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The binuclear cyclopentadienylmetal nitrosyls and carbonyls Cp,M2(AO), (A =N, M = Fe, Co, Ni; A=C, M =
Ni; n =2, 1) are studied by density functional theory using the B3LYP and BP86 functionals. In general, structures
with bridging AO ligands are energetically preferred over those with terminal AO ligands. Thus, the global minima
for Cp,M,(AO), are all found to have closely related axial dimetallocene structures with two symmetrically bridging
AO ligands but variable planarity of the central M(u-AO),M units. Similarly, the single AO ligands in the global
minima for Cp,M2(AO) are found to bridge symmetrically the pair of metal atoms. However, structures with terminal
AO groups and a single bridging Cp ligand are also found at accessible energies for CpM,(NO)(u-Cp) (M = Fe
and Co) and CpNiy(CO)(u-Cp). The metal-metal bond distances in Cp,M2(AO), derivatives correlate reasonably
well with the requirements of the 18-electron rule. In this connection, the unusual dimer CpzNiz(u-NO), has a Ni—-Ni
bond distance suggestive of a single bond and geometry suggesting one one-electron donor bridging NO group
and one three-electron donor bridging NO group. However, dissociation of Cp,Ni(1-NO), into the well-known
stable monomer CpNiNO is highly favored energetically.

1. Introduction NO group may be considered as the nitrosonium catiort;,NO
isostructural and isoelectronic with a neutral CO group. In
either case, the MNO interactions for such three-electron
donor NO groups are very similar to theNCO interactions

in analogous metal carbonyl derivativeSuch three-electron
donor neutral NO groups are linear when terminal, as
recognized by ahlMNO angle close to 180 Analogously,
neutral bridgingu-NO groups donating three electrons to
the pair of metal atoms have structures with coplanar N(O)M
units similar to BR, as recognized by a dihedrdMMNO
angle close to 180 However, in some cases, particularly
with late transition metal nitrosyls, a terminal neutral NO
group can function as a net one-electron donor corresponding
to the nitroxyl anion, NO. In this case, the MNO angle is
bent rather than linear withMNO angles in the range 120
140. Analogously, one-electron bridgingNO groups might

be expected with a pyramidal N(OYMonfiguration similar
*To whom correspondence should be addressed. E-mail: 10 NHs, as recognized by dihedral angles around°1@0

rbking@sunchem.chem.uga.edu. less. The NO groups of various types are depicted in Figure
T Sichuan University.
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Iron and cobalt are known to form stable binuclear
cyclopentadienylmetal nitrosyls of the type &3(NO),
(Cp = n°-cyclopentadienyl or substituted cyclopentadienyl;
M = Fe' and C@). In order for the metal atoms to attain the
favored 18-electron configuration in these derivatives, the
cobalt derivative requires a €aCo single bond whereas the
iron derivative requires an Fe~e double bond. On the other
hand, nickel is known to form the very stable mononuclear
cyclopentadienylnickel nitrosyCpNiNO, which also obeys
the favored 18-electron rule.

These 18-electron configurations for dimeric,8lp(NO),
(M = Fe and Co) with metaimetal double and single bonds,
respectively, and monomeric CpNiNO assume that the
neutral NO ligands function as three-electron donors, whether
terminal or bridgind-® Alternatively and equivalently, the
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(2) Brunner, H.J. Organomet. Chenml968 12, 517. Press: New York, 1992.
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o o o . PE ionizations of Cgrexu-NO),, Cp*:Fe(u-NO),, CpRW-
N I .-N// \\/N\ (u-NO),, and Cp3Coy(u-CO), (Cp = #5-CsHs and Cp*=
| M/N\M | M o n®>-MesCs) were examined for comparison with several
M M M theoretical calculations of the electronic structure and bond-
Linear  Planar Bent  Pyramidal ing in these complexés. Since as many metametal
3-electron donor 1-electron donor antibonding orbitals are occupied as metaletal bonding
NO groups NO groups orbitals, the formal metaimetal bond order was inferred to

Figure 1. Terminal and bridging (neutral) NO groups acting as donors of
one or three electrons to a metal atom M.

1. Also note that, since the NO ligand has an odd number of
electrons, the binuclear mononitrosyls 8B(NO) neces-

be zero. In addition, Raman and infrared spectral data on
the vibrational modes of the CpM unit were collected and
the fundamental frequencies were determitfed.

Quelch and Hilliet® used ab initio configuration interaction

sarily are paramagnetic with at least one unpaired electron.(Cl) calculations on Cf£0,(u-NO), and CpCo,(u-CO), to

The electronic structures of the dimeric cyclopentadienyl- SUggest quartet bonding schemes and interpret their PE
metal nitrosyls CgM,(NO), and related compounds have spgctra. Subsequer?t ab initio MGCF and multiconfigu-
been examined by a number of workers. Thus, Pinhas andration SCF calculations on thé-dd® complex CpCox(u-
Hoffmanrf found that the two metal atoms and the bridging NO)z indicate that the ground state of this molecule might
carbonyls or nitrosyls in the structures of &(NO), and ~ be a triplet separated by 280 cinfrom the associated
CpM,(CO)(NO),—, are coplanar in nearly all cases. The covalent singlet® This conclusion is in agreement with the
differences in metatmetal bond lengths do not correlate Similarity of the metat-metal bond lengths observed for
well with electron count, leading to an apparent contradiction various d—d® and d—d° complexes. However, the ground-
between the theory and the structural facts for this series ofstate electronic structure of €pox(u-NO), has been a topic
compounds. This is consistent with an earlier conclusion by of some discussion since Berg and Anderson concluded that

