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The kinetics of the reduction of a nickel(IV) oxime complex, NiL?*, by Fe?*, VO?**, and Ni(cyclam)?* have been investigated
in aqueous perchlorate media. At 25 °C in 1.00 M HCIOj the following second-order rate constants were found: FeZ*,
k=142 M1s;, VO, k = 0.933 M s7%; Ni(cyclam), k = 11.4 M' s\, Inverse hydrogen ion concentration rate dependences
in the Fe?* and VO?* reactions and a [SO,>"] dependence in the Fe?* oxidation were also observed. The application of
the Marcus theory relationship to the experimental parameters leads to a self-exchange activation energy of 8.5 kcal mol™
(6 X 10* M~! s71) for the Ni'YL**/NillL* reaction. The electron-exchange rates of Ni(IIT)/Ni(IV) and Co(II)/Co(III)
reactions are compared and discussed in terms of the spin configurations and metal-nitrogen bond lengths in the reduced

and oxidized species.

Introduction

Metal complexes containing nickel in the trivalent and
tetravalent states have recently been the subject of considerable
interest and study. Significant progress has been made in the
understanding of nickel(III) species,’»? with numerous inves-
tigations on macrocyclic complexes. There are fewer reported
nickel(IV) complexes.? Stable species containing dioxime
ligands, however, have been prepared and studied.’~

The hexadentate ligand 3,14-dimethyl-4,7,10,13-tetraaza-
hexadeca-3,13-diene-2,15-dione dioxime (1) (H,L) forms

NOH HON
IN NH NH NI
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pseudooctahedral NiN, complexes with nickel(II), -(I1I), and
-(IV). The nickel(IV) complex, NiL?* (2), forms with the loss
of a proton from each oxygen.> The negative charge on the
oximate (=N—O") group stabilizes the higher oxidation level
by means of partial neutralization of the metal charge through
inductive transmission and s-donation.? It has been demon-
strated* that one oxime group is required for each level that
the oxidation state of nickel is raised above +2.

In aqueous solution NiL* behaves as a moderately strong
oxidizing agent. Electrochemical studies’ on NiL2* complexes
reveal pH-dependent redox equilibria.

Below pH 5, a single two-electron process is observed:

NiL?* + 2e” + 2H* = Ni(H,L)** )

with E°(1) = 0.94 V (vs. NHE). Above pH 5, the couple is
replaced by two separate one-electron reductions. The Ni-
(IV)/NI(III) step

* Present address: Department of Chemistry, Brookhaven National Lab-
oratory, Upton, NY 11973.
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NiL?* + ¢ = NiL* (2)

is independent of [H*], whereas the reduction of nickel (III)
NiL* + e~ + 2H* = Ni(H,L)** 3)

NiL* + ¢~ + H* = Ni(HL)* 4)

NiL* + e = NiL (%)

is pH dependent, arising from the proton equilibria (pK, =
5.90, pK, = 7.80).> The reduction potentials E°(2) = 0.66
V,E°(3) =125V, E°(4) = 0.89 V, and E°(5) = 0.39 V were
obtained for the one-electron processes.

In acidic aqueous solution NiL?* has been observed to ox-
idize rapidly a number of reducing agents including Fe?*,
Fe(CN)¢*, and S,0,. The only previous kinetic study of
the reduction of NiL?* is the report by Lappin® of the oxidation
of ascorbic acid. Two reaction pathways were observed,
corresponding to NiL?* and an “outside protonated” Ni(HL)**
species, with the latter more reactive.

In order to obtain further information on the redox chem-
istry of this nickel(IV) complex, a study was undertaken of
the kinetics and mechanisms of the reduction of NiL?* by a
number of metal ion complexes. The reductants employed
were the Fe?* and VO?* aquo ions and Ni(cyclam)?* (cyclam
= 1,4,8,11-tetraazacyclotetradecane).

