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Introduction

The current interest in dynamic
covalent chemistry has spurred
a renewed search for reaction
systems involving the formation
of covalent bonds under ther-
modynamic control.[1] We have
lately reported[2] that the meta-
thesis reaction of formaldehyde
acetals (formals), carried out in chloroform or methylene
chloride in the presence of catalytic amounts of trifluoro-
ACHTUNGTRENNUNGmethanesulfonic acid (TfOH) nicely serves to the purpose
of generating a dynamic family of oligomeric cyclophanes Ci

(Scheme 1), that are fully interchangeable under mild condi-
tions. In a strict sense, the process in Scheme 1 is a pure
ring-opening oligomerisation/polymerisation only when the
starting material is C2.

[3] When the feedstock is a mixture of
high molecular weight materials the process is better de-
ACHTUNGTRENNUNGscribed as a cyclodepolymerisation. However, the problem is
merely semantic. In fact, as expected for a truly reversible
system, the composition at equilibrium should be, as actually

found in our system,[2] independent of which oligomer or oli-
gomeric mixture is used as feedstock, and solely dependent
on total concentration expressed in terms of monomer units.

The cationic ring-opening polymerisation of 1,3-dioxacy-
cloalkanes, such as 1,3-dioxolane, was intensively investigat-
ed by polymer chemists in the sixties and seventies.[4] A
number of reaction mechanisms were proposed,[5] but none
found a definite confirmation.[6] Herein, we report on a
number of observations related to early stages of the equili-
bration process in Scheme 1, which supply clues to the
mechanism of the metathesis reaction of macrocyclic for-
mals and, more in general, provide useful insights into the
mechanism of the cationic ring-opening polymerisation of
1,3-dioxacycloalkanes.

Results and Discussion

Several kinds of initiators have been used to promote the
cationic ring-opening polymerisation of cyclic formals, in-
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Scheme 1. Ring-ring equilibria of cyclophane formaldehyde acetals Ci.
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cluding strong Brønsted acids, trialkyloxonium salts, either
alone or in combination with acetic anhydride or organoalu-
minium compounds, Lewis acids and combination of Lewis
acids with CH3COCl.[5] In this work, like in the previous
one,[2] we have used submillimolar quantities of TfOH,
which was found to be much more active than CF3CO2H.

A portion of the 1H NMR spectrum of a typical equili-
brated mixture of cyclophane formals (Figure 1) shows that
the Ar-H protons of cyclic oligomers from C2 to C4 appear

as well-resolved singlets; this resolution allows their analyti-
cal concentration to be precisely determined by integration.
The situation is somewhat complicated for C5, and much
more so for C6, because of overlap with the complex signal
of higher molecular weight materials.

In an experiment in which cyclooligomerisation of 25 mm

C2 (CDCl3, 25 8C) was started by addition of 0.5 mm TfOH,
the composition of the reaction mixture was monitored by
1H NMR spectroscopy as a function of time (Figure 2). The
corresponding time-concentration curves for oligomers C2–
C5 are reported in Figure 3. The first-observed oligomer is
C4, clearly generated by dimerisation of C2, whereas C3 and
C5 appear at later stages. Oligomers C3 and C5 do not
belong to the same generation, because the [C5]/[C3] ratio
becomes negligibly small when the reaction time approaches
zero. The spectrum recorded after 12 min (Figure 2) shows
that the signal of C6 is small, but clearly detectable, whereas
that of C5 is hardly noticeable. More difficult is to ascertain
whether C3 and C6 belong to the same generation or wheth-
er C6 precedes C3, because the signal of C6 cannot be inte-
grated with acceptable precision.

In spite of the uncertainty concerning the hierarchy of
generation of C3 and C6, the observed sequences strongly
suggest that the host of chemical transformations occurring
in the equilibrating system (Scheme 1) can be simply de-

ACHTUNGTRENNUNGscribed in terms of inter- and intramolecular processes of
the kind shown in Equation (1), with both m and n¼6 1 be-
cause of the nonexistence of C1.

[3] In the reaction from left
to right two rings meet each other and fuse into one ring,
whereas in the reverse process a ring splits into two smaller
rings.[7] The ring-fission route is not accessible to C2 and C3,
because the smallest oligomer that can split into rings is
clearly C4.

