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Monocarbonylruthenium complexes with a semiquinone ligand, ([Ru(CO)(sq)(L)]"* (sq = 3,5-di-tert-butyl-1,2-
benzosemiquinone, n =1 or 0, L = 2,2":6/,2"-terpyridine ([1]1), 2,6-bis(N,N-dimethylaminomethyl)pyridine ([2]"),
2,6-di-2’-pyridylphenyl ([3]°), or 2-(2,2’-bipyridin-6-yl)phenolato ([4]°)), and dicarbonylruthenium complexes with
two semiquinone ligands, [Ru(CO,),(sq)2] (151°) and [Ru(CO),(phsq)2] (phsq = 9,10-phenanthrasemiquinone, [61%),
were synthesized and the structures of [1]* and [6] were determined by X-ray crystal analysis. Monocarbonyl Ru(II)—di-
oxolene complexes displayed the ligand localized catecholato/semiquinone and semiquinone/quinone redox couples, and
two sets of those redox couples were observed in the dicarbonyl Ru(Il)-bis(dioxolene) complexes. Spectroelectrochem-
ical study revealed that the Ru(Il)-catecholato and Ru(Il)-semiquinone complexes were stable in solutions, while the
Ru(II)—quinone complexes underwent fragmentation in solutions. One-electron reduction of the monocarbonyl Ru(Il)—
semiquinone complexes caused a red shift of the V(CO) bands in a range of 41 to 56 cm™!, which was substantially larger
than those of carbonyl Ru(Il)-polypyridyl complexes. Two v(CO) bands of dicarbonyl Ru(II)-bis(semiquinone) com-
plexes also shifted to lower wavelength in a range of 53 to 99 cm™! upon two electron reduction of the complexes.
The unusually large red shift of V(CO) bands upon reduction of carbonyl Ru(Il)-dioxolene complexes compared with
those of Ru(Il)-polypyridyl complex is ascribed to a strong electronic interaction between carbonyl and dioxolene li-
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gands.

There is great interest in metal complexes having non-inno-
cent ligands such as dioxolenes, dithiolenes and benzoquinone-
diimines. Dioxolenes take three oxidation states (quinone, sem-
iquinone, and catechol). Orbital energies of the central metal
and the dioxolene ligand in ruthenium-dioxolene complexes
are unusually close to each other. Dioxolene—metal complexes,
therefore, are characterized by charge distribution due to delo-
calization of 7-electrons over the central metal and the ligand.!
Consequently, Ru(II)-semiquinone and Ru(Ill)-catecholato,
and Ru(Il)-quinone and Ru(III)-semiquinone are expressed
by forms in resonance with each other (Scheme 1).> We have
reported the electrochemical behavior of [Ru(X)(dioxolene)-
(terpy)]” (X = Cl~, CH3CO0O~,* H,0,* and CO, terpy =
2,2":6',2"-terpyridine). Those complexes showed dioxolene-
based and metal-centered redox reactions. The redox potentials
of those reactions were largely dependent on both the substitu-
ents on dioxolene and the ligands X. For example, a Ru—semi-
quinone complex [RuCl(sq)(terpy)] underwent one-electron re-
duction and oxidation at Ej, = —1.07 and —0.23 V (CpyFe*/
Cp;Fe), respectively, to give the corresponding catecholato
(cat) and quinone (q) complexes,? while the cat/sq and sq/cat
redox couples of [Ru(CO)(sq)(terpy)]™ were observed at
E; = —0.72 and +0.33 V, respectively.® Thus, replacement
of CI with CO gave pronounced influences on the dioxolene-
based redox potentials across Ru(Il). To evaluate the interac-
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Scheme 1.

tion between dioxolene and CO ligands, we prepared a series
of monocarbonylruthenium complexes [Ru(CO)(sq)(L)]"* (L
= terpy ([1]7), bdap (2,6-bis(N,N-dimethylaminomethyl)pyri-
dine, ([2])), dpp (2,6-di-2"-pyridylphenyl, ([3]°)), bph (2-
(2,2'-bipyridin-6-yl)phenolato, ([4]°)), and dicarbonylrutheni-
um complexes [Ru(CO),(sq);] ([5]°) and [Ru(CO),(phsq)]
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(phsq = 9,10-phenanthrasemiquinone, ([6]°)) (Chart 1). Re-
ported here are the characterization and the redox properties
of these complexes based on X-ray crystal analysis, EPR spec-
troscopy, electrochemistry, and spectroelectrochemistry.

Results and Discussion

Structure and Electronic State. The molecular structure
of the complex cation of [1](ClO4)-2(C;Hg) was determined
by X-ray analysis (Fig. 1). The details of data collection, refine-
ment for the complex and selected bond lengths and angles are
listed in Tables 1 and 2, respectively. The ruthenium atom
adopts a slightly distorted octahedral configuration with two
oxygen atoms of dioxolene, three nitrogen atoms of terpyridine
and carbonyl carbon. The angles of O(1)-Ru—O(2) and N(1)-
Ru-N(2) are 79.41(10)° and 79.9(1)°, respectively, and those
of O(1)-Ru-C(30) and O(2)-Ru-N(2) are 173.4(1)° and
169.5(1)°, respectively. Although two structural isomers with
respect to the orientation of fert-butyl groups on the dioxolene
ligand would be produced in the reaction mixture, one isomer
bearing two tert-butyl groups linked to C3 and C5 carbons of
the dioxolene ligand was selectively crystallized out of the so-
lution under the experimental conditions. The C—O bond length
of carbonyl ligand is 1.102(5) A. The C-O bond distances of
dioxolene of 1.299(4) (C1-O1) and 1.293(4) A (C2-02) are
close to those of sq (1.327(15) and 1.289(14) A) in
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Fig. 1. ORTEP view of crystal structure of [1]*. Thermal
ellipsoids are drawn at the 50% probability lebel. Hydro-
gen atoms are omitted for clarity.

