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The oxorhenium(V) complexes [ReYO(La)Cl,] bearing the (N-2-pyridylmethyl) of L-valine (HL,'), L-leucine (HL?),
and L-phenylalanine (HL%) and [ReVO(Ls)Cl] containing the {(N-2pyridylmethyl)-(N-(5-nitro-2-hydroxybenzyl)} of L-valine
(HoLg"), L-leucine (HzLg?), and L-phenylalanine (HoLg®) are presented in this article. The complexes are isolated in
enantiomeric pure form examined from X-ray structure determination. The complexes are characterized by
spectroscopic and electrochemical methods. The molecular structures observed in the solid state are grossly preserved
in solution (*H, *3C, and circular dichroism spectra). Gas-phase geometry optimization and the electronic structures
of [ReYO(La")Cly], [ReYO(Lx?)Cly], and [Re"O(Ls?)Cl] have been investigated with the framework of density functional
theory. The absorption and circular dichroism spectra of the complexes were also calculated applying time-dependent
density functional theory (TDDFT) using the conductor-like polarizable continuum solvent model to understand the
origin of the electronic excitations. The chemical shift ("H and '*C) as well as '"H—"H spin—spin coupling constant
were also computed by the gauge-independent atomic orbital method, and the computed values are consistent

with the experimental data.

Introduction

The chemistry of oxorhenium(V) complexes incorporating
O,N coordinating ligands is of abiding interest.'~” In this
context, the chemistry of enantiomeric pure chiral oxorhe-
nium(V) complexes derivatized of o¢ amino acids or small
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peptides has received a great deal of attention in recent
years.®”'* These demand further investigation of the under-
lying chemistry of the enantiomeric pure chiral oxorheni-
um(V) complexes incorporating O,N-coordinating polyden-
tate ligands derived from optically active o. amino acids.
In this paper, we wish to report a series of chiral
oxorhenium(V) complexes as in 1 and 2 with the confor-
mationally labile NNO and NONO coordinating ligands
containing a amino acids such as L-valine, L-leucine, and
L-phenylalanine. The complexes are characterized by IR,
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UV—vis, NMR ('H and ¥C), and circular dichroism (CD)
spectroscopic techniques. X-ray structures of the selected
complexes have been determined. The electrochemical
behavior is also examined.
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Here, we also present a full density functional theory
(DFT) and time-dependent density functional theory (TD-
DFT) investigation to get better insight into the geometry,
electronic structure, and optical properties of these systems.
Geometry optimizations of the singlet ground-state were
carried out by means of DFT calculations. TDDFT calcula-
tions of several singlet states have been performed for better
understanding of the electronic origin of the absorption and
CD spectra. The computational modeling of the NMR
parameter is also of abiding interest, and such calculation at
DFT has emerged as a promising approach for the prediction
of nuclear shielding and coupling constants of NMR active
nuclei.'> Thus, we have computed the proton and carbon
NMR chemical shifts and also the 'H—'H spin—spin
coupling constant using the gauge-independent atomic orbital
(GIAO)—DFT method, which is aimed at providing the
definitive characterization of the complexes.

Experimental Section

Materials. (NBu,)[ReOCl,]'® and [ReOCl3(Me,S)(OPPhs)]"”
were prepared as reported in the literature. All of the solvents were
purified by standard procedures. All other chemicals were analyti-
cally pure and were used without further purification. All of the
reactions were carried out under a dinitrogen atmosphere.

Physical Measurements. UV —vis spectra were measured on a
Perkin-Elmer LAMBDA 25 spectrophotometer. IR spectra were
recorded with Perkin-Elmer L-0100 spectrophotometer. 'H and '3C
NMR spectral measurement were carried out on a Bruker FT 300
MHz spectrometer with tetramethylsilane (TMS) as an internal
reference. The atom-numbering scheme used for 'H NMR is the
same as that used in crystallography and in Chart 1. Electrochemical
measurements were performed (acetonitrile solution) on a CHI 620A
electrochemical analyzer using a platinum electrode under a
dinitrogen atmosphere. Tetraecthylammonium perchlorate was used
as a supporting electrolyte, and the potentials are referenced to the
standard calomel electrode (SCE) without junction correction. The
cyclic voltammograms were recorded with a scan rate of 50 mV/
sec with iR compensation in all cases. Microanalyses (C, H, N)
were obtained from a Perkin-Elmer 2400 Series II elemental
analyzer. CD spectra were recorded on a JASCO-815 polarimeter.
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Computational Details. The program package Gaussian 03W
was employed for quantum mechanical calculations.'® Ground-state
electronic structure calculations of the selected complexes have been
carried out using the DFT'® method. Becke’s three-parameter hybrid
exchange functional®® with the Lee—Yang—Parr (LYP) nonlocal
correlation functional®! was used throughout the computational
study. A LANL2DZ?? basis set along with the corresponding
pseudopotential*® was used for the rhenium atom in all calculations.
The geometries of chiral oxorhenium(V) complexes were optimized
in the gas phase without any symmetry constraint with the 6-31G
basis set for H and the 6-31+G(d)*** basis set for C, N, O, and Cl
atoms. The self-consistent field “tight” option of the Gaussian 03W
program was used in all calculations to ensure sufficient conver-
gence of the state energy values. Vibrational frequencies were
calculated to ensure that the optimized geometries represent the
local minima in all cases.

TDDFT?’ calculations in solution usually provide the excitation
spectra and were performed in acetonitrile solution using the
conductor-like polarizable continuum model?® (CPCM) with larger
basis set 6-3114+G(d,p)*** for N, O, and Cl and 6-314+G(d,p) for
C and H. We computed the lowest 40 singlet—singlet transitions.
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Properties of Chiral Oxorhenium(V) Complexes

In addition, the 'H and 3C NMR properties of the complexes
were calculated with the magnetic field perturbation method with
the GIAO algorithm?®” with the NMR = spin—spin keyword
incorporated in the Gaussian 03W program. In calculation, the
6-311+G(2d,p) basis set was employed for all atoms other than
rhenium. The relative chemical shift of a given nucleus X in the
molecule was defined as 0x“ [ppm] = ox™ — 0x¢ where TMS
was used as a reference molecule optimized at the same level of
theory.?’*?%2 In order to account for the solvent effect, we used
the integral equation—formalism polarizable continuum model (IEF-
PCM) method.?85<

Crystallographic Studies. Single crystals of suitable quality for
X-ray diffraction studies of the complexes [ReYO(LA"Cl,], 1a;
[ReVO(LA%)Cl,], 1b; and [ReVO(Lg?)Cl], 2b were grown by slow
evaporation of their acetonitrile solution. The X-ray intensity data
were measured at 293 K on a Bruker-Nonious SMART APEX CCD
diffractometer (Mo Ka, A = 0.71073 A). The detector was placed
at a distance of 6.0 cm from the crystal. A total of 606 frames
were collected with a scan width of 0.3° at different settings of ¢.

