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1. INTRQDUCTION

The study of reaction mechanisms is pursued for different
motives: by scientific curiosity which wants tc look be-
hind things, e.g. chemical transformation, or for didac-
tic purpeses, because solving mechanistic problems pro-
vides an excellent intellectual training. Moreover, the
study of reaction mechanisms is from a synthetic chemist's
point of view not a "l'art pour l'art" exercise since
mechanistic knowledge will make it possible to select the
best conditions for a desired chemical transformation
rationally and with a good degree of exactitude. A fev
years ade, the mechanistic study of a chemical transfor-—
mation still risked to be a formidable venture, a trial

of patience hardly competitive with purely empirical
search for "the best reaction conditions". This situation
has started to change for the betier: with the advent of
an arsenal of highly sophisticated, accurate and rapid
instrumertation for physical measurements, Systematic
mechanistic studies have become far more corvenient to carry
out.

The real benefit of systematiic mechanistic study was in

fact the observation that the enormous variety and complexi-
ty of chemical transformations car be reduced to a number
of mechanistic protctypes. Early physical organic chemistry
provides us with well known examples: e.g. the Spl / Sy2
classification of substitutions at tetrahedral carbon are
based on cbserved rate laws and nucleophilicity scales

have teer established on the basis of rate measurements.

For incrganic reactions, mechanistic prototypes have been
reckognized only much later than in carbon chemistry. The
considerably greater complexity and variability of coordi-
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natior centers is responsible for this lag in time.

This tresis is concerned with one of the first known mecha-
nistic prototypes in the chemistry of octahedral coordina-
tion compounds: the base hydrolysis reaction. This reaction
type has been discovered in and been widely studied with
Co{III) amine complexes. In 1851, F.Claudet [1] ncted the
general substitutional lability of the then recently dis-
covered Co(III) pentaammines in alkaline solution. Kine-
tic studies of these reactions which were typically under-
taken some 80 - 100 years later have indeed snown a 106 -
1010 fold substitution rate acceleration in base, relative
to neutral or acid solution [2-14,18]:

- X/ +H,0
2
X CoAgOH,,
CohX k; € ky (1)
- Y/ + OH
Coa OH
k2 5

{charges omitted)

Analogous, though smaller accelerations are found in Cr{I1I),
Ru(111), 0s{I3I), Rh(III) and Ir{Iil} amine chemistry as
well as in the chemistry of aqua complexes of many metals.

In every case, the rate enhancement has been attributed

to formation of a conjugate base of the complex by de-
protonation of a coordinated ligand.

However, a satisfactory explanation how deprotonation of
a coordinated ligand can increase the substitution labi-
lity of ligands is still lacking. This thesis is concerned
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with stereochemical experiments to test one of the early
interpretations of this acceleration effect, viz, =- bon-
ding between the deprotonated ligand and the metal centre
in an intermediate arising after loss of the leaving
group [19].
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1.1. PROPOSED MECHANISMS FOR THE BASE HYDROLYSIS REACTION
QF COBALT (ITI) PENTAAMMINE COMPLEXES

1.1.1. THE SN2 MECHANTSM

In this mechanism which was originally proposed by C.K.
Ingold and coworkers [2-8]} and developped further by
M.L.Tobe [9] and 5.C.Chan and coworkers {[10], the OH™
ion displaces the leaving group in a bimolecular process

{eq 2).

n)

COABX{S_ + OH" ——— CoA_OH* + X (2)

5

$.C.Chan and coworkers [10]} Ffound that the reactivity of
halogeno pentaamine Co(III) complexes with an alkaneamine

ligand in base follows the same order as §y2 substitution

at saturated halogencalkanes., Both kinetic results and
comparison of activation energies, solvation energies and entro-
py changes were considered to support this proposal. However,
the constant isotope fraction (180 / 160) for base hydroly-

sis of Co(IIl) pentaamine complexes with the leaving groups

c1”, Br, No; (111 (eq 3) is inconsistent with an §2

H3%0
+
1854~ CoA5160H2+
2+
fl + CoAX (3)
18 o coa 8o+
ni



=13

mechanism. A constant competiticn ratio during base
hydroilysis of Co{III} pentaamine complexes with different
leaving groups but the same competition reagents such as
anions ¥~ and H20 (see table 2) are also inconsistent
with a bimglecular SN2 process. Measurements of activation
volumes of base hydrolysis of halogeno pentadmine Co(III)
complexes [13-15] give evidence for an essentially disso~
ciative mechanism. An other important argument against an
SNQ mechanism comes from the observation that the rate of
base hydrolysis increases when ammonia in halogencpenta-—
ammine Co{III) ¢omplexes is changed against more bulky
monoalkylamines [16].
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1.1.2. THE CONJUGATE BASE MECHANISM

A first versien of these mechanisms was originally pro-
posed by Garrick {18]: an intermediate Formed by previous
deprotonation of a coordinated amine function - the
conjugate base - reacts with a water molecule (eq 4).

X
Co(NH.) X2t + OHT =o——==  Co(NH,)MNH X' + KO
3’s X 374772 2 (4)

+ 2+
CO{NH3)4NH2X + B0 —— CO(NH3)50H + X

The acceleration in base can be explained with this mecha-
nism by the smaller charge in the conjugate base. This
mechanism includes a bimolecular step, viz. the reaction
of the conjugate base. This sNacB mechanism is inconsistent
with the observed leaving group independent product distri-
bution cited as evidence against Chan's 542 mechanism (¢f.
1.1.1.). For associative mechanisms of any kind, the rate
of product Formation should be influenced by tre nature and
concentration of the entering nucleophile. Such influence
was never observed. Basolo and Pearson [19] have further
developped this model of a base hydrolysis mechanism. In
their proposed mechanism the conjugate base looses the
leaving group X~ in a rate determining step to form a
coordinatively unsaturated intermediate state which adds

a water molecule in a fast reaction (eq 5).
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- +
CO(NH3)5X2+ + OHk .%L—- CO(NH3)4NH2X + B0
+ 24
CO(NH3)4NH2X CO(NH3)4NH2 (5)
g N 2+ 2+
Co(I\H3)4NH2 + H,0 —= CO(NH3) 508

This mechanism f£its the rate law (eq 6}.

k-k (o]
rate = -—-:-KP---—--— [complex] [20] (6)

1+% Ton™ ]

LS for ccordinated amines being smaller than 1071% for most
pentaamines, this reduces to the observed rate law in the
usual concentration range for [CH ] < 1M (eq 7):

rate = k-Kg [ ck™ }[complex] kK = kg

Xop [oH™][complex] (7

I
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1.1.3. A T™-STABILIZED CCORDINATIVELY UNSATURATED INTER-
MEDIATE STATE

Basolo and Pearson [20] argue that the acceleration in
alcaline aqueous soluticn cannot be attributed exclusi-
vely to the less positive charge of the conjugate base
relative to the initial complex, in view of the results
of calculations based on electrostatic theory [21] end
comparisons of the rates of 2+ charged with 1+ charged
complexes, An acceleration factor of less than 10? can

be attributed to a charge effect, but the acceleration is
usually greater than 10° [17]. There remains therefore

a factor of at least 104. Basolo and Pearson explain this
factor by =« (QpN'_. adx2_y2) - bonding in the coordinati-

vely unsaturated trigonal-bipyramidal intermediate (eq 8).

H
ngl ézf%é;ﬁ f3§ Iﬁ:D'__é? H
| S, 174 | S

while this hypothesis is still presently widely accepted,
it has never passed a more or 1less rigorous experimental
test. We try therefore to design systems which are able
to inform us whether a trigonal-bipyramidal intermediate
state of chemically significant lifetime is involved in
our reactions. This kind of information clearly does not
prove specifically the n-bonding hypothesis since such
an intermediate state could adopt a trigonal-bipyramidal

(8)
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configuration for other reasons. However, the observation
of unambigucus stereochemical evidence for a trigonal-
bipyramidal configuration of the reguired structure for
7-bording will satisfy a rather subtle and discriminating
necessary cendition for such bonding.
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1.1.4. THE REDOX MECHANISM

Gillard [23] proposed ancther mechanism which also fits
the observed rate law: (kl/k_l)k2[0H'][comp1ex]. This
proposal involves an electron transfer process (eq 9):

[LSCOIIIX]H+ . .-{— .__1_..-——— i[LSCOIIIx]Y; (n—1)+
uz
3
{[LSCQIIJY'} e ——— ![LSCOIIX]Y'l (n-1)+
K / \ (9)
[L.sccln‘f}n’r {[L4COIIX]Y'] (n=1)+ coll + 5L+ ¥
I
g
[L4COIIX‘1’](H_1)+ 2 ¥ ==Y,

For base hydrolysis (Y = OH ), the reduction of the ion

pair in the preequilibrium (rate k2) is the rate determining
step. Gillard considers that the electron transfer is most
likely to an excited Co{III) ion because excited states of
Co(II1) are better oxidising agents than the ground state
[24]. Then the five coordinate Co{II) intermediate is
oxidized and ccordinates hydroxide in one step. Evidence
for this mechanism came From compariser of redox potentials
of Co(I1I11) with other d6 transition metals in comparison
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with their reactivity and from polarographic studies

but a correct study of the electrochemical series shows
that thermodynamically the proposed mechanism has no chance,
since the free enthalpy difference AG® of the rate deter-
mining step is markedly positive (E°(OH” + e  — OH } =
1.4 V; Bo(Coot + & — Co?f) = 1.8 v (3f HNO4): AE° =
+ 0.44 V). The propasal of Gillard is also inconsistent
with the observation that the rate of base hydrolysis in-
creases with bulky amine groups which supports the idea
that the loss of the leaving group must be the rate de-
termining step [16] which is not the case in the redox

15N enriched ammonia should ex-

mechanism. Furthermore,
change rapidly with any Co(1I) ammine species. 15NH3
added to a base hydrolysis soclution therefore should
provide lsNH - cdntaining'product which was not the
case [25]. Last but not least, it would be difficult to
explain full retenticn of configuration [26,27] in one
case and Full racemisation (this work) in another,
similar case.



1.1.5, THE HIGH SPIN MECHANISM

Buckingham, Marty and Sargeson [28] éxplain the stereo-
chemical results ¢f the base hydrolysis of halcgenopenta-
amine Co (III) complexes with glycine or glycine ester

as a menodentate ligand by propesing a mechanism where
rate determining chloride release leads to a coordinatively
unsaturated intermediate state which has properties very
different from ordinary Co (III) species (eq 10):

/N e O/N | % O/N
@B\ ® C; \ H L\COOR
1 Cl

COOR COGR 1

CO/N\ (10)

=] COOR

a_(-Q

N ,/N
H 90’/ ?o
| ol
e 0
o) 0
R = H, 0235

tetradentate ligand = triethylenetetramine
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Mutarctation at the secondary amine nitrogen centre at
the junction of two coplanar five-membered chelate rings
{eq 10} is otserved during base hydrolysis., This mutaro-
tation process can be excluded for the starting material
and for the final products on the timescale of the expe-
riment. It must therefore occur during the lifetime of

an intermediate state arising after loss of the leaving
group and which is consumed by capture of an entering li-
gand. Clearly nitreogen inversion can only gccur if the
KH proten is removed. The rates of NH deprotenation

(x_
1018
faster than pyramidal inversion at coordinated amides
RR'N - Co (kinv = 10° - 10% 571 in Co(III) hexaamines).
From these data it was concluded that the mutarctation
precess had tg bé much Faster than in hexaamines since

= 10° - 10% M'ls;l) and reprotonation (k,y = 109 -

s'l) in Co(III) pentaamines and hexaamines are much

it had te be complete within the much shorter lifetime

of the cocrdinatively unsaturated intermediate state

{tVE ==1D—8 - 10710 5). 1In this case, the intermediate

nas to have properties different from a hexaamine such that
pyramidal inversion at the nitrcgen is accelerated. The
authors [28]} propose high-spin Co{III or an intermediate
with some transient transfer of an electron to give a
co{II) - N< radical pair.

The general critericn for the rate of pyramidal inversion
is the energy barrier between sp3 and sp2 nitregen {(if
hybrid orbitals are used), Clearly, this will be lowered

iF there is a possibility for the RR'N donor to partici-
pate in m-bonding of some kind and such bonding is the
essential part of the Basole and Pearson theory {cf.1.1.3.).
At least some degree of n-bording appears pcssible for the
postulated five-coordinate intermediate state even if it
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is considered that the Co(trien){giyo)jc1®*
with Full retention at the Co(Ill) centre:

H
N 2
H

N NH
\\00/ 2\
[Q/ \NHQ \CDOR

H

(\N2
H

N \/NH
0/’ ~

0\_.__..._/

COOR

120 < & > 90°

system reacts

It is required that the limiting Fully n-stabilized
trigonal bipyramid is not developped since there is no
rearrangement into the By isomer but to any degree of
distortion towards the stabilized state will correspond
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some degree ¢of n-bonding. On the other hand, n-bonding is
much less Faveorable For a high-spin Co(III) state since
the accepting orbitals are partially populated and it is
not c¢lear how formation of the high-spin state could
contribute to a lowering of the inversion barrier.

The proposed Co(II) - NRR' radical pair would require a
high energy for its Formaticn if we assume that a Co(III)
substituent exerts a e¢-bonding influence which is smaller
but still comparable to that of a proton:

R . : R, .
S co(III) ~ SN ——H
' R

The formaticn of the radical pair wculd require an ener-
gy of the order of magnitude of the ionization potential
of a secondary amine ( = 200 kcal/mol) which is not likely
to be much compensated by stroanger Co (II) - RQﬁH bon~
ding. Tkis argument has still some merit if the analogy
between Co{III) and H' is rnot good so that only 10% cf the
ionizatien energy of RR'NH would be required.

Archer [107] has invoked high-spin Co{III) intermediates
in order to raticnalize observed rearrangement during

the lifetime of the intermediate state resuwlting from

loss of the leaving group.
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1.1.6, THE ION PAIR MECHANISM

The claimed (and later challenged [12]) observation that
the relation between pseudo first order rate constants of
base hydrolysis of pentaammine Co{IIT) complexes and the
hydroxide concentration is not exactly linear when the
hydroxide concentration is varied over a wide range may
have suggested the ion pair mechanism {eq 11) [29].

K
[CoAsx]n+ P — 5 {f{ccax]™or™}

fast #

k
[lcoagx]"on) T {{con on ] X7} (11)
r.d.s. -

HCoASOH]“+x‘] ti?:iz [COAEOH]H+ + X

as

The rate law of the ion pair mechanism is not different
From that of the SNch mechanism. Both are given by the

obs = Kx[OH™]/1 + K{0H™], where in the ion
pair mechanism X means the ion pairing equilibrium constant
and k the rate of the ion pair rearrangement [29] and in
the lecB mechanism K means the conjugate base equilibrium
constant and k the rate of loss of the leaving group [20].
The observed rate law is therefore not unambiguously ex-

expression k

plained by the ion pair mechanism. However, it would seem
unlikely that hydroxide induces substitution So much faster
than other anions - anation reactions in neutral aqueous
solutions with anions such as €17, N3, HCS~ etc. are about
10 times slowver [30-32]. This mechanism is also incon-
sistent with the effect of steric acceleration [16] since
an increase in size of the substrate would decrease electro-
static anion - cation interaction. Buckingham and cowor-
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kers [33] recently obtained kinetic data for base hydrolysis

of three 3+ hexaamine Co(III) complexes with tetradentate
ligands 2,2',2"-triaminotriethylamine (= tren} or 2-methyl-
amino-2',2"-diaminotriethylamine (=Metren) and NHB' Analysis of
their data enablied them to determine the degree of ion

pairing and the acidity of the amine protons which lead to

the conjugate base. In conclusion, they propose a combined
SNl(IP)CE mechanism, in which the ion pair assists

dissociation of an amine proton tc give the conjugate

base which rapidiy looses the leaving group (eq 12}.

K - 2
codt 4+ O wmeiEe Co¥t/OET —2— Co - H°V

OH {12)

products

This mechanism with the two preequilibria naturally fits
the same mathematical expression for the observed rate law
as indicated above, where X means KIPKCB However, the
question is open, whether cnly the ion pair has the
possibility to dissociate a proton since other kinetic and
stereochemical data gave n¢ evidence for jon pair formaticn
{112]), this work). The best possibilities Ffor the obser-
vation of the effects of ion-pairing are coffered by

highly charged complexes. Rotzinger [34] has studied the
base hydrolysis of (NH ) 5CONH Co(NH )5+ and {¥)- [enQNH Co]2

3
NH5+ where the rate l?w (eq 12 ) was found
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k Xy [oH™][complex] (13)
o+ xp[oKT] + xpxgfonT]?

rate =

This was taken to indicate the presence of a reactive
conjugate base and an unreactive ion pair with the

conjugate base.
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1.1.7. THE E2 -~ MECHEANISM

Recently, R.W.Hay and P.R.Norman [35,36] proposed a con-
certed B2 - mechanism whichk is adapted from organic chke-
mistry to explain general base catalysis [37-3§]. The
decrease of the second order rate constant of base
hydrolysis with increasing pH may be explained with

a rate determining proton transfer in the starting mate-
rial. This idea is consistent with a concerted mechanism
where the conjugate base is not formed in a pre-equilibrium
(eq 14)}.