Bernal, Korp, Reisner, and Herrmdntiat the successive
increase in bond order predicted by the 18-electron rule is
not observed. In subsequent wérkhe Fenske Hall mo-
lecular orbital method was used to investigate the electronic
structures of Cg-e,(NO),, CpCoy(CO), CpCoy(NO),, and
Cp:Niy(CO), with a view to discerning the similarities and
differences among these four complexes in terms of metal
metal and metatbridge interactions.

CpCox(u-NO), is a diamagnetic singlet in the solid state
(5—280 K) and in GHg solution (303-327 K)Z7

Day and co-workef§ showed by X-ray crystallography
that the structure of Gpe(u-NO), has symmetrically
bridging NO groups and an irefiron distance suggesting
an Fe=Fe double bond. Subsequent work&tsed ab initio
SCF and ClI calculations to interpret the UV PE spectrum
and electronic structure of @pexu-NO),. Symmetry-

Experimental methods have also been used to investigate;gapted (ab initio) SCF calculations carried out onFep

the electronic structures of two cobalt dimers containing
bridging nitrosyl groups, namely Gpo,(«-NO), and Cp-
Coy(u-NO)(u-CO). Thus, information obtained by vapor-

phase UV photoelectron (PE) spectroscopy and electro-

chemical techniquésvas incorporated into a unique bonding
picture using discrete variationaleXcalculations. The UV
PE spectrum of G&£o,(«-NO), is consistent with a bent Go
(u-NO), core in the vapor phase, in contrast to the planar
core observed in the solid stat&he theoretical calculations
predict a direct Ce-Co interaction for the bent geometry in
contrast to the planar geometry for which no charge

accumulation between the metal atoms is computed. On the

other hand, CfNi,(CO), was found to adopt a planar
geometry in the solid state, as shown by X-ray crystal-
lography® and the appearance of only on€O) frequency

in its solid-state infrared spectrum. However, the solution-
state infrared spectrum of @gi,(CO), exhibits twov(CO)
frequencies, indicative of a bent geomeltty? The valence

(6) Pinhas, A. P.; Hoffmann, Rnorg. Chem.1979 18, 654.
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(9) Pilloni, G.; Zecchin, S.; Casarin, M.; Granozzi, Grganomet1987,
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(u-NO), with a planar FgNO), core indicate &, confor-
mation with staggered 4Els rings to be more stable by 60
kcal/mol than &C,, conformation with eclipsed rings. This
unexpected barrier for the rotation of the Cp ring is shown
to arise from the space symmetry constraints acting on the
NO z* orbital combinations for the eclipsed conformatin.
The intramolecular translocation of a nitrogen atom from a
nitrosyl to a cyclopentadienyl ligand of {8s),FeNO" was
probed by neutralization reionization mass spectrometry
(NRMS), in which the unimolecular loss of s8sN is
observed. This neutrals&sN fragment was unequivocally
characterized as pyridine by means of NRkMJhe elec-
tronic structure of CgNi,(u-CO), has been discussed on the

(13) Lichtenberger, D. L.; Copenhaver, A. S.; Hubbard, JPtlyhedron
1990 9, 1783.

(14) Diana E.; Rossetti, R.; Stanghellini, P. L.; Kettle, S. Finrg. Chem.
1997, 36, 382.
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(16) Demuynck, J.; Mougenot, P.; Benard, M.Am. Chem. Sod 987,
109, 2265.

(17) Berg. D. J.; Anderson, R. Al. Am. Chem. S0d.988 110, 4849.

(18) Calderon, J. L.; Fontana, S.; Frauendorfer, E.; Day, V. W.; Iske, S.
D. A. J. Organomet. Chenl974 64, C16.
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1987, 26, 2588.
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Table 1. Bond Distances (in A), Total EnergieE {n Hartree) and Relative EnergieAE in kcal/mol) for CpFex(NO), and CpFex(NO)

CpFex(u-NO), CpFe(NO), CpFex(u-NO) CpFe(NO)(u-Cp)
la (Cz) Ib (Can) lla (Cyz) Ib (Cy)
B3LYP BP86 expfi® B3LYP BP86 B3LYP BP86 B3LYP BP86

