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“Robert F. Smith School for Chemical and Biomolecular Engineering, Cornell University, Ithaca,
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ABSTRACT: Ruthenium (Ru) polypyridyl complexes have been extensively used as optical probes,
photoactivated anticancer agents, and photocages for biologically active ligands. In this study, Ru**
polypyridyl complexes were investigated as photoreleasing agents for the H,S donor GYY4137.
Four complexes of the general formula cis-[Ru(NN),(GYY4137)]*, where NN = 2-2'-bipyridine
(bpy), 2,2'-biquinoline (biq), 4,4"-methoxy-2,2'-bipyridine (dmobpy), and 4,4'-di-tert-butyl-2,2'-
bipyridine (dtbpy), were synthesized and characterized by NMR spectroscopy and X-ray

crystallography. The photochemical reactivity of these complexes was investigated, revealing that
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ligand photodissociation occurs in a two-step reaction. For these reactions, long-lived intermediates
where the bidentate ligands attain a monodentate coordination mode could be detected.
Furthermore, the ancillary diimine ligands dictated the identity of the final photoproducts observed
with some compounds ejecting GY Y4137 and others ejecting the diimine ligand. Measurements of
the photochemical quantum yields reveal trends in these values depending on the planarity enforced
by the diimine ligands on the central complex. Density functional theory (DFT) calculations were
carried out to probe the influence of complex structure on the ligand ejection process. These studies
provide insight on the photoreactivity of Ru** polypyridyl complexes bearing GYY4137, results
that are of relevance more broadly for the use of these scaffolds to release anionic sulfur-containing

ligands.

Introduction

The biological activity of hydrogen sulfide (H,S) has been studied extensively since its role
in neuromodulation was first reported in 1996."' In 2005, the subsequent discovery that H,S induces
a suspended animation-like state in mice motivated further interest in exploring the therapeutic
applications of this gas.> In humans, H,S is now established to play an important role in signaling,
joining nitric oxide (NO) and carbon monoxide (CO) as a third gasotransmitter that maintains and
regulates biological processes. Among its different functions, H,S promotes angiogenesis, mitigates
oxidative stress, and attenuates inflammation in diseased tissues.>* Based on these therapeutic
properties, it has been investigated for the treatment of Parkinson’s disease, traumatic brain injury,
ischemia/reperfusion injury, cancer, and diabetes.”™ The use of H,S for these applications, however,
is challenging because this molecule exists as a volatile and toxic gas, rendering significant

difficulties in its controlled administration at therapeutically relevant levels. To overcome these
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challenges, different approaches for delivering H,S at low concentrations suitable for biological
applications have been investigated. One promising strategy uses porous solid materials to deliver
H.S in its pure gaseous form.'®'* Prior studies using this approach have demonstrated a rapid
release of H,S, and consequently these materials need further optimization to achieve a slow
sustained generation of this gas in a manner that is therapeutically valuable. Alternatively,
substantial efforts on developing small-molecule H,S prodrugs that can release this gasotransmitter
under controlled conditions at physiologically relevant concentrations have been reported.'®"® The
ability to fine-tune and optimize these compounds has led to a large class of stimuli-activated H,S

38-47 an d

donors that can be triggered by hydrolysis,'* light,**=' thiols,**" reactive oxygen species,
enzymatic activity.**>> Among these compounds, light-activated prodrugs have attracted significant
interest because they provide a straightforward means of spatiotemporally controlled H,S release
for either therapeutic or basic research applications.**3-!

Notably, nearly all H,S donors reported to date are organic molecules, even though the use
of metal centers to stabilize H,S prodrugs has potential value.** In particular, for light-activated
compounds, Ru** polypyridyl complexes are highly effective photocages for a wide range of
different biological molecules.”””® These complexes are advantageous over organic photocages
because they can be excited at longer wavelengths and possess large photochemical quantum yields.
This approach was previously leveraged for on-demand light-activated H,S release.?* In this prior
study, the H,S donor GYY4137" was used as a monodentate ligand, forming the complex [Ru(tpy)
(biq)(GYY4137)]*, where tpy = 2,2":6',2"-terpyridine and biq = 2,2'-biquinoline (Chart 1). This
complex is stable in the dark but could release GYY4137 within 15 min upon irradiation with red

light (A = 626 nm). The free GY Y4137 hydrolyzed to form H,S, eliciting a protective effect in cells

subjected to hypoxia/reoxygenation injury.



In this study, we recognized the possibility of GYY4137 to act as a bidentate ligand and
sought to investigate the photochemistry of Ru®** polypyridyl complexes bearing this ligand.
Complexes 1-4, bearing 2,2'-bipyridine (bpy), biq, 4,4'-methoxy-2,2'-bipyridine (dmobpy), and
4,4'-di-tert-butyl-2,2'-bipyridine (dtbpy)supporting ligands, were synthesized and investigated for
their use as light-activated H,S donors (Chart 1). This series of Ru** complexes was chosen to
explore the effects of sterics, electronics, and structural rigidity on their photophysical properties.
Our investigations demonstrate that these compounds undergo a two-step photosubstitution
reaction, progressing through a long-lived photoreactive intermediate containing a monodentate
GY Y4317 or polypyridyl ligand. Although the photosubstitution quantum yields for this compound
class were too low to be useful for their intended biological applications, this study provides a
detailed investigation of their photophysical properties, yielding valuable information for the design

of Ru** photocages containing sulfur-based ligands.



This Work

Chart 1. Structures of [Ru(biq)(tpy)(GYY4137)]Cl and compounds 1-4 , which were studied in
this work.

Results

Synthesis and Characterization

O
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Scheme 1. Syntheses of compounds 1-4.

Compounds 1-4 were synthesized starting from cis-[Ru(NN),Cl,], where NN is bpy, biq,

dmobpy, and dtbpy, respectively.®* The precursors cis-[Ru(NN),Cl,] were allowed to react with
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AgNO; to remove inner sphere chlorides as insoluble AgCl and then treated with GYY4137 for 1 h
at room temperature in methanol. Because GYY4137 can react with methanol at elevated
temperatures to displace the morpholine group and afford the methoxy analogue, these reactions
were maintained at room temperature to prevent this undesired side reaction.? Excess NaPF, was
added at the end of these reactions, resulting in the precipitation of these compounds as their PF¢~

salts.

These compounds were characterized by NMR spectroscopy, mass spectrometry, UV-Vis
spectroscopy, infrared spectroscopy, HPLC, and elemental analysis. Mass spectrometry results
showed [M]* peaks with isotopic distribution patterns expected for Ru. The 'H NMR resonances of
the aromatic H atoms on the ligands revealed them to be asymmetric with distinct spin systems
characterized for each pyridyl ring, implying a C, symmetry of the molecule (Figures S5, S9, S13,
and S17, SI). This asymmetry is consistent with the expected bidentate coordination of the
GYY4137 ligands, which enforces a cis arrangement of the polypyridyl ligands. Within their
3'P{'H} NMR spectra, each compound revealed a singlet from the coordinated GYY4137 and a
septet from the outer-sphere PFs~ counterion (Figures S7, S11, S15, and S19, SI). Across the four
compounds, these *'P NMR resonances of the GYY4137 ligand ranged between 92-103 ppm,
notably downfield from the free GY Y4137 ligand that resonates at 89 ppm. Among the complexes,
the *'P{'H} NMR signal of 2, which contains the sterically demanding biq ligands, is significantly
more upfield at 92 ppm. This substantial upfield shift, which is very close to that of the free ligand,
may reflect a weaker interaction between the Ru center and GY Y4137 in this complex, possibly due

to steric crowding expected from the large biq ligands.



Figure 1. Crystal structures of 1-4. Counterions, hydrogen atoms, and solvent molecules are
omitted for clarity. Thermal ellipsoids are shown at the 50% probability level. Grey = C, red = O,
blue = N, orange = P, yellow = S, and teal = Ru. Crystallographic information for all complexes is
given in Table S1. Interatomic distances and angles are provided in Table 1.



