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Table VI. Crystal Field and Racah Pararneters for V('CO)6 (em™)
10Dq Ds Dt B ce
29 300 1215 365 450 1800

¢ Estimated value.

Table VII. States Expected for the Charge-Transfer Bands from
the eg and b,y 7* Orbitals to the a,, and e, o™ Orbitals

Electron Confign Designation
egtan A
g D5,y 2Eu(1)
€g'ey 2Eu(2)
g bagey *Aws *Asu *Bius B

Table VIII. Tentative Assignments for the Electromc
Spectrum of V(CO),

Transition A nm o v, ¢m™? Transition  A,nm v,cm™

o) < By B2 2578 Awy By 2830 35336
’E s =’By 3630 27586 B2« Byg 2692 37147

“'By MLs 20274 "By« By 2600 38462
iE ?’4) 341.0° 29317° Biu~ B,y 2425 41237
ATy e 132g 372 31526 A= By 2260 44248
"Eg(5)« "B,y 312.5 32000 ‘A,u«’Bg 2200 45455
“Ey(l) < *B,y 2954 33852

¢ Calculated value.

From a first-order analysis of the ESR spectrum, Pratt and
Meyers? have calculated that 10Dg < 36 200 cm”! and 3Ds
- 5Dt < 1880 cm™!. The proposed assignments were permuted
until the calculated crystal field parameters satisfied these
limits. These parameters were then tested by calculating the
~ expected d—d spectrum and comparmg it to the observed d—d
spectrum. The parameters listed in Table VI reproduced the
observed spectrum quite well as shown in Figure 4c and
satisfied both upper limits for the crystal field parameters.
Consequently, these parameters were used to assign the ob-
served d—d spectrum.
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Since the photoelectron spectrum of V(CO)g indicates the
ligand bonding molecular orbitals are at least 5 eV lower in
energy than are the metallike d orbitals,?® the charge-transfer
bands are most likely transitions from the byg and ¢; 7 * orbitals
to the a3, and e, ¢” orbitals. The states expected for these
one-electron transitions-are hsted in Table VII. Since only
the two 2E, states and the 2By, states are electronic dipole
allowed, these transitions are expected to give rise to the three
strongest bands observed in the spectrum. Using this and the
calculated d-orbital energies, tentative assignments for the
charge-transfer spectrum have been made. The assignments
for all of the observed electronic transitions of V(CO)¢ are
given in Table VIII,

Conclusions

‘As expected from previous studies, V(CO)g was found to
have D4, symmetry in matrices at low temperatures. The
electronic spectrum of V(CO)g in a CO matrix was examined
and téntative assignments have been made for the bands
contained in the spectrum. Approximate crystal field and
Racah parameters have been determined.

V32(CO)1; has been identified from the ir spectrum, and a
tentative structure has been proposed for this molecule.

Registry No. V(CO)s, 14024-00-1; V5(CO) 2, 58815-50-2.
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Motion of the cyclooctatetraene moiety in the series of fluxional organometallic molecules CgHgFe(CO)3, CsHgFe:(CO)s,
and (CgHg);Ru3(CO)4 in the solid state is confirmed by measurements of T, the spin-lattice relaxation time, and T\,
the spin-lattice relaxation time in the rotating frame, and accurate values obtained for the activation energies. The results
are discussed in relation to the structure and bonding in the compounds and to the results from high-resolution NMR
measurements in solution as well as the results from continuous-wave NMR and x-ray crystallographic investigations in

the solid state.

Introduction

The structure and bondmg of fluxional organometallic
compounds has been extensively investigated in recent years.?

In these compounds, the bonding between the metal atom
and the ligand is localized at some point in the latter, as shown
by x-ray diffraction studies in the solid, but the bonding in
solution is of a dynamic nature, the point of attachment
continually changing and the static structure being observed
only at low temperatures. In this light, the properties of I,

CsHgFe(CO)s, II, CgHgFe (CO), 111, CsHgFey(CO)s, and
IV, (CgHs),Ru3(CO)4, have been extensively investigated.>~!6
The structure of each compound has been determined by x-ray
diffraction. The compounds I, III, and IV are fluxional; a
single proton resonance peak is observed in solution at room
temperature, indicating that the point of attachment of metal
to ring is continually changing., After some dispute, it has been
concluded? that the rearrangement mechanism in I (cy-
clooctatetraneneiron tricarbonyl) is by a series of 1,2 shifts
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Fe(CO),
\ N
l
Fe(CO)a . Fe(co)a
CO
Z\

(0C),FeZ---Fe(CO),

of the metal atom. Similar rearrangement mechanisms have
been proposed for II (cyclooctatetraenediiron pentacarbonyl)
and IV (bis(cyclooctatetraene)triruthenium tetracarbonyl).
Compound II was found to be nonfluxional, the cyclo-
octatetraene ring being quite rigidly bound to the metal atoms.

