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1. INTRODUCTION

The presentation of Nobel Prize to Yves Chauvin, Robert H. Grubbs and Richard R. Schrock “for the
development of the metathesis method”, recognized the influence and power of the metathesis reactions in
Organic Synthesis." Several stable, functional group tolerant and commercially available catalysts have
been reported for metathesis reactions,” the most common utilized being Ru-based catalysts 1-5 although

a portfolio of modified catalysts®> is now available from several chemical suppliers.
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These catalysts have been successfully employed in many instances for the construction of small molecules
and total syntheses of natural products.®*’A variety of metathesis reactions are known,*' including

. . . . . . . 11,12 o 13 14-17
ring-closing, ring-opening, ring-expansion, domino, enyne, - polymerization— and cross-metatheses.

From these reactions ring-closing metathesis (RCM) reactions have gained a prominent position in the past
decades as a useful class of reactions for constructing both carbo- and heterocycles.® Due to the extreme
importance of RCM reactions and related processes there have been several reviews on this topic to
date >

The metathesis reactions have a wide functional groups tolerance, although in some instance the presence

26,27 .
==- Because of this reason the

of a basic nitrogen or a primary amine can affect the yield of the reaction.
metathesis reactions with nitrogenated compounds have been studied in detail®® and, in particular, RCM
reactions of nitrogen-containing compounds directed to the synthesis of alkaloids, peptidomimetics and
other compounds have been recently considered.?? In this respect, an excellent compilation of approaches
for synthesizing pyrrolidine and piperidine natural alkaloids using RCM reactions as a key step has been
reported in 2003 by Lebreton and Felpin.*

This review focuses on recent developments of RCM reactions on nitrogen-containing substrates leading to

the synthesis of nitrogenated six-membered rings of synthetic and biological importance and covers the

literature from January 2003 to April 2011.
2. SYNTHESIS OF SINGLE-RING TETRAHYDROPIPERIDINES

2.1. SYNTHESIS OF N-CARBAMOYL TETRAHYDROPYRIDINES
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The piperidine alkaloid (+)-sedamine has been prepared from N-Boc protected dialkenylamine 6 using
RCM as a key reaction. The metathesis reaction was promoted by Grubbs I catalyst 1 (20 mol%) and took
place in good chemical yield at 50 °C for 2 h (Scheme 1).*

Boc Boc

MOMO NN 1 (20 mol%) MOMO N | S—>teps w
ph/\/'\/\ benzene, 50 °C,2h  pp~ Ph N
(92%) Me
6 7 (+)-sedamine
Scheme 1

The reaction showed a good compatibility with acid-sensitive protecting groups and it could be carried out
at room temperature, although 24 h were needed for completing the reaction.> The reaction conditions
have shown to be tolerant with free hydroxyl groups®™ allowing an expeditious synthesis of
cis-4-hydroxypipecolic acid (Scheme 2).2* In order to achieve a good conversion it was needed to add the
catalyst again (3 mol%) after the first 4 h of reaction. A similar approach was used for preparing

3-hydroxypipecolic acid.*>

N"NBoc 1 (3 mol%) " NBoc steps OH
WOH CHZC|21 rt, 19 h OH HO\“ "/COZH
OH 73% OH
73%) cis-4-hydroxy
8 9 pipecolic acid

Scheme 2
In general, N-Boc dialkenylamines afforded excellent results in RCM reactions catalyzed by 1. Depending
on the substrates the reaction can be carried out in different solvents at several temperatures. The ligand
core of (-)-sparteine has been constructed by RCM of a N-Boc dialkenylamine in dichloromethane at room
temprature, the product being obtained in essentially quantitative yield.*®
By carrying out the reaction in dichloromethane at room temperature for 10 h the intermediate precursor of

37,38

(-)-B-conhydrine was obtained from compound 10 (Scheme 3).>~> This alkaloid has also been prepared by
other routes involving RCM reactions of N-Boc dialkenylamines catalyzed by 1. In all cases a high
compatibility with hydroxyl protecting groups including acetals,® silyl*® and benzyl ethers, and
acetonide groups was observed.?! In the latter case, the approach was extended to the preparation of

indolizidine (-)-lentiginosine.