AN N\ | SN slow ' I _
i H—N'——/Co—)‘_' —— BHY 4 N—CO/ + X {14)
s

' |

products

B

While deprotoration is certainly the rate determining
step, it is not easy to decide whether release of the
leaving group is concerted with it. The cited dependence
of the rate on the leaving group 1is corsistent with con-
certedness, but it could also be due to differences in
N-H acidity ceused by the different 1ea§ing groups.
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1.2, EVIDENCE FOR A DISSOCIATIVE MECHANISM

One of the central problems of a mechanism of Co{III}

pentaamine complexes is the question whether and to

what extent the substitution process MABX + ¥

— MAgY + X is dissociative. In the dissociative case

([13} and references theirin} the leaving group X departs

independently of the influence of Y and the Five-coordi-

nate intermediate and its second coordination sphere

locse all "memory" of X before the M-Y bond begins to

form. This situation will be realized in two cases:

1. when ML5 is long lived relative to the time scale of
exchange of potential ligands between the second coor-
dination sphere and bulk sclution; and

2. when X cannot be held in tre second coordination
sphere and passes immediately into bulk sclution -
as when X and ML5 carry the same charge (e.g. HgCl*
separating from Co(NHa)g+ or when X is uncharged and
non polar (e.g. N, loss after nitrosation of Co(NH3)5N§+).

In an interchange mechanism ([13] and references therein)

exchange of X and Y occurs within a preassembled encounter

complex {[MABX]Y x H,0}. ¥ - ¥ bond-forming occurs before

MA5 has lost "memory" of X, thkat is, before tle seccond

¢oordination sphere has had time to relax. In particular,

we have a dissociative interchange {ID) if bond-making

M - Y occurs only after the M - ¥ bond is broken but befcore

X is leost from the second coordination sphere.



1.2.1, ACTIVATION PARAMETERS

In tre dispute over a base hydrolysis mechanism for Co{III)
pentaamine complexes activation parameters are often dis-
cussed,

There exists a linear free energy relationship (LFER)
For the free energy of activation AG™:

AGF = 4 AG® + constant {15)
where tke Brgnsted slope is
«= (%7 / age)
= BT

It can be shown that tke slope a is 1.0 for dissociative

(16)

mechani sms wkereas it is 0,5 for associative mechanisms
[13 and references therein]. For the base hydrclysis of
halogeno pentaammine Co{III), a LFER of &= 1.0 was
found [40].

1t is clear that a LFER of unit slope exists For the
enthalpy of activation 6" if it exists for AG”,

Powell's enthalpy of tke transition state AH, [42]

which is nothing else than AR? - AEe reflects this
situation and it is really constant for base hydrolysis of
CO{KH3)5X2+ - complexes where X = Ci~, Br , 17, N0,
(Aliy ='163.3 k] mol™t % 4 [42]).

The activation entropies As? for an §i1CB ~ mechanism
are expected to be in tle order of 40 cal mo1™* deg‘l
[43] since the first step of the reaction - the Fformation
of tke conjugate base ~ can easily be compared with a
deproionation of an aqua complex, where activation pa~-
rameters are available. Te the second step - abstraction
of the leaving group - an activation entropy of about O
may be attributed from comparison with the well known

values of aquation reactions. The measured values -
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some are listed in table 1 (see too references [43) and
[44]) - are in good agreement with these estimates but

complex As? (cal deg imor~1) ref,
Co(NHy) oF 24 + 16.6 45.10
Co(Ri4) €1 2 + 32,4 45,10
Co(n,) (Br 2* + 35.4 45,10
Co(NH) I 2+ + 46.4 46,10
Co(KH, ) NCS o+ + 42,0 47
Co(1H,) K0, o+ + 44,0 48
Co(NH,) NO, 2+ + 43,1 40
Co(NH,) N, 2+ + 30.3 49
Co(NH,) 50, * + 24.6 50,51
table 1 ; selected activation entropies for base

hydrolysis of scme Co(III) pentaammines

they are not with an SN2 mechanism.

In an interpretation of these activation parameters it
should be pointed out that (1} the average values for a

D or an I, mechanism might be about the same, {2} the
interpretation of a mechanism consisting of two or more
steps is very difficult, (3) all estimates have been made
witk very simple models and (4) activation parameters are
quasithermodynamic quantities and therefore very g&ifficult
to interpret exactly. Nevertheless, the observed activation
parameters are not inconsistent with an 5y1CB mecharism.

The measurement of the volume of activation Av? by high
presure kinetics ( 31n k/’bp)T = -Av? / RT becomes



increasingly important. Data for one-step mechanisms are
relatively easily interpreted in terms of atomic motion
only [13]. But one intriguing problem remains: in base
kydrolysis an overall reaction is measured and the results
are interpreted by a stepwise mechanism. Direct comparison
therefore becomes very difficult. However, first results
are available [14,15] and they are in full agreement with
a dissociative mechanism. Xitamura [14] found ar activa-
tion volume for the base hydrolysis of the chloro penta-
amnine Co{III) complex of + 33.4 ml mol~» which he inter-
y1CB mechanism ard Balt [15] found
good agreement of this value with his calculated one.

prets in terms of a 3



1.2.2. COMPETITION EXPERIMENTS

The competition of the
other nucleophiles (Y)
during base hydrolysis

possible intermediate states for
than water or hydroxide added
of Co(III) pentaamine complexes

allows to distinguish a dissociative process -
where a common, leaving group - independent five - coor-

dinate intermediate with a chemically significant life-

time is built up from other mechanistic possibilities

(eq 17).

Cos - H J
>}
CoA5
A -
co SX H
CoA X

When a comnon intermediate
mechanism, the competition
independent of the leaving
nucleophile added, whereas

ot oHd

HV/ CoA  OH
lory /ur
CoA_ Y

> (17)

w0 °F o CoAOH + X

Yrory
5 CoA Y + X

5

is produced in a dissociative
ratioc CoAs0H / CoAcY should be
group X and only vary with the

for any concerted bimolecular

mechanism it will be dependent on the nature of both X

and Y. Numerous competition experimerts have beer dore in
the last 15 years and some of them are listed in table 2,



complex a) ¥ (¥Im ¢ CoAgY ref.
Co(NH,) 501 ot W 0.5 4.9 12
Co(nH,) c1 2* N, 1.0 8.5 12
Co(NH ) c1 2+ NCS™  n 5.5 12
Co(NHs) Br °F Ny " ?.7 12
Co(WH )T 2+ " " 10.0 12
Co(NHE) N032 " " 10.4 12
Co(NH, ) ;DMSO 3+ " " 12.3 52
Co(NH3)50P(OMe)3 n " 12.5 52
Co(NH, } oc(NHE)a " " %2.0 52
c1s-Co H3en201 * " " 24 53
trans-CoNH en201 2% " 34 53
Co(NHch3)5C122+ n 0.5 #5.9 16
CobampdapoCl =* " 6.5 27
CobampdapoBr 2F " " 6.0 27
Cobamptmacy = " " g 26
CobamptmdBr 2+ " " 9 26
Cobampercl 2+ " " 9i 26
x—CodiendapoC12+ " " 63. this work
*—Codiendap0012+ " 0.5 a7.1 wooon
L-CodiendapoClz+ n 0.25 2%.3 n "
x—CodiendapoEIr2+ " 1.0 - 65.7 " n
x~CodiendapoBr>t  ® 0.5 4B.3 v oo
x—CodiendapcBret " 0.25 3(').4 "oon
a) for abbreviaticns see 2.1,
table 2 : selected competition values
|
In competition experiments with c:c:(NH:,))Bxn+ ~ complexes,

Reynolds [5B] found a competition ratio which was

about 10% higher For 3+. complexes than for 2+ complexes.
He interprets these results by an I mec%anism. However,
it seems cbvious that a change in chkarge could increase



—34—

the concentration of competing nucleophiles in the sol-
vent sheath surrounding the initial species (¢f.3.1.).
0f course, an increase in charge could alse favour

the ion pairing (increase of Ko in eg 18). However,

no kinetic evidence for ion pairing with added nucleo-
philes was found [13,59]. Measurements of the rate of
Co - X rupture in base showed no significant difference
in cases with or without added nucleophile.
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1.2.3. STERIC ACCELERATION

One of the most important results of the last years
supporting a dissociative mechanism is the increase

of the base hydrolysis rate on going from pentaammine
Co(III) complexes to more and more sterically hindered
pentakis({alkylamine) Co(III) complexes. Sargeson and
coworkers [16] have found that base hydrolysis of pen-
takis(alkylanine) Co(ITI) complexes show an acceleration
of a factor of more than 105 when the amines vary from NH

3
to CHBNHZ, n—C3H7NH2 and i-C, HNH, (table 3}. It could
be shown that this marked acceleration can be attributed
to steric effects for the following reasons:

2+ 1

CoAC1 K g) b}

5 OH _, kag N ke§4 kex6 ref,
A M s 107 s 10 10”
NH3 0.25 1.7 S 3 16,54,55
cis NH B
tr CHBﬁH2 0,64 - - - 16
CH4NH, 3800 a7 30 30 56,57
?~C3H7NE2 11000 - - - 16
i-C, HglH, 150000 180 - - 16

2) cis amine protons

b) trans amine protons

table 2 : steric acceleration
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There exists a linear free energy relatiorship {(LFER)
between the logarithm of the protor exckange rate of the
coordinated amines and the pK_-value i16,60]. Because

there is no possibility to directly measure the pKa of coor-
dinated amines (pKa> 14), this direct proportionality must be
accepted as the only measure of the acidity of the coor-
dinated amines. Comparison of the proton exchange rates

of the complexes with deuterated ammoria and methyl-

amine as amine ligands show that the proton exchange

for cis or trans amine protons differ by less than a

Factor of about 5 {table 3). The difference in base
hydrolysis rate of about 10% cannot therefore be attribu-
ted to the basicity differences of the conjugate base.
Competition experiments which were made on the same

systers are also in agreement with a dissociative

mechanism. The increase of the competition ratio from

about 4% to 36% (cF. table 2) is consistent with a more
stabilized coordinatively unsaturated intermediate

state due to steric strain in starting materials and
products,
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1.2.4, STEREOCEEMICAL CHANGE

If base hydrelysis of Co(III) pentaamine complexes
really follows an SN
this exists now as was shown in the preceding sections -

1CE meckanism - and much evidence for

the configurations of the final products should conly
reflect the geometry of the intermediate state of reduced
coordination number and therefore be independent of the
leaving group. Products from competiticon with other
nucleophiles.than water therefore should also have the
same configuration. Most published results show this
feature, However, base hydrelysis of N-methyl-2,2',2"-
triaminotriethylamine ammine Co{III) complexes with diffe-
rent leaving groups such as Cl~, Br and NH, show a marked
difference from this behaviour [61]. Buckingham and coworkers
interpret this by either a purely dissociative process

in which the solvent sheath of the ccordinatively un-
saturated inermediate state has had no time to rearrange
and therefore still reflects the environment of the ini-
tial species or by an ID process where the loss of the
leaving group is accompanied by some small degree of

bond making with the nuclecpile. Both interpretations

are consistent with the cbservation that the stereo-
crkeristry seems te be influenced by the charge of

the initial species.,
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1.3. CONCLYSION

Concluding the discussion of all proposed mé;hanisms.

we see that there exists considerable evidence for the
formation of leaving-group independent coordinatively
unsaturated intermediate states in base hydrolysis of
Co(I1I) pentaamine complexes. These intermediate states
may arise from the well established SHICB - mechkanism,
If reactive ion pairs with OH™ (SNIIP) are included, the
pattern presented in eq 18 is obtained.

X
COASXn+ + OH™ =—iP o {c:msx“" / OE7]
o} fast o
1#Xcp K
Fast LE
Ky
CoA5-Hx("‘1)+ + HO  =—E [COAS—HX(H_1)+/ o™}
@ k @ \
os Ko
slow \\glow (18)
n+ 51 n+ n+ {n-1)+
Cohg—H"" a=tme {:oA5-H =l CoAs—H {Coag-H or'P~H)*/x)

km

\\\ fast
~_ fast
fast

Coa_OH™

- The conjugate base @ may be produced by dissociation
of an amine proton in the starting material @ or in
the ion pair @, produced by starting material @ and
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a hydroxide anion. The fraction of both pathways depends
on the values of the equilibrium constants KCE' KIP
and KéB‘ Subsequent loss cf the leaving group leads

to the coordinatively unsaturated intermediate state (3.
This reaction is normally rate determining, but there
exist cases vhere the deprotonation ‘of the coordinated
amine function is slower than loss of the leaving
group. In these cases each act of deprotonation leads

to reaction of the conjugate base (cf.1.1.7.).

The coordinatively unsaturated intermediate state (®
which results from loss of the leaving group Ffrom the
conjugate base J has first square pyramidal configu-
ration @. Relaxation to a trigoral bipyramidai @ or

a tetragonal pyramidal configuration @ should have
rates which are faster than reprotonation or bond
Eoigatigg tolthe entering nucleophile (krelax: =
10°°-10"" 57~ [61]). If base hydrolysis follows the route
via the coordinatively unsaturated intermediate (3, the
sterecchemistry in the products will be predicted from
the values of the constants KI and.Ki which reflect
the stabilities of the three possible configurations.
In the case of a s-stabilized intermediate state {this
work) K; 21 > X! (if the rearrangement of the square
pyramidal configuration is Ffaster than reprotonation
or bond formation to the entering nucleophile). In the
case of pr——u:o(rn) - backbonding [26,27] K. K3 €1
or beond formation tc the entering nucleophile is faster
than rearrangement of the initial square pyramidal
species. Henderson and Tote have recently demcnstrated
[62] that the geometry of the ligand sphere has a big

influence on KI.
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-~ The route via intermediate @ symbolizes a possible 1
mechanism without a coordinatively unsaturated inter-
mediate. This route possibly explains unusual stereo-—
chemical results [61] . It is obvious that this
behaviour becomes important with increasing charge
of starting materials.

- Unusual stereochemical results [61] and changes in
competition ratios using differently charged leaving
groups [61,52,58] show the need for having additio-
nal information on the rearrangement lability of the
First coordination sphere on the time scale of the
life-time of the coordinatively unsaturated interme-
diate state. It is evident that the structure of this
environment is reflected in both product distribution
and product configuration,
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1.4. THE CONFIGURATION OF THE COQRDINATIVELY UNSATURATED
INTERMEDIATE STATE

There exist in principle three possible configurations
for five coordinate intermediate states, two may be
termed as pentahedra, one is a hexahedron [63] (fig.1i).

square tetragenal trigonal
pyramid pyramid bipyramid
(pentahedron) {pentahedron) { hexahedron)
figure 1 : possible configuraticns for the coordina-

tively unsaturated intermediate states

The square pyramid arises from an octahedral complex by
loss of a ligand without subsequent rearrangement. The
four small triangular faces are essentially blocked
against attack of incoming nuclecgphiles. Attack at the
square bottom face will lead to retention of configura-
tion. The two other polyhedra are the result of some re-
arrangement subsequent to less of a ligand. The faces are
now all cpen to attack by nuclecphiles and this allows
for configurational rearrangement.



1.4.1, THE STEREOCHEMICAL CONCEPT

The stereochemistry of starting materials and products

is normally easy to detect whereas the configuration of

the intermediates is not, especially when the intermediates
are short-lived as it is the case in base hydrolysis

where their 1lifetime is at the diffusion controlled li-
mit [64]. In these cases a stereochemical relationship
betwéen the configuration of starting materials and
products is very useful. The following conditions must

be Fulfilled [26]:

—~ The intermediate is short lived enough that attack of
incoming nucleophiles is Faster than multiple rearrange-
ments.

- In a first state immediately following metal-leaving=-
group rupture, the intermediate state has square py-
ramidal configuration.

- In subsequent rearrangement the ligand motion should
be as small as possible.

- The attack of an incoming nuclecphile is in principle
the reverse of the first step, viz. attack of the
nucleophile at a square bottom face of a square pyramid.

Stereochemical changes are essentially easy to detect
when the starting material is optically active. In these
cases we observe retention or inversion of the configu-
ration - a cniral intermediate is the consequence - or
racemisation - an achiral intermediate is the conse-
quence - or a mixture of all.

Qur work aims at designing and testing a suitable ligand
system which shouid enable us to distinguish whether the
intermediate has pentahedral or hexahedral configuration
(f£ig.2).
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figure 2 : a possible system to detect the configuration

of the intermediate state

It is evident that full racemisation in such a system
would be consistent with the only achiral intermediate
state which is a trigonal bipyramid and would have the
possibility to be stabilized by r-bonding.



2. RESULTS

2.1. AEBREVIATIONS

A amine ligand

bach 1,3-bis~{aminomethyl }-isochinolin
bamp 2,6-bis=(aminomethyl)}—pyridine
dapo 1, 3-diaminopropane-2-ol

dien 2,2'-diaminediethylamine

dimen l,2-dimethylethylenediamine
dmso dimethylsulfoxide

dpt 3,3'=diaminedipropylamine

en ethylenediamine

ept 24 3~di aminoethylpropylamine
szipic pyridine-2,6-dicarboxylic acid
tmd 1, 3-diaminopropane

x mey-syn-N ab

x' mer-anti-N a,b

. (Xyrac-exo-0 #1€

ol (¥)fac-endo-0 2+

o meso~fac—exo-0 2

w! meso—fac~endo-0 &

# NNO (2)fac-tridentate dapo °

w NNQ meso-Ffac-tridentate dapo a

a) This nomenclature refers to the coordination of an
aliphatical triamine ligand, dapo and a monodentate
ligand to a Co(III) center (cf. fig.8).

b} The orientation of the secondary amine protom is assigned
from the base hydrolysis rate and structure comparisons with
related compounds [65,66].

