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Summary: An unprecedented partial reduction of 2,2'-bipyri-
midine (bpym) occurred, affording the Hsbpym®~ moiety, during
the one-pot self-assembly of neutral Re(I)-based molecular
rectangles and bimetallic products under solvothermal condi-
tions. Their structures were unambiguously characterized by
"H NMR and single-crystal X-ray diffraction analyses, and their
electrochemical, electronic absorption, and photoluminescent
properties were studied. The reaction pathway was also in-
vestigated.

Transition-metal complexes containing a 2,2'-bipyrimidine
(bpym) ligand are of great interest, due to their ability to absorb
visible light as well as to store electrons in vacant 7% levels:
i.e., they act as “electron reservoirs” or as promoters of catalytic
reactions and serve as a conduit for energy and electron
transfer.'® An interesting tetracationic bpym-containing rect-
angle, [{(CO)sRe(u-bpym)Re(CO)3}2(u-bpy)2](CF3S03)4, could
be charged stepwise with the appropriate number of electrons,
indicating the “electron reservoir” function of the molecule.?
Although bpym-containing metal complexes exhibit interesting
photophysical and electrochemical properties, intermediates
produced during their redox processes have never been char-
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acterized by solid-state data. As part of our ongoing efforts in
the design and synthesis of functional metallacyclic materials,’
we report herein on the unprecedented partial reduction of 2,2'-
bipyrimidine during the one-pot self-assembly of neutral Re(I)-
based molecular rectangles under solvothermal conditions. The
partially reduced 2,2'-bipyrimidine, Hgbpym?~, was stabilized
by the rectangles, and the structures were unambiguously
characterized by "H NMR and single-crystal X-ray diffraction
analyses. The unusual transformation of the bpym ligand under
hydrothermal conditions, the structural characterization of the
partially reduced Hgbpym?~ moiety, and the one-pot synthesis
of neutral Re(I)-based rectangles are the features of this work.

Results and Discussion

Observation of Partial Reduction of 2,2'-Bipyrimidine. The
one-pot self-assembly of the molecular rectangles [{(CO);Re(u-
Hebpym)Re(CO)s}2(u-L),] (1a, L = pyrazine; 1b, L = 4,4'-
bipyridine) from Rey(CO)yo, 2,2'-bipyrimidine (bpym), and
pyrazine (pz) or 4,4'-bipyridine (bpy) at 160 °C was achieved
in high yields (Scheme 1). The '"H NMR spectrum of 1b showed
two sets of signals at 6 8.59 and 7.88 ppm originating from the
H? and H? protons of the coordinated 4,4'-bipyridine. To our
surprise, the aromatic proton signals of 2,2'-bipyrimidine
disappeared, while the peaks at 6 3.68, 1.93, and 1.82 ppm,
corresponding to aliphatic protons, were observed in the upfield
region of the spectrum. This implies that an unusual reduction
of 2,2'-bipyrimidine would likely take place during the course
of the reaction. The '"H NMR spectrum of 1a had a similar
pattern. Both products were soluble in CH>Cl,, DMSO, DMF,
THF, and acetone.

Solid-State Evidence for the Partially Reduced 2,2'-Bi-
pyrimidine. A single-crystal X-ray diffraction analysis was
undertaken to examine the exact coordination characteristics of
the reduced bipyrimidine ligand within the architecture. The
structure of la has a rectangular architecture in which two
(CO)3Re—(pz)—Re(CO); edges are bridged by two reduced 2,2'-
bipyrimidine moieties with a cavity dimension of 5.79 x 7.31
A (Figure 1). It is noteworthy that C7, C8, C9, C12, C13, and
C14 of the 2,2'-bipyrimidine are reduced, with C—C single-
bond lengths (C7—C8, C12—C13, etc.) ranging from 1.485(10)
to 1.514(11) A and an sp3 configuration (110.8(7)—112.2(6)°)
in the reduced rings. This was corroborated by the observation
of nonequivalent aliphatic proton signals for the reduced 2,2'-
bipyrimidine in the "H NMR spectrum. The highly conjugated
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Scheme 1. Trapping of Partially Reduced 2,2'-Bipyrimidine in the Self-Assembly of Re(I)-Based Rectangles 1a,b and Bimetallic
Complex 2
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N>CCN;, core remains intact and is coordinated to two rhenium
metal centers as a bridging bis-chelated ligand. It is significant
that the bond lengths for Re—N(H()bpymz*) (2.146(6)-2.155(5)
A) are shorter than those of Re—N(pz) (2.226(5)-2.248(5) A),
suggesting a negative charge on the N atoms of Hgbpym?*~

