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Abstract: This manuscript reports on a suitable
method for the synthesis of paracyclophane type,
ferrocene-bridged chiral phosphoric acids, which
bear silyl-substituents on their paracyclophane
frameworks. These acids have been obtained easily
in enantiomerically pure form, by taking advantage
of (S)-(1-phenyl-2-cyanoethyl)phosphorodiamidite
as a phosphorylating agent. They have been used
then as catalysts for aza-Friedel-Crafts reactions
between indoles and imines, giving high catalytic
activity and up to 98% enantiomeric excess.

Keywords: asymmetric catalysis; phosphoric acid;
planar chirality; paracyclophane; aza-Friedel-Crafts
reactions

Since the late 1990s, the extensive research effort on
asymmetric organocatalysis led to the development of
an essential toolbox for a wide range of enantioselec-
tive organic transformations.[1] In this area, chiral
Brønsted acid catalysis represents a substantial con-
tribution since numerous organic reactions are pro-
moted by hydrogen bonding activation and/or
Brønsted acid activation via contact ion pairs.[2] Since
the pioneering work of Akiyama[3] and Terada[4] in
2004, on BINOL-derived phosphoric acids, Chiral
Phosphoric Acids (CPA) have afforded a rapidly
growing sub-field of Brønsted acid catalysis.

This success might be ascribed to the nature of the
PA function, where the two oxygen atoms of a chiral
diol can be directly attached to the phosphorus atom,

providing an efficient chiral environment. The PA
function also allows the simultaneous presence of a
phosphoryl function (Brønsted basic site) and a
hydroxyl moiety (Brønsted acidic site), thus operating
as a bifunctional catalyst. After the first development
of BINOL-derived PA,[5] the efficiency of PA derived
from other axially chiral diols like VAPOL,[6] VA-
NOL,[7] bisphenol,[8] SPINOL[9] and others[10] has been
investigated. Thus, the current design of CPAs is
focused mainly on axial chirality and very few
examples of CPA with central[11] and planar[12] chirality
are reported in the literature. In this context, we have
designed phosphoric acids with a planar chiral para-
cyclophane backbone tethered by either a 1,1’-ferroce-
nediyl[13] or a 1,8-biphenylenediyl[14] unit (Figure 1) as
potentially useful unprecedented CPAs.

Following our initial studies in this field, in this
manuscript we report on the synthesis of ferrocene-
bridged phosphoric acids, which bear silyl-substituents
on their paracyclophane frameworks. We also describe

Figure 1. Previously reported phosphoric acids with planar
chiral paracyclophane structures.
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the use of these new phosphoric acids as catalysts for
aza-Friedel-Crafts reactions.

In our previous work on ferrocene-bridged, para-
cyclophane type phosphoric acids, planar chirality was
generated through the presence of aryl substituents on
both arylidene rings, in ortho position with respect to
the phosphorus functions. These aryl groups were
introduced from their bromide precursors by Suzuki
cross-coupling reactions. With the aim to expand this
family of phosphoric acids and their potential uses in
asymmetric organocatalysis, we have envisioned the
introduction of substituents with different steric and
geometrical features with respect to aryl groups. Thus,
we turned our attention to silyl substituents which can
generate high steric hindrance near to the phosphorus
function, with a peculiar spherical arrangement (Fig-
ure 2). These substituents have been largely used to
modulate and optimize the catalytic properties of
BINOL derived phosphoric acids. Notably, silyl-sub-
stituted phosphoric acids have been introduced in
2006 by MacMillan to catalyze enantioselective reduc-
tive amination reactions.[15] Also, BINOL-derived
phosphoric acids with triphenylsilyl substituents have
been reported to be excellent catalysts for the Friedel-
Crafts reactions of indole with imines.[16]

Our approach to the targeted silylated phosphoric
acids involves a retro-[1,3]-Brook rearrangement as
the key step (Scheme 1). The synthesis starts from the
previously described 1,1’-bis-[4-(methoxy-methyloxy)
phenyl]ferrocene 3 which is obtained in 80% yield
from the commercially or readily available 1,1’-
diiodoferrocene, 1, and 4-(methoxy-methyloxy)phe-
nylboronic acid, 2, by Suzuki cross-coupling.[13a]

Taking advantage of the ortho-directing effect of
the MOM group, compound 3 has been converted into
the corresponding bis-iodinated derivative through a
metalation-iodination sequence. Compared to the
procedure used for the BINOL derivatives, where an
excess of the metalating agent is required,[17] the
metalation must be carried out here with only 2 equiv.
of n-BuLi to avoid metalation of the ferrocenyl
moiety. Also, to avoid side-reactions of the ferrocenyl
moiety, the use of 1,2-diiodoethane is preferred to
iodine as electrophilic iodination agent.[18] After re-
moval of the MOM groups in standard acidic con-
ditions, the ferrocenyl bisphenol 4 is obtained in 85%
overall yield, over two steps.