Fe-Fe 2.349 2.339(2.326)  2.326 2311 2.326 1.972 1.988 2.482 2.105
Fe—-N 1.781 1.792(1.768) 1.768 1.611 1.622 1.819 1.814 1.727 1.617
N-O 1.219 1.231(1.254) 1.254 1.189 1.203 1.206 1.219 1.200 1.208
OFeFeNO  179.3 179.2 180.00 180.0
OFeNO 138.7 139.3 167.4 167.6 147.2 146.8 179.7 175.9
—energy 3174.59421  3175.09015 317451285  3175.02418  3044.51455  3045.00037  3044.57307  3044.99219
AE 0 0 51.1 41.4 36.7 0 0 5.1
imaginary 17 8i 63, 56 60i, 52 311 none 38 81

frequency

basis of the He(l) and He(ll) excited PE spectra and extendedfrequencies were determined at the same levels by evaluating
Huckel calculationg? analytically the second derivatives of the energy with respect to
In previous paperd we report systematic density func- the nuclear coordinates. The corresponding infrared intensities are
tional theory (DFT) studies of the structures and harmonic evaluated analytically as well. All of the computations were carried
vibrational frequencies of the binuclear cyclopentadienyl- Ut With the Gaussian 94 progréfrin which the fine grid (75,
metal carbonyls GI£E0,(CO), (n = 3, 2, and 1) and Gp 302) is the default for evaluating integrals numerically and the tight
Fe(CO) (n = 4, 3, 2, and 1). In this, pc’;\per we use related (10°8 hartree) designation is the default for the energy convergence.

hod v th | | di | I i In the search for minima, low magnitude imaginary vibrational
methods to study the aﬂa ogous cyc .opsnta lenylmeta nI'frequencies are suspect because the numerical integration procedures
trosyls CpM2(NO), (M = Fe and Con = 2 and 1). In g4 in existing DFT methods have significant limitations. Thus,

addition, we extend our DFT studies to the related nickel an imaginary vibrational frequency of magnitude less thani 100

derivatives CpNiz(AO), (A = C and N;n =2 and 1). cm~* should imply that there is a minimum with energy very similar
. to that of the stationary point in question. In most cases, we do not
2. Theoretical Methods follow the eigenvectors corresponding to imaginary frequencies less

For carbon and oxygen, the douljeplus polarization (DzP)  than 100 cm™ in search of another minimuf.
basis set used here (9s5p/4s2p) adds one set of pure spherical The optimized geometries from these computations are depicted
harmonic d functions with orbital exponentg(C) = 0.75 andugy(O) in Figures 2-6 with all bond distances given in Angstroms.
= 0.85 to the HuzinagaDunning standard contracted DZ sets. For } ]
H, a set of p polarization functions,(H) = 0.75 is added to the 3. Results and Discussion
Huzinaga-Dunning DZ set$*2%For Fe, Co, and Ni, our loosely 3.1. Molecular Structures. 3.1.1. CpFeNO), and

contracted DZP basis set (14s11p6d/10s8p3d) uses the Wachters, . .
primitive set augmented by two sets of p functions and one set of CpaFe;(NO). There are two types of stationary points for

d functions contracted following Hood et®&I?” For the dinitrosyls Cp.Fe(NO), (Figure 2 and Table 1), namel@“ dibridged
CpFe(NO), CpCo(NO), and CpNiy(NO), there are 358  Structure, la, and a C,, trans-unbridged structurelp.

contracted Gaussian functions. For the mononitrosyl&6(NO), Structurela is founq to b? the 9'|0ba.| minimum with only a
CpCo(NO), and CpNiy(NO), there are 328 contracted Gaussian Single very small imaginary vibrational frequency ati 17
functions. (B3LYP) or 8 cm™* (BP86). The trans-unbridged structure,

Electron correlation effects were included by employing DFT |b, for Cp,Fe(NO), is found to have an energy higher than
which has been found to be a practical and effective computational that of the bridged structurda, by 51.1 (B3LYP) or 41.4
tool, especially for organometallic compounds. Two DFT methods kcal/mol (BP86). Structurdb has two small imaginary
were used in this study. The first functional is the hybrid B3LYP vibrational frequencies of 62ind 56 cm~* (B3LYP) or 60

method, which incorporates Becke’s three-parameter exchange = :
functional (B3¥8 with the Lee, Yang, and Parr (LYP) correlation %Tglriirgm (BP86) and thus is very close to the actual

functional?® The second approach is the BP86 method, which o .
marries Becke’s 1988 exchange functionaPeByith Perdew’s 1986 In the dibridged structuréa (Figure 2), the Fe(-NO).Fe

correlation functiona! core is virtually coplanar and perpendicular to the planes of
The geometries of all of the structures were fully optimized using the cyclopentadienyl ligands. The 5-fold axes of the cyclo-

both the DZP B3LYP and DZP BP86 methods. The vibrational pentadienyl groups are nearly collinear with the idmon

bond and perpendicular to the vector joining the two bridging

(22) Granozzi, G.; Casarin, M.; Ajo, D.; Osella, D.Chem. Soc., Dalton i i i i i
Trans, 1082 3047 nitrosyl groups. The iroriron bond distance is 2.349
(23) (a) Wang, H. Y.; Xie, Y.; King, R. B.; Schaefer, H. . Am. Chem.
Soc.2005 127, 11646. (b) Wang, H. Y.; Xie, Y.; King, R. B.; Schaefer,  (32) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.; Johnson,

H. F. Inorg. Chem 2006 45, 3384. B. G.; Robb, M. A.; Cheeseman, J. R.; Keith, T.; Petersson, G. A.;
(24) Dunning, T. HJ. Chem. Phys197Q 53, 2823. Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski,
(25) Huzinaga, SJ. Chem. Physl1965 42, 1293. V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.;
(26) Wachters A. J. HJ. Chem. Phys197Q 52, 1033. Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen,
(27) Hood, D. M.; Pitzer, R. M.; Schaefer, H. F..Chem. Physl979 71, W.; Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.;

