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Abstract: N-thiophthalimido- arylphenothiazines 2
and triarylamines 3 can be converted to dithia-
bridged triarylamine hetero[4]helicenes 1 using
catalytic amounts of chalcogen substituted Lewis
Bases and hexafluoro isopropanol as hydrogen bond
donor. The procedure occurs under mild reaction
conditions and gives good yields avoiding the use of
excesses of Lewis Acids as previously reported. A
preliminary study about the possibility to control the
M and P absolute stereochemistry of helicenes 1
using enantiopure sulfur containing LBs from the
natural chiral pool is also reported.

Keywords: Chirality; Hetero[4]helicenes; Organoca-
talysis; Lewis Bases; Hydrogen Bond Donor; Enan-
tioselectivity

Introduction

Chirality is a structural feature associated to objects of
all dimensions, from subatomic particles to galaxies,
and it is responsible of a great part of the properties of
these objects. Chiral molecules have a central role and
have found applications in biology, chemistry and,
above all, material science.!" In this context, helicenes
and helical shaped compounds represent a fertile field
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of research that, in the last years, had an impressive
growth in particular for their ability of acting as spin
filters through the Chirality Induced Spin Selectivity
(CISS) effect.’”” Indeed, any new synthetic approach
offering easy access to structural diverse helical
skeletons is highly desirable. We have developed the
chemistry  of  dithiabridged  triaryl amine
hetero[4]helicenes 1 (see Scheme 1) as a peculiar class
of geometrically stable [4]helicenes with racemization
barriers higher than 32 kcal/mol.”! The structure of
these compounds can be described as a bis-phenothia-
zine with an aryl ring and a nitrogen atom in common,
forced in a helical skeleton by the four long carbon-
sulfur bonds.”” Additionally, derivatives 1 demon-
strate a rich redox chemistry and, for example, the
easy access to the corresponding, exceptionally stable,
chiral radical cations by one-clectron oxidation has
been well documented.*”*!'"!

Hetero[4]helicenes 1 can be prepared® ' from
mono-N-thiophthalimido sulfenylated N-arylphenothia-
zines 2, or from bis-N-thiophthalimido sulfenylated
triaryl amines 3.'? These derivatives react with over
stoichiometric amounts of a Lewis Acid (LA, typically
AICl,), to give the helical bis-phenothiazine skeleton
via one, or two, intramolecular electrophilic aromatic
substitution (iSgAr) as depicted in Scheme 1 for the
preparation of hetero[4]helicenes 1a and 1b from 2a
and 3 a respectively.”>"!

The procedure is general and efficient enough to
obtain either C, symmetric or asymmetric alkyl and

© 2023 The Authors. Advanced Synthesis & Catalysis
published by Wiley-VCH GmbH


http://orcid.org/0000-0002-1637-9348
http://orcid.org/0000-0002-2451-5856
http://orcid.org/0000-0001-6745-7484
https://doi.org/10.1002/adsc.202300238
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadsc.202300238&domain=pdf&date_stamp=2023-05-17

asc.wiley-vch.de

Adva
Synthesis &
Catalysis

|

PhtNS Ref. 6

909 S
N LA, DCM, 1t N:©

2a Pht = Phthaloyl la

SNPht sjg/
j,«(j LA, DCM, rt N
Z "

PhtNS- i Ref. 3
3a

Scheme 1. Lewis acids mediated synthesis of helicenes 1 (the
(M) absolute configuration, in this Scheme and along the paper,
has been arbitrary chosen to indicate the chirality of these
systems).

alkoxy substituted [4]helicenes 1. Nevertheless, the
mandatory use of over stoichiometric amount of LAs
in DCM or CHCI; suggested to study alternative and
more sustainable procedures. At the same time, using,
at least, equimolar amounts of AICl; (typically 1.2-1.5
equivalents for each S-NPht group), can cause variable
amounts of O-dealkylated by-products when running
the reaction with alkoxy substituted 2 and 3. Addition-
ally, the need of stoichiometric amounts of LAs makes
unattainable the study of absolute stereochemistry
control.

Results and Discussion

In the last two decades, the use of aryl-N-thiophthali-
mides (Ar—S-NPht) as electrophilic sulfur transfer
reagents had a remarkable development. When the
nucleophiles of choice were aromatics or other 7-
carbon nucleophiles the great part of the catalyst used
were LA or Bronsted Acids for their ability to increase
the electrophilic character of the sulfenamidic sulfur
by interacting with the carboxylic oxygens of the
phthaloyl residue."”!

At the same time, Scott Denmark has developed a
new paradigm for sulfenylation of m-carbon nucleo-
philes with Ar—S—NPht by means of a strong Hydro-
gen Bond Donor (HBD), such as methansulfonic acid
(MsOH) or hexafluoro isopropanol (HFIP), and a
catalytic amount of a Lewis Base (LB). In fact, the
hydrogen bond between the phthaloyl carbonyls and
HFIP (or MsOH) promotes the attack of the LB to the
sulfur of Ar—S—NPht with elimination of the phthali-
mide anion and formation of a reactive cationic
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Ar—S—1.B" adduct intermediate that, in turn, can be
attacked by the m-carbon nucleophile.!'"

