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Abstract

In the title Compound, [Ruz(CioHgN2)2(CisHj N3)-
(NH3)sJ(PFg)4.CH3CN, the bridging Ru—N bond length
in the Ru(2,2’- -bipyridine)(2, 2":¢' 2”-terpyridine)(4 4'-
bipyridine) moiety is 2. 112(7) A, whereas that in the
Ru(NH3)s(4,4' b1pyr1dme) moiety is 2.052 (7 A. The
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difference arises from the fact that the [Ru'(NH;)s]**
group is a stronger w-donor than the [Ru''(2,2’-bi-
pyridine)(2,2':6’,2"'-terpyridine)}** moiety.

Comment

Ruthenium complexes of the tridentate 2,2':6'2"'-ter-
pyridine (terpy) ligand and of the bidentate 2,2'-
bipyridine (bpy) ligand are attractive as potential
photocatalysts (Constable, 1986; Hecker, Gushurst &
McMillin, 1991; Petersen, Morgan, Hsu, Billadeau &
Ronco, 1991), powerful electrocatalysts for oxidation
of organic substrates (Moyer, Thompson & Meyer,
1980; Thompson & Meyer, 1982; Binstead & Meyer,
1987), effective agents for DNA cleavage (Grover,
Gupta, Singh & Thorp, 1992) and building blocks for
supramolecular species (Collin er al., 1991). In the
course of our studies of mono- and dinuclear complexes
(Fagalde & Katz, 1993, 1995) derived from the photo-
sensitizing [Ru'!(terpy)(bpy)]** unit, we have obtained
crystals of the PFs salt of the [(terpy)(bpy)Ru''(u-4.,4'-
bpy)Ru''(NH;)s]** cation (where 4,4'-bpy is 4,4'-bi-
pyridine), (1). These systems are important in mixed-
valence chemistry (Creutz, 1983; Meyer, 1978) and
structural data are necessary in the reorganizational
energy calculations for intramolecular electron transfers.

N7 NH3/NH3
7 —
NH3 I
NH3

@

An ORTEPIII (Burnett & Johnson, 1996) drawing of
(1) is shown in Fig. 1. The left-hand side of the molecule
consists of an Ru atom coordinated to a 2,2'-bipyridine
ligand, a 2,2":6’,2"-terpyridine ligand and a 4,4’-bi-
pyridine ligand which bridges the [Ru(bpy)(terpy)]**
and [Ru(NH;)s]?* metal centers. Both Ru atoms are in
the +2 oxidation state. The asymmetric unit also con-
tains four hexafluorophosphate anions, one of which is
disordered. There is also one acetonitrile molecule of
crystallization in the asymmetric unit which is also dis-
ordered. The acetonitrile molecule is disordered over at
least two positions and displays weak hydrogen bonding
with the ammine ligands and the anions in both posi-
tions. The hexafluorophosphate anions are also hydro-
gen bonded to the coordinated ammine ligands. The
bond lengths and angles within the bipyridine and ter-
pyridine ligands are normal. The [Ru(bﬂpy)(terpy)]2+
N(4,4'-bpy) bond length of 2.112(7)A is very sim-
ilar to that observed in [Ru(terpy }(bpy)(py)}** of
2.114 (6)A (Hecker, Fanwick & McMillin, 1991). The
[Ru(NH3)s]>*—N(4,4"-bpy) bond length of 2.052 (7) A
is 51gmﬁcant]y longer than the Ru—N(pz) bond
length (pz is pyrazine) of 2.006(6)A observed in
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[Ruz(CoHgN2)2(CisHi 1 N3)(NH3)5](PFs )4 CH3:CN

CI5

Cl4

Fig. 1. An ORTEPII (Burnett & Johnson, 1996) drawing of the [(bpy)(terpy)Ru(x-4,4’-bpy)Ru(NH;)s]** cation. The displacement ellipsoids
are drawn at the 50% probability level and H atoms have been omitted for clarity.

[(NH3)sRu(pz)]** (Gress, Creutz & Quicksall, 1981)
and the Ru—N(mepz) bond length (mepz is methyl-
pyrazine) of 1.95(1)A found in [(NH%)sRu(mepz)]z*
(Wishart, Bino & Taube, 1986). It is also longer
than that found in [(NH3)5Ru”(pz)Ru”(NHz) I** of
2.013(3) A (Fiirholz, Joss, Biirgi & Ludi, 1985) and in
the Creutz-Taube complex [(NH3)5Ru(pz)Ru(NHz)5]5+
of 1.991(9)A (Fiirholz, Joss, Biirgi & Ludi, 1985),
but shorter than the Ru—N(pz) bond length of
2.076 A found in [(NH;)sRu™(pz)]** (Gress, Creutz &
Quicksall, 1981). These observations can be attributed
to the stronger m-back-bonding interaction between Ru
and pyrazine than between Ru and 4,4'-bipyridine.

