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The Development of E-and Z-Selective Base-Catalyzed Redox Isomerizations

and Ene-Diene Cross Metathesis

John P. Sonye, B.A.

University of Pittsburgh, 2006

v-Oxo-a,B-alkenoates are found in several natural products and are versatile synthetic
intermediates. We have developed methods to selectively prepare E and Z-alkenoates from v-
hydroxy-a,B-alkynoates wherein the optimization, mechanism, and scope of the reactions are
described. Biological testing of y-oxo-a,B-alkenoates and their derivatives in zebrafish embryos
also are discussed.

Since the development of ruthenium alkylidene catalysts, olefin metathesis has become a
useful method in synthetic organic chemistry. However, certain areas of metathesis have
remained under-researched; in particular, the cross metathesis of a 1,3-diene with a terminal
olefin known as ene-diene cross metathesis (EDCM). The attempt at optimization of EDCM

reactions using a general model is also discussed.
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1.0 INTRODUCTION

1.1 v-0XO0-0,B-UNSATURATED ESTERS AS BIOLOGICALLY ACTIVE SMALL
MOLECULES

Electrophilic natural products exhibit useful biological activities." Fumagillin (Figure 1, 1) and
epoxomicin (2) both use epoxide functionalities to covalently trap proteases in which fumagillin
inhibits angiogenesis and epoxomicin inhibits protein degradation caused by the proteasome.
Epoxides are not the only electrophilic moiety found in natural products. [-lactones are also
potent proteasome inhibitors. For example, lactacystin (3) contains a masked P-lactone and

salinosporamide (4) contains an explicit -lactone.

Epoxomicin

@

Lactacystin Salinosporamide

®3) 4
Figure 1. Electrophilic natural products



One class of electrophilic natural products that contain y-oxo-o,B-unsaturated esters also
exhibit biological activities (Figure 2). For example, pyrenophorin® (Figure 2, 5),
vermiculine™ (6), (+)-patulolide A%’ (7), A26771B%’ (8), and grahamimycin A'*'" (9) exhibit
antifungal and/or antibiotic activity. The cytochalasins A'? and L' (10 and 11) belong to a
unique class of macrocycles that display several activities such as inhibition of the division of the
cytoplasm (from which their name originates),'* reversible inhibition of cell movement,'
glucose transport,'”” among others. In particular cytochalasin A (10) inhibits growth and sugar
uptake in a Saccharomyces strain.'>'®!” Finally, (+)-macrosphelide B (12) inhibits cell-cell

. 18,19
adhesion molecules.™™

R = H, Pyrenophorin (5) (+)-Patulolide A A26771B (-)-Grahamiycin A
R = Ac, Vermiculene (6) (7) (8) 9

Me
Me OH Me

Cytochalasin A Cytochalasin L (+)-Macrosphelide B
(10) (12) (12)

Figure 2. Natural products containing y-oxo-a,-unsaturated esters.

For the natural products shown above, except for the cytochalasins,'® the y-oxo-o.p-
unsaturated ester moiety is the most-likely reactive part of the molecule since it is a Michael
acceptor. The biological activity of this functionality was important enough to merit a
systematic study by Dal Pozzo.?® who prepared derivatives of the basic structure shown in Figure
3 wherein (1) the substitution on the olefin was varied; (2) the aromatic groups were varied based
on electron donating/withdrawing ability; (3) the olefin geometry was varied (E/Z); and (4) either
a carboxylic acid or methyl ester was used. These molecules’ reactivities toward cysteine (which

is the functional part of cysteine proteases) were studied by UV spectroscopy. Although the



product was not isolated, they determined that the cysteine addition to the olefin caused the loss
of the starting material’s UV peak. These kinetic studies made trends apparent: (1) increasing
the sterics around the olefin decreased the reactivity of the molecule; (2) the methyl esters were
more reactive than the corresponding acid; (3) electron-donating aromatic rings decrease the
reactivity towards cysteine due to a decrease in the overall electrophilicity of the molecule; and
(4) the Z-olefin was less reactive than the E-olefin. Concerning the olefin geometry, the Z-olefin
reacted between 7-500 times slower than the E-olefin (Scheme 1). Dal Pozzo hypothesized the
Z-olefin was not planar due to lone pair repulsion on the carbonyl oxygen that decreased the
molecule’s overall conjugation and its reactivity towards cysteine. This difference in reactivity

merited methods that would produce E-and Z-y-oxo-a.-unsaturated esters selectively.

Rs O
R, = H, Me
A 1 ’
rNORl R, = H, Me
le} R, R3; =H, Me
13

Figure 3. Systematic biological studies of y-oxo-a.p-unsaturated esters and acids.

0
®
H3N €]
(6] @) 0 o
H3N €]
3
Ph)V\H/OMe + \ﬁ‘\o then 1+ __(fast) o 3 15
> M
o) L Ph)K/kﬂ/o e
E43 14 o
e 7 Os__OMe
Oo OMe H3N S (slow) o) Oe
+ o then H* 15
ph” NF O Ph s o
ONH,
Z43 14

Scheme 1. Cysteine reactivity toward E and Z-alkenoates.

1.2 PREPARATION OF y-0OXO-0,-UNSATURATED ESTERS

Currently, there are several methods to prepare y-oxo-a,p-unsaturated esters. One of the more

efficient methods is shown in Scheme 2.2' This method uses a base to deprotonate in-between



the C=0O and S=O bond of 16 and the resulting enolate is reacted with methylbromoacetate to
yield the B-keto sulfoxide 17. When the intermediate is heated in refluxing dioxane, the
elimination of sulfoxide moiety yields the desired y-oxo-a,B-unsaturated ester 18 in 85-99 %.

The preparation is efficient; however, the elimination only yields the E-olefin.

) o)
O O OMe h
. eat, NaHCOs3, = OMe
R)J\/S\ base then BrCH,CO,CHj3 R)J\S/\g/ BrCH,CO,CHs RJ\/\H/
s Me” S0 ©
17 18

Scheme 2. Sulfoxide elimination to yield E-alkenoates.

A second method is shown in Scheme 3.?2 The sequence starts similarly to Scheme 2, in
which removal of the a-proton from 19 generates enolate 20; however, 20 undergoes an aldol
condensation with 21 to form alkoxide 22. This alkoxide then eliminates chloride to generate
epoxide 23, which in turn is opened by the base removal of the a-proton to yield y-hydroxy-a,f-
alkenoate 24 in 40-87 % yield. This y-hydroxy-a,p-alkenoate is oxidized by MnO; to give vy-
oxo-a,B-alkenoate 25 in 79-87 % yield. Several problems exist with this method, such as the
potential for over-chlorination in the preparation of the a-chloro aldehyde or ketone and the

difficultly of the formation of the epoxide intermediate.

OLi Rs
Ry — R
19 20 Ry R !
2 22
Cl
21 l
O R3 OH Rj3 o R3
Et MnO, E base
Rl)%(o t Ry = OEt _ - OEt
R, O R, O 1 Reg
25 24 23

Scheme 3. Aldol condensation, epoxdation to yield E-alkenoates.

A third method to make these substrates is shown in Scheme 4.> This method involves a
substitution reaction between a-bromoketone 26 and phosphonium ylide 27 in which the ylide

participates in a substitution reaction instead of a Wittig reaction to give 28. Refluxing in



chloroform causes the elimination of the triphenylphosphine to yield the desired y-oxo-a,B-(E)-

unsaturated ester 29 in 58—85 % yield.

)
0 o CHCl,, 61 °C o “pen; o i
T3, 02 My OMe —_— = OMe
R)J\/ r 3 \)J\OMe R g
26 27 g © 29

Scheme 4. Phosphine elimination to yield E-alkenoates.

A fourth method to make y-oxo-a,B-(E)-unsaturated esters appears in Scheme 5.>* This
approach involves the initial a-deprotonation of ester 31, and the ester enolate subsequently
attacks the unsaturated nitro-amine compound 30 to eliminate the amine. Then a second
deprotonation occurs to make 32. Finally, treatment of 32 with silica gel facilitates the

hydrolysis to yield the y-oxo-a,B-(E)-unsaturated ester 33 in 26-90 % yield.

O o
NO, 0 _ .
Me,N™ ™~ LiNMe R @ silica gel &N
T R, e Reysor, 1® SIS Ry op,
NO, R, O R,
®
30 31 32 33

Scheme 5. Hydrolysis of nitro group to yield E-alkenoates.

Although there are several approaches to make the E-alkenoate, there are limited ways to
make the Z-alkenoate. Aside from using UV light to isomerize the E-alkenoate to the Z-
alkenoate,” the only other known approach is the oxidation of furans. Oxidants such as PCC
have been used,”® but one of the mildest methods is portrayed in Scheme 6.’ This method uses
triplet oxygen and methylene blue in methanol to facilitate the oxidation of furan 34 to Z-
alkenoate 35 in 75-98 % yield. While this furan oxidation is efficient, the preparation of the

furan may take several steps to accomplish.

R: R, R R
M hv, 30,, MeOH, methylene blue, ﬁ
. R OMe
R ~0Me -40°C t0 -20°C: SR, N 4
34 35

Scheme 6. Preparation of Z-alkenoates via a furan oxidation.



1.3 REDOX ISOMERIZATION OF y-HYDROXY-a,8-ALKYNOATES TO y-OXO-
0,p-ALKENOATES

Despite the success of the previously reported methods, a more direct way to prepare y-oxo-a,[3-
alkenoates 37 involves a redox isomerization using y-hydroxy-o,pB-alkynoates 36. The term
redox is applied to this reaction because the hydroxy group is oxidized to the ketone and the

alkyne is reduced to the alkene (Scheme 8).

base catalyst le)
or .
R)x metal catalyst RJv\EWG
EWG
36 37
OR .
EWG = ;‘J\ﬂ/ . N-containing

fe) heteroaromatics

Scheme 7. General redox isomerization conditions from others.

Using this approach, y-hydroxy-a,B-alkynoates 40 can be convergently prepared from
aldehydes and electron deficient alkynes in one step using one of two methodologies. Aldehyde
38 and alkyne 39 are united by the action of n-butyllithium (Scheme 8, Pathway A).*®
Alternatively, silver acetylide 41 reacts with aldehyde 38 (Pathway B) to yield the desired v-
hydroxy-a,B-alkynoate using Cp,ZrCl, and AgOTf.”

OH

0
o Q n-BuLi, THF Cp,ZrCl,, AgOTf o
— . Ry . =Pl AGUTT ,
RJ\H ///J\OR' -100 °C N\ OR CH,Clp, 23°C = OR RJ\H
Ag
38 39 40 © 41 38
Pathway A Pathway B

Scheme 8. Convergent preparations of y-hydroxy-a,B-alkynoates.

Several groups have reported redox isomerization of y-hydroxy-a,f-alkynoates to y-oxo-
a,pB-alkenoates. The Raphael group showed in 1949 that the treatment of alkynoate 42 with neat
Et;N overnight at 23 °C yielded E-alkenoate E43, in 94 %, after distillation of the reaction
mixture (Scheme 9) and did not isolate the Z-alkenoate.™ Although the E-alkenoate was
isolated, the Z-alkenoate could be formed and was converted to the E-alkenoate by residual

amounts of Et;N in the distillation. The Raphael group (Scheme 10) also proposed that during



the transformation allenol 44 was formed as an intermediate; however they did not
experimentally demonstrate if this was a plausible pathway. Finally, this transformation was
unique to only tertiary amines, for the use of a secondary amine (Scheme 11) caused a conjugate

addition/lactonization reaction to yield 45 in 70 % yield.”’

OH o o
distillation
Et3N (neat) .
Ph X ST R %% OMe neat leading t a OMe
A OM - Ph)J\/"xn/ eat leading to Ph
)\V\/ © 23 °C ovemight isomerization of Z
o) 43 © o
42 E/Z ratio E43
not determined no detectable Z
Scheme 9. Raphael's conditions for Et;N-catalyzed redox isomerization.
OH
Ph HQ CO,M i _~__OM
AN OMe 2 GOMe — o )J\/\”/ e
Ph o
(6]
42 44 E43

Scheme 10. Et;N-catalyzed redox isomerization: proposed allenol intermediate.

OH O
Et,NH (neat) )
Ph” X 2 .
)\"/OMG 23 °C overnight Ph):/é
o) NEt,
42 45

Scheme 11. Et,NH-facilitated lactonization of y-hydroxy-a,p-alkynoates.

An adaptation of Raphael’s conditions was applied to thiophene derivative 46 to yield E-
alkenoate 47 (Scheme 12) in 84 % yield.*' Likewise, another modification using a pyridazinone
48 instead of the ester yielded the E-oxoalkene derivative 49 (Scheme 13).>* In this example, the
authors propose the following mechanism. Because of the electron withdrawing pyridazinone
and phenyl rings, the resulting acidity of the methine proton is increased and can be deprotonated
by Et;N (Scheme 14) in which the negative charge can be stabilized by the alkyne to give the
allenyl anion 50. The allenyl anion is then immediately protonated by the protonated Et;N to
give allenol 51. This allenol tautomerizes to yield the E-oxo-alkene 49 in 80 % yield.



O
_ EGN.EtO . omt
T23°C, overnight \\
S O

47

Scheme 12. Et;N-catalyzed redox isomerization of a thiophene derivative.

o)
EtsN, MeOH _ Me0” N |
~ 65°C N ~__Ph
Ph o)

49

Scheme 13. Et;N-catalyzed redox isomerization using pyridazinone derivatives.

(0]
MeO™ > MeO/\l}l |
X2 Ph
Ph
OH
L 50 _
O
A Ph
M S
Nx
Ph H

Scheme 14. Proposed mechanism for Et;N-catalyzed redox isomerization.

The mechanism shown in Scheme 14 was based on previous literature in that similar
mechanisms to Scheme 14 were proposed to explain the formation of E-oxo-alkene 54 (Scheme
15) instead of 55.>>*® One such example was reported by the Kundu group in 1997, in which a
Sonagashira coupling was attempted to yield alkynyl uracils; however the E-oxo-alkene 54 was
isolated instead of alkynol 55 (Scheme 15).” The Kundu group also proposed that after the
palladium coupling, Et;N deprotonated the methine proton in P36 leading to the allenol and
finally to the E-oxo-alkene P35 in 71-92 % yield.



L, o . e
Aco\) AcO 53 Aco\) oH
54 52 55

(not formed)
Conditions: PPh3 PdCl,, Cul, Et3N, DMF, 55 °C, 6 h

Scheme 15. Combined Sonagashira coupling and redox isomerization.

A third use of Raphael’s conditions was demonstrated by Bernotas in 2004.>> Bernotas
used the transformation in the preparation of arylpiperazines that are a common motif in G-
protein receptor ligands. In the transformation, he treated several o-fluorophenyl alkynoate
derivatives 56 (Scheme 16) with Et;N in dioxane at 55-60 °C for 6-8 h and yielded the
corresponding E-alkenoate 57 exclusively in 63-95 % yield. This alkenoate was then treated

with ethylenediamine in DMF to yield the arylpiperazine 58 in 53—64 % yield.

OH 1)
Et;N, dioxane PZ OEt (NH,CH,),, DMF [
N 3 2LM2)2
X‘@f\"/o'ﬂ 55 - 60 °C X I 60 °C N
F
0 F

56 57
X =H, 3-F, 4-Cl, 4-OMe 58

2T

Scheme 16. Preparation of aryl piperazines using Et;N-catalyzed redox isomerization.

