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ABSTRACT: This report details the synthesis and characterization of a small family of previously unreported, structurally-related 
chromium, molybdenum, tungsten, manganese, and iron complexes bearing N‐heterocyclic carbene and carbonyl supporting ligands. 
These complexes have the general form [ML(CO)3X] or [ML(CO)3], where X = CO or Br and L = 1-phenyl-3-(2-pyridyl)imidazo-
lium. Where possible, the solid state, spectroscopic, electrochemical, and photophysical properties of these molecules were studied 
using a combination of experiment and theory. Photophysical studies reveal that decarbonylation occurs when these complexes are 
exposed to ultraviolet light, with the CO ligand being replaced with a labile CH3CN solvent molecule. To obtain insights into the 
potential utility, scope, and applications of these complexes in visible-light-mediated photoredox catalysis, their capacity to facilitate 
a range of photoinduced reactions via the reductive or oxidative functionalization of organic molecules was investigated. These 
chromium, molybdenum, and manganese catalysts efficiently facilitated atom-transfer radical addition processes. In light of their 
photolability, these types of catalysts may potentially allow for the development of photoinduced reactions involving less conven-
tional inner-sphere electron transfer pathways. 

INTRODUCTION 
Since 2008, visible-light-mediated photoredox catalysis has 

enjoyed a renaissance that has extended the applications of rad-
ical chemistry in organic synthesis and increased the capacity 
to functionalize molecules under mild conditions.1 Despite 
these advances, the overwhelming majority of transformations 
employing transition-metal-based photoredox catalysts con-
tinue to rely on the reactivity provided by precious ruthenium 
and iridium systems rather than exploiting cheaper and earth 
abundant metals.2 Consequently, the development of alternative 
photoredox catalysts that comprise first row or less conven-
tional transition metals are required and remain of both funda-
mental and more applied interest. A selection of known chro-
mium, molybdenum, tungsten, manganese, and iron-based pho-
toredox catalysts are provided in Figure 1a.3–7 

Various photoactive tricarbonyl rhenium(I) N‐heterocyclic 
carbene (NHC) complexes have been reported (Figure 1b).8 For 
example, we recently identified the viability of rhenium(I) tri-
carbonyl complexes, including those bearing NHC ligands, as 

versatile photoredox catalysts.9 While rhenium is a rare metal, 
we thought that the structural motif featured in complex F could 
be employed to prepare analogous photoactive complexes using 
other metals. Specifically, we anticipated that this approach 
might allow us to broaden the scope of earth abundant and/ or 
less established transition metal systems in photoredox cataly-
sis. To this end, we prepared a small family of chromium, mo-
lybdenum, tungsten, manganese, and iron complexes 1–5 (Fig-
ure 1c) that are structurally related to rhenium(I) NHC analogue 
F.10 We studied their respective structures in the solid state, in-
vestigated their photophysical and electrochemical properties, 
and comprehensively evaluated their capacity to serve as pho-
toredox catalysts across a wide range of representative transfor-
mations. The findings of this research are presented and dis-
cussed herein. 



 

 
 
Figure 1. (a) Representative examples of reported chromium-, mo-
lybdenum-, tungsten-, manganese-, and iron-based photoredox cat-
alysts A–E. (b) Reported rhenium(I) photoredox catalyst F. (c) 
Original complexes 1–5 prepared in this study. 

EXPERIMENTAL SECTION 
General Information. NMR spectroscopic experiments 

were performed on a Bruker Avance III NMR spectrometer op-
erating at 300 MHz (1H) and 75 MHz (13C), Bruker Avance III 
NMR spectrometer operating at 400 MHz (1H) and 100 MHz 
(13C) or on a Bruker Avance III NMR spectrometer operating at 
600 MHz (1H) and 150 MHz (13C). The deuterated solvents used 
were CDCl3, CD3CN, and DMSO-d6. Chemical shifts were rec-
orded in ppm. Spectra were calibrated by assignment of the re-
sidual solvent peak to δH 7.26 and δC 77.16 for CDCl3, δH 1.94 
and δC 1.32 for CD3CN, and δH 2.50 and δC 39.52 for DMSO-
d6. Coupling constants (J) were recorded in Hz. Infrared spec-
troscopy was performed on a Shimadzu FTIR 8400s spectrom-
eter, with samples analyzed as CH2Cl2 or MeCN solutions in 
NaCl cells. Elemental analyses were conducted using a Thermo 
Finnigan EA 1112 Series Flash Elemental Analyzer. Photore-
dox catalysis experiments were performed in a custom blue 
LED (�max = 467 nm) photoreactor (blue LED strips were pur-
chased from aliexpress.com),11 or using a 15-W white LED 
lamp (lamp diameter: 120 mm; 450–460 nm), or a 15-W blue 
LED lamp (lamp diameter: 120 mm; 460–480 nm) with fan 

cooling. In each experiment, reaction vessels were placed 
within 3–4 cm from the light source; light filters were not used. 
All irradiation vessels were composed of borosilicate glass. 