\/\NBOG 1 (10 mol%) E;Nii\ steps NH
N CH,Cly, 1t, 10 h N ™~

OAc then K,CO3, MeOH OH OH

10 (75%) 11 (-)-B-conhydrine

Scheme 3
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Enantiomeric (+)-f-conhydrine was also synthetized from the enantiomer of 11 by using the same reaction
conditions illustrated in Scheme 3.** By using this strategy and under similar reaction conditions, a general
methodology for preparing 2-substituted-3-hydroxypiperidines was developed.* RCM reactions of
hydroxylated N-Boc dialkenylamines has been successfully employed in the preparation of azasugars such

as 1-deoxygulonojirimycin 14 (Scheme 4).*

OCOPh QCOPh 4
WOTBDPS 1 (5 mol%) OTBOPS _P° HO/"@
o~ NBoc Cruch mon L Neoc o N~

b (96%) 13 14

Scheme 4

Catalyst 1 was also employed with aromatic N-Boc alkenylamines such as 15. By using 10 mol% of catalyst,
tricyclic derivative 16 was obtained in good chemical yield (Scheme 5).** In the case of extended dienes
15 (n= 2, 3, 4) only dimerization products 17 were obtained instead the corresponding expanded ring. The

same results were observed with Grubbs Il catalyst 2.

NBoc (10 mol%) NBoc

CH,Cl,
(80%)
(for n=1)

Boc
1 0or 2 (10 mol%)

OC
CH,Cl,

(60-70%) m=1,23
(for n=2, 3, 4)

Scheme 5
In some instance side reactions affording isomeric enamines have been observed. RCM of 18 catalyzed by
1 afforded a 60:40 mixture of compounds 19 and 20. This ratio was changed to 85:15 by using Grubbs 11 2

as a catalyst under the same reaction conditions (Scheme 6).*

OH OH OH
Y\/ catalyst (5 mol%) : :
¥
BocN\/\ CH,Cl,, rt Bo?\l/\j BO(?ND
18 catalyst vyield (%) 19 20
1 60 : 40
2 85:15

Scheme 6
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Catalyst 2 has been successfully employed in RCM reactions of fluorinated dialkenyl N-Boc amines* and
in the synthesis of the alkaloid (+)-lentiginosine from 21 (Scheme 7).% In both cases the reaction was

carried out with 10 mol% of catalyst in dichloromethane at reflux.

= steps N
BocN” 2 (10 mol%) BocN | _B HO’@
A ~ BnO — T

BnO X\ CHaCly, reflux, 20 h Ho H

0,
21 (78%) 22 (+)-lentiginosine

Scheme 7
Alternatively, catalyst 3 led also to good results quite similar to those observed with catalyst 1, with N-Boc
dialkeny! derivatives in dichloromethane (or dichloroethane) at reflux.® By using 1 mol% of 3 and a chiral
auxiliary, enantiomerically pure N-Boc tetrahydropyridines 24 were readily prepared in high chemical
yields and enantioselectivities (Scheme 8).%2

Z>"NBoc
~ g 3 (1 mol%) Cl\foc
) CH,Cl,, 40 °C X"“Rr
( (82-96%; >99% ee)
23 R =Bn, n-Pr 24
Scheme 8

The methodology illustrated in Scheme 8 was applied to the synthesis of the alkaloid (+)-lentiginosine.>
Substrates bearing nucleohilic amine functions such as 25 are also amenable of being used as substrates in
RCM reactions by employing Hoveyda-Grubbs 11 catalyst 5 (Scheme 9).>2  Compound 26 is a precursor of
the potent neurokinin P receptor antagonist (+)-(2S,3S)-CP-99,994. The same strategy was used for
preparing epimeric (-)-(2S,3R)-CP-99,994 22

BooN~ 7 5 (10 mol%) Bo@
PR YT (94%) PR
NBn, NBn,
25 26
Scheme 9

Catalyst 5 was also employed with N-Boc dialkenyl substituted substrates in combination with a N-H
insertion reaction. The resulting tandem protocol was used for the preparation of saturated nitrogen
heterocycles.

