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Two new chiral tetrathia[7]helicene (7-TH) based tertiary
phosphine oxides (*)-2b and (*)-2c¢, bearing two substitu-
ents on the phosphorus atoms with different steric and elec-
tronic properties, have been synthesised and fully character-
ised by means of analytical and spectroscopic techniques.
The resolution of (*)-2a-c into their antipodes was ac-
complished by HPLC separation on a chiral stationary phase,
and their chiroptical properties were investigated by CD

spectroscopy. The behaviour of 2a—c as organocatalysts was
assessed in representative reactions mediated by tri- or tetra-
chlorosilane. 7-TH-based phosphine oxides 2a and 2b pro-
moted both ketoimine reduction and stereoselective carbon-
carbon bond formation in good chemical yields and dia-
stereoselectivity, albeit with low enantioselectivity, thus
opening the way to the development of a novel class of
enantiopure helical-based phosphorus organocatalysts.

Introduction

Helicenes are ortho-annulated polycyclic aromatic or het-
eroaromatic compounds endowed with an inherently chiral
n-conjugated system. Such compounds have attracted con-
siderable attention due to their unique properties and po-
tential applications,!!l mostly based on their chiral confor-
mation. Remarkable examples of their application include
chiroptical devices,? self-assembly,! supramolecular chem-
istry, biomolecular recognition,® and asymmetric cataly-
sis.l>81 The unique stereochemical properties of these in-
herently chiral helical systems allow the chiral environment
in the proximity of the catalytically active centre to be tuned
by structural modification. It is therefore rather surprising
that this area of research is still underdeveloped in terms
of the number of compounds, the structural diversity, and
applications. In fact, whereas the use of helicenes as build-
ing blocks for the design of phosphorus-based chiral li-
gands in homogeneous transition-metal catalysis has been
explored,[”! helical structures have been considered much
less as potential chiral ligands in organocatalysis, despite
the impressive amount of work over the last decade in the
design of chiral metal-free catalysts.[’! Only 1-azahelicenes
have been successfully used as chiral Lewis base organocat-
alysts, including helical pyridine N-oxides, #2858 2_amino-
pyridinium ions,®4 and a helicenoidal 4-(dimethylamino)-
pyridine (DMAP) catalyst,35-%¢] whereas, to the best of our
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knowledge, no study on the use of phosphorus derivatives
having helical scaffolds as chiral Lewis bases in organocata-
lysis has been reported.

In the course of our studies on thiahelicene derivatives,
we have paid particular attention to the synthesis and func-
tionalisation of tetrathia[7]helicenes (7-TH; Figure 1),
which are a class of configurationally stable heterohelic-
enes!!¥ that are potentially very interesting for applications
in optoelectronicst!'l and in catalysis.[°¢74-12] Moreover,
these systems can be easily functionalised at the alpha posi-
tions of the two terminal thiophene rings, allowing modula-
tion of the chemical and physical properties of the material
by varying the substituents.[10%:10d:10¢] T particular, we have
recently reported the synthesis of 7-TH-based phosphine
derivatives as ancillary ligands in the Au'l'?l and Rh!ldl
complexes (Figure 1), by demonstrating the efficiency of

X = BFy, B[3,5-(CF3)2C¢Hsl4

Figure 1. 7-TH-based phosphine derivatives.
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this new class of organometallic complexes in homogeneous
transition-metal catalysis.

To further investigate the potential applications of the 7-
TH phosphorus derivatives as chiral ligands in asymmetric
catalysis, we designed and realised the synthesis of novel 7-
TH diphosphine oxides to test them, for the first time, as
chiral Lewis bases in stereoselective organocatalytic reac-
tions. Although a plethora of small organic Lewis bases,!’]
including naturally-occurring alkaloids, amino acids, syn-
thetic amine-based catalysts, N-oxides, and phosphines have
been developed as organocatalysts to promote regio- and
stereoselective bond-formation reactions, phosphine oxides
have received little attention so far, despite their easy ac-
cessibility from the corresponding phosphines, and their
promising results as organocatalysts in polyhalosilane-me-
diated reactions.['+1]

In this article, we describe the synthesis, characterisation,
and resolution of three tertiary diphosphine oxides (*)-2a—
¢ based on the 7-TH skeleton; the target molecules were
characterised by substituents on the phosphorus atoms fea-
turing different electronic and steric properties. The first
study on the use of 2a—c as chiral Lewis base organocata-
lysts in SiCly- or HSiCls;-mediated aldol-type reactions and
ketoimine reduction is also reported.

Results and Discussion

Based on our previous experience on the selective func-
tionalisation of 7-TH systems,7d-100-10¢] the introduction of
dialkyl or diaryl-substituted phosphinic groups in both the
2- and 13-positions of the helicene (*)-1, to prepare phos-
phine oxides (*)-2a—¢, was easily accomplished by depro-
tonation of the alpha positions of the terminal thiophene
rings of 1 with BuLi, and reaction with a suitable electro-
phile. Following this general procedure, phosphine oxide
(*)-2a was prepared by reacting the dianion, generated
from 1 with 4 equiv. /BuLi, with 4 equiv. of the commer-
cially available diphenylchlorophosphine oxide Ph,POCI in
tetrahydrofuran (THF) at —78 °C (Scheme 1).

1) tBuLi (4 equiv.)
THF, -78 °C

After 5h at room temperature, the reaction mixture did
not contain the starting helicene (*)-1, and the expected
product (*)-2a was isolated in 70% yield after chromato-
graphic purification.

Because chlorophosphine oxides [3,5-(Me),CsH3],POCI
and (C¢H;),POCI, necessary to prepare (£)-2b and (*)-
2c¢, respectively, are not commercially available, the first syn-
thetic approach explored was the oxidation, with H,O,, of
phosphines (*)-3b and (*)-3c. These were, in turn, ob-
tained by reacting (*)-1 with 4 equiv. nBuLi and 4 equiv.
of the commercial chlorophosphines [3,5-(Me),CsH3],PCl
and (C¢H ),PCl at —78 °C, respectively (Scheme 2).

