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ABSTRACT: Treatment of nickel(Il) nitrate with the iridium(III) metalloligand fac-[Ir(apt)3] (apt
= 3-aminopropancthiolate) gave the trinuclear complex [Ni{lIr(apt)s}2]J(NO3); ([1ixr](NO3)3), in
which the nickel center has a formal oxidation state of +III. Chemical or electrochemical oxidation
and reduction of [1ir](NOs3); generated the corresponding trinuclear complexes
[Ni{Ir(apt)3}2]J(NO3)4 ([1ir]J(NO3)4) and [Ni{lIr(apt)3}2](NO3)2 ([1ir](NO3)2) with one-electron
oxidated and reduced states, respectively. Single-crystal X-ray crystallography revealed that the
nickel center in [11r](NO3); is situated in a highly distorted octahedron due to Jahn-Teller effect,
while the nickel center in each of [11r](NO3)s and [11r](NO3)2 adopts a normal octahedral geometry.
Crystals of [11r](NO3)3:2H20 are dehydrated on heating, while retaining their single-crystallinity.
The dehydration induces temperature-dependent dynamic disorder of the Jahn-Teller distortion at

the nickel(III) center, which is largely quenched upon rehydration of the crystal.

Introduction

Coordination compounds with a high valent nickel(IIl) center have long received considerable
attention because nickel(Ill) species are important intermediates in biological and artificial
catalytic cycles.!” To date, a number of nickel(III) coordination compounds have been synthesized
using a variety of ligands with carbene C-donor,'® imine/amine N-donor,'! alkoxide O-donor,'? or
thiolate/thioether S-donors.!*!” The latter have been of particular interest, as structural and
functional models for technologically important NiFe hydrogenases, and other nickel enzymes.'®
However, studies on this class of compounds have mainly focused on their catalytic activities. The
fundamental nature of nickel(III) species, such as their spectroscopic and redox properties, are still

less investigated due to their instability under ambient conditions.!” In addition, examples of



structurally characterized octahedral nickel(III) species with a low-spin d’ electronic configuration,
which are expected to show a Jahn-Teller distortion, are relatively rare.'*?°2? In these
circumstances, it is valuable to create a new coordination system, which allows us the systematic
investigation of redox characteristics and Jahn-Teller distortion behavior of an octahedral

nickel(III) center.

In the course of our long-standing program of using thiolato metal complexes as S-donating

2324 we recently reported the S-bridged

metalloligands in multinuclear cluster assemblies,
trinuclear complex, [Ni{Rh(apt)s;}2]*" ([1ra]**; apt = 3-aminopropanethiolate),”> where fac-
[Rh(apt)s] acts as a tripodal S-donating metalloligand to nickel.?** In [1rn]**, the nickel center
adopts a Jahn-Teller distorted octahedral geometry with a +III oxidation state, which is reversibly
oxidized and reduced to form nickel centers with +IV and +II oxidation states, respectively.

Notably, all the three species are stable enough to be isolated as single crystals, whose structures

were established by X-ray analysis.

Motivated by these intriguing results, we have now synthesized the metalloligand fac-[Ir(apt)s]
and used it to create trinuclear [Ni{Ir(apt)s}2]*" ([11r]*"), which is analogous to [1ra]*". We found
that [11r]>* is reversibly converted to [Ni{Ir(apt)s}2]*" ([11r]*) and [Ni{Ir(apt)s}2]*" ([11r]*") by
reduction and oxidation reactions, as in the case of [1rn]>" (Scheme 1). However, the [11:]*"** and
[11]***" redox potentials are appreciably more negative than those of [1rn]*"** and [1ra]*"*". In
addition to the isolation and structural characterization of all the nitrate salts of [1ir]**, [11r]*", and
[11:]**, we found that a Jahn-Teller distortion of the Ni'! center in [1i]** is reversibly activated to
dynamic disorder by a single-crystal-to-single-crystal dehydration/rehydration process. While it is

30,31

a well-known phenomenon in copper(Il) chemistry, this is a rare observation of Jahn-Teller

disorder in a nickel(III) complex.!+%°
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Scheme 1. (a) Synthetic route of [11:]** from fac-[Ir(apt);] and Ni**. (b) Interconversion of the

structures of a Ni'"' center in [11r]** by oxidation/reduction and dehydration/rehydration.

