubert, U.; Fischer, E. 0. J. Organomet. Chem. 


1978,146, 39-44. 
(22) In MeCp(C0)2MnC(OMe)C(Me)PMes4 the Mn-C('carbene") 


bond order is near 1. Therefore the difference in energy among the 
various conformations should be much smaller than in the other carbene 
complexes. 


(23) In [Cp(CO)2MnC(0)Ph]NMe4a there may be cation-anion inter- 
action, which cause the anion to adopt a certain conformation. In Cp- 
(C0)2MnCPh2 one phenyl ring must adopt conformation C1 if the other 
one adopts B2. 
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Table IV. Comparison of Structural Parameters in Carbene Complexes MeCp- or Cp(CO),MnC(X)PhO 
X 


OEt Ph'O C( 0)Ph" 0'1 0 - b , 9  F5 
bond distances (pm)  


Mn-C (carbene) 186 .5  ( 1 4 )  188.5 ( 2 )  188 ( 2 )  187 ( 2 ) c  196  ( 2 )  183.0 ( 5 )  
mean Mn-C( CO) 180 (1) 178.8  ( 2 )  174 ( 2 )  178  ( 2 ) c  178 ( 3 )  179 .0  ( 6 )  
mean Mn-C(C,H,) 217 (1) 217.2  ( 2 )  217 ( 2 )  216 ( 2 ) c  217 ( 4 )  214 .8  ( 6 )  


Mn-C (carbene)-C(C,H,) 1 2 3  (1) 130.6  ( l)d 132 (I) 129 ( l)c 1 2 1  ( 2 )  136.4 ( 4 )  


Mn-C (carbene)-X 135 ( 1 )  116 ( 1 )  119 (1)' 125 ( 2 )  117.5 ( 4 )  
C( C,H,)-C( carbene)-X 102 (1) 112.7 ( 2 )  111 ( 1 )  1 1 2  (2)' 114 ( 2 )  106.1 ( 4 )  


carbene planelphenyl plane 82 .4  4.7 49 .81415 50 .3  6.5 
carbene plane/C,H, plane 80.7 84.7 80.0172.9 57.6 89 .5  
phenyl plane/C,H, plane 23 .3  85 .5  8 4 . 2 1 7 6 3  16.2 89.4 


figure 1) B1 and B2 A and C 


bond angles (Deg) 


116.7 ( l)e 


dihedral angles (Deg) 


conformation (according to C1 B 2 d l C l e  B2 between between B2 


a Parameters not published in the original papers were calculated from the atomic coordinates. * Mean values from two 
independent molecules in the asymmetric unit. Mean values from both halfs of [Cp(CO),MnC(Ph)],O. 
in the mirror plane of the Cp(CO),Mn fragment. e Phenyl ring perpendicular to the mirror plane of the Cp(CO),Mn 


Phenyl ring 


fragment. 


Bonding. By comparison of the structures of 
(CO)&rC(OMe)Ph" and Bz(CO),CrC(OMe)Ph we have 
showns that in the latter complex the Cr-C(carbene) bond 
order is much higher than in the former, because of the 
better a donation from Bz(CO),Cr than from (CO)&r. By 
the same argument, the Mn-C(carbene) bond order also 
should be high in Cp(CO)zMn-carbene complexes. Both 
types of carbene complexes should exhibit similar chemical 
behavior. By means of its high back-bonding ability Cp- 
(CO)zMn supplies sufficient electron density to the carbene 
carbon, and thus a-donating organic substituents a t  the 
carbene carbon are not necessary for the stability of such 
complexes. As a matter of fact, Cp(CO),MnCXY com- 
plexes have been prepared in which both X and Y are 
bonded to C(carbene) via a carbon atom.26 Correspond- 
ingly (CO)5MCXY complexes (M = Cr, Mo, W) are very 
unstable or cannot be prepared. 


One structural consequence of the a-donating ability of 
the Cp(CO),Mn fragment is that in Cp(CO)2MnC(OEt)Ph 
the C(1)-O(1) distance (136 (2) pm) is longer than in al- 
koxycarbene complexes in which the alkoxy groups serve 
as a-donating substituents. One can conclude from the 
C(carbene)-O bond length that in Cp(CO),MnC(OEt)Ph 
the ethoxy group poorly, if a t  all, competes with the Cp- 
(CO),Mn moiety for a bonding with the carbene carbon. 
A further structural consequence of the high a-donating 
ability of the Cp(CO),Mn fragment is the fact that the 
Mn-C(l) bond length (186.5 (14) pm) is the same as in 
most of the Cp(CO)zMn-bene complexes studied so far 
and is not significantly influenced by the nature of the 
organic substituents. Thus, in the Cp(CO),MnC(X)Ph 
series (Table IV) there are no significant changes in the 
Mn-C(carbene) distances, if X = Ph or COPh is replaced 
by potentially *-donating substituents such as X = OEt 
or an oxo bridge. The contrary would be expected in 
(CO),MCXY complexes. Only if the a-donating ability of 
one organic substituent considerably exceeds that of the 
C ~ ( c 0 ) ~ M n  fragment is lengthening of the Mn-C(carbene) 
bond (i.e., decrease in the Mn-C(carbene) bond order) 


(24) Milla, 0. S.; Fbdhouee, A. D. J. Chem. SOC. A 1968, 642-647. 
(26) Caulton, K. G. Coord. Chem. Reu. 1981,38,1-43 and references 


cited therein. 


observed (as in [Cp(CO)zMnC(0)Ph]-,9 196 (2) pm or in 
MeCp(CO),MnC(OMe)C(Me)PMe3,4 199 (1) pm). On the 
other hand, the Mn-C(carbene) bond may be shortened 
by hyperconjugation in special cases; e.g., in Cp- 
(C0),MnC(F)Ph6 it is 183.0 (5) pm. 


The different conformations do not significantly influ- 
ence the Mn-C(carbene) bond lengths (see Table IV26). 
However, there is some influence on the bond angles a t  
the carbene carbon. In conformations B and C the largest 
Mn-C(carbene)-substituent angles are observed for the 
substituent, which is anti to the Cp ring (phenyl in con- 
formation B and X in conformation C). Thus, the Mn- 
C(1)-O(1) angle in Cp(CO),MnC(OEt)Ph (135 ( 1 ) O )  is 
comparable to the Mn-C(carbene)-C(phenyl) angles in the 
carbene complexes having conformation B2 (see Table IV). 
These angles seem to be determined by steric interactions 
between the CO ligands and the substituents a t  the carb- 
ene carbon which point in the same direction. Depending 
on the different environments of the two possible locations 
for the organic substituents a t  the carbene carbon the 
Mn-C(carbene)-C(phenyl) angles are 10-15' smaller in 
complexes with conformation C1 than in complexes with 
conformation B. It is foreseeable that in Cp(CO),MnC- 
(X)Ph the preferred conformation will largely depend on 
the steric requirements of the substituent X relative to that 
of a phenyl group. 
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(26) Though the compounds with the longest Mn-C(carbene) bond 
 distance^‘^^ tend toward conformation A, this conformation does not 
came bond lengthening. This is obvious from the comparison with the 
Mn-C(carbene) distance of 189 (2) pm in Cp(CO)2MnC(menthyl)OMe, 
the other complex having conformation A. 
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The stereochemistry of the reductions of cis- and trans-4-methylcyclohexyl-I-d bromide with the system 
isopropylmagnesium bromide-5% dicyclopentadienyltitanium dichloride (argon) and of the unlabeled 
bromides with (ipropyl-ds)magnesium bromide4icyclopentadienyltitanium dichloride has been determined 
by 2H NMR analysis of the resulting cis- and trans-Cmethylcyclohexane-1-d. Complete stereoequilibration 
occurs in some step and predominantly equatorial hydrogen (or deuterium) abstraction by the presumed 
Cmethylcyclohexyl radical is indicated. Radical involvement is confiied by the identification of substantial 
amounts of cyclized hydrocarbons in the reduction of &bromo-hex-1-ene and 6-bromo-hept-l-ene, whereas 
complete cyclization and hydrogen abstraction to provide 3-methyltetrahydrofuran charaderises the reduction 
of 2-(allyloxy)ethyl bromide. Preliminary experiments suggest that titanocene dichloriae only feebly catalyzea 
the reduction of secondary bromides by sodium borohydride under aerobic conditions in N,N-di- 
methylformamide, such reductions nevertheless proceeding with predominant inversion of configuration. 
Cyclized hydrocarbons from suitable bromo precursors (above) were not observed, indicating a minor role 
for free radicals in this system. A report that dicyclopentadienyltitanium dichloride experiences a dimethyl 
sulfoxide induced T - u rearrangement of both cyclopentadientyl groups is shown to be incorrect. 


Introduction 
Reduction of alkyl or aryl bromides to the corresponding 


hydrocarbons is a frequently desired transformation, and 
a number of recently reported procedures involve 
"activation" by transition-metal complexes of various 
 type^.^-^ A simple and highly efficient procedures for 
reducing vinyl, aryl and alkyl bromides in ether a t  room 
temperature employs isopropylmagnesium bromide in the 
presence of catalytic amounts (-5%) of titanocene di- 
chloride (($-CsH6)2TiC12), as shown in eq 1 and 2. (This 
reducing system will be represented as IPG-TDC for 
convenience.) 


The key species in the catalytic cycle was considered to 
be [Cp2TiHl9 (Cp = $-C&,) which experienced oxidative 
addition of R-Br, followed by loss of R-H as shown in eq 
3. 


Cp,TiBr 


R-H >,/ \ ~ (CH3)2CHMgBr 


4 't- MgBrz 


R-Br 
C ~ ~ T I H  


(1) To whom correspondence should be addressed. 
(2) Maeamune, S.; Bates, G. S.; Georghiou J. Am. Chem. SOC. 1974, 


(3) Tyrlik, S.; Wolvehowiez, I. J.  Chem. SOC., Chem. Commun. 1975, 


(4) Ashby, E. C.; Lin, J. J. J. Org. Chem. 1978, 43, 1263. 
(5) Lin, S. T.; Roth, J. A. J.  Org. Chem. 1979, 44, 309. 
(6) See also: FeUrin, H.; Swierczewaki, G. Tetrahedron 1975,31,2735. 
(7) Meunier, B. J.  Orgaomet.  Chem. 1981,204, 345. 
(8) Colomer, E.; Corriu, R. J. Organomet. Chem. 1974, 82, 367. 
(9) For a summary of this chemistry see: Wailes, P. C.; Coutts, R. S. 


P.; Weigold, H. 'Organometallic Chemistry of Titanium, Zirconium and 
Hafnium"; Academic Press: New York, 1974. 


96,3866. 


781. 


Although the relative ease of this procedure and the 
reporteds high yields of hydrocarbon are attractive, in- 
sufficient is known about the proposed key steps to permit 
a judgement whether this reduction follows a useful ste- 
reochemical course which might allow the introduction of 
deuterium stereoselectively into alkyl systems. This matter 
forms the basis of this report. Some observations of 
mechanistic significance on the system sodium boro- 
hydride-Cp2TiClz-DMF-air7 are also reported. 


Results and Discussion 
To provide insight into the overall stereochemistry of 


the change R-Br - R-H for a cycloalkyl system, we ex- 
amined initially8 the reduction of cis- and trans-4- 
methylcyclohexyl bromides which were deuterium labeled 
at  C-1. As demonstrated elsewhere,'O 2H NMR spectros- 
copy is the method of choice for determining the stereo- 
chemical situation in 2H-substituted alkylcyclohexanes. 
Reaction of either cis or trans bromide with the IPGTDC 
reagent provided essentially the same mixture of cis- and 
trans-4-methylcyclohexane-1-d in moderate yields 
(60-70%) (Table I). 


Trace quantities of 4-methylcyclohex-1-ene-1 -d formed 
in the reduction of the cis bromide, but larger amounts 
(7-14%) accompanied reduction of the trans bromide. 


Reductions of cis- and trans-4-methylcyclohexyl brom- 
ides with (CD3)2CHMgBr-CpzTiClz (IPG-d6-TDC) were 
also conducted, and the major product was trans-4- 
methylcyclohexane-1-d (-65%) as determined by direct 
2H NMR analysis (Table 1). 


This analysis is rendered imprecise by the 2H signals at 
0.80 and 1.00 ppm (minor) associated with the product 
from coupling of the Grignard reagent, which is 


(CD3) &HMgBr - ( CD3) &H-CH-(CD,) 
employed in a 5-10-fold excess over the alkyl bromide. 
Hence, a minor degree of coupling, which accompanies 
most Grignard preparations, will give rise to 2H signals 
comparable in intensity with those of the 2H-substituted 
methylcyclohexane. Deliberate coupling of the 2H-labeled 
Grignard reagent with CUI provided 2,3-dimethylbutane 
with a major 2H signal at b 0.75 and a minor one at  6 1.03, 


(10) Kitching, W.; Atkins, A. R.; Wickham, G.; Alberts, V. J. Org. 
Chem. 1981,46, 563. 


0276-7333/82/2301-lO89$01.25/0 0 1982 American Chemical Society 
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Table I. Product Distributions in Reductions of 4-Methylcyclohexyl Bromides 
products a 


bromide reducing system 


C 


C H 3 d  C H 3 w D  C H 3 e 3  yield, b , f  % 


IPG-TDC 
IPG-TDC 


IPG-TDC 
IPG-TDC 


70 30 trace - 45 
67 33 trace 56 


71 22 7 59 
64 21 14 53 


IPG-d,-TDC - 33 - 66 e 
C H 3 d H  I P G - ~ , - T D C ~  - 33 - 66 e 


IPGd,-TDC - 35 - 65 e 
Br IPG-d,-TDG - 35 - 65 e 


59 
53 


61 
50 


[I Based on integrated zH NMR spectra of signals (relative t o  intemal CZHCl, at S 7.24) a t  ca. S 1 09 (axial 2H),  6 1.60 


IPG-d,-TDC represents isopropyl Grignard-titanocene dichloride with CD, labels in the isopropyl groups. e Alkene 


(equatorial 2H), and s 5.8 (vinylic zH). Based on VPC comparisons against an internal standard of isooctane after work- 
up, extraction etc. 


would have vinylic-'H and therefore not  detectable by zH NMR analysis. f Yields not  optimised and some loss of volatile 
hydrocarbons during quenching, work-up etc. almost certainly occurred. Yield figures d o  not  include alcohol component. 


IPG-TDC represents isopropyl-Grignard-titanocene dichloride in the ratio RBr:IPG:TDC = 20:lOO: 1. 


I P G - T D C _  


Scheme I 


44.8% 11.2% 
(1.43)  (1.00) 


29 55 2 s  91 


m 
32 24 14 0 5  


7.9% 
(1.14)  


22 40  3 2 4 5  1245 


14 05- t 


20.1% 
(1.23) 
22 4 0  2 7 0 7  12 6 


t 
i4 0 5  32 00 1 3 0 3  123 5 


12.8% 
(1.34) 


alcohol (? )  


4.2% 
(1.9) 


indicating slight scrambling to the methine position. 
The experiments confirm the &position of the 2-propyl 


group to be the source of hydrogen, as proposed, and the 
incorporation is preferentially from the equator ia l  direc- 
tion. These results are summarised in Table I. 