The data were reduced in SAINTPLUS,* and empirical absorp-
tion correction was applied using the SADABS package.>® Metal
atoms were located from Patterson maps, and the rest of the non-
hydrogen atoms emerged from successive Fourier synthesis. The
structures were refined by a full-matrix least-squares procedure on
F?. All non-hydrogen atoms were refined anisotropically for 1a and
2b, and in the case of 1b, few carbon atoms are refined isotropically.
The hydrogen atom attached to an amine nitrogen atom for 1a was
directly located in different Fourier maps. The remaining hydrogen
atoms in all cases were included in calculated positions. For 2b, a
large electron density value near the rhenium atom (_refine_dif-
f_density_max 2.439) was located at the end of the refinement cycle.
Calculations were performed using the SHELXTL v.6.14 program
package.*® Molecular structure plots were drawn using ORTEP.?’
Relevant crystal data are given in Table 1.

Synthesis of Complexes. The complexes [ReYO(L4)Cl,] and
[ReVO(Lg)CI] were prepared by using a general method with
[ReOClI3(Me,S)(OPPhs)] and (NBuy)[ReOCly] as starting materials,
respectively. Details are given below for one representative case
(1a and 2a).

[ReVO(LAY)Cl,], 1a. To 100 mg (0.15 mmol) of [ReOCl3(Me»S)-
(OPPh3)] in 25 mL of dichloromethane was added 48 mg (0.225
mmol) of the ligand (HL4'). The reaction solution was stirred at
room temperature for 10 h, with precipitation of a sky-blue solid
observed slowly over the course of the reaction. The solid was
isolated by filtration. The product was recrystallized from a hot
acetonitrile solution. Yield: 52 mg (70%). Anal. calcd for
C,1H5N,03CLLRe: C, 27.50; H, 3.13; N, 5.83. Found: C, 27.28; H,
2.96; N, 5.79. UV—vis (Adpa/nm (¢/M~' cm™!) CH3CN): 215
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Table 1. Crystal Data and Structure Refinement Parameters for
Complexes [ReYO(La")Cly], [ReYO(La?)Cly], and [ReVO(Lg?)Cl]

[ReVO(LANHCL]  [ReVO(LAH)CL]  [ReVO(Lp?)CI]

formula C1 1H15C12N203RC C|2H|7C12N203Re C19H21C1N306RC

fw 480.35 494.38 609.04

cryst syst monoclinic triclinic orthorhombic

space group P2(1) P1 P2,2,2,

a (R) 6.7537(14) 6.7488(13) 6.407(5)

b (A) 10.797(2) 11.358(2) 14.418(5)

c(A) 10.748(2) 11.931(2) 26.265(5)

o (deg) 90.00 115.53(3) 90.00(5)

B (deg) 107.85(3) 98.35(3) 90.00(5)

y (deg) 90.00 94.26(3) 90.00(5)

V (A3) 746.0(2) 806.8(3) 2426(2)

Z 2 2 4

Deated (mg m™—3) 2.139 2.035 1.667

w (mm~') 8.506 7.868 5.154

0 (deg) 1.99—26.01 1.93—28.27 1.55—25.99

T (K) 293(2) 293(2) 293(2)

R1,* wR2” 0.0288, 0.0727 0.0355, 0.0779 0.0580, 0.1333
[1 > 20(D)]

GOF on F? 1.054 1.042 1.095

“R1 = JIF| — IFJ/ ZIFl. " WR2 = [Ew(F,2 — FA)Y Iw(Fo2)?]"2.

(18270), 280 (12020), 352 (2440), 710 (125). CD (Apa/nm (Ae/
M~ cm™!) CH;CN): 218 (+24.0), 280 (+11.0), 353 (—11.0), 700
(+0.15). IReypu (KBr, cm™!): »(Re—Cl) 302, 315; »(CO, sym) 1305;
v(CO, asym) 1686; v(Re=0) 975. IR ycq (KBr, cm™!): »(Re—Cl)
312, 320; v(CO;, sym) 1293; v(CO, asym) 1780; v(Re=0) 1019.
"H NMReypa (0 (ppm), J (Hz), CDsCN): 9.45 (H8, d, J = 5.27),
8.30—8.00 (ArH, 3H), 5.50 (HA3, d, J = 16.10), 5.40 (NH), 5.10
(Hg3, d, J = 16.12), 3.35 (H2, m), 2.50 (H9, m), 0.95 and 0.80
(2CH;, d, J = 5.40). 'H NMR41eq (0 (ppm), J (Hz)): 9.90 (H8, d,
J = 5.61), 8.85—8.30 (ArH, 3H), 5.75 (Ha3, d, J = 16.41), 4.90
(NH), 4.85 (Hg3), 3.25 (H2, m), 2.50 (H9), 1.10 and 1.05 (2CHs;,
d, J = 5.20). BC NMReypu (0 (ppm), CD;CN): 174.5 (C1), 163.8
(C4), 152.2—124.2 (ArC, 4C), 73.4 (C2), 72.7 (C3), 30.0 (C9), 18.4
(C10), 18.3 (C11). BC NMR 41 (6 (ppm)): 183.0 (C1), 162.8 (C4),
153.0—132.0 (ArC, 4C), 79.0 (C2), 66.8 (C3), 35.4 (C9), 20.8
(C10), 19.7 (C11). E,, (ReV/ReV! couple): 1.38 V (irr.)