Compound 1b also adopts a rectangular architecture (Figure
S1; see the Supporting Information), where the 2,2'-bipyrimidine
is reduced and possesses characteristics similar to those of 1a
with a slight disorder of the reduced carbon atoms, providing
unambiguous solid-state evidence of the unprecedented reduc-
tion of the bpym ligand.

Study of the Reaction Pathway. It appears that the 2,2'-
bipyrimidine moiety in the solid-state structures of both 1a and
1b are partially reduced while the pyrazine or/and 4,4'-bipyridine
remains intact. In order to understand the details of the reduction
of 2,2'-bipyrimidine during the self-assembly process, the
reaction of Re,(CO);op with 2,2'-bipyrimidine in butanol in the

Figure 1. ORTEP diagram of 1a with thermal ellipsoids at the 50%
probability level. Hydrogen atoms are omitted for clarity. Selected
bond lengths (A): Re1—N1, 2.148(5); Re1—N2, 2.149(6); Re1—N3,
2.248(5); Re1—C1, 1.929(8); Re1—C2, 1.923(7); Re1—C3, 1.915(7);
Re2—N3, 2.155(5); Re2—N4, 2.146(6); Re2—N6, 2.226(5); Re2—C4,
1.911(7); Re2—CS5, 1.911(8); Re2—C6, 1.910(5); C10—C11, 1.495(8);
N1—-C10, 1.325(8); N1—C7, 1.470(8); C7—C8, 1.511(9); C8—C9,
1.485(10); N3—C9, 1.477(8); N3—C10, 1.323(8); N2—Cl11, 1.324(8);
N2—-Cl12, 1.480(8); C12—C13, 1.489(10); C13—Cl14, 1.514(11);
N4—Cl14, 1.474(9); N4—Cl11, 1.323(8).

absence of difunctional ligands (pz or bpy) under solvothermal
conditions was therefore undertaken (Scheme 1) and the deep-
brown bimetallic compound 2 was obtained in 65% yield. In
this reaction, the 2,2'-bipyrimidine ligand underwent a partial
hydrogenation and was stabilized by the rhenium metal center
to form compound 2. The FAB-mass spectrum of 2 showed a
molecular ion peak at m/z 760.2 (M™). The "H NMR spectrum
showed that the signals at ¢ 3.52 and 1.81 ppm corresponded
to the partially reduced 2,2'-bipyrimidine protons, implying that
the reduction occurred at this stage of the reaction.

The structure of 2 was characterized by a single-crystal X-ray
diffraction analysis, and the ORTEP diagram is shown in Figure
2. The 2,2'-bipyrimidine ligand was reduced, similar to that of
compound 1. The lengths of intra-ring C—C single bonds
(1.483(6)—1.486(6) A), C—N(Hgbpym?>~) bonds (1.313(5)—
1.321(5) A) in the delocalized N,CCN, core, and other
C—N(Hgbpym? ") bonds (1.460(4)—1.464(4) A), as well as the
Re—N(H6bpym2_) bonds (2.150(3)-2.158(3) A), bear charac-
teristics similar to those of 1a,b.

