C. R. Chimie 13 (2010) 292-303

Contents lists available at ScienceDirect

Comptes Rendus Chimie

www.sciencedirect.com

Account/Revue

Cp*RuCl(COD) in catalysis: A unique role in the addition of diazoalkane
carbene to alkynes

Chloé Vovard-Le Bray, Sylvie Dérien, Pierre H. Dixneuf ™

UMR 6226 CNRS, laboratoire catalyse et organométalliques, institut sciences chimiques de Rennes, université de Rennes 1, bdtiment 10C, campus de Beaulieu,
35042 Rennes, France

ARTICLE INFO ABSTRACT
Article history: The catalytic transformations of functional alkynes with diazoalkanes in the presence of
Received 24 September 2009 the catalyst precursor RuCl(COD)Cp* are presented. They show the unique role played by

Accepted after revision 27 November 2009

- - the Ru(X)Cp* moiety in catalysis and that the nature of the formed products strongly
Available online 1 February 2010

depends on the alkyne functionality. Simple alkynes generate dienes via double
diazoalkane carbene addition to the triple bond. Enynes with terminal triple bond lead

Keyworfis: to alkenyl bicyclo[x.1.0]alkanes, including bicyclic aminoacid derivatives. 1,6-enynes with
Catalysis . . . . .. .

Ruthenium disubstituted propargylic carbon produce in priority alkenyl alkylidene cyclopentanes.
Diazo compounds 1,6-Allenynes offer the direct access to alkenyl alkylidene bicyclo[3.1.0]hexanes.
Carbene Propargylic carboxylates lead to conjugated dienes by coupling of the diazoalkane
Alkynes carbene with the alkyne terminal carbon and 1,2-shift of the carboxylate. All catalytic

reactions can be explained by the initial formation of the 16 electron RuCl(=CHR)Cp*
moiety giving first a 2+2 cycloaddition with the alkyne triple bond.
© 2010 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

RESUME

Mots clés : Les transformations catalytiques d’alcynes fonctionnels avec les diazoalkanes en présence
Catalyse du précurseur de catalyseur RuCl(COD)Cp* sont présentées. Elles montrent le role unique
RUthéniL]m joué par l'entité Ru(X)Cp* en catalyse et que la nature des produits formés dépend
Composé diazoique essentiellement du groupe fonctionnel de I'alcyne. Les alcynes simples engendrent des
/C\?Crbrelgse diénes conjugués par double addition du carbéne, dérivé du diazoalkane, 4 la triple liaison
y de I'alcyne. Les énynes possédant une triple liaison carbone-carbone terminale conduisent
aux alcényl bicyclo[x.1.0]alcanes, dont des dérivés bicycliques d’aminoacides. Les 1,6-
énynes possédant un carbone propargylique disubstitué produisent en priorité les alcényl
alkylidéne cyclopentanes. Les 1,6-allénynes permettent I'accés direct aux alcényl
alkylidéne bicyclo[3.1.0]hexanes. Les esters propargyliques conduisent d des diénes
conjugués par couplage du carbéne du diazoalkane avec le carbone acétylénique terminal
et migration 1,2 du groupement ester. Toutes ces réactions catalytiques peuvent
s’expliquer par la formation initiale de I'espéce a 16 électrons RuCl(=CHR)Cp* qui conduit

d’abord a une cycloaddition 2 +2 avec la triple liaison de I'alcyne.
© 2010 Académie des sciences. Publié par Elsevier Masson SAS. Tous droits réserveés.

1. Introduction

The creation of reactive metal-carbene intermediates

has led to useful synthetic methods, with tremendous
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metathesis that has brought revolutions in synthetic
methodology to create C—=C and C-C bonds [1]. The
reaction of alkene metathesis molybdenum- and rutheni-
um-alkylidene catalysts with alkynes constitutes a way to
initiate alkenylcarbene-metal intermediate formation,
further leading to the building of complex molecular
architectures [2].

In situ generated metal-carbenes, especially from
diazoalkanes with copper and rhodium catalysts, play a
key role on interaction with alkenes and alkynes [3] in the
synthesis of cyclopropanes [4] and cyclopropenes [5] and
their derivatives. More recently, in situ generated metal-
carbene intermediates have been shown to result from the
activation of alkynes and enynes with electrophilic metal
catalysts, derivatives of Pd, Ru, Pt, Au metals [6]. They lead
to skeleton rearrangement of unsaturated substrates and
the synthesis of functional cyclopropanes and polycyclic
molecules [6,7].

