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Abstract: We have developed the first
catalytic (in phosphane) Wittig reaction
(CWR). The utilization of an organosi-
lane was pivotal for success as it al-
lowed for the chemoselective reduction
of a phosphane oxide. Protocol optimi-
zation evaluated the phosphane oxide
precatalyst structure, loading, organosi-
lane, temperature, solvent, and base.
These studies demonstrated that to
maintain viable catalytic performance
it was necessary to employ cyclic phos-
phane oxide precatalysts of type 1. Ini-
tial substrate studies utilized sodium
carbonate as a base, and further experi-
mentation identified N,N-diisopropyl-

ethylamine (DIPEA) as a soluble alter-
native. The use of DIPEA improved
the ease of use, broadened the sub-
strate scope, and decreased the preca-
talyst loading. The optimized protocols
were compatible with alkyl, aryl, and
heterocyclic (furyl, indolyl, pyridyl, pyr-
rolyl, and thienyl) aldehydes to pro-
duce both di- and trisubstituted olefins
in moderate-to-high yields (60-96%)
by using a precatalyst loading of 4-

Keywords: alkenes - homogeneous
catalysis - olefination - organocatal-
ysis + Wittig reaction

10 mol %. Kinetic E/Z selectivity was
generally 66:34; complete E selectivity
for disubstituted o,B-unsaturated prod-
ucts was achieved through a phos-
phane-mediated isomerization event.
The CWR was applied to the synthesis
of 54, a known precursor to the anti-
Alzheimer drug donepezil hydrochlor-
ide, on a multigram scale (12.2 g, 74 %
yield). In addition, to our knowledge,
the described CWR is the only transi-
tion-/heavy-metal-free catalytic olefina-
tion process, excluding proton-cata-
lyzed elimination reactions.

Introduction

The carbon—carbon double bond presents a myriad of op-
portunities for the synthetic chemist.!! Olefins, other than
offering a degree of structural rigidity, are the basis for
many robust synthetic methodologies.!! Therefore, an
alkene precursor in a synthetic route may act as a pivot to
many distinct structural classes or offer an alternative when
problems present. Unsurprisingly, due to the synthetic versa-
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tility of olefins, a vast amount of effort has been directed at
their construction. Arguably, other than direct elimination,”
there are currently four general methodologies for the rou-
tine and reliable formation of alkenes:"®) 1) Wittig,"l 2) Pe-
terson,l! 3) Julia-Lythgoe!®/Julia-Kocienski” olefination re-
actions, and 4) metathesis.’! In addition to these reactions,
the Heck reaction may be utilized to produce certain alkene
structures.’! Of the olefinations listed, only metathesis and
the Heck reaction are catalytic, both require alkene starting
materials and use a transition-metal catalyst. Strictly, meta-
thesis and the Heck reaction can be considered as alkene
augmentation processes rather than olefinations. One stoi-
chiometric protocol that offers the opportunity to evolve
into a catalytic process is the Wittig reaction.! First dis-
closed in a 1953 report by Wittig and Geissler,*! this reac-
tion involves the treatment of an aldehyde or ketone with a
phosphonium ylide, thus resulting in an alkene concurrent
with a phosphane oxide byproduct.! Since Wittig’s discov-
ery the reliability of his reaction has resulted in its extensive
use in organic chemistry.'” Nonetheless, the Wittig reaction
suffers from several impediments, namely that the process is
stoichiometric, which often results in difficulty in the remov-
al of the phosphane oxide byproduct. Moreover, lack of a
catalytic Wittig protocol, due to cost/benefit, removes the
possibility to control the olefination event by alteration of
phosphane structure. This deficiency is unfortunate because

@WILEY i@

ONLINE LIBRARY

— 15281



CHEMISTRY

A EUROPEAN JOURNAL

the phosphane structure has been demonstrated to have a
substantial impact on the stereochemical outcome of the re-
action." Thus, carefully designed phosphanes may yield se-
lective processes, and these endeavors would be enhanced if
the phosphane was employed catalytically.[!'*]

The obstacles to the development of a catalytic Wittig re-
action are formidable, and the construction of a catalytic
cycle relies on the completion of four discrete steps
(Scheme 1): 1) formation of the phosphonium ylide precur-

R® precatalyst
N 2

R2 reducing agent
RsP=0 LAH,; X
HSiCl; X
R3SIH v
R

active
PRs <:' catalyst

P
R1
R A
[base ) %x R?
Rggff R2

Scheme 1. Proposed catalytic Wittig reaction.

