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Abstract: Microwave spectra were obtained for two distinct structural isomers of 1,1'-dimethylferrocene,
an eclipsed synperiplanar isomer (¢ = 0°, the EO isomer), with A = 1176.9003(2) MHz, B = 898.3343(2)
MHz, C = 668.7469(2) MHz, and an eclipsed synclinal isomer (¢ = 72°, the E72 isomer) with A =
1208.7117(14) MHz, B = 806.4101(12) MHz, and C = 718.7179(8) MHz. The b-dipole, asymmetric-top
spectra of both structural isomers were measured in the frequency range of 5—12 GHz using a Flygare—
Balle type of spectrometer. A very good fit to observed transitions, with small distortion constants, was
obtained for the EO conformer, indicating that this conformer is nearly rigid. The deviations obtained in a
similar least-squares fit for the E72 confomer are significantly larger, indicating possible fluxional behavior
for this conformer. In addition, 7 out of the 26 transitions observed for the E72 isomer conformer clearly
exhibit very small splittings, giving further evidence for internal motion. DFT calculations for the different
possible conformations of 1,1'- dimethylferrocene arising from rotation of one methyl cyclopentadienyl ligand
relative to the other about the nominal Cs axis by an angle ¢ (dihedral angle) were performed using the
B3PW91 functional. The calculations converged and were optimized for five structures on this torsional
potential energy surface corresponding to different dihedral angles ¢; three yielded energy minima, and
two gave energy maxima, corresponding to transition states. The experimental results are in very good
agreement with the results of the DFT calculations.

Introduction recently been used for applications in materials sciébékare

The characterization of ferrocene as-<sonded complex by polyferrocenylsilgne gnd polymers with ferrocenedicarboxylato
WilkinsonZ 50 years ago, played a central role in the develop- ligands. The derivatives of monosubstituted ferrocenyl com-

ment of organometallic chemistry. The solid-state structures of P/€Xes can be coupled to organic functional groups to generate
ferrocene and many ferrocene derivatives have been obtained? N€twork of organieinorganic polymers. Examples of these
using X-ray and neutron diffraction methods. However, the &€ @ tetrakls(ferrocenyk)n|ckel dlthloleng complex and fer-
monosubstituted derivatives are often difficult to crystalize, and fcenyl dendrimers which possess multiple redox centers and
for the 1,1-disubstituted derivatives, only one structural isomer could function as potential biosensdfs!* Another ferrocenyl
has been observed in previous solid-state measurements. In théerivative,N,N-dimethyl-1-ferrocenylethylamine, has been ex-
gas phase, monosubstituted derivatives are readily stéded, Plored as a ligand for catalytic asymmetric reacti&n3he
and multiple conformations of complexes have been obsérved. ferrocenyl derivatives, such as polyferrocenylsilane, are possible
Disubstituted and monosubstituted ferrocenyl complexes are building blocks for creation of materials with interesting
important precursors for the synthesis of many polyferrocenyl Semiconducting, magnetic, and optical propertfe$? The
derivatives. These derivatives are polymers which may contain
long hydrocarbon chains, nonfunctional spacers, or reactive (7) Massey, J.; Power, K. N.; Manners, I.; Winnik, M. Adv. Mater 1998
organic functional groups and can have interesting and useful (g) Togni, A., Hayashi, TFerrocenes: Homogeneous Catalysis, Organic
electronic and structural properties. Examples, which have Synthesis, Materials SciencéCH: Weinheim, Germany, 1995.

(9) Long, N. J. Metallocenes:An Introduction to Sandwich Complexes
Blackwell Science, Inc.: Cambridge, MA, 1998.
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formation of these highly functionalized complexes, especially
those that incorporate disubstituted ferrocenyl ligands, is de-
pendent on the reactivity of the coordination site, conformational
behavior, and possible steric hindrance. Steric interactions, in
particular, play a significant role in determining the final
structures and, therefore, can determine the chemical reactivity
of the resulting complexes.

Dimethylferrocene is one of the few simple examples of a
disubstituted ferrocenyl complex that can serve as a useful model
for understanding the energetics and conformational dynamics
associated with steric interactions in these complexes. There
was no previous experimental data on the gas phase structure
of dimethylferrocene and its various conformers, and only one
conformer could be observed in the solid stdté. is hoped
that the details of the structure and conformational behavior of
dimethylferrocene can serve as a useful model to better
understand the chemical, steric, and conformational behavior
of a wide variety of more complex disubstituted ferrocenyl
compounds.

