
301 

.Jourrwl of Or~u,lol,lc,tallic C’hernktr~, 1’73 (1979) 301-316 
@ Eisevier Sequoia S.A., Lausanne - Printed in The Netherlands 

REDUCTION CHEXIISTRY OF SUBSTITUTED .DERIVATIVES OF 
CYCLOPENTADJGNYLDICARBONYLCOBALT. ESR AND INFRARED 
SPECTROSCOPY AND THEIR RELATIONSHIP TO ELECTRONIC 
STRUCTURE OF THE DINUCLEAR REDUCTION PRODUCTS 

NEIL E. SCHORE 

Department of Chetnistry, Crrzit*ersit_\’ of California, Davis, Califortlia 9.5616 (U.S.A.) 

(Received January 39th, 19’79) 

Summary 

The reductions of five substituted cyclopentadienyl dicarbonyl cobalt com- 

plexes have been carried out. Mixtures of dinuclear radical anions, Ring,Co,- 
(CO);., and ring loss products are obtained with the former predominating 
except in the case of (CjH,C02CH,)Co(CO)Z where 85% ring loss is observed 
Infrared and electron spin resonance measurements on the radical anions yield 
the following data: gISO = 2.08 + 0.01 andg, = 2.18 -t 0.01 for ail systems; aiso 
and a 1 vary over a 10% range, thereby revealing variations in spin density on 
cobalt over the series. A qualitative electronic picture of the system is presented_ 

_____~_._~____.___ .- .--.---.- .- -- ----~- 

Inltroduction 

The chemical reduction of simple mononuclear metal carbonyls has been a 
subject of intensive study, resulting in the discovery of a large number of exam- 
ples of the process described in eq. 1, loss of CO from an l&electron metal 
accompanied by addition of 2 electrons from a suitable reducing agent e.g. 

M(CO),“= M(CO);!!!,’ 
-CO 

(1) 

m = 0,1, 2; n = 4, 5, 6; various M 

Cr(CO)g- [la], Fe(CO)z- [lb] and Mn(CO)z- [ lc]. In contrast, more complex, 
ring substituted mononuclear metal carbonyls have been much less studied, and 
only one case to date has been found to follow the general pattern described 
above (eq. 2) [Z]. The major process that occurs in a number of such systems 
involves instead partial or complete loss of the ring in preference to dissocia- 

CjHJ(C0).2z C5HSV(CO):- 



302 0. 

tion of the mow strongly n-acicliv CO ligantl (tq. 3. -1) ] 1~..3]. 

7jh-C,,H,.Cr(CO).x - 7j‘1-C,.H..Cr(CO)~- (3) 

C,H,Mn( CO), =a C,H; + AIn( f othtlr I,roducts f-1 1 

Intermediate behavior is observed in the ~~clopt?nta~lien~l~!of~:~lt s?:stCLm. 

with products resultiLlS from loss of CO prectominntin, ~7 over t.liosc ol,tninecl Vii1 

ring dissociation (eq. 5) [ 4 1. 

-. 

C,H&o (CO) 
Na/ % 

- - co (CO) 
2 

f C5H5 + 
4 

(5) 

(Ia) (Ila) 

The first step in both processes appears to be addition of one electron to the 

lowest unoccupied orbital of Ia. The opport.unity t.herefore esists to investigate 

relative effects of ring substitution on ring-metal f>oncling in froth the lS-elec- 

tron analogues of I, and the@- 19-electron counterparts, I-‘. For example, elec- 
tron-withdrawing substituents may stabilize I-’ by increasing the r-acidity and 
back-bonding capacity of the rin g; if so, this approach might succeed in yield- 
ing derivatives of the as yet inaccessible dianion C,H,CoCO’-. On the other 

hand, stabilization of the ring anion itself by such substitution may simply 

lower the barrier towards its dissociation from the metal. 

The possibility that relatively minor alterations-in the electronic nature of 

the ring might lead to substantial changes in the properties and chemistry of 
these compounds has led us to prepare a number of ring-substituted compounds 
I, carry out their chemical reduction, and invest.igate the properties of their 

paramagnetic analogues of IIa thus formed. 

Results and discussion 

Preparation and properties of substituted cyclopentadienyIdicarbon_vIcobalt 

complexes 
Compounds Ib-f were prepared via thermal reaction of octacarbonyldico- 

balt and the corresponding CyclQpentadiene (eq. 6). Of these, Ib [ 51, Id [6], 

and If [7] are known compounds although only the first had been prepared in 
this manner previously; Ic and Ie have not been reported. Compounds were ob- 

Ring-H + Col(CO), A 
ether 

Ring-Co(CO), + CO + H2 

(1) 

Ring = C,H,Si(CH,), (b), CjH_,SiCH3(CcrHj)l (c), C,H,CO,CH, (d), 
C,H,CH,C0,CH3 (e), C,(CH3)j (f) 

