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Benzene is reacted with titanium, zirconium, and hafnium metal atoms, which are produced by laser-ablation.
The M(C6H6), M(C6H6)2, and M2(C6H6)3 complexes are formed, isolated in solid argon, and identified by
infrared spectroscopy using isotopic substitution of the benzene precursor. Density functional theory (DFT)
calculations are used to confirm molecular assignments. Based on computed energies and the observed
vibrational spectra and isotopic shifts, electronic ground states and geometries are predicted. Observed splitting
of formerly degenerate modes provides the first experimental evidence for deformation of the planar carbon
skeleton of benzene upon complexation with early transition metal atoms.

Introduction

Interactions between transition metals and benzene are one
of the fundamental building blocks of organometallic chemistry.
The study of transition metal-benzene complexes also provides
a basic understanding of similar interactions involved in surface
science and catalysis, as well as bonding between transition
metals and larger carbon molecules such as fullerenes.1 Despite
the wealth of knowledge concerning bisbenzene metal mol-
ecules, relatively little is known about reactive monobenzene
M(C6H6) complexes. Matrix isolation has proven to be a suitable
way to form and isolate these metal-benzene complexes so
that chemical properties can be investigated by such means as
electron paramagnetic resonance (EPR),2-5 electronic absorp-
tion,2,6 Raman,7 and infrared spectroscopies.2,8-18 Early transi-
tion metal monobenzene M(C6H6) complexes have previously
been assumed to haveC6V symmetry. Only recently have
theoretical calculations predicted that the planar carbon skeleton
in these complexes might deform in select electronic states,18,19

and even the ground states of several M(C6H6) complexes have
been predicted to have a symmetry lower thanC6V.20 However,
this has yet to be observed experimentally for a neutral early
transition metal complex.

Bisbenzene M(C6H6)2 compounds involving titanium, zirco-
nium, and hafnium metal atoms have all been previously studied
theoretically.21-31 Ti(C6H6)2 has been synthesized numerous
times, and the properties have been studied by many methods
including mass,1,16,29,32,33 electron spin resonance (ESR),34

NMR,16,35infrared,14-16,35X-ray diffraction,36,37photoionization,
and photoelectron spectroscopies.1,16,29,32-34 In addition, the
electric dipole moments of Ti(C6H6)2 and Zr(C6H6)2 have been
measured24 indicating that these molecules have symmetric
structures. Numerous theoretical studies have also been per-
formed on the Group 4 monobenzene M(C6H6) com-
plexes.25,27,29,38-41 However, there is disagreement regarding the
properties of these complexes. For example, the ground
electronic state of Ti(C6H6) has been reported as having spin
multiplicities of 325,38,40and 5.27,29,39,41Few experimental studies
have observed the Ti(C6H6) complex,28,40,42and it is believed

that this molecule has nearC6V symmetry.40,42Recently elegant
vibrational spectroscopic studies have been performed on
transition metal ion-benzene and dibenzene complexes in the
gas phase.43

We report infrared spectra and density functional theoretical
results on the reaction products of laser-ablated Ti, Zr, and Hf
metal atoms and benzene in solid argon. We find that the
M(C6H6) and M(C6H6)2 compounds are the major reaction
products and report the first experimental evidence for the Zr-
(C6H6) and Hf(C6H6) complexes. Using our calculated energies
and comparing the observed vibrational absorptions and isotopic
shifts, particularly values for13C6H6, to those computed, we
comment on possible ground electronic states. The observed
splitting of degenerate vibrational modes of the C6H6 precursor
provides the first experimental evidence for deformation of the
planar carbon skeleton of benzene upon early transition metal
complexation.

Experimental and Theoretical Procedure

Our experimental setup has been described in detail else-
where.18,44 In brief, titanium (Goodfellow Metals), zirconium
(Johnson-Matthey), and hafnium (Johnson-Matthey) metal
atoms, produced by laser-ablation of a rotating target using a
Nd:YAG laser (1064 nm, 10 Hz repetition, 10 ns pulse width),
were co-deposited with benzene diluted in argon onto a CsI
window cooled to approximately 7 K. Matrix samples were
annealed to various temperatures (20-40 K) and subjected to
broadband photolysis from a medium-pressure mercury arc lamp
(Philips, 175 W) with the globe removed (λ > 220 nm).
Benzene, isotopic samples [C6D6 (Cambridge Isotopic Labo-
ratories; 99.6%) and13C6H6 (Cambridge Isotopic Laboratories;
99%)], and select mixtures were purified through several
freeze-pump-thaw cycles with liquid nitrogen prior to use in
experiments. Fourier transform infrared spectra were collected
at 0.5 cm-1 resolution on a Nicolet Magna 550 spectrometer
with a Mercury Cadmium Telluride (MCT) type B detector
cooled to 77 K.

Density functional theory (DFT) calculations were performed
using the Gaussian 98 program to support molecular identifica-
tions.45 The BPW91 and B3LYP functionals were used for all
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calculations.46,47Unless otherwise noted, carbon and hydrogen
atoms were represented by a 6-311++G(d,p) basis set,48

whereas the SDD pseudopotential was used to represent the
electronic density of the transition metal atoms.49 Most calcula-
tions on the Group 4 M(C6H6) complexes were confined to either
C6V or C2V symmetries, whereas computations performed on
M(C6H6)2 compounds were constrained toD6h or D6d sym-
metries. In select instances the confined symmetries were
reduced further. All energy values reported include zero-point
vibrational corrections. The∆Erxn values were computed as the
sum of the ground-state energies of the reactants (benzene
molecules and transition metal atoms) minus the ground-state
energy of the products.

Results

Reactions of Group 4 transition metals with benzene in excess
argon will be reported in turn.

Ti + C6H6. Dilute concentrations of benzene in Ar (0.1-
0.5%) were co-deposited with Ti atoms. Product absorptions
are shown in Figures 1-3 and compared with theoretically
predicted vibrational results in Table 1. New absorptions
corresponding to a reaction product observed at 413.7, 452.9,
700.0, 947.0, and 979.8 cm-1 increased in intensity on anneal-
ings up to 35 K, showed no change on photolysis, and decreased
in intensity on annealing to 40 K. These absorptions are labeled
TiA2 in the figures. Weak impurity absorptions observed in our
spectra at 766.2 (TiN2), 917.1 and 946.9 (TiO2), and 987.8 (TiO)
have been previously reported.50-52

Zr + C6H6. Benzene in argon at different concentrations
(0.02-1.5%) was reacted with zirconium atoms. Representative
spectra are shown in Figures 4-7 and product absorptions are
listed in Table 2. New absorptions corresponding to reaction
products were separated into three groups based on behavior.
Group A absorptions at 918.3, 940.9, 1368.7, and 1406.1 cm-1

increased in intensity slightly on annealings up to 35 K,
decreased on photolysis, and decreased on further annealings.
They are labeled ZrA in the figures. Group B absorptions at
682.4, 933.7, and 975.1 cm-1 increased in intensity on annealing

Figure 1. IR spectra in the 1000-900 and 720-690 cm-1 regions for
(a) laser-ablated titanium co-deposited with benzene for 1 h and after
annealing to (b) 30 K, (c) 35 K, and (d) 40 K. Absorptions labeled
TiA2 refer to the Ti(C6H6)2 species.

