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Abstract: Metal-phosphinito-phosphinous acid complexes are
interesting catalysts exhibiting unique reactivities. In this account,
we intend to provide a clear overview of palladium- and
platinum- phosphinito-phosphinous acid complexes preparation
starting from secondary phosphine oxides, and their applications
in catalysis. They have been mainly used to develop [2+1]
cycloadditions affording methylenecyclopropane derivatives
using norbornenes and various alkynes as partners. As a
function of the catalyst, the reaction conditions, or the nature of
the reagents, different synthetic transformations have been
observed: [2+1] cycloadditions giving rise to either
alkylidenecyclopropanes or vinylidenecyclopropanes, tandem
[2+1]/[3+2] cycloadditions... The mechanisms of these reactions
have been studied to rationalize the different reactivities
observed.

1. Introduction

Highly strained small molecules, such as cyclopropane
derivatives, have always received a particular attention from the
synthetic chemists community. Not only because their
preparation represents a synthetic challenge but also as
versatile synthons that can be used in a myriad of organic
transformations. As subgroups of the class of cyclopropanes,
methylenecyclopropane (MCP), alkylidenecyclopropane (Al
and vinylidenecyclopropane (VDCP) derivatives have witn
an ever-increasing number of applications in organic synthesis,
in particular in late transition metal catalysis."? Such int
made possible thanks to the development of straightfi
efficient methodologies of preparation. Among
strategies to prepare MCP derivatives, those b
cycloadditions as key step are extremely powerfi
of carbenes to allenes or alkylidenecarbe
represents the easiest routes for the synthesis of
ACPs, as highlighted by the numerous applications deve
since 60’s (Scheme 1).> VDCPs are generally synthetized by th
in-situ formation of a vinylidenecarbene intermediate -
diazoallenes or by the treatme

halogenoallenes or polyhalogenocy
base - and its addition to alkenes.
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odologies for the preparation of

hile surprisingly, with the same
reactants, ca led to the formation of
alkylidenecyclopropane-containing products through a formal
[2+1] cycload#on (Scheme 2).” From these pioneering results,

further i tigated the reactivity of phosphinito-phosphinous
-containifg palladium complexes and platinum-based
gues, and discovered several new transformations leading
ethylenecyclopropane derivatives as products but also as
iates in the formation of more elaborate molecules.
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Scheme 2. Hydroalkynation versus [2+1] cycloaddition: chemodivergent
palladium-promoted transformations

This Account describes our group’s contribution toward the
preparation of alkylidene- and vinylidenecyclopropanes by [2+1]
cycloaddition using metal-phosphinito-phosphinous  acid-
promoted catalyses and the associated reactivities of these
useful synthons.

2. ACPs formation using palladium-
phosphinito-phosphinous acid complexes



Hervé Clavier graduated from the Ecole
Nationale Supérieure de Chimie de Rennes
and received his M.Sc. in organic chemistry
from the Universit¢é de Rennes where he
completed his Ph.D. in 2005 under the
supervision of Drs Jean-Claude Guillemin
and Marc Mauduit.
research group of Prof. Steven Nolan as a

He then joined the

post-doctoral fellow and followed him to the

ICIQ in Tarragona. Early 2009, he moved to

the School of Chemistry at the University of St Andrews to continue working
with Prof. Nolan as a senior researcher. In October 2009, he was appointed
Chargé de Recherche (CNRS) at Aix Marseille Université and obtained his
habilitation in 2015. His scientific interests include coordination chemistry,
transition metal

catalysis and the development of new synthetic

methodologies.

Gérard Buono is Emeritus professor of Ecole
Central Marseille. He received a “Doctorat es
Sciences Physiques” at the University Aix-
1977 on the
pentacoordinate

Marseille in dynamic
stereochemistry of
phosphorus. He became Professor of
Organic Chemistry in 1987 at the University
of Aix-Marseille and in 2003 at the Ecole
Centrale Marseille. He headed the UMR
CNRS “Synthesis Catalysis Chirality” (2000-2004) and
“Chirosciences” (2008-2012) of the iSm2 UMR 7313. His res

include asymmetric synthesis and catalysis, the design

stereogenic organophosphorus compounds and their
catalysis as ligands and lipase inhibitors. He has pu
research papers and book chapters as well as 10 patents. He
co-supervised 40 PhD theses.

secondary phosphine oxides and P
group of Li improved the synthetic

that upon treatment of
butyl(phenyl)phosphine oxid
phosphinous acids w:
3)."" In presence of
chloro-bridged palladiu
phosphinous acid
inefficient to catalyze [2+1] ¢
derivatives an Zhi
the chlorine ato

rted into the
phosphinito-
5¢ was found
dditions between norbornene
of activity was attributed to
ly palladium centers and
reaction -mewever, by combining 5¢
acetate, it was possible to isolate ACP
of reaction at 50 °C (Scheme 4).
Thes s to develop new palladium-
phosphinito-pho complexes bearing acetate
ligands.” The treatment of Pd(OAc), with 2 equiv. of secondary

WILEY-VCH

Q
~P.
Ph—P~
B0 :';' Ph Ph ,tBu Bu Ph
) 3¢ Ho-PR O-B ¢l P-0
equiv. NI
PdCl,(MeCN), _ P4 H
HCla,  HO ¢’ R-0
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Scheme 4. [2+1] cycloaddition mediated by u-chloro-bridged palladium dimer
5

hine oxides (SPO) 3 at 60 °C for 2 h led to the
ation of two phosphinous acids while the released
pped one proton from the phosphinous acid proton
g the formation of the phosphinito-phosphinous
cheme 5). Dimeric u-aceto-bridged species 2 were
isolated in moderate to good yields according to the phosphorus
substituents. Unfortunately, once isolated some of these
lexes, for example 2a and 2b with phenyl and cyclohexyl
tituents respectively, showed a low solubility in most
ic solvents and did not allowed complete characterizations.
reover, the catalytic activity of these well-defined complexes
ere found to be quite low. For example with 2c, only 17% of 4a
was isolated after 24 h of reaction at 50 °C.” Further studies
demonstrated that addition of acetic acid in catalytic amounts
enhanced the activity displayed by complexes 2. Instead of
adding acid to the reaction media, the AcOH released upon in-
situ  generation of the catalysts from Pd(OAc), can
advantageously used for this purpose.

