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ABSTRACT: The manganese tricarbonyl complex fac-Mn-
(Br)(CO)3(

iPr2Ph-DAB) (1) [
iPr2Ph-DAB = (N,N′-bis(2,6-di-

isopropylphenyl)-1,4-diaza-1,3-butadiene)] was synthesized
from the reaction of Mn(CO)5Br with the sterically
encumbered DAB ligand. Compound 1 exhibits rapid CO
release under low power visible light irradiation (560 nm)
suggesting its possible use as a photoCORM. The reaction of
compound 1 with TlPF6 in the dark afforded the manganese-
(I) tetracarbonyl complex, [Mn(CO)4(

iPr2Ph-DAB)][PF6]
(2). While 2 is comparatively more stable than 1 in light, it
demonstrates high thermal reactivity such that dissolution in
CH3CN or THF at room temperature results in rapid CO loss and formation of the respective solvate complexes. This unusual
reactivity is due to the large steric profile of the DAB ligand which results in a weak Mn−CO binding interaction.

■ INTRODUCTION

Transition metal complexes with 1,4-diaza-1,3-butadiene
(DAB) ligands bearing bulky aryl or alkyl groups on the
nitrogen atoms have garnered much attention owing to their
unusual oxidation state at the metal center and easily tunable
stereoelectronic properties.1 Low lying and long-lived MLCT
excited states2 and excellent coordination properties3 are some
of the key advantages of DAB ligands over conventional
phosphine ligands.4 Unusual electron donor and acceptor
properties coupled with tunable absorption in the visible region
allow metal-DAB complexes to be used in the preparation of
photoactive materials5 and in olefin polymerization chemistry.6

Over the past few decades, several studies aimed at exploring
the potential application of [MX(CO)n(DAB)] (M = Ru or Re
and X = halide or metal) compounds in the electrocatalytic
reduction of CO2 and in the synthesis of photoluminescent
materials have been conducted.7,8

While a considerable number of reports have been published
on the photoreactivity of [MnX(CO)3(α-diimine)] (X = Br,
Cl) complexes,9 less is known for DAB based manganese
tricarbonyl complexes with bulky aryl substituents on the
nitrogen atoms.10 Manganese tricarbonyl complexes have
recently received much attention in the field of CO releasing
molecules (CORMs).11 CO gas is known to dilate blood vessels
in a manner similar to nitric oxide and has been shown to
possess anti-inflammatory and anti-apoptotic properties.11b

Metal carbonyl complexes can be used as CO carriers, thus
circumventing the inherent toxicity associated with CO

inhalation.11a An important consideration in the design of
these molecules is the facility with which they release CO either
thermally or photochemically under visible light irradiation
(photoCORMs). Several strategies have been adopted to
improve the performance of metal carbonyl complexes in this
respect. The use of sterically encumbered bulky chelating
ligands for the activation of small molecules and C−H bonds
has been successfully employed thus far,1b,c,12 but extending the
same strategy for CORM synthesis is largely unexplored and
needs attention.
To ascertain the impact of bulky DAB ligands upon the

properties of the corresponding manganese carbonyl com-
plexes, the thermal and photochemical reactivity of the
sterically encumbered fac-Mn(Br)(CO)3(

iPr2Ph-DAB) (1)
[iPr2Ph-DAB = (N,N′-bis(2,6-di-isopropylphenyl)-1,4-diaza-
1,3-butadiene)] and related cationic complexes is reported in
this study (Figure 1). These complexes exhibit interesting
reactivity including efficient thermal and photochemical CO
loss. As such, the present findings suggest a role for steric
manipulation of ligand characteristics in the design of CORMs.
The experimental results were found to be consistent with
theoretical calculations using DFT.
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■ EXPERIMENTAL SECTION
General. Unless otherwise stated, all experiments were performed