(6) 

tained as deep red liquids or solids in yields of 10-60% Relevant spectro- 
scopic data for these materials are presented in Table 1. As expected, the car- 

bony1 stretching frequencies increase as substituents on the ring become rela- 
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IK 0 (‘,(CO), cm-’ ) SMK (?I, ppm) 

C,H,C0(CO), (h) 19.54. 2019 

[C;II,Si(C~1.,)_.IC~~(CO); (I?]) 1957. 2030 

5.17 (THF-dS) 

4.50 (benzene-do) 

0.27 (s). 5.10 (t.J - 2 IIZ). 5.36 (t.J - 2 

Hz) (act.tonitrilc,-cij) 

0.23 (s). 4.56 (t. J - 2 Hz). 4.83 (t. .J - 2 

Hz) (benzene-d,$ 

LCSII.,SiCtr,(C,ffj)zlCo(CO), (1~) 1960. 2030 0.80 (5). 5.00 (m). 5.45 (m). -7.5 (m) 

(acetonitrile-dj) 

1971. 2038 

(ester, 1730) 

0.66 (s), 4.37 (m). 3.68 (m). 7.20 (m. 

6 H). 7.55 (m. 1 ii) (benzene-d6) 

3.55 (s), 5.58 (m). 5.70 (m) (DAISO-d,) 

3.46 (s). 4.53 (t, J - 2 5.21 J - Hz), (t. 2 

Hz) (benzene-dh) 

(CjH,CI12C0,CIi,)Co(CO), (le) 

CCj(CHj)jlCo(~0)2 (If) 

a THF solut.irJn. values z 1 cm 
-I . 

1956.2019 

(ester. 1 74 1) 

1936.1999 

3.13 (s. 2 H). 3.70 (s. 3 H). 5.31 (III). 

5.16 (m) (DMSO-d,) 

2.83 (s, 2 H), 3.30 (s. 3 H). 4.37 J - (t, 

2 Hz). 4.71 (t. J - 2 Hz) (benzeneil& 

2.15 (s) (ncetonitrile-dj) 

tively more electron-withdrawing (relative to hydrogen, the trimethylsilyl and 
diphenylmethylsilyl substituents have been found to be electron-withdrawing 
OF the cyclopentadienyl ring [ 81). 

Accompanying the formation of If was a green solid eshibiting a single IR 
band at 1752 cm-’ which, on the basis of these properties and its chemical 
behavior (vide infra), appears to be the neutral dimeric compound III, possessing 
a formal cobalt-obalt double bond. Separation of III and If is readily affected 
by chromatography on silica gel, petroleum ether eluting If and benzene, III. 

The analogous compound possessing unsubstituted C5H, rings has been 
described earlier [4b]. We are currently investigating the properties and chemis- 
try of III and will report fully on it at a later date. 

Reductions of sibyl-substituted cyclopentadienyldicarbonylcobalt complexes 
Ib and Ic 

Compounds Ib and Ic, possessing mildly electron-withdrawing substituents 
on the carbocyclic ring, were reduced with 0.8% sodium amalgam in tetrahydro- 
furan, conditions essentially identical to the previous reported reduction of 
unsubstituted Ia [4]. The courses of these reductions were found to be virtu- 
ally identical to that of Ia itself. In each case the reduction was complete in 
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millutcs. and the major product was the corresponclin, cr clinucltxu radical anion 

(III, or 11~) in ca. 65%. yield. These corn~~o~n~~~ were somc~what ~non~ difficult 
to isolate than the corresponding unsuhstituted salt 113. kinc ~onsideral~l~ 

more soluble in THF or TMF/pet.roleurn ether tnisture: however, after isolation 

Of the crude products by treatment of the reduction mixtures with eSceSS 
petroleum ether, IIb and IIc could be obtained as olive preen and brilliant green 
crystalline solids respectively, as bv dissolution in THF and careful addition of 

sufficient pet.roleum ether to just. induce cryst,allization (see Es!~erimental). 

These salts are thermally quite stable in the solid state as well as in solution, 

but are rapidly oxidized by atmospheric oxygen_ Both materials displayed 

infrared and ESR spectroscopic charackristics very similar to those of the 
parent system. As in the case of IIa, THF was found bv NAIR and elemental 

analysis to comprise 20-30 wt.% of the solid coml~ounds as isolated correspond- 

ing roughly to 1.5-2.7 molecules of THF per molecule of sodium salt. 

The remaining products were t.he Co(C0); anion, in about 2OY yiekl, and 
C,H,Si(CH,); or CiHJSiCH,(C,,Hj);, respect.ively. Although effect.s of the silyl 

substituents are observable in the properties of the starting materials and pro- 
ducts (vide infra), they are not clearly observable in the course of the reaction 
itself. 

