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A water-soluble heterometallic iron(iv)-
ruthenium(iv) p-nitrido porphyrin complex:
synthesis, structure and catalytic activityt
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A heterometallic Fe(iv)—-Ru(iv) nitrido complex bearing a water-soluble porphyrin ligand has been syn-
thesized, and its redox and catalytic properties have been investigated. Treatment of Nay[Fe(TPPS)(H,O),l
(TPPS]*~ = meso-tetrakis(4-sulfonatophenyl)porphyrinate) with [RU(N)(Log)Cl] (Loge™ = [Co(nS-CsHS){P
(O)(OEt),}3]7) afforded the water-soluble p-nitrido complex Nayl(H,O)(TPPS)Fe(u-N)RUCL (Logd] (Nagldl).
Cation metathesis of Nay[1] with PhyPCl gave (PhsP)4[(H,O)(TPPS)Fe(p-N)RUCL (Logd] ((PhyP)4l1l), which
has been characterized by single-crystal X-ray diffraction. The observed Ru—N(nitride) [1.701(5) Al and Fe-
N(nitride) [1.676(5) A] distances and the Fe—N—Ru angle [171.4(3)°] of diamagnetic [1]*~ are indicative of
the Fe(v)=N=Ru(v) bonding behavior. The cyclic voltammogram of Na[1] in 0.1 M HCl displayed revers-
ible redox couples at +0.66 and +0.94 V versus a saturated calomel electrode, which are assigned metal-
centred and porphyrin-based oxidations, respectively. Treatment of Nay[l] with Ag(CF3zSOs) and PPhs
resulted in the formation of Nas([(H,O)(TPPS)Fe(u-N)Ru(Log) ClL{Ag(PPhz)}]) (2). Naylll is capable of cata-
lyzing sulfide oxidation with H,O, in agueous medium. For example, in MeCN/H,O (1: 1, v/v), in the pres-
ence of 2 mol% of Nay[ll, methyl p-tolyl sulfide was oxidized by H,O, to afford methyl p-tolyl sulfoxide
selectively in 95% yield. Electrospray ionization mass spectrometry indicated that the reaction of Nay[1]
with H,O, generated new species with m/z = 430.2228 and 434.2198 corresponding to [1 + O]*~ and [1
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Introduction

Nitride (N*7) is a good supporting ligand for high-valent tran-
sition metal ions owing to its strong n-donating capability. As
a bridging ligand, it can bind to two metal ions in either a
symmetric or unsymmetric fashion depending upon the extent
of & delocalization in the M-N-M' unit (Scheme 1)." Of interest
are dinuclear iron complexes with symmetric nitrido bridges,
such as [Fe(L)],(u-N) (L>~ = phthalocyanine or a porphyrin
dianion), which are capable of catalyzing C-H oxidation of
hydrocarbons, including methane, with H,0, or alkyl
hydroperoxides,®** in which high-valent diiron-oxo species
(“Fe=N-Fe=0") have been proposed to be the active oxidants.
It has been suggested that the enhanced oxidation capability
of the diiron-oxo active species originates from the n-donation
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+ 20]*", respectively, which are possible active intermediates in the catalytic sulfide oxidation.

of the p-nitrido ligand that increases the basicity of the Fe=0O
group and facilitates the H-atom abstraction.*'* Nevertheless,
the catalytic activity of analogous heterometallic Fe-N-M com-
plexes has not been explored.'*"*

In previous work, we have synthesized a series of heterome-
tallic Fe-N-Ru complexes via the reactions of a Ru(vi) terminal
nitride, [Ru(Log)(N)Cly] (Loee = [(n°-CsHs)Co{P(O)(OEt),}s] "),
with Fe(u) complexes bearing macrocyclic ligands, including
porphyrin, phthalocyanine, and tetradentate Schiff base
ligands (Scheme 2)."*™*® X-ray diffraction studies revealed that
these heterometallic complexes possess M=N double bonds
that are indicative of the Fe(iv)J=N=Ru(iv) resonance structure.
Although they exhibit well-defined oxidation couples in the
cyclic voltammograms (CVs), attempts to synthesize high-
valent heterometallic nitrido complexes were unsuccessful. For

