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Figure 2. TPVT titration of a solution of [Cr(bpy),(H,0),](NO3);
1/,H,0 in a saturated solution of barium nitrate at 25 °C. Molality of
total chromium species in mol Cr per 1 kg water = 0.24m.

determined by linear extrapolation to m = 0. The validity of (4)
was confirmed experimentally in over 40 solute—solvent systems,®
using solutes with known ». The precision of » determinations
is £0.05.

The solute used in this work was [Cr(bpy),(H,0),](NOs);-
1/,H,0. A saturated solution of barium nitrate was used as
solvent. The validity of the linear relationship (4) in this solvent
was confirmed with a standard dipositive solute ion (» = 1), Ca?*.
The salt used was Ca(NO,),-4H,0O (Figure 1). The bis(bipy-
ridine)diaquachromic salt was used for investigating the dimer-
ization of the hydroxoaqua ion. A weighed sample of [Cr-
(bpy),(H,0),](NO3)+!/,H,0* was dissolved in the saturated
barium nitrate solution and neutralized szepwise by the addition
of weighed portions of Ba(OH),8H,0. v, was determined after
the addition of each portion of barium hydroxide. Since both the
nitrate counterion of the chromic species and the barium ion added
in the form of barium hydroxide were common to solute and
solvent, they did not affect »,,, which was exclusively dependent
on the chromic species. If dimerization of [Cr(dpy),H,O(OH)]**
occurred, the initial v, of the diaqua salt solution should be reduced
by the addition of barium hydroxide and reach its minimum value
after 1 equiv of barium hydroxide was added. The results,
presented in Figure 2, confirm this expectation. Addition of more
than 1 equiv of OH™ converts the dinuclear hydroxoaqua ion to
the mononuclear dihydroxo ion and raises v, as expected.
However, dimerization is not complete at a molality of 0.24m
(formula weights of the diaqua salt), since »,, is not reduced to
50% of its initial value, but only to ~64% (from 1.45 to 0.92).
This indicates that an equilibrium is established in solution between
the mononuclear and the dinuclear hydroxoaqua ions:

2[Cr(bpy),H,O(OH)]** = [(bpy),Cr(H30,),Cr(bpy),]** (5)

Dilution of the solution should favor dissociation of the dimer,
hence an increase in v,. Two v, determinations, at m, = 0.202
and m; = 0.114, confirm this conclusion. The corresponding values
Y, and v, are 1.074 and 1.108, respectively.

It was suggested? that a hydrogen oxide bridged dimer of an
aqua ion may be the reactive intermediate in olation reactions
such as

2LM(H,0)(OH)" D+ — L ,M(OH),ML,2"D* + 2H,0 (6)
which is believed to proceed by

2L,M(H,0)(OH)™D* 2= LM(H;0,),ML2D*  (7)
LM(H;0,)ML2D% — 1 ,M(OH),ML "D+ + 2H,0 (8)

This mechanism is supported by the evidence, reported here, for
a monomer—dimer equilibrium in aqueous solution. The olation
of ¢is-{Cr(C,0,),(H,0)(OH)]*, which was investigated by Grant
and Hamm,”? is a first-order reaction at chromium concentration

(9) Grant, D. M.; Hamm, A. E. J. Am. Chem. Soc. 1956, 78, 3006-3009.

>0.01 M. Its order increases at lower concentrations. A mo-
nomer-dimer equilibrium explains the kinetics of this reaction.
The equlibrium constant K should be higher for the negative
oxalato complex ion than for the positively charged bipyridine
complex.

The existence of hydrogen oxide bridges between metal ions
in concentrated aqueous solutions is not unexpected, if one con-
siders the bond energy of the hydrogen bond that links the hy-
droxide and water ligands of that bridge. The energy of this short
symmetrical bond, with an internuclear O—-O distance of 2.44 A,
was estimated to be over 100 kJ/mol.!®!! The alternative weak
and unsymmetrical H bond that may be formed between an OH
ligand and an H,O solvent molecule has an O—O distance of 2.75
A2 This distance equals the O—Q separation in the solvent itself
(2.76 A in ice'?), and the hydrogen bond energies of these bonds
are probably similar (21 kJ/mol!?).

Over 30 years ago, an H atom transfer mechanism was proposed
by Silverman and Dodson,* as an alternative to an outer-sphere
mechanism in reactions such as

(H,0)sFe*(OH)** + (H,0)Fe(H,0)* =
FC*(H20)62+ + (HO)FC(H20)52+

In view of the results reported here, this mechanism seems to merit
serious reconsideration. Although the equilibrium concentration
of the [Fe(H;0,)Fe]** dimer is probably low in dilute aqueous
solutions, it could, nevertheless, constitute a plausible intermediate
in the exchange reaction.