The crude reaction mixtures so obtained were either di-
rectly treated with an aqueous solution of H,O, (35%,
10 equiv.) or quickly purified by column chromatography
and then treated with H,O,; however, in both cases, very
complex mixtures were obtained, from which (*)-2b and
(*)-2¢ were isolated in only 10 and 20% yield, respectively
(Scheme 2). Thus, to prepare (*)-2b and (*)-2¢ we then
considered an alternative two-step procedure involving the
preparation of phosphines (*+)-3b and (*)-3¢, and their
transformation in situ into the corresponding stable phos-
phine-borane complexes (*)-4b and (*)-4¢, as reported for
analogous substrates (Scheme 3).17d]

In particular, the reaction of helicene (*)-1 with 4 equiv.
nBuLi and 4 equiv. chlorophosphines [3,5-(Me),CsH3],PCl
or (CgHy),PClI at -78 °C, followed by the addition of an
excess of BH3 ' THF, provided diborane adducts (*)-4b and
(£)-4c in 50 and 70% yield, respectively.

The borane adducts (*)-4b and (*)-4¢ were then con-
verted into phosphine oxides (*)-2b and (*)-2¢ by a one-
pot reaction involving the deprotection of (*)-4b,c by heat-
ing at reflux in a mixture of EtOH and THF under a nitro-
gen atmosphere, followed by oxidation in situ of the corre-
sponding free phosphines (*)-3b,c with an aqueous solu-
tion of H,O, (35%, 10 equiv.) in toluene at room tempera-
ture (Scheme 4).

The oxidation in situ of free phosphines (*)-3b and (*)-
3¢, derived from adducts (*)-4b and (=*)-4c, respectively,

—_—

(+)-3b: R = 3,5-(Me),CqHs
(+)-3¢: R = CgHaq

2) Ph,POCI (4 equiv.)
-78°Ctor.t.,5h

70%

CsHy O —LPen,
= PPh2
CaHy 3
2ast
(+)-2a
NPeYar
b 85 =—PR;
—_—
CaHy ST RR2

(#)-2b: R = 3,5-(Me),CqHs (10%)
(#)-2¢: R = CgHyq (20%)

Scheme 2. Reagents and conditions: (a) nBuLi (4 equiv.), R,PCl (4 equiv.), THE, -78 °C to r.t., 5h; (b) H,O, (35%, 10 equiv.), toluene,

0 °C to r.t., overnight.
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+)-3b: R = 3,5-(Me),CgHs
(£)-3¢: R = CgHyy

=0

(+)-4b: R = 3,5-(Me),CgH3 (50%)
(+)-4c: R = CgHq4 (70%)

Scheme 3. Synthesis of phosphine-borane adducts (*)-4b and (*)-4¢c. Reagents and conditions: (a) nBuLi (4 equiv.), R,PCl (4 equiv.),
THE, -78 °C to r.t., 5 h. (b) BH; THF (1 M in THF, 10 equiv.), 0 °C to r.t., 48 h.
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CsH 2 C3H 2
317 s BH3 37

+)-4b: R = 3,5-(Me),CqHs
(+) 4c: R = CgHy4

+)-2b: R = 3,5-(Me). 2CSH3( 0%)
(+) 2c¢: R = CgH44 (90%)

Scheme 4. Synthesis of phosphine oxides (*)-2b and (*)-2¢. Rea-
gents and conditions: (a) EtOH, THE, reflux, 5-24 h. (b) H,O,
(35%, 10 equiv.), toluene, 0 °C to r.t., overnight.

provided phosphine oxides (*)-2b and (*)-2¢ in good yield
(60-90%).

It should be noted that the two-step procedure described
above, due to the formation of adducts (*)-4b,c followed
by the removal of the borane moiety and oxidation of phos-
phines (£)-3b,c in situ, is much more efficient than the pro-
cedure described in Scheme 2. This useful protection-depro-
tection methodology is an example of the participation of
a protective group in rendering the experimental procedure
easier, and allows better results to be obtained.

Both phosphine oxides (*)-2a—c and phosphine-borane
adducts (*)-4b and (*)-4c were isolated as yellow solids
after chromatographic purification, and fully characterised
by standard analytical and spectroscopic methods. The
most relevant feature of adducts (*)-4b,c and phosphine
oxides (#+)-2a—c was observed in their 3'P{'H} NMR spec-
tra. Whereas the spectra of borane adducts (*)-4b and (*)-
4c displayed one broad signal at +14 and +26 ppm, respec-
tively, the 3'P{'"H} NMR spectra of phosphine oxides (*)-
2a—c showed sharp singlets, ranging from +44 ppm for the
dialkyl-substituted (*)-2¢ to +23 ppm for the diaryl-substi-
tuted (*)-2a,b, which are values consistent with those found

Table 1. Chiral HPLC resolution of phosphine oxides (*)-2a—c.

in similar tertiary phosphine-borane adducts and tertiary
phosphine oxides.

In view of the utilisation of enantiopure phosphine ox-
ides 2a—c¢ in asymmetric organocatalysis, we then focused
our attention on their resolution into the corresponding op-
tically pure 2a—c antipodes. To this end, we first investigated
the resolution of diastereomeric salts obtained from the re-
action with camphorsulfonic and tartaric acid derivatives,
as chiral resolving agents, which were successfully applied
to the resolution of BINAP and related C,-symmetric di-
phosphine oxides.'®l Unfortunately, all attempts at frac-
tional crystallisation of the diastereomeric salts obtained
from (*)-2a-c¢ with enantiopure dibenzoyl-tartaric acid
(DBTA) and di-p-tolyl-tartaric acid (DPTTA) failed. How-
ever, an alternative resolution method involving HPLC sep-
aration on chiral stationary phase was successful. The direct
resolution of (*)-2a—c using a chiral semipreparative col-
umn (Chiralpack TA) packed with amylose tris(3,5-dimeth-
ylphenylcarbamate) was achieved when an appropriate mix-
ture of solvents was used as the mobile phase (Table 1).

