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Synthesis, characterization and redox properties of mixed phosphine
nitroruthenium(u) complexes. Crystal structure of trans-[ Ru(NO,)(terpy)-

(PMe;)(PPhy)][ClO,]-H,O
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The mixed phosphine complexes trans-[Ru(NO,)(terpy)(PMe;)(PR 3)][ClO,] (terpy = 2,2':6’,2"-terpyridine;
R = Et, Pr, Bz or Ph) were synthesized in high yields by a stepwise addition of each phosphine. These
syntheses demonstrate the utility of ruthenium(i) in the preparation of mixed phosphine complexes. The
stereochemistry of trans-[Ru(NO,)(terpy)(PMe,;)}(PPh;)]{ClO,J-H,O was confirmed by a single-crystal
X-ray diffraction study. This species crystallizes in the monochinic space group P2,/c with a = 11.0199(15),

b = 18.3888(28), c = 19.3089(25) A, B = 112.845(9)° and Z = 4. The two phosphine ligands are mutually rrans,
with P-Ru-P 177.5(1)°. The relative redox stabilities of the mixed phosphine complexes and a related series of
trans-[Ru(NO,)(terpy) (PR 3),][ClO,] (R = Et, Pr, Bz or Ph) complexes were evaluated using cyclic
voltammetric peak current ratios (i,./i,,) for the ruthenium(im)-ruthenium(ir) couples. The rate constants for
nitroruthenium(ir) decomposition were calculated from the i,,./i,, data and the contributions of electronic (E)
and steric (S) factors to its rate of decomposition were determined using the relationship In k = aE +

bS + c. The average ratio of steric to electronic ligand effects on In & is approximately 30: 70.

Tertiary phosphines and related ligands are widely utilized due
to the range of steric and electronic effects that they exert on
the reactivities of transition-metal complexes.!”> While many
phosphine ligand studies involve transition-metal complexes
which contain only one type of monodentate phosphine ligand
per metal centre, interest in the preparation of mixed phosphine
complexes (complexes containing two different monodentate
phosphine ligands bonded to the same metal centre) stems from
the use of these complexes in the study of the combined and
competitive phosphine steric and electronic ligand effects of
two types of phosphine ligands.®® For example, these effects
are evident in the synthesis and ligand substitution patterns of
mixed phosphine transition-metal complexes. As a result, the
preparation of mixed phosphine complexes often requires a
carefully designed synthetic strategy involving an inert metal
centre, so that the phosphine ligands will not exchange.

In general, ligand effects can be considered in terms of
electronic and steric effects.232%12 In order to assess the
relative electronic and steric ligand effects on a physical
property of a metal complex, the equation f(x) = aF + bS + ¢
[where f(x) = a quantifiable physical property, such as In k,
where & represents a rate constant of metal reactivity, E is the
electronic ligand effect, S is the steric ligand effect and a, b and
¢ are constants for a particular reaction] was developed and
used by several research groups.2©-3-444:10.114.12 The types of E
parameters which have been used for phosphine ligand studies
include the pK, values for the dissociation of the acid form of
the ligands,'®!* the NMR chemical shifts (§) and coupling
constants (J) of the ligands,!*' substituent constants for the
dissociation of the acid form of the ligand,'S the A, carbonyl
stretching frequencies of Ni(CO),PR; complexes!”"!® and the
redox potentials of transition-metal complexes which contain
the ligands of interest.!® The types of S parameters which
have been used for phosphine ligand studies include cone
angles, developed by Tolman,!” and Eg values, developed by
Brown.?°

This paper contains a description of the preparation of mixed
phosphine ruthenium complexes of the type trans-[Ru(NO,)-

(terpy)(PMe;)}(PR,)J[CIO,]  (terpy = 2,2:6",2"-terpyridine;
R = Et, Pr, Bz or Ph). The synthetic method presented here uses
the substitutionally inert nature of ruthenium(i) to prevent
intermolecular phosphine exchange. In this manner, pure and
stable mixed phosphine-ruthenium complexes were isolated
in high yields. In addition, a single crystal structural analysis
of trans-[Ru(NO,)(terpy)(PMe;)(PPh;)][ClO,] was obtained.
To the best of our knowledge, this is the first reported
crystal structure analysis of a ruthenium complex containing
mixed monodentate tertiary phosphine ligands.

The availability of these mixed phosphine complexes
provides an opportunity to expand upon our intial studies 2!+22
of ligand effects on the redox stability of the nitroruthenium
moiety by testing the additivity of electronic and steric
phosphine substituent effects on redox stability. While our
initial studies,?*2* and those of Meyer and co-workers,?*
considered the steric or electronic ligand effects on nitro-
ruthenium redox stability separately, this paper contains the first
investigation of the combined steric and electronic ligand effects
on nitroruthenium redox stability, where the redox stabilities
of the trans-[Ru(NO,)(terpy)(PMe;)(PR)][ClO,] complexes
(R = Et, Pr, Bz or Ph) and the related trans-[Ru(NO,)-
(terpy)(PR;),][ClO,] complexes (R = Et, Pr, Bz or Ph) are
conveniently measured by the cyclic voltammetric peak current
ratios (i,./i,,) obtained from the Ru™-Ru" couples.

An analysis of the cyclic voltammetric data for our nitro-
ruthenium complexes suggest that a first-order electrochemical-
chemical-electrochemical (ECE) mechanism is occurring at the
electrode surface,?® where the first-order rate constants (k) for
the C step of the mechanism were calculated from the i,./i,,
data using the method of Nicholson and Shain.?® The equation
Ink = aE + bS + cwas used to quantify the relative electronic
and steric ligand contributions to the natural log of the rate
constant of decomposition of the electrochemically generated
nitroruthenium(ir). An average ratio of steric to electronic
ligand effects of approximately 30:70 was observed, which
illustrates the relative importance of steric effects on the redox
stability of the nitroruthenium moiety.
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Experimental

CAUTION: Perchlorate salts of metal complexes with organic
ligands are potentially explosive and should only be handled in
small quantities, using the appropriate safety procedures.?”

Materials

The compound RuCl;-3H,O0 was obtained on loan from
Johnson Matthey/Aesar/Alfa, 2,2':6’,2"-terpyridine was pur-
chased from GFS Chemicals, phosphine ligands were pur-
chased from Aldrich or Strem Chemicals Inc. and all were used
as received. Acetonitrile was obtained from Fisher Scientific
and was distilled from CaH,. All aqueous reactions used
house distilled water which was passed through Barnstead HN
combination (no. D8922) and HN organic removal (no. D§904)
cartridges before use. All other materials were of reagent
quality and were used as received.

Preparation of the complexes

The complexes cis-[RuCl,(terpy)(PMe;)],23®  trans-[Ru-
(NO,)(terpy)(PEt,),][ClO,] 11,22  trans-[Ru(NO,)(terpy)-
(PPry),][CIO,] 12,22 trans-[Ru(NO,)(terpy)(PBz),][CIO,]
1322 and trans-[Ru(NO,)(terpy)(PPh,),][ClO,] 142% were
prepared as previously described.

trans-[ RuCl(terpy)(PEt;)(PMe;)1[CIO,] 1. The compound
cis-[RuCl,(terpy)(PMe;)] (0.290 g, 0.603 mmol) was dissolved
in acetone-EtOH [300 cm?, 1:1 (v/v)]. To this was added PEt,
(1.1 equivalents, 0.66 mmol) under an inert atmosphere and the
reaction stirred at room temperature for 3 h. The solvent was
removed with a rotary evaporator and the residue dissolved in
EtOH-water (100 cm?, 3:1). To this was added NaClO, (3.0 g)
in water (2 cm®) and the volume was reduced with a rotary
evaporator, where 1 was produced as a precipitate (0.302 g,
0.455 mmol, 75% yield) (Found: C, 43.30; H, 5.35. C,,H;5Cl,-
N;0,P,Ru requires C, 43.45; H, 5.30%). UV/VIS spectrum
(MeCN): A,../nm (g/dm3 mol™! cm™) 502 (4800), 450 (sh),
355 (sh), 310 (33 000) and 270 (22 000).

