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Abstract

Carbonyl '*C and 'O and cyclopentadienyl '*C NMR spin-lattice relaxation times of CpRe(CO),
were measured as a function of temperature in the solvent CDCI ;. Analysis of Tl(”CO) revealed that,
unlike in most metal carbonyls, where chemical shift anisotropy is the dominant mechanism, the major
contribution to *C relaxation is via scalar coupling to the directly bonded rhenium. The oxygen-17
quadrupole coupling constant [determined from T,(!’0)), and the =* antibonding orbital population
was very close to values reported in several (arene)Mo(CO); complexes, indicating similar pi bond
strengths. The C—K force constants (k¢p), on the other hand, were quite dissimilar, indicating that k¢,
is not a pure measure of 7w bonding in metal carbonyls. Comparison of rotational correlation times of
the cyclopentadienyt group and M(CO); unit revealed substantial internal rotation of the Cp ring. The
rate, however, is slower than expected for a free rotor, indicating the presence of a finite barrier to
internal rotation.

Introduction

The experimental and theoretical investigation of the magnitude associated with
the rotational barrier of polyene-ML; complexes continues to receive attention
[1-15]. In the absence of mitigating steric constraints, negligible polyene rotational
barriers are predicted on the basis of symmetry considerations [8,9]. However, we
note that there exists a dearth of information dealing with the polyene rotational
barrier in polyene-M(CO), complexes as determined by '*C NMR spin-lattice (T))
relaxation times. To our knowledge, such 7, measurements have been performed
for (arene)Mo(CO); [14] and CpM(CO), (where M = Mn, Re) [15]. In the former
study, although not discussed explicitly [14], the data imply a very high barrier to
internal rotation. The latter report does reveal a low polyene rotation barrier
about the d‘S-ML3 center; however, we note that the results derive from measure-
ments performed in the solid state, where intermolecular rotational barriers
predominate.
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As part of our interest in the chemistry associated with organometallic rhenium
carbonyls [16,17] and relaxation phenomena in organometallic compounds [18,19],
we have investigated the barrier to cyclopentadienyl rotation in CpRe(CO); via
spin—lattice relaxation measurements in solution.

The earlier investigation of (arene)Mo(CO); [14] included measurement of the
carbonyls’ 7O quadrupole coupling constants (QCCs), which are a measure of
M-CO 7 bond strengths [19]. We have also used 'O relaxation time measure-
ments to determine the QCCs and 7 orbital populations in CpRe(CO),. The
results are compared with those for the arylmolybdenum complexes and with the
predictions based upon Cotton-Kraihanzel force constants [20].

Experimental

CpRe(CO), was prepared from Re,(CO),, and dicyclopentadiene according to
the procedure of Gladysz et al. [21]. CDCl, was distilled from P,O; and stored
under argon with Schlenk techniques [22]. The NMR sample was prepared in a 5
mm NMR tube that contained 60 mg (0.18 mmol) of CpRe(CO); dissolved in 0.6
ml of CDCl, (~ 0.3 M) and was freeze—pump-thaw degassed three times prior to
flame sealing.

The carbonyl carbon-13 and oxygen-17 relaxation times and the methinyl
carbon-13 T, values and nuclear Overhauser enhancements (NOEs) were mea-
sured as a function of temperature at B, =70.5 kG [v('*C) =75.4 MHz and
v,('"0) = 40.7 MHz] on a Varian VXR-300 FT-NMR spectrometer. *CO T,
values were also measured at B, = 47.0 kG [v,("*C) = 50.3 MHz] on a Gemini-200
spectrometer. The details of the relaxation time and NOE experiments, and of
temperature regulation and measurement have been presented elsewhere
[18,19,23].

All experiments were repeated at least twice; the resuits in the tables represent
the average of the runs.