For diaryl-substituted phosphine oxides 2a and 2b, the
earlier eluting fractions consisted of the enantiomers exhib-
iting a positive optical rotation, which were isolated in 60—
98% yield (up to 98%ee), whereas for dialkyl-substituted
phosphine oxide 2¢, the earlier eluting fractions contained
the enantiomer with negative optical rotation, which was
isolated in 90% yield (98 %ee). Later eluting fractions gave
oxides (-)-2a, (-)-2b and (+)-2¢ in 40-97% yield (90—
98%ee). The specific rotation values obtained for both
enantiomers of 2a—¢ were found to be very high (up to
1100), in agreement with the known feature of helical struc-
tures.

Because neither of the two enantiomers of (*)-2a—c af-
forded crystals that were suitable for the determination of

Eluent fr [min] [a]p® Yield [%)] ee [%]

(+)-2a hexane/iPrOH/EtOAc (45:40:15) 16.5 +1006[! 98 99
(-)-2a hexane/iPrOH/EtOAc (45:40:15) 22.9 —~10011®! 97 98
(+)-2b hexane/iPrOH (80:20) 11.2 +1084[¢] 60 96
(-)-2b hexane/iPrOH (80:20) 14.5 1024l 40 90
(-)-2¢ hexane/iPrOH/EtOAc (70:15:15) 10.8 ~1166M 90 98
(+)-2¢ hexane/iPrOH/EtOAc (70:15:15) 17.9 +10771 80 92

[a] Recorded in CHCL at 20 °C. [b] ¢ = 0.55 g/100 mL. [c] ¢ = 0.12 g/100 mL. [d] ¢ = 0.10 g/100 mL.
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their structure by X-ray diffraction, we assigned the abso-
lute configuration of both antipodes on the basis of their
circular dichroism (CD) spectra. In particular, the chiropt-
ical properties of phosphine oxide (*)-2a, which was se-
lected as model 7-TH diphosphine oxide, have been investi-
gated; the CD spectra of (+)-2a and (-)-2a are reported in
Figure 2.

200
— (PH+)2a
-=- (MH)2a
100 } A
\
N (EVAAN
I APV A
j / ~
g 0 \/\ b - =L \/\,._
/ \ / N\,
A% \ !
\
VAV
-100 \ \/‘||
\ |
1)
V!
v
-200 . .
220 300 400

Figure 2. CD spectra of (—) (P)-(+)-2a (CHCl;, ¢ = 105 m), and
(- - -) (M)-(-)-2a (CHCl, ¢ = 10 m).

As expected, enantiomers (+)-2a and (—)-2a give mirror
image spectra, and possess both spectral envelopes and ab-
sorbances analogous to typical conjugated helicenes, in-
cluding the two intense bands at 250 and 335 nm, which are
the fingerprint of helicene derivatives.'”! In particular, (+)-
2a, with a positive value of [a]p, displayed two strong bi-
signate negative and positive Cotton effect (CE) peaks
around 240-280 nm and 280-340 nm, respectively. These
CD spectral characteristics are in good agreement with
those of known (P)-helicenes, so the absolute configuration
of (+)-2a is P (right-handed helix), then the absolute config-
uration of (-)-2a is M (left-handed helix). Likewise, the con-
figuration of (+)-2b and (+)-2¢ is P, and the absolute config-
uration of (-)-2b and (-)-2¢ is M.

The catalytic behaviour of the helical chiral Lewis bases
2a—c¢ was next investigated in SiCly-mediated reactions, in-
volving the formation of hypervalent cationic silicon spe-
cies.'® The direct addition of the activated thioester 5 to
benzaldehyde, in the presence of a stoichiometric amount
of tetrachlorosilane was first studied (Table 2).1'32

The condensation of thioester 5 (2 equiv.) with benzalde-
hyde (1equiv.) in the presence of silicon tetrachloride
(3 equiv.), DIPEA (10 equiv.), and racemic phosphine oxide
(*£)-2a (10 mol-%) in CH,Cl, at 0°C afforded the corre-
sponding B-hydroxytrifluoroethyl thioester 6 in 85% yield
after 40 hours (Table 2, entry 1). The product was isolated
almost entirely as a single diastereoisomer (dr 92:8).

When the enantiomerically pure catalyst (+)-2a was em-
ployed, product 6 was isolated in good yield (71 %), com-
parable diastereoselectivity (syn/anti = 88:12), and low
enantioselectivity (Table 2, entry 2). Unfortunately, at lower

4 WWW.Eurjoc.org
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Table 2. Stereoselective addition of thioester 5 to benzaldehyde.[!

(0]

TNy

S~ 'CF; CHO  Cat. (10 mol-%)

4 —_—
SiCly (3 equiv.)
DIPEA (10 equiv.)
5 dry DCM, 0 °C, 40 h

6a anti 6b syn

Entry Cat. Yield [%]®  syn/anti ratiol  ee syn (ee anti) [%o]l4
1 (£)-2a 85 92:8 -

2 (+)2a 71 88:12 12 (n.d.)

3l (+)-2a nr. - -

4 (£)2b 75 87:13 -

5 (+)-2b 87 92:8 23 (n.d)

6 (+)-2¢ <5 — _

7M1 ()-BINAPO 35 973 81 (n.d.)

