Kinetic Trapping of Rylene Diimide Covalent Organic Cages
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ABSTRACT: Formation of imine organic cages relies on error-correction of dynamic covalent chemistry. Here, we demonstrate ki-
netically-trapped rylene diimide cages formed in high yields and we investigate the effect of substituents on their formation kinetics
and stability. Thereby, we identified that alkoxy groups in triformylbenzene, used to stabilize covalent organic cages or COFs, act as
stereoelectronic chameleons. We underscore critical factors governing the chemistry of kinetically-trapped imine assemblies like

sterics, electronics, catalysis, and water concentration.

Multicomponent molecular assembly guided by dynamic
covalent chemistry (DCC) is a powerful tool to create intricate
two and three-dimensional structures, such as macrocycles!3,
cages*5, molecular knots®, or covalent organic frameworks? in
a single step. The extensive array of accomplished porous
organic cages (POC) promises that their structures can be
tailored via DCC to achieve specific requirements.®'2 Despite
this versatility, accurately predicting the synthetic outcome in
POC synthesis remains a considerable challenge in the field.
The reversible nature of DCC implies that the products are
formed under thermodynamic control*®, which in principle
allows for predictions by comparing the heats of formation of
POCs.**18 Jelfs and Cooper et al. demonstrated such
computational workflows using density functional theory (DFT)
that agreed well with the experiments and helped rationalizing
the composition of complex product mixtures. Despite the
success of this approach, there are cases that underscore the
significance of kinetics in the formation of POCs. Here,
alternative reaction pathways may lead to unwanted by-
products, e.g., oligomers, or the POCs themselves might
represent kinetically trapped products. Furthermore, hard-to-
predict circumstances, such as kinetic trapping through
precipitation, can pose significant challenges in the synthesis

design. Computing kinetic pathways in POC formation is even
more intricate than accurate calculation of heat of formation.
Yet, the kinetic factors could be leveraged to allow access to
novel structures, such as asymmetric cages, and diverse
dynamic covalent libraries that can be temporarily conserved
out of equilibirum. Therefore, identification of POCs that are
formed as kinetic traps in high yields is of considerable
importance.’® They allow to study the factors that govern their
formation and kinetic or thermodynamic stability informing
future design. However, the lack of reversiblity in the kinetic
control fails to provide the error correction mechanism, which
is typically detrimental to the reaction yield.

Recently, we reported the high-yielding synthesis, textural and
optoelectronic properties of a family of electron-poor rylene
diimide POCs.17292! Light excitation of naphthalene-1,4:5,8-
bis(dicarbox-imide) (NDI) cage (1a, Figure 1) created a long-
lived charge separated state with an electron residing on one
NDI unit and a hole on the bridge.?”?? Such long-lived states
could be utilized in photocatalysis, which motivated us to
synthesize analogous cages 1b and 1c with strong electron
donors in the bridges to manipulate the excited state
dynamics.
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Figure 1. NDI cages with 1,3,5-iminoarene bridges with H (1a),
Me-0 (1b), and Et-S (1c) substituents. The heats of cage for-
mation (red) are shown in kcal mol™ (M06-2X/6-31+G(2d,p)
level of theory).

Table 1. Optimization of reaction conditions for the synthesis
of cages 1a—c and 2a-c.
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1 - 80 <20 (20%)
2 10mol% Sc(OTf), 25 8
3 6 equiv. p-TsOH, excess NEt, 25 <8
4 - 25 48 (85°, 457)

9The yield of 1b is based on isolated and dried product after
purification by HPLC. ® The yield in brackets corresponds to 2b.
¢ The yield in brackets corresponds to 1d. See the S| for a
complete list of conditions.

The synthesis of 1a achieved by condensation of 1,3,5-
triformylbenzene (3a, Table 1) and the corresponding
enantiomerically pure NDI diamine 4a in high yield (60%; dry
CHCl3: cuo = 7 ppm, 80 °C, 72 h)® could be successfully
predicted by the computational workflow from recent
literature!®?324  (Figure 1). The same calculations also
suggested that both 1b and 1c would be formed in high yields
because their formation was markedly more exothermic than
that of 1a. We synthesized the required tritopic aldehydes 3
and reacted them with 4ain dry CHCl; at elevated temperature
to establish the equilibrium. Only a small amount of impure 1b
(Table 1, entry 1) and no 1c could be detected even after
prolonged reaction time (14 days). To improve their synthesis,
we added Sc(OTf); as a catalyst, or we started the synthesis
from ditosylate salt of 4a in anhydrous chloroform at 25 °C
(Table 1, entries 2-3). Similar to the initial attempts, no 1c
could be detected and the yield of 1b decreased. This suggests
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Figure 2. Scrambling of 1a with isotopologue 1a-ds (top) or
deuterated 3a (bottom) to obtain the mixed 1-ds. MALDI-MS
show the isotopic pattern for 1a and 1-dg as well as (i) the
scrambling of 1a and 1-ds and (ii) the reaction of 1a with 3a-ds
in water-saturated CHCls.