1]
P
R'Z,H 3 R! ,RU\ R2 R!
; O-R 0=~0 P-0O
2 equiv. = ) \
Pd(OAc), ————> H Pd Pd H
toluene, 60 °C, 2 h 0-R O~ 0 R-0
- AcOH R! RZT R? R!
2a: R = R2 = Ph (54%)
2b: R'=R?=Cy (67%)
2¢: R' = Ph, R2 = tBu (90%)
2d: R' = Ph, R2 = Cy (79%)

Scheme 5. Synthesis of u-aceto-bridged palladium species bearing
phosphinito-phosphinous acid ligands.



A thorough comparison between various SPO 3 highlighted the
influence of the substituents on the phosphorus atom (Table
1)."? Whereas with SPO preligands 3a and 3c moderate
activities were observed (entries 1 and 4), a better yield was
reached with PhBnP(O)H 3e (entry 7). However the best results
were obtained with cyclohexyl substituted SPOs 3b and 3d
(entries 2 and 5). With these SPOs, it was even possible to carry
out the reaction at room temperature and isolate ACP 4b in
good vyield (entries 3 and 6). The catalytic system with
PhCyP(O)H 3d performed better in toluene. This SPO is
generally the most efficient for this [2+1] cycloaddition and other
reactivities which will be presented therein. Importantly, the [2+1]
cycloaddition between norbornene derivatives and alkynes can
be achieved only in presence of SPO preligands; no reaction
occurred with triphenylphosphine, bidendate phosphorus-based
ligands or phosphinic acid. Only ethyl phenylphosphinate 3f
allowed the formation of ACP but in low yield and along with
many by-products (entry 8).

Table 1. SPO screening for the palladium-promoted [2+1] cycloaddition.[al
OH

OH 0
78\ Pd(OAC);, m1-P~y 3
A )= “ -
// CICH,CH,CI, 60 °C, 24 h /. b
Entry SPO 3 Yield (%)
y
1 3a,R'=R*=Ph I -
y 4 | g

2 3b,R'=R*=Cy &

y W4
30! 3b,R'=R*=Cy
4 3c,R'=Ph,R*=1Bu 33

\ N
5 3d, R' = Ph, R? =L '
Jy N y 4
6w 3d,R'=Ph,R*=Cy 65 I
. 4
7 3e, R’ ﬂ Bn
y -
_= S A A

, (5 mol%), m (12.5 mol%),
mol), CICH,CH,CI (2. 5 mL), 60 °C,
Reaction carried out at 20 °C in

[a] Reaction conditions: Pd(
norbornadiene (1 mmol), alkyne (OY
24 h. [b] Reaction performed at 20 °
toluene.

Using the catalytic
scope of the [2+1] cy
As depijgted in Sche
could
good“io

alcohols, sulfones, amines,

nd PhCyP(O)H 3d, the
ddition was found particularly broad.”"®
6, various alkylidenecyclopropanes
te to quantitative yields. There is a
ctional groups such as ethers,
iles, etc. Secondary propargyl
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acetates or tertiary propargyl alcohols were also good alkyne
partners (ACPs 4i and 4l). In addiion of norbornadiene, many
bicyclo[2.2.1]heptene compounds e used: norbornene,
benzonorbornadiene, dicyclopentadiene, ic hydrazines and
oxa-bridged [2.2.1] bicycles. However
could not be achieved with
derivatives.

(80% - 25 °C, 20 h) 6 - 50 °C, 20 h) (70% - 25 °C, 50 h)
SO,Ph
7
de af
57% - 50 °C, (66% - 25 °C, 48 h) (60% - 50 °c 36 h)
50 °C,48h)  (99% - 60°C 72h (84% - 25 °C, 60 h)
OAc M
4k 4 Me Me
% - 60 °C, 72 h) (99% - 60 °C, 72 h)
Meo%\/ Jy\/
(54% - 60 °C, 72 h) (99% - 60 °C, 72 h)
Q o)
c 40 4p
(56% - 60 °C, 72 h) (56% - 50 °C, 48 h)

Scheme 6. Selected scope of the [2+1] cycloaddition between norbornene
derivatives and alkynes.

With electron-deficient alkynes such methyl propiolate, the
expected ACP 4 was observed in the crude reaction mixture as
well as a by-product.” After silica gel chromatography, only the
by-product was isolated in 56% and identified as the rearranged
product 6q resulting from a valence isomerization process
(Scheme 7).

phP~} 3d (10 mol%)

Cy
Pd(OAc), (5mol%) b_/COZMe
toluene, 25 °C, 60 h

6q (56%)

CO,Me
Ab*// ’

2 equiv.