TLC was performed using Merck silica gel 60-F254 plates. 
Developed TLC plates were visualized by UV absorbance (254 
nm) or through application of heat to a plate stained with cerium 
molybdate {Ce(NH4)2(NO3)6, (NH4)6Mo7O24·4H2O, H2SO4, 
H2O}. Flash column chromatography was performed with flash 
grade silica gel (60 μm) and the indicated eluent in accordance 
with standard techniques.12 THF, MeOH, Et2O, CHCl3, CH2Cl2, 
PhMe, DMF, and CH3CN were de-aerated via a nitrogen sparge 
then dried using an Innovative Technology solvent purification 
system. Unless otherwise specified all reagents employed in 
these studies were used as received from Sigma-Aldrich, AK 
Scientific, Combi-Blocks, and Oakwood. Previously reported 
1-phenyl-3-(2-pyridyl)imidazolium bromide was prepared ac-
cording to a literature procedure.8b Et3N was dried over KOH 
and distilled prior to use. 

General Procedure A: Synthesis of Complexes 1–4. In an 
oven-dried Schlenk flask, 1-phenyl-3-(2-pyridyl)imidazolium 
bromide (300 mg, 0.99 mmol) and metal carbonyl (1 equiv, 0.99 
mmol) was dried under vacuum and backfilled with argon. 
PhMe (8 mL) was added followed by Et3N (5 equiv, 0.7 mL, 
5.00 mmol) and the mixture was heated at reflux. After 72 h, 
the mixture was cooled to room temperature, and then H2O (15 
mL) and hexanes (15 mL) were added. The solids were col-
lected via vacuum filtration, washed with hexanes, dissolved in 
CH2Cl2 then passed through a Celite® and acidic alumina plug. 
The filtrate was collected and concentrated under reduced pres-
sure to leave a brightly colored powder. Crystals suitable for a 
single crystal X-ray diffraction were grown after slow evapora-
tion from CH3CN. 

Synthesis of complex 1. Reaction using [Cr(CO)6] and fol-
lowing General Procedure A. Previously unreported complex 1 
was obtained as a light-orange solid (119 mg, 31% yield). Mp: 
204 ˚C dec. 1H NMR (600 MHz, DMSO-d6) δ 8.81 (d, J = 5.4 
Hz, 1H), 8.70 (d, J = 1.9 Hz, 1H), 8.13–8.12 (m, 2H), 7.90 (d, J 
= 1.9 Hz, 1H), 7.63–7.59 (m, 4H), 7.53 (t, J = 7.0 Hz, 1H) 7.36 
(q, J = 5.2 Hz, 1H) ppm. 13C{1H} NMR (150 MHz, DMSO-d6) 

δ 228.9, 228.5, 217.5, 209.7, 153.4, 152.9, 140.5, 140.4, 129.9, 
129.3, 127.0, 126.6, 122.6, 118.1, 112.5 ppm. IR (CH2Cl2) 2003 
(CO), 1892 (CO), 1836 (CO) cm–1. Anal. Calcd for 
C18H11CrN3O4: C, 56.11; H, 2.88; N, 10.91. Found: C, 56.29; 
H, 2.65; N, 11.06. 

Synthesis of complex 2. Reaction using [Mo(CO)6] and fol-
lowing General Procedure A. Previously unreported complex 2 
was obtained as a bright-yellow solid (313 mg, 73% yield). Mp: 
161 ˚C dec. 1H NMR (600 MHz, DMSO-d6) δ 8.77 (d, J = 5.2 
Hz, 1H), 8.67 (s, 1H), 8.27-8.18 (m, 2H), 7.98 (s, 1H), 7.68 (d, 
J = 7.9, 2H), 7.52 (t, J = 7.7 Hz, 2H), 7.52 (t, J = 7.3 Hz, 1H), 
7.43 (t, J = 5.9 Hz, 1H) ppm. 13C{1H} NMR (150 MHz, DMSO-
d6) δ 223.1, 221.1, 207.5, 201.7, 153.1, 152.6, 141.0, 140.4, 
129.8, 129.0, 125.8, 123.1, 122.7, 118.9, 113.4 ppm. IR 
(CH2Cl2) 2010 (CO), 1900 (CO), 1838 (CO) cm–1. Anal. Calcd 
for C18H11MoN3O4: C, 50.36; H, 2.58; N, 9.79. Found: C, 50.18; 
H, 2.40; N, 9.95. 

Synthesis of complex 3. Reaction using [W(CO)6] and fol-
lowing General Procedure A. Previously unreported complex 3 
was obtained as a bright-orange solid (205 mg, 40% yield). Mp: 
165 ˚C dec. 1H NMR (600 MHz, DMSO-d6) δ 8.92 (d, J = 4.9 
Hz, 1H), 8.70 (s, 1H), 8.30–8.24 (m, 2H), 7.98 (s, 1H), 7.67 (d, 
J = 7.5 Hz, 2H), 7.61 (t, J = 7.4 Hz, 2H), 7.54 (t, J = 7.2 Hz, 
1H), 7.43 (t, J = 6.1 Hz, 1H) ppm. 13C{1H} NMR (150 MHz, 
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DMSO-d6) δ 215.9, 214.0, 202.0, 190.2, 153.5, 153.4, 141.1, 
140.2, 129.8, 129.0, 126.1, 125.9, 123.6, 118.9, 113.5 ppm. IR 
(CH2Cl2) 2004 (CO), 1889 (CO), 1836 (CO) cm–1. Anal. Calcd 
for C18H11N3O4W: C, 41.81; H, 2.14; N, 8.12. Found: C, 41.86; 
H, 2.09; N, 8.27. 

