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Abstract
The first highly diastereo- and enantioselective additions of aryl nitromethane pronucleophiles to
aryl aldimines are described. Identification of an electron rich chiral Bis(Amidine) catalyst for this
aza-Henry variant was key to this development, leading ultimately to differentially protected cis-
stilbene diamines in two steps. This method then became the lynchpin for an enantioselective
synthesis of (–)-Nutlin-3 (Hoffmann-LaRoche), a potent cis-imidazoline small molecule inhibitor
of p53-MDM2 used extensively as a probe of cell biology and currently in drug development.

The attention provided to the aza-Henry reaction, also commonly referred to as the nitro-
Mannich reaction, over the past decade has resulted in a range of catalysts that can provide
the β-amino nitroalkane addition products with high enantioselection.1 These products are
readily transformed to unsymmetrical vicinal diamines by straightforward reduction of the
nitro functional group, thereby providing straightforward access to a key synthetic building
block.2 Nitromethane additions have received the lion's share of attention in these reports,
and several classes of nitroalkanes remain problematic. For example, the use of aryl
nitromethanes in catalytic, enantioselective aza-Henry reactions has been reported twice, but
both examples provided low enantioselection, and little diastereoselection (≤2:1) compared
to otherwise high stereoselection with alternative nitroalkanes.3 We encountered similar
challenges when approaching these additions with Bis(AMidine) catalysis but report here
the successful realization of highly diastereo- and enantioselective aryl nitromethane
additions to azomethine using catalyst control. The value of this work lies in its ability to
furnish unsymmetrical cis-stilbene diamine derivatives, and this is further grounded by our
development of the first fully stereocontrolled synthesis of the potent p53/MDM2 inhibitor
(–)-Nutlin-3 (2) discovered by Hoffmann-La Roche (HLR).
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We initially targeted β-amino nitroalkane 1a (Table 1). Nitroalkane 4 was prepared in one
step from para-chlorobenzyl bromide using the method of Kornblum,4 and imine 3 was
formed from the corresponding α-amido sulfone using potassium carbonate to effect the
elimination to azomethine.5 Our first attempts to promote the addition of nitroalkane 4 to
imine 3 utilized a symmetrical chiral proton catalyst (5•HOTf), leading to the adduct in 13:1
dr and 64% ee (major) (Table 1, entry 1).6,7 Since the Brønsted acid salt of the BisAMidine
ligand has always been the most selective catalyst in our past work, we did not anticipate the
finding that the free base was equally effective;8 use of bis(amidine) 5 under otherwise
identical conditions led to product with nearly equal diastereoselection and enantioselection
(Table 1, entry 2). It should be noted that protonation of the Brønsted basic bis(amidine) by
aryl nitromethane 4 is possible, and the aryl nitromethane salt that would form (e.g
[BAM•H]+•[ArCHNO2]–) could itself be a catalyst in these reactions. Regardless, this
observation broadened our investigation of catalysts to include both free base and 1:1
BAM:TfOH. Using unsymmetrical ligand 6, we found that the salt led to the desired
addition product with good diastereoselection (7:1 dr), and slightly improved
enantioselection (80% ee) (Table 1, entry 3), whereas the free base was similarly
diastereoselective (6:1 dr), but less enantioselective (72% ee) (Table 1, entry 4). The binding
pocket in catalyst 7 is presumably more open than those of the two previous ligands (5-6),
leading to low enantioselection while diastereoselection remained high (Table 1, entries
5-6). However, the free base now provided enantioselection at a slightly improved level
relative to the use of its triflic acid salt, emphasizing the need to optimize this transformation
using a rather empirical approach. It was not until the Pyrrolidine BisAMidine (8a)6a was
used that the enantioselection increased significantly to 85% ee (Table 1, entry 7). The
behavior of this bis(amidine) was consistent with its parent HQuin-BAM (5) in that the free
base performed equally well relative to the triflic acid salt (Table 1, c.f. entries 7-8). Due to
the increase in enantioselection upon increasing the Brønsted basicity/electron rich nature of
the aromatic rings, we prepared three additional derivatives in which the quinoline periphery
is substituted by methoxy groups (8b-d). These catalysts provided improvements over 8a,
with 8d leading to the addition product in 13:1 dr, 91% ee, and nearly quantitative yield
(Table 1, entries 10-12). A single fractional recrystallization of this material from toluene
provided the adduct as a single diastereomer (>200:1) with 97% ee.

