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The novel iridium(IV) chloride-dimethyl sulfoxide salt
[H(dmso)][IrCls(dmso-xO)]

ABSTRACT: As evidenced by UV—Vis and EPR spectroscopies, the reaction of H,IrCls:6H,0 or Na,[IrCls]-nH,0 with DMSO
results in a slow reduction of Ir(IV) avoiding the formation of Ir(IV) dimethyl sulfoxide complexes in measurable quantities. More
specifically, we successfully isolated and solved the crystal structure of a sodium hexachloridoiridate(III), Na;[IrCls]-2H,0, as a
product of Na,[IrCls]-nH,O reduction in an acetone solution. Furthermore, it was shown that [IrCl;(Me,CO)]~ species is gradually
formed in an acetone solution of H,IrCls-6H,O upon storage. The reaction of DMSO with aged acetone solution of H,IrCls-6H,O
dominated by [IrCl(Me,CO)]~ affords a novel iridium(IV) chloride-dimethyl sulfoxide salt [H(dmso),][IrCls(dmso-xO)] (1).
The compound was characterized by various spectroscopies (IR, EPR, UV—Vis) and X-ray diffraction techniques applied both to
single-crystal and polycrystalline powder. The DMSO ligand is coordinated to the iridium site via the oxygen atom. New polymorph
modifications of known iridium(III) complexes [H(dmso),][trans-IrCl,(dmso-xS),] and [H(dmso)][trans-IrCl,(dmso-kS),] were
isolated and structurally elucidated as byproducts of the above reaction.
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Experimental (a, b) and simulated (c-¢) EPR spectra of H,IrCls « 6H,O
solutions in acetone — [IrCls]*” — [IrCls(Me,CO)]” conversion

B INTRODUCTION

Transition metal complexes bearing dimethyl sulfoxide as a

+3 or even +2. And it is the DMSO molecule that acts as a
reducing agent.

Coordination compounds containing hexachloridoiridate-
(IV) ions [IrClg]*, e.g, hexachloridoiridic acid hexahydrate
H,IrCls-6H,O0, are often applied as synthetic precursors for the

ligand have been in the focus of intense studies since the mid-
1990s. Compounds of that class are known for next to all
metals, including platinum metals (hereinafter, PMs).'*
Iridium-derived chloride—dimethyl sulfoxide complexes
were described for the very first time about 50 years ago.’
To date, a number of iridium(I) and iridium(III) chloride—
dimethyl sulfoxide complexes are known. In particular, trans-

variety of iridium(IV)-based chlorine-containing complexes.
The [IrClg]*™ anion is capable of facile reduction to [IrCl]*,
thus acting as an one-electron oxidating agent. Solvents present
in the system often act as coupled reducing agents for this

and cis-isomers of [Ir™Cl,(dmso),]”, [mer-Ir'™Cl;(dmso),],
[cis-Ir'Cly(dmso),]™, and [Ir'Cl(dmso),] have been elucidated
structurally.” "' Notwithstanding, no iridium(IV) chloride—
dimethyl sulfoxide complex has been reported so far.

It is well known that bound through sulfur DMSO is a 7-
acceptor and stabilizes lower oxidation states (hereinafter, o.s.)
of PMs. As it occurs frequently, the entrance of the DMSO
ligands into the coordination sphere of a PM in an initial o.s.
+4 is accompanied by the reduction of the PM ion to the o.s.
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process. Taking these arguments into account, the mere
possibility of existence and preparative isolation of iridium(IV)
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chloride—dimethyl sulfoxide complexes has remained a subject
of debate.

Processes occurring in aqueous and hydrochloric acid
solutions of [IrCls]>~ were the subject of several studies
applying an assortment of experimental techniques.'”™"”
Similar studies on the behavior of hexachloridoiridate(IV)
anions in organic solvents are by far more scarce. In alcohols,
the [IrCl;]*” anions undergo a slow reduction to [IrCls]*".
The respective reaction rate constant in methanol is 2.7 X 107>
s (Cp = 33 x 107 mol L7}, 299 K).'"® In ethanol—
isopropanol mixtures, the solvent-induced reduction of
[IrCls]*~ does not involve the coordination sphere of the
central metal ion."”

In this paper, we report on some peculiarities of the reaction
between H,IrCl,-6H,O and Na,[IrCl]-nH,O with DMSO and
acetone. In particular, we elaborate a preparative protocol for
[H(dmso),][IrCl;(dmso-k0)] and accomplish spectroscopic
and structural characterization of the latter compound.
Furthermore, we isolate and characterize byproducts of the
reaction, viz., [H(dmso),][trans-IrCl,(dmso-xS),] and [H-
(dmso)][trans-IrCl,(dmso-kS),].

