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prefers to distort tetragonally, while the Co(III) center
in the reaction®
Cr?* + trans-Co(en)NH,CI2* 4+ 5H* = CrCl2+ +
Co?+ + NH.* + 2enH,**

prefers to distort toward a square-based pyramid.?

The data in Table VI concerning the two Cr(II)-
catalyzed aquations of chlorochromium(I1I) complexes
illustrate the decreased sensitivity to nonbridging lig-
ands that is observed in this system. A further ex-
ample of this phenomenon is illustrated in Figure 1
where a plot of the logarithm of the rate of Fe(II) re-
duction of chlorocobalt(III) complexes against the log-
arithm of the Cr(II)-catalyzed aquation of chloro-

Inorganic Chemistry

chromium(III) complexes is to be found.’ 2 The ob-
served slope, 0.45, shows that the Cr(II)-catalyzed
aquation, the mechanism of which is electron transfer
in nature,® is less than half as sensitive to a change in
nonbridging ligands than is the Fe(1I) reduction of the
chlorocobalt(I1T) complexes.
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The cis to trans isomerization of c4s-Co(eyclam)Cly ™ (cyclam = 1,4,8 11-tetraazacyclotetradecane) has been shown to go by

way of the labile czs-Co{cyclam)(OH)H,O?* cation.

The isomerization of this species is accompanied by exchange of two

of the four amine protons and it is assumed that this exchange leads to the inversion of the configurations of the nitrogen
atoms concerned. The kinetics of the exchange of the amine protons of frans-Co(cyclam)(Hy0),® T and trans-Colcyclam)-

(OH)H,0?* have been examined as a function of pH.

It is proposed that the facile hydrogen exchange and isomerization of

these hydroxoaquo complexes is a consequence of an intramolecular proton transfer from nitrogen to oxygen and that this
process allows the otherwise unfavored exchange with inversion of configuration to take place.

Introduction

The substitution reactions of the cobalt(I1T) com-
plexes of 1,4,811-tetraazacyclotetradecane (cyclam)
have been shown to proceed with complete retention of
configuration.!=% In part X! we reported that a solu-
tion, originally containing cis-[{Co(cyclam)CL]Cl in
0.01 M hydrochloric acid, underwent three spectro-
photometrically distinct changes, the first two of which
could be identified as successive stereoretentive sol-
volytic displacements of the coordinated chlorine, 7.e.
cts-Co(eyclam)Cly+ + H;O — ¢is-Co(cyclam )(C1)H,0+ + Cl1—

(1)
cis-Co(cyclam)(ClYH, 0%+ + H,0 =
cis-Co(cyclam)(H,0),3+ + CI— (2)

The third process, which was very slow under these
conditions, was a cts to trams change since the final
spectrum was identical with that of a mixture of frans-
Co(cyclam)Clyt and  trans-Co(cyclam)(H,O)C12+  at
equilibrium under identical conditions.?

It was thought that the main cause of the stereo-

(1} C. K. Poonand M. L., Tobe, J. Chem. Soc., A, 1549 (1968).
(2) B. Bosnich, C. K. Poon, and M. L. Tobe, Inorg. Chem., 4, 1102 (1965).
(3) C. K. Poon and M, L. Tobe, J, Chem. Soc., A, 2069 (1967).

retentive behavior of these complexes was the restriction
placed upon the configuration that could be adopted
by the secondary nitrogen atoms? and that stereo-
chemical change would require concomitant inversion
of the configuration of certain of the nitrogen atoms.
Since the most likely path for such an inversion is
through the exchange of the amine protons, this paper
sets out to examine the isomerization, to identify the
reaction path, or paths, and to study the relationship
between proton exchange and inversion.

Experimental Section

The preparation, properties, and analyses of the complexes
used in this work have been reported elsewhere.! All other re-
agents were of AnalaR grade when available or else of reagent
grade. D)0 (99.79%) was obtained from Norsk Hydro, and
DCIl was obtained as a 209, solution in D,0 (999, D) from E.
Merck, A.G., and was diluted as necessary with D;O. Small
quantities of DCIO4 in DyO were prepared by adding AR per-
chloric acid (72%,) to DyO and then evaporating this solution to
small bulk in vacuo over P;Os. A fresh sample of D;O was then
added and the process was repeated. Noninterfering buffers
have been described elsewhere.?

