
TRANSITION METAL CARBONYLS Inorganic Chemistry, Vol. 9, No. 7 ,  1970 1691 

COiYTRIBUTION FROM THE DEPARTMENT OF CHEMISTRY, 

14'114 STATE UNIVERSITY OF NEW YORK AT BUFFALO, BUFFALO, KE\\, Y O R K  

Reactions of Transition Metal Carbonyls with Organolithium Compounds. 
Prediction of Nucleophilic Attack at Carbon and Resulting Stereochemistry1 

11. 

BY D. J. DARESSBOURG A N D  M.  Y. DARESSBOURG 

Received Decembeif 8,  1969 

Co(CO)&f(CsH;)s (M = Sn and Pb) and Fe(CO)aP(CsH;)r are found to react with phenyllithium and methyllithium to yield 
stable trans-carbene complexes after ethylation. For metal carbonyls, it  is proposed that there is a direct correlation be- 
tween the apparent CO stretching force constant and the charge residing on the carbonyl carbon atom. The use of these force 
constants in predicting the reactivity a t  carbon by attacking nucleophiles is proposed. I t  is found that when there is a 
choice of carbonyl groups within a molecule, nucleophilic attack always occurs a t  the CO group with the greater stretching 
force constant. This proposal is substantiated by all known reactions of organolithium compounds with metal carbonyls. 

Introduction 
There are several reactions reported in the literature 

which indicate that  metal carbonyls are susceptible to 
attack by nucleophiles. Among these are (a) the ex- 
change of oxygen with Re(CO)c+ which is believed to 
occur by an attack on a carbon atom by H20 or -OH to 
give intermediates of the type (OC)jReC(OH)2+ or 
(OC)BReCOOH, respectively, (b) the reactions of 
M(CO)&~+cornplexes (M = Mn, Re;  L = P(C6HB)3, 1,- 
10-phenanthroline) with alkoxides (-OR; R = CH3, 
CzHs, CbHll, CHZCBH;) leading to products of the type 
M(CO)~LZCOOR,~-~  (c) the reactions of M(CO)6 
(M = Cr, Mo, W) with tetraethylammonium azide to 
yield ionic products of the type N(C2H6)4[M(CO)s- 
NC0],6z7 and (d) the addition of organolithium reagents 
to metal carbonyls to give addition products. 1 a 8 - 1 0  

A recent study of (c) has shown that these reactions 
obey an S N 2  type mechanism as indicated by first-order 
kinetics in metal hexacarbonyl and (CZH6)dN+N3- con- 
centrations." This is interpreted as suggesting a rate- 
determining attack of the azide anion a t  the carbonyl 
carbon atom 

x3 

I 
(OC)sMC=O + N3- + (OC)sMC=O- e 

(OC)jM---C=O (OC):,MN=C=O- + IT2 
\ \  / 
Ad\ 

N? 
This mechanism is supported by (a) MO calculations 

of a large positive charge on the carbonyl carbon atoms 
in M(C0)e molecules and (b) the absence of formation 
of azido compounds M(CO)6Na-. 
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should be considered as part I of this series. 

Although no detailed investigations of the mech- 
anisms of reactions a, b, or d have yet been made, i t  ap- 
pears that  these reactions can best be explained also by 
nucleophilic attack a t  the carbonyl carbon atom. This 
idea has previously been put forth by Caulton and 
FenskeI2 based on their estimates of "atomic charges" 
obtained from Mulliken population analysis in octa- 
hedral metal hexacarbonyls 

In this paper we wish to report some new reactions of 
organofithium reagents with substituted metal car- 
bonyls of iron and cobalt and to suggest possible uses of 
apparent CO stretching force constants in predicting 
reactivity a t  the carbonyl carbon atom by attacking nu- 
cleophiles. 

