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[Co{NH;)s][CuCl;] down to ~16°K is in agreement
with this analysis.

The antiferromagnetic transition at 8°K must arise
from coupling of the magnetic wave functions trans-
mitted by chloride ligands of adjacent molecules. This
mechanism has been designated the cation-anion—
anion—cation interaction,'* and for half-filled ¢ orbitals,
moderately weak spin coupling is expected. The low
Néel point of 8°K reflects weak spin coupling in [Co-
(NHj)s] [CuCls].

The crystal structure for [Cr(NH;)s][CuCls] shows
that the shortest intermolecular chloride—chloride con-
tacts occur for the axial chloride of one CuCls®— ion
and axial chloride ligands of three adjacent CuCl;*~
units. The internuclear separations are 4.11 A, and
the copper—chloride(1l)—chloride(2) angles are 144.74°.
This separation is only 0.80 A greater than the axial
chloride—equatorial chloride intramolecular distance
within a CuCl;*~ ion. The unpaired electron in the
ground state is in a 3d,. orbital, which has a greater
amplitude along the z axis than in the xy plane; thus,
in the absence of angular dependencies, ligand axial-
axial contacts are expected to be more important than
ligand equatorial-equatorial contacts for the conduc-
tion of antiferromagnetic interactions.

(14) J. B. Goodenough, ‘““Magnetism and the Chemical Bond,” Inter-
science Publishers, New York, N. Y., 1963, p 184,
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The closest intermolecular equatorial chloride-other
chloride separation, 4.14 ;X, occurs between equatorial
ligands of adjacent CuCl;®*~ ions. In addition, there
are four other equatorial chlorides at 4.75 A. A de-
tailed description of the cooperative magnetic inter-
action would be extremely difficult, although in prin-
ciple a treatment similar to the classical work on the
hexachloroiridate(IV) salts should be possible.’® An-
other explanation would involve particle size or surface
effects. We conclude that although the magnetism
of the pentachlorocuprate(Il) ion may be described
by crystal field theory, below 16°K the susceptibility
does not exhibit Curie-Weiss behavior but shows a
complex behavior suggestive of antiferromagnetism,
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The specific rates and equilibria have been investigated for the hydrolytic reactions of some trans-CoL X, complexes where L

is a macrocyeclic ligand (of the Curtis type) and X~ = Cl~, Br—, or NCS—.

The relative lability of these complexes can be

ascribed partly to nonbonded steric interactions between ligand methyl groups and the axial ligands X and partly to the
formation of relatively long-lived intermediates where L is the Schiff-base amine 5,7,7,12,14,14-hexamethyl-1,4,8,11-tetraaza-

cyclotetradeca-4,11-diene.

relations; however, the coefficients in the LFER’s appear to be different for each system.

The kinetic and thermodynamic data for these systems can be related by linear free energy

The relatively positive values of

AST found for many of the systems studied shows that AST is not generally correlated with stereochemical change and may
not provide any simple information abotut the geometry of the activated complex.

Introduction
Despite extensive research and discussion, there

(1) (a) Presented in part before the Division of Inorganic Chemistry,
156th National Meeting of American Chemical Society, Atlantic City, N. J.,
Sept 1968, (b) Preliminary aspects of this work were also presented at the
XIth International Conference on Cootrdination Chemistry, Haifa, Israel,
Sept 1968; see R. E. Ball, J. A. Kernohan, and J. F. Endicott, *“Coordina-
tion Chemistry,” M. Cais, Ed., Elsevier Publishing Co., Amsterdam, 1968.
(c) Taken in part from the Dissertation submitted by J. A. K. to Boston
University in partial fulfillment of the requirements of the Ph.D. degree,
1969. (d) Supported in part by the Public Health Service (Grant AM 08737)
and in part by a Grant in Aid from the Graduate School, Boston University.

(2) Author to whom correspondence may be addressed at the Department
of Chemistry, Wayne State University, Detroit, Mich., 48202,

remain many controversial issues pertaining to the
mechanism of ligand substitution reactions in octahedral
complexes.® Much of the recent discussion has cen-
tered around the stereochemical changes which occur
during the exchange of ligands. It has been argued
that such changes reflect the geometry of the activated

(8) For recent reviews see: (a) C. Langford and H. B. Gray, “Ligand
Substitution Processes,” W, A. Benjamin, Inc., New York, N. Y., 1966; (b)
N. Sutin, Ann. Rev. Phys. Chem,, 17, 119 (1966); (c) I'. Basolo and R. G.
Pearson, ‘“Mechanisms of Inorganic Reactions,” 2nd ed, John Wiley and
Sons, Inc.,, New York, N. V., 1967; (d) C. H. Langford and T. R. Stengle,
Ann. Rev. Phys. Chem., 19, 193 (1968); (e) R. D. Archer, Coord. Chem. Rev.,
4, 243 (1969).
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complex.’ More recently it has been proposed? that
stereochemical changes are accompanied by positive
values of AS* and that such observations are consistent
with the formation of a trigonal-bipyramidal transition
state.®® The coordination of the central metal by a
tetracoordinate macrocyclic ligand imposes important
constraints on the geometry of the activated complex
for both ligand-exchange reactions and steric changes
around the metal center. Systematic studies have been
reported for only a few such series of macrocyclic
complexes, e.g., for Col'LX, complexes where L =
1,4,8,11-tetraazacyclotetradecane (cyclam),® for com-
plexes where L = hematoporphyrin,” and for the
pseudomacrocyclic bis(dimethylglyoxime).®? It was
partly on the basis of the tetragonality associated with
the activated complex for ligand exchange in the
cyclam complexes® that Tobe proposed? correlation
between AS* and the geometry of the dissociative
activated complex.

In the present study we report our studies of the
substitution chemistry of two series of cobalt(I1I)
complexes containing macrocyclic ligands: Co(trans-
[14]diene)X,*t 1011 and Co(teta or teth)X,+.1%13 (See
Figure 1.) On the basis of the preparative chemis-
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Figure 1. Macrocyclic ligands.

try'%:14 and the results of our studies!® of the acid
hydrolysis of bidentate carbonate in Co(trans[14]-
diene)CO;3t+ and Co(tetd)COst, it is clear that both the
saturated and unsaturated macroring systems have a
very strong tendency to have their coordinating nitro-
gen atoms mnearly planar. The tendency toward
tetragonality may even be greater in these systems
than in the analogous cyclam complexes. For example,
although c¢is-Co'tl{cyclam)Xy%1% and cis-Co(tetd)-
(OH,;)p3+ 1315 complexes are easily prepared and

(4) M. L. Tobe, Inorg. Chem., T, 1260 (1968).

(56) R. G. Linck, #bid., 8, 10186 (1969).

(6) (a) C. K. Poon and M. L. Tobe, J. Chem. Soc., A, 1549 (1968); (b)
ibid., A, 2069 (1967).

(7) E. B. Fleischer, J. Jacobs, and L. Mestichelli, J. Am. Chem. Soc., 90,
2528 (1968).