The isomerization reactions were followed spectrophoto-
metrically by techniques depending upon the rate of the reaction.
For the very slow reactions (17, > 6 hr) the reaction solution was
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made up at room temperature and aliquots of approximately
12 ml were sealed into Pyrex tubes which were then placed simul-
taneously into the thermostat. Tubes were withdrawn and
cooled at known times and the contents were transferred to 4-cm
silica spectrophotometric cells. Unicam SP 700 or SP 800 or Cary
14 spectrophotometers were used, as convenient, when a range
of wavelength had to be scanned. Single wavelength measure-
ments were made with a Unicam SP 500 spectrophotometer.
Reactions having half-lives between 30 min and 6 hr were studied
by dissolving a known weight of complex in a known weight of
reaction solution previously brought to the reaction temperature.
Samples were withdrawn at known times by pipet and frozen
to stop the reaction. Measurements were made as above.
For half-lives between 5 and 30 min the reaction mixture,
prepared as above, was transferred to a thermostated spectro-
photometric cell and the reaction was followed in situ, either at a
fixed wavelength or by a periodic scanning of the appropriate
part of the spectrum. For the reactions whose half-lives were
between 10 sec and 5 min the reaction was started in the spectro-
photometric cell and followed with the spectrophotometer locked
at one wavelength and the chart moving at a constant, known
rate. Reactions of half-life less than 1 sec were followed with
a stopped-flow, fast-mixing apparatus in which the reagents,
separately brought to the reaction temperature, were simul-
taneously injected into a Teflon mixing chamber from which
they entered the silica observation cell. The flow was stopped
when the driving block attached to the syringe pistons hit a
‘‘stop,’”’ and the subsequent change in the transmission of the
solution in the observation chamber was measured by a photon
multiplier, displayed on an oscilloscope and recorded on high-
speed Polaroid film.

Infrared spectra of Nujol or hexachlorobutadiene mulls
between KBr disks were measured with a Perkin-Elmer 337 IR
spectrometer. The aqueous solution spectra in the region 1.4-
1.8 u were measured with a Cary 14 spectrophotometer, the
solutions being in thermostated silica cells.

The pH of the buffer solutions was measured with a Cambridge
pH meter and a glass electrode. The titrimetric pH determina-
tion of the acid dissociation constants of the aquo complexes was
carried out with an automatic-recording ABU 16 Radiometer.

Results

(1) Kinetics of Isomerization in the Presence of
Chloride Jons.—In this set of experiments the asso-
ciated aquation and anation processes were fast com-
pared to the slow isomerization and so the rate of change
of optical density was a direct measure of the rate of
cis to frams isomerization. The change followed a
first-order rate law and the rate constant, k.,sq, was ob-
tained from the slope of the plot of log (D, — D.)
against time, where D, and D., are the optical densi-
ties at 530 mu at time ¢ and at the end of the reaction,
respectively. The complex was provided as cis-[Co-
(cyclam)Cl1;]Cl and dissolved in the appropriate amount
of solvent previously brought to the reaction tempera-
ture. Any additional chloride was provided as sodium
chloride solution and added after all the complex had
dissolved. Sufficient time was allowed for the first
two stages to finish before any measurements were
made. The rate of isomerization was studied as a
function of chloride concentration and the results are
collected in Table 1. ) )

(2) Kinetics of Isomerization in the Absence of
Coordinating Anions.—Although it is possible to
prepare crystalline cis-[Co(cyclam)(H,0)s](ClO4)s,! it
was more convenient to generate the material in solu-
tion whenever it was required. By taking advantage
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TABLE I

OBSERVED FIRST-ORDER RATE CONSTANTS FOR THE c¢is TO [rans
ISOMERIZATION IN THE PRESENCE OF EXCESS CHLORIDE AT
60.5° AND 0.01 M/ Acip

[Complex], Ionic strength,
mM M [Ci-], M 10%kobsd, sec ™t
1.6 0.51 0.021 5.3
1.1 0.09 0.081 3.2¢
1.2 0.51 0.111 2.7
0.82 0.21 0.210 1.9
1.2 0.31 0.301 1.5e
0.80 0.51 0.411 1.2
1.5 0.51 0.511 0.98
0.65 0.51 0.511 0.96
1.2 1.01 1.01 0.52

¢ Acid provided as HNO;; otherwise HCI was used.