In the title complex, the difference between
the [Ru(terpy)(bpy)]—N(4,4’-bpy) bond length of
2.112(7)A and the_ [Ru(NH3)s]—N(4,4’-bpy) bond
length of 2.052(7)A in the same complex can be
explained by the fact that the [Ru''(NH3)s] group has
stronger w-donor abilities than the [Ru''(terpy)(bpy)]
moiety due to the competition between the bpy and
terpy ligands for the m-electron density of Ru in
[Rull(terpy)(bpy)]. The Rul atom lies 0.44 A out of the
plane of the attached pyridine ring (N6, C61-C66) of
the bridging 4,4’-bpy ligand, while the Ru2 atom lies in
the plane of its attached pyridine ring (N6, C61'-C66").
This results in a bending of the Rul—N(4,4'-bpy)—Ru2
backbone. The Rul atom lies 0.14 A out of the plane
defined by atoms N2, N3, N6 and NS, which is slightly
tetrahedral, the N atoms being 0.25 A above and below
the plane. The associated pyridine ring of the bridging
4,4'-bpy ligand makes an angle of 45.1° with this plane.
The Ru2 atom lies in the plane defined by atoms N6/,
N7, N8 and N9, and the associated pyridine ring (N6¢’,
C61'—C66’) of the bridging 4,4'-bpy ligand makes an
angle of 43.0° with this plane.

It is well known that the 2,2":6'2"-terpyridine lig-
and coordinates to ruthenium in a meridional fashion

(Grover, Gupta, Singh & Thorp, 1992). The steric lim-
itations typical of the metal-terpy moiety are reflected
in the Ru—N bonds to the central N atom of terpy
[1.949 (9) A}, which are shorter than the Ru—N bonds
to the terminal N atom of terpy [2.076 (7) A] The N—
Ru—N angle formed by the terminal terpy N atoms
[158.7 (4)°] is typical (Leizing et al., 1990). As found
previously in [Ru(terpy)(bpy)(py)]** (Hecker, Fanwick
& McMillin, 1991), there is a difference in the two
Ru—N bond lengths of the bpy ligand.

The twisting of the rings of the 4,4’-bpy ligand in (1)
by 18° is consistent with the theoretical calculations on
the mixed-valent ion [(NH3)sRu(4,4’-bpy)Ru(NH;)s]>*
(Woitellier, Launay & Joachim, 1989), which is a model
system for molecular switching.

Experimental

Complex (1) was prepared as described previously (Fagalde
& Katz, 1993). A sample (8 mg) was dissolved in 6 ml of an
MeCN/toluene (1:1 v/v) solution, which was kept in the dark
and left to evaporate slowly at room temperature for 5 d. The
crystals obtained were washed with pentane and dried in air.

Crystal data

[Ruz(C10HgN2)2(CisH 1N3)-  Cu Ko radiation

(NH;)5)(PFs)s.CH;CN A=15418 A
M, = 1453.88 Cell parameters from 25
Monoclinic reflections
P2y /n #=17-33°
a=87472(7) A p=6.53mm"'
b-34341(6)A T=293K
c=18.952(2) A Needle

