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ABSTRACT: Dirhodium complexes with biimidazole (H,bim)
ligands [Rh,(O,CR),(H,bim),Cl,] (R = Bu ([1CL]), Pr
([2CL))), [Rhy(O,CBu),(H,bim),](PFs), ([1](PF),),
[Rh,(0,CBu),(H,bim),(PPh;),](PFs), ([1(PPhs),](PFq),),
and [Rh,(O,CPr),(H,bim),(PPh,),]Cl, ([2(PPh;),]Cl,) have
been synthesized. Deprotonation of the biimidazole complexes
afforded the quadruply hydrogen-bonded dimers of the
biimidazolate complexes [Rh,(O,CR),(Hbim),(PPh;),], (R =
Bu ([1'(PPhs),],) and Pr ([2'(PPhs),],)). Complementary
hydrogen bonds between the Hbim™ ligands are not coplanar
because the Hbim™ ions in one dirhodium complex are not
parallel (the dihedral angle between them is ca. 15°). A cyclic
voltammogram of [1’(PPh;),], shows two sets of two
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consecutive oxidation waves in CH,Cl,. The one-electron-oxidized species of [1’(PPh;),], showed no intervalence charge-
transfer band in the electronic spectrum and an axially symmetrical ESR spectrum with hyperfine structure because of two
phosphorus atoms. These observations show that the odd electron is localized in a 6(Rh—Rh) orbital on one dirhodium unit.
Theoretical calculations indicate that an oxidized complex [Rh,(O,CMe),(bim),(PMe;),]~ hydrogen bonded with a biimidazole
complex [Rh,(0,CMe),(H,bim),(PMe,),]*" was a stable mixed-valence complex.

B INTRODUCTION

Mixed-valence complexes have received much attention in
coordination chemistry over the last four decades. Recently, a
few examples of mixed valency in hydrogen-bonded dimer
complexes have been reported. Kaifer and co-workers reported
a hydrogen-bonded dimer of ferrocene complexes. The one-
electron-oxidized dimer species showed an intervalence charge-
transfer (IVCT) band at 1200 nm, indicating that there is
electronic communication between the ferrocene centers.'
Kubiak and co-workers also reported electronically communi-
cated mixed valency in the hydrogen-bonded dimer of
trirathenium complexes.”” In 2007 Tadokoro and co-workers
reported a hydrogen-bonded dimerized complex
[Re™Cl,(PBu;),(Hbim)], (H,bim = biimidazole) that showed
two successive one-electron oxidation and two successive one-
electron reduction processes, whereas the monomer showed
one-electron oxidation and reduction processes.* They
explained that the first oxidation step generated the asym-
metrically protonated mixed-valence species
[Re™VCl,(PBu,),(bim)][Re™Cl,(PBus),(H,bim)]*, and the
first reduction process formed [Re'Cl,(PBus),(bim)]-
[Re"Cl,(PBu;),(H,bim)]~. Synchronized motion of proton
and electron stabilized this type of mixed-valence compound.
Patmore and co-workers also showed the stability of the
proton-coupled mixed-valence states for the hydrogen-bonded
dimers of dimetal complexes [M,(TiPB);(HDON)], (M =
Mo, W; TiPB = 2,4,6-triisopropylbenzoate; H,DON = 2,7-
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dihydroxy-1,8-naphthyridine) and related compounds.>® All of
the reported mixed-valence dimer complexes are doubly or
quadruply hydrogen-bonded dimers in which the self-
complementary hydrogen bonds lie in the same plane.

We investigated the electronic structures of paddlewheel
dirhodium complexes and syntheses of assembled complexes
using these complexes as modules.” The dirhodium complexes
are useful modules because they change the highest occupied
molecular orbital (HOMO) with substitution of the equatorial
and axial ligands.7bFor example, the #*-HOMO in
[Rh,(0,CMe),(H,0),] was altered to 6-HOMO when H,0O
was substituted by PPh;. There are some examples of half-
lantern-type complexes with two planar chelate ligands such as
bipyridine and phenanthroline.® Introduction of two biimida-
zole ligands to the dirhodium complex is interesting because it
would form a new type of hydrogen-bonded dimer. We
synthesized half-lantern-type dirhodium complexes with two
biimidazole ligands [Rh,(O,CR),(H,bim),]*" (R = Pr, Bu) and
their deprotonated dimerized species [Rh,(O,CR),(Hbim),],.
The latter complexes formed hydrogen-bonded dimers with
four complementary NH---N hydrogen bonds. We report here
the synthesis, structure, and properties of these complexes and
discuss the stability of the mixed-valence state.
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B EXPERIMENTAL SECTION

Physical Measurements. 'H NMR spectra were measured on a
JEOL ECAG600 spectrometer. For some measurements, a sample
solution was prepared in a J. Young NMR tube by transferring a dry
deuterated solvent using a vacuum line. Electronic absorption spectra
were recorded on a Shimadzu UV-3100PC spectrophotometer. IR
spectra were obtained using a PerkinElmer Spectrum 400
spectrometer. Elemental analyses were determined with a J-Science
Lab Micro Corder JM-10. Cyclic voltammograms (CVs) were
measured using a BAS CV-S0W electrochemical analyzer employing
a conventional three-electrode cell with a glassy-carbon disk working
electrode, a platinum wire auxiliary electrode, and a Ag/Ag* (0.01 M
AgNO,;, M = mol dm™) reference electrode in 0.1 M Bu,NPF
solutions. To correct for the liquid junction potential, the oxidation
potential of ferrocene (Fc) was measured in the same electrolytic
solution after each CV measurement, and electrode potentials were
converted to those relative to Fc/Fc".

