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Through a variation in the aryl substituents of the different diarylformamidinate ligands and one analog with
two different interstitial solvents are presented; Re2Cl2[(p-formamidinate ligand, a variety of dirhenium compounds has

been synthesized with [XArNC(H)NArX]– where Ar is a MeOC6H4)NCHN(p-MeOC6H4)]4 (1), Re2Cl2[(m-MeOC6H4)-
NCHN(m-MeOC6H4)]4 · 2 CH2Cl2 (4), Re2Cl2[(3,4-Cl2C6H3)-substituted C6H5 or C6H4 aryl ring and X is p-MeO (1), H (3),

m-MeO (4), p-Cl (5), m-Cl (6), m-CF3 (7), p-CF3 (8), 3,4-Cl2 NCHN(3,4-Cl2C6H3)]4 · 2 CH2Cl2 (9), Re2Cl2[(3,5-Cl2C6H3)-
NCHN(3,5-Cl2C6H3)]4 · 4 CH2Cl2 (10a), and Re2Cl2[(3,5-(9), and 3,5-Cl2 (10a, 10b). UV/Vis and NMR spectroscopy

and electrochemical data for 1 and 3–10 have been obtained. Cl2C6H3)NCHN(3,5-Cl2C6H3)]4 · OC4H8 (10b).
X-ray crystallographic analysis of Re2Cl2(µ-form)4 with four

the Re2Cl2(µ-form)4 series.[20,21,52] The addition of theIntroduction
Re2Cl2(µ-form)4 complexes allows the comparison of com-
pounds with axially coordinated chlorides and the relativis-Amidine and amidinate ligands are adaptable ligands in
tic effects associated with 5d orbitals to the Cr2(µ-form)4the synthesis of dinuclear transition metal compounds that
and Mo2(µ-form)4 systems previously studied.[20,21,52] Aspan the periodic table. [1] Dinuclear transition metal com-
series of dirhenium compounds of the general typeplexes include Ti2,

[224] Zr2, [5] V2, [6] [7] Ta2,[8210] Cr2,[11213]

Re2Cl2(µ-form)4 has been synthesized with the ligandMo2,[11,13218] W2
[12], Tc2, [19] Re2, [20] [21] Fe2,[22225]

[XArNC(H)NArX]2, where Ar is a substituted C6H5 orRu2,[26232] Os2, [33] Co2,[25,34237] Rh2,[34,38241] Ni2,[42244]

C6H4 ring and X is p-MeO (1), H (3), m-MeO (4), p-Cl (5),Pd2, [44] [45] Pt2, [46] [47] Cu2, [48] Ag2, [48] [49] In2, [50] and Sn2, [51]

m-Cl (6), m-CF3 (7), p-CF3 (8), 3,4-Cl2 (9), and 3,5-Cl2and the diversity of dinuclear complexes demonstrates the
(10a, 10b). UV/Vis, 1H-NMR, and 13C-NMR spectroscopyversatility of the ligand to form both metal2metal bonded
are reported for the series in addition to the structuraland non-bonded systems. Recently, the systematic study of
characterization of 1, 4, 9, and 10a, b. A linear free energythe tunability of the electronic and spectroscopic properties
relationship is determined from electrochemical studies ofof the resultant complexes with variations in the ligand per-
the Re2Cl2(µ-form)4 complexes by varying the remote sub-iphery has become a focus area.[14,15,26228,43,52,53]

stituents on the aryl ring of the diarylformamidinate ligands.Redox tuning of dinuclear compounds by varying the re-
mote substituents on the aryl ring of diarylformamidinate
ligands (form) has been studied in a series of dichro-

Results and Discussionmium(II,II), [52] dimolybdenum(II,II), [14] [15] and dinickel-
(II,II) [43] complexes. In the previously studied dinickel sys- Synthesis
tems, metal2metal bonding is absent with a long Ni2Ni
separation of 2.462(2) Å observed for Ni2[(3,5- Synthesis of compounds 1 and 3210 with the general
Cl2C6H3)NCHN(3,5-Cl2C6H3)]4. [43] In contrast, the Cr2(µ- formula Re2Cl2(µ-form)4 proceeds as previously de-
form)4 and Mo2(µ-form)4 systems contain metal2metal scribed. [21] Molten reactions of Re2Cl2(µ-O2CCH3)4 with
quadruple bonds, σ2π4δ2, with much shorter Cr2Cr and the respective substituted diarylformamidine ligands were
Mo2Mo mean bond lengths of 1.911 and 2.096 Å. [15] [52] performed using a minimum four fold excess of the ligand
The study is extended to correlate structural, spectroscopic, (Hform) at reaction temperatures between 150° to 180° for
and electrochemical properties of Cr2

II,II, Mo2
II,II, and 1.5 to 18 hours. Reactions times are dependent on the melt-

Re2
III,III quadruply-bonded complexes with the inclusion of ing point of the diarylformamidine ligands. A short reac-

tion time results in incomplete ligand substitution and an
elevated reaction temperature leads to thermal decompo-[a] Department of Chemistry, Box 9573,
sition of the diarylformamidine ligand.Mississippi State University,