¢} The orientation of the hydrexe group is assigned by the
stereochemical course and the relative rates of the
coordination of the dangling OH-group (cf.2.6.2.).
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2.2. TYPE OF COMPOUNDS

Our stereochemical concept for the bonding characteristicse
in the ceoordinatively unsaturated intermediate state

(cf. 1.4.1.) required us to develop mixed ligand Co(III)
complexes of the gemeral formula {Co(meridionally coor-
dinated tridentate ligand)(bidentate ligand)(leaving
group)]in, where either the tridentate or the bidentate
ligand are prochiral. This, together with the prochiral

unit constituted by the other chelate ligand coordinated

at the Co{III) center plus the leaving group creates a
chiral cemplex (fig.2). The possibility of a » bond bet-
ween the r system of a pyridine donor and the dxg—ya orbi-
tal of Co(III) in the coordinatively unsaturated inter—
mediate state and the influence of this bonéd on the con-
figuration of this intermediate have been examined previous-
ly in pentaamines [26,27]. The change cf the coordination
sphere from C0A5X to C0A302X allows to analyse electronic
effects in base hydrolysis and on the properties of the
coordinatively unsaturated intermediate state involved,
Recently, Henderson and Tobe [62] proposed a correlaticn
"between the ring size and arrangement of chelate ligands

and the base hydrolysis rate. They found that all structural
features favouring the formation of a r-stabilized trigonal-
bipyramidal intermediate give rise to an increase in the
base hydrolysis rate c¢onstant.

In this work, a stereochemical test of this‘structure—
reactivity correlation has been carried out. This test
makes use af the clearly defined stereochemical conse-
gquences of this = bonding effect.
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figure 3 ! examples For chiral mixed ligand Co{III)
complexes of the general formula [Co(meri-
dionally coordinated tridentate 1igand)
(bidentate ligand)(monodentate liga.nd)]*n

@ : ref. [26,27)

© : this work, ref. [67]
® : this work, ref. [68]
@© : this work
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2.3. REACTIONS

Comparison of base hydrolysis rates with the rates of
spontanegus aguation allows to estimate the reactivity of the
canjugate base. In previous wark [21,43,44,17] accele-
ration factors of abgut 105 - 1010 have been found, Compe-
tition experiments allow to examine the characteristics af the
substitution reaction (assaciative or disseciative, step-
wise or synchrenous) and to estimate the lifetime of

the intermediate state relative to other starting mate-
rials, Adequate description of the base hydrolysis reac-
tivity reguires the knowledge of the rates of many indi-
vidual reaction steps: The rate of deuterium exchange
gives a relative measure of the acidity of the NH protans
and thus ¢f the relative ease by which different possible
canjugate bases are formed, The rate of base hydrolysis

is usually a composite quantity (cf, 1,1.2,) reflecting the
deprotonation step as well as the rate determining loss

af the leaving group. The immediate hydrolysis praduct,
arising from scavenging aof sclvent by the coordinatively
unsaturated intermediate state may underga variocus sub-
sequent reactions: isomerlzation may be accompanied by
spectral change in the UV/VIS region; change in optical
activity may occur at the same or a different rate and
needs to be specified separately, In the presence of coor=-
dinating anions, the primary hydroxo ar agua complex

may undergo anation (substitution of OH™/ OH, by anions)
concurrently. Another possibility of Eorming aniono
camplexes is by way of scavenging anions concurrently
with salvent scavenging, Subsequent hydrolysis of this
anion competrition product may also be observed, These
possibilities, all of which have been gbserved in this
wark are summarized in fig. 4.
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reactions studied in our systems:

9HO0BDOOO

spontaneous hydrolysis

proton exchange
base hydrolysis
competition
racemisation
anation

isomerisation

(k, o L7
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2.4. METHODS OF SYNTHESIS AND RESOLUTION OF CHIRAL COMPQUNDS

+
9.4.1, SYNTHESIS OF Co dipic A A X  — COMPLEXES

. Complexes with meridionally coordinated dipicz—, twa amine
ligands and a monodentate ligand contain the chromophore
COA302X where the two oxygen donors accupy trans pasitiaons.
Our work in this area aimed at developing good synthetic
routes and methods ta assign their structures. A general
route to the synthesis of mixed ligand Co(III)} systems
with amine ligands is the oxidation of the corresponding
labile Co(II) complexes., Fallab and coworkers [70,71]
have shown .that dioxygen oxidation of species with at
least three nitrogen donors generally gives binuclear
p=-peroxo species which normally undergo redox decomposi-
tion to lead to mixed ligand Co(III) campounds. However,
dioxygen oxidation of an equimolar mixture of sodium
pyridine-2,6-dicarboxylate, ethylenediamine and Ca(II)
nitrate hexahydrate in water at O °C gave dark brown
reaction mixtures from which pyridine-2,6-dicarboxylic
acid and CoenQOngn+ were isolated after acidification
{eq 19). Only a small amount {<1%) of Co dipic en oOH
was detected by 1H-NMR and IR spectroscopy in a solid

+
2

fraction obtained by adding acetic acid to the reaction
mixture. We interpret this result by dispropartionation
of the binuclear Co{II} precursar complex (eg 19).

. 2= I.. .
Co2+ + diplc:2 + Bh =——= COI dipic en OH,

© % {19)

+ L
{co™ Faipic en on,l” [ca (en), (0R,),T"+(co dipic,]
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This hypothesis is supported by the observation that dioxy-
gen oxydation of the same reaction mixture in presence of

an excess of sodium nitrite did not yield the desired

Co dipic en N02 - complex but a compound which was found

by chromatographic analysis and individual characterization
of the components to be a mixture of cis-[Co en,, (NOQ)E]Q

{co aipic (N(ng)a] and trans-[Co en, (NO,),1, Lco dipic {N02)3]
(=1 : 0.7; “H=NMR}.

We therefore have chosen an alternative approach, starting
from Co{III} complexes with substitutionally labile- li-~
gands. This method has preedent in recent work [72-74] .
One possible starting material is the Co(COS)gAA- - ion
(eq 20).

c(NH fco en (co3)2] + Hydipic + H,0 ———

2)3

[co dipic en GH] + €O, + C(NHE)BHCO {20}

2 3

[Co dipic en OH) + HX — = [Co dipic en OHQJX

The pure hydroxc complex was only isolated in very small
amounts, but treatment of the crude material, probably

a mixture of hydroxo and ¢arbonato complexes, with acids
afforded salts of the aqua complexes in very high yields.
Solutions of the hydroxo complex were prepared By depro-
tonation of the aqua ion which is a weak acid with

PK, = 7.48 ¥ 0,05 (determined by potenticmetric titratien
at 25.0 £ 0.1 °¢, p= 1.0 (NaC10,)). Deprotonation is
accompanied by a spectral change of the lower energy
spectral band to lower frequencies (fig, 5).
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figure 5 : spectral change during deprotonation of

Co dipic en OH; at p= 1.0 and 25.0 t 0.1 °C
pH = 6,50

.......... pH = 7.33

——- pH = B8.02

—-——- pH = 9,30

Another suitable starting material are Erdmann's salt
type Co & A (NO2)4
in water to give the corresponding nitro complexes
(eq 21).

- species, They react with H2dipic
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1 h 80 °C

+ H,dipic ——00nu Co dipic A A NO2

Co A A (NO,); 5

Co dipic A A ONO Co dipic A A OHZ

In the diammine series, three different species could be
isolated to all of which we attribute a structure where
the ammine ligands are trans to each other {cf. 2.5.1.).
First a yellow brown compound precipitated which is spa-
ringly soluble in either water or dimethyl sulfoxide.

It is not retained on both cation or anion exchange re-
sins {(Dowex 50V X8, 50-100 mesh; Dowex 1 X8, 100-200 mesh
respectively}. This fact together with its VIS-spectrum
which is typical of a chromophore with N-bound nitrite

is compatible with a trans-Co dipic A, NO, - complex.

As a second product a purple water-inscluble species,
presumably trans—-Codipic A2 ONO could be isolated. After
some days, crystals of the presumably aquated complex
were filtered off. This violet water-soluble trans-

Co dipic A2 OHE
X8, 50-100 mesh column. The same synthetic route applied
to Co dapo (NOQ);
water soluble compound, probably the Co dipic dapo ONO -

- ion shows retention on a Dowex 50W
led directly to a violet sparingly

complex which has no retention on a Dowex 50W XB; 50-100
mesh column.

Uncharged aniono complexes were prepared by twe principal
different routes. The sparingly water soluble azido,
nitro an thiocyanato complexes in the ethylenediamine
series were obtained by anation of the corresponding aqua
complex in neutral aquecus solutions ceontaining the anion

{21)
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at 1M concentration at 25 °C {eq 22).

2+ + X Co dipic en X + A0 (22)

Co dipic en OH

The Fformation of the azido complex was followed kinetically
{cF. 2.647.). In other experiments we tried to thermally
dehydrate the different solid salts of the agqua complex.
Heating X-ray powder photographs were taken of samples

at heating rates of 1 or 6 °C/min., (fig. 6). In most
cases (X = NO_, Br , CH3COO', (5042—)%) redox decomposi-
tion of the samples occurred at temperatures lower than
or close to the temperature of dehydration, On the other
hand, for X = Cl~ and 0204H_, the set of powder lines of
the starting materials disappeared and a new set arose
(fig. 6)}. Thermal analysis with on-line mass spectral mo-
nitoring of gaseous reaction products established that
the process was strictly stoichiometric (fig. 7). There
was no evolution of COQ, (g).

These two thermal reactions could be carried out on a
preparative scale (eq 23 and 24) and the reaction pro-
ducts gave satisfactory analyses.

w200 °C
Co dipic en GH, Cl (s) —— = cCo dipic en Cl1 (s)
+ H0 (g) (23)
~100 °C .
Co dipic en OH, CQO4H (s) Co dipic en 0402H (s}

+ Hy0 (g) (24}
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figure 6 : heating X-ray powder photographs of
[co dipic en 0H2]0204H (s) (@) and
[Co dipic en 0H2]Cl {s) (@),
Fe K, - irradiation; heating rate = 1 °C/min
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]
bis i
(18/17) K !
(2/22/ '
44)
z
50 100 150 200 250
Figure 7 : DTG, TG and MS spectrum of the complexes
[co dipic en OHE]CI {s) {( ) and

[Co dipic en OH,]C,0.H () (mmenns )
heating rate: 6 °C/min; 10 mg {chioride),

25 mg {oxalate)
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The chlere complex proved insoluble in water but was so-
luble in dmso.- A soiution of the chloroc complex in dmso
treated with H92+ or Agt (eq 25) led to the amso - complex
which was precipitated as the nitrate or perchlorate
salts.

dmso

Co dipic en C1 + AgND [Co dipic en dmso} No,

3

+ Agcl (s) {25)

Its VIS - spectra is very similar to that of the corres-
ponding aqua ion (cf. table 4). A cursory investigation
of its aquation was therefore made by 1H—NMR in D20 .
making use of the significant difference of chemical

shifts of Free and coordinated dmso {cf. 2.6.7.).
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2,4,2, SYNTHESIS OF Co dien dapo X “and Co dpt dapo X

COMPLEXES

Dioxygen oxidation of aquecus solutions of Co{III) chloride
hexahydrate, dien or dpt and dapo in stoichiometric ratios
at 0 °C afforded a dark-brown solution, presumably con-
taining the binuclear p-peroxo complex with the desired
mixed ligand sphere [71,72,75]. The crude solution was
treated with hydrochloric acid and zinc chloride at © °C.
The cclour changed to dark green. After one night at

room temperature, a green c¢ristalline substance, most
likely a binuclear p-superoxoc complex, was filtered off
from the solution which had turned dark red. The desi-

red moncnuclear chloro complexes precipitated during the
next few days as tetrachlorozincate saltes and were re-
cristallized from water at O °C and precipitated by addi-
tion of hydrochloric acid and zinc chloride. There exist

six geometric isomers of the type [Co dien dapo X1

and twvo with dapo as a tridentate ligand [Co dien dapo]3+
(fig. 8). The xand x'isomers have meridionally coordinated
dien. They differ only in the orientation of the secondary
amine proton. No such iscmerism is possible for the other
isomers. Both mer-structures are chiral. Dissymmetry

may be considered to arise from the OH-group remote from
the donor atom by two atoms. The = and r'isomers differ
from each other by the orientation of the OH-group in the
dapo ligand. While the r~'-isomer has the possibility to
coordinate the OH-group which gives the sNNO-isomer there
exists no such possibility for the s-isomer without pre-
vious rearrangement of the ligand sphere. Both isomers

are chiral. An analogous difference exists for the two
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figure 8 (cont.) : the gecmetrical isomers of
[co asn dapo X}™F and [Co AAa dapo] 3*
(AAA = dien or dpt)

meso-fac structures w and w'. There exist therefore two
geometrical isomers for complexes with tridentate coordi-
nated dapo, the chiral nNNO -~ isomer and the mesc wNNO -
isomer.

In the dien series, five different isomers were isolated
and characterised (x, », =, 7', 7NNO) by their CD=, VIS-,
IR-, 14 NMR- and 13C-NMR-spectra (cf. 2.5.2.) and by
their base hydrolysis kinetics (cf. 2.6.). The yield of
the different mononuclear chloro complexes is strongly
dependent of the reaction temperature and the time between
the end of the preparation and the precipitation of the
product. It was shown by ion exchange chromatography
(Dowex 50W X2; 100-200 mesh) that a fresh reaction mixture
of the mononuclear pentaamine Co(III) - complexes con-
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tained no =sNNO -~ isomer. The x- aqua compound isomerizes
in acid solution ta afford a s - type isomer, Dioxygen oxi-
dation of the labile Co(II) precursor complex gave the x' =
isomer in very small isolated yvield only and the x'-isomer
was never found. The last was prepared from the x'-azido
complex by addition of hydrochloric acid and precipitated
as the tetrachlorozincate.salt.

The bromo complexes were prepared either by reacting the
corresponding hydroxo complexes prepared by silver (I)

or mercury (II) assisted hydrolysis of the chloro com-
pounds with hydrobromic acid and zinc bromide or by reac-
ting the corresponding azido complexes with hydrobromic

acid,

The azido complexes were either obtained from neutral
aqueous solutions of the corresponding chloro or aqua
complexes with an excess of sodium azide or by hydrolysis
of the corresponding chloro complexes in alcaline soluticns
in presence of an excess of sodium azide. The azido com-
pounds were crystallized as tetrachlorozincate salts by
addition of zinc chloride and lithium chloride, Base
hydrolysis of the x- chloro camplex in sodium azide contai-
ning solution afforded a mixture of the x- and ¥-lsomers
in a ratio of about 1 : 1.5 (IH-NMR). These mixtures were
precipitated fractionally from aquecus solutions by addition
of sodium antimonyl - L - tartrate.

In the dpt - series only one isomer was isolated which was
characterised by its CD-,VIS~ and 13C-NMR-spectra as the
x— isomer (cf. ref, [75-78]).
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2.4.3, RESOLUTION OF ENANTIOMERS

All complexes resolved in this work are cations. They were
resolved by precipitation of the less soluble diastereo-
meric salt with an optically active anion, such as sodium
arsenyl - L - tartrate or sodium antimonyl - L - tartrate.
To aqueous solutions - the presence of lithium chloride
increased in some cases the optical yield - of the comp-
lexes was added half an equivalent of the optically active
anion. The precipitate was recristallized from aqueous
solutions containing the resolving reagent. This proce-
dure was repeated until constant ellipticity was reached.
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2.5, SPECTROSCOPY AND STRUCTURAL ASSIGNMENTS

2.5.1. Co dipic A A X n — COMPLEXES

The tridentate 1ligand dipica" is coordinated meridionally
as in all known complexes of this ligand for which X-ray
structure determinations exist [79-81].

The VIS~spectral data of most of the new compounds are
listed in table 4. Since the chromophores have low symme—
try, the position of the maxima is influenced by the

relative intensity of overlapping components of the speckral

pands. For example, the long wave length maximum of

Co dipicé— accurs at slightly higher frequencies than that
of Co dipic dien+, contrary to a simple prediction based
on donor atom positions in the spectrochemical series,
This is mainly due to the distorted coofdination geometry
caused by the dipicz-Q ligand. The band positions have
therefore limited value in determining the set of donor
atoms. However, structural assignment of the three trans-—
[co dipic (NH3)2 X]n+ complexes may be supported by the
VIS~spectral properties. The yellow-brown species, a non-
electrolyte, has the low energy transiticn (derived from
octahedral lAlg——lTlg) at 465 mil and tlfe second tran-

sition (derived from octahedral ~A Tag) is not ob-

served because of overlap with a s%gong charge transfer
transition. Both are characteristic for N-bound Co(III) -
nitrao complexes (cf. table 4), On the other hand the two
other isomers have VIS—spectra1+pr0perties which are cha~
racteristic for Co dipic A A X - species with a ligand

X with an oxygen donor.
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Infrared spectroscopy of the complexes containing dipica',
twvo ammonia or a diamine and a monodentate ligand served
as a useful characteristic of the species. Although the
spectra were not fully analysed, the comparison with
reference spectra and literature values {83-87) allowed
to determine some bands of diagnostic value., Coordinated
dipicz' has the following characteristic bands: 1080 -~
1090 em™> (intense, sharp), 910 - 920 cm™L, 680 - 695 cm™l,
The carbonyl band for coordinated dipicz- {1670 - 1630 cm_l)
lies between the lines for free Hydipic (1700 em l) and

Eree d1p1c2 {1600 cm"l). The CEEN ~ stretching frequencies
occurs at 2100 cm for the N-bounded thiocyanate complex
i83] and the azide ion absorbs at 2040 em! and 1335 em™}

in the azido complex [84]. For the presumed O- and N-

bonded nitro complexes, none of the characteristic fre-
quences of the nitrite ion have been gbserved [85] in the
spectra of the dipic complexes and we cannot presently
identify the NO, bonding mode with certainty. Linkage
isomerism is alsc possible For dmso [86] and this 1igand

3)5 dmso) 3+
[87] on the base of a low energy shift of the 30 streching

~1, In [co aipic en dmso]NOB,
-1

has been considered to be oxygen-bonded in [Co (NH

frequency to about 930 - 950 cm

a strong broad band at 930 em™t

with shoulders at 940 om
and 960 em Y is assigned to this vibration. This band does

not appear in [Co dipic en 0H2] NO, and we infer bonding

3
through oxygen in this dmso complex.

