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ABSTRACT

This Perspective Article highlights recent theoretical developments, and summarizes the
current understanding of the photolytic properties of cobalamins from a computational point of
view. The primary focus is on two alkyl cobalamins, methylcobalamin (MeCbl) and
adenosylcobalamin (AdoCbl), as well as two non-alkyl cobalamins, cyanocobalamin (CNCbl)
and hydroxocobalamin (HOCDbI). Photolysis of alkyl-cobalamins involves low-lying singlet
excited states where photodissociation of the Co-C bond leads to formation of singlet-born
alkyl/cob(Il)alamin radical pairs (RPs). Potential energy surfaces (PESs) associated with the
low-lying excited states as a function of both axial bonds, provides the most reliable tool for
initial analysis of the photochemical and photophysical properties of cobalamins. Due to the
complexity, and size limitations associated with the cobalamins, the primary method for
calculating ground state properties is density functional theory (DFT), while time-dependent
DFT (TD-DFT) is used for electronically excited states. For alkyl cobalamins, energy pathways
on the lowest singlet surface, connecting metal-to-ligand charge transfer (MLCT) and ligand
field (LF) minima, can be associated with photo-homolysis of the Co-C bond observed
experimentally. Additionally, energy pathways between minima and seams associated with
crossing of S;/S, surfaces, are the most efficient for internal conversion (IC) to the ground state.
Depending on the specific cobalamin, such IC may involve simultaneous elongation of both axial
bonds (CNCbI), or detachment of axial base followed by corrin ring distortion (MeCbl). The
possibility of intersystem crossing, and the formation of triplet RPs is also discussed based on

Landau-Zener theory.
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1. Introduction

Biologically active forms of vitamin B;; (CNCbl, cyanobobalamin) such as
methylcobalamin (MeCbl) or adenosylcobalamin [AdoCbl, (5’-deoxy-5’-adenosyl)cobalamin or
coenzyme Bj;] are highly complex organometallic molecules that contain a unique o Co-C bond
(Figure 1). The Co-C bond of alkyl cobalamins is of moderate strength, ranging from 30 to 44
kcal/mol, depending on the specific alkyl cobalamin, and experimental conditions for which
bond dissociation energies (BDEs) have been determined.'”*>%"# MeCbl and AdoCbl are
cofactors in a series of enzymes that catalyze complex molecular transformations, where the
initial step involves cleavage of the organometallic Co-C
bond,'*-!H121314-15.16.17.18.19.20.21,22.23.24.2526 1y particylar, MeCbl is the cofactor for a class of
enzymes that catalyze the intermolecular methyl (Me) transfer reactions,'****> while AdoCbl-
dependent  enzymes  catalyze  rearrangement  reactions mediated by  radical

. . 17,18,20,21,26
intermediates.'”'%2%2!

Cobalamins possess complex photochemical, and photophysical properties that are
mediated by their electronically excited states,22829-3031:3233.3435.3637.3839.4041 4243445464748 Ty
photo-homolysis of the Co-C bond in alkyl cob(Ill)alamins may be induced by wavelengths in
the 300 — 530 nm range, absorbed by the corrin ring to generate cob(Il)alamin and corresponding
alkyl radicals. In particular, MeCbl or AdoCbl cofactors undergo photolysis upon excitation with

36,37,38,40

visible or near UV light, and in the case of MeCbl, the quantum yield of Co-C bond

cleavage is wavelength dependent.***

The specific mechanism of photolysis depends not only
on the type of alkyl group, but also on the environment of the cofactor, such as solvent or
enzyme.””*"** In strongly acidic conditions the protonated lower dimethylbenzimidazole (DBI)
axial base is replaced by water, leading to the formation of B, cofactors in their base-off from.
The photolytic properties of the base-off cobalamins are very different from those of their base-
on analogues.45 The absence of a DBI ligand alters the electronic structure of the cofactor and
opens a channel for fast nonradiative decay, which effectively competes with Co-C bond

photodissociation.

There are number of a light-triggered reactions mediated by alkyl cobalamins where

photo-cleavage of the Co-C bond constitutes the initial step. Examples of such reactions involve

49,50,51,52

photo-responsive reagents for drug delivery, where a therapeutic agent attached to the
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cobalt is released based on homolytic cleavage, or light-activated molecular switches.” A
recently discovered and structurally characterized photoreceptor, CarH, uses the photolysis of
AdoCbl as a light sensor to regulate the biosynthesis of carotenoids.’**> Photolysis of the Co-C
bond leads to a large-scale conformational change of the CarH tetramer, that promotes direct
binding with DNA. This change in conformation is unique for photoreceptors, and is more
drastic than cis-trans isomerization or photo-induced electron transfer, requiring no additional

proteins for regulation.

