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Ruthenium nitrosyl complexes with NO release capability: the use of fluoxéne . ..
as an antenna

Vladyslav Mudrak!? Pascal G. Lacroix*!, Marine Tassé!, Sonia Mallet-Ladeira'?, Alexander
Roshal*3, Isabelle Malfant*!

! Laboratoire de Chimie de Coordination du CNRS, 205 route de Narbonne, F-31077, Toulouse, France
2 Institut de Chimie de Toulouse (ICT, UAR 2599), 118 Route de Narbonne, 31062 Toulouse Cedex 09, France.
3 Institute of Chemistry at V.N. Karazin Kharkiv National University, 4 Svobody sqr., Kharkov 61022 Ukraine

Abstract: A ruthenium nitrosyl complex of formula [Ru'(fluorene(C6)CH,O-terpy)(bipy)(NO)]3* (AC)
in which fluorene(C6) is the 9,9-dihexylfluorene, terpy the 2,2°;6°,2’’-terpyridine, and bipy the 2,2’-
bipyridine is presented with its related [Ru'(MeO-terpy)(bipy)(NO)]** (C) and 9,9-dihexylfluorene 2-
hydroxymethylfluorene (4) building blocks. The reference complex C undergoes NO release
capabilities under irradiations at 4 =365 nm. The effect of the introduction of the fluorescent A antenna
within the resulting AC complex is discussed both experimentally and theoretically. The importance of
the encaging parameter defined as ¢ 4¢ ' [4¢, in which I4¢ is the quantity of light absorbed by 4AC and
¢ ac the quantum yield of NO release is evidenced and found concentration dependent. The conditions
of optimization of the antenna approach to maximize ¢ ¢ * [4¢ are discussed. The crystal structure of
[Ru'(fluorene(C6)CH,O-terpy)(bipy)(NO,)](PF¢) last intermediate in the synthesis of AC is also
presented.
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1. Introduction View Article Online
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The last two decades have witnessed a growing interest for exogenous nitric oxide (NO") donors in
relation to the gradual recognition of the numerous biological roles devoted to the radical NO".!> Among
them, ruthenium-nitrosyl (Ru-NO) complexes appear especially appealing due to their high design
flexibility, generally good stability in solution and furthermore their capability of releasing NO* under
irradiation exclusively, taking advantage of the noninvasive character of light.5-!3 These species undergo
the following photoreaction:

h
[L-Ru'(NO")] + solvent = [L-Ru(solvent)] + NO* (1)

In the starting complex, NO is present as the nitrosonium cation NO*, while the photo-released species
is invariably the radical NO*. This observation suggests that an electron-donor ligand L could favor a
large charge transfer towards the withdrawing nitrosyl ligand, and hence enhance the efficiency of the
release depicted in equation 1. Following this idea, we have reported on various ruthenium-nitrosyl
complexes built up from the ancillary fluorenylterpyridine ligand which contains the electron-rich
fluorene fragment, introduced to bring a “push-pull” electronic character to the resulting Ru-NO
complex, denoted [FTRuNO]** in Chart 1.!4-16

\ S S
CgH13™ “CgH13
A

CeH13™ “CgH1s

N
CeH13™ “CgHis @

[FTRuNOJ®*

Chart 1 The A, C, AC species under investigation, with the [FTRuNO1?* push-pull reference.
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Beside this general push-pull approach, an alternative strategy is based on the use of antennas wi 5641%;‘% ol
could first absorb, then induce the NO’ release by energy transfer to the Ru-NO units. The use of
antennas for drug delivery has been addressed in the literature.!”2> An antenna refers to a fluorescent
fragment of the ligand in which both ground and excited state electron densities are located (the donor),
without any electronic contribution of the rest of the complex (the acceptor). After photon absorption
by the antenna, an energy transfer occurs to the acceptor, followed by the desirable electronic effect.
Both strategies are illustrated in Scheme 1. To date, few investigations have been reported on iron-
nitrosyl complexes, in which antennas were grafted.?*2° Nevertheless, and to the best of our knowledge,

it was never employed for Ru-NO species.

In a continuous effort aiming at extending the scope of application of fluorene-based Ru-NO complexes,
we wish to report here on a new complex AC in which the Ru-NO complex C is linked to a fluorene unit
A. The three compounds are shown in chart 1. Contrary to the situation encountered in the push-pull
complex [FTRUNO]**, A4 is not z-conjugated with the Ru-NO fragment in AC, but can be used as an
antenna, capable to collect photons, and finally enhance the NO* release efficiency of the reference
complex C, by energy transfer. The organization of the manuscript is the following: theoretical aspects
of the antenna approach are presented in a first section. Another section reports on our results as follows:
(i) synthesis of the compounds under investigation; (i) crystal structure of a ruthenium nitrite complex,
intermediate step toward AC; (iii) optical properties with UV-visible spectra and fluorescence
measurements; (iv) NO* release investigation. In a final section, the relevance of the antenna approach
is discussed for these species.

o

—  [RuNOJ*— [RuO]* + NO — [RuUNOJ*—= [RuDJ* + NO

hv

hv
hv energy
hv transfer
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— [RuNO] — [RuNOJ
%/Rfm .\—CN/RGNO
(i) (i)
L]
k= Scheme 1 The two strategies employed to achieve the NO* release after photon absorption: (i) with a push-pull

complex in which NO acts as the withdrawing group and, (if) with an antenna (the donor) capable to transfer
its energy to the Ru-NO complex (the acceptor).
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AC refers to a system built from two sub-units, a photochemically active core C, and a fluorescent
antenna A, non-conjugated to C, but capable to transfer part of its energy to C, once promoted to the
excited state (4%*). We can define a quantum yield (¢) introduced to quantify the efficiency of a photo-
induced event under investigation as follows:

. number of events 5
(l) ~ number of photons absorbed ( )

For isolated 4 or C species, ¢ is written ¢ 4 (quantum yield of fluorescence of A) and ¢¢ (quantum yield
of photoreaction of C). In the case of AC, the quantum yield ¢ 4¢ reflect the global efficiency of AC
regarding the photochemical event (e.g. NO* release from Ru-NO complex). In this present case, the
photochemical reaction within the AC species can occurs from two different routes as follows:

hv e
(@ AC —— A(C*) ——> NO° + photoproduct

hv energy transfer dc
b)) 4C —— (AHC — A(C*) ——> NO° + photoproduct

Scheme 2 Possible routes towards NO® release from 4C complexes after photon absorption

In route (a), a photon is directly absorbed by the C fragment of AC, while in route (b) it is first absorbed
by the antenna, which undergoes an energy transfer to C. Nevertheless, ¢ 4¢ results from the sum of the
NO* released from both route (a) and (b) divided by the sum of the photons absorbed by both
electronically isolated 4 or C fragments. In the case of NO" release, equation (2) becomes:

