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The gas-phase structure of chloroferrocene from microwave spectra

Brian J. Drouin,® Jennifer J. Dannemiller, and Stephen G. Kukolich®
Department of Chemistry, University of Arizona, Tueson, Arizona 85721

(Received 31 August 1999; accepted 13 October 1999

Rotational spectra for ten isotopomers of chloroferrocene were measured using pulsed-beam Fourier
transform microwave spectroscopy. Rotational transitions due to bath &hd “b” dipole
moments were measured in the 4—-12 GHz range. Thirty rotational constants were determined from
microwave data for the normat“Fe, >Fe, *'Cl, and six unique'3C isotopomers, by fitting the
microwave data using a rigid rotor Hamiltonian with centrifugal distortion and quadrupole coupling
terms. The moments of inertia of the isotopomers were used in Kraitchman and in least-squares
fitting analyses to determine gas-phase structural parameters. The unsubstituted cyclopentadienyl
(CsHs) ligand was determined to have essentially fivefold local symmetry, while the chlorinated
cyclopentadienyl ligand shows small, but significant distortions from the fivefold symmetry. The
C—Cl bond is bent 2(B)° from the plane of carbon atoms. This substituteti4Cl ligand is tilted

1.4(5)° with respect to the unsubstitutedHl; ligand. The carbon atoms of the two cyclopentadienyl
ligands are eclipsed, similar to normal ferrocene. The average Fe—C distance i©RX42he
estimated displacement of C—H bonds out of the planes of the carbon ato(@¥’ iaway from the

metal atom. ©2000 American Institute of Physid$50021-96060)01002-3

I. INTRODUCTION 100 improvement over the spectra previously recorded for
this compound, and this allowed measurements of spectra for
Ferrocene has played a central role in the developmenhany more isotopomers.
of organometallic chemistry, and the structures of ferrocene
and various derivatives have long been of particular interedd- EXPERIMENT
in inorganic chemistry. A detailed description of the molecu-  The synthesis of this compound followed the methods
lar structure is often very useful in understanding chemicapublished by Eptohand Perevalova.The starting com-
and electronic properties, particularly in larger moleculespound was ferrocene, from which the intermediate ferrocenyl
No recent diffraction data were found for ferrocenes with aboric acid was prepared. This compound was then converted
single halogen substitution. Attempts to structurally characto chloroferrocene through treatment with CuCThe com-
terize chloroferrocene by x-ray diffraction techniques werepound is apparently quite stable, since the previously pre-
hampered by a highly disordered crystal latfidehas been  pared sample was still usable in the present work after con-
shown that microwave spectroscémpuld be used to probe siderable time in storage.
the structure of this type of compound in the gas phase. The microwave spectrum was scanned in the 4—10 GHz
Chloroferrocene has been studied with IR spectrosCopyrange using a Flygare—Balle-type spectrometer system. The
iron-57 and carbon-13 nuclear magnetic resonai@R)  sample and the pulse valve were kept at 45-55 °C to produce
spectroscop§, Mossbaer spectroscopy, photoelectron sufficient vapor pressure of the sample. The sample, mixed
spectroscop$,and mass spectrometfyPresently, the micro- with neon at 0.6—1.0 atm, was pulsed into a Fabry—Perot
wave work provides the only insight into structural details of microwave cavity for observation of the spectra. The micro-
these compounds. The previous microwave Watsscribed wave pulse length is typically 0.4s, and the observed line
detailed results for quadrupole coupling parameters, but onlyidths, full width at half maximum(FWHM), are about 20
a few structural parameters could be obtained, since data fé&Hz with the neon carrier gas.
just the two chlorine isotopomers were measured. This seri- A low-noise C-band microwave amplifierf(MITEQ
ously limited the structural analysis, since many correlatedAFS3-04000800-10was placed on the “front end” of the
structural parameters could not be reliably determined frommicrowave receiver ahead of the MITEQ wideband balanced
this small data set. mixer. Since this amplification step occurs prior to the mix-
In the present work, the microwave spectrum has beeing step, a significant improvement in the signal-to-noise ra-
investigated further, using an improved spectrometer with dio is obtained. In addition to the modified microwave re-
low-noise C-band microwave amplifier. The main isoto- ceiver system, a larger bore pulse valve was also used in the
pomer spectra, observed between 4 and 10 GHz, exhibitedsystem. The bore size of a regular Series 9 general valve is 1
signal-to-noise ratio of~100:1 This represented a factor of mm. Using special poppets, the bore size was increased to 2
mm to allow a greater portion of gas into the cavity per
dpresent address: Jet Propulsion Laboratory, California Institute of TechnoPUIse' USI.ng' these mOdIfI_Catlons’ ,and hOldII"lg the sample at
ogy, Pasadena, CA 91109. 55 °C, main isotopomer signals with100:1 signal-to-noise
YElectronic mail: kukolich@u.arizona.edu ratio were obtained.
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the values for the main isotopoméeQaq,,=53.42 MHz,
eQq,.=eQq,.=0.0 MH2).° Initial fits of the substituted
isotopomers were done with fixed values for the diagonal
components of the quadrupole tensor. The final fits presented
in Table Il were obtained by treating the values &9aq,,
andeQq,,— eQq.. as adjustable parameters.