B RESULTS AND DISCUSSION

Behavior of [IrClg]>~ in DMSO Solutions. Aiming at the
preparation of iridium(IV) dimethyl sulfoxide complexes, we
elucidated the reactivity of [IrCls]*” in the forms of sodium
hexachloridoiridate or hexachloridoiridic acid toward DMSO.
As a monitor, we utilized spectrophotometry since [IrCls]*~
ions manifest very intense ligand-to-metal charge transfer
signals in UV—Vis absorption spectra, which are highly
sensitive to minute changes in the coordination sphere of the
iridium atoms.”’

The long-term storage of Na,[IrCls]-nH,O solutions in
DMSO was found to be accompanied by a very slow
attenuation of original absorption bands assigned to the
[IrCl4])*~ ions (Figure 1), which assumes that the reduction of

1.0-

08-

06~

0.4-

02+

0.0

I I
500 600

300 400 700 7\., nm

Figure 1. Time evolution of UV—Vis spectra of Na,[IrCls]-nH,0O
solution in DMSO. C, = 2.5 X 107 mol'L™}; 7 = 3 min (1, red); 200
days (2, blue); 2.5 years (3, green).

iridium(IV) to iridium(III) takes place. It is known that d—d
transitions observed in the visible spectral range for iridium-
(1IT)-derived chloride complexes are weaker than those typical
of [IrCls]*>~ by more than one order of magnitude, and thus,
they are extremely difficult to be detected in the presence of
residual iridium(IV) species.'”'>*' ~**

Meanwhile, the exact shape of absorption bands remains
unchanged, which means that the residual iridium(IV) was still
in the chemical form of [IrCl]*". The apparent changes in the
intensity of bands peaked at 444 and 503 nm can be used to
evaluate the degree of conversion of iridium(IV) into
iridium(III). The reduction degree is independent of the
wavelength chosen for the evaluation. Furthermore, the
apparent reduction degree gets increased for dilute solutions
(Figure 2).

In mixed solvent systems, such as DMSO-—acetone or
DMSO—ethanol, the reduction proceeds much faster (Figure
2).

Solutions of H,IrCls:6H,0 in DMSO behave similarly. The
character of the process is not altered upon heating (to either
90 or 150 °C) although the apparent reduction rate increases
prominently (Figure 3). More specifically, the half-conversion
time of H,[IrCl¢] is 2 h at 150 °C (C;, = 3.0 X 1073 mol-L™%).

The above results concern UV—Vis monitoring. The time
evolution of EPR spectra of H,IrCls:6H,0 solutions in DMSO
after heating at 150 °C are shown in Figure 4. Similar to the
UV—Vis spectra, a decrease in the EPR signal amplitude and
its integral intensity is observed. This undoubtedly means that
the initial Ir(IV) ions are reduced to nonparamagnetic Ir(III)
species without important changes in the coordination sphere
of Ir(IV) ions. The latter conclusion follows from the
observation that all experimental EPR spectra are characterized
by identical shapes until at least 6.5 h of reaction duration.

Computer simulation of the experimental spectral singlets
(compare solid and open circle lines in Figure 4, curve a)
allowed us to determine the EPR parameters. They are g, =
1.780 =+ 0.003 and the peak-to-peak linewidth AB = 26 + 0.5
mT.

Based on the results discussed above, we can conclude that
no formation of iridium(IV) dimethyl sulfoxide coordination
compounds occurs at the iridium concentrations explored, or
the reaction extent is below detection limits of the instrumental
techniques applied.

Behavior of [IrCl;]*~ in Acetone Solutions. Among
methods used for the preparation of PM(IV) dimethyl
sulfoxide coordination compounds, we would like to mention
a trick of using intermediate labile complexes of Ir(IV) with
solvent molecules as ligands. In particular, such a trick worked
well for the case of osmium and acetone

[MCl,]*~ — [MCl{(Me,CO)]” — [MCly(dmso)]”

In order to test this approach in the case of Ir(IV), we explored
the behavior of [IrCls]*” upon long-term storage in acetone.

UV—Vis spectra of Na,[IrCly]-nH,O solutions in acetone
(C, = n X 107 mol-L™") evolve in time in a way similar to
DMSO solutions. We observe no signature of formation of
Ir(IV)-based complexes with acetone molecules as ligands. At
Cp, = 3 X 107 mol-L ™, the half-conversion time of [IrCls]*™ is
about 3 months. The apparent reduction rate is significantly
decreased for more dilute solutions. Indeed, the UV—Vis
spectra remain essentially unchanged for 6 months of aging at
an iridium concentration of C;, = 3 X 10™* mol-L ™%

https://doi.org/10.1021/acsomega.3c01012
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Figure 2. Apparent attenuation (A/A,) of the UV—Vis absorption bands as a function of time for Na,[IrCl;]-nH,O solutions in DMSO (curves
1,2) and in mixed solvent systems DMSO + acetone (90 vol % of acetone) (curve 3), and DMSO + ethanol (90 vol % of ethanol) (curve 4). C, =
2.5 x 107 mol-L™! (1), 2.5 X 10~ mol'L™! (2—4); 4 = 444, 503 nm (1, 2); 440, 495 nm (3, 4).
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Figure 3. Time evolution of UV—Vis spectra of H,IrCls,-6H,0
solutions in DMSO. C;, = 3.0 X 107 mol-L™; starting solution (1);
solution aged for 1 h (2),2h (3),3.5h (4),6.5h (S), and 8.5h (6) at
150 °C.