Results and Discussion

An off-white powder of fac-[Ir(apt)s], which is insoluble in water, was synthesized by the reaction
of IrCl3-3H>O with excess Hapt and NaOH in degassed, refluxing water. Its structure was

confirmed by IR spectroscopy and its powder X-ray diffraction pattern, which are similar to those



of fac-[Rh(apt)s] (Figures S1 and S2),” together with elemental analysis. Subsequently, an off-
white aqueous suspension of fac-[Ir(apt);] was treated with 0.5 mol equiv of Ni(NO3)-6H>0,
which gave a clear orange reaction solution. The reaction solution became dark purple in color on
adding 0.1 M aqueous HNO3, from which black plate crystals ([11r](NO3)3-2H20) were isolated
by adding aqueous NaNOs;. X-ray fluorescence spectrometry indicated that [11r](NO3)3-2H,0O
contains Ni and Ir atoms in a 1:2 ratio (Figure S3). The absorption spectrum of [1i]** is
characterized by several broad bands in the visible region (Figure 1). This spectral feature
corresponds well with that of the previously reported [Ni{Rh(apt)s}2]*" ([1rn]*"), in which two

111

fac-[Rh(apt)3] units are spanned by a Ni" ion through sulfur bridges, although each band for

[11r](NO3)3 appears at a longer wavelength than for [1rn](NO3); (Figure S4).
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Figure 1. Absorption spectra of [1ir]** (dotted line), [11r]** (solid line), and [11:]*" (dashed line)

in 0.01 M aqueous HNOs.



The structure of [11r](NO3)3 was established by single-crystal X-ray crystallography at 100 K
(Table S1). The X-ray analysis revealed that [1ir](NO3)3-2H20 contains complex cations and
nitrate anions in a 1:3 ratio, along with water molecules of crystallization (Figure S5), indicating
the tri-cationic nature of the complex cation. The complex cation [11-]** has an S-bridged trinuclear
structure with a Cs symmetry, in which a nickel center is surrounded by six thiolato S atoms from
two terminal fac-[Ir(apt)s] units (Figure 2 and Table S2). Of the six Ni-S bonds, two of them in
axis C (Ni1-S3 = 2.462 A) are appreciably longer than those of the other bonds in axes A and B
(Nil-S1=2.289 A, Nil-S2 =2.327 A). A similar structural feature has been observed for [1rn]*",
which has been ascribed to a Jahn-Teller distortion for nickel(II) center with a low-spin d’
electronic configuration (Figure S6).%° Thus, the nickel center in [11r]*" is assumed to have a formal
oxidation state of +III, as in the case of [1rn]**, considering its EPR spectrum and magnetic
susceptibility data (Figures S7 and S8). However, the Jahn-Teller elongation in [1ir]*" is less

significant than that in [1rn]*" (Ni1-S1 =2.269 A, Nil-S2 =2.302 A, Nil-S3 =2.458 A).

Figure 2. X-ray structures of (a) [1ir]*", (b) [1r]*", and (c) [11]*".

The cyclic voltammogram (CV) of [11-]*" in 0.01 M aqueous HNOj3 shows reversible one-electron
redox processes in the oxidative and reductive scans (Figure 3). The half-wave potential (£1/2) of
the reduction process is —0.05 V vs. Ag/AgCl, which is more negative than that for [1rn]*" (E12 =
+0.03 V). This is also the case for the oxidation process; the E1/» values for [1ir]*" and [1rn]** are

+0.30 V and +0.42 V, respectively. Thus, fac-[Ir(apt)3] stabilizes the higher oxidation states of the



JnI

nickel center more than fac-[Rh(apt)3]. This result is unexpected because the Co™" redox potential

for [Co{Ir(2-aminoethanethiolate);}>]*" (-0.23 V) is more positive than that for [Co{Rh(2-

aminoethanethiolate); }2]** (—0.36 V) due to the weaker electron donation of thiolato groups in fac-

[Ir(2-aminoethanethiolate)s;] compared with those in fac-[Rh(2-aminoethanethiolate)s].>?
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Figure 3. Cyclic voltammogram of [11]** (solid line) and [1ra]*" (dashed line) in 0.01 M aqueous

HNOs with a scan rate 0.1 Vs (a) reductive scan and (b) oxidative scan.