This appealing LB/HBD organocatalytic system
suggested to consider its application for the synthesis
of 1 from 2 (or 3), as a suitable solution to the above-
mentioned drawbacks. The envisaged mechanism for
the formation of hetero[4]helicene 1a from 2a via an
intramolecular LB/HBD catalytic process is depicted
in Scheme 2. In details, the hydrogen bond between
HFIP (or MsOH) and the phthaloyl carbonyls triggers
the attack of the LB to the sulfur and formation of a
cationic intermediate possessing a high electrophilic
sulfur linked to a very good leaving group (i.e., the
LB"). This intermediate can undergo the iSpAr
forming 1a while releasing the LB that could be used
in catalytic amounts (Scheme 2).

Thus, we run a detailed study to verify if the
mechanism depicted in Scheme 2 could actually work.
We initially considered the possibility to use MsOH as
HBD. Actually, one equivalent of MsOH for each
Ar—S-NPht group in DCM 0.05M, was able to
promote the formation of significant amounts of 1a
(50-60%).1"*'*! However, under such harsh acid con-
ditions, the real product formed was the radical cation
1a™*. We have well demonstrated that at low pH the
oxidation potential of helicenes 1 becomes low enough
to allow the mono-electronic oxidation to the corre-
sponding radical cations 1"° by atmospheric
oxygen.!"*

Thus, we switch to HFIP as a suitable HBD.
Mixing 2a in HFIP (25 mg in 250 pL) at rt for 48 h,
caused the formation of small amounts of 1a. The 'H
NMR spectra of the crude mixture indicated a 2a:1a
ratio of 86:14 (calculated by integration of the

2a

Scheme 2. A possible mechanism for the LB/HBD organo-
catalytic access to helicene 1a from N-thiophthalimido sulfeny-
lated N-arylphenothiazine 2 a.
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corresponding methoxy group signals at 3.78 ppm, and
3.64 ppm respectively), a conversion low enough to
appreciate any possible effect of catalysis by LBs. The
selection of the proper LBs was more challenging.
Operatively, we run the screening by mixing 2a in
HFIP (25 mg in 250 puL) kept at rt, in the presence of
10 mol% of the LB, monitoring the disappearance of
2a (and formation of 1a) by tlc. After the complete
consumption of 2 a, or after 48 h, and a trivial work-up
(see Experimental section) the 2a:la ratio was
measured by 'H NMR on the crude mixture as
discussed. Several LBs (TEA, Py, DMAP, THF, Et,0,
DMSO, Ph;P) were ineffective and 1a was obtained
with conversions similar to that observed with just
HFIP. On the other hand, some selenium and sulfur
containing LBs were able to efficiently promote the
reaction. In Figure 1 are depicted the selenium 4a-g
and sulfur Sa-g containing catalysts that ensured a
2 a:1a ratio better than 75:25, hence better than HFIP
alone. When the 1a:2a ratio was superior to 50:50 the
reaction was run on 0.2 mmol of 2a and la was
isolated by column chromatography. Table 1 summar-
ised the optimisation work done.

Denmark showed how compounds possessing a
R;P=Se residue were particular efficient in his
sulfenylation protocol."* Thus we started testing
triphenylphosphine selenide 4a as LB. Pleasingly,
running the reaction of 2a in the presence of 10 mol%
of 4a, after 48 h at rt we could verify the complete
disappearance of 2a. Running the reaction on
0.2 mmol of 2 a, helicene 1a was isolated in 60% yield
(Table 1, entry 2).['

Having in hand a LB able to promote the process,
we verified the actual role of the HBD by running the
reaction in DCM without HFIP. As reported in Table 1
entry 3, after 48 h at rt no trace of 1a was detected,
indicating the mandatory role of both the LB and the

Se Se
l|3| Se Se
Ph;h/ Sph HNT ONH, Ph7 Ph PhTTON
4a 4b 4c 4d
Se, Se_ _-Ph Se
O™, T s N ssdh
3 11
de af 4g
ﬁ S
P. S S
Ph;h/ SPh H,NT ONH, Ph” Ph PR
5a 5b 5c 5d
/S\Hﬁ Ph/S\S/Ph S/j\/\/\COOH
Se 5f s 5S¢

Figure 1. Chalcogen containing LBs that allowed a 2a:1a ratio
better than 75:25 after 48 h at rt.
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Table 1. Optimization of LB/HBD organocatalytic synthesis of
helicene 1a from 2 a.

Entry™ LB Reaction 2a:la Yield
time (h)™ Ratiol®! (%)@

11! - 48 86:14 -

2 4a 48 2:98 60
3t 4a 48 98:2 -

4le! 4a 48 55:45 -

5t 4a 48 2:98 61

6 4b 48 63:37 -

7 4c 48 60:40 -

8 4d 48 2:98 80

9 4e 44 2:98 62
10 4f 48 70:30 -

11 4g 48 50:50 -

12 5a 48 65:35 -

13 5b 8 2:98 75

14 5¢ 48 75:25 -

15 5d 48 10:90 56
16 5e 2 2:98 75

17 5f 48 75:25 -
181! 5g 5 2:98 77

2 Unless otherwise indicated reactions were performed with
25 mg of 2a in 250 uL of HFIP and 10 mol% of LB at rt
under air.

