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ABSTRACT: The photochemistry of two Mn(bpy)(CO)3X
complexes (X = PhCC−, Br−) has been studied in the
coordinating solvents THF (terahydrofuran) and MeCN
(acetonitrile) employing time-resolved infrared spectroscopy.
The two complexes are found to exhibit strikingly different
photoreactivities and solvent dependencies. In MeCN,
photolysis of 1-(CO)(Br) [1 = Mn(bpy)(CO)2] affords the
ionic complex [1-(MeCN)2]Br as a final product. In contrast,
photolysis of 1-(CO)(CCPh) in MeCN results in facial to
meridional isomerization of the parent complex. When THF is
used as solvent, photolysis results in facial to meridional
isomerization in both complexes, though the isomerization rate is larger for X = Br−. Pronounced differences are also observed in
the photosubstitution chemistry of the two complexes where both the rate of MeCN exchange from 1-(MeCN)(X) by THFA
(tetrahydrofurfurylamine) and the nature of the intermediates generated in the reaction are dependent upon X. DFT calculations
are used to support analysis of some of the experiments.

■ INTRODUCTION

The past decade has seen a rise in the use of Mn(α-
diimine)(CO)3X (X = anionic ligand) complexes and their
derivatives as an alternative to the more widely studied rhenium
analogues in the electrochemical catalytic reduction of CO2 to
CO.1−5 These studies are primarily motivated by the cost and
environmental advantage of using earth abundant manganese
rather than the expensive and rarer rhenium metal.1,6

Considerable efforts have been directed at improving the
catalytic activity and efficiency of Mn(α-diimine)(CO)3X
complexes toward CO2 reduction by altering the electronic
and steric characteristics of the chelating diimine ligand.4,7−9

Further, in contrast to several studies focused on the
electrochemical reduction of CO2 by Mn(α-diimine)(CO)3X,
relatively less attention has been given to photochemical
activation of this process.6,10 In this context, studying the
fundamental chemical reactivity of the intermediates generated
upon photolysis of these manganese complexes may be of
interest to researchers focused on developing improved CO2

photocatalysts.
Although significant progress has been made in under-

standing both the electrochemical and photochemical reduction
of [M(α-diimine)(CO)3L]

n+ complexes in the presence of
sacrificial electron donors (M = Re, Mn; L = Br−, CH3CN,
P(OEt)3),

5,9,11−16 there are only a few studies detailing the
fundamental photochemistry of these complexes in coordinat-

ing solvents such as acetonitrile (MeCN) and THF.17−20 Most
of these studies have employed visible light irradiation to
initiate the catalytic process, but if the hope is to utilize solar
radiation for catalysis, it becomes important to also investigate
the UV photochemistry of these complexes. Studying the
fundamental reactivity of the photoproducts resulting from UV
photolysis of Mn(α-diimine)(CO)3X complexes in strongly
coordinating media is of additional interest since many CO2

conversion reactions are conducted in the presence of such
solvents.
Pioneering studies by Stufkens and co-workers17,21−25 and

Hartl and co-workers13,15 demonstrated that the fac-1-
(CO)(X) (1 = Mn(bpy)(CO)2, bpy = 2,2′-bipyridyl, X =
halide ion) and related diimine complexes have a rich
photochemistry. It was determined that UV irradiation in
weakly coordinating solvents resulted in fac → mer photo-
isomerization and concurrent formation of the dimeric species,
[1-(CO)]2, formed upon homolysis of the Mn−X bond. In
coordinating solvents the initial solvate species formed upon
photoinduced loss of the CO ligand, Mn(α-diimine)(CO)2(L)-
X (L = THF, MeCN), was detected and its reaction with the
liberated CO to form the mer isomer was observed.17,26 Later,
ultrafast spectroscopic studies guided by DFT calculations
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suggested that photolysis results in CO loss from an equatorial
position and concurrent or subsequent movement of the axial
halide ligand to the equatorial plane occurs within picoseconds
of CO ejection followed by binding of the solvent.20 This
species then reacts with the liberated CO to displace the axially
coordinated solvent and form the meridional isomer (Scheme
1). In the discussion to follow, axial (ax) and equatorial (eq)
positions are defined with respect to the Mn(bpy) plane.

Despite the interesting photochemistry of these complexes,
only a few studies on the reactivity of the photoproducts
resulting from UV photolysis of 1-(CO)(X) and its derivatives
have been reported thus far.17,20,26,27 Investigating the
chemistry of these photoproducts also offers the potential
advantage of accessing complexes which are in general difficult
to synthesize through thermal reactions and may assist in
isolating derivatives of the manganese system that are better
catalysts.28 In the present study, we investigate the reactivity of
the ligated complexes 1-(L)(X) (L = THF, MeCN, and X =
Br−, PhCC−) formed upon UV photolysis of the parent
tricarbonyl 1-(CO)(X).
In order to rule out competing photodecomposition