The absorption spectra of the one-electron reduced and oxidized species of [11r]*" ([11r]*" and
[11:]*") were obtained by means of spectroelectrochemistry. (Figures 1 and S9). As expected, the
overall spectral features of [1i]*>" and [1ir]*" resemble those of the corresponding [1rn]** and
[1rn]*" having Ni" and Ni'V centers, respectively (Figure S3). Based on the TD-DFT calculation
(Figure S10 and Tables S3-S8), all the characteristic absorption bands for [1i]*" and [1ir]** are
assignable to the charge transfer from sulfur to iridium with a minor contribution due to the charge
transfer from iridium to nickel. For [1ir]*, the characteristic absorption band at 311 nm is

assignable to the charge transfer from sulfur to nickel, while the absorption bands at 400 nm and

562 nm are assignable to the charge transfer from iridium to nickel. Compounds [11r]** and [11:]*"



were successfully isolated as their nitrate salts by treating [1ir](NO3); with NaBH4 and
(NH4)2[Ce(NO3)s], respectively, according to similar procedures used for the synthesis of [1rn]*"
and [1rn]*" from [1rn](NO3)3.> The structures of [11r](NO3)2-4H,0 and [11r](NO3)s-5H20 were
also determined by single-crystal X-ray crystallography (100 K). The complex cation in
[11:]J(NO3)2 and [11r](NO3)4 has the same S-bridged trinuclear structure as that of [11-]*" (Figure 2
and Table S2). However, [11r](NO3)2 and [11r](NOs3)4 contain complex cations and nitrate anions
in 1:2 and 1:4 ratios, respectively (Figure S5). In addition, the nickel center in each of [11r]*" and
[11]*" adopts an almost regular octahedral geometry with the lack of a Jahn-Teller distortion unlike
the nickel center in [11-]** (Table S2). The averaged Ni-S bond distances in [11r]** and [11:]*" are

2.432 A and 2.299 A, which are in agreement with those in [1rn]*>" (2.418 A) and [1ra]*" (2.274

A), respectively.?

To gain insight into the more negative redox potentials for [11-]** compared to those for [1rn]*",
DFT calculations were performed for [11r]"" and [1rn]"™" (n = 2, 3, 4) at the B3LYP level using the
LANL2DZ basis. Their optimized structures compare well with the corresponding X-ray structures
of [1ir]*" and [1rn]"" (Tables S9 and S10). The Jahn-Teller distortion of the nickel center in [11]*",
which is smaller than that in [1rn]*", is also reproduced in the optimized structures. Notably, the
atomic orbitals of the two terminal iridium centers largely contribute to the a-HOMO in the
optimized structure of [1ir]*" (13%), while the contribution due to the rhodium centers (7%) is
much smaller in the optimized structure of [1rn]>" (Figure S11). The spin density distribution at
the Ir center is also larger than that at the Rh center (Figure S12). Thus, the electron spin on the
nickel center in [1ir]** is partially delocalized with the iridium centers through sulfur bridges,
which is responsible for the more negative redox potentials for [11r]*". It is considered that such a

delocalization through sulfur bridges does not take place for [Co {Ir(2-aminoethanethiolate);}»]**



because the S—Ir—S angles of fac-[Ir(2-aminoethanethiolate)s] with five-membered N,S-chelate
rings are much larger and are disadvantageous for chelating to a metal center with overlapping

sulfur orbitals,>?"?%? leading to the more positive Co"™!

redox potential for [Co{Ir(2-
aminoethanethiolate); }2]** compared with the potential for [Co{Rh(2-aminoethanethiolate)s;}»]**

due to the weaker electron donating nature of thiolato groups in fac-[Ir(2-aminoethanethiolate)s].*

To further prove the oxidation state of the nickel center in [11r]"", the X-ray absorption fine

structure (XAFS) measurements were carried out at room temperature. The Ni Ls-edge (2p32—

