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The homolytic Ce-C bond dissociation energy (BDE) is central to the understanding of the function of
vitamin By, an important coenzyme of many proteins. We investigate why earlier density functional (B3LYP)
estimations of the BDE in methylcobalamin have given so poor results97 kJ/mol) compared to the
experimental estimate (155 13 kJ/mol). Improving the basis set increases the discrepancy, as does a proper
treatment of basis set superposition erreB (kJ/mol) and inclusion of zero-point energy correctionl
kJ/mol). On the other hand, relativisti¢-6 kJ/mol), solvation-¢7 kJ/mol in water), and thermal corrections

(+6 kJ/mol) increase the BDE. However, neither of these corrections can explain the discrepancy. Instead,
the problem seems to be the B3LYP density functional, which gives a corrected BDE of 78 kJ/mol, whereas
the density functional BeckePerdew-86 method and second-order perturbation theory (MP2) give BDEs of
134—-139 kJ/mol. A comparison with other methods indicates that the error comes from the H&dee
exchange+40 kJ/mol) and the LYP functionat(15 kJ/mol). The problem is not restricted to methylcobalamin

but seems to be general for homolytic metehrbon BDEs of transition metals in tetra-pyrrole-like systems.

1. Introduction

Cobalamins are among the most complicated cofactors in
biology! The chemical structure of these vitaminBerivatives
is shown in Figure 1. They consist of a corrin ring, which is
similar to heme, but it is saturated at 10 atoms at the periphery
of the ring and one of the methine linkages is missing. In the
center of the corrin ring, a cobalt ion is bound to the four pyrrole
nitrogen atoms. In the free coenzyme and in some proteins, the
5,6-dimethylbenzimidazole (DMB) group at the end of the long
nucleotide tail coordinates to cobai However, in many other
enzymes, the imidazole ring of a histidine residue replaces DMB
as the fifth ligand:~® The sixth coordination site on the opposite
side of the corrin ring may be occupied by either cyanide
(vitamin B;2), a methyl group (methylcobalamin, MeCbl), or a
5'-deoxyadenosyl group (adenosylcobalamin, AdoChbl). This
almost unique organometallic €& bond is the site of reactivity
of the coenzyme. MeCbl and AdoCbl support rather different
reactions: MeCbl acts as a methylation reagent by a heterolytic
cleavage of the Cb—C bond to Co(l) and (formally) a C¥t < \ />
group, whereas AdoChl acts as a radical generator through a R= N N € H, -CN
homolytic cleavage of the CeC bond to Co(ll) and an adenosyl
radical?

An impressive amount of experimental research has been
directed toward the understanding of how the-@bond is
labilized and how the reactivities of the two coenzymes differ, Figure 1. The cobalamin system.
but so far no consensus seems to have been redéeckntly,
quantum chemical calculations using density functional theory they reproduce bonds around the metal with an error of less
have been used to acquire insight into the reactivity of than 0.07 Al7.18and they give energies that are accurate to
cobalaming~14 For example, three studies have provided strong Within ~25 kJ/mol*>1¢This is true also for cobalamin models,
arguments against any catalytically significant trans steric €xcept the axial CeN bond length, for which the extremely
effects89.14 shallow potential explains the larger errors (61215 A; the

Density functional calculations, especially those performed €frors are small in energy termsg)However, for the homolytic
with the B3LYP functional, have been successful in the study C0o—C bond dissociation energy (BDE), the discrepancy between

of models of proteins involving transition metafsté Typically, theory and experiments is larger than expected. The BDE for
MeChbl in ethylene glycol has been determined by kinetic studies
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on the details of the calculatiofd214 Thus, there is a  TABLE 1: The Basis Sets Employed in the Calculations

discrepancy of 4860 kJ/mol between theory and experiments. # basis functions in
This is much larger than the expected error in the B3LYP no. Co other atoms references Co'CorlmMe
5,16 i i i i

meth(_)é : and |t_makes it harder_to interpret the calcula}tlons. 1 Dzspd2f 6-311+G(2d,2p) 32.36 1099
Considering the importance of this energy for the reactions of > Tzypp 6-31%#G(2d,2p)  32-35,37 1076
cobalamin enzymes, it would be highly desirable to gain a 3 TzV TZV 37 520
deeper understanding of this discrepancy. 4 DZpdf 6-31G(d) 14,36,38-40 518

In this paper, we perform a systematic investigation of 2 TZV 6-31G(d) 37,38-40 492

6 LANL2DZ Dunning 95 41-44 339

possible errors in the calculations, including variations in the
basis set and theoretical method, and taking into account @The DZpdf basis setwith an additionals function (0.0145941),

relativistic effects, basis set superposition error, zero-point @nd with twof functions (exponents 2.8 and 0.8) replacing that of
energies thermal effects. and solvation. We show that the szdf. b The DZ basis set of Scher et al. (621111111/3311111/3111/