pathways involving cleavage of the Mn−Br bond, and to
explore the effect of changing the anionic ligand upon the
photochemistry of this system, we have also synthesized and
characterized the fac-Mn(bpy)(CO)3(CCPh) (1-(CO)-
(CCPh)) complex. While this species is known to exist, it
has not been subjected to photochemical investigation and its
crystal structure has not been reported.28 Our primary aim in
this study was to use time-resolved infrared spectroscopy to
compare the photoreactivity of 1-(CO)(CCPh) and 1-(CO)-
(Br) and identify any differences in the chemistry of the
respective THF and MeCN solvates formed upon photolysis.
This technique has previously been applied successfully toward
understanding the reactivity of weakly coordinated organo-
metallic complexes.29,30 As described below, the experimental
findings guided by theoretical calculations demonstrate that
differences in the electronic characteristics of the anionic
ligands have an important influence on the structure and
reactivity of the respective solvated complexes. The results
further emphasize the importance of a combined experimental
and theoretical approach to deciphering the photochemistry of
these compounds especially when several of the possible
intermediate complexes are computed to lie close in energy.

■ EXPERIMENTAL AND THEORETICAL METHODS
Time resolved IR spectra were obtained using a Bruker Vertex 80
FTIR equipped with step-scan and rapid-scan capabilities (2200 to
1800 cm−1). Sample photolysis was conducted using the third
harmonic (355 nm) of a Nd:YAG laser (Quantel Brilliant B). To
prevent multiple photolysis events, all spectra were obtained with a
single shot of the laser. A temperature controlled 0.5 mm path length
IR cell with CaF2 windows (Harrick Scientific) was used to acquire IR
spectra at or above ambient temperature. The temperature was

monitored by a thermocouple located close to the photolysis solution
and maintained by a water circulator to within ±0.1 °C. For low
temperature experiments, a 0.5 mm path length variable temperature
IR cell (Specac) was used. All spectra were obtained at 4 cm−1

resolution. Errors in the reported kinetic parameters were obtained
from least-squares fit to the available data.

Anhydrous solvents and Schlenk techniques were used for the
synthesis of all complexes. Acetonitrile, THF, and tetrahydrofurfuryl-
amine (THFA) were of anhydrous grade (Aldrich Sure Seal) and of
>99% purity. Manganese pentacarbonyl bromide (Mn(CO)5Br) and
thallium hexafluorophosphate (TlPF6) were purchased from Strem
Chemicals, and 2,2′-bipyridyl (bpy) and trimethylamine N-oxide from
Sigma-Aldrich and used without further purification. The 1-(CO)(Br)
and 1-(CO)(CCPh) complexes were synthesized according to
literature procedure.31,32 The ionic acetonitrile substituted [1-(CO)-
(MeCN)][PF6] complex was synthesized according to a literature
method used for the synthesis of a similar compound.27

Synthesis of [Mn(bpy)(CO)2(MeCN)2][PF6]. A round-bottom
flask was charged with 0.015 g of [1-(CO)(MeCN)][PF6] (0.03
mmol), 0.007 g of trimethylamine N-oxide (0.09 mmol),) and 5.0 mL
of anhydrous acetonitrile solvent under a nitrogen atmosphere. The
solution was left with constant stirring at room temperature for 5 h.
The reaction mixture changed color from light yellow to dark red after
completion of the reaction. The reaction mixture was filtered through
a Celite pad to remove undesired side products, and the filtrate was
evaporated to yield a red residue, which was washed several times with
hexane and dried in vacuo to afford 0.015 g (96% yield) of a red solid.
IR data in acetonitrile (νCO, cm

−1): 1963 (s), 1882 (s). 1H NMR (500
MHz, CD2Cl2, ppm): δ = 9.59 (br, 1H), 9.13 (br, 1H), 8.42−8.23 (br,
4H), 7.70 (br, 2H), 2.37 (s, 3H, CH3CN), 2.00 (s, 3H, CH3CN)
(Figure S1).

X-ray Crystallographic Analysis. Yellow crystals of 1-(CO)-
(CCPh) of suitable quality for single-crystal X-ray diffraction were
grown by slow evaporation of a dichloromethane/hexane solution of
1-(CO)(CCPh) at 4 °C. Single-crystal diffraction data for 1-
(CO)(CCPh) was measured at 100 K on a four circle goniometer
Kappa geometry Bruker AXS D8 Venture equipped with a Photon 100
CMOS active pixel sensor detector using molybdenum monochrom-
atized (λ = 0.71073 Å) X-ray radiation. Frames were integrated with
the Bruker SAINT33 software package using a narrow-frame algorithm.
Data were corrected for absorption effects using the multiscan method
implanted in the software (SADABS).34 Structure was solved using
direct methods35 and subsequent difference Fourier maps and then
refined by least-squares procedures on weighted F2 values using the
SHELXL version 201436 included in WinGx system programs for
Windows.37 All non-hydrogen atoms were assigned anisotropic
displacement parameters. The details of crystallographic parameters
for compound 1-(CO)(CCPh) are summarized in Table S1 (CCDC
number 1555862).

