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A, INTRODUCTION

The first observation of the NH — ND isotope exchange reaction in inert
transition-metal amine complexes was made by Erlenmeyer and Gariner [1] at the
University of Basel in 1934 using [Co(NH;)¢1** in H,O partially enriched with
D, 0. Initially, there was some debaie with regard to the number of protons ex-
changed [2-4] but eventually it was concluded that the process went to completion,
Nevertheless, the exchange rate was unexpectedly slow in D, when compared with
the rapid exchange observed for the uncomplexed amine [5].

Subsequent investigations [6] showed that the rate of exchange was a function
of the [OD ™ ] concentration of the solution and a more detailed kinetic examination

[7-10] revealed three potential exchange pathways with the overall rate law being:
- A ko0 [OD 7 + 420 4 K X IMNHD )

In this expression, kOP  is a base-assisted path, k22© is a solvent-assisted path and
kX" a path due to general base (anion) catalysis.
This short review will critically consider the rate daia obtained for this type of
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reaction, and will endeavour to highlight the complexities that need to be considered
in evaluating such parameters.

B. FEXPERTMENTAL TECHNIQUES

An extraordinarily large range of technigues has been used to follow NH - ND
exchange reactions. Obviously, the rate can be monitored in two directions:

NH+O0OD L, ND+OH" )
or
ND + OH™ —¥ . NH + OD"~ (3)

and, although the rates for these two processes are not expected to be identical, only
rarely has this expectation been tested experimentaily [11,12]. Under almost identical
conditions, the cxchange rate for the sec-NH/D proton in {Co(NH;),{Meen)]> " has
an isotope effect; k229:kH* of 193 [11]. It has also been shown [13]. using
[CofenD, H, _,);]*7, that the sequence of removal rates is D by OD™ > H by
OD” >H by OH™ > D by OH . In this case, the isotope cfect. k7940 45
about 1.7.

In the earliest invesiigations (1937-1960), the rate was followed using the
isotopically enriched complex, exchanging ND for NH, in buffered H,O. To do this,
samples of the reacting solution were taken from time to time and the dissolved
complex was precipitated with a svitable anion and removed. The now partially
deuterated solveni was distiiled several times and the density measured by flotation
[6,14]. Alternatively, the precipitated complex was coliected and dried and the extent
of deuteration monitered by IR spectroscopy [15). This technique is relatively simpie
if there is only one type of ND proton reacting, e.g. [+-CoCli(cyclamD,}] " [16]. If
there are several types {as in M—{ND,}."), the rate of {ormation of M—{NH, )" is
last in a sequence NID; - ND,H — NDH, — NH,; and a calibration curve of
M—(ND; )" at equilibsium in various D,0O/H,O mixtures must be made [15] to
establish the extent of protonation. Finalty, proton NMR has been used to monaitor
ND — NH exchange in diantagnetic systems, although experimental details arc sparse
F11.17,18].

As pure D; O (99.9%) has become less expensive, techniques have been devel-
oped whereby the extent of deuteration of the hydrogen compicx, dissolved in
buffered D, O, can be monitored without separation of the complex from solution.

The most popular of these, developed by Palmer in the late 1950s and early
1960s [19-23], was to use the formation of the ~OH bending overtone in D,0 at
1650 nm (6000 cm ™) in the near IR [10.24-26]. In some cases, the rate process
could be separated into two steps, e.g. for cis-[Coien),(NH;), 1>, but not in ail
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situations where two processes were expected, e.g. for [CoCI(NH;)s]?", was this
possible. The overtone technique is particularly useful for paramagnetic complexes,

About the same time, the proton NMR method was being developed [19] and
the rapid advances in this form of spectroscopy has made the technique especially
attractive for diamagnetic systems. Even the D NMR line broadening observed in
paramagnetic systems can be utilised [27].

The most recent technique, which is quite metal-ion specific, is the use of *?Co
NMR spectroscopy [16,13,28-317 and the large deuterium isotope shift (5 ppm per
D atom) allows, for example, all 13 isotopomers of [Co(enH, D, _4);1°" o be
detected [13].

