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A pair of seven-coordinate oxorhenium complexes of N,N,N',N'-tetrakis(2-pyridylmethyl)ethylenediamine (tpen),
[Re™ O(tpen)](Cl0O4), (1) and [Re¥O(tpen)](ClOy4); (2), and its R-1,2-propylenediamine analogue (R-tppn), have been
prepared. X-ray structural analyses indicate that the structure of complex cation in 1 is best described as a monocapped
trigonal prism with the oxo ligand as a cap. The four pyridylmethyl nitrogen atoms are essentially planar. On the other
hand, the structure of complex cation in 2 is approximated as a pentagonal bipyramid, in which the four pyridyl nitrogen
atoms take a tetrahedrally distorted arrangement. The structural difference is discussed in terms of different d-electron
numbers. The 4. value of 1 at 300 K is 1.99 B.M. which corresponds to § = 1/2, while 2 is diamagnetic. The complexes
show a reversible redox wave (Re(IV/V)) at +0.31 V vs Ag/AgCl in 0.1 M (n-C4Hg)4NPFg acetonitrile solution. In ace-
tonitrile—aqueous buffer solution (2 < pH < 12), in addition to a pH independent Re(IV/V) wave at +-0.18 V vs Ag/AgCl,
a pH-dependent quasi-reversible Re(IlI/IV) wave with a slope of —0.056 V/pH-unit was observed, indicating that the
relevant Re(III) species is [Re(OH)(tpen)]>*. The weak absorption peaks of 1 (in acetonitrile) at 836 and 511 nm and those
of 2 (in water) at 800, 633, and 408 nm may be assigned to d—d transitions, while the peaks at 428, 381, and 361 nm of 1
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may be of charge transfer origin.

Coordination compounds of the group 7 transition elements,
Mn, Tc and Re, have structural and chemical characteristics of
both early and late transition metal complexes. Particularly, the
coordination chemistry of the heaviest member Re may be
among the richest, since Re takes a wide range of oxidation
states and a wide variety of steric structures, including mono-
mers and polynuclear complexes with and without direct met-
al-metal bonds.! The chemistry of Re complexes has only
slowly developed, however, due possibly to the limited number
of starting materials and the rather inert nature of the complexes
in various oxidation states.!-?

We have recently shown the versatility of Re complexes by
using a single tripodal tetradentate ligand, tris(2-pyridylmeth-
yl)amine (tpa).> The Re complexes of tpa so far prepared are
as follows: (i) a typical mononuclear complex with Re(IIl),
[ReCly(tpa)]*;* (ii) an oxo-bridged dinuclear complex with
Re(Ill), [Re,(u-0)Cly(tpa),]*+;® (iii) edge-shared Re-Re
bonded dinuclear complexes with Re(IV) and mixed valence
analogues,  [Re;(u-O)s(tpa),>*/4+:%  (iv)  mononuclear
complexes bearing one free pyridylmethyl arm with Re(V)
(ReVO) (example, [ReO(eg)(tpa)]t (eg = ethyleneglyco-
late)),”® with Re(VII) (ReY(0)3), [Re(O)s(tpa)]*,” and with
Re(I) (Re'(CO)3) [Re(CO)s(tpa)]™.? Except for the last one,

the complexes were prepared by using an Re(V) complex,
ReVOCI;(PPh;), (PPh; = P(Cg¢Hs)s), as a starting material.
The solubility of the ligand tpa in several non-aqueous solvents
enables us to find ways to gain access to such a variety of com-
plexes in various oxidation states.

A hexadentate ligand, N,N,N',N'-tetrakis(2-pyridylmethyl)-
ethylenediamine (tpen), which is also soluble in various non-
aqueous solvents, has donor groups similar to those of tpa,
but has a higher dentate number of 6. The coordination mode
of tpen is distinctly different from that of tpa. We have conduct-
ed the present research in order to find how the structural char-
acteristics of Re complexes are affected by the ligand structure.
A similar but hydrophilic ligand EDTA, where four pyridyl-
methyl groups of tpen are replaced by carboxymethyl groups,
is known to give a dinuclear Re(IV) complex, [Re!V,(1t-O),-
(edta)]**, by the reaction with [ReYOCIs]?>~ in aqueous media.
In this complex, each ligand leaves two carboxymethyl arms
uncoordinated.'® Except for this dinuclear complex, no EDTA
complexes in other oxidation states of Re have been reported
so far.