of the fact that both steps of the base hydrolysis of the
cis-dichloro cation take place with complete retention
of configuration,! it was possible to make an aqueous
solution of ¢is-[Co(cyclam)(OH):]JOH by passing a
solution of a known amount of c¢is-[Co(cyclam)Cl;]Cl
down a column of a strong anion-exchange resin in the
hydroxide form. The effluent was then added to the
appropriate buffer solution and the isomerization fol-
lowed spectrophotometrically at 520 my at 25°. The
change in optical density followed a first-order rate
law and the first-order rate constant, kopsq, was de-
termined in the usual way. The dependence of rate
constant upon pH is shown in Figure 1 where it will be
seen that the rate is at a maximum at pH 6.8.
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Figure 1.—Log kobea for the isomerization of c¢is-Co(cyclam)-
(H20),2* and its conjugate bases: O, in the absence of chloride
ions (u = 0.05 M); @, in the presence of chloride ions (u = [CI~]
= 0.202 M), at 25.0°. The drawn curve is calculated from con-
stants given in the text.

In order to determine the contribution made to the
pH dependence by the acid-base equilibria of the di-
aquo and hydroxeaquo complexes, the appropriate
pK. values were determined. A titrimetric method
was used, but, since the isomerization is rapid in the
intermediate pH region, it was necessary to obtain the
first pK, by titrating a freshly prepared solution of
cts-Co(cyclam) (H:0),*+ with standard alkali and the
second pK, by titrating a solution of ¢is-Co(cyclam)-
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(OH),* with standard acid. The determination of the
pK. values for the corresponding trans isomer was made
in the same way and, since the interference from isom-
erization is no longer present, a slower spectrophoto-
metric method was also used. The results are col-
lected in Table II.

TaBLE II

pK. VALUES FOR ¢is- AND trans-Co(cyclam)(H,0)3 T IN AQUEOUS
SoLuTtiON AT 25° Axp Ionic STrRENGTH 0.5 M (NaClOs)

pKa(l) pKa(2)
trans-Co(cyclam)(H,0 )3+ 2.9%+0.1 7.2 x£0.1
2.82¢ 7.22¢
cis-Co{cyclam ) (H,0 )p? + 4.9 +0.2 8.0=x0.2

¢ Spectrophotometric determination.

(3) Anation of ¢is-Co(cyclam)(OH)H,0%* by Thio-
cyanate.—The process
¢15-Co(cyclam)(H;O)OH?*+ 4+ SCN—~ —>

cis-Coleyclam)(OH)NCS+ + H,0

was fast and could only be followed by a stopped-flow
technique. Equal volumes of a solution containing the
buffer 2,6-dimethylpyridine—perchloric acid and the
sodium thiocyanate and one containing ¢zs-[Co(cyclam)-
(OH);]OH were independently brought to the reaction
temperature and then injected into the mixing chamber
of the apparatus. The anation was followed spectropho-
tometrically at 400 mu. The pH of the reaction mixture
(6.90) was determined independently. At this pH 929,
of the complex is present in the form of the hydrozoaguo
cation. The rate constants are reported in Table ITI.

TaBLE III

PsEUDO-FIRST-ORDER RATE CONSTANTS FOR THE ANATION OF
¢is-Co(cyclam)(OH)H,02+ By THIOCYANATE IN
2 6-DIMETHYLPYRIDINE—PERCHLORIC ACID BUFFER (pH 6.90)
AT 25.0°, Ionic STrRENGTH 1.0 M, anp [Complex] = 0.01 M

—— e [NCS -], M—————
0.50 0.70 0.92
Robsd, sec! 0.63 .78 1.0

(4) The Relationship between Proton Exchange
and Isomerization.—Preliminary studies by infrared
and nmr analyses of the solutions of ¢is-Co(cyclam)-
(H;0):3* in moderate or weakly acidic DO showed that
isomerization and exchange took place at similar rates
and that the frans product exchanged its protons read-
ily. In order to fix and examine the frans product at
early stages of the reaction, the following procedure
was adopted. Samples of c¢is- and frans-[Co(cyclam)-
(H20),](ClOy); were separately dissolved in two identical
solutions of DCl and NaCl in D,0 such that the final
pH* was 2.65 and the chloride concentration was 0.5 M.
The two solutions were placed in thin-walled test tubes
which were then immersed in a water bath (96°) for 1
min and then cooled rapidly in ice. A separate ex-
periment showed that, under these conditions, the
temperature of the solutions rose to 60° and that ap-
proximately 109, of the cis complex had isomerized to
the trans form. It was also shown that all of the trans