Figure 2. IR spectra in the 990-880 cm-1 region from co-depositing
laser-ablated titanium with (a) C6H6, (b) 13C6H6, and (c) C6D6 for 1 h.
Spectra were recorded after annealing to 40 K. Absorptions labeled
TiA2 correspond to the Ti(C6H6)2 product.

TABLE 1: Observed and Calculated Isotopic Frequencies (cm-1) and Intensities (km/mol) at Different Levels for the Ti(C6H6)2
Complex

BPW91/6-311++G(d,p)/SDD

C6H6 C6D6
13C6H6symmetry/wilson

number53 species modea obsd calcd intens obsd calcd intens obsd calcd intens

A2u Ti(C6H6)2
b νa(MC) 413.7 399.9 (113) 378.1 (130) 410.7 396.8 (111)

E1u νt(MC) 452.9 441.1 (12) 437.0 426.0 (13) 447.9 434.1 (12)
A2u/11 νo-p(CH) 700.0 692.0 (125) 540.5 532.0 (20) 696.8 688.8 (128)
A2u/1 νs(CC) 947.0 938.4 (60) 905.4 897.1 (53) 914.3 905.2 (54)
E1u/18 νi-p(CH) 979.8 974.1 (34) 786.6 775.9 (17) 957.2 953.2 (32)
E1u/19 ν(CC) 1397.1 (0) 1250.9 1237.4 (6) 1371.9 (1)

B3LYP/6-311++G(d,p)/SDD

C6H6 C6D6
13C6H6symmetry/wilson

number53 species modea obsd calcd intens obsd calcd intens obsd calcd intens

A2u Ti(C6H6)2
b νa(MC) 413.7 393.0 (149) 375.6 (160) 410.7 389.9 (147)

E1u νt(MC) 452.9 443.1 (14) 437.0 428.9 (15) 447.9 436.1 (14)
A2u/11 νo-p(CH) 700.0 721.8 (110) 540.5 549.0 (16) 696.8 718.6 (113)
A2u/1 νs(CC) 947.0 960.3 (64) 905.4 917.8 (57) 914.3 926.3 (58)
E1u/18 νi-p(CH) 979.8 998.3 (33) 786.6 797.2 (17) 957.2 976.7 (32)
E1u/19 ν(CC) 1443.7 (0) 1250.9 1275.1 (6) 1417.9 (1)

a Vibrational modes:νa(MC) ) antisymmetric metal-carbon mode;νt(MC) ) antisymmetric tilting;νo-p(CH) ) C-H out-of-plane bending;
νs(CC) ) symmetric C-C stretching;νi-p(CH) ) C-H in-plane rocking;ν(CC) ) antisymmetric C-C stretching.b Theoretical results:1A1g

ground electronic state (D6h symmetry).

Figure 3. IR spectra in the 460-400 cm-1 region of the Ti(C6H6)2

product (absorptions labeled TiA2) formed when laser-ablated titanium
reacted with (a) 0.5% C6H6, (b) 0.5% C6D6, and (c) a mixture of 0.2%
C6H6 and 0.2% C6D6 in argon. Spectra were recorded after annealing
to 40 K.
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to 20 K, decreased on further annealings, and increased during
photolysis. Group B absorptions are labeled ZrA2 in the figures.
Group C absorptions at 711.1 and 939.8 cm-1 increased on all
annealings, decreased slightly on photolysis, and are labeled C
in the figures. Trace impurity absorptions observed at 706.3
(NZrN), 818.0 and 884.3 (ZrO2), 958.6 (ZrO), and 1022.8 cm-1

(Zr(N2)) have been previously reported.50,52

Hf + C6H6. Ranges of benzene concentrations (0.1-0.5%)
in argon were employed with laser-ablated hafnium atoms. New
product absorptions were separated into two groups based on
behavior. They are shown in Figures 8-10 and the frequencies
are listed in Table 3. Group A absorptions observed at 910.2
and 930.2 cm-1 increased in intensity on all annealings up to
35 K, decreased on photolysis, and increased on further

annealing. These absorptions are labeled HfA in the figures.
Group B absorptions at 688.2, 928.8, and 969.9 cm-1 increased
on all annealings and showed little or no effect from photolysis.
These absorptions are labeled HfA2 in the figures. Previously
identified impurity absorption peaks at 708.1 (NHfN), 805.3,
807.6, 814.0, and 816.0 (HfO2: ν3), 883.4 (HfO2: ν1), and 958.3
cm-1 (HfO) were also observed in our spectra.50,52

Discussion

Ti(C6H6)2. Since titanium vapor has been reacted with
benzene in solid argon previously,14-16 we now only describe
differences between our results and those previously reported,
and discuss new assignments based on isotopic substitution. Four
of the five observed absorptions at 413.7, 452.9, 700.0, 947.0,
and 979.8 cm-1 are in good agreement with previous experi-
mental peaks at 411, 452, 946, and 979 cm-1 corresponding to
the Ti(C6H6)2 molecule in solid argon.15,16 As no definitive
vibrational assignments were made in these previous studies,
we use our observed isotopic shifts to comment on the nature
of these modes.

The absorption at 452.9 cm-1 shows a larger carbon-13 shift
and is a higher frequency than the absorption at 413.7 cm-1.
This is similar to the absorptions observed in this region for
the V(C6H6)2 compound,18 and the trend is supported by our
theoretical predictions (Table 1). In addition, when a mixture
of benzene and deuterated benzene was reacted with Ti atoms,
two new absorptions appeared at 402.6 and 447.1 cm-1 between
the Ti(C6H6)2 and Ti(C6D6)2 absorptions in a 1:2:1 relative
intensity pattern (the lower Ti(C6D6) band expected near 392
cm-1 is below our instrumental limits, Figure 3), confirming
that these absorptions correspond to vibrational modes of a
bisbenzene product. Hence, the absorptions at 413.7 and 452.9
cm-1 are assigned to the antisymmetric metal-carbon vibra-
tional mode (abbreviatedνa(MC)) and antisymmetric tilting
mode (abbreviatedνt(MC)) of the Ti(C6H6)2 compound, re-
spectively.

