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The Dinuclear PhotoCORM (CO);(bpy)ReMn(CO)s. Formation of a Luminactive
Product upon CO Uncaging by MMLCT Excitation’

Zhi Li, Guang, Wu, Peter C. Ford*

Department of Chemistry and Biochemistry, University of California, Santa Barbara, Santa

Barbara, CA, 93106 USA

Abstract: We report a photochemical investigation of the dinuclear metal carbonyl complex
(CO);(bpy)ReMn(CO)s, where bpy = 2,2’-bipyridine. This investigation follows an earlier study of
the photo-activated carbon monoxide release as the result of long-wavelength visible and near-
infrared excitation of a several different (CO)sReMn(CO);(LL) complexes in aerobic media. These
dinuclear species all show a strong metal-metal-bond (omm)-to-ligand (7i.*) charge-transfer
(MMLCT) bands as the lowest energy absorptions in their respective optical spectra. Photolysis of
the MMLCT band leads to homolysis of the metal-metal bond to give mononuclear metal radicals
that can be trapped with dioxygen. The species formed from the manganese carbonyl radical
fragments undergo CO release via secondary reactions, while the mononuclear product(s) formed
from the ®Re(CO);(bpy) radical is luminescent. In these contexts, we discuss potential applications

of such dinuclear compounds as photoactivated CO-releasing moieties.
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Introduction

Carbon monoxide is produced endogenously in mammals by heme oxygenase enzymes,'
and recent studies identify CO as a signaling molecule with various physiological roles.**
Exogenous CO application also reduces organ graft rejection,” promotes wound healing® and
protects against ischemia/reperfusion injury.” In addition, there is continuing interest in the anti-
microbial activity® of this diatomic molecule, which is better known for its action as a toxic gas.
While CO toxicity to mammals is often attributed to the blocking O, transport via
carboyhemoglobin formation, it is notable that blood Hb(CO) levels can approach 20% with
limited adverse effects.? Thus, Hb's affinity for CO may serve as a buffer against even more toxic
effects at the cellular level.*’ However, this buffering function also makes it necessary to develop

methods for CO delivery to physiological targets to avoid the Hb pool in the blood stream.

Potential therapeutic applications have been addressed by using CO releasing moieties
(CORMs) designed to uncage CO under specific physiological conditions.>*"!° Alternatively, one

can photo-active CO release from otherwise stable compounds,''?

species that have been dubbed
"photoCORMs".""* The use of light as an uncaging trigger offers exquisite temporal-spatial control.
However, owing to the poor transmission of UV and shorter visible wavelengths through tissue," it
is important to develop delivery systems that can be activated by more penetrating, red or near-
infrared (NIR) light. In this context, we have previously employed upconverting nanoparticles
(UCNPs)* and simultaneous two photon excitation (TPE)" in order to trigger CO release with NIR

light, but these non-linear approaches to photo-uncaging may be compromised by scattering of the

excitation beam by heterogeneous structures in real tissue.

Another strategy to extending the response of photoCORM systems to longer wavelengths
was reported by Zhi Li et al from this laboratory in 2017.'° In short, this approach utilized direct
single photon excitation of the metal-metal bond to ligand (o =2 7.*) charge transfer (MMLCT)
transition characteristic of certain dinuclear complexes to generate reactive intermediates that
release CO upon subsequent reaction(s). MMLCT excitation of the dinuclear rhenium-manganese
carbonyl compounds (CO)sReMn(CO);(LL) (LL = a bidentate diimine heterocycle including 2,2’-
bipyridine (bpy), 1,10-phenanthroline (phen), 2,2’-biquinoline or 1,10-phenanthroline-4-
carboxaldehyde) led to homolytic cleavage of the Re-Mn bond by deep red and/or NIR light to give



mononuclear metal radicals (e.g., eq. 1). In the absence of trapping agents, the radicals reform
metal-metal bonds, but in aerobic solution, they are trapped by O,. The resulting intermediates
from the Mn radicals undergo further oxidation leading to CO uncaging.'® However, the rhenium
radicals did not lead to CO release, perhaps because the rhenium carbonyl fragment may be

resistant to further oxidation by dioxygen.