The crystal structure of 1 Mimethylferrocene has been
determined experimentally from X-ray work. For this solid-
state structure, the eclipsed, synperiplanar conformation (EO
isomer,p = 0°) is preferred, where the carbon atoms for the
two GsHs rings are eclipsed and the methyl groups are cis
relative to each other. No other structural conformers have been E) ¢=180°
reported for the solid phase of dimethylferrocene, and none wereFl_gure 1 This figure shows a view down theaxis (nominal symmetry
previously observed for the gas phase. axis of unsubstituted ferrocene) for five distinct structural isomers of 1,1

The theoretical calculations for the torsional potential energy dimethylferrocene: (A) eclipsed synperiplanar isomer=t 0°, the EO
surface of dimethylferrocene, which are presented in this work, isomer), (B) eclipsed synclinal isomey (= 72°, the E72 isomer), (C)
include five converged optimized structural conformations. A St2ggered anticlinaly( = 108', the S108 isomer), (D) eclipsed anticlinal

. . . . . isomer (p = 144, the E144 isomer), and (E) the staggered antiperiplanar
view down thez-axis (nominal symmetry axis of unsubstituted jsomer ¢, = 18¢, the S180 isomer).
ferrocene) of each of the conformers considered is shown in
Figure 1.

The labeling of the conformations follows the conventions
given by Dong, Chun-ying, and Qing-jid. Energies were
calculated as a function of the relative orientation argl¢he
relative dihedral angle of the two methyl groups on the
cyclopentadienyl ligands. The relative orientations of the methyl
cyclopentadienyl ligands were initially fixed at @nd the first
five multiples of 36. Converged structures were obtained for

five of these angles, three corresponding to minimum-energyF bor bond dist . itive t bstituti
conformers and two which turned out to be transition states. '~ ¢ C8rPofrIron bond distance 1S more sensitive to substitution

For these calculations, all structural parameters were adjustedon the cyclopentadienyl ligand than the-C bond distances

to obtain the fully optimized structures. Another theoretical study ]?f the GeHs ”n%' Ftrr? m ;?e prz\_/flfoustmlcr(iw;ve studies on tgle ste
of torsional barriers on a similar type of diferrocenyl complex, errocenes and other A-ray difiraction studies, we were able to

1,1-di-tert-butylferrocene, indicated that the heights of the infer that the single substitution of a halogen (CI) had nearly

torsional barriers are very sensitive to the substituent gréiis. :jhet same Tff}luen(t:)et.:)r:. th%f t(r:15Htf/\7 Fe, carborrl'[r(])n bond t
The addition of bulky substituent groups tends to raise the istance as the substitution of the two £foups. In the presen

torsional energy barrier of the complex, sometimes restricting Wot:ki_tvv? now lgoﬂk{ Iln mor:e detail, at tfhe effect of t\/\_/othH ith
it to only one energetically favorable conformer. For the substitutions and the lowest energy conformers associated wi

dimethylferrocene complex, which has less sterically hindering 'fpﬁ relatll(v ﬁ orlgnltésttg)ns Of. tfh € m(:thylcy(;:lop;a nd.lenyll tl)lgi? nd_s.
substituents, several different conformers could exist in the gas fltiwzr' ?rS] )?fe ednewin orrlna |0_Ir_1hon elor5|on? f t{:\Vlorl
phase, with similar populations. of the dimethylferrocene complex. The analyses of rotationa

spectra of the two observed structural isomers have shown that
(17) Plenio, H.; Aberle, C.; Al Shihadeh, Y.; Lloris, J. M.: Martinez-Manez, ~the EO isomer¢ = 0°) is more nearly a rigid rotor, compared

In this work, we report results of the first gas-phase measure-
ments on two distinct structural isomers of 'idimethylfer-
rocene, the eclipsed synperiplanar isomet(0°, the EO isomer)
and an eclipsed synclinal isomep & 72°, the E72 isomer).
This research is part of a larger program to understand the
relation between structure and reactivity of transition metal
complexes. Our previous microwave studies of some mono-
substituted ferrocenyl derivatives, bromoferrocéhjorofer-
rocen€’ and methylferrocengglearly showed that thgs CsHs—

R.; Pardo, T.; Soto,.Chem—Eur. J. 2001, 7, 2848. i i = o iti
(18) Jutzi, P.; Lenze, N.; Neumann, B.; Stammler, H.ABgew. Chem., Int. \.Nlth the E72 |somgrg_é 72 ) S.e\./eral transitions of the E72
Ed. 2001, 40, 1424. isomer clearly exhibit small splittings that were not observed

(19) Foucher, D. A.; Honeyman, C. H.; Lough, A.; Manners, I.; Nelson, J. M. H H i i i
Acta Crystallogr.1995 C51(9) 1705-0. for the EO isomer. This suggests fluxional behavior associated

(20) Morrison, C. A.; Bone, S. F.; Rankin, D. W. H.; Robertson, H. E.; Parson, With this E72 conformer.
S.; Coxall, R. A,; Fraser, S.; Howell, James A. S.; Yates, P. C.; Fey, N. ; ; ; ;
Organometaliic001. 20'(11), 2309-2320. An |mportant part of thls_ analysis of the_conformatlor_\al
(21) Comba, P.; Gyr, TEur. J. Inorg. Chem1999 10, 1787-1792. dynamics and structure of dimethylferrocene is the comparison
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of the experimental results with theoretical calculations and
previous data from microwave experiments on the monosub-
stituted ferrocenyl derivatives. Although the calculations have
yielded five converged structures (EOQ, E72, E144, S108, S180),
three of which presumably could exist in the gas phase fér 1,1
dimethylferrocene, only the two conformers, EO and E72, were
detected in this work.

