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Abstract: An upper bound for the adiabatic electron affinity of cyclopentadienylcobaltdicarbonyl [CpCg(8O)
0.86+ 0.2 eV as determined by fixed-frequency negative-ion photoelectron spectroscopy. During the course of the
experimental work, the generation of the binuclear complex [CpCoflgOp detected, and, to our knowledge, this

is the first observation of this anionic cluster. Electronic structural calculations using both the density functional
theory formalism and ab initio techniques are completed for both CpCo(&4) the corresponding negative-ion.

A DFT/DZVP2 calculation yields the vertical electron affinity of CpCo(G@p 0.84+ 1.0 eV. The theoretical
results confirm that a weak “allyl-ene” type structure exists in the cyclopentadienyl ligand of both molecules, but the
distortion is less pronounced in CpCo(GO)han in CpCo(CQ) Our results lend further support to the classification

of CpCo(CO)~ as a 19-electron complex.

Introduction Fourteen years later, based on studies of nucleophilic
displacement reactions g¥-CpRh(GH,),, Cramer and Seiwéll
suggested a modification of the mechanism proposed by Basolo
and co-workers. They suggested that, during the reaction, the
cyclopentadienyl ligand may undergo a hapticity change from
n°- to 3 and thus form an allylic type bond to the rhodium
center in the transition state. This concept of ring-slippage has
gained wide acceptance, and the resulting literature has been

reviewed by Basofband O’Connor and Caséy.

The structure of the ground state of the radical anion of
cyclopentadienylcobaltdicarbonyl (CpCo(GO) has been the
subject of considerable, and contrary, conjecture. The root of
the dispute rests in the existence of seemingly conflicting
experimental data from groups studying the ligand substitution
mechanisms of CpCo(C@)and CpCo(CQ)and those examin-
ing the anion by electron spin resonance (ESR) spectroscopy.
At the center of the debate is the hapticity of the cyclopenta-
dienyl (Cp) ring_ In the neutral molecu'e the ring iS Close to One justiﬁcation Of the idea Of ring Slippage iS that |t SatiSfieS
planar and bonded to the cobalt atom injtype configuration.  the acknowledged 18-electron rule. For CpCo(&)ring
It has been hypothesized that the presence of the extra electrorslippage does not occur, and an associative reaction pathway is
in the anion promotes the “slipping” of the ring into af- followed, the resultant transition state will have a high energy
bonding configuration. Underlying the debate of the geometry 20-electron configuration; with ring slippage, an 18-electron
of the Cp ring itself is the fundamental question of the electronic configuration is maintained in both the ground and transition
structure of the ground state of CpCo(GQ) If the hapticity states.
of the ligand changes tg®-, then the anion is described as a The mechanistic studies initiated investigations into the
17-electron complex. If the hapticity of the ring in CpCo(GO)  structure of CpCo(CQ) by electron diffractiod? matrix-
is the same as in the neutral analogue, the anion serves as #&olation infrared:! and photoelectrdi spectroscopies. The

further example of a 19-electron organometallic compléx.
Studies of the reactivity of CpCo(C®¥ate back to 1961,
when Wojcicki and Basofonoted that this molecule, along with

photoelectron spectrum was analyzed with the aid of molecular

orbital (MO) diagrams, appropriate for CpCo(Gpublished
by Hofmann® and Albright and HoffmanA* The MO diagrams

several other cyclopentadienyl metal carbonyl complexes, were obtained from extended kel type (Fenske-Hall) cal-

underwent CO exchange via a bimolecular, g2 Slisplacement
mechanism. This result is in sharp contrast to th¢l S

culations. Brown, Clarke, and Fitzpatri€lcalculated the Ce
CO overlap population and the-® bond order in CpCo(CQ)

mechanism observed for CO exchange in the simple binary using the SCCCMO methodology.

transition metal carbonyl complexésThe $2 substitution

mechanism was further confirmed by investigating the reactions

of CpRh(CO), (Cp*)Co(CO}, and (Cp*)Rh(COy, (Cp* = 5°-
Cs(CHg)s) with phosphines, phosphites, and isocyanffeBhe

The parent negative-ion CpCo(CO)was first observed in
mass spectrometric studies by Winters and Ki8e€orderman

(7) Cramer, R; Seiwell, L. R1. Organomet. Cheni975 92, 245-252.

suggested mechanism involved the transfer of a pair of electrons (8) Basolo, F.New. J. Chem1994 18, 19-24.

from the metal to the cyclopentadienyl ring, leaving behind a

(9) O’'Connor, J. M.; Casey, C. Ehem. Re. 1987, 87, 307—318.
(10) Beagley, B.; Parrott, C. T.; Ulbrecht, V.; Young, G.JGMol. Struct

low energy vacant orbital on the metal into which the nucleo- 197955 47-52.

phile could attack.
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and Beauchanip measured the bimolecular rate constant for predominantly on the central cobalt atom in theatbital, thus

the reaction of CpCo(C@) with NO to give CpCo(NQOJ in implying a 19-electron configuration for the complex. In these
ICR mass spectrometry experiments. They also observed thatstudies, the orientation of the molecule was chosen such that
CpCo(CO)~ will react with PF; to produce CpCo(CO)(RF the Co(CO;j group was in thegzplane, and this plane bisected
with, however, a very low yield. In a flowing afterglow the plane of symmetry of the molecule.

apparatus, McDonald and ScHellobserved that the main There was also one experiment that suggested that a dis-
product from the slow reaction of CpCo(CO)with PF; was sociative mechanism may be operative in CpCo(d€3ctions.