(CO)sRe-Mn(CO)s(LL) W “Re(CO)5 + +Mn(CO)g(LL) (1)

Notably, certain Re'tricarbonyl complexes of the type Re(CO);(LL)X have been reported
to have theranostic activity, namely that they may have therapeutic value, for example, in cancer
chemotherapy, while also being luminescent, thus bioimagable.'” Several have been shown to be
photoCORMSs'® but are primarily responsive to shorter wavelength excitation. Here we describe the
synthesis and a brief photochemical investigation of the dinuclear complex (CO)sMnRe(CO);(bpy)
(D1,). This compound was prepared with the expectation that photolysis of the MMLCT band in
aerobic media would play dual roles. Photofragmentation of the Re-Mn bond would facilitate CO
delivery via subsequent reactions of the photogenerated eMn(CO)s radical with O, while formation

of a luminescent Re' fragment would allow optical imaging of the photoreaction site
Here we describe the photochemistry of compound D1 in the context of the above goals.
Results and Discussion

The dinuclear compounds (CO)sReMn(CO);(LL) (LL = various bidentate diamine ligands)
previously studied in this laboratory do not display photoluminescence under ambient conditions
nor do their photo products.'® These dimers undergo fast photo-activated metal-metal bond
cleavage upon irradiation of the MMLCT band, but the expected Re(CO)sX products only emit at
low temperature.'® By placing the diamine ligand on the rhenium center of (CO)sMnRe(CO);(bpy)
(D1), it was anticipated that the (¢Re(CO);(bpy)) radical formed upon MMLCT excitation would
be trapped by O, to form (eventually) a luminactive species, while similar oxidative trapping of the

*Mn(CO); radical would lead to CO release.

Synthesis: The dinuclear complex D1 was prepared from Re(CO);(bpy)Cl (M1) and

Mn(CO)sBr by a procedure similar to that reported by Stufkens and coworkers.* The key



difference was that the Re(I) monomer that was first reduced by Na(Hg) (Supporting Information
Scheme S1) rather than the manganese component. After purification by column chromatography,
D1 was characterized by 'HNMR and IR spectroscopy and by mass spectrometry (see
Experimental Section and Supporting Information Figs. S1 and S2). The X-ray crystal structure
presented in Figure 1 shows the three carbonyls on Re in facial configuration and a Re-Mn bond
length of 3.010 A. The absorption spectrum in acetonitrile (Fig. 2) displayed a strong absorption
band with a A, at 483 nm (€, = 5.1 x 10° M cm™) which, in analogy to earlier studies,'®* was

assigned to a MMLCT absorption.
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Figure 1. ORTEP drawing of the structure of (CO)sMnRe(CO);(bpy) (D1) shown with 50% thermal elipsoids.
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Figure 2. Optical spectrum of D1 in ambient temperature MeCN solution. A, occur at 287 nm (e = 2.12 x 10* M!
cm™) 341 nm (sh, 5.8 x 10* M'cm™) and 483 nm (5.1 x 10°M'cm™)

An interesting side-product of this synthetic scheme was the bis(2,2’-bipyridine) dimer
[Re(CO);(bpy)]. (D2) which was isolated in low yield and characterized by determining the X-ray

crystal structure.”

The same compound had previously been reported by Fujita and
Muckerman®and structurally characterized by Benson and Kubiak.? The latter researchers

isolated D2 as a side product formed upon KCsreduction of M1.

