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that —o) increases with the basicity of the axial ligand, L,
indicating that an increase in electron density placed on cobalt
leads to an increase in the effect, supporting the hyperconju-
gation structures of eq 9. This is in direct contrast to the
fluorophenylcobaloximes where —aR° (as an indicator of direct
conjugation of cobalt with the aryl group) was found to de-
crease with increasing electron density on cobalt. It is also
of interest to note that in Table VI changing L from ClI- to
I" has very little effect on the measured 'F NMR shifts and
hence on the calculated values of a7 for the CH,Co(D,H,)L
substituents. Since I” is known to interact with some aryl
groups via involvement of unoccupied acceptor d orbitals,’ such
d-orbital interactions evidently do not occur with the cobalt
atom in such complexes or they do not substantially effect the
stability of the hyperconjugation structures of eq 9.

It should, finally, be pointed out that Bromilow et al.** have
recently firmly demonstrated that the resonance effect of a
given substituent, X, in a para-disubstituted benzene depends
on the nature of the para detecting group Y and have suggested
substitution of eq 10 (dual substituent parameter nonlinear

P = g1p; + ar°pr /(1 - €0g®) (10)

resonance effects or DSP-NLR) for the simpler eq 1 (dual
substituent parameter or DSP) for para-disubstituted benzenes.
In this equation, ¢ is treated as a fit parameter to be maximized
for each data set and to allow for such nonlinear resonance
effects. However, these authors have applied this approach
to para-substituted fluorobenzene '°F NMR chemical shifts
and obtained a maximized value of 0.21 for e. Application
of eq 10 to the present data using this value of ¢ shows that
the nonlinear resonance effect is extremely minor for para-
substituted fluorobenzenes. This treatment caused no change
whatsoever (to three significant figures) in any of the values
of ¢y reported herein for cobaloxime-chelated cobalt centers
and caused only minor changes in the calculated gg° values
(in the third significant figure). Hence, while such nonlinear
resonance effects are undoubtedly extremely important in some
cases,> they are a very minor effect in the current case.

(33) Bromilow, J.; Brownlee, R. T. C.; Craik, D. J.; Sadek, M.; Taft, R, W,
J. Org. Chem. 1980, 45, 2429-2438.
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The direct observation of the naturally abundant Mo NMR spectra of [LMo(CO);] (L = cycloheptatriene, mesitylene,
0-, m-, and p-xylene, toluene, cyclopentadienyl anion) compounds are reported and discussed. Narrow resonances (W),
~ 6 Hz) are observed, and the signals are the most shielded reported to date. The **Mo NMR chemical shift is related
to the molybdenum-arene bond strength for L = arene. Arene exchange between [LMo(CO),] derivatives is not detected

at 38 °C in dichloromethane.

Introduction

We have recently demonstrated the potential of **Mo NMR
spectroscopy in the study of molybdenum carbonyls.? Several
important aspects emerged from our preliminary study. Thus,
despite the quadrupole moment associated with this I = 3/,

(1) For Part 2, see: Masters, A. F.; Gheller, S. F.; Brownlee, R. T. C,;
O’Connor, M. J.; Wedd, A. G. Inorg. Chem. 1980, 19, 3866—3868.

(2) Masters, A. F.; Brownlee, R. T. C.; O’Connor, M. J.; Wedd, A. G;
Cotton, J. D. J. Organomet. Chem. 1980, 195, C17-C20.

nucleus, line widths were often very narrow, allowing a com-
bination of both sharp signals and rapid data accumulation
and hence the possibility of routine detection of signals from
dilute solutions. These benefits, coupled with the wide *Mo
NMR chemical shift range observed to date (>4000 ppm)??
have the further consequence that subtle electronic effects at

(3) (a) Lutz, O; Nolle, A,; Kroneck, P. Z. Naturforsch. 1976, 314,
454-456. (b) Lutz, O.; Nolle, A.; Kroneck, P. Ibid. 1977, 324,
505-506.
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Figure 1. Mo NMR spectrum of [(o-xyl)Mo(CO)s;], 0.5 M in
CH,Cl, at 22 °C. Spectral parameters: 1.1-s repetition time; 2000-Hz
total spectral width: 4095 data points; 1000 transients.

the molybenum site and/or minor structural changes in the
molybdenum environment can be readily resolved by **Mo
NMR spectroscopy. This application of Mo NMR data was
illustrated by the sensitivity of the chemical shifts of (i)
[Mo(CO)4,(P(OR;),] (n = 1,3) to phosphite substituent and
the value of n (these compounds, by virtue of molybdenum-
phosphorus coupling, exhibit unequivocal “fingerprint” spec-
tra), (ii) [(Cp)Mo(CO);R] to alkyl substituent variation some
five bonds from the molybdenum center, and (iii) [(arene)-
Mo(CO),] to arene substituents.

