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ABSTRACT

In a leap toward anion separation that uses only energy input for binding and release cycles, we
report herein a new class of photoswitchable anion receptors featuring a diiminoguanidinium
functionality that displays more than five orders of magnitude switched-off change in binding
strength towards sulfate, a representative oxyanion, upon photoirradiation with UV light. E,E-2-
pyridyl-diiminoguanidinium cation, synthesized as the triflate salt, binds sulfate with extraordinary
strength in DMSO-ds owing to its bidentate guanidinium hydrogen bonding that can chelate the
O-S—O edge of sulfate. The anion-binding site is essentially shut off upon photoisomerization to
the Z,Z isomer, by intramolecular hydrogen bonds to the 2-pyridyl substituents, as supported by
anion-binding titrations, theoretical calculations, and X-ray structural analysis. This approach will
allow the development of advanced anion separation cycles that use only energy input and generate
no chemical waste, and thus address challenging chemical separation problems in a more
sustainable way.
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INTRODUCTION

In combining selective binding with a chemical function, molecular recognition!'! has found many
uses, from sensing a few molecules of analytes? to transport of ions across biological
membranes!®! to separating radionuclides from millions of gallons of nuclear waste.l*l In the
preponderance of these applications, the recognition agent or receptor must be cycled between
bound and unbound states with a target guest species, whether the function is information storage,
phase transformation, sensing, catalysis, or transport. The completeness of this cycling represents
a measure of the overall efficiency of the selective function, affecting the resultant consumption
of energy and chemicals and production of desired materials and unwanted wastes. Maximizing
efficiency of cycling raises a dilemma: the stronger the binding, the more difficult the release.!
Challenging separations problems involving very dilute species in complex media place a premium
on strong binding, consequently requiring a means to drive the corresponding steep uphill release.
Generally, the uphill reversal is accomplished with chemical swings such as pH, which though
effective, require chemical inputs and produce waste. Thus, a pure energy input is a highly
desirable green means of driving efficient binding and release cycles in selective separations. For
example, photoirradiation could trigger the release of a guest species and its transfer into the
aqueous phase in a liquid-liquid separation system. Alternatively, photoirradiation could trigger
phase changes such as dissolution/crystallization that could be exploited for binding/release cycles.

Among the options for stimulated binding and release, photoswitching has emerged as an
efficient approach to control ion binding by energy inputs. Shinkai pioneered photoresponsive
cation binding as applied to separations in liquid-liquid systems using crown ethers containing
azobenzene chromophores.'9 As coordination chemistry has expanded to include anion
receptors,l’”) photoswitched anion binding has naturally been explored more recently. A table of
the available literature on photoswitched anion binding may be found in the Supporting
Information (Table S1). Two of the strategies employed are illustrated in Fig. 1. Using azobenzene
and stillbene photoresponsive chromophores reported so far for photoswitched anion receptors,!®-
16] the more stable E isomer is converted to the Z isomer, which relaxes back to the E isomer either
thermally or photochemically. Under irradiation, a photostationary state (PSS) is achieved with
reported E:Z ratios generally indicating incomplete conversion. Among photoswitchable anion
receptors, the maximum reported PSS E:Z ratio was 14:86 for a chiral 2,2’-dihydroxy-1,1’-
dinaphthyl-appended stiff-stillbene in benzene.!® Both £ and Z forms may have measurable anion
binding, and either form may possess the stronger binding, leading to switched-on or switched-off
binding behavior depending on whether the anion-binding functionalities are rendered more or less
effective in the produced Z isomer. The ratio of 1:1 binding constants is often taken as the measure
of the magnitude of switched anion binding, an important indicator of maximum switching
efficiency subject to the degree to which one isomer can be converted to the other and back again
in a functioning cycle. As may be seen in Table S1, with a couple of exceptions, the change in
anion binding constants so far reported is generally modest. Some of the more efficient
photoswitchable anion receptors reported to date include a foldamer containing two azobenzene
chromophores with an 84-fold reduction in C1- binding strength (Table S1, C), °®! and a strapped
calix[4]pyrrole receptor with an 8000-fold difference in chloride binding affinity between the Z
and E isomers induced by the strain in its stiff-stilbene strap upon photoisomerization (Table S1,
0).P¢1 As shown for one example in Figure 1a, switched-on chelation has been the most common
mechanism employed to effect the change in anion binding. In this case, both £ and Z isomers
possess exposed H-bond donor functionalities, such as urea groups, and the conversion to the Z



form effects the stronger binding via the chelate effect. Switched-off binding by internal blocking
of binding site through hydrogen bonding was reported in only one example (Figure 1b), where
the phosphoryl group in the Z configuration competes with the anion for H-bonding to the urea
group.l'®) The maximum weakening of binding was observed to be 2.5-fold in the case of
dihydrogen phosphate anion. In all reported cases for photoswitched anion receptors, the
responsive chromophore does not participate directly in the binding of the anion but rather controls
the molecular configuration of the organic linker, and consequently the orientation and availability
of the binding groups.
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Figure 1. Photoswitching of anion binding of stiff-stillbene-based bis-urea receptors by Feringa and
Wezenberg et. al., where the photoisomerization of the stiff-stillbene functionality produces: (A) switched-
on chelation of an anion"*!! or (B) switched-off binding through blocking of the binding site.!"")