Of particular importance is the ability to probe the photolytic cleavage of the Co-C bond
for enzyme-bound B, cofactors, such as (AdoCbl)-dependent glutamate mutase (GLM)*®°” and
(AdoCbl)-dependent ethanolamine ammonia-lyase (EAL).”***®" In (AdoCbl)-dependent
enzymes homolytic cleavage of the Co-C bond is triggered by substrate binding, and coupled to
subsequent hydrogen atom abstraction. In contrast, cleavage induced by light can generate
similar radical pairs to those in enzymatic reactions, though without coupling to the subsequent
abstraction step. Photolytic cleavage inside enzymatic environments thus creates cob(Il)alamin
and Ado radical pairs, as well as the ability to probe the mechanistic aspects of the corresponding

B/;-dependent catalysis. 62

In contrast to By, cofactors, cobalamins with non-alkyl upper axial ligands, such as CN,
are generally considered to be photostable.** Excitation of CNCb! results in the formation of a
short-lived excited state that undergoes fast ground-state recovery on a picosecond time scale.*
Interestingly, although hydroxocobalamin (HOCDbI) is a non-alkyl cobalamin, it undergoes
photolysis upon excitation with light above 300 nm.** HOCDbI can be used as a potential source
of hydroxyl radicals generated photochemically via homolytic cleavage of the Co-OH bond,
where the photolytic mechanism involves competition between prompt dissociation, and internal
conversion.®® Such a strategy furnishes control over the initiation, and termination of radical

production, simply by switching on/off the light source.

A detailed understanding of the photolytic processes of cobalamins requires both careful
experimental study, and state-of-the-art quantum chemical calculations. Of primary importance
is a detailed knowledge of the electronically excited states. In this Perspective, we will focus on

65,66,67,68,69,70,71,72,73,74

recent computational studies, and summarize the current understanding of

photodissociation mechanisms from a theoretical point of view. The photolytic properties of
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cobalamains primarily depend upon the nature of axial ligands, with photodissociation of their
upper ligands mediated by their corresponding low-lying excited states. Four systems, two alkyl
cobalamins, MeCbl and AdoCbl, as well as two non-alkyl cobalamins, CNCbl and HOCDbI, will

receive special attention.

2. Structural Models

Despite advances in computational methods, cobalamins are still considered complex for
theoretical studies, especially in regards to their low-lying excited states. Such complexity is due
to the presence of the partially conjugated corrin macrocycle, which involves extensive mixing
between the = orbitals of corrin and the d orbitals of cobalt. Depending on the nature of their
upper axial ligands (Figure 1), B, cofactors may range in size from 183 atoms (MeCbl) to 209
atoms (AdoCbl). The tractability of these calculations typically requires the use of truncated
models, specifically with respect to side chains and the nucleotide loop. Initial structures are
typically derived from high-resolution X-ray crystallographic data’"®"""" by replacing all side
chains of the corrin ring with hydrogen atoms.*™® Since the nucleotide side chain containing the

. +
IIIcorrm]-R ,

negatively charged PO, is omitted, the resulting structural model, denoted B-[Co
has a total charge of +1 (Figure 1). The lower DBI axial base is also typically replaced by

imidazole (Im), or water in the case of the base-off forms.

Truncation is also important in wavefunction-based approaches, such as complete active
space self-consistent field (CASSCF), where the cost of computations strongly depends on the
size of the active space. It has been shown that multi-configurational methods may be applied to
accurately predict low-lying excited state properties.**®** This strategy is particularly valuable
for benchmarks including different upper axial ligands in the multi-configurational active space.
In some instances, such as the analysis of spin-orbit coupling (SOC) effects, where coupling
between singlet and triplet electronic excited states may occur, corrin structural models are

further truncated to the inner-conjugated macrocycle.”*
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3. Computational Methods

Due to the size and the complexity of the cobalamins (Figure 1), DFT is currently the
most widely used computational tool to study their ground-state properties, while TD-DFT is

employed to study the corresponding low-lying excited states.®>5¢#7-55:89

However, a question
that commonly arises with TD-DFT applied to such complex systems containing transition

metals, is how appropriate are the excited state descriptions.