Single-crystal X-ray diffraction was used to elucidate the structures of complexes 1-4,
which are shown in Figure 1, and to determine interatomic distances and angles, which are collected
in Table 1. Consistent with the '"H NMR data, all structures reveal that GYY4137 coordinates in a
bidentate manner, enforcing a mutually cis arrangement of the bidentate nitrogen donor ligands.
Because all of these complexes crystallized in centrosymmetric space groups, both enantiomers are
present within the crystal structures. Across the four complexes, the Ru—N distances are
comparable with values ranging from 2.028 to 2.097 A. Notably, 2 exhibits the longest Ru—N
distances within this group, a possible consequence of the steric crowding of the Ru center by the
large biq ligands. By contrast, the Ru—S interatomic distances span a narrower range of 2.4329—
2.4708 A across the series. Furthermore, the Ru—S and P-S distances do not vary significantly
within each structure, owing to equivalency of these S donors afforded by resonance delocalization
of the anionic charge. The Ru-S distances are similar to those found within related Ru** complexes
that also bear anionic sulfur ligands. For example, dithiocarbamate and dithiophosphinate Ru**
complexes reveal Ru—S distances that span 2.41-2.43 A.®-% Within [Ru(biq)(tpy)(GYY4137)]*
and a related organometallic arene Ru** complex that both contain GY'Y3137 coordinating in a
monodentate fashion, the Ru—S distances are 2.403-2.41 A > contracted by approximately 0.03 A
compared to those found in 1-4. This result suggests that bidentate coordination of GYY4137 leads

to weaker interactions between the Ru center and each S donor atoms.

Table 1. Selected Interatomic Distances, Angles, the Octahedral Distortion Parameters (X), and
Ligand Torsion Angles (0) for 1-4°

1 2 3 4

Ru-S, (A) 2.445(3) 2.4430(9) 2.4329(9) 2.4445(12)
Ru-S,(A) 2.459(3) 2.4708(9) 2.4366(9) 2.4389(9)
Ru-N, (A) 2.047(7) 2.065(3) 2.060(3) 2.048(3)
Ru-N, (A) 2.056(8) 2.071(3) 2.064(3) 2.038(3)




Ru-N; (A) 2.028(8) 2.066(3) 2.071(3) 2.047(3)
Ru—N, (A) 2.044(8) 2.097(3) 2.074(3) 2.064(3)
P-5, (10%) 2.023(3) 2.0087(12) 2.0112(12) 2.0195(14)
P-S, (10%) 2.016(4) 2.0086(12) 2.0317(12) 2.0091(14)
Si—Ru-S, (°) 81.36(9) 80.58(3) 81.82(3) 82.55(4)
Si—P-S,(°) 104.61(15) 104.55(5) 104.14(5) 106.20(6)
Si—Ru-N; (°) 172.3(2) 171.19(9) 171.37(8) 172.24(9)
S»—Ru-N, (°) 171.1(2) 165.46(8) 168.10(8) 169.11(9)
N;—Ru-N, (°) 172.6(3) 176.35(11) 171.66(11) 174.00(13)
X 62.89 99.72 69.20 69.67

0 (°) 7.74 13.21 6.17 3.48

“Atoms are labeled as shown in Figure 1. Values in parentheses indicate the standard uncertainty in the last significant figure. * 0 is

the average dihedral angle between the two pyridyl groups, determined from the crystal structures as shown in Figures
S1-S4, SI

Additional analysis of these crystal structures shows differing degrees of octahedral
distortion at the Ru** center (X) and torsion angles of the polypyridyl ligands (6). The degree of
octahedral distortion was quantified using the OctaDist software package.® This program uses the
inner-sphere atoms to calculate interatomic angles and compares how those angles deviate from the
expected values within idealized octahedral and trigonal prismatic geometries. The parameter X
quantifies the magnitude of this distortion, ranging from 0-270°, with smaller values of X reflecting
a geometrical arrangement in line with a perfect octahedron. These X values are presented in Table
1. Although all the complexes deviate from perfect octahedral geometry, 1 is the least distorted (X =
62.89°), whereas compounds 3 and 4, which contain ligands bearing substituents in the para
positions of the pyridyl ligands, have higher ¥ values of 69.20 and 69.67°, respectively. Further
steric congestion, observed in the expanded biq ligand within compound 2, resulted in a significant
distortion from octahedral geometry, corresponding to a X value of 99.7°.% Further, the planarity of
the ancillary ligand was probed by measuring the dihedral angle (0) between the planes defined by

the each pyridine ring of one diimine ligand (Figures S1-S4, SI).®” The mean values of 6, as



measured from the structural data, were found to be 7.74, 13.21, 6.17, and 3.48°, for 1-4,

respectively.

Photophysical Properties

Absorbance (A.U.)
Absorbance (A.U.)

300 400 500 600 700 800 300 400 500 600 700 800
Wavelength (nm) Wavelength (nm)

12
| 4
1 -
=] So08
< <
3 3
2 206
@ ©
2 2 7
o o
2 2 0.4
<Y < L
0.2
0 =
1 1 1 1 1 ] L | . ] 1 | 1
300 400 500 600 700 800 300 400 500 600 700 800

Wavelength (nm) Wavelength (nm)

Figure 2. Changes in the electronic absorption spectra of 1-4 in MeCN under 470 nm light
irradiation (photon flux = 4.55 x 10° mol s™' dm™, t;, = 17.75 h, At,, =30 s, T = 298 K).
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The electronic absorption spectra of the compounds was measured in acetonitrile (MeCN).
Each spectrum features high-energy absorbance bands, arising from m—m* transitions on the
polypyridyl ancillary ligands. Intense lower-energy transitions above 500 nm were observed,
corresponding to metal-to-ligand charge transfer (MLCT) transitions. Among the complexes in the
series, 2 featured the lowest-energy MLCT transitions (An.x = 639 nm), presumably due to the
extended 7 delocalization of the biq ligand. Compound 3 exhibited the lowest energy MLCT band
of the bipyridine-based ligands (A, = 529) because of the electron rich nature of the dmobpy
ligand that raises the energy of the occupied Ru-based orbitals, thereby decreasing the energy gap

between occupied Ru orbitals and vacant dmobpy-based orbitals.
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The photochemistry of these compounds in MeCN was investigated by UV-Vis
spectroscopy. Upon irradiation of the compounds with 470-nm light, their initial low-energy
MLCT bands decayed rapidly, over a 1-3 min time period, resulting in the appearance of a slightly
blue-shifted absorbance band. Upon further prolonged irradiation over 17.5 h, the spectra
continued to evolve, revealing the ingrowth of new higher-energy absorbance features (Figure 2 and
S38—-41, SI). The absorbance bands of the final photoproducts are blue-shifted relative to the initial
MLCT bands by 100-200 nm or approximately 5000 cm™. To confirm that the changes in the UV-
Vis spectra arose from light rather than thermal reactions, these solutions were heated in the dark at
37 °C and analyzed by both UV-Vis and NMR spectroscopy. This analysis showed that there were
no spectral changes under these conditions (Figures S25-S32, SI), confirming that these reactions
are driven exclusively by light. In addition, incubation of these solutions with an H,S-responsive dye
produced no turn-on of fluorescence, further confirming that direct H,S release from the
coordinated GY Y4137 is not occuring either. Light irradiation likewise failed to achieve H,S relase

in these conditions, most likely refelcting the inability of GY Y4137 to hydrolyze in MeCN (Figures

S33-34, SI).
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Scheme 2. Schematic representation of the loss of either GY' Y4137 via the formation of a (A) [Ru(NN),(k'-
GYY4137)(MeCN)]* or (B) the polypyridyl ligand via the formation of [Ru(NN)(x'-NN)(GYY4137)
(MeCN)]*.