Mississippi State, MS 39762, USA
[b] Department of Chemistry,

Florida Institute of Technology, Molecular Structures
Melbourne, FL 32901, USA

[c] Department of Chemistry and Chemical Biology, 1H-NMR spectra were recorded for compounds 1 andHarvard University,
Cambridge, MA 02138, USA 3210 to confirm the expected diamagnetic ground state for
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all of the compounds, σ2π4δ2. The simplicity of the 1H-
NMR spectra reflects the high symmetry of the Re2Cl2(µ-
form)4 complexes and confirms both the bulk purity of the
compounds and the general structure of the compounds
where X-ray crystallographic data were not obtained. [21]

The downfield shift of the singlet for the methine proton
(2NCHN2) is a distinct feature in the 1H-NMR spectra
of the Re2Cl2(µ-form)4 series and 1H-NMR data combined
with structural data for 1, 4, 9, and 10a, b allowed the calcu-
lation of the value of the diamagnetic anisotropy of the Re-
Re bond. 13C-NMR spectra were recorded for all of the
compounds except 3 and 9 where the solubility of the com-
pounds in CH2Cl2 is limited. As a result of poor solubility
in most common solvents, the 13C-NMR spectrum of 1 and
4 do not have -OCH3 peaks tabulated due to an overlap of
the methoxy carbon peak of the compound with the carbon
peak of the CH2Cl2 solvent which dominates the spectrum.

Crystal structures have been determined for Re2Cl2[(p-
MeOC6H4)NCHN(p-MeOC6H4)]4 (1), Re2Cl2[(m-Me-
OC6H4)NCHN(m-MeOC6H4)]4 · 2 CH2Cl2 (4), Re2Cl2[(3,4- Figure 2. The ORTEP plot of compound 4; hydrogen atoms and
Cl2C6H3)NCHN(3,4-Cl2C6H3)]4 · 2 CH2Cl2 (9), Re2Cl2- the dichloromethane solvent molecules are omitted for clarity
[(3,5-Cl2C6H3)NCHN(3,5-Cl2C6H3)]4 · 4 CH2Cl2 (10a), and
Re2Cl2[(3,5-Cl2C6H3)NCHN(3,5-Cl2C6H3)]4 · OC4H8 (10b),
with 10a and 10b containing the same diarylformamidinate
ligand with two different interstitial solvent molecules.
Structures of 1, 4, 9, and 10a, b are shown in Figures 125,
and reflect the D4 geometry adopted by the dirhenium core
(Re2N8Cl2) in the molecules.

Figure 3. The ORTEP plot of compound 9; hydrogen atoms and
the dichloromethane solvent molecules are omitted for clarity

vent, as in the case of Re2Cl2[(3,5-Cl2C6H3)NCHN(3,5-
Cl2C6H3)]4 with Re2Re bond lengths of 2.2734(3) Å
(4 CH2Cl2) and 2.2840(5) Å (OC4H8). More dramatic
changes in the structure of the amidinate ligand result in

Figure 1. The ORTEP plot of compound 1; hydrogen atoms are
more significant changes in the observed bond lengths andomitted for clarity
angles. [20] For Re2Cl2[(CH3N)2CPh]4 with the N,N9-dimeth-
ylbenzamidinate ligand and Re2Re and Re2Cl bondA comparison of the Hammett constant of the ligand

versus the Re2Re and Re2Cl bond lengths of 1, 4, 9, and lengths of 2.208(2) and 2.654(6) Å, the Re2Cl bond length
is significantly elongated in comparison to the diarylforma-10a, b and Re2Cl2[(p-tolylC6H4)NCHN(p-tolylC6H4)]4

(2) [21] indicates the electron donating or withdrawing ability midinate derivatives due to steric repulsions.[20] As observed
in the Re2Cl2(µ-form)4 series, only minor variations in theof the ligand has no substantial influence on the bond

lengths or angles in the structure (Table 1). The most sig- core bond lengths with changes in the substituents on the
diarylformamidinate ligands occur for Cr2(µ-form)4,nificant deviation in the Re2Re bond lengths within the

series occurs as a result of a change in the interstitial sol- Mo2(µ-form)4, and Ni2(µ-form)4 complexes.[14,15,43,52,54257]
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Table 1. Selected bond lengths [Å] and angles [°] for 1, 4, 9, and
10a, b

Compound 1 4 9 10a 10b

Re2Re 2.2777(3) 2.2765(6) 2.2783(4) 2.2734(3) 2.2840(5)
Re2N 2.093(3) 2.089(4) 2.095(4) 2.095(3) 2.081(5)

2.097(3) 2.096(4) 2.096(4) 2.097(3) 2.095(5)
2.098(3) 2.104(4) 2.102(4) 2.101(3) 2.104(5)
2.101(3) 2.115(4) 2.119(4) 2.113(3) 2.104(5)

Re2Cl 2.5212(9) 2.486(1) 2.500(1) 2.4897(9) 2.492(2)
Re2Re2Cl 176.63(2) 175.60(3) 173.55(4) 175.39(3) 174.47(4)
N2Re2N 90.0(1) 89.9(2) 89.4(2) 89.3(1) 89.7(2)

89.9(1) 88.8(2) 89.6(2) 90.0(1) 90.5(2)
89.9(1) 89.9(2) 90.6(2) 90.6(1) 89.6(2)
90.2(1) 91.4(2) 90.4(2) 90.1(1) 90.1(2)
178.6(1) 178.3(2) 178.6(2) 178.5(1) 178.7(2)
178.5(1) 178.8(2) 178.7(2) 178.7(1) 178.6(2)