[ReVO(Ls?)CL], 1b. Yield: 55 mg (72%). Anal. caled for
CpH7N,05CLRe: C, 29.12; H, 3.44; N, 5.66. Found: C, 29.08; H,
3.36; N, 5.47. UV—vis (Apa/nm (¢/M~! cm™) CH3CN): 218
(17560), 268 (11790), 351 (2405), 706 (130). CD (Amu/nm (Ae/
M~ ! ecm™") CH;CN): 220 (+25.5), 275 (+14.7), 357 (—12.3), 697
(40.20). IRcxpu (KB, cm™): »(Re—Cl) 316, 310; »(CO, sym) 1320;
v(CO, asym) 1660; v(Re=0) 975. IR ycq (KBr, cm™!): »(Re—Cl)
321, 310; v(CO; sym) 1292; v(CO, asym) 1782; v(Re=0) 1019.
"H NMReypa (0 (ppm), J (Hz), CDsCN): 9.55 (HS8, d, J = 5.61),
8.20—7.90 (ArH, 3H), 5.40 (HA3, d, J = 16.41), 5.15 (NH), 5.10
(Hg3, d, J = 16.50), 3.45 (H2, m), 2.10 (H9, m), 1.35 (H10), 1.00
and 0.75 (2CH3, d, J = 5.20). '"H NMR,1cq (0 (ppm), J (Hz)): 9.80
(H8, d, J =5.62), 8.85—8.30 (ArH, 3H), 5.70 (HA3, d, J = 16.53),
5.25 (NH), 4.80 (Hg3), 3.70 (H2), 2.30 (H9), 1.40 (H10), 1.15 and
0.85 (2CHj3, d, J = 4.98). 13C NMRcxpy (0 (ppm), CD3CN): 180.3
(C1), 160.6 (C4), 156.0—135.0 (ArC, 4C), 71.6 (C3), 70.0 (C2),
41.7 (C9), 29.3 (C10), 22.5 (C11), 19.0 (C12). 3C NMR_ yeq (0
(ppm)): 184.7 (C1), 162.6 (C4), 152.1—131.0 (ArC, 4C), 73.4 (C3),
71.0 (C2),43.1 (C9), 30.7 (C10), 24.4 (C11), 20.4 (C12). E;n (ReY/
ReV! couple): 1.33 V (irr.)

[ReYO(Ls*)Cl,], 1c. Yield: 64 mg (78%). Anal. calcd for
C;5sHsN,O;CLRe: C, 34.09; H, 2.84; N, 5.30. Found: C, 34.08; H,
2.32; N, 4.99. UV—vis (Apa/nm (¢/M~' cm™") CH3CN): 221
(22890), 265 (14470), 355 (5210), 715 (140). CD (Amax/nm (Ae/
M~ ecm™!) CH;CN): 224 (4+31.2), 270 (+26.8), 357 (—14.5), 702
(+0.20). IR (KBr, cm™!): »(Re—Cl) 308, 315; »(CO, sym) 1312;
v(CO, asym) 1670; »(Re=0) 972. 'H NMRxpu (6 (ppm), J (Hz),
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CD;CN): 9.25 (HS8, d, J = 5.10), 8.80—7.30 (ArH, 8H), 6.20 (HA3,
d, J = 16.02), 6.00 (Hp3, d, J = 14.25), 4.85 (NH), 3.10 (H2, m),
1.75 (H9, m)."3*C NMReyu (6 (ppm), CD;CN): 179.3 (C1), 164.3
(C4), 159.0—125.0 (ArC, 8C), 73.5 (C3), 71.2 (C2), 42.9 (C9). Ey,
(ReV/ReV! couple): 1.31 V (irr.)

[ReVO(LgY)Cl], 2a. A 66 mg (0.17 mmol) amount of H,Lg! was
added to a solution of 100 mg (0.17 mmol) of [NBuy][ReOCly] in
20 mL of dry ethanol. The reaction mixture was refluxed for 8 h,
producing a green precipitate. It was then filtered, and the solid
mass was then dissolved in a minimum volume of dichloromethane
and subjected to column chromatography on a silica gel column
(12 x 1 em, 60—120 mesh). The green band was eluted using a
benzene—acetonitrile (5:1) mixture. The green solid was obtained
after removal of the solvent from the eluate under reduced pressure.
Yield: 80 mg (75%). Anal. calcd for CigH9N3O6CIRe: C, 36.30;
H, 3.19; N, 7.05. Found: C, 36.47; H, 3.23; N, 7.35. UV—vis (Ana/
nm (¢/M~! cm™!) CH3CN): 216 (19405), 270 (11270), 354 (4995),
685(134). CD (Apax/nm (Ae/M~! cm™!) CH3CN): 224 (+27.4), 275
(—20.7), 370 (—15.9), 680 (+0.25). IR (KBr, cm™!): »(Re—Cl) 310;
v(CO, sym) 1318; »(CO, asym) 1660; v(Re=0) 980. 'H NMR s
(0 (ppm), J (Hz), DMSO-de): 8.90 (H8, d, J = 5.85), 8.30—7.10
(ArH, 6H), 6.30 (Ha3, d, J = 15.98), 5.95 (Hg3, d, J = 14.26),
5.20 (HA9, d, J = 15.85), 4.90 (Hg9, d, J = 14.02), 3.35 (H2, m),
1.70 (H16, m), 0.85 and 0.58 (2CH3, d, J = 5.90). 3C NMRcypq (0
(ppm), DMSO-dg): 178.9 (C1), 171.6 (C11), 163.8 (C4), 151.8—124.5
(ArC, 8C), 144.2 (C14),72.7 (C3), 71.0 (C9), 64.8 (C2), 38.3 (C16),
21.8 (C17), 20.0 (C18). Ey;» (ReV/ReV! couple): 1.45 V (AE,, 85
mV).