Table 1. Crystal Data and Structure Refinement for
[1](C104)-2(C7Hs) and [6]

[1](C104)-2(C7Hs) [6]
Formula C30H31N303PF6RU-2(C7H3) C30H1606R11
Formula weight 773.34 549.16
Temperature /K 173 173
Cryastal system tricrinic tricrinic
Space group P1 (No. 2) P1 (No. 2)
a/A 12.105(5) 7.760(5)
b/A 12.580(4) 8.608(6)
c/A 13.919(5) 17.15(1)
o/deg 78.61(1) 97.55(1)
B/deg 83.608(9) 89.864(6)
y/deg 86.53(1) 98.72(1)
V/A3 2063(1) 1122(1)
V4 2 2
detea/gcm™ 1.37 1.62
No. of unique reflns 9066 4894
No. of obsed reflns 7185, 1 > 30(I) 4331, 1 > 20(I)
R1[I > 20(D]V 0.052 0.049
wR2 [ > 20(D)]V 0.140" 0.1059

a) Rl = Z||Fo| — |Fcll/ZIFo |, WR2 = {[Sw(F,* — F*)?)/
SwFE N2, w = {0H(F,)? + [p(max(F,2,0) + 2F.2)/317) 7. b)
p=0.08.¢c)p=0.03.

[Ru"(bpy),(sq)](C104),'° and are clearly shorter than catecho-
lato ligands.3 Thus, the dioxolene ligand of [1]7 is bonded to
Ru as the semiquinone form. The electronic structure of the
complex, therefore, was represented as [Ru'(CO)(sq)(terpy)]*.
Indeed, [1](PFe) displayed a sharp EPR signal at g = 2.00 with
peak to peak separation of 5.39 G resulting from the semiqui-
none radical in CH,Cl,. The monocarbonyl complexes of
[2](PFs), [3], and [4] having bdap, dpp, and bph ligands, re-
spectively, also showed the EPR spectra similar to those of
[11(PFe). [2]", [3] and [4] were, therefore, concluded to have
the Ru(Il)-semiquinone framework similarly to [1]*. We also
prepared [5] and [6] as dicarbonylruthenium complexes with
two dioxolenes. We could not obtain single crystals of [5],
but brown crystals of [6] suitable for X-ray analysis were ob-
tained by recrystallization of the complex from CH,Cl,. The
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Table 2. Selected Bond Lengths
[11(C10y4)-2(C7Hg)

and Angles of

Bond Length/ A Bond Length/ A
Ru-O(1) 2.075(3) Ru-0(2) 2.057(3)
Ru-N(1) 2.073(3) Ru-N(2) 1.972(3)
Ru-N(3) 2.084(3) Ru-C(30) 1.884(4)
C(30)-0(3) 1.102(5)
O(1)-C(1) 1.299(4) 0O2)-C(2) 1.293(4)
C(1)-C(2) 1.451(5) C2)-C(®3) 1.437(5)
C(3)-C(4) 1.358(5) C(4)-C(5) 1.435(6)
C(5)-C(6) 1.371(6)  C(6)-C(1) 1.416(5)
Bond Angles/deg Bond Angles/deg
O(1)-Ru-0(2) 79.41(10) O(1)-Ru-N(1) 89.2(1)
O(1)-Ru-N(2) 90.1(1) O(1)-Ru(1)-N(3) 88.4(1)
O(1)-Ru-C(30) 173.4(1) 0O(2)-Ru-N(1) 98.8(1)
O(2)-Ru-N(2)  169.5(1) 0O(2)-Ru-N(3) 101.1(1)
0O(2)-Ru-C(30)  94.0(1) N(1)-Ru-N(2) 79.9(1)
N(I)-Ru-N(@3) 159.2(1) N(1)-Ru-C(30) 91.9(1)
N(2)-Ru-N(3) 79.4(1) N(2)-Ru-C(30) 96.4(1)
N(@B3)-Ru-C(30)  92.8(1)

Fig. 2. ORTEP view of crystal structure of [6]. Thermal el-
lipsoids are drawn at the 50% probability level.