The observation of a fast photochemical transformation, followed by a much slower one,
suggests that the photochemistry of this compound class is proceeding in two distinct steps. To
further characterize this process, the photoreactions were monitored by LC-MS (Figures 3 and S35,
SI). Analysis of samples that had been irradiated for 30 min revealed the presence of new signals on
the chromatogram, which have m/z values of 742.9, 862.8, and 484.1for 1, 3, and 4, respectively.
These m/z values correspond to the [M + MeCN]* and [M + MeCN + H]* molecular ion peaks,
suggesting that an MeCN ligand is present within the Ru** coordination sphere. Given the strong
preference for six-coordinate octahedral geometries by Ru** and related d° low-spin transition metal
centers,* these molecular ion peaks most likely arise from the formation of an intermediate that has
one of its ligands bound in a monodentate fashion, as [Ru(NN),(k'-GYY4137)(MeCN)]* or
[Ru(NN)(x'-NN)(GYY4137)(MeCN)]*. At much longer time points in the photoreaction, new
peaks within the chromatogram arise with m/z values that correspond to the molecular ion peaks for
[Ru(NN)(GYY4137)(MeCN),]*, (M — NN + 2 MeCN]*) and [Ru(NN),(MeCN),]* (M -
GYY4137 + 2 MeCN]*). Based on these data, the two-step photoreaction in Scheme 2 is proposed.
The observation of polypyridyl versus GY Y4137 release during these photoreactions depends on
the specific complex. For example, LC-MS analysis of the photoreaction of 2, for which no
detectable intermediates were observed, revealed the final products of his process to be the free biq
ligand (m/z = 256.3) and [Ru(biq)(GYY4137)(MeCN),]* (m/z = 686.8) (Figure 3). For the other
compounds, slightly different product distributions were observed upon completion of photolysis.
The major species that arise as the final products of the photoreaction of 3 and 4 are GYY4137 and
[Ru(NN),(MeCN),]** (IM — GYY4137 + 2 MeCN]*), which were characterized by m/z values of

307.8 and 360.1, respectively (Figures 3 and S35, SI). By contrast, the complete photolysis of 1
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revealed two products, [Ru(bpy),(MeCN),]** and [Ru(bpy)(GYY4137)(MeCN),]*, which are
highlighted in blue and purple, respectively, within the chromatograms shown in Figure 3. For this
complex, the ratio of these products is 9:1, as determined via the integrated area of each peak on the
absorbance chromatogram. These results demonstrate that photolysis can proceed through ejection
of either the GY' Y4137 or diimine ligand in a manner that is dependent on the supporting ligands of

these complexes.

14



7019
A ol il M]*
045:ﬂ | A .
719 [M + MeCN + H]*
! Ak = NS
= J\ 3283 [M]*_ 7429 [M + MeCN]*
& " [ it
i: 4 6274
| 1 l [M - bpyl*
4 Jl i H7IM = GYY4137 + 2 MeCNJ2+
2 J =1 JLT"_J\ T }
0 5 10 15 100 20 300 400 S0 600 ;m 700 800 900 1000 1100 1200
Time (min)
0
B =8 901.8
M +
0.5 M]
1 n N
€ 2 B 727.8
2 - [M - big - MeCNJ* |[M - big]*
= 4 68]6.8
A - o
6 257.3
) " B B [big + HJ*
24 100 200 300 400 500 600 gt 700 800 900 1000 1100 1200
A 1 I IS A
0 5 10 15
Time (min)
0
C A 8217
05 _‘l M]*
1) mi |
= 5 J 4318[M + MeCN + HJ>*
g N N [M]+ [M + h.deCN]+
Foa i 821.7%628
l3(‘J?.‘B -
6 _J ; ; J [M-GYY4137 + 2 MeCNJ2*
o]
P P 100 200 3 .3W- 4ou 500 600 700 800 900 1000 1100
24 i
J J A T
0 5 10 15
Time (min)

Figure 3. Liquid chromatograms and mass spectrometry traces showing the reactivity patterns of 1 (A), 2
(B), and 3 (C). Those for compound 4, which are similar to the data obtained for 3, are shown in Figure S35,
SI. The peaks in the chromatogram are highlighted in different colors that corresponds to the mass spectra of
the same color shown to the right. [M]" is defined as [Ru(NN),(GYY4137)]".
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As noted above, all of the photoreactions proceed in two steps. Consequently, the quantum
yields were determined by fitting the UV-Vis spectral evolution data to a series of differential
equations that describe the changes in concentration over the irradiation period.® This analysis
allows for the determination of the quantum yield of the first step (®;), which leads to the formation
of a monodentate intermediate, as well as the quantum yield of the second step (®,), which
describes the complete dissociation of the ligand from the monodentate intermediate (Scheme 2).
The quantum yields ®, and ®, were calculated by Eq. 4 using the iteratively calculated
concentrations of each species as found in Egs. 1-3. As shown in Eqgs. 1 and 2, these series of
differential equations also account for the reverse thermal reaction, which proceeds with a first
order rate constants of k_; in a photon-independent manner. This rate constant was determined
independently, as described in the following section, and applied as a fixed constant for this data
fitting analysis. The first quantum yield ®; ranged from 1.3—4 x 107 for these compounds.
Complex 4 exhibited the largest @, value (4 x 107, respectively) within the series. The @, values,
which ranged from 0.0.72-2x 107, are smaller by two to three orders of magnitude than @,

reflecting the relative inefficiency of the complete ligand photodissociation.

Table 2. Summary of Spectroscopic and Photophysical Properties of Complexes 1-4

1 2 3 4
P 3 (ppm) 103.06 92.17 103.06 101.74
Amrcr (nm) 513 639 529 513
k(s 107 5.08 £0.27 61.4+83 522+0.13 7.11+£0.17
®, (x 102" 27+03 1.3+0.2 3.50+0.07 4+1
D, (x 104 0.72 £0.03 4+1 1.05+£0.08 20£0.6

“ Photochemical quantum yields and first order rate constants defined for the reactions in Scheme 2.
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Thermal Rechelation

As noted above, the monodentate intermediate has the potential to thermally revert to the
starting material, which was accounted for in the analysis and data fitting to determine the quantum
yield values. We investigated this process by irradiating the samples for a brief period to maximize
formation of this intermediate, and then monitoring their UV-Vis spectra as they thermally
reequilibrated in the dark at 25 °C. The UV-Vis spectra showed that the blue-shifted absorbance
band of the intermediate evolved into the MLCT absorbance bands of the starting material. An
analysis of the time-dependent increase in intensity of the starting materials MLCT band via an
integrated first order rate law afforded the rate constants (k_;) of 5.08, 61.4, 5.22, and 7.11 x 10°s™
for 1-4, respectively (Table 2, Figures S47-S50, SI). These values were used within the quantum
yield measured described in the section above. Of note, the k_;0f 2 (6.1 x 10~*s™) is over an order of
magnitude larger than those of the other complexes. Although rate constants for the rechelation of
bidentate dithiophosphinates have not been previously measured, the light-induced formation and

subsequent thermal reversion of monodentate diimines on Ru** centers have been studied.”’"">

Density Functional Theory (DFT) Calculations

DFT calculations were used to gain a better understanding of the ligand dissociation
processes of these compounds. DFT calculations were performed using Gaussian 16™ with the
PBEIPBE functional.” The LANL2DZ basis set and effective core potential, as well as the 6-
31G(d,p) basis set, were employed for Ru and the light atoms, respectively.””’® The SMD solvation
model was applied to account for solvent effects.”” The complexes were optimized in the singlet
ground state, affording structures with similar interatomic distances and angles as those found in
the crystal structures. Similarly, the geometries of the photochemical intermediates, [Ru(NN),(k'-

17



GYY4137)(MeCN)]*  and  [Ru(NN)(x'-NN)(GYY4137)(MeCN)]* and  photoproducts
[Ru(NN),(MeCN),]* and [Ru(NN)(GYY4137)(MeCN),]* were optimized. The optimized
geometries of the intermediates are shown in Figure 4. The structural distortions present in
[Ru(NN),(x'-GYY4137)(MeCN)]* intermediates are not significant and show expected changes in
the coordination sphere to accommodate a new inner-sphere acetonitrile ligand. By contrast,
[Ru(NN)(x'-NN)(GYY4137)(MeCN)]* for complexes 1-4 show a significant change in the torsion
angle between the two pyridyl groups (Table S4). This distortion rotates the uncoordinated pyridyl
group to accommodate the additional inner-sphere acetonitrile. These structural differences are

expected to contribute to the relative stabilities of these monodentate intermediates.

