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Stopped-flow spectrophotometry has been used to study the kinetics of ligand substitution in neutral four-coordinate bis chelate
nickel(II) complexes NiA, (=bis(N-alkylsalicylaldiminato)nickel(II) (Ni(R-sal),), bis(¥,V-dialkyl-2-aminotropone iminato)-
nickel(I) (Ni(R,-ati),), bis(V-alkylbenzoylacetone iminato)nickel(II) (Ni(R-bza),)) by acetylacetone (=HB) and by N,N"-di-
salicylideneethylenediamine (=H,B) at different temperatures. Substitution by HB in methanol takes place in two observable
steps, both following a two-term rate law; rate = (kg + kyg[HB])[NiA,). For substitution by H,B in acetone only one step is
observed, which follows a simple rate law; rate = ky,g[H,B][NiA,). Complexes Ni(R-sal),, Ni(R,-ati);, and Ni(R-bza), are subject
to a fast configurational equilibrium: planar = tetrahedral. The equilibrium constant K, for this isomerization was determined
by 'H NMR spectroscopy in acetone for several complexes Ni(R-ati), differing in the alkyl group R. It is shown by correlation
of the data obtained for K, ky,p, and the activation parameters AH* and AS* that the entering ligand H,B attacks only the planar
configurational isomer ané that the tetrahedral isomer is inert toward ligand substitution by H,B. For several complexes Ni(R-sal),
the equilibrium constants K and K, for adduct formation with pyridine in acetone were determined by spectrophotometric titration.
It is found that K,;(Ni(R-sal),py) <« K;(Ni(R-sal);(py),) and that substituents in the 5-position of the salicylaldehyde ring have
a marked effect on the size of K, and K,. Correlation of K and K, with rate constant ky;,p as determined in the presence of pyridine
proves quantitatively that in the presence of pyridine the substitution reaction Ni(R-sal), + H,B — NiB + 2R.salH takes place
exclusively via the pyridine-free planar complex, which is in a fast equilibrium with Ni(R-sal),py and Ni(R-sal),(py),. The
octahedral complex Ni(R-sal),(py), is completely inert toward ligand substitution by H,B. The mechanistic implications of these

results are discussed.

Introduction

The coordination chemistry of nickel(II) is characterized by
a remarkable flexibility in coordination number and coordination
geometry. The formation of four-coordinate square-planar com-
plexes (as to be expected by extrapolation for the d® series Pt-
(ID-PA(ID)-Ni(II)) is observed for a very limited number of
ligands only.! The tendency of the 3d® metal center of nickel(II)
to become six-coordinate is strong. Another interesting aspect
is that with several ligands? (such as the N-alkylsalicylaldimines)
nickel(II) forms four-coordinate complexes, which are subject to
a fast configurational equilibrium: planar = tetrahedral.

Recently we reported! on the kinetics of ligand substitution in
several bis(/V-alkylsalicylaldiminato)nickel(II) complexes, Ni(R-
sal); = I = NiA,, by bidentate ligands HB (such as N-alkyl-
salicylaldimines, $-diketones, 8-hydroxyquinoline) in alcohol
solvents according to (1). The kinetics observed follow the

NiA, + 2HB — NiB, + 2HA 1)
two-term rate law (2), typically found for ligand substitution in
rate = ko[ NiA,] = (ks + kys[HB])[NiA;] (2

d® metal complexes. The relative contributions of the “solvent
path” kg and of the “ligand path” kyg[HB] depend on the co-
ordination geometry of Ni(R-sal),.! Interestingly enough the
solvent path kg has to be mechanistically interpreted as being
initiated by solvent attack at the donor oxygen, not at the metal.!?

Complexes I-1II basically prefer a planar coordination geom-
etry. In solution they are subject to the fast configurational
equilibrium (3), which can be detected 4nd characterized by 'H

(1) Schumann, M.; von Holtum, A.; Wannowius, K. J.; Elias, H. Inorg.
Chem. 1982, 21, 606.

(2) (a) Holm, R. H,; Everett, G. W,; Jr.; Chakravorty, A. Prog. Inorg.
Chem. 1966, 7, 83. (b) Holm, R. H.; O’Connor, M. J. Ibid. 1971, 14,
241,

(3) Ligand substitution in the corresponding copper(II) complexes Cu(R-
sal), as studied in methanol also follows rate law 2, and the ligand-in-
dependent contribution kg is also initiated by methanol attack at the
donor oxygen through hydrogen bonding. See: Elias, H.; Hasserodt-
Taliaferro, Chr.; Hellriegel, L.; Schénherr, W.; Wannowius, K. J. Inorg.
Chem., following paper in this issue.
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NMR spectroscopy due to the change in spin state involved.
Sterically demanding groups R shift equilibrium 3 to the right
side; i.e., they favor the formation of the tetrahedral isomer.

When it is taken into account that the planar form of complexes
I and III tends to become octahedral by addition of Lewis bases!*
(e.g., solvent molecules, pyridine) or by self-association at higher
concentrations, the complete description of the system is given
by (4). Octahedral coordination is also observed for complexes

Kop Kn
octahedral —— planar —— tetrahedral (4)

IV, in which the alkyl group R attached to the donor nitrogen
offers an additional donor group D.

