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ABSTRACT: Antivitamins B, represent an important class of
vitamin By, analogues that have gained recent interest in several i Photochemically PhEly Photochemically

research areas. In particular, 4-ethylphenylcobalamin (EtPhCbl) & active / Co [/ _ina_dm
and phenylethynylcobalamin (PhEtyCbl) exemplify two such ' ; LJ
| DBI it

.. . . . : —Lfg-Pissoc,  DEACTIVATION
antivitamins B, which have been characterized structurally and | et & “““';r,, Loy,

chemically. From a spectroscopic point of view, EtPhCbl is .
photolabile with a very low quantum yield of photoproducts, while 3]
PhEtyCbl is incredibly photostable. Herein, DFT and TD-DFT )
computations are provided to explore the photolytic properties of

these compounds to shed light on the electronic properties that are
indicative of these differences. Potential energy surfaces (PESs)

were constructed to investigate the mechanisms of photo-
dissociation leading to radical pair (RP) formation and the mechanisms of deactivation to the ground state. The S; PESs for
each antimetabolite contain two energy minima, one being the metal-to-ligand charge transfer (MLCT) and another the ligand-
field (LF) state. There are two possible pathways for photodissociation that can be identified for EtPhCbl but only one (path B)
is energetically feasible and involves the lengthening of the Co—N, bond through the MLCT region followed by the lengthening
of the Co—C bond through the LF region. For PhEtyCbl, there is not an energetically favorable path for photolysis; rather,

internal conversion (IC) is the significantly preferred photophysical event.

1. INTRODUCTION

Antivitamins are unique metabolites that are structurally similar
to their respective vitamin analogues yet they counteract the
physiological effects of those counterparts by various types of
inhibition.' ™ Despite their inhibitory nature, antivitamins can
have useful medicinal applications. For instance, vitamin K
antagonists are used to reduce blood clotting by preventing
thrombosis.”® Researchers have begun to investigate, anti-
vitamins Bj,, which are structurally similar to vitamin B, and
other cobalamins (Figure 1), to unearth whether medical or
biological applications are possible.”® Recently, two antivita-
mins By, 4-ethylphenylcobalamin (EtPhCbl) and phenyl-
ethynylcobalamin (PhEtyCbl), have been synthesized and are
structurally similar to the relevant By, derivatives (Figure 1)
involved in enzymatic catalysis.”'® EtPhCbl and PhEtyCbl
differ from other known B, antagonists in that they bind well
to the proteins of the human B,,-transport system including
intrinsic factor (IF), haptocorrin (HC), or transcobalamin
(TC).”"® They can also bind to the B,,-processing protein
CbIC. EtPhCbl and PhEtyCbl are unaffected in this environ-
ment and do not convert to the biologically active B,,-cofactors,
methylcobalamin (MeCbl) or adenosylcobalamin (AdoCbl), as
is the case when cyanocobalamin (CNCbl) is bound to
CbIC.”~"" This new class of organometallic cobalamins offers
opportunities to explore B, chemistry and the pathophysio-
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logical implications associated with the metabolism of By, in
humans further.

Both EtPhCbl and PhEtyCbl maintain all of the key
structural features of cobalamins, with the exception being
the nature of the upper axial ligand (Figure 1). For the
biochemically important derivatives of B,,, CNCbl, MeCbl, and
AdoCb], the upper axial ligands are cyano, methyl, and adenosyl
groups, respectively.'”'* In the case of the antivitamins B,,
EtPhCbl and PhEtyCbl, the upper axial ligands are 4-
ethylphenyl (EtPh) and 2-phenylethynyl (PhEty), respectively
(Figure 1). The other structural features of cobalamins,
including the antivitamins B, understudy, are as follows.
They contain a cobalt atom that is coordinated to the four inner
nitrogens of a corrin macrocycle. The cobalt is also coordinated
to two additional ligands in the Co(III) form known as the
upper and lower axial ligands. For the lower axial ligand, the
cobalt is coordinated to a nitrogen of the DBI base (DBI =
dimethylbenzimidazole) in the base-on form or in certain
enzymatic environments it is coordinated to a nitrogen of a
histidine (His) in the base-off/His-on configuration. The upper
axial ligand, described earlier, is variable and is used to
distinguish cobalamin derivatives from each other.'” Beyond

Received: April 9, 2018

DOI: 10.1021/acs.inorgchem.8b00956
Inorg. Chem. XXXX, XXX, XXX—XXX


pubs.acs.org/IC
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.inorgchem.8b00956
http://dx.doi.org/10.1021/acs.inorgchem.8b00956

Inorganic Chemistry

Figure 1. (a) Molecular structure of vitamin B;, (CNCb], R = CN), phenylethynylcobalamin (PhEtyCbl, R = PhEty), and 4-ethylphenylcobalamin
(EtPhCbl, R= EtPh). (b) Structure of model complex used in calculations (Im-[Co™(corrin)]-R*, R= PhEty and EtPh).

these structural details, EtPhCbl and PhEtyCbl also have
unique properties from both a biochemical and spectroscopic
perspective.

EtPhCbl is the first organometallic aryl cobalamin and is
non-natural and chemically inert.” EtPhCbl has been used to
induce functional vitamin B, deficiency, also known as
pernicious anemia, in laboratory mice.'* EtPhCbl has also
been called a conditional antivitamin B, because despite the
difficulty in cleaving the Co—C bond in the enzymatic
environment it is possible to cleave this bond with light, albeit
with a very low quantum yield of photoproducts.'® This has
been determined experimentally through advanced spectro-
scopic techniques'” and has been confirmed in our preliminary
theoretical investigations of EtPhCbl.'® Transient absorption
studies have indicated that photolysis results in the formation of
cob(IT)alamin although with a low quantum yield of <1%."

PhEtyCbl represents an organometallic alkynylcobalamin
(alkynyl-Cbl) which is structurally similar to CNCbl and is
stable both thermally and photochemically."® Alkynyl-Cbls may
be representative of an entire group of B, derivatives that are
photostable. From a spectroscopic point of view, PhEtyCbl is
photostable, and the Co—C bond to the upper axial ligand does
not cleave in the presence of light. This has been determined
using transient absorption studies."’