Scheme 7. [2+1] cycloaddition with methylpropiolate as partner.
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Since the carbon-carbon double bond configuration of [2+1]  inversion of the ratio between the norbornadiene derivative and
cycloadducts 4 can be either E or Z, they exhibit a peculiar  the alkyne even led to up to 95% e ntry 5).
chirality called geometrical enantiomorphic isomerism (cis-trans
enantiomerism or Z-E enantiomerism)."® Taking advantage of
the SPO stereogenic center — when the two substituents R' and
R? of the phosphorus atom are different — we were wondering if
we could achieve the [2+1] cycloaddition in an enantioselective

fashion. Several enantiopur SPOs were prepared according to
A7

Table 2. SPO screening for the enantioselectivi f cycloadduct
42

the methodologies we developed'® and tested in catalysis using
norbornadiene and phenylacetylene as benchmark substrates oluene, 50&24

717 . .
(Tablg 2). Despite moderat'e' yields, phe.zny'l ten.‘-butyl Entry 'SP03 ‘ Vield (%) (%)
substituted SPO 3c gave a promising asymmetric induction of B

59% ee (entries 1 and 2). As expected, enantiopur SPO 3d \ ) l
(s ~(-)- = Ph, R* = tBu 40 58 (-)

performed better but led to a low ee (22%, entry 3). With other
The absolute configuration of enantiopur (+)-4a was determined 2 (R\ 42 59(%)

1

SPOs, almost no chiral induction was observed (entries 4-6).

by vibrational circular dichroism (VCD) and assigned to the E

isomer. 39 g (0)-3d. RN R* = Cy 80 22()
A closer examination of both the catalytic system and reaction

conditions allowed the improvement of enantiomeric excesses."” 4 (-)-3g, R =ﬂ, ? = Me 47 0

First, phosphinous acid-containing palladium complex 5¢ was

found to be a more competent when it was associated to silver As
acetate. Especially since we discovered that the addition of /gl
chiral carboxylic acid boosted the enantiomeric induction (Table
3, entries 1 and 2). (S)-(+)-Mandelic acid gave the best results L
but no matched-mismatched effect was clearly demonstratgd.
Better ees were also reached when the reaction was perfso@
in diethylether at 40 °C. The exemplification to other sub 60 °C, 24

showed that despite low yields in cycloadducts 4, high optical  carried out at
purities could be achieved (Table 3).

I-3h, R'=Ph, R’ =nBu 64 4(-)

v
(-)-3i, R' = Ph, R? = 2-bipheny! 21 0

conditions: Pd(OAc), (5 mol%), SPO 3 (10 mol%),
mmol), phenylacetylene (0.5 mmol), toluene (5 mL),
ee values were determined by chiral HPLC. [c] Reaction
°C for 20 h.

Table 3. Selected examples of enantioselective [2+1] cycloadditj .[a]

S0 R
&, Kb t

L ~ 4
Entry Additive L Time (h) Product Yield (%) ee (%)™

1 none l _Ph 72 58

i

4

2 (S)-(+)- Mandem 24 65 70

(-)-(2)-4a

i T

3 (S) kﬂdellc amNN @Iy/—“ Ph 26 67

(+)-4j

Y

4 (S)-(+)-Man acid 48 28 80
21 95

A N
D

6 R S)Mandenc acid 63 O / ‘ 25 72
- 3 (+)-4s

[a] ReMAgOAC (10 mol%), norbornadiene derivative (2 mmol), alkyne (1 mmol), Et,O (5 mL). [b] ee values were determined by
chiral HPLC. [c] Reaction carried ou norbornadiene (1 mmol) and alkyne (2 mmol).




We were intrigued by the mechanism of the [2+1] cycloaddition,
especially since the use of a phosphapalladacycle, such as the
Herrmann-Beller catalyst 1a, led a chemodivergent reaction
the formation of hydroalkynation products.® Additj

experimental results using acids or bases as additives sHowed
that acidolyses are key steps in both catalytic
Hydroalkynation is not influenced by the presence o
completely quenched in presence of base, where
cycloaddition is favored by the addition of acid bu
the presence of base.'”? Mass spectrometry
particular collision-activated reactions (CAR) /

palladium-acetylide species.’® Then, a computational study w:
performed to rationalize the difference of reactivities between

phophinous acid palladium).” The
Scheme 8 are based on density fi

with the n-coo
the alkyne to catalyst B which evolve to n'-

coordination, so callg

intermediate D. At this stage,
1a (Y = CHy), the acidolysis
ynation product. However,
dium complexes 2 (Y =
triple bond inserts into the palladium-
inyl-palladium species E which after
cycloadduct. To explain that the
ith catalysts 2, it was supposed
hinous acid ligand the two

PR’;), the carbon-ca

that in the phosphinito-

. _—-R
[ 7

Hydroalkynation adduct
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AcOH

[Pd]——R

horus atoms are non-equivalent but interchangeable. As a
the complex can adapt its geometry to favor the second

. apalladacycle-Mediated Synthesis
of ACPs

inomethylenecyclopropanes 7 are known to possess
sting biological activities,'® we studied the possibility to
are them by [2+1] cycloaddition using ynamides as
rtners.?® The reaction conditions and mainly the nature of the
palladium-based catalyst were investigated using norbornadiene
and N-phenyl-N-tosylynamide (Table 4). Whereas with
combination of SPO 3c with Pd(OAc). gave no reaction, the use
of the often more competent PhCyP(O)H 3d allowed to isolate
the expected cycloadduct 7a with 44% after 24 h of reaction at
25 °C (entries 1 and 2). Surprisingly, with the Herrmann-Beller
catalyst 1a, the same ACP 7a was isolated and in a higher yield
(66%, entry 3). This ability of phosphapalladacycles to promote
the [2+1] cycloaddition with ynamides — and not the
hydroalkynation — was tested with other catalysts 1b and 1c
which gave ACP 7a in moderate yields (entries 4 and 5). Of note,
with the more electron-rich phosphapallacycle 1c, the valence
isomerized compound 8a was obtained as a by-product (entry 5).
The scope of the phosphapalladacycle-mediated [2+1]
cycloaddition was then explored with various ynamides and a
range of norbornadiene and norbornene derivatives (Scheme 9).
Overall, moderate to good yields were obtained in short reaction
times. The catalyst system showed a good tolerance to various
ynamides, 7-substituted norbornadienes, benzonorbornadiene,
norbornene, bicyclic hydrazines or oxa-bridged [2.2.1] bicycles.
Due the E/Z geometry of the formed carbon-carbon double bond,



compound 7i was obtained as mixture of two diastereomers but
with a low diastereoselectivity.

