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Metathesis-based methodology has been developed for the synthesis of a variety of
heterocyclic and carbocyclic molecules containing fluorinated double bonds. The
introduction of fluoro-olefins into acyclic and cyclic compounds is a valuable
synthetic method and is relevant to the synthesis of fluorine containing biologically
significant molecules. Cyclic sulfamides containing fluoro-olefins, which are novel
analogues of potent HIV protease inhibitors have been synthesised, via the ring-
closing metathesis reaction. Competition experiments were designed to compare the
reactivity of fluorinated olefins with unfluorinated olefins. These metathesis
reactions showed that fluoro-olefins were less reactive than their unfluorinated
analogues reactions in the presence of the ruthenium alkylidene species 4. The
methodology has been used to synthesise various vinyl-fluoride carbocycles and
heterocycles in good to excellent yield. RCM of vinyl bromides was also
investigated, and found to proceed efficiently in a few cases. However, the RCM of
vinyl bromides using Grubbs-type catalysts appears to be more limited in scope that
the corresponding reactions of vinyl fluorides and vinyl chlorides. Significant
limitations to the bromo-olefins metathesis included formation of 5-membered and 6-

membered ring systems.

The synthesis of (+)-deoxygalanthamine has been developed successfully using
Mitsunobu reaction to synthesise the precursor for the subsequent enyne ring-closing
metathesis. The resulting 1,3-diene cyclised product underwent hydroboration-
oxidation in order to control the selectivity of an intramolecular Heck reaction to

create the quaternary carbon centre of the galanthamine ring system.
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Chapter 1

Introduction to metathesis

According to Nicolaou, Olefin metathesis is “marvelous in the hand of the synthetic
chemist, today this powerful reaction provides solutions to many synthetic puzzles

and has to do so in the future for myriad others” '

Olefin metathesis has been known since the 1950s involving rearrangement of
unsaturated carbon-carbon bonds in the presence of metal carbene complexes.”
With the development of efficient catalysts, this reaction has become an extremely
powerful tool for organic synthesis and polymer chemistry.® There are three
important types of olefin metathesis:’ the first type is alkene-metathesis reactions
which comprise of ring-closing metathesis (RCM), ring-opening metathesis (ROM),
ring-opening metathesis polymerization (ROMP) and acyclic diene metathesis
polymerization (ADMET) (Scheme 1). The second type is enyne-metathesis
reactions which refer to the enyne ring-closing metathesis and enyne cross metathesis
(Scheme 2). The last type is alkyne-metathesis reactions which involve alkyne ring-
closing metathesis and alkyne cross metathesis (Scheme 3). Through these
metathesis reactions a variety of unsaturated molecules can be obtained that would
be challenging or even impossible to prepare by other means. Improved
understanding of substrate and catalyst interactions has greatly contributed to the
recent establishment of olefin metathesis as a synthetic method. Impressive
applications of these reactions include the synthesis of heterocyclic and macrocyclic
systems by RCM, the selective cross-metathesis of olefins with a functionalized
partner, the use of ROMP to generate functionalized polymers and domino

metathesis sequences that can greatly increase molecular complexity in a single

synthetic step.®’
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Scheme 3. Alkyne-metathesis reactions.

1.1 Metathesis catalysts

The widespread application of the metathesis reaction has arisen due to
improvements in the functional group compatibility and the reactivity of the catalyst
systems. There are two main types of catalysts in use today. The first group contains
ruthenium-complexes, whereas the second group is based on a molybdenum metal

centre. The Schrock-type molybdenum complex 1% ° exhibits higher reactivity



toward many‘diene substrates including sterically demanding and electron-deficient
olefins. However, it also suffers from high sensitivity to air and moisture and certain
polar or protic functional groups owing to the electrophilicity of the high-oxidation-
state transition metal centre. Consequently, the ruthenium-based catalysts 2,'° 3'" 2
and 4" have found more widespread use in organic synthesis due to superior
stability, functional group compatibility and ease of storage and handling. The
ruthenium alkylidene complex 2' show high activity and stability toward functional
groups and protic media. However, the multistep synthesis of the cyclopropene
precursor and the low initiation rates of the resultant diphenylvinyl alkylidenes limit
the utility of this catalyst. Interestingly, the “first-generation” Grubbs catalyst 3t 12
displayed a remarkable tolerance to oxygen and moisture, in addition to a wide range
of substrate functionality. However, it is less active than the molybdenum complex 1.
Further catalyst development by replacement of the one of the phosphine ligands
with an N-heterocyclic carbene ligand led to the discovery of the “second-
generation” Grubbs catalyst 4'° which exhibits extraordinary activity and stability.
Recently, other advances in the development of metathesis catalysts have been the
discovery of catalyst 5'¢ and the phosphine-free metathesis catalysts 6,>1°7,7 8"
The first recyclable ruthenium-based catalyst 5 has been reported by Hoveyda et al
This complex 5 demonstrated that a styrenyl ether ligand allows for the easy
recovery of the ruthenium complex following metathesis, thus allowing the catalyst
to be purified in high yield by flash chromatography. However, it’s less reactive than
the ruthenium catalyst 4. More interestingly, Hoveyda and co-workers later
developed a second-generation phosphine-free catalyst 6.'> 16 This complex 6 is
highly reactive although it proved to undergo initialization slower than the ruthenium
catalyst 4. Blechert and Wakamatsu have shown recently that the replacement of the
isopropoxybenzylidene ligand in the complex 6 by binol-based styrene 77 or
biphenyl-based benzylidene 8'® results in a dramatic improvement in catalyst
activity. It was noted that increasing in steric bulk could improve the rate of ligand
dissociation, thus facilitating formation of the catalytically active 14-electron species,
and suppressing re-association to the metal centre, which supposedly deactivated the

catalyst. To this end, a better appreciation of catalyst advancement can be attained

after considering the mechanistic details of olefin metathesis.
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Figure 1. Commonly used metal alkylidene complexes for olefin metathesis.

1.2 Metathesis mechanism

The generally accepted mechanism for olefin metathesis involving metal alkylidene
complexes proceeds by a series of formal [2+2] cycloadditions and cycloreversion
reactions involving, metallocarbenes and metallacyclobutane intermediates. It has
been found that the most significant operative pathway for Grubbs-type ruthenium
catalysts involves dissociation of a phosphine ligand to generate a more active
species (Scheme 4)."° The olefin binding site is presumed to be cis to the carbene
and frans to one of the chlorides. Subsequent dissociation of the phosphine paves the
way for the formation of a 14-electron metallacycle which upon cycloreversion

generates a productive intermediate.
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Scheme 4. Detailed mechanism for the ring-closing metathesis of diethyl

diallylmalonate using Cl,(PCy3),Ru=CH,.

1.3 Ring-closing metathesis of vinyl-substituted dienes

Ring-closing metathesis has been extensively explored as an annulation strategy.
This methodology has been applied to construction of a variety of carbocyclic and
heterocyclic ring systems including macrocycles. Moreover, RCM chemistry has
been used as a pivotal step in total syntheses of complex natural products. However,
there are some limitations of metathesis reactions invcﬂving participation of
heteroatom-substituted olefins. In this section of this thesis, a summary and

discussion of examples of RCM of heteroatom-substituted olefins will be presented.



1.3.1 Ring-closing metathesis of vinyl ether-containing dienes

Since cyclic enol ethers are often found to be present in natural products and other
biologically active molecules, the development of efficient methods for their
construction has been an important goal in the field of organic synthesis. Indeed, it
was recognized that RCM had considerable potential as synthetically useful tool in
the construction of carbocycles and heterocycles.”” The first examples of RCM of
acyclic enol ethers using the Schrock molybdenum catalyst 1 were reported by
Grubbs et al. (Scheme 5).%' Interestingly, the use of ruthenium-based catalyst 3
failed to provide any of corresponding cyclic enol ether. It has been postulated that

the carbene resulting from the initial metathesis of the vinyl ether and ruthenium

catalyst 3 seemed to be inert to further reaction.” *'
R
/W/[ - 1 (5.6-13 mol%) @\
= e Ph - O/\Ph
9 n=1,R=H 12 n=1 (88%)
10 n=2,R=H 13 n=2 (80%)
11 n=2,R=Me 14 n=2 (84%)
R R!
PhJL W 1 (12-13 mol%) [0
9) n Ph o R
Rl
15 n=0,R=Ph,R'=H 17 n=0, R=Ph, R =H (81%)
16 n=1,R=H,R'=Ph 18 n=1, R=H, R! = Ph (84%)
Me
Me ‘
‘"i 1 (12-13 mol%) R,</\/©
J§ - "%
R O A
19 R = n-Pr 21 R = n-Pr (87%)
20 R=Bn 22 R=Bn (87%)

Scheme 5. RCM of acyclic enol ethers by Grubbs and co-workers.



More interestingly, another synthetic approach to synthesize the cyclic enol ethers
using stoichiometric Tebbe-type reagent was demonstrated by Nicolaou and co-
workers. The sequence is believed to commence with the initial methylenation of the

ester carbonyl group with subsequent alkene metathesis (Scheme 6).22 More

specifically, this developed methodology was employed to construct the ring system
23

in the complex marine natural product maitotoxin.

Cp2Tl \/\AIMC2
Cl

Tebbe reagent
Methylenation

OBn
enol ether RCM

H H H TBSO Hg H
Scheme 6. Methylenation and subsequent ring-closing metathesis with Tebbe

reagent by Nicolaou and co workers.

More recently, Rainier and co-workers have described an impressive example of the
use of this type of tandem methylenation and subsequent ring-closing metathesis
cascade sequence in their total synthesis of the polyether toxin gambierol (Scheme

7) ‘24
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Scheme 7. Total synthesis of gambierol using tandem methylenation/ RCM by

Rainier and co-workers.

Despite discouraging results from the early examples of enol ether RCM when using
the ruthenium-based catalyst 3, Sturino ef al. demonstrated that the use of ruthenium
catalyst 3 under optimized conditions (reflux in benzene) allowed effective RCM of
vinyl ether substrates 23a to produce cyclic ether 24a in excellent yields. In contrast,
the alkoxy substituted diene 23b failed to give the cyclised product 24b (Scheme
8).%> The authors suggested that the successful RCM of diene 23 was probably due to

a favourable substitution pattern in the vinyl ether substrate 23a.



R\ O F 3 (10 mol%) RO |
\[(\ PhH, A \Qj
R2 R2
23a R!=(CH,),Ph,R?=H 24a R' = (CH,),Ph, R? = H (95%)
23b R!=H,R>=0Bn 24b R!'=H, R? = OBn (not observed)

Scheme 8. RCM of vinyl ethers by using the first generation Grubbs catalyst 3.

Rainier and co-workers have reported the use of the second generation Grubbs
catalyst 4 in enol ether-olefin RCM reactions (Scheme 9).2° When the 8-C-glycoside
25 was exposed to metathesis conditions utilizing the second generation Grubbs
catalyst 4, the bicyclic enol ether 26 was isolated in high yield. Similar results were

obtained using the molybdenum catalyst 1 with this substrate.

BnO

OBn :
BHOUO« a) 1 (20 mol%), PhH, RT BHO\(IOJ/
BI’IO\\‘ 0 ."//\ or BnO (0) H

b) 4 (20 mol%), hexane, 60°C

25 26
89% using either 1 or 4

Scheme 9. RCM of 5-C-glycoside 25 by Rainier and co-workers.

In order to explore the utility of enol ether-olefin RCM, van Otterlo recently reported
the first examples of RCM for a series of five phenolic vinyl ethers 27 in the
presence of 5 mol% of the second generation Grubbs catalyst 4 to deliver 4H-

chromenes 28 in good to excellent yields (Scheme 10).’

H, OMe H, OMe

[,/ ' NS 4 (5 mol%) [/ | O|
TR X PhCH;, A o VA
H, OM
H, OMe H, Me 82-90% » Ve H, Me
27 28

Scheme 10. RCM of phenolic vinyl ethers by van Otterlo.

After experiencing the problem of poor regioselectivity in the formation of cyclic

enol silyl ethers by using classical methods, Okada and co-workers have developed
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the first highly regioselective synthesis of cyclic enol silyl ethers using
intramolecular RCM reactions (Scheme 11).® The second generation Grubbs
catalyst 4 promoted RCM of a variety of acyclic enol ethers to furnish five- to seven-
membered rings in good to excellent yields. The products are versatile intermediates

as they can be used for a variety of further transformations.

TMSCI 7 mol%)
m' = m! = m h
4 THF, -78 °C n PhH, A
MeO,C CO,Me MeO,C CO,Me 28-99% MeO,C CO,Me
m=1-3,n=1-2
30
29
0 OTMS OTMS
LDA
Me TMSCI 4 (7 mol%) X
x %7 THF, -78°C XN PhH, A .
31 X=C,m=0 33X =C, m=0(90%)
32X=0.m=1 34X=0,m=1(92%)

Scheme 11. RCM of a variety of acyclic enol ethers, developed by Okada.

As part of an investigation into the RCM of enol silyl ethers, Arisawa and co-
workers reported examples of enol silyl ether-ene metathesis to produce the
corresponding cyclic products (Scheme 12).%* *° They found that an enol TBS ether
successfully underwent cyclisation to give the expected 4-siloxy-1,2-
dihydroquinoline 36 in excellent yield. Having succeeded in developing an efficient
synthesis of quinoline building blocks, this methodology was applied to the synthesis
of anti-malarial compounds such as quinine, chloroquine 41 (Scheme 12) and a

PPMP-quinine hybrid.”'
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OTBS OTBS

4 (5 mol%) X
N/\/ CHzclz, A II\I
Ts 95% Ts
0 33 OTBS 36 OTBS
/©\)J\Me 4 (5 mol%) X
Cl NH, Cl N/\/ CHyCh, A ¢ N
98% Ts
37 18 Ts ’ 39
Me ]IEt
N.
Et

Cl H. N)\/\/
AN known X
= —
Cl N Cl N
40

Chloroquine

41
Scheme 12. Ene-enol ether metathesis and the preparation of chloroquine 41 by

Arisawa and co-workers.

Following the success of the RCM of enol silanes, Whitehead and co-workers
demonstrated the first examples of RCM reactions on enol phosphate templates to
provide a variety of cyclic enol phosphates (Scheme 13).%? The phosphate moiety has
been recognized as a robust and versatile precursor in cross coupling reactions
catalyzed by Pd(0) and Ni(0) to construct various substituted heterocyclic

compounds.™

0 0
/E<0Et i]'< OEt
0" TOEt 0~ TOEt
4 (5 mol%) x
X/\/ CH2C12, A X
75-99%
X =0, NTs, SO,,
42 43
I 9o Q._OPh
i]( Ph o P\
O/ OPh 4 (5 mol /0) \ ()/ OPh
0 CH,Cl,, A O
99%,
44 45

Scheme 13. RCM reactions on enol phosphate templates discovered by Whitehead

and co-workers.
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Interestingly, Hecking and co-workers presented examples of the RCM of olefins
substituted with both electron-withdrawing (ester group) and electron-donating
substituents (enol ether) (Scheme 14).>* For example, RCM of compound 36 has
been attempted in the presence of either catalyst 3 or 4. It was found that RCM using
the first generation Grubbs catalyst 3 failed to give any of the desired cyclisation
products and instead resulted in the slow formation of homodimeric cross-metathesis
product 39. On the other hand, the use of the second generation Grubbs catalyst 4
gave cyclic products with an almost equal amount of the undesired five-membered
heterocycle 38 (40%) together with the six-membered ring 37 (45%). The undesired
side reaction was thought to involve isomerisation of the terminal double bond to the
more stable disubstituted olefin prior to the cyclisation reaction. In fact the exact
mechanism remains unknown but it is thought to be due to the reaction of the
ruthenium catalyst with a vinyl ether moiety facilitating the generation of a
ruthenium-hydride species which could isomerise unhindered terminal olefins.”” In
the case of a formal synthesis KDO 41 the expected RCM reactions proceeded
efficiently, isomerisation may have been suppressed in this case due to the increased

steric environment of the terminal olefin.

3ord

(1o 20 mol%) /@ /O TOW\MOTT

R= COan

36 37 38 39

o~ 0~

o)
4 (10.4 mol%)
0 OH 0
>< >< 0" "COMe  PhCH,, 70 °C
O 84%

1 X =OH (KDO)

2 X

H (2-deoxy KDO)
Scheme 14. RCM of precursor 36 and synthesis of KDO 41 and 2-deoxy KDO 42
reported by Hekking and co-workers.
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1.3.2 Ring-closing metathesis of vinyl amine-containing dienes and

alkynyl amines

Kinderman and co-workers reported the first ring—closing metathesis reactions of
olefinic enamides in the presence of the ruthenium-based catalysts 3 or 4 to provide
the five- and six- membered cyclic enamides in good yields (Table 1).° However,
the corresponding reactions to create seven-membered rings were not successful,
instead these reactions led to six-membered ring formation. It was noted that
ruthenium-catalyzed isomerisation to the more stable olefin took place, prior by ring

closure of the isomerised intermediates to the six-membered cyclic enamides.

Entry Enamides Products Yield
H;C B 84%
1 \|L N
N/\/\ +
| S
Ts
R=Ts, 86%
H;C / R = Bz, 63%
2 l H3C/Q R = CO,Et, 62%
H3C N/\/\ }l{ 2 N 0
R
Hac\L @ 20%
3 | NW Iu\l
"i"s Ts
R=Ts, 75%
H3Cl | R = Bz, 93%
| = )
4 H;C NN HC™ N R = CO,Et, 57%
R R
R =Ts, 62%
R =Bz, 24%
' O ’
> J§ H,C” N R = CO,Et, 34%
HiC™ "N R
R

Table 1. RCM of olefinic enamides reported by Kinderman and co-workers.
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Exploiting the observed olefin isomerisation reaction, Arisawa and co-workers
developed a novel synthesis of indoles (Scheme 15).*” Thereby, sulfonamides 43-46
were isomerised to the enamides using Grubbs catalyst 4 and
vinyloxytrimethylsilane. The resulting enamides were then isolated and heated in the
presence of Grubbs catalyst 4 to provide indoles 47-50 in good to excellent yields.
The mechanism of this double bond isomerisation was unknown, although the
available evidence suggests that the reaction of trimethylsilylvinyl ether generated a
new olefin isomerisation catalyst that isomerised the double bonds but was incapable

of inducing the RCM of the enamide product.