0.52 x 0.22 x 0.04 mm
Reddish—purple

B = 97.854 (7)°

V = 5639 (1) A’
Z=4

D, =1712Mgm™3
D,, not measured
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Data collection Ces’ 0.0332(11) 0.0773 (3) 0.9125(5) 0.081 (3)
Enraf-Nonius CAD-4 8247 independent reflections  Ne'  _ooise(® 000910y os0in 6061 o)
diffractometer 4961 observed reflections c63’ 0.2069 (10) 0.1180(3) 0.9825 (5) 0.073 (3)
0/20 scans (> 20(D] ce2’ 0.1129 (11) 0.1148 (3) 1.0368 (5) 0.072 (3)
: P o Ru2 —0.15333 (7) 0.09012 (2) 1.10932 (3) 0.0590 (2)
Abjg‘:gpg;" C?;{;;;%‘)T"' 1;‘"’ —06(())‘3’5 N7 ~0.3547 (9) 0.0983 (3) 1.0313 (4) 0.083 (2)
! max = N8 —0.2981 (9) 0.0866 (2) 1.1926 (4) 0.083 (2)
Gaussian (Berman, h=-2-59 N9 0.0439 (8) 0.0846 (2) 1.1890 (4) 0.080 (2)
Bernstein, Bernstein, k=-7 — 38 Ni0 —0.1631 (8) 0.0284(2) 1.0995 (4) 0.075 (2)
0 - _ Nt —0.1425 (9) 0.1504 (2) 1.1235 (4) 0.083 (2)
Koetzle & Williams, = -20 — 21 . Pl —0.0981 (3) 0.32268 (10)  0.6890(2) 0.0891 (9)
1976) 3 standard reflections Fll 0.0772 8) 0.3273 (3) 0.7203 (5) 0.158 3)
Tomin = 0232, Thax = frequency: 60 min F12 —0.2715(8) 0.3189 (2) 0.6592 (5) 0.150 (3)
0.767 intensity decay: <1% F13 —0.0700 (10) 0.2822 (3) 0.6591 (5) 0.158 (3)
. Fl4 —0.1289 (10) 0.3043 (3) 0.7619 (4) 0.141 (3)
8854 measured refiections FIS —00658(10)  03415(3) 0.6183 (5) 0.172 (4)
F16 —0.1307 (11) 0.3641 (3) 0.7176 (7) 0.186 (4)
Refinement P2 0.3947 3) 0.48600 (9) 0.84619(14)  0.0791 (T
Refinement on (A/0)mas = 032 2 c4TR®  omscy  osmod  oisen
_ - 5 -3 .4708 (8) .5275(2) .8430 (4) .108 (2)
R(F) = 0.066 Apmax =122 € A7 F23 05414 (7) 0.4658 (2) 0.8233(4) 0.115(2)
wR(F*) = 0.177 Apmin = —1.06 € A F24 0.4670 (9) 0.4813(3) 0.9264 (3) 0.133 (3)
S$=1.07 Extinction correction: none F25 0.3236 (9) 0.4901 (2) 0.7647 (3) 0.129 (3)
8239 reflections Atomic scattering factors F26 0.3142(9) 0.4448 (2) 0.8483 (4) 0.127(2)
740 parameters from International Tables Ezl g'fgiz(é?) 8‘3332 gi g'j‘;gi g; 8‘;?? 512()))
H atoms placed in calculated for Crystallography (1992, g3 0.1203 (16) 0.2848 (4) 0.3828(5) 0.223 (6)
positions Vol. C, Tables 42.6.8 and  F33 0.296 (2) 0.3239(5) 0.4310(11) 0313 (10)
_ 2,52 2 F34 0.3734 (18) 0.2839 (5) 0.5138 (6) 0.273 (8)
w = Ulo*(Fy) + (0.1491P)] 6.1.1.4) F35 03551(19)  0.2645(5) 0.4026 (6) 0.269 (8)
where P = (F; + 2F5)/3 F36 0.1377 (18) 0.3050 (5) 0.4968 (8) 0.276 (8)
P4 0.3632 (3) 0.00630 (9) 0.12000 (15)  0.0785(7)
) . . . F41t 0.1920(13) 0.0124 (4) 0.0855 (12) 0.167 (6)
Table 1. Fractional atomic coordinates and equivalent Fazt 0.3339(19) 0.0375(7) 0.1741 (12) 0.223 (9)
. s g 22 F43t 0.430 (2) 0.0376 (6) 0.0761 (10) 0.195 (7)
isotropic displacement parameters (A°) Fadt 0312 2) —0.0310(6) 0.1557(9) 0184 (1)
_ RN T F45t 0.5282 (14) 0.0003 (4) 0.1583 (11) 0.157 (6)
Ueq = (1/3)%33Uya; a} ai.a. Fa6t 03832(17)  ~00212(5) 0.0568 (8) 0.158(5)
x y 2 Ueg F41't 0.356 (3) 0.0511(8) 0.1166 (17) 0.096 (7)
Rul 0.48359 (7) 0.12653 (2) 0.64102 3) 0.0614(2)  FA2'% 0.234 (3) 0.0009 (10) 0.1597 (17) 0.117(9)
