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Observation of reaction intermediates and kinetic mistakes
in a remarkably slow self-assembly reactionf
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Several intermediates and oligomeric mistakes in a metal-ligand
self-assembly reaction are identified by '"H NMR, MALDI-MS,
and XRD, providing evidence in support of multiple pathways in
the “free-for-all” self-assembly process.

Self-assembly is the most efficient route to prepare discrete
supramolecules, but the complexity of the dynamic self-assembly
process is still poorly understood.? It is generally accepted that
this process involves the correction of misconnections and
random oligomeric errors, quickly leading from kinetic inter-
mediates to the discrete, thermodynamic product. Despite this
widespread assumption, there exist only a few examples of the
observation of oligomeric errors (‘‘kinetic mistakes™) and in
these cases they are not structurally characterized.* Additional
examples involving the observation of self-assembly inter-
mediates exist, but because most of these reactions between
metals (M) and organic ligands (L) occur spontaneously and
quickly, it is difficult to observe kinetic intermediates that form
prior to the final thermodynamic product.’ Intermediates have
been observed during the titration of one component (M or L)
into the other, but this approach is limited in that only the
equilibrium product of each titration is observed in solution.®’
Rarely are kinetic intermediates stable enough to isolate from
solution.”®

Since the speed by which self-assembly reactions occur
precludes the observation of intermediates and kinetic
mistakes, slowing down the process could allow a better
understanding of metal-directed assembly. This may
ultimately lead to the ability to incorporate design features
and specific properties into supramolecular assemblies with
more predictability. Paradoxically, for the self-assembly of
discrete species to occur in a reasonable amount of time, fast
kinetics are required in the forming and breaking of individual
supramolecular interactions (typically either labile metal—
ligand bonds or H-bonds). In this communication, we describe
the relatively slow self-assembly of M,L, supramolecular
macrocycles. This reaction occurs over the course of several
days which allows for the observation and identification of
several intermediate species and “‘kinetic mistakes™ along the
pathway to macrocycle formation.
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Scheme 1 Ligands and As,L,Cl, macrocycles.11

Fig. 1 X-Ray crystal structure representations of (a) Asy(LP),Cl,
(stick), (b) Asy(L?),Cl, (van der Waals radii), and (c) As,L°Cl, (stick).

A mixture of syn- and anti-As,L,Cl, macrocycles forms in
solution over the course of several days (Scheme 1) when rigid
dithiol ligands H,L®° H,L® and H,L¢° are individually
treated with arsenic trichloride. X-Ray quality crystals of
syn-As,L%Cl, were grown by diffusion of pentane into a
solution of As,LPCl, in chloroform. The crystal structure
(Fig. 1a and b) reveals an As—As distance of 4.45 A and a
distance of 4.26 to 7.45 A between the methyl carbons on
opposite ligands, leaving a small cavity that is devoid of a guest.

When As,L*Cl, (4%) and As,L",Cl, (4°) are prepared in
d-chloroform, the reaction progress can be monitored by
observing the changes to the methylene region of the
"H NMR spectrum (Fig. 2 for 4* and Fig. S1 (ESIY) for 4°).
In each case, as H,L is consumed, its resonances are replaced
with those corresponding to several different reaction inter-
mediates. These, in turn, are replaced with the resonances
for 4, the fully formed macrocycles. While several of the
methylene region resonances overlap, it was possible to
identify three of these intermediate species by symmetry. The
first species observed upon treatment of H,L with AsCl; is
HL(AsCl,) (1), which appears as a doublet for the unbound
(CH>SH) end and a singlet for the bound (CH,S(AsCl,)) end.
The next observed species is HL(AsCI)LH (2) which appears
as an ABq for the bound ((CH,S),AsCl) end and a doublet
for the unbound (CH,SH) end, which is coincidental with
the resonance for H,L or 1. The third species that can be
identified by 'H NMR is L(AsCl), (3), which appears
downfield as a singlet since the ligand symmetrically spans
two As centers.
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Fig. 2 CH, region of '"H NMR spectra of reaction of H,L*
with AsCls after (a) 35, (b) 81, (c) 122, (d) 186, (e) 366, (f) 1378, and
(g) 5650 minutes. Structures of 1°~4* are shown in Scheme 2.