Kinetic measurements were made in 1.00 M HCIO, at
several temperatures in order to derive NiL2*/NiL* elec-
tron-exchange parameters with use of the Marcus theory!®
cross correlations. In addition, rate constants were measured
at lower [H*] in an attempt to determine whether pH rate
dependences existed and which reactant species were respon-
sible.

Experimental Section

Reagents. The nickel(IT) oxime, Ni(H,L)(ClO,),, was prepared
by the addition of the ligand H,L (H,L = 3,14-dimethyl-4,7,10,13-
tetraazahexadeca-3,13-diene-2,15-dione dioxime) (1) to a methano!
solution of nickel(II) perchlorate, with subsequent recrystallization
from water.® Analysis of the product, performed by the Canadian
Microanalytical Service, was satisfactory. Anal. Calcd: C, 29.49;
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Reduction Reactions of a Nickel(IV) Complex

H, 491; N, 14.70. Found: C, 29.71; H, 5.02; N, 14.75.

The nickel(II) oxime was oxidized to the nickel(IV) complex,
NiL(ClQ,),, by using concentrated nitric acid.> Dark violet crystals
were filtered off and washed with ethanol and ether. Anal. Calcd:
C, 29.60; H, 4.62; N, 14.80. Found: C, 29.25; H, 4.67; N, 15.04.
Solutions of the nickel(IV) species were standardized spectrophoto-
metrically at 500 nm (e = 5960 M~! cm™).}

Iron(II) perchlorate was prepared by the oxidation of powdered
iron metal (Fisher) in perchloric acid. The iron(II) concentration
was determined from titrations against standard KMnO,. The acidity
of the stock solution was measured by titration against NaOH with
methyl orange as indicator. Stock solutions of vanadium(IV) per-
chlorate were prepared by the addition of a stoichiometric amount
of barium perchlorate to a solution of vanadyl sulfate (Fisher) in
perchloric acid, followed by the removal of the precipitated barium
sulfate by decantation and filtration. The solutions were analyzed
for VO?* by titration against ammonium ceric nitrate in acetic acid
using a ferroin indicator.!!

Nickel(II) cyclam (cyclam = 1,4,8,11-tetraazacyclotetradecane)
was prepared by the addition of cyclam (Strem) to nickel perchlorate
in methanol. Anal. Caled for Ni(cyclam)(ClO,),: C, 26.23; H, 5.28;
N, 12.24. Found: C, 26.23; H, 5.53; N, 12.13.

The hydrogen ion concentration of the reaction mixtures was
controlled with use of acetate buffer or appropriate amounts of HCIO,,
while the ionic strength was maintained with NaClO,.

Kinetic Studies. The kinetic measurements were made with a
stopped-flow apparatus described previously.!? Thermostating was
maintained to within £0.05 °C over the temperature range (11.6-34.6
°C) employed. The reactions were followed by monitoring the dis-
appearance of the nickel(IV) species at 500 nm. All measurements
were made under pseudo-first-order conditions of excess reductant
concentrations. Plots of In (4, — A.) against time, derived from
absorbance data collected by a PCM-12 minicomputer, were linear
for 3 half-lives or more.

Spectroscopic Studies. UV-visible spectra were recorded on a
Beckman DU-8 spectrophotometer. Electron spin resonance spectra
were measured at 77 K with a Varian E6 spectrometer, with di-
phenylpicrylhydrazyl (DPPH) (g = 2.0037) as an internal reference
standard.

Results

The stoichiometries of the overall reactions of NilVL2* with
the reductants used in this study were determined by spec-
trophotometric titrations monitored at 500 nm. The numbers
of moles oxidized per mole of Ni'VL?* reduced were as follows:
Fe?*, 2.06 & 0.08; VO?*, 1.97 £ 0.05; Ni(cyclam)?*, 1.98 +
0.03. This is consistent with the overall reaction for the ox-
idation of Fe?*, for example

NilVL2* + 2Fe(H,0)2* + 2H* —
2Fe(H,0)¢* + Nill(H,L)** (6)

A similar result has been reported previously for the reduction
of NiL?* and other Ni(IV) oxime complexes by the iron(II)
ion.?

