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ABSTRACT: A series of straight-chain (C7-C13) alkyl-O-methyl aldoximes (R-C(H)=NOMe) were synthesized with various 
functional groups at the remote ends (alkenes, halogen, -COOH and NH2). Their isomers about the C=N bond showed ~ 60-40 % E-Z 
ratio in organic solutions. Surprisingly, their confinement in a water-soluble capsule with benzoselenodiazole walls shows high 
selectivity for the cis- / Z-isomer. Their relative affinities for the chalcogen-bonded capsule at room temperature depends mainly on 
the guest chain length and functional groups. A chain length of 14 heavy atoms showed especially high E or Z-isomers (>99% ) 
selective separation using water-soluble capsule. E-Z isomerization has occurred only in the capsular cavity at room temperature, and 
has accelerated in 10 orders by sonication. The proposed unprecedented Z-isomer selective binding, separation and E-Z isomerization 
are supported by NMR, DOSY and computational studies.

Container compounds provide unique environments and 
unconventional pathways for chemical processes involving 
confined small molecules.1-9 The constrained, finite volumes 
and shapes inside the container hosts differ starkly from the 
practically infinite spaces in the bulk solution outside. Water-
soluble container hosts such as cavitands and capsules offer 
additional extremes to potential guests: they present guests with 
aromatic-lined, hydrophobic interiors and polar, hydrophilic 
environments in the solvent. The contrasts are likely to give 
flexible guests choices between different arrangements in space 
- conformations - in the two environments. Conformational 
isomerization of molecules can be triggered by thermal, 
chemical, or photochemical energy4-9,10 and earlier we used the 
constraints of a hydrogen-bonded capsule in organic media to 
alter ring-chain isomerization of guests.11,12,13,14 Here, we 
present the effects of confinement on oxime ethers in a 
chalcogen bonded, water-soluble capsule. The capsule is used 
to shift equilibria between E and Z isomers and assist their 
separation under mild conditions.

We recently prepared and characterized15 the water-soluble 
cavitand, Se (Figure 1). Like the corresponding sulfide and 
telluride congeners introduced by Diederich,16 the Se cavitand 
can engage in dimerization to Se•Se, driven by the self-
complementary arrangement for chalcogen bonding of the 
benzoselenodiazole units on the rim and the filling of space. 
Guests of various lengths can form complexes, either as the 
cavitand (Se:guest) or capsule (Se•Se:guest).15 Suitably 
functionalized cavitands are known to dimerize to capsules via 
H-bonding,13 halogen bonding,14 or chalcogen bonding (Figure 
1) when appropriate guests are available.15,16

Figure 1. Cavitand Se self-assembled to capsule Se•Se through 
chalcogen bonding. (Top) Structure of cavitand Se and its cartoon 
representation. (Bottom) crystal structure and cartoon 
representation of capsule Se•Se. Hydrogen atoms and alkyl chains 
are omitted for clarity. Structure of DiOMe-PhSe used as a control.

The C=N bonds of imines and oximes typically exist as 
geometrical isomers Z-/Cis-/Syn- and E-/Trans-/Anti-.17,18 The 
isomers of imines interconvert quite rapidly at RT whereas 
oximes (NOH) and oxime ethers (NOMe) are more stable and 
undergo isomerization with catalysts (Bronsted or Lewis acids, 
metal ions, etc.), and thermal or photochemical interventions.19-

21 The E/Z isomers of NOMe have different physical and 
chemical properties and play important roles in biological 
processes.22 Further, separation of E/Z-isomer of oximes ethers 
with the highly substituted aryl groups was possible using 
simple chromatographic techniques, whereas more 
sophisticated instruments are required for alkyl oxime ethers.19-

22
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Figure 2. (a) Selective encapsulation of oxime ethers by the Se 
cavitand. The encapsulations were carried out with the guests (0.5 
equiv. as mixtures of Z and E-alkyl-O-methyl oximes in CD3CN) 
and Se (1 mM in D2O). The ratios of guest isomers in the Se•Se 
capsule were determined by 1H NMR (600 MHz, 298 K). (b) 
Simple separation of Z- and E-isomers of oxime ethers by selective 
encapsulation. The separations were carried out with the guests (1.0 
equiv. as mixtures of Z and E-alkyl-O-methyl oximes in CD3CN) 
and Se (1 mM in D2O). *mixture of isomers in organic solvent.