It is important to recall that one of the key features of the Bj, cofactors is the bond
dissociation energy (BDE) of the Co-C bond, which has received considerable attention both
experimentally and computationally. It has been shown that theoretical Co-C BDEs are very
sensitive to the applied exchange-correlation functional.”™' Hybrid DFT functionals with a
substantial amount of the Hartree-Fock (HF) exchange, such as the popular B3LYP, considerably
underestimate Co-C BDEs with a magnitude of error proportional to the HF exchange in the
functional. One the other hand, the use of the GGA-type functionals leads to significant
improvements over B3LYP-based calculations. Dispersion corrections are also important for the
accurate predictions of Co-C BDEs. Of all DFT functionals examined, the most accurate
descriptions of Co-C bond breaking in the MeCbl cofactor were provided by the B97-D, and

BP86 with D3 correction, functionals.”>®*%

Electronically excited states have also been the subject of several benchmark

calculations, including the CNCbl and MeCbl systems.**™

Reported benchmark analysis targets
either a specific electronically excited state, such as for MeCbL,* or a low-lying manifold of
electronically excited states, such as for CNCbL.* Initial analysis of the S; state for MeCbl using
B3LYP suggested a pure 1 — 7 character,”® while BP86 benchmarked with ab initio calculations
predicts a metal-to-ligand charge-transfer (MLCT) state as a result of mixing Co d orbitals with
corrin w. This predicted MLCT nature of the S; state in MeCbl is consistent with the

36,38,40,42

interpretation based on transient absorption spectroscopy. Different functionals were

used to reproduce the CNCbl spectrum up to 250 nm, and four states were specifically targeted
for comparison with wavefunction based calculations, where it was concluded that BP86 also

provides the most appropriate description of the electronic properties of CNCbI.*
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Multi-configurational methods also offer a way to extend the range of cobalamin excited
state PESs to dissociated axial bond distances past the TD-DFT limit, which is of particular
interest for the base-off cobalamins. Although size limitations of the active space prevent the use
of full structures, truncated models have generally been shown to correlate well with TD-DFT
descriptions at the implicit solvent level, including interactions with individual solvent
molecules. The explicit treatment of environment in cobalamin excited state calculations is also
of interest, particularly for states at dissociated axial bond distances, and for cofactors such as
AdoCbl where the S, state is sensitive to environmental conditions, with corresponding excited
states that may differ from those in solution. Theoretical descriptions of both the ground and
excited states of cobalamins inside biological environments, in many cases remains a challenge,
due to the scalability of system size, and the sensitivity of available methods to input parameters.
Further studies using methods such as QM/MM are expected to provide insight into the

energetics of these complex cobalamin systems.

4. Axial Bond Lengths of Cobalamins Corresponding to S, and S, and States

Cobalamins have been the subject of several structural investigations using DFT, and the
availability of extensive structural data has been used to theoretically determine the effects axial
bonding within the corrin system. The nature of the upper axial ligand determines the
corresponding axial bond lengths, which are in fact the most sensitive parameters with respect to
overall structural change. It has been shown that the BP86 functional reproduces experimental
axial bond lengths very well, and based on this data, ground state properties of the cobalamins
have been further rationalized by correlating axial bond distances in terms of inverse vs. normal
trans influence.”’” On the other hand the corrin structure is relatively insensitive to the nature of
the upper axial ligand, and the bulkiness of the upper ligand changes only the planarity of the

corrin ring.

Figure 2 shows a comparison of experimental,”>"®’"’® and DFT/BP86-based Co-R, and
Co-Np, bond lengths for ground states of the four cobalamins under consideration. As seen, for
the Sy state, reproduction of Co-R bond lengths is more accurate than for Co-Nyyi, distances. The

prediction of Co-Nxia distances are reasonable however, as their lengths are more sensitive with
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respect to structural simplifications, and local environments. Although predicted Co-Nyyi, bond
lengths are generally more sensitive to the local environment,”® BP86 is considered to reproduce

them very well.

Because there is no structural data available for the excited states of cobalamins, we need
to rely on calculations to predict their structures. Figure 2 also shows the TD-DFT/BP86
optimized axial bond lengths corresponding to the S; state. Predicted changes for alkyl
cobalamins indicate that Co-Ny, distances of the optimized S, states are shorter, while Co-C
bond lengths for both MeCbl and AdoCbl are longer in comparison to the ground state. Changes
in axial bonding in the S; state for non-alkyl cobalamins are less systematic. Significant
lengthening of Co-CN and Co-Ny, bonds is observed in the case of CNCbl. Opposite changes
are predicted for HOCbl, where both Co-OH and Co-Ny, are slightly shorter for S; in
comparison to Sy. The extent of lengthening for CNCbl however is much larger in comparison to

the shortening predicted for HOCbI.