In parallel, attempts have been made to generate
RuCl(=CHR)Cp* moieties, on reaction of RuCICp* contain-
ing complexes with diazoalkanes, to study their action on
the transformation of alkynes and enynes [8]. Such 16
electron species are isoelectronic with alkene- and enyne-
metathesis Grubbs type catalysts RuCl,(=CHR)(PCy3)L!
(L'=PCys5, NHC), but their geometry and ligand lability are
so different that the behaviour of RuXCp* systems is
expected to lead to innovation with respect to metathesis
reactions.

It is the objective of this review to show that the
catalytic system arising from RuCl(COD)Cp*/N,CHR inter-
action, as the cyclo-1,5-octadiene (COD) ligand is very
labile, plays a unique role in the catalytic modifications of
alkyne and enyne derivatives, and leads to catalytic
reactions that were not observed before with other
metal/diazoalkane or metal-carbene systems. It will be
also shown that the nature of the alkyne is crucial to create
a new reaction type and that a variety of molecular
architectures as shown in Scheme 1 can be obtained.

It will be shown that the catalytic system
RuCl(COD)Cp*/N,CHY allows:

o the selective double addition of carbene to the triple
bond;

o the bicyclisation of enynes into bicyclo[x.1.0]alkanes;

o the transformation of enynes into alkylidene, akenyli-
dene-cyclopentane derivatives;

o the access to alkylidene cyclopropane derivatives;
e the transformation of propargylic carboxylates into
dienes, featuring a cross-coupling C=C bond formation.

These different aspects will be successively presented
and attempts to rationalize these catalytic reactions will be
offered by discussing possible mechanisms and catalytic
cycles.

2. Double catalytic addition of diazo compounds to
alkynes : an easy synthesis of functional dienes

The reaction of disubstituted alkynes 1 with two
equivalents of trimethylsilyldiazomethane (2 M in hexane)
in the presence of 5 mol% of RuCl(COD)Cp* [9], catalyst A,
in dioxane at 60 °C for 5-6 h, affords the 1,3-dienes, the
(E,E)-1,4-bis(trimethylsilyl)butadienes 2a-d (Eq. (1)).

R——R'
1a-d
+

2 NzCHSIMe3 dioxane, 60 C

MeﬁiH
\
R SiMe;

CatA (5 mol%)

(1

2

R R'
2a Ph Me (56 %)
2b Ph Ph (30 %)
2c Et Et (72%)

2d CH,OH Me (95 %)

The reaction is slowed down when arylacetylenes are
used (2b, 30%), but it tolerates propargylic alcohol
functionality (2d, 95%). Only one (E,E)-stereoisomer was
observed in the formation of these tetrasubstituted dienes,
as shown by NMR and NOE experiments.

The same reaction performed with terminal acetylenes
such as 3e-f, also leads to the complete transformation
into dienes 4e-f in good yields (Eq. (2)). However, two
diastereoisomers are obtained as the disubstituted double
bond is formed with a E/Z stereoselectivity: 70/30 (4e), 89/
11 (4f).

R—=—H
Je-f CatA (5mol%)  MesSi—  H
% i s

2 N,CHSiMes dioxane, 60 C R SiMes (2

4
de R=Ph (72 %, EIZ =70/30)
4f R =cyclohex-1-enyl

(80 %, EIZ = 89/11)

Scheme 1.
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It is noteworthy that only RuCI(COD)Cp* type catalyst
performs this catalytic reaction as the ruthenium(IV)
complex RuBry(m3-allyl)Cp* or ruthenium(Il) complexes
RuCl,(L)(arene) are inactive.

The addition of four equivalents of N,CHSiMes has been
attempted on the conjugated diyne derivative Me3Si—-C=C—
C=C-SiMejs 5. This diyne 5 behaves as a monodisubstituted
alkyne as the double addition takes place only to one triple
bond with high stereoselectivity and the unsaturated
carbon-rich dienylalkyne 6 was obtained in 48% yield (Eq.
(3)). No double addition of the carbene to carbon atoms C;
and C4 was observed.

Me5Si SiMe; + 2 N,CHSiMe; (3)
5

Cat A (5 mol%)
dioxane, 60 °C

iMeg

Me;Si //

N

Me,Si SiMey

6 (48 %)

Ethyldiazoacetate is much less reactive in this reaction
than trimethylsilyldiazomethane and requires more dras-
tic conditions (100 °C, 20 h) to transform phenylacetylene
3e into 64% yield of 7, isolated as a mixture of

stereoisomers (Eq. (4)).
Et0,C H
H (@)
Ph CO,Et

7 (64%)

Ph—=

Cat A (5 mol%)

