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ABSTRACT: Synthesis and X-ray diffraction structures of cis i

and trans isomers of ruthenium and osmium metal complexes of Pt Wi

general formulas (nBu,N)[cis-MCL,(NO)(Hind)], where M = . ia . 2

Ru (1) and Os (3), and (nBu,N)[trans-MCL,(NO)(Hind)], / ol NH-cis 05 \

where M = Ru (2) and Os (4) and Hind = 1H-indazole are

b

reported. Interconversion between cis and trans isomers at high ¢ NHotrams .
temperatures (80—130 °C) has been observed and studied by 0% S
NMR spectroscopy. Kinetic data indicate that isomerizations | i
correspond to reversible first order reactions. The rates of (rans-MciMNONHInd] [cis-MCI(NO)(Hind)]
M=Ru;0s M=Ru;0s

isomerization reactions even at 110 °C are very low with rate
constants of 107 s™! and 107 s™! for ruthenium and osmium

complexes, respectively, and the estimated rate constants of

isomerization at room temperature are of ca. 10719 s71. The activation parameters, which have been obtained from fitting the

reaction rates at different temperatures to the Eyring equation for ruthenium [AHE .. = 1228 + 1.3; AH} . = 1388 + 1.0
kJ/mol; AS% ... = —18.7 + 3.6; ASE,. . = 31.8 + 2.7 J/(mol-K)] and osmium [AH% . = 200.7 + 0.7; AH:,.. i = 1682 + 0.6
KJ/mol; AS o = 142.7 + 8.95 AS; i = 85.9 + 3.9 J/(mol-K)] reflect the inertness of these systems. The entropy of activation

for the osmium complexes is highly positive and suggests the dissociative mechanism of isomerization. In the case of ruthenium,
the activation entropy for the cis to trans isomerization is negative [—18.6 J/(mol-K)], while being positive [31.0 J/(mol-K)] for
the trans to cis conversion. The thermodynamic parameters for cis to trans isomerization of [RuCL,(NO)(Hind)]~, viz. AH® =
13.5 + 1.5 kJ/mol and AS° = —5.2 + 3.4 J/(mol-K) indicate the low difference between the energies of cis and trans isomers. The
theoretical calculation has been carried out on isomerization of ruthenium complexes with DFT methods. The dissociative,
associative, and intramolecular twist isomerization mechanisms have been considered. The value for the activation energy found
for the dissociative mechanism is in good agreement with experimental activation enthalpy. Electrochemical investigation
provides further evidence for higher reactivity of ruthenium complexes compared to that of osmium counterparts and shows that
intramolecular electron transfer reactions do not affect the isomerization process. A dissociative mechanism of cise>trans
isomerization has been proposed for both ruthenium and osmium complexes.

Bl INTRODUCTION enables many substitution reactions on the metal centers. Along
this, the strong trans effect of the nitrosyl ligand plays an
important role in the chemical reactivity, electronic structure,
and stereochemistry of the initial and final complexes."®'” It
follows a great versatility of the complexes. They have long
been limited to transition metal ions,''®'® but have recently
crossed the f-element border with the report of an actinide

Metal—nitrosyl complexes have attracted considerable attention
because of their electron-transfer properties,'® light-induced
linkage isomerism,” and catalytic activities in organic syn-
thesis.”” They are also among the essentials in teaching
coordination chemistry. It is the noninnocent nitrosyl molecule
(NO) that mainly causes their interesting properties. It is also

what makes it often difficult to assign an oxidation number to complex.19

the metal center, so the electronic structure of the {M(NO)}

moiety remains a field of current interest.'”"> The relatively Received: February 28, 2013
strong binding of the nitrosyl ligand to transition metal ions Published: May 15, 2013
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Metal-nitrosyl complexes are not only interesting for their
physical and chemical properties. They have also been
increasingly investigated for biomedical applications as
suppliers or scavengers of NO'®*°™>* since being recognized
as biologically relevant.” In this regard, a very well documented
example of a coordination compound containing NO in clinical
use is sodium nitroprusside (Na,[Fe(CN);(NO)]), which has
been amply studied for its photochemical properties™ and is
now the strongest available vasodilator.”>*®

Metal—nitrosyl complexes, particularly those of the platinum
group, are of interest to us as potential anticancer agents that
may kill the cancer cells by releasing a cocktail of NO and metal
complex.”® In the field of anticancer metal drugs, it is well-
known that the reactivity and biological properties can vary
significantly with the isomeric compounds. The classical
example of contrasting biological activity is cisplatin, which is
the first clinically used metal-based anticancer agent, whereas its
trans isomer shows no biological activity.””*®* Two other
platinum(II) complexes in clinical use today, namely cis-
diamine(cyclobutane-1,1-dicarboxylato-O,0")platinum(II) (car-
boplatin) and (1R,2R)-diaminocyclohexane-oxalatoplatinum-
(II) (oxaliplatin), are also cis-configured complexes. It follows
that the cis geometry was for a long time considered as a
prerequisite for anticancer activity,zg’30 and therefore, the trans-
configured complexes have attracted little attention of
researchers. The situation has changed, however, in recent
years after several classes of trans-configured complexes have
been reported to exhibit higher cytotoxicity than the
corresponding cis isomers®’ with some of them exhibiting
antitumor activity in vivo, with a lack of cross-resistance to
cisplatin.*” Cellular accumulation experiments have shown that
accumulation in the SW480 cells of trans-configured platinum-
(II) complexes with acetone oxime and 3-pentanone oxime was
up to SO times higher than that of platinum(II) complexes and
resulted in pronounced DNA strand cleavage for trans
complexes, and a lack of DNA degradation for cis complexes.*
All of these examples are concerned with square-planar
platinum complexes. In the case of octahedral ruthenium and
osmium complexes, the exploration of such structure—activity
relationships is hindered by the low number of available
compounds, although some rare examples of well-documented
isomers have been reported in the literature.** >’ In particular,
the antiproliferative activity of (H,trz)[trans-RuCl,(Htrz),],
where Htrz = 1H-1,2,4-triazole, was found higher than that of
the corresponding cis isomer in human cancer cell lines SW480
(colon carcinoma), HT29 (colon carcinoma), and SK-BR-3
(mammary carcinoma). These examples show the crucial need
in the field of antiproliferative complexes, as for any
pharmaceutics, to control the stereochemistry and to know
about the interconversion processes in between the isomeric
forms. This goes well beyond the scope of metallopharmaceu-
tics, given that stereochemistry studies are the basis of
coordination chemistry.

With this in mind and as a tribute to Alfred Werner Nobel
prize celebrations, we report herein on the synthesis, structure,
and spectroscopic and electrochemical properties of the trans
and cis isomers of the ruthenium— and osmium-—nitrosyl
complexes of the general formula (n-Bu,N)[MCIL,(NO)-
(Hind)] where M = Ru or Os and Hind = 1H-indazole
(Scheme 1). This is completed by in depth studies of their
relative thermodynamic stabilities and of the trans < cis
isomerization mechanism that has been investigated exper-
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Scheme 1. Compounds Reported in This Work”
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“Atom labeling was introduced for assignment of resonances in NMR
spectra.

imentally by NMR and theoretically by DFT calculations in a
complementary way.

B EXPERIMENTAL SECTION

Starting Materials. Na,[RuCl{(NO)]-6H,0 was synthesized as
previously reported in the literature.*® (H,ind),[RuCl;(NO)] (Hind =
1H-indazole) was prepared by heating the sodium salt with indazole in
a 1:2 molar ratio in 6 M HCL The starting compound (n-
Bu,N),[OsCL(NO)] was synthesized as previously reported in the
literature.** OsO, (99.8%) was purchased from Johnson Matthey.
NH,OH-HC], K,C,0,-H,0, and indazole were from Aldrich.

