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A ferrocene-functionalised ureidopyrimidinone has been

synthesised that can signal the solvent-induced tautomerism

of the dimeric 4[1H]-pyrimidinone form to the monomeric

6[1H]-pyrimidinone form.

The construction of quadruple hydrogen bonded arrays from

linear combinations of donor (D) and acceptor (A) units has

attracted much attention in attempts to create supramolecular

formulations with interesting materials chemistry applications.1

For example, Meijer and co-workers have developed ureidopyr-

imidinone systems that have the propensity to form stable

hydrogen bonded dimers via quadruple hydrogen bonded interac-

tions.2 Although these systems offer convenient synthesis and have

successfully been incorporated as recognition elements in supra-

molecular complexes,3 macromolecules4 and self-assembled mono-

layers,5 their ability to exist in up to three different tautomeric

forms complicates both their characterisation and application as

supramolecular building blocks (Fig. 1). These tautomeric forms

result in the formation of either discrete monomeric species (6[1H]-

pyrimidinone)6 or dimeric species via pre-organised DDAA

(4[1H]-pyrimidinone) or DADA (pyrimidin-4-ol) arrays, respec-

tively. Pre-organisation and the minimisation of repulsive

secondary interactions within the DDAA motif of the 4[1H]-

pyrimidinone form result in Kdim values in excess of 107 M21,

whereas the pyrimidin-4-ol form typically has significantly lower

Kdim values due to the onset of secondary repulsive interactions

resulting from DADA arrays.

The relative ratios of the three tautomeric forms are dependent

upon the solvent, concentration and the nature of the R and R9

groups.2 For example, it has been shown that the relative ratios of

dimers formed from the 4[1H]-pyrimidinone versus the pyrimidin-

4-ol form were influenced by the electronic properties of the

functionality in the 6-position of these heterocycles. However,

the ability to control and conveniently detect the conversion of the

dimeric structures to the non-intermolecularly hydrogen bonded

6[1H]-pyrimidinone tautomer (or vice versa) is arguably the most

important goal for developing systems with binary recognition

properties. Here, we report the synthesis of compound 1, that has a

ferrocene moiety in the 6-position of the heterocycle, which

facilitates the convenient monitoring of the solvent-induced

tautomerism from the 4[1H]-pyrimidinone tautomer to the discrete

monomers resulting from the 6[1H]-pyrimidinone tautomer, using

either 1H NMR spectroscopy or electrochemistry (Fig. 2).7

Compound 1 was synthesised as detailed in the ESI. X-Ray

quality needle-like crystals were obtained by the slow evaporation

of solvent from a concentrated solution of 1 in CH2Cl2 and

acetone. Fig. 3 shows that this compound forms dimers in the

solid-state through a DADA array resulting from the pyrimidin-4-

ol form of the heterocycle.{ This is in accordance with recent
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Fig. 1 Equilibria of the tautomeric forms of ureidopyrimidinones.

Fig. 2 Solvent-induced conversion of the 4[1H]-pyrimidinone tautomer

to the 6[1H]-pyrimidinone tautomer for compound 1.
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reports of ureidopyrimidinones bearing electron donating groups

in their 6-position.8 The outer hydrogen bonds O–H…O

(d(H…A) = 1.77(3) Å, d(D…A) = 2.583(2) Å, h DHA =

168(3)u) are shorter than the inner hydrogen bonds O–H…O

(d(H…A) = 2.14(3) Å, d(D…A) = 3.013(3) Å, h DHA = 171(2)u).
The urea carbonyl group and the heterocyclic ring are near planar

