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We report the electrochemically tuneable intramolecular

hydrogen bonding interactions between a covalently linked

flavin–diamidopyridine unit.

Flavoenzymes are a ubiquitous series of proteins that utilise the

FADH2–FAD redox cycle to catalyse a variety of biological

processes such as redox transformations, signal transduction and

electron-transfer.1 In the majority of systems, the flavin cofactor is

non-covalently bonded to the apoenzyme, however, there are

examples of systems where the flavin unit is covalently bound to

the polypeptide backbone. The covalent attachment is usually

through the C8 position of the flavin unit, via an ether, thioether or

imidazolo link to tyrosine, cysteine or histidine moieties of the

peptide backbone, respectively.2 In another example, the flavin

cofactor of triethylamine dehydrogenase is covalently attached to

the apoenzyme through a C6 thioether link.3

Supramolecular interactions (e.g. hydrogen bonding and

p-stacking) between the flavin and apoenzyme have been

implicated in the modulation of the redox properties of the flavin

unit by over 500 mV.4 To reduce the complexity inherent in the

biological systems, model systems have been developed so that the

effect individual interactions have on tuning the redox potential of

the flavin moiety can be probed more directly.5 For example,

Rotello and co-workers have shown that intermolecular hydrogen

bonding interactions between isobutylflavin 1 and complementary

2,6-diethylamidopyridine 2, results in a +150 mV shift in the half-

wave potential of the redox wave due to the formation of the flavin

radical anion (in CH2Cl2), indicating that a significant stabilisation

of this state occurs.5a Moreover, the shift in redox potential

corresponds to a 500-fold increase in the binding efficiency of the

host–guest complex upon electrochemical reduction of the flavin

unit. Here, we report that compound 3 self-assembles into an

intramolecularly hydrogen bonded complex, both in solution and

the solid-state. The highly ordered and compact complex is

reminiscent of the binding pocket of flavoenzymes where the flavin

unit is covalently attached to the apoenzyme, and therefore,

provides an attractive model system in order to probe the role

intramolecular hydrogen bonding interactions have in controlling

the redox properties of the flavin cofactor.

The flavin derivative 3 was synthesised from N-(10)-hydroxy-

hexyl flavin6 and 4-[6-(3,3-dimethyl-butyrylamino)-pyridin-2-

ylcarbamoyl]-butyric acid using an EDCI–DMAP catalysed

esterification procedure (see ESI{). Slow crystallisation of this

compound from CH2Cl2–ethyl acetate gave rise to crystals suitable

for X-ray analysis (see ESI{).{ The crystal structure is shown in

Fig. 1, and clearly shows the 12-atom spacer unit folds to

accommodate intramolecular hydrogen bonding interactions

between the flavin and the diamidopyridine moieties. Three

hydrogen bonds formed between the imido group of the flavin

{ Electronic supplementary information (ESI) available: synthesis and
characterization details for 3. See http://www.rsc.org/suppdata/cc/b5/
b501887k/
*g.cooke@hw.ac.uk

Fig. 1 X-Ray crystal structure of 3 showing intramolecular hydrogen

bonds.
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and the diamidopyridine moiety hold the structure intact, with

N–H…O lengths of approximately 1.9 Å, typical of the optimum

bond lengths found in intramolecularly hydrogen bonded

structures.7 Furthermore, the N–H…O angles (167u) are similar

to the theoretical optimum of 160u for an intramolecular hydrogen

bonded complex.8

The 1H NMR spectrum of compound 3 in CDCl3 clearly

indicates hydrogen bonding occurs in this solvent, via the

downfield position of the imido NH [N(1) d 5 12.65 ppm] of

the flavin unit and the two amido NH groups [N(2b) d 5

10.50 ppm, N(6b) d 5 9.77 ppm] of the pyridine unit, compared to

the resonances of these protons of 1 (d 5 8.42 ppm) and 4 (d 5 7.40

and 7.60 ppm, respectively) when recorded at the same concentra-

tion. It is noteworthy that the signal for the proton attached to

N(2b) of 3 appears significantly more downfield compared to the

analogous proton attached to N(6b).

There is clear evidence from a 1H ROESY9 spectrum of 3 (8 6
1023 M), that the three hydrogen bonds formed between the

heterocyclic moieties are linked; ROE contacts between the

hydrogen attached to N(1) and the hydrogens attached to N(2b)

and N(6b) are clearly visible. In addition, a chain of ROE contacts

was established from the flavin end of the molecule through to the

ester link, and then from the other side of the ester link to the

pyridyl moiety. Connection across the ester link was established

with a long-range C–H correlation (HMBC) experiment.10

However, there were no ROE contacts between non-adjacent

protons in the molecule (except at the hydrogen bonding site), so it

is not possible to differentiate between a cyclic (intramolecularly)

hydrogen bonded structure as opposed to an intermolecular

hydrogen bonded structure. However, all the NMR lines were

sharp, suggesting that the molecule was tumbling rapidly, which

may be taken as indirect evidence for a monomeric cyclic structure.

Any intermolecular binding would be expected to extend over

several molecules giving rise to polymeric aggregates or clusters

which would tumble slowly and give broad NMR signals.

Moreover, 1H NMR spectra recorded in CDCl3 (298 K) showed

negligible concentration dependence from 1022 down to 1024 M

(see ESI{). Therefore, it is unlikely that supramolecular oligomers

are formed to any great extent, and intramolecular hydrogen

bonding interactions are likely to predominate under the

conditions examined.