[Ru(NN)(K'-NN)
(GYY4137)(MeCN)J*

[Ru(NN),(k'- GYY4137)

(MeCN)]*

Figure 4. DFT-optimized structures of monodentate N (mono N) and monodentate S (mono S)
intermediates of 1-4 resulting from dechelation of GYY4137 or one polypyridyl ligand,

respectively.
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The Gibbs free energies of the starting complexes, intermediates, and products, all
performed in the singlet ground state, were calculated and used to approximate the potential energy
landscape of the thermodynamic processes associated with ligand loss, as shown in Figure 5. For all
complexes, the full dissociation of either the GY Y4137 or the diimine ligand is thermodynamically
unfavorable, as reflected by the high thermal stability in solution. Notably, for all complexes, loss of
GYY4137 is substantially less energetically uphill compared to loss of the diimine ligand. This
energy difference, however, is smaller in magnitude for complex 2, the complex bearing the biq
ligand. Furthermore, the monodentate intermediates along the pathway for GYY4137
photodissociation are also significantly lower in energy than the monodentate intermediates leading
to diimine dissociation. These results suggests that thermal loss of GYY4137 should be the

preferred pathway, and is reflected in the selectivity patterns observed.
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Figure 5. Comparison of the Gibbs free energy for ligand dissociation steps involving sulfur ligand
loss (left) and loss of a diimine ligand (right). The free energies are relative to the starting
complexes. The free energy calculations are based on ground state singlet structural calculations.

In order to garner a better understanding of the photophysical properties of these complexes,
we turned to time-dependent DFT calculations. TD-DFT calculations were carried out at the
ground state geometries of 1-4 to calculate the lowest 30 singlet excited states. Although there were
some deviations, the calculated singlet excited state energies were in fairly good agreement with the
experimental absorbance spectra (Figures S51-S54, SI). Electron density difference maps were
employed to determine the character of the major low-energy transitions (Figures S55-58, SI). The
S, state for all complexes was found to be of HOMO - LUMO 'MLCT character. Likewise, the
subsequent four higher energy singlet excited states (S,—Ss) for complexes 1-4 are also 'MLCT in
character. High oscillator strength transitions centered around 350 nm for complexes 1-4 represent

7T —> 77* transitions within the diimine ligands.
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Figure 6. Jablonski diagrams, as calculated from TD-DFT, for compounds 1-4 depicting the key calculated
states, including '"MLCT (green), *MLCT (teal) and *MC (fuchsia) states.

The lowest-energy triplet excited states were optimized, and T, states were found to be 1.75,
1.36, 2.31, and 1.73 eV above S, for 14, respectively. Spin density plots reveal unpaired electrons

to reside on both the metal center and the diimine ligands, indicating that these states correspond to
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the lowest-energy *MLCT states (Figures S59-62, SI). From these triplet states, TD-DFT was used
to calculate the energies of higher-lying triplet excited states and from these states spin density plots
were generated aid in their characterization. T,—T, were determined to be *MLCT in nature for 1-4.
A sole *MC state was observed for 2 and 4 and found to be T¢and Ts, respectively. For 1 and 3, the
two *MC states were to be Ts and T for 1 and Ts and T, for 3. A summary of these calculated states

are presented in Figure 6.

Discussion

A series of complexes bearing the phosphinodithioate ligand GYY4137 were synthesized
and characterized for use as light-activated H,S donors. The NMR spectra and X-ray crystal
structures of these complexes reveal the formation of all complexes with the expected bidentate
coordination of GYY4137. An analysis of the crystal structures of 1-4 provides valuable insights
into the effects of the ligands on the coordination environment of the central Ru®* ion. The
distortion from octahedral geometry, as determined from the OctaDist program, reveals that 2
deviates substantially from this ideal geometry. The distortion parameter ¥ for this complex is
99.72°, substantially larger than those of the other complexes, which only span values ranging from
62.82-69.67°. This large distortion has previously been noted within other Ru** complexes of biq
and has been leveraged to increase the photochemical quantum yields for ligand dissociation within
this compound class.****"** GYY4137 has previously been used as a ligand for Ru*
complexes.**** In both of these prior structures, the GY' Y4137 was bound in a monodentate fashion.
The Ru-S distances within 1-4, in which GYY4137 is bound in a bidentate manner, are notably
longer than the monodentate GY' Y4137 complexes by approximately 0.05 A. The elongated Ru—S
distances are most likely a consequence of weaker ionic interactions due to delocalization of charge
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between the two sulfur atoms. In comparing inner-sphere Ru—N and Ru-S lengths among
complexes 1-4, the big-containing complex 2 displayed the longest Ru—S and Ru—N distances, with
values of 2.443 and 2.4708 A for Ru-S interactions and 2.065 ,2.071, 2.066, and 2.097 A for Ru-N
interactions. The longer distances within 2 most likely arise from the higher steric congestion due to
the large biq ligand. The significant structural distortion within 2 is also apparent within its *'P
NMR spectrum. For 1, 3, and 4 their *'P chemical shifts range between 101.74-103.06 ppm. By
contrast, *'P chemical shift of 2 is shifted upfield to 92.17 ppm, which may reflect weaker
interactions of this ligand with the Ru** center. For comparison, the monodentate GYY4137 in
[Ru(biq)(tpy)(GYY4137)]* and an organometallic Ru** arene complex with this ligand feature
similarly upfield-shifted *'P NMR chemical shifts of 98.93 and 91.0 ppm, respectively, indicating

that this spectroscopic parameter may be sensitive to the nature of this metal-ligand interaction.

The analysis of the photochemistry of this compound class by UV-Vis spectroscopy reveals
that they all undergo an initial fast photochemical reaction, generating a long-lived intermediate that
exhibits a much slower subsequent photolysis. Based on the LC-MS data and literature
precedence,”' " the intermediate can be identified to be a species in which one of the ligands is
bound in a monodentate manner. The formation of these photochemical intermediates, which arise
from dissociation of one of the donor atoms of the bidentate ligand, has been observed in many
related Ru?* polypyridyl systems bearing three bidentate ligands.”** Within these systems, a Ru**
polypyridyl complex formed a reactive and short-lived photochemical intermediate that appeared
rapidly at the onset of irradiation and was susceptible to further decomposition upon continued

irradiation to fully release one of the bidentate ligands. Furthermore, if the intermediate is not
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subjected to further photolysis, this species reverts to the starting material, a process that is

consistent with rechelation of the bidentate ligand.

In the context of sulfur-containing ligands, the photochemistry of 1-4 can best be compared
with a class of Ru** polypyridyl complexes bearing bidentate bisthioether ligands.**” For these
bisthioether complexes, the initial photosubstitution reaction, which resulted in the change of
thioether coordination mode from bidentate to monodentate, proceeded within several minutes (®,
= 0.16-0.25). For the second photosubstitution, which leads to complete dissociation of the
thioether, prolonged irradiation times, on the order of hours, were required due to the smaller
quantum yields for this step (®, = 0.0055-0.0093). Complexes 1-4 exhibit similar photochemical
reactivity, where ®, = 0.013-0.04 and ®, = 0.72-4x10~*. Importantly, the reactivity across the
series varied somewhat. Photolysis of compounds 3 and 4 liberates the GYY4137 ligand, whereas
compound 2 releases the biq ligand. Irradiation of compound 1 triggers primarily the dissociation
of GYY4137 but also releases small quantities of bpy ligand. The quantum yields of these first
photochemical steps are similar to those within the thioether systems. By contrast, the second step,
which leads to full ligand dissociation for 1-4, proceeds with much smaller quantum yields,
requiring up to 18 h under our irradiation conditions for completion. Although a decrease in ®, by
two orders of magnitude from ®; was observed for the bisthioether complexes, the disparities
between @, and ®, for 1, 3, and 4 are an order of magnitude larger, indicating that there are
important differences between these systems. First, GY Y4137 is anionic, whereas the bisthioether
ligands are neutral. The charge on GYY4137 most likely leads to a significant electrostatic
stabilization between it and the cationic Ru** center, contributing to its substantially less efficient

photodissociation. Another important factor is the chelate-ring size of the departing ligand. For 1-4,
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the GYY4137 ligand makes a rigid four-membered chelate ring. By contrast, the bisthioether
ligands in the previously studied complexes form flexible five-membered chelate rings. Thus,
rechelation of monodentate GYY4137 is more favorable due to the lower entropy of the
monodentate intermediate, leading to the substantially smaller effective ®, values.®® In this
comparison of ®; and ®, values, it should be noted the difference between these two values for 2 is
only two orders of magnitude, comparable to those of the bisthioether complexes. Furthermore, the
®, of 2 is similar in magnitude of to the quantum yields of relate Ru** polypyridyl complexes that
release their diimine ligands.* These results are consistent with the fact that 2 ejects the neutral biq

ligand, instead of the anionic GY' Y4137 ligand, upon photoirradiation.

