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ABSTRACT

Optimal structures, vibrational spectra and thermochemical characteristics of ferrocenes and penta-
phosphaferrocenes containing up to five methyl substituents in the cyclopentadienyl ring are found with
the use of DFT computations. It is shown that the non-substituted ferrocenes and pentaphosphaferro-
cenes as well as the species with small number of methyl substituents adopt eclipsed conformations.
Increasing the number of the methyl substituents results either in the conformational equilibria between
the eclipsed and staggered forms or in complete shift to the staggered conformations. These effects, as
well as elongation of CC bonds of the Cp ring and growth of Fe—Cp and Cp—P5 distances with growing
number of methyl groups can be explained by repulsive interactions of the methyl groups with each
other or with phosphorus atoms of the pentaphospholyl ligands. The pentaphosphaferrocenes are pre-
dicted to be stable towards disproportionation to homoleptic sandwich complexes. This stability grows
as the number of methyl substituents in cyclopentadienyl ring increases, which is a result of stronger Fe
—Ps5 bonding in the methyl substituted pentaphosphaferrocenes relative to the non-substituted species,
and destabilization of the homoleptic ferrocenes because of Me---Me repulsion. A huge energy gap
between the low- and high-spin states of the ferrocenes and pentaphosphoferrocenes is predicted,
though introduction of methyl substituents causes a moderate decrease of the gap. Transition from low-
to high-spin state should result in pronounced changes of geometry and IR spectra of the ferrocenes,

which suggests that IR spectroscopy can be used for diagnostics of spin state of iron complexes.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

There are a great number of transition metal complexes with
cyclic ligands CHj. One of the most important classes is those with
n = 5 (metallocenes, sandwich and half-sandwich complexes). The
first synthesized such compound was ferrocene FeCp, [1], its
structure being suggested by Wilkinson et al. [2]. The interest in
ferrocene is related with wide application of ferrocene derivatives
in catalysis, molecular electronics, polymer chemistry, nonlinear
optical, magnetic and bioorganometallic materials [3]. Most of the
derivatives were prepared by introducing functional groups into
the cyclopentadienyl rings of ferrocene in order to tune their
properties. Thus the substituted ferrocene can provide a prototype
model for further understanding the properties of ferrocene-con-
taining materials. In the last few years ferrocenes in which one or
more CH groups of the Cp ligand are substituted by valence-
isoelectronic group-15 elements N, P and others are widely
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investigated [4,5]. One of such interesting systems is pentaphos-
phaferrocene. Although experimental studies illustrate the poten-
tial of P5 rings as a ligand and can lead to a wealth of interesting
complexes [6], there is still not much known about the structure
and bonding in complexes containing Ps ring. For example, there
are known pentaphosphaferrocenes that have from two to five
alkyl substituents in cyclopentadienyl ring [7—12], but synthesis of
species with fewer number of the substituents have yet failed that
could be explained by influence of the substituents on stability of
the pentaphosphaferrocenes. Theoretical calculations can help
providing structure—property relationships. Recent studies show
that density functional theory (DFT) [13] calculations are remark-
ably successful in predicting a variety of properties to an accuracy
which rivals that of more expensive correlated ab initio methods.
Several recent works reveal that the DFT method provides reliable
results in the case of transition metal and lanthanide complexes
[14]. DFT methods have been used earlier for estimation of influ-
ence of different factors on geometries, energetics and bonding in
metallocenes. Frunzke et al. [4] have shown that the strength of
bonding between ligand and metal atom in the ferrocene analogues
[Fe(n°-Es)2] (E = N, P, As, Sb) depends on pnictogens type. Malar
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[15] carried out calculations on geometries and energetics of met-
allocenes of Fe, Os, Ru and their phospholyl analogues and showed
that P5 ligand moves electron density on the metal center. Several
works [16] devoted to the estimation of the substitution effects
from different type of substituents on the geometries, the
Fe—ligand interaction and the molecular electrostatic potential of
ferrocene. The present study is aimed at systematically studying of
the substitution effects from different number of methyl substitu-
ents on the molecular structures, vibrational spectra, stabilities and
spin states of the ferrocenes and pentaphosphaferrocenes accord-
ing to the hybrid DFT calculations.

2. Computational aspects

All computations reported in this study were carried out using
the Gaussian 03 [17] suite of programs. Calculations were per-
formed with Becke’s three parameter hybrid exchange functional
[18] and the gradient-corrected nonlocal correlation functional of
Lee et al. [19] (B3LYP); Becke’s exchange functional [18] in combi-
nation with Perdew and Wang 1991 gradient-corrected correlation
functional [20] (BPW91); OPBE density functional, which is Handy
and Cohen'’s optimized exchange functional OPTX [21] in combi-
nation with Perdew—Burke—Ernzerhof (PBE) functional [22].