050 ® 050

M=N=M M=N—M  M=N—M
-
symmetric unsymmetric

Scheme 1 Dinuclear p-nitrido complexes with symmetric and unsym-
metric nitrido bridges.
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Scheme 2 Heterometallic Fe(iv)—Ru(v) nitrido complexes derived from Ru(vi) nitride [Ru(Logg)(N)Cl,].16728

instance, the oxidation of [(Pc)Fe-N-Ru(Log)Cly] (Pc®™ =
phthalocyanine dianion) with NR3SbClg (R = 4-bromophenyl)
and PhI(CF3CO,), led to the isolation of Fe(iv)/Ru(iv) complexes
with a Pc cation radical and a hydroxy-Pc ligand, respectively.'”

It is well-known that transition metal aqua complexes can
be oxidized to high-valent hydroxo/oxo species in aqueous
media via proton-coupled electron transfer.'®?° This prompted
us to synthesize water-soluble heterometallic iron aqua com-
plexes and explore their oxidation chemistry. It may be noted
that a water-soluble dinuclear iron nitrido complex with tetra-
kis(4-sulfophthalocyanine) (SPc), [{Fe(SPc)},(u-N)]°~, has been
used as a catalyst for oxidative degradation of polychlorophe—
nols with H,0,.>* To our knowledge, iron nitrido complexes
with water-soluble porphyrin ligands have not been reported.

Metal complexes with water-soluble porphyrins such as
5,10,15,20-tetrakis(4-sulfonatophenyl)porphyrin ~ [H,TPPS]*~
(Scheme 3) have attracted much attention due to their appli-
cations in catalytic oxidations.”>> In particular, the oxidation
chemistry of Fe(TPPS) complexes that can serve as functional
models for heme enzymes has been studied extensively.>* > In
non-acidic solutions, Fe(TPPS) complexes tend to dimerize to
p-oxo species, [{Fe"(TPPS)},(1-0)]°,*° rendering the isolation
of high-valent Fe-oxo species difficult. Although nitrido-
bridged iron porphyrins such as [Fe(TPP)],(u-N)*’ and [{Fe
(TPP)},(1-N)](SbCl)*® (TPP>~ = tetraphenylporphyrin dianion)
are well documented, water-soluble Fe(TPPS) p-nitrido com-
plexes have not been isolated.

Herein, we report the synthesis of the first heterometallic
Fe(TPPS) p-nitrido complex, [(H,O)(TPPS)Fe(u-N)RuCl,(Log:)]*™

9360 | Dalton Trans., 2025, 54, 9359-9367

([1]*7), which has been isolated as Na" as well as Ph,P" salts.
The structure of (Ph,P),[1] featuring an Fe=N=Ru bridge has
been established by X-ray crystallography. In 1 M HCI, Na,[1]
exhibited a reversible redox couple at +0.66 V versus the stan-
dard calomel electrode (SCE), which is ascribed to a metal-
centred oxidation. Nay[1] is capable of catalyzing sulfide oxi-
dation with H,0, in aqueous media. Electrospray ionization
(ESI) mass spectrometry indicated that the reaction of Na,[1]
with H,0, generated new species assigned as [1 + 20]*” and [1
+ 0]*", which are proposed to be reactive intermediates in the
catalytic sulfide oxidation.