3d) absorption bands shift to higher energy in the order [11r]*" (854.2 eV) < [11r]*" (855.0 eV) <
[11:]*" (855.6 eV), indicative of the increase of the oxidation number of the nickel centers in this
order (Figure S13). The same trend has been observed for the Ni Ls-edge absorption bands for
[1rn]™; [1rn]*" (854.4 €V) < [1rn]** (854.8 €V) < [1rn]*" (855.4 e¢V).?* Of note is that the Ir M-

edge (3p32 — 5d) absorption bands of [1ir]"" shift slightly to higher energy with increasing the

molecular charges; [1ir]*" (2552.6 eV) < [1ir]*" (2552.8 eV) < [1ir]* (2553.0 eV). This is in
contrast to the constant energy of the Rh M-edge absorption bands for [1rn]"".?* From these results,
together with the DFT calculations, we conclude that there exists the valence charge delocalization
between the nickel and iridium centers in [11r]"", which is indicative of the redox non-innocent
nature of the metalloligand fac-[Ir(apt);]. This conclusion is compatible with the Jahn-Teller
distortion of the nickel center found in the X-ray structure of [11r]**, which is less significant than

that in [1rn]*".

The thermal stability of [11r](NOs3)3; was investigated by TG-DTA measurements (Figure S14).
While [11r](NO3)3 shows an endothermic peak due to the removal of lattice water molecules at

around 70°C, no significant thermal decomposition is observed until 200°C. Such a high thermal



stability is remarkable for nickel(IIl) coordination species. Thanks to the high stability of
[11r](NO3)3, we were able to determine its structure at high temperature by single-crystal X-ray
crystallography (Table S11). Consistent with the TG-DTA analysis, the structure of [11r](NO3)3 at
400 K does not contain lattice water molecules due to dehydration, although its overall structure
is essentially the same as that at 100 K (Figure S15). It should be noted that the crystallographic
Jahn-Teller distortion of the Ni"! center in [11r](NOs)3 at 400 K is distinct from that at 100 K
(Figure 4). That is, the longer Ni-S bonds on the Jahn-Teller distortion axis become shorter from
2.462 A at 100 K to 2.393 A at 400 K with the elongation of the Ni-S bonds on another axis (A)
from 2.289 A at 100 K to 2.375 A at 400 K, while the Ni-S bonds on the remaining axis (B) are
almost constant (2.327 A at 100 K, 2.323 A at 400 K). Such a temperature dependence is

characteristic of dynamic disorder of a Jahn-Teller distortion at the nickel(III) ion.

(b) s3
| 2.3928(14) A

Figure 4. X-ray structures of a Ni'' center in (a) [11r](NO3)3 at 100 K, (b) the dehydrated

[11r](NO3)3 at 400 K, and (c) the dehydrated [11r](NO3)3 at 100 K.
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The existence of masked disorder in the Ni-S bonds of the dehydrated crystal was confirmed by
mean-square displacement ellipsoid (MSDA) calculations from the crystal structures.** The
difference between the MSDAs of the two atoms in a bond, <d*>, indicates the degree of libration
within that bond. That is a useful fingerprint for the presence or absence of unresolved structural
disorder about a Jahn-Teller-active metal ion.*® In [1ir](NO3)3-2H>0 at 100 K, <d*> for the Ni-S
bonds is 21(9)-64(9) x10* A% which are equal within 4 esds, and the same order of magnitude as
the Ir-S bonds in the molecule [9(8)-27(8) x10~* A?] (Table S12). That is consistent with a static
Jahn-Teller elongation in that crystal, as predicted from the Ni-S distances (Figure 4). In contrast,
dehydrated [11r](NOs); at the same temperature shows <d>> = 172(15) x10* A2 [Nil-S1], 52(14)
[Ni1-S2] and 165(15) [Ni1-S3]. The larger internal libration within the two longer Ni—S bonds is
characteristic of a Jahn-Teller elongation that is disordered over the S1-Nil-S1” and S3-Nil-S3’
axes.’®*! This disorder is not reflected in the Ir-S bonds however, whose <d*>> values are all still

equal within experimental error (Table S12).

