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Reaction of a model cobaloxime, MeCo(HgiNHCH,) (Hgly = glyoximato), with chloro ethenes
CIX;C=CX2X3 (X = CI or H) under reductive conditions has been investigated at the BP86 level of
density functional theory. Initial one-electron reduction of the metal complex affords either [MeCeo{Hgly)

or [Co(Hgly)(NHCH,)] .

Both can react with the substrates under chloride elimination to form the

corresponding vinylcobalt complexes with a-©@8X;=CX,X3 moiety, which is indicated to be the rate-

limiting step in a potential catalytic cycle. Free energies of activation on the order of 20 kcal/mol are
predicted for these processes, suggesting that such an inner-sphere reduction (i.e., one that takes place in
the coordination sphere of the metal) could be a viable pathway. Implications for the mechanism with
functional biological systems based on vitamig Bre discussed.

1. Introduction

Ever since their introduction as simple vitamin,Bnodel

complexes four decades a§opbaloximes have attracted the

interest of chemists and continue to da?Sa recent intriguing

In the presence of a stochiometric, sacrificial reducing agent,
such as T#, cob(l)alamin (CH) is believed to be the key species
in the catalytic cycle. Itself both a strong reductant and
nucleophilet* Cbl' could either reduce the chloroalkene directly
via an outer-sphere mechanism or be involved in more “intimate

aspect, for instance, is that cobaloximes can be active electro-interactions” with the substrate, up to the point where the latter

catalysts for proton reduction, mimicking the function of

enters the coordination sphere of the metal. Evidence for such

hydrogenase%Cobaloxime complexes have also been used to a scenario has recently been provided by kinetic modeling of

model putative intermediates involved in the Batalyzed
reductive dehalogenation of chloroalkededhis reaction
(sketched in Scheme 1) was discovered in the 19808 is

concerted and stepwise pathwdyBhe successful isolation of
chlorinated vinyl cobaloxinfeand cobalamine complexés
would also be consistent with such an inner-sphere mechanism,

now recognized as one of the many facets of the chemistry of in the course of which these vinyl cobalt complexes could be
vitamin By2.8 Driven by the environmental problems posed by formed as reactive intermediates. Another route involving
halogenated pollutants and by the potential opportunity of their chlorinated alkylcobalt species has been proposed recéntly.
detoxification with bioinspired “Green Chemistry” methods, Despite all these efforts, the precise mechanism of catalysis is

numerous studies have been directed at elucidating the mechnot yet fully understood. _ _
anism of this catalytic procegs!? Quantum chemical (ab initio or density functional) methods

have already been used to shed light on various aspects of the
chemistry involved in reductive dehalogenation of chloroeth-
ylenes. For instance, the fate of reduced chloroethylenes (as
they would emerge from outer-sphere reduction) has been
studied in detait® and computed structural, energetic, and
electrochemical properties of chlorinated vidyland alkyl-
cobalamin&® have been helpful in the interpretation of

* Corresponding author. Fax: 49-208-306-2996. E-mail: buehl@
mpi-muelheim.mpg.de.

T Max-Planck-Institut fu Kohlenforschung.

* University of Zagreb.

(1) (@) Schrauzer, G. Mcc. Chem. Re4968 1, 97—103. (b) Bresciani-
Pahor, N.; Forcolin, M.; Marzilli, L. G.; Randaccio, L.; Summers, M. F.;
Toscano, P. JCoord. Chem. Re 1985 63, 1-125.

(2) For some recent examples, see: (a) Gupta, B. D.; Yamuna, R;
Mandal, D.Organometallic2006 25, 706-7014. (b) Mandal, D.; Gupta,

D. B. Eur.J. Inorg. Chem2006 4086-4095. (c) Siega, P.; Randaccio, L.;

(8) Costentin, C.; Robert, M.; Saamet, J.-M.J. Am. Chem. SoQ005
127, 12154-12155.

Marzilli, P. A.; Marzilli, L. G. Inorg. Chem.2006 45, 3359-3368. (d)
Pidaparthi, R. R.; Welker, M. E.; Day, C. 8rganometallics2006 25,
974-981. Fritsch, J. M.; Retka, N. D.; McNeill, Kinorg. Chem.2006
45, 2288-2295.

(3) (@) Hu, X.; Cossairt, B. M.; Brunschwig, B. S.; Lewis, N. S.; Peters,
J. C.Chem. Commun2005 4723-4725. (b) Razavet, M.; Artero, V.;

Fontecave, MInorg. Chem 2005 44, 4786-4795.

(4) (a) Rich, A. E.; DeGreeff, A. D.; McNeill, KChem. Commur2002
234-235. (b) McKauley, K. M.; Wilson, S. R.; van der Donk, W. korg.
Chem.2002 41, 393-404.

(5) Gantzer, C. J.; Wackett, L. Environ. Sci. Technol1991, 25, 715~
722.

(6) Brown, K. L. Chem. Re. 2005 105 2075-2149.

(7) (a) Lesage, S.; Brown, S.; Millar, KEnviron. Sci. Technol1998

32, 2264-2272. (b) Glod, G.; Angst, W.; Hollinger, C.; Schwarzenbach,
R. P.Environ. Sci. Technol1997 31, 253-260. (c) Glod, G.; Brodmann,

U.; Angst, W.; Hollinger, C.; Schwarzenbach, R.EBRwiron. Sci. Technol.
1997 31, 3154-3160.

10.1021/0m070027s CCC: $37.00

(9) Burris, D. R.; Delcomyn, C. A.; Smith, M. H.; Roberts, A.Environ.
Sci. Technol1996 30, 3047-3052.

(10) For analogous dechlorination of alkyl halides, see, for example:
Argliello, J. E.; Costentin, C.; Griveau, S.; Saveant, JJMAm. Chem.
Soc 2005 127, 5049-5055, and references therein.

(11) Fritsch, J. M.; McNeill, K.Inorg. Chem.2005 44, 4852-4861.

(12) Follett, A. D.; McNeill, K.J. Am. Chem. SoQ005 127, 844—
845.

(13) Pratt, D. A.; van der Donk, W. AChem. Commur2006 558—
560.

(14) Liptak, M. D.; Brunold, T. CJ. Am. Chem. So2006 128 9144~
9156.

(15) (a) McKauley, K. M.; Wilson, S. R.; van der Donk, W. A. Am.
Chem. Soc2003 125 441(%4411 (b) McKauIey K. M.; Pratt, D. A,;
Wilson, S. R.; Shey, J.; Burkey, T. J.; van der Donk, WJAAm Chem.
Soc.2005 127, 1126-1136.

(16) Nonnenberg, C.; van der Donk, W. A.; Zipse,HPhys. Chem. A
2002 106, 8708-8715.

