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X-ray crystallographic studies ofmethylene linkedFerrocene-
bis(thymine/uracil) conjugates Fc(T:T)M and Fc(U:U)M
revealbasedependent2-Dsupramolecularassembliesgenerated
via wobble self-pairing for bis-thymine and reverse wobble self-
pairing for bis-uracil conjugates, differing in architecture from
the corresponding butylene spacer linked conjugates

Development of supramolecular assemblies1 intowell-defined
architectures has been a subject of great interest in recent
years in view of its importance in understanding principles of
molecular recognition and the associated structural features
of biomolecules such as proteins, lipids, and nucleic acids that
are important for self-organization. A system of evolutionary
perfection for molecular self-assembly is DNA/RNA.2 The
hydrogen bondmediated supramolecular interactions found in
nucleic acids have provided inspiration to design a number of

novel self-assembling systems.3,4 In recent years, bio-organo-
metallic chemistry has grown rapidly, networking the classical
organometallic chemistry to biology and molecular biotech-
nology.3,5 The redox active ferrocene unit linked to self-base
pairing nucleobases6 or DNA/RNA could be a useful building
block in supramolecular chemistry.Whencoupled tomolecular
recognitionandelectrochemistry, thismay lead toelectrochemical
recognition ofDNA/RNAbinding substrates.5Recentlywehave
reported7 a study on ferrocenyl mono- and bis(thymine/uracil)
conjugates with an n-butyl spacer [Fc(T:T)B, Fc(U:U)B)] whose
crystal structures exhibited base pair induced self-assembly lead-
ing tonovel supramolecularpacking.The structureofFc(U:U)B
is perhaps the first example wherein both wobble and reverse
wobble self-pairings are simultaneously present within the same
crystal lattice. The 5-substituent (H, Me, Br) on the pyrimidine
base seems to sterically influence the supramolecular packing by
inhibiting specific intermolecular C-H 3 3 3O contacts as seen in
the structure of Fe(5-BrU:5-BrU)B and the chimeric Fe(T:U)B.
Thebasepairingdirectedcontiguous self-assemblies are seenonly
in bis substituted ferrocene conjugates and as expected are absent
in mono T/U substituted ferrocene conjugates. Ferrocene type
scaffolds have also utility in inducing chain reversal8 in peptides.

The samebutyl (C4) spacer chain induceddifferentpacking in
the two conjugates, and in Fc(U:U)B even the two spacers in the
same molecule have different conformations. In order to exam-
ine the role of spacer chain in directing the base pairing and
molecular packing, herein we present synthesis and studies on
self-assembling properties of ferrocenyl bis-thymine and bis-
uracil conjugates (5a-b) having a C1 methylene spacer [Fe(T:
T)M and Fe(U:U)M] (Figure 1), which was chosen because of
easeof synthesis. It is seen that the replacementofC4butyl chain
spacer with C1 methylene spacer still results in self-pairing but
hasdifferent consequences inTandUconjugates indirecting the
self-assembly and molecular packing in crystals.

1,10-Ferrocene dicarbaldehyde 2 (Scheme 1) was synthesized
from ferrocene 1 in good yield by treating the dilithioferrocene-
TMEDA complex with dimethylformamide (DMF).9

FIGURE 1. Ferrocene linked thymine/uracil conjugates with methy-
lene spacer 5a Fe(T:T)M and 5b Fe(U:U)M.
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Compound 2 on reduction with NaBH4 gave the diol
1,10-bishydroxymethyleneferrocene 3 that was reacted with
N3-benzoylthymine/N3-benzoyluracil, under Mitsunobu reac-
tion conditions to yield the conjugates 4a,b. N-Debenzoylation
of 4a,b with aq K2CO3 in methanol/toluene gave the target
compounds 5a,b. All compounds were characterized by
1HNMRandmass spectral data (see Supporting Information).

Crystallization. Slow evaporation of Fc(T:T)M 5a and
Fc(U:U)M 5b in dichloromethane/methanol solution pro-
duced yellow colored single crystals. The crystals of Fc(T:
T)M 5a belong to the monoclinic unit cell in the P21/n space
group, whereas Fc(U:U)M 5b showed monoclinic unit cell in
the P21/c space group.