The two absorptions at 947.0 and 979.8 cm-1 show drastically
different isotopic shifts (Table 1). Vibrational modes that are
expected to be observed in this area include the symmetric
carbon-carbon stretching mode (abbreviatedνs(CC)) and the
carbon-hydrogen in-plane rocking mode (abbreviatedνi-p(CH)).
As the absorption at 947.0 cm-1 shows a large carbon-13 shift
and a relatively small deuterium shift (Figure 2), we assign this

Figure 4. IR spectra in the 980-900 and 715-680 cm-1 regions for
(a) co-depositing laser-ablated zirconium with C6H6 for 1 h and after
annealing to (b) 30 K, (c) 35 K, and (d) 40 K. Absorptions labeled
ZrA refer to the Zr(C6H6) product, ZrA2 corresponds to the Zr(C6H6)2

product, and C are for the Zr2(C6H6)3 product.

Figure 5. IR spectra in the 990-870 cm-1 region from co-depositing
laser-ablated zirconium with (a) C6H6, (b) 13C6H6, and (C) C6D6 for 1
h. Spectra were recorded after annealing to 35 K. Absorptions labeled
ZrA refer to the Zr(C6H6) product, ZrA2 corresponds to the Zr(C6H6)2

product, and C are for the Zr2(C6H6)3 product.

Figure 6. IR spectra in the 1410-1200 cm-1 region from (a)
co-depositing laser-ablated zirconium with C6H6 for 1 h and after the
resulting matrix was subjected to (b) annealing to 35 K, (c) full arc
photolysis, and (d) annealing to 40 K. IR spectra after (e) zirconium
was reacted with C6D6 for 1 h and the resulting matrix was subjected
to (f) annealing to 35 K, (g) full arc photolysis, and (h) annealing to
40 K. Absorptions labeled ZrA refer to the Zr(C6H6) product.

Figure 7. IR spectra in the 950-910 cm-1 region for (a) co-depositing
laser-ablated zirconium with 0.5% C6H6 and after annealing to (b) 35
K and (c) 40 K, compared to spectra recorded after (d) co-depositing
laser-ablated zircoinium with 1.5% C6H6 and annealing to (e) 35 K
and (f) 40 K. Absorptions labeled ZrA refer to the Zr(C6H6) product,
ZrA2 corresponds to the Zr(C6H6)2 product, and C are for the Zr2(C6H6)3

product.
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frequency to theνs(CC) mode. Note that this value of 947.0
cm-1 is between the values of 946 and 949 cm-1 reported
previously in argon matrix experiments,14-16 above the value
of 943 cm-1 reported in a KBr pellet,35 and in agreement with
the recent 946 cm-1 measurement for Ti(C6H6)2

+ in the gas
phase.43 The infrared absorption at 979.8 cm-1, which shows a
larger H/D ratio (1.246), is assigned to theνi-p(CH) mode of
the Ti(C6H6)2 molecule. This mode is slightly lower than the
992 cm-1 assignment for the Ti+-dibenzene complex.43

The carbon-hydrogen out-of-plane bending vibration (ab-
breviatedνo-p(CH)) was not detected in previous argon matrix
work.15,16 We observe an absorption at 700.0 cm-1 that shows
the same product behavior as the other observed modes of the
Ti(C6H6)2 molecule (Figure 1). This frequency is in good
agreement with an absorption observed in a KBr pellet at 694
cm-1 corresponding to the Ti(C6H6)2 molecule,35 but substan-

tially lower than the recent 739 cm-1 value for the gas-phase
ion complex.43 We expect the cation complex to be more
strongly bound and to blue-shift the out-of-plane C-H benzene
mode more than the neutral complex. The observed large
deuterium shift and small carbon-13 shift indicate that this
absorption corresponds to theνo-p(CH) bending mode of this
Ti(C6H6)2 compound.

Although no other vibrational modes of the Ti(C6H6)2

compound were observed, we did observe an absorption in
experiments performed with deuterated benzene at 1250.9 cm-1

showing similar behavior. This absorption is in the region where
we expect the deuterated antisymmetric carbon-carbon stretch-
ing mode (abbreviatedν(CC)) to be observed. As our calcula-

TABLE 2: Observed and Calculated Isotopic Frequencies (cm-1) and Intensities (km/mol) at Different Levels of Theory for the
Zr(C 6H6), Zr(C 6H6)2, and Zr2(C6H6)3 Complexes

BPW91/6-311++G(d,p)/SDD

C6H6 C6D6
13C6H6symmetry/wilson

number53 species modea obsd calcd intens obsd calcd intens obsd calcd intens

A1/11 Zr(C6H6)b νo-p(CH) 712.3 (0) 533.7 555.1 (14) 708.9 (0)
A1/1 νs(CC) 918.3 909.7 (5) 874.0 (4) 885.8 877.4 (4)
B2/18 νi-p(CH) 940.9 916.0 (25) 763.8 745.1 (15) 917.9 894.3 (23)
B1/18 νi-p(CH) 953.9 (7) 758.0 (4) 924.4 932.7 (7)
B2/19 ν(CC) 1368.7 1364.7 (0) 1201.9 1182.4 (8) 1343.3 (0)
B1/19 ν(CC) 1406.1 1407.9 (14) 1353.6 1362.4 (32) 1365.6 1370.6 (8)
A2u/11 Zr(C6H6)2

c νo-p(CH) 682.4 675.5 (114) 506.0 (35) 672.8 (117)
A2u/1 νs(CC) 933.7 927.5 (86) 894.6 886.0 (79) 900.9 894.3 (79)
E1u/18 νi-p(CH) 975.1 962.6 (38) 780.5 768.2 (21) 953.2 941.6 (37)
A2u/11 Zr2(C6H6)3

c νo-p(CH) 711.1 678.1d (124)d 527.4 508.9d (19)d 709.1 675.3d (128)d

A2u/1 νs(CC) 939.8 925.3d (161)d 898.2 883.8d (152)d 907.2 892.2d (146)d

B3LYP/6-311++G(d,p)/SDD

C6H6 C6D6
13C6H6symmetry/wilson

number53 species modea obsd calcd intens obsd calcd intens obsd calcd intens

A1/11 Zr(C6H6)b νo-p(CH) 728.9 (30) 533.7 529.7 (39) 725.5 (31)
A1/1 νs(CC) 918.3 928.0 (21) 893.2 (16) 885.8 895.1 (18)
B2/18 νi-p(CH) 940.9 937.5 (28) 763.8 763.8 (16) 917.9 915.6 (26)
B1/18 νi-p(CH) 979.6 (7) 781.3 (4) 924.4 957.5 (6)
B2/19 ν(CC) 1368.7 1412.6 (0) 1201.9 1220.1 (10) 1390.7 (0)
B1/19 ν(CC) 1406.1 1450.1 (12) 1353.6 1389.3 (35) 1365.6 1414.8 (7)
A2u/11 Zr(C6H6)2

c νo-p(CH) 682.4 704.6 (99) 526.1 (27) 701.9 (102)
A2u/1 νs(CC) 933.7 946.0 (101) 894.6 903.7 (92) 900.9 912.2 (93)
E1u/18 νi-p(CH) 975.1 985.0 (44) 780.5 789.1 (23) 953.2 963.1 (42)
A2u/11 Zr2(C6H6)3

c νo-p(CH) 711.1 711.1d (75)d 527.4 566.6d (47)e 709.1 708.3d (81)d

A2u/1 νs(CC) 939.8 945.6d (183)d 898.2 903.2d (173)e 907.2 911.8d (166)d

a Vibrational Modes:νo-p(CH) ) C-H out-of-plane bending;νs(CC) ) symmetric C-C stretching;νi-p(CH) ) C-H in-plane rocking;ν(CC)
) antisymmetric C-C stretching.b Theoretical results:3A2 ground electronic state (C2V symmetry).c Theoretical results:1A1g ground electronic
state (D6h symmetry).d 6-31G(d)/SDD basis sets were used to calculate these frequencies and intensities.