The following basis sets were employed: a) standard 6-31G* and
6-311+G” [23]; b) “correlation consistent” cc-pVTZ basis set [24]
and c) double-zeta ECP basis set of Hay and Wadt (LanL2DZ) [25].
Four different types of calculations with combined basis sets were
performed: Type-I (the ligand atoms H, C, and P were treated with
6—31G" level, while for Fe atoms ECP LanL2DZ basis set was used);
Type-II (the ligand atoms were treated with “correlation consis-
tent” cc-pVTZ basis set, and 6-311-+G" basis set was used for the Fe
atoms), Type-III (the ligand atoms were treated with “correlation
consistent” cc-pVTZ basis set, and for Fe atoms ECP LanL2DZ basis
set was used) and Type-IV (the ligand atoms were treated with cc-
pPVTZ basis set, for the Fe atoms the 6-31G" basis set was used).
Complete structural optimization was carried out for the eclipsed
sandwich and the staggered sandwich geometries of the ferro-
cenes. All stationary points were characterized as minima by
analysis of the Hessian matrices. The calculated force fields were
transformed to internal coordinates, and scaling procedure was
applied using the program described in Ref. [26]. The transferable
scaling factors employed in this work are summarized in
Supporting information, Table 1S. The scaling factor of 1.25 was
taken for FeC stretchings as this value resulted in the best agree-
ment between the calculated and the corresponding experimental
vibrational frequencies. The total energies for all the optimized
geometries were corrected for zero-point vibrational energy (ZPE)
evaluated without scaling. For simulation of solvent effects the
polarised continuum model (PCM) [27] was used.

3. Results and discussion
3.1. Geometries of ferrocene and their cyclo-Ps analogues

The structure of ferrocene has been extensively studied from an
experimental and a theoretical point of view. Experiments revealed
a staggered ferrocene structure of Dsq symmetry in the condensed
phase [28] and an eclipsed structure of D5, symmetry in the gas
phase [29], eclipsed conformation was also observed at 90 K in the
solid [30]. Various theoretical works were performed on the
ferrocene and comparison of results obtained by different methods
revealed that the less costly DFT can successfully provide a good
agreement between the theory and the experiment for ferrocene
[14f]. So we used DFT methods to study the substituted ferrocene.

We carried out optimization of different conformations of the
ferrocenes and the pentaphosphaferrocenes with 0—5 methyl
substituents at B3LYP/Type-I level of theory. Some of them trans-
formed into another during the optimization, or had imaginary
frequencies after optimization. Optimal structures corresponding
to minima of the potential energy surfaces of all the ferrocenes
studied are shown in Fig. 1 together with their relative energies. For
ferrocene 1, pentaphosphaferrocene 7, decaphosphaferrocene 13,
and the species 8 and 2 containing one methyl substituent on the
Cp ring, only eclipsed structures were found to be stable, while the
staggered sandwich conformations corresponded to transition
states. Both the eclipsed and the staggered conformers were opti-
mized for the ferrocenes 3—5 with two to four methyl substituents
of the Cp ring and for pentaphosphaferrocenes 9, 10 with two and
three methyl groups. For pentaphosphaferrocenes 11 and 12 with
four and five methyl groups and decamethylferrocene 6 we have
found only staggered conformers in full agreement with crystal
structure analysis [31] and electron-diffraction studies [32,33] for
these compounds.

Thus the increasing number of methyl substituents in the
cyclopentadienyl rings results in the shift of the eclipsed confor-
mation of both the ferrocenes and the pentaphosphaferrocenes to
the staggered forms. This conformational trend can be understood
by considering the increased inter-ring repulsions when methyl
groups are introduced in the cyclopentadienyl rings. The rings in
ferrocene with methyl substituents are, most probably, forced into
the staggered conformation by the inter-ring Me---Me repulsions:
the shortest inter-ring Me---Me contacts are predicted to be 3.56 A,
somewhat shorter than twice the van der Waals radius for the
methyl group (ca. 4 A). In phosphaferrocenes the shortest inter-ring
P---Me contacts are predicted to be 3.54 A in the eclipsed confor-
mation; on going to a staggered conformation it increases to 3.81 A,
while the sum of van der Waals radiuses of P and methyl group is
3.90 A.

Selected geometrical parameters of the optimized sandwich
structures are compared with available experimental values in
Table 1. As a whole our computations agree satisfactorily with the
available experimental [9,29—33] and the reported DFT studies
[4,5,14f,15]. Structural parameters are nearly identical in both the
eclipsed sandwich and the staggered sandwich arrangements.
Aromatic CH bonds grow from 1.082 A in ferrocene 1 to 1.084 A in
octamethylferrocene 5. The corresponding force constants decrease
from 5.32 to 5.23 mdyn A~1, which results in lower frequencies of
stretching vibrations of aromatic CH bonds in the methyl-
substituted ferrocenes relative to the ferrocene 1. These and other
spectroscopic effects are discussed in subsection 3.2. In the methyl
groups the CH bonds directed towards Fe atom are predicted to be
0.004 A shorter than the CH bonds directed away from Fe, both in
the ferrocenes and the pentaphosphaferrocenes.

The computed C—C bond lengths in the Cp ring of the ferrocenes
and pentaphosphaferrocenes are in the range 1.43—1.44 A that
agrees with the available experimental [9,29—33] and the reported
DFT studies [4,5,14f,15]. Cp rings expand along the series of ferro-
cenes with growing number of methyl groups: the (H)C—C(H)
bonds are the shortest (1.424—1.428 A), (H)C—C(Me) bonds are
a little longer (1.427—1.432 A), and (Me)C—C(Me) bonds are the
longest (1.434—1.438 A). The lengths of the Fe—C bonds depend on
the substitution in a similar way: the bonds are shorter in case of
Fe—C(H) bond (2.068—2.094 A) and longer in case Fe—C(Me) bond
(2.084-2.123 A). PP bond lengths are quite similar for all the
pentaphosphaferrocenes studied and are in the range of
2.142-2.148 A, that is ca. 0.01 A shorter than predicted by Frunzke
et al. (2.153—2.158 A) [4] and ca. 0.02 A longer than the experi-
mental values for 12 [33]. These data fully agree with Malar’s [15]
results.
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Fig. 1. Structures of ferrocenes and phosphaferrocenes, optimized at B3LYP/Type-I level of theory, and their relative energies (kcal mol~"). Hydrogen atoms are omitted for clarity.