A first-order dependence of the observed rate constant on
excess reductant concentration was found for each of the
reducing agents:

—d[Ni(IV)] /dt = ko[Ni(IV)][reductant] )

With solutions of (2-5) X 1075 M Ni(IV), at pH 4.50, k, =
3408 £ 28 M s7! over the concentration range [Fe(II)] =
(1.90-9.50) X 10 M; at [H*] = 1.00 M, for the vanadium-
(IV) reaction ([V(IV)] = (3.5-63) X 10* M) k, = 0.95 =
0.02 M-1s7L, for the nickel(II) cyclam reduction ([Ni'lL] =
(2.3-18.3) X 10 M), k; = 11.3 £ 0.2 M1 s,

The rate constants were determined for each of the reduc-
tants in 1.00 M HCIO, at several temperatures. These values,
together with the corresponding activation parameters, are
listed in Table I. The parameters obtained under these

Inorganic Chemistry, Vol. 22, No. 14, 1983 2063

Table 1. Rate and Activation Parameters for the Reduction of
NilVL#* by Various Reductants in 1.00 M HCIO,

reductant Y k® AHT € as*d
Fe?* 11.6 94 4.3 +0.3 -35+4
16.2 114
19.9 125
25.0 142
29.4 155
34.6 186
vo* 12.1 0.468 8.7+0.3 -30<+4
16.2 0.585
20.7 0.702
25.0 0.933
29.9 1.22
344 1.52
Ni(cyclam)** 11.8 7.26 5403 ~-35+4
16.2 8.43
20.3 9.60
25.0 11.4
29.6 13.7

e°C. bM-ts!. Ckcalmol. ¢ caldeg™! mol™.

o o0 o0 0 .

—

1 2 3 a4

10'4[H*]'1 M"/ pH

Figure 1. Plot of k; against [H*]™! (®) and pH (@) for the reduction
of NiL?* by Fe?* at 25 °C (I = 0.1 M (NaClO,)).

conditions were used in the formulation of a Marcus theory!®
correlation. In addition, kinetic measurements were made at
lower acidities at 25 °C to investigate possible hydrogen ion
rate dependences.

Reduction by Fe?*. In the acidity range [H*] = 0.20-1.00
M at an ionic strength of 1.00 M (NaClO,) no hydrogen ion
dependence of the rate constant was observed. Above pH 2,
however, the rate constant k, increased with increasing pH
(Figure 1). The oxime protons on NiL?* have a pK, < 13
so that the acid dependence is likely related to the hydrolysis
of the iron(II) ion (pK; = 8.1).!3 The values measured be-
tween pH 2 and 5 (Table II) are consistent with a mechanism
of the form

K,
Fe(H,0)s* — Fe(H,0);OH* + H* (8)
ks
Fe?* + NiL?* — Fe’* + NiL+ 9)

k
FeOH* + NiL?* —> FeOH2* + NiL*  (10)

leading to the expression
ko = ko + kioKp/[H*] (11)

(11) J. P. Birk, Inorg. Chem. 9, 125 (1970).
(12) K. J.Elis and A. McAuley, J. Chem. Soc., Dalton Trans., 1533 (1973).

(13) M. Ehrenfreund and J. L. Leibenguth, Bull. Soc. Chim. Fr. 2498
(1970).
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Table II. Hydrogen lon Dependence of the Rate Constants for
the Reduction of NilVL?* by Fe?*, VO?*, and
Ni(cyclam)?* at 25 °C

Fez+ Fe'u
pH k,Mtst@ pH k, Mt g1 @
1.45 77 3.72 625
1.64 76 4.16 1580
1.87 76 4.24 2090
1.99 81 4.39 2610
2.20 82 4.50 3420
2.85 120 4.90 5300
3.27 238 5.00 5700
3.54 385 5.10 8800

A\ e Ni(cyclam)?*
[H*] kMt b k M g7 b
1.00 0.933 11.4
0.80 0.991 11.3
0.60 1.17 11.6
0.40 1.46 11.1
0.20 2.33 11.4

@7=0.10 M (NaClO,). b I=1.00 M (NaCIO,).

with kg = 76 £ 3 M st and koK, = 0.11 & 0.005 s! (Figure
1).