Reductions of ester substituted complexes Id md Ie 
Substitution of an ester group for a hydrogen on the cyclonentadienyl ring 

of Ia would be expected to greatly facilitate the reduction of the comples, and 
indeed, (carbon~ethoxycyclopentadienyl)clicarbonylcol~alt, Id, is reduced virtu- 
ally instantaneously by dilute sodium amalgam. In THF solution, only infrared 

absorption due to Co(C0): is observed after the disappearance of starting mate-. 
rial. When the reaction is carried out in deuterated dimethylsulfoxide, NMR 
signals characteristic of the C,H,CO,CH; anion (6 6.10(m), 5_4S(m), and 3.44 
(s) ppm) rapidly replace those of the initial complex (6 5.70 (n-i), 5.58 (m), 
3.75 (s) ppm); their intensity reveals that some 8O--85% of the starting material 

is reacting via the ring loss pathway (eq. 7). 

(Id) 80-85 % 

Obviously the maximum possible yield of Co(C0); can be only 50% relative 

to the initial amount of cobalt available and these data provide no indication as 

to the fate of the rem3ining cobalt-containing material. However, examination 
of the crude supernatant THF solution obtained from the reduction of Id 
reveals a 15-line ESR signal quite similar to those characteristic of the dinuclear 

radical anions 1Ia-c. Further analysis of these solutions (vide infra) has con- 
firmed that IId is indeed a product of this reduction albeit a very minor one. 
We have attempted to increase the amount of IId formed in this process by 

increasing the concentration of Id in the initial reduction. We find however 
that even reaction of sodium amalgam with neat liquid Id gives rise to no more 
than 5-10% IId. Thus the presence of the carbomethoxy substituent on the 
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ring has lowered the barrier to loss of the ring anion to the extent that the 

bimolecular processes evident in the reductions of Is-c compete only slightly. 

CO&H, G-’ 

&CQCo-g 
0 

(IId) 

cop, 

-As early as 1961, the bimolecular pathway of ligand subst,itution in C,HiCo- 

(CO), (Ia) was recowized by \Vojcicki and Easolo [9], and in subsequent work 
mechanistic suggestions were made implying the importance of the resonance 

contribution IV in determining the behavior of Ia. Comparative calculations on 
- 

I@ co(co)z o----b G \ cc0 (CO), 

(Ia) (IV) 

Ia and C,H,Co(CO), (V) have been reported [lo], however, indicating that the 
ring in Ia is a net electron do?201‘, resulting in significantly greater electron den- 
sity in the X* orbitals of the carbonyi Iigands relative to V, in which the ally1 
liqmd is a net electron acceptor_ A brief comparison of infrared data and chemi- 

cal behavior for Ia, Id, and V is presentec1 in Tabie 2. 
According to the basic mechanism set out by us earlier (Scheme l), t.he 

branch point between the rin g loss pathway and the pathway leading to binu- 

clear products occurs at I9-electron intermediate I, which may either attack 

an unreduced moIecuIe of Ia, or undergo attack by qot.her ligand on cobalt to 

initiate ring loss. The presence of an electron-withdrawing ring substituent 

apparently reduces the nucleophilicity of the metal in I-‘ and simultaneously 
renders it more susceptible to attack by an esternal neutral ligand (note aiter- 

nate ring-charged formu1at.ion.s in Scheme l), the result being suppression of the 

second order process leading to radical anion in favor of pseudo-first order 
chemistry resu1tir.g in ring loss *. Referring to the data in Table 2, one might 
therefore expect suitable caIcuIat.ions to show that the C5H,C0,CH, ring in Id 
is a net electron acceptor, similar to the ally1 ligand in V, and in contrast to the 

cyclopentadienyl fragment of Ia. 
Complex Ie, the dicarbonylcobalt derivative of the methyl ester of cyclo- 

pentadienylacetic acid, was synthesized and observed under reduction condi- 
tions in order to identify any effect on the reaction due merely to the proxim- 

ity of an ester group, which might bear on our observations and conclusions 
regarding complex Id. Compound Ie is sensitive thermally, apparently losing CO 

when exposed to either high vacuum or a current of N2 at temperatures slightly 

above room temperature. The process is accompanied by a change in color from 
deep red to bright green, but Iittle change in the IR except for the appearance 

* The presence of excess triphenvlphosphine in solutions of Ia undergoing reduction also favors ring 

loss and suppresses radical anion formation. as expected by this mechanism [Sl. 
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of a new, weak absorption at 1777 cm- (THF solution). Exposure of t.his mater- 

ial to CO regenerates the red color of Ie, behavior one would expect of a dimeric 
neutral dicarbonyl of the form (C,H,CH,CO,CH,),Co,(CO), [4]. Our esperi- 

ence with the corresponding pentamethylcyclopentadie~lyl compounds (vide 

infra) suggests that only small am0unt.s of the intensely colored dimer are 

necessary to impart a green color to material that is predominantly composed 
of mononucIear dicarbonyl. We have, however, been unable to completely free 

the green material produced by Ie from it.s precursor, or obtain quantities suffi- 
cient for further characterization. 

The reduction of Ie is rather similar to that of complexes In-c: radical 

SCHEhIE 1 

PROPOSED REDUCTION MECHANISM FOR COMPOUNDS I _. 