The distances between the iron atom and the center of the Cp
ring in the ferrocenes 1-6 are predicted to be 1.687—1.696 A. In the
pentaphosphaferrocenes 7—12 this distance becomes longer with
increasing number of methyl groups: from 1.706 A for 7 to 1.722 A
for 12. It seems reasonable to assume this elongation to be due to
van der Waals interaction between the methyl groups and the
phosphorus atoms. Smaller differences in the FeCp distances in the
series of the substituted homoleptic ferrocenes 1—6 may be caused
by higher mobility of Cp ring comparing with Ps ligand: planes of Cp
rings with introduced methyl substituents slightly deviate from

each other (1—2°) to elongate Me—Me distances, while Ps ring is
fixed more rigidly. It should be mentioned that distances between
the iron atom and P5 center in the pentaphosphaferrocenes shorten
from 1.623 A for 7 to 1.619 A for 12, but the distance between Ps5 and
Cp rings grows a little in this series. In decaphosphaferrocene the
distance of 1.695 A between the iron atom and Ps is predicted to be
longer than in the heteroleptic sandwich complexes 7—12, which
agrees well with DFT Malar’s [15] results. The lengths of Fe—P bonds
in the pentaphosphaferrocenes are in the range of 2.437—2.440 A,
while in decaphosphaferrocene this value is 2.488 A.
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Table 1
Calculated bond lengths (A) of ferrocenes and phosphaferrocenes at B3LYP/Type-1.
Computations Exp.
1 (H)CC(H) 1.428 1.440°
FeC(H) 2.079-2.080 2.064°
FeCp 1.687—-1.688 1.660%
2a (H)CC(H) 1.428
(H)CC(Me) 1432
FeC(H) 2.075-2.078
FeC(Me) 2.089
FeCp 1.687
3a (H)CC(H) 1428
(H)CC(Me) 1.430-1.431
FeC(H) 2.075-2.079
FeC(Me) 2.084—2.095
FeCp 1.689
4a (H)CC(Me) 1.430—1.432
(Me)CC(Me) 1.436
FeC(H) 2.071-2.074
FeC(Me) 2.081-2.093
FeCp 1.688
5a (H)CC(Me) 1.429 1.48P
(Me)CC(Me) 1.436—1.438
CMe 1.502 1.55°
FeC(H) 2.068
FeC(Me) 2.081-2.095 2.08°
FeCp 1.691
6 (Me)CC(Me) 1435 1.439¢
CMe 1.503 1.503¢
FeC(Me) 2.089-2.091 2.064¢
FeCp 1.696
7 (H)CC(H) 1.427
P-P 2.148
FeC(H) 2.094
FeP 2444
FeCp 1.706
FePs 1.623
8 (H)CC(H) 1.426
(H)CC(Me) 1.431
P-P 2.146—-2.147
FeC(H) 2.087—-2.093
FeC(Me) 2.120
FeP 2.443-2.444
FeCp 1.708
FePs 1.623
9a (H)CC(H) 1.426
(H)CC(Me) 1.430
P-P 2.146—-2.147
FeC(H) 2.087—2.094
FeC(Me) 2.115
FeP 2.441-2.443
FeCp 1.712
FePs 1.621
10a (H)CC(H) 1.424
(H)CC(Me) 1.429 1.407—1.430¢
(Me)CC(Me) 1.437 1.457—1.4704
P—-P 2.145-2.147 2.069-2.105¢
FeC(H) 2.081 2.071-2.081¢
FeC(Me) 2.116-2.123 2.116-2.135¢
FeP 2.439-2.443 2.370-2.411¢
FeCp 1.715 1.717-1.727¢
FePs 1.620 1.549-1.617¢
1 (H)CC(Me) 1.427
(Me)CC(Me) 1.435-1.438
P—P 2.145-2.146
FeC(H) 2.082
FeC(Me) 2.110-2.115
FeP 2.437-2.441
FeCp 1.718
FePs 1.618
12 (Me)CC(Me) 1.434-1.435 1.438¢
P-P 2.144-2.145 2.117¢
FeC(Me) 2.110-2.111 2.135¢
FeP 2.439-2.440 2.377¢
FeCp 1.722 1.750¢
FePs 1.619 1.551¢

Table 1 (continued)

Computations Exp.
13 P—P 2.142
FeP 2.488
FePs 1.695
2 Ref. [29b].
b Ref. [31a].
¢ Ref. [32].

4 From X-ray for (n°-1,2,4-tri-t-butylcyclopentadienyl)-(n’-pentaphosphacyclo-
pentadienyl)-iron Ref. [9].

© Ref. [33].

Different experimental and theoretical observations [9,14f,31—33]
in ferrocenes and phosphaferrocenes reveal that while the aromatic
CH bonds are bent out of the plane of the Cp ring towards the metal
atom, the C—Me bonds are bent out of the plane away from Fe. The
present study predicts the right direction of this bending of the CH
and C—Me groups in the ferrocenes and pentaphosphaferrocenes.
This trend again may be explained by assumption about Me---Me and
P---Me repulsive interaction.