sor, typically a phosphonium salt;!*!) 2) generation of the
phosphonium ylide, normally by deprotonation;'*? 3) olefi-
nation with the concomitant generation of a phosphane
oxide;["""? and 4) reduction of the phosphane oxide byprod-
uct to produce a phosphane to re-enter the cycle. Most chal-
lenging of the above processes is the essential chemoselec-
tive reduction of the phosphane oxide, which must be ac-
complished in the presence of either aldehyde or ketone
starting materials and an alkene product. Amelioration of
this chemoselective reduction problem could be achieved by
the exchange of the phosphorus atom with arsenic," telluri-
um,™ or antimony™ because their oxides, due to bond
strength, are appreciably easier to reduce.' Indeed, this
strategy led to catalytic Wittig-type processes that employ
arsines and tellurides.'"”? A significant drawback to the
broad adoption of the aforementioned methodologies are
the high toxicity and carcinogenicity of arsenic,™ telluri-
um,™ and antimony compounds.” Environmental anthro-
pogenic contamination, particularly of groundwater, is a
major concern if these reactions were performed on a large
scale.?! The catalytic use of a phosphane would not suffer
from these limitations; hence, a Wittig reaction catalytic in
phosphane would find wider employment. Furthermore,
such a process would marry the power of the Wittig olefina-
tion reaction to the synthetic benefits of a catalytic protocol
without the poisoning issues that can plague transition-
metal-catalyzed processes.”” Recently, our laboratory dis-
closed the first catalytic Wittig reaction (CWR),* and
herein we present in full our studies that led to the develop-
ment of this protocol.

15282 ——

www.chemeurj.org

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

{®*ChemPubSoc
Dt Europe

Results and Discussion

Fundamentally, the challenge in developing a CWR is the
chemoselective reduction of the P=O bond in the presence
of other reactive functionalities, in this case an aldehyde or
ketone and an alkene. At the time, a literature review re-
vealed there were few protocols for phosphane oxide reduc-
tion.?*?°1 Of these methods, most would be unsuitable as a
reductant in a proposed CWR: lithium aluminum hydride®!
is a harsh relatively unselective reducing agent and tri-
chlorosilane (with or without an amine base ) has selectivi-
ty concerns that stem from the lability of the Si—Cl bond
and control of the phosphorus center during the reduction.
Yet the solution may be found in a structural relative of tri-
chlorosilane; that is, both phenylsilane and diphenylsilane
are known to reduce phosphane oxides and are likely to be
compatible with a catalytic Wittig process (Scheme 1). Fur-
thermore, these organosilanes have been shown to reduce
phosphane oxides with retention of configuration at the
phosphorus center.””) The preservation of the stereochemi-
cal integrity at the phosphorus center during reduction is
important if the structure of the phosphane is to be used
later to impart diastereoselectivity on the Wittig reaction.
Additionally, aryl silanes are unlikely to reduce any alde-
hyde or ketone because hydrosilylation normally requires a
transition metal.”

Following the identification of a suitable class of reducing
agent, the next consideration was the nature of the phos-
phane oxide precatalyst. One may consider triphenylphos-
phane oxide, itself a byproduct of many stoichiometric
Wittig reactions, to be ideal. However, the ease of the re-
duction of the phosphane oxide was a crucial factor. From
the outset, a key design criterion for the CWR was that it
would be complete in 24 hours. To fulfill this condition, if a
precatalyst loading of 10 mol % was employed then the cata-
lyst must cycle once every 2.4 hours. We felt that use of tri-
phenylphosphane oxide would not satisfy this requirement.
The employment of cyclic phosphane oxides was more
promising as ring strain is known to significantly aid the
ease of reduction.”” Following this rationale, commercially
available 3-methyl-1-phenylphospholene-1-oxide (1a) was
considered, but the presence of the double bond could
prove troublesome; therefore, this double bond was re-
moved by hydrogenation, thus yielding 3-methyl-1-phenyl-
phospholane-1-oxide (1b) as a mixture of diastereomers
(Scheme 2).

Ph/P\\ MeOH h’P\\
1a 1b

H-Cube Midi yield: 99%; ratio: 2:1
H, balloon yield: 99%; ratio 9:1

Scheme 2. Preparation of 1b through hydrogenation (see the Supporting
Information for full details).
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Figure 1. Optimization of organosilane reduction of phosphane oxide 1b.

Subsequently, the reduction of 1b was evaluated by using
diphenylsilane, phenylsilane, and trimethoxysilane in
[Dg]toluene at 60, 80, and 100°C (Figure 1). From these ex-
periments, it was clear that all three silane compounds were
viable reducing agents at 100°C because the conversion into
a phosphane compound was nearly complete in just 20 mi-
nutes. At lower temperatures (i.e., 60 and 80°C), the reduc-
tion was noticeably slower, with trimethoxysilane yielding
the highest conversions. These results demonstrated that a
reaction temperature of 100°C was necessary for a viable
CWR. In addition, it was confirmed that reduction proceed-
ed with no inversion at the phosphorus center (see the Sup-
porting Information).

After the identification of a suitable reduction strategy,
the next consideration was the actual Wittig reaction, reliant
on ylide formation through deprotonation of the phosphoni-
um salt. For this step, the choice of base is critical. The base
must have a pK, value (of the conjugate acid) that is suffi-
cient to deprotonate the ylide-forming proton of the phos-
phonium salt, yet not lead to incompatibilities with other re-
agents (such as the silane, organohalide, or olefin). Phospho-
nium salt 3, formed from the reaction of phosphane 2 with
methyl bromoacetate, was prepared and evaluated with a
series of bases. It was anticipated that the ylide-forming
proton of this salt would have a pK, value of approximately
9, therefore the use of common bases of pK, 9-12 (for con-
jugate acid) were investigated (Table 1). These studies iden-
tified sodium carbonate as the base of choice by combining
high yield and ease of handling.*"!