DFT Modeling. DFT calculations were performed using the
development version of the Gaussian suite of programs.38 The
methodology, based on the performance in previous studies,39 was the
ωB97XD functional40 with the def2-TZVPP basis set.41 Solvents were
modeled with the implicit polarizable continuum SMD method using
the default parameters for the chosen solvents, namely, THF and
MeCN,42 and were included in the optimization of the geometry and
the vibrational terms.43 A large integration grid (“ultrafine”) was used
to ensure numerical accuracy. All the reported geometries were
confirmed as minima by their vibrational frequencies. Unless stated
otherwise, the reported standard state Gibbs energies are computed at
298.15 K and 1 atm and are expressed in kcal/mol. The figures of DFT
optimized geometries included in this work were rendered using
CYLview.44

■ RESULTS AND DISCUSSION

Computed Relative Energies of the Intermediates. As
mentioned in the Introduction, UV photolysis of 1-(CO)(X) in
the presence of a coordinating solvent (L) is expected to result
in CO loss and formation of the respective 1-(L)(X) solvate

Scheme 1. Photochemistry of 1-(CO)(X) in the Presence of
a Coordinating Solvent (L)
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complex. While there are four structures possible for such a
species (Scheme 2), previous studies have suggested that

photolysis results in the formation of the 1-LaxXeq isomer (for X
= Br−) although in general it was not possible to
unambiguously assign the isomeric structure.17,26 In the current
study, we rule out the formation of isomer 1-LeqXeq in all cases
since the infrared signature of the initial photoproducts shows
two CO stretching absorbances. However, it is reasonable to
assume that subtle differences in the electronic and steric
characteristics of L or X may influence whether any of the
remaining isomers are initially formed.
To assist with the interpretation of the experimental results,

the free energies of the four isomers were computed using DFT
and their relative energies (Grel) are listed in Table 1. For X =

PhCC− the lowest energy isomer for the three coordinating
ligands is systematically 1-LaxXeq, with 1-LaxXax only slightly
higher in energy (0.5−2.1 kcal/mol). For this anionic ligand,
the energy of 1-LeqXax is highly dependent on L: 2.4 (MeCN),
4.9 (THF), and 9.7 kcal/mol (THFA). Finally 1-LeqXeq is
systematically high in energy (11.4−16.2 kcal/mol). These
trends can be attributed in a simplistic way to π-effects. In an
octahedral d6-Mn complex the trans configuration of two π-
acceptor ligands is expected to be unfavorable. Since CO is a
much stronger π-acceptor than all of the other ligands in the
given complex, the computed high energy of 1-LeqXeq is not
surprising. The PhCC− ligand is also a π-acceptor, albeit a weak
one, so its placement trans to a carbonyl in 1-LeqXax is not
optimal. The latter configuration is avoided in 1-LaxXeq and 1-
LaxXax, and indeed these are computed to be the more stable
isomers in this complex.
The bromide ligand is a weak π-donor, and, in contrast to

PhCC−, its placement trans to CO should be favorable.
Consistently, Table 1 shows the relative energy of isomer 1-
LeqXax with a trans-(Br)(CO) configuration to be largely
stabilized relative to the other isomers compared to the PhCC−

system. Significantly, when L = MeCN, the bromo complex has
1-LeqXax as the lowest energy isomer, approximately 1.4 kcal/
mol lower than 1-LaxXeq and 1-LaxXax. However, as found for X
= PhCC−, Grel of this isomer is sensitive to L. Thus, unlike the
case for MeCN, 1-LaxBreq is the lowest energy isomer for L =

THF and THFA, with 1-LeqBrax 1.7 and 3.8 kcal/mol higher in
energy, respectively.
The modeling results further show that the Mn−L bond

dissociation enthalpies (BDEs) are not strongly dependent
upon the identity of the anionic ligand. Replacement of the Br−

ligand with PhCC− results in a small decrease (<2 kcal/mol) in
the BDE of the Mn−L bond. Guided by theory, in the analysis
below, we assume that the initial isomer observed upon
photolysis of 1-(CO)(X) is the one identified as the most stable
structure according to DFT calculations. Because the calculated
νCO for the isomers were within 5−10 cm−1, identification of
the structures from the experimental IR spectra was not
possible.

Photolysis of 1-(CO)(X) in MeCN. X = PhCC−. The crystal
structure of the 1-(CO)(CCPh) complex, which has not been
reported previously, is shown in Figure 1. The structure is

unremarkable, demonstrating an octahedral geometry with the
expected facial arrangement of the CO ligands. The C11−C12
bond distance of 1.191 Å is similar to that found in
uncoordinated alkynes and is suggestive of a weak π
backbonding interaction between PhCC− and the metal center.
As shown in Figure 2, photolysis of 1-(CO)(CCPh) in neat

MeCN results in the bleaching of its CO (2014 and 1920
cm−1) and CC (2094 cm−1) stretching bands and the
formation of a transient dicarbonyl complex, 1-(MeCN)-
(CCPh), with CO stretching absorbances at 1843 and ≈1920
cm−1 (overlaps with the parent band) and a CC stretching
band at 2062 cm−1. This species converts to a product complex
with three CO bands and an intensity pattern indicative of a
tricarbonyl complex with a meridional geometry (see Table S2
for all νCO). Following earlier precedence, these spectral
changes are consistent with the reaction sequence shown in
Scheme 1.
The large shift in the CC stretching band from 2094 cm−1

in the parent complex to 2062 cm−1 in 1-(MeCN)(CCPh)

