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in taking spectra. Some metal complex syntheses
were performed by P. B. Bowman. Elemental anal-
yses were done by C. S. Yeh.
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The kinetics of formation and dissociation of complexes of Mn-Zn and Cd with 2,6-bis(2’-pyridyl)pyridine (2,2/,2/-ter-
pyridine) have been measured by the stopped-flow method. Stability constants have been calculated from these results and
the thermodynamic and kinetic data are compared with those for bipyridine and phenanthroline complexes.

Introduction

The kinetics of reactions of metal-phenanthroline
and bipyridine complexes have been investigated exten-
sively recently.? Many of the labile complexes of the
transition metal ions were included in the study and a
number of conclusions were reached regarding the
mechanism of their formation and dissociation. The
present work is an extension to similar complexes of
the terdentate ligand 2,6-bis(2’-pyridyl)pyridine (2,2’,-
2'/-terpyridine, terpy, I). These have been previously
much less studied than their bidentate analogs.®*
For our purposes, however, terpyridine is a very suitable
ligand. It has the desirable properties® of high ex-
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tinction coefficients (bands shifted in the metal com-
plex), weak basicity (pK; = 4.7, pK, = 3.3),° strong
chelation, and sufficient solubility in water (~10—3 M)
for study in micromolar concentration. Furthermore,
it has the decided advantage that it forms only two
metal complex species in solution, namely, mono and
bis, and this simplifies somewhat the unravelling of
consecutive associative reactions. (These complexes
can exist in only one stereoisomeric form because of the
planarity of the ligand.) Finally, the solid complexes
M(terpy)Br;, M = Fe, Co, and Ni, can be prepared,*
and dissolution of these generates M (terpy)(H:0),2+
ions, which only slowly disproportionate and can thus
be allowed to react with ligand to allow unequivocal
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study of the formation of the bis species. A combina-
tion of formation rate data with dissociative rate con-
stants (some obtained previously by conventional ex-
change methods*) allows the estimation of stability
constants of the complexes, an added bonus from this
work, since thermodynamic data for the terpyridine
complexes are virtually nonexistent. A few experi-
ments with another strongly chelating terdentate ligand
4-(2-pyridylazo)resorcinol (PAR, II) have also been
performed for comparative purposes. This forms
strongly colored complexes of analytical value.

Experimental Section

Materials.—Terpyridine, purchased from B. Newton Maine
and G. F. Smith, was purified by heating in vacuo at 130° for
several hours. The white sublimate had mp 86°. M(terpy)-
Br:;, M = Fe, Co, and Ni, was prepared as described previously.*
PAR and the other reagents were AR grade. Standard solu-
tions were prepared by shaking weighed amounts of terpyridine
with hot conductivity water and analyzing the cooled solutions
colorimetrically with ferrous ion before runs.

Spectra.—In general two peaks between 310 and 340 my are
observed for the metal complexes, well separated from the maxi-
mum of the free ligand base at 285 mu.” For example the maxima
for the bis(terpyridine) complexes in this region are (Ni) e
3.2 X 104, 0 3.6 X 10%; (Cu) e 3.8 X 104 (Zn) e 4.1 X
104, €300 3.9 X 10%; and for the mono (Co) eps 1.9 X 104, €515 1.8 X
104; (Nl) €331 2.0 X 104, €318 1.8 X 104, (Cu) €340 1.4 X 104, €326
1.4 X 104 (Zn) e 2.3 X 104 e 2.2 X 104 For free ter-
pyridine, maxima are at 200 mu (e 1.6 X 104) and 228 mu (¢ 2.0 X
104).

The bulk of the formation studies were observed at wavelengths
of 320-335 mu. The decomposition studies used the visible and
near-infrared absorption characteristics of the iron(II), cobalt-
(I1), and copper(Il) complexes.* The experiments with PAR
were observed around 500 mu where the metal complexes have
high absorption.