X-ray Crystal Structures of Fc(T:T)M and Fc(U:U)M 5a,b.

In Fc(T:T)M 5a, the two-cyclopentadienyl (Cp) rings of the
ferrocene moiety are almost eclipsed (staggered by ∼4�) and
both methylene spacers linked with thymines are in extended
conformation on the same lateral side (cis) of ferrocene but
projectingon theopposite facesof theCprings (Figure 2A).The
thymine bases are almost perpendicular in orientation to Cp
ring with a torsion twist of ∼108� about the linker methylene
carbon, and themethyl groups attached to C5 atoms of the two
thymine bases point away from each other. The centroid-
centroid separation of the Cp rings is 3.298(2) Å with a dihedral
angle of 5.43�, and the Cp-Fe-Cp angle is 174.89(7)�.

In contrast, theuracil analogueFc(U:U)M5bhasnucleobases
on opposite sides (trans) of the ferrocenyl moiety with two
cyclopentadienyl (Cp) rings staggered by ∼19� (Figure 2B).
Similar to 5a, the methylene spacers linking uracil to ferrocene
adopt an extended conformation and the uracils adopt a torsion
twist of ∼112� about the methylene carbon. The centroid-
centroid separation of the Cp rings is 3.294(3) Å with a dihedral
angle of 1.35�, and the Cp-Fe-Cp angle is 178.96(11)�.

Base Pairing. The neighboring molecules in Fc(T:T)M
5a exhibit self-base pairing via two conventional N2A-
H2NA 3 3 3O1 and N2-H2N 3 3 3O1A hydrogen bonds com-
prising “reverse” wobble pairing (Figure 3A). The thymine at
C1 ofCp is engaged in hydrogen bond formationwith the other
thymine substituted at C1A of Cp of the unit-translated mole-
cule along the010axis, creatingpseudocentrosymmetricdimers.
The geometry of intermolecular H-bonds in the base pairing
indicated that the geometry of one of theH-bonds of the reverse

wobble base pair (H3NA 3 3 3O2) is slightly better compared to
the other (H3N 3 3 3O2A) (Table 1)

Interestingly, in the bis-uracil derivative Fc(U:U)M 5b,
only one U attached to the ferrocene unit is engaged in
wobble self-base pairing via conventional centrosymmetric
N3-H3N 3 3 3O4 hydrogen bonding (Figure 4, light pink
strip) while the other U is nonpaired (Figure 4, cyan strip).
This unpaired U links the adjacent centrosymmetric base
pairs via N-H 3 3 3O hydrogen bond along the b-axis.

Molecular Packing andRole of Spacer Chain.The adjacent
ribbons in Fc(T:T)M 5a (Figure 3B), each formed by a contig-
uous self-pairing motif as a dominant synthon, are related by
n-glide symmetry and stitched together via strong C-H 3 3 3O
hydrogen bonds (see Table 1, Supporting Information). The
C6-H6of thymineatC1ofCp formsanalmost linearC-H 3 3 3
O hydrogen bond with the carbonyl oxygen O4 of thymine at
C1A of Cp. In turn, the C5-CHA of thymine at C1A forms
short and linear hydrogen bondwith the carbonyl oxygenO2of
thymine at C1. This leads to a two-dimensional sheet that ex-
tends within the 101 plane with all ferrocenemoieties remaining
on one side of the sheet (Figure 3B). These sheets are further
linked centrosymmetrically to another parallel sheet with the
assistance of two weak C-H 3 3 3O hydrogen bonds engaging
carbonyl oxygens (O2 andO4) andbothmethyl groups (C5 and
C5A) of thymine (C5-CH3 3 3 3O4 and C5A-CH3 3 3 3O4A).
This creates a channel embedding ferrocene moieties in close
proximity via weak van der Waal’s interactions (Figure 5A).

SCHEME 1. Synthesis of Compounds 5a and 5ba

aValues in brackets in each step indicate yields.

FIGURE 2. ORTEP of Fc(T:T)M 5a (A) and Fc(U:U)M 5b (B).