(H,ind)[cis-RuCl,(NO)(Hind)] and (H,ind)[trans-RuCl,(NO)-
(Hind)l. A suspension of (H,ind),[RuCL(NO)] (230 mg, 0.36
mmol) in 1-propanol (8 mL) was heated at 75 °C for 6 h. The solvent
was removed in vacuo, and the residue was extracted with chloroform.
Fractioned crystallization afforded pink crystals of the trans isomer
(first fraction), which was filtered off, washed with diethyl ether, and
dried in vacuo. Yield: 47 mg, 21%. The second fraction crystallized as a
cis isomer was filtered off, washed with diethyl ether, and dried in
vacuo. Yield: 79 mg, 36%. Analytical data for cis isomer: Anal. Calcd for
C.4H3;RuCLN;0-0.25 CHCl; (M, = 540.01 g/mol): C, 31.69; H,
2.47; N, 12.96. Found: C, 31.64; H, 2.57; N, 13.28. ESI-MS in MeOH
(negative): m/z 243 [RuCl,]", 273 [RuCL,(NO)]", 391 [RuCl,(NO)-
(Hind)]~. ESI-MS in MeOH (positive): m/z 119 (H,ind)". MIR, v,
cm™: 614, 649, 840, 925, 965, 999, 1091, 1125, 1150, 1175, 1214,
1237, 1278, 1358, 1379, 1435, 1475, 1513, 1582, 1629 (C=N), 1854
(NO), 2993, 3127 (NH), 3308. UV—vis (CH,CN), .., nm (g, M™*
ecm™1): 258 (21 517), 294 sh (15 948), 373 sh (154), 453 (68), 539 sh
(46). '"H NMR (DMSO-d, 500.32 MHz), §, ppm: 7.10 (t, 1H, J =
7.01 Hz), 7.24 (t, 1H,, ] = 7.21 Hz), 7.34 (t, 1Hg, ] = 7.30 Hz), 7.49
(t, 1Hq, J = 7.16 Hz), 7.52 (d, 1H,, ] = 7.45 Hz), 7.77 (d, 2Hy 5, ] =
9.61 Hz), 7.90 (d, 1H,, J = 8.15 Hz), 8.06 (s, 1H;), 8.62 (s, 1H;),
13.28 (s, 1H,). *C{'H} NMR (DMSO-d,, 125.77 MHz), §, ppm:
110.54 (C;), 111.62 (Cy), 120.64 (C,/7), 120.94 (Cy/7), 121.50 (C,),
121.92 (Cy), 122.33 (Cg), 123.24 (Cy), 126.35 (Cq), 129.07 (Cy),
133.78 (Cy), 137.80 (C;), 140.10 (Cg), 141.04 (cg). "N NMR
(DMSO-dg, 50.68 MHz), &, ppm: 163.44 (N, ). Suitable crystals for the
X-ray diffraction study were grown by slow evaporation of a solution of
the cis isomer in chloroform. Analytical data for the trans isomer: Anal.
Caled for C,,H,;RuCl,N,0-CHCI, (M, = 629.54 g/mol): C, 28.62; H,
2.24; N, 11.12. Found: C, 28.83; H, 2.05; N, 10.97. ESI-MS in MeOH
(negative): m/z 243 [RuCl,]~, 273 [RuCl,(NO)]~, 391 [RuCl,(NO)-
(Hind)]~. ESI-MS in MeOH (positive): m/z 119 (H,ind)". MIR, v,
em™l: 588, 615, 657, 731, 739, 861, 899, 962, 999, 1091, 1121, 1148,
1228, 1270, 1298, 1358, 1449, 1471, 1511, 1582, 1635 (C=N), 1891
(NO), 2995, 3158, 3232 (NH), 3317. UV—vis (CH,CN), 4., nm (&,
M em™): 260 (21 883), 283 sh (16 175), 383 sh (99), 504 (36), 597
(19). 'H NMR (DMSO-dg, 500.32 MHz), 8, ppm: 7.10 (t, 1Hy, J =
7.11 Hz), 7.22 (t, 1H,, J = 721 Hz), 7.34 (t, 1Hy, ] = 7.23 Hz), 7.51
(t, 1Hg, J = 7.34 Hz), 7.54 (d, 1H,, ] = 7.35 Hz), 7.76 (d, 1H,, ] =
7.76 Hz), 7.79 (d, 1H,, ] = 7.75 Hz), 7.90 (d, 1H,, ] = 8.25 Hz), 8.07
(s, 1Hy), 8.63 (s, 1H;), 12.95 (s, 1H;). *C{'"H} NMR (DMSO-d,,
125.77 MHz), 6, ppm: 110.54 (C,), 112.13 (C,), 120.64 (Cy/), 120.94
(Cy), 121,01 (Cy), 12194 (C,), 122.36 (Cy), 123.23 (C,), 126.36
(Cg), 129.40 (Cy), 133.78 (Cy), 138.21 (C;), 140.14 (Cy), 140.33
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(Cy). "N NMR (DMSO-dg, 50.68 MHz), 5, ppm: 16197 (N,).
Suitable crystals for the X-ray diffraction study were grown by slow
evaporation of a solution of the trans isomer in chloroform.

(BugN)[cis-RuCl,(NO)(Hind)] (1). To a solution of (H,ind)[cis-
RuCl,(NO)(Hind)] (43 mg, 0.08 mmol) in 20 mL of water n-Bu,NCI
was added (30 mg, 0.1 mmol). The solution becomes immediately
cloudy and product 1 precipitates after several minutes. The pale pink
precipitate was filtered off washed with diethyl ether (2 X 10 mL) and
dried in vacuo. Yield: 33 mg, 61%. Anal. Calcd for Cy;H,,Cl,N,ORu
(M, = 633.49 g/mol): C, 43.61; H, 6.68; N, 8.84. Found: C, 43.67; H,
6.50; N, 8.78. ESI-MS in MeOH (negative): m/z 391 [RuCL,(NO)-
(Hind)] ™. ESI-MS in MeOH (positive): m/z 242 Bu,N". IR, v, cm™":
658, 677, 729, 764, 782, 848, 869, 963, 1091, 1114, 1241, 1358, 1381,
1442, 1476, 1508, 1623, 1846 (NO), 2873, 2959, 3250. 'H NMR
(DMSO-d, 500.32 MHz), &, ppm: 095 (t, 12Hp, J = 7.2 Hz), 1.32
(sxt, 8Hc, J = 7.2 Hz), 1.57 (qui, 8Hg, J = 7.8 Hz), 3.17 (t, 8H,, J = 7.7
Hz), 7.23 (t, 1H,, J = 721 Hz), 749 (t, 1H, J = 7.16 Hz), 7.77 (d,
1H,,, ] = 9.61 Hz), 7.89 (d, 1H,, ] = 8.15 Hz), 8.62 (s, 1H;), 13.28 (s,
1H,). Suitable crystals for X-ray diffraction study were grown by slow
evaporation of the mother liquor.

(BugN)[trans-RuCl,(NO)(Hind)] (2). To a solution of (H,ind)-
[trans-RuCl,(NO)(Hind)] (40 mg, 0.08 mmol) in 20 mL of water n-
Bu,NCl was added (30 mg, 0.1 mmol). The solution becomes
immediately cloudy and product 2 precipitates after several minutes.
The pale pink precipitate was filtered off washed with diethyl ether (2
X 10 mL) and dried in vacuo. Yield: 34 mg, 68%. Anal. Calcd for
CyH,CLN,ORu (M, = 63349 g/mol): C, 43.61; H, 6.68; N, 8.84.
Found: C, 43.53; H, 6.54; N, 8.74. IR, v, cm™: 591, 659, 737, 747,
757, 784, 833, 879, 965, 1002, 1097, 1238, 1282, 1360, 1378, 1459,
1476, 1514, 1629, 1875 (NO), 2872, 2960, 3302. ESI-MS in MeOH
(negative): m/z 391 [RuCl,(NO)(Hind)]~. ESI-MS in MeOH
(positive): m/z 242 Bu,N*. '"H NMR (DMSO-d,, 500.32 MHz), §,
ppm: 0.95 (t, 12Hp, J = 7.2 Hz), 1.32 (sxt, 8Hc, J = 7.2 Hz), 1.57 (qui,
8Hy, J = 7.8 Hz), 3.17 (t, 8H,, ] = 7.7 Hz), 7.23 (t, 1Hys, ] = 7.2 Hz),
7.51 (t, 1H), ] = 7.6 Hz), 7.78 (d, 1H, 5, ] = 8.8 Hz), 7.92 (d, 1H,,, ]
= 8.3 Hz), 8.68 (s, 1H;), 12.96 (s, 1H,). Suitable crystals for X-ray
diffraction study were grown by slow evaporation of the mother liquor.

(Bu,N)[cis-OsCl,(NO)(Hind)] (3) and (BuyN)[trans-OsCl,(NO)-
(Hind)] (4). A mixture of indazole (100 mg, 0.85 mmol) and (n-
Bu,N),[OsCl;(NO)] (500 mg, 0.56 mmol) in n-butanol (10 mL) was
heated at 105 °C for 24 h. The solution was allowed to stand in an
open beaker, and after 2 days the red crystals of the cis isomer were
filtered off, washed with 1:2 water/ethanol (3 X 10 mL) and diethyl
ether (3 X S mL), and dried in vacuo. Yield: 210 mg, 52%. The volume
of the filtrate was reduced to one-third, and slow diffusion of diethyl
ether afforded the formation of blue crystals of the trans isomer. These
were filtered off, washed with 1:2 water/ethanol (3 X 3 mL) and
diethyl ether (3 X 1 mL), and dried in vacuo. Yield: 101 mg, 25%.

