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Gas phase structural parameters for ethynylferrocene have been determined using microwave spectroscopy. Rotational
transitions due to a- and b-type dipole moments were measured. Twenty four rotational constants have been
determined by fitting the measured transitions of various isotopomers using a rigid rotor Hamiltonian with centrifugal
distortion constants. Least-squares fits to determine structural parameters and Kraitchman analyses have been
used to determine the gas phase structural parameters and the atomic coordinates from the rotational constants.
The distance between the Fe atom and the C atoms of the cyclopentadienyl rings is {Fe—C;) = 2.049(5) A, and
the distance between the carbon atoms of the cyclopentadienyl ring is {C—C) = 1.432(2) A. The ethynyl group is
bent away from the Fe atom and out of the plane of the carbon atoms in the adjacent cyclopentadieny! ring by
2.75(6)°. Structural parameters were also obtained from DFT calculations and Kraitchman analyses, and the results
are compared. Analysis of fit results for **C isotopic substitution data indicates that the carbon atoms of the two
cyclopentadienyl rings are in an eclipsed conformation in the ground vibrational state. Trends in microwave
experimental values for the distance from the Fe atom to the center of the cyclopentadienyl ring for a series of
substituted ferrocenes have been analyzed. This analysis provides an estimate of the gas phase distance from the
Fe atom to the centers of the cyclopentadienyl rings for ferrocene of 1.65(1) A.

Introduction and as metalloethynyl nanoparticles with thermo set proper-
dties.7 Given the importance of this compound, ETHFE has

i i 7| 8 1 9 A
reactivity for organometallic compounds. Microwave spec- been studied using’Fe NMR, _BC NMR’ Mossbaﬁr
troscopy can be used to accurately determine the effects ofSpeCthCOp% and electrochemical studies in solutron.

substituents on the molecular structures of ferrocenes and' €€ methods .prowde_ a_better underst.andmg C_)f the
other complexes. In the present work, the basic Structura|electro_n|c properties of this compound. Previous studies on
parameters are determined for ethynylferrocene and com-the various substituted ferrocene compounds have shown that

pared with similar parameters for other substituted ferrocenes.there are linear correlations between some of the experi-

Ethynylferrocene (ETHFE) is an attractive synthon used mentall_y measured electronic prope_:rtie_s. The el_ectronic
to synthesize many polymeric ferrocenyl organometallic properties that were correlated are oxidation potentials from

compounds:2 These poly-ynes, in general, find applications elect_rochem_ical §tudies in solutidfi-e quat_:lrupole splittings
as organic conductofsin optoelectronic applications and ©Ptained using Mssbauer spectroscopy in the solid phase,

photonicstS as part of a quantum-dot cellular automaton, and gas phase ionization energies from photoek_actron
spectroscopy! 14 The proposed reason for the above linear
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There are many useful correlations between structure an
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ses. Comparisons of the theoretical and X-ray data with the
gas phase microwave data provide a more complete under-
standing of the structure of ETHFE. Furthermore, by
combining results from the previous microwave studies on
substituted ferrocenes with the present work, the correlations
of a gas phase structural parameter, namely the distance
between the iron atom and the cyclopentadienyl (Cp) ring,
with the Hammett parameteZ¢) and with the redox
potential of the molecule have been analyzed. Figure 1 shows
the structure of ETHFE with all of the carbon atoms labeled.

Figure 1. Structure of ETHFE with the different atoms of the molecule Experiment
labeled. The values of the four parameters that were varied are indicated The ETHFE was purchased from Aldrich (catalog number:

along with the uncertainties. The units of the distances are A, and the units 44265-8) and used as received. The preparation of DETHFE was

of the angle are degrees. The ethynyl group is tilted by 2%} of the e .

Cp plane, in a direction away from the Fe atom. based on the modified synthesis of ferrocenylpropﬂ?ﬁé.ln a
drybox, a round-bottom flask was prepared containing 1.0 g of

ETHFE, 30 mL of anhydrous ether, and a stir bar. The dark red

occupied molecular orbital (HOMO) and the lowest unoc- crystals dissolved readily, giving a deep orange solution. In addition,

cupied molecular orbital (LUMO) for these complexesis the g’ " ¢4 6 Mn-butyllithium (Li"Bu) in hexane and 10 mL of
gtomlc'orbltal of the metal¥. However, we .belleve that it anhydrous ether were placed in a separate round-bottom flask.
is also important to have accurate and precise structural datagisige the drybox, the orange-yellow-tingedBii solution was

so that there will be a better understanding of structural, syringed into the ETHFE solution at78 °C, causing the solution
chemical, and electronic properties. Previously, the structureto become darker. The solution was warmed to room temperature
of this complex was determined using X-ray diffractiSn? and stirred overnight. Then, 1.5 mL ob0 was syringed into the
which indicated the existence of a weak hydrogen bond solution at 0°C. The reaction was instantaneous, causing the
between the ethynyl hydrogen of one ETHFE molecule and solution to lighten and give a glutinous white precipitate. The liquid
the 7 triple bond of the—CCH group of another ETHFE ~ Was transferred to a smaller flask via syringg, and the_solvent was
molecule. These weak hydrogen bonds along with other removed at room temperature_an_d 20 Torr, with the residual solvgnt
crystal packing effects present in the solid phase distort theremoved at 0.5 Torr. Upon bringing the flask back to atmospheric

atr tructure” of the molecule. B th ffects ar pressure with the addition of nitrogen, the resultant liquid solidified.
ue structure ot the molecule. because these etects are, . g was then sublimed at 0.5 Torr and°@using a cold-

absent in the_ gas pha_se, the structural determlnatl_on of th's\/\/ater finger for collection. The dark red air-stable crystals were
molecule using Fourier transform gas phase microwave ,sed without further purification. This synthesis leads to deuterium
spectroscopy was undertaken. In previous Wérk,we have  sybstitution at the ethynyl hydrogen sites ksee Figure 1).
been successful in determining the structure of various The pulsed-jet Fourier transform microwave spectrometer used
substituted ferrocene compounds. for the current experiment is explained elsewhere in détdihis