Treatment of 2 with 4,4'-bipyridine afforded compound 1b
in high yield, indicating that 2 is the precursor of 1b. This
confirms that the reduction of 2,2'-bipyrimidine takes place in
an early stage of the reaction, which was stabilized by the
product 2. The latter then reacted with the bipyridyl ligand (bpy)
to produce the final product 1b.

Figure 2. ORTEP diagram of 2 with thermal ellipsoids at the
30% probability level. Hydrogen atoms are omitted for clarity.
Selected bond lengths (A): Rel—C1, 1.985(5); Re1—C2, 1.919(5);
Rel—C3, 1.934(4); Rel—C4, 2.005(5); Rel—NI1, 2.150(3);
Rel—N2, 2.158(3); C8—C8A, 1.489(6); NI1—C8, 1.321(5);
N1-CS5, 1.464(4); C5—C6, 1.483(6); C6—C7, 1.486(6); N2—C7,
1.460(4); N2—C8, 1.313(5).
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The reaction pathway of the partial hydrogenation of 2,2'-
bipyrimidine is of particular interest. The results of the structural
analysis indicate that the reduction occurs during formation of
compound 2. In the literature, rhenium metal centers are not
commonly used for hydrogenation reactions, but several ex-
amples of the hydrogenation of organic compounds by rhenium
metal complexes have been reported.® The enantioselective
reduction of imines catalyzed by a rhenium(V)—oxo complex
has also been reported.®* In addition, rhenium carbonyl com-
plexes have been observed to facilitate hydrogenation of
ynamine and imines or catalyze hydrogenation of 1-hexene.*™
Although the nature of the hydrogenation of bpym and the
formation of 2 is not yet clear, the results to date suggest that
metal binding is a prerequisite for the observed hydrogenation
of bpym. The initial metal-binding reaction between Re,(CO);o
and bpym may yield a Re',(bpym? ") intermediate, as suggested
by electrochemical evidence,” that then undergoes solvent-
promoted e~ and H" transfer to yield the observed species. The
transformation of bpym and Rex(CO);o to 2 involves transfer
of 8¢~ and 6H™. It is apparent that the rhenium atoms cannot
be the only reductant of bpym, as they can afford only two of
the eight electrons necessary for the formation of Hegbpym®™.
Therefore, the solvent, BuOH, may participate in the redox
reaction, supplying electrons and protons. The reduction of
imidorhenium(V) complexes to amidorhenium(III) species along
with the oxidation of ethanol solvent has been reported.® As a
consequence, the Re'y(bpym?”) intermediate would readily
transform to the observed product 2 in high yield.

In comparison, an interesting bpym-containing tetracationic
rectangle, [{(CO)s;Re(u-bpym)Re(CO)3}2(u-bpy)2](CF3SO3)4, is
synthesized via a stepwise fashion by first creating a bimetallic
edge with a difunctional chelating bpym bridge and then by
adding bpy ligand.” Nevertheless, compounds 1a,b, which
contain reduced Hgbpym?®~, were synthesized in a one-pot
reaction, under solvothermal conditions, forming the neutral
rectangular products. The unprecedented reduction of the bpym
ligand makes the one-pot synthesis of neutral molecular
rectangles possible. It is noteworthy that the development of
one-step syntheses for the preparation of molecular rectangles
is of great interest, as the reaction of a mixture of metal
precursors and two rigid ligands tends to result in the two
corresponding molecular squares.'®

Electrochemical Studies. The measured cyclic voltammetric
data for the rectangles 1a,b are summarized in Table 1. Cyclic
voltammograms (CVs) of 1a,b in THF display four reduction
waves, which correspond to the stepwise reduction reactions
of the N—L—N ligands (pyrazine in 1a and bpy in 1b; Figure
3). Similar behavior has been noted for the compounds
([Re(CO)3]nBiBzIm),(u-bpy), (BiBzIm = 2,2'-bisbenzimida-
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Table 1. Redox Potentials of Neutral Re(I)-Based Rectangles 1a,b in