A variety of tpen complexes have been prepared with various
metal ions. Mononuclear tpen complexes are known with
Fe(D),!12 Ni(ID),'* Ru(I),'"* PtdD),"* Co(Il),'> VII),'"®
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Rh(ID),™* V(V),"7 La(III),'® Eu(III),'® Sm(IIT),?° and Tb(III).'®
Four, six, seven, eight, and ten coordinate species are involved
in these mononuclear complexes. Hypodentate coordination of
tpen (one and two pyridylmethyl arms remain uncoordinated) is
often found.'>'*!%17 Fully coordinated tpen is found in six,
eight, and ten coordinate species, with none, two, and four addi-
tional donor atoms, respectively. The tpen ligand is also known
to behave as a bridging ligand in some edge-shared bioctahe-
dral complexes of Mo(V),2"2 W(V),21:22 Mo(II),> V(IV),*
Cr(I1),” and mixed valent Mn,(ITI,IV),>® and in dinuclear
Cu(I) complexes.”’ In the study of these tpen complexes, the
optically active analogue of tpen, N,N,N',N'-tetrakis(2-pyridyl-
methyl)-(R)-propylenediamine (R-tppn), where one of the two
carbon atoms in the ethylenediamine part is asymmetric by
the introduction of a methyl group, has been useful in under-
standing asymmetric stereochemical distortion of the com-
plexes as well as their electronic structures by referring to the
circular dichroism spectra.

The present study revealed a unique set of rhenium com-
plexes, namely a pair of Re(IV) and Re(V) seven-coordinate
mononuclear complexes. Several seven-coordinate Re(V) com-
plexes have already been reported, i.e., oxorhenium(V) com-
plexes such as [ReYO(CH;0),(quartpy)]t (quartpy = 2,2’
6',2":6” 2" -quaterpyridine),”® [ReYOCl,(pmen)]* (pmen =
N,N'-bis(2-pyridylmethyl)ethylenediamine),”’ [Re¥O(bped)]*
(Hybped = N,N'-bis(2-pyridylmethyl)ethylenediamine-N,N'-
diacetic acid),”? [ReVO(bbpen)]* (H,bbpen = N,N'-bis(2-
hydroxybenzyl)-N,N'-bis(2-pyridylmethyl)ethylenediamine),?
and a non-oxo Re(V) complex [Re" (tpy)(diBucat),]* (tpy =
2,2":6” 2" -terpyridine, diBucatH, = 3,6-di-tert-butylcate-
chol).” To the best of our knowledge, however, no seven-coor-
dinate Re(IV) complex has been reported.

This pair of seven-coordinate Re complexes, [Re!vO-
(tpen)]** and [ReYO(tpen)]**, is unprecedented with respect
not only to rhenium chemistry but also to the coordination
mode of tpen. A pair of seven-coordinate complexes with
neighboring oxidation states has not been reported previously
in any metal ion. The new complexes are the first seven-coor-
dinate complexes of fully coordinated hexadentate tpen and
its analogues. X-ray structural analyses and various properties
of a pair of the tpen complexes are reported in this paper.
The R-tppn analogues are also described. A seven-coordinate
nitridorhenium(V) complex, [ReVN(tpen)](ClOy)s, is also in-
troduced briefly. During the course of the present study, an Re-
(VII) tpen complex, [Re¥(O);(tpenH)]**, which has an unusu-
al tridentate tpenH™, has also been separated. This remarkable
complex has been reported separately.’!

Experimental

Materials. The ligands, tpen and R-tppn, were prepared from
2-picolylchloride hydrochloride and the corresponding diamine by
following the reported procedures.3? All other reagents were ob-
tained from commercial sources and were used without further
purifications.

Preparation of the Complexes. Caution: All the following
complexes were isolated as perchlorate salts. Perchlorate salts
are potentially explosive, and the complexes must be handled in
small portions with extreme care.

[Re™VO(tpen)](Cl04); (1): A mixture of Cs;[Re¥OCIs]*
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(0.50 g, 0.77 mmol) (or Re¥OCI;(PPh;),** (PPh; = P(C¢Hs)s)
(0.35 g, 0.80 mmol)) and tpen (0.34 g, 0.80 mmol) in 100 mL of
ethanol containing a small amount of water (ca. 1/25) was refluxed
for 10 h. The reaction mixture was diluted with 100 mL of water
and then loaded on an SP-Sephadex C-25 cation exchange column.
The initial red component that was eluted with 0.1 M NaCl was iso-
lated as a perchlorate salt by adding NaClOj, to the eluent. The
product was recrystallized from acetone by adding hexane. Red
crystals of [Re!Y O(tpen)](ClO,), suitable for X-ray structural anal-
ysis were obtained. Yield 0.18 g (27%). Anal. Found: C, 37.45; H,
351, N, 10.17%. Calcd for C26H23N609C12R6 (MW 82566) C,
37.82; H, 3.42; N, 10.18%. IR (KBr) 852 cm™! (1(Re-0)).