The silyl groups are introduced at this stage on the
phenol moieties. Two silylated groups have been
considered: the triphenylsilyl (TPS) and the bulky tert-
butyldiphenylsilyl (TBDPS) groups. Treatment of the
ferrocenyl bisphenol 4 with triphenylsilyl chloride or
tert-butyldiphenylsilylchloride in the presence of
imidazole as the base, afforded the bis-silyl ethers 5 a
and 5 b, respectively, in excellent yields. Migration of
the silyl groups onto the aromatic rings was performed
via a retro-[1,3]-Brook rearrangement,[19] by treatment
of compounds 5 with 3.2 equivalents of t-BuLi, in
order to prevent the undesired metalation of the
ferrocenyl moiety.[20] The intramolecular O-silyl to C-

Figure 2. Targeted silyl-substituted phosphoric acids.

Scheme 1. Synthesis of the silylated bisphenols 6 a and 6b.
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silyl rearrangement afforded the desired silylated
bisphenols 6 a and 6 b in 78% and 57% yields,
respectively. The overall yields for 6 a and 6 b, over
four steps from 3, are of 64% and 48% respectively.

With these precursors of the targeted silyl-substi-
tuted paracyclophanes in hand, the challenging phos-
phorylation/macrocyclization step has been investi-
gated. The reaction was first attempted on the
triphenylsilyl derivative 6 a with the commercially
available ‘Phos reagent’ (2-cyanoethyl N,N,N’,N’-tet-
raisopropylphosphorodiamidite), 7 (Scheme 2).[21]

The phosphorylation reaction was carried out
under previously optimized conditions[13a] (excess of
1H-tetrazole at r.t. for 4 hours) to provide the desired
paracyclophane (�)-8 a in 40% isolated yield, after
purification by column chromatography on silica gel.
The isomeric meso paracyclophane, in which the silyl
groups are located on the same side of the macrocyclic
structure, could not be isolated nor unambiguously
evidenced. Compound 8a has been oxidized with
TBHP to afford the corresponding phosphate (�)-9 a.
Enantiomeric resolution of the racemic mixture of
phosphate (�)-9 a has been performed on a semi-
preparative scale (100 mg) by chiral HPLC on a
CHIRALPAK� ID column.

The cyanoethyl chain of phosphate (+)-9 a has
been removed under basic conditions (DBU) to
provide the desired planar chiral phosphoric acid
(+)-10 a in quantitative yield, after treatment with
hydrochloric acid. The molecular structure of
phosphoric acid (+)-10 a has been assigned by a
single-crystal X-ray diffraction study performed on its
calcium salt [(+)-10 a]2Ca (Figure 3).[22] This salt was
isolated when the DBU phosphate, initially obtained
by removal of the cyanoethyl chain of (+)-9 a, was

passed through a silica gel column and eluted with
methanol.[20b,23] The X-ray data allowed us to assign
the absolute configuration (RP) to (+)-10 a.

In the synthesis of enantiopure 10 a, the chiral
HPLC separation of the racemic intermediate
phosphate 9, shown in Scheme 2, might represent a
limiting step. Thus, in order to prepare silylated planar
chiral phosphoric acids in larger amounts on a
laboratory scale, we envisioned to take advantage of
(S)-11, a chiral synthetic equivalent of 2-cyanoethyl
phosphorodiamidite as phosphorylating agent.[24] This
reagent should allow to access enantiomerically pure
phosphates by separation of the corresponding mix-
ture of diastereomers (Scheme 3).

The bisphenols 6 a and 6 b have been reacted with
the chiral phosphorodiamidite (S)-11 in the presence
of an excess of 1H-tetrazole at 40 8C for 3 hours. The
macrocyclic phosphites have been obtained as 6 :4
mixtures of diastereoisomers 12 a/12 a’ and 12b/12 b’.
Yields are in the same range (36–38%) as obtained
with the achiral and less hindered phosphorylating
agent 7. The non-separable mixtures of phosphites 12
were oxidized into the corresponding phosphates 13,
by treatment with TBHP. At this stage, the diastereo-
meric phosphates 13 a,a’ and 13 b,b’ were readily
separated, on a gram scale, by flash chromatography
on silica gel, using a ternary mixture of toluene/n-
heptane/THF (70 :30 :0 to 70 :30 :1.5). The enantio-
pure acids (+)-10 a and (+)-10b have been obtained
by removal of the 1-phenyl-2-cyanoethyl chain by
treatment with DBU, purification of the salt by flash
chromatography and treatment with concentrated
hydrochloric acid.