For accurate determination of tide B, andC rotational
constants, at least four sets of rotational transitions must be
measured for each desired isotopomer. For verification of
assignment of overlapping patterns of lines, a fifth set was
measured and included in the analysis. Two of the rotational
6688 6688.5 MHz transitions are due to b”-type selection rules, and the re-

FIG. 1. Spectrum for the &, 13/2—4,,, 11/2 transition at 6688.386a ~ Maining three are of &” dipole type. Even though the mol-

MHz, for 13C2 chloroferrocene. This spectrum was an average over 42£CUle IS quite .gsymmetr(m20.74), measuremelnt 03( andb
beam pulses. types of transitions helps to reduce uncertainties irBifaed

A rotational constants, respectively. The new spectra for
] .. . iron- and carbon-substituted isotopomers are given in Table
The key to good microwave structural determination iN-| (@) and (b). Data and spectral parameters for the main iso-

volves measurement of a large number of substituted iSOt%pomer and thé’Cl-substituted isotopomer are given in
pomer spectra. The previous data set only contained rotgyes o

tional constants for the two chlorine isotopomers of
chloroferrocene. With the improved signal-to-noise ratios,
spectra foP*Fe(4%),%Fe(1%), and3C(2% and 1% were  |V. STRUCTURE DETERMINATION—LEAST-
readily measured. An examptéC spectrum is given in Fig. SQUARES FIT

1 to illustrate a typical molecular signal.

The basic structure with numbering of the carbon atoms
for chloroferrocene is shown in Fig. 2. Several different
least-squares structural fits were performed in an effort to

The new spectra for iron- and carbon-substituted isotodecide which parameters were best determined using the
pomers are given in Tablgd and (b). The spectral data present data set, and to analyze correlation effects. A cylin-
were analyzed using a least-squares fitting routine employingrical coordinate systertsee Fig. 3 is the preferred coordi-

a rigid rotor Hamiltonian with centrifugal distortion and nate system for determining the structural parameters by fit-
quadrupole coupling. Spectral parameters determined frorting the measured rotational constants. Zlagis was chosen
the fitting analyses of the different isotopomer spectra aré¢o go through the iron atortthe origin and the “centers” of
given in Table Il. Data and spectral parameters for the mosthe two cyclopentadienyIiCsH, X (X=H,Cl)] ligands. The G
abundant and’Cl substituted isotopomer are given in Ref. symmetry plane is coincident with thx andab planes. The
10. The Cartesian coordinates for all atoms are listed irCartesian coordinates andy were determined from radial
Table 1ll. These coordinates were obtained using the leastr) and angulaf6) coordinates, in whicl¥ is measured as an

I1l. DATA ANALYSIS

squares fit analysis, and were used for Fig. 2. angle from thex axis in a plane perpendicular to the
Each set of transitions contains up to four componentsplane. Up to 19 parameters could be varied in a structure fit
representing a quadrupole quartsince only AF=AJ= to all 30 rotational constants. The 19 parameters included

