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ABSTRACT

The solvent exchange reactions of manganese (III)
protoporphyrin(Ix)dimethyl ester (Mn(DMPerr)+), a series of
tetragonally distorted Schiff base complexes of nickel(II)

(nicr2*, vicrMeZ®, niTaaB®'), manganese (II) ome®hy,

cobalt (II) (CoCR2+, Co(trans[141diene)2+) and copper (II)

(CuCR2+) were investigated using the nmr line broadening

method. The octahedral Schiff base conrplex (NiTRIz+) was
also studied.

Chemical exchange controlled line broadening of the

bulk solvent proton resonance was observed for Mn(DMPrPor)+

in methanol and N,N-dimethylformamide (DMF) ; NiCRz+ in
water, methanol, DMF and acetonitrile; NiCRMe2+ in water

2 2+ 2+

and DMF; NiTAAB?Y and NiTRI®' in DMF; and MnB™ in water,

methanol and DMF. For NiCR2+ in dimethylsulfoxice, CoCR2+
in DMF, Co(trans[lé]diene)2+ in water, methanol and ace-
tonitrile and CuCR2+ in water and DMF, chemical exchange
controlled line broadening was not observed. For the former
systems, the kinetic parameters for solvent exchange were
obtained by resolving the effects due to chemical exchange
and relaxation of proton nuclei in the inner ané outer co-
rdination spheres of the metal ion complex, but for the
latter systems, only lower iimits could be placed on the

exchange rates. Line broadening results under conditions
g S

of rapid exchange were interpreted in terms of dipolar and



or hyperfine interactions using reasonable solvent proton-
metal ion interaction distances, correlation times, and
hyperfine coupling constants determined from the measured
chemical shifts of the bulk solvent resonance. Wherever
possible, these chemical shifts were also used to obtain
the most self-consistent set of kinetic parameters. For
most systems, measurements were made at 60 and 100 MHz to

enable an unequivocal interpretation of the relaxation mech-

anism.

Some unusual features were observed for the NiCR.z+ and
NiCRMeZ+ comﬁlexes. It was found that these complexes
undergo a rapid diamagnetic-paramagnetic equilibrium change
in the coordinating solvents used in the nmr study. Mag-
netic susceptibility (Evan's method) and ligand proton
contact shift measurements were used to determine the
equilibrium constants which were required to interpret the
nmr line broadening and chemical shift results. In addi-
tion, it was observed that the dipolar relaxation mechanism
for NiCR2+ and NiCRMeZ+ is magnetic field dependent since
the dipolar correlation time is determined, for the most
part, by the magnetic field dependent electron spin relaxa-
tion time. An additional unusual feature was observed for
the NiCR2+-methanol system in that the OH and CH, proton
resonances were shifted in opposite directions due to a
large pseudocontact shift of the OH proton but only a contact

shift of the CH, proton resonance. Finally, the solvent



exchange rates of these two nickel(II) complexes were found
to be unusually rapid. Possible reasons for the high rates
are discussed in the final chapter.

For MnBzf in methanol, DMF and wvater, a magnetic field
dependence of T2M relaxation was also observed but for this
complex the field dependence could be attributed to the
hyperfine contribution to T,y. The theory of Bloembergen
was used to obtain the correlation time for modulation of
the zero-field splitting in the Mn32+—water and methanol
systenms.

In the final chapter, the kinetic results of this work
are discussed in relation to the previously studied hexa-

solvated systems.
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CHAPTER I: INTRODUCTION

1. General Comments

The nmr line broadening method has been extensively
applied in the determination of ligand exchange rates.l’z'3
Initially, attention was focussed on hexasolvated systems
of various metal ions in order to determine a general
lability order, solvent effects and mechanistic information
regarding this class of reactions. Useful correlations
with crystal field effects have been realized in many of
the systems investigatedl'4 and it appears that in at least
the cobalt(II) and nickel(II) systems a separation of the
enthalpies of solvent exchange into crystal field and
solvation contributions may be possible.5 Further, a com-
parison of the solvent exchange rates with the rates of
substrate binding has greatly clarified the mechanisms in-
volved in the latter reactions.z'6

More recently, considerable interest has been shown in
determining the effect of non-exchanging ligands on the

solvent exchange rates.3'7'8

sults of l'0H

In this connection, the re-
2 exchange studies of partially substituted
nickel (II) ané cobalt(II) aguo ions have indicated that the
water exchange rates correlate roughly with the solvation
number for each type of metal ion.3 This observation has
been taken to mean that the electronic effects of the non-

exchanging ligands, being approximately additive, are at



least partly responsible for the variation in the rate con-
stants.

Comparatively few studies, however, have been made on
the solvent exchange or substrate binding behaviour of com-
piexes existing as tetragonally distorted pseudo—octahedral
species in solution. This geometry is widely observed in
biologically important metal ion complexes, as for instance
in the porphyrins, phthalocyanines, and other related com-
plexes having azo-methine donor nitrogen atoms. The ex-
change behaviour of ferriprotoporphyrin(IX) in ethanol and
water mixed solvent9 and the studies of the rate of com-
plexing of bis (B-diketonate)nickel (II) complexes with pico-
line derivativeslo'll are a few instances where the nmr
method has been applied to complexes of this structure.

The work reported in this thesis is an attempt to gain
more insight into the solvent exchange kinetics of tetra-
gonally distorted complexes having a macrocyclic Schiff
base or a porphyrin ligand. 1In using the nmr method, the
usual chemical difficulties of complex solubility, thermal
stability and polymerization are encountered. Perhaps the
greatest limitation is that the exchange rate must be of
the correct magnitude to have some effect on the nmr ob-
servations. The use of nonaqueous solvents with a long
liquid temperature range is of some help in circumventing
this difficulty. Since many nickel (II) complexes have ex-

change rates of a magnitude iceal for study by the nmr



method, much of the work in this and in previous studies

has dealt with nickel(II) systems. The nickel (II) complexes
.studied here were: 2,12-dimethyl—3,7,ll,l?—tetraazabicy-
clo(ll.3.l)heptadeca—l(l7),2,11,13,15—pentaene nickel (II),
NiCR2+, shown as structure I(a); and its methylated ana-

logue, NiCRMe2+, structure I(b); tetrabenzolb,f,j,nl-

[1,5,9,l3]tetraazacyclohexadecinenickel(II), NiTAABz+,
structure II; and tribenzo[b,f,j][1,5,9]triazacyclododecine-
nickel (II), NiTR12+, structure III. The latter complex is
a normal octahedral complex and was studied for purposes
of comparison. The cobalt(II) and copper(II) complexes,
CoCR2+ and CuCR2+, were investigated in addition to the
cobalt (II) complex, 5,7,7,12,14,l4-hexamethyl—1,4,8,ll-
tetraazacyclotetradeca—4,ll-dienecobalt(II), Co(trans{14i-
diene52+, shown as structure IV. The manganese (II), and
manganese (I1II) complexes: 2,13-dimethyl—3,6,9,12,18-
pentaazabicyclo[12.3.l]octadeca-l(18),2,12,14,16—pentaene-
manganese (II), Mn32+, structure V; and Mn(III)protopor-
ohyrin(IX)dinethyl ester, Mn(DMPrPorf, structure VI were

also studied.

The temperature dependence of the magnetic suscepti-
bility and ligand contact shift of the ccxzplexes NiCR2+
and NiCRMeZ+ have been investigated, as well, in a series
of solvents. These studies were necessary to characterize

the diamagnetic-paramagnetic eguilibrium in these two sys-—

tems so that the nnr data could be interpreted properly.
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2. NMR Theory

(a) General Theory

The time dependence of the net nuclear magnetization
in a sample in terms of longitudinal and transverse relaxa-
tion processes 1is described by the Bloch phenomenological

equations.lz'13

These were subsequently extended by
McConnell14 to take into account the effect of chemical
exchange. Swift and Connick15 have solved these modified
Bloch eguations for nuclei exchanging between two chemically
distinguishable sites for the particular case that the
concentration of one of the exchange sites, the bulk sol-
vent, is much greater than that of the other site, the
eguivalent coordination positions of a paramagnetic complex.
This condition permits the total signal to be approximated
by that of the pure solvent in the region of the solvent
resonance. Their treatment of this type of system, which
can be represented as

* ]_{_]:, *

MS_ + S ;;_lmsn_ls + S (1)
has been found to account adequately for the exchange ef-
fects observed in the various systems reported in this
thesis. In eg 1 S* represents an arbitrary bulk solvent
molecule replacing any one of the n equivalent solvent

molecules coordinated to +he metal ion. Swift and Connick



have shown that the effect of chemical exchange and nuclear
relaxation on the transverse relaxation time of solvent

nuclei can be expressed as

2

-1 -1 1y b (i) + Aw,2
o by e (Toopsa) ~ (Tas) 1) Tam  Tou'm L,
2P M’ T o = ;; L L2 — (2)
M (2 + E07 + by
oM M

The usual assumptions of slow passage and low radio fre-
quency power level are made in the derivation of eq 2. 1In
this equation TZS and Tzébsd are the transverse nuclear
relaxation times for the pure solvent, and for the bulk
solvent in a solution containing one type of paramagnetic
species, respectively. For a Lorentzian line shape T, is
related to the full line width, A&v in Hz, of the nmr
absorption curve at half-maximum height by

Tz-l = AV (3)

The ratio of the number of coordinated to non~coordinated

solvent molecules is defined by

Py = nlm] (4)
{(s] - nim]

where [S) represents the total molal solvent concentration,
{m}] is the molal concentration of the paramagnetic species,

and n is the number of solvent molecules in the first co-



ordination sphere of the metal ion.

From the general definition of t:

T = concentration of a species

(5)

rate of disappearance of that species

it can be readily shown by consideration of egq 1 that Py
is also related to Ty s the lifetime of a solvent molecule
in the first coordination sphere of the metal ion, and to
Tgs the lifetime of the solvent molecule in the bulk

solvent, by means of the expression

T
_ M
Py = -——TS (6)

It should be realized that T, 1 is a pseudo first-order rate

constant which is related to the specific rate constants
k_, or k, of eq 1 by

wl=x{s - s} (7

T
where kl = k_l = k.

In eq 2 TZM is the transverse relaxation time of
nuclei in a solvent molecule coordinated to the metal ion,
and Awu represents the frequency shift in rad sec-l between
the resonance of the coordinated solvent zolecules and the
resonance for the pure solvent.

Ecuation 2 omits the lin broadening arising



from the interaction between_the paramagnetic ion and
solvent molecules beyond the first coordination sphere. 1In
this work this outexr sphere broadening contribution was ac-
counted for by adding a term Tzo‘-1 to the right side of

eq 2.

Under the same set of conditions used to derive eq 2,
it was shown by Swift and Connickls that the observed
chemical shift (Awobsd)' defined as the resonance frequency
observed for the bulk solvent in a solution containing the
paramagnetic species minus the resonance frequency of the

pure solvent, is given by

PoBuy

~88 psa = . "
(l + (TM/TZM)) + (TMAwM)

(8)

The definition of Amobsd given above means that a downfield
shift gives a positive value of Awobsd' Eq 8 is valid for
dilute solutions (Py << 1). This condition requires that
bopsg < Bwy and therefore permits the approximation to

be made that Awy is egqual to the chemical shift of the
coordinated solvent relative to the bulk solvent in the

solution.



(b) Temperature Dependence of Relaxation Times and
Chemical Shifts

The temperature dependence of each of the terms Ty,
TZM and AwM found in egs 2 and 8 is known from theoretical
considerations. For Ty the temperature dependence according

to transition state theory is given by

- g +
1 kT exp( AHT + TAS ) ()

T T2 —
M h RT
where k is Boltzmann's constant, h is Planck's constant, T
is the absolute temperature, R is the gas constant, AH% and
L
AST are the enthalpy and entropy of activation, respectively.
It has been shown by Bloembergenl6 that the Fermi contact

shift can be expressed as

w_p 8/S(S+1)
duy = (&) =2 eff (10)
A 3ky4T

where Ei) is the hyperfine coupling constant in rad se:c-l
between the unpaired electrons on the metal and nuclei
in the coordinated solvent molecule, w, is the operating
frequency of the nmr spectrometer, S is the spin guantum
number of the paramagnetic ion, 38 is the Bohr magneton
and yq is the nuclear magnetogyric ratio. It should be

~oted that according to the earlier definition of the sign
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of the observed chemical shift, A/A is positive for a
downfield shift. If u_ger the effective magnetic moment

of the complex, is temperature independent then Awy, can

be expressed as

C(D
Aw,, = = — (11)
¥ T

where C contains the constants in eq 10.

The contact shift will have this simple temperature
dependence if the complex has a relatively small zero-~
field splitting and there are no low lying electronic
states which would be thermally accessible. However,
there is the added possibility of a significant pseudo-
contact contribution to the observed shift, arising from
the dipole-dipole interaction between the nuclear spin
and electron spins in a paramagnetic ion having a large
g factor anisotropy. Kurland and McGarvey17 have
derived expressions for the contact and pseudocontact
shifts in systems having large zero-field splittings in
which there is appreciable orbital angular momentum con-
tribution to the magnetic moment and appreciable mixing
of ground and thermally populated excited electronic
states. Assuming rapid thermal equilibrium between
states, they have shown that for an S = 1 system with
axial symzetry the pseudocontact shift shoulé be

more properly expressed as
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2,2 2 2 2
L 28 (g’ ~ gl)(3cos Q- 1) (g“

w
0 9kTR> 3k(gi - gt

+ %gf)D

(12)

where 9, and g, are, respectively, the g factors parallel
and perpendicular to the axis of symmetry of the complex,
Q is the angle between the symmetry axis and the radius
vector connecting the metal ion center and the probe
nucleus, R is the magnitude of this radius vector, and
D is the zero-field splitting energy. It should be noted
that eg 12 predicts that the pseudocontact shift may
show both an inverse first and an inverse second power
dependence on the absolute temperature if the second term
in brackets is significant with respect to one.
Theoretical expressions for T,y have been derived by

Solomon and Bloembergen.la'19

Their account has shown

that the magnetic interaction between nuclear and electron
spins can be attributed to dipole-dipole and Fermi contact
or hyperfine contributions. In the former, spin relaxation
is a result of direct through-space interaction, whereas
in the latter, spin relaxation is due to the finite prob-
ability of transferring electron spin density through

chemical bonds to the probe nucleus. These two, dipolar

and hyperfine, contributions to T,y 2re represented by the

first and second terms, respectively, in the equation
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y;g28%s(s + 1) 2

(TzM)'1=<_1_6> £ (1) + L @) S(s + DE (1) (13)
| I 15 3

where <jg> is the average magnitude of the reciprocal of the
r A

sixth power of the vector connecting the interacting spins.

The effective correlation times, fD(TD) and fe(Te), are func-

tions of the dipolar (1D) and electronic (Te) correlation times,
2_2 2_2

and in the limits Wy << wgy W T << 1, wy Tp << 1 they
are given by20
13t
- D2
fD(TD) = 7‘Dl + (14)
1l +w 21 2
S ‘D2
T
_ e2
fe('te) =Ty t— (15)
1 + wzt
S e2

where Wy and wg are the Larmour frequencies of the nucleus
under observation and the unpaired electrons, respectively.
Both the dipolar and hyperfine interactions can be
modulated by electron spin relaxation or by chemical ex-
change, and in addition, the dipolar mechanism can be
modulated by the rotation of the complex. Thus the various
correlation times in egs 14 and 15 are given by

-1 . -1 -1 -1 1 -1

p1 = Toy + T, = ('1‘le + Ty ) + T, (16)
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-1 _ _ -1 -1 _ -1 -1, -1
D2 = Tgo + T, = (T2e + Ty Yy + 1T (17)

‘where T, is the rotational correlation time of the para-
magnetic complex, T, and T, are the longitudinal and
transverse electron spin relaxation times, respectively,
and.'tm“l is the solvent exchange rate discussed above.
Various theoretical developments have shown that Tle
and T,e are functions of temperature, magnetic field, and
zero-field splitting energy of the paramagnetic complex.
According to the development of McLac’nlin21 the average
electron spin relaxation times, <T1e> and <T2e>' which

define the average width of a composite electron spin

resonance line, are given by

-1 Te 41

C
<'1‘le > = ce + (18)
1 + we T 2 1 +4w. T 2
s C s 'C
C 51 2T
ar, h = =2 e c —+ < (19)
2 2 2

2 2
1 + wg Tc 1+ 4ms Tc

In these eguations, which are valid if e < TZe' Ce is a
function of the electron spin gquantum aurber and of the

zero-field splitting energy of the paramagnetic complex,
and Tc = Ty where T _ was defined previously. Bloembergen

and Morgan22 have derived the same functional dependence

for Tle-l as that given by eq 18. 1In their treatment 7.
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was identified as the correlation time for distortion of

the complex brought about by random molecular collisions.
Consideration of egs 13 to 17 shows that the tempera-

ture dependence of ('I'ZM)-1 will correspond to that of the

shortest correlation time controlling fD(TD) or fe(te).

If rotational tumbling of the complex provides the most

rapid filuctuation, then the temperature dependence of Tpr

given by 7. = Tro exp (Er/RT), where Tro and E_ are con-

stants, is sufficient to describe the temperature dependence.

of (TzM)-l. For a correlation time controlled by electron

spin relaxation, the exact temperature dependence of (TZM)-I
can be quite complicated, in view of the functional form

of Tle and T2e given by egs 18 and 19, but it is generaliy
assumed that here also a simple exponential temperature
dependence applies. However, it should be noted that this
assumption of exponential form is valid only for wgTes >> 1
or wgTe << 1 and that between these two extremes the temp-
érature dependence of Tie will be small and nonexponential.

Since in most instances Ty >> T.. Tyar the temperature

dependence of (TZM)-I can therefore be approximated by
..1_~
(TZM) = Cy exp (EM/RT) (20)

where it is understood that E,4 is an effective activation
energy and Cu is a constant.

An expression for the outer sphere contribution to the
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the observed line broadening has been derived by Luz and
Meiboom23 for the case that the lifetime of the solvent
molecules beyond the first coordination sphere of the
metal ion is short relative to the tumbling time of the
complex. In the absence of significant hyperfine inter-
action and a well-defined second coordination sphere, Luz
and Meiboom have shown that the outer sphere dipolar con-
tribution can be obtained by averaging the inner sphere
dipole-dipole interaction, described by the first term of
eq 13, over equally populated distances from do’ the aver-—
age distance of closest approach between the probe nucleus
in a second coordination sphere solvent molecule and the

paramagnetic center, to an jnfinite distance to give

-1 _ 4T -
Top = (10

22.2

s(s + 1)y g B f (t5)

3,8[m]) z D D (21)
45 3

do

In this expression the first term in brackets is the number

of paramagnetic ions per cm3 of solution, p is the solvent

density, N 1is Avogadro's number and T,p is defined by

-1 _ -1 -1

(Typ) (TZObsd) - (Tyg) (22)

In the present work all observed (TZP)-I are normalized

to P, = 1, but since (TZP)-l for outer sphere solvent



16

molecules is proportional only to the metal ion concentra-
tion, and independent of solvent molality, it is convenient

‘to rewrite eq 21 as

13
-1 4.14 x 107°S(Ss + l)pr(TD) [s]

(T,4) ~ = . (23)
20 3 .

do n

where (Tzo)-1 represents the outer sphere ('I.‘ZP)—l

normalized to Py = 1. In eqg 23 the substitutions for N, g,

B and Y1 for the proton have been made.

The temperature dependence of (TZO)-I is also generally
assumed to be described by
-1 _

(Tzo) = Cy ©xp (EO/RT) (24)

where Co is a constant and E, is the effective activation
for outer sphere broadening.

An alternative theoretical interpretation of outer
sphere dipolar broadening is possible if it is assumed

that a well-defined second coordination sphere exists to

which the first term of eq 13 can be applied. However,

this approach has been found to be unsuccessful.24
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(c) Limiting Cases of the Swift and Connick Theory

The temperature dependence of ('I‘ZP)"'1 and Aw

obsd **
readily broken down into one of five unique limiting con-
ditions, four of which were considered by swift and Con-

15

nick. The fifth condition applies only to the effect of

-1 for outer sphere solvent

the paramagnetic complex on (TZP)
molecules. The observed line broadening can be affected

by the solvent exchange rate, and in addition, it can be
influenced by two types of relaxation mechanisms: relaxa-
tion by a T,, process and relaxation by the chemical shift,
AmM. In the TZM mechanism, discussed previously, nuclei

in a solvent molecule coordinated to the paramagnetic com-
plex are relaxed by a modulation of the dipolar or hyper-
fine interaction with the unpaired electrons of the metal
jon. 1In the relaxation mechanism arising from the chemical
shift, nuclear relaxation occurs because solvent nuclei
which are in phase coherence with the radiofrequency field
become dephased with respect to the bulk solvent nuclei

upon coordination of the solvent molecule to the paramagnetic
complex. This dephasing of nuclear spins is due to the
different precessional frequency of nuclei in the two sites.
The "dephased” solven£ molecules then return to the bulk
solvent and give rise to a reduced net transverse magnetiza-
tion and a smaller T,,. The most efficient of these two

mechanisms will be the predominating relaxation mode. It is

obvious that the observed relaxation time will be controlled
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by the solvent exchange rate or the rate of relaxation,
depending on which is the slowest process. Thus, if the
solvent exchange rate is slow, solvent molecule nuclei
will be effectively relaxed bf either of the two mechan-
isms each time the sclvent molecule coordinates to the
metal ion, and the effective relaxation time is simply Tye
On the other hand, if solvent exchange is fast, the life-
time of solvent nuclei in the inner coordination sphere
of the metal ion is too short for effective relaxation by
either mechanism and the relaxation time is determined
by the rate of relaxation.

In view of the two basic types of relaxation mech-
anisms, the limiting conditions of ('.T.‘ZP)"l and w4 are
most easily understood in terms of Cases A and B discussed
below. This breakdown is justified since in reality one
or the other of the relaxation mechanisms is generally
most efficient. In each of the cases the limiting condi-
tions are arranged according to their order of occurence

as the temperature is lowered in a typical nmr solvent-

exchange study.
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CASE A: Relaxation by the chemical shift mechanism at

intermediate temperatures

>> (—) , Aw ; S and
Tom™ 2M Top Tom

(25a)

- dogpsg = Pubiy

Here the exchange of solvent molecules between the inner
coordination sphere of the metal ion and the bulk solvent
is fast and ('I'ZP)-1 is controlled by an inner sphere
dipole-dipole or hyperfine Tou relaxation process. The
chemical shift relaxation mechanism is ineffective since
+he lifetime of solvent molecules in the inner coordination
spheré of the metal ion is too short to enable nuclei to
lose phase coherence with respect to the bulk solvent
nuclei. The theoretical expression given as eq 13 is used
to interpret the line broadening in this region. The
observed shift may be large and is not affected by exchange.
As the temperature is lowered the mean lifetime of solvent
molecules at the metal ion site increases to the point
when the chemical shift relaxation mechanism begins to
become effective. Limiting condition (ii), below, then

begins to apply.
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o1 2 1 1 2
(i1) (=) >> by~ > —— = Py T luy and

~e

(25b)

- Bugpsg T Pubuy

Chemical exchange is still fast but ('I.'ZP)"l is now
controlled by the rate of relaxation brought about by the
" change in precessional frequency of nuclei in the ex-
changing solvent molecule. This region of line broadening
is unique to Case A and it is frequency dependent. The
observed shift is appreciable and only begins to decrease
from the value -Pylw, when (TMAmM)2 approaches one.
Limiting condition (ii) is then no longer strictly valid

and condition (iii), below, begins to apply.

2 2

)

(ili) AOJMZ >> (._1_) ’ (_1_) ; _1_ = _bi and
Tom M Top M
(25¢)
P
M
- B pea T >
AwMTM

Relaxation by a change in precessional frequency of nuclei
in the solvent molecule is now very efficient due to the
longer lifetime of solvent molecules in the inner co-

ordination sphere of the metal ion. Chemical exchange 1is
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slow and controls (TZP)-l. The observed shift is small and

decreases rapidly as the temperature decreases due mainly

to the increase in Ty*

(iv) = (254)
2P M 20

The rate of exchange of solvent molecules from the
first coordination sphere has now decreased to the point
when it is too slow to affect (TZP)-l and Aw_p q-
Therefore, (TZP)-I is controlled by outer sphere dipolar
interaction. The theoretical expression given as eq 21 is
used to interpret this region of line broadening. Due to

the small hyperfine coupling constant for outer sphere

solvent molecules, the observed shift is negligable.

CASE B: Relaxation never controlled by the chemical shift

(i) Limiting condition Case A (i) applies at high

temperature where exchange is fast. Therefore,

1 Py

Top Tom

(26a)

- Bwgpeg T Pubty
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As the temperature is lowered relaxation by the chemical
shift never becomes more effective than relaxation by TZM'
Eventually, the line broadening and chemical shift begin

to show solvent exchange effects as shown in Case B (ii),

below.
2 2 2 P
Gi) (29 > Mgy . (s == and
Tom ™™ Top ™
(26b)
- Aw = P, Aw (232)2

ocbsd = "TM™ M

™

At this point relaxation by a T,y mechanism is fast and
(TZP)-1 is controlled by the rate of chemical exchange.
The observed shift will be small since TM/TZM > 1 and will

decrease rapidly with temperature due to the effect of Ty

(iii) Chemical exchange is now very slow and limiting

condition Case A (iv), above, applies. That is,

1 -1 (26¢)

T,pPm  T20

It is readily observed that the relaxation mechanism
differentiating Cases A and B might be identified by a
study of a system at two frequencies. The frequency de-

pendence of (TZP)-I predicted by limiting condition
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Case A (ii) will not normally occur in Case B, unless T2M
is frequency dependent as a result of a magnetic field
dependence of the correlation time controlling T,y. It
should also be noted that if ('I.‘ZP)-l is observed in a
system only in the regions defined by A (iii) or B (ii),
the relaxation mechanism would be ambiguous. But, due to
the opposite dependence of Awobsd upon Awy in these in-
stances it is possible, in principle, to distinguish the
cases by a study of Amobsd at two frequencies.

Since each of the quantities Ty’ Dy s Tom and Too
contained in the general expression for (TZPPM)-l has a
different temperature dependence, 2 plot of -log(T2P PM)
against the inverse absolute temperature will provide -a

1

’

good indication of the process controlling (TZPPM)-
especially in view of the normally large differences in
activation energies for relaxation (EM or Eo) and chemical
exchange (AH*). The magnitude of the various parameters
defining the limiting conditions then can be obtained

from a graphical fit of the data. In this study a non-
linear least-squares program25 was used to f£fit the (TZPPM)-I
and A”obsd/PM data to the general expressions 2 and 8,
respectively, or to the appropriate reduced form of these
equations, using initial guesses obtained from a graphical
£it. The obvious difficulty with this approach is that

due to the large number of adjustable parameters, it is

not difficult to get an excellent fit of the data. An
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added difficulty frequently arises in that one or more of
the limiting regions is not Qell defined. However, a more
internally consistent set of parameters can be obtained

by making as many independent measurements as possible.

In this regard, measurements of both the chemical shift and
sz-l, and alsoc at two frequencies, if a frequency de-
pendence should exist, are extremely valuable. Measurements
perfo:med on two different protons in the exchanging solvent
molecule are also useful.

It should be noted, however, that although both TZM
and Ty determine Awobsd when chemical exchange is slow, it
is not possible to determine the parameters defining both
Tom and Ty from a computer fit of Bugpsd to eq 8, since in
no case dces T2M alone control Amobsd‘ The greatest use
of shift measurements is in an independent determination of
Bwy when exchange is fast; and in an evaluation of AH+ and
AS*, using the Tom parameters obtained from a fit of the

(T2PPM)-1 data, when exchange is slow.



CHAPTER II. THE PREPARATION AND CHARACTERIZATION OF

COMPLEXES, SOLVENT PURIFICATION, SAMPLE

PREPARATION AND INSTRUMENTATION

1. ©Purification of Solvents

The solvents, N,N-dimethylformamide (Raylo Reagent),
dimethylsulfoxide (Fisher Reagent), acetonitrile (Baker
ﬁéagent), methanol (Macco Reagent) and 2,2,2-trifluoro-

ethanol (Eastman Organic Chemicals) were all purified by

25

double vacuum distillation from Linde 3A molecular sieves.

Only the middle fraction of each distillation was re-
tained. All nonagueous solvents were stored under
vacuum over molecular sieves. Subsequent transfers of a
solvent onto a complex were performed under vacuum.

The water used for agueous samples was also doubly
distilled. The final distillation (from alkaline potas-

sium permanganate) occured in an all glass apparatus.

2. Preparation and characterization of (chloroaquo) =

manganese(III)protoporphyrin(IX)dimethyl ester

{Mn (DMPrPor)C1-OH,}

This complex was prepared from protoporphyrin (IX) -
dimethyl ester (Sigma Chemical Co.) and manganous acetate

tetrahydrate (Fisher Reagent) in glacial acetic acid

solvent as édescribed by Boucher.26 The product, which was

isolated as the chloride salt, was purified by Soxhlet

extraction with benzene following Boucher's procedure.
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Anagl. Calc'd for C36H3694N4MnC1'032: Cc, 62.02; H,
5.49; N, 8.04. Found: C, 62.88; H, 5.45;
N, 7.53.

The compound was further characterized by comparison
of its visible spectrum to that reported by Boucher. For
Mn (DMPrPor)Cl-OH, in methanol absorption maxima, with ex-
tinction coefficients in parentheses, were observed at

1 4 1 1 1

27,000 cm

(7.73 x 10° M ~ecm ), 21,600 cm ~ (5.90 x

104 M1 cm™l) and 18,200 em ! (1.1 x 104 ML cn 1) with a

l. These band positions

further weak band at 17,200 cm
are in agreement with those given by Boucher, however, the
extinction coefficients appear to be slightly higher than
those which can be read from Figure 5 of ref 26. The
intensity ratio of 0.76 obtained here for the two most
intense bands is in good agreement with the value of 0.75
given in Table III of ref 26. It has also been observed
that the removal of chloride ion from methanol solutions
of Mn(DMPrPor)Cl'OHz, using silver perchlorate, causes
no change in the visible spectrum. This result confirms
soucher's earlier conclusion that halide anion complexing
does not occur in methanol. However, chloride ion, in ad-
dition to the coordinated water, was removed from all
samples used in the nmr study in order to avoid any pos-
sible complexing in the temperature range employed.

The effective magnetic moment of Mn(DHPrPor)+ in

methanol was measured between —-60 and 40°, using the nmr
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shift method suggested by Evans.2’ A 9.8l x 10 3m

solution was prepared under vacuum by treating Mn (DMPrPor)-
Cl'OH2 in methanol with AgCl0, and molecular sieves as
described subsequently. Cyclopentane was used as the in-
ternal standard. All the measured magnetic susceptibili~
ties were corrected for the diamagnetism of the porphyrin

ligand using a diamagnetic correction of -330 x 107° cgs

units obtained from Pascal's constants.28 The resulting
effective magnetic moment was 5.03 BM, in agreement with
the values 4.86 to 4.97 BM determined by Boucher26 for
various solid salts. Over the temperature range studied
the solution magnetic susceptibilities obeyed a Curie law
temperature dependence. Calvin and Loach29 have found a
similar temperature dependence for the susceptibility of
solid (chloroaquo) manganese(III)haematoporphyrin(Ix)di-

methyl ester.

3. Preparation and characterization of 2,13-dimethyl-

3,6,9,12,lB-gentaazabicyclo[lZ.3.l]octadeca-l(18),2,12,-

14,16-pentaenemanganése(II) perchlorate {MnB(ClOA)zl;

The procedure used in preparing this unusual complex
having a pentadendate macrocyclic ligand was that first
reported by Alexander, Heuvelen and Hamilton.30 The self-
condensation reaction of 2,6-diacetylpyridine (Alérich

Chemical Co.) with triethylenetetramine (Alérich Chemical

Co., technical grade) in the presence of mancanese (II)-
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chloride tetrahydrate (Fisher Reagent) in agueous methanol
solvent was allowed to occur for one hour at room tempera-
ture. The complex was first isolated as the chloride
salt and then converted to the perchlorate complex by the
addition of an aqueous solution of sodium perchlorate to
a solution of MnBCl2 in water. After cooling, the yellow
product was filtered, redissolved in warm water and repre-
cipitated with aqueous sodium perchlorate. The MnB(ClO 4)2
was filtered, washed first with cool water and then with
ethanol and ether, and air dried. The addition of silver
nitrate solution to a quantity of MnB(ClO4)2, prepared in

+his manner, indicated the absence of chloride ion.

Anagl. Calc'd for MnC15H23N5(OH2)3(ClO4)2: C, 31.00;
H, 5.03; N, 12.05. Found: C, 31.01; H, 4.73;
N, 12.14.

This aquo complex, which was subsequently used only
for the water proton nmr study, was further characterized
by its IR spectrum and by a magnetic susceptibility study
at several temperatures using Evan's nmr method.z7

The IR spectrum of MnB(OHz)z(C104)2'H20, determined
for a nujol mull, indicated bands characteristic of the
imide and secondary amine groups at 1650 crn"1 and 3280 cm-l,
respectively. A band at 1590 cm ! was attributed to the
pyridine ring vibrations. In addition, a broad absorption

at 3400 cm L and one in the region 1000 to 1150 cnt
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marked the presence of coordinated water, and perchlorate
ion, respectively.

Magnetic susceptibility measurements were made on an
aqueous solution of MnB(OHz)z(ClO4)2'H20 over the temp-
erature interval 2° to 84°. This solution was not de-
gassed and acetone at a concentration of 5 vol % was used
as the internal standard. {iithin the experimental error
of the shift measurements, the molar susceptibilities
corrected for the diamagnetism of the macrocyclic ligand28
(-186 x 10“6 cgs units), adhered to a Curie temperature
dependence and indicated an average effective magnetic
moment of 5.9 BM. This value compares favorably with the
spin only value for high-spin manganese (II) and reasonably
well with the result of a previous magnetic susceptibility
study3l of solid MnBCl, in which the magnetic moment was
observed to be slightly temperature dependent, varying
from 5.72 at 67° to 5.90 BM at -51°. This temperature
dependence of the effective magnetic moment was not ob-—-
served for aqueous solutions of the perchlorate salt re-
ported here.

For the purpose of nonagueous solvent proton nmr
measurements a portion of the MnB(OHz)z(ClO4)2-H20 was
dried in vacuo over P,0,, at room temperature in order to
remove the coordinated water. Aafter several weeks of

drying an IR spectrum of the complex indicated the absence

of coordinated water. Further, as previously observed by
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Alexander, et al,30 the intense perchlorate band was now
split, a result probably due to perchlorate ion coordina-

‘tion as suggested by these workers.

Anagl. Calc'd for MnC15H23 5(C104)2: C, 34.17;
H, 4.40; N, 13.28. Found: C, 34.51; H, 4.19:
N, 13.20.

4. Preparation and characterization of the various salts

of 2,12-dimethy1-3,7,11,17-tetraazabicyclo(ll.3.l)hepta-

deca-l(l7),2,11,13,1Sjpentaenenicke1(II) {NiCR2+} and its
2+}

methylated analogue {NiCRMe

These two complexes were studied in several solvents
and as a result of solubility limitations it was necessary
to prepare various salts.

NJ.CR.Cl2 was prepared from stoichiometric amounts of
NiCl,® 6H20 (Baker and Adamson), 2,6- diacetylpyridine and
3,3'-diaminodipropylamine (Matheson, Coleman and Bell),
using Curry's procedure, as described by Karn and Busch.32
The product was recrystallized from warm water.