Results and discussion

CpRe(CO), is an asymmetric-top molecule of, at most, C; symmetry. However,
from its crystal structure [24], the three semi-axis lengths of the volume e!}lipsoid
are close to equal [25*], with an average molecular radius, R =3.36 A. The
components of the inertia tensor are also similar in magnitude, with an average
value, 1 =774 x10~* g cm’. Hence, in the calculations below, we assume (by

* Reference number with asterisk indicates a note in the list of references.
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Table 1
13CO relaxation times in CpRe{CO),

T (°0) B, (kG) T(3CO)(s) ¢ Tisc (5) Ticsa &) 7. (ps) J (Hz)

25 47.0 0.83 0.85 40
0.03)
70.5 1.70 1.90 18 11.2 1150
(0.08)
50 47.0 1.21 1.23 113
.09
70.5 2.58 277 50 4.0 1590
(0.05)

“ All measurements were performed at least twice. The quantities in parentheses represent the mean
deviation between runs.

necessity) [26*] that the reorientational behavior of the molecular skeleton is
isotropic, characterized by a single diffusion coefficient, D.

The magnetogyric ratios of the two isotopes, ' Re (37.1%) and '*’Re (62.9%),
are close to identical [27]; therefore, in calculations below, we have used the
weighted average, y(Re) = 6.064 X 10* s~ ! G~!. The reported rhenium quadrupole
coupling constants of the two isotopic species of CpRe(CO); are also quite similar
[28]; again, we have used the weighted average, y(Re) = 598.9 MHz = 3.763 % 10°
s~

Carbonyl carbon-13 relaxation mechanisms

The carbonyl *CO relaxation times in CpRe(CO); at two temperatures and
magnetic field strengths are presented in Table 1 [7,('3CO)].

Owing to the extremely large chemical shift anisotropies (Ao = 400 ppm) [29],
this mechanism (CSA) usually dominates the *C relaxation in transition metal
carbonyls [19,30,31]. However, as a result of the near coincidence of the Re and
BC magnetogyric ratios [27,32], scalar coupling (SC) to the directly bonded
rhenium nuclei also contributes significantly to the observed relaxation time.
Additionally, one expects comparatively minor contributions from spin—rotation
(SR) and inter- and intramolecular dipoie-dipole (DD) relaxation [33*]. Using
standard formulae for CSA and SC relaxation [34-36], the following expression is
obtained for the net relaxation rate (77 '):

1 1 1 1
Tl TlSC TlCSA T]O
2 82 T,(Re) 1
= —wd Aot + —S(S+1)J? : +— 1
1577 3 55+ 1+ Aw?’T(Re)*  Tio 0

In this equation, w, = y(**C)B, (the carbon-13 resonance frequency); Ao is the
"*C chemical shift anisotropy; 7, is the rotational correlation time; S =5/2 (the
spin of both '®*Re and '®"Re); J is the Re—C coupling constant (in Hz); T\(Re) is
the rhenium spin-lattice relaxation; Aw = [y(C)-y(Re)]B, = 662.5 X B, (the differ-
ence in resonance frequencies); T, represents the contribution owing to other
relaxation mechanisms (primarily spin-rotation) [33*]. We have calculated an
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approximate chemical shift anisotropy, Ao =408 ppm, using the experimental
BCO chemical shift in CpRe(CO), (193.1 ppm downfield from TMS), and the
common assumption that the paramagnetic contribution to the parallel component
of the shielding tensor vanishes (i.e of=0) [29]. We have also estimated that
T)o = 150 s, which is the average value measured in our recent study of group 6
hexacarbonyls [19].

It would appear from eq. 1 that the relaxation rate is a function of three
independent parameters, J, 7. and T,(Re). However, rhenium is relaxed exclu-
sively by quadrupolar interactions, which are dependent upon the magnitude of
the nuclear quadrupole coupling constant. Therefore, with the assumption (see
above) that the reorientation is isotropic, the rhenium relaxation time is governed
by the same 7, and is given by [34]:

13 28+3 3 ,
T, 40 s22s-n* T X e )

where x is the rhenium QCC (in s™').

We have utilized an iterative program (written in Basic) to fit 7, and J in egs. 1
and 2 to the experimentally observed relaxation times at two values of B, (Table
1). The calculated parameters at 25°C and 50°C are given in the last two columns
of the table. The variation in J with temperature is almost certainly a result of
experimental error. However, the average coupling constant, J,,, = 1370 Hz, is of
the same magnitude as values reported recently in two rhenium carbonyl clusters
(J = 1000 Hz) [36]. The correlation time at 25°C is also quite similar in magnitude
to values reported (7. = 8-12 ps) in several mononuclear carbonyls [14,19,30]. We
note that, not surprisingly, the choice of T,; has a relatively small effect on the
calculated parameters. The assumption that 7,5 = 100 s or 1000 s caused only a
3-5% variation in J and 7, from values in the table.