FIGURE 3. (A) N-H 3 3 3O linked molecules ribbon (blue and red)
formed through contiguous self-base pairing of reverse wobble type
in Fc(T:T)M 5a. (B) Association of the two ribbons via C-H 3 3 3O
contacts forming sheet in 2D in Fc(T:T)M 5a.
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In the case of Fc(U:U)M 5b, the carbonyl oxygen O4A
participating in wobble motif (N3A-H3NA) is involved in
centrosymmetric hydrogen bonding via C5A-H5A 3 3 3O4A
interactions with adjacent chain. The carbonyl oxygen O2A
of uracil is also centrosymmetrically bonded via C-H 3 3 3O
interactions to C6A-H6A of neighboring chain (Figure 4).
These twoC-H 3 3 3O interactions connect the twowobble type
base pairs with formation of a tetrad with the help of N2A-H,
C5A-H, and C6A-H sites as hydrogen bond donors and
O2A, O4A acting as hydrogen bond acceptors. The four uracil
moieties connected to each other form a quartet structure via
centrosymmetric N-H 3 3 3O and C-H 3 3 3O interactions.
Linking of the uracil moieties on both sides of ferrocene
generates a continuous sheet formation in 2-dimensional space.
The adjacent sheets along the b-axis are linked viaπ-π stacking
interactions between the substituted Cp rings of ferrocene as
well as between the uracil moiety and the neighboring sheets
are bound by a weak C-H 3 3 3O interaction from CpC4A-
H4A 3 3 3O4A (Figure 5B). The crystal data of 5b are given in
Supporting Information.

In comparison with the earlier results on butyl C4 spacer
chain, the present crystal structures of Fc(T:T)M 5a and
Fc(U:U)M 5b with C1 spacer chains clearly indicate the role
of the linker chain in directing the self-assembly induced
supramolecular structure. The identical folding of two butyl
chains in Fc(T:T)B is different from the unsymmetrical pattern
inFc(U:U)B suggesting some flexibility, and theC1 spacer gives
a more rigid packing in 5a and 5b. The intermolecular packing
seems to be a consequence of optimized π-π stacking and
C-H 3 3 3O interactions to the extent that the bases are forced to

assume cis disposition with respect to ferrocene unit in Fc(T:
T)M and trans in Fc(U:U)M. The association of neighboring
sheets throughC-H 3 3 3Obonds differs among these leading to
different supramolecular architecture.

In both C4 andC1 spacer linked Fc(T:T)M/B, a contiguous
intermolecular self-pairingof thymines leads to a regular ribbon
formation. In the case of Fc(U:U)M, self-base pairing was re-
stricted to the dimer level without any contiguity to form a strip
unlike Fc(U:U)B. Interestingly, in Fc(T:T)M four disordered
water molecules are trapped in the cage formed by the self-
assembly process, with no significant interactions between
the host and the guest molecules (Figure 6). This seems to be
a consequence of not only the ferrocene cage structure seen
specifically inFc(T:T)Mbutalsoacompacthydrophobicpocket
created by the four methyl groups of self-paired thymines. This
was not seen in case of Fc(T:T)B having a longer butyl spacer
chain between ferrocene and thymine.

In conclusion, the crystal structure results on ferrocene-
nucleobase conjugates Fc(T:T)M and Fc(U:U)M with short
methylene spacer chains indicate pyrimidine base dependent
self-base pairing via a reversewobble type for T and awobble
type for U bases. While contiguous base pairs in Fc(T:T)
with both methylene and butyl spacers lead to formation of

TABLE 1. Intermolecular H-Bonding Geometry

D-H 3 3 3A H 3 3 3A (Å) D 3 3 3A (Å) D-H 3 3 3A (deg)
base pairing 5a N3A-H3NA 3 3 3O2 1.99 2.847(3) 174.9

N3-H3N 3 3 3O2A 2.03 2.869(3) 164.9
5b N3A-H3NA 3 3 3O4 2.01 2.853(4) 165.0

N2-H2N 3 3 3O4A 1.96 2.807(4) 170.0

FIGURE 4. Wobble type self-base pairs via centrosymmetric N-
H 3 3 3O hydrogen bonds (highlighted in cyan) connected through
catemeric N-H 3 3 3O hydrogen bond (shaded in light pink) in Fc(U:
U)M 5b.