molecular structure of [6] determined by X-ray analysis is de-
picted in Fig. 2, and their selected bond lengths and angles
are listed in Table 3. The ruthenium atom adopts a slightly dis-
torted octahedral configuration like that of [1]. The carbonyl
groups are located in a cis position with the C(1)-Ru—C(2) bond
angle of 88.7(2)°. The bond distances of Ru—O(2) (2.092(2) A)
and Ru-O(3) (2.088(3) A), which are rrans to the Ru—-CO
bonds, are somewhat longer than those of Ru—O(1) (2.051(2)
A) and Ru—O(4) (2.055(3) A), which are cis to the Ru—-CO
bonds. The O(2)-Ru-C(1) (174.5(1)°) and O(3)-Ru-C(2)
(174.1(1)°) bond angles are close to 180°, while the O(1)—
Ru-0O(4) (166.39(10)°) bond angle largely deviates from a
straight line. The CO bond lengths of dioxolenes are 1.296(4)
and 1.306(4) A, which also indicate the Ru(Il)-bis(semiqui-
none) structure. Two CO ligands are located at cis positions
in an equatorial plane and both C-O bond lengths are
1.120(5) A, which are somewhat longer than that of [1]*. Pier-
pont et al. reported the synthesis of [Ru(CO),(3,6-dbsq),] (3,6-
dbsq = 3,6-di-fert-butyl-1,2-benzosemiquinone) as an isomer
of [5] with a Ru(II)-bis(semiquinone) moiety.® The analogous
isomer [S5] also must have the same Ru(Il)-bis(semiquinone)
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Table 3. Selected Bond Lengths and Angles of [6]

Bond Length/ A Bond Length/ A
Ru(1)-0O(1) 2.051(2) Ru(1)-0(2) 2.092(2)
Ru(1)-0(3) 2.088(3) Ru(1)-0O(4) 2.055(3)
Ru(1)-C(1) 1.880(4) Ru(1)-C(2) 1.866(5)
C(1)-0(5) 1.120(5) C(2)-0(6) 1.120(5)
O(1)-C(3) 1.296(4) 0(2)-C4) 1.296(4)
C(3)-C4) 1.437(5) C4)-C(5) 1.452(5)
C(5)-C(10) 1.411(5) C(10)-C(11) 1.475(5)
C(11)-C(16) 1.413(5) C(16)-C(3) 1.436(5)
03)-C(17) 1.306(4) 0(4)-C(18) 1.296(4)
C(17)-C(18) 1.424(5) C(18)-C(19) 1.436(5)
C(19)-C(24) 1.401(5) C(24)-C(25) 1.479(5)
C(25)-C(30) 1.424(5) C(30)-C(17) 1.443(5)

Bond Angles/deg Bond Angles/deg
O(1)-Ru-0O(2) 80.38(9) O(1)-Ru-0(3) 90.2(1)
O(1)-Ru-0O(4)  166.39(10)  O(1)-Ru—-C(1) 94.1(1)
O(1)-Ru-C(2) 94.7(1) 0O(2)-Ru-0(3) 85.5(1)
0O(2)-Ru-0O(4) 89.09(10)  O(2)-Ru-C(1) 174.5(1)
0O(2)-Ru-C(2) 92.1(1) 0O(3)-Ru-0(4) 80.3(1)
O(3)-Ru-C(1) 94.2(1) 0(3)-Ru-C(2) 174.1(1)
O(4)-Ru-C(1) 96.3(1) O(4)-Ru-C(2) 94.3(1)
C(1)-Ru-C(2) 88.7(2)

-1.00 -0.50 0.00 0.50 1.00
Vvs Ag/Ag*

Fig. 3. The CV of [1](PFs) in CH,Cl, at various scanning
rates; 50 (a), 100 (b), 200 (c), and 300 mV/s (d).

structure because the positions of two fert-butyl groups hardly
affect the electronic structure of the complex. The absence of
any EPR signals of [5] and [6] in CH,Cl, at 173 K is indication
of the occurrence of anti-ferromagnetic interaction between
two unpaired electrons on two semiquinone groups.
Electrochemistry. The CVs of the complexes were ob-
tained in dichloromethane or 1,2-dichloroethane. The CV of
[1](PFg) showed two redox couples at Ej,, = —0.58 V and
+0.49 V (E ;2 = (Epa + Epc)/2) in a potential range from
+1.0to —1.0 V (vs Ag/Ag™) in CH,Cl, (Fig. 3). The peak sep-
arations of the redox couples increased from AE, = 0.107 V to
0.149 V on increasing the scan rates from 50 mV/s to 300 mV/
s. These redox couples were, therefore, quasi-reversible. Based
on the rest potential (—0.10 V) of the CH,Cl, solution of [1]7,
the two redox reactions at £y, = —0.58 and +0.49 V were as-
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signed to the ligand-based cat/sq and sq/q couples of [1]* (Eq.
1), respectively. The assignment was consistent with the elec-
tronic absorption spectra of [1]T under electrolysis conditions
(Fig. 4). Electronic absorption spectra of [1]T in dichlorome-
thane showed strong bands at 645 nm and at 390 nm due to
the metal to ligand charge transfer (MLCT) band of Ru(Il)-
sq and Ru(Il)-terpy, respectively. Electrochemical reduction
of [1]* at —0.62 V in dichloromethane resulted in disappear-
ance of the 645 nm band, while the 390 nm band shifted to
438 nm. Thus, [Ru(CO)(cat)(terpy)] formed by one-electron re-
duction of the sq ligand of [1]T lost the MLCT band of the
Ru(Il)-sq framework at 645 nm and showed the red-shift of
the MLCT band of the Ru(Il)-terpy one from 390 nm to 438
nm due to an increase of d-orbital energy. Reoxidation of [Ru-
(CO)(cat)(terpy)] at 0.00 V fully recovered the 645 nm and 390
nm MLCT bands of [1]T within ca. 30 min. On the other hand,
one-electron oxidation of the sq ligand of [1]* under the con-
trolled potential electrolysis conditions at +0.80 V brought
about gradual fragmentation of the complex probably due to la-
bility of a Ru(Il)—q framework.