in the absence of light. Anhydrous solvents and Schlenk techniques
were used for the synthesis of all complexes. Manganese pentacarbonyl
bromide (Mn(CO)5Br) and thallium hexafluorophosphate (TlPF6)
were purchased from Strem Chemicals, and the ligands iPr2Ph-DAB
and tert-butyl isocyanide (CNBut) from Sigma-Aldrich, and used
without further purification. NMR spectra were recorded on either a
Varian INOVA 500 or a Bruker Advance II 400 spectrometer. 1H, 19F,
and 13C NMR spectra were referenced to residual solvent resonances.
Infrared spectra were obtained on a Bruker Tensor 27 or Vertex 80
FTIR spectrometer. UV−vis spectra were obtained using a Perkin-
Elmer Lambda 950 spectrometer. Mass spectral analysis for all
compounds was performed by the laboratory for Biological Mass
Spectroscopy at Texas A&M University, College Station, TX.
fac-Mn(Br)(CO)3(

iPr2Ph-DAB) (1). A round-bottom flask was
charged with 0.318 g of Mn(CO)5Br (1.16 mmol), 0.436 g of iPr2Ph-
DAB, and 20 mL of anhydrous diethyl ether under a nitrogen
atmosphere. The solution was left overnight with constant stirring at
room temperature. The solvent was evaporated to yield a solid violet
colored residue which was redissolved in dichloromethane and upon
evaporation of the solvent at 0 °C afforded 0.600 g (87% yield) of dark
violet crystals of 1. IR data in dichloromethane (νCO in cm−1): 2035
(s), 1971 (s), 1930 (m). NMR data in CDCl3: 1H δ 8.16 (s, 2 H), 7.17
(m, 6 H), 3.85 (s, 2 H), 2.69 (s, 2 H), 1.17 (s, 12 H), 1.92 (s, 12 H);
13C{1H} δ 164.5(s), 149.1(s), 140.4 (d), 128.5 (s, 1), 124.9 (t),
28.5(d), 26.9 (d), 23.3 (d). UV−vis data in dichloromethane (λmax,
nm): 366, 582. HRMS (EI+) ; [M - Br]+ (calc.), 515.210; [M - Br]+

(exp.), 515.210.
fac-Mn(Br)(CO)3(bpy) (bpy = 2,2′-bipyridine). This complex

was synthesized according to literature procedure13 and characterized
using IR spectroscopy in dichloromethane (νCO in cm−1): 2022 (s),
1934 (s), 1912 (m).
[Mn(CO)4(

iPr2Ph-DAB)]PF6 (2). Method 1: A round-bottom flask
was charged with 0.100 g of 1 (0.17 mmol), 0.075 g of TlPF6 (0.21
mmol), and 20 mL of anhydrous dichloromethane under a nitrogen
atmosphere. The solution was left overnight with constant stirring at
room temperature. The reaction mixture was filtered through a Celite
pad to remove thallium bromide and the filtrate was evaporated to
yield a yellow oily residue which was washed several times with diethyl
ether and dried in vacuo to afford 0.055 g (47% yield) of a yellow-
orange solid, 2. IR data in dichloromethane (νCO in cm−1): 2109 (w),
2042 (sh), 2027 (s), 2006 (m). NMR data in CDCl3: 1H δ 8.67 (s, 2
H), 7.47 (m, 6 H), 3.76 (s, 2 H), 2.83 (s, 2 H), 1.31 (s, 12 H); 19F δ
−72.1 (d, J = 712 Hz); 31P δ −144.8 (septet, J = 712 Hz). UV−vis
data in dichloromethane (λmax in nm): 350, 406. HRMS (EI+) [M -
PF6]

+ (calc.), 543.202; [M -PF6]
+(exp.), 543.205. Method 2: A round-

bottom flask was charged with 0.100 g of 1 (0.17 mmol), 0.065 g
TlPF6 (0.18 mmol), and 20 mL of anhydrous 1,2-dichlorethane under
a nitrogen atmosphere. After stirring for 1 h at room temperature, CO
gas was bubbled through the solution for 2 h. After additional stirring
for 16 h, the solution was filtered through a Celite pad to remove
thallium bromide and evaporated to yield a brown solid residue which
was washed several times with diethyl ether and dried in vacuo to
afford 0.088 g (75% yield) of yellow-orange solid, 2.