At constant temperature, these time-dependent monitoring techniques give one
or more pseudo-first order rate constant(s) (k. for the exchange process if all the
chemical variables in eqn. {1} are held constant,

(i} Interpretation of ks,

For most inert transition metal polyamine complexes, the raie of the NH - ND
exchange process is slow at pH <7 and becomes negligible at pH <3,

This observation gave impetus to reinitiate [ 32] the search for isomers involving
coordinated sec-NH amine proions, e.g. {R}- and (5)-[Co(sar)(NH;3),3** [33]. The
successful ouicome has swung the pendulum in the opposite direciion and any
observation relating to coordinated sec-NH proton inversion in acid solution {34]
is sometimes regarded with surprise. This should not be so, as examination of egn. (1)
shows that the exchange can take place via a solvent-assisted or anion-assisted
process as well as the “normal” base-assisied path. For example, the value of kD2°
(34°C)= 12 x 10" % 57! for [CoCl{irenen)]?* [35] means that sec-NH proton ex-
change will take place in acid solution with a half-life of aboust 1.6 h.

Rather exiensive measurements are required to evaiuate all the constanis in
eqn. (1). If buffers are used, then a series of measurements of k. at constant pD, but
different buffer concentrations will establish the presence or absence of a kY path.
If this is absent, a plot of k., vs. [OD]~ should be linear and have a positive
intercept (indicating the k22° contribution), or pass through zero with k22° ~ 0. The
slope of the line will be k%P . At this stage it is not possible 1o generalise as to the
importance, or otherwise, of the kX and &9 paths for any particular system.

In many cases, in the absence of critical data we have had to assume that
K20 and kX are zero and have calculated kS° 7 using the expression Ko, =

kS [OD ] (Table 1).
{ii) The caleulation of fOD™ ]

We will first outline what we believe to be the most rigorous treatment and
then proceed to more approximaie methods. The problem is that most reactions
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have been studied using buffer systems in D, 0 and the “pH” has been measured
using a glass electrode calibrated with a (different) buffer in H,O. Also, the use of
NMR techniques has, until recently, required rather high concentrations of complex
ion (>0.1 M) and a 0.33 M solution of a Co(IT1)** complex has [ =20 M without
any added clectrolyte.

Kineticists routinely use high ionic strength backgrounds (typically I = 1.0 M)
as “standard states” and this normally satisfactory procedure makes the precise
estimate of [OD ] from “pH” measurement rather difficult. We define K2 as the
ionic product of deturium oxide, and tables of these ionic products on both the
molar and molal scales at different temperatures (see later) are available and widely
wsed {36,37]. What is not generally stated is that these values have been extrapolated
to zero ionic strength [36,38]. Consequently, for any reaction with I > 0, values of
K5° must be corrected by the appropriate activity—activity cocfficient factor.

Thus:
K22 = [D*][OD"] (=0 @
=[D*][oo‘]{?°—'a'39~°—‘} (I > 0) (5)
D0
and
pKEM{log?Df‘?ﬁ} = p[D*J+pfOD"] ©)

It is wsually assumed that the values of the activity—activity coefficient factors for
Tp+, Yon- and ap, i1 D, O are the same as for y4-, vou- and a6 in H, O at 25°C,
1€ {Yp+ * Yon- Wap,e = 0.607 at 1 =0.1 M NaCi [39] and

p[D* 1+ p[OD ] = 14869 — 0.217 {7
=14.652 (&)

The other factor in egn. {7), p[D ™ ], is estimated from the measured “pH”. The
glass electrode is normally calibrated using a standard buffer in H, O with a known
fH "] {relative to zero ionic strength) and an established temperature coefficient.
This calibrated electrode is then used to measure the “pH” of the D, O solution
containing the dissolved complex at the appropriate ionic strength,

An empirical relationship [40] between the “pH” measured this way, and
p[D* ] has been established as

pLD” } = pH,.os. + 040 (%

but this must now be corrected for the activity of D*, In 0.1 M D, O lonic media,
we again assume that this is the same as the activity coefficient of H* in 0.1 M H,O
ionic media, ie. y; =0.7964 [41] at 25°C, I = 0.1 M, for HCL
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Thus
pfOD "] =14.652 —log y, —(pHpess + 0.40) (16)
= 14.751 — (pH, .. + 0.40) (1)
= PR — (pH a5, + 0.40) (12)

For I = 1.0 M (NaCl) the corresponding equation (25°C} is:
p[OD ™ ] =14.869 — 0.272 + 0.092 — {pH ... + 0.40)
= 14.689 — (pH,,.,, + 0.40) {13)

but at these high ionic strengths and high pH, Na* ions can compete with H™ ions
for sites on the glass elecirode, and “sodium ion corrections” [42] may be required.

A common standard state media would remove the need for these corrections
and a set of relative kS~ would be obtained. Unfortunately, with such a wide variety
of technigues availabie for moniforing the reaction, it is difficult 1o sct a media that
is applicable to all situations.

