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Abstract

Reversible covalent bonding is often employed for the creation of novel supramolecular structures,
multi-component assemblies, and sensing ensembles. In spite of remarkable success of dynamic
covalent systems, the reversible binding of a mono-alcohol with high strength is challenging. Here
we show that a strategy of carbonyl activation and hemiaminal ether stabilization can be embodied
in a four-component reversible assembly that creates a tetradentate ligand and incorporates
secondary alcohols with exceptionally high affinity. Evidence is presented that the intermediate
leading to binding and exchange of alcohols is an iminium ion. Further, to demonstrate the use of
this assembly process we explored chirality sensing and enantiomeric excess determinations. An
induced twist in the ligand by a chiral mono-ol results in large Cotton effects in the circular
dichroism spectra indicative of the alcohol’s handedness. The strategy revealed in this study
should prove broadly applicable for the incorporation of alcohols into supramolecular architecture
construction.

The study of dynamic multi-component assemblies created from reversible covalent bonds is
at the forefront of recent supramolecular chemistry efforts, with the ultimate goals of
creating molecular machines, complex nanoarchitectures, dynamic combinatorial libraries,
and sensors 1234567 Although the addition of amines to carbonyls to create imines®:9.10.11
or hemiaminals1213, and the association of boronic acids with diols to form cyclic boronate
esters!415 have been widely explored as reversible systems, the use of simple mono-
alcohols is exceedingly rare due to their poor nucleophilicity®:17. This is despite the fact
that alcohols, especially secondary alcohols, are common functional groups found in natural
products, such as terpenes, saccharrides, and polyketides, as well as polymeric materials,
such as polyvinyl alcohol. In addition, chiral alcohols are frequently sought after in
asymmetric reactions, such as allylation of aldehydes and hydrogenation of
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ketones!® 19. 20, 21 to name just a few synthetic transformations. Hence, the diversity of
supramolecular architectures that could be created would be greatly expanded with a
strategy for the reversible binding of mono-ols, and the new strategy could have the
potential for molecular sensing applications.

Compared to an amine used for imine formation2223.24 3 mono-ol is far less nucleophilic.
Therefore, their carbonyl addition products, hemiacetals and acetals, are more sluggish to
form than imines without Brgnsted catalysis, and they are less thermodynamically
favorable25:26.:27.28 The sluggishness is exacerbated with secondary and tertiary alcohols
whose addition products are more sterically congested than those from primary alcohols.
Hence, approaches to the reversible binding of secondary and tertiary alcohols are nearly
nonexistent in the literature, either by covalent or noncovalent strategies. In order to achieve
the binding of mono-ols in a reversible covalent manner, electron-withdrawing groups,
commonly trifluoromethyl, are placed on carbonyls?2:3%:31 Qur group and Lehn recently
reported that 2-acylpyridines (1) reversibly add secondary alcohols when activated by a
Bransted acid, or a Lewis acid such as Zn(OTf), (e.g. Fig. 1a)16:17. Unfortunately, such
systems are moisture sensitive, and subsequently we have found are not readily adaptable to
increased complexity, nor to any chirality sensing applications, as is the goal of much of our
group’s efforts32,

Iminium functional groups represent an excellent alternative to carbonyls because of their
increased electrophilicity. Iminium salts are routinely intermediates in reaction sequences,
and they are commonly generated in situ33:34:35 \We therefore postulated that they would
rapidly add alcohols to create hemiaminal ethers36:37, but also readily expel the alcohol
recreating the iminiums38. Hence, iminium ions were thought to possess the desired
reversibility, but a lack of thermodynamic stability of the resulting hemiaminal ethers.
Therefore, we sought a system where iminiums could be formed, reversibly add secondary
alcohols, yet with the resulting hemiaminal ethers thermodynamically stabilized via a
remote binding process. To the best of our knowledge, the system reported here represents
the first example of iminiums for dynamic mono-ol binding and chirality sensing, even
though there is a rich history of using iminiums in synthetic organic chemistry32:33,34,35.37,

Results and discussion

To realize our new strategy with a specific chemical design, we built upon a three-
component assembly reaction which spontaneously occurs upon mixing the reactants shown
in Fig. 1b39. We reasoned that if the product of this reaction (2) could be induced to
eliminate water, iminium ion 3 would form. Once formed, this reactive intermediate would
add alcohols, and the resulting tris(pyridine) ligand would chelate the Zn(1l) to stabilize
addition product 4 (Fig. 1c). In essence, the reactivity of the iminium and the
thermodynamic stability of the metal complex were postulated to provide the driving force
for the otherwise unfavorable binding of a secondary alcohol.