Ultimately, the long-term aging of Na,[IrCl;]-nH,O in
acetone solutions afforded a precipitate. We isolated this
precipitate and applied single-crystal X-ray diffraction to
establish its chemical identity as Na,[IrCl;]-2H,O. Since no
crystal structure of such a salt has been reported so far, we
describe the respective crystallographic results below.

Importantly, the UV—Vis spectra of acetone solutions of
another precursor, H,IrCls:6H,0, evolve differently with
respect to Na,[IrCls]-nH,O solutions. The process can be
formally divided into several stages. At the first stage, the
absorption bands peaked at 460 and 550 nm slightly increase
in intensity at the costs of correlated attenuation of absorption
bands at 420 and 491 nm ascribed to pristine [IrClg]*>~ anions

(Figure Sa).

b
c
/\/. d
200 300 400 500
B, mT

Figure 4. Experimental (solid lines) and simulated (open circles) EPR
spectra of H,IrCls:6H,0 solutions in DMSO: initial (a) and after 2 h
(b), 3.5 h (c), and 6.5 h (d) of the reaction at 150 °C (the EPR
spectra were recorded at 90 K).

At this stage, the series of spectra pass through a few
isosbestic points, which typically assumes that the system is
composed of two absorbing components. Most probably, the
interaction product should remain in the Ir(IV) oxidation state
since the overall variations of the signal intensity are
insignificant. The second component present in the solutions
in addition to pristine [IrCl]*” is characterized by UV—Vis
peaks at 460 nm and shoulders at 353, 420, 495, and 556 nm
(Figure S1 of Supplementary Materials).

It is known that the Ir(IV) pentachloride monoaqua
complex [IrCl(H,0)]™ is characterized by an absorption
band at 4, = 450 nm (e = 3320 mol "-L-cm™!)."* The UV—
Vis maximum of [IrCl;(MeOH)]~ in methanol is observed at
450 nm.'® A similar spectrum is also expected for the
monoacetone pentachloride complex with an acetone ligand
coordinated to the Ir site via the oxygen atom. Thus, we
assume that it is [IrCl;(Me,CO)]~ that is formed sponta-
neously upon prolonged storage of H,IrCly in acetone.

The apparent rate of the monoacetone complex formation
increases with an increase in H,IrCl,:6H,0O concentration

https://doi.org/10.1021/acsomega.3c01012
ACS Omega 2023, 8, 20569—-20578
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Figure 5. Time evolution of UV—Vis spectra of H,IrCls-6H,0 solutions in acetone. C;, = 2.8 X 10~* mol-L™"; I = 1.0 cm. (a) 7 =2 min (1), 4 h (2),
23 h (3), 2 days (4), S days (S); (b) 7 = 5 days (S), 26 days (6), 34 days (7), 37 days (8), 166 days (9).
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Figure 6. Composition of dominant species for H,IrCls-6H,0 solutions in acetone at room temperature as a function of time: C;, = 2.8 X 10~* mol-
L™ (curves 1 and 2), C;, =3.5 X 107° mol-L™* (curves 3 and 4). The graphs show molar fractions of [IrCls]*~ (curves 1 and 3) and molar fractions

of [IrCl(Me,CO)]~ (curves 2 and 4).

(Figure 6). Indeed, the half-conversion times are 35 h and 6 h
for H,IrCls-6H,0 concentrations of 2.8 X 10™* and 3.5 x 1073
mol-L™}, respectively.

An increase in temperature accelerates the reaction
significantly. The formation of the monoacetone complex at
3 X 1073 mol-L™" takes as short as 20 min at 46 °C.

The EPR spectroscopy study of H,IrCls-6H,O solutions in
acetone (6 X 107> mol-L™") also supports the formation of a
novel iridium(IV) complex under these conditions.

Typical changes occurring with the EPR spectra during the
first 20 min of the reaction at an elevated temperature are
shown in Figure 7. We interpret the changes observed as a
rearrangement in the coordination sphere of the iridium ion,
ie, [IrCls]*~ — [IrCls(Me,CO)]~ conversion. Indeed, a single
isotropic line is typical of the initial high-symmetry [IrCls]*",
while a doublet line with anisotropic g, and g, components
may well correspond to an asymmetric [IrCls(Me,CO)]~
moiety. Note that during the first 20 min of reaction duration,

20572

the total concentrations of both paramagnetic centers stay
constant within the instrumental error limit.