A final modification of the Raphael conditions was demonstrated by the Misiti group.*’
During their studies on palladium-catalyzed hydroarylation and hydrogenation, treatment of
aromatic alkynoates 59 (Scheme 17) with tributylamine in DMF at 23 °C for 0.5 to 1 h resulted
in a mixture of E:Z alkenoates E60 in 16-98 % yield. Although the redox isomerization
occurred rapidly, the E:Z selectivity ranged from poor to good with the best E:Z selectivity of
8.4:1.

OH o
n-BugN (1.0 equiv) 75% yield
Ph A~ OEt y
X__OEt DMF23°C05-1.0h Ph 8.41EZ
o]
o]
59 E60

Scheme 17. n-Bu;N-catalyzed redox isomerization .



Although there are several methods to accomplish the redox isomerization using bases,
only one example of an intentional redox isomerization using transition metals has been reported.
Treatment of an aromatic or alkyl alkynoate 61 (Scheme 18) with (PPh3);RhCl and
tributylphosphine at 110 °C for 12 h yielded exclusively the E-alkenoate 62 in 56-82 % yield.*!

The high temperature was a necessity for this reaction to proceed with high E-selectivity.

OH
[P(Ph3)sRhCI (3 mol%) o
R)\n/oa n-BusP (5 mol%) RJ\%\WOH no detectable Z
110°C, 12 h o
o}
61 R = phenyl alky! 62

Scheme 18. [P(Ph;)];RhCI catalyzed redox isomerization.

1.4  RESEARCH AIMS

Despite the utility of such redox isomerizations, the mechanisms of these reactions were never
studied. Only one hypothesis was proposed but not experimentally elucidated. Raphael
proposed an allenol intermediate but no mechanism on how this redox isomerization proceeds.
Similar to Raphael’s pathway, Kundu and others propose a methine deprotonation by the amine
leading to an allenyl anion which can be stabilized by the nitrogen heterocycle, but none
attempted to elucidate it.** One of the objectives of my research was to study the mechanism.
Once the reactions were optimized selectively yielding multiple E and Z-alkenoates, these
alkenoates would then be submitted for biological testing to determine their biological activity.
These molecules should be good electrophiles and be biologically active. If a molecule exhibits
potent activity, analogues of that molecule would be prepared and tested to gain insight into a

possible mode of action.
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2.0 RESULTS AND DISCUSSION

2.1 BACKGROUND

A former group member discovered that treatment of 42 with 20 mol% of DABCO in THF for 5
h produced E43 in 34 % yield (77 % yield BORSM) (Scheme 19). In addition, Z43 was isolated
as a by-product of the O-allylation of 1 (Scheme 20). These reactions suggested that it might be
possible to produce E43 and Z43 selectively from 42.

OH

o
Ph X DABCO (20 mol%) oM 34% yield
)\’(OMe THE23°C5n P ® (77% yield BORSM)
g o
42 E43

Scheme 19. DABCO-catalyzed E-selective redox isomerization using THF.

/\/
oH Ag,0 (2.0 equiv) o (o] Ox-OMe
I (5.0 equiv
Ph" " OMe _Z ( quiv) . Ph™ "\ OMe P NF
CH,Cl,, 23 °C, 4 days 1
42 63 743

56% yield

Scheme 20. Formation of Z2 by-product from O-allylation.

Initially we hypothesized that if base promoted the redox isomerization of 42 to E43,
then acid might promote a skeletal-diversification of 42. Treatment of 42 with either 10 mol% of
acetic acid or pTsOH at 23, 50 or 80 °C, however, only resulted in recovery of the starting

material (Table 1) showing that 42 is inert to acid.
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Table 1. Attempts at structural diversity using acid.

OH
Ph [ acid (10 mol%) See Text
S\ _OMe solvent
o
42
Acid Solvent Temperature (°C) Time (h) Result
AcOH CH,Cl, 23 0.5 Starting Material
pTsOH CH,Cl, 23 1.0 Starting Material
AcOH (CICH),), 50 1.3 Starting Material
80 1.5
pTsOH (CICH,), 50 1.3 Starting Material
80 1.5

Since an acid-catalyzed skeletal-diversification was not feasible, we pursued a base-
catalyzed redox isomerization instead. In order to elucidate reaction order, kinetics and obtain an
accurate E/Z selectivity, Alkynoate 42 was treated with 10 mol% of base in CDCl; and the
reaction was monitored by 'H NMR spectroscopy until the majority of the starting material was
consumed. When alkynoate 42 was treated with DMAP, no desired product was formed after the
consumption of the starting material (Table 2, Entry 1) whereas DABCO only gave a trace
amount of conversion after 3 days (Entry 2). Treatment of alkynoate 42 with Et;N and DBU
gave E:Z selectivity of 1.9:1 (Entry 3) and 5:1 (Entry 4) respectively. Although DBU gave a
good stereoselectivity, a less basic tertiary amine would be more desirable so that base sensitive
functionalities can be used. Interestingly, when alkynoate 42 was subjected to 10 mol% of
iPr,NEt, the reaction gave a modest selectivity in favor of the Z-olefin (E:Z = 1:1.4, Entry 5).
During all these reactions, the E:Z selectivity did not change as the reaction progressed, showing
that the conversion of one isomer to another did not occur. Although the E:Z selectivity
remained constant, the reaction times could be improved. Therefore solvent effects were studied
to improve reaction time and yield.

Increasing the polarity of the solvent decreased the reaction time, which indicates that the
DMSO stabilized some charged intermediates as shown by Et;N and iPr,NEt (Figures 4 and 5

respectively). The E:Z selectivity was not dramatically affected by the solvent (compare Entries

12



3,7, 9 and Entries 5, 8, 10). In C¢Dg, treatment of alkynoate 42 with DABCO gave only a trace
conversion (Entry 6), similar to CDCl; (Entry 2), but when the solvent was changed to DMSO-
ds, alkynoate 42 was easily converted to the alkenoate with an excellent E:Z selectivity of 33:1
(Entry 11). In CDsCN, the E:Z selectivity was 10:1 and intractable by-products were also formed
(Entry 12). From the results, we decided to pursue an E-selective DABCO-catalyzed redox

isomerization as well as a Z-selective, iPr,NEt-catalyzed redox isomerization.

Table 2. Initial base and solvent effect studies.

OH o
0,
N
w2 © 43
Entry Base Solvent tyn (h) % Yield E:Z
1 DMAP CDCly n.d. n.d. Not formed
2 DABCO CDCl, n.d. n.d. Trace after 72 h
3 EtsN CDCl, 17 56 19:1
4 DBU CDCl3 <0.3 61 5:1
5 iProNEt CDCl3 60 93 1:14
6 DABCO CeDg n.d. n.d Trace after 72h
7 EtsN CgDg 16 n.d. 13:1
8 iProNEt CeDsg 126 n.d. 1:1
9 Et;N DMSO-dg 15 50 15:1
10 iProNEt DMSO-dg 12 n.d. 1:16
11 DABCO DMSO-dg 1.5 70 33:1
12 DABCO CD3;CN n.d. n.d. >10:1

13
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Figure 4. Et;N-catalyzed redox isomerization: solvent effects.

iPr2NEt
100 -
80 -
.g ¢ CDCI3
2 601 C6D6
>
é 40 | DMSO
=S
20 |
orm : : )
0.0 100.0 200.0 300.0
Time (h)

Figure 5. iPr,NEt-catalyzed redox isomerization: solvent effects.
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2.2 E-SELECTIVE REDOX ISOMERIZATION
2.2.1 Reaction Optimization and Mechanistic Studies

Mechanisms: During these NMR studies, four plausible mechanisms were hypothesized.
Mechanism A involves the deprotonation of 4-H in alkynoate 42, wherein the negative charge
can be stabilized by the unsaturated ester system to give cummulenolate 64 (Scheme 21). Then
64 is protonated by the most acidic proton source in the reaction system to give allenol 65°° that

in turn tautomerizes to yield Z-alkenoate 43.*

OH P RaN:7 )

@
Ph 3 ) H\/J/'H H o O OMe
i N2/ ome HO,, ~OMe o, . /U\j
Ph (¢S] Ph” Ph
O> t - >—0Me
RgN— O

42 64 65 ] 743
(Intermediate Proposed by Raphael)

Scheme 21. Mechanism A: methine deprotonation mechanism.

Mechanism B involves the amine deprotonating the hydroxyl group, which in turn causes
a 1,2-hydride shift of 4-H to produce allenolate 66 (Scheme 22). This allenolate is then

protonated most likely on the less hindered side to yield the Z-alkenoate.

¢ :NR3
_H
0 o) OMe Os__OMe
B | A P |- AT
H\/\? OMe Ph kb Ph Z
1 H
0> H®
42 66 743

Scheme 22. Mechanism B: 1,2-hydride shift mechanism.

Mechanism C involves the nucleophilic addition of the amine to 3-C of the unsaturated
ester system to generate allenolate 67 (Scheme 23). Allenolate 67 then undergoes an
intramolecular proton transfer to produce alkoxide 68. This alkoxide undergoes a 1,2-hydride

shift of the hydrogen in the 4-position, which in turn is stabilized by the unsaturated ester system

15



to give ester enolate 69. Ester enolate 69 then reforms the ester carbonyl and eliminates the

amine to yield an E:Z-mixture of alkenoates.

( C]
OH , OH‘\ intramolecular o
Ph
Phj@ e — OMe H transfer ﬁh\/_
RaN: 210> RaN@ e RsNp <0
MeO
42 L 67 68 .
O
0 ()
% OMe o
Ph)J\/kn/ R3N@) A\ (oY
0 (%
43 MeO -
69

Scheme 23. Mechanism C: conjugate addition / 1,2-hydride shift mechanism.

Finally mechanism D starts similarly as mechanism C, in which the amine adds to the 3-
position to generate allenolate 70; this in turn undergoes an intramolecular hydrogen transfer to
give alkoxide 71 (Scheme 24). This alkoxide is protonated at the alkoxide oxygen to produce
intermediate 72 which is then deprotonated at the 4-position and the negative charge is stabilized
by the unsaturated ester system to 3,4-unsaturated ester enolate 73. This ester enolate undergoes
a proton transfer to generate enol-ester enolate 74. Enol-ester enolate 74 is then protonated at the
3-position to give the 4-oxo-enol ester 75. This 4-oxo-enol ester is then deprotonated causing the
reformation of the ester carbonyl and the amine elimination to yield an E:Z-mixture of

alkenoates.
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Scheme 24. Mechanism D: conjugate addition / methine deprotonation mechanism.

Cyclobutyl alkynoate studies: To help indicate which mechanism was more plausible,

two analogues based on alkynoate 42 were prepared. Alkynoates 76 and 77 (Figure 6) were

prepared to aid in indicating if the DABCO-catalyzed redox isomerization was proceeding by

mechanism B (1,2-hydride shift) or mechanism C (conjugate addition / 1,2-hydride shift). The

premise (as shown compared to mechanism B in Scheme 25) is that DABCO deprotonates the

alcohol in alkynoate 76 but instead of the 1,2-hydride shift, alkynoate 76 would undergo a ring

expansion to relieve the strain of the 4-membered ring. The reaction should then progress to

generate an E:Z mixture of 79. These two substrates can elude to mechanism C as well (not

shown).

OH OH
OZ&”/OMe |:&”/OMe
(0] (0]
76 7

Figure 6. Cyclobutyl-alkynoates that elude to mechanisms B or C.
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Scheme 25. Mechanism for DABCO-catalyzed redox isomerization and ring expansion.

Treatment of alkynoate 76 with 10 mol% DABCO in DMSO (Scheme 26) resulted in
recovering starting material even when the reaction was heated to 140 °C. The inertness of this
substrate could be due to the bicyclic structure causing extra strain as the four-member ring
“reached” to bind to 3-C. In an attempt to alleviate the added strain from the bicyclic system,
alkynoate 77 was prepared. However, exposure of alkynoate 77 to similar reaction conditions
(Scheme 27) resulted in only isolation of the starting material even when heated to 90 °C.
Failure of alkynoates 76 and 77 to form any alkenoate indicated that the reaction may not

proceed via mechanisms B or C. However, these results did not elucidate the actual mechanism.

4 OH 0
3 DABCO (10 mol%)
X2 1 OMe DMSO,75h 4 =5
23t0140°Cc 11 e
o) o
76 79

(not formed)

Scheme 26. Failed ring expansion on bicylic alkynoate using DABCO.

OH o)
43 ) DABCO (10 mol%)
X 1. 0Me DMSO, 70h 4y _—
23t090°c ! OMe
o) o)
77 78

(not formed)

Scheme 27. Failed ring expansion on cyclobutyl alkynoate using DABCO.
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DABCO amount studies: To determine which one of these mechanisms is most

plausible for the DABCO-catalyzed redox isomerization, kinetic studies were performed. From
the NMR study of the DABCO reaction, second order kinetics provided the best fit for the data
collected which demonstrated that the reaction is second order overall (Figure 7). We
hypothesized that the reaction was first order with respect to DABCO and alkynoate. In order to
verify this, the DABCO-catalyzed redox isomerization was repeated using different DABCO
amounts and again monitored using '"H NMR spectroscopy. By plotting the initial rate of the
three reactions versus the base concentration, we determined that the reaction is indeed first
order in base (Figure 8). Since the reaction was second order overall, the reaction must be first
order in alkynoate. Therefore, the rate determining step must involved one molecule of DABCO

and one molecule of alkynoate.

100 -
80 7 ‘
c
kS
» 60 -
(D)
>
S 40 - + 5.6 mol%
g 10 mol%
S 20
37 mol%
O v T T T T 1
0 1 2 3 4 5
Time (h)

Figure 7. DABCO amount studies.
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Figure 8. Initial reaction rate versus [DABCO].

Z-to-E isomerization studies: To aid in the elucidation of the DABCO-catalyzed redox

isomerization, we investigated product stability toward the reaction conditions. From the 'H
NMR experiments it was relatively clear that DABCO yielded E43 selectively; however one
remaining question was whether the E-selective redox isomerization was thermodynamically
controlled. To determine if the reaction is thermodynamically controlled, Z43 was treated with 6
mol% of DABCO in DMSO-d; and the reaction was monitored by 'H NMR. The half-life of the
Z43 to E43 isomerization (Scheme 28) was less than 5 min, whereas the redox isomerization of
alkynoate 42 to alkenoate E43 was 90 min. After 3 h the same E:Z ratio was obtained as when
DABCO catalyzed the redox isomerization starting from alkynoate 42.  Although this
experiment did not rule out that E43 was kinetically formed, this experiment explained that E43

was thermodynamically favored.

DABCO (6 mol%) o

(e} OMe o
o DMSO-dg, 23 °C, 3 h o _~_0OMe 30:1E:Z
Ph & "

o

743 E43
Scheme 28. DABCO-catalyzed Z43-to-E43 isomerization.

In order to elucidate the mechanism of this Z43-to-E43 isomerization, a deuterium
incorporation experiment was carried out. Alkenoate Z43 was treated with 6 mol% of DABCO

in 1:2 ratio of D,O and DMSO-dg, and the reaction was monitored using 'H NMR spectroscopy.
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After 2 h, E43 was formed without any deuterium incorporation into the alkenoate (Scheme 29).
This showed that the Z43 to E43 isomerization occurred at a faster rate than any proton exchange
with the solvent. DABCO first inserted itself at the 2-C (Scheme 30). Upon insertion, the 2-C-
3-C bond of 80 rotated to minimize lone pair repulsions between enolate and the ester carbonyl
oxygen. Finally, the ketone-carbonyl in 81 reformed to eliminate DABCO without any proton

exchange with the solvent.

o OxOMe  DABCO (6 mol%), o
)j\j/ D,0 (100 equiv), phJ\%\WOMe 27:1EZ _
Ph = S no deuterium incorportation

DMSO-dg, 23 °C, 2 h
743 E43

Scheme 29. DABCO-catalyzed Z43-t0-E43 isomerization: deuterium experiment.