#NO(a)+#N0(b)
(I)AC - #hVA+ #th (3)

In this equation, #NO (o) and #N O (o) are the number of NO* produced by route (a) and (b), respectively.
#hv, and #hv¢ are the number of photons absorbed by the core C and the antenna A, respectively.
Importantly, only a fraction (k) of the photons absorbed by the antenna leads to energy transfer to C.
Then, equation (3) can be written as follows:

Br #NO (o +#NO ) 4
AC ™ #hve+ () #hva+(1=k)#hv, “4)

In this equation, (1 — k)#hv, is the number of photos lost for the NO* release process. In the more
favorable case, 100% of the photons absorbed by A lead to energy transfer to C and £ = 1. In this case,
D 4c = P¢. But more generally, the following fundamental inequality is observed:

bac < Pc &)

To further estimate the fraction £, one can express it as the product of the quantum yield of fluorescence
of the antenna (¢p4) by the efficiency of the 4 — C energy transfer (Epggr), assuming a FRET
mechanism, which is favored when long distances (= 10 A) prohibit the direct orbital overlap between
A and C.** Therefore £ must be written as follows:
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k= ¢aXEprgr (6)

From the reactions depicted in Scheme 2 and equation (6), the total quantum yield of photorelease (¢ 4¢)
appears as the sum of two components, @,oyte 4 and Proyte p. The first one arising from the direct
photon absorption by C can be expressed as follows:

£c
Proute s = P D¢ (7

The second one, involving the antenna is expressed as follows:

€A

Proute B = ec+ea (@4 Errer] - Pc (8)

In these expressions, €4 and &¢ are the molar extinction coefficients of A and C, respectively. Therefore,
£a
€c+ €A

and E::SA denote the fraction of light absorbed by A4 and C, respectively.

The sum of (7) and (8) leads to the following expression of the total quantum yield of photorelease:

Ec €
Pac=rre, Pct e, PaErrer-Pc )

Which can be simplifies as:

&c+ €4 PaErrer

Pac=Pc 7., (10)

Equation (10) can be further completed, taking into account that (7) more than one antenna can be present
in the complex and moreover (i) the fact that the real efficiency of AC is not expressed by ¢ 4¢, but is
better described by the encaging parameter ¢ 4¢ - 4¢, in which [ 4¢ is the quantity of light absorbed by
AC. Following this approach, the encaging parameter depends on the absorbance of AC (Abs4¢), which
is the sum of the absorbance of the A (Abs,) and C (Abs¢) fragments in AC. Then, the efficiency of the
antenna becomes concentration dependent. Thus, the relative efficiency of the molecular device (E4)
can be described by the ratio between the encaging parameters of AC and C. Taking into account the
possibility of implying more than one identical antenna, it can be express as:

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
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AT oclc £ct (n-ga) ' 1- 10—4bsc (11)

in which # is the number of antennas in AC. While the first term of the right part of equation (11) is

always lower than 1 due to the fact that @4 Epgpr <1, increasing E4 can be achieved if
1— 107(n-AbsA+AbsC)

1— 10—4bs¢
illustrated in Figure 1, which contains computations performed in various conditions, assuming £4 = &c,
n=1to5,and @4 - Erggr = 0.3, 0.5, 0.7, which correspond to realistic situations.

> 1. The magnitude of the concentration-dependent relative E4 efficiency, is
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Relative efficiency E4 (equation 11) expressed at various P4 * Eprer values [0.3 (top), 0.5 (middle), and
0.7 (bottom)] for complexes bearing 1 to 5 antennas. On each graph, the curves are drawn at various of
absorbance ranging from Abs. = 0.1 to 1.0, with the assumption that €4 = &c.

Figure 1

What immediately strikes from the examination of Figure 1 is that increasing the number of antennas,
does not necessarily imply that the relative efficiency of AC increases, due to the deleterious effect of
modest energy transfer efficiencies (@4 Erger), in some cases. Indeed, weak @4 Epprpr values
increases the loss of photons, when the number of antennas increases, thus decreasing the E 4 values.
Additionally, the concentration-dependence of E4 is confirmed with better values observed at low
concentrations (low absorbance), where E4 is roughly proportional to the number of antennas. This

linearity arises from the fact that the absorption of photons grows linearly with the concentration at very

Iy Iy
low absorbance values, where lo 97 X7

Additionally, the dependence of E 4 on absorbance is drawn in Figure 2, for various values of @4 * Eprpr
. It clearly shows that the relative efficiency of the device (E4 > 1) requires a low absorbance.
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Figure 2 E 4 expressed at various P4 - Errgr values [0.3 (top), 0.5 (middle), and 0.7 (bottom)] for complexes bearing

1 to 5 antennas, according to equation (11), with the assumption that €4 = &c.

More precisely, the limit of equation (11) at low concentration (¢c—0) leads to the following equation:

limE , = ec+(n €4 Pa-Eprer) _&ct (n-a) _&c +(n-ea®aEprer) a2)

=0 ect (n-€q) & &c

From this equation, representative E 4 values are shown in Table 1. The data gathered in the table reveal
how important the @4 * Eprgr parameter is in the design of an efficient AC device.

Dy Epgrer number of antennas in the device
1 2 3 4 5
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0.3 1.3 1.6 1.9 2.2 2.5
0.5 1.5 2.0 2.5 3.0 3.5
0.7 1.7 2.4 3.1 3.8 4.5
Table 1 Maximum of relative efficiency (lin(’)l E 4) computed from equation (12) at various @4 * Errgr values for

complexes bearing 1 to 5 antennas, with the assumption that €4 = €.

In equation (11), the £ and @ parameters are easily available by standard UV-visible investigations and
NO’ release measurements. The estimation of Epggr can be expressed as follows:3!

aRr§ Fac Tac
Errer = Grerpe =1 -7, =1-— 13)

In this expression, R is the distance between the donor (fluorene) and the acceptor (RuNO), evaluated
around ~ 9.5 A in the present AC complex (vide infi-a), and a is the number of donors (a = 1 in the
present investigation). R is the Forster radius, F and 7 are the intensity and the lifetime of fluorescence
of A and AC. F and t are readily available by fluorescence experiment. By contrast, Ry depends on
various factors (spectral overlap integral between the emission of 4 and the absorption of C,
orientational factor between the emission transition moment of 4 and the absorption transition moment
of C, refractive index of the medium),*' and it can hardly be estimated very precisely.’? Nevertheless,
R values vary significantly depending on the donor/acceptor couple and the nature of the linker. Among
representative references: 20-60 A,3 10-100 A 34 50-60 A.35 It is important to point out that, for distances
R shorter than Ry, Errgr quickly converges to 1. For instance, R / Ry = 0.6 leads to Epgpr = 0.95 while
R/ Ry=0.47leads to Erggr = 0.99.

