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Computational Investigations into Hydrogen-Atom Abstraction from Rhodium
Hydride Complexes by Methyl Radicals in Aqueous Solution

Jason M. Keith,*!%P Dan Meyerstein,|4! and Michael B. Hall*!2!

Keywords: Kinetics / Rhodium / Radical reactions / Density functional calculations

The controversy in the reported kinetics for the hydrogen-
atom abstraction reaction by methyl radicals for cis- and
trans-[(Cyclam)Rh™HCI]* and trans-[(Cyclam)(H,O)Rh™H]?*
has been resolved by studying several feasible mechanistic
pathways with density functional theory. The only low-en-
ergy reaction mechanism predicted by these calculations in-
volves a single-step radical-propagation mechanism in which
the methyl radical simply abstracts the Rh bound H atom

from the complex to form methane and the reduced Rh prod-
uct. Previous experimental work on the chloride and aquo
complexes suggested contradictory kinetic isotope effect
(KIE) values of 0.66 = 0.30 and 1.42 = 0.07 as well as rate con-
stants for the reaction differing by four orders of magnitude.
The calculated mechanism predicts a KIE value of 1.08 and a
high reaction rate. The alternative mechanisms are described
briefly.

Introduction

Reactions of the type M-R + R’ — M + RR’ have long
been known to play an important role in biologically rel-
evant processes such as the Coenzyme B12 system.[!l In an
effort to understand the kinetics and subsequent mecha-
nism of these types of reactions, Shaham et al. examined
the reaction of [(NH3)sCo™(CH3)]>* with ‘CH; formed in
situ by pulse radiolysis and concluded that the reaction pro-
ceeds through a one-step radical-propagation process af-
fording C,Hg and [(NH3)sCo™(OH,)]?*.”1 The authors pro-
pose two mechanistic routes: (1) Radical attack of the ‘CHj;
on the carbon atom bound to the metal center; (2) Ligand
substitution to form [(NH3)4Co"V(CHj;),]** followed by re-
ductive elimination. While both mechanisms are consistent
with the observed concentration dependence of the reac-
tion, the authors noted that the overall rate of the reaction
is significantly faster than that of a typical ligand exchange
reaction for similar systems and therefore suggested that the
route is a direct radical attack (1).

In an effort to test the generality of this mechanism for
reactions of M-R with ‘CHj3, Kats et al. recently examined
the reaction between cis- and trans-[(Cyclam)Rh"™HCIJ*
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(Cyclam = 1,4,8,11-tetraazacylclotetradecane) complexes
(Figure 1) and "‘CHj; (derived in situ from DMSO by ra-
diolysis) to form CH,4.[! The authors demonstrated that the
formation of methane increased with increased complex
concentration and that no CH;Cl was formed during the
reaction. Initially, the authors hypothesized that the ob-
served reaction was simply an "H abstraction to form CHy4
and [(L)Rh"CI(OH,)]*. In order to confirm that the hydro-
gen-atom abstraction occurred at the metal center (and not
on the ligand) the authors performed a deuterium labeling
study, in which the aforementioned reactions were per-
formed with Rh—D complexes. Because "H abstraction from
C-H groups involves a sizeable normal kinetic isotope ef-
fect (KIE),[ the authors expected this experiment to result
in a measureable normal KIE. The results of this experi-
ment, however, were more complex and unexpected, as the
reaction appears to have an inverse KIE of 0.66 =0.30 and
an overall rate constant of 2.8 X 10° m's!. While these re-
sults are intriguing this rate constant is significantly dif-
ferent from that reported by Bakac in 1998 in which the
trans-[(Cyclam)(H,O)Rh™H]?>* complex was observed to
react with "CHj at a rate of 1 X 10° M 's~1.% In an effort to

trans C Y

Figure 1. The lowest energy isomers of trans- (top) and cis-[(Cy-

clam)Rh™HCI]* (bottom).
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resolve this apparent discrepancy, Pestovsky et al. recently
examined the reaction of this (OH,)Rh-H complex with
benzyl and methyl radicals and they report rates of the or-
der of 103-10° M 's ! and normal KIE values of 1.4-1.5.1°