R! R! R
N 4 (5 mol%) X 4 (5 mol%) A\
R? NN oms g NN P, & * b
R3 "i"s CH,Cly, A R3 "i“s ' © R’ Ts
Isomerisation Ring-closing metathesis
43 RL R RP=H 47 R, R% R3=H, (94%)
44 R'=0OMe, R%Z R*=H 48 R!=0OMe, R? R?=H, (80%)
45 R! R? R*=0OMe 49 R!, R% R?=OMe, (quant.)
46 R'=H,R*=CLR’=H 50 R'=H,R?=CLR’=H, (79%)

Scheme 15. Novel indole synthesis via olefin isomerisation followed by RCM

reported by Arisawa and co-workers.

Parallel to these investigations, RCM of enynes tethered by heteroatoms has been
carried out by Mori and co-workers (Scheme 16).”® Under the metathesis conditions
using 10 mol% of the second generation Grubbs catalyst 4, the enynamide 52 as
cyclised to provide five-membered cyclic vinyl enamide 53. The synthesised 1,3-

dienes were derivatised using Diels-Alder reactions giving the bicyclic product 54.

CO,Me
/ COzMe
< 4 (10 mol%) N |
N— A N = ) N
Ts/ RCM Ts Diels-Alder reaction T S/
52 53 ' 54

Scheme 16. Synthesis of bicyclic compound 54 via an enyne metathesis and Diels-

Alder sequence.

Hsung e al. also presented enyne metathesis reactions of enynamides 55 or 56 in the

presence of the second generation Grubbs catalyst 4 to provide dienes 57 or 58 in
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high yield.”” This methodology was extended to the synthesis of bicyclic products
using a tandem RCM reaction. Enyne metathesis of enynamide 59 gave a 1:1 mixture
of bicyclic products 61 and 62. On the other hand, the metathesis of enynamide 60
containing a methyl substituent on one side was more selective, giving cyclised

products 61 and 62 in a 6:1 ratio (Scheme 17).

I
4 (10 mol%)

N~ "Ph
)n ’ ‘ PhCH,, 75 °C
|
55 n=1
56 n=2
0 0
HLN 4 (10 mol%) N/ﬁ
K ” PhCHs, 75 °C — IR
| |
R
59 R=H 61 62
60 R=Me

Scheme 17. Enyne metathesis of the enynamides 55-60 by Hsung and co-workers.

1.3.3 Ring-closing metathesis of vinyl sulfide-, sulfonate-,

sulfonamide-containing dienes

In 1996, Armstrong and co-workers reported the RCM of a sulfide-containing
compound using the molybdenum-based catalyst 1 (Scheme 18).* Their work
demonstrated that the diallyl sulfide 64 can be converted to 2,5-dihydrothiophene 65
in quantitative yield by utilizing catalyst 1, whereas the use of ruthenium complex 3
failed to give any cyclised products. It is likely that poisoning of the ruthenium
carbene 3 by the sulfide moiety led to deactivation or decomposition of the
ruthenium catalyst. Furthermore, attempted cyclisation of the bis-vinylsulfide 66

proved unsuccessful even using the more reactive molybdenum catalyst 1.



16

3 (1.5-5 mol%) 0 S
S 1 (3.5 mol%
i 7 /\/S\/\ ) ! . )
— PhH, 100%
4
63 6 65

(
[}:{IS CH,C [}:\/218]
< o

Scheme 18. RCM of diallyl sulfide 64 and attempted RCM of vinyl sulfide-

1(13 mol%)

66

containing diene 66 demonstrated by Armstrong and co-workers.

The strong electron-pair donor ability of sulfur atom can adversely affect the
metathesis reaction, although both Metz ez al.*' and Cossy er al.** have reported the
RCM of the vinylic sulfonates to provide the synthetically useful cyclic sulfonates
(sultones) in the presence of the ruthenium catalyst 3 or 4 (Scheme 19). It should be
noted that sulfonyl moieties have proven to be much more compatible RCM
substrates than sulfides.”” While the potential for sulfonyl oxygen coordination to
ruthenium in catalyst 4 has been reported, the sulfonyl group is less likely to induce
catalyst poisoning.** Under the metathesis conditions in the presence of the second
generation Grubbs catalyst 4, but differing in the use of solvent and temperature
(refluxing CH,CL,*' vs. CgHs, 70 °C42), the vinylsulfonates 68-70 smoothly cyclised

to provide the sultones 71-73 in excellent yields.

5 ) 0,0
N/ ~
NS s \ O
07 )
m

71 m=1, 100%® or 94%°
72 m =2, 90%?2 or 99%°
73 m=3, 94%°

n
L R —

68 m
69 m
70 m

oo o

Scheme 19. Synthesis of cyclic sulfonates by RCM reported by both Metz et al. and
Cossy et al. * CgHs, 70 °C, ® CH,Cl,, reflux.

Additionally, Cossy and co-workers have further demonstrated the RCM of
substituted sulfonates 76 or 77 to form the sultones 78 or 79, respectively (Scheme
20).** In order to prepare the RCM substrates, treatment of the corresponding

secondary alcohols 74 and 75 with sulfonyl chloride was accomplished. The crude
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sulfonates 76 or 77 were immediately exposed to the metathesis conditions. It was
found that the corresponding sultones 78 and 79 were obtained in satisfactory yields.
Disappointingly, the vinylsulfonate 80 failed to undergo enyne metathesis using

either catalyst 3 or 4.

0.0 ‘ o)
R A7 N
T % | 8]0 «
o S P
Et;N, THF, C¢Hy, 70 °C R
-15°C
74 R =(CH,);0Bn 76 R =(CH,);0Bn 78 R =(CH,);OBn, 76%
75 R=COEt 77 R =CO,Et 79 R =CO,Et, 54%
0, 0
4 _/L_—.4 0
\/ \o/\ \
C¢Hg, 70 °C
80 81

Scheme 20. RCM of vinylsulfonates 76 and 77 and attempted enyne metathesis of

vinylsulfonate 80 reported by Cossy and co-workers.

It has been shown in the literature that the sulfonamide moiety is compatible with
RCM using ruthenium catalysts. In 1999, the first examples of RCM of
vinylsulfonamides 82-85 were reported by Hanson and co-workers to provide the
five- and six-membered cyclic sulfonamides (sultams) 86-89 (Scheme 21).* The
metathesis reactions using the first generation Grubbs catalyst 1 were found to be
sluggish, although all reactions proceeded cleanly in good to excellent yields. It has
been noted earlier that a free amino group can stop the reaction entirely, by
coordinating to the metal centre, although the free sulfonamide N-H substrates did
not have a significant deactivating effect on the catalyst due to the reduced Lewis-

basicity of the nitrogen in sulfonamides.

0
N\ N7
Ph/\/S\N'R 3 (6 mol%) \S\N’R
’ ) CH,Cl, 40°C ;P)n
82 n=1,R=H 86 n=1,R=H (90%)
83 n=1,R=Bn 87 n=1,R=Bn (88%)
84 n=2,R=Bn 88 n=2,R=Bn (65%)
85 n=1, R = HC(CHy-Bu)(CO,Me) 89 n =1, R = HC(CH,¢-Bu)(CO,Me) (90%)

Scheme 21. RCM of vinylsulfamide 82-85 demonstrated by Hanson and co-workers.
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To highlight the applications of RCM of vinylsulfonamides, Wanner and co-workers
later developed a strategy employing a combination of RCM and ROMP to
synthesize oligomeric sulfonamides (Scheme 22).* For example, the facile RCM of
sulfonamide 90 in the presence of the first generation Grubbs catalyst 3 produced the
cyclic amino acid-derived o,(-unsaturated y-sultam 91 in good yield. Further
exporation of the reactivity of this sultam revealed it underwent stereoselective
Diels-Alder reaction with cyclopentadiene in the presence of a Lewis acid catalyst,
providing tricyclic sulfonamide 92 with good levels of endo selectivity. It was noted
that ROMP provided an attractive route to the construction of oligomeric
sulfonamides. This product 92 was then subjected to ROMP conditions using Grubbs
benzylidene catalyst 3 and the resulting polymer 93 was analysed by MALDI-TOF

mass spectroscopy.

H
O\\ //O \\/ o S/N
N 3 (6 mol%) 2
Ph X" N H H
“ CH,Cl,, 40°C Et, AlCI
85% —78 °C to 50 °C
90 92
H
0 s/N
2
ROMP o .
n
93

Scheme 22. Synthesis of oligomeric sulfamides using RCM/Diels-Alder sequence
and ROMP developed by Wanner and co-workers.

1.3.4 Ring-closing metathesis of vinylphosphonate- and

phosphonamide-containing dienes

Hanson and co-workers have discovered the first examples of RCM of
vinylphosphonamides using the first generation Grubbs catalyst 3 to provide five-
membered heterocycles in good yields (Scheme 23).47 However, one limitation
proved to be the RCM of phosphonamide 97 due to competition with cross-
metathesis between styrene and the vinyl phosphonyl moiety. It was noted that

substitution on the allylamino-double bond (R* = Ph) may force the initial metathesis
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reaction to occur at the sterically-congested and electron deficient vinyl double bond,

thus slowing the reaction of phosphonamide 97.

RI Rl }|{l o l;l{l (l?
O L 3(3-21 mol%) RA_~ N._iT, N
2 2 0 NN N P
R\/\/N\]l;l/N\/\/R —_— P ) Phﬁ\/ \(NR2)2
H CH2C]2, reflux —_—
=
R3
94R',R* R*=H 99 R, R% R}*=H (74%)
95 R! =Me, R, R*=H 100 R! = Me, R%, R3 = H (76%)
96 R!, R*=H, R*>=Ph 101 R',R*=H, R?>=Ph (68%)
97 R!=Me, R?=Ph, R*=H 102 R'=Me, R? = Ph, R® = H (13%)
98 R!, R*=Me, R2=H 103 R!, R? = Me, R?> = H (87%)

Scheme 23. RCM of vinylphosphonamides by Hanson and co-workers.

A related study led to the first synthesis of cyclic vinylphosphonates (Table 2).* The
RCM of vinylphosphonates 104-107 gave a mixture of the desired products 108 and
the product of metathesis between the two allyloxy groups 109. The ratio between
these two products depends on the substitution pattern at the vinyl and the allyloxy
groups. It was noted that the RCM of triene 107 was particularly sluggish to afford

only 30% of the desired product and 56% of recovered starting material.

Op /~
RL_A CH,Cl, reflux
104-107 108 100
Entry | Trienes R' R* Yield (%)
108 109

1 104 H H 44 (RB —H) 3

2 105 Me H 54 (R3 - :

3 106 H Me 16 (R° = H) 7

4 107 H Ph 30 (R = 5

cinnamyl)

Table 2. Example RCM of vinylphosphonates by Hanson and co-workers.
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As an extension of RCM of vinylphosphonamides, Stoianova and co-workers utilized
RCM to desymmetrise pseudo-C;-symmetric phosphorus templates 110-115 to
produce P-heterocycles 116-121 containing a stereogenic phosphorus atom (Table
3).*® The desymmetrisation of isopropyl terminated substrate 110-112 (R or R*=1-
Pr) gave the five-membered cyclic products 116-118 in good yields with low
diastereoselectivity. Comparatively, these reactions gave excellent levels of
selectivity (12-15:1) with vinylphosphonamides 113-115 containing an E-configured

phenyl group at the olefin terminus.

Il{ (0] I|{ Il{ O |
3 N.l_N_ R’

R}, N.I_N_ R? 3
. P R7.. P
RZ / S _R2 CH,Cl,, reflux /\_/— >~ R?

R R R
110-115 116-121
Entry | Trienes R ) R* R’ Products, T dr
yield

1 110 H i-Pr Me 116, 64% | 2.6:1
2 111 H i-Pr i-Pr 117, 80% | 5.0:1
3 112 i-Pr H Me 118, 61% | 3.9:1
4 113 Ph H Me 119, 69% | 12:1
5 114 Ph H i-Pr 120, 66% | 15:1
6 115 Ph H t-Bu 121, 63% | 15:1

Table 3. Diastereotopic differentiation on phosphorus templates via RCM reactions

demonstrated by Stoianova and co-workers.

Additionally, RCM approaches to phosphonamides were reported by van Boom and
co-workers (Scheme 24).* Under the metathesis conditions, the phosphonamides
122 smoothly cyclised to give the five-membered P-heterocycles 123. These
reactions were conducted with catalysts 3 and 4, with catalyst 4 improving yield and
reducing the required reaction time. With the more sterically demanding substrate
124, RCM proceeded to form the cis-fused 5,6-bicyclic derivatives 125 in

quantitative yield when catalyst 4 was employed.
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Oy Ni-Pry 3 (2mol%), 24 h, 85% O\\P,Ni-Prz

AN

~N
[ 0 or N\
H 4 (1 mol%), 1 h, quant

CH,Cl,, reflux

122 123

3 (2 mol%), 4 d, 45% (io)
-ProN—~ o
o I-Pr, /P\O ~/ O
4 (1 mol%), 16 h, quant O H ©

CH,Cl,, reflux

125

124

Scheme 24. RCM of vinylphosphonamides reported by van Boom and co-workers.

Furthermore, van Boom also demonstrated the RCM of vinylphosphonates 126-128
using the more active second generation Grubbs catalyst 4 to provide the P-
heterocycles 129-131 (Table 4).* It was established that vinylphosphonates 126-128
were rapidly and quantitatively converted into the corresponding cyclic

vinylphosphonates when catalyst 4 was used.

ooy, HEE wegs,
/ X CH,CL, reflux —

126-128 129-131

Entry | Substrates R n Catalyst Time Product,

yield

1 126 allyl 1 3 6h 129, 44%

4 30 min 129, >99%

2 127 Bn 1 3 4d 130, 25%

4 15 min 130, >99%

3 128 Bn 2 3 4d 131, 85%

4 20 min 131, >99%

Table 4. RCM of vinylphosphonates reported by van Boom and co-workers.
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Sprott and Hanson have used RCM for the synthesis of a new class of P-chiral amino
acid-derived phosphonamidic anhydride in order to facilitate the development of
structurally diverse phosphorus-based compounds (Scheme 25).° Upon exposure of
substrate 132 to metathesis conditions using the first generation Grubbs catalyst, the
cyclic phosphonamidic anhydride 133 was afforded in excellent yield with no

evidence of nine-membered ring formation.

t-Bu o\\\\ o\\\ t-Bu 3 —-,0 0~
- N N - - AN S
A~ P P A P~-Ps
J
Meozv 0" N /COzMe CH,Cl, 25°C
96% MeOCTN, gy r-Bu™ "COMe
132 133

Scheme 25. Synthesis of phosphonamidic anhydride by Sprott and co-workers.
1.3.5 Ring-closing metathesis of vinylsilane-containing dienes

Trisubstituted vinylsilanes are widely utilized as versatile synthetic intermediates.’’
The Si-C bonds in alkenylsilanes are amenable to cleavage in the presence of
fluoride, generating carbon nucleophiles that can react further with a variety of
electrophiles or especially, undergo palladium cross-coupling reactions with vinyl or
aryl halides.”® The choice of the silyloxy linkage as a temporary tether for RCM
reactions is attractive due to ease of formation and cleavage (Si-O bond) but also its
well-known steric and stereoelectronic biasing effect in a variety of post-RCM
synthetic transformations (C-Si bond).””

Chang and Grubbs illustrated the first examples of RCM of vinylsilyl containing
olefins in the presence of the molybdenum catalyst 1 to provide the corresponding
cyclic siloxanes (Scheme 26).”* For example, the diene 134 underwent facile ring
closure to yield the cyclic product 135 in excellent yield. The synthetic utility of
these intermediates was demonstrated by the oxidative ring cleavage of 135 to

provide the hydroxyaldehyde 136 in high yield.
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Noi” KF/KHCO, OH

X Si 0
e 1 (3 mol%) U)\/ H,0, OHC\H)\/OBH
N\/OBn PhH, 30 min, OBn MeOH/THF 2

84% 135 80% 136

RCM Oxidative Clevage

Scheme 26. RCM of vinylsilyl containing olefins and subsequent oxidative cleavage

by Chang and Grubbs.

Ahmed and co-workers reported a one pot RCM and nucleophilic ring opening
sequence to furnish the corresponding homoallylic alcohols 139 (Scheme 27).%
Upon exposure of dienes 137 to metathesis conditions using the molybdenum
catalyst 1 and subsequent treatment with TBAF in DMSO, the desired homoallylic

alcohols 139 were obtained without purification of the intermediate heterocycles.

1\ C6H13 Sl\
O 1(4-20mol%) o DMSO, TBAF cﬁHBv/chy
X Cy  CH,ClL Cy 80°C, 1.5h R
R R 34-87%

R =H, Me, OMOM

Cy = cyclohexyl
137 138 139

Scheme 27. One pot synthesis of the homoallylic alcohol by Ahmed and co-workers.

As previous reports on metathesis reactions of silicon containing substrates where the
silicon functionality served as a temporary tethering group, Schuman and
Gouverneur have demonstrated that RCM could be applied to the preparation of a
series of functionalised trimethylsilyl substituted carbocycles and heterocycles
(Table 5).56 RCM of diene 140 using the second generation Grubbs catalyst 4
provided the carbocycle 147 in almost quantitative yield. The N-Boc protected diene
141 was smoothly cyclised under the metathesis conditions to give the cyclic product
148. To further illustrate the potential of this strategy, the RCM of some ethers 142-
144 or esters 145 was investigated. Diene 143 or the more sterically demanding
diene 144 underwent cyclisation to afford the five-membered ring 150 or 151
respectively, in excellent yields. Finally, the methodology allowed the preparation of

the five- and six-membered «,fS-unsaturated lactones 152 and 153 in good yields.
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Entry Substrates Products Conditions | Yield
(%)
Me;Si Me P E{O,C Me 43 mol%)
! Et0,C” “COEt | EtO,C 8h 78
140 SiM€3
147
MesSi Me Me 4 (5 mol%)
2 AN Boc
Il‘I 18h 93
Boc = .
141 SIMC3
148
O.__Me 4 (3 mol%)
A .
3 | Yo SiMe; x 3h 93
Me
142 SiMe;
149
. 0 Ph 4 (2 mol%)
P )
4 SiMe, (:Z/\/ 1h 90
O~ SiMe
143 A 150
. 0 Ph 4 (12 mol% )
P .
5 SiMe; = 29h 83
0 SiMe;
J//\ 151
144
0] Ph 4 (10 mol%
UL (0P
6 SiMe; — 36 h 86
O SiMe
X 3
@/\ 152
145
?\ /UL 0._.0 4 (8 mol%)
7 ﬁ o) SiMe; \Q/j 72 h 79
SiME3
146 153

Table 5. RCM of trimethylsilyl substituted dienes by Schuman and Gouverneur.