[ReYO(tpen)](Cl10y4); (2): A mixture of [Re!Y O(tpen)](ClOy),
(0.030 g, 0.036 mmol) and ferrocenium hexafluorophosphate
(0.012 g, 0.036 mmol) in 15 mL of water was stirred for 1 h
at room temperature. After the filtration to remove insoluble by-
products, sodium perchlorate was added to the filtrate to obtain
green solid of [ReVO(tpen)](ClO,);. Yield 0.03 g (78%). Anal.
Found: C, 33.55; H, 2.99; N, 8.75; Cl, 11.1%. Calcd for
CocHasNgO13Cl3Re (MW 925.11): C, 33.76; H, 3.05; N, 9.08;
Cl, 11.1%. "HNMR (270 MHz, D,0 (25 °C, in the presence of
H,0,), TMS) § pyridyl rings: 6-H and 3-H 9.54 2H, d, J = 5.9
Hz), 8.01 (2H, d, J =7.3 Hz), 7.85 (2H, d, J = 7.3 Hz); 4-H
and 5-H 8.26 (4H, t), 7.93 (2H, t, J = 6.2 Hz); not assigned 7.64
(4H, br); -CH,- of pyridylmethyl: 5.08 (4H, d, J = 15.9 Hz), over-
lapped signals with the solvent signal; diamine moiety: 4.08 (2H, d,
J =10.3 Hz), 3.90 (2H, br). A single crystal used for the X-ray
structural analysis was obtained from the aqueous filtrate left after
the separation of 1 (vide supra). While the filtrate was kept in air
for a week, its color changed from red to dark green by air-oxida-
tion and green crystals of 2 deposited. Their elemental analyses and
spectroscopic data were in good agreement with the sample pre-
pared as above.

[ReYO(R-tppn)](Cl10y4);+-0.5H,0 (3):  This complex was
obtained by a method similar to that of 1 except for using R-tppn
in place of tpen. The yield was 0.18 g (28%) from 0.64 g (0.77
mmol) of [ReYOCI3(PPhs),] and 0.35 g (0.80 mmol) of R-tppn.
Anal. Found: C, 38.17; H, 3.27; N, 9.86; Cl, 8.21%. Calcd for
Cy7H31NO9 sClbRe (MW 848.69): C, 38.21; H, 3.68; N, 9.90;
Cl, 8.35%. The one-electron oxidized analogue of 3, [ReYO(R-
tppn)](ClO4); (4), was not obtained in analytically pure form,
but the crude product was used for obtaining qualitative spectro-
scopic data for comparison.

[ReVN(tpen)](ClO4)2-H20 (5): A mixture of ReVYNCl,-
(PPh3),% (0.30 g, 0.38 mmol) and tpen (0.16 g, 0.38 mmol) in
30 mL of ethanol containing a small amount of water (ca. 1/15)
was refluxed for 10 h and then loaded on an SP-Sephadex C-25 cat-
ion exchange column. To the eluent of 0.1 M NaCl was added so-
dium perchlorate to obtain bright red crystals of a perchlorate salt
of the product. Yield 0.057 g (18%). Anal. Found: C, 37.39; H,
3.38; N, 11.69%. Calcd for Cr6H30N;09Cl,Re (MW 841.67): C,
37.10; H, 3.59; N, 11.65%. IR (KBr) 1066 cm~! (v(Re-N)).

Measurements. Electrochemical Measurements: Cyclic
voltammetry was performed with a BAS CV-50W potentiostat.
The working and the counter electrodes were a glassy-carbon disk
and a platinum wire, respectively. Cyclic voltammograms were re-
corded at room temperature. The sample solutions (0.5-1.0 mM) in
0.1 M TBAPF; (tetra(n-butyl)ammonium hexafluorophosphate)
acetonitrile, in acetonitrile—aqueous Britton—Robinson buffer
(1:1), or in aqueous acetate buffer (0.1 M NaCl), were deoxygen-
ated with a stream of nitrogen. The reference electrode was Ag/
AgCl. The half-wave potential of Fc/Fct (E;p(Fc”*) vs Ag/
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Table 1. Crystallographic Data and Experimental Details for [Re'YO(tpen)](ClO4), (1) and

[Re"O(tpen)|(C104); (2)

1 2
Empirical formula ngHnglzN@OgRé C26H28C13N6013R6
M 825.66 925.11
Crystal system Monoclinic Monoclinic
Space group C2/c P2, /n
a/A 16.112(3) 9.334(3)
b/A 8.706(1) 18.998(3)
c/A 20.453(4) 18.789(2)
B/° 90.95(2) 93.76(2)
Vv/A3 2868.4(9) 3324(1)
V4 4 4
T/K 293 296
Crystal size/mm 0.30 x 0.15 x 0.05 0.50 x 0.12 x 0.05
/mm~! 4.731 4.017
No. reflections measured 3433 7877
No. reflections observed 3430, F, > 30(F,) 4396, 1 > 20(1)
RY 0.033 0.055
R, 0.050 0.047
GOF 3.57 1.39

a) R= X||Fo| — |Fll/Z|Fol. b) Ry = [Ew(|F,| — [F)?/Ew|Fol* 1% w=1 for 1, w™! =
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02(|F,|) + 0.00006|F,|* for 2.