(4) No attempt was made to measure pD. The figure given is the direct
reading from a pH meter used in conjunction with a glass electrode.
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complex was rapidly converted to the dichloro form
and most of the cis complex to the chloroaquo form.
Solid sodium perchlorate was added to the cooled re-
action mixture and the trans-Co(cyclam)Cl,™ cation
separated quantitatively as its insoluble perchlorate.
The cis-Co(cyelam) (C1)H,0?+ which remained in solu-
tion when the trans complex was filtered off was then
precipitated as its insoluble tetraphenylborate. FEach
complex was carefully dried and the infrared spectrum
of its Nujol mull was measured. The absorption
spectra in the region 3400-2000 em~*, where the N-H
and N-D stretching bands are found, are shown in
Figure 2, together with a control in which HCland H,O
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Figure 2. —Infrared spectra of Nujol mulls of ¢is-[Co(cyclam)-
(H,O)Cl] [B(CeHs)alz and trams-[Colcyclam)ClL|ClOs:  (a) un-
deuterated cis isolated from the reaction cis-[Co(cyclam ) (H0):]-
(Cl04); 4+ Cl7 in Hy0; (b) undeuterated irans isolated from the
reaction frans-{Co(cyclam)(Hx0)](ClOs); + Cl7 in HO; (c)
trans from the reaction trans-Co(cyclam)(HyO )%t + Cl~ in D,O
at pH* 2.65 (isolated after 1 min at 60°, [C1~] = 0.5 M); (d) cis
from the reaction cis-Co{cyclam)(H:0).*~ + Cl~ in D,O at pH
2.65 (isolated after 1 min at 60°, [C1™] = 0.5 M); (e) trans formed
from the cis diaguo complex in (d).

were used. Inspection of these spectra show that,
whereas there is very little exchange in the recovered,
unreacted cis complex, the trans material obtained by
isomerization of the css substrate is extensively but not
completely deuterated. Thus it must be concluded
that the proton exchange occurred either during or else
after the act of isomerization. It will be shown below
that the data in section 1 demonstrate that essentially
all of the isomerization involves a cis species that does
not contain any coordinated chloride. Thus, the
trans product is initially formed without any coordi-
nated chloride even though, under the experimental con-
ditions, it is rapidly anated to the trans-Co(cyclam)-
CL;*. An independent experiment demonstrated that
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this complex does not exchange its amine protons within
the time of the experiment. The experiment, using
trans-[Co(cyclam) (H,0),](ClO4);, shows clearly that,
between the time the frans species is generated and the
time that it is converted to the dichloro complex, a con-
siderable amount of proton exchange has occurred.
However, this is nowhere nearly sufficient to account for
all of the exchange observed in the isomerization.

A semiquantitative attempt was made to estimate
the extent of exchange by comparing the relative in-
tensities of the bands assigned to the N~H and the
N-D stretches in the mull spectrum. A calibration
curve was constructed using known mixtures of un-
deuterated and fully deuterated trans-[Co(cyclam)El,]-
ClO, and the isotopic composition of the unknown
sample read off from this. It has been pointed out by
Block and Gold?® that this treatment is not exact when
there is more than one exchangeable proton; neverthe-
less, the quality of the data obtained by this approxi-
mation is sufficient for the arguments that follow. For
the typical experiment shown in Figure 2, it is found
that the frans product obtained from the cis substrate is
some 809, exchanged whereas that obtained by the
anation of the trans diaquo complex is only 509, ex-
changed, these values being reliable to +59%,. An
analogous method of calibration could not be used for
the cis-[Co(cyclam)(H.0)Cl][B(CeHs)s ] complex, but
inspection shows that the amount of exchange cannot
be large, probably in the region of 109,. While bear-
ing in mind the approximate nature of these data, one
can reason that, since the trams complex would ex-
change to the extent of 509, from the time it was formed
to the time it was fixed as the dichloro cation, if x
(%) exchange had occurred by the time it was formed,
0.5(100 — %)% would take place afterward. Thus
x + 0.5(100 — x) = 809%, so that x = 609,.% Of this
exchange some 109, took place before isomerization
and so one can conclude that approximately half the
protons in the complex are exchanged in the course of
the isomerization.