the total adduct CpCo(RECO),", with CpCo(CO)(PB)~ being In some solution phase photochemical and thermal reaction
the minor product. The observation of the total adduct is studies of CpCo(CQ)by Lee and Brintzingéf25 the mono-
consistent with an associative mechanism for ||ga.nd substitution Carbony] Comp|eX, CpCo(CO), was detected by IR spectroscopy_
in CpCo(COy". McDonald and Schell argued that the observed They postulated that generation of CpCo(CO) was the primary
slow rate for this reaction was due to the structural rearrange- step in a number of ligand substitution reactions of CpCogCO)
ment of the Cp ligand frony®- to »%bonding and hence that  in contrast to the earlier reactivity studies. However, Crichton
CpCo(CO)™ was a 17-electron complex. They also suggested et alll contradicted these conclusions and reassigned the
that the electron transfer rate from CpCo(GQOp biacetylwas  gbserved spectrum to the complex CpCo(CQ)(hther than
slow due to a proposed haptICIty Change between the anion,the unsaturated monocarbony| Species CpCO(CO)
7*-CpCo(COY", and the neutral moleculg®-CpCo(CO). Finally, the structure of the cyclopentadienyl ligand has

Observation of an associative pathway for nucleophilic rosieyed further attention. The single crystal X-ray diffraction
substitution reactions of CpCo(Cg)is consistent with any®- study of the substituted complex, CHz)s]Co(COY, by Byers
bound cyclopentadienyl ligand in this anion. The intermediate 54 bah|, revealed a small, yet detectable “allyl-ene” distortion
in this case would be a 19-electron complex, with subsequent; he ring?s Furthermore, it was suggested by Connelly et
expulsion of a CO ligand to yield a 17-electron product. If the alZ3that in CpCo(COy- the distortion in the Cp ring is relieved,

Cp-ligand wasy>-bound in the anion then an associative | yiher than enhanced, compared to that in the neutral parent
bimolecular reaction would result in a high energy, unstable, \oiecule.

nd unfavorable 21-electron intermediate. It i lieved that . . .
and unfavorable electro ermediate s believed tha In this paper we will present two studies to support further

19-electron complexes will undergo nucleophilic substitution ; L .
via a dissociative process and thus avoid formation of a 21- the hypothesis that In Its groungl state CpCo(€a5 a 1.9 .
electron intermediat® electron complex: the first examination of the electron binding
While the above reactivity studies suggest that CpCogCO) energy of CpCo(CQY) via fixed freqyency Negative-lon Pho
. - . toelectron Spectroscopy (NIPES); and secondly, the most
is a 17-electron complex, the conclusions have to be viewed : . .
detailed electronic structural calculations performed on the

with caution. First of all, they are based on observation of the complexes to date. utilizing both Density Functional Theor
post reaction product data, and there is no direct detection of p27 N 9 y y
(DFT)?" and ab initio techniques.

the intermediate state. Furthermore, reactivity studies may
reveal only the kinetically favored pathway. Thus while such . .
studies may be used to infer a proposed geometry for the EXperimental Section

transition state of a given molecule, they neither definitively 114 tocus of the experimental section of the study was the

prove that the structure exists, nor guarantee that it correspondgjetermination of the electron binding energy of the anion through the
to the ground eleCtrOn|C State. |n Splte Of the faCt that electr0n|c recording of the kinetic energy Spectrum of e|ectr0n‘§<@) photo_
structure arguments and reactivity pathways which propose thedetached from CpCo(C®) utilizing NIPES. As the spectrometer is
n3-Cp configuration are widespread, the structure has only beensimilar to that described by Neumark and co-workeamd the details
directly observed by spectroscopic methods cfictn a 1995  of our adaptation have been given elsewtiérhe experiment will
review paper, Geiger cautions that direct spectroscopic evidenceonly be briefly discussed here. A schematic of the spectrometer is
for a slipped-ring configuration of a Cp ligand in a formally ~Shown in Figure 1. The spectrometer can be separated into three

19-electron transition metal complex has never been obsétved. Component parts: the ion source region, the time-of-flight mass
He also asserts that true 19-electron complexes are morespectrometer, and the time-of-flight electron spectrometer.
The anions are generated using the pulsed molecular beam/electron

common than assumed. gun configuration developed by Johnson et®alAnions are formed
The conclusions obtained from the reactivity studies, docu- through a variety of mechanisms, including associative and dissociative

mented above, are co_ntradlcted by t\_NO ESR studies. The fIrSt’attachment, and clustering reactions and are then cooled to low
by Symons and Bratt in _19733,determ|ned that there was 55%  (otational and vibrational temperatures as the expansion continues. For
excess electron population on the cobalt atom in CpCofCO)  the formation of CpCo(CQY, carrier gases (helium and argon with

In 1986, this figure was verified by Connelly and co-work&rs,  typical backing pressures of 25 psig) are passed over liquid CpCo-
who recorded an ESR spectrum and performed a cyclic (CO), collecting the vapor pressure, and the mixture is expanded
voltammetry study of the similar compounds{@)Co(CO)~ through the pulsed valve. The resultant collection of cool anions is
(Ph ... phenyl). Both of these spectral studies on the ground uniformly accelerated to 1 keV before entering the time-of-flight mass
state of CpCo(CQJ concluded that the extra electron lies SPectrometer.