Scheme 2. Four Possible Isomeric Structures for the 1-
(L)(X) Complex

Table 1. Computed Relative Free Energies (Grel, kcal/mol)
for the Four Possible Structural Isomers of 1-(L)(X)

L X 1-LaxXeq 1-LeqXax 1-LaxXax 1-LeqXeq SMD-sol

MeCN PhCC− 0.0 2.4 0.5 11.4 MeCN
THF PhCC− 0.0 4.9 2.1 15.1 THF
THFA PhCC− 0.0 9.7 1.0 16.2 MeCN
MeCN Br− 1.5 0.0 1.3 13.8 MeCN
THF Br− 0.0 1.7 3.9 15.4 THF
THFA Br− 0.0 3.8 1.5 14.2 MeCN

Figure 1. ORTEP diagram of 1-(CO)(CCPh) with thermal ellipsoids
drawn at 50% probability and H atoms omitted for clarity.

Inorganic Chemistry Article

DOI: 10.1021/acs.inorgchem.7b01543
Inorg. Chem. 2017, 56, 11244−11253

11246

http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b01543/suppl_file/ic7b01543_si_001.pdf
http://dx.doi.org/10.1021/acs.inorgchem.7b01543


suggests that the CCPh group in this transient species is no
longer trans to a CO ligand thereby favoring a 1-
(MeCN)ax(CCPh)eq or 1-(MeCN)ax(CCPh)ax formulation.
This conclusion is consistent with DFT calculations which
suggest that these two isomers have comparable energies and
are significantly more stable than the remaining two isomers. As
noted earlier, however, the initial dicarbonyl complex is
assigned as 1-(MeCN)ax(CCPh)eq since it is computed to be
the most stable isomer. The temperature dependence of the
rate constant for this fac → mer isomerization yields activation
parameters of ΔH⧧ = 16.5 ± 0.4 kcal/mol and ΔS⧧ = −9 ± 2
eu (Figure S2). The reasonable agreement between the ΔH⧧

value and the calculated Mn−NCMe BDE of 12.3 kcal/mol
suggests that this bond is mostly dissociated in the transition
state accessed in this reaction.
X = Br−. In dramatic contrast to the previous results,

photolysis of 1-(CO)(Br) in the presence of MeCN results in
IR spectral changes that are quite different from those observed
for the alkynyl complex. The initially formed 1-(MeC-
N)eq(Br)ax complex does not isomerize to the meridional
isomer but rather converts to a product species with a spectral
signature consistent with the formation of a dicarbonyl complex
(Figure 3).
The CO stretching bands of the product complex (1961

cm−1, 1883 cm−1) are blue-shifted relative to the initial species
(1940 cm−1, 1857 cm−1), indicative of reduced electron density
on the metal center. This complex is assigned as the ionic bis-
acetonitrile species, [1-(MeCN)ax(MeCN)eq]Br, formed upon
displacement of the Br− ligand from the initially formed 1-
(MeCN)eq(Br)ax complex by MeCN (Scheme 3). This
structural assignment was confirmed by synthesizing the bis-
acetonitrile complex as described in Experimental and
Theoretical Methods, which has CO stretching absorbances
identical to those observed in the photolysis experiment.
Furthermore, lending support for this structural formulation is
the previous observation of the analogous bis-phosphite
complex [1-(P(OMe)3)ax(P(OMe)3)eq]Br formed upon reac-
tion of 1-(P(OMe)3)(Br) with P(OMe)3.

17 The formation of

the bis-acetonitrile complex only when X = Br− is not surprising
since the halide is a better leaving group than PhCC− such that
isomerization to the meridional isomer rather than disub-
stitution is energetically more feasible in the latter case.

Photolysis of 1-(CO)(X) in THF. The photochemistry of 1-
(CO)(X) (for both X = Br− and PhCC−) in THF is similar to
that of 1-(CO)(CCPh) in MeCN. Thus, the initial photo-
product, 1-(THF)ax(X)eq, converts to the meridional tricarbon-
yl upon displacement of the THF solvent by the photoliberated
CO ligand. However, the rate of the isomerization reaction is
dependent upon the identity of X and is ≈7 times faster for X =
Br− at 258 K. Eyring analysis yields values of ΔH⧧ = 16.3 ± 0.9
kcal/mol, ΔS⧧ = +5 ± 3 eu (X = Br−), and ΔH⧧ = 10.5 ± 0.4
kcal/mol, ΔS⧧ = −22 ± 2 eu (X = PhCC−) (Figure 4).
Good agreement between the calculated Mn−THF BDE of