fac-[Mn(CO)3(
iPr2Ph-DAB)(CH3CN)]PF6 (3a). A round-bottom

flask was charged with 0.100 g of 1 (0.17 mmol), 0.087 g TlPF6 (0.24
mmol), and 20 mL of anhydrous acetonitrile under nitrogen
atmosphere. The solution was left overnight with constant stirring at
room temperature. The reaction mixture was filtered through a Celite
pad to remove thallium bromide and evaporated to yield a red residue
which was washed several times with diethyl ether and dried in vacuo
to afford 0.085 g (73% yield) of red solid, 3a. IR data in
dichloromethane (νCO in cm‑1): 2054 (s), 1979 (s), 1963 (m).
NMR data in CDCl3: 1H δ 8.50 (s, 2 H), 7.40 (m, 6 H), 3.10 (s, 2 H),
2.77 (s, 2 H), 2.54 (s, CH3, acetonitrile), 1.28 (s, 12 H), 1.19 (s, 12
H); 19F δ −73.3 (d, J = 712 Hz); 31P δ −144.5 (pentet, J = 712 Hz).
UV−vis data in dichloromethane (λmax in nm): 365, 487. HRMS (EI+)
[M - PF6]

+ (calc.), 556.232; [M - PF6]
+ (exp.), 556.237.

fac-[Mn(CO)3(
iPr2Ph-DAB)(CNBu

t)]PF6 (3b). A round-bottom
flask was charged with 0.100 g of 1 (0.17 mmol), 0.070 g TlPF6
(0.20 mmol), 0.022 g CNtBu (0.26 mmol), and 20 mL of anhydrous
dichloromethane under a nitrogen atmosphere. The solution was left
overnight with constant stirring at room temperature. The reaction
mixture was filtered through a Celite pad to remove thallium bromide,
and the filtrate was evaporated to yield a red residue which was washed
several times with hexane and dried in vacuo to afford 0.120 g (96%
yield) of red solid, 3b. IR data in dichloromethane (νCO in cm−1):
2051 (s), 1983 (m, br), νCN: 2187 cm‑1. NMR data in CDCl3: 1H δ
8.51 (s, 2 H), 7.40 (m, 6 H), 3.26 (s, 2 H), 2.58 (s, 2 H), 1.75 (s, But,
9 H), 1.42 (s, 12 H), 1.21 (s, 12 H); 19F δ −72.3 (d, J = 734 Hz); 31P δ
−144.5 (pentet, J = 712 Hz). UV−vis data in dichloromethane (λmax in
nm): 356, 473. HRMS (EI+) [M - PF6]

+ (calc.), 598.257; [M - PF6]
+

(exp.), 598.284.
fac-ReBr(CO)3(

iPr2Ph-DAB) (4). A round-bottom flask was
charged with 0.220 g of Re(CO)5Br (0.54 mmol), 0.205 g iPr2Ph-
DAB (0.54 mmol), and 20 mL of anhydrous toluene under a nitrogen
atmosphere. The solution was refluxed with constant stirring for 3 h.
After cooling to room temperature and evaporation of solvent, a solid
purple colored residue was recovered which was redissolved in
dichloromethane and upon slow evaporation of solvent at 0 °C
afforded 0.340 g (86% yield) of dark violet crystals of 4. IR data in
dichloromethane (νCO in cm−1): 2035 (s), 1971 (s), 1930 (m). NMR
data in CDCl3: 1H δ 8.68 (s, 2 H), 7.40 (m, 6 H), 4.00 (septet, 2 H),
2.77 (septet, 2 H), 1.36 (quartet, 12 H), 1.14 (quartet, 12 H); 13C{1H}
δ 166.5 (s), 148.1 (s), 141.4 (d), 128.5 (s, 1), 124.9 (t), 28.5 (d), 26.9
(d), 23.0 (d). UV−vis data in acetonitrile (λmax, nm): 325, 375, 499.
HRMS (EI+) ; [M - Br]+ (calc.), 647.223; [M - Br]+ (exp.), 647.228.

CW Photolysis Experiments (CO release studies). The light
source for these experiments was a 100 W Xe arc lamp coupled to a
monochromator to isolate the appropriate photolysis wavelength. The
irradiation power at the sample was measured to be 0.3 mW with an
optical power meter (ThorLabs). The samples were prepared in dim
light and placed in an IR cell with CaF2 windows positioned 2 cm away
from the exit slit of the monochromator. The changes in the IR spectra
during irradiation were monitored with a Bruker Vertex 80 FTIR.