705. Martin, R. L.; Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.;
(28) Becke, A. D.J. Chem. Physl993 98, 5648. Stewart, J. P.; Head-Gordon, M.; Gonzalez, C.; Pople, Galssian
(29) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 37, 785. 94, revision B.3; Gaussian, Inc.: Pittsburgh, PA, 1995.
(30) Becke, A. DPhys. Re. A 1988 38, 3098. (33) Xie, Y.; Schaefer, H. F.; King, R. Bl. Am. Chem. So@00Q 122
(31) Perdew, J. PPhys. Re. B 1986 33, 8822. 8746.

Inorganic Chemistry, Vol. 45, No. 14, 2006 5623



a (Cy)
Optimized geometries for GpexNO), and CpFe(NO)

IIb (C)

Figure 2.
isomers.

(B3LYP) or 2.339 A (BP86), which is close to the experi-
mental value of 2.326 A determined by X-ray crystal-
lography® and consistent with the Fd~e double bond

Wang et al.

Figure 3.
isomers.

Optimized geometries for GEo(NO), and CpCo,y(NO)

vibrational frequencies of 2@nd 13 (B3LYP) or 22 cm?!

(BP86) and is thus likely to be close to the actual minimum.
The cobalt-cobalt bond distance in GBox(«-NO), (Il )

is predicted to be 2.452 (B3LYP) or 2.426 A (BP86). The

BP86 distance is 0.054 A longer than the experimental 2.372

A determined by X-ray diffractiohand is consistent with

required to give each iron atom the favored 18-electron rare the Co-Co sing|e bond required to give each cobalt atom

gas configuration.

Optimizations using the BP86 functional show the mono-
nitrosyl CpFe(u-NO) (lla in Figure 2) with a bridging NO
ligand to be a genuine minimum with no imaginary frequen-
cies. However, the corresponding optimized.ip(u-NO)

in CpCox(u-NO), the favored 18-electron configuration
assuming three-electron donor NO groups. The(Gdl0),
core in structurdll is bent with dihedral angles of 127.9
(B3LYP) or 132.3 (BP86), along the CoCo axis. The bond
anglesJCoNCo andJCoNO are 85.9and 136.8 (B3LYP)

structure using the B3LYP method has a large imaginary or 84.9 and 137.2 (BP86), respectively, which are very

frequency of 31ilcm. Following this imaginary frequency
leads to theCs structure CpF£NO)(u-Cp) (Ib) with a
terminal NO group and a bridging Cp group at 36.7 kcal/
mol lower energy. With the BP86 functional, the structure
CpFe(NO)(u-Cp) (IIb) lies 5.1 kcal/mol above the global
minimum, lla.

The iron—iron bond distance in Ge(u-NO) (lla) is
predicted to be 1.972 (B3LYP) or 1.988 A (BP86), which is
shorter than the metaimetal bond distance in the structure
llb (2.482 A by B3LYP or 2.105 A by BP86). If the

pentahapto-bonded cyclopentadienyl rings and bridging ni-

close to the values of 81°-nd 139.4 determined by X-ray
diffraction.” The bent Ce(u-NO), core structure agrees with
UV PE spectroscopic observations on this compdund
not with the structure determined by X-ray diffraction, which
shows a planar G{u-NO), core’

For CpCo(NO) (Figure 3 and Table 2), we predict two
types of stationary points. One is the doublet ax@)
dimetallocene structure @po,(u-NO) (IVa) with a sym-
metrical bridging NO ligand. The other stationary poiiv()
is a doublet structure Cp@MNO)(u-Cp) but with a terminal
NO group and a bridging Cp ligand.

trosyl groups are regarded as five- and three-electron donors, The two methods B3LYP and BP86 disagree significantly

respectively, each of the iron atoms in theE@(u-NO)

in the predictions of the relative energies of isomBra

structures can achieve a 18-electron configuration only by and Vb of Cp,Co,(NO). Thus, the predicted global mini-

forming an iron-iron bond of order 3,, possibly as + 27
+ 1,0 seven-electron bond.

3.1.2. CpCox(NO), and Cp,Co,(NO). The only structure
optimized for CpCo,(NO), was the singlet dibridged struc-
ture, Il (Figure 3 and Table 2). An attempt to optimize an
unbridged structure for GEo,(NO), instead led to the same
dibridged structurdll . Structurelll has small imaginary

5624 Inorganic Chemistry, Vol. 45, No. 14, 2006

mum for CpCox(NO) using the BP86 method is the isomer
CpCox(u-NO) (IVa) rather than the isomer Cpgia-Cp)-
(NO) (IVb) found using the B3LYP method. Furthermore,
isomerlVa is lower in energy than isomévb by 10.1 kcal/
mol using the BP86 method while higher in energy than
structureVb by 2.5 kcal/mol using the B3LYP method. The
large imaginary vibrational frequency of 538n* for IVa
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Table 2. Bond Distances (in A), Total EnergieE {n Hartree) and Relative EnergieAE in kcal/mol) for the CpCo(NO), and CpCoy(NO) Isomers