N2Re2Re 91.49(8) 91.0(1) 90.5(1) 91.96(8) 92.7(1)
91.25(8) 92.1(1) 92.5(1) 91.68(9) 90.6(1)
89.86(8) 90.1(1) 90.7(1) 89.70(9) 88.5(1)
90.30(8) 89.1(1) 88.7(1) 89.35(8) 90.6(1)

N2Re2Cl 91.24(8) 89.3(1) 90.0(1) 91.39(9) 92.8(1)
90.72(8) 92.3(1) 93.9(1) 91.53(9) 89.9(1)
87.41(8) 89.7(1) 89.1(1) 87.14(9) 86.0(1)Figure 4. The ORTEP plot of compound 10a; hydrogen atoms and
87.73(8) 86.5(1) 84.8(1) 87.30(9) 88.9(1)the dichloromethane solvent molecules are omitted for clarity

N2C2N 123.5(3) 123.0(5) 122.6(5) 121.8(3) 122.8(6)
123.4(3) 123.1(5) 122.4(5) 122.1(3) 121.2(6)

M2(µ-form)4 series due to coulombic repulsion between the
ReIII centers[21] and larger than the FSR for [Re2Cl8]22

[0.869] due to the presence of two axial chlorides. [58] [61]

FSRAB 5 DA2B/(R1
A 1 R1

B) (1)

Electrochemistry

Electrochemical studies of the compounds in the
Re2Cl2(µ-form)4 series were performed in CH2Cl2 under ni-
trogen. Data were obtained at scan rates of 20, 50, 100, and
200 mV/s to determine the values of the first [E1/2

1] and
second [E1/2

2] quasireversible one-electron reduction poten-
tials of compounds 124 (Table 2). Prior electrochemical
studies of 2, abbreviated Re2Cl2(µ-DFM)4 ,

[21] were re-
peated in order to compare electrochemical data performed
under the same experimental conditions. As shown inFigure 5. The ORTEP plot of compound 10b; hydrogen atoms and

the THF solvent molecule are omitted for clarity Scheme 1, successive reduction of Re2Cl2(µ-form)4 produces
[Re2Cl2(µ-form)4 ]2 and subsequently [Re2Cl2(µ-form)4 ]22.

In order to include relativistic effects of the 5d orbitals
Table 2. Hammett constant (σ) of the remote substituents of theand the influence of axially coordinated chlorides in the formamidinate ligands, E1/2

1, and E1/2
2 values for electrochemical

comparison of the metal2metal bond lengths, the “formal studies of the Re2Cl2(µ-form)4 compounds, 124, with two one-elec-
tron quasireversible reductionsshortness ratio” (FSR) is used to minimize changes in the

bond length due to the size of the metal atoms. To deter-
Compound Hammett constant E1/2

1 E1/2
2

mine the FSR for a bond A2B, Equation 1 is applied where
DA2B is the distance between the atoms, R1

A is the radius 1 20.27 21.41 21.68
of atom A, and R1

B is the radius of atom B.[58] The FSR 2 20.17 21.39 21.67
3 0.00 21.28 21.55has been calculated for the Cr2(µ-form)4 [0.806], Mo2(µ-
4 0.12 21.25 21.53form)4 [0.809], and W2(µ-form)4 [0.839] complexes using the

average M2M bond lengths for the diarylformamidinate
analogs.[12,43,52,59] Using the average Re2Re bond length A least-squares fit of the E1/2 values versus 8σ according

to Equation 2 is linear with a slope of ρ, the reactivity con-(2.2776 Å) in the Re2Cl2(µ-form)4 series and a radius of
1.283 Å for the Re atom,[21] [60] the FSR of the Re2Re bond stant, period The Hammett constant, σ, is multiplied by

eight to account for all of the remote substituents on aryl[0.888] is significantly larger than the FSR for the group 6
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of 51 mV (100 mV/s) and 55 mV (all scan rates, as shown
in Figure 6) are observed. The E1/2

1 values for the Re2Cl2(µ-
form)4 series varied over 160 mV and E1/2

2 values over 150
mV for 124 (Table 2) and reflect the ability to use remote
substituents to fine tune the electrochemical properties at
a dinuclear core.[15,43,52,62] A similar trend is observed for
Re2Cl2(µ-O2CR)4 complexes with alkyl carboxylates. Plots
of E1/2 values versus the Taft σ* parameter, an indicator of
the electron donating or withdrawing ability of the car-
boxylates, are linear. [62] The anodic shift of the oxidation

Scheme 1 with increasing values of the Hammett constant of the form
ligand is also observed in the Ni2(µ-form)4, [43] Cr2(µ-
form)4, [52] and Mo2(µ-form)4

[15] series.rings of the diarylformamidinate ligands. An anodic shift of
Studies of the M2(mhp)4 series where M2 is Cr2, CrMo,the reduction with an increase in the value of the Hammett