2) .36 augmented with onk(exponent 1.62), oné (0.1357), and twg
calculated Ce-C BDE depends strongly on the method and ¢/ ions (0.141308 and 0.043402).

basis sets used and that the discrepancy is probably caused by
problems with the B3LYP method. By studying several different 74 hasis set (9s7p4d2f). Basis set 3 is the TZV basis for all
density functional methods and various model systems, we getyioms; that is, it is triplés; but does not contain any polarization
some insight into the cause and generality of the problem.  f,1ctions3” Basis set 4 is the 6-31G(d)basis®et® combined
with the DZpdf basis sét for cobalt. It was used in our earlier
2. Methods geometry optimizations. Basis set 5 uses TZV for cobalt and
In all calculations in this paper, MeCbl is modeled by a corrin  6-31G(d) for other atoms. It was employed in one of the earlier
ring without any side chains (Cor), a central Co(lll) ion, Studies'? Finally, basis set 6 was LANL2DZ, which applies a
imidazole (Im) as one axial ligand, and a methyl group (Me) double¢ D95 basis for non-cobalt atoms and an effective core
as the second axial ligand ((!€orimMe). This is the same  potential to describe the cobalt core electréng?
model that was used in the earlier calculati&rié.Calculations Solvation effects were estimated using the conductor polarized
have also been performed on a model where the Im ligand hascontinuum method (CPCMY; 8 as implemented in Gaussian
been replaced with DMB or where the Me group has been 98* (using the B3LYP method and basis set 4). Nonelectrostatic
replaced by a ribosyl (Rib) group. We do not expect that the terms (cavitation, exchange, and dispersion) were included in
side chains of the corrin ring will affect the BDE, but this the total energy. Calculations were performed at a dielectric
remains to be demonstrated; for heme models, the effect of theconstant of both 4 (similar to what may be expected in a

side groups is minimat proteirf®%) and 78.4 (water solution). Probe parameters ap-
The homolytic Ce-C BDE is the energy of the reaction propriate for water were used in both calculations. To get a
better description of the cavity surface and charges induced by
co"CorlmMe" — cd'Corim™ + Me* @ the solute, a smaller than default area of each surface element

was used (tsare 0.4 A2). Default radii were used for the atoms.
Basis set superposition errors and relaxation effects were

Several different theoretical methods were used to calculate thlscorrecte d for by the extended counterpoise method:

energy: the HartreeFock method (HF), second-order Mglter
Plesset perturbation theory (MP2), and density functional _ _
calculations with the local-density approximation®WN) and BDE = —E(CMe,opt)+ E(CX,CMe) + E(XMe,CMe)

the gradient-corrected Beckéee—Yang—Parr (BLYP), Becke- E(C,CMe)— E(Me,CMe)+ E(C,opt)+ E(Me,opt) (2)
Perdew 1986 (BP86), and BeckBerdew-Wang 1991 (BPW91)

methods, both as pure functional and as hybrid functionals in Here,E(x,y) denotes the energy of modeht the geometry.

combination with HF exchange: B1LYP, B3LYP, B3P86, and 1he model is either CbCorlmMe (CMe), C8Corlm (C), or a
B3PW9122-29 Energies were calculated on geometries opti- methyl radical (Me). X indicates that the basis functions, but
mized by the relevant method. not the atoms, of this part of the CMe model were included in
All calculations were performed with the Turbomole suite the calculation. The geometry may either be fully optimized
of software, version 5.33LFor the open-shell species on the (OPt) or kept at the optimized structure of G8orimMe. The
right-hand side of eq 1, the unrestricted formalism was used first three terms on the right-hand :_;|de of eq 2 constitute the
for the density functional calculations, whereas the restricted Standard formula for the counterpoise correction. To this, we
open-shell formalism was employed for the HF and MP2 have added four terms describing how the binding energy

.. . . . { iati
methods. Geometry optimizations were carried out in redundant¢hanges when the geometry of the'Corim and Me moieties
internal coordinates; they were considered to be converged wher2€ allowed to relax.
the energy changed by less thar46iartree (2.6 J/mol) and Zero-point corrections and thermal effects were extracted

the maximum norm of the internal gradient was less thar? 10 from the vibrational frequencies, calculated with B3LYP and
basis set 5 (DZpdf/6-31G*) using the Gaussian 98 softwre.

a.u. ; .
Six different basis sets were used in the calculations. They Thérmoedynamic corrections at 298 K and 1 atm were calculated
are described in Table 1. Basis set 1 is the trip@-311+G- with an ideal-gas approximatiéfRelativistic corrections (scalar

terms only§! to BSLYP energies were calculated by Turbomole

(2d,2p) basis set, which includes diffuse functions on heavy ™ ) '
with the various basis sets.