Materials. Biimidazole was provided by Prof. Tadokoro.
[Rh,(O,CBu),] and [Rh,(O,CPr),] were prepared by literature
methods.” Dichloromethane and acetonitrile for CV measurements
were distilled from CaH, before use. Other reagents were used as
received.

Synthesis Of [ha(Ochu)z(szim)zclz]'Hzo, [1C|2]'H20.
[Rh,(0,CBu),] (400 mg, 0.65 mmol) and biimidazole (H,bim, 180
mg, 1.34 mmol) were placed in a 50 mL flask, and 20 mL of
dichloromethane was added. The resulting purple solution was
refluxed for 24 h under argon atmosphere. The color of the solution
first changed to black, and finally, an olive-green suspension was
obtained. The olive-green powder obtained by filtration was dissolved
in 0.01 M HCl/MeOH (30 mL). The solution was evaporated to
dryness, and the resulting solid was dissolved in methanol and purified
using gel filtration with a Sephadex LH-20 column and a methanol
eluent. The second cobalt-green band was collected and evaporated to
dryness. After washing with diethyl ether and drying under vacuum,
111 mg (0.14 mmol, 21%) of [1CL,]-H,O was obtained as a cobalt-
green solid. Anal. Calcd for C,,H;,Cl,NgOsRh,: C, 34.53; H, 4.21; N,
14.64. Found: C, 33.89; H, 4.15; N, 14.50. '"H NMR (600 MHz,
CD;0D): § 7.12 (s, 4H, biimidazole CH), 6.74 (s, 4H, biimidazole
CH), 2.66 (t, 4H, CH,CH,CH,CH;), 1.79 (m, 4H,
CH,CH,CH,CH,), 148 (m, 4H, CH,CH,CH,CH,), 1.00 (t, 6H,
CH;). UV—vis (MeOH); A, nm (g, M~! cm™): 266 (32 500), 306
(sh) (12 600), 601 (155).

Synthesis of [Rh,(0,CPr),(H,bim),Cl,], [2Cl,]. [2Cl,] was
synthesized in a similar manner to [1Cl,].Starting with [Rh,(O,CPr),]
(290 mg, 0.52 mmol) and H,bim (150 mg, 1.12 mmol), [2CL,] (170
mg, 0.24 mmol, 46%) was obtained by recrystallization from methanol.
Anal. Caled for CyH,CLNGO,Rhy: C, 33.40; H, 3.64; N, 15.58.
Found: C, 33.39; H, 3.91; N, 15.21. '"H NMR (600 MHz, CD;0D):§
7.11 (s, 4H, biimidazole CH), 6.75 (s, 4H, biimidazole CH), 2.64 (t,
4H, CH,CH,CH,), 1.84 (m, 4H, CH,CH,CH,), 1.06 (t, 6H, CH,).
UV—vis (MeOH); A0 nm (g, M™' cm™): 267 (33 400), 306 (sh)
(12 900), 604 (148).

Synthesis of [Rh,(0,CBu),(H,bim),1(PF¢),, [11(PFg),.
[Rh,(0,CBu),] (82 mg, 0.13 mmol) and H,bim (37 mg, 027
mmol) were placed in a flask, and 20 mL of dichloromethane was
added. Reflux of the solution for 24 h under argon atmosphere
afforded an olive-green suspension. The olive-green solid obtained by
filtration was dissolved in 25 mL of acetonitrile, and 0.5 mL of HPF
was added. The green solid obtained by evaporation was dissolved in
MeOH and purified by gel-filtration chromatography with Sephadex
LH-20. The green eluate was collected and evaporated to dryness. The
resulting green solid was recrystallized from MeCN and dried in vacuo.
Yield 38 mg (30%). Anal. Caled for C,,H;F;,NgO,P,Rh,: C, 27.35;
H, 3.13; N, 11.59. Found: C, 27.81; H, 3.59; N, 11.83. "H NMR (600
MHz, CD,CN): 6 13.93 (s, 4H, NH), 6.93 (s, 4H, biimidazole CH),
6.55 (s, 4H, biimidazole CH), 2.54 (t, 4H, CH,CH,CH,CHj,), 1.71
(m, 4H, CH,CH,CH,CHj,), 1.42 (m, 4H, CH,CH,CH,CHj,), 0.98 (t,
6H, CH,).'"H NMR (600 MHz, CD,0D): 6 7.08 (s, 4H, biimidazole
CH), 6.72 (s, 4H, biimidazole CH), 2.64 (t, 4H, CH,CH,CH,CH,),
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1.76 (m, 4H, CH,CH,CH,CH,), 1.46 (m, 4H, CH,CH,CH,CH,),
0.98 (t, 6H, CH;). UV—vis (MeOH); A, nm (&, M™' cm™): 266
(31 800), 311 (sh) (10800), 605 (164). UV—vis (MeCN); A, nm
(e, M™' em™) 265 (29900), 302 (sh) (15800), 566 (180).