Likely alternative electronic distributions for reduction intermediates are indicated by structures in 
brackets. 

@ 
COCCO), 

(I) 

i +e - 
b \ C&O), or- @czico,, j 

+L 

/ 
.( I-') 

+I 

\ 
0 - 

D : \ CbtCO),L or \ @- CGkO,,L 1 cP~cogo/ ‘cztco,cp 

0 0 + co (cog_; cP,co,(co &-* 

!II) 
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anion Ile is the major product. Kstimates of the relative J;ields of IIe and 
Fs-CH,CO,CH; by IR and NbfR indicate approsimately 65-70% of the for: 
mer vs. 30% as an upper litnit for ring loss product (eq. 8). Thus no unusual 
chemistry is brought about by the isolat.ed ester function itself in this system. 

Reductions of perztameth~~lc~~clone~ztaclien~~lcoDalt comnleses 
Replacement of a cyclopentadienyl ligand by a pentamethylcyclopenta- 

dienyl ring is known in several cases to substantially affect the chemistry of the 
attached transition metal [ ll]_ We therefore sought to compare reduction of 
the cobalt derivative possessing this extreme electron donor ligand with the 
other systems already described. 

Reduction of (pentamethylcyclopentadienyl)clicarbonylcobalt If is quite 
slow in TI-IF, requiring days for complete consumption of starting. material. The 
reduction misture displays, in addition to the intense Co(C0); IR bands at 
1855 and -1890 cm-‘, three bands in the bridging carbonyl region, qualita- 
tively similar to those characteristic of radical anion IIa, but appearing at ca. 
163Os, 1665vwk, and 1715wk cm-‘, considerably lower in ener,T than those 
of the unsubstituted system. The yield of this material is 70-7570, with ring 
loss products accounting for most of the remaining material. 

Compound If is considerably less stable than Ia. Loss of CO and conversion 
of the dark red If to green III occurs at room temperature either in vacua or 
upon standing under the nitrogen atmosphere of a dry box. Carbon monoside 
reconverts III to If; thus, the highest yields of If are obtained upon reaction of 
Co,(CO), and HC,(CH,), under CO, while use of a nitrogen atmosphere gives 
rise to a significant amount of III. 

Neutral dimer III, IR 1752 cm-‘, may be reduced with sodium amalgam in 
THF to give yellow-brown solutions displaying the same three low energy IR 
bands that are seen in the reduction of If, but totally free of Co(C0);. These 
results and the ESR data described below are consistent with the formation of 
radical anion IIf as the major product from the reduction of If and the sole pro- 
duct from the reduction of III (eq. 9). 

Na/Hg 
CdCO), ___t 

’ 

(I: $-__ I__ (IIf) (III 1 I 

-CO _-r/ --I 
+co 

Radical anion IIf is extraordinarily prone to oxidation; under a nitrogen 
atmosphere scrubbed to a purity of <lO ppm water and osygen, solutions of 
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IIf removed from contact xvith sodium amalgam slo~vly become pret’n ( fOl_Na- 

tiOn of small amounts of III) whereas solutions of the corresponding lla shop 110 

visible signs of oxidation over estendecl !leriods of time undc~r the salllr cii-cum- 
stances. 

Comparative st>ectroscony of t-adicai anions IIfl-IIf: infrflrerl, roortz-fei?ltlerfltllt.c, 
and low-temtxratrtre ESR 

The detailed nature of systems containing multiple metal-meta! bonds is a 
topic of great int.erest, and in this regard the radical anion IIn poses a numhr 

of questions_ Formally, it possesses a cobalt-cobalt bond order of 1.5 based on 
the IS-electron rule, but Bernal and co-workers have demonstrated the lack of 
dependence of bond length on formal bond order in several compounds of t.liis 

type [ 121, thus calling into question the applicability of such commonly used 
bonding conventions in these systems. By their very nature, as stable radical 
anions, compounds IIa-f as a series provide an unusual opportunity to study 
electronic structure by ESR in systems where dispersal of excess ch‘arge is im- 
portant, and to some extent controllable by subst.itution, and is readily moni- 
tored by IR. 

We have measured the infrared and ESR spectra of IIa-f in THF solutions 
at room temperature_ In the compounds possessing electron-withdrawing ring 
substituents we observe a modest relationship bet.ween the increasing carbonyl 
stretching frequencies and the decreasing isotropic cobalt hyperfine coupling 
constants as the electron-withdrawing capability of the ring is strengthened. 
This simple qualitative relationship does not hold, however, for the permet.hyl 
complex IIf, whose cobalt hyperfine coupling might naively be expected to be 
the largest in the series. In fact, the isotropic a value for IIf is significantly 
smaller than that displayed by any of the other compounds studied and must 
therefore be reflecting several effects besides simple metal-ring distribution of 
odd-electron density. 