In additional experiments, in order to expand the
family of planar chiral acids, we have converted the
enantiopure phosphoric acid (+)-10 a, into the corre-
sponding N-triflyl phosphoramide[25] (+)-16 a
(Scheme 4). For this purpose, we have reacted at first
(+)-10 a with the Vilsmeyer reagent, (chloromethy-

Scheme 2. Synthesis of the chiral phosphoric acid (+)-10a
using the Phos reagent 7. Resolution of 9a has been
performed by semi-preparative chiral HPLC (CHIRAL-
PAK� ID column, THF/heptane 17:83).

Figure 3. ORTEP drawing of [(+)-10 a]2Ca.
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lene)dimethylammonium chloride, generated in situ
from oxalyl chloride and DMF,[26] to obtain the
corresponding phosphorochloridate (+)-14 a. At-
tempts to introduce the N-triflyl phosphoramide
function directly from phosphorochloridate (+)-14 a
with trifluoromethanesulfonamide, in standard condi-
tions[20b, 25] or in basic media[27] failed. Thus, we
considered then a two-step procedure: we reacted
(+)-14 a with a large excess of liquid ammonia,[28]

which delivered the phosphoramidate (+)-15 a in high
yield (86%). The trifluoromethylsulfonyl moiety was
introduced then using N-phenyltriflimide in basic
media (NaH). The desired enantiopure N-triflylphos-
phoramide (+)-16 a was isolated in 77% yield.

Recrystallization of the solid phosphorochloridate
(+)-14 a from slow evaporation of its solution in an n-
heptane/EtOAc mixture yielded single crystals suit-
able for X-ray crystallography (Figure 4). The crystal-
lographic analysis showing an (RP) configuration for
(+)-14 a,[22] these data confirmed the previous stereo-
chemical assignment for (RP)-(+)-10 a.

With the new acids 10 and 16 in hand, we turned
our attention to their application in organocatalyzed
asymmetric aza-Friedel-Crafts reactions.

The enantioselective Friedel-Crafts alkylation reac-
tion represents one of the most powerful methods for
the synthesis of structurally diverse enantioenriched

aromatic and heteroaromatic compounds with a
benzylic carbon stereocenter.[29] After the work car-
ried out on metal-catalyzed asymmetric Friedel-Crafts
reactions,[30] the last decade has witnessed consider-
able progress in the development of organocatalyzed
asymmetric variants.[31] These reactions are particu-
larly attractive since they do not require strictly
anhydrous conditions or inert atmosphere. Research
efforts have been devoted notably to chiral Brønsted
acids promoted Friedel-Crafts reactions on indole
substrates.[32] In this context, we focused our studies
on the catalytic additions of the indole derivatives 17
to N-tosylaldimines, 18, which provide 3-indolyl-meth-
anamines, 19.[33] The resulting 3-indolyl-methanamine
structural motif represents a highly relevant synthetic
target, as far as it can be found in a variety of
biologically active, natural[34] or synthetic products.[35]

We started our study with the reaction of indole
17 a and N-tosylbenzaldimine 18 a in toluene, with
(+)-10 a as the catalyst (Table 1). At r.t., an enantio-
meric excess of only 41% was obtained. However,
lowering of the reaction temperature resulted in an
increase of the enantioselectivity with a maximum
83% ee at �40 8C (entries 2, 3). Further decrease of

Scheme 3. Synthesis of the phosphoric acids (+)-(RP)-10a
and (+)-10b using the chiral phosphorylating agent (S)-11.
The diastereomeric mixtures 13 have been separated by flash
chromatography on silica gel.

Scheme 4. Synthesis of the planar chiral N-triflyl phosphor-
amide (+)-16a.

Figure 4. ORTEP drawing of phosphorochloridate (+)-14a.
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the temperature led to significant drop of both the
chemical yields and enantiomeric excesses (entries 4,
5).

