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Synthesis, Properties, and Two-Dimensional Adsorption
Characteristics of 5-Amino[6]hexahelicene

Maarten W. van der Meijden,” Edith Gelens,™ Natalia Murillo Quirés,® Javier D. Fuhr,™
J. Esteban Gayone," Hugo Ascolani,” Klaus Wurst,” Magali Lingenfelder,*™ and

Richard M. Kellogg*™

Abstract: A convergent synthesis of racemic 5-amino[6]hex-
ahelicene is described. Cross-coupling reactions are used to
assemble a pentacyclic framework, and a metal-catalyzed
ring-closure comprises the final step. The enantiomers were
separated by means of chromatography and the absolute
configurations were assigned by comparison of the CD spec-

tra with hexahelicene. The t;, value for racemization at
210°C was approximately 1 hour. Scanning tunneling mi-
croscopy (STM) measurements were carried out on enantio-
pure and racemic samples of aminohelicene on Au(111)
under ultrahigh vacuum (UHV) conditions.

Introduction

Helicenes, ortho-fused polycyclic aromatic or heteroaromatic
compounds, are prime examples of molecules with axial chiral-
ity and, with regard to electronic transitions, are inherently
chiral chromophores." Steric interactions force nonplanarity
on the aromatic system. This nonplanarity results in right-or
left-handed P- and M-helices, respectively, the enantiomeric
stability of which depends on the amount of steric interaction,
which usually increases with the number of rings. Sufficient
stability to enantiomerization to allow the possibility of isola-
tion generally commences at a length of five fused rings.
Owing to their unusual and highly interesting electronic and
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optical properties, helicenes could lend themselves for use in
electronic devices.” With a facile synthesis in hand, it should
be possible to examine some of the unusual properties of heli-
cenes in depth.

The observation that known helicenes, including penta- to
nonahelicenes and several heterohelicenes,” crystallize as con-
glomerates, that is, enantiomorphic crystals in non-centrosym-
metric space groups, suggested that new methods for the res-
olution of conglomerates™ might prove useful for this class of
compound. With an eye toward future applications, it would
be useful to prepare a helicene that contains a functional
group that allows further derivatization or immobilization.

A short, efficient synthesis of 5-aminohexahelicene has been
developed. This compound is racemic rather than a conglomer-
ate in the three-dimensional (3D) crystal, but a conglomerate
in two dimensions (2D) at the liquid-solid interface on gold.”!
The absorption of this molecule on Au(111) surfaces under
high-vacuum conditions has also been studied.”’ The synthesis
and further examination of the behavior of this compound on
surfaces are described herein.

The first synthesis of a helicene molecule was an impressive
challenge. Newman and Lednicer reported the preparation of
hexahelicene in 1955 in 3.7% overall yield. The resolution
had been described a year earlier.”’” Photocyclization routes de-
veloped by Martin and Baes® and Wynberg,”” for example, of-
fered much easier access to helicenes, including those with
heterocyclic rings. Further developments in the synthetic strat-
egy and structural variation with a strong emphasis on metal-
catalyzed reactions was achieved by Stara and Stary"” and by
Storch et al." Other interesting approaches have been devel-
oped, for example, by Miller and co-workers"? and Lacour and
co-workers."¥ This chemistry with discussion of other recent
methods has been covered in four recent reviews."'*"”

We wished to develop scalable syntheses by using readily
available starting materials and to study the properties, both in
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3D and 2D, of helicenes that are potentially “tunable” by the
introduction of substituents that should affect the electronic
and optical properties and also allow further functionalization
or immobilization. For these purposes, we chose to prepare an
aminohelicene. Maleimide- and maleic anhydride-functional-
ized pentahelicenes containing a single amino group™ and
a 6,11-bis-acetyl-protected diaminohexahelicene” have been
reported. To the best of our knowledge, no mono-amino-func-
tionalized carbohelicene has been prepared and studied, al-
though an hydrogenated aminohelicene has been synthe-
sized.””

Highly linear syntheses are unattractive; furthermore, shorter
syntheses that use, for example, the convergence afforded by
modern cross-coupling reactions are more attractive. The posi-
tion of a substituent is determined by the choice of the start-
ing materials. In a search for short, simple approaches adapta-
ble to scale up, the synthesis of pentahelicene reported by de
Koning and co-workers®"” by cross coupling two
simple building blocks followed by what, at first
sight, looks like straightforward condensation chemis-
try was appealing (Scheme 1).

Pentahelicene 6 is reported as the major product,
consistent with dehydrogenation during ring closure.

The authors noted that the mechanism of ring clo-
sure may be complex and that success is highly de-
pendent on the conditions. Although cross coupling
to provide 5 worked well (52% yield), subsequent
ring closure to 6 failed in our hands, either with
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Simultaneously, Fiirstner and co-workers™®! followed a similar
cross-coupling strategy to 6, but accomplished the final ring
closure by clever use of a metal-catalyzed reaction. In our
hands, this procedure, carried out without the determination
of yields and on a small scale, worked well and provided 6
(Scheme 2).