Figure 8. IR spectra in the 980-900 and 700-660 cm-1 regions for
(a) co-depositing laser-ablated hafnium with C6H6 for 1 h and after (b)
annealing to 30 K (c) and 35 K, (d) full-arc photolysis for 15 min, and
(e) annealing to 40 K. Absorptions labeled HfA refer to the Hf(C6H6)
product, and HfA2 corresponds to the Hf(C6H6)2 product.

Figure 9. IR spectra in the 970-860 cm-1 region from co-depositing
laser-ablated hafnium with (a) C6H6, (b) 13C6H6, and (C) C6D6 for 1 h.
Spectra were recorded after annealing to 35 K. Absorptions labeled
HfA refer to the Hf(C6H6) product, and HfA2 corresponds to the Hf-
(C6H6)2 product.
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tions predicted this vibrational mode to be the most infrared
active for the Ti(C6D6)2 isotopomer, this assignment is ap-
propriate.

Zr n(C6H6)x (n ) 1, x ) 1, 2; n ) 2, x ) 3). When zirconium
was reacted with dilute benzene in argon, four absorptions were
observed between 900 and 1000 cm-1 at 918.3, 933.7, 940.9,
and 975.1 cm-1 showing either group A or B behavior (Figure
4). Isotopic counterparts of these absorptions indicate that they
correspond to two sets ofνs(CC) andνi-p(CH) vibrational modes
(Figure 5). The group B absorptions at 933.7 and 975.1 cm-1

are at a higher frequency than the two group A absorptions. In
addition, the group Aνs(CC) vibration at 918.3 cm-1 shows a
larger isotopic carbon-13 shift than the group B vibration at
933.7 cm-1, and the group Bνi-p(CH) rocking vibration at 975.1
cm-1 exhibits a larger deuterium shift than the group A
absorption at 940.9 cm-1 (Table 2). These trends are consistent
with those previously observed with Group 5 metal-benzene

complexes18 and correspond to assigning the group A absorp-
tions to the Zr(C6H6) complex and group B absorptions to Zr-
(C6H6)2. Although we do not observe the deuterium counterpart
of theνs(CC) mode of the Zr(C6H6) complex, it should appear
in the spectrum near the ZrO2 impurity absorption at 884.3 cm-1

and is probably hidden by this peak. The carbon-13 isotopic
counterpart of the absorption at 940.9 cm-1 is split into two
peaks observed at 917.9 and 924.4 cm-1. We believe the most
likely explanation for this observed splitting is that theνi-p(CH)
vibrational mode has lost the double degeneracy (complex
symmetry reduction beyondC3V) and that each of the resulting
new vibrational splittings shows a unique carbon-13 shift. Each
splitting has different IR intensities and the infrared intensity
of each splitting should be affected differently with carbon-13
substitution. Both mode splittings are mixed, and we feel that
symmetry reduction out ofC6V is the most likely explanation
of the splitting observed for thisνi-p(CH) mode of the Zr(C6H6)
complex.

An absorption at 682.4 cm-1 showed group B behavior.
Although no isotopic counterparts were observed for this
vibration, it is only slightly blue-shifted from theνo-p(CH)
bending vibration of the benzene precursor at 674.6 cm-1. The
deuterium and carbon-13 counterparts of this mode were
predicted to overlap with the observed isotopic benzene precur-
sor absorptions and aggregate bands. Both of our theoretical
methods predicted thisνo-p(CH) bending vibration of the Zr-
(C6H6)2 complex to red-shift from the same vibrational mode
of the Ti(C6H6)2 molecule. This absorption at 682.4 cm-1 is
red-shifted by 17.6 cm-1 from the νo-p(CH) mode of the Ti-
(C6H6)2 compound, in good agreement with these theoretical
predictions. Hence, we assign this vibration to theνo-p(CH)
mode of the Zr(C6H6)2 molecule.

Although theνo-p(CH) mode of the Zr(C6H6) complex was
not found in our spectra, we have observed the deuterated
counterpart at 533.7 cm-1, which shows group A behavior. For

Figure 10. IR spectra in the 1350-1170 cm-1 region from (a) co-
depositing laser-ablated hafnium with C6D6 for 1 h and after (b)
annealing to 30 K (c) and 35 K, (d) full-arc photolysis for 15 min, and
(e) annealing to 40 K. Absorptions labeled HfA refer to the Hf(C6H6)
product.

TABLE 3: Observed and Calculated Isotopic Frequencies (cm-1) and Intensities (km/mol) at Different Levels of Theory for the
Hf(C6H6) and Hf(C6H6)2 Complexes

BPW91/6-311++G(d,p)/SDD

C6H6 C6D6
13C6H6symmetry/wilson

number53 species modea obsd calcd intens obsd calcd intens obsd calcd intens

A1/11 Hf(C6H6)b νo-p(CH) 718.6 (151) 530.5 550.3 (89) 715.5 (52)
A1/1 νs(CC) 910.2 918.2 (3) 874.9 883.1 (3) 878.1 885.6 (2)
B2/18 νi-p(CH) 930.2 924.7 (25) 755.4 750.3 (15) 909.0 902.6 (23)
B1/18 νi-p(CH) 973.2 (7) 766.5 (4) 952.5 (7)
B2/19 ν(CC) 1374.4 (0) 1185.3 1194.8 (4) 1352.3 (0)
B1/19 ν(CC) 1431.9 (6) 1339.7 1390.5 (17) 1391.3 (3)
A2u/11 Hf(C6H6)2

c νo-p(CH) 688.2 674.4 (130) 504.3 (30) 684.8 671.7 (132)
A2u/1 νs(CC) 928.8 921.8 (90) 888.1 880.6 (82) 895.9 888.7 (83)
E1u/18 νi-p(CH) 969.9 960.8 (44) 776.8 767.5 (23) 947.5 939.7 (41)