Results and discussion
Synthesis

Treatment of a suspension of Na,[Fe(TPPS)(H,0),]*° in metha-
nol with [Ru(Log)(N)CL,] resulted in the formation of a hetero-
metallic nitrido complex, Na,[(H,O)(TPPS)Fe(pu-N)RuCly(Logt)]
(Nay[1]) (Scheme 3). Unlike Nay[Fe(TPPS)(H,0),], which is
sparingly soluble in methanol, Nay[1] is soluble in both water
and methanol, but it is insoluble in acetonitrile or acetone.
The "H NMR spectrum of Nay[1] in D,0O showed sharp peaks
that can be assigned to the TPPS'™ and Log ligands in
normal regions, which is indicative of its diamagnetic behav-
ior. The UV/visible spectrum in water displayed the porphyrin
Soret and Q bands at 425 and 548 nm, respectively, which are
red-shifted compared with Na,[Fe(TPPS)(H,0),] (413 and
517 nm, respectively). The ESI mass spectrum of Nay[1] in

This journal is © The Royal Society of Chemistry 2025
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[TPPS]®

Scheme 3 Synthesis of Fe(iv)-Ruf(v) nitrido TPPS complexes.

water showed a signal at m/z = 426.2221 corresponding to [1]*~
(Fig. S13, ESIt). Despite many attempts, we have not been able
to obtain single crystals of Na,[1] for structure determination.
We have also synthesized the Loy~ analogue of Nay[1], Na,y[1-
Me], from Na,[Fe(TPPS)(H,0),] and [Ru(N)(Lome)Cly] (Lome =
[(n®-CsH5)Co{P(O)(OMe),};]7). Recrystallization of Na,[1-Me]
from MeOH/MeCN/acetone afforded red single crystals, which
were identified as the heterometallic Fe-N-Ru complex
[H][Naz(Me,CO)(MeOH)(H,0)][(MeOH)(TPPS)Fe(p-N)
RuCl,(Lome)] according to an X-ray diffraction study (Fig. S1,
ESIT). However, the bond lengths and angles of the Lope
complex have not been analyzed owing to serious disorder
problems.

Cation metathesis of Na,[1] with PPh,Cl in methanol led to
the isolation of [Ph,P]y[(H,O)(TPPS)Fe(u-N)RuCly(Logt)],
(Ph,P),[1], which is soluble in organic solvents such as
CH,Cl,. Recrystallization from CH,Cl,/Et,O/hexane afforded
dark red crystals, which were suitable for X-ray diffraction. To
our knowledge, (Ph,P),[1] is the first structurally characterized
Fe(TPPS) nitrido complex. It should be noted that very few
crystal structures of Fe(TPPS) complexes have been reported in
the literature.”® The structure of the complex anion in
(Ph,P),[1] is shown in Fig. 1. Displacements of atoms from the
porphyrin N4 plane are given in Fig. 2. The porphyrin macro-
cycle displays a saddled distortion. The Fe-N(porphyrin) dis-
tances [av. 2.003 A] are similar to those of [(py)(TPP)Fe(u-N)Ru
(Logt)Cl,] (py = pyridine) (1.997 A)'® but shorter than those of
[{Fe(TPPS)},(1-0)]*~ (av. 2.079 A).** The Fe-OH, distance of
2.069(4) A is similar to that of the Pc complex [(H,O)(Pc)Fe(p-
N)RuClLy(Log)] [2.046(5) A].Y” The Fe-N(nitrido) [1.676(5) A]
and Ru-N(nitrido) [1.701(5) A] distances in [1]*~ compare well

This journal is © The Royal Society of Chemistry 2025
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with those of [(py)(TPP)Fe(p-N)Ru(Log)Cl,] [1.683(3) and 1.704
(3) A, respectively].'® The Fe-N-Ru unit is roughly linear with a
bond angle of 171.4(3)°. The observed short M-N(nitride)
bond distances and diamagnetism of [1]*~ are indicative of the
Fe(iv)=N=Ru(1v) bonding behavior.