The half-life of the racemization of pentahelicene at 57 °C is
63 minutes.”” A higher degree of enantiomeric stability was
desired, and the decision was made to prepare a functionalized
hexa- rather than a pentahelicene. Hexahelicene has a half-life
of racemization of 48 minutes at 205 °C.*® The obvious starting
materials are boronic acid or ester 10 and bromoenol 11
(Scheme 3). The placement of the amino substituent at posi-
tion 5 of the hexahelicene skeleton lies in the choice of readily
available 10 as a starting material.
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9

a base or with a base and irradiation as described by 11
the authors. After several unsuccessful attempts, this
approach was abandoned.”? Scheme 3. Retrosynthesis of aminohexahelicene (8). PG = protecting group.
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Scheme 1. Synthesis of pentahelicene according to de Koning et al.?" DME = dimethyl ether, MW = microwave.
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Scheme 2. Comparison of the routes of de Koning?" and Fiirstner.?*!
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Results and Discussion

Compounds 10a and 10b were obtained from commercially
available 4-bromo-1-naphthylamine (12). The tert-butoxycar-
bonyl (Boc) group was chosen for protection because there
are no steps that involve acid until deprotection under acidic
conditions.

Initially, the protection of 12 with (Boc),0 was performed
without a base and gave 13 in only 64% yield (Scheme 4).
However, when the reaction was performed with two equiva-
lents of base and a large excess of Boc,0 was added in two
portions,” an 88% yield could be obtained. Bromide 13 was
then converted into either boronic acid 10a or boronic ester
10b. The best results were obtained with MeLi followed by
a bromo-lithium exchange by using nBuLi. Quenching with
B(OEt); and subsequent hydrolysis gave the desired boronic
acid 10a,”” which could be used as the crude product in the
next step. Standard conditions (i.e., bispinacolato diboron,
[PACl,(dppf),], CH,CI,/KOAc) were used to prepare boronic
ester 10b in 62% vyield.

1) MeLi
2) BulLi
3) B(OEt)3

DIPEA
—_—
88%

[PdCIz(dppf)z-DCM]
KOAc
62%

Scheme 4. Synthesis of the upper part of the helicene skeleton. DCM =dichloromethane,
DIPEA = N,N-diisopropylethylamine, dppf=1,1"-bis(diphenylphosphino)ferrocene.

For the synthesis of bromoaldehyde 11, ketone 14 was re-
quired (Scheme 5). Although phenanthrenone (14) is commer-
cially available, it is expensive. Because appreciable amounts
were needed, it was decided, after ensuring that the conver-
sion of 14 into 11 proceeded well by using a small amount of

Br O
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N
T =0 = -
14 o}

O0_o

Scheme 5. Retrosynthesis of bromoenol 11.
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purchased material, to prepare 14 from naphthalene (15) and
succinic anhydride (16; Scheme 6). Keto ester 17 was obtained
in 31-42% yield. This reaction has been reported several
times.”3% The procedure of Wiznycia and Desper®® was
chosen because of the facile workup.

The reduction of keto-ester 17 under Wolff-Kishner condi-
tions was irreproducible. An excellent alternative was reduction
under mild conditions (slight positive H, pressure at ambient
temperature) with Pd(OH), in acetic acid.®"” The desired 18 was
obtained in 73-75% yield. Direct conversion of naphthalene
(15) into acid 18 by the Friedel-Crafts reaction with butyrolac-
tone,®**¥ either neat, in n-decane, or in nitrobenzene, did not
give satisfactory results. The ring closure of 18 by using neat
methanesulfonic acid at 90°C was fast and effective and gave
14 in 83-95% yield.®¥ The final step is a combined enolization
and Vilsmeier-Haack reaction to give 11 by following the pro-
cedure by de Koning et al. for the tetralone derivative.”" This
compound is not very stable and should be used immediately
or stored in the freezer. By using this route, considerable
amounts of 11 (i.e., we prepared 16.5 g) can be synthesized in
a short time and from cheap starting materials, with-
out the use of expensive reagents or harsh condi-
tions.

The coupling of boron compound 10 and bromo
aldehyde 11 was achieved (Scheme 7) by using

ki ling.
oH a Suzuki coupling

10a The conditions reported by Fiirstner and co-work-

ers® (ie., Pd(OAc), tetrabutylammonium bromide,
K,CO,, water) were first investigated, but this gave
3% vyield at best after multiple purifications. Large
amounts of starting material were recovered. Steric
hindrance in combination with the low solubility in
water was a possible cause. Recourse was found in
Pd(OAc), with S-phos, a catalyst that was designed
for sterically demanding compounds.®™ No reaction
occurred with boronic ester 10b, whereas yields of
19 of 75-95% were obtained with boronic acid 10a.

The synthesis of the desired 5-amino[6]hexaheli-
cene 8 is shown in Scheme 8. For the aromatization
of the dihydro ring of 19, the use of 2,3-dichloro-5,6-
dicyano-1,4-benzoquinone (DDQ)® was first investigated, but
this reaction was slow. N-Bromosuccinimide (NBS)/Na,CO,,"®
NBS/1,8-diazabicyclo[5.4.0]lundec-7-ene (DBU), and diethyl azo-
dicarboxylate (DEAD) were examined as alternatives, but all
failed to give good results. After some experimentation, it was
found that the DDQ dehydrogenation in benzene proceeded
usually in approximately 75 % yield, if given sufficient time (i.e.,
3 days). Change of the solvent from benzene to less harmful
toluene led to no reaction at all.