Time Resolved IR Studies. Samples were irradiated in a 0.75 mm
path length temperature controlled cell (Harrick Scientific) with CaF2
windows using 355 nm light from a Nd:YAG laser (Quantel, Brilliant
B). For low temperature experiments, a 0.5 mm path length variable
temperature IR cell (Specac) was used. Changes in the IR spectra
following a single shot of the UV laser were monitored using rapid
scan FTIR (Bruker Vertex 80).

X-ray Crystallography. Diffraction data for 1, 2, 3a, 3b, and 4
were obtained by placing the crystals under streaming nitrogen (150
K) in a SMART Apex CCD diffractometer. The space groups were
determined on the basis of systematic absences and intensity statistics.
The structures were solved by direct methods and refined by full-
matrix least-squares on F2. Anisotropic displacement parameters were
determined for all non-hydrogen atoms. Hydrogen atoms were placed
at idealized positions and refined with fixed isotropic displacement
parameters. The following is a list of programs used: data collection
and cell refinement, APEX2;14 data reductions, SAINTPLUS version
6.63;15 absorption correction, SADABS;16 structural solutions,
SHELXS-97;17 structural refinement, SHELXL-97;18 graphics and

Figure 1. Molecular structures of the synthesized complexes.
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publication materials, Mercury version 3.0.19 The data is available in
the Supporting Information.
DFT Calculations. All calculations were performed in the Gaussian

09 suite of programs using density functional theory (DFT).20 All
geometries were optimized with the ωB97XD functional21 using the
Def2-SVP basis set.22 Frequency calculations were also performed on
the optimized geometries to confirm energy minima by the absence of
imaginary frequencies.

■ RESULTS AND DISCUSSION
MnBr(CO)3(

iPr2Ph-DAB) (1). Reaction of Mn(CO)5Br with
the iPr2Ph-DAB ligand at room temperature affords 1 in good
yield. The crystal structure (Figure 2) shows a facial

arrangement of the CO ligands and the relative intensities of
the three CO stretching bands observed in the IR spectrum
(Table 1) are consistent with this geometry. An interesting
structural feature in 1 is the significant deviation from linearity
in the axial ∠Br−Mn−CO = 172.51°, which is most likely due
to steric congestion around the Mn center because of the bulky
iPr2Ph-DAB ligand. This bond angle is in good agreement with
a DFT calculated value of 170.71° and indicates the level of
theory applied is suitable for describing the current systems.
The extent of this angular deviation is unusual by comparison
with other Mn(Br)(CO)3(diimine) complexes in which the
axial ∠CO−Mn−Br ranges from 177.54° to 178.89°.11e,23 In
the electronically similar yet sterically different Mn(Br)-
(CO)3(Ph-DAB) complex, DFT calculations predict an almost
linear (179.9°) ∠CO−Mn−Br.
The Re analog (4) was also synthesized and compared to 1;

the crystal structure (Figure S1) indicates a larger value for the
axial ∠CO−Re−Br = 176.05°. The steric influence of the
iPrPh2-DAB ligand upon this bond angle is diminished in this
case as the larger Re center provides more space to
accommodate the coordinated ligands. To isolate the steric

impact upon the Mn−CO interaction in this complex, the Mn−
CO bond dissociation enthalpy (BDE) in 1 and in the less
encumbered fac-Mn(Br)(CO)3(Ph-DAB) species was calcu-
lated using DFT. The Mn−CO BDEs calculated at 37.1 kcal/
mol (axial) and 26.9 kcal/mol (equatorial) were found to be
significantly lower in 1 compared to fac-Mn(Br)(CO)3(Ph-
DAB) at 49.6 kcal/mol (axial) and 34.1 kcal/mol (equatorial).
The weakening of the Mn−CO bond as a result of increased
steric crowding around the metal center suggests that the
iPr2Ph-DAB ligand may be of utility in the design of efficient
CORMs or photoCORMs.