Experimental Methods and Results

A sample of 90% purity 1,idimethylferrocene was purchased from
Strem Chemicals. This sample was resublimed to further improve the
purity before use in the spectrometer. Because dimethylferrocene is an
air-sensitive complex, all sample manipulation was done under an
oxygen free environment. The sample was resublimed at 0.1 Torr of
pressure, between 37 and 240. This solid, orange-yellow resublimed
sample was transferred into a glass cell for the measurements. During
the run, the sample cell and General Valve, Series-9 pulsed valve was
heated to 3335 °C in order to produce sufficient vapor pressure from
the solid sample. The sample was seeded in neon carrier gas at 0.
atm pressure and pulsed into the vacuum chamber. The optimal backingp 5¢4 Analysis and Results
pressure of the neon gas was-80/8 atm, and this was maintained
throughout the experiment. The observed signal-to-noise ratio depends The asymmetric-top rotational spectra of 'idimethylfer-
on many factors, such as cavity mode, cavity Q, and the various time rocene, observed in the frequency range ofl8 GHz, were
delays, which were adeSted to Optimize the Signal-to-noise ratio. The analyzed us|ng a |east_squares fltt|ng procedure_ The observed
sample was pulsed into the microwave cavity at a constant pulse rate, otational transitions are R-branch b-dipole type transitions. The
typically 2 Hz, and frequency scans were dor_le n th‘,ﬂg GHz experimental “stick plot” spectra were generated, by plotting
frequency range. The spectrometer used for this work is a Flygare . . . L

. =7 . all measured frequencies using the measured relative intensities.
Balle type pulse beam microwave spectrometer developed in this _ . .
This appeared to be a fairly complex spectrum due to the

laboratory?? The typical line width obtained with this instrument is ) ;
about 20 kHz, in the 10 GHz range, with neon carrier gas. presence of the two different structural isomers, small asym-

Rotational spectra were measured in theld GHz range. The ~ Metry splittings, and possible methyl torsional motion. The
observed transitions could be assigned to b-dipole, asymmetric-top Observed “stick plot” transitions were then assigned quantum
transitions for either the EO or E72 conformer. Over 50 R-branch numbers by comparing them with plots of the theoretical spectra.
rotational transitions were obtained for the norn¥éffe isotopomers. Theoretical spectral plots were generated for b-dipole transitions
The transitions observed for the lower J and K states are quite strongfor three structural isomers: the EO conformer, the E72
due to the rotational cooling in the supersonic jet expansion. For some conformer, and the eclipsed anticlinal (E144) conformer, with
of the lower-J transitions, a free induction decay signal was observed ;) = 144, The conformer withp = 180 is the staggered
for the normal isotopomer with a 5:1 S/N ratio with a single beam  gniineriplanar conformer and is a transition state structure with
pulse. The molecular signal from the cavity was passed through a liquid- the highest calculated energy and a zero dipole moment, so it
nitrogen cooled, MITEQ low-noise amplifier. This amplifier signifi- . . '
cantly improved the spectrometer S/N ratio and greatly facilitated WO,UId not b? observed in these experiments (see the compu-
detection of the low abundance isotopic species. The observed [@tional section below). Three calculated parametersitiiz
transitions for the singléiC and other low-abundance isotopomers and C rotational constants, were used to generate theoretical
typically required over 1000 shots of signal averaging. The rotational SPectra, with the centrifugal distortion constants assumed to be
transitions for>*Fe (both isomers) and one of th¥ isotopomers of zero at this stage of analysis. The theoretical rotational constants
the EO conformer were obtained in the natural abundance sample. Nofor the three isomers were obtained from DFT calculations as
13C isotopomer transitions were obtained for the E72 conformer. Many discussed below. The spectrum of the EO conformer was also
search attempts were done to observe other unigfdésotopomers  generated using the rotational constants obtained from the X-ray
but were only partially successful. Only four transitions ¥ at the diffraction structure. By carefully comparing the simulated
C; position were obtained for thg EO conformer. The bgsic_ structure of theoretical spectrum with the experimental “stick plot” spectrum,
the complex.e.md atom numt_)e”ng scheme is Shovf'h in Figure 2. we were able to recognize that many of the observed transitions

Two transitions were obtained f&fC at the G position for the EO were due to only two structural isomers, the EO isomer(

conformer, but unfortunately this was not enough data to give reliable _ . _ . .
fits. For the>*Fe isotopomers, eight transitions were obtained for the 0°) and the E72 isomery( = 72°). Using this procedure, we

EO conformer and seven transitions for the E72 conformer, all of which Were able to assign rotational quantum numbers for one or the
could be reasonably well fit using the three rotational constants as Other of these two isomers to the most observed transitions in
variable parameters, with distortion constants fixed at normal isotopomer the “stick plot” spectrum. The accuracy of the assignments was
values. verified by carrying out least-squares fits with the Pickett fitting
Extensive searches, withinl00 MHz of the predicted frequencies, ~program (SPFIT$3 The observed transitions were fit using
were carried out for two other distinct isomers, E144 and S108. Watson’s A-reduced Hamiltonian with three rotational constants
Predictions of the frequencies for all polar isomers were generated usingand quartic distortion terms. For the EO isomer, only four

coordinates produced from DFT calculations, which proved to be spectroscopic parameters were needed to obtain an excellent
accurate to within about twe-2.0% or better (see computational and

Figure 2. Structure of the eclipsed, synperiplanar (EO) conformer df 1,1
dimethylferrocene, indicating the numbering scheme for the carbon atoms.

discussion sections). However, no transitions were observed for the
;144 and S108 isomers.

