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Table II. Calcualted Deuterium Quadrupole Coupling Constants and
Asymmetry Parameters for [Rb-H,]*

Rb-(H,), A H-H,A 0, deg? n eq0/h, kHz
4.00 0.8500 0103 00250 181,770
3.00 0.8492 0.378 00627  179.965
2.50 0.8452 1061 01250  178.867
2.00 0.8386 4665 03372 171.082
1.75 0.8450  12.905  0.6228 155373
1.50 39545 36733 0.0170 14.775
1.40 42200 32931  0.0080 13.565
1.30 43840  29.974  0.0046 13.156
1.20 44912  27.393  0.0031 13.123
1.10 45582 25019  0.0022 13.343
1.00 4.5936 22769  0.0017 13.779
0.50 44346 12003  0.0007 19.634
0.00 4.2236 0.000  0.0000 26.902

9 Angle between the H~H vector and the major axis of the electric
field gradient tensor (z axis).

the orientation of the electric field gradient major axis; Figure
4 shows the evolution of the deuterium quadrupole coupling
constant and asymmetry parameters. The [Rb—(H,)]* data are
summarized in Table II. The [Na—(H,)]* system behaved sim-
ilarly to [Rb—(H,)]*, differing mainly in having a shorter M—(H,)
distance in the M~H bond-breaking region.

The evolution of the minor axes of the electric field gradient
tensor is not as predictable as for the major axis. For Rb—(H,)
distances of 1.75 A and greater, g,, is normal to the Rb—(H,)
plane. After the H-H bond is broken, g,, lies in the Rb~(H,)
plane.

The solid-state deuterium NMR spectrum of a tungsten di-
hydrogen complex gives a deuterium quadrupole coupling constant
of about 124 kHz,!'?® in good agreement with the trends found
herein. Due to motional averaging, the asymmetry parameter
could not be obtained from the spectrum but would be expected
to be non-zero.

Conclusions

Terminal Metal Hydrides. From the calculations on the al-
kali-metal hydrides and subsequent comparison to vibrational

stretching force constants, two general statements can be made:

1. A lower limit for the deuterium quadrupole coupling constant
in organometallic hydrides is 20 kHz.

2. Metal core electrons effectively shield the deuteron from
the electric field gradient generated by large nuclear charges.

Bridging Metal Hydrides. Formation of a bridging metal~
hydride bond causes a reduction in the deuterium quadrupole
coupling constant relative to the value found for a terminal
metal-hydride bond to the same metal.

Dihydrogen Adducts. In the addition of dihydrogen to a d° metal
center, the major features of the electric field gradient at the
hydrogen site evolve in a straightforward manner.

1. The value of the deuterium quadrupole coupling constant
is reduced, with the most rapid reduction occurring as the H-H
bond is being broken.

2. The orientation of the electric field gradient major axis,
aligned along the H-H bond in the dihydrogen molecule, rotates
toward alignment with the M—H bond as the H-H bond is broken.

3. At structures corresponding to intermediate H-H and M-H
bonds, the asymmetry parameter is non-zero.

Given the occasional experimental difficulties in acquiring
solid-state deuterium NMR spectra, it can be highly beneficial
to the spectroscopist to optimize the instrumental parameters on
the basis of estimates of the deuterium quadrupole coupling
constant and the asymmetry parameter. Also, there is a clear and
definitive connection between the observed solid-state deuterium
NMR spectrum and structural features of the metal-hydrogen
bond, making solid-state deuterium NMR spectroscopy a po-
tentially unique and valuable asset for physical organometallic
chemistry.
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The principle of microscopic reversibility as applied to the kinetics and stereochemistry of the CO-exchange reactions of compounds
of the type Mn(CO),X is reviewed, and some fundamental errors in the literature are exposed.

Introduction

The proper interpretation of the kinetics of the fundamental
exchange reaction

MX, + *X — MX, *X + X 1)
is important in its own right, and also for the extrapolation of the
results to the kinetics of the related substitution process!?

MX,+Y—>MX,_Y+X 2)
The correct application of the principle of microscopic rever-

sibility (hereafter PMR), which is relevant to not only exchange
processes but all reactions, has on occasions proved troublesome.!

(1) Espenson, J. H. Chemical Kinetics and Reaction Mechanisms;
McGraw-Hill: New York, 1981; pp 128-131.