R;
/ e
S S,
CloAs” \,!s/
R4 Ry AsCly Ry Ry 1 R Ry Ry R
e N _ .
—_— —_—
Rs Ry Ry Ry Ry Ry Ry Ry
As.
SH SH -

- » 1
HoL2e qac HoL fCI/ ;c
Cl
a Ry =R,=H S—pL—S.
b: Ry = R = CH
c: Ri=0CHj, R, =H Ry Ry Ry R,
Ry Ry RS Ry

Scheme 2 Self-assembly of As,L,Cl,.

The identities of 1°—4® were also confirmed by MALDI-MS
([1* + Na + 2H]"', 394.9, calc. 394.9; [2® + Na + 4H]",
587.0, calc. 587.1; [3® + Na] ™, 536.8, calc. 536.8; [4° + Na] ™",
690.9, calc. 690.9), when As,L,Cl, was prepared from H,LY.¢
These species could either be intermediates or kinetic mistakes
that are corrected in the self-assembly of As,L,Cl, (4).
It is possible that the self-assembly reaction is occurring
simultaneously through several competing pathways as
outlined in Scheme 2.'%t

While the overlapping resonances of H,L, 1, 2, 3, and
As,L,Cl, (4) make it difficult to accurately integrate the
NMR spectra, it is clear that at least one additional discrete
species exists in solution,'® likely a larger oligomeric
“kinetic mistake”. These kinetic mistakes could easily form
reversibly in the free-for-all chaos of the self-assembly reaction
and then equilibrate to As,L,Cl,. After 5 minutes, and under
the same conditions as the NMR experiments, several
oligomeric species (Chart 1) were identified by MALDI-MS
(5" + Na + 2H] ", 728.9, calc. 728.9; [6® + Na] ", 870.7, calc.
870.7;[7" + Na + 4H] ", 921.0, calc. 921.0; [8° + Na + 2H] ",
1062.8, calc. 1062.9; [9* + Na]™, 1206.7, calc. 1204.7).f
These species could be expected to have 'H NMR
resonances that overlap with the other intermediates. We do
not know for sure that every one of these oligomeric species is
present in solution during the reaction, as they could be
formed as a concentration effect upon evaporation of the
MALDI sample, yet after 30 minutes they are no longer
observed by MALDI. It is clear that some kinetic mistakes
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Chart 1 Oligomeric kinetic mistakes.

are corrected during the course of the reaction because
everything remains soluble and all resonances except those
for As,L,Cl, disappear eventually. These oligomeric species
observed by MALDI-MS are the most likely culprits.

The isolation of compounds 1-3 was unsuccessful until
prepared from a ligand with additional coordinating groups
(methyl ether in H,L). While macrocycle was typically
isolated by crystallization of the reaction mixture of H,L®
and AsCls,'® one attempt led to the isolation of 3¢ (Fig. 1c).
The intermediate is stabilized by As—O secondary bonding
interactions'* and crystal packing is dictated by the As—n
interaction.”® This experiment further supports the idea that
structure 3 is an intermediate or a kinetic mistake in the
self-assembly of As,L,Cl, (Scheme 2).

In conclusion, we have shown a metal-directed self-assembly
reaction in which several intermediates and kinetic mistakes
can be identified. This provides insight into the complexity of
the self-assembly process—as revealed by the multiple possible
pathways—even for a simple dinuclear species. While most
self-assembly reactions occur too quickly to observe without
stopped flow kinetics, the dynamic covalent'® nature of the
As-S bond and the steric bulk of the ligands make this
reaction slow enough to observe by 'H NMR, providing
exquisite structural detail. This shows that supramolecular
chemistry based on main group elements not only leads to
new structure types,'” but also can add valuable insight into
the nature of self-assembly, which could be applicable to
understanding the formation of nanoparticles,'® polymers'”
and monolayers®® by self-assembly.
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