THF“
Eipd v
complex  Eip™,V  Ep”  Epn " Ep*?  EpTM
la 0.49 —1.44 —1.66 —2.64 —3.00
1b 0.47 —1.67 —1.89 —2.55 —2.80

“In THF/0.1 M BusNPFg at 100 mV/s scan rate; potentials in V vs
Fc/Fc™.
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Figure 3. Cyclic voltammograms of 1a (top) and 1b (bottom) in
THF with 0.1 M BusNPFg as the supporting electrolyte.

zolate) and ([Re(CO);3],BiBzIm),(u-pz),.'"'? The metal coor-
dination of the ligands shifts the reduction potential to less
negative values via electrostatic stabilization of the reduced
forms of the ligands.”'"'> Compounds 1a,b also displayed a
quasi-reversible oxidation wave near 0.5 V, which is likely
associated with oxidation of the Re centers. Metal complexes
containing a bpym ligand are of great interest due to their ability
to act as “electron reservoirs” or to serve as conduits for energy
and electron transfer.'® The results of the electrochemical
analysis of 1a,b demonstrate a good signature (absence of bpym
responses) of coordination by reduced bpym. Since Hgbpym?~
contains two additional electronegative nitrogen atoms compared
to bpym, the species is not easily reduced again. These results
indicate significantly different characteristics between reduced
Hebpym?~ and nonreduced bpym ligands, compared to those
of the tetracationic rectangle [{(CO)s;Re(u-bpym)Re(CO)s3}a(u-
bpy)21(CF3805)s. >
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Electronic Absorption Spectra and Luminescence Pro-
perties. UV—-visible absorption spectra for 1a,b and 2 in CH,Cl,
show that the absorption bands in the high-energy region
(230—351 nm) correspond to the ligand-centered (LC) transition
(Figure S3; see the Supporting Information). The broad absorp-
tion bands at 563 and 466 nm for 1a,b, respectively, correspond
to the dzz(Re) — r*(pz for 1a, bpy for 1b) transition.'>

Complexes 1a,b show photoluminescence behavior upon
excitation of their metal-to-ligand charge-transfer transitions
(MLCT) band in a solution of CH,Cl, (Figure S4; see the
Supporting Information). The broad and structureless emission
bands at 685 and 605 nm for 1a,b, respectively, feature a
SMLCT character. In the solid state, 1a,b exhibit photolumi-
nescence bands at 711 and 627 nm, respectively, on excitation
at 430 and 390 nm, respectively, at ambient temperature (Figure
S5; see the Supporting Information). These structureless emis-
sion bands in the visible region are assigned to *MLCT."* To
our knowledge, there are only a few Re-based molecular
rectangles that are emissive at room temperature.”'*

Conclusion

This work is notable for the fact that the 2,2'-bipyrimidine
(bpym) ligand was reduced in situ to a nonaromatic bicycle
(Hsbpymz_) in the synthesis of neutral rhenium(I) molecular
rectangles, 1a,b. The partially reduced Hgbpym?~ moiety was
stabilized in the products, and its structure was unambiguously
characterized by "H NMR and single-crystal X-ray diffraction
analyses. The reduction of the bpym ligand resulted in the
successful one-pot synthesis of the neutral molecular rectangles.

Experimental Section

Materials and General Methods. Reagents were used as
received without further purification. The solvents used in this study
were of spectroscopic grade. IR spectra were recorded on a Perkin-
Elmer 882 FT-IR spectrophotometer. "H NMR spectra were re-
corded on Bruker AC 300 and AMX-400 FT-NMR spectrometers.
Elemental analyses were performed using a Perkin-Elmer 2400
CHN elemental analyzer. FAB-MS data were obtained using a JMS-
700 double-focusing mass spectrometer. The electronic absorption
spectra were obtained on a Hewlett-Packard 8453 spectrophotometer
at room temperature in a 1 cm quartz cell. Fluorescence spectra
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G.-H.; Peng, S.-M.; Wang, C. M.; Lu, K.-L. Inorg. Chem. 2000, 39, 2016.