AgCl) was 0.453 V.

Other Measurements: Electronic absorption spectra were
recorded on a HITACHI U-3000 spectrophotometer. Infrared ab-
sorption spectra were measured with KBr discs by using a HITA-
CHI 270-30 spectrophotometer. "HNMR spectra were obtained at
room temperature at 270 MHz by using a JINM-EX270 spectrom-
eter. Magnetic susceptibility data were collected in the temperature
range 100-300 K and in applied 10 kG field with the use of a Quan-
tum Design Model MPMS SQUID magnetometer. Powdered sam-
ples were contained in a small half of a gelatin capsule, and a phe-
nolic guide (clear soda straw) was used to house the sample holder
and was fixed to the end of the magnetometer drive rod.

X-ray Structural Determination. X-ray data for 1 and 2 were
collected on a Rigaku AFC4 and a Rigaku AFC5R diffractometer,
respectively, using graphite monochromated Mo Kot (4 = 0.71073
A) radiation at 293 K. The data were corrected for Lorentz polar-
ization effects. Each unit cell parameter was obtained by least-
squares refinement of 25 reflections (19.4 < 260 < 25.0° for 1,
24.8 < 20 < 29.8° for 2). The intensities of three standard reflec-
tions, monitored every 150 reflections, showed no appreciable de-
cay during the data collection. Absorption corrections were applied
for 13¢ and 2.%7 The structures of 1 and 2 were solved by the heavy
atom method by using UNICS III*° and by using SAPI913 com-
bined with other crystallographic software packages in TEX-
SAN,* respectively. The positional and thermal parameters of
non-hydrogen atoms were refined anisotropically by the block-di-
agonal-matrix least-squares method for 1 and by the full-matrix
least-squares method for 2. The minimized function was
Sw(|Fo| — |Fe|)?, where w=1 for 1 and w™! = 0%(|F,|)+
0.00006|F,|? for 2. Hydrogen atoms were included at calculated
positions with fixed displacement parameters (1.2 times the dis-
placement parameter of the host atom). No correction was made
for secondary extinction. Further crystallographic data are given
in Table 1. Selected bond distances and angles are summarized
in Table 2.

X-ray crystallographic files in CIF format for 1 and 2 have been
deposited at the CCDC, 12 Union Road, Cambridge CB2 1EZ, UK,

Table 2. Selected Bond Distances (A) and Angles (deg) for
[Re™ O(tpen)](ClOy), (1) and [ReYO(tpen)](ClOy4)3 (2)

1 2
Re-O1 1.752(5) 1.669(6)
Re-N1 2.395(4) 2.312(8)
Re-N2 2.326(8)
Re-N11 2.154(4) 2.259(9)
Re-N21 2.208(4) 2.079(9)
Re-N31 2.265(9)
Re-N41 2.078(9)
Ol1-Re-N1 144.80(10) 144.4(3)
O1-Re-N2 144.3(3)
Ol1-Re-N11 89.7(1) 77.5(3)
O1-Re-N21 82.3(1) 99.5(3)
O1-Re-N31 76.8(3)
O1-Re-N41 102.2(3)
NI1-Re-N2(N1") 70.42) 71.13)
N1-Re-N11 107.1(1) 67.5(3)
N1-Re-N21 69.3(1) 75.9(3)
NI1-Re-N31(N11") 73.5(1) 138.5(3)
N1-Re-N41(N21") 125.0(1) 87.0(3)
N2-Re-N11 138.1(3)
N2-Re-N21 84.4(3)
N2-Re-N31 67.5(3)
N2-Re-N41 77.3(3)
N11-Re-N21 84.3(1) 91.8(3)
N11-Re-N31(N11") 179.3(2) 154.0(3)
N11-Re-N41 93.9(3)
N21-Re-N31(N11") 95.6(1) 96.6(3)
N21-Re-N41(N21") 164.5(2) 158.2(3)
N31-Re-N41 87.3(3)

and copies can be obtained on request, free of charge, by quoting
the publication citation and the deposition numbers 239565 and
239566.
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Results and Discussion