Electrochemistry

The CV of Nay[1] in 0.1 M HCI (pH 1) displayed two reversible
oxidation couples at +0.66 and +0.94 V versus the saturated
calomel electrode (SCE) (Fig. 3). To gain insight into the nature
of the first couple, the oxidation of Nay[1] with a 1-electron
oxidant, cerium(v) ammonium nitrate ([NH,],[Ce(NO;)s])
(CAN), which has a redox potential of +0.88 V versus SCE,*" was
studied. Treatment of Na,[1] with 1 equivalent of CAN in water
resulted in a blue-shift of the Soret band from 425 to 398 nm
in the UV/visible spectrum (Fig. 4). A similar spectral change
was found for the oxidation of Na,[1] with CAN in 0.1 M HCL
No absorption at ~800 nm that is characteristic of a porphyrin
radical cation was found, suggesting that the oxidation at +0.66
V is a metal-centred event, either Fe(v/iv), Ru(v/iv) or a combi-
nation of both. No further spectral change was found when
excess (>3 equivalents) CAN was added. The nature of the
second redox couple is unclear, but it is very likely that it
resulted from a porphyrin-based oxidation. When the pH was
increased to 3, similar half-wave potentials were found for the
two redox couples, but they were less reversible (Fig. 5). At pH
6, only irreversible oxidation waves were found (Fig. 6). In con-
trast, the CV of (Ph,P),[1] in CH,Cl, displayed an irreversible
oxidation wave with Ep, = +0.51 V versus Fc'’® (Fc = ferrocene)
(Fig. S11, ESIf), whereas the reported compound [(py)(TPP)Fe

Dalton Trans., 2025, 54, 9359-9367 | 9361
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Fig. 1 Molecular structure of the tetra-anion [1]*~
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. Hydrogen atoms are omitted for clarity. The ellipsoids are drawn at the 30% possibility level.

Selected bond lengths (A) and angles (°): Fe1-N1: 1.676(5); Fe1l-N2: 2.006(4); Fe1-N3: 1.997(4); Fel-N4: 2.016(4); Fe1-N5: 1.994(4); Fe1-010: 2.069
(4); Rul-N1: 1.701(5); Rul-Cl1: 2.3284(13); Rul-Cl2: 2.3412(13); Rul-07: 2.124(3); Rul-08: 2.075(4); Rul-09: 2.068(3); Fe1-N1-Rul 171.4(3).
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Fig. 2 Atomic displacements (10~ A) from the porphyrin N4 plane in
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(p-N)Ru(Log)CL,] exhibited two oxidation events at +0.29 and
+0.77 V in CH,Cl,.*®

Reaction of Na,[1] with oxidizing agents

Attempts have been made to synthesize high-valent heterome-
tallic nitrido complexes by chemical oxidation of Na,[1].
Treatment of Na,[1] with 1 equivalent of AgNO; in water
resulted in a red-shift of the Soret band from 425 to ca.
440 nm (see the ESIT). No AgCl precipitate was found, indicat-
ing that the Ag(1) ion did not abstract the chloride ion at the
Ru center. Attempts to isolate the product by adding excess
acetone to the aqueous reaction mixture failed. To increase the

9362 | Dalton Trans., 2025, 54, 9359-9367
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Fig. 3 CV of Nayll] in 0.1 M HClL (pH 1). Working electrode: glassy
carbon, reference electrode: standard calomel electrode, scan rate =
100 mV s~

solubility of the product in organic solvents, [1]*~ was reacted
with Ag(i) in the presence of a ligand that can bind to the Fe
center. Thus, treatment of Na,[1] with Ag(CF;SO;) in metha-
nol, followed by the addition of PPh;, led to the isolation of
red crystals that were characterized as Na[(H,O)(TPPS)Fe(u-N)
Ru(Log)CL{Ag(PPh;)}] (2) (Scheme 4). The 'H NMR spectrum
of 2 showed resonances that can be attributed to the TPPS*",
Logc and PPh; ligands, indicative of the diamagnetic pro-
perties. The *'P{"H} NMR spectrum showed a resonance at §
15.99 ppm due to the Ag-bound PPh; ligand. We have not
been able to crystallize 2 for structure determination. However,
we have structurally characterized the TPP analogue of 2,
[(TPP)Fe(pu-N)Ru(Log:)Cl{Ag(PPh;)}(CF3S05)  (2-TPP), which
was synthesized from [(TPP)Fe(p-N)Ru(Log)Cly], Ag(CF3SOs;)

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 UV/visible spectral change for the reaction of Nay[1] with 1 equi-
valent of CAN in water at room temperature. 1/4 equiv. of CAN was
added in each scan.
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As mentioned earlier, the oxidation of Na,[1] with CAN in
water gave a high-valent species that displayed absorption
bands at 398 and 507 nm in the UV/visible spectrum. Attempts
to precipitate this species by the addition of acetone to the
aqueous reaction mixture failed.