Next, the full CWR was assembled by combining the opti-
mized conditions for catalyst, temperature, reductant, and
base (Table 2). Interestingly, although trimethoxysilane gave
the best results in the reduction studies, this result did not
translate into the full reaction system, and diphenylsilane
give the optimal yield and selectivity. After having demon-
strated the first catalytic in phosphane Wittig reaction, we
sought to optimize the reaction further by alteration of the
solvent (Table 3) and reaction temperature (Table 4). Aceto-
nitrile and toluene were shown to give the greatest yields
after both 5 and 24 hours, respectively. However, the use of
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Table 1. Base study using phosphonium salt.!

1.5 equiv base

- > CO,Me
P_CO:Me ph)J\ H toluene Ph7 2
Ph 3 100°C, 12 h 4

1.1 equiv
Entry Base Conversion [% ] E/Z¥
1 K;PO, 100 75:25
2 K,CO, 95 (90) 75:25
3 Na,CO; 98 (90) 75:25
4 Na,S0; 54 62:38

[a] Benzaldehyde (1.0 mmol), 3 (1.1 mmol), base (1.5 mmol), and toluene
(3.0Mm). [b] Conversions were determined by using '"H NMR spectroscopy;
selected examples were purified to determine the yield of the isolated
product (shown in parentheses). [c] E/Z ratio was determined by
"H NMR spectroscopic analysis of the unpurified reaction mixture.

Table 2. Optimization of organosilane for CWR.!

o 1b (10 mol %)
1.1 equiv silane
Br._COMe — M » CO;Me
e 2 T5equvNa,co, PR
1.3equiv  toluene, 100 °C, 24 h 4
Entry Silane Yield [%]®! E/Z¥
1 Ph,;SiH trace n.d.
2 Ph,SiH, 75 >95:5
3 PhSiH; 46 >95:5
4 (MeO),SiH 61 70:30

[a] Benzaldehyde (1.0 mmol), methyl bromoacetate (1.3 mmol), 1b
(0.1 mmol), sodium carbonate (1.5 mmol), silane (1.1 mmol), and toluene
(3.0m). [b] Yields were determined by GCMS/MS against a calibrated in-
ternal standard (undecane) and were performed in duplicate. [c] E/Z
ratio was determined by GCMS/MS. n.d. =not determined.

acetonitrile at a temperature greater than 80°C necessitated
the use of a sealed vessel, thus toluene offered greater ease
of use. Increasing the reaction temperature from 80 to
100°C did not lead to a significant variation in yield, but
gave enhanced diastereoselectivity (Table 4, entries 3 and 4).
It was observed that the E/Z selectivity of the reaction after
just 5 hours was generally 66:34, whereas the reaction was
E-selective after 24 hours (cf. Table 3). This finding suggests
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Table 3. Optimization of solvent.”
1b (20 mol %)

Table 5. Catalyst loading study.
1b (X mol %)

(0] ] . (0] . /
1.5 equiv Ph,SiH, 1.1 equiv Ph,SiH,
Br_COMe ———— = °» CO,Me Br._ CO.Me —————=» CO,Me
Ph)LH T DequivNa,CO, PR Ph)kH T T equiv Na,CO, | PhTN 2
1.0 equiv solvent, 80 °C, ¢ 4 1.0equiv  toluene, 100 °C, 24 h 4

Entry Solvent t [h] Yield [%]™ E/ZF Entry Loading Yield [%]™ E/Z€
1 toluene 5 35 66:34 1b [mol %]
2 toluene 24 73 95:5 1 4 70 >95:5
3 acetonitrile 5 42 67:33 2 10 68 >95:5
4 acetonitrile 24 85 >95:5 3 20 80 >95.5
> d}methoxyethane > 42 67:33 [a] Benzaldehyde (1.0 mmol), methyl bromoacetate (1.0 mmol), 1b (0.04-
6 dimethoxyethane 24 56 >95:5 . . .

. 0.2 mmol), sodium carbonate (1.5 mmol), diphenylsilane (1.1 mmol), and
7 1,4-dioxane 5 35 66:34 . . . .

. toluene (3.0m). [b] Yields were determined by GCMS/MS against a cali-
8 1,4-dioxane 24 55 >95:5 . ; .

brated internal standard (undecane) and were performed in duplicate.

9 DMF 3 34 75:25 [c] E/Z ratio was determined by GCMS/MS.
10 tert-butanol 5 10 60:40 Y '

[a] Benzaldehyde (1.0 mmol), methyl bromoacetate (1.0 mmol), 1b
(0.2 mmol), sodium carbonate (3.0 mmol), diphenylsilane (1.5 mmol), and
requisite solvent (3.0m). [b] Yields were determined by GCMS/MS
against a calibrated internal standard (undecane) and were performed in
duplicate. [c] E/Z ratio was determined by GCMS/MS.