[ReYO(Lg?)Cl], 2b. Yield: 83 mg (80%). Anal. caled for
C19H21N306ClIRe: C, 37.43; H, 3.44; N, 6.89. Found: C, 37.25; H,
3.38; N, 6.36. UV—vis (Apa/nm (¢/M~! cm™!) CH;CN): 214
(19880), 270 (12480), 352 (4570), 690 (125). CD (Apa/nm (Ae/
M~ ecm™!) CH3CN): 220 (+28.6), 280 (—18.3), 368 (—16.1), 650
(+0.30). IRepu (KBr, cm™!): »(Re—Cl) 312; »(CO, sym) 1315;
(CO, asym) 1656; v(Re=0) 978. IR ycq (KBr, cm™!): »(Re—Cl)
299; »(CO, sym) 1312; »(CO, asym) 1792; v(Re=0) 1003. 'H
NMRypu (6 (ppm), J (Hz), DMSO-de): 9.20 (H8, d, J = 5.34),
8.40—7.30 (ArH, 6H), 6.55 (HA3, d, J = 16.22), 6.35 (Hg3,d, J =
14.46), 5.10 (Ha9, d, J = 16.23), 5.00 (Hg9, d, J = 14.41), 3.50
(H2, m), 1.85 (H16, m), 1.64 (H17, m), 0.90 and 0.55 (2CH3, d, J
= 6.3). 'H NMRyeq (0 (ppm), J (Hz)): 9.90 (H8, d, J = 5.48),
9.00—7.90 (ArH, 6H), 5.90 (HA3, d, J = 15.55), 5.40 (Hg3, d),
5.20 (HA9, d, J = 14.53), 5.05 (Hg9, d), 3.10 (H2), 1.87 (H16),
1.75 (H17), 0.90 and 0.55 (2CHs, d, J = 5.70). 3C NMRyp (0
(ppm), DMSO-dg): 176.7 (C1), 173.6 (C11), 163.4 (C4), 154.8—121.6
(ArC, 8C), 145.1 (C14), 73.4 (C3), 72.6 (C9), 65.8 (C2), 39.2 (C16),
33.7 (C17), 25.4 (C18), 24.0 (C19). 13C NMR 4cq (0 (ppm)): 180.0
(C1), 1774 (C11), 162.9 (C4), 154.9—120.0 (ArC, 8C), 148.2
(C14), 74.4 (C3), 72.4 (C9), 66.2 (C2), 39.9 (C16), 33.6 (C17),
24.0 (C18), 21.3 (C19). Ey» (ReV/ReV! couple): 1.48 V (AE,, 90
mV).

[ReYO(Lg?)Cl], 2¢. Yield: 83 mg (76%). Anal. caled for
C»nH19N3OgCIRe: C, 41.12; H, 2.96; N, 6.54. Found: C, 41.73; H,
3.05; N, 6.81. UV—vis (Apa/nm (¢/M~! cm™) CH3CN): 225
(17790), 277 (12045), 361 (8120), 668 (105). CD (Apu/nm (Ae/
M~ ecm™!) CH3CN): 228 (+30.4), 260 (—15.3), 368 (—12.6), 670
(+0.30). IR (KBr, cm™): »(Re—Cl) 308; v»(CO, sym) 1320; »(CO,
asym) 1665; ¥(Re=0) 990. '"H NMReypu (6 (ppm), DMSO-dg): 9.20
(H8, d, J = 4.80), 8.60—7.10 (ArH, 11H), 6.57 (Ha3, d, J = 15.74),
5.90 (Hg3, d, J = 13.90), 5.20 (HA9, d, J = 15.32), 5.00 (Hg9, d,
J =13.94), 3.30 (H2, m), 1.54 (H16, m). 3C NMRcypq (0 (ppm),
DMSO-dg): 176.7 (C1), 173.6 (C11), 163.0 (C4), 162.0—116.0
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(AIC, 14C), 145.6 (C14), 74.0 (C3), 73.6 (C9), 69.1 (C2), 39.2
(C16). Ey» (ReV/ReY! couple): 1.50 V (AE,, 90mV).

Result and Discussion

Synthesis. The chiral oxorhenium(V) complexes were
synthesized with NNO and NONO coordinating o. amino
acid ligands. The NNO coordinating (N-2-pyridylmethyl) of
L-valine, L-leucine, and L-phenylalanine (HLA'—HL43, gen-
eral abbreviation HL,) as well as the NONO coordinating
{ (N-2-pyridylmethyl)-(N-(5-nitro-2-hydroxybenzyl)} of L-
valine, L-leucine, and L-phenylalanine (H,Lg'—H,Lz?, general
abbreviation H,Lg) are used in the present work (Chart 1).
The ligands are synthesized following the reported proce-
dure.?*33

The [ReVO(La)Cly] complexes were obtained as a sky-
blue solid in good yield from a reaction of [ReOCl;-
(Me,S)(OPPh3)] with HL, in a ratio of 1:1.5 in a dichlo-
romethane solution.

v HL, v
[Re"OCL;(Me,S)(OPPh,)] :’ [Re"O(L,)CL]
2412
The stoichiometric reaction of [NBuy][ReVOCl4] with the
tetradentate ligand (HyLg) in boiling ethanol afforded the
green-colored complexes of the general formula [ReVO(Lg)-
Cl] in good yields.

H,L
[Re'OCI,]” — [Re"O(L;)Cl]
EtOH

IR Spectra. The IR spectra of the complexes were
recorded in a KBr disk. The calculated IR spectra of three
representative complexes are reported. The characteristic IR
data are given in the Experimental Section.

The Re=0 stretching frequency of the complexes occurs
as a strong band in the region 960—980 cm™! as compared
to the calculated value of ~1020 cm™!. Carboxylate mono-
coordination®* indicates the presence of symmetric (~1300
cm™!) and asymmetric (~1670 cm™!) stretching modes and
that of modes calculated at ~1290 and ~1790 cm™!,
respectively. The [ReYO(Lg)Cl] complex displays a Re—Cl
stretch near 310 cm™!, whereas [ReVO(La)Cly] complexes
show two well-resolved stretches at 315 and 305 cm™!
corresponding to the presence of a cis choloro group. The
calculated Re—Cl frequencies span the range of 299—320
cm™!. Therefore, despite some under- and overestimation of
the calculated value, the values obtained are in agreement
with the experimental results.

Crystal Structures. The molecular structures of
[ReVO(LAHCL,], 1a; [ReYO(La2)Cl], 1b; and [ReVO(Lg?)Cl],
2b have been determined by single-crystal X-ray diffracto-

(32) Ceccato, A. S.; Neves, A.; Brito, M. A.; Drechsel, S. M.; Mangrich,
A. S.; Werner, R.; Hasse, W.; Bortoluzzi, A. J. J. Chem. Soc., Dalton
Trans. 2000, 1573.

(33) likura, H.; Nagata, T. Inorg. Chem. 1998, 37, 4702.