FIGURE 5. (A)Molecular packing diagramof Fc(T:T)M 5a viewed
down the b-axis. (B) Perpendicular view of the sheets in Fc(U:U)M
5b. Adjacent sheets associate viaπ 3 3 3π andC-H 3 3 3O interactions.

FIGURE 6. Disordered water molecules trapped in ferrocene cage
in Fc(T:T)M formed by contiguous self-pairing of thymines.
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tape structures, held together by C-H 3 3 3O bonds, Fc(U:U)
base pairs lead to a chain formed by alternative self-base
pairing and C-H 3 3 3O bonding. Extensive π-π stacking is
seen in both cases leading to different patterns of molecular
packing. The nature of the spacer (methylene vs butyl) has an
effect on the 3Dmolecular packing in the crystals and relative
orientation of Cp rings in different conjugates. Hydrophobic
cavities created in Fc(T:T)M 5a even lead to trapping of water
molecules.Theaccurategeometriesof theT:TandU:Uself-base
pairs seen in Fc(T:T)M/B and Fc(U:U)M/B is of considerable
interest due to their structural relevance to nucleic acids. Similar
work inanalysis of geometryofheterobasepairs inFc(A:T) and
Fc(A:U) and electrochemical studies is in progress.

Experimental Section

For general experimental conditions and spectra, see Supporting
Information.

1,10-Bis(hydroxymethylene)ferrocene 3. 1,10-Ferrocene carbox-
aldehyde 28 (1.55 g, 6.4 mmol) in methanol (25 mL) was stirred at
0 �Cfor10min, andNaBH4 (0.54g, 14.1mmol)was addedportion-
wise, keeping the temperature below0 �C.The reactionmixturewas
stirred for 1 hat room temperature. The solventwas removedunder
reduced pressure, and the residualmaterial was extractedwith ethyl
acetate (3� 75mL). The combined organic phase on workup gave
crudeproduct thatwaspurifiedby silica gel chromatography togive
3 recrystallized from ethyl acetate/petroleum ether to give 3 as
yellowneedles.Yield 84%;mp 106-108 �C; 1HNMR(CDCl3, 200
MHz) δ 3.54 (s, 2H), 4.19 (s, 4H), 4.22 (s, 4H), 4.40 (s, 4H); 13C
NMR (CDCl3, 50 MHz) δ 60.2, 66.9, 67.9, 89.3; MS (LC-MS)
(m/z) calcd forC12H14O2Fe 246.08 [M

þ], found 246.08 [Mþ]. Anal.
Calcd for C12H14O2Fe: C, 58.57; H, 5.73. Found: C, 58.49; H, 5.81.

General Procedure for the Preparation of 4a and 4b viaMitsunobu

Reaction. N3-Benzoylthymine/N3-benzoyluracil (3.75 mmol) and
triphenylphosphine (1.18 g, 4.5 mmol) were dissolved in dry THF
(25 mL), and the solution was cooled to 0 �C. At this temperature
alcohol 3 (0.37 g, 1.5 mmol), dissolved in dry THF (10 mL), was
added to the stirred solution followed by dropwise addition of
DIAD (0.9 mL, 4.5 mmol). The solution was allowed to gradually
reach room temperature, and stirringwas continued overnight. The
solventwas removedunder reducedpressure, and the resulting solid
was purified by flash chromatography on silica gel and elutionwith
petroleum ether/ethyl acetate (1:1) to give ferocene-linked N3-
benzoylprotected nucleobases 4a and 4b.

1,10-Bis(N3-benzoylthyminylmethylene)ferrocene 4a. Yellow
needle; yield 56%; mp 146-148 �C (DCM); IR (nujol) 1741,
1697, 1651 cm-1; 1HNMR(CDCl3, 500MHz) δ 1.91 (s, 6H), 4.23
(s, 4H), 4.28 (s, 4H), 4.66 (s, 4H), 7.07 (s, 2H), 7.45-7.53 (m, 4H),
7.61-7.70 (m, 2H), 7.89-7.94 (m, 4H); 13C NMR (CDCl3, 125
MHz) δ 12.4, 14.2, 47.1, 69.8, 82.3, 110.9, 129.1, 130.4, 131.6,
135.0, 139.2, 149.9, 162.9, 169.1; MS (LC-MS) (m/z) calcd for
C36H30N4O6Fe 670.50 [M

þ], found 670.14 [Mþ]. Anal. Calcd for

C36H30N4O6Fe: C, 64.49; H, 4.51; N, 8.35. Found: C, 64.41; H,
4.63; N, 8.29.