In the present work, the microwave spectra of ETHFE and tyPe of spectrometer system was originally developed by Flygare
1-deuterio-2-ferrocenylethyne (DETHFE) have been re- and Ba_llé5 anq has “opened the dc_)or” to microwave measurements
corded. The spectra of the ETHPEEe, 5%Fe, 5Fe, andC on a wide variety of organon’_letalllc_ compounds. B_oth co_m_pounds
. . were heated above the melting point to €D to obtain sufficient
isotopomers and the DETHFEFe isotopomer have been .

. . vapor pressure, and the pressure of the neon carrier gas was
recorded in the frequency range of 42 GHz. Rof[a_tlonal maintained at 0.5 atm. This mixture was pulsed into the Fabry Perot
constants were determined by a least-squares fitting of the,yity at a constant pulse rate of 2 Hz. A low-noise liquid-nitrogen-
assigned transitions. From these rotational constants, struczgoled amplifier increased the sensitivity and improved the signal-
tural parameters of the molecule were obtained using ato-noise ratio significantly, which facilitated obtaining the transitions
structural least-squares analysis and from Kraitchman analy-of different isotopomers in natural abundance. Thirty nine transitions
were recorded for théSFe isotopomer, and 11 transitions were

(12) Roberts, R. M. G.; Silver, J. Organomet. Chenl984 263 235— observed foP*Fe (6% natural abundance), while five transitions
13) i‘lllé 4 A M. Seddon E. A Seddon K. R Shi A A each were observed féfFe (2% natural abundance) and the four
-Saeed, A. ., Deddon, . A.; Seddon, K. R.; imran, A. A.; 1 : 0
Tompkins, S.: Grossel, M. C.. Knychala, J.P.Organomet. Chem. 3C |soto_p_omers (2% natural abundance). In the case of I_DETHFE,
1988 347, C25-C30. 20 transitions were recorded féfiFe. An example of a portion of
(14) Matsumura-Inoue, T.; Kuroda, K.; Umezawa, Y.; Achiba,JYChem. the spectrum is given in Figure 2 to illustrate a typical observed
Soc., Faraday Trans. 2989 85, 857—-866. it
(15) Green, J. CStruct. Bonding (Berlp1981 43, 37—112. molecular transition.
(16) Wurst, K.; Elsner, O.; Schottenberger, $nlett1995 8, 833-834. Theoretical Methods

(17) Steiner, T.; Tamm, M.; Grzegorzewski, A.; Schulte, N.; Veldman, N.; . . ) )
Schreurs, A. M. M.; Kanters, J. A.; Kroon, J.; van der Maas, J.; Lutz, Different theoretical methods and basis sets were used to find

B. J. Chem. Soc., Perkin Tran$996 11, 2441-2446. the best structure for ETHFE. The two methods used were DFT,
(18) Drouin, B. J.; Lavaty, T. G.; Cassak, P. A.; Kukolich, S.JGChem.

Phys.1997 107, 6541-6548. (22) Abram, T. S.; Crawford, W.; Knipe, A. C.; Watts, W. Broc. R. Ir.
(19) Drouin, B. J.; Dannemiller, J. J.; Kukolich, S. &.Chem. Phys200Q Acad., Sect. B977, 77B, 317-321.

112 747-751. (23) Doisneau, G.; Balavoine, G.; Fillebeen-KhanJTOrganomet. Chem.
(20) Margolis, D. S.; Tanjaroon, C.; Kukolich, S. G.Chem. Phy2002 1992 425 113-117.

117, 3741-3747. (24) Bumgarner, R. E.; Kukolich, S. @. Chem. Phys1987 86, 1083-
(21) Tanjaroon, C.; Keck, K. S.; Kukolich, S. G. Am. Chem. So2004 1089.

126, 844—-850. (25) Balle, T. J.; Flygare, W. HRev. Sci. Instrum1981, 52, 33.
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Figure 2. Fourier transform spectrum of thes4— 3, transition for the
molecule ETHFE. The axis shows the offset frequency in kHz from the
stimulating frequency of 6 141 730 kHz. This spectrum is an average of
five shots.

kHz

using Becke's three-parameter functional with the nonlocal cor-
relation provided by Perdew and Wang (B3PW913 and MP2
(Mgller—Plesset correlation energy correction truncated at second-
ordef®3?). The basis sets used are (1) the Los Alamos dogble-
basis set (LANL2DZ}3-35 (2) the Dunning/Huzinaga valence
double$ on carbon and hydrogen atoms with Stuggart/Dredsen
electron core potentials on the iron atoms (SB¥f (3) Stuggart
potentials on all atoms except for the hydrogen atoms (SDBAII),
and (4) the Hay and Wadt {rl) basis set with an effective core
potential for iro¥° and a split-valence plus polarization basis set
(SVPY041for the carbon and hydrogen atoms.

All geometry optimization methods were followed with frequency

above methods and basis sets resulted in rotation to the eclipsed
conformer. This indicates that the eclipsed conformer is the lower
energy conformation.