] Reactions were stopped after complete consumption of 2a
monitored by tlc or after 48 h.

[l Ratios were measured by '"H NMR on the crude mixtures.

@ solated yields of helicene 1a running the reaction on
0.2 mmol of 2 a.

I Without LB.

' With 2a 0.04 M in DCM, no HFIP.

el With 5 mol% of 4a.

1 With 20 mol% of 4 a.

) With racemic lipoic acid (£ 5g).

HBD for promoting the iSgAr. We studied then the
reaction with different amount of organocatalyst 4a.
With 5 mol% of 4a, the conversion after 48 h was
sensibly lower with a 2a:1a ratio roughly 55:45
(Table 1, entry 4), while using 20 mol% of 4a any real
improvement in terms of reaction time and isolated
yields of 1a was achieved (Table 1, entry 5). Thus, we
studied the catalytic activity of all the other LBs tested
using a 10 mol% amount. Using selenourea 4b as LB
a poor 2a:la ratio of 63:37 (Table 1, entry 6) was
measured after 48 h. With diphenyl diselenide 4 ¢, after
48 h, almost half of the starting material remained
unconsumed (Table 1 entry 7), while, very satisfacto-
rily, selenoanisole 4d and di-n-butyl selenide 4e
caused the complete consumption of 2 a after 48 h and
44 h and working on 0.2 mmol of 2a allowed the
isolation of 1a in 80% and 62% yield respectively
(Table 1, entries 8 and 9). When the reaction was
carried out with diphenyl diselenide 4f and di-n-
dodecyl diselenide 4 g worst results were obtained with
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2a:1a ratios of 70:30 and 60:40 respectively (Table 1, s s,j : sj : )
Once demonstrated that different classes of sele- Kj/
nium containing LBs are organocatalysts able to PhtNS PhtNS oy PhINS
promote the formation of hetero[4]helicene 1a from )
2 a with conversions and isolated yields comparable to

those obtained using over stoichiometric amounts of
LAs,”% we move to verify the ability of sulfur
containing LBs. The first sulfur containing LB tested
was triphenylphosphine sulfide Sa that, disappoint-
ingly and in contrast with seleno analogue 4a, gave a
low conversion (2a:1a as 65:35, Table 1, entry 12).

A different behaviour was observed with thiourea
5b that gave, in just 8 h, the complete consumption of
2a and allowed the isolation of 1a in 75% yield
(Table 1, entry 13). Using sulfides as LBs a trend
similar to that experienced with selenides was
observed. In fact, diphenyl sulfide Sc¢ gave a poor
conversion (75:25), while thioanisole 5d worked better
giving a 10:90 ratio and 56% isolated yield of 1a
(Table 1, entries 14 and 15). Delightfully, methyl-n-
dodecyl sulfide Se, chosen as an odourless dialkyl
sulfide, revealed to be one of the most efficient
catalysts tested with a complete conversion in just 2 h
and 75% isolated yield of 1a (Table1, entry 16).
Eventually, diphenyl disulfide Sf showed a poor
efficiency (75:25, Table 1, entry 17), while racemic
lipoic acid 5g, chosen as a model dialkyl disulfide,
ensured the complete consumption of 2a in 5h and
77% isolated yield of 1a (Table 1, entry 18). Thus,
thiourea Sb, methyl-n-dodecyl sulfide 5e and lipoic
acid 5g, are efficient organocatalysts for the LB/HBD
preparation of helicene 1a from thiophthalimide 2a.
Generally speaking, sulfur compounds are more easily
available, safer to handle and with less toxicity
complains than the corresponding selenium species,
thus we (mainly) focussed to sulfur containing LBs for
studying the scope of the procedure. N-Thiophthali-
mides 2 b-¢, and 3 a-c used, and helicenes 1b-¢ formed
are depicted in Figure 2. Results achieved are summar-
ized in Table 2. Thiourea Sb, methyl dodecyl sulfide
5e and racemic lipoic acid 5g, were able to efficiently
promote the reaction of mono-sulfenylated derivatives
2 b-e allowing the isolation of helicenes 1 ¢-f (Table 2,
entries 1-9) with medium to good yields comparable
to those reported with excess of LAs. Worth of
mention, yield reported in entry 1 refers to a reaction
carried out on 2.0 g of 2b. O-Benzylated derivative 2 ¢
could be transformed, in few hours, into helicene 1d,
using 5b, S5e and 5g (Table 2, entries 3-5). Indeed,
helicene 1d cannot be prepared from 2c¢ using AICl,
since a remarkable amount of debenzylated by-prod-
ucts are formed. These by-products are not observed
under the LB/HDB condition.