Kinetics Runs.—The general procedure resembled that re-
ported previously.? Both the Sheffield and the Buffalo stopped-
flow apparatus were used in this work. Pseudo-first-order kinet-
ics were usually obtained in the formation studies by using rela-
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tively high concentrations of ligand. In some systems with high TABLE 1

rate constants, a low ligand : metal ion ratio had to be used to en- Kinetic DATA FOR METAL COMPLEX FORMATION
sure a measurable rate. At the end of the reaction pseudo-first- [metal fon], ligand}, Temp, ki,
order conditions still hold, however, and this part was used for mM mM oC A1 sec-t
measurement. Errors in the rate constants are about =89, for

reactions with first-order rate constant & ~ 5 sec™t, £10-15%, Mn?* + terpy

for B ~ 50 sec™, and 4209, for & ~150 sec™l. Half-lives below 0.025 0.20 9.0 5.8 X 10:
5 msec are qualitative only. The formation of the mono species ;g:g ?1 ;<< 11(())5

is the rate-limiting step in the reaction of metal ion with excess
terpyridine, This could be shown from spectral and kinetic Fet + terpy

considerations. The formation of the bis species could therefore 0.005 0.10 0.2 1.4 X 10¢
be measured only with the Fe, Co, and Ni systems since only 0.003 0.05 7.5 2.5 X 104
ith th 1d be obtained in solution. by dissolving th 0.005 0.10 15.0 3.8 X 104
wit ese could mono be obtained in solution, by dissolving the 0,003 0.05 20.0 5.2 % 104
solid mono complex. Disproportionation occurs particularly 0.005 0.10 25.0 5.6 X 10t
rapidly with iron(II) so that in these experiments fresh solutions .
of the mono complex were used quickly. In order to ensure Fe(terpy)*t + terpy
complete formation of the manganese—terpyridine complex, rela- 0.002 0.005 5.0 1.1 X107
tively high concentrations of ligand had to be _used and expc?ri- Co?* + terpy
ments' g.t lovyered t.emperatures only were feaslble,' 'A solution 0.01 0.096 0.2 5.4 X 108
containing nickel nitrate (1 X 1072 M) and terpyridine (3.9 X 0.01 0.096 14.4 1.8 X 104
10-3 M) was left for several days at elevated temperature. It 0.005 0.120 15.0 1.5 X 104
was then cooled, diluted 200-fold, left for some time, and then 0.005 0.120 25.0 2.4 X 10¢
allowed to react with excess PAR (1 X 10~¢ M) at pH 6.8 at 500 Co(terpy)** + terpy
mu. Two stages were obse;ved,. a fast one (21/2. = 280 msec at 0.005 0.02 5.0 5 % 10
25°) and a much slower one which could be eliminated by the
prior addition of EDTA. From the optical density changes [Ni- Co(terpy)?* 4+ PAR
(terpy)?*] in the original solution was estimated at 1.6 X 1073 0.001 0.005 5.0 6.7 X 108
M (caled 1.6 X 102 M). 0.001 0.003 12.0 1.1 X 107
Decomposition of the metal complexes was effected by addi- Nit* 4 terpy
tion of much higher conce.n"crations of an appropriate metal ion. 0,005 0.a7 8 82 2.4 X 102
The first-order decomposition rate constant was found to be 0.005 0.14 8.8 2.7 X 102
independent of the concentration of metal ion as in ref 2, thus 100 0.05 7.0 4.8 X 102
ensuring the measurement of the dissociation rate. Further- 0.005 0.07 16.2% 5.4 X 10%
ot ot . 0.005 0.14 16.2% 5.8 X 102
more, the value for Co(terpy)s?t — Co(terpy)** agreed well with 0.005 0.08 25 08 14 % 10t
that obtained f‘rom [8H]-terpyridine exchange studies.t It was ’
not found possible to decompose Cu(terpy)?*. Little effect on Ni?2+ + PAR
formation or dissociation rates was observed of changes of pH 1.0 0.01 25.0 1.4 X 108°
5.8-6.8, ionic strength, or amiomn, in low concentrations. A 3.2 X 10%¢
constant ionic strength or buffer yvas, therefore, not employed. Ni(terpy)?* + terpy
Temperature control of the reactions was #+0.2°. The results 0.01 0.10 10.0 7.8 X 104
are collected in Tables I and II. Several runs were performed 0.01 0.10 18.0 1.3 % 100
with each condition shown, and the results are the mean values. 0.01 0.10 25.0 2.2 X 103
0.10 0.01 25.0 2.2 X 108
Results and Discussion 0.01 0.10 32.0 3.3 X 108
L ‘ L 0.01 0.10 40.0 6.9 X 106
Kinetic Data.—Rate constants and activation param-
. . . i 2+
eters are collected in Table III, which also includes Ni(terpy)?* 4+ PAR
. . . o g0 0.01 0.05 25.0 6.8 X 104
previous results for phenanthroline and bipyridine 0.10 0.01 25.0 6.3 % 104
complexes. Energies of activation are approximatel
p & Ivation are app y Ni(bipy), + bipy
+£0.5 kcal/mole~!. The similarity in second-order 0.01 0.07 25.0 4.7 X 100
formation rate constants for a particular metal ion is ‘ ' ' '
striking and strongly supports the idea that the addition Ni(bipy), + terpy .
. . . } .04 . 8
of any of these ligands to the metal ion is controlled 0.01 0.0 250 5 x 10
by the first attachment and that this is followed by rapid Ni(bipy): + PAR
. . 5 rd
completion of the chelate. We have previously? fully 0.01 0.06 25.0 8.8 x 100
discussed this for the bipyridine complexes and believe Cu?* + terpy
similar considerations. hold for terpyridine coordina- 0.01 0.04 6.5 2 x o
tion. Further it is clear that the rate of the first step ) Zn?+ + terpy
mainly depends upon the water-exchange rate of the 0.0023 0.03 0.2 3.9 X 108
Lion® T th i d 0.002 0.05 7.5 6.3 X 10
metal ion. o us, e most striking evidence for 0.002 0.05 15.0 8.0 X 105
this considering also our previous arguments? is the ex- 0.002 0.05 25.0 1.1 X 10°
tremely similar rate constants for reaction of nickel ion Cd?+ + terpy
with pyridine, bipyridine, and terpyridine (Table III). 0.002 0.01 0.2 1.1 X 100
The order of formation rate constants of the mono 9002 oo o 50 % 1o
complex, Ni?t < Co?+ < Fe?t ~ Mn?t < Zn?t < 0.002 0.01 25.0 3.2 X 106