that formation of the target cages might face a kinetic barrier
to establish the equilibrium. Conesquently, we attempted to
overcome the reaction barrier by a combination of Sc(OTf)s
and elevated temperature (80 °C), but the reaction resulted in
an unidentifiable product mixture with no sign of cage 1c. To
our surprise, the synthesis of 1b from 4a and 3b at 25 °Cin the
absence of any Brgnstedt or Lewis acid catalyst improved the
purity of the crude product mixture markedly and provided 1b
in 48% vyield after purification (Table 1, entry 4). The outcome
of this experiment was unexpected since cage 1a can be
formed at elevated temperatures in excellent yields.'” We
repeated the same set of experiments with PMDI diamine 4b
because we observed previously that 2a formed in a cleaner
process than 1a. However, attempts to form 2b paralleled the
observations with 1b, and formation of 2b exhibited excellent
85% vyield after purification by HPLC only at 25 °C without
additives.?® Notably, a significant portion of the observed
products were insoluble, likely oligomeric, by-products that we
could not characterize. All our observations therefore imply
that rylene diimide cages 1 and 2 probably represent kinetic
rather than thermodynamic products in chloroform. Although
the formation of 1c appears to proceed via a high barrier, all
other cages could be isolated in high yields when synthesized
at room temperature without the error-correction mechanism
of DCC.

To test the dynamic nature of the rylene cages, we synthesized
the deuterated isotopologue 1a-ds with deuterium atoms in
the imine positions in the bridge (Figure 2) and examined its
scrambling with 1a. Both cages were mixed in CHCl; for 96 h
and the reaction mixture was analysed with matrix-assisted
laser desorption ionization time of flight mass spectrometry.
Regardless of the water content (7 and >700 ppm),
temperature (25 and 60 °C), and the presence of acid catalyst
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Figure 3. Kinetic self-sorting of 3a and 3b with 4a in CDCls.

(TFA, 1 mol%), we did not observe formation of 1a-ds (Figure 2
and Fig. S42), population of which should reach ~50% in an
equilibrium. We only noticed an increase in the signal-to-noise
ratio over the course of the experiment hinting at a slow
decomposition of the cages under the selected conditions. The
absence of the imine metathesis proves unambiguously that
cage l1ais formed as a kinetic trap.

The substituents in the bridging units in 1 provide an
opportunity to investigate the formation and stability of these
kinetically trapped POCs. Previously, Banerjee and co-workers
reported that the steric bulk and electronic properties of the
MeO groups in 3b endowed the classical Cooper’s [6+4]-cage
CC3 with exceptional kinetic stability.>?> However, cages 1b
and 2b seem to be more sensitive to the environment than 1a
and 2a. The electron-donating nature and the size of MeO and
EtS groups (Hammett o, < 0) suggest that they increase the
barrier for cage formation, and also make them
thermodynamically more stable.?® The former assumes an
amine nucleophilic attack as the rate-limiting step, as showed
previously when imine formation and metathesis occurin adry
organic solvent without a catalyst.?”?8 The latter is reflected in
the computed heats of formation (Figure 1). The electronicand
steric factors clearly prevent formation of 1c. However,
replacing MeO for bulkier BuO groups in the trialdehyde 3d
(Table 1) did not prevent formation of the corresponding cage
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Figure 4. (A) Cages decomposition in CDCl; upon addition of 3
or (B) 2,2,2-trifluoroacetic acid.