Mo2, MoW, and W2 and mhp is the 2-oxo-6-methylpyridineconstants for the diarylformamidinate ligands is observed
ion have demonstrated the first oxidation half potential cor-for 124 for both successive one-electron reductions of the
relates with the energy of the highest occupied moleculardirhenium(III,III) core. At a scan rate of 100 mV/s, the cor-
orbital as determined by photoelectron spectroscopyrelation coefficient of the least squares fit of the plot of 8σ
[PES]. [63] For the series Ni2(µ-form)4 [ρ 5 114 mV], [43]

versus the E1/2
1 value for Re2Cl2(µ-form)4 series is 0.990

Cr2(µ-form)4 [ρ 5 52.8 mV], [52] Mo2(µ-form)4 [ρ 5 87.2with ρ equal to 61 mV. When the average of the quasirevers-
mV], [15] and Re2Cl2(µ-form)4 [56 mV (E1/2

1), 55 mV (E1/2
2)],ible reduction potentials observed at all scan rates is used,

the magnitude of the value of ρ correlates to the ligandas shown in Figure 6, the correlation coefficient of the least
character of the orbital where the loss of the electron (oxi-squares fit to 8σ versus E1/2

1 decreases [0.982] with a slight
dation) or gain of the electron (reduction) occurs. For thedecrease in ρ, 56 mV.
Ni2(µ-form)4 series with a large reactivity constant, the
HOMO involved in the oxidation is the 6b1 orbital with∆E1/2 5 E1/2(X) 2 E1/2(H) 5 ρ8σX (2)
58% Ni and 42% N character. [44] A smaller reactivity con-

where X is the substituent on the formamidinate ligand and H is a stant is observed for the oxidation of the Mo2(µ-form)4
hydrogen atom series [15] with a 2b2g HOMO orbital with 87% Mo and 4%

N character. [18]

The reactivity constants calculated for the Re2Cl2(µ-
form)4 complexes 124 are lower than either the dinickel or
dimolybdenum series and similar for both reductions. Since
a reduction is occurring, the orbital of interest in the deter-
mination of the value of ρ for both E1/2

1 and E1/2
2 is the

LUMO, 6eg, with 91% Re and 1% N character. Very little
change in the ligand character of the electrochemically ac-
tive orbital is observed upon reduction to
Re2(HNC(H)NH)4 with 97% Re and 2% N character for
the 5eg orbital. [21] The general trend observed in the M2(µ-
form)4 complexes is a dependence of the reactivity constant
on the ligand character of the orbital involved in either the
reduction (LUMO) or oxidation (HOMO). With an in-
crease in the ligand character of the electrochemically active
orbital, the E1/2 value is more strongly dependent on
changes in the remote substituents of the ligand.

In contrast to the two one-electron reductions observed
for 124, studies of compounds 5210 (Table 3) with more
electron-withdrawing substituents on the diarylformamidin-
ate ligands resulted in an irreversible two-electron reduction
of the compound, as demonstrated by a ratio of peak cur-

Figure 6. Dependence of E1/2
1(hollow circles) and E1/2

2(filled circ- rents of 2.48 (a ratio of 2.83 is predicted for compoundsles) values using the average of all scan rates on the Hammett con-
5210 versus 124 based on no change in diffusion coef-stant (8σ) for the Re2Cl2(µ-form)4 series. The circles represent the

experimental data and the solid lines are the least squares fit to ficients and concentrations[64]). Two-electron reductions re-
the data

sult when the loss of a second electron occurs more easily
than the first electron due to an inversion of the reduction
potentials [65] and are the result of a structural change.[65269]For the E1/2

2 values, correlation coefficients of the linear
least squares fit of the data of 0.968 and 0.966 with ρ values For example, the electrochemistry of [Mo2Cp2(CO)4{µ-
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η2:η3-HCC2C(R1)(R2)}]1 complexes is controlled by the
R1 and R2 substituents as a result of changes in the energy
of the LUMO orbital. [66]

To explain the change in the redox behavior of the
Re2Cl2(µ-form)4 complexes[57] with more electron-with-
drawing substituents, the relative energies of the orbitals in-
volved in the reduction were investigated. Fenske2Hall cal-
culations performed on the Mo2(µ-form)4 series indicate the
δ* orbital (LUMO) with approximately 76% metal charac-
ter increases in energy by 1.18 eV upon a change in the
remote substituent of the formamidinate ligand from 3,5-
dichloro to p-MeO.[15] In contrast, the σ* orbital with ap-
proximately 87% metal character increases in energy by
only 0.83 eV with the same variation in the remote substitu-
ents. [15] The Fenske2Hall calculations[15] demonstrate that, Figure 7. The predicted change in the orbital manifold across the

series of Re2Cl2(µ-form)4 complexes with changes in the Hammettwith increasing ligand character of a particular orbital, a
constant of the remote substituent of the formamidinate ligand

more significant change in the orbital energy occurs with a
change in the ligand substituents.