(2) Purcell, K. F,; Kotz, J. C. Inorganic Chemistry; Saunders: Philadelphia,
PA, 1977; pp 378-382.

Likewise, the related principle of detailed balance (hereafter
PDB)* has sometimes been overlooked in correctly interpreting
mechanism. Herein these principles are applied to the classic
exchange reactions of Mn(CO);X, processes that have received
a great deal of experimental attention using *CO, “CO, or C'*O
as isotopic labels.5!2  Recently'? we have given detailed con-

(3) Hammes, G. G. Principles of Chemical Kinetics; Academic: New York,
1978; pp 14-16.
(4) Jordan, P. C. Chemical Kinetics and Transport; Plenum: New York,
London, 1979; pp 78-79.
(5) Morrissey, B. W. J. Chem. Educ. 1975, 52, 296.
(6) Wojcicki, A.; Basolo, F. J. Am. Chem. Soc. 1961, 83, 525.
(7) Hieber, W.; Wollmann, K. Chem. Ber. 1962, 95, 1552.
(8) Kaesz, H. D.; Bau, R.; Hendrickson, D.; Smith, J. M. J. Am. Chem.
Soc. 1967, 89, 2844,
(9) Johnson, B. F. G.; Lewis, J.; Miller, J. R.; Robinson, B. H.; Robinson,
P. W.; Wojcicki, A. J. Chem. Soc. A 1968, 522 and references therein.
(10) Braterman, P. S; Harrill, R. W.; Kaesz, H. D. J. Am. Chem. Soc. 1967,
89, 2851.
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sideration to the H-exchange reactions of (NH;)sCoX"*, and this
has exposed some problems in the closely related CO-exchange
kinetics. The PMR has been applied by others!* to the carbonyl
exchange kinetics in an attempt to clarify earlier® misinterpretation
of the data. Unfortunately there was a fundamental error here!*
that has been propagated in subsequent publications by the same
group,'*2 and herein we remedy this situation and examine the
implications. We also examine the implications of the PDB for
both the IR and radiochemical data, since these are different.

Results and Discussion
The experimental facts for the kinetics and steric course for
the reaction typified as

cis-Mn(CO)4(13C0O)Br

/'

Mn(CO)sBr + 13CO +CO (3)

N

trans-Mn(CO)4(13CO)Br

have conjured both controversy and misinterpretation, although
it is agreed that the kinetics require a limiting dissociative
mechanism involving at least one coordinatively unsaturated in-
termediate.!!>!% It now seems'? that there is a pronounced
preference for the loss of CO cis to X, ending a long debate not
only over the interpretation of the data but also over the validity
of the facts.

The argument that the CO group cis to X is more labile than
that trans in compounds such as Mn(CO);X has run full circle,
since very early Johnson et al.’ believed this was so. By use of
the IR technique it was deduced that the substitution reaction
(3) led to comparable amounts of cis- and trans-Mn(CO),-
(*CO)X. Ostensibly to accommodate this fact while retaining
the idea of selective (cis) CO loss from the parent molecule(s),
Johnson et al.’ invoked stereomobility in the Mn(CO),X inter-
mediate:

X 4k,
e
(4)

Thus with k; > k,'° they claimed that the trans-labeled product
arose via rearrangement (k,) of the first-formed intermediate
prior to C*O addition. Subsequently, it was asserted by Brown!#
that this proposition violated the PMR. Brown stated that, ir-
respective of the modes of equilibration in the five-coordinate state,
axial/equatorial addition of (labeled) CO must, by the PMR,
display the identical degree of preference to dissociation of the
trans or cis CO in Mn(CO)sX.!? Stated formally!

dki/ky = k_/k, (5)

The explicit reasoning whereby (5)! was obtained was not
given.!* We now show that this relationship is unreasonable on

X X
+C*"0 .k _,

—— >

Kq
kqp 4y
X

x
+C"0,k_,
.
-—
Iy

c*0

c*o

(11) Berry, A.; Brown, T. L. Inorg. Chem. 1972, 11, 1165.

(12) Atwood, J. D.; Brown, T. L. J. Am. Chem. Soc. 1975, 97, 3380.

(13) Jackson, W. G. Inorg. Chim. Acta 1987, 131, 105.

(14) Brown, T. L. Inorg. Chem. 1968, 7, 2673.