Table 4. Pd-mediated [2+1] cycloaddition of norbornadiene with ynamide.[a]

Catalyst

Ts
i . % i Ts
N (5 mol% in [Pd]) MN/
4 + ~ _
= "Ph TCicH,CH.CI, / 5
25°C,24h 7a
Entry Catalyst Yield (%)
1 Pd(OAc),/PhtBuP(O)H 3¢ 0
2 Pd(OAc),/PhCyP(O)H 3d 44
3 Phosphapalladacycle 1a 66
4 Phosphapalladacycle 1b 44
5 Phosphapalladacycle 1¢ 48"

[a] Reaction conditions: [Pd] (5 mol%), SPO 3 (10 mol%), norbornadiene (1
mmol), ynamide (0.5 mmol), CICH,CH,CI (3 mL), 25 °C, 24 h. [b] 18% of 8a
was also isolated.

1 RR
7 Oo~~o.p
QI Pd  Pd Ts,
R 0<0 ;i N-Ph
R R =
8a

1a, R = o-Tol

1b, R = Ph
1c,R=Cy
X Phosphapalladacycle
R EWG 1a (2.5 mol%) R
+ , —————— G
/ / R CICH,CH,Cl
2 equiv.
M v e MN
7c Bn N=
(74%—40°C 2h) (6%-40°C,5 % -40°C,5h

P

7e Ph
(81% - 40 °C, 2 h)

40°C, 2 h)
o)
oy

7k Ph
6% - 60 °C, 5 h)

e [2+1] cycloaddition between norbornene
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To explain the formation ACPs 7 instead of hydroalkynation
products, we believed that the stro, olarization of the carbon-
carbon triple bond of ynamide in the nitrogen atom
favored the second insertion into the -palladium bond
over the acidolysis (step from D t
hypothesis was corroborate
reported the [2+1] cycloa

exhibited higher e
conditions showe of a substoichiometric
amount of acid, s oic acid, enhanced the
catalytic actiyly. is reaction was found
particularly b were generally obtained
(Scheme 10). with norbornadiene, polycyclic
i 6q (Scheme 7) and resulting from an
obtained.

}
P_
" ~Ph
9oL
2

1d (2.5 mol%)
p-OMe-CgH4CO,H X

i R
(0.5 equiv.) R\WCOZR'

CICH,CH,CI, 50 °C
9 (61-84%)

group of Hou investigated also ynones as partners in [2+1]
cloaddition.?? In this case, no ACP could be isolated since
2+1] cycloadducts rearranged rapidly into polysubstituted furan
derivatives 10 (Scheme 11). In this reaction, the biphenyl-based

O,
b
e
A\
Wiy
Ph

1e (5 mol%)

2

X e} p-OMe-CgH4COoH o. R
RR 1. /U\ (0.5 equiv.) R W
' < R CicH,cH,Cl, 20 °C
1.5 equiv.

intermediate ACP

Scheme 11. [2+1] cycloaddition with ynones followed by a rearrangement.



phosphapalladacycle 1e displayed a higher catalytic activity than
the Herrmann-Beller complex 1a (64% vs. 34% at 50 °C). This
transformation occurred under mild reaction conditions and its
scope was found broad.

Our group having synthesized the enantiopure
phosphapalladacycle 1f® we decided to evaluate it in
asymmetric [2+1] cycloaddition with ynamide and norbornadiene
(Scheme 12).%° 1f displayed a good activity since the expected
ACP 7a was obtained with a good yield of 80%. However, the
chiral induction was found relatively modest (21% ee).

Bn tBu
L5y
Oo—~Oo.p
guii e
P 00

B¢ Bn T
| 1f (2.5 mol%) M Ts
; 5 N. ZMN
i/ + i’
Z PN Cich,cH,0l, 25°C, 4 h , Ph
a
(80%, ee = 21%)

2 equiv.

Scheme 12. Enantioselective [2+1] cycloaddition with ynamides.

4. Palladium-Phosphinito-Phosphinous Acid
Catalyzed Formation of VDCPs

During the scope exploration of the [2+1] cycloaddition medj
by the Pd(OAc)./SPO 3d catalytic system, tertiary propargyl
acetates were tested as partners.” To our great surpgge, the
expected ACPs 4 were not
vinylidenecyclopropanes resulting from the release o
were isolated in low to good yield (64% for VDCP
13).

(0]

"
Pd(OAc), pp~P~
Cy
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2 equiv.

In order to impro
conditions were fu
cycloaddition was

DCPs 11, the reaction
le 5).2* When the [2+1]
temperature in toluene
11a were isolated (22%,
formation of a by-product
.2.1]octadiene 12a. This new
as a 91 mixture of diastereomers
r endo stereochemistry of the acetoxy
group; major diastereomer. Increasing the
reaction tempera led to decrease the yield in VDCP
11a but improved significantly those of 12a without changing the
exolendo dia’reoselectivity (entry 2). The same trend was

product was obt
correspgnding to an

served wijil@another tertiary propargyl acetate which gave at
LC almost only the bicyclo[3.2.1]octadiene 12b in 60% yield
ith a 9:1 diastereomeric ratio (entries 3 and 4). Theses
ations suggested that VDCPs 11 are intermediates in the
of compounds 12. This was confirmed by the
a with 1 equivalent of acetic acid in presence of
-phosphinito-phosphinous acid ligand (Scheme 14).
After 60 h, 12a resulting from the cleavage of cyclopropane
distal bond and incorporation of AcOH was isolated in 48% yield
ith a lower diastereoselectivity (5.2:1).