We have used these parameters to calculate the individual contributions to
relaxation at both field strengths and temperatures (T,g- and T,g, in Table 1).
As expected from the the qualitative dependence of T'(obs) on By, scalar coupling
dominates the relaxation. The dependence of T3 on B, (i.e. on Aw) and
temperature is consistent with the inequality, AT ,(Re) > 1 [37*], in which limit,
Tist a7,/ (Aw)? [2,35]. The observed decrease of T csa With By and its increase
with temperature is consistent with the relation, Ty o w37,.

Even though Tga > T4, to assume that scalar coupling is the sole relaxation
mechanism introduces serious errors into the analysis. To illustrate, if the 25°C
results are reanalyzed as above except with Ag=T,4 =0, or via the standard
straight line plot of T, versus Aw? [35,36], then the calculated parameters are
7. =40 ps and J = 665 Hz. This correlation time is four times longer than typical
values found in mononuclear complexes [14,19,30], and is, in fact, comparable in
magnitude to rotational times reported in tri- and tetranuclear metal carbonyl
clusters [18]. It should be stressed that accurate analysis of '*CO relaxation in
rhenium carbonyl complexes requires the inclusion of contributions from both the
scalar coupling and chemical shift anisotropy in the relaxation equation.

Re—CO 7 bonding
Approximate Cotton—-Kraihanzel (C-K) C=O force constants [20], k.5, have
been widely utilized to study pi bonding in transition metal carbonyls. Unfortu-
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nately, there is now an abundance of experimental [38] and theoretical [39]
evidence that the o bond order also affects the force constant; a stronger sigma
bond induces an increase in kg [38,39].

Unlike C-K force constants, the oxygen-17 quadrupole coupling constant,
x("’0), is a much purer measure of the C=O = bond order [40]. A number of
investigators [14,19,30,31] have utilized 7O and '*C NMR relaxation to measure
the 'O QCC and obtain valuable information on the factors affecting the M—CO
7 bond strength. Most studies have been interpreted qualitatively; a smaller QCC
corresponds to a more symmetrical environment surrounding the oxygen nucleus
and, hence, a stronger 7 bond. However, recently, we developed a simple
relationship between y and [27], the population of the antibonding 27 (or #*)
orbital [19]:

[27], -2 X (3)
X

0

In this equation, xo = 4.43 MHz (the QCC of free carbon monoxide) [41] and the
quantities ¢ and y, are constants [42*,43*]. The subscript, y, on the left hand
side of eq. 3 is used to indicate that the antibonding orbital population was
determined from the 'O QCC. A stronger 7 bond will result in a greater value of
[277])(. Thus, the calculated value of this parameter furnishes a semi-quantitative
estimate of the magnitude of M(d,,) = CO(p_) backbonding.

x(’O) may be calculated directly from T,(*’O) via eq. 2 (S = 5/2 for '70) if one
has measured the correlation time. Using our values of 7, at 25°C and 50°C (Table
1) and the relaxation times in Table 2, we have determined two values for the
QCC, x =0.70 MHz (25°C) or x = 1.03 MHz (50°C), with an average x,,, = 0.87 =
0.9 + 0.2 MHz. We note that one does not expect any significant dependence of
the QCC on temperature; the discrepancy between the two values almost surely
results from uncertainties in the calculated correlation times [44*].

Using the average QCC in eq. 3, we have determined that [27] = 0.54 + 0.03
electrons / CO in CpRe(CO);, which we have displayed in Table 2, along with =
orbital populations in other representative metal carbonyls. Note that y(}’0O) and,
therefore, [27],, is comparable in magnitude to values in several arenemolyb-
denum tricarbonyls [14]. The antibonding orbital occupancy in CpRe(CO), (per
CO) is significantly greater than in Cr(CO), [19]. This result is a direct manifesta-

Table 2

QCCs, pi orbital populations and C-K force constants in some metal carbonyls

Complex x("70) (MHz) [27], (e~ /CO) ko (mdyn/A)
Cr(CO), 1.9, 0.38 165°
V(CO)g 12°¢ 0.50 14.6 ¢
CpRe(CO), 09° 0.54 157°¢
(to)Mo(CO), 0.9¢ 0.54 148"
(mes)Mo(CO), * 08¢# 0.56 146"

7 Ref. 19. ® Ref. 46a. © Ref. 14b. ¢ From vibrational frequencies in ref. 46b. ¢ This work. Force
constant calculated from measured frequencies, »(A;)=2030 cm™' and v(E)=1939 cm™". / tol =
toluene. ¥ Ref. 14. ¥ Refs. 14 and 46c. | mes = mesitylene.
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tion of the polyene unit functioning as a stronger donor (o) ligand as compared
with the isolobal fac tricarbonyl ligand set [45].