Table 4. Temperature study.”!
1b (10 mol %)

(0] . .
1.1 equiv Ph,SiH,
Br. COo0Me ——M = =» CO,Me
T 2 T5equivNaco, P2
1.1 equiv toluene, T, 24 h 4
Entry T[°C] Yield [%]™ E/Z1
1 60 33 66:34
2 70 49 66:34
3 80 62 66:34
4 100 60 >95:5

[a] Benzaldehyde (1.0 mmol), methyl bromoacetate (1.1 mmol), 1b
(0.1 mmol), sodium carbonate (1.5 mmol), diphenylsilane (1.5 mmol), and
toluene (3.0m). [b] Yields were determined by GCMS/MS against a cali-
brated internal standard (undecane) and were performed in duplicate.
[¢] E/Z ratio was determined by GCMS/MS.

that the kinetic selectivity of the reaction is 66:34 and a
post-olefination isomerization occurs, thus converting the
Z olefin into an FE olefin over time. We postulate that this
isomerization is phosphane mediated (Scheme 3). The lack
of a diastereoselective process when either trimethoxysilane
or temperatures lower than 100°C are employed (compare
Table 2, entry 4 and Table 4, entries 1-3) may result from an

O> -
Q\ OMe Z ~OMe

addition
Aoy =
. Ph

2 7.4 l rotation

o O:’>
MeO | elimination  MeO &7

- +P,

p e,

/C *ph Ph
2 E4

Scheme 3. Proposed phosphane-mediated isomerization of (Z)-4.
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insufficient rate of phosphane formation to effect the iso-
merization of the product after consumption of the aldehyde
(see further).

Following optimization of the base, an assessment of the
precatalyst loading was performed (Table 5). Pleasingly, the
results demonstrated that a loading of just 4 mol % was nec-
essary to achieve an acceptable yield (Table 5, entry 1). Im-
portantly, a loading of 4 mol% is often used in palladium
cross-coupling reactions and a comparable loading of an or-
ganocatalyst is impressive.”"! Indeed, there was no differ-
ence between loadings of 4 and 10 mol % (Table 5, entries 1
and 2, respectively).

Subsequent to protocol optimization, a substrate evalua-
tion was undertaken (Table 6) by utilizing aliphatic, aryl,
and heterocyclic aldehydes in combination with organoha-
lides containing ylide-stabilizing ester, nitrile, ketyl, and
electron-deficient benzyl moieties. Of particular note is the
use of heterocyclic aldehydes in the synthesis of 6, 7, 9, and
22-24. The synthesis of 23 is of specific significance because
this reaction was the first Z-selective catalytic Wittig reac-
tion. This Z selectivity may be because the N—Ts group sta-
bilizes the formation of cis-oxaphosphetane, as observed by
Byrne and Gilheany.” Alternatively, steric influences could
explain the selectivity; nevertheless, this result offers key in-
sight toward the development of a Z-selective methodology.
In addition, the use of aliphatic aldehydes, in particular cit-
ronellal, gave olefins 12, 16, and 21 in good yields. The use
of electron-deficient benzyl bromides produce stilbene de-
rivatives 19 and 20 in good yields, but with moderate selec-
tivity (E/Z=60:40). To demonstrate the application of the
catalytic Wittig methodology further, 7 was produced on a
scale of 30 mmol (67 % yield, E/Z>95:5, 48 h, 90°C) using
just 4 mol % of 1b. Although diphenylsilane was the reduc-
ing agent of choice for the majority of substrates, trimethox-
ysilane was employed in situations in which the removal of
a siloxane byproduct was an issue, for example in the syn-
thesis of 22-24. These results neatly highlighted the benefit
in decoupling the terminal reducing agent from the olefinat-
ing agent because simply switching the silane compound
solves purification issues.

Chem. Eur. J. 2013, 19, 15281 -15289
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Table 6. Substrate study using sodium carbonate for the CWR.!

1b (10 mol %)
R BN LISeavPRSHy R
R H R3 1.5 equiv Na,CO4 R3

1.1-1.5 equiv toluene, 100 °C, 24 h yield %, E/z18)

©/\,C02Me ©/§,CN WCN

4,74%, >95:5[¢d 5, 80%, 75:25 6, 74%, 66:341°]

S< N\,COMe N\~ CO2Me S A\COMe
& /@/\/ 3\/\Ir\/
ON

7, 73%, >95:5!191 8, 64%, >95:5 B 9, 70%, >95:5

O/\,CN MCN

11, 63%, 66:34 12, 66%, 66:34

FsC

14, 81%, >95:5
Cl

N CO,Me

2

10, 77%, 83:17

N\ CO:Me \COPh

13,61%, >95:5 15, 74%, >95:5

18, 70%, 83:17
CF;

\/\/\VCOQMe N CO,Me

Cl
16, 68%, >95:5 17,77%, 86:14

CO,Me

=N
19, 70%, 60:40

MCOZMS

21, 65%, >95:5

N
20, 70%, 60:40

s
N

\COaMe

|

=

22, 76%, 50:50!"