+1 transitions are includedDue to the abundance of avail- sevenz coordinates, one for the chlorine and each of the
able transitiongmore than 60 were previously measured for (nonequivalentcarbon atoms. Also included were: seven
35Cl-ferrocene without the amplifier! only the strongest coordinates, which included the chlorine and(athnequiva-
transitions were examined for the less-abundant isotopomertent) carbon atoms, and four angular coordinates describing
The off-diagonal elemergQq,, slightly perturbs the quad- the angles between the radial carbon vectors, and one param-
rupole patterns. An accurate value for this term was obeter describing the out of “plane” bend of the C—H bonds.
tained, following the study of bromoferrocetfeby compar- The C—H bond lengths were fixed at 1.08 A, and the bond
ing the properties of the respective halobenzéfied. directions were fixed to move along with the carbon atoms
Including this term significantly improves the spectral fits for maintaining the radial symmetry within the cylindrical coor-
the main isotopomers, particularly for the lowktransitions  dinate system(i.e., such that a line along the C—H bond
with larger quadrupole splitting patterns. The off-diagonalwould intersect the axis). This fit gave very similar andz
qguadrupole term is incorporated, and held constant, in thealues for all the carbon atoms of the unsubstituteti:C
present least-squares fit analyses, which used Pickett's prgroup, with angular values very close to those appropriate
gram sprIT'® This term and other off-diagonal quadrupole for fivefold symmetry. This is not surprising, due to the re-
terms are expected to change upon isotopic substitution dueote location of the chlorine ligand that perturbs the high
to the rotation of the inertial axis system. However, thesesymmetry of unsubstituted ferrocene. In order to reduce cor-
off-diagonal terms are not expected to significantly changeelations between parameters, and to produce more precise
the rotational constants obtained for the subsequent structurealues for the determined parameters, the positions for car-
analysis. Therefore, these parameters have been kept fixedtain atoms in the gHs group were all fit using only one
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TABLE I. (a). Measured transition frequencies for tEe, >’Fe, and twa'3C isotopomers of chloroferrocene.
The quantum numbers for the total angular momentum @rezF’ +1/2, andG=F+1/2. Frequencies are
given in MHz; experimental uncertaintiédo) in parenthesesb). Measured transition frequencies f&iC

isotopomers of chloroferrocene. Frequencies are given in MHz; experimental uncertdiaji@s parentheses.

@  Jpke G Jkpko G *Fe *Fe (el *c(ce)
505 5 4, 4 6709.297€38) 6702.753631)
505 6 4 5 6709.328(39 6685.358227)
505 4 4y 3 6687.353830)
505 7 4y 6 671131381 6704.729(23) 6674.030867)
606 5 55 4 7825.04345)  7802.156109)
606 6 55 5 7833.2725) 7825.210821) 7802.347832)
606 8 5 7 7833439730 7825.635149) 7796.437856)
606 7 55 6 7833.868(77) 7825.791147) 7796.542082)
616 6 55 5 7834.021@5 7899.102(36)
616 7 55 6 7907.05859 7899.481128) 7864.710614)
616 5 55 4 7907.43683) 7899.792@22) 7878.493735) 7865.026239)
616 8 555 7 7908141812 7900.184(R7) 7878.894825) 7865.417P41)
616 5 55 5 7919.691¢B9 7864.325724)
616 6 55 5 7991.169844)
606 6 55 5 7960.244€38) 7922.804652)
60 7 5 6 7968.189133 7960.358734) 7939.760230)
60 5 55 4 7969.700@1) 7961.732206)
606 8 5 7 7961.864739)
616 7 5 6 8041.60482) 8034.047863) 8015.013417)
616 6 55 5 8043.97386) 8034.139430) 8015.111635)
616 8 5 7 8036.418822) 7993.409047)
616 5 55 4 8044.03879) 7993.428919)
® ke G Jpke G (o) e(ex) e(ey) e(e:)
505 5 4y 4 66863183 6672.099462) 6672.631618 6657.301849)
505 6 4y 5 6672.141837)
505 4 4y 03 6674.118076)
505 7 4, 6 6688386833 6674.637816) 6659.284453)
606 5 55 4 7807.311848 7799.341746) 7765.175447)
606 6 55 5 7807.481844) 7799.41881) 7790.846094) 7765.402215)
606 8 55 7 7807.908661) 7799.922P14) 7791253835 7765.785611)
60 7 55 6 7796.1411  7799.98884) 7791.422161) 7766.002711)
616 6 55 5 7880.772015) 7865.617939) 7864.272821) 7843.754645)
616 7 55 6 7881150011) 7865.994613) 7864.647608) 7844.131423)
616 5 55 4 7881461149 7866.317R0) 7864.958%45) 7844.429950)
616 8 55 7 7881.855018) 7866.711833) 7865.353(86) 7844.828644)
616 5 55 5 7989.137864)
616 6 55 5 7941.390415) 7906.781846)
60 6 505 5 794149638 7923.058%20)  7925.0444  7906.88380)
606 7 5 6  7942.892616) 7924.408610) 7926.448860)
606 5  5p 4 7943.014416) 7924.553617) 7926.570133) 7908.415118)
60 8  5ps 7 80145849 7989.081%2) 7998.269946) 7985.023451)
616 7 55 6 8014.680619) 7998.373(87)  7985.140859)
616 6 55 5 8016.9640 7987.46087)
616 8 55 7 8017.030670)
616 5 55 4

and oner coordinate. Fixing the values @ffor C7, C10 and  over the previous report for these paramefevghich was