5. Potential Energy Surfaces with Respect to Axial Bonds Lengths

Taking into account that upon electronic excitation the largest structural changes occur in
axial bonding, potential energy surfaces (PESs) constructed as functions of both axial bonds,
provide the most reliable tool for initial analysis of the photophysical properties of the
cobalamins, 66:67:68:69.70.71.72 Figure 3 shows PESs for the Sy, S;, and S, states of each of the four
cobalamins under consideration. To obtain these surfaces, the structure of B-[Co" corrin]-R" that
corresponds to the energy minimum (Sy) is used as a starting point, and the axial bonds are
systematically elongated and fixed with all other coordinates optimized, typically in the presence
of an implicit solvent. Low-lying excites states are then generated as vertical excitations, and
orbital analysis for these points are used to characterize surface regions were excitations are
close in energy. Using TD-DFT it is possible to optimize the lowest excited state corresponding
to S;, although attempts to optimize the S, and higher states have been unsuccessful due to
technical issues. Previous calculations have shown that optimized S; PESs are similar to their
corresponding surfaces generated as vertical excitations.®® Therefore, vertical excitations are

typically used to describe S;, as well as S, and higher electronically excited state surfaces.
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Based on the PESs shown in Figure 3, some general trends may be noted. The energy
gap between the S| and S, surfaces is considerably larger for the alkyl cobalamins than for non-
alkyl cobalamins. Increased proximity of S; to Sy for ligand field states results in an energy path

suitable for rapid internal conversion (IC) to the ground state, as in the case of CNCbl.

The S; PESs of the alkyl coblamins may also be noted as having a seam separating two
minima regions. This seam arises from a crossing of S; surfaces corresponding to MLCT
character near the minimum, and ligand field (LF) character at elongated axial bond distances.
In the case of MeCbl, the LF region is energetically shallow, and also slightly higher in energy
than the minimum. For AdoCbl it may be seen that the S; LF minimum is energetically similar
to the S; MLCT minimum, which is shallow with respect to upper ligand, indicating a possible
preference for the base-off form in the LF excited state. Photodissociation occurs from the LF
states because they involve d-d excitations resulting in increased antibonding character with
respect to the Co-R ligand. Thus, the energy minimum pathways connecting minima
corresponding to MLCT, and LF regions of the S; PESs are most relevant. The S, PESs of the
alkyl cobalamins MeCbl and AdoCbl may be seen as similar, each with one shallow minima,
indicating preferences towards elongated Co-Ny, bond lengths. The S, PESs, and higher excited
state surfaces are thus also important to explain the wavelength dependence of photodissociation

in each system.

The S; PESs of the non-alkyl cobalamins on the other hand, have shallow minima with
respect to Co-Ny, coordinate. In the case of CNCbl both minima are LMCT, and the S; PES is
very sensitive with respect to solvent, with one shallow minimum that with respect to elongated
axial base. The S; PES of HOCbI on the other hand, has two minima, one corresponding to
MLCT/ LL at short axial bond distances that resembles MeCbl, and the other corresponding to
LMCT/LF at elongated Co-Ny, distances. Another possible minima may be noted in HOCb],
which is shallow with respect to elongated Co-OH distances, and may result in a possible
photodissociation pathway, though this region cannot effectively be explored due to the

limitations associated with the TD-DFT methodology.

Excited state PESs at the TD-DFT level may be used to validate the experimentally

determined photodynamics of the alkyl and non-alkyl cobalamins. Our current understanding of
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the PESs of the cobalamins under consideration will be summarized in further detail below,

highlighting experimental data, and emphasizing current directions in theory.

6. Methylcobalamin

Femtosecond to nanosecond transient absorption spectroscopy have been applied to
investigate the primary photochemistry of the base-on MeCbl cofactor, and its photolysis at
excitation wavelengths near the UV (~ 400 nm) and visible regions (~ 520 nm).*****" Excitation
at 400 nm leads to partitioning between prompt Co-C bond photolysis (~ 25%), and the
formation of a metastable cob(Ill)alamin photoproduct, a low-lying electronic state with a
nanosecond lifetime. Excitation at 520 nm results only in formation of the metastable
cob(Ill)alamin photoproduct, with no prompt bond homolysis observed. Experimentally the low-
lying S, state in MeCbl is best characterized as a d/n — T MLCT-type excitation. In strongly
acidic conditions (pH ~ 2), where MeCbl adopts the base-off form, photochemical properties of
MeCbl are very different from those of the base-on analogues.* The absence of the DBI axial
base alters the electronic properties of MeCbl, and as a consequence, a channel for fast
nonradiative decay is opened, which effectively competes with the channel for Co-C bond

photodissociation.