N 0 CO,Me
\ SO
X
6}

23, 75%, 34:66"  CO,Me 24, 60%, 75:2519

[a] The compound number, yield, and E/Z ratio are given for each prod-
uct; the reactions were performed in duplicate (see the Supporting Infor-
mation for detail). [b] E/Z ratio was determined by '"H NMR spectro-
scopic analysis of the unpurified reaction mixture. [c] This reaction per-
formed with 4 mol % of 1b resulted in 73 % yield. [d] This reaction per-
formed with methyl chloroacetate resulted in 68 % yield. [e] A single re-
action with (MeO);SiH (2.0 mmol) resulted in 85% yield. [f] This
reaction performed on a scale of 10.7 mmol with 10 mol% 1b resulted in
63% yield. [g] This reaction performed on a scale of 30 mmol with
4mol% of 1b at 90°C over 48 h resulted in 67% yield. [h] Performed
with (MeO);SiH (2.0 mmol).

Further examination of our substrate study revealed a
trend in diastereoselectivity, o,f-unsaturated products dem-
onstrated considerably higher FE selectivity relative to prope-
nenitrile products (i.e., 5, 6, 11, and 12). To probe this differ-
ence in diastereoselectivity, we revisited the proposed phos-
phane-mediated isomerization event (Scheme 3) and carried
out an isomerization study with both (Z)-4 and (Z)-5
(Figure 2). The results were striking, after 10.5 hours full iso-
merization was observed for 4, whereas 5 showed only a
trace of isomerization (below the limit of quantitation).
Indeed, after 50 hours the conversion of (Z)-5 into (E)-5
had proceeded in just 6% conversion (see the Supporting
Information). In the absence of a phosphane, no isomeriza-
tion to (E)-4 occurred (see the Supporting Information).
These results point to the production of propenenitriles
(through bromoacetonitrile as the organohalide) as a better
probe for the selectivity of the catalytic Wittig system rather

Chem. Eur. J. 2013, 19, 15281 -15289
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than o,B-unsaturated products because propenenitrile ole-
fins do not undergo phosphane-mediated isomerization.
These findings may also have implications for the assess-
ment of diastereoselectivity in stoichiometric Wittig reac-
tions.

Although the results illustrate the considerable scope of
the catalytic Wittig reaction (Table 6), some difficulties were
noted during the application of the reaction. It was necessa-
ry to use finely ground sodium carbonate to achieve high
yields and to ensure rapid stirring throughout the reaction.
The use of a soluble base would alleviate this concern;
therefore, a series of soluble bases with a range of pK,
values (in water) for the conjugate acid between pK, 7 and
14 were screened for the CWR (Table 7). Of the soluble

Table 7. Soluble base study.”!

o 1b (10 mol %)
1.2 equiv PhySiH,
JU 0+ Bro_coMe 2SNV TTOT CO,Me
Ph™ "H ~ ) 1.5 equiv base PR
1.1equiv toluene, 100 °C, 24 h 4
O |
\/N\/ N NN N\/\/ ~ N N N ~
|
trace 90% trace 0%
Nei-No~ A N
_SiT TSI | _
| | N N N (0]
0% 0% trace 0% trace

[a] Benzaldehyde (1.0 mmol), methyl bromoacetate (1.1 mmol), 1b
(0.1 mmol), base (1.5 mmol), diphenylsilane (1.2 mmol), and toluene
(3.0m); the yields were determined by GCMS/MS against a calibrated in-
ternal standard (undecane) and were performed in duplicate.

bases examined, only N,N-diisopropylethylamine (DIPEA;
Hiinig’s base) was shown to be suitable for use in the CWR.
The success of DIPEA hinged on two points: 1) the pK,
value of DIPEA-H* is 11.4 (in water; 9.1 in DMSQO), which
is ideal for the deprotonation of the phosphonium salt;
2) the steric bulk and lack of nucleophilicity of DIPEA en-
sured that unwanted side reactions did not occur.

After the identification of a soluble base, an assessment
of the phosphane oxide/phosphane structure was undertaken
(Table 8). Unsurprisingly, 1b and 1¢ were equally effective
in the CWR and could be used interchangeably, thus dem-
onstrating that the methyl group in 1b was a mere spectator
in the CWR. Additionally, the unreduced analogue of 1b,
that is, 1a, was also effective in the CWR, thus indicating
that reductive removal of the carbon—carbon double bond in
1a may have been unnecessary. Acyclic phosphanes, includ-
ing triphenylphosphane (TPP), were essentially ineffective
and resulted in <5% yield. The failure of acyclic phos-
phanes in the CWR stems from an insufficient rate of oxide
reduction and vindicates the initial decision to employ cyclic
phosphane oxides in the preliminary studies. Of the other
phosphane structures screened, only 5-phenyldibenzophos-
phole (27) gave a quantifiable yield (30%, E/Z=80:20).
This phosphane is analogous to triphenylphosphane, with
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CO,Me CO,Me
[ 2 (10 mol %) |
Ph [Dg]toluene h
100 °C
4 4
ElZ <5:95 ElZ >95:5

H
M
CO,Me
P 4

J=12Hz
H

F

8.0 75 70 6.5 6.0 55
Chemical Shift / ppm

Figure 2. Isomerization of (Z)-4 and (Z)-5.