2N20H002Et dioxane,100 °C

A possible mechanism for this reaction is illustrated in
Scheme 2. Although an intermediate of the reaction of
trimethylsilyldiazomethane with RuCl(COD)Cp* even at low
temperature could not be observed, it is likely that the
ruthenium-carbene intermediate is first formed
Cp*RuCl(=CHSiMe3) B. N,CHSiMes is known to interact
with RuCly(PCys)(arene) complex to generate an NMR
observable coordinatively unsaturated Ru=CHSiMes spe-
cies [10]. In addition, phenylacetylene alone reacts very
easily with RuCl(COD)Cp* to give the cis-biscarbene-
ruthenium complex 8 via the head-to-head oxidative
coupling of alkyne [11] (Eq.5). Such a biscarbene-ruthenium
complexwas discoveredin 1986 onreaction of RuBr(COD)Cp
with phenylacetylene [11a]. It is noteworthy that the
product 8 is not formed in the reaction of phenylacetylene
3e with N,CHSiMes; and catalyst A (Eq. (2)), indicating that
interaction of complex A with N,CHSiMe; is a fast process
with respect to alkyne oxidative coupling leading to 8.

Ar

2 Ar—== + RuCl(COD)Cp* — Cp*(CI)R | (5)
A

8
Ar

Cp*CIRu(COD)
A

Me;Si N,CHSiMe;
Ny + | R
R COD, N,
2 o
SiMes Cp* SiMes

R—=——R' Cl—Ru=
+ N,CHSiMe, B \

Measi

SiMes

7’/‘ )i

Scheme 2.

The coordination of the alkyne to the ruthenium
carbene species B is expected to lead to the 2+2
cycloaddition intermediate C and then to the vinylcarbene
D as for an alkyne metathesis process [2], as proposed for
the Grubbs type catalysts for enyne metathesis [12] and
observed in some stoichiometric reactions of Ru=CHR
bonds with alkynes [13].

The vinyl carbene ligand in D can interact directly with
N,CHSiMes to give the diene 2 [14] or its complex F, or
alternatively to give a cis biscarbene ruthenium complex E
analogous to the biscarbene 8 (Eq. 5). It is noteworthy that
stoichiometric double addition of diazoalkane carbenes to
alkyne-cobalt complex to give a diene-cobalt complex was
observed by O’Connor et al. [15].

This reaction has some analogy with the addition
of ethylene to alkynes catalysed by Grubbs type
catalysts to form dienes via intermolecular ene-yne
metathesis process as shown by Mori et al. [16]
(Scheme 3).

Scheme 3.
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3. Catalytic addition of diazoalkane carbene to enynes: a
novel way to generate alkenylbicyclo[x.1.0]alkanes

3.1. Evidence and scope of the reaction

Non conjugated enynes have become key starting
substrates for the creation of very complex rearranged
skeletons [17], including cyclic and bicyclic molecules,
promoted by ruthenium (II) [ 18], gallium (III) [19], platinum
(I [20] and gold (LIII) [21] catalysts.

In a more classical way, the alkene metathesis of enynes
performed with Grubbs type catalysts [22,23] has been
shown very useful for the access to conjugated dienes, the

/—: enyne

alkenyl cycloalkenes (Eq. (6)).
S
Al (6)
Mn_\\ metathesis n

When the enyne triple bond is terminal, the proposed
mechanism is shown in Scheme 4.

The Ru=CHR moiety reacts first with the C=C bond to
give the metathesis intermediates H and I, successively.
Then the alkenylcarbene moiety in I traps the distant
CH=CHR bond to generate the alkenylcyclometallacyclo-
butane intermediate J, the latter via a classical metathesis
process, generates the alkenylcycloalkene and a Ru=CHR
intermediate allowing to initiate another catalytic cycle.
When the triple bond is internal such as in bis(alkenyl)alk-
yne, then the Grubbs catalyst interacts first with a terminal
double bond [23c].

The question was then asked, as the 16 electron
Cp*(X)Ru=CHR moiety is isoelectronic of the Grubbs
catalyst but has no labile ligand: does Cp*(X)Ru—CHR,
arising from the reaction of RuCl(COD)Cp* with diazoalk-
ane, transforms the non conjugated enyne as the Grubbs

Scheme 4.

catalyst (Scheme 4)? or does it differently proceeds, such
as for the double carbene addition to the C=C bond or for
cyclopropanation of double C—=C bonds?

The reaction of enynes with diazoalkanes in the
presence of RuCl(COD)Cp* catalyst actually leads to the
general formation of alkenylbicyclo[x.1.0] alkanes (Eq. (7)).

B CatA Rs
A\_{i +N,CHR? —2 8 A rRZ (D

1
\_g2 R

The initial reaction was performed with the enyne 9a and
N,CHSiMes (2 M in hexane) and 5 mol% of RuCl(COD)Cp* A
to afford after 1 h at 60 °C, 95% of 10a with a Z/E ratio = 4/1
(conditions A)(Eq.(8)). Thereaction strongly depends on the
reaction conditions as with 1.1 equiv. of N,CHSiMes (2 M in
Et,0), 9a was completely transformed with 5 mol% of A in
5 min to produce 86% of 10a (conditions B).