atoms and two polarization functions on all ato##s®® For
cobalt, we have used the DZ basis set of $ehat al.36 3. Results and Discussion
enhanced with several functions (see Table 1). This basis set™
was used in our earlier calculations for accurate single-point 3.1 Basis Set Dependencelhe aim of this article is to
energies? Basis set 2 employs the same basis for non-cobalt explain the discrepancy between calculated (917 kJ/
atoms but the TZVPP basis set of Sferaet al®” This basis mol®1214 and experimental (15% 13 kJ/mo?2% homolytic
(6s4p3d1f) is slightly smaller and less flexible than the enhanced Co—C BDE for MeCbl and to develop an accurate and
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TABLE 2: BDEs (kJ/mol) Obtained with the Various Basis TABLE 3: Solvation Energies and the Solvation Correction
Sets, with or without Relativistic Corrections to the BDE
relativistic BDE with solvation energy (kJ/mol)
basis set no. BDE  correction relativistic corrections species c—2 =784
L 90.7 6.5 97.2 Co' CorlmMe -90.9 -140.6
2 89.1 5.8 94.9 |
Co'Corlm -90.9 -140.7
3 86.1 6.4 92.5 Me 4.9 70
4 102.2 6.4 108.6 BDE 5'0 7'1
5 109.1 6.3 115.4 ’ '
6 89.6

On the other hand, relaxation effects are large and positive,
appropriate procedure for calculating this central property of 47 kJ/mol. Thus, it is not wise to calculate the BDE by a simple
cobalamin chemistry. First, we investigated how the theoretical counterpoise calculation (terms-B in eq 2) or by single-point
BDE varies with various basis sets, using the same theoreticalcalculations of the CtCorlm complex and the methyl radical
method, B3LYP. Previous calculations with the same model at the geometry of the ({cCorlmMe complex. The main effect
have used basis sets number 5 (117 kJAhdl (on a geometry (32 kd/mol) comes from the methyl radical, which changes its
optimized with basis set 4; 91 kJ/m#)l and LANL2DZ on geometry from tetrahedral when bound to cobalt to trigonal
cobalt, 6-31G* on atoms bound to cobalt, and STO-3G on other planar in the radical, but also the &@orim complex relaxes
atoms (99 kJ/ molj. by 15 kJ/mol.
BDEs calculated with the various basis sets are listed in Table 3.4 Solvation Effects.The experimental measurements were
2. All are obtained by single-point calculations on geometries performed in ethylene glycol solution (test measurements with
optimized by basis set 4 (DZpdf/6-31G*). It can be seen that AdoCbl have shown that the BDE in water solution is almost
the BDE varies between 86 (TZP) and 109 kJ/mol (TZP/6- the sam& %), whereas the calculations are in a vacuum.
31G*). Our result with the latter basis set is somewhat lower Therefore, solvation effects may be one reason for the discrep-
than that reported before (117 kJ/m&)The reason for this  ancy between the results. To test this, we performed two
difference is probably that different implementations of the calculations of the BDE in which the effect of a surrounding
B3LYP functional have been used and that we did not optimize solvent is simulated by the polarizable continuum model
the structures with this basis sét. (CPCM), using two different values of the dielectric constant,
The result obtained with the largest basis set (1) is 91 kJ/ 4 and 78. The latter is representative for water solution, whereas
mol. Thus, the BDE depends quite strongly on the basis set, all calculations together (including the vacuum calculation) give
and it tends talecreases the basis set is improved. The largest a feeling of what effects can be expected in other solvents,
theoretical BDE obtained before (117 kJ/Afpkeems to be an  including the active site of an enzyme (a protein usually is
artifact of an unbalanced basis set, with a tripleasis without assumed to have an effective dielectric constant-ef&0°59.
any polarization functions on cobalt but a doufjleasis with The results in Table 3 show that solvation effects are small.
polarization functions on the other atoms. Both these differences The solvation energy of ({tCorimMe and CbCorlm is similar,
tend to overestimate the-donation from methyl to cobalt, indicating that these two species have similar charge distribu-
rendering the bond too strong. tions and solvent-accessible surfaces. The methyl radical has a
Thus, we see that a trip@basis set anfifunctions on cobalt small, positive solvation energy and it provides all the dif-
are necessary to obtain an accurate value for the BDE. However ferential solvation energy. Together, solvation effects increase
we also see that the basis set does not explain the discrepancthe BDE by 5-7 kJ/mol, depending on the dielectric constant.
between theory and experiments; on the contrary, improvementThus, solvent effects are small, which could be expected,
of the basis set increases the discrepancy. because the reaction does not involve any charge separation.
3.2 Relativistic Corrections.Next, we investigated the effect In fact, almost all the effect comes from the cavitation,
of relativistic corrections on the BDE. Scalar relativistic dispersion, and repulsion energies; if these nonelectrostatic terms
corrections (massvelocity and Darwin terms, but no spin are ignored, the BDE increases by only 1 kJ/mol. If the solvation
orbit coupling) were calculated with Turbomole using the effects are instead calculated by the COSMO model imple-
B3LYP method and basis sets-4. The results are also included mented in Turbomole, the BDHecreasedy 1 kJ/mol (only
in Table 2. It can be seen that the relativistic corrections do not electrostatic terms).
vary with the basis set; they are6 kJ/mol for all basis sets. 3.5 Zero-Point Energies and Thermodynamic Corrections.
Thus, they tend to increase the calculated BDE but not very The experimental BDE is an enthalpy, obtained at-1201°C,
much; the best estimate of the BDE is 97 kJ/mol, still 58 kJ/ whereas we have calculated pure (internal) energies. Two types
mol lower than the experimental value. of corrections are needed to convert the calculated energies to
3.3 Basis Set Superposition Error and Relaxation Effects. enthalpies, thermal corrections and zero-point energies. Both
Up to now, the BDE has been calculated simply by subtracting can be obtained approximately from theoretical calculations of
the energy of the C&Corlm complex and the methyl radicals the vibrational frequencies for the species involved in the
from that of the C§ CorimMe complex, all calculated at their  reaction. We have performed such an analysis at the B3LYP
optimized geometries. Thus, we have used the first and the twolevel with basis set number 4 (DZpdf/6-31G*). The results are
last terms in the more general eq 2. Such an energy includespresented in Table 4.
relaxation effects, but it may contain significant basis set  The zero-point energies are large and lead to a decrease in
superposition error. By calculating the other terms in eq 2, we the BDE of 21 kJ/mol. This is an appreciably larger correction
get an estimate of this error. than what has been suggested before and also of the opposite
This was done with basis set 1. With this basis set, the sign (-8 kJ/mol)!2 The reason for this discrepancy is not clear,
superposition error is quite smat;3 kJ/mol, and of course  but it seems quite obvious that the zero-point energies should
decreases the BDE. With smaller basis sets, larger errors cardecrease the BDE because thé'CorimMe complex has six
be expected (e.g., 4 kd/mol higher with basis set 3), but this is more vibrations than the two dissociation products together.
partly included in the basis set correction. In Table 4, we also present enthalpies, entropies, and Gibbs
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TABLE 4: Zero-Point (ZPE) and Thermodynamic
Corrections (at 1 atm and 403.15 K) to the Various Energies
(kJ/mol or J/mol/K) Calculated from Frequency Calculations
at the B3LYP Level and Basis Set 4 (DZpdf/6-31G*)