Analytical Data for 3. Anal. Caled for C,3H,,0sCLLN,O (M, =
722.65 g/mol): C, 38.23; H, 5.86; N, 7.75. Found: C, 38.48; H, 5.66;
N, 7.62. ESI-MS in CH;CN (negative): m/z 332 [OsCl,]”, 362
[0sCl,(NO)], 480 [OsCL(NO)(Hind)]™. IR, v, cm™: 437, 657,
761, 846, 878, 967, 1004, 1091, 1153, 1240, 1279, 1359, 1380, 1476,
1625, 1805 (NO), 2873, 2960, 3258. UV—vis (CH;CN), 4,,., nm (¢,
M em™): 248 (11573), 393 (sh, 6178), 511 (921). 'H NMR
(DMSO-dg, 500.13 MHz), &, ppm: 0.93 (t, 12Hp, J = 7.3 Hz), 1.31
(sxt, 8H, J = 7.3 Hz,), 1.57 (qui, 8Hg, ] = 7.7 Hz,), 3.16 (t, 8H, ] = 8.4
Hz,), 7.26 (t, 1H, ] = 7.5 Hz, Hy), 7.49 (t, 1H, ] = 7.6 Hz, H;), 7.78 (d,
1H, J = 8.1 Hz, H,), 791 (d, 1H, J = 8.2 Hz, H,), 8.62 (s, 1H, H;),
13.49 (s, 1H, H;). *C* NMR (DMSO-dg, 125.77 MHz), §, ppm:
13.47 (Cp), 19.18 (Cc), 23.07 (Cg), 57.54 (C,), 111.11 (C,), 121.33
(C,), 121.98 (Cy), 129.12 (Cy), 137.79 (C;), 140.78 (Cgo). "N NMR
(DMSO-dg, 50.69 MHz), 8, ppm: 65.6 (N from Bu,N*), 187.6 (N,),
194.2 (d, N,). X-ray diffraction quality single crystals of 3 were picked
from the reaction vessel.

Analytical Data for 4. Anal. Calcd for C,;H,,0sCILN,O (M, =
722.65 g/mol): C, 38.23; H, 5.86; N, 7.75. Found: C, 38.49; H, 5.74;
N, 7.61. ESI-MS in CH;CN (negative): m/z 332 [OsCL]~, 362
[0sCL,(NO)], 480 [0sCL(NO)(Hind)]™. IR, v, cm™%: 437, 520,
594, 616, 660, 736, 757, 832, 878, 967, 1005, 1096, 1150, 1238, 1284,
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1361, 1378, 1476, 1517, 1630, 1838, 2871, 2960, 3300. UV—vis
(CH;CN), Apaw nm (g, M~ ecm™): 254 (9207), 270 (8145), 300 (sh,
3808), 579 (116). 'H NMR (DMSO-d,, 500.13 MHz), §, ppm: 0.93
(t, 12Hp, J = 7.3 Hz), 1.31 (sxt, 8H, J = 7.3 Hz,), 1.56 (qui, 8Hj, ] =
7.2 Hz,), 3.16 (t, 8H, J = 8.3 Hz,), 7.23 (t, 1H, ] = 7.5 Hz, Hy), 7.52 (4,
1H, J = 7.7 Hz, Hy), 7.76 (d, 1H, ] = 8.5 Hz, H,), 7.90 (d, 1H, ] = 8.2
Hz, H,), 8.58 (s, 1H, H;), 13.00 (s, 1H, H,). *C* NMR (DMSO-d;,
125.77 MHz), 8, ppm: 1347 (Cp), 19.18 (C.), 23.05 (Cg), 57.53
(Cy), 111.63 (C,), 12026 (C,),121.56 (C,), 122.11 (Cg), 129.39
(Cy), 13830 (C,), 139.69 (Cg). "N NMR (DMSO-dg, 50.69 MHz) 5,
ppm: 65.6 (N from Bu,N"), 185.0 (N,), 238.7 (N,). Suitable crystals
of 4 for X-ray diffraction analysis were obtained from mother liquor
after isolation of 3 by slow diffusion of diethyl ether.

Physical Measurements. Elemental analyses were performed by the
Microanalytical Service of the Faculty of Chemistry of the University
of Vienna.

MIR spectra of 1 and 2 were obtained by using an ATR unit with a
Perkin-Elmer 370 FTIR 2000 instrument (4000—400 cm™), while ESI
mass spectrometry was carried out with a Bruker Esquire 3000
instrument (Bruker Daltonics, Bremen, Germany) by using methanol
as solvent. Expected and measured isotope distributions were
compared. The 'H, *C, and "N NMR spectra were recorded at
500.32, 125.82, and 50.70 MHz on a Bruker DPX500 (Ultrashield
Magnet) de-DMSO (2.50 ppm) or C,D,Cl, (5.98 ppm). 2D *C'H
HSQC, “N'H HSQC, *C'H HMBC, and '"H'H COSY experiments
were performed.

IR spectra of 3 and 4 were recorded in the solid state on a
NICOLET spectrophotometer in the 400—4000 cm™' range, while
UV—vis spectra were recorded on a Perkin-Elmer Lambda 35 UV—vis
spectrophotometer using samples dissolved in CH;CN. Mass spectra
were recorded on an ion trap mass spectrometer (LCQ, Thermo,
Bremen, Germany) equipped with an electrospray (ESI) ion source in
the positive and negative ion mode. The spray voltage for the positive
and negative ion mode is respectively 4 kV and —3 kV. The capillary
transfer temperature is 200 °C. For "H and *C NMR experiments, all
samples were prepared under a N, atmosphere in S mm NMR tubes.
The chemical shifts were referred to TMS using the residual signals
from the solvent d¢-DMSO (2.50 ppm) or C,D,Cl, (5.98 ppm). The
2D NMR spectra were recorded on a Bruker AV500 spectrometer and
kinetic '"H NMR spectra on a Bruker DRX-300 spectrometer.

Electrochemical Measurements. Electrochemical measurements
were performed using an AMEL 7050 all-in-one potentiostat, using a
standard three-electrode setup with a glassy carbon electrode, a
platinum auxiliary electrode, and a SCE (saturated calomel electrode)
as the reference electrode. Deareation of solutions was accomplished
by passing a stream of N, through the solution for 30 min prior to the
measurement and then maintaining a blanket atmosphere of N, over
the solution during the measurement. The complex solution in
CH,;CN was 1 or 2 mM in the supporting electrolyte of 0.1 M (n-
Bu,N)PF,. Under these experimental conditions, the ferrocene/
ferricinium couple, used as an internal reference for potential
measurements, was located at E,,™ +0.425 V. The cyclic
voltammetry of a mixture of 3 and 4 was characterized by two
reversible oxidation waves corresponding to each isomer studied
separately, whereas no separation oxidation peak was observed with a
mixture of 1 and 2.

Kinetic Analysis. The integrals of NMR signals were obtained by
fitting Lorentzian functions to the experimental spectra using the
“NMRICMA 3.0”*' program for MATLAB (see Supporting
Information, Figure S1). The adjustable parameters are the resonance
frequency, intensity, line width, baseline, and phasing. Data analyses
were carried out with the nonlinear least-squares fitting program
VISUALIZEUR-OPTIMISEUR" for MATLAB, using the Leven-
berg—Marquardt algorithm. Irreversible and reversible first-order
reaction models were applied to analyze the time evolution of trans
and cis Ru and Os isomer concentrations. The experimental data were
fitted according to eqs 1—4 where AJ and B] correspond to initial
concentrations of trans and cis isomers, respectively. The samples were
heated in an external constant temperature steam sterilizer at the
desired temperature, whose value is assumed to be accurate within
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Table 1. Crystal Data, Data Collection Parameters, and Structure Refinement Details for (Bu,N)[cis-MCl,(NO)(Hind)] (M =
Ru (1); Os (3)) and (Bu,N)[trans-MCI,(NO)(Hind)] (M = Ru (2); Os (4))

compound 1 2 3 4
empirical formula C,;H,,CL,N,ORu C,;H,,CL,N,ORu C,3H,,CL,N,OO0s C,3H,,CL,N,OO0s
fw 633.48 633.48 722.61 722.62
space group P2,/n P2,/c P2,/n P2,/c
a [A] 12.4091(4) 10.0975(5) 12.35414(12) 10.0836(7)

b [A] 52.5720(15) 15.8422(9) 52.4121(4) 15.8530(10)
c [A] 13.7339(4) 18.9705(10) 13.87637(13) 18.9740(10)
a [deg]

5 [deg] 100.7330(10) 100.759(2) 100.7569(9) 101.298(7)
7 [deg]

vV [A%] 8802.9(5) 2981.3(3) 8827.14(14) 2974.3(3)
V4 12 4 12 4

1 [A] 0.70713 0.71073 1.54184 0.71070
Peated [g cm™] 1434 1411 1.631 1.614

cryst size [mm?] 0.14 X 0.14 X 0.10 0.15 X 0.02 X 0.02 0.27 X 0.17 X 0.14 0.57 X 0.29 X 0.15
T [K] 150(2) 150(2) 100(2) 100(2)

# [mm™] 0921 0.906 11.698 4,668

R 0.0715 0.0310 0.0316 0.0304
szb 0.1288 0.0641 0.0860 0.0697
GOF* 1.064 1.025 1.042 1.033

“R, = Y|IF) = IE|I/YIF,. bwR,
reflections and p is the total number of parameters refined.