Photolysis of D1: The excitation source was a green LED with output centered at 532 nm,
where D1 has an extinction coefficient of 2.4 x 10° M cm™. Photolysis of aerobic acetonitrile
solutions of D1 led to bleaching of the MMLCT absorption (SI Fig. S3) as would be expected from
photo-induced homolytic cleavage of the Mn-Re bond (eq. 2), followed by O, trapping of the
resulting metal radicals. In contrast, analogous solutions of D1 when kept in the dark proved to be
quite stable with the absorbance at 483 nm decreasing less than 8% over a period of 16 h at 37 °C.
The residual absorbance at 483 nm after exhaustive photolysis suggests that one or more
photoproducts display absorbance in this spectral region, most likely due to metal-to-ligand charge
transfer (MLCT) transition of a Re'(bpy) moiety. The quantum yield (®;) for disappearance of the
MMLCT absorbance of D1 was determined to be 0.31 + 0.01 from the linear plot of moles of
complex reacted vs Einsteins of photons absorbed (SI Fig. S4).

hy
(CO)sMn-Re(CO)3(bpy) — > (CO)sMn* + * Re(CO);(bpy) 2)

Quantitative GC-TCD analysis of the gas phase after exhaustive photolysis at 532 nm of an
aerobic MeCN solution of D1 (3.18 mM in 4.0 mL, 0.0127 mmol) in a Schlenk cuvette®
determined that the amount of CO released was 0.0117 mmol, which corresponds to 0.92 moles of
CO per mole of D1 depleted. The quantum yield of CO (P¢o) release under these conditions was
measured independently as 0.27 + 0.02 by measuring CO released at several time points during the
photolysis (SI Fig. S5). The ratio between ®¢o and Py is 0.87, consistent with release of 0.92
CO/D1 consumed. In addition, the GC-TCD analysis found that the amount of CO, generated was
0.0107 mmol, that is, 0.85 moles of CO, released per mole of D1 depleted. These results were
surprising given the expectation that multiple CO’s should be available for release upon oxidation

of the manganese fragment ®Mn(CO)s. The relatively low quantum yield for CO release may be



partially due to dimerization of ®Mn(CO)s radicals to form Mn,(CO),,, a reaction known to occur at
a nearly diffusion limited rate.** The latter product would be photo-inert to the 532 nm excitation
used in the present experiment. (Based on our earlier studies,'® the Re moiety was not expected to

release CO).

The dinuclear compound D2 also proved to be quite photoactive when irradiated at 532

nm;*' however, this reaction was not probed quantitatively.

Luminescence of D1 and its photoproduct(s): Figure 3 displays the luminescence spectra of
D1 in aerobic MeCN solution. The solution appeared to be very weakly emissive with a broad
maximum centered at 555 nm (A, = 380 nm). However, since compound D1 has a quite high
photo-fragmentation quantum yield under these conditions (®g4, = 0.31), it is quite plausible that
even this weak emission was the result of photoreaction triggered by the fluorimeter excitation
source. To evaluate this possibility, the temporal emission intensity at 555 nm was recorded while
using the continuous 380 nm excitation source of the PTI fluorimeter (Fig. 3 inset). Notably, the
emission intensity increased nearly linearly with time. Extrapolation back to the starting time
showed that D1 is not emissive at all or at most very weakly emissive under these conditions and
that even the residual emission seen in Figure 3 is indeed from photoproduct(s). Figure 4 displays
the emission and excitation spectra of an exhaustively photolyzed aerobic MeCN solution of D1.
Clearly, the photoproducts show a strong emission with A,,,,, = 555 nm with the excitation spectrum

having a A, at 346 nm.

The temporal emission from the products after exhaustive photolysis of D1 were recorded
using a custom-built instrument at several monitoring wavelengths (A,,) over the range 450 - 600
nm. At each A, the decay was fit to simple exponential (SI Fig. S6). Although signal intensity
was, as expected, a function of A, across the emission spectrum, the lifetime at ambient
temperature in each case was the same, T.., = 135 ns, suggesting that the photoproducts include only

one emissive species which we will designate as P1.