ZPE AH AH+ZPE AS AG AG+ ZPE
Co" 12352 129.1 1364.2 892.2 -230.6 1004.5
Co' 11389 120.2 1259.1 857.4 -225.4 9135
Me 754 15.0 90.4 217.2 -725 2.9
BDE -20.9 6.2 -14.7 182.3 -67.3 -88.2

TABLE 5: Uncorrected Co—C BDEs Calculated with
Various Methods Using Basis Set 4 and Optimized
Geometrie$

method BDE (kJ/mol)
HF -177.6
BI1LYP 85.1
B3LYP 102.2 (103.2)
B3PW91 108.7
B3P86 123.3
B-LYP 140.8
BPW91 147.7
BP86 155.7 (160.0)
MP2 155.9
S-VWN 261.6

aValues in brackets were obtained with the Gaussiali-@&tware,
rather than by TurbomoR:3°

free energies obtained from vibrational analysis by applying the
ideal gas approximation at 403 K (in the middle of the

temperature range studied experimentally) and 1 atm. The
enthalpy correction is small and positive, 6 kJ/mol. This could

be expected because a dissociation process increases the totgh

molecular volumekl = U + pV). The correction is almost the
same at other reasonable temperatures (e.g., only 0.3 kJ/m
lower at 298 K).

We can now sum up all corrections to the BDE to obtain our

best estimate, which can be compared to the experimental value

at 403 K. If we take the result for basis set#91l kJ/mol) and
add the relativistic 6 kJ/mol), counterpoise—3 kJ/mol),
solvation (+7 kJ/mol in water), zero-point21 kJ/mol), and
thermal corrections+6 kJ/mol), we end up with our best
estimate of 86 kJ/mol. Thus, all corrections together actually
decrease the BDE by 5 kJ/mol (with basis set 1; by 16 kJ/mol
with basis set 4) and gives an estimate that is 69 kJ/mol lower
than the experimental value. Apparently, neither of these
corrections solve our initial problem.