Aldehyde 20 was converted into alkyne 9 by means of the
Ohira-Bestmann modification of the Seyfert-Gilbert homologa-
tion.®” This method led to the desired alkyne 9 in good yields
(69-91%). In theory, cyclization of alkyne 9 to 21 is possible
with a variety of metal species.®® First, PtCl, and AuCl; were
tested, and the former gave the best results (60-96% yield).
The mechanism according to Nevado and Echavarren®® and
Soriana and Marco-Contelles” involves a Friedel-Crafts reac-
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Scheme 6. Synthesis of the lower part of the helicene skeleton. MsOH = methanesulfonic acid.
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Scheme 7. Suzuki coupling of the upper- and lower parts of the helicene
skeleton (see text for the conditions).

tion with 6-endo-dig cyclization (see the Supporting Informa-
tion). The 5-exo-product is also a possible product, although
this material was never observed (see the Supporting Informa-
tion). Attempts were made to achieve enantioselective ring
closure by using various popular enantiopure ligands (see the

Supporting Information); unfortunately, no enantioselectivity
was observed.

To obtain the desired helicene 8, the Boc-protecting group
was removed with HCl and the salt liberated with NaHCO,. The
overall route is relatively short, simple, and proceeds under
mild conditions in about 50% overall yield by starting from
boronic acid 10a. This novel approach allows the preparation
of multigram quantities of the desired functionalized helicene,
which should be stored as the hydrochloric acid salt 22 or Boc-
protected helicene 21 to avoid byproduct formation, likely
owing to oxidation of the amine.

Resolution and physical properties of aminohelicene (8)

Dibenzoyl tartaric acid, ditoluyl tartaric acid, dianisoyl tartaric
acid, tartaric acid, camphorsulfonic acid, phencyphos,“" and P-
Mix (i.e., a mixture of phencyphos, chlocyphos, and anisyphos)

OO DDQ OO o N* OO _l;tclzlz
O _benzene N_ O _ oluene
O <V “a087 O ) — 7 T60-96%
2 U0
MeOH
69-91%
19 20 9
NHBoc NH,.HCI NH,
O O HC O O NaHCO, O ‘
] I quant. O ‘ 85% ’ ] !
21 22 8
Scheme 8. Synthesis of final product 8 from 19.
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were all tested as resolving agents for 8.2 As solvents, EtOH/
water, DMF/water, 2-butanone, toluene, CH;CN, EtOAc, and
MeNO, were used. In all cases, except for in DMF/water, the
solubilities were poor and crystallization was very fast. In the
experiments with DMF/water as a solvent, no crystallization oc-
curred, even after prolonged standing. Neutralization of the
salts failed to provide 8 with any significant enantiomeric
excess. The failure to obtain any resolution may be due low
solubility, which leads to crystallization before the thermody-
namic equilibrium can be reached. Separation into enantio-
mers was possible on a small scale with the aid of preparative
HPLC (see the Experimental Section).

The t,,, value for the racemization of hexahelicene, as deter-
mined by CD spectroscopic analysis, is 48 minutes at
205°C.%* In similar experiments with 8, a solvent that has
a boiling point above 200°C and limited or no UV absorption
was required; therefore, 1,3-dimethyl-3,4,5,6-tetrahydro-2(1 H)-
pyrimidinone (DMPU; b.p. 246 °C) was chosen. The change in
the CD spectrum as function of temperature followed (see the
Supporting Information). The t,,, value for racemization is ap-
proximately 1 hour at 210°C, which means that racemization
would take 2-3 hours at 200 °C and 6-7 hours at 180°C.

The CD spectra of the enantiomers of 8 are shown in
Figure 1. Based on the close similarity to the CD spectrum of
hexahelicene itself*? the right-handed P helicity was assigned
to the (+) enantiomer. The optical rotation was determined
with material that was not entirely pure (see the Supporting
Information); that is, the observed rotation was [a], = —8846°
for the (—) enantiomer, which had a chemical purity of 93%
and an ee value of 99%, whereas the observed rotation was
[alo= +7429° for the less pure (4) enantiomer (chemical
purity=83%, ee=97%). A corrected rotation for 8 by using
the material of peak 1 would be 9511°, if one assumes that the
impurities (likely to be the oxidation products of 8) have no
appreciable CD spectrum.

Second harmonic generation (SHG) experiments carried out
on 8 led to no response, thus strongly suggesting that 8 is not
a conglomerate, but rather a centrosymmetric racemic com-
pound (or amorphous). Crystal-structure determination re-

80

g I AN
NN LAY

232 27 20 420 470
-20
RV
-60 \/
-80 A
-100
Figure 1. CD spectrum of both peaks of aminohexahelicene (8; a) (—)-amino-

hexahelicene: c=0.013 mmolL™" in MeOH; b) (+)-aminohexahelicene:
¢=0.006 mmolL™" in MeOH).
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Figure 2. X-ray structure of aminohelicene (8). Left: ORTEP of the molecular
structure with ellipsoids at the 50% level. Right: Alignment of alternate
enantiomers along the a axis. Intermolecular hydrogen-m, ., interactions
are drawn with dashed lines.

vealed the compound to have a racemic crystal structure
(Figure 2).*Y The space group was found to be Pbcn, which is
consistent with a centrosymmetric structure (i.e., racemic com-
pound and not a conglomerate).

STM analysis

In the 3D crystal, aminohelicene 8 (AH) does not form a con-
glomerate. Confinement in 2D leads to a decrease of the
number of allowed space groups from 230 to 17, and there
are only five possible 2D chiral space groups.” Therefore,
there is a large chance of the loss of symmetry elements be-
cause of adsorption on a surface, there is a much larger proba-
bility of spontaneous separation of the enantiomers into sepa-
rate domains (i.e., conglomerate formation) than for a 3D
system.” STM studies at the liquid-solid interface’® have dem-
onstrated that aminohelicene 8 on Au(111) can coexist as
enantiomerically pure conglomerates and enantiomorphous
racemates. Herein, we present the first study of the assembly
and chiral expression of racemic AH under ultrahigh vacuum
(UHV) conditions.