The hexafluorophosphate salt, which is much less
water soluble than the chloride, was prepared by mixing
saturated aqueous solutions of NiCRCl2 and NaPF¢ (Alfa
Inorganics). The yellow product was recrystallized from
agqueous solution.

The very water soluble tetrafluoroborate salt was

prepared by mixing solutions of AgBF, and NiCRClz: the
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AgBF, being prepared by the addition of 25% HBF, (Baker and
Adamson) to a solution of Ag2c03 (Johnson Matthey and
Mallory) until neutralization was complete. The AgCl was
removed by filtration and the resultant solution was
evaporated under vacuum until crystallization commenced.
This solution was cooled and the product collected by
filtration and then recrystallized twice from water. Al-
ternatively, the tetrafluoroborate salt was prepared by
using Ni(BF4)2°GHZO (Alfa Inorgénics) in place of

NJ.Cl2 6H20 in the original condensation reaction. Some
care is necessary in the latter method since overheating
or prolonged reaction time resulted in a mixture of fluor-
ide and tetrafluoroborate salts. The dried tetrafluoro-
borate salt was brick red in color.

NiCR(C104)2 and NiCR(N03)2 were prepared as described
by Karn and Busch.32 NiCR(Sst)2 was prepared from
NiCRC1, and Ag(SbFG) (Pennisular Chemical rResearch Inc.)
in a manner analogous to that used for NiCR(BP4)2.

NiCRMeCl2 was prepared by the same procedure as that
used for NiCRClZ, except that the amine, 3,3'-diamino N-
methyldipropylamine (Ames Laboratories, Inc.), was used.
The perchlorate and tetrafluoroborate salts were prepared
using procedures analogous to those described above.

All of the salts were dried under vacuum over P.0;4
at room temperature until the resolved OH stretching bands

.t 3500 to 3600 cm l, in Kujol, had disappeared from the
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infrared spectrum. The compounds were characterized by
carbon, hydrogen, and nitrogen analyses given -in Table I,
and by their infrared, electronic and nmxr gﬁéctra.

The infrared spectra of NiCR(BF4)2, NiCR(ClO4)2 and
NiCR(PFs)2 in Nujol mulls were jdentical except for bands
characteristic of the anion. Band positions were in gen-—
eral agreement with those reported by Rich and Stucky33
for NiCR(ZnC14). However, thelr spectra in KBr show a
water absorption at 3380 cm.l and fail to show the sharp
N-H stretching absorption at 3230 cm.—l observed in the
present work. The complex absorption, due to C=N stretching
and pyridine ring vibrations, in the 1575 to 1595 cm.-1
region, has been observed in the present and previous work.
The infrared spectrun of NiCRMe(BF4)2 was almost identical
with that of NiCR(BF4)2 except for the absence of the N-H
stretching absorption at 3230 cm-l, as expected, since
this is now an N-CH4 group. There is an additional peak

1l

at 1245 cm —, consistent with a C-N stretching vibration,

and two different peaks at 850 and 780 cm L.

The peak maxima and molar extinction coefficients in
the electronic spectra of NiCR(BF4)2 and NiCR(PFG)2 in
water are given in Table 1I. The results for NiCR(BF4)2
are in good agreement with those given by Rich and Stucky,33
except thaf the latter workers éid not observe the band
at 720 nm. Measurements on the perchlorate and nitrate

salts at 396 nm gave extinction cccfficients of 127 H—lcm
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TABLE II

Electronic spectrum of NiCR2+ in aqueous solution at 25°.

10" 3x Extinction Coefficient, M lem™t
Band position, nm NiCR(BF4)2 NiCR(PFs)2
720 0.025 — B
396 0.124 0.148
300 &) 2.26 2.32
266 5.14 5.20
230 15.4 15.6

(2) Shoulder
(b) The salt is too insoluble in water for this extinction

coefficient to be measured.
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1 1

and 122 M ~cm —, respectively, in agreement with the value

for the BF4 salt. However, the extinction coefficient of
the PPG- salt at 396 nm is significantly greater than that
of the BF4- salt. Recrystallization of the PFG- salt and
addition of F_ or PFg to solutions of the BF4- salt failed
to affect the extinction coefficient. . Since both salts
were derived from the same NiCRC1l, source and since the
extinction coefficients agree at the other wavelengths, an
impurity seems unlikely. No adequate explanation has been
found for this phenomenon, but both the c1o4’ and PFG-
salts gave identical nmr results in DMF. Also the results
of the nmr study on the BF4- and 0104' salts in water were
in agreement.

The spectrum of NiCRMe(BF4)2 in water at 25° 1s
similar to that of NiCR(BF4)2. There are maxima at 750
and 396 nm with extinction coefficients of 12.7 and 595

1cm-l, respectively. The same values were obtained for

u
the perchlorate salt in water. The large difference in
extinction coefficients at 396 nm between nicrR?t and
NiCRMe2+ is mainly due to the greater percentage of dia-
magnetic species present in the latter system at 25°.

The nmr and magnetic susceptibility studies show
that only the diamagnetic form of the complexes is present
in trifluoroethanol. In this solvent the visible spectra
of NiCR(BF4)2, NiCR(C104)2 and NiCR(PFs)2 show a maximum

at 390 nm with extinction coefficients of 1.40 x 103,



36

3 1

1.32 x 103 and 1.44 x 10° M cm Y, respectively. Under the
same conditions NiCRMe(ClO4)2 and NiCRMe(BF4)2 also show a
‘maximum at 390 nm with extinction coefficients of 1.36 x 103
and 1.30 x 10° M tem™l, respectively.

It is clear from these results that the absorbance at
396 nm in aqueous solutions is strongly affected by the
diamagnetic species. The temperature variations of the
visible spectra, to be discussed later in connection with
equilibirium constant measurements, are consistent with
this assignment.

When either NiCR(BF4)2 or NiCRMe(BF4)2 is dissolved
in trifluoroacetic acid, d3—nitromethane, or trifluoro-
ethanol the macrocyclic ligand pmr of the diamagnetic
complex is observed. The spectra are shown in Figure 1.
The AéB multiplet centered at <27 is due to the pyridyl
protons and the peak at 7.46T is readily assigned to the
two equivalent CH5 groups. The amine CHi in NiCRMe2+ is
observed at 6.85t. The integrated intensities of the
peaks were completely consistent with this assignment.
These chemical shifts are assigned to the pure diamagnetic
form since they are independent of the non-coordinating
solvent used and also temperature'independent over the
range -42° to 82°C in trifluoroethanol.

In coordinating solvents the pmr spectra of these

complexes are very remperature dependent and this has en-

abled a quantitative characterization of the temperature
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internal TMS.
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dependence of diamagnetic-paramagnetic equilibrium which
was observed to be present. The results of this study and
of the related magnetic susceptibility studies are given

in Chapter III, Section 3.

P —

5. The preparation and characterization of tetrabenzo-

[b,f,j,n][1,5,9,13]tetraazabicyclohexadecinenickel(II)

perchlorate {NiTAAB(C10,),}

NiTAAB(NO3)2 was prepared by the self-condensation
reaction of o-aminobenzaldehyde in the presence of
Ni (NO,),°6H,0 as described by Melson and Busch.>? The
o-aminobenzaldehyde was prepared by the method of Smith
and'Opie.35 The reaction product, which contains a mix-
ture of two different Schiff bases, was separated by the
addition of a concentrated solution of sodium perchlorate
as suggested by Melson and Busch;34 the red NiTAAB(C104)2
immediately precipitating from solution. The filtrate
containing yet another Schiff base was saved. The perchlor-
ate salt isolated in this manner was converted to the

nitrate salt using their procedure. Upon air drying, the

following analyses were obtained.

Anal. Calc'd for NiC28H20N4(052)2(N03)2: C, 53.28;
H, 3.83; N, 13.31. Found: C, 53.11; H, 3.70;
N, 13.05.

A portion of the above nitrate salt was reconverted

to the perchlorate salt by the addition of a sodium per-
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cnlorate solution to an aqueous solution of the nitrate
salt. The product was filtered, washed with a solution of
sodium perchlorate and finally with water. It was dried

over P4O10 at room temperature.

Aral. Calc'd for NiC28H20N4(C104)2: c, 50.19; H, 3.01;
N, 8.36. Found: C, 50.20; H, 3.02; N, 8.40.

The IR spectrum of each of these complexes was in
agreement with that previously reported.34

As a further characterization, magnetic susceptibility
measurements, by the method of Evans,27 were made on both
NiTAAB(NO3)2 and NiTAAB(C1O0,), in DMF. Both salts indicated
molar susceptibilities having the same temperature de-
pendence and the same 1imiting magnetic moment. At low
temperatures the molar susceptibilities were observed to
follow a Curie temperature dependence with a limiting mag-
netic moment of 3.14 BM. At higher temperatures the sus-
ceptibilities jndicated the formation of a diamagnetic
species as evidenced by the slight upward curvature in a
plot of XM-I against T°K. Due to the small temperature
dependence of the diamagnetic-paramagnetic ecuilibrium, the
determination of the temperature dependence of the equilib-
rium constant from these results was only of limited ac-
curacy. However, the results were of qualitative value in
interpreting the solvent proton nmr study of NiTAAB2+ in

DME,
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6. The preparation and characterization of tribenzolb,£,3]-

[1,5,9]triazacyclododecinenickel(II) perchlorate

{NiTRI(C10,),}

2+

This complex, which is a co-product of NiTAAB in the

self-condensation reaction of o-aminobenzaldehyde, was

34,36 as outlined

prepared by the method of Bush and Melson
in Part 5 above. The filtrate mentioned there was used in
the present case. Both the nitrate and perchlorate salts

were isolated using the procedure in ref 36. The complexes

were air dried.

] 3 -
Aral. Calc'd for N1C21H15N3(0H2)2(N03)2. c, 47.76
H, 3.63; N, 13.26. Found: C, 47.22; H, 3.40;

N, 13.40.

Calc'd for NiC21H15N3(OH2)3(ClO4)2: Cc, 40.61;
H, 3.41; N, 6.77. Found: C, 40.19; H, 4.14;
N, 6.97.
The complex was also identified by a comparison of
its infrared spectrum to the spectral results previously

published.3®

7. Preparation and characterization of 2,12-dizethyl-

3,7,11,17-tetraazabicyclo(11.3.1)heptadeca-l(17),2,11,-

13,15-pentaenecobalt (II) perchlorate {CoCR(ClOA)zl

The nitrate salt of this complex was prepared using

the method of Long and Busch,37 in which 2,6-diacetylpyri-



41

dine is condensed with 3,3'~diaminodipropylamine in the
presence of Co(NO3)2°6H20 (Baker and Adamson) in agqueous
ethanol for 3-4 hrs. All solutions were purged with argon
prior to being mixed and the reaction was allowed to
proceed in an argon atmosphere. All subsequent handling of
the complex was done with the rigorous exclusion of air.
After excess solvent was removed under vacuum from the
reaction mixture, a degassed solution of sodium perchlorate
was added. The product, which precipitated immediately,
was recrystallized from water and dried on the vacuum line.

Crystals of dry CoCR(C104)2 were maroon in color.

Anal. Calc'd for CoC15H22N4(C104)2: C, 34.90;

H, 4.30; N, 10.85. Found: C, 35.04; H, 4.30;
N, 11.27.

This complex was also identified by a comparison of
its IR spectrum with that of NiCR(ClO4)2 and to previously
reported results.37 Also, the visible spectrum of a
degassed methanol solution of CoCR(ClO4)2 was measured.

In the resulting spectrum, which is very similar to the

reflectance spectrum of CoCRBr(C104),37

1

band maxima, with
extinction coefficients in M lcn™! units shown in paren-
theses, were observed at 368 nm (1.36 x 10%), 465 nm
(1.56 x 103), 547 nm (1.0 x 10°), 610 nm (8.3 x 103) and
700 nm (- 3 x 10%).

The magnetic moment of a degassed DMF solution of



42

CoCR(ClO4)2 was measured at only one temperature. A
value of 1.85 BM was obtained at 35°. This is consistent
with a low-spin electronic configuration for the

cobalt (II).

8. Preparation and characterization of 2,12-dimethyl-

3,7,11,17-tetraazabicyclo(1l1l.3.1) heptadeca-1(17),2,11,13,15~

pentaenecopper (II) tetrafluoroborate {CuCR(B§4)Zl
CuCRCl2 and subsequently the tetrafluoroborate salt
were prepared using the method analogous to that used to
obtain NiCR(BP4)2, with CuC12°ZHZO (Fisher) replacing
NiC12’6H20 in the preliminary reaction. The product was

dried over P4010 in wvacuo.

Anal. Calc'd for CuC15322N4(BF4)2: C; 36.36, H;
4.48, N; 11.31. Found: C; 36.44, H; 4.78;
N, 11.12.

The visible and uv spectrum of an agqueous solution

of cucn(ss'4)2 had band maxima at 560, 302 and 313 nm with

extinction coefficients of 1.34 x 102, 2.58 x 103 and

3 1 1

2.79 x 10° M ~cm —, respectively. 1In addition, a shoulder

was present at 325 nm. These measurements are in agree-
ment with the results reported for CuCR(ZnC14)33 except
that the band at 560 nm in the visible was reported to have

. . .. -1 -1
an extinction coefficient of 110 M "cm .



43

9. Preparation and characterization of 5,7,7,12,14,14-

hexamethyl-1,4,7,l1-tetraazacvclotetradeca-4,11-dienecobalt

perchlorate {Co(trans([l4]ldiene) (C10,},}

The metal-free Schiff base salt, trans[l4]diene"2HC104,
was prepared by the method of Curtus and Hay.38 In the
first stage, equimolar amounts of dilute HClO4 and ethylene-
diamine (en) were mixed while being cooled in an ice bath.
The product, en2°HC104, was not isolated; instead, excess
mesityl oxide (Eastman Organic Chemicals) was added to this
solution and the reaction allowed to proceed without ex-
ternal heating. The resulting trans[l4]diene°2HC104 was
filtered and washed with acetone. A comparison of the IR
spectrum with the results previously reported39 and a
determination of the integrated pmr spectrum served to
identify this product. The cobalt(II) complex was
prepared by the reaction of eguimolar amounts of
trans[l4]diene-(HClO4)2 and Co(CH3C02)2'4820 (Fisher
Reagent) in aqueous methanol soclvent at 70°. All solu-
tions were initially purged with nitrogen and the reaction
took place in a nitrogen atmosphere. After 2-3 hrs the
resulting orange solution was evaporated down under
vacuum until precipitation of the cobalt(II) Schiff base
complex commenced. After further cooling the product was
filtered in a glove bag and recrystallized twice from
degassed water and finally from acetone. The yellow com-

plex was dried over P4010 in vacuo at room temperature.
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Anal. Calc'd for CoC16H32N4(C104)2: C; 35.70, H;
5.99, N; 10.41, Co; 10.95. Found: C; 35.52,
H; 6.11, N; 11.06, Co; 10.17.

Cobalt was analyzed for spectrophotometrically40 as
the thiocyanate complex after degradation of the Schiff
base complex with potassium persulfate (AnalaR). The
tetrafluoroborate salt of this complex was also prepared
using an analogous procedure in which trans[l4]diene°2HBF4,
prepared from dilute HBF , and ethylenediamine, was

employed.

Anal. Calc'd for CoCy H3 N, (BF,),: C; 37.46, H;
6.29, N; 10.92. Found: C; 37.42, H; 6.41,
N; 10.54.

This complex was also identified by a comparison of
its IR spectrum with previously reported results.38 The
visible spectrum of freshly prepared aqueous solutions of
Co(trans[l4]diene)(C104)2 consisted of one band at 442 nm

lem™. compari-

having an extinction coefficient of 97 M
son of this spectrum with those of Endicott39 for the
corresponding cobalt(III) complex indicated that air oxi-
dation of the complex, in the time taken to determine the
spectrum, had not occured. After several hours, however,
the presence of Co(III) was detected and it was thus

necessary to prepare all nmr and epr samples under vacuum.

Magnetic susceptibility measurements were made on
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degassed aqueous solutions of Co(trans[l4]diene)(C104)2.
The temperature dependence of the molar susceptibilities,
corrected for the diamagnetism of the Schiff base 1igand,28
indicated a Curie-Weiss dependence with 8 = 42°K. An ef-
fective magnetic moment of 2.07 BM was obtained from these

measurements, thus indicating low-spin cobalt(II).

10. Sample Preparation

All nonagqueous solvent samples and also the agqueous
samples of Co(tr;ns[l4]diene)2+ were preparea under vacuum
using standard vacuum line techniques.

The general procedure consisted of placing a weighed
amount of complex in a suitable flask which was then
evacuated and weighed. The solvent was vacuum distilled
onto the solid and the flask and contents were reweighed
to determine the weight of solvent. An aliquot of the
solution was poured into an nmr tube into which a small
amount of internal standard was previously added. The
nmr tube was then sealed.

In the case of the samples prepared from NiTRI(OHZ)B-

(C10 NiTRI (OH

420

stock solutions, prepared in the above manner, were

2)2(N03)2 and NiTAAB(OHz)Z(N03)2 the

poured under vacuum into an evacuated vessel containing
Linde 3A molecular sieves in order to remove the coordinated
water. After several hours, these solutions were used to

prepare the nmr samples.
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Methanol and DMF solutions of Mn(DMPrPor)+ were
prepared by placing a weighed amount of Mn(DMPrPor)Cl-OH2
and a slight excess of AgClO4 in the flask. After the
vacuum preparation of these solutions, they were passed
through a sintered glass filter to remove the AgCl and
into another flask containing molecular sieves. These
solutions were used after 2-3 hours to prepare the nmr
samples.

Whenever dilute methanol solutions of either NiCR(BF4)2
or MnB(ClO4)2 were prepared, it was found necessary to add
a very small amount of anhydrous 2,4-dinitrobenzenesulfonic
acid (Eastman Organic Chemicals) to the nmr samplés in
order to collapse the coupling betveen methyl and hydroxy
protons. The blank methanol sample was similarly prepared.
However, it was observed that this addition of acid to
methanol solutions of MnB(C104)2 resulted in significant
acid hydrolysis of the complex, as evidenced by the slow
increase with time of the nmr line broadening at higher
temperatures, and by the eventual appearance of free Schiff
base ligand in the nmr samples. To prevent this, freshly
prepared samples were immediately cooled to -64° in a
chloroform sludge and kept there between measurements. By
taking this precaution it was possible to obtain repro-

ducible results from several samples.

2+

Much of the data for NiCR and NiCRMez+ was obtained

using tetrafluoroborate or hexafluorophosphate salts. Due
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to a concern over possible anion or fluoride ion effects
on the magnetic susceptibility and nmr line broadening
data, some of this data was checked against that of the
perchlorate salt. For instance, the results from both the
PFG_ and Cl0, salts of Nicr®t in DMF were identical within
experimental error and similarly the results using the
BF4- and c1o4' salts of Nicr2? in water were in agreement.
In the NiCR(BF4)2—methanol study the poor solubility of
the C104- salt prevented a similar comparison but it was
found that both the nitrate and hexafluoroantimonate salts
gave the same results.

Magnetic susceptibility measurements were made by
Evan's nmr method27 using precision made co-axial tubes
(Wilmad Glass Co.). Solutions containing the paramagnetic
complex along with -5 vol % internal standard were added
under vacuum to the inner tube and the pure solvent plus
the internal standard were placed in the outer co—axial
tube. Only the inner tube was sealed off. Whenever
possible, the concentration of the complex was adjusted to
give susceptibility shifts between the two intermal stan-
dar@ peaks of 25 to 75 Hz.

In all DMF and methanol nmr and susceptibility samples
cyclopentane (aldrich) was used as the internal standard.
Tetramethylsilane {(TMS) or methoxybenzene (Matheson,
Coleman and Bell) were used for dimethylsulfoxide (DMSO)

and acetonitrile samples. For acueous solutions t-butanol
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(Matheson, Coleman and Bell), sodium 3-trimethylsilyl-1l-
propane sulfonate (DSS) (Eastman Organic Chemicals) or

reagent acetone were used.

11. Instrumentation

The pmr spectra were recorded on Varian Associates
A56/60 and HA-100 spectrometers equipped with model 4343
temperature control units. Temperatures were determined
by a comparison of the peak to peak separation of pure
methanol or ethylene glycol samples with calibration
charts published by Varian Associates. Temperatures on
the HA-100 spectrometer were measured by means of a
copper—-constantan thermocouple. In all cases the temp-
erature was measured prior to a spectral run. Occasionally
the temperature was remeasured after the determination of
a spectrum and was found to be constant to #0.5°C. About
3-5 minutes was allowed for temperature equilibration in
the nmr sample. The normal precautions were taken to
prevent signal saturation and to ensure proper phasing.
Linewidth measurements were reproducible on both instru-
ments to *1 Hz.

EPR spectra were determined for Mn(DMPrPor)ClO4 and
MnB(ClO4)2 in methanol, Co(trans[14]diene)(BP4)2 in ace-
tonitrile and CoCR(C104)2 in DMF in order to obtain an
estimate of Tle' These were obtained at X-band

(~9000 MHz) on a Varian A-4502 EPR spectrometer. The
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author wishes to thank Mr. G. Bigam and Mr. G. Miller for
obtaining the epr spectra.

Electronic spectra were measured on a Cary 14
spectrophotometer and infrared spectra on a Perkin Elmer

model 421 spectrophotometer.
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CHAPTER III: NUCLEAR MAGNETIC RESONANCE LINE BROADENING
AND CHEMICAL SHIFT STUDIES OF PARAMAGNETIC

SCHIFF BASE AND PORPHYRIN COMPLEXES

1. Solvent Proton NMR Line Broadening and Chemical shift

Study of Manganese (ITT) Protoporphyrin (IX) Dimethyl Ester

in Methanol and N,N-dimethylformamide

The biological importance of metal porphyrin complexes
is generally well recognized, and in the particular case
of manganese, these compounds are believed to play a role
in photosynthesis.29'4l'42 Despite its importance, no in-
formation is available on the reaction rates of manganese
porphyrins although kinetic studies of the rates of
substrate binding to the more inert cobalt(III) and
iron (III) hematoporphyrins have been reported.43 Since a
knowledge of the solvent exchange rate from the first co-
ordination sphere of a metal jon is useful in establishing
the general lability and mechanism of complexation to the
metal ion,2'6 a study of the solvent exchange rates from
manganese (I1I) protoporphyrin(IX) dimethyl ester,
Mn(DMPrPor)+, .sas undertaken. This complex is shown as
structure VI in the introduction to this thesis.

The results of this study also provide further in-
formation on the dependence of the solvent exchange rates
on various metal ions. The manganese (III) in Mn(DMPr?or)+

is a high-spin 64 jon and the exchange rates can be com-
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pared to those of ferriprotoporphyrin(lx},9 which contains

high-spin ds iron(III), in order to determine the importance

of crystal-field effects in a d4 system.

Due to the low solubility and possible polymerization
of Mn(DMPrPor)+ in aqueoﬁs solution, this solvent exchange
study was restricted to the nonaqueous solvents, methanol
and N,N-dimethylformamide (DMF). However, since a number
of different metal ions have been studied in methanol,
DMF, and water,2 the results of this study can be used to
infer the approximate water exchange rate on Mn(DMPrPor)+.

The nmr measurements were made on solutions of
Mn(DMPrPor)ClO4 prepared iz situ from Mn(DMPrPor)Cl-OH, as
described in the experimental section.

The temperature dependence of (TZPPM)-I and dw_,  s/Py
for the hydroxy and methyl protons in the Mn(DMPrPor)+—
methanol system are shown in Figures 2 and 3, respectively,
while similar plots for the formyl and high field methyl
protons in the Mn(DMPrPor)+—DMF study are shown in Figures
4 and 5. Since for DMF solutions of Mn(DMPrPor)+ the
overlap of the two DMF methyl resonances was considerable
at low temperatures for the complex concentrations em-
ployed, the individual line widths were resolved by a
computer f£it of the absorption intensities to the sum of
two Lorentzians. Only the results for the broader high
field methyl resonance are given. Preliminary analysis

of the line broadening results in these systems indicated
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Figure 3: Temperature dependence of (Awobsd/P”) at
60 Miz for the hydroxy and methyl protons

in methanol solutions of Mn(DHPr?or)C104.
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that either ('tM)-'2 or (TZM)-Z was always greater than AwM?.
The absence of a frequency dependence and the low activa-
‘tion energy of the line broadening in the high temperature
region, where (TZP}?M)-l is independent of Ty, is 2 further
confirmation that 1imiting conditions 26 (a) to 26(c)
(Case B) apply. However, for Mn(DMPrPor)+ in DMF, no outer
sphere line broadening region 1is observed since inner
sphere solvent exchange broadening is very significant at
the lowest temperature at which measurements could be
made.

With the limiting conditions 26(a) to 26(c), eq 2

reduces to

(/T2 + (1/TyyTy)

-1 _ 1 -1 (27)
(TopP) 7 T " + (Tyo)
(1/T2M + l/rM)
- 1 + (T )-l
T+ T 20
2M M
and eq 8 becomes
Aw Aw
_ _obsd _ M (28)
P 2
M ((TM/TzM) + 1)

In these expressions Py is defined by eq 4 where it is as-
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sumed that n has a value of two for Mn(DMPrPor)+.

Mn(DMPrPor)+ in Methanol

Considering the behaviour of -log(TZPPM) for

Mn(DMJ?rPor)+ in methanol, shown in Figure 2, it is readily

seen that in the high temperature region (1/T < 4 x 10_3°K-'l

-2 1l

),

(T and therefore (TZPPM)- is controlled

-1
Ty > (Toy)

by (TZM)-I. As the temperature decreases (rM)-l becomes

-1 1

smaller than (TZM) , and (T is controlled by (TM)-l.

20Pw)
Finally, (Tzo)-l becomes the largest term in this equation
as shown by the bending at low temperatures.

After the substitution of eq 9, 20, and 24 for the
terms in eq 27 a least-squares fit of the (T2PPM)”1 data
was obtained for both the OH and CH3 protons. Initial
guesses for AH+, AS#, Cy» CO, EM and Eo were obtained from
a graphical fit. It is not difficult to obtain an excel-
lent fit of both sets of data to this six-parameter equa-
+ion. Therefore, some discretion must be used in evaluat-
ing the resultirg parameters, and it is of value to fix
certain of them and examine the effect on the others. Both
the OB and CH3 data were tested to the assumption E, = Eo
and a fit of the CH, data to the kinetic parameters ob-
tained from a fit of the OH data was undertaken. A summary
of the various least-squares fits is given in Table III.

-1

1t is apparent from Figure 2 that Ty is important

for the CH4 data over a relatively narrow temperature



range, and that it is never well resolved from (TZM)-l and

(TZO)‘l. Therefore, little confidence is attached to the
AH+ and AS+ values obtained from the six-parameter fit D
of the CH3 data. However, a comparison of fits B and F
shows that the AH+ and AS+ obtained from fit B of the OH
data are completely consistent with the data for the CHg
protons. Except for the parameters from fit D, all of the
fits show general agreement of the various parameters and
it is concluded that aHT and asT are 8.0 * 0.3 keal mol ™t
and 1.3 £ 1.5 cal mol—ldeg-l, respectively. The curves in
Figure 2 correspond to fits B and F.

A gqualitative analysis of the downfield chemical
shifts for the OH and CH, protons, shown in Figure 3,
shows that in the high temperature region where thl >>
(TZM)-I, DO psd = -Pylwy,. Therefore, the temperature
dependence of Awobsd is described by eq 11. As the tempera-
ture is decreased the term, T /TZM' in eq 28, becomes
significant with respect to one and the shifts drop off
rapidly. These observed chemical shifts were fitted to
eq 28 after making the necessary substitutions from eq 9,
11 and 20. Since the frequency shifts are small and there-
fore inaccurate, no attempt was made to determine Aﬁ* and
AS+ independently from the shift data. However, the chem-
jcal shift results are completely consistent with the AH*

and AS* from fit B as can be seen by a comparison of the

calculated curve and data points in Figure 3. only Cw was
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allowed to vary in evaluating this curve. The best-fit

values of Cw at 60 MHz are: 7

1

=1.52 + 0.18 x 10
6

cw(OH)

= 8.04 * 0.33 x 10

°K and C rad sec 1 °K.

rad sec w(CH3)

If Uorf is taken as 5.03 BM, as determined by the magnetic

susceptibility measurements, then from eq 10 (A./ﬁ)oH =

6 1

3.92 x 10° rad sec™t and (A/B) oy = 2.07 x 10° rad sec .

3

Mn(DMPrPor)+ in N,N-dimethylformamide

The line width and frequency shift data for Mn(DMPrPor)+
in DMF were treated in a manner analogous to that employed
for the Mn(DMPrPor)+ in methanol data, discussed above.

It should be noted by a comparison of Figures 2 and 4 that
the only qualitative difference between the two systems is

=1 jine broadening region for

the absence of a (Tzo)
Mn(DMPrPor)+ in DMF and also an absence of significant
chemical exchange controlled effects on the high field
methyl resonance of DMF.

The results of various least-squares fits of the

1 data to eq 27 are summarized as

formyl proton (TZPPM)-
fits A-E in Table IV, and they represent a good illustration
of the ambiguity which can arise if the outer.sphere con-
tribution to the observed line broadening cannot be extra-
polated from an observed (‘.'-.‘20)"1 controlled region. Fits

A through C show the extreme sensitivity of AH* and AS+ to

the various assumptions regarding ('1‘20)-l for the CH

proton. Fit C is certainly not reasonable since some outer
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sphere contribution must exist, but this fit demonstrates
the maximum effect on AH# and AS+. If it is assumed that
both inner and outer sphere nuclear relaxation are due to
dipolar interactions, then the jnner and outer sphere
interaction distaﬁces of 3.13 and 5.753, respectively, for
VO2+ ion in DMF44 can be used in eg 23 and the first term
of eq 13 to estimate the relative magnitude of the outer

-1

sphere contribution. From the (TZM)-I:(TZO) ratio a

value of 33.6 sec"l was calculated for C, assuming that

Ey = Eq and that Cy = 509 sec-l. This value was used in
fit D. As expected, the AH* and AS+ wvalues fall between
those for fits A and C. However, this calculation of C, is
too approximate to allow it to be used with any great con-
fidence.

In order to determine which of the fits of the formyl
proton data 1is most reasonable, fits of the high field
methyl proton (TZPPM)-l data were undertaken. It is ob-
vious, however, that the CH3 proton measurements cannot
yield an independent measure of the solvent exchange para-
meters. Fits F = J of Table IV represent the various at-
tempts to obtain a good fit of the CH4 proton data by
means of kinetic parameters which would be consistent with
any one of the fits A, B or D of the CH proton data. It
was observed that the AH# and AS* values optained from

£it D of the CH proton data are not acceptable in view of

the anomaly, (CO)CB3 > (Co) g’ jntroduced by fit F.
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However, the values of 10.5 kcal mol"'l and 12.4 cal mol"1
deg-1 obtained by fit A for AH=rL and AS%, respectively,

wefe found to be consistent with the CH3 proton data if it
is assumed that for the latter Co = Cy+ It should be noted
that the analysis of both the CH and CH3 pfoton measure-
ments yields essentially the same value for EM = Eq since
the small differences jndicated in Table IV are not judged
to be significant.

The downfield chemical shifts for the CH and CHg protons
are shown in Figure 5. These were fitted to-eq 28 using
the parameters from fits A and H for the CH and CHq proton
data, respectively. Only C, was allowed to vary. The

6

values obtained were:(Cm)CH = 3.16 + 0.10 x 10 rad sec Lok

_ 6 -1, .
and (Cw)CH = 2.02 + 0.08 x 10~ rad sec K. If pgege 1S

3
taken as 5.03 BM, then (AA) g = 8.15 x 10° 1

> rad sec-l.

rad sec - and

(Afﬁ)cﬂ3 = 5.21 x 10
The values of the least-squares £it parameters defining
(T y~1 ana (T y~! for the OH and CH protons of methanol
2M 20 3
and the CH and high field CH4 protons of DMF can, in prin-
ciple, be used to estimate either the interaction distances
for the dipolar broadening or the correlation times con-
trolling the relaxation process, if one or the other of
these is known. In this regard, the values of ry and do
found for the VO2+ - DMF44 and VO2+ - CH3OH45 systens

should permit an estimation of the correlation times if the

extent of the hyperfine interactions can be assessed. This,
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of course, assumes that these interaction distances are ap-=
plicable to the nonspherically symmetric solvated
Mn(DMPrPor)+ complex.

For Mn(DMPrPor)+ in methanol and DMF, at the magnetic
field used in this study, the expressions for the effective
dipolar and electronic correlation times, given as eq 14

and 15, can be further simplified since wszTDZZ >> 1 and

“szTezz >> 1, to a good approximation. Therefore, the

('I‘ZM)-1 and ('J.‘zo)"l expressions shown as eq 13 and 23 can

pbe reduced to:

16 2
-1 _ 11.5 x 107°s(s + 1) 1A
<l/r >

14 -

3 n

(T

20 (30)

d
o

where all the symbols have been previously defined.

Attempts to rationalize the observed (TZM)-l and ('1'20)-1

contributions in terms of reasonable values for the unknown

quantities, Tpy« Tle' r; and do in eq 29 and 30, were only

partially successful.

For Mn(DMPrPor)+ in methanol at 25°C, (TZM)-l for the

OH and CH; protons is 1.55 x 10° sec t and 1.84 x 104 sec”?
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. . -1 _
respectively. The ratio (TZM(OH)) = 8.56

ti (T (ca,)’
obtained here, as compared to a value of ~5 for cobalt(II)
and nickel(II)46 jons in methanol, where dipolar interac-
tions are responsible for essentially all of the inner
sphere broadening, suggests that there is a 51gn1f1cant
hyperfine contribution to (TZM(OH)) 1 for Mn(DMPrPor)
methanol. Reasonable estimates of the dipolar correlation
time (TDl), obtained from the observed outer sphere broad-
ening contributions of 1.0l x 104 sec™t and 5.99 x 103
sec"l for the OH and CH3 protons, respect;vely, also indi-
cate that inner sphere hyperfine interactions are very
important. For instance the (Tzo)-l contributions at 25°C
can be accounted for in terms of a correlation time of
3.0 x 10 tlsec and values of 4.0A and 4.76A for 4, (oH) and
o(CH )’ respectively. The good agreement of these values
2+ 4S5

with those obtained for VO ion in methanol is encourag-

ing. However, using the above dipolar correlation time and

[-]
the inner sphere interaction distances: I (gg) ~ 2.952 and
-]
r. = 3. 90A,45 one would predict relativelv small
1 (CH3) . -

dipolar contributions to (TZM)-I of 3.1 x 104 sec-'1 and

5.9 X 103 sec-1 for the OH and CH, protons, respectively.
In order for the hyperfine interaction to account for the
remaining broadening, a value of T;, = 10-'9 sec is re-
quired, as was shown by a calculation employing the second

term of eq 29 and the values of the hyperfine coupling con-

stants obtained froca the measured chemical shifts. However,
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from the broad epr spectrum of Mn(DMPrEor)+ in methanol

a value of ~10710 sec was es£imated for T, . Although it
is expected that Tle > Tyor the large difference required
here appears to be unusual. It should be noted, however,
that the estimated Tze' given above, may be too short due
to the unresolved hyperfine coupling in the epr spectrum.

For the Mn(DMPrPor)+—DMF system a value of 6.46 1is

-1
nent with Matwiyoff's result of ~6.5 for co(oMF) °¥ in

obtained for the ratio, (TZM(CH)) in agree-
DMF.47 This implies that perhaps for Mn(DMPrPor)+ in DMF
the hyperfine contribution to (TZM)-l is not significant.