Work is in progress on a precise determination of the equilib-
rium constant of reaction 5 and on reactions of similar hydrox-
oaqua ions such as Cr(H,0);OH?**.

Registry No. [Cr(bpy),(H,0),](NO3)3, 59186-33-3; {Cr(bpy),H,0-
(OH)]?*, 57651-38-4; {Cr(bpy),(OH),]*, 47514-01-2.
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1976, 42, 77-82.

(11) Rohlfing, C. L.; Allen, L. C.; Kook, M. C. J. Chem. Phys. 1983, 78,
2498-2503.

(12) Kucharski, E. S.; Skelton, B. W.; White, A. H. Aust. J. Chem. 1978,
31, 47-51.

(13) Cotton, F. A.; Wilkinson, G. “Advanced Inorganic Chemistry”, 4th
ed.; Interscience: New York, 1980.
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We have previously examined the chelate chemistry of ethyl-
enebis((o-hydroxyphenyl)glycine) (EHPG) with a variety of
metals.* Vanadium complexes of this ligand have proved to be
especially interesting, and we report here a novel metal-assisted,
stepwise, oxidative decarboxylation of the ligand to yield ultimately
vanadyl N,N'-disalicylideneethylenediamine (SALEN).

A dark blue complex, 1, can be isolated from a solution of
EHPG and vanadyl ion in aqueous ethanol solution. This complex
has been characterized by the appropriate techniques* as VYO-

(1) Present address: Department of Biochemistry, University of Wisconsin,
Madison, Wisconsin.

(2) Present address: Department of Pharmacology, University of Pitts-
burgh, Pittsburgh, PA.

(3) (a) Patch, M. G.; Simolo, K. P,; Carrano, C. J. Inorg. Chem. 1982,
21, 2972. (b) Patch, M. G.; Simolo, K. P.; Carrano, C. J. Ibid. 1983, 22, 2630.

(4) All compounds were characterized by elemental analysis, 'H and '*C
NMR, infrared, and UV-visible spectrophotometry, and where appropriate
mass Spectrometry.
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(EHPG), a neutral species in which we believe a VO** moiety
is bound to the potentially hexadentate EHPG through the two
ethylenediamine nitrogens, two phenolates, and a carboxylate
group. The remaining carboxylate group is protonated and un-
coordinated.® This complex is intensely blue colored (A 590
nm, (¢ 2800 L mol™! cm™)) due to a phenolate-to-metal
charge-transfer transition.

In air the solid is stable indefinitely, but solutions were found
to decompose more or less rapidly depending upon solvent. Al-
lowing a solution of 1 to stand in warm acetone for several days
yields large green crystals of the decomposition product. These
crystals have been identified by X-ray crystallography® to be the
previously reported vanadyl(SALEN), 2. This remarkable
transformation of the EHPG complex to the SALEN complex
requires the loss of two CO, molecules, three protons, and three
electrons per EHPG ligand with the concomitant oxidation of the
two amino nitrogens to imino nitrogens. Although there are a
number of reported metal-assisted ligand oxidation reactions which
convert coordinated amines to imines,” most notably involving
Fe3* or Ru?*, to our knowledge this is the first example of this
type reaction involving an oxidative decarboxylation and the first
with V3*. The reaction can be conveniently followed by optical
spectroscopy upon heating 1 to 50 °C in DMF. The reaction
occurs rapidly in this solvent and proceeds cleanly. The same
reaction occurs only slowly in alcpholic solvents; however, the
formation of a new dark blue species, 3, is observed by thin-layer
chromatography. Isolation of 3 and its characterization demon-
strate it to be the monodecarboxylated, monoimine, monooxo-
vanadium(V) product V,/V-ethylene((o-hydroxyphenyl)glycine)
salicylidenimine (EHGS).!® Thus the expected intermediate in
the transformation of 1 to 2 can be isolated in hydroxylic solvents.
Electrochemistry of 3 shows a single chemically reversible one-
electron reduction to the vanadyl complex. This is confirmed by
exhaustive electrolysis of 3 in methanol which consumes 1.0
electron/mol and produces the orange vanadyl(EHGS), 4, with
a typical eight-line EPR spectrum. This vanadium(IV) complex,
4, can also be prepared by reaction of EHPG with vanadium(V)
in aqueous solution. Oxidation of 4 yields a dark blue material
identical with 3. Thus 3 and 4 represent two ends of a reversible
redox couple.