B3LYP/6-311++G(d,p)/SDD

C6H6 C6D6
13C6H6symmetry/wilson

number53 species modea obsd calcd intens obsd calcd intens obsd calcd intens

A1/11 Hf(C6H6)b νo-p(CH) 742.0 (124) 530.5 568.9 (80) 738.5 (120)
A1/1 νs(CC) 910.2 933.9 (5) 874.9 900.2 (4) 878.1 900.9 (4)
B2/18 νi-p(CH) 930.2 943.6 (27) 755.4 767.7 (16) 909.0 921.1 (25)
B1/18 νi-p(CH) 996.8 (7) 789.3 (4) 975.0 (6)
B2/19 ν(CC) 1419.9 (0) 1185.3 1229.4 (4) 1397.6 (0)
B1/19 ν(CC) 1470.7 (8) 1339.7 1414.7 (17) 1432.4 (2)
A2u/11 Hf(C6H6)2

c νo-p(CH) 688.2 708.1 (109) 527.1 (36) 684.8 705.4 (111)
A2u/1 νs(CC) 928.8 941.6 (107) 888.1 899.5 (98) 895.9 907.8 (99)
E1u/18 νi-p(CH) 969.9 984.8 (41) 776.8 788.9 (23) 947.5 962.9 (39)

a Vibrational Modes:νo-p(CH) ) C-H out-of-plane bending;νs(CC) ) symmetric C-C stretching;νi-p(CH) ) C-H in-plane rocking;ν(CC)
) antisymmetric C-C stretching.b Theoretical results:3A2 ground electronic state (C2V symmetry).c Theoretical results:1A1g ground electronic
state (D6h symmetry).
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Group 5 M(C6H6) complexes (which haveC6V symmetry) the
νo-p(CH) mode of the deuterated complex was the weakest
infrared absorber compared to other isotopomers.18 However,
for the Zr(C6H6) complex theνo-p(CH) mode of the deuterated
complex is computed to be considerably more infrared active
compared to the other two isotopomers when the symmetry is
reduced toC2V (Table 2). Hence, the observation of this
vibrational mode in only experiments performed with deuterated
benzene is possible further evidence for reduction of complex
symmetry belowC3V.

Two absorptions were observed at 1368.7 and 1406.1 cm-1

showing group A behavior. The deuterated analogs of these
modes were stronger infrared absorbers at 1201.9 and 1353.6
cm-1 (Figure 6). Only one carbon-13 splitting was observed at
1365.6 cm-1. Theν(CC) mode was always observed to be the
most infrared active for the deuterated counterparts of Group 5
M(C6H6) complexes.18 As theν(CC) mode is doubly degenerate
for the benzene precursor, this mode should be split only if the
carbon skeleton of benzene is deformed during complexation
with zirconium atoms. Given the correlation between these
observed absorptions, their isotopic counterparts, and those
predicted for the Zr(C6H6) complex (Table 2), we assign these
two frequencies to different splittings of theν(CC) mode of
this zirconium-benzene complex and propose this observed
splitting as convincing evidence for carbon ring deformation
during zirconium complexation.

The absorption at 711.1 cm-1 showed group C behavior, and
its isotopic shifts are consistent with aνo-p(CH) bending mode
(Table 2). Also, the isotopic counterparts of another group C
vibration are observed at 907.2 (13C6H6) and 898.2 cm-1 (C6D6)
as shown in Figure 5. This vibration was not seen in experiments
with C6H6 until the benzene concentration was increased to
1.5%. In this experiment, an absorption grew in at 939.8 cm-1

on top of the νi-p(CH) rocking vibration of the Zr(C6H6)
complex at 940.9 cm-1 (Figure 7) showing group C behavior.
These isotopic shifts are consistent with aνs(CC) ring stretching
vibration. Also notice in Figure 7 that while the Zr(C6H6)2

molecule is created in larger abundance in the higher benzene
concentration experiment, the population of the monobenzene
Zr(C6H6) complex decreases.

Since the group C peaks grow on annealings and decrease
on photolysis, these absorptions probably correspond to higher
aggregate species. A number of other possibilites can be ruled
out. No absorptions were observed that could correspond to a
Zr-H stretching mode, which would be intense if a C-H
insertion product were formed. The observation that group C
absorptions grew substantially when the benzene concentration
was increased to 1.5% indicates that the molecule is not Zr2-
(C6H6). We also considered a hydrogen elimination product,
namely anη1-Zr(C6H5) compound withC2V symmetry. However,
calculations for this molecule also failed to predict an accurate
representation of the observed spectrum. The presence of
νo-p(CH) andνs(CC) modes indicate that the carbon skeleton
of the benzene ring remains intact. We considered the secondary
addition product Zr2(C6H6)3, since this complex has been formed
with many first row transition metals in gas-phase experi-
ments.1,28,29,32,33,54-57 As only oneνs(CC) mode was observed,
we modeled this compound withD6h symmetry to produce only
one infrared activeνs(CC) mode. Although only two absorptions
were observed for this complex, good correlation with those
predicted (Table 2) are in accord with this possible assignment.
In particular, the observed absorptions are the same as the two
modes predicted to be the most infrared active. The calculated
frequencies of the Zr2(C6H6)3 molecule cannot be directly

compared to those of the other complexes since they were
computed with different basis functions. A simple optimization
of the Zr2(C6H6)3 molecule using the same theoretical method
used for all other complexes predicted a decrease in the C-C
bond lengths. This would slightly increase theνs(CC) mode as
found here.

Hf(C6H6)x (x ) 1, 2).When hafnium is reacted with benzene
a new product absorption is observed at 688.2 cm-1 showing
group B behavior. Given the location of this absorption and
the observed12C/13C isotopic ratio, this absorption is assigned
to the νo-p(CH) mode of the Hf(C6H6)2 complex in good
agreement with theoretical predictions (Table 3). Notice this
vibrational mode is blue-shifted by only 6 cm-1 from the Zr-
(C6H6)2 compound absorption, which was red-shifted from the
Ti(C6H6)2 absorption.

Two group A absorptions and two group B absorptions are
observed in the 900-1000 cm-1 region (Figure 8). The observed
isotopic shifts (Figure 9) are consistent with these four absorp-
tions corresponding to two sets ofνs(CC) and νi-p(CH)
vibrational modes. The group A absorptions at 910.2 and 930.2
cm-1 are lower in frequency than the group B bands at 928.8
and 969.9 cm-1. Also, the12C/13C isotopic ratio of theνs(CC)
stretching mode of the Hf(C6H6) complex is almost identical to
that of the Hf(C6H6)2 compound, and the deuterium shift in the
νi-p(CH) mode of the bisbenzene molecule is slightly larger
than that of the monobenzene complex (Table 3). These trends
match what was observed in the experiments with zirconium.
Hence, the group A absorptions are assigned to the Hf(C6H6)
complex and the group B bands to Hf(C6H6)2.