The present contribution focuses on the question of which of
the three species involved in equilibrium 4 is the most reactive
one when ligand substitution in complexes I-IV = NiA, according
to (5a) and (5b) takes place ((5a), solvent methanol, HB =
acetylacetone = Hacac; (5b), solvent acetone, H,B = N,N-di-
salicylideneethylenediamine = Hjsalen).

NiA, + 2HB — NiB, + 2HA (5a)
NiA, + H,B — NiB + 2HA (5b)

In addition to these kinetic studies spectroscopic investigations
were carried out. The ligand field spectra of complexes I-IV in

(4) Dakternieks, D. R,; Graddon, D. P.; Lindoy, L. F.; Mockler, G. M.
Inorg. Chim. Acta 1973, 7, 467.
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acetone were used for a qualitative description of the state of
coordination of these complexes in solution. For complexes II the
equilibrium constant K, was determined by 'H NMR spec-
troscopy. Finally, for some of the type I complexes studied the
equilibrium constants K, and X, for pyridine addition according
to (6) were obtained by spectroscopic titration in acetone (py =

. LI K,
NiA; + 2py == NiAypy + py = NiAy(py);  (6)
planar pyramidal octahedral

pyridine). Equilibrium constants K, K;, and K, and their
correlation with the rate data obtalneJ are taken as the basis for
an analysis of the relative reactivities of the planar, tetrahedral,
and octahedral forms of complexes I-IV.

Experimental Section

Abbreviations. For the organic group R in complexes I-III the fol-
lowing symbols are used: Me = methyl; Et = ethyl; n-Pr = n-propyl; i-Pr
= isopropyl; n-Pe = n-pentyl; r-Bu = tert-butyl; All = allyl; Bz = benzyl;
Ph = phenyl.

Complexes and Ligands. Complexes I and IV were prepared as de-
scribed earlier;! the preparation of complexes III followed standard
procedures.® The following method was applied to obtain complexes II:
2-chlorotropone was prepared® by chlorination of tropolone (as obtained
from cyclopentadiene and dichloroketene in a two-step procedure”) and
purified by recrystallization from water (<70 °C). The reaction of
2-chlorotropone with triethyloxonium tetrafluoroborate (“Meerwein’s
salt”) and absolute ethanol led to 1,2-diethoxytropylium tetrafluoro-
borate.® To 1.0 g (3.8 mmol) of this salt was added an excess (0.5-1.0
mL) of the corresponding primary amine, which led to a mixture of
intense yellow color. A soluton of 0.47 g (1.9 mmol) of Ni(OAc),+4H,0
in 15 mL of MeOH was added to this mixture, which was then heated
for 30 min. The solution became reddish brown to black-brown upon
formation of the corresponding complex Ni(R,-ati),, which precipitated
directly or precipitated upon concentrating and cooling the solution.
Recrystallization from methanol or acetic acid ethyl ester yielded shiny
red-brown to black crystals. The results of elemental analysis agreed well
with the data calculated, and the melting points were in satisfying
agreement with those reported.’ The complex Ni(i-Pr,-ati), (mp
136-137 °C) has not yet been described. Anal. Caled for CosH3sN Ni:
C, 67.11; H, 8.23; N, 12.04. Found: C, 66.90; H, 8.33; N, 11.91.

Acetylacetone (reagent grade, Merck, Darmstadt, West Germany)
was distilled before use (bp 136 °C). N,N-Disalicylideneethylenedi-
amine was prepared from salicylaldehyde and ethylenediamine in ethanol
and recrystallized from acetone (mp 125-126 °C).

Solvents. Methanol and acetone (reagent grade, Merck, Darmstadt,
West Germany) were dried dynamically and statically over 3-A molec-
ular sieves. For part of the experiments the solvent acetone was used
without previous drying.

Kinetic Measurements. Most of the kinetic measurements were done
with a modified!® Durrum stopped-flow spectrophotometer connected to
a transient recorder (type 513A, IEEE 488 interface; Physical Data Inc.).
The slow reactions were followed with a Zeiss DMR22 spectrophotom-
eter. The experiments were carried out under pseudo-first-order condi-
tions ([ligand] = 10[complex]) and monitored at 550-620 nm. Rate
constants were obtained by fitting an exponential function to a total of
100 data points with a computer program based on the least-squares
method (deviation from ideal first-order kinetics <1%).

'H NMR Measurements. A Fourier-transform spectrometer, Bruker
WH-90 (90 MHz), was used to study the configurational equilibria (3)
of complexes II. The spectra were recorded in acetone-d; in the tem-
perature range 193-323 K (standard (CH;),Si). The paramagnetic band
shift observed is a direct measure for the fraction of the tetrahedral
(paramagnetic) isomer present in solution.?®!!  Assyming that the

(5) (a) Holm, R. H.; Rohrscheid, F.; Everett, G. W. Inorg. Synth. 1968,
11,72. (b) Everett, G. W.; Holm, R. H. J. Am. Chem. Soc. 1968, 87,
2117.

(6) Doering, W. E.; Knox, L. H. J. Am. Chem. Soc. 1952, 74, 5686.

(7) Minns, R. A. Org. Synth. 1977, 57, 117.

(8) Forbes, C. E.; Holm, R. H. J. Am. Chem. Soc. 1968, 90, 6884; 1970,
92, 2297.