{3[w(F? = F2Y/Xw(FA)2 GOF = {X[w(F.2 — F2)*/(n — p)}'/%, where n is the number of

Table 2. Selected Bond Lengths (A) and Angles (deg) (experimental and calculated) for Compounds cis-
(Bu,N)[MCI,(NO)(Hind)] (M = Ru (1), Os (3)) and trans-(Bu,N)[MCL(NO)(Hind)] (M = Ru (2), Os (4))

X-ray B3LYP/6-31G*

bond 1¢ 2 3¢ 4 1 2 3 4
M-N1 2.092(4) 2.104(2) 2.080(4) 2.114(3) 2.151 2204 2.161 2.182
M—Clq(av) 2.350(19) 2.360(3) 2.373(9) 2.368(3) 2.469 2451 2.406 2438
M—Cl,, 2.3675(13) 2.3728(11) 2.405 2.390
M-N3 1.784(5) 1.717(2) 1.8220(9) 1.763(3) 1.747 1.735 1.732 1715
N3-01 1.041(6) 1.144(3) 1.1346(12) 1.133(4) 1.171 1.167 1.161 1.157
M-N3-01 176.1(5) 178.2(2) 176.4(4) 178.0(4) 178.7 179.7 179.5 179.8

“Quoted parameters refer to crystallographically independent complex anions not affected by the disorder.

+0.5 K. The temperature was monitored by a thermometer situated
near the NMR sample tubes. NMR spectra of the investigated samples
were measured at room temperature (20 °C) after rapid sample
cooling using a water bath. Due to extremely low isomerization
process rates in these systems, the time during NMR measurements is
neglected. The time used in kinetic analysis (z) corresponds to the
heating time at indicated temperatures.

Crystallographic Structure Determination. X-ray diffraction
measurements for ruthenium complexes 1 and 2 were performed on a
Bruker X8 APEXII CCD diffractometer at 150 K with Mo Ka
monochromated radiation. Diffraction data for osmium complexes 3
and 4 were collected on Gemini R and Gemini A Ultra diffractometers
from Agilent Technologies Ltd. at 100 K with Cu Ka and Mo Ka
graphite-monochromated radiation, respectively, both equipped with a
CCD camera and controlled by the CrysAlisPro Software (Agilent
Technologies, versions 1.171.33.55 and 1.171.34.49). The data on
ruthenium complexes were processed using SAINT software,* and
those on osmium complexes with the CrysAlisPro package.** For all
crystals, an analytical absorption correction was applied using the
modeled faces of the crystal.*> Crystal data, data collection parameters,
and structure refinement details are given in Table 1. The structures
were solved by direct methods and refined by full-matrix least-squares
techniques. All non-hydrogen atoms in 1, 2, and 4 were refined with
anisotropic displacement parameters, while the non-hydrogen atoms of
indazole in 3 (vide infra) were refined isotropically. H atoms were
inserted in calculated positions and refined with a riding model. The
nitrosyl ligand in 1 and 3 was found to be disordered over three
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positions in the equatorial plane of the metal. One of three
crystallographically independent complex anions in 1 and two of
three in 3 were found to be affected by this disorder. In addition, the
indazole ligand in one crystallographically independent anion of 3 was
found to be disordered over two positions with a s.o.f. of 0.5:0.5. The
disorder was solved by using SADI, DFIX, and EADP instructions
implemented in SHELXL. The following software programs and
computer were used: structure solution, SHELXS-97; refinement,
SHELXL—97;46 molecular diagrams, ORTEP-3;* computer, Intel
CoreDuo. Selected bond distances and angles for 1—4 are listed in
Table 2.

Computational Details. The equilibrium geometries of the
compounds 1—4 have been optimized in the gas phase combining
the functional B3LYP*** and the 6-31G* basis set for the light atoms.
For ruthenium complexes 1 and 2 and osmium compounds 3 and 4,
the Stuttgart—Dresden 28-electron quasi-relativistic effective core
potential (MWB28)*° and the analogous 60-electron pseudopotential
(MWB60),% respectively, have been used to account for the scalar
relativistic effects. The possible transition state structures for the cis<>
trans isomerization reaction of the Ru complexes were calculated at the
same level of theory. In all the calculations, only the anions of all
compounds have been considered, ie., without any counterions. To
verify the nature of the minima and the transition states, as well as to
analyze the NO stretching frequency, harmonic vibrational frequency
calculations have been carried out. Following the work of Scott and
Radom,*" the calculated harmonic vibrational frequencies were refined
with a scaling factor of 0.9614 to account for the anharmonicity.
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The mechanistic study of the [RuCl,(NO)(Hind)]™ cise>trans
isomerization requires high accuracy of the relative energies of the
species. Therefore, additional single-point calculations on the
optimized structures have been carried out on all Ru species using
the double-hybrid B2GP-PLYP** functional and the 6-311G* basis set
and MWB28 pseudopotential. The B2GP-PLYP functional has been
used previously for accurate calculations of thermochemical data of
late transition metal reactions.*® These single point calculations have
been carried out both in the gas phase and incorporating solvent
effects in DMSO using the integral equation formalism (IEF)***° of
the polarizable continuum model (PCM).>78 To estimate the overall
effect of the solvent on the relative energies and geometries of the
species, two additional calculations have been carried out: (i) a
B3LYP/6-311G* single-point calculation using the PCM on the
B3LYP/6-31G* gas-phase optimized geometries (labeled as PCM-
B3LYP/6-311G*//B3LYP/6-31G*) and (ii) a PCM-B3LYP/6-31G*
optimization (on compounds 1 and 2 and one transition state for the
dissociative mechanism). The PCM-B3LYP/6-31G* geometries
showed negligible differences from the gas-phase B3LYP/6-31G*
ones, and relative PCM-B3LYP/6-31G* energies deviated by less than
3 kJ/mol from the values calculated at the PCM-B3LYP/6-311G*//
B3LYP/6-31G* level of theory. Therefore, gas-phase B3LYP/6-31G*
geometries have been used for all subsequent calculations in the whole
study. All calculations have been carried out with the Gaussian 09
program package.*

B RESULTS AND DISCUSSION

Syntheses. Anderson rearrangement reaction of
(H,ind),[RuCl;(NO)] in alcohols at elevated temperatures
yielded (H,ind)[cis-RuClL,(NO)(Hind)] and (H,ind)[trans-
RuCl,(NO)(Hind)], which were separated by fractioned
crystallization. A metathesis reaction with a small excess of
(n-BuyN)Cl afforded complexes 1 and 2, respectively.

The isomeric osmium—nitrosyl complexes 3 and 4 were
obtained by reaction of (n-Bu,N),[OsCL(NO)] with 1H-
indazole in a 1:1.5 molar ratio in n-butanol at 105 °C for 24 h
with an overall yield between 75 and 80%. Fractioned
crystallization of the reaction mixture afforded 2/3 of the red
cis isomer 3, and then by slow diffusion of diethyl ether into the
concentrated filtrate, 1/3 of blue crystals of the trans-isomer 4
were afforded.

The reactivity of pentahalonitrosyl metalate [MX(NO)]*
(M = Ru, Os; X = Cl, Br, I) increases in the order Cl~ < Br™ <
I" and Os < Ru, and the ligand substitution should be favored
in the trans ]};osition to the NO group due to the well-known
trans effect.” However, in our case, the main compounds
isolated were the cis isomers 1 and 3. The lower yield of trans
isomers 2 and 4 suggests that they are transient species,
transforming into the cis forms under reaction conditions (n-
propanol at 75 °C for ruthenium, n-butanol at 105 °C for
osmium). This prompted us to study the trans/cis conversion
by 'H NMR in detail.

The peak with m/z 391 in the negative ion mode ESI mass
spectra of 1 and 3 was assigned to [RuCL,(NO)(Hind)]~, while
signals at m/z 480, 362, and 332 for 2 and 4 were attributed to
[OsCL(NO)(Hind)]~, [OsCL(NO)]~, and [OsCl,]™, respec-
tively. All compounds possess an S = 0 ground state as
confirmed by magnetic measurements and NMR spectra. In IR
spectroscopy, cis isomers are characterized by lower v(NO)
wavenumbers than the trans species. In particular, the (NO)
for 1 and 3 is seen at 1846 and 1805 cm ™, while that of 2 and 4
are at 1875 and 1838 cm™’, respectively.

