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Quantum chemical DFT calculations using B3LYP and BP86 functionals have been carried
out for the title compounds. The equilibrium geometries and bond dissociation energies are
reported. The metal—ligand bonding was analyzed with an energy partitioning method. The
strongest bonded homoleptic complex with a heterocyclic ligand is Fe(r°-Ps),. The bond
dissociation energy yielding the Fe atom and two cyclo-Ps ligands (D, = 128.3 kcal/mol) is
nearly the same as for ferrocene (D, = 131.3 kcal/mol). The nitrogen, arsenic, and antimony
analogues of Fe(y%-Es), have significantly weaker metal—ligand bonds, which, however,
should still be strong enough to make them isolable under appropriate conditions. The
calculated heats of formation show also that the phosphorus complex is the most stable
species of the heterocyclic Fe(7°-Es); series. The Fe—(°-Es) bonding in the mixed sandwich
complexes FeCp(°-Es) is much stronger compared to the homoleptic molecules. The
heterocyclic ligands cyclo-Es in the mixed complexes FeCp(#°-Es) bind as strongly or in case
of phosphorus even stronger than one Cp ligand does in FeCp, except for E = Sb. The metal
fragments Fe(n°>Es)"™ have a pyramidal geometry except for E = Sbh, which is predicted to be
a planar ion with Ds, symmetry. The energy partitioning shows that the binding interactions
between the closed shell cyclo-Es™ ligand and the Fe(3°-Es)™ fragment do not change very
much for the different ligand atoms E in the homoleptic and heteroleptic complexes. The
bonding comes from 53%—58% electrostatic attraction, while 42%—47% come from covalent
interactions. The latter contribution comes mainly from the donation of the occupied e; ()
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orbital of the ligand into the empty orbital of the metal fragment.

1. Introduction

There is a ubiquitous number of transition metal (TM)
complexes with cyclic conjugated ligands C,H.% with n
= 3—8 where the charge q can be positive, negative, or
neutral.! The most important classes are those with n
= 5 (metallocenes, sandwich and half-sandwich com-
plexes) and n = 6 (arene complexes). The first example
of the former system with the ligand CsHs~ (cyclopen-
tadiene anion, Cp~) that could become synthesized was
ferrocene FeCp,. The publication by Kealy and Pauson
fifty years ago?® is considered a landmark event in
organometallic chemistry.* It opened a new field which
became very important for syntheticl® and industrial®
applications. The initial suggestion of the structure
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having two Fe—CsHs o-bonds? was corrected in two
independent publications by Fischer and Pfab’” and by
Wilkinson, Rosenblum, Whiting, and Woodward,® who
showed that the molecule has a mw-bonded sandwich
structure. It was soon recognized that one or more CH
groups of the Cp ligand can be substituted by valence-
isoelectronic group-15 elements E = N, P, As, Sb, yield-
ing heterocyclopentadienyl ligands, which may also bind
in an »°> mode to a transition metal. Examples are the
ligands pyrrolyl (NC4H,47), pyrazolyl (N,C3H3™), phos-
pholyl (PC4H47), arsolyl (AsC4H4™), 1,2,4-triphospholyl
(P3C2H27), and 1,2,4-stibadiphospholyl (SbP,C,H,™).°
The first synthesis of a complex with a heterocyclo-
pentadiene ligand where all CH groups are substituted
by a group-15 element was reported by Rheingold et al.
in 1982.1° They synthesized the triple-decker complex
(CpMo)2(u,n*-Ass), where the cyclo-Ass ring is the bridg-
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ing ligand between the CpMo moieties. The X-ray
structure analysis of the complex shows large differ-
ences among the As—As distances, which led the
authors to suggest that the cyclo-Ass ligand binds in an
n*-fashion and not %519 A complex with a truly »°-
bonded cyclo-Es ligand was finally synthesized by
Scherer et al. in 1986; they reported the synthesis and
X-ray structure analysis of the triple-decker complex
(Cp*Mo),(u>-Ps) (Cp* = CsMes).1t One year later Scherer
published also the synthesis of the pentaphosphafer-
rocene derivative Cp*Fe(°-Ps).1?2 The same author
succeeded in 1990 in the synthesis of pentaarsaferrocene
Cp*Fe(1°-Ass).1

The chemical bonding situation in ferrocene is usually
discussed in terms of donor—acceptor interactions be-
tween Fe?" (tyg, d°) and two Cp~ ligands.'* The orbital
interaction diagram of FeCp, having Dsq symmetry has
contributions that arise from orbitals that have aig, as,
e1g, €10, @and eg Symmetry. A recent energy partitioning
analysis of the Fe?*(tyg, d®)—(Cp~), bonding using DFT
calculations showed that the ei4 orbital interactions,
which come from the (Cp~),—Fe?" z-donation into the
empty d(eig) orbitals of Fe contribute 65% of the total
orbital interactions.® It was also shown that 51% of the
Fe?*(tyq, d®)—(Cp)2 bonding is electrostatic and 49% is
covalent. The same paper reported the theoretically
predicted structure and bonding analysis of isoelectronic
iron bispentazol Fe(;°-Ns),.1> The calculations showed
that the strength of the binding interactions and the
nature of the bonding between Fe?* (tyg, df) and two Cp~
ligands are similar to the bonding between Fe?* (tyg, d°)
and two cyclo-Ns~ ligands. Iron bispentazol was pre-
dicted to be thermodynamically much less stable than
ferrocene because of the exothermic reaction Fe(5-Ns),
— Fe + 5N; (=227 kcal/mol).15

It seems that the time is ripe for theoretical and
experimental studies of homoleptic transition metal
complexes with z-bonded heterocyclic ligands. Shortly
after our theoretical paper about Fe(r°-Ns), was pub-
lished,'> a combined experimental/theoretical work re-
ported the first synthesis of a carbon-free sandwich
complex, Ti(>-Ps),27.16 It can be expected that more
examples of the new class of compounds will soon
become synthesized. It would be helpful if accurate
theoretical calculations could predict which ligands
would be the best candidates for stable complexes. At
the same time it is desirable to learn about the nature
of the bonding in the molecules.