© 2007 American Chemical Society

Publication on Web 02/17/2007



Dehalogenation of Chloroalkenes at Cobalt Centers Organometallics, Vol. 26, No. 6, 2895

Scheme 1
cl o g, C o g, mm G R H H
cl c H™ Cr ¢ H H™ Oy HoHYoCr H H
PCE TCE cis-DCE

experimental observations. We were interested in the corre- AE1 geometries and 6-3#G* basis® (instead of 6-31G*) on the

sponding characteristics of simpler cobaloxime model com- non-hydrogen atoms of the ligands. Unless otherwise noted,
plexes, calling special attention to thermodynamic driving forces energiesAE, are reported at that level. With the same AE2 basis
and reaction barriers for addition of chloroethylenes to the metal and RI-BP86/AE1 geometries, single-point energy calculations were

center.

The purpose of this paper is twofold: First, with a potential
development of cobaloxime complexes into biomimetic models
for cobalamins and vitamin 8 in mind, we explore computa-
tionally key steps of the reaction between cobaloximes and
chloroethylenes under reductive conditions. In case no substan
tial thermodynamic or kinetic hindrance would be revealed for
the key steps in a potential catalytic cycle, functional models
could perhaps be designed rationally by appropriate ligand
tuning or identified by combinatorial synthesis and high-

throughput screening. Second, detailed insights into the interac-
tion between the reduced model complexes and the chloroeth-

ylene substrates can also have important implications for the
mechanism of the actual vitamin;Bcatalyzed process. In
keeping with recent experimental evidence that this reaction may
not involve simple outer-sphere reductifnwe now present
computational results illustrating what a viable inner-sphere
pathway could look like.

2. Computational Details

Geometries were fully optimized at the RI-BP86/AEL level, i.e.,
employing the exchange and correlation functionals of BEcked
Perdew!® respectively, together with a fine integration grid (75
radial shells with 302 angular points per shell), the augmented
Wachters’ bas® on Co (8s7p4d, full contraction scheme 62111111/
3311111/3111), 6-31G* basison all other elements, and suitable
auxiliary basis sets for the fitting of the Coulomb potentfarhis
and comparable DFT levels have proven quite successful for
transition-metal compounds and are well suited for the description
of structures, energies, barriers, and other propefti¢sSinglet

and doublet states were described with the restricted and unrestricteg,  excellent

Kohn—Sham formulation, respectively. Spin contamination in the
latter calculations was small throughout, wifB?(]values not
exceeding 0.76. Harmonic frequencies were computed analytically
and were used without scaling to obtain enthalpic and entropic
corrections. Refined energies were obtained from single-point
calculations at the RI-BP86/AE2 level, employing the RI-BP86/
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also performed using the polarizable continuum model (PCM) of
Tomasi and co-worket$(employing UFF radii scaled by 1.2 and
the parameters of THF and water). The resulting eneryiesith

the AE2 basis (in vacuo or in the continuum) were corrected for
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AEL1 level), to afford estimates fakH and AG. In selected cases,

the corresponding single points were also evaluated at the B3LYP/
AE2 level, that is, using the functionals according to Becke
(hybrid?” and Lee, Yang, and Paif.Atomic charges and spin
densities were evaluated from natural population analysis (RPA)
at the PCM(HO)/BP86/AE2 level.

Reduction potentialsE°, relative to the standard hydrogen
electrode (SHE) were evaluated from gas-phase electron affinities,
AEFA, obtained from the RI-BP86/AE2 single poirifs;orrections
to AGFA from the RI-BP86/AE1l level, and differential
solvation free energies\GS, from PCM single points in water,
according toE® = —(AGFA + AGS)/nF + E%pg, wheren is the
number of electrons (1 in our casd),is the Faraday constant
(23.061 kcal molt V1), and E% is the reduction potential of
the SHE E%pe = —4.36 \PY), cf. the protocol of Truhlar and co-
workers32 A similar approach has been used previously to compute
reduction potentials of chloroethylenes and vinylcobalamin mod-
els!” All computations employed the Gaussian 03 program pack-
age®

3. Results and Discussion

Our simplest cobaloxime model with a coordinated nitrogen
base, MeCo(Hgly(NHCH,) (1) (Hgly = glyoximato), is
depicted in Chart 1.

The BP86-optimized CeC bond length ofl, 2.008 A, is
agreement with that observed for the
corresponding pyridine adduct in the solid, 2.005*And close
to those in other B models, e.g., 1.986 A in MeCo(HDmg)
(Im) (dmg = dimethylglyoximato, Im= imidazole)3® or in
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Chart 1 Table 1. Potential and Free Energies for Reduction of 1 to
Me 1--, Computed at Various DFT Levels [in kcal/mol],
o|’H'0 Together with Estimated Reduction PotentialsE® [in V]
/ \
fN\C /Nj leveR phase AE AG =
(o]
SN = BPS6 gas —29.0 —34.0
do 1y THF -60.1 —65.1 ~1.54
W H.0 —64.8 -69.9 -1.33
Y B3LYP gas —27.0 -32.0
HC 1 THF ~57.5 —-62.9 ~1.65
H>0 —62.0 —67.00 —-1.45
MeCbl' itself, 1.99(2) A36 The Co-C bond dissociation a Single-point calculations employing AE2 basis and geometries opti-
enthalpy (BDE) ofl, eq 1, mized at the BP86/AEL level in the gas phas&hermal and entropic
corrections obtained at the BP86/AE1 level in the gas phase.
1— [Co(Hgly),(NHCH,)I" (2) + Me* Q) H, » H

is computed to be 40.7 kcal/moAH at the BP86 level),
somewhat higher than that computed for MéCK85.9 kcal/

mol using the same functional and a similar basis3$et)
estimated from kinetic and electrochemical measurements for
this coenzyme, 37 3% and 314 2 kcal/mol2 respectively.
Even though the CeC bond in1 appears to be noticeably
stronger than that in cobalamins, the simple cobaloxime should
be a reasonably good qualitative model for the organometallic
chemistry of complexes related to vitamin,Bin particular
when the considerable experimental uncertainty concerning the
salient BDE is taken into account. The quantitative differences
between cobaloximes and cobalamines in terms of electronic
and structural properties, on the other hand, are well appreciated
nowadays? _ o _ . Figure 1. SOMO of 1~ (BP86/AE1 level).

The remainder of this section is organized as follows: First,
the possible decomposition reactions Dbfafter initial one-
electron reduction are investigated. Second, we study the
interactions of chloroalkenes with the reactive intermediate
resulting from the more favorable process, which, as it turns
out, is cleavage of the Camine bond. Finally, we discuss the
analogous interactions involving the “base-on” reduced form
of 1 after Co-C cleavage, attempting to model the correspond-
ing chemistry of cobalamines.