To rationalize the apparent inverse KIE, Kats et al. pro-
posed a reaction mechanism that proceeds through an equi-
librium between the octahedral complex and a seven coor-
dinate Rh!'Y methyl intermediate followed by C-H reductive
coupling to form a Rh'-methane complex and subsequent
loss of methane, Scheme 1.3! This reaction mechanism
could be at work and could potentially result in the appar-
ent inverse KIE because of the equilibrium step (A’ —
B-CH,) that precedes the rate determining loss of meth-
ane.l”]
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Scheme 1.

To further complicate the issue, Bakac and coworkers re-
ported that in water trans-[(Cyclam)Rh™HCI]* is converted
to trans-[(Cyclam)(H,O)Rh™H]?*, as the position trans to
the hydride is known to be labile (Scheme 2). Therefore
while Kats et al. reported a reaction between the chloride
complex and methyl radical, they may actually be observing
the reaction of the aquo complex with the methyl radi-
cal.l6:7]

——
—

[(LIRA"HCI* + H,0 [(L)(H,0)RhHJ2* + CI-

Scheme 2.
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Here, computational chemistry, namely density func-
tional theory (DFT), provides further insight into these
contradictory results and offers a possible reaction mecha-
nism, which leads to a re-examination of some of the exper-
imental results and the conclusions drawn.

Results and Discussion

Beginning with trans Rh—HCI, species A (Figure 2), the
least complicated pathway to the products and the first to
be considered is simply the abstraction of 'H from Rh-H
by ‘CH; to form CH, in one step (A — B, Figure 2). The
calculated AG,,, for conversion of A to Bis —42.1 kcalmol™!
(Figure 2). Examination of the potential energy surface
(PES) around species A and B shows a stable van der Waals
complex, A-CH;3 (not shown), in which the ‘CHj is still
planar and lies above one of the protonated nitrogens of the
ligand. Although AG,, for species A-CHj is 6.5 kcalmol !,
AH, is actually —1.3 kcalmol™! demonstrating that the
complex is bound, but the unfavorable entropy effects cause
the equilibrium to lic toward A. A transition state, TS(AB)
(Figure 3), was found for the H atom abstraction with
AGE, = 7.1 kcalmolfl, which is again dominated by the
entropy (AH*g,s = —1.3 kcalmol ! with respect to A) with k

=~ 3.9%x 107 m's! using (kgT/h) (e 29/RT). The potential
energy surface around TS(AB) was examined in an attempt
to find a stable intermediate with the methyl associated with
the hydride, but all structures lead to either species A-CHj
or the products CH, and B, which possibly coordinates a
water in its sixth coordination site.

While examining the KIE for this reaction mechanism it
is important to point out that despite the commonly held
belief reported in a statement by Kats et al. that inverse
KIEs cannot arise from elementary reaction steps, this is
not the case.’) In fact, since the H/D splitting (the differ-
ence in zero-point energy, ZPE) for H;C-H/D
(2.07 kcalmol ') is larger than that for Rh-H/D
(1.62 kcalmol™), this single step could result in an inverse
KIE if the transition state were significantly product-like,
i.e. the Rh—H bond is broken and the C-H bond formed.!®!

Figure 2. Energy surface for a one-step radical-propagation-type reaction of Rh—H with ‘CHj;. Energies are AGy [AH,o ] (kcalmol ™).
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Figure 3. Detailed structure of TS(AB). The double arrow indicates
the Rh-H stretch, which corresponds to the imaginary frequency
associated with this transition state (-57.74 cm™!).