After a certain induction period, the total intensity of UV—
Vis spectra starts to decrease due to the reduction of
iridium(IV). However, this decrease is not accompanied by
any significant changes in relative intensities of bands at 460
and 490 nm (Figure Sb). The reduction reaction proceeds at a
lower rate than the ligand exchange (Figures Sb and 6); the
respective half-conversion time for the monoacetone complex
at a concentration of 2.8 X 10™* mol L™" is about 25 days. The
apparent reduction rate is increased for more concentrated
solutions. Indeed, the half-conversion time for the mono-
acetone complex at a concentration of n X 107> mol-L™" is 2—3
days.

Synthesis and Characterization of [H(dmso),][IrCls(dmso-
kO)] (1). The aged solution of H,IrCl¢-6H,O in acetone, in
which the conversion into [IrCls(Me,CO)]™ was complete
according to UV—Vis spectroscopy, was successfully used to

https://doi.org/10.1021/acsomega.3c01012
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https://pubs.acs.org/doi/10.1021/acsomega.3c01012?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01012?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01012?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01012?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01012?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01012?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01012?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01012?fig=fig6&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c01012?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

[0 o Ao

9 T

2(50 360 460 560
B, mT
Figure 7. Experimental (a, b) and simulated (c—e) EPR spectra of
H,IrCls-6H,0 solutions in acetone (at 90 K) after 6 h of aging at

room temperature (a) and after 1S min of aging at 40 °C (b). The
spectrum (c) is the sum of a singlet (d) and a doublet (e).

prepare a novel Ir(IV) complex [H(dmso),][IrCl;(dmso-xO)]
(1). There are two ways to achieve the full conversion of
H,IrCly into [IrCls(Me,CO)]™: (a) aging at room temperature
for ~24 h and (b) aging at an elevated temperature of 40—50
°C for ~20 min. The addition of DMSO to such an aged
solution results in immediate precipitation of red crystals.

Despite the quantitative conversion of iridium species into
the monoacetone form, the addition of DMSO to these
acetone solutions first gives rise to the precipitation of small
amounts of [H(dmso),],[IrCl¢] as red crystals, but then the
major fraction prec1p1tates as [H(dmso),][IrCl;(dmso-xO)].

The preparation of chemically pure [H(dmso),]-
[IrCls(dmso-kO)] is a challenge since the reaction typically
yields a mixture of complexes. If solutions with the only partial
conversion of iridium species into the monoacetone form are
used as a reactant for the reaction with DMSO, then red
crystals of [H(dmso),],[IrCls] coprecipitate along with 1. If
the iridium reduction has started, yellow crystals of Ir(IIl)
complexes coprecipitate along with 1.

The typical occurrence of byproduct companions of 1 in
precipitates can be easily confirmed either by a visual
inspection of the crystals under an optical microscope or
using spectroscopic techniques. EPR spectra of redissolved
crystals of the reaction products reveal signals of [IrCls]*~ ions
(Figure S2, Supporting Materials), whereas diamagnetic
iridium(TIT) complexes clearly show up in '"H NMR spectra.

We have successfully solved crystal structures of two Ir(III)
complexes that coprecipitate with 1, viz.,, [H(dmso),][trans-
IrCl,(dmso-xS),] (2) and [H(dmso)][trans-IrCl,(dmso-kS),]
(3). The former complex is afforded when DMSO is added in
high excess.

The separation of the mixtures formed as the reaction
products aimed at isolation of 1 can be performed based on
their different solubilities in acetone. More specifically, 1 is
highly soluble in acetone, [H(dmso),],[1rCl] is characterized
by moderate solubility, and iridium(III) complexes are nearly
insoluble. The purification of [H(dmso),][IrCls(dmso-xO)]
from admixtures of Ir(IlI) complexes can be realized via the
extraction with acetone followed by solvent evaporation.

ATR IR spectra of 1 reveal vibrational bands of v(S=0)
groups of the O-coordinated DMSO at 885 cm™" and v(Ir—0)
bands at 501 cm™' along with a broad absorption band

spanning over a 550—850 cm™’ range and peaked at 717 cm ™

typical of v(S=O—H--O=S) stretching vibration within the
monoprotonated DMSO dimer (Figure S3, Supporting
Materials). The experimental IR spectrum of 1 is very similar
to that of the recently reported analogous osmium complex.”®

Solid-state UV—Vis spectra of 1 manifest absorption bands
at 480 and 560 nm, which differ from those of [H-
(dmso),],[IrClg] (Figure S4, Supporting Materials).