A comparison of the hyperfine coupling constants for the
OH proton of methanol and the CH proton of DMF, obtained
from the chemical shift studies, shows that the ratio,
(A/ﬁ)OH:(A/ﬁ)CH ~ 5, is also consistent with a much

smaller hyperfine (TZM)-l term in the DMF system.

As expected, calculations assuming only dipolar broadening

were more successful. Using the (Tzo)-l

parameters from
[-]
£it A of the CH proton data and a value of 5.75A for

44 a value of 6.97 x 10“ll sec was calculated for

(a.)

o' CH’
Tp1 using eq 30. Then, on the basis of the corresponding
(Tzu)-l parameters which give (‘rZM)-1 = 2.48 x 10% sec™t at

-]
25°C, a value of 3.53A was obtained for (ri)CH‘ This is
o
to be compared with the value of 3.1A found for v02+ in
o
DMF.44 For the high field CH3 protons r; is 4.8a, in

-]
agreement with the estimate of 4.7A given in ref 47 for
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Co(DMF)62+ in DMF. Similarly, do(CH3) was calculated to
be 5.93 but this number should be viewed with some sus-
picion since the assumption that Cy = Cy was made in
fitting the CH3 proton data.

In the absence of a good estimate for T, it is diffi-
cult to determine the exact significance of the dipolar
correlation time obtained in these calculations for
Mn(DMPrPor)+ in DMF. The reasonable agreement of the
(‘I‘zM)-1 activation energy (2.3 kcal mol” 1) with the value
of ~2.5 kecal mol-l expected for DMF viscosity suggests
that 1p; = 6.97 X lO"11 sec might be the rotational tumbling
time for Mn(DMPrPor)+. However, since this value is a
factor of ~1.6 smaller than 1.15 x 2!.0"10 sec, obtained in
ref 44 for V02+ ijon in DMF, it is possible that both Tle
and 1, are contributing toO Ty, - If this is the case, then
an estimate of 1.15 X 10-lo sec for T, yields a value of
1.78 x 1030 sec for Tie-

The kinetic results of these two studies will be dis-

cussed and compared to those of other systems in

Chapter IV.
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2. Solvent Proton NMR Line Broadening Study of the

Manganese (II) Schiff Base Complex, MnB(Cl0,),, in Methanol,

N,N-dimethylformamide and Water.

As part of an investigation of the effects of Schiff
base ligands on the lability of solvent molecules coordin-
ated to a tetragonally distorted metal ion complex, the
manganese(II) Schiff base complex, 2,13-dimethy1-3,6,9,12,18-
pentaazabicyclo[12l3.1]octadeca-1(18),2,12,14,16-pentaene-
manganese (II) perchlorate, referred to as MnB(C104)2, was
studied. The inferred structure of this complex is shown
in the introduction to this thesis.

X~-ray studies48 have established that the monomeric
jron(III) complex of ligand B, FeB(NCS)2C104, has a
pentagonal-bipyramidal structure with the five donor
nitrogen atoms and the iron atom being nearly coplanar.
Although a similar study on any of the salts of the ana-
logous manganese (I1I) complex has not been reported, con-
ductiometric and pH measurements on MnBC1230 have been
found to be consistent with seven-coordinate manganese (II).
It is assumed in the present investigation that Mn32+ also
has this seven-coordinate geometry 1n the solvents N,N-
dimethylformamide,.water and methanol throughout the range
of temperatures studied.

Previous work31 has shown that MnBCl2 contains high-
spin ds manganese. Magnetic susceptibility measurements,

given in Table XXXII, on an agueous solution of MnB(C104)2
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further substantiate this result. Thus, the solvent ex-
change results obtained for MnB2+ can be compared with
those for the normal high-spin octahedral manganese (II) ion
in waterls’so’51 methanol49 and DMI-‘1 in order to determine
the effect of the macrocyclic B ligand on the solvent ex-
change rates. It is also of interest to compare the

2+ 50

results for MnB°  with those of a related study in which

the effect of the o-phenanthroline ligand on the 17OH2

exchange rates of Mn(phen)(H20)42+ and Mn(phen)z(H20)22+
was examined. This latter study was confined to the
aqueous systems for which only a small rate enhancement
was observed.

In this investigation, line width measurements were
made at 60 and 1C0 MHz since a consideration of some of
the earlier studieszz’51 on manganese (II) ion has shown

that an interpretation of the results obtained at a single

frequency is very often equivocal.

bf!nB(ClQA‘)___2 in N,N-dimethylformamide

The temperature dependencies of '1°9(T29PM) at 60 and
100 MHz for the formyl proton of DMF solutions of MnB(C104)2

are shown in Figure 6. Measurements of (T,,P )-1 were

2P'M
also made at 60 MHz on the broader, high field methyl proton
resonance and these are also shown in Figure 6. Signifi-
cant overlap of the two CE; resonances vas avoided by using

dilute solutions. Small downfield chemical shifts of the

formyl proton signal were observed in this study. These
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Temperature dependence of (Amobs d/PM) for the
formyl proton of N,N-dimethylformamide solutions
of 2-1nB(C104)2 at 60 MHz.
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chemical shifts were of value in estimating (A/ﬁ)CH, and

therefore, a plot of (Awobsd/PM) against T_l is given in
Figure 7.

Qualitatively, the variation of (TZPPM)-l

with temp-
erature for MnB(ClO4)2 in DMF is analogous to that pre-
viously observed for Mn(DMPrPor)+ in methanol. That 1is,

as the temperature is progressively lowered, (‘I.‘ZI,PM)-1

is controlled successively by (TZM)_l, ('rM)”l and (‘1‘20)_l
according to eq 27. It is apparent, from Figure 6, however,
that in contrast to the (T2PPM)-1 results for Mn(DMPrPor)+,
a small magnetic field dependence exists in only the (TZM)-I
controlled line broadening region for MnB(C104)2 in DMF.

The differences (~14%) in the 100 MHz and 60 MHz linewidths
for the same solutions were reproducible and greater than
the experimental error of the measurements. This field

22,51

dependence of ('I‘ZM)-1 has been attributed to a hyper-

fine contribution to (TZM)-l for which the correlation time
is a magnetic field dependent electron spin relaxation

time (see eg 29). The 100 MHz measurements shown in

Figure 6 are included only to demonstrate, gualitatively,
that the hyperfine contribution to the total ('I'?_M)-1 must
be relatively small for the CH proton of DMF, a fact which
is not true for the OH proton of methanol and water in the
HnB(C104)2-methanol and MnB(C104)2—water systems, discussed

in the following sections. Presumably, the DMF methyl

proton data should be magnetic field dependent also, but
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since it is expected that (A/ﬁ)cH3 < (A/h)CH, the field
dependence would not be experimentally detectable.

A preliminary graphical analysis of the (TZPPM)-l
data for the CH proton, according to eq 27, indicated that
the activation energies, EM and EO, were very nearly equal,
as would be required if (TzM)-l is primarily controlled by
the dipolar mechanism which accounts for the outer sPhere
broadening. As a result of this observation, the CH proton
line broadening data were initially fitted to eq 27 with
EM = EO. The resulting least-squares parameters are sum-
marized as fit A in Table V. The value of 13.1 kcal mo1 ™t
obtained in this fit for AH+ is considered to be unusually
large for a manganese (II) complex. In view of the ab-
sence of crystal field contributions to AH=Lr in a ds systenm,
AH+ values in the range 8 to 10 kcal mol-1 are usually
observed for solvent exchange on manganese (II). As a
result of this anomaly, an alternative six-parameter £it
(fit B) was attempted in which no restraints were placed
on E,. A comparison of the kinetic parameters from fits
A and B indicates that AH+ and AS# are extremely sensitive
to the outer sphere activation energy, which can be any-
where in the range 2.74 to 3.35 kcal mol~ ! for this data,
without affecting the quality of the resultant fit. This
is quite understandable since the data shows that 1Mf1‘<

(TzM)-l only over a narrow temperature range in which

(‘1‘:‘!0)"1 contributes significantly. Fit B also shows that
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the data are consistent with lower values of AH+ and AS#
than indicated by fit A, but the value of E, = 3.35 kcal
mol~ ! appears to be slightly large, since the (Tzo)-l
contribution at 25°C from fit A (Ey = 2.75 kcal mol™1) is
much more consistent with an outer sphere interaction dis-
tance and a rotational correlation time obtained for the
vo?* -pMF system.44 Also, a value of 2.75 kecal mol™ 1 for
Eq is in better agreement with the activation energy for
viscosity of DMF. Therefore, there is no apparent justi-
fication for the higher value of Eg obtained in f£it B and
a value of 2.75 kcal mol-l was used in subsequent fits.
The problem of the unusually large AH+ and AS+ encountered
here also appears to be one of resolving AH* from AS+,
since several additional fits of the CH proton (TZPPM)-I
data, in which E, was held constant at 2.75 kcal mol %,
have shown that the data can be fitted equally well with

sut and aST being as low as 11.5 kcal mol~ ! and 9.9 cal
mol-ldeg-l, respectively (see fit D). The use of a

AH* less than 11.5 k;al mo:l.-l would require the unacceptable
result that E, be greater than By = 2.75 keal mol” L.

Values of Ey < Eg are foreseeable in the event of signifi-
cant hyperfine contributions to (TZM)-l' but for dipolar
control of (TZM)-l and (TZO)-l’ an Ey > Ey is not justi-
fiable. For all of the fits discussed above, the rate
constant for DMF exchange at 25°C varies from 3.3 x 106 to

6.0 x lossec'l.
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Unfortunately, the CH, proton (TZPPM)-1 data, which
shows negligible exchange effects, and the formyl proton
chemical shifts, which are very small, are of little help
in deciding on the most self-consistent set of parameters.
1t is therefore concluded that for this system AH# and AS#
cannot be too accurately determined. All of the fits in
Table V are consistent with a pHT = 12.4 + 0.9 keal mol ™t
and a AS* = 13.5 * 3.6 cal mol-ldeg‘l.

The calculated curve shown in Figure 6 is based on
the parameters from fit D, but as discussed above, all
calculated curves from either of the fits A-D are within
the experimental error of the data points. In the case of
the methyl (TZPPM)-I data the curve shown in the figure has
been calculated from £it G in which the parameters AH+,
AS*, EM = E, were held constant at the values given by
f£it D. However, from the quality of this fit it can only
pe concluded that the values of the fixed parameters used
are at least not inconsistent with the CHg proton data.

From the observed downfield CH proton chemical shifts
shown in Figure 7, a value of 3.1 x 108 rad sec 1°K was
estimated for C at 60 MHz. This gives a hyperfine coupling
constant of 5.5 X 10° rad sec ! if Legg = 5-9 BM in eq 10,
but it should be noted that this (A/A) is only of limited
accuracy since the observed shifts were very small. The
curve shown was calculated using the above value of Cm

and the parameters from £it D.
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-1 - -1 .
The values of (TZM)CH agd (LZO)CH_at 25°, defined

by the parameters in fit D of Table V, can be interpreted

in terms of hyperfine and dipolar contributions to (TZM)-l

and only dipolar contributions to (TZO)—I. If do is as-

-]
sumed to be 5.75 A,44vthen a dipolar correlation time of

1.27 x 10-10 sec accounts for the outer sphere formyl
proton broadening contribution of 1.10 x 104 sec-l. This
correlation time can be interpreted as the rotational
tumbling time (Tr) of MnB(DMF)z(ClO4)2 since it is in
reasonable agreement with the 1. value of 1.15 x 10710 sec

found for the vanadyl ion in DMF.53 In the case of the

inner sphere (TZM)"‘L broadening, the hyperfine term was
estimated to be 8.8 x 103 sec"l from the measured value

5 rad sect

of (A/ﬁ)cH = 5.5 x 10 and assuming that T, =
1.0 x 10”8 sec, the value found for MnB2* in methanol (see
subsequent section). The inner sphere dipolar contribution

js therefore estimated to be 3.15 x 104 sec-l, consistent

. _ ° _ =10
with (ri)CH = 4.0 A and Te = 1.27 x 10 sec. For the
high field CHgy protons, (ri) and (do) were found to be
(-]
5.3 A and 6.3 i, respectively, if all of the observed

broadening is assumed to be due to dipolar interactions.

!‘»1:18(C10,,_)__2 in Water

The (Tz,,}?M)-1 data at 60 and 100 MHz for agueous solu-
tions of MnB(ClO4)2 are shown in Figure 8. Small downfield

chemical shifts were observed for the water proton resonance
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TABLE VI

Least-squares best fit parameters of the (TZPEM)-I

data for MnB(Cl0,), in water.

Temperature dependence used for Tie

eq 33-a eq 18
100 MHz 60 MHz 100 MHz 60 MHz
A B C D E
pHT, keal mol™t 8.47 7.66 8.89  8.66  8.69
ast, cal moi"ldeg™t 2.57 0.01 4.09 3.88  4.16
Eg, keal mol ™ - - 3.90® 3.90®) 3.90®
ﬁa, kcal mol™* 3.64 3.64) - - -
101t x 1, %, sec 3.88 2.01 - - -
10t x 1.°, sec - - 1.08 1.32  1.08'
10720 x c_, sec”? - - 3.89  3.41  2.89
(a) Held constant at the value indicated by 100 MEz fit A.
When AH', AS*, E, and Tleo were all unrestrained, the
values obtained were 7.73 kcal mol™ Y, 0.01 cal mol~ 1
deg~l, 3.0 kcal mo1-1l and 6.07 x 10~11 sec, respectively.
(b) Beld constant at the value given in ref 22.
(c) Held constant at the value indicated by 100 MHz fit C.
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and these are given in Figure 9. Only the chemical shifts
in the fast exchange limit were-large enough to be re-
producible and therefore only these are shown in the figure.
A comparison of the temperature dependence of (TZPPM)-I
observed here with that for MnB(C104)2 in DMF, discussed
previously, reveals several interesting differences, the
most obvicus of which is the high activation energy char-
acteristic of a chemical exchange process at high tempera-
tures. Furthermore, the data at the lowest temperatures
is only beginning to bend over into a thl controlled
region. As in the case of MnB(ClO4)2 in DMF, a magnetic
field dependent ('1‘21;,1='M)"1 is observed but the effect is
much greater here.
The manner in which the 60 and 100 MHz (T,,P,) "  data
converge at high temperatures appears to suggest that for
this system the frequency dependence results because of

limiting condition 25(b) for which (T,P )"1 = tMAwuz.

2P M

However, a preliminary fit of the data to the complete
(sz).l equation, shown as eq 2, indicated that, although
a satisfactory f£it of the data could be obtained, the
required coupling constant would have to be at least an
order of magnitude greater than the value calculated from
the observed chemical shifts. Therefore, it was concluded
that a Awy relaxation process will not account for the

1

observed results. Instead, (TZPPM)- is controlled by a

ToM mechanism with limiting conditions 26(a) and 26(b)
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(Case B) applying in the high and low temperature regions,
reépectively. However, this-system is'somewhat different
from the previously discussed Case B systems (MnBz+ in DMF
and Mn (DMPrPor)’ in DMF and methanol) in that the con-

trolling correlation time for the hyperfine contribution to

('I‘ZM)"1 is the solvent exchange rate. This type of be-

haviour has been observed previously for manganese (II) ion

15,22

in water and ammonia52 and for mono and bis phenan-

throline complexes in water.50 Except for the study re-

-1

ported in ref 22, the field dependence of (TZM) observed

here, had not been investigated in the above systems.
Since it will be shown that the neglect of the dipolar

contribution is not completely justified for this system,
1
D)
. -1 . . -1 .
and hyperfine ((TZM)HF) contributions to (T2M) , permits

eq 13, which represents the sum of the dipolar ((TZM)B

eq 27 to be expressed as

-1 -1 -1.-1
N (Topdpp + Cur (T * Tre ) . (7L
2 TM ) 1 3 1 -1 20
Ty + (To)pp+ Cur T *T1e )
(31)

where Cyp represents the constant (A/ﬁ)ZS(S + 1)/3. The ef-

fective correlation time for the hyperfine interaction,

(Tu-l + Tle_l)-l, is obtained from eq 15 and the definition
of < given by eq 16, if it is assumed that w 21 2 5 1.
el s ‘e,

This assumption is a very reasonable one for a manganese(II)
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system at the operating frequencies dealt with here.
If it is assumed, for the sake of simplicity, that
Tom is determined solely by hyperfine interactions, then,
neglecting the (Tzo)_l term, eq 31 reduces to the form
-1 _ | 1
(TZPPM) = (32)

-1 -1 -1
Ty + CHF (rM + Tle )

in terms of which the temperature dependence of (TZPPM)_l,
shown in Figure 8, can be qualitatively most readily under-
stood. Thus, at low temperatures when exchange is slow,
Tle-l > TMfl, and the rate of electron spin relaxation
modulates the hyperfine jnteractions whereas at high temp-

eratures, Ty > Tle-l' and the rate of chemical exchange
is the dominant correlation time for (TZM)’l. A considera-
tion of Figure 8 clearly shows that most of the data falls
in the region between the above limiting conditions, for
which both thl and '1‘1(;1 contribute significantly. There-
fore, at the highest temperature the frequency dependence
of Tle does not completely vanish. It should also be ob-
served that, since there is only a slight bend in the data
at low temperature, Ty never becomes very significant
relative to the second term in the denominator of eq 32.
Before the data of Figure 8 can be subjected to a
curve-fitting process, it is necessary to estimate the
relative importance o< the freguency independent dipolar

contribution to the total (TZ“)-I ané also the approximate
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nmagnitude of (Tzo)-l. Assuming the reasonable estimates

of 2.90 A, 4.65 A, 4.2 x 1071 sec for r;, 4, and T >
respectively, then from eq 13 and 23 the inner and outer
sphere dipolar contributions to (TZPPM)-I at 25° are 0.711
% 10° sec™t and 0.294 x 10° sec !, respectively. Since
the observed values of ('I'2PPM)_1 at this temperature are
4.45 x 105 sec™! and 7.00 x 10° sec™ at 60 and 100 MHz,
respectively, the inner sphere dipolar contribution to
(TZM)-I, given above, contributes 16% at 60 MHz and 10% at
100 MHz to (TZPPM)-I. Although the (TZO)-l contribution
is very much smaller, it was included for the sake of
completeness. The temperature dependence of the dipolar
(TZM)_l and (‘3’.‘20)-1 terms was assumed to be given by eq

20 and 24, respectively. A value of 3.9 kcal mol™ %, cor-
responding to the activation energy for the viscosity of
water, was assumed for EM = EO and the constants CM and Co

were calculated from the above dipolar estimates of (TZM)-l

and (T, *-

it is also necessary to obtain an independent measure-
ment of either the hyperfine coupling constant (A/n), or
Tie and its temperature dependence, before the data can be
meaningfully fitted to eq 31. In the present case, a
fairly good estimate of A/h could be obtained from the
observed chemical shifts. Although the chemical shifts,
shown in Figure 9, were small, both the 60 and 100 MHz

. . - a6
measurements are consistent with a value ~3.5 x 10 rad
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sec ! for A/, calculated from the estimated values of C,
and Yogg = 5.9 BM by means of eq 10. The Curie temperature
dependence of the observed high temperature shifts is shown
in Figure 9. The above value of A/h was used to calculate
CHF which was held constant in all nonlinear least-squares

P )-1.data to eq 31l.

fits of the (T2P M

Finally, in regards to the temperature dependence of
Tle in eq 31, two apbroaches were used and compared as to
their suitability in fitting the (TZPPM)-I data. In the
one instance, the temperature dependence of Tle was as-

sumed to be given simply by

— o -—
Tle = Tle exp(Ea/RT) (33-a)

where Tleo and E, are constants. It should be noted from
eq 18 that, since a frequency dependent Tle is observed for
this mancanese (I1I) complex, (ws'rc)2 > 1. Equation 33(a)
will therefore be applicable only in the event that

(wstc)z > 1. Alternatively, the complete expression for
Tle' given as eq 18, was used.in eq 31. The temperature

dependence of T, in eq 18 was taken to be

——o - -
Te = Te exp(nc/RT) (33-b)

where Ec was held constant at a value of 3.9 kcal mol-l,

given in ref 22.
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Computed nonlinear least-squares fits of the 60 and

o
T1e

and E_ as adjustable parameters jin the first of the above

L L
100 MHz data to eq 31 were obtained using AHT, AST,

approaches and AH+, AS+, Tco and C, as the variable para-
meters in the second. A summary of the least-squares para-
meters is given in Table VI.

A comparison of the parameters from fits A and B with
those from fits C and D indicates that excellent agreement
is obtained for the AH+ and AS=Lr values from the 60 and 100
MHz data sets for the condition that T . js defined by the
complete expression given by eq 18. The significantly poorer
agreement in both AH* and AS+ from fits A and B is attributed
to the nonexponential temperature dependence of T, at high
temperature where fits C and D indicate that (msrc)2 ~ 1.
This problem is more serious at 60 MHEz than at 100 MHz, and
thus, the AH* and AS# values for the 60 MHz data are af-
fected to a greater extent. At lower temperatures (msTc)z >
1, and therefore, the activation energy of Tie approaches
that of Ter namely 3.9 kcal mol—l. For most temperatures.,
the condition (ms'tc)2 > 1 is valid, and this accounts for
the large apparent values of E, jndicated by fits A and B.

Tt should be noted that although +he values of the
constants, Tco and Ce' determined at 60 MHz (Fit D) do not
agree perfectly with the values found at 100 MHZz (Fit C),
the agreement is 2s good as can be expected in view of the

limited temperature range, the number of parameters neces-
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sary to define the system, and the approximations made

-1 -1

regarding the dipolar (T,,.) and (T,.) contributions.
2M 20

However, since it is felt that the 100 MHz data defines each

of the parameters more accurately, the value of Tco

indicated
by 100 MHz fit C was held constant in the 60 MHz data. The
resulting best-fit parameters for AH+, AS* and Ce are shown
as fit E. Although the kinetic parameters are now in even
better agreement with those from fit C, the difference in

the Ce values is not resolved by this fit.

From the good agreement in the AH+ and AS+ values ob-
tained in fits C and E, it is concluded that for MnBz+ in
water, the solvent exchange parameters are: AH+ = 8.8 £ 0.5
kcal mol-1 and AS+ = 4.5 £ 1.0 cal mol-ldeg-l. The estimated
uncertainties given above might seem to be larger than the
variations indicated by the 60 and 100 MHz fits, but in
view of the 14% disagreement between the Ce values at the
two frequencies, the quoted errors appear to be reasonable.

The curves of Figure 8 were calculated from the parameters

given in fits C and E.

MnB(C10,), in Methanol

The temperature dependencies of (TZPPM)-I at 60 and 100

MHz for the hydroxy and methyl protons of methanol solutions
of MnB(C104)2 are shown in Figure 10. Small downfield
chemical shifts of 0 to 6.5 Hz were observed for the OH

proton and these are given in Figure 11. For the CH3
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1074% (Aw g /Pp) . rad sec’!

1 1 1 1

Figure 1ll:

30 34 38 42
103/7,°K”!

Temporature dependence of (A“obsd/P”) at 60 MHz

for the hyéroxy proton of methanol solutions of

MnB(C104)2.
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protons, the chemical shifts were too small to allow accurate
measurements, and therefore, they are not given.
The temperature dependence of (T2PPM)-1 for this system

is similar to that for MnB(ClO4)2 in DMF. The value of

-1
r Ty

(Tzo)-l as the temperature decreases. However, the magnetic

('l‘szM)-l is controlled successively by (TZM)- and
field dependence observed for the two different protons at
high temperature, shows that the hyperfine interactions
contribute more significantly to the total ('I‘ZM)-1 for
MnB2+ in methanol than for MnB2+ in DMF. In this respect,
this system is similar to MnB2+ in water. The greater
magnetic field dependence which is observed for the OH
proton than for the CH3 protons, is qualitatively consistent
with the fact that (A/-h)oH > (A/ﬁ)cn3.

It is apparent from the rather low effective energy of
(sz)_1 for the OH and CHg protons that the exchange rate
does not provide the predominant correlation time for the
hyperfine jnteraction at high temperature. It was initially
assumed that only Ty, controlled the hyperfine contribution
to (TZM)-I’ and the (TZPPM)-I data for each proton were
fitted to eq 27 with the total (TZM)-I term (dipolar plus
hyperfine) being defined by eq 20. A summary of the best-
fit parameters can be found in Table VII (Model 1l).

For the CH, protons, an independent determination of

AH# was not attempted since TM-l is not well resolved from
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-1 -1

(TZM) and (TZO) . Instead, it is shown (fits D and E)
that the observed (TZPPM)-I for the CH3 protons are com-
pletely consistent with the AH* and AS=rL values obtained
from the OH proton data. Since a magnetic field dependence
was not observed in the outer sphere line broadening region,
the parameters defining (Tzo)-l at 60 MHz were held constant
in fitting the 100 MHz data. Although a f£it of the 100 MHz
OH proton data gave somewhat different values of AH* and
AS# (compare fits A and B), jt was found that the 100 MHz
data could be fitted satisfactorily with the parameters
shown in fit C.

At this stage, calculations were made to determine 1if
Ty should really be neglected as a correlation time for
the hyperfine interaction. Using an iterative procedure in
eq 29, it was found that, in order to properly account for

the OH and CH, proton magnetic field dependence, the value
9

of T,, at 25°C at 60 and 100 MHz must be 8.6 x 10 ~ and

1.48 x 10”3 sec, respectively, and that 7. = 5.0 x 10711 sec
for the inner sphere interaction distances: (ri)OH = 2.95 g
and (ri)CH3 = 3.9 3.45 This calculation required that
(A/R) gy e 6.2 % 105 rad sec”! if (A/) g = 2.3 x 10° rad

sec-l. The above value of (A/ﬁ)oH was determined from the

measured OH proton chemical shifts but (A/ﬁ)cH could not

3
be experimentally determined due to the small and inaccurate
CE3 proton chemical shifts. A comparison of the exchange

rate at 25°C (1.33 x 107 sec—! from the values: AH* = 9.9
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kecal mol™ Y, AS+ = 7.35 cal mol” % deg-l) with the above
values of T, indicates that erl contributes to the extent
of ~10% and ~20% at 60 and 100 MHz, respectively. Thus, for
a proper account of this system, the (TZPPM)-l data should

be fitted to eq 31 in a manner analogous to that used for

MnB2+ in water.

In refitting the (TZPPM)-l data for MnB2+ in methanol,
according to eq 31, the complete temperature dependence of
Tle given by eq 18 was used. For the OH proton data, (a/h)
was held constant at the value indicated by the chemical
shifts, but for the CH3 proton data, (A/h)CH3 was not re-
strained since the observed CHj proton chemical shifts were
too small to give an accurate value of the hyperfine coupling
constant. As for MnBZ+ in water, it was necessary to obtain
a good estimate of the dipolar contributions to (TZM)-l' In
this regard, the inner sphere interaction distances and
dipolar correlation time given in the preceding paragraph
were used to calculate the dipolar contribution to ('rzm)-'1
at 25°C. It should be noted that the value of T given
above is in reasonable agreement with the value found for
the VO2+ ion in met'nanol.53 Using these estimates, the
dipolar contribution to the total ('I‘ZM)-l at 25°C was
found to be 7.63 x 10% sec™! and 1.43 x 104 sec™! for the
OH and CH3 protons, respectively. A value of 3.0 kcal mol-l
was used for the inner sphere dipolar activation energy in

order to calculate the values of the C, constants for the
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OH and CH,; protons which were fixed in fitting the (TZPPM)-I

data. This was also the activation energy which was used
for T, of eq 18. It might be expected that the activation
energy for the outer sphere broadening, which is clearly
defined for this system, would also be the activation enery

-1

which should be used for the inner sphere (TZM) dipolar

contribution and for the process determining Tle (eg 18).
However, it was found by several additional fits that the
activation energy required in the outer sphere (TZO)—I line
broadening region, which is somewhat larger than the value
expected for methanol viscosity (~3.0 kcal mol-l)24 gave
unacceptable fits of all of the data when used to define

the inner sphere dipolar (TZM)-l value and the value of T,..
in order to obtain the over-all best set of parameters, the
60 and 100 MHz data for each proton were fitted simultaneous-
ly using two independent variables, the temperature and the

electron spin precessiocnal frequency (wg in eq 18), in the

computer program. The values of the adjustable parameters

o]

AH+¢ AS#, Cer TC ’

Eg and Cg obtained from a £it of the OH
proton (TZPPM)-I data are given in Table VII (Model 2). For
the CH3 protons, Aﬁ#, Cor and Tco were held constant at the
values obtained in fitting the hydroxy (TZPPM)-I results

and only the parameters AS#, A/, Eo andé Co were allowed to
vary. The values obtained@ for the adjustable parameters are

also given in Table VII. The calculated curves for the OH

and CH3 oroton, according to fits F ané G, respectively,
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are given in Figure 10.

R ' -1
Considering that the (TzPPM)

data at the two
frequencies were fitted simultaneously, the quality of the
fits is quite satisfactory. It is also encouraging to

find that the fit of the CH; proton (TZPPM)-l results is

as good as it is in spite of the number of parareters

which were restrained in obtaining a fit of this data.

The value of (A./ﬁ)cH3 predicted by fit G is also consiétent
with the very small shifts which were observed for the CH3
proton resonance.

Tt should be noted that the values of 8.9 kcal mol-1
and 2.5 cal mol-l deg-l for AH+ and AS+, respectively, are
somewhat smaller than those obtained using the simplified
fitting procedure described earlier. The uncertainties in
the values given are difficult to assess but considering
the number of estimates which had to be made, in particular
the estimate of the dipolar (TZM)'l term, errors of 0.5
kcal mol-l and *2 cal mol-l deg-l would not be unreasonable.

The observed chemical shifts of the hydroxy proton
shown in Figure 11 were not used to obtain AH+ and AS#
since the shifts, being relatively small in the exchange
region, were subject to considerable errors. Conseguently,

7 raa sec ! °k was estimated,

a value of Cm =1.28 x 10
graphically, from the chemical shifts in the £fast exchange
region and this value was used, along with the values of

the parameters given in Table VII (fit F), to calculate the

[P ————
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shifts using eq 28. The calculated curve shown in Figure
11 indicates that the observed chemical shifts are con-
sistent with the parameters obtained from the line broaden-

ing results. From the above value of Cm and M geg < 5.9 BM,

(A/h) oy wWas calculated to be 2.3 x 10° rad sec L.
Magnetic Field Dependence of (TZM)-l
The magnetic field dependence of (TZM)—l observed for

MnB2+ in methanol, water and DMF is attributed to a field

dependent hyperfine contribution. As shown previously,
both rM'and Tie modulate this hyperfine interaction for
MnB2+ in water and methanol, but for MnB2+ in DMF, Ty > T

le’

and thus, 7, =T

e le* For the latter system, the hyperfine

contribution is relatively small. The magnetic field de-
pendence of Tie €30 be interpreted in terms of eq 18. 1In
this section the parameters defining the field dependence
of Tle for MnBz+ in methanol and water are examined.

The values of rco and Ec’ which define the correlation
time in eq 18, indicate that at 25°C, 1, is 7.8 x 10712
sec and 2.5 X 10712 sec, respectively, for MnB2" in water
and methanol. It should be noted that these values are

53 obtained

much smaller than the rotational tumbling times
for the VO2+ jon in water and methanol. It might be ex-
pected that the electronic relaxation mechanism proposed
by Bloembergen and Morgan22 for the hydrated Mn2+ ion,

and also found to be operative for the hydrated Fe3+ and

Cr3+ ions,54 is responsible for the small values of 71,
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obtained here. For this mechanism, electron spin relaxation
is due to the modulation of the zero-£ield splitting (ZFS)
by random distortions of the inner solvation sphere as a
result of molecular collisions with the bulk solvent. For
complexes with cubic symmetry, and thus no permanent Z2ZFS,
the collisions provide a fluctuating 2FS averaging to

zero. However, for complexes possessing a permanent dis-
tortion, as is the case for MnBZ+, it is expected that
complex tumbling would also contribute to the modulation of
the ZFS. For Mn(OH)62+, Bloembergen and Morgan obtained a
value of 2.4 x 10712 sec for 1, at 300°K. Since the T,
value for MnB2+ in water is considerably larger, it seems
likely that both rotational tumbling and diffusional col-
l1isions contribute to a modulation of the ZFS.

Following McLachlin,21 the constant C, in‘eq 18 is
related to the 2ZFS energy term (3) and the electron spin
quantum number by means of the expression

AZ

Ce = —— ;45(8 + 1) - 32 (33-¢)
25

From the value of the C, constants given in Tables VI and

1 1

VII, A is calculated to be 0.17 = 0.015 cm™ ' and 0.12 cm’
for MnBz+ in water and methanol, respectively. These
values of A are, as expected, considerably larger than the
value 0.014 cm°l found for the temporary ZFS energy in

Mn(032)62+.54 The values c¢iven above appear to be
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consistent with the observation made by Alexander, et aZ.,31
that the MnBC12'6H20 complex is characterized by a large zero-

field splitting. It should be noted that the smaller A value

2+

obtained for MnB in methanol than in water appears consistent

with the result that T, is smaller for this system; the implica-
tion here being that the inherent ZFS for MnB2+ in methanol is
smaller, and consequently, a greater contribution to the overall
7FS arises from the temporary distortion mechanism discussed
above.

From rc(25°) and Cor Tie for MnB2+ in methanol and water
was calculated to be 1.0 x 107° and 7.2 x 10”2 sec, respectively,
at 60 MHz (14.1 kG).. For an independent estimate of Tle’ the
epr spectrum of a degassed methanol solution of MnB(C104)2 was
obtained at 25°. The spectrum consisted of 6 hyperfine lines
superimposed on a broad background signal. The iine width

(~20 G) and coupling constant (~94 G) of the hyperfine lines

are quite similar to those for Mn(CHBOH)6 . However,

recrystallization of the complex failed to affect either the
epr spectrum in methanol or the nmr line broadening in water.
If it is assumed that Mn (CH,OH) 62"' is in equilibrium with MnB?™,
then relative intensity calculations indicate that the amount of
Mn(CH3OH)62+ is too small to account for the observed nmr re-
sults. If the hyperfine structure is actually a part of the
MnB2+ epr spectrum, then eq 18 predicts that for Tle = 1.0 x

-8 9

10 sec at 14.1 kG, Tle = 2 x 10 ° sec at the epr magnetic

field (3500 G), in agreement with the value of 3 x 10'-9 sec

calculated for T, from the epr line width.

e e o e e
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3. Magnetic Susceptibility and Ligand PMR Shift Study of

the Paramagnetic-Diamagnetic Equilibrium of NiCR2+ and

NiCRMe2+ in Several Coordinating Solvents

This section presents the results of a study of the
diamagnetic-paramagnetic equilibrium for the solvated
nickel(II) complex of 2,12-dimethyl-3,7,11,17-tetraazabi—
cyclo(ll.B.l)heptadeca—l(17),2,11,13,15—pentaene, NiCR2+,
and its methylated analogue, NiCRMe2+. These complexes
are shown in Chapter I as structures I(a) and I(b),
respectively. It was necessary to study this equilibrium
in order to interpret the solvent nmr line broadening
properties of these nickel (II) complexes. For NiCR2+, the
diamagnetic-paramagnetic equilibrium was studied as a
function of temperature in water, methanol, N,N-dimethyl-
formamide (DMF), dimethylsulfoxide (DMSO) and acetonitrile.
In the case of NiCRMe2+, the equilibrium was studied in
DMF and water. The equilibrium constants were determined
from both magnetic susceptibility and ligand proton contact
shift measurements.

