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Reaction of the non-oxo VV species [VVCly(Loo)2] [Loo = acetylacetonate (acac™) or benzoylacetonate (bzac™)]
with a chelate nitrogen—donor ligand Lyy in acetonitrile leads to the reduction of V'V to V" and the formation of the
mononuclear V" compounds of the general formula [V"Cly(Loo)(Lwn)] (Loo and Ly are acac™ and bipy for 1; acac-
and 5,5’-me;bipy for 2; acac™ and 4,4'-th,bipy for 3; acac™ and phen for 4; bzac™ and bipy for 5; bzac™ and phen
for 6). The reduction of the VV complexes was monitored by GC-MS and *H NMR spectroscopy. Both one- and
two-dimensional (2D COSY and 2D EXSY) H NMR techniques were used to assign the observed H NMR
resonances of 1-6 in CD,Cl, or CDCl; solution. It appeared that in solution these V! complexes form two isomers
which are in equilibrium:  cis-[V""Cly(Loo)(L)] = trans-[V""Cly(Loo)(Lay)]. 2D EXSY cross-peaks were clearly observed
between bipy- and acac-hydrogen atoms of the two geometrical isomers of 1-3 as well as between bipy and
acac™ protons of the cis isomer, indicating a dynamic process that corresponds to cis—trans isomerization and a
cis—cis racemization. The thermodynamic and kinetic parameters of the equilibrium between these two isomers
were calculated for compounds 1 and 2 by using variable temperature (VT) NMR data. Both cis—trans isomerization
and cis—cis racemization processes probably proceed with an intramolecular twist mechanism involving a trigonal
prismatic transition state. Density functional calculations (DFT) also indicated such a rearrangement mechanism.

Introduction toward understanding the mechanism of their biological
activity 2 In contrast to the case of the square planar platinum
complexes, the factors influencing the coordination modes,
fearrangements, and dynamic behaviors of cis octahedral
metal complexes containing heterocyclic chelating nitrogen
ligands are much less understood. The latter compounds with
metals such as vanadiuin,thenium, or rhodium have been
proved efficient to interact strongly with DNA. For example,

The design and synthesis of new metal compounds
containing two labile monodentate ligands in a cis position
to each other present great interest because of their antitumo
and DNA binding or intercalation properti€3.o gain insight
into the mechanism of the biological activity of these
molecules, it is crucial to study their structures, dynamics,
and energetics. For example, the structures and dynamics o
square planatcisplatinum antitumor compounds have been
extensively studied, and significant progress has been made
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Octahedral Bis(chelate)dichloro ¥ Compounds

it has been recently demonstrated thdt $pecies, namely ~ Scheme 1. (A) Vanadium(lll)-acetylacetonate Cis- and

dimeric compounds of the type [MO(Lnn)4Clo]?H, bind

Trans-Isomers. (B) Vanadium(lll)- benzoylacetylonate Cis- and Trans-

Isomer
strongly to DNA and lead ultimately to its degradatidn. some 511 cl i cl _
Severa_l of th_ese complfa)fes are cur'rently under investigation A) _J=ou, | WGl =0, | W
for their antitumor activity>. Vanadium compounds have 13 A 13 A
remarkable antidiabetic and antitumor propertidhe low 1531'0/ \‘Nlm? )so/ |\"f Ny
toxicity of the vanadium compounds in comparison with, 1,,Nj\/k7” cl 2,,3
for example, platinum compounds, is a great advantage for '2§3/4
the vanadium species. Herein, we report the synthesis, solid- A1 A2
state, andH NMR solution characterization of a series of
mononuclear bis-chelate octahedral' \éomplexes1—6,
containing two additional terminal chlorine ligands. These 1 ¢ 11' ¢l gl
compounds are the products of a rare reduction of the non- =01y, | R\ 13.)"‘-0///,,_ | \\\\'1‘\ 5
oxo VV precursor [WCly(Loo)2] in the presence of the )_o/ \ n1%9 SLO/T\NJ;'
aromatic nitrogen-donor chelate ligangn.’ The study of ) j/k.,,s Ph ol 3
such processes might be of a great importance in order to (B) ;\ 2
gain insight into the mechanism of reduction of {present B13 B2
in seawater) to ¥ occurring during the accumulation of
vanadium in ascidiarfsMore specifically, this reduction ph ci
process might proceed via dybut more likely via a non- >=0u,,, | el 10
oxo VWV !ntermedlate sgemes, propably formed becaugg of a \\___ / \\ng,, . N /%
weakening of the V=0 bond in the strongly acidic 15 8" a
environment of the ascidians’ blood cell§/ariable tem- 1\" T’ 247

IA"

perature and 2D EXSYH NMR spectroscopy showed that B1'

the geometrical cis- and trans-isomers of compouhd§
(Scheme 1) are in dynamic equilibrium. An intramolecular
racemization for the cis-isomer of these compounds was also
revealed by 2D EXSYH NMR experiments. The possible Materials and Methods. All manipulations were performed
pathways for the cistrans isomerization and cicis race-  under high-purity argon using standard Schlenk techniques. 2,2
mization processes are discussed in the light of these  Bipyridine (bipy), 1,10-phenanthroline (phen), Sdmethyl-bipy

NMR studies and density functional calculations as well. ~ (5:5-Mébipy), and 4 Adi-tert-butyl-bipy (4,4-th,bipy) were ob-
tained from Aldrich and used without further purification.'{V

| 0.2 I VCI
(4) (a) Erkkila, K. E.; Odom, D. T.; Barton, J. KChem. Re. 1999 99, Cl(acac)]-0.25CHCl, and [VVClbzac)] were prepared by

