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TaBLE IV approach d® systems are predicted to be labile, since
they would be ionic or outer-orbital complexes.’® The
slower reactions of V(II) than of Ni(II) somewhat sub-

System Complex A, en  Fokeal  CFAE, D stantiate this conclusion. However, nickel complexes
4 ngben)%:: : S_lc?w 2.3 ; are certainly much less labile than those of Mn(II),
qt Cr(g?gy;32+ 113 2 6 1.4 high-spin Fe(II), Co(II), Cu(II), and Zn(II), all of
ds Mn(phen)s2+ Fast 0 which are outer-orbital, or ionic, complexes. The ac-
ds Fe(phen)s** +28 32.1 4 tivation energy for dissociation of Ni(phen)s®T is greater
" gz((bf;l);‘z; i? ?Si ‘é than tl.lat for V(phen)s®+ (’.l‘able 1V). In the case of
s Ni(ghen); . 11 2.2 9 formation of the monothiocyanate complexes, the

Ni(bipy)s** 492 29 2 2 activation energy is greater!® for V2+ than for Ni2+.
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a This work. For other sourccs see ref 4, p 150.

The substitution reactions of d? systems are also pre-
dicted to be slow by valence bond theory.!s

(18) H. Taube, Chem. Rev., 50, 69 (1952).
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The temperature dependence of the O nmr line width in O%-enriched aqueous solutions of the vanadyl complexes with the
chelating ligands ethylenediaminetetraacetate (EDTA), nitrilotriacetate (NTA), 2-picolyliminodiacetate (PIDA), imino-
diacetate (IDA), 5-sulfosalicylic acid (SSA), and Tiron (TIR) has been measured. The dependence on temperature of the
complex formation equilibria was obtained from esr studies, so that the concentrations of the various paramagnetic species
present in solutions of VO2™ ions and one of the ligands were known over the whole temperature range studied. The data
obtained for VO(EDTA)?~ show that a possible exchange of the doubly bonded “vanadyl oxygen” would be too slow to be
observed by the O nmr technique. The exchange of the water molecule in the axial position opposite the vanadyl oxygen
in VO(SSA):*~ and VO(TIR)*~ contributes at most a very small line broadening which is consistent with a very short life-
time with respect to chemical exchange of the axial water. Large relaxation effects arise from the presence of the1:1 com-
plexes with IDA, SSA, and TIR which have equatorial positions available for coordination of water molecules. The in-
fluence of the ligands in adjoining positions on AH + , AST , and the first-order rate constant k of the water exchange from the
equatorial coordination sites and on the scalar coupling constant 4 /& of O in the equatorial positions has been studied.
The data obtained from solutions of the complexes with the tetradentate ligands NTA and PIDA can be interpreted in
terms of a pyramidal structure of these compounds. The vanadyl oxygen and the four equatorial positions would then be at
the corners of a tetragonal pyramid, with V4* somewhat above the plane of the base. In a similar pyramidal structure of
the hydrated vanadyl ion one would expect only four waters to be tightly bound, which would be consistent with the ex-
perimental data. A comparison of the O relaxation data with chemical shift measurements and proton relaxation experi-
meunts reported by others indicates that, in addition to the effects arising from the chemical exchange from the equatorial
positions, the nuclear resonance in the bulk water of VO?+ solutions is influenced by the exchange of loosely coordinated
waters. This may correspond to weak coordination of water molecules in the axial position opposite the vanadyl oxygen
and on the four faces of the pyramid formed by VO?+ and the four more tightly bound equatorial waters.

I. Introduction interaction between the unpaired electrons of the metal

In dilute aqueous solutions of vanadyl ions a single
nuclear magnetic resonance of O or H! can be ob-
served which corresponds to that of the bulk water
modified by the exchange of O7 and protons in and out
of the coordination spheres of V4*t. Measurement of
the line width of that resonance in metal ion solutions
is a convenient method for studying the rate of ex-
change of OY and H*' between the bulk water and the
coordination spheres of the metal ions, as well as the

ion and the nuclei of the coordinated water molecules.!
Half the line width at half-height, éw, expressed in
radians per second, is equal to the reciprocal of the
apparent transverse relaxation time 7% and is given by

1 1 1

== = — = jwmo + & 1
To ™ Tame T 1y, ~ femo T (D)

dw

(1) T.J.Swiftand R. E, Connick, J. Chem. Phys., 87, 307 (1962); 41, 2553
(1964).
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Tom,0 describes the relaxation of the nuclei in the bulk
of the solution that would occur in the absence of para-
magnetic ions, and 7y, the relaxation effects arising
from the presence of the paramagnetic ions.

The line width of the resonance observed in solutions
containing the hydrated vanadyl ion may be influenced
by the exchange of nuclei from four kinds of nonequiv-
alent coordination sites (Figure 1), i.e., the site of the
doubly bonded ‘‘vanadyl oxygen,” the four equatorial
positions (I), the axial position opposite the vanadyl
oxygen (II), and possibly additional coordination sites
in a second coordination sphere (III). The observed
line broadening arising from the presence of the VO2?+
ions, dwy, is then given by eq 2, where all the dw),; may be
different.

Bop = D 8y i=vVv=0,1,1II, III
1

Experiments designed to distinguish between the
exchange reactions from the different nonequivalent
coordination sites have been described previously.
Reuben and Fiat? measured the chemical shift of O in
Dy?+ solutions which contained various amounts of
VOSO,. They found that four water molecules were
tightly bound to the VOZ* ion at room temperature.
Assuming that no appreciable relaxation effects arise
from the exchange of the vanadyl oxygen, they con-
cluded that only the exchange of the water molecules
coordinated to the four equatorial positions leads to a
marked broadening of the OY resonance, while the
extremely fast water exchange involving the axial
position and possibly positions in a second coordination
sphere leads to a small shift of the resonance. From
studies of the O nmr relaxation in VO(ClO4), solu-
tions?® two exchange reactions could be distinguished.
It was not possible, however, to assign the reactions
with certainty to specific ones of the four different
kinds of coordination sites. Analysis of the temperature
dependence of the proton relaxation in VOSO, solu-
tions also led to the conclusion that two different ex-
change reactions contribute to the observed data,’*
In the present paper it is shown how the different kinds
of coordination sites can be studied separately in a
series of vanadyl chelate complexes® and how the water
exchange from one of the coordination sites can be in-
fluenced by the ligands coordinated to adjoining posi-
tions.

II. Theory

Nmr Relaxation Studies.—A thorough discussion of
the transverse nuclear relaxation in dilute aqueous solu-
tions of paramagnetic metal ions has been given by
Swift and Connick.! They found that two relaxation
mechanisms may contribute to the observed line-
broadening dwp, the ‘“Aw mechanism’ involving re-
laxation through the change in precessional frequency

(2) J. Reuben and D. Fiat, Inorg. Chem., 6, 579 (1967).

(3) K. Wiithrich and R. E. Connick, ¢bid., 6, 583 (1967).