1,10-Bis(N3-benzoyluracilmethylene)ferrocene 4b.Yellow nee-
dle; Yield 58%; mp 223-225 �C (melt and decomp) (DCM); IR
(nujol) 1745, 1699, 1651 cm-1; 1H NMR (CDCl3, 500 MHz)
δ 4.25 (s, 4H), 4.28 (s, 4H), 4.68 (s, 4H), 5.75 (d, 2H, J=8.3Hz),
7.22 (d, 2H, J=7.8Hz), 7.48-7.52 (m, 4H), 7.64-7.67 (m, 2H),
7.91-7.93 (m, 4H); 13C NMR (CDCl3, 125 MHz) δ 47.4, 70.4,
81.9, 102.3, 129.2, 130.5, 131.4, 135.2, 143.1, 149.9, 162.2, 168.8;
MS (LC-MS) (m/z) calcd for C34H26N4O6Fe 642.45 [Mþ],
found 642.03 [Mþ]. Anal. Calcd for C34H26N4O6Fe: C, 63.56;
H, 4.08; N, 8.72. Found: C, 63.39; H, 4.21; N, 8.66.

General Procedure of Debenzoylation for the Preparation of 5a

and 5b.To a stirred solution of dibenzoyl derivative of 4a and 4b
(0.3 mmol) in a THF/MeOH/H2O mixture (1:1:0.05, 100 mL)
was addedK2CO3 (0.34 g, 2.4 mmol). The resultant mixture was
then stirred at room temperature overnight. The solvent was
removed under reduced pressure/ and the residual material was
extracted with dichloromethane/methanol (30:1, 3 � 50 mL). The
combined organic phase was washed with brine solution, dried
over Na2SO4, and concentrated to give crude ferrocene-linked
nucleobases 5a and 5b. The crude products were recrystallized
from the appropriate solvent.

1,10-Bis(thyminylmethylene)ferrocene 5a.Yellow needle; yield
86%; mp 250 �C (decomp) (DCM/MeOH); IR (nujol) 3153,
1681, 1668 cm-1; 1HNMR(DMSO-d6, 500MHz) δ 1.77 (s, 6H),
4.42 (s, 4H), 4.37 (s, 4H), 4.61 (s, 4H), 7.61 (s, 2H); 13C NMR
(DMSO-d6, 125MHz) δ 12.2, 46.1, 69.2, 69.8, 83.7, 108.8, 141.0,
151.1, 164.6; MS (LC-MS) (m/z) calcd for C22H22N4O4Fe
462.52 [Mþ], found 485.00 [Mþ þNa]. Anal. Calcd for C22H22-
N4O4Fe: C, 57.13; H, 4.79; N, 12.11. Found: C, 57.33; H, 4.92;
N, 12.23.

1,10-Bis(uracilmethylene)ferrocene 5b. Yellow flakes; yield
84%; mp 260 �C (decomp) (DCM/MeOH); IR (nujol) 3138,
1697, 1658 cm-1; 1H NMR (DMSO-d6, 500MHz) δ 4.23 (s, 4H),
4.37 (s, 4H), 4.65 (s, 4H), 5.58 (d, 2H, J=7.8 Hz), 7.74 (d, 2H,
J=7.8 Hz), 11.28 (br s, 2H); 13C NMR (DMSO-d6, 125 MHz)
δ 46.4, 69.3, 69.8, 83.6, 101.2, 145.4, 151.0, 163.9; MS (LC-MS)
(m/z) calcd for C20H18N4O4Fe 434.23 [Mþ], found 434.30 [Mþ].
Anal. Calcd for C20H18N4O4Fe: C, 55.32; H, 4.18; N, 12.90.
Found: C, 55.45; H, 4.32; N, 12.77.
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