The corrections are important as a change in tonic strength from 0.1 to 1O M
for pD = 540 changes the [OD ] from 4.45 to 5.14 x 107 M and hence, with
ks = 2% 107%s ' kOP7 yalues are 449 and 3.89 x 16° M~ ' s~ !, respectively. If the
zero ionic strength refationship (25°C)

p[OD ™ 1=pK3*®—p[D*] (14}

is used. then 4987 =589 x 10° M ! s~ ! for the above situation, an increase by a
factor of 1.5 relative to { = 1.0 M,

One technique that has been used to cope with the p[D* 1 aciivity coefficient
correction is to “calibrate” the glass electrode with a standard buffer made in the
appropriate ionic media [43]. The assumption is that the resulting difference from
zero lonic strength will be the same for both the standard buffer and the test solution.
Tonic strength corrections to pK 2% for the appropriate electrolyte are, however,
still required. A more empirical approach can be taken [12,38,44] by using the
relationship

K:I(I:iv.[)z(): F e K?iv.ﬂzo {15}

as compleie ionic strength and temperature variation data are known for K5"-H:©
[39]. Modern data {36,37] would give the constant, F, as 0.134 (Table 2), although
0.195 was used in earlier work [12].

Using F = 0.134, pK3*™-P20 in 0.i M NaCl at 25°C would be 13.996 — 0.217 —
log (0.134) = 14.651 compared with 14.652 from the previous assumpiions. The
agreement is not quite so good at other temperatures {Table 2).

A survey of the literature shows thai the conversion from pD to [OD ™ ] leaves
much to be desired. If both kp,, and k2P are cited, then the appropriate pK™ that
has been used in the investigation can be calculated and this has been done in the
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TABLE 2
Selected values of pX®™ for various temperatures and ionic strengths (NaCl)

! 01 0.5 1.0 20

10.0°C, pK° = 14.5346, pK2®° = 15.439

Ya+ " You- /@m0 0.613 0.520 0.542 (0.699

ilog} —0.213) (—0.284) i—0.2686) {—0.156)
y; (HCH 0.8016 0.76%4 0.8295 1.053

tlog) i—0.096 (—9.114) {—0.081) +0.022)
pK solv M0 2 14418 14,365 14.356 14357
pK’:’"DJO e 15.322 15.269 i5.254 15,261
pKuivDO b 15.291 15.238 15223 15230

25.0°C, pKH:® = 139965, pKB® = 14.869

Yu- " You- fan,0 0.667 0.514 0.535 0.696

{log) (0217 (—0.289) (—0.272) (—0.157
v, {HC) 0.7964 0.7571 0.8090 1.009

(log) (—0.099) (—0.121) (—0.092) {+0.004)
pKph 02 13.878 13.828 13816 13.835
pKoh-D:0 s 14.751 14.701 14.689 14.708
pKiolvD:0b 14751 14.701 14,689 14.708

30.0°C, pK8° = [3.2617, pK2® = 14,103

Y+ *You- fGny0 0.589 0.497 0.567 0.629
{log) (—0.230) {—0.304) {(—0.293) (—0.200
v+ (HCH} 0.7850 0.7508 0.7697 09327
{log) {(—0.165) {(—0.124) {—0.114) (—0.030
pKiot-H:0a 13,137 13.082 13.081 13.091
pKP0a 13978 135923 13922 13.932
pKD:00 14.001 13.955 13,953 13.964

*  Calculated using the expression: pK© = pK,, + log(z}ﬂo“—_) —logy;.

an,0

®  Calcelated using the expression: KH© = 0.134K2¢

data compilation. Unfortunately, for quite a number of complexes studied, this
information is not available and it is not possible to assess the validity of the
procedure.

(iii) The estimation of activation parameters

Until recently, temperature control in NMR spectrometers was one of man-
kind's less sophisticated technological achievements and was certainly not satisfactory
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for accurate kinetics {probably not better than +1°C). Even the use of external water
bath temperature control results in temperature changes during data acquisition,
Nevertheless, attempts using NMR, and other techniques, have been made to deter-
mine the influence of temperature on the exchange rate.

Although data for the temperature variation of K2© were available in 1936
[38], this information was not used directly by the early investigators. They preferred
to measure kg, at fixed pD (using a buffer with a small temperature cocfficient) and
to calculate the apparent activation energy from the vanation of k,,, with temper-
ature. This apparent activation energy was then corrected for the heat of iomisation
of 1,0 (60.3 kJ mol ! [38]}.

