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1 Introduction

Many biological systems™ are subject to radiation-induced
isomerisation processes, most commonly in the near-
ultraviolet or visible range. These processes are very often
accompanied by bond rotation,** in which the more energeti-
cally favourable conformation changes to a lower energy
conformer. The progress and nature of the isomerization
depends mainly on the structure of the compound, which must
be photochemically active; usually it involves conjugated
systems with multiple bonds that may have other functional
groups attached.>® The excitation and relaxation processes vary
depending mainly on the arrangement of these individual
substituents in these systems.”® The incorporation of substitu-
ents of organic nature into the structure of conjugated systems
may lead to interesting properties of these systems. Conjugated
compounds with various bulky substituents, showing the
photochemical activity, have been recently investigated.®™
Incorporation of glycoconjugate moiety into photoactive struc-
tures result in the synthesis of a new class of photoactive gly-
coconjugates that can exhibit such interesting properties as
controlled and reversible conformational switching. Glyco-
conjugates are important not only from the biophysical point of
view'? (for e.g. biomimetic properties) but in nanoscience and
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=CH-C- bonds of the -N-N=CH-C- linkage in the same timeframe (the so-called
rotation”) upon exposure to UV light. Experimental NMR data combined with DFT
discovered that the attachment of carbohydrate residues to photoactive compounds
significantly changed the isomerization process and intramolecular rearrangement compared to the
unglycosylated system, while the overall molecular structure remained virtually unchanged.

nanotechnology as well.* To date, most photochemical studies
have focussed on chemical systems with double bonds, typically
azobenzene and its derivatives,'*** where photoisomerisation
proceeds at the N=N bond."*"” Photochemistry of glyco-
conjugates has not been studied in detail so far, and their
photochemical properties are poorly understood. Because of
their complicated structure, one may expect these molecules’
response to UV irradiation to be similarly complex, and difficult
to predict.

In this paper we present results of analysis of photo-
isomerisation of a glycoconjugated molecule (Fig. 1). Unlike the
more widely-studied -N=N- moiety,'*" studies of molecular
structures containing an -N-N=CH- array were performed in
details only recently**** and showed that this array of atoms
exhibited interesting photochemical properties. The role of two

Fig. 1 The structure of the studied compound 1.
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glucose residues upon photoisomerization at the -N-N= bond
in a quinazolinone-like structure is analysed by means of high-
resolution NMR spectroscopy and DFT analysis.

2 Experimental section
2.1 Instruments

The stock solution of compound 1 (¢ ~ 1 mM)*? in DMSO
(SeccoSolv, Merck, Germany) was freshly prepared directly
before the measurements. High-resolution NMR spectra were
recorded in a 5 mm cryoprobe on a Bruker Avance III HD
spectrometer at 14 T. One-dimensional 600 MHz 'H and 150
MHz "*C NMR spectra, together with two-dimensional COSY,
NOESY, HSQC, and HMBC, enabled determination of the 'H
and "*C chemical shifts (referenced to internal TMS) and "H-"H
intramolecular NOEs at 25 °C. Sample were then exposed to
high-powered (500 uW cm ™~ at a distance of 5 cm) UV irradia-
tion (365 nm) using a UV/vis lamp (Kriiss Optronics, Germany)
equipped with VIS filters which effectively filter the visible light
from the tubes. The possible irradiation times were 5, 15, 30, 45,
60 and 90 minutes, 1D and 2D NMR spectra were then
measured at 14 T under the same experimental conditions as
before exposure to UV light.