Notes

were recorded on a Hitachi F4500 spectrometer. Cyclic voltammetry
was carried out at a 100 mV/s scan rate in anhydrous THF/0.1 M
BusNPF; at room temperature, using a three-electrode configuration
(glassy-carbon electrode, platinum counter electrode, Ag/AgNOs
reference electrode) and a CHI 621B electrochemical analyzer under
deaerated conditions.

Synthesis of [{(CO);Re(u-Hgbpym)Re(CO)s}a(u-pz),] (1a).
The reaction of a mixture of Re;(CO);o (65.3 mg, 0.10 mmol), 2,2'-
bipyrimidine (15.6 mg, 0.10 mmol), and pyrazine (8.0 mg, 0.10
mmol) in 8 mL of butanol was carried out in a Teflon-lined stainless
steel bomb at 160 °C for 48 h. The solution was decanted, and the
purple crystals were washed with butanol and hexane several times
and then dried. The crystals were of X-ray quality and were
characterized spectroscopically. Yield: 67%. IR (THF): vco 2021
(s), 2012 (s), 1918 (vs), 1894 (vs) cm™'. 'H NMR (400 MHz,
CH,Cly-d): 6 8.68 (s, 8H, pz), 3.61 (m, 16H, H*, Hgbpym? ™), 1.89,
1.78 (m, 8H, H>, H”, Hf,bpymzf). Anal. Calcd for C36H30N1,015Rey:
C, 27.55; H, 2.06; N, 10.71. Found: C, 27.58; H, 2.17; N, 10.53.

Synthesis of [{(CO);Re(u-Hgbpym)Re(CO)3}.(1-bpy).] (1b). Or-
ange rectangular 1b was obtained by following a procedure similar
to that for 1a using 4,4'-bipyridine instead of pyrazine. Yield: 79%.
IR (THF): vco 2008 (s), 2002 (s), 1894 (s), 1888 (vs) cm '. 'H
NMR (400 MHz, CH,Cl-d,): 6 8.59 (dd, J = 5.2, 1.6 Hz, 8H, H?,
bpy), 7.88 (dd, J = 5.2, 1.6 Hz, 8H, H?, bpy), 3.68 (m, 16H, H*,
Hf,bpymzf), 1.93, 1.82 (m, 8H, H>, H>, Hﬁbpymzf). FAB-MS: m/z
1722.87 (M™). Anal. Calcd for C4sHyN1,O:Res: C, 33.48; H, 2.34;
N, 9.76. Found: C, 33.96; H, 2.51; N, 9.39.

Synthesis of [(CO)sRe(u-Hgbpym)Re(CO)4] (2). The reddish
brown compound 2 was obtained by following a procedure similar
to that for 1a in the absence of pyrazine or 4,4'-bipyridine. Yield:
65%. IR (CH,Cly): vco 2096 (s), 1997 (vs), 1965 (vs), 1923 (vs),
1888 (m) cm™'. '"H NMR (400 MHz, CH,Cl-d): 6 3.52 (m, 8H,
H*, Hﬁbpymzf), 1.81 (m, 4H, H>, H”', H6bpym27). FAB-MS: m/z
760.2 (M™); Anal. Calcd for C;¢H;,N4OgRe,: C, 25.26; H, 1.59;
N, 7.37. Found: C, 26.23; H, 1.74; N, 7.00.

Synthesis of 1b from 2. To a toluene solution (20 mL) of [(CO)4-
Re(us-Hebpym)Re(CO)4] (2; 76.2 mg, 0.10 mmol) was added 4,4'-
bipyridine (16.0 mg, 0.10 mmol), and the mixture was refluxed for
1 day in a 100 mL three-necked round-bottom flask at 110 °C.
The resulting orange product 1b was collected by filtration and
dried under vacuum. Yield: 59% (102.1 mg, 0.06 mmol).
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