CpCox(u-NO), CpCox(u-NO) CpCa(NO)(u-Cp)
Il (Czy) IVa (Cz,) IVb (CJ)

B3LYP BP86 expfl B3LYP BP86 B3LYP BP86
Co—Co 2.452 2.426 2.372 2.138 2.149 2.524 2401
Co—N 1.798 1.798 1.824 1.776 1.783 1.686 1.619
N—-O 1.211 1.223 1.187 1.211 1.223 1.191 1.202
0OCoCoNO 127.9 132.3 180.0 180.0
0OCoNO 136.8 137.2 143.0 142.9 176.7 176.8
—energy 3412.70723 3413.22771 3282.69657 3283.18973 3282.70051 3283.17370
AE - - 0 0 -25 10.1
imaginary 20i, 13 22 533, 20, 8i 11 none 26
frequency

by B3LYP shows thatlVa is not an actual minimum. Table 3. Bond Distances (in A), Total EnergieE {n Hartree), and
Following the mode corresponding to this vibrational fre- Reative EnergiesAE in kcal/imol) for CpNiz(NO), and CpNiz(NO)
quency leads to structut®’b . However, the BP86 method mezw-NO)z sz\%iz(/t-NO)
showslVa andIVb to be close to the corresponding real ©) (C2)

minima with very small imaginary frequencies ofi{IvVa) B3LYP BP86 B3LYP BP86
and 26 cm™ (IVb). Ni—Ni 2.388 2.371 2.322 2.300
The metat-metal bond in the NO-bridged structure£p NN o Tooe 1778 1.764
Coy(u-NO) (IVa) has a formal bond order of'Z if both N—O 1.205 1.221 1.211 1.222
cobalt atoms follow the 18-electron rule, and the bridging 1.203 1.219
i ) ONININO  156.3,113.6 143.F, 119.6 180.0 180.0
NO group is a three-electron donor, as suggested by theIjNiNO 1350 1232 139.2 1393

dihedralJCoCoNO angle of 180 In this connection, the  _energy  3663.76596  3664.30645  3533.84742 3534.33732
Co—Co distance of 2.138 (B3LYP) or 2.149 A (BP86) in imaginary 57 19, 13 13, 7i 13, 4i
CpCo(u-NO) (IVa) is significantly shorter by 0.314  frequencies

(B3LYP) or 0.277 A (BP86) than that in @Po,(u-NO), stationary points with small imaginary vibrational frequencies
(1) requiring only a Ce-Co single bond. However, the €0 (57 by B3LYP or 19 and 13 cm™ by BP86 for CpNi,-
Co bond in the Cp-bridged structure CpEeCp)(NO) (Vb) (u-NO), and 13 and 7 cm~* by B3LYP or 13 and 4 cm
is longer than that inVa by 0.072 A (B3LYP), in contrast by BP86 for CpNi»(1-NO)). The Ni-Ni bond distance in
to the BP86 result. The CeN distances to the symmetrical /g longer than that i/l by 0.066 (B3LYP) or 0.071 A
bridging. NO groups in _strgcturd!l are anger than the (BP86). The Ni(u-NO), core inV is bent, withONiNiNO
Co~N distance to the bridging NO group in StructUéa  gjhedral angles of 117:qB3LYP) or 116.8 (BP86) along
by 0.022 (B3LYP) or 0.015 A (BP86), suggesting stronger {he Nji—Ni axis, just like the Cg(u-NO), butterfly core.
meta-NO z-back-bonding to thew-NO group in IVa 3.1.4. CpNiy(CO), and Cp:Ni»(CO). Four structures were
relative tolll .'_I'h|§ is consistent with the fact that the cqbalt optimized for CpNi,(CO), and CpNi»(CO) (Figure 5 and
electron density is shared between two NO group8llin - tapje 4), namely singlet and triplet dibridged structures, as
whereas it is all available for a single NO groupl¥/a. well as unbridged structures. Two types of stationary points
3.1.3. CpNix(NO), and Cp:Nix(NO). In analogy to Cp- (singlet and triplet) were found for Gi»(CO), (Figure 5)
Fe&(NO), and CpCo(NO), (n = 1 or 2) discussed above, 55 \as previoush} found for CpCo(CO). Structured/lla
we tried to optimize dibridged, monobridged, and unbridged 44 viih for Cp,Ni(CO), are coaxial structures with two
isomers of CENiz(NO), and CpNix(NO). However, only  pigging CO ligands. The singlet isomarila , is lower in
one dibridged CgNi>(u-NO), isomer ¥) and one mono-  gnergy than the triplet isomeYlib , by 13.7 (B3LYP) or
bridged CpNi>(u-NO) isomer V1) were obtained (Figure 4 - 57 o kcal/mol (BP86). BothVila and VIb have some
and Table 3). Both of these isomers were found {0 be jmaginary frequencies (see Table 4), but these fall below
30 cm! so that structure¥lla andVllb are likely to be
identical or very close to the actual minima. The-Nii bond
distance is found to be 2.451 (B3LYP) or 2.420 A (BP86)
for the singlet isomeYlla of CpNi(u-CO), where the 18-
electron rule requires a formal NNi single bond. The Ni
Ni bond distance in the triplet isom&filb is found to be
shorter than that in the singlet structuwlb by 0.031
(B3LYP) or 0.039 A (BP86). The NiNi bond distance in
Vilb is close to the experimental value of 2.363 A found
by X-ray diffractionl® The unbridged coaxial structure for
Cp:Ni(CO), is not stable but collapses¥dla or Vilb upon
q X optimization. The singlet perpendicular structuCp,Ni,-
V(G VI (Ca) (CO), also collapses to the dibridged isoméia .
Figure 4. Optimized geometries for GNiz(NO), and CpNix(NO). The other stationary point for GNix(CO), is a triplet
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VIIc (C)
Figure 5. Optimized geometries for GNiz(CO), isomers.