[a] Reaction conditions: benzaldehyde (0.5 mmol), 5 (1 mmol), an-
hydrous CH,Cl,, 0 °C, 40 h; n.r.: no reaction, n.d.: not determined.
[b] Isolated yield. [c] Evaluated by '"H NMR analysis of the crude
reaction mixture. [d] Evaluated by chiral HPLC analysis of the iso-
lated product. [e] Reaction run at —40 °C. [f] Literature data,'%
BINAPO [bis(diphenylphosphanyl)binaphthyl dioxide].

reaction temperature (—40 °C), the reaction did not proceed
to a significant extent (Table 2, entry 3).['”] Whereas catalyst
(+)-2¢ did not promote the transformation (Table 2, en-
try 6), probably because steric hindrance of the cyclohexyl
moieties prevented SiCl, complexation (see theoretical stud-
ies below), racemic phosphine oxide (*)-2b, bearing 3,5-
dimethylphenyl rings at the phosphorus atoms, provided
product 6 in 75% yield and good diastereoselectivity
(Table 2, entry 4). With enantiopure catalyst (+)-2b, al-
though only a marginal improvement in the enantio-
selectivity was observed [Table 2, entries 2 and 5; 12%ee
with catalyst (+)-2a vs. 23%ee with catalyst (+)-2b], 6 was
obtained in high yield and excellent syn selectivity (Table 2,
entry 5).2% For comparison, with respect to phosphine ox-
ides (+)-2a and (+)-2b, commonly used (-)-BINAPO cata-
lysed the reaction under the same reaction conditions in a
significantly lower chemical yield, comparable syn/anti dia-
stereoselectivity, but higher enantioselectivity (compare
Table 2, entries 2 and 5 with entry 7).[154

Chiral phosphine oxides (+)-2a—¢ were also tested in two
other reactions in the presence of trichlorosilane.?”) The
catalytic efficiency of these new organocatalysts were evalu-
ated in the stereoselective reduction of N-benzyl imine 7.
By performing the reaction in anhydrous CH,Cl, at 0 °C
with catalyst (+)-2a, the corresponding chiral amine 8 was
produced in 43% yield and 22% enantioselectivity
(Scheme 5).

Finally, organocatalysts (+)-2a—c¢ were also employed in
the reductive aldol reaction between benzaldehyde and the

Eur. J. Org. Chem. 0000, 0-0
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Ph)\ HSICl3 (3.5 equiv.)  pp,
7 dry DCM, 0 °C, 24 h 8

Scheme 5. HSiCl;-mediated stereoselective reduction of imine 7.

o,B-unsaturated ketone 9, specifically the zrans chalcone, in
the presence of trichlorosilane (Scheme 6). In this case the
best results were also obtained by using the catalyst (+)-2a,
which gave the product 10 in 40% yield, excellent diastereo-
selectivity (syn/anti, 94:6), but low enantioselectivity.

o OH

Ph \9 Ph (+)-2a—c (10 mol-%) PhjkPh
HSICl3 (3.5 equiv.) Ph

- o
Ph-CHO  dryDCM,0°C, 24 h 10

Scheme 6. HSiCl;-mediated stereoselective reductive aldol reaction.

Very preliminary theoretical studies were also performed
to elucidate the complexation behaviour of the helical 7-TH
phosphine oxides. A conformational analysis with Monte
Carlo techniques was performed with the MMFF force
field®!! on the two 7-TH phosphine oxides 2a and 2¢, and
on their silicon tetrachloride complexes ASiCl, and BSiCly,
respectively.

The global minimum energy structures were, in a second
stage, optimised with DFT methods at the B3LYP/6-
31G(d,p) level of theory (Figure 3). More detailed energy
values were obtained by performing single-point calcula-
tions on these structures at the B3LYP/6-311G(2df,2pd)
level.??l The complexation energy to form the silicon tetra-
chloride complex of the two chiral bases was calculated!*’]
to give values of 12.8 and 17.7 kcal/mol for 2a and 2c,
respectively. Although 2c is expected to be a stronger Lewis
base than 2a, calculations show a difference in the complex-
ation energy of 4.9 kcal/mol in favour of 2a. This is proba-
bly due to the steric hindrance of the four cyclohexyl
groups, which frustrates SiCl, coordination to the ligand
and prevents formation of the hypervalent silicon specie

European Journal
of Organic Chemistry

BSiCly. In this context, the theoretical calculation may ex-
plain the experimentally observed very poor catalytic ac-
tivity of 2c¢ in the addition of thioester 5 to benzaldehyde
(Table 1, entry 6). Although the high diastereoselectivity de-
pends on the mechanism of the aldol reaction (for details
see ref. [15a]), more studies are needed to investigate the
mechanism further and to attempt a rationalisation of the
observed enantioselectivity. As a working hypothesis, a
close inspection of the SiCl,; complexes with helical phos-
phine oxides seems to suggest that low ee values are proba-
bly due to large chiral cavities around silicon atom, with
the phosphine aryl groups being too far from the catalytic
centre to efficiently control the stereochemistry of the reac-
tion.

Conclusions

The synthesis of new chiral tetrathiahelicene-based terti-
ary diphosphine oxides 2b and 2¢ was accomplished by the
introduction of appropriate phosphinic groups to both the
2- and 13-positions of helicene (*)-1. Phosphine oxides
(*)-2a—c were characterised in detail, resolved into their
optical antipodes by chiral HPLC, and the chiroptical prop-
erties of both enantiomers of 2a were investigated by CD
spectroscopy. The catalytic behaviour of the enantiopure di-
phosphine oxides 2a—c as Lewis bases was preliminarily in-
vestigated, for the first time, in both SiCly-mediated reac-
tions and stereoselective reductions with trichlorosilane. Al-
though the reaction products were obtained with modest
enantioselectivity, the 7-TH phosphine oxides 2a-c¢ were
found to be chemically active organocatalysts, affording the
products with good chemical yield, and in some cases excel-
lent diastereoselectivity. Although further studies are neces-
sary to understand the origins of the stereoselection and
to optimise the catalyst performance, the preliminary data
described in this work represent a useful starting point for
further development of a new and unexplored class of chiral
organocatalysts.