In a similar way to N-Boc protected substrates, dialkenylamines protected as N-Cbz carbamates underwent
RCM reaction with Grubbs catalysts 1 and 2. Compounds 27 and 29 afforded the corresponding
tetrahydropyridines 28 and 30, respectively in excellent chemical yields upon treatment with 10 mol% of 1

in dichloromethane at room temperature (Scheme 10).2* The reaction was also extended to the formation of
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5- and 7-membered nitrogen heterocycles and further used in the synthesis of iminosugars. The reaction
proceeded smoothly with substituted alkenes and in the presence of a siloxygroup. In this case, however,

reflux was needed for completing the reaction.®

(ribz . l(\l:bz
B0 1 (10 mol%) 8O
= CH2C|2, rt N
| (93%)
27 28
ﬁbz 1 . ﬁbz
BnO (10 mol%) BnO
NN CH2C|2, rt =
| (84%)
29 30
Scheme 10

By using similar strategies to those illustrated with N-Boc carbamates, 3-hydroxypipecolic acids have been
accessed from N-Cbz dialkenyl amines employing catalyst 1.>> When the reaction was carried out with
unsusbtituted alkenes dichloromethane was used as a solvent at room temperature.®® A versatile
enantioselective synthesis of the marine alkaloids barrenazines was accomplished through RCM of 31
catalyzed by 1 as a key step (Scheme 11).>’

TBSO_~_ CH,Cly 1t TBSO

0,
21 (84%)

32
Scheme 11
The formal synthesis (-)-haouamine A was achieved from intermediate 34 readily obtained from precursor

33 through RCM catalyzed by 2 and in situ deprotection and oxidation (Scheme 12).%

OMe 2 (5 mol%) OMe
toluene, 80 °C | (O]
@['/( | m
N then TBAF, THF N
. Cbz
Cbz then Dess-Martin
OTBS
33 Na,COs, CH,Cl, 34
(76%)
Scheme 12

The presence of a third alkene in the molecule led to both five- and six-membered products as in the case of
35 which on treatment with 2.5 mol% of 2 afforded a 43:57 mixture of pyrroline 36 and tetrahydropyridine
37. In contrast, alkenyl amide 38 only cyclized, under the same reaction conditions, to the corresponding
lactam 39 (Scheme 13).%2
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Scheme 13
The RCM of dialkenyl N-methoxycarbonyl derivative 40 took place in 85% yield with catalyst 2 (Scheme
14).2% Interestingly, the reaction was carried out in the presence of a free carboxylic acid and it was applied
to a substituted substrate even though lower yield was observed in that case.®: Dialkylidene urea derivatives

were also used as substrates in RCM reactions with 1 as a catalyst.®?

A \
R N
MeO,C—N MeO,C—N
= 2 (2.5 mol%)
H—COH  CH,Cl, rt H—coH
N N

Boc Boc

40 41a R=H (85%)
41b R=Et (45%)

Scheme 14
N-Tosyl dialkenyl amine 42 afforded the corresponding tetrahydropyridine 43 upon treatment with catalyst
1 in dichloromethane at room temperature.®® The same reaction was achieved with compound 44 showing a

good compatibility with the more labile N,O-acetonide group (Scheme 15).%

S e

O = 1 (5 mol%) o
TSN~  CHLClt,7h TsN |
42 (91%) 43
#\NBOC #\NBOC
o~ _ 1 (5 mol%) o~
|
RN~ CHoCl, 1t 0.52h RN
44 45a R=Ts (83%)

45b R = Cbz (86%)

Scheme 15
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2.2. SYNTHESIS OF N-BENZYL TETRAHYDROPYRIDINES
The above mentioned RCM reactions with carbamates, leading to similar results,®® involved protection of
the nitrogen atom in such a way that it cannot act as a nucleophile; nevertheless it was possible to carry out

RCM reactions in the presence of a dibenzylamino group®=2

and N-benzyl dialkenyl amine 46 underwent
RCM in the presence of catalyst 2 (Scheme 16).2¢ Notably, the reaction took place in the presence of

unprotected hydroxyl groups. The procedure was also extended to the formation of pyrrolines.