(17) Corderman, R. R.; Beauchamp, Jiorg. Chem1977, 16, 3135~ (24) Lee, W.-S.; Brintzinger, H. HJ. Organomet. Chenml977, 127,
3139. 87—-92.
(18) McDonald, R. N.; Schell, P. LOrganometallics1988 7, 1806- (25) Lee, W.-S.; Brintzinger, H. HJ. Organomet. Cheml977, 127,
1819. 93-103.
(19) Neto, C. C.; Kim, S.; Meng, Q.; Sweigart, D. A.; Chung, Y.X. (26) Byers, L. R.; Dahl, L. Flnorg. Chem.198Q 19, 277-284.
Am. Chem. Sod 993 115 2077-2078. (27) Parr, R. G.; Yang, WDensity-Functional Theory of Atoms and
(20) Huttner, G.; Brintzinger, H. H.; Bell, L. G.; Friedrich, P.; V. Bejenke, = Molecules Oxford: New York, 1989.
V.; Neugebauer, DJ. Organomet. Cheni978 145 329-333. (28) Metz, R. B.; Weaver, A.; Bradforth, S. E.; Kitsopoulos, T. N.;
(21) Geiger, W. EAcc. Chem. Red.995 28, 351-357. Neumark, D. M.J. Phys. Cheml199Q 94, 1377-1388.
(22) Symons, M. C. R.; Bratt, S. W. Chem. Soc., Dalton Tran$979 (29) Turner, N. J.; Martel, A. A.; Waller, 1. MJ. Phys. Chem1994
1739-1743. 98, 474-477.

(23) Connelly, N. G.; Geiger, W. E.; Lane, G. A,; Raven, S. J.; Rieger, (30) Johnson, M. A.; Alexander, M. L.; Lineberger, W.Chem. Phys.
P. H.J. Am. Chem. S0d.986 108 6219-6224. Lett. 1984 112 285-290.
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Figure 3. Electron time-of-flight spectrum for electrons photodetached,

by 355 nm (3.49 eV) light, from CpCo(C®@) expanded in helium.

Figure 1. Fixed-frequency negative-ion photoelectron spectrometer.

0: source diffusion pumpl.: first differential region diffusion pump; [ T T T T ]
2: second differential region diffusion pum®; turbomolecular pump;
4: pulsed molecular beam valvB; electron gung: skimmer;7: ion
acceleration plate8: beam-modulation plate8; ion einzel lens;10: % L 1
ion deflection plates]1: temporal focusing leng;2: gate valve]13: 5 3
mm defining slit;14: double layer of Conetic-AA shieldind;5: laser §
interaction region;16: ion detector;17: electron detector. § r :
2
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?>> Figure 4. Electron kinetic energy spectrum for electrons photodetached,
B A c by 355 nm (3.49 eV) light, from CpCo(C®@) expanded in helium.
o) / D
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ns. The electron time-of-flight spectra are converted to energy
e ST spectra by the relation:
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lon Mass (amu) m.
Figure 2. Negative-ion mass spectrum generated from an expansion t=1t,+ \/:I L
of CpCo(CO} in helium. A: CpCo(CO); B: CpCo(CO); C: 2 E.b

CpCo(CO)+H,0; D: [CpCo(CO)]>.
wherety and| are determined from the NIPES of the calibration

The Bakker-type mass spectrométét facilitates the temporal molecules: @ and_ O at 355 nm and NQ' 02 ,and O at
separation of the various anions. The mass spectrometer is ap-232 NM. The relation betwedha, and Erel is given by
proximately 1.5 m long, and a series of ion optics, including an einzel
lens and a temporal focusing lens, is located on the ion flight path. E —E — ”_‘eE
With the temporal focusing lens, the resolution of the mass spectrom- lab rel N oM
eter, M/AAM, is 100 at 32 amu and is relatively independent of mass.

The mass selected ions intersect &t @@th the output from a fixed- wherem is the mass of an electroN is the ion mass, anBn,
frequency laser. A small portion of the resultant electrons is energy s the center-of-mass energy of the ion. In addition the recorded

analyzed in a time-of-flight spectrometer, located mutually perpen- niensities must be scaled by the Jacobian of the transformation
dicular to both the ion flight path and the photon direction. The

resolution of the electron spectrometer, determined from the full-width dE
half maximum of the electron peak from atomic oxygen, represented a0 s
by the equation E

In Figure 4 the 355 nm (3.49 eV) fully corrected negative-
ion photoelectron spectrum of CpCo(GOgxpanded in helium
is displayed. The threshold at high electron kinetic energy
(e"KE) for the first broad peak occurs at 2460.2 eV eKE,
with a maximum at 2.1+ 0.1 eV. A second threshold is
apparent at 1.7 eV &E. When we repeat the experiment
A mass spectrum for the CpCo(CQxpansion in heliumis  ytilizing an argon, rather than a helium, expansion. The electron
shown in Figure 2. spectrum remains qualitatively the same, and the thresholds for
The electron time-of-flight spectrum for CpCo(GO)ex- the peaks in the spectrum are unchanged for the two expansion
panded in helium and photodetached at 355 nm is shown in ¢gonditions.
Figure 3. A strong threshold is observed around 1000 ns in | Figure 5 the 532 nm (2.33 eV) negative-ion photoelectron
the electron spectrum, followed by a second threshold at 1200spectrum of CpCo(CQ) expanded in helium is displayed. The
(31) Bakker, J. M. BJ. Phys. E1973 6, 785-789. threshold for the first broad peak occurs at 1.5 eKE. The
(32) Bakker, J. M. BJ. Phys. E1974 7, 364—368. second threshold is apparent at 0.55 eKE.

O (*Pypy) +3.49eV—0CP, ) + €

is better than 100 meV at 2.02 eV and scaleE#s

Results
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(u-CO)L. or reacted with more of the starting material to give
CpC(COX. In [CpCou-CO)], a Co-Co double bond was
postulatect*

Reduction of CpCo(CQ)in tetrahydrofuran resulted in the
formation of the binuclear anion [CpCo(C@)?> Crystals of
the bis(triphenylphosphine)iminium salt of this anion were
prepared, and the structure was obtained by X-ray diffrac-
tion.36:37 The anionic complex contained two bridgipgCO
groups, and the cobalt-to-cobalt bond length of 2.36 A was
consistent with a bond order of 1.5. Chemical and electro-
chemical oxidation of this anion yielded the neutral complex
[CpCo(CO)}. In this material the CeCo bond order would
presumably be 2.0. The anion [CpCo(C£)jvas observed to
react with CHI to give the neutral complex [CpCo(CO)(GHb
which contained two bridgingi-CO groups, and which, to
satisfy the 18 electron rule, would have a-80o bond order
of 1.038

Relative Electron Counts

0.5

1 1
1.0 1.5
Electron Kinetic Energy (eV)

Figure 5. Electron kinetic energy spectrum for electrons photodetached,
by 532 nm (2.33 eV) light, from CpCo(C®@) expanded in helium.

