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Two new isomers trans,mer-{Ru"'Cl,(bpea)(DMSO)], 2a, and cis,fac{Ru"'Cl,(bpea)(DMSO)], 2b, (bpea = N,N-bis-
(2-pyridylmethyl)ethylamine), as well as the bis-DMSO complex trans,fac-{Ru"Cl(bpea)(DMSO),]CI, 3, have been
synthesized and characterized by cyclic voltammetry and UV-vis and 1D and 2D NMR spectroscopy in solution.
Their solid-state structure has also been solved by means of single-crystal X-ray diffraction analysis. All the three
complexes display a ruthenium metal center possessing a distorted-octahedral type of coordination, where the
bpea ligand is coordinated in a meridional fashion in 2a and in a facial fashion in 2b and 3. The isomer 2a is the
kinetically favored and thus can be thermally converted into 2b, that is the thermodynamically favored one. A
thorough kinetic analysis strongly points toward a dissociative mechanism, where in the first step a chloro ligand
is removed from the metal coordination sphere, followed by a geometric rearrangement before the chloro ligand
coordinates again, generating the final complex. DFT calculations agree with the experimental data for the proposed
mechanism and allow us to further characterize the mechanism of the 2a — 2b rearrangement by obtaining the

intermediates and transition state.

Introduction

To this end, one of the most interesting and promising
applications of ruthenium complexes are as chemotherapeutic

During the last three decades, the coordination chemistry agent$ The majority of the new drugs based on ruthenium

of ruthenium complexes has experienced a large boost, given,gmplexes that have been prepared and tested lately (some
the multiple applications they have in the fields of catalysis, of them already in clinical trials like NAMI-A9 are based

photochemistry and photophysicand more recently in
supramoleculd@rand bioinorganit chemistry.

on coordination complexes of ruthenium that contain chloro,
DMSO as well as a pyridylic type of ligandsA major
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challenge in this field is to understand the mechanism of tion,'3 a-alkylation of ketones? aerobic oxidation of alco-
action through which those complexes bind to DNA tumor hols?® oxidation of aliphatic ethers to estéfisomerization
cells. Invariably this process involvesstacking interactions ~ 0f alcohols}’ selective oxidation of aryl sulfides with
and/or the substitution of chloro and/or DMSO ligands so Molecular oxyger? etc.

that a binding interaction can take place. Thus, it is critical ~ With this in mind, we have prepared a family of complexes
for the advancement of this field to understand the different cOntaining chloro, DMSO, and the tridentate bplid\tbis-

parameters that govern the substitution chemistry of this type (2-pyridylmethyl)ethylamine) ligand. This ligand is interest-

of compounds. Furthermomgs- andtrans[RuCL(DMSOQO),] ng bgcause It generates avery r'.Ch chemiStgiven .(a) .
. ' . the different type of coordinating nitrogen atoms (aliphatic
are some of the most widely used starting materials for the

thesis of oth theni le&eks h th b vs aromatic) that in turn will generate different trans effects/
Synthesis ot other ruthenium complexesrougn the Sub-— ,,ences with the consequences this will have to reactivity,

stitution of the labile chloro and DMSO ligands by the () the nonequivalence of the three nitrogen atoms that in
desired ligand. The substitution processes are also importany, gctahedral environment will generate different types of

to another flourishing area of research that is supramoIeculargeometrica| isomers, and (c) the flexibility of the ligand that

chemistry because RtCI-DMSO complexes are used as
building blocks to assemble complex 3D architectdrés.
the area of catalysis, [RugDMSO)]* as well as other Ru
CI-DMSO complexes containing other ligands, are particu-
larly interesting as precursdtsand catalysts for a variety
of reactions including hydrogen-atom transfenydrogena-
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will allow both a facial and a meridional type of coordination
with also the possibility of generating different isomers. This
is in sharp contrast with the commonly used trpy (&2
2"-terpyridine) ligand that always behaves in a meridional
fashion and with all nitrogen-donor atoms being aromatic.
All of the mentioned properties of the bpea ligand combined
will allow us to extract meaningful information regarding
the different parameters that govern the substitution reactions
and thus might be useful to interpret/extrapolate—Ru
DMSO—Cl interactions with living organisms. Here on, we
report the synthesis, isolation, and characterization of a family
of Ru—bpea complexes and a detailed analysis of the
substitution and isomerization reactionst@ns,mef[Ru''-
(Cl)o(bpea)(DMSO)]2a.

Experimental Section

Materials. All of the reagents used in the present work were
obtained from Aldrich Chemical Co. and were used without further
purification. Reagent grade organic solvents were obtained from
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Chemistry of Ru(ll) Complexes Containing Cl and DMSO Ligands

Chart 1. Drawing of bpea Ligand

bpea

44.1 (G7), 7.8 (G). NOEs H17 with H15 and H16 with H7; UV
vis (EtOH, 10“M) Amax, NM (€, M~tcm™Y): 250 (11 787), 327
(6250), 363 (9126)E;/2 (CH.Cl, + 0.1M TBAP)= 0.56 V versus
SSCE QAE, = 220 mV).