N1 0.5576 (8) 0.0704 (2) 0.6191 (4) 0.067 2) F43't 0.510(4) 0.0077(12) 0.086 (2) 0.149 (11)
c2 0.5918 (10) 0.0651 (3) 0.5530(5) 0.074 (3) Fa4't 0.454 (4) 0.0085 (11) 0.1876 (18) 0.128 (11)
C13 0.6475 (12) 0.0301 (4) 0.5324 (6) 0.084 (3) F4s5't 0.371(3) —0.0357 (9) 0.106 (2) 0.110(8)
Cl4 0.6720 (13) —0.0002 (4) 0.5803 (7) 0.102 (4) F46’t 0.254 (4) 0.0073 (10) 0.0512(17) 0.123 (10)
Cl5 0.6394 (12) 0.0059 (3) 0.6488 (6) 0.090 (3) N1A§ —0.094 (4) 0.1404 (10) 0.2938 (19) 0.154 (13)
Cl6 0.5828 (11) 0.0412 (3) 0.6668 (5) 0.079 (3) N1B§ —0.038 (4) 0.1546 (11) 0.2812(17) 0.143 (11)
N2 0.5319(8) 0.1328 (3) 0.5391 (4) 0.071 (2) ClAB —0.060 (7) 0.1776 (17) 0.324 (3) 0.44 (3)
cn 0.5675 (10) 0.0989 (3) 0.5071 (4) 0.071 (3) ClA§ 0.119 (5) 0.1804(12) 0.350(2) 0.187(15)
(o/X] 0.5787 (14) 0.0992 (5) 0.4344 (7) 0.106 (4) C2B%§ —0.113 (4) 0.2051 (10) 0.3731(18) 0.137 (10)
4 5576 (1 . . 7 ) . . )
85 82;33 Eé; 8{2} Eg; 8‘3‘;;‘31 56; 8:3% Eg; 1 Site occupancy =0.70. 1 Site occupancy =0.30. § Site occupancy =
C26 0.5131(12) 0.1652 (3) 0.5002 (5) 0.086 (3) 0.50.
N3 0.6941 (8) 0.1483 (3) 0.6881 (4) 0.074 (2)
C32 0.6884 (12) 0.1864 (3) 0.7055 (5) 0.077 3) o
C33 0.8186 (15) 0.2043 (4) 0.7387 (6) 0.105 (4) Table 2. Selected geometric parameters (A, °)
e oscmin s SRS MHO RuNa 1.949(9)  N&'—Ru2 2052(7)
' ' 139© 0BG RuN2 2044(7)  Ru2—NII 20898)
C36 0.8276 (13) 0.1303 (4) 0.7020 (6) 0.096 (4) Rul_N3 2073 (8) Ru_NI0 2120 (8)
N4 0.4310 (9) 0.1809 (2) 0.6553 (4) 0.072 (2) Rul_NS 5078 () Ru2_NO 5140 ()
ca2 0.5335 (12) 0.2043 (3) 0.6886 (5) 0.075 (3) RUI_N} 50928 R“2 NS 5187 (8
c43 0.4986 (16) 0.2423 (4) 0.7066 (7) 0.101 (4) A 2 7) N 138 7)
Caa 0.348 (2) 0.2535 (4) 0.6889 (8) 0.120 (5) ul— 20) u2— 158 (7)
c4s5 0.2415 (15) 0.2293 (4) 0.6533 (7) 0.102 (4) N4—Rul—N2 96.5(3) N6’—Ru2—N11 90.8 (3)
C46 0.2824 (11) 0.1921 (3) 0.6346 (5) 0.076 (3) N4—Rul—N3 78.9(3) N6'—Ru2—N10 90.9 (3)
NS 0.2535 (8) 0.1264 (2) 0.5955 (4) 0.068 (2) N2—Rul—N3 94.7(3) NI1—Ru2—N10 177.6 (3)
c52 0.1880 (11) 0.1620 (3) 0.5963 (5) 0.075(3) N4—Ru1—N5 80.0(3) N6'—Ru2—N9 91.4 (3)
C53 0.0419 (13) 0.1701 (4) 0.5609 (6) 0.100 (4) N2—Rul—N5 85.5(3) N11—Ru2—N9 88.8 (3)
C54 —0.0374 (15) 0.1404 (6) 0.5260 (8) 0.131 (6) N3—Rul1—NS 158.7 (4) N10—Ru2—N9 89.6 (3)
Cs5 0.0275 (15) 0.1039 (5) 0.5251 (7) 0.112 (4) N4—Rul—NI 173.8(3) N6'—Ru2—N8 179.8 (3)
Cs6 0.1753 (11) 0.0970 (4) 0.5607 (5) 0.081 (3) N2—Rul—N]1 78.5(3) NI11—Ru2—N$ 89.0 (3)
N6 0.4110(8) 0.1129 (2) 0.7400 (4) 0.062 (2) N3—Rul—NI 97.93) N10—Ru2—N8 89.3(3)
ce62 0.3163 (12) 0.0839 (3) 0.7457 (5) 0.074 (3) N5—Rul—NI 103.0 (3) N9—Ru2—N8 88.6 (3)
ce3 0.2415 (10) 0.0774 (3) 0.8026 (4) 0.067 (2) N4—Rul—N6 9.1 (3) N6'—Ru2—N7 89.8(3)
ce4 0.2617(10) 0.1025 (3) 0.8606 (4) 0.060 (2) N2—Rul—N6 171.1 (3) N11—Ru2—N7 88.7(3)
C65 0.3665 (10) 0.1320 (3) 0.8573 (5) 0.072 (3) N3—Rul—N6 93.1(3) N10—Ru2—N7 92.9 (3)
C66 0.4416 (11) 0.1367 (3) 0.7972 (5) 0.074 (3) N5—Rul—N6 88.7(3) N9—Ru2—N7 177.3 (3)