Table 3. Hammett constant (σ) of the remote substituents of theThe orbitals of predominantly metal character for
formamidinate ligands and Epc values for electrochemical studies

Re2Cl2(µ-DFM)4 are, in order of increasing energy, 5a1g of the Re2Cl2(µ-form)4 compounds, 5210, with two-electron irre-
versible reductions(σ, 214.22 eV), 5eu (π, 211.225 eV), 2b2g (δ, 28.804 eV),

6eg (π*, LUMO, 27.174 eV), 2b1u (δ*, 26.912 eV), and
Compound Hammett constant Epc6a2u (σ*, 23.295 eV). Only a 20.262 eV difference in en-

ergy is predicted between the two lowest unoccupied or-
5 0.23 21.52bitals (π* and δ*) with Re characters of 91% and 59%, 6 0.37 21.53

respectively. [21] Based on the trend observed in the previous 7 0.43 21.48
8 0.54 21.50studies of Mo2(form)4, [15] [21] the energy of the δ* orbital
9 0.60 21.36

decreases more rapidly than the π* orbital with an increase 10a, 10b 0.74 21.37
in the electron-withdrawing ability (σ) of the remote sub-
stituent on the aryl group of the formamidinate ligand in
Re2Cl2(µ-form)4 complexes. The energy difference between Diamagnetic Anisotropy of the Re2Re Bond
the π* and δ* orbitals diminishes or even becomes negative

An induced field from circulating electrons results in thewith increasing σ, as shown in Figure 7. As a result of the
diamagnetic anisotropy in transition metal complexes con-change in the orbital manifold across the series of Re2Cl2(µ-
taining metal-metal multiple bonds. In the Re2Cl2(µ-form)4form)4 complexes, two quasireversible one-electron re-
series, the methine proton (2NCHN2) of the bridging di-ductions occur for the electron donating substituents and
arylformamidinate ligand is affected by the induced fieldan irreversible two-electron reduction occurs for the elec-
caused by the circulating electrons of the Re2Re quadrupletron-withdrawing substituents. Although the same general
bond. As a result, the methine proton is deshielded and atrend in reduction potentials is observed for both the one-
downfield chemical shift is observed. From the chemicalelectron quasireversible and two-electron irreversible re-
shift difference of the methine proton [∆δ 5duction of the Re2Cl2(µ-form)4 complexes as shown in
δ(2NCHN2Re2) 2 δ (2NCHN2Ni2)] [43] and structuralTables 2 and 3, a linear least squares fit of the Hammett
parameters of these protons (r and θ) extracted from theconstant versus the two-electron irreversible reduction at
crystallographic data, the diamagnetic anisotropy for the100 mV [Table 3] is poor with a correlation coefficient of
Re2Re bond is calculated from Equation 3 shown be-0.832 and a ρ value of 44 mV. The electrochemical de-
low.[70]composition product is subsequently oxidized but has not

been structurally or spectroscopically characterized.

Electronic Spectra

The electronic spectra of 1 and 3210 consist of an in- The ∆χ values calculated based on crystallographic and
1H spectroscopic data for Re2Cl2(µ-form)4 with the sub-tense peak between 386 to 418 nm. The transition at 403 nm

for Re2Cl2[(p-tolylC6H4)NCHN(p-tolylC6H4)]4 [21] is as- stituents p-MeO, m-MeO, 3,5-Cl2, and 3,4-Cl2 are 4034,
3890, 3940, and 4154·10236 m3 molecule21, respectively orsigned to the δ to δ* transition. The intense peak occurring

between 386 and 418 nm in the Re2Cl2(µ-form)4 series is 4004·10236 m3 molecule21 on average. Since the chemical
shift of the methine proton of Ni2[(3,4-assigned to the same transition with no correlation between

the Hammett constants of the remote substituents and the Cl2C6H3)NCHN(3,4-Cl2C6H3)]4 is not available, the chemi-
cal shift was estimated (δ 5 6.185) based on the averageenergy of the δ to δ* transition observed.[15,54257]
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11.7 mmol) under argon for 5 hours. EtOH (40 mL) was added tochange in the methine proton chemical shift upon coordi-
the molten reaction mixture while hot, and the mixture was vigor-nation to the Ni2 core from values of nine reported Ni2(µ-
ously stirred for 1 hour. The orange-yellow solid was collected byform)4 complexes and the corresponding free ligands. [43]

filtration and dried under dynamic vacuum. 1H-NMR spectroscopyThe values are somewhat smaller than ∆χ value of
revealed the presence of free ligand, and the crude product was4430·10236 m3 molecule21 reported previously for
further purified by chromatography. Yield: 0.093 g (48.8%). 2

Re2Cl2(µ-DFM)4. [12] The correlation of the diamagnetic an- 1H NMR: δ 5 8.30 (s, 4 H), 6.66 (m, 32 H), 3.75 (s, 24 H). 2
isotropy to the Hammett constant of the remote substitu- 13C NMR δ: 171.1 (s), 158.1 (s), 145.6 (s), 129.2 (s), 127.7 (s), 113.2
ents on the diarylformamidinate ligands for the Re2Cl2(µ- (s), 111.8 (s). 2 UV/Vis: λmax (nm) 5 278, 418.
form)4 series is extremely poor.