The presence of a diamagnetic-paramagnetic equilibrium
in the NiCR2+ system is not surprising in view of the
earlier studies32 which have shown that in the solid state
NiCR(ClO4)2 is diamagnetic while NiCR(OHZ)Z(C104)2,

NiCRCl2 and NiCR(SCX), are paramagnetic. It has also been

observed that the iodide salt of the hyérogenated form of

. 2t . sy e s
NiCR shows a temperature-dependent spin-state eguilibrium
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55 Similar observations on complexes

in the solid state.
less closely related to those studied here have been
reviewed by Barefield, Busch and Nelson.55

Several types of reactions have been associated with
the diamagnetic-paramagnetic conversion in nickel (II) com-
plexes. In the solid state, where ligand movement is
restricted, a simple equilibrium between electronic states

exists. For tetragonally distorted nickel (II) this would

take the form
i x. (fa. ) ==nia,x, By ) (34)
4% CB ) FNIRLK U B g

Such equilibria55 normally have small values for ARH°®

(~1 kcal mol™}) and As°® (~1 cal mol” tdeg™t

).

In solution a square planar-octahedral interconversion

may occur according to the reaction

N:LA4 + 2X &= NJ.A4X2 (35)
s=0 s=1
For Ni(CRH)2+ in water, where CRH is the hydrogenated CR
macrocyclic ligand, AH® and AS°® values56 for equilibrium
35 are -4.5 kcal mol L and -16 cal mol ldegl, respectively.
Recently Kannan and Chakravorty57 studied a series of 2-

hydroxyacetophenimine complexes of nickel(II), with X =

pyridine, and found AE® values of -4 to -11 kcal mo].“1 and
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AS® values of ~25 to -39 cal mol—ldeg-l.

Several systems55 have been found to exhibit the

equilibrium
nNia, (monomer) == (NiA4)n (associated species) (36)
s=20 S=1

Such equilibria are characterizéd by theif concentration
dependence and sensitivity to steric factors in the A,
ligand(s).>®

A final type of equilibrium (eg 37), involving a

structural and spin-state change, has been observed.59

NiA4 (planar) = NiA, (tetrahedral) (37)

s =0 s=1

The tetrahedral species can normally be detected from its
characteristic electronic spectrum. -Such an equilibrium
seems unlikely with the fused ring quadridendate CR and
CRMe ligands since it reguires considerable ligand dis-
tortion. Therefore, equilibrium 37 will not be considered
further here.

Preliminary studies on the NiCR2+ complex in water
indicated that the visible spectrum was highly temperature
dependent, with the extinction coefficient at 396 nm under-

-1 -
going a reversible change from 76 M “cm 1 at s5°c to 272
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M-'lcm“1 at 59.5°C. This type of observation indicates that
an equilibrium exists in the‘system buf is of little help
in defining the type of change which is occurring. There-
fore, studies of the temperature dependence of the magnetic
susceptibility and of the ligand proton chemical shifts
were undertaken.

The molar magnetic susceptibilities of NiCR2+ and
NiCRMe2+, dissolved in several coordinating solvents, are
shown in Figures 12, 13 and 14. These were determined by

the method of Evansz7'60 and were calculated from eq 2 of

ref 27 which can be rewritten in the form

X 3A£ + % ) M (38)
M 3 os .

Zﬁfo[m]Mpt x 10

where Xy is the molar magnetic susceptibility, Af is the
magnetic susceptibility shift in Hz, fo is the spectrometer
operating frequency (60 MHz in this study), [m] is the
solute molality, Py is the solution density at t°C, M is

the molecular weight of the complex, and Xo is the solvent
diamagnetic susceptibility in cgs units. The Xy values
shown in the figures have been corrected for the macrocyclic
diamagnetic susceptibility (-163 x 106 cgs units).28

However, for reasons to be discussed subsequently, Py for

each nonagueous solvent system was assumed to be that of

the solvent at 25°.
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Figure 13: Temperature dependence of xq-l for NiCR(BF,),
(o) and NiCR.Me(BF4)2 (e) in water.
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When the anhydrous NiCRMe2+ and NiCR2+ complexes were
dissolved in a non-coordinating solvent, such as trifluoro-
acetic acid, the temperature—inaependent macrocylic ligand
pmr of the pure diamagnetic forms was obtained as shown by
spectrum A and B, respectively, in Figure 1. On the other
hand, when these complexes were dissolved in the coordinat-
ing solvents used in this study, the chemical shifis of
the various resonances became very temperature dependent.
For a solution of NiCR(PF6)2 in DMF at 60°, the pyridyl
proton resonances appeared downfield, while the signals
from the azo-methine methyl protons and the two types of
CH, protons from the dipropylamine portion of the molecule
cere shifted upfield, the latter more than the former,
relative to their diamagnetic positions shown by nmr
spectrum B in Figure 1. The entire spectrum at this temp-
erature occurred over a region of ~1800 Hz. Measurements
of the temperature dependence of the sharpest resonance
due to the azo-methine methyl protons were used to deter-
mine the position of the equilibrium. All shifts were
found to be independent of concentration, at least in the
range 0.3 to 0.8 m studied. The accuracy of the shifts was
generally controlled bv the line width and is estimated to
vary from *2 Bz at the higher temperatures to +10 Hz at
iower temperatures. The chemical shifts relative to the
chemical shift in trifluoroacetic acidé, which was taken

as that of the pure diamagnetic form, are shown in Figure 15. '
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Figure 15: Temperature cependence of the chemical shift of
the azo-methine methyl protons for NiCR2+ and

Nicrve?t. A - NiCR(PF(), in acetonitrile, 3 -

NiCRMe(ClO4)2 in N,N-dimethylformamide, C -
NiCR(PF6)2 in %N,N-dimethylformamide, D - UiCcR(B
in methanol, E - NiCR(BF4)2 in water, F - NiCR(

in dimethylsulfoxide, and G - NiCRMe(BF,), in wate
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These magnetic susceptibility and chemical shift
results indicate, unambiguously, that a diamagnetic-para-
'magnetic equilibrium exists, with the diamagnetic form
being favored at higher temperatures. The measurenents
also show that it was not possible to obtain the chemical
shifts and the magnetic susceptibilities of the pure para-
magnetic forms. From the standpoint of improving the ac-
curacy of the equilibrium constants, it would have been
of considerable advantage if these limiting values could

have been determined.

Magnetic Susceptibility Results

If the diamagnetic-paramagnetic equilibrium is repre-
sented by
D(s = 0) == P(5s =1) (39)

then the equilibrium constant is given by

P]
K = — = exp(

(D}

-AH® : °
AH +TL\S) . (40)

The molar magnetic susceptibility can therefore be expressed

as

u 2N
XM = " ; (41)
3x(T + §) (1 + exp(PE =T8S

RT
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where u_ is the magnetic moment of the paramagnetic species
_in Bohr magneton units, N is Avogadro's number, and 9§ is
the Weiss constant. A Curie-Weiss temperature dependence
is assumed for u_ since previous work32 provides some
guidelines as to the likely values for 6. Alternatively,
"a temperature independent term may be added to eq 41,

with 8 = 0°K; however, the two procedures are equivalent
from the point of view of fitting the data, as long as

T >> 8.

A nonlinear least-squares fit of the ¥y data to eq 41
would not give reasonable values for all the parameters:
Bor 85 AH® and AS°. However, fits to within the estimated
experimental error of the XM values could be obtained using
the assumptions summarized in Table VIII. A value of 3.00
BM was chosen for u_, rather than the more ﬁormal value of
3.2 BMSS for octahedral nickel(II), because it gave better
agreement of AH° and AS® with the results of the chemical
shift study and also gave smaller, more reasonable 6
values. Although u_ may actually be slightly different
for each system, as shown by £it A, the data do not permit
such a refinement.

In fit C of Table VIII, an attempt was made to account
for the changing solution density (eq 38) with temperature.
Temperature density functions of the pure solvents61 were
used. For the nonagueous solvent svstems, the AH® and AS°®

values do not agree with those from the chemical shift
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TABLE IX

Least-squares best fit parameters of the azo-methine methyl
2+

chemical shift data for NiCR2+ and NiCRMe
(a)

in a series

of solvents

Complex Solvent AH®, AS°, 107 7x A/ﬁ,(b)
kcal mol T cal mo].-'ldeg“l rad sec b
NiCR(BF,), Water -6.39 -17.9 -5.49
NiCR(BF4)2 CH3OH -4.09 -12.2 -6.20
NiCR(PF6)2 CH3CN -4.16 -10.8 -8.26
NiCR(PF6)2 DMF -3.27 - 7.7 -6.57
NiCR(PF6)2 DMSO -4.47 -10.0 -5.49
NiCRMe(BF4)2 Water -4.60 -15.1 -5.91
NiCRMe(ClO4)2 DMF -4.85 -12.6 ~-8.07

(a) Fitted to eq 42 with A = 0.

(b) Calculated assuming g/S(sS + 1) = 3.00 BM in eq 42.
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study. It would appear that the use of pure solvent
densities for solutions containing from ~0.05 to ~0.2 m
complex and ~5 vol % of internal standard is not justified.
As expected, the inclusion of the temperature variation of
the density of water for the aqueous systems has an
insignificant effect on the fit parameters since the
density of water does not have a very large temperature de-

pendence.

Ligand Proton Chemical Shift Results

The temperature dependence of the chemical shift of
the azo-methine methyl protons were also used to obtain
the equilibrium constant for eq 39. If only the Fermi
contact contribution to the shift is considered, then eg
40 of reference 17 can be used to obtain

g8s(s + 1w, -1

. ( ) {1 + exl:(AH
3kYIT T RT

T - A

° = TASY, (42)

where Awp is the measured chemical shift relative to that
of the diamagnetic form, A/ is the hyperfine coupling
constant in rad sec-1 and wg is the nmr operating fre-
quency. The first term in brackets in eq 42 is obtained
by rearrangement of the expression given by Kurland and
McGarvey,17 with A = ((gn - gl)D/SkE), where D is the

zero-field splitting energy and g = %(gl +2g,). The
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neglect of an additional pseudocontact shift (eq 12) ap-
pears to be justified for NiCR2+ and NiCRI-Ie2+ since the

angular geometry term, (3coszﬂ - 1), for the azo-methine

methyl protons of NiCR2+ and NiCRMe2+ is expected to be
small. It should also be observed from ec 12 that, since
the pseudocontact shift has mainly a T-l temperature de-
pendence with only a small ’1‘-2 term, the omission of this
contribution to the measured chemical shift in the present
treatment should not affect the AH® and AS°® values, but
would affect the values of A/A.

The frequency shift data of Figure 15 were originally
fitted to eq 42 assuming A = 0. With this condition eq 42
reduces to the form more normally used to £it contact
shifts,62 in which a Curie law temperature dependence of
the magnetic susceptibility is assumed. The results of
these fits are summarized in Table IX. The AE® and AS°
values are in good agreement with fit B of Table VIII, but
not in such good agreement with fit C, except for the
systems NiCR2+ and NiCRMeZ+ in water. This indicates that
the density corrections applied in fit C for the nonagueous
solvent systems are incorrect for reasons outlined earlier.

However, the agreement might be improved by inclusion
of the non-Curie temperature dependence of the magnetic
susceptibilities in fitting the contact shifts. The ex-
pression for the magnetic susceptibility of an S = 1 sys-

17

tem, given by Kurland and McGarvey,” can be used to show
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that

3,2 :
_z-=1 _29°8° T -4
Xy = X = 300+ 2 = T () (43)

where g2 = %(gﬁ

+ Zgi) and A' = ((g“l2 - gf_)D/kgz). The

Curie-Weiss law for the susceptibility may be written as

X, = c ~ % (1 - 8/T) (44)
T(1 + 6/T)
and then
c T -8
xM =7 (_‘F—) (45)

Comparison of eq 43 and 45 shows that the Weiss constant
(6) can be identified with A'. 1In the absence of known
g values, a relationship for A in terms of 6 cannot be

obtained, but it can be shown that

-1

’ g 2g

8 _8 -1 s34+ L (46)
A A g, g

In the limit of a completely isotropic case 4 = 0.58 and
it seems unlikely that A > 0.67€. The contact shift data
for the water systems, which have the largest 6 values,
were refitted to eg 42 assuming A = 0.676. The results

1

for NiCR2+ are AH® = -5.92 kcal mol - and AS° = -16.7 cal

mol-ldeg-l, and for NicrMe?', AH® = -4.61 kcal mo1™} and
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1 1

AS® = -15.2 cal mol ~deg . These values for Nicr?? are
in poorer agreement with those from fit C, and the values
for NicrMe?! are essentially unaffected. The overall fit
was not significantly improved. Therefore, the inclusion
of A in eq 42 will not significantly affect the results
nor improve the agreement with the results of fit C.

It is somewhat difficult to estimate the magnitude of
the errors for AH® and AS® because of the various approxi-
_mations required and the number of parameters needed to
fit the data. The ligand chemical shifts are least subject
to these problems and experience with the fitting process
indicates that an error of #0.5 kcal mol™} on AH® and
+1 cal mol ldeg ™t on 4S° is a resonable estimate. Vithin
these error estimates, the results from the magnetic sus-
ceptibility and ligand chemical shift studies are in
agreement.

The values of AH° and AS° obtained for the diamagnetic-
paramagnetic equilibrium are generally similar to those
found previouslyss'ss'57 for a scuare planar-octahedral
eguilibrium jndicated by eg 35. Although it is possible
that the paramagnetic species is only five-coordinate, the
jsolation of the bis-adduct, NiCR(DMF)z(PF6)2, for which
the microanalytical results are given in Table I, provides
some indirect evidence for the octahedral formulation.

The magnitude of &H° and AS° argue strongly against an

equilibrium such as that represented by eq 34. The lack of
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any concentration dependence for the equilibrium precludes
the possibility of complex association via the equilibrium
represented by eg 36. Furthermore, in view of the absence
of temperature dependent contact shifts of the ligand
proton resonances in inert solvents, it is not likely that
the formation of associated species would occur in co-
ordinating solvents.

It would be expected that solvating power, steric ef-
fects, and ligand-field splitting might be contributing
factors to the AH® values. However, except for NiCR2+ in
water and DMF, the AH® and AS° values are quite similar,
being about 4.4 * 0.4 kcal mol ™t and 12 * 3 cal mol-ldeg-l,
respectively. Therefore, it seems that a number of com-
pensating factors may be at work and a qualitative analysis
of the AH° values is futile.

The AH® value for NiCR2+ in water is the most negative,
consistent with the proposal by Busch56 that solvent
structure breaking is an important factor in determining
the diamagnetic-paramagnetic equilibrium state. However,
NiCRMe2+ in water has a rather normal AH®°, and it seems
unlikely that the introduction of a methyl group on the
Schiff base ligand would have a significant effect on the
solvent structure.

The hyperfine coupling constants (a/4) in Table IX
have all been calculated with the assumption that u_ =

g/s(s + 1y = 3.00 B¥. It would seem likely that this as-
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sumption is good to within at least *5%, and therefore, the
variations in A/A for different systems are real. The
‘nature of the axial ligand, solvation of the octahedral
complex, and minor changes in geometry of the macrocyclic
ligand are likely to affect A/h. Thus, the observed varia-
tions are not considered to be unusual.

The values of the egquilibrium constant parameteré
determined in these studies are used in subsequent sections
to correct the solvent proton chemical shifts and line

broadenings for the diamagnetic form of the NiCR2+ and

NiCRMe2+ complexes.
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4. Solvent Proton NMR Line Broadening and Chemical Shift

study of the Nickel (II) Schiff Base Complexes, NiCR2+ and
2+

NiCRMe“", in Several Solvents

As a result of a number of recent nmr solvent exchange
studies of normal octahedrally substituted nickel(II)

complexes,2'3'7

it is now possible to qualitatively antici-
pate the effect of the non-exchanging ligands on the water
exchange rates in such systems. However, there have been
comparatively few studies of the kinetic properfies of
tetragonally distorted nickel (II) complexes. Thus, little
is known regarding the relative importance of complex
geometry and the effects of non-exchanging ligands in these
systems. It was therefore of interest to study the solvent
exchange properties of the Schiff base complex, NiCR2+, in
several solvents. The soclvents chosen were: water, N,N-
dimethylformamide, methanol, acetonitrile and dimethyl-
sulfoxide.

For purposes of comparison of the solvent exchange and
the relaxation results of NiCR2+ with those of another tet-
ragonally distorted system, the Schiff base complex,
NiCRMe2+, was also studied in water and N,N-dimethylforma-
mide. It should be noted from structures I(a) and I(b)
that the only synthetic structural difference between these
two complexes is that in the case of NiCRMe2+ 2 methyl

group is substituted for the amine proton of the CR ligand.

It was shown in the previous section that a rapid dia-
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magnetic-paramagnetic equilibrium is a characteristic

2+ 2+

property of NiCR and NiCRMe in the above coordinating

solvents. The guestion therefore arises as to whether the
solvent exchange behaviour of these complexes is also re-
lated to this equilibrium.

Chemical exchange effects on the nmr line broadening
and frequency shifts were observed for both NiCR2+ and
NiCRMe2+ in N,N-dimethylformamide and for NiCR.2+ in meth-

anol. Only the line broadening results for NiCR2+ in water

and acetonitrile and for NiCRMezf in water show effects of

chemical exchange. In the case of NiCR2+ in dimethylsulf-
oxide no chemical exchange controlled line broadening was
observed. Measurements were made on all systems at both 60
and 100 MHz and in all cases a frequency dependence of the
proton relaxation time in the first coordination sphere of
the metal ion was observed. This behaviour is interpreted
in terms of the magnetic field dependence of the electron
spin relaxation time.
In order to include the effect of the temperature-

dependent diamagnetic-paramagnetic equilibrium, represented
by eq 35, on the concentration of the paramagnetic form of

the complex in solution, Pys previously defined by eq 4,

is expressed as

M (47)
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where Xp is the mole fraction of the nickel complex in the

paramagnetic form and is readily calculated from

X

P__ = exp (-AH° + TAS°) (48)

- X RT
1 P

The values of AH®° and AS°® have been determined as described
in section 3 of this chapter. A value of two has been as-

sumed for n for both NiCR2+ and NiCRMe2+

, implying a
pseudo-octahedral structure for the paramagnetic species.
Tndirect evidence supporting this assumption, at least for
NiCR2+, has been presented in the experimental section
where it was shown that the bis-DMF adduct of NiCR(PF6)2
could be isolated. The characterization of the aquo-adduct,
NiCR(OHz)z(ClO4)2, has also been repor<l:e<i.32 However, if n
were actually one in solution, then the values of (TZPPM)-I
and Awobsd/PM would have to be multiplied by a factor of
+wo, essentially, since the second term in the denominator
of eq 47 is small relative to [(s]. Therefore, the calcu-
jated exchange rates and coupling constants would increase
by a factor of two, and AS* would increase by 1.4 cal mOl-l

deg-l.

NicrR?* in N,N-dimethylformamide

The temperature dependencies of (TZPPH)-I and

(Amobsd/PM) for the formyl proton in DMF solutions of
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NiCR2+ are shown in Figures 16 and 17, respectively. In
this study most of the measurements were made on the hexa-
fluorophosphate salt and these were found to be in agree-
ment with data obtained for the perchlorate salt. All of
the experimental points have been adjusted using in eq 48
the previously determined values of -3.27 kcal mol-l and
-7.7 cal mol-]'deg-l for AH° and AS°, respectively. It
may be noted that below -40°C the complex is >96% para-
magnetic and the effect of the equilibrium on the concen-
tration of paramagnetic species is quite small; however,
at higher temperatures the effect is quite significant.

At 120°C, for example, the complex is 43% in the diamagnetic

form.

The temperature dependence of (TZPPM)-I, shown in

Figure 16, is typical of that observed for other nickel (II)

systems. The value of (TZPPM)-l is primarily controlled

. -1 _ 2 - -1
successively by (TZM) ’ LMAwM and finally (TM) as the

temperature is lowered. These limiting conditions were
discussed as 25(a) to 25(d) (Case A) in Chapter I. It
should be noted that no (TZO)-l controlled line broadening

region is actually observed at low temperature but analysis

2+

of the data for this system and that of NiCRMe in DMF,

permitted the outer sphere term to be estimated. The re-

sults for Ni(DMF)62+ in DMF47 were also useful in this

connection.

This system is unusual, however, in that the (Tzq)-l
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value is frequency dependent. It is apparent from Figure 16
that, although (TZM)—l is the major contribution to (TzPPM)-
for T L < 3.4 x 10~3°x™1, the 60 and 100 MHz data do not
converge at high temperature. This behaviour has been ob-
served for NiCR2+ in several solvents and is attributed to

a frequency dependence of the correlation time controlling
the (TZM)-l relaxation. This phenomenon will be discussed
subsequently. It has been assumed that the outer sphere
relaxation-has the same frequency dependence.

The (TZPPM)—I results have been fitted to eg 2, modi-
fied by the addition of a (TZO)-l term, with certain re-
strictions applied to the parameters as given in Table X.

Since the observed downfield chemical shifts of the
pulk solvent formyl proton resonance were large for this
system, this data was also used to evaluate the exchange
parameters and to obtain an indepencent measure of C,- In
addition, the temperature dependence of the observed chemi-
cal shifts in the fast exchange region, where 2w, -4 is
theoretically defined by limiting conditions 25(a) and
25(b), was used to gualitatively assessS the validity of
the corrections which have been made for the diamagnetic-
paramagnetic equilibrium. It should be recalled, however,
that the Awobsd values are not useful in determining the
paraxeters Cy and Ey defining (TZM)-l due to the difficulty
of resolving T,y from Ty The (Awobsd/PM) data at 60 and

100 MEz, given in Figure 17, were £itted to eq 8 with the

1
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assumption that the temperature dependence of Aw, is given
by eq 11. The parameters defining ('1‘2M)"l were taken from
" the appropriate (T2PPM)—1 fit. The results are shown in
Table X and the smooth curves calculated from these para-
meters are drawn in Figure 17. It should be noted that the
predicted values are slightly higher than the observed
values at higher temperatures. The dashed lines extfa—
polated throﬁgh the observed high temperature data indicate

1 _ gox”l. This discrepancy may

a shift of -185 Hz at T
be due to a slight error in correcting for the diamagnetic
species, or to a non-Curie dependence of the chemical
shift. Since the maximum discrepancy is only 8%, it is
not possible to decide between these two alternatives. It
is gratifying to £ind that the AH+ and AS+ obtained from
the éhift data are in good agreement with the values from
the line broadening results.

Comparison of the values given in Table X indicates
that the kinetic parameters for DMF exchange can be reason-

1

- L
ably given as AH% = 9.5 * 0.5 kcal mol and AST = 2.2 #

1.0 cal mol—ldeg-l. These are the average values from the

£
fits in which both AH'! and AS% were allowed to vary. From

6

the values: C_ = 3.08 x 10° rad sec Lok at 60 MHz and

Mogg = 3.00 BM, the hyperfine coupling constant for the

6

CH proton was calculated toc be 2.30 x 10" rad sec-l.



127

NiCRMe(ClQJQ__2 in N,N-dimethylformamide

For the NiCRMe(ClO4)2-DMF system the temperature
dependencies of (EI'ZMPM)-'1 and (Aw . q/Py) for the formyl
proton are shown in Figures 18 and 19, respectively. The
values given have been corrected for the formation of the
. diamagnetic species using AH® = -4.85 kcal mol-l and AS° =
-12.55 cal mol-ldeg-l. This correction is negligible at
temperatures below -25°, but increases from 3 to 52% as
the temperature increases from -25° to 115°C.

The results are gualitatively similar to those for

2+ in DMF except that the (TZM)-l controlled relaxation

NiCR
at high temperature is more pronounced and the rMAmM? region
is consequently less well defined. As a result, it is not
possible to obtain a good value of C from the (TZPI’M)—1
data and the value obtained from the chemical shift measure-
ments has been used in all of the (TZPPM)-I fits summarized
in Table XI. It should also be noted that in the low
temperature region the data from the 60 and 100 MHz studies
do not converge as would be expected for tM-l control of
(TzPPM)-l. This result appears to be due to the frequency

dependence of the outer sphere relaxation which is signifi-

1l 3 1

cant but not dominant when T °K ~. As in the

> 4.6 x 10
case of NiCR2+, it has been found that E, appears slightly
larger at 100 MHz than at 60 MHz. The use of the best fit
value of Ey from the 60 MHz data for the 100 MHz data or

vice versc leads to a significantly poorer fit and poorer
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agreement between the AH+ and AS+ values from the two sets
of data. This apparent frequency dependence of Ey will be
discussed subsequently in connection with the frequency de-
pendence of TZM’

The chemical shift data were fitted as discribed above
2+

for the NiCR“ -DMF system. For NiCRMe2+ in DMF, the high
temperature chemical shifts at 60 and 100 MHz extrapolate
to a shift of -520 Hz (dashed lines in Figure 19) rather
than 0 when T-; = 0°K_l. Again, this discrepancy might
jndicate non-Curie behaviour or may be due.to a slight
under correction for the diamagnetic-paramagnetic equilib-
rium. In any case the values of AH+ and AS+ are not sig-
nificantly affected because the wvalue of AwM, extrapolated

in the region, 4.2 x 1075 £ T - < 4.6 x 1073

1

, is relatively

= 0°x L.

insensitive to the assumed shift at T
The values of AH# and AS+ obtained from the shift and
line broadening data are in good agreement. The average
values from the fits in Table XI are AH+ = 7.8 £ 0.5 kcal
mol™ ! and AS+ = -2.9 £ 2.5 cal mol-ldeg-l. A value of

6 rad sec"1 is obtained for the hyperfine coupling

3.03 x 10
constant for the formyl proton from both the 60 MHz and
100 MHz chemical shifts if Ly is taken as 3.00 BM in

eq 10.

NiCR(BF,), and NiCRMe (BF,), in Water

The line broadening and chemical shift results for
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NiCR(BF4)2 and NiCRMe(BF4)2 in water, corrected for the

diamagnetic-paramagnetic equilibrium, are given in Figures

20, 21 and 22. The corrections were made using AH®° = -6.39
ceai mol-! and AS°® = -17.9 cal mol tdeg ! for Nicr®*, and
AH® = -4.58 kcal mol L and AS°® = -15.3 cal molnldeg—'l for
NicRMe?t.

The solutions used to obtain the experimental data
for these aqueous systems were unbuffered at pH = 4.
Two samples, adjusted to pH 1.6 and 7.6, showed no dif-
ference in the line broadening. Both the perchlorate and
tetrafluoroborate salts of NiCR2+ gave the same results,
within experimental error.

It should be noted that no chemical shifts were ob-

served in the NiCRMe2+ system. This result is probably

due to the smaller percentage of paramagnetic form of

NicrMe2* than NicR®' (52% versus 81% at 25°C). Thus the

observed upfield chemical shifts of 3-9 Hz in the NiCR2+

system would be less than 5 Hz for NiCRMe2+, even if the

hyperfine coupling constants were the same.

1

The temperature dependence of (TZPPM)— in water is

similar to that in DMF, however, no thl controlled region

is observed because of the more limited liquid range in

-2 -1
TM ’ (TZMTM) >>

(T )-2, which are a combination of limiting conditions
2M

water. With the limiting conditions:

25(a) and 25(b), eq 2 reduces O
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-1_ -1 | 2
(TZPPM) = (TZM) + TMAwM

' -1
+ (Ty0) (49)

The term (T?_O)—1 is added to account for the outer sphere

broadening but it is obvious that (‘1'20)'-l cannot be dis-

“l for this system.

2

tinguished from (TZM)

The chemical shifts for NiCR * 4o not show chemical
exchange effects since (TMA@M)2 << 1 and consequently they
are described by eq 1ll.

The results for NiCR.z+ in water have been analyzed
in terms of eq 49, with Cj fixed at a value of -1.5 x 106
rad sec-1°K, as determined from the chemical shift measure-
ments, and EM = Eo held constant at 1.0 kcal mol-l. The
least-squares fit of the 60 MHz data gave AH# = 6.81 kcal
mol—l, AS* = -14.2 cal m.c.vl"ldeg“l and (Cy + Cq) = 454.8
sec”l. The 100 MHz data were fitted with C,r Ey = Eg and
AH+ held constant at -2.5 x 10% rad sec”l°x, 1.0 kecal mo1”1
and 6.81 kcal mol™ !, respectively, and AS+ and (Cy + Cq)
varied to give the best fit values of -14.5 cal mol-ldeg-l
and 886.4 sec-l, respectively. The good agreement between
the AS+ values is at least partly fortuitous but it provides
some justification for the assumption made regarding the

1 -1

(Tzu)- and (T,y) = activation energy. From the above

value of Cw at 60 MHz and u_ce = 3.00 BM, the hyperfine

coupling constant for this system is calculated to be

6 1l

-1.1 x 10° rad sec ~.
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1l 2+

The behaviour of (TZPPM)- for NiCRMe in water is

very similar to that for NiCR2+. However, due to the

absence of chemical shifts, AmM could not be determined and

the exchange rate parameters cannot be extracted from the

results. However, if it is assumed that the ratio of Cm

for NiCR.z+ and NiCRMe2+ is the same in water and DMF, then

the 60 MHz and 100 MHz data can be fitted with AH+ = 6.3

xeal mol~l, asT = -15.8 cal mol Yaeg™!, E, = 1.0 kcal mol”

The value of (Cy + Cy) is 6.97 x 102 sec ¥ and 9.29 x 102

sec"l at 60 and 100 MHz, respectively. These parameters
were estimated by a graphical fit of the data according
to the ((TZM)-l + (TZO)-l) and tMAmMZ contributions shown
in Figure 22, and are only included to show that the
absence of any observed shift does not necessarily imply
any unusual difference between NiCR2+ and NiCRMe2+ in
water.

It should be noted that, for the agqueous systems, an

-1

alternative explanation based only on (TZM) control of

(']32}?11'31)“l is possible, in principle. However, detailed
consideration of this mechanism, given at the end of this

section, indicates that this possibility will not guanti-

tatively explain the results.

. o . .
N:LCR(P.S)‘2 in Acetonitrile

The variations of -log(TZPP ) and (4w

M
771 for NiCR(PFy), in acetonitrile at 60 and 100 Mdz are

obsd/PM) with

1
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shown in Figures 23 and 24, respectively. For this system,
the equilibrium concentratioﬁ of paramagnetic NiCR(CH3CN)2
(PF6)2 species was calculated at each temperature using, in
eq 48, -4.16 kcal mol & and -10.8 cal mol ldeg™! for am°
and AS°, respectively. The values of Py were calculated
from eq 47 assuming n=2. As a result of the inclusion of
the temperature dependence of the diamagnetic-paramagnetic
equilibrium, the chemical shifts shown in Figure 24 adhere
perfectly to a Curie law temperature dependence.

The temperature dependencies of (TZPPM)-I at the two
frequencies are essentially the same as those observed
previously for NiCR2+ and NiCRMe2+ in water. The line
broadening is determined by tMAmM? at low temperature and
by the frequency dependent T,y relaxation at high tempera-
ture. The complete temperature dependence is described by
eq 49. However, in the present case, the low temperature
line broadening region of kinetic interest is better de-
fined due to the longer liguid range of acetonitrile. Also,
for this system, the observed upfield chemical shifts were
large and these permitted an accurate measurement of A/h
which is necessary for determining the kinetic parameters.

Both the 60 and 100 MHz (TZPPM)’l data were fitted by
least-squares analysis to eq 49, with Cw held constant at
the values calculated from the chemical shifts. The best-
fit parameters are given in Table XII (fits A and C). It

should be noted that, despite the agreement of E, at the
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Temperature dependence of -log (TZPPM) for the
methyl protons in acetonitrile solutions of
NiCR(PF6)2 at 100 MHz (Q), and 60 MHz (o).
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140

- (o) zHW 09 Pue ‘ (V) ZHA 00T 3® ¢(944)¥OTN 30 S
-90R UT suojoxd TAyzsw dYl I03 Azm\@mn03<v Jo ®dud

uoT3INTOs ITTAITUO]
puadap aanizexodway

e " 17601
A 8¢ ve o€t
I ] ' ] 1 ] ) L) 1
b - O.—l
» = LA
>
€
o
- o
o
~
- de1- 2°
o
L. - oL
wv
[Tl
a
= 4% L
1

1pe axanbtyd



141

TABLE XII
. -1
Least-squares best fit parameters of the (TZPEM)
data for NiCR(P‘Es_)__2 in acetonitrile
60 MHz 100 MHz
(a) (a)
2 B c D
AET, kcal mol™t 11.0 7.00 9.09 6.94
asT, cal moi ldeg™t - 2.02 - 3.38 5.97 - 3.80
(Cy + Co) sec T 2.87 15.2 6.26 36.9
E, = Eg. kcal mol™ 1 2.40 1.33) 2.44 1.339)
1078 x c . rad coc-lox  3.56®) 3.56 5.94®) 5.94(P)

(a) These values are not acceptable for reasons discussed
in the text.

(b) Held constant at the values determined from the 60
and 100 MHz chemical shifts.

(c) The value of E, was obtained as explained in the text
and held constant during the fitting process.
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two frequencies, the values of AH+ and AS+ from the two

data sets are not in acceptable agreement. Furthermore,
since the TMAmM? and (TZM)-l contributions to the line
broadening are not well separated, a large value of 2.4

kcal mol"1 was obtained for Ey in these fits. For the
previously discussed NiCR2+—DMF system, and for NiCR2+ in
methanol, the results of which will be given subsequently,
the ('.T.‘ZM)-l region of line broadening was better defined.
values of 1.0 to 1.3 kcal mol~l were observed for Ey in the
latter two systems. Consequently, to resolve the difference
between the kinetic parameters in fits A and C, the two sets
of (TZPPM)-l data were refitted using progressively lower
values for Ey. As shown by fits B and D, acceptable agree-~
ment of Aﬁ# and AS# between the two data sets was obtained
for Ey = 1.33 xcal mol 1. The calculated curves for the
latter two fits are shown in Figure 23.

Therefore, for NiCR.z+ in acetonitrile, the (TZPPM)_l
data at the two frequencies are most consistent with values
of 7.0 kecal mol™® and -3.6 cal no1-deg™! for sHT and as¥,
respectively. Due ﬁo the difficulty of separating the two
frequency dependent contributions to (TZPPM)-l, the errors

on AH=l= and AS# are uncertain. From the measured chemical

shifts, (AMR)qg Wwas calculated to be -2.66 x 106 rad sec t.
3

NiCR2+ in Methanol

plots of -log(T,pPy) versus o1 at 60 and 100 MHz for

the methyl and hydroxy protons of methanol solutions of
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NiCR2+ are shown in Fiéuies 25 and 26, respectively. The
temperature dependencies of fhe chemicél shifts for the

two protons, each at 60 and 100 MHz, are shown in Figures

27 and 28, respectively. All of the data have been adjusted
to include the.effectiof the diamagnetic—paramagnetic equil-
ibrium on Py, using AH® = -4.26 keal mol™l and As® = -11.5

cal mol"ldeg-l

in eq 48.
Most of the line width and chemical shift data for
this system were obtained using solutions of the tetrafluoro-
borate salt due to its greater solubility in methanol.
Dilute solutions contained anhydrous 2 ,4-dinitrobenzene-
sulfonic acid, which was necessary to collapse the coupling
of the OH and CH3 protons. The absence of an acid depen-
dence for this system was confirmed by comparing the results
from more concentrated solutions of NiCR(BF4)2, requiring
no acid, with the results £rom the acidified solutions.
Some chemical shift measurements were aiso made on solutions
of the nitrate and hexafluoroantimonate salts of NiCR2+ and
these were found io be in agreement with t'1e results for
the BF4- salt. The latter solutions did not contain acid
and this precluded a measurement of the true line widths.
aAside from the (‘I.‘ZM)-l frequency dependence, which is
observed for NiCR.z+ in various solvents, this system is
very unusual in that both the (TZPPM)—l and (Amobsd/PM)

data for the OH and CH, protons are vastly different. It

should be noted from Figures 27 and 28 that the OH proton
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Figure 27: Temperature dependence of (A“obsd/PM) for the
methyl protons of methanol solutions of
NiCR(BF,), at 60 MHz (o) and 100 MHz (O).