perpendicular isomel-Cp;Niz(CO), (Vlic) with two ter-
minal CO ligands and with the NiNi bond perpendicular
to the axes of the Cp rings. This isomer lies much higher in
energy than the singlet dibridged coaxial global minimum
isomer of CpNix(u-CO), (Vlla) by 29.5 (B3LYP) or 48.8
kcal/mol (BP86), similar to previous predicticdAgor Cp,-
Caoy(CO), isomers. The Ni-Ni distance in the perpendicular
structured-Cp:Ni(CO), (IVc), namely 2.637 A by B3LYP
or 2.495 A by BP86, is found to be longer than that in the
coaxial structureVlla (2.451 A by B3LYP or 2.420 A by
BP86).

The Ni—C distances to the bridging CO groups in,€p
Niy(u-CO), (Vlla) are 1.878 and 1.866 A (B3LYP) or 1.872
and 1.864 A (BP86), which are close to the experimental
value of 1.859 A determined by X-ray diffractidhHowever,
these Ni-C distances to the bridging CO groups \ithla
are longer than those to the terminal CO group¥iic by
0.008 (B3LYP) or 0.036 A (BP86). The nickehickel
distance in the perpendicular structipNix(CO), (Vlic),
required by the 18-electron rule to have a-Nii single bond,
is longer than the cobaltcobalt distanc® in the corre-

Wang et al.

VIIIce (C)
Figure 6. Optimized geometries for GNi»(CO) isomers.

spondingJ-Cp,Co,(CO), required by the 18-electron rule
to have a Ce=Co double bond, by 0.241 (B3LYP) or 0.068
A (BP86).

Optimizations have been carried out on triplet and singlet
CpNiy(CO) structures in which the single CO group is either
bridging or terminal (Figure 6 and Table 5). The predicted
global minimum for CpNi»(CO) using the B3LYP method
is the triplet unsymmetrically bridged isomer Bli,(«-CO)
(VIlIb ). However, the BP86 method predicts the sym-
metrically bridged singlet structuréllla to be 1.5 kcal/
mol below the triplet structurglllb. A singlet CpNy(CO)-
(u-Cp) isomer with a bridging Cp group and a terminal CO
group {llic) is found to be 22.0 (B3LYP) or 13.6 kcal/
mol (BP86) above the global minimum.

3.2. Comparison of the Structures CpM ;(AO), (M =
Fe, Co, Ni; A= C, N; n = 2, 1). Table 6 summarizes the
computed metatmetal distances for the Gd»(AO), (M
= Fe, Co, Ni; A= C, N; n = 2, 1) derivatives studied in
this and previou® work using the BP86 method, as well as
the formal metatmetal bond orders assuming that the
favored 18-electron metal configurations are approached as

Table 4. Bond Distances (in A), Total EnergieE {n Hartree), and Relative EnergieAE in kcal/mol) for the Isomers of Gplio(CO),

CpNiz(u-CO) (Can)

0-CpeNiz(CO) (Cy)

1Ag (Vila) SAL (VIlb) A (Vlic)
B3LYP BP86 exptl° B3LYP BP86 B3LYP BP86
Ni—Ni 2451 2.420 2.363 2.420 2.381 2.637 2.495
Ni—C 1.878 1.872 1.859 1.957 1.935 1.818 1.787
1.828 1.786
c-0O 1.178 1.195 1.163 1.173 1.191 1.154 1.173
1.153 1.173
—energy 3630.60717 3631.10785 - 3630.58534 3631.07439 3630.56021 3631.03016
AE (kcal/mol) 0 0 - 13.7 21.0 29.5 48.8
imaginary 28, 19, 16 30i, 21i, 18 - 9i 9i none none
frequencies
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Table 5. Bond Distances (in A), Total EnergieE (n Hartree), and Relative

EnergieAE in kcal/mol) for CpNix(CO) Isomers

CmNix(CO)
A1 (Villa) SA" (VIilb ) 1A’ (Viic)
B3LYP BP86 B3LYP BP86 B3LYP BP86
Ni—Ni 2211 2.231 2.260 2.207 2.589 2.496
Ni—C 1.852 1.850 1.731 1.871 1.749 1.750
Cc-0 1.182 1.199 1.171 1.192 1.166 1.183
—energy 3517.21176 3517.69949 3517.22952 3517.697103 3517.19450 3517.67790
AE 111 0.0 0.0 15 22.0 13.6
imaginary none none @ none 28 34
frequency