The preferred method and basis set used to predict the geometry
and structure of ETHFE is B3PW91 and the Hay and Wasil(n
basis set with an effective core potential for i#dand the split-
valence plus polarization basis set (S¥P} for the carbon and
hydrogen atoms. This combination was preferred because it allowed
us to predict the rotational constants closer to the experimental
values and resulted in a shorter initial search for the rotational
transitions of the molecule ETHFE.

All of the theoretical calculations were done on an HP/Compagqg
Alpha supercomputer (AURA) using Gaussian 03 progrdras
the University of Arizona.

Data Analysis

The observed transitions for the various isotopomers are
listed in Tables 4. These transitions were fit using a least-
squares-fitting program, SPFffwhich employs a standard
rigid rotor Hamiltonian with centrifugal distortion constants.
Following this fitting procedure, a program, piforthwas
used to correct the unusual uncertainties from the SPFIT
program and, thereby, obtain the values of the various
constants with more conventional standard errors. For
ETHFE with the normal isotopes?Ci,, Hio, and 6Fe),
transitions were fit using five adjustable parameters, the three
rotational constantsi( B, andC) along with two distortion
constants 4; and Ay). In the case of the other observed
isotopomers of the moleculé*Fe,>Fe,*3C, 5, 1°Cz 4, 13Co g,

analysis to ensure that the stationary points found were at leastand 13C, (), the observed transitions were fit using the

local minima. The B3PW91 calculations with different basis sets

predict structural parameters and rotational constants closer to thet
experimental values. In the case of the MP2 method, the calculations

with different basis sets predict smaller structural parameters and
higher rotational constants compared to those from the microwave
experiment. This is consistent with the fact that the MP2 method
tends to underestimate bond length® The success of the

B3PW91 calculation to produce near experimental quality results
is consistent with the usage of the “best” exchange-correlation
potentials for these molecul@sAn energy optimization starting

from the staggered conformation of the molecule using any of the

(26) Becke, A. D.J. Chem. Phys1993 98, 5648-5652.

(27) Perdew, J. P.; Wang, Yhys. Re. B: Condens. Matted992 45,
13244-13249.

(28) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B: Condens. Mattet987,
37, 785-789.

(29) Head-Gordon, M.; Pople, J. A.; Frisch, MChem. Phys. Letil988
153 503-506.

(30) Frisch, M. J.; Head-Gordon, M.; Pople, J.@hem. Phys. Letil99Q
166, 275-280.

(31) Frisch, M. J.; Head-Gordon, M.; Pople, J.@hem. Phys. Letf99Q
166, 281-289.

(32) Head-Gordon, M.; Head-Gordon, Them. Phys. Lett1994 220,
122-128.

(33) Hay, P. J.; Wadt, W. Rl. Chem. Phys1985 82, 270-283.

(34) Wadt, W. R.; Hay, P. JI. Chem. Phys1985 82, 284—298.

(35) Dunning, T. H., Jr.; Hay, P. J. IModern Theoretical Chemistry
Schaefer, H. F., lll, Ed.; Plenum: New York, 1976; Vol. 3.

(36) Cao, X. Y.; Dolg, M.THEOCHEM?2002 581, 139-147.

(37) Swart, M.; Snijders, J. Glheor. Chem. Ac2003 110 34—41.

(38) Klopper, W.; Lithi, H. P.Chem. Phys. Lett1996 262 546-552.

(39) Hay, P. J.; Wadt, W. Rl. Chem. Phys1985 82, 299-310.

(40) Schaefer, A.; Horn, H.; Ahlrichs, R. Chem. Physl992 97, 2571~
2577.

(41) Schaefer, A.; Huber, C.; Ahlrichs, R.Chem. Physl994 100, 5829-
5835.

rotational constants as adjustable parameters while holding
he distortion constants; andA fixed to the values obtained
from the normal isotopomer fit. For the synthesized com-
pound, DETHFE, the transitions were fit using four adjust-
able parameters, the three rotational constakt8,(andC)
along with a distortion constanf\{). The values obtained
for these parameters are given in Table 5.

For an accurate determination of the rotational constants
for different low-abundance isotopomers, four transitions
were measured and fit. A prediction resulting from this least-
squares fit was used to find and measure the fifth transition,
which was then added to the least-squares fit. This procedure

(42) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin,
K. N.; Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone,
V.; Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G.
A.; Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R;
Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai,
H.; Klene, M.; Li, X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B,;
Adamo, C.; Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev,
O.; Austin, A. J.; Cammi, R.; Pomelli, C.; Ochterski, J. W.; Ayala, P.
Y.; Morokuma, K.; Voth, G. A.; Salvador, P.; Dannenberg, J. J.;
Zakrzewski, V. G.; Dapprich, S.; Daniels, A. D.; Strain, M. C.; Farkas,
O.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J.
B.; Ortiz, J. V.; Cui, Q.; Baboul, A. G.; Clifford, S.; Cioslowski, J.;
Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, |.;
Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.;
Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.; Johnson, B.; Chen,
W.; Wong, M. W.; Gonzalez, C.; Pople, J. Baussian O3rev. B.05;
Gaussian, Inc.: Pittsburgh, PA, 2003.

(43) Pickett, H. M.J. Mol. Spectrosc1991 148 371-377.

(44) This program is authored by Dr. Zbigniew Kisiel and can be obtained
along with the instructions for use from the website http://info.ifpan-
.edu.pl~kisiel/prospe.htm.