Experimental Section
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(6) Rehder, DAngew. Chem., Int. Ed. Engl99], 30, 148. (b) Butler,
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T. W.; Barton, J. Klnorg. Chem.199§ 37, 6874. distilled over sodium wire. C, H, N analyses were conducted by
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Shuter, E.; Yuen, V. G.; Zhou, Y.; McNeill, J. H.; Orvig, Gorg. mmol) was added in one portion to a stirred suspension &f-[V
gheTn;-l%a 38, K22|§8- éf) Me\llchgr,&/l-;\l Rﬁttng, HS é-: le%;gon, B.  Cly(acac)]0.25CHCl, (0.539 g, 1.58 mmol) in CECN (10 mL).
ompson, uen cNei rvig, Morg. - : .
Chem.2001, 40, 4686, () Rehder, D.; Pessoa, J. C.: Geraldes, C. F.; Upon addition of bipy, the solution cleared and turned from dark
Castro, M. C. A.; Kabanos, T.; K|ss T.: Meier, B Micera, G.: blue to olive green. After the reaction mixture was stirred for 20
Pettersson, L.; Range, M.; Salifoglou, A.; Turel, I.; Wang,JDBiol. min, a yellow green precipitate was formed. Stirring was continued
:22;9'f?ﬁg:gogigm3§édéh%§'ﬁgé D('i)C\'('aT]anL' 'L'I'a J?:if)tsrdk T5 for 12 h, and then the precipitate was filtered off, washed with
Arsc ' ' f ) th i acetonitrile (2x 5 mL) and diethyl ether (2 5 mL), and dried

Anderson, O. P.; Crans, D. torg. Chem 2002 41, 6322. (k) Li, ) I :
J.; Elberg, G.; Crans, D. C.; Shechter,Blochemistry1996 35, 8314. under vacuum, yielding 0.37 g of product (62% yield). Complexes
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J. Chem. Soc.. Dalton Trang001, 1556. [V"Cly(acac)(phen)] (4) [V Cly(bzac)(bipy)] (5), and[V" Cl»-

(8) (a) Michibata, H.; Sakurai, M. IVanadium in Biological Systems  (bzac)(phen)] (6) were synthesized in a fashion similar 1o

Chasteen, N. D., Ed.; Kluwer Academic Publishers: Dordrecht, 1990; Elemental analyses, UV/vis, IR spectroscopic data, and conductivity
pp 153-171. (b) Sm|th M. J.; Ryan, D. E.; Nakanishi, K.; Frank, P.; measurements are given in Table S1

Hodgson, K. O. IrMetal lons in Biological SystemSlgel H Sigel, . .
Physical MeasurementsIR spectra were recorded on a Perkin-

A.; Eds.; Marcel Dekker: New York, 1995; vol. 31, pp 4—2450. (c)
Elmer Spectrum 6X FT-IR system in KBr (Mid-IR) or polyeth-
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Figure 1.

ORTEP diagram ofl. (from ref 7).

as solutions in septum-sealed quartz cuvettes on a Jasco V570 UV/
Vis/INIR spectrophotometer. Magnetic moments were measured at

room temperature by the Evans method on MKSherwood
Magnetic Balance. Solution conductivity data were collected in
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Figure 2. H NMR spectra, obtained at various times, for the reaction of
[V'VCly(acac)]-0.25CHCI, (22 mM) with bipy (22 mM) in CDsCN at 0

dichloromethane and methanol using a Tacussel electronique CD

6NG conductivity bridge. A temperature of 268 was maintained

by a constant-temperature bath. The cell constant was determine

to bex = 1.1025 cm! by using a 0.0200 M aqueous solution of
potassium chloride to calibrate the conductivity cé NMR

ave a concurrent oxidation of the nitrogen chelate ligand.
herefore, it is reasonable to assume that the diketonate
ligand or the solvent is the oxidized molecule. Diketones,

spectra were recorded on a Bruker Avance 300 spectrometer aflOWever, have lower oxidation potentials than acetonitrile

300.12 MHz for'H.12 All the calculations were performed using
the Gaussian-98 packatfe? The experimental details and calcula-
tions for the!H NMR, variable temperature (VT), and kinetic

and they can presumably be oxidized easier from the
vanadium complex.

GC-MS (gas chromatography mass spectroscopy)dnd

measurements and theoretical calculations are presented in SUDNMR spectroscopy were performed on the reaction mixture

porting Information.

Results and Discussion

Synthesis of the Compounds.The synthesis of the
mononuclear ¥ compoundd —6 results from the reduction
of the non-oxo W species [WCly(Loo)2], upon addition of
one equivalent of bipy or phen (eq 1).

CH,CN
[VVClL(Log),]l + Ly —> [VMCL(Loo)Lyy)] +'Loo™ ' (1)
Lgo = acac, bzac

'Loo" ' = acac’, bzac® radicals

Complex1 was characterized by X-ray structure analysis,
and it was reported in our previous communication (Figure
1).” In our effort to isolate aransdichloro-V!"' species as
well as to assign all the proton resonances inthéNMR
spectrum ofl, compound®2—6 were also prepared. Despite
of our efforts, the crystallization &—6 for X-ray diffraction

of 1 (vide infra) in order to identify any decomposition
products. Only Hacac, bipy, and a small quantity of 3-chloro-
2,4-pentanedione were detected by GC-MS. The formation
of the chlorine derivative of acetylacetone is supportive of
the involvement of acacas the reducing agent of vanadium.
Investigation of the Reaction of [V Cl,(acac)] with
bipy by *H NMR Spectroscopy.In a dry CD;CN solution
of [VVCly(acac)] (29 mM), an equimolar quantity of bipy
was added, and the reaction was followed ¥ NMR
spectroscopy. To slow the rate of the reaction the solution
was cooled at 0C. Figure 2 shows the spectra at various
times after the addition of bipy in the [XCl,(acac)]
solution. The first spectrum shows formation of two para-
magnetic vanadium species: compkexvith peaks at 72.05
ppm (assigned to the ligated ackcand 19.68, 13.66,
—24.72, and-42.35 ppm (assigned to the ligated bipy) and
a complexB with one peak at 15.69 ppm. Additional
resonances from free bipy and Hacac were also observed.