(9) “Gmelins Handbuch der Anorganischen Chemie”; Verlag Chemie:
Weinheim, West Germany, 1969; System No. 57, Nickel, Part C [2],
p 724.

(10) Elias, H.; Frohn, U.; von Irmer, A.; Wannowius, K. J. Inorg. Chem.
1980, 79, 869.

(11) La Mar, G. N.; Horrocks, W. D.; Holm, R. H. “NMR of Paramagnetic
Molecules”; Academic Press: New York, 1973.
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Figure 1. Temperature dependence of the chemical shift of the Hy
resonance for the complex Ni(Bz,-ati), in acetone-d;.

Table I. Thermodynamic Parameters Describing the Configurational
Equilibrium Planar = Tetrahedral of Several Complexes Ni(Rj-ati),
in Acetone

AH,°, AS,.C, AG,;°(298),
R kJ /mol kJ/(mol K}  kJ/mol K, %8s

Me 30908 702£20 +100£1.0 0.018 (0.016)
Et? 84+£24 6913 -122+£ 45 140 (36)

nPr® 8228 67+£15 110 (57)

i-Pr c c <-124 >100¢

All 16206 81326 -8.1x1.0 26 (13)
Ph 69 +£06 367=+£32 -41x1.1 5.2 (3.0)
Bz 204 £05 799 24 -34£09 4.0 (5.2)

?The numbers in brackets refer to the solvent chloroform and were
taken from the literature.®!2 ®The relatively large error for AH, AS,
and AG is due to the fact that even at the lowest temperature the
fraction of the planar species is very small. “Not determinable; Ni(i-
Pr,-ati), is almost completely tetrahedral over the whole temperature
range. ?Estimated.

paramagnetic shift follows Curie’s law (Avp, ~ T, the chemical shift
Av of a proton is given by (7) (AG,,°, AH|,°, and AS,° are the ther-

AW(T) = Avg, + AT [exp(AG,,° /RT) + 1]
= Apg + AT '[exp(AH,° /RT) exp(-AS,,° /R) + 1]
M

modynamic parameters describing equilibrium 3; Awy, = diamagnetic
shift). The second term in (7) presents the paramagnetic shift 4-7!
muitiplied by the mole fraction of the paramagnetic isomer (A4 depends
on the hyperfine coupling constant and on the radiation frequency of the
spectrometer).

Least-squares fitting of (7) to the experimentally obtained data for
Ap(T) led to the unknown parameters A, AH,°, and AS,,° (the value
for Avgy, was taken from the diamagnetic complex Zn(Et,-ati), or from
the complex Ni(Me,-ati), at low temperatures). The results of this fitting
procedure were in all cases best for the 3 protons in complexes II. For
the complex Ni(i-Pr,-ati),, which is tetrahedral (=paramagnetic) over
the whole temperature range, only the chemical shift of the 8 protons led
to the expected straight line for Ay = f{T"'") with an intercept corre-
sponding to Avy;, of the reference complex.

Figure 1 demonstrates the temperature dependence of the Hy reso-
nance for the complex Ni(Bz,-ati),.

Equilibrium Constants. Equilibrium constants X, and X for pyridine
addition according to (6) were determined as described earlier.’

Results and Discussion

Configurational Equilibria and State of Coordination. The
temperature dependence of the chemical shift of the 3 protons
of complexes II dissolved in acetone-dg was used to calculate the
thermodynamic parameters describing equilibrium 3. Fitting of
eq 7 to the data obtained for Av(T) led to AH,

AGP,°(298) and X,,(298) as compiled in Table I. It fPollows from
the positive AHpt values that the isomerization planar — tet-
rahedral is endothermic in all cases; i.e., the planar configurational
isomer is the energetically more stable one. The effect of the
organic group R, however, is very significant in the sense that R
= Me yields an almost completely planar complex (K, = 0.018),
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Table II. Qualitative Description of the Configurational State of
Complexes Ni(R-sal), and Ni(R-bza), in Acetone As Based on
Visible and Near-IR Spectra

Ni(R-sal), Ni(R-bza),
main confignl main confignl
R isomer? R isomer?
Et, n-Pr, All, n-Pe, Bz P Me p
i-Pr p=t Et, n-Pr p=t
t-Bu t i-Pr t

?Meaning of the symbols: p = planar; t = tetrahedral.

Table III. Equilibrium Constants K, and K, for the Addition of
Pyridine to Complexes Ni(R-sal), in Acetone at 298 K according to
Reaction 6

R  X%¢ K, M-! K, M1 B=KK,M? KJ/K
nPr OCH, 049012 14632 7.2 29.6
nPr H 0.96 £ 021 284 £ 5.6 27.2 297
n-Pr Br 461 084 138 +24 636 30.0
i-Pr H 435+ 0360 105+ 1.4 45.7 2.4
i-Pr  Br 24.0 2.0 499 £ 56 1200 2.1¢

4X3 = substituent in S-position of the salicylaldehyde ring. ®The
planar complex Ni(i-Pr-sal), is in equilibrium with its (pseudo) tetra-
hedral configurational isomer. The number obtained for K, is there-
fore X\’ = K;/(1 + K,;). Assuming K, ~ 1, one obtains K, = 2K/".
°K,/ K\’ (see footnote b).

whereas R = Et, n-Pr, i-Pr (K, = 140, 110, >100) shifts the
equilibrium strongly to the side of the tetrahedral isomer. With
R = All, Ph, Bz an intermediate situation is produced, favoring
the tetrahedral species. It is worthwhile to note that the equi-
librium constants K, as determined for chloroform?:!2 instead
of acetone (see Table I) are somewhat smaller but appear to follow
roughly the same pattern as far as the effect of the organic group
R is concerned.