The divergent photochemical properties of these two
antimetabolites provide an opportunity for theoretical insights.
Understanding the mechanism of photodissociation for a
conditional antivitamin B,, like EtPhCbl, and conversely why
PhEtyCbl is so remarkably photostable, is the motivation
behind this present study. This work is a follow-up to our
recent theoretical contribution,'® which described preliminary
computational results for the photodissociation of EtPhCbl
where ground and excited state potential energy surfaces
(PESs) were used to determine the most energetically favorable

path for photolysis. This study provides a more detailed analysis
of the photochemical properties of both of these antivitamins
By, including further insights into the mechanisms of
photodissociation of the upper axial ligand. This theoretical
perspective can be used to guide future experimental work in
the area of B}, photochemistry while offering important insights
into the electronic structure properties that facilitate photol-
ability as well as those that are representative of photostability.
The presented results are crucial in the context of designing
aryl- and alkynl- cobalamins that are suitable agents for use in
light-activated pharmaceutical applications.

2. COMPUTATIONAL DETAILS

The structural models were derived from X-ray crystallographic
data available for EtPhCbl and PhEtyCbl.”'° The full structures
of antivitamins were truncated to reduce computational cost.
The side chains of the corrin macrocycle were replaced with
hydrogens and the axial base was simplified by replacing the
DBI axial ligand with imidazole (Im) (Figures 1 and S1). The
nucleotide loop contains a phosphate ion (PO,~), so when this
was removed, the truncated model had a positive charge. The
geometries corresponding to the EtPhCbl and PhEtyCbl model
complexes are denoted Im-[Co™(corrin)]-EtPh* and Im-
[Co™(corrin) ]-PhEty*, respectively. These models are analo-
gous to the base-on form. In the models for the base-off forms,
the Im ligand is removed, and these structures are labeled as
[Co™(corrin)]-EtPh* and [Co™(corrin)]-PhEty*. A full mo-
lecular skeleton of both antivitamins and structures of model
complexes are presented in Figure S1 for comparison.

The calculations for this study were all carried out using
density functional theory (DFT)'” and time-dependent DFT
(TD-DFT),"® employing resolution of identity (RI)" with the
GGA-type BP86 functional’®*' and the TZVPP basis set for
Co, C, N, and the TZVP basis set for H>*** In addition, the
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Table 1. Selected Geometric Parameters of Base-On and Base-Off Forms of Im-[Co™(corrin)]-EtPh* and Im-[Co™(corrin)]-
PhEty" Model Complexes for Optimized Geometries in the Ground State S, and in the Excited State S,*"

Im-[Co" (corrin)]-EtPh" base-on

[Co"™ (corrin)]-EtPh" base-off

parameter So exp.t S min So Si (min1) S1 (min2)
r[A] Al
Co - Cipn 1.973 1.981 1.927 1.939 1.847 2.018
Co - Nim 2.197 2.230 2.107
Valence angle [deg] Valence angle [deg]
Cipp-Co = N 179.4 176.5 171.1
N2t - Co—Naa 171.7 172.9 170.9 164.7 155.6 145.8
N22 - Co—Noag 173.4 171.6 172.8 171.1 167.6 171.1
Dihedral angle [deg] Dihedral angle [deg]
N2; —N22—Na3- Co -3.9 -3.6 -4.3 -10.0 -16.6 -23.1
Im-[Co"(corrin)]-PhEty" base-on [Co"(corrin)]-PhEty” base-off
parameter So exp.” Simin So Simin
r[A] r[A]
Co—Cipy 1.860 1.861 1.775 1.820 1.857
Co - Nim 2.084 2.084 2.057
Valence angle [deg] Valence angle [deg]
Cigy-Co - Ny 179.2 178.6 178.7
Nzi - Co—Nas 173.0 173.4 170.7 165.5 148.0
Naz - Co— N 172.3 172.1 172.6 172.0 168.8
Dihedral angle [deg] Dihedral angle [deg]
Nai—=N22—Nas- Co -1.9 -0.5 -4.0 -9.3 -21.9

Ref 9. URef 10.

Conductor-like Screening Model (COSMO) with water as the
solvent was employed.”* All calculations were completed using
the TURBOMOLE software’ with the exception of the
lambda (A) parameter calculations which were obtained with
the GAMESS program.”®

This level of theory has been applied successfully in several of
our previous studies.”” > In particular, there is a complete
explanation of our confidence in the methodology in our recent
communication that discussed preliminary results for the
photodissociation of EtPhCbL'® One of the important
conclusions from these previous studies was that BP86 is an
appropriate functional to use in calculations of excited states for
cobalamin systems. This was also confirmed by benchmark
studies for MeCbl and cyanocobalamin, CNCbL**~** Interest-
ingly, in the benchmark analysis for MeCbl, where the TD-DFT
results were compared to ab initio calculations using methods
such as CASSCEF/MC-XQDPT2 and EOM-CCSD, it was
found that hybrid functionals incorrectly described the
character of the S, state.”® The commonly used hybrid
functionals give predominantly 7 — #* character of the Sy —
S, transition, as opposed to the metal-to-ligand charge transfer
(MLCT) interpretation indicated by the high-level wave
function approaches. Otherwise, pure GGA functionals, like
BP86, described the S, state as MLCT d/7n — 7* excitation,
which is completely consistent with the ab initio calculations.”
It should be emphasized that for various cobalamins, MLCT
character of the S, excited state has been also confirmed
experimentally.**~*’

In regards to the potential for underestimation of long-range
charge-transfer (CT) type excitations energies, A parameters

have been calculated.** These calculations were used to
determine whether or not CT-type excitation energies are
underestimated. If excitation energies are underestimated, then
it is likely due to poor overlap between the occupied and virtual
orbitals involved in the transition. The A diagnostic results, in
the range from O to 1, can indicate whether or not poor overlap
persists between orbitals involved in the electronic excitation.
For GGA-type functionals, if A is less than 0.4, then excitations
are likely to be significantly underestimated; conversely, if A is
greater than 0.4, then excitations are most likely not
underestimated. The results from the A diagnostic calculations
shown in Tables 2 and 3 have provided us with the confidence
that CT-type excitation energies are not significantly under-
estimated in the investigated antivitamin systems.

