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Enantioselective Formal Syntheses of 11 Nuphar Alkaloids and
Discovery of Potent Apoptotic Monomeric Analogues
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Abstract: Concise, scalable, and enantioselective formal
syntheses of eight dimeric and three monomeric nuphar
alkaloids were achieved, along with the construction of
a stereochemically diverse collection of the first known
monomeric analogues having apoptotic activity. The syntheses
involved the development of highly enantioselective Brønsted
acid catalyzed vinylogous Mukaiyama–Mannich reactions,
which feature the unprecedented use of a supersilyl group to
control the regio-, enantio- and diastereoselectivity. Biological
studies reveal that several of these novel nuphar analogues are
even more potent than their dimeric natural product counter-
parts.

The dimeric nuphar alkaloids were first isolated from the
yellow water lily in 1962.[1] As exemplified by (++)-6-hydroxy-
thiobinupharidine [(++)-1a ; Figure 1], they are structurally
unique sulfur-containing quinolizidine triterpenoids endowed
with multiple biological profiles (antibacterial,[2] antifungal,[3]

immnosuppressant,[4] etc.). In particular, (++)-1a induces
apoptosis in U937 human leukemia cells within 1 hour (2.5–

10 mm).[5] Such a rapid induction of apoptosis is the fastest
reported for a small molecule.

Given their challenging architecture and potential as
cancer chemotherapeutic agents, members of this family have
caught the attention of the chemical[6] and biological[7]

communities with the first synthesis of a dimeric nuphar
alkaloid, (¢)-neothiobinupharidine [(¢)-5b ; Figure 2],

reported by Shenvi and co-workers in 2013.[8] Very recently,
our group disclosed the first total syntheses of both enantio-
mers of 1 a and four other hydroxylated congeners by the
dimerization of enantiomerically pure monomeric the cyano
quinolizidine 2 (Figure 1) using chiral indium(III) com-
plexes.[9] However, stoichiometric amounts of the indium(III)
complexes were used in the dimerization process, and their
ability to control the diastereochemical outcome during the
thiaspirane ring-formation is only moderate, thus resulting in
the need for careful purification of each diastereomer. Such
limitations render SAR studies and further attempts of using
dimeric nuphar analogues to identify biological target(s)
difficult in terms of practicality, synthetic economy, and
efficiency.

Inspired by the previous successes of function/biology-
oriented synthesis (FOS/BIOS),[10] we wondered whether
a monomeric quinolizidine subunit of 1 might be sufficient to
impart apoptotic properties with similar potencies as com-
pared to their dimeric counterparts. We were intrigued by the
report of Yoshikawa and co-workers[5] in which (++)-1a was
considerably more cytotoxic than (++)-1 b, with the only
structural difference being the presence of the C6 aminal
moiety in (++)-1a (Figure 1). We hypothesized that the aminal

Figure 1. Rational for simplification of (++)-1a.

Figure 2. Nuphar alkaloids.
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hydroxy group of (++)-1a is a critical feature for apoptotic
activity. Because the highlighted portions (Figure 1) of (++)-1a
and (++)-1b are identical, we anticipated that they may be
deleted to reduce molecular complexity. Moreover we also
proposed replacement of the C5 furyl group of (++)-1a
(structural alert) with aryl groups of greater metabolic
stability. As a result, the truncated structure 3 was conceived.
Although the family of nuphar alkaloids contains many
monomeric quinolizidines such as (¢)-7a–c[6a] (Figure 1) and
others, none of them possess the C6 hydroxy functionality. It
is therefore not surprising that none of these naturally
occurring compounds are known to be apoptotically active.[11]

We reasoned that 3 and related analogues may arise from
the common intermediate 8 (Scheme 1). To access the
anti relationship between R1 and the piperidone ring of 8,
we were cognizant of chiral phosphoric acid catalyzed
stereoselective vinylogous Mukaiyama–Mannich (vM-Man-

nich) reactions reported by Schneider et al. [Eq. (1); TBS =

tert-butyldimethylsilyl].[12, 13] By employing this protocol, we
envisaged constructing diastereo- and enantiomerically
enriched 8 from the aldehyde 9 by a three-component vM-
Mannich reaction (Scheme 1).[14]

Moreover, we hypothesized that the above strategy may
also allow the construction of the enantioenriched quinolizi-
dine (¢)-11 (Scheme 1), an advanced precursor in: 1) our
syntheses of dimeric nuphar alkaloids 1a–c, 4, 5a, and 6a–b,[9]

2) the synthesis of 5b by Shenvi et al. ,[8] and the syntheses of
7a–c[6a] by Harrity et al. (Figure 2). We envisioned that (¢)-11
could be derived from the piperidine < (¢)-12. In analogy,
(¢)-12 could be assembled stereoselectively from the alde-
hyde 13 by a vM-Mannich reaction between 10 and p-
anisidine.