Synthesis of complex 4. Reaction using [MnBr(CO)5] and 
following General Procedure A. Previously unreported com-
plex 4 was obtained as a dark-yellow solid (176 mg, 40% yield). 
Mp: 178 ˚C dec. 1H NMR (600 MHz, DMSO-d6) δ 8.94 (d, J = 
5.4 Hz, 1H), 8.69 (s, 1H), 8.25 (s, 2H), 7.99 (s, 1H), 7.72–7.71 
(m, 2H), 7.65 (t, J = 7.4 Hz, 2H), 7.61–7.59, (m, 1H), 7.52 (q, J 
= 5.3 Hz, 1H) ppm. 13C{1H} NMR (150 MHz, DMSO-d6) δ 
222.7, 221.4, 217.4, 202.7, 153.4, 153.2, 152.5, 141.2, 139.4, 
129.6, 126.7, 126.6, 123.1, 117.7, 112.5 ppm. IR (CH2Cl2) 2023 
(CO), 1940 (CO), 1911 (CO) cm–1. Anal. Calcd for 
C17H11BrMnN3O3: C, 46.39; H, 2.52; N, 9.55. Found: C, 46.69; 
H, 2.51; N, 9.71. 

Synthesis of complex 5. In an oven-dried Schlenk flask, 1-
phenyl-3-(2-pyridyl)imidazolium bromide (300 mg, 0.99 
mmol) and [Fe(CO)5] (194 mg, 1 equiv, 0.99 mmol) were dried 
under vacuum and backfilled with argon. PhMe (8 mL) was 
added followed by Et3N (5 equiv, 0.7 mL, 5.0 mmol) and the 
mixture heated at reflux. After 72 h, the mixture was cooled to 
room temperature and the resulting solids collected via cannula 
filtration. The solids were dried in vacuo and stored in a Schlenk 
flask under an argon atmosphere. Previously unreported com-
plex 5 was obtained as a dark-purple powder (50 mg, 13% 
yield). Crystals suitable for a single crystal X-ray diffraction 
study were grown after slow evaporation from PhMe. NMR 
spectroscopic analysis could not be performed due to the para-
magnetic nature of complex 5. IR (CH2Cl2 solution) 1980 (CO), 
1902 (CO), 1887 (CO) cm–1. Anal. Calcd 
for C17H11FeN3O3∙H2O: C, 53.85; H, 3.46; N, 11.08. Found: C, 
54.16; H, 3.19; N, 11.54.  

General Procedure B: Reaction Shown in Table 4. In a 
nitrogen-filled glovebox (in the dark), 4-methoxystyrene (7) 
{13.8 µL, 100 µmol; 4-methoxystyrene (neat) was passed 
through a silica gel plug prior to use}, N-chloro-N-methyl-p-
toluenesulfonamide (33 mg, 150 µmol), and the photocatalyst 
(1.0 µmol; 2 mL of a 0.5 mM solution in DCE) were succes-
sively added to a 4-mL glass vial containing a stir bar. This vial 
was then capped and placed in the blue LED photoreactor and 
magnetically stirred. The vial was irradiated while maintained 
at 25 °C. After 24 h, the vial was removed from the photoreac-
tor, the reaction mixture was filtered through a silica plug, and 
the organic solvent was concentrated under reduced pressure. 
Yields were determined by 1H NMR spectroscopy using an in-
ternal standard (CH2Br2). 

General Procedure C: Reaction Shown in Scheme 2a. In 
air (in the dark), (E)-3-(2-isocyanophenyl)acrylonitrile (9) (10 
mg; 65 µmol), phenylglyoxylic acid (15 mg; 100 µmol), 
K2HPO4 (18 mg, 100 µmol), photocatalyst (1.0 µmol), and 
DMF (500 µL) were successively added to a 4-mL glass vial 
containing a stir bar. This vial was then capped and placed in 
the blue LED photoreactor and magnetically stirred. The vial 
was irradiated while maintained at 25 °C. After 24 h, the reac-
tion mixture was filtered through a silica plug and the organic 
solvent was concentrated under reduced pressure. Yields were 
determined by 1H NMR spectroscopy using an internal standard 
(CH2Br2). 

General Procedure D: Reaction Shown in Scheme 2b. In 
a nitrogen-filled glovebox (in the dark), benzaldehyde (11) 
(15.3 µL; 150 µmol), 4-cyanopyridine (12) (10.4 mg; 100 

µmol), i-Pr2NEt (26 µL, 150 µmol), photocatalyst (2.0 µmol), 
and DMSO (1 mL) were successively added to a 4-mL glass 
vial containing a stir bar. This vial was then capped and placed 
in the blue LED photoreactor and magnetically stirred. The vial 
was irradiated while maintained at 25 °C. After 24 h, the reac-
tion mixture was filtered through a silica plug and the organic 
solvent was concentrated under reduced pressure. Yields were 
determined by 1H NMR spectroscopy using an internal standard 
(CH2Br2). 

General Procedure E: Reaction Shown in Scheme 2c. In 
the dark in air, anethole (14) (0.80 mmol, 120 μL), isoprene 
{2.40 mmol, 240 μL; isoprene (neat) was passed through a basic 
alumina plug prior to use} were combined in CH2Cl2 (12 mL) 
with photocatalyst (1.6 μmol) to form a stock solution. 1.5 mL 
of this stock solution was added to a 4-mL glass vial containing 
a magnetic stir bar. The vial was then placed in a blue LED 
photoreactor and magnetically stirred. The vial was irradiated 
while maintained at 25 °C. After 2 h, the reaction mixture was 
filtered through a silica plug and the organic solvent was con-
centrated under reduced pressure. Yields were determined by 
1H NMR spectroscopy using an internal standard (CH2Br2). 