[Ru (CO)(cat)terpy)° &2 [Ru(CO)(sa) terpy))

Interaction between CO and Dioxolene Ligands

The redox potentials of the present complexes are summariz-
ed in Table 4. The CV of [2](PF) also displayed two quasi-re-
versible redox couples of the cat/sq and sq/q couples at £y, =
—0.62 and +0.45 V, respectively, in CH,Cl,. The redox poten-
tials of the [21°/[2]* and [2]* /[2]** couples cathodically shift-
ed by 40 mV based on those of the [1]°/[1]* and [1]/[1]*"
ones. This result reflects the difference in the electron donor
ability between terpy and bdap ligands. Both dpp and bph of
[3] and [4] are negatively charged terdentate ligands in contrast
to neutral terpy and bdap ligands of [1]T and [2]". The redox
potentials of [3] and [4] were observed at potentials more neg-
ative than those of [1]" and [2]™.

The CV of a dicarbonyl complex [5] showed three quasi-re-
versible redox couples at Ej; = —0.83, —0.44, and +0.64 V
and one irreversible redox wave at E, = +0.95 V (Fig. 5).
The redox potentials at Ej, = —0.83, —0.44, and +0.64 V
were associated with the [Ru(CO)y(cat)>]*~/[Ru(CO),(sq)-
(cat)]~, [Ru(CO)(sq)(cat)]~ /[Ru(CO)x(sq)2]°, and [Ru(CO),-
(59)21°/[Ru(CO)2(q)(sq)]* couples, respectively. The remain-
ing irreversible anodic peak at £}, = +0.95 V apparently results
from the oxidative degradation of the resultant [Ru(CO),(q)-
(sq)]", because a Ru—CO bond cleavage was confirmed in the

058 V (1 IR spectra of [Ru(CO),(q),]*>" produced under the electrolysis
&_ {Ru(CO)(q) (terpy)]** at +0.95 V in dichloroethane. One-electrone reduction of [5] at
+0_+f9\/ —0.65 V caused the decrease of MLCT band based on the
15
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Fig. 4. UV-vis-NIR spectra of [1](PFs) in CH,Cl, under
electrolysis conditions.

-1.50  -1.00  -0.50 0.00 0.50 1.00 1.50
Vvs Ag/Ag®

Fig. 5. The CV of [5] in CH,Cl, at various scanning rates;
50 (a), 100 (b), 200 (c), and 300 mV/s (d).

Table 4. Redox Potentials and IR Data of the Mono and Dicarbonylruthenium Complexes

Potentials/V vs Ag/Ag™" V(CO)/cm™!
Complexes cat/sq sq/q cat state MV state® sq state AV(CO)
[1](PF)¥ —-0.58 +0.49 1927 1978 —519
[2](PF)Y —0.62 +0.45 1905 1946 —419
3]V —1.05 —0.07 1868 1923 —559
(4] —0.76 +0.19 1881 1937 —569
[51% —0.83 —0.44 +0.64 +0.95 1897 1990 1938 2013 1996 2054 —99°9  —649
[61” -0.54 —-028 +0.66 +0.85 1908 2002 1946 2026 1996 2055 —889 —539

CVs and IR spectra with electrolysis were determined in a) CH,Cl, and b) 1,2-dichloroethane containing "BusN(ClOy)
or "BuyN(PFE,) (0.1 M) as a supporting electrolyte. c) Ligand-based mixed valence state of [Ru(CO),(sq)(cat)]~. d) Dif-
ferences of V(CO) bands between sq and cat states. e) Differences of V(CO) bands between (sq)(sq) and (cat)(cat) states.
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Fig. 6. UV-vis—NIR spectra of [5] with electrolysis at vari-
ous potentials in 1,2-dichloroethane; reduction of [5] to
[5]~ (A), and subsequent reduction of [5]~ to [5]*>~ (B).

Ru(Il)-sq framework at 942 nm and an appearance of a new
band at 2089 nm (Fig. 6). A similar band of an analog of [5]
has been assigned to the charge transfer band between sq and
cat by Pierpont et al® Indeed, the 2089 nm band of
[Ru(CO),(sq)(cat)]~ disappeared upon further one-electron
reduction at —1.20 V because of the formation of
[Ru(CO),(cat),]*>~. The dicarbonyl complex [6] also showed
two successive reversible cat/sq redox couples at —0.54 and
—0.28 V, and two sq/q redox couples at +0.66 and +0.85 V.

The v(CO) Band Shifts of the Carbonyl Complexes. The
V(CO) bands of the present carbonyl complexes were observed
in a range of 2100 to 1850 cm™!. Those bands were sensitive to
the oxidation states of dioxolene ligands as well as to the third
ligand. For example, [Ru(CO)Cl(bpy),]* exhibited the V(CO)
at 1984 cm~!.7 Replacement of Cl~ of [Ru(CO)Cl(bpy),]*
with CO as an electron withdrawing group caused a blue shift
of the V(CO) band from 1984 cm~! to 2040 and 2085 cm~'.3
Table 4 summarizes the V(CO) bands of the present ruthenium
carbonyl complexes with semiquinone ligands. The v(CO)
bands of the complexes shifted to lower frequency in the order:
[11F (1978 cm™") > [2]7 (1946 cm™!) > [4] (1937 cm™") > [3]
(1923 ecm™"), which apparently reflects the electron donor abil-
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Fig. 7. IR spectra of [1]* (a) and the one-electron reduced
form (b) at —0.80 V (vs Ag/Ag") in CH,Cl, containing
"BugN(ClOy) (0.1 M).