Figure 3. Calculated SiCl,; complexes ASiCly and BSiCly of 7-TH phosphine oxides 2a and 2c, respectively.
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Experimental Section

General: Unless otherwise stated, all reactions were run under an
inert atmosphere by means of standard Schlenk and vacuum-line
techniques in flame-dried glassware. Commercial reagents and an-
hydrous solvents (DMSO, CH,Cl,, THF) were used as supplied.
Ph,POCI, (C4H;),PCl and [3,5-(Me),CsH3],PCl were purchased
from Aldrich. Solutions of nBuLi (1.6 M in hexane) were purchased
and titrated prior to use. Tetrathiahelicene (*)-1,[1°4 thioester
5,[15a.15¢1 and N-benzyl-1-phenylethanimine (7)['%%15¢1 were pre-
pared as described in the literature. Reactions were monitored by
thin-layer chromatography (TLC) on Merck precoated plates (silica
gel 60 F254). Column chromatography was carried out on silica
gel SI 60 (Merck, Germany), 0.063-0.200 mm (normal) or 0.040—
0.063 mm (flash). Melting points were determined with a capillary
melting-point apparatus (Biichi SMP-20) and are uncorrected. 'H
(300 MHz), '3C (75 MHz), '°F (282 MHz) and 3'P (121 MHz)
NMR spectra were recorded with a Bruker AC 300 or a Bruker
AMX 300 spectrometer (6 in ppm; J in Hz). Chemical shifts are
reported relative to residual protonated solvent resonances ('H and
13C), external standards CFCly ('°F), or H;PO, (*'P). Infrared
spectra (4000400 cm ') were recorded with a Perkin-Elmer FTIR
1725X spectrophotometer. High-resolution electrospray ionisation
(HR-ESI) mass spectra were recorded with a Bruker Daltonics
ICR-FTMS APEX II. An Agilent 1100 series HPLC, equipped
with DAD analyser and a chiral semipreparative column (Chi-
ralpack IA; 250X 10 mm) was used to resolve phosphine oxides
(*+)-2a—c.

7-TH Diphosphine Oxide (x)-2a: A solution of 7BuLi (1.7 M in
pentane, 1.40 mL, 0.820 mmol, 4 equiv.) was added dropwise to a
stirring solution of helicene (*)-1 (0.205 mmol, 0.100 g) in anhy-
drous THF (10 mL) at —78 °C under a nitrogen atmosphere. The
solution was stirred for 40 min at —78 °C, then the resulting yellow
suspension was treated with Ph,POCI (0.156 mL, 0.820 mmol,
4 equiv.) at —78 °C, and the progress of the reaction was monitored
by TLC (hexane/EtOAc, 90:10). After Sh at —78 °C, the yellow
solution was warmed to room temperature, and THF was removed
under reduced pressure. The crude material was taken up with 5%
aqueous NaHCO; (20 mL), and the aqueous phase was extracted
with CH,Cl, (3 X 15 mL). The organic fractions were washed with
water (2 X 20 mL), dried with Na,SO,, and the solvents were evap-
orated under vacuum. The crude product was purified by column
chromatography on silica gel (EtOAc) to give (*+)-2a (0.127 g, 70%)
as a pale-yellow solid; m.p. 140-143 °C (hexane/CH,Cl,). '"H NMR
(300 MHz, CDCl5): 0 = 7.86 (m, 4 H), 7.37 (m, 20 H), 6.98 (d, Ju p
= 9.0 Hz, 2 H), 3.07 (m, 4 H), 1.83 (m, 4 H), 1.14 (t, J = 6.0 Hz,
6 H) ppm. '*C NMR (75 MHz, CDCls): § = 141.6 (Cq), 140.3 (Cq),
136.6 (Cq), 134.9 (d, Jcp = 17 Hz, Cq), 133.8 (d, Jcp = 11.2 Hz,
CH), 132.7 (2 Cq), 132.3 (CH), 131.9 (CH), 131.6 (d, Jcp =
10.5 Hz, 2 CH), 131.5 (Cq), 131.2 (d, Jcp = 10.5 Hz, 2 CH), 128.4
(d, Jep = 12.0 Hz, 2 CH), 128.8 (d, Jcp = 13.0 Hz, 2 CH), 127.6
(Cq), 121.3 (CH), 120.9 (CH), 34.3 (CH,), 23.2 (CH,), 14.7
(CH3) ppm. 3'P NMR (121 MHz, CDCls): § = 23.5 (s) ppm.
HRMS (ESI): m/z caled. for Cs,HysP>0,S4Na 909.1279; found
909.1264. The spectral properties of this compound were consistent
with those previously reported.[7d]

Compounds (P)-(+)-2a and (M)-(-)-2a were obtained in 98 and
97% yield, respectively, by HPLC separation with a mixture of hex-
ane/iPrOH/EtOAc (45:40:15) as eluent under isocratic conditions
(3 mL/min flow rate): tg = 16.5 {[a]p = +1006 (¢ = 0.55, CHCl,),
for (P)-(+)-2a}, 22.9 {[a]p = 1001 (¢ = 0.55, CHCly), for (M)-(-)-
2a} min.
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7-TH Diphosphine Oxide (%)-2b: A solution of phosphine-borane
adduct (£)-4b (100 mg, 0.1005 mmol) in a mixture of EtOH/THF
(2:1, 70 mL) was stirred and heated to reflux under an argon atmo-
sphere, and the progress of the reaction was monitored by 3'P
NMR analysis. After 5 h, the yellow solution was cooled to room
temperature, and the solvents together with triethyl borate as by-
product were removed under reduced pressure at 50 °C for 2 h. The
yellow solid was dissolved in degassed toluene (10 mL), and to the
resulting solution was added dropwise an aqueous solution of
H,0, (35% wiw, 0.113 mL, 1.005 mmol, 10 equiv.) at 0 °C under
an argon atmosphere. The mixture was stirred overnight at room
temperature, then diluted with H,O (15 mL). The aqueous phase
was extracted with toluene (3 X 20 mL), and the combined organic
layers were dried with Na,SO, and concentrated under reduce pres-
sure. The residue was purified by column chromatography on silica
gel (hexane/EtOAc, 1:9 to 0:10) to give (*)-2b (60.3 mg, 60%) as
a yellow solid, m.p. 132-135°C (hexane). '"H NMR (300 MHz,
CDCl3): 6 = 7.85 (d, J = 8.6 Hz, 2 H), 7.68 (d, J = 8.6 Hz, 2 H),
6.98 (m, 14 H), 3.10 (m, 4 H), 2.27 (s, 12 H), 2.22 (s, 12 H), 1.86 (m,
4 H), 1.17 (t, J = 7.3 Hz, 6 H) ppm. '*C NMR (75 MHz, CDCl5): ¢
=141.6 (d, Jcp = 5.1 Hz, Cq), 140.2 (Cq), 138.1 (d, Jcp = 13.4 Hz,
2 Cq), 138.0 (d, Jcp = 13.3 Hz, 2 Cq), 136.3 (Cq), 134.9 (d, Jcp =
13.7 Hz, Cq), 134.2 (CH), 133.9 (CH), 133.7 (d, Jcp = 10.4 Hz,
CH), 133.1 (d, Jcp = 53.2Hz, Cq), 132.7 (Cq), 1324 (d, Jcp =
52.5Hz, Cq), 131.5 (Cq), 131.3 (d, Jcp = 104.2 Hz, Cq), 129.3 (d,
Jep =104 Hz, 2 CH), 129.0 (d, Jcp = 10.4 Hz, 2 CH), 128.0 (Cq),
121.2 (CH), 120.1 (CH), 34.5 (CH,), 23.4 (CH,), 21.5 (CH3), 21.4
(CH3), 14.8 (CH;) ppm. 3'P NMR (121 MHz, CDCly): § = 23.3
(s) ppm. HRMS (ESI): m/z caled. for CyoHs6S4P,0,Na 1021.2531;
found 1021.2530.