(4) R. K. Mazitov and A, I. Rivkind, Dokl. Akad. Nauk SSSR, 166, 654
(1968).

(5) K. Wiithrich and R, E. Connick, paper presented at the 153rd Na-
tional Meeting of the American Chemical Society, Miami Beach, Fla., April
1967.
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Figure 1.—Nonequivalent coordination sites of V** in vanady!
complexes.

<= O

which arises when the nuclei exchange between the
bulk of the solution and the coordination sites of the
metal ion,® and the 73y mechanism’7? involving the fast
relaxation of the coordinated nuclei. It has been shown
that the Aw mechanism is not of importance in solutions
of vanadyl ions.® The effect of the exchange of nuclei
between the ith kind of coordination sites of the vanadyl
ion and the bulk water on the nuclear relaxation in the
solution is then given by

]- _ -Pl\[i
Topi  mvi + Towi

7y: 1s the lifetime with respect to chemical exchange of a
nucleus in the ith coordination site, Ty; is the trans-
verse relaxation time of a nucleus in the ith coordina-
tion site, and the probability factor Py; is given closely
by #:[VO?+]/55.5, where [VO?+] is the vanadyl ion
concentration, and #; is the number of water molecules
in the coordination sites of type i. Two limiting cases
may be distinguished, i.e., where 1/7%,; is controlled
entirely by 7y; or by Tom;.?

The variation of 7y with temperature will be that of
rate constant (eq 6 of ref 3). The temperature depen-
dence of Tyy; is determined by the interactions between
the coordinated nuclei and vanadyl ion. Three types
of interaction might be of importance: scalar coupling
between the nuclear spins and the unpaired electron,
dipole—dipole coupling between the nuclei and the
unpaired electron, and interaction of the nuclear quad-
rupole moment with the electric field in its vicinity.
The limiting forms of equations applicable to the present
systems are: scalar coupling?®:3

1
Tomi

3)

Lot

Toi Tie 7w

1 A4t
= 5 + D

dipole~dipole coupling®*

1 vy s2hAS(S + 1) 13741
T "o+ |
Toui 15d;8 1 b ws?7ei2

=4 G
Tei Tr TMi

and quadrupole coupling?10.1

1 32 + 3) ISRYLOAS
= e o\ 1+ Toi;

Tavi 401227 — 1) 3 )3
1 1 1
R
Tei Tr TMi

(6) H. M. McConnell and S. B. Berger, J. Chem. Phys., 27, 230 (1957).

(7) I.Solomon and N. Bloembergen, 104d., 28, 261 (1956).

(8) A. Abragam, “The Principles of Nuclear Magnetism,” Oxford Univer-
sity Press, London, 1981,

(9) I. Solomon, Phys. Rev., 89, 559 (1955); see also ref 8.

(10) S. Meiboom, J. Chem. Phys., 84, 375 (1961).

(11) Seeref 8, p 314.
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Here A4; is the scalar coupling constant, d; is the dis-
tance between the two dipoles, ws is the electronic
Larmor frequency, 7.; is the correlation time, =;
is the correlation time for rotational tumbling, and 7,
is the longitudinal electronic relaxation time. The other
symbols have their usual meaning.® 1In each case the
temperature dependence of 1/T5y; is expected to arise
from the correlation time only.

Chemical Shift Measurements.—The chemical shift
in radians per second of the nuclear resonance in the
bulk water relative to that in pure water is given by!

Puidwui
Awﬁﬂo = - Z -

I . 2
‘<”“ + 1) + Awuitrui®
Toms

@)

Awyi 15 the chemical shift relative to pure water of a
nucleus in the ith position and is given by!2

vs A

Mi = 1
Awy wS(S + )71 3ET

<)
where w is the Larmor frequency of the nucleus con-
sidered. When chemical exchange is fast compared to
relaxation, i.e., 1/7yi2 3> 1/(Tomiti1) + Awni?, the con-
tribution to the chemical shift of the bulk waters be-
comes

Awnoi = —PuiAwni 9)

Esr Studies of the Complex Formation.—In general,
the complex formation of VO?* with a chelating ligand
will occur stepwise, as given by

VO(L)ao1?* + LH, = VO(L)p-0+ 4 ¢H*+  (10)

Under given conditions a solution may contain two,
three, or more different paramagnetic species, which
may contribute to the nuclear relaxation in the bulk
water through water exchange from up to four kinds of
nonequivalent coordination sites (see Figure 1). The
observed line-broadening due to the presence of the
VO?** ions would then be given by

dwp = 2o dwp; (i = V=0, I, 11, III;
i
i = VO, VO(L), VO(L)y, etc.) (11)

For an interpretation of the nmr data of solutions of
vanadyl complexes we therefore have to know the con-
centrations of the various species present.

Electron spin resonance measurements have been
shown to be a convenient method to investigate the
complex formation reactions in vanadyl ion solu-
tions!® and can easily be applied over the whole tem-
perature range used for the nmr experiments. The esr
signal of a vanadyl complex in solution is given by the
spin Hamiltonian!4

s = gBHS, + aS-T (12)
go is the isotropic spectroscopic splitting factor, 8 the

Bohr magneton, H the applied external magnetic field

(12) N. Bloembergen, J. Chem. Phys., 37, 595 (1957).
(13) K. Wiithrich, Helv. Chim. Acta, 48, 779 (1865).
(14) H, M. McConnell, J. Chem. Phys., 25, 709 (1956).
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in the z direction, and ¢ the isotropic hyperfine cou-
pling constant of V.5 The eigenvalues of eq 12 to
second order are given by!s

H(m;) = Hy — am; —

a? hy
il - 2) . -
2H0(I(I + 1) —m?); H, " (13)

where m; are the eigenvalues of I, and ¢ is given in
gauss. The signal consists of eight hyperfine compo-
nents (I = 7/, for V81), g, is only slightly different for
different complexes, but the distances between the eight
hyperfine components, which are essentially deter-
mined by the parameter ¢ (see (13)), are greatly in-
fluenced by the ligands coordinated to VO?+. There-
fore different complexes which are present in the same
solution can be distinguished.!® This is illustrated in
Figure 2 which shows the esr spectrum of a solution of
VO?2+ and Tiron at various temperatures. The posi-
tions of the eight hyperfine components of the signals
corresponding to VO2+, VO(TIR)?—, and VO(TIR),*~
are given at the bottom of Figure 2.1® The lines corre-
sponding to the signals of these three species are then
easily identified in the high-field and low-field parts
of the spectra recorded at various temperatures. It is
seen that the relative intensities of the three signals
vary greatly with temperature. VO(TIR),*~ can
hardly be detected in the spectrum at 25°, but it is the
predominant species at 125°. These variations of the
relative concentrations of the three complexes are fully
reversible; 4.e., one gets the original spectrum back
after cooling the solution from 125 to 25°.