Synthesis of [Rh,(O,CBu),(H,bim),(PPh;),1(PF),, [1(PPh;),]-
(PFg)y- A 50 mg (0.19 mmol) amount of complex [1](PF), and S1
mg (0.19 mmol) of triphenylphosphine were dissolved in dichloro-
methane (S mL). After the resulting red solution was stirred for 30
min at room temperature, the solvent was evaporated to dryness. The
red solid was washed with hexane and dried in vacuo. Yield 50 mg
(65%). Anal. Calcd for CsgHgoF;,NgO,P,Rh,: C, 46.73; H, 4.06; N
7.51. Found: C, 46.76; H, 4.19; N, 7.54."H NMR (600 MHz, CD,CL,):
5 11.29 (s, 4H, NH), 7.36 (t, 6H, Ph), 7.23 (s, 24H, Ph), 6.68 (s, 4H,
biimidazole CH), 6.19 (s, 4H, biimidazole CH), 2.51 (t, 4H,
CH,CH,CH,CH,;), 1.57 (m, 4H, CH,CH,CH,CH,), 1.33 (m, 4H,
CH,CH,CH,CH,), 0.89 (t, 6H, CH;). UV—vis (CH,Cl,); A, nm
(& M™' cm™): 260 (29 800), 276 (sh) (25200), 318 (sh) (14 000),
410 (34700), 490 (sh) (5960).

Synthesis of [Rh,(0,CPr),(H,bim),(PPh;),1Cl,-H,0, [2(PPh;),]-
Cly-H,0. [2CL]-H,0 (24 mg, 0.033 mmol) and triphenylphosphine
(17 mg, 0.065 mmol) were stirred in dichloromethane ($ mL) for 30
min at room temperature. The red solution was evaporated to dryness
and washed with hexane to afford [2(PPh,),]CL,-H,0. Yield 17 mg
(42%). Anal. Calcd for CsHgsCLNgOP,Rh,: C, 53.31; H, 4.63; N,
8.88. Found: C, 53.17; H, 4.57; N, 8.31. "H NMR (600 MHz, CDCl,):
5 7.36 (t, 6H, Ph), 7.24 (overlapped with CHCIl,, Ph), 6.67 (s, 4H,
biimidazole CH), 6.10 (s, 4H, biimidazole CH), 2.53 (t, 4H,
CH,CH,CH,), 1.68 (m, 4H, CH,CH,CH,), 1.02 (t, 6H, CH,).

Synthesis of [Rh,(O,CBu),(Hbim),(PPh;),],, [1'(PPhs),],.
[1CL]-H,O (S0 mg, 0.065 mmol) and triphenylphosphine (46 mg,
0.17 mmol) were stirred in 10 mL of dichloromethane for 30 min. The
red solid obtained by evaporation of the solution was dissolved in
methanol, and 1.0 mL of 0.01 M KOH aqueous solution was added
dropwise. Red needle crystals were filtered and washed with water (30
mg, 39%). Anal. Calcd for CsgHgNgO,P,Rh,: C, 58.11; H, 4.88; N,
9.35. Found: C, 57.74; H, 4.90; N, 9.42. 'H NMR (600 MHz, CDCL,):
5 7.27 (s, 6H, Ph), 7.20 (s, 24H, Ph), 6.19 (s, 4H, biimidazole CH),
6.12 (s, 4H, biimidazole CH), 2.47 (t, 4H, CH,CH,CH,CH,), 1.60
(m, 4H, CH,CH,CH,CH,), 1.39 (m, 4H, CH,CH,CH,CHj,), 0.92 (t,
6H, CH;). UV—vis (CH,CL); Ay nm (g, M™' cm™ per one
dirhodium unit): 260 (33 900), 285 (sh) (25 300), 355 (34 600),434
(sh) (5500), 668 (336).

Synthesis of [Rh,(0,CPr),(Hbim),(PPh;),],, [2'(PPh;),],.
[2'(PPh,),], was synthesized in a similar manner to [1’(PPh,),],.
Starting with [2CL]-H,0 (30 mg, 0.041 mmol) and triphenylphos-
phine (30 mg, 0.11 mmol), red needle crystals of [2'(PPh;),], (15 mg,
32%) were obtained by recrystallization from methanol. Anal. Calcd
for CssHg,N4O,P,Rh,: C, 57.45; H, 4.65; N, 9.57. Found: C, 57.47; H,
4.76; N, 9.29.

X-ray Structure Determination. Crystals of [1Cl,]-H,0O and
[2CL]-H,0 were obtained by slow evaporation of their methanol
solutions. Crystals of [2(PPh;),]Cl,-H,0-C,;Hg were grown by slow
evaporation of a toluene solution.The diffraction data for [1CL,]-H,O
were obtained on a Rigaku XtaLAB P200 diffractometer using
multilayer mirror monochromated Mo Ka (4 = 0.71075 A) radiation
at the Applied Technology Center of Rigaku Co. The X-ray diffraction
data for [2CL]-H,O and [2(PPh;),]Cl,-H,O were collected on a
Rigaku AFC-7R rotating anode diffractometer with a Mercury CCD
detector using monochromated Mo Ka radiation (1 = 0.71069 A).
The diffraction data for [1'(PPh,),], were collected on an ADSC
Quantum-210 detector with synchrotron radiation (4 = 1.00002 A) at
the 2D SMC beamline of the Pohang Accelerator Laboratory (PAL),
South Korea. The diffraction data for [2'(PPh;),], were measured (4
= 0.6883 A) at the Photon FactoryAdvanced Ring for Pulse X-rays
(PF-AR) of the High Energy Accelerator Research Organization
(KEK). Data reduction and cell refinement were carried out using
CrystalClear. Structure determination was carried out using the free
GUI software of Yadokari-XG 2009.'°All structures were solved by
direct methods SIR97'' and refined by full-matrix least-squares
techniques using Shelxl97.'* The crystal data and structure refinement
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Table 1. Crystal Data and Refinement Details