The question that shall be addressed in this paper
concerns the structures, stabilities, and bonding situa-
tions of the heavier analogues of iron bispentazole Fe-
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(7%-Es), (E = P, As, Sh). To this end, we optimized the
geometries and calculated the bond dissociation energies
of the complexes using gradient-corrected density func-
tional theory (DFT). We also calculated the “semisub-
stituted” species FeCp(°-Es) (E = N, P, As, Sb). The
metal—ligand interactions were analyzed in a similar
way as in our previous study!® about ferrocene and iron
bispentazole using the energy partitioning scheme of the
program ADF,'” which is based on the methods sug-
gested by Morokuma®® and Ziegler.1® A short outline is
given in the Methods section. The bonding situation and
the stabilities of the pentaphospholyl complexes FeCp-
(7°-Ps) and Fe(5°-Ps), have been the subject of previous
theoretical studies at the EHT level.2%21 It was con-
cluded that the CpFe—(5%-Ps) bonding in the former
complex is rather strong,?® while the orbital interactions
in Fe(n°-Ps), are much weaker than in ferrocene, and
thus, it should be difficult to synthesize the compound.?!
It will be interesting to compare the qualitative results
of the EHT studies?®2! with the quantitative data given
in the present work.

2. Methods

The geometries have been optimized first at the gradient-
corrected DFT level using the three-parameter fit of the
exchange—correlation potential suggested by Becke?? in con-
junction with the LYPZ exchange potential (B3LYP).>* A
nonrelativistic small-core ECP with a (441/2111/41) valence
basis set for Fe?® and 6-31G(d) basis sets?® for C, N, H have
been employed in the geometry optimizations. Relativistic
ECPs with (211/211/1) valence basis sets were employed for
the atoms P, As, and Sb.?” This is our standard basis set 11.28
The nature of the stationary points was examined by calculat-
ing the Hessian matrix at B3LYP/Il. The atomic partial
charges have been estimated with the NBO method of Wein-
hold.?® The calculations have been carried out with the
program package Gaussian 98.3°

The iron—ligand bonding interactions in Fe(y*-Es), and
FeCp(n°-Es). have been analyzed with the energy decomposi-
tion scheme of the program ADF.173! To this end, the geom-
etries were optimized with the exchange functional of Becke®?
and the correlation functional of Perdew3 (BP86) in conjunc-
tion with uncontracted Slater-type orbitals (STOs) as basis
functions.®* Relativistic effects have been considered by the
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zero-order regular approximation (ZORA).%® The basis set for
Fe has triple-¢ quality augmented by one set of 6p functions.
Triple-¢ basis sets augmented by two sets of d-type polarization
functions have been used for the main group elements. The
(n—1)s? and (n—1)p" core electrons of the main group elements
and the (1s2s2p)!° core electrons of Fe were treated by the
frozen-core approximation.®% An auxiliary set of s, p, d, f, and
g STOs was used to fit the molecular densities and to represent
the Coulomb and exchange potentials accurately in each SCF
cycle.360

For the energy partitioning analysis the interaction energy
AEin: was calculated and decomposed for the bonding between
the metal fragments Fe(°-Es)™ and FeCp and the ligands (-
Es)” in the 'A; and 'A;' ground state, respectively. The
instantaneous interaction energy AEi,: can be divided into
three components:

AEj, = AEelstat + AEF‘auli + AEorb (1)

int
AEcistar gives the electrostatic interaction energy between the
fragments which are calculated with a frozen electron density
distribution in the geometry of the complex. It can be consid-
ered as an estimate of the electrostatic contribution to the
bonding interactions. The second term in eq 1, AEpaui, gives
the repulsive four-electron interactions between occupied
orbitals. The last term gives the stabilizing orbital interactions,
AEm, which can be considered as an estimate of the covalent
contributions to the bonding. Thus, the ratio AEeistat/AEors
indicates the electrostatic/covalent character of the bond. The
latter term can be partitioned further into contributions by
the orbitals that belong to different irreducible representations
of the point group of the interacting system. This makes it
possible to calculate, for example, the contributions of o and
7 bonding to a covalent multiple bond.3” Technical details
about the ETS method can be found in the literature.3!

The bond dissociation energy (BDE), AEe, is given by the
sum of AEjn: and the fragment preparation energy AEprep:

AE, = AE

e prep + AEint (2)
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AE,rep is the energy that is necessary to promote the fragments
from their equilibrium geometry and electronic ground state
to the geometry and electronic state that they have in the
optimized structure.

3. Geometries and Bond Dissociation Energies

Table 1 shows the most important bond lengths and
energy values of the homoleptic complexes Fe(°-Es),
and some fragments. Figure 1 displays the optimized
geometries of Fe(1°-Ps), and the phosphorus-containing
fragments. The structures of the other molecules except
Fe(r°-Shs)™ are very similar, and therefore, they are not
shown. The geometry optimization of Fe(;7°-Shs)* yielded
a planar structure (Figure 1), while the other Fe(;°-Es)™
cations are predicted with a pyramidal geometry. The
full geometries and total energies are given as Support-
ing Information.