Crystal Structures. The crystal structures of 1—4 contain
essentially octahedral Ru and Os complexes of the general
formula (n-Bu,N)[MCL,(NO)(Hind)] (M = Ru or Os; Hind =
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1H-indazole; Figure 1). Complexes 1 and 3 crystallized in the
monoclinic space group P2,/n, while 2 and 4 crystallized in the

Figure 1. ORTEP views of the [cis-RuCl,(NO)(Hind)]~, [trans-
RuCl,((NO)(Hind)]~, cis-[OsCl,(NO)(Hind)]~, and trans-
[OsCL,(NO)(Hind)]~ complex anions in 1—4 (from left to right).
Thermal ellipsoids are drawn at the 50% probability level.

monoclinic space group P2,/c. Compounds 1 and 3 are cis
isomers, in which three chlorido ligands and one NO molecule
are bound to ruthenium (1) or osmium (3) in the equatorial
plane, and the axial sites are occupied by an indazole
heterocycle and a fourth chlorido ligand. In trans isomers 2
and 4, the equatorial plane is occupied by four chlorides and
the axial positions by NO and the indazole heterocycle. Crystal
data and structure refinement parameters for 1—4 are shown in
Table 1.

Selected bond lengths and angles of the compounds 1—4, as
obtained from the crystal structures and theoretical calculations,
are shown in Table 2. All complexes show a distorted
octahedral coordination geometry around the metal center
and a linear NO binding. In the cis compounds, NO lies in one
plane with the equatorial CI™ ligands, while in the trans
compounds the CI” ligands are slightly bent out-of-plane
toward the indazole ligand. In the calculated structures, we
observe slightly longer (by ca. 0.1 A) M—Cl bonds and a
slightly more linear NO coordination compared to the crystal
structures (Table 2). Otherwise, the optimized geometries are
in good agreement with the X-ray structures.

Kinetic Study by NMR Spectroscopy. It is well-known
that isomerization processes®®™’® as well as exchange/
substitution reactions’”’ *° at the metal center in platinum
group (Ru, Rh, Pd, Os, Ir, Pt) metal complexes are much
slower in comparison with those for 3d and 4f metal
complexes.®"** Platinum group metal complexes are kinetically
very inert and thermodynamically more stable. In addition, they
have low isomerization rate constants. The two ruthenium
isomers 1 and 2 and two related osmium isomers 3 and 4
presented in this work are in accord with these general rules.
High resolution NMR spectroscopy is an appropriate technique
to characterize isomers in solution and to monitor their mutual
transformations.

The assignment of NMR signals of the coordinated 1H-
indazole has been performed based on 2D NMR spectroscopy
(see Supporting Information, Figures S2—S4) and was
correlated with the spectra of the noncoordinated 1H-
indazole.** A marked difference in the chemical shifts of NH
and CH protons of the coordinated 1H-indazole ligand in cis
and trans isomers (Figure 2) allows for the determination of
population rates and an investigation of the kinetics of
isomerization.

A typical series of time-dependent 'H NMR spectra upon
isomerization of [trans-RuCl,(NO)(Hind)]~ to [cis-
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Figure 2. Selected region of '"H NMR (500 MHz; 25 °C) spectra of
(n-BuyN)[cis-MCl,(NO)(Hind)] (M = Ru (1), Os (3)) and (n-
Bu,N)[trans-MCL,(NO)(Hind)] (M = Ru (2), Os (4)) in C,D,Cl,.

RuCl,(NO)(Hind)]~ ([t—c]) and [cis-RuCl,(NO)(Hind)]~ to
[trans-RuCl,(NO)(Hind)]~ ([c—t]) is shown in Figure 3, while

Figure 3. Evolution of "H NMR spectra (500 MHz) in the NH region
of the [trans-RuCl,(NO)(Hind)]~ (a) and [cis-RuCL,(NO)(Hind)]~
(b) isomers as a function of time (7 = [0—3] X 10° s) at 100 °C in
C,D,Cl, (Co(trans) = 14.5 mmol/L; Cy(gs) = 13.7 mmol/L) showing the
formation of the cis and trans isomers, respectively.

that of [trans-OsCl,(NO)(Hind)]~ conversion into [cis-
OsCl,(NO)(Hind)]~ and vice versa is displayed in Figure 4.
From Figures 3a and 4, a progressive decrease of the NH signal
intensity with time, corresponding to the trans isomer, and an
increase of the signal corresponding to the cis isomer is seen.
After 72 h of heating at 100 °C, [trans-RuCl,(NO)(Hind)]~ is
partially converted into [cis-RuCl,(NO)(Hind)]~, and the
trans—cis equilibrium is reached. Similarly, starting from the
[cis-RuCL,(NO)(Hind)]~ isomer, the same equilibrium ratio
between the cis and trans isomers is reached after 72 h of
heating the solution at 100 °C. These time-dependent NMR
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Figure 4. Evolution of "H NMR spectra (300 MHz) of the [trans-
0sCl,(NO)(Hind)] ™ isomer in the NH region as a function of time (z
=[0-3] X 10° 5) at 120 °C in C,D,Cl, (C, = 15.26 mmol/L) showing
the formation of the cis isomer (for complete aromatic region
spectrum, see Supporting Information Figure SS).

spectra and the same equilibrium ratios between cis and trans
isomers indicate the reversibility of the isomerization process.

The trans to cis conversion is also detected in the case of the
[trans-OsCl,(NO)(Hind)]~ anion. However, the isomerization
occurs slower and can be efficiently monitored only upon
heating at temperatures higher than 100 °C. As can be seen
from Figure 4, heating at 120 °C for 96 h leads to an almost
complete conversion of the trans isomer into the cis one.
According to the kinetic analysis (see below), the conversion of
the cis isomer into the trans isomer in the case of osmium
complexes also takes place, but only trans to cis transformation
was experimentally investigated because of the very low
conversion rate of cis species into trans.

Plots of population evolution of cis and trans isomeric species
of ruthenium and osmium complexes versus heating times at
different temperatures are shown in Figures 5, 6, and S6—S9.

For the estimation of population rates upon isomerization,
the NH and C’H signals of coordinated 1H-indazole in cis and

1

O cis 1]

0.9

(L8]

o HH000 1200000 18004 2400000 om T (‘\]

Figure 5. Time evolution of populations for [cis-RuCl,(NO)(Hind)]~
(O) and [trans-RuCl,(NO)(Hind)]~ (O) isomers at 100 °C in
C,D,Cl, for cis to trans [c—t] (blue) and trans to cis [t—c] (red)
isomerization processes. The solid lines are the best fits with activation
parameters indicated in the text (for fitted plots at 90, 10S, and 110
°C, see Supporting Information Figures S6 and S7).
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Figure 6. Time evolution of populations for [cis-OsCl,(NO)(Hind)]~
(O) and [trans-0sCl,(NO)(Hind)]~ (OJ) isomers at 120 and 130 °C
in C,D,Cl, for trans to cis [t—c] isomerization processes. The solid
lines are the best fits with activation parameters indicated in the text
(see also Figure S8 in the Supporting Information).

trans complexes from NMR spectra were used. Analogously to
: N 73,74,84—86 :

other isomerization processes, the reversible first

order kinetics are assumed for ruthenium and osmium

complexes (see eqs 1 and 2).

A2B (1)
dAT 4B

——T =7 = kAl —k_BT

dr dr Freo e )

In eqs 1 and 2, A is trans and B is cis isomer. Concentration
evolution of trans (AT) and cis (BY) isomers as functions of time
(7) at different temperatures (T) were analyzed (by nonlinear
least-squares fits) according to a reversible first order model via
the eqs 3 and 4:°%

Al | | Al 1
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Appropriate temperature values 80—110 °C for 1 and 2 and
105—130 °C for 3 and 4 were used in this analysis. The best fits
of experimental data were obtained by using eqs 3 and 4 (Table
3). Initially, the conversion of [trans-OsCl,(NO)(Hind)]~ into
[cis-OsCl,(NO)(Hind)]~ was analyzed as a first order
irreversible process. The deviation of experimental data from
the theoretical ones at high temperatures (120 and 130 °C) at
longer time intervals (see Figure S9) suggested applying the
reversible first order isomerization law. The activation
parameters (AH” and AS”) have been estimated using two
methods (Table 4). In the first one (method I), the
corresponding values of k; and k_; at different temperatures
have been obtained after fitting the experimental population
rates with those calculated via eqs 3 and 4 and analysis by the
logarithmic Eyring eq S:
kK ag" 1 ks As?
In—=- X —+In—+—
T R T h R (s)

In the second method (method II), the experimental
population ratios at different temperatures were fitted
simultaneously by using the reversible first order model (eqs
4 and 5) with constraining eq S. In this case, two enthalpies of
activation (AH%_,... and AH:,._ ;) and two entropies of
activation (ASE,_,... and ASE, ) were used as variable
parameters (Table 4). The results obtained from both methods
are similar. The second method was not applied in the case of
osmium complexes because of the absence of experimental data
for cis to trans transformation.