The visible and near-IR absorption spectra of complexes II are
in full agreement with the equilibrium constants K, (Table I)
in the sense that the typical “square-planar bands™'* (K, small)
and “tetrahedral bands™*® (K,,, large) are consistently observed.
In the case of the complexes Ni(R-sal), (type I) and Ni(R-bza),
(type III) the absorption spectra were therefore used as the basis
for a qualitative description of the configurational state of these
complexes in acetone solution (see Table IT). It is not surprising
to see that only for R = i-Pr and 7-Bu are complexes I and III
forced to become (pseudo) tetrahedral, whereas complexes II are
strongly distorted even by R = Et. The explanation lies in the
fact that in complexes Ni(R,-ati), each ligand carries two R
groups, which creates enormous steric hindrance in a planar ar-
rangement.

The equilibrium constants K| and K, describing the addition
of pyridine to the complexes Ni(n-Pr-sal), and Ni(i-Pr-sal), in
acetone according to eq 6 are compiled in Table III. These data
reflect the Lewis acidity of the complexes and allow the calculation
of the fractions of the planar, five-coordinate, and six-coordinate
species present at a given pyridine concentration. The finding
that K, » K, for Ni(n-Pr-sal, and its substituted analogues is in
agreement with earlier studies in toluene and benzene.!* Sub-
stituents X* in the complex Ni(n-Pr-sal), have a distinct effect
on the size of X, and K, but no effect on the ratio K,/K; (~30).
As to be expected, an electron-withdrawing substituent such as
X5 = Br increases the Lewis acidity of the metal center (and,
hence, the size of K| and K,) and vice versa (see Table III).

The ratio K,/K,; obtained for adduct formation of the complex
Ni(i-Pr-sal), is much smaller (K,/K; =~ 1) than that obtained for
the complex Ni(n-Pr-sal), (K,/K, =~ 30). This behavior is possibly
due to the sterically more demanding isopropyl groups, which
hinder the formation of the bis adduct. The fact that with 2-

(12) Eaton, D. R.; Philipps, W. D.; Caldwell, D. J. J. Am. Chem. Soc. 1963,
85, 397.

(13) Lever, A. B. P. “Inorganic Electronic Spectroscopy”, 2nd ed.; Elsevier:
Amsterdam, 1984; Chapter 6.
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Table IV, Rate Constants® for the First and Second Step of Reaction 8
at 298 K in Methanol

first step second step
R kg(1), 57! kyp(1), M~ 57! ks(2), 5! kup(2), Mt s
Me b 7.87 £ 0.94 0.066 = 0.023  0.269 £ 0.045
Et b 0.383 £ 0.017 (9.4 £ 26) X 0.094 £ 0.012
1073
nPr b 0.575£0.029 (3.6+0.6) X 0.153 £ 0.009
107
i-Pr b (1.07 = d d
0.06) x 107
Al b 1.04 £ 0.06 (1.5£0.3) X 0.064 £ 0.004
1073
Ph (26 % 0.160 £ 0.004 4 d
0.2) x 1073
Bz b ¢ <4 x 107 0.033 £ 0.003

2From measurements at five to eight different concentrations in the
range [Hacdc] = [HB] = 0.01-1.0 M; kg = (kg + kyp[HB]); [Ni(R,-
ati),] = (1-2.5) X 107* M. ®Negligibly small. Not clearly determinable.
4Not observed.

methylpyridine adduct formation is clearly restricted to the mo-
noadduct!# is in line with this steric argument.

Kinetic Results. Table IV summarizes the rate constants ob-
tained for ligand substitution in several complexes Ni(R,-ati),
(=NiA,) by acetylacetone (=HB) in methanol according to (8).

step 1 step 2

NiA; — e NiAB ———— NiB, (8)

In contrast to the corresponding complexes Ni(R-sal),! the two
steps involved in (8) are both observed and both follow rate law
2, although the ligand-independent term kg is negligibly small for
the first step. Exceptions are the complexes Ni(Ph,-ati), and
Ni(i-Pr,-ati),, for which only one step is observed.

For comparative studies it is most desirable to have a reaction
and reaction conditions as simple as possible. We therefore decided
to replace the system NiA,/Hacac/MeOH (reaction 8) by the
system NiA,/Hjsalen/acetone (reaction 5b) for the following
reasons: (i) the conversion of NiA, — Ni(salen) is a one-step
process for all types of complexes studied, accompanied by suf-
ficiently large changes in absorbance, and (ii) the rate of reaction
5b follows rate law 9, which is practically a simple one-term rate
equation, since in acetone kg is negligibly small.!

rate = kobsd[NiAZ] =
(ks + ky,p[H,BD[NiA,] =~ ky,s[H,B}[NiA;] (9)

The rate constants kyy,p obtained for a variety of complexes I-IV
reacting according to (5b) are compiled in Table V. Table VII
presents the rate constants for some substituted complexes Ni-
(R-sal),. There is good reason to assume that ky,p describes the
substitution of the first of the two leaving ligands HA in NiA,,
the substitution of the second being a fast consecutive step. One
argument is that the observed change in absorbance corresponds
exactly to pure complex NiA, at t = 0 and to pure product
Ni(salen) at t = =, In addition, the absorbance/time data follow
a single-exponential function with an accuracy >99%.