The geometry optimizations of Fe(r*-Es), have been
carried out with Dsn and Dsq symmetry. The B3LYP/I1
calculations predict that the cyclic ligands in Fe(%-Ns).
and Fe(n°-Shs), have a staggered conformation (Dsgq
symmetry), while the complexes Fe(3°-Cp)., Fe(75-Ps)s,
and Fe(r®-Ass), have eclipsed ligands (Dsp, symmetry).
The energy differences between the Dsy and Dsp con-
formations are very low, however. The calculations
predict that the barriers for ring rotation are <2.6 kcal/
mol, the highest value being calculated for Fe(%-Sbs),.
The BP86/TZ2P calculations give very similar values for
the bond lengths and for the Dsq—Dsp, energy differences.
The Dsq form of Fe(55-Ass); is predicted, however, to be
slightly (—0.1 kcal/mol) lower in energy than the Dsy
form. The B3LYP/II optimization of the Dsq form of Fe-
(n°-Ass), failed because of convergence problems. The
calculation of the vibrational frequencies of the Dsy, form
showed that it is an energy minimum at this level of
theory. The calculated geometry of ferrocene is in good
agreement with a gas-phase measurement, which shows
that the molecule has indeed Ds, symmetry.3 The X-ray
structure analysis of Ti(5%-Ps)22~ showed that the Ps
rings are eclipsed like in the calculated geometry of Fe-
(7°-Ps)2.10

The metal fragments Fe(;°-Es)™ have a pyramidal
geometry and a singlet (!A;) electronic ground state (Csy
symmetry) except for E = Sb. The geometry optimiza-
tion of Fe(n>-Shs)™ at both levels of theory yielded a
planar structure (Dsy), which has a (YAy') singlet ground
state. The calculated Fe—Sb bond length of Fe(°-Shs)™
is very short (2.491 A at B3LYP/II; 2.522 A at BP86/
TZ2P), which is nearly 0.5 A shorter than in Fe(;°-Sbs),
(Table 1). The Fe—E distances of the other cations Fe-
(7°-Es)™ are also shorter than in the neutral molecules
Fe(n°-Es)2, but the shortening is not so dramatic. The
structure and bonding of Fe(55-Sbs)™ and related planar
species will be the subject of a future study.3°

The neutral ligands cyclo-Es with a planar geometry
are Jahn—Teller systems. Cp and cyclo-Ns have nearly
degenerate 2A; and ?B; doublet states (C,, symmetry).
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Table 1. Calculated Bond Lengths (A) and Energies (kcal/mol) of Fe(Es), Complexes and Some Fragments
at B3LYP/II (calculated values at BP86/TZ2P are given in parentheses)

molecule symmetry state Fe—E Fe—Xa E-E i Erel D¢t Do
Fe(Cp)2 Dsn 1A 2.072 1.678 1.428 0 0.0 139.4 131.3
(2.059) (1.658) (1.435)
Fe(Cp)2 Dsd Axq 2.074 1.682 1.428 1 0.7
(2.062) (1.663) (1.434) (1.1)
Fe(Ns)2 Dsn A 2.055 1.700 1.357 1 0.0
(2.011) (1.636) (1.375)
Fe(Ns)2 Dsg Axg 2.054 1.699 1.357 0 -0.2 107.0 97.1
(2.019) (1.647) (1.373) (—0.1)
Fe(Ps)2 Dsn 1A 2.505 1.705 2.158 0 0.0 131.9 128.3
(2.490) (1.688) (2.153)
Fe(Ps)2 Dsg A 2.507 1.707 2.158 1 0.7
(2.513) (1.726) (2.148) (3.5)
Fe(Ass)2 Dsn 1A 2.655 1.754 2.345 0 0.0 93.6 112.8?
(2.671) (1.722) (2.401)
Fe(Ass)2 Dsqg Axg e e e
(2.657) (1.697) (2.404) (—0.1)
Fe(Sbs)2 Dsn 1A 2.977 1.883 2.717 1 0.0
(2.979) (1.792) (2.798)
Fe(Sbs)2 Dsqg A1 2.955 1.840 2.710 0 —2.6 80.0 78.5
(2.979) (1.787) (2.802) (—4.1)
Fe(Cp)* Csy 1A, 2.037 1.633 1.431 0
(1.997) (1.578) (1.439)
Fe(Ns)* Csy 1A; e e e
(1.885) (1.458) (1.404)
Fe(Ps)™ Csy 1A, 2.280 1.323 2.184 0
(2.233) (1.242) (2.182)
Fe(Ass)* Csy 1AL 2.388 1.260 2.385 0
(2.357) (1.084) (2.461)
Fe(Shs)* Dsh N 2.491 0.000 2.929 0
(2.522) (0.000) (2.968)
Cp Coy 2A1 1.438; 0
1.371;
1.483
cyclo-Ns Cov 2A; 1.376; 0
1.239;
1.516
cyclo-Ps Cov 2A1 2.192; 1 0.0
2.115;
2.145
cyclo-Ps C; 2A 2.096; 0 —-0.8
2.224;
2.117;
2.146;
2.196
cyclo-Ass Cov 2A; 2.305; 1 0.0
2.385;
2.338
cyclo-Ass Cs 2A 2.448; 0 -2.3
2.292;
2.381
cyclo-Sbs Cov 2By 2.687; 1 0.0
2.754;
2.702
cyclo-Shs Cs 2A 2.843; 0 —4.4
2.682;
2.773
cyclo-Ns~ Dsh 1A 1.330 0
(1.335)
cyclo-Ps~ Dsn 1A 2.146 0
(2.143)
cyclo-Ass™ Dsp 1A 2.337 0
(2.399)
cyclo-Shs~ Dsh 1A 2.723 0
(2.795)

a X is the midpoint of the Es ring. P Number of imaginary frequencies. ¢ Dissociation energies for the reaction Fe(Es), — Fe + 2Es.
d Includes ZPE corrections. ¢ The calculation at B3LYP/II did not converge.

The former electronic state is slightly (<0.1 kcal/mol)
lower in energy than the latter. The heavy-atom ligands
cyclo-Es have nonplanar equilibrium geometries with
Cy symmetry (E = P) or Cs symmetry (E = As, Sb).46
The electronic ground state of the aromatic anions cyclo-
Es is lAl'.