trans-[RuCl(terpy)(PMe;)(PPr;)}1[C1O,] 2. A sample of cis-
[RuCl,(terpy)(PMe;)] (0.350 g, 0.727 mmol) and PPr; (1.1
equivalents, 0.80 mmol) were reacted under the same conditions
as for complex 1. The isolated solid was dissolved in warm 95%;
EtOH (100 cm?) and then cooled to 0 °C, where 2 formed as a
precipitate (0.479 g, 0.679 mmol, 93%, yield) (Found: C, 45.90,
H, 5.85. C,,H,,CI,N;0,P,Ru requires C, 45.95; H, 5.85%).
UV/VIS spectrum (MeCN): A,,.,,/om (g/dm*® mol™! ¢cm™) 502
(4800), 457 (sh), 350 (sh), 310 (34 000) and 273 (21 000).

trans-[ RuCl(terpy)(PBz,)(PMe;)1[C1O,] 3. A sample of cis-
[RuCl,(terpy)(PMe,)] (0.025 g, 0.053 mmol) and PBz; (1.1
equivalents, 0.066 mmol) were reacted under the same
conditions as for complex 1. Complex 3 formed as a precipitate
(0.039 g, 0.046 mmol, 87% yield) (Found: C, 54.90; H, 4.90.
CioH,CI,N;0,P,Ru requires C, 55.15; H, 4.85%). UV/VIS
spectrum (MeCN): A, /nm (g/dm? mol ! cm !) 491 (4500), 457
(sh), 350 (sh), 311 (30 000) and 274 (18 000).

trans-[ RuCl(terpy)(PMe,;)(PPh,)][ClO,] 4. A sample of cis-
[RuCl,(terpy)(PMes)] (0.107 g, 0.223 mmol) and PPh; (1.0
equivalent, 0.223 mmol) were reacted under the same
conditions as for complex 1. The resulting residue was dissolved
in a minimum amount of 95% EtOH-water (3:1), then solid
NaClO, was added until precipitation occurred. The volume of
the solution was concentrated and the solid was collected by
vacuum filtration. The crude solid was purified by column
chromatography, using alumina, with toluene-acetonitrile
(3:2) as eluent. The purified product 4 was obtained by
concentrating the resulting solution with a rotary evaporator
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(0.150 g, 0.186 mmol, 84%, yield) (Found: C, 53.25; H, 4.40.
C,¢H;sCl,N;0,P,Ru requires C, 53.55; H, 4.40%). UV/VIS
spectrum (MeCN): A,,,,/nm (g/dm? mol™! cm ') 485 (4000), 450
(sh), 333 (sh), 310 (28 000) and 275 (16 000).

trans-[Ru(NO,)(terpy)(PEt;)(PMe;)1[C1O,] 5. A sample of
complex 1 (0.247 g, 0.372 mmol) was added to water—EtOH
(150 cm3, 1:1) containing NaNO, (24.3 equivalents, 0.625 g).
The solution was heated at reflux under N, for 3 h, then cooled
to room temperature. An excess of NaClO, (2.0 g in 20 cm? of
water) was added to the solution and the volume was reduced
with a rotary evaporator, where S formed as a precipitate (0.206
g, 0.306 mmol, 82% yield) (Found: C, 42.70; H, 5.25.
C,4H;5sCIN,O¢P,Ru requires C, 42.75; H, 5.20%). UV/VIS
spectrum (MeCN): A,../nm (¢/dm® mol™! cm™) 453 (sh), 435
(4900), 309 (28 000) and 273 (18 000). IR spectrum: v, /cm™"
1330 [v,(NO,)] and 1300 [vy(NO,)]. NMR: 5,300 MHz,
CDCl,, standard SiMe,) phosphine protons 0.4 (m, 18 H), 0.9
(m, 6 H) and terpy protons 7.6 (t, 2 H), 8.0 (t, 3 H), 8.4 (d,
4 H) and 9.7 (d, 2 H); 8p(400 MHz, CDCl;, external reference
H,PO,) —3.18 [d, 2J(PP) 263.7, PMe,] and 7.79 [d, 2J(PP)
262.8 Hz, PEt,].

trans-[ Ru(NQ,)(terpy)(PMe,)(PPr;)][C1O,] 6. A sample of
complex 2 (0.300 g, 0.425 mmol) was reacted under the same
conditions as for complex 5 to produce 6 (0.280 g, 0.391 mmol,
92%;, yield) (Found: C, 45.20; H, 5.80. C,,H,,CIN,O4P,Ru
requires C, 45.30; H, 5.75%). UV/VIS spectrum (MeCN):
Amax/NM (g/dm> mol* cm™) 456 (sh), 436 (4900), 309 (28 000)
and 273 (18 000). IR spectrum: V,,,,/cm™ 1335 [v,(NO,)] and
1300 [v4(NO,)]. NMR: 6,(300 MHz, CDCl,, standard CHCl,)
phosphine protons 0.70 (m, 30 H) and terpy protons 7.7 (t, 2 H),
8.2 (t, 3 H), 8.6 (d, 4 H) and 9.9 (d, 2 H); 3,(400 MHz, CDCl,
external reference H;PO,) —3.16 [d, 2J(PP) 263.7, PMe, ], 3.23
[d, 2J(PP) 263.6 Hz, PPr,].

trans-[Ru(NO,)(terpy)(PBz,)(PMe,)][CIO,] 7. A sample of
complex 3 (0.082 g, 0.097 mmol) was reacted under the same
conditions as for complex 5. The crude product was purified by
column chromatography, using alumina with toluene—
acetonitrile (1:1) as the eluent. The product 7 was isolated
by concentrating the eluent with a rotary evaporator (0.045 g,
0.053 mmol, 929 vyield) (Found: C, 54.65; H, 4.80.
C;oH,;CIN,O¢P,Ru requires C, 54.45; H, 4.80%,). UV/VIS
spectrum (MeCN): A,../nm (g/dm>®* mol ' cm™) 450 (sh),
430 (3900), 330 (sh), 310 (22 000) and 275 (14 000). NMR:
04(300 MHz, CDCl;, standard SiMe,) trimethylphosphine
protons 0.49 [d, 9 H, J(PH) 7.6], benzylic protons 2.8 [d, 6 H,
J(PH) 5.5], terpy and aromatic tribenzylphosphine protons 6.4
(d,6H),7.1 (m,9H),7.6(t,2H),8.0(, 1H),8.1(t,2H),8.3(d,
2 H), 8.4(d, 2 H)and 9.6 (d, 2 H); 6,(400 MHz, CDCl,, external
reference HyPO,) —1.54 [d, 2J(PP) 276.4, PMe,] and 1.66 [d,
2J(PP) 276.4 Hz, PBz,]. :