The behavior of each of the compounds I-IV in the solid
state has recently been investigated by wide-line NMR.17-18

It was shown in these studies that the cycloctatetraene rings
in I, ITI, and IV possess considerable motional freedom in the
solid state at room temperature. The reorientation process
was stopped (on an NMR time scale) and a rigid structure
was obtained for the compounds I and IV by lowering the
temperature. In the case of III the proton resonance remained
unchanged over the temperature range 306-77 K, and it was
concluded that the CgHg ring was still rotating at 77 K.
Compound II was rigid over the temperature range 430-77
K. Because no disorder was observed in the crystal structures
of I, 111, and IV, the reorientation must be the “jumping” of
the cyclooctatraene ring between positions of minimum po-
tential (which are the positions detected by x-ray diffraction),
but also, this motion must involve the distortion of the ring
and rearrangement of the localized bonds and the bonding to
the metal atom, simultaneous with the rotation. A definite
model for the motion may thus be deduced, and solid-state
NMR is a useful complementary technique to x-ray crys-
tallography and solution NMR for the study of this type of
molecule.

Pulse NMR experiments can also yield useful information
about motional processes occurring in the solid state!® and are
the best method available for the determination of the energies
involved in these processes.2®2! Assuming that T is deter-
mined by dipolar interactions and that the motion present can
be described by a correlation time 7, then T is defined by
eq 1,22 where C'is a constant and wy is the resonance frequency.

1 T 4,7' .

—=C eyt <

T: l:l + Wttt 1+ 4w027c2] 1)
The correlation time 7. is assumed to obey an

Arrhenius-type dependence on temperature (eq 2), and a

Te = Too eXP(£,/RT) (2)

combination of eq 1 and 2 will describe the temperature
dependence of the relaxation time and allow the determination
of E,, the activation energy for the process. Thus a plot of
log T against 1/7 (K1), results in a V-shaped curve with a
minimum where wor. = 0.62, which yields the constant Cin
eq 1. At high temperatures, where wor. >> 1, the limiting slope
of the curve is proportional to E,, and at low temperatures,
where wgr, >> 1, the limiting slope of the curve is proportional
to —E,. In practice, a least-squares fit to all of the data is
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performed to evaluate E, using the minimum of the curve and
the limiting slopes to give approximate initial values of C and
E,. Since the minimum in the curve occurs when w7, = 0.62,
the choice of resonance frequency wo may be used to place the
curve in a convenient temperature range. The two curves
should still coincide at the high-temperature limit.

The mechanism for spin-lattice relaxation in the rotating
frame differs from that in the laboratory frame in that it
samples spectral density of the local field fluctuations at low
frequencies (~+vH; where H, is the resonant radiofrequency
field) in addition to those in the region of the Larmor fre-
quency ("“YHapp)-

In order to determine T, one needs to satisfy the condition
YHapp > YHi > H', where H' is the local dipolar field, so that
at resonance the effective field in the rotating frame is H'.

If it is assumed that the relaxations occur via time-dependent
dipole—dipole interactions and that the fluctuations can be
described by an exponential correlation function with a
characteristic correlation time 7, the spin-lattice relaxation
time in the rotating frame 7, is described by eq 3.2°% In

1 57, T 3r
———— — + C + [4 3
Ti, [2(1 + welrt) 1+ welrr 2(1 + 4w3¢3)] ©)

this equation, C is the same constant as in eq 1, and 7. and
wp are the correlation time and resonance frequency, re-
spectively, again as in eq 1. w) is the magnitude of the ra-
diofrequency magnetic field and must be determined exper-
imentally.