(42) Ryan, M. F.; Eyler, J. R.; Richardson, D. E. 3. Am. Chem. Soc.
1992, 114, 8611.

(43) Lias, S. G.; Bartmess, J. E.; Liebman, J. F.; Holmes, J. L.; Levin,
R. D.; Mallard, W. G. J. Phys. Chem. Ref. Data 1988, 17, Suppl. 1.

Table 2 shows the calculated bond lengths of the
complexes FeCp(#°-Es). The equilibrium structures have
the Cp and cyclo-Es ligands in an eclipsed position (Csy
symmetry), but the staggered conformations (Cs sym-
metry) are only <1 kcal/mol higher in energy. The latter

(44) The experimental values were taken from ref 43: AH@(Fe) =
99 kcal/mol; AH{(C2,H,) = 54.7 kcal/mol; AH?(P,) = 34.4 kcal/mol; AH-
(Asy) = 53.1 kcal/mol; AH{(Sh,) = 56.3 kcal/mol; AH«(Cp) = 58.1 kcal/
mol; AH#(FeCp,) = 58.0 kcal/mol.

(45) Reference 14b, p 388 f.
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2117 2.146
2146 2,224
2143 2196

2.096
cyc-P, (°A)

Figure 1. Calculated geometries of the phosphorus-
containing molecules and Fe(°-Sbs)™ at B3LYP/Il. The
BP86/TZ2P data are given in italics. All values in A.

cyc-Py

conformations have not been calculated at BP86/TZ2P
because the results for the homoleptic complexes at the
two levels of theory were very similar to each other. The
comparison of the calculated bond lengths of FeCp(7°-
Es) with Fe(n®Es), shows that the Fe—C distances
become longer and the Fe—E bond lengths become
shorter in the former compounds except for E = N. The
finding suggests that the Cp ligand in FeCp(3°-Es)
enhances the Fe—(5°-Es) bonding for E = P, As, Sb, but
it weakens the Fe—(77°-Ns) bonding compared with the
homoleptic complexes Fe(5°-Es).. The bonding analysis
that is presented below shows that this is indeed the
case.

The theoretically predicted geometries of FeCp(7°-Ps)
and FeCp(°-Ass), which are shown in Figure 1, can be
compared with the experimental structures of the
related complexes FeCp*'(#°-Ps) and FeCp*'(;°-Ass)
(Cp* = CsMe4EL), which have been determined by X-ray
structure analysis.12013 The experimental structures
have the Cp* and cyclo-Es (E = P, As) ligands in a
staggered conformation. This is probably caused by the
alkyl substituents of the Cp*' ring. The experimental
geometry of Fe(Cp*), also has a staggered conforma-
tion,*® while FeCp; has an eclipsed conformation.38 We
want to point out that the measured Fe—C distances of

(46) Previous theoretical studies reported that the lowest lying form
of Ps*2 has Cs symmetry and that the most stable form of Ass%%® has
C,y symmetry. Our calculations suggest that the C; form of Ps and
the C, form of As are the global energy minima on the PES. (a) Chen,
M. D.; Huang, R. B.; Zheng, L. S.; Zhang, Q. E.; Au, C. T. Chem. Phys.
Lett. 2000, 325, 22. (b) Ballone, P.; Jones, R. O. J. Chem. Phys. 1994,
100, 4941.
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FeCp*'(17°-Ps) and FeCp*'(15-Ass) are ~0.04 A longer
than in Fe(Cp*),.12213 This is in perfect agreement with
the calculated distances of FeCp(°-Ps), FeCp(°-Ass),
and FeCp,, which show (Tables 1, 2) that the Fe—C bond
length of the latter complex is ~0.04 A shorter than in
the former two species. The absolute values of the
calculated Fe—P and Fe—As bond lengths in FeCp(#°-
Ps) and FeCp(;5-Ass) are ~0.08 A longer than the
experimental data. Three factors may explain the dif-
ference between theory and experiment: (i) Cp* may
enhance the Fe—(7°-Ps) and Fe—(°>-Ass) bonding in the
experimental structures more than Cp does in the
calculated species; (ii) solid state effects which always
tend to shorten metal—ligand bonds;*! (iii) error in the
theoretical method. It is difficult to decide which factors
are mainly responsible for the different values.

We calculated the energies of metal—ligand dissocia-
tion reactions in order to estimate the strength of the
Fe—(1°-Es) binding interactions. The results are shown
in Table 3. Reactions 1-5 in Table 3 refer to the
homoleptic complexes, and reactions 6—13 refer to the
heteroleptic complexes. The energy values in the discus-
sion come from B3LYP/II calculations unless otherwise
noted.

Reaction 1 gives the total bonding energy of the cyclo-
Es ligands with the iron atom in its (4s23d°®) °D ground
state. Experimental values are available for ferrocene,
which may be used in order to estimate the accuracy of
the theoretical results. The calculated value for the bond
dissociation energy of ferrocene including ZPE correc-
tions (131.3 kcal/mol) is lower than the measured value
(158 £ 2 kcal/mol).*2 The theoretical result for the
heterolytic bond cleavage of FeCp, yielding 2 Cp~ and
Fe2t in its (4s23d*) D ground state (645.7 kcal/mol,
reaction 2) is ~10 kcal/mol higher than the measured
value, but it is within the experimental error range (635
+ 15 kcal/mol).*2 The third reaction of ferrocene for
which an experimental value is available is reaction 5.
The measured heats of formation of FeCp, (58 kcal/mol),
acetylene (54.7 kcal/mol), and Fe (99 kcal/mol) give for
the dissociation of ferrocene into acetylene and Fe atom
an experimental value of 314.5 kcal/mol.*® The calcu-
lated value (302.6 kcal/mol) is 11.9 kcal/mol too low. We
want to emphasize, however, that the aim of the energy
calculations is to establish the trend of the bond
energies, which we expect to be reliable.