Since the majority of molybdenum compounds will yield
only a single Mo NMR resonance, a detailed understanding
of the effects of ligand substituent variation on 8(**Mo) is
clearly fundamental to the wider application of Mo NMR
spectroscopy. We report here results for a series of [(ar-
ene)(Mo(CO),] compounds with the substituents located on
a “mr-bonded” aromatic ligand. A companion study of sub-
stituent effects in a series of [(Cp)Mo(CO);R] derivatives
where the alkyl ligand is ¢ bonded to the metal has been
completed.*

[(arene)Mo(CO),] derivatives are appropriate for study
because of their many applications in organic synthesis and
catalysis and their fundamental importance in organometallic
chemistry.>1® Moreover, correlations with the NMR of other
nuclei are possible since several complementary studies have
been reported using 'H, *C, 70, and '°F NMR, albeit gen-
erally of the chromium analogues.!!-2

(4) Masters, A. F.; Brownlee, R. T. C.; O’Connor, M. J.; Wedd, A. G,;
Cotton, J. D.; Kimlin, H., to be submitted for publication.
(5) Semmelhack, M. F.,, Ann. N.Y. Acad. Sci. 1977, 295, 36-51.
(6) Jaouen, G. Ann. N.Y. Acad. Sci. 1977, 295, 59-78.
(7) Silverthorn, W. E. Adv. Organomet. Chem. 1975 13, 47-137.
(8) Korda, A.; Giezynski, R.; Krycinski, S. J. Mol. Catal. 1980, 9, 51-58.
(9) Saillard, J. Y.; Grandjean, D.; Choplin, F.; Kaufman, G. J. Mol. Struct.
1974, 23, 363-375.
(10) Farona, M. F. Organomet. React. Synth. 1977, 6, 223-288.
(11) McFarlane, W.; Grim, S. O. J. Organomet. Chem. 1966 5, 147-154.
(12) Fritz, H. P.; Kreiter C. G. J. Organomet. Chem. 1967, 7, 427-440.
(13) Emanuel, R. V,; Randall, E. W. J. Chem. Soc. A 1969, 3002-3006.

(14) Farnell, L. F.; Randall, E. W.; Rosenberg, E. J. Chem. Soc. D 1971,
1078-1079.

(15) Mann, B. E. J. Chem. Soc. D 1971, 976-977.

(16) Mann, B. E. J. Chem. Soc., Dalton Trans. 1973, 2012-2015.

(17) Todd, L. J.; Wilkinson, J. R. J. Organomet. Chem. 1974, 77, 1-25.

(18) Bodner, G. M.; Todd, L. J. Inorg. Chem. 1974, 13, 360-363.

(19) Bodner, G. M.; Todd, L. J. Inorg. Chem. 1974, 13, 1335-1338.

(20) Jackson, W. R.,; Pincombe, C. F.; Rae, I. D.; Thapebinkarn, S. 4ust.
J. Chem. 1975, 28, 1535-1539.

(21) Hickey, J. P.; Wilkinson, J. R.; Todd, L. J. J. Organomet. Chem. 1979,
179, 159-168.