G [ e (G
O O M ()
Ph 4?2 A rotate o o\ o
243 [% Ph%onﬂe 5
) : )
79

80 81

Scheme 30. DABCO-catalyzed Z-to-E isomerization mechanism.

Intermediate trapping studies: Although the Z43 to E43 isomerization experiments

allude to the E-selectivity of the DABCO-catalyzed redox isomerization, they did not elucidate
the redox isomerization mechanism. To gain mechanistic insight, we decided to trap the reaction
intermediate as a stable compound. For example, if the redox isomerization proceeds under a
conjugate addition mechanism, there might be a possibility that TESCI could react with the
formed allenolate to make an allenic ether (Scheme 31). To ensure that the intermediate is
trapped, 2.0 equiv of TESCI and 2.5 equiv of DABCO were used and the reaction was monitored
by 'H and *C NMR. Despite the excess of TESCI and DABCO, a >*C NMR spectrum indicated
that the experiment did not trap any intermediate complexes. The only reaction that seemed to

occur was the TES-protection of the alcohol in the 4 position (Scheme 32).
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Scheme 31. One possible trapping mechanism using TESCI.

OH DABCO (2.5 equiv) OTES
TESCI (2.0 equiv)
Ph)\(OMe MO, PR ome
o 23°C,22h o
42 83

No allenic carbon in 13C NMR

Scheme 32. Failed TESCI trapping of DABCO-catalyzed redox isomerization intermediate.

Phosphine Studies: Another method to deduce a plausible mechanism was to use a

catalyst that can only behave in one particular manner. In the DABCO-catalyzed redox
isomerization, DABCO can be a base and/or nucleophile. If DABCO was a nucleophile, a
stronger nucleophile should expedite the redox isomerization. Using triphenylphosphine in lieu
of DABCO would be desirable, for the isomerization could only proceed via mechanisms C or D
(Schemes 24 and 25) since phosphines are weaker bases. Alkynoate 42 was subjected to 50
mol% of triphenylphosphine in DMSO (Table 3, Entry 1) and the reaction was stirred for 4 days.
However, the reaction was sluggish and resulted in a complex mixture that only contained 2043
% of alkynoate Z43. Although treatment of alkynoate 42 with 50 mol% of more nucleophilic tri-
n-butylphosphine decreased the reaction time to 16 h, the "H NMR of the crude reaction mixture
yielded neither of the desired alkenoates (Table 3, Entry 2). These two experiments indicated
that DABCO was more likely acting as a base because the phosphine-catalyzed reaction should
yield a higher quantity of the alkenoates.
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Table 3. Attempts at phosphine-catalyzed redox isomerization.

OH

(0]
Ph N phosphine (0.5 equiv) _ OMe
)\WOMe DMSO, 23 °C, time Ph
0 (0]
42 43
Entry Catalyst Time (h) Result
1 PPh3 96 complex mixture with
20 to 43 % 743
2 P(n-Bu); 16 no desired product

Deuterium__Studies: In order to further elucidate the mechanism, a deuterium

incorporation experiment using D,O was envisioned. However, before that experiment was
performed, the 2-and 3-H’s of E43 had to be properly assigned. An HMBC experiment
determined 2-H and 3-H to be 6.89 and 7.93 ppm respectively. Depending on where the
deuterium incorporated, a number of the mechanisms can be eliminated. For example, if the
deuterium was added at 2-C the more likely mechanisms are mechanisms B and C where the

deprotonated hydrogen attached to 2-C (Schemes 33 and 34).

0 //\ge
4

@*ﬂ

(0]

Figure 9. Key HMBC coupling for E43.

(—:NR3 3
_H(D)
e} OMe
O D

Ph % 0. OMe|

¢ OMe —— Ph% - 9 . _h_ome
H _— Ph

H /N Ph D
0. H(D)= NR; o
42 84 2d-243 2d-E43

Scheme 33. Location of deuterium incorporation for mechanism B.
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Scheme 34. Location of deuterium incorporation for mechanism C.

Treatment of alkynoate 42 with 10 mol% of DABCO in solution of 2:1 ratio of DMSO-
de/D,0O at 23 °C resulted in mostly decomposition indicating that excessive water may be
detrimental. This result prompted the reduction in the amount of D,O. Treatment of alkynoate
42 with 10 mol% of DABCO but changing to a 16:1 ratio of DMSO/D,0O (Scheme 35) resulted
in the formation of alkenoate 3d-E43. Due to the location of the deuterium, this experiment not
only eliminated mechanisms B and C (the deuterium incorporation would occur on C-2)

(Schemes 33 and 34), but it also determined that the most plausible mechanism was mechanism

A.

oH DABCO (10 mol%) 0 OMe
Ph™ X 16:1 dg-DMSO/D,0 Ph)J\(\f(
X.__OMe
23°C, 20 h D O
o]
42 3d-E43

Scheme 35. D,0O-incorporation experiment using DABCO.

DABCO deprotonates at the 4-H (Scheme 36), and the resulting cummulenolate 88
abstracts a proton from the more acidic protonated DABCO (pK, in DMSO = 9) rather than
water (pK, in DMSO = 32) in the reaction system to give allenol 89. This allenol tautomerizes
with D,O adding on the less hindered side* to give alkenoate 3d-Z43. From the isomerization
studies, the Z-alkenoate in the presence of DABCO is then immediately isomerized to yield 3d-
E43. Since one molecule of DABCO and one molecule of substrate have to be involved in the

rate determining step, either the 4-H deprotonation or allenol tautomerization is the rate

24



determining step. Since the reaction smoothly preceded DMSO, a solvent that can stabilize
charged species more efficiently, the rate determining step must be the formation of the charged

cummulenolate.

|
F’h4 3\ 1 HO FI"\ oM WH D
= SMe ? H
J\? OMe RDS? RDS" 5 -

i { ‘ Phl*:'=>,
R3N.J °) i ° g M

42 88 89
0 Fast o O OMe
Ph)%‘/OMe P
. Ph H
H,0 pK, = 32 in DMSO b © D
protonated DABCO pK, = 9 in DMSO 34-E43 3d-z43

Scheme 36. Mechanism for DABCO-catalyzed redox isomerization.

Therefore if the methine proton is switched to a deuteron, a maximum primary isotope
effect should be observed as well as the formation of 2d-E43 as the sole product. Alkynoate 4d-
42, prepared from PhCDO, was then subjected to 20 mol% of DABCO in DMSO and the
reaction rate was compared to the control alkynoate 42 using '"H NMR. Alkynoate 4d-42, gave
only 2d-E43 and a maximum primary isotope effect of 6.4 was observed consistent with
mechanism A (Scheme 36). Finally, 'H NMR experiments showed the DABCO-catalyzed

isomerization had a nearly quantitative conversion when compared to an internal standard of

dibenzyl ether.
OH o)
P NS DABCO (20 mol%) )J\/\”/OMe
)\(OMG DMSO, 23 °C, ~2 h Ph I
o
42 43 kH/kD = 64
OH 0 D
Ph DABCO (20 mol%) )%(OME
N
EJ\WOME DMSO, 23 °C, ~12h P I
O
4d-42 2d-E43

Scheme 37. DABCO-catalyzed redox isomerization: deuterium isotope effect.
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Crossover Experiment: One final inquiry about the DABCO-catalyzed redox

isomerization was how tight an ion pair was formed when DABCO deprotonated alkynoate 42
forming the cummlenolate 88. To answer this, a crossover experiment was devised using
alkynoate 4d-42 along with the ethyl ester derivative of alkynoate 42 (alkynoate 90). The two
compounds would be combined and subjected to the redox isomerization conditions. If the
protonated DABCO formed a tight ion pair with the cummlenolate 88, then there should be no
deuterium enrichment on the ethyl ester derivative. During the reaction, it was important to
compensate for the 6.4 times slower reaction with the deuterated alkynoate 4d-42; otherwise
DABCO would solely react with alkynoate 90 before it ever reacted with alkynoate 4d-42. To
alleviate this, alkynoates 4d-42 and 90, in a 7.2 to 1 ratio respectively, were treated with
DABCO in DMSO-ds and the reaction was monitored. Upon reaction completion and filtration,
the methyl ester derivative had 88 % deuterium enrichment and the ethyl ester had 32 %
deuterium enrichment at 2-C when compared to a '"H NMR spectrum of the non-deuterated
alkenoate (Scheme 38). This 32 % enrichment of the ethyl ester showed that the protonated

DABCO did not form an intimate ion pair with the cummlenolate 88.

QH oH O H(D) 0 HD)
Ph DABCO (10 mol%) )J\/KWOM
N Ph N = e ¥ OEt
D X__OMe )\’(OEt DMSO-dg, 23 °C, ~21 h Ph Ph
(@] (e}
(o] (6]
4d-42 90 88% D 32% D

4d-42:90 =7.2:1

Scheme 38. DABCO-catalyzed redox isomerization: crossover experiment.

DABCO-Catalyzed Redox Isomerization Optimization: Upon mechanistic elucidation,

the DABCO-catalyzed redox isomerization was also optimized. Desirable reaction conditions
include the following: (1) the temperature should be 23 °C, (2) too acidic or basic conditions
should be avoided, and (3) the catalyst should be relatively inexpensive and kept to a minimum.
Since different DABCO amounts only affected reaction time, we decided to use 10 mol% of
DABCO as the optimal quantity. Based on the NMR experiments, the best solvent for the redox
isomerization was DMSO. Since residual water may affect the yield, 4 Angstrom sieves were

added to the DABCO-catalyzed redox isomerization (Scheme 39). Upon completion of the
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reaction, alkenoate E43 was isolated in 51 % yield which was lower than in the absence of 4

angstrom sieves. Therefore, the removal of residual water was not necessary.

OH
DABCO (10 mol%) i 51% yield w/ sieves
i = OMe
PI™ "X _owme 4 A sieves (20 wt%) Ph)J\/\H/ 74% yield w/o sieves
DMSO, 23°C, 7 h o
(0]
42 E43

Scheme 39. DABCO-catalyzed redox isomerization: residual water removal.

The final condition that could be optimized is the initial concentration of alkynoate 42.
Increasing the concentration of substrate to 1.0 M (Table 4, Entry 1) and 0.5 M (Entry 2) gave
yields of 44 % and 47 %. This decrease in yield at higher concentrations (0.25 M gave a 59 %
yield, Entry 3) might be due to an intermolecular reaction between two molecules of either
alkynoate and alkenoate leading to a polymerization. Decreasing the initial concentration to
0.125 M gave a yield of 63 %. From the results in Table 4, apparently the ideal initial
concentration to use in the DABCO-catalyzed redox isomerization was approximately 0.25 M
(Entry 3) because in 8.5 h, these conditions gave a similar yield to the highest yielding

concentration of 0.125 M.

Table 4. DABCO-catalyzed redox isomerization: alkynoate concentration studies.

OH
(0]
Ph” DABCO (10 molo) )J\/\”/OMe
A
)\H/OMe DMSO, 23 °C Ph I
¢}
42 E43
Entry Initial Alkynoate Time (h) % Yield of E43
Concentration (M)
1 1.00 55 44
2 0.500 5.8 47
3 0.250 8.5 59
4 0.125 20 63
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2.2.2 Reaction Scope of DABCO-Catalyzed Redox Isomerization

Table 5. DABCO-catalyzed redox isomerization: aromatic and vinylogous alkynoates.

OH o
DABCO (20 mol%)
R N = OMe
)\WOMe DMSO, 23 °C, time RJ\/\W
(0]
O
Entry Time (h) % Yield
1 25 E92 - 70

R
MeO :
91
/©)l 2.0 E94 - 62
FsC
93
3 ©\%1 23 E96 - 34
Br
95
F
97
g
99
X
101
PI’/\}%
103

20 E98 - 60

b

O
5 9.0 E100 - 78
\
6 1.0 E102- quantitative
7 S 24 E104 - decomposition

n-

Aromatic and Vinylogous Substrates: Upon the optimization of the DABCO-catalyzed
redox isomerization (DABCO 20 mol%, DMSO, 23 °C, [alkynoate]iitia = 0.2 M), several

substrates were tested. In agreement with the mechanism of the reaction, the electron rich p-
methoxyphenyl derivative 91 (Table 5, Entry 1) required a longer reaction time (25 h) than
alkynoate 1, with a 70 % yield. Likewise the electron poor p-trifluoromethylphenyl derivative
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93 (Entry 2) exhibited a much shorter reaction time (2.0 h) than alkynoate 42 in 62 % yield.
Interestingly, the 0-bromophenyl derivative 95 gave a longer reaction time (23 h) and 34 % yield
(Entry 3), presumably due to the bulkiness of the bromine atom that interfered with the initial 4-
H deprotonation by DABCO. Apparently this hypothesis seemed plausible, because when
fluorine (97) was used, the reaction yielded a higher amount of the desired alkenoate (60 %,
Entry 4) in 20 h. In agreement with the phenyl derivatives, heteroaromatics compounds such as
the furanyl derivative 99 (Entry 5) gave 78 % yield in 9.0 h. The styrenyl derivative 101 was an
interesting example (Entry 6) for the formation the desired alkenoate occurred after 1.0 h and had
a quantitative yield. A plausible explanation for the shorter reaction time was that the alkenoate
contains an inherent stability from its higher conjugation. Finally, the hexenyl derivative 103
decomposed under the DABCO-catalyzed redox isomerization conditions (Entry 7) because the

product may be unstable in the presence of DABCO.

Table 6. DABCO-catalyzed redox isomerization: aliphatic alkynoates.

OH o
DABCO (20 mol%)
R N _ome DMSO, time RJ\/\”/OMG
temperarture o
o
Entry R Temperature Time (h) % Yield
)

1 n-Hex}% 23t0 95 4.5 no reaction
107

2 O}L 2310 80 255 no reaction
108

3 \H/?,// 2310 80 26 decomposition
109

Aliphatic Substrates: Although the aromatic and vinylogous derivatives 91, 93, 95, 97,

99, 101 gave favorable results, the aliphatic substrates did not result in anything promising
(Table 6). Even when 107 (Table 6, Entry 1) and 108 (Entry 2) were heated to 95 °C and 80 °C
respectively, only the starting materials were isolated. The inertness of 107 and 108 may be
because the 4-H in these substrates was not acidic enough. Also, Misiti et. al. reported that was

n-C;H;sCH(OH)C=CCO;Et was inert to treatment with tributylamine indicating that DABCO
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was not basic enough to deprotonate aliphatic substrates.”’ Likewise the decomposition of the
epoxide derivative was mostly due to the high temperature and not DABCO (Entry 3).
Therefore, a plausible solution would be to use a stronger base, but the use of a stronger base
resulted in a complex mixture (not shown) as well as the possible hydrolysis of the methyl ester.

This will be further elaborated in the scope for the E-selective redox isomerization.

Table 7. DABCO-catalyzed redox isomerization: other electron withdrawing groups.

)\ DABCO (20 mol%) O
R DMSO, time
4 % ! temperarture R)v\EWG

Entry Temperature Time (h) % Yield

°0)

R EWG
OEt
1 90 23 4.0 E110- 72
(0]
o
2 I{”/N\) 111 23 22 E112 - 762
(@]

ny\r JOEt
3 P-OEt 113 23 25 E114- no reaction
o)
OEt
- 116 - 95
4 (j/%\L (IP)I OEt 115 40 30 E7 =104

a: 20 mol% of NaOAc is also added.