Reacting derivative 2e with either 5b and Se we
observed the formation of, roughly, 2:3 mixtures of

Adv. Synth. Catal. 2023, 365, 1705—1712
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Figure 2. Sulfenylated N-arylphenothiazines 2 and triaryl-
amines 3 tested (upper frame), and helicenes 1 obtained (bottom
frame) studying the reaction’s scope.

helicene 1f and 1f° (Table 2, entries 8, 9) paralleling
the result achieved with A1CI,.[

A more detailed study was devoted to the possibil-
ity of using this new procedure for the transformation
of bis-sulfenylated triaryl amines 3 to helicenes 1 via
two consecutive iSgAr (from 3 to 2, and from 2 to 1).
Trimethyl derivative 3a was reacted, under the
optimized conditions, with 10 mol% of 4a, 5b, 5d, Se
and S5g. All the reactions allowed the complete
consumption of 3 a, being dialkyl sulfide Se and alkyl
disulfide 5g the more efficient catalysts in term of
reaction time (Table 2, entries 10—14). Overall yield
ranged from 55% to 81% indicating as the LB/HBD
methodology can be applied to bis-sulfenylated deriv-
atives 3 as well. Trimethoxy derivative 3b gave pretty
similar good results with catalysts 4a, 5b and 5e with
40-81% isolated yields of 1g (Table 2 entries 15-17).

© 2023 The Authors. Advanced Synthesis & Catalysis
published by Wiley-VCH GmbH

asUB217 SUoWIWOD aAa1D a|geal|dde ayy Aq pausenob ale sapiie YO ‘8sn Jo sajnu 10y AkeiqiauljuQ A8 1M UO (SUOIPUOD-PUR-SLWLIBW0D B | 1M Ale.d 1 pu|uo//SAdny) SUORIPUOD pue sWwd | 8y 89S *[£202/50/c2] Uo AriqiTauluo Ao|IM ‘ BURISIS 8zudl I IQ BISIPAIUN


http://asc.wiley-vch.de

asc.wiley-vch.de

Adva
Synthesis &
Catalysis

Table 2. Scope of LB/HBD organocatalytic synthesis of heli-
cenes 1 from 2 and 3.

Entry™  Sub. LB  Time  2/3:1 Helicene
(h)™ Ratiol  (Yield %)

| b Se 4 2:98 1c(72)

2 b 53 6 2:98 lc(74)

3 2¢ 5b 12 2:98 1d (68)

4 2¢ Se 4 2:98 1d (65)

5 2¢ 53 9 2:98 1d (64)

6 2d 5b 24 2:98 le (56)

7 2d Se 20 2:98 1e (70)

gl 2e 5b 8 2:98 1£:1£ (74)

glel 2e Se 7 2:98 1f:11 (86)

10 3a 4a 48 2:98 1b (81)

11 3a 5b 48 2:98 1b (55)

120 3a 54 48 2:98 1b (72)

13 32 Se 17 2:98 1b (72)

14 3a 55 21 2:98 1b (78)

15 3b 42 48 2:98 1g(81)

16 3b S5e 29 2:98 1g (68)

17 ib 5z 23 2:98 1g (40)

18 3¢ 5b 48 35:65 1h (46)

19 3¢ Se 48 25:75 1h (53)

[l Unless otherwise indicated reactions were performed on
25 mg of substrate 2/3 in 250 pL of HFIP and 10% mol of
LB at rt under air.

(] Reactions were stopped after complete consumption of 2/3
monitored by tlc or after 48 h.

[l Ratios were measured by '"H NMR on the crude mixtures.

[ Isolated yields of helicenes 1 obtained running the reaction
under the same condition but on 0.2 mmol of 2/3.

[ Isolated as a 2:3 mixture of regioisomers.

Eventually, we observed a slow transformation of
dimethyl bromo derivate 3¢ to helicene 1h even with
thiourea Sb or sulfide Se (Table 2, entries 18, 19).
Nevertheless, repeating the reaction with 0.2 mmol of
3¢ helicene 1h was isolated in 46% and 53% yield
paralleling the results achieved with AICI;.1"

Results reported in Table 2 indicate the LB/HBD
organocatalytic approach as a general, efficient, and
sustainable step forward for the preparation of
hetero[4]helicenes 1 from 2 and 3 under mild con-
ditions. Thus, we decided to verify whether this new
methodology could be exploited for the control of the
absolute stereochemistry of helicenes 1 using enantio-
pure LBs. Several helicenes 1 have been resolved by
HPLC,P>*' and for specific derivatives a chemical
resolution was also possible.!'”’ However, the possibil-
ity of running enantioselective synthesis of helical
shaped compounds is a challenging goal. "* Pheno-
thiazine 2a was used as model substrate and enantio-
pure selenium substituted LBs 4h-j, and sulfur
substituted LBs (R)-5g, and 5h-m (Figure 3) were
selected by their availability among the classes of

Adv. Synth. Catal. 2023, 365, 1705—1712
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Figure 3. Enantiopure LBs tested in this study.

chalcogen derivatives that ensured a complete and fast
conversion (see Table 1).