ESR measurements on glassy solutions of radical anions IIa-f have been 
taken (Z-methyltetrahydrofuran, -196°C) in order to begin to answer the 
questions raised concerning these materials. The broad, 15-line patterns ob- 
served at room temperature are replaced by sharp, highly structured, comples 
spectra from which useful comparative data may be estracted. These low-tem- 
perature spectra exhibit a well-defined pattern of lines with a spacing of ca. 
85 G, clearly a portion of a 15-line multiplet the remainder of which is ob- 
scured by a much more complex spectral pattern (Fig. 1). Approximate evalua- 
tion of one of the components, CL~, of the anisotropic hyperfine tensor is possi- 
ble using the relationshiD a1 = A, - ais where A 1 is the measured line-to-line 
spacing and aiso is cne room-temperature isotropic hyperfine value. IR data and 
values for aiso, AI, and a, are presented in Table 3. The assumption is made that 
AI and aiso (and therefore a,) are all negative. This is required by the fact that 
A 1 is clearly the spacing with the largest magnitude and that the three values Al, 
A?, and A3 must average to the experimental aiso which is almost certainly nega- 
tive [13]. 

It is found that the component of the anisotropic hyperfine tensor derived 
from the major splitting of the low-temperature spectrum is in fact related to 
the ring substitution in a reasonable way. The lack of a good frequency and mag- 
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Fig. 1. ESR of IIa in 2-meth~ltetrlthedrofur;ln at ii K. Nicrowave frequency 9.032 X 10’ kfz. 

netic field measurement capability in the Varian E-4 spectrometer limits the 
accuracy of the data. \?‘e have t.herefore chosen not to carry out a treatment on 

any sort of sophisticated level. Nevertheless, one can generate an approximate 

interpretation of this information by (1) dropping the indirect dipolar contribu- 
tion to the total hyperfine interaction and (2) equating the measured a1 with the 
direct dipolar term &v’P/‘i where P = gfig,& (I--“) and Q’ is the coefficient of the 

d orbital on each cobalt contained in the molecular orbital responsible for this 
interaction. 

Compounds II may be considered as either mixed-valence Coo-Co’ compleses 
or complexes of “Co+ “-“’ (t.hat the electron is distributed equally over the two 
metals is evident from the solution ESR, however_) We therefore use for P the 
average of the values for CoO(dq) and Co’(@) [14]: P = 0.215 cm-‘. The CY~ values 
obtained are present.ed in Table 4. The fraction of the odd electron residing on 

TABLE 3 

IR AND ESR DXTX FOR DIKUCLE.AR RADICAL ANIOSS IIa-f 

Compound. (Ring)+o~(CO)j- IR D (o(CO). cm-‘) ESR (lQiso I *. G) l-41 ic (G) !a1 Id (G) 

IId. Ring = CSH,COICH, 46.15 84.7 38.5 

IIc. Ring = CjHASi(C,Hj)$Hj 1663.1697,1748 46.20 85.8 39.6 

Iib. Ring = CjH,Si(CH;)j 1657.1693.1745 46.78 86.6 39.8 

IIe. Ring = CjH,CHzCOLCH, 1656 47.45 87.0 39.5 
IIa. Ring = CjHj 1656.1691.1744 -17.34 87.1 39.7 

IIf. Ring = C~(CHJ)S 1630, 1668. 1719 43.95 87.0 43.0 

-1 = THF soln.. +_ 1 cm _ Absorptions for IId and IIe obscured by ester peaks. b THF soIn., 20.1 G. 25’~. 

c 2-hlethyltetrahydroftuan soIn.. ~0.1 G. ‘ii K. d i0.2 G. 
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TABLE 4 

ESR-DERIVED PARAMETERS F-OK IIa-f 

Compound In, I(crn -I ) Q 2 

_-__ - 

___~___--- 

1Id 0.0063 0.29 
Ha_ b, c. e 0.0065 0.30 
III 0.0070 0.33 

the two cobalts, 2az, ranges from 0.58 to 0.66 over the series and, assuming that 
the neglected terms are very similar for all these compounds ‘s, indicabes a reason- 
abie relationship between unpaired electron density on the metals and eleckon 
donor ability of the rings to the extent that. IIf and IId, representing the estremes 
of ring electron donation and withdrawal, respectively, fall at either end of the 
series while the remaining four compounds show no significant differences by 
this experimental criterion. Further study will be necessary ii1 order to reveal 
the full nature of the hyperfine interaction in these compounds and thereby un- 

derstand the unusual variations in aiso observed throughout this series. 
Finally, approximate g values for these complexes have been extracted from 

these spectra from the position of the eighth line of each 15-line pattern. For all 
compounds we find giso = 2.08 t 0.01 and g,, again derived from the major 
pattern of the low-temperature spectrum, 2.18 t 0.01, with only minor variation 
throughout the series. This allows estimation of an average value for gl and g;, 
(gz +&/2 = 2.03. 

