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ABSTRACT: The design, synthesis, and development of
a new class of modular, strongly basic, and tunable
bifunctional Brensted base/H-bond-donor organocatalysts
are reported. These catalysts incorporate a triarylimino-
phosphorane as the Breonsted basic moiety and are readily
synthesized via a last step Staudinger reaction of a chiral
organoazide and a triarylphosphine. Their application to
the first general enantioselective organocatalytic nitro-
Mannich reaction of nitromethane to unactivated ketone-
derived imines allows the enantioselective construction of
P-nitroamines possessing a fully substituted carbon atom.
The reaction is amenable to multigram scale-up, and the
products are useful for the synthesis of enantiopure 1,2-
diamine and @-amino acid derivatives.

he addition of a carbon- or heteroatom-centered acid to an

electron-deficient carbon—carbon (C=C) or carbon—
heteroatom (C=X) double bond is a reaction of fundamental
importance in organic synthesis. Such reactions offer perfect
atom economy, are often energetically favorable, and can
generate products that are chiral.' Bronsted basic reagents can
be employed to catalyze the addition by generating the ion-
paired conjugate base as the key nucleophilic entity, and
asymmetry in the Breonsted base can relay through to the
product via energetically discriminated transition states.” To this
end, a plethora of chiral single-enantiomer Bronsted bases have
been developed for a wide range of enantioselective addition
reactions. These range from relatively weak chiral tertiary amines
to organic superbases3 such as amidines,* guanidines,5
phosphazenes,® and cyclopropenimines.”

Within the past decade, one particular class of base that has
received considerable attention is that of the bifunctional
Bronsted base/H-bond donor organocatalyst.® These catalysts
typically possess both a tertiary amine group and a hydrogen-
bond donor group appropriately positioned on a chiral scaffold.
Additional organization of the transition structure through
stabilization of developing negative charge by the H-bond donor
can result in increased reaction rates and/or enantioselectivity
relative to H-bond donor free analogues.” Although this class
continues to demonstrate synthetic utility, it is not without its
limitations; reaction times are often long even with the most
reactive reagent combinations, and arguably the range of pro-
nucleophiles and electrophiles amenable to asymmetric union is
relatively narrow. This low catalytic activity often stems from the
relatively weak Brensted basicity of the tertiary amine moiety,
providing insufficient activation of the pro-nucleophile. To
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address some of these limitations, we proposed to develop a new
class of bifunctional organocatalysts that possessed a much
stronger and tunable Bronsted basic group. Our hope was that
through the synergistic effects of the stronger Bronsted base and
the H-bond donor, good reactivity and selectivity in new and
challenging enantioselective organocatalytic addition reactions
would be obtained. Herein we report our findings.

From the outset, we wanted a design that relied on a clean and
efficient last step generation of the Bronsted basic moiety of the
catalyst; this would greatly simplify their synthesis and handling.
To this end we considered the Staudinger reaction'® of a
triarylphosphine and an enantiopure organoazide possessing an
effective H-bond donor group (Scheme 1). Our hope was that

Scheme 1. Concept and Design of a New Class of Bifunctional
Iminophosphorane (BIMP) Organocatalysts
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the strong nucleophilicity of the triarylphosphine would create a
strongly Brensted basic iminophosphorane moiety through
favorable loss of dinitrogen gas.'' As many triarylphosphine
reagents are readily available, this simple design could allow the
synthesis of a range of bifunctional catalysts with electronic and/
or steric variations at the iminophosphorane moiety. Further
variations to the chiral scaffold and the H-bond donor group
would add favorably to the diversity of catalysts accessible
through this design.

The premise of our catalyst design was the enhanced Bronsted
basicity of the triaryliminophosphorane functionality relative to
the weak tertiary amine group. Interestingly, whereas the
basicities of triaminoiminophosphoranes are reported—such as
P,-Buwith a pKpyy, (MeCN) of 26.98 (Figure 1)—the Bronsted
basicities of triaryliminophosphoranes are not. Accordingly, to
quantify the basicity of triaryliminophosphoranes, pKgy,
measurements were carried out on a model triphenylphos-
phine-derived iminophosphorane, 1a (derived from cyclohexyl
azide; see Supporting Information). Indeed its pKgy, (MeCN)
of 22.7 was determined to be 4 orders of magnitude greater than
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Figure 1. pKgyy, (MeCN) measurements of a tertiary amine and some
common organic superbases and two triaryliminophosphorane super-
bases 1a and 1b. PMP = para-methoxyphenyl.

that of triethylamine and comparable to that of guanidines and
other organic superbases, thus validating our design concept.>'>
Importantly, tris(4-methoxyphenyl)phosphine-derived imino-
phosphorane 1b was found to be a further hundred-fold more
basic (pKgy, (MeCN) of 25.0), thus demonstrating that the
basicity of the triaryliminophosphorane moiety can be readily
modified by varying the electronics of the triarylphosphine
component.