Current work in the field of photoswitchable anion receptors often takes inspiration from
nature, taking advantage of the hydrophobic effect, sequestering hydrophobic molecules inside
binding pockets.['% Initial studies employed an indocarbazole-based foldamer that can adopt
helical conformations providing a tubular cavity for anion binding in water; however, no
photocontrol was attempted.['!] Flood and coworkers have taken this concept further by using UV
light to sequester a wide range of anions, controlling the size of the helical quaternary structure
and function via anion binding through azo -N=N- bonds installed on the foldamer.[**®! Other
groups have been able to photoisomerize stiff-stilbene oligomer scaffolds decorated with urea
anion-binding motifs to form weakly binding £ forms and strongly binding Z forms with
dihydrogenphosphate using near-UV light, with moderate photoconversion ratios.['?] Aside from
bioinspired receptors, an acylhydrazone-based photoswitch with two separate binding sites for
cations and anions has been reported; along with a multistep synthesis, cations Li*, Na*, K*, and
BusN™ and anions Ph4B~, CI", Br, and I were studied, revealing limited selectivity between cation
and anion combinations.'’) Notable photoswitchable systems by Feringa and coworkers
incorporate the photoactive stiff-stillbene group to effect a conformational switch with light, while
urea groups participate in binding.!'? ¥ This general framework and its analogs have been used to
study a wide range of anions including CI-, Br, NOs~, CH3CO;, H.PO4, and HSO4 with
maximum binding constants of 7.5 x 103> M"! for H,PO4~ in DMSO. Another approach to anion
recognition by Flood and coworkers®®® 10151 ytilizes a photofoldamer between helix and random
coil states to alter the affinity switching of chloride guests, which has since been expanded to
binding of 11 different anions (Cl-, Br-, NO2~, I, NO3~, SCN-, BF4, ClO4, ReO4, PFs, SbFe¢")
and the binding behavior changes from single to double helixes with increasing anion size. Binding



constants for the 1:1 complexes were as high as 2.0 x 10* M"! for I in MeCN. In both examples,
the PSS achieved is not quantitative, with typical values of 42:58 (E:Z) for stiff-stillbene systems
and 16:29:55 (trans-trans:cis-trans:cis-cis) for foldamers.

In view of the precedents already established with the photoisomerization of imine and
hydrazone groups,!!”! we hypothesized that the imine bond in iminoguanidinium groups would be
responsive to £—Z photoisomerization, resulting in switching between anion binding and release.
Guanidinium groups in general have proven effective for oxyanion binding owing to the
complementarity of their dual N-H hydrogen-bond donors to oxyanion O-X-O edges.[!8!
Related iminoguanidinium derivatives!!®) in particular provide both synthetic versatility and the
potential for switched binding. As shown in Figure 2, the pair of N-H groups available for directed
oxyanion binding in the E,E isomer could in principle be deactivated by appending 2-pyridyl
groups that can act to close off the binding site by intramolecular hydrogen bonding in the Z,Z
photoisomer. Following this logic, photoswitching between the open E,E and closed Z,Z
photoisomers will thus provide a binding—release mechanism for efficient oxyanion separations.
Herein, we introduce the first example of photoisomerization using an iminoguanidinium cation,
as specifically demonstrated using 2-pyridyl-diiminoguanidinium (2PyDIG) and corresponding
photoswitched binding of the model oxyanion sulfate. This receptor is easily prepared in one step
by condensation of 2-pyridinecarboxaldehyde with N,N'-diaminoguanidine hydrochloride."]
Photoisomerization in DMSO-ds with UV light was monitored through 'H NMR and UV-vis
spectroscopies, supported by density functional theory (DFT) electronic-structure calculations and
X-ray crystal structures of both the sulfate-bound E,E form and the nonbinding Z,Z photoisomer.
Upon photoconversion, the binding of sulfate is essentially shut off in the Z,Z form, resulting in a
five-orders-of-magnitude light-induced reversible switching of anion-binding strength, as
determined by UV-absorption and 'H NMR titrations, which to the best of our knowledge is the
largest photoinduced change in anion-binding strength yet reported.
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Figure 2. Structural changes and binding behavior anticipated in the proposed photoswitching of the
2PyDIG cation and the corresponding sulfate anion binding upon irradiation with UV light and thermal
relaxation. Hydrogen bonds are marked as dashed lines.

RESULTS AND DISCUSSION
Photoisomerization and Thermal Relaxation Behavior
"H NMR spectroscopy confirmed the photoconversion of the open E,E to the closed Z,Z form of

2PyDIG. The 2PyDIG receptor was initially prepared as the chloride salt, followed by an exchange
to the triflate (TfO") salt, where triflate was expected to be much less competitive in anion-binding



studies. To probe the ability of 2PyDIG to photoisomerize in the presence of UV light, its triflate
salt in DMSO-dg (ca. | mM and 10 mM concentrations) was photoirradiated with an unfiltered Hg
vapor lamp for 6 h (see Supporting Information for details). The '"H NMR spectrum of the open
E E-2PyDIG-HOTT (Figure 3) at I mM in DMSO-d; consists of only seven peaks, consistent with
its symmetry: four peaks at & = 8.67, 8.39 ppm as doublets and 7.98 and 7.54 ppm as triplets
corresponding to pyridine protons, a broad singlet at 8.74 ppm corresponding to the guanidinium
protons (=NH>), a slightly broad overlapping singlet at 8.42 ppm from the imine proton (-N=CH),
and lastly, the most downfield resonance at 12.21 ppm (not shown in Figure 3) is assigned to the
guanidinium —N-H protons. After UV irradiation (Hg vapor lamp), the photoconverted Z,Z
photoisomer also gives rise to seven unique resonances different from those of the E.E form,
initially with no observable E,E isomer present above experimental noise in the case of the | mM
solution. Resonances corresponding to pyridine proton signals at 8.18 and 7.68 ppm appear as
triplets, while a set of doublets, one at 8.80 ppm and the second at 7.91 ppm overlap with the sharp
singlet corresponding to the imine proton at 7.96 ppm. The guanidine N—H proton resonance shifts
downfield from 12.21 in the E,E isomer to 15.05 ppm (Supporting Information, Figure S2) after
photoirradiation to the Z,Z form. This significant downfield shift is indicative of a drastic change
in environment around the proton, consistent with the presence of intramolecular hydrogen
bonding. The chemical shifts of the non-exchangeable protons of two forms align closely with
DFT-generated '"H NMR spectra,?!! except for the imine protons, which are systematically shifted
to higher field (Supporting Information , Figure S4).1221 While different populations of rotational
isomers are expected based on DFT calculations (Supporting Information, Figure S12), the
simplicity of the NMR spectra suggests a fast exchange about the C—N bonds at room temperature