Although no other product absorptions were observed when
experiments were performed with C6H6, other peaks were seen
when deuterated benzene was used in the experiments. One
group A absorption was observed at 530.5 cm-1, and we assign
this absorption to theνo-p(CH) mode of the Hf(C6D6) complex.
This vibration is red-shifted from the Zr(C6D6) complex
absorption by 3.2 cm-1, giving good agreement with the BPW91
predicted 4.8 cm-1 shift. Interestingly, we observe this vibra-
tional mode with C6D6 but not with C6H6. However, our
calculations predicted the opposite order for the relative infrared
intensity of these two isotopic compounds. Remember that this
νo-p(CH) vibration of the Zr(C6H6) complex was only observed
for the deuterated isotopomer and that the calculated infrared
intensities supported that observation. This could indicate that
the calculated infrared intensities of theνo-p(CH) mode of the
Hf(C6H6) complex are in error. Another possibility is that the
shift of this vibrational mode from that of the benzene precursor
is overestimated by our calculations. Indeed the observed
deuterium absorption is at a larger frequency than that predicted
by both theoretical methods (Table 3). Hence, this mode of the
Hf(C6H6) and Hf(13C6H6) isotopomers probably were not
observed as they were covered by precursor absorptions.

The other two peaks observed in the deuterated spectra are
at 1185.3 and 1339.7 cm-1 showing group A behavior (Figure
10). These absorptions are in the same region as the observed
absorptions of theν(CC) modes of the Zr(C6D6) complex at
1201.9 and 1353.6 cm-1. Our computed frequencies and infrared
intensities predict these vibrational modes to be quite intense
in this region and support the assignment of these two
absorptions at 1185.3 and 1339.7 cm-1 to theν(CC) antisym-
metric stretching mode of the Hf(C6D6) complex (Table 3). The
observed splitting of this mode again confirms that the Hf(C6H6)
complex has a symmetry lower thanC3V.

Ground Electronic States and Geometries.Bisbenzene
transition metal sandwich compounds have been more widely
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studied than the monobenzene M(C6H6) complexes, and we
discuss our results for these larger complexes first.

As evident in Table 4, the geometry of Ti(C6H6)2 has been
widely studied in the literature. Experimentally this molecule
is known to have no permanent dipole and hence a symmetrical
structure,24 eliminating the possibility of ring bending. We
performed calculations on the Ti(C6H6)2 molecule in bothD6h

and D6d symmetries. Our BPW91 results predicted theD6h

symmetry to be lower in energy than theD6d structure by less
than 1 kcal/mol. B3LYP results predicted theD6d structure to
be slightly more than 2 kcal/mol lower in energy than theD6h

symmetry. Both isomers appear to have nearly identical energies,
and accordingly different theoretical methods predict one or the
other as the lowest energy structure. However, for the remainder
of this discussion we assume aD6h structure since it has been
previously reported as the geometry1,21-25,28,33and it allows for
comparison with Group 5 M(C6H6)2 compounds.

In the case of the V(C6H6)2 complex, we found that most
theoretical methods overestimated the experimental V-C and
V-Bz lengths, with the exception of a MP2 calculation which
underestimated them.18 In looking at Table 4, we see that all
the methods with the exception of a LDA calculation predicted
similar Ti-C distances (2.25-2.31 Å). All of these values are
slightly larger than the experimental value (2.217-2.247 Å)
determined by X-ray diffraction.26,37 While DFT methods
predicted Ti-Bz distances of 1.74-1.76 Å, HF calculations
predicted longer distances (1.76-1.81 Å) and the MP2 and
CCSD(T) methods predicted shorter Ti-Bz distances (1.69-
1.73 Å). Accordingly, the C-C bond lengths vary slightly
between methods. A comparison of our calculated vibrational
frequencies and isotopic shifts to those observed for the Ti-
(C6H6)2 compound is given in Table 1, showing good agreement
between our theoretical and experimental results. The∆Erxn for
the Ti(C6H6)2 molecule was calculated as 109 and 72 kcal/mol
using the BPW91 and B3LYP methods, respectively, indicating
this product is energetically favorable to form. Although an all
electron basis set on titanium might provide more accurate
theoretical results, we employed the SDD pseudopotential to
allow for comparison with the heavier Group 4 analogues and
to include relativistic effects.

The Zr(C6H6)2 complex has also been studied theoretically,21-25

and experimental evidence indicates this molecule also has a
symmetrical structure.24 However, no theoretical studies that
we are aware of have investigated a possibleD6d symmetry for
this compound. Therefore, we performed calculations on this

molecule imposingD6h and D6d symmetries. Our B3LYP
calculations predicted theD6h symmetry to have the lowest
energy, with theD6d symmetry lying slightly over 1 kcal/mol
higher in energy, and our BPW91 computations predicted the
D6h symmetry to be less than 1 kcal/mol lower in energy than
the D6d structure. Hence, it seems likely that the Zr(C6H6)2

compound hasD6h symmetry. We also investigated the pos-
sibility of D2d symmetry, but these calculations converged to a
D6d structure. As the singlet state has been previously predicted
as the ground electronic state of this molecule,23-25 and as the
singlet ground state is known experimentally for the Ti(C6H6)2

compound,34 we assumed this state for the Zr(C6H6)2 molecule.
Our theoretical results predicted a∆Erxn of 129 and 96 kcal/

mol using the BPW91 and B3LYP functionals for the Zr(C6H6)2

compound, respectively. Both of these energies are larger than
those predicted for the Ti(C6H6)2 compound, showing that
formation of the zirconium bisbenzene product is more energeti-
cally favorable than the titanium counterpart. Our computations
predicted Zr-C bond distances of 2.431 and 2.439 Å, Zr-Bz
distances of 1.964 and 1.978 Å, and C-C bond distances of
1.433 and 1.427 Å using the BPW91 and B3LYP methods,
respectively. Although no structural information has been
experimentally determined for the Zr(C6H6)2 molecule, we can
compare our computed geometry with previous theoretical
results. There is very good agreement between our optimized
geometry and those previously reported,21-25 with a few
exceptions which we now note. (1) A B3LYP calculation24

predicted a considerably larger Zr-C distance (2.56 Å) than
our results. This method also predicted a larger Ta-C distance
than other theories.18 Since this functional is also one that we
used, the variation is probably due to the difference in basis
functions. (2) An MP2 computation25 predicted a considerably
shorter Zr-Bz distance (1.894 Å), and (3) a CCSD(T) calcula-
tion22 predicted longer C-C distances (1.452 Å). Despite these
few instances, very good agreement is seen between our
theoretically optimized geometry and those previously reported.