Kinetic Comparison of Planar and Tetrahedral Configurational
Isomers. Tables I and II summarize the information on the
configurational state of complexes I-III in acetone solution.
Taking this information and comparing it with the rate constants
presented in Table IV and Table V, one immediately recognizes
qualitatively that (i) for a given type of complex the nature and
steric demands of the organic group R determine the fraction of °
the tetrahedral isomer present according to (3) and (ii) the higher
the fraction of the tetrahedral isomer, the slower the complex
reacts. An extreme example of this difference in reactivity is the

(14) Lindoy, L. F.; Mockler, G. M. J. Coord. Chem. 1973, 3, 169.

(15) The aprotic solvent acetone is obviously not able to open a solvent-in-
itiated, ligand-independent reaction channel for reaction 5b. The very
small and not really reproducible kg values obtained are probably due
to protic trace impurities such as residual water or alcohol.
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Table V. Rate Constants® for Reaction 5b of Complexes I-IV at 298 K in Acetone

complexes I complexes II

complexes 111 complexes IV

R kH;B’ Nf_1 S_l R kH;B’ NI_1 S_1 R kHzB’ NI—1 S'1 D kH;B‘ Nf_1 S_1
Et 86.1 £ 2.7 Me 435+ 0.14 Me 393+ 1.7 Et 69.2£22
n-Pr 57.6 £ 2.0 Et 0.0282 £ 0.0011 Et 198 £ 1.2 N(CH;), 1.81 £ 0.08
i-Pr 154 £ 5 n-Pr 0.0303 £ 0.0026 n-Pr 13.6 £ 0.9 OCH, 424 £ 14
All 949 2.9 i-Pr <1073 i-Pr 0.0240 £ 0.0008
t-Bu 0.0280 £ 0.0011 All 0.393 £ 0.013
n-Pe 69.2 + 2.2 Ph 2.18 £ 0.07
Bz 48.8 £ 1.5 Bz 0.0607 £ 0.0022

¢ From measurements at six different concentrations in the range [H,B] = [Hjsalen] = 0.01~0.1 M; kgpg = (ks + ku,p[H,B1), but ks is negligibly
small; [complex] = 2.5 X 10™* M (complexes II) and 1 X 103 M (complexes I, III, IV).

Table VI. Activation Parameters? for Reaction 5b of Complexes
Ni(Me,-ati),, Ni(Et,-ati),, and Ni(All,-ati), in Acetone

AH‘, AS‘, AH‘cor’b AS‘cor’b
R kJ/mol J/(mol K) kJ/mo J/(mol K
Me 498%£138 666  49.8 £ 1.8  -66% 6°
Et 389£19 -144x7 47343 ~75 % 20
All 297£18 -153%x6 459%24 -72£9

“From measurements at six different temperatures in the range
289-314 K at [complex] = 2.5 X 107 and [H,B] = [Hjsalen] = 0.1
M; ks = Kopea/ [HoB]. 2 AH* o = AH* + AH,,° and AS*,,, = AS* +
AS;.° (for AH,° and AS;° see Table I). “The correction according
to onotnote b is not applied to the complex Ni(Me,-ati),, which is al-
most completely planar.

1% 0% 100 %
p —*

Figure 2. Plot of rate constant ky,p (see Table V) vs. the mole fraction
of the planar isomer of complexes Ni(R,-ati),.

finding (see kyp(1) values in Table IV) that the planar complex
Ni(Me,-ati); reacts almost 10° times faster than the tetrahedral
complex Ni(i-Pr;-ati),. For the complexes Ni(R,-ati),, for which
the equilibrium constant K, was determined (see Table I), the
miole fraction x, of the planar isomer can be calculated for any
complex concentration. It is interesting to note that the plot of
log ky,p (data taken from Table V) vs. log x, gives a somewhat
linear relationship with a slope of 1.10 (see Figure 2).'® This
means that independent of the nature of the organic group R the
fraction of the planar isomer roughly controls the rate of ligand
substitution of complexes Ni(R,-ati), according to (5b).

A more direct proof for the assumption that only the planar
configurational isomer is the reactive one follows from the acti-
vation parameters compiled in Table VI. The data obtained for
AH* and AS* differ considerably for the planar complex Ni-
(Me,-ati), and for the mainly tetrahedral complexes Ni(Et-ati),
and Ni(All,-ati),. Interestingly enough, however, the values of
the activation enthalpy and of the activation entropy become
identical for all three complexes (within the limits of error), when
the values originally obtained are “corrected” for AH,,,° and AS|,°,

(16) The data for R = Bz (ku,p = 0.061 M™! s!; x, = 20%) were omitted
in Figure 2 because ky,p 2lies far below the straight line (i.e., appears
to be too small), which is probably due to the four large phenyl rings
of the benzyl groups shielding the nickel.