15.3 kcal/mol in 1-(THF)ax(Br)eq and the experimental
activation enthalpy suggests a dissociative mechanism of THF
displacement by CO when X = Br−. This conclusion is
consistent with a slightly positive value for ΔS⧧. However, for X
= PhCC−, the lower value of ΔH⧧ compared to the calculated
BDE (14.9 kcal/mol) together with a large negative ΔS⧧
suggests an associative or Ia mechanism of THF substitution
in this case. Thus, while the structure of the final product (mer-
1-(CO)(X)) is the same, the mechanistic pathway accessed
depends upon the anionic substituent. We speculate that, in
these complexes, Br− has a larger effective steric profile than the
linear and more directional PhCC− ligand and that the
incoming CO ligand is therefore better accommodated in an
associative transition state in the latter case (Scheme 4).
As described above, the basic photochemistry of the 1-

(CO)(X) complex in the presence of MeCN and THF depends
upon the nature of both the coordinated anionic group and the
solvent identity. Thus, in the case of the less nucleophilic THF
solvent, an ionic disubstituted complex is not observed, rather
the meridional isomer is the final product formed upon
photolysis of both the X = Br− and PhCC− complexes. Since
THF is usually considered to be a weaker donor ligand than
MeCN, displacement of Br− only in the case of the latter
solvent to form the ionic complex is not surprising. However,

Figure 2. Difference FTIR spectrum obtained upon photolysis of a
MeCN solution of 1-(CO)(CCPh) at 313 K. The second CO
stretching band of the initial 1-(MeCN)ax(CCPh)eq complex at ≈1920
cm−1 overlaps with that of the parent tricarbonyl.

Figure 3. Difference FTIR spectra obtained upon photolysis of 1-
(CO)(Br) in neat MeCN at 313 K. Inset shows the decay and growth
of 1-(MeCN)eq(Br)ax and [1-(MeCN)2]Br, respectively.
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the absence of fac → mer isomerization when L = MeCN and X
= Br− may also be due to the initial structure of the solvate
complex, which, as predicted by DFT, is 1-(MeCN)eq(Br)ax.
Hence, displacement of the equatorially situated MeCN ligand
by CO is not expected to result in the generation of the mer
isomer.
To further investigate the influence of X upon the reactivity

of the solvated complexes, the kinetics of MeCN displacement
from photochemically generated 1-(MeCN)(X) was studied. In
these complexes, substitution of MeCN by THFA occurs
rapidly at room temperature, and under similar experimental
conditions, the rate of exchange is a factor of 10 faster for X =
PhCC− than for Br−, consistent with the DFT calculated
weaker binding of MeCN in the former complex (12.3 vs 14.7
kcal/mol). As discussed below, the kinetic profile for the

substitution reaction and the postulated structure of the
intermediates involved are dependent on X.

Kinetics of MeCN Substitution from 1-(MeCN)(X). X =
PhCC−. Photolysis of 1-(CO)(CCPh) in neat acetonitrile in the
presence of THFA results in the initial generation of 1-
(MeCN)ax(CCPh)eq, which subsequently reacts with THFA to
form the final 1-(THFA)ax(CCPh)eq product (Figure 5).

Interestingly, an equilibrium is observed between the reactant
and product complexes since the absorbance of 1-(MeC-
N)ax(CCPh)eq does not decay to zero (see Figure 5 inset).
Making the assumption that there are no side reactions, the
percentage change in the absorbance of the reactant complex
yields an estimate of Keq ≈ 300 at 243 K for reaction 1.

The resulting value of ΔG° ≈ −3 kcal/mol at this temperature
is on the order of a DFT calculated estimate of −6 kcal/mol. It
should be noted that observation of this equilibrium is made
possible only because of the 100-fold excess of MeCN over
THFA in these experiments. As shown in Figure 6, the linear
dependence of kobs on [THFA] when the reaction is conducted
in neat MeCN is consistent with a dissociative, associative, or

Scheme 3. Formation of the Ionic Complex, [1-(MeCN)2]Br

Figure 4. Eyring plots for the formation of the meridional isomer, mer-
1-(CO)(X), from the reaction of residual CO with 1-(THF)ax(X)eq.

Scheme 4. Postulated Mechanism for the Conversion of 1-
(THF)ax(X)eq to the mer Isomer of 1-(CO)(X)

Figure 5. Difference FTIR spectra obtained upon photolysis of a
MeCN solution of 1-(CO)(CCPh) in the presence of 0.2 M THFA at
248 K. Inset shows the temporal profile of the reactant, 1-
(MeCN)ax(CCPh)eq, and product, 1-(THFA)ax(CCPh)eq, complexes.
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interchange mechanism of ligand displacement from the metal
center. To confirm the mechanistic assignment, the reaction
was studied by adding THF as a diluent and holding the
concentration of MeCN constant at 2 M. Separately, photolysis
of 1-(CO)(CCPh) in THF solvent with ≈3 M MeCN showed
that the initially formed 1-(THF)ax(CCPh)eq complex converts
to the MeCN complex within 1 s at 228 K. This rapid
conversion ensures that the reactivity observed in this mixed
solvent system is due to the reaction of 1-(MeCN)ax(CCPh)eq
with THFA to form the 1-(THFA)ax(CCPh)eq complex. Under
these conditions and as shown in Figure 6, the higher value of
kobs (inverse dependence on [MeCN]) and its limiting behavior
as a function of [THFA] suggest that the substitution reaction
follows a dissociative pathway (Scheme 5).