(23) Pickett, H. M.J. Mol. Spectrosc1991, 148 371-377. See also (http://
(22) Bumgarner, R. E.; Kukolich, S. @. Chem. Phys1987, 86, 108. spec.jpl.nasa.gov/ftp/pub/calpgm/spinv.html).
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Table 1. Molecular Parameters Obtained from SPFIT Fits for 1,1'-Dimethylferrocene (EO) and 1,1'-Dimethylferrocene (E72) Isotopomers
%6Fe, Fe, and 1°Cy?

parameter EO 5Fe EO0 %Fe EO0 13C, E72 %Fe E72%Fe
A 1176.9003(2) 1177.6260(6) 1173.3239(7) 1208.7117(14) 1209.2730(9)
B 898.3343(2) 898.3088(4) 891.9184(4) 806.4101(12) 806.3861(15)
C 668.7469(2) 668.9662(4) 666.3343(4) 718.7179(8) 718.8974(3)
Ay 0.000 0175(20) 0.000 0175 0.000017 58 0.000 128(20) 0.000 128
A —0.000 320(83) —0.000 320
Ak 0.000 279(73) 0.000 279
03 0.000 069(10) 0.000 089
ofit) 2.9 3.9 1.9 5.9 51

aThe frequency and listed errorsajlare reported in MHz. The standard deviations of the overalbiit), are in kHz.? Fixed parameter.

fit of the transitions, with low residuals. The variable parameters quartic centrifugal distortion constant&;, Ak, Ak, 03 were
used are the three rotational constartsB, andC, and one also determined. ThA; value obtained for the E72 isomer of
quartic distortion constant);. The attempts to fit rotational  1,1-dimethylferrocene is about 0.1 kHz, a factor of 6 larger
transitions for the E72 isomer required additional quartic than theA;value for the EO isomer of 1'-imethylferrocene.
distortion terms in order to obtain reasonably good fits. The The Aj;x and Ak values are nearly three times the value\gf
seven parameterd, B, C, A; A, Ak, andd; were used in Although, these distortion constants are small relative to the
fitting the transitions for the 1;4dimethylferrocene E72 isomer.  rotational constants, they provide an indication of a less rigid
The molecular parameters obtained from the spectral fits for structure. The standard deviation of the fit for the E72 isomer
the EO isomer and the E72 isomer are given in Table 1. The is o(fit) = 5.9 kHz, about 2 times larger than the standard
measured transition frequencies are available as Supportingdeviation obtained for the EO isomer. This standard deviation
Information (Table S1). 10 observed lines could not be of 5.9 kHz still indicates a rather good fit, considering the
successfully assigned at this stage of analysis. additional line splittings observed for this isomer. We observed
The measured rotational constants obtained from the least-seven transitions for the E72 isomer that clearly exhibited line
squares fits for the EO isomer and the E72 isomer were used tosplittings that were not observed for the EO isomer. These
predict rotational constants of*Fe and 3C isotopomers. splittings are quite small, about 0.68.3 MHz in magnitude,
Coordinates from the theoretical structure were used to obtainand were observed only for the E72 isomer. We believe that
calculated ratios of the rotational constants fortie and'*C these splittings are most likely due to torsional motion of the
isotopomers to rotational constants for the normal isotopomers. methyl groups. For an asymmetric top molecule that possesses
These ratios were used to scale the observed rotational constantsvo independent methyl torsional rotors, the analysis and fitting
in order to predict rotational spectra #fe and'C isotopic of line splittings due to the coupling between overall rotation
species. The frequency predictions for thtFe and 13C and two independent methyl torsional motions could be very
isotopomers obtained using this method turned out to be very challenging. However, because these observed splittings are
accurate. The measured transitions forke and'*C isotopic small, we could select only the frequency that appeared to best
species were observed withit1.0 MHz of the predicted represent the center frequency and use these frequencies in the
transitions. The high accuracy of these isotopic frequency fit. Including these “line centers” in the fit yielded about the
predictions for the twd*Fe isotopic species provided consider- same standard deviation as the “test” fit that excluded them.
able confidence in the original assignments of the strong, normal These results provide further indication that the E72 conformer
isotopomer lines to the two different structural isomers. Fol- behaves somewhat differently than the EO conformer.
lowing these assignments, some of the observed transitions tha
were not previously assigned could now be assigned t&§%he
Fe isotopomers. The observed rotational transitions foPthe The amount of available isotopomer data was rather limited
Fe and!3C isotopic species were fit using only three variable for such a large molecule so the structural fit for the EO isomer
parameters, th8, B, andC rotational constants. The centrifugal was done with only a few variable structural parameters. For
distortion constants were fixed to the values obtained for the the E72 isomer, no°C isotopomers were obtained, so a
corresponding normal, parent species. The parameters obtainedtructural fit could not be done. Calculated structural parameters
for 4Fe and one of thé*C isotopic species are shown in Table for the E72 isomer are given in the Supporting Information,
1. The corresponding measured transition frequencies are giverTable S9. Many of the structural parameters were fixed at values
as Supporting Information (Tables S2, S3, and S5). obtained from the DFT calculations. The basic structure of the
Since a least-squares fit to the observed rotational transitions1,1-dimethylferrocene complex, with the numbering scheme
for the EO isomer was obtained using only four parameters, with used for the carbon atoms, is shown in Figure 2. The two
a standard fit deviation of onlys; = 2.9 kHz, it appears that  structural parameters selected as variable parameters in the fit
the structure of the EO isomer is nearly rigid. The three rotational to determine the structure are the distance from the Fe atom to
constants,A, B, C, and one quartic centrifugal distortion the center of the £ring (Rre-cp Or P1) and the radius of the<C
constantA;, are given in Table 1. The listed error limits are ring (Rcp or Py). A total of 9 rotational constants obtained from
lo. TheA;value is very small (0.0175(20) kHz) and provides the least-squares fits for th#&Fe, 5*Fe, and3C observed
further evidence for a rigid structure. transitions were used in the structural fit. The initial structure
Seven spectroscopic parameters were determined from theused in the structural fit program had the top and bottom
least-squares fit of observed transitions for the E72 isomer. In cyclopentadienyl (Cp) rings eclipsed and all five carbon atoms
addition to the three rotational constants, B, C, and four of each Cp rings located in the respectixqeplanes perpen-