. . L ¢ Using a commercial spectrophotometer. * pH 5.0, the PAR
(8 M. Bigen and R. G. vxﬂkms’ The Kinetics and Mechanism of For- reactant is I1. ¢ pH 6.7, the PAR reactant is partly 3-O~ form of
mation of Metal Complexes,” Advances in Chemistry Series, No. 20, Ameri- [ . . ‘g
can Chemical Society, Washington, D. C., contains an account and full 1L These reactions are followed by slower ones as bipyridine
tabulation of kinetics and mechanism of formation of metal complexes, is released.
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TaBLE 11

KixeTic DATA FOR DISSOCIATION OF
METAL~TERPYRIDINE COMPLEXES

[metal ion], [decomposing Temp, k1,
mM metal ion], mM °C sec™!
Mn(terpy)2+ Co2+
0.2 2.6 11.0 1.4
19.0 2.5
25.0 3.8
32.0 6.3
40.0 10.7
Co(terpy )2 T Fe2+
0.03 10.0 25.5 1.1 X 1073a
Zn(terpy)2+ Cu2+
5.0 20.0 10.0 0.25
18.0 0.58
25.0 1.2
32.0 2.5
40.0 5.7
Cd(terpy)?+ Cuz+
5.0 20.0 10.0 8.2
19.0 16
25.0 26
32.0 39
40.0 69

@ From exchange studies,* &, = 1.4 X 1073,

TaBLE ITT

KixgeTric PARAMETERS FOR FORMATION AND DISSOCIATION OF
MEeTAL COMPLEXES WITH BIDENTATE AND TERDENTATE LIGANDS

AT 25.0°
Log Log Log Log
Ion Ligand k% Ag E; ka? Aa Ea
Mn?+ phen 5.1° 1.5°¢ 9.6 10.4
terpy 5.0 9.8 6.6 0.6 9.7 12.3
Fe2t bipy 5.2 18.5 11.3
terpy 4.9  12.2 10.0 —2.2 11.0 18.0
Fe(bipy):2™ bipy 5.1
Fe(terpy)?t terpy  ~7.0¢ —6.8 14.3 28.7
Co2* phen 3.5 13.7 11.2 —1.8 12.4 19.4
bipy 4.8 12.3 10.4
terpy 4.4 11.4 9.5 —4.0 10.8 20.2
Co(terpy)?* terpy  ~6.7¢ —3.2 7.7 14.8
PAR 6.9¢
Nizt phen 3.5 13.6 13.7 —5.0 13.0 24.5
Py ~3.6 ~12 1.6 13.6 16.0
bipy 3.2 13.3 13.8 —4.3 13.2 23.7
terpy 3.1 13.9 14.7 —7.6 10.2 24.2
PAR 3.5
Ni(bipy)e2*  bipy 3.7 —2.5 13.8 22.2
terpy ~3.7
PAR 3.9
Ni(terpy)2+ terpy 5.3 14.2 12,1 —5.8 9.5 20.8
PAR 4.8
Cuz* bipy 27.0
terpy ~7.38
Zn2+t phen ~6.3 0.6 9.7 12.3
bipy 6.0 11.1 6.9 1.2 10.1 12.1
terpy 6.1 2.3 8.4 0.1 13.5 18.3
Cdz+ phen ~7.0 1.6 12.2 14.4
terpy 6.5 11.6 7.0 1.4 10.6 12.5
= Formation rate constant, M~ sec™!. ?® Dissociation rate