The 'H NMR spectrum of 1 in D,O reveals a singlet signal
of methyl protons of pristine DMSO at 2.65 ppm due to the
dissociation of [H(dmso),]" cations. The compound 1 is
unstable in solutions and a new signal at 3.44 ppm emerges in
the spectra, which is typical of DMSO coordinated to Ir(III)
via the sulfur atoms.

Crystal Structure of [H(dmso),][IrCls(dmso-xO)] (1).
According to single-crystal X-ray diffraction study, 1 can be
represented as a salt containing [H(dmso),]* cations and
[IrCl;(dmso-xO)] ™~ anions. It crystallizes in the orthorhombic
syngony, space group Pca2, with six symmetrically independ-
ent formula units per unit cell (Figure 8).

~ S hg o
ﬂww i
A

Figure 8. Structure of [H(dmso),][IrCl;(dmso-xO)] salt (only one
out of six independent formula units is shown).

The [IrCl;(dmso-xO)]™ anions are conformationally labile
with respect to mutual disposition of the DMSO fragment and
equatorial chloride ligands. More specifically, four out of six
anions adopt the eclipsed confirmation (the respective S=0—
Ir—Cl torsion angles are 0.7(11)—9.1(11)°), whereas the other
two anions adopt the staggered conformation (the respective
S=O0-Ir—Cl torsion angles are 37.7(12) and 38.6(11)°).

The DMSO ligands in the [IrCl;(dmso-xO)]™ anions are
coordinated to the iridium atoms via the oxygen atoms, and
thus, the coordination environment of Ir is a somewhat
distorted octahedron. Due to the trans-effect, the Ir—Cl bond
lengths for chloride ligands in the trans-position with respect to
coordinated DMSO are shorter (2.274(7)—2.295(6) A, d,, =
2.286(7) A) than the respective bond lengths forming the
equatorial plane of the anion (2.274(9)—2.360(9) A, d,, =
2.321(7) A). The Ir—O bond length is 2.00(2)—2.118(17) A.
As expected, the S=0 bond length in the DMSO fragment
coordinated to Ir is longer (1.538(17)—1.57(2) A) than in the
case of free DMSO (1.49 A).>*

In dimeric cations, the DMSO molecules and H* protons are
linked by strong O--H--O hydrogen bonds (the O--O
distances are 2.39(3)—2.46(2) A). They are capable of
adopting different conformations determined by mutual
dispositions of the DMSO moieties. It is important that all
six cations in 1 are characterized by the cis-conformation (the
S=0---H--O=S torsion angles are 0.1(15)—15.5(16)°).

In the crystal structure, the cations and anions are located at
van der Waals distances.
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Figure 9. Structures of [H(dmso),][trans-IrCl,(dmso-kS),] (2) (left panel; both symmetrically independent formula units are shown) and

[H(dmso)][trans-IrCl,(dmso-kS),] (3) (right panel).

Table 1. Selected Bond Lengths in [trans-Ir'"'Cl,(dmso-xS),]”, A”

compound d(Ir—Cl),,
[H(dmso)][IrCl,(dmso),] 2.3608(9)
[H(dmso)][IrCl,(dmso),] 2.361(4)
[H(dmso),][IrCl,(dmso),] 2.3580(10)
[H(dmso),][IrCl,(dmso),] 2.344(2)
[H(dmso),][IrCl,(dmso),] 2.399(7)
BuNH,[IrCl,(dmso),]-0.5H,0 2.3576(17)
K[IrCl,(dmso),]-H,0 2.3564(12)
K[IrCl,(dmso),]-0.25H,0 2.362(2)
[H-(nicotine)][IrCl,(dmso),] 2.360(3)
[Ph;P(CH,C(O)CH;)][IrCl,(dmso),] 2.3531(8)
[Ph,P(CH,CN)][IrCl,(dmso),] 2.3603(12)
[Ph;P(CH,CH=CHCH,)][1rCl(dmso)] 2.3539(12)
[(Me),SCH,C(O)Me][IrCl,(dmso),] 2.3576(6)

“Compounds 2 and 3 differ from each other by the cation type.

d(Ir=S),, d(S—0),, ref
2.3030(12) 1.476(3) this work
2.304(4) 1.476(3) 29
2.3100(10) 1.475(3) this work
2.327(1) 1.469(4) 6
2.310(6) 7
2.3081(17) 1.472(5) 9
2.3112(11) 1.470(3) 9
2.309(2) 1.467(7) 9
2.320(3) 1.459(8) 8
2.3199(7) 1.466(2) 30
2.3112(12) 1.468(4) 30
2.3086(15) 1.460(5) 30
2.3126(6) 1.474(2) 29

Complex 1 is thus the very first structurally characterized
example of iridium(IV) halide—dimethyl sulfoxide complex.
Closely related compounds are known for platinum and
osmium.”>~** In the osmium complex, the DMSO ligand is
coordinated to the central metal ion via the oxygen atom, i.e.,
exactly in the same way as in 1. Furthermore, 1 and
[H(dmso),][OsCls(dmso-kO)] are isostructural.>> In the
platinum complex, the DMSO ligand is coordinated to the
platinum site via the sulfur atoms.