3. RESULTS AND DISCUSSION

3.1. Structural Properties of Antivitamins. Selected
geometric parameters of the S; and S; optimized structures for
the base-on and base-off forms of EtPhCbl and PhEtyCbl
model complexes are gathered in Table 1. A more detailed list
of the geometric parameters for the coordination sphere of
cobalt are provided in Tables S1 and S2. The optimized
structures of the model species are presented in Figures S2 and
S3.

For the base-on form of both model complexes, the
optimized S, structural parameters were compared to the
corresponding parameters in the crystal structures. The axial
bond lengths, valence angles, and the dihedral angles around
the coordination sphere of cobalt all showed good agreement
between the optimized geometries and the crystal structures.
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Figure 2. Experimental (blue line) and the TD-DFT simulated
absorption spectra for Im-[Co™(corrin)]-EtPh* model complex: not
scaled (black lines) and scaled (red lines) with a(S;) and ¥(Sy).
Simulation is based on TD-DFT/BP86 calculations in water solution.
Experimental spectrum is from ref 15.
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Figure 3. Experimental (blue line) and the TD-DFT simulated
absorption spectra for Im-[Co™(corrin)]-PhEty* model complex: not
scaled (black lines) and scaled (red lines) with a(S;) and ¥(So).
Simulation is based on TD-DFT/BP86 calculations in water solution.
Experimental spectrum is from ref 15.

For Im-[Co™(corrin)]-EtPh”, the optimized axial bond lengths
are 1.973 and 2.197 A for the Co—C,p, and Co—Np,,
respectively. In the crystal structure, these bonds are 1.981
and 2230 A. For Im-[Co™(corrin)]-PhEty*, the optimized
bond lengths of the Co—C,g, and Co—Ny,, axial bonds are
1.860 and 2.084 A, respectively. In the crystal structure these
bonds are 1.861 and 2.084 A. The axial bonds in the optimized
geometries of the lowest singlet excited state (S,,,;,) are slightly
shorter compared to the geometry of the S;. Shortening of the
axial bonds is observed for both of the S; model complexes.
The optimized geometry of the S, for the base-off models is
also characterized by a small shortening of the Co—C axial
bond in comparison to the Sj for the base-on form. According
to the results from Table 1, the length of Co—Cp, and Co—
C\gy axial bonds is 1.939 and 1.820 A for [Co"(corrin)]-EtPh*
and [Co™(corrin)]-PhEty*, respectively. Generally, for the
base-on and base-off forms of both antivitamins, the calculated
valence and dihedral angles from the optimizations showed

good agreement with experiment (Table 1). However, it should
be noted that for the Sy and S, optimized geometries, the
coordination sphere of the base-off form is more distorted. This
is clearly visible when comparing the N,;—Co—N,; and N,,—
N,,—N,;—Co angle values between the base-oft and base-on
forms of the model complexes. For the base-off forms, the
valence angles (N, —Co—N,;) are smaller, whereas the
dihedral angles (N,;—N,,—N,;—Co) are larger in comparison
to those of base-on form (Table 1).

3.2. Absorption Spectra of Antivitamins. Cobalamins
have characteristic features in their absorption spectra.'>'>*'~*
Particularly for CNCbl, which has been referred to as the
“paradigm system” for studying the electronically excited states
of cobalamins, there are two distinctive bands including the y
and a/f bands.* The y band (360 nm) is located in the UV
part of the absorption spectrum, whereas the a/f band, with a
maximum at 550 nm, occurs in the visible region. The a/p
bands arise primarily from the 7 — #* transition, and the a-
band is more intense than the /3 band."> Alkyl-cobalamins such
as MeCbl and AdoCbl differ in their UV—visible spectra when
compared to the “typical” CNCbl spectrum.*' In the region of
the a/f band, the f-band is more intense. PhEtyCbl has an a/f
band that is similar to that of CNCbl and has a very
pronounced 7 band."® EtPhCbl’s a/f3 band is blue-shifted and is
more similar to AdoCbl's UV—visible spectrum.'”

To obtain the electronic spectra, 25 singlet electronic
transitions were calculated using TD-DFT from the S,
optimized geometries. The calculated excitations (black lines)
along with the corresponding simulated absorption spectra are
shown in Figure 2 and 3. In order to allow a comparison with
the simulations, the experimental absorption spectra (blue
lines) are also presented in the figures. The simulated spectra
for both models of antivitamins are slightly shifted by about
25—50 nm in the direction of higher energy in relation to
experiment. Such a shift, as a consequence of an overestimation
of transition energy, is characterlstlc of TD-DFT results for
nonalkyl cobalamins, e.g,, CNCbL** Despite this, the resulting
shape of the simulated spectral lines are very similar to the
experimental spectra. For both model complexes, the simulated
spectra have a visible band in the range from ~450 to ~550 nm
which can be assigned to the a/f band from experiment. In this
range, the simulated spectrum for Im-[Co™(corrin)]-EtPh*
contains four singlet electronic transitions, S,—S,. For the
second model, Im-[Co™(corrin)]-PhEty*, the low energy part
of calculated spectrum is determined by six excitations, S;—Sq.
The calculated transitions in the range of the a/f band have
different values for the oscillator strength, but one transition
(S;) in the case of Im-[Co™(corrin)]-PhEty* and two
transitions (S, and S;) in the case of Im-[Co™(corrin)]-
EtPh* have relatively large intensity. The remaining transitions
have medium or very small oscillator strengths. It is worth
mentioning that in the case of both model complexes there are
low-lying excited states for which electronic transitions have
very small oscillator strengths. Two such transitions at 603 and
531 nm and one at 557 nm exist for Im-[Co™(corrin)]-PhEty*
and Im-[Co™(corrin)]-EtPh*, respectively. These transitions
are very interesting because they can play a crucial role in
photochemical processes.