3.2. IR spectra

The present calculations of IR spectra are compared in Table 2
with experimental data, available for ferrocene 1 [34], dime-
thylferrocene 2 [35] and decamethylferrocene 6 [36,37]. In case of
the dimethylferrocene optimization yields three possible eclipsed
structures 2a, 2b and 2c (Fig. 1) with energy differences of less than
1 kcal mol~. Only the computations for the form 2a are considered
in Table 2, as the calculated spectra for all three conformers prac-
tically coincide with each other. According to our computations, the
symmetry of ferrocene 1 in a low-spin state (S = 0) is rather close,
though not exactly, to Dsy point group, while the symmetry of
molecule 1 in a high-spin state (S = 2) deviates from Dsq point
group. As a result of these slight symmetry deviations from Ds}, or
Dsq, a degeneracy of some of the vibrational frequencies is lifted in
the theoretical spectra of 1. Nevertheless, to alleviate a comparison
of the present spectra interpretation with the generally accepted
assignment of the Cp ring vibrations, based on precedent literature
[38], we neglect small differences (about 2—5 cm™') of such
frequencies and put in Table 2 arithmetic means of their computed
values. With the same purpose in view, the frequency numbering in
the seventh column of Table 2 is given in accord with D5, symmetry
for low-spin ferrocene 1.

In a whole quantum-chemically predicted vibrational frequen-
cies agree well with the experiment, and theoretical interpretation
of the spectra is very close to the empirical bands assignment
published earlier [34—37]. For brevity purposes we shall not discuss
typical group bands associated with stretching vibrations of the
methyl groups (¥CHs), and focus on quantum-chemical description
of the spectral differences caused by changes of vibrations of the
aromatic fragments of the three molecules.

Experimental stretching frequencies »CH of aromatic CH groups
of dimethylferrocene 2 [35] are ca. 10—30 cm~! lower than in the
case of low-spin ferrocene 1 [34]. Quantum-chemical calculations
reproduce this trend only qualitatively: the vCH bands with the
highest intensities are predicted at ca. 3123 cm™~! for 1 and at ca.
3114 cm™! for 2, the lowering of ca. 9 cm~' being caused by
differences in the force constants of CH bonds of 2 relative to 1 as
discussed above.

Essential differences are found in computed frequencies of
breathing modes of Cp ring. In the low-spin ferrocene 1 this mode is
predicted at ca. 1140 cm~! while the corresponding experimental IR
band is found at 1112 cm~! and Raman band at 1105 cm™L



Table 2

Experimental and calculated at B3LYP/Type-I level of theory IR spectra of ferrocene, dimethylferrocene and decamethylferrocene.

Assignments® decamethylferrocene 6 dimethylferrocene 2a ferrocene 1 Assignments?®
Experiment” Computations® Experiment? Computations »/cm ™! Experiment® Computations », cm~! (I/km-mole~ '), a,
(solid) »/em™", 1I'  p/em~" (I/km-mole~") (gas) v/em™, 1" (I/km-mole™") (gas)yfem~ ', 1" p"
S=0 S=2
3073 s 3126 (1), 3126 (11), 3114 (21), 3099 (R) 3134 (0), A/, 1 3126(0), 3126(4), vCH
3113 (3), 3104 (9), 3104 (1), 3106 m 3134 (3), A", 8 3114(26), 3113(0),
3101 (0), 3100 (1) 3085 (R) 3123 (46), Ey, 12 3099(0), 3097(0)
3122 (0), E,, 18
3108 (0), Ey', 23
3107 (0), E»”, 29
6CH3, vCC 1478 m 1499 (0), 1497 (0), 1497 (2), 1497 (3), 1475 m 1497 (0), 1497 (1)
1476 (R) 1484 (20), 1478 (0), 1474 (14), 1479 (R)
1470 (0), 1464 (6), 1464 (35)
1452 m 1456 (1), 1453 (1), 1450 (2), 1449 (0), 1458 m 1459 (7), 1458 (12)
1449 (R) 1447 (0), 1445 (0), 1445 (0), 1441 (0),
1438 (0), 1437 (0)
»CC (Cp, CCp), 1436 (0), 1434 (0), 1434 (4), 1433 (4) 1438 vw 1446 (6), 1445 (0)
0CH3
Breathing, 6CH; 1428 m 1432 (6), 1432 (0)
1425 (R)
»CC (Cp, Me-Cp), 1422 (0), 1420 (0), 1409 (0), 1407 (0), 1412 w (liq) 1416 (1), 1415 (0) 1416 w 1441 (4), E{, 13 1453 (2), 1446 (0)  Asymmetric
0CH3 1400 (4), 1393 (3) 1408 (R) 1440 (0), E,”, 19 stretch vCC: CsHs;
in plane 3CCH
Breathing in-phase 1386 (R) 1392 (0)
¥CC (Cp, Me-Cp), 1390 (1) 1383 m 1401 (0), 1395 (6), 1356 (R) 1381 (0), Ey, 24 1367(0), 1358 (0) Asymmetric
0CH3 1388 (R) 1384 (0), 1383 (2) 1361 (0), Ex”, 30 stretch
vCC: CsHs;
in plane 3CCH
Breathing 1378 s 1389 (8)
out-of-phase
vCC (Cp, Me-Cp), 1367 (R) 1386 (0), 1377 (0), 1376 (0), 1370 m 1361 (0)
6CH3 1375 (0), 1374 (0) 1371 (R)
1341w 1354 (1) vCC, 3CCC
1347 (R)
1260 w 1246 (0), 1245 (1) 1257 (sd) 1264 (0), Ay, 7 1266(0) d3CCH
1264 (0), A", 5
1228 m 1242 (3), 1241 (0) breathing, vCMe,
1229 (R) d3CCH
¥CC 6CCH, 6CCC 1225 (R) 1163 (0), 1163 (0), 1151 (0), 1149 (0)
0CCH, 6CCC 1114 (0), 1114(0) 1112s 1141 (15), A", 9 1125 (0), 1120(1) breathing
1105 (R) 1140 (0), A/, 2
vCC, pCH3 1075 m 1077 (11), 1076 (12), 1115 (R) 1063 (0), 1062 (3), 1054 (0), 1050 (R) 1059 (0), Ez, 25 1060(0), 1056(0) 3CCH
1068 (R) 1072 (0), 1072 (0) 1105 w 1054(16), 1043 (12), 1042 (2) 1050 (0), E»”, 31
1106 (R)
1038 s
1040 (R)
pCHs, 1036 (R) 1050 (8), 1049 (1), 1047 (1), 1046 (39),
ring-packering 1032 ms 1045 (10), 1045 (5), 1043 (7),
1041 (15), 1039 (1), 1037 (0)
1024 m 1033 (11) 1012 s 1017 (34),E/, 14 1018(66), 1010(0) dCCH
1025 (R) 1031 (1) 1010 (R) 1010 (0), E,”, 20
1000 w
1000 (R)
pCH3 973 (R) 981 (0), 980 (0) 3CCH