Table 6. Bond Distances (in A) and Formal MetaWetal Bond Orders
for the Global Minimum CpM2(AO)12 (M = Fe, Co, Ni; A= C, N)
Structures (BP86 results)

formal M—M dihedral

M A M—-M M-A A-O bondorder angle°
CpM2(AO), Fe N 2339 1.792 1.231 2 180.0

Fe C 2120 1.906 1.198 3 128.5

Co N 2426 1.798 1.223 1 132.3

Co C 2346 1.860 1.204 2 180.0

Ni N 2371 1.904 1.200 0 116.8

Ni C 2420 1.872 1.195 1 180.0
CmM2(AO) Fe N 1988 1.814 1.216 B

Fe C 1998 1.827 1.195 4

2.078

Co N 2149 1783 1.223 2

Co C 2050 1.904 1.192 3

Ni N 2300 1.764 1.222 1,

Ni C 2231 1.850 1.199 2

closely as possible and all of the NO groups are formal three-
electron donors considered as neutral ligands.

In general, Table 6 considers the global minimum struc-
tures CpM,(AO), (n = 2, 1). For the CgM,(AO), deriva-
tives, these structures have two bridging AO groups. For the
Cp:M2(AO) derivatives, the single AO group bridges the pair
of metals. This bridging is symmetrical except for the global
minimum of CpFe(CO), where the bridging CO group is
highly unsymmetrical with the two FeC distances differing
by approximately 0.25 A. Note that the binuclear mononi-
trosyls CpM2(NO) (M = Fe, Co, Ni) are doublets with the
formal half-integer metatmetal bond orders of'®, 2%,
and %/,, respectively, arising from the odd electron of a
single NO group.

The metat-metal distances in the structures of ;8-
(AO), (M = Fe, Co, Ni; A=C, N;n= 2, 1) are seen to
correlate in most cases with the ligand types and the formal
metak-metal bond orders. Thus, each unit increase in the
formal metat-metal bond order is predicted to shorten the
metal-metal bond distances by roughly 0.2 A in accord with
the known crystal structures of g (u-NO), (ref 18) and
Cp:Cox(u-NO), (ref 7). For a given metatmetal bond order,
the metat-metal bond distance is almost the same whether
the AO ligand(s) is(are) CO or NO. Thus, the=Ffee distance
in CpFex(u-NO), (la) is 2.339 A, which is very close to
the Co=Co distance of 2.346 A in GEo,(u-CO),. Both of
these structures require=sM double bonds to give both

for the possibilities). This is consistent with the 179.3
(B3LYP) or 179.2 (BP86) [IFeFeNO dihedral angles in
CpFe(u-NO);, (1a).

An exception may be the GHix(«-NO), dimer / in
Figure 3), since the 18-electron rule would predict a-Ni
Ni bond order of zero assuming that both NO groups are
the usual three-electron donors. However, the nickékel
distance in CgNi(u-NO), (V) is 2.371 A, suggesting a Ni
Ni single bond by comparison of this distance with the other
metal-metal distances in Table 6. This is consistent with
formulation of CpNiy(«-NO), (V) with one one-electron
donor NO group and one three-electron donor NO group
(Figure 7) in accord with the nonequivalence of the two
u-NO groups inV. Furthermore, one of thegeNO groups
is highly pyramidal with alINiNINO dihedral angle of
113.6 (B3LYP) or 119.6 (BP86), suggesting that it is a
one-electron donor to the pair of nickel atoms. However,
the otheru-NO group inV is much less pyramidal with a
ONININO dihedral angle of 15633 (B3LYP) or 143.2
(BP86), suggesting that it could be a three-electron donor to
the pair of nickel atoms. Calculations indicate that the
dissociation of CgNiy(u-NO), into the long know# very
stable monomer CpNIiNO (Figure 7) is highly exothermic
(45.2 kcal/mol by B3LYP or 19.8 kcal/mol by BP86). For
this reason, we think that it is thermodynamically unlikely
that CpNi(u-NO), will be prepared; thus, any reactions
which might give CpNi(u-NO), would instead be expected
to give 2 equiv of CpNiNO.

The geometries of the M(AO),M cores in the CgMo-
(AO), derivatives are of interest. For gfe(u-NO); (la in
Figure 2), the planar Fe{NO),Fe geometry is calculated
to be the most stable, which is consistent with the crystal
structure found by X-ray diffractiot® Similarly, a bent Ni-
(u-COXNi geometry is calculated to be the most stable for
CpNiy(u-CO), (Vlla in Figure 5) in accord with the
experimental structure determined by X-ray diffractién.

A @
@—SN;;VM—
o

\'}

(e}

Y, 'N\

—> 2

oz—z-

metal atoms the favored 18-electron rare gas configuration. igyre 7. pissociation of CpNi(«-NO), (V) into 2 equiv of CpNINO.