Under B conditions, a variety of enynes have been
transformed into bicyclic derivatives 10 in good yields and
sometimes with very high Z selectivity (Table 1). Only the
Z-isomer was obtained with enynes 9 containing a
substituent on the C=C bond terminal carbon atom
(Table 1, entries 4-6). The X-ray structure of the major
diastereoisomer 10d (85/15) established the cis positions
of the alkenyl and methyl groups.

S 5 mol% Cat A SiMe;
TsN + N,CHSiMe; ————— TsN ®)

9a N 10a

A: 2Min hexane (2.4 eq.) 95 %, Z/E = 41
dioxane/60°C/1h
B: 2Min ether (1.1 eq.) 86 %, ZE = 41

ether/r.t. /5 min

The above reaction applied to enynes arising from
propargylic ethers are more difficult to performed (Eq. (9)).
The reaction applied to enynes 13 with only a carbon chain
give the corresponding bicyclic compounds 14 with good Z
selectivity for the alkenyl chain (Eq. (10)). The bicyclisation
reaction can also be efficiently applied to 1,7-enynes as
shown by the transformation of 15 (Eq. (11)).

The reaction mechanism will be discussed later in
Scheme 5.

SiMes
<:L: 5 mol% Cat A
0 + N,CHSiMey —— M O Ph  (9)

\—\L 45n/r.t.

11a —Ph 12
z — 5mol% CatA 7 —SiMeg

+ NoCHSiMgg ———— (10)

z \ 1hirt 7

13a: Z = SO,Ph
13b: Z = CO,Et

14a:62 %, Z/E = 85/15
14b: 70 %, Z/E = 100/-
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Table 1
Catalytic transformation of enynes 9 with N,CHSiMe; in bicyclic
compounds 10.

: - 5
Entry Enynes Reaf:flon ] Products, yields%
conditions (Z/IE)
/—: =
1 TsN SiMeg
. \_\\ 5min TsN 86 % (80/20)
a
10a
2 Cb N/ = CbzN S|M93
G 30 min Z 0%, (90/10)
ob N\ 10b
= TsN SIMe;g
3 15 min s 85 %, (90/10)
\< 10¢c
Taa—  SiMes
4 TsN TsN
\_\w 15 min 80 %, (100/-)
9d \ 10d dr: 85/15
E/Z : 85115
¢ Sll‘v'le;,
5 TsN TsN Ph
\—\ 30 min 89 %, (100/-)
10
=2 AL # dr: 100/-
/—:
6 TsN SlMe3
TsN >,
@ 30 min : /7 86%, (100
of 10 dr:-/100
7 TsN T C@Mea
TsN
9g \ OH
OH 24 h 10g 95 %, (90/10)
dr: 100/-
= SiMes
8 TsN TSNi:QCOzMe
gh\ co,Me 30Min 10h 15 %, (100%-)

dr: 100/-

a) Reaction conditions/ 1.1 equiv. N,CHSiMe5 (2M in ether), in diethyl
ether (1 mL), rt, 5 mol% RuCl(cod)Cp*. b) isolated product yields.

" "SiMe,
T 5mol% Cat A
TsN + N,CHSIMe; ————— TsN (1)
30min/r. t.
15 16: 78 %, Z/E =83/17

The diazoalkane carbene addition to enynes offers
access to other compounds when the triple bond is
disubstituted or when the propargylic carbon is disubsti-
tuted. In that case, the reaction leads, besides the
formation to the expected bicyclic compound of type 10,
to derivative 17, the cyclopropanation product of only the
C—=C double bond, and/or to the alkenyl cyclopentane
derivative 18 (Eq. (12), Table 2).

W R
Ry )=
R" SiMes
R'j’éR A

A
\—\ 5 mal% Cat A
9 \ - . and/ or (12)
+ )
N,CHSiMe; B

=~
SiMe;
R"

Table 2 gathers some representative examples:

4 ”T

17 SiMe;

with disubstituted triple bonds, cyclopropanation of the
double bond only takes place as for a classical olefin and
compounds 17 are obtained (entries 1, 2);

the functional enyne 9j with disubstituted triple bond
gives the classical derivatives 10j in small amount and
the 5-membered cyclic compound 18j was obtained as a
major product (entry 3);

with the disubstituted propargylic carbon derivatives 9k
and 91, the analogous alkylidene derivatives 18k and 18l
were obtained, and in the later case with the parallel
formation of 191 (entries 4, 5).

Theses results will be rationalized later in Scheme 6.

