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Direct Evidence for a Rate-Determining Chelate Ring Closure Mechanism
during the Reaction of 2,2'-Bipyridine with the Hexakis(dimethyl sulphoxide)-
aluminium(iir) Ion in Nitromethane Solution

By Arax J. BRownN, OLIvER W. HOowARTH, PETER MOORE,* and WiLLiam J. E. PARR
(Department of Molecular Sciences, University of Warwick, Coventry CV4 TAL)

Sumimary Stopped-flow Fourier-transform n.m.r. experi-
ments reveal two distinct stages in the reaction between
the [Al{Me,SO)4)%* ion and 2,2'-bipyridine in [?H,]-nitro-
methane solution, substitution of the first solvent mole-
cule (at 298-2 K, 103k, = 2-:0 dm® mol-!s~!, AH* =759
4+ 4-3kJ mol™!, AS*= + 73 4+ 16 J K~! mol~!) being
much faster than the rate of displacement of the second
solvent molecule (at 298-2 K, 102k, = 3-9s~1, AH! =
92:0 4+ 1-7kJ mol~* AS* = 366 + 6-3 ] K~! mol-?).

THE rates of metal chelate formations [reactions (1)—(3),
L-L = bidentate ligand, S = solvent molecule, M"*+ =
metal ion] are usually obtained by following the changes in

K

[MS,)"* + L-L = [MS,]*+, L-L (rapid) (1)
ky
[MS,]"+, L-L 2 [S;M-L-L]*+ + S (@)

-1

By L
[SM-L-L]*+ = [S,M<) I + S (3)

the u.v.-visible spectra of the metal ion or the ligand, or for
negatively charged ligands by means of conductivity
measurements (e.g., in pressure-jump experiments).! These
techniques do not give a very good indication of the struc-
tural changes which occur, and it is usually not possible to
follow the course of the reactions by directly detecting the
expulsion of the co-ordinated solvent molecules.

For the reaction between the [Al(Me,SO)¢]3* ion and
2,2’-bipyridine (bipy) in nitromethane solution, u.v.-visible
spectrophotometry is not possible because the solvent
obscures the u.v. bands of the ligand, and there are no
changes in the visible region of the spectrum. However, it
is possible to follow the kinetics of the reaction by detecting
the expulsion of two Me,SO molecules from the co-ordina-
tion sphere of the Al using stopped-flow Fourier-trans-
form '™ n.m.r. spectroscopy,? since co-ordinated and unco-
ordinated Me,SO molecules have well separated proton
resonances. Previously we showed how this technique
could be used to measure the rate of solvent exchange
between the [Al(Me,SO)¢]3* ion and an excess of (CD,),SO
and thereby we extended the temperature range over which
the solvent exchange process could be studied.? Com-

TABLE.

bination of our results between 262 and 297 K with those
from a previous line-broadening study? between 313 and
338 K gives the activation parameters shown in the Table.

One other advantage of following reactions (1)—(3) by
1H n.m.r. spectroscopy is that the two stages [reactions
(1) and (2), and (3)]}are accompanied by equal changes in the
height of the 'H resonance associated with the free and
bound Me,SO molecules, and when £, %, (the case
observed here), this makes it easier to determine the point
at which these two reactions are complete. Usually, for
metal complex formations involving multidentate ligands,
chelate-ring closure [reaction (3)] is much faster than the
reactions leading to first bond formation [reactions (1) and
(2)]. Only in a few cases has evidence been found for a
slow chelate-ring-closure, or sterically controlled sub-
stitution (SCS mechanism).5»¢ Usually such a conclusion
is reached by comparing the rates of a range of related
reactions involving 5-, 6-, or 7-membered chelate rings, or
by the indirect approach of examining the rates of the
reverse, dissociation reactions under acidic and neutral
conditions.®? There have been very few studies of labile
metal ions in which the intermediate formed in reaction (2)
has been detected, although for inert metal ions such as
Pt CoIMI, or Crl!l these intermediates can sometimes be
isolated (e.g., with 1,2-diaminoethane??® or 2,2’-bipyri-
dine!?). For inert systems the intermediates can be
stabilised by protonation of the unco-ordinated donor
atom, and the ring closure reaction can then be initiated by
rapid prior deprotonation.8.1!