20 25

Table 1. Electron Binding Energy of CpCo(C®)

fir n
fist  threshold  second  thresnold [CPCO(CO)}~ has also been prepared in the gas-phase by
hv  carrier threshold e binding threshold e binding the reaction of CpCo(CO)with CpCo(CO). The parent anion,
(hm) gas e KE(eV) energy(eV) e KE (eV) energy (eV) CpCo(CO)~, did not react with CpCo(CQ)under the condi-
532 helium 1.5-0.2 0.83+0.2 0.55+0.2 1.78+0.2 tions used in these ICR experimeﬂﬁs.
355 helium 26+£0.2 0.89t0.2 1.7+0.2 1.79£ 0.2 The dimer [CpCo(CO) was prepared by irradiating a
355 argon  2.6:02 08902 1.7+02 1.79+0.2 sample of CpCo(CQ)at 77 K, and the solid state ESR spectra

was obtained? The analysis showed that the two cobalt atoms

A laser power study indicates that the observed spectra areVere in identical environments and that the extra electron was

due to one-photon processes. The spectra are independent dft @n orbital of predominantly metal character (77% cobalf).
laser polarization indicating that the electron distribution is ~ With the above information available from the literature, we

isotropic. can propose that one possible structure for the binuclear anion
The values for the electron binding energies are determined that we isolate involves two bridging carbonyl ligands and no

by subtracting the energy of the observed spectral threshold from¢obalt-cobalt bond. This would be an example of a mixed
that of the fixed-frequency laser, and the results are summarizedv@/€nce complex where there are formally 18 electrons around
in Table 1. By averaging the results from the two different ©N€ of the cobalt centers and 19 electrons around the other. We
photodetachment wavelengths, the first threshold correspondsSXPect that the extra electron is fully delocalized over the two

to an electron binding energy of 0.860.2 eV for CpCo(COy, cobalt atoms.. A pqssible .mechanism fgr formation of
while that for the second threshold is 1.790.2 eV. [CPCo(CO}]," is consistent with the mechanism proposed by
Schore et at? for the formation of [CpCo(CO)f. The first

step in the mechanism involves attack of CpCo(£€Q)nto a
carbonyl ligand of CpCo(CQ) One of the other carbonyl
ligands may migrate into a:-bridging structure forming
[CpCo(CO)Y],~. This complex is stabilized in our source due
2H,0, [CpCo(CO)]2~, and [CpCo(COYS;~, under varying to the low temperatures afforded by the supersonic molecular
experimental conditions. The clustering of CpCo(gOith beam expansion. In the room temperature solution work of
water is the result of the presence of residual water vapor in Schore et al., two carbonyl groups are expelled to form
the gas lines leading to the pulsed valve and is an indication of [CpCo(CO)} ), the product they isolated. The observation of
the cooling in the molecular beam expansion. The observation [CpCo(CO}],~ completes the picture of a series of binuclear
of the binuclear complex, [CpCo(Cg)3, is interesting and cobalt complexes that span the range of-@m bond orders
deserves further comment since, to our knowledge, it has notfrom zero to two.

been isolated before. Several related Co-binuclear complexes Electron Spectra. Since CpCo(CQ) is such a large
have been reported in the literature. These will be summarizedmolecule we do not expect vibrational structure to be resolved

Discussion

Mass Spectra. In the mass spectra, we detect formation of
CpCo(COJ, CpCo(CO), [CpCo(CO)]-H0, [CpCo(CO)] -

here in order to gain insight into the structure of [CpCo(§£)
Photolysis of CpCo(CQ)in inert gas matrices led to the

production of the CgCo)(CO), and CpCox(CO); binuclear

complexes. The first complex has two bridgirgcO groups,

using the technique of fixed-frequency negative-ion photoelec-
tron spectroscopy. However, information about the electron
affinity of CpCo(CO) can be inferred from the observed high
e KE thresholds in the photodetachment spectra.

while the second complex was proposed to have a single The adiabatic electron affinity, E4 is the minimum energy

bridging u-CO group!?

Irradiation of CpCo(CQ)in solution resulted in the formation
of CpCoy)(CO) which was characterized by IR and mass
spectroscopies as well as elemental anafsihis material
contained two terminal CO ligands and one bridgmgO
group. It was also speculated that [CpCo(CQyhs formed
during these solution experiments but not isolated.

In a toluene solution at 78 °C, the ultraviolet irradiation of
CpCo(CO) generated CpCo(CO) which dimerized to [CpCo-

(33) Vollhardt, K. P. C.; Bercaw, J. E.; Bergman, R. .Am. Chem.
Soc 1974 96, 4998-5000.

required to remove an electron from the ground electronic,
vibrational, and rotational state of the anion and form the
corresponding neutral molecule in its ground electronic, vibra-

(34) Lee, W.-S.; Brintzinger, H. HJ. Organomet. Chenml977, 127,
87—-92.

(35) llenda, C. S.; Schore, N. E.; Bergman, R.J3Am. Chem. Soc.
1976 98, 255-256.

(36) Schore, N. E.; llenda, C. S.; Bergman, R.JGAm. Chem. Soc
1976 98, 256-258.