The apparently complete stereoequilibration accompa- 
nying the reductions of the 4-methylcyclohexylbromides 
is strongly suggestive of free radical involvement in at least 
one step of the overall t r ans f~ rma t ion . '~~~  Furthermore, 
the results demonstrate a favoured equator ia l  abstraction 
of H. (or De) by the suggested 4-methylcyclohexyl radical, 
a result with some precedent.13J4 


(11) Kitching, W.; Olszowy, H.; Wawh, J.; Doddrell, D. J. Org. Chem. 
1978, 43, 898. 


(12) Kitching, W.; Olszowy, H.; Harvey, K. J. Org. Chem. 1982, 47, 
1 AQR *""". 


(13) Kitching, W.; Olszowy, H.; Harvey, K. J. Org. Chem. 1981, 46, 
2423. 


To test further the proposal of free radical involvement, 
the reduction of the secondary 6-bromo-1-heptene was 
examined, as the radical (loss of BP) is known to cyclize 
rapidly and irreversibly to yield (2-methylcyclopenty1)- 
methyl products, as shown in eq 4.12J5Js 


CH? II I &-, 3 GCH3 ropld 6""' - 
products 


&/trans = 2.7-3.0 (4)  


For calibration purposes, reduction was conducted ini- 
tially by using tributylstannane-AIBN (an established free 
radical ~ y s t e m ) ' ~ J ~  and 13C NMR analysis and capillary 
VPC provided the following, with kcis/ktrans N 3.0 (13C 
assignments (given in ppm) indicated; see eq 5). 


23 34  3 4 3 7  


8.9% 


27.9% 


139 13 28 54 2 2 8 1  


t -  13 68 
11403 33 69 31 12 


(5) 63.2% 


Reduction with IPGTDC under the usual conditions, 
provided a mixture of hydrocarbons with cis-1,Zdi- 
methylcyclopentane predominating. The product profile 
shown in Scheme I is based on  13C NMR (given in ppm) 
and capillary VPC analyses. (Values in parentheses are 
retention times relative to trans-1,2-dimethylcyclo- 
pentane.) The suspeded hept-penes produced above were 
confirmed as such by comparison (VPC behavior, en- 
hancement of coinjenction and 13C shifts) with samples 


(14) See: Jensen, F. R.; Gale, L. H.; Rodgers, J. E. J.  Am. Chen. SOC. 


(15) Lal, D.; Griller, D.; Husband, S.; Ingold, K. U. J.  Am. Chem. SOC. 
1968,90, 5793. 


1974,96,6355. 
(16) Beckwith, A. L. J.; Blair, I.; Phillipou, G. J. Am. Chem. SOC. 1974, 


96,1613. Beckwith, A. L. J.; Lawrence, T. J. Chem. Soc., Perkin Trans. 
2 1979, 1535. 







The Grignard Reduction of Alkyl Bromides 


obtained by either (basic) dehydrohalogenation of 2- 
bromoheptane or isomerization of 1-heptene by potassium 
tert-butoxide in dimethyl ~ulfoxide,'~ the latter procedure 
known to produce initially a predominance of the cis- 
hept-2-ene. 


The production of cis- and trans-1,2-dimethylcyclo- 
pentanes, in the appropriate ratio, confirms involvement 
a t  some stage of the hept-6-en-2-yl radical, consistent with 
the findings for the cyclohexyl bromides. The formation 
of heptane and cis- and trans-hept-2-ene, and the lack of 
hept-1-ene suggests the latter if formed initially, is being 
"hydrogenated" and/or isomerized to the less reactive 
hept-2-enes. Cooper and FinkbeineP have demonstrated 
that 1-alkenes undergo exchange with Grignard reagents 
in the presence of TiC14, and the sequence shown in eq 6, 


CCp,TiHI t 0 \ -  
L 


~ T I C P Z  Lr A* (6) 
RMgBr - 


involving exchange followed by hydrolytic workup, would 
account for heptane production. The reversible nature of 
the addition [Cp,TiH] to 1-alkenes and formation of some 
secondary titanium addition product would account for 
the production and accumulation of 2-heptenes, which do 
not undergo the titanium-catalyzed Grignard exchange 
reaction (eq 7).18 A minor product in the reduction (rel- 
ative retention time 1.9; 4.2%) was considered to be an 
alcohol (13C shift of 6 64.33) but its identity was not es- 
tablished. 


H30+ 


I 
-MgBr t RTiCp2 - 


A' -CCpzTiHI 
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isomerization of hex-1-ene would proceed as outlined for 
hept-1-ene. Several unidentified minor products were also 
formed, and some are known to contain trans double bonds 
by the vinylic 13C pattern, and the lack of C-1 absorption 
at  high field (ca. 11 ppm) for a cis-hex-2-enyl moiety. 


The result above is persuasive that free radicals are 
involved in the reduction of primary bromides, and con- 
firmation was sought by examining 2-(ally1oxy)ethyl 
bromide, the radical from which is ~onsidered'~J~ to cyclize 
about 1 order of magnitude faster than hex-Ben-1-yl 
radical, to yield 3-methyltetrahydrofuran after He ab- 
straction (eq 9).20 Treatment of 2-(allyloxy)ethyl bromide 


( 7 )  
[Cp2T I  H 3 


t I- \ -  


- L  
The evidence above demonstrates the involvement of 


free radicals in IPGTDC reduction of secondary brom- 
ides, but because of the lowered reactivity of secondary 
bromides in direct (nucleophilic) displacement, it could 
not be assumed that radical intermediates were just as 
important in reduction of primary bromides. Utilizing the 
information that hex-5-en-1-yl radical also cyclizes rapidly 
and irreversibly to provide cyclopentylmethyl product,15J6 
we examined the reduction of the primary 6-bromo-l- 
hexene, the outcome of which is shown in eq 8 (13C shifts 
(given in ppm) are shown). The hydrogenation and 


20 8 8  
II I 


f B r  I P G - T D C -  h y 5 4 l  + 


3 2 0 0  14 30 


U -25 76 23 30 


45% 24% 
125 I 3  35 26 1382 


(6 6 C O  


31% (8)  


(17) Price, C. C.; Snyder, W. H. J. Am. Chem. SOC. 1961, 83, 1773. 
(18) Cooper, G. D.; Finkbeiner, H. L. J. Org. Chem. 1962,27, 1493. 


II 


CH3 i I 


with Bu3SnH-AIBN in benzene provided by 3-methyl- 
tetrahydrofuran, as judged by the 13C spectrum (given in 
ppm eq 10). A similar reduction with IPGTDC produced 


BuSSnH- A I B N  
II - 


1 7 8 4  


3-methyltetrahydrofuran predominantly, together with 
some minor product(s) which were not alcohols, allyl ethyl 
ether or ethyl propyl ether. (Authentic allyl ethyl ether 
(Ha abstraction prior to cyclization) and its hydrogenated 
relative, ethyl propyl ether, were available for comparison). 


We conclude that free radicals are the intermediates in 
a t  least one step of the IPGTDC reductions of primary 
and secondary bromides and reduce the synthetic utility 
in systems where stereocontrol is required or radical re- 
arrangement is likely. Another disadvantage is that excess 
Grignard reagent is employed, which limits the application 
when Grignard-sensitive functionality is present. From 
a mechanistic viewpoint, it is difficult to decide the step 
most likely to involve the radical, as the precise nature of 
the active species is not clear and movement between the 
various oxidation states of titanium is relatively f a ~ i l e . ~  
[Cp,TiH] is paramagnetic, and either free radical oxidative 
addition to form Cp,(H-)Ti(-R)-Br or atom transfer from 
R-Br could be involved. Considering the likely weakness 
of the Ti-H bond,21 this would serve as a ready hydrogen 
(or 2H) atom donor. 


In an effort to prepare a technically more appealing 
reducing system based on TDC, we have employed sodium 
borohydride as a hydrogen source and examined some 
reactions of this system (NBH-TDC) which has recently 
been reported7 to be effective for selective reduction of 
aromatic bromides or iodides. A feature of reducing sys- 
tems based on sodium borohydride-transition metal com- 
plexes is the requirement that N,N-dimethylformamide 


(19) Beckwith, A. L. J.; Gara, W. B. J. Chem. SOC., Perkin Trans. 2 
1976,796. Carhon, D.; Ingold, K. U. J.  Am. Chem. SOC. 1968,90,7047. 


(20) See: Kinney, R. J.; Jones, W. D.; Bergman, R. G. J. Am. Chem. 
SOC. 1978,100,7902 for use of 2-(allyloxy)ethyl bromide in reductions by 
(~6-cyclopentadienyl)tricarbonylhydridovanadate. 


(21) A Ti-H bond energy of ca. 58 kcal has been estimated. See: 
Bercaw, J. E.; Marvich, R. H.; Bell, L. G.; Brintzinger, H. H. J. Am. Chem. 
SOC. 1972,94, 1219. 
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(DMF) be used as solvent,5J and in some cases an aerobic 
atmosphere is specified.' The possible function of DMF 
was intriguing considering its capability for strong O-co- 
ordination, particularly favored for titanium. It occurred 
to us that the report of Tsutsui and Hudman22 that "the 
reaction between TDC and dimethyl sulfoxide (Me2SO) 
at  70 "C resulted in a-u rearrangement of both cyclo- 
pentadienyl groups" might be of relevance, as a s1-C5H5Ti 
species might be especially labile and play a crucial role 
in TDC-catalyzed reactions in coordinating solvents. 
However, some aspects of the report?2 reiterated in a later 
review,23 were unconvincing, and we have reexamined the 
system to find that no x-u rearrangement is involved but 
merely hydrolytic breakdown to cyclopentadiene and 
(later) dicyclopentadiene. 


The evidence presentedzz for the irreversible formation 
of the nonfluxional u-bonded species was as follows. (i) 
The singlet a t  6 6.7 (T 3.3) associated with titanocene di- 
chloride diminished in intensity as a new signal, centered 
at  6 6.55 (T 3.45), emerged. The new pattern was consid- 
ered to be the AA'BB' part of an AA'BB'X system, al- 
though the X part, presumably the methine proton of the 
assumed s1-C5H5 group, was not located. Cooling the so- 
lution from 70 to 0 "C induced no change in the spectrum 
(ii) Addition of maleic anhydride to the reaction mixture 
led to the isolation of an adduct of ~yclopentadiene.~~ A 
pale violet solid was reported to form on addition of diethyl 
ether to the Me2S0 reaction mixture, and on drying, this 
precipitate became brown. An elemental analysis corre- 
sponded reasonably with CloHloTiC12-4Me2S0, but a du- 
plicate analysis did not. The 'H NMR spectrum (Me2SO) 
was reported to exhibit signals at 6 6.95 (T 3.05) (1 H, t) 
and 6 6.50 (T 3.50) (2 H, d) and a singlet a t  6 3.0 (T 7.0) 
(18-24 H) assigned to coordinated Me2S0. The signals a t  
6 6.95 and 6.50 were not assigned. 


A sample of titanocene dichloride, dissolved in purified 
Me2S0 (or Me2SO-d6) (orange-red solution), was sealed in 
a 5-mm NMR tube and heated at ca. 70 "C. After 3 h, the 
(initial) signal a t  6 6.7 had diminished in intensity and new 
patterns at 6 6.5 and 2.9 in the ratio of 4:2 had emerged. 
After 5 h, the signal at 6 6.7 was absent and the solution 
was dark brown, with precipitation on some occasions. The 
new absorptions corresponded precisely in shape and 
position with those of cyclopentadiene (in Me2SO) and the 
very minor ones with those of dicyclopentadiene. The 13C 
spectrum showed major signals (relative to Me4Si) at 133.3, 
132.3, and 41.6 ppm, again in agreement with those of 
authentic cyclopentadiene. It is likely that the lH signal 
a t  6 3.0, attributed by Tsutsui22 to coordinated Me2S0, 
corresponds to the methylene protons of cyclopentadiene. 
Other experiments indicated that added water and the 
nature of the atmosphere could influence the transfor- 
mation, but there was pronounced irreproducibility in 
these experiments in regard to the rate of disappearance 
of titanocene dichloride. We did not investigate thoroughly 
the constitution of the precipitates reported,22 which on 
t h e  bases of analyses and lH NMR data appeared t o  be 
inhomogeneous. 


Thus there is no evidence for the irreversible formation 
of a v1-C5H5 titanium species% when titanocene dichloride 


(22) Tsutaui, M.; Hudman, C. E. Chem. Lett. 1972, 777. 
(23) Tsutaui, M.; Courtney, A. Ado. Organomet. Chem. 1977,16,247. 
(24) Wilkinson and Piper (Wilkinson, G.; Piper, T. S. J. Inorg. Nucl. 


Chem. 1956, 2, 32) adduced evidence for the 1,3-dienyl nature of (+ 
C5H&Hg by isolation of a maleic anhydride adduct containing the Hg 
atom. 


(25) See also: Calderon, J. L.; Cotton, F. A.; Takata, J. J. Am. Chem. 
SOC. 1971,93,3592. Calderon, J. L.; Cotton, F. A,; De Beer, B. G.; Takata, 
J. Ibid. 1971,93,3587. Siegent, F.; de Liefde Meijer, H. J. J. Organomet. 
Chem. 1969,20, 141. 
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is heated in Me2S0. It is conceivable that the cyclo- 
pentadiene results from the protic capture of such a species 
(necessarily present in quite low concn.), but the details 
of cyclopentadiene formation are unclear. Given the ready 
Ti" Tim interconversion? free radical pathways are also 
reasonable and could be consistent with the apparent in- 
fluence of the atmosphere and other observations. Tita- 
nocene dichloride under the same conditions in N,N-di- 
methylformamide is stable. 


The addition of a catalytic amount of TDC to sodium 
borohydride in DMF caused a vigorous reaction with gas 
evolution and development of a deep purple color.26 
Cyclohexyl bromide was added to the mixture, and the 
purple color faded, with reduction complete (WC)  after 
ca. 12 h. This represents a slight diminution in the time 
required without TDC (18 h), but the reaction is still in- 
conveniently slow. The stereochemistry of this reduction 
was investigated briefly, and predominant inversion of 
configuration was observed in the formation of the 4- 
methylcyclohexane-1 -d. Considering that catalytic quan- 
tities of TDC were used and that the reaction is slow, direct 
(SN2) displacement by NaBH, (or NaBD4) may be oc- 
curring as a predominant pathway,27 with only a slight 
involvement of the assumed Cp2TiBH4 in the reduction 
process. 4-Methylcyclohexanols are formed in significant 
amounts (5-20%) with a 1:l cis/trans ratio, suggestive of 
oxygenation of the 4-methylcyclohexyl radical. Reduction 
of 6-bromo-l-heptene and 6-bromo-l-hexene were also 
conducted, and no cyclized products (indicating free radical 
involvement) were detected by capillary VPC and 13C 
NMR. Use of stoichiometric amounts of TDC with for- 
mations of Cp2TiBH4 may cause faster reduction, but this 
lacks the attraction of a "cataytic" system and necessarily 
be highly comsumptive of TDC. 


