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Synthesis and photochemical properties of Mn(l) tricarbonyl
diimine complexes bound to tetrazolato ligands

Matthew J. Stout,@ Alessandra Stefan,®< Brian W. Skelton,!! Alexandre N. Sobolev, Massimiliano
Massi,*® Alejandro Hochkoeppler ¢l Stefano Stagni,® Peter V. Simpson*#l

Abstract: Ten manganese(l) tricarbonyl diimine complexes bound to
variably functionalised 5-aryl-tetrazolato ligands were prepared, and
their photochemical properties were investigated. Upon exposure to
light at 365 nm, each complex decomposed to its free diimine and
tetrazolato ligands, simultaneously dissociating three CO ligands, as
evidenced by changes in the IR spectra of the irradiated complexes
over time. The anti-bacterial properties of one of these complexes
were tested against Escherichia coli. While the complex displayed no
effect on the bacterial growth in the dark, pre-irradiated solutions
inhibited bacterial growth. Comparative studies revealed that the
antibacterial properties originate from the presence of free 1,10-
phenanthroline.

Introduction

Carbon monoxide is a very important intracellular signalling
molecule. It is endogenously produced at low concentrations
following the breakdown of free haemoglobin by the enzyme
family haem oxygenases (HOs), as a response to tissue
damage.** Consequently, many studies have been conducted
on the therapeutic properties of administered exogenous CO,
demonstrating beneficial effects such as anti-inflammation, tissue
protection, anti-cancer, and anti-bacterial.>% However, due to
the high toxicity of CO and lack of spatial specificity, administering
CO as an inhaled gas presents some significant drawbacks.*4
Early research in this field by Motterlini and co-workers!*?
addressed this problem by preparing the very first carbon
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monoxide releasing molecules (CORMs) to release CO
endogenously within the body, including the first photoactivated
CORM (photoCORM), dimanganese decacarbonyl (referred to as
CORM-1). CORM-1 was the first evidence that a transition metal
carbonyl complex could potentially act as a carrier to deliver CO.
However, it lacked solubility in aqueous media, was highly toxic
and required harmful UV light for activation.*3-*4l Since this early
research, the field has rapidly expanded with photoCORMs
designed for high solubility in biological media, tissue specificity,
defined CO release rate, and red-shifted light absorption.[t528l
Previous research within our group explored the use of
luminescent rhenium complexes of the type Re(NAN)(CO)sL,
where N”N is a diamine-type ligand such as 1,10-phenathroline
and L is a functionalised 5-aryltetrazolato ligand, as cellular
probes.?%-%2 Qur studies indicated that this class of complexes
possess suitable properties as building blocks for the preparation
of cellular markers with specifically tailored properties, as for
example the staining of polar lipids in live cells and tissue. The
cytotoxicity to these complexes was quite low, which was ascribed
to their inertness towards potential ligand exchange reactions in
cells. On the other hand, manganese complexes bound to
tetrazolate anions are relatively unexplored, and virtually none of
these species have been investigated for biological
applications.®3-3¢1 We therefore envisaged that the corresponding
manganese analogues of our previously published rhenium
complexes could possess CO-releasing properties and tuning of
the biological properties such as organelle targeting.

In this work, we present the synthesis, structural and
photochemical characterisation of ten neutral complexes of the
type Mn(NAN)(CO)sL. Their photochemical properties have been
assessed by a combination of UV-Vis, IR and NMR
spectroscopies, revealing decomposition of the species with the
simultaneous liberation of three CO ligands. This feature was
preliminarily explored to assess inhibition of Escherichia coli
bacterial growth.
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Scheme 1. Synthesis of manganese tetrazolate complexes.

Results and Discussion

The preparation of the precursor complexes Mn(phen)(CO)sBr
and Mn(batho)(CO)sBr (where phen is 1,10-phenanthroline and
batho is bathocuproine), as well as their subsequent reactions
with tetrazoles (1-5H), were based on a modification of previously
published works. 739 The Mn(phen)(CO)3Br and
Mn(batho)(CO)sBr precursors were refluxed in the dark with a
slight excess of the corresponding tetrazole and triethylamine in
a 3:1 ethanol/water mixture. All the complexes were purified
following by filtration and subsequent re-precipitation, and were
obtained as yellow powders in moderate to high yields. The
complexes are soluble in all common organic solvents including
acetone, dichloromethane, methanol, acetonitrile,
dimethylformamide, and dimethylsulfoxide.
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Figure 1. X-ray crystal structures of Mn(phen)(CO)3(1-5) with displacement
ellipsoids drawn at the 50% probability level. Hydrogen atoms have been
omitted for clarity.