trans-[ Ru(NO,)(terpy)(PMe;)(PPh,)][ClO,] 8. A sample of
complex 4 (0.135 g, 0.167 mmol) was reacted under the same
conditions as for complex 5. The crude product was purified by
column chromatography, using alumina, with acetonitrile-
toluene (1:1) as the eluent. The product 8 was isolated by
concentrating the eluent with a rotary evaporator (0.067 g,
0.0822 mmol, 72% yield) (Found: C, 51.60; H, 4.55.
C36H35sCIN,O¢P,Ru-H,0 ‘requires C, 51.70; H, 4.45%).
UV/VIS spectrum (MeCN): A,,/nm (g/dm*® mol ! cm™?) 437
(sh), 425 (4400), 333 (sh), 309 (24 000) and 276 (16 000). NMR:
84(300 MHz, CDClj;, standard SiMe,) 0.61 [d, 9 H, J(PH) 9.4],
terpy and triphenylphosphine protons 7.0 (t, 6 H), 7.1 (t, 6
H),7.2(d,3H),7.5(,2H),7.9(t,2H),8.1(t,3H),82(t,2H)
and 9.8 (d, 2 H); 6,(400 MHz, CDCl;, external reference
H,P0O,) 2.55 [d, 2J(PP) 268.6, PMe,] and 24.35 [d, 2J(PP)
268.5 Hz, PPh;].
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trans-[ Ru(NO)(terpy)(PEt;)(PMe;)]1[C1O,]; 9. A sample of
complex § (0.056 g, 0.0826 mmol) was dissolved in distilled
MeCN (3.0 cm?®) and was treated dropwise with an excess of
HCIO, (70% w/w, 0.1 cm?®). The solution changed from
dark brown to light yellow, then an equal volume of Et,O was
added, and 9 was formed as a precipitate (0.060 g, 0.070 mmol,
849 yield) (Found: C, 33.75; H, 4.10. C,,H;;CI;N,O,;P,Ru
requires C, 33.65; H, 4.10%). UV/VIS spectrum (MeCN):
Amax/MM (g/dm3 mol™! cm™') 370 (7600), 306 (sh) and 286
(19 000). IR spectrum: v,,,,/cm™ 1900 (vVno)-

trans-[ Ru(NO)(terpy)(PMe,)(PPr;)][ClO,]; 10. A sample of
complex 6 (0.114 g, 0.159 mmol) was reacted under the same
conditions as for complex 9 to produce 10 (0.118 g, 0.131 mmol,
83% yield) (Found: C, 35.85; H, 4.65. C,,H,,CI;N,O,;P,Ru
requires C, 36.10; H, 4.60%). UV/VIS spectrum (MeCN):
Ama/nm (g/dm>® mol™! em!) 370 (7800), 304 (sh) and 286
(19 000). IR spectrum: V,,,,/em™ 1905 (vnoo).

Instrumentation

Elemental analyses were performed by Atlantic Microlabs
(Norcross, GA). Infrared spectra were recorded with a Perkin-
Elmer 1430 ratio recording, a Mattson Alpha Centauri or a
Nicolet Magna IR-55 FT spectrophotometer using Nujol mulls
on NaCl plates. Proton NMR spectra were obtained with either
a JEOL FX-90Q or a Varian Gemini-300 FT spectrometer, *>'P
NMR spectra using a Varian VXR-400S FT spectrometer. All
NMR spectra were obtained in CDCl,, where the 'H NMR
spectra were referenced to either SiMe, or CHCIl; (6 7.24 vs.
SiMe,) and the 3'P NMR spectra externally to H,PO,. The
UV/VIS spectra were obtained with a Bausch and Lomb
Spectronic 2000 spectrophotometer equipped with a Houston
Instruments Model 200 recorder, or with a Milton Roy
Spectronic 3000 diode array spectrophotometer, equipped with
a Hewlett-Packard 7470A plotter.

Electrochemical experiments

Cyclic voltammetric measurements were made with an IBM
EC/225 voltammetric analyser, or with a PAR Model 173
potientiostat/galvanostat equipped with a PAR Model 376
logarithmic current converter and a PAR Model 175 universal
programmer. In both cases, the current—potential waves were
recorded with a Houston Instruments Model 100 recorder.
The cyclic voltammetric experiments were performed in three
electrode, one compartment cells, equipped with platinum
working (Bioanalytical Systems) and auxiliary electrodes and a
saturated sodium chloride calomel reference electrode (SSCE).
The electrochemical measurements used 0.1 mol dm™
tetracthylammonium perchlorate or 0.1 mol dm™3 tetrabutyl-
ammonium tetrafluoroborate as the supporting electrolyte with
acetonitrile as the solvent. The data were collected with the
temperature of the cell maintained at 25 * 1 °C. The method
developed by Nicholson?® was used to calculate the peak
current ratios (i,/i,,) measured from the Ru™-Ru" couple for
complexes 5-8 and 11-14 and a minimum of five determinations
were made for each complex. The i./i,, values for complexes 8
and 12 were determined at concentrations from 1-7 mmol dm3
and were found to be independent of the concentration,
consistent with a first-order electrode process.?>2° The first-
order rate constants for the C step of our ECE systems were
calculated from the peak current ratio (i,./i,,) data obtained
from cyclic voltammetry, using the method and appropriate
working curves of Nicholson and Shain, for first-order EC
systems.2® The reported values are the averages of a minimum
of five measurements, where the uncertainties are expressed at a
95% confidence interval. The constants a, b and ¢ for the
equation In k = aFE + bS + ¢ were calculated using SigmaPlot
4.14 for Macintosh. The method devised by Schenkluhn and
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co-workers 1% was utilized to calculate the relative steric and

electronic contributions to the rate constants.!'?

Collection of X-ray diffraction data for trans-[ Ru(NO,)(terpy)-
(PMe,)(PPh;)][C1O,]-H,0

Crystals were obtained by crystallization from an acetonitrile-
toluene solution and were found to contain adventitious water
of crystallization. The crystal selected for the diffraction study
was plate-like with approximate dimensions 0.2 x 0.2 x 0.1
mm. It was sealed into a thin-walled capillary, mounted on a
eucentric goniometer, and accurately centred on a Siemens
R3m/V automated four-circle diffractometer. Unit cell
dimensions and the crystal’s orientation matrix were
determined by a least-square analysis of the automatically
centred setting angles (26, o and y, with ¢ held constant) of 50
reflections, well dispersed in reciprocal space, with 20 25-30°
(Mo-Kx radiation, &, = 0.710 730 A). The crystal belongs to the
monoclinic system (C,, diffraction symmetry); the systematic
absences A0/ for | = 2n + 1 and 0kO for k£ = 2n + 1 uniquely
indicate the centrosymmetric monoclinic space group P2,/c.
Intensity data were collected for the 20 range 5.0-45.0° for the
unique data set defined by the octants 4kl and %kl, details are
provided in Table 1. All data were corrected for Lorentz and
polarization factors and for the effects of absorption. (Several
reflections later found to have |F,| < |F,| and running in
sequences, were expunged from the data set; these problems
were found to be due to a faulty shutter.) Details of the X-ray
diffraction study are contained in Table 1.

Solution and refinement of the structure. The structure was
solved by a combination of Patterson, Fourier-difference and
least-squares refinement methods by use of the Siemens
SHELXTL PLUS 3° program package on a VAXstation 3100
computer. All non-hydrogen atoms were located (including the
adventitious water of crystallization, the identity of which was
confirmed by the successful location and refinement of its two
hydrogen atoms). All other hydrogen atoms were included in
the appropriate idealized trigonal or staggered tetrahedral
positions and were assigned bond lengths of d(C-H) 0.96 A.
Refinement of positional and anisotropic thermal parameters
converged [(A/6)max = 0.002] with R = 0.0509 and R’ =
0.0683 for those 3376 reflections with F > 3¢(F) and with R =
0.0411 and R’ = 0.0433 for those (2879) with F > 6c(F).

The structure was confirmed by a final Fourier-difference
synthesis which showed features only in the background range
of —0.42to +0.40e A-3. Final atomic coordinates are collected
in Table 2. Table 3 contains the interatomic distances and
angles for the structure.

Complete atomic coordinates, thermal parameters and bond
lengths and angles have been deposited at the Cambridge
Crystallographic Data Centre. See Instructions for Authors,
J. Chem. Soc., Dalton Trans., 1996, Issue 1.