The direct desilylation of bicyclic derivatives 10 does
not take place under mild classical conditions (KOH,
fluoride). Thus, the diazomethane was in situ generated on
reaction of N,CHSiMe; in methanol and a variety of
desilylated products 20 were obtained in 60-80% yields

(Eq. (13)).

5 mol % Cat A

A R +N,CHSiMe; — ™= A R? (13)
\ 2 Min ether methanol 1
R? r.t. /30 min R
20

The reaction can also take place in water without
desilylation but it especially shows that the RuCl
(COD)Cp*/N,CHSiMes system surprisingly tolerates water

(Eq. (14))
Tsr\(fs'Mea (14

10a,78 %

[ 5mol % Cat A
TsN + N2CHSiMes
\ 2 M in ether

- 12eq,

r. t. /water

The catalytic bicyclisation of enynes under the action of
N,CHCO,Et and N,CHPh can also be performed but under
more drastic conditions.

With N,CHCO-Et, the reaction is quite general and
requires 100°C for 1-24 hours and the resulting com-
pounds analogous to derivatives 10 possess the E
configuration of the double bond (Table 3).

With N,CHPh, the reaction takes place at room
temperature to 100 °C and leads to a mixture of Z and E
isomers (Egs. (15), (16)).
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Table 2

Catalytic transformation of enynes with disubstituted triple bonds or disubstituted propargylic carbon.

Reaction

Entry Enynes o
conditions

a

A, 30h

sJT

, /—=SiMe;
TsN B,5h

3 TsN

Products, yields%
(ZIE)

ﬁ%Ph

(0}

SiMes
17b, 65 %
dr: 75/25

;,——5iMe3
TsN

SiMe
17i, 98 %

N

— \
4 SiM
B,2h iM ivies
TeN SiMe, TsN »

10j, 10 %

; — SiMe;  TsN .
B, 30 min ‘;% . SIM93

A\ 10k, 67 %, (90/10)

18j, 56 %, (100/-)

18k, 23 %, (100/-)

< 2 SiMe
/ 3
5 N TN , Sives TsN S'MeS TsN
B, 30 min

A\

9l

101, 50 %, (100/-)

181, 10 %, (100/-) 191, 9 %

¥ Reaction conditions: A, 2.4 equiv. of N ;CHSiMe 5 (2 M in hexane) in dioxane (1 mL), 60 °C, 5 mol %
RuCIl(COD)Cp*; B, 1.1 equiv. of N,CHSiMe; (2 M in ether) in diethyl ether (1 mL), room temperature, 5 mol

% RuCI(COD)Cp*.

Ph
T 5 mol % Cat A
TsN + NzCHPh TsN (15)
9a \ 24
rt.,5h 80 %, Z/E = 30/70

60°C,5h
100°C, 5h

84 %, Z/E = 20/80
65 %, Z/E = 25/75

Q 5 mol % Cat A Ph
— +N,CHPh — = — (16)

Q 60°C, 24 h

o]
A\
11c 25

50 %, Z/E = 45/55

3.2. Proposed mechanisms according to enyne nature

For the catalytic cycles two situations have to be
considered:

o for terminal triple bond enynes;
o for enynes with disubstituted triple bonds and disubsti-
tuted propargylic carbon enynes.

3.2.1. Mechanism with terminal triple bond enynes
(Scheme 5)

The mechanism should account for the transforma-
tion of the D-labelled enyne 9a which shows that
the triple bond deuterium is completely recovered on
the vinylcarbon atom linked to the bicyclic carbon (Eq.

(17)).
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A
L LCHY
AN .
Ru’, A
C|/ AN \_\
A N\ COD, N,
Y
N,CHY (Rul=/
N2
A,—_
[RuCICp*] G\\

Reductive elimination

inhibited metathesis -\‘

N
[Ru=CH,

[RU]
W

A o/

\F

Scheme 5. Proposed mechanism for the transformation of enynes into alkenylbicyclo[3.1.0]hexanes.

D,

J/— D 5 mol % Cat A SiMez (17)
TsN +N,CHSIMe; ™= TsN

d-9a\ d-10a

The mechanism likely involves the initial interaction of
the Ru=CH carbene with the triple bond (Scheme 5), that
successively leads to intermediates G—H—I—] via trans-
formation as already observed in enyne metathesis
(Scheme 4). With the RuClCp* moiety, the metathesis
process appears inhibited to the profit of reductive
elimination to give the formation of the cyclopropane
ring and the RuCICp* moiety which regenerates the
ruthenium carbene in the presence of diazoalkane.

DFT computational studies support this mechanism
[8c]. They show that:

e the Ru=C/C=C 2 + 2 addition is favoured by the shift of
n>-CsMes to 1-CsMes ligand to form intermediate J;

o the coordination of the alkenyl group single double bond
of J strongly stabilizes the metallacyclobutane interme-
diate and favours reductive elimination;

o the metathesis process from J requires a much higher
transition state energy than that leading to reductive
elimination.