The second characteristic band for cobalamins, the y band,
can be also identified in the simulated electronic spectra,
especially for Im-[Co™(corrin)]-EtPh*. The two maxima
between 300 nm -360 nm in the simulated spectrum of the
Im-[Co™(corrin)]-EtPh* can be ascribed to the two separated
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Table 2. Four Lowest, Vertical Singlet States and the S; — S, Transition for Im-[Co™ (corrin)]-EtPh* and [Co™(corrin)]-EtPh*

Model Complexes

Im-[Co™(corrin)]-EtPh* (Base-On)

[Co™(corrin) ]-EtPh* (Base-Off)

E [eV] A [nm] f A? %
s, 222 557.5 0.0002 0.541 50.9
463
S, 244 506.9 0.0314 0.712 73.5
11.8
248 500.3 0.0462 0.550 46.4
S, 34.6
113
S, 2.66 466.6 0.0004 0.302 97.2
S 1.72 720.4 0.0015 0.490 96.6
2.19 566.8 0.0006 0.506 81.8
S 14.8
222 558.5 0.0064 0.532 623
S, 136
13.5
S, 233 5313 0.0040 0.567 84.9
s 242 5127 0.0307 0.698 67.4
4 13.4
S (min) 1.68 738.8 0.0019 0.482 92.9
S (min2) 1.40 888.1 0.0013 0.612 99.0

character

exp. 4 [nm] (eV)

H-1 - L z+d, = 7*

H2 - L d,, + mp, & 7*

H-1L d, + 7 — 7* 525 (2.36)
H-1 - L n+d, = 7*

H2 - L d,, + mp, & 7*

H-1-L z+d, = 7*

H-1L d, + 7 - z*

H3->L dp_y - ot

H-L d, + mpy, »7* (MLCT/LL)

H-1-1L oy + d,, = 7

H - L+1 d, + 7 — 0%(d?)

H — L+1 d, + 7 — ¢%(d.?)

H-1-L 7oy + dy, & 7

H-L d. + 7 - z*

H-1 - L+1 Topp + dy, = 0%(d,2)

H-L d. + 7 —> z*

H — L+1 d, +7—0%(d?)

H-L (dy. + d,.) + 7, > 7% (MLCT/LL)
HoL (de +d,) + 7, = 0%(d7) (LF)

“A parameters were obtained from TD-DFT/BP86/TZVPP calculations with use Gamess quantum chemistry program.

Table 3. Four Lowest, Vertical Singlet States and the S, — S, Transition for Im-[Co™(corrin)]-PhEty* and [Co™(corrin)]-

PhEty" Model Complexes

Im-[Co™(corrin)]-PhEty* (Base-On)

[Co™(corrin)]-PhEty" (Base-Off)

E [eV] A [nm] f A” %

S, 2.05 603.1 0.0019 0.459 93.2
S, 2.33 531.1 0.0029 0.610 59.9

22.6

14.3
S3 2.51 493.6 0.0558 0.609 66.5

21.6
Ss 2.56 483.9 0.0034 0.460 87.9
Sy 1.59 777.9 0.0008 97.6
S, 1.64 756.9 0.0006 0.528 99.3
S, 1.94 637.5 0.0017 0.444 93.0
S3 2.03 609.5 0.0022 0.590 96.3
Sy 2.29 541.3 0.0021 0.600 74.9

14.1
Sy 0.98 1259.8 0.0002 99.8

character

exp. 4 [nm] (eV)

H->L Tphey + dy; = 7*

H2->L Ty + dy, = 7F

H-1-1L n+dp > ¥

H-3->1L Mgy + dy, + 7> 7"

H-1-1L r+dp — ot 550 (2.25)
H2->1L Ty + dy, = 7F

H - L+1 Tpney + dy; > dy — 10

H-L Tphgey + dy, = 7% (MLCT/LL)

H-L Tongy + dye = 6%(d?) — n

H — L+l Tphgy + dye = 7*

H-1->1L Ty + dy, > 6%(d.?) —n

H-1 - L+1 Tgyy + dy, = 7*

H2->L Ty + 7+ d,, > 0%(d) —n
H-L Tohgry + die = 6%(d7) — n (LF)

“A parameters were obtained from TD-DFT/BP86/TZVPP calculations which use Gamess quantum chemistry program.

peaks that are observed in the y band region of the
experimental spectrum. The transition with the largest
oscillator strength in this part of the calculated spectrum is
S1o at 343 nm (Table S3) and can be attributed to the first peak
at ~375 nm in the experimental spectrum. The second peak,
which is apparent both in the simulated and experimental
spectrum, is a superposition of several close electronic
transitions, S,,—S,9, which have moderate oscillator strength.
Two of them, S,, at 326 nm and S,; at 324 nm (Table S3),
should have the greatest impact on the location and intensity of
the second peak in the y region. For Im-[Co™(corrin)]-PhEty*,
the y band is less pronounced in the simulated spectrum
because the intensity of this band is not well reproduced in
calculations. The experimental y band reasonably correlates to

the maximum of the simulated spectrum located between ~345
nm and ~390 nm. In this range, nine electronic transitions S;s—
S,; are identifiable (Table SS). The excitations forming the y
band have rather moderate or small oscillator strengths except
for one transition at 360 nm. This transition (S,y) has a large
oscillator strength value (f = 0.0742) and correlates with the
maximum of the experimental y band.

To further improve the agreement between experiment and
theory, we applied a scaling procedure to the electronic
transitions. The calculated spectra of both investigated model
complexes were scaled according to the procedure given in our
previous study (see eq 1 of ref 45). For each spectrum, an
optimal set of two scaling parameters, { and Egy, were
determined under the assumption that the energies of the
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Figure 4. (a) Potential energy surfaces as a function of axial bond
lengths for optimized geometry of the ground state S, and optimized
geometry of the S, excited state of Im-[Co™(corrin)]-EtPh* model
complex, (b) vertical projections of S; PES, (c) scheme of
photoreaction for Im-[Co™(corrin)]-EtPh* model complex.

electronic excitations associated with the o and y bands should
be reproduced precisely. The most intense S, — S; transitions,

at 500 and 494 nm for Im-[Co™(corrin)]-EtPh* and Im-
[Co"(corrin)]-PhEty*, respectively, were assigned to the
maximum of lowest energy absorption band. For the y band,
several different transitions were tested to determine the
optimal scaling parameters. On this basis, it has been concluded
that the energy of the S; — S,, excitation at 324 nm for Im-
[Co™(corrin) ]-EtPh* and the S, — S, excitation at 360 nm for
Im-[Co™(corrin)]-PhEty* should be assigned to the maximum
of the experimental ¥ band. The results for the scaled spectra
are shown in Figures 2 and 3 (red lines). The simulated spectra
for both model complexes are in good accordance with
experiment and agree well in regards to the characteristic
features of spectral line of cobalamins.