Catalyst 8d was applied to a range of variants to determine preliminary scope (Table 2).
Electron rich aryl aldimines led to addition products with higher diastereoselection and
similar enantioselection (Table 2, entries 2-4), whereas electron deficient aldimines provided
lower, but still good diastereoselection at 14:1 or better (Table 2, entries 5-6). Several aryl
nitromethane pronucleophiles were also prepared and subjected to the standard reaction
conditions. These provided the adducts with high diastereo- and enantioselection as well
(Table 2, entries 9-12), with the exception of the most electron deficient case (Table 2, entry
13). The acidity of the product in this case renders it more susceptible to epimerization at the
nitro-substituted carbon. In most every case examined, the addition products were crystalline
and were isolated in very good yield.
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The successful development of an anti-selective addition to generate key intermediate 1a left
our remaining aim to convert this masked diamine into Nutlin-3 (2). Nutlin-3 is a cis-
imidazoline that can restore the pathway to apoptosis in cancerous cells where the p53 gene
is wild type.9 The Nutlins have been shown to inhibit p53/MDM2,10 and the more potent
enantiomer, (–)-Nutlin-3, has been used extensively as a small molecule probe of cell
biology and remains in clinical development as a chemotherapeutic.11 Its synthesis has not
been reported outside of a collection of patents for the preparation of rac-Nutlin-3.12,13 In
order to avoid a meso intermediate without unduly telescoping the synthesis using
deprotection techniques, conversion of β-amino nitroalkane 1a into the unsymmetrical
imidazoline would need to use the inherent chemoselectivity offered by this intermediate.
This was accomplished by reduction of the nitro to amine using cobalt boride formed in
situ,14 and subsequent acylation with acid 21 to produce Boc-protected amide 22 (Scheme
1). Straightforward deprotection of the Boc group using trifluoroacetic acid revealed the
secondary amine in 88% yield. Acylation of the amine with carbonyl diimidazole led to an
intermediate isocyanate that was treated with piperazinone 23.

This set the stage to attempt a chemoselective cyclizative dehydration to the desired
imidazoline. For this purpose we turned to the powerful dehydrating property of a
phosphonium anhydride formed by the combination of triphenylphosphine oxide and triflic
anhydride (Hendrickson's reagent).15 Faced with the question of chemoselectivity in the
context of a mixed amide/carbamate substrate,16 we applied the Hendrickson protocol and
observed a single imidazoline product that was retrieved in 88% isolated yield.

At present, the exact mass for Nutlin-3 determined by high resolution mass spectrometry is
the only available analytical data for comparison. As a result, we sought evidence to support
whether the desired imidazoline (Nutlin-3) or an alternative isomer (24) formed during this
dehydrative cyclization. Support for the imidazoline depicted for Nutlin-3 was obtained by
an HMBC (600 MHz) experiment. Among the 3 JHC couplings observed was the diagnostic
crosspeak to the urea carbon from H1 of the imidazoline; a crosspeak between H8 and an
amide carbonyl carbon was not observed. Nutlin-3 produced using this synthesis and
catalyst 8d is levorotatory.

Conclusion
In conclusion, we have developed the first highly diastereo- and enantioselective aza-Henry
additions using aryl nitromethanes. This transformation was used to prepare a key cis-
stilbene diamine intermediate that served as a precursor to the potent chemotherapeutic (–)-
Nutlin-3. As a consequence of this synthesis, complete spectroscopic and analytical data for
synthetic intermediates and (–)-Nutlin-3 are available.17 This synthesis removes the current
reliance on preparatory chromatography using a chiral stationary phase and substitutes it
with a readily prepared chiral catalyst that furnishes intermediate 1a with high stereocontrol.
This improved accessibility of cis-imidazolines may stimulate their broader use as probes, if
not provide a practical synthesis to fuel drug development.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Scheme 1. Preparation of (–)-Nutlin-3
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