Method 2. This isomer was also obtained from a solutiorRaf
in EtOH at 75°C afte 5 h of heating.

trans,fac{Ru" Cl(bpea)(DMSO)]CI, 3. (Trans refers to the
position of the chloro ligand with regard to the aliphatic-N atom
of bpea). A solution containing 0.375 mL (4.34 mmol) of DMSO

SDS, and high-purity deionized water was obtained by passing and 57 mg (0.12 mmol) dfans,merfRu''Cly(bpea)(DMSO)] 23,

distilled water through a nanopure Mili-Q water purification system.
RuCk-2H,0, was supplied by Johnson and Matthey Ltd. and was
used as received.

Preparations. The bpea liga® and complexfac-[RuCly-
(DMSO-0)(DMSO0-S)], 1,8 (the fac here indicates that the tree

in 30 mL of 1-propanol was heatedrfé: h 30 min at 85°C. After
the addition of 10 mL of ether, a yellow solid was formed and
filtered on a frit, washed with ether, and vacuum-dried. Yield: 0.045
g (68%). IR (cn?): v = 3002, 2921, 1081,10184 NMR (MeOD
200 MHz, 25°C): 6 9.40 (d,%J114-213= 5.8, 2, H, Hy4), 8.06 (t,

DMSO sulfur-bonded ligands are bound to the metal center in a 333 4=3J 2=3J12 11 =30213=7.8,2, K, H19), 7.7 (d,*411-3.12
facial manner) were prepared according to literature procedures.= 7.8, 2, H, Hi1), 7.57 (t,332—1 = 3Jp—3 = 3J13-10 = 3J13-14 = 7.8,

All of the synthetic manipulations were routinely performed

2, Hy, Hig), 5.01 (d,2Jsa0a6b,00 = 16.8, 2, Ha Heg), 4.73 (d,

under a nitrogen atmosphere using Schlenk tubes and vacuum lin€*Jb,ob-6a9a= 16.8, 2, Ry, Hov), 4.12 (9,°3;—8 = 7.4, 2, H), 3.65

techniques.

trans,mer{Ru'" Cl,(bpea)(DMSO)], 2a.A solution containing
170 mg (0.74 mmol) of bpea ligand and 360 mg (0.74 mmol) of
in 20 mL of dry ethanol was refluxed for 40 min. Upon cooling to

(s, 6, Hs, Hig), 3.03 (s, 6, He, Hi7), 1.59 (1,305—7 = 7.4, 3, Hy).
13C NMR (MeOD, 200 MHz, 25C):0 163.1 (G, Ci0), 151.9 (G,
Cus), 140.6 (G, C1p), 126.1 (G, Cy1), 123.7 (G, Cra), 69.3 (G,
Cy), 64.1 (G), 47.6 (Gs, Cig), 46.2 (Gs, C17), 8.81 (G). UV—vis

room temperature, a dark-orange solid was formed and was filtered (EtOH, 107*M) Amax, nM (€, M~'cm™): 240 (14 542), 275 (11 034),

on a frit, washed with cold ethanol and ether, and vacuum-dried.
Yield: 0.18 g (51%). Anal. Found (Calcd) (%) for;&1,5CIoN3-
ORuS: C 40.16(40.25); N 8.61(8.80); H 4.94(4.85); S 6.90(6.71).
IR(cm™1): v = 3077, 2950, 1446, 1068H NMR (CD,Cl,, 500
MHz, 25°C): 6 8.76 (d,3J;114-2,13=5.25, 2, H, Hi4), 7.63 (t,
8034 = 3335 = 3111 = 31213 = 7.62, 2, H, Hiz), 7.27 (d,
Sa11-312= 7.62, 2, H, Hu), 7.24 (t, 2H30-1 = 3323 = 301312

= 31314 = 7.62, 2, B, Hi3), 5.75 (d,2Jeb 9b-6a,9a= 14.5, 2, Ry,
Hop), 4.43 (d,2Jea 0a-6b,00= 14.5, 2, Hs Hog), 3.52 (s, 6, Hs, Hie),
3.14 (q, 2,33;-g = 7.15, Hy), 1.20 (t,%Js—7 = 7.15, 3, H). °C
NMR (CD,Cl,, 500 MHz, 25°C):6 156.7 (G, Ci4), 136 (G3, C12),

124 (G, Cyg), 121.6 (G, Cra), 61.3 (G, Co), 52 (Gy), 45.5 (Gs,
Ci6), 8.5(G). NOEs H15 and H16 with H1 and H14; UWis
(EtOH, 10*M) Amax NM €, M~tcm™1): 252 (13 943), 352 (5228),
417 (12 603)E12 (CHCI, + 0.1M TBAP) = 0.53 V versus SSCE
(AE, = 190 mV).

cis,fac{Ru" Cl(bpea)(DMSO)], 2b.(Cis refers to the position
of the DMSO ligand with regard to the aliphatic nitrogen atom of
the bpea ligand).