For all of the ligands discussed in this paper, g, and
a of the 1:1 and, where applicable, the 1:2 complexes
with VO2* are known,!%1% and the line widths of the
eight hyperfine components in solutions containing
various concentrations of the complexes have been
measured at different temperatures. Assuming that
the shape of the resonance is Lorentzian, the esr sig-
nals of the vanadyl complexes have been reconstructed
with eq 13 from these parameters on a CDC 6600 com-
puter. From the calculated signals we computed for
the various ligands the esr spectra of solutions con-
taining variable relative concentrations of VO2+, VOZ+-
(L), and VO?2*(L);. The experimental spectra of the
samples used for our experiments were then compared
with the calculated spectra of corresponding solutions,
and the relative concentrations of the different species
were determined from the best fit. Since the total
VO?* concentration in the samples was known, we thus
obtained the concentrations of VO2+, VO?*+(L), and
VO2+(L),.

These esr experiments further show that the lifetime
in the first coordination sphere of the chelating ligands
used for these studies is long compared to that of the
coordinated water molecules. At temperatures above
ca. 140° where the lifetimes of the water molecules in
the first coordination sphere of some of the complexes
are short compared to both the electronic relaxation

(15) R, N. Rogers and G. E. Pake, ibid., 38, 1107 (1860).
(18) K. Wiithrich, Helv. Chim. Acta, 48, 1012 (1965),



1380 K. WurHrIicH AND ROBERT E. CONNICK

oy

50

5
;
<

:

A N -

ot

Vo(TIR)™
VO(TIR],

Figure 2.—Esr spectrum of an aqueous solution of 0.11 M
VO(ClOy); and 0.26 M Tiron at various temperatures, pH (25°)
3.0. The line patterns at the bottom indicate the positions
of the hyperfine components corresponding to the different
complexes present. This solution was chosen to illustrate the
sensitivity of the method for detecting several species and did not
correspond to any of the nmr solutions.

time and the reciprocal of the difference between the
a values corresponding to the various complexes pres-
ent, one still observes the separate esr signals of the
different chelate complexes.

Esr Relaxation Studies.—To calculate the scalar
coupling constants from nmr relaxation measurements
one has to know the longitudinal electronic relaxation
time T of the paramagnetic ion (see (4)). 7% has been
measured in VO(ClOy), solutions at room tempera-
ture,” but it is not known for any of the vanadyl com-
plexes at high temperatures. As discussed previously?
the experiments done by McCain and Myers! imply
that it is a fairly good approximation to set Tie = T
for vanadyl ions under the experimental conditions
of the nmr relaxation experiments at high tempera-

(17) D. C. McCain and R. J. Myers, J. Phys. Chem., TL, 192 (1967).

Inorganic Chemisiry

tures. The value of 7% used in this approximation
was that corresponding to the average of the trans-
verse relaxation times of the eight hyperfine compo-
nents. The transverse relaxation times of the individ-
ual components were obtained from measurements of
the separation of the positive and negative peaks in the
first-derivative spectrum.

III. Experimental Section

Each experiment with one of the vanadyl complexes involved
the following steps. (i) Known amounts of VO(ClO,); and one of
the chelating ligands were dissolved in OY-cnriched water. (ii)
Through addition of NaOH a certain pH value was established
at room temperature. (iii) The OY nmr spectrum was re-
corded at various temperatures. (iv) A corresponding solution
in nonenriched water was analyzed by esr measurements for the
species present at the temperatures where the nmr spectrum was
recorded. From these esr spectra we also obtained the trans-
verse electronic relaxation times.

The following chemicals were used: water enriched to 119}
in OY gbtained from QOak Ridge National Laboratories, ca. 2.5
M VO(ClOy), solutions which were analyzed for paramagnetic
impurities as described previously,® disodium ethylenediamine-
tetraacetate (EDTA) obtained from Fisher Scientific Co., nitrilo-
acetic acid (NTA) and iminodiacetic acid (IDA) from Eastman
Organic Chemicals, Tiron (TIR, 1,2-dihyvdroxybenzene-3,5-
disulfonic acid, disodium salt) from Baker Chemical Co., 5-
sulfosalicylic acid (SSA) from Merck Chemical Co., 2-picolyl-
iminodiacetic acid (PIDA) obtained from Professor S. Fallab
at the University of Basel, Basel, Switzerland, and NaOH from
Allied Chemicals.

The VO(ClOy); concentration in the stock solution was deter-
mined through titration with KMnQO,. The samples for the
nmr experimernts were prepared by adding known volumes of the
concentrated VO(ClOy4); solution and weighed amounts of the
ligands to a known volume of OY-enriched water. By addition
of very small amounts of concentrated NaOH or HCIO, a certain
pH value was then established at room temperature, using a
combination glass—refercnce clectrode especially designed for
these experiments.’®* The solutions were finally degassed and
then studied in sealed nmr tubes. The solutions of some of the
complexes tend to decompose after standing for a few days.
Therefore all of the experiments were done with freshly prepared
solutions. It was checked with esr measurements that no ir-
reversible changes occurred on heating the solutions up to the
temperatures needed for the nmr relaxation studies.

All of the OY nmr measurements were made at 8.134 Mc. The
nmr spectrometer and the sample tubes used for the O! relaxa-
tion studies were described previously.® For the O chemical
shift measurements the solutions of the VO?2t complexes were
studied in spherical bulbs and the spectra were compared to the
resonance of pure water recorded in similar sample tubes. The
esr meastirements were done on a Varian V-4500 X-band spec-
trometer with 100-KHz field modulation, using a standard Var-
ian V-4500 temperature controller for the experiments at high
temperatures. The solutions were studied in sealed capillaries
of ca. 1.5-mm outer diameter. The proton nmr experiments
were done with a Varian A-60 spectrometer cquipped with the
standard Varian V-6031 variable-temperature probe.

IV. Results

The following VO?** complexes have been studied:
VO(H:0),%tin VO(CIO,); solutions ;3 the 1:1 complexes,
VO2+(1), with ethylenediaminetetraacetate (EDTA),
nitrilotriacetate (NTA), 2-picolyliminodiacetate
(PIDA), iminodiacetate (IDA), 5-sulfosalicylate (SSA),
and Tiron (TIR, 1,2-dihydroxybenzene-3,5-disulfonic

(18) The combination glass—reference electrode was constructed for us by
Gebr. Moller, Glasblasserei, Ziirich, Switzerland.