[3,8]

Cm þ CnG
ring fusion

ring fission
HCmþn ð1Þ

Figure 1. Portion of the 1H NMR spectrum (CDCl3, 25 8C, Ar-H region)
of an equilibrated mixture of cyclophane formals derived from 5.0 mm C2

in the presence of 0.5 mm TfOH. Spectrum taken after 6 h from start
(CHCl3 marked with an asterisk). Equilibrium concentrations (mm) are:
C2, 0.21; C3, 0.45, C4, 0.25, C5, 0.15.

Figure 2. Time evolution of the Ar-H region of the 1H NMR spectrum
(CDCl3, 25 8C) of ring-opening cyclooligomerisation of 25 mm C2 in the
presence of 0.5 mm TfOH (CHCl3 marked with an asterisk).

Figure 3. Time-dependent concentration of 25 mm C2 after addition of
0.5 mm TfOH, CDCl3, 25 8C (data from Figure 2). The inset shows the
concentration–time plots for the smallest oligomers. Integration of the C5

signal became unreliable at t>60 min.
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Application of the above hypothesis to the first few per-
cent of the ring-opening cyclooligomerisation of C2 leads to
Scheme 2a. Since in the very early stages of the reaction the
starting oligomer is the most abundant species in solution,
only intermolecular fusion processes in which the starting
material dimerises or reacts with the lowest fusion products
are considered.[9] This implies that only even numbered
oligomers are produced from C2 after a short time from the
start and that odd numbered species must derive from intra-
molecular ring-fission processes. Accordingly, C3 derives
from C6, and C5 from C8.

[10] Unfortunately, no information
on C8 and C7 is provided by 1H NMR spectra, because their
signals are most likely buried in the complex signal centred
at d=7.34 ppm, and the evidence for the growth of C6 is not
corroborated by reliable quantitative data. Nevertheless, the
order of appearance of the various oligomers in the scene of
the reaction as inferred from 1H NMR spectra (Figures 2
and 3) is substantially consistent with Scheme 2a.

Extension of Scheme 2a to the case in which C3 is the
starting material is straightforward (Scheme 2b). Here the
first-observed oligomer is predicted to be C6, from which C2

and C4 are produced simultaneously, whereas C5 is produced
from C9 at a later stage.[10] Concentration–time curves for
oligomers C2 and C4–C6 in a run in which C3 was the starting
material is shown in Figure 4. Compared with the analogous
experiment in which C2 was the starting material (Figures 2

and 3), the lower concentration of monomer units (28 vs.
50 mm) as well as of acid catalyst (0.1 vs. 0.5 mm), caused a
much lower overall reaction rate, which allowed a large
number of data points to be collected in the early stages of
the reaction and, more importantly, to obtain signals of C6

uncontaminated by signals of higher oligomers over a rea-
sonably long time range. The concentration–time curves
plotted in Figure 4 are fully consistent with predictions
based on Scheme 2b. Whereas the primogeniture of C6 is
out of question, oligomers C2 and C4 are clearly produced at
identical rates in parallel reactions, as shown by the fact that
their profiles coincide over a time period of more than 2 h
from the start, after which time each ring follows its own
thermodynamic fate. Finally, there is a strong indication that
production of C5 is not simultaneous to that of C2 and C4,
but occurs at a later stage, because the [C5]/[C2] (or [C5]/
[C4]) ratio becomes increasingly smaller as the reaction time
approaches zero.

Now the problem is to devise a reaction mechanism for
the ring-fusion/ring-fission pathway. Schemes 3 and 4 show
two reasonable possibilities, illustrated for the simple case
of the reversible oligomerisation of C2 ; they involve the sec-
ondary and tertiary oxonium ions I and II, respectively, as
common reactive intermediates. The two mechanisms are la-
belled A1 and A2 by analogy with A1 (acid-catalysed,
mono ACHTUNGTRENNUNGmolecular) and A2 (acid-catalysed, bimolecular)

Scheme 2. Succession of the lowest oligomers according to the ring-
fusion/ring-fission scheme of Equation (1): a) starting from pure C2 ; b)
starting from pure C3.