3.1. Reduction of the Glyoximato Model. One-electron
reduction of model complex is indicated to be facile. In
keeping with the observation that at the BP86 level (also at
B3LYP) the LUMO energy irl is negative, reduction tir~ is
exothermic in the gas phas&E = —29.0 kcal/mol at BP86.
Because of the change in charge during this process, large
solvation effects are to be expected. Typical solvents used in
the experiments are THF and water (the latter usually with
admixtures of ethanol or THF to increase solubility of the
organic substrates). Results from simple single-point PCM
calculations employing the parameters of these solvents (includ-

ing thermal and entropy corrections from computations of gas-
phase harmonic frequencies) are summarized in Table 1.

As expected, solvation is indicated to stabilize the anion
considerably, roughly doubling the driving force for reduction.
Compared to the gas-phase values, changes between PCM
results for THF and water are not very pronounced. Even smaller
differences are encountered when switching from the pure GGA
functional BP86 to the B3LYP hybrid functional. Similar
findings were made in most of our subsequent calculations. In
this paper we report values obtained at one representative level,
BP86(H0). We note that the computed reduction potentials of
1 are in good qualitative accord with that reported for MeCo-
(HDmg)(MesBzm) (Bzm= benzimidazole);-1.45 V20a

In the radical anion, the bond between Co and the nitrogen
donor is significantly weakened. This weakening is apparent
from an elongation of the CeN bond to the imine (from 1.983
Ain 1to 2.212 A in1*7), concomitant with a noticeable tilt of
the imine plane away from the GdN axis. In the singly
occupied MO (SOMO) the odd electron is distributed over all

(36) Rossi, M.; Glusker, J. P.; Randaccio, L.; Summers, M. F.; Toscano, '_the cob_aloxime and imine moie_tie_s, with a cl_early antibonding
P. J.: Marzilli, L. G.J. Am. Chem. Sod.985 107, 1729-1738. interaction between Co and N(imine); see Figure 1.

(37) There is also recent e\_/idence from CASSCF calcuilations that DFT It is therefore not Surprising that the bond energy (Cf eq 2)
overesumates the G BDE in methyicobelamin models () SPAA. i very smal, aimost negligible n the gas phase (computed BDE
hand, the BP86 functional has recently been shown to perform quite well 1.9 kcal/mol), and that the imine is essentially unbound when
in that respect: (b) Kuta, J.; Patchkovskii, S.; Zgierski, M. Z.; Kozlowski, solvation and entropic effects are taken into accod@({H,0)

P.J. Comput. Chen006 27, 1429-1437. - _
(38) Martin, B. D.; Finke, R. GJ. Am. Chem. Sod 992 114, 585- 12.4 kealimol).
592.
(39) Birke, R. L.; Huang, Q.; Spataru, T.; Gosser, T.J.J. Am. Chem. 1 — [MeCo(Heg)z]‘_ (3°—) + NHCH2 (2)

Soc.2006 128 1922-1936. The entropic contribution inferred in that study,

TDS = 13.6= 1.5 kcal/mol at 293 K, compares favorably to that computed

Lofgché process In ?gu}{ dli‘r‘]-?e';‘:?‘f‘ém%s('g iogt@zt[/mé’lcgtszrgg”% entropic | oss of the imine will thus be rapid in solution, so that the
(40) See for example: (a) Randaccio, L. Furlan, M.: Geremia.[6ufS actual reduction process should be formulated as

M.; Srnova, |.; Toffoli, D. Inorg. Chem.200Q 39, 3403-3413. (b)

Randaccio, L.; Geremia, S.; Nardin, G.; WuergesCdord. Chem. Re — o—
2006 250, 1332-1350. 1+e —3 + NHCH, 3)
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Chart 2
Me - —
“H. Me,
N,O| (?\l ,0|'H'C‘) 1
=N = —=N N
Ci AN
(’l\‘/lo;N/J — (N/CO‘N/J
1
O~p-10 Nt
L +L
H
— N,
L CHa=NH { N ©O E,C
N
H
AG(H,0) -124 -149 -57 -3.7 kcal/mol

for which a large driving force is obtained, namelyG(H.0)
= —82.3 kcal/mol. This value corresponds to an estimated
reduction potential oE° = —0.79 V, so that mild reducing
agents such as Ti(lll) complexes (experimenEl values
between ca~0.6 and—0.8 V)* could accomplish this initial
reduction step.

In contrast, decay df*~ by loss of the methyl group is much
less favorable, for both homolytic and heterolytic cleavage of

Organometallics, Vol. 26, No. 6, 2897

Thus, according to these results, reduction of cobaloxime
complexes should result in loss of the ancillary ligand L, whereas
cobalamines are likely to lose the metal-bonded alkyl group.
In our model system, the two scenarios would correspond to
the production of3*~ and 2-, respectively. Subsequently, we
studied the reactions of both intermediates with chloroalkenes,
calling special attention to the possibility of direct (“inner-
sphere”) reduction of the latter by the metal complexes. Results
of these two reaction branches are discussed separately in the
following.

3.2. Reaction of the “Base-Off’ Model with Chloroalkenes.

We first turn to the reactivity of the reduced “base-off” form
3~ toward tetrachloroethene (PCE), which should model the
corresponding chemistry of cobaloximes. In order to probe
whether the metal complex could bind the olefin at its vacant
coordination site, we constructed a suitable reaction coordinate,
performing geometry optimizations of3a-C,Cl, adduct with
decreasing, fixed CoeC distances to the olefin. Indeed, these
calculations indicated the presence of a minimum and transition
state for its formation, which were subsequently located and
characterized in full geometry optimizations (Figure 2). On the

the Co-C bond. Both processes are computed to be endergonic,potential energy surface (PES) in the gas phase, the minimum

with AG(H,0) = 5.4 and 28.4 kcal/mol for the reactions
specified in eqs 4 and 5:

1" — [Co(Hgly),(NHCH,)] (2) + M’ (4)

1" — [Co(Hgly),(NHCH,)]" (2) + Me~ (5)

This type of chemistry is typical for cobalamins and methyl-
vitamin B itself. To what extent the base in these systems,
dimethylbenzimidazole tethered to the corrin ring around Co,

[MeCo(Hgly}(CoClg)]*~ (4°7) is 4.0 kcal/mol above the sepa-
rated reactants3*~ + C,Cls, and is characterized by a fairly
long Co—C bond to the olefin, 2.18 A (much longer than the
Co—C bond to the methyl group, 2.03 A). With respect to the
reactants, the transition stat€S34) is an early one, with a
forming Co--C distance of 2.76 A and an overall barrier of
6.0 kcal/mol.