[ICIZ]'HZO [2C12]'HZO [Z(PPh3)2]C12'HZO'C7H8 [II(PPhS)Z]Z [2I(PPh3)2]2
formula C,H;3,CLNGOsRh, CaoH3CLNgOsRhy Ce3HesCLN;OsP,Rh, C116H116N1605P4Rhy C116H116N160sP Rh,
fw 765.28 737.22 1353.90 2397.76 2341.66
cryst syst monoclinic orthorhombic monoclinic monoclinic triclinic
space group Cc Fdd2 C2/c C2/c p-1
a, A 8415 (3) 32.518 (10) 44.168 (7) 14.7481 (2) 14.6190 (2)
b A 43.040 (12) 41.503 (13) 10.2692 (15) 42.9551 (8) 18.0709 (3)
¢ A 16.659 (5) 8.457 (3) 27.496 (4) 18.1613 (3) 21.7988 (4)
@, deg 90 90 90 90 98.5520 (6)
B, deg 102.833 (7) 90 92.779 (9) 1113171 (8) 97.2913 (7)
7, deg 90 90 90 90 1109130 (11)
v, A3 5883 (3) 11414 (6) 12457 (3) 10718.1 (3) 5217.63 (15)
z 8 16 8 4 2
#, mm™* 1.35 1.39 0.72 1.72 0.75
T, K 93 293 293 101 90
R[F? > 20(F*)]* 0.107 0.064 0.111 0.056 0.079
wR(F*)* 0278 0.154 0.234 0.159 0219

“R = [(TIwF,| — IEJ)/(ZIE, )]% wR = [(Ew(E,2 — F2)?)/(Zw(F2)?)]Y2

Table 2. Selected Distances (Angstroms) and Angles (deg)
[1CL]-H,0
Rh1-Rh2 2.541 (2) Rh3—Rh4 2.530 (2)
Rh1-Cl1 2.532 (5) Rh3-CI3 2.538 (5)
Rh2—-CI2 2.590 (5) Rh4—Cl4 2.609 (5)
Rh2—Rh1-Cl1 170.80 (15) Rh4—Rh3—ClI3 172.92 (13)
Rh1-Rh2—-CI2 172.28 (13) Rh3—Rh4—Cl4 172.89 (12)
N1-Rh1-Rh2—N5 -20.2 (7) N9—Rh3—Rh4-N13 —23.8 (7)
N3—Rh1-Rh2—N7 -19.8 (7) N11-Rh3—Rh4—N15 -22.5 (7)
O1-Rh1-Rh2-02 -17.2 (5) 0O5—Rh3—-Rh4-06 —19.6 ()
O3—Rh1-Rh2—-04 —18.4 (5) 07—-Rh3—Rh4—08 -19.8 (5)
[2CL]-H,0
Rh1—Rh2 2.5291 (11) Rh2—-CI2 2.594 (3)
Rh1-Cl1 2.540 (3)
Rh2—Rh1-Cl1 171.56 (8) Rh1-Rh2—-CI2 172.38 (6)
NI1-Rh1-Rh2—-N5 22.3 (3) O1-Rh1-Rh2—-02 18.8 (3)
N3—Rh1-Rh2—N7 22.4 (3) 03—Rh1-Rh2-04 19.1 (3)
[Z(PPh3)2]CI7_-HZO-C7H8
Rh1-Rh2 2.6112 (9) Rh2—-P2 2.560 (2)
Rh1-P1 2.483 (2)
Rh2—Rh1-P1 173.48 (7) Rh1-Rh2—P2 176.07 (7)
N1-Rh1-Rh2—N5 23.8 (3) 01—-Rh1-Rh2-02 18.5 (3)
N3—Rh1-Rh2—N7 24.6 (3) 03—Rh1-Rh2-04 18.6 (3)
[1'(PPhy),]
Rh1-Rh1’ 2.6329 (14) Rh2—Rh2’ 2.6176 (13)
Rh1-P1 2.509 (3) Rh2—P2 2463 (3)
Rh1’—Rh1-P1 175.39 (6) Rh2'—Rh2—P2 171.09 (8)
N1-Rh1-Rh1’'—N3’ —11.1 (4) NS—Rh2—Rh2'—N7’ —11.5 (4)
O1-Rh1—Rh1’—-02/ —-11.8 (3) 03—Rh2—Rh2'—04’ -15.6 (2)
[2(PPhy),]
Rh1-Rh2 2.6372 (6) Rh3—Rh4 2.6202 (6)
Rh1-P1 2.5172 (15) Rh3—P3 2.4513 (15)
Rh2—P2 2.5395 (15) Rh4—P4 2.4472 (15)
Rh2—Rh1-P1 175.69 (4) Rh4—Rh3-P3 171.14 (4)
Rh1-Rh2—P2 173.73(4) Rh3—Rh4—P4 173.57 (4)
N3—Rh1-Rh2—N7 —12.5 (2) N11-Rh3—Rh4—-N15 —11.6 (2)
N1-Rh1-Rh2—N5 —12.1 (2) N9—Rh3—Rh4-N13 —115 (2)
O1-Rh1-Rh2-02 —12.63 (17) 07—-Rh3—Rh4-08 —14.53 (17)
03—Rh1-Rh2—-04 —12.73 (18) 05—Rh3—Rh4-06 —14.45 (16)

results are summarized in Table 1,

angles are listed in Table 2.