While the reaction rate for (9) can be assigned to the
iron(II) aquo reduction, the net activation process for (10) is
similar to that observed by Daugherty and Newton'# in the
V(III)/V(V) reaction in which a pathway with an [H*]™ term
predominates. Following the production of Ni(III) and Fe(III)
in the rate-determining step, the Ni(III) is rapidly reduced
by Fe?*. In some initial kinetic runs, iron(II) ammonium
sulfate was used as the source of Fe(II). An apparent sec-
ond-order dependence in [iron(II)], not observed when iron(1I)
perchlorate was employed, was found and may be attributed
to a first-order term in [SO,2"] over the range (1-15) X 1073
M SO,*. The increase in the observed rate constant in the
presence of sulfate ions may be accommodated by the for-
mation of a reactive FeSO, species (K, ~ 10 M at 25 °C):!3

kll
FeSO, + NilVL** — Fe(III)+ NilllL
K, = [FeSO,]/([Fe**][SO.])

Analysis of the rate dependence on [SO,%] at pH 1.32 and
3.06 leads to a value of (2.0 + 0.1) X 10* M~ 57! for ki,
Kinetic results presented in Tables I and II were obtained with
sulfate-free perchlorate solutions.

Reaction of VO?*. The oxidation of the VO?* ion by NiL?*
produced a vanadium(V) species (probably VO,* in the acidic
solutions (pH <2) and concentrations (<10~ M) used),!¢
characterized by formation of a red V(V) peroxo complex upon
addition of hydrogen peroxide to the product solution.!” The
second-order rate constants observed increased with increasing
pH, in a manner similar to that described in the iron(II) system
(Table II).

The rate law includes both an acid-independent and an
inverse-acid term, implying the operation of two reaction paths,
the second involving one proton less than the first

(12)

ky
VO?* + NiL2* + H,0 —> VO,* + NiL* + 2H*  (13)

k
VO + NiL?* + H,0 —= [VO(OH)-NiL]** + H* (14)

where the activation process in (14) is in the form proposed
previously.!* The second-order rate constant is thus of the form

(14) N. A. Daugherty and T. W. Newton, J. Phys. Chem., 68, 612 (1964).

(15) C.F. Wells and M. A. Salam, J. Chem. Soc. A, 308 (1968).

(16) F. A. Cotton and G. Wilkinson, “Advanced Inorganic Chemistry”, 4th
ed., Wiley-Interscience, New York, 1980, p 712.

(17) G. A. Dean, Can. J. Chem., 39, 1174 (1961).

Macartney and McAuley

ko = ki3 + ki4/[H*] (15)

Plots of k, against [H*]™! showed good linearity with k;; =
0.57 £ 0.05 M ! s"and k;, = 0.35 £ 0.02 57!, respectively.
Similar hydrogen ion dependences involving vanadium(IV)
with outer-sphere oxidants have been reported previously by
Birk.!®!® The oxidation of VO?* by IrCl2" and Fe(bpy),**
has been studied (1.0 M HCIO,), and the following specific
rate constants have been found at 25 °C: IrClg?, ky; = 2.7
X 102 M s7!and &y, = 9.7 X 1072 ML 5715 Fe(bpy),*t, k13
=7.15%X102M7s'and k;, = 5.4 X 102 M 57!, The ratio
of the rate constants for the VOOH* and VO?* reaction
pathways, k;3/k,4, is approximately unity for these two oxi-
dants and for NiL2*, suggesting a common mechanism for
each.