Chapter 2

Ring-closing metathesis of halogenated substrates

Since the advent of functional group-compatible, well-behaved pre-catalysts such as
the ruthenium alkylidene complexes pioneered by Grubbs, the scope of ring-closing
metathesis (RCM) has continuously increased from regular terminal olefins to
include a variety of olefins ranging from electron-rich to electron-poor.” > Our
research carried out on the investigation of new methodology for the incorporation of
halides into molecules via vinyl halide metathesis is presented. We believed that
RCM should provide a powerful method for the regiocontrolled synthesis of cyclic

halo-olefins.

2.1 Ring-closing metathesis of vinyl fluoro dienes

Introduction of fluorinated double bonds into acyclic and cyclic compounds can have
a great effect on the chemical properties, biological activity and metabolism of a
molecule. Fluoro-olefins have been recognized as hydrolytically stable, nonclassical
isosteric replacements for the carboxamide group.57’ *% In contrast to simple double
bonds, which are generally considered to behave as noninteracting conformationally
constrained spacers, fluoro-olefins have been suggested as superior isosteric
replacements for the amide group, and are therefore of considerable interest in the
synthesis of peptidomimetics and other biologically active molecules.” %
Consequently, mild and general methods that allow the straightforward introduction
of fluorinated double bonds into acyclic and cyclic systems would constitute valuable
synthetic methodology. In principle, internal fluoro-substituted double bond-
containing systems should be accessible either by intermolecular cross metathesis
(CM) of a 2-fluoroalkene and an a-olefin or, for cyclic systems, by intramolecular
ring-closing metathesis (RCM) of monofluorinated o,w-dienes. However, no
example of the RCM of vinyl fluoro dienes substrates was known at the outset of our
research. Here we described our research carried out on the ring-closing metathesis
of monofluorinated dienes.

Additional inspiration for our research derived from efforts by De Lucca to improve

the solubility and to determine the structure-activity relationships (SAR) of the HIV
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protease inhibitor DMP 323 (154) by attempted substitution of one of the hydroxy
groups with a fluorine atom (Scheme 28).%! They discovered that seven-membered
ring cyclic ureas underwent stereospecific, stereoselective-ring contraction
rearrangement to give the corresponding tetrahydropyrimidinone derivatives upon
attempted direct nucleophilic fluorination using (diethylamino) sulfur trifluoride
(DAST). For example when diol 155 was treated with 1 equiv. of fluorinating agent,
DAST rather than the expected seven-membered product 158, the undesired
tetrahydropyrimidinone 157 was observed in excellent yield. It was noted that the
rearrangement proceeds through the formation of the aziridinium cationic
intermediate 156. The fluoride ion then opens the aziridine intermediate at the less

hindered carbon to give the observed fluoro alcohol.

-

Phyo O Ph
DMP 323
154

DAST /—Q

0]
N N
N N
HO F

HO OH
1
> Expected product
l none observed
158

%Nj)\?\l/_ﬂ D—\N)OLN/—q

2> ph
Ph z Ph < ph
HH H - H
P HO = F

Only product observed

156 157

Scheme 28. Research carried out by De Lucca at Dupont pharmaceuticals.

Furthermore, Hanson and co-workers had previously reported that analogues of the
cyclic sulfamide protease inhibitors could be prepared efficiently by RCM strategy.“’

52 1t was therefore thought that it might be possible to access the fluoro-olefins by
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RCM creating novel analogues with potentially interesting properties. Consequently,
our initial investigations focused on the RCM reactions of sulfamide-linked diene
substrates, as these provided the seven-membered cyclic scaffold present in a series

of highly potent HIV protease inhibitors (Figure 1).

2 2 X, P
P1\§:\S/Cz/P2 PZ\N/U\N’P PN N
\ o
N
_ \\ , /I/S—,) \P]'
Pl Pl P -
HO HO OH
F X = C=0, SO,
159 160 161

Figure 1. Structures of sulfamide-linked fluoro-olefins RCM products and related

small-molecule HIV protease inhibitors.

2.2 Previous and present metathesis reactions of fluorine-containing

olefins

Considering the review literature concerning RCM of vinyl halides, it become
apparent that very little work had been carried out on the metathesis of fluoro-
containing olefins. The first examples of cross metathesis of perfluoro-alkyl
substituted olefins 163 had been reported by Grubbs and co-workers.
Disappointingly, the yield and the E/Z selectivity of the cross metathesis product 164
was modest (Scheme 29).5 They noted that some homodimerisation of terminal
alkene 162 occurred and the lack of reactivity may result from the sequestering of the
catalyst in a stabilized Fischer-type carbene complex, which either rapidly

decomposes or fails to react further.

EF F F
0 CF
Mopns o P L Ao
3 F FF F 34% . F FFEF
E/Z=23:1
162 163 164

Scheme 29. Cross-metathesis reaction of an electron deficient fluorinated alkene

reported by Grubbs and co-workers.
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Blechert er al. later demonstrated that cross metathesis reactions of terminal alkenes
with a range of fluorinated terminal olefin partners 166 could provide high £-
selectivity in cross metathesis products 167 in moderate to excellent yield.* It should
be noted that up to 10 equivalents of fluorinated terminal olefin partners 166 had to
be used in order to suppress the dimerisation of the terminal alkene 165. Either the
Hoveyda-Grubbs 6 or the second generation Grubbs catalyst 4 were employed,

returning products with excellent £-selectivity (Scheme 3).

Rl/v/ N /\Rz catalyst 4 or 6 RI/V/M"‘ R?
7-95%
R! = OCOPH, CO,H, OH R? = CF;, C4F, E/Z>20:1
165 166 167

Scheme 30. Cross metathesis of a variety of olefins with fluorinated partners by

Blechert and co-workers.

Recently, the first ever successful examples of ring-closing metathesis of vinyl
fluoride-containing dienes were reported by our group.®” We have shown that RCM
of fluoro-olefins proceeded efficiently to give six- and seven-membered cyclic vinyl
fluorides. The Boc-, H-, and alkyl-substituted sulfamides cyclised smoothly to give
the desired cyclic sulfamides in good to excellent yields (Scheme 31). Moreover, the
RCM reaction was used to prepare various other heterocyclic and carbocyclic

systems (Scheme 32).

O .0 0.0
RLSST. 1__>SZ_ .Bn

N S/N Bn . R‘N S/N

T W
| F

168 R' =Boc 173 R!=Boc (90%)

169 R!=H 174 R'=H (79%)

170 R' =Bn 175 R'=Bn (78%)

171 R'=Me 176 R'=Me (77%)

172 R'=Et 177 R'=Et (85%)

Scheme 31. RCM reactions of sulfamides by Brown and co-workers. Reagents and

conditions: a) 4 (6 mol%), CH,Cl,, 40-100 °C
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Bn F
! a Bn.
/\/N\/& Il\l/\’/
75% F
178 179
Bn
B f : g
2 83% 2
180 181
F = E
b
Jn — )
n
EtO,C "CO,Et Et0,C” T~CO,Et
182 n=1 185 n=1 (not detected)
183 n=2 186 n =2 (73%)
184 n=3 187 n =3 (74%)
F
SOQEEN S @~
N /
188 189

Scheme 32. Further RCM reactions of vinyl fluorides by Brown and co-workers.
Reagents and conditions: a) 4 (6 mol%), TFA, CH,Cl,, 100 °C, 10 h; b) 4 (10 mol%),
CH,Cl,, reflux, 4 h; ¢) 4 (20 mol%), CH,Cl,, uw, 140 °C, 30 min. * isolation of a

pure sample was not possible due to its instability and volatility.

Subsequently, ring-closing olefin metatheses of alkenyl o-fluoroacrylamides or
acrylates incorporating a fluorinated double bond were reported by Marhold and co-
workers (Scheme 33, Table 6).66 It was shown that RCM of the a-fluoroacrylate 190
gave 3-fluoro-coumarin 191, however, the yield was low. Additionally, RCM of the
monofluorinated 4-aza-1,7-diene 192 was attempted and only a trace of RCM
product was observed. However, they demonstrated that the o-fluoroacrylamides
194a-g could undergo RCM reactions to give the corresponding 6-lactams with
moderate to high yield. Conversion was >95% in all cases. It was noted that these
RCM reactions seem to profit from the combined but opposite action of fluorine and

the carbonyl group on the electronic properties of the double bond.
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©\/\ 4 (2 mol%) @IF
Q 0

16%
O%\(
191
90 F
92

C

F 193

1% (GC/MS)

1

Scheme 33. RCM of a~fluoroacrylate 190, monofluorinated 4-aza-1,7-diene 192.

K o X

O F
F
194 195
Precursors | R X n Time Temp. | Products | Yield
194 (min) (°C) 195 (%)
a H H 1 10 RT a 79
b H H 2 120 80 b 86
¢ H H 3 240 80 c ND*®
d H H 4 240 80 d ND*®
e CHs; H 1 480 80 e 46
f H [OMe| 2 240 80 f g1
g H F 2 240 80 g 76

“ ND = Not Detected, only a homodimeric product involving the nonfluorinated

double bond was found.

Table 6. RCM of N-alkenyl-N-benzyl-a-fluoroacrylamides 194a-g.

Parallel to this work Matteis and co-workers published some examples of ring-
closing metathesis of fluoride- and trifluoromethyl-functionalized olefins (Table
7). Their work demonstrated that 2-fluoroacrylamides can be cyclised to the
corresponding unsaturated lactams. Upon exposure of fluoroacrylates in entry 1 and

2 to metathesis conditions, the five- and six-membered lactams were observed in
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good to excellent yield, whereas the corresponding reactions to form eight-membered
ring was not successful. Furthermore, RCM of trifluoromethyl-substituted olefins can
be carried out on heterocyclic and carbocyclic systems to yield trifluoromethylated
cyclopentenes, pyrrolines and dihydrofuran derivatives. Under the similar conditions
to the previously described RCM of fluoroacrylates, RCM of malonates and
malonitrile in entries 3 and 4 gave smooth cyclisation to the corresponding
cyclopentenes in moderate to good yields. Unfortunately, RCM of acrylamide in
entry 5 failed to give any cyclised products. The author suggested that this was
probably because these olefins were too electron poor for RCM to take place.
Interestingly, RCM of olefins bearing an acyl group at nitrogen in entry 6 provided
the desired pyrrolidines in good yields, whereas RCM of olefins containing benzyl
protected group at nitrogen in entry 7 did not give any cyclised products. It was
noted that probably due to the presence of the basic amine functionality. The last
precursor in entry 8 demonstrated that RCM of ether precursor gave the desired

trifluoromethyl-substituted dihydrofuran in good yield.
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Entry Precursors Products T Yield (%)
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Table 7. RCM of 2-fluoroacrylamides and trifluoromethylated olefins by Matteis and
co-workers. Reagents and conditions: * 2 (7 mol%), 4 h, ® 2 (4 mol%), 4 h, © 2 (7
mol%), 2 h, 4 2 (3 mol%), 4 h, ¢ 2 (15 mol%), 24 h, © 2 (3 mol%), 72 h, & 2 (10
mol%), 24 h, " 2 (10 mol%), 2 h, ' 2 (7 mol%), 48 h,? 2 (5 mol%), 24 h. All reactions

were carried out in toluene at 100 °C.
2.2.1 Synthesis and metathesis of sulfamide-linked vinyl fluorides

Having obtained successful results within our group for the ring-closing metathesis
of sulfamide-linked vinyl fluorides to provide the seven-membered cyclic
sulfamides,® we wished to investigate the construction of eight- and nine-membered
cyclic sulfamides. In order to prepare the sulfamide precursors 198 and 199, the
synthesis of 196 was carried out. By treatment of benzylamine with NaH and
commercially available 1-chloro-2-fluoroprop-2-ene gave the secondary amine 179
in good yield. The resulting amine 179 was reacted with chlorosulfonyl isocyanate
(CSI) and tert-butanol to afford 197 in good yield.éz’ 8 Subsequent alkylation of
sulfamide 197 was carried out by treatment with NaH followed by 4-bromo-1-butene
or 5-bromo-1-pentene to give the desired sulfamide-linked precursors 198 and 199

respectively (Scheme 34).
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a Bn. b O\\ /O
BnNH, f N/\( - . BOC\N’S/\N’Bn
58% H F 77% i F
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198 n =1 (66%)
199 n =2 (50%)

Scheme 34. Reagents and conditions: a) NaH, 1-chloro-2-fluoroprop-2-ene, DMF; b)
CSI, +-BuOH, EtN, CH,Cly; ¢) NaH, 4-bromo-1-butene (n = 1) or 5-bromo-1
pentene (n = 2), DMF.

Exposure of these metathesis precursors 198 and 199 to RCM conditions was then
investigated. The ring-closing metathesis of sulfamide precursor 198 proceeded
smoothly to afford the desired eight-membered ring in good yield. The reaction
required 10 mol% of the second generation Grubbs catalyst 4 over 10 h under reflux
in CH,Cl,. However, none of the cyclised product was obtained with precursor 199.
Either refluxing in CH,Cl, for 10 hours or under microwave conditions, none of
desired product was obtained and eventually (after a prolonged reaction time)
decomposition of starting material occurred. It was thought that the presumed
retardation of the rate of cyclisation was consistent under both thermal reflux and

microwave conditions (Scheme 35).

Ox.-.0 0. .0
BOC\N/S/\N/BH . Boc— ’S\N'
), KWF — n‘u
_—
_ F
198 n=1 200 n=1(74%)
199 n=2 201 n =2 (not observed)

Scheme 35. Reagents and conditions: a) 4 (10 mol%), CH,Cl,, reflux, 10 h.

As an extension of the earlier study investigating RCM of sulfamide-linked vinyl
fluorides, our group has demonstrated that RCM of Boc-, H-, and alkyl-substituted
sulfamides provided the desired cyclised products in good to excellent yields

(Scheme 36).65 It was noted that the reason for the difference in the reaction rates
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between the Boc-, H-, and alkyl-substituted sulfamide is not immediately apparent.
In parallel with the previous investigations concerning RCM of alkyl-substituted
sulfamides, RCM of acyl-substituted sulfamides was then investigated. In order to
synthesise the precursors 204 and 205, allylation of the key sulfamide 197 was
carried out to provide sulfamide 202, which was subsequently Boc deprotected to
yield 203. Pivaloyl (Piv) or carbobenzyloxy (Cbz) groups were used to couple with
the resulting sulfamide 203 by acylation to produce sulfamide-linked precursors 204

and 205 in good yields (Scheme 36).

Ox,
O O \ P .B
Bn. ?\S/\’ .Boc S/ o¢
N N
197
Ox
Bn\o/\s/ )| Bn- /\S/ R

w*‘dw

204 R=Piv (92%)
205 R=Cbz (60%)

Scheme 36. Reagents and conditions: a) NaH, allyl bromide, DMF; b) TFA, CHyCly;
¢) t-BuOK, 18-crown-6, PivCl, THF; d) NaH, CbzCl, DMF.

The metathesis precursors 202, 204 and 205 were then exposed to ring-closing
metathesis conditions. The RCM of 202 proceeded smoothly using 10 mol% of the
second generation Grubbs catalyst 4 under reflux in CH,Cl, for 10 hours to afford
the desired seven-membered ring product 206 in excellent yield. However, the Piv-
substituted analogue 204 required an increased amount of the catalyst (12 mol%),
added in sequential portions of 6 mol% to produce the desired cyclic sulfamide 207
in good yield. Under the same conditions used for the RCM of Piv-substituted
sulfamide 204, the Cbz-protected analogue 205 cyclised to give the desired cyclic
sulfamide 208. However, the yield was moderate (48%) and 35% of the recovered

starting material was also obtained (scheme 37).
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Bn. SS7° R oSSR
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| ¥
202 R =Boc 206 R=Boc (90%, method a)
204 R=Piv 207 R=Piv (76%, method b)
205 R=Cbz 208 R=Cbz (48%, method b)

Scheme 37. Reagents and conditions: a) 4 (10 mol%), CH,Cl,, reflux, 10 h; b) 4 (12
mol%), CH,Cl,, reflux, 10 h.

Investigation of the RCM of N-acyl-substituted sulfamides revealed that the reaction
of N-Boc derivative 202 using 10 mol% of the second generation Grubbs catalyst 4
gave the desired cyclised product 206 in excellent yield. The RCM of N-Piv
derivative 204 provided the cyclic sulfamide 207 in good yield, whereas the N-Cbz
derivative 205 cyclised to the cyclic sulfamide 208 under similar conditions in
moderate yield. It was thought that the difficulty observed in cyclising a N-Cbz
derivative 205 was probably due to the coordination between the ruthenium complex
and the acyl carbonyl group to form a chelated intermediate 210 (Scheme 38), which
could not convert to cyclic sulfamide 208. Indeed, the involvement of such chelates

in problematic cyclisations of unsaturated amide via RCM had been previously

proposed by Grubbs.”
05520 1 ot ]
Bn._ %7 <. >S7
n N N o 4 Bn N N/\ko
F F
‘ Ru
209 - 210 -

Scheme 38. Proposed chelation effect for RCM of sulfamide 209.

2.2.1.1 Competition experiments

Due to previous reports from our group suggesting that RCM reactions of fluoro-
olefins are typically slower than that of their nonfluorinated analogues.65
Competition experiments were carried out with various sulfamides containing several
possible reactive sites for RCM. We therefore set up the first competition experiment

by investigating the RCM of the sulfamide 213. The synthesis of sulfamide 213 was
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carried out by treatment of allylamine with sulfuryl chloride and subsequent
diallylation of 212 with commercially available 3-chloro-2-fluoro-propene to afford
213 in moderate yield (scheme 39). The disappointing yield may be due to the low
reactivity of the 2-fluoroallylic system. The resulting sulfamide 213 was then
exposed to metathesis conditions affording the seven-membered sulfamide 214 in

good yield and a trace amount of sulfamide 215.