The lH-NMR spectra typically show a relatively complex
seven- to thirteen-line pattern for the three aromatic
protons of coordinated dipica_ (fig. 9). In contrast, a
two line pattern with a coupling constant of less than
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1 Hz is found for H,dipic (8.38 ppm) and Na,dipic (8,01 ppm)
in ng_and this feature has been used to test for fzfe
dipic™ in reaction mixtures, In the Co dipic en X%

series, the ethylenediamine methylene protons generally
appear as two quintet patterns (intensity ratio about
1:4:6:4:1)oving to very similar coupling to
vicinal CH and NH protons {fig. 9). In alcaline solutions
containing the hydroxo complex (X = OH), the amine functions
are deuterated and the resulting methylene proton pattern
may be described phenomenclogically as two sets of doub-
lets with some mutual effect on the line intensities {fig. &).
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figure § : 200 MHz ThomMr spectra of [Co dipic en x1™*
complexes in [MS0-d, (O-0G) or D,0
(®, @) relative to internal TSP,
Q: X=N;; @ : X=N05; @:X=C1l";
@: X dmso:G):X:OHQ;G):X=0Hz;
@ : X=o0H

fl



On the whole, these patterns are sharp and simple owing to
the large inequivalence of the methylene groups adjacent
to the ¢is and trans amine functions relative to the uni-
dentate ligands.

The amine protons are observed in acid D20 / D solu-

55%
tions (pD = 3). They exchange slowly in this medium.

The two NH2 — groups are strongly nonequivalent in

Co dipic en X o species, one occuring at about 7.3 ppm and
the other near 4.8 ppm {fig. 9), thus coverlapping with the
HOD - signal, The last is cbserved in DMSO—d6
In Co dipic en amso” dissolved in DMSO—C[6 the NI-I2 proteons
at low field give rise to two separate resonances, In

Co dipic dapo OH,
for both NH2 ~ functions, but no such splitting is observed
in Co dipic en Cl. Inequivalence as observed in the first

two cases 1s attributed to seclvation effects and hag been

- solutions.

+ N . .
the same inequivalence is observed

cbserved previoucly ][88,89), Since this inequivalence of

the amine protons in the ethylenediamine series is influenced
by the leaving group, we may assign them to the amine
function cis to the leaving group. An irradiation experi-~
ment on Co dipic en 0!-12+ ion showed that the ethylenedia-
mine methylene protons at low field couple to the amine

group at low field, cis to the leaving group (fig. 10).

Yoneda and coworkers [90] have found for Co A5 c12* comp-
lexes that trans NH2 — protons appear at higher field,

The observed positions for the amine protons in

[co dipic (NHB)S]+ in D0 (5.2 ppm (3 H) and 3.7 ppm

(6 H)) can serve as a guide in the structural assignment

in [Co dipic (NHB)E x]™* complexes. For the three different
unidentate ligands X = H,0 (D20), NO, (DMSO—ds) and ONO
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figure 10 : 200 MHz TpoxmR spectra of {Co dipic en OHQI+
in D,0 / D2504 relative to internal TSP
@®: irradiated at 4.93 ppm

@: irradiated at 7.34 ppm

(DMSO—dé), amine proton signals are found at 4.1, 4.4

and 3.6 ppm, respectively. This is consistent with the
position of ligand X trans to the pyridine nitrogen

doncr and therefore a trans arrangement of the two ammine

ligands.
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2.5.2, CO_AAA dapo X ' - COMPLEXES

The VIS ~ spectral parameters of these complexes are listed
in table 5. The differences between complexes with meri-
dionally and facially coordinated dien are qualitatively
the same as for Co dien tmd X "t - complexes [75]. In

the region of the transitionsg at lower energy (components

of the parent octahedral lAl -1

T

g transition) the

absorption band is split For the Co AAA dapo X Bt 3 somers.

The change of intensities of the two bands in this region
{460 - 495 nm, 530 -~ 545 nm for AAA = dien; ~560 nm for
AAA = dpt) owing to different distortions of the octahe-

dral symmetry is a good means for assigning facial or

meridional coordination of the tridentate ligand (fig. 11).

-— = o

350 400 450

500

550 600 650

figure 11 :

VIS=-gpectra of

x-CodiendapoCI2+
ervw ¥-CodptdapoC1®*

e n—CodiendapoCl2+
_____ x'-CodiendapoCl2+
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In all known cases, one of the two low-energy absorption
bands has a higher extinction coefficient for facial

and a smaller extinction ccefficient for meridional
coordination., The high energy band of the sNNO - isomer

is very sensitive to deprotonation of the coordinated
OH - group and the Pk, - value (pKa = 2,74 ¥ 0,05; deter-
mined by potentiometric titration at 25.0 £ 0.1 °C;

p= 1.0 (NaClO4)) was thus also measured spectrophoto-
metrically (fig. 12} to give agreement with the first

result (pK, = 2.72; T = 25.0 *0.1°; p= 1.0 (NaC10,)).
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figure 12 : VIS-spectra of %NNO-[Co dien dapo]3+

in various buffers [69]}
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All compounds show the usual two CD-absorption bands in
the region of the low energy transition (derived from
cctahedral lAlg-»l‘l‘lg) with opposite sign. The CD spectra
in the region of the second transition (derived from

octahedral LA —*;Tag) are very sensitive to the leaving

group, The iségers with meridianally coordinated dien or

dpt have phenamenoclogically nearly the same CD-spectra

as [Co bamp dape 0112+ 126,27] which also has a meridionally
coordinated tridentate amine ligand (fig. 13).This simila-
rity is attributed to the same source, viz. the OH - group
of dapo as the only disturber of symmetry of alli three
chromophores in question, It destroys the time-average
mirror plane present in the analogous tmd complex.

Optically active facial isomers are easily distinguished
from meridional ones by their intensities of the tran-
sitions., The optical activity of the x- isomers may be
attributed to a conformational effect induced by the

OH substituent of dapo [26,92). The resulting disturbance
of symmetry is remote from the chromophore and causes

a small CD — effect. On the other hand, the optical acti-
vity of the n- type isomers arises from a configurational
effect, a dissymetric position of the ligand atoms. Their
CD - intensities are therefaore ~5 - 6 times higher.

The lH—NMR spectra of Co dien dapo X *n - complexes were
compared with the dien~ and dapo-complexes in the dipic
series (fig. 14). The signal of the secondary dien amine
.proton has the highest chemical shift. Its exchange rate
in complexes with meridionally coordinated dien is higher
than that of all other cis amine protons (¢f., 2.6.3.).



dien dapo C1 2+

dien dapo Br o4

dien dapo 0323+

) ST x Co dpt dapo Clzi+
Y K 4 N Co hamp dapo Cl
. 2+
r= Co dien dapo Cl o

ww-. 7= Co dien dapo Br

2+

mNNO-Co dien dapo 3+

mNNQ~Co dien dapo

1 1 1 [

1
350 400 450 500 550 600 650 nm

1 J

figure 13 : CD - spectra of optically active Co{III) complexes
with dapo and either dien, dpt or bamp {arbitrary
ordinate scale).
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MT- Co dien dapo N
2
T~ Co dien dapo Cl +

(@) *- Co dien dapo c1®t
@ »- co dien dapo c12*
() x- Co dien dapo B2t
® *- Co dien dape N32+
(D ¥- Co dien dapo N32+
T- Co dien dapo c1%*
(® T1- Co dien dapo pret
® &
O

In the same complexes, the trans amine protons have the
lovest chemical shifts and the highest exchange rates

(cf. 2.6.3.). They normally appear at higher field than
the cis amine protons [90,93], and it is well known that
their exchange is slower in CoA5012+ complexes than in c¢is amine
protons[94]., The cis amine protons of dapo and dien ave
partly buried under the HOD signal. They all can be ob-
served when spectra are carried out in DMSO—d6 - solutions.
The main difference in 1H—NMR spectroscopy between the x
and x'isomers of the azido complex lies in the different
chemical shift of the secondary amine protons (fig. 14).

130—NHR spectroscopy is perhaps the simplest method to
distinguwish and to structurally characterize the different
isomers of Co dien AA x*- and co dpt AA X complexes.,
Owing to the differences in symmetry between x-, =- and
w-type isomers (cf, fig, 8), the number of 13c_mr signals
are different. Since there are symmetry equivalent carbon
nuclei, the number of lines is reduced in x and w isomers.
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This is strictly true only for species with no other than’
methylene carbons. For ¥ dapo complexes,; the-two pairs of

dien carbons are only nearly equivalent (see below). Further—
mare, their chemical shifts show nearly no influence of

the leaving group X (fig. 15). The attribution of the diffe-
rent signals to specific carbon atoms is possible by com-
parison of the spectra of the different isomers with each
other and with other complexes containing coordinated

dien, dpt or dapo (fig. 15, table 6).

The carbon atoms in the dien and dpt ligands in several

mer-cis-[Co dien A x]n+ - species are pairwvise nearly

or perfectly isochionous {95,96). The small splitting

of the two or three corresponding rescnances is attributed
to the presence of the OH - group in the six membered
chelate ring which influences its conformational equili-
brium position, This small, distant effect is transduced

toe the carbon atoms of the tridentate ligands,



x= Co dien dapo C1 2+
‘ ¥- Co dien dapo c1 °F
l - Co dien dapo Br ¥
' . 24
x= Co dien dapo Br
: 2+
¥~ Co dien dapo N3
' R 2+
x= Co dien dapo N3
I x- Co dien dapo OH 2+
| n= Co dien dapo Cl ot
l #~ Co dien dapo €1 ot
: 2+
I ’ ” 7= Co dien dapo Br

70 60 50 40 30 20 PPR

Figure 15: 50,32 MHz 3C NMR-spectra in D,0/D,50, relative to

internal Dioxan {67.4 ppm)
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substance a) b} c)
x—CodiendapoC1®t 64,1 51.0;51.0;48.3;48.2 43.6;43.4
¥-CodiendapoCl®’ 64,0 50.3;50.1;47.8;47.4 43.4543.2
x-CodiendapoBr>t 63,8 52.1;52.0;48.2;48.1 43.5;43.2
¥-CodiendapoBr>t 3.2 51,3;51.1;47.2;47.1 43.1343.0
x-CodiendapoN3z+ 64.5 50.3;50.1;48.2;48.1 44,2;43.6
xLCodiendapoN32: 64.3 49.9;49.8;47.4;47.1 44.0;43.5
x-CodiendapoOH°* 6€4.4 49.6;49.6;48.1;48.0 44.1;43.4
T-CodiendapoCl’ 64.6 55.7;55.0;45.0;44.7 43.0;42.7
$-CodiendapoCl®® 65.3 55.8;53.9;45.043.9 44,1;43.6
1-CodiendapoBr®’ 64.5 56.2;55.7;45.2;44.1 43,4;42.9
i«CodiendapoN32+ 6404 54.8;54.3;44.4;44,2 43.2;42.8
T¥NO-Codiendapo>t 78.2 55.2;52.9;45.5;43,8 45.5;45.5
TNNO-Codiendapo® 77.4 54.0;52.4;44.4;43.0 47.9;47.4
x-CodptdapoCl®t  €4.4 51.9;51.6:40.2;39.5;25.8;25.7 42.5:41.6
x=Codpttmdcl®™  25.6 51.6;39.9;25.4 39.3;37.7
x-Codptenc1®t 52.4;38.9;25.2 45.7;44.5
x-Codientmacl®* 25,9 50.8:48.2 39.8;39.5
w-Codienenc1®t 55.6345.8 44.0
table 6 : 50.32 MHz 13C—NMR chemical shifts of aqueous solutions

relative to internal dioxan (67.4 ppm) in ppm
a) tertiary carbon of dapo

b) methylene carbons of dien or dpt

¢} methylene carbons of dapo
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2.6, REACTIVITY AND STEREOCHEMISTRY IN BASE CATALYZED
SUBSTITUTION PROCESSES

Base hydrolysis of all complexes in aqueous buffer solu-
tions (g = 1.0 M, NaCl0, or NalN,; 25.0 t 0.1 °C) was
fallowed spectrophotometrically (VIS), by stopped flow
methods (SF} or with CD-spectroscopy (CD). When pseudo
first order kinetics were observed, plots of

log (D - D) against time were linear for at least three
half-lives. The observed rate law for base hydrolysis is
consistent with that usually found for base hydrolysis

aof Co(III} pentaamine complexes: Kope = kOH[OH_]

{cf. 1.1.2,). The products of each reaction were analysed
by their 13C—NMR-_-,VIS— and CD-spectra for optically active
materials,

In this chapter, the data tables list the values of kOH
{base hydrolysis) or of kop {proton exchange). The
corresponding values qf kobs are calculated by multi-
plying kg, or k,, by the pertinent OH  or OD concentra-
tion from the given pH or pD values. PX,, values are indi-
cated in each table,
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2.6.1, BASE HYDROLYSIS RATES OF Co{III) COMPLEXES WITH
MERIDIONALLY COORDINATED: dien, dapo AND A MONO-
DENTATE LEAVING GROUP

The base hydrolysis rate of x=[Co dien dapo Cl]2+ is
within the error the same as that of x-{Co dien tmd Cl‘l2+
(65]. The influence of the dapo hydroxy group is there—
fore even less important than that observed for the

Co bamp AA X - systems where AA = tmd or dapo [26].

The x-isomers of Co dien dapo X — complexes with X =

C1~, Br and N;
lysis rates measured so far in Co(III) pentaamine chemistry.

respectively have the highest base hydro-

This feature is discussed in terms of the r~bonding model
{cf. 3.). Data are presented in tables 7-9. The initial
product. of base hydrolysis is shown by their 13C-NMR
spectra to be =295% »—[Co dien dapo UH]2+ ion., This iso-
merizes slowly to a=[Co dien dapo 0]°*. The observed rate
constant for this reaction was measured at 25 °C or 45 °C
in the same reaction medium as base hydrolysis. It is
independent of the OH concentration at pHZ 6.6,
This subsequent isomerisation of the x~([Co dien daro OH]2+
is therefore at least 50 times slower than the measured
base hydrolysis rates. Data are presented in table 10,
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Buffer pH a) Ko M1s™Y]  Method
Pyridine 5.821 1.19 10° ¢p P
Pyridine 5.821 1.09 100 vis ©
Pyridine 6,104 1.43 10° cp ¢
Triethanolamine  8.246 1.1 100 se )
Tris 8,255 Lo2 100 s B!
Diethanolamine 9,239 1.06 10° s F!
Ethanolamine 9,792 9.83 104 sp T
Methylamine 10.988 1.24 10° s¢ £l
ko = (1.13 £ 0,093) 100 w1

table 7 : base hydrolysis rates of x-[Co dien dapo Cl1] oF
T = 25,0 £ 0.1 °C; p= 1.0 (NaC10,); buffer
concentration: 0.1 M; [Coltot =210 M
a) pK, = 13.77
b) A= 460 nm
¢} A= 305 mm
d) measured in 1M Nal
e) i= 491 mm
£) A= 300 mm
base hydrolysis rate of x-[Co dien tmd C1] &+

= 1.14 10° M1t

3

in the same conditions: kOH
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Buffer pH @) X, (Mt~
H

Triethanolamine  8.239 1.34 10°
Tris 8,253 l.49 10°
Tris 8.274 1,49 10°
Diethanolamine 9,219 1.37 106
Piethanolamine 9.238 1.36 10°
Ethanolamine 9.705 1.35 10°
Koy = (1.40 ¥ 0.072) 105 Mgt

0

table 8 : Dbase hydrolysis rates of x-[Co dien dapo Br]2+
T=25.0%0.1°; p= 1.0 (NaClO4); buffer
concentration: 0.1 ¥; lco] . = 2:1073
SF; A= 342 nm

a) PK, = 13.77

Buffer pH a) kOH[M’ls'IJ Method
Tris 8.274 1,67 102 cp D)
Diethanolamine 9.219 1.2 1062 cp P
Piethanolamine 9.219 1,30 102 vis ©
Diethanclamine 9,238 1.45 10° vs
Ethanolamine 9.745 1.14 100 vis ©
Ethanolamine 9.818 1.2 10°  vis ©
_ + o -1 -1
koy = (1.32 £ 0,21} 105 M s

table 9 : base hydrolysis rates of x-[Co dien dapo NJJ 2+
T = 25.0 £ 0,1 °C; n= 1.0 (NaClO4); buffer
concentration: 0.1 M; [Col, = 2.1073 y
a) pK\V = 13.77
b) x= 490 nm

) = 390 nm
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Buffer T [°cC] PH a) kobs [s-l]
HC10, 1M 45.0 0 1+97 107>
Pyridine 4540 6.200 26.7
Ne-ethyl-morpholine 45.0 B8.070 55.6

Tris 45,0 8.450 55.7

Tris 25.0 8.500 4.8 107°
Diethanolamine 25.0 9.450 6.29 1077
Ethanolamine 25.0 9.472 5.65 10
Methylamine 25.0 10.0 5,33 1077
Kb = (5.52 & 0.62) 107 57t (T = 25.0 °C; pH = 6.6)

table 10 : isomerisation rate of the base hydrolysis
product of x-[Co dien dapo X12+
= 1.0 (NaClO4); buffer concentration: Q.1 M

= —3 M . = 48
[c:cﬂmt = 2 10 °M; VIS; A= 485 nm
a) pX, = 13.77
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2.6,2. BASE HYDROLYSIS RATES OF Co{III} COMPLEXES WITH
FACIALLY COORDINATED dien, dapo AND A MONODENTATE
LIGAND

In this chapter we report preliminary kinetic studies of
the isomers with facially coordinated dien to support by
kinetic data structure and base hydrolysis mechanism of

the isomers with meridionally coordinated dien. jLBC—N'I«IR-,
VIS- and CD- spectral analysis of the final products of
the complexes reacted in alcaline aqueous solutions show
that both ¥ and ' isomers lead to the TNNO-[Co dien dapo] 3+
ion in two reation phases., As expected {(65], this rate is
much smaller than the base hydrolysis rate of T -[Co dien
dapo c11*t
igomer and this rate effect warrants further study, It

. It is accelerated by a factor of 24 in the ¥’

appears consistent with the possibility of participation
of the dapo hydroxy group in the transition state (fig. 16).

figure 16 : hypothetical transition state of base hydrolysis
of ®—-{Co dien dapo C1]2*



This would therefore support the structural assignment
%' = (X)fac~endo—-OH,

Both T and %' isomers lead to cyclized product at the end
of the second, slower reaction phase. The second phase is
4
10
this impressive rate difference clearly supports the

hypothesis that the R'isomer is the one that cyclizes

x faster in the T' isomer relative to the k¥ isomer and

without the necessity of rearrangement at Co, i.e. (¥)fac-
endo-0H,

An independent argument in favor of this assignment comes
from the observation that the T-isomer cyclizes with in-
version of configuration (fig. 17). This is consistent
with the need for rearrangement at Co in the (X)fac—exo-OH
hydroxo complex. The stereochemical course is probably
partial racemization with some net inversion from the

qualitative observations made so fare.