General Procedure F: Reaction Shown in Scheme 2d. In 
a nitrogen-filled glovebox (in the dark), trans-1-(3-phenylal-
lyl)pyrrolidine (trans-16) (40 mg, 0.21 mmol), i-Pr2NEt (3.5 
µL, 20 µmol), photocatalyst (1.5 µmol), and CH3CN (1.1 mL) 
were successively added to a 4-mL glass vial containing a stir 
bar. This vial was then capped and placed in the blue LED pho-
toreactor and magnetically stirred. The vial was irradiated while 
maintained at 30 °C. After 24 h, the reaction mixture was con-
centrated under reduced pressure. The ensuing residue was sub-
jected to flash column chromatography (silica gel; 40% 
EtOAc/hexanes containing 1% Et3N) to afford the product as a 
yellow oil. The E:Z ratio was determined by 1H NMR spectros-
copy. 

General Procedure G: Reaction Shown in Table 5. In air 
(in the dark), N-phenylmaleimide (18) (8.7 mg, 50 µmol), N,N-
dimethyl-p-toluidine (15 µL,  100 µmol), and the photocatalyst 
(1.8 µmol) were successively added to a 4-mL glass vial con-
taining a stir bar. This vial was then capped and placed in the 
blue LED photoreactor and magnetically stirred. The vial was 
irradiated while maintained at 25 °C. After 24 h, the reaction 
mixture was filtered through a silica plug and the organic sol-
vent was concentrated under reduced pressure. Yields were de-
termined by 1H NMR spectroscopy using an internal standard 
(CH2Br2). 

X-ray Crystallography. Data for complexes 1–5 were col-
lected at 100 K using Cu Kα radiation on a XtaLAB Synergy, 
Single source HyPix diffractometer. The structures were solved 
using dual methods with SHELXT-2014, refined using full-ma-
trix least-squares routines against F2 with SHELXL-2014,13 and 
visualized using OLEX2.14 All non-hydrogen atoms were re-
fined anisotropically. All hydrogen atoms attached to carbon 
were placed in calculated positions and refined using a riding 
model with fixed C–H distances of 0.95 Å (sp2CH). The thermal 
parameters of hydrogen atoms were estimated as Uiso(H) = 
1.2Ueq(C). CCDC-2106522–2106526 contain the supplemen-
tary crystallographic data for complexes 1–5. The data can be 
obtained free of charge from The Cambridge Crystallographic 
Data Centre via http://www.ccdc.cam.ac.uk/data_request/cif.  

Photophysical Measurements. Absorption spectra were 
recorded at room temperature on a PerkinElmer Lambda 35 
UV/Vis spectrometer. Uncorrected steady-state emission and 
excitation spectra were recorded using an Edinburgh FLSP980-



 

stm spectrometer equipped with a 450 W xenon arc lamp, dou-
ble excitation and emission monochromators, a Peltier-cooled 
Hamamatsu R928P photo- multiplier (185–850 nm). Emission 
and excitation spectra were corrected for source intensity (lamp 
and grating) and emission spectral response (detector and grat-
ing) by a calibration curve supplied with the instrument. Emis-
sion lifetimes (τ) were determined using the single photon 
counting technique (TCSPC) with a pulsed picosecond LED 
(EPL 375). Quantum yields (Φ) were calculated according to 
the optically dilute method reported by Demas and Crosby 
against the reference [Ru(bpy)3]Cl2(Φ = 0.028, air equili-
brated).15,16

  Experimental uncertainties are estimated to be ±8% 
for lifetime determinations, ±20% for quantum yields, and ±2 
nm and ±5 nm for absorption and excitation/emission peaks, re-
spectively. All solvents used in the preparation of the solutions 
for the photophysical investigations were of spectrometric 
grade. 

Electrochemical Measurements. Cyclic voltammetry was 
performed at room temperature using a Metrohm Autolab 
PGSTAT101 and data acquired with Metrohm Autolab, Nova 
2.0 software. Samples were prepared in a nitrogen-filled glove-
box and sparged with argon before measurements were rec-
orded. Experiments were performed in dry, degassed DMF (10 
mM), NBu4BF4 (0.1 M) supporting electrolyte (scan rate of 100 
mV/s), with a CH Instruments glassy carbon working electrode, 
Pt wire counter electrode, and Ag wire reference electrode 
(Ag/Ag+). Ferrocene (Fc) (10 mM) was added as an internal 
standard in various experiments.  

Computational Studies. All DFT and TD-DFT calcula-
tions were performed with the Gaussian 16 software package.17 
Ground state geometries were optimized in solution at the 
wB97XD18/Def2-TZVP19 level of theory with SMD solvent 
model20, and frequencies were also calculated at this level. Ge-
ometries were verified as local minima (possessing no imagi-
nary frequencies), and geometries were shown to reproduce the 
corresponding crystal structures to within 0.02Å (bonds) and 2° 
(angles) (Table S1). The UV-VIS absorption spectra were sim-
ulated via TD-DFT calculations at the same level and used to 
assign the experimental data. 

RESULTS AND DISCUSSION 
Synthesis and Spectroscopic Characterization of Com-
plexes. Complexes 1–5 were prepared by applying the proce-
dure employed for the synthesis of analogous complex F.8a Spe-
cifically, imidazolium 6 was heated in refluxing toluene under 
argon to afford the corresponding metal carbonyl (Scheme 1). 