studies has been proved unsuccessful thus far. Reduction offhe peaks’ intensity of the free ligands (bipy, Hacac) and

the VV to V" starts upon addition of stoichiometric quantity
of the aromatic nitrogen ligand, thus indicating that the ligand
induces vanadium reduction. The high yields{@&3%) in
the preparation ol—6 indicate that it is rather difficult to

(11) (a) Dynamic Nuclear Magnetic Resonance Spectroscdpgkman,

L. M.; Cotton, F. A., Eds.; Academic Press: New York, 1975. (b)
gNMR version 4.1, Cherwell Scientific.

(12) (a) Edgar, B. L.; Duffy, D. J.; Palazzotto, M. C.; Pignolet, L. H.
Am. Chem. Socl973 95, 1125. (b) Pignolet, L. H.; Lewis, R. A,,
Holm, R. H Inorg. Chem.1972 11, 99. (c) Pignolet, L. H.; Lewis,
R. A.; Holm, R. H.J. Am. Chem. S0d.97193, 360. (d) Pignolet, L.
H., Holm, R. H.J. Am. Chem. S0d.97Q 92, 179. (e) Palazzotto, M.
C.; Duffy, D. J.; Edgar, B. L.; Que, L.; Pignolet, L. H. Am. Chem.
Soc.1973 95, 4537.
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of complexA were progressively reduced with time. The
cis-isomer of complexX appears~10 min after the addition
of bipy. Thecis[V'"'Cly(acac)(bipy)] Q) is slightly soluble

in CDsCN, and it does precipitate out of the solution. The
reaction was completed approximat@lh after the addition
of bipy as it is evidenced by the disappearance of'the
NMR peaks of free bipy and the precipitation bfThe H
NMR peak intensity oB increases much slower than the
formation of1, and it continues to increase after the end of
the reaction. Integration of the peaks of spedegave a
ratio ~2.3:1 between the ligated aca@nd bipy, thus
indicating that the chemical formula for this molecule may
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Table 1. Proton Chemical Shifts fot—6 in CD,Cl, or CDCk at 293 K

chemical shift (ppm) Ty (Ms)]

proton 12 2b 3b 42 52 62
1/10 —28.57/~-35.00 [0.7/0.7] —29.28/-36.41 —28.85/-35.32 —31.51/-38.89 —29.18/—36.37 —38.07/-46.11
9/2 18.52/17.53 [5.0/6.5] - 19.03/18.12 19.40/18.11 18.84/17.85 16.18
3/8 —13.76/-18.65 [2.9/2.2] —12.65/18.53 - —15.15-20.53 —13.28/—18.17 —14.11/19.38
714 11.54/10.60 [3.6/5.0] 11.41/9.65 11.30/10.40 11.87/10.72 11.49/10.05 9.50
11/15 51.28/53.14 [2.2/2.9] 50.13/51.64 49.95/51.95 55.58/57.41 52.77 52.97
13 44.67 [1.4] 43.69 43.53 48.34 44.87 46.26
1 —16.13[0.7] —-17.18 —16.69 —17.78 —15.32 —19.38
2 17.16 [6.5] - 17.36 17.85 16.05 16.18
8/3 —8.59[6.5] —8.42 - —9.49 —6.73/—9.87 —6.28/—9.74
4 10.65 [5.0] 9.65 10.88 10.59 10.05 9.50
11 51.02 [5.0] 51.64 49.12 54.68 55.26 55.95
13 84.51[0.9] 84.11 81.07 85.10 88.24 92.52
1"/10" - - - - —29.18/—36.37 —38.07/-46.11
9'/2" - - 18.23/17.00 16.18
3'/8" - - —13.34/-19.53 —14.11/-20.67
74" - - 10.91/9.67 9.50
11" - - 55.65 58.52
13’ - - - 46.87 45.05
Ph - - - - 7.50 7.50
Me/Mey - —6.85/—3.51 - - - -
Mey - —2.66 - - - -
t-Buty/t-Buty - 1.47/1.30 - - -
/t-Buty - - 1.69 - - -

aln CD,Cl; solution.? In CDClz solution.

be [V"(acac)(bipy)]*. The only four aromati¢cH NMR mers and one trans-isomer are expected, since the bzac
peaks observed for the eight-bipy protons of compeis ligand is unsymmetrical (Scheme 1B). The cis-diastereo-
in accordance with the resonances expected for a symmetriasomers do not possess any symmetry elements. The cis-
compound such as [\{acac)(bipy)]*. Additional evidence isomers of compound$—4 have eight nonequivalent bipy
for the nature of compleXA resulted from the!H NMR or phen aromatic protons as well as two nonequivalent sets
spectra of an equimolar mixture @fand acetylacetone in  of acac methyl protons and an acacing proton. On the
CDCls, which revealed partial conversion dfto complex other hand, in the trans-isomef3;( symmetry) are expected

A. Presumably, in solutionl and A are in equilibrium four nonequivalent bipy or phen protons as well as a single

according to eq 2. methyl and a single ring acagroton environment. In the
cis/trans-isomers 05 and 6 there are eight nonequivalent
[v" Cl,(acac)(bipy)] (1+ Hacac= bipy or phen aromatic protons but only one set of bzac