%tructural Analysis
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Table 2. Results of Structural Fits for 1,1'-Dimethylferrocene (EO) Table 3. Comparison of the Bond Lengths for the DFT Calculation
with Two Variable Parameters (P, = Cp—Fe Centroid Distance, and Results of Fits I-I1ll for 1,1'-Dimethylferrocene (E0)2
Rcp-re, and P, = Cp Radius, Rcp)? ) ) )
parameter DFT fit1 fit Il fit 111
fit] fitll fit 1l
parameter measured calculated calculated calculated %_gi iigg iiggg; ijg;gg iig;gg
A(%Fe) 1176.9003  1177.4587  1177.6061  1177.6068 Cs—Cy 1.428 1.435(3) 1.432(2) 1.432(2)
B(°6Fe) 898.3343 897.4096 897.9173 897.8938 C4—Cs 1.428 1.435(3) 1.432(2) 1.432(2)
C(°%Fe) 668.7469 670.1804 669.1951 668.1821 Cs—C1 1.432 1.435(3) 1.437(2) 1.437(2)
A(>Fe) 1177.6260  1178.5887  1178.6477  1178.6484 Fe—-C: 2.065 2.068(9) 2.079(8) 2.068(8)
B(>*Fe) 898.3088 897.4096 897.9173 897.8938 Fe-C 2.050 2.068(9) 2.064(8) 2.053(8)
C(>*Fe) 668.9662 670.5463 669.5313 669.5183 Fe—Cs 2.046 2.068(9) 2.060(8) 2.049(8)
A(*C2) 1173.3239 11715252  1171.5921  1171.5907 Fe-C4 2.046 2.068(9) 2.060(8) 2.049(8)
B(13C2) 891.9184 892.1322 892.7478 892.7952 Fe—Cs 2.050 2.068(9) 2.064(8) 2.053(8)
C(*3C2) 666.3343 666.2084 665.2861 665.3121 OFe-C;—Ci2 130.0 127.0 127.00 129.7
P1= Rep-re 1.670(7) 1.684(6) 1.670(6) OFe-C1—Cs
P>= Rcp 1.220(5) 1.224(4) 1.224(4) CHs TILT angle 3.2 0 0 2.66

ofit) 1.2 1.0 1.0

2 Note that hydrogen, £-CHs, and G—CHjz bond lengths are fixed
aFor fit I, the Ree_cp centroid distance and the Cp ring radius are allowed ~during the structural fit (All G-H(Cp) = 1.077 A, G-H(CHs) = 1.088 A,

to vary. For fit I, small corrections are addedste Fe—C bond distances and G—CH; = C;—CH; = 1.495 A). Bond lengths are reported in

with 0° tilting of the methyl groups. For fit 1l, small corrections added to  angstrom, and angles are in degrees. The THT angle indicates the

ns Fe—C bond distances with 2.86ilting of methyl groups. The frequency amount that the €CHz bond is tilted out of the cyclopentadienyl plane in

and fit deviation §(fit)) are reported in MHzP; and P, are in angstrom, a direction away from the Fe atom. The listed errors for bond lengths are
and listed are & 1o. P Fixed parameter.