(34) (a) Basak, S.; Mondal, A.; Chopra, D.; Rajak, K. K. Polyhedron 2007,
26, 3465. (b) Mondal, S.; Rath, S. P.; Rajak, K. K.; Chakravorty, A.
Inorg. Chem. 1998, 37, 1713.
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Table 2. Selected Bond Lengths [A] and Angles [deg] for
[ReVO(LAHCl,], 1a, and [ReYO(Lg>)Cl], 2b

1a 2b 1a 2b

Lengths
Rel—-0l1 2.019(7) 2.001(7) Rel—N2 2.136(11) 2.111(10)
Rel—03 1.685(9) 1.674(7) Rel—Cll 2.3193) 2.341(3)
Rel—04 1.993(7) Rel—CI2 2.342(3)
Rel—N1 2.176(8) 2.169(8)

Angles
Ol1—Rel—N1 76.1(3) 77.13) 0O3—Rel—04 99.0(4)
Ol—Rel—N2 80.3(3) 85.1(4) 0O4—Rel—NI 96.3(4)
Ol1—Rel—CIl 90.3(3) 91.5(2) 0O4—Rel—N2 167.7(4)
O1—Rel—CI2 88.6(2) 04—Rel—Cll 85.1(3)
O1—Rel—03 162.9(4) 166.2(3) N1—Rel—N2 78.0(4) 77.8(4)
O1—Rel—04 83.1(4) NI—Rel—CIl 165.4(2) 168.3(2)

03—Rel—-N1 87.9(4) 89.0(3) NI—Rel—CI2 96.66(19)
03—Rel—N2 90.6(4) 91.7(4) N2—Rel—Cll 94.7(4)  98.6(3)
03—Rel—Cl1 105.0(4) 102.3(3) N2—Rel—CI2 168.6(2)
03—Rel—CI2 99.3(3) 99.04) Cll—Rel—CI2 88.09(15)

metry. The complexes crystallize in the P2(1), P1, and
P2,2,2, space groups, respectively. In all cases, the amino
acid residue retains the S configuration.

The selected bond distances and angles for 1a and 2b are
listed in Table 2, and the molecular views are shown in Figures
1 and 3, respectively. For 1b, two metrically similar but
crystallographically distinct molecules constitute the asymmetric
unit. One of the molecules (molecule 1) is shown in Figure 2,
and the selected bond parameters are given in the Supporting
Information (Table S1). For the numbering scheme of 1b, the

Figure 1. ORTEP plot and atom labeling scheme of [ReYO(LA")Cl]. All
non-hydrogen atoms are represented by their 30% thermal probability
ellipsoids.

Figure 2. ORTEP plot and atom labeling scheme of [ReVO(LA2)Cl,]. All
non-hydrogen atoms are represented by their 30% thermal probability
ellipsoids.

Figure 3. ORTEP plot and atom labeling scheme of [ReVO(Lg?)Cl]. All
non-hydrogen atoms are represented by their 30% thermal probability
ellipsoids.

corresponding atoms in molecules 1 and 2 are respectively n
and n + 50, for example, Re1—02 and Re51—052.

[ReVO(LAN)CL], 1a, and [ReYO(LA*CL], 1b. In both
cases, the ligands bind as a facial coordination mode in which
the carboxylate group occupies the axial position trans to
the oxo oxygen atom. In a distorted octahedral geometry,
the equatorial plane is made by two nitrogen atoms (N1 and
N2) of the tridentate ligand, and the other two positions are
occupied by chloro groups with a cis configuration. The short
Rel—03 bond distance in 1a and 1b is consistent with the
multiple bond (Re=0).%

In the complexes, the Re—Ocumoxyiae bond length is found
to ~2.02 A, while the Re—N and Re—Cl bond distances
fall in the range 2.11—2.17 A and 2.31—2.37 A, respectively.

[ReYO(Lg*)Cl], 2b. The geometry of the complex appears
to be distorted octahedral and characterized by an O=Re—O
angle of 166.2(3), significantly deviated from the value of
180°. In the complex, the equatorial plane is occupied by a
chloro group, two nitrogen atoms, and a phenoxide group
of the tetradentate ligand part, while the carboxylate group
of the ligand laid trans to the oxo oxygen atom, forming a
distorted octahedral geometry. A short Rel—04 was ob-
served at 1.993(3) A. The Re—Ocarboxylaes Re—N, and Re—Cl
bond distances are similar to those of la and 1b. The
Re—Ophenoxide bond distance is also usual.

The oxorhenium(V) complex with bis phenol containing
O,N»-donating ligands and only one isomeric product (I) was
obtained.*®* It is documented that the hard donor site of the
ligand occupies the position trans to the oxo oxygen atom,
and this is due to the strong trans influence of the Re=03*
core.***~¢ By considering the donating capability of phe-
noxide and the carboxylate group, isomer III is more likely
to be formed. It is known that meridonially coordinated

(35) (a) Das, S.; Chakraborty, I.; Chakravorty, A Inorg. Chem. 2003, 42,
6545. (b) Chakroborty, I.; Bhattacharyya, S.; Banerjee, S.; Dirghangi,
B. K.; Chakravorty, A. J. Chem. Soc., Dalton Trans. 1999, 3747. (c)
Edwards, P. J.; Griffith, W. P.; White, A. J. P.; Williams, D. J. J. Chem.
Soc., Dalton Trans. 1992, 957. (d) Mayer, J. M. Inorg. Chem. 1988,
27, 3899.

(36) (a) Mondal, A.; Sarkar, S.; Chopra, D.; Guru Row, T. N.; Rajak, K. K.
J. Chem. Soc., Dalton Trans. 2004, 3244. (b) Benny, P. D.; Barnes,
C. L.; Piekarski, P. M.; Lydon, J. D.; Jurisson, S. S. Inorg. Chem.
2003, 42, 6519. (¢) Bommen van, K. J. C.; Verboom, W.; Hulst, R.;
Kooijman, H.; Spek, A. L.; Reinhoudt, D. N. Inorg. Chem. 2000, 39,
4099. (d) Herrmann, W. A.; Rauch, M. U.; Artus, G. R. J. Inorg. Chem.
1996, 35, 1988.
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N-salicylidene o amino acidato oxovanadium complexes may
exist in two diastereomeric forms, endo and exo.>*"37
However, in most cases, the more stable endo form was
observed in the solid state.?” Therefore, at least the formation
of the endo form of isomer III of oxorhenium complexes is
expected (Scheme 1).

Interestingly, only isomer II is isolated exclusively in the
solid state, where the carboxylate occupies the position trans
to the Re=0 moiety. The binding of the carboxylate group
to the trans position is not well understood; however, it is
believed that the R group gets more open space and exerts
virtually no steric repulsion with the oxo oxygen or the
remaining ligand part in isomer II over III, which favors
the formation of the observed diastereoisomer.