Table 3 shows (reaction 1) that the calculated metal—
ligand binding energy of iron bispentazole Fe(;%-Ns),
(—107.0 kcal/mol) is 32 kcal/mol less than for ferrocene
(—139.4 kcal/mol). Thus, the average Fe—(7°-Es), bond
strength for one pentazole ligand is 16 kcal/mol lower
than for one Cp ligand. The calculated values of reaction
1 indicate that the Fe—(#°-Es), binding energy increases
significantly from nitrogen (—107.0 kcal/mol) to phos-
phorus (—131.9 kcal/mol), but then it decreases strongly
for arsenic (—93.6 kcal/mol) and antimony (—80.0 kcal/
mol). The theoretically predicted Fe—(7°-Es) bond ener-
gies of reaction 1 thus suggest that the phosphorus
complex is the strongest bonded s-heterocyclic complex
of the Fe(7°-Es), species, which is nearly as strongly
bonded as ferrocene, while the antimony complex has
the weakest bond. The reaction energies of the hetero-
lytic bond cleavage (reaction 2) show also that the
phosphorus complex has the highest Fe2™—(3°-Es) ™
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Table 2. Calculated Bond Lengths (A) and Energies (kcal/mol) of FeCp(Es) at B3LYP/II (calculated values
at BP86/TZ2P are given in parentheses)

molecule symm.  state Fe—-C Fe—E Fe—Xcp?  Fe—Xgs? E-E c-C i© Era D¢d Dgd*

FeCp(Ns) Csv 1A, 2.055 2.072 1.658 1.720 1.357 1.427 0 0.0 137.8 129.2
(2.056)  (2.021)  (1.657) (1.648)  (1.376)  (1.431)

FeCp(Ns) Cs A 2.056 2.075 1.659 1.723 1.357 1.427 1 0.2

FeCp(Ps) Csy AL 2.102 2.437 1.716 1.599 2.163 1.426 0 0.0 146.2 139.9
(2.104)  (2.393)  (1.717) (1.542)  (2.152)  (1.429)

FeCp(Ps) Cs A 2.107 2.438 1.722 1.598 2.163 1.425 1 0.7

FeCp(Ass) Csy AL 2.098 2.575 1.712 1.622 2.349 1.426 0 0.0 137.0 131.1
(2.093) (2.578)  (1.704) (1.568)  (2.406)  (1.429)

FeCp(Ass) Cs 1A 2.104 2.575 1.719 1.623 2.348 1.425 1 0.8

FeCp(Sbs) Csy A, 2.099 2.849 1.714 1.665 2.718 1.426 0 0.0 119.8 114.4
(2.089)  (2.847)  (1.699) (1571)  (2.792)  (1.429)

FeCp(Sbs) Cs 1A 2.107 2.849 1.723 1.666 2.717 1.425 1 0.7

a X is the midpoint of the Cp ring. ° X is the midpoint of the Es ring. ¢ Number of imaginary frequencies. 4 Dissociation energies for the

reaction FeCp(Es) — Fe + Cp + Es. ¢ Includes ZPE corrections.

Table 3. Calculated Reaction Energies and Heats of Formation AH;° (kcal/mol) at B3LYP/Il (ZPE corrected
values are given in parentheses; values at BP86/TZ2P are given in italics)

CH

N P As Sb

19 Fe + 2 Es— Fe(Es),

2¢ Fe2t+2 Es~— Fe(E5)2
3 Fe?* + Es — Fe(Es)"

4 Fe(E5)+ + Es™— Fe(E5)2

—139.4 (—131.3)
—653.9 (—645.7)
—412.6 (—408.9)
—241.3 (—236.9)
—234.8 (—230.4)
—325.2 (—302.6)
69.9
—139.4 (—130.4)

5d Fe+5 Ez" Fe(E5)2
AHfD (Fe(E5)2)a
69 Fe+ Cp+ Es— Fe(Cp)Es

7 Fe(Cp)Es + Cp— FeCp2 + Es 0.0
8 Fe(Cp)Es + Es— Fe(Es)2 + Cp 0.0
9 2 Fe(Cp)Es— Fe(Es), + FeCp» 0.0

—653.9 (—645.7)

—241.3 (—236.9)

—234.8 (231.3)

—241.3 (—236.9)

—234.8 (231.3)

—186.8 (—172.2)
50.6

106 Fe?t + Cp~ + Es~ — Fe(Cp)Es
11  Fe(Es)" + Cp~— Fe(Cp)Es

12 FeCp*t + Es~ — Fe(Cp)Es

13 2 FeCp, + 5 E;— 2 FeCp(Es) + 2 Cp
AH¢ (Fe(Cp)Es)®

—107.0 (—97.1)
—459.9 (—459.2)
C

C
—184.9 (—183.6)

—571.7 (~567.0)
C

—288.7 (—283.7)
~159.6 (—158.2)
—158.4 (—157.8)

309.7
156.4

—131.9 (—-128.3) —93.6(—112.8) —80.0 (—78.5)
—524.9 (—522.7) —502.0 (—499.9) —497.9 (—497.0)
—355.7 (—356.4) —360.9 (—360.1) —378.0 (—377.3)
-169.2 (—166.4) —141.1(-139.8) —119.9 (—119.6)
—1715(-170.7) —160.5(-160.2) —118.8 (118.7)