Vol. 7, No. 7, July 1968 CoorbiNaTION OF VaANADYL COMPLEXES IN SOLUTION 1381
TaBLE I
EsrR STUDIES OF THE COMPLEX FORMATION EQUILIBRIA AND AVERAGE TRANSVERSE ELECTRONIC RELAXATION TIMES
— —% of [VO2*]yppr——————
Complex [VO2*tot, [LItots pH T, [Voz+] [Voz+(L)] [VO2*(L)e2) _
studied M M (at 25°) °C Tae, sec
VO(IDA) 0.040 0.040 4.3 25 10 90 6.3 X 10~
60 7 93 7.4 X 10~?
100 5 95 7.4 X 107°
140 3 97 7.0 X 10~9
VO(SSA)~ 0.010 0.011 3.8 25 <4e >80, <100 <L7a 6.2 X 1079
60 <2¢ >094, <100 <40 9.3 X 10~?
100 <2e >94, €100 <4s 10.2 X 10-?
140 <24 >04, <100 <4e 10.0 X 10-°
VO(TIR )2~ 0.010 0.020 4.0 25 20 >75, <80 <5e 6.0 X 109
60 15 >80, <85 <59 8.3 X 107®
100 10 85 5 9.7 X 10-9
140 7 86 7 9.7 X 10~®
s The signal of that species was not observed. The numbers correspond to the limits of detection in the calculated spectra.
2-10 T T : : ; o™ T T T T T T T T
L 2
_ G VO(EDTA)
3 (o8 VOINTALS
< VO(SSA)4-
-2 2
& 1077 - -
[
5:107% - .
vo?*
r 8 VO (!IDA)

2-107° ! I I ! I
2.5 2.9 3.3

0¥

Figure 3.—Dependence on the reciprocal of temperature of
log T for four of the hyperfine components of the esr spectrum
of a 0.01 M aqueous solution of VO(SSA)~.

acid); and the 1:2 complexes VO(SSA).*~ and VO-
(TIR)S.

Esr Measurements.—Table I gives the results of the
est studies of three typical solutions used for the nmr
studies of the 1:1 complexes of VO?*+ with SSA, TIR,
and IDA. For all the other complexes examined it
was possible to prepare solutions in which only the
esr signal of a single species was observed over the
whole temperature region of interest. The temperature
dependence of the transverse electronic relaxation times
of the complexes used in our experiments follows quali-
tatively the behavior of T, of vanady! acetylacetonate
in toluene described by Wilson and Kivelson.?® The
data for VO(SSA) ~ are given in Figure 3, which shows a
plot of log T ws. 1/T for the four hyperfine components
corresponding to m; = —7/y, —38/y, +8/5, +7/5. Itis
seen that in the semilogarithmic plot, which is generally
used to present the nmr relaxation data, T appears
to be essentially independent of temperature between
ca. 60 and 150°. The values of Ty, in the last column of
Table I correspond to the average of the transverse
relaxation times of the eight hyperfine components.

O Nmr Relaxation Studies.—The experimental
data are summarized in Figure 4, which shows plots of
log Ty vs. 1/T for some of the complexes, and in Table

(19) R. Wilson and D. Kivelson, J, Chem, Phys., 44, 164 (1966).,

Top* [VO2+ (L) ] (sec moles liter™)
S,
[}

(Ko Y SR WY SN S A E SR SN N S S

o¥T

Figure 4.—Dependence on the reciprocal of temperature of
log Ty of OY in aqueous solutions of various vanadyl chelate
complexes.

II. It is seen that some of the chelate complexes give
relaxation effects which are very small compared to
those observed in VO(ClO,), solutions, while for other
species Ty, is much shorter than that of VO(ClO,),
in a part of the temperature region examined. A bet-
ter understanding of the meaning of these data is ob-
tained when one considers the schematic structures of
the various complexes given in Figures 5 and 6.
Evidence has been found by others® that the co-
ordination of protons and metal ions to EDTA occurs
preferentially at the nitrogen atoms. Figure 5A ap-
pears then from model considerations to be the most
likely structure of the VO?**~EDTA complex. Figure
5A is also consistent with the stoichiometry of the com-
plex formation reaction, if one assumes that the de-

(20) See R. J. Kula, Thesis, University of California, Riverside, Calif.,
1964, wherein further references are given.
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EXPERIMENTAL DATA ON THE OY NMR RELAXATION IN AQUEOUS SOLUTIONS OF VANADYL COMPLEXES

Complex Structure

VO2ta Figure 1

(I, I1, I1I = H,O) temperature region 5-170°

Experimental observatlions (see Figure 4)

Large éwy,, chemical exchange controlled in the major part of the

Parameters obtained”
k=50 X 102 sec™!
AH¥ = 13.7 keal mol ™}
AS¥ = —0.6eu
A/h = 3.8 X 108 cps

Small additional éw, at low temperatures, due to fast exchange of
loosely bound waters (not given in Figure 4; see ref 3)

7 2~ Fi 5
VO(EDTA)™ Figure OA} Very small dw, from 5 to 100°

k(vanadyl oxygen) < 20 sec™!

VO(EDTAH)-
VO(SSAY*~  Figure 5B Very small dw, from & to 130°
VO(Tiron)¢~ Figure 5B Very small 8w, from & to 130°
VO(IDA)e Figure 5C Large 8wy, chemical exchange controlled from 5 to 50°; at higher £ = 1.2 X 105 sec™!
temperatures 7oy controlled AHF = 11.7 keal mole™!
ASF = 43.9eu
A/ = 2.8 X 108 cps?
JO(SSA)~ Figure 5D Large 8w, chemical exchange controlled from 5 to 50°; at higher %2 = 1.5 X 10%sec™!
temperatures 73y controlled. AH¥ = 10.8 kecal mol~!
ASF = 4+1.2eu
A/k = 4.5 X 108 cps?
VO(Tiron)?~ ¢ Figure 3D Large 8w, chemical exchange controlled from 5to 50°; at higher %2 = 5.3 X 105 sec™!

temperatures 7y controlled

VO(NTA)™ Figure 6E or F Very small dw, from & to 130°

VO(PIDA) Figure 6E or F Very small dw,, from & to 100°

VO(NTA)- Figure 6G Very small dw, from & to 100°
(OH)*~

VO(PIDA)-  Figure 8G Very small dw, from 5 to 100°
(OH)~

@ Studied in VO(C1O,); solutions.?
ordination sphere of a particular one of the exchanging nuclei.
exchange from the equatorial positions.

AH* = 11.8 kcal mole™!
ASF = 4+7.0eu
A/h = 4.9 X 108 cps?

b % is the first-order rate constant at 25° for the loss from an equatorial position of the first co-
AH¥ and AS¥ are the enthalpy and entropy of activation of the OV
A /h is the scalar coupling constant of O in the equatorial positions.

Where only limits could

be obtained for the concentration of VO2+(L) (Table I), the values of [VO2*(L)] used in the calculation of the reaction parameters were

those which correspond to the average of the upper and the lower limits,

Tge.

I_,ﬁ f— 20
‘ E 20

lated using the approximation T, =

Figure 5—Coordination of vanadyl complexes with chelating
ligands.

protonation at pH ca. 3.0%' involves the nonbonded
carboxylic acid group. This would then explain that
this deprotonation has no effect on the esr signal'® and
on the O relaxation in the bulk water as was found
from a comparison of the O! resonance in solutions of
the protonated and the deprotonated EDTA complex.
In the structure of Figure 5A only the vanadyl oxygen
could possibly be involved in an O exchange between
the first coordination sphere of the V4* and the bulk
water. The lack of any observable relaxation effects in
VO(EDTA)?~ solutions might be due to either very
fast or very slow exchange of the vanadyl oxygen. We
only consider the possibility of slow exchange and find
the upper limit for the rate constant given in Table II.
In the calculation of this limit we have used the datum
(21) G.Schwarzenbachand J. Sandera, Helv. Chim. Acta, 36, 1089 (1953).