(8 D.N.Hagueand J. Halpern, Inorg. Chem., 8, 2059 (19867),

(9) H. G. Tsiang and W. K. Wilmarth, ¢bid., T, 2535 (1968),

(10) trans[14]diene = 5,7,7,12,14,14-hexamethyl-1,4,8,11-tetraazacyclo-
tetradeca-4,11-diene,!t

(11) N. F, Curtis, Coord. Chem. Rev., 8, 3 (1968).

(12) teta = C-meso-5,7,7,12,14,14-hexamethyl-1,4,8,11-tetraazacyclotetra-
decane.13 The C-dl isomer is designated tetd.13

(13) (a) P. O. Whimp and N. F. Curtis, J. Chem. Soc., 4, 8687 (1966); (b)
ibid., A, 1827 (1967).

(14) N. Sadasivan, J. A. Kernohan, and J. F. Endicott, Inorg. Chem., 6, 770
(1967).

(15) J. A. Kernohan and J. F. Endicott, J. Am. Chem. Soc., 91, 6977
(1969).

(16) C. K, Poon and M. L. Tobe, Inorg. Chem., T, 2398 (1968).
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isomerize to the tramns complexes only slowly,$e 1516
attempts to prepare cis-Co!'!(teta)X, complexes have
failed even when chelating ligands (X;) were used.!?
Furthermore, the pair of geminal methyl groups in
Curtis ligand systems crowds the fifth and sixth
coordination positions!'¥ (see Figure 2) and should

Figure 2.—Stereochemistry of the N-dl-irans[l4]diene com-
plexes. Based on ref 17a.

enhance the likelihood of a dissociative activated
complex. Kinetic parameters for these systems should
therefore provide a useful test of Tobe’s correlation.*

A somewhat more general interest in the substitution
chemistry of Co(trans[14]diene)X,* and Co(teta or
tetb)X,t complexes arises because there are two Colll-
N(imine) bonds in the former and none in the latter.
Many of the unusual features of the chemistry of
vitamin By, and the porphyrin and dimethylglyoximate
complexes of cobalt(III) have been attributed to the
presence of Col'-N(imine) groups.’—%138-20 A fre-
quently occurring feature of the discussion of the
chemistry of such complexes is the contention that
electronic interaction between the cobalt center and the
highly unsaturated ligand systems is sufficiently ex-
tensive to render the cobalt(III) oxidation state
formalism inappropriate.”?® It is not altogether clear
whether such interactions are to be regarded as a
feature of the ground-state behavior of such complexes,
the stabilization of a reactive intermediate, or the
stabilization of the activated complex for ligand ex-
change. In any case systematic changes in some
features of the substitution chemistry of cobalt(I1II)
complexes would be anticipated with successively more
unsaturated ligands. In this connection, we' have
recently suggested that the extraordinarily rapid cis —
trans isomerization of Co(frans[14]diene)(OHy).*+ may
be due to a relatively long-lived?! five-coordinate inter-
mediate. A relatively long-lived five-coordinate inter-

(17) (a) M. F. Bailey and I. E. Maxwell, Chem. Commun., 908 (1966);
(b) R. R. Ryan, B. T. Kilbourn, and J. D. Dunitz, ibid., 910 (1966); (c)
B. T. Kilbourn, R. R. Ryan, and J. D. Dunitz, J. Chem. Soc., 2407 (1969).

(18) E. Bennett, Chem. Rev., 68, 573 (1963).

(19) (a) G. N. Schrauzer, Accounts Chem. Res., 1, 97 (1968); (b) G. N.
Schrauzer and R. J. Windgassen, J. Am. Chem, Soc., 88, 3738 (1966);

(20) (2) H. A. O. Hill, ]. M. Pratt, and R. J. P. Williams, Chem. Brit., B,
156 (1069); (b) R. A. Firth, H. A. O. Hill, J. M. Pratt, R. J. P. Williams,
and W. R. Jackson, Biochemisiry, 6, 2178 (1967); (c) L. Vallee and R. J. P.
Williams, Proc. Natl. Acad. Sci. U. S., 69, 408 (1868).

(21) We will arbitrarily consider a species long lived if its:lifetime is

greater than about 10-10 sec, i.e., species whose lifetimes are longer than or
equal to diffusion-controlled lifetimes of solvent cage trapped species.ab
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mediate should result in some unusual features in the
substitution chemistry of Co(trans{14]diene)Xy+ com-
plexes which seem compatible with this model.

Experimental Section

Preparation of Complexes.—The preparation and characteriza-
tion of CoMll{frans[14}diene)X. complexes are described in detail
elsewhere.l422.23  Qwing to the relatively high lability of these
complexes, the aqueous solution spectra reported previously!!
are in error. The correct absorption spectra of the complexes
employed in this study are summarized in Table I. These spec-

TasLE 1
ABSORPTION SPECTRA OF frans-Co'ILX, COMPLEXES
(25° 1x METHANOL EXCEPT AS INDICATED)

Uv bands
Amax, cm ™t X 10732

——DMetal ion bands, cm™! X 1073 %¥——
x IA IB I1

L = trans{l4]diene

OH.? 17.3(23.5) 24.2sh Masked 43.61 (1.49 X 104)
oH-? 19.2 (40)¢ 26.6 (52) e
c1-7 16.0 (46.0) 22.4sh Masked 36.6 (1.46 X 104°
43.0(1.57 X 104
CcL-v 16.0 (46.3) 22.4sh Masked 36.6 (1.5 X 104)°
43.6 (1.5 X 10%)
Br- 15.0 (64.5) 23.0sh 31.6sh 36.4 (1.9 X 10%9)°
NCS- 18.7 (472)¢ Masked ¢
L = teta
OHA* 17.7(33.8) 21.4(61.8) Masked 38.9 (4.0 X 108)
OHbY  17.8(23.5) 24.2sh Masked 39.7 (~4 X 109
19.9 (47.5)94 25.1(71.8) 40sh
cl- 15.6 (31.4)¢ 20.8(35.2) 24.6sh 38.9 (1.38 X 10%)
Br-*  14.65 (44.7) 20.0sh Masked 33.2 (1.81 X 109°¢
Br-7  14.55(44.8) 20.0sh Masked 33.8(1.5 X 104)¢
NCS- 18.1 (203)¢ Masked e
L = teth
OH: 17.0 (35) 20.0sh 31.2sh 41.5 (4 X 108)
cl- 15.6 (34)° 20.7 (36) 24.4sh 39.0 (1.4 X 104

@ Molar absorptivity in parentheses; sh = shoulder. All
Co(I11) complexes have intense (e >10%) far-uv absorban-
cies Amax >80 X 1073 em™1). b In H:O. © Wavelength used in
kinetic determinations. ¢ Maximum of the broad asymmetric

band. This band has a shoulder at ~17 X 1073 em~! ¢ Not
determined. / Isomer a (C-meso). ¢ Isomer b (C-dl). * For
the predominant (and probably most stable) isomer. * For the

isomer designated teta’. ¢ For the isomer designated teta’’.

tra are in good agreement with those reported by Curtis.!1,24.2%

The Co(teta)X,t complexes were prepared from [Co(teta)-
(OH,)2) (Cl0y)5.1%8:1¢  Aqueous solutions of the diaquo complex
were passed through a column of Dowex 1-X8 (50-100 mesh)
anion-exchange resin (chloride form). The chloride solution
washed from the resin was treated with concentrated HCI or HBr
to obtain [Co(teta)Cl;]Cl and [Co(teta)Br]Br, respectively.
To obtain [Co(teta)(SCN),]SCN, the solution recovered from the
resin was treated with an excess of NaSCN. We were unable
to use the [Cof{teta)X,]ClQ; salts in this study owing to their
lack of noticeable solubility in water. The [Co(teta)X,]X salts
were recrystallized slowly from aqueous solutions containing an
excess of the anion X'.