Visible Light Photolysis. When a heptane solution of 1 is
exposed to room light at ambient temperature, the color
changes from dark violet to yellow within 30 min. This reaction
is reversible and, in the absence of light, the yellow solution
converts back to dark violet. IR analysis of the yellow solution
indicates the presence of Mn(CO)5Br and evaporation resulted
in the isolation of yellow crystals which were confirmed to be
the free iPr2Ph-DAB ligand by X-ray analysis. The reversibility
in the dark can then be explained as a thermal reaction between
the free diimine ligand and the pentacarbonyl to reform 1.
Complex 1 is stable in the dark for several days without
decomposition. Due to biological considerations, an important
design parameter for photoCORMs is the requirement that
they release CO upon visible light irradiation. The wavelength
range for such photodynamic therapies is generally 630−850
nm, and viable targets should undergo CO release under these
irradiation conditions.24 While most photoCORMs readily
demonstrate CO release under UV irradiation,11d,e,h,25 very few
examples exist for similar photo activity with visible light (λ >
400 nm). Complex 1 has an absorption maxima at 582 nm
(CH2Cl2), and to determine the rate of CO photorelease, its
decomposition was monitored by IR spectroscopy following
irradiation at 560 nm. As shown in Figure 3, the CO bands of 1
steadily decrease in intensity without the formation of any
intermediates that could be detected under these conditions. A
small broad peak at 2140 cm−1 grows in and is assigned to free
CO in solution providing clear evidence for CO release upon
visible light photolysis. The half-life for the CO release process
was 12 min and, given the low power of the light source used
(0.3 mW), this rate compares very favorably to those found for
some other Mn complexes. For example, photolysis of
[Mn(CO)3(tpa)]ClO4 (tpa = tris(2-pyridyl)amine) with
∼100 mW visible light (λ > 350 nm) yields an apparent CO
release rate constant of 6 × 10−3 s−1 (t1/2 = 2 min).11g

Recently, rapid CO photorelease from two manganese
complexes at λ > 520 nm was reported.26 Thus, complex 1,
which exhibits CO dissociation at 560 nm, is a rare example of a
visible light induced photoCORM.11f,l While more rigorous
experiments, to include myoglobin assays and quantification of

Figure 2. Thermal ellipsoid (probability level 50%) plot of 1 with
select atom labeling. Hydrogen atoms omitted for clarity.

Table 1. CO Stretching Wavenumbers for Several Complexes at 293 Ka

complex vCO (cm‑1) (exp) vCO (cm‑1) (calc.)c

Mn(Br)(CO)3(R-DAB) (1) 2035, 1971, 1930 2189, 2142, 2093
Mn(Br)(CO)3(bpy) 2022, 1934, 1912
[Mn(CO)4(R-DAB)][PF6] (2) 2109, 2042, 2027, 2006 2253, 2197, 2187, 2181
[Mn(CH3CN)(CO)3(R-DAB)][PF6] (3a) 2054, 1979, 1963 2215, 2162, 2145
[Mn(THF)(CO)3(R-DAB)][PF6] 2055, 1979, 1965 2206, 2142, 2135
[Mn(DHF)(CO)3(R-DAB)][PF6] 2053, 1979, 1964
[Mn(CNtBu)(CO)3(R-DAB)][PF6] (3b) 2187 (CN), 2051, 1983b 2211, 2161, 2159

a[R = iPr2Ph, bpy = bipyridyl]. Unless otherwise noted, solvent = CH2Cl2.
bBroad. cUnscaled.
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CO release, are required to assess the feasibility of such
complexes for their use as photoCORMs, our intent was simply
to demonstrate the unusual dissociation of the Mn−CO bond
in 1 under visible light irradiation. By analogy with similar
diimine complexes, visible light induced cleavage of the Mn−
CO bond is likely due to a MLCT transition from a
combination Mn(1)−CO π and Br p centered orbital to the
π* orbitals of the diimine ligand resulting in reduced Mn →
CO π backbonding and subsequent CO loss.11f,26 To provide
support for this explanation, Tamm-Dancoff time dependent
density functional calculations were performed on complex 1. A
calculated transition at 563 nm has a major contribution from
the promotion HOMO-1 → LUMO which were found to have
orbital characteristics (Figures S3, S4) similar to the other
diimine systems mentioned above.
UV Photolysis. Previous studies have demonstrated that