Experimental Section 
A11 reactions were carried out in a pure nitrogen atmosphere. 
Co(CO)rSn(C6H5)3 and Co(cO)&'b(C&)3 were prepared 

using Graham's p r0~edure . I~  A mixture of Fe(CO)d'(C6HI)B and 
~~U~~-F~(CO)~[P(C~H~)~]~ was obtained from the reaction of Fe3- 
( c 0 ) ~  and P(C&)3.14 Separation was effected by sublimation 
a t  180'; the monosubstituted complex was obtained as the sub- 
limate. truns-Mo(C0)a[P(CsH6)3]* was prepared by reaction of 
stoichiometric quantities of P(CsHo)a and Mo(C0)s in refluxing 
diglyme for 34 hr. The yellow solid obtained was used without 
purification. ( C H ~ ) ~ C S H ~ C ~ ( C O ) B  was prepared by the method 
of Nichols and WhitingI5 and purified by sublimation a t  95". 

( C ~ H ~ ) ~ S ~ C O ( C O ) ~ C ( O C ~ H ~ ) C ~ H ~  was prepared from 1.26 g 
(2.56 mmol) of (C6Ha)3SnCo(CO)r in 25 ml of anhydrous ether 
and 2.0 ml of 1.91 M (3.82 mmol) phenyllithium added dropwise 
through a syringe. The reaction solution was stirred a t  ambient 
temperature for approximately 1 hr during which time yellow 
crystals settled out. The solvent was removed a t  reduced pres- 
sure and ethylation with (CzHs)80+BF4- was performed as de- 
scribed previously.' The resulting pentane extract was cooled in 
Dry Ice in order to isolate the product. The crystalline product 
was purified by recrystallization from pentane a t  -70" to yield a 
microcrystalline, air-stable, yellow compound (mp 122-124' ). 
Anal. Calcd for ( C ~ H ~ ) ~ S ~ C O ( C ~ ) ~ C ( O C ~ " ~ :  C, 57.54; 
H, 4.02; mol wt 627.12. Found: C, 57.27; H ,  4.23; mol wt 
620 (osmometric in benzene). 

The analogous (CsHZhPbCo(C0)r and (CsHj)&'Fe(cO)a reac- 
tions were carried out a t  0" and resulted in yellow crystalline 
products, upon cooling the pentane solutions a t  - 70°, which were 
both thermally and air unstable. No further purification was 
attempted on these compounds. 
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T A B L E  1 
FORCE CONSTANTS, REACTIVITIES, AND STEREOCHEMISTRIES OF 

METAL CARBONYLS INVOLVED IN REACTIONS WITH SUCLEOPHILES 
Reactivity with 

---Force constantsn-- organolithium Stereochemistry of 
ki kz reagentsh addn complexC 

16.49 16.49 Yes . . .  
15.51 15.85 Yes cis 
. . .  . . .  Yes cis 
. . .  . . .  Yes cis 
. . .  14.97 s o  . . .  

16.52 16.52 Yes . . .  
15.49 15.96 Yes cis 
15.51 15.98 Yes CiS 
15.69 16.00 Yes cis 

. . .  15.28 50 . . .  
16.41 16.41 Yes . . .  
15.57 15.89 Yes cis 

. . .  . . .  Yes cis 

. . .  I . .  Yes cis 
16.98 16.43 Yes Unknown 
16.22 15.74 Yes trans 

17.10 16.46 Yes trans 
16.97 16.42 Yes tmns 
16.06 16.33 Yes . . .  
15.81 . . .  Yes . . .  
. . .  . . .  Yes . . .  

17.14 . . .  Yes . . .  
15.02 . . .  S O  . . .  

. . .  15.01 KO . . .  

Refd 

35, (36) 
(11, 37 
37 
37 
f 
(20),  35 
(‘701, 37 
( Y O ) ,  37 
(20 ) ,37  
(201, f 
35, (36) 
(22), 37 
37 
37 
38, (39) 
I’ 
.f 
f 
f 
f ,  40, (41) 
(f), 35 
42, 
39, 43 (39) 
f 

a k l  is the axial CO force constant; k, is the equatorial force constant, where applicable. Force constants are expressed in mdyn/A. 
Stereochemistry about metal based on resulting carbene complex 

d Parentheses 
e Force constant values are unavailable for these derivatives; however frequencies are very similar 

f Work 

b CH3Li and/or C&Li are the organolithium reagents used here. 
which has been shown in the several cases investigated to be the same as the original LiR-M(CO), addition product. 
indicate force constant references. 
to those for the ( C6Hj)8P derivatives in the respective cases. 
of the authors. 