The same beneficial effect of lowering the reaction
temperature was observed for catalyst (+)-10 b, with
an increase of the ee going from r.t. to �40 8C (31%
and 48% ee respectively, entries 6, 7). Catalyst
(+)-10 b is however less efficient than (+)-10 a in
terms of both catalytic activity and enantioselectivity.
Also, the N-triflyl phosphoramide (+)-16 a,[36] gave
lower enantiomeric excess than the corresponding
phosphoric acid (+)-10 a (entry 8 vs. 3).

In additional experiments, we have performed the
above aza-Friedel-Crafts reaction in toluene at differ-
ent concentrations (0.05, 0.1 and 0.5 M) and have
identified 0.1 M as the optimal concentration. Finally,
we have evaluated the influence of molecular sieves,
since Akiyama[37] and You[38] have observed its
beneficial effects in enantioslective Friedel-Crafts
reactions. However, with our catalysts, we did not
observe any improvement.

The influence of the solvent on the conversion
rates and enantioselectivity levels was also examined

(entries 9–13). A quick screening established that,
with 10 mol% of (+)-10 a as the catalyst, diethyl ether
and chlorinated solvents have deleterious effects
(entries 9–11), while the use of mesitylene, instead of
toluene, improved the enantioselectivity to 96% ee
(entry 12). In mesitylene, catalyst (+)-10 b gave only
moderate catalytic activity and a 43% enantiomeric
excess (entry 13).

With (+)-10 a, attempts to reduce the catalyst
loading to 2 mol% gave poor results, with a conver-
sion rate of only 24% after 36 h at �40 8C. So, finally,
the optimized conditions involve the use of catalyst
(+)-10 a, which displays bulky triphenylsilyl substitu-
ents, at a 10 mol% catalyst loading, in mesitylene at
�40 8C. Under such conditions the desired addition
product 19 a is obtained in 92% yield and an excellent
level of enantioselectivity (96% ee).

The high efficiency of catalyst (+)-10 a led us to
investigate the substrate scope of this enantioselective
aza-Friedel-Crafts reaction, by varying the substitution
patterns of both indoles 17 and N-tosylbenzaldimines
18. The results of these studies are summarized in
Table 2.

Table 1. Screening of catalysts and reaction conditions for the aza-Friedel-Crafts reaction between indole and N-
tosylbenzaldimine.[a]

Entry Cat. Solvent T
[8C]

Time
[h]

Yield
[%][b]

e.e. [%][c]

(config.)

1 (+)-10 a toluene r.t. 2 80 41 (S)
2 (+)-10 a toluene �20 20 97 62 (S)
3 (+)-10 a toluene �40 36 >99 83 (S)
4 (+)-10 a toluene �60 36 67 77 (S)
5 (+)-10 a toluene �78 72 37 23 (S)
6 (+)-10 b toluene r.t. 6 75 31 (S)
7 (+)-10 b toluene �40 36 58 48 (S)
8 (+)-16 a toluene �40 36 88 64 (S)
9 (+)-10 a Et2O �40 36 10 n.d.
10 (+)-10 a CH2Cl2 �40 36 32 16 (S)
11 (+)-10 a C6H5Cl �40 36 55 64 (S)
12 (+)-10 a mesitylene �40 36 92 96 (S)
13 (+)-10 b mesitylene �40 36 26 43 (S)
[a] Reactions were carried out with 0.1 mmol of 18 a, 0.15 mmol of 17 a and 10 mol% of catalyst in 1 mL of toluene. [b] Yield of

isolated product. [c] Determined by HPLC analysis on a chiral stationary phase. Configuration assigned from the [a]D

value.[9a,39]
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The reactions of indole 17 a with tolyl and
xylylaldimines (18 b,c), as well as with fluorobenzaldi-
mine (18 d) afforded good yields and high enantiose-
lectivity (89-98% ee). The 4-methoxy substituted
benzaldimine 18 e led to the addition product 19 e with
a significantly lower yield (entry 5, 42%), but gratify-
ingly, the high level of enantioselectivity was pre-
served (94% ee).

The methyl substituted indoles 17 b,f, including the
sterically hindered and less reactive 2-methyl-substi-
tuted derivative 17 f, led to the desired addition
products 19 f,j in good yields and enantiomeric excess
(entries 6,10). Indoles 17 c–e bearing either fluorine or
alkoxy groups led to slightly decreased yields of
isolated products 19 g–i (entries 7–9, 60–84% yields),
however the same high levels of enantioselectivity
were obtained (90–94% ee).