Mn(Br)(CO)3(R-DAB) complexes (R = iPr2, t-Bu) undergo fac
→ mer isomerization upon UV photolysis.9 Ultrafast studies
show that the isomerization proceeds by way of equatorial CO
dissociation (<400 fs) followed by Br movement (11 ps) from
the axial to equatorial plane and reattachment of CO to yield
the meridonal species.27 To study the effect of the iPr2Ph-DAB
ligand upon the rate of this isomerization, a THF solution of 1
was photolyzed with 355 nm light from a Nd:YAG laser. At 228
K, the spectral changes shown in Figure 4 confirm the initial
formation of a dicarbonyl complex absorbing at 1952 cm−1 and
1895 cm−1 which converts to a species with three CO bands. By
analogy with previous studies,9h the dicarbonyl species is
assigned to the solvated Mn(Br)(THF)(CO)2(

iPr2Ph-DAB)
complex, and based on the relative intensities of the three CO
bands, the final product is identified as the meridonal isomer
(Scheme 1). A similar experiment was conducted with the less
sterically encumbered Mn(Br)(CO)3(bpy) complex. At 228 K,
the rate of conversion from the THF solvate to the meridonal
isomer was 20 times faster for complex 1 compared to
Mn(Br)(CO)3(bpy). The difference in rates may be attributed
to differences in the steric profile of the bpy and iPr2Ph-DAB
ligands and the resulting impact upon the Mn-THF bond
strength. DFT calculations are consistent with this conclusion

and show that the Mn-THF bond in Mn(Br)(THF)-
(CO)2(

iPr2Ph-DAB) (14.7 kcal/mol) is almost 10 kcal/mol
weaker than in Mn(Br)(CO)3(bpy) (24.5 kcal/mol). However,
the transition state for the final step in the isomerization is not
likely to involve significant Mn−THF bond disruption, since a
10 kcal/mol difference in BDE would result in a larger
difference in rate than that observed here.
The results presented above suggest that the iPr2Ph-DAB

ligand imparts unusual structural and photoreactivity properties
to complex 1, primarily as a result of the steric bulk of this
molecule. To assess the influence of this ligand upon the
thermal reactivity of the Mn−CO bond in a molecule with a
higher CO to metal ratio, an important design consideration in
CORMs, the ionic complex, [Mn(CO)4(

iPr2Ph-DAB)][PF6]
(2), was synthesized.

[Mn(CO)4(
iPr2Ph-DAB)][PF6](2). Addition of TlPF6 to a

dichloromethane solution of 1 in the absence of added CO
followed by crystallization provided 2 in low yield. As shown in
Scheme 2, initial generation of the Lewis acid−base adduct
[Mn(CO)3(

iPr2Ph-DAB)(PF6)] followed by its partial decom-
position during the crystallization process to generate CO
which can coordinate to the residual tricarbonyl likely results in
the formation of 2.28 When the reaction was conducted in the
presence of added CO a much improved yield of 2 was realized.
The crystal structure of 2 is shown in Figure 5. As expected of a

Figure 3. IR spectra obtained upon exposure of 1 to 560 nm light.
Inset shows the decay of the 2035 cm−1 peak as a function of time.

Figure 4. Spectral changes upon 355 nm photolysis of a THF solution
of 1 at 228 K. The initially formed Mn(Br)(THF)(CO)2(

iPr2Ph-DAB)
species (1952 cm−1, 1895 cm−1) converts to the mer-Mn(Br)-
(CO)3(

iPr2Ph-DAB) isomer (2043 cm−1, 1978 cm−1, 1936 cm−1)
within 33 s of photolysis.