201.4 (211.8)  —168.9 (-162.7) —146.2(—141.8) —156.0 (—153.5)
310.8 108.3 222.7 227.0
—137.8(~129.2) —146.2 (—139.9) —137.0 (—131.1) —119.8 (—114.4)
0.6 (—1.2) 7.8 (9.5) ~1.5(0.8) —18.6 (—16.0)
30.8 (30.4) 14.3 (11.6) 21.6 (18.3) 39.7 (35.9)
—-29.2(—30.0)  —21.1(-20.2) —41.0(-40.1)  —20.2(-19.0)

—600.2 (—594.8)
—244.5 (238.4)
—220.4 (—216.4)
—188.0 (—185.9)
—209.4 (—207.6)
—52.5 (~53.4)
59.2

~598.6 (—593.5)

—237.7 (—233.4)

—213.6 (—209.8)

—186.5 (—184.6)

~197.9 (—196.6)
—49.7 (~52.8)
106.3

~586.2 (—581.3)

—208.2 (—204.0)

—190.7 (187.1)

—174.1 (—172.4)

~182.2 (—181.1)
—38.7 (—43.1)
119.1

(313.0)

a Calculated from the energies of reaction 5 including ZPE corrections using the experimental heats of formation of Fe and E,.**
b Calculated from the energies of reaction 12 including ZPE corrections using the experimental heats of formation of FeCp,, E,, and Cp.*
¢ The calculation of Fe(Ns)* at B3LYP/II did not converge. 4 The Fe atom was calculated in the (3d®4s?) 5D electronic ground state. ¢ The

Fe2* ion was calculated in the (3d®) °D electronic ground state.

binding energy of the -heterocyclic molecules, while the
nitrogen complex has the lowest binding energy. Reac-
tions 3 and 4 give the reaction energies of the stepwise
addition of cyclo-Es~ to Fe?t. The addition of the first
ligand anion is more exothermic than the second, which
is not surprising.

The calculated energies of reaction 5 are very inter-
esting because they can be used to predict the heats of
formation of the complexes using the experimentally
known AH¢ values of Fe and E,.*344 The theoretical
value of ferrocene AH° = 69.9 kcal/mol is in reasonable
agreement with the experimental value 58 + 0.7 kcal/
mol. The highest value is calculated for iron bispenta-
zole, which is a truly energy rich species (AH = 310.8
kcal/mol). The phosphorus complex has clearly the
lowest heat of formation among the heteroferrocenes.
The theoretical value of Fe(5®-Ps), (AH¢ = 108.3 kcal/
mol) is only ~40 kcal/mol higher than that of ferrocene,
but it is more than 100 kcal/mol lower than the heats
of formation of Fe(3°-Shs), (AH? = 222.7 kcal/mol) and
Fe(n°-Ass), (AH® = 227.0 kcal/mol).

Reactions 6—13 of Table 3 pertain to the mixed
complexes FeCp(7°-Es). It is interesting to note that the
pentazole ligand in FeCp(n°-Ns) is nearly as strongly
bonded as one Cp ligand in ferrocene. The total binding
energy of Cp and cyclo-Ns in FeCp(°-Ns) (137.8 kcal/

mol, reaction 6) is similar to the total binding energy
in ferrocene (139.4 kcal/mol), and thus, the ligand
exchange reaction 7 of the two complexes is nearly
thermoneutral. The pentaphospholyl ligand in FeCp-
(n®-Ps) is even 7.8 kcal/mol stronger bonded than one
Cp ligand in ferrocene. It is the only heterocyclic species
cyclo-Es for which the ligand exchange reaction of FeCp-
(7%-Es) with Cp vyielding ferrocene is endoenergetic
(reaction 7). It shows that the phosphorus complex
FeCp(17°-Es) is the strongest bonded species of the mixed
compounds FeCp(#°-Es). Substitution of Cp by cyclo-Es
in the latter species yielding Fe(5°-Es); is endothermic
(reaction 8), but the least endothermic reaction is for E
= P. The disproportionation reaction of the mixed
complexes FeCp(°-Es) yielding the homoleptic species
FeCp, and Fe(°-Es), (reaction 9) shows directly the
bond-strengthening effect of the Cp ligand upon the Fe—
(7°-Es) binding in the heterolytic compounds compared
to the homoleptic complexes. The reactions are clearly
exoenergetic. The most exoenergetic reaction is found
for FeCp(5°-Ass) because the binding energy in FeCp-
(n®-Ass) is nearly as high as in the carbon and nitrogen
analogues, but the binding energy of Fe(5°-Ass); is very
low.

The calculated energies of the heterolytic bond cleav-
age reactions 10—12 reveal also that the phosphorus
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Figure 2. Orbital correlation diagram showing the most
important orbitals of the ligand cyclo-Es~ and the fragment
Fe(°-Es)™, which are relevant for the bonding in Fe(n®-
Es)e.

ring is the strongest bonded ligand, although the
difference from the arsenic ligand is not very large.
Reaction 13 has been included in Table 3 because it can
be used to predict the heats of formation of the mixed
complexes FeCp(y°-Es). The calculated AH{ values
support the previous conclusion that the phosphorus
species is the thermodynamically most stable FeCp(7°-
Es) molecule. The heats of formation of the latter species
with heteroligands cyclo-Es are about half the values
of the homoleptic complexes Fe(;%-Es).. We also want
to point out that the bonding energy of one cyclo-Es~
ligand in the homoleptic complexes Fe(3°-Es); is lower
than in FeCp(n®-Es) when E = P, As, Sb but not for E =
N (compare reactions 4 and 12). This means that the
Cp ligand weakens the iron—nitrogen bonding in FeCp-
(7°-Ns) compared with Fe(575-Ns),, but it enhances the
bonding interactions of Fe with the heavier cyclo-Es in
the heteroleptic sandwich complexes. This is in agree-
ment with the calculated bond lengths which were
discussed above.