For 1, 3, and 4 that eject GYY4137, the photochemical quantum yields vary slightly. For
example, the first photochemical reaction of 4 proceed with a quantum yield of 4%. By contrast, 1
and 3 exhibit smaller quantum yields of 2.7 and 3.50%, respectively. This efficiency of the initial
photoreaction (®,) appears to relate to the rigidity and steric effects of the supporting diimine
ligands. In the case of 4, measurements of the angles between planes of the linked pyridyl donors
reveal a nearly planar diimine surface where 6 was measured as 3.48° for 4. Notably larger dihedral
angles are present within 1 and 3 (Table 1). In this context, correlations between photochemical
quantum yields and supporting ligand rigidity and planarity within related Ru polypyridyl
complexes have been observed,” and similar effects may be in operation within the current system.
Another feature that influences photosubstitution quantum yields in Ru complexes is their degree of
distortion from ideal octahedral geometries. As the geometry distorts, photodissociative ligand field
excited states become lower in energy, allowing for efficient population of this state via an initial

excitation to the MLCT state. We found that despite the moderate increase of ®,, the values of the
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distortion parameter of 4 was similar in magnitude to that of 3, with a marginal change of 0.47°
between them. The higher quantum yield of 4 is, therefore, contrary to the conventional
understanding of the relationship between ® and octahedral distortion. The octahedral distortion
parameter of 4 is 69.67°, similar to those of 1 and 3, each valued at 62.89° and 69.20°, respectively.
With minimal differences between them, octahedral distortion appears to have only a minor effect

on the quantum yields for ligand release from this compound class.

Because @, is significantly smaller than ®,, the photogenerated intermediates bearing
monodentate GY Y3147 or diimine ligands accumulate in high concentrations. Consequently, upon
cessation of irradiation, these intermediates can reconvert thermally back to starting materials via
reformation of the bidentate coordination mode. The ability of monodentate intermediates of other
photoactive Ru®* systems to revert back to starting material once irradiation has stopped has
previously been observed.® The first order rate constants for this rechelation process show a
dichotomy between those for compounds 1, 3, and 4, which primarily release GY Y4137 through an
intermediate where this ligand attains a monodentate coordination mode, and 2, which releases the
biq ligand presumably through a similar N-bound monodentate intermediate. For 1, 3, and 4, the
rate constants at 25 °C are 5.08, 5.22, and 7.11x 10~ s™', substantially smaller than the 61.4 x 107

S—l

rate constant of 2. Notably, this rechelation rate constant for 2 is similar to that of
[Ru(bpy),(dmbpy),]** (dmbpy = 3,3'-dimethyl-2,2"-bipyridine), where k_; is 0.0001 s~' in MeCN at
25 °C.* The faster rechelation of monodentate biq in 2 compared to monodentate GYY4137 in 1,

3, and 4 is somewhat unexpected given the more favorable charge and chelate ring size for

reattachment of GY'Y4137. Lastly, a rough inverse correlation between the rechelation rate constant
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k_, and @, is apparent. This correlation makes sense because rechelation of the monodentate ligand

is in competition with its complete photodissociation from the inner sphere.

Our analysis of the photochemical product distribution by LC-MS within 1-4 revealed
some key differences. For compounds 3 and 4, the major photoproducts arise from the release of the
GYY4137 ligand. With 1, release of the bpy diimine ligand was observed as a minor photoproduct,
whereas for 2, ejection of the biq diimine ligand was the major photoproduct. This product
distribution can be partly explained by analysis of the DFT-optimized geometries of the
monodentate N species, which are the intermediates on pathway to complete diimine ligand
dissociation. These optimized geometries show rotation about the C—C bond linking the two
pyridyl groups. This rotation moves the N donor atom away from the Ru**, an orientation that is
required to prevent reassociation. Consequently, the absence of substituents on the bpy ligands of 1
make this reorganization more sterically accessible for the other ligands that contain para
substituents. Likewise for 2, the two biq ligands induce such a large degree of octahedral distortion
that its release is favored to relieve the strain on the molecule. These results can partly explain the
observation of diimine dissociation found exclusively from the photoreactions of 1 and 2. However,
the DFT results, which were calculated exclusively for ground states, should be used with caution

when extrapolated for the photochemical processes, which proceed through excited states.

TD-DFT calculations were employed to obtain a clearer picture of the photochemical
excited states that dominate the reactivity of Ru polypyridyl complexes. Energies of excited state
singlets and triplets were obtained from calculations of the vertical excitation from the lowest
energy singlet and triplet states. These data suggest that initial excitation via 470 nm blue light

populates '"MLCT states, which undergo intersystem crossing and internal conversion to facilitate
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ligand dissociation via low energy *MC states. Like many other Ru** polypyridyl complexes, the
dissociative *MC states are higher-lying than *MLCT states of 1-4, , suggesting that thermal
contributions facilitate the transition between these potential energy surfaces. Compounds 2 and 4
have a sole low-lying *MC state, which is in agreement with the observed single pathway of ligand
loss, involving the loss of biq and GY'Y, respectively. The existence of multiple *MC states, Ts and
T;, belonging to 1 may reflect the multiple dissociative pathways available to this compound that
may lead to different ligand dissociations. The limitations of this approach, however, are evident in
the consideration of compound 3, which also features two *MC states, Ts and T, separated by an
energy of 0.43 eV. A more comprehensive study, beyond the scope of this current work, of the
potential energy surfaces of these triplet excited states would be required to glean a more

meaningful result from these findings.

Summary

In this study, we prepared a series of Ru** polypyridyl complexes bearing the H,S donor GY'Y4137.
Our detailed investigation of their photochemistry revealed the supporting polypyridyl ligands to
play a large role in dictating the observed photoproducts and the overall efficiency of the
photoreactions. Examination of the excited states of these compounds suggest the importance of
SMC states in the dissociative pathways presented. Given the small quantum yields for these
compounds, they will most likely not be useful for therapeutic H,S release. In any case, this
compound class provides additional insight and data on the use of bidentate anionic sulfur-
containing donors as ligands for photoactive Ru** polypyridyl complexes. Our DFT analysis reflects
the complexity of both the excited and ground state potential energy surfaces for this compound
class, highlighting how factors like sterics can drive the dissociation of ligands conventionally
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considered to be spectators. Furthermore, this DFT analysis also relays the importance of sterically
bulky para-substituents that are removed from the immediate Ru** coordination sphere , which act

to alter diimine ligand planarity to modulate their photodissociation.
Experimental Section
Reagents and Materials

All reagents were obtained commercially and used without further purification. [Ru(bpy),Cl.],

d 59,60

[Ru(biq),Cl,], [Ru(dmobpy),Cl,], and [Ru(dtbpy),Cl,]were prepared as previously describe
Physical Measurements

ID-NMR ('H, *C{'H}, and *'P{'H}) spectra were acquired at 25 °C on a 500 MHz Bruker Avance
NEO spectrometer equipped with a Prodigy CryoProbe (Bruker, Billerica, MA). Chemical shifts
were referenced to solvent peaks in 'H and "C{'H} NMR spectra, relative to tetramethylsilane at &
=0.00 ppm. A solution of NaPF;, in D,0 was used as the reference for *'P{'H} NMR spectra, setting
the chemical shift of this compound to be 8 =—-145.00 ppm versus 85% H;PO, in D,0O at d = 0 ppm.
UV-Vis spectra were acquired using a Shimadzu UV-1900 spectrophotometer (Shimadzu, Kyoto,
Japan) fitted with a temperature-controlled circulating water bath. Analytical HPLC was carried out
using an Ultra Aqueous C18 column, 100 A, 5 um, 250 mm x 4.6 mm (Restek, Bellefonte, PA)
using a 5-95% H,0/MeCN method (15 min) at a flow rate of 1.0 mL/min. Elemental analyses (C,
H, N) were carried out by Atlantic microlab Inc. (Norcross, GA). Inductively coupled plasma
optical emission spectroscopy (ICP-OES) was performed using a PerkinElmer Avio 220 Max
system. Standardized solutions of (0-2000 ug L) of ruthenium, prepared from a standardized ICP

mass spectrometry solution of Ru (1001 + 4 mg L'in 10% HCI, Agilent Technologies, Santa Clara,
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CA) were used to generate a calibration curve. The concentrations of all stock solutions of Ru
compounds used in analytical experiments were verified by ICP-OES. Statistical analysis and curve

fitting were performed using MagicPlot version 3.0.1 for Windows x64.