Binding, Z-isomer selectivity and separation of alkyl oxime 
ethers

Alkyl aldehyde NOMe derivatives with various remote 
functions were synthesized from the corresponding alkyl 
alcohols through sequential reactions steps of oxidation to the 
aldehydes followed oximation (See SI for details). The oximes 
were obtained as a mixture of Z- (~40%) and E- (~60%) isomers 
and characterized by 1H and 13C NMR and HRMS analysis (see 
Table S1, Figures 2, S4-S72). Addition of C10NOMe or 
C11NOMe (0.5 equiv., 60 mM in CD3CN) containing 39% of 
Z-isomer and 61% of E-isomer to the Se cavitand in D2O (1 
mM), was followed by sonication (7h, See SI, Section 1.4). The 
encapsulation complexes were evaluated by 1H NMR: Z/E- @ 
Se•Se 98% / 2% for C11NOMe and 84% / 16% for C10NOMe, 
by integration of the upfield-shifted signals in NMR spectra 
(Figures 2, 3 and S76, S77). However, alkyl-O-methyl oximes 
with different chain lengths, (C7-C13)NOMe and Z/E ratios 
gave a chain length-dependent Z-isomer selectivity in Se•Se 
(Table S1, Figures S76 and S77). Oximes of 14 C,N,O-atom 
length (C11NOMe) gave the highest Z-isomer selectivity for 
the Se•Se capsule.

The selective encapsulation of the Z-isomer oxime ethers 
was confirmed by the binding study of Z- and E-C11NOMe 
separately (Figures S89-S91) and COSY studies (Figures S92). 
Complexes C11NOMe@Se•Se were characterized by 
integration of the host methine protons and guest protons 
(Figures S90 and S91), calculated chemical shifts (Figures S93 
and S94). We used diffusion-ordered NMR spectroscopy 
(DOSY) measurements (Figures S100 and S101) to show that 
the Se cavitand binds NOMe guests to form capsules in aqueous 
medium. The previously reported capsule complex 4,4’-
dimethybiphenyl@Se•Se, was used as an internal standard. 
When mixed with C11NOMe@ Se•Se, the complexes showed 
similar diffusion co-efficients and kinetic stabilities (Figure 
S101).15

The chemical shifts and the structures of the NOMe guests 
in the Se•Se cavity were predicted from the initial peak assigned 
to E/Z-isomers from 1H-1H COSY spectrum (Figures S86 and 
S92). Calculated upfield shifts (-Δδ ppm) of NOMe@Se•Se 
capsule complex are given in Scheme 1a and Figures S87, S88, 

S93, S94, S98 and S99. In the Se•Se cavity, the predominant Z-
isomer showed smaller -Δδ value than E-isomer, because the 
OCH3 groups of NOMe guests interacted differently with 
aromatic panels/walls of Se. Interestingly, the central (-CH2-) 
units of the alkyl chain inside NOMe@Se•Se showed large 
induced shifts (-Δδ) due to their location near the polarizable, 
chalcogen atoms in the middle of the capsule.

Figure 3. Comparison of upfield portions of the 1H NMR spectra 
of functional alkyl-O-methyl oximes guests in Se•Se (600 MHz, 25 
ᵒC) and its cartoon representation. (a) C11NOH, (b) C11NOMe, 
(c) Br9NOMe, (d) Hexe-NOMe4, (e) NOMe11, (f) NOMe10, and 
(g) cartoon representation of the binding modes and/or patterns of 
functional oximes guests in Se•Se. The Se cavitand (1 mM in D2O) 
were mixed with R-NOMe derivatives (0.5 equiv. in CD3CN). The 
ratios were determined by 1H NMR integration (600 MHz, 298 K). 
The NMR signals of bound Z and E-isomers has noted in spectra 
with the respective symbols of single and double marks 
respectively.