The temperature dependence of the Nil-S1 bonds implies the Jahn-Teller disorder is dynamic in
nature.’® Intriguingly, the structure at 100 K implies the minimum energy orientation for the Jahn-
Teller elongation in the anhydrous crystals is the S1-Ni1-S1’ axis, which is rotated with respect to
the static elongation along S3-Nil-S3’ in [1ixr](NOs3)3;-:2H.0.3**> Measurements at helium
temperatures where the disorder should be frozen out, would be required to confirm that

observation.>®

To confirm that the origin of the change in the Jahn-Teller distortion is due to the dehydration,
rather than the temperature change, X-ray datasets from a crystal [11r](NO3)3-2H20 were collected

at 353 K every 6 min for 30 min (Table S13 and Figure S16). No degradation of the crystal was

11



detected during the measurements, and the crystal structures after 6 min and 12 min are the same
as the initial structure. On the other hand, no water molecules are present in the structure after 18
min, and its structure is almost the same as that obtained by heating the original crystal at 400 K.
The dehydrated structure after 18 min is the same as that after 30 min. Subsequently, the
dehydrated crystals were allowed to stand under humidified conditions for 1 h. The powder X-ray
diffraction measurements showed that the rehydrated sample has the same structure as that found

in the original hydrated structure (Figure S17).

A detailed inspection of the crystal structure of [11r](NO3)3-2H20 revealed that the complex
cations are tightly hydrogen-bonded not only with nitrate anions but also with water molecules of
crystallization through the apt amine groups in the original hydrated structure (Figure S18). In the

dehydrated structure, several NH---O hydrogen bonds are cleaved due to the removal of water

molecules, which is most likely responsible for converting the Jahn-Teller distortion of the Ni'

center in [1rr]**. It is noticed that each apt ligand of the fac-[Ir(apt)s] unit in [1ir](NOs); forms a
shorter Ni-S bond when its amine group forms multiple NH---O hydrogen bonds. Hence, the loss

of these hydrogen bonds, which are remote from the nickel center, influences the lability of the

1

Ni-S bonds on dehydration. In contrast to the Ni~ center, no significant structural change was

111 11T

observed for the Ir"" center after dehydration. This is compatible with the fact that the Ir™" center

with the low-spin d® electronic configuration is commonly structurally rigid in contrast to the Ni"

center with the low-spin d’ electronic configuration.

Conclusion
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In this study, the S-bridged trinuclear complex [Ni{lr(apt);}2]** ([1r]*") was successfully
synthesized and isolated by using the newly prepared fac-[Ir(apt)s] as an S-donating metalloligand.
[11r]** showed two reversible one-electron redox couples, which appeared at more negative
potentials than those for [Ni{Rh(apt);}2]*" ([1ra]*"). Thus, the higher oxidation states of nickel
center were more stabilized by using fac-[Ir(apt)s] instead of fac-[Rh(apt)s]. The structure of [11:]*",
together with its reduced and oxidized species ([11r]** and [11r]*"), was established by single-crystal

I center was observed for

X-ray crystallography. The elongation-type Jahn-Teller distortion of Ni
[11r]**, although the distortion is less significant than that found in [1rn]*". The more negative

potentials and the less significant Jahn-Teller distortion were attributed to the partial delocalization

of an electronic spin between the nickel and iridium centers in [1i]*".

[11]*" was stable even at a high temperature, which allowed us to determine its dehydrated crystal
structure. Dehydration affects the dynamics of the crystal, as evidenced by the onset of Jahn-Teller
disorder at the Ni'! ion. Hydrogen-bonding between the apt amine groups of [11-]*" and nitrate
anions/water molecules, which is modified by dehydration, accounts for the appearance of this
Jahn-Teller disorder in the solid state. Intriguingly, there is evidence that dehydration of the crystal
leads to reorientation of the minimum energy Jahn-Teller distortion in [11-]**. While thermally or
pressure-induced reorientation of Jahn-Teller distortion axes is known in a small number of
molecular copper(Il) compounds,®**> this is the first example of reorientation of Jahn-Teller

distortion axes induced by desolvation.

Finally, these results have revealed the tuning of the redox property and Jahn-Teller dynamics of
a Ni'! center by changing a metal center in its coordinated metalloligands. This should contribute

to the future development of research fields that involve high-valent metal centers.
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Experimental Methods

Material. 3-Aminopropanethiol hydrochloride was prepared according to procedures described in
the literature.?