ity of the terdentate ligand to Ru. The red shift of the V(CO)
band of [2]" compared with [1]", therefore, results from the
difference in the electron donor ability between dimethylamino
groups of bdap and pyridyl groups of terpy. The appearance of
the V(CO) band of [4] and [3] at relatively lower wave number
is ascribed to the Ru—C and Ru-O bond formed between the
negatively charged terdentate dpp and bph ligands with Ru. Ac-
cordingly, the emergence of the V(CO) band of the dicarbonyl
complexes at higher wave length, [5] (1996, 2054 cm™') and
[6] (1975, 2049 cm™!) reflects the strong electron withdrawing
ability of CO. As Ru—dioxolene complexes have a charge dis-
tribution of 7r-electrons over the central metal and the ligands,
the V(CO) bands of the complexes largely depend on oxidation
states of the dioxolene ligands. The CV of [1](PFs) showed the
quasi-reversible cat/sq and sq/q redox couples at —0.58 V and
40.49 V, respectively. The electrolysis of [1](PFg) at —0.80 V
(vide infra E{» = —0.58 V) in CH,Cl, smoothly proceeded
and the V(CO) band moved from 1978 cm~! to 1927 cm™!
(Fig. 7). Reoxidation of the solution at 0.00 V fully recovered
the IR spectrum of [1]7, indicating that [1]° was stable in solu-
tions. Thus, the red shift of the V(CO) band of [1]T caused by
one-electron reduction (Eq. 2) is —51 cm™!. It is worthy of note
that semiquinone of [1]* and quinoline of [Ru(CO)(quinoline)-
(bpy)2]™ are reduced at Eijp=-058Vand E;p =—-121V,
respectively, and the red shift of the v(CO) band of
[Ru(CO)(quinoline)(bpy),](PFs), caused by one-electron re-
duction was —35 cm™! (from 2015 to 1980 cm™!) (Eq. 3).°

[HU(CO)(SQ)(teny)]*”“‘fT’ [Ru(CO)(cat)(terpy)]° )
WCO) =1978 cm’! WCO) = 1927 cm™!
N 2+ N +
l I~ é :/
) = ) ®
Ru(CO)(bpy)2 Ru(CO)(bpy)2

WCO) = 2015 cm’! WCO) = 1980 cr!

These results also are indication of the large charge distribution
of Ru—dioxolene complexes compared with those of Ru—poly-
pyridyl complexes. Similarly, [2](PFs), [3], and [4] also
showed the large red shift of the V(CO) band upon one-electron
reduction under the electrolysis conditions (Table 4), though



746 Bull. Chem. Soc. Jpn., 77, No. 4 (2004)

the degree of the shifts were not always proportional to the re-
dox potentials of the sq/cat couple. On the other hand, one-
electron oxidation of the complexes under the electrolysis in
a potential range of +0.80 V resulted in gradual degradation
of the complexes due to the lability of their Ru(Il)-q frame-
works, because the electronic absorption spectra of the com-
plexes under the electrolysis conditions exhibited the formation
of free quinone dissociated from the oxidized form of the com-
plexes.

In contrast to mono-carbonyl complexes, [1]7, [2]7, [3], and
[4], dicarbonyl complexes, [S] and [6] showed successive two
quasi-reversible sq/cat redox couples (Fig. 5). Electrochemical
reduction of [5] at —0.65 V shifted the v(CO) bands at 1996
cm™! and 2054 cm™! to 1938 and 2013 cm™! due to the forma-
tion of [Ru(CO),(sq)(cat)]™ (Fig. 8(a)). Further one-electron
reduction of [Ru(CO),(sq)(cat)]” at —1.20 V brought about
the appearance of the V(CO) bands at 1897 and 1990 cm™!
(Fig. 8(b)). Thus, the red shifts of the V(CO) bands of [5] caused
by one- and two-electron reduction were AV(CO) = —41 and
—58 cm™!, and —64 and —99 cm™!, respectively, (Eq. 4).

[RU(CO)(sq)2]’ f<_—’e. [Ru(CO)z(sq)(cat)]"
CO) = 1996, 2054 cm’! WCO) = 19382013 cm™
_ @)
== [RuCO)(catll®

UCO) = 1897,1990 cm™

Similarly, the Av(CO) values observed in one- and two-elec-
tron reduction of [6] were —29 and —50 cm~', and —53 and
—88 cm™!, respectively. We calculated the stretching force
constants of the CO group to evaluate the interactions not only
between CO and dioxolene but also between two CO ligands,
since those interactions must be largely dependent on the oxi-
dation state of dioxolene ligands. The CO stretching force con-
stant (k) and the stretching—stretching interaction constant (k;)
of octahedral cis-dicarbonyl complexes are expressed by Egs.
5 and 6,
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A1 =k + k) )
Ay = pk — k), (6)

where A = {(21c)?/Na}W(CO)? (Na: Avogadro’s constant),
A1 > Ay, and (& = Nao/m (m: reduced mass of CO group).'®
The k and k; values of the dicarbonyl complexes are summariz-
ed in Table 5 together with the k values of the monocarbonyl
complexes. Reduction of semiquinone to catecholato of [1]7,
[2]", [3], and [4] caused the changes of the k values in a range
of Ak = —64 to —0.87 Nem ™. Similarly, one-electron reduc-
tion of the dicarbonyl complexes, [5] and [6], resulted in the de-

@)

®

(C

L 1 | | ]
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wavenumber / cm’!