1 12
Entry T(°C) Product 12 Yield (%) exolendo™
1 25 22 33 9:1
2 60 18 ; 7 68 9:1
12a 0OAc ’
3 8 32 9:1
Me
d
Z
Me )
4 <5 126 HAc 60 9:1

[a] Reaction conditions:

determin*x "H NMR.

Fw (5 mol%), SPO 3d (10 mol%), norbornadiene (2 mmol), tertiary propargylacetate (1 mmol), toluene (5 mL), 48 h. [b]



(0]

Ph//P\H 3d (10 mol%)
Cy

Pd(OAC), (5mol%)
AcOH (1 equiv.) 7

A
toluene, 60 °C, 60 h OAc

1a 12a
(48%, exolendo = 5.2:1)

Scheme 14. Pd-catalyzed ring-expansion of vinylidenecyclopropane.

This unusual tandem [2+1]/ring-expansion sequence was
applied to several norbornene derivatives (Scheme 15).
Compared to other products 12, bicyclo[3.2.1]octadienes 12d
and 12e were obtained from benzonorbornadiene and 7-
substituted norbornadiene with similar yields but as a nearly
single diastereomer: the exo.

o
Ph” P .
0,
X [ ); H (10 mol%) X
Rﬂb Me Me  pd(OAc), (5mol%) g
4 + e ————
R / %OAC toluene, 60 °C
2 equiv.
AcO Ph
P C i P
% Me S Me
OAc AcO OAc
12c (54%, exolendo 12d (55%, exol/endo
=9:1-24h) >20:1-60h,)

Scheme 15. Selected examples of tandem [2+1] cycloadditi

Recently, we reported a new methodology for the prepara
functionalized 7-membered carbocycles based on the [2+
cycloaddition/ring-expansion sequence.”® Thus, starting

carba-bridged VDCP 1
(toluene, 60 °C, 24 h

d(OACc); (5 mol%)
ppp (5 mol%)

WILEY-VCH

of the substituents on the phosphorus atom (Table 6). With
diphenyl- and phenylbenzyl-substijted SPOs 3a and 3e good
yields were reached (entries but once more
PhCyP(O)H 3d gave better results (76% 4). Other SPOs
afforded either complex mixture (entry 7 (entries 2,

inate 3f, it was possible
in low yield and with

that a phosphinito-p

Me
0
MeO, MeO,C /.)\ Me
MeO,C MeO,C
13a
A Entry ' SPO 3 Yield (%)
AR ~
~
\ 3a,R'=R?=Ph 60
3b,R'=R*=Cy 10
' 3¢, R'=Ph,R*=tBu 10
v
3d,R'=Ph, R*=Cy 76
5 3e, R' = Ph, R*=Bn 58
6 3f, R' = Ph, R? =OFEt 18
7 3g, R'= Ph, R? = Me Complex mixture
8 3h,R'=Ph, R*=nBu 32

14a (44%)

[a] Reaction conditions: Pd(OAc), (5 mol%), SPO 3 (12.5 mol%),
oxanorbornadiene (1 mmol), tertiary propargyl acetate (2 mmol), toluene (5
mL), 60 °C, 24 h.

In order to demonstrate the specificity of the phosphinito-
phosphinous acid ligand, a control experiment was carried out
with the 1,3-bis(diphenylphosphino)propane (dppp) which can
be seen as a mimic of our bidendate ligand (Scheme 16). No
VDCP could be detected, however several products were

M
Me ©

o) 0
MeO,C MeO,C OAc y OAc
MeO,C | + MeO,C Me + 7

A

Me Me o P Me AcO
Me

15a (16%) 16a (31%)

Scheme 16. Control experiments using 1,3-bis(diphenylphosphino)propane (dppp) as ligand.



isolated: the vinylcyclopropane 14a as the major product (44%),
the enone 15a (16%) and substantial amounts of Hay-Glaser
coupling product 16a (31%).

The scope of the [2+1] cycloaddition affording VDCPs 13 was
found particularly broad (Scheme 17). In addition of acetate,
benzoate, pivalate or methylcarbonate could be used as leaving
groups with a comparable efficiency. As long as the propargyl
acetate was tertiary, various substituents were well tolerated; a
moderate yield was only obtained for diphenyl-substituted VDCP
13c. When the two substituents of the propargyl acetate were

different, the VDCP was isolated as a mixture of two
diastereomers in an equimolar ratio such as for compound 13d.
O
i; 3d
o Ph(;/ “H (12.5 mol%) R?
y (0]
Riﬁj R!' R2 Pd(OAc), (5 mol%) RW.%\ R2
R + /< _—
/ & OAc toluene, 60 °C, 24 h R
3 equiv. 13
e
MeO,C = MeO,C
MeO,C MeO,C
13b (92%) 13c (44%)
Me Me
[0}
MeO,C /.7/\'. Et }\
MeO,C Me,NOCO!
Me,NOCO™”
13d (dr = 1:1.0, 74%) 13e (95%)
Me
Me
(0]
(o} .
i I e
HO
13f (91%)
Me
(0]
A e

carbamates (13e), alcohols (13f an
tertiary amines (13i), and high yields

exhibited a higher reactivity
temperature. Second, the e
albeit in lower yield t
formation of by-pro
hydroalkynation followed
18j seemed to come

n. At first sight,
compound though an
carbon-carbon ftriple bond.

3d
(12.5 mol%)

Me
OAc

Pd(OAc), (5 mol%)
toluene, 20 °C, 24 h

13j (56%)

WILEY-VCH

However, rising the reaction time to 3 days or the temperature to
60 °C did not change the ratio bet the three products.