Results and Discussion
Syntheses and characterization

Scheme 1 outlines the synthetic method used for the
preparation of complexes 1-10. The stepwise ligand substitution
chemistry of cis-[RuCl,(terpy)(PMe;)] allows for the addition
of two different phosphine ligands, which results in the
formation of complexes 1-4. This synthetic scheme can be
potentially extended to a wide range of phosphines. Complexes
1-10 are stable, where the substitutionally inert nature of
ruthenium(i) prevents intermolecular phosphine exchange.
The UV/VIS spectral changes that are observed in
the conversion of cis-[RuCl,(terpy)(PMe,)] to trans-
[Ru(NO,)(terpy)(PMe;)(PR3)]* are similar to the spectral
changes observed in the stepwise synthesis of trans-
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Table 1 Details of X-ray diffraction study of trans-[Ru(NO,)(terpy)(PMe;)(PPh,)][CIO,]-H,O

Formula

M

Crystal system

Space group

al

b/A

c/A

B/

U/A3

z

D, /gcm™

p(Mo-K«)/mm™!

Transmission (minimum, maximum)
20 Range/°

Index ranges (hk/)

Observed reflections [F > 30(F)]
Final R indices (3o data)

Final R indices (6o data)

Largest, mean A/c

Largest difference peak, hole/e A3

C;6H;,CIN,O,P,Ru
836.18

Monoclinic

P2,/c (no. 14)
11.0199(15)
18.3888(28)
19.3089(25)
112.845(9)

3605.9(9)

4

1.540

0.640

0.8164, 0.8749

5.0-45.0

—11to 10, —19t0 0, 0-20

3376

R = 0.0509, R" = 0.0683 (3376 reflections)
R =0.0411, R’ = 0.0433 (2879 reflections)
0.002, 0.000

0.40, —0.42

R’\‘\\ /R‘
}— N /tq— N }z R /CtL:‘N /F— N '
: ) - pr
(N——Ru“'—"\—a 0, = Ri— ori—a i) (Cri—a
N | N | \R N |
Cl -
“ R% TR R%P~g
R . R
R‘ , 'Rl ,
Ra&, R Ra% R R'a% R
P 3+
N (hN N
e o
NorRi—a () N—Ri—No; SR (N—Ri—No
N | N |
R%P~R R%TSR R PR
R R
R R R R R R
1 Me Et 5 Me Et 9 Me Et
2 Me Pr 6 Me Pr 10 Me Pr
3 Me Bz 7 Me Bz
4 Me Ph 8 Me Ph
11 Bt E
12 Pr Pr
13 Bz Bz
14 Ph Ph

Scheme 1 (i) PR, Zn(Hg), CH,C},, heat; (if) CH,Cl,, hv; (iii) PR’;, acetone—ethanol; (iv) NaNO,, ethanol-water; (v) H*

[Ru(NO,)(terpy)(PR;),1",2%-2® and the final spectra of the
trans-[Ru(NO,)(terpy)(PMe;)}(PR;)]* complexes are similar
to the previously synthesized trans-[Ru(NO,)(terpy)}(PR5),1"
complexes 2223 indicating that they have similar bonding
frameworks and geometries. The spectra of the nitrosylruthen-
ium(ir) complexes display absorbances only in the UV region,
where the two highest energy transitions are consistent with
ligand 1 —— n* bands and the lowest energy transition is
consistent with a metal-to-ligand charge-transfer band that
shifts to a shorter wavelength in the presence of the strongly
n-acidic nitrosyl ligand.

Nuclear magnetic resonance spectroscopy (*H and 3!P) was
used to establish that complexes 5-8 each contained two
different phosphine ligands in the same co-ordination sphere.
The chemical shifts and the integration of the resonances in the
'H NMR spectra of these complexes are consistent with the
formulated structures. The 3P NMR spectra each contained
two resonances (one for each phosphorus atom) and each of
these resonances appeared as a doublet due to phosphorus—
phosphorus coupling. Resonances occur between 8 —3.2 and
24.4, which are typical chemical shift values for phosphorus
nuclei co-ordinated to a ruthenium(u) centre.>! 35 The 2J(PP)
coupling constant values ranged from 263 to 276 Hz; these
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values are consistent with literature values for phosphine
ligands co-ordinated in a trans geometry about a ruthenium
centre.3! 3% Notably, this is the first report of 2J(PP) values
where there are two different monodentate tertiary phosphine
ligands co-ordinated in a trans geometry about a ruthenium
centre. The 3'P NMR spectra of complexes 11-14 were also
collected. These complexes contained only one singlet reson-
ance at 8 7.72, 3.28, 3.26 and 27.10, respectively.

The values of v, (NO,) and v{(NO,) for complexes 5 and 6 are
consistent with an N-bound NO, co-ordination mode,2!-23:364
and vyo for complexes 9 and 10 occurs at about 1900 cm™,
consistent with a linear co-ordination mode for the nitrosy!
ligand.21,22,36b,37

The cyclic voltammograms of complexes 1-4 each display
one electrochemically reversible couple, while those of
complexes 5-8 each display one quasi-reversible couple. Each
couple is assigned as a Ru"-Ru" couple, with the E, potentials
of these couples listed in Table 4. The cyclic voltammograms
for complexes 9 and 10 each display one electrochemically
reversible wave assigned to the rrans-[Ru(NO)(terpy)-
(PR,)(PMe;)1* */2* couple. We propose that one product from
the decomposition of the electrochemically generated
nitroruthenium(uir) complex (5 or 6) is the corresponding
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Table 2 Atomic coordinates (x 10%) for trans-[Ru(NO,)terpy)-
(PMe,)(PPh;)][CIO,]-H,O

Atom x ¥y z

Ru 4469(1) 9921(1) 2 118(1)
P(2) 5900(2) 9174(1) 3176(1)
P(3) 3183(2) 10 649(1) 1.098(1)
o(1) 4243(7) 9015(4) 816(4)
0Q2) 3167(7) 8 578(4) 1 413(4)
N(1) 3907(7) 9 062(4) 1 370(4)
N(11) 2 895(6) 9926(4) 2 484(4)
N2 4 899(7) 10 787(3) 2 778(3)
N(31) 6 141(6) 10 307(3) 1 985(4)
C(1) 1526(9) 10 321(8) 599(7)
C(2) 2949(11) 11 569(6) 1343(6)
C(3) 3 813(10) 10 753(6) 368(5)
C(12) 2 987(8) 10 486(5) 2 981(5)
C(13) 2057(11) 10 543(6) 3 287(6)
C(14) 1006(11) 10 084(8) 3092(7)
C(15) 910(10) 9 546(6) 2 588(7)
C(16) 1837(9) 9 483(5) 2 283(5)
C(22) 5978(8) 11 184(5) 2848(4)
C(23) 6 255(10) 11 803(5) 3285(5)
C(24) 5454(12) 12 010(6) 3 655(6)
C(25) 4 381(11) 11 597(5) 3572(6)
C(26) 4108(9) 10 970(5) 3122(5)
C(32) 6 701(8) 10 052(5) 1 514(5)
C(33) 7 792(9) 10 368(6) 1 458(6)
C(34) 8 334(10) 10 975(6) 1 893(6)
C(35) 7 800(9) 11 241(5) 2 376(6)
C(36) 6 688(8) 10 896(5) 2 398(5)
C41) 6 840(8) 9 778(4) 3956(5)
C(42) 6292(9) 10 010(5) 4 455(5)
C(43) 6933(13) 10 544(7) 4 989(6)
C(44) 8 112(13) 10 841(6) 5 020(7)
C(45) 8 656(10) 10 584(6) 4 532(7)
C(46) 8 040(8) 10 060(5) 4008(5)
C(51) 7 168(8) 8619(4) 3027(5)
C(52) 8 294(9) 8 374(5) 3613(5
C(53) 9213(9) 7 969(5) 3493(6)
C(54) 9 022(10) 7 760(5) 2 766(6)
C(55) 7 925(10) 7991(6) 2 190(6)
C(56) 6 996(9) 8427(5) 2 300(5)
C(61) 5163(9) 8 522(5) 3610(5)
C(62) 5 872(10) 8 246(5) 4 349(5)
C(63) 5279(13) 7 762(5) 4 642(6)
C(64) 3986(14) 7 544(7) 4 242(8)
C(65) 3311(11) 7 782(6) 3 549(8)
C(66) 3901(9) 8282(5) 3220(6)
CI(1C) 347(3) 12 538(2) 4125(1)
0o(10) —191(10) 12 380(6) 4 663(5)
0(20) —640(8) 12 673(5) 3429(4)
0@30) 1083(13) 11971(8) 4052(7)
0@4C) 1 124(12) 13 145(7) 4341(7)
O(1S) 1512(8) 6 571(6) 4 705(4)

nitrosylruthenium complex (9 or 10).2!-22:2* This assertion
1s consistent with previous studies conducted on nitroruthen-
ium(l1) complexes as well as the mechanisms proposed by
Meyer and co-workers?* and Mukaida and co-workers3®
for the decomposition of the electrochemically generated
nitroruthenium(iir) complexes.

