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The CH stretching overtone spectra of liquid cyclohexadiene iron tricarbonyl (CHDIT) have been recorded
for the first, second, and third overtone regions & 2—4). The gaseous spectrum of CHDIT has also been
obtained for the first overtone region{ = 2). Observed transitions are assigned to the overtones of different
nonequivalent CH bonds and to the local medermal mode combination bands. Oscillator strengths have
been calculated with the harmonically coupled anharmonic oscillator (HCAO) local mode model and ab initio
dipole moment functions. The theoretical values have been compared to the experimental oscillator strengths
and agree well with experiment. The comparison of the overtone spectrum of CHDIT to the corresponding
spectrum of uncomplexed 1,3-cyclohexadiene reveal changes that occur in the ligand upon complexation
with iron tricarbonyl. The presence of the metal lengthens the terminal olefinic CH bond by 0.002 A and
shortens the nonterminal olefinic CH by 0.001 A. The axial and equatorial CH bonds of the free ligand
become similar in length in the complex. The implications of the observed spectral features to the structure
and bonding in the complex are discussed.

Introduction the structure and conformations of these molecules. The
approximately linear relationship between the ab initio XH bond

lengths and overtone transition wavenumbers has been well
established for overtone transitions of halogenated aromatic
moleculed?11glkanes?13plefins14 and alcohols and aminés.

Transition metal complexes are used as catalysts in many
chemical processésThe basis of this catalytic activity is the
ability of the unoccupied metal d-orbitals to share the electrons
with lone pairs orr or aromatic clouds of the ligands and form : .
fairly strong bonds. The formation of these bonds significantly ~ The direct comparison of the overtone spectrum of an
alters the electronic structure and properties of the ligands. °rganometallic complex with that of the corresponding free
7-Bonded transition metal complexes of olefins can serve as li9and provides information about the CH bond length changes
examples of such compounds. The formation of the metal that occur upon complexauon. On the basis of the expgrlmental
olefin bond makes olefinier-systems more susceptible to the esults, the change in thebond strength can also be estimated.
various types of chemical interactions resultingzirsystem Moreoyer, the appearance of addltlo_nal bands _that were_absent
rearrangemerit®r hydrogen shiftd Transition metal complexes N the ligand spectrum and changes in the relative intensities of
can be considered as intermediates of the catalytic process. Théhe free ligand transitions are indicative of changes in vibrational
structure and properties of metal carbonyl complexes of olefins coupling initiated by the metal bonding.
have been studied by many techniques including NWfRX-ray Vibrational overtone spectroscopy has previously been used
diffraction,” and microwave spectroscopy. to study changes induced by the metal bonding in ferrocene

Vibrational overtone spectroscopy provides an alternative for and related compound&!” butadiene iron tricarbonyf and
elucidating the influence of metal bonding on the structure and chromium tricarbonyls of benzene and cycloheptatriéiwith
properties of olefins. It probes molecules at high internal the exception of ferrocene and its related compoufdsly
energies with vibrational energy localized in the XH bond stretch the third overtone spectra have been recorded and analyzed for
(X = C, N, O). The experimentally observed transitions are these complexes. The present study is a continuation of this
well described by the local mode (LM) modelThe relative previous work with a focus on cyclohexadiene iron tricarbonyl
energies of overtone peaks provide information about relative (CHDIT, 1). A wider energy range involving several overtones
lengths of different XH bonds. Within one overtone level, the has been studied and the experimental results have been
higher the energy of transition, the shorter the bond. This compared to calculations of both transition energies and overtone
relationship, in conjunction with results of reasonably high-level intensities. The recent work on the overtones of gaseous 1,3-
ab initio calculations, presents a powerful tool for examining cyclohexadier® (1,3-CHD,2) has been used for comparison.
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" Hint with overtone spectroscopy, while the precision of CH bond
M | /C T c,— Hnt Ht /Hnt ith . is | h h
ComM e s — measurements with microwave spectroscopy is less than that
“{‘msz/ P Hed— o /ax S hint possible with CH overtones. Therefore, a deeper understanding

: Fsz Hax: om0, of the nature of the bonding in the complexed ligand is best
e \m co Hiea achieved through deductions based on CC bond length informa-
©C co tion from microwave spectroscopy and CH bond length
1 2 information from CH overtone spectroscopy.