[V'”(acac}(bipy)]Jr (A) + 2CI" + H" (2) protons for each compound.
TheH NMR spectra ofl—6 in CD,Cl, or CDC} solution,
Although complexA formed in the first minute of the  revealed isotropically shifted signals in the85)—(—40)
reaction, the presence of free bipy in the solution indicates ppm chemical shift range at 2@ (slow exchange condi-
that only a part of bipy has reacted with th& V\H NMR tions), assigned to both cis/trans-isomers. Chemical shifts
spectra did not show any equilibrium betweel ¥pecies  and assignments of the compounds in.Ch and CDC}

and free bipy; consequently, the intensity of bipitsNMR solutions together with the calculatdd values forl are
peaks progressively diminished with time, indicating the listed in Table 1. The numbering of the ligands is shown in
progress of the V reduction. The reduction of 'V to V" Scheme 1.

was completed-2 h after the addition of bipy in the [V- Excluding the signals from the GBI, and its impurities

Cly(acac)] solution, as it was evidenced by the disappearance as well as some peaks resulting from partial decomposition
of the peaks of free bipy from th#H NMR spectra. The  of 1in solution, 17 isotropically shifted signals are observed.
VIV starting materials did not give arH NMR peaks in Eleven of the peaks, which is exactly the number expected
CD:CN.*H NMR did not detect oxidized organic molecules for the cis-isomer, were predominant and they approximately
probably because they form complexes with vanadium. consist 85% of all peaks’' intensity. The remaining six
Investigation of the exact mechanism of these reactions byresonances were assigned to the trans-isomer. The assignment
kinetic experiments as well as full characterization of the of the bipy resonances for both isomers was facilitated by

molecules involved is under way. Me and t-Bu substitution at the A1(2), A1(9), A2)2
Assignment of'H NMR Spectra. The solution structure  (complex2) and A1(3), A1(8), A2(3 (complex3); the other
of the V' complexes was investigated Bl NMR spec- resonance positions did not differ much betwéer, and

troscopy. Scheme 1 shows the possible geometrical configu-3. Furthermore, théH NMR spectrum of the bzacderiva-
rations for complexe&—6. The acac complexesl—4 may tive (complex5) was used to distinguish the bipy protons of
form two isomers, the cis and the trans (Scheme 1A). On cis-1. The A1(1), A1(10), A2()) bipy hydrogen atoms are
the other hand, for bzaccompounds two cis-diastereoiso- the closest to the metal centers and consequently gave the

Inorganic Chemistry, Vol. 42, No. 15, 2003 4643



most paramagnetically broadened resonances-28.6,
—35.0, and—16.1 ppm, respectively. The remaining reso-

nances at 18.52, 17.53, and 17.16 ppm are then assigned b

Rikkou et al.

Table 2. Thermodynamic and Kinetic Parameters for -€Isans and
Cis—Cis Rearrangements fdrand2 in CDCl; and in CDCI; (data in
p,arentheses)

Y

elimination to the A1(7), A1(4), and A2(¢hydrogen atoms. . o . 2
Additional proof for the correct assignments was acquired Cis"trans  ciscls  cistrans  cisCis
from the 2D COSY spectrum, which gave cross-peaks [trans)/[cis] (293K)*  0.78 (0.15) 0.72

: . : .~ AH (kcal/mol) 1.84+0.1 0.724+0.13
between the neighboring bipy hydrogen atoms. The remain- 2.6+ 0.4)
ing four peaks in the range 6@0 ppm were assigned to  AS(cal/mol/deg) 52& (f'g 1.8+04
acac protons. The chemical shifts of these resonances arexg (29 K (kcalimol) (0.'2&t 010)2 0.184 0.26
in agreement with the shifts observed for'[{acac)],?* with . (1.0£0.9)
the exception of the methylene protons of the trans-isomer \H (<§§|7r',’{§|‘,’(;>eg) 107 0s fdagr Al 10T
which have shifted further downfield at 84.51 ppm. AG* (298 K) (kcalimol) 15.6-1.7  15.0+1.6 16.1+23  15.7+29

(kcal/molp 17.3+0.9 14.0+09

Orbitally nondegenerate systems such as the nonsymmetric=

complexes1—6 reported here are expected to have no
significant pseudo-contact shifts. Consequently, the shifts
provide direct information regarding the mechanism of spin
delocalizatior?® The bipy resonances display the alternating
shift pattern characteristic of contact shifts resulting from
spin delocalization onto the bipy ligand viaralelocalization
pathway?® Thus, the A1(1), A1(10), A2(), A1(3), AL(8),
A2(3) hydrogen atoms are paramagnetically shifted upfield,
while the A1(2), A1(9), A2(2, ALl(4), AL(7), A2(4) are
shifted downfield. In addition, ther spin delocalization
mechanism was supported by the change in sign of the
isotropic shifts of the A1(2), A1(9), A2(2 methyl groups
(complex?2) compared to the shifts of hydrogen atoms at
these positions (compleg) (Table 1). The isotropically
shifted resonance of the methylene acpmton also results
from delocalization of the unpaired spin density through
bonds. Apparently the larger downfield shift observed for
the methylene acagoroton of the trans-isomers, compared
with the cis-isomers, shows a more effective delocalization
of the unpaired spin onto the acaligand for the former
isomers. This is probably due to a better overlap ofdhe
V" orbitals with ther orbitals of acac for the trans-species.

(13) Becke, D.J. Chem. Phys1993 98, 5648.