. . . . Table 4. Torsional Potential Energy and Total Dipole Moment for
dicular to the .FeCp axis. This constraint makes all of W’g the Optimized Structures of Dimethylferrocene Obtained from DFT
Fe—C bond distances equal for the top and bottom Cp rings. Calculations?

The carbon atoms of the GHyroups attached to the top and total
bottom Cp rings were also constrained to lie in the samye dinedral  conformation energy relative dipole
plane as Cp carbon atoms and, for the EQ isomer, are cis relative ange ¢ notation (au) energy (au) (debye)
to each other¢ = 0°). For fit I, shown in Table 2, the FeCp 180 S180(TH  —588.7047669  0.0012331  0.0035
centroid distance and the Cp ring radiu were 144 El44 —588.7055675  0.0004325  0.1809

lowed t TR;*CPE ture fitti P gll i SRey) q 108 S108(T®H  —588.7049095  0.0010905  0.3556
allowed to vary. The structure fitting calculations converge 72 E72 5887056638 00003362 04612
within three iterations. For fit 1l, small corrections (based on 0 EO —588.7051898  0.0008102  0.5672
the difference between the theoretical and experimegtaé—C
bond distances) were addeditoFe—C bond distances. These 2 The calculations were performed with the B3PW91 using SVP basis

“ . N . sets for carbon and hydrogen and Hay Wadt{1) ECP VDZ basis sets
corrections” were made for all 19s Fe—C bond distances. A for Fe. The energies are given relative-688.706 au® TS = transition

0° tilt angle (which places the methyl C atom in the same plane state.
as the Cp C atoms) was used for both methyl groups for fits |
and II. For fit lll, these same small corrections were added to  All density functional calculations were performed on an IBM-640
the s Fe—C bonding distance along with a 2%8it angle of cluster computer (TINTIN) using the Gaussian 98 progrdrasthe

) : University of Arizona. Large basis sets, including split-valence plus
the methyl groups away fro lanes(defined by the Cp rin
for both )r/ngthylpgroupz Tf?(ey\Fialue f(or the tiltyangle gf 2,%)é polarization (SVP2 basis set), were selected for carbon and hydrogen.

btained f . . tudi f thvif For the Fe basis set and effective core potential, we used the Hay and
was obtaineéd from previous microwave studies of metnylier-y .4 ( + 1) ECP VDZ basis séf Frequency analyses were done to

rocene’ and a similar value (33 was obtained for the DFT  cpeck that the local energy minima obtained are stationary points. DFT
calculated structure (see Table S8, Supporting Information) and cajculations for the different possible conformations of -Hjinethyl-
previous measurements on chloroferrocéfie results of these  ferrocene arising from rotation of one methy! cyclopentadienyl ligand
structural fits for the EO conformer are shown in Tables 2 and relative to the other about the nominaj &is -axis), were performed

3. Although the standard deviations for fits-lll are very for different values of this rotation angle For most of the calculations,
similar, we believe that fit Il gives a more accurate representa- the two methyl groups were initially fixed relative to each other at

tion of the structure, because the proper tilt angle has beenvarious dihedral angles frop = 0° to 18C, and the remaining
included. geometry was subsequently optimized using the Berny algorithm with

redundant internal coordinates. The results are shown in Table 4 and

Computational Methods and Results Figure 3.

We also wish to report results of a theoretical study of dimethyl- (27) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.
A.; Cheeseman, J. R.; Zakrzewski, B. G.; Montgomery, J. A., Jr.; Stratmann,

ferrocene conformations, carrle_d out using the density func_tlonal theory R.E.; Burant, J. C. Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin,
method (DFT®426 The calculations were performed exclusively using K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, B.; Cossi, M.; Cammi,
he B3PW91 hvbrid functional of Beck. Perdew. and Wang. From our R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.;
the .3 9 yp dfu CFO al of Beck, Perdew, and .a g. From ou Peterson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K.;
previous experience with gas-phase structures using B3PW91, Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz,

rotational constants for most of the transition metal complexes studied é B.; St?faEOVMB. B, kiul,_ GF Liashﬁnlfg,la.;fis'l“(lolr_z,hP.; Klslm:rogﬂi, I

. f ! omperts, R.; Margin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng,
can be predlc_ted quite accurately. This appears to be true for the present <’ Y. Nanayakkara, A.; Gonzalex, C.+ Challacombe, M.; Gill, P. M. W..
DFT calculations also. Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L.; Gonzalez, C.; Head-
Gordon, M.; Replogle, E. S.; Pople, J. Maussian 98 revision A.4;
Gaussian, Inc.: Pittsburgh, PA, 1998.