Experimental Section

s=—\= g (;\ 2 1,3-CHD (97% purity) was obtained from Aldrich, and
N A CHDIT (97% purity) was purchased from Strem Chemicals.

pr Both compounds have been used without further purification.
oo - V’”’m[co Because of the moderate air sensitivity of the organometallic
co complex, all transfers and solution preparations have been
conducted under an inert atmosphere of nitrogen or argon by
3 4 standard techniques. The solvents were degassed prior to use

o ) _ by passing nitrogen through the solvent for at least 2 h.
Bonding in CHDIT has been the subject of several theoretical A cc, solution spectra and second and third overtone liquid
and experimental studiég:82'Hiickel molecular orbital interac- spectra have been recorded on a Mattson Galaxy series FTIR

tion calculation3" indicate that nearly degenerate; 2ad 2@ spectrometer wita 1 cmquartz cuvette and 2 criresolution.
orbitals of the Fe(CQ)fragment strongly interact with both At jeast 1000 scans were averaged for each spectrum. A Pb/Se
highest bonding(>) and lowest antibondings) orbitals of detector has been used in the 46a0 000 cnt? region (first
1,3-diene fragment. This would lead to two possible structures 54 second overtones), and a Si detector has been used to record
3 and4 shown above. Low-temperatui€ NMR experiments — yhe gpectra above 10 000 cin(third overtone). Neat liquid
have been devoted to determining which of the two alternative gnecira have been obtained for the second and third overtones
structures better represents the bonding in CHDIT in solution. ¢5- hoth CHD and CHDIT. Because of the saturation of the
The barrier for rearrangement betwegand4 was estimated  neat Jiquid spectra in the first overtone region, the first and
to be 8.8 kcal/mdibut these studies did not clarify the structure second overtones of both ligand and complex have also been
of the complex. _ _ _ recorded for 0.6 M carbon tetrachloride solutions. The second
Limited information exists in the literature concerning the overtone Spectra recorded in Q(sbh_jtion were very similar
infrared spectroscopy of CHDIT in the CH stretch fundamental to those from the neat liquid samples for both CHD and CHDIT.
region. Burton et a#? reported six bands in this region for the  This indicates the absence of CHD¥Solvent interactions,
neat liquid CHDIT. To our knowledge, no normal-mode analysis which were observed for chromocene and mangandééne

has been done for CHDIT. CCly, and allows one to compare solution spectra to the neat
Microwave spectroscopic studies revealed the basic “piano liquid results.
stool” type structure for CHDIT in agreement with X-ray The first overtone spectra for both liquid and gaseous CHDIT

diffraction data’ The microwave-determined CC bonds are have been obtained with a Wilmad Glass variable path length
different for the ligan&® and the compleX.The central diene el (3 m path length) and a Bio-Rad FTS-40 spectrometer. The
bond shortened upon complexation by 0.072 A (1.470 A in sample was introduced into the cell via a sidearm that could be
CHD; 1.398 A in CHDIT) but did not reach the length of the opened to the cell when the temperature was approprigtQq
double bonds in the free ligand (1.340 A). These double bonds °C at the bottom of the sidearm:100°C at the bottom of the
become longer (1.416 A) in the complex. All of these results cell). The elevated temperature was achieved by wrapping the
indicate that the structure found by microwave spectroscopy cell and sidearm in heating tape and covering the entire
lies somewhere between the two extrendeand 4. The CC apparatus in fiberglass insulation. When the cell had reached
bond lengths obtained from X-ray diffractibare in agreement  the desired temperature, the background spectrum was acquired.
with the microwave spectroscopy findings. The sidearm was opened to allow the CHDIT vapor to enter
While the CH bond lengths could not be determined by X-ray the cell. A total of 128 scans were recorded and coadded to
diffraction, the microwave spectral datdor CHDIT showed obtain the spectrum. To obtain the liquid-phase spectrum, the
only two types of CH bond: olefinic (1.080 A) and methylenic bottom of the multipass cell was allowed to cool so that the
(1.099 A). In that paper, the CH bond lengths were assigned CHDIT condensed onto the windows, forming a uniform liquid
values calculated for pentadiene, with an assumption of standardayer (thickness about 0.5 mm). Under these experimental
sp? and sp bond angles. The authors noted that the final results conditions, the CHDIT vapor pressure above the liquid layer
were fairly insensitive to changes of 0.01 A in these values. In was not high enough to contaminate the liquid-phase spectrum
a similar manner, the microwave data for the free ligand, 1,3- with gas-phase absorptions. Again, 128 scans were measured
CHD, also showed only two types of CH bond, and again these and coadded to obtain the spectrum.
were the olefinic (1.086 A) and methylenic (1.100 A). However,  The experimental spectra have been deconvoluted with
the overtone spectt&of 1,3-CHD show irrefutable evidence  Mattson PeakSolve and Bomem-Grams deconvolution software.
for the existence of two types of methylenic CH (axial and Peak positions were determined from the deconvoluted spectra.
equatorial). These overtone results are corroborated by high-The experimental relative intensities were obtained by compar-
level ab initio calculation? ing the areas under the peaks produced by the curve-fitting
Vibrational overtone spectroscdiyrovides specific informa-  procedure. The experimental oscillator strengthbave been
tion about the number of different CH bonds, their relative calculated from the areas under the deconvoluted peaks by use
lengths, and thus the changes in length that occur uponof eq 1 for the gas-phase spectra and eq 2 for the liquid-phase
complexation. Direct information about CC bonds is not possible data?:26
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estimated from ab initio calculations of the force constants and
the optimized geometry. The effective coupling between CH
stretching oscillators and the mixed dipole moment function
fﬁg = (4.335x 10~ mol-l~Lm-cm 29n zi terr_ns mainly affect the local mode combination states_, which
(n*+ 2) Ml typically appear only in the lower overtones. The magnitude of
o this coupling is not very sensitive to the absolute value'of
JA@) 7 (2)  with the HF/6-31%-G(d.,p) method, the values of = 15.1
and 7.3 cm! have been obtained for 1,3-CHD and CHDIT,
respectively.