(22) Fletcher, J. L.; McGlinchey, M. J. Can. J. Chem. 1975, 53, 1525-1529.
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Table1. °*Mo NMR Parameters of [(arene)Mo(CO),]
Derivatives in CH,Cl,

compd temp, °C  §(°*Mo) Why,, Hz
[(cht)Mo(CO),] 22 -~1684.0 13
Mo(CO), 22 -1856.7 4
[ (mes)Mo(CO), | 22 -1906.9 8
38 —1903.4
[en-xy1)Mo(CO), | 22 —-1970.6 7
38 -1967.6
[@-xy1)Mo(CO), 22 -1979.2 5
38 -1976.2 -
[{o-xy1)Mo(CO), ] 22 -1987.8 9
38 —-1985.0
[(to)Mo(CO), ] 22 —2034.0 5
38 —-2031.7
{(n®-C4H,)Mo(CO), |~ 22 -2119,94 21
22 -2122.8% 18

@ As K* salt in DME. ® As Na* salt in THF,

(xyl)MolCOly
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'
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Figure 2. Room-temperature **Mo NMR spectrum of a mixture of
[(arene)Mo(CO),] derivatives (arene = mes, m-, p-, and o-xyl, tol)
in CH,Cl,, each approximately 0.2 M. Spectral parameters: 0.86-s
repetition time, 2500-Hz total spectral width; 4095 data points; 5000
transients.

Experimental Section

All [(arene)Mo(CO);] compounds were synthesized by the method
of Angelici,?’ viz., refluxing Mo(CO) with the appropriate neat arene
under nitrogen, and their identities confirmed by infrared spectros-
copy.25?’ (Cycloheptatriene)molybdenum tricarbonyl was prepared
similarly.?®® Salts of [(Cp)Mo(CO);]~ were obtained via literature
methods and were not isolated.2®?°  All solvents and ligands were
dried and manipulated under dry nitrogen by standard Schlenk and
vacuum-manifold techniques. Samples for Mo NMR spectra were
sealed under vacuum shortly before use. Abbreviations used are the
following: Cp = cyclopentadienyl anion (n°-CsHs™), cht = ¢yclo-
heptatriene, tol = toluene, xyl = xylene, mes = mesitylene, benz =
benzene, DME = dimethoxyethane, THF = tetrahydrofuran.

Spectra were obtained from naturally abundant samples with a
JEOL PFT-100 NMR spectrometer (using a specifically tuned probe)
operating in the pulsed Fourier transform mode at 6.5 MHz. Samples
were measured at 22 °C unless otherwise stated, and signals are
conventionally referenced to external aqueous 2 M Na,MoO, at pH
11.2 Digital resolution was 0. ppm (0.97 Hz) per data point.
Concentrations were approximately 0.5 M. Typically a signal to noise
ratio of 120 was obtained within 1000 transients (Figure 1).

(24) Adcock, W.; Aldous, G. L., submitted for publication in J. Org. Chem.

(25) Angelici, R. J. “Synthesis and Technique in Inorganic Chemistry”, 2nd
ed.; Saunders: Philadelphia, 1977; pp 132-133.

(26) Zingales, F.; Chiesa, A.; Basolo, F. J. Am. Chem. Soc. 1966, 88,
2707-2710.

(27) Pidcock, A.; Smith, J. D.; Taylor, B. W. J. Chem. Soc. A 1967,
872-876.

(28) King, R. B. “Organometallic Synthesis” Academic Press: New York,
1965; Vol. 1: (a) pp 126-127; (b) pp 156-151.

(29) Jolly, W. L. Inorg. Synth. 1968, 11, 116-118.
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Results and Discussion

The Mo NMR spectral details are collected in the Table
I, while Figure 1 illustrates a typical spectrum, that of [(o-
xyl)Mo(CO),]. The spectra are characterized by narrow line
widths and are the most shielded signals observed to date.
Lutz3® has concluded from a combination of Mo and Mo
NMR data that the quadrupole interaction represents an es-
sential relaxation mechanism for [M0O,S, ,]> (n = 0-4)
species, and this can reasonably be expected to be significant
in the present case. The narrow line widths of the table are
probably a consequence of a high local symmetry at the mo-
lybdenum (approximately C;,, with the arene orientation
considered to be averaged). In an analogous series of man-
ganese derivatives, the asymmetry parameter has been shown
by **Mn nuclear quadrupole resonance to be very small.’! It
may be significant that [(cht)M(CO);] has both an apparently
higher barrier to hydrocarbon rotation?®*? and the broadest
%Mo NMR signal. We have observed the very considerable
effects of solvent changes on the Mo NMR chemical shift
and line width in the [(Cp)Mo(CO);R] system.* However,
in the present study, the anion [(Cp)Mo(CO);]™ has approx-
imately the same chemical shift and line width with different
cations and in different solvents.