Method 1. This complex was prepared in a manner identical to
the case foRa except that the reflux was performed for 12 h. An
orange solid was obtained. Yield: 0.23 g (63%); Anal. Found
(Calcd) (%) for GeH23Cl.N3ORUS: C 40.20(40.25); N 8.72(8.80);
H 4.89(4.85); S 6.84(6.71). IR(cr®):v = 3070, 2919, 1481, 1052.
IH NMR (CD,Cl,, 500 MHz, 25°C): 6 9.74 (d,%J;—, = 5.35, 1,
Hl), 9.27 (d,3J15_13 = 535, 1, H_s), 7.65 (dt,ng_z = 3J3_4 = 7.7,
4.]371 = 13, l, |‘§), 7.47 (dt,3J372 = 3-]374 = 7.7,4.]371 = 13, l,
Hio), 7.26 (t,3)-1 =3%)3=7.7,1, 1), 7.25 (d,3)43= 7.7, 1,
H4), 7.08 (d,SJllflz = 77, 1, H_l), 7.05 (t,3J13715 = 3\]13712 = 77,

1, Hig), 4.52 (d,2Jsa-6p = 15.8, 1, ), 4.50 (d,2Jgp-9a = 15.8, 1,
Hop), 4.15 (M, 27p-7a= 14.5,337p5 = 7.27, 1, Hy), 4.01 (M 2J75-7
=14.5,3)7,8=7.27, 1, H,), 4.0 (d,2J9a-0p = 15.8, 1, H,), 3.92
(d, 2Jsp-6a= 15.8, 1, Hy), 3.51 (s, 3, He), 3.05 (s, 3, Hy), 1.29 (t,
3Jg—7 = 7.27, 3, H). 13C NMR (CD,Cl, 500 MHz, 25°C): 6 154.0
(C19), 152.0 (G), 136 (G), 134.5 (Gy), 123.2 (Gg), 122.8 (G),
120.4 (G), 120.1 (G,), 68.4 (G), 67.5 (G), 59.6 (G), 44.7 (Gg),

(20) Pal, S.; Chan, M. K.; Armstrong, W. H. Am. Chem. Sod 992
114, 6398-6406.

293(sh);E2 (CH.Cl, + 0.1M TBAP) = 1.04 V versus SSCEAE,
= 260 mV).

Instrumentation and Measurements.FTIR spectra were taken
in a Mattson-Galaxy Satellite FTIR spectrophotometer containing
an MKIl Golden Gate Single Reflection ATR System. BVis
spectroscopy was performed on a Cary 50 Scan (Varianyu¥
spectrophotometer with 1 cm quartz cells or with an immersion
probe of 5 mm path length. Cyclic voltammetric experiments were
performed in an 1J-Cambria IH-660 potentiostat using a three-
electrode cell. A glassy carbon-disk electrode (3 mm diameter) was
used as working electrode, platinum wire as auxiliary, and SSCE
as the reference electrode. All of the cyclic voltammograms
presented in this work were recorded under a nitrogen atmosphere
unless explicity mentioned. The complexes were dissolved in
previously degassed solvents containing the necessary amount of
n-BuNTPR~ (TBAH) as a supporting electrolyte, to yield a 0.1
M ionic strength solution. All of theE; ), values reported in this
work were estimated from cyclic voltammetric experiments as the
average of the oxidative and reductive peak potenttajs ¢ Ep )/
2. Unless explicitly mentioned, the concentration of the complexes
was approximately 1 mM. ThéH NMR spectroscopy was
performed on a Bruker DPX 200 MHz or a Bruker 500 MHz.
Samples were run in GICl, with internal references (residual
protons and/or tetramethylsilane) and also in MeOD. Elemental
analyses were performed using a CHNS Elemental Analyzer
EA-1108 from Fisons.

Kinetics. The reactions were followed by UWis spectroscopy
in the 600-330 nm range where none of the solvents absorbs. Two
spectrophotometers were used, a JM TIDAS Il with a 661.202-
UVS immersion probe and a PolyScience thermostatic bath, or a
Shimadzu UV-2401PC with a peltier accessory. In all cases, the
temperature was maintained 2#0.1 °C. Observed rate constants
were derived from absorbance versus time traces at the wavelengths
where a maximum increase and/or decrease of absorbance were
observed or by a global fitting method. Table S2 in the Supporting
Information collects all of the obtainddysvalues as a function of
chloride concentration, solvent, and temperature. Traces were fitted
to two exponential first-order consecutive reactions. In all of the
cases, the chloride concentration was at least 10 times higher than
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Table 1. Crystal Data for X-ray Structures &a, 2b, and3

2a

2b

3

emfpil'iCa'I C15H23C|2N30RUS QeHng'zNgORUS QOH37C|2N304RUSZ
ormula
fw 477.40 477.40 619.62
cryst syst monoclinic monoclinic monoclinic
space group  P21fc P2(1)h P121h1
a(h) 9.4262(17) 9.9997(2) 9.503(4)
b (A) 26.571(15) 13.3928(3) 11.590(5)
c(A) 7.8177(15) 13.9841(3) 23.607(9)
o (deg) 90 90 90
p (deg) 112.251(3) 91.5940(10) 91.805(7)
y (deg) 90 90 90
V (A3) 1812.3(6) 1872.08(7) 2598.8(18)
formula 4 4 4

units/cell
peaica(grem3)  1.750 1.694 1.715
w(mm?) 1.284 1.243 1.584
GOF onF 2 1.175 1.042 1.009
R1a [I > 20(1)] 0.0420 0.0301 0.0350
WR2 (all data) 0.1083 0.0788 0.0819

AR1= 3 ||Fo| — [Fll/3|Fol. PWR2= [S{W(Fs? — FAZ/T{w(FA)H}]Y?,

where w= 1/[0*(F¢?) + (0.004P)?] and P = (F¢? + 2Fc?)/3.

the ruthenium complex concentration, which was maintained in the
range (0.2-6.0) x 10~* M. lonic strength was maintained constant
at 1 M LiClO,. All of the fittings were carried out with th8pecfit

program from Spectrum Software Associates.