Scheme I. Kinetic Behavior of Planar and Tetrahedral
Configurational Isomers in Ligand Substitution

K

, pt
+H,B
*HB -2HA

NiB

0 0.02 0.06 01
[ HzB] M

Figure 3. Plot of the experimental rate constant K, vs. the concentra-
tion of the entering ligand for the complex Ni(n-Pr-sal), reacting ac-
cording to eq 5b in the presence of pyridine.

the enthalpy and entropy changes associated with the conversion
tetrahedral — planar (see Table I).

In summary, the behavior of complexes I-III toward ligand
substitution according to (5b) can be described as shown in Scheme
L.

Kinetic Comparison of Square-Planar and Octahedral Com-
plexes. It can be concluded from similar systemis!’ that the type
IV complex with D = N(CH,), is subject to a fast (k ~ 100107
s7!) intramolecular planar = octahedral isomerization. The fact
that rate constant kyp for this complex reacting according to (5b)
is 38-fold smaller than for the four-coordinate planar complex
Ni(n-Pe-sal), (see Table V) is an indication for a reduced (or even
nonexisting) reactivity of the octahedral complex as compared
to that for the planar complex. The slight decrease in ky,p for
the type IV complex with D = OCHj; instead of D = Et could
point to a weak interaction of the methoxy group with the nickel.

For further proof of the inertness of the octahedral species the
reaction of the complex Ni(n-Pr-sal), according to (5b) was studied
in the presence of increasing amounts of pyridine. Since the

(17) Godfrey, A. F.; Beattie, J. K. Inorg. Chem. 1983, 22, 3794.
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Figure 4. Dependence of rate constant ky,p on the fraction of the pyr-
idine-free planar complex Ni(a-Pr-sal), reacting according to eq 5b in
the presence of pyridine.

Scheme II. Kinetic Behavior of Five- and Six-Coordinate Adducts
in Ligand Substitution

...... - Py
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.py
NiA, py NiA,
+H,B
+ H,B - 2HA
NiB

equilibrium constants K, and KX, for pyridine addition are known
(see Table III), the concentration of the planar complex Ni(n-
Pr-sal), and of its mono- and bisadducts can be calculated for any
pyridine concentration. Figure 3 proves that the rate of the
second-order reaction between Ni(n-Pr-sal),; and Hjsalen is
considerably reduced with increasing pyridine concentration. In
Figure 4 the data for &y p (obtained from the slope of the straight
lines in Figure 3) are plotted vs, the mole fraction xy;,, of the
pyridine-free planar complex Ni(n-Pr-sal),, as calculated from
K, = 0.96 M! and K, = 28.4 M"! (see Table III). The linear
correlation between log ky,p and log xnia, is excellent for a range
of more than 2 orders of magnitude and yields a slope of 0.99,
which means that rate constant ky,p obtained in the presence of
pyridine can be described by kyp = 57.6x54, M~ 57! (57.6 M™!
s~ = ky,p for Ni(n-Pr-sal), in the absence of pyridine). This
means that the reaction observed takes place exclusively via the
planar complex Ni(n-Pr-sal);. Scheme II summarizes the findings.

Two further findings are of interest. The addition of 1.0 M
of the sterically hindered base 2,6-dimethylpyridine instead of
pyridine has no effect on ky,p at all, which supports the inter-
pretation that adduct formation is the rate-reducing factor. The
second point of interest is the fact that even at a pyridine con-
centration of 2 M plot of ky,g = fAH,B) is still linear (see Figure
3). This means that the equilibration octahedral = planar is so
fast!® that even at [H,B] = 0.1 M the reaction octahedral —
planar, which precedes the attack of Hsalen, does not become
rate controlling. Even with the stronger nucleophile 4-methyl-
pyridine (which increases KK, by a factor of 2) and at [4-Mepy]
= 4 M (where the rate of ligand substitution in Ni(n-Pr-sal), with
X3 = Br is reduced by a factor of 10*!) the experimental rate
constant k.. increases linearly with increasing concentration of

(18) Relaxation techniques were applied to measure the rate of the forward
and backward reactions of the equilibrium planar = octahedral for
several nickel(II) complexes; see for example: (a) Kluiber, R. W;
Kukla, R.; Thaller, F. J. Coord. Chem. 1973, 3, 39. (b) Sachinidis, J;
Grant, M. W. Aust. J. Chem. 1983, 36, 2019, (c) Reference 17.
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Table VIL. Rate Constants® for Reaction 5b of X3-Substituted®
Complexes Ni(R-sal), at 298 K in Acetone and Equilibrium
Constants K, for Pyridine Addition

R X5 kB, Mgt K, M
n-Pr OCH; 64.4 £2.2 0.49
n-Pr H 57.6 £2.0 0.96
n-Pr Br 105+ 4 4.6
i-Pr H 154 £ 5 4.4
i-Pr Br 266 £ 9 24

2From measurements at six different concentrations in the range
[H,B] = [Hjsalen] = 0.01-0.1 M; kgpeq = ki,p[H;B]; [complex] = 1 X
1073 M. ®X5 = substituent in 5-position of the salicylaldehyde ring.
¢Data taken from Table III.

the attacking ligand Hjsalen and does not fall off.