Further characterization of the DI photoproducts. The '"HNMR spectrum of the solution
after D1 was photolyzed at 532 nm in aerobic CD;CN displays broadened proton resonances in the
aromatic region (0 = 9.02, 8.48, 8.29, 7.72 ppm) consistent with a bipyridine complex but different

from those for D1 (Fig. 5). The resulting peak broadening is a likely due to formation of a



paramagnetic species such as Mn**. The IR spectral changes recorded during photolysis (Fig. 6) show

the disappearance of the strong Vo bands at 1890, 1945, 1997 and 2055 cm™ characteristic of D1 in MeCN
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Figure 3. Black: Emission spectrum of D1 in aerobic MeCN (0.165 mM) with A, = 380 nm measured with a fresh
solution. Red: The excitation spectrum of the same solution with the emission monitored at A,,,, = 555 nm. Inset:
Temporal emission intensity at 555 nm of a solution initially containing D1 (0.140 mM) in aerobic MeCN under 380
nm excitation in the fluorescence spectrometer.
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Figure 4. Emission spectrum (A, = 380 nm) (black) and excitation spectrum (A, = 555 nm) (red) after exhaustive
photolysis at 532 nm of an aerobic MeCN solution of D1 (initially 0.140 mM).



and the appearance of new bands at 1880, 1910, 1935, 2010 and 2040 cm™ attributed to the
photoproducts. The ESI+ mass spectrum of the product solution (SI Fig. S7) displayed strong
signals consistent with the rhenium(I) fragments Re(CO);(bpy)* and Re(CO);(bpy)(CH;CN)*.
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Figure 5. Black: '"H NMR (500 MHz, CD;CN) spectra of compound D1. Red: 'H NMR of the photoproduct
solution (P1) after exhaustive photolyisis of DI in aerobic acetonitrile-d; (d = 9.02, 8.48, 8.29, 7.72 ppm).

Possible isolation and further characterization of the emissive photoproduct P1 used
chromatography with an activated alumina column. Crystallization was attempted by diffusing
hexane into a dichloromethane (DCM) solution of isolated product. However, the overall result of
this procedure was conversion of P1 into another emissive species P2 (Scheme 1), which was
shown to have "HNMR and IR spectra consistent to those of synthesized fac-Re(CO);(bpy)Cl (M1,
SIFigs. S8 and S9),* the DCM presumably being the chloride source. Comparison of the 'H NMR
and IR spectra of P1 to literature examples leads to the conclusion that P1 is neither
[Re(CO);bpy(CH;CN)]* nor the dimer [Re(CO);bpy],.>** However, although the Re(CO);(bpy)

moiety apparently remains intact, the exact identity of P1 remains uncertain.

Air=532 nm isolation &

(CO)sMn-Re(CO);(bpy) ———= photoproduct soI'n —— = P2
D1 aerobic MeCN P1 recrystalization  Re(CO),(bpy)Cl
(non-emissive) (emissive) (DCM/hexane) (emissive)



Scheme 1 Steps leading to photoproduct P1 and to P2 from D1.
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Figure 6. Difference IR spectral changes recorded during 532 nm photolysis of D1 (4.2 mM) in aerobic MeCN in a 0.1
cm pathlength KBr cell. The negative peaks represent the consumption of B while positive peaks represent the
formation P1.

Summary:

This study is a proof of principle example showing that compounds similar to D1 can be
theranostic, in this case undergoing photolysis-induced carbon monoxide release (i.e is a
photoCORM) while serving as a turn-on luminescent indicator of the photochemical event. In
order to address possible biomedical applications of compounds such as D1, several issues need to
be addressed. The first is biocompatibility, both in terms of being deliverable to targeted sites and
of potential toxicity of the dimeric photoCORM. One may also be concerned with toxicity of the
photoproducts, but in anti-cancer or anti-bacterial applications, photoproduct toxicity may be
desirable. Another issue is the excitation wavelength needed to trigger cleavage of the metal-metal
bond. While photolysis at 532 nm would be sufficient to deliver CO at a subcutaneous site, it would
inefficient with a deep tissue target such as a solid tumor owing to the relatively poor transmission
of green light through mammalian tissue." Thus, it would be desirable to tune the MMLCT band to

longer wavelengths into the phototherapeutic window. This task should be easily accomplished by