3. Results and discussion
3.1. Synthesis and characterization

The first report of a Ruthenium-nitrosyl complex containing the terpyridine ligand is that of
[RuCl,(NO)(terpy)]*.3¢ It was first reported to undergo a Ru-NO <> Ru-ON photoisomerization in solid
state,’” then to lead to NO" photorelease under irradiation.?® The modulations of the electronic properties
of such complex are readily accessible by introducing substituents of various donor/acceptor capabilities
on the central pyridine of the terpyridine unit.>® In the context of the push-pull strategy towards efficient
NOr- release (i in Scheme 1), we have investigated various substituents z-conjugated to the terpyridine.**-
43 By contrast, the synthetic procedures afferent to the antenna strategy (ii in Scheme 1) require non-
conjugated substituents and therefore, have to be completely reconsidered.

Fluorene appears to be a good candidate as an 4 antenna. Indeed, it fulfills two important requirements
while incorporated in the present AC system: (i) the fact that 4 must be fluorescent (in solid state, it
forms white crystals with violet fluorescence, from which its name was derived); and (i7) a significant
overlap between its emission spectrum and the absorption spectrum of C (Scheme 1 ii) is observed,
otherwise no A — C energy transfer could take place.
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The general synthetic route towards A, C, and AC is shown in Scheme 3. An ether was se&ggt&%&%g}%@%ﬁ% ol
non-conjugated linkage between 4 and C in the AC complex. Its synthesis is based on a condensation
between a 4-chloropyridine and an alcohol, in alkaline medium (“superbasic” medium in the case of
2b).* The resulting A antenna, in which the electronically neutral -CH,OH substituent is present is
expected to exhibit similar fluorescent properties than those of the parent non-substituted fluorene.*> By
contrast, introducing an oxygen in the 4’-position of the terpyridine may slightly enhance the ligand —
Ru-NO charge transfer, nevertheless with the possible outcome of a better NO® release efficiency in
agreement with the push-pull strategy. A short linker (-CH,-O-) was chosen with the expectation that
the value of Erggr will be close to 1, which is necessary for the efficient energy transfer according to

equation (13).

CH3ONa (10 eq.)

125°C, 4 hrs

DMF ‘

Lo

CeHq L6tz A RuCl; x H,0

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
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KOH / DMSO EtOH
60 °C reflux, 4 hrs
2a,b
bpy EtOH/H,0
LiCl, EtN3 | reflux 3 hrs
N
PF
o (PFg)s PFg
S 1) Hel 1) NaNO,
) 2)NH4PFg (aq. sat.) 2) NH4PF; ( aq. sat.)
™ EtOH EtOH / H,0
= ' N\ Z 60°C,1h reflux 4 hrs
S P
C (R=a) 5a,b 4a,b
AC (R=a)
W
o 0
CeHy o6t
a b
Scheme 3 Synthesis of C and AC.

The synthesis of 4 is readily was achieved as previously reported in the literature.* Its purity was
carefully checked by NMR, HRMS and CHN analysis, prior to any optical investigation. C and AC
require a synthesis in 5 steps. In the route towards C, the ligand 2a was obtained as previously
published,’, as were the intermediate complexes 3a and 4a.*® Finally, the sequential synthesis of 5a
and C was achieved by the well-known methodology previously applies in our group.*'#° In the route

9
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towards AC, an aromatic nucleophilic substitution reaction of 1b with 4'—chloro—2,2':6',2"—tegp¥ri%i/ﬁy Aficle Online
DOY10.1039/D4DT01154F

“superbasic” medium (KOH/DMSO) was performed to get the ligand 2b in a good yield. The procedures
used to get the final AC complex are then the same as those described for the complexes of a-series.
Great care has to be taken in the purification of 4b by column chromatography where a reduced amount
of Al,O; must be used in order not to lose a large part of the crude compounds with the concomitant
deleterious effect on the yield. The compounds were all characterized with 'H NMR, 3C NMR, HRMS
methods. The NMR spectra are provided in Supplementary Information.

3.2. Crystal structure of 5b

The difficulties encountered in the growth of single crystals suitable for crystal structure determination
encouraged us to try to use any ruthenium complexes available in order to investigate the relative
orientation of the fluorene moieties with respect to the z-electronic structure of the terpyridine ligand.
In this context, we succeeded to obtain single crystals of the ruthenium nitrite precursor, last step towards
AC. The compound crystallizes in the P 2,/n monoclinic space group, in which four complexes are
present in the crystal unit cell. The main crystal data are gathered in Table 2. The crystal unit cell is
shown in Figure 3. The presence of a single PF¢ anion, indicates that the ruthenium atom is in the +II
oxidation state, which was invariably the case in Ru(terpy)(bipy) complexes previously investigated in
our group.!#1641.49-51 Tn the substituted terpyridine ligand, the fluorenyl unit is planar with largest
distance to the mean plane equal to 0.028 A at C38. Similarly, the terpyridine unit is nearly planar with
largest distance to the mean plane equal to 0.048 A at C1. The distance between the ruthenium atom and
the centroid of the z=core of the first fluorene ring (6 carbon atoms) is equal to ~ 9.540 A, which provides
an idea of the value of the Forster distance (R) in AC.

Importantly, the torsion angle between fluorene and terpyridine is equal to 33.9°. As pointed out in the
introduction section, the relative orientation of the antenna with respect to the complex is an important
parameter, when the possibility of energy transfer has to be considered. To clarify this issue, AC has
been optimized by DFT. It turns out that the ground state conformation is that having the fluorenyl and
the terpyridine plans roughly orthogonal. It will subsequently be denoted AC, in the next section.
Similarly, the excited state conformation is that having the fluorenyl and the terpyridine plans roughly
parallel, and will be denoted AC/, . Interestingly, the fluorene-ruthenium Forster distance (R) in the
computed structures is found equal t0 9.632 A and 9.678 A, for AC, and AC/, , respectively. Therefore,
the effect of the rotation is negligible on R. Furthermore, the rotation of the fluorene reveals an energy
barrier of 1.4 kcal/mol (see Supplementary Information), roughly the half of the 3 kcal/mol found in the
CC rotation of ethane.’> This low value indicates a nearly free rotation of fluorene. The experimental
torsional frequency is around 290 cm™! in alkyl chains,> which corresponds to rotation motions achieved
in about 0.1 ps. Within typical lifetimes of fluorescence of several nanoseconds for fluorene derivatives
(vide infra), optimized energy transfers cannot be hampered by conformational effects in AC.

Table 2 Crystal data for Sb

Chemical formula Cs51Hs3NgOsRu, PFg
Formula weight (M) 1044.03

Unit-cell dimensions a=13.2505(2) A

b=11.0878(2) A

10
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Cc= 321285(4) A View Article Online

DOI: 10.1039/D4DT01154F

a=90 deg.
F£=92.6550(10) deg.