Different Electron Withdrawing Groups: Using the ethyl ester 90 in the DABCO-

catalyzed redox isomerization resulted in the formation of the desired alkenoate in 72 % yield in
4.0 h (Table 7, Entry 1). This demonstrated that the redox isomerization was amenable to
different ester functionalities. While the reaction with the different ester group proceeded
smoothly, using an amide in place of the ester presented its own challenges. When the amide
derivative 111 (Entry 2) was subjected to the DABCO-catalyzed redox isomerization conditions,

the reaction did not yield the desired alkenoate (not shown). This was most likely due to 4-H in
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111 was not as acidic as 4-H in 42. Since amides are relatively inert, a stronger base should not
react with the amide moiety. Therefore, 111 was treated with 20 mol% of NaOAc and 20 mol%
of DABCO (Entry 2), and the reaction yielded the desired E-alkene-amide in 76 % yield after 23
h. We hypothesized (and later will be shown) that NaOAc deprotonated 4-H to yield an E:Z
mixture of 112 and this mixture was isomerized by DABCO to yield the E112 as the sole
product. Although alkynoates were converted to alkenoates by other groups, this was the first
time that an amide functionality was transformed by a base-catalyzed redox isomerization.
Despite the difficulties with the amide, the phosphonate derivative presented challenges
of its own. Treatment of the alkylphosphonate 113 (Entry 3) to the DABCO-catalyzed redox
isomerization conditions resulted in the isolation of the starting material. This failure could be
because the 4-H is not benzylic. Used in [2+2], [3+2] and [4+2] cycloaddition reactions,” a
phenyl phosphonate derivative 115 (Entry 4) was prepared in three steps (Scheme 40). This
phosphonate was then subjected to the DABCO-catalyzed redox isomerization conditions and
slowly gave a 4:1 E:Z mixture of 116 with 36 % overall yield. In an attempt to decrease the
reaction time and increase yield and selectivity, the amount of base was increased to 40 mol%
(Table 8, Entry 2). However, this reaction gave a 5.7:1 E:Z mixture with a 50 % overall yield.
Gratifyingly, simply heating the DABCO-catalyzed redox isomerization to 40 °C (Entry 3)
increased the reaction rate, the E:Z selectivity (10:1) and dramatically increased the yield (95 %).
Analogous to the amide, this was also the first time that a phosphonate functionality was used in

a base catalyzed redox isomerization.

OTHP OTHP OH
stOH nBuLi PPTS
Ot X ,OFt
| —OEt E OEt
Cl— \\OEt
OEt 115

Scheme 40. Preparation of phosphonate 115.
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Table 8. Phosphonate 115 optimization.

OH

3 0
i OEt
Ph)y OEt DABCO, DMSO, time S
SN ploEt temperature Ph)J\/\ p-OFEt
1" O
(6]
115 116
Entry DABCO (mol %) Temperature (°C)  Time (h) % Yield E:Z
1 20 23 49 36 4:1
2 40 23 81 50 5.7:1
3 20 40 30 95 10:1

E-Selective Redox Isomerization: Different Bases: Finally, from the results with the

amide, we hypothesized that a combination of NaOAc, and DABCO could provide a more
expedient E-selective redox isomerization. Using the redox isomerization conditions for the
amide 111 on alkynoate 42, alkenoate E43 was formed after 0.8 h with a 62 % yield, (Table 9,
Entry 1) which was lower yielding than DABCO alone (Entry 2). To confirm that DABCO is
necessary, a control reaction with only NaOAc yielded a 1:2.4 mixture of E:Z alkenoates in 0.5 h
(Entry 3). Since the reaction gave a poor E selectivity, it was not synthetically useful and the

alkenoates were not isolated. To conclude, DABCO or a combination of NaOAc and DABCO

can catalyze an E-selective redox isomerization.

Table 9. E-selective redox isomerization: base conditions revisited.

OH o
N
42 0o 43 ©
Entry Base Time (h) % Yield E:Z
1 DABCO/NaOAc 0.8 62 30:1
2 DABCO 7.0 70 33:1
3 NaOAc 0.5 n.d. 1:2.4
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2.3  Z-SELECTIVE REDOX ISOMERIZATION
2.3.1 Reaction Optimization and Mechanistic Studies

Originally we thought that the Z-alkenoate could be convergently prepared in two steps (Scheme
41). The first step involves silver acetylide 121 coupling with PhCOCI 120; the subsequent
partial reduction using Lindlar’s catalyst gave a 2:1 mixture of E and Z-alkenoates 122 as in 57
% vyield. This poor selectivity may be due to the instability of the Z43 toward the partial

reduction conditions.

o 0 9 0
PhH, S Lindlar's Catalyst (5mol%) _m, _OMe
“ -~ OMe "80°C,153h X__OMe H, 23°C.53h
Ag o 0

120 121 122 43
2.1 equiv 65% yield 57% yield
~2:11EZ

Scheme 41. Failed semi hydrogenation to yield Z43.

Z-Selective Redox Isomerization Conditions Found: This failure prompted us to

investigate the redox isomerization using iPr,NEt since our previous results gave a higher Z-
selectivity (Table 2, Entries 5 and 10). Rather than varying reaction conditions, we decided to
investigate the iPr,NEt-catalyzed redox isomerization mechanism using a D,O incorporation
experiment by determining the location of D in Z43. To assign D, an HMBC experiment of
alkenoate Z43 was conducted. From the experiment a coupling between the methyl protons and
2-C was observed (Figure 10), allowing for assigning the chemical shifts of 2-H and 3-H as 6.30
and 6.92 ppm, respectively.

Z43
Figure 10. Key HMBC coupling for Z43.

Treatment of alkynoate 42 with 10 mol% iPr,NEt in DMSO gave 1:1.6 E:Z-selectivity
(Table 10, Entry 1). However using a 2:1 ratio of DMSO-de/D,0O yielded alkenoate 3d-Z43 (see
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Scheme 36) in 50 % yield with a 1:19 E:Z-selectivity (Entry 2). This demonstrated that a Z-
selective redox isomerization was feasible. The placement of the deuterium occurred on 3-C
which indicated that the Z-selective redox isomerization (Scheme 42) proceeded via the same
mechanism as the E-selective DABCO-catalyzed redox isomerization. To make certain that this
result was not unique to the deuterium isotope, the reaction was repeated using the deuterium-
free solvent (Entry 3). The reaction yielded exclusively alkenoate Z43 without any detectable E-
alkenoate in a 22 % yield. To increase the yield, treatment of alkynoate 42 with 10 mol% of
iPr;NEt in 4:1 ratio of DMSO/water (Entry 4) resulted in a 1:10 E:Z mixture with a 47 % yield.
From these experiments, it appeared the iPr,NEt-catalyzed redox isomerization can only give

either high yield or high Z-selectivity.

Table 10. Z-selective redox isomerization found.

OH

(0]
iPr,NEt (10 mol%)
Ph” X T2 1, _OMe
)\H/OMe solvent, 23 °C, time Ph)lwﬂ/
0 (0]
42 43
Entry Solvent Time (h) % Yield E:Z
1 DMSO 16 79 % conversion 1:16
2 2:1 DMSO-dg/D,0 95 50 1:19
3 2:1 DMSO/H,0 104 22 no detectable E
4 4:1 DMSO/H,0 52 47 1:10
OH
NaHCO; (0.5 equiv) o OxOMe _
Ph” " 4:1 DMSO-dy/D,0 41% yield
S\ OMe 3oc. ph” N 119E:Z
o) D
42 3d-243
oH DABCO (10 mol%) 0
Ph AN OMe 16:1 DMSO-dg/D,0O Ph)%(OMe 48% yield
23°C D O
(6]
42 3d-E43

Scheme 42. D,O incorporation experiments using iPr,NEt and DABCO.
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In order to overcome this yield versus Z-selectivity issue and gain mechanistic insight,
two experiments were conducted. In the first experiment, alkenoate E43 was treated with 10
mol% of iPr,NEt with 2:1 ratio of DMSO/H,0 and the reaction was monitored by TLC. After
approximately 120 h, only the starting alkenoate E43 was observed, showing that reaction
conditions were not destructive toward E43 (Scheme 43). If Z-selective redox isomerization
proceeds by the same mechanism as the E-selective redox isomerization (Scheme 44), this
experiment indicated that the Z-alkenoate was formed first and unlike DABCO reaction, iPr,NEt

did not isomerize the newly formed Z-alkenoate to the E-alkenoate.

0 iPr,NEt (10 mol%)
_~_-OMe .
Ph)J\/\m 2:1 DMSO/H,0 1o decomposition
5 23°C, 122 h post
E43

Scheme 43. E-alkenoate stability towards iPr,NEt-catalyzed redox isomerization.

R.!.R
OH E{{-B R3N2—\ CQ,D
D
NS e | H0_ ) ove o,
} / kG g
o) Ph Oo >—OM6
R3N: g
42 - 123 124 -
O H oO OMe
Ph = OMe _ . _
b o Ph I H
3d-E43 3d-z43

(not formed)

Scheme 44. Possible mechanism for Z-selective redox isomerization.

If the reaction proceeds by mechanism A, then treatment of alkynoate 76 with the Z-
selective redox isomerization conditions should result in the starting material. Alkynoate 76 was
inert to the iPr,NEt-catalyzed redox isomerization even when heated to 100 °C (Scheme 45).
Although the experiments shown in Schemes 43 and 45 gave some mechanistic insight, they

addressed the issue of yield versus Z-selectivity.
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O

oH iPr,NEt (10 mol%)
X _OMe 2:1 DMSO/H,O 4y —
23to100°c, 10h /1 OMe
o) o
76 79
(not formed)
0
OH
DABCO (10 mol%) [/ __
X _OMe DMSO, 230 140 °C, 75 h OMe
) o
76 79

(not formed)

Scheme 45. DABCO and iPr,NEt yielding same results with bicyclic alkynoate 76.

Proton Source Studies: We hypothesized that a stronger proton source than water could

increase the reaction polarity and stabilize any charged intermediates leading to a shorter
reaction time. The original conditions of 4:1 DMSO/water (Table 11, Entry 1) gave a 47 % yield
with an E:Z-selectivity of 1:10. Increasing the acidity, by using 5 mol% of HCI (Entry 2),
resulted in a 35 % overall yield with a 1:1.2 E:Z-selectivity indicating that a low pH was
detrimental. Using AcOH instead of water gave a 71 % overall yield and an E:Z-selectivity of
3:1 (Entry 3). Finally, using CF3;CH,OH instead of water gave a 78 % overall yield with a 1:3.3
E:Z-selectivity (Entry 4). To conclude, water was the best co-solvent for the iPr,NEt-catalyzed

redox isomerization.

Table 11. iPr,NEt-catalyzed redox isomerization: proton source studies.

OH

iPr,NEt (10 mol%) o
Ph"™ "N ome _ 41DMSO/proton source PhM“/OMe
23 °C, time o
(@]
42 43
Entry  Proton Source Quantity Time (d) % Yield E:Z
1 H,O 22 equiv 2.0 47 1:10
2 HCl in H,O 5 mol% 2.0 35 1:1.2
3 AcOH 7.0 equiv 3.3 71 3:1
4 CF3CH,0OH 5.5 equiv 5.0 78 1:33
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Base Studies: Treatment of alkynoate 42 with 10 mol% of Et;N using a 4:1 DMSO/water
ratio gave a 1:1.2 E:Z-selectivity (Table 12, Entry 1). The products were not isolated because of
>46 h reaction time in which the long reaction time might be from an insolubility of Et;N. Also,
the different DMSO/water ratio had no appreciable effect on E:Z-selectivity. However, more
soluble N(CH,CH,OH); required >91 h and gave an E:Z-selectivity of 1:5.3 (Entry 2).
Gratifyingly, treatment of alkynoate 42 with 50 mol% of NaHCO; (Entry 3) resulted in a 57 %
yield of the desired Z-alkenoate after 21 h without any detectable E-alkenoate. Treatment of
alkynoate 42 with 20 mol% of NaOAc in an 8:1 DMSO/water ratio yielded a 1:2.9 E:Z-mixture
of alkenoates (Entry 4). Finally switching the base to Na,HPO4 (Entry 5) gave the same Z-
selectivity as NaHCOs but the reaction was not complete even after 51 h. Therefore, NaHCO;

was the most promising base.

Table 12. Z-selective redox isomerization: base studies.

OH

base (10 mol%) o Oy, -OMe
Ph :
AN oMe _41 DMSQ/HZO /U\j
23 °C, time Ph
(0]
42 Z43
Entry Base Time (h) % Yield E:Z

1 Et3N 46 79 % conversion 1:1.2
2 N(CH,CH,0H)3 91 28 % conversion 1:53
3 NaHCO3 21 57 no detectable E
4 NaOAc 4.0 n.d. 1:29
5 Na,HPO,4 51 n.d. no detectable E
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Table 13. iPr,NEt-catalyzed redox isomerization: DMSO/water ratio studies.

OH

DMSO/H,0, 23 °C, time

NaHCO; (0.5 equiv)
Ph)\”/OMe

0]
42

O«__OMe
3J
ph” N

743

Entry DMSO/H,0 ratio Time (h)

1 1:1 28
2 2:1 29
3 4:1 21

E:Z

no detectable E

no detectable E

no detectable E

DMSO/Water Ratio Studies: Although NaHCO; gave better results than iPr,NEt, the

conditions were far from optimized. Because NaHCO3 was not completely soluble in DMSO,
DMSO/water ratios of 1:1 and 2:1 were pursued. Unlike iPr,NEt, NaHCO; showed no decrease
in Z-selectivity when 1:1 and 2:1 DMSO/water ratios were used (Table 13, Entries 1, 2).
However, using 1:1 and 2:1 DMSO/water ratios gave 13 % and 17 % yields respectively. One
reason for the yield decrease is that the alkynoate was not entirely soluble in the decreased

amount of DMSO leading to an incomplete reaction. Therefore, a desirable DMSO/water ratio

was determined to be 4:1 (Entry 3).

Table 14. iPr,NEt-catalyzed redox isomerization: different metal cations.

OH

MHCO3 (0.5 equiv)

Ph
)\(OMe 4:1 DMSO/H,0,
23 °C, time

Oy OM
2
Ph &

42 © 743
Entry Metal Time (h) % Yield E:Z
1 Li (LiBr 60 mol%) 13 no detectable E
2 Na 21 no detectable E
3 Cs 24 1:6.5
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Metal Cation Studies: Since NaHCO;3; was not entirely soluble, changing the metal

cation to lithium might help with the solubility in DMSO. Although LiHCO; was not
commercially available, it was generated by mixing NaHCO; and LiBr in which the lithium
cation would form tighter ion pair with the carbonate anion than sodium. In effect, treatment of
alkynoate 42 with 60 mol% of LiBr and 50 mol% of NaHCO; formed Z43 after 13 h (Table 14,
Entry 1) in 54 % yield similarly to NaHCOj; alone (57 %, Entry 2). Unfortunately using the
more organic solvent soluble CsHCO; (Entry 3) yielded a 1:6.5 E:Z mixture of alkenoates with a
28 % yield. From these experiments, the use of either NaHCOj3; or LiHCOj; gave good results.

Table 15. iPr,NEt-catalyzed redox isomerization: different solvents.