Preparation of the Complexes. X-ray structural analyses
revealed that complex cations in 1 and 2 are both seven-coordi-
nate complexes (vide infra). Although the seven-coordinate
structure is known for some Re¥YO complexes,z&29 it is not
known for Re'. Rhenium-rhenium bonded dinuclear struc-
tures appear to be rather common to Re(IV)."® The initially iso-
lated product from the reaction mixture of tpen and the Re(V)
precursor ReVOCI3(PPh;), (or [ReYOCI5]*~) was Re(IV) com-
plex 1. We conclude, however, that the coordination of tpen to
ReYO (and even the formation of seven coordinate structure)
takes place prior to the reduction to Re!VO. If the reduction
of Re(V) occurred first, formation of a dinuclear complex
would be more likely. In the case of tpa ligand, the di(/t-0x0)-
dirhenium(I'V) complex has been isolated from the mixture of
Re(V) precursor ReVOCI3(PPhs3), and tpa.® It was suggested
that the disproportionation of Re(V) takes place, and the Re(IV)
species thus formed converted to the dinculear complex.® In the
present case also, the disproportionation mechanism is consid-
ered as the most plausible one, since Re(VII) complex has been
isolated from the reaction mixture.3! The initially formed sev-
en-coordinate [ReVO(tpen)]3+ is likely to be reduced to
[Re™ O(tpen)]** in the reaction mixture. Formation of a dinu-
clear complex was not observed, since the mononuclear com-
plex is stabilized by the firm coordination of tpen. The redox
potential (+0.12 V vs Ag/AgCl in water for the Re(IV)/(V)-
tpen couple (vide infra)) may play a favorable role for the dis-
proportionation to give this unusual seven-coordinate Re(IV)
complex. It was observed that the isolated pure Re(V) complex
dissolved in water always undergoes partial reduction to 1, un-
less oxidizing reagent H,O; is present. With more basic nitrido-
ligand, reduction to Re(IV) is unfavorable as indicated by the
more negative redox potential (vide infra); then only the
Re(V) complex, [ReVN(tpen)]2+, was isolated.

Crystal Structures. X-ray crystal structures of the two sev-
en-coordinate tpen complexes, [Re'VO(tpen)](Cl0,), (1) and
[ReVO(tpen)](ClOy4)3 (2), are shown in Fig. 1. The complex
cation in 1 has a two-fold axis passing through the rhenium,
oxo ligand, and the center of diamine C—C bond. The complex
cation may be best described as a monocapped trigonal prism
with the terminal oxygen as the cap (Fig. 2a). The four pyridyl
nitrogen atoms form a slightly distorted square plane where the
torsion angle of N11-N21-N11"-N21"is 11.1(2)°. The rhenium
atom is slightly deviated (0.155 A) from the mean plane defined
by the four pyridyl nitrogen atoms (deviations of the nitrogen
atoms are +0.142 A) towards the direction of the ethylene-
diamine ring. The O—Re—N(pyridyl) angles are thus all smaller
than 90° (82.3(1), 89.7(1)°). In general, a metal atom in six or
five coordinate oxometal complexes is located out of the mean
plane of the four equatorial atoms towards the oxo ligand. Two
diamine nitrogen atoms in 1 would pull the metal atom down-
ward to cause the unusual displacement.

The structure of complex cation in 2 is significantly different
from that in 1. The four pyridyl nitrogen atoms are distorted tet-
rahedrally with the torsion angle (N11-N21-N31-N41) of
32.5(3)°.%° Two of the O—Re—N(pyridyl) angles are larger than
90° (99.5(3) and 102.2(3)°), while the other two are smaller
(76.8(3) and 77.5(3)°). The overall structure of the Re(V) com-

Redox Pair of Seven-Coordinate Oxorhenium(IV/V)

Fig. 1. ORTEP drawings of (a) [Re'VO(tpen)]>* and (b)
[ReVO(tpen)]SJr with the atomic numbering scheme show-
ing 50% probability thermal ellipsoids.

Fig. 2. Core structures

of the complex
[Re™O(tpen)]*>* and (b) [Re¥O(tpen)]*+.

cations, (a)

plex may be more precisely approximated to a distorted pentag-
onal bipyramid with two pyridyl nitrogens (N21 and N41) as
axial atoms (Fig. 2b). The central rhenium atom sits on the
mean plane defined by the five atoms (O1, N1, N2, N11, and
N31). The maximum deviation from the mean plane is
0.119(9) A (N11). The axis perpendicular to the mean plane
is bent considerably with the N2I1-Re-N41 angle of
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158.2(3)°. It should be noted here that the structures of all the
known seven-coordinate Re¥O complexes are expressed by
distorted pentagonal bipyramids rather than monocapped trigo-
nal prisms. Three complexes reported by Orvig and co-workers,
[ReVOCl,(pmen)]*, [ReVO(bped)]*, and [ReYO(bbpen)]*,
have a common partial structure, i.e., bis(2-pyridylmethyl)-
ethylenediamine moiety,? which is also common to 2. Four ni-
trogen donors of this common fragment together with the oxo
ligand form a distorted pentagonal plane in all these complexes.
The pentagonal bipyramidal geometry is completed by chlo-
rides, carboxylate oxygens, phenolate oxygens, or 2-pyridyl-
methyl nitrogens (2). The structure of the quartpy complex,
[ReVO(OCH3),(quartpy)]*2® is also approximated to a pentag-
onal bipyramid, where the distorted pentagonal plane is formed
by tetrahedrally distorted arrangement of the four pyridyl nitro-
gens of quartpy and the oxo ligand. Two methoxy oxygens oc-
cupy axial positions. Thus, the distorted pentagonal bipyrami-
dal structure is likely to be the most stable one for the seven-co-
ordinate ReVO complexes.