The peak-current (i,/i,,) ratios from the cyclic voltammo-
grams of complexes 5-8 and 11-14 were measured by the
method of Nicholson?® at 25 + 1°C, with the results listed
in Table 4. The (i,/i,,) values for complexes 8 and 12 were
determined at concentrations from 1-7 mmol dm 3 and were
found to be independent of the concentration, consistent with
a first-order electrode process.2%-2°

Phosphine effects on redox stability

Nicholson and Shain 2¢ proposed that the cyclic voltammetric
(ipe/ipa) ratio of a redox couple from a first-order EC system is a
function of k, the first-order rate constant for the C step of the
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mechanism. Since electrochemically generated nitroruthen-
ium(m) complexes are proposed to decompose subsequent to
the electron transfer,?!:243% the cyclic voltammetric (i,./iy,)
ratio for complexes 5-8 and 11-14, can be used to evaluate the
first-order rate constants for the decomposition reaction
occurring at the electrode surface. Our particular system
involves an ECE mechanism, where the second E process
involves the reduction of the nitrosylruthenium complex
formed in the C step. Because the amount of the nitrosyl-
ruthenium decomposition product formed on the time-scale
of the experiment is very small and the potential of the
nitrosylruthenium couple is separated from the nitroruthenium
couple by approximately 0.8 V, we assumed the contribution
of this second E process (the nitrosylruthenium couple) to our
results was negligible.?®

The first-order rate constants were evaluated using the
appropriate working curves developed by Nicholson and
Shain.?® Our results (Table 4) indicate that the rate constant
for the decomposition of the electrochemically generated
nitroruthenium(i) complex decreases in the following order:
14>13>8>7>12> 115~ 6. The observed data
were fitted to equation (1), where a, b and c¢ are calculated

Ink =aE + bS + ¢ )

coefficients, k is the observed first-order rate constant, E is a
measure of the phosphine electronic effects and S is a measure
of the phosphine steric effects. The E values considered for
our analyses were: pK, values,!3#° ¢* values !* and Fourier-
transform y values.!® The actual E values used in our
calculations were the mathematical averages of the values for
both of the trans phosphine ligands. For the S values, the
average cone angle, 6,,..,., Of the two trans phosphine
ligands,!” or the average Ex values2® were used. The results
for E = pK, average and S = 0., are: a = —0.529 + 0.047,
b =0.0252 £ 0.0076, ¢ = —2.11 * 1.26 and the plot In k_
versus In k. was a straight line, with r> = 0.981. The results
for £ = (X 6%),yerage aNd S = 0,00 are: a = 1.42 + 0.13,
b =0.0308 £ 0.0073, c = —7.11 £ 0.99 and the plot In k_,
versus In k. was a straight line, with > = 0.981. The results
for £ = "Ypierage a0d S = Eg 4 erage are: a = 0.382 £ 0.050,
b = 0.0420 + 0.0121, c = —8.35 £ 0.64 and the plot In &
versus In k_,. was a straight line, with 2 = 0.966. The per-
cent steric contributions were calculated from the change in
In k caused by the maximum change in the steric parameters at
a constant, minimum electronic parameter while the electronic
contributions were calculated from the change in In k caused
by the maximum change in the electronic parameters at a
constant, minimum steric parameter.'! Using the above data to
calculate the relative ratio of steric to electronic contributions
to In k gives an average ratio of 30:70. For these data sets an
increase in the size and an increase in the electron withdrawing
ability of the ligands resulted in an increase in In k.

Meyer and co-workers 24 investigated the electrochemical
oxidation of the cis-[Ru(bipy),L(NO,)]" (bipy = 2,2’-bipyri-
dine, n = 1, L = NH;, pyridine, pyrazine, MeCN or PPh;; n
=0, L = Cl) complexes while Mukaida and co-workers 3®
investigated the electrochemical and chemical oxidation of the
trans-[RuL,(LYNO,)]" (L = pyridine or methylpyridine, n =
I, L' = H,0; n = 0, L = Cl) complexes. Meyer proposed a
mechanism for the decomposition of nitroruthenium(ir)
species,?* which was subsequently corroborated and expanded
upon by Mukaida.>® In general, the mechanism involved a first-
order linkage isomerization of the nitro ligand (k) followed by
a second-order irreversible bimolecular reaction (k'). Meyer
observed that the ligand (L) cis to the nitro ligand had an effect
on k and k'. For example, when L = Cl the decomposition was
a first-order reaction (k was the rate-determining step), but
when L = pyridine the decomposition reaction was second
order (k' was the rate-determining step). Meyer proposed that
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Table 3 Interatomic distances (A) and angles (°) for trans-[Ru(NO,)(terpy)(PMe, )}(PPh,)][ClO,]-H,0

Ru-P(2) 2.458(2) Ru-P(3) 2.347(2)
Ru-N(1) 2.067(7) Ru-N(11) 2.112(8)
Ru-N(Q1) 1.979(6) Ru-N(31) 2.081(8)
P(2)-C(41) 1.834(8) PQ2)-C(51) 1.841(10)
P(2)}-C(61) 1.825(11)  P(3)-C(1) 1.806(10)
P(3)-C(2) 1.802(11)  P(3)-C(3) 1.808(12)
O(1)-N(1) 1263(12)  O(2)-N(1) 1.230(11)
N(11)-C(12) 1.384(12)  N(11)-C(16) 1.351(11)
N(21)-C(22) 1356(12)  NQ1-C(26) 1.328(13)
N(31)-C(32) 1.365(13)  N(31)-C(36) 1.342(10)
C(12)-C(13) 1.37107)  C(12)-C(26) 1.460(13)
C(13)-C(14) 1.36316)  C(14)-C(15) 1.363(19)
C(15)-C(16) 1.368(18)  C(22)-C(23) 1.379(12)
C(22)-C(36) 1475(15)  C(23)-C(24) 1.387(18)
P(2)-Ru-P(3) 177.5(1) P(2)-Ru-N(1) 94.3(2)
P(3)-Ru-N(1) 86.0(2) P(2)-Ru-N(11) 94.0(2)
P(3)}-Ru-N(11) 88.4(2) N(1)-Ru-N(11) 100.1(3)
P(2)-Ru-N(21) 89.9(2) P(3)-Ru-N(21) 89.8(2)
N(1)-Ru-N(21) 175.7(2) N(11)-Ru-N(21) 78.7(3)
P(2)-Ru-N(31) 88.9(2) P(3)-Ru-N(31) 88.7(2)
N(1)}-Ru-N@31) 102.3(3) N(I1)-Ru-N(31) 157.1(3)
N(21)-Ru-N(31) 78.6(3) Ru-P(2)-C(41) 108.6(3)
Ru-P(2)-C(51) 117.5(3) C@1)-P(2)-C(51) 104.1(4)
Ru-P(2)-C(61) 119.5(3) C@1)-P(2)-C(61) 103.3(4)
C(51)-P(2)-C(61) 102.0(4) Ru-P(3)-C(1) 114.5(4)
Ru-P(3)-C(2) 114.7(3) C(1)-P(3}-C(2) 103.6(6)
Ru-P(3)-C(3) 115.2(3) C(1)-P(3)-C(3) 103.5(5)
C(2)-P(3)-C(3) 104.0(6) Ru-N(1)-O(1) 122.5(6)
Ru-N(1)-0(2) 122.%7) O(1)-N(1)-0(2) 115.3(7)
Ru-N(11)-C(12) 112.8(6) Ru-N(11-C(16) 129.1(7)
CU2)-N(11»-C(16)  118.1(9) Ru-N(21)-C(22) 118.6(6)
Ru-N(21)-C(26) 119.0(6) C(22)-N(21)-C(26)  122.3(7)
Ru-N(31)-C(32) 128.0(5) Ru-N@31)-C(36) 114.6(7)
C(32-NGB1-C(36)  117.3(8) NO1)-C(12)-C(13)  119.4(8)
NO1D-C(12)-C(26)  114.2(9) C(13)-C(12)-C(26)  126.4(8)
C(12-C(13)-C(14)  122.1(11)  C(U3)-C(14)-C(15)  118.0(13)
C(14)-C(15)-C(16)  120.4(10)  N(11)-C(16)-C(15)  122.0(9)