2.2 Computational details

The calculations were performed on the studied compound 1
(shown in Fig. 1) using Gaussian 16 software** employing the
MN152* functional and the 6-311++G(2d,p) basis set. The
polarizable continuum model (PCM), using the integral equa-
tion formalism variant (IEF-PCM),> was used to approximate
the solvent (DMSO) environment. The convergence criteria were
set to tight, using an ultrafine integration grid. Exploratory
calculations to examine crankshaft rearrangement were per-
formed on a small model system, HCO-N(Me)-N=CH-Ph, at
the level of theory just outlined (wB97X-D**/6-311++G(2d,p) with
IEF-PCM). The energy barrier for crankshaft motion was
examined by restricted optimisation, in which two dihedrals -
D(Cearbonyi-N-N=C) and D(N=C-Cipso~Corno) — were fixed to
the same value, which was varied to find the energy maximum.
Variation with only one of those dihedrals fixed was also used to
find the energy barriers for simple rotation around the relevant
bonds (N-N and Cjpine~Cipso, Te€spectively).

3 Results and discussion
3.1 NMR spectroscopy

High-resolution 600 MHz "H NMR spectra of glycoconjugate 1
are shown in Fig. 2A, D and Table S1 (see ESIT). Analysis of data
revealed that two conformations (labelled as @ and b,a:b ~ 1:
0.9) are present in DMSO solution at room temperature. NMR
and DFT analysis showed that these two conformations differ in
the ¢’ (05Glc’_c1GIC’_01GIC’_C2C-ring’) and ¢/ (Clg1e—O1g1e—C2c.
ring~Clcring) angles at the glycosidic linkage connecting ring B
and the Glc’ residue (Fig. 3).

DFT calculations, using the MN15/6-311++G(2d,p) level of
theory, yielded values of ¢’ ~ 749 y/ ~ 148° for the prevalent
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Fig. 2 High-resolution 600 MHz *H NMR spectrum of 1 in DMSO at
25 °C (expanded into two parts (A): 4.2-9.5 ppm (D): 3.0-5 ppm). H
spectrum obtained after 60 min. UV irradiation (365 nm) ((B): 4.2—
9.5 ppm; (E): 3.0-5 ppm). Expansion of the 'H spectrum showing the
integral intensities of the azomethine group resonances originating
from the two conformers (a and b) for anti- and syn-forms (C). Signals
marked with “s” belong to the syn-isomer which formed under
irradiation.

conformer (a, Fig. 3) and ¢’ ~ —76° ¢/ ~ —172° for the less
populated conformer b form (Fig. 3). The main difference
between these two forms is thus the orientation of the Glc’
residue with respect to rings A and B: the anomeric proton is
oriented towards ring A in the a conformation, whereas the Glc’
residue is flipped around O5jc~C1gie and O1gje—C2c-ring bonds
in the b conformation, and the anomeric proton is close to ring
B. It should be noted that a strong hydrogen bond between
OH(2)"” in the Gl¢” and carbonyl oxygen (ring A) was obtained (d_
oH(2y...co = 186 pm in both forms a and b), keeping ring C and
the attached Glc” residue in approximately the same confor-
mation regardless of the Gl¢’ position relative to ring B.

DFT studies of various possible conformers predicted the
a and b conformers (with anti-conformation around N-N) to be

anti

= ring B
‘\¢l /

\ anomeric proton

=

anomeric proton

GIc’
a b

Fig. 3 The optimised structures of both conformers (a and b) of 1
(anti-form).
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Table1 The energies E (hartree) of anti- and syn-isomers (columns 2
and 3) for two most stable conformers a and b (rows 2 and 3) and the
energy difference (kJ mol™?, row 4) between a and b conformers and
between anti- and syn-isomers (kJ mol™?, column 4) of 1 obtained by
MN15 functional and 6-311++G(2d,p) basis set

anti-form syn-form AE/(anti-/syn-)
Conformer a —2420.004931 —2420.002568 6.20
Conformer b —2420.005776 —2420.003759 5.29

AE/(a/b) 2.22 3.13

the most stable and hence abundant (Table 1). However, the
calculations predicted slightly different relative abundance of
these two conformers to that seen in experiment: the conformer
designated b above had the lower energy (AE ~ 2.22 kJ), with
a computed abundance of 71%, compared to the 47% inferred
from the NMR experimental data (Fig. 2A). This difference is
partly due to the use of the IEF-PCM solvent model, but it
should also be taken into account that the results are at the
accuracy level of the MN15/6-311++G(2d,p) approach.