(5) The Kinetics of Proton Exchange in the irans-
Co(cyclam) (H;0),3+ Cation and Related Species.—
The complexity of the exchange processes of the cis-
Co(cyclam)(H;0)s®* system, especially the complica-
tions arising from the isomerization, have prevented
us, so far, from carrying out a successful detailed quan-
titative study of the exchange kinetics. The trans
isomer presents a much simpler system for study and
many of the effects that are pertinent in the discussion
of the c¢is complex can be examined more conveniently
here. The trans-Co{cyclam) (H,0)s*+ cation is thermo-
dynamically stable in perchlorate media and all four
amine hydrogens are equivalent.! In addition, the
two pK, values are so widely different (Table II) that
more than 909, of the complex is in the form of the
aquohydroxo complex over a wide range (4-6) of pH.
The kinetics of proton exchange were followed by the
method of Basolo, et al.,” whereby the complex, pro-

(6) H. Block and V. Gold, J. Chem, Soc., 966 (1959),
(6) We thank a referee for correcting our algebra here.
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vided as trans- [Co(cyclam) (H,0), ](ClO4)s, was dissolved
in DCIO-D:0 or else was dissolved in D,O and partially
neutralized with NaOD solution,® and the infrared
spectrum in the region 1.3-1.8 p was recorded from
time to time during the reaction. Peaks at 1.42 and
1.69 p increased in absorbance (and thus were assigned
to overtones of the O-H stretch of the solvent) whereas
the peak at 1.58 u slowly disappeared and could there-
fore be assigned to an N-H stretch overtone. The
change in optical density followed a first-order rate law
and the rate constant, determined in the usual way, was
independent of the peak chosen. Those reactions in
the higher pH region that were too fast to allow a full
scan at each point of timme were followed at a single wave-
length. Owing to the weakness of the absorption
bands and the lack of suitable scale expansion facilities,
it was not possible to obtain data of high precision.
The values recorded in Table IV nevertheless indicate
that the rate is not greatly dependent on pH over the
range 3.2-6.7.

TaBLE IV

FIrST-ORDER RATE CONSTANTS FOR THE N-H EXCHANGE WITH
D:0 oF trans-Co(cyclam)(D;0):2* AND RELATED DEPROTONATED
SPECIES AS A FUNCTION OF pH* AT 21° AND IONIC STRENGTH
0.50 M (NaClO,)

[Complex], 10%%9bsq,
mM pH sec~1 ¢
0.087 1.12 0.046%
0.064 2.16 0.22
0.084 3.20 1.4+0.4
0.080 3.90 1.5+£0.5
0.080 4.68 2.0%x1.0
0.080 5.36 2.0%+1.0
0.064 6.70 3.0£1.5

@ The rate constants refer to exchange of all four equivalent
protons. b Measured at 25°.

Discussion

The cis to trans isomerization of the substrate, orig-
inally provided as cis-[Co(cyclam)CL]Cl is retarded
by chloride ions in less basic solution and follows a
complex pH dependence. The retardation can be
shown to obey a relationship of the form kopsq = 1/
(@[C17] + b), and, by plotting 1/keheq against [Cl—],
a straight line of slope 1.73 X 10* sec M~! and inter-
cept 1.65 X 10% sec is obtained. This is consistent
with a mechanism in which a species A** isomerizes
by a slow first-order process but is also in equilibrium
with an unreactive chloro adduct

k
Art ——> Brt (isomerization) (3)

K
AR 4 Clm == ACID+ (4)
which leads to the relationship

k

1 4+ K[C1] (5

kobad =

(7) F. Basolo, J. W. Palmer, and R. G. Pearson, J. Am. Chem. Soc., 82,
1073 (1960). ’

(8) It was necessary to use a self-buffering system here since all of the
kinetically noninterfering buffers absorbed in the region where measurements
were made.
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Since, under the experimental conditions used, no cis-
dichloro complex is present, A must be identified with
the pH-controlled equilibrium mixture of ¢is-Co(cy-
clam)(H,0):3*, cis-Co(cyclam)(OH)H,0%*, and cis-
Co(cyclam)(OH),+, and ACI"-D+ is the cis-Co(cy-
clam)(H,0)ClI2+ cation. The absence of chloride re-
tardation in neutral and basic solution indicates that
there is no significant amount of the hydroxochloro
complex at equilibrium. At 60.5° and [H+] = 0.01
M: k = 1/intercept = 6.1 X 10~* sec™! and K =
slope/intercept = 10.5 M1
In the absence of chloride, the dependence of kobsa
upon hydrogen ion concentration takes the form
kobsd = C.[Hﬂ +d : :
[H*]? + Ki(cts)[H*] + Ki(cis)Ky(cis)

(6)

and the curve drawn to the data in Figure 2 is the best
fit, in which ¢ = 7.5 X 1078 M sec~land d = 7.5 X
10—8 M2 sec—!. The pH dependence of the rate in
the presence of chloride is also shown in Figure 2.
At low pH the two curves are parallel but the retard-
ing effect of chloride diminishes at pH >5 and disap-
pears at pH 26.8. In this region, the fraction of the
complex containing coordinated chlorine is negligible.