0. .0 Ox 20O
oo b /\S/\
SO,Cl, a H‘N/S/\N,H YN N
70% H H 40% FH H F
211 212 213
O 0] O O
NG NG P
e VN\S/N/Y . Y\N\S/N/v
84% F
214 215 (impure)

Scheme 39. Reagents and conditions: a) EtsN, allylamine, CH,Cly; b) NaH, Nal, 3-
chloro-2-fluoro-propene, DMF; ¢) 4 (12 mol%), reflux, CH,Cl,, 10 h.

RCM of sulfamide 219 was also attempted. Substrate 216 (kindly supplied by S.
Salim) was allylated to produce the intermediate 217. The resulting sulfamide 218
was then alkylated with commercially available fluoro-olefin to yield RCM precursor
219 (scheme 40). Upon exposure of sulfamide 219 to RCM conditions, a good yield
of cyclised product 220 was obtained. Interestingly, none of the five-membered

cyclised product 221 or the cyclic sulfamide 222 was isolated.
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Scheme 40. Reagents and conditions: a) NaH, allyl bromide, DMF; b) TFA, CH,Cly;
¢) NaH, Nal, 3-chloro-2-fluoro-propene, DMF; d) 4 (12 mol%), CH,Cl,, reflux, 9 h.

Another investigation was then undertaken to compare the reactivity of the
fluorinated double bond with unfluorinated and substituted double bonds. RCM of
the sulfamides 226 and 227 were attempted (Scheme 41). The synthesis of sulfamide
226 was carried out in a similar manner to that of sulfamide 204, via the intermediate
203 which underwent alkylation with 4-bromo-2-methyl-2-butene to produce
sulfamide 226 in good yield. In addition, the intermediate 203 was also allylated to
produce another sulfamide-linked precursor 227 ready for subsequent RCM studies.
The synthesis of sulfamide 225 was accomplished by treatment of sulfamide 197
with crotyl bromide in the presence of +-BuOK and 18-crown-6 to give the sulfamide
223 in good yield. Removal of the Boc group from sulfamide 223 yielded 224, which
was allylated with allyl bromide to give the desired sulfamide precursor 225 in

excellent yield.
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Scheme 41. Reagents and conditions: a) NaH, allyl bromide; b) TFA, CH,Cly; ¢) #-
BuOK, 18-crown-6, 4-bromo-2-methyl-2-butene; d) #-BuOK, 18-crown-6, allyl
bromide; e) z-BuOK, 18-crown-6, crotyl bromide, THF.

Upon exposure of sulfamide 227 to metathesis conditions, the five-membered
sulfamide 228 was obtained as the major product (74%) along with a trace amount of
seven-membered sulfamide 229 (Scheme 42). From these results, we postulated that
the formation of the minor product 229 could result from ring-opening metathesis of
the five-membered ring 228. To investigate this postulation, the five-membered
sulfamide 228 was re-submitted to the metathesis conditions. It was found that none
of the seven-membered sulfamide 229 was observed and only the starting material
was recovered. RCM of substrate 223 which contains disubstituted and fluorinated
double bonds was also attempted. This metathesis reaction gave the cyclic sulfamide
206 in moderate yield and 20% yield of recovered starting material. We therefore
continued investigating RCM reaction of sulfamide 225 and 226. The metathesis of
225 proceeded to afford five-membered sulfamide 228 as the major product (39%)

and a trace amount of seven-membered cyclised product 230. In addition, the RCM
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of sulfamide 227 also gave five-membered sulfamide 228 as the major product
(13%), a trace amount of seven-membered cyclised product 231 and eventually
decomposition of starting material. It was thought that the poor yields observed for
the RCM of di- and tri-substituted sulfamides 225 and 226 were probably due to the
substitution effect that may force the metathesis event to occur at the sterically-
congested double bond, thus slowing the RCM reaction followed by decomposition

of the ruthenium complex 4.

Os-0 Ox -0 Ox -0
>%7 Bn._ >SZ Bn._>¥< =
Bn\N/\S/\N/\/ . N D + NN
T Y
| ¥
4% trace amount
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O\_/O O\,-/o n
S5 Bn. >Y7_ ..
Bn\N,b\N,Boc b n N S N Boc
NN \—/
F
5 0520 050 Bn OS5%0 ~ A
Agt v T
399, trace amount
225 228 230
Ox -0 O30 B \O\?s/:O«/K
BD\N/S/\N = b Bn\N/ N N N

trace amount

226 228 231

Scheme 42. Reagents and conditions: a) 4 (5 mol%), CH,Cl,, reflux, 3 h; b) 4 (10
mol%), CH,Cl,, reflux, 10 h.

An extension of this study involved the exploration of the relative rates of the RCM
between olefins, fluoro-olefins and alkynes. The sulfamide precursor 237 was
synthesised starting from alkylation of benzylamine 232 with propargyl bromide to
produce 233 (kindly supplied by S. Salim). The amine 233 was reacted with
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chlorosulfonyl isocyanate and -BuOH to afford sulfamide 234 in good yield which
was subsequently alkylated to give 235. Removal of the Boc protection from
substrate 235 gave sulfamide 236, which was alkylated with 3-chloro-2-fluoro-
propene to afford sulfamide precursor 237 (scheme 43). The metathesis precursor
237 was then exposed to metathesis conditions. The metathesis reaction proceeded

smoothly to give the enyne metathesis product 238 in excellent yield.

Os.0
a Bn. b Bn._>SZ_.Boc
BnNH, n N/\ R NN
60% ' 74% H
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0.0
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67% / 99% / H
FZ H, = |
235 236
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Scheme 43. Reagents and conditions: a) K,COs, propargyl bromide, CH;CN; b)
chlorosulfonyl isocyanate, +-BuOH, Et;N, CH,Cly; ¢) NaH, allyl bromide, DMF; d)
TFA, CH,Cly; e) NaH, Nal, 3-chloro-2-fluoro-propene, DMF; f) 4 (10 mol%),
CH,Cl,, reflux, 18 h.

Encouraged by these results, RCM of sulfamide precursor 242 was also attempted.
The synthesis of sulfamide 242 was accomplished by alkylation of 239 (kindly
supplied by S. Salim) to produce the intermediate 240. From this point, the synthesis
of sulfamide 242 was carried out in a similar manner to that of sulfamide 237
(scheme 43). The RCM of the sulfamide 242 was successfully carried out to afford

the enyne metathesis product 243 in excellent yield (Scheme 44).
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Scheme 44. Reagents and conditions: a) t-BuOK, 18-crown-6, allyl bromide; b)
TFA, CH,Cly; ¢) +-BuOK, 18-crown-6, Nal, 3-chloro-2-fluoro-propene; d) 4 (10
mol%), CH,Cl,, reflux, 18 h.

All competition experiments appeared to confirm our hypothesis that RCM reactions
of fluoro-olefins are typically slower than their nonfluorinated analogues. The
reaction pathway proposed below as previously reported (Scheme 45). The first
step would be reaction at the non-fluorinated olefin to form a ruthenium alkylidene
complex 244. Olefin coordination and subsequent cycloaddition can occur to provide
the intermediate metallacyclobutane 246 when a suitable linking group is present.

Breakdown of the metallacycle releases the alkene (Scheme 45).

244

245

246

Scheme 45. Proposed reaction pathway for RCM of fluoro-olefin containing dienes.
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2.2.2 Synthesis and metathesis of ether-linked diene vinyl fluorides

Following the successful metathesis reactions of sulfamide-linked dienes, we
attempted to extend this methodology to the synthesis of carbocyclic and
heterocyclic compounds. The example of RCM of the ether-linked precursor 188 was
commenced. The RCM substrate 188 was obtained from alkylation of 2-allyl phenol
247 with commercially available fluoro-olefins in the presence of (NaHMDS)
(Scheme 46). The RCM precursor 188 was then exposed to metathesis conditions.
Initially, the reaction was carried out by using 20 mol% of 4 and stirring at room
temperature in CH,Cl,. However the reaction failed to go completion. The
characteristic signals of the desired seven-membered product 189 were observed in
the 'H NMR spectra of the crude mixture at 6 5.61 ppm. More forcing conditions
were required for the cyclisation. To this end, both microwave irradiation at 140 °C
for 14 minutes and heating in sealed vial at 100 °C for 10 hours were carried out.
The 'H NMR spectra of the crude mixture of both methods indicated the improved
conversion to the desired product however the reaction did not proceed cleanly. The
purification of the desired product was extremely difficult. A partially purified
sample (40% yield) was obtained after chromatography with base washed SiO.
Unfortunately, isolation of a pure sample of the product was not possible due to its

instability and volatility.

Scheme 46. Reagents and conditions: a) NaHMDS, 3-chloro-2-fluoro-propene,
DMF; b) 4 (20 mol%), CH,Cly, uw, 140 °C, 12 min. or sealed vial, 100 °C, 10 h.

As an extension of the investigation on the RCM of ether-linked diene, the RCM
substrate 251 was synthesized. It was believed that the inductive effect of para-nitro
group could reduce any potential problems due to coordination between the ether
oxygen and the ruthenium complex. Synthesis of diene precursor 251 was then
carried out, starting with allylation of p-nitro phenol 248 to produce the phenyl ether

249 followed by ortho-Claisen rearrangement reaction to prepare intermediate 250.7°
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The rearranged product 250 was then allylated to give RCM precursor 251. Upon
exposure of 251 to the metathesis conditions under microwave irradiation, the
characteristic signals of the desired seven-membered product 252 were observed in
the '"H NMR spectra of the crude mixture. However the isolation of a pure sample of

the product was again not possible (Scheme 47).

OH OH
O,N 94% O,N 43% O,N X

248 249 250
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i SO OO
84% O,N AN O,N
251 252

Scheme 47. Reagents and conditions: a) K,COs, allyl bromide; b) o-
dichlorobenzene, reflux; ¢) K,COs;, BuyNI, 3-chloro-2-fluoro-propene, DMF; d) 4
(20 mol%), CH,Cl,, uw, 12 min., 140°C.

In order to solve the problem of instability and volatility, the introduction of
substituent group into the precursor 256 was attempted. The salicylaldehyde 253 was
alkﬂated with commercially available fluoro-olefin in the presence of Nal to yield
254. The transformation of the chloride to the iodide was required due to low
reactivity of fluoro substrate to yield 254. The aldehyde 254 was treated with a
Grignard reagent to produce the intermediate 252. The synthesis of the RCM
substrate 256 was then completed by protection of the hydroxy group as a TBS-ether
(Scheme 48).
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Scheme 48. Reagents and conditions: a) NaH, Nal, 3-chloro-2-fluoro-propene,
DMF; b) vinylmagnesium bromide, dry Et,0; ¢) NaH, TBDMSCI, DMAP, THF; a) 4
(20 mol%), CH,Cl,, reflux, 10 h.

Upon exposure of the substrate 256 to metathesis conditions, the desired product was
not detected and 75% of starting material 256 was recovered. The 'H- and "F-NMR
spectra of a minor compound showed that the characteristic signals of the fluorinated
allyl group had disappeared and some decomposed catalyst. We considered that the

formation of intermediate 258 or 259 might have taken place (Figure 2).

O.
0. Ruln RulLn
" or |
A
OTBDMS OTBDMS
258 259

Figure 2. Proposed chelated intermediate from the RCM of precursor 253.

Deallylation reactions in the presence of the second generation Grubbs catalyst 4
have previously been reported in the literature. Cossy et al. have reported that allyl
and homo-allyl groups can undergo isomerisation in the presence of a ruthenium

carbene complex 4 and acid (Scheme 49).”!



45

O\/\ catalyst 4 O\/'m,,
78%
260 261
0 catalyst 4 OH
©/>< N HC(ag) ©/><
90%

N N.
©/\/ X catalyst 4 H
46%

264 ’ 265

Scheme 49. Isomerisation and deallylation of ether substrates reported by Cossy et

al.

Despite the disappointing results from the formation of the seven-membered ether-
linked fluoro-olefin via RCM reactions, a survey of the literature encouragingly
revealed that the formation of eight-membered cyclic ether through RCM was
feasible. The reaction appeared facile in systems where dienes are conformationally
predisposed for ring formation, such as the catechol derivative 266 shown in Scheme
50.” We therefore set out to explore ring-closing metathesis of ether-linked vinyl
fluoride substrate 270. However, in this case RCM did not proceed cleanly. Again,
the "H NMR spectra of crude mixture showed the characteristic peak of the desired
cyclised product 271 at 6 5.90 ppm but the isolation of a pure sample of the product
was not possible. Only 70% yield of recovered starting material was obtained

(Scheme 50).
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Scheme 50. Reagents conditions: a) K,COs, BuyNI, allyl chloride, DMF; b) NaH, 3-
chloro-2-fluoro-propene, DMF; ¢) 4 (20 mol%), CH,Cl, pw, 12 min., 140°C.

All attempts to carry out RCM of ether-linked vinyl fluorides were unsuccessful. The
RCM reactions did not proceed cleanly and only trace amounts of the desired cyclic
products could only be observed from the "H NMR spectra of the crude mixture. It
was initially thought that the RCM did not proceed to give the cyclic compound due
to a combination of instability and possibly due to the volatility of the products. We
therefore synthesized substrates 251, 256, and 270 in order to avoid any potential

volatility of products. However, their cyclisation reactions were not successful.
2.2.3 Synthesis and metathesis of carbon-linked diene vinyl fluorides

In order to investigate the RCM of other classes of compounds, a variety of
monofluorinated dienes with carbon in the linking chain were synthesized. The RCM
substrates were obtained via the mono-alkylation of diethyl malonate 272 with the
commercially available fluoro-olefin to produce the intermediate 273. Subsequent
alkylation of 273 with the corresponding alkylating agents was carried out to afford
RCM substrates 182-184. With these precursors in hand, RCM experiments were
undertaken. The RCM of 183 and 184 proceeded smoothly to produce the expected
six- and seven-membered carbocycles 186 and 187, respectively in good yield.

However the RCM of precursor 182 failed to provide the expected five-membered
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carbocycle 185 and only starting material was recovered following exposure to

metathesis conditions (Scheme 51).

EtO,C_ H COEL n
X a :(—< b CO,Et
Et0,C H 28 CO,Et CO,Et
6 F F
272 273 182 n=1(90%)

183 n =2 (90%)
184 n =3 (42%)

)I’l
EtO,C" CO,Et
185 n=1 (not observed)
186 n=2(73%)
187 n=23(77%)
Scheme 51. Reagents and conditions: a) NaH, 1-chloro-2-fluoroprop-2-ene, DMF; b)
NaHMDS, Nal, allylbromide (n = 1) or 4-bromo-1-butene (n = 2) or 5-bromo-1-

pentene (n = 3), DMF; ¢) 4 (12 mol%), CH,Cl,, reflux, 18 h.

As an extension of the investigation on the RCM of carbon-chain dienes, the RCM
precursors 276 and 277 were synthesized. Thereby, reduction of the ester groups
gave 1,3-diol product 276 ready for subsequent RCM reaction. Furthermore, the
RCM of the protected diol 277 was also attempted. The substrate 277 was obtained
by the reaction of diol with dry acetone in the presence of Amberlyst® 15 and
molecular sieves (Scheme 52). Precursors 276 and 277 were then exposed to
metathesis conditions, but unfortunately none of the expected product 279 was
observed in the case of diol substrate 276. However the RCM of protected diol 277

gave the desired six-membered ring 278 in good yield.
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Scheme 52. Reagents and conditions: a) NaHMDS, 4-bromo-1-butene, DMF; b)
NaH, Nal, 3-chloro-2-fluoro-propene, DMF; c¢) LiAlH4s, THF; d) acetone,
Amberlyst® 15, 4°A molecular sieve; €) 4 (10 mol%), CH,Cly, reflux, 10 h.

2.2.4 Synthesis and metathesis of amine-linked diene vinyl fluorides

In order to investigate the RCM of monofluorinated amine-linked dienes, a number
of amine precursors were synthesized. The precursor 282 was obtained by tosylation
of allylamine followed by alkylation with commercially available fluoro-olefin.
Other amine precursors 286 and 287 were prepared by alkylation of p-
toluenesulfonamide with 4-bromo-1-butene or 5-bromo-1-pentene to give alkenes

284 and respectively 285. Products 284 or 285 were then fluoro-alkylated to produce
RCM substrates 286 and 287 (Scheme 53).
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Scheme 53. Reagents and conditions: a) TsCl, EtsN, CH,Cl,; b) NaH, 1-chloro-2-
fluorprop-2-ene, DMF; ¢) NaH, 4-bromo-1-butene (n =2) or 5-bromo-1-pentene (n =
3), DMF; d) NaH, 1-chloro-2-fluorprop-2-ene, DMF

We were very pleased to find that RCM of 286 or 287 occurred successfully afford
the six- and seven-membered vinyl fluoride in excellent yields. However, no
cyclisation was observed in the case of the five-membered ring precursor 282 and
only starting material was recovered (Scheme 54). It was noted that deallylation did

not occur in this case.
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Scheme 54. Reagents and conditions: a) 4 (14 mol%), CH,Cl,, reflux.
2.3 Ring-closing metathesis of vinyl bromo-containing dienes

Despite the tremendous advances that have been made in the development of
practically useful catalysts, there still remain limitations to the RCM process.
Exposure of mono-bromo dienes to the widely used Grubbs’ metathesis catalysts
have been reported not to afford the products of RCM.” Given the potential value of
bromo-olefins as one of the most significant building blocks for transition metal
catalyzed reactions, such as palladium cross—coupling,74 and in halogen-magnesium

exchange” reactions we decided to reinvestigate their synthesis by RCM.
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Prior to our study, the RCM of vinyl-bromo dienes had been reported not to proceed.
In 1997, Grubbs and co-worker reported that the RCM reaction of bromo-substituted
dienes 291 with the first generation Grubbs catalyst 3 or molybdenum alkylidine
complex 1 afforded none of the cyclic products 292 and only dienes and alkylidene
decomposition products were detected (Scheme 55).”> Presumably, due to a
combination of the steric effect of substituent and the electron-withdrawing group
effect of the halide group, the rate of ring-closing metathesis becomes so slow that

catalyst decomposition is competitive with ring-closing metathesis.