OH
o (0] OMe
Ph . i
AN OMe NaHCO; (0.5 qulv) /U\j
1:4 XIY, 23 °C, time Ph
O
42 743
Entry X Y 60 mol% LiBr Time (h) % Yield E:Z

1 tBuOH DMSO yes 45 72 1:6
2 H,O Et,O no 28 n.d. n.d.
3 H,O acetone no 120 n.d. n.d.
4 H,O DMSO yes 13 54 no detectable E

Solvent Effect Studies: Besides metal effects, solvent effects were studied. tBuOH

might be able to stabilize a reaction intermediate to increase the yield. However, this hypothesis
was not sound. Treatment of alkynoate 42 with 50 mol% of NaHCO; and 60 mol% of LiBr in
4:1 DMSO/tBuOH (Table 15, Entry 1) gave a 72 % yield but an E:Z-selectivity of 1:6. We
hypothesized that the biphasic conditions (using Et,O instead of DMSO, Entry 3) would improve
both the base and alkynoate solubilities. After one day of stirring, only alkynoate 42 was
observed. Finally we hypothesized that acetone could be used to simplify reaction workup
(Entry 4), but this reaction was not complete even after five days. We hypothesized that

acetone’s lower polarity was unable to stabilize a charged transition state. Therefore, the best
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solvent conditions were obtained from using the original conditions of 4:1 DMSO/water (Entry
4).

Polymerization Prevention: During these reaction optimizations, a polymeric by-

product was possibly produced. Although several attempts to characterize the polymer using 'H
NMR were inconclusive, several polymerization mechanisms could be deduced. One such
pathway could involve a deprotonation of the alkynoate’s hydroxy group to give alkoxide 125
(Scheme 46). This alkoxide can attack a second alkynoate molecule to give transesterification
product 126. This could repeat for n-times to yield polymer 127. For this polymerization to
occur, the alkynoate molecules must be in close proximity to each other. Therefore, diluted the
reaction mixture might reduce this side polymerization. However, treatment of alkynoate 42, in
which the initial concentration was diluted to 0.125 M instead of 0.25 M (Scheme 47) with
NaHCO; gave an 18 % yield.

- (o

5 _
O/H /\
LM I e ? X __rn
PI" " ove =& _ _="ph 126
ST Cl BN OH Meo.Z OH

o

o _Ph>o(we ° H | o

=4

Scheme 46. One possible polymerization mechanism catalyzed by NaHCO;.

OH NaHCO; (0.5 equiv) O _OMe
Ph NS 4:1 DMSO/H,0 j\j/ 18% yield
X OMe (2 times the volume) ph” NF no detectable E
5 23°C, 235 h
42 743

Scheme 47. Failed attempt to stop polymerization in NaHCO;-catalyzed redox isomerization.

Since dilution did not prevent a possible side polymerization, the polymerization might
proceed via a radical pathway (Scheme 48). Therefore, we deduced the use of a radical quencher

such as hydroquinone should increase the yield. A 54 % yield was obtained (Table 16, Entry 1)
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in hydroquinone’s absence, while the addition of 0.1 mol% of hydroquinone (Entry 2) gave the
Z-alkenoate in 64 %. The addition of 1.0 mol% hydroquinone to the LiHCO;-catalyzed redox
isomerization (Entry 3) gave 63 % yield of the Z-alkenoate. Due to the similar yields between
0.1 mol% and 1.0 mol% experiments, we decided that 0.1 mol% is the effective amount of
hydroquinone to minimize radical polymerization. Next two control experiments were
conducted to confirm that hydroquinone does not affect the alkynoate or alkenoate. Treatment of
alkynoate 42 with 10 mol% of hydroquinone in 4:1 DMSO/water ratio only exhibited starting
material after 26 h (Entry 4). This demonstrated that hydroquinone did not catalyze redox

isomerization and more importantly did not harm the alkynoate.

OH
OH OH
Ph”
A
Ph % OMe __H. OoMe Ph % OMe
o) — > MeO HO ph (
OH _
0 128 4 A o
42 PN ome Ph ome #
o OHO
L e T il
OH O
Ph omMd ~
_ —
n
MeO
131 L HO ]
130

Scheme 48. NaHCO;-catalyzed redox isomerization: radical polymerization mechanism.
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Table 16. NaHCO;-catalyzed redox isomerization: hydroquinone studies.

NaHCO; (0.5 equiv) o Os_-OMe
Ph NV LiBr (0.6 equiv) /U\j/
X
)\(OMG 4:1 DMSO/H,0 ph” ~F
o) 23 °C, time
42 743
Entry LiBr/NaHCO; Hydroquinone Time (h) % Yield E:Z
1 yes no 13 54 no detectable E
2 yes 0.1 mol% 49 64 1:35
3 yes 1.0 mol% 23 63 1:19
4 no 10 mol% 26 n.d. n.d.

o OxOMe  hydroquinone (10 mol%) o Ox-OMe

/u\j 4:1 DMSO/H,0 )J crude NMR

Ph 23°C, 25 h Ph = E:Z 1:19
743 743

Scheme 49. Z43 stability with hydroquinone alone.

Since the hydroquinone was effective, it might be able to increase the yield of the
DABCO-catalyzed redox isomerization. However, when 0.1 mol% hydroquinone was added to
the DABCO isomerization (Scheme 50), a 57 % yield of E-alkenoate was obtained. This result

suggested a radical polymerization did not decrease yield.

OH
DABCO (10 mol%) O
Ph" " OMe hydroguinone (0.1 mol%) Ph)J\/\H/OMe 57% yield
DMSO, 23°C, 20 h 0
(6]
42 E43

Scheme 50. DABCO-catalyzed redox isomerization: hydroquinone experiment.

DMSO/Water Ratios: Finally, we varied the DMSO/water ratio to improve the yield. In

the 2:1 DMSO/water ratio (Table 17, Entry 1) the starting material was insoluble, while a 4:1
ratio (Entry 2) gave 65% yield of the Z-alkenoate. Using an 8:1 DMSO/water (Entry 3) yielded
the Z-alkenoate in 76 % yield while using a 16:1 DMSO/water ratio (Entry 4) gave a 62 % yield
of the Z-alkenoate,. Therefore, the best DMSO/water ratio for the NaHCO;-catalyzed redox

1somerization was 8:1
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Table 17. NaHCO;-catalyzed redox isomerization: DMSO/water ratios revisited.

OH
NaHCO; (0.5 equiv) o OxOMe
Ph"™ "N ome __hydroguinone (0.1 mol%) _
X:Y DMSO/H,0 Ph
a2 © 23 °C, time 743
Entry DMSO/H,0 ratio Time (h) % Yield E:Z
1 2:1 22 n.d. n.d.
2 4:1 23 65 no detectable E
3 8:1 25 76 no detectable E
4 16:1 23 62 no detectable E
OH
NaHCO3; (0.5 equiv) o Os_OMe 26% vield
Ph™ X - 9 oyle
X OMe hydroguinone (0.1 mol%) /U\j no detectable E
8:1 DMSO/H,0, 23 °C Ph
O
42 Z43

Scheme 51. Z-selective redox isomerization is optimized.

From these final DMSO/water ratio studies, the NaHCOs-catalyzed redox isomerization

was 1:19.

43

was optimized (Scheme 51). Even though the reaction conditions were optimized, the redox
isomerization mechanism was still unknown. In order to obtain insight to the kinetics, alkynoate
42 was treated with 50 mol% of NaHCO; in a 4:1 DMSO-de¢/D,0O ratio and the reaction was
monitored using '"H NMR. From the experiment, we found the NaHCOs-catalyzed redox

isomerization was second order overall (Figure 11). Also the E:Z selectivity for this reaction
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Figure 11. NaHCOj;-catalyzed redox isomerization is second order overall.

OMe

42

Scheme 52. D,0 incorporation experiments using DABCO, iPr,NEt, and NaHCO:s.

In addition to determining the reaction order, 'H NMR analysis determined that a
deuterium incorporation occurred at the 3-position. This result suggested that the NaHCOs-
catalyzed redox isomerization (Scheme 52) proceeded by the same mechanism as the iPr,NEt-
catalyzed redox isomerization and similarly to the DABCO-catalyzed redox isomerization.

E:Z Isomerization: Another aspect we examined was the product stability toward the

reaction conditions. NaHCO;-catalyzed redox isomerization’s high Z-selectivity might be due to
the decomposition of the E-alkenoate by NaHCO;, Treatment of alkenoate E43 with 50 mol% of
NaHCOs in a 4:1 mixture of DMSO/H,0 (Scheme 53) resulted in isolation of E43 after 24 h.

) Oy_-OMe
NaHCO; (0.5 equiv) o
4:1 DMSO-dg/D,0 ph NP
23°C,240 h b
3d-243
_ Os_-OMe
iPr,NEt (10 mol%) O
2:1 DMSO-dg/D,0 b NP
23°C, 95 h 5
3d-z43
DABCO (10 mol%) o
16:1 DMSO/D,0 Ph)WOMe
23°C, 20 h b 0
3d-E43

This experiment demonstrated that this reaction did not destroy the E-alkenoate.
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O

NaHCO; (0.5 equiv)
= OMe
Ph)l\/\ﬂ/ 4:1 DMSO/H,0 no decomposition
) 23°C, 24 h

E43

Scheme 53. NaHCO;-catalyzed redox isomerization: E-alkenoate stability experiment.

Alkenoate Z43 was tested for stability. Treatment of alkenoate Z43 with 0.1 mol% of
hydroquinone, 60 mol% of LiBr, and 50 mol% of NaHCOs; in 4:1 mixture of DMSO/H,0
(Scheme 54) gave an E:Z-selectivity of 1:6 after 56 h. Typically, the NaHCOs-catalyzed redox
isomerization was complete after 24 h. Therefore, the NaHCOs-catalyzed redox isomerization
was faster than the Z to E alkenoate isomerization. Thus, this Z-to-E-alkenoate isomerization did
not occur in an appreciable manner during the redox isomerization, which explains why the
NaHCOs; catalyzed reaction was Z-selective. To summarize the isomerization studies, DABCO
favored the formation of predominately the E-alkenoate (Scheme 55), while NaHCOs3 did not

cause any appreciable Z to E or E to Z isomerization.

O _OM NaHCO; (0.5 equiv) o
/ﬁ\j/ e LiBr (0.6 equiv) MH/OM‘* crude NMR
o N hydroquinone (0.1 mol%) Ph 1.6 E/Z
4:1 DMSO/H,0, 23 °C, 56 h o
743 43

Scheme 54. NaHCO;-catalyzed redox isomerization: slow Z-to-E isomerization.

DABCO (6 mol%)

0 OMe DMSO, 23 °C o)
ph” N7 \wNaHCO: (0.5 equiv) 4, o
\\ 4:1 DMSO/H,0, 23°C 17
743 E43

Scheme 55. E:Z isomerization selectivity for DABCO and NaHCO; reactions.
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OH NaHCO3 (05 eqUiV)
hydroquinone (0.1 mol%)

[ complex mixture
X _OMe 4:1 DMSO/H,0, 23 °C, 44 h
(e}
77
OH 2
S DABCO (10 mol%) 11/
A o IT —
OMe DMSO, 23t0 90 °C, 70 h OMe
le} O
7 78

(not formed)

Scheme 56. Cyclobutyl alkynoate 77 giving different results for DABCO and NaHCOs;.

Although these isomerization and kinetic studies helped elucidate a mechanism, their
results were not conclusive. Therefore alkynoate 77, which can allude to mechanism B or C,
was treated with 50 mol% of NaHCO3, 0.1 mol% of hydroquinone in a 4:1 DMSO/water mixture
(Scheme 56) yielded a complex mixture without any sign of the desired product. This was
different than the DABCO-catalyzed redox isomerization where the alkynoate was inert to the
reaction conditions (Scheme 56). Although the NaHCO; reaction did not yield any of the desired

substrate, no mechanism could be deduced from these studies.

Deuterium Studies: We then deduced that a deuterium incorporation experiment with
D,O would present more concrete results. However, repeating the D,O experiment with the
optimized NaHCO; redox isomerization conditions (Scheme 57) yielded many products. The 7
% of the non-deuterated product (7 % by MS) was reasonable. The formation of the 3d-Z43
alkenoate (25 % by NMR or 40 % by MS) and the lack of formation of alkenoate 2d-Z43 alluded
to mechanism A. However, the formation of 2d,3d-Z43 (68 % by NMR or 48 % by MS) was
reasonable. We hypothesized that this product was a result from NaHCO; participating in a

proton exchange with D,O. These results merited a final examination of the mechanism.

OH

NaHCO; (0.75 equiv) o O, -OMe 0 ONOMe o OMe o O OMe
Ph % OMe _ hydroguinone (0.1 mol %) /U\j o _ /u\/i Ph = D
8:1 DMSO/D,0 23°C, 24 h Ph Ph D
o) D D
42 743 3d-z43 2d-743 2d,3d-z43
7% 25 % >1% 68% NMR
others 5 % 7% 40 % >1% 48% MS

Scheme 57. NaHCOs-catalyzed redox isomerization: D,O incorporation experiment.
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To determine the most plausible mechanism the deuterium-enriched alkynoate 4d-42 was
subjected to the optimized NaHCOs-catalyzed redox isomerization conditions (Scheme 58).
Upon the isolation of the product, a 50 % incorporation of deuterium was found only on the 2-C
position which was consistent with mechanism A. Also, the 50 % deuterium enrichment at 2-C

was consistent with a proton exchange between the base and water.

OH
NaHCOs (0.75 equiv) o OxOMe
Ph NV hydroquinone (0.1 mol %) —
D X__oMm
®  T81DMSOH,0, 23°C, 24 h Ph H(D)
o 743:2d-7431:1
4d-42

Scheme 58. NaHCOs-catalyzed redox isomerization: deuterium isotope effect.

o

HO (@) proton DO @)
\g/ + Do PO \ﬂo/ + HOD
_ oo _
o
o= DO Qo
iy O Ty @
D
TN ome — | "2 ) ove " HO)
/ N
) 0) Ph 60@ Ph y—OMe
DO\H/O@ 0
5 42 — 132 133 =

M

OO OMe

Ph” N “H(D)
D
3d-22

Scheme 59. Mechanism for NaHCOs-catalyzed redox isomerization.

Therefore, the most plausible mechanism is a modification of methine deprotonation
mechanism. NaHCO; deprotonates at the 4-H, and the resulting cummlenolate 132 (Scheme 59)
abstracts a proton from the more acidic carbonic acid rather than water (pK, in DMSO = 32) in

the reaction system to give allenol 133. This allenol tautomerizes with D,O adding on the less
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hindered side* to give alkenoate 3d-Z43. Finally, during this reaction, the NaHCO; could
undergo a proton exchange with water or D,O to yield a less or more deuterium enriched

compound at 2-C respectively.

2.3.2 Reaction Scope of NaHCOQ;-Catalyzed Redox Isomerization

Table 18. NaHCO; isomerization: aromatic and vinylogous substrates.