When Nay[1] in water at room temperature was treated with 1
equivalent of H,0,, no significant change was found in the UV/
visible spectrum, but some gas bubbles, presumably oxygen,
were observed. When excess H,O, (>10 equivalents) was added,
new absorption bands centred at 398 and 515 nm that are
similar to those found for the CAN oxidation of [1]*~ appeared,
suggesting that a high-valent species, possibly an Fe(v) or Ru(v)
complex, was generated. When Na,[1] was reacted with H,0, in
methanol, the same spectral change was found. Upon addition
of excess methyl p-tolyl sulfide (20 equivalents) to the methanol

Table 1 Catalytic sulfide oxidation with H,O,?

1.5 13 1.1 0.9 0.7 0.5 0.3 0.1 -0.1
Potential vs SCE (V)

Fig. 6 CV of Nayll] at pH 6. Working electrode: glassy carbon, refer-

ence electrode: standard calomel electrode, scan rate = 100 mV s,

and PPh; (Scheme 4). A preliminary X-ray diffraction study
revealed that the [Ag(PPh;)]" unit binds to the two chloride
ligands of the [Ru(Log)Cl,] moiety in 2-TPP (Fig. S3, ESIT). We
believe that 2 has a core structure similar to 2-TPP featuring
Ru(p-Cl)Ag bridges. Thus, instead of oxidizing the metal
centers, the Ag(1) ion binds to the chloride ligands in [1]*".

This journal is © The Royal Society of Chemistry 2025

H>0, 0
2 mol% cat. [l
—tol/S\ _t0|/S\
p solvent, rt, air, 3h p
Entry Catalyst Solvent % yield”
1 Nay[1] MeCN/H,O (v/v, 1:1) 95°¢
2 Nay[1] MeOH 92°
3 (Ph,P),[1] CH,Cl, 5
4 2 MeCN/H,0 (v/v, 1:1) 25

“Experimental conditions: catalyst (1 pmol), methyl p-tolyl sulfide
(0.1 mmol) and H,0, (50 pmol) were stirred at room temperature in air
for 3 h. “Yield determined by GC-FID using bromobenzene as the
internal standard. ¢ A trace amount of sulfone was detected.

Dalton Trans., 2025, 54, 9359-9367 | 9363
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solution, methyl p-tolyl sulfoxide that was identified by GC-MS
was formed, but there was no change in the Soret band at
398 nm, indicating that this high-valent species was not involved
in the sulfide oxidation. However, when a large excess of methyl
p-tolyl sulfide (200 equivalents) was added to the mixture, the
absorption peak at 398 nm dropped slowly and the Soret band
of [1]*~ (425 nm) appeared (Fig. S9, ESI). Therefore, in the pres-
ence of a large excess of thioether, this high-valent species will

also be slowly reduced to [1]*".
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Catalytic sulfide oxidation with H,O,

The above results indicate that the
generated a reactive species that is

reaction of [1]*~ with H,0,
capable of OAT. The use of

[1]*” as a catalyst for sulfide oxidation with H,O, has been

explored, and the results are
Treatment of methyl p-tolyl sulfid

summarized in Table 1.
e with H,0, in MeCN/H,O

(1:1, v/v) in the presence of 2 mol% of Na,[1] afforded methyl
p-tolylsulfoxide selectively in 95% yield. Only a trace amount of
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sulfone was detected. A similar yield (92%) was obtained when
methanol was used as the solvent. However, only 5% of sulfox-
ide was formed when the oxidation was carried out in CH,Cl,
using (Ph,P)4[1] as a catalyst, indicating that the aqueous
medium favors the catalytic oxidation of the heterometallic
nitrido complex. The reduced catalytic activity of the [PPh,]"
salt can be attributed to the high oxidation potential of [1]*” in
CH,CI, (+0.51 V versus Fc''®), which renders the generation of
a high-valent active species difficult. Similarly, the binding of
the cationic [Ag(PPh;)]" moiety has a negative impact on the
performance of the Fe/Ru catalyst; the yield of sulfoxide was
decreased to 25% when trianionic 2 was used as the catalyst.