DFT Calculations. Molecular structure calculations were per-
formed using the DFT method with the B3LYP functional as

and selected bond distances and
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implemented in the Gaussian09 software package.'” The LANL2DZ
basis set'* for Rh and the 6-31+G basis sets'® for the other elements
were selected. An effective core potential was used for the rhodium
atoms.'*Models of the neutral complex,
[Rh,(0,CMe),(Hbim),(PMe,),], ([3'],), were generated using the
geometrical parameters obtained from the crystal structure data of
[1'(PPh;),],. The geometrical optimization of the one-electron-
oxidized form was started from [Rh,(O,CMe),(Hbim),(PMe;),],"
([3'],"), [Rhy(O,CMe),(H,bim)(Hbim)(PMe;),][Rh,(0,CMe),-
(Hbim)(bim)(PMe;),]* ([3" — H][3" + H]"), and [Rh,(0,CMe),-
(H,bim),(PMe;),][Rh,(0,CMe), (bim),(PMe;),]* ([3][3"]") with
fixed N—H distances. All optimizations were performed using the
polalizable continuum model in a dichloromethane solvent cavity.

B RESULTS AND DISCUSSION

Syntheses. The choice of solvent and bridging carboxylates
was important for synthesis of the complexes, because
complexes with biimidazole ligands often have low solubility
in common solvents. Although we tried to synthesize
Rh,(0,CR),(H,bim),** (R = Me, Et, Ph), mixing solutions
of [Rh,(O,CR),] and biimidazole immediately gave reddish-
purple precipitates and the reaction did not proceed. Reaction
of [Rh,(O,CR),] (R = Pr, Bu) with H,bim in 1,2-dichloro-
ethane gave a reddish-purple solution, and the solution color
changed to olive green on heating. The color change indicates
that N-coordinated H,bim moved from the axial to the
equatorial sites. The neutral complexes [1CL,] and [2Cl,] were
easily isolated and characterized by single-crystal X-ray
structure determination and 'H NMR spectra (Figure SI,
Supporting Information). The cationic complex was obtained
as [1]** without axial ligands. It was confirmed by elemental
analysis and '"H NMR spectra. If the complex has one or two
axial ligands,which may be acetonitrile or water, one or two
equivalents of these molecules would be observed as free
molecules in the spectra. However, only a trace amount of free
acetonitrile was observed in the CD;OD solution of [1](PF),
(Figure S1, Supporting Information). The NH protons were
not observed in the spectra of CD;OD solutions, which is a
relatively strong hydrogen bond acceptor, but those for
[1](PFs), were observed in CD3CN solution. Complexes
with axial phosphine ligands were readily synthesized by
reaction with PPh;.

Biimidazolate complexes were synthesized by deprotonation
of the corresponding biimidazole complexes using a KOH
solution. Although biimidazolate complexes with acetonitrile or
pyridine axial ligands are insoluble in common solvents such as
acetonitrile, methanol, and dichloromethane, the triphenyl-
phosphine complex is soluble in these solvents. The NMR
spectrum of [1'(PPh;),], in CD,Cl, was almost unchanged
upon diluting the solution of 3.0 mM to 0.30 mM (Figure
S2a,b, Supporting Information). It indicates that the dimer
structure is maintained in this concentration range. For both of
the solutions, decreasing temperature made a similar slight
change of the spectra. This concentration-independent but
slightly temperature-dependent change of NMR spectra may be
due to a small structural change in the dimer such as shortening
of the hydrogen bond distances. The unobserved NH signal for
[1'(PPh,),], is consistent with no NH signal in the spectra of
CD;O0D solutions of 1%,

Structures. The structure of [1CL,] in [1Cl,]-H,O is shown
in Figure 1. In this structure, there are two independent
dirhodium complexes in an asymmetric unit. In each complex,
two rhodium atoms with biimidazole ligands are bridged by two
valerate ions and each rhodium atom is axially coordinated by a
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Figure 1. Structure of two independent [Rh,(O,CBu),(H,bim),Cl,]
([1CL]) in the crystal of [1CL]-H,0 showing the atom-labeling
scheme. Displacement ellipsoids are drawn at the 30% probability
level. H atoms are omitted for clarity except those on N atoms, which
are shown as small spheres of arbitrary radii.

chloride ion. The Rh—Rh bond distances of 2.541(2) and
2.530(2) A are longer than those in paddlewheel complexes
[Rh,(0,CMe),CL 1>~ (2.387(1)—2.399(1) A)"S"*° and slightly
shorter than that in half-lantern-type dirhodium complexes with
planar chelate ligands [Rh,(0,CMe),(bpy),CL,] (2.574(1) and
2.601(1) A),*" and [Rh,(0,CMe),(phen),Cl,] (2.554(1) and
2.561(2) A).® The Rh2—Cl2 (2.590(5) A) and Rh4—Cl4
(2.609(5) A) distances are much longer than Rh1-Cl1
(2.532(5) A) and Rh3—CI3 (2.538(5) A), which may be due
to a difference of hydrogen-bonding environment where CI2
and Cl4 accept two hydrogen bonds from a biimidazole ligand
and one from a water molecule (O9 and 010) and Cl1 and CI3
accept one from a biimidazole and one from a water molecule
(Figure S3, Supporting Information). Other structural features
of this complex are a torsion angle N—Rh—Rh—N of ca. 22°
and dihedral angles of the two coordination planes (RhN,0,)
of ca. 16°.