The preparation of the perchlorate salts of the Co(tetd)X,*
complexes is described in the literature.’®» In many of our kinetic
studies we have used [Co(teth)Cly]Cl and [Co(tetd)Br:]!Br and we
have found that these salts are most easily purified in the absence
of perchlorate. Therefore we have prepared them by adding
an excess of HX to the solutions which result from passing [Co-
(teth)Cl] ClO4 (prepared by adding IICl to [Co(tetd)COs] ClO,!3b)

(22) N. Sadasivan and J. F. Endicott, J. Am. Chem. Soc., 88, 5468 (1966).

(23) J. A. Kernohan, Dissertation, Boston University, 1969.

(24) Some of these spectra, particularly for the cyclic tetramine com-
plexes, exhibit a significant solvent dependence.® This point will be de-
veloped in greater detail elsewhere.®

(25) R. E. Ball, J. A. Kerniohan, and J. F. Endicott, in preparation.
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Figure 3.—Comparison of the fingerprint region in the in-
frared spectra of (a) [trams-Co(teta)(OHsz)](ClO4) and (b)
[trans-Co(teta’)(OHz )2} (Cl04); (Nujol mulls).
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Figure 4.—Comparison of the fingerprint region in the in-
frared spectra of (a) [trans-Co(teta)Bry)Br and (b) [frans-Co-
tete’’)Bry] Br (Nujol mulls).

dissolved in 0.1 M NaOH over an anion-exchange resin as de-
scribed above.

During the slow crystallization of [Co(teta)Bry|Br two crystal
fractions appeared which exhibited different physical properties.
The first fraction consisted of yellow-brown, square, platelike
crystals which formed about 109, of the total yield. After these
were removed, the larger, second fraction could be isolated after
about 48 hr. The first fraction (4.e., the minor constituent) is
designated [Co(teta’’)Br;}Br. These forms are interconvertible
in that addition of concentrated HBr to a solution of [Co(teta’’)-
Br,|Br dissolved in 0.1 M/ NaOH resulted only in the formation of
[Co(teta)Bro]Br. For this reason we conclude that Co(teta)Brs*
and Co(tete’’)Bry ™ are isomeric, differing only in the configura-
tion of atoms around the secondary amine nitrogen atoms. An
analogous pair of isomers of [Co(tete)(OHz),](ClO4); can be iso-
lated from the previously described!* preparation of this com-
plex. A small fraction of [Co(teta’)(OH,)](ClO4); appeared
about 1 week after the initial product fraction had been removed.
The isomer pairs in both cases showed significant differences in
their ultraviolet, infrared, and 'H nmr spectra (see Tables I and
IT and Figures 3 and 4).

Procedure for Kinetic Runs.—Absorbance changes were fol-
lowed using a 5-cm glass-jacketed (through which thermostated
water was pumped) cell and a Cary Model 14 recording spec-
trophotometer. Reactions were followed at the near-uv maxima
except for the cases of Co(tete)Cl;, Co(teta)(NCS);, and [Co-
(trans{14]diene}(NCS),] ClO,, which were followed at their visible
maxima (see TableI).

Most of the complex salts used dissolved relatively slowly in
water. In order to facilitate the mixing of solutions for kinetic
runs, the complexes were dissolved in reagent grade methanol.
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TABLE 11
COMPARISON OF IR AND NMR SpECTRA OF irans-Colll(teta)X,
ISOMER PAIRS
Chem shifts,?

~—~——Prominent ir bands*——— ppm, ‘H nmr methyl bands
YOH YNH 80N, eq a i
trans-Co(teta )(OH, )%+
3.59s,b 3.24s 1.63m,b 1.06 1.53 1.59,1.69
trans-Co(teta’)(OHy )%+
3.49s, b 3.21s 1.65m,b 1.06 1.55(uw 1.45,1.55 )

trans-Co(tete)Br,+
3.19s, sp 1.119 1.33 (W% 1.33 (w),%1.42

trans-Co(teta’')Br; +
3.39m 1.61m,b¢ 0.89¢ 1,04 (w¢
3.27m
3.21 m,sp
3.18m,sp

@ Determined in hexachlorobutadiene or Nujolmulls, Valuesin
em™ X 1073, Abbreviations: s, strong; m, medium; sp,
sharp; b, broad. " With respect to external TMS—no correc-
tions applied. The geminal methyl groups are designated eq
(““‘equatorial”’ geminal methyl; assigned as the high-field singlet),
a (“axial” geminal methyl; assigned as the low-field singlet),
and i (assigned as the doublet). Spectra determined in DO ex-
cept as indicated. Bands which were superimposed are listed
with a common chemical shift and designated “u* (unresolved).
¢ Crystals of [frans-Co(teta’’)Br;] Br generally seemed to contain
about 0.5 mol of water. ¢ Determined in DMSO-ds.

3.60 m® 1.04 (), 1.15%

Aliquots of the methanolic solutions were mixed in the spectro-
photometric cell with an aqueous solution of HCIO, and NaClO,,
ionic strength 0.11, at the reaction temperature. The aqueous
solution was injected into the cell through a syringe fitted with a
Teflon needle. Concentrations of complex and acid were such
that on dilution in the cell, the absorbance was between 1.0 and
2.0, the ionic strength was 0.1 M, and the solutions were gener-
ally about 109 in methanol (except for Co(teta)Cl; and Co-
(teth)Cl; in which [CH3OH] = 209%,). The rate constants ob-
tained in solutions of varying methanol concentrations up to 259,
were the same within experimental error (£5%). Temperature
control was within =4=0.1°,

Kinetic runs were carried out at five temperatures over a
range of 20°. Enthalpies and entropies of activation were calcu-
lated from the rate constants using the Eyring equation.?

Rates of base hydrolysis were determined spectrophotometri-
cally by observing the appearance of the hydroxochloro species
near their energy maxima in the visible spectrum. These are
5500 A for Co(teta)OHCI* and 5250 A for Co(trans[14]diene)-
OHCI*. Reactions were carried out under pseudo-first-order
conditions by mixing in a 5-cm water-jacketed spectrophotometric
cell a small amount of complex dissolved in methanol with a
buffer solution at the reaction temperature of 19.8°. The ionic
strength was 0.2. The buffers used were mixtures of 0.1 M
HNO; and 2,6-lutidine. The reactions were too fast to measure
by this technique when [OH™] exceeded the complex (2.6 X
1073 M) but were couveniently slow in buffered solutions up to pH
7.2.