Fig. 8. IR spectra of [5]1° (a), the one-electron reduced form,
[5] (b) at —0.65 V, and the two-electron reduced form,
[5>~ (c) at —1.20 V (vs Ag/Ag*) in 1,2-dichloroethane
containing "BuyN(ClOy) (0.1 M).

Table 5. Stretching Constant (k) and Stretching—Stretching Interaction Constant (k;) of the Carbonyl Ligands of

the Mono and Dicarbonylruthenium Complexes

kY /Ncm™!
Complexes sq state, ksqa) cat state, key® Ak = kear — kg
[1](PFe) 15.81 15.00 —0.81
[2](PFg) 15.30 14.66 —0.64
[3] 14.94 14.10 —0.84
(4] 15.16 14.29 —0.87
cat state, ksqb> MV state, kny” sq state, ksqb> Aky = kv — kg Ako = keae — kmv
(ki) (ki) (ki)
[5] 16.56 15.77 15.26 —-0.79 —0.51
0.47) (0.60) (0.73)
[6] 16.57 15.93 15.44 —0.64 —0.49
(0.48) (0.64) (0.74)

a) Stretching constants of CO of the monocarbonyl complexes were calculated by the equation: V(CO) =
(k/m)'? /2mc (the reduced mass of CO group: m = 1.139 x 1072 g, light velocity: ¢ = 2.9979 x 10
cms™!). b) Stretching constants and stretch—stretch interaction constant of CO of the monocarbonyl com-
plexes were calculated by the equation: A = u(k+k), Adr =k —k) (A; > Ay, A1 ={@2nc)*/
NA}v(CO)Z, N = Avogadro’s constant, ¢ = light velocity, u = NA/m).‘8
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crease of the k values by 0.79 and 0.64 Ncm™!, respectively.
The changes of the k values upon further one-electron reduction
of [5]~ to [5]> and of [6] to [6]> were —0.51 and —0.49
Necm™!, respectively. Thus, the reduction of [Ru(CO)g(sq)g]0
to [Ru(CO),(sq)(cat)]~ induced more serious change in the k
values compared with the reduction of [Ru(CO),(sq)(cat)]™
to [Ru(CO);(cat),]>~. It is also worthy of note that the decrease
of the k value of [Ru(CO)(quinoline)(bpy),]** caused by qui-
noline-based one-electron reduction was 0.56 N cm™!; this val-
ue is close to the Ak value induced by the reduction of
[Ru(CO),(sq)(cat)]”™ to [Ru(CO),(cat),]>~. The stretching—
stretching interaction constant (k;) increase in the order of
[Ru(CO)a(sq)2]” < [Ru(CO(sq)(cat)]~ < [Ru(CO)a(cat)]*~
is apparently consistent with the order of increasing the d-elec-
tron density of the Ru atom. Thus, the interaction between two
carbonyl ligands is enhanced with the progress of the reduction
of dioxolene ligands.

Despite the fact that semiquinone ligands are reduced to cat-
echolato at potentials much more positive than the reduction of
polypyridyl ones, the redox reaction of the former gives more
serious electronic influence to the CO ligands compared with
that of polypyridyl ones. Such a strong interaction between
CO and dioxolene ligands across Ru(Il) is explained by the ef-
fective mixing of 3d orbital (tp,) of Ru(II) with LUMO of qui-
none (SOMO of semiquinone) compared with LUMO of poly-
pyridyl ligands. In addition, the 7% orbital of CO located at a
trans-position of dioxolene ligand also interacts with the same
3d orbital (tp,) of Ru(II). The charge distribution in the Ru—di-
oxolene framework, therefore, largely enhances the interaction
between SOMO of semiquinone and 77* orbital of carbonyl li-
gands in Ru—dioxolene complexes.

Experimental

Materials. RuCl; was purchased from Furuya Metal Co., Ltd.,
3,5-di-tert-butylcatechol, 3,5-di-fert-butyl-1,2-benzoquinone, and
9,10-phenanthraquinone were from Tokyo Kasei Organic Chemi-
cals; and 2,2":6",2”-terpyridine and Ru3(CO);, were from Aldrich
Chemical Co., Ltd. [Ru(CO),CI(NN'N)](OTf),'° [Ru(sq)3],'! 2-
(2,2'-bipyrid-6-yl)phenol'? were synthesized according to the liter-
ature. Solvents were distilled just prior to use.

