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DOI: 10.1039/x0xx00000 We synthesize self-similar molecules (G3 and G2; based on phenylalkynyl backbones) with symmetrically backfolded shapes

inspired by the famous fractal of the Sierpinski triangle. Unlike the more traditional, starburst dendrimers, the centripetal-
shaped Sierpinski molecules feature side branches symmetrically bent away from the growth direction of the main branch,
thus contrasting the natural-tree shape. Molecule G3 exhibits three distinct levels of structural hierarchy comprising the
primary, secondary and tertiary branches, while the smaller G2 contains only features of the 1%t and 2" orders. In spite of
the much larger conjugated backbone of G3, its solution UV-vis absorption and fluorescence exhibits no red shift relative to
G2. In a test of nitrobenzene sensing, the thin film of G3 deposited from THF was more sensitively quenched in fluorescence
than the smaller G2.

radiating, starburst shape,’3-2° but with the growing numbers of
Introduction

The relevance of the mathematically famous fractal of the
Sierpinski triangle to molecular design is illustrated in Fig. 1. The
hierarchy (or iteration) of the triangles is superimposable with
a ternary tree that features a symmetrically backfolded
geometry,> in which the subbranches are bent away from the
pointing direction of the main branches. Such a backfolded
geometry contrasts with the starburst shape of conventional
dendrimers, with all branches in the latter radiating away from
the center (e.g., HgL3; Fig. 1), mimicking the growth direction of
a biological tree. Even though symmetrically backfolded
molecules have been studied by chemists (e.g., L1 and L2 in Fig.
1 and other examples®?2), most examples remain rather simple
systems consisting of only primary and secondary branches
(e.g., L1 and L2). The synthesis of Sierpinski molecules of higher
iterations (e.g., G3 in Fig. 2, with three generations of branches)
has not been reported.

The lack of synthetic efforts on higher-generation Sierpinski
molecules is curious, and stands in sharp contrast not only with
the numerous reports on conventional dendrimers of the

HeL3

Sierpinski triangle

Fig. 1 Two backfolded molecules (L1 and L2), the starburst dendrimer
HeL3, and a Sierpinski triangle (with the equivalent ternary tree
shown in red). L2 resembles the Sierpinski triangle, whereas H¢L3 has a
radiant, geometrically different form. The backfolded molecules (L1 and
L2) can be deconstructed into tritopic subunits attached to the inner
fragments (shown in green).
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the supplementary crystallographic data for G2. See DOI: 10.1039/x0xx00000x

On a more technical plane, the backfolded shape of Sierpinski
molecules offers unique opportunities in molecular design (as
outlined in earlier works).1> 2° A comparison of backfolded L2
and starburst HglL3 is illustrative. While the end groups of HgL3
consist of six chemically equivalent, separate carboxyl groups,
L2 offers two sets of terminal sites: the —CN groups on the three
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Fig. 2 a) A schematic model of molecule G3: a self-similar Sierpinski molecule
featuring two carboxylate ester groups at the primary branch, together with
six ester groups and 8 thioether groups at the secondary and tertiary
branches, respectively. b) An energy-minimized conformation of molecule
G3. Selected cofacial C+-C contacts (3.438-3.643 A) are shown by dashed
lines. The geometry was optimized by classical molecular mechanics using the
FORCITE package of the Materials Studio software. The Universal force field
was selected, with the electrostatic and van der Waals terms being set as
follows: Summation njethod: atom-bas?d; Truncation methﬂod: cubic spline;
Cutoff distance: 12.5 A; Spline width: 1 A; Buffer width: 0.5 A.
primary branches and the —MeS units on the six secondary
branches, with the backfolded configuration arranging the —
MeS groups in three chelation pairs. The backfolded Sierpinski
molecules have also proven interesting building blocks for
extended networks, e.g., each molecule behaves as a collection
of starburst units (e.g., the regular tritopic unit; see also L1 and
L2 in Fig. 1); and the resultant networks, in spite of their unusual
complexity, can be deconstructed into subnets corresponding
to the starburst units of the molecule.?®

To fill in the gap in the study of higher-generation Sierpinski
molecules, and to draw more attention to this unconventional
class of self-similar molecules, we here report the synthesis of
molecule G3 (Fig. 2). G3 was designed with consideration to
synthetic feasibility and functionality. For example, a total of six
long alkyl groups (i.e., n-decyl, n-CioH11-) were installed at the
(two) primary and (four) secondary termini to improve
solubility; and extra phenylacetylene spacer units are built into
the primary and secondary branches to alleviate steric
hindrance. Also, the large, conjugated phenylene-acetylene
backbone might help future studies on how the Sierpinski shape

2| J. Name., 2012, 00, 1-3

impacts photophysical properties (e.g., fluorescence/exciton
lifetime, charge/energy transfer). In addition, the eight
thioether groups at the G3 branches can serve as metal-binding
sites; while the long, floppy alkyl chains might also impart liquid
crystal properties in combination with the rigid Sierpinski
backbone.