3.6 The Method. Up to now, all calculations have been
performed with the density functional B3LYP method, which
has been the method of choice for most recent theoretical
investigations of metalloproteiri&16 This method typically
gives an energy error of less than 25 kJ/A¥dEHowever, larger
errors are occasionally observed and the-CaBDE can very

(0]
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reflects that HF does not describe transition-metal systems well.
On the other hand, the local density functional methed\8/N
strongly overestimates the BDE (261 kJ/mol), a well-known
shortcoming of this methotf. Interestingly, the gradient-
corrected, pure density functional methods (BLYP, BPW91, and
BP86), together with MP2, give an appreciably larger BDE than
B3LYP, 141-160 kJ/mol (different implementations of the
density functional methodédiffer by 1—4 kJ/mol). Thus, these
methods give a result that is close to the experimental value,
even if the correction obtained in the previous section$q
kJ/mol for basis set 4) deteriorates the agreement somewhat.
Hence, these results suggest that the low BDE obtained with
the B3LYP method actually is a shortcoming of this method
and that better results can be obtained with other methods.

The results of the density functionals in Table 5 give some
clues of the cause of the B3LYP errors. It can be seen that all
four hybrid functionals, which include HF exchange, give low
values for the BDE, 85123 kJ/mol. In fact, the B3 functionals
give a 3739 kJ/mol lower BDE than the corresponding pure
functional. Furthermore, the B1LYP functional gives the lowest
BDE of all density functionals tested and it also contains the
highest amount of HF exchange, 28%, compared to 20% for
the B3 methodg? Thus, the main reason for the failure of the
B3LYP method seems to be the inclusion of exact HF exchange.

Moreover, the various correlation functionals also give
slightly different results: P86 gives the highest BDE, whereas
the PW91 and LYP functionals give 8 and 15 kJ/mol lower
results. This also contributes to the poor result of B3LYP.

3.7 Geometry of Models. One possible reason for the
ortcoming of the B3LYP method could be that the geometries
Pbtained with the B3LYP are poor. Therefore, we have looked
at geometries optimized with the various methods and basis set
4. The resulting Celigand distances are collected in Table 6.
We start with discussing the structures of'G@orDMBRIb

and CdCorDMB for which comparable experimental data are
available (AdoCbl and Co(l1)B).55-5° These complexes have
been optimized with the HF, B3LYP, B-LYP, and BP86
methods. We see that €€ and Co-Neq distances obtained
with all methods are in accordance with the experiments, even
if BP86 gives Co-Neq distances closest to the EXAFS results
(1.90 and 1.89 A, respectively). However, the calculated-Co
Neg distance is clearly too long with all methods, but once again
BP86 gives the best results, with an errorad.04 A for both
complexes. The reason for this discrepancy is the very soft
potential of this bond, as has been discussed béfore.

Turning to the corresponding complexes with Me and Im,
we see that CeC bond is shortened by 0.62.03 A, in
accordance with the trend observed in crystal structures of
AdoCbl and MeCbF%-62 ijkewise, the Ce-Nax bond length is

well be such a pathological case. Unfortunately, there does notdecreased by 0.620.19 A (more for Co(lll) than for Co(ll)).

exist any method that is clearly superior and can be employed
for systems of this size (more than 500 basis functions). We

have chosen to calculate the BDE with several other methods,

most of which normally give comparable or slightly worse

Experimentally, the CoNay bond length decreases by 0.04 A
when DMB is replaced by Im in cyanocobalanif.

For the Ce-C bond, MP2 (1.89 A) and SVWN (1.90 A)
give the shortest bonds, much shorter than experimentaldCo

results than B3LYP: HF, MP2, and several other density bonds ¢1.98 A). The pure gradient-corrected functionals (B-
functional methods. If the best of these give similar results as LYP, BPW91, and BP86, in this order) give the longest bonds
B3LYP, then the latter results can probably be trusted, but if (1.98-2.00 A), whereas HF and the hybrid functionals give
the various methods give a different result, there is a good reasonintermediate values~1.96 A), with the same order for the
to call the B3LYP results in question. All geometries were correlation functionals. Thus, the €€ bond lengths do not
reoptimized with the relevant method and the DZpdf/6-31G* correlate with the calculated €& bond strengths.

basis set (4), and the €& BDE was calculated from eq 1,
without any corrections.

The results of the eleven methods are collected in Table 5.
The HF method gives spurious results1(78 kJ/mol). This

For the Ce-N bonds, S'VWN gives the shortest bonds (both
axial and equatorial), followed by MP2. HF gives the longest
bonds, but those obtained with methods involving the LYP
correlation functional are also long, with no large difference
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TABLE 6: Bond Distances of Corrin Models, Optimized
with Various Methods?