Preparation of fac-[Ir(apt)s]. To a colorless solution containing 6.3 g (49 mmol) of 3-
aminopropanethiol hydrochloride in 50 ml of degassed water was added 3.8 g (95 mmol) of NaOH.
To the resulting colorless solution was added 2.7 g (7.7 mmol) of IrCl3-3H>O. The mixture was
then refluxed at 120°C for 4 h under a nitrogen atmosphere. The resulting white suspension was
cooled to room temperature overnight and then filtered to collect an off-white powder. The oft-
white powder was washed with water, EtOH, and acetone. Yield: 1.5 g (42%).

Anal. [Ir(apt)3]: Caled for [Ir(apt)s]-0.5H20 = CoHasIr1N3005S3 = C, 22.92; H, 5.34; N, 8.91%.
Found: C, 23.11; H, 4.99; N, 8.62%. IR spectrum (cm!, KBr disk): 3435 (von), 3241 (VNm2),
3136(vNmn2), 2927 (vcn2), 1626 (vcoon), 1391 (8ch2).
Preparation of [Ni{Ir(apt)s3}2](NO3)3 ([11r](NO3)3). To an off-white suspension containing fac-
[Tr(apt)3] (300 mg, 0.65 mmol) in 80 ml of water was added Ni(NO3),:6H>0 (98 mg, 0.34 mmol).
The mixture was stirred at 50°C for 1 h, which yielded an orange solution. To this solution was
added 24 ml of an aqueous solution of 0.1 M nitric acid, followed by further stirring at 50°C
overnight. After filtration, 30 ml of a saturated aqueous solution of sodium nitrate was added to
the resulting dark purple solution. Slow evaporation at room temperature yielded black plate
crystals of [11r](NO3)s suitable for single-crystal X-ray analysis, which were collected by filtration.
Yield: 83 mg (21%).

Anal. [11r](NO3)3: Caled for [Ni{Ir(apt)s }2](NO3)3-2H20 = CisHs2Ir2NoNi11011S¢ = C, 17.92; H,

4.35;N, 10.45%. Found: C, 17.92; H, 4.22; N, 10.56%. IR spectrum (cm ™!, KBr disk): 3173 (vnm2),

14



3098 (vNH2), 2922 (vcnz), 1599 (dnm2), 1385 (vno3). UV-Vis absorption in 0.01 M nitric acid
(Amax/nm, (e/mol 'dm*cm™)): 699(4800), 543(5740), 494(6070), 402(5820), 308(3720).
Preparation of [Ni{Ir(apt)3}2](NO3)2 ([11r](NO3)2). To a purple solution containing [11r](NO3)3
(50 mg, 0.041 mmol) in 30 ml of water was added a solid sample of sodium borohydride (17 mg,
0.45 mmol), which immediately yielded an orange suspension. After the mixture was stirred at
room temperature for several minutes, 5 ml of saturated aqueous sodium nitrate was added. After
stirring at room temperature for 30 min, an orange powder of [ 11r](NO3)> was collected by filtration
and washed with water, ethanol, and diethyl ether. Yield: 36 mg (76%). Single-crystals suitable
for X-ray analysis were obtained by the following procedure: To an off-white suspension
containing fac-[Ir(apt)3] (10 mg, 0.022 mmol) in 30 ml of degassed water was added a solid sample
of Ni(NO3)2:6H>0 (4.4 mg, 0.015 mmol), which immediately yielded an orange suspension. After
the mixture was stirred at room temperature for 5 minutes, the suspension was filtrated. To the
orange solution wad added 0.1 ml of saturated aqueous solution of sodium nitrate. The mixture
was allowed to stand in a refrigerator for 18 days, yielding orange block crystals of [11r](NO3)2
suitable for single-crystal X-ray analysis.

Anal. [1ir](NO3)2: Caled for [Ni{lr(apt)s}2](NO3)2-:3H20 = CigHs4IraNgNiOoSe: C, 18.60; H,
4.68; N, 9.64 %. Found: C, 18.65; H, 4.50; N, 9.70 %. IR spectrum (cm ', KBr disk): 3207 (vnm2),
3125 (vNn2), 2924 (vch2), 1601 (0nm2), 1384 (Vnos-). UV-Vis absorption in 0.01 M nitric acid
(Amax/nm, (e/mol'dm?cm™)): 473(2300), 370(5540), 281(5470).