Scheme 1
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cationic complex with four strong π accepting ligands, the CO
stretching bands in 2 are shifted to significantly higher
wavenumbers relative to 1 (Table 1). Similar to 1, the steric
influence of the iP2Ph-DAB ligand upon the geometry of 2 is
evident in the axial ∠CO−Mn−CO, which at 170.75° is
significantly less than that found in analogous complexes where
this angle ranges from 174.14° to 178.9°.29

Thermal Reactivity. The expected weakening of the Mn−
CO bonds due to the crowded metal center in 2 is strikingly
apparent in the thermal reactivity of this complex. For example,
dissolution of the yellow-orange solid in acetonitrile at 288 K
results in an instantaneous color change to red. The IR
spectrum of this red solution shows three peaks with relative
intensities suggestive of a facial tricarbonyl complex. This
species was isolated and the crystal structure shown in Figure 6
confirms its identity as the acetonitrile complex [Mn(CH3CN)-
(CO)3(

iPr2Ph-DAB)][PF6] (3a).
To monitor the formation of the acetonitrile adduct, a

dichloromethane solution of 2 was reacted with 0.5 M CH3CN
at 288 K. The IR spectral changes shown in Figure 7 confirm a
clean conversion of 2 into 3a under these conditions.
Unfortunately, the mechanism of this substitution reaction
and the possibility of estimating the Mn−CO bond enthalpy
could not be investigated, because at higher temperatures and
concentrations of CH3CN, additional unassigned peaks were
observed and the rate of decay of 2 did not match the growth of
the product. An associative mechanism for CO substitution
appears unlikely given the steric bulk of the iPr2Ph-DAB ligand.
However, when the concentration of CO was increased by
bubbling it through the reaction solution for several minutes,
no significant effect (less than a factor of 2) was observed on

the decay rate of 2. This observation is not consistent with a
dissociative substitution mechanism either and would suggest
an interchange (Ia or Id) pathway for the displacement of CO
from 2.
Spectral changes in the infrared observed upon dissolution of

2 in other coordinating solvents such as THF and 2,3-
dihydrofuran (DHF) suggest the displacement of an axial CO
ligand at room temperature to form the [Mn(THF)-
(CO)3(

iPr2Ph-DAB)][PF6] and [Mn(DHF)(CO)3(
iPr2Ph-

DAB)][PF6] complexes, respectively. The rate of CO
substitution is slower in these solvents compared to CH3CN.
More basic ligands such as pyridine and other amines reacted
with 2 to afford a monocarbonyl complex (single peak in the IR
spectrum) which was unstable and could not be isolated.
Despite the different donor characteristics of the solvent

ligands, the substituted tricarbonyl complexes have similar CO
stretching wavenumbers (Table 1). This observation suggests
that the electronic environment of the Mn center is not
influenced by the ligand donor/acceptor abilities. To ascertain
the extent of this insensitivity, the isonitrile ligand CNt-Bu, with
electronic characteristics significantly different than those of

Scheme 2

Figure 5. Thermal ellipsoid (probability level 50%) plot of 2 with
select atom labeling. Hydrogen atoms and counteranion omitted for
clarity.

Figure 6. Thermal ellipsoid (probability level 50%) plot of 3a with
select atom labeling. Hydrogen atoms and counteranion omitted for
clarity.

Figure 7. Spectral changes observed upon reaction of a dichloro-
methane solution of 2 with 0.5 M CH3CN at 288 K to yield 3a.
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THF and CH3CN, was used to synthesize the [Mn(CNt-
Bu)(CO)3(iPr2Ph-DAB)][PF6] (3b) complex. The crystal
structure of 3b is shown in Figure 8.

Similar to the structures observed for 1, 2, and 3a, the axial
∠CO−Mn−CNt−Bu = 172.38° shows a large deviation from
linearity. Surprisingly, the CO stretching wavenumbers in this
species are comparable to those of the other solvated
complexes (Table 1). Since DAB ligands are considered to be
electron reservoirs,30 it is possible that they impart a “leveling”
effect upon the metal electron density resulting in similar CO
stretching wavenumbers for several of the observed complexes.
The DFT calculated CO band positions for these complexes
(Table 1) are also within 20 cm−1 (unscaled) of each other.
The extreme lability of the CO ligand in 2 is in dramatic
contrast to similar complexes such as [Mn(CO)4(phen)]

+ and
[Mn(CO)4(dppe)]

+ which demonstrate CO substitution only
at high temperatures.31 For example, [Mn(CO)4(dppe)]

