Hydroformylation of Homoallylic Azides:
A Rapid Approach toward Alkaloids
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ABSTRACT

(S)-anabasine

(S)-nicotine

()-sedamine Me (+)-9

Unprecedented hydroformylation of homoallylic azides combined with useful one-pot operations provides an expeditive access to alkaloids.

In natural products and pharmaceuticals, the piperidine core
is one of the most encountered and has been recognized as
a priviledged structure in medicinal chemistry.' Indeed over
12,000 discrete piperidine entities have been mentioned in
clinical or preclinical studies over the past decade.? To date,
a variety of approaches to piperidines have been developed,?
but general and efficient methods meeting the criteria of atom
economy are still desirable. Following our interest in the
preparation of piperidine-related alkaloids,* we envisioned
using homoallylazides as direct precursors for the piperidine
core. Indeed homoallylazides have already been used for the
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synthesis of pyrrolidines® by means of a hydroboration—
cycloalkylation reaction (Figure 1). However, the extension

.
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Figure 1. Strategy to access pyrrolidine and piperidine alkaloids.

of this strategy for the preparation of piperidine rings has
proven to be troublesome because the corresponding azido
olefins were prone to [3 + 2] cycloadditions.6 Conversely,
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Table 1. Optimization of the Hydroformylation Conditions

H,/CO (1:1)
X 5 bar

Ph N Rh(CO acac)

J\/VCHO fcm f

Ilgand L
1a solvent 2a:linear branched isomerized
entry loading” L solvent/temp time (h) /b iso % yield %° (convn)®
1 1/2/50 A THF/65 10 86/14 5 37 (62)¢
2 1/2/50 B THF/65 6 >95/5 <5 87 (99)
3 1/2/50 B Tol/65 6 >95/5 <5 87 (99)
4 1/3/100 B THF/rt 24° >95/5 10 83 (99)
5 1/3/100 B THF/65 4 >95/5 <5 87 (99)
6 1/3/100 B MeOH/50 4 >95/5 <5 87 (99)

“ Rh(CO),(acac)/L/1a. * Conversion and percentage of isomerized product as the I/b ratio were determined by crude 'H NMR. “ Isolated after silical gel
chromatography. ¢ Total oxidation of the phosphorus was observed by crude *'P NMR. I atm of syngas.

Xantphos A: O O Biphephos B:
(@]

PPh, PPh,

B4

t-Bu

a carbon homologation of the terminal double bond could
provide a solution. Indeed if the azide function would be
compatible with the conditions of a linear regioselective
hydroformylation, the transformation of the azide to a basic
amine would allow the formation of a cyclic imine, a direct
precursor of aza-heterocycles. This sequence would represent
a new synthetic pathway to piperidines (Figure 1). Hydro-
formylation is a prototype of an atom-economic’ reaction
and an attractive synthetic valorisation of alkenes. A new
carbon—carbon bond is formed by addition of H, and CO
with concomitant formation of an aldehyde function under
mild conditions allowing, for instance, further transformations
in a one-pot processes.® In the present case this strategy is
of particular interest as azides are relatively inert to classical
chemical transformations, but if properly activated they can
offer an exploding diversity of chemical reactivities.” Ad-
ditionally they represent an inexpensive orthogonal protection
of the amine function to a broad range of reaction conditions
and functional groups. Herein we report our first results using
hydroformylation of homoallylic azides in the syntheses of
piperidinyl alkaloids or analogues.

From the literature data no report was available on the
elusive stability of the azide group under hydroformylation
conditions. Therefore two main questions had to be ad-
dressed: (i) the reduction of the azide to an amine in the
presence of Rh(I) and hydrogen (one partner in the syngas)
and (ii) the oxidation of usual phosphine ligands (e.g.,
Xantphos A) for Rh(I) during the hydroformylation via a
Staudinger reaction at the expense of the azide. A preliminary
experiment with Xantphos revealed a poor regioselectivity
and conversion (Table 1, entry 1).