To investigate the crystallization properties of AH when it is
confined to a 2D surface, we deposited both the (M)-AH enan-
tiomer and racemate on Au(111) under UHV conditions. All mo-
lecular depositions were done at room temperature (RT) and
the images were acquired at 100 K.

We observed that the enantiomer develops two rotational
domains formed by rows of dimers oriented along the
<1-11> Au «crystallographic directions (Figure 3a)). These
structures were described recently by DFT calculations as
being formed by flat-lying molecules in which the —NH,
groups govern the interaction with the surface (i.e., “N down”),
whereas the Cg4 rings pack closely to maximize van der Waals
interactions between neighboring molecules. The double-row
structure (inset in Figure 3a) shows the higher packing density
and is favored at high coverage, but always coexists with disor-
dered inter-island regions in which dimers, trimers, and tetram-
ers of molecules are embedded.”

Herein, we show that the assembly of the racemate gives
rise to a new structure, which is remarkably different to the
enantiomer islands. Figure 3b shows that two enantiomor-
phous domains emerge rotated by +6° (gray arrows) with re-
spect to the <1-11> crystallographic directions (black
arrows). Interestingly, the molecular structure produced by the
racemate comprises two nonequivalent rows that alternate

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Distance (A)

Figure 3. a) STM image of (M)-AH on Au(111) (+2V, 20 pA). b,c) STM images
of racemic AH on Au(111). b) Two enantiomorphous domains separated by
a monoatomic step of the surface. (—2V, 5 pA). c) High-resolution image
(—2V, 5 pA) of the molecular structure developed by the racemate. The
white parallelogram indicates the unit cell. The square highlights the pres-
ence of a defect (zoomed in the inset). The gray line indicates the line pro-
file shown in the inset. d) DFT-based molecular model of the racemic struc-
ture in (c) that highlights the presence of M-M and P-P dimers in the A-
and B-type molecular-row model. Different colors indicate different chirality:
Light gray for (M)-AH and dark gray for (P)-AH. Constant-current STM image
simulation (—2 V) of the fully relaxed structure (Figure S5 in the Supporting
Information).

systematically in a zigzag fashion labeled “A” and “B” in Fig-
ure 3c*¥ (the unit cell is indicated by a white parallelogram
(@a1=(1.4+£0.1), b1 =(4.5+0.1) nm; alAb1 =74+2°). The inter-
nal structure of these rows appears to be more complex than
for the (M)-AH enantiomer. Clearly, the STM contrast evidences
two types of protrusions of distinct volume, that is, large and
bright regions and small and dim regions (Figure 3 c). This type
of contrast is reproduced systematically on different (M/P)-AH
samples under various tip conditions. Initially, one might be
tempted to correlate the two features with the bright and dim
lobes observed by Ernst etal. in the high-resolution STM
images of single heptahelicene molecules.*” However, the
small protrusions were never observed in enantiopure samples
of AH. This finding, along with the observation of small and/or
large protrusion vacancies in different islands (Figure 3¢)
shows a zoomed region in which a defect is observed; see also
Figure 1 in the Supporting Information for further examples),
allows us to conclude that the bright and dim features are in-
dependent molecules in this system that might correspond to
two molecules absorbed in different configurations. After ana-
lyzing numerous images taken under different tip conditions,
we assign the observed difference of 0.7 A in the apparent
heights (see the line profile in Figure 3) to a difference in the
real height of the adsorbed molecules. To propose a model
that will be consistent with these observations, we carried out
a series of DFT calculations and STM simulations of the appear-
ance of the molecules under the applied experimental condi-
tions (see Figure S2 in the Supporting Information). By taking
into account the minimum energy structures for different M/P

Chem. Eur. J. 2016, 22, 1484 -1492 www.chemeurj.org
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configurations for both N-down (see Section 2.2.1) and N-up
adsorption geometries (see Section 2.2.2), we found that the
rows can be described as a sequence of dimers formed by
large protrusions (N-up) and connected by small protrusions
(N-down).

The calculated model is based on the following assump-
tions: 1) the different apparent heights are due to molecules
with two different configurations (see Figure S3 in the Sup-
porting Information), 2) the lower molecules interact with the
substrate in th N-down configuration (see Section 2.3), 3) the
observed higher dimers consist of N-up dimers formed with
molecules of the same chirality (i.e., M-M or P-P molecules;
Figure 3d). M-P dimers have a similar interaction energy, but
they cannot reproduce the symmetric aspect of the observed
dimers (see Section 2.2.2). The structural model consists of
rows formed by the mentioned N-up dimers, linked by N-
down molecules of the opposite chirality (Figure 3d; the (M)-
AH and (P)-AH molecules are colored yellow and green, respec-
tively). The dimers are M-M in the A-type row, whereas the
dimers are P-P in the B-type row. In both cases, the molecules
that form the dimers (N-up orientation) are slightly higher
from the surface (see the lateral view in given in Figure S5 in
the Supporting Information). The higher molecules interact
with those located lower through an intermolecular interaction
similar to that observed in lamellar twinning,“® that is, part of
the helix of one molecule interlocks with the helix of the near-
est neighbor. The unit cell contains eight AH molecules in two
types of configuration, thus giving a lateral average area per
molecule of 77 A% which is a very high packing density that is
consistent with the high coverage needed to observe the self-
assembled structure.