However, in accordance with the Hammond postulate, this
exothermic reaction should have a reactant-like transition
state not a product-like one. A comparison of the transi-
tion-state energies for the H and D surfaces leads to an H/
D splitting of 1.58 kcalmol™' and a very small approximate
KIE of 1.08. This very small normal KIE is consistent with
the reactant-like transition-state geometry, in which the
Rh-H bond has stretched only slightly (from 1.566 to
1.571 A) indicating that the bond is still intact, that the C-
H bond is long (2.365 A compared to 1.09 A calculated for
CH,), and that the CH; moiety is still planar. This normal
KIE is again consistent with the work of Pestovsky et al.[®]

While these initial results suggest that the reaction could
proceed rapidly through this simple one-step pathway re-
sulting in a small normal KIE, they do not consider what
might happen to the Rh complex in solution prior to reac-
tion with "CH; nor more complex pathways such as the pro-
posed formation of a seven-coordinate methyl complex.
Thus, examination of a number of other possibilities were
undertaken: (1) the loss of Cl™ or "Cl, (2) formation of vari-
ous six- and seven-coordinate methyl species, (3) formation
of a complex with solvent or one of the other molecules
present in the reaction (e.g. OH,, DMSO, etc.), and (4) re-
duction of the Rh™ complex to Rh™ by one of the hydrated
electrons known to be produced in the radiolysis procedure.
The other possibilities are described briefly below and ad-
ditional details are presented in the Supplementary Infor-
mation.

Because of the complete absence of CH;Cl in the reac-
tion the loss of "Cl from A was not considered further, but
the possible loss of CI™ is a source of ongoing debate with
regard to the resting state of this complex in water. To ex-
amine this further all four local extrema on the potential
energy surface (A, TS(AB), B, and A-CHj3) were examined
with a water molecule and a vacancy trans to the hydride
(Table 1). While the loss of CI" to form a five-coordinate 16-
electron Rh™™ dianion is energetically unfavorable by only
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2.6 kcalmol ! the formation of the corresponding trans
aquo complex is calculated to be uphill by 7.3 kcalmol!.
This is not unexpected as the data from Bakac and cowork-
ers suggests AG® = 4.5 kcalmol 1.’ Thus, trans-[(Cyclam)-
Rh™HCI]* is indeed predicted to be lower in energy but
because of very low concentrations of complex and the
abundance of solvent water the expected predominant spe-
cies under the experimental conditions is the trans-[(Cy-
clam)(H,O)Rh™CI>*.'%1 Furthermore, the reaction pro-
files of these species with ‘CH5 to form a Rh' complex and
CHy, is seemingly independent of the trans ligand in that
the reaction is highly exothermic and the local potential
energy surface shows a monotonic decrease in energy and
a primarily entropic barrier for the reaction. This suggests
that a fast reaction would be expected regardless of the rest-
ing state (trans ligand) of the complex.

Table 1. Effects of the trans ligand on energies for A, TS(AB), and
B (AGyo) [AHy,l, kcalmol ).

trans Ligand A TS(AB) B A-CH3

Cl 0.0 [0.0] 7.1 [-1.3] -42.1[-422] 6.5[-1.3]
H,0 7.31[7.4] 15.8 [5.8] -36.8 [-36.7] 14.6[6.1]
Vacancy 2.6[134] 9.1[114] -44.0 [-33.8] 9.8 [12.0]

Further investigation was unable to locate any stable 19-
electron species {such as [LRh™VH(CI)(CH3)]*, A’, and
[LRh'(CI)(CHy4)]*, B-CHy, from Scheme 1} as all computa-
tional attempts resulted in the loss of methane to form spe-
cies B. Thus, an equilibrium step involving such species
prior to the rate-determining reductive elimination must be
eliminated from further considerations, as these 19-electron
species are too unstable to be formed.