Re2Cl2[(C6H5)NCHN(C6H5)]4 (3): Re2Cl2(µ-O2CCH3)4 (0.110 mg,
0.16 mmol) was heated at 150°C with (C6H5)NHCHN(C6H5)
(2.94 g, 15.0 mmol) under argon for 8 hours. Upon completion ofConclusions the reaction, the product was extracted with hot ethanol (80 mL),
but a clean separation was not achieved. The filtrate and solid wereWith the synthesis of a series of Re2Cl2(µ-form)4 com-
combined and dried on a rotovap. Ethyl acetate (50 mL) was added

pounds incorporating a variety of electron donating and and the mixture was heated to reflux and the resultant mixture was
withdrawing remote substituents on the diarylformamidin- cold filtered to remove the bulk of the free ligand. The crude prod-
ate ligands, the comparison of structural and spectroscopic uct was suspended in 6 mL of CH2Cl2 and heated to reflux. Follow-
properties of M2(µ-form)4 complexes is extended to include ing addition of 30 mL of ethyl acetate and an additional reflux
dirhenium(III,III) compounds with axially coordinated period of 10 minutes, vigorous stirring of the reaction mixture dur-

ing cooling to room temperature yielded golden flakes of 3. Thechlorides. In the metal2metal bonded, Cr2(µ-form)4,
solid product was collected by filtration and dried under dynamicMo2(µ-form)4, and Re2Cl2(µ-form)4, and non-bonded sys-
vacuum. Yield: 0.142 g (72.5%). 2 1H NMR: δ 5 8.40 (s, 4 H),tems, Ni2(µ-form)4, which have variations in the Hammett
7.13 (d, 16 H, 3J 5 1.6 Hz), 7.11 (d, 8 H), 6.76 (dd, 16 H). 2constant of the remote substituents on the diarylformamid-
13C NMR: δ 5 152.2 (s), 128.4 (s), 127.0 (s). 2 UV/Vis: λmaxinate ligands, no correlation between the metal2metal bond
(nm) 5 278, 396.

lengths or metal2nitrogen bond lengths and σ is ob-
Re2Cl2[(m-MeOC6H4)NCHN(m-MeOC6H4)]4 (4): Re2Cl2(µ-served.[14,15,43,52]

O2CCH3)4 (0.110 g, 0.16 mmol) was heated at 140°C with (m-Me-The two quasireversible one-electron reductions for 124
OC6H4)NHCHN(m-MeOC6H4) (3 g, 11.7 mmol) under argonand the two-electron irreversible reductions observed for
overnight. Ethyl acetate (35 mL) was added to the molten reaction5210 reflect the ability to tune the reduction potential over
mixture and the solution refluxed for an hour. The orange-yellow

a 150 mV range (124) via the remote substituents on the solid was collected by filtration and dried under vacuum. Since
diarylformamidinate ligand.[14,15,43,52,66] The reactivity con- TLC indicated incomplete purification, another 35 mL of ethyl
stants of the Re2Cl2(µ-form)4 series (124) are similar in acetate was added to the crude product and the mixture refluxed.
magnitude to the Cr2(µ-form)4 series and significantly The purified solid product was collected by filtration and dried

under dynamic vacuum. Yield: 0.210 g (89.6%). 2 1H NMR: δ 5smaller than either the Mo2(µ-form)4 or Ni2(µ-form)4
8.40 (s, 4 H), 7.12 (t, 8 H, 3J 5 8.0 Hz), 6.66 (dd, 8 H, 3J 5 8.3 Hz,series.[14,15,43,52] Based on systems where both electrochemi-
4J 5 1.9 Hz), 6.60 (d, 8 H, 3J 5 7.6 Hz), 6.34 (s, 8 H), 3.29 (s,cal and theoretical data are available, the E1/2 value be-
24 H). 2 13C NMR: δ 5 171.3 (s), 169. 9 (s), 158.7 (s), 153.5 (s),comes more strongly dependent on changes in the remote
128.9 (s), 127.5 (s), 119.7 (s), 118.2 (s), 114.5 (s), 113.1 (s). 2 UV/substituents on the diarylformamidinate ligand with in-
Vis: λmax (nm) 5 286, 400.creasing ligand character of the electrochemically active or-
Re2Cl2[(p-ClC6H4)NCHN(p-ClC6H4)]4 (5): Re2Cl2(µ-O2CCH3)4bital.[15,18,21,43,44,52] Studies of a series of W2(µ-form)4 com-
(0.17 g, 0.25 mmol) was heated at 180°C with (p-plexes with a variety of substituents on the diarylformamid-
ClC6H4)NHCHN(p-ClC6H4) (2.12 g, 8.0 mmol) under argon for 3inate ligands are in progress to determine the effect of the
hours. The solid product was dissolved in CH2Cl2 and precipitatedHammett constant of the ligand substituents on the electro-
from solution with EtOH. The orange solid was collected by fil-

chemical process. tration and dried under dynamic vacuum. Yield: 0.262 g (69.9%).
2 1H NMR: δ 5 8.32 (s, 4 H), 7.14 (d, 16 H, 3J 5 8.6 Hz), 6.63
(d, 16 H, 3J 5 8.7 Hz). 2 13C NMR: δ 5 171.3 (s), 150.1 (s), 132.6

Experimental Section (s), 129.3 (s), 128.6 (s), 128.0 (s), 127.2 (s). 2 UV/Vis: λmax (nm) 5

274, 398.Starting Materials: The starting materials [N(n-Bu)4]2[Re2Cl8], [71]