This catalytic cycle corresponds to that proposed for the
stoichiometric reaction of Fischer type Tungsten-carbene,
containing an alkene chain, with alkynes [24].

Ko, /*

COD, Ny
N,CHSIM
Mja;%

H SiMes SiMe;

Ru | ” Ru
R\

AL
Me3S|
with bulky R
(e)
R \
B-elimination

insertion of
the triple bond

CpR—

. metathesis

StMea

Scheme 6. Proposed mechanism for the transformation of enynes into
alkenyl alkylidene cyclopentanes.
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Catalytic transformation of enynes with diazoacetate.

Reaction Products, yields%
Ent Enynes ;
g 4 conditions® (ZIE)
_ _ COsEt
1
=N 5h 65 %, (-/100)
\—\\ TsN
9a 21a
CO,Et
- TSN\_< 24h TSN:\g 65 %, (-/100)
9c 21c
COgEl
3 TsN - 24 h 60 %, (-/100)
\—\\_ TsN Ph dr: 100/
ge N 21e
X-ray structure
. COgEt
4 TsN o
° 24h  TsN 91 %, (+/100)
\ o dr : 100/-
9m OH 21m
_ _ COpE
/—_
> IeN 24 h 84 %, (-/100)
0,
\ I=h oy O 100
99 DH 21g

_ COgEt
EtO,C

@H

71 %, (-/100)
EtO,C

nN
N

CO,Et
75 %, (-/100)

K

23

a) Reaction conditions: 1.1 equiv. NoCHCO5Et, 5 mol%

RuCl(cod)Cp*

, in dioxane (1 mL), at 100°C.

PG, .——

N

3.2.2. Mechanism from enynes containing disubstituted
alkyne bond and/or disubstituted propargylic carbon atom
(Scheme 6)

For sterically hindered triple bond enynes likely the
initial Ru=CHY carbene interaction with the C=C double
bond takes place to give intermediate L (Scheme 6), is
faster than the interaction with the sterically hindered
triple bond. This intermediate L either gives the reductive
elimination when the triple bond is disubstituted to give
cyclopropane derivatives 17 or the triple bond insertion
into the Ru-C bond of L takes place to give intermediate M,
which on [(-elimination, leads to intermediate N the
precursor of 5-membered cyclic derivatives 18, via
reductive elimination.

The catalytic diazoalkane carbene addition to enynes
generating bicyclic compounds presented here, actually
shows that the in situ generated carbene RuCl(=CHY)Cp*
behaves as an alkene/enyne metathesis inhibitor and
rather favours reductive eliminations.

This reaction of enyne with diazoalkanes has recently
been observed by Li and Montgomery but with Nickel(0)
catalysts [25]. This new straightforward catalytic synthesis
of alkenylbicyclo[3.1.0]hexanes directly from enynes
offers further skeleton rearrangements. Indeed, vinylcy-
clopropanes can be transformed into cyclopentene deri-
vatives with Ni(0) catalysts [26] and alkynes can insert into
metal-carbon bond of the intermediate when rhodium
[27] or ruthenium [28] catalysts are used.

4. Application of tandem catalytic carbene addition/
bicyclisation of enynes

4.1. Synthesis of fluorinated bicyclic aminoacid derivatives

Cyclic aminoacids introduce a conformational restric-
tion into peptides that are useful for drug discovery [29]. In
addition, a fluorinated group at the o position of aminoacid
moiety is expected to slow down related peptide
hydrolysis. As the fluorinated enynes 26-27 are easily
obtained from the imines CF3C(=NPG)CO,Me by succes-
sive addition of allyl or vinyl magnesium bromide and then
of propargyl bromide [30], they have been transformed
into bicyclic compounds 28-29 according to the previously
described catalytic reaction (Egs. (18), (19)).

PG 7

SiMe;

FaC + N,CHSiMe,
M602C

26a-c

PG = Boc (a), Chz (b), Ts (c)

PG‘N/_:
FiC
MeO,C
27b-c

+N,CHSiMe;

PG = Cbz (b), Ts (c)

5 mol % Cat A
—_—

r. t. / ether

5 mol % Cat A

r. t. / ether

F3C
MeO,C H

28a: 68 %, d.r. = 50:50
28b: 64 %, d.r. = 55:45
28¢: 73 %, d.r. = 67:33

PG,
m
Me0,C ] SiMe, (19)

29b: 60 %, d.r. = 38:62
29c: 59 %, d.r. = 36:64

(18)
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The 1,7-enynes 26a-c on reaction with N,CHSiMes, in
the presence of RuCl(COD)Cp* catalyst precursor A, are
completely transformed at room temperature into bicy-
clo[4.1.0]heptanes 28a-c (Eq. (18)). Both diastereoisomers
are obtained but with only the Z configuration of alkenyl
group. Analogously, the 1,6-enynes 27b-c with
N,CHSiMes; lead to bicyclo[3.1.0]hexanes 29b-c (Eq.
(19)). The same enynes 27b—c also react with N,CHCO,Et
but under more drastic conditions at 100 °C and deriva-
tives 30b-c are easily obtained (Eq. (20)). The later always
contains an E-alkenyl group.