The IR spectra of all complexes contained two CO bands,
with the lower energy band being the superimposition of two
guasi-degenerate peaks, consistently with three carbonyl ligands
in a facial arrangement. The frequencies of the CO stretching
vibrations were very similar for all the complexes, with all of them
showing a hypsochromic shift compared to the starting bromo
complex. This increase in CO frequency is due to the tetrazolato
ligands being a stronger m acceptors compared to the bromo
ligand. As a result, the tetrazolato complexes reduce electron
density on the Mn(l) centre, translating to a decrease in
backbonding from the Mn(l) to the CO ligands and higher CO
frequency for the complexes. This behaviour has been previously
observed in analogous Re(l) complexes. -3

The *H and **C NMR spectra of the complexes exhibited the
expected number of signals, highlighting the symmetric
arrangement of the phen and batho ligands originating from the
facial configuration of the carbonyl ligands. Further investigation
of the complexes by *C-NMR showed signals between 160-164
ppm for the quaternary carbon of the various tetrazole rings.
Based on previous studies on analogous Re(l) complexes, these
values suggest coordination of the Mn(l) centres to the N2 atom
of the tetrazole ring, as opposed to N1 coordination which would
show a more shielded value around 155 ppm.[37-3

The single crystal X-ray diffraction structures of complexes
Mn(phen)(CO)3(1-5) revealed similar structures (Figure 1), where
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in all cases the Mn centres display a slightly distorted octahedral
geometry with to three CO ligands bound in a facial arrangement.
All the tetrazole ligands are bound through their N2 position in a
similar manner to the previously reported rhenium complexes.

The absorption spectra of all complexes recorded from
diluted DCM solutions (see Figure 2 for two examples displaying
the phen and batho complexes bound to 4; the remaining
absorption spectra are available in the Sl) exhibit high energy
bands in the 250-350 nm region, and broad featureless bands
with lower molar absorptivity between 350 and 500 nm. The high
energy bands are attributed to ligand-centred (LC) -1 transitions
within the phen and batho ligands. On the other hand, the red-
shifted broad bands are typical of metal-to-ligand charge transfer
(MLCT) transitions from the manganese centre to the phen and
batho ligands. The MLCT absorption maxima of the complexes
appear in the 350-370 nm region and are blue shifted by around
~60 nm when compared to the starting material complexes
Mn(phen)(CO)3Br and Mn(batho)(CO)3Br (~430 nm).1% This blue
shift is again consistent with the tetrazole ligands being stronger
T-acceptors with respect to bromide, stabilising the 3d orbitals of
the manganese centre. No significant shift in MLCT absorption
maxima was observed between the Mn(phen)(CO);(1-5) and
Mn(batho)(CO)3(1-5) complexes.
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Figure 2. UV-VIS spectra of Mn(phen/batho)(CO)s4 from diluted DCM solutions.

When stored in the dark, either in the solid state or in
solution (acetone and dichloromethane), the complexes appear to
be stable, as verified by the lack of changes in their IR and NMR
spectra over time. When exposed to standard ambient
illumination within the laboratory, however, the complexes in the
solid state changed colour from pale yellow to a mixture of white
and brown within a day. This colour change occurred significantly
faster when the complexes were dissolved, forming a colourless
solution containing a brown precipitate within hours. In order to
investigate the photoreaction occurring when the complexes are
exposed to light, photolysis experiments were performed by
irradiating dichloromethane or acetone solutions containing the
complexes with a 365 nm pen lamp source. The irradiated
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solutions were then monitored by IR spectroscopy to highlight
changes in the carbonyl bands. The simultaneous disappearance
of all three CO stretches upon illumination was observed within
25 minutes for all complexes. Using complex Mn(phen)(CO)3s4 as
an example, the presence of CO peaks 2036 and 1942 cm®
completely collapsed after 25 minutes of photolysis (Figure 3; see
Sl for the remaining complexes) indicating that no Mn-CO bonds
remained. During this transition, the solution went from yellow (0
min) to dark orange (4-16 min), then eventually becoming clear
and colourless with the concomitant formation of a dark
precipitate (25 min). The absence of visible colour suggests that
Mn was no longer bound to phen. During photolysis, the formation
of minor sharp bands with weak intensity was observed,
tentatively attributed to short-lived intermediate manganese
species forming and decomposing during the photolysis, although
these intermediates were not completely characterised.
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Figure 3. Progressive IR spectra (carbonyl bands region) of a dichloromethane
containing the complex Mn(phen)(CO)34 irradiated with a 365 nm pen lamp
source. The time intervals presented in the framed legend are expressed in
minutes.