The best fit for activation parameters (AH?, AS*) and
calculated Gibbs energy (AG¥) for the isomerization reactions
of [cis-MCL,(NO)(Hind)]~ (M = Ru (1), Os (3)) and [trans-
MCL(NO)(Hind)]~ (M = Ru (2), Os (4)) in C,D,Cl, are
quoted in Table 4 (see also Figure 7). The obtained enthalpies
of isomerization is approximately two times as high as that

Table 3. Rate Constants k (s™') with Standard Deviations in Parentheses and Equilibrium Constant K at Different
Temperatures for the Isomerization Reactions of [cis-MCL,(NO)(Hind)]~ (M = Ru (1), Os (3)) and [trans-MCL,(NO)(Hind)]~

(M = Ru (2), 0s(4)) in C,D,Cl,

k(80 °C) x k(90 °C) %
107¢ 10°¢

process

[ Eis—)Rqu(NO)(Hind)T cis — trans 0.58(8) 1.78(2)
1

[trans-RuCl,(NO) trans — cis 1.05(6) 2.66(3)
(Hind)]™ (2)

[RuCl,(NO)(Hind)]~ K=(k_) 0.55 0.57

—C.

cis(—[%)sCh(NO)(Hind)]’ cis — trans®
3

trans-[OsCl,(NO) trans — cis
(Hind)]~ (4)
[0sCL(NO)(Hind)]~ K= (k_y)

—c

k(100 °C) x k(105 °C) x k(110 °C) x k(120 °C) x k(130 °C) x
10°¢ 107¢ 1076 107 10°¢

5.51(6) 83(1) 20.1(7)
12.2(1) 19.5(2) 50.1(5)
045 0.42 0.40
0.04(1) 0.08(1) 0.6(1) 23(2)
1.26(1) 2.68(2) 11.4(1) 36.6(7)
0.03 0.03 0.05 0.06

“The kinetic parameters were obtained from reversible first order law analysis of trans to cis conversion data of trans-[OsCl,(NO)(Hind)]~ (4).
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Table 4. Activation Parameters (AH*, ASY, AG*) for the isomerization of [cis-MCL,(NO)(Hind)]~ (M = Ru (1), Os(3)) and

[trans-MC1,(NO)(Hind)]~ (M = Ru (2), Os(4)) in C,D,Cl,

a

AG*(25 °C) AG*(110 °C)
AH* (KJ/mol) AS* (J/(mol-K)) (kJ/mol) (kJ/mol)
compound process method I method IT method I method IT method I method I
[cis-RuCl,(NO)(Hind)]~ (1) cis — trans 1241 +03 1228 +13 —-149+07 —187 %36 128.5 129.8
[trans-RuCL,(NO)(Hind)]~ (2) trans — cis 1437 £ 05 1388 + 1.0 285 + 14 310 + 2.7 1352 132.8
[cis-OsCl,(NO)(Hind)]~ (3) cis — trans® 2007 + 0.7 142.7 + 89 161.7 146.0
[trans-OsCL,(NO)(Hind)]~ (4) trans — cis 1682 + 0.6 854 + 3.9 144.9 135.5

“Estimation from method I by fitting k; and k_; by Eyring equation (eq S) and by method II, simultaneously fitting the all population ratios at
different temperatures via eqs 3 and 4 with constraining eq 5. “The kinetic parameters were obtained from reversible first order law analysis of trans

to cis conversion data of 4.

1000/T
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Figure 7. Eyring plots for the isomerization reactions of [MCL,(NO)-
(Hind)]~ trans to cis (in red) (M = Ru (2) (A), Os (4) (O)) and cis
to trans (in blue) (M = Ru (1) (¢), Os (3) (O)) in C,D,Cl,. The solid
lines are the best fits with activation parameters quoted in Table 4.

reported for trans to cis isomerization of [Os(tpy)CL(N)]*,
where tpy = terpyridine (AH” = 78 + 8 kJ/mol AS” = 79 + 10
J/mol-K),** while the entropy factors are similar.**

The equilibrium constants at different temperatures were
obtained as a ratio between the rate constant for trans—cis and
cis—trans isomerizations (Table 3). The equilibrium constants
(K;) for isomerization of [RuCIl,(NO)(Hind)]™ are not
changing much with temperature and vary slightly between
0.57 and 0.40, indicating the low thermodynamic differences
between cis and trans isomers.

The thermodynamic parameters (AH® = 13.5 + 1.5 kJ/mol;
AS® = =52 + 3.4 J/(mol-K)) for [RuCl,(NO)(Hind)]™
isomerization have been obtained by fitting the experimental
data with eq 6 (see van’t Hoff plot in Figure S10 of Supporting
Information):

AH®°  AS°
RT R (6)

The enthalpy of isomerization reaction obtained from van’t
Hoft plot is close to value obtained from difference between
two enthalpy of activation (AH° = AH: — AH?

InK=-

trans—cis r:is—tmns)

AH® = 16 kJ/mol (method I) and 19.6 kJ/mol (method II).
For osmium complexes, the equilibrium constants have low
values (0.03—0.06) and suggest the dominant stability of the cis
isomer. This result is in accordance with the evolution of NMR
spectra for [trans-OsCl,(NO)(Hind)]~ (Figure 4), which was
almost completely transformed into the cis isomer upon
heating.

Note that the isomerization also occurs in DMSO-d, (see
Figure S11). However, the isomerization in DMSO is
accompanied by the ligand substitution process (DMSO/
indazole). Detailed investigation of isomerization in different
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solvents and of exchange/substitution reactions will be part of a
separate work.

Electrochemistry. The cyclic voltammograms of ruthenium
and osmium complexes 1—4 in CH;CN containing 0.10 M
TBAPF, as the supporting electrolyte using a glassy carbon
working electrode and a saturated calomel electrode (SCE) as a
reference electrode are shown in Figures S12 and 8§,

I, pA

i
i
1

K]

T T T T L
-0 -1,5 -1,0

E.V

Figure 8. Cyclic voltammetry of [cis-OsCl,(NO)(Hind)]~ (red),
[trans-OsCl,(NO)(Hind)]~ (blue), and their mixture (green) at 100
mV/s on GC electrode (3 mm) in 0.1 M TBAPF in CH;CN (see also
Figure S17).

respectively. The redox processes occur exclusively on the
complex anions [MCL,(NO)(Hind)]~, where M = Ru or Os.
The cyclic voltammograms of 1 and 2 showed a large
irreversible reduction wave at —1.0 V and an irreversible
oxidation wave at 1.77 V vs SCE (Figure S12). The multiscan
cyclic voltammetry on the oxidation peak at 0.1 V/s is
characterized by a dramatic decrease of the peak intensity,
presumably due to nonconductor deposit generation. The peak
intensities (normalized vs concentration) are similar for 1 and
2, and one-electron processes were determined by calibration
with the Fc/Fc" couple. In the isomeric mixture, 1 and 2 cannot
be distinguished by cyclic voltammetry since the phenomenon
of deposit was encountered again during the coulometry with a
fast and abnormal decrease of the current intensity. The
ruthenium complexes are generally more reactive than the
related osmium compounds. This seems to affect their redox
processes, in which, both the oxidized and reduced species
generated are unstable.