C8, C9 at 72° and 144°, respectively, gave this ligand locatletermined using a much smaller data set. The new data

Cs, symmetry. This reduced the number of parameters in theeveal that the chlorine atom, not the entirgHGCI group, is

fit to 13, and yielded more precise values for all varied pa-moved further from the metal along tkzeaxis. Furthermore,

rameters. Varied parameters did not change outside of thine previous assumption of 42° displacement of the C—H

standard deviations given from the 19-parameter fit. Thébond out of the carbon plane of thesH (and GH,CI)

consistency between the fits provides confidence that the cgroup towards the metal is not supported by the present

ordinates have been determined accurately. analysis. Although the present data do not include deuterated
The average value for the Fe—C bond lengths for thesotopomers, the data set still allows an approximate deter-

CsHs ligand, of 2.0485) A, is slightly larger than the aver- mination of this angle of @)°, awayfrom the metal.

age Fe—C bond lengths for theH,Cl ligand, of 2.03710) The deviations of the coordinates for the carbon frame of

A. We note that this difference is within the estimated errorsthe chlorinated cyclopentadienyl £&,Cl) group from the

for the parameters. These results represent an improvemeiitefold symmetry of an unsubstituted cyclopentadienyl
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TABLE II. The spectral parameters for the low-abundance isotopomers of chloroferrocene, determined using
least-squares fits. The carbon atom numbering is shown in Fig. 2. Values in MHz. The listed error limits are 1

Parameter SiFe STFe Bc1 Bc2
A 1370.308642) 1369.858751) 1369.774252) 1362.007%48)
B 767.877210) 767.074812) 764.6235613) 764.542611)
C 635.31582) 634.67072) 632.97413) 633.35862)
eQa., —8.75414) ~9.16943) ~9.24856) —9.00613)
eQ,— Q0L —65.812) —65.7122) —66.14938) —65.99319)
Parameter 5c3 3ce S o 8cs
A 1353.644842) 1358.535672) 1360.585849) 1368.143248)
B 766.709810) 766.151818) 763.059412) 760.165711)
C 631.69142) 631.58864) 631.99942) 630.35882)
eQa., ~9.34919) —9.68661) -8.18343) ~8.79843)
eQ,— Q0 —66.44518) —65.77430) —66.34729) —665.81424)

(CsHs) group are very small, but nonetheless determinabléles of principal axis coordinates are obtained from this
from the present data set. The most notable featuregBre: analysis, some ambiguity regarding the appropriate signs
the “tilt” of the CsH,Cl carbon plane, with respect to the arises. However, the principal axis system is rotated signifi-
FeGHs moiety, and(2) the bending of the C—Cl bond away cantly from thexyz system(see Fig. 3, and there is no
from the GH, moiety. This tilt angle was determined to be confusion about the identification of the structure as an
1.4(5)° and the bending of the C—CI bond was found to be€clipsed conformation. The unique carbon atom, C6, in the
2.7(6)°. This distortion is attributed to movement of the car- CsHs group, has &, coordinate signifying that it is indeed in
bon atom bonded to chlorine towards the iron atom. The C the ab plane (within appropriate vibrational rms displace-
C,, C;, C,, and G carbon atoms all lie in a common plane, ments. Assigning positivea, and bg values to the chlorine

to within the error limits. Figure 3 shows the molecule atom indicates that the signs of tagandbg coordinates for
viewed in a direction perpendicular to the symmetry planeC6 must be negative and positive, respectively, in order to
with the distortions exaggerated to more clearly illustrate thedbtain reasonable bond lengths and angles in this molecule.
small deviations discussed in the above text. Other paramFhis assignment places the unique carbon atom of g C

eters derived from the structure fit are given in Table Iv. group “directly under” the unique carbon atom of the
CsH,CI group when viewed down the axis. Similar com-

V. KRAITCHMAN ANALYSIS parison of the remaining carbon coordinates also shows near
Si deuteri bstituted isot h b alignment, when observed from the perspective of a projec-
Ince no deuterium-substiuted 1SOlOpoMeErs have BEEfy,, 4o\ thez axis. Therefore, the ligands in this molecule
measured thus far, the substitution)( structure of chloro-

ferrocene remains incomplete. However, coordinates for
many F’f the atoms can be det_ermmed using a Kralt?hmaQABLE Ill. Cartesian coordinates for chloroferrocene from a least-squares
analysis, and the results are in good agreement with thf given in thexyzaxes system. Values in A: the estimated error limits are
structural parameters obtained from the least-squares fits. 0.01 A.