A fully photolysed solution of Mn(phen)(CO)s4 was analysed
using 'H-NMR to determine the identity of the formed species.
Initially, a broad and unresolvable band was observed in the
aromatic region of the spectra. It was postulated that Mn(l) had
oxidised to a paramagnetic Mn species that caused significant line
broadening in the *H-NMR spectrum. In addition, each photolysed
complex resulted in a clear solution containing a dark brown
precipitate. Removal of the dark brown solid produced a spectrum
with better defined peaks, albeit still broad in appearance (Figure
4), leading us to postulate that the identity of the dark brown
precipitate was manganese dioxide, These broad peaks were
directly compared with the spectra of the free phen and the
triethylammonium salt of 4- (Figure 4). The signals at 9.11, 8.50,
8.00 and 7.78 ppm matched for free phen, whilst the signals at
8.14 and 7.82 ppm fit with the deprotonated tetrazole ligand.
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Figure 4. Stacked DMSO-ds H-NMR spectra: photolysed solution of
Mn(phen)(CO)34 (blue), free 4H and triethylamine (green), free phenanthroline
(red).

In order to determine the identity of the excited state where
decomposition of the complexes is observed, dichloromethane
solutions of Mn(phen)(CO)s4 and Mn(batho)(CO)s4, used as
exemplar for phen and batho containing manganese complexes,
were exposed to a range of wavelengths from purple (415 nm) to
yellow (555 nm), using a PoliLight FL 500 (Universal Forensic
Light) as the source. Figure 5 displays the decrease of intensity
of the A;' carbonyl band upon irradiation with various wavelengths,
normalised to the intensity of the carbonyl band from a solution
maintained in the dark (as a ratio of transmittance from photolysed
solution, T, and transmittance of solution kept in the dark, T;). The
extent of photolysis rapidly decreases when the wavelengths
elongate past 490 nm, suggesting that the complexes decompose
from MLCT excited states.
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Figure 5. Ratio of initial transmittance (Ti) over post photolysis transmittance
(T) for the Mn(phen)(CO)s4 carbonyl (A1). CO release at different wavelengths
of irradiation using PoliLight FL 500. The error bars correspond to the standard
deviation of three independent measurements.

Mn(phen)(CO)s4 was tested for its antibacterial activity
against Gram-negative E. coli, as photoCORMs have recently
been found to be very efficient anti-bacterial agents.[**471 A
comparative experiment was set up to individually investigate an
aqueous solution (1.2% DMSO in HxO, pH 6.9) of the intact
complex (maintained in the dark) and a prefiltered (to remove
unknown manganese oxide species) photolysed solution (pre-
irradiated with 365 nm until the UV-Vis spectrum did not show any
MLCT band). The growth curves obtained were also compared
with a blank (1.2% DMSOI/LB only) and with aqueous solutions
containing only the tetrazole or the phenanthroline ligand, all at a
concentration of 100 uM. The resulting growth curves are shown
in Figure 6. The results indicate that while the intact complex does
not inhibit E. coli growth, the photolysed solution has a strong
inhibitory effect with a fully suppression of the bacterial growth.
When Mn(phen)(CO)s4 was pre-photolysed, E. coli growth was
completely inhibited at 100 uM sample concentration, whilst a 5
UM concentration did not significantly alter the growth rate of E.
coli (see Sl). Subsequent growth curves conducted on free
ligands confirmed that tetrazole 4 had no effect on E. coli growth
at 100 yM and 5 pM concentrations whilst phenanthroline
completely inhibited bacterial growth similarly to the pre-irradiated
Mn(phen)(CO)s4 at 100 uM concentration and slightly decreased
the rate of bacterial growth when used at 5 pyM. This result is in
agreement with previous research showing antibacterial
properties of phen, whose minimum inhibitory concentration
(MIC) is reported to be 20 ug mL™.“8 To assess whether CO
release could potential have a synergistic effect with phen on the
bacterial growth, E. coli culture were incubated with the complex
at 100 yuM and 5 pM, and then irradiated under the same
conditions. However, no significant differences were detected
(see Sl), suggesting the release of CO in this case did not affect
bacterial growth along with phen.
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Figure 6. E. coli growth curves at 37 °C in the presence of 100 uM
Mn(phen)(CO)s4 pre-photolysed or maintained in the dark (pink and green lines,
respectively), phenanthroline (blue line) and tetrazole 4 (red line). A control
culture containing DMSO alone (1.2%) was prepared (dark line).

