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The reaction of Brensted acids with cis-[Ru(bpy),(CO3)] (bpy =2,2'-bipyridine) under CO
results in cleavage of the carbonato ligand and formation of cationic cis-[Ru(bpy)>(CO)L]""
complexes [L=0ONO, (17), OH, (2*"), CI (3"), OCOH (4"), and OCOCH; (5%)]. The
structures of 11 and 2** were confirmed by single-crystal X-ray diffraction. Crystal data for
1(PF¢): monoclinic, P2;/c, a=10.5242(3), b=15.4727(3), ¢=14.6571(3) A, B=92.3219(9),
V'=2384.77109) A’, Z=4, Deyea=1806g cm™, 5460 unique reflections (R, =0.032),
Ry =0.0540 [7>20(])], wR>=0.1642 (all reflections); crystal data for 2(ClO,),- H,O: mono-
clinic, C2/c, a=20.4247(7), b=10.0777(3), ¢ =15.6039(5) A, B=127.7569(8)°, V'=2539.31(14)
A% Z=4, Deyea=1.769 g cm ™2, 2895 unique reflections (Rin = 0.036), R; =0.0343 [I > 20(])],
wR,=0.0907 (all reflections). Except for 2(PFs), the complexes exhibit oxidation at 1.02-1.30 V
versus Fct/Fc in acetonitrile. Bipyridine-centered reductions are also observed; these redox
potentials depend on the nature of L. This convenient synthesis will be useful for producing
cis-[Ru(bpy),(CO)L]"*-type complexes in high yield.

Keywords: Ruthenium; Bipyridine complex; Crystal structure; One-pot synthesis; Electron
transfer

1. Introduction

For decades, ruthenium(II) complexes containing polypyridines have been used in a
variety of areas such as catalysis and biochemistry because of their properties [1]. An
important application of polypyridyl ruthenium compounds is transformation of
various substrates coordinated to the metal center. For example, the monocarbonyl
complexes containing two 2,2-bipyridine (bpy), cis-[Ru(bpy),(CO)CI]* and cis-
[Ru(bpy)»(CO)OH,)*", are active species for the reduction of carbon dioxide [2]
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and in the water-gas shift reaction [3]. Cis-[Ru(bpy)>(CO)L]"" complexes
(L =monodentate ligand) are generally prepared by heating cis-[Ru(bpy).(CO)CI]*
under reflux in the presence of an excess of L, as shown in the following equation [4]:

[Ru(opy),(COXCI]"+L — [Ru(bpy),(COIL]" +CI7
(L = substituted pyridines, CH3CN, H;O forn =2; L=NCS™, H™ forn =1)
€]

However, this synthetic route tends to offer low yields because cis-[Ru(bpy),(CO)CI]*
is essentially a side product in the synthesis of cis-[Ru(bpy),Cl,] [4]. A convenient
“one-pot” synthesis of polypyridyl complexes of ruthenium(Il) containing CO is
the direct reaction of the corresponding precursors (cis-[Ru(bpy).L,]"") with CO gas.
The synthesis of compounds containing various monodentate ligands (L)
(cis-[Ru(bpy),L-]""), however, has been limited by the lack of a convenient synthetic
methodology. Therefore, the development of a facile synthetic route to cis-
[Ru(bpy)>(CO)L]"" would provide access to a family of compounds that could lead
to important applications.

Here, we report the convenient synthesis of cis-[Ru(bpy),(CO)L]"" [L =ONO, (17),
OH, (2°%), CI (37), OCOH (4%), and OCOCH; (5%)] using various Bronsted acids
(HNOs, HPF4, HBF,, HCI, HCOOH, and CH3COOH) under a CO atmosphere. We
present the X-ray structures of nitrato [1(PFg)] and aqua [2(ClOy), - H>O] complexes.
We also examined the electrochemical properties of the series complexes. We used
Lever’s Ep parameters to confirm the electron transfer processes [5]. As expected, the
aqua ligand of 2** is quickly replaced by an acetonitrile in CH3CN solution. In
addition, we newly evaluated the E; parameter of the acetate (OCOCHJ) from the
redox potentials of 5.