Inorganic Chemistry, Vol 44, No. 9, 2005 3139



Table 1. Observed Transitions for ETHFESFe) with Fit Residuaks

J Ki Ke Y Ki K¢ observed frequencies © CP(inkHz)
4 1 4 3 1 3 5508.9887(7) 0
4 0 4 3 0 3 5612.4794(5) -1

4 2 3 3 2 2 5870.0694(6) 3
4 1 3 3 1 2 6141.5547(8) -5

4 2 2 3 2 1 6154.9149(5) 1
5 0 5 4 1 4 6789.6572(5) 6
5 1 5 4 1 4 6846.0279(9) -4

3 2 1 2 o0 2 6906.5691(3) -6

5 0 5 4 0 4 6907.7906(7) -1

5 1 5 4 0 4 6964.1625(6) -9

4 2 3 3 1 2 7109.9023(9) 13
5 2 4 4 2 3 7294.0854(9) 1
5 4 2 4 4 1 7450.6159(10) 10
5 3 3 4 3 2 7451.8403(2) 14
5 4 1 4 4 0 7454.9440(7) 11
5 3 2 4 3 1 7543.8060(6) -3

5 1 4 4 1 3 7580.0008(0) —4

5 2 3 4 2 2 7754.3000(7) -10

6 0 6 5 1 5 8145.8013(7) 3
6 1 6 5 1 5 8170.7894(7) —6

6 0 6 5 0 5 8202.1719(7) -7

6 1 6 5 0 5 8227.1695(6) -6

6 1 5 5 1 4 8947.4157(7) —6

6 4 3 5 4 2 8961.3337(4) 5
6 4 2 5 4 1 8980.0638(8) -12

7 0 7 6 1 6 9477.2806(6) -2

7 1 7 6 1 6 9487.8382(6) 7
7 0 7 6 O 6 9502.2773(5) -2

7 1 7 6 0 6 9512.8255(5) -3

7 2 6 6 2 5 10065.5264(6) 8
7 1 6 6 1 5 10254.1113(10) -1

7 3 5 6 3 4 10403.6780(7) 6
8 0 8 7 1 7 10796.3438(6) 12
8 1 8 7 1 7 10800.6283(11) -3

8 0 8 7 O 7 10806.8797(7) -1

8 1 8 7 0 7 10811.1813(6) 1
7 2 5 6 2 4 10825.9805(7) 3
8 1 7 7 1 6 11533.3875(6) 0
8 3 6 7 3 5 11844.8633(11) -11

aThe observed frequencies are given in MHz. The numbers within the
parentheses are the errors in the observed valu@bsserved- calculated.

Table 2. Observed Transitions for ETHFE*Fe) with Fit Residuaks

J Ka K¢ J K4 K¢ observedfrequencies © CP(in KHz)
4 0 4 3 O 3 5614.9548(3) -5

4 1 3 3 1 2 6144.3761(4) 0
5 1 5 4 1 4 6849.1628(3) 7
5 0 5 4 o0 4 6910.8490(8) -5

5 1 4 4 1 3 7583.3794(6) -8

6 1 6 5 1 5 8174.5117(9) -2

6 0 6 5 O 5 8205.8486(6) 0
6 2 5 5 2 4 8696.5267(6) 4
6 1 5 5 1 4 8951.3047(7) 3
7 1 7 6 1 6 9492.1436(6) -1

7 1 6 6 1 5 10258.4922(8) 2

aThe observed frequencies are given in MEDbserved- calculated.

helped to verify that the initial assignments were correct.

Even though the molecule has two dipole moment compo-

nents,a andb, the transitions due to tHedipole are at least
four times weaker. Hence, only the stroagype dipole

Subramanian et al.

defined such that the-axis origin is at the Fe atom and
passes through the center of the two Cp rings. Xhgis is
perpendicular to the axis, passes through the Fe atom, and
lies parallel to the ethynyl group. Theaxis is perpendicular

to the x and z axes. This definition of the cylindrical
coordinate system automatically defines the Fe atom to be
at the origin, with thex andz axes defining the symmetry
plane of the molecule. The plane defined by xtendz axes

is also thea—b plane of the molecule. Thus, during the least-
squares fit, the molecule is constrained to belonGdpoint
group symmetry. This is experimentally proven by the
observation of only one set of unique rotational constants
for each pair of'3C atoms related by reflection in thee-b
plane 3Cy s, 13Cs 4, 3Co g, 1°C710). It is further assumed that
the two Cp rings hav€s symmetry. This assumption that
deviations fromCs symmetry for the Cp rings are small
enough to be neglected is supported by the DFT calculations
and the results of the Kraitchman analyses. For chlorofer-
rocene'® many more isotopomers were measured in order
to determine these distortions, but values were barely larger
than uncertainties.

Different structural fits were done to decide which
structural parameters could be unambiguously determined.
From the analysis of the correlation effects, a particular set
of four structural parameters was found to be the best
determinable set. These four parameters are (1) the distance
from the Fe to the center of the Cp ringFe—Cp), (2) the
carbon-carbon bond length of the Cp ringC—C), (3) the
angle that the ethynyl groupC=CH) makes with the Cp
ring, also called the “tilt angle”a(Cp—CCH), and (4) the
C;—Het length of the ethynyl functional group(C;—Hey).