Conclusions

A series of ten manganese(l) complexes were synthesised and
fully characterised, including X-ray crystal structure analysis for
the five complexes bound to the phenanthroline. All compounds
are stable in the dark. However, upon excitation to the lowest
MLCT manifold, all three carbonyls are lost simultaneously,
leading to the release of phen/batho and corresponding
tetrazolato ligands. The complexes could be activated with a
variety of light source from low power artificial lab light to a high
power PoliLight, ranging from wavelengths 365-555 nm. Bacterial
growth inhibition was tested for solutions containing either the
intact or the photolysed complex, with inhibition of E. coli
observed for the latter. This effect seems to be caused by the
presence of phen species since phenanthroline alone inhibited
bacterial growth to a similar level observed in the presence of the
pre-irradited Mn(phen)(CO)s4.

Experimental Section
General considerations

All reagents and solvents were purchased from Sigma Aldrich, Alfa Aesar
and Strem Chemicals and used as received without further purification. All
experiments were performed in the dark by wrapping glassware in
aluminium foil. All complexes were prepared by modification of previously
published procedures.® Nuclear magnetic resonance spectra were
recorded using a Bruker Avance 400 spectrometer (400.1 MHz for 1H; 100
MHz for 13C) at 300 K. All the NMR spectra were calibrated to residual
solvent signals. Infrared spectra were recorded using an attenuated total
reflectance Perkin EImer Spectrum 100 FT-IR with a sodium chloride cell.
IR spectra were recorded from 4000 to 650 cm™*. Elemental analyses were
obtained at Curtin University using a Thermo Finnigan EA 1112 Series
Flash. Absorption spectra were recorded at room temperature using a
Cary 4000 UV-Vis spectrometer.

Lamp photolysis experiments were carried out using a UVP Blak-Rays B-
100AP High Intensity UV lamp with a 100 W bulb at a single wavelength
output of 365 nm. The experiments were performed under darkness, the
complexes dissolved in dichloromethane (3 mL, 7.8mM) and stored in in a
quartz cuvette. The distance between quartz and lamp source was kept
constant at a 3 cm distance. The lamp was switched off at set intervals
and the solutions analysed in a NaCl (5 mm) disc on a Perkin-Elmer
Spectrum 2000 FT-IR spectrometer. The range of wavelengths able to
activate the complexes were tested using a PoliLight FL 500 Universal
Forensic Light. Complexes were dissolved in dichloromethane (3 mL, 7.8
mM) and placed in a quartz cuvette and kept 6 cm away from the PoliLight.
Solutions were irradiated for 15 seconds each, and CO loss was measured
using a NaCl (5 mm) disc on a Perkin-Elmer Spectrum 2000 FT-IR
spectrometer.

Escherichia coli TOP10 strain was streaked from a 20% glycerol stock on
Luria-Bertani (LB) agar plates (10 g/L tryptone, 5 g/L yeast extract, 10 g/L
NacCl, 15 g/L agar), and grown at 37°C overnight. A single colony was used
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to prepare the pre-culture in LB liquid medium. After overnight incubation
at 37 °C under shaking (180 rpm), the pre-culture was used to inoculate
independent cultures (5 mL of fresh LB) containing different concentrations
of Mn(phen)(CO)s4 dissolved in dimethylsulfoxide/water (50:50). A control
culture in absence of any complex containing DMSO alone (1.2 or 0.5%)
was also prepared. The growth curve at 37 °C of each E. coli culture was
obtained by measuring the optical density at 600 nm (OD600) as a function
of time using a UV-Vis spectrophotometer.