Experimental Section 
(a) Procedure for Reduction by Titanocene Dichloride- 


Isopropyl Grignard Reagent. The Grignard reagent from 
2-bromopropane was prepared in ether (argon atmosphere) in the 
normal way, and this solution (40 mL of 1 M solution) was filtered 
(under argon) into the reaction vessel, which was cooled to 0 "C. 
Cp2TiC12 (TDC) (70 mg, 0.288 "01) was added, and the reaction 
mixture became dark brown, and gas evolution was noted. 4- 
Methylcyclohexyl bromide (996 mg, 5.62 mmol) was added im- 
mediately, and the reaction mixture was allowed to  stir for 3 h 
or until reaction was complete (VPC). The saturated ammonium 
chloride solution ( - 20 mL) was then added dropwise to the cooled 
(-0 "C) reaction mixture. The organic layer was separated and 
added to the ether extracts (2 x 15 mL) of the aqueous layer. The 
combined ethereal solutions were dried (MgS04) and examined 
by VPC and NMR. 


The molar ratio of reagents was TDC:RBr:(CH@HMgBr = 
1:20100. 


(b) Procedure for Reduction by Titanocene Dichloride 
Sodium Borohydride in DMF. To a round-bottomed flask 
fitted with a condenser and drying tube were added sodium 
borohydride (378 mg, 20 mmol) and TDC (62 mg, 0.25 mmol). 
The addition of N&-dimethylformamide (DMF) (10 mL) resulted 
in an exothermic reaction, accompanied by gas evolution and 
development of a deep purple color. The organic halide (2.5 "01) 
was added to the stirred reaction mixture, which was then heated 
(70 "C) and monitored (VPC). As reduction proceeded, the purple 
color faded with the formation of gray-yellow or brown products. 
On completion of reaction (VPC), water (10 mL) was added 
dropwise and the mixture extracted thoroughly with ether (3 X 
10 mL); such extracts were then dried (MgS04) and examined 
as described above. 


(26) Noth, H.; Hartwimmer, R. Chem. Ber. 1959, 93, 2233. 
(27) Hutchins, R. 0.; Kandasamy, K.; Dux, F., 111; Maryanoff, C. A.; 


Rotstein, D.; Goldsmith, B.; Burgoyne, W.; Cistone, F.; Dalessandro, J.; 
Puglis, J. J. Org. Chem. 1978, 43, 2259. 







The Grignard Reduction of Alkyl Bromides 


Compounds. cis- and trans-4-methylcyclohexyl-1 -d bromide 
were obtained by applying reported procedures to  4-methyl- 
cyclohexan-ol-l-d.10~12~B Reduction of acetone-d6 with LiAIHl 
followed by bromination in the reported fashion= provided 2- 
bromopropane-d,. 


6-Bromo-1-hexene was commercially available and 6-bromo- 
1-heptene was prepared in the reported way, as was tributyl- 
stannane-d.'2*'3 


2-(Ally1oxy)ethyl Bromide. Phosphorus tribromide (16.26 
g, 0.06 mol) was placed in a vacuum distillation flask through 
which nitrogen was passed. A mixture of 2-(allyloxy)ethanol (from 
ethylene glycol, sodium, and allyl bromide) (17 g, 0.17 mol) and 
dry pyridine (4.39 g, 0.06 mol) was then added dropwise to  the 
well-stirred, cooled (-5 "C) neat PBr3 mixture during a period 
of approximately 90 min. After addition was complete, stirring 
was maintained at -5 OC for 30 min followed by 2 h at room 
temperature. The 2-(allyloxy)ethyl bromide was distilled from 
the flask: bp 28-30 OC (4 mm) (lit.2o 20-40 OC (4 IR (neat) 
1640 (w) (v-1, 1100 (8) b-1; 'H NMR 6 5.8 (m, 1 H), 5.2 (m, 
2 H), 3.9 (d, 2 H), 3.6 (t, 2 H), 3.3 (t, 2 H). Anal. Calcd for 
C&OBr: C, 36.39; H, 5.50; Br, 48.42. Found C, 36.69; H, 5.59, 
Br, 48.4. 
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Spectra. 'H NMR spectra were recorded on a JEOL MH-100 
or a Varian EM-360 spectrometer for CDCI3 solutions and ref- 
erenced to  residual CHC13 (7.24 ppm) or (CH3&3i. 13C and 2H 
spectra were obtained on a JEOL FX-100 spectrometer operating 
in the FT mode for CDC13 or CHC13 solutions and referenced to 
the central peak of the CDC13 triplet at 77.00 ppm or internal 
MelSi. % spectra were referenced to intemal CDC13 (7.24 ppm). 


Capillary gas chromatography was performed on a Varian 
Model 3700 gas chromatograph using a 50-ft OVlOl capillary 
column. The column temperature was set at 40 "C, injector a t  
100 OC, and detector at 100 OC. Hewlett-Packard 5720A and 
1874A gas chromatographs were also employed with injector 
temperature at 100 "C and detector at 150 OC and with column 
temperature varying from 50 to 100 OC, using a Chromosorb G 
packed column. 
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Summary: Phenylacetylene induces tungsten hexa- 
chloride to initiate metatheses of cis -2-pentene, cyclo- 
pentene, cycloheptene, and cyclooctene. In too large 
amounts, however, it is ineffective. The reactions are run 
in the atmosphere. The stereoseiectivities for cis olefins 
are moderate. 


The discovery by Masuda et al. that tungsten hexa- 
chloride initiates polymerization of phenylacetylene' 
suggests the following proposition: that phenylacetylene 
may effectively replace the highly reactive organo- 
aluminum component in the mixture with tungsten hex- 
achloride that is the archetypical2 and still standard ini- 
tiator for olefin metathe~is .~ For if the metal-catalyzed 
polymerization of acetylenes is an olefin a 


(1) Maeuda, T.; Hasegawa, K.; Higashimura, T. Macromolecules 1974, 
7. 728. 
' (2) Natta, G.; 


1964. 3. 723. 
Dall'hta, G.; Mazzanti, G. Angew. Chem., Znt. Ed. Engl. 


~ --, 
(3) 6) Banks, R. L. Catalysis (London) 1981,4,100. (b) Calderon, N.; 


Lawrence, J. P.; Ofstead, E. Adu. Organomet. Chem. 1979,17,449. (c) 
Grubbs, R. H. Bog. Znorg. Chem. 1978,24,1. (d) Rooney, J. J.; Stewart, 
A. Catalysis (London) 1977, 1, 277. (e) Katz, T. J. Adu. Organomet. 
Chem. 1977,16,283. (fJ Hainee, R. J.; Leigh, G. J. Chem. SOC. Rev. 1976, 
4,l. (g) Mol, J. C.; Moulijn, J. A. Adu. Catal. 1976,24,131. (h) Dall'hta, 
G. Rubber Chem. Technol. 1974,47,511. 


200 x [C,H,CECH]/[WCl,] 


Figure 1. The extent of reaction according to eq 1 as a function 
of x .  Percent metathesis is recorded as 200r/(l + 2r), where r 
is the ratio in moles of either 2-butene to 2-pentene or 3-hexene 
to 2-pentene. The bars span the two values associated with r 
measured in the two ways. 


metallic compound that induces an acetylene to polymerize 
should itself be induced by the acetylene to metathesize 
olefins. The idea was demonstrated recently with phe- 
nylacetylene plus (pheny1methoxycarbene)penta- 


(4) Masuda, T.; Saeaki, N.; Higashimura, T. Macromolecules 1976,8, 


(5) Katz, T. J.; Lee, S. J. J. Am. Chem. Soc. 1980, 102, 422. 
(6) (a) Katz, T. J.; Lee, S. J.; Nair, M.; Savage, E. B. J. Am. Chem. SOC. 


1980,102,7940. (b) Katz, T. J.; Savage, E. B.; Lee, S. J.; Nair, M. Zbid. 
1980,102, 7942. 
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solvent mixture for development of the plate. 
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Summary: The combination of (Ni[P(0)(OCH3)2]2(q5- 
C5H5)-][NH4+] with UCI, in THF results in the formation of 
an unusual red pentanuclear coordination complex U{Ni- 
[P(O)(OCH,),] 2(C5H5))4. Single-crystal X-ray analysis of 
the complex reveals that the four anionic nickel phos- 
phonate ligands are bonded to a central uranium atom in 
a bidentate fashion through U-O=P interactions. 


Several metalla 8-diphosphinites containing the struc- 
tural unit M[(-PFL@-),H] (R = alkyl, aryl, or alkoxy) have 
been ~ r e p a r e d , ~  and the deprotonated complexes M[(- 
PR,O),-] may act as bidentate ligands toward another 
metal ion in a fashion similar to metalla p-diketonate~.~ 
For example, Werner and co-workers5 have prepared sev- 
eral complexes of the general type M(Co[P(O)(OCH3),],- 
(q5-C&,))2, and a crystal structure analysis for Co(Co[P- 
(O)(OCH3),I2(q5-C5H5)), revealed two anionic ligands, 
(Co[P(0)(OCH3),],(q5-C5H5)-), bonded in a bidentate 
fashion to a central Co(I1) atom through the phosphoryl 
oxygen atoms. Subsequently, Klauis has reported the 
formation of lanthanide complexes, of the general type 
L~(CO[P(O)(OCH~)~]~(~~-C~H~))~ In addition, Werner and 
Khac7 have also reported syntheses of (Ni[P(O)- 
(OCH3),],(q5-C5H5)-}(H+) (1) and spirocyclic trinuclear 
coordination complexes of the anion 1- with Co(II), Zn(II), 
and Ni(NH,),,+. However, the structures have not been 
determined, and little is known about the chemistry of 


(1) This work was performed under the auspices of the US .  Depart- 
ment of Energy, Office of Basic Energy Sciences. 


(2) (a) University of New Mexico; (b) Los Alamos National Labora- 
tory. 


(3) Roundhill, D. M.; Sperline, R. P.; Beaulieu, W. B. Coord. Chem. 
Rev. 1978,26, 263 and references therein. 
(4) Lukehart, C. M. Acc. Chem. Res. 1981,14, 109. 
(5) Harder, V.; Dubler, E.; Werner, H. J. Orgonomet. Chem. 1974, 71, 


427. Harder, V.; Muller, J.; Werner, H. Helu. Chim. Acta 1971, 54, 1. 
Kkui, W.; Neukomm, H.; Werner, H. Chem. Ber. 1977,110,2283. K h i ,  
W. Ibid. 1978, 111, 451. 


(6) KlBui, W. Helu. Chin. Acta 1977, 60, 1296. 
(7) Werner, H.; Khac, T. N. Angew. Chem., Int. Ed.  Engl. 1977,16, 


324. 
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Figure 1. Molecular geometry for U{Ni[P(0)(OCHB)2]1(f6-C~d)4 
(20% probability ellipsoids). 
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Figure 2. Atom labeling scheme for U(Ni[P(0)(OCH3)2]2(#- 
C6H.5) 14. 


Table I. Average Interatomic Distances (A ) and Angles 
(Dee) for U{Ni[P(0)(OCH,),l,(ss-CIH,) l4 


Bond Distances 
u-0 2.355 (10) P=O 1.51 (1) 
Ni-P 2.126(4) P-0 1.61 (1) 
Ni-C 2.12 (2) C O  1.41 (3) 
U.-Ni 4.750 (2) 


Bond Angles 
U-O=P 150.1 (6) Ni-P=O 121.7 (4) 
P-Ni-P 96.1 (2) Ni-P-0 109.6 (5) 
X-Ni-Pa 131.9 (5) P-0-C 121.1 (12) 


X = centroid of Cp ring. 


these interesting compounds. The coordination properties 
of phosphito and phosphonato ligands with lanthanide, 
actinide, and transition-metal ions are of interest in our 
program,s and we report here the formation and crystal 
structure determination of an unusual pentanuclear 
“supersandwich” complex of 1- with uranium(1V). 


A tetrahydrofuran (THF) solution of UC14 (45 mg, 0.12 
mmol) was added to a T H F  slurry of (Ni[P(O)- 
(OCH3)2]2(q5-C5H5)-)[NH4+]7 (195 mg, 0.50 mmol), and the 
resulting mixture was stirred under nitrogen for 24 h. The 
cloudy mixture was then filtered under nitrogen to remove 
NH,Cl formed in the reaction. The red filtrate was 
evaporated to dryness, and a red solid, 2, was collected and 
characterized by infrared spectro~copy.~ The red solid 


(8) Bowen, S. M.; Duesler, E. N.; Paine, R. T. Inorg. Chem. 1982,21, 
261; Inorg. Chim. Acta 1982,59,53. Bowen, S.  M.: Duesler, E. N.: Paine, 
R. T. Ibid. submitted for publication. 
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is stable in dry air for several days. 
The accurate stoichiometry and structure of 2 were 


determined by single-crystal X-ray diffraction analysis.'O 
The compound crystallizes in the monoclinic space group 
R 1 / c  with four molecules per unit cell. Crystal data are 
as follows: a = 15.851 (4) A, b = 15.496 (4) A, c = 23.061 
(3) A; 8 = 93.80 (2)"; V = 5652.0 (2) A3; pdd = 1.89 g ~ m - ~ ;  
p(Mo Ka) = 43.2 cm-'; F(000) = 3200; RF = 0.065 and FwF 
= 0.067 for 7116 unique reflections with F 1 3u(F).l2 A 
view of the molecular structure of 2 is shown in Figure 1, 
an atom-labeling scheme is shown in Figure 2, and aver- 
aged intramolecular bond distances and angles are pres- 
ented in Table I.12 


The X-ray analysis clearly reveals that 2 contains a 
central uranium atom surrounded by four 1- ligands, and 
each ligand is bonded to the uranium atom in a bidentate 
fashion through the phosphoryl oxygen atoms. The eight 
phosphoryl oxygen atoms form a square antiprism which 
closely resembles the coordination polyhedron found for 
U ( a ~ a c ) ~ ' ~  The U-O(phosphory1) distances range from 
2.346 (9) to 2.381 (10) 8, (average 2.355 A). These distances 
are similar to the U-O(phosphory1) distance reported for 
U02(N03),(Bu3P0),, 2.347 (6) A,14 and shorter than the 
U-O(phosphory1) distance found for U02(N03),[(i- 
C3H70)2P(0)CH2C(O)N(C2H5)2], 2.420 (4) A.15 The U- 
O(phosphory1) distances also are similar to the U-O(car- 
bonyl) distances in U(a~ac)~ ,  2.23 (3)-2.37 (4) A.13 The long 
U-Ni separations (average 4.750 (2) A) indicate that there 
is no significant interaction between these metal atoms. 
The accompanying U-O=P angles in the inner coordi- 
nation sphere range from 148.9 (6) to 152.0 (6)' (average 
150.1 (6)'). The individual oxygen atom-oxygen atom 
"bite" distances range from 2.74 (1) to 2.82 (1) A (average 
2.79 A), and the remaining 0-0 edge distances on the 
polyhedron range from 2.75 (1) to 3.33 (1) 8, (average 2.93 


The structural features of the coordinated anion 1- also 
are of interest. The phosphoryl P 4  bond distances range 
from 1.49 (1) to 1.52 (1) A (average 1.51 (1) A), and these 
distances are on the long end of the bond distance range 
usually associated with metal-coordinated phosphoryl 
g r o u p ~ . ~ J ~  The P-OCH3 bond distances range from 1.59 
(1) to 1.63 (1) A (average 1.61 (1) A)," and these distances 
also are on the long end of P-OR bond distances found 
in many complexes containing (RO),(X)P=O-M units.16 
The average bond angles in this unit are as expected: 
Ni-P=O = 121.7 (4)", Ni-P-0 = 109.6 (5)O, and P- 
o-c = 121.1 ( 1 2 ) O .  