1d at room temperature (45% vyield) despite a markedly
stronger electron donor than the EtS group. X-ray diffraction
analysis of single crystals of 1b and 1d revealed that all three
alkoxy substituents are significantly rotated (>74°, Figures S39-
S41) out of the arene bridge plane. This is confirmed by DFT
calculations that show similar effect in the trialdehyde 3b
(83.4°, Figure S41). Note that the rotation not only dimishes
the electron-donating ability of MeO groups, it, in fact, turns
them into electron acceptors. Such stereoelectronic effect has
been observed and applied to control reactivity before.?*3° We
tested this notion in a kinetic competition experiment by
mixing 2 equiv. of 3a and 3b each and 6 equiv. of 4a in CDCl;
and monitoring the reaction progress by *H NMR (Figure 3).
While 3b was consumed entirely within 2 h of the reaction,
traces of 3a were still present after 6 h. Small amounts of 1a
and 1b were already detected after 2 h together with a product
that we assigned to a cage having both type of bridges (1ab).
Early on, the amount of formed cages follows the number of
3b incorporated in the cage: 1b > 1ab > 1a. In addition, a set of
four resonances (9.60-9.75 ppm) suggests the presence of
macrocyclic [2+2] condensates 5 (Figure 3) that we tentatively
assigned following previously identified 5a observed upon
partial hydrolysis of 1a.l” Their concentration remained low
during the 120 h experimental window except for 5b (Figure
S43). The concentration of all cages steadily increased in time,
but only that of 1b reached a maximum (~24 h), after which it
slowly decomposed with concomitant increase of 5b. Cages 1a
and 1ab remained stable until the end of the experiment. The
reaction mixture turned slightly turbid after 48 h, likely due to
formation of insoluble oligomers. Independent samples of 1a
and 1b in dry or wet CDCl; (Figure S53) did not show any sign
of cage decomposition in 30 days.” A few key conclusions can
thus be drawn: (/) 3b is indeed more electrophilic than 3a, (ii)
a single MeO bridge does not compromise the cage stability
and (iii) decomposition of 1b to 5b must be catalyzed. It follows
from (ii) that cage hydrolysis does not proceed via removing
the bridge, but by opening a cage rung releasing 4a, i.e., the
[2+2] macrocycles 5 are intermediates in cages formation.”

We probed if aldehydes present in the solution could cap a free
amine after one of the cage imines gets hydrolyzed preventing
it from reforming the cage. Thereby, aldehydes would catalyse
cage decomposition formally releasing 4a-aldehyde
condensates that might be dynamic due to absence of a rung.
We compared the reaction progress of solutions of 1a and 1b
upon addition of 6 equiv. of 3a or 3b in CDCl; (Figure 4A, ci20 ~
70 ppm, 25°C). We observed that in all cases the cages
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decomposed in the course of days, but all at different relative
rates: 1b,3b = 1b,3a > 1a,3b > 1a,3a. The observed trend
reinforces that 3b is more electrophilic than 3a and confirms
that 1a is kinetically more stable than 1b because it
incorporates two bridges from less electrophilic trialdehyde.
The decomposition also proceeds with catalytic amount of 3,
although at a slower rate (Figure S47). We do not observe
formation of 1ab when 1a (or 1b) was reacted with 3b (3a)
irrespective of water content in CDCl; (Figures S48-S51). We
only observe the expected formation of 5a that is continuously
converted to 5b and 5ab (Figures S46-S52). The excess of
aldehydes scavenges all released 4a, preventing cage re-
formation. Yet, MS analysis revealed the presence of la-ds
upon mixing of 1a and excess 3a-ds (Figure 2).

Cage 1a decomposes by a stepwise addition of TFA (probed
after ~10 min; Figure 4B) that promotes DCC. TFA initiated
formation of 5a and additional 4a-aldehyde condensates that
we did not identify. Their concentration was relatively
independent of the added TFA (<2 equiv.), however, that of 1a
gradually decreased (Figure S54-S55). Simultaneously,
concentration of 3a increased, reaching a maximum at ~1-2
equiv. of TFA before gradually declining. Consumption of 3a
correlated with the formation of precipitates, suggesting its
incorporation into insoluble oligomers. The reaction progress
depended critically on water. Under dry conditions (7 ppm
H,0), catalyticamount of TFA did not fully decompose 1a (even
at 24 h, Figure S56) and produced 3a at a higher concentration
than in the water-enriched (76 ppm) sample. A few equivalents
of TFA were necessary to fully consume 1a in dry CDCls, while
the process appeared catalytic at higher water content. In 1b,
0.1 equiv. of TFA resulted in its complete decomposition, even
under anhydrous conditions (Figure S57). These experiments
underscore the unusual kinetic stability of 1a and show that
alkoxy groups in 3 may protect a cage only in a heterogenous
sample. We also argue that water concentration, an often
underestimated parameter in POC synthesis, may critically
affect reaction kinetics, and possibly establish the kinetic or
thermodynamic control of the process.

In conclusion, we demonstrated that [3+2] rylene diimide
cages are kinetically trapped, yet formed in high yields despite
the absence of error-correction mechanism of imine DCC. We
showed how their rate of formation and kinetic stability are
affected by bridge substitution, which helped us identify [2+2]
macrocyclic intermediates in their formation/decomposition.
These macrocycles might equally be kinetically trapped,
representing exciting targets to investigate as key
intermediates to accomplish asymmetric covalent organic
cages in high yields. This study thus uncovers factors that
govern formation and stability of kinetically-trapped molecular
imine assemblies, which will inform the design of future three-
dimensional systems locked out-of-equilibrium.
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