EtO,C CO,Et EtO,C, ,CO,Et

Jorl
S

Br Br
291 292
Scheme 55. Attempted ring-closing metathesis of bromo-substituted dienes as

reported by Grubbs et al.

Since the discovery of new catalysts with high metathesis activity, for example the
second generation Grubbs catalyst 4 which exhibits excellent functional group
compatibility, particularly with electron deficient olefins,'” exposure of mono-bromo
dienes to the powerful Grubbs metathesis catalysts has been reported. Weinreb and
Chao attempted RCM of a vinyl bromide under conditions developed for vinyl
chlorides. But no reaction was observed (Scheme 56).”° The author postulated that
the vinyl bromide functionality in 293 would first react with Grubbs catalyst leading

to the formation of unstable Fischer-type carbene.

Br 4 Br

Et0,C~ “CO,Et Et0,C~ “CO,Et
293 294

Scheme 56. Attempted metathesis of vinyl bromide 43 as reported by Weinreb
Despite previous reports on the failure of the metathesis of vinyl-bromo diene

precursors by Grubbs and Weinreb, it was decided to apply the expertise developed

for fluoro-olefin metathesis to investigate the viability of the analogous metathesis of
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vinyl bromides. It also would be interesting to investigate some unanswered
mechanistic questions regarding these RCM reactions. Moreover, if successful this
methodology would provide an important new regioselective route to cyclic bromo-

olefins which are difficult to prepare otherwise.

2.4 Synthesis and metathesis of vinyl bromo-containing dienes

In order to investigate the RCM of vinyl bromides, we decided to prepare a variety of

C, N and O-linked substrates. Those efforts will be described in the following

section.
2.4.1 Synthesis and metathesis of amine-linked diene vinyl bromides

In order to investigate the RCM of monobrominated dienes with a heteroatom in the
linking chain, a number of amine precursors were synthesized. Beginning with
alkylation of p-toluenesulfonamide 283 with commercially available 2,3-dibromo-1-
propene. A variety of monobrominated dienes in the amine series were obtained by
subsequent alkylation with the corresponding alkylating agents in the presence of
-BuOK and 18-crown-6 to provide the metathesis precursors 296, 297, 298 and 299
(Scheme 57). The alkylations were carried out in the presence of 18-Crown-6 which

specifically solvates K™ and enhances the reactivity of the sulfonamide anion.

Ts Br Ts Br
| b
- - . N
TsNH, - H,N\/§ /\e/)/ \/§
60% n
283 295 296 n=1 (94%)

297 n=2 (85%)

298 n=3 (83%)

299 n=4 (80%)
Scheme 57. Reagents and conditions: a) t-BuOK, 18-crown-6, 2,3-dibromo-1-
propene, THF; b) -BuOK, 18-crown-6, allyl bromide (n = 1) or 4-bromo-1-butene (n

= 2) or 5-bromo-1-pentene (n = 3) or 6-bromo-1-hexene (n =4), THF.

The metathesis precursors 296-299 were then exposed to ring-closing metathesis

conditions developed for the fluoro-olefins RCM (Section 2.1). Disappointingly, the
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RCM reactions of bromo-substituted precursors 296, 297 and 299 did not give the
expected five-, six- and eight-membered bromo-alkene products and only starting
materials were recovered. Surprisingly, the seven-membered cyclised product 302
was observed with moderate yield from the RCM of 298 using 10 mol% of the

second generation Grubbs catalyst under reflux in CH,Cl, or benzene for 10 hours

(Scheme 58).

N
Ts Mes/Nj//N"Mes
Ts Br N Cl:-
I 4or7 ( JRu=—
= N\/& _— n Q Cl ‘\\
: B L AT
296 n=1 300 n=1 (not observed)(method a or b) o)
297 n=2 301 n=2 (not observed)(method a or b) Y
298 n=3 302 n=3 (44%, method a)(10%, method b)
299 n=4 303 n=4 (not observed)(method a or b)
7

Scheme 58. Reagents and conditions: a) 4 (10 mol%), CH,Cl, or benzene, reflux, 10
h; b) 7 (5-10 mol%), CH,Cl; or benzene, RT or reflux, 10 h.

Meanwhile, a survey of the literature revealed that the BINOL-derived ruthenium
complex 7 developed by Blechert and Wakamatsu exhibits high reactivity toward
electron-deficient olefins such as acrylonitrile and fluorinated olefins.” Therefore,
we turned attention to investigation of the RCM of the above vinyl bromo dienes
using BINOL-based ruthenium complex 7. To synthesize the required catalyst 7,
ligand 307 was prepared from commercially available, 2,2°-dihydroxy-1,1-
binaphthyl (racemic) 304 by treatment with i-PrBr in the presence of NaH to give
isopropoxy protected alcohol 305 in good yield. Subsequent monoformylation was
carried out by treatment with #n-BuLi and DMF to give aldehyde product 306 in poor
yield. The ortho-lithiation of 305 with n-BuLi gave many unidentifiable products
resulting in the low yield of desired products 306. Wittig olefination was utilised to
produce ligand 307 in high yield. The complexation of ligand 307 with the second
generation Grubbs catalyst 4 proceeded in the presence of CuCl to furnish the

ruthenium complex 7 in good yield (Scheme 59)."’
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0

o9 o, oo

OH a 0 b o/<

OO OH 62% OO OT/ 20% : ! O\‘/
304 ( 305 306

Scheme 59. Reagents and conditions: a) i. NaH, DMF, ii. i-PrBr, RT; b) i. n-BulLi,
THF, 0 °C, ii. DMF, RT; ¢) Phs(CH;)P"Br, +BuOH, Et,0, 0 °C; d) 4 (2 equiv),
CuCl (1 equiv), CH,Cl,, 40 °C.

However, having moderate success for the RCM of 298 using ruthenium complex 7,
treating diene 298 with 5-10 mol% of ruthenium complex 7 stirring in CHCl, or
benzene at room temperature for 10 hours gave some of the desired product 302,
however, in poor yield (10% vyield). Either refluxing for 10 hours in CHxCl, or
benzene also gave the desired product in poor yield in addition to recovered starting

material.
2.4.2 Synthesis and metathesis of carbon-linked diene vinyl bromides

It was of interest to investigate whether this methodology could be applied to other
classes of compounds. A number of carbocyclic precursors were easily obtained via
the mono-alkylation of diethyl malonate 272 with commercially available 2,3-
dibromo-1-propene, followed by alkylation with the required bromo-alkene to

provide RCM substrates 293, 309, 310 in moderate to good yields (Scheme 60).
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Et0,C H a EtO,C b EtO,C
_— Br —— Br
0
EtO,C H 50% EtO,C H EtO,C a
272 308 293 n=1 (63%)

309 n=2 (60%)
310 n=13 (76%)

cord Et0,C CO,Et EtO,C
_ I’l( or Br
EtO,C
Br I \—
Ph
294 n=1 (not observed) 312 n=3 (40%)
(method c) (method d)
311 n=2 (80%)
(method c)

Scheme 60. Reagents and conditions: a) t-BuOK, 18-crown-6, 2,3-dibromo-1-
propene, THF; b) ~-BuOK, 18-crown-6, 4-bromo-1-butene (n = 1) or 5-bromo-1-
pentene (n = 2) or 6-bromo-1-hexene (n = 3), THF; ¢) 4 (10 mol%), benzene, reflux,

10 h; d) 4 (20 mol%), benzene, reflux, 18 h.

Upon exposure of 293 to metathesis conditions, the metathesis failed to provide the
six-membered carbocyclic ring 294 and only starting material was recovered. As in
the case of the nitrogen-linked series, attempted RCM of 297 to produce the
cyclohexene derivatives 301 was not successful (Scheme 58). However, surprisingly,
RCM of 309 carried out using 10 mol% of the second generation Grubbs catalyst
under reflux in benzene for 10 hours afforded the seven-membered cyclised product
311 in high yield. In addition, the RCM of substrate 310 carried out using 20 mol%
of the second generation Grubbs catalyst under reflux in benzene for 18 hours
producing 20% yield of cross coupling product 312 and 50% yield of recovered
starting material (Scheme 60).

As an extension of the investigation on the RCM of carbon-linked dienes, the RCM
precursor 313 and 314 were synthesized (Scheme 61). Thereby, reduction of the
ester group with LiAlH, gave 1,3-diol product 313 ready for the subsequent RCM
reaction. Protection of 1,3-diol 313 was carried out to provide another substrate 314
for RCM reaction. RCM reaction of diol substrate 313 and protected diol 314 were
investigated (Scheme 61). However, no cyclisation product was observed in this case

and only recovered starting material was obtained.
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Scheme 61. Reagents and conditions: a) LiAlH4, THF; b) Amberlyst® 15, 4 A

molecular sieves, acetone; ¢) 4 (10 mol%), PhH, reflux, 10 h.

Despite previous reports on the failure of RCM of vinyl bromides to provide six-

membered cyclised products (Scheme 60), we felt that it would be interesting to

investigate the RCM of carbon-linked dienes by extending the carbon length

adjacent to the bromo diene moiety which would give the corresponding six-

membered products (Scheme 62). Alkylation of diethyl malonate 272 with 4-bromo-

1-butene was carried out to produce monoalkylated product 274. Subsequent

alkylation was accomplished by treatment of 274 with the corresponding triflate 318

to yield 319. An additional RCM substrate 321 was prepared by alkylation of diethyl

allylmalonate 320 and triflate 318.

Br Br
a
NOH NOTI‘
59%
317 318
EtO,C H b EtO,C .
EtO,C H 95% Et0,C H 70%
272 274
/
EO,C / ¢ EtO,C
0
E0,C B 62% EtO,C
Br
320 321

EtO,C
Et0,C

Br
319

Scheme 62. Reagents and conditions: a) TH,0, pyridine, CH,Cl,. 0 °C; b) -BuOK,

18-crown-6 and 4-bromo-1-butene; ¢) #-BuOK, 18-crown-6 and 318.
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Under metathesis conditions developed previously for vinyl-bromo olefin RCM
using 10 mol% of the second generation Grubbs catalyst 4 under reflux for 10 hours,
the bromo-substituted precursor 319 gave some cyclised product. The characteristic
triplet at around 6.15 ppm was observed in the '"H NMR spectra of the crude mixture.
However, purification by normal flash column chromatography was not possible
(Scheme 63). Surprisingly, under the identical conditions the bromo precursor 321
gave the cyclised product 323 (21%) which exhibited characteristic triplet at 5.78
ppm and desired product 324 (36%) which showed the characteristic triplet at 6.02
ppm in the 'H NMR spectra. Moreover, low resolution mass spectroscopy analysis
shown mass numbers (341, 342) and (327, 328) which could be attributed to the
cyclised product 323 and the desired product 324 respectively.

EtO,C o EtO,C_ __CO,Et
a
EtO,C
Br Br
319 322
EtO,C EtO,C EtO,C
Oy e
EtO,C EtO,C EtO,C
Br 21% 36%
321 323 324

Scheme 63. Reagents and conditions: a) 4 (10 mol%), PhH, 60 °C, 10 h.

Ruthenium-based carbene complexes can function as versatile catalysts for olefin
metathesis and olefin cyclopropanation. Several different ruthenium complexes are
presented which have been shown to be suitable catalysts for carbenoid
cyclopropanation.”” Cyclopropanation of styrenes with methyl diazoacetate (MDA)

or ethyl diazoacetate (EDA) has been reported (Scheme 64).
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Ph CO,R  Ph

H N
PR, = N, . %‘
CO,R r CO,R
R=Meor Et . 326 327
325 oC\Réu(SCl RO,C_ COR , __ ,COR
RO,C
328 329

Scheme 64. Ruthenium-carbene complexes structure mediated cyclopropanation

reaction.

The reaction yielded a diastereomeric mixture of cyclopropanes cis-326 and trans-
327, accompanied by the formal carbene dimer Z-328 and E-329. Two principle
pathways may be discussed for the carbene transfer from a carbene complex to an

alkene, via carbenoid (pathway A) (Scheme 65) and a coordination mechanism

(pathway B) (Scheme 66).

Pathway A
R
R
[Ryg=( Ry-C |
Z Z 7

Scheme 65. Carbenoid pathway

Pathway B

H
R =L
Z

R r%jﬂ L’—[——>ﬁu+%lph

/N SN
/:;CHZZ A< >:;Z

R

Scheme 66. Coordination mechanism
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In view of the mechanistic studies of the ruthenium carbene complex-catalysed
reactions described above, we therefore suggest that two possible pathways can be
exhibited in the reactions of bromo-olefins (Scheme 67). A reaction might involve
the formation of metallacycle 334a and subsequent rearrangement of the bromine to
release the cyclised product 322 with the elimination of ruthenium (pathway A). The
second possible pathway (pathway B) might involve reductive elimination from
metallacycle 334b to produce bromo-cyclopropanated intermediate 330. Subsequent
rearrangement of 330 would lead to the allylic bromide 322 (pathway A). However,
neither of the two mechanisms presented provide a clear catalytic pathway to the

allylic bromide.

/[Ru]
EtO,C / Et0,C EtO,C Eu]
—_— e ‘/‘
EtO,C EtO,C Br

EtO,C
Br Br 334a
320 333
Pathway A
EtO,C :
EtOZC Br
322
€]
Pathway B [+ Br }
- Br
EtOZC BI‘ EtOZC EtO C EtOZC
334b 330 331 332

Scheme 67. Proposed pathways for the formation of the cyclised product 322.
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Initially it was thought that the reaction may not proceed due to the vinyl bromide
functionality first reacting with the Grubbs catalyst forming Fischer-type carbene

complex (Scheme 68).

lIMes
7GR Z
Br 3 Br — > decompose
4 s IMes
N “RuCl
Cy,P Cl

Scheme 68. Ruthenium Fischer-type carbene complex

Therefore, preventing initial reaction of the halo-olefin with the catalyst was
attempted by directing the initial reaction of the catalyst to the unbrominated olefin.
According to this plan, the synthesis of trisubstituted bromo-olefin precursors was
carried out (Scheme 69). Synthesis of alkylating agents 337 were carried out
following the procedure of Kowalski.” Treatment of frans-crotonaldehyde 335 with
bromine solution and subsequent addition of triethylamine gave the bromo-enone
336 in a yield of 28%. Reduction of the aldehyde 336 gave the bromo-alcohol in
good yield.® Conversion of hydroxyl group into bromide was achieved using
phosphorus tribromide in diethyl ether to give bromo compound 337 in good yield
(89%)."" A trisubstituted brominated compound 339 was obtained by alkylation of
338 with alkylating agent 337 in the presence of +-BuOK and 18-crown-6 in good
yield (90%) (Scheme 69).

_FE Br,  CHy cd Br__
OHC 28% QHC 89% Br
335 336 337
Et02C><H e  EtO,C >(—/_/ f Et0,C .
—_— T
Et0,C H 70% Ew0,C H 90%  EtO,C \
CH,
272 338 339

Scheme 69. Reagents and conditions: a) Bry, CH,Cl,, =78 °C to 0 °C; b) NEt;, -78
°C; ¢) NaBH,4, THF/H,0 9:1; d) PBr;, Et,O; €) /-BuOK, 18-crown-6, 5-bromo-1-
pentene, THF; f) +-BuOK, 18-crown-6, 337, THF.
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Precursor 339 was then subjected to metathesis conditions, the seven-membered
product 311 was obtained in moderate yield (60%) (Scheme 70). The cyclised
product was observed, however, a reduced yield was obtained. For comparison, the
yield from the RCM of disubsituted bromo-olefin precursor 309 was 80%. These
results demonstrated that presumed retardation of the rate of reaction at the bromo-
olefin functionality by introduction of substitution allowed the catalyst to initiate at
the less substituted alkene. However, it can also decrease the reaction rate of the

subsequent cyclisation step.

Et0,C.__CO,Et
EtO,C EtO,C
Br & - Br
EtO,C \ 60% Br 80% EtO,C
CH,
339 311 309

Scheme 70. Reagents and conditions: a) 4 (10 mol%), PhH, reflux, 10 h.

In order to investigate the relative rates of the RCM with other substituted olefins,
alkyl substituted-olefins and bromo-olefins, the RCM of 340 was carried out using
10 mol% of the second generation Grubbs catalyst 4 refluxing in PhH (Scheme 71).
Disappointingly, no cyclisation was observed and only starting material was

recovered.

EtOzC a EtO2C COzEt

Br Vi

Et0,C Br

340 341

Scheme 71. Reagents and conditions: a) 10 mol% catalyst 4, PhH, reflux, 10 h.

In order to illustrate the utility of some of the products obtained from bromo-olefin
metathesis. We decided to investigate Pd-cross coupling reactions and halogen-
metal-exchange. An example of a Suzuki cross coupling reaction of 311 was carried
out to in order to demonstrate the utility of this type of product. Treatment of
cyclised products 311 with aq. Na,CO; and 3-methoxyphenyl boronic acid in the
presence of catalytic amount of Pd(PPh;), gave the coupled product 343 in excellent

yield.” Disappointingly, a bromine-magnesium exchange of metathesis product 311



61

with iso-propylmagnesium bromide did not give the desired product 342 (Scheme
72).” We have not made any further efforts to develop halogen-magnesium

exchange reaction.

Et0,C._ _CO,Et Et0,C.__CO,Et EtO2C CO,Et

©\ 92%

Scheme 72. Reagents and conditions: a) i-PtMgCl, trans-crotonyl chloride, THF; b)
2 M NayCO;, 3-methoxyphenyl boronic acid and Pd(PPh;3)4 (5 mol%), THF.