A single comparison between Mo and *C NMR illustrates
the anticipated lower sensitivity of the latter to changes at the
molybdenum. While the w-arene ligand has the same effect
on carbonyl 1*C shielding as do three monodentate R,P lig-
ands,!” 5(**Mo) for [(mes)Mo(CO),] is about 200 ppm upfield
of that for fac-[Mo(CO)3;(P(OEt);),].2

Figure 2 demonstrates how easily Mo NMR spectroscopy
can discriminate between the mesitylene, xylene, and toluene
derivatives in an approximately equimolar mixture. In par-
ticular, the resonances of the three xylenes are clearly sepa-
rated, and identification of the signal from each isomer is trivial
by comparison with the complexity expected in the corre-
sponding 'H or 13C NMR spectra. Assignments have been
made by comparison with the spectra of the pure samples, and
the peaks of the mixture show no variations in chemical shift
or line widths relative to those of individual species. Essentially
the same spectrum is obtained at 38 °C in CH,Cl,. Thus,
although [(arene)M(CO);3] compounds exchange with added
arene at elevated temperatures.’33¢ and with ligands such as
phosphines at ambient temperature, 22”37 there is no exchange
of arenes between these molybdenum derivatives on the Mo
NMR time scale under the present conditions. It seems un-
likely, therefore, that arene substitution under these conditions
involves complete prior dissociation of the arene as has been
variously discussed.!®*3 Indeed, even at 80 °C in tetra-
chloroethane there is no *Mo NMR evidence for exchange
of [0-xyl)Mo(CQ);] with either [(mes)Mo(CO);] or mesi-
tylene. The simplicity of the Mo NMR spectrum obviously
lends itself admirably to studies of such exchange and sub-
stitution processes (e.g., both the [(arene)Mo(CO),] and
[(PR;3);M0(CO);] **Mo NMR signals can be observed during
substitution at room temperature), and we are currently
pursuing these possibilities.

Two trends in chemical shift are apparent from Table I: (i)
the chemical shift of this class of compounds and (ii) the
ordering of 8(®*Mo) within the class. The present series of

(30) Kroneck, P.; Lutz, O.; Nolle, A. Z. Naturforsch. 1980, 354, 226-229.

(31) Brill, T. B,; Kotlar, A. J. Inorg. Chem. 1974, 13, 470-474.

(32) Kreiter, C. G.; Larg, M,; Strack, H. Chem. Ber. 1975, 108, 1502-1510.

(33) Strohmeier, W.; Mittnacht, H. Chem. Ber. 1960, 93, 2085-2086.

(34) Strohmeier, W.; Mueller, R. Z. Phys. Chem. (Wiesbaden) 1964, 40,
85-95.

(35) Mahaffy, C. A. L.; Pauson, P. L. J. Chem. Res. Synop. 1979, 126-127;
J. Chem. Res., Miniprint 1979, 1752-1755.

(36) Mahaffy, C. A. L.; Pauson, P. L. J. Chem. Res., Synop. 1979, 128; J.
Chem. Res. Miniprint 1979, 1776~1794.

(37) Pidcock, A.; Taylor, B. W. J. Chem. Soc. A 1967, 877-879.
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compounds exhibits highly shielded Mo NMR signals, the
only other compound significantly shielded with respect to
Mo(CO)¢ being the hydride, [HMo,(CO),o]~*® Large neg-
ative chemical shifts can, in general, be associated with low
formal oxidation states,®® and, in this respect, [(arene)Mo-
(CO],] compounds as a class have Mo NMR chemical shifts
compatible with zerovalent molybdenum. In particular, the
species [(Cp)Mo(CO);]~ and [HMo,(CO),o]” have net neg-
ative charges, formally zerovalent molybdenums, and large
negative values of (**Mo). Other workers'>'® have interpreted
a shielding of arene 'H and *C NMR resonances on com-
plexation of M(CO); as being consistent with a net withdrawal
of electron density from the arene ring by the M(CO); units,
as suggested by other physical and chemical studies.5'®% The
electron-withdrawing role of the M(CO), fragment is then
consistent with the highly shielded Mo NMR signals of the
[(arene)Mo(CO),] species as a class.