The synthesis of the manganese complexes was carried out using
procedures adapted from previously published works.! Complexes were
kept under darkness at all times during reaction, work up and storage. The
tetrazole ligand (1.1 eq.) and triethylamine (3.0 eq.) were added to a 12
mL ethanol/water mixture (3:1 v/v). The mixture was stirred at room
temperature for 15 minutes, followed by the addition of fac-
Mn(diim)(CO)sBr (1.0 eq.). The mixture was then heated at reflux for 4
hours. The resulting yellow solution was reduced in vacuo and 20 mL of
dichloromethane were added. The organic phase was collected and
washed with water (3 x 20 mL). The organic phase was then dried over
anhydrous magnesium sulfate and filtered. The solvent was reduced to
few mL, filtered through a 0.2 um PTFE membrane, and then diethyl ether
was added to cause the precipitation of the pure complex as a yellow solid.
The solid was filtered and washed with diethyl ether.

fac-Mn(phen)(CO)s1

Yield 60 mg (90%). Elemental analysis for C22H13MnNeOs: calculated C
56.90, H 2.82, N 18.10; found C 56.68, H 2.55, N 17.83. vmax (ATR)/cm™:
2035 (s) (CO), 1939 (s) (2 x CO). *HNMR (8, ppm, Acetone-ds): 9.73 (2H,
dd, 3JuH= 4.8 Hz, *Jn-+ = 1.2 Hz, Ha), 8.84 (2H, dd, 3Jn-+= 8.4 Hz, *Jnn =
1.2 Hz, H2), 8.23 (2H, s, H1), 8.14 (2H, dd, 3Jun = 8.4 HZ, 3Jn.n= 4.8 Hz,
Hs), 7.68-7.66 (2H, m, Hs), 7.25-7.16 (3H, m, He). ¥C NMR (3, ppm,
Acetone-ds): 164.00, 155.22, 148.00, 139.07, 131.81, 130.79, 129.02,
128.60, 128.06, 126.71, 126.55. HR-ESI (m/z): calculated 465.0502
(C22H13MNnNeO3, [M+H]*) found 465.0480. Crystals suitable for X-ray
analysis were grown via evaporation of a solution of dichloromethane
containing the complex.

fac-Mn(phen)(C0O)32

Yield 42 mg (74 %). Elemental analysis for C21H12MnN7Os: calculated C
54.20, H 2.60, N 21.07; found C 53.87, H 2.23, N 20.66. Vmax (ATR)/cm™:
2036 (s) (CO), 1941 (s) (2 x CO). *HNMR (8, ppm, Acetone-ds): 9.74 (2H,
dd, 3Jn-+ = 4.8 Hz, “Jn-+ = 1.2 Hz, Ha), 8.85 (2H, dd, 3Jn-+ = 8.4 Hz, 4Jnn=
1.2 Hz, H2), 8.79 (1H, s, Hs), 8.39 (1H, d, 3Jun= 4.4 Hz, H7), 8.24 (2H, s,
Hi), 8.14 (2H, dd, 3Ju-n = 8.4 Hz, 3Ju.n = 4.8 Hz, Hs), 7.94 (1H, dd, 3Jnn =
6.4 Hz, *Jun = 1.6 Hz, Ho), 7.23 (1H, dd, 3Ju.1 = 8.0 Hz, 3Jn.H= 4.8 Hz, Hs).
13C NMR (3, ppm, Acetone-ds): 161.79, 155.28, 149.87, 148.02, 147.96,
139.15, 133.30, 130.82, 128.09, 127.39, 126.77, 124.16. HR-ESI (m/z):
calculated 466.0455 (C2:H12MnN7Os, [M+H]*) found 466.0436. Crystals
suitable for X-ray analysis were grown via vapour diffusion of petroleum
spirits (40-60 °C) into a solution of dichloromethane containing the
complex.

fac-Mn(phen)(CO)s3

Yield 36 mg (66 %). Elemental analysis for C2:H12MnN>QOzs: calculated C
54.20, H 2.60, N 21.07; found C 54.06, H 2.34, N 20.86. Vmax (ATR)/cm™:
2036 (s) (CO), 1941 (s) (2 x CO). *H NMR (3, ppm, Acetone-ds): 9.74 (2H,
dd, 3Jun = 5.2 Hz, 2Jn-n= 1.2 Hz, Ha), 8.86 (2H, dd, 3Jn-1 = 8.4 Hz, “Jnn =
1.2 Hz, H2), 8.44 (2H, d, 3Ju-n = 4.8 Hz, He), 8.24 (2H, s, H1), 8.14 (2H, dd,
3Jun = 8.4 Hz, 3Jnun = 5.2 Hz, Hs), 7.54 (2H, d, 3Jun = 5.2 Hz, Hs). 13C
NMR (8, ppm, Acetone-des): 162.29, 155.29, 151.10, 147.98, 139.18,
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138.49, 130.83, 128.10, 126.78, 120.77. HR-ESI (m/z): calculated
466.0455 (C21H12MnN7O3, [M+H]*) found 466.0433. Crystals suitable for
X-ray analysis were grown via vapour diffusion of petroleum spirits (40-
60 °C) into a solution of dichloromethane containing the complex.