Mola et al.

associated basis sets augmented with a polarization funetien (
1.235)?425The remaining atoms (carbon, oxygen, and hydrogen)
have been represented with 643tG(d,p) basis set¥. The
B3PW91 geometry optimizations were performed without any
symmetry constraints, and the nature of the extrema (local minima
or transition states) was checked by analytical frequency calcula-
tions. The energies given throughout the article are electronic
energies with the ZPE corrections (however, inclusion of the ZPE
corrections does not significantly modify the results) or Gibbs free
energy values at 298 or 353 K aRd= 1 atm. The atomic charges
have been calculated using the natural population analysis scheme
of Weinhold and co-worker%. The solvent effect was introduced
by the polarizable continuum model (PCM), implemented by
Tomasi and co-worker®. The cavity is created via a series of
overlapping spheres.

The optimization of2a in the gas phase agrees with the
experimental X-ray data. The standard deviation for the bond
distances and angles given in Table S1 in the Supporting Informa-
tion are only 0.014 A and 0°@° respectively, thus providing
confidence in the reliability of the chosen method to reproduce
geometries of the studied complexes. Bbyonly minor differences
in the C-C—N and C-N—C angles of the bpea ligand are found.
Nevertheless, these small differences can be attributed to packing
effects. The calculated structure fBralso nicely reproduces the
experimental structure obtained from X-ray data. XYZ coordinates

X-ray Structure Determination. Suitable crystals ofa were
grown from acetone as orange blocks. Suitable crysta®baind

of the calculated structures f@a, 2b, and 3, and for all of the

other calculated complexes (intermediates and transition states) are

3 were grown by slow diffusion of ethyl ether into a MeOH solution
of the compound as orange blocks and light-yellow plates,
respectively. Measurement of the crystals was performed on aResults and Discussion
Bruker Smart Apex CCD diffractometer using graphite-monochro-
mated Mo K radiation § = 0.71073 A) from an X-ray tube. Data
collection, SMART version 5.631 (BrukerAXS 199702); data
reduction,Saintt version 6.36A (Bruker AXS 2001); absorption
correction SADABSyersion 2.10 (Bruker AXS 2001) and structure
solution and refinementSHELXTL version 6.14 (Bruker AXS

2000-2003). The crystallographic data as well as details of the thermodynamically favoredis,facfRu' Cl,(bpea)(DMSO)],

structure solution and refinement procedures are reported in Table
1. CCDC 650406, 650407, and 650408 contain the supplementary

crystallographic data for this article. These data can be obtained

free

of charge from the Cambridge Crystallographic Data Centre

via www.ccdc.cam.ac.uk/data_request/cif.
Computational Details. The density functional theory (DFT)
calculations have been carried out with the hybrid B3PW91 density

func

tional??2as implemented in th&aussian 03ackage? The

presented in the Supporting Information section.

Synthesis and Structure.The reaction of equimolecular
amounts ofac-[RuCl,(DMSO-0)(DMSO-S]], 1, and bpea
in ethanol at reflux for 40 min produces the kinetically
favoredtrans,mef[Ru''Cly(bpea)(DMSO)],2a, complex in

moderate yield. Additional reflux to 12 h generates the

2b, isomer as shown in Scheme 1. In octahedral complexes,
the bpea ligand can potentially adopt a facial or meridional

(24) Andrae, D.; Haussermann, U.; Dolg, M.; Stoll, H.; PreussTleor.
Chim. Actal99Q 77, 123-141.

(25) Bergner, A.; Dolg, M.; Kuchle, W.; Stoll, H.; Preuss, Mol. Phys
1993 80, 1431-1444.

(26) Hehre, W. J.; Ditchfield, R.; Pople, J. 8. Chem. Phys1972 56,
2257-2261.

ruthenium atoms have been represented with the quasi-relativistic(27) Reed, A. E.; Curtiss, L. A.; Weinhold, Ehem. Re. 1988 88, 899—
effective core pseudo-potentials of the Stuttgart group and the

(21)
(22)
(23)

Becke, A. D.J. Chem. Phys1993 98, 5648-5652.

Perdew, J. P.; Wang, Yhys. Re. B 1992 45, 13244-13249.

Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin,
K. N.; Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone,
V.; Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G.
A.; Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.;
Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai,
H.; Klene, M.; Li, X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B,;
Bakken, V.; Adamo, C.; Jaramillo, J.; Gomperts, R.; Stratmann, R.
E.; Yazyev, O.; Austin, A. J.; Cammi, R.; Pomelli, C.; Ochterski, J.
W.; Ayala, P. Y.; Morokuma, K.; Voth, G. A.; Salvador, P.;
Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich, S.; Daniels, A. D.;
Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A. D.; Raghavachari,
K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A. G.; Clifford, S.;
Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.;
Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.;
Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.;
Johnson, B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, J. A.
Gaussian 03revision C.02; Gaussian, Inc.: Wallingford, CT, 2004.
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926.
(28) Barone, V.; Cossi, MJ. Phys. Chem. A998 102 1995-2001.
(29) standard deviations for the distances and for the angles,=

N 2
\{ izzl(CV— EV) , whereCV means calculated valu&V experi-

N—-1
mental value (X-ray data), ardis the number of distances or angles
taken into account.