The photolytic properties of MeCbl may be readily explained in terms of the PESs
associated with low-lying excited states.”"’* Figure 4 shows a two-dimensional projection of the
S; surface extended to longer axial bond distances, to regions that cannot be explicitly explored
by TD-DFT calculations due to the inadequacy in describing weak elongated covalent bonds. In
addition to the S; surface of base-on MeCbl, the S; surface corresponding to the base-off form is
also shown, where one of the axial coordinates is the Co-OH, distance. Regardless of specific
base-on/off form, TD-DFT calculations identify two regions relevant to the observed
photochemistry of MeCbl. The first region corresponds to shorter axial bond lengths, MLCT-
type transitions characterized as (dy/d,/ + m) — n excitations, while the second region

corresponds to longer bond distances, characterized as LF-type (dy, + n) — c*(dzz) excitations

10
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involving mainly d — d transitions of cobalt. The LF portions of the S; PES, an electronic state
of MeCbl primarily responsible for photolytic cleavage of the Co-C bond, is characterized by
substantial elongation, or even detachment of axial base. The energetic preferences for base-
on/off are quite different however, as can be deduced from the PESs associated with both S,
states. The energy minimum associated with the S; PES of MeCbl in the base-on form is an
MLCT state, while the base-off form has a much stronger preference for the LF state (Figure 4).
Since the LF state is antibonding with respect to ligands it can be concluded that
photodissociation should occur much easier from MeCbl in its base-off form. On the other hand,

this state is also prone to IC for the same reason, and hence the large tendency for deactivation.

The base-on form of MeCbl has two possible photodissociation pathways which can be
identified on the basis of energetic grounds. These pathways are distinguished by whether the
Co-C bond (path A), or Co-Ny, bond (path B) elongates first. The wavelength dependence of
MeCbl photolysis can be associated with these specific pathways. Excitation using visible light
(520 nm) can be associated with Path A, whereas excitation in the near-UV region (400 nm) with
Path B. In contrast, only Path B is active in the base-off form of MeCbl. Path A is inactive due
to the energy barrier associated with direct dissociation of the methyl ligand, which is higher

than the barrier of intersection between the MLCT and LF electronic states.

There are several intermediates along Path B, which have been located and characterized
by TD-DFT calculations. Of particular importance and relevance to MeCbl photochemistry is the
point labeled IIIB (Simin), Which appears as a common feature regardless of the base-on/off
configuration. This point corresponds to the S; energy minimum with detached axial base. The
optimized geometry of this intermediate in the S; state has a significantly elongated Co-C bond
in comparison to the ground-state, 2.23 A vs. 1.97 A, respectively. According to TD-DFT
calculations, from this intermediate, either homolytic cleavage of the Co-C bond may take place,
or IC to the ground state. To explore the mechanism of IC, internal coordinates associated with
corrin ring distortion, in addition to Co-C distance, are required to describe changes associated
with the coordination sphere of cobalt. The bending N;,-Co-Nj; angle can be selected as the
geometrical parameter associated with the domed distortion of the corrin macrocycle in the

excited state. The energy map constructed as a function of Co-C distance, and N;,-Co-N»3 bend

11
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angle, reveals that the PESs associated with the Spand S, states possess an intersection seam, and

thus an effective energetic pathway associated with S;/Sy conversion can be located.

7. Adenosylcobalamin

The size and the complexity of the Ado ligand (Figure 1), makes characterization of
AdoCbl excited states a more challenging task in comparison to other cobalamins.”'® One of
the primary difficulties in determining the low-lying excited states of AdoCbl, is related to the
presence of long-range CT states between the corrin, and Ado moieties which are significantly
underestimated by TD-DFT calculations due to errors associated with self-interaction.
Preliminary investigations performed for a structural model of AdoCbl, where the Ado upper
ligand was simplified to ribose (Rib),69 revealed that the S; and S, states of RibCbl should not be
significantly different from those predicted for MeCbl. The S, state was found to have dominant

MLCT character, consistent with experimental findings.