fac-Mn(phen)(CO)z4

Yield 40 mg (63 %). Elemental analysis for C23H12MnN-Ozs: calculated C
56.45, H 2.47, N 20.04; found C 56.63, H 2.32, N 20.05. Vmax (ATR)/cm™%:
2036 (s) (CO), 1942 (s) (2 x CO). *H NMR (3, ppm, Acetone-ds): 9.74 (2H,
dd, 3Ju-H = 5.2 Hz, “Jn-+ = 0.8 Hz, Ha), 8.86 (2H, dd, 3Jn-+ = 8.4 Hz, “Jun =
0.8 Hz H2), 8.24 (2H, s, H1), 8.14 (2H, dd, 3Jn+ = 8.0 Hz, 3Jun = 1.2 Hz,
Ha), 7.84 (2H, d, Ju+ = 8.4 Hz, He) 7.65 (2H, d, 3Ju-+ = 8.4 Hz, Hs). 13C
NMR (5, ppm, Acetone-de): 162.82, 155.31, 147.96, 139.19, 135.80,
133.16, 130.83, 128.11, 127.03, 126.80, 119.37, 111.96. HR-ESI (m/2):
calculated 490.0455 (Cz23H12MnN7Os, [M+H]*) found 490.0437. Crystals
suitable for X-ray analysis were grown via vapour diffusion of petroleum
spirits (40-60 °C) into a solution of dichloromethane containing the
complex.

fac-Mn(phen)(CO)35

Yield 46 mg (39%). Elemental analysis for C23H13MnNeOa4: calculated C
56.11, H 2.66, N 17.07; found C 55.77, H 2.47, N 16.92. Vmax (ATR)/cm™%:
2036 (s) (CO), 1942 (s) (2 x CO). *H NMR (3, ppm, Acetone-ds): 9.96 (1H,
s, H7) 9.75 (2H, dd, 3Jn.+ = 4.8 Hz, 4Jun = 1.2 Hz, Ha), 8.86 (2H, dd, 3Jn.+
= 8.4 Hz, “Jn.1 = 1.2 Hz, H), 8.24 (2H, s, H1), 8.15 (2H, dd, 3J4.1 = 8.4 Hz,
3JnH = 5.2 Hz, Hs), 7.89-7.87 (2H, m, H¢'), 7.81-7.79 (2H, m, Hs). 13°C NMR
(8, ppm, Acetone-ds): 192.36, 163.26, 155.30, 148.00, 139.16, 137.11,
136.96, 130.84, 130.51, 128.10, 126.89, 126.78. HR-ESI (m/z): calculated
493.0452 (C23H13MnNeO4, [M+H]*) found 493.0429. Crystals suitable for
X-ray analysis were grown via vapour diffusion of ether into a solution of
dichloromethane containing the complex.

fac-Mn(batho)(CO)s1

Yield 52 mg (79%). Elemental analysis for CssH2sMnNgOs: calculated C
67.08, H 3.91, N 13.04; found C 66.80, H 3.70, N 13.04. Vmax (ATR)/cm™:
2030 (s) (CO), 1932 (s) (2 x CO). *H NMR (8, ppm, Acetone-ds): 7.99 (2H,
s, H1'), 7.88 (2H, s, Hs'), 7.74 - 7.71 (2H, m, H7'), 7.65 - 7.60 (10H, m,
H234" ), 7.28 — 7.21 (3H, m, Hsg¢') 3.55 (6H, s, H¢'). 3C NMR (5, ppm,
DMSO-ds): 164.09, 162.54, 149.35, 147.85, 135.49, 129.70, 129.61,
129.48, 129.00, 128.53, 128.29, 127.14, 125.41, 125.35, 123.72, 29.08.
HR-ESI (m/z): calculated 645.1441 (CszsH2sMnNeOs, [M+H]*) found
645.1428.