Brownlee er al. [14] have reported an interesting linear correlation between
x("’0) and the C-K force constant [20], k.o, which, if generally valid, would
provide a simple method for estimating the QCC and 2« orbital population. As
shown in the last column of Table 2, ko for CpRe(CO), is much higher than the
measured force constants [46] in (arene)Mo(CO), complexes and in V(CO), , even
though its 7 bond strength is comparable in magnitude with these latter species.
Indeed, based upon a linear correlation established by Cr(CO), and V(CO), , one
would predict [from the CpRe(CO); force constant] that y = 1.6 MHz and [27T]X =
0.43 e~ /CQO, which would imply a much weaker 7 bond than that determined
experimentally in this study. Unfortunately, therefore, the linear correlation be-
tween y and k. is not generally applicable. We plan additional experiments on
other group 7 (Mn and Re) complexes to determine whether there is a correlation
between [21T]X and ko within this series.

Reorientational dynamics and internal rotation

As seen above, determination of y and [27], from T,("’0) requires auxiliary
3C NMR relaxation time measurements (at two field strengths) in order to
calculate 7, for use in eq. 3. It would be extremely useful if the rotational
correlation times could, instead, be estimated accurately from currently available
models of molecular reorientational diffusion coefficients [47].

We have used the experimental oxygen-17 relaxation times [7,(*’O) in Table 3]
and the average QCC [x(!"0)=0.9 MHz =5.65 X 10® s~ '} in eq. 2 to determine
the rotational correlation time and, hence, the diffusion coefficient [D = (67,) ']
[47] as a function of temperature. The results are presented in Table 3 and in Fig.
1 (the solid circles and line A). A fit of the data by the Arrhenius equation vields
an experimental activation energy, £, = 3.0 kcal / mol.

Shown also in Fig. 1 (line B) are diffusion coefficients calculated by the classic
Gierer-Wirtz (GW) microviscosity model of molecular reorientation [48,49%*].
Although qualitatively of the same magnitude as the measured diffusion coeffi-
cients, the model predicts values that are greater than experiment; e.g. at 25°C,
D(GW) =36 ns™' versus D(exp) =24 ns~ . In addition, the calculated tempera-

Table 3

70 and '*C relaxation times and rotational diffusion coefficients in CpRe(CO);

T¢CCO T(7O)ms)* TPC-H))* ¢ 7{C-H)(ps) Dms™H) R(ns™H

-25 64 6.0 2.0 7.35 8.2 70
02) 0.3)

0 101 8.2 2.0 5.37 12.9 68
(08) 0.2)

25 190 9.8 2.0 4.50 243 31
(20) 0.2)

50 250 8.5 14 3.67 32.0 31
(10) 0.1

“ All measurements were performed at least twice. The quantities in parentheses represent the mean
deviation between runs.
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Fig. 1. Temperature dependence of experimental and calculated rotational diffusion coefficients of
CpRe(CO); in chloroform. (A) D(exp); (B) DIGW); (C) D(HKW).

ture dependence yields a somewhat lower activation energy, E (GW) = 2.3 kcal/
mol, than that observed experimentally.

It is of interest to calculate the 'O QCC using correlation times determined
from the model. Using 7(GW) ={6 D(GW)} ! with T,('"’O) in eq. 2 (at 25°C and
50°C), we find that x('’0)., = 1.1 MHz, which is acceptably close to the experi-
mental QCC [X(1’0) = 0.9 MHz] [S0*]. Thus, in the absence of '*C relaxation
measurements of the correlation time, the simple microviscosity model may be
used profitably to obtain a qualitative estimate of the 'O QCC.