After work-up and isolation, complexes 1–4 were obtained as 
air-stable solids in moderate to good yields. Complexes 1–4 
have the general form [ML(CO)3X], where X = CO for 1–3 and 
X = Br for 4; L = 1-phenyl-3-(2-pyridyl)imidazolium. Iron com-
plex 5, [FeL(CO)3], proved to be an air-sensitive solid and its 
inherent paramagnetic nature prevented NMR spectroscopic 
characterisation.21 1H NMR spectroscopic analysis of com-
plexes 1–4 was consistent with the absence of the imidazolium 
NCHN hydrogen signal, which supported carbene formation. 
IR spectroscopy also indicated the presence of metal–carbonyl 
bonds in each case. Indeed, complexes 1–5 all displayed three 
strong IR signals that were consistent with the three inequiva-
lent CO environments. These observations were in agreement 
with their expected respective geometries and their 13C NMR 
spectroscopic data. The CO IR signals for complexes 1–4 are 
similar and consistent with closely related analogous NHC-
ligated Group 7 and 8 metal carbonyl complexes.22 
 
Scheme 1. Synthesis of complexes 1–5 from imidazolium 6.  
 

 
 

X-Ray Crystallographic Studies. In each case, crystals suita-
ble for analysis by X-ray diffraction of complexes 1–5 were 
grown by slow evaporation of CH3CN or toluene solutions. Se-
lected bond lengths and angles are summarized in Figure 2.  

 

 
 

Figure 2. Structural representations of complexes 1–5 with thermal ellipsoids drawn at the 50% probability level and hydrogen atoms omitted 
for clarity. Complex 1, selected bond lengths (Å) and angles (°): Cr1–C1,C2,C3,C4,C5,N3 1.900(2), 1.849(3), 1.859(3), 1.890(2), 2.043(2), 
2.149(2), C1–O1 1.142(3), C2–O2 1.161(3), C3–O3 1.161(4), C4–O4 1.146(3), C5–Cr1–N3 75.90(9), C5–Cr1–C2 98.99(10), N3–Cr1–C3 
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92.50(9). Complex 2: Mo1–C1,C2,C3,C4,C18,N3 2.046(2), 1.978(2), 2.003(3), 2.031(3), 2.176(3), 2.279(2), C1–O1 1.136(3), C2–O2 
1.151(3), C3–O3 1.153(3), C4–O4 1.147(3), C18–Mo1–N3 72.15(8), C18–Mo1–C2 99.93(9), N3–Mo1–C3 95.59(8). Complex 3: W1–
C1,C2,C3,C4,C10,N3 2.032(5), 1.974(5), 2.022(6), 2.025(5), 2.177(5), 2.263(4), C1–O1 1.153(5), C2–O2 1.157(6), C3–O3 1.132(6), C4–
O4 1.153(6), C10–W1–N3 72.08(16), C10–W1–C3 100.19(18), N3–W1–C2 94.54(16). Complex 4: Mn1–C1,C15,C16,C17,N3 2.026(3), 
1.803(4), 1.831(4), 1.805(4), 2.087(3), Mn1–Br1 2.5043(6), C15–O3 1.146(5), C16–O1 1.148(5), C17–O2 1.149(5), C1–Mn1–N3 78.31(12), 
C1–Mn1–C17 98.40(14), N3–Mn1–C16 95.43(13). Complex 5: Fe1–C1,C2,C3,C4,N3 1.781(2), 1.770(2), 1.762(2), 1.9245 (19), C1–O1 
1.153(3), C2–O2 1.159(3), C3–O3 1.161(3), C4–Fe1–N3 79.59(7), N3–Fe1–C3 134.42(8), N3–Fe1–C2 112.44(8), N3–Fe1–C1 92.10(8). 
 
Table 1. Comparison of M–CO and C–O bond lengths (Å) trans to NHC and pyridyl for complexes 1–5. 

 Cr 1 Mo 2 W 3 Mn 4 Fe 5 

M–CO(trans NHC) 1.859(3) 2.003(3) 1.974(5) 1.831(4) 1.781(2) 

M–CO(trans 

pyridyl) 
1.848(2) 1.978(2) 2.022(6) 1.805(4) 1.770(2), 1.762(2) 

C–O(trans NHC) 1.161(4) 1.153(3) 1.157(6) 1.148(5) 1.153(3) 

C–O(trans pyridyl) 1.161(3) 1.151(3) 1.132(6) 1.149(5) 1.159(3), 1.161(3) 

 
Complexes 1–4 are isostructural featuring slightly distorted 

octahedral metal coordination geometries owing to the chelated 
NHC ligand, while complex 5 adopted a trigonal bipyramidal 
metal coordination geometry. The metal–carbonyl bonds trans 
to the pyridyl nitrogen donor atoms are slightly shorter when 
compared to the metal–carbonyl bonds trans to the NHC car-
bons (Table 1). This is consistent with the strong �-donor and 
trans-influencing capabilities of NHCs when compared to ni-
trogen donor atoms.23 In addition, the strong donor capacity of 
the NHC moiety can be observed in the elongated C–O bond 
distances for trans-to-NHC CO ligands as a result of �-back-
bonding (Table 1). This is also seen as a shift in the IR stretch 
of the relevant CO to a lower wavenumber. Interestingly, this 
trend is most pronounced moving from complex 1 through to 3 
(i.e., down group 7) and less prominent in manganese complex 
4. This trend is also observed when comparing manganese com-
plex 4 to rhenium analogue F. The C–O bond length of the CO 
ligand trans-to-NHC in F is 1.141(4) Å while the equivalent 
bond in the CO ligand trans-to-pyridyl is slightly longer at 
1.149(4) Å.8a The metal coordination geometry of iron complex 
5 does not permit as direct a comparison, however, the average 
Fe–CO bond distances trans to the pyridyl moiety are also 
slightly shorter than those trans to the NHC carbon. 