with the intramolecular hydrogen bond N–H…N. The ferrocene

unit appears not to undergo significant intramolecular interactions,

however, a network of short contacts is observed between this unit

and adjacent ferrocene, heterocycle, OH and alkyl groups. FT-IR

spectra of 1 as a solid film or a KBr disk both reveal the presence

of stretches consistent with the pyrimidin-4-ol (e.g. OH stretch

at 3420 cm21 and broad stretches at 2512 and 2572 cm21 for

O–H…OLC) and 4[1H]-pyrimidinone tautomers (see ESI{).2

High-resolution solid-state 1H–1H double-quantum MAS NMR

experiments at 850 MHz also provided clear evidence for both the

4[1H]-pyrimidinone and pyrimidin-4-ol form in the solid-state, the

approximate ratio of the two tautomers being 50 : 50. However,

upon prolonged annealing (e.g. 391.5 K), the 4[1H]-pyrimidinone

tautomer rearranges into the pyrimidin-4-ol form (see ESI{).9

We next turned our attention to the elucidation of the structure

of 1 in the solution state using NMR and FT-IR spectroscopy. 1H

NMR spectroscopy recorded in CDCl3 clearly revealed the

presence of a single tautomer, with downfield proton resonances

of 13.6, 12.0 and 10.2 ppm being characteristic of strong hydrogen

bonding interactions (Fig. 4a and ESI). Dilution studies performed

on 1 revealed that the proton resonances between 10 and 14 ppm

do not change, putting a lower limit on the dimerisation constant

of 1 as y105 M21. The positions of the resonances are in

accordance with previously reported data for the 4[1H]-pyrimidi-

none form.2 Further evidence to support the 4[1H]-pyrimidinone

structure in chloroform was obtained by recording the FT-IR

spectra in this solvent (see ESI{). In particular, the absence of OH

and O–H…OLC bands is particularly noteworthy.2

To gain further proof of the 4[1H]-pyrimidinone tautomer in the

chloroform solution, we have recorded the NOESY and ROESY

(see ESI{) spectra in CDCl3. These experiments showed the

presence of a cross-peak between the two urea protons (Hb and

Hc). Furthermore, a cross-peak is observed between the intramo-

lecularly hydrogen bonded proton (Ha) (13.6 ppm) and the

ferrocene protons adjacent to the heterocyclic moiety (4.7 ppm).

As these cross-peaks are consistent with the 4[1H]-pyrimidinone

tautomer, we conclude that this tautomer exclusively exists in

chloroform solution. When the 1H NMR spectrum of compound

1 was recorded in pure DMSO-d6, peaks consistent with a single

tautomer were observed (Fig. 4b). As this tautomer only possesses

one hydrogen bonded NH (11.5 ppm) and two non-hydrogen

bonded protons at 9.5 ppm and 7.6 ppm, we conclude that, in

accordance with previously reported data, the signals are due to

the 6[1H]-pyrimidinone tautomer.2

With the 4[1H]-pyrimidinone tautomer confirmed in chloroform

solution and the 6[1H]-pyrimidinone tautomer confirmed in

DMSO, we next investigated whether the addition of aliquots of

DMSO to a solution of 1 in chloroform could convert the 4[1H]-

pyrimidinone to the 6[1H]-pyrimidinone form, and thus offer a

facile method of disassembling the dimeric structure. The addition

of aliquots of DMSO-d6 to a solution of 1 in CDCl3 resulted in

two important changes in the 1H NMR spectra. Firstly, the

gradual disappearance of the original signals for Ha, Hb and Hc

occurred with a concomitant reappearance of signals for these

protons significantly upfield of their original position (see ESI{).

Secondly, the disappearance of the signals for protons Hd and He

of the ferrocene moiety and the reappearance of new signals for

these protons upfield of their original position were observed

(Fig. 5). Upon addition of y30% DMSO (v/v), a 1H NMR

spectrum consistent with that observed for 1 in pure DMSO-d6

was observed. When experiments were repeated with acetyl

ferrocene similar dramatic changes for protons Hd and He were

not observed. Thus, the NMR spectral data for 1 show that the

Fig. 3 X-Ray crystal structure of 1, showing hydrogen bonded dimer

formation via a DADA array resulting from the pyrimidin-4-ol form of

the heterocycle.

Fig. 4 1H NMR spectra of compound 1 in: (a) CDCl3 and (b)

DMSO-d6.

Fig. 5 (a) 1H NMR spectrum of 1 in CDCl3 (y1.6 6 1022 M) and

upon the addition of aliquots of DMSO-d6: (b) 8%, (c) 15%, (d) 23%, (e)

30%. Referenced to TMS = 0 ppm.
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addition of 30% DMSO causes a solvent-induced conversion from

the 4[1H]-pyrimidinone to the 6[1H]-pyrimidinone tautomer,

which is signalled by profound changes in the microenvironment

of ferrocene protons Hd and He that accompany this tautomerism.

As the NMR studies above indicated a substantial change in the

ferrocene moiety upon the addition of DMSO, we next turned our

attention to whether we could exploit the redox active nature of

the ferrocene unit to monitor the 4[1H]-pyrimidinone to 6[1H]-

pyrimidinone tautomerism electrochemically (Fig. 6). When the

cyclic voltammetry (CV) of compound 1 was recorded in CH2Cl2,

a pseudoreversible redox wave was observed at EK = +0.86 V and

an irreversible redox wave E = +0.65 V. We attribute the

pseudoreversible wave to the hydrogen bonded 4[1H]-pyrimidi-

none dimer.10 When aliquots of DMSO were added to this

solution, the pseudoreversible redox wave disappeared and a new

reversible wave appeared at EK = +0.66 V (30% DMSO, v/v), with

the reduction wave overlapping the original irreversible wave

observed in CH2Cl2. As this redox wave is consistent with

electrochemical data observed when the CV of compound 1 was

recorded in DMSO only, we conclude that this wave corresponds

to redox processes of the 6[1H]-pyrimidinone tautomer. In

experiments that were undertaken with acetyl ferrocene only a

y50 mV negative shift of a reversible redox wave was observed

under the same conditions, presumably a consequence of the

increasingly polar environment that surrounds the ferrocene

moiety. Therefore, we have shown that CV offers a convenient

method for monitoring the profound changes in the electrochemi-

cal properties of the ferrocene unit that accompany the solvent-

induced tautomerism.