replacing the bpy of D1 with a more conjugated diimine ligand or one with electron-withdrawing

substituents. 6

Another issue would developing a mechanism for delivery of theranostic compounds to the
appropriate biological target(s). Implantation of a device based on some type of biocompatible
polymer infused with the photoCORM would be a simple approach. This could be attached to an
optical fiber so that the CO photo release could be activated upon demand.?® An advantage of this
method is that it would not be limited by the transmission properties of tissue. A less invasive
approach would be to attach pendant groups to the dimers that enhance the solubility in biological
media and target specific cellular types. Example of the latter are certain sugars and peptides that
target tumors.'”™” A third strategy would be to use a cellular Trojan Horse such as macrophage
immune cells to carry a payload such as photoCORM loaded polymer microcarriers into tumor
structures.” Like the first approach, the photoCORM would not need to be soluble in biological
fluids but like the second strategy, activation by longer red or near-IR wavelengths would be highly
desirable. Dinuclear photoCORMs of the type described here, and previously, would appear to be

promising candidates for such approaches.

EXPERIMENTAL SECTION

Materials: Bromidopentacarbonylmanganese(I) (Mn(CO)sBr, 98%) and dirhenium
decacarbonyl (Re,(CO),o, 98%), were purchased from Strem Chemicals and used without further
purification. The 2,2’-bipyridine (bpy, 99%) was purchased from Aldrich Chemicals and used

without further purification.

Analytical Instrumentation: Solution optical absorption spectra were recorded in 1.0 cm
path length quartz cells using Shimadzu dual beam UV-2401 PC spectrophotometer. Infrared
spectra of solutions were recorded using a Mattson Research Series FTIR spectrometer. Solution
NMR spectra were recorded using a Varian Unity Inova 500 MHz spectrometer or a 400 mHz
Agilent 400-MR DD2 spectrometer using a 5 mm OneNMR broadband probe with pulsed field
gradients. Exact molecular masses were measured using a Waters (Milford, Mass.) GCT Premier

time-of-flight mass spectrometer with field desorption (FD) ion sources. Carbon monoxide release
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was quantified using an Agilent 6890 gas chromatograph with a thermal conductivity detector
(GC-TCD) as previously described.'™ The structures of solid-state single crystals were determined
by X-ray diffraction on a Kappa Apex II single-crystal diffractometer. The X-ray structural data are

summarized in the Supporting Information (SI Table S1).

Photochemical/photophysical procedures: Photolysis experiments were carried out using
light emitting diodes (LEDs) from LUXEON Rebel as the excitation sources. Incident photon flux
during irradiation was measured using Newport optical power/energy meter Model 8442 PE with a
silicon photodiode Model 884-UVR detector. Irradiation time was controlled by shutter
drive/timer UniBlitz Model SD-1000.

Photolyses were carried out on solutions contained in a custom-made Schlenk cuvette
consisting of 1.0 cm square quartz cuvette fused to glass tubing and stopcocks designed for
attachment to a vacuum line for degassing and for introducing or withdrawing gas samples.'"
Solutions for anaerobic experiments were degassed by freeze—pump—thaw (3x) procedures, after
which the Schlenk cuvette was backfilled to 1.0 atm with purified argon. After photolysis, the gas
was sampled by removing an aliquot with a gastight syringe and analyzing by GC-TCD. The
overall CO released was calculated by taking into account the cell and solution volumes and CO

solubility in the solvent.

Quantum yield (®) measurements followed the procedure described preciously.'® Plots of
molecules (or moles) reacted (N,..eq, calculated from absorption changes) vs photons (or
Einsteins) absorbed (N,,, calculated from the incident photon flux and the solution absorbance at
Air) Were linear (SI Fig. S4). The ® values were determined from the slopes of these Ni,cq VErsus

N.ps plots, corrected for dark reactions, which were very small.