Oxa-bridged VDCPs 13 were
expansion than their carba-bridged cou
increasing the reaction media conce
expansion could occur at
small quantities of the expe
were isolated (12%, entry 1).

idged [3.2.1] bicycle 19a
same conditions, the

enhaNcement of the yield

was achieved when
st and 19a could be
reomer exo (entry 3). At
rmed more slowly (entry

palladium complex
(27%, entry 2).

Pd(OAc), was si
obtained in 84% vyi
lower concen

AcOH

MGOQC Me
MeO, Catalyst MeO,C N P
e0,C toluene, 60 °C, Me
24 h OAc
19a
\t Catalyst Yield (%)
4
4
2 [Pd(OAC)(PhCyPOHOPPhCy)], 2d 27
Pd(OAc), 84
Pd(OAc), 43

Reaction conditions: Catalyst (5 mol%), VDCP (0.5 mmol), acetic acid
(0.5 mmol), toluene (0.5 mL, 1M), 60 °C, 24 h. [b] Reaction performed in 2.5
mL of toluene (0.2M).

The ring-expansion was then broaden to several VDCPs 13 and
various carboxylic acids. Selected examples are depicted in
Scheme 19. This transformation worked well with functional
groups such as carbamates or nitriles on VDCPs 13. In the
same manner, a wide range of carboxylic acids, such as
trifluoroacetic acid, chloroacetic acid, 2-acetamidoacrylic acid or
salicylic acid, could be wused. Overall, the expected
oxabicyclo[3.2.1]oct-2-ene 19 were isolated in good yields and
as single diastereomers.

Me_ Me

OAc Me_ Me

OO RS
.
o

18j (18%)

OH

17§ (17%)

Scheme 18. [2+1] cycloaddition with behzoxanorbornene and tertiary propargyl acetate.
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Me  R'CO,H (1 equiv.) o)

0

13
o)
Me,NOCO N Me
Me,NOCO
OAc

19e (66%)

(0]
MeOQC Me
MeO,C N
2 Z>Me

[ONg¥e)
19k (37%) ¢,

o
MeO,C Me
MeO,C N
2 Z>Me

0_0

19m (42%) I
NHAc

W% Me Pd(OAc), (5 mol%)
R toluene, 60 °C,

Z>Me

Me
R N
Z>Me
OCOR'
19
o
NC N Me
NC Z >Me
OAc

19h (72%)

(0]
M902C Me
MeO,C N\
2 Z>Me
0.0
191 (64%) CH,Cl

o}
MeO,C Me
MeOzC N\
Z > Me

0._.0

19n (71%) oH

Scheme 19. Selected examples of ring-expansion of VDCPs 13.

5. Platinum-Phosphinito-Phosphinous Acid
Promoted Synthesis of ACPs

Given the parallelism between the coordination che
palladium and platinum, we attempted to prepare
based complexes bearing a phosphinito-phosp
ligand following the synthetic procedures d
palladium. As depicted in Scheme 20,
PtCl>(MeCN), with 2 equivalents of secondary

the bis phosphinous acid platinum complex 20d as a 1:1 m
of cis and trans isomers.?” A subsequent treatment of 20d with
equivalents of silver acetate gave the desired phosphNyj

stereogenic center when ena
the preparation of bis
has been tested starti

20d (>99%)

21d (70%)

inum complex 21d bearing phosphinito-

WILEY-VCH

The use of the more soluble PtCly(cod) allowed to carry out the
reaction at room temperature and, r 2 days complex 20c was
isolated in quantitative yield and as ixture of cis and trans
isomers (Scheme 21).5% In this case, emization of the
phosphorus stereogenic center occu ; of silver
65% yield.

the preparation of
ot from PtCly(cod) and

Advantageously, with thi

- O
PH \Bu

20c (>99%) 21c (65%)

inito-phosphinous acid platinum complex 21c

e performzi®es of complexes 20 and 21 were tested in the
ition using norbornadiene and phenylacetylene as
substrates (Table 8).2’ As anticipated, no reaction
ed in presence of the bis phosphinous acid platinum
20c (entry 1) but addition of AgOAc to trigger the
the phosphinito-phosphinous acid ligand allowed to
5% (entry 2). Since the well-defined phosphinito-
acid ligand-containing platinum complex 21c was
found to display a lower catalytic activity (entry 3), we assumed
that the presence of acetic acid - one equivalent is released
the formation of complexes 21 — was required to enhance
Id of 4a. Thus, addition of 10 mol% or up to 1 equiv. of
boosted the formation of 4a (entries 4 and 5). The
tinum-based system was found much more efficient than the
nalogous palladium catalyst (entries 5 and 6). A slight yield
improvement and a cleaner reaction could even be obtained in
reversing the ratio norbornadiene/phenylacetylene (entry 7). In
this case, with the most efficient catalyst 21d (possessing phenyl
and cyclohexyl substituents on the phosphorus atoms), we
observed the formation of the dicycloadduct 22a in a 1:1.2
diastereomeric ratio along with the expected cycloadduct 4a
(entry 8).7% Importantly, dicycloadducts 22 were never
detected in the case of palladium-mediated [2+1] cycloadditions.
Similarly to palladium, the platinum-catalyzed formation of ACPs
was successfully widened to norbornene, benzonorbornene or
diazabicyclic alkene (Scheme 22). For ACP 4t, the yield was
found in the same range using either catalyst 21c or 21d.
Cycloadduct 4v was isolated as a 1:1 mixture of diastereomers
and the N-O bond was subsequently cleaved with
Mo(CO)s/NaBHj, to give the corresponding amidoalcohol.
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Table 8. Optimization of the catalytic system for the Pt-mediated [2+1]
cycloaddition.”