Ced’ 0.1698 (10) 0.0991 (3) 0.9194 (4) 0.061 (2) NI—Rul—N6 96.4(3) N8—Ru2—N7 90.2 (3)
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The original data set, collected with Mo Ko radiation,
resulted in too few observed reflections to complete the
structure refinement (SHELX76; Sheldrick, 1976). A second
data set, which was collected with Cu K« radiation, contained
enough observed reflections to completely refine the structure
(SHELX193; Sheldrick, 1993) and resulted in a lower R value
even though a large absorption correction had to be applied
to the data. All non-H atoms were refined anisotropically,
except for the set of F atoms with an occupancy factor of
0.3 and the atoms of the disordered acetonitrile molecule. A
common isotropic U value was refined for all the bipyridine
and terpyridine H atoms and a second common U value was
refined for the ammine H atoms. The disordered acetonitrile
molecule was refined using a model with two positions for the
N atom and the methyl group, and a single atom representing
the middle C atom. Weighted R factors, wR and all goodness-
of-fit values, S, are based on F, while conventional R factors,
R, are based on F, with F set to zero for negative F°. Eight
reflections were excluded from the refinement because F2
<< FZ. The observation criterion of F2 > 20(F?) is used
only for calculating Ros, efc., and is not relevant to the
choice of reflections for refinement. R factors based on F2
are statistically about twice as large as those based on F and
R factors based on all data will be even larger.

Data collection: CAD-4 Operations Manual (Enraf-Nonius,
1976). Cell refinement: CAD-4 Operations Manual. Data
reduction: KAPPA CRYSNET (Berman, Bernstein, Bernstein,
Koetzle & Williams, 1976). Program(s) used to solve structure:
SHELX76. Program(s) used to refine structure: SHELXL93.
Molecular graphics: ORTEPII (Burnett & Johnson, 1996).

Part of this work was performed at the Brook-
haven National Laboratory under contract DE-AC02-
76CH00016 with the US Department of Energy and
supported by its Division of Chemical Sciences, Office
of Basic Energy Sciences. DJS would like to thank
Baruch College for release time. Financial support
from Consejo Nacional de Investigaciones Cientificas
y Técnicas de la Republica Argentina (CONICET)
and from Universidad Nacional de Tucumdn (UNT,
Argentina) is gratefully acknowledged. FF thanks CON-
ICET for a Graduate Fellowship. NEK is a Member of
the Research Career of CONICET.

Lists of structure factors, anisotropic displacement parameters, H-
atom coordinates and complete geometry have been deposited with
the IUCr (Reference: BK1275). Copies may be obtained through The
Managing Editor, International Union of Crystallography, 5 Abbey
Square, Chester CHI 2HU, England.
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Abstract

The reaction of tetrakis(u-thiobenzoato-0O, S)dimolyb-
denum(II)(Mo—Mo) and triphenylphosphine oxide in
a 1:2 stoichiometric ratio yields the title adduct. The
dinuclear complex molecule, which has a quadruple
Mo=Mo bond bridged by four thiobenzoato ligands,
is located on a centre of symmetry. This is the first
structural example in which two quadruply bonded Mo
atoms [2.152 (1) A] are coordinated by both O and S
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