The solution electrochemistry of 1 and of 3 (0.1 M Bu4NPF6 in

CH2Cl2) has been studied using cyclic voltammetry (CV) (Fig. 2).11

Upon reduction of 1, a single reduction wave and two distinct

reoxidation waves were observed.12 The former process is due to

the reversible formation of 1rad
2 (EK 5 21.36 V), whereas the

second reoxidation wave (E 5 21.07 V), arises from an

electrochemical-chemical-electrochemical (e-c-e) process where a

portion of the 1rad
2 formed at the electrode surface rapidly

deprotonates 1 in the bulk medium (see ESI{). The protonated

flavin radical (1radH) produced in this process undergoes a further

one-electron reduction at the working electrode surface to form the

relatively stable, fully reduced flavin anion (1redH
2), which is

subsequently reoxidised at a less negative potential than 1rad
2.

Upon the addition of an excess of compound 4 to the electrolyte

solution, the redox wave corresponding to the 1/1rad
2 redox couple

is immediately shifted by +80 mV (see ESI{), corresponding to a

substantial stabilisation of the flavin radical anion of 7.7 kJ mol21,

which is consistent with an over 22-fold increase in the binding

strength of the complex (4?1rad
2, Ka 5 3140 ¡ 160 M21).13 The

CV data for 3 are in accordance with the CV data for flavin

derivatives recorded in the presence of a complementary

diamidopyridine, as the wave for the reoxidation of the 3redH
2

to 3 is virtually fully suppressed due to the prevention of the e-c-e

process due to complexation.14 Furthermore, the 3/3rad
2 redox

couple is shifted by +80 mV, compared to the CV data

recorded for compound 1 (see ESI{). Therefore, the data are

consistent with a significant stabilisation of the 3rad
2 state and

a concomitant increase in the hydrogen bonding efficiency

upon the electrochemical reduction of the flavin moiety of the

complex.

With electrochemically tuneable intramolecular hydrogen bond-

ing verified, we then turned our attention to investigating whether

we could create a molecular switch from 3, whereby intramolecular

bonding can be switched off under the influence of an external

stimulus.5a Firstly, we investigated the thermal control of

intramolecular hydrogen bonding using variable temperature

(VT) NMR and square wave voltammetry (SWV) techniques.

VT-1H NMR measurements recorded for a 2 6 1023 M solution

of 3 in C2D2Cl4 (from 220 uC to 90 uC) revealed, through a

complicated series of events, that at higher temperature the imido

and amido proton resonances undergo a substantial upfield shift,

indicating a disruption of the hydrogen bonded structure

(see ESI{). VT-SWV further confirms the thermally controlled

disruption of the intramolecular hydrogen bonding interactions, as

illustrated by the 2150 mV shift in the reduction wave due to the

3/3rad
2 redox couple upon heating a solution of 3 in 1,1,2,2-

tetrachloroethane from ambient temperature to 80 uC (Fig. 3).15

This large negative shift in reduction potential is consistent with

the flavin moiety of 3 being no longer hydrogen bonded to its

complementary pyridine unit.

As an alternative strategy for disrupting the intramolecular

hydrogen bonding of 3 in solution, we have investigated the

addition of a host unit capable of competing for its pyridine

binding moiety. In particular, we have used 1H NMR spectro-

scopy to determine whether thymine derivative 5 has the ability

to disrupt intramolecular hydrogen bonding in 3. The addition

Fig. 2 CVs of separate equimolar solutions of 3 (—) and 1 (NNN) (y3 6
1024 M) in CH2Cl2. Scan rate 5 0.1 V s21.
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of aliquots of 5 to an NMR tube containing 3 (7 6 1024 M in

CDCl3) resulted in the gradual downfield shift in the resonance

for the proton attached to N(3c) of 5, and the concomitant upfield

migration of the signal for the proton attached to N(1) of the

flavin moiety of 3 (see ESI{). Thus, these data are in accordance

with 5 having the propensity to disrupt the intramolecular

hydrogen bonded architecture of 3, by forming intermolecular

hydrogen bonds to the pyridine moiety of 3.

In conclusion, we have shown that 3 has the propensity to form

intramolecular hydrogen bonds in solution and solid-state. Cyclic

voltammetry experiments have shown that the hydrogen bonding

interactions between the diamidopyridine and flavin moieties have

the propensity to significantly stabilise the flavin’s radical anion

state. Furthermore, these studies have also shown that the

intramolecular binding efficiency can be significantly increased

upon the electrochemical reduction of the flavin moiety. We have

also shown that intramolecular hydrogen bonding can be switched

off by either heating the species to above ambient temperature or

by the addition of a thymine derivative which competes for the

pyridine binding site of 3. We are currently exploiting the

molecular electronic properties of 3, and preparing analogues

which possess shorter linker units between the flavin and pyridine

moieties, in the expectation of forming electrochemically tuneable

supramolecular polymers. The results of these investigations will

be published in due course.
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c 5 15.435(2) Å, a 5 71.272(4), b 5 76.201(6), c 5 81.735(4)u,
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m(Mo Ka) 5 0.241 mm21, 51896 reflections collected, 8351 unique
[R(int) 5 0.0475] which were used in all calculations. Final R1was 0.0857
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suppdata/cc/b5/b501887k/ for crystallographic data in CIF or other
electronic format.
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