OH OH
B | 2 (8 mol%) -
HO ~ tol 70 °C, 50 mi HO = h
HO BnN oluene, » o0 min HO BnN
(66%)
46 47
Scheme 16

RCM reactions of N-benzyl dialkenylamines have also been reported employing 1 as catalyst in refluxing

benzene with sugar-derived substrates en route to trihydroxy-quinolizidine analogues.®

2.3. SYNTHESIS OF SPIRO TETRAHYDROPYRIDINES
Of particular interest is the application of the above discussed reactions in the synthesis of spiro derivatives
which are difficult to prepare by other routes. RCM reaction of cyclohexyl derivative 48 afforded

spirocompound 49 in excellent yield (Scheme 17).%

MeOZC\N/\/ 1 (10 molo/o) MGOQC\N |
M\/\ CH,Cl,, reflux
(94%)
48 49

Scheme 17
Several oxo-indolespirocyclic derivatives that resulted to be potent inhibitors of HIV protease have been

prepared through RCM catalyzed by 1.2 Spirocyclic reverse turn mimics were accessed through a higly
practical RCM strategy based on the use of catalyst 2 and solid-phase synthesis techniques.” Spiroketal
related natural products were synthesized through a ketal-tethered RCM strategy. Among those products
spiroaminal 51 was obtained from 50 through RCM reaction promoted by 1.”*

ez ~F 1.(10 mol%) bz |
o N CH,Cly, rt 0o
OTBS (95%) OTBS
50 51
Scheme 18

RCM reaction of 52 catalyzed by 2 and in the presence of p-TsOH afforded a 3:1 mixture of spirocycle 53
and epimer 54, probably as a consequence of the high acidity of the C-2 proton (Scheme 19).”2 This
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methodology was also applied to larger heterocyclic rings. RCM reactions catalyzed by 2 in the presence of
p-TsOH have been reported for preparing not only tetrahydropyridines but also pyrrolines and larger

rings.”

BocN
/ \— 2 (10 mol%)

-

AN
N Ph pTsOH
H 5 CH,Cl,, reflux, 1 h

(91%)

52
Scheme 19

Spirocyclic compounds related to the bioactive natural products histrionicotoxins were synthesized using
RCM as a key step. As an example, compound 56 was obtained from trifluoroacetamide 55 by treatment
with 1 in dichloromethane at room temperature. In spite of the presence of a NBn group the reaction took
place in quantitative yield (Scheme 20).”

Bn Bn

1 (10 mol%)

F5COC. F5;COC.
N CH,Cly, rt, 24 h N

ﬁ N (quant.) =

55 56
Scheme 20

2.4. SYNTHESIS OF DIHYDROPYRIDIN-2(3H)-ONES

N-Alkenyl acrylamides have been used as suitable starting materials for obtaining six-membered lactams
through RCM reactions. Treatment of 57 with catalytic 2 in dichloromethane at room temperature afforded
unsaturated lactam 58 in good yield (Scheme 21).22

OH OH
BnO Z  2(5mol%)  BMO |
MENSX  CHyCly it MeN
o) (84%) o)
57 58
Scheme 21

With lower catalyst loading (4-5 mol%) reflux was necessary™ but good yields were obtained not only for
tetrahydropyridines but also for five- and seven-membered rings.” Similar results were obtained with
Grubbs | catalyst 17 and N-(2,4-dimethoxybenzyl) derivatives.”® On the other hand, very similar reactions
has also been described at room temperature by using 7.5 mol%® and 2.7 mol%* of catalyst 2.

Some differences in reactivity have been observed between Grubbs’ catalysts 1 and 2. While alkenyl
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acrylamide 59 cyclized readily in the presence of 2 at room temperature, with 1 as a catalyst the reaction did

not work as well and 45% vyield of 60 was obtained after several hours at reflux.”

0 o

HNJV 1 0or 2 (5 mol%) HN |
MeOgC\/'\/\ CH,Cl, MeO,C

59 1 reflux (45%)
2 rt (92%)

60

Scheme 22
The reaction has also been carried out with substituted alkenes but 24 h at reflux were needed for
completing the reaction (Scheme 23). Lactam 62 served as an immediate precursor for the synthesis of
(-)-CP-99,994 and (-)-L-733,060, two piperidine analogues with high affinity and selectivity with human
NKI receptor.®

O O

/\)LNB” 2 (5 mol%) n-B" steps
\ <

b \"pp, CH,Cl, reflux, 24 h

Ph
61 (94%) 62
CF,
O\/@ H
(X “ s (1
an
OM
N~ Ph N~ Ph ©
H
(-)-L-733,060 (-)-CP-99,994
Scheme 23