More recently, Hynes, Kapral and Weinberg (HKW) [51] formulated a model of
molecular reorientation for spherical molecules in solution that has proven more
accurate than the earlier Gierer—Wirtz theory in a number of systems [47,52]. We
have applied the HKW equations [51] to calculate D as a function of temperature
(line C in the Fig. 1). Unlike earlier studies, we see that for CpRe(CO), in CDCl,,
the HKW theory yields calculated diffusion coefficients that are far greater than
both experimental values and coefficients from the GW model. For example, at
25°C, D(HKW) =90 ns™ !, which is more than three times greater than experi-
ment. The temperature dependence is also markedly lower than found experimen-
tally with E,(HKW) = 1.2 kcal/mol. Not surprisingly, the O QCC calculated
from 7 (HKW) is also in serious error; x('’O), =1.7 MHz, almost twice the
measured value.

The correlation time obtained from T,('’O) measures the rate of rotation of a
vector parallel to the M—C=0 and, hence, characterizes overall molecular reorien-
tational diffusion. In contrast, dipole-dipole carbon-13 relaxation of the methinyl
carbons (by the directly attached proton) is governed by the rotational time of the
C-H vector. This quantity depends both upon the overall diffusion constant, D,
and the coefficient, R, which characterizes the rate of internal rotation of the
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cyclopentadienyl group. Therefore, one may use these data to obtain an estimate
of the internal rotation rate.

The measured *C-H relaxation times are given in the third column of Table 3.
As seen also in the table, the measured NOEs (n) are at a maximum (7,,,, = 1.987
= 2.0) at all but the highest temperature, indicating that, except at 50°C, relaxation
is exclusively by dipolar relaxation [i.e. T(**C~H) = T,DD].

We have calculated T, at 50°C from the standard relation, T;pp = [,/
mT(*C-H). One may then obtain the rotational correlation time from the
expression [34]:

1 yévah®
T\pp h 4772R2H

T, =2.269 X 10107'C(C—H) (4)

where the numerical coefficient was evaluated using R, = 1.08 A [53]. The
resulting correlation times are given in Table 3.

Woessner [54] has developed a relation for the correlation time of a vector
undergoing internal rotation in a symmetric-top molecule, as a function of D
D, and R. Assuming isotropic overall reorientation (D | =D, ), his expression
reduces to [55*]:

e A B C
“H)=—+ +
©(CH) = e T S5 R T 6D T 4R

(5)

A, B and C are functions of 8, the angle between the internally rotating vector
and the overall rotation axis. For the C—H vector in the Cp ring, § = 90° and one
has 4 =025 B=0 and C=0.75. We have used the experimental diffusion
coefficients [ D] and correlation times [7.(C-H)] in eq. 5 to determine R at the
various temperatures; the results are shown in the last column of Table 3. The
apparent decrease in the internal rotation rate with increasing temperature is
clearly unrealistic. We believe it probably results from experimental errors in 7,
and D and from the highly non-linear dependence of R upon these quantities.
Further, one must be reminded that the required assumption of isotropic reorien-
tation precludes any quantitative interpretation of the results.

Still, one concludes from the magnitude of the coefficient, R, that there is
substantial internal rotation of the Cp ring relative to the Re(CO), skeleton in this
complex. This conclusion is in marked contrast to recent results for several
arylmolybdenum tricarbonyls [14], where it was found that the correlation times
characterizing rotation of the arenes’ C-H vector were equal to or longer than ,
for overall reorientation of the molecule. This implies that there is no significant
internal rotation of the aryl ring in these complexes.

The internal rotation in CpRe(CO), is not completely unhindered, however, in
which case the values of R would be far higher. One may obtain an order of
magnitude estimate of the barrier to internal rotation, V,, through use of the
relation [56], R =R, e~ "o/Ral where Ry, =(5/3)0kT/I,]'/?, R is the gas con-
stant and I, = 190 X 10~*’ g cm? is the moment of inertia of the Cp ring about its
C; axis. With these expressions and the data in Table 3, we obtain estimates of V
ranging from 1.7 to 2.6 kcal / mol, which is comparable with the barrier-measured
by 'H relaxation time measurements in solid CpRe(CO), (V, = 1.7 kcal / mol) [15],
and far higher than the negligible intramolecular electronic barrier (0.002
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kcal/mol) predicted by extended Hiickel calculations [8,9] on the isolated com-
plex. It is likely that this barrier arises at least in part from intermolecular
solvent-solute interactions since, using the above formulae with the experimental
spinning diffusion coefficient of free benzene in CDCl, [57] one finds a barrier of
1.3 kcal/mol. There may well also be a component arising from intramolecular

Al ntananin fmdnsmnndinn xrithi;: tha nnsmesmlasy ITnwsrasras o rtonéibadira aconcomian ~F
electromic interactions within the complex. However, a quaintitative assessment of

the relative magnitudes of the inter- and intramolecular contributions would
require experimental determination of the intramolecular barrier to rotation in the
complex [58*].