Catalyst
Ab * //Ph tquen::Sy"SC, 20 h Mph
Entry Catalytic system Yield (%)

1 20c (5 mol%) -

2 20c (5 mol%), AgOAc (10 mol%) 65

3 21¢ (5 mol%) 29

4 21c¢ (5 mol%), AcOH (10 mol%) 68

5 21c¢ (5 mol%), AcOH (1 equiv.) 80

6 Pd(OAc), (5 mol%), SPO 3c (10 mol%) 42
7" 21c (5 mol%), AcOH (1 equiv.) 81
8l 21d (5 mol%), AcOH (1 equiv.) 179

[a] Reaction conditions: [Pt] (5 mol%), norbornadiene (1 mmol)
phenylacetylene (0.5 mmol), toluene (5 mL), 55 °C, 20 h. [b] Reactio
performed with norbornadiene (0.5 mmol), phenylacetylene (1 mmol)
Dicycloadduct 22a was isolated as the major product (52%) in 1:1.2 ratio of

diastereomers.

Ph R

O-R O

H o Pt=)—
O—/R (0]
Ph R

X - 21c (R = tBu) or
wj 21d (R =Cy) (5 mol%)
RLLS + // AcOH (1 equi

2 equiv. toluene, 55

(51% with 21d - 14 h)  (68% wit (82% with 21¢ - 36 h)

(88% with 21d - 36 h)

(97% with 21d - 14 h) (75%, dr = 1:1 with 21d - 38 h)

Scheme 22. Selecte d [2+1] cycloadditions.

f view, it seemed that the platinum-
differed from the palladium one.
Indeed, com rometry experiments (Collision-
Activated Reaction (CAR)/Sustained Off-Resonance Irradiation

9. imizati inum-
cycl ition sequence.”
OAc
Catalyst Ay\’
toluene c AcO o
55°C,20 h \
4aw 23w OAc

WILEY-VCH

(SORI)) and density functional theory calculations suggested the
formation of platinum-vinylidene cies instead of palladium-
acetylide intermediates C (Sche 2% The transformation
would occur by a [2+2] cycloaddition n the platinum-
vinylidene and the olefin followed b extrusion.

6. Pt-Phosphi
Catalyzed [2+

During the scope

ative configuration was determined
by NMR spectroscopies’ and X-ray diffraction analysis.
Formation of 23w as single product upon increase of the
ction timjs days, suggested that 4w is an intermediate in
formatidWof 23w (entry 2). With catalyst 21c, both 4w and
were observed albeit in much lower quantities (entry 3). On
me manner, in absence of acetic acid or using an in-situ
d catalyst from bis phosphinous acid platinum complex
te and triethylamine, the catalytic activities were
even though 23w was been always isolated as
the major pmduct (entries 4 and 5).

Optimization of platinum-catalyzed tandem [2+1]/[3+2]

Yields (%)
Entry Catalyst
4w 23w
1 21d (5 mol%), AcOH (2 equiv.) 10 62
20! 21d (5 mol%), AcOH (2 equiv.) - 71
3 21c¢ (5 mol%), AcOH (2 equiv.) 4 6
4 21d (5 mol%) 5 20
5 20d (5 mol%), AgOAc (10 mol%), - 30

EtsN (10 mol%)

[a] Reaction conditions: [Pt] (5 mol%), norbornadiene (0.5 mmol), propargyl
acetate (1 mmol), toluene (5 mL), 55 °C, 20 h. [b] Reaction time: 72 h.

12



This unusual platinum-catalyzed  tandem [2+1)/[3+2]
cycloaddition sequence was successfully applied to various
substrates at the condition that the alkyne partner possessed an
oxygen atom on the propargylic carbon (Scheme 23). With
alkynes containing either esters, ethers (alkyl-, aryl- and
silylethers) or carbonates, the transformation occurred and
tricyclic compounds 23 were isolated in fair to excellent yields.

Ph Cy
O (o}
H Pt—)>7
o- P o
PH Cy
21c (5 mol%)
/ 7 = OR
//\ AcOH (1 equiv.),
2 equiv. toluene, 55 °C, 20 h
/
PivO o
\
23b (44%) 23a (65%)
23c (74%) OzN/®/ 23d (90%) S:’
/
TMSO BnO,CO e
23f (21%) 23e (52%,

Scheme 23. Selected examples of Pt-catalyzed [2+1]/[3+

In order to probe that ACP 4w is an intermediate in the formatio
of 23w, we treated it with 2 equivalents of propargyl acatate

23w was isolated

reactions with 4w and various
requirement concerning the n

ertheless, this
by-products 24,
rmation of a platinum z-allyl

phtalimide- or sulfone-
transformation took place
which might result from th
intermediate a
24 were isolated
The necessity of n the allylic carbon of
was confirmed by the reaction
\When ACP 4a was submitted to the

lyzed [2+1])/[3+2] cycloaddition
ce on the ACP moiety. Instead

WILEY-VCH

the carbon-carbon double bond of the norbornene reacted to
afford the polycycle 25a as a 1:1 mjure of diastereomers.

Table 10. Selected scope for the [3+2] cycloadditj

A

Z
OAc
4w
Yield (%)
Entry

23 24
1 48 -
2 - H 39 7
3 61 -

=z

4 nBu 70 25

= N 61 12
o

="~ S0,Ph 63 26

[a] Reaction conditions: 21d (5 mol%), ACP 4w (0.5 mmol), alkyne (1
mmﬁAcOH (1 mmol), toluene (10 mL), 55 °C, 20 h.

21d (5 mol%), 2" Ph
A AcOH (2 equiv.)
c— >

MP'H//\

4a 2 equiv.

toluene, o

55°C, 20 h /
AcO OAc

25a (80%)

Scheme 24. Control experiment highlighting the necessity of the oxygen atom
on the allylic carbon of ACPs.