The cyclic voltammograms of the osmium complexes 3 and 4
display two irreversible reductions and a reversible oxidation
wave (Figure 8) with E, , = 1.40 and 1.52 V vs SCE for trans 3
and cis 4 complexes, respectively (Figure 8). The difference in
redox potentials indicates that the two isomers can be identified
by standard cyclic voltammetry measurement (see Experimen-
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tal Section and Figure 8). The linear dependence of the
oxidation peak current I, versus the square-root of the scan rate
potential between 0.025 and 0.3 V/s for 3 and 4 is indicative of
a diffusion-controlled process. Moreover, the oxidation peak
intensities (at the same concentration) of 3 and 4 are similar
(Figure 8). The exhaustive electrolysis of 4 performed at 2.00 V
exhibited a one-electron oxidation accompanied by develop-
ment of a new visible absorption band with 4, at 519 nm
(Figures S13 and S14). The cyclic voltammetry followed after
electrolysis showed the same reversible wave, indicating the
stability of the oxidized state of 4 under an inert atmosphere.
Similar electrochemical behavior was reported for [Os-
CL(NO)]>~ 5~

Thus, we can assign a reversible one-electron oxidation for
these two isomers as follows:

[OsCl,(NO)(Hind)]"

cis Or trans

[OsCl,(NO)(Hind)] + e

cis or trans

An exhaustive electrolysis of 3 at 2.00 V resulted in the
appearance of a new visible band with 4., at 502 nm (Figures
S1S and S16). Unexpectedly, the determined electron apparent
number value was n,,, = 2 (Figure $18). The voltammograms
recorded immediately after coulometry showed the disappear-
ance of all the initial redox processes. So, the oxidized form of 3
appeared to be stable at the time scale of the cyclic voltammetry
but unstable at the time scale of the coulometry. From the
NMR experiment at room temperature, cis isomer 3 undergoes
a slow isomerization into 4. By association with the
electrochemical results, a general mechanism can be proposed
as summarized in Scheme 2:

Scheme 2. cis—trans Isomerization Reactions (Red Outline)
Associated with the Redox Processes (Black Outline)

[ 1
| [trams-OsCLINOK Hind)| = [rans-OsClL(NOXHind)]| + ¢

patiiway A P pathway B 4

Y

[eis=OsC1(NOKHind)]" = eis-OsClLINOY Hind)] +

pathway C

The same isomerization reaction can be envisaged from the
one-electron oxidized form of 4 in agreement with the
mechanism presented in Scheme 2. Some examples of a
redox-induced cis—trans isomerization of metal complexes are
well-documented in the literature.” In order to prove whether
pathway B in Scheme 2 is indeed operative in our case, the
multiscan cyclic voltammetry of 4 at a slow scan rate of
potential was performed to generate the le oxidized species of
4 at the electrode, which could hypothetically convert into the
corresponding isomer (le oxidized form of 3). However, no
mixture of one-electron oxidized species of 4 and 3 was
observed in the diffusion layer during the experiment. This
result indicates that (i) pathway B is not operative or (ii) the
rate of the transformation of le oxidized species of 4 into the
corresponding oxidized form of 3 is very slow, and we cannot
observe it on the time scale of our experiments. Finally, on the
time scale of the coulometry, we observed a more complex
mechanism which led to the degradation of the oxidized form
of 3 after two electrons transfer according to pathway C. We
can suggest a CE mechanism in which the chemical reaction C
can be considered slow on the time scale of the cyclic
voltammetry.” Indeed, the system 3/1e oxidized 4 is reversible

6268

in cyclic voltammetry, even at a slow scan rate of the potential.
On the coulometry time scale, the process is irreversible
because a chemical reaction occurs followed by an irreversible
le oxidation reaction in accord with a general ECE mechanism
with a global apparent electron number value n,,, = 2.
Computational Study. The theoretical analysis starts with a
brief comparison of the calculated NO stretching vibrational
frequencies of 1—4 to their experimental values. This allows for
verifying the experimental distinguishability of the cis and trans
isomers by the (NO) wavenumber in the IR spectrum, that is
the most prominent peak in the IR spectra of all investigated
compounds. It deserved particular attention for two reasons:
first, it is the peak with the highest intensity, and second, its
vibrational frequency differs for the cis and trans isomers due to
different trans effects of the chlorido and indazole ligands.
Table 5 shows calculated and experimental wavenumber
values for the NO vibrational frequency. The trans isomers (2

Table S. Experimental and Scaled NO Stretching Vibrations
(in cm™) at the B3LYP/6-31G* Level of Theory

complex 1 2 3 4
calculated 1863 1892 1829 1860
experimental 1846 1875 1805 1838

and 4) show an NO absorption frequency which is larger by ca.
30 cm ™" than that of the corresponding cis isomers. Although
calculations overestimate the NO absorption frequency by ca.
20 cm™! on average, the error is systematic; i.e., the difference
between the NO frequencies in trans and cis compounds is
almost the same. Thus, the calculations support the distinguish-
ability of the cis and trans isomers by their NO vibrational
frequencies. The good agreement between the experimental
and the B3LYP/6-31G* geometries validates the employed
method for the calculation of equilibrium geometries.

In the following, we discuss the cise>trans isomerization
mechanism of the [RuCL,(NO)(Hind)]~ complex. We present
and compare activation energies for three different isomer-
ization pathways: the dissociative mechanism with intermedi-
ates, the associative mechanism, and the twist mechanism. The
outlines for the three mechanisms showing the involved
transition states and intermediates are given in Figure 9,
showing the most relevant geometrical parameters. All the
optimized values can be found in the Supporting Information
(Tables S1—S9). Although the mechanisms are described only
in the cis — trans direction, they are thermodynamically
reversible, and hence the described reaction paths are also valid
for the reverse reaction.

The Dissociative Mechanism. Starting from the cis
structure, the dissociative mechanism (Figure 9A) is found to
consist of three key steps: (i) the dissociation of the indazole
ligand, (ii) migration of a Cl~ ligand around the metal center
from the axial to the equatorial position, and (iii) reassociation
of the indazole ligand. Each of the three substeps shows a
transition state and metastable intermediates. After the ligand
dissociation (step i), the system is found in a metastable
intermediate (a local minimum along the reaction coordinate,
labeled cis-min) showing a distorted square-pyramidal coordi-
nation geometry around Ru. This minimum presents a
hydrogen bond-like interaction of the NH group of the
indazole with one of the CI ligands. The H—Cl bond length in
cis-min is 2.10 A and remains in the range of 2.10-2.38 A
throughout all intermediates and transition states. The ClI-Ru—
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Figure 9. Schematic representation of three cis—trans isomerization mechanisms investigated for [RuCl,(NO)(Hind)]: dissociative (A), associative
(B), and twist (C). The involved transition states and the reaction intermediates are shown, together with the most relevant geometrical parameters
(in A and degrees) obtained at the B3LYP/6-31G* level of theory in the gas phase. The relative energies are calculated at the PCM-B2GP-PLYP/6-
311G*//B3LYP/6-31G* level of theory. The labels cis-ts, ts, and trans-ts refer to transition states, while cis-min and trans-min are intermediates. For a
better illustration of the twist mechanism (c), the letters a4, b, and ¢ mark the NO—CI—CI triangle. Upon the isomerization, the triangle rotates

around the ruthenium atom, as shown in the figure.

Cl angle increases from 90° in the cis compound to 102° in the
cis-min structure.

The ligand dissociation from the cis complex is immediately
accompanied with an NO bending up to 9° out of the Ru—CI—
N plane: this is most likely due to the noninnocent character of
the NO ligand, i.e. the ability of NO to donate another electron
pair to ruthenium after the indazole ligand has dissociated.
Upon conversion to the trans structure, NO becomes linear
again during step ii. In step ii, the cis-min structure is easily
converted to another, more stable trans-min intermediate via
the transition state ts, which shows a trigonal-bipyramidal
coordination geometry around Ru. Both the cis-min and the
trans-min structures show a square-pyramidal coordination
geometry with the Ru atom coming out from the basal plane. In
the cis-min structure, one of the CI~ ligands is bound apically,
while in the trans-min structure, all four CI” ligands are
equatorially bound. The CI™ migrates from the apical position
in cis-min to the equatorial position in trans-min, while the rest
of the coordination sphere remains almost unchanged—only
the CI—-Ru—Cl angle changes from 105° in cis-min via 119° in ts
to 158° in trans-min. Step iii, the final step, is the reversion of
the step i, where an indazole ligand reassociates to the square-
pyramidal coordination polyhedron and completes the isomer-
ization process. The dissociative mechanism described herein is
similar to that of Berry pseudorotation in PEs.”*™®” In our case,
the square-pyramidal transition states (cis-fs and trans-ts) are
more stable than the trigonal-bipyramidal intermediate (ts).
This can be explained by a large crystal field splitting of 4d
orbitals of ruthenium.

The Associative and the Twist Mechanisms. The
associative mechanism involves coordination of a second
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indazole ligand to ruthenium, resulting in a pentagonal—
bipyramidal coordination geometry around ruthenium in the
transition state (Figure 9B). The transition state (labeled fs,) is
asymmetric: the Ru—indazole bond lengths for the indazoles
attached cis and trans relatively to the NO are 2.19 and 2.41 A,
respectively. The Ru—Cl bond lengths are not identical either.
One of them involving the chlorido ligand between the two
indazole ligands is of 2.88 A, while the other Ru—Cl bonds are
shorter at 2.41 A. Inspection of the vibrational normal mode
associated with the imaginary frequency shows that ts, is also a
transition state for the indazole vs chlorido ligand substitution
reaction: while in a direct cis<>trans isomerization one would
expect a transition state with an imaginary frequency associated
with an asymmetric indazole—indazole stretch, the found saddle
point normal mode is a linear combination of the indazole—
indazole and indazole—chlorido asymmetric stretches.