550 500 450 400 50 nm

figure 17 : stereéchemical change during base hydrolysis
of T ~[Co dien dapo C11%% (PH = 11.11; p= 1.0
T = 25.0 X 0.1 °C; t=30min.;[97])



Buffer/ Base pH a}) kOH[M_ls-I] Method
NaoOH 12,665 26,41 sp D)
NaoOH 12,506 21.44 s¢ P)
Methylamine 10.910 23.90 CD <)
Ethanolamine 9.750 23.09 o ¢
Ethanolamine 9.750 29.68 vis ®?
Diethanolamine 9,200 24,55 co ©
Diethanolamine 9,200 29.40 vis )
- + -1 -1
kg = 25,50 3,14 M's

table 11 : base hydrolysis rates of T -[Co dien dapo C1} 2+
T = 25.0 T 0,1 °Ci n= 1.0 (NaCloq); buffer—
concentration: 0.1 M; [col =2+10"%4; [93]
a) Pk, = 13.77

b) » = 305 nm

¢} a= 502 nm

tot

base hydrolysis rate of T'-[Co dien dapo 1] 2+,

2 -1 =]
ko = 1.32 10° M s
(r = 25,0 X 0,1 °C; p= 1.0 (NaCl0,); pH = 8.483 (Trietha=

nolamine, 0.1 M); [c:o]tot-z 2.107° M; VIS, A= 310 nm)
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Buf fer pH ) kOHhrls“lj Method
Methylamine 12,978 159.1 SF
Methylamine 13.040 184.2 SkF
Methylamine 13,0813 184,.8 SF
Tris 8.253 180.9 VIS
kgy = 17702 £ 12,2 Mgt

table 12 : base hydrolysis rates of T-[Co dien dapo Br-]2+
T = 25.0 £ 0.1 °C; w= 1.0 (NaCl0,); buffer—
concentration: 0.1 M; [Co] tot = 2,107 M; [91};
A= 334 nm

a) Pk, = 13.77

Buffer / Base pH a) kOHlM'ls-H
Methylamine 10.970 6.997 102
NaOH 12.875 4.871 1072
NaOH 12,699 4.436 1072
Koy = (5.435 % 1.370) 1072 Mts™t

table 13 : base hydrolysis rates of T-{Co dien dapo N§ 2+
T=25.0%0.1°; p=1.0 (NaCl0,); buffer-
concentration: 0.1 M; T_Co]tmt =2 10_3M;
A = 370 nm; VIS; [98]
a) pPX, = 13.77
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2.6.3, PROTONEXCHANGE RATES OF Co(III) COMPLEXES WITH
MERIDIONALLY COORDINATED dien, dapo AND A MONO-
DENTATE LIGAND

The proton exchange rates were measured for x-[Co dien
dapo c1)2*, x-{Cco dien dapo Br]®*, x—{Co dien dapo N3]2+,
x-{Co dien dapo N3]2+ and x-[Co dien tmd 1)%*, whose
H-NMR spectra are shown in fig. 14, The measurements were
performed in 1 M acetate or 1 M formiate buffer solutions
or in diluted D,80, solutions at 20 £ 2 °C and 25 X 2 °C
at different ionic strengths. Plots of log (peak surface)
vs. time were constant for at least three half 1ives.
The data fit the usually observed rate law kobs =
Xp o kOD[bD'] [04] , but was measured only in the alcaline
reaion. The rate constants of the primary and secordary
amines are directly comparable as shown in eq 28, Proton
exchange at the primary amine functions is best described

as a consecutive reaction system:

op” _
WNH, ——— NHD + OH
2 x
1
(26)
oD~ _
NHD ND, + OH
2
kg

and the following expression For peak surface = £(t) holds
as in biphasic kinetics:

-kt
Sy = sNDQ[NHg]o + (SNH2 - SNDg)[NHQ]O el +

(Syyp = snnz) [kl[mzlo / (kg = k)]

{ e S e_kzt} (27)



Q3

Considering that the specific peak surfaces of NH2 and
NHP give a 2 : 1 ratio and that for reasons of mass con-
servation kl =2 k2,'this reduces to

kyt ) (e X1t - e7koh)

S¢ = SNHQ[NHE]O e 2o

-8

NH2
- where the observed rate constant is that of the second
reaction, NHD —= ND2.

S¢ = sy W) e~kot (28)

bPata are presented in tables 14 - 17.

The protons trans to the acido group always exchange
faster than the sec, amine proton with the exception of the
tmd complex. The consequence of this result together with
the stereochemical observations for the site of deproto-
nation and formation of the reactive conjugate base are
discussed in chapter 3.3..
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Buffer pD a) kOD(secA) kOD(trans) kOD(cis)
Acetate 4,519 5.78 10°  2.04 107 -
Formiate  4.641 5.710 10°  1.84 107 -
Acetate 4.645 6.83 10°  2.64 107 -
Formiate  4.878 5.70 10° 2,00 10’ -
Acetate 5.045 6.80 10°  2.06 107 -
Formiate 5,091 5.33 10°  2.18 10’ -
Acetate $.237 s.94 10°  1.65 107  =10°
kop (sec-a) = (5.97 T 0.56) 10° w15

+
ko (trans) = (2.06 * 0.28) 107 w3t

. 5 -1 ~1
<
kop (cis) =10" M s '
Acetate ®) 5045 3.30-10%  1.10 107 -
acetate ¢ 5.045 7,97 10°  1.92 107 -
table 14 : exchange rates of the amine protons of

x-[Co dien dapo C11°* in M 1s™!

T=20%2 °C; p= 1.0; buffer concentration:
1.0 M; leol = 0.1 15 [99]
a) PX, o = 14.869; pD = pH + 0.4
2
b} u="0.5
c) T = 25 °C
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Buffer pb a) kOD(secA) kOD(trans) kOD(cis)
Formiate 4,878 1.01 107 3.76 107 -
Acetate 5,237 1.17 107 4.50 10’  <10°
table 15 : exchange rates of the amine protons of
x=[Co dien dapo Brl?* in M ls™t .
T=20%2°C; p=1,0; buFfer concentration:
1.0 M; fcol, . = 0.1_M; [99]
aj) Ky o = 14.869; pD = pH + 0.4
2
table 16 Preliminary experiments shaw that the exchange
rates of the secondary amine protons of
x- Co dien dapo N32+ and x'- Co dien dapo N32+
differ by a factor of about 3,
Buffer pD a) kOD(secA) kOD(trans) kOD(cis)
6 6
Acetate 5.563 2.69 10 2.44 10 -
Acetate  5.899 2.62 10° 2,32 10° <10
table 17 exchange rates of the amine protons of

x—[Co dien tmd c11%* in w7t
T=20Z%¢2 °cs p= 1,0; buffer concentration:

1.0 M; [col, . = 0.1 M; [99]

a) PKngo = 14.869; pD = pH + 0.4
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2.6.4. THE ANATION RATE OF THE Kk-[Co dien dapo oH}Z*
AND k~[Co dien dapo OH,]>* IONS AND THE DETER-
MINATION OF THE pK_ -~ VALUE OF THE AQUA CCMPLEX

The anation rate was measured in agueous buffer sclutions
containing sodium azide. The measurements were performed
spectrophotometrically using base hydrolysed solutions of
the chlore complex, Under pseudo-first order conditions,
the rate is independent of the azide concentration in
the range of 0.05([‘1\15]( 1 M (table 18). Anation is disg-
cribed by the following reaction system:

X
CooH, 3t —2+ coon °t + wt
2
 OH
coon ¥ Ny CoN32+ + OH (29)
ks
3+ - 2+ 0
CoOH2 + NS — Coh?3 + H2

The corresponding rate law is well known:

rate = - &80l o0 _ klool, . 7] (30)

at 3
and under pseudo flrst order conditions:

rate = k[Co) (k% [coon®] + x%2[coon,3*)) [x7 ]

tot™
24 3¥
OH [coonZ*) oH, [cooH,3% .~
k=(X ILCLE + 12 2P ) (31)
- [ ——

r l-r
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With the acidity constant of the aqua ion

the fraction of hydroxe camplex r becomes

K

and the rate constant k can be shown to be a linear functian
of v (eq 33) with the intercept k*'2 and the sicpe k- k%%

k=r (kOH - kOHz) + x%% {33}

Linearisation of the plot K pe VS. PH therefore assists
in determining the pX value of x~[Co dien dapo OHé

as well as in determlnlng the observed rate constants for
the hydroxo and the aqua ion (cf, table 18, fig. 18):

pK, = 5.92 1 0.2
" - 2,10 1072 7t
x®2 < 3,01073 7t
The products of the reaction were analysed by 13C-NMR

spectroscopy and found to be the eguilibrium mixture
of x= and x'-[Co dien dapo N3]2+ {ratioc ~ 6 : 4).
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Buffer pH a) [N3]tot X be <t

Diethanolamine 9.65 1.0 2.17-107°
Diethanolamine 9.52 1.0 2.10-1072
N-ethylmorpholine 8.43 1.0 2.14-107°
Triethanolamine 7.65 1.0 1.98-1072
Pyridine 6,41 1.0 1.29-1072
Pyridine 6.27 1.0 1.34-1072
Pyridine 5.95 1.0 1.12-1072
Azide 5,72 1.0 8.78-10"°
Azide 5.60 1.0 6.60.1072
Azide 4.92 1.0 2.94.1073
Azide 4,56 1.0 1.09.1073
N-ethylmorpholine 8.43 0.85 2.04.107°
N-ethylmorpholine 8,43 0.77 2.17:1072
N-ethylmorpholine 8,43 0.70 2.07-1072
N-ethylmorpholine 8.43 0.50 2.13.107°
N-ethylmorpholine 8.43 0.25 2,04+107°
N-ethylmorpholine 8.43 0.10 2,24.10°2
N-ethylmorpholine 8.43 0.05 1.93-1072

table 18 : anation rates of x»~-{Co dien dapo OH]2+ and
x[Co dien dapo OH,]%* with Ny
T = 25,0 % 0,1 °C; p= 1.0 M; buffer concentra-
. -3
- . — . .
tion: = 0.1 M; [Co],  =1-1077 ¥; [99]

a) })Kw = 13.77
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Figure 18 : anation rates of x-[Co dien dapo OH]2+

and x=[Co dien dapo 0H,}1* with N,

[nl=1M; p=1.0;T=25.0%0,1°C
3 u
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2,6,5, THE STEREOCHEMISTRY OF BASE HYDROLYSIS OF COMFPLEXES
WITH MERIDIONALLY COORDINATED dien, dapo AND A
MONODENTATE LIGAND

12* and x-[Co dien

The optically active x-[{Co dien dapo Cl
dapo Br]2+ complexes racemize to (100 % 2) % during base
hydrolysis. On the timescale of these experiments, the
meridional arrangement of dien 1s preserved to 2 95 %.
However, the mer-hydroxo complex racemizes faster than

base hydrolysis of the chlorc and bromo species in the

pH range accessible for CD kinetics using conventional
mixing techmiques [99]. The stereochemistry of these substitu-
tions remains therefore undetermined by these experiments.
Barlier experiments first suggested some retention of
configuration on a much longer timescale for the hydroxo
ion but this could subsequently be attributed to some rear—
rangement of the aqua ion in acidic solution (cf. 2.6.1.).
This rearrangement process in acidic solution interferes
with attempted preparations of X-Co dien dapo x2+ species
where X is a very good leaving group such as NO_, CHSSOE

or others. It is expected that base hydrolysis in these
cases is much faster than racemization of the X- hydroxo
complex and if complete racemization were observed on the
timescale of the complex with X, the stereochemistry of

the substitution could be deduced directly. However,

this method would be sensitive to the presence of small
amounts of rearranged or ring-cosed products.

Another method consists in examining the sterecchemistry
of anion competition products in the base hydrolysis of
X-[Co dien dapo X]2+ species (%X=Cl,Br}. These reactions
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3
resulting both from competition as well as from anation

may be carried out e.,g, in 1 M N, and the azido complex
must be racemi¢ if a symmetrical, trigonal-bipyramidal
intermediate state of reduced coordination number is
involved, In the possible case where only partial race-—
misation of the immediate products occurred, this would be
detected by some retention (or possidly inversion) of
optical activity in the azide competition product provided
this does not racemize on the timescale of the experiments,
On the other hand, the hydroxo ion will racemize faster
than base hydrolysis of the two starting materials and

the hydroxo complex from this source will give racemic
azido complex by anation in the achiral medium used. The
utility of this method will depend on the amount of compe-
tition which has been shown to be very high (cf. 2.6.6.).
The base hydrolysis kinetics of %-[Co dien dapo X]2+ (X =
Cl ,Br ) were followed in different buffered azide media
([pyridine] = 0.1 M; pH = 5.95 - 6,10; [N;] = 0.5 - 2 M;

p= 1.0 or 2.05). The change in CD intensity was Followed at
491 nm at a sensitivity of 0.2 m®/cm. Pseudo first-order,
uvniphasic kinetics were observed {cf.table 7) and in all
runs, O, coincided with the base line run with the buffer
solution alone, These measurements were done at the maximum
value of O on the most sensitiv scale and, given the high
competition values, an accuracy of at least ¥ 2% is assigned.
The result is therefore (100 s 2) ¥ racemisation.

In a blank experiment, the CD intensity of optically active
x—azido complex was monitored at 491 nm in one of the pre-
viously used pyridine buffers (pH = 5.85). No decrease in Cb
intensity was found For at least 30 min. and therefore, in
the above experiments, the presence of racemic azido complex
is not due to racemization after its formation.
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3.6.6. KINETICALLY MEASURED COMPETITION RATIOS OF Co(III)
COMPLEXBS WITH MERIDIONALLY COORDINATED dien, dapo
AND A MONODENTATE LIGAND

The base hydrolysis reaction kinetics of %X-[Co dien dapo X]2+
(X = €17,Br" ) in the presence of Ng (0.25 = 1 M) and buffer
(pyridine / HC10,; PH = 7.96 - 8.04; i = 1.0) at

25 °C are biphasic. Both phages are accompanied by an ine
crease in optical density at 514 nm (X = CI) or 530 nm

(X = Br ), consistent with formation of the¥-azido complex.
The formation of this compound has been verified by L3¢ mur
(cf. 2.6.4.) and is essentially quantitative at the end of
the reaction sequence. The pseudo-first order rate constants
of these two reaction phases were determined by nonlinear
regression using a computer programme [34.101]. The rate
constants are relatively c¢lose to each other under the con-
ditions of the experiment and the analysis is therefore
subject to a larger error (i 21%) than usukally found for
uniphasic kinetics. Nevertheless, the rapid reaction phase
has a rate constant (kobsz 0.146 5_1; PH = 8.04 for X = C1™
and kobs= 2.86 5-1; pH = 8,04 for X = BF) close to that of
base hydrolysis of the halogenoc complexes (kobs= 0.208 5_1
for X = C1” and K o= 2.58 s7! Por % = Br”; values calcula-
ted from kOH For pH = 8.04, cf., table 7,8) under these
conditions. The slow phase has a rate constant (k
2,25 1072
product (X

obs
_5-1) close to that for anation of the hydroxo

-2
‘ obs™ 2,10 10
leaving group. Under these conditions, base hydrolysis of

s™Y) and it is independent of the

the azido complex will make but a negligible contribution

_ —4 -1
(k= 2-44 1077 5
cf. table 9).

, calculated from kOH for pH = 8.04,

We interpret these observations by the following sequence
of transformations (chelate ligands dien and dapo are
omitted):
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Co — oH 2*

"__,,,-——' anation
co - c1?* I (34)
ﬁ‘“‘“‘-‘H_CO T slow phase

fast phase 3
two parallel reactions

The azidc complex therefore arises both from competition
(fast phase) and from subsequent anation of the hydroxe
complex {slcw phase}.

In order to determine the amount of competition, the initial
concentration of the azido complex (8514 = 256 ML em;
854 = 231 Mt cm_l) has to be determined at the beginning
of the slow phase by extrapclation to £t = O, The stopped-
flow kinetics have been monitored at 514 nm and at 530 nm,

the isosbestic points of Co - Cl 2* ana Co - oK 2¥ and

¢o - Br °F and Co - OH ¥, respectively, where £= 72 M~

(X = C17) and 6= 65 M™lem ™t (X = Br).