The groups of Yamamoto and Tilley, as well as our group
and others have reported the use of supersilyl groups to

control stereoselectivity in aldol, vinylogous Mukaiyama–
Michael (vM-Michael) reactions, and other processes
(Figure 3).[15, 16] In this account, we describe the unprece-
dented use of supersilyl groups on vinylketene acetals, such as
10, to influence the regiochemical outcome and the diastereo-
and enantioselectivity of vM-Mannich reactions. The result-
ing enantiomerically pure d-amino a,b-unsaturated carbonyl
products have allowed us to carry out the concise and scalable
formal syntheses of 11 nuphar alkaloids, as well as a library of
biologically active truncated analogues of 1a.

We initiated our study by examining the vM-Mannich
reaction between 9, p-anisidine, and the TBS-based vinyl-
ketene acetal 14 a by adopting the optimal protocol reported
by Schneider and co-workers (Table 1, entry 1). Surprisingly,
the reaction yielded only moderate g- versus-a regioselectivity
and enantioselectivity, and were inferior to results obtained
when starting with the aldehyde 15 [Eq. (1)]. As a positive
control, we performed the reaction reported by Schneider
et. al. in Equation (1) and were able to replicate the
selectivities that they observed.

From these data, it was apparent that even a single extra
methylene unit on 9, as compared to 15, leads to substantial

Scheme 1. Retrosynthetic analysis. PMP = para-methoxyphenyl,
TTMSS= tris(trimethylsilyl)silyl.

Table 1: Selected optimization data.[a]

Entry 14 Catalyst
(mol%)

Solvent t
[h]

Yield [%][c]

18 (g) 17 (a)
d.r.
(18)[d,g]

ee [%]
(19b)[e]

1 14 a 16a (10) THF 16 65 23 21:1 50[f ]

2 14 b 16b (10) THF 14 59 29 13.5:1 79
3 14 c 16b (10) THF 11 90 <5 22:1 92

[a] 9 (1 equiv), p-anisidine (1 equiv) and 14 (2.0 equiv) and 0.1 m
concentration. [b] Quantitative yield. [c] Yield of isolated product.
[d] Determined by 1H NMR analysis of unpurified product. [e] Deter-
mined by chiral-phase HPLC analysis for 19b. [f ] ee value for 19a.
[g] Absolute configuration of 18 was assigned by analogy to Ref. [12].
THF = tetrahydrofuran.

Figure 3. Supersilyl groups.
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degradation of the regio-, diastereo-, and enantioselectivity.
This observation prompted us to search for improved reaction
conditions for our reaction system (see the Supporting
Information for details). A survey of several BINOL- and
H8-BINOL-based chiral phosphoric acids identified 16b as
a promising candidate, but still with substantial amounts of
a alkylation (Table 1, entry 2). Inspired by our recent studies
on using supersilyl groups to influence the regioselectivity of
vM-Michael[16] reactions, as well as the pioneering work by
Yamamoto et al.,[15] we elected to employ the vinylketene
acetal 14c, bearing the sterically demanding supersilyl group
tris(trimethylsilyl)silyl (TTMSS), as the nucleophile. Gratify-
ingly, this transformation furnished 19b with excellent
selectivities (entry 3) and was also performed on gram-scale.

With an ample supply of 19b in hand, we then proceeded
to the syntheses of the target monomeric nuphar alkaloid
analogues 3. As shown in Scheme 2, 19b was subjected to
hydrogenation and subsequent Weinreb amide formation to
give 20, a compound that represents a versatile intermediate
from which a range of aryl groups may be installed. For
instance, treatment of 20 with PhMgBr and then removal of
the PMP group provided the ketone 21a, whose structure was
further confirmed by single-crystal X-ray analysis. p-TsOH-
mediated condensation of 21 a and subsequent stereoselective
hydrogenation yielded the quinolizidine 22a in 85% yield
over the two steps. The late-stage intermediate 22a could then
be transformed into a variety of truncated nuphar analogues
by two consecutive operations: 1) base-mediated difunction-
alization of C7, and 2) stereoselective semi-reduction of the

lactam moiety to install the C6 hydroxy group. Our attempts
to reduce the dimethylated quinolizidine 23, however, were
unsuccessful despite surveying a variety of reductive condi-
tions. These reactions invariably yielded the fully reduced
quinolizidine compound 25. In contrast the semi-reduction of
the thioethers 26a and 27 a with DIBAL-H successfully
furnished 28 a and 29a, respectively, bearing the desired C6
aminal hydroxy groups.[9, 17]