(15) We depart from the earlier nomenclature systems.!!!'2% Our k; and
k, represent the intrinsic specific exchange rates for a CO group cis and
trans to X in Mn(CO);X, respectively. The present and earlier! rate
constants are related as follows: 4k, = ks, k; = kg, k., = k[, k_, =
k!, ki, = kg, 4ky) = k. None-of the results in this article depend upon
our inclusion of statistical factors in the rate constant definitions,
qualitatively or quantitatively.
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thermodynamic grounds and that it is not required by the PMR.
The scheme shown in (4), save for the isotopic tagging, amounts
to the following cyclic equilibrium system:

Y%

1
Mn(CO) s X K 4K,, 6
A\Y

.2

The equilibrium equivalent of the PMR, the PDB,*” requires that
only five of the six rate constants in (6) be independent. For such
a system, the equilibrium a-/b-Mn(CO),X distribution is defined'
by either 4k,,/k,, or 4k k_,/k.k_,. Hence, the relationship be-
tween the specific rates

ky/kiy = (ki / k) (koy/ko) @)

must hold, irrespective of whether the intermediates are at actual
equilibrium. Substitution of “Brown’s condition” (5) into (7) leads
immediately to the conclusion 4k,,/k,; = 1; i.e., the constant for
equilibrium between the chemically distinct Mn(CO),X inter-
mediates is unity, and they must therefore be equal in energy. Of
course this cannot be generally true. It follows that (5) and (7)
are incompatible, and thus, given that (7) is correct, (5) cannot
be. Therefore there can be no imposed condition on the relative
magnitudes of k_;/k_, and k,/k, as expressed in this equation.

In subsequent publications,!!' the belief that the steric course
of CO exchange was independent of the question of intermediate
rearrangement was again expressed, although in a modified form.
Specifically, it was stated that the distribution of labeled CO in
the initially forming monoisotopically substituted species D and
B (eq 8) was independent of the question of a fluxional or non-

a-Mn(C0) X +CO

b-Mn(CO) X +CO

A Mn(CO)sX
4ky \kz
ky2
a-Mn(CO)4X ————> b-Mn(CO)4X
4koq
+13CO; k4 k4 ko ko, +13CO
D  cis-Mn(CO)4(13CO)X B trans-Mn(CO)4(13CO)X
3ky + ko 4¥k4

\

C,E,F [Mn(CO)3(13CO)oX]
(8)

fluxional five-coordinate intermediate.!! Again, as shown ahead,
this is not correct.

Consider first the case of rigid (nonfluxional) intermediates,
i.e. kyy, ky = 0. A straightforward kinetic analysis gives the time
dependences (9) and (10) for the isomeric monoisotopic substi-

[cis-Mn(CO)4(13CO)X] = 4R0[e—(3k,+k2)z — e—(4k1+k1)z] 9)
[trans-Mn(CO),(3CO)X] = Ry[e™*7 — e-¢kitki] (10)

tution products. From (9) and (10) it is obvious that the cis/trans
product ratio is time dependent, but since e — 1 + x for small
x, it can be seen that this ratio approaches 4k, /k, as ¢ approaches
zero. If k) were equal to k, the ratio would exactly reflect 4k,/k,
at all times. However, it now seems!'? that &, is substantially larger
than k,, and therefore with time the observed cis/trans ratio
quickly departs from 4k, /k,.
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Now consider the case of rapid equilibrium between the in-
termediates shown in the previous scheme. With &, ky; > k_,
k_,, the simplified scheme (11) is appropriate, and if one takes

ki2
a-Mn(CO)4 X > b-Mn(CO)4X
4koy
+ 1"JCO, k,1 k1 |'<2 k,2, + 1300

cis-Mn(CO)4(13CO)X trans-Mn{CO)4(13CO)X

3ky +¥ 13CO/ 4k

1300
“n

account of the PDB condition (7), the time dependences for the
monoisotopic products are as shown in (12) and (13), where R,

[cis-Mn(CO),(3CO)X] =
[4k)(4k; + ko) Ro/(4ky2 + k7)) [ -

[trans-Mn(CO),(*CO)X] =
ky(4ky + ky)Ro/(4k2 + k)] [e™! ~ ™) (13)

is the initial concentration of Mn(CO)sX, A, = 4k, (3k, +
2k,)/(4k, + 2k,), and A, = 4k, + k,. This leads to the simple
result {cis]/{trans] = 4k,/k,, independent of time.