We have also performed the geometry optimization in the
gas phase of isomer III (Figure S1, in the Supporting
Information) to compare the energy with that of the observed
isomer II. It was found from the gas-phase optimization that
isomer II is energetically more stable by 10 kcal/mol than
III, which is in good agreement with the presence of isomer
II in the crystal.

Geometry and Electronic Structure. The complexes are
diamagnetic; thus, the geometry optimizations of three
complexes were done in their singlet spin state. The
molecular structures of [ReYO(LA!)Cly], [ReYO(LA?)Cl,], and
[ReYO(Lg?)Cl] have been fully optimized in their singlet spin
states. The calculated geometrical parameters involving the
central rhenium atom is compared in Table 3 with the
corresponding experimental values (detailed bond distances
and angles are given the Supporting Information, Tables S2
and S3). The calculated bond distances are slightly deviated
from the crystal structure parameters, with the largest
discrepancies (0.09 A) corresponding to the Re—N bond. In
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the calculated structures, some deviations in the bond angles
are also observed. Although there are some discrepancies,
the trends in distances and angles in the optimized gas-phase
geometries obtained from the DFT level of calculations
resemble with the X-ray structures.

The schematic molecular orbital energy diagrams from
HOMO-5 to LUMO++5 of 1a, 1b, and 2b are shown in
Figure 4. The isodensity plots from HOMO-3 to LUMO+3
for 1a and 2b are shown in Figure 5a and b, respectively
(HOMO-4 and HOMO-5 and LUMO++4 and LUMO+5 for
both 1a and 2b; for complex 1b, for HOMO-5 to LUMO+5,
see the Supporting Information, Figures S2, S3, and S4,
respectively). In complex 1a, the HOMO may be character-
ized by the antibonding combination of the Re d,, orbital
(~45%) and the p orbitals of chlorine (~30%). HOMO-1
and HOMO-2 are lying ~1.36 and ~1.54 eV below,
respectively, the HOMO. HOMO-1 orbitals mainly originate
from the p orbitals of the chloro group (90%), whereas in
HOMO-2, the electron density is delocalized between
chlorine (50%), the oxo oxygen (10%), and the carboxylate
group (20%). In the case of HOMO-3, the electron density
mainly delocalized over chlorine and the amino acid residue.

LUMO++1 and LUMO+2 are lying 0.56 and ~0.75 eV,
respectively, above the LUMO. The electron densities of
LUMO, LUMO++1, and LUMO+2 are mainly distributed
between the metal d orbitals and the ligand frame. LUMO+3
is completely delocalized over the pyridine ring.

In complex 2b, the HOMO is mainly composed of ~58%
Reyqy, orbitals and 25% chlorine p orbitals. HOMO-1 lies
~0.53 eV below the HOMO and has no bonding/interaction
with the central metal atom Re and the total electron density
localized on the phenyl ring bearing phenoxide oxygen in
the tetradentate ligand. In addition, HOMO-2 and HOMO-3
are found ~ 1.40 and 1.56 eV below the HOMO, delocalized
on the ring containing the —NO, group with a minor
contribution from the amino acid residue and chlorine.
LUMO is delocalized on the pyridine ring and the central
Re atom, having contributions of 48% and 40%, respectively.
LUMO++1 and LUMO+2 are almost degenerate, lying 0.50
and 0.65 eV above the LUMO. LUMO++1 shows main
contributions from Re (~60%) and chlorine (~10%). LU-
MO++2 and LUMO+3 are completely delocalized over the
ligand with a minor contribution of Rey orbitals.

NMR Spectra. All of the complexes are diamagnetic in
nature. '"H and 13C spectra of the complexes were performed
and show well-resolved spectra in solution. The NMR spectra
were assigned by considering chemical shift values, spin—spin
intensity, and spin—spin-coupling patterns. The complexes
display a well-resolved doublet around 9.50 ppm (J = 5—7
Hz) for 1 and 9.75 ppm for 2, which correspond to the ortho

Table 3. Comparison of Calculated and Experimental Bond Distance [A] and trans Angles [deg] for Complexes 1a, 1b, and 2b

parameters la 1b 2b
distance calc. exp. exp. calc. exp.
Re=0 1.688 1.685 1.688 1.646 1.696 1.674
Re—0O 2.023 2.019 2.023 2.020 2.002—2.034 1.993—2.001
Re—N 2.179—-2.249 2.136—2.176 2.176—2.247 2.098—2.140 2.148—2.202 2.111-2.169
Re—Cl 2.362—2.385 2.319-2.342 2.363—2.384 2.328—-2.367 2.366 2.341
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Figure 4. Schematic molecular orbital energy diagram for six occupied
(H) and six virtual (L) frontier orbitals of the complexes in the singlet ground
state (H = HOMO, L = LUMO).

proton of the pyridyl group. In solution, the —NH proton
signal was observed at ~5.0 ppm, which disappears upon
shaking with D,O. The o hydrogen atom of the amino acid
residue occurs as an ill-resolved multiplet.

The resonances of inequivalent benzylic protons in the
ligand frame were assigned individually on the basis of
multiplicity and J values obtained as a strongly coupled
doublet (14—17 Hz). It is clear from the X-ray crystal
structure that one of the benzylic protons, Ha3, for complex
1, and Hx3 and HA9 for complex 2 in the ligand frame
occupy the endo face with a Re=O core and the others (Hg3;
Hg3 and Hp9) are on the exo side. The endo proton becomes
more deshielded than the exo proton, resulting in a downfield
shift of the signals, and the origin of the deshielding can be
attributed to the anisotropic effect of the Re=0 bond.’">*
The coordination of pyridyl nitrogen causes the low field
shift of H3 atoms versus H9 atoms in the case of the
[ReVO(Lp)CI] complexes. A representative 'H spectrum of
2b is shown in Figure 6.

3C NMR spectra of the complexes were also recorded,
and the assigned peaks are given in the Experimental Section.
The carboxylate carbon was observed in the region 180—175
ppm. For complex [ReYO(Lg)Cl], the carbon-bearing —NO,
group and the phenolate carbon resonances occur in the
regions 150—145 and 174—170 ppm, respectively. It is to
be noted that there is no diastereoisomeric splitting of any
of the 'H and '’C resonances either in the spectra.