OH
NaHCO3(0.75 equiv) o Os_-OMe
RY ™ hydroquinone (0.1 mol%
X_ _OMe .y q ( ! _0) A
8:1 DMSO/H,0, 23 °C, time R
¢}
Entry Time (h) % Yield

18 792 - 58

Me
3.0 294 - 50
=

3

38 798 - 22

0o 5.82 100-1:1.67 E:Z2
5 b b
\ 8.0 7100 - 57

8.0 Z102- 53

7 n X 22 7104 - 52

R
(@) :
91
C :
93
3 ©fb\1 54 Z96 - 50% conversion
Br
95
ij
97
af‘
99
X
101
—Pr/\%%
103

astandard conditions
bwith 0.9 equivalents of LiBr
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Aromatic and Vinylogous Substrates: Upon the optimization (0.5 mol% of NaHCOs;, 0.1

mol% hydroquinone, in an 8:1 DMSO water mixture with initial alkynoate concentration of 0.2
M) of the NaHCO; catalyzed redox isomerization, the scope of the reaction was explored.
Compared to the DABCO-catalyzed redox isomerization, the yields for NaHCOs-catalyzed
redox isomerization were lower but this is the first time Z-alkenoate was prepared from the
alkynoate. In agreement with the mechanism, the electron rich p-methoxyphenyl derivative 91
had a slower reaction time (Table 18, Entry 1) of 18 h than alkynoate 42 and gave 58 % yield.
Likewise the electron withdrawing p-trifluoromethylphenyl derivative 93 (Entry 2) reacted in 3.0
h with a 50 % yield. Interestingly O-substituted aromatic derivatives were poorly amenable to
the Z-selective redox isomerization conditions. The 0-bromophenyl derivative 95 only showed a
50 % conversion (Entry 3) after 54 h presumably due to the bulkiness the bromine atom that
interfered with the methine deprotonation. Even with a smaller substituent in the 0-position
(fluorine) 97 (Entry 4), the Z-selective redox isomerization still only yielded Z98 in a 22 % yield
after 38 h. Another interesting anomaly was the furanyl derivative 99 (Entry 5) in which the
standard conditions, gave a 1:1.7 E:Z mixture of the alkenoate after 5.8 h. The addition of 90
mol% of LiBr to standard conditions yielded the desired Z-alkenoate in a 57 % yield after 8.0 h
showing that the Z-selective redox isomerization was amenable to heteroaromatics. The styrenyl
derivative 101 (Entry 6) yielded the corresponding Z-alkenoate in 53 % yield after 8.0 h.
Finally, unlike the DABCO-catalyzed redox isomerization, the NaHCOs-catalyzed redox
isomerization was able to convert the hexenyl derivative 103 (Entry 7) to the Z104 in a 52 %
yield showing that the NaHCOs-catalyzed redox isomerization was amenable to vinylogous
substrates.

Aliphatic Substrates: Although the aromatic and vinylogous substrates gave reasonable

yields, the aliphatic alkynoates did not proceed desirably. Treatment of the hexyl derivative 107
(Table 19, Entry 1) with the standard conditions resulted in the formation of a complex mixture.
During the monitoring of the reaction using TLC, the desired Z-alkenoate appeared to form but
with large quantities of by-products. At the end of the reaction, there was no sign of the Z-
alkenoate. During the reaction, the Z-alkenoate was formed and underwent further reactions such
as an aldol or Dieckmann condensation. This also seemed likely for the cyclohexyl derivative
108 (Entry 2), which also yielded a complex mixture after 44 h. These results were the reason

stronger bases were not pursued for the E-selective redox isomerization. However, the epoxide
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derivative 109 (Entry 3) appeared to be inert to the reaction conditions and only gave a thermal

decomposition when heated to 80 °C for 26 h.

Table 19. NaHCO; isomerization: aliphatic substrates.

NaHCO; (0.75 equiv) O _OMe
R N hydroquinone (0.1 mol%) (0]
)\H/OMG 8:1 DMSO/H,0 s

temperature, time

o
Entry R Temperature Time (h) % Yield
)

1 n-Hex%% 23 75 complex mixture
107

2 23 44 complex mixture
108

3 \H/?_,/}H“ 2310 80 26 decomposition
109

Table 20. NaHCO; isomerization: other electron withdrawing groups.

OH NaHCO; (0.75 equiv)

O
hydroquinone (0.1 mol%)
L A,

Ewg 8:1 DMSO/M,0, 23°C, time

Entry R EWG Time (h) % Yield

yﬁ’f JOEt
2 Iﬁ—OEt 113 23.5 no reaction
(0]

Different Electron Withdrawing Groups: Another way to test the scope of the

NaHCOs catalyzed redox isomerization was to vary the electron withdrawing group at the 1-
position. Using the ethyl ester 90 in the NaHCO;-catalyzed redox isomerization (Table 20, Entry
1), resulted in the formation of the desired alkenoate in 55 % yield after 7.3 h. This demonstrated

that the redox isomerization was amenable to different ester functionalities. — However,
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phosphonate 113 was inert to the NaHCOs-catalyzed redox isomerization (Entry 2) resulting in
the recovery of the starting alkyne phosphonate. This was not completely surprising because 4-
H was not sufficiently acidic.

Treatment of the phosphonate 115 with the standard Z-selective redox isomerization
conditions (Table 21, Entry 1) resulted in a 45 % vyield of 2:1 mixture of E:Z-alkene
phosphonates. In an attempt to increase Z-selectivity, different metal cations were used as based
on the optimization reactions (see Table 14). However, using different metals such as Li (Entry
2), K (Entry 3) and Cs (Entry 4) only increased the E-selectivity (E:Z = approximately >1:99 for
Li, 4:1 for K, 10:1 for Cs respectively) . Although the Z-selectivity could not be increased, using
cesium bicarbonate (CsHCO3) at 40 °C (Entry 5) resulted in an excellent E-selectivity which

could be used as an alternate way to prepare E116.

Table 21. NaHCOj; isomerization: phosphonate studies.

OH ) o
MHCO3 (0.75 equiv) OFt
N hydroguinone (0.1 mol%) o
N8 8:1 DMSO/H,0 P-OEt
P—OEt 2
5 temperature, time (0]
115 116
Entry Metal Temperature (°C) Time (h) % Yield E:Z
1 Na 23 52 45 2:1
2 Li 23 52 50% no detectable Z
(0.90 equiv LiBr) conversion
3 K 23 50 n.d. 4:1
4 Cs 23 29 n.d. 10:1
5 Cs 40 235 38 no detectable Z

Treatment of the alkyne amide derivative 111 with the standard redox isomerization
condition resulted in the isolation of the starting material. Since the amide is not as electron
withdrawing as the ester, a stronger base, Na,CO3, was added to the reaction mixture (Table 22,
Entry 1). However, this again resulted in isolation of the starting material after 24 h. Repeating

the experiment with only Na,COj; (Entry 2) showed that Na,CO3; was mostly insoluble even after
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28 h, leading to no apparent reaction. Since the amide was less likely to undergo a hydrolysis,
NaOH was used (Entry 3) but it did not lead to 112. Finally, using NaOAc (Entry 4) caused the
reaction to proceed extremely slowly with at least half the starting material remaining after 74 h.
This final result may appear odd for the combination of NaOAc and DABCO was used to
prepare the E-alkene amide. However, one explanation for the E-alkene amide formation was
that the NaOAc and DABCO acted in a synergistic manner, in which NaOAc might not
deprotonate 4-H as originally perceived. Instead, NaOAc might keep the DABCO doubly-
deprotonated which increased DABCO’s basicity leading to 4-H’s deprotonation.

Table 22. NaHCO; isomerization: amide studies.

(\O base 0 0
R N\) hydroquinone (0.1 mol%) F N\)
8:1 DMSO/H,0, 23 °C, time o)
O
111 112
Entry Base Mol% Time (h) Result
1 NaHCO3/Na,COj 50 /50 235 no reaction
2 Na,CO3 75 28 base is mostly insoluble
3 NaOH 20 43 complex mixture
4 NaOAc saturated solution 72 25 % conversion?

24 SYNTHETIC APPLICATIONS OF y-0XO-0,-ALKENOATES

Not only E or Z-alkenoates are biologically active molecules, but also they can be useful
synthetic intermediates. We envisioned that syn-B-hydroxy esters, which can be found explicitly

#4 or found as a masked benzoyl functionality as in

in natural products such as yohimbine
cocaine,*® could be prepared from either the E or Z-alkenoates. For example, 136 could undergo

a cycloaddition with 137(Scheme 60) to give cyclic moiety 138. This cyclic moeity reacts with

52



an oxidant to undergo a Baeyer-Villiger oxidation where the aliphatic cyclic moiety would
47-49

migrate instead of the phenyl ring”"™ to give 139.

N O
OMe
-:OH OBz
Yohimbine Cocaine
(134) (135)

Figure 12. Natural products containing syn-p-hydroxy esters.

Os_R
: Y
—_—
RJ\/\COZR' " C j’
x COR' Y~ "Co,R

136 137 138
Scheme 60. Preparation of syn-B-hydroxy ester precursor.

The Diels-Alder reaction of E43 and 2,3-dimethyl-1,3-butadiene (Scheme 61) gave the
desired product 140 as one diastereomer in 94 % yield. Since the ketone and ester functionality
are distant from the olefin, the subsequent Baeyer-Villiger oxidation and epoxidation gave a 1:1
mixture of diastereomers 141a and 141b with an overall yield of 33 % as the epoxidized product
only. The lower yield was from the phenyl migration product in the Baeyer-Villiger oxidation,
in which the phenyl ester was converted to the acid 142 by hydrolysis conditions. This reaction

favored the phenyl migration and other conditions will be sought to facilitate the cyclohexyl

migration.
o]
O _ACl; :O)L _MCPBA: . )i))L Q)L OH
h CO,Me H COMe Ncho3 COMe 3 come - come
E43 140 141a 141b 142
94 % yield 33 % overall yield (not isolated)

Scheme 61. Formation of cyclohexyl esters from the E-alkenoates.

The Diels-Alder reaction of Z43 and 2,3-dimethyl-1,3-butadiene (Scheme 62) gave the

desired product 143 as one diastereomer in 86 % yield. This time the ketone and ester
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functionalities were syn to each other, which should invoke a diastereoselective epoxidation
when treated with mCPBA. Although treatment of 143 gave one epoxidized product, the
Baeyer-Villiger gave the phenyl migration product 144 instead of the desired cyclohexyl
migration product. Upon hydrolysis with NaHCOs, the carboxylate opened the epoxide ring to
yield the y-lactone 145 as a single diastereomer in 23 % yield. The loss of yield was due to the
incomplete lactonization where the free carboxylate anion that was lost during aqueous workup.
Although the desired cyclohexanol could not be formed, the y-lactone was a skeletally diverse

structure that could be used in future work.

- - o

(@] 0 o
O CO,Me
AlCl5 I:fLPh mCPBA \ OPh NaHCO, "
= —_— - | o — HoO
Ph)J\) "
H CO,Me CO,Me CO,Me
Z43 143 144 145
86 % yield (not isolated) 23 % yield

Scheme 62. Formation of y-lactone from Z-alkenoates.

2.5 BIOLOGICAL STUDIES OF LIBRARY COMPOUNDS IN ZEBRAFISH
EMBRYOS

A second objective of my research was to build a library’® containing molecules that have a
carbon skeletons that were easily diversified with minimal transformations. Although an easily-
diversifiable substrate may sound common, only a few of these molecules have been
demonstrated.”’™® 1In our lab, we previously developed chemistry to convert y-hydroxy-a,p-
alkynoates to skeletally diverse structures in one or two steps (Scheme 63). The majority of the
library members contain an unsaturated ester system which should invoke some reactivity in a
biological system.”® Also, their skeletal differences should affect different phenotypes in cells or

organisms. After their preparation, these molecules, with the exception of 63, 142, and 145,
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were then tested in zebrafish embryos by Professor Nathan Bahary at the University of
Pittsburgh.

OH
n-Bu
o o Ph
;:E?: X_ _OH OH | OH H
Ph
Ph 147C02'\< 148 py, Ph)\/kCOZMe Ph

> Z>Co,Me
Ph Ph
o] P 149 150
Ph/f o F
7 Ph)\ or
COzMe A co Me\ Ph 4 / Ph)\/\cogMe Ph = COM
146 2 N 2Me
63 CO,Me 151 152
42
o) 0 CO,Me
o O CO,Me o P OH
Ph)J\/ 158 ~
MeO,C 743 N
143 A
o}
(0] OH OH O |
Ph -—
o Ph)v\cone Ph)\/\coznﬂe or Ph Z>co,Me — Ph |
Me,C E43 Ph 7 CO,Me
140 154 155 156

Methodology developed in our lab =

Alkynylation: Shahi, S. P.; Koide, K. Angew. Chem. Int. Ed., 2004, 43,2525-2527.
Red-Al Reduction: Meta, C. T.; Koide, K. Org Lett. 2004, 6, 1785-1787.

Scheme 63. DOS library derived from y-hydroxy-a,B-alkynoates.

There were several reasons why zebrafish were chosen instead of the more common
animal model, mice. Since zebrafish are smaller than mice, the resources to maintain them
(food, living space) are less than mice’s. Likewise the eggs are less then Imm in diameter so
they can easily fit in the single well of a 384-well plate and the female zebrafish can also lay up
to 300 eggs at time.”* Despite the fact that they are not mammals, zebrafish contain a genomic
complexity similarly to humans.”® Finally, the eggs and embryos are transparent, allowing for
the studying of the embryo’s development using light microscopy.”

Therefore, Professor Nathan Bahary introduced the molecules to 96-well plates
containing 10 zebrafish eggs in embryo rearing media to give a final concentration of 10 or 50
uM.”” The embryos’ developments were monitored each day for 3 days. If any interesting

phenotypes were observed, that experiment was then repeated using 30 embryos in ImL of
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media. After these initial experiments, several types of phenotypes were present. Some of the
molecules were lethal to zebrafish, while some had no observable phenotype. Others lead to no
brain development or caused heart failure. The y-hydroxy-a,p-alkynoate 42 was lethal; killing
the zebrafish embryos after one day. However, the lethality of the substrate was eliminated in
two steps. Treatment of alkynoate 42 with allylbromide and silver oxide in CH,Cl, yielded
enyne 63°" which was then converted to the bicylic molecule 147 in 24 % yield (unoptimized
conditions) using [RhCI(CO),], under a carbon monoxide atmosphere (Scheme 64). Despite the
electron withdrawing ketone, ester and ether oxygen moieties, the tetra-substituted olefin 147
was too hindered, so this molecule did not cause an observable phenotype. This skeletal change

from two steps completely negated its toxicity in the zebrafish.

OH AN

Br o (0]
Ph)\ —/\/ - [RhCI(CO),],, cO _ ©
A Ag,0, CH,Cl, Ph™
CO,Me 927 M2 Nco,me Ph  COMe
42 63 147
lethal no observable phenotype

Scheme 64. Biological effects of Pauson-Khand product 147.

0]
0O CO,Me

B S 9O
/ MeO,C
OH 743 143
slow killing lethal
Ph)\

CO-M (@]
NG o

42 AICl3 Ph
lethal Ph)v\COZMe
MeOZC
E43 140
lethal no cardiovascular
circulation

Scheme 65. Biological activity of Diels-Alder products.

Another interesting set of phenotypes dealt with the E and Z-y-oxo-a,B-alkenoates.
Analogous to the Dal Pozzo paper, E43 was the more reactive substrate killing the zebrafish
embryos after one day while Z43 killed the zebrafish after three days (Scheme 65). These results
prompted the development of E and Z-selective redox isomerization conditions. Another

interesting result was observed when E43 and Z43 were converted to their Diels-Alder products.
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Compound 143, prepared from the less reactive Z43, was deadly to the zebrafish. On the other
hand, compound 130, prepared from the more reactive E43, caused no cardiovascular circulation
in the zebrafish embryos after three days. The zebrafish treated with compound 140 eventually
died after their yolk sac was consumed, but these results showed a reversal of lethality after one
skeletal transformation. Although these mentioned compounds are not being studied, other

library members are currently being studied for their phenotypes.
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3.0 CONCLUSION

DABCO (20 mol%) o
R
)x DMSO, 23 or 40°C RJ\/\EWG
R= aryl, styrenyl

(‘ﬁ\”/OR JOEt o
EWG= lﬁ—OEt f%‘/ N\)
(@]
(0]

o

Scheme 66. Summary of E-selective redox isomerization.