for both the E,E and Z,Z forms. Lastly, no evidence of the intermediate E,Z isomer could be
detected in the NMR spectra, pointing to its transient nature under these conditions.
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Figure 3. '"H NMR (400 MHz) spectra of the aromatic region for 1.01 mM (bottom) and 10.03 mM (top)
2PyDIG-HOTTf in DMSO-ds at 24 °C before (blue) and after (red) 1 h UV photoirradiation.

Stirred solutions of 1.5 and 10 mM 2PyDIG exposed to UV light reach photostationary
states (Figure 4 4), as indicated by the evolution of their 'H NMR spectra monitored at various
time intervals (Supporting Information, Figure S2). Thus, irradiation of freshly prepared samples
causes a progressive disappearance of the £,E isomer signals, while a new set of signals from the
Z,7 isomer grows in. At 1.5 mM, the E.E isomer (with initially 5.5 £ 0.5% Z,Z isomer), reaches
95.6 + 0.4% photoconversion to the Z,Z isomer in less than 15 min; at the 95% confidence level,
this is indistinguishable from complete conversion. Visual inspection of the chemical-shift region
8.35-8.70 ppm shows no apparent trace of the E,E isomer remaining. In the 10 mM solution,
however, it takes a little more than 2 h to reach a PSS consisting of 67.7 + 4.4% Z,Z isomer. Thus,



while under conditions of low concentration the degree of conversion at PSS is exceptional for a
photoswitched anion receptor, more typical behavior is obtained at higher concentrations.
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Figure 4. Conversion of 1.49 mM (blue) and 10.03 mM (red) £,E 2PyDIG-HOTT to the Z,Z photoisomer
over the course of 6 h at 24 °C under UV irradiation in DMSO-ds. Dotted lines are for visual aid.

The absorption maximum of the 2PyDIG cation in its near-UV spectrum undergoes a slight
bathochromic shift from 315 nm to 320 nm during UV irradiation as a result of E.E to Z,Z
conversion, as depicted in Figure 5. The absorption spectrum of 2PyDIG-HOTf in DMSO-ds
contains features between 260-350 nm, which are attributed mainly to allowed n—n" transitions
that dominate much weaker n-n* transitions involving pyridine lone pairs, while the transition
involving the lone pairs of the C=N groups occur at higher energies.?*! Shoulders below 285 nm
as well as the main absorption bands in the range 310-350 nm correspond to the n—n" transitions
of the extended conjugated systems involving both the iminoguanidinium moiety and the pyridyl
rings. The transition at 440 nm is tentatively assigned to aggregates of the 2PyDIG receptors in
solution, as this peak disappears upon dilution. The minor bathochromic shift upon
photoisomerization from the E.E to Z,Z is expected, and has been previously reported in
acylhydrazone systems, as both isomers retain their planarity.!7!
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Figure S. Absorption spectrum of 1.21 mM E,E- (Amax = 315 nm) and Z,Z-2PyDIG-HOTT (Amax = 320 nm)
in DMSO-db.

Both photoirradiated and freshly prepared (nonirradiated) 2PyDIG-HOTTf solutions behave
as T-type photoswitches,** thermally relaxing to a common thermal equilibrium of 70.5 + 0.9%
E.E isomer. Thermal relaxation was investigated by monitoring the photoirradiated solutions at
24 °C and 50 °C (Figure 6). At 10 mM, thermal equilibrium is reached after 4 days at 24 °C, and
less than 24 h at 50 °C. Unirradiated E,E isomer thermally equilibrates to the same state in 14 d at
24 °C. These results indicate two underlying processes that lead to a common equilibrium point:
the spontaneous conversion from EE to ZZ under normal visible light, and the back reaction from
ZZ to EE under normal visible light and thermal heating. The thermal relaxation equilibrium back
to E,E from Z,Z corresponding to Eq. 1 has an implied equilibrium constant of 2.38(8) that is
independent of temperature, suggesting an enthalpy and entropy change close to zero.

hv
(E,E)* (z,2)

Krelax= 24 (1)