The few examples above demonstrate the effi-
ciency of the new catalyst 10a in a range of reactions
between arylimines and 1H-indoles. The attempted
reaction of 1-methylindole with N-tosylbenzaldimine
18 a, under the same reaction conditions, failed. This
result suggests that 10 a might act as a bifunctional
catalyst which activates simultaneously the imine and
the indole substrates, by means of its acidic POH and
basic P(O) functions respectively, as shown in Fig-
ure 5. An analogous activation mode has been postu-
lated by Goodman[40] for aza-Friedel-Crafts reactions
between indole and N-tosylimines promoted by BI-
NOL-phosphoric acid derivatives.

In summary, we have described here a suitable
procedure for the synthesis of phosphoric acids based
on a planar chiral paracyclophane scaffold which
displays silyl substituents on its arylidene moieties.
The silyl substituents are introduced on the aryl units
by retro-Brook type rearrangements. These acids have
been obtained easily in enantiomerically pure form,
by taking advantage of the chiral (S)-(1-phenyl-2-
cyanoethyl)phosphorodiamidite to introduce the
phosphorus function. The new acids proved to be
excellent catalysts for aza-Friedel-Crafts reactions on
indoles, giving good catalytic activity and enantiomer-
ic excesses up to 98%. These studies expand the
family of planar chiral phosphoric acids previously
introduced by our group[13] and confirm their good
potential for uses in asymmetric organocatalysis.

Experimental Section
Representative Procedure for the Enantioselective
aza-Friedel-Crafts Reactions.

A solution of N-sulfonylimine 18a (26 mg, 0.10 mmol,
1 equiv.) and phosphoric acid (+)-10a (9.5 mg, 0.01 mmol,
10 mol%) in mesitylene (1 mL) was cooled to �40 8C. Then
indole 17a (17 mg, 0.15 mmol, 1.5 equiv.) was added in one
portion at �40 8C and the mixture was stirred for 36 h. Then
the mixture was quenched by addition of a saturated aqueous
solution of NaHCO3 (3 mL). The mixture was extracted with
EtOAc (10 mL). The organic layer was washed with water
(5 mL) and brine (5 mL), separated, and dried over anhy-
drous Na2SO4. The solvents were removed under reduced
pressure and the residue was purified by flash chromatog-
raphy (eluent: n-heptane/EtOAc 2 : 8) to afford the indol-3-
yl-methanamine 19a (35 mg, 92% yield); 1H NMR
(300 MHz, CDCl3): d=8.01 (bs, 1H), 7.57 (d, J=8.3 Hz, 2H),
7.31 (d, J=8.3 Hz, 2H), 7.25-7.14 (m, 7H), 7.11 (d, J=8.3 Hz,
2H), 7.00 (dd, J=8.3, 7.1 Hz, 1H), 6.68 (bd, J=2.6 Hz, 1H),
5.85 (bd, J=6.8 Hz, 1H), 2.37 (s, 3H); 13C NMR (75 MHz,
CDCl3): d=143.2, 140.4, 137.6, 136.7, 129.4, 128.5, 127.5,
127.3, 125.5, 123.9, 122.7, 120.1, 119.4, 116.5, 111.4, 55.2, 21.6.
The ee were determined by HPLC using a CHIRALPAK�

ID column, 30 8C, eluent: i-PrOH/n-hexane 30 :70,
0.9 mL.min�1 [detection at 254 nm]: retention times 13.3 min
for (S)-19a (major) and 16.6 min for (R)-19a (minor);
a½ �20

D : �21.6 (c=1, CHCl3, 96% ee).

Table 2. Additional examples of aza-Friedel-Crafts reactions
promoted by (+)-10 a.[a]

Entry R Ar Prod. Yield
[%][b]

e.e. [%][c]

(config.)

1 H C6H5 19 a 92 96 (S)
2 H p-MeC6H4 19 b 75 95 (S)
3 H 3,4-diMeC6H3 19 c 81 89 (S)
4 H p-FC6H4 19 d 85 98 (S)
5 H p-MeOC6H4 19 e 42 94 (S)
6 5-Me C6H5 19 f 87 95 (S)
7 5-F C6H5 19 g 60 90 (-)
8 4-OMe C6H5 19 h 74 90 (-)
9 4-OBn C6H5 19 i 84 94 (-)
10 2-Me C6H5 19 j 87 90 (-)
[a] Reactions were carried out with 0.05 mmol of 18,

0.075 mmol of 17 and 10 mol% of catalyst in 0.5 mL of
mesitylene. [b] Yield of isolated product. [c] Determined by
HPLC analysis on a chiral stationary phase.

Figure 5. Postulated activation mode in aza-Friedel-Crafts
reactions.
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