1 1

em”

In stopped-flow kinetics, care has to be taken in defining
the zero-point of the time axis. This was found to be va-
riable and the following procedure was used: The value of
the optical density of the solution of starting material-
(without base) was recorded as a horizontal trace on the
oscilloscope, To this was superimposed a kinetic trace of
the biphasic reaction sequence in alcaline azide solution,
maintaining the oscillescope settings. With the aid of the
computer programme, the best parameters of the following
sum of exponentials:

k.t

y=aeX1t 4 ek

2t v

was fitted to the curve, The function thereby cbtained was
then used to Ffind the value of Y(t=0). In an iterative
procedure, arbitrary values of t = 0 and T = -1 sec were

used to calculate the coordinates of the crossing point with
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the horigontal trace of the starting material. This inter-
section point was then used along with a second, arbitrary
point to calculate a new intersection point. This procedure
was continued until the intersection point remained invariant.
For the corresponding value was calculated the extrapolated
value of y for the second exponential alone (eq 35).

"D
Da 4
5 ez
B (35)
Pa
t
The Following relations hold:
2+
Dy = Bgogy L6OC ] (36)
_ 2 24
Bp "SCOOH Leoon ] +'SCONS [CONS ]comp (37)
At the isosbestic point between coc1®t amd CoOH2+, Secor = 80001

At the end of the Fast phase, the reaction mixture contains

but CooHet and CoN32+:
2+ 24
{coon®*] = [col cot — LCON, _]comp (38)
Thus, : 5 g ) (39)
Dy = [0 o Ecoca * [ooN* Leomp. (SCONS T Tcotl
and E oF _ DB = [Co] tot SCOCl (40)
oo * Lo = =5 —

N CoCl
Co 3
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The competition values were calculated from this formula and
are presented in table 1% and figure 19. A formula of the same
type is also easily derived from

n_e[A] + (8, —S)D%e 1" + (& SC) A

2 - k

(51" - e7¥a") (100}

the general expression for any gystem exhibiting biphasic ki-
netics {A,B,C: starting material, intermediate {s), product(s)).

X [NS—] number of % CoN32+
ruans

c1” 1.0 6 63.6 £ 5,74

c1~ 0.5 2 47.1 X 2,78

cL™ 0.25 1 28,3

Br~ 1.0 1 61.7

Br~ 0.5 1 48.3

BT 0.25 1 30.4

table 19 : competition ratios of

x—[Co dien dapo X}2+

70} % CoN 2+
50
50

40

> &

Ea e
ni
g

30

20

10

0.2 0.4 0.6 0.8 1.0 [N;] (M)

: . . 2+
figure 19 : competition ratios of x—(Co dier dapo X
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2.6.7. THE REACTIVITY OF Co{III)} COMPLEXES WITH dipic®,
TWO AMINE LIGANDS AND A MONODENTATE LIGAND

Preliminary studies of the reactivity of these complexes
show that the change of charge and / or the change of the
electronic structure about the Co(III) - ion lead to a
marked but not very high difference in substitution
ractivity. The most important change can be observed in
the deprotonation equilibrium of the aqua complex. The
pK, value of (Co dipic en 0H2]+ is 7.48 ¥ 0.013, i.e.
about half an order of magnitude higher than for Co(III)
pentaamine complexes. This is presumably due to the lower
charge. On the cther hand the spontanecus aquation rate

of [Co dipic en dmso}? in neutral water at T = 25 °C and
p=2.1072
6rder of magnitude expected for Co(III) pentaamine comple-
xes ([Co (NHB)S dmsol®*; T = 25 °Cip = 0.1; k__ = 2+107° s

f102]), The anation rate of [Co dipic en OHQ] is also

with kaq = 9.88 10™° 1 lies in the same

-1

comparable with observed values for Co(IIl) pentaamine

complexes [43] which are normally in a range of about

10°% 5™l for soluticns containing 1 M N (kan = 1.1 1078 s-l;

3
T = 25 °C).

1M N
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3., DISCUSSION

3.1. AZIDE COMPETITIQN

When Co(III) pentaamine complexes are base hydrolysed in
pPresence of competing nucleophiles Y such as azide, thio-
cyanate, nitrite, sulfate, methanol or others, a procuct
mixture of CoASOH“" and CoAsym" results (cf. 1.2.2.),
where the amcunt of CcASYm+ generally is rather small
(about 10-30% for solutions of 1 M ¥Y; tables 2 and 20),
The product ratios CoAsoHn+ 7 COAEYm+ show but a very
small dependence of the leaving group [52,58,102]. These
results are usually taken to indicate a common intermediate
of reduced coordination number [12] and the competiticn
ratios are taken to be a relative measure of the lifetime
of this inermediate state [64]. The competiticn of x-[Co
dien dapo X]2+ (X= €17, Br ) for azide of 63 % suggests
that this system has the most stable intermediate state
of reduced coordination number observed s¢ far. This
remarkable stabilisation is also reflected in the highest
base hydrolysis rate of a chloroe Co{III) aliphatic penta-
amine complex ever measured so far. For a completely unse—
lective intermediate state formed in 1 M Ns- / 55.6 M H,0,
a product mixture containing only 1.8% azido complex is
predicted. So far, all competition experiments have given
higher amounts of azidec complex and this can be interpre-
ted in terms of selectivity of an intermediate [20]_

Some ancmalies in ion competition such as a small leaving
. . +
group dependence and nonlinear plots of the ratio CoAst /
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CoAEOHn+ vs. concentration of the competing ion are dis-
cussed in more recent papers in terms of a dissociative
interchange mechanism with ion pairing in the intermediate
state [58,102]. We note that plots of competition ratio

vs. concentration of the competing ion are generally
nonlinear and are only approximatively linear for low com—
petition ratios and in a limited concentration range,

Our results (cf. 2.6,6.} fit the function F{¥) = {Y] / (l-R;;}
(R, = Xy / X, o), which is the general expression for com-
petition in tAle absence of ion pairing [34). Independently,
the fact that the azido camplex resulting from base hydro-
lysed optically active chloro complex in azide containing
solutions is completely racemic can only be interpreted
with an achiral intermediate state, which would not be

the case for any interchange mechanism. This result is
certain to a high degree of accuracy of the measurements
owing to the high competition ratio. Sargeson and coworkers
[52] observed that the competition ratios in Co{III) penta-
amine complexes differ only by a factor of about 5 in
changing the competing nucleophiles over a wide range.,

They argue that the rate controlling step is the abstrac-
tion of the nucleophile from the solvent sheath surroun-
ding the reactant. Ion pairing concerted with the rate
determining step should afford a much greater difference
in competition ratios. In the limiting dissociative
mechanism, the observation that the competition ratios

are slightly dependent on the charge of the leaving group
is explained by differences in the relative rates of anion
capture and rearrangement of the solvent sheath, The '
leaving group dependence implies that the solvent sheath
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remains the same as in the starting complex or is at least
still influenced by the starting material, Anion capture
is therefore faster or comparable in rate with rearrange-
ment of the solvent sheath. '

The observation of a leaving group dependence for substrates
of different charge is, however, not necessarily consistent
with a concerted substitution process with dissociative
activation (ID). It can be seen as a consequence of extre-
mely short lifetimes in a stepwise substitution. The obser—
ved absence of anion-dependent terms in the rate law for
substitution for a variety of substrates and entering
nucleophiles is inconsistent with concerted substitution
and so is the general lack of correlation between compe-
tition ratios and the expected stability of ion aggregates
with the reactants.
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3.2. IMPLICATIONS QF RACEMISATION DURING BASE HYDROLYSIS

The high stabilisation of the intermediate state has the
stereochenical consequence of full racemisation during
base hydrolysis. In this sense the intermediate has effec-
tively lost all memory of the optically active starting
compound and it is therefore evident that the leaving
group is completely abstracted from the first coordination
sphere before entering of the new ligand. It is further-
more evident that attack of H20 wvhich affords a racemic
product with the same configuration as the starting mate-
rial from an optically active complex must be an attack

at a Pully achiral trigonal bipyramidal state.

If we exclude deprotonation at a primary amine cis to the
leaving group {cf. 2.6.3., 3.3.), there exist two possible
trigonal bipyramidal intermediate states with meridional
configuration of dien {fig. 20).

o 0H

trans to
leaving group

figure 20 : a chiral and an achiral trigonal bipyramidal
intermediate state
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Only the conjugate base deprotonated at the secondary amine
affords an achiral intermediate state with the possibility
of ¥ =bonding. It has been argued that deprotonation indu-
ces dissymmetry in the intermediate which affects the
product stereochemistry [104]. Therefore, complete racemi-
zation is not expected to be consistent with deprotonation
trans to the leaving group.



=112-

3.3. PROTON EXCHANGE RATES AND THE SITE QF DEPROTONATION

The site of deprotonation in the conjugate base is dicussed
controversially in the literature., Coordinated aliphatic
amines normally have pKa = values dgreater than 14 andé thus
are not measurable in aqueous solutions, Consequently,

they cannot be determined separately from the usual

rate lav of base hydrolysis. Measurements of the exchange
rates of the amine protons with the deuterated solvent

by 1H-NMR - techniques establish the N-H acidities on a
relative scale [33]. Our measurements show once more that
isolated exchange rates have no necessary implication on

the base hydrolysis mechanism, because it is not necessary
that the most acidic amines afford the most reactive
conjugate base, provided the exchange rate is faster than
base hydrolysis, An increase in acidity by a factor of about
4 in the case of the amine protons trans to the leaving
group relative to the secondary amine which presumably
affords the most reactive conjugate base does not necessarily
provide an argument against our hypothesis of deprotonation
of the secondary amine function in the reactive conjugate
base. In any alkaline solution there will be comparable
concentrations of the two conjugate bases arising from
trans and secondary amine deprotonation. Secondary amine
deprotonation is still about 10 times faster than base
hydrolysis of coordinated chloride., Protons at amines trans
to the leaving group normally exchange faster than the

ones cis to the leaving group [ 94,105]. Nordmeyer [106)
postulates that usually the amines cis to the leaving

group are deprotonated. This affords the unique possibility
" for ¥-stabilisation of the five-coordinate intermediate
state even in early stages of base hydrolysis. Independently
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of the arguments mentioned above, a system comparable to
ours with a tertiary amine function in the place of the

secandary amine presumably deprotonated in the conjugate
base (x-[Co Medien dapa x]2+) could be used to test our

assertion. This complex would be expected to change its

reactivity totally (competition ratio, stereochemistry,

base hydrolysis rate).

If the conjugate base is deprotonated at the secondary
amine function, the rate of the exo-NH and endo~NH species
{ x and ' ) should differ by the deprotonation rate diffe-
rence of the two amine functions {cf, eq 7), since the
reprotonation rates can be expected to be diffusion con-
trolled. In the case of the azido complexes the deprato-
nation rate difference has beeh shown to be about 3 (cf.
2.6.3.}. In the case of the proposed §)1CB mechanism with
deprotonation at the secondary amine function, the pure
Co -~ X abstraction rates could be detected, For all other
mechanisms, the rate differences of the x and ' isomers
will be unequal to the proton exchange differences.
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3.4, THE REACTIVITY OF THE BASE HYDROLYSIS PRODUCTS

In addition to the high competition ratio and the caomplete
racemisation observed in the products of base hydrolysis
the high stabilisation of the c¢oordinatively unsaturated
inte;mediate state has a third unique effect, The anation
rate of the hydroxo product is unusually high (cf. ref.
{43]). Optically active x-[Co dien dapo oH]?* has a very
high racemisation rate (cf. 2.6.5.) which is indicative of
a rather high lability of the coordinated hydroxy graup.
The observation that the hydroxo complex racemizes fastar
than the chloroe and bromo species is unusual since normally
OH is a much poorer leaving group than €1~ ar Br (ty for
» M, ou}%* : 200 n) [121,122}.
A high anation rate could therefore be expected because

solvent exchange of trans [Co en

anation-of the hydroxo complex with azide means nothing
else but competition with azide during water exchange

in the hydroxc complex when we presume the same substi-
tution mechanism, viz. SyLCB with deprotonation at the
secondary amine. High lability of ccordinated hydroxide
could also be observed inT- and ¥'- isomers, where the
relatively fast ring closure with the dapo hydroxy group is
taken to express a competition situation between H20 and
diamine-bound dangling hydroxide at the stage of the co-
ordinatively unsaturated intermediate state. The ring-
closure rate along with a presumably small selectivity
of the intermediate state implies a high lability of the
hydroxy group.

The high racemisation rate of optically active hydroxo
species was an intriguing factor in the sterecchemical
analysis of the base hydrolysis, However it is now

clear that racemisation is due to the achiral stabilized
coordinatively unsaturated intermediate state subsequent
to loss of the leaving group. From the competition experi-
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ments, the hydroxo complex formed during base hydrolysis
of optically active 1-[Co dien dapo X]"* is inferred to
be racemic and racemisation is therefore not due to any
reaction of the hydroxo complex. Attack of the two com-
peting nucleophiles water and azide takes place at the
same intermediate state and the azido product which is
completely stable in the medium of our experiments is
shown to be 100 £ 2 % racemic (¢F. 2.6.5.).
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3.5. THE UNIQUENESS OF THE OBSERVED RESULTS

Most Co(III) pentaamine compleéxes react with partial
retention of configuration [107] and competition ratios
{tables 2 and 20) as well as the ratio of base hydroly-
sis to aquation rates {acceleration factors, cf. table
20) 'and anation rates (cf. ref. [43]) normally indicate

a lesser stabilisation of the intermediate as observed in
this work. Wiy this unique result? Tobe and Henderson
[62] recently noted that the base hydrolysis rate increa-
ses with all structural features of the complex that
facilitate the formation of a trigonal bipyramidal inter-
mediate of the type shown in fig. 2i.

figure 21 : best geometry for T -stabili-
sation in the intermediate of
reduced coordination number
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Such a relationship is possible since Factors which sta-
bilize the coordinatively unsaturated intermediate state
will also exert their influence on the preceding transi-
tion state and therefore on the rate of leaving group
release, As mentioned above, deprotonation at a cis amine
provides the best stabilisation. Furthermore, Henderson
and Tobe point out that the species has the best chance
to be stabilized by T -bonding if two S—-membered chelate
rings fix the amide function in the plane of the Co{III)-
dx2~y2 orbital because this arrangement is the most favo-
rable for the required planarization of the secondary amine
function. Furthermore, the remaining equatorial positions
are best occupied by two moncdentate amines or a six
membered chelate to accommodate the ideal 120 ¢ angle
in the trigonal bipyramidal intermediate. Our c¢hloropenta-
amine complex fulfills all these conditions and has indeed
the highest base hydrolyses rate observed so far for a
chloropentaamine complex with saturated amine ligands.
A test for the importance of the factors menticned
above ¢ould be made on similar systems with different
combinations of six—~ and five - membered chelates
such as x-[Co dpt dapo x]“*, x~[Co dien dimen X]n+.
x—[Co dpt dimen x]*,x-[Co ept aA x|™" etc. (cf. fig. 3).
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3.6. THE REACTIVITY OF THE CONJUGATE BASE

The stabilisation of the conjugate base is in fact better
reflected by the acceleration ratie kOH / kaq of base
hydrolysis against spontanecus agquation (table 20) than

by base hydrolysis rates alone. In this analysis, differen-

ces in the N-H acidities should be taken into account., From

proton exchange data, they are known to vary < 102 fold for
related substances which is much =smaller than the observed
differences in kOH‘ The acceleration factors compared

with competition ratios and stereochemical changes during

base hydrolysi= give the best appraisal of the degree

of stabilisaticn of the corresponding intermediates.

We therefore propose the following interpretation:

1. The stabilisation of the pentakisalkylamine complexes
arises at least partly from steric strain i.e. the
transition states producing and consuming the inter—
mediate are destabilized.

2, The unique result of full retention in the case of
Co bamp dape X e+ complexes [26,27] cannot exclusively
be due to the impossibility of ¥ -stabilisation but
the square pyramidal intermediate is likely to be
stabilized by T-backbonding {see below),

3. »=[Co dien dapo Cl]2+ and x-[Co dien en Cl]2+ have
very similar acceleration factors and this is consistent
with similar stabilization of the intermediates and
argues against strong steric acceleration in the dapo

complex.

Most important Ffor the reactivity of the conjugate base

are all structural conditions which fix the amide-r-orbital
in the plane of the Co{III) dx2-y2 - orbital plane. How-
ever, comparison of the isolated acceleration factors is
likely to be misleading and it appears necessary to wait
for complementation of the results prasented in table 20)
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table 20 : acceleration factors and competition ratiocs
of base hydrolysis reactions of scme selected
pentaamine Co(III) complexes at T = 25 °C
and u= 1.0
a) estimated from other ionic strength
b) estimated from analogous tmd complex

by the missing competition and stereochemical data., We point
out that it is indeed the lifetime at the coordinatively
unsaturated intermediate state, reflected by campetition
ratios, which answers the question concerning the stabi-
lity of the intermediate state, which indeed is dependent
on the activation barrier leading to the products. All rate
or acceleration values are dependent on the activation
barrier leading to the intermediate state and therefore
give no direct information about the relative stability

of the intermediate state. However it is ciear from the
Hammond postulate that an increase in the stability of

the intermediate will decrease the activation energy of
the leaving group release step in some way, but there is
no evidence for a direct relationship as we can see from
table 20, We argue that one of the most important factors
for T-stabilisation is the positioning of the amide orbital
in the plane of the Co(III) dxz_ya orbital. Some stereoche-
mical results on Co tren, Co Metren and Co trenen complexes
[33,61,94,105,110] support this hypothesig., A clear angwer
could arise from investigating [Co ept AA x]in complexes,
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The role of the T-stabilizing nitrogen p orbital is ¢lari-
Fied by a series of experiments with [Co bamp dapo X]2+

complexes (fig. 22)[26,27).