The temperature dependence of T, should have a similar
form to that of 7 but with its minimum at a lower tem-
perature than 77 and coalescing with the Ty curve in the
high-temperature limit (wgrc » 1). The temperature de-
pendence of T, can also be used to obtain values of £, and
7. for a reorientation process. Further, measurement of 77,
has, in some circumstances, certain advantages over mea-
surement of T, particularly for molecular motions in lower
frequency ranges, since, as temperature decreases, wyt, be-
comes larger than unity for a particular type of motion; hence
T, will become longer and more difficult to measure exper-
imentally, Also, in certain instances, the 7| minimum is not
obtained before the compound under study melts or de-
composes. In such circumstances, measurement of T, may
well reveal a minimum and allow the determination of 7. and
C.

From a minimum value of either curve, the constant C can
be evaluated and is common to both eq 1 and 3, and by suitable
data treatment the activation energy can be found. Since E,
can be found from both the T; and T, data, reliable values
are usually obtained.

The purpose of the present work was twofold: first, to
substantiate the occurrence of motion in these compounds as
detected by the slow-passage NMR results and, second, to
obtain better values for the activation energies for the re-
orientation processes involved. The present paper presents the
results of these studies on a representative series of fluxional
organometallics containing cyclooctatetraene ligands.

Experimental Section

The T and T, measurements were made for all compounds using
a coherent rf pulse spectrometer operating at 14 MHz. In the case
of compound I (CsHgFe(CO)3), Ty measurements were also made
at 5.3 MHz.

A 90°-7-90° pulse sequence was used to measure T, and the
amplitude (A.) of the free induction decay (FID) signal following
the first 90° pulse and A4, of the FID following the second pulse were
monitored using a digital boxcar integrator. For each value of 7, at
least 10 amplitude measurements were averaged. The FID signal
was found to decay exponentially according to

hl(Aoo“AT):InAoo_ /T, 4)
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T, was determined by the forced transitory precession or
“spin-locking” technique. A 90° pulse with H; along the x' axis (x'
is the x axis in the rotating frame) was used. As soon as this pulse
was completed, the phase of the rf was changed by 90° so that H;
lay along the y' axis (' is the y axis in the rotating frame). The
amplitude A, of the FID signal following both pulses and a baseline
value (Ag) following the second pulse only were monitored as before
using signal-averaging techniques. The FID signal was again found
to decay as in eq 4; however 7 in this case is the time that the second
pulse is switched on.

Since, for a pulse of constant Hy (where H is the magnitude of
the radiofrequency magnetic field, w; = yHj), the length of the pulse
tp (s) determines the angle # (radius) by which M precesses (eq 5),

9=')’H1tp (5)

H\| may be determined experimentally. In the present work, Hy was
evaluated by finding the average pulse length required to change ¢
by 180° as judged by the complete inversion of the FID after the pulse.

A least-squares computer program was used to fit the experimental
data to eq 4 to obtain values for both T}, Ty,, and the standard
deviations. In general the error assigned to the 7} measurement was
about £5%. For the T, values the error is greater due to pulse
instability, heating effects of the pulses, and poorer signal to noise
ratios and is estimated to be ~£10%.

Samples were sealed in 10-mm o.d. thin-walled NMR tubes and
the temperature of the sample was varied using a gas flow cryostat,
The temperature of the gas was monitored by a copper/constantan
thermocouple placed just below the sample and was regulated
electronically. The temperature of the sample was measured directly
using a second copper/constantan thermocouple inserted into the bulk
of the sample.

Several freshly prepared samples of each compound were used in
each case. The samples were prepared as described previousty!”:!8
and had melting points and physical properties consistent with those
previously described.

Results

Both T and T, measurements were made for each of the
compounds I-IV over the accessible range of temperature
where the signal to noise ratio permitted data collection
between 77 K and the melting or decomposition point of the
compound. The results for each of the compounds will be
discussed individually.