=90 deg.
Volume (A3%) 4715.22(13)
Temperature (K) 100(2)
Crystal system Monoclinic
Space group P2;/n
Z 4
Reflections measured 76605
Reflections unique 10112 [R(int) = 0.0659]

Final R indices [I>2sigma(I)] RI =0.0520, wR2 =0.1325
R indices (all data) RI1=0.0702, wR2=0.1428

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
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Figure 3 Asymmetric unit of [FCH,OTRu(NO,)](PF¢) with atom labeling scheme. Hydrogens are omitted for
clarity.

3.3. Optical properties

The UV-visible spectra recorded in acetonitrile are shown in Figure 4 for A, C, and AC. The reference
complex C exhibits a large band around 350 nm, and a more intense band in the range of 275-325 nm.
The spectrum of the antenna A reveals electronic transitions around 300 nm, and 275 nm. Interestingly,
the spectrum of AC appears to be roughly the sum of those of 4 and C, which may suggest that both 4
and C units keep their individual spectral properties in AC. In particular, no new push-pull transition

11
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arising from the electron rich 4 fragment towards the withdrawing Ru-NO complex is eVidDenced iﬂ‘%}l (@licte Oniine

O’ 101039
These observations have been supported computationally by DFT.
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Figure 4 UV-visible spectra in acetonitrile, for 4, C, and AC.

The time dependent DFT transitions are listed in Table 3. The comparison of the experimental and
computed data shows a general tendency for red-shifted transitions in the computed data versus
experiment. More precisely, the agreement which appears satisfactory for the Ru-NO complexes at the
low energy band is more questionable in the antenna (Appr = 261 nm, Ayy.,is = 300 nm) and corresponds
to 5000 cm™!, a rather large difference for organic molecules.’* However, the CAM-B3LYP hybrid
functional is employed here for consistency with our numerous computations performed on terpyRuNO-
based chromophores. CAM-B3LYP is a powerful method for electronic system with long range charge
transfer effect. By contrast, the pseudo centro-symmetric 7z-electronic structure of A4 is better described
by the more traditional B3LYP method. In this case, the absorption maximum is found equal to 276 nm
(Table 3), which leads to an energy difference of 2 900 cm! versus the experiment. The resulting
discrepancy is significant, but still acceptable.>*

The examination of the data gathered in Table 3 indicates that the UV-visible spectrum of AC arises
from the sum of those of 4 and C. It confirms that 4 is not engaged in charge transfer transition towards
C, which is expected from an antenna. The orbital of interest indicated in Table 3 are visualized in Figure
5. It clearly appears that both 4 and C fragment keep their character in the resulting AC complex.
Consequently, the possibility for the energy collected by 4 (blue arrows in Figure 5) to be transferred
to C (red arrows) can be investigated by fluorescence in the next section.

12
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Table 3 Relevant transitions computed by TD-DFT, with absorption maxima (Amax), oscillator strength (f), composition and charge transfer character, for 4, C, and AC in the ground

state ( L) and excited state (/) conformations.

Compound DFT method transition Amax (f) composition' character
A CAM-B3LYP 1—>2 261 nm (0.540) 89% 60 — 61 fluorene — fluorene
B3LYP 1—-2 276 nm (0.535) 90% 60 — 61 fluorene — fluorene
C CAM-B3LYP 1-7 335 nm (0.044) 67% 124 —125 terpy—RuNO
1—38 330 nm (0.028) 76% 124 —126 terpy—RuNO
1—-9 321 nm (0.038) 71% 123 —126 bipy—RuNO
AC,| CAM-B3LYP 1—-9 335 nm (0.045) 70% 172 —176 terpy—RuNO
1—10 330 nm (0.040) 78% 172 —»177 terpy—RuNO
1—11 320 nm (0.036) 78% 171 —177 bipy—RuNO
1 —26 264 nm (0.888) 79% 175 —187 fluorene—fluorene
ACyy CAM-B3LYP 1-9 335 nm (0.047) 64% 172 —176 terpy—RuNO
1—-10 329 nm (0.038) 69% 172 —»177 terpy—RuNO
1—11 320 nm (0.036) 86% 171 —»177 bipy—RuNO
1 —27 261 nm (0.880) 73% 175 —187 fluorene—fluorene

! Orbital 60(61) is the HOMO(LUMO) in 4, 124(125) is the HOMO(LUMO) in €, 175(176) is the HOMO(LUMO) in AC.
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6] ——

125 —— 176 —— “

-8 - .
172 4{— - & 172 417
-10
A C AC| ACy
Figure 5 Orbitals of interest in the electronic transitions of A, C, and AC. The orbitals are numbered according to Table 3: (blue) transitions restricted to the antenna ; (red) transitions

centered on the complex. Orbitals 60(61), 124(125), 175(176) are the HOMO(LUMO) in A, C, and AC, respectively.
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Fluorescence is a prerequisite for an antenna, when the possibility of energy transfer has to be

considered. The quenching of fluorescence then becomes a means for measuring the efficiency of the
energy transfer between the donor (4) and the acceptor (C). Thus, equation 12 relates the decrease of
intensity and lifetime of the fluorescent species A embedded in the resulting complex AC to Epgrgr.
Firstly, the absolute quantum yield and the lifetime of fluorescence of 4 were measured in acetonitrile.
They are equal to 0.387 and 3.6 ns respectively. However, due to low intensity of the fluorescence of
AC, it was impossible to measure the absolute quantum yield of AC on our equipment (Quantaurus QY),
to estimate its value. Three experiments were carried out at constant concentration: (i) the fluorescence
of A, (ii) the fluorescence of 4 in the presence of an equivalent amount of C, and (iif) the fluorescence
of A, once chemically linked to C within the resulting AC species. The results are presented in Figure 6.
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Figure 6 Graphs of fluorescence intensities for 4 (top), A+C (middle) and AC (bottom) in acetonitrile, recorded at 3
different concentrations.

The emission of the antenna (A4) is observed between 300 and 380 nm, which overlaps well with the
absorption spectrum of C (Figure 4), and suggests an efficient FRET energy transfer in AC.

As seen in Figure 6, the shape of the emission spectrum measured for 5 x 10~ M solution of the 4 differs
from those obtained at lower concentrations of the antenna. This fact can be explained by the presence
of a pronounced inner filter effect due to a small Stock shift of the antenna. The fluorescence intensity
of the antenna solutions is higher than that of solutions of the same concentration in the presence of an
equal quantity of complex C (middle of Figure 6). It also can be explained by the presence of the inner
filter effect due to increasing the concentrations of the antenna and the complex, whose absorbance
range overlaps with an emission range of the antenna. This double inner filter effect explains more
pronounced fluorescence quenching with an increase of concentrations 4 and C.
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Due to a strong reabsorption of the emitted light, the fluorescence measurements were performed at
lower concentration on AC, to minimize the inner filter effect (bottom of Figure 6) versus those of 4
and A + C. The signal is close to the background, with a drop in fluorescence intensity by more than 100
times. This hampers a precise evaluation of the resulting FRET efficiency, which however leads to
Epgrer > 0.99.