Synthesis of [Ru(bpy).(GYY4137)][PF] (1)

[Ru(bpy).CL,] (200 mg, 1 eq., 0.412 mmol) was dissolved in 20 mL of MeOH. AgNO; (140 mg, 2
eq., 0.825 mmol) was added, and the resulting solution was heated at reflux in the dark for 1 h. The
resulting suspension was then filtered through a pad of celite to remove the insoluble AgCl
byproducts. To the filtrate, GYY4137 (171 mg, 1.1 eq., 0.454 mmol) was added, and this solution
was allowed to stir for 1 h at room temperature. The MeOH was removed under reduced pressure at
ambient temperature, and NaPF; (693 mg, 10 eq., 4.13 mmol) in 2 mL of MeOH was added to the
remaining residue. After storing this mixture at 4 °C overnight, a deep red solid formed, and it was
collected by filtration and washed sequentially with water (5 mL), MeOH (1 mL, 4 °C), and diethyl
ether (5 mL). This compound was further purified by allowing the vapor diffusion of diethyl ether
into a dichloromethane solution. Crystals were collected and washed with 1 mL 1:1
dichloromethane/diethyl ether solution (233 mg, 66.6 %). 'H NMR (500 MHz, CD;CN) & 10.19
(dd,J=5.7,1.5Hz, 1H),9.15(dd,J =5.7, 1.5 Hz, 1H), 8.47 (d, ] = 8.1 Hz, 1H), 8.34 (d,/=8.1 Hz,
2H), 8.28 (d,/=8.1 Hz, 1H), 8.11 (td, /=7.9, 1.5 Hz, 1H), 7.88-7.80 (m, 2H), 7.80-7.73 (m, 3H),
7.66 (d,J=5.9Hz, 1H), 7.61-7.54 (m, 2H), 7.14 (ddd, J=7.3,5.7, 1.3 Hz, 1H), 7.09 (ddd, J = 7.3,
5.8,1.3Hz, 1H), 6.99 (ddd, J=7.3,5.7, 1.4 Hz, 1H), 6.94-6.90 (m, 2H), 3.87 (s, 3H), 3.50 (m, 4H),
2.93 (m, 2H), 2.80 (m, 2H). "C{'H} NMR (126 MHz, CD;CN) 6 162.9, 162.9, 159.0, 158.9,
158.2, 158.0, 154.0, 153.7, 152.3, 151.9, 135.7, 135.6, 135.5, 135.0, 133.3, 133.2, 127.6, 126.8,

126.5,125.7,125.2,123.2,123.2,122.9,122.9,117.3, 113.7, 113.6, 66.3, 66.3, 44.9, 44.9. *'P{'H}
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NMR (202 MHz, CD;CN) 6 103.06, —145.00 (sept, J = 708.40 Hz). HPLC: tz = 8.68 min. IR (ATR,
cm™): 757 (s), 834 (vs), 950 (s), 1108 (s), 1257 (s), 1300 (w), 1418 (s), 1447 (w), 1469 (s), 1595 (s),
2832 (w), 3666 (w). Anal Calcd for [C;,H;3,N5O,PRuS,|(PFs): C,43.97; H, 3.69; N, 8.27. Found: C,

43.42; H, 3.65; N, 8.07. ESI-MS calc for [Cs;H;,NsO,PRuS,]*: 702.1. Found: 701.9 [M]*
Synthesis of [Ru(biq),(GYY4137)][PF] (2)

Compound 2 was prepared with an identical procedure for that of 1, using [Ru(biq),Cl,] (310 mg, 1
eq., 0.452 mmol), AgNO; (153 mg, 2 eq., 0.905 mmol), GYY4137 (204 mg, 1.2 eq., 0.543 mmol),
and NaPF; (761 mg, 10 eq., 4.53 mmol). Compound 2 was isolated as a deep blue solid and was
further purified with vapor diffusion of diethyl ether into a chloroform solution (268 mg, 56.5 %).
'H NMR (500 MHz, CD;CN) 8 8.81 (d, J = 8.8 Hz, 1H), 8.73 (d, J = 8.9 Hz, 1H), 8.66 (d, J = 8.8
Hz, 1H), 8.64 (d, /=8.9 Hz, 1H), 8.61-8.55 (m, 3H), 8.36 (d, /= 8.8 Hz, 1H), 8.05 (dd, /=8.2,1.4
Hz, 1H), 7.98 (dd, J = 8.2, 1.4 Hz, 1H), 7.93 (d, /= 8.1 Hz, 1H), 7.67-7.61 (m, 2H), 7.57 (ddd, J =
8.1,7.1, 1.3 Hz, 1H), 7.42 (d, J = 8.8 Hz, 1H), 7.38 (ddd, J = 8.0, 6.9, 1.1 Hz, 1H), 7.33-7.21 (m,
3H),7.08 (d, J=8.8 Hz, 1H), 6.97-6.90 (m, 1H), 6.88 (ddd, J=8.7, 6.8, 1.4 Hz, 1H), 6.78-6.66 (m,
4H), 6.40 (dd, J = 8.8, 2.8 Hz, 2H), 3.75 (s, 3H), 2.85 (s, 2H), 1.82 (m, 2H), 1.73 (m, , 2H).
PC{'H}NMR (126 MHz, CD;CN) § 163.6, 163.4, 163.3, 162.9, 162.9, 152.9, 152.8, 151.3, 151.1,
138.2, 138.1, 137.5, 137.4, 133.0, 132.9, 132.0, 131.7, 131.6, 130.7, 129.9, 129.8, 129.8, 129.6,
129.4, 129.3, 129.2, 129.2, 129.1, 129.0, 128.9, 128.9, 128.7, 126.9, 126.7, 124.1, 123.2, 122.0,
121.9,121.4,120.9, 118.3,114.4, 114.3, 66.7, 66.6, 56.1, 44.9. *'P{'H} NMR (202 MHz, CD;CN)
0 92.14, —-145.00 (sept, J = 708.40 Hz). HPLC: tz = 10.35 min. IR (ATR, cm™): 748 (w), 812 (s),

847 (m), 951 (m), 1024 (m), 1109 (m), 1141 (m), 1251 (w), 1454 (w), 1507 (m), 1557 (w), 1592
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(w), 2845 (w), 3066 (w). Anal Calcd for [C47H39NsO,PRuS,](PFs): C, 53.92; H, 3.75; N, 6.69.

Found: C, 53.96; H, 3.75; N, 6.63. ESI-MS calc for [C4;H;3NsO,PRuS,]*: 902.1. Found: 901.8 [M]*

Synthesis of [Ru(dmobpy),(GYY4137)][PF,] (3)