147

+(0) ZHW 00T pue (O) ZHW 09 3®

NAv

JE)YOTN 3JO suoTINTOs

Toueyzsuw jo uojoxad AxoapAy oyy x03 Azm\wmnos<v.uo eouopuadap aanjexodwoy,
!

(Ne'L/ g0l

A%

8¢t 14> 0t

. om\o\m\o

1gz oanbrd



148

eqx03 Oyl UT UoATH sonyeA Oyl v pouyeIlIsex oxom ' Zp puv 5 1g3uvas

0 hg
~U00 oYl °poOSn seA mm 4 mm = Hmg Xq ueath Way 3o oouopuedop oanjvaodwey oyl ‘uojoxd HO oy} I0d (o)
) ‘ *373 STUI UT JUVIBUOD PIOY OX0A puv Aouonboaz o3vixdoxdde oyl 3v
vyep ﬂ|A2muau oy3 3O 373 soavnbs-3svVOT Oyl woy pouyeIqo OXOM Hnﬁzaav Buyugzop sxojowexed oyl (p)
+aUVIRUOD PIOY PUR VIVP Aza\vunoacv ZHW 00T ©U3 3O oysATuue uv wolj pouyraqo ontva oyl (9)
+3UU30U00 PIOY PUT vIUD AZQ\eanoacv oy3 JOo uysAtuuv uv woxj poujuago ontva ouy (a)
.ﬂnaos Tuon £G*6 IV IULIgU0O PToY HUM +=< HOTUM 10}
v3ep anazmmuav wozoxd 1O ZHW 00T puw 09 °u3 3O §373 WOX3 POUTLIO BUA Abaouo uOTaAVATAION BIUL (V)
()" ::S”a (p) 8 6€9 Nm”m 82°6 I 2HH 001 1o Ng P800
(o)~ wﬁ“a w“ano pm”q (0)82°6 o ZHW ooam 1o Auﬂzgmnav
LS°9 (95T T (p) 67 0€T X (0) 826 a ZHW SAM €0 Wy P800y
96°¢ Avvma.ﬂ Acva.om 89°9 0L'6 a zZi 09
§9°9 Aavma.a 6°0€X 19°¢ onam.o o] ziiw 00T
(@€ (0)ST°T 6°85 219 25°6 a Cuo 1~ Hat%a)
18°¢ Aavma.ﬁ §°69 s9°'Y 12°6 s ZHW 09
Mo, 008 pux Touw Teoy 098 pop., Tow v Touw Twoy
1= 1= 1= - 1 1= 314 Kouonboxg uo030xd wvyed

', W ny ' '
oX,_0 a o sV Hv
9= T + +

— °||I||'I|||lrl|
Touvyjouw uf +mzoﬁz X103 eiep AZQ\cmn my) pue annrmmeav 53 3O siojowvivd soivnbs-38v0T]

P ————————————r

IIIX dAT8VD



149

chemical shifts are much smaller than those for the CH3
proton, and also that the two different protons are shifted
"in opposite directions. The CH4 proton resonance in

- thanol solutions of NiCR®' is shifted downfield and the
OH proton resonance is shifted upfield, relative to their
diamagnetic positions in a blank methanol solution at the
same temperature. This opposite sign of Awobsd was méin—
tained throughout the range of temperatures investigated.
The temperature dependence of (Awobsd/PM) for the two
protons at high temperature is also different. with the
inclusion of the temperature dependence of the diamagnetic-
paramagnetic equilibrium, the CH, proton chemical shifts at
high temperature behave normally according to a Curie law
temperature dependence. On +he other hand, the OH proton
frequéncy shifts in the fast exchange limit decrease more
rapidly with increasing temperature. These differences in
the behaviour of the chemical shifts of the twvo protons

are attributed to a large upfield shift from a pseudocontact
mechanism for the OH proton, the overall temperature de-
pendence of which includes both r~1 and r~2 contributions
(See eq 12). For the CH, protons, the downfield chemical
shifts arise solely from the contact mechanism having only
a T-l temperature dependence. A further discussion cf

this pseudocontact shift of the OH proton will be given
subsequently.

The temperature dependence of (Tzopu)-l for the CHj
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protons is qualitativély similar to that observed for the
CH proton in DMF solutions of NiCR2+ and the same inter-
pretation of the three 1imiting regions of line broadening
applies. For the OH proton, the same processes account for
the temperature dependence of (TzPPM)“l, but due to the
larger value of (TzM)-l, and the apparently smaller value
of Auwy for the OH proton than for the CHj protons, the
TMAmMz contribution is not resolved from the frequency
dependent ('1'.‘2M)-l contribution. A comparison of the data
of Figures 25 and 26 shows that the same frequency depen-
dence of (TZM)-1 is observed for both protons. The poor
separation of the relaxation processes for the OH proton,
and the limited temperature range over which limiting con-
dition 25(c) applies, prevents an independent determination
of both AH+ and AS+ for the solvent exchange reaction using
the OH data. However, it will be shown below that the
exchange contributions to the line broadening and fregquency
shifts for both OH and CH3 protons are completely consistent
with only whole methanol molecule exchange.

The 60 and 100 MHz (TZPPM)-l methyl proton data were
fitted to eq 2, modified by the addition of a (Tzo)-l term.
Since the outer sphere line broadening region was not ex-
perimentally attainable, a reasonable estimate of the
magnitude of this contribution was made. In this regard,
it was assumed that Eg = E, and that the ratio, (TZM)EI

H.t

3

(T,A) 1 , has a vaiue of ~3.1. This value was estimated
20°CH4
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from the Ty measurements for nickel(II) in methanol, given

in Figure 4 of ref 23. The (Aw d/PM) measurements at

obs
each frequency were fitted to eq 8. In all of these fits
of the CH3 proton data, the temperature dependence of AmM
given by eq 11 was used. The results of the least-squares
fits are summarized in Table XIII. It should be noted that
-1

a value of 1.15 kcal mol-l was used for the (TZM) activa-

tion enérgy as indicated by the OH proton (TZPPM)-I data.
Tt is felt that this is justifiable since this parameter
is more precisely defined for the OH proton due to the long
temperature region in which only (TZM)—l contributes sig-
nificantly. The OH proton data are also more accurate in
this region due to the larger experimental line widths.
The agreement in the parameters AH+, AS* and Cw obtained
from the various data sets is satisfactory and provides
justification for the assumptions made.

In the case of the OH proton, the (T?_PPM)-l and
(Amobsd/PM) data were also fitted to eq 2 and 8, respec-—

tively, with the temperature dependence of By, according

to eq 12, being now given by
Awy = — + —= (50)
M T 2
The first term of eq 50 contains the combined contributions

of the contact shift and the portion of the pseudocontact

shift with 2 T-l temperature dependence. The second term
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of eq 50 arises only from the pseudocontact shift mechanism.

In terms of the constants in eq 10 and 12, Sy and c, are

"defined by
wu SEEFD 287l 2 _ 42y (3cos®a - 1)
_ a oreff -7 o'y 9 ‘e

Cl = - ,g: + \Jl-a)

3kvg okR>
ZBZmOD(gﬁ + gi)(3cosZQ - 1)

o, = (51-b)

27k%R3

The constants c; and c, were obtained from £he intercept
and slope, respectively, of a plot of -(Amobsd/PM)T versus
T. This plot is linear in the high temperature region
where Awobsd/PM = =hwye. At 100 MHz, the constants are:
c; = ~2.0 % 10% rad sec”1°x and c, = 1.25 x 10? rad sec Lok2.
At 60 MHz, Cy and c, are predicted to be 6/10 of the above
values. An independent determination of ¢, and c, from the
jess accurate 60 MHz OH proton frequency shifts was not
attempted, but no anomalies were introduced in the fitting
process by assuming that these constants at 60 MHz are 6/10
of the values at 100 MHz.

The appropriate values of c3 and c, were held constant

1

in all fits of the 60 and 100 MHz (TZPPM) and (A”obsd/PM)

data. As in the case of the fits of the CH, proton (szpn)—l

results, an estimate of the outer sphere broadening contri-

. . - -1 _ -1
bution was made. Since the ratios (Ton) o7 ° (TZM)CH3 and

H
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-1 -1 .
(TZO)OH : (T20)CH3 have been observed in several
in-stance523'46 to be 5.0 and 1.64, respectively, for sys—
tems in which dipolar interactions account for both inner
and outer sphere broadening, these ratios along with the
1 -1

ratio, (TZM)CH3 : (TZO)CH3 ~ 3.1, were used to estimate

the magnitude of the (‘]320)—l term for the OH proton in the

NiCR2+—methanol system. Assuming that E, = Eys C.:C,, was

0" ™
estimated to be 0.106 and this value was used in the
fitting process. Since it was not possible to obtain an
independent value of AH+ from fits of the OH proton
(TZPPM)-I data, for reasons discussed earlier, the value
of AH*,obtained from the analysis of the CH3 proton results
was used. The best-fit values of the adjustable para-
meters: AS*, EM and CM for both the 60 and 100 MHz £f£its are
given in Tabkle XIII, and the calculated curves are shown in
Figure 26. The gocd agreement of the values obtained here
for AS:rL with the values indicated by the CH4 proton results,
and also the quality of the fits, indicates that the OH
and CH3 protons exchange at the same rate.

The values of the (TZM)Sé parameters at 60 and 100 MHz,
given in Table XIII, were used in fitting the OH proton
A“obsd/PM results to eq 8. For the more accurate 100 MHz
data, both AifTL and AS# were allowed to vary and the best-

fit values are given in Table XIII. These are in excellent

agreement with the previous determinations. In the case of
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the 60 MHz chemical shifts, it was necessary to restrain
AH=rL at the value indicated in Table XIII. Thus only AS#
was allowed to vary in obtaining the calculated curve
shown in Figure 26. Although quite a few of the data
points in the region 3.90 < 103/T < 4.55 lie ~10% below
the calculated curve, the quality of the fit is considered
to be satisfactory in view of the fact that the 60 MHz OH
proton chemical shifts were generally under 10 Hz at this
frequency.

From the average of the several independent deter-
minations of AH+ and AS+ indicated in Table XIII, it is
concluded that for methanol exchange from NiCR2+, AH# and
AS+, together with their experimental uncertainties, are
9.4 + 0.5 kcal mol ! and 5.2 + 1.5 cal mol ldeg~t,
respectively.

The coupling constant for the hyperfine interaction,
which is assumed to be solely responsible for the chemical
shift of the CH3 protons, was calculated from eq 10 using
the 60 MHz value of 3.96 x 105 rad sec”1°x for c, and
Mogg = 3.00 BM. The value found for (A/ﬁ)CHB was 2.96 x 106
rad sec-l. For the OH proton, (A/ﬁ)oH cannot be determined
since the observed OH proton chemical shifts arise from
both the hyperfine and pseudocontact mechanisms.

The absence of a significant pseudocontact contribu-
tion to the CHg proton chemical shifts in this system is

ascribed to the fact that the angular geometry term,
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(300529 - 1), is negligible for the CH, protons of the
methanol molecule in the first coordination sphere of
NiCR2+. Tt should be noted that this condition is satisfied
if the angle Q between the line connecting the nickel (IT)
in NiCR(CH3OH)22+ with the CH5 protons and the symmetry
axis is ~55°. Since for NiCR2+, the symmetry axis passes
through the amine and pyridine nitrogens, coplanar with

the approximate plane of the Schiff base complex, a value
of ~55° for (Q)CH3 is consistent wiﬁh a reasonable orienta-
tion of the coordinated methanol molecule in which the
hydroxy proton points toward one of the azo-methine
nitrogens. Therefore, (52)OH ~ 90°, and this results in

the largest possible negative value of -1 for the (300529 -
1) term, thus favoring a pseudocontact shift of the OH
proton.

In principle, the values of cq and Cos determined from
the study of the OH proton chemical shifts, can be used to
evaluate some of the physical constants in the pseudo-
contact expression (eg 12). However, in view of the large
number of unknown parameters, it is only possible to make
a few estimates. It should be noted from eqg 5l-a that, in
view of the sign of cy and the expected positive value for
(A/ﬁ)OH, the second term in brackets arising from the
pseudocontact contribution must be negative. Since the
term, (3coszﬂ - 1), is negative, as discussed above,

(gf - gi) must be positive. Thus the positive value of ¢,



156

in eq 51-b requires a negative value for the zero-field
splitting term D. If it is assumed that (A/ﬁ)oH is ~19%
larger than (A/’ﬁ)cH , as observed for nickel(II) ion in
methanol,23 and thai: (R)OH = 2.95& and (Q)OH = 90°, then
from the experimental value of ¢y, (g% - gi) is calculated
to be ~1.74. This requires a large anisotropy in the g
values. In order to estimate gy 9 and D, using the ex-
perimental value of ¢, in eg 51-b and the above value of

63

(gf - gi), the following relation - was employed:

D = % (gy = 9;) (51-c)

where ) is the spin-orbit coupling constant. Since it is
required that the value of ) for NiCR(CH3OH)22+ be greater
than the free nickel(II) ion value of -322 cm-l, a reason-
able estimate of -300 cm~ ! was assumed. Thus, it was

found that g, 91 and D are, respectively, 3.95, 3.72 and
-34.1 cm t. Although the estimates given here are sensi-
tive to the various assumptions regarding A/, R and Q for
the OH proton, and are also quite sensitive to the error
(~25%) in Cq» resulting from the long extrapolation reguired
to obtain the intercept c,. it appears that additional fac-
tors are responsible for the unreasonably large estimates of
9, and g, given above. In particular, it might be expected
that the absence of axial symmetry in the NiCR(CH3OH)22+

complex may render egq 12 inapplicable for the present
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system. To investigate this possibility further, the ex-
pression for the pseudocontact shift of a nonaxially sym-
netric system was developed64 from the general expression
for the pseudocontact shift, given as eq 17 by Kurland and

McGarvey.17 It was found that:

By 252 2 2 9. * 9 ?
2= - — | (3cos”2 - 1) |} (g," - Yy - (51-d)
(] 9kR™T 2
(o}
2 2
g (D - 3E) +g (D - E)
L 2Dgz2 + = Y -
6kT 2

2 12kT )

dy - 9
sinzﬂ coszw{( Y x) + 1 (gy(D + 3E) - gx(D - 3E;} .

where g, 9 and g, are the components of the g tensor, D

Y
is the zero-field splitting arising from the tetragonal
distortion, E is the additional zero-field parameter char-
acterizing the rhombic distortion, and y is the angle
between the projection of the unit vector, which joins the
metal ion nucleus with the ligand nucleus, onto the xy plane

and the x axis. The sero-field splitting parameters D and

E are related to the g tensor components by63

g, + g
D = % (gz - (—"———X)) (51-e)
, 2
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E=2 (g -9y (51-£)
In the case of axial symmetry, E = 0, g, = gY =g,r 9, % 9,
and therefore, the pseudocontact shift expression given by
eq 51-d reduces to eq 12, as required.

1t should be noted from the structure of NJ.CR2 , given
as I(a) in Chapter I, that if the inner sphere methanol
molecule is orientated so that (Q)oH ~ 90°, then taking the
x—-axis to be the one perpendicular to the approximate plane
of the molecule, the angle Y, defined above, is << 45°. Con-
sequently, the term jnvolving cos(2y) in eq 51-d does not
vanish, as would be the case if y = 45°. However, it was
found that the contribution of this term to C; and c, is
relatively small, and therefore, in the following discus-
sion the term involving cos(2y) was neglected. With this

assumption, the experlnental value of c1 is now defined by

tg
eq 51-a with the term (gz -—————JL-) replacing (g“ 12).
The experimental value of ¢, is now given by
2% (3c0s?2-1) |1 g 2(D-3E) + g 2 (p-E)
cy = 2(2g,°D + b (51-9)
2.3 6 = 2
9% “R

Obviously, a closed solution for the constants: D,
E, Gy Iy and g, is not possible, but assuming that A =
_300 cm T and using the values of R, A/ and @ for the OH

proton, given previously, it was found that one solution
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is: g, = 2.00, g, = 2.63, g, = 2.68, D = ~54.9 cm t and

E = 47.1 em L. The magnitude of the above g values are
‘much more reasonable than those which were obtained previous-
ly assuming axial symmetry. These estimates also show
that the g component in the direction of the azo-methine
nitrogens (y-axis) is not much different from the g com-
ponent in the direction of the pyridine nitrogen (z—akis).
This does not appear to be unreasonable. It must be empha-
sized, however, that in view of the number of unknown para-
meters, the various assumptions made, and the errors in S,
and c,, no great significance should be attached to the
above estimated values. The only conclusion which can be
reached is that the calculated results are consistent with
a large pseudécontact shift of the OH proton in methanol

solutions of NiCR2+.

NiCR(PEsl_2 in Dimethylsulfoxide

Figures 29 and 30, respectively, illustrate the
temperature dependence of -log(TZPPM) and (Awobsd/PM), at
60 and 100 MHz, for NiCR(PFG)2 in DMSO. The data shown
have been calculated from the observed line widths and
chemical shifts assuming n = 2 in eq 4. It was found for
this system that the equilibrium constants, calculated
from the AH® and AS°® values obtained from the magnetic
susceptibility measurements (Table VIII) and from the azo-

methine methyl proton contact shifts (Table IX), give rise
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Figure 29: Temperature dependence of -log(TZPPM) at 60

MHz (o) and 100 MHz (A) for the methyl protons
of dimethylsulfoxide solutions of NiCR(PFG)z.
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to an unreasonable over correction of the (Amobsd/PM) data,
making the values almost temperature independent. There-
‘fore, no corrections have been applied to the observed
data for the diamagnetic-paramagnetic equilibrium. Al-
though the magnetic susceptibility and ligand contact shift
measurements both indicate values of approximately -4.5
kcal mol 1l and -9.6 cal mo:I.—]'deg-1 for AH® and AS°,
respectively, the (Amobsd/PM) data appear to require AH°

~ - 4.5 kcal mol~ L and AS° = -7.6 cal mol tdeg™t

in order
for the corrected bulk solvent chemical shifts to be Curie
dependent. These latter estimates of AH®° and AS°® were cal-
culated from the solvent chemical shifts on the assumption
that the percentage of diamagnetic s?ecies is negligibie
at ~20°C. From the point of view of expected errors of AH°
and AS°, determined by the susceptibility and contact shift
measurements, the required difference of 2 cal mol—ldeg—l
for AS° would nct be an unreasonable error, but it was
found that a refit of the azo-methine methyl proton contact
shifts with AH® = -4.5 kcal mol™! and As® = -7.6 cal mol ™t
deg-1 held constant, resulted in an unacceptable fit. No
reasonable explanation has been found for the discrepancy
discussed here. It would seem that since the two indepen-
dent measurements of AH® and AS°® gave essentially the

same results, the discrepancy 1is related, for the most part,

-1 . .
to the (Aw d/PM) and (TZPPM) data which fail to decrease

obs

as rapidly at high temperature as is predicted by the results
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of the equilibrium studies. However, since the measured
bulk solvent chemical shifts were large (see Table LIV)
and reproducible for two samples containing 0.125 m and

0.434 m NiCR(PFG)Z, the problem is not one of inaccurate

chemical shifts.

The presence of chemical shifts for this system, and

the absence of chemical exchange effects in the (TzPPM)-l

data of Figure 30, indicates that the temperature dependence
of ('I.‘zPPM)-1 is due to T, relaxation according to limiting
condition 25(a) or 26(a). On the basis of the results for
.NiCR2+ in other solvents, discussed previously, the former
of these limiting conditions is the most likely. The

high melting point of DMSO (18°C) prevents the temperature

from being lowered enough to observe any rMAwMz contribu-

1

tions to (TZPPM) . The TZM relaxation for this system in-
1

dicates an apparent activation energy of ~2.6 kcal mol
and a maximum frequency dependence of (100/60)2. The sig-
nificance of these two features will be discussed in the

following section.

From the 100 MHz measurement of (TZPPM)-l at 25°C, a

jower limit for DMSO exchange from NiCR2+

be 3.6 x 102 sec-l. The hyperfine coupling constant for

5

is estimated to

the CH, protons of DMSO is 8.1 x 10~ rad sec ! assuming
Vegf = 3.00 BM. This value of (A/f) was calculated from
the value of (Amobsd/PM) at 25°; the latter being inter-

polated from the data of Figure 30 on the assumption that
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_ the concentration of diamagnetic form is negligible at this
temperature. Since the magnetic susceptibility and contact
shift measurements indicate that 8% of NiCR(PFG)2 exists
in the diamagnetic form at this temperature, the above
value of (A/A) may be in error by this amount also, but the
amount of the correction remains uncertain as described in

the preceding paragraph.

Magnetic Field Dependence of T,, and T,, for NicR>T and

NicRMe2*

The Schiff base complexes, NiCR2+ and NiCRMe2+, have

been ﬁound to show a magnetic field dependence of the Tom
relaxation time for the solvent protons in the first co-
ordination sphere of the metal ion. There is also a strong
indication that this occurs in the second and higher or
outer coordination spheres. Previous work has not indicated
such a phenomenon for nickel (II) systems and some explana-
tion seems to be required.

Consideration of the theoretical expressions for
(TZM)—l and (TZO)-I ‘(eq 13 and 23) and the definitions of
the effective correlation times, fD(tD) and fe(re) (eq 14
and 15), shows that if these correlation times are field

-1 -1

dependent, then (T2M) and (Tzo) should decrease on

changing from an nmr operating frecuency of 60 to 100 MHz,

11 1

since w_ changes from 2.48 x 1011 to 4.14 x 10 rad sec .

S

However, the opposite effect was observed in this work,
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and therefore, it must be concluded that the individual
correlation times, defined by eq 16 and 17, are themselves
field dependent. Since only Tqg and T, in eq 16 and 17
can be field dependent, it is necessary that Ty, < Tpr Tye
1+ should also be noted that the field dependence of
(TZM)_I' observed here for NiCR2+ and NiCRMe2+, cannot arise
exclusively from the hyperfine term of eq 13 since the
values of (A/) determined from the chemical shifts would
require electron spin relaxation times which would be un-
usually large for a nickel(II) complex. Instead, it is ex-
pected that both the dipolar and hyperfine terms of eq 13
contribute to the magnetic field dependence, the former
much more than the iatter.

Expressions for the field dependence of T, and T,
have not been developed for the exact conditions found in
this work. The equations of McLachlin, given as eg 18 and
19, have been developed with the assumption that Tc‘:Tle'
which appears not to be valid for the systems being con-
sidered. It seems likely that the functional form of the
frequency dependence will be given by these equations, but
complete guantitative agreement need not be expected. It
is encouraging to note that eq 18 predicts a maximum ratio
of 2.78 for the longitudinal electron spin relaxation times
at 60 and 100 MHz and this ratio is never exceeded for the
systems studied here. For NiCR2+ in DMSO, the ratio of

(TZM)-l at 100 and 60 MHz is 2.78, but for the other
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solvent systems, this ratio varies from 1.95 to 2.43. In

the case of NiCRMe2+, a smaller frequency dependence of

(TZM)_1 was observed; the above ratio being 1.33 for

2+

NiCRMe2+ in water and 1.59 for NiCRMe in DMF.

-1 -1

)

results in terms of these equations, there are three un-

Tn evaluating the experimental ((TZM) + (Tzé)
knowns: T,, Cg and do or Iy, assuming T, in eq 18 and 19
can be identified as Tyr and two experimental numbers, the
relaxation times at 60 and 100 MHz. An iterative procedure
was used to determine these unknown constants using the
ratio of the relaxation times at the two frequencies as a
preliminary guide. Also, previous results from the study

24,53

of the vanadyl ion in the various solvents provided

some guide to reasonable values of Tper Ty and do. The
results of these calculations for NiCR2+ and NiCRMez+ in
water and DMF are summarized in Table XIV along with the
observed and calculated (TZM)-l and (Tzo)-l contributions
at 25°C. Similar results for NiCR2+ in methanol, acetoni-
trile and DMSO are given in Table XV.

It is evident from the results in these Tables that,

for NiCR2+ in the various solvents, the calculated Tle

values at 60 MHz, which fall in the range 3.1 x 10“12 to

7.1 x 10-12 sec, are in line with expected values for

20'23. For NiCRMe2+, the calculated

nickel (II) complexes
Tye values are larger but not unreasonably so. In 2ll

. . + .
cases, except for NJ.CRZ+ and NlCRHeZ in DMF, an acceptable



TABLE XIV

Parameters and results of Tzc(a)

for NiCR2+ and NiCRMe2+

and T,u(a) calculations

gAY,

in DMF and water
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DMF Water
NicR2T  micmMe?®  NiCRZY  NiCRMeZT
-2 -1 (P 60 MHz 1.18 ©  5.19 6.15 9.43
10 “x ('1‘20)
100 MHz 2.74 8.24 12.0 12.6
dy a 5.75 5.80 4.65 4.86
-2 -1 60 MHz 3.83 15.8 18.5 28.3
107 °x(T.,,,) {
2M’ obsd 100 MHz 8.92 25.1 36.0 37.7
-2 1 @ 60 -MHz 3.83 15.8 18.5 28.9
calc 100 MHz 9.11 27.8 35.7 37.7
-2 1@ 60 Muz 0.23 2.93 0.097 0.11®)
10 X(TZN)HF (d)
4 100 MHz 0.67 8.08 0.27 0.18
1011x 1, sec 5.80 5.80 1.75 1.00
11
1013x T)or S€C 60 Muz 0.65 4.7 0.415 0.918
10""x Tper S€C 0.42 3.0 2.6 14.4
10%%x c,, sec™2 27.5 3.8 13.4 3.68
.
r;, A 3.94 4.10 2.80 2.86
(a) The TZM and Tao values are given in sec.
(b) Since ro outer sphere broadening was actually observed, the values given

are pased on reasonable estimates of the (1‘20)-1 : (TZM)-I ratio.

(c) The sum of the dipolar and hyperfine contributions calculated from eq 13.

(d) The hyperfine contribution calculated using the (A/R) values given
the text.

{(e) The (AA) used here was estimated as explained in the text.

in
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Parameters and results of T,c(a) and T,u(a) calculations for

2

NiCR + jn methanol, acetonitrile and dimethylsulfoxide

Methanol Acetonitrile Dimethylsulfoxide
- oH
-2 L ® 60 MHz 1.34  2.20 0.43 0.42
10 “x (Tzo)
100 MHz 2.97  5.05 0.99 1.16
d,, A 6.75  5.71 9.4 ‘ 6.75
-2 -1 60 MHz 4.11 20.6 1.00 0.88
10 “x (T.,,)
2M obsd gloo MHz 9.13 47.3 2.48 2.44
-2 -1 ©){ 60 MEz 4.12 20.6 1.01 0.88
1072x (T, ) catcd
2M’cale 100 MHz 9,13 44.8 2.47 2.44
N { 60 MHz 0.38 0.55%) 0.3 0.01,
HE 100 MEHz 1.08 1.509®)  o0.93 0.03,
11
1077x T, sec 3.7 5.8 >> Tle
10Mx 1, sec 0.66 0.71 0.31
13 . 60 MHZ
107" Tz ., sec 1.0 0.46 -
e
10%%x c,, sec 2 17.5 25.1 -
z; A 3.90 2.95 5.3 4.5

(a) The Tyy and T, values are given in sec.

(b} Since no outer sphere broadening was actually observed, the values

given for NiCRZ+ in methanol are based on reasonable estimates of the

-1 -~ -1 3 3 33 -1 -
(Tzo) H (LZM) ratio used in fitting the (Tz??%) data.

For RiCRz+

in acetonitrile and DMSO, the estimated ("1‘20)’”l contribution was cal-

culated@ using the outer sphere interaction distances given in ref 24 for

vanadyl ion in these solvents.

{¢) The sum of the dipolar a=nd hyperfine coatribu

tions calculated from eq 13.

(d) The hyperfine contribution calculated usiag the {(a/8) values given in

the text.

(e) For the OH proton, (A/2) was assu=ed to be 193 greater than (A/ﬁ)cn as
3

observed for aickel(II) ion in methanol.23
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account of the frequency dependence of (‘I‘ZM)-l was obtained

by using, in eq 13 and 23, inner sphere interaction dis-
tances which have been observed for hexasolvated metal ions.
For NiCR2+ and NiCRMe2+ in DMF, the inner sphere interaction
distances (ri)CH are significantly larger than the value of
3.1£ obtained for the VO2+ ion in DMF.44 This feature,
along with the observation that (ri)CH is greater for
NiCRMe(DMF)22+ than for NiCR(DMF)22+, is éonsistent with

the presence of steric interaction between the Schiff base
ligand and the inner sphere DMF molecules. This would be
expected to increase upon substitution of a CH3 group for
the amine proton. The values of do for NiCR2+ in methanol
are also larger than for normal octahedral systems but this
may not be unreasonable in view of the presence of a large
Schiff base ligand. It should be noted, however, that

these outer sphere distances are merely estimates since no
('1‘20)_l controlled line broadening was observed in any of
the systems. For NiCR2+ and NiCRMe2+ in DMF and water, and
for NicrR?? in methanol, the indicated values of ('I‘zo)-l
were calculated from the dipolar correlation times and the

estimates of the ratio, (TZM)-l : (Tzo)-l' found to be ac-

ceptable in fitting the (TZPPM)—1 data. In the case of

NicrR%? in acetonitrile and DMSO, the estimated (Tzo)-l con-
tributions are based on the values of dj reported in ref

24 for vanadyl ion in these solvents.

The values of Te obtained for NiCR2+ in methanol and
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acetonitrile are in good agreement with the T, values of

11 11

4.1 x 10~ sec and 6.2 x 10 sec determined from an

‘analysis of the epr spectrum of the vanadyl ion in methanol

and acetonitrile,53 respectively. However, the Te values

2+ 2+

for NiCR and NiCRMe in water and DMF are about a factor

of two smaller than the T, values given in ref 53 for the
VO2+ ion in DMF and water. On the whole, the values ére
more reasonable than might have been expected considering

the approximate nature of the theory.

It may be noted that for NiCR2+ in- DMSO a value of To

cannot be calculated since for this system a maximum
frequency dependence was observed, and consequently, the
dipolar correlation time T for the Tom relaxation is deter-
mined exclusively by the electron spin relaxation time Tle’
In terms of eq 18 this maximum fregquency dependence implies

that (mstc)z >> 1, and therefore, Ty is given by

e

(52-a)

The condition, (ws'rc)2 >> 1, required here, 1is not un-

reasonable since for the vanadyl ion in DMSO the analysis

of the epr spectrum gave a value of 1.2 x 10-10 sec for

T .53 Thus, assuming Te = Tps the value of (msrc)2 at

r r
60 MHz is 738. However, these considerations would lead
+o the conclusion that a maximum freguency dependence

should also have been observed for NiCR2+ in DMF since
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previous results53 have shown that 7 for the vanadyl ion

in DMF is not significantly different from that in DMSO.
Equation 52-a also suggests that the activation energy for
the TZM relaxation in the DMSd system should parallel that
of 1. if T, can be interpreted as 1. Although the activa-
tion energy of T,y was greater for NiCR2+ in DMSO ( 2.6
kcal mol 1) than for any of the other solvent systems, it
is still significantly less than the expected activation
energy for DMSO viscosity which is 3.5 kcal mol_l. This
disagreement would of course be greater if the (TZPPM)-I
data were corrected for the diamagnetic-paramagnetic
equilibrium which is evidently present on the basis of the
magnetic susceptibility and contact shift results. Thus,
the (szPM)-l values are not decreasing as rapidly with in-
creasing temperature as is required by the results of the
equilibrium constant measurements.

It was pointed out previously that the temperature
dependence of ('I‘ZPPM)-l in the agqueous systems might be

explained solely by a '1‘ZM relaxation process. This could
result since approximately

1 -1 1+owgT

-1 _ < - s 'C _
(TZPPM) = (TZM) Tle (52-b)

- =9 1‘ L 2 -1
In the high temperature limit (msrc) << 1 and (TZPPM)
should decrease as the temperature decreases, then vary

slowly with temperature when (mstc)2 ~ 1, and finally,
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(T 1

ZPPM)- ‘should increase as the temperature decreases
further when (ms'rc)2 >> 1. The results might be explained
by assuming that the latter condition is approached in the
lower temperature region in water. However, calculations
indicate that, assuming Te = Ty and using reasonable values
of 3.5 to 4.0 kcal mol-1 for the apparent activation energy
of Tos it is not possible to have both the low temperature
and intermediate cases within the narrow liquid range of
water. This is especially true at 100 MHz since at this
frequency (ms‘rr)2 must be significantly greater than one

if it is also greater than one at 60 MHz.

Considerations similar to those above do provide an
explanation for the higher apparent values of Ey at 100 MHz
than at 60 MHz which were evident for NiCR2+ and NiCRMe2+
in DMF and water. At 100 MHz the system is closer to the
limit (wstr)2 > 1 and therfore E, will be closer to the
value expected for the activation energy for Tyr that is,
3.9 kcal mol T in water and ~2.5 kcal mol~!l in DMF.

The kinetic results for NiCR2+ and NiCRMeZ+ will be

discussed in relation to the results from other nickel(II)

complexes in Chapter IV.
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5. Solvent Proton NMR Line Broadening and Chemical shift

Study of the Nickel(II) Schiff Base Complexes, niTrr2t

and NiTAABz+, in N,N-dimethylformamide

In this section the results of the proton nmr investi-
gation of the N,N-dimethylformamide (DMF) solvent exchange

rates of the two nickel (II) Schiff base complexes, tribenzo-

2

[b,£,31(1,5,9]triazabicyclododecinenickel (II), NiTRI t, and

tetrabenzo[b,f,j,n][1,5,9,13]tetrazacyclohexadecine-

nickel (II), NiTAABz+, are presented. The complexes are
shown as structures III and II, respectively, in Chapter I.
It should be observed that unlike NiTAABz+, which exists as
a tetragonally distorted pseudo-octahedral complex in co-
ordinating solvents, NiTRIZ+ coordinates three solvent
molecules to form a normal octahedral complex. The study
of these two structurally different nickel(II) Schiff base
complexes was carried out in order to compare the effects
of the two macrocyclic ligands on the solvent exchange
rates and to compare NiTAAB2+ to the previously studied
NiCR2+ and NiCRMe2+ complexes. The latter two complexes
have quite high solvent exchange rates and the guestion
arises as to whether this is generally true for all tetra-
gonally distorted nickel (II) complexes or if specific elec-
tronic and steric effects are operative in the NiCR2+ and

NiCR:-Ie2+ systems. It was also of interest to determine if

the similarity in the water exchange rates for Ni(OHz)62+

7
and xiTRI(OHz)32+ also extends to the DMF system.
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NiTRI(ClQA)2 in N,N-dimethylformamide

Figures 31 and 32 show the temperature dependence of

1

(TZPPM)_ and (Aw_y 4/Py), respectively, for the formyl

obs
proton in DMF solutions of NiTRI(ClO4)2. The investigation

of this system was initially carried out on the nitrate
salt but it was observed that the line broadenings were
significantly different for NiTRI(NO3)2 and NiTRI(ClO4)2.
Also, the downfield chemical shifts for the nitrate.salt
were considerably smaller than those for the perchlorate
salt and they were found to be in disagreement with the
line broadening study. These differences were attributed
to nitrate cémplexing in DMF and only the results for the

perchlorate salt are given here. The (TZPPM)-I results

1l 2 -1 -1

show the typical (sz)— , Tybwy » Ty -~ and (T,)) T regions

of line broadening described by limiting conditions 25(a) -
25(d) (Case BA). The results in the high temperature region
clearly show that as the temperature increases the 100 MHz

data is converging towards the 60 MHz measurements as

(TZM)-l becomes the dominant term in eq 2. Since the

(T )—1 activation energy is not well defined, the assump-
2M

tion is made that the same mechanism determines (TZM)-l

-1
and (TZO) , and conseguently, EM = Eqg- The 60 and 100 MHz

(TZPPM)—I data have been fitted to eq 2, modified by the ad-
-1

dition of a term (TZO) , and the (Awobsd/PM) measurements

to eg 8. The parameters resulting from these least-squares

fits are summarized in Table XVI.
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Figure 32: Temperature dependence of (Awobsd/PM) for the
formyl proton in N,N-dimethylformamide solu-
tions of Ni (TRI) (C1l0,), at 100 MHz (2), and
60 MHz (O).
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Least-squares best fit parameters for

NiTRI (C10,), in N,N-dimethylformamide

(T, pPy) ~1 pata Bbw_y o3/Py Data
60 MHz 100 MHz 60 MHz - 100 MHz
auT, keal mo1”t 15.58  15.67 15.60 15.67)
ast, cal moildeg™t 6.28 6.66 6.37  6.56
107% x ¢, rad sec™’°r  4.13 7.15 4.20 7.00D
E, = Eg, keal mol " 2.14 2.14 @) 2.14®) 2 14 ®)
Cyys sec™ 150.1  150.1 @ 150.1®)150.1 P
Cgr sec™t 10.6 10.6 (@ - -
(a) The parameters defining (Tzu)-l and (Tzo)-1 have been
held constant as determined by the 60 MHz (TZPPM)-l fit.
(b) Held constant at value given by 60 MHz (TZPPM)-l fit.
(c) Held constant at value given by 100 MHz (TZPPM)-l fit.