J. Phys. Chem. A, Vol. 107, No. 38, 2008543

TABLE 7: The Difference in B3LYP and BP86 Results
(kd/mol) for Co—C BDEs and Other Related Reaction¥

method R L Ce-C Co-Nix Co-Ng(av) system BP86 B3LYP BP86B3LYP exp

HF Me Im 1.959 2.277 1.941 CoCorlmMe 155.9 102.2 53.8 155131920
B1LYP 1.963 2.249 1.922 CoCorDMBMe 156.9 101.4 55.5

B3LYP 1.966 2.245(2.235) 1.919 CoCorlmRib 151.6 97.5 54.0

B3PW91 1.951 2.188 1.906 CoCorDMBRIb 1525 96.3 56.2 180

B3P86 1.946 2.160 1.902 CoDmglm 103.7 52.7 51.0 87%8

B-LYP 2.005 2.292 1.925 CoDmg@PyrCHCHsPh 100.2 48.9 51.3 83%6

BPW91 1.984 2.211 1.909 CoPor(P(CH),Ph)(CHPh) 82.9 32.1 50.8 1138

BP86 1.980(1.981) 2.190(2.191) 1.911 (1.909) CoPorlmMe 156.4 98.1 58.3

MP2 1.889 2.147 1.883 FeCorlimMe 148.0 94.5 55.4

S-VWN 1.934 2.032 1.871 FePorimMe 146.7 93.4 53.3

HF Im 2.287 1.995 NiCorlimMe 117.9 515 66.4

B1LYP 2.269 1.925 Ni'"CorMe 59.3 65.8 -6.6

B3LYP 2.252 1.916 CH, 478.1 4715 6.6 438

B3PW91 2.214 1.908 heterolytic BDE (eq 3) 709.4 699.7 9.7

B3P86 2.185 1.904 hydrolysis (eq 4) -58.9 -75.2 16.3

B-LYP 2.217 1.926 BDE of Im (eq 5) 62.8 59.5 3.4

EE\é\éQl 2%421 igg? a2 Dmg = dimethylglyoximate, Py pyridine, Por= porphine.

MP2 2.194 1.870

BPW91 2.019 1.866 between Im and DMB, whereas the difference between Me and
HF Rib DMB 1.975 2.463 1.937 Rib is somewnhat larger (45 kJ/mol)12-14 These differences
B3LYP 1.990 2.388 1.915 are the same with the two functionals. The largest system
B-LYP 2.035 2.473 1.921 . . ) !
BP86 2.009 2.084 1.906 CoCorDMBRIb, is a reasonable model of coenzyme, B
exp. 1.98-2.05 2.19-2.24 1.82-1.98 (AdoChl). Interestingly, the experimental BDE of AdoCbl is
HF DMB 2.302 2.002 appreciably lower than that of methylcobalamin, 130 kJ/ffiol.
B3LYP 2.318 1.921 We currently investigate why the theoretical calculations do not
B-LYP 2211 1.925 reproduce this trend.

BP86 2.201 1.907 . .. .

exp. 213-2.16 1.86-1.90 Next, we examine three additional €€ BDEs with other

2Values in brackets were obtained with the Gaussiati-@#tware,
rather than by TurbomoR:*°Experimental data (X-ray crystallography
and EXAFS) for AdoCbl and Co(Il)Chl are also includ&d®

between the pure and hybrid functionals. The other correlation
functionals give intermediate values with unclear trends.
Thus, the conclusion is that BP86 gives a good overall
structure, appreciably better than B3LYP, since it models both
Co—C and Co-N bonds reasonably. However, this is unlikely
to be the cause of the poor BDEs obtained with the B3LYP
method, because the Edl, bond has only a minor trans effect
on the Co-C bond®*so the differences in CeN bond length
cannot account for the large differences in<GOBDE. This is
confirmed by a direct calculation of the BDE with the B3LYP
method on geometries obtained with the BP86 method. The
resulting BDE, 104 kJ/mol (uncorrected), is close to that

ring systems than corrin, viz., two cobaloximes (with a
tetradentate equatorial bis-dimethylglyoximate ligand) and a
cobalt porphyrin. Once again, we see from Table 7 that B3LYP
gives a 51 kJ/mol lower BDE than BP86 for all these three
systems. On the other hand, the experimental results vary: For
the two cobaloximes, the experimental resulti$6 kJ/mol
lower than the BP86 resufit.However, for the porphyrin, it is
instead 30 kJ/mol larger than the BP86 re&tlThus, the
B3LYP problem is a general feature of cobalt tetrapyrroles and
similar systems.

Next, we investigate whether other transition metals give
similar problems. In Table 7, we also include the homolytic
metal-carbon BDE for several porphine and corrin models with
cobalt, iron, or nickel ions (and Im and Me axial ligands). The
results show that the difference between B3LYP and BP86 is
approximately the same for iron and cobai5 kJ/mol. For

obtained with B3LYP geometries, showing that the geometry nickel, the diffgrence is slightly larger, 66 kJ/mol. !t is calculated
has a small influence for the calculated BDE (however, for the for the high-spin states; for the less stable low-spin states (where
HF method, the BDES are improved by 19 kJ/mol if the B3LYP the imidazole ligand dissociates in the'Ntate), the difference
geometries are used). Instead, we can conclude that there aréS 73 kJ/mol. Thus, the problem seems to be quite general for
inherent problems with the LYP functional and the HF transition metals, even if the difference varies somewhat with
exchange, which are not related to structure. the metal.