Compounds (P)-(+)-2b and (M)-(—)-2b were obtained in 60 and
40% yield, respectively, by HPLC separation with a mixture of hex-
ane/iIPrOH (80:20) as eluent under isocratic conditions (3 mL/min
flow rate): tg = 11.2 {[a]p = +1084 (¢ = 0.12, CHCly), for (P)-(+)-
2b}, 14.5 {[a]p = 1024 (¢ = 0.12, CHCl,), for (M)-(—)-2b} ppm.

7-TH Diphosphine Oxide (%)-2¢: A solution of phosphine—borane
adduct (*)-4¢ (120 mg, 0.132 mmol) in a mixture of EtOH/THF
(9:1, 70 mL) was stirred and heated to reflux under an argon atmo-
sphere, and the progress of the reaction was monitored by 3'P
NMR analysis. After 24 h, the yellow solution was cooled to room
temperature, and the solvents together with triethyl borate as by-
product were removed under reduced pressure at 50 °C for 2 h. The
yellow solid was dissolved in degassed toluene (10 mL), and to the
resulting solution was added dropwise an aqueous solution of
H»0, (35% wiw, 0.14 mL, 1.32 mmol, 10 equiv.) at 0 °C under an
argon atmosphere. The mixture was stirred overnight at room tem-
perature, then diluted with H,O (15 mL). The aqueous phase was
extracted with toluene (3 X 20 mL), and the combined organic lay-
ers were dried with Na,SO, and concentrated under reduce pres-
sure. The residue was purified by column chromatography on silica
gel (hexane/EtOAc, 1:9 to 0:10) to give (*)-2¢ (110 mg, 90%) as a
pale-yellow solid, m.p. 140-141 °C (hexane). "H NMR (300 MHz,
CDCly): 6 = 8.01 (m, 4 H), 7.21 (d, Jup = 6.6 Hz, 2 H), 3.11 (m,
4 H), 1.90 (m, 4 H), 1.59 (m, 20 H), 1.08 (m, 30 H) ppm. *C NMR
(75 MHz, CDCly): ¢ = 141.2 (d, Jcp = 3.8 Hz, Cq), 140.4 (Cq),
137.0 (Cq), 136.0 (d, Jcp = 12.0 Hz, Cq), 132.8 (Cq), 132.1 (Cq),
132.0 (d, Jcp = 83.7Hz, Cq), 131.6 (d, Jcp = 7.3 Hz, CH), 128.0
(Cq), 121.0 (CH), 120.8 (CH), 37.1 (d, Jcp = 31.6 Hz, CH), 36.2
(d, Jcp = 31.4 Hz, CH), 34.7 (CH,), 26.7 (CH,), 26.6 (CH,), 26.5
(CH,), 26.4 (CH,), 26.3 (CH,), 25.8 (CH,), 25.3 (CH,), 24.8 (CH,),
24.73 (CH,), 24.70 (CH,), 24.6 (CH,), 23.5 (CH,), 14.8 (CH3) ppm.
3IP NMR (121 MHz, CDCI5): § = 44.5 (s) ppm. HRMS (ESI): m/z
caled. for Cs,HgsS4P,0,Na 933.3156; found 933.3158.
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Compounds (P)-(+)-2¢ and (M)-(-)-2¢ were obtained in 80 and
90% yield, respectively, by HPLC separation with a mixture of hex-
ane/iPrOH/AcOEt (70:15:15) as eluent under isocratic conditions
(3 mL/min flow rate): rg = 10.8 {[a]p = —-1166 (¢ = 0.10, CHCl;),
for (M)-(—)-2¢}, 17.9 {[a]p = +1077 (¢ = 0.10, CHCl,), for (P)-(+)-
2c} ppm.