(30) (a) Laurent, F.; Plantalech, E.; Donnadieu, B.; Jieze A.; Hernadez,
F.; Marfnez-Ripoll, M.; Biner, M.; Llobet, APolyhedron1999 18,
3321-3331. (b) Sens, C.; Roguez, M.; Romero, |.; Llobet, A,;
Parella, T.; Sullivan, B. P.; Benet-Buchholz,ldorg. Chem 2003
42, 2040-2048. (c) Sens, C.; Roduez, M.; Romero, |.; Llobet, A,;
Parella, T.; Benet-Buchholz, horg. Chem.2003 42, 8385-8394.

(d) Sala, X.; Poater, A.; Romero, |.; Roguez, M.; Llobet, A.; Solans,
X.; Parella, T.; Santos, T. MEur. J. Inorg. Chem2004 612-618.

(e) Katz, N. E.; Romero, |.; Llobet, A.; Parella, T.; Benet-Buchholz,
J. Eur. J. Inorg. Chem2005 272-277. (f) Katz, N. E.; Fagalde, F.;
Katz, N. D. L.; Mellace, M. G.; Romero, |.; Llobet, A.; Benet-
Buchholz, JEur. J. Inorg. Chem2005 3019-3023. (g) Serrano, |.;
Llobet, A.; Rodfguez, M.; Romero, |.; Benet-Buchholz, J.; Parella,
T.; Campelo, J.; Luna, D.; Marinas, lhorg. Chem 200§ 45 (6),
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coordination mode because of its flexibilty The former
mode is the most usually found in the literature and agrees
with the fact that2b is the thermodynamically favored
isomer. On the other hand, the trans,mer iso@eis the
first crystallographically characterized ruthenium complex
with the bpea ligand acting in a meridional manner. The
reaction of2a with excess DMSO generates the bis-DMSO
complextrans,facfRu" Cl(bpea)(DMSQOJCI, 3, that is formed
through 2b (Scheme 1), as will be shown in the kinetic
section below.

can be unambiguously assigned taking into consideration the
symmetry of the individual complexes and are fully consis-
tent with the structure presented in the solid state. All of the
labels used with the NMR data are keyed with regard to the
labels used in the crystal structures2af 2b, and3 (Figure
1). Itis worth mentioning here that the methylenic resonances
of the N—CH,—py group of the bpea ligand can be used as
a diagnosis for the facial or meridional coordination. In the
latter case, the resonances of H6b and H9b2mEappear
close to 6 ppm and are more than 1 ppm downfield with
regard to the facial case. This phenomenon had been
previously observed for related bpephosphine com-
plexes®® The coordination mode of bpea also shifts the
resonances of the methylenic H7 protons, changing from 3.14
ppm in thetrans,mer2aisomer to 4.09 and 4.15 in the facial
2b, due to the different location of these protons with regard
to the aromatic ring current of the bpea pyridyl groups. Both
methylenic H7a-b protons are diastereotopic in this,fac-
2b complex due to the asymmetry of the molecule.
Another interesting feature of the NMR spectra is the
intraligand NOEs observed between DMSO and bpea. For
the case oRa, a NOE signal is observed between the methyl

Crystallographic data and s_elected structural parametersgroups of the DMSO ligand (C15, C16) and both aromatic
for 2a, 2b, and3 are presented in Tables 1 and 2 respectively H1a and H14a, which are found to be magnetically equiva-
and in the Supporting Information section together with the |ent, thus indicating that the intramolecular hydrogen bond

CIF files. An ORTEPplot for 2a, 2b, and for the cationic
moiety of 3 is presented in Figure 1 with the corresponding
atomic labels.

2a, 2b, and 3 present a distorted-octahedral type of
geometry around the metal center, as expected for low spin
dé ruthenium ion. Bond distances and angles are within the
values observed for this type of complexé$he Ru-S bond
for 3 is 35-40 pm larger than those fd2a and 2b, a

phenomenon associated with steric repulsion between DMSO

ligands situated in a cis manner in octahedral geometties.
The DMSO ligands in the three complexes also present weak-
to-medium intramolecular hydrogen bonds with bpea (the
associated metric parameters are as follos, C14—
H14a-01 (C14-H14a, 0.950 A; H14a01, 2.534 A; C14

01, 3.145 A; 139.59; 2b, C7—H7b—01 (0.991 A, 2.188

A, 3.063 A, 146.48); 3, C15-H15b—02 (0.960 A, 2.546

A, 3.278 A, 133.07), C7—H7a—02 (0.970 A, 2.590 A,
3.188 A, 120.0%), C7—H7b—01 (0.969 A, 2.279 A, 3.122

A, 144.93), C6-H6a—01 (0.970 A, 2.500 A, 3.240 A,
132.97)).

Spectroscopic and Redox PropertiedR spectra for2a
and2b are relatively similar, with a band at 1052 and 1068
cm1, respectively, that can be assigned tesastretching
(Figure S4 in the Supporting Information). The absence of
any significant vibration in the 920930 cm' range
indicates a sulfur-bonded DMSO compléx?

1D and 2D NMR spectra a?a, 2b, and3 are presented
in the Supporting Information section. All of the resonances

H14a-01 found in the solid state is lost in solution and that
the DMSO ligand is rotating through the R& bond.