Reduction by Ni(cyclam)?*. The oxidation of Ni(cyclam)?*
by NiL?* in aqueous acidic media produced a species iden-
tified, by UV-visible and ESR spectroscopy, as Nilll(cy-
clam)3*. The spectra were recorded in the presence of excess
sulfate* ions, which stabilize the Ni(III) species through the
formation of Ni(cyclam)(SO,),” complexes.® The UV-visible
spectrum exhibited absorption peaks at 302 nm (e = 10900
M~ c¢m™) and 380 nm (shoulder), in agreement with values
reported for Ni(cyclam)* produced electrochemically."® An
ESR spectrum of the same solution, frozen at 77 K, displayed
signals at g, = 2.219 £ 0.001 and g; = 2.025 £ 0.001, with
DPPH (g = 2.0037) as an internal reference standard. These
values are consistent with those for Ni(cyclam)®* (g, = 2.212
and g, = 2.026),"% a d” complex with a tetragonal geometry.
A solution of the reactants, quenched at 77 K after partial
reaction, exhibited only the peaks observed above, with no
evidence of a Ni''lL* species, for which signals at g, = 2.11
and g; = 2.04 have been reported.’

The second-order rate constants k, were measured over the
[H*] range 0.20-1.00 M, with no hydrogen ion dependence
observed (Table II). At higher pHs, however, the overall
equilibrium constant appeared to decrease up to pH ~3. Such
an effect may be due to changes in the redox potential of the
Ni(III) /Ni(II) couple with increasing pH. Unfortunately the
rate of decomposition at higher pH both of NiL?* and of the
nickel(III) cyclam formed interferes with the redox process,
preventing accurate acquisition of rate and equilibrium mea-
surements.

Discussion

The results of the kinetic study of the reduction of NiL2*
by Fe?*, VO?*, and Ni(cyclam)?* are consistent with the
general mechanism shown in (16) and (17).

k
NiL2* + M k: NiL* + M)+ (16)

-16

k
NiL* + M™ + 2H* —> Ni(H,L)** + M+ (17)

The one-electron reductions of the nickel(IV) complex (E°
= 0.65 V) by the majority of the reductant species (M"*) in
this study have AE® < 0. These reductions (k;s) may be
observed because (a) the subsequent reduction of the nick-
el(I1I) intermediate (E° = 1.25 V) is a favorable process and
is observed to be very fast and (b) pseudo-first-order conditions
of excess [M"*] were employed, such that k;;[M™] >>
k_jg[M*D+].

The rate of ligand exchange on NiL?* is expected to be very
slow as found with other octahedral low-spin d® complexes.?!

(18) J. P. Birk, Inorg. Chem., 16, 1382 (1977).

(19) J. P. Birk and S. V. Weaver, Inorg. Chem., 11, 95 (1972).

(20) E. Zeigerson, G. Ginzburg, N. Schwartz, Z. Luz, and D. Meyerstein,
J. Chem. Soc., Chem. Commun., 241 (1979).

(21) F. Basolo and R. G. Pearson, “Mechanisms of Inorganic Reactions”, 2nd
ed., Wiley, New York, 1967, p 145.



Reduction Reactions of a Nickel(IV) Complex

Table I1I. Thermodynamic Parameters for the Reaction of NiL**
with Several Reductants

reductant E°T  AG% AG,*¢ k,z“'b Q.,.%¢
FeSO, 0.68 +0.60 9.5 39 -0.25
Fe?* 0.78% +2.47 11.9 43 +1.11
ascorbate anion?  0.68%'  +0.91 9.8 39 +0.05
Ni(cyclam)?* 0.96' +6.80 13.1 37 +3.54
VO 1.03% +8.28 15.0 43 +3.85
hydroquinone® 1.08% +9.69 11.9 26 +4.50
catechol® 1.17%°  +11.8 13.4 26 +5.56

@ kcal mol™'. 2 Using AG,,*(NiL**/NiL*) = 8.5 kcal mol™*.
€ 0,.= AG,,* — A,/4 — (AG,;°)?/4Nn,,. ¢ Reference 8.
€ Reference 27. TV.