¢ Solution composition is the same as in Table I. ¢ Calcu-

Figure 6.-—Coordination of vanadyl complexes with tetradentate
ligands.

that To,[VO(EDTA)?~] > ca. 3.0 X 1072 sec at 100°
(Figure 4) and have assumed that the activation en-
thalpy for this reaction would be equal to or greater
than that observed for the O exchange in VO(ClO4).
solutions, 7.e., 13.7 kecal mol—1.

X-Ray studies by Dodge, Templeton, and Zalkin??
showed that the two bidentate ligands in the 1:2 com-
plex of VO?+ with acetylacetonate are coordinated to
the four equatorial positions of the first coordination
sphere. Additional evidence for the correctness of the
structures of the complexes with bidentate ligands given
in Figure 5B and D has been obtained from esr experi-
ments (see eq 5 and Table IIT of ref 16). From model

(22) R, P, Dodge, D. H. Templeton, and A, Zalkin, J. Chem. Phys., 35,
55 (19612,
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considerations Figure 5C appears to be the most likely
structure of the 1:1 complex with IDA. The experi-
ments with VO(SSA);*~ and VO(TIR),!~ show that
neither the exchange of the vanadyl oxygen nor water
exchange from the axial position leads to appreciable
broadening of the O resonance in the bulk water.
On the other hand, large relaxation effects are observed
in solutions of all of these complexes which have equa-
torial positions available for the coordination of water
molecules (Figures 4 and 5). A comparison of these
data with those obtained in VO(CIO,), solutions (Figure
4) implies that only the four equatorial coordination
sites are involved in the water exchange which leads
to the large dw, in VO(ClOy4); solutions. The values of
k, AH¥, and AST of the water exchange from the four
equatorial positions in the hydrated vanadyl ion (Table
II) were taken from the data reported previously.?

The parameters given for tbe water exchange from
the equatorial positions of the 1:1 complexes with IDA,
SSA, and TIR were obtained from the curve-fitting
processes given in Figures 7-9. It is easily shown that
the observed large relaxation effects cannot arise from
dipolar coupling or quadrupolar coupling but must be
due to scalar ccupling between the unpaired electron
and the nuclear spin. Therefore the dependence on
temperature of T3, is, through eq 3, determined by
the temperature dependence of 7y (eq 6 of ref 3) and
(4), where we assume that T3, = T3 is independent of
temperature between 60 and 150° (Table I). In VO-
(ClO.)s solutions 7y never became short compared to
Ton in the temperature region accessible for the nmr
experiments, z.e., ca. 5~170° (Figure 4). Since the ex-
change rate of the equatorial waters is greatly enhanced
through the influence of the chelating ligands IDA,
SSA, and TIR, it was now possible to observe the region
where 7y < Ton and, in the case of VO(TIR)?™, even
the region where 7y < T.. The values found for 4/A
will be in error to the extent that 77, differs from Ty,

Two types of coordination are possible for the com-
plexes of VOt with the tetradentate ligands NTA
and PIDA, which may occupy either the three equa-
torial positions and the axial position (Figure 6E) or the
four equatorial positions (Figure 6F) of the first co-
ordination sphere. Since one would expect the complex
given in Figure 6E to give rise to relaxation effects
comparable to those in VO(IDA) solutions the O re-
laxation experiments indicate that the structure of
Figure 6F is more stable in aqueous solutions of these
complexes. This structure seems, however, not to be
stable in basic solutions, where a hydroxo complex is
formed.13:228 The most likely coordination for the latter
seems to be that given in Figure 6G. No appreciable
relaxation effects are observed in solutions of these
hydroxo complexes, which is consistent with a slow rate
of exchange of the OH~ group in the equatorial posi-
tion.

Chemical Shift M easurements.~—The shift of the OV
resonance in ca. 0.4 M solutions of VO(CIO,); VO-
(NTA)~, VO(TIR),*~, and VO(SSA),*~ was studied at

(23) ‘Th. Kaden and S, Fallab, Chimia, 20, 51 (1966).
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Figure 7.—Dependence on the reciprocal of temperature of
log Ty, of O in solutions of VO(IDA) with the lines resulting
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Figure 8.—Dependence on the reciprocal of temperature of
log Tsp of O in solutions of VO(SSA )™ with the lines resulting
from the curve fitting; Pu’ = Pyu/[VO(SSA)-].

25°. The downfield shift found in the VO(CIO):
solution was in good agreement with the values re-
ported by Reuben and Fiat.? No shift or at most very
small upfield shifts could be detected in the solutions
of the three vanady! complexes.
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Figure 9.—Dependence on the reciprocal of temperature of log

Ty of O in solutions of VO({TIR )2~ with the lines resulting from
the curve fitting; Py’ = Pu/[VO(TIR)2].

Proton Nmr Relaxation Studies.—The transverse
proton relaxation was studied in the bulk water of
solutions of VO(EDTA)2~., At complex concentrations
from 0.05 to 0.5 M no appreciable broadening of the
resonance could be observed in the temperature range
5-100°.

V. Discussion

The experiments described in section IV have shown
that in most of the solutions of vanadyl complexes
studied only one of the many possible contributions
to the relaxation of the bulk nuclei given in eq 11 is of
importance. It was possible to distinguish between the
effects on T, of the OV exchange from the three non-
equivalent kinds of positions in the first coordination
sphere of V¢t (Figure 1) and to study quantitatively
the influence on the rate of the water exchange from the
equatorial coordination sites of the ligands coordinated
to adjoining positions.

Exchange of the Vanadyl Oxygen.—From the results
of previous investigations of vanadyl ion, it was to be
expected that the vanadyl oxygen would exchange
much niore slowly than the oxygens of the water mole-
cules in the other coordination sites of V4*+.2¢ To our
knowledge it has not been established that the vanadyl
oxygen exchanges in aqueous solutions of vanadyl com-
plexes. The reaction would certainly be too slow to be
studied quantitatively by the OV nmr relaxation tech-
nique. The upper limit for the rate constant of a pos-
sible vanadyl oxygen exchange given in Table II is
probably far too high, because one would expect the

(24) J. Selbin, Chewmn, Rev., 66, 153 (1965).
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enthalpy of activation of this reaction to be consider-
ably greater than that used in the calculation of this
limit, <.e., AHT of the water exchange from the equa-
torial positions.