The structure of [2CL,] and the crystal structure of [2Cl,]-
H,O are shown in Figures S4 and S5, Supporting Information,
respectively. The structure of [2Cl,] is very similar to that of
[1CL,] except for a bridging butyrate instead of valerate. The
bond distances and angles around the Rh, core are very similar
to those observed in [1CL,]. This means that the alkyl groups of
the carboxylate ligands do not affect the core structures of the
Rh, complexes.

The structure of [2(PPh,),]** and the crystal structure of
[2(PPh,),]Cl,-H,0-C,;H; are shown in Figures 2 and S6,
Supporting Information, respectively. The Rh—Rh distance of
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Figure 2. Structure of [Rh,(O,CPr),(H,bim),(PPh;),]**
([2(PPh;),]*") in the crystal of [2(PPh;),]CL-H,0-C;H, showing
the atom-labeling scheme. Displacement ellipsoids are drawn at the
30% probability level. H atoms are omitted for clarity except those on
N atoms, which are shown as small spheres of arbitrary radii.

2.6112(9) A is longer than that in [1CL,] and [2CL]. A longer
Rh—Rh distance with axial phosphine ligands
([Rh,(0O,CMe),(PPh;),] 2.451(1) A)*'than with chloro
ligand516_20 was also observed in the paddlewheel Rh,
complex. Other structural features were not changed from
[2CL,]: the torsion angles of N—Rh—Rh—N are ca. 24°, and the
dihedral angle of the two coordination planes (RhN,0,) is ca.
15°.

The structure of [1’(PPh;),], shown in Figure 3 is a
hydrogen-bonded dimer of the half-lantern complex. The NH
of each biimidazolate (Hbim™) ligand donates a hydrogen to
the N of Hbim™ on the neighboring complex, and then four
hydrogen bonds connect two dirhodium complexes. The dimer
lies on a crystallographic 2-fold axis that bisects the two Rh—Rh
bonds. The two crystallographically independent dirhodium
complexes have similar Rh—Rh bond lengths (2.6329(14),
2.6176(13) A) to that in [2(PPh;),]*". The torsion angles of
N—Rh—Rh—N are ca. —11°, which is smaller than in
[2(PPh;),]*". The structure of [2'(PPh,),], is very similar to
[1'(PPhy),],, but there is one independent dimer of dirhodium
complexes (Figure S7, Supporting Information). The smaller
torsion angle in the biimidazolate complexes may be due to
complementary hydrogen bonds between the dirhodium units.
Dihedral angles between two Hbim™ ligands on each dirhodium
unit are ca. 16°. These angles hindered coplanar self-
complementary hydrogen bonds between the biimidazolate
ligands on the different dirhodium units. To form hydrogen
bonds between the noncoplanar biimidazolate ligands, the
Rh2—Rh2’ axis in [1’(PPhs),], was rotated 25.7° from the
eclipsed position with the Rh1—Rh1’ around the 2-fold axis and
the dihedral angle between the biimidazolate ligands is
34.90(13)° (the corresponding values for [2'(PPh;),], are
28.4° and 36.69(9)° and 35.58(9)°, respectively). The
hydrogen-bond distances are 2.752(11) and 2.733(12) A for
[1'(PPh,),), and 2.774(7), 2.737(7), 2.735(6), and 2.732(7) A
for [2'(PPh;),],which are comparable to those in [Re-
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Figure 3. Structure of [Rh,(O,CBu),(Hbim),(PPh;),],
([1'(PPhy),],) showing the atom-labeling scheme. Displacement
ellipsoids are drawn at the 30% probability level. H atoms are omitted
for clarity except those on N atoms, which are shown as small spheres

of arbitrary radii.

CL(P"Bus),(Hbim)],. In [ReClL(P"Bu;),(Hbim)],, the NH
protons readily exchanged between two biimidazolate ligands
because they were able to move along hydrogen bonds and the
resulted complex was the same as the original one. On the
other hand, if the structure of [1’(PPh;),] kept on moving the
protons from N6 and N2 to N4 and N8, respectively, it makes
the resulting NH---N hydrogen bonds less effective (H---N ca.
1.96 A and N—H-N ca. 147°) than the original ones (H--N
ca. 1.88 A and N—H--N ca. 168°).

Properties. The electronic absorption spectra of [1CL] in
MeOH and [1](PFy), in MeOH and MeCN are shown in
Figure 4. The band at 566 nm for the MeCN solution of
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Figure 4. UV—vis absorption spectra of [1Cl,] (black) in MeOH,
[1](PF¢), in MeOH (red) and in MeCN (orange), and [1(PPh,),]-
(PF¢), (blue) and [1'(PPh;),], (green) in CH,CL,.