Luminescence spectra were obtained using a Photon Technology International fluorimeter
with an 814 PMT detection system at 1 nm resolution. This system is equipped a UV-Vis-NIR
tunable excitation source and NIR emission can also be detected. Emission lifetimes were
measured on a custom-built time-resolved optical spectroscopy instrument using a Spectra Physics
Quanta-Ray Nd:YAG Q-switched laser operated at the third harmonic (355 nm) as the excitation
source and a Hamamatsu model 1P28 PMT coupled to a LeCroy Waverunner LT 342 S00MHZ

oscilloscope for detection.

11



Syntheses of the mononuclear complex Re(CO);(bpy)Cl: M1 was prepared from dirhenium
decacarbonyl (1.000 g, 1.53 mmol) and bpy (0.716 g, 4.59 mmol) by refluxing in 2-chloroethanol
(120 mL) for 18 h under argon. After removing the solvent under vacuum, the solid residue was
dissolved in dichloromethane (50 mL) and washed with water (50 mL x 3). After removing the
solvent under vacuum, the resulting yellow solid was dried in vacuum oven at 60 C° for 12 h.
Yield: 1.085 g (76.8%). The '"HNMR spectrum agreed with the literature® (500 MHz, CDCl;, ppm)
0=9.08 (d, J(H,H) =5.4 Hz, 2H), 8.20 (d, J(H,H) = 8.1 Hz, 2H), 8.09 (td, J(H,H) =7.9, 1.6 Hz, 2H),
7.56 (ddd, J(H,H) = 7.5, 5.5, 1.2 Hz, 2H) (SI Fig. S1).

Syntheses of the dinuclear complex (CO)5MnRe(CO)3(bpy): D1 was previously prepared
by Stufkens and coworkers® from the reaction of the Mn(CO)s™ anion with the mononuclear Re(I)
complex fac-Re(CO);(bpy)Cl. However, in our hands, this procedure gave a low yield (~1%).
Therefore, the alternative pathway shown in SI Scheme S1 was initiated, where the
[Re(CO);(bpy)] anion first prepared by the Na(Hg) reduction of M1 (0.324 mmol) in
tetrahydrofuran (THF) under argon. After 4 h, the resulting solution was transferred via cannula to
around bottom flask containing Mn(CO);sBr (0.100 g, 0.365 mmol) dissolved in 35 mL of dry THF.
The resulting solution was allowed to stir under argon in the dark at 40 °C for 12 h during which
time the color changed from bright yellow to orange. The solvent was then removed under vacuum,
and the residue was purified by flash chromatography over activated alumina. The column was
washed with one column volume of pure hexanes, then eluted with a gradient of DCM/hexanes
(0%-50% DCM). The main component from the column chromatography purification was
collected and was further purified by recrystallization from DCM by slow vacuum evaporation of

solvent giving a crystalline product (D1) with a yield of 43 mg (15%).

The NMR spectrum (500 MHz) of D1 in acetonitrile-d; displayed proton resonances at &
(ppm) 9.12 (d, J(H,H) = 5.6 Hz, 2H), 8.52 (d, J(H,H) = 8.3 Hz, 2H), 8.10 (td, J(H,H) = 8.2, 1.5 Hz,
2H), 7.56 (ddd, J(H,H) = 7.1, 5.7, 1.2 Hz, 2H) (Fig. S1) and the ATR-IR spectrum of solid D1
displayed vco bands at 2053(s), 1984(s), 1949(s), 1922(s), 1875(s), 1860(s). The molar mass of
D1was determined as 621.87 m/z by FD+ mass spectrum (calculated: 621.92 m/z) (Fig. S2). The
UV-visible spectrum (Fig. 2) in MeCN solution displays an absorption band at A, 483 nm

attributed to a MMLCT (oyy—>7L") transition in analogy to related dinuclear complexes.'® X-ray
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suitable crystals were grown by diffusing hexane vapor into an MeCN solution of D1. The crystals

are monoclinic. Complete parameters including bond lengths and angles are listed in the SI (Table

S1)
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Associated Content

Supporting Information: nine figures; a table presenting the crystal structure data for compound
D1; scheme illustrating the synthesis of D1..
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