Treatment of Kinetic Data.—First-order rate constants were
determined for all complexes, except Co(teta)Cly* and Co(tetd)-
Cly*, from the slope of plots of log (4; —~ A4.) vs. time (where 4,
is the measured absorbance at time ¢). Under the conditions
of our experiments (especially since it was necessary to use the
chloride salts) the aguations of Co(teta)Cl,¥ and Co(tetd)Cl*
were complicated by the reverse reactions. For these two sys-
tems, observed absorbances were converted to concentrations
and the differential rate equations appropriate to the reversible

(26) 8. Glasstone, K. J. Laidler, and H. Eyring, “The Thebry of Rate
processes,”” McGraw-Hill Book Co., Inc.,, New York, N. Y., 1961.

Macrocyeric CompLEXES OF Co(III) 1507

-1.2 o\O
-3
e}
o)
-1.4
~1.5 EX
o] 100 200 300

TIME IN SECONDS
Figure 5.—Plot of

2
‘/K—+—AU 4 oka, KAy
2 2
K+ 42 , .., K+ 4
VEEA L g, 4 Ky
vs. time. Parameters used in the calculation of v are X = 4, —
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equilibrium (1) were integrated to give (2).27:28  Values of k/K

k
CoLCL* -+ H:;O ?1: CoLOH,Cl2+ + Cl- a)
-1

\/IE_ZﬁJFKAO_K‘*z‘ﬂ_X

L In
K + Ag? ‘/K + 42 K 4+ 4
QJTJrKAD ST KA+ SR+ X
¢
R0

were obtained from the slopes of the left-hand function in (2) vs. ¢.
‘An example of such a plot is shown in Figure 5. Values of the
equilibrium constant K were determined independently from the
equilibrium studies described below.

Procedures for the Equilibrium Studies.—Acid dissociation
constants were determined (at room temperature) from the mid-
points of the buffer regions determined in the titration of acidic
solutions of the CoL({OH,):** complexes with standard NaOH.
The pH values of solutions were determined using an Instru-
mentation Laboratories Model 145 pH meter.

Complex equilibria are discussed below in terms of the stability
constants K, and K;. The Co(teta)Cl;+ and Co(teth)Clt com-

COL(OH2)23+ + X~ (—_> COLOH2X2+ + H;0 (Kz)

CoLOH; X1+ + X~ ==* CoLX,* + H:0 &y &

plexes were sufficiently inert that it was possible to separate the
complex cations from the equilibrium mixture using Dowex 50W-

X4 cation-exchange resin (acid form). The [Cl7] in the result-
ing solution was determined using Volhard’s method.?® Equilib-

(27) For Ay = [CoLCl:*]att = 0and X = [CoLCl:*] at time {; K =
ki/k-1. Note that in most of our studies the initial conditions are [Col.-
Cla*]io0 = [Cl™]¢m0.

(28) Hiitte, “Mathematische Formeln and Tafeln,” I. Szabo, Ed., Wil-
helm Ernst and Sohn, Berlin, 1959, p 107.

(29) A. L. Vogel, “Quantitative Inorganic Analysis,”” Longmans, Green
and Co., London, 1961, p 265.



1508 JorN A. KERNOHAN AND JOHN F. ENDICOTT

rium constants determined this way were in good agreement
(within 109}) with values determined using the spectroscopic
technique described below.

For the more labile complexes separation of the complex cations
could not be accomplished without changing the distribution of
species in solution. Therefore we have determined the values of
K, and K, for these complexes by deducing the distribution of
complex ions from the visible absorption spectra of equilibrated
solutions. Although the visible energy absorption bands of trans-
CollILX,; complexes are not very intense, the positions of the
band maxima are easily interpretable®® and there are generally
large predictable differences among CoLX,", CoLOH,X?*¥, and
CoL(OHg)?t. The association constants K. and K; were deter-
mined by dissolving either the dihalo or diaguo complexesin 0.1 M
perchloric or nitric acid (containing 109, methanol) and deter-
mining tlie visible spectrum at various halide concentrations
(from 1078 to 0.1 M). Since the extinction coefficients of the
aquohalo species are unknown, estimates were obtained for the
association constants from the position of the visible maxima, and
hence an estimate of the extinction coefficient at the expected
maximum of the aguohalo complex was obtained.®® Using this
initial estimate of emax an approximate value of K (or sometimes
K,) was obtained. This approximate value of K3 was then used
to calculate an estimated distribution of CoLX,™ and CoLOH,X 2+
species; from this estimated distribution of complexes a new esti-
mate of the molar absorptivity of the CoLOH.X2* species was
obtained. This iterative technigue was cycled three times or
until successive estimates of e and K; agreed to within 5%,. From
a series of at least three determinations in differing halide concen-
trations values of association constants were generally found
which differed by =£5%,. An exception is the case of Co(teta)Bry*
where the preparations of the bromide salt appear to have con-
tained varying amounts of HBr. The value of the stability
constant for this complex therefore should be regarded as rela-
tively uncertain.

Values of K; were determined at five different temperatures
over a temperature range of 20°. The temperature variation of
K, for Co(teta)(OH,)3t with chloride was determined from the
extent of reaction (as described above) at each different tempera-
ture.

Results

A, Kinetic Studies.—Our kinetic studies of the acid
and base hydrolyses of macrocyclic complexes are
summarized in Tables IIT and IV, respectively. We
have previously reported the separation and char-
acterization of two isomers of trans-Co(trans[14]-
diene)Cly*.7* It has since been shown that the isomer
which we identified as “isomer a”’ is the stable isomer.?
On this basis and by comparison with the analogous
Ni(trans{14]diene)?*+ and Cu(trans[14]diene)?t com-
plexes!! we have identified the most stable isomer with
the most symmetrical complex (z.e., “isomer a” is
probably N-meso-trans[14]diene). Hydrolysis rates are
quoted in Tables III and IV for this complex. We
have also measured the rate of the first step of acid
hydrolysis  of  trans-Co(N-dl-trans[14]diene)Cl,+.32
The rate of hydrolysis for the latter complex (25°, 0.1
M HCIO4) is 2.3 X 1072 sec™. So far we have not
prepared both of the isomers for the other trans-Co-
(trans[14]diene)X,* complexes.

B. Equilibrium Studies.—Acid dissociation con-

(30) R. A, D. Wentworth and T. 8. Piper, Inorg. Chem., 4, 709 (1965).