3.8 Other Reactions.We have seen that B3LYP gives a However, if the reaction involves several spin surfaces, the
result of the homolytic CeC BDE for methylcobalamin that ~ relation does not hold any longer, because B3LYP and BP86
is widely different from those obtained with MP2 and the BP86 give widely different spin-splitting energies. For example, for
density functional, and also from the experimental results, even the BDE of Ni'CorMe, where the reactant is most stable in the
when corrected for the various effects. The question then high-spin state, whereas the four-coordinatéChii product is
naturally arises: How general is this problem, that is, for what most stable in the low-spin state, the difference between the
systems can it be expected? This question will be addressed inBP86 and B3LYP BDEs is-7 kJ/mol for the ground states
this section. (but 69 kJ/mol on the high-spin surface).

First, we look at the BDE of cobalamins with various axial Finally, we also investigated several related reactions to get
ligands: Im or DMB and Me or Rib. The results are collected some clues of the origin of the difference between B3LYP and
in Table 7 (uncorrected energies obtained with basis set 4) andBP86. First, we calculated the homolytie-€l BDE of methane.
show that the problem is not restricted to methylcobalamin. For As can be seen in Table 7, the difference between B3LYP and
all four combinations of axial ligands, B3LYP gives&5 kJ/ BP86 for this reaction is only 7 kJ/mol. Thus, the methyl radical
mol lower BDE than BP86. There is only a minimal difference is not the main cause of the difference. Second, we studied the
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heterolytic BDE of CoCorlmMe, that is, the energy of the (2) Lawrence, C. C.; Gerfen, G. J.; Samano, V.; Nitsche, R.; Robins,
reaction: M. J.; Retey, J.; Stubbe, J. Biol. Chem1999 274, 7039.
' (3) Toraya, T.Cell. Mol. Life Sci.200Q 57, 106.
[l A + (4) Drennan, C. L.; Huang, S.; Drummond, J. T.; Matthews, R. G.;
Co”CorimMe” — CoCor + Im + Me @) Ludwig, M. L. Sciencel994 266 1669.

Thus, it contains only closed-shell species (at the B3LYP level, _ (5) Maggla, F.. Keep, N. H'i(Nak.agawabAf‘; Leadlay,BtP- F.; Mc-
the open-shell singlet of ®or is slightly lower in energy;-4 1006 4 539, Rasmussen, B.;s8oke, P.; Diat, O.; Evans, P. Btructure
kJ/m0|,67 but |t ga.Ve S|m||a.r BDES at the BP86 IeVel, the C|Osed- (6) ,T0||inger’ M’ Konrat’ R’ H||bert’ B. H’ Marsh’ E. N. G’ mﬂer’

shell state is 0.1 kJ/mol more stable). Once again, the differenceB. Structure199§ 6, 1021.

between B3LYP and BP86 is only 10 kJ/mol. Likewise, the (;) JBa”erjeevKRCPh?”é- Bio'-lggzp“' ,1A7-5'L‘|' fors. T Norby. PO
energy of the hydrolysis reaction: Orggn)om%r::lﬁiréézobl 20, 5%%?" + B As Lietors, 1., Norrby, .0,

Co”'CorIkag + HZO—’ Co'"CorImOH+ CH4 (4) 75621?) Dolker, N.; Maseras, F.; Lledos, Al. Phys. Chem. B001, 105

(10) Andruniow, T.; Zgierski, M. Z.; Kozlowski, P. Ml. Phys. Chem.

and the bond energy of the Im ligand to CoCorimMe: B 200Q 104, 10921.
1 m (11) Andruniow, T.; Zgierski, M. Z.; Kozlowski, P. MChem. Phys.
Co' CorlmMe— Co"CorMe—+ Im (5) Lett. 200Q 331, 509.

. . . . . 12) A iow, T.; Zgierski, M. Z.; Kozlowski, P. MJ. Am. Chem.
which contain C8 on both sides of the reactions, give a small SO(C.Z%OJ‘”SEL&”?@;\QQ'  COiersK - Kozlowski, P. M. Am. Chem

difference between B3LYP and BP86, 3 and 16 kJ/mol, (13) Rovira, C.: Kunc, K.; Hutter, J.; Parinello, Mhorg. Chem2001,
respectively. Consequently, all these results indicate that the40, 11.

e e ; 1l (14) Jensen, K. P.; Ryde, U. Mol. Struct.2002 585 239.
problem lies in the differing correlation energy of the'lCand (15) Siegbahn, P. E. M. Blomberg. M. R. Annu. Re. Phys. Chem.

Co' systems. 1999 50, 221.
. (16) Siegbahn, P. E. M.; Blomberg, M. R. £&hem. Re. 200Q 100,
4. Conclusions 421.
We have investigated why earlier theoretical calculafidh 10‘%1?5 436'9”"1550”' E.; Olsson, M. H. M.; Ryde, I.Phys. Chem. 8001
have given so poor values of the homolytic -8© BDE of (18) Olsson, M. H. M.; Ryde, UJ. Am. Chem. So@001, 123 7866.