Most significantly, ind*~ one of the C-Cl bonds at the carbon
attached to the metal is significantly elongated, to 1.99 A (cf.
1.74 A in GCly). Apparently, this intermediate is already

retains its coordination to the metal is unclear. Occurrence of Predisposed for rupture of this bond. In the gas phase, it costs

“base-off” intermediates, where this coordination is temporarily
broken, is frequently invoked for reactive intermediates believed
to be central to the chemistry of the cofactéin our model
system, homolytic CeC cleavage (eq 4) is predicted to be
strongly favored over heterolytic cleavage. The very small free
energy for the former process, ca. 5 kcal/mol, is noteworthy. It
should be kept in mind, however, that a large part of the driving

only 0.4 kcal/mol to stretch this distance to 2.31 A, at which
point a transition state for dissociation of Cis reached
(TS45).44 Salient energetic data for these stationary points are
collected in Table 2. In the gas phase, the eventual product is
an ion-dipole complex between Cand [MeCo(Hgly)}(CCl =
CClh)]* (5°). Since this complex (which is not shown in Figure
2) is expected to be dissociated in solution, the energetic data

force in that reaction stems from the gain in entropy due to the Of the separated products are included in Table 2.
increase in particle number, as computed in the gas phase. The As the liberation of chloride proceeds along the sequence
actual entropy effects in solution are probably less pronounced.4"~ — TS45 — 5 + CI7, stabilization in a polar solvent

Nevertheless, the CeC bond inl*~ is weak, with a computed
BDE of 21.1 kcal/mol (eq 4, BP86/AEL in the gas phase).
However, in our model complex the bond to the imine is

becomes more and more pronounced. Inclusion of such solvent
effects brings the energy @iS45below that of5*~, suggesting
that the latter is not a stable intermediate in solution. Addition

even weaker. In order to probe whether potentia”y Stronger of the olefin viaTS34 s the hlgheSt pOint during this reaction.

donors could eventually be competitive with the-€0 bond

in the radical anion, we optimized a few derivativesloand
1°~, replacing the imine with pyridine, CO, and imidazol-2-
ylidene, as a model for an N-heterocyclic carbene (NHC) ligand.

The latter two ligands were chosen because of potential back-

bonding from the metal to the ligand, which might lead to a
reinforcement of the bond. In particular NHCs have recently

emerged as promising ligands for many areas of transition metal

chemistry*® However, none of these ligands are predicted to
remain coordinated in the radical anion (cf. th& values in
Chart 2).

(41) (a)—0.63 V for Ti(lll) chloride at pH 8;—0.70 V for the complex
with ascorbate, cf. ref 7. (b) For Ti(lll) citrate, an upper limit-©0.80 V
has been estimated, cf. ref 17 in: Guo, 8ulc, F.; Ribbe, M. W.; Farmer,
P. J.; Burgess, B. KJ. Am. Chem. So2002 124, 12106-12101.

(42) Lexa, D.; Saveant, J.-MAcc. Chem. Red.983 16, 235-243.

(43) See for example: Crudden, C. M.; Allen, D.Goord. Chem. Re
2004 248 22472273, and references therein.

The activation barrier for this process is remarkably small, just
6.0-10.5 kcal/mol on the PESAE values in Table 2).
Assuming that the entropic penalty for this associative process
will be smaller in solution than estimated from the gas-phase
contributions included iM\G(H20), the overall reaction

3 +CcCl,—5+Cl” (6)
should be feasible not only thermodynamically but also kineti-
cally. This result, to our knowledge, is the first computational
evidence that reductive cleavage of a—Cl bond in a
chlorinated alkene can be initiated by coordination to a cobalt
center.

(44) That it is a chloride anion that is leaving, rather than a Cl radical,
is apparent from population analyses, according to which the leaving ClI
bears a charge of ca:0.4e (both from Mulliken and natural population
analysis).
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1.361 @ CI

Figure 2. Stationary points for addition of PCE ®~ (in italics: selected BP86/AE1-optimized distances [in A]).

Table 2. Relative Energies [kcal/mol] of Stationary Points Next, we investigated the reaction &~ with the first
with Respect to Separated Reactants*3 + C,Cl2 dehalogenation product, TCE. A relaxed scan, similar to that
TS34 4- TS45 3+ Cl discussed above f@~ + C,Cls, gave a surprising result: at
AE(gas) 6.0 4.0 4.4 20°0 one point on the coordinate, when the g@loup of TCE had
AE(H,0) 10.5 7.6 6.7 -7.2 approached the metal to 2.0 A, a Cl atom from this group was
AG(H20) 228 21.8 211 —-0.3 spontaneously transferred to the other C atom, and the full

aBP86 level, AE2 single points on BPS6/AE1-optimized geometries. geometry optimization starting from the point of lowest energy
bIn the gas phase, &-Cl-complex is the product, wWitihE < 4.4 kcal/ afforded the [MeCo(Hgly(CCICHCL)]*~ complex &, Fig-
mol. ure 3) as stable minimum. Incidentally, the same minimum was
obtained when a geometry optimization was started from the
PCE adduct*~ after replacing one Cl atom of the “dangling”
CCl, group wih a H atom. When the other Cl atoms 4m
were substituted one after the other in a similar fashion, two
additional isomers ofa~ were located (two of these optimiza-
tions converged to the same isomer); see plots in Figure 3. They
all share the common feature of a strongly elongatec€bond
(dashed in Figure 3), predisposed for chloride dissociation. After
dissociation of that chloride and hydrolysis of the-&0 bond

In our specific model system, the resulting vinyl comp&ex
should be quite reactive. It has a very high electron affinity
(AG(H0O) = —116.9 kcal/mol) and a positive reduction
potential, E° = 0.71 V, suggesting that it will be readily
converted to5  under the reductive reaction conditions.
Hydrolytic cleavage of the CeC bond in5~ could then afford
the first dehalogenation product, trichlorethylene (TCE), for
instance after protonation:

- +_ _ (assuming retention of configuration at that C atoéa),, 6b°—,
5 +HO =3+ H,0+ CHCI=CC, (") and 6¢~ would afford cis-1,2-, 1,1-, andrans-1,2-dichloro-
A large driving force, AG(H.0) = —57.4 kcal/mol, is ethene (DCE), respectively. At the BP86/AEL1 level, the relative

computed for this process, which could thus also be operative N€rgies oba ™, 6b™, andéc™ are 0, 6.3, and 12.7 kcal/mol,
even in neutral solutions, i.e., at low concentrations gbH respectively. Thus, if an inner-sphere mechanism involving these

Other possibilities for decay & comprise reductive cleavage ~ INtermediates would be operative for our model complex,
of Co—C bonds, e.g., according to essentially exclusive formation ofs-1,2-DCE should occur at

this stage.
5 +e — 3 +"CCICCl, (8) It is interesting to note at this point that DCE produced during
vitamin B;,-catalyzed dehalogenation of PCE is also predomi-
which also has a notable driving fore®G(H,0) = —79.3 kcal/ nantly thecis-1,2 isomer, together with small amounts of the
mol (corresponding toE® = —0.92 V) and which would other two forms. This product distribution has also been
regenerat@, thereby potentially closing a catalytic cycle. The rationalized in terms of the stabilities of the corresponding
trichlorovinyl radical produced in such a process would in turn dichloro-vinyl radicals, which would be intermediate products

be readily reduced (computed reduction potefiifaE 0.50 V)17 of outer-sphere reduction of the olefins, followed by chloride
and the resulting trichlorovinyl anion rapidly protonated to afford 10Ss*°
TCE. Reductive CeC cleavage according to The electronic structure dda~ is interesting: the C(CI)-
CHCI, fragment would correspond to a carbene ligdhend
5 +e — 3+ CCI=CCl, 9) indeed the Ce-C bond length to this moiety, 1.98 A, is much

shorter than that to the methyl group, 2.044n contrast to
would even be more favorable, withG(H,0) = —97.3 kcal/ formation of4*~ from 3~ + PCE, which is endothermic on all
mol (E° = —0.12 V). On this route, the neutral “base-off” variant