In the present study, we have calculated the GIAO
chemical shift and '"H—'H coupling constant for three
molecules. The discrepancies between experimental and
calculated values are lower than 0.80 and 4—6 ppm for the
'H and "*C chemical shifts, respectively.

(37) Rajak, K. K.; Baruah, B.; Rath, S. P.; Chakravorty, A. Inorg. Chem.
2000, 39, 1598.

(38) (a) Hansen, L.; Hirota, S.; Xu, X. ; Taylor, A. T.; Marzilli, L. G.
Inorg. Chem. 2000, 39, 5731. (b) Hansen, L.; Xu, X.; Lipowska, M.;
Taylor, A.; Marzilli, L. G. Inorg. Chem. 1999, 38, 2890. (c) Hansen,
L.; Xu, X.; Yue, K. T.; Taylor, A, Jr.; Marzilli, L. G. Inorg. Chem.
1996, 35, 2785. (d) Papadopoulos, M. S.; Pirmettis, I. C.; Pelecanou,
M.; Raptopoulou, C. P.; Terzis, A.; Stassinopoulou, C. I.; Chiotellis,
E. Inorg. Chem. 1996, 35, 7377. (e) Papadopoulos, M. S.; Pirmettis,
1. C.; Pelecanou, M.; Raptopoulou, C. P.; Terzis, A.; Stassinopoulou,
C. L; Chiotellis, E. Inorg. Chem. 1996, 35, 4478. (f) Oneil, J. P.;
Wilson, S. R.; Katzenellenbogen, J. A. Inorg. Chem. 1994, 37, 319.

The calculated spin—spin coupling constant values are also
satisfactorily displaying an error of about 0.7 Hz. However,
the pattern of experimentally observed spectra is retained in
calculated spectra ( Supporting Information Table S4;
Experimental Section).

The experimentally observed values are well-correlated
with calculated values. The correlation diagram between the
calculated (in solvent) and experimental '*C chemical shift
is given in the Supporting Information (Figure S5), and "Ju n
coupling constants for complex 1a and 2b are given in Figure
7.

Thus, in summary, it may be concluded that the gross
geometry of the molecule remains unaltered in solution.

Absorption and CD Spectra. The absorption spectra of
the complexes were recorded in acetonitrile solution. Circular
dichroism generally gives more useful information to elu-
cidate the structural conformation of chiral complexes
Therefore, the CD spectra (600—200 nm) were also per-
formed in acetonitrile. The position of bands and the
corresponding ¢ values are given in the Experimental Section.
Figure 8a includes the absorption and CD spectra in the UV
region for complex 1a.

The complexes display one band in the visible region and
three bands in the UV region. In the visible region absorption
spectra, a broad band appears near 690 nm. This transition
is logically assigned as ligand field excitation.’® All of the
absorption bands in the UV region are circularly dichroic in
nature. For [ReVO(Lg)Cl] complexes, the absorption bands
at ~350 and ~275 nm are observed at ~365 and ~280 nm
in the CD spectra with a negative cotton effect.

The bands are believed to be of ligand-to-metal charge-
transfer transition (LMCT) and s—s* transition,
respectively.*®*3?®¢ The CD spectral band at 220 nm with a
positive cotton effect is recognized as a characteristic band
for the L-absolute configuration of o. amino acids originating
from the n—s* transition of the carboxylic group.*’

[ReYO(LA)Cl,] species possess a similar absorption spectral
pattern; however, there are dissimilarities in the CD spectra.
In the case of [ReVO(LA)Cl,], the 7—* band occurs with a
positive cotton effect.

The Figure 8b illustrates the calculated spectrum for
complex [ReYO(LA")Cly]. Table 4 provides information on
the calculated excitation energy, oscillator strength, and main
configurational contribution toward excitation (for
[ReVO(La2)Cl,], see the Supporting Information, Table S5).
The bands appeared in the computed spectra ~0.15 eV blue-
shifted with respect to the experimental value. The absorption
calculated at 680 nm can be unambiguously related to the
experimental band at ~700 nm and arising from HOMO —
LUMO+1. Therefore, this band can be assigned to the
classical d—d transition. The calculated CD band with a
negative cotton effect at 350 nm arises from the absorption
band at 337 nm. The band centered at 337 nm appears to be

(39) (a) Dirghangi, B. K.; Menon, M.; Pramanik, A.; Chakravorty, A. Inorg.
Chem. 1997, 36, 1095. (b) Bereau, V. M.; Khan, S. I.; Abu-Omar,
M. M. Inorg. Chem. 2001, 40, 6767. (c) Tisato, F.; Refosco, F.; Mazzi,
U.; Bandoli, G.; Nicolini, M. J. Chem. Soc., Dalton Trans. 1987, 1693.

(40) (a) Fowden, L.; Scopes, P. M.; Thomas, R. N. J. Chem. Soc. C 1971,
833. (b) Legrand, M.; Viennet, R. Bull. Soc. Chim. Fr. 1965, 679.
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Figure 5. (a, top two rows) Isodensity plots of frontier orbitals of [ReVO(La")Cly]. (b, bottom two rows) Isodensity plots of frontier orbitals of [ReVO(Lg?)Cl].
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Figure 6. '"H NMR spectrum of [ReYO(Lg?)Cl] in DMSO-de solution.

a composition of four main transitions and this excitation
dominated by HOMO-3 — LUMO, HOMO-2 — LUMO,
HOMO-1 — LUMO, and HOMO — LUMO+3 transitions.
Thus, this excitation is believed to be of LMCT transition.
The intense CD band with a positive cotton effect and
absorption band occurring at ~280 nm can be attributed to
a ligand m—s* transition originating from HOMO-6 —
LUMO, HOMO-5 — LUMO, HOMO-5 — LUMO-+I1,
HOMO-3 — LUMO+1, and HOMO-2 — LUMO+1
excitations.

The L-absolute configuration of amino acid is obtained in
the calculated CD spectra at 217 nm with a positive cotton
effect, and major excitations contributing to the absorption
band at 218 nm are HOMO-10 — LUMO+1, HOMO-4 —
LUMO+2, HOMO-3 — LUMO-+4, HOMO-2 — LUMO+4,
and HOMO-1 — LUMO+4 transitions.

Table S6 (Supporting Information) provides information
on the calculated excitation energy, oscillator strength, and
main configurational contribution toward the excitation of
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Figure 7. Linear correlation between the experimental and calculated
"J(H,H) of 1a (®) and 2b (H).