A series of six-membered lactams have been prepared by RCM reaction catalyzed with 2 in excellent yields.
The obtained compounds were used in the preparation of novel bridged bicyclic lactams showing various

degrees of pyramidalization of the bridgehead nitrogen atom (Scheme 24).8

(10 mol%) @
A&Nw o A&

(90-96%)
63 64
i R Br _,
R= ©/| Br Cf\g
N
H
Scheme 24

N-Phenylacrylamide 65 underwent RCM reaction in the presence of 2 (10 mol%) to provide 66 in excellent
yield (Scheme 25). Interestingly, the catalyst loading could be reduced to 5 mol% and 2 mol% without loss

of efficiency although longer reaction times were needed.%
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@ﬁ b
CHZCI2 40 °C 0

N
H

65 catalyst t(h) vyield (%) ©6

10 mol% 2.5 95
5mol% 7.5 88
2mol% 96 91

Scheme 25
When the reaction was carried out with substituted alkenes good results were obtained by using 5 mol% of
catalyst with the exception of substrates bearing either bulky substituents in the double bond directly linked
to the aromatic ring or halogenated substituents at the acrylamide moiety.2
In the case of N-phenylethylenesulfonamides an important solvent effect was observed, whereas no
reaction was observed in benzene, good yields were obtained for the reaction carried out in

dichloromethane (Scheme 26).%

R3
(10 mol%) X
R _0
N CH2<:|2 40°C Nz§(\)’

0=g. ~ R2

0

67 68
R’ R? R3 vyield (%)
2-Me H H 87
4-Me H H 95
2-Cl H H 82
4-OMe H H 100
4-CF; H H 85
2,4-diCl H H 75
H H H 100
H Me H 86
H Bn H 85
H 4-CNBn H 82
H 4-BBn H 96
H 4-CF3Bn H o4
H H Me 92

Scheme 26

Two RCM reactions have been used in a reaction sequence leading to (+)-epiquinamide starting with
dialkenyl amide 69, which furnished N-benzyl-1,6-dihydropyridin-2(3H)-one 70. After several steps a
second RCM reaction on 71 allowed preparation of bicyclic lactam 72, precursor of the target compound.
Catalyst 1 was used in both reactions under the same reaction conditions. Nevertheless, whereas RCM of 69

needed 5 mol% of 1 and 5h of reaction, the second metathesis on a reaction substituted substrate finished in
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24 h by using 10 mol% of 1 (Scheme 27).8

#\o | OTBS
steps
o\)\J _ 1(5mol%) P Eo,c”T
BnN CH,Cl,, 50 °C, 5 h N

o (92%) o)

69 71

AcHN OTBS
- H
steps 1 (10 mol%)
N CH,Cl,, 50 °C, 24 h
(71%)

(+)-epiquinamide

Scheme 27

3. SYNTHESIS OF BICYCLIC COMPOUNDS

The synthesis of bicyclic lactams by RCM of acrylamides or N-alkenylamides has been widely employed as
a very convenient approach to a variety of bi- and polycyclic alkaloids and related compounds. As an
example, RCM of 73 catalyzed by 2 was efficiently achieved in refluxing dichloromethane to afford bicycle
74, which was further used in the synthesis of (-)-swainsonine (Scheme 28).2* The RCM reaction of this sort
of compounds have also been employed as a part of several sequential processes directed to the preparation

of different heterocyclic scaffolds.®

0 0
N 2 (10 mol%) N steps N
H | ——= Ho
: X CH,Cl,, reflux, 3 h R s
RO Omips (84%) RO H oT1ips HO H oy
73 74 (-)-swainsonine

R = 1-(2,4,5-triisopropylphenyl)ethy
Scheme 28

This approach based on RCM of N-allyl-6-lactams was employed for preparing several indolizidine
alkaloids including (-)-2-epilentiginosine,®® castanospermine derivatives®” and other polyhdroxylated
analogues.2® The approach is also valid for N-acryloylpiperidines leading to the same indolizidine skeleton
by formation of the five-membered ring.2? Similar results were obtained with 1 as a catalyst; although
longer times of reaction were required, the chemical yield was excellent.2 The methodology is also
applicable  to  the  synthesis of  dihydro-1H-pyrrolizin-3(2H)-ones and expanded
tetrahydro-1H-pyrrolo[1,2-a]azepin-3(2H)-ones. 2

Cyclization of N-allyloxazolidinone 75 catalyzed by 1 took place smoothly at room temperature providing

bicyclic compound 76 in excellent yield (Scheme 29).2 Compound 76 was further converted into the
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alkaloids deoxymannojirimycin and swainsonine.