(31) Note that the energies and intensities at the long-wavelength absorp-
tion maxima of the Co™LX: (L = trans[14]diene, teta, tetd, cyclam, (en)s,
(N'Hs)4, etc.) complexes are very similar,

(32) Thatis, “‘isomer b.”
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TasLE III

RaTE CONSTANTS FOR THE ACID HYDROLYSES OF
trans-CoLLX,;* COMPLEXRES"

X Temp, °C [H*], M 10227 sec -1
L = trans[14]diene®
Cl 28.4 + 0.2 0.1 4,28 + 0,11 (3)
25.0 % 0.2 0.0014 3.25+0.14 (3)
0.01 3.81 4 0.08 (3)
0.05 3.19 = 0.03(3)
0.1 3.73 = 0.15(7)
0.14 3.50 £ 0.02 (2)
Avat 25° 3.56 = 0.19(16)
24.6 £ 0.2 0.1 2.47 £ 0.16 (7)e
20.3 % 0.2 0.1 1.568 4+ 0.04 (4)
14,44 0.2 0.1 0.56 = 0.02 (4)
10.4 4 0.2 0.1 0.45 =+ 0.08(3)
Br 27.8 £ 0.2 0.1 4.7+0.204)
24.6 £ 0.2 0.1 5.1+0.2(3)
23.7+0.2 0.1 3.47 = 0.04 ()
19.2 £ 0.2 0.1 1.48 &= 0.06 (4)
15.3 £0.2 0.1 0.90 =0.03(3)
9.8+0.2 0.1 0.42 = 0.02(3)
SCN 24.8+ 0.2 0.14 17.5 = 0.8(4)
L = teta
Cl 45.1+0.2 0.19 0.385 + 0.007 (3)
40.4 £+ 0.2 0.14 0.265 = 0.002 (2)
35.6%0.2 0.14 0.089 &+ 0.006 (2)
29.5+0.2 0.14 0.062 = 0.002 (2)
25,0+ 0.2 0.1¢ 0.024 = 0.002 (2)
Br 29.9+0.2 0.1 4.4+0.1(3)
24.7+0.2 0.1 3.3x0.3(5)
20.6 £ 0.2 0.1 1.9+0.1(3)
15.4 4 0.2 0.1 0.83 40,04 (4)
9.84 0.2 0.1 0.25£0.01(2)
SCN 8.6 +0.2 0.1¢ 25+ 5(2)
9.8+ 0.2 0.14 41 = 3(2)
L = teta’’
Br 25.0+0.2 0.1 3.74 = 0.07 (3)
L = tetd
Cl 25.0 £ 0.2 0.1¢ 0.021 &= 0,002 (2)

2 All kinetic studies were performed in solutions of ionic
strength 0.1 (NaClO~HCIlO;) except as indicated. ° Error
limits are average deviations. Number of determinations in
parentheses. ¢ Isomer a. 94 In 0.1 M HNO; ¢ 1In 509, meth-
anol.

TaBLE IV
Base Hyprorysis orF CoLCl,™ COMPLEXES IN
2,6-LuTIDINE-HNO3; BUFFERS

~——Coftrans[14]diene)Cle * — Co(teta)Cla¥— —
pH 1022,% sec—t pH 102%,% sec !
6.79 2,854 0.02(2) 6.80 3.64 = 0.01(2)
6.50 2,17 = 0.01 (2) 5.91 0.44 £ 0.01 (2)
5.98 1.77 4= 0.01(2) 5.65 0.078

¢ At 19.8° and ionic strength 0.25., Number of deterniina-
tions in parentheses. Error limits are average deviations.

stants determined for the macrocyclic complexes in
this study are compared to the corresponding con-
stants for several #rans-diaquocobalt(I11) complexes in
Table V. Stability constants K, and K; determined
for the various CoLH,X?* and CoLX," complexes are
reported in Table VI.
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TABLE V
Actp DissociaTioN CONSTANTS OF SOME frans-Draguo
TETRAMINE CoMPLEXES OF CoBALT(III) (25°,
VARIABLE [ONIC STRENGTH)

Complex Ref pKi pK>
Co(trans[14]diene)(OHz):* a 4.02+0.01 8.2=x0.1
Co(teta)(OHy )+ a 2.7+ 0.06 6.4=+0.05
Cofteta’)(OHs )3+ a 2.9+0.06 6.6x0.05
Co(cyclam )(OH;)* b 2.9+0.1 7.2+ 0.1
Coftrien){OHz),3 + ¢ 5.4 7.3
CO(en)g(OHz)za+ d 4.4 7.9

@ This work. ® Reference 6. ¢ A, M. Sageson and G. H.

Searle, Inorg. Chem., 6, 787 (1967). ¢ J. Bjerrum and S. E. Ras-
mussen, 4Acta Chem. Scand., 6, 1265 (1952).

TABLE VI

STABILITY CONSTANTS FOR VARIOUS frans-CoLXe™ (Ks)
AND trans-CoLOH,X2+ (K;) COMPLEXES

X Temp, °C 102K,,% M1 K3* M1
L = trans[14]diene
Cl1 250 25 4+ 2(3) 95 £+ 5(3)
Br 25° 8.0+ 0.4(3) 43 £ 2 (3)
NCS 25b 0.27 & 0.03 (3)¢
L = teta
Cl 25 13 4+ 1(3) 333 £ 25(3)d
30 312 £ 27 (2)8
36 392 & 25 (3)¢
40 372 + 19 (4)¢
45 333 £ 28 (2)¢
49 330 £ 19 (2)¢
Br 9.5 43 4= 15 (3)°
16.4 23 «+ 10 (3)¢
22 45 £ 16 (8)¢
25 1.8 0.6(3)°
27 29 £ 10 (3)°
NCs 25 0.25=£0.02(3)¢

¢ Mean value and average deviation. Number of determina-
tions in parentheses. Determined in 0.10 M HCIO4 except as
indicated. ? There was no observable change in the visible spec-
trum of the equilibrium mixture when the temperature was varied
from 20 to 45°. ¢ Preparations of {Co(teta)Br;]Br often con-
tained some HBr. This resulted in considerable indeterminacy
in [Br~] in solutions dilute in added bromide. In solutions of
high [Br~] (up to 0.1 M) this error was negligible. The average
deviations of values of K; and K3 determined for solutions con-
taining between 0 and 0.1 M added bromide were about one-
third of the deviations listed. Listed deviations take account
of the maximum indeterminacy in [Br~] in the more dilute
solutions. ¢ Determined in 0.1 M HNO;s.

Discussion

A. Base Hydrolysis.—It appears that the cyclic
tetramine complexes are among the most sensitive to
base hydrolysis of all cobalt(III) complexes (Table
VII). This is consistent with the hypothesis that the
SN1CB mechanism for base hydrolysis involves loss of
a proton from an amine cis to the leaving group.??