065SC

$657—9857 (010Z) S69 A1snuay) dnplawounsiQ Jo puinof / v 32 paouzpAi i



yCC 953 (0), 952 (0), 951 (0), 951 (0) 922 m 929 (8),929 (1) dCCC
923 (R)
880 (R) 881 (2), 880 (0), 889 (0), E2/, 26 874(0), 863(0), yCH
880 (0), E”, 32
849 (R) 851 (0), 850 (0), 853(0), Ey, 27 845(0) dCcc
850 w 848 (1)846 (10) 840 w 841 (10), E/, 15 776(207) YCH
837 (0), E»”, 33 840(0) dCcc
818m, 794 s 831 (45), 822 (2), 816's 826 (0), A/, 3 789(0), 773(93), YCH
812 (3), 796 (12) 776 w 825 (79), A", 10 752(0)
808 (1), E{”, 21
vCMe, vCC, pCH3 794 (R) 790 (0), 789 (0), 788 (0), 787 (0)
6CCC 618 w 627 (2), 623 (0)
631 (R)
Ring-packering 640' 624 (0), 621 (0), 611 (0), 609 (0) 602 (0), 601 (0),
618 (R) 588 (0), 586 (0)
Breathing, vFeCp”* 595 w 587 (2), 580 (0) 593 (0), Ey/, 28 629(0), 617(0) Ring-packering
590 (R) 585 (0), Ex”, 34
d3CCMe 550 (R) 555 (0), 553 (0)
551
6CCC (CpY) 5421 541 (0), 540 (0), 530 (0), 530 (0)
495 m 486 (18) 496 s 473 (48), E{, 16 ring tilt
vFeCp* 515 mw 492 (0), 477 s 475 (8) 480 s 470 (13), Ay, 11 383(36) vFeCp
459 (28)
ring tilt 455§ 443 (1), 442 (2), 433 (11), 429 (13) 402 (R) 389 (0), 377 (1) 388 (R) 357 (0), E”, 22 ring tilt
451 (R)
6Cp'FeCp”,yC-Me 375m 377 (13), 377 (15)
vFeCp” 378 (R) 372 (0)
torsion CHs, 285 (R) 304 (0), 302 (0), 301 (0), 300 (0), 330 (R) 317 (2), 309 (1)
3CCMe 277, 270' 297 (0), 296 (0) 264 (7), 264 (7)
256’
vFeCp” 318 (R) 303 (0) 303 (R) 292 (0), A/, 4 237(0) vFeCp
212 (1), 204 (0) ring tilt
6CpFeCp, 268 (R) 266 (5) 170 165 (2), By, 17 6CpFeCp
torsion CHs3
O6CpFeCp, 190 (0)
vC-Me
torsion CHs, 237! 230 (1), 224 (0), 218 (3), 211 (0), 173 (0), 168(0) 155 (0), 96 (0) ring tilt
ring tilt 200 208 (0), 203 (0), 182 (2), 178 (0),
187 175 (0), 166 (1), 159 (0), 158 (0),
179(R) 153 (0), 153 (0), 148 (0), 142 (0),
174' 130 (0), 123 (0)
169 (R)
6CpFeCp 114 (0), 104 (0) 138 (0), 110 (0) 63 (1), 57 (1), 0CpFeCp
Ring internal 12 (0) 28 (0) 41 (0), A", 6 6 (0) Ring internal
rotation rotation
@ y, stretch; 6, bend; p, rocking; v, out-of-plane.
b Ref. [36].
¢ Symmetry of molecule 6 deviates from Dsq point group.
d Ref. [35].
€ Ref. [34].
f w, weak; m, medium; s, strong; (R).from Raman spectrum of solid sample; (sd), from IR spectrum of solid sample.
& Symmetry type according to Dsy, point group for ferrocene (see text).
h

Ref. [37].