In summary, these considerations show that the possibility of
equilibration between the intermediates does affect the steric
course of CO exchange, contrary to belief of Brown et al.#!1:!12
We have shown that the relative specific rates of generation of
the intermediates (4k,/k,) mirror the stereochemistry of the
dissociative process only when intermediate equilibration is very
rapid. Otherwise this relationship is approximate only and be-
comes more approximate as time advances.

A proof for the opposite case has been given,!! moreover one
which is reported to be general, and it must be challenged. For
an exchange process occurring via two intermediates!® that may
interconvert {eq 14) a free energy profile was presented. While

e (12)

KR+

A ey A¢T

A

(14)

kr2
A e Ap°
L
not mentioned explicitly, the PMR was accommodated in this
scheme; our equation (7) expressed in terms of products of rate
constants is of course equivalent to an equation expressing sums
and differences of the appropriate free energies. However, in order

to show that the relative rates of formation of the isomeric (la-
beled) products, R = kg, [A;°]/kra[A,°] where kg), kg, are

(16) A reviewer suggested that a single trigonal-bipyramidal intermediate
could still accommodate the facts. While this might be so, we note that
the PDB here imposes no special restrictions unless it is fluxional. A
fluxional intermediate still requires the consideration of two such species
(equatorial and axial X), and the implications of the PDB are identical
with the case of two square-pyramidal intermediates.

Jackson

equivalent to our k_,, k_,, respectively, were equal to the relative
rates of formation of the intermediates, it was assumed “that the
intermediates are in thermodynamic equilibrium with the ground
state reactant, in consonance with the postulates of absolute rate
theory”. Clearly this statement confuses intermediates and
transition states. Also, the substitution of [A,°]/[A,°] by e20/RT,
in their expression for R, is equivalent to regarding A;° and A,°
in equilibrium with each other. This could only be justified if the
A,°/A,° interconversion rates (governed by the barriers G;* and
(G* - AGyy) in the published!! diagram) were much greater than
their decay by any other process, such as the uptake of labeled
CO to produce isomerically distinct labeled products. The proof
therefore lacks generality, despite the claim to the contrary, since
it implicitly assumes a rapid rate of equlibration between the
intermediates.

The more recent papers'!'? admit that the kinetics of CO
exchange, as probed by the IR technique, are contingent upon
the fluxionality of the five-coordinate intermediate, in accordance
with our view. Yet paradoxically the (incorrect) view persists in
these same papers that the steric course of CO exchange must
initially reflect the relative cis and trans dissociation rates, and
that the departure from this agreement arises only from a sub-
sequent process, namely rapid scrambling in a five-coordinate
Mn(CO);(13CO)X intermediate formed by rate-determining loss
of any of the four 2CO groups from Mn(CO),('*CO)X, followed
by rearrangement and then recombination with '2CO. This ar-
gument is misleading and irrelevant. We have shown that the
question of fluxionality affects the rate laws for exchange as probed
by using pure '*CO, and it must also do so when isotopically dilute
CO is used. The process referred to above as “subsequent”
\I/anishes when operating at low complex concentrations in pure

3co.

Because a fluxional intermediate does affect the relationship
between the observed steric course and relative rates of cis- and
trans-CO dissociation, the original mechanism of Johnson et al.’
cannot be immediately discounted in principle. However, in
practice it is not a viable proposition since, as we have shown, the
observed cis/trans product ratio is equal to or greater than &, /k,
and quite inconsistent with the proposal k, > k, and a product
ratio of ca. 1.

The time dependence of '“C incorporation into Mn(CO)sX was
studied long ago by standard radiochemical techniques.®’ Ex-
perimentally this is straightforward, and not subject to the dif-
ficulties associated with the IR technique discussed in detail
elsewhere.!"12 The radiotracer '*C work showed clearly that four
(cis) CO groups exchanged rapidly and one (trans) slowly, and
the conclusion k; > k, seems inescapable. This is consistent with
the most recent work of Brown et al.,'""2 but it remains reasonable
to ask what effect a fluxional intermediate would have on the
interpretation of the early '“C work, since the two techniques
measure different things and the implications for a pair of rapidly
rearranging intermediates likewise could be different.