Photophysical Studies. A summary of the relevant photo-
physical data can be found in Table 2. Due to its pronounced 
air-sensitivity, iron complex 5 was not investigated. Molecules 
1–4 exhibit absorption spectra with comparable features, which 
is expected given their structural similarities (Figure 3). High 

energy bands are present between 200 and 300 nm, while a red-
shifted band appears above 300 nm, with maxima around 390–
401 nm. Interestingly, the corresponding simulated spectra for 
complexes 1–4 in acetonitrile are qualitatively different, with 
this secondary peak considerably blue-shifted compared with 
experiment (Figure 3). The primary peaks are largely aligned in 
the measured and computed spectra, although they are some-
what obscured in the latter by solvent peaks below 250 nm.24 

 
Table 2. Photophysical data for complexes 1–4. Measurements 
were performed in diluted CH3CN solutions at room tempera-
ture.  
 

Complex λabs [nm] (10-4 ε 
[M-1 cm-1]) 

λem 
(nm) 

τ (ns) Φ (%) 

Cr 1 270 (1.88),  
401 (0.488) 

– – – 

Mo 2 259 (2.82),  
390 (0.609) 

681 – – 

W 3 253 (3.59),  
396 (0.589) 

670 10.8a 
13.0b 

0.06a 
0.08b 

Mn 4 268 (1.24),  
399 (0.233) 

– – – 

aAerated solution. bAir-free solution. 

 



 

Figure 3. Experimental and wB97XD/Def2-TZVP simulated absorption spectra of complexes 1 (a), 2 (b), 3 (c), and 4 (d) in CH3CN solu-
tions. Simulated spectra are shown for the original complexes and for those in which the re-CO is substituted with CH3CN, except for Mn 4 
where the re-position is a Br and so substitution at the si-position is shown instead. Simulated spectra for the decarbonylated complexes and 
substituted complexes at all positions are shown in the Supporting Information (Figures S10–S13). 

Given this blue-shifting of theory versus experiment, we 
suspected that, upon exposure to UV light, decarbonylation 
might occur. Previous studies have demonstrated the photore-
activity of analogous complexes upon excitation to the lowest 
MLCT manifold,25,26 with photoinduced decarbonylation occur-
ring, as evidenced by a red-shift of the MLCT band.8a,25 In con-
trol experiments, CH3CN and CH2Cl2 solutions of complexes 
1–4 were found to be stable for prolonged times while being 
kept in the dark (> 24 h). However, when the solutions were 
exposed to either laboratory ambient light or blue light (467 
nm), changes in the respective absorption spectra measured 
every hour became evident. In general, a reduction of the 
MLCT band is observed. 

Using TD-DFT, we simulated the spectra for the decar-
bonylated complexes (middle panels of Figures S25–S28, Sup-
porting Information). However, these were also inconsistent 
with experiment. Interestingly, the secondary peak in the re-
spective simulated spectra is now considerably red-shifted, ra-
ther than blue-shifted, when compared with experiment. Next, 
we considered the respective complexes that would result from 
decarbonylation and acetonitrile binding to the ensuing vacant 
coordination site (right panels of Figures S25–S28, Supporting 
Information). While the overall substitution of CO for CH3CN 
is endergonic in the ground state, photoinduced decarbonylation 
is irreversible (as CO gas leaves the solution), and, depending 
on the position, the subsequent association of CH3CN to the de-
carbonylated complexes is thermodynamically favorable (Table 
S2, Supporting Information). TD-DFT simulated spectra for the 
substituted compounds showed good qualitative agreement 
with experiment. There are minor differences amongst them, 
depending on which position the CH3CN occupies but the gen-
eral features are similar. For simplicity the spectra resulting 
from substitution at the re-position for 1–3 are included in Fig-
ure 3, as this position was consistently found to be the most en-
ergetically favorable site for decarbonylation (Table S2, Sup-
porting Information). For manganese complex 4, decarbonyla-
tion at the si-position is shown instead, as a Br occupies the re-
position in this case. 

From previously reported data,8a,25,27 the respective lower 
energy bands are attributed to metal-to-ligand charge transfer 
transitions (MLCT), while the respective intense higher energy 
bands originate from ligand centered (LC) π–π* transitions. Our 
TD-DFT calculations support these assignments, and show the 
peaks are assigned to MLCT for the lower energy bands and to 
LC for the intense higher bands (Figure 4). 

The IR spectrum of tungsten complex 3 in CH3CN displays 
3 signals (2004, 1886 and 1833 cm–1) consistent with three in-
equivalent CO environments. After UV irradiation of molecule 
3 in degassed, anhydrous CH3CN for 3 h, the IR band at 2004 
cm–1 is significantly diminished, the signal at 1886 cm–1 has 
shifted to 1899 cm–1, and the signal at 1833 cm–1 has shifted to 
1785 cm–1 (Figure S14, Supporting Information). The 1H NMR 
spectrum of this irradiated sample of complex 3 also revealed 
new resonances in the aromatic region (Figure S15, Supporting 
Information). These observations are consistent with photodis-
sociation of a CO ligand from complex 3 upon irradiation. 