The electronic structures of the calculated excited states were
obtained on the basis of analysis of the frontier Kohn—Sham
molecular orbitals (KS MOs) involved in the TD-DFT
electronic excitations. Figures S4 and SS contain images of
relevant molecular orbitals. The characters of the transitions for
the four low-lying singlet excited states of Im-[Co™(corrin)]-
EtPh* and Im-[Co™(corrin)]-PhEty* are presented in Tables 2
and 3, respectively. For Im-[Co™(corrin)]-EtPh* the S, state is
the result of electronic transitions from the HOMO-1 and
HOMO-2 orbitals to the LUMO orbital, and this corresponds
to the # + d, = #* (51%) and d,, + &, — 7 (46%)
excitations. Both of these excitations can be characterized as
MLCT transitions. The S, transition for Im-[Co™(corrin)]-
PhEty" is also MLCT type and has been characterized as
HOMO to LUMO, Zpypy+ d,, — 7% (93%), excitation. The
remaining low-lying singlet states for both species have similar
character to the S, state. These states are mainly a result of 7/d
— #* excitations, excluding the S, transition for Im-
[Co™(corrin)]-PhEty* which is 7/d — d type. In the case of
the base-off forms, the characters of the low energy transitions
are rather diametrically opposed. The lowest singlet states are
dominated by z/d — 6*(d;?) excitations, therefore the states
are of predominantly the LF type. These results clearly show,
that detachment of the axial base causes a change in the order
of MLCT and LF states. Thus, unlike the base-on forms, the S;
state of the base-off forms has mostly d — ¢%(d,?) character.

For the optimized S, geometry of Im-[Co™(corrin)]-
EtPh", the excited state is HOMO — LUMO transition and has
been characterized as d,, + &p, — 7% (97%, MLCT/LL). For
the base-off form, there are two S; minima, S (in1) and Si(minz)
and these are characterized as (d,, + dyz) + 7, — 7 (93%,
MLCT/LL) and (d,, + d,,) + 7py, = 6%(d.2) (99%, LF). Figure
S6 depicts the HOMO and LUMO molecular orbitals for
electron excitations in the optimized geometries of the S, states
and cross-sectional contours of electron density difference
between the S; and S, states for both forms of EtPhCbl. The
Simin for optimized geometry of Im-[Co™(corrin)]-PhEty" is
characterized as 7pyg,, + d,, = 7* excitation (98%, MLCT/LL).
For [Co™(corrin)]-PhEty* the S,,,;, is characterized as LF state
and corresponds to the mppg, + d,, — 06%(d,?) — n transition
(99%). A more complete listing of the lowest singlet states and
their corresponding orbital characterizations can be found in
Table S3 for Im-[Co™(corrin)]-EtPh*, Table S4 for
[Co™(corrin)]-EtPh*, Table SS for Im-[Co™(corrin)]-PhEty*,
and Table S6 for [Co™(corrin)]-PhEty".

3.3. Constructions of PESs and Energy Profiles. To
explore the mechanism of Co—C bond photodissociation, PESs
corresponding to the S, state were constructed as a function of
axial bond lengths. These bonds experience the most significant
changes upon electronic excitations while the corrin structure is

DOI: 10.1021/acs.inorgchem.8b00956
Inorg. Chem. XXXX, XXX, XXX—XXX


http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b00956/suppl_file/ic8b00956_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b00956/suppl_file/ic8b00956_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b00956/suppl_file/ic8b00956_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b00956/suppl_file/ic8b00956_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b00956/suppl_file/ic8b00956_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b00956/suppl_file/ic8b00956_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b00956/suppl_file/ic8b00956_si_001.pdf
http://dx.doi.org/10.1021/acs.inorgchem.8b00956

Inorganic Chemistry

Im+[Co"'{corrin)]-EtP_f;'

(d.+d, J+m, =" &

VB (IC)
__S54/Sy Im+[Co"(corrin)]"+EtPh
ﬂ VIBS,,,

AE=145 .

IVB S

i mint)

* WB S, ... 1

Im*[Co'(corrin)] +EtPh
(S, in geometry S,)

80 4Im-[Co"(corrin)]-EtPh’
Ssec
de\_,l.ﬂlt—br[*
1 .&?E‘& AE ="5.1
n+d} :r:"* IIB (MECP)
s d +1.—n
_ 50— 1 A: | S1_.FC‘.."‘ . AE's.4.1
£ 6.0
g 1 "_.- ........... A
5 Im-[Co"(corrin)]-EtPh"
L% ™ E o IS1l11in 5
40 ﬁ ﬂ—,"_ . T d, +m, o
w 'z 8
=] e Y
=
10
ods,
Sumin

PATHEB

(d.+d, ym,—c"(d,2)

Figure 5. Energy diagram of photoreaction on path B for Im-[Co™(corrin)]-EtPh* model complex (AE values in kcal/mol).