oA OH
N T H
V\‘/\O 1 (5 mol%) @/\
o)
AN CH,Cly, 1, 1 h N~
o (98%) o)
Scheme 29

The reaction of N-homoallyloxazolidinone 77 bearing a phenyl-substituted alkene catalyzed by 2 was

carried out under reflux and a good chemical yield was obtained after 1 h. (Scheme 30).2

Ph
| |
AN 2 (5 mol%) Z
I o O/\o
AN~ CH,Cly, reflux, 1 h N~(
R © (72-88%) R O
77 78
R = Et, n-Pr, n-Bu, C;H45, C11Ha3
Scheme 30
EtO,C EtO,C
R! o

2(5mol%) R

NR? 2
RQ\\/N\( CH,Cly, reflux, 4h 3 N\<NR

O o)

R R? R®  vyield (%)

H n-Pr H 93

H Ph H 88

H Bn cl 75

H Ph Me 79

H Bn CICH, 85

H Bn CO,Et 55

Cl nPr H 77

Me n-Pr H 86

Scheme 31

In the case of phenyl-substituted alkenes similar results have been reported with 1.2 The same approach
based on RCM of a phenyl-substituted N-alkenyloxazolidinone served for preparing the C1o-C4 fragment
of (+)-cannabisativine. In this case the reaction was catalyzed by 2 in refluxing dichloromethane and 88%
yield was obtained. In a similar way, RCM on N-allylhydantoins 79 provided the corrresponding bicyclic
structures 80 in good yield. The reaction worked well on a variety of substrates with different substituents
on the double bonds thus providing a good versatility and the possibility of further functionalization
(Scheme 31).%
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Catalyst 82, similar to Grubbs I1 catalyst 2 was used for the synthesis of lactams 83 and 84 through RCM of
acrylamides 81. The reaction was started at room temperature with a slow increase of temperature up to
70 °C. By using 5 mol% of catalyst, the reaction proceeded in good yield in several hours. The versatility of
the reaction was well-demonstrates through the preparation of thiazolidine-, ozaxolidine-, benzothiazine
and benzoxazine-fused lactams (Scheme 32).%

R R

OY§ o
|
N = 82 (5 mol%) N
Xqiv toluene, rtto 70 °C X

81 83,84

X R yield (%) X R yield (%)
(Cy)sP O — T
° S H 8 S H 88
82 S Me 80 S Me 77
O H 65 O H 56
O Me 85 O Me 76
Scheme 32
R2 R2
1 3 1 3
RoAR 1(8 mol%) R AR
N~ S0 CHCly,rt, 2 h N~ S0

R’ R? R yield (%)
H H H 83
H H Me (trans) 82
H H Me (cis) 76
H Me H 75
Me H H 75
H H Bn (trans) 87
H H Bn (cis) 88
Scheme 33

The quinolizidine ring system was conveniently approached by RCM reaction of
dialkenyldihydropyridin-2-ones 85, catalyzed by 1 (Scheme 33). The reaction proceeded smoothly at room
temperature for 2 h by using 8 mol% of catalyst.2 The reaction also proceeded well with 5 mol% of catalyst
except in the case of susbtituted alkenes that required refluxing toluene for achieving a moderate yield.>
Good results were also obtained by using 2 as a catalyst even with low catalyst loadings (1.4 mol%).2%

A two-directional approach to sparteine derivatives employed RCM reaction of dialkenylbispidine 87 as a
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key step. The tetracyclic derivative 88 was formed in good yield upon treatment with 4 mol% of 1 in

dichloromethane at room temperature (Scheme 34).2%

X 3 o 1 (4 mol%)
N N
/\/ y CH2C|2,rt
S X
O HO (81%)
87

Scheme 34
A series of 1,3-dioxo-tetrahydropyrido[1,2-c][1,3]-diazepines 90 with different substituents have been

prepared by employing different catalysts and reaction conditions. In all cases good results were obtained

(Scheme 35).1%
OM R!  catalyst (5 mol%) O%W
reflux
N__N —refux N _N_ |
2 k see Table R? T R3
(6] (e}
R3

89 20

T R? RS catalyst solvent time (h) vyield (%)