CsHgFe(CO); (I). The temperature dependence of T over
the temperature range 250-350 K was first measured at 14
MHz and was found to be very temperature dependent in-
dicative of the presence of motion (Figure 1). Unfortunately
the minimum of T was not obtained before the compound
began to decompose. T was then measured over the same
temperature range at a lower frequency of 5.3 MHz, in an
attempt to define the 7} minimum and hence obtain values
for the activation energy E,, the constant 7.., and the constant
C. The T; curve is shifted to lower values (Figure 1) but

unfortunately, even at this lower frequency, the 7 minimum "

was not found before the sample melted. T, was then
measured at 14 MHz over the same temperature range and
was observed to go through a minimum at about 285 K (Figure
1). Values of 7., and C were obtained from a computer fit
to the experimental T, data and are given in Table I. These
values were then used as a starting point to fit the 7 data at
both 14 and 5.33 MHz. The theoretical plots are shown in
Figure 1 along with the experimental points. Good fits were
obtained in each case yielding the values of E,, 7., and C given
in Table I. ,
CsHgFe;(CO)g (II). In the case of this compound, no signal
was observed at room temperature or lower temperatures, This
is thought to be caused by a combination of a very short T,
and a finite dead time for the spectrometer (approximately
10-20 us) and is consistent with the molecule being rigid in
the lattice as found previously by wide-line NMR studies.!’
CsHgFe (CO)s (III). Ty and T, were measured for this
compound over the temperature range 130-77 K and both
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Table I.  Values for the Activation Energy, E,, Together with the
Values for the Constant 7., Used in Eq 2 and the
Constant C used in Eq 1 and 3

Activation energy,

107°C, kcal/mol
Compd Toos T, T,5° Waugh®
C,H,Fe- 7.63x 107 % 3595 9072 929 89
(CO), ‘ 9.28¢
C,H,Fe,-  3.98x 10729 256% 190° 2.13
(CO),
(CeH;),- L.12x 1072 ¢ 2,079 5159 6.03 6.15
Ru,(CO),

@ Values obtained from 7, measurements at 14 MHz. ° Values
obtained from 7, ;, measurements at 14 MHz. € Values obtained
using the procedure of ref 26. 7, measurements made at 5.3
MHz.

T, 14Mhz

T 5.3Mhz

2:8 32 36 40
__1T,103(°xr1__.

Figure 1, Variation of In T, (T, in seconds) and In T',, (T, , in
seconds) against the reciprocal of absolute temperature for CpBHB-
Fe(CO); in the solid state. The filled circles represent experimen-
tal T, data at 14 and 5.3 MHz as indicated, and the open circles,
experimental T, , data at 14-MHz. The continuous curves are the

theoretical relationships obtained using the constants given in
Table I. In this case a least-squares fit to the experimental Tp
data yielded values of 7., C, and E,. These values were then used
to fit the two sets of experimental T, data, the values of 7., and

C being kept constant and only £, being allowed to vary.

were found to be very temperature dependent, consistent with
the wide-line results which indicated motion of the ring. The
values for T were observed to pass through a minimum about
100 K. However, the value for Ty, was not observed to pass
through a minimum above 77 K.

A good theoretical fit to the experimental T data was first
obtained and the values of E,, 7=, and C from this were then
used as-a starting point to fit the T, data. The theoretical
plots are shown together with the experimental results in
Figure 2. The values of E,, 7, and C are given in Table I.
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Figure 2. Variation of In T, (7, in seconds) and In 7', (7, in
seconds) against the reciprocal of absolute temperature for CyH,-
Fe,(CO); in the solid state. The filled circles represent the exper-
imental 7', data and the open circles represent the experimental
T,, data; both sets of data were collected at 14 MHz. The
continuous curves are the theoretical relationships obtained using
the constants given in Table I. In this case a least-squares fit to
the experimental T, data yielded values of 7., C, and £,. These
values were then used to fit the two sets of experimental 7', data,
the values of 7., and C being kept constant and only £, being
allowed to vary.

(CsHg);Ru3(CO)4 (IV). Both T) and T, were found to
be very temperature dependent, consistent with the wide-line
NMR results, The 7; was observed to pass through a
minimum about 303 K. However, in the T}, experiment, the
signal to noise ratio became too small to permit reliable data
collection at about 191 K and the expected minimum value
of Ty, could not be determined.

However, a good theoretical fit to the experimental Ty data
was obtained, and the values of E,, 7., and C from this were
used as a starting point to fit the 7, data. The theoretical
plots are shown together with the experimental results in
Figure 3. The values of E,, 7, and C are again given in Table
L.