Following the same strategy, we synthesized a range of
structurally diverse enantioenriched monomeric quinolizi-
dines, (++)-28a–f, (++)-29a–f, and (++)-31 a–d (Scheme 2). To
evaluate the effect that the specific antipode of these
analogues has on their apoptotic activities, we also prepared
the enantioenriched (¢)-28 b and (¢)-31b, as well as racemic
28b, 29 a, 29 c, and 31a–b. The relative stereochemical
relationship of monomeric nuphar analogues were assigned
by 2D-NOESY experiments (see the Supporting Informa-
tion).

We then took advantage of the vM-Mannich reactions
developed above to construct the key monomeric quinolizi-
dine intermediate (¢)-11 en route to the hydroxylated
dimeric nuphar alkaloids as well as several monomeric
nuphar alkaloid natural products. As shown in Scheme 3,
our efforts began with the preparation of 13, which could be
derived from the commercially available 32 by: 1) monoacy-
lation, 2) vinylation of the free allylic alcohol, and 3) Claisen
rearrangement. Treatment of 13 with 14 c in the presence of
10 mol% of the catalyst 16 b smoothly afforded the desired g-
product 34 in 97% yield with complete g-regioselectivity, and

Scheme 2. Synthesis of monomeric nuphar alkaloid analogues. CAN= ceric ammonium nitrate, DIBALH=diisobutylaluminum hydride, LDA=
lithium diisopropyl amide, p-TSA =para-toluenesulfonic acid.
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excellent diastereo- (d.r. 24:1) and enantioselectivity (97%
ee).[18] This sequence furnished 3.2 grams of 34, which under-
went intramolecular Tsuji–Trost allylation to give the piper-
idine (¢)-12. Copper(I)-mediated chemoselective reduction
of the enone alkene gave the product 35 which was subjected
to CAN-promoted removal of the PMP group and sponta-
neous lactam formation to furnish (¢)-11. This sequence is
scalable and allowed 0.8 grams of (¢)-11 to be procured from
32 in only seven total steps, and is comparable to the current
shortest route to (¢)-11 (eight total steps, five longest
linear).[8] The quinolizidine (¢)-11 is a key late-stage inter-
mediate in the previous syntheses of (¢)-1a and several other
dimeric and monomeric nuphar alkaloids.[6a,8, 9]

We then assayed the monomeric analogues synthesized
above for their apoptotic properties against the human U937
cell line as judged by caspase cleavage of poly(ADP-ribose)
polymerase (PARP), a marker of apoptosis (Table 2 and
Figure 4). Rapid apoptosis of U937 cells (within 2 h) was
observed in most cases. The majority of the synthetic
monomeric nuphar analogues possessed more potent or
comparable apoptotic activities to that of the parent dimeric
nuphar alkaloid (++)-1a.[9] Notably, these compounds repre-
sent the first known examples of monomeric nuphar alkaloids
which are biologically active for apoptosis. Among them
(++)-28 b seems to be the most potent at the 2 and 6 hour time
points, and is thus eightfold more cytotoxic than (++)-1a
(Figure 4). It is also noteworthy that enantiopure quinolizi-
dines (++)-28b and (++)-31b, which correspond to the absolute
configuration of unnatural (¢)-1a, were more potent than
their respective antipodes (¢)-28b and (¢)-31b. Moreover,
the monomeric quinolizidines 28, which feature an anti
relationship between the hemiaminal hydroxy group and
adjacent sulfide substituents, tended to exhibit slightly more
potent apoptotic activities than their epimeric structures (29;
e.g. entry 2 versus 3).

In conclusion, we have accomplished the formal synthesis
of (¢)-6-hydroxythiobinupharidine and several other dimeric
and monomeric nuphar alkaloids. We have also designed and
constructed a diverse range of simplified monomeric quino-
lizidine analogues. The syntheses feature the development of
vM-Mannich reactions which make use of the supersilyl group
as a control element for regio-, diastereo-, and enantioselec-
tivity. Biological assays of these truncated analogues identi-
fied the first known apoptotically active monomeric nuphar
alkaloids.