It is therefore expected that  the force constants are very similar. 

Infrared spectra in pentane solutions showed the presence of 
two bands of equal intensity in the CO stretching region. These 
are due to a splitting of the E band predicted for the trans struc- 
tures, this effect being attributed to  the large asymmetry of the 
carbene ligand. Analogous spectra are reported for compounds 
of the type trans-(C6Hj)3SnCo(CO!aPK3 by Bower and Stid- 
dard.I6 The following carbonyl stretching frequencies were ob- 
served: (C6Hs!3SnCo(CO)3C(OC2Hj)C~H~r 1967 and 1955 cm-’; 
( C ~ H ~ ) ~ P ~ C O ( C ~ ) ~ C ( O C ~ H ~ ) C ~ H ~ ,  1969 and 1950 cm-’; (CGHR)~‘ 
PFe(CO)aC(OC2Hj)CsHa, 1913 and 1898 cm-’; (CGHs)3PFe- 
(C0)sC(OC~H;jCH3,1905 and 1897 cm-’. 

For the cases in Table I in which no reaction occurred between 
the various metal carborlyl compounds and alkyllithium re- 
agents, the reactants were in contact at room temperature for 
prolonged periods (7-3 hr). In  general, quantitative recovery 
of the metal carbonyl reactants was obtained. 

Relationship between CO Force Constants and 
Charge on the Carbon Atom 

Detailed semiempirical molecular orbital calculations 
on several metal carbonyls have shown the carbon 
atoms to be positively charged whereas the oxygen 
atoms are negatively charged. For example, the 
atomic charges calculated for carbon atoms in Fe(CO):, 
and Ni(CO)a are +0.256 and 4-0.219, re~pectively;’~ 
that  for carbon in Cr(CO)6 is +0.20 in Caulton and 
Fenske’s calculations, l 2  +0.099 in Schreiner and 
Brown’s cal~ulations,~7 and +0.1017 in Carroll and Mc- 
Glynn’s calculations. 

(16) L. hl. Bower and &I. H. B. Stiddard, J .  Chem. Soc., A ,  706 (1968). 
(17) A. F. Schreiner and T. I,. Brown, J .  Anzri. Chem. Soc., 90, 3366 

(1968). 

As the u donor strength of carbon monoxide in- 
creases, the apparent force constant of the CO 
stretching vibration increases. l9 A decrease in metal- 
carbonyl T bonding also causes an increase in the CO 
stretching force constant. Since the u bond is formed 
from an unshared pair of electrons located on carbon, 
an increase in this donation will result in a decrease in 
electron density about the carbon atom. Similarly a 
removal of electronic charge through the metal-CO a 
bond leads to  a decrease in electronic charge a t  the 
carbon atom. The coefficients of the 2p, orbitals of C 
and 0 in the a* orbital of CO are 0.967 and 0.621, 
respectively; the charge center (which relates to the 
squares of these coefficients) lies mostly on the carbon 
atom.20 Both the o and a mechanisms for removal 
of electronic charge from the carbonyl group therefore 
result in an increase in the positive charge on the car- 
bon atom. Hence, an increase in the apparent  CO force 
constant, whether interpreted a s  being d u e  to a decrease in 
metal-CO a bonding or to an increased strength in metal- 
CO u bonding, imp l i e s  more positive character to the car- 
bonyl carbon a tom.  

This is a very important conclusion since the disposi- 
tion of the M-CO bonding between u and a effects and 
their respective effects on the CO stretching frequencies 

(18) D. G. Carroll and S. P. McGlynn, Inovg. Chem.,  7 ,  1285 (1968) 
(19) T. L. Brown and D. J. Darensbourg, i b i d . ,  6, 971 (1967). 
(20) D. J. Darensbourgand T. L. Brown, i b d ,  7 ,  959 (1968). 
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and force constants are c o n t e n t i o u ~ . ~ ~ - ~ ~  It should 
however be pointed out here that there is no u priori  
reason for assuming that  equal electronic charge from 
the carbon through either the u or K mechanism results 
in the same effect on the apparent CO stretching force 
constant. This correlation between positive charge on 
the carbon atom is nevertheless clearly shown in the 
work of Carroll and McGlynn18 where the positive 
charge on the carbon atom is found to decrease (+0.107, 
+0.021, and +0.017) while the force constants simul- 
taneously decrease (16.49, 15.19, and 15.01) in Cr- 
(co)~, c ~ H & r ( C o ) ~ ,  and NH2C6H5Cr(C0)3, respec- 
tively. 