Numbering referring to Ds, point group of ferrocene (see text).
From IR and Raman spectra of NaCp~, Ref. [39].
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Calculated breathing mode of dimethylferrocene 2 at ca. 1240 cm™!
agrees with the experimental band at ca. 1230 cm™. This increase
of frequency compared with ferrocene 1 is caused by vibrational
interaction of the breathing mode with the C-Me stretching
vibrations. For decamethylferrocene 6 calculations predict three
breathing modes: mixed with C-Me stretching — at 1432 cm™;
mixed with CHs bending — at ca. 1390 cm™!, and mixed with
metal—ligand stretchings — at ca. 580 cm™!, which correspond to
experimental bands at 1428 (IR)/1425 (Raman), 1386 (Raman)/1378
(IR) and 595 (IR)/590 (Raman) cm ™! respectively. Higher values of
the first two frequencies compared to the ferrocene 1 are caused by
the reasons analogous to the case of the dimethylferrocene 2.
Decrease of the latter frequency we associate mainly with bigger
mass of Me groups in 6 comparing with H atoms in 1. So, in contrast
to the case of vCH frequencies, all the dramatic changes discussed in
this paragraph are caused by kinematical rather than dynamical
reasons.

Experimental IR spectrum of decamethylferrocene 6 contains
two bands, at 515 and 455 cm™ !, associated with metal—ligand
motion, while in the spectrum of dimethylferrocene 2 these bands
lie at 477 and 495 cm™, and in the spectrum of ferrocene 1 — at 480
and 496 cm™ . According to computations the band at 515 cm™! in
the decamethylferrocene spectrum corresponds to the bands 480
cm~!' and 477 cm™! in the spectra of ferrocene and dime-
thylferrocene, respectively, and should be assigned to Fe—Cp
stretchings. IR bands at 496 and 495 cm™! in the spectra of ferro-
cene and dimethylferrocene, respectively, and the band at 455
ecm~! in IR spectrum of decamethylferrocene, are assigned to
cyclopentadienyl ring tilt vibrations.

3.3. Spin state

Theoretically the ground state of ferrocene has been predicted in
several works [40,41] to have low spin. Einaga et al. [42,43] was the
only group that has reported the direct observation of high-spin
ferrocene. We made an attempt to estimate the influence of
substituents on the energy gap between high and low-spin states of
ferrocene. Swart et al. [41,44] revealed that hybrid DFT methods
like B3LYP systematically favor high-spin states and demonstrated
that OPBE functional is one of the best DFT functionals for the
accurately predictions of energy gap between the high- and low-
spin states. So, we carried out optimization of geometries and
calculations of IR spectra for high- and low-spin states of ferrocenes
not only with B3LYP, but also with OPBE functional. According to
our OPBE/Type-I computations ferrocene 1 in ground state has low
spin, and the gap between high and low-spin states is predicted to
be 40.5 kcal mol~! (Table 3) that agrees with Swart’s [41] OPBE/TZP
calculations. With increasing the number of methyl substituents
the present computations predict a decrease of the gap, while
a replacement of Cp ring by its pentaphospholyl analogue leads to
a very small increase of the energy gap.

Table 4 represents optimized geometries of ferrocenes 1, 6 and
12 in high- and low-spin states, calculated at OPBE/Type-I level of
theory. According to the calculations, the spin transition causes

Table 3

Energy gap AE (kcal mol~') between high- (S =
2) and low- (S = 0) spin states of ferrocenes 1, 6
and 12 computed at OPBE/Type-I level (ZPE
correction included).

Compound AE

1 40.5
6 35.8
12 41.0

Table 4

Bond lengths (A) of high- and low-spin state ferrocenes 1, 6 and 12 calculated at
OPBE/Type-I level of theory.

S=0 S=2
1 CcC 1.429 1.415-1.430
FeC 1.998-1.999 2.166—2.393
FeCp 1.587 1.932-1.933
6 CcC 1.441 1.430—1.445
CMe 1.497—-1.498 1.499-1.502
FeC 2.036—-2.038 2.188-2.459
FeCp 1.627 1.978
12 CcC 1.441 1.434—-1.443
CMe 1.494 1.496—-1.498
FeC 2.059-2.061 2.208-2.370
FeCp 1.656 1.934
PP 2.125-2.126 2.114-2.164
FeP 2.365—2.367 2.382-2.808
FePs 1.527 1.858

notable changes of the geometries: Fe—Cp distances elongate by
about 0.3 A, Cp rings slightly shift relative to each other and, as
a result, FeC and CC distances in Cp ring cease to be equal. In the
phosphaferrocene PP and FeP bonds also become unequal and
Fe—Ps distance elongates by 0.3 A. Optimized conformation of
ferrocene 1 in high-spin state transforms from eclipsed to stag-
gered form. Similar geometry changes are predicted by B3LYP/
Type-I calculations.