Scheme 3. Enantioselective formal syntheses of eight dimeric and
three monomeric nuphar alkaloids. DMAP= 4-(N,N-dimethylamino)-
pyridine, TEA = triethylamine.

Table 2: Apoptosis assays (PARP cleavage).

Entry Compound 2 h[a] 6 h[a]

1 (++)-1a (natural) 10 5.0
2 (++)-28a 5.0 2.5
3 (++)-29a 10 5.0
4 (�)-29a 10 5.0
5 (++)-28b 1.25 0.625
6 (¢)-28b 10 2.5
7 (�)-28b 4.0 3.0
8 (++)-29b 10 5.0
9 (++)-28c 5.0 2.5

10 (++)-29c 5.0 2.5
11 (�)-29c 10 5.0
12 (++)-28d 5.0 1.25
13 (++)-29d 5.0 5.0
14 (++)-28e 5.0 2.5
15 (++)-29e 10 5.0
16 (++)-28 f 2.5 1.25
17 (++)-29 f 10 5.0
18 (++)-31a –[b] –[b]

19 (�)-31a –[b] –[b]

20 (++)-31b 5.0 1.25
21 (¢)-31b –[b] 10
22 (�)-31b 10 5.0
23 (++)-31c 5.0 5.0
24 (++)-31d 5.0 5.0

[a] Minimum concentration (mm) at which 50% or greater PARP cleavage
is observed. [b] No PARP cleavage was observed up to 10 mm at the
indicated time.

Figure 4. Representative western blots for PARP cleavage.
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L. Maier, J. O. Bauer, C. Strohmann, S. Ziegler, K. Kumar, H.
Waldmann, Angew. Chem. Int. Ed. 2015, 54, 5596 – 5602; Angew.
Chem. 2015, 127, 5688 – 5694.

[11] a) J. Cybulski, K. Babel, K. Wojtasiewicz, J. Worbel, D. B.
MacLean, Phytochemistry 1988, 27, 3339 – 3341; b) N. Kogure,
A. Nozoe, M. Kitajima, H. Takayama, Heterocycles 2009, 79,
1101 – 1105; c) B. Maurer, G. Ohoff, Helv. Chim. Acta 1976, 59,
1169 – 1185.

[12] a) F. Abels, C. Lindemann, E. Koch, C. Schneider, Org. Lett.
2012, 14, 5972 – 5975; b) M. Sickert, F. Abels, M. Lang, J. Sieler,
C. Birkemey, C. Schneider, Chem. Eur. J. 2010, 16, 2806 – 2818;
c) F. Abels, C. Lindemann, C. Schneider, Chem. Eur. J. 2014, 20,
1964 – 1979; d) F. Abels, C. Schneider, Synthesis 2011, 4050 –
4054; e) D. S. Giera, M. Sickert, C. Schneider, Org. Lett. 2008,
10, 4259 – 4262; f) M. Sickert, C. Schneider, Angew. Chem. Int.
Ed. 2008, 47, 3631 – 3634; Angew. Chem. 2008, 120, 3687 – 3690.

[13] During submission of this manuscript, Schneider et al. reported
a similar strategy for preparing quinolizidines by vM-Mannich
reactions using TBS-protected vinylketene acetals. See: C.
Lindemann, C. Schneider, Synthesis 2016, 48, DOI: 10.1055/s-
0035-1561289.

[14] For review, see: a) S. F. Martin, Acc. Chem. Res. 2002, 35, 895 –
904; see also: b) E. L. Carswell, M. L. Snapper, A. H. Hoveyda,
Angew. Chem. Int. Ed. 2006, 45, 7230 – 7233; Angew. Chem.
2006, 118, 7388 – 7391; c) L. C. Wieland, E. M. Vieira, M. L.
Snapper, A. H. Hoveyda, J. Am. Chem. Soc. 2009, 131, 570 – 576.

[15] For selected recent examples, see: a) P. B. Brady, H. Yamamoto,
Angew. Chem. Int. Ed. 2012, 51, 1942 – 1946; Angew. Chem.
2012, 124, 1978 – 1982; b) J. Tan, M. Akakura, H. Yamamoto,
Angew. Chem. Int. Ed. 2013, 52, 7198 – 7202; Angew. Chem.
2013, 125, 7339 – 7343; c) A. Izumiseki, H. Yamamoto, J. Am.
Chem. Soc. 2014, 136, 1308 – 1311; d) A. Izumiseki, H. Yama-
moto, Angew. Chem. Int. Ed. 2015, 54, 8697 – 8699; Angew.
Chem. 2015, 127, 8821 – 8823; e) F. H. Elsner, H. Woo, T. D.
Tilley, J. Am. Chem. Soc. 1988, 110, 313 – 314.