(14) Lee, Yang, W.; Parr, R. @hys. Re. B 1988 37, 785.

(15) Hay, P. J.; Wadt, W. Rl. Chem. Phys1985 82, 270.

(16) Wadt, W. R.; Hay, P. JI. Chem. Phys1985 82, 284.

(17) Hay, P. J.; Wadt, W. Rl. Chem. Physl985 82, 299.

(18) Dunning, T. H., Jr.; Hay, P. J. iModern Theoretical Chemistry
Schaefer, H. F., lll, Ed.; Plenum: New York, 1976; vol. 3, p 1.

(19) Miertus, S.; Scrocco, E.; Tomasi,Ghem. Phys1981 55, 117.

(20) Miertus, S.; Tomasi, Them. Phys1982 65, 239.

(21) Gonzalez, C.; Schlegel, H. B. Chem. Phys1989 90, 2154.

(22) Gonzalez, C.; Schlegel, H. B. Phys. Chem199Q 94, 5523.

(23) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
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1 [trans]/[cis] ratio for complexe8—6 in CD,Cl, at 293 K is~0.15.
2E, was calculated from Arrhenius plot [k)(vs 1/T].

Stability of Cis—Trans Isomers in Solution. The exact
concentrations of the cignd trans-isomers can conveniently
be monitored by'H NMR spectroscopy. ThéH NMR
spectra of complexed—6 did not show any significant
variations in the magnitude of the ratio [trans]/[cis], but they
proved to be strongly dependent on the solvent used. Thus,
upon decreasing the polarity of the solvent, an increasing
[trans]/[cis] ratio is observed (Table 2). This was consistent
with the stabilization of the more polar cis-isomers, expected
in solvents of higher polarity, due to solvation effects.

Within the slow exchange temperature range-2338 K
in CDCl; and 228-298 K in CD,Cl,, the changes for the
[trans]/[cis] ratios were determined for complexeand2.

The 'H NMR spectra in these temperature ranges showed
that higher temperatures favored the tr@swmmer. The
thermodynamic parameters for this equilibrium were deter-
mined from the Van't Hoff plot, and the data are shown in
Table 2. These values showed that the trans-isomer is slightly
favored entropically (positivAS), but it is slightly disfavored
enthalpically (positiveAH). The solvation of the isomers is
probably the major reason for the observed thermodynamic
values which is further supported by the increaskfgand

AH values in more polar solvents (Table 2), as expected
assuming that cis-isomers are better solvated in more polar
solvents than the trans ones.

Kinetics of Cis—Cis and Cis—Trans Rearrangements.

The kinetics of complexek—3 were examined using variable
temperature and 2D EXSY¥ NMR spectroscopy. The low
solubility of compound<}—6 did not allow us to perform
such experiments for these molecules. The,CIp and
CDCl; solutions of W complexesl—6 gave well-resolved
resonances at room temperature suggesting that the exchange
between the cis- and trans-isomers and the racemization of
the nonsymmetric cis-isomers are slow processes with respect
to the NMR time scale. However, upon increasing the
temperature up to 68C (upper limit for CDC}) for the
CDCl; solutions of complexe$ and2, the three signals from
acetylacetonate methyl protons (two from the cis- and one
from the trans-isomer) as well as the bipyridine protons Al-
(2), AL(9), A2(2) and A1(4), A1(7), A2(4 became broader
and finally coalesced to give three single peaks. Similarly,
the resonances of A1(1), A1(10), A2\&and A1(3), AL1(8),
A2(3) as well as the methylene acetyloacetonate protons
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Figure 3. (A) Variable temperaturéH NMR spectra of 3,8,38' protons

of 1in CDCl; solution. The experimental and simulated spectra are on the " 10]
right- and left-hand side, respectively. The rate constants for thereiss ppm 13

isomerization k) and the cis-cis racemizationk;) are also shown. (B) P 18141 13
Eyring plots for cis-cis and cis-trans rearrangements of compl&x

20 B
[A1(13), A2(13)] became broader at higher temperatures, | o
but never coalesced due to the large chemical shift differ- C ; o :
ences (Figure 3). Line-shape analysis of the experimental 40— °
spectra afforded the respective calculated spectra and the rate 1 &
constants for ciscis racemization and cidrans isomeriza- 60

tion (see Figure 3). The rate constants were fitted as a
function of 1T according to the Eyring equation to obtain
the activation parameters for complexesnd 2 (Table 2 80,
and Figure 3).

Cis—trans isomerization and a eigis racemization ex-
change for the peaks of the bipy aromatic hydrogen atomsFigure 4. 2D H EXSY spectrum ofl (A) in CD.Cl,, and2 (B) and3
and the two acacmethyl resonances of complexes3 were (C) in CDCl, at 293 K. Conditions are given in the text.
revealed by cross signals in thld 2D EXSY experiments
using mixing times 3 ms (Figure 4).