It was possible to measure the lifetime of fluorescence for the residual fluorescence detected for AC
(Figure 6). It is equal to 3.6 ns, which is strictly the same as for the free antenna A. This fact makes us
think about the possibility of a free antenna A impurity, which either went through all stages of synthesis
and purification, or, more likely, formed as a product of 4C decomposition. However, we were unable
to detect this potential impurity using any of the methods available to us. Regardless of the nature of the
residual signal, these measurements in any case prove the efficiency of energy transfer between A and
C.

3.4. NO release experiment

The photorelease phenomenon depicted in equation (1) is likely to be related to the low energy transition
of C and AC, located around 350 nm (Figure 4 and Table 3) where the change transfer towards NO is
maximum. On the other hand, the energy transition of antenna is located at 300 nm. Based on these
features, the photokinetic studies of C and AC were performed in acetonitrile at 365 nm and 300 nm.
The evolution of the absorbance spectra for both species at 365 nm irradiation are shown in Figure 7.
Analogous evolution of absorbance spectra at 300 nm was observed (see Supplementary Information).

Absorbance
= o [
o o o
1 ! i

o
I

T T T T T |
200 300 400 500 600 700 800
Wavelength (nm)

Absorbance
I
s

T T T T T 1
300 400 500 600 700 800
Wavelength (nm)

Figure 7 Evolution of UV-Vis spectra of C (top) and AC (bottom) in acetonitrile under 2 hours of irradiation at 4 =
365 nm, with starting complex C in red and photoproduct in blue.
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To prove the nitric oxide release during the photoreactions, the Griess test for C and AC was, ﬁ%&i%%%?% e
as well as EPR measurement in the presence of iron(Il)-N-methyl-D-glucamine dithiocarbamato (Fe-
MGD) spin-trap for AC (Figure 8). The Griess test is an undirect method for detecting NO* via its
oxidation in nitrite and its consequently reaction with Griess reagent to form a pink azo dye around 540
nm.>> The method of the EPR experiment for detecting NO* in the presence of spin-trap was described

in our previous paper.>® The adduct (Fe-MGD-NO) has a characteristic triplet signal with g =2.040 and

a=1.2 X103 cm’.
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Figure 8 Griess-test showing the appearance of a pink dye with A ,,c around 540 nm (top) and triplet signal from
Fe-MGD-NO formed in EPR experiment (bottom) for AC at room temperature at A =365 nm irradiation.

Open Access Article. Published on 17 May 2024. Downloaded on 5/17/2024 10:26:19 AM.

The presence of the isosbestic points in Figure 7 at A = 365 nm (and figure at A= 300 nm in

(cc)

Supplementary Information) proves the applicability of the proposed A — B model developed by V.
Pimienta et al.3” and described in one of our previous studies.*® It was used to determine the quantum
yield of the photoreaction releasing NO*. The results are given in Table 4.

Table 4 Quantum yields of NO" release for C and AC under irradiations at A =300 nm and 4 =365 nm.
A (nm) Pc Pac
300 0.05 0.04
365 0.07 0.07
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The antenna A does not absorb at 4 =365 nm (Figure 4), therefore has no influence on the gyolutititt ¢f-¢ °ine

B
AC during irradiation at this wavelength. Consequently, the quantum yields for C and AC, are the same

at this wavelength (®¢ = @4¢ = 0.07). By contrast, A absorbs a fraction of the light available under
irradiation at A = 300 nm. Thus, the comparison of the quantum yields at both wavelengths provides
important information about the influence of the antenna effect in the AC system. At 4 =300 nm @
and @ 4¢ are equal to 0.05 and 0.04, respectively. These values are significantly reduced versus those
observed at A = 365 nm. Meanwhile, @¢ is higher than ®4¢, in perfect agreement with theoretical

Pac _ gc +(n-eaPa-Erper)
Pc gct (n-€q) ’

expectations, in particular with expression (5). According to equation (10),

which is equal to 0.8 from the experiment carried out at 4 =300 nm (Table 4). Interestingly, it is possible
to provide an additional estimation of this value by using the quantum yield of the antenna (¢4 = 0.387),

Errer =1, and the %CC ratio equal to 1.58 at 300 nm (UV-visible spectroscopy). These data lead to
&c +(n-e4-Pa-Errer)
gct (n-€4)

It is therefore possible to evaluate the relative efficiency of the AC system before synthesizing the
compound itself, on the basis of the properties of the individual 4 and C components. These expectations
can be applied at any concentration, as illustrated in Figure 9, where the relative efficiency E 4 is drawn
from the NO release experiment as the “experimental” curve, compared to the “theoretical” one

= 0.775, a value in good agreement with the 0.8 measured by NO release experiment.

predicted by the date based on isolated 4 and C species. Note that, according to equation (12), the
maximum E 4 value is equal to 1.26 for the present device (“experimental” curve). Nevertheless, E4 >
1 is observed in any case with absorbance lower than 0.7.

Experimental
\ Theoretical
1244
“\‘\\
1.1 ‘\“\
i
\
ui 1.0 \
N
0.8 T T
0.8 S—
0.7 T
0.0 0.5 1.0 1.5 20 2.5 30
Abs,
Figure 9 Relative efficiency E4 (equation 11) calculated from NO release data (P¢ and Pac) as the “experimental”

curve, compared with the values predicted from the antenna data (P4 = 0,387) as the “theoretical” curve..

3.5 Concluding remarks

Two strategies can be employed in the design of NO* donors based on Ru-NO complexes: (i) the “push-
pull” methodology, which to date has focused most of the research efforts in our group, and (ii) the
present “antenna’ approach. The first strategy is exemplified by [FTRuUNO]3* (Scheme 1), in which the
electron-rich fluorene unit is z-conjugated with the RuNO fragment. In [FTRuNO]**, the donor ligand
undergoes significant charge transfer towards RuNO, with the expected outcome of an enhanced NO*
delivery. This expectation is based on the examination of the global equation (1), in which NO* must
gain an electron during the photorelease process. However, this approach leads to unexpected
observation in some cases. For instance, we have observed a surprisingly large quantum yield of NO*
release in a complex, where the electron-rich fluorene was replaced by a strongly withdrawing

18
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nitrophenyl substituent.® Similarly, complexes in which the double (-CH=CH-) and triB(ljel_le(Igggzr oo
bonds were introduced to increase the energy of the donor and hence the push-pull effect led to species
of surprisingly reduced quantum yield.!# These unexpected results point out the fact that the push-pull

strategy may not necessarily be the only promising one.