7-TH Phosphine-Borane Adduct (+)-4b: A solution of nBuLi (1.6 M
in hexane, 1.03 mL, 1.643 mmol, 4 equiv.) was added dropwise to a
stirring solution of (#)-1 (0.200 g, 0.411 mmol) in anhydrous THF
(15mL) at —78 °C under a nitrogen atmosphere. The solution was
stirred for 30 min at —78 °C and 30 min at room temperature. The
resulting yellow suspension was cooled to 0 °C, and treated with
[3,5-(Me),C¢H3],PCl  (0.412 mL, 1.643 mmol; 4 equiv.). After
10 min at 0 °C, the solution was warmed to room temperature and
the progress of the reaction was monitored by TLC (hexane/
CH,Cl,, 1:1). After 8 h, the yellow solution was cooled to 0 °C,
and treated with a solution of BHs'THF (1 M in THF, 16.4 mL,
16.4 mmol, 10 equiv.). The suspension was stirred for 30 min at
0 °C, then for 48 h at room temperature. A saturated aqueous solu-
tion of NH4Cl (20 mL) was then slowly added to the final reaction
mixture at 0 °C, and the aqueous phase was extracted with CH,Cl,
(3X 15mL). The organic layers were washed with water (2 X
20 mL), dried with Na,SO,, and concentrated under reduced pres-
sure. The crude product was purified by column chromatography
on silica gel (hexane/CH,Cl,, 7:3 to 1:1) to give (*)-4b (0.204 g,
50%) as a pale-yellow solid, m.p. 250°C (dec.). 'H NMR
(300 MHz, CDCl3): 6 = 7.90 (d, J = 8.6 Hz, 2 H), 7.79 (d, J =
8.6 Hz, 2 H), 7.18 (d, J = 7.8 Hz, 2 H), 6.95 (m, 12 H), 3.10 (m, 4
H), 2.23 (s, 12 H), 2.15 (s, 12 H), 1.86 (m, 4 H), 1.16 (t, / = 7.3 Hz,
6 H) ppm. 3C NMR (75 MHz, CDCly): 6 = 1423 (d, Jcp =
3.3 Hz, Cq), 140.0 (Cq), 138.3 (d, Jcp = 11.1 Hz, 2 Cq), 137.9 (d,
Jep = 11.1 Hz, 2 Cq), 136.2 (Cq), 135.4 (d, Jcp = 11.4 Hz, Cq),
134.6 (d, Jcp = 9.7Hz, CH), 133.3 (d, Jcp = 2.2 Hz, CH), 133.2
(d, Jep = 2.2Hz, CH), 132.5 (Cq), 131.4 (Cq), 130.5 (d, Jcp =
10.2 Hz, 2 CH), 130.15 (d, Jcp = 56.3 Hz, Cq), 130.13 (d, Jcp =
10.2 Hz, 2 CH), 129.5 (d, Jcp = 59.5Hz, Cq), 128.6 (d, Jcp =
58.1 Hz, Cq), 128.1 (Cq), 121.3 (CH), 120.0 (CH), 34.5 (CH,), 25.3
(CH,), 21.5 (2 CHj), 14.9 (CH;3) ppm. *'P NMR (121 MHz,
CDCly): 0 = 14.7 (br. s) ppm. HRMS (ESI): m/z calcd. for
CooHg:P2B5S4Na 1017.3318; found 1017.3324.

7-TH Phosphine-Borane Adduct (%x)-4c: A solution of nBuLi
(1.45 M in hexane, 0.56 mL, 0.820 mmol, 4 equiv.) was added drop-
wise to a stirring solution of (*)-1 (0.100 g, 0.205 mmol) in anhy-
drous THF (10 mL) at —78 °C under an argon atmosphere. The
solution was stirred for 30 min at —78 °C and then treated with
(C6Hpp),PCl (0.181 mL, 0.820 mmol; 4 equiv.). After 10 min at
78 °C, the solution was warmed to room temperature and the pro-
gress of the reaction was monitored by TLC (hexane/CH,Cl,, 1:1).
After 5 h, the yellow solution was cooled to 0 °C and treated with
a solution of BH3*THF (1 M in THE, 2 mL, 2.05 mmol, 10 equiv.).
The suspension was stirred for 30 min at 0 °C, then for 48 h at
room temperature. A saturated aqueous solution of NH4CI (20 mL)
was then slowly added to the final reaction mixture at 0 °C, and
the aqueous phase was extracted with CH,Cl, (3 X 10 mL). The
organic layers were washed with water (2 X 10 mL), dried with
Na,SO,, and concentrated under reduced pressure. The crude
product was purified by column chromatography on silica gel (hex-
ane/CH,Cl,, 7:3 to 1:1) to give (*)-4¢c (0.130 g, 70%) as a pale-
yellow solid, m.p. 263 °C (dec.). '"H NMR (300 MHz, CDCl;): 6 =
8.02 (m, 4 H), 7.30 (d, Jup = 7.1 Hz, 2 H), 3.12 (m, 4 H), 1.81 (m,
24 H), 1.10 (m, 30 H), 0.15 (m, 6 H) ppm. '3C NMR (75 MHz,
CDCls): 0 = 141.8 (Cq), 140.2 (Cq), 136.8 (Cq), 135.7 (d, Jcp =
10.5 Hz, Cq), 134.9 (d, Jcp = 8.1 Hz, CH), 132.7 (Cq), 131.7 (Cq),
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128.0 (Cq), 126.6 (d, Jcp = 42.3 Hz, Cq), 121.2 (CH), 120.7 (CH),
34.5 (CHy), 32.7 (d, Jcp = 35.0 Hz, CH), 32.3 (d, Jcp = 35.0 Hz,
CH), 27.0 (CH,), 26.8 (CH,), 26.7 (CH,), 26.5 (CH,), 26.3 (CH,),
26.2 (CH,), 26.11 (CH,), 26.09 (CH,»), 25.8 (CH,), 23.5 (CH,), 14.9
(CH3) ppm. 3'P NMR (121 MHz, CDCls): 6 = 25.7 (br., s) ppm.
HRMS (ESI): m/z caled. for Cs,H;0S4P>B>Na 929.3914; found
929.3923.

General Procedure of the Direct Aldol Condensation of Thioester 5
with Benzaldehyde: To a stirred solution of catalyst 2a—¢ (10 or
20 mol-%) in anhydrous CH,Cl, (2mL), thioester 5 (1 mmol,
2 equiv.) and diisopropylethylamine (5 mmol, 10 equiv.) were
added. The mixture was then cooled to the chosen temperature and
freshly distilled tetrachlorosilane (0.75 mmol, 1.5 equiv.) was added
dropwise by using a syringe. After 15 min, freshly distilled benzal-
dehyde (0.50 mmol, 1 equiv.) was added and the mixture was stirred
for 5h, then the same amount of tetrachlorosilane (0.75 mmol,
1.5 equiv.) was added. After 40 h, the reaction was quenched by the
addition of saturated aqueous NaHCO; (3 mL). The mixture was
warmed to room temperature and stirred for 30 min, then water
(5 mL) and ethyl acetate (15 mL) were added. The two layers were
separated and the aqueous layer was extracted with ethyl acetate
(15 mL). The combined organic layers were washed with saturated
aq. NH4Cl1 (20 mL) and brine (20 mL), dried with Na,SOy, filtered,
and concentrated under vacuum at room temperature. The crude
product was purified by flash column chromatography on silica gel
(hexane/EtOAc, 8:2) to afford the pure aldol adduct 6 {R; = 0.62
(hexane/EtOAc,8:1; stained blue with phosphomolibdic acid for
6b); R; = 0.58 (hexane/EtOAc, 8:2; stained blue with phosphomol-
ibdic acid for 6a)}, yields and ee for each reaction are indicated in
Table 2. The syn/anti ratio was determined by '"H NMR spectro-
scopic analysis of the crude product; the enantiomeric excess was
determined by HPLC analysis on a chiral stationary phase. The
chiral phosphine oxide was quantitatively recovered by further elu-
tion with 10% MeOH in CH,Cl,.