Re2(µ-O2CCH3)4Cl2, [72] and 2 [21] were synthesized by the standard Re2Cl2[(m-ClC6H4)NCHN(m-ClC6H4)]4 (6): Re2Cl2(µ-O2CCH3)4
literature methods. All the diarylformamidine ligands were synthe- (0.11 g, 0.16 mmol) was heated at 180°C with (m-
sized according to literature methods, washed under an argon at- ClC6H4)NHCHN(m-ClC6H4) (2.12 g, 8.0 mmol) under argon for 3
mosphere with freshly distilled hexanes, and transferred to the dry- hours. Ethyl acetate (15 mL) was added while the molten reaction
box.[15] [73] The solvents ethanol (EtOH), methanol (MeOH), mixture was still hot. The crude solid product was collected by
CH2Cl2, ethyl acetate, and hexanes for the synthesis of the filtration. The residual free ligand was removed by redissolving the
Re2Cl2(µ-form)4 complexes were used as received without distil- crude product in CH2Cl2 and precipitating 6 with hexanes. The
lation. orange-yellow solid was collected by filtration and dried under dy-

namic vacuum. Yield: 0.130 g (54.2%). 2 1H NMR: δ 5 8.48 (s,Preparation of the Complexes: Re2Cl2[(p-MeOC6H4)NCHN(p-Me-
OC6H4)]4 (1). Re2Cl2(µ-O2CCH3)4 (0.090 g, 0.13 mmol) was heated 4 H), 7.1227.21 (m, 16 H), 6.74 (d, 8 H, 4J 5 1.9 Hz), 6.73 (s, 8 H).

2 13C NMR: δ 5 171.7 (s), 170.1 (s), 152.5 (s), 133.2 (s), 129.6 (s),at 140°C with (p-MeOC6H4)NHCHN(p-MeOC6H4) (3 g,
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128.6 (s), 128.2 (s), 127.7 (s), 127.3 (s), 126.3 (s), 126.1 (s), 124.7 filtered and the yellow-orange solid collected on the frit. The puri-

fied solid product was dried under dynamic vacuum. Yield: 0.132 g(s). 2 UV/Vis: λmax (nm) 5 278, 390.
(49.6%). 2 1H NMR: δ 5 8.398 (s, 4 H), 7.244 (d, 4 H, 3J 5Re2Cl2[(m-CF3C6H4)NCHN(m-CF3C6H4)]4 (7): Re2Cl2(µ-
8.5 Hz), 6.699 (d, 4 H, 4J 5 2.4 Hz), 6.603 (dd, 4 H, 3J 5 8.5 Hz,O2CCH3)4 (0.17 g, 0.25 mmol) was heated at 156°C with (m- 4J 5 2.4 Hz). 2 UV/Vis: λmax (nm) 5 282, 398.CF3C6H4)NHCHN(m-CF3C6H4) (3.1 g, 9.3 mmol) for 15 hours.

EtOH (40 mL) was added to the reaction mixture while hot. The Re2Cl2[(3,5-Cl2C6H3)NCHN(3,5-Cl2C6H3)]4 (10a, 10b): Re2Cl2(µ-
mixture stirred vigorously for 1 hour. The solid was collected by O2CCH3)4 (0.550 g, 0.81 mmol) was heated at 170°C with (3,5-
filtration, washed with 20 mL of EtOH and 10 mL of hexanes, and Cl2C6H3)NHCHN(3,5-Cl2C6H3) (2.0 g, 6.0 mmol) under dynamic
dried under vacuum. Yield: 0.39 g (88%). 2 1H NMR: δ 5 8.57 (s, vacuum for 7 hours. The orange-brown solid was loaded on a col-
4 H), 7.46 (d, 8 H, 3J 5 7.6 Hz), 7.36 (t, 8 H, 3J 5 7.9 Hz), 7.08 (d, umn of chromatographic Silica Gel of 200 to 425 mesh and eluted
8 H, 3J 5 7.4 Hz), 6.85 (s, 8 H). 2 13C NMR δ: 171.3 (s), 151.45 with CH2Cl2. The yellow solution was collected and dried under
(s), 130.12 (s), 128.77 (s), 124.83 (s), 123.93 (s). 2 UV/Vis: λmax dynamic vacuum. The addition of ethanol dissolves the excess li-
(nm) 5 294, 386. gand and the yellow-orange product was collected by filtration of

the ethanol suspension. The purified solid product was dried underRe2Cl2[(p-CF3C6H4)NCHN(p-CF3C6H4)]4 (8): Re2Cl2(µ-O2CCH3)4
dynamic vacuum. Yield: 0.302 g (21.0%). 2 1H NMR: δ 5 8.50 (s,(0.20 g, 0.30 mmol) was heated at 170°C with (p-
4 H), 7.20 (s, 8 H), 6.6 (d, H, 4J 5 1.8 Hz). 2 13C NMR: δ 5 171.3CF3C6H4)NHCHN(p-CF3C6H4) (2.0 g, 6.0 mmol) for 1.5 hours.
(s), 152.3 (s), 134.4 (s), 127.4 (s), 125.9 (s). 2 UV/Vis: λmax (nm) 5After cooling, acetone (20 mL) was added to the reaction mixture
278, 314, 388.and the red-orange supernatant solution transferred from the un-

changed ligand. Slow evaporation of the acetone resulted in red- Physical Measurements: The spectroscopy, UV/Vis and 13C-NMR,
orange crystals. The crystals were washed with 10 mL of hexanes,

was performed using CH2Cl2 dried over P2O5 and freshly distilled
and dried under vacuum. Yield: 0.305 g (57.5%). 2 1H NMR: δ 5

under argon prior to use. 1H-NMR spectra were recorded on either
8.47 (s, 4 H), 7.45 (d, 16 H, 3J 5 3.9 Hz), 6.81 (d, 16 H, 3J 5

a Bruker AMX-360 NMR spectrometer or a General Electric
3.9 Hz). 2 13C NMR: δ 5 171.22 (s), 154.38 (s), 129.44 (q, 1JC2F 5