The study was extended to the effects of functional groups 
(alkenes and halides) remote from the NOMe termini (Figure 
2). The Z-isomer selectivity of the alkene derivative, 
C11NOMe was 98% and the BrC9NOMe derivative was 99% 
in the @Se•Se capsule. The selectivity may involve attractive 

(c)

(b)

(a)

(f)

(e)

(d)

 (g)
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interactions, like π-π and halogen-π interactions,20 or merely 
reflect more crowding with the rigid terminal alkene or the 
larger bromide.

We also examined variations in guests. The “-O-” 
heteroatom at the middle of the alkyl chain in Hexe-NOMe4 
(Figure 3) shows 89% of Z-isomer in the Se•Se capsule. Guests 
with terminal hydrophilic groups like -OH, -COOH and -NH2 
(OH10NOMe, OH7NOMe, COOH10NOMe and 
NH10NOMe) showed only weak binding to the Se•Se capsule 
or exchanged rapidly (Figures S82, S83, S84, and S85). 
However, the simple oxime, (C11NOH) shows good binding 
with a Z-isomer selectivity of 77% inside the Se•Se capsule 
complex (Figures 3a, S78, and S79). Bis-NOMe functional 
derivatives, Di7NOMe and Di10NOMe showed moderate 
binding with upfield- shifted signals in their 1H NMR spectra 
(Figures S82 and S83). The roles played by the remote functions 
and the Z-isomer selectivity for the Se•Se capsule are 
summarized in Scheme 1.

Scheme 1. (a) Cartoon representations of Se•Se: E/Z-C11NOMe, 
2:1 capsular complexes in D2O; the chemical shifts of E/Z-
C11NOMe (D2O, 600 MHz, 298 K) and the upfield shifts (-∆δ) 
calculated from bound signals and "free guest” in D2O. (b) Cartoon 
representation for alkyl-O-methyl oxime derivatives (14 atoms) @ 
Se•Se in D2O, and the relative binding and Z-isomer selectivity of 
remote functions.

The preferred encapsulation of the Z-isomer oxime ethers 
was confirmed by adding the various equivalents (0.25-2.5 
equiv. with respect to [Se•Se]) of E/Z-C11NOMe (Figures 
S151-S152) and NMR determination of these isomers (Figures 
S149-S150). The Z-Isomer has a higher affinity (KA, 1.3 x 103 
M-1) than the E-isomer (0.88 x 103 M-1) but is weaker than the 
alkyl guest C11 (Scheme S6 and Figures S107-S110). Both 
isomers are taken in by the cavitand but the Z isomer is rapidly 
capped by a second cavitand to form a capsule. This leaves the 
E isomer free and it can be extracted from the mixture with 
CDCl3.

The Z-isomers of alkyl-O-methyl oximes have higher 
affinity for the capsule than the E-isomers, which provides a 
simple means of separation: simple extraction by CDCl3 
removes the uncomplexed E-isomer (Figures 2b and 4a). Then 
removing the D2O followed by EtOAc extraction or addition of 
the linear alkyl guest C11 followed by CDCl3 releases the Z-
isomer (Figures S153-S154 and S140-S141). The Z-isomer 
selectivity for other NOMe derivatives was studied and 

quantified by NMR before and after extraction (Table S1). The 
recovered Se could be used through more than 6 recycles (Table 
S1).