Preparations of Complexes. [Ru(CO)(sq)(terpy)]1(PF),
[11(PFg): Ru(CO),(sq)2, [5] (30 mg, 0.05 mmol), and 2,2":6",2"-
terpyridine (12 mg, 0.05 mol) were refluxed in EtOH (15 mL)
for 1 h under N,. After the reaction mixture cooled to room temper-
ature, NH4PF (20 mg) was added to the solution. The solvent was
removed under reduced pressure, and the residue was dissolved in
acetone followed by passing through an alumina column (2.5 x 10
cm). The second blue band was collected and evaporated to dry-
ness. The crude product was dissolved in CH3CN and addition
of toluene to the solution afforded blue crystals, which were fil-
tered off, washed with toluene, and dried under reduced pressure.
Yield: 11 mg, 30%. IR (v/cm™!, KBr): 1977 (s, CO). UV-vis—
NIR (A pax/nm (€/M~' ecm™"), CH,Cl,): 644 (4390), 396 (3430),
324 (2580), 310 (2250), 284 (2540), 274 (2330). EPR (CH,Cl,
at 300 K): g =2.00. ESI-MS (m/z, CH,Cl,): 583 ([1]T). Anal.
Found: C, 51.49; H, 4.62; N, 5.46%. Calcd for C3oH3;N3O;3-
PFgRu-0.5(C7Hg): C, 51.63; H, 4.67; N, 5.47%.

[Ru(CO)(sq)(bdap)](PFg), [2](PFs): A methanolic solution of
"BuOK (46 mg, 0.41 mmol) was added to a CH,Cl, solution con-
taining [Ru(CO),Cl(bdap)](OTf) (100 mg, 0.19 mmol) and 3,5-di-
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tert-butylcatechol (42 mg, 0.19 mmol), and the mixture was stirred
at room temperature for 8 h under N;. The resultant yellow solu-
tion, probably containing [Ru(CO)(cat)(bdap)], was stirred again
for another 3 h under the air, during which time the color of the so-
lution turned to dark blue. Aqueous NH4PF¢ was added to the solu-
tion. Evaporation of methanol under reduced pressure gave a dark
blue solid, which was filtered off; crystallization from CH,Cl,/
hexane afforded blue micro crystals. Yield: 81 mg, 62%. IR (v/
cm ™!, KBr): 1946 (s, CO). UV=vis—NIR (A oy /nm (€/M~ ! cm™1),
CH,Cly): 323 (9370), 687 (1000). EPR (CH,Cl, at 300 K):
g = 2.00. ESI-MS: m/z 543 ([2]"). Anal. Found: C, 45.44; H,
5.77; N, 6.02%. Calcd for C26H39N303RU.PF63 C, 45.41; H, 5.72;
N, 6.11%.

[Ru(CO)(sq)(dpp)], [3]: A 2-methoxyethanol solution (50
mL) containing [Ru(sq);] (393 mg, 0.52 mmol) and 1,3-di-2"-pyr-
idylbenzene (120 mg, 0.52 mmol) was refluxed for 8 h. The mix-
ture was concentrated to about 1/5 under reduced pressure. An ad-
dition of water (30 mL) to the 2-methoxyethanol solution solution
(10 mL) precipitated a purple solid, which was filtered off and
dried in vacuo. To remove unreacted [Ru(sq);], we suspended
the crude product in hexane (10 mL) and filtered it. Such manipu-
lation was repeated 5 times. Yield: 122 mg, 41%. IR (v/ecm™!,
KBr): 1918 (s, CO). UV—vis—NIR (A ax/nm (é—?/M*1 cm™h),
CH,Cl,): 363 (5500), 406 (5460), 766 (3410). EPR (CH,Cl, at
300 K): g =2.00. ESI-MS (m/z, CH,Cly): 581 ([3]"). Anal.
Found: C, 60.01; H, 5.50; N, 4.29%. Calcd for C;;H3;N,O3-
Ru-2H,0: C, 60.38; H, 5.72; N, 4.54%.

[Ru(CO)(sq)(dph)], [4]: An ethanol solution (15 mL) of
[Ru(CO)1(sq)2], [5] (48 mg, 0.08 mmol) and 2-(2,2’-bipyridin-6-
yDphenol (20 mg, 0.08 mol) was refluxed for 5 h under N,. After
the solvent was removed under reduced pressure, the residue was
dissolved in CH,Cl, followed by passing through a silica gel col-
umn (2.5 x 10 cm). The second green band was collected and
evaporated to dryness. The residue was dissolved in CH,Cl,. An
addition of Et;O to the solution precipitated a green powder. The
green compound was filtered off, washed with Et,O, and dried un-
der reduced pressure. Yield: 11 mg, 23%. IR (v/cm~!, KBr): 1938
(s, CO). UV—vis-NIR (Ao /nm (€/M~!'ecm™"), CH,Cl,): 691
(3420), 355 (7630), 305 (2410), 259 (2810). EPR (CH,Cl, at
300 K): g =2.00. ESI-MS (m/z, CH,Cly): 597 ([4]%). Anal.
Found: C, 61.57; H, 5.56; N, 4.69%. Calcd for C3;H3;N,O4Ru:
C, 62.40; H, 5.24; N, 4.69%.