All the reactions were followed till the complete
disappearance of 2a or for 24 h. The decision to stop
the reaction after 24 h, independently upon the com-
plete conversion, was taken to minimize the unavoid-
able formation of some racemic helicene 1a caused by
HFIP (Table 1, entry 1). The enantiomeric ratio (e.r.)
was measured on the crude mixtures by HPLC with a
Chiralpak IA column. Data obtained are collected in
Table 3. The first enantiopure LB tested was seleno-
phosphoramide 4h, a catalyst that allowed an almost
complete control of absolute stereochemistry in Den-
mark’s chemistry.'" Regrettably, 4h allowed only a
partial consumption of 2a (Table 3 entry 1), and 1a
was obtained as a racemic mixture. A similar result
was achieved with (R)-Se-methylated selenocysteine 41
(2a:1a ratio of 35:65, and 54:46 e.r., Table 3, entry 2).
The protection of 4i as N-Fmoc gave LB 4j. This new
catalyst allowed the complete consumption of 2a in
7 h but 1a was again obtained as a racemic mixture
(Table 3, entry 3). Moving to enantiopure sulfur con-
taining LBs the results were more encouraging.

In fact, using enantiopure lipoic acid (R)-5g the
complete consumption of 2a was achieved in, roughly,
10h and 1a was obtained in 71:29 e.r. (Table 3,
entry 4). (R)-S-Methylated N-Fmoc-cysteine Sh and
(R)-S-methylated N-acetylcysteine 5i, gave poor con-
versions and la was obtained as racemic mixture
(Table 3, entries 5, 6). However, when N-Fmoc-me-
thionine 5j was used as catalyst the complete con-
sumption of 2a occurred in 22 h and 1a was obtained
in a 28:72 e.r. (Table 3, entry 7). Using bicyclic sulfide

© 2023 The Authors. Advanced Synthesis & Catalysis
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Table 3. Enantioselective LB/HBD organocatalytic approach to
helicene 1a from 2 a.

Entry®™ LB Time (h)® 2a:1aRatio™ 1aE.r.
1 4h 24 45:55 50:50
2 4i 24 35:65 54:46
3 4j 7 2:98 50:50
4 (R)5g 10 2:98 71:29
5 5h 24 75:25 50:50
6 5i 24 70:30 50:50
7 5j 22 2:98 28:72
8 5k 1 2:98 42:58
9 51 24 2:98 57:43
10 S5m 7 2:98 67:33
116 Sm 24 45:55 57:43

[l Unless otherwise indicated reactions were performed with
25 mg of 2a in 250uL of HFIP and 10 mol% of LB at rt
under air.

] Reactions were stopped after complete consumption of 2a
monitored by tlc or after 24 h at rt.

[l Ratios were measured by '"H NMR on the crude mixtures.

[ E.r. measured on the crude mixtures by HPLC on Chiralpak
IA.

) The reaction was kept at 5°C for 24 h.

5k as catalyst, we observed a very fast reaction with
the complete consumption of 2a in roughly 1 h, with,
however, a limited 42:58 e.r. (Table 3, entry 8).
Eventually, we tested enantiopure thioureas 51 and
S5m. Indeed, both these LBs allowed the complete
consumption of 2a, in 24 h and 7 h, and the formation
of 1a with er. of 57:43 and 67:33 respectively
(Table 3, entries 9, 10). Enantioselectivity was not
improved running the reaction of 2a and Sm at lower
temperature. Actually, after 24 h at 5°C the expected
poor consumption of 2a (2a:1a ratio 45:55) was
associated with an erosion of e.r. (57:43, Table 3,
entry 11).

Although enantiomeric excesses were not better
than 44%, it is worth of mention that this result has
been achieved with simple easily available sulfur
containing enantiopure LBs selected from the natural
chiral pool. Additionally, using (R)-5g as organo-
catalyst the major isomer (Table 3, entry 4) was the
first eluted ( +)-1a, while with LB 5j the major isomer
was the second eluted (—)-1a (Table 3, entries 4 and
7)1"%2% (see also the Supporting Information).

Thus, the selection of the (M) or (P) major helicene
1a is not limited to the availability of both enantiomers
of the LB used, not a trivial task for catalysts selected
from the natural chiral pool.

Conclusion

We have shown, for the first time, that mono-N-
thiophthalimido sulfenylated phenothiazines 2 and bis-
N-thiophthalimido sulfenylated triaryl amines 3 can be

Adv. Synth. Catal. 2023, 365, 17051712 Wiley Online Library

transformed into hetero[4]helicenes 1 using a Lewis
Base Hydrogen Bond Donor (LB/HBD) organocata-
lytic system. The LBs able to promote the trans-
formation are chalcogen substituted derivatives such as
phosphine selenides and sulfides, thioureas, dialkyl
selenides and sulfides, and dialkyl disulfides.”") The
process occurs under mild reaction condition, has a
wide scope, gives good yields, and allows to avoid
over-stoichiometric amount of LAs as promoters.
Using enantiopure sulfur containing LBs selected from
the natural chiral pool, as, inter alia, (R)-lipoic acid or
(S)-N-Fmoc-methionine, enantiomeric excess up to
44% were achieved with the possibility to select the
(M) or (P) absolute stercochemistry of the major
enantiomer formed.