However, this is not the case as analysis of experimental data for AdoCbl and MeCbl
points out a number of differences related to their photochemistry.>’** The photolysis of
AdoCbl is wavelength independent in contrast to MeCbl, and the S; state is also sensitive to
environmental conditions.” Specifically, according to transient absorption spectroscopy, the S,
state of AdoCbl in ethylene glycol resembles a spectrum with elongated axial bonds. This state is
also observed in water, with implications that the axial base is detached. On the other hand, in

the enzymatic environment, the S; state resembles that of MeCbl. ¥

The S; surface computed for AdoCbl as shown in Figure 3 may give insight into the
aforementioned properties of the S; state observed experimentally. The two minima observed on
the S; surface of AdoCbl may be associated with different environmental conditions. The region
with elongated axial bonds on the S; PES seems to be consistent with experimental observations
in water, due to the observed stabilization of this LF state. The MLCT minimum on the S;
surface however is more consistent with (AdoCbl)-dependent GLM. More computational studies
both for isolated AdoCbl, and AdoCbl inside enzymatic environments using QM/MM
approaches, are expected to provide better insight. Further study is required computationally to

explain why AdoCbl photolysis is wavelength independent. Although this remains an open issue,

12
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preliminary investigations indicate that this may be related to a higher density of excited states

within the same energy region for AdoCbl, in comparison to MeCbl.

8. Cyanocobalamin

The electronic excited states, and IC of CNCbl have been thoroughly investigated using
ultrafast spectroscopy.***® CNCbl is one of most well characterized cobalamins by high-quality
transient IR, and UV-Vis, in the range of 266 to 590 nm. Most notably the CNCbl system is
photostable, and the Co-CN bond does not photo-dissociate under simple photon excitation.
Instead, electronic excitation results in IC through a cascade of states involving the n/d orbitals
of corrin and Co to the ground state, through a short-lived LMCT intermediate. This S; state has
decay rates which are both temperature and solvent dependent, with increasing lifetimes in less
polar solvents. In water at room temperature, the experimentally determined barrier to IC is 2.1
kcal/mol, and occurs on a 6.7 + 0.2 ps time scale. The LMCT intermediate of CNCbl is a key

photochemical state observed experimentally, and is characterized as 1 — ¢ (d,2) LMCT.

The PESs calculated by TD-DFT (Figure 4) are considered to describe the excited state

dynamics of CNCbl very well in accord with experimental results.®””

The optimum energy path,
which effectively results in IC to the ground state, essentially lies on a diagonal cut bisecting the
3D PES, as shown in Figure 5. Analysis of the excited state manifold of CNCbl reveals that
initial excitation results in Franck-Condon population of higher 1 — T states, followed by decay
to an intermediate 1 — d LMCT state. Decay to this 1 — d LMCT intermediate results in only a
slight elongation of both axial bond lengths, corresponding to 1.857 to 1.900 A for Co-C, and
2.054 to 2.096 A for Co-Ny, changes labeled A and B in Figure 5, respectively. This 1 — d
LMCT state then relaxes along the S, surface to a very shallow ©1 — G (d;>) LMCT minimum
with a more pronounced structural change, corresponding to elongated bond lengths of 2.216 for
Co-C, and 2.275 for Co-Ny, structure C, Figure 5. Further axial bond elongation from this
LMCT minimum does not lead to photodissociation, but rather a crossing of the Sy state with S;

at a Co-C distance of 2.650 A, and Co-N distance of 2.55 A, that effectively leads to IC. The

energy barrier between the S; minimum and the S;/S, crossing point, was estimated to be around

13



Dalton Transactions Page 14 of 29

5 kcal/mol, which can be compared directly with the experimental value of 2.1 + 0.2 kcal/mol in

water at room temperature, based on a dielectric constant of 80.

9. Hydroxocobalamin

HOCDI has received special attention after it was demonstrated that it may be converted
with light to cob(IDalamin, and hydroxyl radicals.” As a result, HOCbl can function as
photocatalytic source of hydroxyl radicals for the investigation of DNA and RNA. In particular,
photochemically generated radicals may be used for the cleavage of supercoiled DNA to its
relaxed form. Electronically excited states of HOCbl have also been thoroughly investigated
using ultrafast excited state dynamics.” As a non-alkyl cobalamin, HOCbl was found to be
generally photostable, with radicals generated for shorter wavelengths, namely < 350 nm. The
mechanism of hydroxyl radical formation involves competition between prompt Co-OH bond

photodissociation, and IC.