Crystal Structures of [H(dmso),][IrCl,(dmso-«S),] (2) and
[H(dmso)][IrCl,(dmso-kS),] (3). Yellow crystals of [H-
(dmso),][trans-IrCl,(dmso-kS),] (2) and [H(dmso)][trans-
IrCl,(dmso-S),] (3) were obtained as byproducts during the
synthesis of 1. Their structures were determined by single-
crystal X-ray diffraction.

Complex 2 crystallizes in the triclinic syngony, space group
P-1 with two symmetrically independent formula units per unit
cell. It represents a new previously unreported polymorph
modification. Previously, a monoclinic modification of [H-
(dmso),][trans-IrCl,(dmso-kS),] has been reported, space
group P2/c°/P2/n.”

The crystal structures of 2 and 3 contain a common
[IrCl,(dmso-kS),] ™ anion that adopts the trans-configuration.
The DMSO ligands are coordinated to the iridium via the

sulfur atoms. The S=0 groups are characterized by the trans-
configurations (Figure 9).

The Ir—Cl, Ir=S, and S=O bond lengths in these anions
correspond well to respective values reported for other
compounds with the [trans-IrCl,(dmso-xS),]” anions (Table
1). The S=O bond lengths in the anions (Table 1) are
shortened with respect to those typical of uncoordinated
DMSO (1.49 A).>*

The [trans-IrCl,(dmso-xS),]” configuration is the most
typical form of Ir(III) chloride—dimethyl sulfoxide complexes.
The vast majority of structural reports reveal this moiety in
iridium-based coordination compounds with DMSO as a
ligand (Table 1). Similar [trans-M"Cl,(dmso-kS),]” anions
are encountered in complexes of other PMs, e.g, Rh(III),
Ru(III), and Os(III).

The crystal structure of 2 contains dimeric monoprotonated
cations [H(dmso),]* (Figure 9) with strong O--H---O
hydrogen bonds (the O--O distances are 2.427(4) and
2.438(4) A), which are quite typical of DMSO crystal
chemistry. These moieties adopt the trans-gauche- and trans-
conformations (the respective S=O---H:-~O=S torsion angles
are 154.7(3) and 177.7(2)°).

Complex 3 crystallizes in the orthorhombic syngony, space
group Pccn. In the crystal structure of 3, a rather rare

https://doi.org/10.1021/acsomega.3c01012
ACS Omega 2023, 8, 20569—-20578


https://pubs.acs.org/doi/10.1021/acsomega.3c01012?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01012?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01012?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01012?fig=fig9&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c01012?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

—0

Figure 10. Fragment of the crystal structure of Na,[IrCls]-2H,0O (the [IrCls] octahedra occupy special positions on the fourfold axis).

monomeric form of protonated DMSO [H(dmso)]* acts as
the cationic part of the salt. In this cation, the DMSO fragment
is protonated at the oxygen atom. The hydrogen atom of the
OH group in the cation forms a hydrogen bond with the
oxygen atom of the DMSO ligand in the anion (Figure 9).
Recently, we have reported the crystal structure of the
compound [H(dmso)][Ir""Cl,(dmso-xS),] corresponding to
the space group Ama?2. In that structure, the hydrogen atom of
the OH group forms a hydrogen bond with Cl ligands of the
anion.”” Thus, we describe herewith a novel polymorph
modification of [H(dmso)][trans-Ir'"'Cl,(dmso-«S),].

There are a few compounds of other platinum metals
containing the [H(dmso)]* cation,” ~** in particular, [H-
(dmso)][trans-Ru™Cl,(dmso-kS),].>* The ruthenium com-
pound is isostructural to 3.

Analogous polymorphs were reported by Gamage et al.*® for
(Et,NH,)[trans-Rh™Cl,(dmso-«S),] with cations forming H-
bonds with either CI atoms or oxygen atoms of the DMSO
ligand. The authors introduced a special term “H-bond
acceptor structural isomers” to emphasize these unique crystal
design factors.

Crystal Structure of Nas[IrClg]-2H,0 (4). Compound 4 was
afforded by aging of the Na,[IrCly]-nH,O solution in acetone.
In the anionic part, the [IrCls]*~ fragments are characterized
by the octahedral coordination (Figure 10), the mean Ir—ClI
bond length is 2.3568(11) A, and this value should be
compared with the respective value of 2.31 A in a related
Ir(TV) complex Na, [1rCl¢]-2H,0.%

Among known hexachloridoiridates(IIl), the Ir—Cl bond
lengths are 2.352(5)—2.373(4) and 2.341(2)—2.380(2) A in
K,[IrClg]*® and (NH,),[IrCls]-H,0,”” respectively. The
coordination environment of sodium atoms is formed by five
chloride ligands and one oxygen atom of the hydrate water
molecule in the configuration of a distorted octahedron.