Both B3LYP/Type-I and OPBE/Type-I computations predict
dramatic differences in vibrational spectra of high- and low-spin
ferrocene (Fig. 2). The strongest band of metal—ligand vibrations at
475 cm™! shifts to lower frequencies upon the increase of the ferro-
cene spin and the corresponding increase of the metal—ligand
distance (Table 4). Ligand CH stretching vibrations become about
10 cm ™! lower in high-spin state, while the strongest band of out-of-
plane CH vibrations shifts from 825 to 778 cm ™. Besides, the calcu-
lations predict a growth of the band corresponding to in-plane CCH
bending vibrations at 1019 cm~! and a decrease of intensity and
frequency of the band, corresponding to breathing mode of Cp ring
(1141 cm™! in low-spin state and 1120 cm™! in high-spin state). A
comparison of the calculated spectra with the experimental IR spec-
trum [34] (Table 3) allows to conclude that the latter corresponds to

8CCH,
vCC vCH

L

NV T YT
| vce ‘\F

3CCH,
vCC

yi

" T 8 T d T ! T 7A :

T T
600 800 1000 1200 14003000 3200
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frequency, cm”

Fig. 2. Vibrational spectra of ferrocene with spin S = 0 and S = 2, calculated at B3LYP/
Type-I and OPBE/Type-I level of theory. The simulated spectra are obtained by
convolution of computed band intensities with a Lorentzian lineshape function
(fw.hm. =10 cm™").
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Table 5
Energies (kcal-mol~!) of reactions, calculated by different methods and standard
deviations (SD) of the computations from the corresponding experimental data.

Table 7
Energies and Gibbs free energies of disproportionation reaction of pentaphospha-
ferrocene 12, calculated by different methods.

Method FeCp, —Fe*t? FeCp, — Fe® FeCp, — Fe® SD BPW91/6-31G" BPW91/Type-II B3LYP/Type-I
+2Cp~ +2cp° +5C,H, in diethylether

BPW91/6-31G" —702 211 —-392 81 AE, kcal 45 34 30

BPW91/6-311 + G" —665 -175 -335 29 mol !

BPW91/Type-II —675 -177 —333 34 AG, kcal 46 33 33

BPW91/Type-I 677 -159 338 34 mol !

B3LYP/6-31G" —656 ~154 -325 17

B3LYP/Type-II -626 -139 —282 27

B3LYP/Type-1 —638 —128 —299 24

OPBE/6-31G” -688 214 —409 86 agreement with the experimental data as the results obtained by

OPBE/Type-IV ’681a ’189a —401 b & using the B3LYP functional. It was demonstrated earlier [47] that

Experiment —-635 + 15 —158+2 —-314.5 - . . e
BPW91 calculations of the thermochemical characteristics of

2 Ref. [45]. : P

b RZf. {46}‘ polyphosphorus compounds were of superior quality in compar-

low-spin state of ferrocene, in full agreement with literature data on
ground spin state of ferrocene [40—43] and with the computations of
the energy gap between high- and low-spin states discussed above.

3.4. Energetics

One of the questions that will be addressed in this paper concerns
the ability of heteroleptic pentaphosphaferrocenes 7—12 to dispro-
portionation reaction. As it was mentioned in the introduction,
while there are known pentaphosphaferrocenes that have from two
to five alkyl substituents in pentadienyl ring, the species with fewer
number of substituents have not yet been obtained. One of possible
explanations of this fact is an assumption that pentaphosphaferro-
cene 7 disproportionates easily to clear homoleptic ferrocenes 1 and
13: 2FeCpP5(7)—Fe(Cp),(1) + Fe(Ps),(13), whereas a dispropor-
tionation reaction for pentamethylpentaphosphaferrocene 12:
2FeCp*P5(12) —Fe(Cp*),(6) + Fe(Ps),(13), where Cp* is the pen-
tamethylcyclopentadienyl, is energetically disadvantageous
because of stabilization of pentaphosphaferrocene 12 by the methyl
substituents.

To choose a method adequately describing relative energies of
various ferrocenes, the results of several calculations with different
basis sets and DFT functionals were compared with available
experimental data. Table 5 shows the relative stabilities of the
complexes with reference to their ionic components, their neutral
components and with reference to Fe atom and ethylene. The
dications of the metals were calculated at their D ground state.

The best predictions of the dissociation energies for the eclipsed
geometry of ferrocene are based on the B3LYP/6-31G" calculations,
but the energies predicted by the B3LYP/Type-I and B3LYP/Type-II
are very close to those of the all-electron 6-31G” results. So, the
least computationally expensive B3LYP/Type-I computations, used
in the present work for analysis of the binding energies of the
substituted ferrocenes, are expected to be reliable.

The dissociation energies predicted in this work by BPW91/6-
3114+G" computations for ferrocene show almost the same

Table 6
Energies and Gibbs free energies of disproportionation reaction of pentaphospha-
ferrocene 7, calculated by different methods.

BPW91/ BPW91/  BPW91/ BPW91/ B3LYP/ B3LYP/
6-31G"  6-311+G" Type-ll  Type-llin Type-l1  Type-IIl
diethylether
AE, keal 27 22 20 23 18 18
mol !
AG, kcal 25 23 21 21 17 16

mol~!

ison with other DFT functionals. Similar conclusion was obtained on
the basis of comparison of BPW91 results with CCSD(T) predictions
for the mechanism of protonation of ferrocene [48]. So, for higher
reliability of our predictions for the pentaphosphaferrocenes we
computed the energy difference between homo- and heteroleptic
ferrocenes by both the methods. Tables 6 and 7 represents the
energies of the disproportionation reactions of the pentaphos-
phaferrocenes 7 and 12, respectively, calculated using BPW91 and
B3LYP functionals with different basis sets, both in vacuo and in the
diethylether solvent treated as a polarisable continuum. All the
methods used yield qualitatively similar results: the both phos-
phaferrocenes are predicted to be stable towards disproportion-
ation reaction, though the substituted phosphaferrocene 12 is more
stable than the phosphaferrocene 7.