Mechanism of Ligand Substitution. Rate constant ky,p is a
second-order rate constant obviously describing the bimolecular
process (“ligand pathway”) typically abserved for ligand substi-
tution in planar d® metal complexes. The associative character
of the rate term ky,p[H,;B][NiA;] in (9) is confirmed by the
finding!? that any variation in the nature of the attacking ligand
Hjsalen (introduction of substituents in the salicylaldehyde ring
or in the ethylene bridge) has a distinct effect on the size of ky,p.
Within the sequence of steps 10-12 with Ni(Q N), = NiA,

Ni(0 N), + HO N N OH = [Ni(0 N),,HO N N OH]

(10)
[Ni(O N),HO N N OH] o (O N)Ni(ON N OH) +
HO N (11)

fa

(O N)Ni(O NN OH)—s:Ni(O NN O)+ HON (12)

(planar form) and HO N N OH = Hjsalen, equilibrium 10 is
very fast. The rate-controlling step is (11), whereas step 12 is
a fast consecutive reaction. As pointed out earlier,! the formation
of the “adduct” [Ni(OAN)z,HO OH] can best be described
as a “double acid/base reaction” in the sense that both the complex
and the entering ligand act as “biphilics” according to (13). The

HOr\
o
qp 3 (13)

Ni 0
(Ni{G NIy, HO N N OH ] (O/NI\N)

rate-controlling step would then involve rupture of the Ni-O-
(leaving ligand) bond and proton transfer from the entering to
the leaving ligand.

It follows from Table VII that the effect of substituents X° on
K; (equilibrium constant for the formation of the monoadduct
with pyridine) is much more pronounced than on rate constant
ku,s. On the basis of sequence (10)-(12) and (13) this is not
surprising, because any substituent effect on the electron density
at the nickel will be accompanied by a corresponding effect on
the electron density at the donor oxygen of the coordinated ligand.
This means that an electron-withdrawing substituent X* will make
the nickel a better Lewis acid and the coordinated oxygen a poorer
Bronsted base or proton acceptor. Both effects are counteracting
and partly compensating each other as far as the formation of
the intermediate shown in (13) is concerned. The overall sub-
stituent effect on ky,p is therefore small.

The mechanistic interpretation given here for reactions 5b and
8 is rather close to suggestions made by other authors?®®? to explain
the kinetics of ligand substitution in similar nickel(II) complexes,
mainly those with a S, set of donor atoms.

Conclusions

Ligand substitution in neutral four-coordinate nickel(II) com-
plexes of type I-III occurs in acetone exclusively through a lig-

(19) Hess, D.; Elias, H., to be submitted for publication.
(20) Fayyaz, M. U,; Grant, M. W. Aust. J. Chem. 1979, 32, 2159.
(21) Pearson, R. G.; Sweigart, D. A. Inorg. Chem. 1970, 9, 1167.
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and-dependent pathway with an associative mode of activation
(A mechanism). Complexes I-III are subject to a fast configu-
rational equilibrium; planar = tetrahedral. It follows from the
sum of data collected that only the planar isomer is attacked by
the entering ligand (attack at the tetrahedral isomer is unde-
tectably small). The planar form of complexes I tends strongly
to become octahedral in the presence of nucleophiles such as
pyridine. It is clearly shown that the octahedral pyridine adducts
of the complexes are inert toward ligand substitution and that
substitution occurs exclusively through the four-coordinate planar
complex, which in the presence of pyridine is in a fast equilibrium
with the octahedral adduct.

Acknowledgment. The authors thank the “Deutsche
Forschungsgemeinschaft” and the “Verband der Chemischen

Industrie e.V.” for support. Salicylaldehyde was kindly provided
by Bayer AG, Leverkusen, West Germany.

Registry No. I (R = n-Pr, X* = OCH,), 97403-47-9; I-2py (R = n-Pr,
X% = OCHj;), 97403-43-5; [ (R = n-Pr), 35795-69-8; I-2py (R = n-Pr),
35829-38-0; I (R = n-Pr, X* = Br), 97403-48-0; I.2py (R = n-Pr, X* =
Br), 97403-44-6; I (R = i-Pr), 35968-67-3; I-2py (R = i-Pr), 35829-39-1;
I (R = i-Pr, X* = Br), 97403-49-1; I-2py (R = i-Pr, X* = Br), 97403-
45-7; I (R = Et), 35968-61-7; I (R = All), 55292-18-7; I (R = ¢-Bu),
40706-02-3; I (R = n-Pe), 35968-70-8; I (R = Bz), 68510-29-2; IT (R
= Me), 15379-97-2; I (R = Et), 14880-23-0; II (R = n-Pr), 15391-41-0;
II (R = {-Pr), 77095-86-4; II (R = All), 97403-41-3; II (R = Ph),
97403-42-4; 11 (R = Bz), 16828-51-6; III (R = Me), 97465-97-9; I1I (R
= Et), 97465-98-0; III (R = n-Pr), 14568-02-6; I1I (R = j-Pr), 41553-
43-9; IV (D = Et), 97415-90-2; IV [D = N(CH,),], 97415-91-3; IV (D
= OMe), 97403-46-8; acetylacetone, 123-54-6; N,N'-disalicylidene-
ethylenediamine, 94-93-9.