To explore the nature of the low-lying excited states of HOCbl, TD-DFT calculations
were applied to obtain corresponding PESs as a function of both axial bonds. Figure 3d shows
3D energy map contours, while Figure 6 shows the projection of the S; state along with possible
energy paths. Overall the low-lying excited states of HOCbI are similar to those associated with
CNCDbL. For example, the proximity of the Sy and S; states at longer axial bond distances are
similar for both systems, with a shallowness of energy minima towards longer Co-Ny,, distances
on the S; surfaces. However, some other features are more in line with alkyl cobalamins, such as
two energy minima located on S;. The energy surface corresponding to the lowest S; excited
state consists of at least three different electronic states. Two of them can be associated with
energy minima, one at shorter Co-OH and Co-Ny, axial bond lengths (B), and the second with
slightly elongated Co-OH and much longer Co-Nj, distances (C). The third minimum
corresponds to Co-OH distances longer than 2.7 A, and within a Co-Ny, range of 1.9 — 2.2 A.
This part of the S; surface has a dissociative character. Orbital analysis of the corresponding
electronic excitations reveals that the minimum energy of the S; state has dominant poy/d —»>n*

character at short Co-OH distances. Upon Co-OH bond elongation, the S; state crosses with
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higher excited states that have dominant 6* contributions. This changes the character from pop/d
— 7* to poy/d — o*. For long Co-OH distances, the S; surface has mainly poy — o* character,

with a small contribution from the d orbital of cobalt.®®

The proximity of S,/S, surfaces may lead to deactivation through two possible channels
(Figure 6). The first involves simultaneous elongation of both axial bonds, the path denoted
B(Simin) = C(S1) = D(S;), a mechanism similar to that observed in CNCbl. The second involves
elongation and detachment of the axial base followed by corrin ring distortion, the path denoted
B(Simin) = C(S1) & E(Simin), @ mechanism similar to MeCbl. On the other hand, a dissociative
pathway cannot be reached from B(S;nin) for energetic reasons, and must involve higher
electronically excited states. Thus, it can be inferred that excitations using longer wavelengths
leads effectively to population of the energy minimum corresponding to pop/d — ©*, which is
primarily responsible for deactivation. Excitations with shorter wavelengths can populate a
repulsive electronic state, with likely dominant pop/d — o* or d/poy — o* character, that at

longer Co-OH distances becomes dissociative.

10. Involvement of triplet states

Up to this point the photolytic properties of alkyl cobalamins have been presented in
terms of their low-lying singlet excited states, resulting in generation of singlet-born
alkyl/cob(Il)alamin radicals, as consistent with experimental studies.** Specifically, the magnetic
field effect implies that upon excitation, a singlet radical pair is formed, and photodissociation

should not change the overall spin character of the radical pairs.'”!

A prominent geminate
recombination also implies that the radical pairs generated are singlets. However, involvement of
triplet states cannot be precluded on theoretical grounds, particularly for the base-off forms of

the B, cofactors.

To assess the feasibility of the involvement of triplet states, semi-qualitative descriptions
are presented based on Landau-Zener (LZ) theory.'” According to LZ theory, the crossing

probability between two adiabatic PESs i and j is given by:
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_ —2T |HU|2

i _—dR’(l)
hF,; |E

where Hj; is the spin-orbit coupling matrix element, (dR/dT) is the product of the crossing speed,
and (Fj) 1s the difference in slope between states involved in the crossing defined as:

U7 |dR dR ()

The probability of spin-forbidden crossover involving transition metals depends on the nature of
PESs near the minimum-energy crossing point (MECP). Specifically the Pj; increases when the
gradient (or slope) between diabatic surfaces is small with respect to the MECP, and decreases
when the gradient is large. Closer inspection of energy curves computed as a function of Co-C
bond distances for base-on/off forms reveals that this condition regarding the MECP is best
fulfilled for the base-off form, as exemplified for MeCbl, where the optimized S; state is very

shallow, and in close proximity to a number of triplet states (Figure 7).

According to El-Sayed rules, orbitals involved in spin-crossover should be of the same
type, but rotated by 90°.'*'%* Two excited state regions near the MECP corresponding to R(Co-
C)=1.90 A, and R(Co-C) = 2.15 A, are shown for base-off MeCbl in Figure 7. S;, and T states
fulfill these conditions, and may mix to form SOC states before, and after the MECP. At further
distances, S; may also mix with a repulsive S6—0 state. The repulsive ’6—0 state at the TD-
DFT level drops in energy towards the ground state due to the instability associated with the
wavefunction. However, caution should be taken regarding this state, which at the multi-

configurational level has proper asymptotic behavior towards the dissociation limit.