: _ (45) An attempted optimization of a corresponding [MeCo(Hgty)
3 would be readily reducedEP = —0.30 V) to restore the CCI-CClz)]*~ complex (which would be an isomer df~) by replacing

catalyst. Unfortunately, it is very difficult to compute reaction the H atom in6a~ with Cl resulted in chloride dissociation from the GCI
barriers for any of these processes. In view of the large driving group, affordings. ) )
forces, however, little kinetic hindrance is to be expected, and _ (46) Formally, 6a" could be regarded as a Co(IV) species, a quite
initial addition of PCE ta3 could well be the rate-determinin unusual oxidation state. For a recent paper on oxidized cobaloximes
Initial af 9  containing Co(IV) see: Ohkubo, K.; Fukuzumi,B.Phys. Chem. 2005

step. 109 1105-1113.
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6b™ 6¢c™
Figure 3. Isomeric adducts of TCE t&~ (in italics: selected BP86/AE1-optimized distances [in A]).

levels (Table 2), addition of TCE & is slightly exothermic  computed for addition of PCE 8~ (see correspondingE

on the potential energy surface, as the computBdralues of  yajyes of 4~ in Table 2), but still on the same order of

6a~ relative to these reactants arél.1 and—0.1 kcal/mol in - magnitude. However, the driving force for chloride loss and

the gas phase and in water, respectivals(H,0) = 14.4 kcal/ formation of the vinyl complex according to

mol). We have not located the transition state leadingeo,

but judging from the corresponding results for, only slightly 3~ + DCE— [MeCo(Hgly),(CH=CHCN]" (9") + CI~ (12)

higher barriers are expected for this addition process (compare

entries forTS34 and 4~ in Table 2). The driving force for  is AG(H,0) = 7.1 kcal/mol, significantly less favorable than

chloride loss and formation of the vinyl complex according to the corresponding processes involving PCE and TCE (eqgs 6
- . _ and 10, respectively). Dechlorination of DCE, if proceeding via

3" + TCE— [MeCo(Hgly),(CCI=CHCI]" (7)) + CI" (10) an inner-sphere mechanism, would thus be expected to proceed

slower than that of the higher chloroethylenes. The thermody-

namic driving force for reductive decomposition®fyielding

3~ and*CH=CHCl is similar to that of the analogous process

is AG(H,0) = —1.9 kcal/mol, i.e., slightly more negative than
that in eq 6 (0.3 kcal/mol at the same level, Table 2). Thus,
if reduction of chloroethenes can be initiated by coordination involving 5 (eq 8), With AG(H,0) = —77.5 kcal/mol E° =

to the Co fragment, our model cobaloxime complexes are . S N
indicated to react faster with TCE than with PCE. On the other . 1.00 V). The alternative pathway yieldidand~CH=CHCI

hand, the enhanced stability @f (as opposed to that &) is not viable in this case, because the resulting chlorovinyl anion

would make its eventual decay somewhat less favorable, e.g.,'s. uns_table even in the gas phase, where it _spontaneously
according to dissociates into Cl and acetylene (or, rather, into a weak

H-bonded complex between both). This pathway would thus
7 +e — 3 + cis-1,2°CCI=CHCI (11) correspond to the overall reaction

The driving force of this reactio\G(H»O) = —75.7 kcal/ +e —3+HC=CH+CI (13)
mol (corresponding t&® = —1.08 V), is less negative by 3.6
kcal/mol than that of eq 9. Whether that would lead to increased for which a large driving force is predictedG(H.0) = —110.8
kinetic hindrance of a potential catalytic cycle in the case of kcal/mol E° = 0.45 V), mainly due to the increase in particle
TCE is hard to gauge at this point. In any event, the intermediate Number. A corresponding route could be responsible for the
dichlorovinyl radical produced in eq 10 would be readily formation of acetylene, which has been observed during the B
reduced (computed® = 0.31 V) and, arguably, rapidly catalyzed dehalogenation of PCE.
protonated. Overall, the reductive dechlorination of TCE should ~ Finally, we studied the reaction 8f~ with CH;=CHCI, vinyl
be possible with cobaloxime complexes, probably faster than chloride (VC), the eventual hydrolysis product @t In this
that of PCE, and should afford predominantly tie1,2-DCE case, no initial adduct between the reactants could be located
as product. at all. Coordination of the olefin under chloride loss and
In the next step, we studied the reaction of is1,2-DCE formation of the vinyl complex [MeCo(HgI{]ICH=CH,)]* (10’
product with 3. Interestingly, when we tried to locate the Proceeds in a single step. We have located the transition state
resulting olefin adduc8~ (corresponding tel*~ and6b*~) by for this processTS31Q which is analogous tdS45in Figure
Starting from the geometry aF and rep|acing two C| atoms 2. Relative to the Separated reactants 317dT8310|S hlgher
with H, a stable minimum could only be found with loose in energy by 16.4, 18.4, and 31.4 kcal/mol at th&(gas),
thresholds for convergence of wave function and geometry AE(H20), andAG(H:0O) levels, respectively. These values are
optimization?” Reoptimization with the usual convergence Mmuch larger than the corresponding onesT8#5 (or TS34or
criteria resulted in dissociation of DCE, affording a loose ion- 4°) in Table 2, suggesting that formation o via this path
dipo|e Comp|ex with3:—. Apparenﬂy' the addition of DCE to would be significantly hindered kinetica”y, if not preventEd at
3~ and loss of Ct can occur without formation of a transient  &ll. Thus, if cobaloximes follow the inner-sphere mechanism
(shallow) minimum on the PES. Assuming that the transition- We are discussing, reductive dehalogenation of DCE and, in
state region for this process is reasonably well modeled by the Particular, VC would proceed much slower than that of PCE
|oose|y optimized stationary poiBt*' its energy should provide and TCE. Salient energetic data for the lower chlorinated olefins
a rough estimate for the barrier that is involved. At fk#(gas) are summarized in Table 3, for easy comparison with the results
and AE(H,0) levels, this barrier is computed to be 4.4 and 9.1 for TS340r 4~ in Table 2.

kcal/mol, respectively, that is, slightly higher than those  TO summarize this section, we have provided computational
evidence how simple cobaloxime complexes could mediate

(47) Energy converged to 1®au and opt= loose keyword. reductive dechlorination of PCE via an inner-sphere mechanism,
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Table 3. Relative Energies [kcal/mol] of Stationary Points
with Respect to Separated Reactants*3 + Olefin as
Indicated?

olefin/stationary point

TCE/6a cisDCE/g" P VC/TS310
AE(gas) 4.1 44 16.4
AE(H20) -0.1 9.1 18.4
AG(H20) 14.4 n.a. 31.4

aBP86 level, AE2 single points on BP86/AE1-optimized geometries.