While the concept of high electron density on molybdenum
satisfactorily accounts for the high shielding of this class of
compounds, increasing methyl substitution on the arene results
in a progressive deshielding of the *Mo nuclei within the class:
%Mo nuclear shielding decreases in the order tol > o0-xyl >
p-xyl > m-xyl > mes (Table I). That is, increasing the ring
methy! substitution, which is expected to increase the electron
density in the aryl ring and presumably also around the Mo
nucleus, leads in fact to a shift in 6(°*Mo) to low field.

There have been attempts to understand chemical shifts for
quadrupolar nuclei in terms of the Ramsey equation.*! These
attempts have met with limited success due to the complexity
of the calculations. Other workers have attempted to ra-
tionalize anomalous carbonyl 1*C and 17O chemical shifts in
[(arene)Cr(CO),] derivatives in terms of the effect of distant
ring substituents on metal—carbonyl = bonding.'®?' It appears
premature to attempt a detailed explanation of the trend in
the %Mo chemical shift detailed in Table I. However, cor-
relations with experimental observables will guide future
theoretical studies and an interesting correlation does exist.
The rate of substitution* of arene by a given nucleophile, €.g.,
P(OMe);, in [(arene)Mo(CO),] + 3P(OMe); — cis-[Mo-
(CO);(P(OMe),);] + arene decreases in the order o-xyl > tol
> p-xyl > m-xyl > mes. This order is essentially the same
as the former chemical shift order. Thus the rate of arene
substitution decreases with increasing methyl ring substitution,
an effect attributed to a progressive strengthening of the
metal-arene bond.?’ Independent thermodynamic data ex-
ists** which confirms an increase in molybdenum-~arene bond
strength with increasing ring methyl substitution in these
compounds.

It therefore appears that decreased **Mo nuclear shielding
is consistent with molybdenum-arene bond strength. However,

(38) Masters, A, F.; Brownlee, R. T. C.; O’Connor, M. J.; Wedd, A. G.,
unpublished results: §-1937 (**Mo NMR), J(Mo-H) = 15 Hz, W,
= 34 Hz.

(39) Heaton, B. T.; Brown, C.; Smith, D. O.; Strona, L.; Goodfellow, R. J.;
Chini, P.; Martinengo, S. J. Am. Chem. Soc. 1980, 102, 6175-6177.

(40) Sennikov, P. G.; Kuznetsov, V. A.; Egorochkin, A. N.; Sirotkin, N. I.;
Nazarova, R. G.; Razuvaev, G. A. J. Organomet. Chem. 1980, 190,
167-176.

(41) (a) Webb, G. A. In “NMR and the Periodic Table”; Harris, R. K.,
Mann, B. E,, Eds.; Academic Press: London, 1978. (b) Kidd, R. G.,
Annu. Rep. NMR Spectrosc. 1980, 10, 1-79.

(42) The kinetic data have been obtained in both methylcyclohexane and
1,2-dichloroethane at 50 °C and an Sy2 mechanism has been pro-
posed. 627,37

(43) Adedeji, F. A.; Brown, D. L. S.; Connor, J. A.; Leung, M. L.; Paz-
Andrade, I. M.; Skinner, H. A. J. Organomet. Chem. 1975, 97,
221-228.

(44) Connor, J. A.; Martinho-Simoes, J. A.; Skinner, H. A.; Zafarani-
Moattar, M. T. J. Organomet. Chem. 1979, 179, 331-356.

(45) Brown, D. L. S.; Connor, J. A.; Demain, C. P.; Leung, M. L.; Mar-
tinho-Simoes, J. A.; Skinner, H. A.; Zafarani-Moattar, M. T. J. Or-
ganomet. Chem. 1977, 142, 321-335,

(46) Skinner, H. A. J. Chem. Thermodyn. 1978, 10, 309-320.
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a quantitative interpretation is clearly not yet possible because
of the present incomplete understanding of the complexity and
relative importance of the several terms in the Ramsey
equation. Interestingly, decreased !’O nuclear shielding has
been correlated*”* with increased Mo=0O =-bond strength,
an effect which was related to the angular momentum term
in the Ramsey equation.*

Summary

The [(arene)Mo(CO);] derivatives give high-quality **Mo
NMR spectra characterized by significant molybdenum
shielding and well-separated narrow signals. Resolution of
signals due to the various arenes and ready discrimination
between isomers are thus possible. Considerable spectral
simplification relative to 'H and *C NMR is obvious, and
there is no evidence for arene exchange below 38 °C. The
foregoing illustrates the complementary information available
with the use of **Mo, 1*C, 170, and 'H NMR, and in fact with
the present study, all nuclei of the (arene)Mo(CO); molecules
have been probed by NMR spectroscopy.