As noted in Table V the hydroxyaquocobalt(III)
complexes are exceptionally stable. If a similar high
stability obtains for the corresponding chlorohydroxy
complexes and in view of the apparently general
correlation between the free energy of activation and
the free energy of reaction, then similar mechanistic
considerations should be important for both acid and
base hydrolysis (or at least with respect to variations

(33) F. R. Nordmeyer, Inorg. Chem., 8, 2780 (1969).
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TaABLE VII
RaTeE CoNsTANTS FOR BASE HYDROLYSIS AT 25°

Complex kOH ™, M "1sec™! kOH ~/kH:20
trans-Co(teta)Cla ™ 5.7 X 108 3.1 X 10°¢
trans-Co(trans{14]diene)Cly + 2.17 X 108 1.4 % 107a
trans-Co(cyclam)Cly ™ 6.70 X 104 6.0 X 10w10°?
trans-Co(en),Cly + 2.30 X 108 3.7 X 107 ¢
trans-Cofen);Cly+ 3.00 X 108 9.0 X 107 ¢
ci5-Co(en),Cly + 1.00 X 103 4.0 X 108 ¢
cis-Co(trien)Cly* 2.00 X 108 1.3 X 108 ¢

@ This work was done at 19.8°. Known E, values for base
hydrolysis all lie between 22.5 and 24.9 kcal/mol: 8. C. Chan
and M. L. Tobe, J. Chem. Soc., 4531 (1962); 564 (1963). The
same kind of range has been found for activation energies of the
acid hydrolysis of the macrocyclic complexes. Thus the ratio
kor-/km0 is unlikely to have been greatly affected by tempera-
ture. ? Reference 6. Work done at 25°. ¢R. G. Pearson,
R. E. Meeker, and F. Basolo, J. Am. Chem. Soc., 78, 709 (1956).
Work done at 25°,

of kom-/km). Therefore the unique mechanistic
problems of ligand exchange in cobalt(III) complexes
with cyclic ligands are discussed in detail only for the
acid hydrolysis. Many of the considerations below
should also be applicable to base hydrolysis.

B. Acid Hydrolysis.—There are two striking fea-
tures of the aquation kinetics of the trans-Co(trans-
[14]diene)X,* complexes: the complexes are relatively
labile and the rates of aquation are not very sensitive
to changing the ligand X. Several related systems are
compared in Table VIII. The two orders of magnitude

TABLE VIII

COMPARISON OF SPECIFIC RATE CONSTANTS
FOR THE FIRST AQUATION (25°)

k1
trans-CoLX,y+ + H,0 ? CoLXOH, 2+ 4+ X~
~1
k-1 = Kk,
L X M1 gec™1¢ k1, sec—l Ref
teta Cl1 0.087£0.02 2.6 X10™* b
Br 1.24+0.5 3.8 X102 b
NCS 1.54+0.8 6 = 3°¢ b
teta’’ Br 3.8X 107t b
tetd Cl1 2.1 X10™¢% b
N-meso-trans{14]diene Cl 3.4x0.5 3.6 1072 b
Br 2.2+0.4 5.1 X107 b
NCS 0.05+0.02 0.18 b
N-dl-trans[14]diene Cl1 2.3X 1072 b
cyclam Cl 1.1 10~ d
NCS “Very fast” d
(en): Cl 3.5X 105 e
trans-(S.S)-trien Cl1 7.5 X 107+ f

e Error limits estimated from errors in K; and k; (Tables VII
and III). ® This work. Estimated errors in values of ki are
<109% (see Table III), except as noted. ¢ Extrapolated from
data in Table III assuming 25 kcal < E, < 80 kcal. ¢ Reference
6. ¢R. G. Pearson, C. R. Boston, and F. Basolo, .J. Am. Chem.
Soc., 75, 3089 (1953). / D. A. Buckingham, L. G. Marzilli,
and A. M. Sargeson, tbid., 89, 825 (1967).

faster rate for trans-Co(teta)Cl,* than for trans-
Co(cyclam)Cl,™ may well arise from steric crowding
due at the least to the geminal methyl groups in the
former. The similarity in rates for complexes with the
isomerically related ligands tetas, teta’’, and tetd
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suggests that the differences in stereochemistry?® in
these systems are not large enough to change the
magnitude of the interaction between ligand methyl
groups and the fifth and sixth coordination positions.
In the absence of specific structural information (but
based on examination of molecular models) we would
guess that the azomethyne groups of the trans[14 |diene
ligand would hold the six-membered chelate rings of
this macroligand relatively flatter than the six-mem-
bered rings of the related tetramines; 7.e., steric inter-
actions (in six-coordinate complexes) might be expected
to be somewhat less for the former (see also discussion
below). This argument is certainly consistent with
the observed insensitivity of the aquation rates to the
ligands X for the trams-Co(trans[l4]diene)X,* com-
plexes (e.g., see Figure 6) compared to the much larger

nl
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Figure 6.—Five-coordinate geometries, A is derived from
trans-CoLX,t, B is derived from ¢is-CoLX: T, and C is the trigo-
nal-bipyramidal intermediate.

variation of aquation rates of the Co(tete)X,* com-
plexes. Thus it seems unlikely that the relatively high
lability of frans-Co(trans[14]diene)Cl,* arises from
anomalously large steric interactions in this complex.
In fact, frans-Co(teta)Clt is only about 3 times as
stable as frans-Co(frans[14]diene)Cly+ while the latter
is about 10? times more labile than the former. These
observations are certainly consistent with the hypothe-
sis that the Co™-N(imine) groups tend to labilize the
complex; however, this comparison is not so straight-
forward for other systems suggesting that several factors
may contribute significantly. In order to more
critically assess the chemical manifestations of Co-
N(imine) bonding, a detailed mechanistic analysis
follows below.

1. Generality of the Relationship between Hydroly-
sis Rates and Equilibria.—For the complexes investi-
gated in this study the rate of acid hydrolysis or more
correctly values of AG* seem to parallel variations in the

(34) It should be recalled that the stereochemistry of the teta and teth
ligands is sufficiently different that ¢is-Co ™l (tetd)Xs complexes form easily

if X2 is a bidentate chelate while the analogous cis-Com(tet(;)Xz complexes
do not seem to form,
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standard free energies of reaction (Figure 7). How-
ever, no single free energy correlation of the type (4)

AG:’:Ciyxk = aCi,XkAGOCi,Xk + Beixu (4)

(where « and f are empirical parameters and the
subscripts C; and X, refer to the 7th cationic residue
and the %th anionic leaving group, respectively) can
relate hydrolyses of all cobalt(III) complexes, even
for complexes of the same charge type. Since the
systems compared here differ in many ways this point

LOG K, /
Ones

Br
X7

X210 ar
=0 /

oél
50 +Cl /
oF
-8.0
eNCS
-20 00 2.0
—LOG Ky

Figure 7.—Variations of hydrolysis rate with complex in-
stability (after Langford®). The upper lines represent data from
this study: X, trans-Co(trans[l4]diene)X,*; O, trans-Co-
(tete)Xe+; @, irans-Co(teth)Cly*. Data for trans-Co(eyclam)-
Cle*, +, and for Co(NH;);X2+, @, are included for comparison.
The leaving group, X, is indicated in the figure.

must be considered with some care. The simple
correlation proposed by Langford?®:% for the special
case of hydrolyses of cobalt(III) complexes in which
the metal ion residue is the same (¢.e., Co(NH,);3t) is
equivalent to the statement that ac x, = acx; = 1.0 and
Be,x, = Be.x, forany Band /. The present information
about the first hydrolysis of frans-CoLCl* complexes
(in which case the leaving group is the same but the
metal ion residue differs in each case) indicates that for
the specific case of Cl~ the a parameters are relatively
small¥” (e, ac;,x = 0 = ac;x) and that Sc,x #
Bc;x, yet our observation that for hydrolysis of
trans-CoLX,T complexes a relation such as (4) is at
least approximately true provided L is not varied
suggests that in these systems ac,x; ™~ ac,x, (constant
L) and that the difference (8¢, x, — Bc,x;) depends only

(85) C. H. Langford. Inorg. Chem., 4, 265 (1965).