Experimental

This is provided in the Supporting Information.

Results and discussion

The synthesis of G3 builds on a convergent strategy extensively
utilizing the well-established Sonogashira reaction,303¢ in
conjunction with the masking/demasking of the iodo and
terminal alkyne groups by means of the triazene3’-0 and the
trimethylsilyl (TMS) groups, respectively.* Among the many
precursors, molecule 9 is a cornerstone for the overall assembly
scheme. As shown in Fig. 3, the synthesis of 9 begins with a
carboxylic acid (2) formation from 3,5-dibromo-4-
iodobenzonitrile (1), followed by esterification with 1-decanol
to give 4 in 80% vyield (via the acid chloride 3). Sonogashira
cross-coupling of 4 with 1 equivalent of trimethylsilylacetylene
(TMSA) selectively displaces the iodo group to provide 5 in 76%
yield, indicating that the higher reactivity of the iodo group
overrides the steric hindrance from the flanking Br atoms. The
two Br- groups in 5 were then reacted with 2 equivalents of 4-
triazenephenylacetylene (S4, see Fig. S1 for its preparation) at
90 °C to afford compound 6 in 60% yield. After unmasking the
TMS group of 6 with tetrabutylammonium fluoride (TBAF), the
resultant terminal alkyne compound 7 was coupled with the
iodo compound S5 to afford 8 in 56% yield. Heating 8 in methyl
iodide at 120 °C in a sealed vessel then replaces the triazene
units by the iodo groups, generating 9 in 75% yield.

With the key precursor 9 in hand, the assembly of G3
becomes relatively straightforward, which involves installing
the tertiary branches and a Glaser coupling that oxidatively
homocouples the terminal alkyne (Fig. 4). Specifically, molecule
11 was prepared by coupling 4-ethynylthioanisole (S8) with the
above-mentioned molecule 5 (followed by the removal of the

Von 040CgHy4 04.0CgHy4
HZOZ SOCI2 C10H21OH Pd(PPhj), Cul
di > Br Br ©onr . o Br Br
1000/ I 100% pyridine i TMSA, Et3N, Il
80% . PPh;,90°C, 5
760% ™S
’?‘E‘Z 050C;H
N Pd(PPhg),Cly torizt OyOC1oHar
Cul, PPhg, Et;N TBAF
¥ 5
*se 90 °C 80%
Il 60%  Et,Ng NEt,  EtNg o NEt,
M
s4 osoc H y
Pd(PPh;),Cl, 1o CHyl,
, Cul. PPhs, EGN 120 °C
I 90 °C 75%
56% EtyNg N;Et,
™S
s5 8

Fig. 3 The synthetic steps for molecule 9.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 4 Synthetic steps for G3 and G2 (R is an n-decyl group: n-CyoH,;-).
TMS group to recover the terminal alkyne function, with overall
yields over 60%). Subsequently, 11 was subjected to a
Sonogashira coupling with 9 to generate the precursor 12.
Notice however that the reaction between 11 and 9 required
the rather stringent conditions of refluxing for 40 h, and the
yield was modest (37%). Finally, compound 12 (without
removing the TMS group) directly underwent a homocoupling
reaction in the presence of CuCl in N,N-dimethylformamide
(DMF) to afford the target G3 as an orange solid in 52% yield.
The product G3 was extensively characterized, e.g., by
solution 'H NMR, 13C NMR, 2D COSY, DEPT spectra and cyclic
voltammetry (Fig. S2 and elsewhere in ESI). In addition, high-
resolution mass spectrometry HRMS found, e.g., 3478.4020
(100%) for M + H* (3478.435 calculated for Cy34H,1801,Sg + H*),
and the CHN elemental analysis results are also consistent with
the proposed structure, i.e., calculated for Cy3sH,1501,Ss: C,
80.79; H, 6.32; found: C, 80.42; H, 6.57.

Table 1 Crystal Data and Structure Refinement Parameters for G2.