constant, sec™!, ¢ 11.0°, <5.0°

Cd** < Cu?t, previously observed with the bidentate
ligands, is maintained. The most unexpected result,
however, which emerges from this study concerns the
rate constants for the formation of the bis from the
mono species for the iron, cobalt, and nickel ions. Al-
though it might be expected, from statistical and
stereochemical considerations, that the values would be
significantly smaller than the corresponding values for
the formation of mono, in fact they are some 200 times
greater. Margerum and Eigen® have studied the effect

Inorganic Chemistry

of coordinated ligands (of polyamine and amino car-
boxylate types) on the subsequent rates of water sub-
stitution but observed (at the most) a tenfold enhance-
ment compared with the aquated nickel ion itself.
Since our observed effect is such a large one we have also
measured the reaction rate of Ni(terpy)?* — Ni-
(terpy).?t in another manner. In the event that the
solid mono complexes do not dissolve in aqueous solu-
tion to produce the M(terpy)(H,0),%* species, we have
allowed an equilibrated mixture of Ni%**, Ni(terpy)?*,
and Ni(terpy)s** to react with excess terpyridine in the
stopped-flow apparatus. Two rate processes were ob-
served, a fast and a slow reaction, which could be quan-
titatively assigned to the terpyridine reaction with mono
species and the nickel ion, respectively. The slow re-
action could be suppressed by the addition of EDTA
to the equilibrated mixture just prior to the kinetic
experiment. Further, the amount of mono species
could be assessed from the (fast) optical density change
on the addition of terpyridine, and this agreed well
with that calculated from the kinetically-determined
stability constants. The enhanced reactivity of the
M(terpy)?t species (toward terpy or PAR) contrasts
sharply with the much slower reactions of Ni(bipy)s?+
with bipy, terpy, or PAR, all of which have a rate con-
stant around 5 X 10® M ~! sec™ at 25°. The current
ideas® on complex formation with these metal ions
equates the formation rate constant (k;) with an outer-
sphere or collision complex association constant (Ko)
and the first-order rate constant for water exchange of
the outer-sphere complexes (k1); i.e., ks = Kok A
high value for &, cannot be the explanation for the re-
activity of Ni(terpy)?* since the water exchange rate
of the latter is similar to that of Ni?** by nmr measure-
ments.” We conclude than that the terpyridine either
takes part in an SN2 attack on the complex ion or is
able to form a strong adduct (K, > 1) prior to forma-
tion of the inner-sphere complex. The modus operand:
of the effect remains unknown to us to us, however.
Thermodynamic Data.—Our kinetic results give the
free energy and heat of reaction for the terpyridine
complexes and are shown in Table IV together with
bipyridine data.'*»*?* The usual sequence of stability
Mn?t < Fe?t < Co?t < Ni** > Zn** > Cd?* pertains
for the mono complex. This order is very much dic-
tated by the dissociative rate constants, which also
accounts for the enhanced stability of the terpyridine
compared to the corresponding bipyridine complex.
The free energies of formation of the mono(terpyridine)
complexes of Mn, Fe, Co, and Niare 1.5-1.7 times those
of the corresponding bipyridine analogs; the total free
energies of formation of the bis(terpyridine) com-
plexes of Fe, Co, and Ni are, however, only slightly
greater than those of M(bipy)s?*. This behavior re-
sembles closely that of ethylenediamine compared with

(9) ID. W. Margerum and M. Eigen, Proceedings of the 8th International
Conference on Coordination Chemistry, Vienna, 1964, p 289.
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(11) H. Irving and D. H, Mellor, J. Chem. Soc., 5222, 5237 (1962); W. A,
E. McBryde, D. A, Brisbin, and H, Irving, ¢bid., 5245 (1962).
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TABLE IV