In order to take account of the effect of pH on the
distribution of the isomerizing substrate among the
various aquo and hydroxo complexes, the general
scheme

cis-Co(eyclam){HyO)3 + i> trans-Co(cyclam )(HyO )8+

-~-H +lT+ H+ Kl(trt;ns)

cis-Co{eyeclam)(OH)H,02t —>  irans-Co(cyclam)(OH)H,0%
—-H*’lT—*—H* Ka(cis) -—H*’lT—*—H* Ko (trans)
cis-Co(cyclam)(OH), + —3> trans-Co(cyclam)(OH), *

- H*lT—l—H +  Ki{cis)

Ry

can be written, where R represents the rate of reaction
along the designated path. Two consequences of
this scheme need to be considered depending upon the
pH dependence of the actual conversion rates. In
scheme I, the individual rates are of the form R =
k’'[complex]; i.e., all of the pH dependence arises from
the distribution of the substrate in the preequilibrium.
Since the acid—base processes are fast compared with
the ¢is to trans changes, the over-all conversion follows
a first-order rate law at constant pH and the observed
rate constant can be shown to obey the pH dependence
Bosed = ko[H*] + kal(c.is)[H*'] + anl.(cis)K;{(cis)
[H*]2 + K(eis)[H*) 4+ Ki(cis)Ky(cis)

(7)

where k., Bp, and k., are the first-order rate constants
associated with the diaquo, hydroxoaquo, and dihy-
droxo species, respectively. In scheme II, the in-
dividual rates take the form R = E’/[complex|[OH]
and the hydrogen ion dependence of the observed
first-order rate constant becomes

kovsa = s
lew[H+ -+ szle(C’iS) + kaKwK1<61'S)K2<C1:S)[H s
{

]
HAJ* + Kaleis) [H7] + Ki(cis) Kalcis) (8)

where ky, ks, and k; are the second-order rate constants
for the base-catalyzed isomerization, and K, is the
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ionic product of water. Equation 7 reduces to the ob-
served expression (eq 6) if k, (the rate constant for the
isomerization of the diaquo complex) is negligibly small,
and (8) reduces to (6) if the ks-containing term is
negligible compared to the other two terms in the
numerator. Under these circumstances it is not pos-
sible to distinguish between schemes I and II from the
kinetics alone and it is necessary to use extrakinetic
information to identify the isomerizing species.

In order to elucidate this problem it is necessary to
understand why these cyclic tetramine complexes are
generally reluctant to undergo stereochemical change.
In substitution reactions of octahedral complexes con-
tairing only unidentate, or unhindered bidentate lig-
ands, the constraints imposed by these ligands on the
steric course are either negligible or else confined
to the need of the bidentate to occupy cis positions.
With more complicated ligand systems it is necessary
to take account of the constraints placed upon the
chelate system by the configurational requirements of
the donor atoms. This has been discussed in greatest
detail in connection with the secondary nitrogen donors
of garland®-!! and cyclic? tetramine ligands. With
the cyclic amine complexes the situation is simplified
by the possibility of only ome c¢is isomer but this is
countered by the five possible nonenantiomeric forms
of the ligand that have to be considered, as against two
for the garland tetradentate. Until now we have
only been able to detect one form of the trans (un-
folded) and one form of the ¢is (folded) macrocycle, and,
on the basis of the proton magnetic resonance of the
diaquo complexes,! arguments based on ring strain,?
and analogy with the known structure of the Ni(cy-
clam)Cl; analog,!? the tramns isomer has been assigned
the meso form, either III or IV, and the cis isomer is
thought to be the RRRR (SSSS) racemate, V. We

(R) (S5) (R) (R) (R) (R)
NN NN N
: 4 2 4 2 4
N-3-N N-3-N N-3-N
Ry (9 (8) (8) Ry (R)
111 v v

have, as yet, been unable to assign these configurations
of the secondary nitrogens with the same certainty as
has been done in the case of the open-chain quadriden-
tates, 33 but the structures of the cis- and ¢rans-
dichloro chlorides are currently being studied by X-ray
diffraction. The R,S designation is based on the
sequence rules of Cahn, Ingold, and Prelog'* and re-
places the (+),(—) designation of the direction of the
axijal amino protons.? The Roman numerals repre-
senting the configurations have been retained. If
this assignment of configuration is correct, then the ob-

(9) B. Bosnich, R. D. Gillard, E. D. McKenzie, and G. A, Webb, J.
Chem. Soc., A, 1331 (1966).