An intramolecular imine-enamine tautomerization that lowers the energy barrier between Z to £
isomers through an inversion mechanism has been hypothesized.[>! In our system, the reversion
from the Z,Z to E,E isomer at 24 °C appears to follow a second-order process (Supporting
Information, Figure S5), implying a bimolecular isomerization mechanism possibly facilitated by
intermolecular proton transfer. The concentration-dependence of the reversion rate may explain in
part the decrease in the degree of conversion to the Z,Z isomer at PSS at 10 mM 2PyDIG shown
in Figure 4. Efforts to understand both the forward and reverse processes in more detail are
currently underway. Interestingly, the thermal relaxation behavior (both rate and end state) does
not change upon the addition of 10 or 50 mM excess triflate (Supporting Information, Figure S6),
indicating this anion acts as a spectator and does not facilitate the reversion. We show, however,
that the presence of sulfate drives the reversion to near completion (vide infra). Finally,
photoirradiation and thermal relaxation of a 10 mM 2PyDIG solution can be cycled several times
in DMSO without signs of fatigue (Supporting Information, Figure S7). Cycles consisted of 6-
hour irradiation times followed by 24-hour dark equilibrations, the percent Z,Z isomer switching
between values of 69% and 25%, respectively. Cycling experiments at lower concentrations were



not practical since the time required for a I mM 2PyDIG solution to reach thermal equilibrium,
even at elevated temperatures, is greater than 20 days.
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Figure 6. Thermal relaxation of 10.03 mM 2PyDIG-HOTT in DMSO-ds after irradiation, at 24 (red) and
50 °C (green), and the non-irradiated E,E isomer at 24 °C (blue) converging at a thermal equilibrium.
Dotted lines are for visual aid.

X-ray Crystal Structure Analyses of E,E and Z,Z 2PyDIG Photoisomers

The crystal structure of the open E,E-2PyDIG receptor, as sulfate salt, highlights the characteristic
bidentate N—H hydrogen-bonding from two guanidinium cations along opposite O—S—O edges of
sulfate.?®) As depicted in Figure 7, the 2PyDIG cation is planar, with a dihedral angle of 177.7°
between carbon atoms of the two pyridine rings. A 2:1 guanidinium:sulfate binding is found in the
crystal, with the two 2PyDIG cations nearly orthogonal to each other (104.5°), and with measured
N-H:--O contact distances varying between 1.82 and 1.84 A. The crystal packing involves mainly
N-H:--O hydrogen bonds between the -NH> guanidium protons and solvent molecules, combined
with stabilizing n-m interactions (Supporting Information, Figure S10), with distances between
pyridine rings of 4.38 A and a slippage angle of 49.14°.27] A similar structural motif has been
reported for sulfate binding by N,N-bis(2-pyridyl)guanidinium, sharing the dual hydrogen bonding
to opposite O—S—O edges and stabilizing intramolecular hydrogen bonding of the guanidine —-NH>
group to the pyridines.[2%]

As hypothesized, the structure of the photoisomerized 2PyDIG reveals the Z,Z
configuration and stabilizing intramolecular hydrogen bonds to the pyridine N atoms (Figure 8).
Although the unsymmetrical conformer shown was observed in the crystal instead of the
symmetrical one depicted in Figure 2, the guanidine hydrogen atoms engaged in hydrogen bonds
with pyridine N atoms are presumably inaccessible for anion binding. Accordingly, attempts to
crystallize the Z,Z photoisomer with various oxyanions (SOs*, NOs~, ReOs, ClO4, and p-
toluenesulfonate) were not successful. However, Z,Z-2PyDIG could be crystallized from methanol
using a large, non-coordinating anion, tetraphenylborate, before the cation underwent thermal
relaxation. The rotation about one central guanidine C—N bond was not entirely expected because
of the presumed loss of one intramolecular hydrogen bond from the —NH> group to the imine N
atom, but DFT analysis shows a negligible energy difference between the two geometric isomers



(Supporting Information, Figure S12). The isomer maintains planarity upon conversion, while the
stabilizing intramolecular hydrogen bonds between the N—H guanidinium protons and pyridine N
atoms have measured contact distances of 1.971 and 1.969 A. Hydrogen bonding between
guanidinium —NH; protons and solvent molecules is also present in the crystal packing, and so is
the n-stacking between 2PyDIG pyridine rings,?’! with distance between centroids of 3.60 A and

a slippage angle of 21.9°.
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Figure 7. Crystal structure of E,E-2PyDIG,-H>SOs4 highlighting the 2:1 sulfate binding by the 2PyDIG
cations. Yellow spheres are sulfur atoms, red spheres are oxygen atoms, blue spheres are nitrogen atoms,
black spheres are carbon atoms, and white spheres are hydrogen atoms. Solvent molecules have been
removed for clarity. Hydrogen bonds to sulfate are depicted as dotted lines.

Figure 8. Crystal structure of the Z,Z-2PyDIG-HBPh4 photoisomer. Red spheres are oxygen atoms, blue
spheres are nitrogen atoms, black spheres are carbon atoms, magenta spheres are boron atoms, and white
spheres are hydrogen atoms. Disordered solvent molecules have been removed for clarity. Intramolecular
NH---N hydrogen bonds are depicted as dotted lines.
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Sulfate Binding by the E,E-2PyDIG Cation

UV-vis absorption spectroscopy reveals the E,E-2PyDIG cation binds sulfate very strongly in
DMSO-ds. Titration of a 1 mM solution of £,E-2PyDIG-HOTf with tetramethylammonium sulfate
results in a change in the intensity at the absorption maximum (Figure 9). The absorbance
maximum at 315 nm increases approximately 25% in the range 0 to 0.5 mole ratio sulfate:2PyDIG,
followed by a 65% decrease in absorbance from 0.5 to 3.0 mole ratio. The change in absorbance
is attributed to sulfate binding via hydrogen bonding, as found in the crystal structure, ruling out
proton transfer observed elsewhere in the presence of basic anions such as fluoride.?®! If this were
the case, a transition at 376 nm would arise from the neutral 2PyDIG receptor (Supporting
Information, Figure S36). The titration was repeated and analyzed three times (SI, Figures S14-
S16), with the profiles of absorbance values as a function of sulfate-to-receptor mole ratio showing
the same features in all three trials. A three-species complexation model is required to fit the data,
assuming free E,E-2PyDIG cation and sulfate anion as reactant species. In the titration of sulfate
into the receptor solution, the first complex that appears has the same stoichiometry as found in
the crystal structure (Figure 7), [(2PyDIG)2(SO4)], indicating this 2:1 complex is highly stable.
Above a sulfate-to-receptor mole ratio of 0.5, further addition of sulfate generates the 1:1 complex
[(2PyDIG)(SO4)], which apparently adds an additional sulfate to give the [(2PyDIG)(SO4):]
complex past a sulfate-to-receptor mole ratio of 1.0. Table 1 summarizes the averaged binding
constants and the corresponding formation equilibria (Egs. 2—4).
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Figure 9. Absorbance (left) and speciation plot (right) of the UV-Vis titration of E,E-2PyDIG-HOTf with
tetramethylammonium sulfate relative to 2PyDIG-HOTT in DMSO-ds at 24 °C. Here, BH represents the
monoprotonated cationic form of 2PyDIG.