The abc coordinates obtained using the Kraitchman

equations are given in Table V. Nonzero and imagineyy Atom X y z
coordinates obtained for atoms in the symmetry plane are  Fe 0.000 0.000 0.000
due to vibrational averaging and are set to zero for the de- g? é-g%g 2-(1)32 i-gig
termination of internal coordinates. Since only absolute val o8 0,985 0716 o6
C9 —0.985 —-0.716 1.646
C10 0.376 —-1.158 1.646
H6 2.292 0.000 1.725
H7 0.709 2.183 1.725
H8 -1.857 1.349 1.725
H9 -1.857 —-1.349 1.725
H10 0.709 —-2.183 1.725
c1 1.226 0.000 —1.602
c2 0.403 1.163 -1.628
c3 —-0.957 0.714 —1.657
c4 -0.957 -0.714 —-1.657
c5 0.403 -1.163 -1.628
Cl 2.947 0.000 -1.643
H2 0.755 2.181 —-1.707
H3 -1.821 1.357 -1.736
H4 -1.821 -1.357 -1.736
FIG. 2. Basic structure of the chloroferrocene molecule, with numbering of H5 0.755 —2.181 —-1.707

the carbon atoms indicated.
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TABLE V. Substitution coordinates in the principal axis system of the par-
ent isotopomer for chloroferrocene, obtained from the Kraitchman analyses.
The parent isotopomer 8Fe'?C,4'Hg>°Cl. Values in A; the estimated error
limits are 0.01 A(20).

Atom substituted |ag| |bg| lcd
SFe 0.477 0.200 0.011
STFe 0.477 0.193 0.061
sicl 2.636 1.073 0.0a7
FARS o 1.531 0.250 0.040
e, 1.039 0.914 1.158
8c, 0.227 1.990 0.712
Bc, 1.012 1.772 0.101
g, 1.542 1.118 1.152
8¢, 2.391 0.055 0.712

FIG. 3. The chloroferrocene molecule shown with #ie(x2) plane in the

plane of the figure. Distortions of thes&,Cl ligand are exaggerated to . f f th lati bl
clarify the directions of angular deviations reported in Table IV. The hydro- 10N parameters are free of the correlation problems poten-

gen atoms have been omitted from the drawing to make it easier to visualizially associated with the least-squares fit, and thus may pro-
the heav;_/ atom positions. The carbon atoms which_are symmetrically disyide a somewhat more reliable description of the deviations
placed with respect to thab plane are shown superimposed. The carbon_of the carbon atoms from thesGymmetry norma"y exhib-

atom skeletons of both cyclopentadienyl groups are planar, within experi: .
mental error limits. ited by the two ligands.

VI. CONCLUSIONS

are indeed “eclipsed.” This conclusion is also supported by A nearly complete gas-phase structure of chlorofer-
the least-squares fit results, where much better fits are olsecene has now been obtained from spectroscopic data. The
tained for the eclipsed conformation. Least-squares fits peipresent data set containing multiple chlorine, iron, and car-
formed with the ligands “staggered” did not converge. bon isotopomers provides heavy atom parameters to suffi-
Internal coordinates derived from the Kraitchman coor-cient precision to discern small structural details associated
dinates are given in Table IV. The Pedata were used to with distortions of the ¢H,Cl ligand. Analysis of the substi-
determine the Feg parameters, since there was moré“Fe tution coordinates indicates that the two ligands are eclipsed.
data, so better accuracy would be expected. These substitlistortions of the halogenated cyclopentadienyl ligand are
clearly much larger than any distortions of the unsubstituted
cyclopentadienyl! ligand. The carbon skeletons for both cy-
TABLE IV. Internal coordinates for chloroferrocene. The sub-0 indicatesc|opentadieny| ligands are planar, within the error limits.
least-squares fit parameters; the suparameters were obtained from Distortions of the unsubstituted cyclopentadieny! ligand are

Kraitchman analyses. The value 1G8dicates those internal angles were t th th timated . tal
fixed at 108°.%Fe data were used for Fg parameters since there were not larger than the estimatéd experimental errors.

more%*Fe data available. The error limits og parameters areol
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