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Abstract The design and synthesis of highly acidic BINOL-derived
N,N′-bistriflylphosphoramidimidate and N,N′-bisarylsulfonylphosphora-
midimidate Brønsted acid catalysts are reported.
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Within the last ten years, BINOL-derived phosphoric ac-
ids 1 have become highly privileged motifs in asymmetric
Brønsted acid catalysis.1–5 In 2004, Akiyama6 and Terada7

introduced this catalyst class, setting the road for the cur-
rent dominance of phosphoric acids in modern organoca-
talysis.8 Chiral Brønsted acids have since been demonstrat-
ed to be highly efficient and versatile catalysts for a contin-
uously expanding list of challenges in asymmetric
synthesis.1–3,5 One key reason for this success has been the
facile structure modulation of phosphoric acids 1 enabling
the fine tuning of electronic and steric properties.6 The
acidic functional group is located in a well-defined space,
inducing stereochemical information provided by the chiral
backbone onto the substrate placed in the catalytically ac-
tive pocket.1,3 Furthermore, the utility in diverse reactions
is achieved by manifold activation modes, including bifunc-
tional activation, in addition to pure Brønsted acidity.1–3,5,9

Yet Brønsted acids 1 activate only a limited number of rela-
tively basic functional groups, typically imines.1–3,5 The de-
velopment of more acidic chiral acids is crucial towards ex-
panding the applicability of asymmetric Brønsted acid ca-
talysis towards less basic substrates, such as ketones,
aldehydes, or olefins. In this context, phosphoramides 2
have recently been introduced by Yamamoto et al. for cases
in which phosphoric acids are not acidic enough to activate

a specific substrate.10 Herein we disclose the design and
synthesis of BINOL-derived N,N′-bistriflylphosphoramidim-
idates and N,N′-bisarylsulfonylphosphoramidimidates as a
new class of highly acidic Brønsted acid catalysts.

Key to the design of Brønsted acid catalysts that are
more acidic than the established phosphoric acids is to in-
crease the stability of the corresponding counteranion.10

Unfortunately, systematic studies on the acidities and pKa
values of phosphoric acids and their derivatives are rela-
tively scarce. Furthermore, these investigations were typi-
cally conducted in solvents such as acetonitrile (MeCN) and
dimethyl sulfoxide (DMSO) that are generally unfavorable
for asymmetric Brønsted acid catalysis.11 Detailed studies
on the stability and acidity of Brønsted acids, in particular
benzoic acid derivatives, were reported by Yagupolskii
(Scheme 1).12 Here the replacement of an oxo group13 with
a stronger electron acceptor, such as the NSO2CF3 group
(NTf), significantly increased the stability of the counteran-
ions and the acidity of the corresponding acids.10,12 The
acidity increases from benzoic acid (3, pKa = 20 in MeCN)14

to N-triflyl benzamide (4, pKa = 11 in MeCN), and even fur-
ther to N,N′-bis-triflyl benzimidamide (5, pKa = 6 in MeCN),
illustrating the high potential of this approach.12

This general strategy has also been exploited in phos-
phoramides 2.10 However, in their deprotonated form, acids
2 lack the superior C2-symmetry of BINOL phosphates, po-
tentially limiting their general applicability.15 We therefore
felt that even more acidic and symmetric chiral Brønsted
acids such as bissulfonylphosphoramidimidates 6 that, as
compared to acids 2,13 also feature one additional electron-
deficient and potentially stereocontrolling group, were
highly desirable subjects for study.1–3,5

A careful literature research revealed only a single
bissulfonylphosphoramidimidate. In 1980, Kukhar et al. de-
scribed the synthesis of an achiral pyrocatechol derived
© Georg Thieme Verlag  Stuttgart · New York — Synlett 2016, 27, 156–158
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N,N′-bistriflylphosphoramidimidate in two steps.16 A ret-
rosynthetic analysis of our desired phosphoramidimidate 6
furnished differently substituted moisture-sensitive phos-
phorus precursors and the corresponding BINOLs 7. A direct
substitution approach on phosphorus(V) led us to start
from commercially available PCl5. We speculated that treat-
ment of the corresponding BINOL derivative 7 in hot pyri-
dine with PCl5 should generate the corresponding pentava-
lent compound [(RO)2PCl3]. This intermediate should then
undergo further substitution with a sulfonamide R2SO2NH2,
yielding the desired N,N′-bissulfonylphosphoramidimidates
6. Indeed, we found that treating different BINOLs 7 with
PCl5, followed by the addition of R2SO2NH2 in hot pyridine,
proceeded smoothly to give the corresponding Yamamoto
catalysts 2 after hydrolytic workup. Apparently, the second
substitution reaction with an additional sulfonamide
R2SO2NH2 is significantly slower. Fortunately, we found that
prolonged heating, and the addition of N,N-dimethylpyri-
din-4-amine (DMAP), furnished the desired N,N′-bissulfon-
ylphosphoramidimidates 6 in a one-pot procedure (Scheme
2).

Scheme 2  General synthesis of new phosphoramidimidate Brønsted 
acids 6

Our newly developed route17 tolerates various substitu-
ents at the 3,3′-positions of enantiopure BINOL 7 (Scheme
2), including 2,4,6-triisopropylphenyl 8, 3,5-bis(trifluoro-
methyl) 9, naphthalen-1-yl 10, phenanthren-9-yl 11, and
3,3′′,5,5′′-tetrakis(trifluoromethyl)-[1,1′:3′,1′-terphenyl]-5′-
yl 12. Moreover, further modifications at the active center
on the NH-acidic nitrogen afforded highly hindered N,N′-
bisarylsulfonylphosphoramidimidates 13 and 14. The N,N′-
bissulfonylphosphoramidimidates displayed interesting
catalytic performances when compared to previously de-
scribed Brønsted acid catalysts, such as phosphoric acid
TRIP (15)18,19 and phosphoramide 1610 (Scheme 3).

For example, phosphoramidimidate 8 was found to be
significantly more active in catalyzing the diastereoselec-
tive addition of trimethylhydroquinone (TMHQ) to isophy-
tol.20 α-Tocopherol21 was generated at room temperature
after 23 hours, while TRIP (15) and phosphoramide 16 did
not catalyze the desired transformation even after exten-
sive heating.

Scheme 1  Influence on pKa values by introduction of electron-accept-
ing groups (pKa in MeCN) and highly acidic BINOL-derived phosphora-
midimidate Brønsted acids 6; Tf = SO2CF3
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In summary, we have designed and developed highly
acidic BINOL-derived N,N′-bistriflylphosphoramidimidate
and N,N′-bisarylsulfonylphosphoramidimidate Brønsted ac-
ids. Their application in asymmetric Brønsted acid catalysis
shows intriguing effects on acidity and reactivity and
therefore significantly higher performance compared to
previously described phosphoric acid derivatives. Investiga-
tions and more detailed studies on these new motif’s per-
formances are ongoing in our laboratories.
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