342

2.4.3 Metathesis of sulfamide-linked diene vinyl bromides

To evaluate the feasibility of bromo-olefin metathesis a number of substrates were
prepared following established methods.”® RCM of sulfamide precursor 344 also
carried out using 10 mol% of the second generation Grubbs catalyst 4 under reflux in
PhH (Scheme 73). Ring-closing metathesis of sulfamide 344 proceeded to afford
sulfamide 345 as the major product (66%) and a minor of sulfamide 346 (8%).

o O\ /O O\\ /O
\S/ a YNKNAPh . YN’S/\N/\Ph
Brjﬁ H Br

344 345 346

66% 8%

Scheme 73. Reagents and conditions: a) 4 (10 mol%), PhH, 60 °C, 10 h.
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2.5 Ring-closing metathesis of thioacetal precursors using titanium-
carbene complexes

Transition metal mediated ring-closing metathesis of dienes is a useful method for

81 82

the synthesis of various cyclic compounds. Ruthenium,’* molybdenum,

tungsten83 and rhenium® have been employed as catalyst for such transformation. In
1996, Nicolaou and his co-workers reported a new strategy for preparation of cyclic
enol ethers 348 directly from unsaturated esters 347 based on RCM using the Tebbe

reagent (Scheme 74).2

347

Scheme 74. Titanium-mediated metathesis strategy for the conversion of unsaturated

esters to cyclic enol ethers

Initially, Tebbe reagent would methylenate the ester 347 forming an exo-methylene
group. Subsequently, the methylenation product would react with a second molecule
of Tebbe reagent to afford titanocyclobutane and then lead to a titanium-alkylidene
complex. Intramolecular reaction via olefin metathesis occurred to produce the

desired cyclic enol ethers 348.

Following the development of RCM using titanium-carbene complexes, the ring-
closing metathesis of diphenyl thioacetals dienes using low-valent titanium species
was reported by Takeda and co-workers.®” Titanocene (II) species underwent
metathesis reaction with thioacetal dienes producing the cyclic ethers and sulfides in

moderate to good yield (Scheme 75).
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359 n=3,m=1LR,R3=H,R;=Me 368 n=3, m=1,R=H (71%)
360 n=3,m=1,R;=H,Ry, R3=Me 369 n=3,m=1,R,=H (8%)
361 n=3,m=1,R; = Me,R;,R3=H 370 n=3,m=1,R, =Me (87%)
362 n:1,m=1,R1,Rz,R3=H 371 n=1,m=1,R,=H (74%)
363 n=3,m=2,R|,R;,R3= 372 n=3,m=2,R;=H (50%)
364 n=3,m=2,R; = Mg, Rz,R3—H 373 n=3,m=2,R; = Me (87%)
365 n=1,m=3,R;,R),Ry=H 374 n=1,m=3,R,=H (58%)
366 n=1,m=3,R;= Me,R;,R; = 375 n=1,m=3,R, = Me (81%)

Scheme 75. Preparation of cycloalkanes,

cyclic ethers and sulfides.

2.5.1 Synthesis and attempted metathesis of thioacetal precursors

Encouraged by the results detailed above, an alternative strategy for the synthesis of

cyclic vinyl bromides was envisaged, by using thioacetals as carbene precursors.

According to this plan, treatment of thiophenol with commercially available methyl
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3,3-dimethoxypropanoate 376 in the presence of BF5;-OEt, followed by subsequent
reduction furnished the hydroxy thioacetal 377 in high yield.*® Tosylation of 377 was
carried out in order to prepare the alkylating agent 379. Under alkylating conditions,
however, the tosylate thioacetal 379 failed to afford the desired alkylated products
380, probably due to the low reactivity of tosylate compound 379 (Scheme 76).
Fortunately, we were able to prepare another thioacetal precursor 378 for subsequent
RCM studies by coupling of the alcohol 377 with sulfamide 197 under Mitsunobu

conditions in high yield.®”®*

SPh <O
OMe O a,b c Boc 93¢ Bn
— _— ~N"7°N
MeO OMe 89% PhS OH gy, prs. _4) F
376 377 2
SPh
90%| d 378
SPh . Et0,C g
Phs/von 7 EtO,C
SPh
379 PhS
380

Scheme 76. Reagents and conditions: a) PhSH, BF;.0Et,, THF; b) LiAlHs, THF; ¢)
197, DIAD, PPhs, THF; d) TsCl, Pyridine, CH,Cly; €) #-BuOK, 18-crown-6, 379,
THF.

The ring-closing metathesis of sulfamide thioacetal 378 was attempted using the
titanocene (II) species 382, which was prepared by the reduction of titanocene
dichloride 381 with magnesium in the presence of triethylphosphite and 4 A
molecular sieves.*> Thermal decomposition of the intermediate was observed and
none of the desired cyclised product 200 was obtained (Scheme 77). The cyclisation
of sulfamide thioacetal precursor failed, probably due to the incompatibility of the

substrate with titanocene (II) species, therefore we abandoned this strategy.
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Scheme 77. Reagents and conditions: a) Mg, P(OEt)s, 4 A molecular sieves, THF; b)
szTl[P(OEt)ﬂz, THEF.

2.6 Relay ring-closing metathesis (RRCM)

Recently, relay ring-closing metathesis‘(RRCM), which is a strategy for directing
metal movement throughout olefin metathesis sequence has been described. Hoye

have reported their first example of RRCM for the synthesis of cyclopentene

derivatives (Scheme 78).%% %
Me Me 3 T 7
}\E)%
_____ ;/// e
intermolecular
. M M
383 loading of Ru M
Me M
E E € Ru
= .
intramolecular
- 386
Me | relay:fast
Ru 385 - -
3 loading:fast ring closure:fast
E E
E = CO,Et Me Me

all in DCM at 45 °C
387

384

Scheme 78. Relay ring-closing metathesis (RRCM).

The RCM of dienes which contain two 1,1-disubstituted ethylene moieties does not
proceed toward the first generation Grubbs catalyst. However, exposure of the relay

substrate to the identical metathesis conditions resulted in smooth cyclisation to the
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tetrasubstituted cyclopentene derivatives. The relay moieties which contain the less
hindered alkene became the site for initial reaction with catalyst, leading to
intramolecular derivery of the ruthenium onto the less accessible position.

In order to investigate the alternative strategy for the RCM of bromo-olefins using
RRCM, the synthesis of precursors 396 was attempted (Scheme 79). Oxidation of 5-
hexen-1-ol 391 gave the corresponding aldehyde 392 in good yield.91 Apparently,
Swern oxidation has also been reported to oxidize the alcohol 391 to aldehyde 392 in
moderate yield.”> The Wittig reagent 390 was also synthesized by treatment of
ethylbromoacetate 388 with triphenylphosphine in PhH followed by addition of aq.
NaOH to give 389 in high yield. Bromination of 389 was accomplished by treatment
with bromine and subsequently addition of ag. KOH to produce the Wittig reagent
390 in high yield.” The aldehyde 392 was reacted with the Wittig reagent 390 to
produce bromoacrylate 393 in good yield. Reduction of the ester 393 with DIBALH
at room temperature afforded the bromo alcohol 394 in good yield.”* Conversion of
the alcohol 394 was carried out by treatment with phosphorus tribromide to furnish
bromide 395 in good yield.”> Alkylation of 319 with bromide 395 in the presence of
-BuOK and 18-crown-6 gave the relay precursors 396, ready for subsequent ring-

closing metathesis reaction (Scheme 79).

0
o 0
Br\)kom ab thQ&OEt e Phﬁﬁ)J\OEt

85%

78% Br
388 389 390
Br COzEt
» _~_~_-CHO e /\/\J/
N0 do = — %
391 78% 392 393
Br Br Br
! /\/J/\OH : = ’
v 78%
394 395
E E
Et0,C H 54% X Br
E = CO,Et
319 396

Scheme 79. Reagents and conditions: a) PPh;, PhH; b) aq. NaOH; c) Br,, follow by
aq. KOH; d) PCC; e) 390; f) DIBALH; g) PBr3, Et,0; h) 319, r-BuOK, 18-crown-6,
395, THF.
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Upon exposure of the relay precursors 396 to ring-closing metathesis conditions
using 10 mol% of second generation Grubbs catalyst refluxing in PhH for 10 hours,
none of the desired product 292 was observed (Scheme 80). Only decomposed

product and some remaining starting material were recovered.
E E
S BrE E
Br
396 292
Ri
R %* R

Br E E

BrE E

Ryj
397 398

Scheme 80. Relay ring-closing metathesis of precursor 396.
2.7 Conclusions and further work

Ring-closing metathesis of halo-olefins provides a novel approach to a variety of
vinyl halides in good to excellent yield. RCM of fluoro-olefins has been shown to
provide a convenient approach to a variety of carbocyclic and heterocyclic vinyl
fluorides from a commercially available fluoro-olefin (1-chloro-2-fluoroprop-2-ene).
Fluoro-olefins have been suggested as superior isosteric replacements for amide
bonds in medicinal chemistry and are therefore of considerable interest. Hence RCM
of vinyl fluorides constitutes useful methodology for the easy incorporation of

fluorine into carbocycles and heterocycles.

RCM of viny! bromides has been shown to be effective for the synthesis of certain
seven-membered hetero- and carbocycles. In contrast, the corresponding reactions to
form five- and six-membered rings were not generally successful. In the majority of
the unsuccessful reactions starting materials were recovered, although some cross-

metathesis products were obtained under more forcing conditions. Future work
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should focus on establishing an improved mechanistic understanding that will be
required to underpin development of the reaction. The scope of the metathesis
methodology should also be studied further along with investigations into the use of
different catalysts. The relay ring-closing metathesis (RRCM) strategy may help to
provide some clues, for example the use of this strategy for the synthesis of cyclic

vinyl bromides. An alternative RRCM precursor could be synthesized following

Scheme 81.
O
Ph,P. CO,Et
X a. epoxidation \(\/%O N w 2
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d. reduction AN OH e N Br
"""""" h S H Tttt e H
402 403
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Scheme 81. Attempt synthesis of alternative relay precursor.
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Chapter 3

Synthesis of (¥)-Deoxygalanthamine

3.1 Introduction to galanthamine

Galanthamine’® *” is an alkaloid found in the bulbs of snowdrops and many other

* It has recently received

plants belonging to the Amaryllidaceae family.”®
significant attention as a selective inhibitor of acetylcholinesterase (AchE) and
consequently for its potential clinical application for Alzheimer’s disease (AD)
treatment. It is a marketed drug being used in Austria and most recently in the rest of

Europe and in the United States.'%* %!

3.2 Alzheimer’s disease (AD)

Alzheimer’s disease (AD) is a progressive neurodegenerative disorder of the central
nervous system (CNS), affecting approximately 10% of the population over the age
of 65 years, 25% of the people over 75 and up to 45% of the people over 80. This
disease is also one of the most common forms of dementia, which is characterized
clinically by multiple cognitive deficits, including loss of memory, emotional
disturbance, personality changes and eventually, death.

The exact causes of AD are not known, however, neurochemical and
neuroanatomical studies suggest that the loss of cholinergic neurons which make
acetylcholine (Ach) neurotransmitter in the neocortex and hippocampus are those
predominantly affected in AD.'® The development of neuritic plaques between
neurons and neurofibrilary tangles within neurons are thought to be associated with
neuronal destruction leading to a reduction in the release of neurotransmitters. This is
particularly true of cholinergic neurons, where the result is a deficit in cholinergic
neurotransmission. According to the cholinergic hypothesis, the decline of the levels

of acetylcholine (Ach) neurotransmitter in the brain is intimately involved in memory

loss in AD.'%
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3.3 Acetylcholine (ACh)

Acetylcholine (Ach) is one of several neurotransmitters which carry nerve impulses
from one neuron to another in the brain’s communication system. It is produced by a
reversible reaction catalyzed by the enzyme cholineactyltransferase (ChAT). The
biosynthesis involves transfer of an acetyl group from acetylcoenzyme A (AcCoA) to
choline. The transmitter substances released from the presynaptic neuron cross the
synaptic gap and interact with receptors on the postsynaptic muscarinic (mAChR)
and/or nicotinic (nAChR) receptors. After each impulse it is necessary to deactivate
or terminate the signal through hydrolysis of acetylcholine by the enzyme acetyl
cholinesterase (AChE) to choline and acetate, or simple diffusion from the receptor
site. The neurotransmitter Ach may be retaken back into the storage site or it can be

synthesized in the presynaptic neuron (Diagram 17).
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Diagram 1. Diagrammatic representation of the synthesis, release and destruction of
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At present no drug has been discovered that provides complete protection of neurons.
However, effective AD treatments are realized by blocking Ach breakdown within
the synapse itself by use of AChE inhibitors and thus prolonging Ach action. An
example of one of the first generation of AChE inhibitors drug is tacrine
(Cognix™)'*” which is rarely used because of its potential liver toxicity. Currently,
the acetylcholine inhibitors donepezil (Aircept™),'" rivastigmine (Exelon™)'”* and

galanthamine (ReminleM)g6 have been proved effective in clinical trials (Figure 3).
NH: MeO i |
€ H N
CLC SR 0
N/ MeO O
N
Bn

Cognix™ Aircept™ Exelon™

Figure 3. Marketed AchE inhibitors for AD treatment.

Galanthamine is the last approved drug for the treatment of AD. It is a specific,
competitive and reversible AchE inhibitor. Distinct from the other drugs, it also
displays an increased beneficial effect due to its agonist action on nicotinic Ach

receptors at the postsynaptic site.”®
3.4 Discovery and synthesis of galanthamine

Galanthamine was isolated from the bulbs of the Caucasian snowdrop Galanthus
woronowi in 1952 and the common snowdrop G. nivaltis in 1954.°® It has also been
found in a number of other sources, for example, the extraction of the flowers of
Lycoris incarnata led to the isolation of galanthamine, sanguinine, lycoramine, O-
demethyllycoramine and galanthamine N-oxide. In addition, the extract of the bulbs
and aerial parts of Narcissus leonensis have been found to contain two new alkaloids,
epi-norgalanthamine and epi-norlycoramine. The structures of the representative

alkaloids isolated are shown in Table 8.°°
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Lycoramine N-oxide

Structure R R Name of alkaloids |
H Me Galanthamine
Ac Me O-Acetyl galanthamine
H Allyl N-Allyl galanthamine
H H Norgalanthamine
H CHO N-Formyl galanthamine
- - N-Chloromethyl-
galanthaminium chloride
H - Epi-Norgalanthamine
Ac - Narcisine
Me Me Lycoramine
Me H O-Dementhyl lycoramine
H Me Norlycoramine
Me - Epi-Lycoramine
Epi-Norlycoramine
H -
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Structure R R! Name of alkaloids
Me, O H Me | Galanthamine N-
oxide
Ac Me O-Acetyl
galanthamine V-
oxide
H H Sanguinine N-
oxide
- Narwedine
Leucotamine
H -
O-Methyl
OR OH Me - leucotamine
H Me Sanguinine
Ac Me 2-0-Acetyl-
chlidanthine
H H Norsanguinine
COCH,CH(OH)Me H Norbutsanguinine

Table 8. Structures of galanthamine and its derivatives.

Importantly, galanthamine and related compounds have been evaluated as potential

agents for the treatment of AD. However, the botanical supply of the alkaloids has

been limited and the cost of isolation from natural sources is extremely expensive.

Therefore, a number of total syntheses of galanthamine have been developed. Early

syntheses have utilized the classical, biomimetic phenolic oxidative coupling to

establish the critical quaternary centre of the galanthamine ring system. These

processes were Iinitially addressed by Barton.'” It has been shown that 4’-O-
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methylnorbelladine 405 was the precursor for the production of N-
demethylnarwedine 407, presumably through spontaneous cyclisation of dienone 406

generated from the oxidative phenol coupling (Scheme 82).

OMe
w L

OH K3FC(CN)6

HzO/NHHCO:;
70 h

spontaneous

Scheme 82. First biosynthesis of galanthamine via oxidative bisphenol coupling by

Barton ef al.

However, these syntheses have not been applied for direct access to galanthamine
derivatives which were found to be more potent (up to 70-fold) than galanthamine in
inhibiting AChE. This limitation has inspired the development of alternative
synthetic strategies by employing an intramolecular Heck reaction to create the spiro
quaternary carbon atom.

In 1999, Guillou and co-workers reported a formal synthesis of (+)-lycoramine, by
the use of an intramolecular Heck reaction as the key step to build the quaternary
centre (Scheme 83).'"” '® The synthesis starts with the Birch reaction of 4-
methoxyphenylacetic acid 410 followed by acidic work up which gave the
unsaturated cyclohexenone 411 in 90% yield. Subsequent esterification of 411 with
2-iodo-6-methoxyphenol led to 412. Heck cyclisation of 412 was accomplished using
a reactive catalyst formed from Pd(OAc), and dppe in the presence of 1,2,2,6,6-
pentamethylpiperidine (PMP) and BusNOAc. However, this key step delivered the
expected o,B-unsaturated ketone 413, in only a moderate yield (50%). Reaction of

413 with 40% aq. MeNH, gave the keto amide 414 in 97% yield, which was cyclised
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using a modified Pictet-Spengler reaction. Treatment of 414 with paraformaldehyde
and TFA at ambient temperature produced 415 in 81% yield. Finally, reduction of

415 with LiAlH,4 provided (+)-416 and (+)-417 in 72% and 13% yield, respectively.
0

50% O 97%,
(@) O OMe

OMe

416 R=0OH, R'=H (72%)
417 R=H, R'= OH (13%)

Scheme 83. Formal synthesis of (+)-lycoramine by Guillou and co-workers.
Reagents and conditions: a) Li, NH;, +-BuOH, —78 °C; b) 2-iodo-6-methoxyphenol,
EDCI, DMAP, CH,Cl,, 25 °C, 10 h; ¢) Pd(OAc), (10 mol%), dppe (20 mol%), PMP
(2 eq.), BuuNOACc (1 eq.), toluene, 70 °C, 5 h; d) MeNH; (aq); €) (CH20),, TFA,
CICH,CH,CI; f) LiAlH4, THF.

In 2001, the same group reported their total synthesis of (+)-galanthamine 409
(Scheme 84).'” Interestingly, this synthesis which was based on the synthesis of (+)-
oxonarwedine 424, could easily introduce the allylic hydroxyl group to furnish (¥)-

galanthamine 409.
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(+)-409

Scheme 84. Total synthesis of (+)-galanthamine by Guillou and co-workers.
Reagents and conditions: a) EDCI, DMAP, CH,Cl,, 0—20 °C, 5 h; b) [Pdy(dba)s],
dppe, TIOAc, CH;CN, reflux, 2 days; ¢) PhsCBFs, CH,Cl,, 1 h; d) 4 A MS,
(PhSe0),0, CH,Cly, reflux, 20 h; €) 40% MeNH,, THF, 20 min.; f) (CH20),, TFA,
CHCI,CH,Cl, 60 °C, 20 h; g) L-selectride, THF, -78 °C, 1 h; h) LiAlH4, DME, 50
°C, 12 h.