This suggests that the NO groups in these complexes areThe numbers around the “left” nickel atom W indicate the number of

the usual three-electron donors considered as neutral |igand§IeCtrons donated by each of these ligands to give the nickel atom the eight
. electrons required for it to attain the favored 18-electron configuration. The

and thereby bond .to the metal atoms in ways com.pletely “top” NO group inV is the one-electron donor, and the “bottom” NO group

analogous to CO ligands in metal carbonyls (see Figure lin V is the three-electron donor.
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Table 7. »(NO) andv(CO) Frequencies (in cnd) Predicted for the GiM2(AO)..1 (M = Fe, Co, Ni; A= C, N) Isomer3

B3LYP BP86 exptl
CpFex(u-NO), la (Cx) 1661(a,0) 1604(a,0) 1506
1607(1,1078) 1566(,811)
CpFe(NO), Ib (Can) 1830(a,0) 1769(g,0)
1797(h,,1888) 1751(h,1307)
CpaFex(u-NO) lla (Cz) 1703(a,619) 1647(,497)
CpFex(NO) b (C 1789(4,538) 1756(4865)
Cp.Cox(1-NO), I (Cz) 1689(a,199) 1628(a,145) 1610
1643(h,845) 1588(h,685) 155¢
CpCoa(u-NO) IVa (Cz,) 1678(a,699) 1623(2519)
CpCop(NO) Vb (Cy 1816(4,1007) 1783(5743)
CpNiz(u-NO), V (Cy) 1595(784) 1536(677)
1696(452) 1603(303)
CpNiz(u-NO) VI (Cz) 1678(a,575) 1627(2526)
CpNiz(u-COY, Vila (Ca) 1963(a,0) 1870(g,0) 1896 (Wi
1908(h,,1082) 1830(b,850) 1854 ()t
CpNiz(u-CO) Vilb (Car) 1977(a,0) 1876(g,0)
1916(h,,1218) 1834(p,922)
CpNix(CO), Viic (Can) 2078(a,0) 1966(g,0)
2044(h,,2940) 1953(,2223)
CpNiz(u-CO) Villa (Cy,) 1931(a,824) 1847(3,643)
CpaNiz(u-CO) Villb (Cy 2034(d,1608) 1947(51301)
Cp:Nix(CO) Vilic (Cy 1971(a,750) 1861(2,562)

aInfrared intensities are given in parentheses in km/mol; infrared active frequencies are given in boftEtyperimental data are measurements in
saturated hydrocarbon solvents.

However, our calculations predict a bent ge(NO),Co terminalv(CO) frequencies were made for the 8p(CO),
geometry (dihedral angle of 132)3for Cp,Cox(u-NO), in (M = Fe, Co, Ni;n = 2, 1) derivatives.
agreement with the vapor phase structure determined ex-
perimentally by UV PE spectroscopiut in disagreement 4. Summary
with the solid-state structure determined by X-ray diffrac- . )
tion.” In this case, solid-state packing effects must lead to a  1he energetically preferred structures of the binuclear
structure different from that calculated for an isolated Cyclopentadienylmetal nitrosyls and carbonylsKp(AO)n
molecule, such as that found in the vapor phase. (A =N, M = Fe, Co, Ni; A=C, M= Ni; n=2,1)
3.2. Vibrational Frequencies.The harmonic vibrational ~ 9enerally have bridging AQ ligands rather than terminal AO
frequencies and their infrared intensities for all of the ligands. Thus, the global minima for ¥2(AO) are all
structures have been calculated by the B3LYP and BPsefound to have closely related axial dimetallocene structures
methods (Table 7). Complete reports of the vibrational With two symmetrically bridging AO ligands but variable
frequencies and infrared intensities are given in the Sup- planarity of the central M(-AO).M units. Similarly, the
porting Information. These results have been used to Single AO ligands in the global minima for @4,(AO) are
determine whether a structure is a genuine minimum. found to bridge the pair of metal atoms. However, structures
In general, thev(NO) and»(CO) frequencies predicted  With terminal AO groups and a single bridging Cp ligand
by the BP86 functional are found to be-6000 cnt? lower are also found at accessible energies for GND)(u-Cp)
than those predicted by the B3LYP functional. Furthermore, (M = Fe and Co) and CpMiCO)(«-Cp). The metatmetal
the »(NO) infrared frequencies computed with the BP86 bond distances in these @,(AO), derivatives correlate
functional are in reasonably close agreement with the reasonably well with the requirements of the 18-electron rule.
experimentalvy(NO) infrared frequencies in hydrocarbon In this connection, the dimer GNi,(«-NO);, is predicted by
solvents for CpCoy(4-NO), and about 60 cmi too high for the 18-electron rule to have a NiNi bond order of zero,
CpFe(u-NO), (1566 vs 1506 cmt). In general, the(NO) assuming that both NO groups are three-electron donors.
frequencies in (6Hs),M(NO), (n = 2, 1) are~200 cn?! However, CpNi,(u-NO), instead has a NiNi bond distance
lower than those of the correspondin@CO) frequencies of  suggesting a single bond and geometry suggesting one one-
the analogousif-CsHs):M2(CO). electron donor bridging NO group and one three-electron
Thev(CO) frequencies of typical symmetrical two-electron donor bridging NO group. However, dissociation of:8j-
donor bridging CO groups in transition metal carbonyl (4-NO), into the well-known stable monomer CpNiNO is
chemistry are well known to occur 15@00 cni! below highly favored energetically.
thev(CO) frequencies of terminal CO groups in a given type
of metal carbonyl derivative. This same trend is found for ~ Acknowledgment. We are grateful to the National
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