PG., —— PG.
F\C + N,CHCO,Et 5 mol % Cat A FiC
MeO,C 100°C / dioxane MeO,C [
27b-c

PG = Cbz (b), Ts (c)

This synthetic method thus offers a straightforward
access to fluorinated bicyclic compounds and new bicyclic
aminoacid derivatives.

4.2. Direct route to alkenyl alkylidene bicyclo[3.1.0]hexane
derivatives

Methylenecyclopropanes offer via Pd(0) and Ni(0)
catalysis the direct access to methylene cyclopentanes
[31], 5-membered heterocycles [32], alkylidenecyclopen-
tanones [33] and a variety of small cycles [34] such as
cyclobutenes [35].

The previous catalytic tandem carbene addition/bicy-
clisation of allenynes has been applied as a direct route to
bicyclic compounds containing the alkylidene cyclopro-
pane moiety. The allenynes 31a-d react at room tempera-
ture with N,CHSiMes; in the presence of catalyst A
RuCl(COD)Cp* to give the Z-alkenylalkylidene bicyclic
compounds 32a-d in 40-85% yields (Eq. (21)).

/ LI .
TsN MBSy 1
8 mol % Cat A R
31 ——— TsN =, @
1 R
w2 R r.t 32
+ a b c d
N,CHSiMe; R': Me Me /Pr (CHys-

RZ. Me Et iPr
yields (%): 52 71 85 40

The reaction can be extended to enynes containing a
disubstituted triple bond such as 33a-b that are trans-
formed into derivatives 34a-b (Eq. (22)). Analogously,
allenyne 35 containing an only-carbon chain was selec-
tively transformed into derivative with a Z-alkenyl chain
36 (Eq. (23)).

AT Me;Si
TsN RuCI(COD)Cp* (A) N Ar
8 mol %
33 —————— TsN = (22)
r.t/16h 34
+ 34a: Ar = Ph, 35 %
N,CHSiMe; 34b: Ar = 4-MeOCgH,, 56 %

MeO,C — Me,Si \
MeO,C 8mol % CatA  MeO,C 23)
35 . —
rt./16h MeO;C
36,52 %
+
NoCHSiMe;

It is noteworthy that the above reaction involves the
transformation of the only internal allene double bond.
Previous attempts to oxidatively couple allenes with

2. CO,Et
(20)

30b: 60 %, d.r. = 42:58
30c: 80 %, d.r. = 31:69

electrophilic alkenes (enones) have led to the coupling
of the internal allene double bond [36], whereas for
sterically hindered allenylboranes the oxidative coupling
with RuCl(COD)Cp* involves the terminal allene double
bond [37].

The proposed mechanism of the transformation of
allenynes with diazoalkanes is presented in Scheme 7.

The mechanism likely involves the following steps:

o theinitial interaction of the Ru=CHY bond with the triple
bond of 31, 33 or 35, to give intermediate O (step a), for
which the internal interaction of the chloride with the
MesSi silicon may account for the observed Z-alkenyl
configuration in the metathesis product P (step b);

o the addition of the Ru=C bond to the internal allene
double bond is expected to produce intermediate Q
(step c);

o the coordination of the alkenyl double bond of Q is
expected to favour the reductive elimination in step (e),
as predicted by DFT calculations [8c], to afford the
derivatives 32, 34 or 36 from intermediate R.

5. Catalytic addition of diazoalkane carbene to
propargylic compounds: synthesis of functional dienes

Propargylic carboxylates by suitable metal activation
are known to generate alkenylcarbene-metal intermediate
via the Rautenstrauch rearrangement [38]. The Rauten-
strauch rearrangement involves the activation of the triple
bond which promotes the carboxylate shift from pro-
pargylic carbon to alkyne carbon 2 (Eq. (24)). It was
initially performed with palladium catalyst [38] and more
recently by Ru(II) [39], Pt(II) [40,41] or Au [41,42] catalysts
for the production of cyclopropanes on reaction with
alkenes or cyclopentanones, trienes and indenes.

— R M — (24)
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%_
ASe

[Ru] = RuCICp*
31,33,35
NQCHY
Y = SiMe,
A = NTs, C(CO,Me), R
R? N

32, 34, 36
(e)

301

(Ru]

R2
B ‘&\,

(d)

Scheme 7. Mechanism for ruthenium catalyzed transformation of allenynes with diazoalkanes.