The electronic spectra @&, 2b, and3 are shown in Figure
2 and in the Supporting Information (Figure S5). The
complexes present ligand-basedsz* transitions below 300
nm and above 300 nm bands that can be assigned to a series
of MLCT, dz—s*(Ru—bpea):®® A bathochromic shift is
observed for the trans complex versus the gig(= 417
nm (¢ = 12 603) and 352 nme(= 5228) for2a, 363 nm €
9126) and 327 nme(= 6250) for2b). The same behavior
has been recently observed for related—Rerpyridine
complexe® and can be interpreted in terms of crystal field
theory. For2b, the cis arrangement of the chloro ligands
allows the exertion of a trans influence over the-bpea
atoms that produce a stronger crystal-field splitting. This
generates a HOMO orbital lower in energy, whereasthe
based LUMO remains virtually unchanged. This is also in
agreement with the redox potentials obtained in the cyclic
voltammogram (Supporting Information) for the Ru(lll/I1)
couple that is anodically shifted by 30 mV for thes,fac
2b isomer with regard to thrans,mer2a and also with the
higher thermodynamic stability obtained f2b over 2a by
DFT calculations (vide infra).

Kinetics. Thermal isomerization kinetics @ato 2b and
of their ligand substitution reactions were thoroughly studied
at different temperatures, solvents, and concentratidaof

2644-2651. (h) Masllorens, E.; Rodjuez, M.; Romero, |.; Roglans,
A.; Parella, T.; Benet-Buchholz, J.; Poyatos, M.; Llobet,JAAm.
Chem. Soc2006 128 5306-5307. (i) Sala, X.; Rodguez, A. M.;
Rodfguez, M.; Romero, |.; Llobet, A.; von Zelewsky, A.; Benet-
Buchholz, JJ. Org. Chem2006 71, 9283-9290.

(31) Smith, M. K.; Gibson, J. A.; Young, C. G.; Broomhead, J. A.; Junk,
P. C.; Keene, F. REur. J. Inorg. Chem200Q 1365-1370.

(32) Calligaris, M.; Carugo, OCoord. Chem. Re 1996 15, 83—154.

(33) Mola, J.; Romero, |.; Rotyuez, M.; Llobet, A.; Parella, T.; Benet-
Buchholz, J.; Poater, A.; Duran, M.; Sold. Inorg. Chem2008§ 45,
10520-10529.
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Figure 1. X-ray structures (Ortep plots with ellipsoids at the 50% probability level) and a labeling scheme 2z (h) 2b, (c) and3.

Cl~, and DMSO, by U\+vis repetitive scans usirgPECFIT reactions. The first reaction corresponds to the isomerization
to fit the data and extract kinetic and thermodynamic of 2ato 2b, according to the UV-vis and'H NMR spectra,

parameters. with a rate constant that shows an inverse dependence with
Part a of Figure 2 shows the spectral changes every 10the [CIT] (part a of Figure 3). The second reaction step is
min that occur when a % 10~ M solution of 2a with a independent of [CI]. The calculated pseudo-first-order

100-fold excess of DMSO (no Cladded to the system) in  constants of both reactions are summarized in Table S2 in
methanol is maintained at 50°C. Mathematical treatment  the Supporting Information. To investigate the second
of the data shows the presence of two consecutive reac-reaction, experiments were performed wizh in CD;OD
tions: initially the isomerization of2a to 2b (with an and studied byH and3C NMR. The NMR signals showed
estimatedkso = 0.018 min) and then the substitution of e first isomerization reaction fron2a to 2b already
one chloro ligand o2b by DMSO to generate the bis-DMSO  mentioned, and a second reaction whereth&IMR signals

complex3 (ksupst= 0.029 min™). 3 was also prepared as ¢ ¢oordinated DMSO disappear and a signal corresponding

shown in SChe”?e L and in the_ Experimental Sec_tion and to free DMSO appears. After completion of the reactiS@,
was spectroscopically characterized. The mathematical treat-vaIR shows only free DMSO and a heptuplete corresponding
ment of the above repetitive scans allows us also to obtain

the calculated spectra shown in part b of Figure 2 that are in tq coordinated CEDD. On the basis of this data, the species

very good agreement with the experimental spectra of cis,fac[RuChL(bpea)(CROD)] is proposed as the final

authentic samples (Figure S5 in the Supporting Information). product (Scheme 1 and Figure S8 in the Supporting Informa-

, . - . . .~_tion). Kinetic constants for this experiment were calculated
To elucidate the isomerization reaction mechanism, a series

of experiments were performed in methanol at different]ClI using integral_s from peaks corresponding _to aromatic protons
(from 2 x 10%t0 8 x 102 M) and temperatures (from 30 for thg reaction from2a to 2I_3 and the disappearance of
to 60°C), with no DMSO added to the system. Repetitive- cooerated DMSO for reaction fror@b to 4. _The values
scan spectra show initially a clear isosbestic point at 394 OPtained for the rate constants agre€0%) with the ones
nm. When long reaction times were required, the isosbestic calculated by Uv-vis measurements.

point was lost, and an increase followed by a decrease in Itis important to note here that when this experiment was
absorbance at 385 nm was observed. The kinetic traces caperformed with2a at [CI"] = 0.1 M, neither isomerization

be fitted to a model involving two consecutive first-order nor substitution were observed in the same time scale,
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Figure 2. (a) UV—vis spectral changes obtained at 8D for the isomerization ofa into 2b in the presence of excess DMSO ([2a]1 x 1074 M;
[DMSQ] = 0.01 M) measured every 2 min for 4 h. (b) Calculated spectra for the species involvedSIHEF T

Figure 3. (a) Plot of the first-order rate constakyd, versus [Ct] for the isomerization reaction froi®a to 2b in methanol ([2a}= 2 x 10~* M). (b) Plot
of 1/kiso versus [CI] for the isomerization fronRato 2b in methanol ([2al= 2 x 1074 M).