With our concept in mind, we first set out to explore the four-component assembly given in
Fig. 1d with isopropyl alcohol (IPA) as the test alcohol. Pyridine-2-carboxaldehyde (2-PA),
di-(2-pyridylmethyl)amine (DPA), Zn(OTf), and | PA were stirred in acetonitrile with
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activated 3A molecular sieves (MS). The dominant product was 2, and only a trace of
reaction with | PA was observed within 24 hours (Supplementary Fig. S1). It is known that
Brgnsted acids facilitate imine and iminium formation from hemiaminals??, and therefore a
series of acids were screened: triethylammonium chloride, pyridinium triflate, imidazolium
triflate, and 4-(2-chloroethyl)morpholine hydrochloride (CEM-HCI). The four-component
reactions were stirred with 3A MS at 24 °C with one equivalent of each of these acids
(molar ratio of 2-PA, Zn(OTf),, DPA, and I PA: 1: 1: 1.2: 5; with 30-40 mM of 2-PA), and
the equilibrium was reached after 20 h, all resulting in formation of 4, but to differing
extents (Supplementary Fig. S2). CEM-HCI was the most effective, yielding ~90% of 4 with
residual 2 and 2-PA remaining.

In addition to the effect of pK, of the Bransted acid catalyst on the reaction, there was a
difference between chloride and triflate salts on the extent of the assembly, and hence, a
counterion effect study on the multi-component reaction was performed. Pyridinium triflate
was chosen as the catalyst, and various anions, including CI~, Br~, 17, acetate (AcO™), and
benzoate (BzO™), were investigated. The four-component assembly reaction was performed
in the presence of pyridinium triflate and tetrabutylammonium salts of different anions. CI~,
Br~, and I~ were found to increase the formation of complex 4 to approximately 88%, 84%,
and 81%, respectively (~65% of 4 formed with only pyridinium triflate. Supplementary Fig.
S3). This effect is likely due to stabilization of the complex by halogen coordination in the
axial position of the zinc center, and the effect accounts for the difference between chloride
and triflate salts because of the non-coordinating property of triflate. However, for AcO™
and BzO™ the effect is smaller. The pK, of AcOH and BzOH in acetonitrile is 23.5 and 21.5
respectively#l, while the pK, of pyridinium in acetonitrile is 12.5%2. It is therefore obvious
that the real acid catalyst is AcOH and BzOH due to the acid-base reaction between
pyridinium and AcO™ or BzO™, respectively.

To demonstrate the generality and reversibility of the four-component assembly, alcohol
component exchange was studied. If the assembly was initially formed with | PA, after
addition of 3-methyl-2-butanol complex 4 decreased over a period of 20 hours with a
concomitant increase of the analogous assembly product incorporating 3-methyl-2-butanol
(two sets of TH NMR resonances due to diastereomer formation, Fig. 2a). The equilibrium
constant for the reaction of 4 (created from I PA) with 3-methyl-2-butanol is 0.74, therefore
slightly preferring 4 likely due to less steric interactions. Analogous spectra show the
equilibrium constant (Keq) for the reaction of 4 with 3,3-dimethyl-2-butanol to be 0.48. The
Keq Values with other alcohols are listed in Fig. 2b, and are consistent with the bulkiness of
the alcohol. It is worthwhile to note that the four-component assembly with each secondary
alcohol studied was successful and led to their respective complex (such as 4 with 1PA).