L-tert-Leucine-derived azide 2 was then prepared on a gram
scale (see Supporting Information) and reacted separately with
equimolar quantities of both triphenylphosphine and tris(4-
methoxyphenyl)phosphine in anhydrous diethyl ether (Scheme
2). In both cases after stirring for 24 h bifunctional

Scheme 2. Synthesis of Two Representative BIMPs and
Single-Crystal X-ray Structures of 4b and 4c (P, orange; N,
blue; S, yellow; O, red; F, green; H, white)
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iminophosphoranes 4a and 4b were isolated as bench-stable
solids by precipitation and filtration."® In the case of tris(4-
methoxyphenyl)phosphine-derived catalyst 4b, crystals of
suitable quality for single-crystal X-ray diffraction were obtained
(Scheme 2), allowing the unambiguous determination of its
solid-state structure. Furthermore, in the enantiomeric series, the
single-crystal X-ray structure of D-phenylglycine-derived imino-
phosphorane 4¢ was also obtained.

To demonstrate the synthetic potential of this new class of
bifunctional organocatalysts, we selected the challenging
enantioselective organocatalytic nitro-Mannich (or aza-Henry)
reaction of nitromethane with unactivated ketone-derived imines
(ketimines). Unlike the many variations of the well-developed
organocatalytic enantioselective nitro-Mannich reaction of
aldehyde-derived imines (aldimines),'* the corresponding
ketimine variant has no reported general solution."> We believed
that the strong Bronsted basicity of the triaryliminophosphorane

and the appropriate positioning of an effective H-bond donor
group over a suitable chiral scaffold could provide both the
potency and control required.'®

To expedite screening, a library of BIMP catalysts (4a, 4d—i)
was made in situ from the corresponding catalytically inactive
azides and triphenylphosphine by simply stirring equimolar
amounts in diethyl ether at rt for 24 h (see Supporting
Information). This library was assessed for performance in the
reaction of nitromethane with acetophenone-derived N-
diphenylphosphinoyl (DPP) ketimine Sa (Table 1)."” Pleasingly,

Table 1. Proof of Concept and Optimization Studies in the
Nitro-Mannich Reaction of Nitromethane with N-Diphenyl-
phosphinoyl Ketimine Sa“

- POPh; 4 (10 mol%) - POPh:
)|\ + MeNO, ——M = .
Ph (20 eq) i, 24 h Ph)yNoz
5a 6a
PPh PPh P PhsPs
Ry onTe Ry ™™ e ., PPhg ¥
: ‘N N
ewg 1 ewg " NH Ewe
EWG’
4a, d-e, j-r af, g 4h 4i

4k: R = 'Bu, EWG = C(S)NH(4-CF3CqHy)
41 R = 'Bu, EWG = C(S)NH(4-NO,CqHs)
4m: R = 'Bu, EWG = C(S)NH(4-MeOCqHy)
4n; R = 'Bu, EWG = C(S)NH(4-MeCgHy)
40: R = Bu, EWG = C(S)NHPh

4p: R = Bu, EWG = C(O)(3,5<(CF3),CHa)
4q:R='Bu, EWG =Ts

4r:R = 'Bu, EWG = Boc

4a: R = Bu, EWG = C(S)NH(3,5-(CF3),C¢Ha)
4d: R = Bn, EWG = G(S)NH(3,5-(CF3),CgHy)

4e: R = 'Pr, EWG = C(SNH(3.5-(CF3),CeH3)

4f: R = Ph, EWG = C(S)NH(3,5-(CF3),CeHa)

4g: R = PhyCH, EWG = C(S)NH(3,6-(CF3),CeHs)
ah: EWG = C(SINH(3,5-(CF3),CeH3)

4i: EWG = C(S)NH(3,5-(CF3),CgH3)