B CONCLUSIONS

The reaction of H,IrCle:6H,O or Na,[IrCls]-nH,O with
DMSO results in a slow reduction of Ir(IV) avoiding the
formation of Ir(IV) dimethyl sulfoxide complexes in
measurable quantities. But the reaction of H,IrCls-6H,0
with acetone results in [IrCl;(Me,CO)]™ at the first stage. The

aged solution of H,IrCls-6H,0 in acetone, in which the
conversion into [IrCl;(Me,CO)]™ was complete, was success-
fully used to prepare a novel Ir(IV) complex [H(dmso),]-
[IrCls(dmso-xO)]. New polymorph modifications of known
iridium(III) complexes [H(dmso),][trans-IrCl,(dmso-xS),]
and [H(dmso)][trans-IrCl,(dmso-kS),] were isolated and
structurally elucidated as byproducts of the above reaction.

B EXPERIMENTAL SECTION

H,IrCls:6H,0 (40% Ir) and Na,[IrCls]-6H,O reactants were
purchased from Acros Organics. It is known™® that the amount
of hydration water in the latter salt is variable being the
function of ambient humidity. In the present synthesis, the
reactant contained two hydration water molecules per formula
unit.

Synthesis of [H(dmso),][IrCls(dmso-x0)] (1). A. A load
of 0.10 g of H,IrCls-6H,O was dissolved in 50 mL of acetone
and aged for ~24 h until complete conversion into
[IrCl(Me,CO)]~ (as controlled by UV—Vis). Then, 0.30 ml
of DMSO was added to the aged solution and then 75 mL of
diethyl ether. A small amount of dark red precipitate formed
was filtered off and identified as [H(dmso),],[IrCls] (using
UV—Vis and IR). The dominant fraction of the precipitate
formed in one day. The precipitate was filtered off. Under
inspection with an optical microscope, the polycrystalline
powder was a mixture of red plate-shaped and yellow needle-
shaped crystals. The mixture was treated with acetone to
dissolve red crystals and keep yellow crystals intact. The
precipitation of oily product afforded after acetone evaporation
was induced by adding ~2 mL of diethyl ether. The fine red
crystalline precipitate was filtered off. Mass of the product was
0.043 g (37% yield with respect to Ir).

B. A load of 0.14 g of H,IrCl,-6H,0 was dissolved in 75 ml
of acetone. The solution was heated to 50 °C and aged for 20
min until complete conversion into [IrCl;(Me,CO)]™ (as
controlled by UV—Vis) and 0.30 mL of DMSO was added to
the mixture. A small amount of dark red precipitate formed
immediately was filtered off and identified as [H-
(dmso),],[IrClg] (using UV—Vis and IR). To the remaining
reaction mixture, 30 ml of diethyl ether was added. The
dominant fraction of the precipitate formed in one day. The
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Table 2. Crystallographic and Structure Refinement Parameters of [H(dmso),][IrCl;(dmso-kO)] (1), [H(dmso),][trans-
IrCl,(dmso-kS),] (2), [H(dmso)][trans-IrCl,(dmso-kS),] (3), and Na,[IrCl¢]-2H,0 (4)

compound 1
empirical formula CeH oClIrO5S;
formula weight 604.86
crystal size, mm® 0.03 x 0.02 x 0.01
wavelength, A 0.74500
crystal system orthorhombic
space group Pca2,

a, A 24.293(2)

b, A 22.848(2)

¢ A 19.8370(17)
a, °© 90

B ° 90

7 ° 90

v, A3 11010.5(16)
V4 24

d, g/cm® 2.189

u, mm™* 9.387
F(000) 6936

Oy © 26.00
reflections collected 68416
independent reflections, Ry, 18 651, 0.0709
reflections observed (I > 26(I)) 13226

R, (I > 26(D)) 0.0591

wR, (all data) 0.1196
GOOF 1.003
extinction coefficient

Trnin/ Tnax 0.743/0.891
AP e/ DPminy €A 5.323/-2.273

2 3 4
CsH,CLIrO,S, C¢H oClIrO,5S; ClgH,IrNa;0,
647.54 569.41 509.92
0.15 x 0.08 x 0.08 0.12 X 0.10 X 0.09 0.20 X 0.10 X 0.10
0.74500 0.74500 0.71073
triclinic orthorhombic tetragonal
P-1 Pcen P4/ncc
9.1060(13) 9.0390(16) 10.5638(3)
13.8940(16) 13.440(2) 10.5638(3)
16.419(2) 13.619(2) 20.1299(6)
90.834(12) 90 90
90.540(11) 90 90
100.687(14) 90 90
2040.9(5) 1654.5(5) 2246.37(14)
4 4 8
2.108 2286 3.016
8.421 10.226 13.385
1256 1088 1856
31.08 31.12 32.61
44304 16 946 24931
11014, 0.0356 2282, 0.0306 2060, 0.0592
10018 1931 1545
0.0324 0.0295 0.0241
0.0837 0.0805 0.0510
1.024 1.021 1.106
0.00165(14) 0.0024(2)
0.308/0.494 0.302/0.385 0.212/0.252
4.231/-2.103 0.996/—1.636 0.983/—-1.652