C4)-C(25) 1.361(17)  C(25)-C(26) 1.405(13)
C(32)-C(33) 1.376(15)  C(33)}-C(34) 1.385(15)
C(34)-C(35) 1.372(17)  C(35)-C(36) 1.395(14)
C(41)-C(42) 1.388(15)  C(41)-C(46) 1.387(13)
C(42)-C(43) 1.399(14)  C(43)-C(44) 1.390(20)
C(44)-C(45) 1.381(21)  C(45)-C(46) 1.370(13)
C(51)-C(52) 1.391(11)  C(51)-C(56) 1.387(14)
C(52)-C(53) 1.347(15)  C(53)-C(54) 1.389(17)
C(54)-C(55) 1.354(13)  C(55)-C(56) 1.380(16)
C(61)-C(62) 1427(12)  C(61)-C(66) 1.372(12)
C(62)-C(63) 1.351(17)  C(63)-C(64) 1.390(18)
C(64)-C(65) 1.328(18)  C(65)-C(66) 1.411(18)
CI(1C)-0(1C) 1.411(13)  CI(1C)-0Q2C) 1.385(7)
CK1C)-0(3C) 1.361(15)  CI(1C)-O(4C) 1.369(13)
NQD-C(22)-C(23) 1188(9)  NQI)-C(22)-C36) 113.2(7)
C(23)-C(22)-C(36)  127.909)  C(22)-C(23)-C(24)  120.5(10)
C(23)-C(24)-C(25)  118.9(10)  C(24)-C(25)-C(26)  119.9(12)
N@D-C(26)-C(12)  115.2(8)  NQ21)-C(26)-C(25)  119.5(9)
C(12)-C(26)-C(25)  125.3(10)  N(31)-C(32)-C(33)  122.8(8)
C(32)-C(33)-C(34)  118.5(11)  C(33)-C(34)-C(35)  120.0(11)
C(34)-C(35-C(36)  118.39)  N@B31)-C(36)-C(22)  114.9(8)
NGD-C(36)-C(35)  123.1(9)  CQ22-C(36)-C(35)  121.9(8)
PQ2)-C(41)-C(42)  119.8(7)  PQ)-C(41)}-C46)  120.3(8)
C(42)-C(41)-C(46)  119.68)  C(41)-C(42}-C(43)  119.7(10)
C(42)-C(43)-C(44)  1202(13)  C(43)-C(44}-C(45)  118.8(10)
C(44)-C(45)-C(46)  121.5(11)  C(41)-C(46)-C(45)  120.1(11)
PQ2)-C(51)-C(52)  122.9(8) PQ)C(51)-C(56)  119.1(6)
C(52)-C(51)-C(56)  118.09)  C(51)-C(52)-C(53)  122.1(10)
C(52)-C(53)-C(54)  119.8(8)  C(53)-C(54)-C(55)  118.7(11)
C(54)-C(55)-C(56)  122.3(11)  C(51-C(56)-C(55)  119.0(8)
PQ-C(61)-C(62) 121.7(7) P(2)-C(61)-C(66)  119.7(7)
C(62)-C(61)-C(66)  118.6(9)  C(61)-C(62)-C(63)  119.2(9)
C(62)-C(63)-C(64)  121.0(10)  C(63)-C(64)-C(65)  121.1(14)
C(64)-C(65)-C(66)  119.5(11)  C(61)-C(66)-C(65)  120.5(9)

O(1C)-CI(1C)-0(2C) 110.8(6)
0O(2C)-CI(1C)-0(3C) 108.2(7)
0(2C)-CI(1C)-0(4C) 108.2(6)

O(1C)-CI(1C)-O(3C) 110.8(8)
O(1C)-CI(1C)-O(4C) 109.6(8)
O(3C)-CI(1C)-0O(4C) 109.2(9)

Table4 The i,./i,, and & values for complexes 5-8 and 11-14, and E, potentials for complexes 1-14 in acetonitrile”

Complex E,/V (vs. SSCE) fpefTpa”" 1072 kfs7te
1 [RuCl(terpy)(PEt;)(PMe;)][Cl0,] +0.70

2 [RuCl(terpy)(PMe;)(PPr;)][C10,] +0.74

3 [RuCl(terpy)(PBz;)(PMe;)][ClO,] +0.83

4 [RuCl(terpy)(PMe,;)(PPh;3)1[CIO,] +0.85

5 [Ru(NO,)(terpy)(PEt;)(PMe,;)][C10O,] +1.04 0.952 £ 0.003 2.65 + 0.16
6 {Ru(NO,)(terpy)(PMe,;}PPr;)]{ClO,] +1.05 0.938 £ 0.004 2.68 + 0.16
7 [Ru(NO,)(terpy)(PBz;)(PMe;)][ClO,] +1.13 0.876 + 0.009 8.89 + 0.69
8 [Ru(NO,)(terpy}(PMe,)(PPh;)][CIO,] +1.244 0.702 + 0.021 23.8 + 1.29
9 [Ru(NO)(terpy)(PEt;)}(PMe,)][Cl0O,], +0.26

10 [Ru(NO)(terpy)(PMe )(PPr;)]1{ClO,], +0.26

11 [Ru(NO,)(terpy)(PEt;),]1[ClO,] +1.04¢ 0.936 £ 0.003 2.82 £ 0.17
12 [Ru(NO,)(terpy)(PPr,),][ClO,] +1.05°¢ 0.905 * 0.002 3.84 + 0.88
13 [Ru(NO,)(terpy)(PBz4),][ClO,] +1.17¢ 0.666 + 0.006 340 = 1.44
14 [Ru(NO,)(terpy)(PPh,),][CIO,] +1.224e 0.472 + 0.006 88.1 £ 202

“ Conditions: 0.1 mol dm™3 NEt,ClO, or 0.1 mol dm 3 NBu,BF, in MeCN; Pt working electrode; SSCE reference electrode; scan rate 100 mV s;
AE, range 0.07-0.08V for each complex. * The average value obtained for the peak current ratios with a minimum accuracy of 1% (see ref. 27) is
reported. ¢ Uncertainties are described as 95% confidence intervals. A minimum of five separate measurements were made for each value. ¢ Couple is

irreversible, E,, value reported. © Data from ref. 22.