Investigations on the Possible Mechanisms for the Cis
Cis Racemization and Cis-Trans Isomerization Pro-

cesseslsomerization or racemization of bis(chelate) octa- - i
hedral [M(LL),X;] complexes may proceed through an 2D EXSY NMR spectra of CDGlsolutions ofl containing

intermolecular or intramolecular mechani&hiThe inter- ~ €guimolar quantities of bipy, Hacac, or tetrabutylammonium
molecular mechanisms may involve dissociation of a mono- chloride were acquired. The line shape of the resonances
dentate ligand to give a five-coordinate intermediate or and the exchange rates were not altered by adding these
complete dissociation of a chelate ligand to yield a four- Molecules to the solutions of the complexes, and the 2D
coordinate intermediate. The two possible intramolecular EXSY spectra did not show any cross-peaks between free
mechanisms are (i) momentary rupture of one methklate and coordinated bipy or acacThese observations indicated

ligand bond to give a trigonal bipyramidal or (ii) a square- that the intermolecular exchange between the free and
coordinated ligands, if existing, is much slower compared

(27) Serpone, N.; Bickley, D. GProg. Inorg. Chem1972 17, 391. to the observed cistrans and ciscis exchange. This is in

T T T
80 60 40 20 ppm

pyramidal transition state or twist motions of the ligands to
give an idealized trigonal-prismatic transition st&telo
investigate first if intermolecular mechanisms are involved
in this cis-trans and ciscis exchange, the 1EH and the
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Table 3. Kinetic Parameters for the Intramolecular Rearrangements of Bis-Chelate Mofecules

compound solvent AH#, kcal/mol AS, cal/K-mol AG*2% kcal/mol mechanism ref
[V'"(Lnn)(Loo)Cl2] CDCls 15tol7 ~5t06 15to16 twist this work
Lnn = bipy, phen loo= acac, bzac
[TiV(acac)(OR))] CDCls 12t0 16 —6to—12 15t0 18 twist 30b
[TiV(dmpk(ORY] CDCl3 12to 17 —7t0—-12 16to 21 twist 30b
[TiV(acac)X;] X = CI, Br CD.Cl —2t0-10 twist slc
[TiV(Mexdtp)X2] X = Cl, OR CDCl, 10to 14 -12t06 11t0 13 bond rupture 31b
[Col (dtc)(PHPR)] CDCN 28.7 12 25 twist 32

adtc = dithiocarbamates, dpm¥ 2,2,6,6-tetramethyl-3,5-hexanedione, etpdithiophosphate.

line with the small acacexchange rate (& 104s ! at 25
°C in CHCE) observed for the complex [Yacac}],?® which
is much lower than the rearrangement rates (30 and 10 s
for cis—cis and cis-trans, respectively, at 2&) for complex

intramolecular cis-cis rearrangements exhibit larger activa-
tion enthalpies than [T(Me.dtp)X,], which rearranges
through a bond rupture mechanism (Table 3). In addition to
the titanium compounds, the rest of the complexes presented

1. Although the exchange rate of bipy has not been measuredn Table 3, exhibiting twist cistrans and/or ciscis rear-

for other V' complexes, it is rather unlikely for this chelate
ligand to exchange much faster than acdao addition, the

rangments, show large activation enthalpies and near zero
activation entropies. The most interesting feature in this table

exchange of weak monodentate ligands such as DMSO inthat supports a twist over a bond rupture mechanismni for

V" compounds is relatively slow (134 1.5 st at 25°C

in DMSO)2° strengthening our belief that these rearrange-

and2 may be that all the bis-chelate diketonate complexes
that rearrange by a twist mechanism includingnd2 have

ments proceed through an intramolecular mechanism. Fur-activation free energies in a very narrow range between 15
thermore, the intermolecular exchange reactions reported inand 18 kcal mol’. This is expected, considering that twist

the literature for the ¥ compounds with chelate or mono-
dentate ligands have negative activation entropies 15
cal K~ mol1),%28in contrast to the small positive or negative
activation entropy (Table 2) observed fbrand 2, respec-
tively, supporting an intramolecular mechani&n.

A literature survey for the rearrangement reactions of bis-

mechanisms are independent of the meligland bond
strength and are dependent on the bulkiness of the ligand
(bulkier monodentate ligands decrease the rate of a twist
mechanism§oa

Among all the pathways of Bailar twists that can be
performed onl, only one transformation, namely, the cis-

(chelate) metal compounds revealed activation entropy for bis(chelate) isomer to trans- or to cis-enantiomer, can result

bond rupture and twist mechanisms ranging betwe0
to +20 cal K'* mol~13! Therefore, it appears tenuous to

in two products, whereas three pathways transform only to
the cis-enantiome® These twists proceed about the four axes

make claims about the intramolecular mechanisms on the1, 2, 3 and 4 represented in Scheme 2A. The stereochemical
basis of activation entropies only. The activation enthalpy result of performing the corresponding twists 1, 2, 3, and 4

observed for the intermolecular exchange in thé {@&tac)]-
Hacac system (18.0k 1.3 kcal mot?), in which an

is represented in Scheme 2B. Apparently—digns rear-
rangement can only occur through rotation around axis 1,

associative acetylacetonate bond rupture mechanism has beewhereas all pathways are probable for-aiss racemization.
proposed, is slightly larger than the activation enthalpies of These paths are not equivalent, and the differentiation of

the rearrangement reactions nd?2 (Table 2). The high

energetics will depend on many factors, perhaps more

activation enthalpy of this reaction has been consideredimportantly on chelate ring flexibility and steric factors. It

responsible for the inertness of'[\acac)] and is in contrast
to the greater lability{10 000-fold) in the racemization and
isomerization ofl and 2, indicating that the VO bond

is worth noting here that the cigis rearrangements are faster
than cis-trans rearrangement fdr and 2, thus indicating
that the intermediates or transition states for-cis will be

rupture mechanism for these two processes is rather improb-more stable than cistrans conversionsThere are two

able.

possible scenarios for these reactions: (a) both processes

Certain trends of the activation parameters reported in thefollow the same path with twist around axis 1. The faster
literature for the rearrangement reactions of other bis(chelate)rates for cis-cis compared to cistrans rearrangements could

metal compounds and those dfand 2 may give some
indication for the type of mechanism (Table 3)!VTbis-
(chelate) molecules that follow a twist mechanism for the

(28) Watanabe, A.; Kido, H.; Saito, Knorg. Chem.1981, 20, 1107.