The significant differences in the geometrical structures of a
pair of the seven-coordinate oxo-metal complexes 1 and 2 in
the neighboring oxidation states will be reasonably explained
in the later section in terms of the different d electron number
(vide infra).

Further comparison of the bond distances of the two complex
cations in 1 and 2 revealed some additional features. The Re-O
and Re—N(amino) distances are longer for 1 than the corre-
sponding distances in 2, as expected from the lower oxidation
state of 1. The Re-N(amino) distances (2.395(4) A for 1 and
2.312(8) and 2.326(8) A for 2) are comparatively long, due pos-
sibly to trans influence from the oxo ligand. All the four equa-
torial Re—N(pyridyl) distances are similar in 1 (2.154(4) and
2.208(4) A, av 2.181 A), but these are significantly different
in 2 (2.078(9)-2.265(9) A, av 2.170 A). In the latter, two sets
of the mutually trans Re—N(pyridyl) distances are found. Be-
cause the N11 and N31 pyridyl rings in 2 are close to the oxo
ligand (O-Re-N, 77.5(3), 76.8(3)°), steric and/or electronic re-
pulsions from the terminal oxygen ligand would cause elonga-
tion of the corresponding Re—N bonds. The torsion angles of
the diamine part, N-C—C-N, are 53.7(6)° and 57(1)° for 1
and 2, respectively. They are close to the ideal gauche confor-
mation, suggesting that the coordination of the pyridyl groups
does not cause significant strain to the diamine part.

The structures of R-tppn complexes 3 and 4 have not been
determined, but would be very similar to the corresponding
tpen complexes with respect to not only the overall structure
but also the tetrahedral distortion of the four pyridyl nitrogens
and ligand conformations. The structural similarity between
tpen complexes and the corresponding R-tppn complexes has
been confirmed by the X-ray structural analyses of a pair of
[GdCly(tpen)]* and [GdCL(R-tppn)]**! and a pair of
[Mo,04(tpen)]** and [Mo,O4(R-tppn)]>*.2! The difference in
these cases is that the two enantiomers (tetrahedral distortion
makes the tpen complex asymmetric) exist in equal amounts
in the crystal in the tpen complexes, while only one diaster-
eoisomer is found in the R-tppn complex, due to fixed confor-
mation of the diamine moiety (A conformation in this case).

Although the X-ray structural analysis of 5 has not been suc-
cessful, that of a seven-coordinate nitridorhenium(V) (ReVN)
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complex, [ReYN(quartpy)(PPh3)CI] is available.?® Tt may be
worth mentioning that X-ray structures of some seven coordi-
nate non-oxo rhenium complexes are available. These com-
plexes include rhenium(V) complex [ReY (tpy)(diBucat),]*,?
and some rhenium(III) complexes such as K4[Re™(CN);].
2H,0,* [Re"X(tpy),]*T (X~ = OH~, Cl~, NCS™),* and
[Re™(2,2:6',27:6" 26" 2" -quinquepyridine)Cl, |+ 4446

'HNMR Spectra. '"HNMR spectrum of 2 in D,O contain-
ing a small amount of H,O, showed two sets of pyridyl signals
and the AB pattern of the diamine signals (at 4.08 ppm). The
spectrum is consistent with the fixed gauche conformation.
Thus the inversion of the tetrahedral distortion accompanied
by the diamine conformational change, would be slow with re-
spect to the NMR time scale, if it occurred. Dissociation of one
of the four arms in solution is denied, since the dissociation
would cause a complicated NMR pattern. Rapid dissociation—
recombination of one of the pyridylmethyl arm would be un-
likely, since in some Re¥O complexes of tpa with a pendant
pyridylmethyl arms (typically [ReO(tpa)(cat)]™ (catH, = cate-
chol)) no sign of the exchange between the coordinated and free
pyridylmethyl arms was observed.” Thus we conclude that 2
keeps its seven-coordinate structure with the fixed ligand
conformation in solution. The reversible redox wave of the
Re(IV/V) (vide infra) indicates that rhenium(IV) complex 1
also keeps its seven-coordinate structure in solution.

Electronic States and Geometrical Structures. The [t
values of 1 (d?) at 300 and 100 K were 1.99 and 1.53 B.M., re-
spectively. Such values correspond to S = 1/2. "THNMR spec-
trum of 2 (d?) showed signals in the normal region for diamag-
netic complexes, indicating that 2 has no unpaired electron
(S = 0). Similarly, the nitrido complex 5 was found to be dia-
magnetic as expected for the spin-paired d’ rhenium(V) oxida-
tion state.