Water Exchange from the Equatorial Positions.—
The water exchange from the equatorial positions seems
to be the only reaction which greatly influences the
nuclear relaxation in the bulk of the solution. Its
rate and its enthalpy of activation are such that all
three limiting cases for the dependence on temperature
of T, predicted by eq 3 and 4 can be observed for some
of the complexes (Figures 8 and 9). The rate of the
water exchange from one of the equatorial coordination
sites can be changed by several orders of magnitude
through the influence of the ligands coordinated to
adjoining equatorial positions (Table II). A compari-
son of the water-exchange rates from the first coordi-
nation spheres of the hydrated VO?+ ion and of other
hydrated doubly charged 3d metal ions led to the sug-
gestion that the relatively slow exchange found for
VO?* is most likely due to large electrostatic contribu-
tions to the bonding of the water molecules.® The in-
crease of the exchange rate brought about by the various
chelating ligands might then be interpreted in terms of
a simple electrostatic picture. Fach of the ligands
studied, 7.e., IDA, SSA, and TIR, occupies two equa-
torial positions of the first coordination sphere with
negatively charged groups which might neutralize
part of the high positive charge of V¢t effective in the
bonding of the water molecules. One might even go
further and explain the increase of the exchange rates
when going from VO(IDA) to VO(SSA)~ and VO-
(TIR)?~ in terms of the increasing number of nega-
tively charged sulfo groups which are not coordinated
to the first coordination sphere of the metal ion. As
one would expect, the negative charges of the bonding
groups of the ligands would then have a much greater
influence on the exchange rates than the charges local-
ized on nonbonding groups. This partial neutraliza-
tion of the high effective charge of V** through the
chelating ligands presumably would also be reflected
in the values found for AH™¥ (Table II) which appear to
be somewhat smaller than AH™ of the water exchange
from the hydrated VO?Tion. The values of AST of the
water exchange from the various complexes are close to
0, as is generally found for the elimination of water
molecules from the first coordination sphere of metal
ions.!

The influence of the ligands in adjoining coordination
sites on the scalar coupling constant of the nuclei of
waters coordinated to a paramagnetic metal ion has
been discussed by Horrocks and Hutchison.” Follow-
ing McConnell and Robertson,? they distinguished be-
tween two contributions to the observed coupling con-
stant, 4 = A4, 4+ A4, where 4, is due to Fermi contact
coupling and 4, to pseudo-contact interactions. From
an analysis of the variations of the scalar coupling
constant 4 of the water protons in a series of mixed

(25) W. D. Horrocks, Jr., and J. R, Hutchison, J. Chem. Phys., 46, 1703
(1967).
(26) H. M. McConnell and R. E. Robertson, #bid., 29, 1361 (1958).
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Co?* complexes, they concluded that 4, might to a
good approximation be constant for all of the com-
plexes. The dependence of 4 on the ligands in adjoin-
ing positions observed in Co?* complexes would there-
fore arise mainly from changes of the term 4,, which is
closely related to the anisotropy Ag of the g tensor; 1.e.,
for a complex with axial symmetry Ag = g, — g
The data on VO?* complexes (Table IT) suggest that 4,
of the nuclei of water molecules might in certain cases
also be influenced by the ligands in mixed metal ion
complexes. The anisotropy of the g tensor was found
to be very small for the hydrated vanadyl ion,'"'!? and
from estimates for a series of other vanadyl complexes
Ag seems to be very little influenced by the ligands in
the equatorial positions.!® It then appears that the
observed ligand influence on the O scalar coupling
constant 4 /k in vanadyl complexes (Table II) is mainly
due to changes of the contact interaction 4..

The dependence on the ligands of the scalar coupling
constants of V3 13 and O of the coordinated waters
indicates that, in addition to purely electrostatic effects,
the bonding scheme in VO?2+ complexes is influenced
by the ligands in the equatorial positions. The general
trend seems to be that the unpaired electron density at
the V®! nucleus is decreased when VO?* is coordinated
to ligands which are known to form strongly “covalent”
bonds in their metal ion complexes.!3:1® Since electro-
static interactions are probably important in all of the
complexes studied so far, it has not yet been possible to
determine how the water-exchange rates are influenced
by the ligand effects indicated in the variations of the
scalar coupling constants. Quite possibly these effects
could cause the differences in the water-exchange rates
from VO?+, VO(IDA), VO(SSA)~, and VO(TIR)?,
rather than simple electrostatic interactions. This
would not be very surprising, since others have shown
that the rate of replacement of H,O in Ni%* complexes
is not in all cases increased by the coordination of nega-
tively charged groups to Ni?+, while on the other hand
some electrostatically neutral ligands seem to increase
considerably the rate of the water replacement.?

Rate of Water Exchange from the Axial Position.—
At most very small relaxation effects arise from the
water exchange involving the axial position of VOZ2+
(Figure 1, II). Since these relaxation effects appear
to be Tpy controlled even at low temperatures,® they
could only come from fast exchange of the axial water
molecule. We then have that according to the ex-
perimental data for hydrated vanadyl ion* the rates
of the water exchange at 25° from the axial and the eg-
uatorial positions must differ by at least a factor of
ca. 108,

Group theoretical considerations® show that different
wave functions are involved in the bonding of the four
equatorial and the axial ligands of the first coordina-
tion sphere of VO?*. One would therefore anticipate
that the water-exchange rates from these two kinds of

(27) D. W. Margerum and H. M. Rosen, J. Am. Chem. Soc., 89, 1088
(1967).
(28) C. J. Ballhausen and H. B. Gray, Inorg. Chem., 1, 111 (1962).
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coordination sites might be quite different. Further-
more there is some indication of a tendency for VO2+
complexes to form pyramidal molecules in which the
V** would not be in the plane of the four equatorial
ligands (Figure 10A), but rather somewhat above this
plane (Figure 10B). X-Ray studies?? have shown that
in the solid state of the 1:2 complex of VO?+ with acetyl-
acetonate, the vanadyl oxygen and the four equatorial
positions are at the corners of a tetragonal pyramid
with V*+ approximately at its center of gravity. Esr
studies®® imply that in solutions of vanadyl acetyl-
acetonate a solvent molecule is coordinated to the axial
position with a very short lifetime, which is at 25° only
little longer than the electronic relaxation times of VO-
(acac), in these solutions, 7.¢., 1.0 X 10~8to 1.0 X 10~9
sec. For steric reasons one would expect only weak co-
ordination to the axial position in a structure of the
type in Figure 10B. Therefore such a short lifetime
seems comprehensible if one assumes that VO(acac),
maintains the pyramidal structure in solution. Fur-
ther evidence for a pyramidal solution structure of
vanadyl complexes comes from the O nmr experi-
ments which appear to show that the tetradentate
ligands NTA and PIDA are coordinated to the four
equatorial positions of VO?+ (Figure 6F). From model
considerations such a coordination of NTA and PIDA
appears plausible in a pyramidal structure (Figure
10B), but it would for steric reasons be impossible in a
planar structure (Figure 10A). In the pyramidal struc-
ture (Figure 10B) the V4+ would then be five-coordinated
in the complexes with the tetradentate ligands, while
for all of the other complexes (Figure 5) at most a weak
coordination of a sixth group in the axial position of the
first coordination sphere appears likely (Figure 11).