We have developed a mild E-selective redox isomerization using DABCO in DMSO (Scheme
66).® From the reaction optimization and mechanistic studies, the mechanism was eluded to
precede via mechanism A (See Scheme 36). We also determined the scope of this E-selective
redox isomerization in which the reaction proceeded well with aryl and styrenyl alkynoates.”
Although aliphatic alkynoates do not yield the E-alkenoates, we have developed the first E-

selective redox isomerization using an aryl alkyne phosphonate and aryl alkyne amide.

OH
R)\N/ NaHCO3 (0.75 equiv) /(B\oj/ORI
X OR'  8:1 DMSO/H,0, 23 °C R _—
o
R=aryl, vinyl
R'= Me, Et

Scheme 67. Summary of Z-selective redox isomerization.

Also we have developed the first Z-selective redox isomerization using NaHCO;
(Scheme 67).%° From the reaction optimization and mechanistic studies, the mechanism was
eluded to precede via mechanism A (See Scheme 59). We also determined the scope of this Z-
selective redox isomerization showing that the reaction preceded well using aryl and vinyl

alkynoates.
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4.0 EXPERIMENTAL

General Techniques All reactions were carried out with dry, freshly distilled solvents
under anhydrous conditions, unless otherwise noted. Tetrahydrofuran (THF) was distilled from
sodium-benzophenone, and methylene chloride (CH,Cl,) was distilled from calcium hydride.
Dimethylsulfoxide (DMSO) was distilled from calcium hydride under reduced pressure and kept
dry over 3 angstrom sieves. Yields refer to chromatographically and spectroscopically (‘H
NMR) homogenous materials, unless otherwise stated.

All reactions were monitored by thin-layer chromatography (TLC) carried out on 0.25-
mm E. Merck silica gel plates (60F-254) using UV-light (254 nm) with anisaldehyde in ethanol
and heat as developing agents. TSI silica gel (230—400 mesh) was used for flash column
chromatography. Merck silica gel (60 PF;s4) was used to make preparative TLC (prep-TLC)
plates for further purification of select compounds in which the prep-TLC plates were prepared
as specified by the silica gel manufacturer. NMR spectra were recorded on AM300 or AMS500
(Bruker) instruments and calibrated using the solvent or tetramethylsilane as an internal
reference. The following abbreviations are used to indicate the multiplicities; app, apparent; s,
singlet; d, doublet; t, triplet; q, quartet; sex, sextet; m, multiplet; br, broad. High-resolution mass

spectra were obtained by using EBE geometry.

Alkynes were synthesized by one of the two following methods.

Method A - Using the procedure from Shahi, S. P., Koide, K. Angew. Chem., Int. Ed.
2004, 43, 2525-2527.

Method B - Using the procedure from Krause, N., Liebigs Ann. Chem. 1990, 603—604.
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OH Preparation of 42: See: Shahi, S. P.; Koide, K. Angew. Chem., Int. Ed.
OMe 2004, 43, 2525-2527.

4
O

oH Preparation of 76: Method A.

OMe

V4
o

OH Preparation of 77: Method A.

OMe

V4
o

oH Preparation of 4d-42: Method A. Silica gel chromatography (5 — 20 %
D \X__oMe EtOAc in hexanes) afforded 4d-42 (70.3 mg, 70 %) as a pale yellow oil; R¢
o =0.33 (30 % EtOAc in hexanes).
OH

Preparation of 90: Method A. Spectral data were in agreement with the
oet literature: Herrmann, J. L., Berger, M. H., Schlessinger, R. H., J. Am.
o} Chem. Soc. 1979, 101, 1544-1549.

g

OH
Preparation of 91: See: Shahi, S. P.; Koide, K. Angew. Chem., Int.

N OMe Ed. 2004, 43, 2525-2527.
MeO

b

Preparation of 93: Method A. Silica gel chromatography (5 — 20 %
OMe EtOAc in hexanes) afforded 93 (303.0 mg, 61 %) as a yellow oil; Rs
o = 0.33 (30 % EtOAc in hexanes); IR (film) 3420 (br, O-H), 3011,
2959, 2242 (C=C), 1717 (C=0), 1438, 1329, 1260, 1167, 1128, 1017, 857 cm™; '"H NMR (300
MHz, 293K, CDCl3) & 7.65 (br s, 4H), 5.61 (br s, 1H), 3.80 (s 3H); °C NMR (125 MHz, 293 K,
CDCl3) 6 153.8, 142.4, 130.7 (q, J = 32.3 Hz), 126.8, 125.6 (q, J = 3.8 Hz), 123.8 (q, J = 270.4
Hz), 86.2, 77.5, 63.1, 52.9; HRMS (EI") calc’d for C1,HoF303 (M") 258.0503; found 258.0500.

2
7

FsC

60



oH Preparation of 95: Method B. Silica gel chromatography (5 — 20 %
©\)\W0Me EtOAc in hexanes) afforded 95 (459.0 mg, 46 %) as a yellow oil; Rt = 0.40
i © (30 % EtOAc in hexanes); IR (film) 3411 (br, O-H), 2954, 2923, 2238
(C=C), 1716 (C=0), 1436, 1255, 1019, 942, 751 cm™; 'H NMR (500 MHz, 293 K, CDCl3), &
7.72 (dd, 1H, J = 7.8, 1.5 Hz), 7.57 (d, 1H, J = 8.0 Hz), 7.38 (t, 1H, J = 7.6 Hz), 7.22 (td, 1H, J
= 7.8, 1.6 Hz), 5.87 (s, 1H), 3.79 (s, 3H); >C NMR (125 MHz, 293 K, CDCl3) & 153.8, 137.7,
132.9, 130.2, 128.4, 127.9, 122.4, 86.0, 76.9, 63.4, 52.9; HRMS (EI") calc’d for C;;HoBrO;
(M"); 267.9735; found 267.9742.
OH Preparation of 97: Method B. Silica gel chromatography (7.5 — 30 %
X__ome EtOAcin hexanes) afforded 97 (632.3 mg, 63 %) as a pale yellow oil; Rf =
F 0 0.36 (30 % EtOAc in hexanes); IR (film) 3419 (br, O-H), 3070, 3048,
2956, 2241 (C=C), 1716 (C=0), 1616, 1491, 1457, 1256, 1175, 1009, 758 cm™; '"H NMR (300
MHz, 293 K, CDCls) ¢ 7.62 (td, 1H, J = 7.5, 1.8 Hz), 7.39-7.31 (m, 1H), 7.19 (td, 1H, J = 7.5,
1.1 Hz), 7.08 (ddd, 1H, J = 10.2, 8.2, 1.2 Hz), 5.82 (br s, 1H), 3.79 (s, 3H); °C NMR (75MHz,
293 K, CDCls) 6 159.4 (d, J = 247.2 Hz), 153.7, 130.3 (d, J = 8.2 Hz), 128.0 (d, J = 3.1 Hz),
125.7 (d, J = 13.3 Hz), 124.2 (d, J = 3.5 Hz), 115.3 (d, J = 20.9 Hz), 85.9, 76.4, 57.7 (d, J = 5.1
Hz), 52.7; HRMS (EI") calc’d for C;;HoFO; (M") 208.0535; found 208.0534.
oH Preparation of 99: Method A. Silica gel chromatography (5 — 20 %
\ | X__ome EtOAc in hexanes) afforded 99 (236.0 mg, 67 %) as a yellow oil; Rf =
o) 0.30 (30 % EtOAc in hexanes); IR (film) 3408 (br, O-H), 2957, 2244
(C=C), 1719 (C=0), 1500, 1438, 1263, 1144, 1073, 1023, 952, 918, 884, 750 cm™; '"H NMR
(300MHz, 293 K, CDCls) & 7.44 (dd, 1H, J = 1.8, 0.6 Hz), 6.50 (dd, 1H, J = 3.3, 0.6 Hz), 6.38
(dd, 1H, J = 3.3, 1.8 Hz), 5.57 (br d, 1H, J = 6.8 Hz), 3.80 (s, 3H), 2.62 (br d, 1H, J = 6.8 Hz);
3C NMR (75 MHz, 293 K, CDCl3) & 153.6, 150.7, 143.4, 110.5, 108.5, 84.2, 76.4, 57.7, 52.9;
HRMS (EI") calc’d for CoHgO4 (M) 180.0423; found 180.0419.

OH Preparation of 101: See: Shahi, S. P.; Koide, K. Angew. Chem., Int.
N ome Ed. 2004, 43, 2525-2527.

0
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OH

n-Pr X

Preparation of 103: Method B. Silica gel chromatography (5 — 20 %
X__oMe EtOAc in hexanes) afforded 103 (646.0 mg, 65 %) as a pale yellow oil;
o} Ri = 0.42 (30 % EtOAc in hexanes); IR (film) 3407 (br, O-H), 3033,
2959, 2932, 2238 (C=C), 1716 (C=0),1436, 1256, 1066, 968, 752 cm™; '"H NMR (300 MHz,
293K, CDCl3) 6 5.91 (dtd, 1H, J = 15.3, 7.1, 1.1 Hz), 5.59 (ddt, 1H, J = 15.3, 6.2, 1.3 Hz), 4.92
(brd,J =6.2 Hz), 3.79 (s, 1H), 2.05 (app br q, 2H, J = 7.1 Hz), 1.43 (app sex, 2H, J = 7.3), 0.91
(t, 3H, J = 7.3 Hz); °C NMR (75MHz, 293 K, CDCl3) & 153.9, 134.8, 126.8, 87.0, 76.3, 62.0,
52.6,33.8,21.6, 13.3; HRMS (EI") calc’d for C1oH 1403 (M") 182.0943; found 182.0948.

OH Preparation of 107: See: Shahi, S. P.; Koide, K. Angew. Chem., Int
X_ ome Ed. 2004, 43, 2525-2527.

;

oH Preparation of 108: See: Shahi, S. P.; Koide, K. Angew. Chem., Int. Ed.
X OMe 2004, 43, 2525-2527.

b

oH Preparation of 109: See: Shahi, S. P.; Koide, K. Angew. Chem., Int. Ed.
= X ome 2004, 43,2525-2527.

OH (\o Preparation of 111: Method B. Silica gel chromatography (20 — 80 %

N\) EtOAc in hexanes) afforded 111 (58.0 mg, 26 %) as a yellow oil; Ry =

o} 0.15 (80 % EtOAc in hexanes); IR (film) 3347 (br, O-H), 3032, 2965,
2858, 2237 (C=C), 1613 (C=0), 1434, 1276, 1248, 1114, 996, 700 cm™; '"H NMR (300 MHz,
293 K, CDCls) & 7.53-7.49 (m, 2H), 7.43-7.34 (m, 3H), 5.57 (s, 1H), 3.74-3.62 (m, 8H); °C
NMR (125 MHz, 293 K, CDCls) § 152.8, 139.2, 128.7, 128.6, 126.5, 92.6, 66.7, 66.3, 64.0, 47.2,
41.9; HRMS (EI") calc’d for C14H sNO3 (M") 245.1052; found 245.1046.

g
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OTHP  Ppreparation of 118: pTsOH (143.9 mg, 0.7567 mmol), was added in one portion

X to a solution of 117 (920 uL, 7.57 mmol) and dihydropyran (755 pL, 8.25 mmol)

in CH,Cl, (30 mL) at 23 °C. The resulting mixture was then stirred for 1 h and

then diluted with Et;O (45 mL). The mixture was then washed with saturated NaHCOj solution

(1 x 15 mL) and brine (1 x 30 mL). The aqueous layer was then extracted with Et,0 (2 x 15

mL). The organic layers were combined, dried over Na,SOy, filtered, and concentrated under

reduced pressure. The resulting residue was then purified by silica gel chromatography (2.5 —

10 % EtOAc in hexanes) to afford the THP ether 118 as a mixture of diastereomers (1.551 g, 95
%), which was used in the subsequent step without further purification.

OTHP Preparation of 119: n-Butyllithium (1.6 M in hexanes) was added drop

X _OEt wise to a solution of 118 (432.6 mg, 2.000 mmol) in THF (2 mL) at -78 °C.

II:I’—OEt

0 Diethylchlorophosphate (320 pL, 2.20 mmol) in THF (2.2 mL) was then
added drop wise to solution at -78 °C and the resulting mixture was allowed to stir at the same
temperature for 1.5 h. The reaction flask was then placed in an ice water bath and quenched with
water (2.4 mL) at 0 °C. The solvent was removed under pressure and the resulting residue was
extracted with Et,0 (4 x 6 mL). The organic layers were then washed with brine (1 x 6 mL),
dried over Na,SQy, filtered, and concentrated under reduced pressure. The resulting residue was
then subjected to silica gel chromatography (10 — 50 % EtOAc in hexanes) to remove unreacted
starting materials and to afford the THP ether phosphonate 119 as a mixture of diastereomers

(298.6 mg, 42 %), which was used in the subsequent step without further purification.

OH Preparation of 115: PPTS (16.9 mg, 0.0673 mmol) was added in one

©)\P'OOE|£ portion to a solution of 119 (236.6 mg, 0.6731 mmol) in EtOH (4.5 mL).
—OEt

o The reaction mixture was heated to 55 °C. After an additional 7.3 h at the

same temperature, the solvent was removed under reduced pressure. The resulting residue was
then purified by silica gel chromatography (15 — 60 % EtOAc in hexanes) to afford 115 (162.9
mg 90 %) as a pale yellow oil; R = 0.25 (80 % EtOAc in hexanes); IR (film) 3319 (br, O-H),
3032, 2986, 2909, 2203 (C=C), 1455, 1252 (P=0), 1051, 781, 701 cm™'; 'H NMR (300 MHz,
293 K, CDCls) 6 7.53-7.49 (m, 2H), 7.42-7.34 (m, 3H), 5.52 (d, 1H, J = 3.5 Hz), 4.20-4.09 (m,
4H), 1.73 (br s, 1H), 1.35 (td, 6H, J = 7.1, 3.2 Hz); >C NMR (75 MHz, 293 K, CDCl;) & 138.9,
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128.4, 128.2, 126.4, 101.3 (d, J = 49.2 Hz), 74.3 (d, J = 295.4 Hz), 63.6 (br s), 63.3 (d, J = 5.6
Hz), 15.8 (d, J = 7.1 Hz); HRMS (EI") calc’d for C13H;7PO4 (M") 268.0864; found 268.0874.

General procedure for the formation of E-olefins (Method C): To a solution of A
(0.2500 mmol) in DMSO (1.25 mL) at 23 °C, DABCO (5.6 mg, 0.050 mmol) was added in one
portion, and the resulting solution was stirred at the same temperature for the indicated time.
The reaction was then diluted with water (25 mL), and then acidified to pH 3 with pH 3
phosphate buffer. The resulting aqueous mixture was extracted with Et;0 (25 mL x 3 or 4). The
combined organic layers were then washed with water (25 mL) then brine (25 mL), dried over
Na,SOy, filtered, and concentrated under reduced pressure. The resulting residue was purified by

silica gel chromatography (EtOAc in hexanes) to afford the corresponding trans olefin B.

Q oM Preparation of E43: Method C. Silica gel chromatography (5 — 20 %
e

©)J\/\g EtOAc in hexanes) afforded E43 (734 mg, 73 %) as a pale yellow oil.