2. Experimental

2.1. Materials and methods

All solvents were purchased as anhydrous solvents for organic synthesis and used
without purification. The CH3CN used in the electrochemical experiments was further
distilled over CaH, under N, just before use. Cis-[Ru(bpy),(CO3)]-2H,0 was prepared
according to a known procedure [6].

Elemental analysis was conducted at the Research Center for Molecular-Scale
Nanoscience, Institute for Molecular Science. Infrared spectra were obtained using KBr
pellets with a JASCO FT-IR 4100 spectrometer. Mass spectra were obtained with a
Bruker Daltonics microTOF mass spectrometer. NMR spectra were recorded on a
JEOL JMN-AL300 spectrometer. Electrochemical measurements were performed in
CH;CN containing tetra-n-butylammonium perchlorate (0.1 mol L™") as a supporting
electrolyte in a one-compartment cell consisting of a Pt working electrode, a Pt wire
counter electrode, and a Ag/AgNO; (0.01 mol L") reference electrode. All potentials
are reported in V versus the ferrocenium/ferrocene couple (Fct/Fc) at 25°C under Ar.
These redox potentials were converted to the NHE according to the literature (+0.67 V
in acetonitrile) [7].
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2.2. Synthesis of cis-[ Ru(bpy),(CO)L]""

In a typical preparation, cis-[Ru(bpy)>(CO3)] - 2H,O (100 mg, 0.196 mmol) was added to
a test tube containing 2-methoxyethanol (20mL) and 2 equiv of nitric acid (0.1 mol
L~"). The mixture was heated to 80°C under a CO atmosphere (10atm) for 15h. The
volume of the reaction mixture was reduced to 2mL, and then a saturated solution of
KPFg (5mL) was added. The resulting yellow—orange solid was filtered and then
washed with water followed by Et,O. The crude products were purified by the diffusion
of Et,O into a solution of the compounds in acetone. The yield was 111 mg (87%) for
1(PF¢). Analytical data for 1(PFg): Anal. Calcd for C,;H{(NsO4PF¢Ru (%): C, 38.90;
H, 2.49; N, 10.80. Found (%): C, 38.88; H, 2.57; N, 11.05. ESI-MS (CH;CN): m/z = 504
(IM]1), 476 (IM—COJ™). IR (KBr) (cm™"): 1980 (vC=0), 1475, 1272, and 991 (vVNO;).
"H NMR (300 MHz, acetone-de): 8 9.69 (d, 1H), 9.02 (d, 1H), 8.88-8.70 (m, 4H), 8.57
(t, 1H), 8.42-8.30 (m, 2H), 8.24-8.11 (m, 2H), 8.01-7.92 (m, 2H), 7.77 (d, 1H), 7.64
(t, 1H), and 7.50 (t, 1H) ppm.

Analytical data for 2(PF¢),: A similar reaction between cis-[Ru(bpy)»(CO3)]- 2H,O and
HPF4 or HBF, under the same conditions described above gave 2(PFg), with 96 mg
(65%) yield. ESI-MS (CH;CN): m/z =235 ((IM—H,O0 + N,J**). IR (KBr) (cm™"): 1994
(vC=0).

Analytical data for 3(PFg): A similar reaction between cis-[Ru(bpy)-(CO3)] - 2H,O and
HCI under the same conditions described above gave 3(PF4) with 106 mg (87%) yield.
ESI-MS (CH;CN): m/z =477 (IM]"), 449 (IM—COJ™). IR (KBr) (cm™"): 1965 (vC=0).

Analytical data for 4(PF¢): A similar reaction between cis-[Ru(bpy),(CO3)]-2H,0 and
HCOOH under the same conditions described above gave 4(PF4) with 98 mg (79%)
yield. ESI-MS (CH5CN): m/z=487 (IM]"), 459 (M—-CO]"). IR (KBr) (cm™"): 1965
(vC=0), 1626 and 1291 (vOCO).