4. Bonding Analysis

In our previous theoretical study on the bonding
situation in ferrocene and iron bispentazole we analyzed
the iron—ligand interactions between Fe?" (tyg, d®) and
two Cp~ or cyclo-Ns~ ligands using the energy partition-
ing method, which is described in the Methods section.t”
In this work we take the metal fragments Fe(n>-Es)™
and the ligands (37°-Es)~ for the analysis of the bonding
interactions in the complexes. The advantage of the
latter partitioning is that we can compare directly the
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Table 4. Energy Decomposition Analysis of Fe(Es).
Using the Fragments Fe(Es)* and Es~ (energy
values in kcal/mol)

term E=CH E=N E=P E=As E=5Sb
AEint —2376 —1980 -199.5 —183.8 —165.1
AEpauii 172.4 149.7 190.2 221.6 220.8
AEaista® —2385 —1843  -207.3 —2231 —205.1
(58.2%)  (53.0%) (53.2%)  (55.0%)  (53.1%)
AEqr? -1715  -1634  -1825 —1823  —180.9
(41.8%)  (47.0%) (46.8%)  (45.0%)  (46.9%)
AP —25.0 —224 —28.1 —29.1 —-35.7
(14.6%)  (13.7%) (15.4%) (16.0%)  (19.7%)
Az 0.0 0.0 0.0 0.0 0.0
E,° -109.3 —-106.1  -1207 —123.7 —1256
(63.8%) (65.0%) (66.1%) (67.8%)  (69.4%)
Ez° —37.1 —34.9 —-33.7 —29.6 -19.6
(21.6%) (21.3%) (18.5%) (16.2%)  (10.8%)
AEqprep 2.8 13.1 28.0 23.3 463

AE (= —D.) —234.8 —184.9 —171.5 —160.5 7118:8

2 The values in parentheses give the percentage contribution
to the total attractive interactions. ® The values in parentheses
give the percentage contribution to the total orbital interactions.

iron—ligand bonding in Fe(5°-Es), with FeCp(°-Es). The
gualitative orbital correlation diagram for the interac-
tion between Fe2"™ and two cyclo-Es ligands is not very
different from the diagram between Fe(n>-Es)™ and (3°-
Es)~, which is shown in Figure 2.

The orbital diagram given in Figure 2 is adapted from
similar diagrams which have been discussed in the
literature.*> According to the qualitative model, the most
important orbital interactions take place (i) between the
occupied e; (;r) orbital of the ligand and the empty e;
metal fragment orbital mainly via the dy, and dy,
orbitals of Fe and (ii) between the empty e, () ligand
orbital and the occupied e, metal fragment orbital
mainly via the dyy, and dy2-y2 orbitals of Fe. The interac-
tions between the occupied a; orbitals of the ligand
(lowest lying & orbital) and metal fragment (mainly via
the d;2 Fe orbital) contribute to the bonding only by
mixing in of the empty s and p, orbitals of Fe. We will
now discuss the results of the energy analysis in order
to estimate quantitatively the strength of the orbital
interactions with respect to each other and with respect
to electrostatic attraction, which is not considered in the
orbital correlation model.

It should be pointed out that the orbital correlation
diagram shown in Figure 2, which presents the bonding
in Fe(1°-Es), in terms of interactions between Fe(;%-Es)*
and cyclo-Es~, must not be confused with the actual
driving force for the metal—ligand bonding. The dis-
sociation products of the complex are neutral species,
and a physically more realistic interpretation of the
chemical bond would use the neutral radicals Fe(r*-Es)
and cyclo-Es as interacting fragments. The reason the
charged closed-shell species are employed in the discus-
sion of the chemical bonding is the conceptual simplicity
that is given by this model. The neutral compound cyclo-
Es with Ds, symmetry has a degenerate e; orbital that
is occupied by three electrons, and thus, it is subject to
Jahn—Teller distortion. The Ds, symmetry of the ligand
comes from the bonding interactions with the metal,
which leads to the occupation of the e; ligand orbital. It
is important to recognize that this is the result but not
the original driving force of the bonding interaction. It
is conceptually much easier, however, to discuss the
bonding between the charged closed-shell bonding frag-
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Table 5. Energy Decomposition Analysis of FeCp(Es) Using the Fragments FeCp*™ + Es~ and FeEs™ + Cp~
(energy values given in kcal/mol)

FeCp* + Es~ FeEs* + Cp~
term E=N E=P E =As E=Shb E=N E=P E =As E =Shb
AEint —164.5 —214.7 —202.3 —186.3 —298.6 —232.3 —228.1 —223.1
AEpauii 151.1 195.3 152.0 128.3 179.5 222.0 241.4 267.8
AEgistat® —-177.2 —223.3 —196.6 —165.2 —257.8 —255.7 —265.3 —278.3
(56.1%) (54.5%) (55.5%) (52.5%) (53.9%) (56.3%) (56.5%) (56.7%)
AEorp? —138.5 —186.7 —157.7 —149.3 —220.3 —198.6 —204.1 —212.6
(43.9%) (45.5%) (44.5%) (47.5%) (46.1%) (43.7%) (43.5%) (43.3%)
AP —18.9 —25.3 —23.6 —32.6 —28.9 —30.4 —33.0 —35.3
(13.7%) (13.6%) (15.0%) (21.8%) (13.1%) (15.3%) (16.2%) (16.6%)
Ao 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
E,P —72.5 —98.4 —89.2 —88.8 —159.2 —144.9 —144.6 —150.2
(52.3%) (52.7%) (56.5%) (59.5%) (72.3%) (73.0%) (70.8%) (70.6%)
=P —47.1 —63.0 —45.0 —27.9 —32.2 —23.3 —26.5 —27.2
(34.0%) (33.7%) (28.5%) (18.7%) (14.6%) (11.7%) (13.0%) (12.8%)
AEprep 6.2 5.3 4.4 4.1 9.9 11.9 145 325
AE (= —De) —158.3 —209.4 —197.9 —182.2 —288.7 —220.4 —213.6 —190.6

a The values in parentheses give the percentage contribution to the total attractive interactions. ® The values in parentheses give the

percentage contribution to the total orbital interactions.

ments than between the neutral open-shell species. The
calculated NBO charge distribution in the molecules
gives the following values for the iron atom in Fe(y°-
Es)2: +0.20 (E = CH), +0.65 (E = N), —0.05 (E = P),
—0.63 (E = As), —0.13 (E = Sh). The partial charges at
Fe in FeCp(y°-Es) are +0.42 (E = N), —0.05 (E = P),
—0.35 (E = As), and —0.03 (E = Sh).