Omega 400 MHz NMR spectrometer with chemical shifts (δ) refer-
33.8 Hz), 127.94 (d, 2JC2F 5 14.1 Hz), 126.68 (s), 125.51 (s), 122.91

enced to the residual CHCl3 (δ 5 7.27) in the CDCl3 solvent. 13C-
(s), 120.21 (s). 2 UV/Vis: λmax (nm) 5 386.

NMR spectra were recorded on a General Electric Omega
400 MHz NMR spectrometer with a 10 mm broad band probe withRe2Cl2[(3,4-Cl2C6H3)NCHN(3,4-Cl2C6H3)]4 (9): Re2Cl2(µ-

O2CCH3)4 (0.100 g, 0.15 mmol) was heated at 170°C with (3,4- chemical shifts (δ) referenced to CH2Cl2 (δ 5 54.2). 10-mm NMR
tubes for 13C-NMR spectra were prepared by dissolving the re-Cl2C6H3)NHCHN(3,4-Cl2C6H3) (2.0 g, 6.0 mmol) under dynamic

vacuum for 7 hours. Ethanol (30 mL) was added to the orange- spective Re2Cl2(µ-form)4 complexes in CH2Cl2 with a 4 mm NMR
insert of either CDCl3 or CD3CD2OD to lock. 13C-NMR spectrabrown solid while the reaction mixture was warm. After stirring

the solution overnight to dissolve excess ligand, the solution was required 4 to 24 hours of data collection to obtain reasonable signal

Table 4. Crystallographic data for 1, 4, 9, and 10a, b

1 4 9 10a 10 b

Empirical formula C60H60Cl2N8O8Re2 C61H70Cl4N8O8Re2 C54H31Cl22N8Re2 C56H36Cl26N8Re2 C52H28Cl18N8ORe2

Formula mass 1464.46 1557.45 1944.17 2115.03 1791.32
temp [K] 213(2) 213(2) 213(2) 213(2) 213(2)
wavelength [Å] 0.71073 0.71073 0.71073 0.71073 0.71073
crystal system monoclinic monoclinic orthorhombic monoclinic monoclinic
space group P2(1)/n, [#14] P2(1)/c, [#14] Pbca, [#61] P2(1)/n, [#14] P2(1)/n, [#14]
a [Å] 14.822(3) 11.145(3) 21.2457(3) 12.4590(2) 11.2331(2)

b [Å] 12.776(2) 19.654(4) 14.3471(2) 19.7205(3) 17.1592(1)
c [Å] 15.263(2) 14.310(3) 22.0263(1) 16.3497(1) 18.4167(3)
β [deg] 91.452(9) 92.19(1) 110.560(1) 94.731(1)
V [Å3] 2889.3(8) 3132(1) 6713.9(1) 3761.21(9) 3537.74(9)
Z 2 2 4 2 2
dcalc [Mg/m3] 1.683 1.651 1.923 1.868 1.682
absorption coefficient 4.340 4.091 4.523 4.182 4.139
[mm21

crystal size [mm] 0.15 3 0.2 3 0.2 0.25 3 0.25 3 0.25 0.05 3 0.05 3 0.05 0.25 3 0.20 3 0.15 0.10 3 0.10 3 0.10
theta range for data 1.89 to 27.70 1.76 to 28.32 1.85 to 25.00 1.68 to 28.28 1.62 to 24.69
collection [deg]
index ranges 218 # h # 19, 213 # h # 14, 225 # h # 15, 215 # h # 16, 213 # h #12,

213 # k # 16, 224 # k # 17, 217 # k # 17, 226 # k #26, 211 # k # 20,
213 # l # 18 213 # l # 18 225 # l # 25 214 # l # 21 218 # l # 21

reflections collected 11983 15944 27192 22199 17925
independant 5891 [R(int) 5 0.0229] 6775 [R(int) 5 0.0282] 5800 [R(int) 5 0.0416] 9095 [R(int) 5 0.0308] 5996 [R(int) 5 0.0425]
reflections
refinement method full-matrix full-matrix full-matrix full-matrix full-matrix

least-squares on F2 least-squares on F2 least-squares on F2 least-squares on F2 least-squares on F2

data/restraints/parameters 5891 / 0 / 362 6775/3/388 5800/0/398 9095/0 /415 5996/0/406
R[a] [I>2σ(I)] 0.0264 0.0393 0.0322 0.0325 0.0550
Rw

[b] [I>2σ(I)] 0.0593 0.1008 0.0733 0.0706 0.0778

[a] R 5 Σ||Fo| 2 |Fc||/Σ|Fo|. 2 [b] wR 5 {Σ[w(Fo
2 2 Fc

2)2]/ Σ[w(Fo
2)2}1/2.
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