A). 


The Ni-P bond distances range from 2.116 (4) to 2.139 
(4) A (average 2.126 (4) A). Few comparative data are 
available for similar bonding arrangements; however, the 
distances are comparable to a number of Ni-P distances 
for classical nickel phosphite coordination compounds.16 
The Ni-C atom bond distances associated with the Ni-Cp 
interaction average 2.12 (2) A, and these distances are 
similar to distances reported for a number of CpNi(PPhJR 
complexes.l* 


Lukehart has previously suggested that the combination 
of UCp2(NEt2), and the rhena P-diketone (Re(C0)4[C- 
(0)CH3],)H leads to the formation of a trinuclear complex 
Cp2U(Re(C0)4[C(0)CH3]2)2 (3); however, a full description 
of this complex has not appeared. The synthesis and 
structure determination of 2 supports the comparison 
mentioned above between the metalla 8-diketonate and 
metalla 8-diphosphonate ligands and indirectly offers some 
credence to the proposed composition of the trinuclear 
complex 3. In addition, 2 represents the first example of 
a complex containing a metalla 8-diphosphonate ligand 
bonded to an actinide element, and the first structurally 
characterized example of a mixed transition metalactbide 
coordination ~omplex. '~  Additional studies of the coor- 
dination properties of 1- with organo actinide and lan- 
thanide fragments are in progress. 
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is stable in dry air for several days. 
The accurate stoichiometry and structure of 2 were 


determined by single-crystal X-ray diffraction analysis.'O 
The compound crystallizes in the monoclinic space group 
R 1 / c  with four molecules per unit cell. Crystal data are 
as follows: a = 15.851 (4) A, b = 15.496 (4) A, c = 23.061 
(3) A; 8 = 93.80 (2)"; V = 5652.0 (2) A3; pdd = 1.89 g ~ m - ~ ;  
p(Mo Ka) = 43.2 cm-'; F(000) = 3200; RF = 0.065 and FwF 
= 0.067 for 7116 unique reflections with F 1 3u(F).l2 A 
view of the molecular structure of 2 is shown in Figure 1, 
an atom-labeling scheme is shown in Figure 2, and aver- 
aged intramolecular bond distances and angles are pres- 
ented in Table I.12 


The X-ray analysis clearly reveals that 2 contains a 
central uranium atom surrounded by four 1- ligands, and 
each ligand is bonded to the uranium atom in a bidentate 
fashion through the phosphoryl oxygen atoms. The eight 
phosphoryl oxygen atoms form a square antiprism which 
closely resembles the coordination polyhedron found for 
U ( a ~ a c ) ~ ' ~  The U-O(phosphory1) distances range from 
2.346 (9) to 2.381 (10) 8, (average 2.355 A). These distances 
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U-O(phosphory1) distance found for U02(N03),[(i- 
C3H70)2P(0)CH2C(O)N(C2H5)2], 2.420 (4) A.15 The U- 
O(phosphory1) distances also are similar to the U-O(car- 
bonyl) distances in U(a~ac)~ ,  2.23 (3)-2.37 (4) A.13 The long 
U-Ni separations (average 4.750 (2) A) indicate that there 
is no significant interaction between these metal atoms. 
The accompanying U-O=P angles in the inner coordi- 
nation sphere range from 148.9 (6) to 152.0 (6)' (average 
150.1 (6)'). The individual oxygen atom-oxygen atom 
"bite" distances range from 2.74 (1) to 2.82 (1) A (average 
2.79 A), and the remaining 0-0 edge distances on the 
polyhedron range from 2.75 (1) to 3.33 (1) 8, (average 2.93 


The structural features of the coordinated anion 1- also 
are of interest. The phosphoryl P 4  bond distances range 
from 1.49 (1) to 1.52 (1) A (average 1.51 (1) A), and these 
distances are on the long end of the bond distance range 
usually associated with metal-coordinated phosphoryl 
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(1) to 1.63 (1) A (average 1.61 (1) A)," and these distances 
also are on the long end of P-OR bond distances found 
in many complexes containing (RO),(X)P=O-M units.16 
The average bond angles in this unit are as expected: 
Ni-P=O = 121.7 (4)", Ni-P-0 = 109.6 (5)O, and P- 
o-c = 121.1 ( 1 2 ) O .  
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The Ni-P bond distances range from 2.116 (4) to 2.139 
(4) A (average 2.126 (4) A). Few comparative data are 
available for similar bonding arrangements; however, the 
distances are comparable to a number of Ni-P distances 
for classical nickel phosphite coordination compounds.16 
The Ni-C atom bond distances associated with the Ni-Cp 
interaction average 2.12 (2) A, and these distances are 
similar to distances reported for a number of CpNi(PPhJR 
complexes.l* 


Lukehart has previously suggested that the combination 
of UCp2(NEt2), and the rhena P-diketone (Re(C0)4[C- 
(0)CH3],)H leads to the formation of a trinuclear complex 
Cp2U(Re(C0)4[C(0)CH3]2)2 (3); however, a full description 
of this complex has not appeared. The synthesis and 
structure determination of 2 supports the comparison 
mentioned above between the metalla 8-diketonate and 
metalla 8-diphosphonate ligands and indirectly offers some 
credence to the proposed composition of the trinuclear 
complex 3. In addition, 2 represents the first example of 
a complex containing a metalla 8-diphosphonate ligand 
bonded to an actinide element, and the first structurally 
characterized example of a mixed transition metalactbide 
coordination ~omplex. '~  Additional studies of the coor- 
dination properties of 1- with organo actinide and lan- 
thanide fragments are in progress. 
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Table I 
M(0R)SC LiR' product a i  


Ta( OMe), 
Ta(OMe), 
Ta(0-i-Pr), 
M(0-i-Pr), 
Ta(OC,H,Me,)," 


Ta(OC,H,-t-Bu,),C1,lZ 
Ta( OC,H,-t-Bu,),Cl, 


M(°C6H3Me2)5 


LiCH,SiMe, 
LiCH,CMe, 
LiCH, 
LiCH,SiMe, 
LiCH,SiMe, 
LiCH,SiMe, 
LiCH, 
LiCH , SiMe , 


Ta(OMe)(CH,SiMe,), (3) 


Ta( O-i-Pr),(CH,), (5)  
M(0-i-Pr),(CH,SiMe,), (6a,b) 


Ta(OC,H,-t-Bu, ),(CH3 )3 (9) 
Ta(OC,H,-t-Bu2),(CHSiMe,)(CH,SiMe,) (10) 


Ta(0Me),(CH2CMe3 1 3  (4)  


Ta(0C6H3Me2)2(CH2CMe3)3 (7) 
M(°C6H3Me2 )2(CH2SiMe3 1 3  (8) 


Satisfactory elemental analysis were obtained for all new compounds. 'H NMR data are collected.16 All of the com- 
pounds gave mass spectra, the strongest peaks being due t o  (M - OR)' and (M - R')'. 
dimethylphenoxide; OC,H,-t-Bu, = 2,6-di-tert-butylphenoxide. 


OC6H,Me, = OC,H,Me, = 2,6- 


merous advantages over halide starting materials such as 
their more discrete nature especially for metals in lower 
oxidation statesa2 However, no systematic study of the 
utility of this reaction has been reported. We communicate 
here some of our initial studies of this reaction. 


The alkylation of [MoCl,], with LiCH2SiMe3 leads to 
the dinuclear compound M O ~ ( C H ~ S ~ M ~ , ) ~  (MmMo)  (1) 
in no more than 25% yield., We find that by using the 
dinuclear alkoxides Mo2(0-i-Pr)t and carrying out the 
reaction in pentane, yields as high as 75% can be ob- 
t a i ~ ~ e d . ~  Addition of a deficit of LiCH2SiMe3 (4 equiv) 
gave rise to an inseparable mixture, the only components 
of which that could be identified by 'H NMR being 1 and 
1,2-M0~(0-i-Pr)~(CH~SiMe,)~~ With use of the molyb- 
denum(1V) alkoxide M O ~ ( O - C - P ~ ) ~  (MFMo),' a similar 
procedure gave an intense blue solution a t  -78 "C in 
pentane. When the mixture was allowed to warm up to 
room temperature, the color faded to yellow-brown. 
Analysis of the product showed only two molybdenum 
alkyl compounds, 1 and Mo(CH2SiMe3),(=CSiMe3) (2), 
in approximately equimolar amounts. None of the purple 
M O ( C H ~ S ~ M ~ , ) ~ ( = C H S ~ M ~ , )  obtained on alkylation of 
MoC12 appeared to be present in the final mixture. This 
apparently clean disproportionation (eq 1) contrasts with 
the simple substitution chemistry found for chromium(IV) 
alkoxides.'" 


3M0~(0- i -Pr )~  + 24LiCH2SiMe3 - 
2 1 + 22 + 24Li0-i-Pr + 4SiMe4 (1) 


In contrast to molybdenum and chromium, alkylation 
of alkoxides of niobium and tantalum rarely leads to total 
substitution. Table I lists the results of the reaction of 
various alkoxides and lithium alkyls under different con- 
ditions. A similar procedure was carried out for the iso- 
lation of all of the products and a typical synthesis is 


(1) (a) Mowat, W.; Shortland,A. J.; Hill, N. J.; Wilkinson, G. J. Chem. 
SOC., Dalton Trans. 1973,770. (b) Herman, D. F.; Nelson, W. K. J.  Am. 
Chem. SOC. 1962, 74,2693. (c) Rauech, M. D.; Gordon, H. B. J.  Orga- 
nomet. Chem. 1974,74,86. (d) Edwards, P. G.; Anderaen, R. A. J.  Am. 
Chem. SOC. 1981,103,7792. 


(2) Bradley, D. C.; Mehrotra, R. C.; Gaur, D. P. "Metal Alkoxides"; 
Academic Press: New York, 1978. 


(3) Anderwn, R. A.; Chisholm, M. H.; Gibson, J. F.; Reichert, W. W.; 
Rothwell, I. P.; Willsinson, G. Znorg. Chem. 1981,20,3934. 
(4) Chisholm, M. H.; Cotton, F. A.; Murillo, C. A.; Riechert, W. W. 


Znorg. Chem. 1977,16,1801. 
(5) To a solution Of Mo@-&P~)~ (1.50 g, 2.8 "01) in pentane (20 mL) 


wae added LiCH#iMe (1.6 g, 17.0 "01) in pentane (5 mL) at 0 OC. The 
mixture was stirred for 0.5 h and filtered. Removal of solvent under 
vacuum gave FLU orange product (1.92 g) contaminated with small 
amounts of LiO-i-Pr. Sublimation of this mixture allowed isolation of 
pure M%(CHzSiMe& (1.51 g, 74%) as orange crystals. Problems with 
LiO-i-Pr contaminants could be eliminated by using Mg(CH2SiMe& 
although the reaction wae much slower. 


(6) Chisholm, M. H.; Rothwell, I. P. J. Am. Chem. SOC. 1980,102,5950. 
(7) Chisholm, M. H.; Reichert, W. W.; Thomton, P. J. Am. Chem. SOC. 


1978,100, 2744. 


outlined.8 Alkylation with methyllithium in hydrocarbon 
solvents is complicated both by the low solubility of this 
reagent and also the instability of some of the products. 
Addition of LiCH, (3 equiv) to Ta(0-i-Pr), in benzene gave 
a clear yellow solution after 1 h. Removal of solvent fol- 
lowed by distillation (70 "C mm)) gave 5 as a colorless 
liquid. Solutions of 5 in benzene were stable over several 
weeks as monitored by 'H NMR, but in the presence of 
excess LiCH, decomposition with the evolution of CHI 
occurred over a few hours. We believe this to be due to 
the slow formation of TaMe5 or Ta(O-i-Pr)Me,, the former 
is known to be unstable a t  room temperat~re.~ A similar 
reactivity pattern was observed for all of the tantalum and 
niobium alkoxides with LiCH,. 


When the two reagents LiCHzSiMe3 and LiCH2CMe3 
were used, much more stable products were obtained. 
From Table I it can be seen that typically the trisubsti- 
tuted product is given. However, in one case, the reaction 
of Ta(OMeI5 with LiCHzSiMe3 the tetrasubstituted 
product 3 could be isolated. When monitored by 'H NMR 
spectroscopy, solutions of the reagents showed no indica- 
tion of intermediates. 


The lH NMR spectra of the trisubstituted compounds 
are temperature independent, showing only one type of 
alkyl and alkoxide (aryl oxide) ligand down to -90 "C (90 
MHz). In the case of the trineopentyl and tris(tri- 
methylsilyl) complexes the methylene groups remain as 
a singlet over this temperature range. The spectra are thus 
consistent with structure I, in which the two oxygen donor 


O A r  


R\.. I 
,;,-R 


OAc 
I 


ligands are trans to each other and occupy axial positions 
in a trigonal-bipyramidal coordination geometry about the 
metal atom. This geometry is that proposed for MC12(R), 
compounds of Ta  and Nb.'O 


With the extremely bulky 2,6-di-tert-butylphenoxide 
ligand, the trimethyl compound 9 can be synthesized from 
Ta(OC6H3-t-B~2)2C13 (1 l ) . I2  A preliminary structure de- 


(8) Ta(O-i-Pr)2(CH2SiMe9)9. A mixture of Ta(O-i-Pr)5 (2.1 g, 5.3 
mmol) and LiCHaiMe3 (6.4 g, 6.8 "01) in benzene (50 mL) was stirred 
for 1 h. Removal of solvent followed by sublimation, 80 OC torr), 
gave the product as a white solid (1.93 g, 66%). Anal. Calcd for 
TaSi3O2C1&: C, 38.55; H, 8.44. Found: C, 38.72; H, 8.95. 