The “best fit” values obtained are (i(jFe—Cp) = 2.048 68-

(5) A, (2) r(C—C) = 1.43152(2) A, (3) “tilt angle”a(Cp—
CCH) = 2.75(6¥, and (4)r(C;—He) = 3.692(2) A. The
above listed uncertainties, for the first three parameters, only
include the statistical uncertainty from the least-squares fit.
When the effects of correlation of the variable parameters,
with parameters not directly determined in the fit, are
included, the uncertainties become much larger. These values,
and more reliable uncertainties, are shown in Figure 1, which
also shows the structure of the complex. The distances from
the Fe atoms to the center of the two Cp rings were assumed
to be the same. For a test fit where the distances were
independently varied, the resulting values for the tike—

Cp) distances came out the same, within the uncertainties.
The initial starting structure for the least-squares fit was based
on the results from the DFT calculations. Because deuterium
substitutions were not made on the Cp ring, theHCbond
distances of the Cp ring were all fixed at 1.088 A and the
radial symmetry of the €H bonds was maintained during
the fit. These G-H bond lengths are quite unlikely to be in

transitions were observed for the low-abundance isotopomerserror by more than 0.002 A, and so we do not believe that

Structure Determination

Least-Squares Fit.The least-squares structural fits were

this constraint introduces further error. There was no attempt
made to vary the §4,C,H moiety tilt angle with respect to
the GHsFe moiety; this angle was maintained &t O

done by adjusting the structural parameters to obtain the best The structural fit obtained as described above yielded a

fit to the 24 rotational constants from the various isoto-

standard deviation of 0.02 MHz. This is considered an

pomers. For the least-squares fit, a coordinate system isexcellent fit because the rotational constants are over 1000

3140 Inorganic Chemistry, Vol. 44, No. 9, 2005
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Table 3. Observed Transitions of ETHFE Isotopoméfse, 13C; 5, 13C3 4, 13Cq s, and3C7 10 with Fit Residuald

transitions 57Fe 13C2,5 13C3'4 13C9,3 13C7,10

Jkake  Jkake observed Oo-C observed o-C observed o-C observed o-C observed o-C
dyy 313 5507.7363(5) -2 5492.0286(6) 0 5484.1597(5) -1 5483.8733(6) 0
4o, 33 5611.2563(8) 3 5594.6730(6) 2 5583.9710(5) 1  5574.8493(5)-1  5586.3698(4) 2
444 3,  6140.1636(5) 3 6118.5098(6) 0  6124.7100(4) 2 6091.7310(7)-1  6110.5531(6) 0
515 44 6844.4877(5) 0 6798.2861(6) 1
505 4oy 6886.5474(2) —2 6871.5008(5) 1 6862.1738(5) -1 6876.1657(3) -2
514 4,3 7578.3216(11) -3  7552.2662(6) —1  7552.7558(9) —2  7522.5024(6) 1 7542.1230(6) -1

aThe observed frequencies are given in MHz, and observedlculated (O— C) values are given in kHz. The numbers within the parentheses are the
errors in the observed values.

Table 4. Observed Transitions for DETHFESFe) with Fit Residuals structural parameters derived from the Kraitchman analysis
J Ka Ko J K¢ K! observedfrequencies © CP(in KHz) are given in Table 7.

3 1 2 2 1 1 4524.1716(6) 9 Given the fact that the Kraitchman analysis uses the
4 1 4 3 1 3 5357.1468(5) -1 changes in the moments of inertia due to the monosubsti-
a9 g g 9 3 g;‘?g-gg;ggg é tution of different atoms in the molecule and that the
4 1 3 3 1 2 5980.5916(6) 3 moments of inertia are related to the square of the coordinates
4 2 2 3 2 1 5990.1286(7) 5 of the substituted atoms, one can obtain only the absolute
S o 2 4 o a g?i;éi’égggg -1 values of these coordinates. These absolute values of the
5 2 4 4 2 3 7098.1478(4) 2 coordinates determined in the principal axis system of the
5 1 4 4 1 3 7381.9297(5) -1 parent molecule are given in Table 8. There was no
- ;g‘;‘?‘:gg;ggig ~, ambiguity in assigning the absolute values of these coordi-
6 1 5 5 1 4 8714.0073(3) -3 nates to the correct atoms nor in the signs of the coordinates
7 1 7 6 1 6 9225.0881(8) 3 obtained. The best indication that the gas phase structure of
A - g?gg-gégggig & ETHFE is “eclipsed” is obtained from the least-squares fit
7 1 6 6 1 5 9985.7122(7) 3 results, which do not converge for the staggered conforma-
7 3 5 6 3 4 10125.5462(10) —-11 tion, and the theoretical calculations, which favor the eclipsed
£ 0870 1 i S conformain.

We believe that the nonzero coordinates obtained along
the c principal axis for the substituted atortfse, > Fe, H,
and 2He represent root-mean-square values due to the

principal axis system from the least-squares fit are given in Values were set to zero when the internal parameters were
the Table 6, and all of the parameters derived from this calculated using the Kraitchman coordinates (Table 7). The

structure are given in Table 7. The estimated uncertaintiesF€ Parameters derived from the Kraitchman analysis (see
are 0.02 A for these coordinates, because most were not fit | 20l€ 7) are obtained by usifif-eas, bs, andcs coordinates,

directly. These values are based on fixing the bond distancesbecause this |sotopome_r has more assigned tran§|t|ons, and
r(C1—Cy) and r(Cy—Cy) (see Table 7) at the values of therefore, better determined coordinates are obtained when

; -
1.4214 and 1.2173 A, respectively. These fixed bond IengthsCompared to thé’Fe substitution results.