(29) Dellavia, I.; Sauvageat, P.; Helm, L.; Ducommun, Y.; Merbach, A.
Inorg. Chem.1992 31, 792.

(30) (a) Que, L.; Pignolet, L. Hnorg. Chem1974 13, 351. (b) Fay, R.
C.; Lindmark, A. F.J. Am. Chem. S0d.983 105 2118. (c) Gordon,
J. G.; Holm, R. HJ. Am. Chem. S0d97Q 92, 5319. (d) Pignolet, L.
H.; Duffy, D. J.; Que, L.J. Am. Chem. S0d.973 95, 4537.

(31) (a) Bickley, D. G.; Serpone, Nhorg. Chem1974 13, 2908. (b) Gau,
H.; Fay, R. C.Inorg. Chem.199Q 29, 5974. (c) Fay, R. C.; Lowry,
R. N.Inorg. Chem1967, 6, 1512. (d) Serpone, N.; Hersh, K. korg.
Chem 1974 13, 2901.
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be attributed to lower stability of T.pand TSs compared
to TS, intermediate (Scheme 2), and (b) etsans follow
path 1 whereas ciscis follow paths 2, 3, and/or 4 with §S
TS,, and/or TG to be more stable than TS(Scheme 2).
Complexes of the type [M(AA){ or [M(AB)X ;], where
AA/AB = diketonate ligands, X= halogen, alkyl, phenyl,
or alkoxide group, for M= Snv 232 did not favor twist around

(32) Iwatsuki, S.; Suzuki, T.; Hasegawa, A.; Funahashi, S.; Kashiwabara,
K.; Takagi, H. D.J. Chem. Soc., Dalton Tran2002 3593.

(33) (a) Willem, R.; Gilen, M.; Pepermans, H.; Hallenga, K.; Recca, A,;
Finocchiaro, PJ. Am. Chem. Sod.985 107, 1153. (b) Bickley, D.
G.; Serpone, Nlnorg. Chem,. 1976 15, 2577.
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Scheme 2. (A) The Four Axes 1, 2, 3, and 4, about Which Bailar
Twists Can Be Performed. (B) the Mechanisms of Bailar Twists about
Axes 1-4
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calculated equal to 16 and 10 kcal/mol for the cis and trans
structures, respectively. Thus, the two mimima were fully
2 OQT>QCI reoptimized in the presence of the solvent, starting from the
0 "i\N/ Q geometries calculated in the gas phase and the energy
(N/—\C' SAVARVAL ordering of the two isomers has been inversed with the cis
N/ 0TS, N\ /-0 isomer being more stable by 2.1 kcal/mol in agreement with
the experiment. There are no major differences between the
Cl_ gas-phase structures and those calculated in the presence of
c \ON\/\%IN c the solvent (Figure S4, Table S2).
3 O/ NYO NN In both the experimental and calculated structure the acac
<o\/c| TS, o\/c| bends toward chlorine while keeping its planarity. Thus, in
N \_o the experimental structure the {& —0O) plane makes an
O?KQI angle of 18.7 with the (O—C—C—C—0) mean plane (Figure
cl \N/\ P 1), whereas this angle is 22.& the calculated structure.
4 O0—+-—CINNCI—-N Attempts to optimize a cis structure starting with a nonbent
<o\ ...... 'N TS, O\/N> acac ligand collapses to the same distorted minimum. No
N_/ \_©O such bending exists in the calculated trans-isomer, a fact that

is not imposed by symmetry, as no symmetry constraints

axis 1, whereas for the related[#% complexes twisting ~ have been applied during optimization. Having excluded any
around 1 and/or 4 are favored 0n|y by steric Congestion on steric hindrance responsible for this bending, we carefully
X. These data show that scenario b will be the most probable€xamined the calculated molecular orbitals. Indeed, there is
for the cis-cis racemization and cidrans isomerization  an orbital interaction that stabilizes the system and apparently
reactions forl and 2. leads to such a distortion. A filled p-orbital of CI(2) interacts
Theoretical Calculations on Compound 1Full geometry with az* orbital of the acac |igand, resulting in stabilization
optimizations starting from appropriate geometries were Of the system. The shape of the occupied bonding molecular
carried out without Symmetry constraints and gave two orbital resulting from this interaction, calculated at the DFT
minima, namelycis-[V "' Cly(acac)(bipy)] andrans[V" Cl,- level, is shown in Figure 5.
(acac)(bpy)]. Both isomers are minima in the potential  Because of the shallowness of the potential energy surface
surface of the molecule, as the calculation of the Hessianin the region of the two minima we undertook a computa-
gave no imaginary frequencies. The trans-isomer, which hastional study of a possible cis trans interconversion, trying
essentiallyC,, symmetry, is found to be the global minimum, to locate a transition state connecting the two minima in the
whereas the cissomer has been found to be only 2.8 kcal/ presence of the solvent. Because of the large size of the
mol higher in energy, a fact that contradicts the experimental complex and with the aim to speed up the calculations this
observations. As the dipole moment of the cis-isomer at the study was undertaken using a model in which, the bipy ligand
gas phase (12.2 D) was predicted to be considerably largemwas replaced by the model ligand [HMCH—CH=NH],
than that of the trans-isomer (6.2 D), one expects that a polarwhich has the same donor atoms and compares well with
solvent would significantly stabilize the cis-isomer. the conjugated system of bigyThe cis and trans structures
According to preliminary single point calculations on the of the model complex were fully optimized. The cis-isomer
optimized gas-phase structures in the presence of solvenis 2.3 kcal/mol more stable than the trans one, a value very
(acetone), the stabilization energy due to the solvent wasclose to that found for the actual complex. Also, the
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Figure 6. Possible means of nondissociative-€igans isomerization (A),
racemization (B), and dissociative eisans isomerization (C) for the model
complex ofl in the presence of solvent.