Buhl et al.

example AE(H,0) values in Table 4). Relative to the reactants
PCE and2—, however, no change in particle numbers occurs in
TS13-14, so that the entropic correction is quite small in this
case, and the predicted free-energy barriern84.3—14, 19.7
kcal/mol, is much smaller than that vies211, 32.5 kcal/mol.
The former value is comparable to that computed for the
methylated “base-off” variant in the preceding section 1834

in Table 2). Thus, an inner-sphere mechanism could also be
operative in dealkylated Co(l) complexes, but only in the “base-

b Loosely optimized structure, see text (no frequencies computed, henceOff” form.

no enthalpic and entropic contributions).

Interestingly, the vinyl complex4 has a quite pronounced
affinity for binding of the imine, much higher than that of the

at least to the DCE stage. This route is indicated to involve Co(l) speciesl2. In an inner-sphere pathway involving the
base-off alkylcobaloxime radicals as key species reacting with real B, catalyst, the flexibility of the base tethered to the corrin
the substrates, i.e., following a mechanism completely different ring could be beneficial: conversion into the “base-off” form

than that believed to be operative in the vitamig, Bystem.

would facilitate substrate binding and reduction, after which

Prediction of whether actual catalytic turnover could be achieved recoordination of the base would provide additional thermody-
with these model systems appears to be difficult at this point. namic driving force for this overall reaction step (see simplified
The absence of substantial kinetic hindrance in the elementarysketch in Scheme 2).

steps considered, however, would bestow some potential for

further development of cobaloximes.

3.3. Reaction of the “Base-On” Model with Chloroalkenes.
We now turn to the reactivity of the reduced “base-on” form
27, the product of homolytic CeC bond cleavage i1*~ (eq

For simple cobaloximes or other models with a free base,
such an “on/off” switch mechanism is probably less favorable
kinetically, because the fully liberated and dissociated base is
not readily available and has to diffuse back to the metal center.
Fast catalytic turnover would probably be particularly difficult

4) toward PCE. As mentioned above, this reaction should modelin this case, because the concentration of the base necessary to
the corresponding chemistry of the cobalamins and, possibly, provide the eventual driving force for the reaction would be
vitamin B2 We were able to locate a transition state for addition low.

of PCE to2~ (TS211in Figure 4), leading directly to the vinyl
complex11 under loss of chloride. No other minima along that
path that would correspond to, for example, (Figure 2) could

Once the vinyl complet2is formed, its Ce-C bond would
have to be cleaved reductively in order to complete the
dehalogenation reaction. As with the actual reaciambss of

be located. Attempts to perform a relaxed scan along one the imine is more likely for the simple cobaloximes. However,
Cor--C coordinate resulted in dissociation of the imine as the there is also a notable driving force for the reaction

olefin approached.
The barrier for this route is quite high, however: on the
potential energy surfacdS211is already ca. 1519 kcal/mol

11+e — 2 + “CCl=CCl, (14)

above the reactants (Table 4) and is further disfavored by awith computedAG(H»0) = —82.0 kcal/mol, corresponding to
substantial entropic penalty for this associative process. With an estimated=® = —0.80 V. This reaction would eventually
the simple ideal-gas approximation, a free-energy barrier produce TCE. For a closely related derivativeldf cis-1,2-

exceeding 30 kcal/mol is predicted for this path, clearly too dichlorovinyl(pyridine)cobaloxime, the feasibilty of this reduc-

high for a fast and efficient reaction.
It is noteworthy that inTS211the imine ligand appears to
be quite loosely bound, with a very long €bdl distance of

tive hydrolysis and the occurrence of chlorinated vinyl anions
have recently been demonstral@Reduction of the Co(ll)
species?® to 2~ (estimatedE® = —0.35 V) would restore the

approximately 2.3 A (Figure 4). Therefore, we investigated anionic “base-on” complex for attack of new substrate. Again,

the dissociative pathway, initiated by loss of the imine
ligand in 2=. The binding energy of the imine 2~ is

indeed quite low (only a few kcal/mol estimated on the free-

computation of barriers or rate constants for these processes is
difficult, but from the pronounced driving forces, little kinetic
hindrance is to be expected. Thus, if PCE dehalogenation

energy surface, cf. the fourth column in Table 3), so that follows an inner-sphere mechanism involving dealkylated Co-
entry into this path should be possible. The resulting bare Co- (I) complexes, it is likely that chloride dissociation in transient

() fragment [Co(Hgly)]~ (127)*8 readily takes up the olefin
under formation of ap?-bonded complex (or metallacycle),
13749 No n*-bonded minimum (corresponding4¢- in Figure

“base-off” olefin complexes will be the rate-limiting step,
occurring via transition states resemblingS13—14. The
computed free energy barrier for this process in our cobaloxime

2) could be located, and no transition state for separation of model suggests that this could indeed be a viable pathway.

13 into free PCE and.2™ could be found. When the olefin is
pulled away from the metal ih3~ in a relaxed scan, the energy

Assuming that the basic underlying potential energy surface
is qualitatively transferable to the other chlorinated ethylene

rises continuously, approaching that of the fully separated derivatives, we finally investigated how this rate-determining

products.

The olefin complex13~ can lose a chloride ion under
formation of the neutral vinyl derivativié4. The barrier for this
step, proceeding via transition stat813—14, is slightly higher
than that viaTS211 on the potential energy surface (see, for

(48) The corresponding four-coordinate cob(l)alamin has been termed

supernucleophile, cf. ref 14.

(49) There is structural precedence for an aniopigoordinated cobakt
olefin complex, Li[Co(PMe)3(CzHa)]: Klein, H.-F.; Witty, H.; Schubert,
U. Chem. Commuril983 231-232.

barrier would change with the nature of the substrate. To this
end, we successively replaced the vinylic Cl atom3 813~
14 with H atoms, affording the transition states displayed in
Figure 5 and the relative energies collected in Table 5.
Eventually, after hydrolysis of the vinyl complex under
retention at C, conversion of TCE viaS15a TS15b and
TS15cwould affordcis-1,2-, 1,1-, andrans-1,2-DCE, respec-
tively. From the energies of the transition states in Table 4 it is

(50) Follett, A. D.; McNeill, K. Inorg. Chem.2008 45, 2727-2732.
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+ CH,NH + CH,NH + CH,NH + CI-
Figure 4. Stationary points for addition of PCE & (in italics: selected BP86/AE1-optimized distances [in A]).