The dipole moment function is expressed as a series expan-
sion in the internal CH displacement coordinatgsfFor an
isolated CH stretching oscillator the following expression is
used?¢

— T Torrmeem L A di
foy=(8.026x 10 Torrmcm)pl SA@ d7 (1)

wherep is the gaseous sample pressure in the cell in Tois,
the refractive index of a liquid sample & 1.47 for 1,3-CHD
andn = 1.62 for CHDIT),M is the molar concentration of the
sample,| is the path length, and is absorbance. The molar
concentrations of the neat liquid samples, calculated from the
densities, have been determined to be 10.5 M for 1,3-CHD and
6.3 M for CHDIT. The vapor pressure of gaseous CHDIT in — T
the cell was estimated to be about 0.5 Torr. H= Zﬂiq
Calculation of Overtone Intensities and Molecular Ge-
the harmonically coupled anharmonic oscillator (HCAO) local  moment function with respect tp To determine the expansion
mode model. The dipole moment functions and local mode coefficients,z;, ab initio molecular orbital theory is used to
parameters were calculated at the HartrBeck (HF) self-  calculate the dipole moment as a function @f A one-
consistent field level of theory with a 6-3+15(d,p) basis set.  dimensional grid consisting of nine points around the equilib-
Dipole moment functions have been generated as a seriesjum geometry, with a step size of 0.05 A, i.e., a maximum
expansion in the two CH stretching coordinates for the aliphatic gisplacement of0.2 A, is calculated. In eq 5, we have taken
CH; and a single CH coordinate for the olefinic CH bonds. Fully - the expansion to sixth order, instead of fourth order as was done
optimized geometries have been calculated at the HF level of previously, to improve the results for the local mode parameters.

®)

theory and with density functional theory. For the CH group, the expansion is two-dimensional and a
The oscillator Strength of a vibrational transition from the two-dimensional gnd in the two internal displacement coordi-
vibrational ground statey, to the vibrationally excited state, nates is calculated to provide the mixed terms in the expansion

is given by>27 of the dipole moment functio??. Only the second- and third-
> ) order mixed terms are included in the calculation. The mixed
feg=(4.702 cmD “)ltieg 3) terms are important primarily for the local mode combination

states in the lower overtones and have been determined from a

where’eg is the vibrational wavenumber of the transition and 5 x 5 grid for CHDIT.
|tieg? is the transition dipole moment matrix element in debyes.  The geometry of 1,3-CHD and CHDIT was calculated at the

The harmonically coupled anharmonic oscillator (HCAO) HF/3-21G(*) and HF/6-314G(d,p) level. The effect of electron
local mode modél3! has been used to describe the CH correlation on geometry of the complex and uncomplexed ligand
stretching vibrational modes of the molecules. The coupling was investigated by density functional theory with the pertur-
between CH bonds is significant only when the hydrogen atoms bative Becke-Perdew method with full polarization basis set
are attached to the same carbon atbmand only coupling (pBP/DN** as defined within Spart&?). For the dipole moment
between the two CH bonds in the aliphatic groups was included. function calculation, the optimized geometry and the dipole
Within this approximation, the 1,3-CHD and CHDIT are moment at displaced geometries were all calculated with
described by a single CH oscillator for the olefinic CH bonds Gaussian9# at the HF level of theory with the 6-3#1G(d,p)
and an asymmetric GHyjroup for the aliphatic CH bonds similar  basis sets as defined within Gaussian94. Previous calculations
to the Ch group in cyclohexane. The HCAO local mode models have shown that the HF/6-31G(d) basis set gives good relative
for an asymmetric Ckigroup and a single CH bond have been intensities within a given overtone, whereas larger basis sets
described in detail elsewhef®,3° and only a brief outline is  are required to improve on the absolute overtone intengfi¥s.