O

0 'v'
B

]

Figure 10.

Axial and Second-Coordination-Sphere Effects.—
Two different effects have been found to arise from
fast water exchange which could involve either the axial
position (Figure 11, L,.) or positions in the second
coordination sphere above the triangular faces of the
tetragonal pyramid (Figure 11, L11). These are a small
chemical shift of the O resonance in VO?2+ solutions at
room temperature? and small contributions to the line
width of the O resonance observed at low tempera-
tures.? In this section we discuss somme experiments
which indicate that two different kinds of interactions
between the vanadyl ion and the loosely coordinated
water molecules give rise to these two effects on the
nuclear resonance in the bulk water.

The chemical shift of the resonance of the coordinated
nuclei is given by (8), where A4; includes contributions
from scalar and pseudo-scalar coupling between the un-

(29) F. A. Walker, R. L. Carlin, and P. H, Rieger, J. Chem. Phys., 45, 4181
(19686).
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ax

Figure 11.—Pyramidal coordination of the hydrated vanadyl
jon. .Y.,i% outlines the areas of high unpaired electron density
for the ground state of the molecule.

paired electron and the nuclear spin. Assuming that
the shift of the O' resonance in the bulk water (eq 7)
is entirely due to fast water exchange from the axial
position, Reuben and Fiat? found 4/5 = 2.06 X 10°
cps for O of the axial water. Alternatively, if one
assumes that the chemical shift arises entirely from
four second-coordination-sphere waters residing on the
faces of the tetragonal pyramid (Figure 11), A/k =
5.2 X 105 cps for O of these waters.

The enhanced nuclear relaxation could arise from di-
polar coupling (eq 5) and quadrupolar coupling (eq 6)
as well as scalar coupling (eq 4). To distinguish between
the three possible relaxation mechanisms, we have
studied the data on the proton nuclear relaxation in
solutions of VO?T ions, which have been reported by
Hausser and Laukien,® and by Mazitov and Rivkind.*
Mazitov and Rivkind’s interpretation, which was un-
known to us at the time we treated Hausser and Lau-
kien’s data,® is based on the same concepts as ours,
although it is less detailed. Hausser and Laukien’s
data are given in Figures 12 and 13, together with our
reinterpretation. In Figure 12, log 7%, is plotted wvs.
1/7. Only dipolar interactions are important for the
enhancement of the longitudinal relaxation of the co-
ordinated nuclei.® At high temperatures the result-
ing Thy1, which is the longitudinal relaxation time of
the protons of a water molecule coordinated to a posi-
tion of type I, is long compared to ry1, but 71, which
was obtained from Figure 13, increases rapidly on
lowering the temperature and controls the relaxation
effects arising from exchange from the equatorial posi-
tions below ca. 25° (eq 3). Additional relaxation effects
(T111/ Pyit), which must come from fast water exchange
from other positions, become important at lower tem-
peratures. The temperature dependence of log T3,
(Figure 13) shows the same characteristic features as a
similar plot of the O data.? The relaxation of the

(30) R. Hausser and G. Laukien, Z. Physik, 158, 394 (1959).
(31) Seeref 8, pp 309-311,
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Figure 12.—Dependence on the reciprocal of temperature of
log Tip of protons in VOSSO, solutions with the lines resulting
from the curve fitting. Subscript I refers to the equatorial
coordination sites; subscript II, to the positions which accom-
modate the labile water molecules. The experimental points
which have been obtained from Figure 10 of ref 30 are corrected
to 0.1 M vVOE-,

nuclei in the equatorial positions is due essentially en-
tirely to scalar coupling (ZTomtee/Pur). At high and
intermediate temperatures, 7y, is controlled by o1
and 71 (eq 3), while the relaxation due to the exchange
of the labile waters in other positions (Zor1r/Puir) be-
comes dominant below ca. 35°. The solid curves in
Figures 12 and 13 correspond to the appropriate com-
binations (eq 2 and 3) of the individual contributions to
T, and T shown in the figures.

Protons have no quadrupole moment, and the longi-
tudinal nuclear relaxation time 7'y, in solutions of VO?*+
is essentially unaffected by scalar coupling interactions
(except for extremely short correlation times and large
scalar coupling constants).?? Therefore the contribu-
tions Tharr/Pui) and Tinerr/ Py in Figure 12 must come
from dipole-dipole coupling with the protons of the
coordinated waters. From the curve-fitting process in
Figure 13, it is seen that 7Temur/Pui is to a good ap-
proximation equal to 7im1r/Puir. This indicates that
dipole—dipole coupling is also responsible for the trans-
verse proton relaxation in the labile water molecules.

If we assume that the labile protons are parts of
rapidly exchanging water molecules, we can use the
proton data to help interpret the O data. The proton
relaxation in environment II is related to the corre-
sponding oxygen-17 relaxation in that dipole-dipole
coupling will be present in both and the rotational and
chemical exchange correlation times are presumably
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Figure 13.—Dependence on the reciprocal of temperature of
log Ty of protons in VOSO, solutions with the lines resulting
from the curve fitting. Subscript I refers to the equatorial
coordination sites, II to the positions which accommodate the
labile water molecules, sc to scalar coupling, and d to dipolar
coupling. The experimental points have been obtained from
Figure 10 of ref 30 and are corrected to 0.1 M VO2*, Tayia/
Pu1 = Tim1/Pur has been taken from Figure 12.

the same. The proton Ty,11 data of Figure 12 were
therefore used to estimate the dipole-dipole contribu-
tion to Toprr of the oxygen-17 of agueous vanadyl ion
(eq ).

The coordinates of the oxygens and protons of the
water molecules were calculated from the vanadyl
acetylacetonate structure parameters®? assuming the
equatorial water oxygens occupy the average positions
of the acetylacetonate oxygensand the axial and second-
coordination-sphere waters approach their neighboring
oxygens to within the van der Waals distance of 2.80 A.
There are two serious sources of uncertainty: (a) the
relative distances from the nuclei to the vanadium (d;
in eq 5 are not known precisely, and (b) it is a poor ap-
proximation in eq 5 to represent the unpaired electron
by a point dipole at the vanadium nucleus. Using 2.61
and 3.14 A for the vanadium-oxygen distances of the
axial and second-coordination-sphere waters, respec-
tively, and 3.31 and 3.83 A for the vanadium-proton
distances of the axial and second-coordination-sphere
waters, respectively, one finds 1/7,,11 of oxygen-17 to
be roughly half dipole-dipole relaxation arising from
the axial and second-coordination-sphere waters. It
should be noted that this calculation can be made
without precise knowledge of the correlation times.