With the assumption that the rate constant for the reverse
reaction (k−2) required to establish equilibrium is small
(consistent with the large value of Keq), application of the
steady state approximation to the concentration of the
intermediate complex, 1-CCPh, yields the kobs dependence
shown in eq I.

=
′

+ ′
′ =

−

⎛
⎝⎜

⎞
⎠⎟k

k k
k

k
k

k
[THFA]

[MeCN] [THFA]obs
1 2

1 (I)

Thus, under conditions where [MeCN] > k′[THFA] (neat
MeCN in Figure 6), kobs exhibits a linear dependence on
[THFA], whereas when [MeCN] < k′[THFA] ([MeCN] = 2
M in Figure 6), saturation behavior of kobs vs [THFA] is
expected, yielding a limiting value of k1. A fit of the data shown
in Figure 6 ([MeCN] = 2 M) to eq I yields a selectivity ratio of
k′ = 2.5 at 248 K for this system. Thus, 1-CCPh, is not very

selective in its reaction with either MeCN or THFA. As
discussed below, this finding is in dramatic contrast to the
reactivity of the analogous intermediate in the halide system.

X = Br−. As shown in Figure 7, photolysis of a neat MeCN
solution of 1-(CO)(Br) in the presence of THFA results in the

generation of the 1-(MeCN)eq(Br)ax complex. This species
converts to the THFA coordinated product 1-(THFA)ax(Br)eq,
which, based on the results of the DFT calculations, is assumed
to have a different spatial geometry than the reactant (reaction
2). Note that, because of the difference in rates, this

substitution reaction is complete before the displacement of
Br− by MeCN described earlier can occur. In addition, the
spectral changes accompanying THFA addition (Figure 7) are
distinctly different from those observed upon Br substitution by
MeCN (Figure 3). Similar to the alkyne system, an equilibrium
is observed between the reactant and product complexes with
Keq ≈ 300 for reaction 2 (inset in Figure 7). This substitution
reaction also proceeds through a dissociative mechanism since
kobs displays saturation behavior as a function of [THFA]
(Figure 8). The temperature dependence of the limiting rate
constant, k1, obtained from a fit of the data to eq I, yields
activation parameters of ΔH⧧ = 18.6 ± 0.3 kcal/mol and ΔS⧧ =
+5 ± 1 eu (Figure S3). The activation enthalpy is expected to
estimate the Mn−NCCH3 BDE in 1-(MeCN)eq(Br)ax and is in
reasonable agreement with a DFT calculated value of 14.7 kcal/
mol.

Figure 6. Plots of kobs vs [THFA] at 248 K. Reactions were conducted
under identical experimental conditions except for different [MeCN].

Scheme 5. Dissociative Mechanism of MeCN Substitution by
THFA

Figure 7. Difference FTIR spectra obtained upon photolysis of a
MeCN solution of 1-(CO)(Br) in the presence of 0.2 M THFA at 288
K. The second CO stretching band of both the reactant and product is
obscured due to overlap with that of the parent tricarbonyl, 1-
(CO)(Br). Inset shows the decay and growth of the 1-
(MeCN)eq(Br)ax and 1-(THFA)ax(Br)eq complexes, respectively.
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In dramatic contrast to the PhCC− system, limiting behavior
of kobs is observed under conditions where [MeCN] ≫
[THFA]. This finding suggests that, relative to 1-CCPh, the
analogous intermediate complex, 1-Br, formed upon dissocia-
tion of MeCN is considerably more reactive toward THFA than
MeCN (Scheme 6). Consistent with this expectation, and as

displayed in Table S3, a fit of the data shown in Figure 8 to eq I
yields a selectivity ratio k′ = 45 at 303 K, significantly larger
than the 2.5 value for the alkynyl system. As discussed below,
this difference in the selectivity ratio between the two systems
can be traced to a difference in the structure of the intermediate
1-X complexes.
DFT calculations in an acetonitrile continuum predict that

both coordinatively unsaturated intermediates (1-CCPh and 1-
Br), formed upon dissociation of MeCN, have a square
pyramidal geometry with the anionic ligand in an equatorial
position (Figure 9). Alternative isomers with the anionic ligand
in an apical position were also found, but they were less stable
by 5.9 and 10.5 kcal/mol (gas-phase ΔG°) for 1-CCPh and 1-
Br, respectively. However, while there is little difference in the
calculated gas and solution phase geometries of 1-CCPh, gas
phase optimization predicts a distorted trigonal bipyramidal
structure for 1-Br with ∠N−Mn−Br = 140.2° and ∠Br−Mn−
CO = 122.2° in the equatorial plane. Despite the phase
dependent structural differences, the two geometries of 1-Br are
almost isoenergetic, as the gas and solution phase optimized
structures differ by only 0.6 kcal/mol (ΔG° in solution, with
gas-phase vibrational corrections for the gas geometry).
Conformational analysis of 1-Br predicts a relatively flat
potential energy surface for the solution phase structure since