These values are consistent with the simple molecular orbital picture of the 
system described earlier [4b] wherein the odd electron occupies a rzZ-type orbi- 

tal derived from the (f) combination of the d,, orbitals on each cobalt atom 
(Fig. 2). Applying a simple spin-orbit coupling argument [ 161, mixing of this 
n=* orbital with the filled CJ,? orbital brought about by a field in the y direction 
should give rise to a Ag, >> 0 (and hence g,. >> 2) due to the energetic prosim- 
ity of the orbitals involved. Note that symmetry considerations in two-centered 
systems restrict spin-orbit interactions such that (+) algebraic combinations 
couple only with other (+) combinations, and (-) only with (--) therefore no 
spin-orbit contribution between xc,(+) and the empty D:Z (-) is to be 
expected. Spin-orbit coupling about the remaining axes mixes KC, with lower- 
lying filled d combinations heavily involved in ring-metal and carbonyl-metal 
bonding: therefore both Ag, > 0 and Ag, > 0. Neither of the Ag values in the 
latter two cases will be as large as Ag,,, thus this formalism is consistent with g, 
-2.18 and (g, +g*)/Z - 2.03. 

A qualitative treatment of the system along the lines of Hoffmann’s fragment 
analyses of dinuclear complexes [ 171 demonstrates, however, that the actual 
orbital arrangement may be quite different than the picture described above. In 
particular, the dz2 combinations are shown to be much lower in energy than the 

* Although these terms are certainly not negIigible and may be as Iarge as lo-30% of the direct dipo- 

Iar term. they are functions of the spin orbit coupling parameter. which varies little among compounds 
of a metal in the same oxidation state. and tbe components of the g tensor. which are shown to be 

virtually identical for aII these compounds Wide supra) [ 151_ 
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Fig. 2. Antibonding orbital derived from overlap of d,, orbitils on cobalt atoms of II. Note that orbitals 
are located in the plane perpendicular to the molecule as illustrated. 

frontier orbitals, and combinations derived from met.al d,, orbit&, involved in 
carbonyl-metal bonding, are likely to be quite close in energy to the d,, combi- 
nations under consideration. 

The four orbitals involved are derived as shown in Fig. 3. We have utilized 
Hoffmann’s description of the Cp2NiZ and Fe,(CO),, systems [17a] with minor 
modifications as the basis for our diagram for the Cp,Co, fragment. Allowing 
t,wo CO molecules to interact in the manner depicted in Fig. 2 should result in 

al - 

e2 - - 

cpco 

-- IIlL 
-- 

- b / 
n 

2 

+ 

CPp, 2co 

Fig. 3. Qualitative interaction diagram for the frontier orbit& of Cp go2<CO), (neutral molecule)_ Order 
of four rr orbitals is only one of several possibilities (see text). 
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Fig. 4. Three possible rtrrangcnlents of the ,z orbitids of !!a. Case A results from a relatively sm:t!l intera=- 

tion of the zy_ and nF= orbit& with the carbony! n nnd z* orbital% respectiL.elv. The splitting is largest in 

case C (used in Fig. 3). 

substantial splitting of the metal d,, combinations (formation of metal--CO CX- 
boll (T bonds), one of the effects of which is the likelihood of the inversion of 

the order of the A~,,(-) and ii:, (+) orbit&, formally bonding and antibonding 

between the metals, respectively (Fig. 3). The actual order of these orbitals and, 
obviousiy, the ident.it.y of t.he singly occupied orbital in II, will depend on the 
relative magnitudes of the two metal-car-bony1 interactions in the ,z plane. 

Three possibilities are shown in Fig_ 4. In case A, the major spin-orbit interac- 
tion would involve rz,(+) with the nearby, vacant, X-Z,(+), preclictingg= << 2, in 
conflict with the data; therefore this orbital arrangement may immediately be 
ruled out. Cases B and C are both consistent with the spectroscopy, requiring all 

three components of g be >2. In case B, the major interaction couples r,=(-) 

with the filled T.~,(--) leading to gZ >> 2 while case C predicts the same result, 

this time via the coupling of &(+) with the nearby filled KC_(+) orbital. In each 
case the remaining components of g will be >2 since t.he orbitals involved in 
these interactions, the d,, and d, z combinations, are all filled and lie quite low 
in energy (Fig. 3). The odd electron, therefore, either occupies the metal-metal 

antibonding & orbital, or the metal--CO CJ* antibonding combination of one of 
the non-bonding CO orbitals and the metal-metal bonding rs, orbital. The ques- 
tion of the involvement of the r_cZ(+) orbital is not answered by the IR data for 

IIa-f since the K* car-bony1 orbitals are located at a node of this orbital, and 

interact chiefly with the filled T_,,(-). On the basis of the experimental evidence 
available at present a distinction between these two situations does not appear 
possible. 