Preparation of [Ni{lr(apt)3}2](NO3)s ([11r](NO3)4). To a purple solution containing [11r](NO3)3
(20 mg, 0.017 mmol) in 2 ml of 0.1 M aqueous nitric acid was added a solid sample of cerium
ammonium nitrate (19 mg, 0.035 mmol), followed by stirring at room temperature for 20 min. To

the resulting dark blue-purple solution were added 5 ml of ethanol and 10 ml of diethyl ether,
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which gave a black crystalline powder of [11r](NO3)s after 15 min. This crystalline powder was
filtered and washed with diethyl ether. Yield: 10 mg (44%). Single-crystals suitable for X-ray
analysis were obtained by the following procedure: To a purple solution containing [11r](NO3)3
(5.3 mg, 4.39 umol) in 5 ml of 0.01 M aqueous nitric acid was added a solid sample of cerium
ammonium nitrate (13 mg, 0.024 mmol), followed by stirring at room temperature for 5 min. To
the resulting dark blue-purple solution was added 5 ml of saturated aqueous solution of sodium
nitrate. The mixture was allowed to stand in at refrigerator overnight, yielding black plate crystals
of [11r](NOs)4 suitable for single-crystal X-ray analysis.

Anal. [1rr](NO3)s: Caled for [Ni{Ir(apt)3}2](NO3)4:6.5H20 = CisHs1IraN10Ni1O185S6: C, 16.02;
H, 4.56; N, 10.38 %. Found: C, 15.73; H, 4.18; N, 10.01 %. IR spectrum (cm™!, KBr disk): 3133
(VNi2), 3083 (WNm2), 2953 (venz), 1599 (Snm2), 1384 (vnos-). 'H NMR spectrum (ppm from DSS, 1
M DNOs): 5.62 (1H, d,J=11.2 Hz), 4.79 (1H, t,J=11.0 Hz), 3.38-3.28 (1H, m), 3.18-3.11 (1H,
m), 2.94 (1H, dd, J1 = 14.0 Hz, J» = 6.0 Hz), 2.72 (1H, t, J = 12.8 Hz), 2.48-2.39 (1H, m), 2.14-
2.03 (1H, m). UV-Vis absorption in 0.01 M nitric acid (Amax/nm, (¢/mol 'dm3cm™)): 562(17000),
400(11800), 311 (9670).

Physical measurements. The IR spectra in the range of 4000-400 cm™' were measured on a
JASCO FT/IR-4100 spectrometer by using KBr method at room temperature. Elemental analyses
(C, H, N) were performed at Osaka University using YANACO MT-6. TG-DTA measurements
were performed on a SHIMADZU DTG60 under N> gas flow (50 mL/min) using Al,O3 as a
reference with the scan rate of 5.0 °C/min. EPR spectrum was recorded in water/ethylene glycol
(1:1) glass at 103 K with a JEOL JES-FA200 instrument. Absorption spectra were recorded on a
JASCO V-670 UV/VIS spectrometer at room temperature. High-quality powder X-ray diffraction

(PXRD) was performed at room temperature in transmission mode (synchrotron radiation A = 1.0
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A; 20 range = 2-78°; step width = 0.01°; data collection time 1 min) on a diffractometer equipped
with a MYTHEN microstrip X-ray detector (Dectris Ltd) at the SPring-8 BL02B2 beamline. X-
ray fluorescence analyses were performed on a SHIMADZU EDX-900 spectrometer. Magnetic
measurements were carried out using a Quantum-Design MPMS XL7AC SQUID magnetometer.
The observed magnetic moment data were corrected for the diamagnetic contribution (ydia) by the
equation ygia = —1/2 x M x 10°° emu/mol.