geometries with ∠Br−Mn−CO between 87.4° and 172.4° are
within 2 kcal/mol implying that both square pyramidal and
trigonal biypyramidal structures can coexist at room temper-
ature (Figure S4). For 1-CCPh, however, variation of ∠CCPh−
Mn−CO in the range of 83.7° and 138.7° results in a 10 kcal/
mol difference in energy between the resulting structures. The
more directional nature of the metal−ligand interaction with
the PhCC− ligand, which can in principle act as a π acceptor,
may be the origin for the difference in the relative structural
rigidity of the 1-CCPh intermediates.
Given the square pyramidal structure of 1-CCPh with a

sterically uncongested open axial site, it is reasonable to assume
that this species will react with any ligand without a significant
reaction barrier explaining the low experimentally determined
selectivity ratio of 2.5 for its reaction with THFA and MeCN
(Scheme 7a). By contrast, the larger selectivity ratio observed
for the reaction of 1-Br with MeCN and THFA and the
expected different isomeric structures of the reactant and
product complexes (Table 1) suggest a different regioselectivity
of ligand attack for these two nucleophiles. The observed
reactivity of 1-Br is consistent with a trigonal bipyramidal
geometry for this intermediate and is consistent with the results
of DFT calculations which predict that, relative to 1-CCPh, this
structure is energetically accessible. As shown in Scheme 7b, re-
formation of the 1-(MeCN)eq(Br)ax reactant requires MeCN to
attack 1-Br trans to the coordinated nitrogen of the bipyridine
ligand whereas generation of the product 1-(THFA)ax(Br)eq
complex requires THFA attack on 1-Br trans to the CO ligand.
This direction of ligand approach can be rationalized
considering that THFA, a strong σ donor, would prefer to
attack trans to the π accepting CO ligand rather than trans to
the σ donor nitrogen of the bpy ligand. A small enthalpic (1−2
kcal/mol) or entropic difference in the two approaches of
ligand attack would explain the large selectivity ratio of 45 in
this case. It is evident from these results that the identity of the
anionic ligand has an important influence on the structure and,
consequently, the reactivity of the associated complexes.

■ CONCLUSIONS
The solution phase photochemistry of the 1-(CO)(X) (1 =
Mn(bpy)(CO)2, X = Br−, PhCC−) complexes was studied to
ascertain the influence of X and solvent identity upon the
reactivity of the photoproducts. The nature of the final species
generated after photolysis of 1-(CO)(X) in the presence of
coordinating solvents is found to be dependent upon both the
electronic characteristics of the anionic ligand and the
coordinating ability of the solvent. Photolysis of 1-(CO)(Br)
in the presence of MeCN resulted in the formation of a
disubstituted ionic complex [1-(MeCN)2]Br whereas, under
identical conditions, photolysis of 1-(CO)(CCPh) resulted in

Figure 8. Plots of kobs vs [THFA] at several temperatures for the
displacement of MeCN from 1-(MeCN)eq(Br)ax by [THFA].
Reactions were conducted in neat MeCN.

Scheme 6. Dissociative Substitution of MeCN from 1-
(MeCN)eq(Br)ax by THFA

Figure 9. Calculated gas phase (a) and solution phase (b) structures of
the intermediate coordinatively unsaturated 1-X complexes.
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the conversion of the initial facial complex to its meridional
isomer. By contrast, photolysis in THF solvent resulted in fac
→ mer conversion in both cases although the isomerization rate
was dependent upon the identity of X. The influence of X upon
the reactivity of the photoproducts was further confirmed by
studying the substitution of MeCN from the photolytically
generated 1-(MeCN)(X) complexes by THFA (tetrahydrofur-
furylamine). Both ligand exchange reactions were found to
proceed by a dissociative mechanism, and the selectivity of the
16 electron reaction intermediate, 1-X, for reaction with MeCN
and THFA was found to be strongly dependent upon X. DFT
calculations predict that the ground state geometry of the
unsaturated intermediate 1-X is dependent upon the electronic
characteristics of the anionic ligand with predicted trigonal
bipyramidal and square pyramidal structures for X = Br− and
PhCC−, respectively. It is speculated that this difference in
geometry is responsible for the experimentally observed
difference in the selectivity of 1-X toward reaction with
MeCN and THFA.

■ ASSOCIATED CONTENT

*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.inorg-
chem.7b01543.

Crystallographic parameters, IR frequencies, NMR
spectrum, kinetic data, and Cartesian coordinates and
energies for computed complexes (PDF)

Accession Codes
CCDC 1555862 contains the supplementary crystallographic
data for this paper. These data can be obtained free of charge
via www.ccdc.cam.ac.uk/data_request/cif, or by emailing data_
request@ccdc.cam.ac.uk, or by contacting The Cambridge
Crystallographic Data Centre, 12 Union Road, Cambridge CB2
1EZ, UK; fax: +44 1223 336033.