(24) Becke, A. D.J. Chem. Phys1993 98, 5648. (28) Dunning, T. H.; Hay, P. J. IMethods of Electronic Structure Theory
(25) Perdew, J. P.; Wang, Yhys. Re. 1992 B 45 13244, Schaefer, H. G., lll, Ed.; Plenum Press: New York, 1977; Vol. 3.
(26) Lee, C.; Yang, W.; Parr, R. ®hys. Re. 1987, B 37, 785. (29) Hay, P. J.; Wadt, W. Rl. Chem. Phys1985 82, 299.
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(a.u) 0.0014 S180(antiperiplanar) conformations. The results of the calculations are given in Tablés 3
In Table 3, the structural parameters for the EO conformer obtained
0.0012 + $108(anticlinal) * from the structural fit are compared with the DFT calculated results.
0.001 2 The calculations also indicate that the §ymmetry for the Cp groups

is preserved to within a few thousandths of an angstrom, in support of
the assumptions and constraints used for the structural fits.

0.0008 ¢
EO(synperiplanar) ) )
0.0006 - Discussion
'S Some of the key structural parameters for two distinct
0.0004 - X .
L E144(anticlinal) conformations of gas-phase tdimethylferrocene have been
0.0002 - E72(synclinal) determined from the high-resolution microwave measurements.
To obtain these structural parameters, however, we rely heavily
0 T T T 1 on results of the DFT calculations, since data for only a few of
0 50 100 150 (degrees)zoo the unique'3C isotopomers were obtained. The fitted structural

) . ) ) . . parameters, nevertheless, appear to be in good agreement with
Figure 3. Torsional potential energy as a function of internal torsional . . .
angleg (dihedral angle) for the five optimized structural isomers of-1,1 the theoretical structural parameters, and the combined experi-
dimethylferrocene. These structures and the relative energies for the five mental and theoretical results yield a consistent picture of the
conformers of dimethylferrocene were obtained from the B3PW91 calcula- |ow energy conformations of this complex. The second one of
tions. The energies are given in au relative-688.706 au. the three possible stable conformers, the eclipsed anticlinal-

Table 5. Rotational Constants for Various Optimized (E72) conformer, has been experimentally detected for the first

1,1’-Dim_ethy|ferr0cene Conformers Obtained from DFT time. The rotational constants for the EQ conformex, :é

Caleulations® 1176.9003(2),B = 898.3343(2),C = 668.7469(2) MHz)
conformation obtained from the fits are in excellent agreement (with deviations

notaton A (MH?) B (MH2) € (Mtiz) less thant-1%) with the calculated DFT values, as can be seen
Eo 1170.4144 DFT £00.5005 665.0750 in Table 5. Rotational constants for the DFT-calculated structure
E72 1217.2576 791.8683 713.9339 of the EO conformer of 1idimethylferrocene areA =
S108 (TS) 1265.3724 740.5962 727.3466 1179.414B = 890.591, andC = 665.075 MHz. This excellent
El44 1354.0793 765.1434 665.3122 agreement strongly supports the identification of this conformer
S180 (T9) 1389.5982 722.3660 646.1935 as the eclipsed synperiplanar (EO) conformation. The results of
Eo 1176.900 3('\gi)crowa"§98_3343 @ 668.7469(2) the least-squares structulral fits fur.ther support this .assignment
E72 1208.7116(13) 806.4102(11) 718.7179(7)  (see Table 3). The experimental distortion constagtis very
X-ray® small for this conformer (0.0175(20) kHz), indicating a fairly

EO 1217.7705 910.1389 677.7796 rigid structure. The calculated rotational constants from the solid-

phase structure for 1 tlimethyferrocene ar@& = 1217.7705,

2 The calculations were performed with the B3PW91 using SVP basis B = 910.1389C = 677.7796 MHz (see Table 5). These values
sets for carbon and hydrogen and Hay WattH 1) ECP VDZ basis sets .
for Fe. Experimental rotational constants are given for comparfs68.= frc_)m the solid-phase structure are_ somewhat I_arger than the
transition state¢ Rotational constants calculated from the geometry (see microwave and DFT values, showing some evidence for the

ref 19). possible effects of crystal packing forces.

Beginning with the various possible eclipsed and staggered confor-  1N€ rotational constants for the second experimental con-
mations of the Cp carbon atoms, five dihedral angles were found, which former agree very well (with dEVIatIO_ns less th&@%,) with
led to converged structures, which are expected to be local minnima the DFT calculated values for the eclipsed syncliga 72°,
on this torsional potential energy surface. Using these five conforma- E72) conformer, so this second experimental conformer is
tions, all structural parameters were fully optimized, and these results assigned to the E72 conformation of "tdimethyferrocene.
are shown in Figure 3 and Table 4. The EO, E72, and E144 optimized From the seven-variable least-squares fit results, the observed
structures for 1,dimethylferrocene were obtained without imaginary  otational constants for the E72 conformer Are 1208.7117(14),
frequencies: eclipsed synperiplangr ¢ 0, E0), colipsed synclinal - g — 806.4101(12), and® = 718.7179(8) MHz. The quartic
(p =72, ), efc Ipsed an iclinak( = o ): o optimize centrifugal distortion constants determined for this conformer
structures for 1,2dimethylferrocene were obtained with imaginary .