The Hf(C6H6)2 complex has been previously studied theoreti-
cally,21-23,25but D6d symmetry was not considered. Our calcula-
tions predicted aD6h symmetry with a1A1g ground electronic
state to be the correct geometry, lying slightly less than 1 kcal/
mol lower in energy than theD6d isomer by both theoretical
methods. The singlet state has also been previously predicted
as the ground state for this molecule.21,23,25 Our calculations
predicted a∆Erxn of 110 and 83 kcal/mol by the BPW91 and
B3LYP methods, respectively. Note that both methods predicted
the Zr(C6H6)2 molecule to be the most stabilized during
formation, followed by the hafnium and titanium bisbenzene
molecules. Experimentally, the Hf(C6H6)2 compound is known
to have the largest (67 kcal/mol) binding energy of the Group
4 M(C6H6)2 compounds.22

Our theoretical methods predicted Hf-C bond lengths of
2.410 and 2.423 Å, Hf-Bz distances of 1.935 and 1.956 Å,
and C-C bond distances of 1.437 and 1.429 Å by the BPW91
and B3LYP methods, respectively. These values are all in good
agreement with previous predictions.21-23,25 Zirconium and
hafnium M-C and M-Bz distances are predicted to be larger
than those for titanium by both methods, attributed to the
increase in atomic size of the metal atom. Atomic zirconium
and hafnium have almost identical sizes; however, hafnium is
predicted to be closer to the benzene ring than zirconium. This
indicates that hafnium binds more strongly to benzene, and
accordingly the C-C bond distance is predicted to increase in
the order Ti(C6H6)2 < Zr(C6H6)2 < Hf(C6H6)2, indicating a
weakening of the aromatic carbon skeleton.

TABLE 4: A Comparison of Theoretically Predicted and
Experimentally Determined Bond Lengths (Å) of the
Ti(C6H6)2 Molecule

method Ti-C Ti-Bza C-C C-H ref

HF 2.305 1.424 1.068 21
HF 1.764 1.415 1.072 28
MP2 1.694 1.40b 1.10b 25
MP2 1.721 1.443 1.089 28
CCSD(T) 1.728 1.451 1.10 22
DFT 1.742 1.430 1.09 23
DFT ZORA 1.751 1.429 1.09 22
DFT ZORA + ESA 1.753 1.432 1.09 22
LDA 2.212 26
PW91 2.256 26
B3LYP 2.29 24
B3LYP 1.741 1.430 1.084 28
BPW91 2.251 1.736 1.432 1.088 this work
B3LYP 2.259 1.753 1.425 1.081 this work
exptl 2.217-2.247 26,37

a Distance between the titanium atom and the center of the benzene
ring. b Values held constant during optimization.
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Our Zr2(C6H6)3 computation confined to aD6h structure
converged in a1A1g ground electronic state. However, our
theoretical methods proved to be too demanding to compute
vibrational frequencies. Therefore, the structure was reoptimized
using the same functionals, but with a smaller 6-31G(d) basis58

on the carbon and hydrogen atoms, and frequencies were then
computed at this level. At this lower level of theory our BPW91
calculations predicted Zr-C bond lengths of 2.491 and 2.405
Å, C-C lengths of 1.463 and 1.442 Å, and C-H lengths of
1.089 and 1.092 Å, where the first number of each set
corresponds to values for the center benzene ring. Our B3LYP
results were similar predicting Zr-C lengths of 2.502 and 2.410
Å, C-C lengths of 1.454 and 1.434 Å, and C-H bond lengths
of 1.082 and 1.085 Å. We should note for comparison that the
optimized structure computed with the larger 6-311++G(d,p)
basis set for carbon and hydrogen atoms produced shorter
lengths for all these reported distance. The∆Erxn computed with
the smaller basis sets were 232 and 179 kcal/mol with the
BPW91 and B3LYP methods, respectively.

Relatively little is known about the monobenzene M(C6H6)
complexes. We begin by discussing the Zr(C6H6) complex. Both
of our density functionals predicted the3A2 state with C2V
symmetry to be the ground electronic state. One previous
theoretical study predicted the3E2 state (confined toC6V
symmetry) to be the ground electronic state of this complex.25

The quintet state was predicted to be 5 and 3 kcal/mol higher
in energy, and the singlet state to be 1 and 13 kcal/mol higher
in energy by the BPW91 and B3LYP methods, respectively.
The singlet and quintet states optimized to a nearC6V symmetry
when confined toC2V symmetry, whereas the triplet state showed
a larger geometrical deviation in the carbon skeleton. Since the
quintet state was predicted to be relatively close in energy to
the triplet state by both methods, it is possible that either the
triplet or quintet states could be the ground electronic state of
the Zr(C6H6) complex. As mentioned previously, the observed
isotopic splittings of theνi-p(CH) andν(CC) mode indicates
that this complex does not haveC6V symmetry. In addition, the
quintet state overestimated the observed vibrational frequencies
of this complex, predicting theνs(CC) mode at 945.1 and 964.1
cm-1, the νi-p(CH) vibration at 981.5 and 1005.4 cm-1, and
theν(CC) mode at 1414.7 and 1461.3 cm-1 using the BPW91
and B3LYP methods, respectively. As shown in Table 2, the
triplet state did a considerably better job predicting these
vibrational frequencies. The isotopic shifts of these modes were
predicted to be similar in all three electronic states. Despite this,
the electronic and vibrational differences between the calculated
triplet and quintet states lead us to believe that the3A2 state is
the ground electronic state of the Zr(C6H6) complex.

The∆Erxn for the Zr(C6H6) complex was predicted to be 37
and 47 kcal/mol calculated at the BPW91 and B3LYP levels,
respectively. InC2V symmetry, our optimized structure had Zr-C
lengths of 2.378(4) and 2.276(2) Å calculated with the BPW91
functional and 2.396(4) and 2.294(2) Å at the B3LYP level of
theory, where the number in parentheses indicates the number
of bonds in the complex corresponding to that length. The C-C
bond lengths were computed to be 1.463(4) and 1.416(2) Å with
the BPW91 method while lengths of 1.455(4) and 1.406(2) Å
were computed with the B3LYP functional. Notice that the
average C-C bond lengths (1.447 Å with the BPW91 method
and 1.439 Å at the B3LYP level of theory) are larger than the
C-C bond lengths in the bisbenzene Zr(C6H6)2 compound.