+ is
stable for several months in acetonitrile at room temperature.
As shown in Table 2, the Mn−CO bond in 2 is remarkably

weak (BDE = 25.3 kcal/mol) especially compared to that in

[Mn(CO)4(Ph-DAB)]+ (35.4 kcal/mol) and [Mn-
(CO)4(bpy)]

+ (31.4 kcal/mol). Given the similar Mn−CO
BDEs in these latter two complexes, the weaker interaction in 2
is clearly a result of steric rather than electronic differences
between the diimine ligands. In a related Mn complex, (η3-
allyl)Mn(CO)4, increasing the steric bulk of the allyl ligand also
resulted in an increase in the rate of CO loss.32 Since facile loss
of coordinated CO ligands is an important characteristic of
CORMs, these findings suggest that incorporation of the bulky
iPr2Ph-DAB ligand into metal carbonyl complexes may be
useful in the synthesis of viable targets.

In agreement with experimental findings, the DFT
calculations predict that displacement of CO in 2 by CH3CN
and THF is thermodynamically favored with ΔG°rxn (298 K) =
−5.7 kcal/mol and −1.5 kcal/mol, respectively. In all cases,
Mn−L BDEs are calculated to be significantly lower in
complexes with the larger (iPr2Ph-DAB) ligand compared to
those of the electronically similar yet smaller (Ph-DAB) ligand.
Of all the ionic complexes studied, calculations indicate that the
strongest interaction is between the Mn center and the
isonitrile ligand. This observation is consistent with the greater
σ donating ability of isonitrile compared to the other ligands
used and, as expected for a cationic complex, suggests a reduced
role for π backbonding in stabilizing the Mn-L interaction.

Photoactivity. Compared to 1, complex 2 shows enhanced
thermal reactivity with respect to CO loss. However, unlike 1, it
is stable in room light. For example, a dichloromethane solution
of 2 showed no evidence of decomposition after several hours
under room light. This relative photostability is also manifested
in the rate of CO release from 2 compared to 1. While
irradiation of 2 at its absorption maxima of 420 nm results in
CO release, the half-life of 180 min is significantly longer than
that observed for 1 (35 min) under similar conditions.

■ CONCLUSIONS

The coordination of a bulky diimine ligand, iPr2Ph-DAB, to a
Mn(1) center yields complexes with unusual thermal and
photochemical properties that may be of utility in the design of
CORMs or photoCORMs. For example, while UV photolysis
of metal carbonyl complexes results in CO loss, fac-Mn(Br)-
(CO)3(

iPr2Ph-DAB) demonstrates facile photochemical CO
release under visible light (560 nm) irradiation. In contrast to
some cationic manganese tetracarbonyl complexes which are
stable toward thermal displacement of CO, the cationic
complex [Mn(CO)4(

iPr2Ph-DAB)][PF6] undergoes rapid
substitution of CO, even by solvent molecules such as
CH3CN and THF. Thus, dissolution of the tetracarbonyl
complex in acetonitrile at 288 K results in instantaneous
formation of fac-[Mn(CH3CN)(CO)3(

iPr2Ph-DAB)][PF6]
species. The crystal structures of the synthesized complexes
are consistent with considerable crowding around the metal
center and theoretical calculations using DFT confirm the
weakening of the metal−CO interaction is primarily due to the
steric bulk of the diimine ligand. These results indicate the
possible use of the iPr2Ph-DAB ligand in the synthesis of
reactive metal carbonyl complexes with applications as CORMs
or other photoactive materials.
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Figure 8. Thermal ellipsoid (probability level 50%) plot of 4b with
select atom labeling. Hydrogen atoms and counteranion omitted for
clarity. The unit cell contains two identical molecules.

Table 2. Calculated Mn−L BDEs for Several Complexes
Demonstrating the Steric Influence of the Diimine Ligand
upon the Strength of This Interaction

L
[Mn(L)(CO)3(

iPr2Ph-DAB)]
+

(kcal/mol)
[Mn(L)(CO)3(Ph-DAB)]

+

(kcal/mol)

CO 25.3 35.4
CH3CN 30.1 40.3
THF 26.1 41.6
CNtBu 43.5 52.8
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