given here. The eigenstates are labgbadh and |v2LJor [v10d) Electron correlation in the calculation of the dipole moment
and|v2ldr for the nonterminal and terminal olefinic CH bonds, function seems to have little effect on CH stretching overtone
respectively, andvilha|valho or |v1lddv2ldq for the CH bonds intensities and was not used here to calculate inten$itiés.
in asymmetric CH groups. The local mode parameters for an isolated CH stretching
For a single CH bond, the Hamiltonian is simply that of a mode can be calculated from ab initio calculations of the force
Morse oscillator: constant and the derivative of the force constant along the
N internal CH stretching coordinaté.The force constants are
H—Eq - 2 - obtained from the molecular energies calculated in the one-
TThe U@ T (07 v)dx ) dimensional grids already calculated for the dipole moment

functions. The ab initio local mode determined parameders
where®; and@;x; are the local mode frequency and anharmo- and @;x have to be scaled in a manner similar to the scaling
nicity, respectively, andonis the energy of the vibrational ~commonly done with calculated IR frequencies. The scaling
ground state. The CHyroups are treated in a similar manner, factors for olefinic and aliphatic CH bonds were determined as
with Morse oscillators describing the diagonal Hamiltonian and the average of the ratios of calculated to experimental frequen-

the off-diagonal terms given by harmonic coupling terifise cies and anharmonicities for the appropriate CH bonds in
equations for the asymmetric Gldre identical to the equations  cyclohexané&?! naphthalené? and benzen& The scaling
used for cyclohexan®. The effective coupling parametey,, factors obtained with the HF/6-3315(d,p) method and a nine-

which contains both kinetic and potential energy coupling, is point 0.05 A spacing grid are given in Table 1. The errors in
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TABLE 1: Scaling Factors for the HF/6-311+G(d,p) Method assignments for the liquid-phase transitions displayed in Table

vapor liquid® 4 are similar to those obtained for the gaseous 1,3-CHihe
P 0.9488 0.9447 agreement be_tween_ (_:alc_ulated and_ ex_perlmer_ltal wavenL_meers
P 0.9523 0.9449 and absolute_ intensities is good. Significant differences m_thg
¥l 0.941 0.926 absolute oscillator strengths are observed between neat liquid
OXal 0.959 0.942 and the C(CJ solution intensities for the states in the) = 3

2 Estimated with use of naphthalene (ref 39) and cyclohexane (ref region. These _dlffere_nces are due to the s!gnlflcant overlap_of
29) experimental valueg Estimated with use of benzene (ref 40) and these states with the intense pure LM transitions and broad line

cyclohexane (ref 41) experimental values. widths in the liquid phase. The deconvolution of the closely
lying peaks entails large uncertainties.

the calculatedy; and®;x; were estimated to be on the order of Comparison between the spectra of 1,3-CHD and CHDIT

10 and 1 cm?, respectively. Overall, the scaled ab initio local from Figures +3 reveals dramatic changes, which the com-

mode parameters (Tables 2 and 3) should provide a goodplexation with the metal tricarbonyl introduces to the ligand.

estimate of; and @;x;. The olefinic band of 1,3-CHD appears to be split into tua (
= 2) or three Av = 3, 4) components in the CHDIT spectrum.
Results and Discussion In addition, two partially overlapped transitions appear in the

region where CH aliphatic bonds are expected to absorb for
CHDIT, in contrast to the two distinct CH axial and equatorial
bands of uncomplexed 1,3-CHD separated by hundreds of
wavenumbers. These experimental data indicate that the CH
olefinic bonds in 1,3-CHD become different upon complexation
and the axial and equatorial CH bonds become similar in length.
This is consistent with the results of the geometry optimization
alculations for all levels of theory shown in Table 7. At the
F/6-31H-G(d,p) level, for instance, the 0.005 A difference
between Chy and CHqbonds of 1,3-CHD becomes only 0.002
A in the complex. On the other hand, the §Honds, which
are similar in length in the uncomplexed ligand, become 0.005
A different in CHDIT. The DFT pBP/DN** geometries show
the same ordering of bonds and trends upon complexation.

The CH stretching overtone spectra by = 2 of CHDIT

and 1,3-CHD Cd solutions are presented in Figure 1. The
spectra forAv = 3—4 of liquid CHDIT and 1,3-CHD are given

in Figures 2 and 3, and the spectra fov = 2 of gas-phase
CHDIT and 1,3-CHD are given in Figure 4. Experimentally
observed and calculated LM parameters for CH bonds of the
ligand and the complex are tabulated in Tables 2 and 3. The
observed and calculated peak energies, relative intensities, an
assignments are given in Table 4 for 1,3-CHD and in Tables 5
and 6 for CHDIT. Results of geometry optimizations for 1,3-
CHD and CHDIT at different levels of theory are presented in
Table 7. The relative CH olefinic to CH methylenic intensities
are displayed in Table 8. The total absolute oscillator strengths

for all examined overtones are shown in Table 9. However, longer CH bond lengths and larger differences in the

The experimental uncertainties in determining the LM . .
parameters are particularly high for grdf CHD and CH,, of g; %ILZZ?C'[LZSOM lengths compared to the HartrBeck results