Figure 4. Concentration–time plots for the smallest oligomers in an equi-
libration run in which 9.3 mm C3 was the starting material (CDCl3, 25 8C,
0.1 mm TfOH). Data from 1H NMR spectra. Integration of the C6 signal
became unreliable at t>200 min. Scheme 3. Mechanism A1.
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mechanisms of acetal hydrolysis.[11] Secondary and tertiary
oxonium ion intermediates involved in mechanism A1
(Scheme 3) undergo SN1-type bond cleavage (steps a, d, e, i,
l, ···), yielding oxygen stabilised carbenium ions that lead to
oxygen–carbon bond formation through electrophilic attack
at either acetal (steps c, f, g, ···) or hydroxyl (steps b, h, ···)
oxygen. The key intermediate is the tetrameric open-chain
carbenium ion III. Formation of C4 by the reaction between
the chain termini (step h) is accompanied by “back-biting”
proACHTUNGTRENNUNGcesses (steps f and g), through which III reverts back to
C2 or proceeds to C3, respectively. This mechanism is clearly
inconsistent with the experimental observation that C3 and
C4 are not produced by concurrent reactions. The discrepan-
cy between facts and predictions based on mechanism A1 is
even more striking when the dimerisation of C3 is consid-
ered. Here the hexameric open-chain intermediate IV, in ad-

dition to C6 formation by means of reaction between the
chain termini, would undergo “back-biting” processes lead-
ing to C2–C5 oligomers through parallel reactions, in marked
contrast to the order in which the various oligomers accu-
mulate in the reaction mix.

At variance with mechanism A1, all elementary steps in
mechanism A2 (Scheme 4) are substitution reactions of the
SN2-type. Displacement of a benzyl alcohol moiety by an
acetal oxygen (step a) is followed by an intramolecular[12]

SN2 attack of the benzyl alcohol at an acetal carbon of the
tertiary oxonium ion II. Whereas step c yields a protonated
C4, through step b II reverts to starting material. It seems
likely that the transition states of both kinds of SN2 process-
es are stabilised by hydrogen bonding, as shown in the six-
membered pseudocyclic structures VI and VII.

Given the reversibility of the overall reaction, each step is
fully reversible. Hence the crucial step in ring-fission in-
volves an intramolecular (intraannular) nucleophilic attack
of the oxygen marked with an asterisk at the secondary oxo-
nium function in C4H

+ (step d). Nucleophilic attack of the
twin acetal oxygen (step e) leads to a dead-end, because the
benzylic carbon in V (step g) cannot rival with the acetal
carbon (step f) in a competition with the hydroxyl nucleo-
phile.[13] The oxygen atoms, belonging to monomeric units
adjacent to the protonation site are prevented from intramo-
lecular nucleophilic attack for evident steric reasons. Exten-
sion of the above mechanism to higher oligomers is straight-
forward. There are (i�3) oxygen atoms, belonging to differ-
ent monomeric units, which can act as neighbouring groups
to start ring-fission of a protonated Ci oligomer, whereas
participation of the other twin oxygen atoms in the same
monomeric units yields nonproductive tertiary oxonium
ions. It is evident that mechanism A2 is fully consistent with
the order of appearance of the various oligomers during the
first stages of the reaction.

Interestingly, in reference [11b] the A2 mechanism is
qualified as a “pathway seldom if ever seen”. The low polar-
ity of the chloroform solvent used in the metathesis of mac-
rocyclic formaldehyde acetals and the absence of cation sta-
bilising substituents on the acetal carbon strongly discourage
the dissociative mechanism. On the other hand, the SN2
mechanism is strongly favoured by the lack of bulky sub-
stituents on the acetal carbon atom. It appears therefore
that all of the factors at play in our system concur in favour-
ing the emergence of an unusual mechanism, involving SN2

Scheme 4. Mechanism A2.
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reactions of acetal and hydroxyl oxygens at either secondary
or tertiary oxonium ions.

Conclusion

In conclusion, the order of appearance of the lowest oligo-
ACHTUNGTRENNUNGmers in the early stages of the equilibration of macrocyclic
formaldehyde acetals is fully consistent with ring-fusion/
ring-fission processes in which all elementary steps are SN2
reactions of both secondary and tertiary oxonium ion inter-
mediates. An alternative mechanism, based on “back-biting”
processes of carbenium ions, predicts sequences in marked
contrast with experimental findings. Although some caution
is required in an extension of the above conclusion to the
more concentrated solutions usually employed in ring-open-
ing polymerisation experiments, in which the balance be-
tween intra- and intermolecular processes is strongly biased
towards the latter, the results of the present study are well
in keeping with earlier suggestions[5b] that in the cationic
polymerisation of 1,3-dioxolane carbenium ions are not in-
volved as intermediates, and that chain propagation occurs
by SN2 reactions of oxonium ions with monomer.

Experimental Section

Materials, instruments, and general procedures were as previously report-
ed.[2]
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