MS monitoring of the reaction of Na,[1] with H,0,

The reaction of Na,[1] with H,0, has been monitored by
ESI-MS in the range of m/z 420-440 (Fig. 7). Upon addition of
ca. 10 equivalents of H,0,, a new signal at m/z 434.2198,
which can be assigned to [1 + 20]*” (Fig. S14, ESI}), was
observed. The intensity of the [1]*~ signal decreased gradually
as the [1 + 20]*” peak rose. At about 16 min, a new signal at
m/z 430.2228 that is attributed to [1 + O]*" (Fig. S15, ESI{)
appeared. After 56 min, the [1 + 20]*~ peak became the predo-
minant signal in the mass spectrum. It seems reasonable to
assume that the reaction of [1]*” with H,0, afforded [1 +
20]*7, which was subsequently converted to [1 + O]*".

A previous work has shown that the active oxidants of
diiron-catalyzed oxidations with H,0O, are high-valent diiron-
oxo species, which are formed via heterolytic O-O cleavage of
(hydro)peroxo intermediates.® We therefore assign the MS
signals at m/z 434.2198 and 430.2228 as heterometallic Ru/Fe
peroxo and oxo species, respectively. A possible mechanism
for the catalytic sulfoxidation with [1]*~ is shown in Scheme 5.
Reaction of [1]*~ with H,0, generates a peroxo intermediate, I,
which in the absence of a substrate decomposes to [1]*~
readily. If excess H,0, is used, a sufficient amount of I is accu-
mulated, and it can be observed in ESI-MS. Subsequently, O-O

0 0
o\\ f«‘\\\\o H,0, \ ?.“\\\\

0-0
ﬁ \ cleavage
S
-tol 7
. /‘w O\? N
s -
ol > SR
pro N
cl }i‘!’
I 5
Scheme 5 Proposed mechanism for the [1]* -catalyzed sulfide

oxidation.
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cleavage of I affords a reactive dimetallic oxo species, II, which
is the active oxidant for the sulfoxidation. The reaction of [1]*~
with excess H,0, also generates a high-valent species, possibly
an Fe(v) or Ru(v) complex, via another pathway that is not clear
at this stage. This high-valent species is, however, unable to
undergo OAT with the thioether.

Conclusions

We have synthesized a heterometallic Ru(iv)-Fe(wv) nitrido
complex bearing a water-soluble porphyrin, [1]*~. (Ph,P),[1] is
the first Fe(iv) TPPS nitrido complex that has been character-
ized by X-ray diffraction. The binding of the Ru(vi) nitride
moiety to [Fe(TPPS)]*” not only increases the solubility of the
TPPS complex in organic solvents, facilitating its isolation and
crystallization, but also inhibits its aggregation in aqueous
solution. This strategy can be exploited for isolation and crys-
tallization of other water-soluble metalloporphyrins in
aqueous media. [1]*~ undergoes 1-electron oxidation at a rela-
tively low potential (E: = +0.66 V versus SCE) in an acidic solu-
tion to yield a high-valent heterometallic nitrido complex that
has an overall d” configuration. [1]*~ proved to be an efficient
catalyst for sulfide oxidation with H,0, in aqueous media.
ESI-MS indicated that the oxidation of [1]*~ with H,0, pro-
duced peroxo and oxo species. It is believed that O-O cleavage
of the peroxo intermediate generates an heterometallic oxo
species, which is the active species for the sulfide oxidation.
The results of this work demonstrate the potential application
of water-soluble heterometallic nitrido complexes in catalytic
OAT reactions in aqueous media.