We relaxed the complete structure, thus fixing the unit cell
to the cell observed in the experiments to investigate the sta-
bility of the A-B row model (see Figure S5 (upper panel) in the
Supporting Information). Furthermore, to simulate the absorp-
tion on the surface, we constrained the z position of the two
lower C rings only on the N-down molecules. After relaxing
the molecular configuration, we obtained an interaction-
energy value per unit cell of 4.32 eV, that is, 0.54 eV per mole-
cule. Remarkably, this value for the interaction energy per mol-
ecule is the highest found within all the molecular configura-
tions analyzed herein, including dimers, zigzag chains, and so
forth (see Section 2.2). Although the absolute energy values
are expected to be modified by the interaction with the Au
surface, the interaction energy calculated for the A-B row
model is the most favorable from the point of view of the mo-
lecular-interaction energy. Moreover, we simulated a constant-
current STM image by using this relaxed-structure model (Fig-
ure 3d). This simulated STM image agrees with the main fea-
tures of the experimentally obtained image: 1) there are two
spots in each row that are brighter and bigger, which, in the
model, correspond to the N-up molecules in the dimer;
2) there are smaller and darker protrusions at each side of the
main protrusions that correspond to the N-down molecules
that link the dimers.

It was noticed that the assembly of double rows under UHV
(see Figure 3a and reference [4]) is remarkably different to the

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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triangular (p3) structures formed at the Au(111)/1,2,4-trichloro-
benzene (TBC) interface.” At the liquid—solid interface, the as-
sembly depends drastically on the solvent, most likely due to
its role in the determination of the protonation state of the —
NH, group. In fact, no order emerges in solvents in which the
NH, group is protonated, whereas the assembly is very similar
to that observed for the nonfunctionalized heptahelicene on
Au(111) in neutral solvents.* For the racemate, incomplete
spontaneous resolution was proposed to be a consequence of
kinetic trapping of metastable racemic polymorphs due to
slow surface diffusion. The high packing density of the race-
mate and the absence of enantiopure phases indicate that the
driving force for the assembly under UHV conditions is proba-
bly related to the thermodynamic stability of the phase, similar
to the 3D crystal in which the racemate is more stable, and
therefore no resolution occurs.

Conclusion

The cross-coupling synthetic strategy followed to obtain heli-
cene 8 has made use of readily accessible and not excessively
expensive building blocks. Monoamino hexahelicenes bearing
the amino group at the 1, 2, 3, or 4 position have become po-
tentially available due to a corresponding change in the struc-
ture of building block 10. We did not attempt this approach
owing to project restrictions. Hexahelicene 8 and other amino
derivatives, if prepared on a moderate scale, could be subject
to conversion into other derivatives by replacement of the
amino group through diazonium chemistry. This approach
opens a route to a range of helicenes that can be investigated
for applications. One could also consider the attachment of
the amino group of the helicene to, for example, a silicon sur-
face by reaction with an isocyanide-functionalized surface to
investigate optical and electronic properties. In conclusion, we
have been able to prepare a new functionalized helicene that
can be used for further investigation of its properties and that
could be further functionalized or immobilized. The compound
proved to form racemic phases both in the solid state and
when immobilized on a Au(111) surface under UHV conditions.

Experimental Section

The NMR spectra were measured at ambient temperature on
a Varian VNMRS 300 MHz or a Varian MercuryPlus 300 MHz spec-
trometer. CDCl; and [Dg]DMSO were used as solvents and as indi-
cated. The HPLC-MS spectra were measured on an Agilent 1100
series with a UV detector and HP1100 MSD mass detector, an Agi-
lent 1200 series with a UV detector and Agilent 6130 mass detec-
tor, or an Agilent 1200 series with a UV detector and 6220 TOF
mass detector. Enantiomeric separation was accomplished by
means of HPLC on a Chiralcel OD-H column and subsequently
tested by HPLC analysis.

tert-Butyl 4-bromonaphthalen-1-yl carbamate (13): A mixture of
bromide 12 (100 g, 450 mmol), DIPEA (149 mL, 900 mmol, 2 equiv),
and Boc,0 (147.4 g, 675 mmol, 1.5 equiv) was heated to reflux in
1,2-dichloroethene (DCE; 2L) for 4h. Boc,0 (393.0g, 1.8 mol,
4 equiv) was added to the reaction mixture, which was heated
overnight to reflux. TLC analysis in dichloromethane (using UV de-
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tector) revealed almost complete conversion, the mixture was
washed with 2m HCl (350 mL), saturated NaHCO; (350 mL), and
water (250 mL). The organic layer was dried over Na,SO, and con-
centrated. The resulting material was recrystallized from heptane
(1.3 L), cooled with ice, and collected by filtration. The solids were
washed with heptane, dissolved in dichloromethane and filtered
over SiO, (0.5 L, dichloromethane) to give carbamate 13 as a white
solid (128.2 g, 88% yield). "H NMR (CDCl,): 0= =8.27 (d, 1H), 7.88
(d, TH), 7.78 (m, 2H), 7.60 (m, 2H), 6.82 (brs, 1H), 1.55 ppm (s, 9H);
BCNMR (CDCl;) 6=153.4, 133.2, 133.2, 132.5, 130.0, 128.3, 127.9,
127.5, 127.0, 121.1, 119.3, 99.5, 81.3, 28.6 ppm; MS (API/ES): m/z:
344.03 [M+ Nal; found: 343.9.