Analytical data for 5(PF¢): A similar reaction between cis-[Ru(bpy),(CO3)]- 2H,0 and
CH;COOH under the same conditions described above gave 5(PF¢) with 104 mg (82%)
yield. ESI-MS (CH5CN): m/z=1501 ((M]"), 473 (M—=CO]"). IR (KBr) (cm™"): 1963
(vC=0), 1621 and 1317 (vOCO).

Spectral data obtained for 2(PFg),—5(PFg) were consistent with those reported
previously [4a, §].

2.3. X-ray crystallographic analyses

Single crystals of 1(PFg) were obtained by vapor diffusion of diethyl ether into an
acetone solution of the complex. Single crystals of 2(ClO4), - H,O were obtained directly
from the reaction mixture by using ClO, as an alternative counter ion. Data were
collected at 20°C [1(PF¢)] or —100°C [2(ClOy4), - H>O] on a Rigaku RAXIS-RAPID
diffractometer with graphite monochromated Mo-Ka radiation (A =0.71075 A). All
data were collected and processed using the PROCESS-AUTO program [9]. All the
calculations were conducted using the CrystalStructure crystallographic software
package [10] except for refinement, which was performed using SHELXL-97 [11].
The structures were solved either by direct methods [12] [1(PFg)] or by the Patterson
method [13] [2(ClOy), - H>O]. Multi-scan absorption corrections were applied [14]. The
fluorines of the anion of 1(PF4) were modeled as disordered over two sets of sites, set at
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Table 1. Crystallographic data and details of diffraction experiments for 1(PFs) and 2(ClOy), - H,O.

1(PF) 2(C10.), - H,O
Chemical formula C2|H16N504PF6RU C21H20N40] 1C12Ru
Formula weight 648.42 676.39
Temperature (K) 293(1) 173(1)

Space group .
Unit cell dimensions (A, °)

P2,/c (No. 14)

C2/c (No. 15)

a 10.5242(3) 20.4247(7)
b 15.4727(3) 10.0777(3)
¢ 14.6571(3) 15.6039(5)
B . 92.3219(9) 127.7569(8)
Volume (A%), Z 2384.77(9), 4 2539.31(14), 4
Calculated density (g cm™>) 1.806 1.769
Absorption coefficient (cm™") 8.117 8.954
Number of measured reflections 22,715 11,995
Number of observed reflections 5460 2895
Refinement method Full-matrix least-squares on I~

Parameters 338 196

Ry [I>20(D]* 0.0540 0.0343

wR> (all data)® 0.1642 0.0907

S 1.052 1.118

"Ry = X/ Fo| — |F||/Z|Fy.
2 2
PRy = {SW(F2 — P27 Sy (F2)% 2.

equal occupancy after trial refinement. The CO and OH, of 2(ClOy),-H,O were
disordered over two sites with equal occupancy. The hydrogen atoms in both the aqua
ligand and non-coordinated water were not included in the structure. The crystallo-
graphic parameters of 1(PF¢) and 2(ClOy), - H>O are summarized in table 1.

3. Results and discussion

3.1. Synthesis and structure

Several methods are used for carbonylation of transition metal complexes. Gaseous
carbon monoxide, formic acid, dimethylformamide, ethylene glycol, and terminal
alkynes are employed as carbonylation reagents [3a, 15]. In this study, cis-
[Ru(bpy)»(CO)L](PF¢),, (n=1 or 2) were prepared in high yield by reacting cis-
[Ru(bpy),(CO3)] (the carbonato precursor, which was prepared from the corresponding
dichlorido complex) [6] with CO in an excess of a suitable acid and 2-methoxyethanol
mixture. The L varies with the acid used (scheme 1), acids with anions that possess
coordination ability coordinate directly to ruthenium as an anionic ligand (NO3, CI,
OCOH™, and OCOCHY), whereas water coordinates to the ruthenium in the case of
HPF4 or HBF,.