Optically active solutions of NiL?* displayed no racemization
after several days,’ suggesting that this complex should behave
as an outer-sphere oxidant. The possibility does exist for an
inner-sphere complex being formed with Fe?* and VO**, with
bridging through the oxime oxygens on NiL?*, since the redox
constants (Table I) are lower than the water-exchange rate
constants of Fe(OH,)¢2" (ke = 3 X 106 s71)?2 and VO** (k,,
> 500571).2 Rosseinsky® has reviewed the relative reactivities
of V(IV) and Fe(II) as reductants and has described for
outer-sphere processes a relationship of the type

log kg = 0.98 log kygr+ + 2.03 (18)

The data from the present studies fall on this line, consistent
with an outer-sphere process for these reactions. A similar
mechanism has been postulated by Lappin® for the oxidation
of ascorbic acid by NiL?*, Additional evidence in support of
this mechanism is found in the behavior of NiL?* with respect
to Marcus’s linear free energy relationship.

The Marcus theory'? for outer-sphere electron-transfer re-
actions establishes a relationship (eq 19) between the free
energy of reaction (AGy,°) and the free energies of activation
for the cross reaction (AG,,*) and the reductant and oxidant
self-exchange reactions (AG,;* and AG,,*):

aGys = M2 AGn° | (8GaY
4 2 44X,

where A, = 2(AG* + AGy,Y).

Each of the free energy parameters is accompanied by a
work term (w) for the energy required to bring the reactants
together. An expression for w is derived from the Debye—
Hiickel theory.?* The Marcus free energy expression may
thus be written as (20).2¢

AG* —wyy + AGu* —wy +

(19)

AGp* —wpy = )
AGlzo + WP - W12 (AGlzo + WP - W12)2
+ (20)
2 8(AG* — wy + AG,* — wyy)

The work terms for similarly charged reactants partially
cancel each other and are, at an ionic strength (I) of 1.00 M,
usually small. In order, however, to correlate the results of
this study with reactions involving reductants of different size
and charge, the work terms, which make small (<0.5 kcal
mol~!) but important contributions to the free energy param-
eters, are included in AG* and AG®.

Table I1I contains the free energy parameters used in the
Marcus correlation in Figure 2. Included in this table are
data for the reduction of NiL?* by hydroquinone and cate-
chol?6 (in 1.00 M HCIO,) and the ascorbate anion.?

The free energies of activation for the self-exchange and
cross reactions were calculated from the experimental acti-

(22) T.E. Swift and R, E. Connick, J. Chem. Phys., 37, 302 (1962).
(23) D. R. Rosseinsky, Chem. Rev., 72, 215 (1972).

(24) G. M. Brown and N. Sutin, J. Am. Chem. Soc., 101, 883 (1979).
(25) N. Sutin, Acc. Chem. Res., 1, 225 (1968).

(26) D. H. Macartney and A. McAuley, to be submitted for publication.
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Figure 2. Marcus theory correlation of AG;,* - Aj2/4 — (AG1,°)?/4\,,
with AG,,° for the reduction of NiL** by (1) FeSO,, (2) Fe**, (3)
ascorbate anion, (4) Ni(cyclam)?*, (5) VO?*, (6) hydroquinone, and
(7) catechol.

vation parameters (AG* = AG* + RT In (hZ/kT)) or from
rate constants by means of the relationship

k = Ze(AC*/RT) (21)

wh?re 1Z is the collision frequency and usually taken as 10!!
M~ s

The self-exchange rate constant of ~107! s™! for Fe
at I = 1.0 M was calculated from the value measured ex-
perimentally?’ at 7 = 0.50 M (4.0 M~' s7!). For the FeSO%/"
couple a value of ~700 M~ 5! was reported from a study of
the Fe?*/Fe’* reaction in sulfate media.?