The electronic structure of the present oxo-rhenium com-
plexes is discussed on the basis of general ordering of the d-or-
bitals for oxometal complexes. If one takes the z-axis in the di-
rection of Re=0 bond and the x- and y-axes in the direction of
basal ligands perpendicular to the z-axis (in the present com-
plexes, the basal ligands situate out of these axes due to distor-
tion), the energy of the d-orbitals would be in the order d,, <
dy, dy; < dp_ye < dp. Since d; and d,; orbitals, which are
nearly degenerated, are destabilized by considerable 77 interac-
tion with the oxo ligand, d,, orbital should be significantly more
stable than them. Tetrahedral distortion would further stabilize
the d,, orbital, and would destabilize the vacant (d,., d,.) orbi-
tals. The complex 2 is diamagnetic as expected from the pair-
wise occupation of the d,, orbital. The complex 1 must have
one additional d-electron in the (d,., d,;) orbitals. The d., and
d,. orbitals should be more stabilized in the planar arrangement
in the d® Re'V O ion, as the repulsion of the additional d-electron
with the equatorial nitrogen donors would be avoided. Thus the
structural difference of the two complexes 1 and 2 is reasonably
explained in terms of the different number of d electrons. The
diamagnetic nitrido-rhenium complex S should have an elec-
tronic structure similar to that of 2.

Electronic Spectra. Absorption spectral data of 1, 2, 3, and
5 are summarized in Table 3. Numerical data of circular dichro-
ism spectrum of 3, which has an the optically active ligand, are
also included in the table. Weak visible absorption bands
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Table 3. Numerical Data on Electronic Absorption and Circular Dichroism Spectra of the Seven Coordi-
nate Complexes, [Re™ O(tpen)]** (1), [ReVO(R-tppn)]** (3), [ReYO(tpen)]>* (2), [ReVN(tpen)]** (5)

Complex UV-vis spectral: CD spectra: Solvent
Amay/nm (€/mol~! dm?* cm™1) Amax/nm (AE/mol~! dm? ecm™!)

1 836 (556); 511sh (1640); CH;CN
428sh (6070); 381 (7900);
361 (8940); 253 (14100)

3 836 (551); 518sh (1670); 787 (46.1); 480 (+10.3); CH;CN
426sh (5930); 383 (7859); 425 (—11.2); 385 (—24.1);
362 (8468); 254 (14100) 365 (—21.9); 261 (+50.8)

2 800sh (140); 633sh (272); H,O
408sh (465); 259 (26300)

5 830(28); 519 (2600); CH;CN

394 (9300); 340sh (7000);
254 (17000)

} sua

I
-0.8

i | ]
-0.4 0 +0.4

E/V vs. Ag/AgCl

Fig. 3. Cyclic voltammogram of [Re'YO(tpen)]** in 0.1 M
TBAPFg acetonitrile solution at a scan rate of 200 mV/s.

I
+0.8

(& < 500 M~ cm™!) of these complexes may be ascribed as d—
d transitions. The shoulder at 511 nm of 1 and the correspond-
ing one in 3 may be also of d—d transition origin. Distinctive CD
bands corresponding to the d—d transitions in 3 may reflect the
asymmetric arrangement of the nitrogen donors in the equato-
rial plane. While no strong band is seen in Re¥O complex 2,
several strong bands are observed in 1 and 3 (428, 381, and
361 nm for 1) which may be of charge transfer origin. The met-
al-to-ligand charge transfer bands of a rhenium(IIl) complex
[ReHIClz(tpa)]Jr were observed at 503 nm (& = 6440
M~'cm™!) and 382 nm (€ = 4750 M~ cm™!).* Since the d-
orbitals are more stabilized in the higher oxidation state of
Re(IV), the MLCT bands are expected to have higher transition
energy in 1 and 3. Thus the charge-transfer bands in 1 and 3
may be of MLCT type. Nitrido complex 5 shows some strong
visible bands that should be assigned as MLCT associated with
the nitrido ligand.

Redox Properties. Figure 3 shows the cyclic voltammo-
gram (CV) of the complex 1 in 0.1 M TBAPFg acetonitrile so-
lution. The complex 2 shows almost identical CV, suggesting
that the two complexes make a redox pair, as expected. The
couple shows a reversible one-electron oxidation wave at
Eip =+0.31V vs Ag/AgCl (—0.14 V vs Fc/Fct). The reduc-
tion potential is to our knowledge the most positive among oth-

b) pH 7.0

c)pH 11.2 ‘

E/V vs. Ag/AgCl

Fig. 4. Cyclic voltammograms of [Re"O(tpen)]** in 0.05 M
TBAPFs acetonitrile—aqueous Britton—Robinson buffer
(1:1) solution at a scan rate of 100 mV/s at various pH’
(apparent pH).

er ReVO complexes regardless of the coordination number. Ex-
ceptional cases are proton-coupled redox processes,*’ where
the potential shifts to the positive direction on protonation at
the ligand in acidic solution. Another seven-coordinate Re¥O
complex, [ReVO(quartpy)(OCH3),]* shows a reversible one-
electron oxidation wave (Re(V/VI)) at +0.39 V vs Fc/Fc* in
acetonitrile, and no reduction potential is reported.?® Coordina-
tion of the highly basic methoxo ligands makes the reduction to
the corresponding Re!YO complex significantly more difficult.