Experimental Section

'H and "C NMR spectra were recorded with Varian Mercury
Plus 400, Varian Inova 400, using CDClI; as solvent. Residual
CHCI; at 0=7.26 ppm and central line of CDCl; at 6=
77.00 ppm were used as the reference of '"H-NMR spectra and
3C NMR spectra, respectively. ESI-MS spectra were recorded
with a JEOL MStation JMS700. Melting points were measured
with a Stuart SMP50 Automatic Melting Point Apparatus. All
the reactions were monitored by TLC on commercially
available precoated plates (silica gel 60 F 254) and the products
were visualized with acidic vanillin solution. Silica gel 60
(230400 mesh) was used for column chromatography. Exper-
imental HPLC Analytical (250%4.6 mm) column packed with
Chiralpak IA chiral stationary phase was purchased from Chiral
Technologies Europe. The HPLC resolution of products was
performed on a HPLC Waters Alliance 2695 equipped with a
200 pL loop injector and a spectrophotometer UV Waters PDA
2996. The mobile phase, delivered at a flow rate of 1.2 mL/min,
was hexane/DCM 90/10. HFIP and Lewis bases were used as
received without further purifications. Phthalimide sulfenyl
chloride, mono-N-thiophthalimido sulfenylated phenothiazines
2, and bis-N-thiophthalimido sulfenylated triaryl amines 3 have
been reported elsewhere.'? Preparation of helicene 1d is
reported as a general example of the methodology, data of
known helicenes 1a-c and 1e-h,**% are available as Supporting
Informations.

2-(benzyloxy)-3-methylbenzo[5,6][1,4]thiazino[2,3,4-

klphenothiazine (1d). To a well stirred suspension of N-
thiophthalimide 2¢, 114 mg 0.20 mmol, in 250 uL of HFIP,
sulfide Se, 4 mg 0.02 mmol, is added and the mixture kept at
room temperature till the complete disappearance of 2¢ (4 h)
monitored by tlc. The mixture was diluted with EtOAc (30 mL),
washed twice with 10% NaHCO; and with Brine, and
evaporated to dryness. Silica gel flash chromatography (eluent
Petroleum ether:DCM =2:1) allowed the isolation of helicene
1d as a white solid (55 mg, 65% yield). M.p. 190-192°C; 'H
NMR (400 MHz, CDCl;) 6 7.37-7.28 (m, 5H), 7.22-7.18 (m,
1H), 7.07-6.91 (m, 6H), 6.72 (s, 1H), 4.90 (AB system, J=
12.0 Hz, 2H), 2.23 (s, 3H) ppm; *C NMR (100 MHz, CDCl,) &
156.38, 142.98, 140.83, 139.74, 136.92, 129.11, 128.48, 127.83,
127.78, 127.43, 127.08, 126.73, 126.30, 125.76, 125.59, 125.43,
124.67, 124.38, 124.31, 120.29, 117.15, 105.18, 70.05,
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15.94 ppm; ESI-MS, m/z: 426 (M+H)"; Elemental analysis,
Calculated for C,H,,NOS,: C, 73.38; H, 4.50; N, 3.29. Found
C, 73.66; H, 4.71; N, 3.33.

Acknowledgements

Authors are indebted with Prof. S. E. Denmark for a gift of LB
4h and helpful discussions. Supports provided by the MUR —
Dipartimenti di Eccellenza 2023-2027 (DICUS 2.0) to the
Department of Chemistry “Ugo Schiff” of the University of
Florence and by the Horizon Europe Program through the
ERC-Synergy project CASTLE (proj. n. 101071533) are
acknowledged.

References

[1] a) J. W. Canary, Chem. Soc. Rev. 2009, 38, 747-756;
b) Y. Yang, B. Rice, X. Shi, J. R. Brandt, R. Cor-
rea da Costa, G.J. Hedley, D.-M. Smilgies, J. M. Frost,
I. D. W. Samuel, A. Otero-de-la-Roza, E.R. Johnson,
K. E. Jelfs, J. Nelson, A. J. Campbell, M. J. Fuchter ACS
Nano 2017, 11, 8329-8338; c) R. Naaman, Y. Paltiel,
D. H. Waldeck Acc. Chem. Res. 2020, 53, 2659-2667,
d) H. Kuang, C. Xu, Z. Tang Adv. Mater. 2020, 32,
2005110; e) X. Wei, J. Liu, G.-J. Xia, J. Deng, P. Sun,
J.J. Chruma, W. Wu, C. Yang, Y.-G. Wang, Z. Huang
Nat. Chem. 2020, 12, 551-559.