It is clearly seen from Tables 6 and 7 that the calculated energies
of the disproportionation reactions practically do not depend on
the method used. Thus, B3LYP/Type-I was chosen for further
calculations as a computationally inexpensive approach, which
allows achieving accuracy sufficient for the abovementioned
purposes. We estimated energies of disproportionation reactions
for the pentaphosphaferrocenes 7-12 (Table 8). These data
demonstrate that the more methyl groups are introduced in the
cyclopentadienyl ring the higher is stability of the corresponding
pentaphosphaferrocene towards the disproportionation reaction.

The increase of AE values in the series 7—12 (Table 8) is caused
by two factors: (i) destabilization of the homoleptic ferrocenes with
introducing of methyl substituents into Cp ring because of Me:--Me
repulsion; (ii) stabilization of the methyl substituted pentaphos-
phaferrocenes compared to the non-substituted heteroleptic
species. Table 9 demonstrates these trends by the example of
ferrocenes 1 and 6, and pentaphosphaferrocenes 7 and 12. The
increasing of heterolytic dissociation energy in the substituted
phosphaferrocenes, in spite of Me---P repulsion, is associated with
the higher strength of Fe—Ps bonding. Indeed, the computations
predict small shortening of Fe—P5 distance (Table 1) and essential
increase of frequency of stretching vibrations Fe—Ps (from 206
cm~! for 7-250 cm~! for 12) [49].

Table 8

Energy of disproportionation reactions of pentaphosphaferrocenes
with 0—5 methyl substituents in Cp ring, calculated at B3LYP/Type-
I level on theory.

Reaction AE, kcal mol~!
2x7 - 13 +1 18
2x 8 > 13 + 2a 20
2x9a — 13 + 3a 22
2x 9b — 13 + 3¢ 22
2x 10a — 13 + 4a 24
2x 11 - 13 + 5a 27
2x12 - 13 +6 31
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Table 9
Heterolytic dissociation energies of the ferrocenes and pentaphosphaferrocenes
with 0 and 5 methyl substituents in Cp ring.

Reaction? AE, kcal mol~!
1 FeCp, —Fe®" + 2Cp~ 638
6 FeCp, —Fe?t +2Cp™~ —629
7 FePsCp—Fe?" + P5 + Cp~ —582
12 FePsCp” —Fe?t + P5 +Cp ™ —584

a Cp" — pentamethylcyclopentadienyl.

4. Conclusions

The results of this work can be summarized as follows.

It is shown that calculations with the use of B3LYP functional in
combination with 6—31G" basis set for ligands’ atoms and LanL2DZ
for Fe atoms reproduce reliably geometry, vibrational spectra and
thermochemical characteristics of ferrocenes.

We have found optimal structures for the ferrocenes and
phosphaferrocenes containing up to five methyl substituents in the
cyclopentadienyl ring. The non-substituted ferrocenes and phos-
phaferrocenes as well as the species with small number of methyl
substituents adopt eclipsed conformations. Increasing the number
of the methyl substituents results either in the conformational
equilibria between the eclipsed and staggered forms or in complete
shift to the staggered conformations. These effects can be explained
by repulsive interactions of the methyl groups with each other or
with phosphorus atoms of the phospholyl ligands.

The abovementioned interactions cause elongation of CC bonds
of the Cp ring and growth of Fe—Cp and Cp—Ps distances with
growing number of methyl groups in the aromatic moiety, though
Fe—Ps5 distances become even slightly smaller in the same series.

The computations predict pentaphosphaferrocenes to be stable
towards disproportionation to homoleptic sandwich complexes.
The stability of the phosphaferrocenes towards the disproportion-
ation reaction grows as the number of methyl substituents in
cyclopentadienyl ring increases. This trend is explained by stronger
Fe—P5 bonding in the methyl substituted pentaphosphaferrocenes
relative to the non-substituted species, and destabilization of the
homoleptic ferrocenes with introducing of methyl substituents into
Cp ring because of Me---Me repulsion.

According to our computations both ferrocenes and penta-
phosphoferrocenes in ground state have low spin (S = 0), and the
energy gap between the low- and high-spin (S = 2) states is pre-
dicted to exceed 40 kcal mol~!, though introduction of methyl
substituents causes a small decrease of the gap. Transition from
low- to high-spin state results in: (i) a pronounced elongation of
Fe—Cp distances, (ii) a shift of the ligand rings relative to each other
and (iii) a transformation of eclipsed ferrocene conformation to
staggered conformation. Calculated IR spectra of ferrocene in the
low- and high-spin states have notable differences and the
computed spectrum of the low-spin ferrocene agrees much better
with experimental IR spectrogram, than the spectrum predicted for
the high-spin ferrocene. This latter result suggests that IR spec-
troscopy can be used for diagnostics of spin state of transition metal
complexes, which will be a subject of a separate publication.
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