Prediction of Reactivity toward Nucleophiles 
It therefore follows from the above discussion that  

the more reactive carbonyls toward attacking nucleo- 
philes a t  carbon should be those with the larger CO 
force constants, assuming all other factors are equal. 
Likewise as the CO ligands are substituted by ligands 
which cause the force constants of remaining CO’s to de- 
crease, a simultaneous decrease in the positive charge on 
the carbon atom will occur. This will in turn lead to a 
decrease in reactivity a t  carbon toward nucleophilic 
attack. 

It should be emphasized that  we are attempting to 
relate a ground-state charge distribution to reactivity, a 
kinetic effect. Although i t  is possible to predict the be- 
havior of reagents as the reaction starts, there is no way 
of ascertaining whether a sudden change in reaction 
path occurs as the reaction proceeds. However this 
seldom seems to be the case and predictions of this type 
have generally been very successful. 32 

We have established in Table I, for a group of metal 
carbonyls, their calculated CO force constants, 33-43  

(21) F. A. Cotton, Inorg.  Chem., 3, 702 (1964). 
(22) R. J. Angelici and  M. D .  Malone, ib id . ,  6, 1731 (1967). 
(23) R. J, Angeliciand C. M. Ingemanson, i b i d . ,  8, 83 (1969). 
(24) M. Bigorgne, J .  OvganometaZ. Chem., 2, 68 (1964). 
(25) M. Bigorgne, J .  Inorg. A’ucl. Chem., 26, 107 (1964). 
(26) G. R. Dobson and  L. W. Houk, Inovg. Chim. A c t a ,  1, 287 (1967). 
(27) W. A. G. Graham, Inorg. Chem.,  7 ,  315 (1968). 
(28) R.  P. Stewart and P. M. Treichel, i b i d . ,  7 ,  1942 (1968). 
(29) S. 0. Grim, P. R. McAllister, and R. NI. Singeo, Chem. Commun., 38 

(1969). 
(30) S. 0. Grim and D. A. Wheatland, Inorg. Chem., 8, 1716 (1969). 
(31) R. L. Keiter and J. G. Verkade, ibid., 8, 2115 (1969). 
(32) See, for example, L. Salem, Chein. Bril., 449 (1969), and references 

contained within. 
(33) The  force constants used in this discussion were calculated using 

the assumptions of energy factoring of the CO stretching modes from other 
vibrations in the molecules. I t  has recently been rigorously shown by 
Jones and coworkers3~ for Cr(CO)e, Mo(CO)e, and W(CO)6 tha t  this approach 
can lead to a poor estimate of the interaction constants but  does not sub- 
stantially alter the relative order of the calculated CO stretching constants. 
Therefore all we are claiming is that  the relative CO force constants are 
monotonically related to  the charge on carbon and that  effects due to  varia- 
tions in the degree of anharmonicity are negligible. 
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(35) E. 0. Fischer and A. Maasbol, Chem. Ber., 100, 2445 (1967). 
(36) F. A. Cotton and C. S. Kraihanzel, J .  Amel,. Chon. SOC., 84, 4432 
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(37) E. 0. Fischer and R.  Aumann, Chem. BPY., 102, 1495 (1969). 
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(43) M. Ryang and S. Tsutsumi, Trans. N .  Y .  A c a d .  Sci., 27, 724 (1965); 

and 0. S. Mills, Chem. Co?nmun., 1378 (1968). 

J .  Otg .  Chem., 83, 2159 (1968). 

whether or not reaction occurs between them and LiR 
(R = CH3 or CsH,), and the stereochemistry of the re- 
sulting compound where applicable. 