The rate constant for the VO**/VO,* exchange reaction
has been inferred? as being very similar to that of Fe*/Fe3*,
upon comparisons of the rates of oxidation of VO?* and Fe?*
by a set of common oxidants. For Ni(cyclam)?*/3* a value
of ~1 X 10° M1 s7! measured in ESR experiments? with
spin-labeled 5!Ni(cyclam)?*. Self-exchange rate constants of
(0.2-1.0) x 10® M~ s7! have been estimated*® for hydro-
quinone and catechol from rate measurements between the
quinones and their radical ions. Creutz®! has recently evalu-
ated the HA-/HA rate constant to be 10>-10* M™! 57! on the
basis of a reduction potential of 0.68 V.

The Marcus relationship in eq 19 may be rearranged, and
a plot of AG,* ~ \,/4 — (AG,°)?/4]A,, against AG,° con-
structed by using the data in Table III is shown in Figure 2.
With use of E° = 0.65 V (eq 2) and AGp* = 8.5 kcal mol™!
for the NiL2*/NiL* self-exchange reaction, a slope of 0.51
+ 0.05 and an intercept of —0.028 % 0.50 were obtained. This
free energy of activation corresponds (eq 21) to a rate constant
of 6 X 10* M~! 57!, in reasonable agreement with Lappin’s
estimate of 10°-10* M1 57! derived from kinetic data for the
reaction of NiL2* with the ascorbate anion.?

The NiL2*/NiL* reaction involves the exchange of an
electron between octahedral, low-spin d® and d” complexes.

2+/3+

(27) J. Silverman and R. W. Dodson, J. Phys. Chem., 56, 846 (1952).

(28) W. L. Reynolds and S. Fukushima, Inorg. Chem., 2, 176 (1963).

(29) A. McAuley, D. H. Macartney, and T. Oswald, J. Chem. Soc., Chem.
Commun., 274 (1982).

(30) E. Pelizzetti and E. Mentasti, J. Chem. Soc., Dalton Trans., 2222
(1976).

(31) C. Creutz, Inorg. Chem., 20, 4449 (1981).
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This system may be compared with Co!l(d®) /Co™(d”) reactions
such as those involving Co(en);2*/3*, Co(phen),?*/3*, and
Co(sep)**/3* (en = ethylenediamine, phen = phenanthroline,
sep = sepulchrate). The cobalt self-exchange rate constants
are much lower than k;; for NiL?*/NiL*: for Co(en),**/3*,
k=3 X%10° M543 for Co(sep)®*/*, k = 5.1 M1s7;3
and for Co(phen);**/**, k = 45 M~! 57134 The slowness of
the cobalt-exchange reactions may be accounted for in part
by a consideration of the energy required for reorganization
of the spin configurations.2!:3

An important contribution to the self-exchange reorgani-
zational energy is made by the changes in metal-ligand lengths
of the ground-state reactants in forming the Franck—Condon
activated complex.’ The differences in metal-nitrogen bond
lengths between the reduced and oxidized forms of the nickel
and cobalt complexes may be correlated with the electron-
exchange parameters.

The crystal structure of a NiL?* complex has not been
published, but information on NilV-N bond lengths is available
from the reported structure of a similar compound, bis[2-
((2-aminoethyl)imino)-3-butanone oximato]nickel(IV) di-
perchlorate.® The average NilY-N bond length is 1.948 A,
which is 0.14 A shorter than the average Ni'l-N distance in

(32) F. P. Dwyer and A. M. Sargeson, J. Phys. Chem., 65, 1892 (1961).
(33) A. M. Sargeson, Chem. Br., 18, 23 (1979).

(34) R. Farina and R. G. Wilkins, Inorg. Chem., 7, 515 (1968).