To determine the extent of SOC near the MECP, and at dissociated Co-C distances for
base-off cobalamins, the use of multireference methods have been employed. SOC states
composed of singlet-triplet pairs, or triplet-triplet pairs may then mix due to the relativistic
nature of the Hamiltonian. According to preliminary calculations,”* SOC with significant

magnitudes (around 300 cm™) indicate that ISC is possible near MECPs at both short, and
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elongated Co-C distances, where two pathway types, singlet — triplet — *(c — cs*), and singlet

— 36— c*) may lead to photodissociation.

11. Summary and outlook

The photo-homolysis of the Co-C bond in alkyl cobalamins, such as MeCbl or AdoCbl,
was first noted fifty years ago.'?>'%1?71% Since then, the ability to generate radicals via light has
become the subject of vast experimental research. It is now generally accepted that the
photolysis of alkyl cobalamins results in formation of cob(Il)alamin and alkyl radical pairs,
similar to the intermediates from (AdoCbl)-dependent enzymatic catalysis. On the other hand
non-alkyl cobalamins are generally photostable, with HOCbI being the exception, when using

short wavelength excitations, which generate hydroxyl radicals.

The photolysis of cobalamins depends upon a number of factors, such as the nature of
both axial ligands, the local environment, and the excitation wavelengths applied. The
mechanisms of photolysis at the molecular level represent a complex problem, and only recently
has it become possible to use computational methods to understand the photolytic properties of
cobalamins, and provide a detailed comparison with experiment. Preliminary results for the four
cobalamins in this Perspective are very promising, and provide a more in-depth understanding of

recent experimental results.

However, there are a number of open issues that remain to be addressed. The most
important from a theoretical perspective, are related to AdoCbl, which still requires better
connection with experiment. Current investigations are underway to extend the understanding of
other cobalamins such as ethyl, aqua and azido, due to the availability of high quality
experimental data. Although it is argued that the first and most important mechanistic
description requires PESs as functions of axial bond lengths, consideration of different internal
coordinates may also be needed. This is particularly important for the base-off forms of
cobalamins, when considering mechanisms of internal conversion. Furthermore, although the
majority of the discussion presented was of singlet states, involvement of triplets cannot be
precluded, where better understanding is required from experimental studies. Another important

area is the elucidation of photodynamic mechanisms inside biological environments, such as the
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GLM, EAL, and CarH proteins, where QM/MM approaches are expected to provide valuable

insights into these complex photosystems.
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Figure 2. Experimental, and optimized axial bond lengths at the DFT/BP86 level, for Sy and
TD-DFT/BP86 for S; excited states of the cobalamins under consideration (Merl,74 AdoCbl,”
CNCbl,77 HOCbI 76). In all calculations the same basis sets, TZVPP for Co, C, N, and TZVP for

H were used, employing the Conductor-like Screening Model (COSMO) solvent.
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Figure 3. Potential energy surfaces for the singlet ground, and two lowest excited states of the
cobalamins under consideration (MeCbl,”*"" AdoCbl,*® CNCb1,°** HOCbI *) (left panel), along
with vertical projections plotted as a function of axial bond lengths (right panel).
calculations the BP86 functional was used, with TZVPP for Co, C, N, and TZVP for H basis sets,

employing water as the COSMO solvent.
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Figure 5. Schematic representation of the diagonal cut bisecting the S; PES of CNCbl. In
all calculations the BP86 functional was used, with TZVPP for Co, C, N, and TZVP for H basis

sets, employing water as the COSMO solvent.”
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Figure 6. Potential energy surface of hydroxocobalamin shown with minimum energy paths
leading to IC, and possible dissociation. In all calculations the BP86 functional was used, with
TZVPP for Co, C, N, and TZVP for H basis sets, employing water as the COSMO solvent. 63
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Figure 7 Potential energy curves of the ground (Sy) and selected lowest singlet (S;), and triplet

(Ty, Ty, T3, T4) excited states, as well as the repulsive 3(c — o*) state, for the [Co™(corrin)]-Me"

model complex along the Co—C coordinate of the optimized S; state.”' (b) Molecular orbitals
(MOs) describing the singlet and triplet excited state character for two different Co—C distances,

R(Co-C)=1.90A, and 2.15 A corresponding to points before and after the MECP where
intersystem crossing at each point may occur between S; and Ts.
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