E™ _ 603 = K& (16)

This calculation is only satisfactory if the temperature variation of the reaction rate
is identical with the temperature variation of K2:°. Nevertheless, this procedure
persisted until the mid-1960s. Subscquenily, data for the temperature variation of
K 22° have become more widely disseminated [36,37). These early investigators also
cited AS” {entropy of activation) values. [t i1s not clear if these relate to the ln &, vs.
1/T K plot or have been recalculated from k., and EJ* data. For at least onc study,
the cited AS™ value certainly relates to the former and, as such, has no relevance to
the k., reaction.

Clearly, what should be donc in these systems is that, after each temperature
change, the glass electrode should be recalibraied at thai temperature. The “pH” of
the D, O/bufier/complex solution at that temperature and known ionic strength should
be measured, and the appropriate pK" (T) should be calculated using activity coeffi-
cieats at the appropriaic temperature. Once k, (T} has been obtained, then

kg‘D‘ (T) = kobs(TH [antllog[pK;""{T) - pHmeas.(T] - 040] : ! ([?}

and the variation of k9P with temperature will give E,, AH™ and AS" in the normal
way {42].

Unfortunately, in many instances, it 15 not possible to recalculate activation
parameters because the appropriate data are not given. Consequently, a number of
entries in the AH" and AS® columns [12] may not relate to k%7 at ail.

{iv] K9P palues

Table 1 lists the k8P~ {or k%M ) values reported in the literature, or recalculated
from literature data. No attempt has been made 10 recalculate all the values corrected
for ionic strength. but the value of pK ™ used by the investigator has been cited {or
calculated) wherever possible. In a number of instances, the ionic strength of the
medium is poorly described. and under these circumstances we have no option but
to use the zero ionic strength relationship (14), There scem to be many instances
where data are accumulated in the 30-35°C range (the accepted operating temper-
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ature of an NMR spectrometer), but K22 {25°C) has been used in the calculation
of [OD ™ ]. We have not attempted to recalculate these data, but have signalled the
problem when it has been suspecied.

For many of the complexes cited in Table 1 there are several types of NH
proton, e.g. —NH;, R—NH,, sec-NH, and NH protons in different environments. In
[CrCI{NH;};]*", there are four NH; groups adjacent (cis} to the chloro ligand and
one NH, remote (trans). These give rise to more or less casily detected sequential
rates.

The [CoX(NH,);]** system is particularly interesting as there is considerable
debate as to which set of NH; ligands has the most acidic proton, and is therefore
the most tikely to participate in the SN, CB base hydrolysis mechanism [45]. Actuaily,
the question that should be asked is, which deproionated species gives the most
reactive conjugaie base and the relative acidities may not be relevant. Nevertheless,
two exchange rate processes for [CoX{NH;)s1*" can be detected [10,46-49], but
which corresponds to the ¢is-NH; and which to the unique trans-NH, is still subject
to some uncertainty.

In summary {Table 3}, it appears that when X =CN~ or NO,, the rate of
trans-NH, exchange is less than that of the cis groups, but for X=H,(Q, F ', Cl~,
N; , OCONH; , fumerate, CH,;NH, and DMSO the raic of trans-NH; exchange is
faster.

Returning to the topic of differences beiween —NH, —NH, and —-NH, protons,
the apparent exchange raie order is —NH » —NH, ~ —NH; for all metals. It 15
known that a chloropentaamine Co(ll} polyaminc complex with a planar sec-NH
functional group has a base hydrolysis rate much greater than the isomeric system
where the sec-NH group is folded [50]. Ai the moment, there are insufficient
NH — ND data availabie on isomeric Co(l111} sysiems to sec if this lability is reflected
in the exchange raie [51].

TABLE 3
NH — ND labilisation for [CoX{NH;},1"" in order of decreasing rate

trans-NH; cis-NH,
DMSO® NH,*
Cl NCS™
F- NH,CO0~
NH, 00~ CH;CO0-
CH,CO0~ B~
CN~™ NOJ

Ci-

CN™

F-

®  There are 3+ cations, whereas the remainder are 24
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Considerabie discussion in the early literature concentrated on the differences
between [M(NH,);]*" and [M(en); ]°* exchange rates. Unfortunately, this was
complicated by a misinterpretation of the work of Anderson et al. [6] who found
that [Co(NH;}]** exchanged more rapidly than [Cofeni;]**. The reverse was
cited in later literature [19,22]. A comparison of ail M{N,}*~ systems (N = NH,
or en} indicates little difference in exchange rates.