[1](PF¢), that can be assigned as a 7*(Rh—Rh) to 6*(Rh—Rh)
transition shifted to 605 nm for the MeOH solution. Similar
shifts between N-donor solvents and O-donor solvents have
been reported for paddlewheel or other M—M-bonded
dirhodium complexes.****** This means that [1]** exists as
[1(MeCN),]** and [1(MeOH),]** in MeCN and MeOH,
respectively. The "H NMR spectra of [1Cl,] and [1](PFy), in
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CD,O0D are quite similar to each other (Figure S1, Supporting
Information), but the absorption spectrum for [1Cl,] in MeOH
is slightly different from that for [1](PFs), in MeOH. It
suggests that the axial chloride ions of [1Cl,] do not completely
dissociate.

The spectra of [1(PPh;),](PF¢), and [1'(PPh,),], are also
shown in Figure 4, from which extinction coeflicients of
[1'(PPh,),], were calculated per dirhodium complex.
[1(PPh,;),](PFs), shows a relatively intense band at 408 nm.
Phosphine-coordinated paddlewheel complexes
[Rh,(0O,CR),(PR;),] (R = Ph, cyclohexyl) showed an
absorption band in this region, and it was assigned to a
6(Rh—Rh) to o*(Rh—Rh) transition.”* The most intense band
of [1'(PPh,),], was observed in a higher energy region than
that of [1(PPh,),](PFy),.

The CV of [1](PF,), in CH;CN (Figure S8, Supporting
Information) did not show any clear redox process between
—2.1 and 1.9 V. However, [1(PPh;),](PF¢), and [1'(PPh;),],
in CH,Cl, showed some oxidation processes, as shown in
Figure S. The biimidazole complex monomer [1(PPh;),](PF),
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Figure 5. CVs of [1(PPh,),](PFs), (blue) and [1’(PPh;),] (red) in
0.1 M Bu,NPF/CH,Cl, using a glassy-carbon disk working electrode,
a platinum wire auxiliary electrode, and a Ag/Ag" reference electrode.
Electrode potentials were converted to those relative to Fc/Fc'.

exhibits one quasireversible (E;, = 0.208 V) and two
irreversible oxidation waves (E,, = 0.484 and 0.697 V). The
first quasireversible oxidation wave can be assigned to oxidation
of the dirhodium core Rh,*"/Rh,*" and the second one to
Rh,**/Rh,*". On the other hand, the biimidazolate complex
dimer [1’(PPh;),], shows two sets of two successive
quasireversible oxidation waves and one irreversible oxidation
wave. The first successive quasireversible processes at E;/, =
—0.325 and—0.186 V can be assigned to Rh,*"Rh,*"/
Rh,"Rh,** and Rh,*Rh,**/Rh,**Rh,*", respectively, and the
potential of the first oxidation process for the neutral complex
[1'(PPh,),], was ca. 0.5 V shifted toward negative potential
compared with the divalent cation [1(PPh;),]*".

To confirm the assignment of these oxidation processes and
determine the electronic state of the oxidized species, ESR
spectra of the electrochemically oxidized species were
measured. Although bulk electrolysis of [1(PPh,),](PF), at
0.23 Vin a 0.1 M Bu,NPF,/CH,Cl, solution showed a change
of the solution color from red to green, the green color readily
degraded and finally a yellow solution was obtained. The frozen
yellow solution did not show any ESR signals at 77 K. We tried
to prepare the sample for ESR by quickly freezing the
electrolyzed green solution, but the solution color changed to
yellow during the transfer of the solution to an ESR tube, and
ESR signals were not obtained. This instability of the oxidized
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species may be due to the 6(Rh—Rh) HOMO of [1(PPh;);]**
from which the removal of one electron decrease the bond
order of Rh—Rh to 0.5.

During bulk electrolysis of [1'(PPh;),], at —0.29 V, the
solution color changed from red to bluish green. When about
one-half of the dirhodium complexes were one-electron
oxidized based on coulometry, the ESR spectrum of the
solution was measured at 77 K. The spectrum shown in Figure
6 is axially symmetrical with hyperfine structure. The g values of

'\L]/'
W

| 1 | |
280 300 320 340
B/mT

Figure 6. ESR spectrum of electrochemically oxidized [1’(PPh;),]," in
frozen CH,Cl, solution including 0.1 M n-Bu,NPF, at 77 K.

g1 = 2.14 and g = 2.00 and the hyperfine coupling constants of
A, (P) = 149 mT, Ay(P) = 19.8 mT, and A;(Rh) = 1.54 mT
resemble those observed for [Rh,(O,CR),(PPh;),]*.** The g
values and the hyperfine constants mean that the singly
occupied molecular orbital (SOMO) is a Rh—Rh o orbital that
also has a Rh—P ¢* character and the odd electron is localized
on one of the two dirhodium units. Therefore, the assignment
of the first two consecutive oxidation processes is confirmed as
stepwise oxidation of the two dirhodium units. Although the
one-electron-oxidized species is stable during the CV measure-
ment, it decomposed slowly and the two-electron-oxidized
species cannot be isolated.