maintained. This has been shown theoretically and exper-
imentally with XANES measurements reported for CNCb.**°
The involvement of triplet states was not considered, based on
magnetic effects measurements that suggest that this is
unlil(<ely.47’48 Prior to constructing the S, surfaces, the S
PESs were constructed by optimizing the geometries associated
with the structures resulting from the systematic elongation of
the two axial bonds. The choice of methodology is further
explained in the “Computational Details” section. The PESs for
the low-lying S, and S, states of Im-[Co" (corrin)]-EtPh* and
Im-[Co™(corrin) ]-PhEty* were constructed from the manifold
of vertical excitations (Figure S7). The relaxed PESs
representing the S, state were obtained by optimizing the
corresponding excited state geometries (Figures 4 and 6).
Opverall, comparison of the S; PESs based on vertical excitations
(Figure S7) with the relaxed S; PESs (Figures 4 and 6) show
that the surfaces do not significantly differ from each other.
3.4. Interpretation of Photochemical Data Based on
PESs. Following our previous studies, we have developed a
systematic approach to employ three-dimensional PESs to gain
insights into the mechanism of photolability for cobala-
mins.'®* 72! The PES of S, state for both antivitamin
models have characteristic topology, similar to the S; PESs of
other cobalamins. Basically, the shape of this surface is the
result of the intersection between two surfaces of electronic
states with different character, MLCT and LF. As a
consequence, the surface of the lowest singlet state has two
minima: One occurs for shorter axial bonds, while the second
corresponds to elongated bonds. Photochemical conversion
between the two minima regions requires overcoming an
energetics barrier, with localization and height usually depend-
ent upon the character of the upper axial ligand. Obviously,
among the available photochemical paths, the preference is for
the path with the smallest energetic barrier. The energetics
profile of the photoreaction on the S; surface will be different
for each path and depends on the initial reaction step from the
MLCT minimum, ie., from which the axial coordinate

undergoes elongation first. There are two possible photo-
reaction pathways (paths A and B) that have been identified.
Path A involves initially lengthening the Co—C bond from the
MLCT I S),;, minimum, followed by the subsequent
elongation of Co—Np,. In contrast, path B involves the
lengthening of the Co—Ny,, bond through the MLCT region to
the ligand field (LF) stationary point. The stable intermediate
for path B involves a LF state responsible for Co—C bond
dissociation. Conversion to the ground state prior to
dissociation is possible via out-of-plane distortion of the corrin
ring at the stationary point of the LF state. A second possible
mechanism of internal conversion (IC) can engage deactivation
of the electronically excited photoproduct [Co"(corrin)]*.**

From a theoretical point of view, regardless of whether Co—
C photodissociation involves paths A or B, the result is the
formation of the same RP products in the case of homolytic
cleavage. The general RP products, for cobalamins include
{Np,e-[Co™(corrin) ]* + °R}, where Nj,.---[Co"(corrin)]*
(Npgse can be DBI, Im, or water) denotes the electronically
excited states of the cobalamin(II), while °R is the
corresponding radical. It seems as though the Co—Ny,, bond
does not ultimately break when the base-on configuration is
present, but it is significantly elongated as the upper axial ligand
dissociates. It also has been demonstrated that the Co—Ny,.
distance controls the nature of the electronically excited states
of the Co(II) species. However, whether or not the Co—C
bond finally breaks is dependent upon the nature of the upper
axial ligand.

3.5. EtPhCbl PES. The PESs gathered in Figures 4 and S7
show the locations of the energy minima for the Sy, S;, and S,
electronic states of Im-[Co™(corrin)]-EtPh*. The relaxed S,
PES indicates two distinct regions that are low in energy that
are delineated by a seam (Figure 4b,c). The first is located in
the area of the projection corresponding to shorter Co—C and
Co—Ny, bond lengths and is denoted by the point I S, ;.. The
second low energy region is located in the area of PES where
Co—C distances are short and Co—Ny,, distances are elongated.
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The highest energy for both the S; and S, states is found in the
part of the surface that corresponds to the longest Co—C bond
lengths and short Co—N bond lengths and this region is shown
as a bright red color in the PESs gathered in Figures 4 and S7.
The S, state has one particularly shallow energy minima in the
region of shorter Co—C and longer Co—Np, bond distances
(Figure S7). On the S, surface, as shown in Figure 4, there is a
steep increase in energy as the Co—C bond is lengthened. This
steep increase in energy is not observed as the Co—Ny,, bond is
lengthened simultaneously with Co—C. The S; minima regions
result from the interaction of at least two different electronic
states. The region associated with shorter Co—C axial bond
lengths corresponds to MLCT transition, whereas the
minimum associated with longer Co—C and Co—Ny, bonds
corresponds to LF excitation, which has dominant cobalt d — d
character. Charge transfer states for the elongated axial bond
were not observed because the LF state primarily involves
electronic excitation localized on the cobalt. Additionally, in
Figure 4c, besides the minimum I S,_;; in the MLCT region of
the PES, several other stationary points in the LF part of surface
are shown. IIB (MECP) denotes the minimum energy crossing
point of path B. The two local minima on either side of the
seam in the LF region are the MLCT minimum (IVB S;(yn1))
and the LF minimum (IIIB S, (,;,)), which correspond to the
structure with the completely detached axial base from the
cobalt center.

3.6. Photodissociation and Energy Profiles of EtPhCbl
Photoreaction. In the case of Im-[Co™(corrin)]-EtPh",
photodissociation involving path A is ineffective as it is not
energetically feasible due to the steep increase in energy.
Conversely, path B is effective where elongation of the Co—N,
bond initially involves the MLCT region up to the distance of
~3.4 A where crossing of the seam through the MECP, labeled
as IIB, takes place. At this stage, the crossing between MLCT
and LF electronic states is essentially barrierless, as discussed in
more detail later, and the photoreaction further proceeds via
elongation of the Co—C bond through the LF region.
Consequently, the final dissociation of the Co—C bond
would start from IIIB S,y point. In addition to photo-
dissociation, IC to S, may take place from LF minimum.

The energetics of the photoreaction along path B for the Im-
[Co™(corrin)]-EtPh* model complex is shown in Figure 5 for
key points along the reaction path. Upon excitation at a
wavelength of 557 nm promotion to the S, state will occur and
simultaneously, excitation at 507 nm leads to population of the
S, state. There is an energy difference of 5.1 kcal/mol between
these two electronic levels (Figure S). After vertical excitation,
the system undergoes relaxation to the energy minimum of the
lowest singlet state, thus on the photoreaction path, the first
intermediate state corresponds to the minimum in the MLCT
region, I S;;,. The photoreaction then leads to the MECP,
requiring 6.2 kcal/mol. Outside the MECP point, in the area of
the LF state there is a relaxation, which ends in IIIB S;(pnz)
stationary point. At this point of photoreaction, the stable
intermediate in the excited state is created. From the IIIB
minimum there is a competition between photodissociation
and IC to the ground state. There is not a significant difference
in the energy required to overcome the barrier for either of
these processes. IC and photodissociation would require 14.5
and 10.3 kcal/mol, respectively (Figure S), which suggests that
both processes can be competitive. These theoretical insights
also corroborate recent experimental findings."®
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Figure 7. Energy diagram of photoreaction on path B for Im-[Co™(corrin)]-PhEty* model complex (AE values in kcal/mol).