Table 8. Screening of phosphane catalysts.?!

©)\rcozlvle JL B on
=16 Hzi‘ B
_— 1h

10.5h

CN CN
[ 2 (10 mol %) [
Ph [Dg]toluene
100 °C
5 5
ElZ <5:95 ElZ <5:95

&
h\
I
N
T
N

H ‘
. J =16 Hz

75 70 65 60 55
Chemical Shift / ppm

Table 9. Process-friendly solvents study.

o catalyst (10 mol %) o 1b (10 mol %)
1.1 equiv Ph,SiH, 1.1 equiv Ph,SiH,
M+ Bro_coMme - S3IV TR COo,Me + Br.__COMe —SQUV o2 CoMe
Ph” " H ~ 11 equiv iPrNEE - PHTN Ph)J\H e 11 equiv iPNEt PR
1.1 equiv toluene, 100 °C, 24 h 4, yield %, E/Z 1.2 equiv solvent, 100 °C, 24 h 4
b b — Entry Solvent Conversion [% ]! E/Z!*4
[ ) L ) 0.,.0 1 toluene 96 (85) 72:28
A S P
PR O PH O PH O 2 cyclopentyl methyl ether 96 (85) 69:31
1a, 76%, >95:5 1b, 80%, >95:5 1c, 75%, >95:5 25, <5% 26, <5% 3 tert-butyl acetate 94 69:31
Fl’h Cy Cyp oph 4 2-methyltetrahydrofuran 93 69:31
P. N X N i :
ph-Pph Cy’P ¢y Cyp’P Cyp PHO® P oPh 5 dimethyl carbonate 92 70:30
<5% <5% < 5% < 5% 6 3-methyl-2-butanone 82 70:30
7 a,a,0-trifluorotoluene 80 69:31

Y

a® CQ% Cr
PH \\O )Pb
29, <5%

27, 31%, 80:20 28, <5%

[a] Benzaldehyde (1.0 mmol), methyl bromoacetate (1.1 mmol), catalyst
(0.1 mmol), DIPEA (1.1 mmol), diphenylsilane (1.1 mmol), and toluene
(3.0M); the yields were determined by GCMS/MS against a calibrated in-
ternal standard (undecane) and were performed in duplicate. E/Z ratio
was determined by GCMS/MS. Cy =cyclohexyl. Cyp =cyclopentyl.

additional ring strain caused by fusing two of the aromatic
rings and, consequently, it proves to be more susceptible to
reduction than TPP oxide. The inferior yield and diastereo-
selectivity obtained by utilizing 27 relative to type 1 cata-
lysts probably results from the lower nucleophilicity of the
lone pair of electrons on the phosphorus atom to that of
la—c. This effect stems from delocalization of the lone pair
of electrons in the corresponding phosphane of 27 within its
wider msystem. Such a delocalization of the lone pair of
electrons on the phosphorus atom would impact the rate of
formation of the phosphonium salt and consequently effect
the yield of the olefin. Retardation in the nucleophilicity of
the lone pair of electrons on the phosphorus atom would

www.chemeurj.org

15286 ——

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

[a] Benzaldehyde (1.0 mmol), methyl bromoacetate (1.2mmol) 1b
(0.1 mmol), DIPEA (1.1 mmol), diphenylsilane (1.1 mmol), and the
requisite solvent (3.0M). [b] Conversions were determined by using
"H NMR spectroscopy, and selected examples were purified to determine
the yield of the isolated product (shown in parentheses). [c] E/Z ratio
was determined by '"H NMR spectroscopic analysis of the unpurified re-
action mixture. [d] When the reactions were performed with 1.2 equiva-
lents of diphenylsilane, which ensured phosphane predominated at the
end of the reaction, the E/Z selectivity was >95:5 as expected.

also influence the effectiveness of the phosphane-led
alkene-isomerization process, which would result in erosion
of the diastereoselectivity.

Following the modification of the CWR to accommodate
the use of a soluble base, the choice of the reaction solvent
was revisited, focusing on process-friendly solvents
(Table 9).%% The solvent is well known to have an effect on
the diastereoselectivity of the Wittig reaction,'! therefore
conditions were selected that prevented phosphane-mediat-
ed isomerization. Such conditions would allow our solvent
study to identify a deviation in yield and diastereoselectivity.
The results revealed that a high yield of the olefin was main-
tained across all the solvents tested (Table 9). Furthermore,
identical diastereoselectivity was also observed, thus indicat-
ing that the geometry of the olefin is governed by the phos-
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phane structure and not a solvent effect. These results dem-
onstrate that optimization of the phosphane/phosphane
oxide structure should produce a more selective process.
Employment of the DIPEA/CWR conditions broadened
the reaction scope to include furyl, indolyl, and pyridyl alde-
hydes (Table 10, 34, 39-41, 47, 49, and 50). In addition, the
DIPEA conditions were used to prepare a further 21 exam-
ples of trisubstituted olefins. A comparison of 1b and 1¢
shows that the methyl group in 1b, as expected, does not
result in a significant difference in yield or selectivity (see
37-40, 42, and 47) and that these phosphane oxides may be
used interchangeably. Compounds 4446 are of particular in-
terest because these are structurally similar to resveratrol,
and various methoxylated derivatives of resveratrol have
been shown to have anticancer activity.*® The preparation
of 52, which features a free N—H functional group, demon-
strates the mild nature of these reaction conditions. To high-
light the utility of the CWR further, its application in the
synthesis of the real-world example donepezil hydrochloride
was undertaken. Donepezil, under the trade name Aricept,
is used in the palliative treatment of mild-Alzheimer dis-
ease.* Donepezil hydrochloride is readily available from
precursor 54 through a hydrogenation reaction and HCl-salt
formation (Scheme 4). Compound 54 in turn is accessible
through a CWR. Pleasingly, 54 was easily prepared on a
multigram scale (122 g, 74%, E/Z>95:5) by utilizing a
10 mol % loading of 1c¢. When prepared on a small scale