Organolithium reagents as the attacking nucleophiles 
were the chosen examples because of the extensive work 
carried out on such reactions due to their role in the 
synthesis of alkoxycarbene-type ligands bonded to 
transition metals. Although the majority of the reac- 
tions of organolithium compounds with metal carbonyls 
appear to be too fast for convenient kinetic study, these 
reactions have qualitatively been shown to be depen- 
dent on both the nature of the lithium reagent as well as 
that of the metal carbonyl. An example of the assumed 
reaction pathway for the addition process isd4 

This scheme resembles the proposed mechanism for 
reactions of organolithium reagents with ketones which 
show a dependence in both RLi and the reagent under- 
going attack.45 

Table I indicates reaction to occur between LiR and 
MC=O whenever R > 15.3. The exact partitioning be- 
tween force constant values and reactivity has not how- 
ever been established. Furthermore, given a choice be- 
tween carbonyls within a molecule, the nucleophilic 
attack in the cases studied thus far is on that  carbonyl 
with the greater force constant, that  is, the more posi- 
tive carbon.46 The electronic effect is dominant over 
steric requirements in all reported cases where reaction 
occurs, with one questionable exception. 47 Fischer has 
indicated work underway in his laboratory testing the 
magnitude of this electronic vs. steric control of at- 
tacking nucleophiles. 37 

In conclusion we feel there exists a strong relationship 
between the calculated force constants as derived from 
spectroscopic data and chemical reactivity patterns. 
The data in Table I indicate that  small differences in R1 
and k2 within a given molecule are meaningful. 

This initial exposition suggests additional work, in- 
cluding correlation of reaction rates and stereochem- 

(44) Whether the organolithium reagents are behaving as monomers or 
in an  aggregate s ta te  is not known at present. 

(45) C. G. Swain and L. Kent, J .  Amer. Chem. Sac., 72, 518 (1950). We 
are thankful to  one of our reviewers for pointing out  the possibility of organo- 
lithium compounds reacting by free radical pathways, thereby adding some 
degree of caution to  placing too heavy an  emphasis on the  analogy with 
organic ketones. However, no reports of extensive coupling reaction prod- 
ucts have appeared for any of these reactions suggesting tha t  a free radical 
pathway is not operative t o  a large extent. 

(46) The products formed in all cases are believed to  be the kinetically 
controlled product, since under the conditions which these reactions a r e  
carried out substituted metal carbonyls have shown no tendency for isomeri- 
zation. 

(47) E. 0. Fischer reports tha t  reaction of CeHsLi with MnZ(CO)x re- 
sults in sterically controlled axial attack whereas CHsLi at tack results in  
equatorial additi0n.4~ Simultaneous experiments in our laboratory yielded 
products which gave identical infrared frequencies in  the CO stretching 
region as those reported by Fischer. However, due to  the complexity of 
these spectra we found i t  very difficult to  assign the stereochemistry of these 
species based on infrared results only. Needless t o  say group theoretical 
considerations in this complex system are of limited value as compared 
with the mononuclear metal carbonyl species. 
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istries with force constants, the separation of steric and 
electronic effects, and the specific role of the organo- 
lithium compounds in nucleophilic addition  reaction^.^^ 
It is also important to test the hypothesis with nucleo- 
philes derived from reagents other than organolithium 
compounds. 

LVe have begun an investigation of the reactions of 
organomagnesium halides with tungsten and chromium 
hexacarbonyls. Our initial results indicate these reac- 
tions provide products identical with those resulting 
from organolithium-metal carbonyl reactions but 

(48) Several of these investigations are presently underway in our labosa- 
tory. 