As alkynes have been shown above to initially “insert”
into the Ru=C bond of the Ru=CHR(CI)Cp* unit via the
metathesis process, we have thus studied the reaction
of in situ generated RuCl(=CHR)Cp* active species
with propargylic carboxylates. The reaction easily takes
place and quantitatively affords the functional dienes

(Eq. (25)).

0
1]
R RuCICOD)Cp* R!  OCR
= \-R* + N,CHTMS —{  TMs
OCR dioxane /60 °C g2 —
A styrene (5 equiv.)
o]
37 38
38a: 99 %
37a: R', R? = «(CHy)s- Do
37b: R'=R?=Me 38b: 99 %
37¢:R! =R? = Et 38c: 68 %
37d: R' = Me, R =Ph 38d: 89 %, E/Z = 65/35
37e: R' =Me, R?=jPr

38e: 99 %, E/Z=65/35

Thus, the reaction of propargylic carboxylates 37a-c
react with NoCHSiMes at 60 °C in dioxane in the presence
of RuCl(COD)Cp* to afford the dienes 38a-c which formally
corresponds to the cross-coupling of two carbenes, one
arising from the diazoalkane and that resulting from a
Rautenstrauch rearrangement as the carboxylate has
migrated (Eq. (25)).

From propargylic acetate 37d which has two
different substituents at propargylic carbon, the
expected two stereoisomers 38d and 38d’ are produced
(Eq. (25)).

The corresponding desilylated dienes are produced by
the use of in situ generated diazomethane on reaction of
N,CHSiMes in methanol, as illustrated by the reaction of
37a which directly leads to diene 39 (Eq. (26)). A similar
reaction of alkyne 37a with N,CHPh leads to the phenyl
substituted diene 40, but requires longer reaction times
(Eq. (27)). It is noteworthy that the observed stereochem-
istry of the silylated dienes 38 is Z whereas that of the
phenylated diene 40 is E.

(25)

RuCI(COD)Cp* OAc
= + NCHTMS M (26)
OAC MeOH /60 T / 15 min —
37a 39 91 %
RuCI(COD)Cp* OAc
= + N)CHPh —— = -
OAC dioxane /60°C /16 h ==
40,51 % Ph

A possible mechanism for this reaction is proposed on
Scheme 8.

This mechanism is based on the previous observations
that the Ru=CHSiMe; moiety interacts easily with the
terminal triple bond. Thus the catalyst A via the formation
of RuCl(=CHSiMe3)Cp* S is expected to give the 2+2
adduct T, rearranging into the metathesis product, the

Y
| [Ru] =Cp*CIRu
OAc
R? I R! [RU]
>/—‘ \( NZCHY
38
[Ru] Ch--Y
AcO = [R’l =
u
R' R2 V S
R1
Yoo *(i",l R2 —
[Ru] AcO
— 37
OAc
Y =TMS, Ph T )2 -

Scheme 8. Possible catalytic cycle for the synthesis of dienes from
propargylic esters.
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vinyl carbene V. Then the carboxylate is the subject of 1,2
migration from propargylic carbon to the carbene carbon
to generate the diene 38. Here again the intramolecular
interaction of the chloride and the silicon in S may explain
the observed stereoselectivity for the silylated product.
The above reaction formally corresponds to the new cross-
coupling reaction of two carbene moieties with C=C bond
formation.

6. Conclusion

This review on the interaction of the catalyst precursor
RuCl(COD)Cp* with diazoalkane and several alkynes shows
the unique role played by the RuCICp* moiety, with respect
to other metal catalysts generating metal carbene inter-
mediates with diazoalkanes.

Although the 16 electrons Ru(Cl)(=CHR)Cp* carbene
species has never been observed, it explains all the
transformations discovered on reactions of diazoalkanes
with alkynes. The functionality in the alkyne derivative
actually significantly orientates the nature of the formed
products:

e simple alkynes generate dienes via double carbene
addition to the triple bond;

e enynes with terminal triple bond lead to alkenyl
bicyclo[x.1.0]alkanes derivatives;

e 1,6-enynes with disubstituted propargylic carbon afford
in priority to alkenyl alkylidene cyclopentanes;

o 1,6-allenynes offer the direct access to alkenyl alkylidene
bicyclo[3.1.0]hexanes;

o propargylic carboxylates lead to conjugated dienes with
1,2-shift of the carboxylate, with carbene addition to the
alkyne terminal carbon atom.

The above chemoselective catalytic reactions offer new
examples of the straightforward building of complex
architectures from diazoalkanes with alkynes and show
the unique activation brought by a RuX(CsRs) moiety.
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