(5) The presence of an uncoordinated protonated carboxylate group is
indicated by a broad NMR peak integrating to one proton at 13.6 ppm and
a characteristic infrared band at 1704 ¢cm™1,

(6) While this work was in progress a report of the crystal structure of 2
appeared in Pasquali, M; Marchetti, F.; Floriani, C.; Cesari, M. Inorg. Chem.
1980, /9, 1198. Our results are in agreement with this published work.

(7) Meyer, T. J.; Brown, G. M.; Weaver, T. R.; Keene, F. R. Inorg. Chem.
1976, 15, 190.

(8) Diamond, S. E,; Salmon, D. J.; Meyer, T. J. J. Am. Chem. Soc. 1976,
98, 1884.

(9) Goedken, V. L. J. Chem. Soc., Chem. Commun. 1972, 207.

(10) This species is best prepared by oxidation of 4 by a variety of mild
oxidants. The NMR spectrum reveals the characteristic imine C-H resonance
at 8.9 ppm integrating to a single proton.
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Figure 1. View of the structure of 4 indicating the atom numbering
scheme. Non-hydrogen atoms are drawn as ellipsoids of 30% probability:;
hydrogen atoms are shown ass spheres of radius 0.1 A. Selected bond
lengths: V-O(1) = 1.949 (1) A, V-0(2) = 1.943 (1) A, V-O(3) = 2.285
A, V=0(4) = 1.606 (1) A, V-N(1) = 2.126 (2) = 2.055 (2) A.

The orange complex, 4, can be isolated in crystalline form from
MeOH and has been characterized by the appropriate techniques.
Crystals of the sodium salt of 4 suitable for X-ray diffraction were
grown by slow evaporation from MeOH, and features of this
structure are summarized in Figure 1.!112

In light of the completely reversible electrochemistry of 4 to
3 no gross structural changes are to be expected and the structure
of 3 can safely be assigned as simply the vanadium(V) analogue
of 4. Thus both 1 and 3 are well-characterized chelate complexes
of the VO** moiety, which to our knowledge are unknown or quite
rare.l3

That 3 is an intermediate in the conversion of 1 to 2 is further
supported by its extremely rapid breakdown into 2 in DMF even
at room temperatures (<1 min, 50 °C). Thus no buildup of 3
would be expected in the conversion of 1 to 2 under these con-
ditions since 3 decomposes as quickly as it forms.

While the mechanism of this reaction has not been elucidated,
certain features are clear. No production of 2 from either 1 or
3 is observed in the absence of oxygen. When 1 is heated in DMF

(11) The stoichiometry of these crystals is NaV(C,;H,sN,05)-CH;OH.
1.5H,0. Anal. Caled: C, 46.9; N, 6.1; H, 48. Found: C, 46.8; N, 6.6, H,
5.0.

(12) Experimental procedures followed and computer programs used are
presented elsewhere: Eigenbrot, C. W.; Raymond, K. N. Inorg. Chem. 1982,
21, 2653.

(13) Cotton, F. A.; Wilkinson, G. “Advanced Inorganic Chemistry”, 3 rd
ed.; Wiley: New York, 1982,
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in the absence of oxygen a pale yellow species, 5, is formed. If
air is allowed into a hot solution of this complex, 2 is rapidly
generated. If, however, the solution is cooled and O, admitted,
the major product is 3 as indicated by a return of a deep blue
coloration. These observations suggest that upon heating 1 in
DMEF in the absence of O, the ligand is oxidatively decarboxylated
and the V(V) reduced to V(III).!* The V! (EHGS) complex
thus formed can then be oxidized by molecular oxygen to 3. These
transformations are outlined in Scheme I. The proof of such
speculation awaits further characterization of § and the completion
of our kinetic studies with these complexes.
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(14) Physical evidence for the vanadium(III) formulation of § comes from
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synthesized VIY(EHPG) complexes.
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The mechanism of the Cope rearrangement has been the subject
of numerous experimental studies.? In addition to a concerted
pericyclic process, two distinct, nonconcerted pathways are possible
a priori. One involves ¢-bond cleavage to afford two allyl radicals;
the other involves o-bond formation to give cyclohexane-1,4-diyl.

o-Bond cleavage is ruled out by labeling studies® and by the
fact that the activation energy of 56 kcal/mol for dissociation of
1,5-hexadiene to two allyl radicals* is substantially higher than
that of 34 kcal/mol for its Cope rearrangement.> Formation of
cyclohexane-1,4-diyl as an intermediate has received much more
serious consideration.? Although revised estimates of the heat
of formation of this diradical now place it about 7 kcal/mol above
the transition state for the Cope rearrangement,® MINDO cal-
culations have found that cyclohexane-1,4-diyl is a metastable
intermediate on the potential surface for this reaction.” Dewar

(1) Visiting Scientist, Institute for Molecular Science, 1981 and 1983.