Next we investigated the influence of glucose residues on
photoisomerisation in this glycoconjugate 1. Compound 1 dis-
played photoinduced switching on UV irradiation (365 nm) and
NMR data showed that both forms (a and b; Fig. 3, 4A) photo-
isomerised around the -N-N= and =CH-C- bonds of the -N-
N=CH-C- array in the same timeframe. The original and the
photoisomerised forms (for both @ and b) were then present in
a ~1:1 ratio in DMSO at room temperature (Fig. 2B and C). We
identify the old form as anti- and the new as syn- on the basis of
prior work on similar molecules,**** supported by changes in
the magnitudes of 'Jo_y (174.1 Hz (a) and 171.1 Hz (b) for anti-,
vs. 180.9 Hz (a) and 180.0 Hz (b) for syn-; see Fig. S1, ESIt) in the
azomethine group (=CH-C-), an indicator of conformational

F o
3

Fig. 4 The optimised structures of both conformers (a and b) of 1 for
anti- and syn-forms. We have highlighted the azomethine (N=CH)
hydrogen and the hydrogens to which it shows distinctive dipolar
coupling in the 2D NOESY spectrum: for anti-, the tertiary H on the
heterocycle; for syn-, 2-OH” of the glucose residue.
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change in the -N-N=CH-C- chain. 2D NOESY spectra (see
Fig. S2, ESIT) showed dipolar interactions between the azome-
thine protons and the hydroxyl (OH(2)") protons at the Gl¢” unit
linked to ring C for both a and b forms of the syn-isomer
(Fig. 4B). These NOEs are compatible with a structure where the
Glc¢” residue has a similar position as in the anti-isomer
(Fig. 4A). For the molecule to retain such a structural feature on
photoisomerisation requires that the intramolecular rear-
rangement of the -N-N=CH-C- array proceed around the -N-
N= and the =CH-C- bonds simultaneously instead of around
-N-N= only. It should also be noted that the ratio between the
two forms a and b was 1:0.77 (a: b) (Fig. 1C) in the new isomer
produced by UV-irradiation, indicating a small shift towards the
a form due to photoisomerisation (DFT calculations predicted
abundances of 22% for a and 78% for b, compared to 29: 71 in
the anti-form, Table 1). The theoretical results obtained fit well
with the experimental data (including the presence of anti- and
syn-forms during photoisomerisation), although they are not
completely quantitative. As mentioned above, the accuracy level
of the MN15/6-311++G(2d,p) approach should be taken into
account.

The presence of the conjugated -system spanning from ring
A to ring C did not prevent instantaneous and concurrent iso-
merisation at the -N-N= and =C(H)-C- bonds, both having
partial double-bond character (d_y-n— = 137 pm and d—c()-c-
= 146 pm). In addition, the spatial orientation of the Glc”
residue adopted the same conformation in the syn-isomer as in
the anti-form, with the OH(2)"” groups and the carbonyl oxygens
remaining in close enough proximity for strong hydrogen bonds
to be present: d_on(y...co = 195 pm in the @ and d_on(y...co =
194 pm in the b forms. These conformations were stabilised by
several hydrogen bonds, including a bifurcated hydrogen bond
between the azomethine proton (=CH-) and the glycosidic
oxygen (Glc” residue) and OH(2)” oxygen. Some weak hydrogen
bonds were present in both anti- and syn-isomers, ie.
unchanged by isomerisation: e.g. between the ring oxygen in
Glc” and H-3" on the aromatic ring C. This well-defined H-bond
network may influence the re-establishment of thermodynamic
equilibrium, i.e. the reversion from the syn- to the anti-isomer,
which took three months at room temperature (Table S2, see
ESIY). This is notably longer than the unglycosylated compound
with ortho-OH instead of 0-Glc on rings B and C (compound 8 in
our previous work?'), which took 15 minutes to revert; this is in
line with our hypothesis that 0-OH permits fast reisomerisation
by a different mechanism (tautomerisation).