X-ray crystal structure determination. Diffraction data for [11r](NO3)2 and [11r](NO3)s were
recorded on a Rigaku R-AXIS VII imaging plate diffractometer with graphite-monochromated
Mo-Ka radiation. Diffraction data for [1ir](NO3)s, temperature dependent X-ray structures of
[11r](NO3)3, and time dependent X-ray structures of [1ir](NOs3); were recorded on a Rayonix
MX225HS CCD area detector with synchrotron radiation (A = 0.6300 A) at the 2D beamline at the
Pohang Accelerator Laboratory (PAL). The intensity data were processed using the HKL3000
program and collected by using the w-scan technique. The structures were solved by direct
methods using SHELXS-2014.37 Structure refinements were carried out using the full-matrix least
squares (SHELXL-2018/3).3” Hydrogen atoms were included in the calculated positions except for
those from water molecules. For [11r](NO3)2, SIMU and ISOR were applied for disordered parts
of organic ligands.’” Several reflections which showed outliers ((Jobs-Zcaic)/Sigma(#W) > 10) were
omitted. For [1r](NO3);, DFIX and DANG were applied to model water molecules.>’ For
[11r](NO3)s, DFIX and DANG were applied to model water molecules. Several reflections which
showed outliers ((Zobs-Zcaic)/Sigma( ) > 10) were omitted.?’

Mean square displacement ellipsoid calculations were performed using PLATON.3®

Electrochemical experiments. Cyclic voltammetric (CV) measurements were performed at room

temperature using an ALS/CHI-720ES voltammetric analyzer. The working, reference, and
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counter electrodes were a glassy carbon disk electrode (¢ 1.8 mm), a reference Ag/AgCl electrode
(3.0 M NaCl aq.), and a platinum wire, respectively. Sample solutions were prepared at a
concentration of 1.0 mM in 0.01 M aqueous HNOs3. The CV of [11r](NO3)3 exhibited a single redox
couple at E12 =-0.05 V (vs. Ag/AgCl) in the negative scan starting from +0.18 V (Figure 3). The
peak currents were proportional to the square root of the scan rates, and the ratio of anodic to
cathodic peak currents was nearly unity with a peak separation (AEp) of 89 mV at a scan rate of
100 mV s~!. These results imply that the redox process at E12=-0.05 V is a reversible, one-electron
event. The CV in the positive scan exhibited a single redox couple at £1, = +0.30 V (Figure 3).
This process is also characterized as a reversible, one-electron event based on analysis of the peak
currents and peak separation (AE, = 89 mV). Spectroelectrochemical experiments were performed
using a thin-layer quartz cell (0.5 mm light path length) with a Pt-mesh (100 mesh) working
electrode, an aqueous Ag/AgCl/NaCl (3 M) reference electrode, and a Pt-wire auxiliary electrode.
DFT calculations. DFT and TD-DFT calculations for [1i]*", [1r]*", [11r]*", [1ra]**, [1rn]**, and
[1rn]*" were performed using the Gaussian 09 program® with the B3LYP functional. The
LanL2DZ basis set was applied for all atoms. The initial structural parameters were taken from the
single-crystal X-ray structures. The optimized structures with a-HOMO for [11:]*" and [1rn]*" are
displayed in Figure S11 and their structural parameters are summarized in Tables S9 and S10. The
TD-DFT results are displayed in Figure S10 and Tables S3-S8.

XAFS measurements. XAFS measurements were carried out at BL-10 and BL-11 of the
Synchrotron Radiation Center at Ritsumeikan University, Japan.*®*! XAFS spectra were obtained
in both partial fluorescence yield (PFY) mode and total electron yield (TEY) mode. Powder
samples of [11r](NO3)2, [11r](NO3)3, and [11r](NO3)s were thinly spread on conductive carbon tape

attached to the sample holder in air before transferring the samples to the vacuum chamber. We
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repeatedly measured the spectra on the same and different sample positions to confirm the
reproducibility of the data, and neither serious radiation damage nor a sample-position dependence

of the XAFS spectra was observed. The measurements were performed at room temperature.
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SYNOPSIS

The thermally stable trinuclear complex [Ni{Ir(3-aminopropanethiolate);}>]*" having an
octahedral Ni'"' center surrounded by thiolato donors, together with its one-electron reduced and
oxidized species, was newly synthesized, isolated, and structurally characterized. The octahedral
Ni'™! center showed a Jahn-Teller distortion that is reversibly converted to a different distortion on

dehydration/rehydration in the solid state.
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