Compound G2
Chemical Formula Cy4H7404S,
Formula weight 1155.57

Temperature (K) 100 (2)
Crystal size (mm) 0.50x0.17 x 0.10
Space group P-1
a(A) 8.960 (2)
b (A) 11.752 (3)
c(A) 15.156 (4)
al(?) 90.717 (4),
8(°) 103.972 (3)
y(°) 92.265 (4)
v (A3) 1547.0 (6)
V4 1
Pealca (8 €M?) 1.240
GOF 1.033
R [I>20(1)] 0.0438
WR,? [1>20(1)] 0.1037

Ro=JUfFof Felll/2IFol "WR=[Sw(Fo?- F2)/ Sw(Fo?) ]2

This journal is © The Royal Society of Chemistry 20xx
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Fig. 5 A stack (panel a) and a layer (panel b) of molecules in the crystal
structure of G2. The -t interactions are shown as pink sticks and other
intermolecular contacts are shown as black dotted lines. Color code: S,
orange; O, red; C, grey.

For comparison, the lower generation Sierpinski molecule
G2 was synthesized (see Fig. 4 and ESI for the procedure). The
G2 crystal structure (space group P-1; Table 1) features the
molecule in the achiral, Ci-symmetric butterfly conformation
(cf. the C,-symmetric, dihedral conformation found in a related
system?!, see Fig. S3 for the butterfly and dihedral
atropisomers). The side-arm phenyl units from the two butterfly
halves of G2 form face-to-face overlaps with C---C (e.g., 3.421
and 3.500 A) and C--S (e.g., 3.669 A) contacts. The molecules of
G2 stack along the crystallographic a axis: the neighboring
molecules are significantly offset (i.e., slipped by 67.5°), with
face-to-face contacts between the backbone phenylacetylene
units (e.g., C---C distances: 3.315 and 3.433 A; Fig. 5a). The G2
stacks as such were aligned along the c axis to form layers of the
aromatics, with distinct C---S (3.811 A) interactions across the
individual stacks. The layers are piled along the b axis, with
dimeric aggregates of the long aliphatic chains found in-
between (Fig. 5b). Across the layers, no short contacts were
observed between the aromatics and the S-::S distance (4.259
A) is also well above the VDW diameter of sulfur (3.6 A). The
lamellar character (along the b or 010 plane) is also reflected in
the intensity profile of the PXRD patterns (Fig. 6), as in the
weakened 001 peak relative to the 010 peak.

A comparison of the solution UV-vis absorption and
emission spectra of G2 and G3 (Fig. 7) unveils some surprises.
The UV-vis wavelengths of maximum absorption (Anax) Of
conjugated systems generally arise from t=>7mt* transitions from
the HOMO to the LUMO, and often red-shift significantly with
added conjugation. In spite of the larger m-electron backbone of
G3, its Amax is, surprisingly close to that of G2 (with Apax63 = 328
nm and Anmaxe2 = 320 nm; Fig. 7a; molar extinction coefficients:
€63 = 2.1x105; €62 = 8.03x10* M1cm1). A bathochromic side band
(most likely from n->mt* transitions) was also observed for both

J. Name., 2013, 00, 1-3 | 3

Please do not adjust margins




Organic-& Biomolecular Chemistry

d
C
’l A Kzaica ki A:

bw
a

.o

8 o

10 20 30 40 50

2 theta (degree)

Fig. 6 X-ray powder patterns (Cu Ko, A=1.5418 A): (a) calculated from the
single crystal structure of G2; (b) a powder sample obtained from rotary-
evaporating a dichloromethane solution of G2; (c) a ground crystal sample--
the crystals were obtained by slowly evaporating a dichloromethane (e.g., 3.0
mL) solution of G2 (e.g., 15 mg); (d) a powder sample of G3 obtained from
slowly diffusing acetonitrile (1.0 mL) into a toluene (2.0 mL) solution of G3 (10
mg) in glass tube (diameter: 8.0 mm) over three days. The pattern was
measured on a Rigaku SmartLab X-ray diffractometer operating at 40 kV, 30
mA, and a scan rate of 10 °/min.
cases, with the absorption edge of G2 slightly red-shifted
relative to the larger G3. Unexpected observations continue in
the fluorescent spectra. In THF, the small G2 exhibits a broad
emission peaked at 516 nm, while G3 exhibits a major emission
at 498 nm and a broad shoulder at about 525 nm: as shown in
Fig. 7b, the emission profile of G2 is red-shifted relative to G3.
G2 solid samples from various solvents/conditions form the
same crystalline phase (e.g., Fig. 7, patterns b and c), and their