(37) Schore, N. E; llenda, C. S.; Bergman, R.JGAm. Chem. Soc.
1977, 99, 1781-1787.

(38) Schore, N. E; llenda, C. S.; Bergman, R.J3Am. Chem. Soc.

1976 98, 7436-7438.
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tional, and rotational state, and an electron with zero kinetic rotational state. By subtracting the electron kinetic energy of
energy. Since the intensities of vibrational features in NIPES the peak maximum from the laser photon energy, we obtain

spectra are determined by the Fran€kondon principle, from
the maximum electron kinetic energy threshold observed in the
photoelectron spectrum an upper bound to the trugqEfay

FIPye{CpCo(CO» ] = 1.5+ 0.1 eV.
A third interesting point in the &E spectra is the existence
of a second rise in the spectral profile, approximately 0.9 eV

be inferred, as long as interferences from hot band transitionsabove the first threshold. This second feature most likely
are not present. In our experiments the presence of hot bandscorresponds to a transition to a low lying electronic state of
should be minimized since the anions are formed and cooled CpCo(CO). Information about low lying electronic states of

in a molecular beam expansion. As a further verification of
this assumption the experiment is carried out using two different

CpCo(CO) is not available in the literature, and no attempt
was made to identify it.

carrier gases. Argon has been shown to cool molecular anions

more efficiently than helium. The observed threshold is
identical for the two expansion conditions, indicating minimal

interference from hot band transitions. This test, of course, is
not definitive.

Calculations

Two computational methodologies for electronic structural
calculations were at our disposal: the first was Hartieeck
(HF) based calculations from the GAUSSIAN“4ackage;

The observed kinetic energy spectra are very broad indicatinghe second, the DFT based program, deNf3.

that the equilibrium geometries of CpCo(GOand CpCo(CQ)
are significantly different. Considering both the spectral line
shape and the above discussion on cooling, we assigni.86
0.2 eV as an upper bound to the Af CpCo(CO).
Previously, McDonald and Sch#llassigned the electron
affinity of CpCo(CO» as 0.60+ 0.1 eV by bracketing the
electron affinity between those of biacetyl (2,3-butanedione) and
carbon disulfide. In their flowing afterglow apparatus, they
observed that CpCo(C@) will undergo electron transfer to
biacetyl but not to @ The electron transfer rate to biacetyl
was slow (only 14% of the collision-limited rate constant)

suggesting that there may be an appreciable geometry change

between CpCo(CQ) and CpCo(CQ) and that the electron
affinity of CpCo(CO}) may be close to that of biacetyl. The
electron affinity of (HCC=0), is 0.69+ 0.1 eV as determined
in gas-phase electron transfer equilibria, while that fom@s
found to be 0.5H1 0.1 eV3%40

Some comments on the value of the electron affinity can be
made through comparing it to that measured for similar
molecules. We propose that EA[CpCo(GP¥ 0.86 + 0.2
eV. From bracketing experiments, McDonald and Séfblve
established that EAfE-C3Hs)Co(COY] — EA[CpCo(CO}] and
that EA[(73-C3Hs)Co(CO)] = 0.9 £ 0.2 eV, although for the
latter complex, the upper bound is not definite. Other work in
our group® has established that EA[Co(C{)O)] = 1.73 £
0.03 eV. The 16-electron complex Co(G@YO) has a much
higher electron affinity than the 18-electron complex CpCo-
(CO). Intuitively, if both molecules formed 17-electron anions,
it would be expected that the electron affinities might be similar.
In fact, one might argue that CpCo(CQyould have a higher
electron affinity due to the greater ability of the cyclopentadienyl

group to delocalize an extra electron as compared to the nitrosyl

ligand. This behavior is in contrast to what we observe
experimentally. However, as there are many factors which
combine to affect the EA value, this comparison does not
definitively prove that CpCo(CQj is a 19-electron complex.

A second point of note from the spectra is the position of
the maximum in the electron counts, which is observed at 2.0
+ 0.1 eV eKE in the 355 nm photodetachment experiment.
This maximum correponds to the first vertical ionization
potential of the anion, which is defined by:

FIPen = _[Ei(Rei) - E(Rei)]
where E- and E are the energies of the anion and neutral
molecule, respectively, determined Bt~, the equilibrium
geometry of the anion in its ground electronic, vibrational, and

(39) Grimsrud, E. P.; Caldwell, G.; Chowdhury, S.; KebarleJPAm.
Chem. Soc1985 107, 4627-4634.
(40) Kebarle, P.; Chowdhury, £hem. Re. 1987, 87, 513-534.

Given the capabilities of the available computer resources,
the size of the calculation, limited disk space, and convergence
problems resulted in the inability to complete both post-HF
calculations and any geometry optimizations. Unfortunately,
this limited the scope of information available for our analyses.
However, as these are, to our knowledge, the first full ab initio
calculations on either CpCo(C99r CpCo(CO)~ we present
and comment upon our results in the spirit of an initial study.

The theoretical adiabatic electron affinity (Ej\is represented
by the equation

EAx=[E(R) — E (R; )]

whereR. is the geometry of the neutral molecule in its ground
electronic, vibrational, and rotational state. The anion ground
state geometry, however, is undetermined experimentally and
proved to be impossible to optimize computationally. The
geometry of CpCo(CQ) Re, by comparison, has been experi-
mentally established through both gas-phase electron diffrac-
tion1® and microwave spectroscaifystudies. Given the lack
of a reasonable quantity fd®~ we could not calculate Eg
FIPer, Or an upper bound for EA

As the experimental geometry of CpCo(G®jas available,
the most prudent quantity to calculate was the vertical electron
affinity EAven,

EAtert= [E(Re) - Ei(RP)]

the energy difference between the neutral molecule at its
equilibrium geometry, and the anion at this same geometry. This
value is a lower bound on the Bfand thus a lower bound on
our experimentally determined quantity.