Experimental
General information

All manipulations were performed under nitrogen using stan-
dard Schlenk techniques. NMR spectra were recorded on a
Bruker ARX 400 spectrometer operating at 400, 376.5, and
162 MHz for 'H, "°F, and *'P, respectively. Chemical shifts (3,
ppm) were reported with reference to SiMe, (*H), CF;CgH;
(*°F), and H3PO, (*'P). UV-visible spectra were recorded on a
Dynamica HALO DB-20 spectrometer. ESI mass spectrometry
was performed on an UltiMate 3000 UHPLC system coupled
with an Orbitrap Exploris™ 120 mass spectrometer (Thermo
Fisher, Waltham, MA). Cyclic voltammetry was performed with
a CH Instrument model 600D potentiostat. The reference elec-
trodes for aqueous and non-aqueous studies were the standard
calomel electrode and Ag-AgNO; (0.1 M in acetonitrile) electro-
des, respectively. Elemental analyses were performed by Medac
Ltd, Surrey, UK. The compounds Na,[Fe(TPPS)(H,0),]*° and
[Ru(Log)(N)CL,]** were prepared according to literature
methods. Other reagents were purchased from Aldrich Ltd and
used as received.

Preparation of Na,[(H,O)Fe(TPPS)(p-N)RuCl,Loge] (Nag[1]).
To a suspension of Na,[Fe(TPPS)(H,0),] (50 mg, 0.045 mmol)
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in MeOH (10 mL) was added 1 equivalent of [Ru(N)(Log)Cl,]
(32 mg, 0.045 mmol), and the reaction mixture was stirred at
room temperature overnight. The solvent was pumped off, and
the residue was extracted with MeOH/MeCN (5 mL, 1:3 v/v).
Recrystallization from MeOH/MeCN/acetone afforded red crys-
tals. Yield: 39 mg, 50%. 'H NMR (400 MHz, D,0): § 0.81 (t, ] =
7.2 Hz, 6H, CH3), 0.89 (t, J = 7.2 Hz, 6H, CH3), 1.14 (t, J = 7.2
Hz, 6H, CH;), 2.44 (m, 4H, CH,), 3.34 (m, 4H, CH,), 4.66 (s,
5H, Cp), 8.22 (d, J = 8.4 Hz, 8H, H,), 8.41 (m, 8H, H,), 9.03 (s,
8H, Hpyrrole): ° P{'"H} NMR (162 MHz, D,0): § 117.79 (m).
MS-ESL: mjz 426 [1 - H,0]'". Anal. cale. for
Ce:1Hs1Cl,CoFeNsNa,0,,P;RuS,-9H,0: C, 37.04; H, 4.03; N,
3.54. Found: C, 37.11; H, 3.86; N, 4.08.

Preparation  of  ((Ph,P),[(H,O)(TPPS)Fe(p-N)RuCl,Log,]
(PPh,),[1]). To a suspension of Na,[1] (50 mg, 0.029 mmol) in
MeOH (5 mL) were added 4 equivalents of Ph,PCl (44 mg,
0.12 mmol). The solvent was pumped off, and the residue was
washed with water and dried in vacuo. Recrystallization from
CH,CL,/Et,O/hexane gave dark red single crystals. Yield:
43 mg, 48%. 'H NMR (400 MHz, CDCl,): § 0.68 (t, J = 7.2 Hz,
6H, CH3), 0.91 (t,J = 7.2 Hz, 6H, CHj), 1.08 (t, J = 7.2 Hz, 6H,
CH3), 2.27 (m, 3H, CH,), 2.41 (m, 3H, CH,), 3.28 (q, J = 7.2 Hz,
6H, CH,), 4.49 (s, 5H, Cp), 7.84 (m, 65H, Ph), 7.97 (m, 19H,
Ph), 8.10 (m, 12H, Ph), 8.76 (s, 8H, Hpyrol) ° P{'"H} NMR
(162 MHz, CDCl3): § 22.91 (s, PPh,"), 117.14 (m, Log, ). Anal.
calc. for Cy5,H;60Cl,CoFeN5;O3,P;RuS,: C, 57.83; H, 4.95; N,
2.15. Found: C, 57.85; H, 4.87; N, 2.33.