Starting from the protected ketone 419, esterification with 2-iodo-6-methoxyphenol
418 gave the ester 420 in 80% yield. Subsequent intramolecular Heck reaction was
carried out in the presence of 10 mol% of Pdy(dba)s;, dppe and thallium acetate. The
dioxolane group was removed under mild conditions by using triphenylcarbenium
tetrafluoroborate. Oxidation of the resulting unsaturated ketone 413 gave the dienone
422 in moderate yield. Treatment of 422 with 40% aq. MeNH; gave the amide 423 in
quantitative yield. Cyclisation of 423 was accomplished by treatment with
paraformaldehyde and TFA. The resulting enone 424 was reduced with L-selectride
to give alcohol 425 in 93% yield. Finally, reduction of 425 with LiAlH4 in DME
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produced (+)-galanthamine 409 in 80% yield. To this end, (+)-galanthamine 409 was
synthesized in 8 steps with 12% overall yield.

An alternative synthetic route to the tetracyclic galanthamine framework, also
employing an intramolecular Heck reaction as the key step, was also developed by
Fels and co-workers (Scheme 85)."'° Treatment of the commercially available
isovaniline 426 with Br, and ~-BuNH, gave 2-bromoisovaniline 427 in high yield.
Coupling of the corresponding racemic alcohol with the resulting phenol 427 under
Mitsunobu conditions produced ether 428 in moderate yield. Stereoselective
intramolecular Heck reaction of 428 was accomplished by using Pd(PPhs)s and
anhydrous K,CO; to secure the tricyclic intermediate 429 in moderate yield.
Treatment of 429 with MeNH, and NaBH, followed by an acidic work-up procedure
produced the tetracyclic galanthamine framework 430. This is a formal synthesis of
(+)-galanthamine 409 which can be obtained from 430 by reduction of the amide and

functionalization of allylic position.

CHO

OMe OMe
430 (2)—409

Scheme 85. Synthesis of the tetracyclic galanthamine core by Fels and co-workers.

Reagents and conditions: a) Bry, t-BuNH,, CH,Cl,, —=78 °C, 5 h; b) 427, DEAD,

PPhs, toluene, 4 d; c) Pd(PPhs)s, K,COs, toluene, 107 °C, 12 h; d) i. MeNH,,

CH30H, 2 h, ii. NaBH,, 0 °C, 2 h.

Another closely related approach to the galanthamine ring system has been reported
by Parsons et al. (Scheme 87).""" This route is similar to Fels et al.''* however, the

Mitsunobu and intramolecular Heck reaction were optimized leading to the
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formation of the galanthamine framework in an improved overall yield. The required
allylic alcohol 437 for the Mitsunobu reaction was synthesized following a 4 step
sequence (Scheme 86). Birch reduction of methyl 2-methoxy-benzoate 431 gave the
cyclohexadiene 432 in 83% yield. Deprotonation with LDA and subsequent
quenching with N N-dimethyl bromoacetamide 433 produced 434 in quantitative
yield. Saponification of the ester 434 followed by hydrolysis with conc. HCI afforded
the B-keto acid, which underwent spontaneous decarboxylation to give isomeric
cyclohexenes 435 and 436. The mixture was heated in THF and 1M HCI to give the
thermodynamic 2-ene isomer 435. Treatment of 435 with NaBH4 furnished the

desired allylic alcohol fragment 437.

CO,Me CO,Me Me,N CO,Me
i OMe i OMe b \ﬂ/b/OMe
- - O
83% Br Yy NMe,
6]
431 432 433 434
95%
OH
Q 0 NMe
NMe, W NMe, e 2
c + . 0
929 O F 0 75%
435 436 437

! d |
Scheme 86. Synthesis of allylic alcohol fragment. Reagents and conditions: a) K, lig
NH;, THF, ~BuOH; NH4Cl; b) LDA, THF, 433; ¢) NaOH, H,O; conc. HCI; d) IM

HCI, THF; e) NaBH4, MeOH.

In order to synthesise the galanthamine ring system, the Mitsunobu coupling of
phenol 438 with alcohol 437 using tributylphosphine and the morpholine derivative
of DEAD gave the easily purified product 439 in 65% yield. Subsequent
intramolecular Heck reaction of 439 in the presence of Pd(OAc), using Ag,COs as
base to prevent isomerisation, produced tricyclic compound 440 in 75% yield. The
aldehyde 440 was condensed with MeNH, and subsequent reduction gave the
secondary amine 441. The hydrochloride salt of this amine was heated under high

vacuum to furnish the galanthamine ring system 430 in 92% yield (Scheme 87)
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OMe OMe

438 437 439 NMe,

(2)-409

430

Scheme 87. Synthesis of the (+)-galanthamine framework by Parsons and co-
workers. Reagents and conditions: a) azodicarboxylic dimorpholide, BusP, THF; b)
Pd(OAc),, Ag,COs, dppe, DMF, reflux, 2 h; ¢) MeNH,, EtOH; NaBH4, MeOH; d)
HCI, MeOH; vacuum, 120 °C.

In 2000, the first enantioselective total synthesis of (-)-galanthamine was reported by
Trost and co-workers. Sequential palladium-catalyzed asymmetric allylic alkylation
(AAA) and intramolecular Heck reaction have been employed (Scheme 89).112 In
order to prepare the carbonate precursor for asymmetric Heck reaction, a practical
synthesis of ester 445 utilizing the Horner-Wadsworth-Emmons reaction of
dialdehyde 442 was carried out. Treatment of glutaraldehyde 442 with trimethyl
phophonoacetate 443 in aq. K,CO; prepared alcohol 444 in moderate yield (46%).

Direct treatment of crude alcohol 444 with trichloroethyl carbonate (Troc) gave the

desired carbonate 445 with a moderate yield (54%) (Scheme 88).
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I
P CO,Me
N2
MeO™ L o CO,Me CO,Me
OTroc
OHC:> 443 OH b
OHC a, 46% 54%
444 445

442

Scheme 88. Synthesis of 2-substituted cyclohexyl carbonate. Reagents and
conditions: a) aq. K,COs, 2 d; b) Troc-Cl, DMAP, Pyr, CH,Cl,.

Ph
0
NH

Ph

0

HN

OH o
PPh, Ph,P
MCO\@Br . Q 446 MeO. i :Br CO,Me
TrocO 0
CHO a, 72% CHO

C0,Me 88% ee
427 445 447

)

b, 92%
MeO Br  ~OTBDMS
0
¢ 97% OTBDMS

448 449 R=TBDMS (50%)
450 R=H (19%)

10:1Z:E 454
453
Scheme 89. Synthesis of (-)-3-deoxygalanthamine by Trost. Reagents and

conditions: a) 446 (3 mol%), [7°-C3HsPdCl]; (1 mol%), NEt;, CH,Cly; b) DIBAL-H,
PhCHj3, —78 °C; ¢) TBDMSOTY, 2,6-lutidine, CH,Clp; d) proton sponge, Pd(OAc),
(20 mol%), dcpe (18 mol%), DMA. 80 °C; ¢) TBAF, THF; f) MnO,, acetone; g) 1.
MeNH;Cl, NaCNBH;, CH3;OH, ii. Boc,O, CH,Cl,, NEt;; h) Dess-Martin
periodinane, NaHCOs;, CH,Cly; i) NaN(TMS),, CH;OCH,P"Ph;Br; j) i. TFA,
CH,Cl,, ii. NaCNBHj3;, CH30H, 4 A molecular sieve, 0 °C.



81

Palladium-catalyzed reaction of 2-bromo isovanillin 427 and carbonate 445 in the
presence of ligand 446 produced the required aryl ether 447 in good yield (72%) and
enantioselectivity (88% ee). However, attempted intramolecular Heck reaction of
aryl ether 447 failed, resulting in ionization of phenol. It was suggested that the
presence of an electron-withdrawing group on the phenol allows for palladium-
catalyzed ionization rather than the intramolecular Heck reaction. Thus, treatment of
447 with DIBAL-H followed by diol protection with TBDMS-triflate delivered bis-
TBDMS ether 448 in §9% yield. Subsequently, the crucial step was achieved by the
intramolecular Heck reaction of 448 catalyzed by Pd(OAc), in presence of the
dicyclohexylphosphine ligand, dcpe to give benzofuran 449 in 50% yield and 19% of
the monodeprotected product 450 without detectable amounts of ionization.

In order to prepare hydrobenzazepine ring of galanthamine, TBDMS protecting
groups were removed and chemoselective MnO, oxidation of the diol was carried out
to produce aldehyde 451. Reductive amination of aldehydes 451 was accomplished
by treatment with methylamine followed by reduction with NaCNBHj to afford the
secondary amine 452. The subsequent Boc protection was carried out to give 452 in
83% yield. Dess-Martin oxidation of 452 produced the amino aldehyde in 92% yield.
The Wittig olefination of the aldehyde with the ylide derived from
methoxymethyltriphenylphosphonium bromide and NaHMDS gave the adduct 453 in
64% yield. Deprotection of the amine 453 with concomitant reductive amination led
to (—)-deoxygalanthamine 454 in 53% overall yield (Scheme 89).

Attempts to carry out direct allylic oxidation on 454 failed. Therefore, a four-step
oxidation was developed to introduce the C3 hydroxy group stercoselectively
(Scheme 90). Treatment of the tosylammonium salt of 454 with dimethyldioxirane
gave the mixture the corresponding a-hydroxy tosylate and epoxide 455 which was
isolated in 45% vyield, after treatment of the mixture with DBU. Regioselective
opening of epoxide 455 with sodium phenylselenide gave o-hydroxy selenide 456 in
98% vyield. Chemoselective oxidation of selenide 456 with NalOq4 followed by
heating to eliminate the selenoxides furnished (-)-isogalanthamine 457 in 64% yield.
Treatment of 457 with Osborn’s rhenium (VII) catalyst delivered (—)-galanthamine
409 in 50% yield. In conclusion, this strategy required 14 steps starting from the
synthesis of aryl cther 447 with 88% ee and 1.5% overall yield for an

enantioselective synthesis of (—)-galanthamine 409.
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Scheme 90. Four-step sequence to achieve allylic oxidation. Reagents and
conditions: a) 1) TsOH, CH,Cl,, ii) DMDQO, iii) DBU; b) PhSeSePh, NaBH4, EtOH,
80 °C; c) NalO4, THF, H,O then CHCl3, 80 °C; d) Ph3SiOReOs, TsOH, PhH, 60 °C.

In 2002, Trost and Tang reported the second-generation strategy for an
enantionselective synthesis of (-)-galanthamine 409 (Scheme 91, 92).'"” This
strategy represented the first successful direct allylic oxidation, introducing the C3
allylic hydroxyl to the (-)-galanthamine skeleton. As in the previous synthesis, aryl
ether 447 was prepared utilizing the palladium-mediated asymmetric allylic
alkylation (AAA) in good yield (72%) and with high enantioselectivity (87% to 88%
ee). Dimethylacetal protection of aldehyde 447 was carried out by treatment with
trimethyl orthoformate and TsOH. Selective reduction of the unsaturated ester with
DIBAL-H provided allylic alcohol 458 in good yield (85%), which underwent a
modified Mitsunobu reaction followed by acid hydrolysis to return the unsaturated
nitrile 459. The Pd-catalyzed cyclisation of the acetronitrile substituted cyclohexene
459 smoothly produced the desired Heck product 460 in high yield (91%). The direct
allylic oxidation was carried out by treatment of olefin 460 with SeO; in dioxane at
150°C in the presence of NaH,PO, and quartz sand in a sealed tube. However, the
yield of the allylic alcohol 461 was moderate (57%) with 7% recovered starting

material (Scheme 91).
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Scheme 91. Synthesis of tricyclic skeleton of galanthamine. Reagents and
conditions: a) 5% TsOH, CH(OMe)s;, MeOH; b) DIBAL-H, toluene, —78 °C; ¢)
Ph;P, acetonecyanohydrin, DIAD, Et,0; d) 20% TsOH, THF, H,0; e) Pd(OAc), (15
mol%), dppp (15 mol%), Ag,CO;, PhCHs, 107 °C, 24 h; f) SeO,, NaH,PO,,
dioxane, 150 °C, 3 h.

To accomplish the synthesis of D-ring, treatment of aldehyde 461 with methylamine
in methanol solution followed by reduction with DIBAL-H and acid quenching
presumably gave the seven-membered ring of hemiaminal 463. The solution was
treated directly with NaCNBHj3 to provided (-)-galanthamine 409 in 62% yield and
epi-409 in 6% yield. This synthetic route provided improved overall yield (14.8%
yield from 427 and 445, 96% ee) in fewer steps (8 steps) in comparison to the

previous synthetic strategy.
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463 (—)-409 R= Me (62%)
(-)-464 R= n-Pr (56%)

Scheme 92. Complete the synthesis by one-pot procedure. Reagents and conditions:

a) RNH;, MeOH; b) DIBAL-H then aq. NaH,POj,; ¢) NaCNBH3s.

Lastly, novel synthetic strategy for the preparation of (£)-lycoramine 416 has been
reported by Hsin and his co-worker (Scheme 93).''* This strategy has utilized a Pd-
catalyzed Heck reaction and a spontaneous intramolecular Michael addition to
construct the seven-membered azepane ring (ring D) and the five-membered furan

ring (ring B) respectively.
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Scheme 93. Total synthesis of (+)-lycoramine by Hsin et al. Reagents and
conditions: a) MsCl, CH,Cl; b) MeNH,; (aq), reflux; c¢) trimethyl orthoformate,
CH,Cl,; d) LDA, MOMCI, THF, -78 °C; e) n-BuLi, I, =78 °C; f) 3 N HCI; g) BnBr,
K,CO:s, acetone; h) KMnOy, acetone-H,0; i) SOCl,, THF then 465, Et;N, THF; j)
Pd(OAc),, PPhs, K,CO;, CH3CN, 130 °C; k) silica gel, MeOH; 1) SnCls, CHCl,; m)
LiAlH4, THF, reflux.

The simple mesylation of diol 465, which was prepared from cyclohexene-1,4-dione
monoethylene ketal, led to the bis-mesylate which was subject to a substitution
reaction and also elimination with methylamine to produce the secondary amine 466.

Coupling of amine 466 with 2-iodobenzoic acid derivative 468 gave amide 469 in
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good yield (73%). The acid 468 was obtained from oxidation of protected aldehyde
438, which was prepared in five steps. Subsequent intramolecular Heck reaction was
carried out using Pd(OAc),, PhsP and K;COs3 in CH3CN leading to the formation of
cyclized product 469 with 28% yield, 21% of recovered starting material and 15% of
de-iodinated product. The ethylene ketal group was removed upon contact with silica
gel in MeOH to afford kefone 471 1n high yield (95%). Removal of benzyl group was
accompanied by a spontaneous Michael addition to produce the tetracyclic
oxolycoraminone 415 in 75% yield. Reduction of both ketone and amide groups with
LiAlH4 gave (%)-lycoramine 416 with excellent diastereoselectivity, however in
moderate yield (53%). This strategy has firstly demonstrated the direct formation of
seven-membered azepene ring by using an intramolecular Heck reaction.

In conclusion, several synthetic strategies for the synthesis of galanthamine and its
derivatives have been developed. Particularly, the intramolecular Heck reaction has
been employed as the key convergent step to construct the galanthamine framework.
There is, however, considerable scope to utilize other methodologies, such as radical
cyclisation and the well known metathesis reaction, to develop efficient asymmetric

routes for the construction of galanthamine and related compounds.

3.5 The Southampton approach to the (+)-galanthamine framework

The aim of these initial studies was to discover novel strategies for the synthesis of
the galanthamine framework. A new approach was formulated utilizing the
Mitsunobu reaction, enyne ring-closing metathesis and a radical cyclisation as key
steps. The retrosynthetic consideration led us to propose the route as shown in
Scheme 94. It was envisaged that ring D could be constructed by a reductive
amination of the corresponding amine and the aldehyde functionality in 472. An
intramolecular Heck reaction was envisioned to build the five-membered furan ring
(ring B) via Pd-catalyzed 5-exo-trig cyclisation of intermediate 473. The latter would
be obtained from the synthesis of intermediate 474 by a hydroboration-oxidation
sequence. Enyne metathesis was considered for the formation of ring C. Finally, the
intermediate 475 could be synthesized from the coupling of a 2-haloisovanillin 427

or 438 and the propargylic alcohol 476 by utilizing the Mitsunobu reaction.
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Scheme 94. Retrosynthetic analysis of (+)-deoxygalanthamine 454.

3.6 Synthesis of (£)-galanthamine framework

The synthetic work commenced by oxidation of the commercially available 5-hexen-
1-0l 392 with PCC to afford aldehyde 393 in good yield.”' The aldehyde 393 was
reacted with ethynylmagnesium bromide by reverse addition to afford the secondary
alcohol 476 in moderate yield (Scheme 95). Coupling of the resulting alcohol 476
with the phenol 478, which was obtained from bromination of isovanillin 426 in
acetic acid with Fe and NaOAc catalysis,''* was carried out using the Mitsunobu
reaction in the presence of DIAD and PhsP.¥ Unfortunately, the yield for this
coupling reaction was moderate. Meanwhile, Mitsunobu reaction of phenol 478 with
alcohol 476 was also carried out under the same conditions, giving the coupling

product 479 in low yield (Scheme 95).
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Scheme 95. Reagents and conditions: a) PCC, CH,Clp; b) ethynylmagnesium
bromide, THF; ¢) NaBH,, MeOH; d) TBSCI, DMAP, Et;N, CHyCly; e) DIAD, PPhs,
476.