In order to check whether the [3+2] cycloaddition could be
achieved in the absence of the bicyclo[2.2.1]heptane moiety, an
ethenolysis was performed on 4w and after 4 days of reaction at
40 °C and regular addition of first generation Grubbs catalyst,
ACP 26w was isolated in 74% yield (Scheme 25).*° Compared
to 4w, 26w was less reactive and the reaction temperature had
to be increased to 80 °C. Nonetheless, after a brief optimization
(4 equivalents of phenylacetylene added dropwise for 16 hours),
the expected tetrahydro-indene 27w was obtained as a single
diastereomer in good yield.

13



PCys Ph
4l
GeRu= Z
AcO | Ph (4 equiv.) ACO\
PCys == AcQ 21d(5mol%), |
= (3 x 2.5 mol%) AcOH (1 equiv.) "
4 —_——> =/
ethylene, toluene, 80°C, 7
CH,Cl», 40 °C, _ 24h b
96 h = =
4w 26w (74%) 27w (63%)

Scheme 25. Pt-catalyzed [3+2] cycloaddition in the absence of the
norbornene structure.

A mechanism was proposed to rationalize both regio- and
diastereoselectivities (Scheme 26).2 We assumed that the
cationic platinum species F coordinates both the alkyne and the
carbon-carbon double bond of the ACP on its exo face and an
oxidative coupling would form the platinacyclopentene H. Due to
steric interactions between substrates and ligands, H would be
obtained as a single regioisomer. For more clarity and to explain
the diastereoselectivty, H has been drawn as a single
enantiomer I. The cyclopropane fragmentation would occur by a
1,2 shift of

R B

[3+2] cycloadduct

BocHN

BocHl\i

2.5 equiv. of Na -

5 equiv. of Na -

Boc
OAc NH; _/ore, N i ~ .
- 40 °C, 30 min @ Boc

28n

WILEY-VCH

Scheme 26. Postulated mechanism for the platinum-mediated [3+2]
cycloaddition.

the platinum assisted and oriented b, en atom to
generate the platinacyclohexene reductive

elimination would afford t
the catalytically active specie
highlights a stereochemj
and the final product.

adduct and regenerate
ijs proposed mechanism
n the enantiomer G

During the p
mediated [3+2]

e study of the platinum-
ACPs that do not contain the
we discovered an unusual

nitrogen-nitrogen bond of cyclic
hydrazines  was gated.” Among the several
methodologies reported to carry out the reductive N-N cleavage
hydrazine e chose to study the one involving the use of
ium me liqguid ammonia. When ACP 4n was treated with
quiv. of Na, the formation of the expected product 28n was
etected (Scheme 27). Only the vinylcyclopropane 29n,
g from a reductive isomerization, was obtained in 66%
ingle diastereomer with the vinyl frans to the other
the cyclopropane. The desired cleavage of the N-
achieved by increasing the quantity of Na to 5
equivalents. However in this case, only the compound 30n was
isolated indicating that the N-N cleavage was subsequent to the
redyctive isomerization.

ope of this transformation was found broad since a range
ylcyclopropanes 29 could prepared with good overall yields
d selectivities (Scheme 28). In addition of acetate, several
eaving groups could be used in this reaction: benzoate,
phenoxy and even hydroxyl groups. With the gem-dimethyl
substituted alcohol 41, the formation of compound 29I required 6
equivalents of sodium. Despite a moderate yield and a low
selectivity, it was even possible to prepare a nitrile-containing
vinylcyclopropane 290. To our delight, the reductive
isomerization was found compatible with epoxide and 29x was
quantitatively isolated as a single diastereomer.

BocHN
D
29n BocHN 305
66% -
- 55%

the nitrogen-nitrogen bond of cyclic hydrazine 4n.
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X X
RW\/OR' Na (2.5 equiv.), NH; RR , _
-40 °C, 30 min
4 29

=Ac, Bz, PhorH

O
@&v M e

290

(86%, dr—851 (43%, dr—61) (25%, dr = 3.3:1)

o 1]
/
Zb MeO

29y

(99%, dr> 20:1) (64%, dr = 10:1)

Scheme 28. Selected examples of reductive

vinylcyclopropanes.

isomerization affording

(21

8. Conclusions and outlook

In summary, our group has developed straightforward and
powerful synthetic routes to alkylidenecyclopropanes and
vinylidenecyclopropanes from terminal acetylenic compounds
and norbornadiene or oxanorbornadiene derivatives. Thege
methods lie on [2+1] cycloadditions which require the us
palladium- and platinum-based complexes
phosphinito-phosphinous acid ligand. Only few exceptiops have
been noticed in the case of strongly polarized alkynes
ynones, propiolates) for which [2 + 1] cycloadditio
could be achieved with phosphapalladacycles 1. P
platinum complexes bearing phosphinito-pho
ligands can be easily prepared by treatment of
salts with secondary phosphine oxides. The spe
ligand relies on the fact the two phosphorus atoms a
equivalent but interchangeable and as a result, the electro
properties of the metal center can be finely adjusted.

With theses catalytic systems in hapgd, we investigated
reactivity of norbornene derivatives
noted through this manuscript, this

it extremely fascinating. Indeed,
reaction conditions, or the
synthetic transformations we
substituted alkynes,
gave rise to ACP de
an oxygen atom on the
complexes catalyzed a [2
With tertiary

[10]
rs possessing

palladium-mediated [2+1] [

reaction of the latters was
expansion discovered.
ies of metal complexes
hinous acid ligands and the clearly
tive potential of these ligands — as
esults presented therein — it can
ssess a bright future.
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