(35) G. Navon, J. Phys. Chem., 85, 3547 (1981).

(36) Reference 21, Chapter 6.

a similar Ni(II) complex, bis[2,2’-iminobis(acetamid-
oxime) Jnickel(II) chloride dihydrate.’” Interpolation of these
distances to an octahedral Ni'!Ny species, for which crys-
tallographic data are not yet available, yields a difference of
~0,07 A between the Ni~N bond lengths between NiL?* and
NiL*. A similarity in Ni-N bond length changes in the
Ni(IV)/Ni(III) and Ni(III) /Ni(II) oxime complexes is sug-
gested by the similar self-exchange rates determined for these
systems.*® For Co(en);**/** and Co(sep)?*/3*, the Co(1l)/
Co(III) metal-nitrogen bond length differences are 0.213940
and 0.19 A, respectively, substantially larger than for
NiL?*/*, and probably are the source of a sizable barrier to
electron exchange.

Further kinetic studies currently in progress of differing
nickel(IV) and -(IIT) complexes reacting with one- and two-
electron reductants may prove useful in identifying other
contributions to the self-exchange rates for these systems.
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The reaction of CO, with CH;(CF,);PN(CH3), yields the neutral six-coordinate phosphorus carbamate CH;(CF,);P-
0,CN(CH,),. Carbon-13 CO, exchange and HN(CD;), exchange in this compound have been studied in the absence
and presence of the amine trap (CH,);SiCl. The results indicate that the mechanism for formation of the carbamate as
well as for carbon dioxide exchange is catalyzed by the presence of fortuitous free amine. Dynamic '°F and *'P NMR
methods demonstrate the equivalency of the CF; groups at room temperature while at lower temperatures the solution
structure corresponds to that determined in the solid state by X-ray methods. The barrier to the rearrangement process,
which equilibrates the CF; groups, is independent of solvent or concentration and has been determined by line shape analysis
of the *'P{!H} temperature-dependent spectra to be 13.5 £ 0.7 kcal. Evidence is also presented showing formation of an
adduct between Me,N and CH;(CF,);PO,CN(CH,;), in solution.

Introduction

In part 1,! the synthesis and the crystal and molecular
structure of the hexacoordinate (carbamato)phosphorus(V)
complex CH;(CF;);PO,CN(CHj;), was reported. This car-
bamate differs from the mono- and dithio analogues reported
in the same paper in that the carbamate is fluxional in solution
at ordinary temperatures whereas the sulfur-containing com-
pounds are static. According to the crystal structure,’ the
carbamate is clearly six-coordinate in the solid state. The
rather unusual fluxional behavior of this compound and the
fact that these six-coordinate compounds can be formed by
an “insertion” reaction involving the P-N bond of the phos-
phorane prompted us to investigate the fluxional process in

(1) Cavell, R. G.; The, K. L; Vande Griend, L. Inorg. Chem. 1981, 20,
3813.

more depth and to evaluate the pathway for the formation of
these molecules with the aid of isotopically labeled reagents.
Of particular interest in this latter context are the divergent
views expressed about the mode of CO, insertion in silicon-,2
transition-metal-,® and tin-based® systems. Furthermore, it
was of interest to ascertain whether this high-valent phosphorus
compound resembled analogous transition-metal systems
wherein similar reactions have been observed.

Experimental Section

General Procedures. Both the 13CO, (90.5 atom % '*C) and HN-
(CD;); (99 atom % D) were obtained from Merck Sharp & Dohme.
The solvent, CD,CN, used in all the exchange experiments was dried

(2) Breederveld, H. Recl. Trav. Chim. Pays-Bas 1962, 81, 276.
(3) Chisholm, M. H.; Extine, M. W. J. Am. Chem. Soc. 1977, 99, 792.
(4) George, T. A,; Jones, K.; Lappert, M. F. J. Chem. Soc. 1965, 2157.
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