Proscribing phosphine ligands, it is well-known that
phosphite ligands such as Biphephos, B, a sterically hindered
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bis-phosphite ligand, greatly favors the linear/branched ratio
(I/b) with a high turnover frequency.'® In addition, phosphites
are more electronically deficient than phosphines, thus
reacting very slowly with azides. Initial experiments were
performed on a model homoallylazide 1a, and the results
are depicted in Table 1. Indeed, the hydroformylation was
operating at low pressure of syngas (5 bar) in THF, toluene,
and MeOH (entries 2—6), with Biphephos as a ligand and
Rh(CO),(acac) as a precatalyst. The chemical conversion of
the terminal olefin and the regioselectivity in favor of the
linear aldehyde 2a were excellent, but more interestingly,
the azido function remained intact. Even the room temper-
ature atmospheric pressure protocol gave good results (entry
4) albeit demanding a longer reaction time.'! With a low
catalyst/ligand loading good yields were obtained with
excellent regioselectivity. The reaction time could be reduced
to 4 h for reaching complete conversion (entry 5), and
different solvents (THF, toluene, MeOH) can be used. Finally
we achieved our first goal, the regioselective generation of
an aldehyde from an alkene, in the presence of an azide via
hydroformylation under mild conditions.

We next examined the scope of the reaction by subjecting
to hydroformylation a broad range of azido alkenes 1la—h
and 4, carrying various substituents such as alkyl, allyl, aryl,
heteroaryl, and substituted aryl groups (Table 2). Preparations
of 1a—1h were uneventful using standard methods.'*"?

Using our optimized conditions, the desired d-azido-
aldehydes 2a—h could be isolated in good to excellent yields
(entries 1—8). The use of methanol as solvent in the presence
of a catalytic amount of pTSA-H,0 (10 mol %) allowed the
direct transformation of 1a into the corresponding ketal 3 in
90% yield (entry 9). Finally, subjecting 4, a 1,2-disubstituted
olefin, to hydroformylation in the presence of triphenylphos-
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Table 2. Scope of the Reaction

/(\ H,/CO (1:1) 5 bar /(VCHO
Ng

Rh(CO),(acac) 1 mol % R N
1 THF, 65 °C,4 h

R

w

biphephos 3 mol %

N

entry substrate product yield”

QHO 87%

J\/\
Ng
Me N Me
2 O Ns O\Q/QHO 92%
1b 2b
ﬁ

/L/\CHO 83%

3
n-Pr N3 1e n-Pr N3 2
3 3
4 m OHCMCHO 84%
No 1 Na 2d
R
CHO
5 TN ~xrT°N 92%
| JH | JH®
N le N 2e
S
6 PN, ~ONCTO 8%
\o 1f \-0 2f
OTBS X oTBS
7 H 89%
Ph Ng Ph N, HO ’
H 1g H 2g
A
SN S & P
MeO,C TN, MeO,C TN,
H 1h H 2h
CH(OMe)
9 J\/\ J\/\/ 2 90h
Ph" Na q, PhT N 3
PPN CHO 51%F
10 Ph N
3 4 Ph/k/\Nss (;g:/:)n

“Tsolated yield after silica gel chromatography. # Rh(CO),(acac) 1 mol
%, biphephos 3 mol %, pTSA-H,0O 10 mol %, H,/CO (1:1) 5 bar, MeOH
[0.04 M], 50 °C, 4 h. © Rh(CO),(acac) 2 mol %, triphenylphosphite 8 mol
%, Ho/CO (1:1) 20 bar, THF [0.04 M], 65 °C, 24 h.

phite as coligand at high pressure of syngas (20 bar) led to
the branched azido-aldehyde 5 in a moderate yield with
incomplete conversion (entry 10).

With this practical method in hand, we first embarked on
the synthesis of a well-known alkaloid, (4)-sedamine (7),
starting from 2g.*'* The N-methyl piperidine 6 was obtained
with the following one-pot reduction protocol (Scheme 1):
azido-aldehyde 2g was reduced to the primary amine with
Pearlman’s catalyst in presence of aqueous formaldehyde.
After TBS deprotection in 6, (£)-sedamine was obtained in
34% overall yield in eight steps from benzaldehyde. This
new procedure represents an alternative to the piperidine
syntheses by ring-closing metatheses from 1,3-hydroxy
homoallyl-amines, if atom- and step-economy are
considered.**!?
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Scheme 1. Synthesis of (+)-Sedamine

OoTBS Pd(OH),/C, Hy 5 bar
- N, CHO

H 2 then HCHO aq MeOH, rt,
2g 76% one pot
——————
Ph H N THF, it Ph H N
Me 91% Me
(+)-sedamine, 7 6

Next, the azido group was considered as an orthogonal
protection of the amino function with respect to the aldehyde
in compounds 1la—h. Indeed the aldehyde function produced
by hydroformylation can be employed for performing a
Wittig reaction in a one-pot manner.'> For instance the
generation of an o,-unsaturated ester can be amenable to
an in situ aza-Michael addition via the nitrene generated from
the azido group. With this sequence, the formation of 2,6-
disubstituted piperidine rings could be expected.