(36) C. H. Langford and H. B. Gray, ‘‘Ligand Substitution Processes,”
W. A. Benjamin, Inc., New York, N. VY., 1965.

(37) Note that the values of the stability constants of frans-CoLCla*
complexes vary over about a 20-fold range (Table IX) in the order Co-
(teta)Clet > Coltrans[l4]ldiene)Cl:™ > Co(cyclam)Cle®, while the first
hydrolysis specific rates vary over a range of 3 X 104 (Table VIII) in
the order Co(trans[14]diene)Cla* > Co(teta)Clat > Co(cyclam)Clst. Note
that subscripts on C; and X have been dropped when the species desig-
nated are identical.
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on the ligand L. These several observations are
consistent with (4) if Bc;x, depends largely on the
ligands L (which are ‘“‘cis”’ to the leaving group in all of
the cases considered here) and if ac; x, is also a function
of the cationic residue, varying with the ligands L.
It is to be noted « has been shown to vary as the metal
‘on in the cationic residue is changed®:% so these con-
clusions are not too surprising. Furthermore, AH*
is generally much greater (by more than 20 kcal)
than AH®, so values of « and § are either temperature
dependent or a =~ AS*/AS® and 8 ~ AH (for a given
family of complexes). An entropy correlation such as
this has been found in other systems.3®

It may be concluded then that the available in-
formation supports a linear free energy correlation
suchas (4) in the hydrolysis of metal complexes. How-
ever, both the parameters a and 8 appear to depend on
the ligands in the cationic residue and there are striking
differences in these parameters for the aquations of
complexes of the trans-Co(teta)X,* series and the
trans-Co(trans[14 ]diene)X,* series. It is a major
concern of this study to gain insight into the reasons
for such differences in behavior.

2. Intermediate Stereochemistry and AS*.—An
interesting feature of Table IX is that AS* for the acid

TasLE IX
KINETIC AND THERMODYNAMIC PARAMETERS FOR
trans-CoLX,t + H,O0 == CoLOH, X2+ + X~

104k, AHF, AS¥F, K32 AH®,
L X sec! kcal eu M1 kcal
teta cl 2.65 27.4x05 16.9 333 —0.8+1
Br 385 22 £ 1 7.7+ 2 ~30 ~0b
trans[14]diene Cl 362 23.2+£0.5 12.3=+1 95 0= 2¢
Br 510 23.5+1 13.7x2 43 0 2°
cyclam Cl 0.011 24.6 —3 59
en cl 0.35 26.2 14

@ Values determined at 25°. ° Indeterminacy of Kj prohibits
accurate estimate. ¢ Estimate based on lack of temperature
variations of the visible spectra of equilibrated solution. See
Table VII.

hydrolysis of a trans-CoLX,* complex can be very
positive even when L is a cyclic ligand. It is of par-
ticular interest that AS* should be so positive for the
studies reported here since steric considerations would
predict enhancement of a dissociative mechanism for
complexes containing the Curtis ligands and since there
are no stereochemical changes associated with these
reactions. %

In a recent study Alexander and Hamilton*

(38) Values of « less than 1.0 in such correlations have previously been
found for Cr(III).

(39) T. W. Swaddle and G. Guastalla, Inorg. Chem., T, 1915 (1968).

(40) It is to be noted that cis-CoIH(teta)Lz complexes do not form even
when Lz is a particularly good chelating ligand (e.g., COs2~, en, C2042 7, etc.)
while ¢is-Colll (tetd) L2 complexes form readily. Thisis a clear manifesta-
tion of a very large steric barrier to the folding of the coordinated teta ligand.
It should further be observed that the hydrolysis rates are comparable in the
trans-Colll (teta)X2and trans-Colll (tetdh)X:2 complexes. Finally it should be
recalled that while ¢is-Co(trans[14]diene) (OHz)28 " is known only as a very
short-lived transient, cfs-Co(tetd) (OHz):8 + is kinetically stable to isomeriza-
tion.16 Thus the referee’s suggestion that the large positive values of AST
which we observed imply the formation of ¢is-CoLOH:X2+ complexes which
isomerize rapidly to the final products is unnecessarily complicated and in-
consistent with the known chemistry of the complexes and parameters in
Tables VIII and IX (especially with the similar AH¥ values).

(41) M. D. Alexander and H. G. Hamilton, Jr., Inorg. Chem., 8, 2131
(1969).
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have reported systems in which hydrolytic reactions
accompanied by stereochemical change exhibit negative
values of AS¥. It must be concluded that the entropy
correlation proposed by Tobe# has only limited validity.

A more careful consideration of mechanistic details
taking account of the constraints imposed by the
cyclic ligand systems leads us to conclude that net
stereochemical changes observed in ligand substitution
reactions are not necessarily useful criteria for the
stereochemistry of any reaction intermediates. In
the limit of a dissociative mechanism, generating a
five-coordinate intermediate, there seem to be three
reasonable intermediate geometries: two based on a
square pyramid (A and B in Figure 6) and one based
on a trigonal bipyramid.*> These structures are
drawn in Figure 6 to emphasize their similarity and the
fact that C is intermediate between A and B. It has
been pointed out that these five-coordinate geometries
are so closely related that they may be interconverted
by means of a normal vibrational mode*® and their
interconversion may be facile.#* In the complexes
containing the Curtis ligands much of the instability
of the cis geometry appears to arise from steric re-
pulsions between the ligand methyl groups when the
macro rings are folded; a similar instability of B with
respect to A is to be expected. Furthermore, there is
no obvious reason that C cannot be more stable than
B for these cyclic complexes since some of the ligand
(X)-methyl and methyl-methyl steric repulsion could
be relieved in such a geometry.

If one postulates a dissociative mechanism for ligand
exchange in these macrocyclic complexes and if this
mechanism is to be consistent with any stereochemical
changes which accompany the exchange of ligands, then
the portion of the reaction accompanied by stereo-
chemical change must follow the sequence:*® irans-
CoLXy;* = A - C = B — cis-CoLXOH,2*+. Even
if the trigonal-bipyramidal geometry were the most
stable for the complexes being considered here, no
stereochemical change would be expected on ligand
exchange due to the relative instability of B and of the
cis-CoLX,* complexes.