4-(tert-Butoxycarbonylamino)naphthalen-1-yl boronic acid (10a):
Bromide 13 (14.6 g, 453 mmol) in THF (95 mL) was placed in
a flame-dried flask with mechanical stirring and the mixture was
cooled to 0°C. Meli (1.6™ in Et,0, 28.3 mL, 45.3 mmol, 1 equiv)
was added at such a rate that T<7°C, the temperature was kept
at 0°C for 15 min, and lowered to —78°C. BuLi (2.5m in hexanes,
18.1 mL, 45.3 mmol, 1 equiv) was added at such a rate that T<
70°C, the mixture was stirred for 1h at —78°C, and B(OEt),
(19.3 mL, 113 mmol, 2.5 equiv) was added subsequently at such
a rate that T<—65°C and gelation of the mixture occurred. The
mixture was stirred for 45 min at —78°C and then for 1.5 h at 0°C.
HCI (1™m, 125 mL) was added carefully with ice cooling, and the
mixture was stirred for 15 min after removal of the cooling bath.
The mixture was saturated with NaCl and the layers were separat-
ed. The organic layer was extracted with 1M NaOH (4x125 mL),
and the combined basic, aqueous layers were acidified under ice
cooling with 5% HCl. The mixture was extracted with Et,0 (3x
125 mL), dried over Na,SO,, and concentrated at 25°C to give bor-
onic acid 10a as a white solid containing a few minor impurities
(11.7 g, 90% vyield). '"H NMR ([DJDMSO): 6=9.24 (s, 1H), 8.41 (m,
1H), 8.27 (s, 2H), 8.05 (m, 1H), 7.69 (d, 1H), 7.52 (d, 2H), 7.50-7.43
(m, 2H), 1.48 ppm (s, 9H); *C NMR (CDCl,): 6 =154.7, 138.2, 137.2,
135.9, 132.8, 129.7, 128.2, 126.2, 125.6, 123.5, 120.5, 79.6, 28.9 ppm;
MS (API/ES): m/z: 310.12 [M+ Na]; found: 310.0.

4-(Naphthalen-2-yl)-4-oxobutanoic acid (17): A mixture of naph-
thalene 15 (210 g, 1.64 mol, 1.5 equiv) and succinic anhydride 16
(109.3 g, 1.09 mol) was added in one portion to a solution of AlCI,
in PhNO, (900 mL) under N, with mechanical stirring. The resulting
mixture was stirred overnight at RT and poured into ice/water
(2.5L). A mixture of water (100 mL) and 37% HCI (100 mL) was
added to the mixture. The resulting precipitate was collected by fil-
tration and washed with water (1.2 L) and heptane (450 mL). The
solid was stirred for 0.5h at 65°C in toluene (900 mL), was cooled
to approximately 35 °C, collected by filtration, and washed with tol-
uene to give ketoacid 17 as a tan solid (104.6 g, 42% yield).
"HNMR (CDCly): 6=8.51 (1H, s), 8.06 (1H, d), 8.00 (1H, d), 7.89
(2H, 1), 7.56-7.64 (2H, m), 3.5 (2H, 1), 29 ppm (2H, 1); *CNMR
(CDCl;) 6=198.0, 177.6, 136.0, 134.0, 132.7, 130.1, 129.8, 128.8 (d),
128.0, 127.1, 123.9, 33.5, 282 ppm; MS (API/ES): m/z: 227.08
[M—1]; found: 227.1.

4-(Naphthalen-2-yl)butanoic acid (18): Ketoacid 17 (10469,
458 mmol) and Pd(OH),/C (10 g) were stirred in HOAc (1L). The
mixture was flushed three times with H, and then stirred under
a balloon of H, at RT while monitoring the conversion by means of
NMR spectroscopic analysis. Complete conversion was observed
after 2 days, and the mixture was filtered over celite and washed
with HOAc (200 mL). The mother liquor was poured into cold
water (4 L) and the resulting precipitate was collected by filtration
and washed with toluene to give acid 18 as a white solid (71.6 g,
73% yield). 'H NMR (CDCls): 6=7.74 (3H, 1), 7.62, (1H, s), 7.42-7.46
(2H, m), 733 (1H, d), 2.85 (2H, t), 242 (2H, 1), 2.06 ppm (2H, q);
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3CNMR (CDCly): 6=128.3, 127.8, 127.7, 127.4, 126.9, 126.2, 125.5,
35.4, 33.4, 26.3 ppm; *C NMR (CDCl,): 5 =180.6, 139.0, 133.9, 132.4,
128.3, 127.9, 127.8, 127.5, 126.9, 129.3, 125.6, 35.4, 33.7, 26.3 ppm;
MS (API/ES): m/z: 213.10 [M—1]; found: 213.0.

2,3-Dihydrophenanthren-4(1H)-one (14): MsOH (375 mL) was
stirred at 90°C and acid 18 (71.6 g, 107 mmol) was added in one
portion. The mixture was stirred for 1 h at 90-95°C and was subse-
quently cooled to RT. The mixture was poured slowly in ice/water
(4.5 L) and extracted with Et,0 (3x750 mL). The combined organic
layers were washed with NaHCO; (750 mL) and water (750 mL),
dried over Na,SO,, and concentrated to give ketone 14 as a brown
oil, which crystallized upon standing (62.2 g, 95% yield). '"H NMR
(CDCly): 6=9.41 (1H, d), 7.92 (1H, d), 7.81 (1H, d), 7.63 (1H, t), 7.49
(TH, t), 7.32 (1H, d), 3.13 (2H, 1), 2.79 (2H, 1), 2.15-2.24 ppm (2H,
m); *CNMR (CDCly): 6=200.7, 147.0, 134.4, 133.0, 131.6, 129.0,
128.5, 127.5, 127.2, 126.9, 126.0, 41.3, 31.8, 23.2 ppm; MS (API/ES):
m/z:197.09 [M+1]; found: 197.1.