■ AUTHOR INFORMATION
Corresponding Author
*E-mail: ashfaq.bengali@qatar.tamu.edu.
ORCID
Salvador Moncho: 0000-0003-1631-5587
Wai Yip Fan: 0000-0002-9963-0218
Ashfaq A. Bengali: 0000-0002-6765-8320
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This publication was made possible by NPRP Grant 4-1517-1-
245 from the Qatar National Research Fund (a member of
Qatar Foundation). The statements made herein are solely the
responsibility of the authors.

■ REFERENCES
(1) Bourrez, M.; Molton, F.; Chardon-Noblat, S.; Deronzier, A.
[Mn(bipyridyl)(CO)3Br]: An Abundant Metal Carbonyl Complex as
Efficient Electrocatalyst for CO2 Reduction. Angew. Chem., Int. Ed.
2011, 50, 9903−9906.
(2) Agarwal, J.; Shaw, T. W.; Schaefer, H. F., III.; Bocarsly, A. B.
Design of a Catalytic Active Site for Electrochemical CO2 Reduction
with Mn(I)-Tricarbonyl Species. Inorg. Chem. 2015, 54, 5285−5294.
(3) Sampson, M. D.; Nguyen, A. D.; Grice, K. A.; Moore, C. E.;
Rheingold, A. L.; Kubiak, C. P. Manganese Catalysts with Bulky
Bipyridine Ligands for the Electrocatalytic Reduction of Carbon
Dioxide: Eliminating Dimerization and Altering Catalysis. J. Am. Chem.
Soc. 2014, 136, 5460−5471.
(4) Machan, C. W.; Stanton, C. J.; Vandezande, J. E.; Majetich, G. F.;
Schaefer, H. F., III.; Kubiak, C. P.; Agarwal, J. Electrocatalytic
Reduction of Carbon Dioxide by Mn(CN)(2,2′-bipyridine)(CO)3:
CN Coordination Alters Mechanism. Inorg. Chem. 2015, 54, 8849−
8856.
(5) Riplinger, C.; Sampson, M. D.; Ritzmann, A. M.; Kubiak, C. P.;
Carter, E. A. Mechanistic Contrasts between Manganese and Rhenium
Bipyridine Electrocatalysts for the Reduction of Carbon Dioxide. J.
Am. Chem. Soc. 2014, 136, 16285−16298.
(6) Takeda, H.; Koizumi, H.; Okamoto, K.; Ishitani, O. Photo-
catalytic CO2 reduction using a Mn complex as a catalyst. Chem.
Commun. 2014, 50, 1491−1493.
(7) Agarwal, J.; Stanton, C. J., III; Shaw, T. W.; Vandezande, J. E.;
Majetich, G. F.; Bocarsly, A. B.; Schaefer, H. F., III Exploring the effect
of axial ligand substitution (X = Br, NCS, CN) on the photo-
decomposition and electrochemical activity of [MnX(N−C)(CO)3]
complexes. Dalton Trans. 2015, 44, 2122−2131.
(8) Franco, F.; Cometto, C.; Ferrero Vallana, F.; Sordello, F.; Priola,
E.; Minero, C.; Nervi, C.; Gobetto, R. A local proton source in a
[Mn(bpy-R)(CO)3Br]-type redox catalyst enables CO2 reduction even
in the absence of Brønsted acids. Chem. Commun. 2014, 50, 14670−
14673.
(9) Grice, K. A.; Kubiak, C. P. Chapter Five - Recent Studies of
Rhenium and Manganese Bipyridine Carbonyl Catalysts for the

Scheme 7. Relative Reactivity of the 1-X Intermediate
Complex with MeCN and THFA

Inorganic Chemistry Article

DOI: 10.1021/acs.inorgchem.7b01543
Inorg. Chem. 2017, 56, 11244−11253

11251

http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.inorgchem.7b01543
http://pubs.acs.org/doi/abs/10.1021/acs.inorgchem.7b01543
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b01543/suppl_file/ic7b01543_si_001.pdf
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:1555862&id=doi:10.1021/acs.inorgchem.7b01543
http://www.ccdc.cam.ac.uk/data_request/cif
mailto:data_request@ccdc.cam.ac.uk
mailto:data_request@ccdc.cam.ac.uk
mailto:ashfaq.bengali@qatar.tamu.edu
http://orcid.org/0000-0003-1631-5587
http://orcid.org/0000-0002-9963-0218
http://orcid.org/0000-0002-6765-8320
http://dx.doi.org/10.1021/acs.inorgchem.7b01543


Electrochemical Reduction of CO2. Adv. Inorg. Chem. 2014, 66, 163−
188.
(10) Fei, H.; Sampson, M. D.; Lee, Y.; Kubiak, C. P.; Cohen, S. M.
Photocatalytic CO2 Reduction to Formate Using a Mn(I) Molecular
Catalyst in a Robust Metal−Organic Framework. Inorg. Chem. 2015,
54, 6821−6828.
(11) Nahhas, A. E.; Cannizzo, A.; Mourik, F. V.; Blanco-Rodríguez,
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