Parallel "H NMR titrations in DMSO-ds produce statistically identical results as found by
UV-vis titrations (Table 1). Titration of a 1mM solution of E.E-2PyDIG-HOTf with

tetramethylammonium sulfate results in small but consistently measurable downfield shifts (Ad =
0.04 ppm, (Figures S21, S24, S27, S30) of the guanidinium N—H protons. The observed change in
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chemical shift, while minor, is not uncommon in hydrogen-bonding anion-binding systems.® 2°1
While the small change in chemical shift may seem at odds with the large binding constants
determined, we suspect that, as found previously with sulfate binding by guanidinium receptors in
competitive hydrogen-bonding solvents, the anion binding may be entropy-driven due to
significant solvent interactions and reorganizations.*! Although the iminoguanidinium group is
weakly acidic, with typical pK, values in the range of 7-9,13!) the 'H NMR spectrum of the neutral
E,E-2PyDIG isomer (Supporting Information, Figure S36) does not match the spectrum obtained
in the titration of E,E-2PyDIG cation with sulfate, thus ruling out deprotonation during titration.
The titration was repeated and analyzed four times (Figures S21-S34). Again, a three-species
complexation model had to be employed to fit the data. The speciation profiles of chemical shifts
as a function of sulfate-to-receptor mole ratio show the same features in the four trials and follow
a similar trend observed in the UV-vis titrations. Upon addition of sulfate into the 2PyDIG
solution, the first complex that appears again is the [(2PyDIG)2(SO4)] at a sulfate-to-receptor mole
ratio of 0.5, also reported with absorption-based titrations. Further addition of sulfate generates the
1:1 complex [(2PyDIG)(SO4)], at 1.0 sulfate to receptor ratio. An additional sulfate gives the
[(2PyDIG)(SO4)2] complex beyond a sulfate-to-receptor mole ratio of 1.0.

Table 1. Comparison of fitted sulfate-binding constants corresponding to formation equilibria 2—
4 obtained from the '"H NMR and UV-vis titrations.?

EE EE
Equilibrium Eq. Constant NMR Value® UV Value®
(E,E-2PyDIG)" + S04 [(E,E-2PyDIG)(SO4)] (2) log B 7.40+£0.92  7.21+0.48
2(E,E-2PyDIG)" + SO4*~ ——— [(E,E-2PyDIG)2(SO4)] (3)  logBu 11.67£0.95  11.25+0.68
(E,E-2PyDIG)" + 2S04* [(E,E-2PyDIG)(SO4)2]*”  (4)  log Bi2 1223+ 1.18  11.70£0.95

%In each titration, tetramethylammonium sulfate was added to ca. 1 mM 2PyDIG-HOTf in DMSO-ds at 24 °C.
Average of four titration measurements. ‘Average of three titration measurements. Uncertainty for each value as
shown represents the precision of the four trials; the standard error of the mean can be obtained by dividing by the
square root of the number of replicates. Constants shown are concentration quotients.

In comparison to published binding constants, E,E-2PyDIG cation binds sulfate with
comparable if not superior strength. Values for the binding constants as an average of the UV-vis
and NMR experiments are shown in Table 2. The 1:1 and 2:1 binding constants of 7.25 + 0.43 (log
B11) and 11.39 £ 0.55 (log B21) shown in Table 2 are the highest recorded for any monofunctional
guanidinium receptor in a polar medium (see Supporting Information for comparable systems).[*%
321 The highest comparable sulfate binding was reported by Kobiro and Inoue,** for a receptor
containing 4-(N,N-dimethylamino)benzoate group tethered to a bicyclic guanidinium subunit. This
receptor forms 1:1 and 2:1 adducts with sulfate with stepwise binding constants of 1.53 x 10° M~
I'and 4.84 x 10* M! in CDsCN, respectively, corresponding to log B11 and log B2 values of 6.18
and 10.86. Although these values are approximately an order of magnitude lower than those shown
in Table 2 for E,E-2PyDIG, within the precision of our measurements, the values are statistically
comparable. However, DMSO possesses strong electron-pair donor strength compared with
CH3CN and therefore would solvate E,E-2PyDIG more strongly by accepting hydrogen bonds,
thereby competing with anion binding. Due to this solvation-based competition effect, the superior
sulfate binding strength of £,E-2PyDIG is likely to be real. The strength of the £,E-2PyDIG cation
in binding sulfate may be attributed to the greater acidity of the iminoguanidininum group. While
guanidinium cations are very weakly acidic in water (pKa = 13.6),1*3] iminoguanidinium cations
are several orders of magnitude more acidic, sufficient to dissociate under near-neutral conditions
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(pKa values of 7-9)P!. Thus, in the absence of proton transfer (ruled out here, vide supra), the
hydrogen-bond-donor strength of the receptor is maximized.