E-Z isomerization by water-soluble capsule

We observed that binding occurs rapidly upon mixing of 
Se and NOMe derivatives, preferentially complexing the Z-
isomer rather than E-isomer (Figures S151-S152). The E-
complex is also formed along with the Z-complex, but in lesser 
amounts than it appears in the bulk solution (Figures S151-S152 
and S98-S99), so isomerization must occur. The less stable E-
complex (more strained form) might be converted to the Z-
complex in the constrained hydrophobic environment. That is, 
the isomerization may be mediated by Se or Se•Se. Or the 
isomerization could take place in free solution and the host 
takes up the Z-isomer selectively.

Various control experiments were undertaken. Initially, 
the E/Z-ratio and isomerization of C11NOMe was studied in 
CDCl3 as a function of temperature (Figure S102). The E/Z-
ratio of the NOMe derivatives in organic solvents under the 
complexation reaction conditions was independent of 
temperature (298-328 K). VT-NMR studies of the @Se•Se 
complexes in D2O solution showed that the E/Z-ratio is stable 
from 298-368 K (Figures S103 and S104). Peak broadening 
indicated that complexation and de-complexation of the guest 
occurs at higher temperatures.

Figure 4. Cartoon representation for proof of concept for 
separations (a) Selective encapsulation of E/Z-oxime ether 
mixtures by the Se•Se, (b) Binding of pure E and Z-oxime ether by 
the Se•Se, and mediated E-Z isomerization. *mixture of E and Z-
isomers.

Control compound DiOMe-PhSe was synthesized and 
characterized by 1H and 13C NMR and HRMS (Scheme S3, 

(b)

(a)
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Figures S50, S51 and S52). Isomerization of E/Z-C11NOMe 
with DiOMe-PhSe was studied (along with additives like 
catalytic amounts of D2O, acid, base, etc.,) under the various 
conditions in DMSO-d6

 under sonication or RT at different time 
intervals (Figures S142-S148). The ratio of E/Z was not altered 
and confirmed that the hydrophobic cavity with the fixed size 
and shape is responsible for this E-Z selective isomerization.

Given these results and the behavior of DiOMe-PhSe 
@E/Z-C11NOMe, we tried other competition studies (Scheme 
S6, and Figures S105-S112). Typical alkane guests of chain 
length C8-C14 are bound with Se and form capsular complex 
(Figures S74 and S75). However, C11 was selectively captured 
by Se from a mixture containing C11, C11NOMe, and 
C12NOMe (Scheme S6, and Figures S105-S112). After 
sonication of the above mixture, E/Z ratio (free NOMe 
derivatives in aqueous medium) was not altered. Further, 
NOMe derivative containing 14 atoms in their chain length 
showed better binding in the cavity of Se•Se than those with 
longer or shorter lengths (Scheme S7, Figure S105 and S106). 
Isomerization of E-Z or Z-E of C11NOMe did not occur using 
Se•Se@C11 either with or without sonication in D2O at RT 
(Scheme S8 and Figures S136-S139) as confirmed by extraction 
experiments (Figures S140-S141).

The Z-isomer of C11NOMe (>1 equiv.) shows selective 
and strong binding towards Se•Se of 98%, while the less stable 
E-isomer complex is formed in about 2% (Figures 3b, 4a, and 
S151-152). The capsule complex distribution varies on 
immediate mixing with respect to different ratios of H and G 
(Figures S97-S98 and S151-S152). We found E-Z isomerization 
occurred only in the capsular cavity of Se with and without 
sonication in D2O at RT (Figures S130-S133). The rate of E-Z 
isomerization is accelerated by the sonication compared with 
RT (Figures S134-S135). With increased time, the complexed 
E-isomer converts to the more stable Z-isomer in the capsule.

Figure 5. Representative E-Z isomerization kinetic data of (a) 
and (b) C11NOMe and (c) and (d) Br9NOMe mediated by 
Se•Se in D2O, (a) and (c) at RT, (b) and (d) under sonication at 
RT. A marked acceleration of Z-isomer (red circle for –OMe 
signal, magenta triangles for –CH2-C= signal), and decrease of 
the E-isomer (black squares for –OMe signal, blue triangles for 
–CH2-C= signal) was calculated from the up-field shifted 
signals in 1H NMR. The isomerization were carried out with the 
E-oxime guests (in CD3CN, 0.5 equiv.) and Se (1 mM in D2O).