For our calculations, we use the structure found for CpCo-
(CO), by the gas-phase electron diffraction studies of Beagley
et all® We constrain the anion to have the identical geometry.
Our numbering system for the carbons in the ring is shown in
Figure 6. The ring carbon that we label as number seven is in

(41) Gaussian 94, Revision B.3; Frisch, M. J.; Trucks, G. W.; Schlegel,
H. B.; Gill, P. M. W.; Johnson, B. G.; Robb, M. A.; Cheeseman, J. R,;
Keith, T.; Petersson, G. A.; Montgomery, J. A.; Raghavachari, K;
Al-Laham, M. A.; Zakrzewski, V. G.; Ortiz, J. V.; Foresman, J. B.; Peng,
C. Y.; Ayala, P. Y.; Chen, W.; Wong. M. W.; Andres, J. L.; Replogle, E.
S.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Binkley, J. S.; Defrees, D. J,;
Baker, J.; Stewart, J. P.; Head-Gordon, M.; Gonzalez, C.; Pople, J. A.
Gaussian, Inc., Pittsburgh, PA, 1995.

(42) St.-Amant, A.; Salahub, D. Ehem. Phys. Letfl99Q 169, 387—

392.

(43) Salahub, D. R.; Fournier, R.; Mlanarski, P.; Papai, |.; St.-Amant,
A.; Ushio, J. InDenstiy Functional Methods in Chemisttyabanowski, J.,
Andzelm, J., Eds.; Springer-Verlag: NewYork, 1991; pp-1D0.

(44) Roehrig, M. A.; Chen, Q.-Q.; Haubrich, S. T.; Kukolich, SGhem.
Phys. Lett 1991 183 84—88.
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Table 2. Calculated Absolute Energies and EACpCo(CO}]

EAvert Of
CpCo(CO)~ CpCo(CO)~ CpCo(CO)
method basis set energy (hartree)energy (hartree) (eV)?

HF LANLDZ2 —561.4953 —561.5255 0.82
HF DZVP2 —1798.6668  —1798.5990 —1.85
HF STO-3G —1779.5556  —1779.3065 —6.78
DFT DZVP2 —1796.9707  —1797.0017 0.84

a1 hartree= 27.212 eV.

Figure 6. Geometry and labeling system for CpCo(GQ%ed in the
electronic structure calculations. Graphic generated using: XMol,
version 1.3.1, Minnesota Supercomputer Center, Inc., Minneapolis, MN,
1993.

the same plane as the Co(G@)oiety and eclipses the carbonyl
group composed of carbon number 3 and oxygen number 5.
Note that to analyze their ESR results both Symons and®Bratt
and Connelly et a2 used a geometry in which the plane of
symmetry in the Cp ring bisected the ©Co—CO angle. In
comparing results between the ESR work and our group, the
different geometries effectively reverse theandy-axis labels.

All DFT calculations are completed on deMon utilizing the
Local Spin Density functional of Vosko, Wilk, and Musair, and

Figure 7. DFT C—C bond orders around the cyclopentadienyl ring
and, in parentheses, HF Mulliken overlap populations for (a) CpCo-
(CO), and (b) CpCo(CQy. The numbers enclosed in circles represent

a medium density griq. _ ) the labeling system for the ring carbons. For the calculations, the
The problems asociated with calculating EA’s of molecules geometry of both species is constrained to be the gas-phase geometry
have been summarized in numerous review pafef8. Of found for CpCo(CO) (ref 10).

most concern is basis set choice, the determination of the extent
of orbital relaxation, and the change in the magnitude of the
electron correlation between the anion and the neutral molecule. )

GAUSSIAN provides only effective core potential and + 1.0eVto _the calculation. Recall that the calculatgd value
minimum basis sets for cobalt. The best available effective core should be \{levyed as a lower bound to the experimentally
potential basis set, that is LANLDZ2, defined as Dunning/ measured binding energy of 0.860.2 eV.

Hunzinga valence doublgen first row atoms, and Los Alamos Next, we inyestigated the structure of the Cp ring thrpugh
effective core potential and doubleen second and third row use of the Mulliken population analy$i%23and the examination

atoms, was used. deMon provides numerous basis sets forof the results had three foci:_ bond order, charge c_iistributic_m,
cobalt, however, the largest which could support the 15 atom and the total electron population on each atom. In interpreting
calculation with available disk space was the DZVP2 set. Using thesg resylts, one mugt remember that, n-our calculation, we
a program developed by Baroffhis basis set was converted use identical geometries for both the_ anion and the neu_tral
to GAUSSIAN compatible format, thereby providing us with a molecule. Thus our results for the anion reflect a qualitative

decent quality full basis set for G94 calculations. While this is plctutrel of hOthhe feétrzéeltéctron delocalizes over the experi-
a reasonable basis set for producing qualitatively accurate resulisMental geometry of CpCo(CQ) ,
The program deMon provides the Mayer bond matrix from

a high level of quantitative accuracy could not be expected. the DFT calculati d th thodol 4 to b
Relaxation can be taken into account by completing separate € | caicuiations and the methocology proved 1o be a
convenient platform in which to examine the question of ring

electronic structural calculations for the anion and the neutral
i 4—58 i i
molecule. HF calculations can be extended to take into accountbehav'°'5' T.he DFT bond order results are s.hown in Figure
7. Both the anion and the neutral molecule display a level of

electron-electron correlation effects by using a variety of post- . . . NN
HF methods® DFT methods, on the other hand, incorporate variance in the bonq order_ar_ound the ring, which is indicative
correlation energy within the computational methodol8y. of the presence of ring strain in both. However, the bond order
. : ._varies from 1.09 to 1.25 in the anion with an average and