(2) Review: Gajewski, J. J. “Hydrocarbon Thermal Isomerizations”; Ac-
ademic Press: New York, 1981; pp. 166-176.

(3) Humski, K.; Malojcic, R.; Borcic, S,; Sunko, D. E. J. Am. Chem. Soc.
1970, 92, 6534,

(4) Rossi, M.; King, K. D.; Golden, D. M. J. 4m. Chem. Soc. 1979, 101,
1223,
o (5)9]30ering, W.v. E,; Toscano, V. G.; Beasley, G. H. Tetrahedron 1971,

, 5299.

(6) Doering, W. v. E. Proc. Natl. Acad. Sci. U.S.A. 1981, 78, 5279.

(7) Dewar, M. J. S;; Ford, G. P.; McKee, M. L.; Rzepa, H. S.; Wade, L.
E. J. Am. Chem. Soc. 1977, 99, 5069. See also: Komornicki, A.; Mc Iver,
J. W, Ir. ibid. 1976, 98, 4553.
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Figure 1. Optimized Cy, geometry found using the 3-21G basis set and
(a) the TCSCF wave function and (b) the MCSCF wave function, de-
scribed in the text.

has used these MINDO results to support his general contention
that multibond reactions cannot normally be synchronous.®

In this communication we report the findings of our ab initio
studies of the Cope rearrangement. In contrast to the MINDO
results, we find that the lowest energy chair (C,;, symmetry) species
is the transition state for a concerted pericyclic process. However,
this ab initio result is obtained only when a flexible basis set is
used and when electron correlation is properly treated.

Calculations were carried out using both STO-3G? and 3-21G!°
basis sets. A two-configuration (TC) SCF wave function ap-
propriate for cyclohexane-1,4-diyl was employed, as well as a
multiconfiguration (MC) SCF wave function. The latter involved
all 52 'A, spin adapted configurations that are possible when the
three orbitals occupied by the six “active” electrons are correlated
with three virtual orbitals. For the TCSCF wave functions ge-
ometries were optimized with the aid of analytically evaluated
gradients, using a program written by Kato and Morokuma.!! For
the MCSCF calculations with the STO-3G basis set, GAMESS!2
was employed.

Unfortunately, MCSCF calculations with the 3-21G basis
required more computer memory than was available at either IMS
or at the University of Washington. Consequently, with this basis
set six-electron, six-orbital MCSCF calculations were simulated
by using ALIS'? to find the optimal orbitals for an MCSCF wave
function consisting of the 12 most important configurations. These
optimized orbitals were then used to perform a full six-electron,
six-orbital CI. A test of this procedure was provided by the
calculation of the energy of two allyl radicals at a large inter-
nuclear separation (14 A). The energy of —231.6788 hartrees that
was computed was only 0.0016 hartrees above twice the three-
electron, three-orbital # MCSCF energy for allyl.

With the STO-3G basis set both the TCSCF and MCSCF
calculations found cyclohexane-1,4-diyl to be the lowest energy
structure of C,, symmetry. The optimized structures with this
basis set resembled closely the optimal Cs, structure that was found
using the 3-21G basis set and a TCSCF wave function. The
diradical nature of the latter structure was indicated not only by
the bond lengths, shown in Figure 1a, but also by the large size
(0.52) of the second coefficient in the wave function. Evaluation
of the Hessian matrix showed that the structure was a minimum
on the TCSCF potential surface. The energy of -231.6597
hartrees for the diradical was computed to be 6.4 kcal/mol below
that of the transition state that was found to connect it with
1,5-hexadiene.

That these predictions of a diradical intermediate in the Cope
rearrangement were spurious was suggested by comparison of the
MCSCEF energy of the structure shown in Figure 1a with that of
a TCSCEF optimized structure in which the two equivalent bond
lengths, r, in the six-membered ring were each constrained to be

(8) Dewar, M. J. S. J. Am. Chem. Soc. 1984, 106, 209.

(9) Hehre, W. J; Stewart, R. F.; Pople, J. A. J. Chem. Phys. 1969, 51,
2657.

(10) Binkley, J. S.; Pople, J. A.; Hehre, W. J. J. Am. Chem. Soc. 1980,
102, 939.

(11) Kato, S.; Morokuma, K. Chem. Phys. Lett. 1979, 65, 19.

(12) Dupuis, M.; Spangler, D.; Wendoloski, J. J. NRCC Software Catalog,
Vol. 1, 1980, Program GGO1 {(GAMESS).

(13) Elbert, S. T.; Cheung, L. M.; Ruedenberg, K. NRCC Software Ca-
talog, Vol. 1, 1980, Program QMOI1 (ALIS).
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