[2] a) Y. Shen, C.-F Chen Chem. Rev. 2012, 112, 1463-
1535; b) V. Kiran, S.P. Mathew, S.R. Cohen, I
Hernandez Delgado, J. Lacour, R. Naaman, Adv. Mater.
2016, 28, 1957-1962; c) C. Shen, G. Loas, M. Srebro-
Hooper, N. Vanthuyne, L. Toupet, O. Cador, F. Paul, J. T.
Lypez Navarrete, F.J. Ramirez, B. Nieto-Ortega, J.
Casado, J. Autschbach, M. Vallet, J. Crassous Angew.
Chem. Int. Ed. 2016, 55, 8062-8066; d) S. Jhulki, A. K.
Mishra, T.J. Chow, J. N. Moorthy Chem. Eur. J. 2016,
22, 9375-9386; e) Y. Nakakuki, T. Hirose, H. Sotome,
H. Miyasaka, K. Matsuda J. A4m. Chem. Soc. Soc. 2018,
140, 4317-4326; f) M. Kettner, V. V. Maslyuk, D.
Niirenberg, J. Seibel, R. Gutierrez, G. Cuniberti, K.-H.
Ernst, H. Zacharias, J. Phys. Chem. Lett. 2018, 9, 2025—
2034; g) K. Dhbaibi, L. Favereau, J. Crassous Chem.
Rev. 2019, 119, 8846-8953; h) E.S. Gauthier, R.
Rodriguez, J. Crassous Angew. Chem. Int. Ed. 2020, 59,
22840-22856; i) A. Ishii, A. Shiotari, Y. Sugimoto
Chem. Sci. 2021, 12, 13301-13306; j) M. Atzori, K.
Dhbaibi, H. Douib, M. Grasser, V. Dorcet, 1. Breslavetz,
K. Paillot, O. Cador, G. L. J. A. Rikken, B. Le Guennic,
J. Crassous, F. Pointillart, C. Train, J. Am. Chem. Soc.
2021, /43, 2671-2675.

[3] G. Lamanna, C. Faggi, F. Gasparrini, A. Ciogli, C.
Villani, P. J. Stephens, F. J. Devlin, S. Menichetti, Chem.
Eur. J. 2008, 14, 5747-5750.

[4] S. Menichetti, S. Cecchi, P. Procacci, M. Innocenti, L.
Becucci, L. Franco, C. Viglianisi, Chem. Commun. 2015,
51, 11452-11454.

Adv. Synth. Catal. 2023, 365, 1705—1712

Wiley Online Library 1711

[5] G. Longhi, E. Castiglioni, C. Villani, R. Sabia, S.
Menichetti, C. Viglianisi, F.J. Devlin, S. Abbate, J.
Photochem. Photobiol. A 2016, 331, 138-145.

[6] S. Menichetti, C. Faggi, M. Onori, S. Piantini, M.
Ferreira, S. Rocchi, M. Lupi, I. Marin, M. Maggini, C.
Viglianisi Eur. J. Org. Chem. 2019, 168-175.

[71 R. Amorati, L. Valgimigli, A. Baschieri, Y. Guo, F.
Mollica, S. Menichetti, M. Lupi, C. Viglianisi
ChemPhysChem 2021, 22, 1446—-1454.

[8] M. Lupi, S. Menichetti, P. Stagnaro, R. Utzeri, C.
Viglianisi, Synthesis 2021, 53, 2602-2611.

[9] N. Giaconi, A. L. Sorrentino, L. Poggini, M. Lupi, V.
Polewczyk, G. Vinai, P. Torelli, A. Magnani, R. Sessoli,
S. Menichetti, L. Sorace, C. Viglianisi, M. Mannini
Angew. Chem. Int. Ed. 2021, 60, 15276—15280.

[10] B. D. Gliemann, A. G. Petrovic, E. M. Zolnhofer, P. O.
Dral, F. Hampel, G. Breitenbruch, P. Schulze, V.
Raghavan, K. Meyer, P. L. Polavarapu, N. Berova, M.
Kivala Chem. Asian J. 2017, 12, 31-35.

[11] a) C. Kim, H. Choi, S. Paek, J.J. Kim, K. Song, M. S.
Kang, J. Ko J. Photochem. Photobiol. A 2011, 225, 17—
23; b) Z. Ma, Z. Yang, L. Mu, L. Deng, L. Chen, B.
Wang, X. Qiao, D. Hu, B. Yang, D. Ma, J. Penga, Y. Ma,
Chem. Sci. 2021, 12, 14808; c) S. Miguez-Lago, B. D.
Gliemann, M. Kivala, M. M. Cid, Chem. Eur. J. 2021,
27, 13352-13357; d) D. Zhang, C. Jiang, Z. Wen, X.
Feng, K. Li Chem. Eur. J. 2022, 28, ¢202202305.

[12] Derivatives 2 and 3 are prepared reacting N-arylpheno-
thiazines or triarylamines with the proper amount of
phthalimidesulfenyl chloride PhtNSCl (Pht=Phthaloyl)
as well documented in references 3—11.

[13] a) M. Tudge, M. Tamiya, C. Savarin, G. R. Humphrey
Org. Lett. 2006, 8, 565-568; b) E. Marcantoni, R.
Cipolletti, L. Marsili, S. Menichetti, R. Properzi, C.
Viglianisi Eur. J. Org. Chem. 2013, 132—-140; c) H. Tian,
C. Zhu, H. Yang, H. Fua Chem. Commun. 2014, 50,
8875-8877; d) T. Hostier, V. Ferey, G. Ricci, D.
Gomez Pardo, J. Cossy Org. Lett. 2015, 17, 3898-3901;
e) T. Hostier, V. Ferey, G. Ricci, D. Gomez Pardo, J.
Cossy Chem. Commun. 2015, 51, 13898-13901; f) M.
Chaitanya, P. Anbarasan Org. Lett. 2018, 20, 3362-3366.