(10) A. M. Sargeson and G. H. Searle, I#org. Chem., 6, T87 (1967).

(11) A. M. Sargeson and G. H. Searle, ¢bid., 6, 1032 (1967).

(12) B. Bosnich, R. Mason, P. J. Pauling, G. B. Robertson, and M. L.
Tobe, Chem. Commun., 97 (1965),

(13) H, C. Hamilton, Jr., and M. D. Alexander, J. Am. Chem. Soc., 89,
5065 (1967).

(14) R, S. Cahn, C. K. Ingold, and V. Prelog, Angew. Chem. Intern. Ed.
Engl., 5, 385 (19686).
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TaABLE V

DeRIVED RATE CONSTANTS FOR THE ISOMERIZATION, MUTAROTATION, OR PROTON EXCHANGE OF SOME
TETRAMINE COBALT(III) COMPLEXES

Scheme I Scheme IT e,
kp, sec™ kg, sec=1 ki, M~1sec™! ko M -1 sec—? Temp, °C
cyclam (cis — trans) 6.0 X 10—3 6.0 X 108 7.8 X 10° 60 25
trien [trans-(SS) — cis-(SR)] 10~1-10¢ . 1.5 X 10© . 15
cyclam (trans proton exchange) 2 X 1072 <2 X 10—t 4 X 10° <108 21

¢ Calculated using an estimated pX, of trans-(SS)-Co(trien)(Hz0 )8 % of 3-5.

served c¢is to frams isomerization ought to involve si-
multaneous inversion of the configuration of two of the
nitrogens. The most likely way of inverting such a
coordinated nitrogen is by way of proton exchange and
the experiments reported in section 4 indicate quite
clearly that the isomerization is accompanied by the
exchange of two protons. It is also reasonable to be-
lieve that the kinetics of isomerization closely parallel
those of proton exchange and the exchange kinetics
of the protons of the trans complex which have been
directly measured do indeed follow the same type of pH
dependence as the isomerization of the ¢is complex.

Sargeson, et al., have recently reported a detailed
study of the kinetics of the pH-dependent isomeriza-
tion of trans-(SS)-Co(trien)(H,0),%+ (trien = 1,4,7,10-
tetraazadecane) to the D-B-cis-(SR)-Co(trien)(H,0),%+
cation and the pH-independent isomerization of the
trans complex to the D-B-cis-(SS)-Co(trien)(H,0),%+
isomer. The former reaction parallels very closely the
isomerization reaction of the cyclam complexes whereas
the latter is an isomerization of the type that is com-
mon in the nonstereorestrictive bis-ethylenediamine
analogs. Over the narrow range of acid concentration
examined (0 < pH < 1.3) the acid dependence was of
the form konsa = k + (2'/[H*]) and only the second
term was relevant to the (SS) to (SR) change. The
more complicated expressions, eq 7 and 8, will reduce
to this simple inverse dependence if (a) the [H*]? term
dominates the denominator (z.e., virtually all of the
complex is in the form of the diaquo species) and (b)
the second and third terms in the numerator are small
compared to the first term (this is not unlikely at pH
<2). In interpreting these kinetics, Sargeson has
chosen the base-catalyzed mechanism for proton ex-
change, t.e., scheme II. This is fully consistent with
the known mechanisms of amine proton exchange in
complexes where aquohydroxo equilibria do not inter-
fere with the kinetics and where the rate-determining
step is thought to be attack by free or ion-associated
hydroxide?®7-1%.17 or any other suitable base'® upon the
amine proton. We would like to suggest that, in the
isomerization processes of the cyclam and also of the
trien complexes, that part of the proton exchange that
leads to inversion of the secondary nitrogen and hence
to isomerization is best represented by scheme I and
involves the hydroxoaquo and dihydroxo complexes

(15) D. A. Buckingham, D. A. Marzilli, and A, W. Sargeson, Inorg.
Chem., 8, 1032 (1967).

(18) B. Halpern, A. M. Sargeson, aud K. R. Turnbull, J. Asm. Chem. Soc.,
88, 4630 (1966).