The twist mechanism (Figure 9C) is likewise mediated by
one transition state (fs,), where the NO—CI—Cl triangle
(marked with a, b, and ¢ in Figure 9C) rotates on top of the
central atom and the three remaining ligands. This transition
state shows a trigonal-prismatic coordination geometry around
ruthenium. Along with the NO—CI—Cl rotation, the indazole
ligand rotates slightly around the Ru—N bond, so that the two
H atoms of the indazole close to other chlorido ligands can
maintain hydrogen bond-like interactions with them. The
vibrational normal-mode analysis of the transition state shows a
low frequency corresponding to the Ru—indazole stretching
normal mode. A relaxed potential energy surface scan at the
B3LYP/6-31G* level of theory along with the normal modethe
Ru-indazole stretching coordinate has revealed that at slightly
longer Ru—indazole distances (2.481 A) this coordinate
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Table 6. Electronic Energies (in kJ/mol, Relative to the trans Compound 2 for cis (1) and trans (2) Minima), Transition States
and Associated Intermediates Calculated at Different Levels of Theory

(A) dissociative mechanism (B) associative (C) twist
method cis (1) cis-ts cis-min ts trans-min trans-ts trans (2) ts, ts,
BSLYPgaSa 15.28 96.03 91.29 92.12 72.85 86.6 0 139.19 193
BSLYPmﬁ —-3.94 111.99 107.65 125.3 90.56 94.82 0 140.47 189.09
BZGP—PLYPFf 27.61 118.38 109.04 112.08 87.02 105.99 0 163.68 192.58
BZGP-LYPSOld 0.8 124.65 114.19 140.45 95.52 103.61 0 158.56 199.43
AH° 16.0 138.8¢ 0 138.8¢ 138.8°

“B3LYP/6-31G*. "PCM-B3LYP/6-311G*//B3LYP/6-31G*. “B2GP-PLYP/6-311G*//B3LYP/6-31G*. “PCM-B2GP-PLYP/6-311G*//B3LYP/6-

31G*. “Activation enthalpy is obtained without explicit considerations of a particular transition state.

becomes dissociative; in other words, an indazole ligand
dissociates very easily from the twist transition state.

Relative Thermodynamic Stabilities and Activation
Energies. Table 6 quotes the relative energies of 1 and 2 and
all the transition state species involved in the isomerization
reaction. The enthalpy AH® for the isomerization reaction is
taken from Table 4, and it is equal to the difference between
activation enthalpy obtained from kinetic study AH* for the
trans — cis and cis — trans reactions. This value corresponds to
the rate limiting step transition state (ts in Figure 9A). The
experimental enthalpy for the cis compound is calculated as the
difference of the experimental activation enthalpies AH* for the
cis — trans and trans — cis isomerization, also taken from Table
4 (method II):

— AH®

cis— trans

AH = AHtimns—n:is

All calculated energies are relative to the trans compound 2.
Moreover, electronic energies are used instead of calculated
enthalpies: B3LYP/6-31G* enthalpies at 298 K show that the
deviations of electronic energies from enthalpies are under 1
kJ/mol. A comparison of calculated electronic energies with
experimental activation enthalpy as performed here introduces
errors which are negligible in comparison to the intrinsic error
of the method.

As can be clearly seen, the thermodynamic values obtained
with B3LYP and B2GP-PLYP functionals are substantially
different, confirming the need of a highly accurate functional for
estimating energetics. However, the inclusion of the solvent
with the PCM method is reflected in a similar manner for both
B3LYP and B2GP-PLYP functionals. For instance, in the
dissociative mechanism, the cis isomer is stabilized by ca. 19 kJ/
mol and ca. 27 kJ/mol, respectively, as compared to the trans,
while the limiting step transition state (ts) is destabilized (by 33
and 28 kJ/mol), increasing the total activation energy for the
reaction. The increase of the activation energy for the
dissociative mechanism is consistent with the fact that it is
harder for the ligand to escape the metal coordination sphere to
initiate a reaction when the molecule is trapped in a solvent
cage. This is not relevant for the twist mechanism, where no
dissociation is required to initiate the reaction. Accordingly, the
solvent effect on the activation barrier is much smaller (less
than 10 kJ/mol).

Conspicuously, the B3LYP/6-31G* gas phase result for the
relative cis—trans thermodynamic stability (15.3 kJ/mol) is very
close to the experimental value (13.5 kJ/mol). However, the
inclusion of the solvent effects changes the value down to —3.9
kJ/mol, leading to the cis isomer being thermodynamically
more stable than the trans, in contrast to the experiment. This
evidences the importance of including solvent effects. Both the
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gas phase and PCM values obtained with the B2GP-PLYP
functional are in line with the experiment, although the solvated
value predicts both cis and trans isomers as almost degenerate.
We attribute the discrepancy between the experimental and
B2GP-PLYP calculated value at least in part to the fit errors in
the Eyring plots.

The best value for the activation energy in the dissociative
mechanism is given by the PCM-B2GP-PLYP/6-311G*
(140.45 kJ/mol, see ts energy in Table 6), remarkably close
to the experimental activation enthalpy (138.8 kJ/mol). At the
same level of theory, the corresponding energies for the
associative and twist mechanisms are higher in energy, i.e. ca.
159 and 200 kJ/mol, respectively. It is important to note that
regardless of the functional and the exact comparison with the
experimental value, the activation energy for the dissociative
mechanism is the lowest. Therefore, we propose the
dissociative mechanism as the primary mechanism for the
cisetrans isomerization of the ruthenium complexes.

H CONCLUSION

In this work, we report on the synthesis and crystal structures
of ruthenium and osmium compounds of the general formula
(Bu,N)[MCI,(NO)(Hind)], where M = Ru or Os and Hind =
1H-indazole. All compounds have an octahedral {MCLN,}
structure and have been isolated as cis and trans isomers. The
negative charge of each complex is counterbalanced by one
tetrabutylammonium (Bu,N") cation. A good solubility of the
compounds in aprotic solvents assured by the presence of the
(Buy,N*) cation allowed for the investigation of these
compounds in solution by electrochemistry and NMR
spectroscopy.

NMR spectroscopy showed that the cis and trans complexes
are stable in DMSO and C,D,Cl, solutions at room
temperature. In the case of ruthenium complexes, the cise<>
trans isomerization in C,D,Cl, solution is discovered at
temperatures above 80 °C. For osmium complexes, the
isomerization process occurs at temperatures above 100 °C in
accord with higher inertness of osmium complexes as compared
to ruthenium counterparts. A kinetic investigation by NMR
spectroscopy revealed that the isomerization reaction corre-
sponds to a reversible first order process. The rates of
isomerization reaction even at 110 °C are very low at 107°
s™' in the case of ruthenium and 107 s™' in the case of
osmium. The activation parameters, which have been obtained
from fitting the reaction rates at different temperatures to the
Eyring equation, are also in line with the inertness of these
systems. The entropy of activation for the isomerization process
of the osmium compounds is highly positive and suggests the
dissociative mechanism of isomerization. In the case of
ruthenium, the activation entropy for the cis to trans
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isomerization is negative (—18.6 J/(mol-K)), but positive for
the trans to cis isomerization reaction (31.0 J/(mol-K)). The
thermodynamic parameters for cis/trans isomerization of
[RuCL,(NO)(Hind)]~, viz, AH® = 13.5 + 1.5 kJ/mol and
AS°® = =52 + 3.4 J/(mol'K), indicate the low difference
between the energy of cis and trans isomers. The obtained
thermodynamic parameters are consistent with kinetic results.
Estimation of rates of the isomerization reactions at room
temperature is on the order of 107'° s™', representing one of
the slowest isomerization processes reported so far.

The theoretical calculation of possible isomerization
mechanisms has been carried out on ruthenium complexes
with DFT methods. The dissociative, associative, and intra-
molecular twist isomerization mechanisms have been consid-
ered. The best value for the activation energy is given for the
dissociative mechanism by the PCM-B2GP-PLYP/6-311G*
method (140.5 kJ/mol), close to the experimental activation
enthalpy (138.8 kJ/mol). At the same level of theory, the
corresponding energies for the associative and twist mecha-
nisms are higher in energy, ie, ca. 159 and 200 kJ/mol,
respectively. Electrochemical investigation confirmed higher
reactivity of ruthenium complexes compared to those of
osmium and showed that intramolecular electron transfer
reactions do not affect the isomerization process. On the basis
of the results above and also taking into account the high
temperature of reactions, we propose the dissociative
mechanism as the primary mechanism for the cisetrans
isomerization of both the ruthenium and osmium complexes.
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