Disappointing results using DIAD and PPh; as the Mitsunobu reagents to couple the
two fragments led us to investigate the use of other reagents for the Mitsunobu
reaction. It was found that the use of DBAD and n-BusP gave better yields of the
coupling product and an easier purification process.116 Compound 480 was now in
hand and ready for an investigation of the enyne ring-closing metathesis reaction.’
Treatment of 480 with 3 mol% of the first generation Grubbs catalyst refluxing in
dry CH,Cl; for 10 hours produced the enyne RCM product 481 in good yield. We
were then able to investigate the radical mediated closure of the ring B.
Intramolecular radical cyclisation of diene 481 was investigated using BuzSnH in the
presence of AIBN refluxing in dry benzene.''” ''** According to Baldwin rules,'”” an
intramolecular radical cyclisation of this precursor 481 could provide four possible
cyclised products through 7-endo, 6-exo, 5-exo and 6-endo cyclisation modes for the
trigonal system. The 5-exo-trig product should be kinetically favored leading to the
formation of the tricyclic compound 482. However, the intramolecular radical
cyclisation of 481 failed to produce any of the expected products, and only

decomposed products were observed (Scheme 96).
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Scheme 96. Reagents and conditions: a) PCC, CH,Cly; b) ethynylmagnesium
bromide; ¢) NaOAc, Fe, AcOH, Br,; d) DIAD, PPh;, 476, THF; e) 3 (3 mol%),
CH,Cl,, reflux; f) BusSnH, AIBN, PhH, reflux; g) BusSnH, AIBN, PhH, sealed tube,
130-135 °C.

The failed cyclisation of bromide substrate 481 was thought to be due to the bromide
substrate 481 acting as a poor precursor to an aryl radical. The iodo compound 483
was an alternative choice for the cyclisation. Disappointingly, the reaction did not
give the expected product 482 and only decomposed products were detected again

(Scheme 97).

CHO Y CHO V4
I a [:;:[j.
0
0 H
OCH; OCHj;
483 482

Scheme 97. Reagents and conditions: a) Bu;SnH, AIBN, PhH, reflux.

In order to prepare the tricyclic galanthamine framework, an intramolecular radical
cyclisation of diene 483 using Bu;SnH and AIBN was attempted (Scheme 96, 97).
However, poor results were observed. Therefore, attempts to cyclise 481 or 483 by
this pathway were abandoned. It was decided to investigate an intramolecular Heck
reaction, which had been used previously to create the quaternary carbon centre by
others in their approaches to galanthamine (Scheme 98).''> ' Synthesis of the
precursor for the Heck reaction was commenced by iododination of commercially
available isovanillin 426 to afford the o-iodophenol 438 in good yield."*® Mitsunobu
reaction of phenol 438 with 476 utilizing DBAD and »n-BusP gave the coupling
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product 484 in better yield in comparison to the corresponding reaction using DIAD
and PhsP. The enyne ring-closing metathesis was accomplished using 3 mol% of the
first generation Grubbs catalyst 3 refluxing in CH,Cl, for 2 hours to produce the
cyclised product 483 in good yield. Purification by flash column chromatography
was carried out to remove some decomposed catalyst giving a good yield of the pure
product 483. The aldehyde 483 was reduced and subsequent protection gave silyl
ether 485. Hydroboration of the protected diene 485 was accomplished by treatment
with 9-BBN and subsequent oxidation with NaOH and H,O, in one-pot process to

121 After protection of the resulting alcohol 486, a

give alcohol 486 in good yield.
palladium catalyzed intramolecular Heck reaction gave tricyclic compound 488 in

excellent yield.'?' Removal of the silyl protection then gave diol 489 in high yield.

CHO CHO
a I I/J\\/J/J
56%

OH 70% OH
OCH;, OCH3 OCH3
426
TBSO
CHO
6296 959@ e
OCH3 OCH3
TBSO TBSO
TBSO TBSO
OCH3 OCH3
HO
HO
—
93% o
H
OCH;,
489

Scheme 98. Reagents and conditions: a) ICl, dioxane, pyridine; b) DBAD, n-BusP,
476, THF; ¢) 3 (3 mol%), CH,Cly; d) i) NaBH,;, MeOH, ii) TBSCI, DMAP,
imidazole, Et;N, CH,Cly; e) 9-BBN, THF, NaOH, H,0,; f) TBSCI, DMAP,
imidazole, Et;N, CH,Cl,; g) Pd(OAC),, Ag,COs, dppp, PhCHj3; h) TBAF, THEF.
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To accomplish the synthesis of (+)-deoxygalanthamine, tosylation of the resulting
diol 489 was carried out by treatment with tosyl chloride and Et;N in the presence of
DMAP (Scheme 99). The 'H NMR spectrum of the crude mixture showed signals
suggesting that tosylation had occurred, and it was assumed that the bis-tosylate
product 490 had been formed. Addition of a solution of methylamine hydrochloride
in CH,Cl, to the presumed bis-tosylate 490 did not proceed to give the desired
product. It was thought that the problem arose from incomplete tosylation of the diol
489 in the previous step. Due to the development of alternative approaches, this bis-
tosylate route was not investigated further. As an alternative, a Mitsunobu reaction to
generate ring D of the galanthamine framework was investigated (Scheme 99).
Unfortunately, treatment of diol 489 with nosylamine in the presence of DBAD and
n-Bu;P failed to give the desired product 491 and only starting material was

recovered. For the reasons described above, this approach was also abandoned.

TsO HO
TsO HO
) = ) >
(0] q 0O a
OCH; OCH;,4
490 489
R . B |
G - e 2

Scheme 99. Reagents and conditions: a) TsCl, Et;N, DMAP, CH,Cly; b) NsNH,
DBAD, n-BusP, THF.

An alternative route to the galanthamine framework starting with the synthesis of
substituted cyclohexene 492 was devised. The new route would employ an enyne
ring-closing metathesis and hydroboration-oxidation reaction sequence. Subsequent
Mitsunobu and intramolecular Heck reactions would also be carried out to generate

the galanthamine ring system.
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Scheme 100. Alternative retrosynthetic analysis of (+)-deoxygalanthamine 454.

In order to synthesise the C-ring fragment, alcohol 476 was protected as its TBS
ether. Subsequent enyne ring-closing metathesis was accomplished by treatment with
3 mol% of the first generation Grubbs catalyst 3 in CH,Cl; at reflux for 2 hours to
generate the cyclised product 493 in high yield. This diene 493 was exposed to the
hydroboration-oxidation regimen by treatment with 9-BBN at room temperature
followed by oxidation with NaOH/H,0; to furnish alcohol 495 in excellent yield.'"
After deprotection of 495, the primary hydroxy group of the resulting diol 496 was

selectively protected to provide alcohol 492 (Scheme 101). 122

| I | /
It . b c .
o 95% RSO 8% RSO 97%
476 494 493
TBSO

495
Scheme 101. Reagents and conditions: a) TBSCI, DMAP, imidazole, Et;N, DMF; b)

3 (3 mol%), CH,Cly; ¢) 9-BBN, THF, NaOH, H,0,; d) TBAF, THF; e) TBSCI,
DMAP, Et;N, DMF.

Coupling 492 with the o-iodophenol 438 using the pivotal Mitsunobu reaction
afforded the desired aryl ether in acceptable yield. Subsequent intramolecular Heck

reaction of 497 was carried out by treatment with 15 mol% of Pd(OAc); in the
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presence of 15 mol% of dppp and excess amount of Ag,COs to produce the tricyclic
product 498 in high yield. In order to create the seven-menbered ring, the aldehyde
functionality of the cyclised product 498 was converted to secondary amine 499
following the procedure of Bhattacharyya and co-workers.'” The aldehyde 498 was
treated with methylamine hydrochloride in the presence of Et;N followed by
reduction with NaBH, to give the crude amine 499 in high yield. Without further
purification of the amine 499, the Boc-protection was accomplished to give the crude
carbamate 500. TBS-deprotection of alcohol 500 was carried out to produce the free
hydroxy group, which was subjected to oxidation by treatment with Dess-Martin
periodinane giving the aldehyde product 472 in excellent yield.'** Finally, the Boc
group was removed with TFA at room temperature, followed by treatment with
NaCNBH;. Purification by flash column chromatography eluting with 1:9 of
Et;N:EtOAc furnished the (+)-deoxygalanthamine 454 in good yield (Scheme 102).

CHO CHO
)=
on  60% T og) 94%
OCH3 OCH3 OCH3
438 498
Boc
| TBSO 1130" TBSO 5 HO
e/
99% 58% ‘ 0 H‘
OCH3 OCH3 OCH;,3
499 500 501
I\I/Ie
N
Me
: —t - I
5% 71% o
H
OCH,;
(+)-454

Scheme 102. Reagents and conditions: a) DBAD, n-BusP, 492, THF; b) Pd(OAC);,
Ag,COs, dppp, PhCH3; ¢) 1) MeNH,.HCI, EtOH, Ti(O'Pr),, ii) NaBHs; d) Boc:O,
NEt;, CH,Cly; e) TBAF, THF; f) Dess-Martin periodinane, CH,Cl,; g) TFA, 4 A
MS, CH,Cl,, then NaCNBH;, MeOH.
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Alongside the routes described above, an alternative approach to the galanthamine
alkaloids was also investigated (Scheme 103). Exposure of 476 or 494 to cross
metathesis conditions in the presence of 10 mol% of the second generation Grubbs
catalyst 4 refluxing in CH,Cl, was carried out. However, the reaction failed to give
the desired cyclised products, and only decomposed products were observed

(Scheme 103).
AcO

AcO
T . A,
+, -——ﬁ#»
HO HO TBSO TBSO
476 502 49

4 503

Scheme 103. Reagents and conditions: a) 4 (10 mol%), CH,Cl,, reflux.

Interestingly, exposure of metathesis precursor 480 to cross metathesis conditions in
the presence of the second generation Grubbs catalyst 4 and excess amount of vinyl
acetate refluxing in CH,Cl, gave trans- and cis-cross metathesis products (504 and
505) in 36% and 30% yields respectively (Scheme 104)."*> 126 Removal of the acetyl
group by treatment with potassium carbonate in MeOH produced the conjugated
aldehyde 506 in good yield. It was believed that this compound 506 would be a
useful intermediate to build up the galanthamine ring system. An Intramolecular
Heck reaction could be employed to construct the B-ring. The resulting aldehyde
moieties could be converted to diol 509. Attention to preparation of the ring D, the
benzylic alcohol could be selectively oxidized and converted into amino alcohol by
reductive amination. Oxidation and subsequent reductive amination would be
accomplished to complete the (x)-galanthamine framework. The investigations along

this line are currently in progress.
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Scheme 104. Reagents and conditions: a) 3 (10 mol%), CH,Cl,; b) K,CO3, MeOH.
3.7 Conclusions and future work

The synthesis of (+)-deoxygalanthamine 454 has been carried out successfully using
a Mitsunobu reaction to link the two major fragments. Enyne ring-closing metathesis
and intramolecular Heck reaction allowed us to complete the lower three rings
present in galanthamine. However, protection and deprotection steps render the
current route somewhat cumbersome in terms of the longest linear sequence. Future
work should concentrate on alternative routes in order to reduce the number of linear
synthetic steps. One such approach could involve the introduction of tertiary amine
to ring A followed by the Mitsunobu reaction, enyne ring-closing metathesis,
hydroboration-oxidation sequence producing intermediate 516. Heck cyclisation
could then be used to form the ring B. Subsequent oxidation and reductive amination
could be accomplished to complete ring D. It also would be interesting to investigate
the directed allylic oxidation of the resulting (+)-deoxygalanthamine 454 to generate

(+)-galanthamine 409 (Scheme 105), although this is a well-established process.' '
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Scheme 105. Proposed alternative synthetic approach to (+)-galanthamine 409.

The asymmetric synthetic approaches for the preparation of enantiomerically pure
galanthamine should also be considered. The synthesis of the enantiopure alcohol
521 could be accomplished by various methods.?”” '*® One possible approach is
outlined in Scheme 106. The previous established method could then be used to

complete an asymmetric synthesis of (—)-galanthamine 409 (Scheme 106).
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Scheme 106. Proposed asymmetric synthesis of (—)-galanthamine 409.
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Chapter 4

Experimental

4.1 General procedures

All chemicals were used as received from standard chemical suppliers unless
otherwise state. All non-aqueous experiments were performed in oven or fram-dried
apparatus under argon atmosphere using distilled dry solvents. All reactions were
followed by thin layer chromatography (TLC) using Merk aluminium sheets coated
with silica gel Fas4 and visualized under UV light with wavelength 254 nm, iodine,
potassium permanganate or molybdate solution. Flash chromatography was carried
out on Fisher Matrix*Silica 60. Tetrahydrofuran (THF) was distilled from
sodium/benzophenone. Dichloromethane was distilled from CaH,. Acetonitrile was
dried over CaCl, and distilled from CaH,. Acetone was dried over CaSO, and
distilled. Other chemicals were obtained from Fluka or Merck and used as received.
Evaporation refers to rotary evaporation of solvent.

'H-NMR and “C-NMR were recorded in CDCl; solution using a Bruker AC300
(300 and 75MHz respectively), a Bruker AM300 (as for the AC300) or a Bruker
DPX400 (400 and 100 MHz respectively). Chemical shift (8) are in ppm and
coupling constants (/) are in Hertz (Hz). The abbreviations s (singlet), d (doublet), t
(triplet), q (quartet) and m (multiplet) are used when reporting the data.

IR spectra were recorded on a Nicolet Impact 400 spectrometer fitted with a Spectra
Tech Thunderdome accessory. Samples were supported on sodium chloride cells.
The abbreviations s (strong), m (medium), w (weak) and br (broad) are used when
reporting the data.

Mass spectra acquired using an electrospray technique (ES™) were recorded on a
Fisons VG platform single quadrupole mass spectrometer in electron spray ionisation
mode. Those obtained using an electron (EIMS) or chemical ionisation technique
(CIMS) were recorded on a Thermoquest trace GC-MS with combined EI / CI source
using a Macherey — Nagel Optima Delta-3 column — 0.25um (30 m x 0.25 mm).

Relative abundances are reported in brackets after the mass.
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4.2 Procedures relating to research described in Chapter 2, section

2.1 Ring-closing metathesis of vinyl fluoro dienes

Benzyl-(2-fluore-allyl)-amine (179)

CioH12N
A M.w. = 165.10 g/mol
Ph 1{\1/\[/ w g
H F pale yellow oil

To a stirred solution of benzylamine 196 (500 mg, 4.67 mmol) in DMF (5 ml) was
added NaH, 60% dispersion in mineral oil (112 mg, 4.67 mmol). After stirring for 30
minutes, 3-chloro-2-fluoro propene (385 ul, 4.67 mmol) was added. The reaction
mixture was stirred for 15 hours before being quenched with water (10 ml). The
organic phase was separated and the aqueous phase was extracted with EtOAc (3 x
10 ml). The combined organic phases were washed with brine (10 ml), dried over
MgSO4 and concentrated under reduced pressure to yield the crude product as a
yellow oil. Purification was accomplished by flash chromatography on silica gel (15
g) eluting with 10% EtOAc/hexane to yield the title compound 196 as a pale yellow
oil (449 mg, 2.72 mmol, 58%).

"H NMR (300 MHz, CDCls) § 7.12-7.29 (5H, m, ArH), 4.73 (1H, dd, Jur = 17.1
Hz, J = 2.8 Hz, HaHgC=CFCH,), 4.50 (1H, dd, Jur = 49.6 Hz, J = 2.8 Hz,
Hx HpC=CFCH,), 3.90 (2H, s, PhCH>), 3.36 (2H, d, Jy.r = 14.2 Hz, H,C=CFCH,),
1.63 (1H, s, NH).

BC NMR (75 MHz, CDCl3) § 164.1 (d, Jer = 257 Hz, H;,C=CFCH,), 139.8 (Ca),
128.6 (2 x CHy,), 1284 (2 x CHy,), 127.3 (CHy), 91.7 (d, Jor = 18.2 Hz
H2C=CFCH2), 52.6 (PhCHz), 48.9 (d, JC-F =30.2 HZ, H2C=CFCH2).

F NMR (282 MHz, CDCl;) 8 —5.50-(—6.00) (1F, m).

IR Vimax neat (em™): 3352 (m), 3087 (m), 3050 (m), 1687 (m), 1488 (s), 1445 (m),
1195 (s).
LRMS (ES*, CH;CN) m/z (relative intensity %): 166 [M+H]" (100).

HRMS (ES"): Calcd. for C1oH;3N: 166.1027, found 166.1027.
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2-(2-Fluoro-allyl)-2-prop-2-enyl-malonic acid diethyl ester (182)

/ C13H19FO4

CO,Et M.w. = 258.29 g/mol

CO,E colourless oil

To a stirring solution of 270 (100 mg, 0.45 mmol) in DMF (4 mL) was added sodium
iodide (15 mg) and a 1M solution of NaHMDS in THF (450 uL, 0.45 mmol). After
stirring for 10 minutes, allyl bromide (40 pL, 0.45 mmol) was added. The reaction
mixture was heated at 60°C for 4 hours before being quenched with H,O (5 mL) and
extracted with Et,0 (3 x 10 mL). The combined ether phases were washed with
brine (10 mL), dried over Na,SO, and concentrated under reduced pressure to give
the crude product as a colourless oil. Purification was accomplished by flash
chromatography on silica gel (4 g) eluting with 5% Et,O/hexane to provide the title
compound 182 as a colourless oil (104 mg, 0.40 mmol, 90 %).

'H NMR (400MHz, CDCl;) 8 5.56 (1H, ddt, J = 17.9, 10.3, 7.0 Hz, HyC=CHCH,),
5.09-5.04 (2H, m, H,C=CHCH,), 4.60 (1H, dd, Jur = 17.0 Hz, J = 2.8 Hz,
H,HsC=CFCH,), 4.25 (1H, dd, J = 2.8 Hz, Jir = 49.3 Hz, HyHgC=CFCH}), 4.13
(4H, q, J = 7.1 Hz, CO,CH,CH3), 2.78 (2H, d, Jir = 21.0 Hz, H,C=CFCH,), 2.67
(2H, d, J = 7.0 Hz, H,C=CHCH,), 1.63 (6H, t, J = 7.1 Hz, CO,CH,CH3).

BC NMR (100 MHz, CDCl3) & 170.2 (COEt), 162.4 (d, Jor = 258.0 Hz,
H,C=CFCH,), 132.1 (H,C=CHCHy), 119.8 (H,C=CHCHy,), 94.4 (d, Jcr = 19.3 Hz,
H,C=CFCH,), 61.7 (H,C=CHCH,, CO,CH,CH3), 55.9 (d, J = 3.2 Hz, CH(CO,Et)y),
36.4 (Ho,C=CHCH,), 35.1 (d, Jor = 26.5 Hz, H,C=CFCH,), 14.1 (CO,CH,CHj).

YF NMR (282