Successive oxidation of two dirhodium units in [1’(PPh;),],
indicates the existence of a relatively stable mixed-valence state.
In the electronic spectra of the electrochemically generated
[1'(PPhy),],*, there was no IVCT band in the near IR region
(Figure S9, Supporting Information). Considering the orbital
symmetry, the 6(Rh—Rh) HOMO:s of the two dirhodium units
do not interact with each other via the biimidazolate ligands
because the ¢ orbital cannot interact with z-type orbitals on
planar equatorial ligands. This is consistent with the localized
SOMO on one dirhodium unit from ESR spectra. The
thermodynamic stability of the mixed-valence compound with
respect to the neutral and doubly oxidized forms was evaluated
with the equilibrium constant K. = [1',*]*/[1’,][1’,**], which
is calculated as K, = exp(AE,,,/25.69 mV). K, values for the
oxidized and reduced species of [Re™Cl,(PBu,),(Hbim)], are
5.41 X 10* and 1.14 X 10% respectively, as calculated from the
redox potentials.* The values for the dimers of dimolybdenum
complexes are 111—487.>° [1'(PPh;),]," has a similar value, K,
= 224, to the dimolybdenum species and this means that
[1'(PPhy),],* has comparable stability to the doubly H-bonded
dimer of dimolybdenum complexes; nevertheless, H bonds
between the complexes are not coplanar.

Theoretical Calculations. The mixed-valence complex for
the oxidation of [1’(PPh;),], could not be isolated because it
readily decomposed. We discuss the stability of the mixed-
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valence state in the oxidation of [1'(PPh;),], with DFT
calculations of a model compound [Rh,(O,CMe),(Hbim),-
(PMe;),], ([3’],). The structure was optimized in C,
symmetry, and calculated lengths are summarized in Table 3.

Table 3. Averaged Bond Lengths (Angstroms) for X-ray
Structures of [1'(PPh,),], and [2'(PPh;),], and the

Optimized Geometry of [3'], and [3][3"]*
3L [31[3"1"

[1°(PPh;),]  [2(PPhy),]

Rh—Rh 2.625 2628 2.680 2.685,% 2.883"
Rh—-O 2.066 2.063 2117 2.102,% 2.117°
Rh—N 2014 2.020 2.057 2.061,% 2.035°
Rh-P 2486 2488 2.547 2.532,% 2.357°

2+ b —

“Distances for [3]*". “Distances for [3"]".

Although the calculated distances around the rhodium atoms
are slightly longer than those observed in [1’(PPh;),], and
[2'(PPhy),],, the dimer structure was well reproduced. The
HOMOs of [3'], are 6(Rh—Rh) orbitals on two dirhodium
cores, which is consistent with the experimental results (Figure
S$10, Supporting Information).

Geometry optimization of the cation was started from three
types of hydrogen-bonded dimers, [3'],", [Rh,(O,CMe),-
(H,bim) (Hbim) (PMe;),][Rh,(0,CMe),(Hbim) (bim)-
(PMe;),]" ([3" + H][3" — H]"), and [Rhy(0,CMe),-
(H,bim),(PMe;),][Rh,(0,CMe), (bim),(PMes),]*([3][3"]%)
with fixed NH distances. The optimized structures for [3'],*
and [3’ + H][3' — H]"were not obtained, and only [3][3"]*
gave the structure as a one-electron-oxidized [3”]” hydrogen
bonded with a biimidazole complex [3]**. The Rh—Rh distance
of the one-electron-oxidized unit [3”]” is much longer than
that in [3]** because the SOMO is 6(Rh—Rh) of [3”]~ (Figure
S11, Supporting Information). This is consistent with the ESR
spectra, which indicate localization of the odd electron on one
dirhodium unit. Transfer of two NH hydrogens from one
dirhodium complex to the other produces another structural
change. The rotation angles of Rh—Rh bonds around the axis
through the centers of the Rh—Rh bonds are 18.58° in [3'],.
The angle in [3][3"]" of 15.64° is narrower than that. If the
proton transfer occurs in the geometry of [3'], hydrogen
bonds from the transferred proton are bent (the angle of N—
H---N is about 153°). However, elongation of the Rh—Rh bond
in [3”]” and the smaller rotation angle in [3][3”]* made the
N—H:-N angle closer to linear. These structural changes
stabilize the mixed-valence state.

B CONCLUSIONS

Quadruply hydrogen-bonded dimer complexes with biimidazo-
late, [1'(PPh,),], and [2'(PPh,), ],, have been synthesized and
characterized. [2'(PPh;),], shows a relatively stable mixed-
valence state in spite of noncoplanar complementary hydrogen
bonds between the biimidazolate ligands. A theoretical
calculation shows that the proton-coupled mixed-valence
complex of [3][3”]" may be stabilized with the motion of
dirhodium complexes along with the transfer of an electron and
protons. Unfortunately, isolation of the oxidized species was
not successful because it is stable only on a CV time scale. This
may be due to 6(Rh—Rh) HOMOs in [1'(PPh;),], from which
removal of an electron weakens the Rh—Rh bond. The better
stability for [1’(PPh;),]," than for [1(PPh,),]* may be due to
restriction in breaking the Rh—Rh bonds in [1”(PPh,),],* by

hydrogen bonds between the units and/or decreased repulsion
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of the rhodium atoms in the deprotonated anionic complex.
The HOMO of the dirhodium complexes could be changed
with bridging and axial ligands: for example, 7-donor bridging
ligands raise the 5*(Rh—Rh) orbital. Isolation and structure
determination of this type of mixed-valence compound with
another HOMO is our next target.
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