Previously, we used NMR data supplemented by DFT calcu-
lations to examine the anti-/syn- isomerisation of structurally-
related quinazolinone-derived Schiff bases, including one
which was the same as 1 but with -OH groups instead of -
OGlc.**** That system showed 25% conversion on photo-
irradiation in DMSO, and reversion to the anti-form was several
orders of magnitude faster: thus, attaching the Glc residue
roughly doubles the yield, and greatly increases the stability, of
the syn-form. We concluded that the faster reversion of the
original ~OH derivative (and others with an ortho-OH group) is
probably due to a special mechanism involving tautomerisation
- known to occur for other Schiff bases with intramolecular H-

RSC Adv, 2023, 13, 9413-9417 | 9415
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bonding to the imine nitrogen**® - and subsequent rotation
around the -N-N= moiety; this exact mechanism would not
apply to 1. The mechanism in the slower-relaxing systems was
assumed to be simple rotation around the N-N bond - no
evidence to the contrary being seen in the NMR data - and our
calculations thus focussed on that.

However, the NMR evidence discussed above indicates that
glycoconjugate 1 isomerises instead by a concerted rotation
(crankshaft rotation) around both the N-N and the C-C bonds.
To examine this mechanism, we thus carried out exploratory
calculations (wB97XD/6-311++G(2d,p), IEF-PCM: DMSO as
before) on crankshaft rotation in a small model system, HCO-
N(Me)-N=CH-Ph. This model system has planar symmetry,
making it easy to define a reaction coordinate for crankshaft
rotation - namely, setting the dihedrals Ccarbonyi~N-N=CH and
N=CH-C,,~Cx,H to be equal and varying them between 0 and
180°. (Larger systems have C-N-N=CH dihedrals other than
0 and 180° at their local minima, making definitions less
obvious.) These calculations show that crankshaft rotation has
a large energy barrier slightly less than the sum of the energy
barriers for rotation around N-N and rotation around C-Ph
(relative to syn, Ep crankshafc = 10.1 mH; Ep n-n = 2.6 mMH; Ep ¢ ¢ =
8.2 mH). Thus, crankshaft rotation should be about exp(7.5/kT)
= 4000 times slower than N-N rotation - raising the question of
why simple N-N rotation does not occur instead. We hypothe-
sise that, because crankshaft motion maintains the relative
positions of the heterocycle and ring C, it involves far less
solvent friction than N-N rotation; it also preserves the intra-
molecular hydrogen bond from Gl¢” to C=0, which as noted
would be broken by simple rotation around N-N, leading to
conformers which we do not see in the NMR spectra. This
solvent friction obstructs simple rotation around the N-N bond
enough that crankshaft rotation takes place instead.

4 Conclusions

In summary, experimental high-resolution NMR spectroscopy
and DFT calculations have found that the attachment of
saccharide residues to photoactive compounds can significantly
change their isomerisation processes. In this case, a glyco-
conjugate consisting of two glucose residues linked by a qui-
nazolinone-like structure exhibited an unusual crankshaft-
type intramolecular rearrangement from anti- to syn-forms in
DMSO solution. Interestingly, the overall molecular structure
remained virtually the same in both anti- and syn-isomers due to
a strong intramolecular hydrogen bond between Gl¢” and the
carbonyl group. Thus, crankshaft motion maintains the relative
positions of the heterocycle and ring C, leading to far less
solvent friction than N-N rotation, and preserving the afore-
mentioned intramolecular hydrogen bond. Other intra-
molecular H-bonds are also seen between Glc’ and the rest of
the molecule, but are not changed by syn-/anti-isomerisation.
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