Ekperimental 

General teclznjques 
Standard vacuum line and drybox techniques were employed. Diethyl ether, 

THF, 2-methyltetrahydrofuran, and benzene were vacuum transferred from 

sodium/benzophenone solutions for all work described. Petroleum ether was dis- 
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tilled from a tetraglymc solution of sodium/benzophenone_ Cyclopentadienyldi- 
carbonylcobalt (Ia) and octacarbonyldicol>nlt. were obtained from Strem Chemi- 
cal Co, Compo~~nds If,, c, d, and f were prepared in the manner described for Ic, 
below. Spectroscopic data were obtained with the following instruments: 
Perkin-Elmer 1SO (III), Varian EhI-360 and A-60.~1 (NMR), Varinn E-4 (ESR). 
AIicroanalyses were carried out by Galbraith and U.C. Berkeley Microanalytical 

Laboratories. 

_A misture of 7.1 g (methyldiphenylsilyl)cyclopentadiene (mixture of isomers) 
181 (27 mmol) and 4.8 g octacarbonyldicobalt (14 mmol) in 70 ml diethyl ether 

was reflused under nitrogen for 4 h, cooled to room temperature, and then 
stripped of solvent under high vacuum. Repeated trituration of the solid residue 
with petroleum ether enabled separation of the desired complex from t.he less 

soluble octacarbonyl cobalt. Pure Ic was eventually obtained (1.4 g, 14% yield) 

as red-brown crystals from petroleum ether at -4O”C, m-p. loo--103°C. _kal.: 
found: C, 63.S9; I-I, J-72: Si, 7.74. Calcd. for C20H1iSiCo0,: C, 63.52: H, 4.55: 

Si, 7.46%,. Spectral data are presented in Table 1. 

To a stirred suspension of sodium dispersion (50%, 1.2 g, 25 mmol, washed 

with 2 X 10 ml petroleum ether) under nitrogen in 12 ml THF was added, drop- 
wise, 2.0 g (30 mmol) cyclopentadiene at 25°C. The mixture was cooled to 

-78°C and 3.8 g (25 mmol) methyl bromoacetate was added dropwise, followed 
by 15 min of stirring at -40°C. Then 10.0 g (29 mmol) octacarbonyldicobalt was 
added all at once, and t.he reaction mixture heated to 40°C for 1 h. Solvent was 
removed (vacuum line) and a portion of the semi-solid residue chrornatographed 
on silica gel in the dry box. Three fractions were obtained: petroleum ether 

eluted a small amount of unsubstituted Ia; benzene eluted desired complex Ie in 
sufficient purity for the experiments described. The remainder, consisting of un- 

complexed organic esters, was removed in an ether fraction. Further purification 

of the Ie thus obtained was achieved by rechromatography on silica gel using 
pet_ ether/benzene (3/l) as eluant.. Removal of solvent at 20°C and high vacuum 

left deep red Ie as a moderately viscous oil. Anal.: found: C, 48.75; H, 3.79; Co, 
22.3. Calcd. for C,,,H,,CoO,: C, 47.64; H, 3.60; Co, 23.38% MS, m/e (24 eV) 
(%* likely identity of fra,qxent): 252 (0.5, M), 237 (1, &l- CH,), 224 (10, 

M - CO), 196 (29, M - 2 CO), 193 (5, M - C02CH3), 179 (18, C,H,CO(CO)~), 

151 (27, C5H,CoCO), 138 (98, C,H,CH,CO,CH,), 91 (loo), 79 (96, C,H,CH,). 
Other spectral data are presented in Table 1. 

General procedure for reduction experiments 
The procedure described for Ia was employed. Solutions of Ib-f, ca. 2 M in 

THF, were treated with excess 0.7-0.8% sodium amalgam all at once under 
nitrogen and monitored by IR until starting material had been completely con- 
sumed. The time required varied from a few seconds for Id to several days for 
If. Reductions in all cases were followed by IR and NMR spectroscopy. In all 
cases IR absorptions characteristic of Co(C0); and the appropriate radical anion 
species (see Table 3) replaced those of starting material. As described earlier for 



314 

IIa, the IR spectra of these anions in THF are indicat.ive of ion pairing in solu- 

tion, with the middle of the three bands to one characteristic of the free ion, and 

the only one seen in more polar solvents, e.g. CH,CN or DLISO. Reductions in 
the latter solvents (deuterated) result in the appearance of the peaks characteris- 
tic of the sul;stitutecl cyclopentadienyl anion. Yields of IIb, c, c and f were 
estimated by comparing the intensities of their IR absorptions in the reduced 

solutions with those of IIa, for which isolated as well as spect.roscopic yield data 
is available. Ring loss yields were obtained similarly by comparison of the intensi- 

ties of the Co(C0); IR absorptions in the reductions of Ib-f with t.hat of la; 
these were in agreement with ring anion yields calculat.ed from the NhIR spectra 
(integration of starting material and product signals vs. solvent signals). 

Partial purifications of IIb and IIc were achieved in spite of the t.endencies of 

compounds like this to co-crystallize with solvent and other ionic materials, e.g. 
Na(RCSH,) and NaCo(CO)., the major impurities in these product mistures. The 

following sections describe these procedures. 