Contribution from Anorganische Chemie III,
Eduard-Zintl-Institut der Technischen Hochschule Darmstadt, D-6100 Darmstadt, Federal Republic of Germany

Effect of the Coordination Geometry and of Substituent Shielding on the Kinetics of
Ligand Substitution in Copper(II) Chelates

HORST ELIAS,* CHRISTINA HASSERODT-TALIAFERRO, LUDWIG HELLRIEGEL, WALTER SCHONHERR,
and KLAUS J. WANNOWIUS* '

Received December 11, 1984

Stopped-flow spectrophotometry has been used to study the kinetics of ligand substitution in bis(/N-R-salicylaldiminato)copper(II)
complexes CuA, (R = H, OH, Me, Et, i-Pr, t-Bu, neo-Pe, phenyl) by bidentate ligands HB (/NV-ethylsalicylaldimine, acetylacetone)
in methanol and ethylene glycol monomethyl ether at 298 K. A two-term rate law, rate = (kg + kyg[HB])[complex], has been
found. The substitution of the first ligand in CuA, is rate determining. The relative contributions of the terms kg and kyg[HB]
to the overall rate are controlled by the N-alkyl group R in the following sense: (i) small groups R (such as R = Me) favor a
planar trans-N,0, coordination geometry of the complex, whereas bulky groups (such as R = ¢-Bu) force the complex to become
strongly tetrahedrally distorted, and (ii) with increasing extent of tetrahedral distortion (due to the effect of R) the size of kg
increases, whereby the contribution of the term kys[ HB] can become negligibly small. A systematic study of the kinetic effect
of substituents X° and X® (introduced in the 3- and 5-positions of the salicylaldehyde ring) and substituents Y2, Y4 and Y®
(introduced in the 2-, 4-, and 6-positions of the N-phenyl ring) reveals that substituents X* = CH,, Cl, Br, I, NO,, which are
neighboring to the oxygen donor atom, reduce the size of kg according to their steric substituent constant E,. Substituents Y?
= CH;, F, Cl, Br, I and Y? = Y® = CHj,, Cl (neighboring the nitrogen donor atom in the N-phenyl complexes) reduce both kg
and kyg, which can be correlated with the electronic and steric properties of these substituents. The sum of the experimental results
supports consistently the following mechanistic interpretation of the observed rate law, namely: (i) the second-order rate constant
kys describes the nucleophilic attack of the entering ligand HB at the copper; (ii) the first-order rate constant kg describes the

attack of a protic solvent molecule, surprisingly not at the copper but at the oxygen donor atom instead.

Introduction

The rate of ligand substitution in square-planar complexes with
d® metal centers such as platinum(IT) and palladium(II) follows
a two-term rate law:!?

rate = (kg + k; [ligand])[complex] N

The ligand-independent contribution (kg) and the ligand-dependent
contribution (k [ligand]) can be mechanistically attributed to the
nucleophilic attack of a solvent molecule and ligand molecule,
respectively. It is commonly accepted for both the “solvent path”
and “ligand path” that nucleophilic attack occurs at the metal
center.

It was important to prove but not surprising to find® that ligand
substitution in planar 3d® nickel(II) complexes is associative in
character as well, although so far only for one nickel(II) system
was a solvent path shown to exist in addition to the ligand path.
This system,* in which we studied ligand substitution in bis(/V-
alkylsalicylaldiminato)nickel(II) with bidentate entering ligands,

(1) Hartley, F. R. “The Chemistry of Platinum and Palladium”; Applied
Science Publishers: London, 1973.

(2) Wilkins, R. G. “The Study of Kinetics and Mechanism of Reactions of
Transition Metal Complexes”; Allyn and Bacon: Boston, 1974.

(3) See for example: (a) Billo, E. J. Inorg. Chem. 1973, 12, 2783. (b)
Fayyaz, M. U.; Grant, M. W. Aust. J. Chem. 1979, 32, 2159.

(4) Schumann, M.; von Holtum, A.; Wannowius, K. J.; Elias, H. Inorg.
Chem. 1982, 21, 606.

led in addition to an interesting aspect concerning the mechanism
of the solvent path. Experimental evidence could be provided
supporting the unusual interpretation that solvent attack does not
occur at the metal but at the donor oxygen of the coordinated
salicylaldimine ligand instead. Moreover, similar studies® with
the corresponding bis(/N-alkylsalicylaldiminato)copper(II) com-
plexes (3d° metal center) revealed that ligand substitution in these
complexes again follows rate law 1 and that the data obtained
are indeed compatible with solvent attack taking place at the donor
oxygen and not at the metal.

The present study was undertaken to further collect experi-
mental data that should allow a more detailed mechanistic in-
terpretation of the two pathways through which ligand substitution
in bis(N-alkylsalicylaldiminato)copper(II) complexes occurs. This
type of complex appears to be especially well suited for such a
mechanistic study because of the various possibilities one has to
modify the coordination geometry and electron density distribution
by the introduction of substituents.

Type I and type II complexes, which basically prefer a
square-planar trans-N,0, coordination geometry,’ are subject to
the following substituent and R-group effects: (i) substituents

(5) Elias, H.; Frohn, U.; von Irmer, A.; Wannowius, K. J. Inorg. Chem.
1980, 19, 869.

(6) (a) Holm, R. H.; Everett, G. W,, Jr.; Chakravorty, A. Prog. Inorg.
Chem. 1966, 7, 83. (b) Holm, R. H.; O’Connor, M. J. Prog. Inorg.
Chem. 1971, 14, 24].
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