OoH

figure 22 : full retention in base hydrolysis of
[Go bamp dapo x]n+

There is a pyridine nitrogen as a potential donor of a
T-stabilizing orbital. Although the systemis structurally
very similar to ours, full retention of configuration is
‘observed. This retention is proved rnot to be due to a
concerted attack of H,0 at a trigomal bipyramidal inter-—

2
mediate state deprotonated only at the amine trans to the
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ieaving group because full retentiaen is cbserved alsg in
the azide competitian product performed in solutions where
the presence of HN3 can be excluded, The pyridine nucleus
has accessible T+ arbitals and a square pyramidal interme-
diate state can be stabilized by Co{III} to pyridine back-
bonding. This backbonding contribution may in fact be strong
encugh to exclude rearrangement to a trigenal bipyramid
before attack of the entering nuclecphile and thus be
responsible for the observed retention of canfiguration.
There is a ligand field spectral evidence for such

T—T+* backbonding in Co(bipy)g+ [112], Co(phen)g+ [117]

and COpy4X2+ [113]. an open question is whether the pyri-
dine nitrogen orbitals would fulfill the necessary conditions
for T -bonding. An answer to these questions ceculd come

From a similar series of experiments with dipic cemplexes
where Co(III) to pyridine backbonding should in fact be

much smaller due te the electrophilic carboxylato groups.
However, the experiments with the bamp complexes (full
retention} and with the dien complexes {full racemisatiaon)
provide us with good evidence for the reality of §¥ -sta-
bilisation. This is because we can exclude a stabilisation
by release of steric strain effects in the case of Ca bamp
camplexes as we find For the pentakisalkylamine series. The
comparable Co dien complexes are much more stabilized than
both types of complexes menticned above and stabilisation

by steric strain release effects may therefore be excluded
in this case too. The competition results in the Co dien and
Co bamp species are strikingly different (64% vs. 8% in 1 M Ng)
and this difference is hard to accommodate by differences in
outer-sphere aggregate stabilities since the twa classes of
complexes are structurally very similar, This provides an
argument against a concerted mechanism of base hydrolysis

in these cases.
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One question remains. The configuration and iifetime of the co-
ordinatively unsaturated intermediate state in the case of the
pentakisalkylamine Co{III)} complexes may be interpreted with
the steric strain in the hexaccordinated species, with Co (III)
to pyridine backhonding in the case of CobampAAXn+ complexes
and with amide to Co(IIT) ®-bonding in the case of Codienaax™t
complexes, Where does the stabilisation in all other

cases come from? It is very important to point out

that the stabilisation in each case cannot be ex-

Plained by only one effect., Steric strain may be more or

less important in each case and @W-stabilisation can only

be excluded in the CobampAAxn+ complexes where full reten—

tion is observed. In each case it is very important to see

that questions regarding the possibility of T-tonding can

only be azuswered clearly in a very limited number of cases.

One important fact needs to be reemphasized: Trigonal
bipyramidal geometry is required cnly for maxdmum stabili-
zation by ¥ -bonding.
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3.7. CONSEQUENCES FOR THE T~ STABILISATION HYPOTHESIS

Returning ta the isolated case of base hydralysis af

»[Co dien dapo X]2+ we repeat that all experiments are
clearly in good agreement with a limiting SNlCB mechani sm
which cansists of the sequence: a fast deprotonation equi-
librium forming a very reactive conjugate base by deproto-
nation at the secondary amine function aof dien. This species
looses the leaving group in the rate determining step,
which is fast relative to ather pentaamines. The resulting
coardinatively unsaturated intermediate state is straongly
stabilized relative.to other systems, It shows no evidence
far ion pairing and is campletely achiral, In a following
fast reaction it captures nucleophiles present in the
solvent sheath surrounding it. By its stabilizationm,

it shows high selectivity for azide. Thus all necessary
structural conditions for f—-stabilization are fulfilled

in this reaction. This is more than could ever be proven
for camparable systems but no further canclusions are
passible. We are noat presently able to imagine any
‘laboratory experiment ta really prove the existence of

the inferred 1-banding. Orbital energy calculatians caould
lead further,
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4,EXPERIMENTAL PART

4,1. PHYSICAL MEASUREMENTS

IR spectra were recorded either on a Perkin Elmer 521 or
a Beckman IR 4250 instrument in the region of 4000 - 200
crrl"l by means of KBr or CsBr pellets. VIS spectra were
measured on Cary 14, Unicam SP 1800 or Uvikon B10 instru-
ments at 25.0 ¥ 0.1 °C unless stated otherwise. A Jasco

J - 500 instrument served to measure the CD spectra at
25,0 £ 0.1 °C, 'H- and 13c-MMR spectra were recorded on
Bruker WP 200, Bruker HX 90 or Bruker HX 90E instruments,
all in the FT mode at 25 °C or on a Perkin Elmer R 12B

60 MHz NMR instrument, pH measurements were performed
with a Metrohm E 388 compensator or with a Metrohm 605
pH-meter, The Phillips C 11 electrode (1 M NaClO4) was
calibrated by titration of a standard Titrisol HC1 solu-
tion (Merck) with a standard Titrisol NaOH solution (Merck)
at constant ionic strength (1.0 M; NaClO4). The kinetics
were all measured under pseudo first order conditions in
complex. They were. performed on a Jasco J - 500 instrument
{CD), on a Unicam SP 1800 or a Uvikon 810 instrument (VIS),
on a Dionex (Durrum) D — 110 instrument (stopped Flow),

on a Bruker WP 200 instrument (H-~exchange) or on a Perkin
Elmer R 12B 60 MHz NMR instrument (‘H-NMR). Thermoana-
lyses were performed on a Mettler TM1 thermobaliance coup-
led to a Balzers Quadrupole QMG 101 mass spectrograph
system via steel capiilary, Heating X-ray powder photo-
graphs were taken on a Nonius Lenné camera using Fe K4
irradiation. The heating rate was 1 °C / min.. C,H,N,Ci,
Br, and S were analysed by the Mikrolabor at the ETH
Zuxich,
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4.2, MATERIALS

Purissimum or reagent grade commercial chemicals were used
except for the organic ligands which were of purum grade.
Sodium arsenyl tartrate was prepared from arsenic{III) oxdde,
sodium hydroxide and tartaric acid in water at 90 °C [114].



~127=

4.3. SYNTHESIS OF COMPLEXES

Upon recovery, all compounds were washed with acetone or
ethanol and ether and dried in vacuo (12 - 24 h; 1-10-1072
torr, 20 °C) before characterisation.

4,3.1, Co(Ill) COMPLEXES WITH MERIDIONALLY COORDINATED
TRIDENTATE pyridine — 2,6 - dicarboxylate, TWO
AMINES AND A MONODENTATE LIGAND, INCLUDING STAR-
TING MATERIALS AND REFERENCE SUBSTANCES

[(Diethylenetriamine)(pyridine-2,6~dicarboxylato)cobalt(II11))
chloride [113]

Trichloro diethylenetriamine cobalt(III) [115,116] (3 g;
0,01 mol) and pyridine-2,6-dicarboxylic acid (1.86 g;
0.01 mol) were dissolved together in the minimum amount
of water. After three days purple red crystals deposited
from the solution on adding lithium chloride. They were
recrystallized twice from hot water at pH = 9 (ammonia).
vield: 2.8 g {0.077 mol; 77.2 ¥J.

c11H16N4o4c100 Calc. C 36,43 H 4,45 N 15,65 %

(362.66) Found n 36,28 " 4,61 " 15.71 %
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Ammoyium [bis(pyri dine-2,6-dicarboxylato)cobaitate(III))]

Cobalt{II} nitrate hexahydrate {15 g; 0.05 mol) and pyri-
dine-2,6-dicarboxylic acid {(16.7 g; 0.1 mol) were suspen-
ded in water (100 ml} together with charcoal. Dioxygen

was passed through the mixture for 1 h at 80 °C. The
complex was precipitated from the violet solution by adding
ammonium chloride. The violet crystals were recristallized
twice from hot water. Yield: 6€.04 g {0.025 mol; 49,9 %).

Cl4H10N30800 Calc. C 41.29 H 2.48 N 10,32 %

(407.14) Found " 41.24 " 2,57 " 10,28 4%

pis[dinitro bis{ethylenediamine)cobalt{III)}[trinitro(pyri~
dine-2,6-dicarboxylato)cobaltate{III)}]

A stream of dioxygen was passed through an aqueous solution
{90 ml) of cobalt(II) chloride hexahydrate (20 g; 0.084 mol),
pyridine-2,6-dicarboxylic acid (15,7 g; 0.093 mol), sodium
nitrite (20,3 g; 0.29 mol) and ethylenediamine (5.5 g;

0.092 mol) during 16 hours., At the end of the reaction,

an orange brown precipitate was filtered off. It was
recrystallized twice from hot water. Yield: 12,4 g (0,038 mol;
44.7 %)

015H35N16018003 calc. C 19.92 H 3.90. N 24,78 Co 19.55 %

{904, 341) Found " 19,87 ™ 3.86 " 23,83 " 19.3 %
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godium [trinitro (pyridine-2,6-dicarboxylate)cobaltate(I111))

a. Bis{dinitro(bis ethylenediamine)cobaltate(III}ltrinitro
{pyridine-2,é~dicarboxylato)cobalt{III) (5 g; 0,0055 mol)
was passed through a cation exchange resin (Dowex 50W X2;
B'- form). The eluate was precipitated by adding sodium
perchlorats. Yield: 1.67 g (0.0038 mol; 68.4 %).

b. The dinitro bis{ethylenediamine)cobaltate(III} -
cation from the bis{dinitrc bis(ethylenediamine)cobal~

tate{1II)][trinitro{pyridine-2,6-dicarboxylato)cobalt{III)]

(s g; 0.0055 mol) was precipitatéd as the perchlorate
salt by adding sodium perchlorate (3.09 g; 0.022 mol).
The sodium salt of the anionic component deposited
from the filtrate and was recristallized once from
water, Yield: 0,92 g (0.0021 mol; 37.8 %)

CyH,N,0) ,Cola, calc, C 18,93 H 1,59 N 12.62 %
(444.066) Found " 19,03 * 1,25 " 12,34 %

{Pvridine -2, 6—dicarboxylato)triammine cobalt(III}] nitrate

Carbonato tetraammine cobalt(III) nitrate (9.96 g; 0.04
mol) [2117] and pyridine~2,6-dicarboxylic acid {(6.68 g;

0.04 mol) were stirred together in water (200 ml). When
the effervescence of carbon dioxide ceased, ammonia was
added. After a few days, dark violet crystals were collec-
ted from the violet solutien. They were recrystallized
twice from hot aquecus ammonia (pH~10, Yield: 3.0 ¢
{0,011 mol; 27.3 %)«

C7H12N40800 Calc. C 24.94 H 3.59 N 20.77 %
(337.139) Found "o24,91 Y 3.59 M 20,62 %
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(Pyridine-2,6-dicarboxylato)nitro diammine cobalt{IIT)

Potassium tetranitro bis ammine cobalt(III) [118] (5.2 g;
0,016 mol) and pyridine-2,6-dicarboxylic acid {(2.75 g;
0.016 mol) were dissolved in the minimum amount of water.
When the effervescence of nitrous gases ceased, the solu-
tion had a yellow-brown colour., The solution was kept in
the dark at ambient temperature for a week. Then the red
brown crystals were filtered ofFf and recrystallized From
hot water. Yield: 3.8 g {0.012 mol; 78.1 %).

C7H9N40600 Calc. C 27.65 H 2,98 N 18.42 %

(304,11) Found " 27,34 " 3,24 " 18.47 4

Kfyridine-a.G-dicarbo lato)diammine aqua cobalt(IIT}initrite

A concentrated solution of (pyridine-2,6-dicarboxylato) nitro
diammine cobait(III) {2 g; 0.0063 moi) in water of pH = 7

was aquated by heating the solution For about 1 h at about

80 °C, The violet crystals were Ffiltered off, Yield: 1.36 g
(0.0042 mol; 65 %).

C7H11N407Co Calc. C 26,10 H 3.44 N 17.39 %

(322.13) Found " 26,06 " 3,18 " 17,52 %
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(Pyridine-2,6-dicarboxylato) (ethylenediamine) hydroxo

cobalthII! hemihydrate

Guanidinium bis carbonato (ethylenediamine}cobaltate(III)
(119,120] (9.9 g; 0.033 mol) and pyridine-2,6-dicarboxylic
acid (5.55 g; 0,033 mol) were dissolved in water with
stirring (300 ml), During a strong effervescence of carbon
dioxide, the solution turned violet. After about 30 h,
acetone was added to precipitate a crude mauve mixture
probably containing hydroxo-, agua= and carbonato comple—
xes, It was recrystallized twice from hot water at pH—~8
(sodium hydroxide). Yield: 1,4 g {0.0045 mol; 13.7 %).

J
09H13N305.5Co Galc. C 34,85 H 4,22 N 13.55 %

(310,15) Found " 34.74 " 4.36 " 13.37 %

Because of the small yield of this synthesis, solutions

or this compound were normally produced by deprotonation

of (pyridine-2,6-dicarboxylato)ethylenediamine aqua cobalt{III)
salts (pKa = 7.48}.
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Anionof pyri dine-2,6-di carboxylato)ethylenedianine
aqua cobalt(III])]

The crude product of the reaction of guanidinium bis
carbonato ethylenediamine cobaltate{III) with pyridine-
2,6-dicarboxylic acid was used as the starting material,
To a suspension of this complex mixture (3.9 g) in water
were added various concentrated acids. Effervescence of
carbon dioxide and colour change to red-violet could be
observed, From these solutions, the corresponding salts
of aqua complexes were filtered off in yields of about

60 % respective to bis carbonato ethylenediamine cobalta-
te(IIi).

perchlorate:
09H13N30901CO Calc, ¢ 26,92 H 3.26 N 10,46 Cl 8,83 %
(401.604}) Found " 26.73 " 3.26 " 10.32 " B.69 %
nitrate:
CgHy 4N, 3gC0 Calc, C 26,69 H 3.60 N 15,39 %
{364.159) Found " 26,60 " 3,51 " 15,30 %
chloride:
09H13N30501Co Calc, C 32,02 H 3,88 W 12.45 €1 10.50 %
(337.607) Found " 31,86 " 3.75 M 12,37 " 10,41 %
bromide:
CqH, ,N,0BrCO calc. C 28,29 H 3.43 N 11,00 Br 20,92 ¥
(382,063) Found n 28,36 M 3,50 M 11,96 " 19,67 %
acetate:

. . H 4. N i1,
011H16N307C° Calc C 36.58 4,47 63 %

{361.199) Found n 36,28 M 4,33 " 11.70 %



sulfate dihydrate:

C,8H30M601 65705

{736.40)

hydrooxalate:

11814839 0%

(409.197)

Calc.,
Found

Calc.
Found
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C 29.36
" 29,05

C 32.29
" 32.45

H 4.11
" 4.08

H 3.94
" 4,04

N1l.41 %
"1l.32 %

=

10,27 %
" 10,31 %

Chiloro({pyridine-2,6-dicarboxylato)ethylenediamine cobalt(III)

Finely powdereﬁ Kpyridine-2,6~dcarboxylato)ethylenedianine
aqua cobalt{III})] chloride {5g; 0.015 mol) was heated for
about 3 h at 218 °C in a drying oven, Yield: 4.73 g

(0,015 mol; 100%).

N
C9Hll 3040100

(319.592)

Calc.

Found

C 33.82 H 3.47 N 13.15 Cl 11.09 %

" 33.99

" 3.50

" 13,03 ¢

Hydrogenoxalato{pyridine-2,6-dicarboxylato)ethylenediamine

cobalt {III)

11.03 %

Finely powdered (pyridine-2,6-dicarboxylato)ethylenediamine
aqua cobalt(III)hydrooxalate (3.73 mg; 9.115 10-6mol) was
heated for about 3 h at 114 °C in a drying oven, Yield:
mol; 100 %).

3.57 mg (9.126 10~

CllH12N3OBC°
(373.166)

6

loss of weight

Calc,.
Found

4.40 %
4,33 0.1 %
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[(Pyridine-2,6~dicarboxylato)ethylenediamine dimethyl-
sulfoxide cobalt({III)]nitrate

Chloro(pyridine-2,6-dicarboxylato)ethyenediamine cobalt(II1)
{5 g: 0,16 mol) and silver nitrate (2.66 g; 0.16 mol) were
stirred together in the minimum amount of dimethylsulfoxide.
After removal of the silver chloride precipitate {after 1 h),
the solution was allowed to stand in the refrigerator over-
night. The precipitate was filtered off and recrystallized
twice from dmso solutions, satturated with lithium per-
chlorate, which were added to a mixture of n-propanol

and ether (~1 ; 1). Yield: 3.28 g {0.0077 mol; 48,3 %)

011H17N4OBSCO Calc. C 31,14 H 4,04 W 13,21 %

(424.277) Found " 30,31 " 4,05 " 11,76 %

Azido(pyri dine-2,6-~dicarboxylato)ethylenediamine cobalt(III)

{pyridine-2,6-dicarboxylato)ethylenediamine aqua cobalt{III)
cirloride (1,5 g; 0.0044 mol) was stirred in an aqueous
solution {150 ml) containing sodium azide {20 g; 0.31 mol).
The sparingly soluble violet c¢rystalline product was fil-
tered off after 2 weeks. The precipitate was washed with
water and dried at 50 °C {72 h). Yield: 1.27 g (0.0039 mol;
BBuS %)

09H11N604Co Calc. C 33.14 H 3.40 N 25,77 %

(326.158) Found " 33,17 ™ 3.66 ™ 25.55 %
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Nitro(pyridine-2,6-dicarboxylatg)ethylenediamine cobalt(III)

(pyridine-2,6-dicarboxylato)ethylenedi amine aqua ‘cobalt(ITI}
chloride (1.5 g; 0.0044 mol) was stirred in an aqueous
solution (150 ml) containing sodium nitrite (15 g; 0.37 mol)-‘
The dark red platelets were filtered off after one

week, The sparingly scluble nitro complex was washed

with water and dried at 90 °C (24 h}, Yield: 1.32 g

(0,004 mol; 90.9 ¥).