Discussion

The results from the 7' and T, experiments on compounds,
I, II1, and IV fully substantiate the conclusions drawn from
the earlier slow-passage NMR experiments that there is motion
present in these compounds in the solid state and yield values
for the associated activation energies which are considered
accurate. These are compared in Table I with the previous
more empirical estimates from line width analysis and the
Waugh estimate.2® The agreement between the activation
parameters from the 7' and T, data and the other methods
is probably to some extent fortuitous, as the other methods
are considerably more empirical. The activation parameters
in each case are less than 10 kcal/mol, consistent with the
motions occurring below room temperature.

The value for the activation energy for the reorientation of
the cyclooctatetraene ligand in each compound is quite dif-
ferent and can be as low as 2 kcal/mol. It will thus not be
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Figure 3. Variation of In T, (T, in seconds) and In Tip(Tpin
seconds) against the reciprocal of absolute temperature for (Cg-
Hg), Ru,(CO), in the solid state. The filled circles represent the
experimental T; data and the open circles represent the experi-
mental T, , data; both sets of data were collected at 14 MHz. The
continuous curves represent the theoretical relationship obtained
using the constants given in Table I. In this case a least-squares
fit to the experimental T, data yielded values of 74, C, and E.
These values were then used to fit the experimental T, , data, the
values of 7, and C being kept constant and only £, being allowed
to vary.

possible to make any generalized comment about the motional
behavior to be expected in the solid state from the ligand alone,
and predictions of this type will have to be made from the
standpoint of the metal-ligand bonding. Conversely,
knowledge of the activation parameters may, in suitable cases,
allow one to deduce something about the nature of the
metal-ligand bonding.

In the case of compounds I and IV, the activation energies
are 9.4 and 5.5 kcal/mol, respectively. However, it is not
possible to compare these results directly with those from
high-resolution NMR studies in solution, as complete line
shape analyses have not been done in these latter cases.
However, from the temperature ranges over which the chariges
occur in solution, the activation energies can be estimated to
be smaller but of the same order as those obtained in the solid
state. Not only do the results clearly indicate that the lattice
does not lead to “locked or instaneous structures” as has been
suggested?’ but also the comparison with the solution NMR
data suggests that lattice interactions are not even the major
contributions to the energy barriers. This is of particular
interest because in these molecules the grouping which is
reorienting is not rigid but has to bend and distort as well as
to rotate, and lattice interactions could have been much more
important here than in the case of a totally rigid molecule, for
example, benzene.

The slow-passage data for (COT)Fe,;(CO)s indicated that
the movement of the ring continued below 77 K and that
limiting spectra could not therefore be obtained at all in
solution. The occurrence of motion at such low temperatures
is indicative of a very low barrier to rotation, and its precise
determination by the pulse techniques is of particular interest
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first because no value at all could be obtained from the
slow-passage experiments and second because an accurate
value for the activation energy may provide some insight as
to the nature of the bonding in this compound not obtainable
from other sources.

The activation parameters from both the T and T, data
are ~2 kcal/mol (Table I). This value must include at least
some contribution from intermolecular interactions within the
lattice and may be compared with the values for other
compounds where there is little or no restriction to motion from
bonding forces. For example, the activation parameters for
the motion of the rings in benzene?® and ferrocene?®-3! in their
planes are 3.5 and 2 kcal/mol, respectively. The implication
in these results is that there is very little or no barrier to the
rotation of the cyclooctatetraene ligand with respect to the
metal atoms, which is imposed by the metal-ligand bonding.
In the light of these data, 4 more correct representation of the
bonding in this compound may be as in V where there is
bonding from the combination of the two iron atoms to the
delocalized #-bonding networks of the ring, to indicate that
the strength of the bond is relatively evenly distributed around
the ring. The more localized bonding scheme based on the
x-ray structural data (III) is considered somewhat misleading
in this respect.

co
(0C), Feé—l\Fe (co),

v

Thus the motion of the unsubstituted cyclooctatetraene
ligands in these representative fluxional organometallic
molecules in the solid state seems to be a general phenomenon.
The effect of the crystal lattice is by no means dominant and
activation energies show the same relative trends as they do
in solution. The study and characterization of these motions
will be a useful complementary study to any x-ray diffraction
measurements, and the determination of the energy barriers
will give a more complete picture of the nature of the re-
orientation processes. In particular cases (such as III above),
these measurements may also provide data not obtainable from
solution studies and in general will be of importance in un-
derstanding the bonding between the two components in the
complex.
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