For convenience consider the case of fully labeled Mn(CO)sX
in exchange with natural-abundance CO. The activity mea-
surement of course does not distinguish cis from trans isotopic
isomers, nor molecules containing different numbers of '“CO.
Indeed, the sum of all the radioactive complex species is measured,
each suitably weighted according to the number of '*CO ligands.
Elsewhere'> we have considered the kinetics of H exchange in
(NH;)sCoX"* species, where there are direct analogies to the
system here, and the « and 3 as defined there have similar sig-
nificance. Given « is the fraction of label in cis sites and 3 is the
corresponding trans fraction, then (« + B) is directly proportional
to what is measured in the radiotracer experiments (4/A4,).!” The
expressions for the time dependences for o and 3 separately, and
hence their sum, have been worked out!? for conditions where the
intermediate is both nonfluxional and fluxional and where account
is taken of the requirements of the PDB. For the case of non-
fluxional intermediates, the expression is simply

(17) Moore, J. W.; Pearson, R. G. Kinetics and Mechanism, 3rd ed.; Wiley:
New York, 1981; pp 285-286.
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AfAy=a+ 8= ekt + ek (15)

Thus the activity does not decay by a simple first-order process,
unless k, and k, are very different (which they seem to be), and
this was the circumstance originally considered.’ However, a
different sum of two exponentials applies if the intermediate is
fluxional. The exponents are complicated functions of both k,
and k,,'® but for example, when k; > k, the expression is

A/ Ay = a+ 8= (-2/13)e e + (28 /13)e /4 (16)

(18) The exact expressions are as follows:'3
a = [ki(k, = ky) /(132 + 6k ky + k?)] exp(—(4k, + ky)1) +
[(4ky + ky)(Bky + ky) /(13k2 + 6k Ky + ko2)] exp(—(3k, +
2ky)t / (4k) + k3))
B = [(3k; + k) (ky = k) /(13k + 6kiky + ky?)] exp(—(4k, +
k)t) + [4k,(dk, + k3) /(13k2 + 6k kst ky?)] exp((-k,(3k, +
2ky)t/ (4ky + k3))

Here the loss of radiolabel is governed essentially by the dominant
second term, and all five CO groups would be observed to ex-
change with the same specific rate. Provided k; > k,,'3 then
irrespective of the relative magnitudes of k; and k,, the two
exponents for the case of a fluxional intermediate never differ
greatly.!3!1®

Clearly the kinetics are affected by the question of a fluxional
intermediate, and the facts® indicate that the intermediate is rigid
since two very different specific exchange rates are observed. This
is inconsistent with the conclusions of Brown et al.,!!'2 drawn from
the less clear-cut IR data, and it must be concluded that the
problem of the lifetime of the intermediate remains unresolved.
What is now clear, however, is that its lifetime does affect the
rate laws for exchange, whether studied by the IR technique or
by standard radiotracer methods, and it has been possible using
the PMR to derive the exact rate laws for the two sets of cir-
cumstances.
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(Trifluoromethyl)(ligand)cobaloximes, CF;Co(D,H,)L (L = pyridine, 1-methylimidazole, and 1,5,6-trimethylbenzimidazole), have
been prepared and characterized by 'H and ’F NMR spectroscopy. The kinetics of axial ligand dissociation from the pyridine
complex have been studied as a function of acidity in sulfuric acid/water mixtures. The first equatorial oxime protonation is found
to increase the rate of pyridine dissociation by 3 orders of magnitude while the second equatorial oxime protonation increased
the rate of pyridine dissociation only 10-fold. A complete analysis of the relative free energies of all of the ground and transition
states involved shows that the extraordinary effect of the first equatorial oxime protonation on the kinetics of pyridine dissociation
is due to a significant stabilization of the transition state by this protonation. It is postulated that the transition states for ligand
dissociation from the cationic complexes are substantially stabilized by intramolecular proton transfer from the protonated,
equatorial oxime functionalities to the departing axial ligand. Kinetic measurements of the rate of axial ligand dissociation from
the 1-methylimidazole complex in sulfuric acid/water mixtures suggest, but do not prove, that this ligand dissociation is specific-acid
catalyzed via preequilibrium protonation of the axial ligand at N-1.

Introduction

Many studies of the kinetics and mechanism of axial ligand
substitution in cobaloximes have appeared.!>* However, the effect
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of equatorial oxime protonation®*3* on such processes has never
been investigated. Organocobaloximes have been shown to un-
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