H n-Pr H 2 CH.Cl, 2 93
H Ph H 2 CH,Cl, 2 88
H Bn Cl 2 benzene 14 75
H Ph  Me 2 CH.Cl, 2 79
H Bn CICH, 2 CH,ClI, 2 85
H Bn CO,Et 5 CH,ClI, 2 55
Cl nPr H 2 benzene 14 77
Me nPr H 2 CH,Cl, 2 86
Scheme 35

N-Acryloyl-2-allylpiepridines 91 gave access to various compounds of biological interest. Among them,
posion-frog alkaloids 233A, 235U and 251A were synthesized by using RCM of 91 as a key step (Scheme
36).1%

OMOM 2 (10 mol%)

CH,Cly,rt
(85%)
91 92 233 A R =HC=C(CH,)3
235U R =H,C=CH(CH,)3
251 A R = CGH13
Scheme 36

The same type of substrate was employed in the preparation of a series of piperidines investigated as opioid
receptor antagonists, 2 for the asymmetric synthesis of cernuane-type Lycopodium alkaloids*®*%®and for

preparing novel polyhydroxylated quinolizidines with glycosidase inhibitory activity.X%” The natural
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quinolizidine alkaloid (+)-cermizine C has been recently prepared through a highly efficient RCM of

acrylamide 93 and further functional group transformation (Scheme 37).2%

H H H
\/\‘j 2 (3 mol%) | steps
/YN CH,Cl,, reflux, 15 min N g N
0 (98%) o) - HCl
93 94 (+)-cermizine C
Scheme 37

With acrylamides 95 the reaction only proceeded satisfactorily in the case of six- and seven-membered
rings to give compounds 96 (n=1, 2) probably due to the steric hindrance of the corresponding precursor of
the five-membered derivative 96 (n=0). Similarly, the presence of a quaternary center can affect the
reaction as demonstrated by the low yield obtained in the formation of the eight-membered compound 96
(n=3) (Scheme 38).1%

P T
A s 2 (5 mol%) :
N/\ | N/\
mo CH,Cl,, 40°C, 2 h : o
"0 n  yield (%) e
95 — 96
0 0
1 92
2 93
3 20
Scheme 38

N-Homoallyl cyclic carbamate 97 underwent RCM upon treatment with 4 mol% of 1 to provide bicycle 98

in good yield. The reaction proceeded smoothly in dichloromethane at room temperature (Scheme 39).222

o) 0
o)kN/I 1 (4 mol%) )oij\lg
Ph)\/ﬁ " CH,Cl, t,3h Ph B =
97 (81%) 98
Scheme 39

Similarly, treatment of diene 99 with 5 mol% of Grubbs Il 2 afforded tricyclic derivative 100, having a
111

6-azaspiro[4,5]decane skeleton, in high yield (Scheme 40).

o) o)
O)J\NM 2 (5 mol%) O)J\N \
W Me  CHoCly, rt 4
(95%)
99 100

Scheme 40
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Bicyclic structures were also accessible from dialkenylcarbamates like 101. Treatment of this compound

with 1 (5 mol%) provided bicyclic derivative 102 in very good yield. The reaction was also applied to an

epimer as well as to an azepine derivative (Scheme 41).12

| H
50 O f 1 (5 mol%) BnO oI
B0 N CH,Cl,, reflux, 3 h BnO N

H
OBn B¢ (91%) BnO | B°°
101 102

Scheme 41

The obtained compounds were further converted into azasugar analogues that showed inhibitory activity
towards a-glycosidases at mM concentration. The same approach was employed for preparing
carbohydrate-derived hybrids with 1-deoxynojirimycin which showed to be biologically active towards
a-glucosidase and B-galactosidase.r:* Sugar-fused piperidines have been prepared by the RCM-based
methodology illustrated in Scheme 41 and further used as key precursors of deoxyazasugars.***

Isoquinuclidine 104 was obtained in good yield through RCM of divinylpiperidine 103. In spite of the
unfavourable boat conformation required to bring the substituents at positions 2- and 5- into the axial
orientation needed for the RCM, the reaction proceeded smoothly with 2 in refluxing dichloromethane
(Scheme 42).2> Compound 104 was further used as a key intermediate in the synthesis of the alkaloid

(+)-cantharanthine.