To illustrate this strategy, we first investigated a one-pot
hydroformylation/Wittig olefination using 1a as azido-olefin
and ethyl-(triphenylphosphoranylidene)-acetate as the Wittig
reagent. Thus the hydroformylation reaction was performed
on la (entry 1, Table 2), the gas was released, and then the
Wittig reagent was added into the crude reaction mixture,
which produced enoate 8 in 80% isolated yield. When enoate
8 was directly submitted to the classical Staudinger condi-
tions, piperidine 9 (cis/trans = 96/4) was obtained in a one-
pot fashion with an overall yield of 60%. To our knowledge
this sequence represents, the first one-pot hydroformylation/
Wittig olefination/Staudinger reaction/Michael addition
(Scheme 2).

Scheme 2. One-Pot Access to 2,6-Disubstituted Piperidine 9

X COoE

= i) Hy/CO,[Rh] /(Eg\ﬂ 2

Ph™ "Ns jj) phspCHCOEL THF  PN° Na 8
1a t, 2 h, 80% one pot E/Z=95/5
‘ i) Ho/CO,[Rh] iiy Wittig reagent /I(jl\/ COLEt

Ph TN
iiiy PPha/H,0, rt, overnight HHH g
60% one pot L\

nOe cisftrans=96/4

Finally the chiral pyridinyl-homoallylazide 1e'® was
recognized as an ideal substrate for a hydroformylative
skeletal diversity oriented synthesis of two major alkaloids
from Nicotiana tabacum, (S)-anabasine (10) and (S)-nicotine
(12). Thus after hydrofromylation of azido-alkene le,
replacement of the syngas by hydrogen allowed reduction
of the azide followed by an intramolecular domino reductive
amination in the presence of Pearlman’s catalyst. This one-
pot sequence allowed us to obtain (S)-anabasine (10) in 81%
yield and 94% ee (four steps from 3-pyridinecarboxaldehyde,
61% overall yield; Scheme 3).
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Scheme 3. Diversity Oriented Synthesis of (S)-Anabasine and
(S)-Nicotine via a One-Pot Hydroformylation/Hydrogenation and
Hydroformylation/Schmidt Rearrangement

H,/CO, [Rh| N N
HH

o
then Hy, 5 bar, Pd(OH),/C, N
THF, rt, overnight (S)-anabasine 10
81% one pot 94% ee
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CHO HCOZH

11a, 94% ee 18 h, 80% (S)-nicotine 12
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The synthesis of (S)-nicotine (12) from azido-alkene/
aldehyde 1e/2e required the construction of a pyrrolidine unit
from an open chain structure. Recently Aubé showed that
y- or 0-azidoalkyl aldehydes were amenable to lactams or
formamides via an intramolecular Schmidt rearrangement."”
Therefore homochiral aldehyde 2e, with an aryl residue next
to the azido group, is a good candidate to explore the
intramolecular azido-aldehyde conversion into the corre-
sponding chiral formamide. Indeed (S)-nicotine was prepared
from le by performing the hydroformylation reaction in
toluene followed by the addition of TFA upon syngas
removal. Full conversion was observed, formamide 11a was
by far the major adduct over lactam 11b (11a/11b = 4/1).
Finally pure formamide 11a was treated with formic acid
and aqueous formaldehyde to furnish (S)-nicotine (12) (five
steps from 3-pyridine carboxaldehyde, 35% overall yield,
94% ee).18 As a rationale, the formation of formamide 11a
can be explained by the two favorable conformers I and II
where the equatorial leaving group is antiperiplanar to the
migrating alkyl group. Although the large aryl group is in
the equatorial position in both I and II conformers, the
anomeric effect probably favors conformer I. Noteworthy
and contrary to Aubé’s observations, the lactam product 11b
is formed in traceable quantities, demonstrating that hydride
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migration is possible in larger ring sizes through the
postulated conformer III.

In conclusion, we have shown that azides are compatible
with certain conditions of hydroformylation. Thus, starting
from easily accessible homoallylic azides, we could imple-
ment the hydroformylation reaction in several one-pot
protocols (hydrogenation/Wittig olefination/Staudinger reac-
tion/Michael addition/Schmidt rearrangement) representing
new ways for the expeditive assembly of piperidine- and
pyrrolidine-containing alkaloids in an atom-economic man-
ner. Extension of this methodology toward the synthesis of
other alkaloids is underway.
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