With larger amounts of sulfate added to £,E-2PyDIG, the fitting indicates the formation of
a 1:2 adduct with a log Bi2 of 11.91 + 0.74 M~! (Table 2) This putative addition of the second
sulfate to the 1:1 adduct is surprisingly strong (log Ki> = 4.7 + 1.5), given the negative charge of
the 1:1 complex and competition for hydrogen bonding by the first sulfate. We suspect that the
tetramethylammonium cations present may be moderating the coulombic repulsion. At E,E-
2PyDIG concentrations greater than 1 mM in DMSO, a precipitation reaction begins at a

sulfate:£,E-2PyDIG mole ratio of 2, which prevents carrying out titrations at higher concentrations
of E,E-2PyDIG.

Sulfate Binding by the Z,Z-2PyDIG Cation

Photoisomerization to the Z,Z-2PyDIG isomer results in a marked decrease in sulfate binding.
Under the same conditions used for the titrations of the E,E isomer, the "H NMR spectra of 1.1
mM Z,Z-2PyDIG in DMSO-ds (after 2 h irradiation of the E,E isomer) show no measurable
changes in chemical shifts upon addition of tetramethyl ammonium sulfate. However, a significant
interaction can be quantified in the UV-vis spectra in DMSO-ds through the Z,Z isomer’s
absorption maximum at 320 nm, which increases in intensity with the addition of sulfate (Figure
10). The same speciation model used for the E,E titrations was again needed to adequately fit the
data. Binding constants averaged over three titrations are given in Table 2. Slight deviations from
the model are observed at low sulfate-to-receptor mole ratio (<0.03), consistent with the minor
amount of unconverted E,E-2PyDIG remaining in solution, which out-competes the Z,Z form for
sulfate binding until the minor amount of E,E isomer is consumed. Effectively, if a small amount
of E,E isomer remains in the Z,Z solutions after photoirradiation, that amount being on the order
of 0.03 mM in our experiments, represents the lower limit of sulfate that can be regulated by
photoirradiation.

3.0 ¢ 100
2- &
3.76 eq. SO, 26 1 ™ o 190
2.5 .
SO r 80
520 ¢ " g
g g 247 o (60 2
s 3 4 g
5 L5 , = s 50 E
2 }' .§ (}o S
= 2. < 40
210 { 0.03 eq. SO, 22 1 o 2 :
: ‘O
1 50 F 20
0.5 | f [(8H)(50.)]
20 1.4 —— 1 10
00 \_ : (BH)(50)] [(BH)(50.):]
e % 420 550 650 0 1.0 2.0 3.0

5 2
Wavelength (nm) Molar Ratio SO,*:PyDIG

Figure 10. Absorbance (left) and speciation plot (right) of the UV-Vis titration of E,E-2PyDIG-HOTf with
tetramethylammonium sulfate relative to 2PyDIG-HOTT in DMSO-ds at 24 °C. Here, BH represents the
monoprotonated cationic form of 2PyDIG.
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Table 2. Comparison of sulfate binding constants for £,F and Z,Z isomers of 2PyDIG.

EF? Z,7° EFE-Z7
Equilibrium Eq. Constant Avg Value® UV Value® Difference
(2PyDIG)" + SO4*~ [(2PyDIG)(SO4)] (2)  logPu 7.25+£0.43 1.85+0.15  540+045
2(2PyDIG)" + SO4* [(2PyDIG)2(S04)] (3)  log B 11.39+0.55 3.08+0.09 8.31+0.56
(2PyDIG)" + 2804*~ [2PyDIG)(SO4):2]>>  (4)  logBi2 1191+£0.74 4.00+0.19 791+0.76

*Precision-weighted average of the values shown in Table 1 for the constants shown for UV-vis and NMR titrations.
®Average of three titrations (see Supporting Information) in which tetramethylammonium sulfate was added to ca.
1 mM Z,Z-2PyDIG-HOTf in DMSO-ds at 24 °C following 2 h irradiation of the initial £,E isomer. Uncertainty for
each value as shown represents the precision of the three trials; the standard error of the mean can be obtained by
dividing by the square root of the number of replicates. Constants shown are concentration quotients.

2PyDIG Photoswitching in the Presence of Sulfate

Photoisomerization of E,E-2PyDIG in the presence of sulfate does not affect the efficiency of
photoisomerization to the Z,Z isomer; however, a near quantitative thermal relaxation to the E,E
isomer is observed. A solution of ca. 10 mM 2PyDIG-HOTf in DMSO-ds was monitored by 'H
NMR spectroscopy (Supporting Information, Figure S37-S39). After addition of 0.5 mol ratio of
sulfate to E,E-2PyDIG before irradiation, the relative E,E to Z,Z ratios remain unchanged
according to '"H NMR (93.1 + 1.2% and 92.8 + 1.4% E,E, before and after sulfate addition,
respectively), accompanied with a slight downfield shift of the NH guanidine protons (Ad =
0.02 ppm). After 2 h of UV irradiation, the remaining 32.5 + 3.8% E.E isomer at PSS as compared
with 32.3.+ 4.4% E.E isomer at PSS in the absence of sulfate suggests that the sulfate anion does
not play a controlling role in the photoisomerization process. Thermal relaxation from PSS was
monitored at 50 °C in the presence of sulfate, with thermal equilibrium returning to 91.2 £ 1.4%
E.E isomer after 36 h with no further change at 60 h, almost to the pre-irradiation state. This
process was repeated upon addition of 0.5 and 1.0 mol ratio sulfate post-irradiation, with similar
PSS and thermal equilibrium states being achieved compared with sulfate addition pre-irradiation
(Table 3). The expected near-complete reversion to the E,E isomer reflects the driving force of
sulfate binding by the E,E isomer (Eq. 5). In a catch-and-release cycle, the more complete
reversion to the £,E isomer in the dark effectively represents an increase in capacity.