In the present [(arene)Mo(CQO),] system, there are two
effects which determine the observed **Mo chemical shift.
First, and most importantly, the well-established charge do-
nation from the arene to molybdenum results in these arene

derivatives, as a class, having shielded molybdenum nuclei
(with respect to those of other classes such as carbonyl
phosphites,? carbonyl alkyls,* molybdates,! etc.). Second, more
subtle bonding effects around molybdenum causes ordering
of 8(°*Mo) within this class of compounds. In particular there
is an interesting correlation between the Mo nuclear shielding
and Mo—arene bond strength.

It is important to note, however, that inversion in substituent
chemical shifts and bond order/chemical shift relationships
are known.*>52  The Mo chemical shifts of less than 50
compounds have so far been reported, and further development
of the Mo NMR chemical shift scale and an adequate theory
of chemical shifts in quadrupolar nuclei must precede a more
complete understanding of the **Mo chemical shift.
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The interaction of Eu(fod-dy); with a series of cobalt(III) complexes [of which (pyridine)azido[/N,N*ethylenebis(acety-
lacetoniminato)]cobalt(III) is the parent complex] in CDCI; has been investigated by using 'H (and 1*C) NMR. The addition
of Eu(fod-d,), results in induced shifts in the spectra of the respective cobalt complexes, and 1:1 adduct formation has
been shown to occur in each case. Certain proton signals were found to broaden initially and then narrow as Eu(fod-d;),
was incrementally added. Maximum broadening occurred when the Eu(fod-dy)iicobalt complex ratio was between 0.3
and 0.4. From the concentration dependence of the chemical shifts, together with the observed line widths, the lifetimes
of the adducts have been calculated; lifetimes of 1073-10~ s were obtained. The study provides new examples of the nondilute
case of fast-exchange line broadening—a case little studied in the past.

Introduction

Since their introduction in 1969,! lanthanide shift reagents
(LSRs) have been routinely used to simplify the NMR spectra
of organic compounds containing suitable heteroatoms.>* To
a lesser extent these reagents have also been employed in NMR
studies of organometallic compounds,** but only isolated ex-
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Davies, G. L.; Harden, R. C.; Rackham, D. M. Chem. Rev. 1973, 73,
553-588.

(3) Sievers, R. E., Ed. “Nuclear Magnetic Resonance Shift Reagents”;
Academic Press: New York, 1973.

(4) See for example: Foreman, M. L; Leppard, D. G. J. Organomet. Chem.
1971, 31, C31-C33. Gielen, M.; Goffin, N.; Topart, J. 1bid, 1971, 32,
C38-C40. Paul, J.; Schloegl, K ; Sithan, W. Monatsh. Chem. 1972,
103, 243-254. Johnson, B. F. G.; Lewis, J.; McArdle, P.; Norton, J.
R. J. Chem. Soc., Dalton Trans. 1974, 1253-1258. Reger, D. L. Inorg.
Chem. 1975, 14, 660-664. Dickson, R. S.; Johnson, S. H,; Rae, 1. D.
Aust. J. Chem. 1975, 28, 1681-1687.

amples of their use for similar studies involving coordination
complexes have appeared.”” For example, LSRs have been
employed to distinguish between N-bonded and S-bonded
thiocyanato ligands® in suitable metal complexes as binding
of the LSR only occurs to the uncoordinated nitrogen atom
when the thiocyanate is S bonded. When the thiocyanate is
N bonded, no interaction occurs. As in the above example,
most of the studies with organometallic complexes have in-
volved interaction of the LSR at heteroatom sites other than
the donor atoms of the particular ligand present. Nevertheless,
in previous papers®~!! we have described studies in which co-
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