Table 2. Selected Bond Lengths (Angstroms) @&, 2b, and3

2a 2b 3
Rul-N3 2.070(4) 2.0420(13) 2.094(2)
Rul—-N1 2.085(4) 2.1028(13) 2.101(2)
Rul-N2 2.153(4) 2.1354 (13) 2.143(2)
Rul-S1 2.2236(13) 2.2412(5) 2.2776(9)
Ru1—CI2 2.4117(13) 2.4249(4) 2.2642(9)
Rul-Cl1 2.4378(13) 2.4414(4) 2.4110(1)

aRu—S2 bond length.

proving that this substitution reaction only takes place once

the cis isomer is formed.

Table 3. First-Order Rate Constants for the Isomerizatior2atto 2b
Measured at 60C

relative  acceptor [2a] [C"]  Kobsx 107
entry  solvent polarity®® numbef® (mM) (mM) (min7Y)

1 0.05 05 3.1
2 0.10 05 2.9
3 methanol 0.762 4.13 020 05 2.8
4 0.60 05 3.2
5 0.05 0.05 5.4
6 ethanol 0.654 3.71 0.05 0.05 2.7
7 1-propanol 0.617 3.77 0.05 0.05 1.8
8 2-propanol 0.564 3.37 0.05 0.05 11

Two more observations are crucial to reinforce the suggesting that the isomerization reaction takes place through
proposed reaction mechanism: (a) the isomerization reactionan intermediate or a transition state that presents a charge
is first order with respect to complex concentration, as can distribution stabilized by polar solvents.

be seen from data in Table 3 (entry-4), and (b) Table 3
(entry 5-8) shows that an increase in solvent pol&fignd
acceptor numbét results in an increase in reaction rates,

(34) Reichardt, CSobents and Salent Effects in Organic Chemistrgnd

ed.; VCH Publishers: New York, 1988.

(35) Gutmann, V.; Resch, G.; Linert, WCoord Chem Rev. 1982 43

133.

In part a of Figure 3 the plots dfs, versus [CI] at
different temperatures show an inverse dependence of the
reaction rate with chloride concentration. This dependence
is indicative of a pre-equilibrium, where one chloro ligand
dissociates prior to the isomerization process itself. This fact
supports a dissociative mechanism rather than an intramo-
lecular one. On the basis of all of the information mentioned
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Scheme 2 1 kcatmol~* andAS’ = 13.4 calmol-*-K~1. The high value
| or N obtained forAH* reflects the need for bond breaking to
/-TTN w) T\ " r s generate the pentacoordinated species and the subsequent
\(N ) 1) i —2>\N—Rué|:| rearrangement from mer to fac. With regard oS,

—Rri—s =—> N—Ru
N’T k_l> (N/j

) considering thaS’ for K; is expected to be positive because
a ¢l Cr Cl cl

charged species are generated, activation entropy for the
N second step of the mechanisSf (k.), has to be close to
cr ksl ks C zero, in agreement with the proposed mechanism where the

= second step involves only a rearrangement with a low
(N\fbpea ! entropic barrier. All of the experiments and activation
S = dmso \N_Ru\\\\\“‘sm parameters support the dissociative mechanism proposed with
[ = vacant coordination site G | a pentacoordinated transition state.

b Computational Results. To get further insight into

o o . stability of the involved species, the electronic and structural
above and C(gnsmerlng' similar systems already reported inpayre” of initial complexes, the products, the reaction
the literaturé’’ the reaction mechanism shown in Scheme 2 jiormediates, and the transition states involved ir2the-

is proposed. The first step corresponds to the dissociationyy, earrangement, we have carried out a theoretical analysis
of one chloro ligand to generate a pentacoordinated speciesy,qaq on DFT calculations.

The second step involves the rearrangement of the bpea |4 computation of2a and 2b shows that2a is 5.2
ligand to achieve the findac configuration. In the final step, kcakmol-* less stable thagb in the gas phase, and this gap
the chloride anion enters trans to the aliphatic nitrogen of grows to 7.1 kcamol* in solution, using the I£>CM solvent
the bpea ligand to generate the fioa,facproduct. Although a0 for ethanol. The Gibbs free energy values corroborate
the first step and this final step are dissociation equilibria, {,,: 24 is the most-stable isomer by 5.1 or 5.9 keabl:

the electronic environment of the chloro ligand is very depending on the phase, gas or solvent, respectively (Figure

different. Whereas in the_ﬁrst case the two chlorq I|gan(_js 4). Those results corroborate the experimental finding that
are trans to one another, in the final step, the chloride anion,, s the kinetically favored isomer where@b is the

enters trans to an aliphatic nitrogen with a larger trans effect thermodynamically preferred one.

that strongly influences reaction rates, making this final All possible geometrical isomers of the complex [ReCl

reactjon step fasFer than the first oﬁg, . (bpea)(DMSO-S)] with the bpea ligand acting in either
Using the stationary state approximation, the rate law meridional or facial fashion were also computed. In the

]Eiellrivgd from the proposed mechanism corresponds to themeridional case, theis,merdichloro complexea (with
ollowing equation, the DMSO ligand at the opposite side as the ethyl group of