Ttere remain the scalar and quadrupole couplings.
The former could come from either the axial water
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oxygen or the four second-coordination-sphere water
oxygens. If the observed §calar coupling is due solely
to the axial water, the lifetime for chemical exchange
of this water has to be less than 3 X 10~!! sec in order
to give rise to no more thar half of the observed 1/Ts11.
Such a lifetime seems extremely short for the model
chbosen, in that the water oxygen approaches tte
vanadium to within 2.6 A. Therefore it seems more
likely that the scalar coupling is to be attributed pri-
marily to the four second-coordination-sphere waters.
Since the unpaired electron of the hydrated VO?*
ion is believed to be mainly in the d,, atomic or-
bital?® which lies above the plane of the first-coordi-
nation-sphere waters (Figure 11), it appears plausible
that the four second-coordination-sphere waters on
the faces of the tetragonal pyramid could have
stronger scalar coupling than the axial water. This
origin for the observed paramagnetic shift seems not
impossible since scalar interactions of the same kind
bave been reported for OV in the second-coordination-
sphere waters of chromiic ion.?? Because similar elec-
trons are involved (d,, for VO?*+ and d, d,., and d,.
for Cri+), one might expect similar effects on the O
resonance of water molecules residing on the faces of a
pyramid formed by VO(H;0),2+ and on the faces of an
octahedron formed by Cr(H,O)¢*t. Again, attribut-
ing at most half of 1/7 7,11 of O to scalar coupling relax-
ation of the second-coordination-sphere waters sets an
upper limit for their chemical exchange lifetime of 1.0 X
10710 sec.

The quadrupole coupling components of O in tke
water molecule can be obtained from the data of Steven-
son and Townes® for HDOY. Assuming the correlation
time is the same as for dipole—dipole coupling, the con-
tribution of quadrupole coupling to the oxygen-17
relaxation should be severalfold that from dipole-
dipole coupling—a value which is impossibly large.
As will be discussed elsewhere, it seems likely that the
quadrupole coupling is reduced by fast rotation of the
water molecule around its twofold axis, and such an
assumption removes the discrepancy.

The above model for the 7,11 relaxation of oxygen-17
on vanadyl ion can be fitted by a variety of combina-
tions of correlation times. If one adopts the rotational
lifetime for vanadyl ion found by McCain and Myers'?
by esr studies and corrects it to 25° (r, = 3.3 X 10~1
sec), the exchange lifetime for the second-coordination-
sphere waters is ca. 3 X 107! sec. In the calculation
the exchange lifetime for the axial water was assumed
to be long compared to .. The scalar coupling from
the second-coordination-sphere waters is roughly half
the total quadrupole relaxation, which in turn is ap-
proximately equal to the total dipolar contribution.

The interpretation is not unique, but appears to be
the most plausible one in the light of the present evi-
dence. In any event, it is likely that the low-tempera-
ture transverse relaxation of oxygen-17 in a solution of
vanadyl ion arises from two kinds of loosely bound

(32) M. Alei, Jr., Inorg. Chem., 8, 44 (1964),
(33) M. J. Stevenson and C. H, Townes, Phys. Rev., 107, 635 (1957).
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water, 7.e., the axial water and water found in a second
coordination sphere consisting of four positions on the
faces of the pyramidal structure of the hydrated vanadyl
ion (Figure 11). Furthermore there is evidence that
1/T2p11 containg appreciable contributions from dipole-
dipole, scalar, and quadrupole coupling.

It would have been nice if the two kinds of loosely
coordinated waters could have been studied separately
in various chelate complexes, e.g.,, by comparing the
data on VO(NTA)~ and VO(PIDA), where only the
loose coordination on the faces of the pyramid could
possibly be of importance (Figure 6F), with those on
VO(TIR),*~ and VO(SSA),*~, where one would expect
to observe the effects of both kinds of labile waters
(Figure 5B). Since we are looking for extremely small
effects on the nuclear resonance, such experiments
have to be done with concentrated solutions of the
vanadyl complexes, which seem not to be stable over an
extended period of time. Furthermore the viscosity in
these concentrated solutions is greatly enhanced com-
pared to that of pure water. Therefore it seems beyond
the limits of the method to measure the small enhance-
ment of the relaxation of O which might arise from a
possible exchange of labile waters in solutions of the
above-mentioned vanadyl complexes. The small ef-
fects shown in Figure 4 for VO(NTA)~, VO(EDTA?",
and VO(SSA),*~ are at about the limit of the experi-
mental accuracy and cannot be taken to establish axial
or second-coordination-sphere relaxation. Such relaxa-
tion may be appreciably diminished in these complexes
through an increase in the rate of water exchange.

Chemical shift measurements appeared to give more
reliable data. No meastrable shift was observed in
the solutions of complexes of the types in Figures 5B
and 6F. This indicates that the hydration in the
second coordination sphere of these complexes differs
appreciably from that in the second coordination sphere
of the hydrated vanadyl ion. It therefore appears

I:organic Chemistry

rather unlikely that one might be able to deduce more
information about the coordination of the labile waters
in the hydrated vanadyl ion from further studies of
vanadyl chelate complexes.

Proton Exchange from the Equatorial Positions.—
From the curve-fitting process in Figure 13 we find for
ru1 at 25° a value of » X 1.15 X 107% sec, where n
is the number of water molecules coordinated to posi-
tions of type I. Since the proton exchange from any-
one of the coordination sites cannot be slower than the
corresponding water exchange, we can immediately
exclude the possibility that ryr in Figure 13 corre-
sponds to exchange from the axial position or from the
second coordination sphere. Experiments with solu-
tions of VO(EDTA)?~ showed that the transverse pro-
ton nuclear relaxation in the bulk water is not affected
by the presence of this complex. This is consistent
with the assumption that a possible protonation of the
vanadyl oxygen is not an important relaxation mech-
anism in nonacidified solutions. It follows that ry:
in Figure 13 corresponds to the protons of the equa-
torial waters, as has been anticipated previously,?
and the proton exchange from these positions can be
characterized by £(25°) = 2.2 X 10%sec™, AHF =78
kecal mol—!, AST = —13 eu, and A/h = 1.6 X 10° cps.
As was pointed out previously,®3* these values clearly
indicate that the proton exchange from the equatorial
positions is not controlled by the rate of the water ex-
change (Table II) but by a hydrolysis mechanism.
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New heterochelate complex cations Cr(ox)(bipy),™, Cr(ox)(phen) ¥, Co(ox)(bipy).T, and Co(ox)(phen);™ (ox = oxalate ion,
bipy = 2,2’-bipyridine, phen = 1,10-phenanthroline) have been prepared as their chloride, perchlorate, or iodide salts and re-

solved by means of optically active Cr(ox );phen—.

The anionic complexes Co(ox):bipy~ and Co(ox ):phen~ have also been

obtained in combination with either Ba?* or Co{ox)(phen);™, respectively. All of the optically active cations have been
found to racernize in solution and in addition the cobalt(I1I) complexes were markedly photosensitive.

Introduction

Systematic changes in the nature of the ligands to-
gether with changes in the over-all charge of a complex

(1) (a) Australian National University; (b) University of Queensland.

are pertinent in many studies of coordination com-
pounds. The present work was undertaken to provide
an interrelated series of optically active chromium(IIT)
and cobalt(IIT) complexes with the ligands 2,2'-bipyr-