We then set out to explore aldehyde component exchange as a means to increase the
diversity and complexity of the assembly, and further verify reversibility. 2-PA,
isoquinoline-2-carboxyaldehyde, 5-bromo-pyridine-2-carboxaldehyde, thiazole-2-
carboxaldehyde, and thiazole-4-carboxaldehyde were all studied. For example, the assembly
was preformed with thiazole-2-carboxaldehyde followed by addition of 2-PA, and the
mixture was stirred for 20 h. 1H NMR indicated the increase of the 2-PA derived complex
with a concomitant decrease of assembly incorporating thiazole-2-carboxaldehyde (Fig. 2c).
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The Keq values are summarized in Fig. 2d, which shows that 2-PA is the aldehyde giving the
most complex in the cases studied. Both the electrophilicity of the aldehyde and the Lewis
basicity of the pyridine ligand clearly have an effect on aldehyde exchange.

The next goal was to determine the equilibrium constant of the four-component assembly
using I PA as a model alcohol. Because of the difficulty of quantifying the effect of
molecular sieves (MS), the assembly was conducted without MS, and as expected, the extent
of 4 decreased while 2 increased (Supplementary Fig. S12). An equal equivalent of 4 and
water is generated by the reaction. Because the Brgnsted acid is not incorporated into 2 or 4,
it was not taken into consideration for the calculation of Keq. Moreover, DPA and
tris(pyridine)amine ligands (2 and 4, respectively) have much higher affinities for zinc than
2-PA, and hence, the non-reactive zinc was assumed to be bound to the remaining DPA to
create Zn-DPA. As a result, the three and four-component assemblies shown in Figure 1b
and 1d were simplified to two and three-component systems (Egs. 1 and 2), respectively.
Substituting Eq. 1 into Eq. 2 affords Eq. 3. The stability constant of Zn-DPA is given by Eq.
4, which when combining with Eg. 3 gives the Keq expression for the four-component
assembly (Egs. 5 and 6, see details in Supplementary Information).

_ [2]
K= —paj[zn—DpPa] @

[2_ PA][Zn_ DPA][IPA] ©

_K(2)[4]
K@)—m ®)

K(Zn — DPA):% @)

Kq=K(4)K(Zn — DPA) (5

K(2)K(Zn — DPA) [4]?

Fea= [2] [TPA]

(6)

All concentrations in Eq. 6 can be deduced from 1H NMR integrals and the mass balance of
2-PA as well as | PA. Using the reported value for K(2)39 and K(Zn-DPA)*344, the Keq of
the multi-component assembly incorporating | PA (Fig. 1d) was estimated to be on the order
of 108-10% M~2. Such a high equilibrium constant demonstrates the power of our multi-
component approach and is unprecedented for the reversible binding of mono-ols. The
equilibrium constant with other alcohols or aldehydes can be calculated as a product of Keq
for IPA with the corresponding Keq Of the related component exchange reaction.
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The scrambling of alcohols and aldehydes in structures such as 4 logically proceeds via
iminium 3 or its analogs derived from aldehydes other than 2-PA (Fig. 3a, 3 as an
illustrative example). During the four-component assembly (Fig. 1d), we observe via 1H
NMR spectroscopy that complex 2 is formed first and evolves over time to structure 4
because the 3A MS scavenge water, thereby driving the equilibrium to alcohol
incorporation. Therefore, the proposed sequence involves compound 2 formed from 2-PA,
DPA, and Zn(OTf),, dissociating from Zn(ll), followed by water elimination catalyzed by
the Brgnsted acid to give iminium 3, which in turn adds alcohol and re-coordinates Zn(ll) to
give 4, all species in equilibrium. Obviously, this sequence of steps involving 3 as an
intermediate would scramble alcohols (ROH for R20H in Fig. 3a). To scramble aldehydes
via iminium 3, water would add followed by DPA elimination, with or without 2 as an
intermediate.

The following observations further support that the intermediate of the assembly is iminium
3. First, an equilibrium mixture of 2-PA, DPA, Zn(OTf), with 2 (3A MS added) afforded
the same results as the four-component assembly after addition of I|PA and CEM-HCI (Fig.
3b). In contrast, 2-PA and | PA in the presence of Zn(OTf), and 3A MS did not give
significant extents of hemiacetal products via *H NMR, but subsequent addition of DPA and
CEM-HCI to this mixture gave a similar equilibrium mixture containing 4 (Supplementary
Fig. S14). Further, ESI mass spectral analysis supports the postulate that 3 is a viable
structure (Fig. 3c). A peak corresponding to this compound was found, while mass analysis
again found no evidence of hemiacetals or acetals derived from 2-PA. Therefore, we
postulate that the four-component assembly does not commence via hemiacetal formation
from 2-PA and | PA. Instead, we propose that iminium 3 is the key intermediate that leads to
scrambling between water and alcohols and between alcohols or aldehydes.