Table 4 shows the results of the energy partitioning
analysis of the homoleptic complexes Fe(7°-Es),. Note
that the instantaneous interaction energies AE;y; of the
nitrogen (—198.0 kcal/mol) and phosphorus (—199.5
kcal/mol) complexes are nearly the same. The larger
bond dissociation energy of the former compound comes
from the preparation energy AEprep, Which is smaller
for Fe(®-Ns), (13.1 kcal/mol) than for Fe(y°-Ps), (28.0
kcal/mol). The energy partitioning suggests that the
bonding interactions between Fe(y°-Es)™ and cyclo-Es~
are approximately half electrostatic and half covalent.
The electrostatic contribution in ferrocene (58%) is a
little higher than in the heterocyclic complexes (53%—
55%), but the differences are not very large. The
covalent bonding in the latter species comes mainly from
the e; orbitals, which contribute 65%—69% to the total
orbital interaction term. There are also no significant
differences among the different orbital contributions
between ferrocene and the other sandwich complexes.
The conclusion is that the nature of the bonding in the
carbocyclic and heterocyclic Fe(r°-Es), complexes does
not vary significantly from E = CH to E = Sb.

Table 5 gives the results of the energy analysis of the
mixed complexes FeCp(7°-Es). A comparison with the
results of the homoleptic complexes shows nicely the
differences between the metal—ligand interactions in
the compounds. For example, the AEin: values of the
interactions between the heterocyclic ligands cyclo-Es~
and Fe(°-Es)™ (Table 4) and between cyclo-Es~ and
FeCp™ (Table 5) reveal that the nitrogen ring in the
latter species is less strongly attracted than in the
former compound, while the heavier heterocycles cyclo-
Es~ (E = P, As, Sbh) in FeCp(y°-Es) are more strongly
attracted than in Fe(r%Es).. This means that the Cp
ligand in FeCp(7°-Ns) weakens the bonding between
cyclo-Ns~ and FeCp* compared with Fe(r>-Ns),. Table
5 shows also that the nitrogen ring in FeCp(°-Ns)
strengthens the bonding between the Cp~ ligand and

Fe(7°-Ns)* relative to FeCp,. The smaller FeCp™—(°-
Ns)~ interactions compared with Fe(%-Ns)*—(#>-Ns)~
can be explained with the weaker orbital attraction in
the former compound which comes from the lower e;
contribution (—72.5 kcal/mol) than in the latter molecule
(—106.1 kcal/mol). This is because the donation from the
occupied e; orbital of cyclo-Ns— into the empty e; orbital
of the metal fragment Fe(°-Es)™ (Figure 2) is weaker
for E = CH than for E = N since nitrogen is more
electronegative than CH. This is an example of how the
qualitative bonding model shown in Figure 2 can be
supported by a quantitative analysis which gives rea-
sonable numbers for the pertaining entities.

The data in Table 5 show that there are no major
changes in the relative contributions of the energy
components in the mixed complexes compared with the
homoleptic molecules. The bonding between FeCp™ and
cyclo-Es~ and between Fe(®>-Es)t and Cp~ remains
slightly more electrostatic than covalent. The e; contri-
butions to the orbital interactions become smaller when
the former interactions are considered, and they become
stronger in the latter interactions. This reflects nicely
the changes in the electronegativities.

5. Summary and Conclusion

The results of this work can be summarized as
follows.

The homoleptic and heteroleptic sandwich complexes
Fe(15-Es), and FeCp(5°-Es) are predicted to be energy
minima on the potential energy surfaces. The strongest
bonded homoleptic complex with a heterocyclic ligand
cyclo-Es is Fe(n®-Ps),. The bond dissociation energy
yielding the Fe atom and two cyclo-Ps ligands (D, =
128.3 kcal/mol) is nearly the same as for ferrocene (D,
= 131.3 kcal/mol). The nitrogen, arsenic, and antimony
analogues of Fe(17°-Es), have significantly weaker metal—
ligand bonds, which, however, should still be strong
enough to make them isolable under appropriate condi-
tions. The calculated heats of formation show also that
the phosphorus complex is the most stable species of
the heterocyclic Fe(n°>-Es); series. The Fe—(1°-Es) bond-
ing in the mixed sandwich complexes FeCp(n°-Es) is
much stronger compared with the homoleptic molecules.
The heterocyclic ligands cyclo-Es in the mixed complexes
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FeCp(1°-Es) bind as strongly or in case of phosphorus
even stronger than one Cp ligand does in FeCp, except
for E = Sb. The metal fragments Fe(n°-Es)"™ have a
pyramidal geometry except for E = Sb. The cation Fe-
(7°-Sbs)™ is predicted to be a planar ion that has Dsy
symmetry.

The energy partitioning shows that the binding
interactions between the closed-shell cyclo-Es~ ligand
and the Fe(n®-Es)* fragment do not change very much
for the different ligand atoms E in the homoleptic and
heteroleptic complexes. The bonding comes from 53%—
58% electrostatic attraction, while 42%—47% come from
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covalent interactions. The latter contribution comes
mainly from the donation of the occupied e; () orbital
of the ligand into the empty orbital of the metal
fragment.
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