(d)

Au)obsd/PM fit.

Held constant at 100/60 of the value from the 60 MHz
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Excellent agreement is obtained for the AH* and AS*
values from the different data sets. It seems reasonable
to conclude that AH+ and As+ are 15.6 * 0.25 kcal mol—l and

6.5 £ 0.5 cal mol—ldeg—l, respectively. The value of 4.2 x

10 rad sec”l°k for c, and 3.2 BM>° for ngs vield a hyper-

6

fine coupling constant of 2.9 x 10~ rad sec™! for the CH

proton of DMF.

NiTaaB?t in N,N-dimethylformamide

The line broadening and downfield chemical shift data

+
2 are

for the formyl proton in DMF solutions of NiTAAB
shown in Figures 33 and 34, respectively. Both the nitrate
and perchlorate salts were studied and it was observed
that both salts gave the same results, within experimental
error, up to -10° (103/T = 3.8°K-1). Above this tempera-
ture, smaller broadenings and shifts were observed for the
nitrate salt, and these shifts decreased more rapidly with
increasing temperature. Again, this was attributed to
nitrate complexing in DMF. As a result, the data obtained
using NiTAAB(ClO4)2, and only that data for NiTAAB(NO3)2
which was in agreement with the results for NiTAAB(C104)2,
were analyzed.

It should be noted from the chemical shift measure-
ments shown in Figure 34 that an additional complication is

cbserved for this system since the shifts in the fast ex-

change limit do not give an extrapolated zero shift at
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1074% (Aw,psd /Py) ,rad sec!

24 2.8 32 36 4.0
103/7,°K™!
Figure 34: Temperature dependence of (Awobs d/PM) for the
formyl proton in N,N-dimethylformamide solu-

tions of NiTAAB(ClO4)2 at 100 MHz (A) and 60
MHz (o).
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oL = 0°k"l. Measurements of the solution magnetic sus-

ceptibility of both NiTAAB(C1O,), and NiTAAB(NO3),, using
the method suggested by Evans,27 have shown that the de-
creased chemical shift in the fast exchange limit is due to
the presence of a diamagnetic-paramagnetic equilibrium with
the diamagnetic species being formed at high temperatures.
Within experimental error, the same temperature dependence
of the molar magnetic susceptibilities was observed for
both the nitrate and perchlorate salts. Since this suscept-
ibility data (Table LX) and the solvent formyl proton
chemical shifts of Figure 34 both indicate a small tempera-=
ture dependence for the diamagnetic-paramagnetic equilibrium,
a very accurate determination of the equilibrium constants
is not possible. However, estimates of AH® and AS® for the

equilibrium written as

piamagnetic species Paramagnetic species (52)
were obtained. A fit of the susceptibility data to eq 41,
with 8 assumed to bé zero, gave AH® = -3.96 kcal mol-l,

AS® = -7.42 cal rno:l.-]'deg‘-1 and p_ = 3.14 BM. These values
of AH® and AS° are in reasonable agreement with the values,
AH® = -4.1 kcal mol™ Ll and AS°® = -5.6 cal mol-ldeg-l, cal-
culated from the observed formyl proton chemical shift

data (dashed lines) and the predicted chemical shifts (solid

curves) of Figure 34; the latter being calculated by fits
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of the observea chemical shifts at lower temperatures to eq
8, assuming a normal temperature dependence for Auwy {eg 11).
The similarity of the AH® and AS° values obtained here
with those found for NiCR2+ in DMF suggests that the dia-
magnetic species in the present study can be identified as

2+

square planar NiTAAB The paramagnetic species for the

perchlorate salt is assumed to be NiTAAB(DMF)22+.

Aside from the complications.due to the diamagnetic-
paramagnetic equilibrium, outlined above, the line broaden-
ing and chemical shift temperature dependencies for
NiTAABz+ are qualitatively similar to those observed for
NiTRIz+. The same limiting conditions, 25(a) - 25(d),
account for the four limiting regions of line broadening,
however, the (sz)—l contribution for NiTAAB2+ is more sig-
nificant and not well resolved from tMAmMZ, especially at
60 MHz. Consequently, the chemical shifts were essential
in defining C, when the (TZPPM)-I results were fitted to
eq 2, modified by the added (Tzo)'l term. Because of the
effect of the diamagnetic—paramagnetic equilibrium at
higher temperatures, only the chemical shift data for
temperatures below 90°C were fitted to eq 8. The para-
meters from the various least-squares fits of the line
broadenings and frequency shifts are summarized in Table
XV1iI.

1t should be observed that the two five-parameter fits

of the 60 and 100 Miz (T,.P y"1 gata, shown as A and C,
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both indicate that the approgimation, EM = Eo, does not
appear to be completely justified for this system. In ad-
dition, the data at the two frequencies is most accurately
fitted to the same kinetic parameters if Ey is allowed to be
greater at 100 MHz (~2.2 kcal mol™}) than at 60 MHz (1.78
kcal mol-l). Although these differences between Ey at the
two frequencies might be real, various fits show that AH+
and AS* are not greatly affected by changes in Ey. On the
basis of the reasonable fit of the 100 MHz data according
to fit F, in which the (TZM)-1 activation energy was held
at 1.78 kcal mol~}, and the unacceptable fit of the 60 MHz
data with Ey = 2.18 kcal mol-l, it is concluded that the
former value for EM is the most acceptable.

The average values of AH# and AS+, with their estimated
ancertainties, are 11.5 0.5 kcal mol ! and 2.5 % 2 cal
mol-ldeg_l, respectively. With C (60 MHz) = 3.21 x 10°
rad sec 1°K and Begg = 3-14 BM, the latter being the
limiting magnetic moment estimated from the solution mag-
netic susceptibility study, the hyperfine coupling constant
(a/f) of the CH proton is calculated to be 2.29 X 106

rad sec-l.

Towm and T,, Considerations for NiTRI(C10,) - and NiTAAB(C10,),

in DMNF

-1 -1

The values of (TZM) and (Tzo) obtained in this

studv can be well accounted for in terms of the dipolar and
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hyperfine contributions to (TZM)—l and only the dipolar
contributions to (Tzo)—l, using eq 13 and 23, respectiveliy.
For NiTRI(DMF)32+, the observed outer sphere broadening of

3.94 x lO2 sec"l at 25°C predicts an electron spin relaxa-

tion time of 2.9 X 1071 sec (T, = T, assumed) if the

outer sphere interaction distance (a )CH and the rotational
correlation time are assumed to be 5. 75A and 1.2 x 10 =10
sec,44 respectively. The above electron spin relaxation
time, an inner sphere interaction distance (ri)CH of 3.293,
and the hypeffine coupling constant given earlier, predict
dipolar and scalar contributions of 5.4l X 103 sec! and
1.67 x 102 sec”! at 25°C, respectively. ‘The observed

(TZM)_l a2t 25°C is 5.58 x 10° sec 1 (60 MHz fit of

Table XVI).

Similarly for NiTAAB(DMF)22+, the observed value
of 6.22 x 103 sec L for (TZM)-l, from fit B of Table XVII,
is consistent with (ri)CH = 3.02%, T, = 1.2 x 10-10 sec
and T, = Tpe = 1.85 x 10"}! sec. The outer sphere relaxa=
tion time of 3.98 X 102 sec™ !l is consistent with (d))cy =
5.753. All of the interaction distances and electron spin
relaxation times found here appear to be consistent with
expected values for nickel (II) complexes. The signifi-
cantly smaller interaction dlstances obtained in this study
for NiTAAB(DMF)z * and NlTRI(DMF)3 , compared to those
observed for the complexes NiCR(DMF)2 2+ and NiCRMe(DMP)22+,

are consistent with less steric influence from the Schiff
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base ligands in the former complexes. Thus, on the basis

+
r

of the value of (ri)CH calculated for NiTAAB(DMF)z2
longer interaction distances do not appear to be a general
property of tetragonally distorted complexes.

The kinetic results from the study of these two Schiff
base complexes of nickel (II) will be discussed and compared

to the results for NiCR2+ and NiCRMe2+ in Chapter IV.
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6. Solvent Proton NMR Line Broadening Study of the

Ccobalt(II) Schiff Base Complexes, Co(trans[l4]diene)2+ and

.COCR2+, and of the Copper (1I) Complex, CuCR2+, in Various

solvents

The proton nmr 1ine broadening studies reported in
this section were undertaken in order to extend the solvent
exchange studies of the nickel(II) and manganese (II) Schiff
base complexes, discussed in the previous sections, to
cobalt (II) and copper (II) systems. The temperature de-
pendence of the nmr line broadening of water, methanol and
acetonitrile solvents containing the cobalt(II) complex
5,7,7,12,14,l4-hexamethyl-1,4,8,ll—tetraazacyclotetra—
deca—4,1l-dienecobalt(II), referred to as Co(trans(14]-
diene)2+ and shown as structure IV, were investigated. In
addition, the cobalt(II) and copper (II) complexes of the
Schiff base CR ligand were studied in DMF and the copper (II)
complex was also studied in water. In all of these systems:
no chemical exchange effects on the line broadening are ob-
served, and therefore, discussion will center mainly on
whether solvent exchange is fast and (TZP)"'l is controlled
by inner sphere T,y relaxation or whether exchange is slow
and ('].‘zp)-l is determined exclusively by outer sphere T,,
relaxation. A decision in this regard allbws_lower or up-
per limits to be placed on the solvent exchange rates. An
attempt is also made to quantitatively explain the mechan-

ism of the '1‘2~l relaxation.
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Co(trans[l4]diene)2+ in Acetonitrile, Water and Methanol

The temperature dependencies of —log(TZPPM) for
'Co(trans[l4]diene)2+ in water and in methanol are shown by
the upper and lower curves, respectively, in Figure 35.

The data for this complex in acetonitrile are shown in
Figure 36 (lower curve). Oonly the tetrafluoroborate salt
was studied in methanol, but both the tetrafluoroborafe and
perchlorate salts were used in water and in acetonitrile,
and both salts gave the same temperature dependence of
(TzPPM)-l. Measurements were made at 60 MHz but for
Co(trans[14]diene)2+ in water a few data points were also
obtained at 100 MHz. No frequency dependence of (TZP)-l
was observed in this system.

Measurable chemical shifts were observed only for .
Co(tfans[l4]diene)2+ in acetonitrile and these are shown
in Figure 37. For the remaining systems, the frequency
shifts were too small to be measured accurately at the com-
plex concentrations employed.

1

All the (szPM) and (Aw

obsd/PM) data shown in the
figures have been calculated from the observed line broad-
enings and chemical shifts assuming two inner sphere sol-
vent molecules.

It should be noted that Co(trans[14]diene)2+ is a low
spin cobalt(II) complex. Magnetic susceptibility measure-

ments, which were made on an agueous solution of the per-

chlorate salt at several temperatures, gave an effective
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]0-4 x(T2p PM)-]- ' SGC-‘

Figure 35:

32 36 40 44 48
103/7,°K7!

Temperature dependence of —log(TZD-
hydroxy and me

) for the
thyl protons in methanol solutions
of Co(trans[l4]d1ene)(BF4)2 at 60 MHz (lower

two curves), and for the water proton in

agueous solutions of the ClO4 (A) and BF4

(o) salts of Co(t*ans[14]d1ene) at 60 MHz

(upper curve). In the upger curve e represents

a 100 ¥Hz measurement on the ClO4 salt.
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Figure 36: Temperature dependence of -1og(T2PPM) for
the methyl protons in acetonitrile solutions
of the c1o4’ (0) and BF, (o) salts of
Co(trans[l4]diene)2+ (lower curve) at 60 MHz;
ané for N,N-dimethylformamide solutions of
CoCR(ClO4)2 (upper curve), at 60 MHz (A), and
100 MEz (e).




191

Aacmﬁcﬁﬁdamccuuvoo
jJo sates (V) lekm pue (0O) quo oy 3O m:Oau:aOm oTTI3ITUO}ODR
ut suojoxd TAyjew 9Y3 103 Azm\cmnos<v.uo ZHW 09 3®

1Mo ' L/¢0L
vy ov 9t (AN 8¢

LI J ] ] ' ] v i o

souspuadop panjexadwal L€ oanbtd

l-DaS pos’ (Wd /Psq°mv.) X 1




192

Yy FoX ‘dRa UT 0N X03 peuteaqo sentea oyl

(B)

*pp JOX ’OTTIITUOROO® UT UOT +~o> 203 POUTLIQO SONTVA oYL (3)
*gp 30X WOXF TOUPYIOW U UOT . OA I0F SOOUUISTP U0F30VI0UT oYL (0)
..auﬁzmav 03 uojangyxauoo xetodyp oyl pue ﬁlhzamnau peAx08qo oy3 Woxj peivuyisi (P)
.ﬂnﬂzmmnav 03 UOTINGTIIU00 utzxedAy oyy (o)
.Tﬁz%«s 03 uoyangraauon xerodip oyl (q)
 4g000 PUY HIND
J03 T=U anq +~Amcoﬂcﬂvaum=auvvou 03 wm JO UOT3BTNOTED Oyl uy T=u puyunsse D,6Z I (¥)
- - £°0 1 - z°1 1008 ' “Cax 0t
(5§ 1T L€ 5 S TT (5t L't 05 P 1008 ‘Tax 0T
(5)5L°S 9"y (6)SL°S (76 (08P (o0'r 9P v ‘%
G6°€ 06°¢C oc°¢t vam;m AOVQ.n AOme.N 06°2 v aF:
CoL't 95V 0L*T 1€°0 06°0  S§°T  SL'T 1-9°" J-Ao«,sx?oa
- - - 't = (p)96'0 - (0)1-°%° r I WEg) % ot
09°2 ves 0T 6 £€2°0 680  98°'v  §S°9 (@ 1-°%° +99 (NCq) x0T
0"y 00T 801 sz'z 08T OE'L  0E6 g 00% s ey x, ot
"1°82 1T z've beece G6*Y 1°02 v0°9 . Aloon .AOO + ZOV
86°CT 68°€ T9°€ €L 6p°¢ 6v°€ pE*P HIAOE [eoy .zm
HO HO HO 1o to HO Ho uojoxd
ana z03eM awa notno no®no x030M 3u0ATOS
473000 +28000 ' +Nﬂocoav~¢auu=cuuvoo xoydwod
8JUBATOS Tvx0ADS
uy ...Nmoso pue ....Nmooo ~+NA0=0ﬂv—vﬁ_m=nuuvoo 03 suOTIWINOTRD puv 83TN80X UYKN

———tepe e At

IXIAX 314VL



193

magnetic moment of 2.07 BM after correction of the observed
molar magnetic susceptibilities (Table LXII) for the dia-
magnetism of the Schiff base ligand (- -213 cgs units). 28
Although no previous measurement of Ueff for this complex
is availdble for comparison, the value obtained here is
consistent with the values normally observed for low-spin
cobalt (II) complexes.55

The ('I'ZPPM)_1 results for each system were fitted
graphically to the equation

(T,pPy) 1 = (c, + Colexp(E,/RT) (53)

and the best-fit values of the constant, Cy *+ CO' and the
effective activation energy., E,, are given in Table XVIII.
However, it should be noted that, for Co(trans[14]d1ene)

in water, (T2P M) -1 increases more rapidly at low tempera=
ture than is predicted by eq 53. Only the data points

near 0°C deviate significantly from this exponential temp=
erature dependence. vSince the nmr line widths were inde-
pendent of frequency, the nonexponential behaviour of
(TZPPM)-I at low temperatures cannot be ascribed to

tMAmMZ effects (limiting condition 25(b)). Also, since the
temperature variation of the magnetic susceptibilities did
not indicate an gnusual increase in Yoff at low temperature,
the above behaviour is not due to a temperature dependent

magnetic moment. It is possible that the discrepancy 1is



194

due to a nonexponential increase in the viscosity of water
at temperatures near the freezing point. For this system,
tha value of E and (CM + CO) were estimated from the data
at higher temperatures.

For Co(trans[l4]diene)2+ in acetonitrile, the presence
of chemical shifts, with the temperature dependence shown
in Figure 37, indicates that solvent exchange is fast, and
therefore, (TZPPM)-l is controlled by Tom and Too relaxa- -
tion. The close agreement of the value found here for Ea
with the apparent activation energy of the viscosity of
acetonitrile (~3.0 kcal mol-l) might be taken to mean that
both inner and outer sphere relaxation are due to dipolar
interactions for which the correlation time is Tyo How-
ever, substitution of reasonable estimates of L do and
Tyr given in Table XVIII, into egs 29 and 30 indicate; that
most of the observed broadening for this system is due to a
hyperfine interaction. To account for the large hyperfine
contribution using the hyperfine coupling constant, -2.24 x
106 rad sec-l, determined from the measured chemical shifts,
a value of 1.36 x 10-9 sec is required for Tle at 25°C.

This value of Tle compares well with the experimental value

9

of 1.4 x 10 ° sec obtained for T2e‘ The latter was ob-

tained from the epr spectrum of Co(trans[l4]diene)(BF4)2 in
acetonitrile which will be discussed subsequently.
1+ should be noted that the observed chemical shifts

for this system do not strictly adhere to a Curie law temp-—
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erature dependence as the extrapolated shift at 1=

0°k~ Y is 120 Hz. As a result, the value of A/fi given above
was calculated from the observed shift at 25°C, assuming
Veogg = 2.07 BM, instead of from the value of Cw.

For Co(trans[l4]diene)2+ in water, the (TZPPM)-l
results are similar but no chemical shifts were observed
for this system. Therefore, it is not possible to even
estimate the hyperfine contribution to (TZM)—l. However,
calculations based on a primary solvent coordination number
of two, using the reasonable interaction distances and
correlation times listed in Table XVIII, indicate that
(TZPPM)-I can be explained solely by inner and outer sphere
dipolar interactions. In view of the Toe estimate of 1.2
b'< 10—9 sec obtained from the epr spectrum of Co(trans[14]-
diene)(ClO4)2 in water, the negligible hyperfine inter-
actions indicated by the above calculations must mean that
A/f for this system is small. From the acceptable agree-

-1 activation energy with that expected

ment of the (T,;)
for water viscosity (3.9 kcal mol—l) and the observation
that T2e >> Tor it is reasonable tc conclude that the di-
polar correlation time given in Table XVIII can be inter-
preted as T_. The value of T obtained here is in gcod

agreement with the value 4.1 x 10-11 sec obtained from an

analysis of the epr spectrum of VO2+ ion in water53.
In the case of Co(trans[l4]diene)2+ in methanol, the

observed (szPM)-l at 25°C for the hydroxy and methyl
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“1 ana

protons were similarly intergreted in terms of (TZM)
(Tzo)-l contributions, assuming two rapidly exchanging
inner sphere solvent molecules. Since measurable chemical
shifts were not observed in this system, the hyperfine
contribution to (T2M)'~"l cannot be calculated. However, the
dipolar interaction distances and correlation time given in
Table XVIII, which are all in good agreement with the

values observed for VO2+ 45

in methanol, predict a small
hyperfine contribution for the OH proton. The fact that
the hyperfine contribution is small for the OH proton but
negligible for the CH, protons was found to be compatible
with the estimated value of Tle' the absence of chemical
shifts, and the large difference expected for the hyper-
fine coupling constants (A/h) for the two different types
of protons. Thus, if the values of A/A for this system
were different by a factor of 20, as was observed for

Co2+ ion in methanol,23 then the hyperfine contribution

for the CH3 protons would be less than 1% of the total

(TZM)-l. To account for the estimated hyperfine contribu-
tion for the OH proton, a value of T, , % 10™? sec would
6 1

necessitate an estimated (A/R),y of ~6 x 10° rad sec .
For a 0.1 m solution this A/h predicts a negligible OH
proton chemical shift.

The nmr results for Co(trans[l4]diene)2+, discussed

above, allow lower limits to be placed on the exchange

rates of one solvent molecule. These limits for acetoni-
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trile, water and methanol exchange at 25°C are, respec-

rively, 1 x 10% sec™, 2.4 x 1ot sec-l ana 7 x 10% sec”t

EPR Results for Co(trans[l4]diene)2+

In order to obtain the estimates of the electron spin
relaxation times for Co(trans[l4]diene)2+, which were used
in the above discussion of the nmr results, the epr spec—
trum of this complex was obtained in acetonitrile and
water at room temperature. Also, since in several in-
stances well-resolved epr spectra for cobalt(II) systems

65,66

have been observed only for oxygenated adducts, the

possibility of oxygen coordination to Co(trans[l4]diene)2+
was examined.

An epr spectrum of Co(trans[l4]diene)2+ was initially
determined for an aqueous solution of the perchlorate salt.
This solution was not degassed and the spectrum was
measured immediately after the sample was prepared. The
resulting spectrum was well resolved into eight hyperfine
1ines due to coupling to the cobalt nucleus (I = 7/2) and
was gqualitatively similar to the fluid solution spectra
observed by Hoffman and Ba501065 for a series of oxygenated
cobalt (II) Schiff base complexes, and to the spectra des—
cribed by Yang and Oster66 for several oxygenated cobalt (I1)
polyamines. However, in the spectrum obtained for
Co(trans[lé]diene)z+ the hyperfine coupling censtant of

g2 G is much larger than the characteristic value of ~13 G
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found by the above workérs for the monomeric oxygen ad-
ducts. This feature alone aépears to indicate that
Co(trans[14]diene)2+ does not bind molecular oxygen. As

a further investigation in this regard, two additional epr
spectra were obtained for Co(trans[l4]diene)(BF4)2 in ace-
tonitrile. The first of these was determined for a thor-
oughly degassed solution, while the second was obtained for
the same solution through which oxygen was bubbled. No
difference was observed in the latter two spectra and both
were similar to the spectrum of the perchlorate salt in
aqueous solution, discussed above. However, for the spec—
trum of the tetrafluoroborate salt in acetonitrile the
hyperfine splitting was not as well resolved; the splitting
constant being 70 G as compared to 82 G obtained for the
perchlorate salt in water. The line widths of the nar-
rowest hyperfine components were ~48 G and ~43 G in ace-
tonitrile and water, respectively. This gives values of

~1.4 x 102 sec and ~1.2 % 10”2 sec, respectively, for The-

cocr®t in N,N-dimethylformamide

1

The temperature dependence of (TZPPM)- for the formyl

proton, determined for DMF solutions of the perchlorate
salt, is shown by the upper curve in Figure 36. A graphi-
cal fit of this data to eq 53 gave the best-fit values of
(Cy *+ Co) and E indicated in Table XVIII. The value of

(TZPPM)-l at 25°C is most consistent with rapid solvent
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exchange and dipolar Tom and T50 contributions, but a
somewhat better‘interpretation results if it is assumed
"that CoCR2Y is five-coordinate in DMF at this temperature.
Thus, the value of 3.2& calculated for (ri)CH assuming

a primary solvent coordination number (n) of one and the
values of do and Tor given in Table XVIII, would become
3.58£ if n were assumed to be two. Although the formér
value is in better agreement with the value of 3.12 found

2+

for VO in DMF44 the argument for five-coordinate cobalt

pased on this evidence alone would be inconclusive. How-
ever, in view of the observation made by Long and Busch37
that CoCR(ClO4)2 does not form bis-adducts with the strong
Lewis bases, ammonia and pyridine, the calculation using
n=1 appears to be the more consistent one. It should be
noted, however, that the good agreement of r; with the
value 3.13 may be at least partly fortuitous because of
the neglect of possible hyperfine interactions. There is
also the possibility of a five—coordinate—six—coordinate
equilibrium in this system since the E obtained here is
unexpectedly larger than the apparent activation energy of

the vicosity of DMF (~2.8 kcal mol™t

).

In order to further characterize this complex and to
estimate the magnitude of the hyperfine contribution to
(TZM)-I, the magnetic susceptibility and the epr spectrum
of CoCR(C104)2 were examined in DMP. A value of 1.85 BM

was obtained for the effective magnetic moxment after
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applying a diamagnetic correction of -163 cgs units28 to
the measured susceptibility at 35°C. The epr spectrum of

a degassed DMF solution of this low-spin cobalt (II) complex
at room temperature consisted of only a broad line in which
the hyperfine coupling was not resolved. A value of ~3 x
10-10 sec was estimated for T2e from this spectrum. There-
fore, for reasonable estimates of (A/ﬁ)CH, the above wvalue
of the electron spin relaxation time (Tle = T2e assumed)
would yield a hyperfine contribution which is ~10% of the
total observed (TZPPM)—1°

From the nmr results discussed above, a lower limit of

1 x 10° sec™! is estimated for the DMF exchange rate of

cocr®* at 25°C.

cucR?’ in DMF and Water

1

The temperature dependencies of (TZPPM)- for

CuCR(BF4)2 in DMF and water are shown by the upper and
lower curves, respectively, in Figure 38. Chemical shifts
were observed only for CuCR2+ in DMF and these are given
in Figure 39. Only the CH proton line widths and frequency
shifts were studied for the DMF solutions. Measurements
were made at 60 and 100 MHz and these indicated an absence
of a fregquency dependent Top value in the entire range of
temperatures studied.

All of the data in Figures 38 and 39 were calculated

. 2+ .
from the observed TZP and Amobsd assuming that CuCR is
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five-coordinate in these solvents over the complete temp-
erature range studied. That is, a value of one was used
'for n in the calculation of Py from eq 4. However, it
will be showﬁ below that: this assumption” is only partly
justified. .
The (TZPPM)-l data for CuCR.2+ in DMF clearly indicates

a gradual increase in the apparent activation energy éf
(TzP}?M)-l with decreasing temperature. In view of the
frequency independent TZP' and the unusual temperature de-
pendence of the CH proton chemical shifts, shown in Figure
39, it must be concluded that an equilibrium is present in
solution. Since the chemical shifts in the high tempera-
ture region do not drop off to zero, but instead follow a
Curie law temperature dependence, the species formed at
high femperature cannot be predominantly CuCR.z+ with no
DMF molecules in its inner coordination sphere. From this
point of view, outer sphere interactions could account for
the observed (TZPPM)-I at high temperatures but would fail
to explain the presence of chemical shifts in the high
temperature region. On the other hand, both the chemical
shifts and the line broadening data are consistent with
the equilibrium

cucr(oMe) 2t + DMF === CucR(DMF) ,°* (54)

with the five-coordinate species, CuCR(DMF), being thermo-—
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actions, modulated by complex tumbling, then a value of
3.953 is obtained for (ri)CH; This is'considerably larger
than the 3.12 obtained in ref 44 for V02+ in DMF but the
agreement is not improved by assuming that the predominant
copper species at 25°C is CuCR(DMF), instead of CuCR(DMF).
Tt should be noted that the observed CH proton chemical
shifts in the high temperature region give a large esti-
mated value of 1.28 x 108 rad sec t for (A/8) ogr if Mogg
is assumed to have a spin-only value of 1.73 BM. Thus, in
order to justify neglecting the hyperfine contribution to
(TZM)-I 9

, a value of 10 ° sec is required for T,.. Al-

though a T, of this order of magnitude was not confirmed
by measurement of T, from the epr spectrum of CuCR.2+ in
DMF, a value of 510‘9 sec is reasonable for a copper (II)

complex.67

. -1
For CuCR(BF4)2 in water the (TZPPM) results are

similar. However, since the line broadening is greater
than in the CuCR(BF4)2—DMF system, the chemical shifts are
obscured, and thus it is not possible to tell whether the
slight nonexponential increase of (TZPPM)-l at low tempera-
tures is due to an increase in the primary solvent coordin-
ation number, as was proposed for CuCR2+ in DMF, or to a
nonexponential increase in the viscosity of water. The
variation of -log (TZPPM) with T"1 is essentially linear

at higher temperatures and from this region the best-fit

values of (CM + Co) and E,» shown in Table XVIII, were ob-
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dynamically favored at higher temperatures. Thus, the up-

ward curvature in the chemical shifts and (T,.P )-1 data

2P M

‘with decreasing temperature, indicated by the dashed lines
in Figures 38 and 39, is due to a shift of equilibrium 54
to the right. From the high temperature chemical shifts
the hyperfine coupling constant (a/h) for CuCR(DMF) can be
determined, but this chemical shift data do not permi£
measurement of A/A for CuCR(DMF)z. Therefore, the tempera-
ture dependence of the equilibrium cannot be determined.
The small observed chemical shifts of the broad formyl
resonance at low temperatures are also a limitation in
this regard. However, it should be noted that both the
curie dependence of the chemical shift for temperatures as
high as ~0°C (T = =~ 3.7 x 10-3 ox~1), and the linear de-
pendence of -log (TZPPM) with T-l in the high temperature
region, indicate that, essentially all of the complex
exists in the five-coordinate form at temperatures 20°C.
A graphical fit of the data in this linear line broadening
region to egqg 53 gave the values of (CM + Co) and E, indi-
cated in Table XVIII.

The observed (TZPPM)-I at 25°C is interpreted in terms
of rapid exchange of one DMF molecule giving rise to the
)-1

(T and (‘1‘20)-1 contributions shown in Table XVIII.

M
_ -1
The values of (do)CH and T used to calculate (Tzo) are

2 44

those observed for the VO * _pur systen. If all of the

observed (TZM)-l is assumed to be due to dipolar inter-
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tained. For this system, the value of (‘1‘2]?PM)—l at 25°C
can be adequately accounted for in terms of (TZM)-l and
('1‘20)”l dipolar interactions using the interaction dis-
tances and correlation time given in Table XVIII. It
should be noted that the value of . obtained here ié in
reasonable agreement with the value 4.5 X 10_11 sec ob-
tained above for Co(transll4]diene)2+ in water and thét E,
agrees well with that expected for water viscosity.

Thus, the nmr results discussed above for CuCR.Z+ in
DMF and water are consistent with the rapid exchange of
one solvent molécule for which the lower 1limit of the ex-
change rate at 25°C 1is estimated to be 3 X 104 sec™! and
1 x 104 sec”! for DMF and water, respectively.

In conclusion, it should be noted that the estimates
of thé jower limits of the solvent exchange rates given
here for Co(trans[l4]diene)2+, CoCR2+ and CuCR2+ are quite
conservative since they were estimated from the observed
broadening at the lowest temperature for which measurements
were made and therefore apply at low temperatures. Thus,
a reasonable value of ~9 kcal m.ol-l for AH# for CoCR2+ and
CuCR2+ in DMF would inéicate higher values of the exchange
rate at 25°C by at least a factor of 103. Consequently.,
the rate of DMF exchange might be more like 10% sec T at

25°C for these two complexes in DMF.
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Chapter IV. DISCUSSION

1. Kinetic Results

(a) Methanol and DMF exchange from Mn(DMPrPor)+

The kinetic results from the study of manganese (III)
protoporphyrin(IX) dimethyl ester are summarized in Table
XIX together with the results of several other studies for
comparison. For Mn(DMPrPor)+ in DMF, the uncertainties in
the Aﬁ% and AS+ values could not be estimated but they
are expected to be greater than the error limits indicated
for Mn(DE-!PrPor)+ in methanol since AH+ and AS+ were found
to be very sensitive to assumptions regarding the outer
sphere contributions to the observed line brcadening. The
values of AH:Lr and AS+ given were found to be the most
internally consistent.

Manganese (IIT) protoporphyrin(IX) dimethyl ester is
quite labile with rate constants of the order of 107 sec™t
at 25°C. Several reasons can be invoked to account for
this lability. The manganese in this metalloporphyrin is
a hich-spin d4 jon with a strong Jahn-Teller distortion
and thus rapid ligand exchange rates are expected from
crystal field considerations.4 Contributing to this ef-
fect, would be the reduction in metal ion charge as a result
of the -2 charge on the porphyrin ligand. A further de-
jocalization of charge in the metalloporphyrin due to por-

phyrin-metal d-orbital 7 interaction would also be ex-
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A comparison of the kinetic parameters for solvent

exchange of Mn(D:-IPrPor)+ with those of some other systems

Systenm k (25°C), AH*, AS*, Reférence
sec™t "kecal mol ! cal mol-ldeg-l
CH ;0H 1.5 x 10/ 8.0 £+ 0.3 1.3 * (a)
Mn (DMPrPor) 7
DMF 6.4 x 10 10.5 12.4 (a)
cet. H,0 >1010 - - (b)
CH ,OH 4.3 x 103 10.1 -8.0 49 (a)
: 78 10.0 -16.4 68
FeSt DMP
33 12.5 -10.0 69
azb 1.5 x 102 - - (c)
C,HOH 2.0 x 104 6.2 -18 69
+ 6
Fe (PrPor) CZHSOH 1.8 x 10 6.2 -9.1 9
CH,OH 1.8 x 103 13.8 7.2 23
cot DMF 3.9 x 10° 13.6 12.6 47
H,0 2.0 x 10° 10.4 5.3 70

(a) This work.

(b) Quoted in ref 2.

(c) Quoted in ref 49(a).
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pected to make the complex kinetically labile.

It was originally hoped that the measurement of the
methanol exchange rate would permit at least an estimate of
the water exchange rate on Mn(DMPrPor)+. Previous studies
of éobalt(II), nickel (II) and manganese (II) ions (see
Tables XIX, XX and XXI) have indicated that the water ex-
change rate is ~10 to 102 faster than the methanol exchange
rate. However, the work of Breivogel on iron(III) in
methanol49(a) and ethanol69 indicates that alcohol exchange
is faster than water exchange by a factor of ~102. It may
be noted, however, that the DMF and methanol exchange rates
are similar for cobalt(II), nickel(II) and Mn(DMPrPor)+,
and therefore, it may be justified to estimate the water
exchange rate on Mn(DMPIPor)+, in analogy to the cobalt(II)
and nickel (II) systems, as ~108 to 107 sec™!. Aalthough
this estimate is an order of magnitude value at best, it
accounts for Fleischer's43 failure to observe complexing
of CN_,N3- and SCN +to manganese (III) hematoporphyrin in a
stopped-flow kinetic study. Relaxation methods similar to
those used for copper(II)71 will be necessary to measure
the ligand substitution rates of manganese (III) porphyrins.