CHDIT. This is because these two bands are located in the most i . .
The correlation between the optimized ab initio bond lengths

congested regions of the spectrum and overlap with other ) Lo .
transitions. This situation makes the deconvolution rather @nd the overtone band maximum position is well establistiedl.

difficult and leads to the larger uncertainty in determining the ©n the basis of the calculated CH bond lengths in the CHDIT

transition energy. This, in turn, causes the larger uncertaintiesCOMplex and fit of the band maxima to the Morse oscillator
for the LM parameters. (eq 6), the assignments of the overtone transitions can be made:

A. Experimental and Ab Initio LM Parameters. Both
experimental and calculated parameters in Tables 2 and 3 show
an expected trend: the olefinic CHs possess higher mechanical
frequencies and lower anharmonicities compared to the aliphatic
CHs. The agreement between the calculated and experimental At the first overtone regionXv = 2), the CHDIT bands at
liguid-phase values is very good for CH olefinic bonds of 1,3- 5610 and 5720 cri can be attributed to thR00and |0020
CHD and is similar to the gas-phase reséitEor the aliphatic pure LM states of CH; and CHy,, respectively (Table 5 and
CHs of 1,3-CHD, the difference between the calculated and Figure 1). The band at 5797 ctcan be assigned to th&J10]
experimental parameters increases, especially for the anharmot.M combination state of Ckigroup. Two intense peaks at 5915
nicities, but the agreement still remains good, reproducing the and 6001 cm! belong to two different CH olefinic bonds of
correct trend. The agreement is poorer for CHDIT, where CHDIT: terminal and nonterminal. Two other bands appearing
calculated numbers reproduce the experimental trends correctlyat 5661 and 5828 cmi can be tentatively assigned to local
but do not correspond closely to the experimental LM param- mode-normal mode (LM-NM) combinations, indicating sig-
eters. This could be due to the limited experimental values and nificant coupling of the CH stretch to the other modes in this
larger uncertainties in determining the LM parameters for liquid region. The assignments for the gas-phase data are similar to
CHDIT and due to uncertainty in using scaling factors for the these of the liquid-phase spectra (Table 6). Because bands are
complexes. The overall agreement, however, is still reasonablenarrower in gas-phase spectra, an additional combination band
since calculated LM parameters scaled for the liquid phase yield at 5981 cnm! can be seen between two olefinic peaks (Figure
transition energies close to the experimental peak positions for4). The total aliphatic to olefinic relative intensities obtained
both the ligand and the complex. The experimental LM from the peak fitting routine are (1.0):@/1.1) for the liquid
parameters were used in Tables 4 and 5. phase and (1.0):(1.3) for the gas-phase data, which are not in

B. Band Assignments and IntensitiesThe liquid phase good agreement with the calculated value (Table 8). Only pure
overtone spectrum of 1,3-CHD closely resembles previously LM transitions and LM combinations have been used in relative
recorded gas-phase dafall corresponding transitions are red-  intensity estimations. The agreement improves with the inclusion
shifted by 16-55 cnt?, consistent with the general trend of the LM—NM combinations yielding (1.0)1(1/0.8) and (1.0):
observed for the liquid versus gas-phase spectra. The spectra(0.9) relative intensity for the liquid and gas phases, respectively.

=@ — (v + 1)dx (6)

R =
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TABLE 2: Calculated, Scaled, and Experimental Local Mode Parameters for the CH Bonds of 1,3-CHD

Dexp DXexp Dcad (scaled) Xca (scaled)
bond ligt vap’ lig2 vap’ calc lig vap calc lig vap
CHax 3014+ 6 2997+ 2 76.5+ 1.4 70.2+£ 0.4 3144 2971 2994 66.0 62.2 63.3
CHeq 3050+ 6 30744+ 17 635+ 1.4 64.9+ 3.2 3208 3031 3055 64.8 61.0 62.1
CHal 3128+ 7 3155+ 1 56.0+ 1.7 58.9+ 0.1 3315 3132 3145 62.9 58.2 59.2
CHor 3128+ 7 3155+ 1 56.0+ 1.7 58.9+ 0.1 3323 3139 3153 62.6 58.0 58.9

aData from the first, second, and third overtone regions have been used to determine the experimental LM parameters for the liquid phase.
b Taken from ref 20¢ Calculated with the HF/6-31G(d,p) method.

TABLE 3: Calculated, Scaled, and Experimental Local Mode Parameters for the CH Bonds of CHDIT

Dexp DXexp Wcad (scaled) Xcad (scaled)
bond ligf vap li vap calc lig vap calc lig vap
CHm1 3006+ 11 66.5+ 2.3 3126 2954 2977 68.3 64.3 65.5
CHmn2 3065+ 7 68.0+ 1.7 3157 2983 3006 67.3 63.4 64.5
CH, 3170+ 31 72.0+£75 3211 3033 3047 66.4 61.5 62.5
CHol,, 3206+ 5 68.0+ 1.2 3288 3106 3120 64.0 59.3 60.2

aData from the first, second and third overtone regions have been used to determine the experimental LM parameters for the liquid phase.
b Calculated with the HF/6-31G(d,p) method.