Compound 3 was prepared with an identical procedure for that of 1, using [Ru(dmobpy),Cl,] (150
mg, 1 eq., 0.248 mmol), AgNO; (84 mg, 2 eq., 0.496 mmol), GYY4137 (102 mg, 1.1 eq., 0.272
mmol), and NaPFs (417 mg, 10 eq., 2.48 mmol). This compound was purified by eluting it through
a pad of 20% deactivated alumina (1 x 4 cm) in a solution of 33% toluene in acetone (R;= 0.81).
This compound was isolated as the leading red band and dried under reduced pressure to afford a
purplish-red powder (78 mg, 32.5 %). '"H NMR (500 MHz, CD;CN) 89.91 (d, J= 6.5 Hz, 1H), 8.85
(d, J=6.5Hz, 1H), 8.00 (d, J =2.8 Hz, 1H), 7.87 (t, /= 2.9 Hz, 2H), 7.81 (d, J = 2.8 Hz, 1H), 7.61
(m, 2H), 7.53 (d, /= 6.5 Hz, 1H), 7.45 (d, J = 6.6 Hz, 1H), 7.39 (dd, J = 6.5, 2.7 Hz, 1H), 6.93 (m,
2H), 6.74 (dd, J = 6.5, 2.7 Hz, 1H), 6.69 (dd, J = 6.6, 2.7 Hz, 1H), 6.55 (dd, J = 6.5, 2.7 Hz, 1H),
4.11 (s, 3H), 3.97 (s, 3H), 3.90 (s, 3H), 3.89 (s, 3H), 3.87 (s, 3H), 3.51 (m, 4H), 2.95 (m, 2H), 2.79
(m, 2H). "C{'H} NMR (126 MHz, CD;CN) d 165.8, 165.7, 165.6, 165.3, 162.7, 162.7, 160.1,
160.0, 159.4, 159.2, 154.5, 154.3, 152.7, 152.3, 133.4, 133.3, 128.1, 127.3, 117.3, 113.6, 113.5,
113.0,112.4,112.4,111.4,109.9, 109.8, 109.8, 109.5, 66.4, 66.3, 56.4, 56.2, 56.2, 55.4, 44.8, 44.8.
S'P{'H} NMR (202 MHz, CD;CN) 5 103.06, —145.00 (sept, J = 708.40 Hz). HPLC: t; = 9.78 min.
IR (ATR, cm™): 821 (m), 835 (vs), 964 (s), 1002 (s), 1033 (s), 1104 (s), 1218 (s), 1256 (s), 1301 (s),
1326 (m), 1422 (m), 1486 (m), 1550 (s), 1613 (m), 1696 (m), 2857 (w), 2914 (w). Anal Calcd for
[C3sH3NsOsPRuS, | (PFs)-Acetone: C, 44.53; H, 4.43; N, 6.83. Found: C, 44.75; H, 4.55; N, 6.78.

ESI-MS calc for [CssH;3NsOgPRuS,]*: 822.1. Found: 821.7 [M]*

Synthesis of [Ru(dmtbpy).(GYY4137)][PF] (4)
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Compound 4 was prepared analogously to 1. [Ru(dtbpy),Cl,] (300 mg, 1 eq., 0.423 mmol) was used
with AgNO; (72 mg, 2 eq., 0.619 mmol) and GYY4137 (128 mg, 1.1 eq., 0.340 mmol). A NaPF;
(710 mg, 10 eq., 4.23 mmol) solution was added to obtain the product as a dark red solid. This
compound was purified using vapor diffusion of hexanes into dichloromethane (311 mg, 68.6 %).
'H NMR (500 MHz, CD;CN) 6 10.06 (d, J = 6.0 Hz, 1H), 9.02 (d, J = 6.1 Hz, 1H), 8.50 (d, J = 2.1
Hz, 1H), 8.36 (d, J = 2.1 Hz, 1H), 8.33 (d, / = 2.1 Hz, 1H), 8.29 (d, /= 2.1 Hz, 1H), 7.86 (dd, J =
6.1,2.1 Hz, 1H), 7.63-7.57 (m, 4H), 7.18 (dd, J = 6.2, 2.1 Hz, 1H), 7.13 (dd, / = 6.2, 2.1 Hz, 1H),
6.97-6.92 (m, 3H), 3.89 (s, 3H), 3.59-3.46 (m, 4H), 2.95 (m, 2H), 2.83 (m, 2H), 1.58 (s, 9H), 1.45
(s, 9H), 1.35 (s, 9H), 1.35 (s, 9H). “C{'H}NMR (126 MHz, CD,CN) § 162.8, 162.7, 160.1, 160.1,
159.4, 158.9, 158.8, 157.9, 157.7, 153.3, 153.0, 151.6, 151.1, 150.7, 133.5, 133.4, 127.6, 126.8,
124.6, 123.7,122.9, 122.2, 121.4, 120.4, 120.4, 120.0, 119.9, 113.7, 113.5, 66.4, 66.3, 55.3, 44.9,
44.9,35.3,35.2,35.0, 34.9, 34.9, 29.8, 29.7, 29.5, 29.5, 29.4.*'P{'H} NMR (202 MHz, CD;CN) &
101.74,-145.00. HPLC: tg = 14.01 min. IR (ATR, cm™): 662 (w), 695 (m), 829 (vs), 956 (m), 1104
(m), 1253 (m), 1415 (m), 1474 (m), 1557 (m), 2362 (w), 2963 (w). Anal Calcd for
[C47Hg3NsO,PRuUS,](PFe)-1.2H,0: C, 51.66; H, 6.03; N, 6.44. Found: C, 51.34; H, 5.75; N, 6.29.

ESI-MS calc for [C4sHg;NsO,PRuS,]*: 926.3 Found: 926.0 [M]*

X-ray Crystallography
Single crystals of 1 and 3 were obtained by vapor diffusion of diethyl ether into

dichloromethane solutions of the complexes. Crystals of compound 2 were afforded by the vapor
diffusion of diethyl ether into a chloroform solution of the trifluoroacetate salt of this compound.

Crystals of 4 were obtained by layering hexanes over a chloroform solution of the compound.

32



Low-temperature X-ray diffraction data for 2 and 3 were collected on a Rigaku Xtal.LAB
Synergy diffractometer coupled to a Rigaku Hypix detector with either Mo Ka radiation (A =
0.71073 A) or Cu Ka radiation (A = 1.54184 A), from PhotonJet micro-focus X-ray sources at 100
K. The diffraction images were processed and scaled using the CrysAlisPro software (Rigaku
Oxford Diffraction, The Woodlands TX). The structures were solved through intrinsic phasing
using SHELXT®' and refined against F*on all data by full matrix least squares with
SHELXL®* following established refinement strategies.” All nonhydrogen atoms were refined
anisotropically. All hydrogen atoms bound to carbon were included in the model at geometrically
calculated positions and refined using a riding model. Low-temperature X-ray diffraction data for 1
and 4 were collected on a Bruker Kappa Apex II diffractometer equipped with CCD detector and
Mo fine focus sealed tube with TRIUMPH monochromator. This system is also equipped with
Oxford Cryostream-Plus. Diffraction images were processed using the Bruker Apex software suite.
The structure was solved using intrinsic phasing using SHELXT and refined against F* on all data
by full-matrix least-squares with SHELXL following established strategies. All non-hydrogen
atoms were refined anisotropically. Details of the data quality and a summary of the residual values

of the refinements are listed in Table S1.

The CheckCIF analysis of the cif file of compound 1 gave rise to a B-level alert, noting
significant discrepancies between F,,, and F.,. for 10 reflections. These outliers are most likely a
consequence of the crystal quality, which was also apparent from the overall weak intensity of
diffraction and lower resolution. Diethyl ether (Et,O) was present within this crystal, and it resided
on a special position, resulting in the 0.5 equivalents of Et,O per unit formula. Within the crystal

structure of the trifluoroacetate salt of compound 2, a positionally disordered chloroform molecule
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was present. This disorder was modeled using appropriate distance and thermal displacement
restraints. Compound 4 crystallized with rotational and positional disorder within the ferz-butyl and
morpholine moieties. These disorders were modeled using appropriate distance and thermal
displacement restraints, while allowing the occupancies of the disordered components to freely

refine to a sum of unity.

UV-Vis Monitoring of Photoreaction

A custom-built UV-Vis setup employing a hybrid tungsten-halogen/deuterium light source
(Ocean Optics HL2000-BAL), which is connected via a quartz optical fiber to a collimator (Ocean
Optics), was used for these studies. The probe beam emerging from the collimator was focused and
recollimated to approximately 1 mm in diameter using quartz lenses. A sample holder designed for
10 x 10 mm cells was placed in line with the beam, allowing optical access from all four sides. The
beam was subsequently focused onto another fiber collimator, and a quartz fiber delivered the light
to an Ocean Optics Flame XR spectrometer. A computer-controlled shutter (Thorlabs) was used to

block the probe beam as needed. Spectra were collected between 280—1000 nm.

The 470 nm light was generated by a fiber-coupled light-emitting diode (LED) (Thorlabs),
with output power controlled via computer-generated voltage signals using a Thorlabs LEDDI1B
power supply. The collimated LED output was directed perpendicularly through the sample relative
to the probe beam. The LED output power was measured using a Newport 842PE power meter with
an 818-UV detector head. The sample cell contents were stirred using a low-profile magnetic stirrer
(Starna Spinette). Control voltages for both the LED light source and the probe shutter were

generated using a National Instruments USB-6008 I/0 module.
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Data collection was managed by a custom-developed program written in National
Instruments LabVIEW. The software enables the acquisition of time-resolved optical absorption

data during LED irradiation, as well as monitoring of post-irradiation absorption kinetics.