The achieved absolute energies and subsequent Vertlcalstandard deviation of 1.1& 0.07. By comparison, the bond

electron affinities from our calculations are shown in Table 2. orders in the neutral molecule range from 0.95 to 1.29 with an
Note that the HF/DZVP2 calculati Its i ti o ™ :
ote that the HF/ calculation results in a negativadzA ¢ average of 1.14+ 0.14, indicating that the ring €C bond

Implying that the anion would not be stable at the geometry o orders have less variance in the anion than in the neutral species
CpCo(CO). The DFT/DZVP2 calculation using our best basis The total bond order around the ring is 5.84 in the anion and

(45) Radom, L. in Applications of Electronic Structure Theory; Schaefer, 5.69 in the neutral molecule. These results suggest that the
H. F. lll, Ed.; Plenum Press: New York, 1977; pp 33366.

set generated an Eé of 0.84 eV, and we ascribe an error of

(46) Gutsev, G. L.; Boldyrev, A. IAdv. Chem. Phys1985 61, 169— (52) Mulliken, R. S.J. Chem. Physl955 23, 1833-1840.
221. (53) Mulliken, R. S.J. Chem. Physl955 23, 1841-1846.
(47) Simons, J.; Jordan, K. BChem. Re. 1987, 87, 535-555. (54) Wiberg, K. B.Tetrahedron1968 24, 1083-1096.
(48) Kalcher, J.; Sax, A. FiChem. Re. 1994 94, 2291-2318. (55) Armstrong, D. R.; Perkins, P. G.; Stewart, J. JJPChem. Soc.
(49) Interface, Barone, V. Universigi Napoli, modified by Cann, N. Dalton Trans 1973 838-840.
M., University of British Columbia. (56) Mayer, I.Chem. Phys. Lettl983 97, 270-274.
(50) Fenske, R. FProg. Inorg. Chem1976 21, 179-208. (57) Lendvay, GJ. Phys. Chem1989 93, 4422-4429.

(51) Ziegler, T.Chem. Re. 1991, 91, 651-667. (58) Sannigrahi, A. B.; Kar, TJ. Chem. Ed1988 65, 674-676.
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Table 3. DFT Bond Orders and HF Mulliken Overlap Populations  the anion indicating a strengthening of the metarbonyl bond

HF Mulliken due to increased back-bonding from the cobalt atom into the
DFT bond orders overlap populations sr*-orbitals of the carbonyl groups in the anion. The HF
bond CpCo(CO)~ CpCo(CO) CpCo(CO)} CpCo(CO) Mulliken overlap populations display the same behavior. The

Co—CO overlap population increases in the anion relative to

— 7|
88_88 8'32 8'22 8‘322 _0%'33?0 the neutral molecule, whereas the-O overlap populations
Co—°C 0.43 0.34 0.055 0.037 decrease. These results are also tabulated in Table 3.
Co—1C 0.42 0.33 0.055 0.037 The change in the extent of back-bonding is also reflected in
Co—fc 0.35 0.34 0.026 —0.003 the orbital decomposition of the total Mulliken populations for
C°_3CO 1.32 1ar 0.148 0.207 the two species involved. The DFT based program deMon
Co—3CO 1.28 1.43 0.135 0.172 d ib tomi bitals th hth f Cartesian G .
2040 217 206 0.550 0.407 escribes atomic orbitals through the use of Cartesian Gaussian
3C—50 2.24 2.13 0.576 0.487 functions®® The delocalization of the extra electron on the anion

is examined by subtracting the orbital populations of the anion
from that of the neutral molecule. The Mulliken population of

the cobalt atom in the anion is 0.11e higher than that on the
neutral molecule, while net gains of 0.34e and 0.55e are found
on the carbonyl and Cp (including both C and H changes)
ligands, respectively. The gains in electron population exhibit
strong directional preferences. On the ligands the gross

a Superscripts refer to the labeling system of Figure 6.

bonding around the ring in the anion is more symmetrical,
approaching that of the ideal fully conjugated moiety, than in
the neutral molecule. Similar trends are evident in examining
the differences in the CeC(ring) bond order matrix elements

shgwl? din Table 3'. T:‘f O\ﬁr?" bog%??_rd(te; of thf rilng tlo thle increases are almost exclusively in thd@48e) and p(0.40e)
cobalt decreases significantly from .95 In the neutral Molecu'e, pjiq 5. By comparison the populations in thg grbitals

to 1.69 in the anion. For the neutral molecule, the average bondincrease by 0.09 on the carbonyl ligands and decreased by
Orﬁ.fr t_)etv;/]een a nnghcarbon and tl:'e (éoba(Ijt atcl;m IS &01095:’34 0.01e on the Cp ring. On the cobalt atom, the increases are
while in the anion the average bond order becomes almost exclusively in the,d (0.14e) and g (0.14e) orbitals,

0.005, a lo'f(.)ld decreasg in the standard devi_ation._ with losses in population (average loss is 0.05e) occurring on
The trends in the behavior of the cyclopentadienyl ligand that o qther d-orbitals.

we have seen from our DFT/DZVP2 calculations are also
reflected in the results for the lower level HF/DZVP2 calcula-
tions from the G94 program; however, the differences are not
quite so pronounced. The charge distribution around the
cyclopentadienyl ligand is more uniform in the anion than in
the neutral molecule. This point is demonstrated by the
Mulliken overlap populations between the carbons of the ring
as shown in Figure 7. In the neutral molecule the average
electron overlap population for each-C neighbor is 0.413
0.014, while that in the anion is 0.43& 0.009. From
examination of the CoC overlap populations tabulated in Table
3, it is apparent that the Cp ligand is less firmly bound to the
cobalt atom in CpCo(CQ]J than in CpCo(CQ)