3.7. PhEtyCbl PES. The PESs gathered in Figures 6 and S7
show the locations of the energy minima for the Sy, S;, and S,
electronic states of Im-[Co™(corrin)]-PhEty*. The relaxed S,
PES indicate two regions that are low in energy and separated
by a seam. The S; minima regions result from the interaction of
at least two different electronic states. The region associated
with shorter Co—C axial bond lengths corresponds to the
MLCT transition, whereas the minimum associated with longer
Co—C and Co—Ny, bonds corresponds to LF excitation. The
first minimum is located in the area of the projection
corresponding to shorter Co—C and Co—Ny, bond lengths
and is denoted by the point I S, ;.. The second low energy
region is located in the region where Co—C distances are short
(1.8—2.3 A) and Co—Ny, distances are elongated (2.6—3.4 A).
Long Co—C bonds are associated with the high energy regions
on the S; PES, and a steep increase in energy occurs as the Co—
C bond is lengthened while the Co—N bond remains
unperturbed.

The PES in Figure 6¢ shows several stationary points. The
MLCT minimum is denoted I S;,;,. IIB (MECP) denotes the
minimum energy MLCT/LF crossing point of path B. In the
LF region of the surface, the elongation of the Co—Ny,, bond is
associated with the detachment of the axial base from the cobalt
center and point IIIB S, ;, corresponds to a stable intermediate
in the base-off form, which can undergo IC to S,,.

3.8. Ineffective Photodissociation and Energy Profiles
of PhEtyCbl Photoreaction. For PhEtyCbl, as for parent
CNCb], photodissociation is not feasible from an experimental
point of view.'> We have corroborated this finding with our
theoretical results for Im-[Co™(corrin)]-PhEty*. Like Im-
[Co"™(corrin)]-EtPh*, there are two possible routes for Co—
C bond dissociation upon inspection of the S; PES (Figure 6c).
Path A, which involves the elongation of the Co—C bond while
the Co—N bond remains unchanged, is not energetically

favorable. Conversely, path B is characterized by a low energy
barrier between the MLCT and LF regions and thus it is
significantly more energetically advantageous; however, this
path will result in IC to S, and not in photodissociation. This
path involves the elongation of the Co—N bond starting from
the MLCT minimum (I S;;,, Figure 6) and proceeds through
the seam at the MECP point until the system reaches the LF
region. After crossing the IIB (MECP) point, on the surface of
the LF electronic state, the relaxation to III B minimum occurs.
Competition between two processes, ie, IC and photo-
dissociation from this minimum, is dependent upon the height
of the energy barrier of these processes. In the case of the
discussed complex, IC is the more favorable process.

The energetics for the photoreaction along path B for Im-
[Com(corrin)]—PhE'nyr are shown in Figure 7. There are some
general similarities with the photoreaction of the Im-
[Co™(corrin)]-EtPh* model complex, but the biggest differ-
ences are in the magnitude of the energies between the various
points along the reaction pathway. The S, and S, states are
populated upon excitation with a wavelength of 603 and 531
nm, respectively, whereby both excitations have small oscillator
strength values. From among the remaining electronic states in
the a/p region, S; is the most probable electronic state, which
is populated during absorption at about 550 nm (calculated 493
nm). First, after the initial excitation, there is a relaxation to the
MLCT minima, I S;.;,, which is energetically favorable. To
reach the MECP 5.3 kcal/mol of energy is required prior to
reaching the second minima IIIB S, in the LF region. From
this point, there is a significant energetic preference for IC to S,
instead of photodissociation. On the basis of our calculations,
relaxation to S, from point IIIB S, ;, requires overcoming a
barrier equal to only 9.7 kcal/mol, whereas the calculated
energy for photodissociation is about 39.8 kcal/mol (Figure 7).
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3.9. Mechanism of Internal Conversion. The mechanism
for IC for the [Co™(corrin)]-EtPh* and [Co™(corrin)]-PhEty*
can be understood using a PES constructed as a function of
Co—C bond length and N,,;—Co—N,; valence angle (Figure 8).
The above mentioned model structures correspond to
complexes with a fully detached axial base. Upon visual
inspection of these PESs, it is apparent that the S, and §,
surfaces cross. It is at this crossing that IC can occur. The
minimum energy path for IC with [Co™(corrin)]-EtPh* and
[Co™(corrin)]-PhEty* begins at point IIIB and proceeds to VB
(IC) which is the point where the S; and S, surfaces cross.
From IIB S () to VB (IC), 14.5 kecal/mol is required to
overcome the barrier for IC in the case of the [Co™(corrin)]-
EtPh" complex. The IC process for the second antivitamin,
[Co™(corrin)]-PhEty*, is more energetically favorable than for
[Co™(corrin) ]-EtPh* as only 9.7 kcal/mol is required from the
first point to the second on the path of minimal energy.

Deactivation can be further considered upon inspection of
the PECs in Figure 9. These PECs correspond to geometries
where the axial base is fully detached and they are
extrapolations of the PESs in Figures 4c and 6c. For
[Co™(corrin)]-EtPh*, Figure 9a, it is apparent from the S,
curve that the photochemical reaction takes place essentially
barrierless between the crossing of the two electronic states,
MLCT and LF. For [Co"(corrin)]-PhEty* (Figure 9b), the
crossing of states for [Co'(corrin)]-EtPh*, is not observed.
This is to be expected as the seam for the PES corresponding to
the photodissociation (Figure 6¢) is not as distinctive. It is also
of note that the excitation to the S, curve for [Co™(corrin)]-
PhEty* (~1.40 eV), is much lower in energy than
[Co™(corrin)]-EtPh* (~2.1 eV). There is a gap between the
S, curves and the S, curve for [Co™(corrin) ]-EtPh* whereas for
[Co™(corrin)]-PhEty* there is a very minimal gap between the
Sy and S, curves at bond distances greater than 2.6 A. The small
energetic difference between the S, and §; curves for
[Co™(corrin) ]-PhEty* further corroborate the preference for
IC. In fact, this is quite similar to CNCbl and HOCDbI, where
the Sy and S, PESs nearly meet at long bond distances.”” The
PECs for [Co™(corrin)]-EtPh* are more similar to the PESs of
the photolabile MeCbl and AdoCbl, where a gap in energy
remains between the S, and S; surfaces, even when the axial
bonds are elongated.”” This gap in energy between the S, and
S, curves for [Co™(corrin)]-EtPh* are further evidence of the
potential for photodissociation for this conditional antivitamin
By,