(v} Charge effects

These are difficuit te evaluate and trends can be dominated by specific ligand
effects. In the series [Co{NH,)]*", [Co(NO,)(NH;)]?*, trans-[Co(NO,),
{NH:),]", the exchange rate order is 3+ > 2 + > 1 +. but there 15 only a factor of
10 separating the fastest from the slowest. Similarly, in the square planar series,
charge appears to have little influence on exchange rate or, for that matter, substi-
tution rate [52].

C. THE REACTION MECHANISM
i} Octahedral systems

The general consensus [14] is that the reaction proceeds via direct attack of
the proton attached to the nitrogen while bound to the central metal:
sn {n-1)»

Stow
M-—-N;H « ODT = M-—N + HOD

fas tl oob

Ve _
M-—N—D +0OD
N

{18)

followed by rapid N—D bond formation from D, O and the deprotonated complex,
Thus the transition region species probably involves H-bond formation after
the initial ion pair encounter complex is established;
IM—NCHT> + [oD]” == [M—NiH-OD]Z'
N AN

on pair encounter
complex

s 24
[M=N—H-oDJ
AN

e 2
= [M—N=—H" 0-D
N ]

7 Ve
[M-N“H - 0—01" = [M—NHOD*'
N ] [ N 1

s s
(M-N - HOD]® === [M—N 1% . HOD
\ Hoed M=K (19)
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The solveni-assisied and general anion-assisted processes are imagined to involve
D,0O or X~ in place of OD .

Of course, this scheme is indistinguishable from one where the deprotonation
takes place on a D, molecule in a solvation sphere, hydrogen bonded to the
M—N—H group:

Dy
. /s 2.
[IM—N—H---O « [0 = [M—N—-H--- 0DI° . DOD
AN ~

D \l

/ 2
[M—n ]+ HOD
{20}

and in some ways may be preferred in view of the rather smali ionic charge influence
on the reaction rate.

The solvated, deprotonated species probably has some very short life-time as
it can adjust to a planar configuration prior to solvent attack. If this were not so,
racemisation or sec-NH isomerisation reactions would not take place. However,
NH - ND exchange process do not even require this adjustment and consequently
are often several orders of magnitude faster than racemisation [11]* Nevertheless,
there are some base-assisted substitution reactions whese every act of deprotonation
results in product formation and k., & & uaiuion LO3]-

i} Sguare planar sysiems

The NH — ND exchange process in octahedral systems may well involve
hydrogen-bonded solvent molecules in the second coordination sphere about the
central metal. For square planar systems, such solvent molecules can interact directly
with the metal centre via iransient metal-oxygen bonding and consequently form
more ordered intramolecular hydrogen bonding {eqn. 21)).

This model was proposed in the early 1960s [22] and has been revived from
time to time [54].

Such a process should have a much lower entropy of activation than in the
octahedral case, and this seems to be observed experimentally [54].

D. CONCLUSIONS

There are a number of interesting reactions of transition metal polyamine
complexes that are subsequent to NH deprotonation. These include invession, race-

* A referee has suggesied that the stower rates of racemisation relative to NH — ND exchange may be
due to the incorporation of the N-atom in a ring sysiem. This proposal has yet to be tested using a
coordinated sec-monoatnine system, e.g. M—NHR,R ;.
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) p1* H ol
Sa \0/ I Ve
NH, X NHy § X nt T x
\ N4 N %
/M\ « 0,0 o /M\ —_ M «D*
X X X X X X
D HT* H o} o
e Ny [
HsN X HN X HoN [ X
N4 NZ N
M -— /M\ - /M
x/ \x X « Nk
HT ) TRy
/ A4
DR T x DHN T X DH LN x 1
NP7 I N et R
= /M\ p— /M\ SHOD
X X X X X X 21)

misation, and basc-assisted substitution [53]. All these reactions, with rates depending
on the OH  concentration, should be considered under the same framework as NH
exchange, and the same difficulties in cstimating [OH ™ ] from pH measurements of
buffers apply.

Indeed, they all owe their unique characteristics to the fact that the rate of NH
exchange can be “tuned” by varying the [OH "], which in tura can vary over many
orders of magnitude, There are some of the above processes that occur so rapidly
that even an [OH ™~ Jof 10 2 M (pH = 3)is sufficient to provide an effective pathway
[517.

Finally, we would urge all those involved in measuring such rate processes to
¢ite the specific parameters used to calculate the appropriate rate consiants so that
these may be used in meaningful comparisons.
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