emission spectra (e.g., Fig. 7b; with two close peaks with A=
510 and 525 nm) are similar to that of the solution sample. The
persistent crystalline phase of G2 (e.g., even in fast precipitation
from the rotary evaporator; as revealed by the PXRD pattern of
Fig. 6¢) can be understood in light of the stacking and packing
forces unveiled from the above-mentioned single crystal
structure (Fig. 5). In particular, the distinct -t interactions
between the side-arm phenyl units help to forge the well-
defined, rigid conformation of the G2 molecules; the
intermolecular nt-it as well as CH-it interactions, on the other
hand, direct the packing motif of their super-structure in the
solid state.

By contrast, the solid samples of the more complex G3,
however, exhibits poor crystallinity—even in solid samples
obtained from carefully controlled diffusion experiments (Fig. 6,
pattern d). The resistance of G3 molecules against
crystallization can be rationalized by the complex branched
structure, which allows many energetically similar
conformations to exist both in solution and in the solid state,
thereby frustrating periodic ordering in the aggregates of the
G3 molecules. For illustrating the diverse and flexible
conformations of G3, the computationally optimized geometry
of G3 (see Fig. 2, panel b) is informative. In particular, the
conformation in Fig. 2b feature a pair of cofacially-stacked
bezenoid units of the tertiary branches; but, unlike the
decidedly rigidifying cofacial pairs in the smaller G2 molecule
(Fig. 5b), the cofacial pair here does not prevent the rotation of
the side arms in the larger structure of G3 (e.g., the secondary
branches can readily turn, and pull the pair apart, as is in the
case of the left moiety of the G3 molecules in Fig. 2b). Also, the
more numerous and irregularly arranged alkyl chains of G3
molecules further complicate the packing motifs of the
molecules to disfavor the ordered required by
crystallization.
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Fig. 7 (a) UV-vis spectra of G2 (red graph) and G3 (black graph) in THF (10> M; slit width: 20 nm); (b) Emission spectra of G2 in THF (A= 360 nm), G2 in the
solid state (A= 380 nm), G3 in THF (A.,= 380 nm); (c) Emission spectra of G3 solid samples deposited from THF, ethyl acetate (EA), CHCl; and ethanol (A= 360
nm); (4) Emission spectra of G2 and G3 solid samples (both deposited from THF) before and after nitrobenzene (NB) exposure (A.,= 360 nm), with corresponding
photographs of the samples under UV radiation (A= 365 nm) shown in panels (e) and (f), respectively. Slit width for excitation beam: 2 nm.

4| J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx
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As the luminescent characteristics of the molecules closely
depend on their conformations as well as the intermolecular
arrangements, the highly changeable emission features as
observed of G3 molecules in the solid state (Fig. 7c) are not
unexpected. For example, their emission features depend on
the solvents used for deposition. As shown in Fig. 7c, the solid
sample from THF fluoresces at distinctly longer wavelengths
(relative to other solvents). The variable solid state emission
profiles of G3 can be (tentatively) ascribed to the diverse
packing motifs engendered by its complex branched shape. On
the other hand, the absence of red shift in the solution spectra
of G3 (relative to the much smaller G2) runs counter to the
general trend of higher-generation dendrimers to absorb and
emit at longer wavelengths*?44 (albeit to a lesser degree for
meta-conjugated systems*> 4¢), We suspect that the diacetylene
bridge in G2 offers an efficient push-pull pathway between the
sulfur and the carboxyl groups to facilitate m-electron
delocalization, while such a push-pull effect becomes weaker in
the longer, zigzag path offered by G3 (see Fig. S4). Further
studies on the excitation dynamics of Sierpinski molecules are
needed for elucidating the unexpected absence of red shift
observed in the solution spectra of G3, and for uncovering other
potentially interesting photophysical properties.

The complex branched shape of G3 may also account for its
enhanced sensitivity to nitrobenzene (e.g., by allowing for
easier guest penetration into the solid). As shown in Fig. 7d-f,
the fluorescence of the G3 thin film (drop-cast onto filter paper
from a THF solution: 0.3 mg/mL; 1.0 pL) was largely quenched
after being suspended over nitrobenzene in a capped vial (e.g.,
at 80 °C for 5 minutes); by comparison, a G2 thin film (similarly
cast from THF: 0.3 mg/mL; 1.0 uL) shows lesser fluorescence
quenching, as is both visually and spectroscopically observed.
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