4-Bromo-1,2-dihydrophenanthrene-3-carbaldehyde (11): PBr;
(28.7 mL, 306 mmol, 2.4 equiv) was added dropwise to dry DMF
(28.6 mL, 369 mmol, 2.9 equiv) in dry dichloromethane (550 mL) at
0°C. Ketone 14 (25 g, 127 mmol) in dry dichloromethane (475 mL)
was added in one portion after 1 h at 0°C. The mixture was heated
to reflux overnight. The reaction mixture was cooled with ice/
MeOH, saturated NaHCO; was added to make the mixture basic,
and the layers were separated. The aqueous layer was extracted
with dichloromethane (750 mL) and the combined organic layers
were washed with water (400 mL), dried over Na,SO,, and concen-
trated to give the crude aldehyde 11 (20 g). The obtained material
was purified by column chromatography over SiO, (1 kg; eluent=
EtOAc/heptane 1:9) to give aldehyde 11 as a yellow oil (15.6 g,
43% yield). '"H NMR (CDCly): 6=10.33 (1H, s), 8.71 (1H, s), 7.85 (2H,
s), 747-7.60 (2H, m), 7.34 (1H, d), 2.85 (2H, 1), 2.60 ppm (2H, t);
CNMR (CDCly) 6=192.9, 141.1, 138.1, 135.8, 134.0, 132.0, 130.5,
130.3, 129.0, 126.6, 126.0, 125.9, 125.6, 29.9, 22.9 ppm; MS (API/ES):
m/z: 287.00 [M+1]; found: 287.1.

tert-Butyl 4-(3-formyl-1,2-dihydrophenanthren-4-yl)naphthalen-
1-yl carbamate (19): Bromide 11 (15.6 g, 54 mmol) in toluene
(300 mL) was placed in a flame-dried flask, and N, was bubbled
through the mixtue for 10 min. A few drops of water were added
to the reaction mixture, followed by K;PO,(23.1g, 109 mmol,
2 equiv), boronic acid 10a (23.4 g, 81 mmol, 1.5 equiv), Pd(OAc),
(122 mg, 0.5mmol, 1mol%), and S-Phos (558 mg, 1.4 mmol,
2.5 mol%). The resulting mixture was heated to reflux overnight.
TLC analysis (eluent: EtOAc/heptane 2:8, detection: UV/CeMo dip)
revealed complete conversion. Water (750 mL) was added to the
mixture, which was extracted with EtOAc (2x750 mL). The com-
bined organic layers were washed with water (500 mL), dried over
Na,SO, and concentrated to give the crude coupled product
(35 g). The obtained material was purified over SiO, (1 kg; eluent:
EtOAc/heptane 1:9) to give aldehyde 19 as a yellow product,
which was not pure according to TLC analysis, but contained only
a few minor impurities as determined by NMR spectroscopic analy-
sis (22.0 g, 91% yield). '"H NMR (CDCl;): 6=9.52 (s, TH), 8.07 (d,
1H), 7.86 (dd, 2H), 7.69 (d, TH), 7.59 (d, 1H), 7.49-7.41 (m, 3H),
7.29 (d, 1H), 7.16 (t, 2H), 7.01 (brs, 1H), 6.81 (t, 1H), 3.07 (t, 2H,
2.89-2.84 (m, 1H), 2.74-2.63 (m, TH), 1.59 ppm (s, 9H); *C NMR
(CDCly): 6=193.6, 153.4, 152.2, 140.2, 137.9, 134.3, 133.9, 1334,
132.1, 131.8, 131.6, 131.5, 129.5, 129.0, 128.3, 127.7, 127.1, 126.7,
126.3, 126.1, 125.1, 125.0120.8, 116.9, 81.3, 30.6, 28.6, 20.6 ppm; MS
(API/ES): m/z: 448.20 [M—1]; found: 448.2.

tert-Butyl 4-(3-formylphenanthren-4-yl)naphthalen-1-yl carba-
mate (20): DDQ (13.9 g, 61 mmol, 1.25 equiv) was added to alkene
19 (22.0 g, 49 mmol) in benzene (1.5 L) and heated to reflux over
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the weekend. NMR spectroscopic analysis revealed complete con-
version. The mixture was cooled to RT and filtered over celite. The
residual solids were washed with toluene, and the mother liquor
with 1M NaOH (3x1L). The combined aqueous layers were ex-
tracted with toluene (1 L), dried over Na,SO,, and concentrated to
give biaryl compound 20 as a brown solid, which was used as
such in the next reaction (16.7 g, 76% vyield). "H NMR (CDCl,): 6 =
9.48 (s, TH), 8.28 (d, 1H), 8.19 (d, TH), 8.09 (t, 2H), 7.80-7.91 (m,
3H), 7.48-7.57 (m, 2H), 7.38 (m, 3H), 7.29 (t, TH), 7.18 (brs, TH),
7.93 (t, 1H), 1.63 ppm (s, 9H); ®CNMR (CDCl;) 6=193.1, 153.5,
143.1, 137.4, 134.7, 134.2, 133.9, 133.8, 132.8, 131.2, 131.1, 130.0,
129.8, 129.2, 128.8, 127.5, 127.4, 127.3, 127.0, 126.7, 126.6, 124.3,
121.0, 117.7, 81.3, 28.7 ppm; MS (API/ES): m/z: 470.17 [M+ Nal;
found: 470.1.