Additional negative results were found when examining
reactions of complexes with other possible species in solu-
tion such as solvent shells, where explicit H,O molecules
were included both as a H-atom transfer mediator between
Rh-H/D and ‘CH; and as a hydrogen-bound impediment
preventing ‘CHj3 from direct reaction with the Rh—H/D. No
intermediates were found to exist in which a water molecule
formed a hydrogen bond (often referred to as a dihydrogen
bond) to the metal hydride. Examination of the charge dis-
tribution indicates that the Rh—H/D bond is nonpolar with
little charge localized on either the Rh or the H/D (Mul-
liken charges of 0.25 and 0.29 electrons on Rh and H/D,
respectively). In cases with one or two explicit water mole-
cules, the water molecules simply form hydrogen bonds with
the protonated amines while in cases with more water mole-
cules they simply form clusters of water molecules. At first
it may seem that water molecules bound to the protonated
amines (the same place that the methyl radical is located in
species A-CH3) would prevent complexation with the
methyl radical, but we find that in these cases the methyl
radical forms a van der Waals complex with the associated
water molecules. In fact the lowest energy pathway with ex-
plicit water molecules is exactly the same [A(OH,), —
TS(AB)(OH,), — B(OH,),] and the additional water mole-
cules do not affect the energy profile or the calculated KIE.
In cases with clusters of water molecules (three or more
4903
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Figure 4. Observed rate constant [k(obs)] for the formation reaction of CH, from reactions of "“CH; with Rh—H (left) and Rh-D (middle)

and the corresponding KIEs (right).

explicit waters) we still find that the water molecules have
no affinity for the hydride, do not impede the approach of
the methyl radical, and do not change the lowest energy
pathway. However, in these aquo complexes, we do find that
we can proceed through a new water assisted mechanism,
in which one hydrogen atom is passed from the Rh to the
associated water while a second hydrogen atom is transfer-
red from that water to the methyl radical. However, this
process is higher in energy and once again leads to a small
positive KIE.

While the production of methyl radicals is understood to
arise from reactions of ‘OH with DMSO prior to reaction
with the Rh complex, Rh species complexed by DMSO and
reacted directly with ‘'OH were still examined. Like the
water molecules, the DMSO molecule had no affinity for
the metal hydride and no Rh—H/DMSO complex was found
in which a reaction with "OH would produce ‘CHj; in the
vicinity of the Rh—H group.

As mentioned above the radiolysis procedure employed
in these experiments is known to produce hydrated elec-
trons. These reactions are performed in saturated N,O solu-
tions and while it is generally understood that all of the
hydrated electrons produced in the radiolysis experiment re-
act with N,O, the fact that this anionic complex is a suitable
candidate for a one-electron reduction through the addition
of an electron could not be ignored. In fact, the le cell
potential calculated!''! for the conversion of A to [(L)-
Rh"HCI], A€, is —3.19 V with respect to ferrocene. From
species A® we can imagine a set of pathways corresponding
to all of the pathways mentioned above, but again the low-
est energy pathway is simply the abstraction of an H atom
by "CHj; to form a Rh! species, which immediately loses CI-
(see SI). Thus, this route would also result in a KIE value
near 1.

Because no viable mechanism could be found that would
produce an inverse KIE, we re-examined the experimental
results from Kats et al. (Figure 4).3] Note that their observed
KIE of 0.66 £0.30 does not exclude a KIE = 1.0 as deter-
mined by the calculations. Upon closer examination of the
data (Figure 4, right) it is clear that the observed behavior is
complex, as the relative rates observed for H and D vary
from D being almost three times as fast (KIE = 0.4) at lower
concentrations of the Rh complex to the two rates being vir-
tually indistinguishable (KIE = 1.0) at higher concen-
4904
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trations of the Rh complex. The trend of the KIE toward 1
with increasing concentration is unexpected, as the KIE
should be independent of concentration. If, however, there is
some other reaction contributing to the methane production,
then the KIE at large complex concentrations should asymp-
totically approach the actual KIE as the reaction of the
methyl radical with the complex begins to dominate.