The above considerations should have some general
relevance to mechanistic arguments about simpler

(42) The cyclic ligands used in this study each have two different kinds of
nitrogen atoms and therefore structure B can be realized in two geometrically
different isomers. It is not obvious that these isomers would necessarily
differ in their stabilities nor that their existence would in any way affect the
present discussion. Structure B should be subject to steric constraints
similar to those of the corresponding ¢is complexes and there are probably
significant differences in stability for different conformations around the
nitrogen atoms.!! At this point these differences in energy are not com-
pletely obvious and the following discussion is not dependent upon such
differences since the most stable ¢is isomers appear to be much less stable
than any of the ¢rans isomers. It does appear that there is only one trig-
onal bipyramid (apart from the diasterecisomers arising due to the asym-
metric nitrogen atoms). The cyclic ligands cannot have a single chelate
ring lying in the trigonal plane, The trigonal geometry with two of the
chelate rings in the trigonal plane is highly strained. The trigonal angle
of 120° seems to stress a five-membered chelate ring even without the addi-
tional constraints of cyclic ligands or the problems of packing in six methyl
groups.

(43) R.S. Berry, J. Chem. Phys., 82, 933 (1970).

(44) E. L. Muetterties and R. A. Schunn, Quarf. Rev. (London), 20, 245
(1966).

(45) This assumes that the mechanism for ligand exchange proceeds
through the same sequence of intermediates for c¢is-CoLXOH:X2+ 4 X~
— trans-CoLX2"™ 4+ OHzas for its reverse.
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systems. Values of AS* may be useful in comparisons
of very closely related families of complexes, as in
the limited comparisons of Niththyananthan and
Tobe,* and the relatively positive values of AS*
found in the present study may imply a relaxation of
steric constraints in a dissociative activated complex
for these cyclic ligand systems, with the overall ener-
getics of the substitution reactions dictating the stereo-
chemistry of the product. The correlation of the rate
of hydrolysis with the free energy of reaction (see
above discussion) for cobalt(I1II) complexes tends to
support the hypothesis that the amount of stereo-
chemical change should be strongly correlated to the
relative stabilities of c¢is and frans products.¥” Un-
fortunately the available information is not sufficient
to determine whether stereochemical changes accom-
pany ligand exchange only in systems where such
change is thermodynamically favorable.

3. DPossible Effects of Intermediate Lifetimes.—
In order to account for the very rapid isomerization of
cis-Co(trans[14]diene) (OH,)®* we have previously
postulated that the Co!''-N(imine) groups help in-
crease the lifetime of a five-coordinate intermediate
species.’® There have been several qualitative dis-
cussions of the expected effects of intermediate life-
times,?-46.48.40  Ag noted above there are several
possible five-coordinate intermediates in a limiting
dissociative mechanism. These might be expected to
vary in their lifetimes as well as in their relative
stabilities. Furthermore, the observations (1) that
with some highly unsaturated ligand systems five-
coordinate complexes of cobalt(I1I) appear to exist in
equilibrium with six-coordinate complexes,® (2) that
scavanging efficiencies and the per cent of stereo-
chemical change vary for different induced and spon-
taneous aquations,® and (3) that limiting dissociative
intermediates are implied by the ligand-exchange
reactions in many systems?79:4549 have led us to
examine whether some of the usual patterns of
substitution reactions which have been observed in this
study might arise from the generation of intermediates
with different lifetimes. A five-coordinate species
with long enough lifetime for the displaced ligand X
to diffuse into the bulk solvent should have kinetic
characteristics different from shorter lived species for
which X remains in the second coordination sphere.
Treatment of a model involving more than one inter-
mediate is too complex for this discussion. However,
the model discussed below does exhibit several features
which are instructive and should also be characteristic
of more complex models.

Consider the case of a purely dissociative mecha-
nism for a complex CoLX,*, with the formation of
first an intermediate CoLX?*+ X~- with X~ in the

(46) R. Niththyananthan and M. L, Tobe, Inorg. Chem., 8, 1598 (1969).

(47) This argument does not imply that the same products chould be ob-
served in the hydrolysis of ¢is-CoLX:* and trans-CoLX:"% complexes since
there can be an activation barrier for the conversion of one five-coordinate
intermediate into another. The distribution of intermediates cannot be
statistical unless these activation barriers are negligible.

(48) A. Haim and W. K. Wilmarth, Inorg. Chem., 1, 573 (1962).

(49) J. Halpern, R, A, Palmer, and L, M. Blalzly, J, Am. Chem. Soc., 88,
2877 (1966).
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second coordination sphere, followed by the loss of X~
to the bulk solvent leaving the five-coordinate inter-
mediate CoLX?*™ which finally reacts with solvent to

form the product CoLXOH,** (eq 5-7). Furthermore
k

CoLX,* —“;_ CoLX2+X - (5)

B

ks
CoLX?2+ X~ —= CoLX2t 4 X~ (6)

ks

k

CoLX?* + H,0 === CoLXOH,?+ @)

ke

if we assume that the concentration conditions are such
that reverse of (6) is negligible, then these reactions
can be treated as consecutive first-order reactions.®
For ks << k-3, k¢ the characteristic set of rate con-
stants for these reactions is \; = k—g + k7, Ao =~ k5 +
ke, and Ny =~ ksky/(k~5 + ks). Since \; is the smallest of
these, this will correspond to the measured “‘hydrolysis”
rate constant. The limiting cases are then X3 o~
ksks/b—5; = Kiks for relatively short-lived species
(ks < k-5) and Ny =~ k; for relatively long-lived
intermediates (ks > k—5). For the #rans-CoLX,+
complexes which are the subject of this study,®! it is
to be expected that reactions 5 and 7 depend on X,
Thus any relationship between \; and Kq is expected
to depend on X~ differently for long-lived than for
short-lived intermediates. Both A\; and K; are ex-
pected to be more dependent on X— for short-lived
five-coordinate intermediates than for very long-lived
intermediates. This would be consistent with our
observations and the hypothesis that lifetimes of the
Co(teta) X2+ species are generally much shorter than
the lifetimes of Co(trans[14]diene)X?+ species.

Finally our observation that the hydrolysis of
trans-Co(trans[14]diene)Cly* is much more rapid than
the hydrolysis of trans-Co(teta)CleT is consistent with a
relatively shorter lived intermediate in the latter
reaction since this simplified model predicts that s
(with ks << k—5) should generally be less than X,
(with ke > k—;3), other factors (i.e., ks) being approx-
imately equal.

Concluding Remarks

There are probably several mechanistic models
which could adequately account for the data presented
in this paper. However, the dissociative model, in
which the five-coordinate intermediates have varying
stabilities and lifetimes, does permit us to relate these
data to observations on different cobalt(I1I) systems.
In particular it appears that the observed hydrolysis
rates for several systems are compatible with such a
model if Co'™-N(imine) groups increase the lifetime of a
five-coordinate intermediate. Within the context of
this model the #rans-Co(trans[14]diene)X,* complexes
do exhibit chemical behavior between that expected
for simple amine complexes and that expected for
cobalt(III) complexes with highly unsaturated lig-
ands.”—9.%

(50) S. W. Benson, “The Foundations of Chemical Kinetics,”” McGraw-
Hill Book Co., Inc., New York, N. Y., 1960.

(51) Note that for pentaammine complexes (7) is independent of X~ and
(6) is probably not very dependent on X ~ (provided charge types are simi-
lar).