The E-Z isomerization (and vice versa) of C11NOMe was 
studied in the capsular cavity with and without sonication in 
D2O at RT (Figures 5, and S113-S129). Representative E-Z 
isomerization results of C11NOMe and Br9NOMe are given 
in Figure 5. The Z-isomer does not revert to the E-isomer 
(Figures S115-S116, S119-S120, S123-S124 and S127-S128), 
whereas E-isomer isomerizes to Z-isomer (Figures S113-S114, 
S117-S118, S121-S122 and S125-S126). The confined 
hydrophobic capsular cavity of Se•Se, strongly influences the 
E-Z isomerization at RT and the sonication accelerated the rate 
8-10 fold. The E isomer goes into the cavitand and is rapidly 
capped when the chain coils. Then, on prolonged sonication, the 
isomerization to the (shorter) Z isomer occurs to relieve some 
gauche interactions along the chain (complexation alkyl 
chain coiling  relieve some gauche interactions  
isomerization). The E-Z isomerization has a calculated half-life 
of 2-3 hours (Figures 5 and S129). Br9NOMe shows faster E-
Z isomerization than the C11NOMe derivative, perhaps due to 
additional interactions with the capsular environment (Figure 5 
and S129).20

Figure 6. (a) DFT optimized structure (BP86-D3bj dev2SVP 
level) of E/Z-C11NOMe @ Se•Se and (b) the energy levels, 
and interfacial plots of the proposed complexes.

Computational studies were undertaken to confirm the 
binding selectivity for the Z-isomer, C11NOMe and the E-Z 
isomerization mediated by Se capsule. At the DFT level of 
theory (BP86-D3bj dev2SVP) the encapsulation complex of the 
Z-isomer @ Se•Se is energetically more favorable by 3.4-3.5 
kcal/mol (single point and in the gas phase) Figure 6.

The studies confirmed that, the Se•Se cavity binds Z-
isomer NOMe guests of 14 atoms length (C11NOMe) with 
high selectivity (Figure 4a). Further, this study provides the 
evidence for a conformational restriction, stability of E/Z-
NOMe isomers within the Se•Se capsule that drive this Z-
isomer selectivity. The bound Z-isomer is favored suggesting 
that the complex of the E-isomer is destabilized by gauche 
interactions in the coiled conformation of the bound guest.23 
The encapsulated E-isomer converted slowly at RT or more 
rapidly upon sonication (Figures 4 and 5).

(b)(a)

(d)(c)

(b)

(a)
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Summary and outlook
The shape-space and weak intermolecular forces control 

the guest E/Z equilibria conformations in this water-soluble yet 
hydrophobic confined space. Ultimately, container compounds 
are expected to be useful in stabilizing reactive intermediates 
and controlling reaction selectivity.13,24-27 The cavity of Se•Se, 
selectively binds the Z-isomer of alkyl-O-methyl oximes 
derivatives (with 14 heavy atoms in length), and these bound 
and unbound isomers were separable by simple extraction using 
organic solvents. The cavitand Se was recovered and reused for 
more than 6 cycles without loss of selectivity. Selective binding 
was established by various control experiments and 
computational results.

The Z-isomer complex has selective binding in Se•Se 
(~98%) along with the less stable E-isomer (~2%). The E-Z 
isomerization occurs in the capsular cavity slowly at RT and is 
accelerated 8-10 fold by sonication. Isomerization to the 
(shorter) Z-isomer likely occurs to relieve some gauche 
interactions along the chain. The behavior of confined guests in 
the capsular cavity may relate to their behavior in biological 
receptors.
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