1 0.5
0.6 M CCl, solution v=2 a ] neat liquid v=4
o ] 2% comb.
0.8 ; 0.4} CHDIT Py
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g o
2 0.6 |2>«?1‘ ol E 0.3 13-CHD [0>J4> DA \;t>olm
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Figure 1. First vibrational overtone spectra of CHDIT (solid line) and  Figure 3. Third vibrational overtone spectra of CHDIT (solid line)
1,3-CHD (dashed line) recorded for the 0.6 M ¢E&blution at room and 1,3-CHD (dashed line) recorded for the neat liquid samples at room
temperatureri a 1 cmpath length quartz cell. The CHDIT transitions  temperatureri a 1 cmpath length quartz cell. The CHDIT transitions

are labeled according to assignments reported in Table 5. are labeled according to assignments reported in Table 5.
0.8
neat liquid v=3 . 0.61r gas phase v=2 . comb.
‘ : [2>01, A [2>el
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Figure 2. Second vibrational overtone spectra of CHDIT (solid line) Figure 4. First vibrational overtone spectra of CHDIT and 1,3-CHD
and 1,3-CHD (dashed line) recorded for the neat liquid samples at room fécorded for the gas-phase samples. Ligand spectrum was recorded at

temperatureri a 1 cmpath length quartz cell. The CHDIT transitions ~ '00m temperature with sample pressure of 60 Torr. CHDIT spectrum
are labeled according to assignments reported in Table 5. was recorded at 108C with estimated sample pressure of 0.5 Torr.

The path lengths 3 m for both the ligand and the complex. The CHDIT

The calculated intensity of aliphatic CHs of CHDIT is much transitions are labeled according to assignments reported in Table 6.

higher than experimentally observed. cm~L. The intense peak at 8229 cinis assigned to the300]

At the second overtoneAgp = 3), two main absorption  state of Chjy, and the partially resolved transition at 8385¢m
features with substructure are observed for both,GGlution belongs to theO3state of CHy, . The band assigned {804,
and neat liquid spectra (Figure 2) of CHDIT. The similarity is located at 8618 crt, and the|3[J, transition appears as a
between these two sets of data suggests that the solvent doekigh-energy shoulder of the 8733 chband and has an energy
not interact with the CHDIT and both the first overtone solution of 8805 cnt™. The intense 8733 cm peak can be attributed to
and the second and third overtone neat liquid spectra can bethe LM—NM combination initiated by the metal complexation.
combined in the analysis. The deconvolution of this spectrum The LM—NM combination band observed at this overtone is
yields five bands located at 8229, 8385, 8618, 8733, and 8805absent in the uncomplexed 1,3-CHD spectrum. The experimental
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TABLE 4: Observed and Calculated Frequencies, Intensities, and Assignments for CH Stretching Vibrational Spectra of C¢l
Solution and Neat Liquid 1,3-CHD

observefl calculated
stat@ 7, cmrt f 7, cmrt f
comb. 5489 2.4 10°8
|2000 5569 1.3x 1077 5567 8.3x 1078
|o200 5720 4.0x 10°8 5713 1.4x 1077
| 1010 5776 1.4x 1077 5792 2.2x 1077
comb. 5808 4.6¢< 1078
| 20di+or 5917 3.8x 1077 5920 3.8x 1077
comb. 6077 1.8 10°8
comb. 8032(8031) 3.7x 10°9(2.4x 1079
|3000 8119(8116) 1.9x 1078 (4.6 x 1078) 8122 2.7x 1078
|o030 8381(8383) 2.3x 10°8(3.4x 1079 8384 2.6x 1078
|2010 8456(8459) 3.0x 1078(8.4x 1079 8485 3.0x 10°°
11020 8592 2.0x 109
| 3Ldi+or 8718(8724) 3.9x 1078 (6.9 x 1079 8712 4.0x 1078
|4000] 10528 1.3x 1079 10 524 3.3x 10°°
o040 10931 1.4x 10°° 10927 2.4% 1079
[4Ldi+or 11 386 2.4x 10°° 11 392 4.1x 10°°

2 First quantum number refers to GHsecond quantum number refers to &H Numbers in parentheses are 0.6 M ¢&€3lution data; boldface
numbers represent neat liquid 1,3-CHICalculated with the experimental LM parameters from Table 2 and HF/6-G1d,p) dipole moment
function.