Upon excitation at 390 nm in fluid CH3CN solution at room 
temperature, complexes 1 and 4 displayed no emission. On the 

other hand, complexes 2 and 3 were weakly luminescent, fea-
turing a broad and structureless emission band ranging from 
600–800 nm and maxima appearing around 670–680 nm. These 
emission profiles, typical of radiative decay from 3MLCT ex-
cited states, are similar to previously reported [W(CO)4(diim)] 
complexes (where diim represents a diimine-type ligand).25,27 
The results were analogous when excitation occurred in CH2Cl2 
solutions, indicating a lack of solvatochromism. The lifetime 
and quantum yield of 3 was recorded at 10.8 ns and 0.06% in 
an aerated solution, increasing to 13.0 ns and 0.08% in an air-
free environment (Table 2). These values appear to be some-
what lower than a few previously reported [W(CO)4(diim)] 
complexes,25,27 but still in agreement with relatively weak lumi-
nescence properties. 

  

 
 
Figure 4. Orbital transitions associated with the two primary 
peaks in the absorption spectra of the complexes in which the 
re (1–3) or si (4) CO ligand is substituted with CH3CN. 
 
Table 3. Electrochemical data for complexes 1–4 in degassed 
DMF solutions at ambient temperature. All potentials are given 
in volts (V) versus Ag/Ag+. 
 

complex redox potentials 

Cr 1 +0.93 V (irreversible)  
+1.53 V (irreversible) 

Mo 2 +1.06 V (irreversible) 

W 3 +1.07 V (irreversible) 

Mn 4 
–0.86 V (reversible) 

+1.43 V (quasi-reversible) 
–1.23 V; –1.85 V (irreversible) 

 
Electrochemical Studies. The electrochemical characteriza-
tion of 1–4 was performed in DMF (Table 3).28 Chromium com-
plex 1 displayed irreversible oxidation behavior (E½ = +0.93 V 
and +1.53 V) (Figure 5). Molybdenum and tungsten analogues 



 

2 and 3 showed irreversible oxidation steps (E½ = +1.06 V and 
+1.07 V), respectively (See Supporting Information). Con-
sistent with electrochemical studies on related complexes,29 this 
behavior may be attributed to the higher lability of the molyb-
denum/tungsten M–CO bonds upon oxidation in comparison to 
the equivalent chromium M–CO bond. Interestingly, manga-
nese complex 4 exhibited reversible oxidation and reduction be-
havior (E½ = +1.43 V and –0.86 V) (Figure 5). In addition, mol-
ecule 4 also displayed irreversible reductions (E½ = –1.23 and –
1.85 V).30 The reduction behavior of complex 4 is consistent 
with similar NHC-ligated manganese carbonyl complexes.22a 
 

 
 

 
 
Figure 5. Cyclic voltammogram of Cr complex 1 (10 mM) in DMF 
(top); and Mn complex 4 (10 mM) in DMF (bottom); NBu4PF6 (0.1 
M) supporting electrolyte. 
 
Photocatalysis. We selected 6 different reactions from which 
to comprehensively evaluate the capacity for complexes 1–4 to 
facilitate photoinduced synthetic reactions. In each case, this re-
activity was benchmarked against an established ruthenium/ 
iridium photocatalyst or an organic dye. By design, we selected 
a broad range of transformations that would allow us to explore 
the ability of these complexes to promote either the reductive or 
oxidative functionalization of organic substrates via photore-
dox, in addition to photoinduced energy transfer processes. We 
anticipated this approach would reveal more pertinent findings 
concerning the scope and viability of complexes 1–4 beyond the 
information provided by their aforementioned intrinsic photo-
physical and electrochemical properties.  

The reductive functionalization of organic molecules is a 
fundamental application of photoredox catalysis.1 Atom-trans-
fer radical addition (ATRA) reactions, in which the reductive 
cleavage of a bond within a transfer agent leads to the vicinal 
addition of reactive intermediates across a �-bond, represent 
one of the most common types of photoredox-catalyzed trans-
formations. With this in mind, we investigated the ability of 
complexes 1–4 to mediate the chloro-N-tosylation of styrene 7 
(Table 4).31 Pleasingly, manganese and chromium species 4 and 

1 afforded product 8 in good yields and compared well to pro-
totypical photoredox catalyst [Ru(bpy)3]2+. In comparison, mo-
lybdenum and tungsten catalysts 2 and 3 were less efficient.  
 
Table 4. Investigation of photoredox-catalyzed ATRA reac-
tions: vicinal chloro-N-tosylation. 

 
Reactions performed employing 100 �mol 7; bpy = 2,2’-bipyridyl. 
aConversion of 7 and yield of 8 determined by 1H NMR spectros-
copy with the aid of a calibrated internal standard (average of 2 
experiments). Product 8 was formed in trace yield in respective ex-
periments performed in the presence of catalysts in the dark. 
 
Scheme 2. Investigating the scope of complexes 1–4 in particu-
larly challenging photoredox reactions: (a) reductive decarbox-
ylation, (b) reductive coupling, (c) formal [4+2]-cycloaddition 
(oxidative functionalization); and (d) trans-/cis-photoisomeri-
zation (energy transfer). 
 

 
 

Our electrochemical studies (Table 3) suggested that com-
plexes 1–4 were unlikely to facilitate more challenging trans-
formations that require highly reducing catalysts. In such pro-
cesses, [Ru(bpy)3]2+ is not suitable and highly reducing iridium 
photoredox catalysts are necessary. To this end, we explored the 
more difficult reductive decarboxylation and reductive coupling 
processes shown in Schemes 2a and 2b.32,33 Consistent with our 
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expectations, these experiments confirmed that complexes 1–4 
could not promote these reactions effectively (Schemes 2a and 
2b; Schemes S1 and S2, Supporting Information).  