THERMODYNAMIC PARAMETERS FOR METAL-BIPYRIDINE? AND
—TERPYRIDINE? COMPLEXES AT 25°

B1s(PYRROLE-2-ALDIMINO)METAL(II) CoMPLEXES 625

suggesting that terpyridine chelates comparatively more
weakly with these metal ions. . It is unlikely, however,
that they are acting as bidentate ligands only, since the

Metal ion Ligand Log K1 ek Lo8 fn’ structure of Zn(terpy)Cl, shows that all three nitro-
Mn2z+ bipy 2.6 3.5 . . . .13
terpy 44 5.7 gens coordinate with only minor strain.
Fet+ bipy 4.3 (6.0)8 17.5 Although there are puzzling features which certainly
terpy 7.1 8.0 20.9 require further examination, nevertheless a good deal of
Co** bipy 5.7 8.2 16.1 understanding now exists in this particular area. We
. terpy 8.4 10.7 18.3 are turning our attention to solvents other than water
Niz+t bipy 7.1 9.6 20.1 . .
terpy 107 9.5 1.8 as well as metal ions such as chromium(II) and van-
Znz+ bipy 5.9 71 adium(IT), for which there is a paucity of data.
terpy 6.0 10.1
Cdz+ bipy 43 51 Acknowledgment..—We thank the Department of
terpy 5.1 5.5 Scientific and Industrial Research, Great Britain, for a

@ Data from ref 11 and 12. * K = k¢/ky; AH = E; — E;j.
° Bn = K1K,K; for bipy and KK, for terpy. ¢ Estimated.!2

diethylenetriamine complexes. The corresponding
ratio for the zinc and cadmium complexes is only 1.2,

maintenance grant to C. D. H., and Dr. A. Jubb, for a
gift of terpyridine. This work was supported in part
by National Science Foundation Grant GP 1963.
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Synthesis of an extensive series of bis(pyrrole-2-aldimino)metal(II) complexes with M(II) = Co, Ni, Pd, Cu, and Zn and
various alkyl groups (R) appended to the azomethine nitrogen has been effected by a nonaqueous chelation reaction in tetra-
hydrofuran. Preliminary single crystal X-ray results for complexes with R = #-butyl reveal that cobalt, nickel, and zinc
complexes are isomorphous, but appreciable differences in the cell constants of the nickel complex indicate that it is not
truly isostructural with the tetrahedral cobalt and zinc complexes. The copper complex exists in two crystalline modifica-
tions, neither of which is isomorphous with the Co~Ni~Zn series. Spectral and magnetic studies in solution show that the
t-butyl cobalt complex is tetrahedral whereas the corresponding copper cormiplex is distorted from planarity to an unknown
extent. Copper complexes with less bulky R groups are planar. The ¢-butyl nickel complex is pseudo-tetrahedral; com-
plexes with sec-alkyl groups such as isopropyl are involved in a configurational equilibrium between planar and pseudo-tetra-
hedral forms. The paramagnetic nickel complexes show large isotropic proton hyperfine contact shifts. Spin density cal-
culations for the coordinated ligand system are used as the basis of proton resonance assignments. It is concluded that
in the pseudo-tetrahedral form spin imbalance exists in the highest filled ligand =-MO and that in addition there is an under-
lying spin imbalance in the highest filled ¢-MO, the result of which is observable in the proton resonance spectra. Ther-
modynamic parameters characterizing the structural change have been obtained for the nickel complexes from the
temperature dependence of the proton contact shifts. A quantitative comparison of the stabilization of tetrahedral Ni(II)

by pyrrole-2-aldimine, salicylaldimine, and 8-ketoamine ligand systems is presented.

Introduction

During the past several years efforts in these labora-
tories have been directed toward an examination of the
occurrence of conformational equilibria of metal com-
plexes in solutions of noncoordinating solvents and
evaluation of the relative stabilities of the stereoisomers
involved. Particular emphasis has been placed on the
planar = tetrahedral equilibrium of four-coordinate
nickel(IT) complexes. It is now well established that
this equilibrium, while still rare, does persist in four

(1) Department of Chemistry, University of Wisconsin, Alfred P. Sloan
Foundation Fellow.

general groups of bis-bidentate nickel(II) complexes,
viz., salicylaldimines,®=* naphthaldimines,® B-keto-
amines,® and aminotroponeiminates,” and is frequently
measurably altered in position by changes in solvent,
temperature, and substituents appended to the basic

ligand structure. In addition to our studies, those of
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