(9) Schrock, R. R. J.  Organomet. Chem. 1976,122,209. 
(10) Schrwk, R. R; Fellmanu, J. D. J. Am. Chem. SOC. 1978,100,3359. 
(11) Ta(OCBH8Me2)6. This compound is prepared in excellent yield 


by the reaction of LiOC6HsMez (prepared as a white solid from 
HOCBH,Me2 and Li-n-Bu in hexane) with TaC15 (6/1 ratio) in benzene 
over 2 h. Evaporation, followed by extraction with pentane gave the pure 
product as a white solid. Anal. Calcd for Ta05C,,&: C, 61.07; H, 5.77. 
Found: C, 60.92; H, 5.57. 
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termination on 9 shows structure I implied by NMR data." 
Addition of LiCH2SiMe3 to 11 leads to the generation of 
Me4& and the formation of the alkylidene compound 10.14 
This behavior is similar to that observed for the compound 
Ta[N(SiMe8)2]2C13.'5 The facile a-hydrogen abstraction 
to generate 10 contrasts to the stability of 8a, which con- 
tains 2,6-dimethylphenoxide and does not generate Me,% 
when heated at  120 "C for days in sealed 'H NMR tubes. 
This is a clear indication that the a-hydrogen abstraction 
is sterically induced as proposed by Schrock and co- 
workers. lo 


82182-16-9; 5,82182-17-0; 6a, 82182-18-1; 6b, 82182-19-2; 7,82182- 
20-5; 8a, 82182-21-6; 8b, 82182-22-7; 9,82182-23-8; 10, 82182-24-9; 
11, 82190-58-7; Ta(OC&IaMe2)s, 82182-25-0; TaCl,, 7721-01-9; Ta- 
(OM&, 865-35-0; Nb(O-i-Pr)5, 1836880-4; Nb(OC8H3Me2)s, 82182- 
26-1; Ta(0-i-Pr),, 16761-83-4; M%(O-i-P&, 62521-20-4; Mq(O-i-P& 
66526-46-3; 1,2-Mq(O-i-Pr)2(CH&Xie& 75059-92-6; LiCH@iMes, 
1822-00-0; Mg(CH&3iMe3)l, 51329-17-0; LiOC8H3Me2, 24560-29-0; 
LiOCeHs-t-Buz, 55894-67-2; LiCH3, 917-54-4. 


Regigtry NO. 1, 34439-17-3; 2, 78638-61-6; 3, 82182-15-8; 4, 


(12) Addition of an e x m  of LiOCeH+Buz to Tach in benzene gives 
Ta(OC&13-t-Bul)zC13 (11) as an orange solid after 1 h. No further sub- 
stitution takes place. Filtration, removal of solvent, and washing with 
pentane gave the pure product. AnaL Calcd for TaClsOzCze)42: C, 48.19; 
H, 6.07; C1, 15.24. Found C, 48.82; H, 6.13; C1, 14.98%. 


(13) Addition of an exma of LiCH3 to (11) gave Ta(OCeHs-t-Bu2)z- 
(CH& (9) over 1 h. Removal of solvent and extraction with pentane gave 
the product as a white crystalline solid. Continued exposure to LiCH3 
for longer periods of time resulted in a black Buspension from which 9 
could be isolated although in much reduced yield. 


(14) Addition of 3 equiv of LiCH#iMea to 11 at -60 "C in hexane gave 
a yellow suspension. When slowly warmed to 25 OC, the solution dark- 
ened to a light brown color. Filtration and reduction of the volume 
followed by cooling to -15 OC gave the product 10 as yellow crystals. In 
the W NMR spectrum, the alkylidene carbon resonatad at 8 237.1 while 
in the 'H NMR spectrum the T a 4 H S i M e S  proton was observed as a 
singlet a t  8 8.60. 


(15) Andersen, R. A. Inorg. Chem. 1979,97,2935. 
(16) 'H NMR data recorded in benzene-de at 35 OC: 3, 8(OCH3) 3.83 


(e), 8(TaCHz) 0.94 (e), 8(SiMe3) 0.23 (e); 4, 8(OCHd 4.21 (a), 6(TaCHz) 
0.95 (a), b(CMed 1.17 (8); 5, 8(OCHMez) 4.64 (septet), 8(OCHMez) 1.27 
(d), 6(TaCHJ 0.76 (e); 6a, 8(OCHMd 4.82 (septet), G(0CHMez) 1.39 (d), 
8(TaCHz) 0.66 (a), 8(SiMes) 0.18 (8); 6b, 6(OCHMez) 4.79 (septet), 8- 
(OCHMeJ 1.42 (d), b(NbCH2) 1.17 (a), 8(SiMe3) 0.18 (8); 7, 8(CeH3) 
6.53-7.1 (m), b(C&Mel) 2.51 (a), 8CTaCH.J 1.72 (e), 8(CMe3) 1.10 (8) ;  8a, 
G(C6Ha) 6.81-7.15 (m), 8(C&I$ez) 2.50 (e), 8(TaCH2) 1.11 (e), 6(SiMe3) 
0.07 (a); Sb, 8(C&Is) 6.78-7.20 (m), 8(C&13Me2) 2.48 (e), 6(NbCH2) 1.73 
(e), 6(SiMe3) 0.08 (8); 9, 8(CeH3) 6.7-7.2 (m), 8(CeH3-t-Bu2) 1.45 (a), 6- 
(TaCH3) 1.19 (e); 10, Q(C&13) 6.6-7.1 (m), 8(C&13-t-Buz) 1.41 (e), b(Ta== 
CH) 8.60 (a), 6(TaCHz) 1.35 (e), 8(SiMe3) 0.21 (e) and 0.39 (I). 


(17) Huffman, J. C., Molecular Structure Center, Indiana University, 
private communication. 


Transformation of q8-Allyl to p-v',~3-Aliylidene In 
Certain Ruthenlum Complexes 


Amihal Elsonstadl and Avi Elraty" 
Department of Organic Chemistry 
The Weizmnn Institute of Science 
Rehovot 76 100, Israel 
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Summary: The passing of an acetonahexane solution of 
RU(CO)(~~-C~H,)(~~-C,H,) through a deactivated silica gel 
column gives [ Ru2(CO)(p-CO)(p-q' ,r13-CHCHCH2)( 7,- 
C5H5)2] by a process invoking $-allyl to p-~',q3-a11ylMene 
transformation. 


Recently, Knox et al.' described the preparation of the 
methylcarbyne complex [Ru2(CO),(p-CO)(p-CMe)(q5- 


(1) Davies, D. L.; Dyke, A. F.; Endesfelder, A.; Knox, S. A. R.; Naish, 
P. J.; Orpen, A. G.; Plaas, D.; Taylor, G. E. J. Oganonet. Chem. 1980, 
198, c43. 
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C5H6)2]+BF4- and its photolytic (UV) reaction with 
ethylene or propene to give [Ru2(CO) (p-C0)(p-q',q3-C- 
(Me)C(R)CH2)(q6-C5H5)2} (1, R = H, Me).2 In this reac- 
tion, a substituted p-q',~~-allylidene ligand is formed by 
the interaction of olefins with p-methylcarbyne at  a di- 
ruthenium center. The current communication describes 
a facile route to the parent p-q1,q3-allylidene complex by 
the interconversion of certain (q3-ally1)ruthenium com- 
plexes. This procedure constitutes an unprecedented 
one-step synthetic route to a p-carbene, a ligand thought 
to play an important role during the Fischer-Tropsch 
synthesis. 


A solution of Ru(CO)(q3-C3H5)(q6-C5H6) (2; mixture of 
isomers) in acetonehexane (1:9, v/v) when passed through 
a deactivated silica gel column gives the yellow parent 
p-q1,q3-allylidene complex [Ru2(CO)(p-CO)(p-q1,q3- 
CHCHCH2)(q5-C5H5),] (3) in 65% yield. The methyl de- 
rivative [Ru~(CO)~~-CO)G-~~,~~-CHC(M~)CH~)(~~-C~H~)~] 
(4) was prepared from RU(CO)(~~-CH,C(M~)CH,)(~~-CJ~~) 
by the same procedure in 64% yield. 


The properties of 3 and 4 are as follows: Complex 3: 
pale yellow; mp 196-198 "C; IR (CHC13) v(C0) 1946 (vs), 
1769 (8 )  cm-'; lH NMR (CDCl,) 6 10.35 (ddd, J = 0.8, 1.2, 
6.2 Hz, 1 H), 5.24 (s, 5 H), 4.93 (e, 5 H), 4.72 (ddd, J =  6.2, 
6.9,g.O Hz, 1 H), 2.65 (ddd, J = 1.2,2.8,6.9 Hz, 1 H), -0.02 
(ddd, J = 0.8, 2.8, 9.0 Hz, 1 H); 13C NMR (CDCl,) spec- 
tnun (gate-decoupled and proton-coupled spectral data for 
the p-q1,q3-allylidene and cyclopentadienyl carbon nuclei) 
6 152.82 (d, J = 98.5 Hz), 88.32 (d, J = 60.3 Hz), 83.38 (d, 
J = 64.7 Hz), 79.12 (J = 51.5 Hz), 39.58 (dd, J = 6.6, 30.1 
Hz). Anal. Calcd for C15H1402Ru2: C, 41.93; H, 3.39. 
Found: C, 42.08; H, 3.27. Complex 4: pale yellow; mp 
197-199 "C; IR (CHClJ v(CO), 1945 (vs), 1770 (s) cm-'; 
'H NMR (CDC13) 6 10.20 (dd, J = 0.75, 1.6 Hz, 1 H), 5.27 
(s, 5 H), 4.91 (s,5 H), 2.73 (dd, J = 1.6, 2.5 Hz, 1 H), 1.97 
(s, 3 H), -0.05 (dd, J = 0.75, 2.5 Hz, 1 H). Anal. Calcd 
for CI6Hl6o2Ru2: C, 43.25; H, 3.61. Found: C, 43.31; H, 
3.65. 


The spectroscopic ('H NMR and IR) properties of the 
new complexes (3 and 4) are rather similar to those ob- 


3 4 
H, H -u 


H AL\ 
-M 


/ C H Z  
M'- M 


5 6 7 


served for 2 (R = H, Me): where an X-ray crystal structure 
(2, R = Me) was reported. It was claimed that neither of 
the three bonding representations of the p-q1,q3-allylidene 
ligand (5-7) conflict with the crystallographic date of 2 (R 
= Me). On the other hand, distinction between these 
representations was made possible by the combination of 
'H and 13C NMR spectroscopic studies on the parent lig- 
and in 3 and the monosubstituted ligand in 4. 


Rigorous assignments of the 'H NMR chemical shifts 
of the p-q1,q3-allylidene ligands in 3 and 4 were accom- 
plished by spin decoupling experiments at both 80 and 270 
MHz. In the spectrum of 3, the respective proton Ha ( 8  


(2) Dyke, A. F.; Guerchais, J. E.; Knox, S. A. R.; Roue, J.; Short, R. 
L.; Taylor, G. E.; Woodword, P. J. Chem. SOC., Chem. Common. 1981, 
537. 
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10.35), Hb (6 4.72), Hc (6 2.65), and Hd (6 -0.02) resonate 
a t  a gradually increasing field. Since the chemical shifts 
are well apart and the coupling constants relatively small 
(0.8-9.0 Hz), a first order ddd splitting pattern may be 
expected in a fully coupled four-component system, as 
indeed was observed [J(ab) = 6.2, J(ac) = 1.2, J(ad) = 0.8, 
J(bc) = 6.9 (cis), J(bd) = 9.0 (trans), and J(cd) = 2.8 Hz 
(geminal)]. In the spectrum of 4, the absence of Hb gives 
rise to a dd splitting pattern [J(ac) = 1.6, J(ad) = 0.75, and 
J(cd) = 2.5 Hz (geminal)] with the respective coupling 
constants being similar to those found for 3. In the 13C 
NMR (90 MHz) spectrum of 3, the parent p-q1,q3-allylidene 
carbon nuclei resonate a t  6 152.82 [C.; 4Cu-a) = 98.5 Hz], 
79.12 [CB; J(B-b) = 51.5 Hz], and 39.58 [Cy; J(7-C) 6.6 
HZ and J(7-d) = 30.1 Hz]. 


According to available lH and 13C NMR spectral in- 
formation3v4 on (a-alkyl)-, (ql-allyl)-, and (q3-ally1)metal 
complexes, neither 6 nor 7 are expected to display any 
extraordinarily strong deshielding effects a t  the Ca(Ha) 
position. On the other hand, low-field resonances are 
rather characteristic of coordinated ~a rbenes .~  In this 
regards, the Ha(Ca) shifts (6) in 3 [10.35 (152.8211 can be 
compared with those reported for other M-CH(R)-M- 
containing complexes such as [Ru2(p-CHMe) (p -  
CMe2)(q6-CsHs)2] [9.40 (135.3)ls and a series of rhodium 
complexes of the type of [Rh2(CO),~-CHR)($-C~~)~1 [R 
= H, 5.97 (111.36); R = Me, 7.09; R = COOEt, 5.78].'? 
Terminally coordinated carbenes (M-CHR) resonate [S, 
'H ('%)I at a lower field as is exemplified from the spectra 
of [Fe(CO)(L)(CHPh)(.r15-CSH6)]+PF6- [L = CO, 16.86 
(342.4); L = Ph3P,  17.43 (341.2)],' [Fe- 


(317.5)]: [W(CO),(CHPh)] [17.21],9 and [Re(CH2)- 
(PPh,) (NO) (qS-CSH6)]+PF6 [ 15.671 .lo Among the termi- 
nally coordinated carbene complexes of tantalum and 
niobium,'l the downfield shifts are in general less extreme 
as compared with the above cited examples. 


Preliminary studies on various substituted $-allyl de- 
rivatives of 2 have suggested the generality of this allyl to 
allylidene transformation." Attempts to evaluate the 
mechanistic aspects of this transformation were made 
difficult by the heterogeneous experimental conditions 
utilized in these reactions. 
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of RuC13xH20 received from Johnson Matthey and Co. 
Ltd. is also acknowledged. 


Registry No. 2 (R = H), isomer 1,77983-17-6; 2 (R = H), isomer 
2,77983-18-7; 2 (R = Me), isomer 1,77933-78-9; 2 (R = Me), isomer 


(Ph&'CH2CH2PPhJ(CHJ($-C&)]+PF, [13.89 and 17.29 


2, 78037-33-9; 3, 82182-14-7; 4, 82182-13-6. 
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(4) Mann, B. E. Ado. Organomet. Chem. 1974,12,135-213 and per- 
tinent references therein. 
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Summary: Insertion of sulfur dioxide into the three- 
membered framework of the dimetallacyclopropane-type 
methylene complex (p-CH,)[ ($-C,Me,)Rh(CO)], cleanly 
yields the first example of coordinated sulfene, 
CH,=S02, in the course of a three- to four-membered 
ring expansion reaction. 


Much effort has been dedicated toward the development 
of effective synthetic routes to p-methylene transition- 
metal complexes since the time this class of compounds 
was dis~overed.~ The pivotal intermediacy of surface- 
bound methylene functionalities in the chain-growth se- 
quence of the Fischer-Tropsch process4 has added another 
stimulating aspect to the synthesis of dimetallacyclo- 
propanes and, a t  the same time, has initiated many labo- 
ratories' interest in reactivity studies of suitable model 
compounds as well., The most intruiging reactions that 
have so far been observed with p-methylene complexes 
include the proton-induced ring opening of M-CH2-M 
frameworks with the possibility of synthesizing halo- 
methylh and p-methylidyne derivativestab the conversion 
of bridging methylene moieties to ketenylidene groups 
(methylene carbonylation) ,M-E the migration of p-akylidene 
chains along a dinuclear metal frame,6c and the insertion 
of carbon disulfide@ as well as the Wittig-type methylene 
transfer to organic  substrate^.^^^^ In this paper we wish 
to disclose our observations on an unexpectedly facile 
three- to four-membered ring expansion as a synthetically 
useful and methodologically fundamental type of reaction 
in the chemistry of the p-methylene series. 