Of the complexes produced, 1(PFs) was isolated as a new product. Its composition
was confirmed by the elemental analysis and a single group of peaks in the electrospray
ionization mass spectroscopy (ESI-MS) results matched the expected isotopic distri-
bution pattern with intense peaks at m/z 504 (M™') and 476 (M—CO™). However,
the coordination mode of the nitrato ligand in 1(PFs) was uncertain. The NOJ can
non-coordinate, or coordinate in a monodentate (NO3—0O) or bidentate (NOs—0,0")
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HNO, [Ru(bpy)2(CO)ONO)*

-

B
| HPFs o HBFs _ [Ru(bpy)o(CO)OHZ*  (22%)

(ef0) HCI

[Ru(bpy)2(CO3)] [Ru(bpy)2(CO)CIT* (39

HCOOH

[Ru(bpy)2(CO)(OCOH)I*  (4)

CHzCOOH

[Ru(bpy)2(CO)(OCOCHg)]* (5)

Scheme 1. Synthesis of cis-[Ru(bpy),(CO)L]"".

Figure 1. Molecular structure of 17, with atom labels and 50% probability displacement ellipsoids.
Hydrogen atoms are omitted for clarity.

fashion [16]. In the IR spectrum of 1(PF), N-O stretching vibrations were observed at
1475, 1272, and 991 cm™". From these values, which agree with those in the literature
[16, 17], it is difficult to distinguish between mono- and bidentate coordination of NOj .
However, the X-ray data clearly indicate monodentate coordination (see below). In
addition, a single carbonyl vibration at 1980cm™' confirms the formation of the
terminal carbonyl. Other compounds [2(PFg),—5(PF¢)] also possess a single v(CO) band
between 1963 and 1994cm™'. For 4(PF¢) and 5(PFg), the agreement between the
reported and observed frequencies assigned to carboxylate ions (OCOH™ and
OCOCHYj) indicate that both ions coordinate monodentate with Ru—O bonds [8].
The crystal structure of 1(PF) is shown in figure 1 and the key bond parameters are
listed in table 2. The cation has octahedral coordination geometry with a Ru—CO group
[177.6(3)°] cis to nitrate. The crystal structure clearly shows monodentate coordination
of nitrate [the Ru—O distance is 2.087(2) A]. The sum of the three O—N-O bond angles
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in the nitrato ligand is 360.0°, indicating that nitrate has a planar structure. This agrees
with the data reported for analogous nitrato complex cis-[Ru(bpy),(NO)(ONO,)[(ClOy),
[18]. The carbonyl bond distances of Ru—C and C—O are comparable with those in
ruthenium carbonyl analogs [8, 19]. X-ray analysis of a single crystal of 2(ClOy), revealed
the molecular structure of the complex with a cis orientation of Ru—CO and Ru—OH,
(figure 2). Although the Ru—O bond distance [2.112(10) A] of 2(ClOy), is longer than that
of 1(PFy) (table 2), it is typical for bis(bipyridine)ruthenium(Il) complexes containing
aqua ligand(s) (2.10-2.15 A) [20]. The Ru—C-O angle [178.6(10)°] and the Ru—C and C-O
distances [1.897(14) and 1.110(15) A, respectively] are typical. In addition, the structural

Table 2. Selected bond distances (A) and angles (°) for 1(PF4) and
2(ClOy), - H,O.

1(PFy) 2(C10,), - H-0

Rul-Ol 2.087(2) Rul-NI 2.077(2)
Rul-C21 1.874(3) Rul-N2 2.078(2)
Rul N1 2.126(3) Rul-02 2.112(10)
Rul-N2 2.074(3) Rul-Cl1 1.897(14)
Rul-N3 2.054(3) Cl11-01 1.110(15)
Rul-N4 2.070(3)

O1-N5 1.297(4)

02-N5 1.219(4)

03-N5 1.220(5)

C21-04 1.128(4)

01-N5-02 117.1(3) Rul-C11-O1 178.6(10)
02-N5-03 122.8(3)

O1 N5-03 120.1(3)

Rul-C21-04 177.6(3)

22+

Figure 2. Molecular structure of , with atom labels and 50% probability displacement ellipsoids.
Hydrogen atoms are omitted for clarity. Only one component of the disordered CO and OH, groups is
shown.
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parameters of {Ru(bpy),}>" of 2(ClO,), are essentially the same as those of cis-
[Ru(bpy),(CO)L]"" [8, 19].