From a consideration of the labilizing effect of por-
phyrin ligands on metal ion exchange rates, it is also pos-
sible to estimate the water exchange rate of hexaquomanga-
nese (I1I). Fleischer43 has pbserved that haematoporphyrin

appears to enhance the rate of ligand substitution by ~106
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in the more inert cobalt (III) and low-spin iron (III) systems.
For high-spin iron(III), the solvent exchange rates given

in Table XIX are generally consistent with the prediction
that protoporphyrin(IX) jncreases the exchange rate on
iron(III) by ~104. Thus, it is estimated that the water

4 o 10° sec L.

exchange rate of Mn(OHz)G3+ would be ~10
This latter estimate appears consistent when the water
exchange rates (see Tables XIX and XX) in the iso~electronic

aquo manganese(II)—iron(III) and chromium(II)-manganese(III)

systems are considered.

(b) Methanol, DMF and water exchange from MnB(ClO,!)2

The kinetic results for MnB(ClO4)2, along with the
solvent exchange results for all of the manganese(II) sys-
tems studied to date, are shown in Table XX.

A consideration of the data in this Table illustrates
that the Schiff base B ligand does not have a significant
effect on the solvent exchange rates for manganese (II).
This is especially illustrated by the results. for MnB2 in
water and DMF for which the exchange rates at 25°C are es-
sentially identical to +hose for the hexasolvated ions.
The results for MnB2+ in methanol might suggest that there
is a significant jabilizing effect by the Schiff base
ligand in this system; however, the effect is somewhat un-
certain because of the disagreement in the results from the

two studies of manganese (II) ion in methanol. It should be
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TABLE XX

Kinetic parameters for solvent exchange of MnB2+ and of other

manganese (II) complexes.

Complex k(25°C) AH*, AS*, Reference
sec™t kcal mol ! cal mol tdeg™!
MnB (OH,) > 2.1 x 107 8.8 + 0.5 4.5% 1 (a)
Mn (phen) , (0H,) ;2% 8.7 x 107 9+ 2 8+ 9 50
Mn (phen) (OH,) ;2 5.3 x 107 9 22 6+ 7 50
5 2.3x 107 8.8z21 5+ 3 50
. +
MntOdz)s { 7 .
3.0 x 10 8.1 2.9 15
MnB(CH30H)22+ 7.7 x 10° 8.8 + 0.5 2.5 & 2.5 (a)
- 3.7 x 10° 6.2 -12 49(a)
Mn (cu3oa) 6 § 5
9.5 x 10 7.4 -6.4 49 (b)
MnB(DMF)22+ 4.4 x 108 12.4 = 0.9 13.5 = 3.6 (a)
Mn(DMF)62+ 4.0 x 108 - - (b)
Mn(CH3CN)62+ 1.2 x 107 7.25 = 0.25 -1.8 + 0.8 72
Mn(NH3)62+ 3.6 x 107 8 + 0.5 5+ 3 52

(2) This work.

(b) Quoted in ref 1. The Aﬁ* and AS* values have not been reported.
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noted in this regard that the large negative entropy and
the small AH# obtained in ref 49(a) for methanol exchange
from Mn(CH3OH)62+ appears to be quite unusual when the
results for the Mn2+ ion in the other solvents are con=
sidered. Fox Mn32+ in methanol, the AH# and AS+ determined
in this study appear to be more in line with the values
observed for the other manganese (II) complexes.

Within the quoted experimental uncertainties, all of
the manganese (II) complexes studied in water indicate the
same AH+ and AS+ values, and thus, there are no significant
detectable trends. The relative insensitivity of the
kinetic parameters for water exchange from_MnBz+ indicates
that the electron donor properties of the amine nitrogens
in the B ligand are not particularly different from the
coordinated water molecules. It should be noted that this
similarity in the kinetic parameters for manganese (II)
complexes also extends to the Mn(NH3)62+ and Mn(CH3CN)62+
systems.

The significantly larger AH% and AS+ values observed
for MnB2+ in DMF than in methanol or water might be taken
to mean that the dissociative mode of activation is more
important in the DMF system. A similar difference in the
AH* and AS+ values was observed for DMF and methanol ex-
change from Mn(DMPrPor)+. This trend may be contrasted
to the similarity of the par;meters for methanol and DMF

exchange in the nickel (II) and also the cobalt (II) systems
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(Tables XIX and XXI). Unfortunately, it is not possible to

tell if the above difference is also common to the Mn2+ ion
‘in DMF and methanol since the AH+ and AS+ values for DMF

exchange from the an+ ion have not been reported.

(c) Solvent exchange from NiCR2+, NiCRMe2+, NiTAAB2+

2+

and NiTRI

Table XXI summarizes the kinetic data for the four
nickel (II) Schiff base complexes which were studied in the
various solvents. The results from several other studies
of normal octahedral nickel (II) systems are also shown for

comparison.

A consideration of the solvent exchange results for

NiCR2+ in DMF, methanol and acetonitrile and NiCRMe2+ in

pMF indicates that the solvent exchange rates at 25°C are
greater than for the hexasolvated systems by 5 x 102 to
4

1 x 10%. This greater exchange rate for these Schiff base

complexes is due to the AH+ being lower by 6 to 7 kcal
1

mol +. The increased rate does not involve the entropy
factor since the AS+ values are lower by 3-5 cal deg-]‘mol-1

than for the octahedral systems. These results appear to

be consistent with a dissociative mechanism in which steric
interactions in the Schiff base complexes tend to weaken

the solvent-metal ion interaction. The significant decrease
in the AH;F value for NiCRMe(DMF)Zz+ over that for NiCR(DMF)22+.

is also consistent with this proposal since it would be ex-
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TABLE XXI

Kinetic parameters for solvent exchange of some nickel (IT) complexes

x, secl  auf, ast, 10 5x(asm) , 2
Complex (25°2) keal mol™t cal mol_ldcg_l rad sec ! Reference
NiCR(DMF) ,2* 1.9 x 10° 9.5 2.2 2.30 (b)
NicRue (DMF) ,2* 2.8x10%. 7.8 - 2.9 3.03 )
NiTARB (DMF) ,2* 7.3 x 104 11.5 2.5 2.29 )
NiTRI (DMF) 327 5.9 x 10° 15.6 6.5 2.94 (b
L 3.8 x 10° 15.0 8.0 4.28 47
NiCR(CH,0M) ;2" 1.1 x 107 9.4 5.2 2.96 )
Ni (c,0m) 2% 1.0 x 103 15.8 8.0 3.58 23
Ni (C,HcOH) e 1.1 x 104 10.8 -4 - 69
NiCR(CH,CN) R 7.4 x 10° 7.0 - 3.6 -2.66 )
3.9 x 10° 10.9 < 8.8 -1.65 73
2.8 x 10° 11.7 - 3.6 -5.09 7
N1 (craem ¢2* 1.2 x 10 11.8 - 0.2 -3.27 75
2.7 x 10° 15.0 7.5 -3.3 76
3.7 x 1039 151 g.5 ) - 77
KiCR(OH,) ;2 4.5 x 10t 6.8 -14.4 -1.1 (®)
NiCRMe (OH,) 2" 5.2 x 104 6.3 -15.8 (@) (b)
Ni oH,) 6 2* 3.2 x 204 12.1 2.6 6.9(® 718
NiTRI (0H,) ;2* 3.8 x 104 10.9 - 1.9 2.50 7
Nien, (OH) ,2* 5.4 x 10° 9.1 2.6 - " 8o
Ni (ma_,,)3(oaz)_,""+ 2.5 x 108 10.2 5.0 - 81

(a) For the formyl proton in the DMF system, the zmethyl proton in the methanol and acetonitrile
systems and for the water proton in the aguecus systems.

() This work

(c) The results ia ref 77 are iztcrpreted assuzing that ¢our acctonitrile molecules are co-
ordinated to th;: Kiz’ ion. To pexmit a valid comparisecn to the previously obtained results,
the value of LS’ and the rate coastant at 25°C shown in this Table have becea recalculated

for a coordination number of six.

{(d) The absence of chemical shifts ia this systea preveated a deter=inatioa of (Af%). Con-
sequently, the value of 2s® given was obtained as explained ia the text using an esti-
pated (A/N).

(¢) FProm ref 79.
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pected that the N—CH3 group in the Schiff base CRMe ligand
would increase the amount of steric interaction considerably.
2n additional labilization can also be expected to arise
from electron donation from the CR and CRMe ligands. The
studies of Hunt, et aZ.,3 on various aquo-amine nickel (II)
complexes have shown that this latter effect can cause

large rate enhancements operating through both a AH+ and

AS+ change.

Similar arqguments might be applied when considering
the AH+ values for the aqueous systems. However, now the
exchange rate is not greatly different from that for
Ni(OH2)62+ because of a.much less favorable AS# in the
Schiff base systems. In fact the large negative AS# values
are unusual for solvent exchange in nickel (II) systems and
this might be taken to mean that some other mechanism is
operative.82 Unfortunately, there is likely to be a rather
large uncertainty in the AH+ and AS+ values for the agqueous
systems since the (TZM)-l and rMAmM? regions of line broad-
ening are not independently well defined. However the
water exchange rate énd the value of AS# are consistent
with the correlations discussed below.

If the mode of activation for solvent exchange is
primarily dissociative in these systems, as suggested above,
then a correlation between the exchange rate constant (kr)
and the eguilibrium constant (K.l) for the paramagnetic to

diamagnetic change (See Section 3) might be expected. In
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fact, log kr does vary directly in approximately a linear

way with -log K. The results for NiCRMe2+

in water and

DMF show the same trend. The assumed dissociative mode of
activation is consistent with the recently reported solvent
exchange studies83 of Co(DMSO)62+ and Ni(DMSO)62+ in the
mixed solvents DMSO-nitromethane and DMSO-methylene chloride
which have shown that the DMSO exchange parameters are in-
dependent of the composition of the mixed solvent, as
expected for a dissociative mechanism.

The correlation of the diamagnetic-paramagnetic equil-
ibrium results with the solvent exchange rates, discussed
above, could be an indication (although not necessarily so)
that the solvent exchange mechanism is coupled to the
diamagnetic-paramagnetic equilibrium. If these systems

are described by

T31
§ — P — *S = S—-—P—S + *S
H 13
T32" T23 (55)
T
S _D-—* —2, D+S+1*S
T12

where S — P — S and S — D — S refer to the solvated para-
magnetic and diamagnetic forms, respectively, then the
system can be treated as a three-site problem45 with the
bulk solvent as site 1, S'— D — *S as site 2 and S — P — S

as site 3. The 131, Ty3 reaction would be the normal ex-
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change path. If it is assumed that 121-1 >> 123_1, that is,
that desolvation of the diamagnetic species is faster than
its conversion to the paramagnetic form, and that the chemi-

cal shift in the diamagnetic form, Am2 << Am3, then

-

1 1,§ 1 1 1 1 2
G- tr ){T 7 * (Fo v ) A }
-1 _ T32 31 23 T32 ‘31

A compariscn of this equation to eq 2 shows that the ef-

-1 1

fective exchange lifetime TMf + 131— ). There-

(32
fore, the solvent exchange rate will be controlled by
whichever process is faster, either direct exchange (131-1)
or the S — P — S to § — D — S conversion (132-1). Un-—
fortunately, no rate constants are available for the latter
process; however, Wilkins, et aZ.84 have given a lower
limit of 10s sec-l for this interconversion in Ni(trien)2+
and Ni(2,3,2 tet)2+ in agueous solution. It has also been
found that tetrahedral-planar interccnversions of nickel (II)
complexes have rate constants ir the range 105 to 106
sec'-l.ss'86 Although the latter process is not really com-
parable to that observed here, it appears that structural
and spin state changes have rate constants of this order

of magnitude.

Other reaction paths are also possible such as
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(57)

In these, the solvent exchange rate will be controlled by
the first reaction and S — P or S — D could be interﬁediates
for the solvent exchange and spin-state change. In tpe'
second reaction, the solvent exchange and spin-state change
would proceed at the same rate and the solvent exchange
rate might be expected to be unusual compared to a purely
paramagnetic system.

The low exchange rate and unusually negative AS+ in
the NiCR.z+ and NiCRMe2+ aqueous systems might be rationalized
by assuming that direct water exchange is sufficiently slow
and thus the favored path is via the diamagnetic-paramagnetic
equilibrium. Tt is hoped that future work may test this
possibility by measurements of the rate of the diamagnetic
to paramagnetic conversion.
The kinetic results for DMF exchange from NiTAABz+
and NiTR12+ are also shown in Table XXI. It should be
recalled that the study of these two nickel (II) schiff base
complexes was undertaken to compare further the effects of
Schiff base ligands on the solvent exchange rates in com-
plexes having normal octahedral and tetragonally distorted
structures.

The AH* and AS* values for NiTRI(DMI‘)32+ are very

similar to those for Ni(DMF) . *; in fact, the similarity is
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even more striking than for the aquo systems, NiTRI(OH2)32+

and Ni(OH2)62+. This confirms the previous conclusion7
that the tridendate TRI chelate does not greatly affect the
solvent exchange kinetics from nickel(II). These observa-
tions also indicate that the TRI ligand is not particularly
more or less electron donating than the DMF ligands. It is,
therefore, reasonable to assume that the significantly
lower AH# value observed for DMF exchange from NiTAABz+ is
not due to greater electron donation from the macrocyclic
TAAB ligand. Models indicate that steric interactions
should not be important for NiTAAB(DMF)22+. It can only be
concluded that the lowerx AH+ value and higher exchange rate
may lie in the rather indeterminate solvation and crystal
field effects for a tetragonally distorted system. However,
it should be ﬁoted that the kinetic results for NiTAAB(DMF)z2+
show that solvent exchange rates on tetragonally distorted
nickel (IT) complexes are not necessarily unusually rapid.
Thus, the significantly lower AH+ values and larger exchange
rates for NiCR2+ and NiCRMe2+ may be due to a combined effect
of steric interactions, tetragonal distortion and electron
donor properties of the non-reacting ligand. The signifi-
cance of the latter factor is expected to be greater for CR
and CRMe than for the TAAB ligand. Furthermore, the possi-
bility of coupling of +he solvent exchange path to the

diamagnetic—paramagnetic equilibrium cannot be overlooked.

One of the original objectives in carrying out this
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work was to determine if the trends in the solvent exchange
parameters noted for the hexasolvated systems would persist
for tetragonally distorted systems. If this were to be the
case, then the exchange rate studies in nonagueous solvents
on other systems, porphyrins for example, could be used to
determine the exchange rates in the more interesting aqueous
system. Especially for porphyrins, solvent exchange studies
in water are prevented by solubility and polymerization
difficulties.

It has béen found in the studies of NiCR.Z+ in several
solvents that, qualitatively, the AH+ values do parallel
those for the hexasolvated nickel(II) ion. The trend in
AH+ is roughly DMF = CH3OH > CH,CN = H,0. However, it

should be pointed out that the recent results for the Ni2+

ion in acetonitrile76’77

cast considerable uncertainty onto
the AH+ value for this system. The above trend in AH+ for
the Ni2+ ion and NiCR2+ assumes that the earlier determina-
tions of AH* for Ni(CH3CN)62+ are correct.

Several attempts have been made to obtain a more
quantitative and useful correlation of the AH+ values with
solvent properties. For instance, it seems likely that
measures of the solvent basicity might provide a useful
correlation parameter. It should be noted however that a
direct correlation need not be expected since in a hexa-
solvated system the greater basicity of a solvent ligand

will tend to labilize solvent exchange in a manner similar
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to that observed by Hunt, et aZ.3 for various amines co-
ordinated to the nickel(II) ion. At the same time the
greater basicity would tend to increase the strength of
the metal to solvent bond and thus make dissociation more
difficult.

One such parameter of solvent basicity is Gutmann's87
"Jonor number"” (DN), which is a measure of the interaction
of a covalent acceptor, SbCl5 for example, with a solvent,
and is defined to be the absolute value of the enthalpy for
the reaction between the acceptor and the solvent. For MSG

2+ or Niz+ and S = water, DMF, methanol

systems, where M = Co
and acetonitrile, and also for NiCR.2+ in these solvents,

the values of AH+ for solvent exchange were found to roughly
parallel DNSbCls‘ The exceptions were the AH+ values for
Ni2+ and Co2+ in ammonia, DMSO and also for the Ni2+ ion in

+76,77

acetonitrile if the redetermined value of AH is used.

These exceptions were so large so as to make the correlation
dubious.

Another measure.of solvent basicity may be derived for
the Cy and EB values used by Drago and co-workers to corre-
late the heats of reactions of acids and bases.88'89'90
The original workers proposed that CB and EB were related
to the covalency and ionicity, respectively, of the inter-
actions of the base with the acid. It might be expected

that some combination of Cg and Eg would provide a measure

of general basicity. It has been found empirically that a
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good correlation exists between the product Cy°Eg and the
activation enthalpies for solvent exchange. The Cx°Ep
‘values used for NH3, DMSO, DMF and CH30H are 4.58,88
3.89,89 2.6588 and 0.87,88 respectively. The value for
acetonitrile appears to be ~0.8 from the recent work.by
Drago, et aZ.,89’90 compared to the original value of

0.94. No value for water has been given but for the'
three metal ion systems, Ni2+, Co2+ and NiCR2+, a value of

0.7 has been found to most consistently predict the
activation enthalpies for water exchange.

The empirical equation correlating C,°E with AH#

B "B
. 2% .
for the NiS, systems 1s

aET = 218 (10g CoEg + 0.327) (58)

CpEp
which predicts activation enthalpies (in kcal mol-l), with
observed values in parenthesis, of 11.2(11.0), 12.1(12.2),
14.6(15.0), 15.8(15.8), 14.8(15,11.8), 12.6(12.1) for ex-
change of NH5, DMSO, DMF, CH,OH, CH,CN and H,0, respectively.

Similarly for cobalt(II), the equation is

C.E

aeT = 23:8 (1og C_E; + 0.283) (59)
B B

and the predicted and observed AH# values in kcal mol-'1 are
11.0(11.2), 12.0(12.2), 14.2(13.8), 13.7(13.8), 12.5

(8.4,8.1), 9.8(10.4) for NHB' DMSO, DMF, CH3OH, CH3CN and



223

H,0 exchange, respectively.
For NiCR2+,
asT = 35225 (109 C_E, + 0.291) (60)
CBEB BB
and the AH% values are 9.50(9.50), 9.3(9.4), 8.6(7.0) and
6.9(6.8) for DMF, CH3OH, CH3CN and HZO’ respectively.

It may be noted that in general the agreement between
the predicted and observed AI—I-"‘= values is within 0.6 kcal
mol-l. The empirical equations have been arrived at without
using the data for acetonitrile because of uncertainty in
the CBEB value and the ambiguity in the AH% value brought
about by the recent study of the Ni2+—acetonitrile system.
The agreement of the calculated and observed AH+ values is
much worse for the acetonitrile systems except for nickel(II)
in acetonitrile where the recent value of 15 kcal mo].-l for

AH% agrees with the predicted value of 14.8 kcal mol-l if
CBEB = 0.8. On the other hand, if CzEg is 0.68, then the
predicted AH* values are 12.0, 9.1 and 6.4 kcal mol™! for
Niz+, Co2+ and NiCR2+, respectively, and the general agree-
ment is much better.

The general form of the empirical equations and the
values of the parameters therein do not appear to have any
obvious physical significance. The form of the equation is

1
consistent with the idea proposed above that the AHT should

show both a direct and inverse dependence on the solvent
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basicity. It may also be noted that the value of -log CxEg
is relatively constant at ~0.3 when AH+ is zero for all
"systems. Intuitively, this does not seem unreasonable.

It is hoped that the AH+—solvent basicity correlation
discussed above can be experimentally tested on additional

systems in future work.

2. General Comments Regarding Relaxation Results

Tt will have become apparent from the considerations
in Chapter III that the relaxation effects of the various
macrocyclic complexes studied can be accounted for rather
well using standard theoretical T,y and T, expressions.

The dipolar interaction distances and correlation times,
obtained from these expressions by an jterative procedure,
were in general similar to those observed for hexasolvated
metal ion complexes.

Some empirical relationships between the T,, values
for different types of protons on a solvent molecule and
also between the TZM and Tyo values for the same proton
have been noted in some of the systems in which the hyper-
fine contributions are relatively insignificant. These
are given in the various sections. For some of the systems,
the relationships between TZM and Tyo found for hexasolvated
metal ions were used to predict the outer sphere line broad-
ening contributions for the purpose of increasing the ac-

curacy of thie AH=l= and Ag# values for the solvent exchange
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reaction. It is hoped that the empirical relationships
noted in this study may provide at least a gualitative
"guideline for the interpretation of future work.

The determination of line width data at two fre-
quencies, for several of the systems dealt with here, has
ied to the observation of a magnetic field dependent T,
relaxation for two nickel(II) complexes (NiCR.z+ and
NiCRMe2+) having large zero-field splitting energies. This
phenomenon has also been recently observed, but to a more
limited extent, in the Ni2+—acetonitrile system.77 This
magnetic field dependence of the controlling correlation
time, the electron spin relaxation time, has beén inter-
preted in this work in terms of the T, and Tre expressions
of McLachlin which are not strictly valid for the conditions
observed in nickel{II) complexes but which provide for a

reasonable account of the observed results.
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APPENDIX

Table XXII gives a representative sample of the proton
'magnetic resonance line widths at half-height for the pure
solvents used in this study. In succeeding Tables, all of
the observed bulk solvent proton magnetic resonance iine
widths and chemical shifts for solutions of the various’
complexes are given. The calculated (TZPPM)—l and |
(Awobsd/PM) data are also includéd. The solution magnetic
susceptibility results for the various complexes can be
found in Tables located near those giving the nmr data for

that particular complex.
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Table XXII

Temperature dependence of the proton line widths(a) of

water, acetonitrile, dimethylsulfoxide (DMSO) , methanol and

N,N-dimethylformamide (DMF) .

t,°C Water Acetonitrile DMSO Methanol(b) DMF
OH CH3 CH CH3
140 1.0 7.0 1.0
120 . 6.5 1.0
100 1.3 . 6.0 1.0
80 1.5 0.9 . 5.0 .2
60 1.6 1.0 1.5 0.9 1.4 4.5 1.3
40 1.8 1.1 1.8 . 1.5 3.8 1.5
20 2.1 1.2 2.0 1.1 1.7 3.3 1.6
0 2.4 1.5 1.2 1.8 3.0 1.7
- 20 1.6 1.3 2.0 2.7 2.0
- 40 2.0 1.5 2.2 2.6 2.2
- 60 . 2.6 2.5 2.5

- 80 .0 3.0

(a) All line widths at half-height are expressed in Hz.

(b) Blank methanol sample contained a small amount of 2,4-
dinitrobenzenesulfonic acid.

(c) High field methyl protons.

(c)
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Table XXIV

broton chemical shifts of 9.65x107>. (1), 9.8x107° (2),

2.38x10°2 (3), and 3.88x10_2 (4) molal solutions of Mn (DMPrPor) *

in methanol (Figure 3). Frequency: 60 MHz.

t, 103/T, - " obsd shift, Hz 10_4wa/PM,rad sec t
°C ox~1 OH CH, OH CH,
67 2.94 4.2 (1) 4.3
60 3.00 11.0 (3) ~ 5.5 (3) 4.5 2.3
55.5 3.04 10.5 (4) 2.65
43 3.16 4.5 (1) 4.6
40 3.19 5.0 (2) 5.0
39.5 3.20 12.0 (3) 10.0 (4) 5.0 2.52
32 3.28 5.0 (1) ' 5.1
27.5 3.33 5.0 (1) - 5.1
19 3.42 11.5 (4) 2.90
15 3.47 4.7 (1) 4.8 -
12 3.51 5.0 (1) 5.1
- 0.5 3.68 12.5 (4) 3.15
- 3.5 3.71 4.8 (1) 4.9
-10 3.80 12.5 (4) 3.15
-11 3.82 4.5 (2) 4.5
-15 3.88 3.9 (1) 2.0
-18 3.92 7.5 (3) 3.1
-22 3.98 12.0 (4) 3.0
-25 4.03 3.0 (1) 3.2
-28 4.08 7.5 (3) 3.1
-33 4.17 2.0 (1) 2.0
-35 4.20 6.5 (3) 2.7
-38 4.26 2.3 (1) 2.3

-42.5 4.34 0.5 (1) 2.0 (1) 0.5 2.0
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Table XXIV (Cont'd).

t, 103/7, obsd shift, Hz 10”*x40/Py, rad sec L
o o1
c OH cH, OH CH,
-50 4.48 7.5 (4) 1.9
-52.5 4.54 1.5 (1) 1.5
-58.5 4.66 1.5 (1) 1.0
60 - 4.69 2.8 (4) 0.7
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Table XXVI

proton chemical shifts of 2.39x1072 (1), 1.23x10°2 (2)

and 6.88};10-3 (3) molal solutions of Mn(DMPrPor)+

in N,N-dimethylformamide (Figure 5). Frequency: 60 MHz.

t, 103/7,  obsd shift, Hz 107 xAw/Py,rad sec b
°C. ox ™1 C-H N-CH3(a) C-H N-CH3(a)
100 2.68 4,5 (1) 3.0 (1) 8.1 5.4
80 2.83 4.5 (1) 3.0 (1) 8.1 .
60 3.00 5.5 (1) 3.2 (1) 9.9 .
50 3.10 5.5 (1) 3.5 (1) 9.9 .
39.5 3.20 6.0 (1) 4.0 (1) 10.8 .
19 3.42 6.0 (1) 4.0 (1) 10.8 .
5 3.60 6.5 (1) 4.5 (1) 11.7 7.2
- 12.5 3.84 3.5 (2) 2.5 (2) 12.2 7.8
- 23 4.00 3.5 (2) 3.0 (2) 12.2 .
- 33.5 4.18 3.0 (2) 3.0 (2) 10.5 8.8
- 38 4.26 1.5 (3) 9.4
- 40.5 4.30 2.8 (2) 9.6
- 44.5 4.38 1.0 (3) 6.2
- 50 4.48 1.2 (3) 7.6
- 51.5 4.51 1.0 (2) 2.0 (2) 3.5 7.0
- 55 4.59 1.0 (3) 6.2
- 60 4.69 ‘ 1.5 (2) 5.2
- 65.5 4.82 1.0 (2) 3.5

(a) High field CH4
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Table XXVII

Magnetic susceptibilities of Mn(DMPrPor)ClO, in methanol.

6 3 (b)
107'x Xg, 107x xm(cor)'

T,°K Af,Hz (a) gm.—1 mol~t 1, BM (c)
313 10.0 13.2 10.1 5.05

273 11.4 15.1 11.5 5.04

252 12.3 16.3 12.5 5.03

230.5 13.4 17.8 13.6 5.03

213 14.5 12.4 . 14.7 5.03

(a) At 60 MHz for a 9.81 X 10"3m solution prepared insitu

(b)

()

from Mn (DMPrPor)Cl-'OH, as described in the text.
A diamagnetic correction of -330 x 10—6 cgs units has
been applied.

Calculated using U, = 2.839/xM(cor)T
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Table XXVIIIX

Proton line broadening for MnB(C10,), in

N,N-dimethylformamide (Figure 6).

Frequency: 60 MHz. *Frequency: 100 MHz.

103/7, Av, . gs HZ 10'4x(T2PPM)'1,
10%x complex -1 (a) sec™ T (a)
concn, m t,°C °K C-H CH3 C-H CH3
0.771 30.5 3.30 19.0 6.5 4.32 1.4
16 3.46 23.0- 7.9 5.52 1.8
0 3.66 27.0 6.82
- 11 3.82 29.0 11.5 7.39 2.70
- 24 4.01 26.5 14.5 6.69  3.48
- 33 4.17 22.0% 15.0% 5.43* 3,59%
- 35 4.20 21.0 15.0 5.15 3.59
- 40.5 4.30 19.8 16.0 4.82 3.84
- 41 4.31 20.2* 16.0* 4.94*  3.84%*
- 46.5 4.41 21.0 5.14
- 48.5 4.45 21.5 18.0 5.30 4.37
- 50 4.48 23.0* 18.0* 5.57* 4.35*
- 52.5 4.54 23.5 5.81
- 56 4.60 26.0 6.52
- 61 4.71  30.0 7.52
0.402 7 3.57 13.8 4.8 6.30 1.9
- 5.5 3.74 16.0 5.6 7.21 2.4
- 17 3.91 15.8 6.5 7.34 2.8
- 29 4.10 13.0 8.0 5.87 3.5
- 44.5 4.38 11.3 9.3 5.01 3.9
- 54 4.57 13.3 11.5 6.09 4.81

- 58 4.65 15.5 13.0 6.94 5.45
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103/7, v g Hz 10T Ux(TypR) T
10%x complex -1 _ ) sec”t (a)
concn, m t,°C °K C-H CH3 C-H CH3
1.38 104 2.65 17.0 1.7°
82 2.82 19.2 . 2.29 0.67
71 2.91 20.5 . 2.55 0.72
57 3.03 24.0 3.08
52 3.08 24.5 7.5 3.22 0.96
45 3.14 27.0 3.62
42.5 3.17 31.0* 8.5 4.20% 1.1
40 3.20 29.0 3.89
31.5 3.28 36.5% 5.09%
30 3.30 33.0 10.0 4.59 1.32
20 3.41 40.5% 5.72%
17.5 3.44 37.0 5.21
1 3.65 51.0%* 7.44%
0 3.66 47.0 6.85
- 17.5 3.91 50.0 7.30
- 37 4.24 36.0 5.13
- 42.5 4.33 35.5 5.05
- 54 4.56 42.0 6.06
(a) High field methyl protons.
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Table XXIX

Formyl proton chemical shifts at 60 MHz for

a 1.38 x 10"2n solution of

MnB(Cl0,), in N,N-dimethylformamide (Figure 7).

103/7, 1073 x Aoy q/Py -

t,°C, ot obsd shift, Hz rad sec T
104 2.65 2.5 7.8

82 2.82 3.0 9.4

71 2.91 3.0 9.4

57 3.03 3.0 9.4

52 3.08 3.1 9.7

45 3.14 3.5 10.8

42 3.18 3.0 9.4

30 3.30 3.5 10.8

0 3.66 2.8 8.7

17.5 3.91 1.5 4.7

17.5 3.44 3.0 9.4
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Table XXX

Proton line broadening for MnB(ClO,), in

water (Figure 8). Frequency: 60 MHz. *Frequency: 100 MH=z.

103 X complex (a) 103ii' Avobsd' Hz 1 SX(TzipM) l'
concn, m £,°C © °K sec
5.23 : 46 3.13 27.0% 4.27*%
34 3.26 35.0% 5.58%
26 3.34 42.0% 6.73*%
18.5  3.43 51.8% 8.35%
17.5 3.44 52.0% 8.38%
- 10 3.80 61.0% 9.82%
- 4 3.72 65.0% 10.5*%
5.23 92 2.74 10.1% 1.43%
78.5 2.84 13.0% 1.91%
68 2.93 16.5% 2.50%
60.5 3.00 19.6% 3.01%
52 3.08 24.6% 3.76%
42.5  3.17 30.6% 4.76%
40 3.20 32.0% 5.08*
31 3.29 39.2% 6.28%
22 3.39 46.5% 7.48%
13 3.50 56.0% 9.05%
4.5 3.60 63.5% 10.3*%
- 3.5 3.71 67.0% 10.8%
5.85 31.5 3.28 28.0 3.94
25.5 3.35 32.0 4.52
20 3.41 52.2% 7.52%
16 3.46 37.0 5.35

13 3.50 61.2% 8.85%
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Table XXX (Cont'd).

103 x complex (a) 10311' A\’obsd' Hz +0 SX(TzipM) l'
concn, m t,°C °K sec
5.85 7 3.57 43.5 6.21
2 3.64 72.0%* 10.4%*
2 3.64 49.5 7.09
- 4 3.72 71.0% 10.3*
- 5.5 3.74 55.0 7.89
- 10.5 3.81 57.0 8.19
12.2 93 2.73 16.5 1.10
20 2.76 21.2% 1.43%
83.5 2.81 20.0 1.34
73 2.89 24.2 1.63
73 2.89 31.0% 2.12*
63 2.98 29.2 1.99
57.2 3.03 46.0% 3.18%
53.5 3.06 35.5 2.43
44 3.16 44.0 3.03
41.5 3.18 66.8% 4.65%
31.5 3.28 54.0 3.73
25.5 3.25 66.0 4,58

(a) All samples contained 10 volg acetone which served as
the internal standard and which permitted measurements
to be extended to -10°C.
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Table XXXI
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in water (Figure 9).

Frequency: 60 MHz. *Frequency: 100 MHz.

3 10°/T,  gpsa shift, 107 %x (A P,)
10”°x Complex t, -1 obsd Shitt., X wobsd/ M
concn, m °C °K Hz

12.2 93 2.73 4.2 6.0
90 2.76 6.3% 9.0%
84 2.81 4.5 6.4
73 2.89 7.2% 10.*
73 2.89 4.5 6.4
63 2.98 5.0 7.1
57 3.03 7.0% 10.*
54 3.07 5.0 7.1
44 3.16 4.8 6.8
42 3.18 7.5% 11.*
32 3.29 4.4 6.3
26 3.36 5.0 7.1

5.85 62 2.98 2.3 6.7
47 3.12 2.5 7.4
35 3.25 2.5 7.4
26 3.35 2.4 7.1

5.23 92 2.74 2.9% 9.7*
68 2.93 3.0%* 10.*
61 2.99 3.5% 12.*
52 3.08 3.2% 11.*
46 3.13 3.4%* 11.*
42 3.18 3.2% 11.*
31 3.29 3.0% 10.*
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Table XXXII

Magnetic susceptibilities of MnB(C10,), in water.

10%x % _, 103% Xy o or),(b’
T,°K Af,Hz @) gn t mol”t - (c)
356.5 9.2 20.9 12.2 5.91
336 9.8 22.1 13.0 5.98
317 10.4 23.6 13.7 5.96
289 11.0 25.0 14.5 5.86
280 11.2 25.6 14.9 5.83
275 11.5 26.2 15.2 5.86

(a) At 60 MHz for a 5.85 x 10-3m solution containing 5 vol%
acetone as the internal standard.

(b) A diamagnetic correction of -181 x 1078

cgs units has
been applied.

(c) Calculated using He = 2.839 XM(cor)T°
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Table XXXIII

Proton line broadening at 60 MHz for MnB(C10,) 5

in methanol (Figure 10).