precipitate was filtered off. Under visual inspection with an
optical microscope, the polycrystalline product was a mixture
of red plate-shaped and yellow needle-shaped crystals. The
further treatment was the same as in protocol A. Mass of the
product was 0.044 g (26% yield with respect to Ir).

The compound is soluble in water, acetone, and DMSO to
form red solutions.

UV—Vis (Apap nm (g mol™"-L-cm™)): H,O —297,(900),
409,,(1840), 454(2390), 5544,(705); DMSO —3924(1510),
446(2690), 470(2740), 5504,(1285); polycrystalline powder:
—480, 560 nm.

ATR IR (v, cm™): 420, 501, 682, 717, 885, 946, 984, 1015,
1320, 1400, 2912, and 3004

'"H NMR in D,0 2.65 ppm.

UV—Vis spectra were measured with a VARIAN CARY 50
spectrophotometer. UV—Vis spectra for polycrystalline pow-
ders were measured using nujol suspensions spread over two
quartz plates.

ATR IR spectra were measured with a Bruker Alpha FT-IR
spectrometer equipped with a Platinum ATR unit.

"H NMR spectra were measured with a Spinsolve 90 Carbon
spectrometer at an operation frequency of 90 MHz. D,0 was
used as a solvent. The signals were references against those of
residual undeuterated water.

EPR spectra were recorded using a Bruker EMXS00 Plus X-
band spectrometer equipped with a Bruker temperature
control system and a Bruker ER 4119 HS high-sensitivity
resonator. The spectra in glass tubes were recorded with an
inner diameter of 4.5 mm. The microwave power was adjusted
so as to avoid saturation of the EPR signals. The corresponding
value was 0.5 mW for frozen solutions and powders at 90 K.

20576

Powder X-ray diffraction patterns were measured at the X-
ray structural analysis beamline of the Kurchatov Synchrotron
Radiation Source (NRC Kurchatov Institute, Moscow, Russia)
at A = 0.74000 A using a Rayonix SX-165 CCD detector. The
sample-to-detector distance was 100 mm, and the exposure
time was 10 min.

Single-Crystal X-ray Diffraction Studies. Single crystals
appropriate for measurements were fished from bulk
polycrystalline mixtures. The measurements for 1, 2 were
carried out at the same X-ray structural analysis beamline of
the Kurchatov Synchrotron Radiation Source using a Rayonix
$X-165 CCD detector (T = 100 K, A = 0.74500 A). In total,
720 frames were collected with an oscillation range of 1.0° in
the ¢ scanning mode using two different orientations for each
crystal. The semiempirical correction for absorption was
applied using the Scala program.’” The data were indexed
and integrated using the utility iMOSFLM from the CCP4
software suite.””*" The single-crystal X-ray diffraction data for
3, 4 were collected with a three-circle Bruker D8 QUEST
diffractometer (T 100 K, A(MoKa)-radiation, graphite
monochromator, @- and @-scanning mode). The data were
indexed and integrated using the SAINT program”” and then
scaled and corrected for absorption using the SADABS
program.*’ For details, see Table 2.

The structures were solved by the intrinsic phasing
modification of direct methods** and refined by a full-matrix
least-squares technique on F* with anisotropic displacement
parameters for all nonhydrogen atoms. The hydrogen atoms of
the OH groups as well as of the water molecule were
objectively localized in the difference Fourier maps and
included in the refinement within the riding model with
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fixed isotropic displacement parameters [U;,(H) =
I.SUeq(O)]. The other hydrogen atoms were placed in
calculated positions and refined within the riding model with
fixed isotropic displacement parameters [Uj,(H) = 1.5U,4(C)
for the CH; groups and 1.2U,y(C) for the other groups]. All
calculations were carried out using the SHELXTL pro-
gram 4546

The experimental X-ray powder diffraction pattern of 1 was
essentially identical to the one simulated theoretically from
crystallographic data for [H(dmso),][IrCls(dmso)] (Figure
S4, Supporting Materials), which justified the strict phase
purity of the as-synthesized sample.

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsomega.3c01012.
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Vis spectra for polycrystalline powders; and powder
diffraction pattern (PDF)
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