To exploit the multi-component assembly for chirality sensing purposes, the binding of
enantiomerically pure chiral secondary alcohols was explored. The analysis of chirality by
optical methods is currently of interest for high-throughput screening of enantiomeric excess
(ee) values of catalytic asymmetric reactions®3245 The faces of iminium ion 3 are
enantiotopic, and therefore the addition of | PA simply creates enantiomers. The methyls of
the isopropyl group become diastereotopic, which is observed in the 1H NMR spectra (see
Supplementary Information). However, when chiral alcohols are used diastereomers of 4 are
created. The resulting diastereomeric ratios (dr, defined as the concentration ratio of the
major diastereomer over the minor diastereomer) were measured by 1H NMR via integrating
the methine hydrogens on the newly formed stereocenter, as well as the hydrogens of the
chiral alcohol. Pure enantiomers of each alcohol show the same dr, albeit involving an
enantiomeric set of diastereomers (Supplementary Fig. S16 and S18). For 1-phenylethanol,
the dr values are above 2, while for 2-butanol the ratios are more modest (1.3, see Fig. 4a).
3-Methyl-2-butanol has a dr value of 1.7. The trend of dr values is consistent with the
relative size of the two R-groups on the alcohol’s stereocenters, which dictate the preferred
handedness on the newly formed stereocenter. The fact that significant dr values exist paved
the way for an optical spectroscopy method of determining alcohol handedness and
corresponding ee values.
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The assembled Zn(I1) ligands will have a preferential M (clockwise) or P (counterclockwise)
twist that depends upon the handedness of the stereocenter formed in the tris(pyridine)
ligand#647. The twist can be observed as a Cotton effect*8 in CD spectra resulting from
exciton coupled circular dichroism (ECCD)19. ECCD has been successfully used to signal
the handedness of chiral aminoalcohols#®, vicinal diols®®, and epoxyalcohols®?, while the
one case it was used for mono-ol sensing gave very weak signals and the binding mode was
unclear®2, There are no CD spectra of the starting components listed in Fig. 1d, as well as
the chiral alcohols, above 225 nm. However, the four-component assembly led to large and
reproducible signals. CD spectra of diluted solutions (from the experimental conditions
described above) of the assemblies for six chiral alcohols are shown in Fig. 4b. S
stereocenters in the alcohols resulted in positive Cotton effects at 269 nm while the R-
stereocenters gave equal intensity negative Cotton effects. Hence, the sign of the Cotton
effect is indicative of the handedness of the alcohol stereocenter. The signal intensity
follows the order: 1-phenylethanol > 3-methyl-2-butanol > 2-butanol, which is in
accordance with the order of dr values.

We next set out to quantify ee values by CD measurements using 1-phenylethanol as a
model alcohol. The assembly reactions were conducted using three equivalents of alcohol to
ensure the signal was saturated. To ensure reproducibility, ee calibration curves were
constructed using data at 11 ee values (=100, —80, —60, —40, —20, 0, 20, 40, 60, 80, 100 %)
with each point being repeated by three independent assembly reactions and measurements.
The CD spectra for assembly from 1-phenylethanol with various ee were shown in Fig. 4c
and the reproducibility of the data at 251 and 269 nm was excellent (Fig. 4d). Both peaks
gave linear calibration lines with R? around 0.99 (Supplementary Fig. S26). The CD spectra
of twelve test samples of varying ee values were recorded, and the calibration curve at 269
nm was used to calculate the ee. The average absolute error was 2.3% for 1-phenylethanol
(Supplementary Table S1). Such high accuracy for an optical method is rare, and is more
than sufficient for the screening of asymmetric reactions32. In addition, we expect no hurdle
to expand the specific ee assay to other chiral secondary alcohols.