fac-Mn(batho)(CO)s2

Yield 35 mg (63%). Elemental analysis for CzsH2aMnN7030.2CH2Cl2:
calculated C 63.81, H 3.71, N 14.80; found C 64.03, H 3.50, N 14.79. Vmax
(ATR)/cm™% 2031 (s) (CO), 1934 (s) (2 x CO). (8, ppm, Acetone-ds): 8.88
(1H, d, “Jn-+ = 1.2 Hz, H7'), 8.43 (1H, dd, 3Jn-+ = 4.8 Hz, “Jnn = 1.6 Hz, Ho)
8.01-7.98 (3H, m, H111), 7.89 (2H, s, Hs), 7.65 - 7.59 (10H, m, Hz34), 7.27
(1H, dd, 3JuH= 8.4 Hz, 3Jun= 4.8 Hz, H10), 3.56 (6H, S, Hs). 13C NMR (D,
ppm, DMSO-ds): 164.15, 160.35, 149.38, 147.82, 147.63, 146.45, 135.47,
132.63, 129.60, 129.49, 128.99, 128.69, 127.20, 125.47, 125.36, 123.73,
29.11. HR-ESI (m/z): calculated 646.1407 (C23H13MnNeO4, [M+H]*) found
646.1381.

fac-Mn(batho)(CO)s3

Yield 37 mg (64%). Elemental analysis for CssH24MnN7Ogz: calculated C
65.11, H 3.75, N 15.19; found C 65.17, H 3.56, N 14.95. vmax (ATR)/cm™:
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2031 (s) (CO), 1934 (s) (2 x CO). *H NMR (8, ppm, Acetone-ds): 8.48 (2H,
d, J = 3.6 Hz, Hg), 8.00 (2H, s, H1), 7.89 (2H, s, Hs), 7.65 - 7.59 (12H, m,
Hz2346), 3.55 (6H, s, Hs). 3C NMR (3, ppm, DMSO-d6): 164.19, 160.88,
150.21, 149.44, 147.81, 136.50, 135.47, 129.63, 129.53, 129.03, 127.23,
125.38, 123.77, 119.69, 29.12. HR-ESI (m/z): calculated 646.1394
(CssH2aMnN7Os, [M+H]*) found 646.1379.

fac-Mn(batho)(CO)z4

Yield 41 mg (68%). Elemental analysis for C37H2aMnN-Os: calculated C
66.37, H 3.61, N 14.64; found C 66.36, H 3.52, N 14.42. vmax (ATR)/cm™:
2031 (s) (CO), 1934 (s) (2 x CO). *H NMR (3, ppm, Acetone-ds): 8.00 (2H,
s, Hy/), 7.90-7.88 (4H, m, Hs7), 7.68 (2H, dd, 1H, dd, 3Ju.+ = 5.6 Hz, “Jun
= 1.6 Hz, Hg), 7.64-7.60 (10H, m, Hz234), 3.55 (6H, s, Hs). 3C NMR (3,
ppm, DMSO-de): 164.19, 161.47, 149.44, 147.80, 135.46, 133.80, 132.80,
129.63, 129.53, 129.04, 127.23, 125.95, 125.38, 123.77, 118.7, 110.67,
29.13. HR-ESI (m/2): calculated 670.1394 (C37H24MnN7O3, [M+H]*) found
670.1386.

fac-Mn(batho)(CO)35

Yield 45 mg (73%). Elemental analysis for C37H2sMnNeOa: calculated C
66.07, H 3.75, N 12.49; found C 66.32, H 3.81, N 12.41. vmax (ATR)/cm™:
2031 (s) (CO), 1934 (s) (2 x CO). *H NMR (3, ppm, Acetone-ds): 9.98 (1H,
s, Ho'), 8.00 (2H, s, H1'), 7.92 (2H, d, 3Jn.1 = 8.4 Hz, Hg), 7.89 (2H, s, Hs),
7.83 (2H, d, 3Ju.H = 8.4 Hz, H7), 7.65 - 7.61 (10H, m, Hz234), 3.56 (6H, s,
Hs). C NMR (8, ppm, DMSO-ds): 192.63, 164.24, 161.90, 149.49, 147.91,
135.82, 135.52, 134.99, 130.10, 129.68, 129.59, 129.09, 127.24, 125.91,
125.43,123.80, 29.17. HR-ESI (m/z): calculated 673.1391 (C37H2sMNnNeO4,
[M+H]*) found 673.1381.

X-ray diffraction analysis

All crystals were grown via the diffusion of petroleum spirits into
dichloromethane. Crystallographic data for the structures were collected
at 100(2) K on either an Oxford Diffraction Xcalibur or Gemini
diffractometer. Following Lp, and absorption corrections, and solution by
direct methods, the structures were refined against F? with full-matrix least
squares using the program SHELXL-2014.9.19 Anisotropic displacement,
parameters were employed for the non-hydrogen atoms. All hydrogen
atoms were added at calculated positions and refined by use of a riding
model with isotropic displacement parameters based on those of the
parent atom. Crystallographic data for the structures reported in this paper
can be found in the Supporting Information and have been deposited at
the Cambridge Crystallographic Data Centre. CCDC numbers are given
below. Copies of the data can be obtained free of charge via
https://www.ccdc.cam.ac.uk/structures/, or from the Cambridge
Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ,
U.KCB21EZ, UK (fax +441223336033; email deposit@ccdc.cam.ac.uk).