The relevance of NO* donors built by the “antenna” approach requires more discussion. The figure of
merit of such a device is not @4¢ but E4. However, E4 is concentration-dependent. There is “zero
efficiency” point at which a complex with an antenna has the same efficiency as a complex without
antenna. It is possible to calculate the expected relative efficiency based on the properties of the antenna
and those of the starting complex (Figure 9). The main advantage of the antenna approach appears at
low concentrations, however, the high @4 and Erggr values shift the “zero efficiency” point to higher
absorbance values. Moreover, it is possible to graft more than one antenna, with the outcome of potential
higher E 4 values.

To summarize — the antenna approach shows its advantage at low concentrations. Considering the
potential pharmaceutical utilization of RuNO complexes and the toxic effect of Ru compounds at high
concentrations, this fact perfectly matches to the challenge of reaching the maximum of controlled NO*
release per time unit at lowest complex concentration possible.

4. Conclusion

A fluorene fragment A has been grafted to a ruthenium nitrosyl complex C. The resulting AC complex
undergoes a photorelease process, either by direct photon absorption by the C unit, or by a photon
absorption by A followed by an energy transfer to C, through a FRET mechanism. Due to the short 4 —
C distance (< 10 A) together with a significant overlap between the fluorescence spectrum of 4 and the
absorbance spectrum of C, the efficiency of the energy transfer (Erggr) is found higher than 99%, with
a disappearance of the fluorescence of 4 in AC. A theoretical approach points out the fact that, the
factor of merit for the antenna strategy (E4) is concentration dependent and allows to determine a range
of absorbance, which must be maintained below 0.7. Owing to a nearly perfect energy transfer, the key

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

parameter in such molecular device appears to be the quantum yield of fluorescence of the antenna (®4)
and the possibility to be able to graft more than one antenna to the complex.
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(cc)

5. Experimental Section
5.1. Materials and equipment

4'-chloro-2,2":6',2"-terpyridine (Sigma-Aldrich) and all solvents and reagents used for synthesis and
optical measurements were purchased from commercial suppliers and were used without further
purification. Thin-layer chromatography (TLC) plates, Al,O5 (60 A, neutral) and SiO, (60 A, neutral)
for column chromatography were purchased and used as received. A,* 2a,47 3a,*® and 4a®® were
synthesized according to the published procedures. The Nuclear Magnetic Resonance (NMR) spectra
were recorded on a Bruker Avance 111 400 MHz spectrometer, in either CDCI; or CD;CN at 298 K. The
chemical shifts () and the scalar coupling constants (J) are given in ppm and Hz, respectively. Chemical
shifts for 'H and '*C NMR data are given relative to the residual signal of non-deuterated solvent
recorded at 6 = 7.26 (CDCl;) and 6 = 1.94 (CD;CN) ppm for 'H NMR and at 6 = 77.16 (CDCI;) and &
= 1.32 (CD;CN) ppm for 3C NMR. NMR spectra are available in Supplementary Information. High-
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resolution mass spectroscopy (HRMS) data were obtained on a Waters XevoView(g2cle Online
DOI: 10.1039/D4DT01154F

QTOF UPLC spectrometer. On each spectrum the error (ppm) is provided as (observed mass —
theoretical mass) x 10° / theoretical mass.> Infrared spectra were recorded using a diamond ATR on a
Perkin Elmer Frontier FT-IR spectrometer. A diode array Hewlett Packart 8454A spectrophotometer
was used to obtain UV-Vis spectra and to carry out kinetic studies on the photolysis reactions. Detailed
procedure of kinetic studies was described in our previous works.**-% Data on NO* photorelease at 300
and 365 nm for C and AC are presented in Supplementary Information. Fluorescence spectra were
recorded on a Jobin Yvon Fluoromax 4 Spectrofluorimeter. Quantum yield of 1b was obtained on
Hamamatsu Quantaurus-QY Absolute PL. quantum yield spectrometer. Fluorescence lifetime studies
were performed on a Horiba DeltaFlex TCSPC Lifetime Fluorometer with a Horiba DeltaDiode DD-
300 diode and Horiba DPS-1 power supply unit. All optical measurements were carried out in quartz
cuvettes.

5.2. Synthesis of C and AC

"-((9,9-dihexyl-9H-fluoren-2-yl)methoxy)-2,2':6',2""-terpyridine  (2Hex-flu-CH20-terpy)  (2b).
Powdered KOH (180.1 mg, 3.2 mmol) was added to 7 mL of DMSO. To the resulting stirred suspension
was added a solution of 1b (117 mg, 0.32 mmol) in 3 mL of DMSO. After 30 min of stirring, 4'-chloro-
2,2"6',2"-terpyridine (85.9 mg, 0.32 mmol) was added to the suspension and the resulting mixture was
stirred overnight at 60°C. After reaction completion, checked by TLC (SiO,, hexane (98%) — EtOAc
(2%)), the reaction mixture was poured in water and neutralized with HCI. The resulting emulsion was
saturated with NaCl, and extracted with CH,Cl, (5 x 100mL). The organic phase was washed with pure
water (5 x 100mL), and evaporated under vacuum. The resulting solid was purified by column
chromatography (SiO, 60 A, neutral, Pentane/EtAc = 99:1), to lead to 182.3 mg of 2b (yield: 95%). 'H
NMR (400 MHz, CDCls) 6 8.72 (ddd, J = 4.8, 1.8, 0.9 Hz, 2H), 8.65 (dt, ] = 8.0, 1.1 Hz, 2H), 8.21 (s,
2H), 7.88 (td, J = 7.7, 1.8 Hz, 2H), 7.74 — 7.68 (m, 2H), 7.50 — 7.43 (m, 2H), 7.38 — 7.29 (m, 5H), 5.43
(s, 2H), 1.97 (dd, J = 10.6, 6.0 Hz, 4H), 1.12 — 0.97 (m, 12H), 0.74 (t, ] = 7.1 Hz, 6H), 0.64 — 0.56 (m,
4H). BC NMR (101 MHz, CDCls) 6 167.11, 157.23, 156.19, 151.27, 151.03, 149.11, 141.25, 140.79,
136.90, 134.91, 127.21, 126.83, 126.33, 123.93, 122.96, 122.16, 121.47, 119.85, 119.84, 107.88, 70.48,
55.19, 40.46, 31.58, 29.80, 23.85, 22.67, 14.09. HRMS (ESI-TOF") m/z: [M+H*]* Anal. calc. for
C41Hy46N;50: 596.3641. Found: 596.3638. Error: -0.50 ppm.