Table 3. Relative degree of isomerization of E,E-2PyDIG" in the absence or presence of sulfate
during photoisomerization and thermal relaxation.

Relative Amount of E,E-2PyDIG" (%)

. 2-
Control; - S04~ added g6 5. 1 4ded after SO added after
no SO4 before : cadiati :radiati

added irradiation 1rradiation 1rradiation
Mol ratio SO4*
2PyDIG" 0 0.5 0.5 1.0
Before irradiation 974 +0.6 91.1+1.2% 95.1+14 934+29
After irradiation 323+44 325+3.8 332453 31.0+4.7
Thermal equilibrium  70.5+£0.9 91.2+14 93.1+3.3 91.6+1.9
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SO,> [(E,E-2PyDIG)(SO,4)I hv
[E,E-2PyDIG]* —» + <~—= [ZZ-2PyDIG]" +S0,*
[(E,E-2PyDIG),(SO,)] A )

Photoswitching of Sulfate Binding

Dramatic switched-off sulfate binding occurs upon photoisomerization of E,E-2PyDIG into the
Z,7Z isomer, as determined by 'H NMR and UV-vis absorption spectroscopies in DMSO-ds. As
shown in the difference column of Table 2, the initially strong binding strength of 2PyDIG upon
photoirradiation of its E,E isomer to the Z,Z isomer practically vanishes. Comparing the 1:1
binding constants, the difference 5.40 + 0.45 represents a decrease exceeding five orders of
magnitude. We attribute the low binding affinity of the Z,Z isomer of 2PyDIG to the hypothesized
inaccessibility of the two single N-H binding protons of the guanidinium core, which become
involved in internal hydrogen bonding to the neighboring pyridine N atoms. Under the same
conditions used in the titration of £,E-2PyDIG with sulfate, no observable change in any chemical
shift of Z,Z-2PyDIG, including the N-H iminoguanidinium protons, could be detected with 'H
NMR upon titration of sulfate, while a change in the absorption maximum is observed with
absorption spectroscopy. As indicated in the crystal structure (Figure 7), the single N—H groups
engage in intramolecular hydrogen bonding to the pyridyl nitrogen atoms. Although no direct
interaction of the iminoguanidinium N-H groups of Z,Z-2PyDIG with sulfate is evident by 'H
NMR, Z,Z-2PyDIG likely does associate partially with sulfate in solution electrostatically. We
estimate from the Bjerrum model that the 2PyDIG cation (either isomer) is partially ion-paired
under the conditions of the experiments reported herein (Supporting Information). The estimated
Kiss of 2.95 for 2PyDIG and sulfate implies approximately 36% of the receptor is associated with
sulfate. Thus, we interpret the large binding constants for the £,E isomer to be thermodynamically
driven by hydrogen bonding likely assisted by entropy,*”) while the interaction evident by UV-vis
spectral changes of the Z,Z isomer upon sulfate addition are taken to be largely electrostatic in
origin. The system of reactions involved is diagrammed in Figure 11.

log K., =1.9
Moffn (Z,Z)+ + 5042— (Z,Z) +,SO42_
hv || A
|°g Krelax =04
logB,,=7.3
“on” (E,E)* + SO,Z —=——= [(E,E)SO,]
+ + +
250,% S0, (EE)*
log K,
log B,, = 11.9\ = 46/ log K,, = 4.\
[(E,E)(SO4),1* [(E,E),SO,]

Figure 11. Photoisomerization and associated sulfate-binding equilibria in the 2PyDIG system as
characterized in DMSO-de.
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DFT Calculations

Corroborating calculations on bare 2PyDIG rotamers (Supporting Information, Figure S12)
and the interaction of triflate with 2PyDIG were performed at the B3LYP/def2TZVPP level of
theory,** with higher energy corrections computed using the DLPNO-CCSD(T)/cc-pVTZ theory
(see Supporting Information for details). *>! It was observed that the gas-phase complex with the
E E-isomer remains stable during optimization in the implicit solvent reactive field, but the
complex with the Z,Z-isomer undergoes a structural change, as a hydrogen bond between the NH
group and triflate in the gas phase is completely lost in the solvent, showing only a weak hydrogen
bond between the much less acidic guanidinium NH> group and triflate (Figure 12). A loss of one
hydrogen bond from the guanidinium NH group in the Z,Z form is also reflected in the relative
free energies of the £, E- and Z,Z-forms, with the latter being more stable with no anion (Supporting
Information, Figure S12), but less stable in the presence of a weakly coordinating anion (Figure
12). The computed free energy difference between the two forms in the presence of triflate at 25 °C
is 1.1 kcal/mol, in good agreement with the experimental value of 0.5 kcal/mol (Eq. 1). This further
supports the dramatic decrease in the anion binding affinity upon photoconversion, corroborating
the nonbinding behavior of the closed Z,Z form.