MeO,C~
2 (10 mol%) 2N
/
CH,Cl,, reflux e}
(84%) o}
104

Scheme 42

The 1,3-bis(allyl)piperidine 105 underwent RCM in the presence of catalytic 1 to give 106, an immediate

precursor of the alkaloid (-)-lasubine (Scheme 43) .1

OTBS

1 (5 mol%)

v N CH,Cl,, reflux )
A
MeO H‘ (92%) MeO
OMe OMe
105 106
Scheme 43

Although several examples can be found in the literature concerning compatibility of free hydroxyl groups

with the ruthenium-catalyzed RCM reaction, 33442857492 TBgS protection was required in the case of
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compound 107 to avoid undesired elimination. The reaction was catalyzed with catalyst 5 and it was carried
out in a sealed tube for 2.5 h at 60 °C (Scheme 44).2” A similar derivative was also subjected to RCM with

the same catalyst and 15 h at 55 °C were needed for completing the reaction.

N 5 (14 mol%) N
ozNJIN\>_/ LN\Q

__ CH,Cly, 60°C,25h O2N
sealed tube OTBS
OTBS 799
107 (72%) 108
Scheme 44
The indolizidine ring has also been accessed through RCM reactions from substrates with basic nitrogen

atoms. Enantiomerically pure polyhydroxylate indolizidines were prepared starting from dialkenyl sugars

like 109 (Scheme 45).
| ;
— 2 (1 mol%) N
|/"',<i7)/ CSA (1.1 eq) . N
\ CH,Cly, 10-15 °C /T

>< (79%) ><

Scheme 45

In spite that free amines do not tolerate completely the RCM reaction due to deactivation of the catalyst by
basic nitrogen, the catalyst 2 is compatible with the presence of ammonium salts.2® Accordingly, RCM of
109 in the presence of camphorsulfonic acid (CSA) using 1 mol% of 2 proceeded successfully to afford
bicyclic derivative 110.

The reaction was kept cold (10-15 °C) to avoid the obtention of a quinolizidine as a result of the formation
of an intermediate aziridinium ion (resulted from an intramolecular substitution of the primary iodide by the
nitrogen atom) and further ring opening by attack of the iodide counterion.*?

The use of a basic N-allyl group in RCM reactions in the absence of any acid is exemplified by the reaction
of 111 catalyzed by 2, which furnished the corresponding bicyclic derivative 112 in good yield. Compound

112 was used for preparing the alkaloid (+)-epiquinamide (Scheme 46).22

3
2 (10 mol%)

N

CH,Cly, reflux, 5 h
(83%)
111 112

Scheme 46

NHBcz NHAc

(+)-epiquinamide
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RCM of N-allyliminosugars has been used as a key step in the synthesis of various indolizidine skeletons
including 8-epi-swainsonine. Similar approaches using both Grubbs | 122 and Grubbs Il 2122 have been
reported. For the latter, the catalyst was added in two separate portions over 24 h in order to complete the
reaction.’®

N-Allylpyrrolidine 113 provided bicycle 114 upon treatment with catalyst 2 in two portions of 10 mol% of
catalyst over 4 h. The reaction was carried out in toluene at 100 °C to achieve 80% yield (Scheme 47).2%

Compound 114 was used as a precursor of (+)-6-epi-castanospermine.

NTNF 2 (10 mol%) N
ERN N toluene, 100 °C ER
PMBO M Gnom (80%) PMBO M Gpom
113 114
Scheme 47

The enantioselective synthesis of the alkaloid (+)-meloscine was achieved by constructing the last ring
through RCM reaction catalyzed by 2 (Scheme 48).12

2 (15 mol%)

toluene, 65 °C, 18 h
(95%)

115 116

Scheme 48

4. CONCLUDING REMARKS

The ring-closing metathesis reactions of nitrogen-containing compounds have been used intensively for the
synthesis of a variety of six-membered nitrogen heterocycles, clearly establishing that this reaction has
become a standard synthetic methodology in the arsenal of heterocyclic chemists. The tetrahydropyridines
and related derivatives prepared by RCM reactions are excellent precursors for the synthesis of saturated
nitrogen heterocycles bearing a resemblance either to natural products or bioactive molecules. The
synthetic potential of the intermediates generated through this chemistry has been further explored
successfully. Nevertheless, although tremendous advances have been achieved in the field of RCM

reactions, the applications of such processes to heterocyclic chemistry will continue to grow.
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