In conclusion, we have shown compound 1 exists as the

4[1H]-pyrimidinone tautomer in chloroform solution and the

6[1H]-pyrimidinone tautomer in DMSO. Using NMR

spectroscopy, we have demonstrated that the addition of DMSO

(y30%, v/v) to a solution of 1 in chloroform results in the

formation of the discrete 6[1H]-pyrimidinone tautomer from the

dimeric 4[1H]-pyrimidinone form. Moreover, CV studies have also

shown that this process can be conveniently monitored electro-

chemically, which paves the way for the construction and

convenient study of solvent-induced binary recognition properties

of more complicated assemblies of 1 (e.g. surface confined and

polymeric), where more traditional analytical techniques for

monitoring tautomerism (e.g. NMR spectroscopy) are less

appropriate.

GC gratefully acknowledges the EPSRC for funding this work.

We also thank Professor Bert Meijer and Tom de Greef

(University of Eindhoven) for very useful discussions during the

preparation of this manuscript.

Notes and references

{ CCDC 638903. For crystallographic data in CIF or other electronic
format see DOI: 10.1039/b703070c

1 For recent reviews see: (a) A. J. Wilson, Soft Matter, 2007, 3, 409; (b)
R. P. Sijbesma and E. W. Meijer, Chem. Commun., 2003, 5; (c)
C. Schmuck and W. Wienand, Angew. Chem., Int. Ed., 2001, 40, 4363.

2 F. H. Beijer, R. P. Sijbesma, H. Kooijman, A. L. Spek and E. W. Meijer,
J. Am. Chem. Soc., 1998, 120, 6761.

3 For representative recent examples see: (a) V. G. H. Lafitte, A. E. Aliev,
P. N. Horton, M. B. Hursthouse and H. C. Hailes, Chem. Commun.,
2006, 2173; (b) H. Ohkawa, A. Takayama, S. Nakajima and H. Nishide,
Org. Lett., 2006, 8, 2225; (c) E. H. A. Beckers, A. P. H. J. Schenning,
P. A. van Hal, A. El-ghayoury, L. Sánchez, J. C. Hummelen,
E. W. Meijer and R. A. J. Janssen, Chem. Commun., 2002, 2888; (d)
X.-B. Shao, X.-K. Jiang, X. Zhao, C.-X. Zhao, Y. Chen and Z.-T. Li,
J. Org. Chem., 2004, 69, 899.

4 For representative recent examples see: (a) O. A. Scherman, G. B. W. L.
Ligthart, R. P. Sijbesma and E. W. Meijer, Angew. Chem., Int. Ed.,
2006, 45, 2072; (b) C.-H. Wong, H.-F. Chow, S.-K. Hui and K.-H. Sze,
Org. Lett., 2006, 8, 1811; (c) T. Park, S. C. Zimmerman and
S. Nakashima, J. Am. Chem. Soc., 2005, 127, 6520; (d) S. P. Dudek,
M. Pouderoijen, R. Abbel, A. P. H. J. Schenning and E. W. Meijer,
J. Am. Chem. Soc., 2005, 127, 11763; (e) Y. W. Dankers, M. C. Harmsen,
L. A. Brouwer, M. J. A. van Luyn and E. W. Meijer, Nat. Mater., 2005,
4, 568; (f) H. Hofmier, R. Hoogenboom, M. E. L. Wouters and
U. S. Schubert, J. Am. Chem. Soc., 2005, 127, 2913.

5 S. Zou, Z. Zhang, R. Förch, W. Knoll, H. Schrönherr and G. J. Vansco,
Langmuir, 2003, 19, 8618.

6 T. Park, E. M. Todd, S. Nakashima and S. C. Zimmerman, J. Am.
Chem. Soc., 2005, 127, 18133.

7 For an example of a ferrocene functionalised ureidopyrimidinone that
cannot undergo tautomerism see: H. Sun, J. Steeb and A. E. Kaifer,
J. Am. Chem. Soc., 2006, 128, 6761.

8 V. G. H. Lafitte, A. E. Aliev, H. C. Hailes, K. Bala and P. Golding,
J. Org. Chem., 2005, 70, 2701.

9 I. Schnell, B. Langer, H. M. Söntjens, R. P. Sijbesma, M. H. P.
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