were obtained from the B3PW91 calculations outlined in the _ COrrelation of Struc.turaIbChangeshwnh the Hammgtt ed
Theoretical Methods section of this paper earlier. We believe Parameters.A comparison between the parameters obtaine

that the value of (C;—Hey) is quite accurately determined ?rbclilﬁgeriut SUbStI'tUted ferrt)catcgned?ompounQS 'S shown n
from the fit. However, because the bond distano@gs— abie 9. 1nese vailes are oblained from previous microwave

studied® 2! for all of the compounds except ferrocene. The
Cy) and r(Cy—Cp) and r(Cz—He) are correlated, the ot ihe barameters for ferrocene=XH and Y = H)
uncertainty in the value of(Cy—He) will depend on the P

are obtained from the electron diffraction structtfe.
accuracy of the calculated values f¢€;—C;) andr(Cy— A b ; Table 9. HE—C) bond lenath
C2). The value ofa(Cp—CCH) indicates that the ethynyl S one can observe from Table 9, ) bond leng

group deviates out of the plane of the Cp ring, in a direction does not change among the different complexes but the
away from the Fe atom by 2.75()and G and G are r(Fe—Cp) distance changes significantly. This trend can be

eclipsed (see Figure 1) related_ to the elgctronegativity qf t.he substitution on Cp; that
) e is, an increase in electronegativity decreasesr{fre-Cp)

Kraitchman Analysis. As we have not measured all of  gistance. We therefore observe a linear correlation between
the 13C and deuterium-substituted isotopomers, a complete the gas phase structural parame{€e-Cp) and the inductive
substitution structure was not obtained. Nonetheless, theygmmett paramet&r So;, which is proportional to the
present substitution structural coordinates obtained are closee|ectronegativity of the substituent group (see Table 9). A
to the least-squares fit values and provide support for thelinear regression analysis was done between the parameters
accuracy of the least-squares fit parameters and the assump-
tion that the basi€s symmetry is maintained. The various (45) Haaland, A.; Nilsson, J. Bcta Chem. Scand968 22, 2653-2670.

a2The observed frequencies are given in MHz. The numbers within the
parentheses are the errors in the observed vah@sserved- calculated.
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Table 5. Spectral Parameters Obtained for the Different Isotopomers of ETFFE, 64Fe, 5Fe, 13Cy 5, 13C3 4, 13Co 5, and3C7 10 and DETHFE
(°%FeD), Determined Using Least-Squares Fits

parameter S6Fe Sre 5TFe 18C, 5
A 1307.397 (4) 1307.611(6) 1307.286(1) 1299.909(8)
B 819.8373(3) 820.2258(8) 819.644(1) 816.4342(4)
C 654.6347(4) 654.9374(2) 654.4854(4) 652.8387(3)
Aj 0.000031(3) [0.000031(I)] [0.000031(3) [0.000031(3)

K 0.0051(6) [0.0051(6Y] [0.0051(6)P [0.0051(6)P
offit) 0.007 0.004 0.002 0.001
number of lines 39 11 5 5

parameter 13(:3,4 13C9,8 13C7I10 56FeD
A 1292.414(8) 1305.623(7) 1298.380(9) 1286.793(5)
B 819.0830(5) 812.2979(4) 815.4798(5) 798.7219(4)
c 651.2160(3) 650.2266(2) 651.8125(4) 636.1039(4)
Aj [0.000031(3} [0.000031(3} [0.000031(3)} 0.000042(4)
Ax [0.0051(6)P [0.0051(6)P [0.0051(6)P
ofit) 0.005 0.001 0.004 0.005
number of lines 5 5 5 20

Table 6. Coordinates (in A) for ETHFE Obtained from a

Least-Squares Fit, Given in the Principal Axis System

a Al of the values listed are in units of MHz, and the error limits are 1Held fixed during the fit.

Table 7. Structural Parameters Obtained for the ETHFE Moletule

bond length rs(in A) ro (in A) rare (in A)
atom a b c r(Ci—Cy) 1.432(2) 1.429
Fe —0.385 —0.178 0.000 r(Co—Cs) 1.421(1) 1.432(2) 1.428
Cs —0.868 1.813 0.000 r(Cs—Ca) 1.410(1) 1.432(2) 1.427
fox —1.408 1.167 1.158 r(C4—Cs) 1.423(1) 1.432(2) 1.427
Ce —2.281 0.122 0.716 r(Ce—C») 1.432(2) 1.428
Co —2.281 0.122 ~0.716 r(C7—Ca) 1.424(3) 1.432(2) 1.429
Cio —1.408 1.167 ~1.158 r(Cs—Co) 1.421(3) 1.432(2) 1.426
He -0.178 2.639 0.000 r(Co—Cro) 1.440(3) 1.432(2) 1.428
Hy ~1.194 1.422 2.182 r(C1—He) 3.692(2) 3.703
Hs —2.839 —0.546 1.349 r(Fe~Cy) 2.049(5) 2.049
Ho —2.839 —0.546 —1.349 r(Fe-Cz) 2.035(7) 2.049(5) 2.046
Hio ~1.194 1.422 —2.182 r(Fe—Cs) 2.052(5) 2.049(5) 2.047
C 1.660 —0.301 0.000 r(Fe~Cs) 2.052(5) 2.049(5) 2.052
C: 1.120 —0.946 1.158 r(Fe—Cs) 2.035(7) 2.049(5) 2.047
Cs 0.247 ~1.991 0.716 r(Fe—Ce) 2.049(5) 2.048
Cs 0.247 ~1.991 ~0.716 r(Fe-Cy) 2.049(5) 2.049(5) 2.049
Cs 1.120 —0.946 -1.158 r(Fe—Cg) 2.056(9) 2.049(5) 2.048
Hy 1.334 —0.691 2.182 r(Fe—C) 2.056(9) 2.049(5) 2.050
Hz -0.311 —2.659 1.349 r(Fe~Ca) 2.049(5) 2.049(5) 2.052
Hs -0.311 —2.659 —1.349 r(C1—Cr) 1.4214 1.421
Ha 1.334 —0.691 ~2.182 r(Cy-Cz) 1.2173 1.217
Cr 2.519 0.833 0.000
Cy 3.307 1.761 0.000 bond angle Os(indeg)  Oo(indeg)  Ogr (in deg)
Her 3.990 2.565 0.000 Cr—Cs—Cio 108.3(9) 108 108
for the five substituted molecules. This analysis results in Sg_&_gi gg 1o
an equation (eq 1) with the regression statistics 0.93. Cr—Cor—Het 180° 180
The least-squares regression line obtained is shown in Figure —C=CHet tilt angle 2.75(6)

3.