We thank the Robert A. Welch Foundation [Grants B-1039 (MGR) and B-657
(MS)] and the UNT Faculty Research Program for financial support. MGR
acknowledges the Cyprus Sierrita Corp. for their gift of ammonium perrhenate.

References

1 B.E. Mann, Chem. Soc. Rev., 15 (1986) 167.

2 F.W. Grevels, J. Jacke, W.E. Klotzbucher, C. Kruger, K. Seevogel and Y.H. Tsay, Angew. Chem.,

Int. Ed. Engl., 26 (1987) 885.

G. Hunter, K. Mislow, T.J.R. Weakley and M.C. Wong, J. Chem. Soc., Dalton Trans., (1986) 577.

R.K. Pomeroy and D.J. Harrison, J. Chem. Soc., Chem. Commun., (1980) 661.

5 P.A. Downton, B. Mailvaganam, C.S. Frampton, B.G. Sayer and M.J. McGlinchey, J. Am. Chem.

Soc., 112 (1990) 27 and refs. therein.

6 M.J. Hails, B.E. Mann and C.M. Spencer, J. Chem. Soc., Chem. Commun., (1983) 120.

For related investigations of ML, species, see: (a) R.A. Gancarz, M.W. Baum, G. Hunter and K.

Mislow, Organometallics, 5 (1986) 2327; (b) G.W. Wagner and B.E. Hanson, J. Am. Chem. Soc., 111

(1989) 5098.

8 T.A. Albright, P. Hofmann and R. Hoffmann, J. Am. Chem. Soc., 99 (1977) 7546.
9 T.A. Albright, Acc. Chem. Res., 15 (1982) 149.

10 T.A. Albright and R. Hoffmann, Chem. Ber., 111 (1978) 1578.

11 T.A. Albright and B.K. Carpenter, Inorg. Chem., 19 (1980) 3093.

12 J.W. Chinn, Jr. and M.B. Hall, J. Am. Chem. Soc., 105 (1983) 4930.

13 See also: T.A. Albright, R. Hoffmann, Y.C. Tse and T. D’Ottavio, J. Am. Chem. Soc., 101 (1979)
3812.

14 R.T.C. Brownlee, M.J. O’Connor, B.P. Shehan and A.G. Wedd, Aust. J. Chem., 39 (1986) 931.

15 D.F.R. Gilson, G. Gomez, 1.S. Butler and P.J. Fitzpatrick, Can. J. Chem., 61 (1983) 737.

16 C.M. Nunn, A.H. Cowley, S.W. Lee and M.G. Richmond, Inorg. Chem., 29 (1990) 2105.

17 S.W. Lee and M.G. Richmond, Inorg. Chem., 30 (1991) 2237.

18 (a) M. Schwartz, M.G. Richmond, A.F.T. Chen, G.E. Martin and J.K. Kochi, Inorg. Chem., 27
(1988) 4698; (b) S.P. Wang, A.F.T. Chen, M.G. Richmond and M. Schwartz, J. Organomet. Chem.,
311 (1989) 81; (¢) P. Yuan, M.G. Richmond and M. Schwartz, Inorg. Chem., 30 (1991) 588; (d) P.
Yuan, M.G. Richmond and M. Schwartz, Inorg. Chem., 30 (1991) 679; (¢) S.P. Wang and M.
Schwartz, J. Mol. Liquids, in press.

19 S.P. Wang, P. Yuan and M. Schwartz, Inorg. Chem., 29 (1990) 484.

20 (a) F.A. Cotton and C.S. Kraihanzel, J. Am. Chem. Soc., 84 (1962) 4432; (b) P.S. Braterman, Metal
Carbonyl Spectra, Academic Press, New York, 1975.