For the reaction between the [Al(Me,SO),}*+ ion and
2,2’-bipyridine in [?H,)-nitromethane solution, reactions (2)
and (3) have markedly different rates, and it is possible to
examine the two stages independently. The first stage is
second-order overall, and with [Al(Me,SO)g*+] = [bipy] =
5 X 103 moldm—3, at 268:3 K the half-life is ca. 3:5s,
whereas the second stage (ring closure) is first-order and has
a half-life of ca. 1240 s at this temperature. The first stage
is surprisingly fast and could only be examined by flow-
n.m.r. spectroscopy over a narrow temperature range
(253—268 K), this being limited at the lower end by the
freezing point of the solvent, and at the upper end by the
rapidity of the reaction. The second stage was studied
between 253 and 293 K, and the rates and activation para-
meters for the two stages are compared with those for the
solvent exchange process in the Table.

Comparison of rate data at 298-2 K for reactions (1)—(3) (L-L = 2,2’-bipyridine) with that for solvent exchange between

the [Al(Me,SO)g]3t ion and unco-ordinated Me,SO (kex)

Temperature AHY k] ASt/] K1 AGH/k]
Rate constant range/K mol-? mol-? mol—?
102k1g = 5-3 5718 262—338 85-241-8 16-446-1 80-34-3-6
kex = 0-318 51 P 85-24-1-8 31:34-6-1 759436
10-3%,K, = 2-0 dm? mol-is-1e 253—268 759443 72:9416-2 54-24-9-1
102k, = 39514 . . 253—293 92-04-1-7 36-64-6-3 81-14-3-6

8 Rate constant for the exchange of a single solvent molecule.

¢ Reactions (1) and (2). ? Reaction (3).

b Rate constant for total solvent exchange (kex = 6kY).
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The rapidity of the first bond formation is seen to arise
from a somewhat lower enthalpy of activation, and a
significantly larger entropy of activation when compared
with the overall solvent exchange process. This can be
understood if reaction (1) (ion-dipole formation) is slightly
exothermic (ca. 9 k] mol—1) and is associated with a large
positive entropy change (ca. 42 ] K—1mol™!), possibly
arising from desolvation of the [Al(Me,SO)s]3* ion. How-
ever, if we equate k; with kex, AG® (K,) = 21-7 k] mol?,
and this is very much larger than values normally associa-
ted with ion-dipole interactions. Factors which have been
observed previously to cause an enhancement in the values
of K, include aromatic stacking interactions,'? internal
conjugate-base formation (ICB mechanism),’® and hydro-
phobic interactions between methyl groups and aromatic
molecules [e.g., the methyl groups of 3-(trimethylsilyl)-
propionate ion and the ligands 2,2’-bipyridine and 1,10-
phenanthroline in their aqueous zinc(i1) complexes].!* Of
these factors only hydrophobic interactions between the
methyl groups of Me,SO and the incoming ligands is possible
here, and such an effect would not be expected to be as
important in nitromethane solution as it is in an aqueous
medium. We believe, therefore, that either some new
phenomenon is causing an enhancement in the values of
K, or the hydrophobic interaction and desolvation processes
are much more pronounced for a metal ion of charge +3 in
nitromethane solution. The alternative explanation, namely
that reaction (2) proceeds by an I, mechanism seems very
unlikely for AIMII, and this conclusion is supported by the
large positive value of AS*.

587

Activation parameters associated with the ring-closure
reaction (3) are very similar to those for the solvent exchange
process, and we conclude that solvent exchange dominates
the rate of this reaction. This conclusion is interesting
since it has often been suggested that chelate-ring-closures
are rapid because of the high effective concentration of the
free end of the partially co-ordinated ligand,® such re-
actions even possibly having a degree of associative charac-
ter. If the ring closure occurred at the same rate as
solvent exchange, for the [S;Al-L-L]%*+ ion we would expect
ky, = BbRL (or 4kL if only those solvent molecules in a cis-
position to L-L are involved). Since we observe &, = ca.
1-4 2L at 298-2 K, it can be seen that at this temperature
ring closure is rather slower than the total solvent exchange
process, and this is in line with previous studies which
indicated that there is significant steric hindrance to
chelate-ring-closure for reactions of metal ion-Me,SO
solvates 6,15

Preliminary results show that the reaction of the [Al-
(Me,S0O)41%+ ion with 1,10-phenanthroline (phen) occurs in
a single step as expected, with the expulsion of two co-
ordinated Me,SO molecules, whereas the reaction with
2,2’: 6’,2""-terpyridine proceeds in three distinct stages, each
stage involving the loss of a single co-ordinated Me,SO
molecule.
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