[14] For a selection of the work done by S. E. Denmark on
enantioselective sulfenylation with Ar.-S-NPht under LB/
HBD catalysis see: a) S. E. Denmark, E. Hartmann,
D. J. P. Kornfilt, H. Wang Nat. Chem. 2014, 6, 1056—
1064; b) S. E. Denmark, H. Min Chi, J. Am. Chem. Soc.
2014, 136, 8915-8918; ¢) Z. Tao, K. A. Robb, K. Zhao,
S. E. Denmark J. Am. Chem. Soc. 2018, 140, 3569-3573;
d) A. Matviitsuk, S. E. Denmark Angew. Chem. Int. Ed.
2019, 58, 12486-12490; e) J. L. Panger, S. E. Denmark
Org. Lett. 2020, 22, 2501-2505.

[15] C. Viglianisi, C. Faggi, S. Piantini, P. Procacci, L.
Becucci, S. Menichetti J. Org. Chem. 2013, 78, 3496—
3502.

[16] We verified that running the reactions on well-stirred
suspensions of 2/3 in HFIP gave, in terms of reaction
time and isolated yield, the same results obtained running
the reactions in HFIP solutions (the solubility of 2a in

© 2023 The Authors. Advanced Synthesis & Catalysis
published by Wiley-VCH GmbH

- MBYOIB N 0L RIS AQ 8EZ00EZ0Z ISPR/200T 0T/I0P/W0d" A8 1M Areid 1BUI|UO//SANY WO PopeoiuMOd ‘0T ‘€202 ‘6ITYSTIT

asUB217 SUoWIWOD aAa1D a|geal|dde ayy Aq pausenob ale sapiie YO ‘8sn Jo sajnu 10y AkeiqiauljuQ A8 1M UO (SUOIPUOD-PUR-SLWLIBW0D B | 1M Ale.d 1 pu|uo//SAdny) SUORIPUOD pue sWwd | 8y 89S *[£202/50/c2] Uo AriqiTauluo Ao|IM ‘ BURISIS 8zudl I IQ BISIPAIUN


https://doi.org/10.1039/b800412a
https://doi.org/10.1002/adma.201504725
https://doi.org/10.1002/adma.201504725
https://doi.org/10.1021/acs.jpclett.8b00208
https://doi.org/10.1021/acs.jpclett.8b00208
https://doi.org/10.1021/jacs.0c13180
https://doi.org/10.1021/jacs.0c13180
https://doi.org/10.1002/chem.200800705
https://doi.org/10.1002/chem.200800705
https://doi.org/10.1039/C5CC04007H
https://doi.org/10.1039/C5CC04007H
https://doi.org/10.1016/j.jphotochem.2015.12.011
https://doi.org/10.1016/j.jphotochem.2015.12.011
https://doi.org/10.1039/D1SC04118E
https://doi.org/10.1021/ja5046296
https://doi.org/10.1021/ja5046296
http://asc.wiley-vch.de

UPDATES asc.wiley-vc

Adva
Synthesis &
Catalysis

h.de

HFIP is roughly 0.04 M). This allowed to minimize the
amount of HFIP required for the process.

[17] M. Lupi, M. Onori, S. Menichetti, S. Abbate, G. Longhi,
C. Viglianisi, Molecules 2022, 27, 1160.

[18] For a general survey of the enantioselective synthesis of
helicenes see: K. Tanaka in Helicenes Synthesis, Proper-
ties, and Applications (Eds: J. Crassous, 1. G. Stara, I.
Stary), WILEY-VCH GmbH, Boschstrale 12, 69469
Weinheim, Germany, 2022, pp 103—126.

[19] For all the dithiabridged hetero[4]helicenes 1 resolved so
far (chemically or by HPLC), the first eluted (4)-enan-
tiomers showed the (P) absolute configuration (see
references 3, 5, 10, 17).

[20] The preferential formation of the (+)-(P) enantiomer was
also observed for thioureas 51 and 5m.

[21] For other examples of chalcogen compounds as organo-
catalysts see: E. M. McGarrigle, E. L. Myers, O. Illa,
M. A. Shaw, S. L. Riches, V. K. Aggarwal Chem. Rev.
2007, 107, 5841-5883.

Adv. Synth. Catal. 2023, 365, 17051712 Wiley Online Library 1712

© 2023 The Authors. Advanced Synthesis & Catalysis
published by Wiley-VCH GmbH

- MBYOIB N 0L RIS AQ 8EZ00EZ0Z ISPR/200T 0T/I0P/W0d" A8 1M Areid 1BUI|UO//SANY WO PopeoiuMOd ‘0T ‘€202 ‘6ITYSTIT

asUB217 SUoWIWOD aAa1D a|geal|dde ayy Aq pausenob ale sapiie YO ‘8sn Jo sajnu 10y AkeiqiauljuQ A8 1M UO (SUOIPUOD-PUR-SLWLIBW0D B | 1M Ale.d 1 pu|uo//SAdny) SUORIPUOD pue sWwd | 8y 89S *[£202/50/c2] Uo AriqiTauluo Ao|IM ‘ BURISIS 8zudl I IQ BISIPAIUN


https://doi.org/10.3390/molecules27041160
http://asc.wiley-vch.de