Preparation  of  Na,[(H,O)(TPPS)Fe(p-N)Ru(Log)Cl{Ag
(PPh3)}] (2). To a solution of Nay[1] (50 mg, 0.029 mmol)
in MeOH (5 mL) were added AgCF;SO; (7.5 mg, 0.029 mmol)
and PPh; (6.4 mg, 0.029 mmol), and the mixture was stirred
overnight at room temperature and filtered. The solvent
was pumped off, and the residue was extracted with MeOH/
MeCN (5 mL, 1:3 v/v). Recrystallization from MeOH/MeCN/
acetone afforded red crystals. Yield: 39 mg, 50%. 'H NMR
(400 MHz, D,0): § 0.58 (overlapping t, 6H, CHj), 0.83
(overlapping t, 6H, CH;), 1.01 (overlapping t, 6H, CH3), 2.43
(m, 2H, CH,), 2.55 (m, 2H, CH,), 3.25 (m, 8H, CH,), 4.66 (s,
5H, Cp), 7.26 (m, 5H, Ph), 7.40 (m, 5H, Ph), 7.51 (m, 3H, Ph),
8.18 (m, 10H, Ph and H,,), 8.37 (m, 8H, H,), 9.01 (s, 8H,
Hpyrote):  'P{'H} NMR (162 MHz, D,0): & 15.99
(dd, YJ('P-'Ag) = 654 Hz, J(*'P-'®Ag) = 755 Hz, PPhy),
117.79 (m, Logt )- Anal. calc. for
C,oH,,AgCl,CoFeN;sNa;0,,P,RuS,-8H,0: C, 41.45; H, 3.96; N,
3.06. Found: C, 38.39; H, 3.79; N, 2.88.

Catalytic oxidation of p-tolyl methyl sulfide with H,0,. To a
solution of p-tolyl methyl sulfide (0.1 mmol) and Nay[1]
(1 pmol) in water (10 mL) was added H,0, (50 mmol), and the
mixture was stirred at room temperature in air for 3 h. The
yield of p-tolyl methyl sulfoxide was determined by GLC using
bromobenzene as the internal standard.

ESI-MS monitoring of the reaction of Na,[1] with H,0, in
water. To a solution of Nay[1] in double deionized water
(950 pL, 6.5 pM) was added aqueous H,0, (50 pL, 1.1 mM).
The resulting mixture was subjected to MS analysis at ¢ = 0, 8,
16, 22, 30, 41, 47, and 55 min.

9366 | Dalton Trans., 2025, 54, 9359-9367

View Article Online

Dalton Transactions

X-ray crystallography

Crystallographic data and experimental details for [Ph,P],[1]
are summarized in Table S1 (ESIf). Intensity data of the com-
plexes were collected with a Rigaku SuperNova Atlas X-ray diffr-
actometer using graphite-monochromated Cu-Koa radiation.
The collected frames were processed using CrysAlisPro soft-
ware. Using Olex2,*® the structure was solved with the
SHELXT** structure solution program using intrinsic phasing
and refined with the SHELXL" refinement package using least
squares minimisation. Atomic positions of non-hydrogen
atoms were refined anisotropically and with restraints applied
to those disordered atoms. Hydrogen atoms were refined as
riding on their respective parent atoms before the final cycle of
least-squares refinement. Disorder is found in some solvent
molecules in the structure. However, as the disorder does not
affect the interpretation of the overall structure of the com-
pound, no further modeling was made.

Data availability

The data supporting this article, including syntheses of Na,[1-
Me] and 2-TPP, NMR, UV-visible and mass spectra, cyclic vol-
tammograms and X-ray crystallographic data, have been
included as part of the ESLf. Crystallographic data for
(PPh,)4[1] have been deposited at the CCDC under CCDC
2417666.7
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