4j: R="'Bu, EWG = C(O)NH(3,5-(CF3),CgHs)

g b ¢ q b ¢
conversion, e€e conversion, e€e

entry catalyst (%) entry catalyst (%)
1 4a 98, 85 9 4k 98, 79
2 4d 93,78 10 41 98, 84
3 4e 94, 77 11 4m 98, 70
4 4f 9s, 777 12 4n 99, 68
5 4g 93, 707 13 40 98, 73
6 4h 48, 347 4 4p 98, 11
7 4i 98, 207 15 4q 92,0
8 4 97,79 16 4r 99,0

“Reactions performed using 0.2 mmol of ketimine Sa in 0.2 mL of
MeNO, at rt. “Conversion was determined by 'H NMR analysis of the
crude reaction mixtures. “Enantiomeric excess (ee) was determined by
HPLC analysis on a chiral stationary phase. “Enantiomer (S)-6a was
obtained.

using neat nitromethane (20 equiv) and 10 mol % catalyst, all
BIMPs demonstrated excellent reactivity in the formation of
addition product 6a; conversion after 24 h was near full with all
but catalyst 4h. Furthermore, enantioselectivities were good
except with catalysts 4h and 4i (Table 1, entries 6, 7). L-tert-
Leucine-derived catalyst 4a outperformed the other catalysts in
terms of enantioselectivity (85% ee at rt, Table 1, entry 1) and
was therefore selected as the scaffold of choice for the remainder
of the optimization studies.

BIMPs 4j—r possessing a range of H-bond donor groups
including thiourea, urea, amide, sulfonamide, and carbamate
were investigated for performance. In all cases good conversion
to addition product 6a was observed after 24 h at rt (Table 1,
entries 8—16). Pleasingly both urea and thioureas with electron-
donating or electron-withdrawing substituents (4a, 4j—o)
attached to the aromatic ring imparted high levels of
enantioselectivity in the reaction (Table 1, entries 1, 8—13).
However, electron-deficient aryl amide 4p afforded the product
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with poor enantiocontrol (Table 1, entry 14), and both
sulfonamide 4q and carbamate 4r yielded the product in racemic
form (Table 1, entries 15, 16). From these results, it was clear
that the H-bond donor group was playing a key role in
controlling the stereochemical outcome of the reaction and that
the Schreiner-type 3,5-bis(trifluoromethyl)phenyl thiourea
moiety of catalyst 4a was optimal.'®

With the best scaffold and H-bond donor group identified, we
turned our attention to the Bronsted base moiety and studied
how the reaction rate varied as a function of the electronics of the
triarylphosphine component. Catalyst 4a (R = H) and its
analogues 4b (R = MeO) and 4s (R = Cl) were used in the
reaction of ketimine Sa with nitromethane, and conversion to
addition product 6a was measured by 'H NMR analysis (Figure
2). The reaction rate was indeed governed by the aryl
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Figure 2. Comparison of reaction rates with BIMP catalysts 4a, 4b, and
4s and cinchonine-derived bifunctional organocatalyst I.

substituents of the iminophosphorane moiety. The reaction
with catalyst 4s was slower than that with 4a or 4b, in line with a
more electron-deficient triarylphosphine generating a weaker
base. As a direct comparison, when cinchonine-derived bifunc-
tional organocatalyst I was used as the catalyst in the same 'H
NMR kinetic experiment, no product was detected even after a
prolonged reaction time of 32 h. The above experiments clearly
demonstrate that the enhanced basicity of iminophosphoranes
compared to tertiary amines is responsible for the increase in
catalytic activity.

Although catalyst 4b was marginally superior to 4a in terms of
reaction rate, 4a was more enantioselective and was therefore
chosen as the catalyst to investigate the substrate scope in the
nitro-Mannich addition of nitromethane to ketimines. To
maximize enantioselectivity, reactions were performed in chilled
(0 or —15 °C) nitromethane. Good to excellent enantioselectiv-
ities were obtained with aromatic ketone-derived imines bearing
either electron-withdrawing or electron-donating substitutents
(up to 95% yield, up to 95% ee; Table 2, entries 1—12). Phenyl
ethyl ketone-derived imine Sm also afforded the product with
high enantioselectivity, as did the tetralone-derived imine
substrate Sn albeit in lower yield in the latter case (Table 2,
entries 13, 14). Heteroaromatic ketimines So and Sp gave the
desired products in near quantitative yields and with good
enantioselectivities (Table 2, entries 15, 16). Pleasingly, the
reaction was also applicable to aliphatic ketimine 5q (Table 2,
entry 17)."