2 The approximate, structure is obtained from the least-squares fitting.

Thers structure is obtained using a Kraitchman analysis. fhetructure
is the output of the theoretical calculation [B3PW91/Hay-WaetIhECP]

r(Fe-Cp) = —0.08250, + 1.6585 1)

and, because vibrational corrections were not included, i atructure.

. . . The listed error limits on the parameters ate 10btained from the DFT
Furthermore, a linear correlation is observed between the caiculation and used to calculatéC,—He). See text for further details.

gas phase structural distangg&e—Cp) and the ferrocene/

ferrocenium redox potential at ambient temperatures relativethis analysis and the value of= 0.91.
to the ferrocene (Fc) standat&d!’ Thus, theAE° values are
given by the equatiorE°*(Fc—X) — E®(Fc—H), whereE®*-
(Fc—X) is the oxidation potential of the ferrocenyl derivatives
and E®(Fc—H) is the oxidation potential of the ferrocene. ~ The error bars on the data points along yteis in both

A linear regression analysis was done, and the plot is shownFigures 3 and 4 reflect the uncertainties present in the

in Figure 4. The following equation (eq 2) was obtained from Mmicrowave gas phase values for tH&e—Cp) parameter.
Extrapolating the gas phase data fidFe—Cp) for the

substituted ferrocenes, in this manner, allows us to obtain
an approximate gas phase value for unsubstituted ferrocene
of r(Fe—Cp) = 1.65(1) A.

r(Fe—Cp)= —0.149NE° + 1.6509 (2)

(46) Little, W. F.; Reilley, C. N.; Johnson, J. D.; Lynn, K. N.; Sanders, A.
P.J. Am. Chem. S0d.964 86, 1376-1381.

(47) Britton, W. E.; Kashyap, R.; El-Hashash, M.; El-Kady, M.; Herberhold,
M.; Organometallics1986 5, 1029-1031.
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Table 8. rs Coordinates (in A) Obtained from Kraitcthman Analyses in  is consistent with the prediction from the theoretical calcula-

ET%:;[;:‘?;&?L)AX'S System of the Parent Molecule, ETHFE tions that the staggered conformation has a much higher
energy when compared to the eclipsed conformer. A single
atom |2 [0 I point energy calculation predicts the difference in energy
z;‘Eg 8-2% g-gg 8-832 between the eclipsed and staggered conformers to be 3 kJ/
He, 39079 2573 0.044 mol, with the eclipsed conformer being more stable. This
13, 1.107 0.943 1.162 calculation was done using the rB3PW91 method and using
1%3 2-28(1) 1-223 2122 the Hay and Wadt (h1) basis set with an effective core
BCZ 5284 0.139 0.717 potential for iron and the split-valence plus polarization basis
set (SVP) for the carbon and hydrogen atoms.
Discussion The “tilt angle” is defined to be the angle that the

substituent (in our case, theC=C—H group) makes with

Gas phase structural parameters for ETHFE have beenthe carbon plane of the substituted Cp ring. From previous
determined from microwave spectroscopic measurements.stydies in this lab, this angle was consistently shown to have
The structural parameters determined by using three differentg nonzero value. In the case of chloroferrocage value
methods, least-squares fitting and Kraitchman analysis of theof the “tilt angle” is 2.7(6), and for dimethylferrocen®,
measured transitions and DFT calculations, agree within thethe value for this angle is 2.66(2)For the case of this
uncertainties. Using the least-squares fit, with some param-molecule, the “tilt angle” determined from the least-squares
eters fixed, we find the bond distances between the Fe atonit js 2.75(6Y, in the direction away from the Fe atom. Al
and the C atoms of the two Cp rings are 2.049(5) A and the of the theoretical methods and basis sets described in the
C—C bond distances of the Cp rings are 1.432(2) A. The theoretical section of this paper predict this “tilt angle” to
uncertainties in the parentheses are much larger than theye 0.°. A DET calculation fixing the “tilt angle” at the
statistical error contributions to the fit, becau@esymmetry  experimental value while optimizing the other parameters
was assumed and these parameters are correlated with Oth%fredicted the energy to be 0.02 kcal/mol higher when
parameters, which are not fit directly. compared to the value obtained when all of the structural

A comparison between the values of the-€&He bond parameters were optimized. Calculations where the tilt angle
from the crystal structufé determined by X-ray diffraction  was varied indicated a nearly flat variation of the energy
and the gas phase structure by microwave spectroscopywith the tilt angle, for small values of this angle. These
shows the bond length is quite different. The value of the calculations were done using the rB3PW91 method and the
C2—Hebond length from X-ray diffraction is 0.773 A, and  Hay and Wadt (r-1) basis set with an effective core potential
the value obtained from the present least-squares analysis isor iron and the split-valence plus polarization basis set (SVP)
1.053(4) A. This deviation is not a surprising result because for the carbon and hydrogen atoms. The X-ray diffraction
the hydrogen atom positions are usually poorly determined study indicates the “tilt angle” to be I,7which is close to
using X-ray diffraction. We used the least-squares fit value the present experimental value. Similar values for the “tilt

for r(C;—Hey) and subtracted the fixed valuegC;—Cy) + angle” are obtained from both the X-ray and the microwave
r(Cy—Cy)], as discussed above, to get a value ff(€;— measurements, and we believe that they are probably due to
He) = 1.053 A. The value is in good agreement with the the repulsion between electrons of—C=C—H and the
bond length in free acetyleffer(C—H) = 1.058 A. valence electrons of the iron atom.