anti-Aldol Adduct 6a: '"H NMR (300 MHz, CDCly): 6 = 7.36 (s, 5
H), 7.30 (s, 5 H), 5.35 (d, J = 10.0 Hz, 1 H), 4.12 (d, J = 4.8 Hz, 1
H), 3.70-3.55 (m, 2 H), 2.20 (br. s, 1 H) ppm.

syn-Aldol Adduct 6b: '"H NMR (300 MHz, CDCl5): 6 = 7.37 (s, 5
H),7.31(s,5H),5.40(d,/J=9.0 Hz, 1 H), 4.10 (d, /= 7.5 Hz, 1 H),
3.38 (m, 2 H), 2.37 (br. s, 1 H) ppm. '3C NMR (75 MHz, CDCl,): 6
= 195.4, 140.3, 133.6, 129.4, 128.9, 128.5, 128.4, 126.6, 126.9 (q,
Jer = 264.7 Hz), 75.0, 68.2, 30.7 (q, Jcr = 33.7 Hz) ppm. HRMS
(ESI): m/z calcd. for C;7H;sF30,SNa* 363.0637; found 363.0633.
The enantiomeric excess of 6b was determined by chiral HPLC
with Daicel Chiralcel AD column [hexane/iPrOH, 9:1; 0.8 mL/min;
detection: 230 nm; g = 14.3, 16.5, 20.4, 24.7 min].

General Procedure for the Reduction of Ketoimine 7: To a stirred
solution of catalyst (+)-2a—¢ (0.05 mmol, 10 mol-%) in CH,Cl,
(2 mL), imine 7 (0.50 mmol, 1 equiv.) was added. The mixture was
then cooled to 0 °C and trichlorosilane (1.75 mmol, 3.5 equiv.) was
added dropwise by using a syringe. After stirring at this tempera-
ture for 24 h, the reaction was quenched by the addition of satu-
rated aqueous NaHCOj; (1 mL). The mixture was warmed to room
temperature and water (2 mL) and CH,Cl, (5 mL) were added. The
organic phase was separated and the combined organic phases were
dried with Na,SO,, filtered, and concentrated under vacuum at
room temperature to afford the crude product, which was purified
by column chromatography (hexane/EtOAc, 8:2) to afford pure N-
benzyl-1-phenylethanamine 8. 'H NMR (300 MHz, CDCl,): § =
7.31 (m, 10 H), 3.82 (q, J = 6.6 Hz, 1 H), 3.67 (d, J = 13.1 Hz, 1
H), 3.60 (d, /= 13.1 Hz, 1 H), 1.57 (br. s, 1 H), 1.37 (d, J = 6.6 Hz,
3 H) ppm. The enantiomeric excess of 8 was determined by chiral
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HPLC analysis with a Daicel Chiralcel OD-H column (hexane/
iPrOH, 99:1; 0.8 mL/min; detection: 210 nm; 7z = 7.1, 7.6 min).

General Procedure for Reductive Aldol Reaction of Chalcone 9 with
Benzaldehyde: A stirred solution of catalyst (+)-2a—¢ (0.05 mmol,
10 mol-%) and trans-chalcone 9 (0.5 mmol, 1 equiv.) in CH,Cl,
(2mL) was cooled to 0°C and freshly distilled trichlorosilane
(1.75 mmol, 3.5 equiv.) was added dropwise by using a syringe. Af-
ter 15 min, freshly distilled benzaldehyde (0.60 mmol, 1.2 equiv.)
was added. After 24 h, the reaction was quenched by the addition
of saturated aqueous NaHCO; (3 mL), then the mixture was
warmed to room temperature and stirred for 30 min. After fil-
tration through a Celite pad, the aqueous layer was extracted with
EtOAc (2 X 30 mL) and the combined organic layers were success-
ively washed with 15% HCI (3 X 20 mL), water (20 mL), saturated
aq. NaHCOj; (20 mL), brine (20 mL), and dried with Na,SO,4. Af-
ter filtration and evaporation, the obtained crude product was puri-
fied by column chromatography (hexane/ethyl acetate, 95:5) to fur-
nish the aldol product 10 as a diastereomeric mixture. '"H NMR
(300 MHz, CDCl;): 6 = 7. 67-6.93 (m, 15 H, syn + anti), 5.12 (d,
J=4.6Hz, 1 H, syn), 497 (dd, J = 6.4, 6.9 Hz, 1 H, anti), 4.13—
4.00 (m, 1 H, syn + anti), 3.45 (d, J = 6.9 Hz, 1 H, anti), 3.26 (br.
s, 1 H, syn), 3.19 (dd, J = 11.0, 13.7 Hz, 1 H, syn), 3.09-3.02 (m,
1 H, syn + anti), 2.91 (dd, J = 6.4, 13.8 Hz, 1 H, anti) ppm. The
enantiomeric excess was determined by chiral HPLC analysis with
a Daicel Chiralcel OD-H column (hexane/iPrOH, 95:5; 1.0 mL/min
flow rate; detection: 225 nm; tg = 14.5, 16.1, 20.0, 22.4 min).

Supporting Information (see footnote on the first page of this arti-
cle): 'H, 13C and 3'P NMR spectra of compounds 2b, 2c, 4b, and
4c. HPLC analysis for compounds 6, 8 and 10.
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