In summary, the multi-component assembly reaction described herein leads to the
thermodynamic stabilization of hemiaminal ethers derived from secondary alcohols and an
activated iminium ion via the use of remote metal coordination. The reversibility and
dynamics of the system are demonstrated by counterion effects, as well as alcohol and
aldehyde component exchange. Because the multi-component assembly incorporates simple
mono-ols, and because only readily available commercial reagents are used, the general
strategy has broad utility for the binding of alcohols in many scenarios. As one example, we
exploited the strategy in conjugation with CD analysis to successfully classify secondary
alcohol chirality via the sign of Cotton effects, as well as quantitate ee values in a simple
fashion with surprisingly high accuracy for an optical method. Current efforts are focused on
using the general assembly strategy for dynamic library creation, as well as recognition and
discrimination of chiral alcohols.
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METHODS

General procedure: to a stirred solution of 2-PA (30-40 mM, 1 equiv.) and Zn(OTf), (1
equiv.) in acetonitrile, were added activated 3A molecular sieves (4 to 8 mesh), DPA (1.2
equiv.), a mono-ol (2- 5 equiv.), and CEM-HCI (1 equiv.). The mixture was stirred at room
temperature overnight. The assembly solution was characterized by 1H NMR, ESI mass
spectrometry or CD. For full experimental details and spectra data, dynamics studies as well
as chirality analysis, see Supplementary Information.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Proposed solution to the challenge of the binding of secondary alcohols
a, Lewis acid activation of carbonyls via chelation control, and the reversible binding of

secondary alcohols to give hemiacetals. b, Zinc-templated three-component dynamic
assembly to create a hemiaminal 2. ¢, Proposed tris(pyridine) based iminium 3 for alcohol
binding and metal complex formation. d, Our four-component reversible covalent assembly
for secondary alcohol binding, likely through iminum ion 3 as an intermediate. OTf =
trifluoromethanesulfonate (triflate).
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Figure 2. Component exchange within the multi-component assembly
a, Exchange of | PA derived assembly 4 (bottom panel) with 3-methyl-2-butanol (middle

panel) and with 3,3-dimethyl-2-butanol (top panel). Only the methine portion of the 1H
NMR spectra is shown. b, The structures of the alcohols and their respective equilibrium
constants for exchange. Keq = [4(R?0H)][RIOH]/{[4(R1OH)][R?OH]}. ¢, Exchange of
thiazole-2-carboxaldehyde derived assembly (bottom panel) with 2-PA (top panel).
Resonance from thiazole-2-carboxaldehyde at 10 ppm increased. d, The structures of the
aldehydes and their respective equilibrium constants for exchange. Keq = [4(A)][AYY
{[4(AD][A?]}. X is the counterion for zinc (chloride or triflate).
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Figure 3. Experimental evidence, and proposed mechanism for the multi-component assembly
a, Proposed mechanism for formation of 4 that also explains the reversible exchange of

alcohols and aldehydes. b, A three-component assembly of 2-PA, DPA, and Zn(OTf), to
form 2 with molecular sieves (bottom panel) upon addition of | PA and CEM-HCI led to the
same complex 4 (top panel) as a four-component reaction. The arrows indicate that these
peaks belong to the structures shown. ¢, ESI mass spectrum of | PA derived assembly. Peaks
of 2, 3, and 4 were all observed with chloride as counter anion for 2 and 4.
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Figure 4. Exploration of four-component assembly for chirality sensing and ee determination
a, dr values for assemblies with chiral mono-ols (R or S) obtained from IH NMR. b, CD

spectra of assembly derived from three alcohols (0.175 mM 2-PA, 0.525 mM mono-ol). c,
CD spectra of 1-phenylethanol derived assembly with different ee of alcohol (from top to
bottom: ee -100, -80, -60, -40, -20, 0, 20, 40, 60, 80, 100 %, 0.175 mM 2-PA, 0.525 mM
1-phenylethanol). d, Linear ee calibration line at 251 nm and 269 nm (For all experiments,
35 mM of 2-PA was used for assembly reaction).
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