The average distance for £€ of the Cp ring from X-ray The linear correlation between the structural parameter

diffraction is 2.0 A. This distance is significantly shorter than r(Fe—Cp) and the Hammett parameZs, is shown in Figure

the value obtained from the least-squares fit, which is 2.049- 3. The reason for this linear correlation is due to the variation
(5) A. The distance from Fe to the,tdtom determined from  of the inductive effect of the substituent. This alters the
the X-ray diffraction structure is 4.9 A. This distance is also electron density of the Cp ring. There is an increase in
significantly shorter when compared with the value deter- electron density as the electronegativity of the substituent
mined from Kraitchman analysis, 5.09(8) A. The value of group decreases. This affects the binding of the e Cp

the A-rotational constant obtained using the X-ray structure ligand. This effect is normally reflected as a decrease in the
is 1391 MHz, which is higher by 84 MHz when compared binding energy and the ionization energy of the complex.
to results from the gas phase microwave experiment (seelndeed, a study using electron spectroscopy for chemical
Table 5). The experimental and DFT calculated structures analysis on methyl substitutions on the Cp ring has indicated
obtained for the molecule ETHFE show that the Cp rings that the binding energy between the metal atom and the Cp
are in an eclipsed conformation unlike ferrocene, which is ring decreases with increasing methyl substituti®ns.is
staggered in the crysfdland eclipsed in the gas phaSe. also seen that there is an increase in the ionization energies
Any attempt to do a least-squares fit using a staggeredwith the increasing electron-withdrawing nature of the
conformation as a starting point did not converge, and this substituent? This effect is also observed in the measurement
of the oxidation potential in nonaqueous solvents, with the

(48) Harmony, M. D.; Laurie, V. W.; Kuczkowski, R. L.; Schwendeman, oxidation potential shifting to a more positive direction as
R. H.; Ramsay, D. A.; Lovas, F. J.; Lafferty, W. J.; Maki, A. &.
Phys. Chem. Ref. DatB979 8, 619-721. (50) Gassman, P. G.; Macomber, D. W.; Hershberger, JO¥ganome-

(49) Baun, W. L.Anal. Chem1959 31, 1308-1311. tallics 1983 2, 1470-1472.
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Table 9. Structural Parameters of Different Ferrocene Compounds$iA£€Y)—Fe—(CsHas—X), Relative Oxidation Potentials at Ambient
Temperatured,and Hammett Substituent Constan®ej for Cp Ligand$<°

name X Y r(C-C) r(Fe—Cp) AE° o
chloroferroceng Cl H 1.433(2) 1.610(5) 0.195 0.47
bromoferrocene Br H 1.433(1) 1.630(2) 0.165 0.44
methylferroceng CHjs H 1.4289(2) 1.6528(3) —0.06 —-0.04
dimethylferrocené CHs CHs 1.434(5) 1.670(2) —0.115 —0.08
ETHFE G=CH H 1.432(2) 1.6464(1) 0.110 0.21
ferrocené H H 1.440(2) 1.661(2) 0.0 0

aThe values ofAE°® are obtained from refs 46 and 47The values ofy are obtained from ref 1Z.The distances are given in units of A, and the error
limits (10) are given within the parentheses. The values of the oxidation potentials are given irf Vbksvalues are obtained from refs 18,19,20, and 21.
¢ The values are obtained from electron diffraction data, ref 45.
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Figure 3. Plot showing the result of a linear regression analysis correlating(Fee-Cp) distance an&o; of the substituent. The units of the distances
are A. This plot is governed by the equatioife—Cp) = —0.082E0; + 1.6585, with a value of = 0.93.
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Figure 4. Plot showing the result of a linear regression analysis betweer(fee Cp) distance andE° of the substituent. The units of the distances are
A, and AE° is in V. This plot is governed by the equatiofFe—Cp) = —0.149NE° + 1.6509, with a value of = 0.91.

the electron-withdrawing nature of the substituent in- From eqs 1 and 2, which accurately describe the data
creased®*’ This effect is seen in gas phase Fourier transform plotted in Figures 3 and 4, one can deduce the gas phase
microwave spectroscopy as a decrease in rifie—Cp) r(Fe—Cp) distance of ferrocene. The valueXsf, in the case
distance as the electronegativity of the substituent increase®f ferrocene is zero, and this gives a value(@fe—Cp) from

and is displayed by the plots shown in Figures 3 and 4. eq 1 of 1.66 A. Using eq 2 and knowing that the oxidation
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potential AE®) for ferrocene is 0.0 V, one obtains thge— ferrocene compounds, presents a coherent picture of the
Cp) value 1.65 A. It can be seen that the two independent effect of substitution on the Cp rings. From this picture, we
methods of analysis reproduce thige—Cp) distance for have been able to deduce the distance from the Fe atom to
ferrocene within 1%. This value afFe—Cp) for ferrocene the center of the Cp ring for a molecule with no dipole
of 1.65(1) A, determined as described, falls within 1% of moment, namely, ferrocene, using microwave spectroscopy.

the electron diffracti I#e of 1.66 A. . .
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