Initially, the data were collected using the 470 nm pump source with acquisition of spectra
at increments of 30 s for 63000 s. The data used in the computation of quantum yield was split
under continuous irradiation. Initially, scans were collected every 2 s for 900 s and subsequently
scans were taken every 900 s until a total irradiation time of 63900 s. The data was exported and a
smoothing function was applied using a moving average method and 40 windowing points to

minimize data noise in MagicPlot version 3.0.1.

HPLC Monitoring of Photoreaction

Solutions of 100 uM of the complexes were prepared in MeCN using stocks prepared in
MeCN solution. A 20 mL quantity of these solutions was placed into a glass scintillation vial
equipped with a magnetic stir bar. The scintillation vial was placed into the LED irradiation
chamber (Figure 3 and Figures S35, SI) with the magnetic stirring plate on. Aliquots were removed
at0,0.5,1,2,3,4,5, 6,and 24 h and run on the LC-MS equipped with ESI-MS detection using a 15
min 5-95% MeCN/H,O method. ESI-MS and photodiode array detector spectra (PDA) spectra
were used to assign peaks as either intact complex, monodentate dechelation product,

[Ru(NN),(MeCN),]*, and [Ru(NN)(GYY4137)(MeCN),]* photolysis photoproducts.

Quantum Yield Calculations

These calculations were performed using previously developed software adapted for the
MATLAB computing platform.® The computational program determines photochemical quantum
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yields, computes molar absorption profiles and molarity kinetics for the initial reactant (1) and two
sequential products (2 and 3) based on the provided time-resolved UV-Vis absorption spectra and
the photon flux spectrum of the light source (See photochemABC1_ml.m and OOS2einstein.m, see
supporting information). The kinetics of a three-component photochemical reaction are described
by a system of master rate equations (Eq. 1-4). We added a term k_;C,to Eq.1 and Eq.2 to account
for the thermal rechelation process. A MATLAB script iteratively solves the system of equations
and compares solutions with the input experimental data to determine values of the photochemical
reaction quantum yields @; and molar absorption spectra &(A), which provide the smallest value of
the root mean square deviation (RSMD) (Eq. 5) between the experimentally determined UV-Vis
absorption spectra and the photochemical model predictions (See abcomp.m, see supporting

information). In Eq.5, indices i and j correspond to wavelength and time steps, respectively.

ddil =—k;,C,+k_,C, (Eq. 1)

%:k;hcl—kﬁhcfk_lcz (Eq.2)

e (Eq.3)

KL=, [ I,(a)l1-10"4%] (2] da (Eq.4)
£,(A|C +&,(A|C,+&4(A|C,

Q,= 2 ((Aexp—z‘\)l;,-)zrl2 (Eq. 5)

k; , is the rate constant for the i” step of the photochemical reaction. It is determined based on the

light source photon flux spectrum and the optical absorption coefficient of the " reaction
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component. Thermal rechelation of the second component competes with the photoinduced
process, however its rate constant k ; is about three orders of magnitude smaller than k;h and has no

statistically noticeable influence on the calculation results.

Using the UV-Vis setup described above, irradiation of samples was performed in two
phases. Samples were prepared at 30 uM in HPLC-grade acetonitrile. In the first phase of the
irradiation, scans were acquired every 2 s for 900 s. After this first phase, scans were acquired every
900 s until a total reaction time of 63900 s. The time step has been increased after 900 s of
irradiation because it allowed for a decrease in the size of the resulting data file without decreasing
the quality of the data due to the low rate of the second step of the photochemical reaction.
Additionally, LED output power measurements were made for each replicate using a Newport
842PE power meter with an 818-UV detector head. This value, read out in units of mW, was used in
combination with the spectrum of the irradiation source collected with an Ocean Optics Flame XR

spectrometer to capture the spectral output of the LED in units of Einstein-s™ dm™ nm™.

To validate our method, this protocol was used to fit the photochemical aquation of
[Ru(bpy),(MeCN),]** to  [Ru(bpy).(H,0),]** as previously described (see file
photochemABC_ml.m, see supporting information).”” The resulting values and Q, for the data
fitting are presented in Figure S42, SI. The values of ®; and ®,(0.43 and 0.023) measured with our
experimental setup are in good agreement with those reported in the literature, which found ®, and
®, to be 0.44 and 0.033.”° The overall quantum yields, not accounting for a two-step reactions, were

also studied by others and found to be 0.44 in 1 M H,SO, and 0.22 in unbuffered water.****%
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Thermal Rechelation to Intact Complex

A 30 uM sample of the complex in MeCN was irradiated with a 470 nm LED for 150 s at 25
°C with stirring. This time was selected to ensure that the majority of the complex in solution
existed as the monodentate intermediate. The reaction mixture was allowed to stir in the dark for
another 4 h, with scans taken every 10 minutes as the absorbance of the intact complex MLCT band
was monitored. The rate constant of the regrowth of this peak was determined from the inverse
exponential fit of the recovery curve (Eq. 6). In the equation below, A is the absorbance of the
solution at A ,; -, t is the time corresponding to the given absorbance, b is the initial absorbance of
the solution at t = 0, the sum of C and b is the final absorbance of the solution, and k is the first-order

rate constant for rechelation.

A=C(1-e™)+b (Eq. 6)

Computational Studies

DFT calculations were performed using Gaussian 167 and carried out using the PBE1PBE™%"
hybrid functional. The LANL2DZ basis set and effective core potential®® were used for ruthenium
atoms, and the 6-31G(d,p)”>" basis set was adopted for the light elements (C, H, N, O, S, P).
Geometry optimizations for the intact complex and photoproducts were performed in a self-
consistent reaction field (SCRF) using an SMD model” to simulate the solvation of the compounds
in acetonitrile. Starting geometries of the intact complexes were modeled after their crystal
structures. Monodentate intermediates and the final photoproducts were modeled from the
optimized geometries of the intact complexes by adjusting the coordination sphere accordingly to

include one solvent ligand. The monodentate intermediates were optimized first in the gas phase.
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The gas phase-optimized geometry was reoptimized using the SMD solvation model. After all
geometry optimizations, frequency calculations were performed to ensure that all structures had
converged to local minima on their respective potential energy surfaces, as verified by the absence
of imaginary frequencies. The cartesian coordinates of SCM-optimized structures are provided in

the Supporting Information.

The DFT calculations were used to determine Gibbs free energies for the species shown in
Egs. S4-S7, enabling standard free energy differences (AG®) for these reactions to be calculated.
Eqgs. S4-S5 represent the reaction pathway that involves dissociation of GYY4137, whereas Eqgs.

S6-S7 are for the pathway in which the diimine ligand departs.

[Ru(NN),(GYY4137)]* + MeCN = [Ru(NN),(k'-GYY4137)(MeCN)]* (Eq.7)
[Ru(NN),(k'-GYY4137)(MeCN)]* + MeCN = [Ru(NN),(MeCN),]** + GYY4137 (Eq. 8)
[Ru(NN),(GYY4137)]* + MeCN —> [Ru(NN)(x'-NN)(GYY4137)(MeCN)]* (Eq.9)
[Ru(NN)(k'-NN)(GYY4137)]* + MeCN — [Ru(NN)(GYY4137)(MeCN),]* (Eq. 10)

Default settings in Gaussian16 yield free energies under standard state conditions in the gas phase
(1 atm, 298 K). To adjust these values for standard state solution conditions (1 M concentration for
solute or pure liquid state for solvent), a correction to the gas-phase free energy terms was applied.
For solutes, the correction factor in moving from 1 atm (or 1/24.5 M) follows the following

expression:

RTIn 1M
1atm

):RTln(24.5J:7.9kJ-moll
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For MeCN, a pure liquid, the free energy was adjusted to account for the energy change in moving

from the concentration of 1 atm MeCN to that of pure liquid MeCN (19.5 M):

19.15M

RTln(
1atm

):RTln(469):15.2 kJ «mol "
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