[ReVO(Lp?)CI]. The calculated spectra are observed ~0.10
eV blue-shifted compared to that of the experimental values,
and the d—d transition appears at 685 nm for absorption.
The LMCT features of the complex are calculated at 352
nm in the absorption spectra and 360 nm in the CD spectra
with a negative cotton effect. The theoretical absorption
spectra exhibits 7—s* transition at 280 nm (275 nm in CD
spectra) with a negative cotton effect.

In summary, both the calculated and experimental
spectral studies demonstrate that all of the synthesized
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Figure 8. (a) Experimental and (b) computed UV —vis absorption (---) and CD (—) spectra of complex 1a in acetonitrile solution.
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Table 4. Main Calculated Optical Transition for Complex 1a with Composition in Terms of Molecular Orbital Contribution of the Transition, Vertical

Excitation Energies, and Oscillator Strength in Acetonitrile

excitation

composition

E (eV)

oscillator strength (f)

lThe()(nm)

}-exp(nm)

1

10

11
12

HOMO — LUMO-+1 (95%)
HOMO-3 — LUMO (70%)
HOMO-2 — LUMO (30%)
HOMO-3 — LUMO (60%)
HOMO-1 — LUMO (25%)
HOMO — LUMO+2 (15%)
HOMO-3 — LUMO (24%)
HOMO-1 — LUMO (47%)
HOMO — LUMO+2 (25%)
HOMO-3 — LUMO (48%)
HOMO-2 — LUMO (24%)
HOMO-1 — LUMO (27%)
HOMO-6 — LUMO (16%)
HOMO-5 — LUMO (30%)
HOMO-4 — LUMO+1 (14%)
HOMO-3 — LUMO-+1 (22%)
HOMO-2 — LUMO-+1 (10%)
HOMO-1 — LUMO+1 (7%)
HOMO-6 — LUMO (7%)
HOMO-5 — LUMO (10%)
HOMO-4 — LUMO+1 (14%)
HOMO-3 — LUMO+1 (30%)
HOMO-2 — LUMO-+1 (29%)
HOMO-1 — LUMO+1 (8%)
HOMO-8 — LUMO (13%)
HOMO-8 — LUMO+1 (7%)
HOMO-7 — LUMO (7%)
HOMO-6 — LUMO (36%)
HOMO-6 — LUMO+1 (8%)
HOMO-5 — LUMO (25%)
HOMO-10 — LUMO (8%)
HOMO-9 — LUMO+1 (7%)
HOMO-8 — LUMO (10%)
HOMO-7 — LUMO (32%)
HOMO-6 — LUMO (10%)
HOMO-6 — LUMO-+1 (8%)
HOMO-5 — LUMO-+1 (22%)
HOMO-3 — LUMO-+4 (30%)
HOMO-2 — LUMO+4 (60%)
HOMO-4 — LUMO-2 (90%)
HOMO-13 — LUMO+6 (12%)
HOMO-13 — LUMO+1 (15%)
HOMO-11 — LUMO+1 (20%)
HOMO-10 — LUMO+1 (14%)
HOMO-9 — LUMO-+1 (18%)
HOMO-1 — LUMO+4 (20%)

1.81

3.55

3.67

3.68

3.81

4.19

4.22

432

4.66

5.61

5.69
5.76

oxorhenium(V) complexes exist in enantiomeric pure form
in solution, retaining the L-absolute configuration of a

amino acids.

0.0005

0.0025

0.0091

0.0038

0.0074

0.0276

0.0222

0.0241

0.0234

0.0313

0.0298
0.0240

684.6

349.4

3384

337.0

325.1

295.7

293.3

286.8

266.2

220.8

218.1
214.9

700
352

280

215

Electrochemistry. The cyclic voltammogram was re-
corded in an acetonitrile solution using platinum as a working
electrode versus SCE. (The representative spectra of 1a and
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2b are given in the Supporting Information, Figure S7.) Upon
scanning to positive potential, the [ReYO(Ls)Cl] and
[ReVO(Lp)CI] complexes exhibited an irreversible and qua-
sireversible response at ~1.40 and ~1.50 V, respectively.
This redox process is assigned to the Re“V! oxidation
couple.3 It appears that, for the [ReVO(Lg)Cl] complexes,
the oxidized species is stable at least on the voltammetric
time scale compared to that of the oxidized congener of
[ReVO(LA)Cly] complexes. It is believed that the strong
o-donating nature of the N,O; ligand is responsible for the
stability of the hexavalent state of rhenium. The cathodic
shift of [ReYO(L4)Cl,] complexes by 100 mV compared to
[ReYO(Lg)CI] can be attributed to the destabilization of the
HOMO of the [ReYO(La)Cl,]. In the present case, the
electrochemical behavior of the complexes is consistent with
the other reported oxorhenium(V) complexes using O,N and
N,O, flexible ligands.*®*

Conclusion

NNO and NONO coordinating flexible ligands bearing
chiral o. amino acids (L-valine, L-leucine, and L-phenylala-
nine) have been utilized to generate oxorhenium(V) com-
plexes. The complexes are isolated in enantiomeric pure
form, revealed by X-ray structure determination. The species
represented herein describe the structurally characterized
chiral oxorhenium(V) complexes incorporating conforma-
tionally labile NNO and NONO coordinating ligands derived
from L amino acids. NMR ('H and '*C) and CD spectral
studies have demonstrated that no isomerization is observed
in solution.

To provide better insight into the properties of their ground
state and excited states, detailed calculations of [ReYO-
(LADCL], [ReYO(LA?)Cl,], and [ReVO(Lp?)CIl] were per-
formed at the DFT level. The optimized geometric param-
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eters in the ground state are in good agreement with
experimental measured values. The DFT calculation also
supports the formation of diastereoisomer II.

The computed absorption and CD spectra for the three
complexes in the UV—vis region were assigned by the
TDDFT approach combined with the CPCM solvent model.
The calculations predict that the lowest-lying transition is
due to d—d excitation, while that of the 400—280 nm region
is associated with LMCT and ligand-to-ligand charge transfer
excitation. The calculated NMR spectral data are satisfactory
when compared with the experimental values.

Our search for new rhenium complexes in various oxida-
tion states with polydentate ligands containing amino acids
and peptides and their characterization by different theoretical
models is continuing.
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