E,E-2PyDIG-OTf", O kcal/mol Z,Z-2PyDIG'OTf", 1.14 kca I/r;mol

Figure 12. Structures and relative free energies (kcal/mol) of the E,E- and Z,Z-forms of 2PyDIG with the
triflate anion optimized in the solvent reaction field (DMSO) at the B3LYP/def2TZVPP level’*¥, with
single-point energy corrections using the DLPNO-CCSD(T)/cc-pVTZ theory.*”

A Photoswitched Sulfate Precipitation-Dissolution Cycle

Excess sulfate precipitates with £,E-2PyDIG and redissolves with photoirradiation, demonstrating
a rudimentary, proof-of-concept binding-release cycle. At higher concentrations in DMSO, the
2PyDIG receptor binds to sulfate as the 1:2 complex (Eq. 4 in Table 1) and precipitates as
illustrated in Figure 13. The precipitate instantly forms upon addition of two equivalents of sulfate,
putatively assigned as the [(E,E-2PyDIG)(SO4)2]*" species. Attempts to obtain crystals suitable for
X-ray crystallography have so far proven difficult due to the fast rate of the precipitation; however,
addition of 0.5 and 1 equivalents of sulfate does not lead to solid formation, suggesting the solid
is the 1:2 complex containing tetramethylammonium counterions. We were able to indirectly
determine the amount of precipitated 2PyDIG and relative ratio of PyDIG to sulfate of the
precipitate. Upon addition of sulfate to the E,E-2PyDIG solution, 73.7% of the E,E-PyDIG
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receptor precipitates according to a 'H NMR spectrum of the supernatant. Adding barium chloride
to the separated supernatant precipitated the non-interacting sulfate, affording a ratio of sulfate to
PyDIG of 2.05. The estimated percentage of sulfate precipitated by gravimetric analysis is 63%.
As might be expected, photoirradiating the suspension redissolves the solid, wherein the E. E-
PyDIG undergoes photoisomerization to the Z,Z form, ejecting bound sulfate in the process, as
summarized in Eq. 6. Over time, the free Z,Z-PyDIG in solution reverts to the E,E through a
thermal relaxation process, where the [(E,E-2PyDIG)(SOa4)2]*~ species is again precipitated.
Making no claim to have made a complete separation that produces a sulfate product with reuse of
the co-precipitated receptor, we nevertheless take the results to show that the photoswitching
properties of 2PyDIG can be used to effect reversible light-driven phase changes that under
practical conditions could potentially be exploited for useful separations.

NVOT*

Luoinroqry procsy
AOATY

EE VA

Figure 13. 2PyDIG and sulfate precipitation-redissolution cycling. A solution of 10 mM EE-
2PyDIG-HOTf in DMSO (left), precipitated [(E,E-2PyDIG)(SO4).]>” upon addition of 2 equivalents of
sulfate as tetramethylammonium salt (middle). The precipitate redissolved after UV irradiation (right).

hv

- _ 2-
[E,£-2PyDIG] +250,” ™ [(EE-2PYDIG)(SO,),]” [2,2-2PyDIG]" +250,

(6)
CONCLUSIONS

We have introduced a new photoresponsive chromophore, the diiminoguanidinium group, to stand
along with azobenzene, stilbene, acylhydrazone, and similar photoresponsive chromophores as a
tool for building photoactivated molecules not only for reversible ion binding, but potentially
myriad other chemical functions. The results herein reported confirm our hypothesis of
photoswitched binding of sulfate by the 2PyDIG cation, as illustrated in Figure 2.
Photoisomerization of the £,E isomer to the Z,Z isomer occurs efficiently in DMSO-ds induced by
UV light, as monitored by 'H NMR and UV-vis absorption spectroscopies. At low concentrations
that minimize the apparently bimolecular relaxation process, the photoconversion to the Z,Z form
is nearly quantitative at 95.6 + 0.4%, exceeding previously reported conversion efficiencies among
photoswitchable anion receptors. Intramolecular hydrogen bonding of the guanidinium N-H
groups to the pyridines stabilizes the Z,Z isomer, as evidenced by DFT computations and crystal
structures of the binding E,E isomer with sulfate and the nonbinding Z,Z photoisomer. The
exceptional binding of sulfate by the E,E isomer, involving 1:1, 2:1, and 1:2 receptor:sulfate
species, is at least as strong, and likely much stronger, than previously reported monofunctional
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guanidinium receptors. Possessing a relatively low pK, among anion receptors, 2PyDIG exhibits
exceptionally strong anion binding via hydrogen bonding that verges on proton transfer. This
strong binding of sulfate is diminished by more than five orders of magnitude upon
photoisomerization to the ZZ form. Thus, both the E,E—Z,Z photoisomerization and the
photoswitching of binding and release are exceptionally efficient, and they can be demonstrably
exploited for light-driven phase change as shown by the reversible precipitation of the 1:2
complex.

SUPPORTING INFORMATION

Full experimental procedures are provided in the Supporting Information. This includes ligand
synthesis, computational methods, photoirradiation studies, X-ray crystallography, titration
measurements, ion-pair calculations using the Bjerrum approach, and photoswitched precipitation
experiments. CCDC 2092856 and 2092857 contain the supplementary crystallographic data for
this paper. These data are provided free of charge by the joint Cambridge Crystallographic Data
Centre and Fachinformationszentrum Karlsruhe at http://www.ccdc.cam.ac.uk/structures.
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A highly efficient anion receptor with photoswitchable functionality is introduced, based on a new
photoresponsive ~ chromophore,  the  diiminoguanidinium  group.  E,E-2-pyridyl-
diiminoguanidinium displays more than five orders of magnitude switched-off change in binding
strength towards sulfate upon photoirradiation with UV light. The open E,E form binds sulfate
with extraordinary strength in DMSO, via chelating guanidinium hydrogen bonds. Upon
photoisomerization to the Z,Z isomer the anion-binding site is shut off by intramolecular hydrogen
bonds to the 2-pyridyl substituents, thereby releasing the bound sulfate.
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