Figure 4 shows the cyclic voltammograms of 1 in 1:1 mixed
solvent of acetonitrile and aqueous Britton—Robinson buffer at
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apparent pH (pH’) values of 2.9, 7.0, and 11.2. The mixed sol-
vent was used since the complex is sparingly soluble in water at
higher pH. Two redox waves were observed in this mixed sol-
vent. The wave at more positive potential should correspond to
Re(IV/V) process as observed in acetonitrile. The redox poten-
tial is independent of pH (40.18 V vs Ag/AgCl), although the
reversibility deteriorates at higher pH. The quasi-reversible
wave at more negative potential is assigned to the Re(III/IV)
process. Interestingly, the potential depends on pH’. The small
reduction peak on the negative side of the main Re(IIl/IV)
wave at lower pH may be due to some decomposition of the
seven-coordinate species. Figure 5 shows the pH dependence
of the two redox waves over the pH’ range of 2—12. The nearly
linear dependence of E| , of the Re(IIl/IV) process on pH’ with
the slope of 0.056V/pH, indicates that the redox process in-
volves one proton. In order to confirm that acetonitrile is not
significantly influential on the redox behavior, the cyclic vol-
tammograms were also measured in aqueous acetate buffer so-
lutions without acetonitrile in the pH range of 3.6-4.6, where
the complex is just soluble. The two reversible redox waves
were observed at +0.12 V vs Ag/AgCl (pH independent) and
—0.24 to —0.29 V vs Ag/AgCl (pH dependent). The potentials
of the pH dependent process lie nearly on the linear plot in the
mixed solvent. It is reasonable to assume that the reduction to
rhenium(III) is associated with the protonation at the terminal
oxo ligand to give the hydroxo rhenium(Ill) complex,
[Re™(OH)(tpen)]>*, as summarized in Scheme 1. Since there
is no clear sign of the curvature of the plot, it is concluded that
pK, of [Re™(OH)(tpen)]** is higher than 12, and that of the
oxo ligand of [Re'V(O)(tpen)]** is smaller than 2.

The failure to observe the Re(III/IV) process in acetonitrile
is reasonable, since without the protonation the wave is expect-
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ed to occur at significantly more negative potential. Study of
proton-coupled redox reactions of 1 in acetonitrile by adding
some proton donors, as we did for some diruthenium com-
plexes,*®% was not promising as a clear CV could not be ob-
served in the presence of proton donors probably due to decom-
position of the seven-coordinated structure. Attempts to isolate
a salt of hydroxo complex, [Re(OH)(tpen)]**, are so far un-
successful.

The nitrido complex 5 showed a reversible oxidation wave
(Re(V/VD)) at +0.66 V (E},2, AE =70 mV) and an irreversi-
ble reduction wave (Re(IV/V)) at ca. —1.5 V (E|,.). Coordina-
tion of the more negative nitrido ligand stabilizes higher oxida-
tion states.

Conclusion

A hexadentate ligand tpen favors the full coordination to one
rhenium ion in +5 and +4 oxidation states to give seven-coor-
dinate species with the cooperation of an oxo ligand. The iso-
lation and X-ray structural determination of a pair of seven-co-
ordinate Re™VO and ReVO complexes enabled us to discuss the
effect of d electron number to the geometrical structures. The
tpen ligand in the ReVO complex (d?) takes a less strained con-
formation, namely the tetrahedral distortion of the four pyridyl
nitrogens around the rhenium(V) ion. Such distortion is not fa-
vorable in the Re'YO complex due to the repulsion with the ad-
ditional drt electron, and the more strained planar arrangement
is observed. The successful isolation of the unusual seven-coor-
dinate Re'YO complex is explained by facile reduction of the
initially formed Re¥O complex (E, 2Re(V/V)) = 4+0.18 V
vs Ag/AgCl in acetonitrile-aqueous buffer). Proton-coupled
redox waves (Re(IlI/IV) (2 < pH < 12) (observed in acetoni-
trile/aqueous Britton—Robinson buffer mixed solvent)) suggest
that the reduction must involve seven-coordinate hydroxo—
Re(IIT) complex, [Re™(OH)(tpen)]**. In the case of the nitrido
complex, [ReVN(tpen)]>*, redox potential is unfavorable for
the isolation of the Re(IV) analogue.
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