09H11N40600 Cale. C 32.74 H 3.36 N 16.97 %

(330.144) Found " 32,71 " 3.43 " 16.84 %

Thiocyanato(pyridine~2,6-dicarboxylato)ethylenediamine
cabalt{TIII)

{pyridine-2,5-dicarboxylato)ethylenediamine aqua cobalt(III)
chloride (1.5 g; 0.0044 mol) and ammonium thiocyanate

{20 g; 0.26 mol) were stirred together., The viclet preci-
pitate was filtered off after two weeks. The crystalline
product was washed with water and dried at 90 °C.

Yield: 1.36 g (0.004 mol; 90.3 %).

ClOH11N4O4SCo Calc. C 35.09 H 3.24 N 16.38 %

{342.220) Feound " 34,99 " 3.26 " 16.30 %
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Nitrito{pyridine-2,6-dicarboxylato){1,3-di aminopropane-
2-01 )cobalt{IIT)

A stirred aqueous solution of sodium tetranitro{diamino-
propane-2-ol)cobalt(III} {(cf. ref.[118}) (2.5 g; 0.007 mol}
and pyridine-2,6-dicarboxylic acid {1.1 g; 0,007 mol)

was heated to about 80 °C during 1 h. The solution became
blood-red. After one day the violet ¢rystals were filtered
off, Yield: 0.3 g (0.0008 mol; 11,33 ¥).

€1 0H158,05%0 Calc, C 31.76 H 4.00 N 14,81 %
{378.185) Found n 31,66 ™ 4,01 " 14,36 %
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4.3.2., Co(III) COMPLEXES WITH A TRIDENTATE DIALKYLTRIAMINE,
1,3 —diaminopropan - 2 - 0l AND A MONODENTATE
LIGAND

[Chloro(diethylenetriamine)(1, 3-di aminopropane-2-o0l1)
cobalt(IIT}] tetrachlorozincate

An aqueous solution (300 ml} of cobalt chloride hexahydrate
{145,8 g; 0.612 mol) of O °C was mixed with an aqueous so-
lution (240 ml) of diethylenetriamine (63 g; 0.612 mol)

and 1,3-diaminopropane-2-0l (55.2 g; 0.612 mol) at O °C.
During the slow addition of the ligands to the cobalt(II)
solution, the temperature was kept at O °C. Then, 02
was passed through the mixture for 1 h at 0 °C. A solution
of zinc chloride (120 g; 0.88 mel) in hydrochloric acid

{10 M; 540 ml) were added dropwise .within 3 h alwéys at

Q0 °C. The brown mixture was allowed to stand at ambient
temperature overnight. After removal of a green crystalline
species, presumably a p—-superoxo decaamine dicobalt complex
{(16.4 g}, the solution deposited red and violet cobalt{III)
pentaamine complexes within 24 to about 150 h. The &ifferent
crops were recrystallized from the minimum amount of water
(0 °c) by adding zinc chloride (0.67 g / g complex) and
hydrochloric acid 10 M {(3.35 ml / g complex). By this
method, four different isomers of the chloro complex

could be isolated: x—, n—, n'= and RNNO-Species

{see below). Yield of all isolated complexes: 98,17 g

(0.18 mol; 32.1 %).
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x=[ Chloro{diethylenetriamine}(1, 3~diaminopropane-2-ol)
cobalt (ITT)]tetrachlorozincate

Tha first crop in the recrystallisation of the combined
precipitates isolated 1 and 2 days after the above synthe-
sis gave pure red ¥- isomer, Yield: 44.0 g (0.09% mol;

14.7 #). '

C7H23N5015C0Zn Calc. C 16.99 H 4.68 N 14.15 Cl 35.82 %

(494.862) Found " 17.54 " 4,60 " 14,02 " 36,00 %

n=[Chloro{diethylenetriamine) (1, 3—di ami nopropane-2-ol)
cobalt{IiI})}tetrachlorozincate

The second precipitate of the recrystallisation for the

x isomer and the precipitates of the synthesis above
after 3 and 4 days were combined in a recrystallisation to
give the pure violet n- isomer. Yield: 15.48 g {0.03 mol;
5.1 %)

C7H23N50150002n Calc, C 16.99 H 4.68 N 14,15 Ci 35.82 %

{454.862) Found " 17.24 " 4,56 " 13,93 " 36,03 %

A hetter yield of this isomer is obtained when the ligands
and the cobalt(II) salt are mixed at ambient temperature
and the oxygehated peroxo-~complex is heated For about 3/4 h
to BO °C after treatment with zinc chloride and hydrochloric
acid. By this method yields of the =~isomer up to 20 % were
obtained.
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T'-[Chloro{diethylenetriamine) (1, 3-d1 aminopropane-2-ol)
cobalt{I1I)]tetrachlorozincate

The second crop of the mether liquor of the recrystallisa-
tion for thet - isomer (above) was recrystallized a second
time to yield 0.1 g (0.2 mmol; 0.03 %) of mauve platelets
of the T'- isomer.

C7H23N5015OCOZH Calc. C 16.99 H 4.68 N 14.15 Cl

(494.862) Found " 16495 " 4.46 "™ 13.95 "

INNO- [Chloro(diethylenetyiamine)(1,3-diaminopropane-2-01)
cobalt{III}] tetrachlorozincate chloride

A1)l crops which were collected from the synthesis above
after more than 4 days including the third fraction of
the recrystallization for the T-isomer were combined and
recrystallized to give the pure orange TNO-isomer.
Yield: 21,79 g (0.04 mol; 7.2 %).

35.82 £
35.43 %

C,H, N_Cl_0CoZn Calc. C 16.99 H 4.68 N 14.15 Cl 35.82 %

77235775

(494.862) Found " 17,09 " 4,58 " 13,97 " 35,93 %

A better yield of this isomer was realized when the cobalt(II}/

ligand mixture was not cooled and the peroxc complex treated

with zinc ckloride and hydrochloric acid was heated to

80 °C until the effervescence of 02 ceased.
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a=[Azido{diethylenetriamine) (1, 3-di aminopropane-2-o0l)
cobalt{III)} tetracklorozincate

x— chloro(diethylenetrianine}(1,3-diaminopropana=-2-51}
¢oblt(III) tetracnlorozincate (8,5 g; 0.017 mol) was dis-
solved in 26 ml of a triethanolamine buffer (pH = 9.5)
containing sodium azide {2 M}. The colour immediately
turned purple, After two minutes lithium chloride (5.8 q;
0.14 moles) and zinc chloride (7 g; 0.05 moles) were added
to the cooled sclution (0 °C}: The dark purple precipitate
was immediately filtered off, Yield: 6.6 g (0.013 mol;
7744 %),

Coily 4 NgC1,0Zn Calc, C 16,77 H 4,62 N 22,35 Cl 28,28 %
{501.429) Found " 16,81 " 4,43 m 22,18 n 28,18 %

L3 MR tobea 1:1-

mixture of the syn-NH and anti-Nd isomers,

This complex was analysed by

Recrystallization of the mixture of both isomers from
concentrated aquecus solution containing sodium antimonyl
tartrate (0.7 g / g complex) afforded the pure, optically
active x-isomer, The antimonyl tartrate salt was dissolved
in slightly acid solution {pH=5) and precipitated by
addition of lithium chloride and zing c¢hloride.

Treatement of the azido complex with concentrated aydro-
bromic or nydrochloric acid gave the pure bromo or
caloro complexes respectively which are precipitated

by addition of zinc bromide or zinc chloride.
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x={Bromo{diethylenetriamine) (1, 3~di ami nopeopane-2-o01}

cobalt{TIT}| tetrachlorozincate

2= chloro{diethylenetriamine){l,3~diaminopeopane-2-0l)
cobalt(ITI) tetrachlorozincate (10 g; 0.02 mol) and silver

nitrate {17.16 g; Q.1 mol) were dissolved in the minimum
amount of water and stirred together at ambient tempera-
ture in the dark for 3 days. After removal of the silver
chloride precipitate, hydrobromic acid (48%; 157 ml) and
zinc bromide (30 g; 0.13 mol) were added. The solution
was then evaporated in a desiccator over sulfuric acig in
the refrigerator. The first three fractions (collected
after 1,2,3 days) contained the pure *-isomer. Yield:
5.35 g (0,007 mol; 37.3 %).

CTHasNSBrSOCoZn Calc. C 11.72 H 3.23 N 9.77 Br 55.71 %

(717.142) Found " 11,50 " 3,14 " 9,93 " 55,45 %

n=[Azido(diethylenetriamine}{1l,3-di aminopropane=2-ol)
cobalt(III)] tetrachlorozincate [91]

f= chloro (diethylenetriamine)(1,3-diaminopropane—2-0l)
cobalt{III) tetrachlorozincate (5 g; 0.01 mol) was dis-
solved in the minimum amount of water containing sodium
azide (1.5 g; 0.02 mol). After three weeks in the dark

at ambient temperature, violet crystals were filtered

off, They were recrystallized once from water by adding
lithium chloride and zinc chloride., Yield: 0.43 g (8,58 mmol;
8.58 %).

. . R 4. N 22,
C7H23N801402n Calc C 16.77 4,62 2.35 %

(501.429) Found " 16.44 " 4.47 " 21.86 %
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fi- [Bromo{diethylenetriamine)(1,3~diaminopropane-2-ol)
cobalt{III)] tetrachlorozincate [o1]

T -{chloro(diethylenetriamine) (1, 3-di aminopropane~2-91)
cobalt({III)] tetrachlorozincate (5 g; 0.01 mol) was dissolved
in the minimum amount of water. To this solution, silver
nitrate (8.58 g; 0.05 mol) was added and the mixture

was stirred at ambient temperature in the dark For §

days. After removal of the siiver chloride precipitate,
hydrobromic acid (48 %; 100 ml) and zinc bromide (15 g;

0.07 mol} were added. Half of the solvent was evaporated

at 40 °C and after one day violet crystals could be

filtered off. Yield: 1.73 g (2.4 mmol; 24,12 %).

C7H23NSBI'SOCOZI1 Calc. € 11.72 H 3.23 N %.77 %

(717.142) Found " 11.82 " 3.20 " 9.48 %

*— [Chloro{dipropylenetriamine) {1, 3-di aminopropane—2-01}

cobalt(III)]tetrachlorozincate

To an aqueous solution {50 ml} of cobalt(II} chloride
hexahydrate {24.3 g; 0.102 mol) an aqueous solution of
diprcpylenefriamine (13.38 g; 0.012 mol) and 1, 3-diamino-
propane-2-0l {9.2 g; 0.102 mol) was added. Dioxygen was
passed through the stirred and cooled (0 °C) solution For

1 h. Zinc chloride (50g; 0.37 mol} and hydrochloric acid

(10 M; 85 ml) were added to the cooled solution. The so-
i1ution was allowed to stand at ambient temperature (2 days).
The mauve crystalline product was then filtered off and
recrystallized once from cold water by adding zinc chioride
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(2 g; 0.015 mol) and hydrochloric acid (10 M; 10,05 ml).

Yield: 1.2 g (0,002 mol; 2.25 %).

C.H.. N_Cl_0OCoZn Calc. C 20,67 H 5.20 N 13.39 %

927575
(522.916) Found " 20,55 " 5.13

" 13.31 %
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4,4,RES0LUTION OF THE COMPLEXES

x-[Chloro{ diethylenetriamine) (1, 3-di aminopropane-2-ol)
cabalt(I1I)ltetrachlorozincate '

Racemic x-{chlaro{diethylenetriamine){l,2~diamincpropane-
2-0l jcabalt{III)] tetrachlorozincate (13.2 g; 0.027 mol)

was dissolved in an aqueaus aalutiaon of 1lithium chloride
0.24 M (132 ml at O °C. Sodium arsenyl L - tartrate (12.7 g;
0,027 mol} in water (42 ml) was then added. A precipitate
forms which was filtered off immediately, washed with
ethanal and ether and dried in a stream of air. Yield:

15.6 g.

The less saluble diastereoisomeric salt was recrystallized
from an agueous solution of lithium chloride 1.92 ¥ (500 ml)
at 0 °C by addition of sadium arsenyl L - tartrate (3.6 g:
0.,0074 mol) in water (12 ml). The red crystals were fil-
tered off after one night at -15 °C, The precipitate was
washed with ethanol and ether and air-dried. Yield : 5.25 g.

The arsenyl L -tartrate salt was dissolved in hydrochloric
acid (0.1 M; 35 ml}, Hydrochloric acid (10 M; 15 ml) was
added and the complex was precipitated as the tetrachloro-
zincate salt by adding zinc chloride (6 g; 0.044 mol).

Yield: 4.05 g (0.0082 mal; 60.74 % of the less soluble
25
463

In a second application of this procedure were abtained
2.25 g {0,0045 mol; 33.3 % based on the less soluble

1

antipode). Ellipticity of the product: -2, = - 705 1 M > m™ T,

antipode in the starting material. Ellipticity of the
25 1 -1

product: 8463 =-862 1M m .
After applying the procedure a third time, the ellipticity
was constant within the errar: {3223 = - 8581 Ml m L,

Al11 mother liquours were separated in two groups, one which

contained more of the less soluble arsenyl L- tartrate
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di asteresoisomer and che with the more scluble one. These
two solutions were adsorbed oh an ion exchange resin (Do-
ex 50W X2; ut - Form) individually. Washing with water
(pH =3; HC1l) removed all foreign anions and the cation
was eluted with HCl (5 M) to give a concentrated aqueocus
solution from which the tetrachlorozincates were regene-
rated by adding zinc chloride. Both enantiomers were pre-
pared by these procedures, using sodium arsenyl L -

or b - tartrates.

»=[Bromo(diethylenetriamine}(1, 3=diaminopropane-2-ol)
cobalt(III}] tetrabromozincate

Racemic x~[bromo(diethylenetriamine)(1,3~diaminopropane-
2-01)cobalt(III)] tetrabromozincate (10.0 g; 0,014 mol) was
dissolved in an aquecus solution of lithium chloride

0.24 M {8o ml) at O °C. Sodium arsenyl L ~ tartrate (6.59 g;
0,014 mol) in water (22 ml) was added, The precipitate

was immediately filtered off, washed with ethanol and ether
and air dried. ¥ield: 12.3 g.

The arsenyl L- tartrate salt obtained was recrystallized
from an aqueous solution of lithiuwm chloride (1.92 M; 380 m1)
at 0 °C by addition of sodium arsenyl L ~tartrate (1.9 g;
0,004 mol)in water (6.3 ml)., After one night at -15 °C,

the precipitate was collected, washed with ethancl and

ether and air dried. Yield:; 4.8 g.

The arsenyl L — tartrate salt was dissclved in the minimum
amount of hydrobromic acid. Bydrobromic acid {48 %; 3 ml /
g complex) was added and the complex was precipitated

as the tetrabromozincate salt by adding zinc bromide

(6.8 g; 0.03 mol). Yield:.2.82 g {0.0039 mol; 56.2 %).
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x—[Azido(diethylenetriamine) (1, 3-diaminopropane=-2-o1)
cobalt(IIT)ltetrachlorozincate

Recrystallisation of a mixture of the and isomers
from sodium antimonyl L - tartrate containing aquecus solu-
tions gave the pure, coptically active x-isomer {cf. p.l140).

F-[Chloro(diethylenetriamine) {1, 3-diaminopropanse—2-ol)
cobalt(I11)}]dichloride

Racemic % -chloro{diethylenetriamine) (1, 3-diaminopropane-
2-0l1)cobalt{III}dichloride (17 ¢; 0.047 mol) was dissolved
in water {20 ml; 30 °C). 15 ml of an aqueous solution of
sodium arsenyl L - tartrate (11.55 g; 0.024 mol; 30 °C)
were added dropwise to the first selution. The precipi-
tate, collected after } h at ambient temperature, was
washed with ethanol and ether and air-dried. Yield:

9.73 g {0,023 mol; 96 % based on the less soluble anti-

pode). Ellipticity of the product: 8§§4= 3200 1 M7t m L,

ﬁ-[Bromo(diethylenetriamine)(1.B-diaminopropane—z—ol)
cobalt{111)] dibromide

Racemic % -bromo{diethylenetriamine){l.3~diaminopropane-
2-0l)cobalt{III)dibramide {15.7 g; 0.032 mol) was dissolved
in water {30 ml; pH = 3 (HC104)). 25 ml of an aguecus
solution of sodium arsenyl L - tartrate {7.79 g; 0.016

mol) were added to the first solution. After 12 h at O °C,
the precipitate was filtered off. Yield: 4.58 g {0.0079 mol;
49.7 % based on the less soluble antipode}. Ellipticity

25 1 -1

of the procuct: 6566 =13849 1 M " m .
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6. ABSTRACT

Synthesis and structural assignements of twe types of
compounds are reported: Co(Ili) complexes with meridionally
coordinated pyridine-2,6-dicarboxylate, two amines Or an
aliphatic diamine and a monodentate ligand, and Co{III)
complexes with a meridicnally or facially coordinated
aliphatic triamine and di- or terdentate di aminopropane-
2-0l. The reactivity of the neutral or 1+ charged tri-
amine complexes has been investigated cursorily and ap-—
pears not to be much different from the well known penta-
amine complexes.

The new Co(III) pentaamine complexes gave important
kinetic arnd sterecchemical results. They are dis—

cussed in terms of the wvell known T- stabilisation hy-
pthesis of Basolo and Pearson. The kinetic results are in
good agreement with a limiting SNlCB mechanism, Proton
exchange measurements are discussed in terms of a depro-
tonation of the secondary amine function cis to the leaving
group competing with deprotonation trans to the leaving
group. The resulting conjugate base proved to be very
reactive and loss of the leaving group affords a rela-
tively highly stabilized achiral coordinatively unsaturated
intermediate state. This species shows no evidence for ion
pairing. In a fast reaction step, this attacks any nucleo-
phile present in the solvent sheath surrcunding the inter-
medi ate state. ’
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