Mn(phen)(CO)s1, C22H13MNnNeO3, M = 464.32 , 0.168 x 0.145 x 0.102 mm3,
triclinic, space group P1, , a=9.2137(4), b = 9.3093(5), c = 12.8795(7) A,
a =106.306(4), B = 96.016(4), y = 109.134(4)°, V = 977.82(9) A3, Z= 2, D¢
=1.577 g/lem3, y=0.715 mm™. A= 0.71073 A, T = 100(2) K, 26max = 65.2°,
12385 reflections collected, 6444 unique (Rint = 0.0337). Final GooF =
1.000, R1 = 0.0431, wR2 = 0.0918, R indices based on 5129 reflections
with | > 25(1), |Ap|max= 0.50(8) e A3, 289 parameters, 0 restraints. CCDC
number 1938962.

Mn(phen)(CO)s2, C21H12MnNN7O3, M = 465.32, 0.224 x 0.188 x 0.143 mm?g,
triclinic, space group P1,”, a = 9.1185(3), b = 9.2141(3), ¢ = 12.7940(4) A,
a=95.906(3), B = 104.413(3), y = 108.911(3)°, V = 964.94(6) A3, 2= 2, D,
=1.601 g/cm?, y=0.726 mm™. A =0.71073 A, T = 100(2) K, 26max = 64.6°,
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20219 reflections collected, 6405 unique (Rint = 0.0326). Final GooF =
1.066, R1 = 0.0386, wR2 = 0.0951, R indices based on 5475 reflections
with 1> 25(1), |Ap|max= 0.62(8) e A3, 289 parameters, 0 restraints. CCDC
number 1938963

Mn(phen)(C0)s3, C21H12MnN7O3, M = 465.32, 0.183 x 0.134 x 0.062 mm§,
monoclinic, space group C2/c, a = 20.0296(8), b = 8.2582(3), ¢ =
25.1697(14) A, B=107.279(5) °, V = 3975.4(3) A3, Z = 8, D = 1.555 g/cm3,
p = 5759 mm?l A = 154184 A, T = 100(2) K, 26max = 134.6°, 15582
reflections collected, 3530 unique (Rint = 0.0598). Final GooF = 1.055, R1
=0.0468, wR2 = 0.1267, R indices based on 3109 reflections with | > 25(l),
|Ap|max= 0.51(7) e A3, 289 parameters, 0 restraints. CCDC number
1938964.

Mn(phen)(CO)s4, C23H12MNnN703.3/4(CH2Cl2), M = 553.03, 0.646 x 0.133
x 0.042 mm?3, monoclinic, space group C2/c, a = 22.4035(6), b =
17.2137(4), ¢ = 12.7060(2) A, B = 91.659(2) °, V = 4897.98(19) A3, Z = 8,
Dc = 1.500 g/cm3, y = 0.744 mm™. A = 0.71073 A, T = 100(2) K, 26nax =
64.2°, 27473 reflections collected, 8088 unique (Rint = 0.0355). Final GooF
=1.055, R1 = 0.0605, wR2 = 0.1474, R indices based on 6603 reflections
with | > 26(1), |Ap|max= 1.36(9) e A3, 363 parameters, 16 restraints. CCDC
number 1938965.

Mn(phen)(CO)35, C23H13MNnNeOa, M = 492.33, 0.436 x 0.356 x 0.093 mm3,
monoclinic, space group P2i/n, a = 9.4795(2), b = 10.9716(2), ¢ =
20.6393(4) A, B=97.321(2) °, V = 2129.10(7) A3, Z = 4, D = 1.536 g/cm?,
u = 0.665 mm? A =071073 A, T = 100(2) K, 26max = 65.4°, 45622
reflections collected, 7422 unique (Rint = 0.0330). Final GooF =1.001, R1
=0.0364, wR2 =0.0977, R indices based on 6273 reflections with | > 24(l),
|Ap|max= 0.45(7) e A3, 307 parameters, 0 restraints. CCDC number
1938966.
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