102x complex 10312, Avobsd'HZ 10 5x(TZPPM) l,sec 1

concn, m t,°C °K OH CH3 OH CHgy
0.380 4 3.61 21.6 4.5 2.67 0.40
- 12.5 3.84 22.0 5.2 2.71 0.52

- 24 4.02 18.5 6.4 2.23 0.61

- 86 5.35 27.0 19.0 3.20 2.00

0.385 33.5 3.26 17.0 2.06
22.5 3.38 18.5 3.8 2.23 0.32
15 3.47 19.6 2.38

4 3.61 21.6 4.5 2.64 0.39

- 20 3.95 20.5 5.5 2.48 0.55

- 31 4.13 15.4 6.9 1.81 0.65

- 76 5.08 17.0 12.2 1.91 1.20
1.547 33.5 3.26 64.0 9.5 2.00 0.263
15 3.47 78.0 11.8 2.44 0.332

2.5 3.63 87.0 14.0 2.72 0.399

- 5 3.73 88.0 15.5 2.75 0.446

- 12.5 - 3.84 94.0 17.0 2.74 0.505

- 20 3.95 84.0 19.5 2.62 0.564

- 24 4.02 71.0 20.9 2.21 0.606
- 33 4.17 56.0 23.0 1.73 0.671

- 36.5 4.23 49.0 24.0 1.51 0.696

-.53 4.54 33.0 24.0 .997 0.690

0.836 0 3.66 48.0 8.5 2.75 0.416

- 29 4.10 - 36.0 13.0 2.04 0.656
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Loy complen 103ii' MY p o B2 1073 (T, 2,) "tysec”
concn, m t,°C °K OH  CH, OH CH,
0.836 38.5 4.26  25.0 14.0 1.39 0.706
49.5 4.47  18.6 14.0 1.01  0.692
59 4.67 19.6 15.0 1.06 0.738
66 4.83  23.4 17.5 1.27 0.871
74.5 5.04  33.0 23.0 1.82 1.18
1.325 65 2.96  40.0 6.0 1.44 0.185
55 3.05  46.0 6.8 1.66 0.209
45 3.14 53.0 7.9 1.92  0.240
30.5 3.46 10.5 0.340
11.5 3.82 16.0 0.518
34 4.18  48.0 20.5 1.73 0.688
48.5 4.45  29.0 21.0 1.02  0.702
0.972 7 3.57  54.0 8.9 2.67 0.38
5.5 3.74 10.5 0.459
11.5 3.82  55.0 12.0 2.72 0.524
21 3.97  50.0 13.5 2.46  0.595
23 4.00  50.0 13.8 2.45 0.610
26 4.05  45.0 14.5 2.21  0.643
35 4.20  33.0 16.0 1.60 0.711
39.5 4.28  26.0 16.0 1.24 0.706
43.5 4.36  23.8 16.0 1.13  0.706
47.5 4.43  22.0 16.8 1.03  0.721
52.5 4.54 21.5 16.0 1.01  0.693
56 4.61  22.0 17.0 1.02 0.726
61 4.72  25.0 19.0 1.16 0.806
64 4.78  26.0 19.0 1.22  0.829
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Table XXXIII (Cont'd).

3 ' | -5 -1 -1
10~ /T, Av ,Hz 10 °x (T, P,) sec
102x complex -1 obsd 2p'M !
concn, m t,°C °K OH CH3 OH CH3
0.972 - 69 4.90 32.0 23.0 1.51 1.01
- 71 4.95 34.5 24.0 1.64 1.06
- 73 5.00 39.0 27.0 1.81 1.16

- 80.5 5.20 51.0 2.46
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Table XXIV

Proton line broadening at 100 MHz for MnB(ClO,).,

in methanol (Figure 10}.

3 -5 -1 -1
io0°/T, Av Bz 10 “x(T..P,) ~,sec
102x complex -1 obsd 2p'M
concn, m t,°C °K OH CH3 OH CH3
0.385 10 3.53 30.0 3.69
-11.5 3.82 27.5 3.38
-72 4,98 15.5 11.5 1.59 1.11
1.547 61.5 2.99 70.0 8.5 2.18 0.22
49 3.11 82.0 10.0 2.56 0.269
39 3.20 90.0 11.0 2.81 0.301
24 3.37 - 103 13.5 3.23 0.380
10 3.53 112 16.0 3.51 0.443
-11.5 3.82 22.0 0.626
-30 4.12 57.0 26.5 1.7 0.759
-43.5 4.36 37.0 26.0 1.12 0.735
-44.5 4,38 36.0 25.0 1.08 0.712
-62 4.74 39.0 28.0 1.14 0.797
0.836 - 4 3.72 63.0 3.64
=15 3.87 58.0 14.0 3.34 0.703
0.972 =21 3.97 52.0 2.66
=33 4.17 36.5 1.78
-41 4.31 26.0 1.24
1.32 - 4 3.72 103 18.0 3.77 0.591

-31.5 4.14 50 23.0 1.81 0.775
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Table XXXV

Hydroxy proton chemical shifts at 60 MHz for

MnB (C10,), in methanol (Figure 11).

102x complex 103{z’ = 4XAw°bSdfiM'
concn, m t,°C °K obsd shift, Hz rad sec

1.547@) 33.5  3.26 6.5 4.1

15 3.47 6.5 4.1

10 3.53 6.5 4.1

2.5 3.63 6.0 3.8

- 5 3.73 4.5 2.8

- 12.5 3.84 3.5 2.2

- 20 3.95 1.5 1.0

1.325 65 2.96 5.2 3.9

16 3.46 5.5 4.1

- 23 4.00 1.5 i.1
- 34 4.19 0 0

0.972 29.5 3.31 4.0 4.1

- 5.5 3.74 3.0 3.0

- 11.5 3.82 2.0 2.0

- 21 3.97 1.3 1.3

- 23 4.00 1.0 1.0

- 26 4.05 1.0 1.0

- 35 4.20 0.5 0.5

0.836 60 3.00 3.3 3.9
42.5 3.17 3.5 , -

0 3.66 1.5 1.8

- 29 4.09 0.5 0.6

(a) Methyl proton chemical shifts for this sample were ob-
served to be about 2.0 to 2.5 Hz at 33.5° to -5°C.
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Table XXXVII

Magnetic susceptibilities of NiCRMe (C10,),

in N,N-dimethylformamide (Figure 12).

Complex concn, T, ' Af, lOGXXg, 103}{)(M(cor),mole"l
molal °K ° Hz gmfl
3.05x10"2 397 18.3  2.91 ©1.69
387 20.0 3.24 1.87
377 21.8 3.56 2.04
367 23.5 3.89 2.21
357 25.0 4.16 2.35
347 26.8 4.50 2.54
337 28.0 4.73 2.66
327 29.8 5.05 2.80
316 30.8 5.24 2.93
304.5 33.0 5.66 3.15
287 35.5 6.13 3.40
278 37.5 6.50 3.60
265.5 39.5 6.88 3.80
255.5 41.8 7.32 3.93
247 43.5 7.63 4.20
237 46.0 8.10 4.44
224.5 49.0 8.55 4.72
215 52.0 9.21 5.02

209 54.0 9.60 5.24
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Table XXXVIII (Cont'd) .

complex 106xxg,(a) 103XXM(c°r)’
Complex concn, m T,°K Af,Hz gm~1 mole T
NiCRMe(BF4)2 0.162 296.5  40.3 3.21 1.78
290.5 44.0 3.57 1.96
285 48.3 3.98 2.17
278 55.5 4.68 2.52
0.232 353 24.5  0.993 0.664
343 28.5 1.26 0.801
327 36.2 1.86 1.10
295.5 56.5 3.1i3 1.7
281 66.8 3.84 2.10

(a) The values tabulated have been corrected for the
small temperature dependence of the density of water
as explained in the text.
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Table XXXVIII

Magnetic susceptibilities of NiCR2+ and

NiCRMe2+ in water (Figure 13).

complex 106xxgi (a) 103XXM(fir) .
Complex concn, m T,°K Af,Hz gm mole
NiCR(BF,), 0.151 352.5 41.5 3.87 2.06
335 48.3 4.56 2.40
323 52.3 4.97 2.60
313 56.8  5.42 2.82
305.5 60.0 5.77 2.99
293 63.1 6.07 3.14
282 68.5 6.64 3.42
271.5 70.0 6.81 3.50
0.173 368 38.8 3.08 1.67
358 43.2 3.46 1.86
348 49.0 3.99  2.12
332.5 56.3 4.65 2.44
322 62.0 5.18 2.70
312 67.5 5.66 2.94
298.5 73.0 6.15 3.18
288 77.5 6.56 3.38
277 82.0 6.97 3.58
NiCRMe (BF,), 0.162 367 15.0 0.792 0.563
357 16.3 0.907 0.621
347 19.0 1.17 0.754
337 22.3 1.48 0.911
327 26.3 1.86 1.10
317 30.3 2.26 1.30
313 . 31.5 2.38 1.36

304 37.5 2.95 1.65
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Chemical shifts at 60 MHz of the azo-methine methyl resonance

relative to the diamagnetic shift for NiCR2+ and NiCRMe2+ in

a series of solvents (Figure 15).

Complex Solvent t,°C i%i,°K-l Chemical shift,Hz
NiCR(BF,) , water 2 3.64  402(@) 403
12 3.51 372 370
22.5 3.38 340
36 3.24 304
40 3.20 293 289
50 3.10 262 266
60 3.03 234 233
70 2.92 206 205
80 2.83 178 176
90 2.76 154 152
NiCRMe (BF ), water .0 3.66 336
11 3.52 279
20 3.41 245
33 3.27 200
42 3.18 171
50 3.10 155 {d)
69.5 2.92 115
74 2.88 104
80 2.83 92.5
84 2.79 85.5
94 2.72 72.0
NiCR(PFg), acetonitrile - 42.5 4.3¢ 7662
- 17.5 3.91 652
1.5 3.64 580
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Table XI. (Cont'd).

Complex Solvent t,°C i%i,°K-1 Chemical shift,Hz
NiCR(PFs)2 acetonitrile 1.5 3.64 580
12. 3.51 544
22.5 3.38 510
36 3.24 466
41 3.18 444
50 3.10 414
60  3.00 380
70 2.92 344
80 2.83 306
NiCR(BF,),  methamol - 65.5 4.82 638'H)
- 54 4.57 586
- 43.5 4.36 542
- 33 4.17 498
- 21 3.97 456
- 10 3.80 420
2 3.64 3g0(9)
12 3.51 346
36 3.24 279
40 3.20 264
50 3.10 230
60 3.00 198
NiCR(PF;), dimethyl- 22.5 3.38 367
sulfoxide 36 3.24 345
50 3.10 318
60 3.00 300
80 2.83 262
88 2.77 247

100 2.68 230




265

Table XL (Cont'd).

Complex Solvent t,°C l%i,°K“l Chemical shift,Hz
NiCR(PF.),  dimethyl- 120 2.54 198
sulfoxide
NiCR(PF), N,N-dimethyl- - 59 4.67 651 (3)
formamide  _ 43 g 4.45 616
- 36.5 4.23 560D se2
- 12.5 3.84 483 489
1.5 3.64 444
12. 3.51 421
22.5 3.38 396
36 3.24 363
41 3.18 354
50 3.10 338
60 3.00 316
80 2.83 274
100 2.68 236
120 2.54 200
NiCRMe(ClO4)2 N,N—dimgthyl—
formamide (k)
- 41 4.31 734
- 26 4.05 668
- 8.5 3.78 604
5 3.60 552
31.5 3.28 474
43 3.16 438
54 3.06 410
64 2.97 380
74 2.88 345

80 2.83 322
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Complex Solvent t,°C £%3,°K Chemical shift,Hz
NiCRMe(C10,), N,N-dimethyl- 84 2.80 322
formamide 94 2.73 278
| 104 2.65 248
114 2.58 216
124 2,52 188
(a) Complex concn = 0.520 m, DSS internal standard.
(b) Complex concn = 0.487 m, t-butanol internal standard.
(c) Complex concn = 0.376 m, DSS internal standard.
(d) Complex concn = 0.450 m, DSS internal standard.
(e) Complex concn = 0.525 m, TMS internal standard.
(f) Complex concn = 0.211 m, cyclopentane internal standard.
(g) Complex concn = 0.343 m, cyclopentane internal standard.
(h) Complex concn = 0.565 m, TMS internal standard.
(1) Complex concn = 0.861 m, cyclopentane internal standard.
(j) Complex concn = 0.476 m, cyclopentane internal standard.
(k) Complex concn = 0.293 m, cyclopentane internal standard.
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Table XLIII

Formyl proton 1line broadening for NiCR(ClOAl2 in

N,N-dimethylformamide at 60 MHz (Figure 16).

complex 103{1' (a) AVObSd w0 3X(T223M) l,

concn, m t,°C °K Xp Hz sec
0.224®) 1.5  3.64 0.89 10.8 0.815
-27 4.06 0.94 35.0 3.21

-52 4.52  0.97 48.5 4.39
0.271(¢) a7 3.13 0.78 8.3 0.446
| 32.5  3.27 0.82 9.2 0.546
-10 3.80 0.91 18.0 1.27

-22 3.98 0.94 33.0 2.48

0.131¢) 1s 3.47 0.86 6.3 0.62
1 3.65 0.89 7.8 0.87

-19 3.94 0.93 14.1 1.97

-29 4.10 0.94 23.5 3.60

-32 4.15 0.95 29.0 4.49

-41 4.31 0.96 43.0 6.79

-62 4.74 0.98 15.5 2.13

(a) Mole fraction of paramagnetic NiCR(DMF)z2+ species.
(b) This sample was prepared insitu from anhydrous NiCRCl2

and a slight excess of AgClO,. The solution was passed
under vacuum through a synthered glass filter to
remove the AgCl.

(c) This sample was prepared from isolated NiCR(ClO4)2.



276

Table XLIV

Formyl proton chemical shifts for NiCR(C10,),

in N,N~dimethylformamide at 60 MHz (Figure 17).

3 -3
complex * {i' (a) obsd 0 XAmObsfiPM'
concn, m t,°C °K X shift,Hz rad sec
0.224®) 1.5  3.64 0.89 52.8 11.0
-27 4.06 0.94 63.0 12.4
-52 4.52 0.97 12.0 2.29
0.271.°) 60 3.00 0.74 42.5 8.85
47 3.13 0.78 47.5 9.41
32.5  3.27 0.82 53.0 9.98
-10 3.80 0.91 71.0 11.9
-22 3.98  0.94 76.0 12.4
0.131¢¢) 15 3.47 0.86 29.0 10.9
1 3.65 0.89 32.0 11.6
-19 3.94 0.93 34.5 11.9
-29 1.10 0.94 37.5 12.8
-32 4.15 0.95 36.0 12.2
-52 4.53  0.97 8.5 2.81
-62 4.74 0.98 3.0 0.98

(a) Mole fraction of paramagnetic NiCR(DMI:")22+ species.

(b) This sample was prepared from anhydrous NiCRCl2 as
described in footnote (b) of Table XLIII.

(c) This sample was prepared from isolated NiCR(ClO4)2.
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Proton chemical shifts for NiCR(BF,), in

water at 60 MHz (Figure 21).

103/1, (b) 107 3x (8w 5/Py) »

complex -1 (a) obsd —1
concn, m t,°C °K —- Xp shift, Hz rad secC
0.469 80 2.83 0.52 ~ 5.5 -3.9

35 3.25 0.81 -10.8 -4.92

24.5 3.36 0.86 -12.0 -5.14

2.5- 3.63 0.93 -14.5 -5.68
0.487 90 2.75 0.46 - 5.0 -3.9

80 2.83 0.52 - 6.3 -4.3

60 3.00 0.65 - 8.5 -4.6

50 3.10 0.72 - 9.5 -4.7

40 3.19 0.78 -11.0 -5.0

24.5 3.36 0.86 -13.0 -5.4

2.5 3.63 0.94 -15.5 -5.8
0.495 40 3.19 0.78 -10.5 -4.69

22.5 3.38 0.86 -13.0 -5.21

12 3.51 0.91 -14.0 -5.36

2 3.64 0.94 -15.5 -5.74

(a) Mole fraction of paramagnetic

NiCR(0H2)22+ species.

(b) shifts were obtained using DSS as the internal standard.
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Table XLIX

Proton ‘line broadening for NiCRMe(BFA)2 in water (Figure 22).

Frequency: 60 MHz. *Frequency: 100 MHz.

3 ~—3 -1
i0° /T, Av ' 10 “x (T, Py) &
complex -1 (a) obsd ' Ei M
concn, m t,°C °K - Xp Hz sec
0.376 42 3.18 0.42 8.0 3.7
33 3.27 0.47 9.8 4.1
20 3.41 0.55 13.0 4.87
11 3.52 0.61 16.0 5.43
0 3.66 0.68 23.0 7.06
0.450 85 2.80 0.23 4.8 3.0
74 © 2.88 0.25 5.5 3.2
64 2.97 0.31 6.7 3.4
50 3.10 0.37 8.2 3.5
0.326 73 2.89 0.27 5.5% . 4.3%
57 3.03 0.33 7.3% 4,8%
42 3.18 0.42 10.6* 5.83%
20 3.41 0.55 18.6%* 8.24%*
2 3.64 0.67 34.8* 13.0%*
(a) Mole fraction of paramagnetic NiCRM.e(OHz)ZZ+ species.
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Table LVI

Formyl proton chemical shifts for Ni‘.’L‘RI(ClO,[l_2 in

N,N—dimethylformamide-(Figure 32).

Frequency: 60 MHz. *Frequency: 100 MHz.

103/, 1073xA0_y _q/Py
complex -1 obsd shift, -1
concn, m t,°C °K Hz rad sec
0.0235 115 2.58 8.8 10.6
99 . 2.69 15.0% 18.2%
95 2.72 9.0 10.9
94 2.72 15.0* 18.2%
90 2.75 8.5 14.5
85 2.79 14.0% 17.0*
80 2.83 12.4%* ) 15.0%*
76 2.86 11.0% 13.3%
75 2.87 7.5 9.1
72 2.90 6.8 8.2
68.5 2.93 5.5 6.7
62 2.98 3.5 4.2
58 3.02 2.5 3.0
0.0553 108 2.62 35.0% 17.9*
105.5 2.64 21.0 10.8
101.5 2.67 21.0 10.8
100 2.68 35.5% 18.2%
95 2.72 20.5 10.5
92.5 2.74 35.0% 17.9*
84 2.80 19.5 9.98
77.5 2.85 27.8%* 14.2*
73 2.89 i6.7 8.55
67.5 2.94 16.1* 8.24%

64 2.97 8.8 4.5
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Table v (Cont'd).

103/T, 10-3waobsd/PM,
complex -1 obsd shift, -1
concn, m t,°C °K Hz rad sec
0.0553 62 2.98 7.5% 3.8%
53 3.07 3.6% 1.8%
50 3.10 2.0 1.0
49 3.11 1.5% 0.77*%
48 3.12 1.3 0.67

43 3.16 1.3* 0.66%
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Formyl proton line broadening for NiTAAB(ClO,),_in

N,N-dimethylformamide (Figure 33).

Frequency: 60 MHz. *Frequency: 100 MHz.
complex 103./_?‘_ ' A\)Obsa' - 3x (Tzf?M) l '
concn, m t,°C °K Hz sec

0.0299 90 2.76 10.9% 3.86%
80 2.83 11.0* 4,.29%
73 2.89 11.0 4.28
71 2.91 11.0%* 4.64%
64 2.97 11.2 4.71
62 2.98 11.6%* 5.14%
53 3.07 12.5%* 5.92%
44.5 3.15 12.6 6.06
42 .4 3.17 14.0* 7.14*
32 3.28 13.0 6.56
20.5 3.41 14.0 7.50

6.5 3.58 14.0 7.86

- 3 3.70 12.0 6.43
- 17.5 3.91 7.0 2.86
0.0538 138 2.43 14.0 2.78
136 2.44 14.2% 2.66%
127 2.50 14.3% 2.89*
122 2.53 14.5 3.17
119 2.55 14.5%* 3.17*
111 2.60 14.0 3.17
110 2.61 15.0%* 3.37*
102 2.67 15.0 3.76
101.5 2.67 15.0 3.57
98 2.70 15.0%* 3.57*




Table LVII (Cont'd).
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complex 103{.?_' AVObSd' * 3x (TziPM) ' ’
concn, M t,°C °K Hz sec
0.0538 96.5 2.71 14.5% 3.57%
92 2.71 15.0 3.80
83 2.81 15.5 4.00
82 2.82 16.0 3.96
77.5 2.85 16.2% 4.44%
72 2.90 16.0 4.36
67.5 2.94 17.0%* 4.84%
62 2.98 17.0 4.84
61.5 2.99 18.5* 5.43%
55 3.05 18.6% 5.75%
52 3.08 17.5 5.20
51.5 3.08 18.0 5.55
49 3.11 20.4% 6.30%
43 3.16 19.5 6.10
34.4 3.25 25.0% 8.32%
31.5 3.28 21.0 6.74
27.5 3.33 21.0 6.94
24.3 3.36 29.5% 10.3%
17.5 3.44 24.0 7.94
16 3.46 32.0% 11.3*
10 3.53 24.0 8.14
6 3.58 29.0% 10.2*
2 3.63 22.0 7.54
2 3.69 22.0% 7.33%
4.8 3.73 18.0%* 5.95%
12 3.83 13.5% 4.16*
19.5 3.94 10.0 2.78
20 3.98 9.0% 2.38%
35 4.20 '6.5% 1.4%




Table LVII (Cont'd).
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concn, m t,°C °K Hz sec
0.0538 - 39.5 4.28 6.5 1.4
- 50 4.48 6.2 1.3
- 54.5 4.58 7.5* 1.8%
- 60 4.70 7.8 1.9
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Table LVIII

Formyl proton line broadening for NiTAAB(NO312 in

N,N-dimethylformamide (Figure 33).

Freguency: 60 MHz. *Frequency 100 MHz.

compion 1o3ﬁ , A g 10 .3x (TEiPM) L,
concn, m t,°C °K Hz sec
0.0511 - 7.5 3.77 16.0 5.46
~12.5 3.84 12.6 4.15
-18 3.92 "~ 9.6 2.9
-19 3.94 9.0 2.7
~-25 4.03 7.5 2.0
-33 4.17 6.0 1.5
-37 4.24 5.8 1.4
-46.5 4.42 6.0 1.5
-57 4.63 6.5 1.7
0.0311 -7 3.76 10.0%* 5.00%
- 8 3.77 10.0 5.00
-10.5 3.81 9.0 4.3
-11 3.82 8.5% 4.1%
-21.5 3.98 5.8 2.3
-25 4.03 5.8% 1.9%
-26.5 4.06 5.2 1.8
-28.5 4.09 5.0 1.7
-33 4.17 4.5 1.4
~-42 4.33 5.0% 1.4%*
-48 4.44 5.2% 1.5*%
-50.5 4.49 4.6 1.5
-55 4.59 5.0 1.7
-60.5 §.71 5.5 2.0

-62 4.74 ’ 6.0* 2.1*
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Table LIX

Formyl proton chemical shifts for NiTAAB(Cl0,), in

N,N-dimethylformamide.

Frequency: 60 MHz. *Frequency: 100 MHz.

3 . -3
i0~ /T, obsd shift, 10 xAmobsd/PM,

complex -1 -1
concn, m t,°C °K Hz rad sec
0.0299 90 2.75 10.1* 14.4%*

80 2.83 10.4%* 14.8%*
73 2.89 6.2 8.9
71 2.91 10.7* 15.3%
64 2.97 6.5 9.3
62 2.98  11.3* 16.2%
53 3.07 11.5% 16.4*
44.5 3.15 7.0 10
42.4 3.17 11.7* 16.7*
32 3.28 6.7 9.6
20.5 3.41 5.7 8.1
6.5 3.58 3.5 5.0
- 3 3.70 1.5 2.1
- 17.5 3.91 1.0 1.4
0.0538 138 2.43 9.0 7.1
136 2.44 14.3% 11.3*
127 2.50 15.2%° 12.1*
122 2.53 9.2 7.4
119 2.55 15.5% 12.3*
111 2.60 9.8 7.7
110 2.61 16.1* , 12.8*
102 2.67 10.0 7.93
98 2.70 17.0* 13.5%*

96.5 2.71 17.2%* 14.0%*




Table LIX (Cont'd).

318 .

103/T,  obsd shift, 10 >xAw . _./P.,
complex -1 Obfg M
concn, m t,°C °K Hz rad sec
0.0538 92 2.74 10.5 8.33
83 2.81 10.5 8.33
82 2.82 10.8 8.55
77.5 2.85 19.5% 15.4%*
72 2.90 11.2 8.95
71 2.90 11.0 8.71
67.5 2.94 19.9% 15.8%*
61.5 2.99 19.4%* 15.4%*
55 3.05 20.8%* 16.5%
52 3.08 12.0 9.50
51.5 3.08 12.3 9.75
49 3.11 20.7* 16.4%
43 3.16 12.4 9.83
34.4 3.25 20.0%* 15,9*
31.5 3.28 12.3 9.75
27.5 3.33 11.5 9.12
24.3 3.36 18.2% 14.4%*
17.5 3.44 10.5 8.32
16 3.46 13.9%* 11.0%*
10 3.53
6 3.58 7.2% 5.7*%
2 3.63 7.5 5.95
2 3.69 4.0% 3.2%
4.8 3.73 3.0% 2.4*
12 3.83 1.0% 0.79*
19.5 3.94 1.0 0.79
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Table LX

Magnetic susceptibilities of the perchlorate and nitrate salts

of NiTaaB2t in N,N-dimethylformamide.
af, 5z B 103x XM(cor),mol—l (b) o @

T,°K c1o; No; . c1oz No; By
374.5 18.0 2.69 2.85
365 13.1 ‘ 2.84 2.89
357 19.6 2.80 2.84
355 13.6 2.95 2.91
345 14.3 , 3.11 2.94
344 20.3 3.05 2.91
336 15.1 3.29 2.98
326 15.7 3.43 ) 3.00
324.5 22.0 3.33 2.95
317 16.2 3.54 3.01
316 23.0 3.47 2.97
306.5 23,.5% 3.73* 3.04
285 26.3% 4.18% 3.10
273.5 26.5% 4.21% 3.05
269.5 20.0 4.40 3.09
265.5 28.8% 4,58% 3.13
254 30.0% 4.79*% 3.13
253.5 30.0 4.57 3.06
248 21.5 4.73 3.07
240 31.2% 4.99% 3.11
238 22.6 4.99 3.09
233.5 " 34.0 5.21 3.13
228 23.8 5.24 3.10
223 35.3 5.40

219.5 25.0 5.52 3.12

213 38.0 5.83 3.16
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Table LX (Cont'd).

af,Hz @) 103 xM(cor),mol'l ) (@
. e
T, °k  Cl0, NO;  ClO, N0, By
212 26.0 5.75 3.13

2

(a) At 60 MHz for a 5.38 x 10  “m NiTAAB(C10,), solution

and two samples of NiTAAB(NO3)2:3.7l X 10-2m and
5.11 x 107 2m*.
(b) A diamagnetic correction of -206 x 10-6 cgs. units for

TAAB and two solvent DMF ligands has been applied.

(c) Calculated using p, = 2.839¢Xm(cor)T
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Table LXI

Proton line brcocadening for Co(trans[l4]diene)2+ in water

(Figure 35). Frequency: 60 MHz. *Frequency: 100 MHz.

1073/, ’ 1073 (T5pPy) -1,
complex on - euml AV opsgrBZ -1

concn, m t,°C X sec
0.0647® 8o 2.83 3.6 2.9
70 2.92 4.0 3.5

60 3.00 4.9 4.4

50 3.10 5.6 5.2

40 3.20 6.6 6.4

30 3.30 8.1 8.2
30 3.30 8.5% 8.3%

20 3.41 10.0 10.6
20 3.41 10.0% 10.1%

10 3.53 13.8 15.6
10 3.53 13.8% 14.0%

3.66 20.3 24.0

0 3.66 18.9* 21.6%

0.0741¢@) 40 3.20 7.6 6.8
30 3.30 9.1 8.4

20 3.41 11.2 10.8

10 | 3.53 15.3 15.4

0o 3.66 22.0 23.2

0.0628(@ g0, 2.83 3.5 2.9
60 | 3.00 4.8 4.4

40 ! 3.20 7.0 7.2

30 3.30 7.8 8.1

20 3.41 10.2 11.2

R 3.66 17.2 ) 20.5




Table LXI (Cont'd).
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complex -1 AV 1 sq B2 -1
concn, m t,°C °K sec
0.101P) 48.5 3.11 8.0 5.4
35 3.25 10.3 7.20
25 3.36 12.5 9.00
10 3.53 19.3 14.7
2 3.63 24.5 19.0

(a) Perchlorate salt.

(b) Tetrafluoroborate salt.
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Table LXII

Magnetic susceptibilities of Co(trans[l41diene)(ClOA)2 in water.

10%x Xg 103x xM(cor),(b)
T,°K Af ,Hz (a) gm-l mol-l ue,BM (c)
363 14.0 2.10 1.34 2.09
353 14.5 2.20 1.39 2.10
343 14.5 2.20 1.39 2.08
333 15.0 2.30 1.45 2.09
313 15.5 - 2.40 1.50 2.07
303 15.8 2.45 1.53 2.06
293 16.2 2.52 1.57 2.06
283 16.5 2.60 1.61 2.05
273 17.2 2.76 1.70 2.08
263 17.5 2.81 1.71 2.05

(a) At 60 MHz for a 7.34 X 10-2m solution containing 10 vol%
acetone as the internal standard. Sample was prepared
under vacuum.

(b) A diamagnetic correction of -213 x 10-6 cgs units was

applied.

(c) Calculated using Bg = 2.839/X Or)(T+6), § = 42°K.

M(c
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Table LXIII

proton line broadening for Co(trans[lé4]diene) (BF,), in

methanol at 60 MHz (Figure 35).

3 -3 -1 -1
10°/T, Avobsd'Hz 10 x(TZPPM) ,Sec
complex -1
concn, m t,°C °K OH CH3 OH CH3
0.121 35 3.25 16.0 4.5 6.11 1.3
23.5 3.37 19.8 5.5 7.60 1.6
0.5 3.66 30.6 8.0 11.9 2.7
0.121 53 3.07 11.4 4.0 4.31 1.2
35 3.25 15.5 5.4 5.80 1.7
13 3.50 24.5 7.2 9.56 2.4
- 8 3.77 42.0 1i.2 16.4 3.9
0.0914 -10 3.80 30.9 9.3 15.9 4.1
-30 4.12 54.0 14.8 28.1 6.93
-48.5 4.45 97.5 24.6 51.2 12.0

-64 4.78 - 48.1 24.3
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Table LXIV

Proton line broadening for Co (trans[l4]ldiene) (C10,), in

acetonitrile at 60 MHz (Figure 36).

103/7, 1073x (T, 2

complex -1 NI Hz -1
concn, m t,°C °K sec
0.207 70 2.92 7.4 1.1
60 3.00 8.7 1.3

51 3.09 9.6 1.5

40 3.20 11.4 1.82

-29.5 3.31 13.0 2.11

20 3.41 15.0 2.47

0 3.66 20.5 3.47

- 9.5 3.80 24.0 4.09

-20 3.95 31.8 5.47

-27 4.06 33.9 5.85

-36 4.22 42.0 7.32

-45.5 4.40 56.3 9.90

0.156 8 3.57 13.0 2.81

-35 4.20 31.0 7.09

-45 4.38 41.2 9.53
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Table LXV

Proton chemical shifts of Co(trans[l4]diene)2+ in

acetonitrile at 60 MHz (Figure 37).

complex ' 3 -1 ) -3
concn, m t,°C 10°/T,°K obsd shift 10 Awobsd/PM
0.207 @ 51 3.09 -10.0 -3.64
20 3.41 ~11.5 ~4.18
11 3.52 -12.5 -4.55
0 3.66 -12.5 -4.55
- 9.5 3.80 -13.3 -4.82
-20 3.95 -14.5 -5.27
-27 4.06 ~14.7 -5.34
-36 4.22 ~16.0 -5.82
-45.5 4.40 -16.2 -5.91
-45 4.38 ~12.0 -5.81
0.156 &
-35 4.20 ~11.5 -5.56
0.259 ) 78 2.85 ~11.5 -3.32
63 2.98 -13.0° -3.76
43 3.16 -13.5 ~3.90
20 3.41 -15.3 ~4.42
32 4.16 -19.5 -5.65
-7 . 3.6 -17.5 -5.06

(a) Perchlorate salt.

(b) Tetrafloroborate salt.
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Table LXVII

Proton line broadening for CuCR(BFA)2 in water (Figure 38).

Frequency: 60 MHz. *Frequency: 100 MHz.

concn, m °C °K Hz sec

0.552 94 2.72 11.2 3.08
87.5 2.717 12.0 3.30
75 2.87 13.7 3.82
63.5 2.97 16.0 4.50
52.5 3.07 19.5 5.58

0.224 48.5 3.11 10.0 6.41
35 3.24 11.8 7.64
25 3.36 14.8 9.90
14 3.48 i8.8 12.9
11 3.52 22.5% 15.6%
0 3.66 29.2 20.8

(a) A value of one is assumed for n in the calculation of

PM.
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Table LXVI

Formyl proton line broadening for CoCR(C10,), in

N,N—dimethylformamide (Figure 36) .

Frequency: 60 MHzZ. *Frequency: 100 MHz.

103/7, A 104 (7. p )L, &)
complex -1 vobsd’HZ Ei M
concn, M t,°C °K secC
0.0908 73 2.89 14.0 0.458
63 2.98 15.4 0.531
53 3.06 17.5 0.639
43 3.16 20.5 0.787
42 - 3.18 21.0* 0.810%*
16 3.46 32.5 1.38
-15.5 3.88 63.0 2.83
0.0252 -26 4.05 25.0 3.82
-31 4.13 30.9 4.83
-40.5 4.30 40.0 6.37
-53 4.54 58.0 9.42
-60 4.70 66.0 10.8"

(a) Calculated by assuming that CoCR(ClO4)2 is S5-coordinate
in DMF.



Formyl proton lin

Table LXVIII

e broadening for CuCR (BF,), _in

N,N-dimethylformamide (Figure 38).
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Frequency: 60 MHz. *Frequency: 100 MHz.
103/ A 1074 x « )~ 2)
: t, T, A\ ’ x (T,.P
Complex -1 obsd ZP_?
concn, m °C °K Hz sec
0.311 94 2.72 18.0 0.169
74 2.88 21.0 0.216
53 3.07 25.0 0.279
40 3.20 30.5 0.358
0.134 43 3.16 14.0 0.316
24.5 3.36 17.8 0.452
14 3.48 19.7 0.522
- 8.5 3.78 29.6 0.846
-17.5 3.92 37.3 1.09
=27 4.06 48.0 1.44
=31 4.14 21.8 1.58
-41 - 4.31 29.0 2.16
-50 4.49 41.5 3.18
-60 4.70 65.0 5.10
0.0486 20 3.41 8.3* 0.46%*
-2 3.69 11.1% 0.715%*
-17.5 3.92 14.0 1.00
-23 4,00 17.3* 1.24*
-39 4.28 25.0 1.98
-45 4.38 33.9% 2.71*




Table LXVIII (Cont'd).
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3 ' -4 -1 (@
t, i0°/T, Avobsd’ 10 (T2PPM) ’
Complex -1 -1
concn, m °C °K Hz sec
0.0486 -49.5 4,48 37.7 3.10
=55 4.59 50.0% 4.16%*
-60 4.70 62.3 5.27
(a) A value of one is used for n in the calculation of PM'



Table LXIX
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Formyl proton chemical shifts at 60 MHz for CuCR(BF,),

in N,N—dimethylformamide (Figure 39).

3 ' . -3 (a2)
t, 10°/T, obsd shift, 10 “x Amobsd/PM'

Complex . -1 -1
concn, W C °K . Hz rad sec
0.311 94 2.72 5.5 1.5
74 2.88 6.5 1.8
53 3.07" 7.5 2.0
40 3.20 7.5 2.0
0.134 43 3.16 3.5 2.2
24.5 3.36 .5 2.2
14 3.48 .0 1.9
- 8.5 3.78 3.5 2.2
-17.5 3.92 . 3.5
=27 4.06 5.0 3.2
0.0525 -31 4.14 2.5 4.
-431 4.31 2.8 4.
-50 4.49 3.0 4.
-60 4.70 6.0 9.
0.0486 -17.5 3.92 2. 3.5
-39 4.28 2. 4.8
-49.5 4.48 3.0 5.3
-60 4.70 6.0 10.6

(a) A value of on

e is used for n in the calculation of PM.