TABLE 5: Observed and Calculated Frequencies, Intensities, and Assignments for CH Stretching Vibrational Spectra of C¢l
Solution and Neat Liquid CHDIT

observefl calculated
staté 7, cmt f P, et f
120700 5611(5610) 1.0x 107 (1.4 x 107) 5612 2.7x 1077
comb. 5662(5661) 1.7x 1078 (2.5 x 10°9)
|om0 5718(5720) 6.0x 10°8(7.9x 10°9) 5721 1.6x 1077
|1010 5803(5797) 9.3x 107°8(6.6 x 1078) 5804 2.7x 1077
comb. 5848(5828) 1.3x 1078(8.8 x 10°9)
1203, 5914(5915) 1.6x 107 (1.8 x 1077 5908 2.0x 1077
1203, 6001(6001) 1.4x 107 (1.4 x 10°7) 6004 1.8x 1077
13000 8229(8231) 4.0x 108 (4.9 x 10°9) 8220 4.9x 1078
|o0s0 8385(8394) 1.5x 108 (1.6 x 10°9) 8378 3.3x 10°8
|30y 8618(8619) 1.7x 108 (1.8 x 10°9) 8646 2.2x 10°8
comb. 8733(8732) 1.1x 108 (1.5 x 1079
1301, 8805(8800) 1.0x 108 (1.0 x 10°9) 8802 2.5x 10°8
|40001 10 686 1.7x 10°° 10 694 4.8x 107°
|0 10 897 1.2x 10°° 10 899 2.7x 1079
|40, 11 257 0.7x 10°° 11 240 2.5x 10°°
comb. 11404 0.6< 10°°
|4Ld, 11 459 0.8x 10°° 11 464 2.1x 10°°

a First quantum number refers to G second quantum number refers to GH Numbers in parentheses are 0.6 M ¢&ilution data; boldface
numbers represent neat liqguid CHDIMCalculated with the experimental LM parameters from Table 3 and HF/6-G1d,p) dipole moment
function.

TABLE 6: Observed Frequencies, Intensities, and TABLE 7: Calculated CH and Olefinic CC Bond Lengths?
Assignments for the CH Stretching Vibrational Spectrum of in 1,3-CHD and CHDIT
Gaseous CHDIT at the First Overtone Region bond HF/3-21G(*)  HF/6-314G(d,p)  pBP/DN™
5 1
staté v, cm f 1,3-Cyclohexadiene
|20000 5635 1.2x 1077 CHax 1.089 1.091 1.117
comb. 5678 6.8< 10°8 CHeq 1.083 1.086 1.108
|o020] 5740 8.8x 10°8 CHo 1.073 1.077 1.099
1010 1 1 9% 107 CHi 1.073 1.076 1.099
e i o T CiC; CsC 1.322 1.325 1.354
1203, 5928 2 4% 107 C.Cs 1.476 1.475 1.465
comb. 5981 1.3 107 Cyclohexadiene Iron Tricarbonyl
12081, 6014 1.8x 1077 CHm1 1.087 1.091 1.112
) CHm2 1.086 1.089 1.107
aFirst quantum number refers to G second quantum number CHo, 1.080 1.084 1.101
refers to Chha. CHol,, 1.074 1.079 1.098
C1C2; C3C4 1.472 1.461 1.435
total aliphatic to total olefinic intensity ratio for this overtone  CCs 1.372 1.374 1.424

is (10)@504), which is close to the calculated (10)(06) aBond lengths are given in angstroms.
value.
The spectral pattern at the third overtorte/ (= 4) is similar cm~1 can be assigned to thdOdof CHpi, |00400f CHm,
to that of the second overtone spectrum (Figure 3). Five |4lj,, LM—NM combination, and|4,, respectively. The
transitions located at 10 686, 10 897, 11 257, 11 404, and 11 459experimental aliphatic to olefinic intensity ratio for the third
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TABLE 8: Total Relative CH Olefinic to CH Methylenic The experimental CH olefinic overtone transition energies
Intensities for 1,3-CHD and CHDIT reported in the literature for the gas phase at the third overtone
1,3-CHD CHDIT lie in the range from 11 143 cm for 2-methyl-2-buten® to
v obs cal® obg cald 11652 cm-! for cyclopentadiené® while the energy of the

shortest CH methylenic transition, determined from the me-

g(gas phase) 111‘1 0%.1 1 Zl(f 1) 05 chanical frequency and anharmonicity reported for cyclopen-
3 0.9(0.8) 0.7 0.5(0.4) 0.6 tane?* is 11 256 cm'. On the basis of comparison between
4 0.9 0.7 0.5 0.6 the liquid-phase (Table 4 in this work) and gas-phase (Table 1

aNumbers in parentheses are 0.6 M ¢6blution data; boldface in ref 20) ov_grtone transition energies for ;’3_CHD’ the liquid-
numbers represent neat liquid CHDFCalculated with the experi- ~ Phase transitions are expected to be red-shifted by about 55 cm
mental LM parameters from Tables 2 and 3 and HF/643%{d,p) at this overtone relative to the gas-phase energies. TheofCH
dipole moment function. liquid CHDIT absorbs at 11 257 cm, making it either a short