M ,  W.  LINDAUER, H \V. SPIES. AND K. K.  SHELINE 

seem to be more amenable to a kinetic study.49 
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(49)  Reactions O F  methyl- and phenylmagnesium bromides with tungsten 
and chromium hexacarbonyls and subsequent ethylation produced com- 
plexes identical with those well characterized in the phenyl- and niethylli- 
thium reacti0ns.l Benzyl- and cyclohexylmagnesium chlorides produced 
carbene-type ligands hitherto unreported. Further studies uf these reac- 
tions are Forthcoming from our laboratories. 
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The Mossbauer spectra of j7Fe in a number of trinuclear carbonyls were studied a t  liquid nitrogen temperature. In  the 
linear Mn?Fe(CO)la the quadrupole splitting is only 0.43 mm /sec, whereas in the triangular species iC2Hj)a?;[Feahf(CO),?] 
(hf = Mn, Tc, Re)  it is much greater ( A  = 0.91, 0.91, and 0.89 nim;’sec. respectively). An estimate of 0.15 mmisec is 
given for the quadrupole splitting of the unique iron atom in Fe3(C0)12. The isomer shifts are very similar for all of the 
compounds studied : 6 0.34-0.35 min/’sec relative to sodium nitroprusside. Charge distributions were estimated by analysis 
of these data. In  the linear compound, the small quadrupole splitting was taken as evidence of the rather high u donation of 
terminal carbonyls, which also explained the very small quadrupole splitting observed for the unique iron atom in Fea(CO)lu. 
I n  the triangular species the environment of the iron atonis may be described as an octahedron with distortions along both 
thr  three- and fourfold axes. In comparison with the quadrupole coupling in C O ? ( C O ) ~ ,  it is shown that the observed quad- 
rupole splitting is approximately equal to the contribution of the tetragonal distortion. This part of the field gradient is 
attributed to the higher metal orbital population in the metal-metal bonds compared with metal-carbon bonds of bridging 
carbonyls. I value of 0.11 was obtained for the difference in u donation from terminal and bridging carbonyls to the iron 
atom 

Introduction 
The iron carbonyls were among the first compounds 

to be studied by the -Mossbauer method soon after i t  
was recognized as a source of molecular structure 
information. Although the structure of triiron do- 
decacarbonyl, Fea(C0)12, had not yet been determined 
satisfactorily, its Mossbauer spectrum3 showed that  two 
different kinds of iron atoms are present in the mole- 
cule. A4 number of structures were consistent with the 
data, and as Wertheim4 pointed out, the structure could 
not be proved from the Mossbauer spectrum alone. 
Later, as a consequence of a Mossbauer study of Fe3- 
(CO)llH by Erickson and Fairhallj and an X-ray study 
by Dahl and Blount6, the probable structure of Fea- 

( I )  Taken in part from a dissertation submitted by M. W. L.  to  Florida 
State  University in partial fulfillment of the requirements for the Ph.11. 
degree. 

(2) Oak Ridge Bssociated Universities Kesearch Participant. 
( 3 )  K. H. Herber, W. K. Kingston, and G. K. Wei-theim, Inovg. Chein., 2 ,  

(4) G. K. Wertheim, “Mossbauer Effect: Principles and Applications,” 

( 5 )  N .  E. Erickson and A. W. Fairhall, Inovg. Chein., 4 ,  1820 (1966). 
(6) L. F. Dah1 and J ,  F. Blonnt, i b i d . ,  4, 1373 (1965). 

151 (1963). 

Academic Press, S e w  York, S .  Y., 1964, pp 96-98. 

(C0)l2 emerged as a triangular array of iron atoms 
corresponding to the structure of diiron enneacarbonyl 
in which one of the bridging carbonyls was replaced by 
a cis-octahedral Fe(C0)4 group; this structure has 
recently been confirmed by Wei and D c ~ h l . ~  Following 
the work of Erickson and Fairhall, i t  has been assumed 
that the outer lines of the Fes(CO)12 spectrum arise 
from the carbonyl-bridged Fez(CO)s moiety, and the 
central line is due to the essentially octahedral Fe(CO)? 
group. This assignment has not been fully demon- 
strated, nor has there been an adequate explanation of 
the increase in the quadrupole splitting over that ob- 
served in the parent Fe2(CO) 9. 

During the past decade, a number of mixed-metal 
carbonyls with metal-metal bonds have been prepared. 
Among these is a series of triangular group VIIb diiron 
dodecacarbonyl anions whose proposed structures are 
like that of Fea(CO)lz in which the unique iron atom is 
replaced by a group VIIb atom. Examination of the 
Mossbauer spectra of this series afforded an opportunity 

( 7 )  C. H. Wei and L. F. Dahl, J .  Amei.. Chem. Soc., 91,  1351 (1989). 