Table 10. Substrate study using DIPEA in the CWR."!

FULL PAPER

%

CWR

(o
Br
H
(N * OMe
Ph OMe

0 5 0 1c (10 mol %)
/\j)LH r 1.2 equiv Ph,SiH,
- = 54
N + OMe 1 1 equiviPrNEt 1.0 mmol, 76%

( toluene, 100 °C, 24 h 43.6 mmol, 74%
Ph OMe EIZ >95:5

paic
OoMe —>

donepezil hydrochlonde

Scheme 4. Retrosynthesis of donepezil hydrochloride and preparation of
54 by using CWR.

(1.0 mmol), this compound was obtained in 76 % yield, thus
demonstrating that the scale has little variation on the yield.
Conclusion

We have developed the first catalytic (in phosphane) Wittig
reaction by utilizing an organosilane that chemoselectively

1 (4-10 mol %)

o Bra R?
R H R3
1.1-1.5 equiv

1.2-1.5 equiv Ph,SiH,

- 0 T,
1.1-1.3 equiv iPr,NEt R3
solvent, 100 °C, 24 h

RW’\(R2

yield %, E/Z1°], 1b or 1c, loading mol %

CO,Me

2

10, 82%, 75:25,
81%, 75:25,

1b, 21, 70%, 88:12, 1b, 4
1c

0_\,COMe
o T Y

34, 83%, 66:34, 1b, 10
\

N CO,Me NN
S I
P CN

39, 80%, 70:30, 1b, 100! 40, 94%, 40:60, 1b, 10
75%, 70:30, 1c, 100! 93%, 40:60, 1c, 10

A0

35, 77%, 80:20, 1b, 10!

He

33, 90%, >95:5, 1b, 4

0
N MeO N MeO
O .Q OMe MeOOMe MeO
OMe OMe OMe
44, 88%, >95:5, 1b, 10 45, 86%, >95:5, 1¢, 10
\ CO,Me 1

N CN I\\
Y ®

49, 85%, 50:50, 1b, 10 50, 66%, 75:25, 1c, 10!

T COMe CO,tBu
N
WCOZMe N N ©/\d ©N

4
4 23, 68%, 50:50, 1b, 4

S\ CO2Me
Y
Br

36, 91%, 70:30, 1b, 4

@j/\rCOZMe

41, 89%, 60:40, 1b 10

(0]

46, 85%, >95:5, 1c, 10 OMe

Ao O

51, 71%, >95:5, 1c,

l \CO:Me
30, 74%, >95:5, 1b, 4
77%, >95:5, 1b, 10

31, 96%, >95:5, 1b, 10

S N CN
\
Br

37,75%, 66:34, 1b, 10
77%, 66:34, 1c, 10

WCOzMe

42, 70%, 70:30, 1b, 10!
73%, 70:30, 1c, 10[°]

32, 72%, 80:20, 1b, 4

/
//
o

38, 91%, 70:30, 1b, 10
89%, 70:30, 1c, 10

/
//
o

43, 86%, >95:5, 1c, 10

O

48, 76%, 80:20, 1c, 10
O OtBu

H N CO,Me CO,Me
i m

52, 61%, 92:8, 1c, 10!1] 53, 89%, 75:25, 1b, 109!

47, 74%, >95:5, 1b, 10
75%, >95:5, 1¢c, 10

[a] The compound number, yield, E/Z ratio, phosphane oxide, and loading are given for each product. The reactions were performed in duplicate (see
the Supporting Information for details). [b] E/Z ratio was determined by "H NMR spectroscopic analysis of the unpurified reaction mixture. [c] The reac-
tion was performed with (MeO),SiH (2.0 mmol). [d] Reaction time was 12 h. [e] The aldehyde and organohalide were added together in 12 portions over

h. [f] The reaction was performed with phenylsilane in cyclopentyl methyl ether at 60°C; only the E diastereomer was isolated. [g] The reaction was