MeCbl. The results indicate that the B3LYP method fails (19) Martin, B. D.; Finke, R. GJ. Am. Chem. S0d.99Q 112, 2419.
strongly for this energy. Therefore, other methods, for example, ~ (20) Martin, B. D.; Finke, R. GJ. Am. Chem. S0d.992 114, 585.

; i : ; ; (21) Sigfridsson, E.; Ryde, Ul. Biol. Inorg. Chem2003 8, 273.
single-point MP2 calculations, have to be used to estimate this (22) Becke, A. DPhys. Re. A 1988 38, 3098.

central property of cobalamin chemistry. (23) Becke, A. D.J. Chem. Phys1992 96, 2155.
However, the density functional BP86 method seems to be a  (24) Becke, A. D.J. Chem. Phys1993 98, 1372.
better alternative to both MP2 and B3LYP for several reasons. ggg Feea C,; \J(agghw-;;afg Tégé’-hsygs-ggg-z B 1988 37, 785.
; ; ; ; erdew, J. PPhys. Re. , .
First, BP8§ is more eco_nomlcal than MP2 both with respect to (27) Perdew. J. P.: Chevary, J. A: Vosko. S. H.: Jackson, K. A.
computer ime and the disk space and memory resources needegederson, M. R.; Singh, D. J.; Fiolhais, Phys. Re. B 1992 46, 6671.
Moreover, in contrast to B3LYP, BP86 calculations can employ  (28) Perdew, J. P.; Burke, K.; Wang, Phys. Re. B 1996 54, 16533.
various density-fitting (e.g., the resolution of identity) ap-  (29) Ble_Ckhe, A. D.J. Chem. Phys1993 98, 5648. cen A
proximations, which typically speeds up the calculations by a Leﬁf%é{&;fé'sm' M.; Haser, M.; Homn, H.; Kémel, C.Chem. Phys.
factor of 5% Second, density functional methods are known to (31) Turbomole User's Manual, version 5, Documentation 02, Quantum
have a smaller basis set dependence than correlated ab initicChemistry Group, University of Karlsruhe, 2000.
methods2 Third, we have seen that the BP86 method gives (g? r}\</lacrl1_ean, F’?-é?-?kIChagd'Sef'SG‘- 8. C*;{elmp- Prl‘yﬁﬂgfghny 5gﬁ9-
geometries that are closer to experiments than B3LYP and MP2.192(;Q )72 ggor_]an’ - PINKIEY, 0. 5., Seeger, ., Fopie, JAnem. Fhys.
The corrections to the BDE for relativistic, counterpoise,  (34) Wachters, A. J. H. Chem. Phys197Q 52, 1033.
solvation, thermal, and zero-point effects calculated in this paper  (35) Hay, P. JJ. Chem. Phys1977 66, 4377.
at the B3LYP level seem to be reasonably general. We have g% ochder, A.; Horn, 1., Alvichs, gg-gﬁ:rw-lfhh;’;%izl%g ey
re_calculated these corrections also for the structures_optlmlzed (38) Ditchfield. R.: Hehre, W. J.: ﬁople, J. A Chem. Physl971 54,
with the BP86 method. It turned out that all the correction terms 724.

were within 3 kJ/mol of those obtained with the B3LYP method,  (39) Hehre, W. J.; Ditchfield, R.; Pople, J. A.Chem. Physl972 56,

. ; ; ; 2257.
g|_v;]ng atotal czrrecgolnlogil kl‘]./][‘?o." i tTe 'I‘D’DEd'S _ca;l]lcullated (40) Hariharan, P. C.; Pople, J. Mol. Phys.1974 27, 209.

wit g asis set 4, an mol it itis calculated with a large (41) Dunning, T. H., Jr.; Hay, P. J. IModern Theoretical Chemistry
basis set (number 1). Thus, our best result for the BDE of Schider, H. F., Ill., Ed.; Plenum: New York, 1976; Vol. 3, p 1.
methylcobalamin is 135139 kJ/mol, which is 1620 kJ/mol (42) Stevens, W. J.; Basch, H.; Krauss].XChem. Phys1984 81, 1662.

lower than the experimental estimate, that is, just outside the 195‘;3)703%?’5”3' W. J; Krauss, J.; Basch, H.; Jasien, Ra@. J. Chem.

experimental error bar but within the error expected for (44) Cundari, T. R.: Stevens, W. J. Chem. Phys1993 98, 5555.
theoretical methods, 25 kJ/mol. (45) Cossi, M.; Barone, V.; Cammi, R.; Tomasi,Chem. Phys. Lett.
Finally, we have shown that this is a general problem of the 1996 255 327.
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