the nitro-to-nitrito conversion of the ruthenium(ur) complexes
might involve a ruthenium(n) five-co-ordinate intermediate,
and that ruthenium(ir) is better stabilized by pyridine than
chloride, while ruthenium(in) is better stabilized by chloride
than pyridine.?* Thus, the rate of nitro-to-nitrito conversion is
enhanced by pyridine, relative to chloride. Mukaida noted that
the spectator ligand (L') trans to the nitro ligand had an effect
on the rate constants involved in the decomposition reaction as
well, although he was not specific regarding the nature of the
ligand effect.>® However, in both of these studies, there was
no discussion of steric ligand effects and little quantitative
discussion of electronic ligand effects on the decomposition of
nitroruthenium(i) complexes. For this study, we utilized the
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general mechanisms of Meyer and of Mukaida to generate
Scheme 2, which we will employ to aid us in the interpretation
of our data.
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C(44) C(45)
B &

Fig. 1 Geometry of the trans-[Ru(NO,)terpy)(PMe,)(PPh;)]"
cation. ORTEP 1I14* diagram, 20% probability envelopes for the
vibration ellipsoids, all hydrogen atoms omitted for clarity

Three different aspects of our electrochemical data lead us to
propose that the rate constants listed in Table 4 correspond to &
from Scheme 2, the rate constant for the linkage isomerization
of the nitro ligand. First, we determined that the C step of
our ECE mechanism for complexes 8 and 12 is a first-order
reaction, which is consistent with the C step involving the nitro—
nitrito interconversion. Sécondly, we do not observe the
formation of any nitritoruthenium complexes in our electro-
chemical experiments, which suggests that the nitro-nitrito
interconversion is rate determining. Thirdly, as the electron-
donating abilities of the phosphine ligands increase, the rate
constants for the isomerization of the nitro ligand (k)
decrease. This electronic ligand effect is evident in the
negative sign of a, the coefficient of the electronic term in
equation (1), when E = pK, (as electron-donating ability
increases, pK, increases) and a positive sign of ¢ when E =
o* and FTy (as electron-donating ability decreases, o* and F'y
decrease). Since these electronic ligand effects are in
agreement with Meyer’s assertions regarding the chemistry of
cis-[Ru(bipy),CI(NO,)], we suggest that the mechanism of
decomposition of complexes 5-8 and 11-14 is reminiscent of
the mechanism suggested by Meyer for the decomposition of
cis-[Ru(bipy),CHNQO,)] (see above).

The use of tertiary phosphines in this study allows us to
examine the combined steric and electronic ligand effects on
the rate of nitroruthenium(i) decomposition. The analyses
of the data in Table 4 with equation (1) indicate that the ratio
of steric to electronic ligand effects on the value of In k is co.
30:70. In addition to the electronic ligand effects discussed
above, the steric ligand effect on the rate constant of
1somerization demonstrates that the size of the cis-positioned
spectator ligands does influence the redox stability of the
nitroruthenium moiety, where an increase in the size of the
ligand results in a reduction of redox stability, illustrated by
an increase in the value of In k. This observation is consistent
with other linkage isomerization studies, where linkage
isomerizations, including the nitro-nitrito isomerization,*!+*2
can be quite sensitive to the steric requirements of the
adjacent ligands, where a sterically crowded centre favours
the nitrito isomer.
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Description of the molecular structure of trans-{Ru(NO,)(terpy)-
(PMe;)(PPh,)] [CIO,]-H,0

The crystal is composed of an ordered array of trans-
[Ru(NO,)(terpy)(PMe,)(PPh,)]* cations, ClO,~ anions and
water of crystallization in a 1:1:1 ratio. The trans-
[Ru(NO,)(terpy)(PMe,)(PPh,)]* cation is illustrated in Fig. 1.
Interatomic distances and angles are collected in Table 3.

The central Ru' ion is in a distorted octahedral co-ordination
geometry. The terpy ligand takes up the expected meridional
geometry with the nitro ligand lying in the same plane. The
ruthenium-nitrogen distances for the terpy ligand are
Ru-N(11) = 2.112(8) and Ru-N(31) 2.081(8) (for the two
terminal nitrogen atoms) and Ru -N(21) = 1.979(6) A (for the
central nitrogen atom). The distortions caused by the tridentate
terpy ligand are made evident by the angles at the Ru" centre:
viz. N(11)-Ru-N(21) = 78.7(3), N(21)-Ru-N(31) = 78.6(3)
(each reduced by 11.3-11.4° from the idealized cis angle of 90°)
and N(11)-Ru-N(31) = 157.1(3)° (reduced by 22.9° from the
idealized trans angle of 180°).

The nitro ligand is associated with the bond length
Ru-N(1) = 2.067(7) A, with N-O distances of 1.263(12) and
1.230(11) A and with an O(1)-N(1)-O(2) angle of 115.3(7)°. The
two phosphine ligands lie trans to one another, with
P(2)-Ru-P(3) 177.5(1)°. The trimethylphosphine ligand
[Ru-P(3) 2.347(2) A] is associated with a ruthenium-phos-
phorus distance that is substantially shorter than that for
the triphenylphosphine ligand [Ru-P(2) 2.458(2) A].

The mean deviation of constituent atoms from the
Ru-N(11)-N(21)-N(31) plane is 0.023 A, indicating that the
Ru(terpy) moiety is essentially planar. Atom N(1) of the NO,
group, is displaced from the Ru(terpy) plane by 0.088 A in a
direction towards the PMe, ligand. In addition, the NO, ligand
makes an angle of 24.0° with the Ru(terpy) plane.

In summary, the first 2J(PP) values and the first single-crystal
X-ray structure for mixed trans-positioned, monodentate,
tertiary phosphine ruthenium complexes were obtained. Rate
constants of decomposition (k) of electrochemically generated
nitroruthenium(i) complexes were determined from cyclic
voltammetric #,./i,, ratios and a ratio (ca. 30:70) of steric-to-
electronic phosphine ligand effects on In k& was calculated from
a three parameter fit. Notably, this is the first quantification
of ligand effects on the redox stability of nitroruthenium(im)
complexes. Due to the mixed nature of the trans-positioned
phosphine ligands, it was possible to measure the 2J(PP) values
and it was also possible to discover the summative nature of
the steric and electronic ligand effects of trans-positioned
phosphine ligands on the values of In .

Acknowledgements

This work was supported in part by the National Science
Foundation (CHE 9120602) and the ARCO Chemical
Company. The authors gratefully acknowledge Johnson
Matthey/Aesar/Alfa for the loan of the RuCl;-3H,0 used in
these experiments. Purchase of the Siemens R3m/V diffracto-
meter was made possible by Grant 89-13733 from the Chemical
Instrumentation Program of the National Science Foundation.
The authors also gratefully acknowledge Dr. Jerome Keister
for the use of his FTIR spectrophotometer.

References

1 See, for example, W. Levason, The Chemistry of Organophosphorus
Compounds, 1990, vol. 1, p. 567.

2 (a) T. L. Brown and K. J. Lee, Coord. Chem. Rev., 1995, 34, 2718;
(b) M.-G. Choi, D. White and T. L. Brown, Inorg. Chem., 1994,
33, 5591; (¢) M.-G. Choi and T. L. Brown, Inorg. Chem., 1993, 32,
1548; (d) M.-G. Choi and T. L. Brown, Inorg. Chem., 1993, 32,
5603; (¢) K.-W. Lee and T. L. Brown, fnorg. Chem., 1987, 26, 1852.

3 A. L. Fernandez, A. Prock and W. P. Giering, Organometallics,
1994, 13, 2767, M. R. Wilson, D. C. Woska, A. Prock and

J. Chem. Soc., Dalton Trans., 1996, Pages 14631470 1469


http://dx.doi.org/10.1039/dt9960001463

Published on 01 January 1996. Downloaded by University of Prince Edward Island on 27/10/2014 05:15:51.