optimized geometries of the model complex are very close
to those of the actual complex (Figure S5).
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shift of the molecule. The imaginary frequencies have been
calculated equal to 68 and 75 cifor TS, and TS,,
respectively. Calculation of the IRC in each case showed
that TS,; is located at the saddle point in the pathway
connecting the cis and trans structures (Figure 6A), whereas
TS,2 at a saddle point related with the interconversion of
the two enantiomeric forms of the cis-isomer (Figure 6B).
The activation barriers calculated for the-etsans isomer-
ization and cis-cis racemization are 11.9 and 23.1 kcal/mol,
respectively. Activation energies of this magnitude could
result in rates of rearrangements in the range Gf-10P
s 1 at temperatures betweenl50 °C and—150 °C.

Finally, the following dissociative pathway with a 5-co-
ordinate intermediate adopting a square pyramidal (SP) or
trigonal bipyramidal (TBP) structure has been examined:

cis-[V" Cl,(acac)(bipy)}= [V " Cl(acac)(bipy)] +
CI™ = trans{V" Cl(acac)(bipy)]

The trigonal bipyramidal geometry¥BP, is the only real
minimum structure found in the potential energy surface of
the five-coordinate [V Cl(acac)(bipy)f. Its optimized ge-
ometry is shown in Figure S6. The dissociation energy of
cis[V"Cly(acac)(bipy)] is 38.2 kcal/mol. Although no transi-
tion state related to this dissociation was found, the activation
energy for the dissociative interconversion (Figure 6C), if
any, would be greater than 38.2 kcal/mol. It is therefore
concluded that this process does not occur under normal
conditions because of the large barrier.

In general the theoretical calculations are in good agree-
ment with the NMR data. Using the NMR and the theoretical
studies we are proposing an intramoleculal twist mechanism
for the isomerization and racemication reactions of tie V
complexes. The theoretically calculated activation barriers
for cis—cis and cis-trans rearrangements assuming path 1
for the twist of V' complexes are very close to the
experimental values from the NMR. In contrast to the NMR
data, cis-cis rearrangement was found to be slower than
cis—trans twist, thus indicating that eigis twist prefers axis
2 and/or 3 (scenario b). Path 4 probably will have higher
activation barrier similar to path 1 for the eisis rearrange-
ment due to the CiClI steric interactions in the transition
state (Scheme 2).

Conclusions

A series of bis(chelate)¥ mononuclear compounds-6

The relative energies of the various species found in the containing two terminal chlorine ligands were isolated by

course of exploring the potential energy surface of the model

treating a non-oxo V precursor with bipy or phen in

complex and the possible means of isomerization or race-acetonitrile. The diketonate ligand of the¥\precursor is

mization are shown in Figure 6. The two transition states
found, TS, and TSy, related to pathways without bond

the more probable reducing agent in the preparatiois-6f
as evidenced by the detection of a chloro-diketonate deriva-

rupture are shown in Scheme 2 (pathway 1). They have tiveé by GC-MS and taking into account the high yields in

trigonal prismatic configurations resulting from a trigonal

(34) (a) Tolis, E. J.; Manos, M. J.; Tasiopoulos, A. J.; Raptopoulou, C. P.;
Terzis, A.; Sigalas, M. P.; Deligiannakis, Y.; Kabanos, T.Akgew.
Chem., Int. Ed2002 41, 2797. (b) Manos, M. J.; Tasiopoulos, A. J.;
Tolis, E. J.; Lalioti, N.; Woollins, J. D.; Slawin, A. M. Z.; Sigalas,
M. P.; Kabanos, T. AChem. Eur. J2003 9, 695.
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these preparations. These syntheses revealed that the reduc-
tion of non-oxo W species could easily proceed in the
presence of ligands that are able to stabiliZk. Whus, it
cannot be excluded that the™M®?" — V' reduction in
ascidians might be facilitated by the formation of a non-oxo
V"V intermediate species in the strongly acidic environment
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of the blood cells of ascidians. We are currently testing the trans isomerization and a eigis racemization processes.
ability of biologically relevant nitrogen-donor ligands, such The calculated activation parameters for these processes led
as imidazole- or pyrimidine-containing organic groups, t0 us to propose an intramolecular trigonal twist mechanism
facilitate the reduction of non-oxo'V species. for both rearrangements. The theoretical calculations also
The two geometrical isomers of the acetylacetonate V' 5greed with the proposed by NMR trigonal twist mechanism.
compoundsl-4 and the three isomers of the respective Thase data taken collectively suggest tHAtNMR might

| . ) .
?ﬁ nl\z”?/lyéacetor:ate ‘{./S?:EC'eIgS zéndglare Ir efOIV:dlt'hn thek:r be a viable tool for studying the dynamics and structures of
spectrum in CDGlor CD:C, solution. oug mononuclear ¥ species in solution.

1 may form two geometrical isomers, only its cis-isomer was
crystallized. On the basis of the thermodynamic parameters
calculated by VT'H NMR spectroscopy and on DFT
calculations, this is attributed to the greater stability of the
cis-isomer due to the better solvation in the polar solvents
(e.g., acetone). The VT and the 2D EXSM NMR studies pubs.acs.org.
demonstrated that compoundls 6 are involved in a cis IC034221S

Supporting Information Available: Figures S1-S6; a table
of bond distances and angles for the cis- and trans-isomers. This
material is available free of charge via the Internet at http:/
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