The thermally and photochemically exceedingly stable 
(p-methy1ene)rhodium complex 1 cleanly reacts with dry 
sulfur dioxide (2) in the temperature range -80 to +25 "C 
(THF solution) with concomitant formation of a novel 
complex, 3 (isolated yield 93%), of composition C23H32- 
04Rh2S (eq 1).6 The following spectroscopic data yield 


- 


(1) Communication 31 of the series "Transition Metal Methylene 
Complexes". This work was supported by the Deutache Forschungsge- 
meinschaft, the Fonds der Chemischen Industrie, and the De- Ha- 
nau. Dr. B. E. Mann (University of Sheffield/England) is acknowledged 
for having recorded 400-MHz NMR spectra. Communication 3 0  
Herrmann, W. A.; Huggins, J. M.; Bauer, Ch.; Smischek, M.; Pfisterer, 
H.; Ziegler, M. L. J.  Organomet. Chem. 1982,226, C59. 


(2) Karl Winnacker Fellow, 1979-1984. 
(3) Reviews: (a) Herrmann, W. A. Angew. Chem., Int. Ed. Engl. 1978, 


17, 800. (b) Herrmann, W. A. Pure Appl. Chem. 1982, 54, 65. (c) 
Herrmann, W. A. Adu. Organomet. Chem. 1982,20, 159. 


(4) Review Herrmann, W. A. Angew. Chem., Znt. Ed. Engl. 1982,21, 
117. 


( 5 )  (a) Herrmann, W. A.; Plank, J.; Riedel, D.; Ziegler, M. L.; Weid- 
enhammer, K.; Guggolz, E.; Balbach, B. J. Am. Chem. SOC. 1981,103,63. 
(b) Caaey, C. P.; Fagan, P. J.; Miles, W. H. Zbid. 1982, 104, 1134. (c) 
Theopold, K. H.; Bergman, R. G. Organometallics 1982, 1, 219. (d) 
Raper, M.; Strutz, H.; Keim, W. J. Organomet. Chem. 1981,219, C5. (e) 
Sievert, A. C.; Strickland, D. S.; Shapley, J. R.; Sbinmetz, G. R.; Geoffrey, 
G. L. Organometallics 1982, 1, 214. (fj Arce, A. J.; Deeming, A. J. J. 
Chem. SOC., Chem. Commun. 1982, 364. (8) Aumann, R.; Henkel, G.; 
Krebs, B. Angew. Chem. Suppl. 1982,506. (h) Pine, S. H.; M e r ,  R.; 
Evans, D. A.; Grubbs, R. H. J.  Am. Chem. SOC. 1980,102,3270. Hartner, 
F. W., Jr.; Schwartz, J. Ibid. 1982, 103, 4979. 
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- =CH, 3 


unambiguous proof that compound 3 represents a C, 
symmetrical p-V2-sulfene complex that originates from 
electrophilic insertion of sulfur dioxide into the three- 
membered backbone of the precursor compound 1. 


(1) The IR spectra (KBr)6 exhibit a very strong ab- 
sorption at  1807 cm-'. Both the position of this band and 
its observed long-wave shift occurring ~ p o n ' ~ C 0  labeling 
of 3 (1776 ~ m - 9 ~  underline its assignment to carbon 
monoxide bridges, the presence of which latter groups 
being once more evident from a characteristic low-field 
triplet in the I3C NMR spectrum (S(C0) 228.0 ('J(Rh-C) 
= 40 Hz)) .~  


(2) Convincing proof of loss of the dimetallacyclopropane 
geometry of compound 1 upon reaction with sulfur dioxide 
comes from 'H NMR spectroscopy: as a result of SO2 
insertion into one of the rhodium-methylene bonds, the 
methylene protons give rise to a A2X system centered at  
6 2.96 (relative intensity 2 H, CDC13, 25 "C, 400 MHz), with 
the observed coupling constant (2J(Rh-H) = 3.5 Hz) being 
typical of Rh-CH, functionalities ( x  = 1-3).5a98 In ad- 
dition, the methylene carbon resonance is no longer found 
within the shift range of p-methylene c ~ m p l e x e s ~ ~ ~ ~  but is 
rather close to that of metal alkyls (6(CH2) 68.8 (d)); again, 
the corresponding coupling constant ('J(Rh-C) = 28 Hz) 
is in the order commonly observed for alkylrhodium com- 
p l e x e ~ . ~ ~ * ~  The positions of two intense IR absorptions 
found at  1197 cm-l [v,(S02),  KBr] and 1063 cm-' [v,(SOz), 
KBr] are diagnostic of S-sulfinato derivatives that are 
structurally closely related to the methylenesulfene bridge 
of compound 3.9J0 


(6) Procedure. A magnetically stirred solution of 273 mg (0.5 mmol) 
of 1 in 50 mL of rigorously dried tetrahydrofuran is treated at -78 "C (dry 
ice/acetone) with a vigorous stream of high-quality dry SO2 gas for ca. 
3 min (100-mL Schlenk tube). The Schlenk tube is then connected with 
a mercury-Wed pressure relief valve, and the solution is allowed to slowly 
warm up to room temperature. After the color change from deep red to 
brownish yellow has gone to completion (30-60 min at  ca. 25 "C), the 
solvent is stripped off in a water aspirator. The remaining brown residue 
is first washed with n-pentane and subsequently with diethyl ether. 
Product 3 is finally crystalliied from a nearly saturated solution in ace- 
tone/diethyl ether (+25 to -35 "C) to give brownish red lustrous crystals: 
yield 283 mg (93%); mp 100 "C (sealed capillary). The compound is air 
stable both in solution and in the solid state, very soluble in benzene, 
methylene chloride, acetone, and tetrahydrofuran, and insoluble in n- 
pentane and diethyl ether. Anal. Calcd for CmH3204Rh2S (610.38): C, 
45.26, H, 5.28 Rh, 33.71, S, 5.26. Found C, 45.33, H, 5.58, Rh, 33.81, S, 
5.29; mol wt, 610 (field desorption mass spectrometry). Spectroscopic 
data of 3: IR (KBr) 1807 (vs) (v('FO)), 1776 (u(13CO)); 1197 (vs) [v,- 
(SOz)], 1063 (ve) [ v , ( S 0 2 ) ] ;  further typical bands: 2912 (m), 2899 (m), 
1003 (a), 727 (e); IR (THF) 1813 (ve) (U('~CO)), 1784 (v(13CO)); 'H NMR 
(90 MHz, CDCl,, 25 "C, internal Me4Si) 6(CH3) 1.83 (d, 15 H, 3J(Rh-H) 


H, 2J(Fth-H) = 3.5 Hz); 'SC {'HI NMR (67.88 MHz, CDC13, 28 "C, internal 
Me4Si) a(C0) 228.0 (t, 'J(Rh-C) = 40 Hz), 6(CH3) 8.7 (a), 6(C&e6) 105.0 
(8 )  and 103.9 (e), 6(CH3 68.8 (d, 'J(Rh5) = 28 Hz). The CH2 signal 
expectedly appears as a doublet of tnplets m the off-resonance decoupled 
13C NMR spectrum. Systematic nomenclature: [p-?2(C,S)-sulfene]bis- 
[ (p-carbonyl)(~s-pentamethylcyclopentadienyl)rhodium] (Rh-Rh). 


(7) 3-['8CO] has been synthesized from 1-['3CO] and sulfur dioxide 
according to the above preparation (ca. 30% WO). 


(8) (a) Werner, H.; Feser, R.; Buchner, W. Chem. Ber. 1979,112,834. 
(b) Schmidt, G. F.; Muettertiw, E. L.; Beno, M. A.; Williams, J. M. Proc. 
Natl. Acad. Sci. U.S.A. 1981, 78, 1318. (c) Isobe, K.; Andrews, D. G.; 
Mann, B. E.; Maitlis, P. J. Chem. SOC., Chem. Commun. 1981, 809. 


(9) (a) Vitzthum, G.; Lindner, E. Angew. Chem., Int. Ed. Engl. 1971, 
I O ,  315. (b) Wojcicki, A. A d a  Organomet. Chem. 1974, 12, 31. (c) 
Lindner, E.; von Au, G.; Eberle, H.-J.; Hoehne, 5. Chem. Ber. 1982,115, 
513. 


= 0.6 Hz) 6(CH3) 1.80 (d, 15 H V(Rh-H) 0.7 Hz), 6(CH2) 2.96 (d, 2 


0276-7333/82/2301-1102$01.25 /O 


(3) The unequal chemical environment of the metal 
centers arising from C,S coordination of the sulfene ligand 
across the dimetal frame accounts for the appearance of 
separate, well-resolved signals for each set of the methyl 
protons as well as the ring carbon atoms in the lH and I3C 
NMR spectra, respectively? Based upon the well-docu- 
mented structural details of triply bridged (q5-C5Me5)Rh- 
Rh(.r15-C5Me5) dimetal fragments, we should expect both 
C5Me5 ligands to be oriented perpendicular to the met- 
al-to-metal vector and also parallel to each ~ t h e r . ~ ~ J ' J ~  


The reactivity of the dimetallacyclopropane 1 is in 
marked contrast to related systems that display a metal- 
metal double bond in addition to a methylene bridge. 
Thus, the cobalt derivative (p-CH,) b-CO) [ (v~-C,M~,)CO], 
instantaneously reacts with sulfur dioxide even at low 
temperatures to give the triply bridged species (p-CHZ)- 
(p-CO)(p-SOz) [ ( v ~ - C ~ M ~ ~ ) C O ] , . ~  Furthermore, both elec- 
tronic and structural details seem to decidedly govern 
SO2-induced reaction pathways of dimetallacyclopropanes: 
for example, the p-diphenylmethylene derivative of the 
parent compound 1 undergoes ring opening instead of ring 
expansion, with the single product formed in this particular 
case being the diphenylcarbene complex of composition 
(p-so,) [ ( v ~ - C ~ M ~ ~ ) ~ R ~ ~ ( C ~ ) I C ( C , H , ) , J I . ' ~  


This paper demonstrates for the first time the feasibility 
of electrophilic SO2 insertion into methylene bridges with 
concomitant metal-centered formation of the parent 
sulfene, CH,=SO,. This latter species-a highly reactive 
formal analogue of ketene14-has to the best of our 
knowledge escaped all previous attempts of stabilization 
through metal coordination. We are presently in the 
process of applying this promising straightforward syn- 
thetic method to related dimetallacyclopropanes. 


Registry No. 1, 76545-02-3; 2, 7446-09-5; 3, 82264-78-6; Rh, 
7440-16-6. 


(10) Bridging SO2 complexes of type (p-SO,)[ML,], display a fairly 
different IR pattern: cf. Herrmann, W. A.; Plank, J.; Ziegler, M. L.; 
Wiilknitz, P. Chem. Ber. 1981, 114, 716. See also: Herrmann, W. A.; 
Plank, J.; Bauer, Ch.; Ziegler, M. L.; Guggolz, E.; Alt, R. 2. Anorg. Allg. 
Chem., in press. 


(11) Herrmann, W. A.; Bauer, Ch.; Kriechbaum, G.; Kunkely, H.; 
Ziegler, M. L.; Speth, D.; Guggolz, E. Chem. Ber. 1982, 115, 878 and 
references cited therein. 


(12) Several attempts to obtaining single-crystals of 3 for the purpose 
of an X-ray structure analysis were unsucceasful. We are presently trying 
to solve this problem by synthesizing alkyl derivatives of 3. 


(13) Herrmann, W. A.; Bauer, Ch., unpublished results, 1981. 
(14) Review: Opitz, G. Angew. Chem., Int. Ed. Engl. 1967, 6, 107. 
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- =CH, 3 


unambiguous proof that compound 3 represents a C, 
symmetrical p-V2-sulfene complex that originates from 
electrophilic insertion of sulfur dioxide into the three- 
membered backbone of the precursor compound 1. 


(1) The IR spectra (KBr)6 exhibit a very strong ab- 
sorption at  1807 cm-'. Both the position of this band and 
its observed long-wave shift occurring ~ p o n ' ~ C 0  labeling 
of 3 (1776 ~ m - 9 ~  underline its assignment to carbon 
monoxide bridges, the presence of which latter groups 
being once more evident from a characteristic low-field 
triplet in the I3C NMR spectrum (S(C0) 228.0 ('J(Rh-C) 
= 40 Hz)) .~  


(2) Convincing proof of loss of the dimetallacyclopropane 
geometry of compound 1 upon reaction with sulfur dioxide 
comes from 'H NMR spectroscopy: as a result of SO2 
insertion into one of the rhodium-methylene bonds, the 
methylene protons give rise to a A2X system centered at  
6 2.96 (relative intensity 2 H, CDC13, 25 "C, 400 MHz), with 
the observed coupling constant (2J(Rh-H) = 3.5 Hz) being 
typical of Rh-CH, functionalities ( x  = 1-3).5a98 In ad- 
dition, the methylene carbon resonance is no longer found 
within the shift range of p-methylene c ~ m p l e x e s ~ ~ ~ ~  but is 
rather close to that of metal alkyls (6(CH2) 68.8 (d)); again, 
the corresponding coupling constant ('J(Rh-C) = 28 Hz) 
is in the order commonly observed for alkylrhodium com- 
p l e x e ~ . ~ ~ * ~  The positions of two intense IR absorptions 
found at  1197 cm-l [v,(S02),  KBr] and 1063 cm-' [v,(SOz), 
KBr] are diagnostic of S-sulfinato derivatives that are 
structurally closely related to the methylenesulfene bridge 
of compound 3.9J0 


(6) Procedure. A magnetically stirred solution of 273 mg (0.5 mmol) 
of 1 in 50 mL of rigorously dried tetrahydrofuran is treated at -78 "C (dry 
ice/acetone) with a vigorous stream of high-quality dry SO2 gas for ca. 
3 min (100-mL Schlenk tube). The Schlenk tube is then connected with 
a mercury-Wed pressure relief valve, and the solution is allowed to slowly 
warm up to room temperature. After the color change from deep red to 
brownish yellow has gone to completion (30-60 min at ca. 25 "C), the 
solvent is stripped off in a water aspirator. The remaining brown residue 
is first washed with n-pentane and subsequently with diethyl ether. 
Product 3 is finally crystalliied from a nearly saturated solution in ace- 
tone/diethyl ether (+25 to -35 "C) to give brownish red lustrous crystals: 
yield 283 mg (93%); mp 100 "C (sealed capillary). The compound is air 
stable both in solution and in the solid state, very soluble in benzene, 
methylene chloride, acetone, and tetrahydrofuran, and insoluble in n- 
pentane and diethyl ether. Anal. Calcd for CmH3204Rh2S (610.38): C, 
45.26, H, 5.28 Rh, 33.71, S, 5.26. Found C, 45.33, H, 5.58, Rh, 33.81, S, 
5.29; mol wt, 610 (field desorption mass spectrometry). Spectroscopic 
data of 3: IR (KBr) 1807 (vs) (v('FO)), 1776 (u(13CO)); 1197 (vs) [v,- 
(SOz)], 1063 (ve) [ v , ( S 0 2 ) ] ;  further typical bands: 2912 (m), 2899 (m), 
1003 (a), 727 (e); IR (THF) 1813 (ve) (U('~CO)), 1784 (v(13CO)); 'H NMR 
(90 MHz, CDCl,, 25 "C, internal Me4Si) 6(CH3) 1.83 (d, 15 H, 3J(Rh-H) 


H, 2J(Fth-H) = 3.5 Hz); 'SC {'HI NMR (67.88 MHz, CDC13, 28 "C, internal 
Me4Si) a(C0) 228.0 (t, 'J(Rh-C) = 40 Hz), 6(CH3) 8.7 (a), 6(C&e6) 105.0 
(8 )  and 103.9 (e), 6(CH3 68.8 (d, 'J(Rh5) = 28 Hz). The CH2 signal 
expectedly appears as a doublet of tnplets m the off-resonance decoupled 
13C NMR spectrum. Systematic nomenclature: [p-?2(C,S)-sulfene]bis- 
[ (p-carbonyl)(~s-pentamethylcyclopentadienyl)rhodium] (Rh-Rh). 