21 W. Tam, G.Y. Lin, W.K. Wong, W.A. Kiel, VK. Wong and J.A. Gladysz, J. Am. Chem. Soc., 104
(1982) 141.

22 D.F. Shriver, The Manipulation of Air-Sensitive Compounds, McGraw-Hill, New York, 1969.

23 A.A. Rodriguez, S.J.H. Chen and M. Schwartz, J. Magn. Reson., 74 (1981) 114.

24 P.J. Fitzpatrick, Y. Le Page and LS. Butler, Acta Crystallogr., B37 (1981) 1052.

BowW

~



340

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41
42
43

44

45

46

47
48

l:rom the structure [24], we calculate the three semi-axis lengths as a = 3.48, b=3.12 and ¢ = 3.48
A.

Even if one were to assume that the complex is a pseudo-symmetric top (by neglecting the structure
of the Cp moiety), it is not possible to acquire sufficient data (the rotational correlation times at two
angles relative to the top axis) to determine the two diffusion coefficients (D | and DH) required to
characterize the rotation of a symmetric top molecule.

C. Brevard and P. Granger, Handbook of High Resolution Multinuclear NMR, Wiley, New York,
1981, p. 194.

A.N. Nesmeyanov, G.K. Semin, V.E. Bryuchova, T.A. Babushkina, K.N. Anisimov, N.E. Kolobova
and Yu.V. Makarov, Tetrahedron Lett., 37 (1968) 3987.

(a) H.W. Spiess and H. Mahnke, Ber. Bunsenges. Phys. Chem., 76 (1972) 990; (b) H. Mahnke, R.K.
Sheline and H.W. Spiess, J. Chem. Phys., 61 (1974) 55; (¢) J.W. Gleeson and R.W. Vaughan, J.
Chem. Phys., 78 (1983) 5384.

(a) R.T.C. Brownlee, M.J. O’Connor, B.P. Shenhan and A.G. Wedd, Jj. Magn. Reson., 61 (1985) 22;
(b) R.T.C. Brownlee and B.P. Shehan, J. Magn. Reson., 66 (1986) 503.

(a) S. Aime, R. Gobetto, D. Osella, L. Milone, G.E. Hawkes and E.-W. Randall, J. Chem. Soc.,
Chem. Commun., (1983) 794; (b) G.E. Hawkes, E.W. Randall, S. Aime, D. Osella and J.E. Elliot, J.
Chem. Soc., Dalton Trans. (1984) 279; (c) S. Aime, R. Gobetto, D. Osella, G.E. Hawkes and E.-W.
Randall, ibid., (1984) 1863; (d) G.E. Hawkes, E.W. Randall, S. Aime and R. Gobetto, J. Magn.
Reson., 68 (1986) 597, (¢) S. Aime, M. Botta, R. Gobetto and D. Osella, J. Chem. Soc., Dalton
Trans., (1988) 791.

M.L. Martin, G.J. Martin and J.-J. Delpuech, Practical NMR Spectroscopy, Heyden, London, 1980;
y(13C)=6.726 X 10% s~ ! /G (derived from the frequency in Table 1.1 on p. 2).

A simple calculation reveals that intramolecular relaxation due to dipole-dipole is negligible, with
Tipp (Re-C) > 1000 s. One expects a similarly long intramolecular relaxation time, owing to the low
magnetogyric ratios of the solvent’s **Cl, *’Cl and ?D nuclei.

E.D. Becker, High Resolution NMR, Academic Press, New York, 1980, Chap. 8.

R.F. Jordan and J.R. Norton, J. Am. Chem. Soc., 101 (1979) 4853.

(a) T. Beringhelli, H. Molinari and A. Pastore, J. Chem. Soc., Dalton Trans., (1985) 1899; (b) T.
Beringhelli, G. D’Alfonso and H. Molinari, J. Chem. Soc., Dalton Trans., (1987) 2083.

From the values of 7. and B,,, one calculates that the product, AwT(Re), varies from 8 to 34 under
the conditions of these experiments.

(a) G.R. Dobson, Inorg. Chem., 4 (1965) 1673; (b) T.L. Brown and D.J. Darensbourg, ibid., 6 (1967)
971; (¢) D.J. Darensbourg and T.L. Brown, ibid., 7 (1968) 959.