W.P. Giering, Organometallics, 1993,12,1742; M. R. Wilson, H. Liu,
A. Prock and W. P. Giering, Organometallics, 1993, 12, 2044.

4 (a) D. H. Farrar, A. J. Poe and Y. Zheng, J. Am. Chem. Soc., 1994,
116, 6252; (b) A. J. Poe, D. H. Farrar and Y. Zheng, J. Am. Chem.
Soc.,1992,114, 5146; (¢) L. Chen and A. Poe, Inorg. Chem., 1989, 28,
3641; (d) M. Chin, G. L. Durst, S. R. Head, P. L. Bock and J. A.
Mosbo, J. Organomet. Chem., 1994, 470, 73; (¢) D. L. Lichtenberger
and M. E. Jatcko, J. Coord. Chem., 1994, 32, 79.

5 M. S. Davies, M. J. Aroney, I. E. Buys, T. W. Hambley and
J. L. Calvert, Inorg. Chem., 1995, 34, 330; M. J. Aroney, 1. E. Buys,
M. S. Davies and T. W. Hambley, J. Chem. Soc., Dalton Trans.,
1994, 2827, P. B. Dias, M. E. M. Depiedade, J. A. M. Simoes,
Coord. Chem. Rev., 1994, 135, 737; J. V. Allen, J. F. Bower and
J. M. J. Williams, Tetrahedron: Asymmetry, 1994, 5, 1895.

6 K.J. Asali, H. H. Awad, J. F. Kimbrough, B. C. Lang, M. Watts and
G. Dobson, Organometallics, 1991, 10, 1822.

7 R. L. Keiter and M. J. Madigan, J. Organomet. Chem., 1987, 331,
341.

8 M. L. Boyles, D. V. Brown, D. A. Drake, C. K. Hostetler,
C. K. Maves and J. A. Mosbo, Inorg. Chem., 1985, 24, 3126.

9 M. T. Costello, G. A. Moehring and R. A. Walton, Inorg. Chem.,
1990, 29, 1578.

10 (@) P. M. Zizelman, C. Amatore and J. K. Kochi, J. Am. Chem. Soc.,
1984, 106, 3771; (b) R. Berger, H. Schenkluhn and B. Weiman,
Transition Met. Chem. (London), 1981, 6, 277.

11 (a) C. A. Bessel, J. A. Margarucci, J. H. Acquaye, R. S. Rubino,
J. Crandall, A. J. Jircitano and K. J. Takeuchi, Inorg. Chem., 1993,
32, 5779; (b) R. A. Leising, J. S. Ohman and K. J. Takeuchi, /norg.
Chem., 1988, 27, 3804.

12 (@) R. Romeo, G. Arena and L. M. Scolaro, Inorg. Chem., 1992,
31, 4879; (b) R. S. Herrick, M. S. George, R. R. Duff, jun.,
F. H. D’Aulnois, R. M. Jarret and J. L. Hubbard, Inorg. Chem.,
1991, 30, 3711 and refs. therein; (¢) E. J. S. Vichi, E. Stein and
E. B. Saitovitch, J. Organomet. Chem., 1994, 471, 165.

13 C. A. Streuli, Anal. Chem., 1960, 32, 985.

14 T. Allman and R. G. Goel, Can. J. Chem., 1982, 60, 716.

15 G. M. Bodner, M. P. May and L. E. McKinney, Inorg. Chem., 1980,
19, 1951.

16 (a) C. Hansch, A. Leo and R. W. Taft, Chem. Rev., 1991, 91, 165 and
refs. therein; (b) T. A. Mastryukova and M. 1. Kabachnik, Russ.
Chem. Rev. (Engl. Transl)), 1969, 38, 795.

17 C. A. Tolman, Chem. Rev., 1977,77, 313.

18 T. Bartik, T. Himmler, H.-G. Schulte and K. Seevogel, J.
Organomet. Chem., 1984, 272, 29.

19 A. B. P. Lever, Inorg. Chem., 1990, 29, 1271.

20 T. L. Brown, Inorg. Chem., 1992, 31, 1286.

21 C. A. Bessel, R. F. See, D. L. Jameson, M. R. Churchill and
K. J. Takeuchi, J. Chem. Soc., Dalton Trans., 1993, 1563.

1470 J. Chem. Soc., Dalton Trans., 1996, Pages 1463-1470

View Article Online

22 R. A. Leising, S. A. Kubow and K. J. Takeuchi, Inorg. Chem., 1990,
29, 4569.

23 (a) R. A. Leising and K. J. Takeuchi, J. Am. Chem. Soc., 1988,
110, 4079; (b) R. A. Leising, S. A. Kubow, M. R. Churchill,
L. A. Buttrey, J. W. Ziller and K. J. Takeuchi, Inorg. Chem., 1990,
29, 1306.

24 F. R. Keene, D. J. Salmon, J. L. Walsh, H. D. Abruna and
T. J. Meyer, Inorg. Chem., 1980, 19, 1896 and refs. therein.

25 J. Heinze, Angew. Chem., Int. Ed. Engl., 1984, 23, 831.

26 R. S. Nicholson and 1. Shain, Anal. Chem., 1964, 36, 706.

27 W. C. Wolsey, J. Chem. Educ., 1973, 50, A335; K. Raymond, Chem.
Eng. News, 1983, 61, 4.

28 R. S. Nicholson, Anal. Chem., 1966, 38, 1406.

29 J. P. Zimmer, J. A. Richards, J. C. Turner and D. H. Evans, Anal.
Chem., 1971, 43, 1000.

30 G. M. Sheldrick, SHELXTL PLUS, Program package for structure
solution and refinement, Version 4.2, Siemens Analytical Instru-
ments Inc., Madison, WI, 1990.

31 V. V. Mainz and R. A. Andersen, Organometallics, 1984, 3, 675.

32 M. Pankowski, W. Chodkiewicz and M.-P. Simonnin, Inorg. Chem.,
1985, 24, 533.

33 E. Lindner, A. Mockel, H. A. Mayer, H. Kuhbauch, R. Fawzi and
M. Steimann, Inorg. Chem., 1993, 32, 1299.

34 R. O. Rosete, D. J. Cole-Hamilton and G. Wilkinson, J. Chem. Soc.,
Dalton Trans., 1984, 2067.

35 A. Bright, B. E. Mann, C. Masters, B. L. Shaw, R. M. Slade and
R. E. Stainbank, J. Chem. Soc. 4, 1971, 1826.

36 K. Nakamoto, in Infrared Spectra of Inorganic and Coordination
Compounds, Wiley, New York, 4th edn., 1986, (a) pp. 221-224;
(b) pp. 309-310.

37 H. Nagao, H. Nishimura, H. Funato, Y. Ichikawa, F. S. Howell,
M. Mukaida and H. Kakihana, fnorg. Chem., 1989, 28, 3955.

38 H. Nagao, H. Nishimura, Y. Kitanaka, F. S. Howell, M. Mukaida
and H. Kakihana, Inorg. Chem., 1990, 29, 1693 and refs. therein.

39 H. D. Abruna, J. L. Walsh, T. J. Meyer and R. W. Murray, Inorg.
Chem., 1981, 20, 1481.

40 M. M. Rahman, H.-Y. Liu, A. Prock and W. P. Giering,
Organometallics, 1987, 6, 650.

41 M. A. Hitchman and G. L. Rowbottom, Coord. Chem. Rev., 1982,
42, 55.

42 A. J. Finney, M. A. Hitchman, C. L. Raston, G. L. Rowbottom,
B. W. Skelton and A. H. White, Aust. J. Chem., 1981, 34, 2095 and
refs. therein.

43 C. K. Johnson, ORTEP II, Report ORNL-5138, Oak Ridge
National Laboratory, Oak Ridge, TN, 1976.

Received 19th May 1995; Paper 5/03193A


http://dx.doi.org/10.1039/dt9960001463