K,k bpea, Figure 4) anda’ (with the DMSO group in the same
y = —————  [transmer[RuCL(DMSO)(bpea)]] (1) side of N-ethyl bpea) were found to be at 0.3 and 4.6
ki [CHT+k kcakmol™! higher in Gibbs free energy (solvent effects

included) than in therans,mexdichloro 2a (Figure 4). For
the facial case, only thé&rans,faceichloro 2b' isomer is
possible, where the DMSO ligand is trans to the aliphatic

And in excess of chloride (pseudo first-order conditions),
the observed rate constaqt, can be expressed as shown in

€q 2 and 3. nitrogen atom of bpea, and is 1.8 keabl* above the Gibbs
kK, free energy of the isolatecis,fac2b.
Kiso = PRERETS (2) For the isomerization ofa into 2b, we have envisaged
-1 2 two different mechanistic scenarios, one that does not involve
1 k,[Cl g any bond breaking ar_nd _that _ is termed “intramolecular
@) = W + E 3) rearrangement mechanismin( Figure 5) and a second one

that involves the breaking and formation of a-RDl bond

From the plots of Ks, versus [CI], the values ok; and that wiII.be termed “dissociative mechanisndn(} Figure
Kiko (K1 = ki/k_1) can be determined (part b of Figure 3). A 6). The mtram_olecular regrrange_ment mechanism has been
value ofKik, = 5.9 x 10°9 M-min! is obtained directly studied by a linear transit in which the NRu—N2—N1
from the slope of the plot of eq 2. Their associated thermal dihedral angle changes from 180 to*Snile the rest of the.
activation parameters are obtained from the corresponding!Ntérnal coordinates are fully optimized. The energy profile

Eyring plots (Supporting Information) and até* = 32 + obtained in this way does not represent the intrinsic reaction
path but rather sets an upper limit for the activation barrier

(36) (a) Basallote, M. G.; Durg J.; Fernadez-Trujillo, M. J.; Mdiez, A. of the process. Certainly this linear transit is not optimal,

J. Chem. Soc., Dalton Tran998 3227-3231. (b) Noda, K.; Ohuchi, i i i intringi i
Y. Hashimoto, A+ Fujiki M., ltoh. S.: Iwatsuki. $.: Noda, T.. Suzuki, but it contains the essential features of the intrinsic reaction

T.; Kashiwabara, K.; Takagi, H. Onorg. Chem.2006 45, 1349 paths and ensures that the approximate transition state found
\1/355- (é:) f\BAa(r)nasa, M. Ft’-:”Gisrlnggg, 1J\é; ggzeizsa%grnardo, C.; Maitr connects the reactant and the product for the rearrangement
aca, b. vVl.Organometallic 3 . . . . . . . .
(37) (a) Davies, J. AAdy. Inorg. Chem. Radiocheri981, 24, 115-187. under investigation. The energy profile obtained in this way
(b) Coe, B. J.; Glenwright, S. Coord. Chem. Re 200Q 203 5—80. presents a maximum at 140nith an upper-bound energy
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Figure 4. Energy diagram for isomei2a, 24, 2a’, 2b, and2lb’ including solvent effects (Gibbs free energies in koadl™Y).

Figure 5. Energy diagram of the intramolecular isomerization mechanism including solvent effects (Gibbs free energiesniol Kgal

barrier of 43.1 kcamol™!. The approximate transition state important because of the charged nature of all of the reaction
structure, 2-TS-im, as well as the energy diagram are intermediates and transition states. The first-step @bond
presented in Figure 5. Solvent effects have a negligible dissociation requires 16.8 keraiol!, whereas the second
influence on the energetics of this mechanism, given the process reorganization to reach the pentacoordina{eg-
neutral nature of all of the species involved and the fact that dm is 9.2 kcalmol™, both including solvent effects. The
the ruthenium metal center is always hexacoordinated. Forrather-low energy value for the heterolytic RGI cleavage
the dissociative mechanism, we have assumed the breakings not unexpecteéf and it is a consequence of the high
of a Ru—CI bond as suggested by the kinetic analysis solvation energy of the chloride anion in polar solvents.
described above, followed by ligand reorganization including  Overall, the Gibbs free energy barrier through this mech-
the facial to meridional conformation for the bpea ligand, anism is 26.0 kcaimol™ and is thus theoretically favored
and finally Ru-Cl bond formation as depicted in Figure 6. (38) Rossin, A.: Gonsalvi, L. Phillips, A. D.. Maresca, O. Lledd\.:

In contrast to the previous case, here solvent effects are very — Peruzzini, M.Organometallics2007, 26, 3289-3296.
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Figure 6. Dissociative mechanism involving chloro elimination including solvent effects (Gibbs free energies -imdcd).

with regard to the intramolecular rearrangement, in excellent substitution up to 80C, in sharp contrast with the thermo-

agreement with the kinetic experiments just described. dynamically favored isome2b that can easily exchange
Furthermore, activation entropies are also in agreementeither chloro or DMSO ligands. Furthermore, it is also

with a dissociative mechanism being the rate-determining interesting to note that the main reactivity of th@isomer

step. Theoretically, the intramolecular process presents ajs its interconversion/isomerization to the stable but substi-

negative entropy value 6f5.9 catmol1-K 1, whereas the tutionally labile 2b isomer.

dissociative process presents a clearly positive entropy of
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