tert-Butyl 4-(3-ethynylphenanthren-4-yl)naphthalen-1-yl carba-
mate (9): K,CO; (10.8 g, 78.4 mmol, 2.1 equiv), followed by dimeth-
yl 1-diazo-2-oxopropylphosphonate (9.5 g, 49.6 mmol, 1.33 equiv),
was added to aldehyde 20 (16.7 g, 37.3 mmol) in MeOH (735 mL).
The resulting mixture was stirred overnight at RT, after which NMR
spectroscopic analysis revealed complete conversion. Heptane
(900 mL), saturated NaHCO,; (900 mL), EtOAc (1.8L), and water
(1.8 L) were added to the reaction mixture. The layers were sepa-
rated and the aqueous layer was extracted with EtOAc (900 mL).
The combined organic layers were dried over Na,SO, and concen-
trated to give the crude alkyne (17.6 g). This material was purified
over SiO, (1L; eluent: EtOAc/heptane 2:8) to give alkyne 9 as
a yellow solid (15 g, 91% yield). '"H NMR (CDCl,): 6 =8.12 (brd, 1H),
7.97 (q, 2H), 7.80 (g, 4H), 7.30-7.53 (m, 5H), 7.26 (m, TH), 7.05
(brs, 1H), 6.88 (t, TH), 2.73 (s, 1H), 1.62 ppm (d, 9H); *C NMR
(CDCLy): 6=153.7, 141.5, 137.1, 133.8, 133.7, 133.3, 132.8, 1304,
130.1, 129.1, 128.8, 128.5, 128.3, 127.6, 127.5, 126.9, 126.6, 126.5,
126.4, 126.2, 123.8, 120.8, 118.4, 114.4, 83.6, 82.0, 81.0, 28.7 ppm;
MS (API/ES): m/z: 444.19 [M+1]; found: 444.3.

5-Boc-aminohexahelicene (21): Alkyne 9 (5.0 g, 11.3 mmol) and
PtCl, (290 mg, 1.1 mmol, 10 mol%) were stirred overnight in tolu-
ene (415 mL) at 80°C, after which NMR spectroscopic analysis re-
vealed complete conversion. The mixture was concentrated and tri-
turated from EtOAc/heptane (2:8) to give helicene 21 as a yellow/
orange solid (4.8 g, 96% yield). "H NMR (CDCl,): 6=8.49 (brs, TH),
7.88-8.00 (m, 5H), 7.82 (t, 2H), 7.69 (d, 1H), 7.59 (d, 1H), 7.17-7.29
(m, 3H), 7.11 (brs, 1H), 6.63-6.72 (m, 2H), 1.65 ppm (m, 9H);
BCNMR (CDCly): 6=153.7, 132.9, 132.0, 132.0 (2nd), 131.8, 131.6,
130.8, 130.1, 128.8, 128.0, 127.9, 127.7, 127.6, 127.5, 127.2, 127.0,
126.5, 125.9, 125.6, 125.3, 124.9, 124.8, 124.2, 122.5, 119.6, 81.2,
28.7 ppm; MS (API/ES): m/z: 442.19 [M—1]; found: 442.2.

5-Aminohexahelicene hydrochloride (22): Boc-amino helicene 21
(4.8 g, 10.8 mmol) was stirred overnight in 4N HCl in dioxane
(30 mL) at RT. The resulting solid was collected by filtration,
washed with Et,0, and dried on the rotary evaporator to give HCl
salt 22 as a yellow/brown solid. 'H NMR ([D;JDMSO): 6 =8.01-8.14
(m, 7H), 7.92-7.99 (d, 2H), 7.61 (brs, 1H), 7.45-7.52 (dd, 2H), 7.23-
735 (m, 2H), 6.64-6.75 ppm (m, 2H); *CNMR ([Dg]DMSO): =
134.0, 133.4, 132.1, 131.8, 130.9, 130.7, 129.7, 128.8, 128.6, 128.2,
127.7, 127.6, 127.5, 127.1, 126.9, 126.8, 126.4, 125.6, 125.5, 123.5,
122.8 ppm; MS (API/ES): m/z: 344.14; found: 344.1.

5-Aminohexahelicene (8): Helicene salt 22 (3.0 g, 6.7 mmol) was
suspended in dichloromethane (100 mL) and was washed with sa-
turated NaHCO; (50 mL). The aqueous layer was extracted with di-
chloromethane (50 mL) and the combined organic layers were
dried over Na,SO, and concentrated to give amine 8 as a brown
solid (2.3 g, 85% yield). The material could be further purified by
column chromatography over SiO, (dichloromethane with 0.5%
7N NH; in EtOH) to provide a yellow-orange material. '"H NMR
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([DgIDMSO): 6=8.12 (d, TH), 7.93-8.05 (m, 3H), 7.89 (d, 1H), 7.82
(d, TH), 7.49 (d, 1H), 7.46 (dd, 1H), 7.21 (t, 2H), 7.07 (s, 1H), 6.61-
6.69 (dg, 2H), 6.13 ppm (brs, 2H); *C NMR ([DJDMSO) O = 144.8,
136.7, 134.1, 131.9, 131.6, 131.2, 130.1, 128.3, 128.1, 127.7, 127.1,
126.8, 126.0, 125.7, 125.4, 125.1, 124.5, 124.3, 122.7, 120.6, 104.0,
98.1, 91.6 ppm; MS (API/ES): m/z: 344.14 [M+1]; found: 344.1.
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