performed with phenylsilane in ethyl acetate at 60°C.
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reduces a phosphane oxide precatalyst to a phosphane. Fur-
thermore, to our knowledge, this is the only transition-/
heavy-metal-free catalytic olefination process to date, ex-
cluding proton-catalyzed elimination reactions. The generali-
ty of this methodology is demonstrated in Tables 6 and 10,
with 23 examples prepared by using sodium carbonate and a
further 27 examples by using DIPEA. Both protocols can
employ aliphatic, aryl, and heterocyclic aldehydes to pro-
duce both di- and trisubstituted olefins in moderate-to-high
yields (60-96%). The CWR may be carried out on a large
scale, as highlighted in the synthesis of 54 on a 44 mmol
scale to yield 12.2 g (74 %) of a precursor to the Alzheimer
drug donepezil hydrochloride. Kinetic E/Z selectivity was
generally 66:34; however, E selectivity could be achieved
through a phosphane-mediated isomerization event for a,f3-
unsaturated products. Of note are the synthesis of 23 and
40, which are the first examples of Z-selective CWRs. These
results may offer valuable insight for further studies toward
the development of a Z-selective CWR. Further investiga-
tions toward lowering the reaction temperature and extend-
ing the methodology to other ylide types and carbonyl sub-
strates are on-going and will be reported in due course.

Experimental Section

See the Supporting Information for the general experimental and full de-
tails of the syntheses and characterizations. Representative procedures
are given below.

General procedure for the CWR with sodium carbonate: A 1-dram vial
equipped with a stirring bar was charged with phosphane oxide 1b
(19 mg, 0.10mmol, 10 mol%) and sodium carbonate (1.5 mmol,
1.5 equiv) in air. Other solid reagents were added to the mixture at this
point, such as the aldehyde (1.0 mmol, 1.0 equiv) and organohalide (1.3—
1.5 mmol, 1.3-1.5 equiv). The vial was sealed with a septum and purged
with argon. Toluene (0.33 mL) and liquid reagents were introduced into
the mixture, such as the aldehyde (1.0 mmol, 1.0 equiv), organohalide
(1.1-1.5 mmol, 1.1-1.5 equiv), and silane (1.1-2.0 mmol, 1.1-2.0 equiv).
The septum was replaced with a PTFE-lined screw cap under an inert at-
mosphere, and the reaction was heated at 100°C for 24 h. The crude reac-
tion mixture was filtered through a plug of Celite, concentrated in vacuo,
and purified by means of flash-column chromatography. Note that it is
important that the reactions are stirred vigorously to achieve the maxi-
mum yield.

General procedure for the CWR with DIPEA: A 1-dram vial equipped
with a stirring bar was charged with phosphane oxide 1b or 1c¢ (0.04-
0.1 mmol, 4-10 mol % ). Other solid reagents were added at this point,
such as the aldehyde (1.0 mmol, 1.0 equiv) and organohalide (1.1 mmol,
1.1 equiv). The vial was sealed with a septum and purged with argon. The
solvent (0.33-0.50 mL) and any liquid reagents were introduced to the
mixture, such as the aldehyde (1.0 mmol, 1.0 equiv), organohalide (1.1-
1.5mmol, 1.1-1.5equiv), DIPEA (1.1-1.3 mmol, 1.1-1.3 equiv), and
silane (1.1-2.0 mmol, 1.1-2.0 equiv). The septum was replaced with a
PTFE-lined screw cap under an inert atmosphere, and the reaction was
heated at 100°C for 24 h. The crude reaction mixture was concentrated
in vacuo and purified by means of flash-column chromatography.

Synthesis of 54 on a multigram scale: Compound 54 was prepared from
1-benzylpiperidine-4-carbaldehyde (8.9 g, 43.6 mmol, 1.0equiv), 2-
bromo-5,6-dimethoxy-1-indanone (13.0 g, 48.0 mmol, 1.1 equiv), DIPEA
(8.4 mL, 48.0 mmol, 1.1 equiv), and diphenylsilane (9.7 mL, 52.3 mmol,
1.2 equiv) with 1¢ (785 mg, 4.3 mmol, 10 mol %) in toluene (14.4 mL) in
a pressure vessel (350 mL) at 100°C for 24 h. The crude product was pu-
rified by means of dry flash chromatography (hexane/ethyl acetate,
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10:90—0:100) to afford 54 as a brown solid (122 g, 74%, E/Z>95:5).
'HNMR (400 MHz, CDCl,;, 20°C): 6=7.13-7.30 (m, 6H), 6.82 (brs,
1H), 6.58 (brd, /J=9.6 Hz, 1H), 3.90 (s, 3H), 3.85 (s, 3H), 3.51 (d, /=
0.8 Hz, 2H), 3.46 (s, 2H), 2.86 (brd, /J=11.6 Hz, 2H), 2.21-2.31 (m, 1H),
1.99 (td, J=112, 2.0Hz, 2H), 1.50-1.65ppm (m, 4H); “CNMR
(100 MHz, CDCI3): 6=192.7, 155.3, 149.5, 144.6, 139.9, 138.2, 135.7,
131.9, 129.3, 128.3, 127.1, 107.3, 105.1, 63.6, 56.3, 56.2, 53.1, 37.3, 31.3,
29.6 ppm; the spectral data was consistent with previous data.*!
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