4. SUMMARY AND CONCLUSIONS

When photochemistry of EtPhCbl is compared to alkylcoba-
lamins such as MeCbl or AdoCbl, which have been thoroughly
investigated both experimentally as well as theoretically, one
can conclude that EtPhCbl behaves more like cobalamins that
are in base-off conﬁgurations.15’27_29’31 However, unlike MeCbl
or AdoCbl, when EtPhCbl is excited in the visible or near-UV
regions, significant dissociation of the upper axial ligand is not
observed. The absorption spectrum of the excited state
indicates a LF minimum with a dissociated lower axial ligand
as well as an elongated Co—C bond to the upper axial ligand. In
addition, transient absorption measurements indicate that the
lower axial ligand (DBI) is photodetached.'” PECs for the
optimized geometries of S; (Figure 9) that correspond to the
base-off form confirm these experimental results. The S; PEC,
which is an extrapolation of the PES in the dissociation limit of
axial base (Figure 4c), indicates that the intersection between
the MLCT and LF electronic states is essentially barrierless,
and the photoreaction proceeds through the LF region as the
Co—C bond undergoes elongation. Experimental results also
indicate that IC is observed for EtPhCbl and that a long-lived
base-off product is formed."”® This is a distinct difference in
comparison to other cobalamins such as MeCbl or HOCb],
where IC between excited states is not observed.””* Our
theoretical results validate the categorization of EtPhCbl as a
conditional antivitamin B, as we have determined an optimum
pathway (path B) for photolysis (Figures 4 and 5).

The major conclusion associated with PhEtyCbl’s photolytic
properties is that it is incredibly photostable. Transient
absorption measurements indicate that upon excitation
PhEtyCbl experiences IC to S, with a quantum yield of
essentially one. Photoproducts are not detected in such
measurements.'> Our results indicate that from the minimum
of the LF electronic excited state there is a substantial energetic

DOI: 10.1021/acs.inorgchem.8b00956
Inorg. Chem. XXXX, XXX, XXX—XXX


http://dx.doi.org/10.1021/acs.inorgchem.8b00956

Inorganic Chemistry

a)
25+
1 )
,r".-"
./._.I'
4 S,
2.0 .\.i___lv_[_; Swminu .’.,r
» 00""
B §,,...,
1.5+
- ]
o
=
2
g
Wi 1.0
0.54
0.0+
T T T T T

] T . T
16 18 20 22 24 26 28 30
R(Co-C) [A]

b)
25+
~ g
20-
4
)
15 3 /
S, o
= .\‘o—r'
= B S,
=
2
1.0 o
] &
&
&
. $
05-
0.0 S,

T 1
1.6 1.8 20 A 24 26 2.8 3.0
R(Co-C) [A]

Figure 9. Potential energy curves (PECs) for optimized geometries of S state as function Co—C bond length for (a) [Co™(corrin)]-EtPh* and (b)

[Com(corrin)]-PhEty+ model complexes.

barrier of 39.8 kcal/mol in order for photodissociation to occur
via path B, whereas the energetic barrier for IC is only 9.7 kcal/
mol (Figure 7). Sension and co-workers estimated the
activation barrier for IC to the S for PhEtyCbl in solution to
be ~12.6 kJ/mol (~3.0 kcal/mol) using an Arrhenius Plot."”
This is higher than the IC barrier for CNCblI in solution ~8.8
kJ/mol (~2.0 kcal/mol).”” In previous studies, we have
estimated the energy barrier for IC to be 5.0 kcal/mol for a
truncated model of CNCbL** The calculated barrier for Im-
[Co™(corrin)]-PhEty* is 9.7 kcal/mol, so these theoretical
results corroborate the experimental observation that the
energetic barrier for internal conversion S,/S, is greater than
that for PhEtyCbl than CNCbL. The Co—C bond (1.86 A) in
PhEtyCbl is shorter than those of other cobalamins and is sp-
hybridized. As a result, the Co—C,, bond is stronger than that
of other alkyl cobalamins such as AdoCblL’ In addition to
photostability, it is also resistant to thermal cleavage of the Co—
C bond.

In conclusion, we have provided a theoretical analysis of the
photolytic properties of two newly characterized non-natural
cobalamins. These theoretical results provide insights into the
electronic structure of the lowest excited state, which directly
determines photolability and conversely photostability of the
investigated antivitamins. There are two pathways for
photolysis, and based on energetics, an optimum path can be
determined. EtPhCbl (Im-[Co™(corrin)]-EtPh*) can photo-
dissociate via path B through the LF state with a substantially
elongated axial base, although the quantum yield of photo-
products is low. Similarly for PhEtyCbl (Im-[Co™(corrin)]-
PhEty*), two pathways can be identified; however, neither are
energetically feasible for Co—C bond photolysis, thus explain-
ing the incredible photostability of this antimetabolite. These
results for the model complexes have important implications for
understanding experimental results. As a result of the
overwhelming energetic favorability for IC, PhEtyCbl is

photostable. In contrast, for EtPhCbl, there is a competition
of sorts between IC and photodissociation as the energetic
barriers are comparable. It is not surprising that EtPhCbl and
PhEtyCbl both exhibit difficulty in dissociating the upper axial
ligand as these cobalamins have been shown to be metabolically
inert. Photohomolysis of the Co—C bond will result in a
photoactive metabolite with potential medicinal applications. In
addition, the results gathered in this study are of particular
importance especially as more applications for synthetic
vitamin-B,, derivatives continue to be realized.
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