Presented in Table 4 are the total Mulliken electron popula-
tions as calculated using DFT/DZVP2. The atomic charges are
determined by subtracting the Mulliken population from the total
number of electrons in the ground state of the free neutral
atom>? These are also tabulated in Table 4, along with the
atomic charges calculated using HF/DZVP2. Both methodolo-
gies give the same result: a substantial portion of the excess
electron density in the anion resides on the cyclopentadienyl i
ligand. From the DFT (HF) calculations, the carbons of the electron population on the cobalt atom.

ring in the anion hold 0.38e (0.26e) excess electron population 1he final DFT result that we shall mention is that the
compared to the neutral molecule. calculated free valence on the cobalt atom is 0.22e out of a

the results from the DFT based bond orders andtotal free valence of 0.28e on the whole anion. With this result

the HF based overlap populations independently confirm that for the free valence, and the above observation that the cobalt
the Cp ligands of both the anion and the neutral molecule have atom holds 53% of the excess electron population, and the bond

an allyl-ene structure. Furthermore our calculations concur with Ordeér and overlap population analyses indicating that the
the work of Connelly et a3 that the extent of this distortion is ~ cyclopentadienyl ring is symmetrically bound, we propose that
less pronounced in CpCo(CO)than in CpCo(CO) In the CpCo(CO)~ should be categorized as a true 19-electron
anion the carbons of the Cp ligand are symmetrically bound to COMPIlex.

the cobalt atom, approaching that observed in a #fisound .
ligand. Conclusions

We return to the Mayer bond order matrix results in Table 3 Tpe impact of 1 keV electrons on the expansion region of a
to examine the changes that occur in the carbonyl ligands. Thepulsed molecular beam of CpCo(GO¥eeded in helium or
C—0 bonds in the carbonyl groups are weakened in the anion argon, results in the formation of gas-phase CpCo¢CO)
as compared to the neutral molecule with the DFT bond orders g rthermore. we observe the binuclear anion [CpCotBO)

changing from 2.17 and 2.34 in the neutral molecule to 2.06 5 to our knowledge this is the first observation of this cluster.
and 2.13 in the anion. However, the €80 bond orders

increase from 1.32 and 1.28 in CpCo(G®) 1.47 and 1.42 in (59) Obara, S.; Saika, Al. Chem. Phys1986 84, 3965-3974.

Qualitatively these results present a picture where the extra
electron in CpCo(CQJ is predominantly delocalized in the
plane. This is in agreement with the work of Symons and Bratt
and that of Connelly et & as long as the differing geometries
are taken into account. The-plane is the plane of symmetry
of the constrained geometry that we have chosen, containing
within it the Co(CO}) group and the carbon atom labeled number
7 in the Cp ring. The Mulliken analysis shows that the “19th
electron” significantly delocalizes into the carbonyl ligands as
well as onto the cyclopentadienyl group. The results suggest
that a significant geometry change should occur in both these
groups. We were not able to explore this further due to our
inability to obtain optimized geometries.

One further point of note in the Mulliken population analyses
tabulated in Table 4 is that the DFT calculation assigns a total
of 27.53 electrons to the cobalt atom in CpCo(€Ogs
compared to 27.42e on the cobalt center in the neutral complex.
This 0.53e excess electron density on the cobalt atom in the
anion is consistent with the ESR results by Symons andBratt
and Connelly et a3 who determined that there was 55% excess

In summary,
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Table 4. Total Mulliken Populations and Atomic Charges

J. Am. Chem. Soc., Vol. 119, No. 20, 199685

DFT total mulliken populations

DFT atomic charges

HF atomic charges

a CpCo(CO)~ CpCo(CO)~ CpCo(CO)~ CpCo(CO)~ CpCo(CO) CpCo(CO)~
Co 27.415 27.526 —0.415 —0.526 —0.354 —0.368
2C 5.709 5.779 0.291 0.221 0.374 0.162
5C 5.806 5.871 0.194 0.129 0.321 0.210
‘0 8.254 8.359 —0.254 —0.359 —0.309 —0.448
50 8.229 8.331 —0.229 —-0.331 —0.298 —0.419
C 6.057 6.121 —0.057 -0.121 —0.049 -0.077
5C 6.104 6.189 —0.104 —0.189 0.020 —0.052
°C 6.027 6.095 -0.027 —0.095 0.001 —0.044
10C 6.020 6.095 —0.020 —0.095 0.001 —0.044
1uc 6.100 6.187 —-0.100 —0.187 0.020 —0.052
124 0.862 0.896 0.1379 0.104 0.055 0.029
134 0.851 0.885 0.149 0.115 0.053 0.025
144 0.854 0.886 0.146 0.114 0.055 0.027
15H 0.857 0.890 0.143 0.110 0.055 0.027
164 0.855 0.891 0.145 0.109 0.053 0.025

a Superscripts refer to the labeling system of Figure 6.

The electron binding energy of CpCo(CO)is 0.86+ 0.2
eV. This corresponds to an upper bound to the,f2pCo-
(COY).

A DFT/DZVP2 level calculation is completed, and a value
of 0.84+ 1.0 eV for the EAe{CpCo(CO}] is determined.
EAvert corresponds to a lower bound for EfCpCo(CO}].

The examination of the Mulliken population analyses through
both the Mayer bond order matrices and the overlap populations

demonstrates that the electrons are more evenly distributed

within the carbons of the ring in CpCo(C£)than in the neutral
molecule. Our theoretical results show that the distortion in
the cyclopentadienyl ring is relieved in the anion compared to
that in the neutral molecule. The alleviation of the ring

distortion in the anion relative to the neutral molecule occurs
simultaneously with an increase in back-bonding from the cobalt
atom into the carbonytr*-orbitals.

Our results are consistent with classification of CpCo(£0)
as a true 19-electron complex.
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