(a) D.A. Brown and R.M. Rawlinson, J. Chem. Soc. (A), (1969) 1530; (b) R.F. Fenske and R.L.
DeKock, Inorg. Chem., 9 (1970) 1053; (¢) R.F. Fenske, Pure Appl. Chem., 27 (1971) 61; (d) M.B.
Hall and R.F. Fenske, Inorg. Chem., 11 (1972) 1619.

(a) C.P. Cheng and T.L. Brown, J. Am. Chem. Soc., 101 (1979) 2327; (b) C.P. Cheng and T.L.
Brown, ibid., 102 (1980) 6418; (¢) S.G.P. Bronsen, D.T. Edmonds and J.J. Poplett, J. Magn. Reson.,
45 (1981) 451.

B. Rosenblum and A.H. Nethercot, J. Chem. Phys., 27 (1957) 828.

¢ =3.20 from ref. 1.

xo=20.88 MHz is the QCC of a single electron in an oxygen atom’s P orbital. From (a) J.S.M.
Harvey, Proc. R. Soc., London Ser. A 285 (1965) 581; (b) S.W. Rabideau and P. Waldstein, J. Chem.
Phys., 44 (1966) 1304.

We note further that assuming that 7. from T\(Re) is the same as the correlation time governing
170 relaxation is valid only if the reorientation is isotropic. However, the error caused by this
approximation is likely to be less than the uncertainty of +0.2 MHz given in the text (since y
depends only upon the square root of 7; eq. 2).

(a) M. Elian, M.M.L. Chen, D.M.P. Mingos and R. Hoffmann, Inorg. Chem., 15 (1976) 1148; (b) M.
Elian and R. Hoffmann, Inorg. Chem., 14 (1975) 1058; (¢) T.A. Albright, J.K. Burdett and M.H.
Whangbo, Orbital Interactions in Chemistry, Wiley, New York, 1985.

(a) L.H. Jones, R.S. McDowell and M. Goldblatt, Inorg. Chem., 8 (1969) 2349; (b) E.-W. Abel,
R.A.N. McLean, S.P. Tyfield, P.S. Braterman and A.P. Walker, J. Mol. Spectrosc., 30 (1969) 29; (c)
E.W. Neuse, J. Organomet. Chem., 99 (1975) 287.

R.T. Boere and R.G. Kidd, Annu. Rep. NMR Spectrosc., 13 (1982) 319.

A. Gierer and K. Wirtz, Z. Naturforsch., Teil A, 8 (1953) 532.



341

49 We have used R(CDCl;)=2.59 A {F.M. Mourits and F.H.A. Rummens, Can. J. Chem., 55 (1977)
3007] with equations in ref. 48 to calculate the microviscosity diffusion coefficients.

50 That the experimental and calculated 'O QCCs agree more closely than do the correlation times,
results directly from the square root dependence of x upon 7. [y a(r.)~'/2].

51 (a) J.T. Hynes, R. Kapral and M. Weinberg, Chem. Phys. Lett., 46 (1977) 463; (b) J.T. Hynes, R.
Kapral and M. Weinberg, J. Chem. Phys., 69 (1978) 2725.

52 (a) S.P. Wang, A.F.T. Chen and M. Schwartz, Mol. Phys., 65 (1988) 689; (b) P. Yuan, A.F.T. Chen
and M. Schwartz, J. Raman Spectrosc., 20 (1989) 27.

53 M.R. Churchill, Inorg. Chem., 12 (1973) 1213.

54 D.E. Woessner, J. Chem. Phys., 37 (1962) 647.

55 A=[3cos8 —1)* /4; B =3sin%0 cos®0; C = (3/4)sin*6. From ref. 54.

56 (a) T.D. Alger, D.M. Grant and R.K. Harris, J. Phys. Chem., 76 (1972) 281; (b) I.R. Lyerla, Jr. and
D.M. Grant, ibid., 76 (1972) 3213.

57 K. Tanabe and I. Hiraishi, Mol. Phys., 39, (1980) 493.

58 For example, Chiu and Schiéfer [N.-S. Chiu and L.J. Schifer, J. Organomet. Chem., 101 (1975) 331]
have determined the barrier to internal rotation in (Bz)Cr(CO), by electron diffraction measure-
ments on the gas phase complex.