The performance of our new BIMP catalysts for enantiose-
lective catalysis on a preparative scale was investigated next. To
minimize reaction time, the most active catalyst, 4b, was selected
for this purpose. Using 1 mol % 4b, 10 g of ketimine Sa was
reacted with 10 equiv of nitromethane at rt over 21 h to afford the

Table 2. Scope of Asymmetric Nitro-Mannich Reaction of

Ketimines”
>kﬁ PP
sY N,
FsC N., POPh,
PO \(;(10 mol% 4a N
R1J|\ R2 + MeNO, CFs RRIJ\/ NO;
5a-q (20 eq) T t 6a-q
Entry R' R’ T/C th Y((l,;al)d (‘;: %
1 C¢H;s (5a) Me -15 96 86 95
2 4 -MeCgH, (5b) Me 0 48 93 89
3 4-MeOCgH, (5¢) Me 0 48 95 91
4 3-MeOC¢H, (5d) Me 0 48 88 91
5 2-MeOC¢H, (5e) Me 0 48 62 93
6 4 -PhCeH, (50) Me 0 24 92 90
7 4-NO;CeHi(58)  Me -15 48 92 86
8 2 -FCgH,4 (Sh) Me -15 96 89 94
9 4-CICgH, (51) Me 0 20 90 90
10 4-BrCH, (5§) Me 0 48 84 90
11 3,4 -CLL,CsH; (5k) Me 0 20 92 87
12 3,5 '(?SFB)ZQH? Me -15 9 95 90
13 CeHs (5m) Et 0 48 95 92
NP(O)Ph,
14 -15 96 40* 92
(5m)
15 2-furyl (50) Me 0 48 97 84
16 3-pyridyl (5p) Me 0 48 97 82
17 cyclohexyl (5q) Me 0 48 71 78

“Reactions were carried out on 0.2 mmol of § at the indicated
temperature. YEnantiomeric excess (ee) was determined by HPLC
analysis on a chiral stationary phase. *Conversion was 50%.

crude product in 98% conversion and 86% ee. After
recrystallization, 8.3 g of addition product 6a (70% yield) was
obtained in 98% ee, and a further recrystallization afforded 6a in
>99% ee. In a short demonstration of synthetic utility this
enantiopure f-nitroamine was converted to the corresponding
1,2-diamine derivative 7*° via a nickel boride-mediated reduction
of the nitro group followed by Cbz protection and then DPP
removal. Furthermore, 6a was transformed into fully substituted
a-amino acid 8' by a two-step sequence involving a Nef
oxidation followed by DPP removal (Scheme 3).

In summary, we have designed and developed a new and effective
class of modular bifunctional iminophosphorane superbase
organocatalysts and have applied it to the first metal-free
catalytic enantioselective addition of nitromethane to unreactive
ketone-derived imines, a reaction where existing tertiary amine
organocatalysts are impotent. The synthesis of the catalysts from
catalytically inactive and readily synthesized azide precursors and
triarylphosphines allows for rapid catalyst screening and
optimization. The nitro-Mannich reaction of ketimines can be
performed on a multigram scale and allows ready access to
synthetically relevant, nitrogen-containing chiral building blocks
possessing a fully substituted carbon atom. Work to uncover the
full capabilities of this new catalyst design is ongoing, and the
results will be disclosed in due course.
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Scheme 3. Preparative-Scale Synthesis of 6a and
Derivatization into Enantiopure Diamine 7 and Quaternary
a-Amino Acid 8¢

NH2
NHCbz
-P(O)Ph, n-POPR, / 7 ee > 99%
a
Ph)\ - )\/NO2
5a 6a,83g \
1009 98% conv., 86% ee COOH
9, o
70% yield, 98 % ee 8, ce > 99%

63% yield, 99.7 % ee

“Reagents and conditions: (a) 1 mol % 4b (231 mg), 17 mL of
MeNO, (10 equiv), 21 °C, 21 h, recrystallization (propan-2-ol), 70%;
(b) NiCl,-6H,0, NaBH,, MeOH, 84%; (c) CbzCl, Na,CO;, H,0/
dioxane, 90%; (d) HCl, MeOH, 73%; (e) KMnO,, KOH, KH,PO,,
‘BuOH; (f) HCl, MeOH, 57% over 2 steps.
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