(7) 3-['8CO] has been synthesized from 1-['3CO] and sulfur dioxide 
according to the above preparation (ca. 30% WO). 


(8) (a) Werner, H.; Feser, R.; Buchner, W. Chem. Ber. 1979,112,834. 
(b) Schmidt, G. F.; Muettertiw, E. L.; Beno, M. A.; Williams, J. M. Proc. 
Natl. Acad. Sci. U.S.A. 1981, 78, 1318. (c) Isobe, K.; Andrews, D. G.; 
Mann, B. E.; Maitlis, P. J. Chem. SOC., Chem. Commun. 1981, 809. 


(9) (a) Vitzthum, G.; Lindner, E. Angew. Chem., Int. Ed. Engl. 1971, 
I O ,  315. (b) Wojcicki, A. A d a  Organomet. Chem. 1974, 12, 31. (c) 
Lindner, E.; von Au, G.; Eberle, H.-J.; Hoehne, 5. Chem. Ber. 1982,115, 
513. 


= 0.6 Hz) 6(CH3) 1.80 (d, 15 H V(Rh-H) 0.7 Hz), 6(CH2) 2.96 (d, 2 
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(3) The unequal chemical environment of the metal 
centers arising from C,S coordination of the sulfene ligand 
across the dimetal frame accounts for the appearance of 
separate, well-resolved signals for each set of the methyl 
protons as well as the ring carbon atoms in the lH and I3C 
NMR spectra, respectively? Based upon the well-docu- 
mented structural details of triply bridged (q5-C5Me5)Rh- 
Rh(.r15-C5Me5) dimetal fragments, we should expect both 
C5Me5 ligands to be oriented perpendicular to the met- 
al-to-metal vector and also parallel to each ~ t h e r . ~ ~ J ' J ~  


The reactivity of the dimetallacyclopropane 1 is in 
marked contrast to related systems that display a metal- 
metal double bond in addition to a methylene bridge. 
Thus, the cobalt derivative (p-CH,) b-CO) [ (v~-C,M~,)CO], 
instantaneously reacts with sulfur dioxide even at low 
temperatures to give the triply bridged species (p-CHZ)- 
(p-CO)(p-SOz) [ ( v ~ - C ~ M ~ ~ ) C O ] , . ~  Furthermore, both elec- 
tronic and structural details seem to decidedly govern 
SO2-induced reaction pathways of dimetallacyclopropanes: 
for example, the p-diphenylmethylene derivative of the 
parent compound 1 undergoes ring opening instead of ring 
expansion, with the single product formed in this particular 
case being the diphenylcarbene complex of composition 
(p-so,) [ ( v ~ - C ~ M ~ ~ ) ~ R ~ ~ ( C ~ ) I C ( C , H , ) , J I . ' ~  


This paper demonstrates for the first time the feasibility 
of electrophilic SO2 insertion into methylene bridges with 
concomitant metal-centered formation of the parent 
sulfene, CH,=SO,. This latter species-a highly reactive 
formal analogue of ketene14-has to the best of our 
knowledge escaped all previous attempts of stabilization 
through metal coordination. We are presently in the 
process of applying this promising straightforward syn- 
thetic method to related dimetallacyclopropanes. 


Registry No. 1, 76545-02-3; 2, 7446-09-5; 3, 82264-78-6; Rh, 
7440-16-6. 


(10) Bridging SO2 complexes of type (p-SO,)[ML,], display a fairly 
different IR pattern: cf. Herrmann, W. A.; Plank, J.; Ziegler, M. L.; 
Wiilknitz, P. Chem. Ber. 1981, 114, 716. See also: Herrmann, W. A.; 
Plank, J.; Bauer, Ch.; Ziegler, M. L.; Guggolz, E.; Alt, R. 2. Anorg. Allg. 
Chem., in press. 


(11) Herrmann, W. A.; Bauer, Ch.; Kriechbaum, G.; Kunkely, H.; 
Ziegler, M. L.; Speth, D.; Guggolz, E. Chem. Ber. 1982, 115, 878 and 
references cited therein. 


(12) Several attempts to obtaining single-crystals of 3 for the purpose 
of an X-ray structure analysis were unsucceasful. We are presently trying 
to solve this problem by synthesizing alkyl derivatives of 3. 


(13) Herrmann, W. A.; Bauer, Ch., unpublished results, 1981. 
(14) Review: Opitz, G. Angew. Chem., Int. Ed. Engl. 1967, 6, 107. 


Hydrosllane-Induced Reductive Coupling of Carbon 
Monoxide 


Leonard Kaplan 


Union Carbide Corporation 
South Charleston, West Virginia 25303 


Received May 14, 1982 


Summary: A remarkable acceleration by hydrosilanes of 
the transition-metal-catalyzed reduction of carbon mon- 
oxMe to compounds containing methoxy and 1,2-ethane- 
dioxy groups has been discovered. 


We wish to report the remarkable acceleration by a 
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Table I. Reactiona of CO + H, with (n-C,H,,),SiH/Metal Carbonyl 
pressure, psi product,  mol/[(g-atom of metal)h]b*c 


metal  carbonyl co H2 -OCH,CH,O- CH,O- n-C6H,,CH20- 


- 1200 - 1200 0 0 0 
2000 2000 1.0 2.2 0 
3000 3000 2.6 3.7 0 
4000 4000 3.3 4.0 0 


Rh(CO),acac 4000 4000 2.7 4.2 0 


CO,(CO), 


Ru3(C0)12 0 - 3300 0 1.7 trace 
3500 0 0.2 1.0 1.5 


500 5 00 0 trace 6 
1000 1000 0 1.4 5 
2000 2000 0.3 4.8 6 
3000 3000 1.7 17 29 
4000 4000 2.2 15 ? 


80 m L  (0.22 mol) of (n-C,H,,),SiH, 270 'C, 1 h (The  turnover rate usually decreased with time), 3 mg-atom of metal. 
Products were determined as PhCO,CH,CH,O,CPh, PhCO,Me, and n-C,H,,O,CPh by use of vapor-phase chromatography 


and NMR and mass spectroscopy after treatment of the reaction mixture with benzoic anhydride. This treatment is based 
o n  a report  of the reaction Et,SiOEt + Ac,O -+ Et,SiOAc + E t O A c d  The numbers reported in this Table are lower limits 
because the reaction with Bz20 is no t  quantitative; for  example, treatment of Me,SiOEt and (n-C,H,,),SiOCH,CH,OSi- 
(n-C6H,,),e gave conversions to the corresponding benzoates of 77 and 60%, respectively. The experiments were not  all 
performed in the sequences in which they are grouped in this table; trends should be viewed qualitatively, no t  quantitatively. 


Ladenburg, A. Ber. Dtsch. Chem. Ges. 1872, 5 ,  319. e Prepared by reaction of ethylene glycol with (n-C,H,,),SiCI/ 
pyridine. NMR (CHCI,): 
mass spectrum: calcd fo r  C,,H,,O,Si, 626.5853 and for  C,,H,,O,Si,-C,H,, 541.4835; found 626.5198 r 66 ppm (parent),  
541.4828 * 1.3 ppm (base). 


3.63 (s, 2.0 H) ,  5.6-7.2 (m,  39 H )  ppm,  upfield from CHCI,. Chemical ionization (isobutane) 


1,2-ethanedioxy groups (eq 1). We report also the tran- 
traneition metal co + H2 ,SiH * - -OCH2CH20- + CH30- (1) 


sition-metal-catalyzed desilylative a-oxymethylation of the 
alkyl group of a hydrosilane (eq 2). 


transition metal 
R3SiH + CO + H2 * RCH20- (2) 


After a long hiatus following the original reports' of the 
transition-metal-catalyzed reductive coupling of CO to 
ethylene glycol and its derivatives, such reactions have 
become commonplace. However, in the absence of a Lewis 
base as cocatalyst or carboxylic acid as solvent, either great 
pressure or great patience is required for their observation. 
The most active catalysts contain cobalt, rhodium, or ru- 
thenium. 


Motivated by the well-known hydrosilylation of carbonyl 
groups and by our observation that silanes such as Ph3SiH 
and (MeSiHO), converted formaldehyde to compounds 
containing -OCH2CH20-,2 we investigated transition- 
metal-catalyzed reactions of CO with H2 in the presence 
of a hydrosilane3" and discovered reaction 1. Results ob- 
tained with trihexylsilane are in Table I; the use of tri- 
phenylsilane with C O ~ ( C O ) ~  at  6000 psi also led to com- 
pounds containing CH30- and -OCHzCH20-, but more 
slowly. The acceleration of the formation of -OCH2CH20- 


(1) (a) Gresham, W. F. British Patent 655237 1951 (application in 
U.S., 1947). (b) Graham, W. F.; Schweitzer, C. E. U.S. Patent 2534018, 
1950. (c) Gresham, W. F. U.S. Patent 2636046 1953. 
(2) Kaplan, L. U.S. Patent 4 283 578 1981. 
(3) (a) The reduction of C02 to formaldehyde by RuC12(PPh3),/ 


MeE@iH3b and the C~~(CO)~/PPh~-catalyzed hydroformylation of 
RCHO by MeEbSiH/CO to give 


OSiEt2Me MeE t2SO OS1 Et2 Me 
I (rei 3c) (ref 3d) 


S H  R RCHCHO 


have since been reported. (b) Koinuma, H.; Kawakami, F.; Hirai, H. 
'Abstracts of the 9th International Conference on Organometallic 
Chemistry", Dijon, 1979, p C26. Koinuma, H.; Kawakami, F.; Kato, H.; 
Hirai, H. J.  Chem. SOC., Chem. commun. 1981,213. (c) Murai, S.; Kato, 
T.; Sonoda, N.; Seki, Y.; Kawamoto, K. 'Abstracts of Papers", 179th 
National Meeting of the American Chemical Society, Honolulu, HI, Apr 
1979; American Chemical Society: Washington, DC, 1979; No. 262. 
Angew. Chem., Znt. Ed. Engl. 1979, 18, 393. (d) Seki, Y.; Murai, S.; 
Sonoda, N. Zbid. 1978, 17, 119. 


brought about by a high concentration (2.7 M) of +SiHIG 
is large: similar experiments done in the absence of +SiH 
with CO~(CO)~  and Ru~(CO) '~  in sulfolane, dibutyl ether, 
and tetraethylshe as solvents and experiments done with 
Rh(CO)2acac in a wide variety of solvents gave no de- 
tectable compounds containing -OCH2CHzO-; although 
the use of 0.07 M ( ? Z - C ~ H ~ ~ ) ~ S ~ H ,  Et2SiH2, Ph,SiH, 
Ph2SiH2, PhSiH,, and (EtO),SiH with C O ~ ( C O ) ~  in sulfo- 
lane led to no compounds containing CH,O- or 
-OCH2CH20-, the significance of such results in sulfolane 
is unclear since the possibility of a solvent-induced 
transformation of the catalyst system has not been ex- 
cluded. Use of ClRh(CO)(Ph,P),, Mn2(CO)lo, Cu20, 
H2PtC&, H20sC&, (Ph3P),PdC12, and no metal compound 
in 2.7 M (n-C6H13)3SiH at  8000 psi led to no compounds 
containing -OCH2CH20- or n-C6HI3CH20-. Note also in 
Table I that compounds containing -OCH2CH20- and 
CH30- are produced even when H2 is not introduced. 


Comparison of the productivities in Table I with those 
in the literature indicates that they are exceptionally su- 
perior for cobalt, almost as high5k for ruthenium, and in- 
ferior for rhodium: the most productive cobalt systems, 
C O ~ ( C O ) ~  in CF3CH20H4"~" and H O A C ~ ~  solvent, gave 
compounds containing -OCH2CH20- at a rate of -0.04 
and -0.01 mol/[(g-atom of Co)h], respectively, at 4900 and 
4500 psi, respectively. The most productive ruthenium 
systems involve the use 89 cocatalysts of salts in an "inert" 
solvent,%" carboxylic acids as solvent withhJ and without 
salts, and molten 'onium salts as s01vents;~g~" the highest 
rates calculable from the data published for each of these 
classes of cocatalyst a t  pressures of -6000 psi and below 
are N 1.5 (5000 psi),5" 0.7 (6300 psi),5cJ -0.4 (6000 p ~ i ) , ~ " , ~  
and 4.6 (6300 psi)5h mol/ [(g-atom of Ru)h], re~pectively.~' 
The most productive rhodium systems such as the 
CsOAclN-methylmorpholine cocatalyzed system in 18- 
~ r o w n - G / P r ~ P O , ~ ~  E t3P0 ,  and 1,3-dimethyl-2- 
imidazolidinoneGb solvents can produce ethylene glycol at 
rates of 25,25, and 18 mol/ [ (g-atom of Rh)h], respectively, 
a t  8000 psi. 