The oxidative functionalization organic molecules under 
mild conditions is another important application of photoredox 
catalysis.1 One important mode of reactivity within this mani-
fold is the oxidation of �-amino C–H bonds leading to carbon-
centered �-amino radicals (or iminium species) that allow for 
the efficient derivatization of tertiary amines. With this in mind, 
we investigated the capacity of complexes 1–4 to promote the 
Povarov-type reaction between N-phenylmaleimide (14) and 
N,N-dimethyl-p-anisidine (Table 5).34 Complexes 1–4 were not 
particularly effective in facilitating the oxidative functionaliza-
tion of N,N-dimethyl-p-anisidine, with molybdenum complex 2 
affording the best results in this manifold. In all cases, increas-
ing the catalyst loading did not improve these results.  
 

Table 5. Investigation of a photoredox-catalyzed oxidative 
functionalization: Povarov-type reaction. 

 
Reactions performed employing 50 �mol 18. aConversion of 18 
and yield of 19 determined by 1H NMR spectroscopy with the aid 
of a calibrated internal standard (average of 2 experiments). 
 

Our electrochemical studies (Table 3) and the findings 
shown in Table 5 suggested that complexes 1–4 were unlikely 
to facilitate more challenging transformations that require 
highly oxidizing catalysts. The so-called radical cation Diels–
Alder reaction, in which highly oxidizing organic photoredox 
catalysts or more oxidizing derivatives of [Ru(bpy)3]2+ activate 
anethole (14) (and related compounds), is one such example 
(Scheme 2c).35 These experiments confirmed that complexes 1–
4 could not promote these more difficult reactions effectively 
(Scheme 2c; Scheme S3, Supporting Information).   

Photoredox catalysis relates to photoinduced transfor-
mations involving single-electron transfer processes that are fa-
cilitated by a redox-active catalyst in its photoexcited state.36 In 
contrast, energy transfer photocatalysis concerns, “the photo-
physical process in which an excited state of one molecular en-
tity (the donor) is deactivated to a lower-lying state by transfer-
ring energy to a second molecular entity (the acceptor), which 
is thereby raised to a higher energy state”.37 Synthetic applica-
tions of energy transfer photocatalysis are not as well developed 
as photoredox catalysis.36 We identified the reported photocata-
lyzed trans-/cis-isomerization reaction shown in Scheme 2d as 
an excellent system from which we could evaluate the viability 
of complexes 1–4 to facilitate photoinduced energy transfer ca-
talysis.38 Unfortunately, our experiments indicated that these 

molecules could not promote this trans-/cis-isomerization 
transformation (Scheme 2d; Scheme S4, Supporting Infor-
mation).  

CONCLUSIONS 
A number of structurally-related chromium, molybdenum, 
tungsten, manganese, and iron complexes 1–5 have been syn-
thesized. We studied their respective structures in the solid state 
and investigated their spectroscopic, photophysical, and elec-
trochemical properties where possible. Single crystal X-ray 
crystallographic analysis revealed slight systematic shortening 
in metal–carbonyl bond lengths trans to NHC carbon for tran-
sition metal complexes in the same group {i.e., 1–3 (group 6); 
4 and F (group 7)}. This is consistent with the strong s-donor 
and trans-influencing capability of the NHC ligand in compar-
ison to nitrogen donor atom of the pyridyl moiety. Our photo-
physical studies reveal that decarbonylation occurs upon expo-
sure to UV light, with the CO ligand being replaced with a labile 
CH3CN solvent molecule. In cyclic voltammetry experiments, 
chromium complex 1 displayed irreversible oxidation behavior, 
in addition to a quasi-reversible oxidation step. Molybdenum 
and tungsten analogues 2 and 3 showed irreversible oxidation 
steps, while manganese species 4 exhibited reversible oxidation 
and reduction behavior (in addition to irreversible reductions).  

We comprehensively evaluated the capacity of complexes 
1–4 to serve as photoredox catalysts. These complexes were not 
capable of efficiently promoting a Povarov reaction via the ox-
idative functionalization of N,N-dimethyl-p-anisidine, with the 
best results provided by molybdenum catalyst 2 (30% product 
yield). However, our findings demonstrate that molecules 1, 2, 
and, 4 can efficiently facilitate chloro-N-tosylation ATRA pro-
cesses, likely via their respective reductive quenching cycles. 
When considered within the context of their photolability, these 
types of complexes may allow for the development of photoin-
duced ATRA reactions that involve less conventional inner-
sphere electron transfer pathways, such as the transformations 
more usually associated with copper photocatalysts.39 This will 
be the subject of future work in our laboratory. 
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This report details the synthesis and characterization of original, structurally-related chromium, molybdenum, tungsten, manganese, 
and iron complexes bearing N‐heterocyclic carbene and carbonyl ligands. Photophysical studies reveal that decarbonylation occurs 
in acetonitrile upon exposure to ultraviolet light. To obtain insights into the potential utility, scope, and applications of these com-
plexes in photoredox catalysis, their capacity to facilitate a range of photoinduced reactions was investigated. These chromium, mo-
lybdenum, and manganese catalysts efficiently facilitated atom-transfer radical addition processes.  