(17) D. A. Buckingham, L. G. Marzilli, and A. M. Sargeson, ibid., 89,

825 (1967).
(18) C. K. Poon and M. L. Tobe, Chem. Commun., 156 (1968).

rather than a direct attack of hydroxide on the diaquo
complex. This can be looked upon as an intramolecu-
lar proton transfer from the nitrogen to the ‘“‘internal
base’’ coordinated hydroxide. This conclusion is based
on the following reasoning.

(1) The absolute magnitudes of the rate constants
are more consistent with scheme I than with scheme
II. The observed rate constants have been analyzed
according to expressions 7 and 8 and the derived values
for ky, k., k1, and k. are collected in Table V. First
to be noted is the absence of a k, term in the treatment
according to scheme I. This is required by the mech-
anism since the diaquo complex does not contain co-
ordinated hydroxide. Whereas ki, calculated for
cts-Co{cyclam) (H;0)o3*, is of the right order of mag-
nitude for a base-catalyzed proton exchange in a tri-
positive cation of this type,” k. is exceptionally small
since the usual decrease in rate as a result of the re-
duction of charge is only a factor of 10-100."-** The
value of k;, calculated from the data for the mutarota-
tion of the frams-Co(trien)(H0).8*+ cation, 1.5 X
10~ 3/ —! sec—1, is some 10? times larger than any pre-
viously reported rate constant for a proton exchange
in a cobalt(IIT)-amine complex and that for frans-Co-
(cyclam)(H,0),3+ is not much smaller. In addition,
the reduction of rate constant by a factor >10*% on
going from ki to ks is far greater than would be expected
from the reduction of charge. These difficulties do
not arise if scheme I is adopted.

(2) Although only in the third case in Table V
are we dealing with a direct measurement of proton-
exchange rates, the other entries set a lower limit to
their value. Where it has been possible to make a
comparison, it appears that the rates of proton ex-
change and rates of inversion of these secondary ni-
trogen atoms in the aquo and hydroxoaquo complexes
are of similar magnitude. This is quite different to
the observations of Sargeson, et al., on the behavior of
complexes containing asymmetric secondary nitrogen
atoms, where the rate of hydrogen exchange is faster
by factors from 4000% to 100,000,7-% depending upon
the nature of the substrate. None of the complexes
thus examined contained an internal base which would
allow the internal proton-transfer mechanism. We
therefore suggest that the intramolecular mechanism
presents the means whereby the otherwise stereochemi-
cally unfavored proton transfer with inversion of the
secondary nitrogen can be facilitated.

The scheme whereby proton exchange, coupled with

(19) J. W. Palmer and F. Basolo, J. Phys. Chem., 64, 778 (19680).
(20) D. A. Buckingham, L. G. Marzilli, and A, M. Sargeson, J. Am, Chem.
Soc., 89, 3428 (1967).
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Figure 3.—Diagrammatic representation of the alternative modes of internal proton exchange resulting in cis to trans iso-

merization.
ical change.

water exchange, leads to a ¢is to trans change is shown
in Figure 3. Although we do not know the rate of
water exchange of cis-Co(cyclam)(OH)H:0%+, we can
say that, if the mechanism of anation is the same as
in other aquo complexes,?! 7.e., essentially dissocia-
tive, then the rate of water exchange must be greater
than the highest observed anation rate. The data for
thiocyanate anation indicates that water exchange is
very much faster than isomerization. Two alternative
paths are presented, but the experimental evidence
does not allow a choice between nitrogen inversion in
the octahedral complex prior to dissociation and nitro-
gen inversion in the presumably tetragonal-pyramidal
five-coordinate intermediate, which then has time to
change to the trigonal-bipyramidal form before it
picks up a water molecule. Sargeson® favors ex-

(21) F. Basolo and R. G. Pearson, “Mechanisms of Inorgatic Reactions,”
2nd ed, John Wiley & Sons, Inc., New York, N. Y., 1967, pp 193--207.

It is presumed that the exchange and inversion at the second nitrogen follows rapidly without further stereochem-

change in the five-coordinate intermediate, a process
which would overcome the objection that inversion
of a nitrogen in the octahedral substrate would lead
to the formation of a more strained species; however,
it 1s suggested that this exchange takes place as a re-
sult of interaction with an external hydroxide ion.
In view of the vanishingly small concentrations of
both of the species involved in this bimolecular process
such a mechanism would require a rate constant far
in excess even of that expected for an encounter pro-
cess. The intramolecular transfer of a proton from
nitrogen to oxygen within the five-coordinate inter-
mediate would not suffer from this restriction.
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