(4) (a) Feder, H. M.; Rathke, J. W. Ann. N.Y. Acad. Sci. 1980, 333, 
45. (b) Rathke, J. W.; Feder, H. M. In "Catalysis of Organic Reactions"; 
Moser, W. R., Ed.; Marcel Dekker: New York, 1981; p 219. (c) Knifton, 
J. F. US. Patent 4268689 1981. 
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Although we have made no observations which indicate 
how +SiH acts to accelerate these cobalt-, ruthenium-,'* 
and rhodium-catalyzed reactions, we believe that the 
following facta provide a framework which facilitates 
thought about possible mechanisms. (1) Neutral and an- 
ionic mono- and oligonuclear transition metal carbonyl 
compounds containing silyl groups as ligands are well- 
known, and their reactivity toward CO/H2, solubility, and 
stability under the reaction conditions would differ from 
those of the compounds which would exist in the absence 
of hydrosilane. (2) Fachinetti has suggested and provided 
evidence for the reaction HCO(CO)~ + C O ~ ( C O ) ~  - Cog- 
(CO)gCOH, Le., for the idea that the common cobalt/ 
H2/C0 system contains as a matter of course a small 
cluster in which a CO is already en route to products of 
reduction, and has concluded that it is possible that 
CO,(CO)~COH can be an intermediate in the reduction of 
CO by H2.8 (3) The existence of HRU~(CO)~,,COH has 


(5) (a) Dombek, B. D. European Patent Application 13 008 1980. (b) 
Dombek, B. D. J. Am. Chem. SOC. 1981,103,6508. (c) Knifton, J. F. J. 
Chem. SOC., Chem. Comm. 1981, 188. (d) Knifton, J. F. US. Patent 
4 268 689 1981. (e) Knifton, J. F. British Patent Application 20 586 00A 
1981. (0 Dombek, B. D. J. Am. Chem. SOC. 1980,102,6855. (9) Knifton, 
J. F. J. Am. Chem. SOC. 1981,103,3959. (h) Knifton, J. F. US. Patent 
4265828 1981. (i) Also, we have studied a Ru3(C0)12 (10 mmol)/NaI 
(15-180 mmol) system in l&~rown-6~j and N-methylpyrrolidone as sol- 
vents in the range 170-250 "C at 6OOO psi of 1/1 CO/Hp Rates (1.9 and 
1.3 mol/[(g-atom of Ru)h], respectively) and selectivities to ethylene 
glycol (accompanied by methanol and ethanol at rates of 8 and 6 mol/ 
[(g-atom of Ru)h], respectively, in both solvents) equal to the best which 
we observed were obtained at 210 "C by use of 180 mmol of NaI. Simii 
results were obtained in a less thorough study with KI. 6) Kaplan, L. 
U S .  Patent 4 162 261 1979. (k) See footnote b to Table I. (1) Knifton, 
J. F. J. Catal. 1982, 76, 101. 


(6) (a) Kaplan, L. US.  Patent 4197253 1980. (b) Hart, P. W. US. 
Patent 4 302 547 1981. 


(7) (a) Our work with R u ~ ( C O ) ~ ~  was done as a consequence of a sug- 
gestion to that effect from R. G. Bergman which was based upon his 
knowledge of our results with CO~(CO)~ and Rh(CO)zacac and of the 
resultsn of B. D. Dombek on the R~~(CO)~~-catalyzed conversion of 
CO/H2 to AcOCHzCHzOAc in HOAc solvent. (b) Subsequently reported 
in ref 5f. 


(8) Adams, H.-N.; Fachinetti, G.; Strihle, J. Angew. Chem., Int. Ed. 
Engl. 1981,20,125. Fachinetti, G.; Balocchi, L.; Secco, F.; Venturini, M. 
Ibid. 1981,20,204. For a review of (alkylidyne)tricobalt nonacarbonyl 
complexes see: Nicholas, K. M.; Nestle, M. 0.; Seyferth, D. In '"sition 
Metal Organometallics in Organic Synthesis"; Alper, H., Ed.; Academic 
Press: New York, 1978 Vol. 2, p 1. 


(9) Keister, J. B. J. Organomet. Chem. 1980, C36. 
(10) Fieldhouse, S. A.; Cleland, A. J.; Freeland, B. H.; Mann, C. D. M.; 


OBrien, R. J. J. Chem. SOC. A 1971, 2536. The possible functioning of 
>SiH as a reagent which locks a reversibly formed intermediate into a 
structure which is a precursor of compounds containing -OCH2CH20- 
is formally analogous to the role suggested for RCOOH in the RUB 
(CO)12/RCOOH-catalyzed reactions discussed above. ('The function of 
this unique solvent/promoter [RCOOH] is apparently to intercept a 
catalytic intermediate"" and "convert it to a product not otherwise ob- 
tained."6b). G. Fachinetti has informed us that he has observed the 
reaction 


MeBiCI, R&4 
CO/H2 + C O ~ ( C O ) ~  Me3SiOCHzCHzOSiMe3 


His results in the area of cobalt carbonyl chemistry aided our thinking 
about pathways possible for the reactions (Table I) which we had ob- 
served. 


been sugge~ted.~ (4) The alcoholysis of silanes, +C-OH 
+ H-Sit - SC-OSit, in the presence of a variety of 
transition-metal compounds is well-known. (5) The re- 
action of C O ~ ( C O ) ~  with R2SiH2 to produce Cog- 
(CO)gCOSiR2Co(C0)4 has been reported.1° (6) The re- 
action CO~(CO)~COR + CO/H2 - ROCH2CH20H has 
been reported." (7) It has been reported that an a-(tri- 
methylsilyloxy) substituent can accelerate carbonylation 
of an alkyl group.12 


In the course of this work we have observed with Rug- 
(CO),, an unprecedented desilylative reductive carbony- 
lation, Le., a-oxymethylation, of the alkyl group of a hy- 
drosilane (reaction 2). Results are in Table I; compounds 
containing n-CGH130- or (n-C5HI1)MeCHO- were not 
detected. The use at  6000 psi of triphenylsilane with 
CO,(CO)~ and of tetraethylsilane with CO~(CO)~  and Rug- 
(CO),, did not lead to compounds containing PhCH20- 
or CH3CH2CH20-. Such an a-oxymethylation reaction13 
involves the cleavage of what was a silicon-carbon bond 
and the bonding to that carbon of what was C0.14 Al- 
though the cleavage of a S i 4  bond by a transition metal 
is well-known, the "insertion" of a transition metal into a 
S i 4  bond has actually been observed only for compounds 
whose Si-C bond is part of a small strained ring.15 
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(12) Gladysz, J. A.; Selover, J.; Strouse, C. E. J. Am. Chem. SOC. 1978, 
100,6766. 


(13) An anticipation by Akhrem, I. S.; Avetisyan, D. V.; Vartanyan, 
R. S.; Shakhatumi, K. G.; Vol'pin, M. E. Izv. Akad. Nauk SSSR 1975, 
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transition-metal compound] will lead to transfer of the organic radical 
to the atom of the transition metal, and consequently to the formation 
of exceedingly reactive a-organic derivatives of the transition metals". 
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J.; Deleris, G.; Pisciotti, F. J. Organomet. Chem. 1974,69, C15. Deleris, 
G.; Dunogues, J.; Calm, R. Ibid. 1975,93,43. Abel, E. W.; Rowley, R. J. 
Zbid. 1975,84,199. Seyferth, D.; Duncan, D. P.; Vick, S. C. Ibid. 1977, 
125, C5. Seyferth, D.; Vick, S. C.; Shannon, M. L.; Lim, T. F. 0.; Duncan, 
D. P. Ibid. 1977,135, C37. Sakurai, H.; Kamiyama, Y.; Nakadaira, Y. J. 
Am. Chem. SOC. 1977, 99, 3879. Gostevskii, B. A.; Kruglaya, 0. A.; 
Albnnov, A. I.; Vyazankin, N. S. J. Organomet. Chem. 1980,187,157 and 
references cited therein. 


(15) Cundy, C. S.; Lappert, M. F. Chem. Commun. 1972,445; J. Chem. 
Soc., Dalton Trans. 1978, 665; J.  Organomet. Chem. 1978, 144, 317. 
Cundy, C. S.; Lappert, M. F.; Dubac, J.; Mazerolles, P. J. Chem. SOC., 
Dalton Trans. 1976,910. Kuz'min, 0. V.; Bykovets, A. L.; Vdovin, V. M.; 
Krapivin, A. M. Izv. Akad. Nauk SSSR 1979, 2815. 


(16) This symbol represents a compound containing a hydrogen 
bonded to silicon. 
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Book Re views 
Catalysis of Organic Reactions. Edited by W. R. Moser. 
Marcel Dekker, New York. 1981. 


This volume contains a compilation of papers from the Eighth 
Conference of the Organic Reactions Catalysis Society held in 
New Orleans June 24,1980. It addresses in particular discoveries 
in chemical process technology and the impact of synthesis gas 
chemistry on fuels and chemicals. As such it contains material 
of different depth and scope. Some chapters are essentially an 
overview of commercial technology whereas others are compre- 
hensive and contain mechanistic information in detail. 


The first chapter by A. M. Brownstein is of an economic ov- 
erview nature with principal emphasis on toluene as a replacement 
for benzene with styrene as an example and with synthesis gas 
for oxygenates. The oxygenates cited are acetic anhydride, 
ethylidene diacetate, and ethylene glycol. Prospects for synthesis 
gas-based olefin procewes are also discussed. This chapter serves 
as a good ‘point-in-time” assessment, although changing supplies 
and availability of petroleum, gas, and coal feedstocks may in- 
validate the quantitative aspects. 


Chapter 2 is concerned with selective oxidation processes, and 
outlines in detail the mechanism of Bi-Mo-oxides as catalysts for 
the selective oxidation of propylene to acrolein and ammoxidation 
to acrylonitrile. The third chapter is a short description of a Mobil 
ZSM-5 catalyst system for alkylation of benzene to ethylbenzene. 
The function of the intermediate pore size, spacioselective zeolite, 
and comparisons with other commercial processes are highlighted. 
The fourth chapter describes an alternate approach to styrene, 
the reaction of toluene and methanol over X-type zeolites with 
cesium cations. The influence of boron modification is also 
discussed. Spectrophotometric studies are included. In chapter 
5, Chang, Lang, and Bell of Mobil Research and Development 
Corp. deacribe the influence of Shape Selectivity in zeolite catalysis 
on three reactions: aromatic hydrocarbon formation from 
methanol, the Prins reaction, and the acid-catalyzed condensation 
of acetone. 


Chapter 6 describes calorimetric studies of the CzHaClz/WCI, 
olefin metathesis catalyst. While some conclusions concerning 
stoichiometry were drawn, these were insufficient for structure 
proofs or for mechanistic implications. Chapter 7 describes 
mechanistic studies which show that the sulfuric acid catalyzed 
oxidation of toluene produces derivatives of both formaldehyde 
and phenol. These are both desirable products, but further 
improvements in selectivity will be necessary for practical im- 
plementation. In chapter 8 synthetic oxometalloporphinates are 
described along with their reactivity for hydrocarbon oxidation 
and their relationship to cytochrome P-450. Chapter 9 gives a 
description of oxidation of organic olefin and alcohol substrates 
with nitro nitrosyl-ligated cobalt and palladium complexes. In 
chapter 10, F. Mares and S. E. Jacobson demonstrate the oxidation 
of olefiis and ketones to epoxides and lactones, respectively, with 
dilute hydrogen peroxide in a triphase system. The solid was an 
arsonated polystyrene which was converted by hydrogen peroxide 
to the potent perarsonic acid. Chapter 11, somewhat an anomaly 
in this section, covers a compilation by R. C. Wade of uses of 
borohydrides as reducing agents in industrially significant reac- 
tions. 


Part I1 surveys some aspects of new synthesis gas technologies. 
It begins with a chapter by K. Klier on the synthesis of C1-C4 
alcohols with three types of heterogeneous catalysts. The first 
is the class of supported precious metals. The second, discussed 
in the most detail as it pertains to the author’s own work, covers 
the Cu-ZnO-based methanol commercial catalysts. The third, 
which could hold considerable promise for the future, is composed 
of Cu/Co/M/A quaternary catalysts (M = Cr, Mn, Fe, e.g., A = 
alkali oxide). This chapter is particularly informative. In chapter 
13, Rathke and Feder furnish kinetic data which is consistent with 
a coordinated formaldehyde intermediate in the CO/H2 con- 
densation to methanol, ethylene glycol, and methyl formate. This 
is an interesting paper for those concerned with oxygenate syn- 
thesis from synthesis gas. The next paper by Happel, Hinatow, 


and Bajars describes tracer. techniques for delineating the 
mechanism of methanation over nickel and some nonmetallic 
catalysts. 


The next two chapters are devoted to two different schemes 
for the homologation of methanol to ethanol. The first utilizes 
carbon monoxide and water with cobalt under basic conditions. 
The second is a unique scheme with iron pentacarbonyl and 
trimethylamine together with carbon monoxide rich synthesis gas. 
Both require relatively high pressures, a continuing problem with 
this desirable transformation. Selectivities are reasonable in both 
cases. 


Two chapters are devoted to the commercially important hy- 
droformylation reaction. Ullruh, Christenson, Hughes, and Young 
of Celanese give a very detailed account of the effects of bidentate 
phosphines with rigid backbones on the rhodium-catalyzed re- 
action. Rates and selectivities are correlated with Hammett values. 
31P NMR studies were added, and a selective catalyst with three 
ligated phosphines is suggested. Pittman and Honnick found one 
of these phosphines, 1,l’-bis(diphenylphosphino)ferrocene, to be 
very effective for the hydroformylation of allyl alcohol to 4- 
hydroxybutanal. This aldehyde is desired as an intermediate in 
butanediol manufacture, but the normal hydroformylation re- 
action is plagued by isomerization to propanal, hydrogenation 
to propanol and the formation of high-boiling by-products. 


Part I11 contains six chapters devoted to functional group 
hydrogenation. The nature of these papers are very diverse. One 
describes commercial applications of homogeneous hydrogenation 
catalysis. Others describe Raney nickel applications, both pro- 
moted and unpromoted. The paper on the industrial production 
of sugar alcohols is particularly informative. 


The volume is of good quality and readable. The number of 
errors is very small. The index is somewhat short but adequate. 
Portions of it will appeal to those interested in industrial aspects 
of homogeneous and heterogeneous catalysis, but the wide div- 
ersity of topics will require a reader having a very wide range of 
interests. 


Roy L. Pruett, Exxon Research and Engineering Company 


Catalytic Aspects of Metal Phosphine Complexes. Edited 
by Elmer C. Alyea and Devon W. Meek. Advances in Chemistry 
Series No. 196. American Chemical Society, Washington, DC. 
1982. x + 421 pages. $69.95. 


This volume contains 24 of the papers which were presented 
at the June, 1980 Biennial Inorganic Symposium at Guelph, 
Canada, which was jointly sponsored by the Inorganic Divisions 
of the American Chemical Society and the Chemical Institute of 
Canada. The five subtopics of the symposium were 31P NMR 
and the nature of the metal-phosphorus bond, the chemistry of 
bulky phosphine ligands, polydentate phosphines, the reactivity 
of transition-metal phosphorus compounds, and asymmetric 
synthesis. The articles vary in length (9-31 pages) and in scope 
from neatly packaged review articles to some previously unpub- 
lished specific research papers with detailed experimental sections. 
One of the latter articles which seems out of place with respect 
to style and content is an X-ray structural study complete with 
positional and thermal parameters, bond lengths and angles, and 
stereoscopic diagrams. As might be expected, about half of the 
articles deal with some aspect of rhodium phosphine chemistry. 
These include articles on asymmetric synthesis by Knowles et 
al., which describes some interesting new chiral tertiary phosphines 
with sulfone substituents thereby affording water-soluble catalysts 
(this article also includes specific experimental details), by Bosnich 
and Roberts, which outlines mechanisms and strategies of 
phosphine design for effective catalysts, by Brown, Chaloner, and 
Parker, which reviews mechanisms for hydrogenation of enamides 
and structures of intermediates in solution based on NMR evi- 
dence, and by Consiglio and Pino, which summarizes advances 
in asymmetric hydrocarbonylation and hydrocarbalkoxylation of 
alkenes. The homogenous hydrogenation with an interesting 