Conclusions

In an effort to understand the complex kinetics observed
for reactions of cis- and trans-[(Cyclam)Rh™HCI]* with
"CHj; by Kats et al.’l and to resolve the contradiction be-
tween that work and the work of Bakac and coworkers!>!
on the aquo analogue, we have performed a thorough ex-
amination of feasible mechanistic pathways with density
functional theory. We find that the reaction mechanism in-
volved is simply a single-step radical-propagation-type
mechanism in which the methyl radical abstracts the Rh-
bound H atom from the complex resulting in the formation
of methane and Rh™. Calculations of the KIE for this reac-
tion gave us a value of 1.08 for the frans species. While this
value only agrees with the upper range of the experimental
KIE of 0.66 + 0.30 from Kats et al.,l*l it is in excellent agree-
ment with their experimental KIEs of 1.10 for the trans
complex and 1.04 for the cis complex at high complex con-
centration and low methyl radical concentration and it is
in good agreement with the somewhat larger normal KIEs
reported by Bakac and coworkers.[! The small value pre-
dicted by the DFT calculations is a result of a transition
state that is very reactant-like so that there is very little
bond breaking or bond making in the transition state. Thus,
the Rh-H(D) stretching frequency contributes equally to
both reactant and TS for both isotopes. Therefore our cal-
culations clearly demonstrate that this system has a small
normal KIE.

Computational Methodology

Preliminary calculations were performed with the hybrid DFT
functional B3LYP as implemented by the Gaussian 09 program-
ming package.['” This functional utilizes the Becke 3-parameter ex-
change functional (B3)!'3] combined with the correlation functional
of Lee, Yang, and Par (LYP)!'"Yl and is known to produce good
descriptions of reaction profiles for transition-metal containing

Eur. J. Inorg. Chem. 2011, 4901-4905
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compounds.'>1l Rh atoms were described using the LANL2DZ
effective core potential (ecp) and basis set of Hay and Wadt!!” with
the 5p orbitals replaced by the split valence functions from Couty
and Hall.l'81 All other atoms (C, H, N, and Cl) were modeled using
a Pople-stylel'”) double-{ 6-31G(d’,p’) basis set with polarization
functions optimized for heavy atoms.?!

All geometries were fully optimized and evaluated for the correct
number of imaginary frequencies through calculation of the vi-
brational frequencies using the analytical Hessian. Zero imaginary
frequencies corresponding to an intermediate or local minimum
whereas one designates a transition state or saddle point. From
the analytical Hessian, zero-point energies as well as enthalpy and
entropy corrections were calculated for 298.15 K, consistent with
the ambient temperatures of the experiment. These corrections
were added to the total electronic energy to obtain a total free
energy, AG[298.15].

Implicit solvent effects were incorporated using the polarizable
continuum model?!! with water as the solvent using the parameter
& = 75.3553. For this method we chose to employ the radii and
non-electrostatic terms from the SMD solvation model of Truhlar
and coworkers.??! The solvent effects were calculated for geome-
tries calculated in the gas phase. The resulting solvation free energy
correction was added to the total free energy from above to obtain
the total free energy.

Kinetic isotope effects (KIE) were examined through calculation of
the analytical Hessian upon substitution of deuterium for hydro-
gen. The new zero-point energies and enthalpy and entropy terms
for the deuterated species were thus determined and used to obtain
the corresponding free energies. The approximated KIEs were then
calculated from kylkp = AP~ AGWRD where the difference in free
energies (AGp — AGy) is essentially the difference in ZPE for the
deuterated and undeuterated species.

Standard-state corrections were added to all species to convert con-
centrations from 1 atm to 1 M. This was accomplished by the equa-
tion AG®" = AG® + RTIn(Q°'/Q°), where the initial concentration
Q° = 1 atm (1/24.5 m for an ideal gas) and the final concentration
0° = 1 M2 Thus, a value of about —1.894 kcalmol ! was added
to the total free energy for each species. The overall effect of this
correction is the addition of (M — N)Xx1.894 kcalmol™! for the con-
version of M molecules to N molecules. This approximation is
added in order to better model the changes in solvent-phase trans-
lational entropy when there are changes in the number of molecules
present.

Supporting Information (see footnote on the first page of this arti-
cle): Additional discussion of the non-productive pathways as well
as Cartesian coordinates for all species discussed.
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