[Ru'(2Hex-flu-CH2O0-terpy)Cl;] (3b). To the mixture of 200 mg (0.34 mmol, 1 eq) of 2b and 84,9 mg
(0.38 mmol, 1.12 eq) of RuCl;,xH,0 in 100 mL flask were added 40 ml of EtOH. The mixture was
refluxed for 4 h. After cooling down to room temperature, the reaction mixture concentrated to 5 mL.
The precipitate formed was filtered under reduced pressure, and thoroughly washed with EtOH until
appearance of colorless drops of ethanol. The resulting dark brown solid was dried under the vacuum
(181.6 mg, 67% yied). No NMR-characterization was made as compound is paramagnetic. HRMS (ESI-
TOF*) m/z: [M-CI+CH;CN]" Anal. calc. for C43H4sN4ORuCl,: 808.2255. Found: 808.2255. Error: 0

[Ru"'(2Hex-flu-CH2O-terpy) (bipy) Cl[(PF ) (4b). 3b (181.6 mg, 0.23 mmol), 2-2’-bipyridine (35.3 mg,
0.23 mmol) and LiCl (57.5 mg, 1.36 mmol, 6 eq) of were mixed in 50 mL round-bottom flask. After
addition of 5.2 mL of H,O, 17.6 mL of EtOH and 0.17 mL (1.24 mmol, 5.5 eq) of Et;N, the mixture was
refluxed for 4.5 h. The resulting solution was evaporated to dryness on rotary evaporator, and purified
with column chromatography (Al,O; 60 A, neutral, CH,Cl,/MeOH with gradient increasing of MeOH
amount from 0% to 5%). Drying under vacuum, led to 65.4 mg of 4b (Yield: 31%). '"H NMR (400 MHz,
CD;CN) 6 10.20 (ddd, J = 5.7, 1.6, 0.8 Hz, 1H), 8.59 (dt, J = 8.3, 1.1 Hz, 1H), 8.42 (ddd, J = 8.1, 1.4,
0.8 Hz, 2H), 8.32 (dt, ] = 8.2, 1.2 Hz, 1H), 8.25 (s, 2H), 8.21 (ddd, J = 8.1, 7.5, 1.6 Hz, 1H), 7.91 (ddd,
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1=7.6,5.6,1.3 Hz, 1H), 7.88 —7.79 (m, 4H), 7.71 — 7.69 (m, 1H), 7.67 — 7.58 (m, 4H), 7.46 — 7 42:(rycs onine
1H), 7.39 — 7.34 (m, 3H), 7.23 (ddd, J = 7.6, 5.5, 1.3 Hz, 2H), 6.93 (ddd, J = 7.3, 5.7, 1.4 Hz, 1H), 5.61
(s, 2H), 2.09 — 2.03 (m, 4H), 1.05 — 0.88 (m, 12H), 0.68 (t, ] = 7.0 Hz, 6H), 0.52 (dt, J = 10.1, 5.3 Hz,
4H). 3C NMR (101 MHz, CD;sCN) 8 165.73, 160.09, 159.69, 159.35, 157.66, 153.66, 153.50, 153.01,
152.20, 151.87, 142.63, 141.54, 137.84, 137.01, 136.14, 135.50, 128.53, 128.24, 128.18, 128.06,
127.70, 126.93, 124.57, 124.36, 124.10, 124.07, 120.99, 120.88, 111.35, 72.75, 56.13, 40.85, 32.22,
30.29,24.72,23.17, 14.21. HRMS (ESI-TOF*) m/z: [M-CI-]* Anal. calc. for Cs;Hs;NsORuCl: 888.2993.

Found: 888.2989. Error: -0.45 ppm.

[Ru"(2Hex-flu-CH2O0-terpy)(bipy)(NO»)](PF4) (5b). To a mixture of 4b (60 mg, 0.06 mmol, 1 eq) and
NaNQO, (107.1 mg, 1.55 mmol, 23.9 eq) in 50 mL round-bottom flask were added 25.3 ml of EtOH and
8.4 mL of H,O. The resulting mixture was refluxed for 4 h. After cooling to room temperature, 1 mL of
saturated NH4PF¢ solution in water was added. The mixture was concentrated to ca. 40% of its initial
volume , cooled in the fridge for 30 minutes, filtered under vacuum and thoroughly washed with water,
and finally dried under vacuum (53.6 mg, yield: 79%.) Solubility of the sample was too low to obtain
good quality '*C NMR spectrum. Crystal for XRD measurements were obtained via slow diffusion of
diethyl ether to acetonitrile solution of 5b. 'H NMR (400 MHz, CD;CN) 6 9.84 (d, J = 5.6 Hz, 1H),
8.55(d,J=8.2Hz, 1H), 8.34 (d, ] =8.0 Hz, 3H), 8.26 — 8.19 (m, 1H), 8.17 (s, 2H), 7.96 — 7.86 (m, 4H),
7.83 = 7.71 (m, 4H), 7.67 (s, 1H), 7.60 (d, J = 8.3 Hz, 1H), 7.46 — 7.43 (m, 1H), 7.41 — 7.35 (m, 3H),
7.30 —7.25 (m, 2H), 7.08 — 7.02 (m, 1H), 5.60 (s, 2H), 2.06 (dd, J = 10.8, 5.9 Hz, 4H), 1.08 — 0.88 (m,
12H), 0.69 (t, J = 7.0 Hz, 6H), 0.58 — 0.49 (m, 4H). HRMS (ESI-TOF") m/z: [M-CI-]" Anal. calc. for
Cs51Hs53NgOsRu: 899.3237. Found: 899.3258. Error: 2.34 ppm.