Table 4. Relative Energies [kcal/mol] of Stationary Points with Respect to Separated Reactants 2 C,Cl 2

12-+C,Cly 13 TS13-14 14+ Cl-
TS211 11+ CI- + CH,NH + CHpNH + CHaNH + CHoNH
AE(gas) 15.2 0.1 18.3 -8.8 20.3 319
AE(H0) 18.8 —26.7 17.7 4.7 19.2 4.3
AG(H,0) 32.5 -18.2 4.3 24 19.7 22

aBP86 level, AEY- single points on BP86/AE1-optimized geometrigd the gas phase, B4-Cl- complex is the product, withE < 20.3 kcal/mol.

Scheme 2
- CX CX,
ll / 2 z
) X,C—CX, XC xc
T +GCXy \

3l / -X | |
C(lo— — NICO— —N:j—Co— ‘—N:j—Co— = CC|0—
N

apparent thattis-1,2-DCE should be the principal product 14, TS16b TS16a and TS17, respectively). Except for the
under kinetic control. This result is consistent with the reversal of PCE and TCE, this trend parallels that in the
product distribution of vitamin B-catalyzed dehalogenation degradation rate constants observed in, Bind related

of PCE, where it is also theis-1,2 form that is predomi- systems (such as cobalt porphyriksyvhich increase for the
nately found among the isolated DCE isom&sThe more chlorinated congeners. What is noteworthy is the different
product ratio ofcis- andtrans-1,2-DCE upon TCE reduction  reactivity of these catalysts towatts- andtrans-1,2-DCE: Our
has recently been proposed as diagnostic for the underlyingcomputed barriers fof S16a versusTS16b suggest that the
mechanisni2 from which it has been concluded that outer- enhanced degradationinéns-1,2-DCE over theis-congeneft
sphere reduction by vitaminBis unlikely to be the major may be rooted not only in the stabilities of the transient

pathway. chlorovinylcobalt complexes but also in the kinetic parameters
cis-1,2-DCE,trans-1,2-DCE, and their eventual dehalogena- (activation barriers) leading to them.

tion product VC can further react viaS16a TS16b and The overall reaction profile for the parent reactiorRofwith

TS17, respectively. For the different substrates, the com- PCE is summarized on the right-hand side of FigurAG(H-0)

puted activation barriers increase in the sequence FGEE level) and contrasted with that involving~ as discussed in

< trans1,2-DCE < cis-1,2-DCE < VC (with AG values of the previous section (left-hand side of Figure 6). We note the
18.3, 19.7, 21.0, 25.6, and 26.7 kcal/mol fB8153 TS13— overall mutual compatibility of the two branches that we have
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case of4*~ and TS13—14, respectively. In the radical anion,
the unpaired electron is localized to a large extent on the C
atom (see values in parentheses in Table 6).

Recently, an alternate mechanistic pathway for the dehalo-
genation process has been proposed for cob(l)alamins, namely,
one involving chlorinated alkylcobalt complexes formed upon
protonationt? e.g., for PCE:

e

CClH

cL,e”

TS15a

PCE, H*

Co! ——

(16)
Coll

Under reductive conditions in solution, such alkyl complexes
are indicated to be unstable with respect to dissociation into a
Co(ll) species, the dechlorinated alkene (TCE in the case of eq
16), and free chloride, thereby circumventing the intermediacy
of vinyl complexes altogethé?. For the model complexes in
Figure 4, entry into this path would be possible by protonation
of the alkene complext3~ affording an ethylcobaloxime
derivative, Co(Hgly)(—CCl,—CClLH) (18); see Figure 7. If
protonation of13~ would be clearly favored over chloride
dissociation vialS13—14, the latter path would become less
relevant. Indeed, a notable driving forec®G(H,O) = —30.3
kcal/mol, is computed for the reaction

13" 4+ H,0" — 18+ H,0 (17)

Thus, barring an unexpectedly high barrier for this process, this
route would probably be favored in our dealkylated, base-off
cobaloxime model. It should be noted, however, that
TS15¢ TS17 accurate computation of acidity constants of aqueous
Figure 5. Transition states for chloride elimination involving other ~ transition-metal complexes (pertaining to the reverse of
substrates, namely, PCEis-1,2-DCE, and VC forTS15 TS16, eq 17) is a difficult task! What is more, a large part of the
andTS17, respectively (in italics: BP86/AE1-optimized €& and driving force for eq 17 stems from charge compensation,
C-++Cl distances [in A]). which should be less important in the cob(l)alamins with
. . their different overall charge of the Goorrin moiety (zero, as
Ch|-(I)-ﬁ(k:|)|ee-él.imlTnefli?i?)\l{]eTEQr?;igtligi %‘f;g??r:] Si;ﬂhri 5 opposed to-1 in 13‘_). To what extent thi_s protonation route
(+CH.NH) with Respect to Separated Reactants (i.e., 2plus would be followed in the real systems is not fully clear at
the respective chlorinated ethylene) present. At this point we would like to emphasize the
TS15a  TS15b TS15c TS16a  TS16b  TS17 apparent feasibility of the nucleophilic attack mechanism
sketched in the two branches of Figure 6 and the potential
ﬁg(gas) 19.2 21.6 244 212 22.4 29.9 transferability to the biological systems. The question of whether

(H,0)  18.4 20.2 23.2 25.8 21.1 27.7 .

AGH,0) 183 204 241 256 210 267 there exist other, even more favorable pathways for the latter,
such as the protonation route just discussed, clearly invites
further studies.

For the actual cobaloximes, which are indicated to react via
base-off alkylcobalt(ll) radical anions, such a protonation
route can probably be excluded. As detailed in section 3.2,
the approach of the olefin to such a cent&~) already
triggers the weakening of a-&l bond and the eventual
loss of chloride thereof. The lifetime of transient species with
strong Co-C interaction (such aé~, cf. Figure 2) is expected
to be very short, probably too short for other intermolecular
reactions.

Finally, we briefly address the possible competition between
outer-sphere reduction of the olefins and the inner-sphere
mechanisms discussed so far, taking PCE as a showcase
Sxample. One-electron reduction of PCE in solution is believed

aBP86 level, AE2 single points on BP86/AE1-optimized geometries.

computed for these two quite different model systems. In both
cases, i.e., for a methylated Co(ll) radicai®) and a diamag-
netic Co(l) species?"), viable pathways for reductive deha-
logenation of chlorinated ethylenes in the coordination sphere
of the metal have been identified, with formation of chlorinated
vinylcobalt complexes via chloride dissociation as probable rate-
limiting steps. Likewise, similar trends in the reactivity toward
differently chlorinated substrates can be noted in both cases (i.e.
TCE > PCE > DCE > VC). It is thus possible that the key
characteristics of the rate-limiting transition states, namely, very
long breaking &-Cl~ bonds ina position to the metal, may
be transferable to other Co-based systems, and perhaps to th

By family itself. o _ to yield an intermediater* radical anion in a first step.