The Hf(C6H6) complex was also predicted by both methods
to have a3A2 electronic ground state withC2V symmetry. The
quintet state was found to be 8 and 9 kcal/mol higher in energy

and the singlet state was predicted to be 15 and 18 kcal/mol
higher in energy than the triplet state at the BPW91 and B3LYP
levels of theory, respectively. Again the singlet and quintet states
showed only minor geometrical deviations when confined in
C2V symmetry. A previous theoretical study predicted the1A1

state to be the ground electronic state of this complex.25 From
this zero-point energy analysis, it is evident that the singlet state
is probably not the correct ground electronic state and that the
triplet state is more likely to be it. However, at this time we
will still consider the quintet state as a possible ground state.
In looking at theνs(CC) stretching vibrational mode, the quintet
state predicted a larger frequency (939.9 cm-1 with the BPW91
method and 957.7 cm-1 with the B3LYP functional) than the
observed vibration at 910.2 cm-1. In addition, the quintet state
predicted a larger H/D ratio (1.048 by both methods) than the
observed shift (1.040). However, we see in Table 3 that the
triplet state did a better job predicting this vibration and isotopic
shifts. The only other observed vibrational mode of the Hf-
(C6H6) complex is theνi-p(CH) mode at 930.2 cm-1. The quintet
state predicted this absorption at 974.6 and 996.0 cm-1 with
H/D isotopic ratios of 1.258 and 1.253 (BPW91 and B3LYP
respectively), again overestimating the vibrational frequency and
H/D ratio. Also, two absorption peaks were observed for the
ν(CC) mode when deuterated benzene was used in experiments,
indicating that the carbon ring is nonplanar. The only computa-
tion we did that predicted a noteworthy deformation was when
the Hf(C6H6) complex was in the triplet electronic state. Hence,
we do believe the3A2 state is the correct ground electronic state
of the Hf(C6H6) complex.

Our calculation predicted a∆Erxn of 43 and 24 kcal/mol at
the BPW91 and B3LYP levels of theory, respectively. Notice
that the BPW91 method predicted that Hf(C6H6) is more
stabilized and B3LYP predicted that it is less stabilized than
Zr(C6H6) during complexation. Theoretically optimized geom-
etries gave Hf-C lengths of 2.426(4) and 2.294(2) Å and C-C
bond lengths of 1.457(4) and 1.406(2) Å using the BPW91
method. B3LYP calculations gave Hf-C lengths of 2.440(4)
and 2.305(2) Å and C-C bond lengths of 1.451(4) and 1.397-
(2) Å.

Although no vibrational modes corresponding to the Ti(C6H6)
complex were observed in our spectra, theoretical calculations
were still performed and they merit comment. Our BPW91
calculations predicted the triplet state to be the ground electronic
state with the quintet state lying 4 kcal/mol higher in energy
and the singlet state lying 11 kcal/mol higher in energy. Our
B3LYP results predicted the quintet state to be the ground
electronic state with the triplet state lying less than 1 kcal/mol
higher in energy and the singlet state lying 15 kcal/mol higher
in energy. Previously, both the triplet25,38 and the quintet
states27,32,39-41 have been theoretically predicted as the ground
state, but experimental evidence indicates that the triplet state
may be lower in energy.40 In our previous study of the reaction
products formed between Group 5 transition metals and benzene,
we predicted the ground electronic state by comparing our
observed spectra and isotopic shifts with those computed. We
found that the BPW91 method predicted the correct ground
electronic state for all three M(C6H6) complexes, whereas the
B3LYP method correctly calculated the ground state for only
the Nb(C6H6) complex.18 This leads us to believe that the3A2

state might be the ground electronic state of the Ti(C6H6)
complex. Since this3A2 state is the ground state of the Zr(C6H6)
and Hf(C6H6) complexes, it seems probable that the Ti(C6H6)
complex should also be in this state. However, experimental
evidence also indicates that the Ti(C6H6) complex has nearC6V
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symmetry.40 As the triplet state showed a geometrical deforma-
tion in C2V symmetry, this indicates that the quintet state may
be the ground state of this complex. The dipole of the Ti(C6H6)
molecule was found to be 2.4( 0.3 D.40,42 Our theoretical
methods overestimated this observation, predicting dipoles of
2.79 and 3.55 D for the triplet state calculated with the BPW91
and B3LYP methods, respectively, and of 2.96 D calculated
for the quintet state by both theoretical methods. As we can
provide no experimental data of the Ti(C6H6) complex, we are
unable to comment further on the correct ground state at this
time.

Assuming the 3A2 state (C2V symmetry) is the ground
electronic state of the Ti(C6H6) complex, calculations predicted
the∆Erxn to be 44 kcal/mol by the BPW91 method and 18 kcal/
mol by the B3LYP method. Note that the BPW91 method
predicted this Ti(C6H6) complex to be the most stabilized
followed by the Hf(C6H6) and Zr(C6H6) complexes. B3LYP
calculations predicted the binding energy in the opposite order.
It is plausible that since the Ti(C6H6) complex was not observed
in our experiments, and as the Ti(C6H6)2 molecule was predicted
to be the least stabilized of the Group 4 M(C6H6)2 compounds,
that Ti(C6H6) has the smallest binding energy of the three
M(C6H6) complexes. Our BPW91 calculations predicted Ti-C
bond lengths of 2.236(4) and 2.127(2) Å and C-C bond lengths
of 1.461(4) and 1.410(2) Å. B3LYP computations gave slightly
different results, predicting Ti-C lengths of 2.269(4) and 2.148-
(2) Å and C-C lengths of 1.456(4) and 1.396(2) Å. Notice that
the C-C bond lengths are predicted to increase in the order Hf
< Ti < Zr for the M(C6H6) complexes. This trend is different
than the trend observed for the M(C6H6)2 complexes and is not
what we expected. For Group 5 M(C6H6) and M(C6H6)2

complexes, the C-C bond lengths increase going down the
group.18 Looking at the νs(CC) stretching vibrations, we
observed these absorptions at 947.0, 933.7, and 928.8 cm-1 for
the Ti, Zr, and Hf M(C6H6)2 complexes, respectively. This
indicates a decrease in the C-C bond strength moving down
the Group 4 transition series as the optimized geometries
predicted. For the M(C6H6) complexes, we observe theνs(CC)
modes at 918.3 and 910.2 cm-1 for the zirconium and hafnium
complexes, respectively. This shows that even though theoretical
predictions indicate that the C-C bond should be stronger for
the Hf(C6H6) complex, experimentally it is weaker. Hence, we
believe that C-C bonds get weaker and M-C bonds get
stronger moving down the Group 4 transition series. These
observedνs(CC) modes are all at lower frequencies than those
observed for the complementary Group 5 M(C6H6) and M(C6H6)2

complexes,18 indicating that Group 4 transition metals bind more
strongly to benzene weakening the aromatic C-C bonds.

Conclusions

Reaction products formed between Group 4 transition metals
and benzene have been isolated in an argon matrix and studied
by infrared spectroscopy and DFT calculations. The primary
reaction products are the M(C6H6) and M(C6H6)2 complexes.
Isotopic substitution of the benzene precursor confirms our
molecular and vibrational mode assignments. Based on the
observed and calculated isotopic shifts, we believe the sandwich
M(C6H6)2 compounds have a1A1g ground electronic state. The
Zr(C6H6) and Hf(C6H6) complexes are computed to have a3A2

ground state and a non-C6V symmetry. The observed splitting
of formerly doubly degenerate modes in the benzene precursor
provides the first experimental evidence for a deformation of
the carbon skeleton upon early transition metal atom complex-
ation.
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