CH aliphatic or very long CH olefinic bond. The transition

overtone is (1.0)@.5), with the calculated number being (1.0):  belonging to the CHiis located at 11 459 cni and has a typical
(0.6). For this overtone, the agreement between the experimentolefinic character. This, in turn, leads to the conclusion that the
and calculations is good. structure and bonding in the CHDIT complex is close to the

The total absolute intensities presented in Table 9 show goodsituation represented by structueThe overtone spectroscopy
agreement between the experimental and calculated values foresults clarify the microwave spectroscopy results by favoring
the first overtone. The agreement remains satisfactory for the structure4 over structures.
higher overtones. Previous calculatighsiave shown that The qualitative changes in the CH methylenic bond length
absolute intensities calculated with HF/6-34(d,p) dipole can be tracked down from the band shifts in the spectra. The
moment functions result in calculated intensities that are larger separation between the CH methylenic transitions decreases in
than the experimental values and the discrepancy between thehe spectrum of the complex, indicating that CH methylenic
two increases upon going to the higher overtone. The differencebonds are closer in length after complexation. The comparison
between the experimental and calculated oscillator strengths isbetween the overtone spectra of 1,3-CHD and CHDIT reveals
similar for 1,3-CHD and CHDIT. This suggests that the HF that the lower energy CH methylenic band is 160-érhlue-
theory is describing the CHDIT transition metal complex shifted at the third overtone region. The other transition is red-
relatively well. shifted by only 34 cm! at this region. These shifts indicate the

C. Bonding in CHDIT. The relative shifts of the CH olefinic  significant shortening of one of the methylenic CH bonds
overtone transitions for CHDIT and 1,3-CHD can provide (former CHyin 1,3-CHD) while the other CH barely changes
information about the structure and bonding in the complex. its length.

Upon complexation, the Ciolefinic bond in the complex The results for CHDIT can be compared to the previous
becomes shorter than Gof 1,3-CHD as indicated by, e.g., &  observations for butadiene iron tricarbonyl (BDFf)These two
73 cnm! blue shift at the third overtone. The 129 chred shift molecules contain similat-systems that interact with the Fe-

for CH; relative to the Chd peak in the 1,3-CHD third overtone  (CO); fragment. BDIT has one extra CH olefinic bond, which
spectrum indicates the lengthening of this bond. The empirical complicates the analysis of the overtone spectrum. In CHDIT,
relationship between the experimental frequency shiff) @nd however, the presence of the rigid six-membered ring introduces
change in the bond lengthAf) for a particular overtonevj steric strain effects, which compete with the complexation
has been developed for halogenated benZ@aes later applied  effects. The third overtone spectrum of BDIT indicated that
to estimate the bond Iength Changes in butadiene iron tricarbonylnontermina| olefinic CHs become shorter upon Comp|exa1ﬁon_
upon complexatiof? This type of relationship was reported to  Among two terminal CH bonds (one cis and one trans to the
be basis set-dependefitTo estimate the changes to the CH middle CC bond of 1,3-butadiene), the terminal trans bond
olefinic bond length upon complexation, a similar type of |engthens while the terminal cis bond does not change its length
correlation (eq 7) was derived from a HF/6-311G** basis set sjgnificantly. The situation is similar for the CHDIT, where the
CH olefinic bond lengths and experimental overtone data for corresponding bonds show the same changes after complexation.

1,3-dienes and 1-alkenés: This indicates that the olefinie-systems in 1,3-butadiene and
1,3-CHD interact with iron tricarbonyl the same way and the
Ar = Av (0.001) @) cyclic geometry of the latter ligand has little effect on the
13.% complexation. The observed changes for the CH aliphatic bonds

of 1,3-CHD during complexation can be explained by the change
On the basis of this relationship, it can be estimated that the in the six-membered ring geometry. In the free ligand, the two
CHy is 0.001 A shorter and the GHs 0.002 A longer in the double bonds do not lie in the same plane. The dihedral angle
complex than the olefinic CH bond in 1,3-CHD. between them is about 15[HF/6-311+G(d,p)], and CH

TABLE 9: Total Absolute Oscillator Strengths for CCl 4 Solution and Neat Liquid 1,3-CHD and CHDIT

1,3-CHD CHDIT
v obg cal® obg cale®
1 5.8x 10°° 14.3x 10°°
2 7.8x 1077 8.2x 1077 5.8x 1077(7.2x 1077) 10.9x 1077
3 11.5% 108 (16.0x 10°9) 9.8x 1078 9.3x 1078 (10.8x 10°9) 12.6x 1078
4 5.1x10° 9.4x 10°° 5.0x 10°° 12.2x 10°°
5 12.5x 10710 13.3x 10710

aNumbers in parentheses are 0.6 M ¢&lution data; boldface numbers represent neat liquid CHDOalculated with the HF/6-311G(d,p)
dipole moment functions and the experimental LM parameters.
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