3.2. Electron transfer properties

The results of electrochemical studies of the complexes in CH3;CN are summarized in
table 3. The complexes exhibit typical behavior of a bis(bipyridine)ruthenium(II)
complex with a pair of one-electron reduction peaks from —1.55 to —1.75V and —1.73
to —1.96V versus Fc'/Fc. In the anodic scan, a one-electron oxidation wave was
observed between 1.02 and 1.30V, except for 2(PF¢)>, which did not show any anodic
waves within the potential window. The reduction potentials and pattern of waves in
2(PF4), agree with those of the corresponding acetonitrile complex
([Ru(bpy)»(CO)(CH5CN)**) [21]. The aqua ligand is highly labile and seems to be
replaced quickly by a solvent molecule (CH3CN). On the other hand, it is surprising
that weakly coordinating anion such as NOJ is not replaced by CH3CN. In fact, NMR
measurements suggest that anions bound to ruthenium remain bound in acetonitrile.

It is important to understand electron transfer processes of a metal complex. Lever’s
electrochemical parameters (Ep) have been widely used for predicting the redox
potentials and sites of metal complexes. For {Ru(bpy),}>", the redox potential is given
by equations (2) and (3), respectively [5, 22].

Eox (V) = 0.97[SEL] + 0.04 )

Ered (V) = 0.25[SE ] — 1.40 3)

Line (a) in figure 3 is a plot of the Ru"™" potential, which corresponds to equation (2);

line (b) represents the Ru"(bpy)/Ru''(bpy™) couple, which corresponds to equation (3).
As shown in figure 3, 1(PF¢), 3(PF), and 4(PF¢) show good correlations for both
equations, suggesting that the oxidation and reduction sites of the complexes can be
assigned to ruthenium and bipyridine moieties, respectively. The plot of 2(PFy), using
the E; value of acetonitrile also fits line (b), which is defined by equation (3) [23].
Therefore, 2(PF¢)> can also be assigned to acetonitrile complex in CH3CN on the basis
of the sum of the complex’s Ey values.

Although Ey parameters have been defined for more than 200 ligands, these do not
include acetate. We evaluated the £} parameter of acetate using the experimental data,
estimated from equation (2), as —0.36, which is the lowest value among the

Table 3. Electrochemical data for the complexes.

Complex Ryt yab bpy?—, V&P bpy /27, v&©
1(PFg) 1.26 ~1.57 ~1.80
2(PFy), ~1.55¢ -1.73
3(PF) 1.12 ~1.69 -1.91
4(PF¢) 1.08 ~1.70 ~1.91
5(PF) 0.99 -1.72 -1.96

“V vs. Fe*/Fc in CH;CN.
°E, > values.
Ep values.
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3 (a)
2‘/-/
4 4+ 3+ 1+
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>
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1.6 1.8 2.0 2.2 24
SE, V vs. NHE

Figure 3. Redox potential vs. sum of the E; values for the series complexes.

present ligands. The reduction potential calculated by equation (3) (-0.98 V) was similar
to the experimental data for 5(PFg) (-1.05V).

4. Conclusion

We developed a convenient synthetic ~—method for producing  cis-
[Ru(bpy)»(CO)L]"Tusing various acids. In particular, a novel nitrato complex was
prepared and characterized by X-ray structural analysis together with the correspond-
ing aqua complex, which is a useful precursor. All the complexes were redox active and
the redox properties of the complexes varied according to the o- and w-donor abilities of
the ligand L. This approach to the synthesis of cis-[Ru(bpy)>(CO)L]"" complexes is
broadly applicable and can increase the range of complexes that can be obtained in
much higher yields than the conventional process provides.

Supplementary material

Further details on the crystal structure investigations of 1(PFg) and 2(ClOy), - HO may
be obtained from the Cambridge Crystallographic Data Centre, CCDC, 12 Union
Road, Cambridge CB2 1EZ, UK [Telephone: +44-1223-762-910, Fax: +44-1223-336-
033; Email: deposit@ccdc.cam.ac.uk; http://www.ccdc.cam.ac.uk/deposit], by quoting
the depository number [CCDC-822117 for 1(PFg) and 822118 for 2(ClOy), - H,O].
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