are reasonably small ranging from 0.1 to 0.3 kHz. The small

frequencies: staggered anticlingh & 108, S108) and staggered 7
antiperiplanar ¢ = 18C°, S180). Here, staggered denotes staggering frequency splittings observed only for the E72 conformer are

of the five carbon atoms of the Cp rings, and eclipsed denotes eclipsedMost likely due to torsional motion of the methyl group. It seems
carbon atoms of the Cp rings. The rotational constants obtained from reasonable that this could result from the torsional barriers being
the DFT calculations for these five distinct structural isomers are given lower for the E72 conformer than for the EO conformer.

in Table 5, and the optimized coordinates are given as Supporting  The following DFT theoretical rotational constants were

Information (see Table S8512). Other dihedral angles were chosen, obtained for the eclipsed synclinah & 72°) conformer: A =
at 15, 52°, 62, 82°, on the torsional potential energy surface, and the 1217.2576.B = 791.8683.C = 713.9339 MHz aﬁd the

corresponding structures were fully optimized. Structures fixed at these . . L
angles however did not meet the convergence criteria, and the onetheoretlcal rotational constants for the staggered anticlinal
initially fixed at 15° collapsed to the eclipsed synperiplanar= 0°, (¢ = 108) conformer areA = 1265.3724B = 740.3962C =

EO) structure. Only two of the five calculated structural isomers were 727.3466 MHz. Since these calculated values for the staggered
observed in these experiments on'dimethylferrocene, the eclipsed ~ anticlinal (p = 108°) isomer deviate by as much a9% from
synperiplanar ¢ = 0°, EO) and eclipsed anticlinalp(= 72°, E72) the experimental values, whereas the E72 values are in agree-
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ment, we believe that the second observed experimentaldetected in the present study, and structural parameters for these
conformer must be the eclipsed anticlinal (E72,= 108°) two conformers were obtained. The more rigid observed isomer
conformer. can be unambiguously assigned to the eclipsed synperiplanar
The standard deviations for all three of the structural fits listed (E0, ¢ = 0°) conformer of 1,L-dimethylferrocene. The gas-
in Table 3 are very good, but if we compare the structures phase structural parameters obtained from this experiment are
obtained from the fits with the structures from the DFT in excellent agreement with present DFT calculations for this
calculations, we see a further indication that fit 1l gives the EQ conformer. Structural parameters for the second, less rigid
preferred gas-phase structure for the EO conformer of 1,1 conformer are in very good agreement with the DFT calculations
dimethylferrocene. It is important to recognize the fact that, for the eclipsed anticlinal (E72) conformer. The observed
without adding a tilt of the methyl-groups, relative to the Cp gpectral lines for the E72 conformer clearly exhibited very small
carbon plane, as is done for fit lll, thg Fe—C bond distances  gpjittings. These small splittings could be due to hindered
from the fit would be significantly longer than the DFT values. otation effects of the methyl groups or hindered rotation of
So we believe that thgs Fe—C bond distances obtained from  {he cp groups about their common axis. The torsional potential
fit I and fit Il do not agree as well with the DFT-calculated  gnergy surface provided by present DFT calculations provides
values as those from fit Ill. The effects of this “tilt angle”  , yery good picture of the relative energies for the different
suggest that a steric interaction between two methyl groups playsconformations of 1dimethylferrocene. Two of the three
a signifi_cant role in de_termining the lowest energy_structure. calculated lower energy conformations were observed and
Interestingly, the 2.66tilt appears t_o be a “normal” tilt angle characterized. It would be desirable to have more extensive,
fsci)rrntirllaerssgtf):ss 8: t[irirso;:iﬁng/lr]d?rl\;atlves. We have c;lbserved very high level calculations to obtain more accurate relative energies
gle for methylferroceA@hloro- of the conformations and finer details of the torsional potential
ferrocene and bromoferrocent. .
The eclipsed anticlinalg{ = 144°) structure is calculated to energy surface, but_the present oyerall re;ults from_the exper-
ments and calculations seem quite consistent. With a better

be the second most stable conformer, as a functiop, diut torsional potential energy surface, the detailed dynamics of the
this conformer was not detected in the present microwave work. . pote ) y ’ . Y
torsional motion and “torsionally averaged” structures could be

This could be due, in part, to the relatively low dipole moment .
0f 0.18 D. We also note that the staggered anticlipai(108", calcul_ated and these structures may agree better with the
S108) also was not observed in the present microwave work. experimental results.

However, we note that the energy of this conformation (see
Table 5 and Figure 3) is significantly higher that that of the EO

and E72 conformers, and the dipole moment is lower. In

addition, the staggered anticlinal S108 isomer was predicted to
exist as a transition state structure, which could move along
the torsional potential energy surface toward a more energeti-
cally stable structure.
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Conclusions frequencies and assignments for' dimethylferrocene EO, 1'1
dimethylferrocene E72 isomers, their isotopic derivatives, and
calculated atomic coordinates. This information is available free
of charge via the Internet at http://pubs.acs.org.

The results of high-resolution microwave measurements
provide useful, new information on the structures and confor-
mational behavior of the 1'-dimethylferrocene complex. Two
distinct structural isomers of dimethyferrocene were clearly JA030362H
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