In Table 6, the electron distribution in the key stationary Uptake of one electron by PCE is computed to be exothermic
points of each brancld;~ andTS13—14 for the alkylcobaloxim by —17.6 kcal/mol in the gas phasa®)52 and by—62.6 kcal/
and Co(l) routes, res_pecyve_ly, IS analyzed in terms O_f atomic 5 in water AG), the latter value corresponding to a reduction
NPA charges and spin distributions. In both cases, significant
charge density is transferred to the PCE moiety, where it is (51) Li, J., Fisher, C. L.; Chen, J. L.; Bashford, D.: Noodlemarinbrg.
accumulated on the®atom and on the leaving chloride in the  Chem.1996 35, 4694-4702.
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12
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Figure 6. Schematic pathways for PCE addition3vu (left-hand part) an@~ (right-hand part), as arising from the reduced cobaloxime
1*~ (central box); estimatedG(H,0O) values [in kcal/mol] are given relative to the respective resting states of a potential catalytic cycle

in both branches.

Table 6. Selected Atomic Charges in Key Intermediates
Involving Chloride Elimination from PCE (NPA data at the
PCM(HO)/BP86/AE2 level, i.e., single-point calculations in a
continuum; in parentheses: spin densities at the same level)

atont® 4 TS13-14
Co 0.56 (0.02) 0.71
ol —0.36 (0.03) -0.12
o —0.17 (0.59) -0.26
CI* -0.19(0.17) -0.74
Cle —0.01 (0.00) 0.05
Cl(av) 0.06 (0.08) 0.06

aCl* denotes the leaving chloride; the remaining atoms of the PCE
moiety are labeled: or 5 according to their position relative to the metal
(av denoting a mean value).

Figure 7. Protonation product o3~ (in italics: selected BP86/
AE1-optimized distances [in A]).

potential of —1.64 V53 Computed E° values for salient
Co-based reductants arel.33, —0.30, and—0.56 V for
1/1*~ (Table 1),3/3~ (section 3.2), an®*/2-, respectively
(—0.45 V for 12/127). Of these anions, onlyl*~ would

indicated to be a much less potent reductant, and the electron
transfer according to

3 + PCE— 3+ PCE" (18)
is highly endothermic, with computeiG(H,0) = 31.0 kcal/
mol. The actual free-energy barfiéifor this process would,
arguably, be even higher. A similar result is obtained for the
Co(l) species2™ or 127, indicating that the inner-sphere
reductions discussed above can indeed be competitive with and
even be more favorable than a simple outer-sphere patbiwvay.

4. Conclusions

We have applied modern DFT techniques to study key steps
of reductive dehalogenation of chloroalkenes at cobalt centers
arising from a model cobaloxime, MeCo(Hgi(fl\ HCH,) (Hgly
= glyoximato). Two pathways were considered after initial
one-electron reduction of this complex, affording either a
methylated Co(ll) species, [MeCo(Hgh}), or a Co(l) complex,
[Co(Hgly),(NHCH_y)]~. The former would be the preferred route
for the model cobaloxime, whereas the latter should model the
corresponding chemistry of the related cobalamins. Both anions
can react with chloroethenes CIGXCX,X3, producing vinyl-
cobalt complexes with a CeCX;=CX2X3 moiety (X= Cl or
H). Formation of these vinyl complexes under elimination of
chloride is indicated to be the rate-limiting steps in potential
catalytic cycles, with computed free energies of activation on
the order of 20 kcal/mol. This is the first computational evidence

(54) For the computation of such barriers in electron-transfer processes

appear as a good candidate for promotion of outer-spheresee for example: (a) Rosso, K. M.; Rustad, JJRPhys. Chem. R00Q

reduction of PCE. The more stable “base-off” vari&mt is

(52) AE(gas) = —13.5 kcal/mol, similar to values for the gas-phase
electron affinity that have been obtained in experiments and
DFT and ab initio calculations: (a) Chen, E. C. M.; Wiley, J. R;
Batten, C. F.; Wentworth, W. EJ. Phys. Chem1994 98, 88-94. (b)
Bylaska, E. J.; Dupuis, M.; Tratnyek, P. G. Phys. Chem. 2005 109,
5905-5916.

(53) A somewhat more negative value,1.98 V, has been derived
empirically in ref 8.

104, 6718-6725. (b) Rosso, K. M.; Dupuis, MLheor. Chem. Ac2006
116, 124-136.

(55) For the radical anions of the other chlorinated olefins, no corre-
spondingr* states could be located, and omly states (i.e., loose complexes
between chlorinated vinyl radicals and ¢lvere found (also at restricted-
open-shell DFT levels, cf.: Bylaska, E. J.; Dupuis, M.; Tratnyek, PJ.G.
Phys. Chem. 2005 109 5905-5916). For these™* states, the computed
reduction potentials of TCEjs-DCE, and VC are-1.36,—1.67, and-1.83
V, respectively. In all cases, outer-sphere reduction of these olefins would
appear less favorable than the inner-sphere mechanismsGcfalues in
Table 3).
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that reductive dechlorination can follow an inner-sphere mech- The transienty?-perchlorethylene complex in the anionic
anism, i.e., that it can occur in the coordination sphere of the model system is computed to be readily protonated, affording
metal. The computed reduction potentials of the putative active a chlorinated ethylcobalt(lll) derivative akin to those proposed
catalysts and a typical substrate, perchlorethylene, also suggestecently to be involved in an alternative path for reductive
that these inner-sphere reactions are more facile than direCtvdehangenation with cobalamins and vitamip.Brurther studies

outer-sphere reduction. Despite the very different nature of the ot these competing pathways should be directed toward the role
Co species involved in the two inner-sphere branches studied, ¢ ihe ancillary ligands at the metal.

similar trends in the rate-determining barriers are predicted as

the olefin is varied, suggesting a certain transferability of the

key aspects of this process to other cobalt species as well. Acknowledgment. This work was supported by the Deutsche
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to be active in the form of the four-coordinate “supernucleo-

phile” cob(I)aIamin: For the model system it appears that the Supporting Information Available: BP86/AE1-optimized ge-

basg has to coordlpate aga'f‘.to. the metal after attack on theometries of all Co complexes discussed in the text (Cartesian

olefin in order to Sh'f.t the equilibrium toward the product S'.de' coordinates irxyzformat) and full author list of ref 33 are available

Hence, a base that is tethered_ to the ’T‘e‘?" coumplex (as in thefree of charge via the Internet at http://pubs.acs.org.

actual B, cofactor) could be quite effective in a “base-on/base-

off” switching mechanism. OMO070027S