Sodium biss(trimethylsilylcyclopen tadie~zyl)dicarbonyldicobaltate(-I) (Ilb) 
Utilizing the general procedure 1.0 g (4 mmol) trimethylsilylcyclopentadienyl- 

dicarbonylcobalt (Ib) was reduced with 3-5 ml 0.74% Na/Hg in 1.8 ml THF. 
Dilution of the reaction mixture with 5 ml THF, filtration, and treatment with 

ca. 25 ml petroleum ether caused separation of a dark oil from which a modest 

yield (- 0.3 g) of dark solid material was eventually obtained by repeated d&o- 
lution with THF/pet. ether mixtures of varying composition and cooling to 
-40°C. Although the IR spectra of the crude reduction mixture indicated a 
yield of some 65% IIb, and much IIb was shown still to be present in the liquid 

fractions of the product mixture, the isolation was discontinued at this point 
and efforts to further purify the isolated solid material begun. The solid was 

dissolved in 6 ml THF and treated slowly with 18 ml pet. ether with stirring un- 
til a persistent cloudiness appeared. This colloidal mixture soon deposited fine 

crystalline material which was washed with 2 X 12 ml pet. ether/THF (5/l) and 
dried. Yield 0.29 g olive green crystalline solid. Both NMR and elemental analy- 
sis confirm the presence of ca. 2 mol of THF per mol of IIb. Anal.: found C, 

46.15; H, 5.82, Co, 18.6. Calcd. for NaC,,H,,Co,Si,O, - 1.5 CJH,O: C, 49.74; 
H, 6.61; Co, 20.34% (Calcd. for NaC,,H,,,Co,Si,02: C, 45.86; H, 5.56; Co, 
25_OO%J). 

Sodium bis(methyldiphenylsilylcyciopentadienyl)dic~rbonyldicobaltate(-l) 
MC) 

Methyldiphenylsilylcyclopentadienyldicarbonylcobalt (Ic), 0.5 g (1.3 mmoi) 
was reduced with 2.5 ml 0.74% Na/Hg in 0.9 ml THF. Dilution with THF, treat- 
ment with pet. ether, and cooling as for IIb afforded a semisolid mixture from 
which 0.33 g solid, crude IIc was obtained after removal by decantation of a 

NaCo(CO),containing oil. The crude IIc was taken up in 8 ml THF and treated 
with 12 ml pet. ether, depositing a small amount of dark.brown residue which 
was removed bjr filtration and discarded. To the’filtrate was added an addi- 
tional 15 ml pet. ether slowly, inducing crystallization of the desired material, 
which was washed with 2 X 10 ml pet. ether/THF (5/l) and dried. Yield 0.31 g 

brilliant green crystalline solid. Again, 2.5-3 moles THF appear to be present in 
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the material as isolated (NhIR and elemental analysis). Anal.: found: C, 61.10; 
I-I, 6.04; Co, 13-o. Calcd. for NaC.,,H,,Co,Si,O, - 2.7 CAH,O: C, 64.10; H, 6.13; 

Co, l2.S9%. (C&d. for NaC.,,H,,Co,SilO,: C, 63.42: H, 4.76: Co, 16.38%) 

Solutions of these anions were obtained as described and used directly for all 

spectroscopic studies. Anion IId was characterized only by its room- and low- 

temperature ESR spectra in solution; IIe likewise was obtained only in solution 

and identified by ESR and IR. Anion IIf was obtained as a dark solid contami- 
nated by its oxidation product III. Solutions of IIf could routinely be freed of 

the green III by brief stirring over dilut, Q sodium amalgam. The brownish-yellow 
solutions thus obtained displayed only the three IR absorptions of IIf. No indica- 

tion of thermal instability of these materials was obtained in an:l instance. The 
ESR spectra of anions IIa-f appear to be totally insensitive to variations in 

purity or counterion, and only somewhat affected by changes in concentration 

to the extent that some line broacleneing in the low temperature ESR is observed 

at concentrations of IIf exceeding ca. lo-’ M. 

Conclusion 

Substituent effects on the cause of the reduction of cyclopentadienylcarbon- 

ylcobalt complexes may be esplained in terms of variations in the reactivity of 
the cobalt atom towards available donor ligands versus its nucleophilicity 
towards another molecule of complex. Whether this concept will be of predic- 
tive value in very different sorts of compounds has yet to be established. (Could, 

for instance, heavy electron-donor substitution on the ally1 ligand of allyltricar- 
bonylcobalt divert its chemical reduction from 100% anion loss over to dinu- 

clear comples formation?). 
Both magnetic and electronic spectroscopy of dinuclear radical anions II show 

transmission of the electronic effects of the ring substituents into the cobalt- 
carbonyl core of the molecule. ESR data from glassy solutions at low tempera- 
ture reveal some information concerning the electronic structural details of these 

species, and partly resolve anomalous trends in room temperature isotropic hy- 
perfine data. \Ve anticipate that future work, e.g. single crystal ESR studies, will 

help clarify the questions still remaining aon these points. 
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