[Ru(CO),(sq)2], [5]: [Ru(CO),(sq),] was synthesized accord-
ing to the method of [Ru(3,6-dbsq),(CO),] by using 3,5-di-tert-bu-
tylbenzoquinone instead of 3,6-di-tert-butylbenzo-1,2-quinone.®
Ru3(CO);, (100 mg, 1.5 x 10~* mol) and 3,5-di-tert-butylbenzo-
quinone (300 mg, 1.4 x 1073 mol) were dessolved in toluene (50
mL), and the reaction mixture was refluxed under N, for 6 h. After
the solvent was removed under reduced pressure, the residue was
dissolved in hexane, followed by loading on a silica gel column
(3.5 x 15 cm). The second reddish purple band eluted with CH,Cl,
was collected and evaporated to dryness. The residue was dis-
solved in a small amount of EtOH followed by addition of water.
The reddish purple compound thus precipitated was collected by
filtration and dried under reduced pressure. Yield: 196 mg, 66%.
IR (v/em~!, KBr): 2000 (CO), 2058 (CO). UV—-vis—NIR (A nax/
nm (€/M~!' em™"), CH,CICH,Cl): 297 (12200), 379 (3830), 544
(3500), 951 (5350). ESI-MS (m/z, CH,Clp): 597 ([5]"). Anal.
Found: C, 60.05; H, 6.60%. Calcd for C3yH49OgRu: C, 60.28; H,
6.75%.

[Ru(CO),(phsq)2], [6]: To a toluene solution of 100 mg (0.15
mmol) of Ru3(CO);, was added an excess of 9,10-phenanthraqui-
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none (190 mg, 0.90 mmol); then the mixture was heated at reflux
for 3 h under N,. The solvent was removed on a rotary evaporator,
and the residue was dissolved with CH,Cl,. The crude solution was
purified by silica gel column chromatography using CH,Cl, as an
eluent. [Ru(CO);,(phsq),] appeared as a brown band. The volume
of the solution was reduced until approximately 1 mL using a ro-
tary evaporator. The brown crystals precipitated after addition of
ether. The crystals were filtered off, washed with Et,;O, and dried
in vacuo. Yield: 60 mg, 67%. IR (v/cm~', KBr): 1975 (s, CO),
2049 (s, CO). UV-vis-NIR  (Apax/nm  (€/M~'cm™h),
CH,CICH,CI): 321 (7990), 416 (1340), 915 (3730). FAB-MS
(m/z): 584 ([6]T). Anal. Found: C, 61.57; H, 2.95%. Calcd for
C30H606Ru-0.25(CH,Cl,): C, 61.08; H, 2.80%.

Measurements. Electronic absorption spectra were recorded
on a Shimadzu UV-3100PC spectrophotometer. Cyclic voltammo-
grams of the complexes were obtained in dichloromethane or 1,2-
dichloroethane containing 0.1 M of tetra-n-butylammonium per-
chlorate (TBAP) as a supporting electrolyte under N, by using
an ALS/chi Electrochemical Analyzer Model 660. A glassy-car-
bon and a platinum wire were used as a working electrode and a
counter electrode, respectively. Ag/Ag" reference electrode, pur-
chased from BAS Inc, was separated from the working compart-
ment by Vycor glass and composed of Ag wire and the acetonitrile
solution of 0.01 M AgNO3 and 0.1 M TBAP. IR spectra were ob-
tained on a Shimadzu FTIR-8100 spectrometer. UV-vis—NIR
spectra under electrolysis conditions were obtained by using a
thin-layer electrode cell with a platinum minigrid working elec-
trode sandwiched between two glass sides of an optical cell (path
length 0.5 mm), where an Ag/Ag™" reference electrode was sepa-
rated from the working compartment by Vycor glass. Hokuto Den-
ko HA-151 potentiostat/function generator was used. IR measure-
ments under the electrolysis conditions were performed with a thin
layer electrode cell with a platinum mesh grid working electrode
sandwiched between two KBr crystals (the path length; 0.5 mm).
ESR spectra were measured with a JEOL X-band spectrometer
(JES-RE1XE). The g values were calibrated precisely with a
Mn?* marker, which was used as a reference. Electro-spray mass
spectra were obtained on a Shimadzu LC-MS 2100 mass spectrom-
eter. FAB mass spectra were obtained on a JEOL JMS-GC mate 11
GCMS system with a FAB-MS unit.

Crystallography. Single crystals of [1](ClO4)-2(C7Hg) were
obtained by the exchange of the counter anion from PF¢™ to Cl104~
followed by slow diffusion of toluene into an acetonitrile solution
of [1](ClO4). The single crystals of [6] were obtained from a
CH,Cl; solution. A summary of the crystal structure refinements
of the compounds [1](ClOy4) and [6] were given in Table 1. Data
were collected on a Rigaku/MSC Mercury CCD diffractometer us-
ing graphite monochromated Mo K radiation (4 = 0.71070 A) at
173 K, and processed using Crystal Clear.!’> The structure of
[1](ClO4)-2(C7Hs) was solved by a heavy-atom Patterson method
(PATTY)'* and expanded using Fourier Techniques (DIR-
DIF94).!5 The structure was refined by full-matrix least-square re-
finement on F2. All non-hydrogen atoms were refined with aniso-
tropic displacement parameters with the exception of those of crys-
tal solvents. All hydrogen atoms were located on the calculated po-
sitions and were not refined. The structure of [6] was solved by a
direct method (SIR92)'6 and refined by full-matrix least-square re-
finement on F2. All non-hydrogen atoms were refined with aniso-
tropic displacement parameters. All hydrogen atoms were located
on the calculated positions and were not refined. All calculations
were performed using the teXsan crystallographic software pack-
age.!” Crystallographic data for the structural analysis of
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[1](Cl0O4)-2(C7Hg) and [6] have been deposited with the Cam-
bridge Crystallographic Data Centre, CCDC No. 208579 and
No. 208580, respectively (www:http://ccdc.cam.ac.uk).
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