[Ru"'(2Hex-flu-CH2O0-terpy)(bipy)(NO)](PFg); (6b). Compound 5b (30.9 mg, 0.03 mmol) was
dissolved in a mixture of 11.8 ml EtOH and 3.75 mL of HCI 37%. The solution was stirred 75 minutes
at 60 °C, then concentrated to ca. 25-30% under reduced pressure. A saturated solution of NH,4PF¢ in
water (1 mL) was added to the resulting mixture. Then it was cooled in the fridge for 30 minutes, filtered
under vacuum, washed with water, and dried under vacuum (27.9 mg, yield: 92%.) "H NMR (400 MHz,
CD;CN) 6 9.29 (dt, J =5.5, 1.3 Hz, 1H), 8.79 (d, J = 8.3 Hz, 1H), 8.72 — 8.64 (m, 3H), 8.60 (d, ] = 8.0
Hz, 1H), 8.45 (td, ] = 7.9, 1.5 Hz, 2H), 8.41 (s, 2H), 8.31 (td, ] = 8.0, 1.4 Hz, 1H), 8.25 (ddd, J = 7.5,
5.7,1.4 Hz, 1H), 7.99 (ddd, J=5.7, 1.5, 0.6 Hz, 2H), 7.92 (d, ] = 7.8 Hz, 1H), 7.85 — 7.82 (m, 1H), 7.70
(ddd,J=7.1,4.8, 1.5 Hz, 3H), 7.63 (dd, J = 7.8, 1.6 Hz, 1H), 7.53 (ddd, J =7.5, 5.9, 1.3 Hz, 1H), 7.50
—7.47 (m, 1H), 7.42 —7.37 (m, 2H), 7.27 — 7.24 (m, 1H), 5.73 (s, 2H), 2.11 —=2.07 (m, 1H), 1.15 - 0.98
(m, 16H), 0.76 (t, J = 7.0 Hz, 6H), 0.59 (p, J = 7.6 Hz, 5H). 13C NMR (101 MHz, CD;CN) & 173.97,
157.65, 156.03, 155.87, 155.39, 154.45, 153.97, 152.48, 151.92, 148.96, 145.69, 145.43, 144.95,
143.33, 141.30, 133.74, 131.64, 131.22, 128.82, 128.65, 128.27, 128.17, 127.98, 127.37, 124.48,
124.20, 121.17, 121.05, 115.18, 75.26, 56.22, 40.83, 32.24, 30.28, 24.72, 23.21, 14.26. HRMS (ESI-
TOF*) m/z: [M-PFg]" Anal. calc. for Cs;Hs53NgO,RuP,F,: 1173.2571. Found: 1173.2572. Error: 0.09
ppm. FT-IR (ATR, cm™): 1937 (VNO).
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[Ru"(4'-methoxy-2,2":6",2""-terpyridine) (bipy) (NO,)](PF) (5a). Compound 5a was synthesized by the
experimental protocol analogous to the synthesis of 5b, using compound 4a instead of 4b. Yield:
72%.H NMR (400 MHz, CD;CN) 6 9.83 (ddd, J = 5.6, 1.6, 0.8 Hz, 1H), 8.57 (dt, J = 8.2, 1.2 Hz, 1H),
8.40 — 8.33 (m, 3H), 8.22 (ddd, ] =8.2, 7.6, 1.5 Hz, 1H), 8.09 (s, 2H), 7.95 — 7.88 (m, 3H), 7.78 (ddd, J
=8.2,7.6, 1.5 Hz, 1H), 7.72 (ddd, J = 5.5, 1.6, 0.8 Hz, 2H), 7.42 (ddd, J = 5.6, 1.6, 0.8 Hz, 1H), 7.27
(ddd, J=17.6, 5.5, 1.3 Hz, 2H), 7.08 (ddd, J = 7.6, 5.6, 1.3 Hz, 1H), 4.21 (s, 3H). 3C NMR (101 MHz,
CD3CN) ¢ 167.82, 159.60, 159.33, 157.95, 157.19, 154.07, 153.83, 151.95, 138.59, 137.94, 137.54,
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128.29, 127.85, 127.02, 124.60, 123.99, 110.88, 58.02. HRMS (ESI-TOF") m/z: [M—Cl‘];ozl?&llg)zllldgg;ll“cﬁ‘de Online

D4DT01154F

for Cy6H,1NgOsRu: 567.0726. Found: 567.0715. Error: -1.94 ppm.

[Ru'(4'-methoxy-2,2":6",2""-terpyridine) (bipy) (NO)](PF¢); (6a). Compound 6a was synthesized by the
experimental protocol analogous to the synthesis of 6b, using compound 5a instead of 5b. Yield: 69%.
TH NMR (400 MHz, CD;CN) 4 9.28 (dt, = 5.6, 1.1 Hz, 1H), 8.79 (dt, = 8.2, 1.2 Hz, 1H), 8.68 (ddd,
J=28.0,6.3, 1.5 Hz, 3H), 8.62 — 8.57 (m, 1H), 8.44 (td, ] = 8.0, 1.5 Hz, 2H), 8.34 — 8.26 (m, 3H), 8.24
(ddd,J=17.5,5.7, 1.4 Hz, 1H), 7.98 (dd, J = 5.7, 1.4 Hz, 2H), 7.69 (ddd, J = 7.8, 5.7, 1.4 Hz, 2H), 7.51
(ddd,J=7.5,5.9,1.3 Hz, 1H), 7.22 (dd, J=6.2, 1.3 Hz, 1H), 4.39 (s, 3H). 3C NMR (101 MHz, CD;CN)
6 174.93, 157.64, 155.95, 155.75, 155.35, 154.44, 153.92, 148.87, 145.63, 145.34, 144.91, 131.60,
131.15, 128.32, 127.93, 127.31, 114.69, 60.13. HRMS (ESI-TOF*) m/z: [M-CI]* (observed NO,-
complex instead of NO-complex) Anal. calc. for CyHy NgOsRu: 567.0726. Found: 567.0732. Error:
1.06 ppm. FT-IR (ATR, cm™): 1947 (vNO).

5.2. X-ray diffraction

Data were collected on a Rigaku XtalLAB Synergy Dualflex diffractometer using a PhotonJet X-ray
source (CuK,, A = 1.54184 A). An Oxford Cryosystems Cryostream cooling device was used to collect
data at low temperature (100(2) K). Omega scans were performed for data collection. An empirical
absorption correction was applied and the structures were solved by intrinsic phasing method
(ShelXT).6! All non-hydrogen atoms were refined anisotropically by means of least-squares procedures
on F2 with ShelXL.%? [2]. All the hydrogen atoms were refined isotropically at calculated positions using
a riding model. The disorder of an alkyl chain was successfully modeled and the anisotropic
displacement parameters were restrained by DELU and SIMU commands. Table for atomic coordinates,
bond lengths and angles, and anisotropic displacement parameters are provide in Supplementary
Information file. The structure is deposited at the Cambridge Crystallographic Data Centre (CCDC
2349350).

5.3. DFT computations

A, C, and AC were fully optimized using the Gaussian program package,® within the framework of the
Density Functional Theory (DFT). The double-{ basis set 6-31G* was used for all atoms except the
heavy ruthenium atom, for which the LANL2DZ basis set was applied to account for relativistic
effects.® To be consistent with our numerous reports on Ru-NO complexes, we have selected the hybrid
functional B3PW91 for the optimization. B3PW91 has been shown to outperform other hybrid
functionals (e.g. B3LYP) and pure functionals (e.g. PW91) in numerous cases of ruthenium complexes,
especially when back bonding ligands (like NO) are present.%>% The vibrational analyses were
performed at the same level to verify that the stationary points correspond to minima on the potential
energy surfaces. The UV-visible electronic spectra were then computed at the CAM-B3LYP/6-31G*
level, in the case of C and AC, for consistency with our previous investigation of [FTRuNO]3".!¢ This
long-range corrected hybrid functional is well suited for studying molecules with delocalized excited
states.%” In the case of A, where no charge transfer takes place, the spectrum was also computed at the
B3LYP/6-31*G level, which led to a better accuracy with the experimental UV-visible data. Solvent
effects were included by using the polarizable continuum model (PCM) implemented in Gaussian09 for
acetonitrile (¢ = 35.688). Molecular orbitals were plotted with GABEDIT 2.4.8.%8
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