[16] H. Li, J. Wu, Org. Lett. 2015, 17, 5424 – 5427.
[17] R. T. Lalonde, C. F. Wong, K. C. Das, J. Org. Chem. 1974, 39,

2892 – 2897.
[18] The ee value (97%) was determined for (¢)-12 instead of 34

because baseline separation of 34 on our chiral HPLC columns
were unsuccessful.

Received: January 5, 2016
Revised: January 14, 2016
Published online: February 5, 2016

Angewandte
ChemieZuschriften

3574 www.angewandte.de Ó 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. 2016, 128, 3570 –3574

http://dx.doi.org/10.1016/S0040-4039(00)70971-3
http://dx.doi.org/10.1016/S0040-4039(00)70971-3
http://dx.doi.org/10.1016/j.bbagen.2015.02.012
http://dx.doi.org/10.1016/j.bbagen.2015.02.012
http://dx.doi.org/10.1002/jps.2600620530
http://dx.doi.org/10.1002/jps.2600620530
http://dx.doi.org/10.1248/bpb.19.1241
http://dx.doi.org/10.1248/bpb.19.1241
http://dx.doi.org/10.1016/j.bmcl.2005.12.032
http://dx.doi.org/10.1021/jo048455k
http://dx.doi.org/10.1021/jo048455k
http://dx.doi.org/10.1021/ol035156t
http://dx.doi.org/10.1021/ol035156t
http://dx.doi.org/10.1021/jo9823240
http://dx.doi.org/10.4161/cbt.8.19.9567
http://dx.doi.org/10.4161/cbt.8.19.9567
http://dx.doi.org/10.1021/ja310778t
http://dx.doi.org/10.1021/ja310778t
http://dx.doi.org/10.1002/anie.201503934
http://dx.doi.org/10.1002/ange.201503934
http://dx.doi.org/10.1021/ar700155p
http://dx.doi.org/10.1002/anie.201007004
http://dx.doi.org/10.1002/anie.201007004
http://dx.doi.org/10.1002/ange.201007004
http://dx.doi.org/10.1038/nchem.1395
http://dx.doi.org/10.1038/nchem.1395
http://dx.doi.org/10.1016/0031-9422(88)80065-7
http://dx.doi.org/10.1002/hlca.19760590420
http://dx.doi.org/10.1002/hlca.19760590420
http://dx.doi.org/10.1021/ol302871u
http://dx.doi.org/10.1021/ol302871u
http://dx.doi.org/10.1002/chem.200902537
http://dx.doi.org/10.1002/chem.201304086
http://dx.doi.org/10.1002/chem.201304086
http://dx.doi.org/10.1021/ol8017374
http://dx.doi.org/10.1021/ol8017374
http://dx.doi.org/10.1002/anie.200800103
http://dx.doi.org/10.1002/anie.200800103
http://dx.doi.org/10.1002/ange.200800103
http://dx.doi.org/10.1055/s-0035-1561289
http://dx.doi.org/10.1055/s-0035-1561289
http://dx.doi.org/10.1021/ar950230w
http://dx.doi.org/10.1021/ar950230w
http://dx.doi.org/10.1002/anie.200603496
http://dx.doi.org/10.1002/ange.200603496
http://dx.doi.org/10.1002/ange.200603496
http://dx.doi.org/10.1021/ja8062315
http://dx.doi.org/10.1002/anie.201108325
http://dx.doi.org/10.1002/ange.201108325
http://dx.doi.org/10.1002/ange.201108325
http://dx.doi.org/10.1002/anie.201300102
http://dx.doi.org/10.1002/ange.201300102
http://dx.doi.org/10.1002/ange.201300102
http://dx.doi.org/10.1021/ja413008a
http://dx.doi.org/10.1021/ja413008a
http://dx.doi.org/10.1002/anie.201503574
http://dx.doi.org/10.1002/ange.201503574
http://dx.doi.org/10.1002/ange.201503574
http://dx.doi.org/10.1021/ja00209a063
http://dx.doi.org/10.1021/acs.orglett.5b02778
http://dx.doi.org/10.1021/jo00933a015
http://dx.doi.org/10.1021/jo00933a015
http://www.angewandte.de