Spectral data were in agreement with the literature: Bonete, P., Najera, C.,

J. Org. Chem. 1994, 59, 3202-32009.

Q . ome Preparation of E92: Method C. Silica gel chromatography (5 — 20
/©)‘\/\(')( % EtOAc in hexanes) afforded E92 (42.4 mg, 77 %) as a yellow
MeO solid; R = 0.33 (30 % EtOAc in hexanes); mp = 65.5-66.0 °C; IR
(film) 3014, 2956, 2924, 2848, 1737(C=0), 1727 (C=0), 1668, 1596, 1439, 1306, 1264, 1165,
1028, 975, 833, 766 cm™; "H NMR (300 MHz, 293 K, CDCl3) & 8.02 (dt, 2H, J = 8.9, 2.1 Hz),
7.94 (d, 1H, J = 15.5 Hz), 6.99 (dt, 2H, J = 8.9, 2.1 Hz) 6.88 (d, 1H, J = 15.5 Hz), 3.90 (s, 3H),
3.85 (s, 3H); °C NMR (125 MHz, 293 K, CDCl3) & 187.5, 166.2, 164.2, 136.7, 131.2, 131.2,
129.6, 114.1, 55.5, 52.2; HRMS (EI") calc’d for C1,H 204 (M) 220.0736; found 220.0741.

O

. om Preparation of E94: Method C. Silica gel chromatography (5 — 20
e

m % EtOAc in hexanes) afforded E94 (40.0 mg, 62 %) as a pale yellow

FoC solid; Rf = 0.41 (20 % EtOAc in hexanes); mp = 73.5-74.0 °C; IR

(film) 3079, 2927, 1731 (C=0), 1669 (C=0), 1628, 1410, 1319, 1306, 1164, 1126, 970, 773, 722
cm™; '"H NMR (300 MHz, 293K, CDCl3) & 8.11 (br d, 2H, J = 8.8 Hz), 7.90 (d, 1H, J = 15.6 Hz),
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7.79 (br d, 1H, J = 8.8 Hz), 6.93 (d, 1H, J = 15.6 Hz), 3.87 (s, 3H); °C NMR (125 MHz, 293 K,
CDCls) & 188.6, 165.6, 139.1, 135.7, 135.0 (q, J = 32.5 Hz), 133.0, 129.0, 125.9, 123.4 (q, J =
273.8 Hz), 52.4; HRMS (ES") calc’d for C;,HoF305 (M) 258.0504; found 258.0538.

0 o _OMe Preparation of E96: Method C. Silica gel chromatography (5 — 20 %
d\/\g EtOAc in hexanes) afforded E96 (24.0 mg, 36 %) as a yellow oil; Ry =

o 0.46 (30 % EtOAc in hexanes); IR (film) 2952, 2923, 2851, 1728 (C=0),
1675 (C=0), 1434, 1309, 1275, 1256, 1169, 1025, 751 cm™; "H NMR (300 MHz, 293 K, CDCls)
0 7.65(d, 1H, J = 7.1 Hz), 7.50 (d, 1H, J = 15.8 Hz), 7.45-7.35 (m, 3H), 6.64 (d, IH, J = 15.8
Hz), 3.83 (s, 3H); °C NMR (125 MHz, 293 K, CDCl3) & 193.1, 165.7, 139.4, 139.1, 133.6,
132.7, 132.4, 129.5, 127.5, 119.6, 52.3; HRMS (EI") calc’d for C;;HoBrO; (M") 267.9735; found
267.9745.

Q . ome Preparation of E98: Method C. Alumina chromatography (15 % EtOAc
EIJ\/\(V; in hexanes) afforded E98 (31.3 mg, 60 %) as a orange oil; Ry = 0.45 (30 %

F EtOAc in hexanes); IR (film) 2954, 2923, 2851, 1728 (C=0), 1673 (C=0),
1610, 1454, 1311, 1279, 977, 757 cm™"; "H NMR (300 MHz, 293 K, CDCl;) & 7.84 (dd, 1H, J =
7.4, 1.6 Hz), 7.77 (dd, 1H, J = 15.6, 3.4 Hz), 7.62-7.55 (m, 1H), 7.28 (td, 1H, J = 7.7, 1.1 Hz),
7.18 (ddd, 1H, J = 10.8, 8.3, 0.8 Hz), 6.83 (dd, 1H, J = 15.6, 1.3 Hz), 3.84 (s, 3H); °C NMR
(125 MHz, 293 K, CDCls) 6 188.0 (d, J = 2.6 Hz), 165.9, 161.5 (d, J = 253.8 Hz), 139.3 (d, J =
6.9 Hz), 135.2 (d, J = 9.0 Hz), 131.7, 131.0 (d, J = 2.1 Hz), 125.4 (d, J = 12.2 Hz), 124.7 (d, J =
3.3 Hz), 116.7 (d, J = 22.8 Hz), 52.3; HRMS (EI") calc’d for C;;HgFO; (M") 208.0535; found
208.0542.

o Q _ ome Preparation of E100: Method C. Silica gel chromatography (5 — 20 %
\ | 5 EtOAc in hexanes) afforded E100 (36.0 mg, 78 %) as a pale yellow solid;
Ri=10.31 (30 % EtOAc in hexanes); mp = 87.5-88.5 °C; IR (film) 3154, 3133, 3096, 3005, 2959,
2853, 1720 (C=0), 1665 (C=0), 1622, 1463, 1337, 982, 767 cm’’; '"H NMR (300 MHz, 293K,
CDCl3) 6 7.77 (d, 1H, J = 15.6 Hz), 7.70 (dd, 1H, J = 1.7, 0.7 Hz), 7.39 (dd 1H J = 3.6, 0.7 Hz),

6.98 (d, 1H, J = 15.6 Hz), 6.62 (dd, 1H, J = 3.6, 1.7 Hz), 3.84 (s, 3H); °C NMR (75 MHz, 293
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K, CDCl;3) § 176.4, 165.9, 152.7, 147.9, 135.6, 131.6, 119.6, 112.9, 52.3; HRMS (ES") calc’d for
CoHgO4Na 203.0320 (M + Na)"; found 203.0318.

Q __ om Preparation of E102: Method C. Silica gel chromatography (5 — 20

e
M % EtOAc in hexanes) afforded E102 (65.5 mg, quantitative yield) as a
yellow solid; Spectral data were in agreement with the literature:

Baraldi, P. G., Bazzanini, R., Bigoni, A., Manfredini, S., Simoni, D., Synthesis 1993, 1206—1208.

@)

__ _ort Preparation of E104: Method C. Silica gel chromatography (5 — 20 %
©)‘\/\g/ EtOAc in hexanes) afforded E104 (37.0 mg, 72 %) as a yellow oil; Spectral
data were in agreement with the literature: Ronsheim, M. D., Zercher, C. K., J. Org. Chem.
2003, 68, 4535-4538.

(\o Preparation of E112: Method C was used to generate E112 with the
AN modification of an addition of NaOAc (1.6 mg, 0.020 mmol, 20 mol%)

%

in one portion after the DABCO addition. Silica gel chromatography
(20 — 80 % EtOAc in hexanes) yielded E112 (18.5 mg, 76 %) as a white solid; Rt = 0.19 (80 %
EtOAc in hexanes); mp = 126.5-127.5 °C; IR (film) 2958, 2922, 2853, 1671 (C=0), 1636
(C=0), 1434, 1289, 1114, 1043, 891, 722 cm™; '"H NMR (300 MHz, 293 K, CDCl;) & 8.04 (d,
2H,J=7.2 Hz), 7.97 (d, 1H, J = 15.0 Hz), 7.65-7.60 (m, 1H), 7.54-7.49 (m, 2H), 7.47 (d, 1H, J
= 15.0 Hz), 3.75-3.68 (m, 8H); °C NMR (125 MHz, 293 K, CDCl;) & 189.5, 164.0, 136.8,
134.6, 133.8, 131.7, 128.8, 128.8, 66.7, 46.4, 42.6; HRMS (EI') calc’d for Ci4H;sNO; (M")
245.1052; found 245.1042.

0 _ Ot Preparation of E116: Method C was used to afford E116 with the
©)‘\Ag_oa modification of heating the reaction to 40 °C (oil bath) after DABCO
addition. Silica gel chromatography (15 — 60 % EtOAc in hexanes) yielded E116 (25.4 mg, 95
%) as a yellow oil containing a 10:1 E/Z mixture. Stereochemically pure E116 was afforded
under different conditions (50 mol % of CsHCO; in DMSO, 23 °C) in lower yield (31.0 mg, 50

%) which was used for characterization; Rf = 0.15 (80 % EtOAc in hexanes); IR (film) 3064,
2984, 2929, 1671, 1448, 1260 (P=0), 1051, 1024, 975, 692 cm™; '"H NMR (300 MHz, 293 K,
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CDCl;) & 8.04-8.00 (m, 2H), 7.84 (dd, 1H, J = 21.2, 16.9, Hz), 7.64 (tt, 1H, J = 7.5, 1.3 Hz),
7.55-7.50 (m, 2H), 6.94 (dd, 1H, J = 19.4,16.9 Hz), 4.18 (m, 4H), 1.38 (t, 3H, J = 7.1 Hz); °C
NMR (125 MHz, 293 K, CDCl3) & 188.5 (d, J = 22.5 Hz), 140.3, 136.3, 133.9, 131.4, 129.9,
128.9, 62.5, 16.3; HRMS (EI") calc’d for C;3H;7PO4 (M") 268.0864; found 268.0863.

General procedure for the preparation of Z-olefins (Method D): To a solution of
alkynoate (0.2500 mmol) in 1:8 HO/DMSO (1.25 mL total) at 23 °C, a 0.01M solution of
hydroquinone in DMSO was added (25 pL, 0.002500 mmol). Subsequently, NaHCOs3 (15.8 mg,
0.05000 mmol) was then added in one portion and the resulting solution was stirred at the same
temperature for the indicated time. The reaction was then diluted with water (25 mL), and then
acidified to pH 3 with pH 3 phosphate buffer. The resulting aqueous mixture was extracted with
Et,0 (25 mL x 3 or 4). The combined organic layers were then washed with water (25 mL) then
brine (25 mL), dried over Na,SO., filtered, and concentrated under reduced pressure. The
resulting residue was purified by silica gel chromatography (EtOAc in hexanes) to afford the
corresponding cis olefin.

o Ox-OMe Preparation of Z42: Method D. Silica gel chromatography (5 — 20 %
7 EtOAc in hexanes) afforded Z42 (39.0 mg, 76 %) as a yellow oil; Spectral
data were in agreement with the reference: Ettrick, M. R., Miller, M., Heeds,

L.S.,J. Am. Chem. Soc. 1992, 114, 4079-4088.

o OxOMe Preparation of Z92: Method D. Silica gel chromatography (5 — 20 %

= EtOAc in hexanes) afforded 292 (29.9 mg, 58 %) as a yellow oil; Ry

MeO 0.31 (30 % EtOAc in hexanes); IR (film) 2924, 1723 (C=0), 1661

(C=0), 1596, 1573, 1251, 1217, 1160 cm™; "H NMR (300 MHz, 293K, CDCl3) & 7.91 (dt, 2H, J

=9.0, 2.1 Hz), 6.96 (dt, 2H, J = 8.9, 2.1 Hz) 6.90 (d, 1H, J = 12.1 Hz), 6.26 (d, 1H, J = 12.1

Hz), 3.87 (s, 3H), 3.62 (s, 3H); °C NMR (125 MHz, 293 K, CDCls) & 192.6, 165.4, 164.0,

141.3, 131.0, 128.9, 125.3, 114.0, 55.5, 51.8; HRMS (EI") calc’d for Cj,H 1204 (M") 220.0736;
found 220.0726 m/z.
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0 Ox-OMe  preparation of Z94: Method D. Silica gel chromatography (5 — 20 %

Z EtOAc in hexanes) afforded Z94 (32.4 mg, 50 %) as an orange oil; R¢

FsC 0.38 (30 % EtOAc in hexanes); IR (film) 2956, 1727 (C=0), 1683

(C=0), 1412, 1326, 1224, 1169, 1129, 1067, 820 cm™'; 'H NMR (300 MHz, 293K, CDCl3) &

8.05 (br d, 2H, J = 8.8 Hz), 7.76 (br d, 2H, J = 8.8 Hz), 6.90 (d, 1H, J = 12.0 Hz), 6.36 (d, 1H, J

= 12.0 Hz), 3.62 (s 3H); °C NMR (125 MHz, 293 K, CDCls) & 193.2, 165.1, 140.7, 138.3, 134.7

(q, J = 32.5 Hz), 128.8, 126.3, 125.7, 123.4 (q, J = 271.2 Hz), 52.0; HRMS (EI") calc’d for
C1,HoF303 (M) 258.0504; found 258.0504 m/z.

o Oy OMe Preparation of Z98: Method D. Silica gel chromatography (5 — 20 %

Z EtOAc in hexanes) afforded Z98 (11.1 mg, 22 %) as a yellow oil; Rt 0.39 (30

F % EtOAc in hexanes); IR (film) 2923, 2850, 1722 (C=0), 1670 (C=0), 1608,

1453, 1384, 1215, 1170, 11153, 761 cm™; "H NMR (300 MHz, 293 K, CDCl;) & 7.95 (td, 1H, J

=17.5, 1.8 Hz), 7.60 — 7.52 (m, 1H), 7.28 (td, 1H, J = 7.9, 0.7 Hz), 7.13 (dd, 1H, J = 10.9, 8.3

Hz), 6.96 (dd, 1H, J = 12.0, 4.7 Hz), 6.18 (dd, 1H, J = 12.0, 0.8 Hz), 3.66 (s, 3H); °C NMR

(125 MHz, 293 K, CDCls) & 190.7, 165.6, 162.0 (d, J = 255 Hz), 142.2, 135.2 (d, J = 8.9 Hz),

130.7, 124.6, 116.6 (d, J = 22.3 Hz), 51.9; HRMS (EI") calc’d for C;;HyO3F (M") 208.0536;

found 208.0535 m/z.

o0 Ox-OMe  Preparation of Z100: Method D but with the addition of LiBr (20.0 mg, 90
o ~

C mol%) before the addition of NaHCOs. Silica gel chromatography (5 — 20

% EtOAc in hexanes) afforded Z100 (26.0 mg, 57 %) as a pale yellow oil; Rs

0.28 (30 % EtOAc in hexanes); IR (film) 3131, 2953, 2923, 2852, 1726 (C=0), 1661 (C=0),

1464, 1220, 1177, 1159, 1042, 1007 cm™'; 'H NMR (300 MHz, 293K, CDCl;) & 7.64 (dd, 1H, J

= 1.6, 0.6 Hz), 7.23 (dd, 1H, J = 3.6, 0.6 Hz), 6.86 (d, 1H, J = 12.0 Hz), 6.58 (dd, 1H, J = 3.6,

1.7 Hz), 6.33 (d, 1H, J = 12.0 Hz), 3.71 (s 3H); °C NMR (75 MHz, 293 K, CDCl3) § 179.8,

165.9, 152.0, 147.3, 135.6, 128.6, 118.8, 112.6, 52.1; HRMS (ES") calc’d for CoHgO4 203.0320
(M + Na); found 203.0313 m/z.

o OxOMe Preparation of Z102: Silica gel chromatography (5 — 20 % EtOAc in

A = hexanes) afforded 2102 (28.7 mg, 53 %) as a yellow oil; Rt 0.34 (30 %
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EtOAc in hexanes); IR (film) 2951, 2924, 2851, 1725 (C=0), 1653 (C=0), 1625, 1602, 1388,
1215, 1198, 1160, 1101, 977, 690 cm™; "H NMR (300 MHz, 293K, CDCl3) & 7.55 (m, 3H), 7.45
(d, 1H, J = 16.5 Hz), 7.41 (m, 2H), 6.85 (d, 1H, J = 16.3 Hz), 6.73 (d, 1H, J = 12.1 Hz), 6.24 (d,
1H, J = 12.1 Hz), 3.73 (s, 3H); °C NMR (75 MHz, 293 K, CDCls) & 193.5, 165.5, 145.6, 140.5,
134.1, 130.9, 128.9, 128.4, 126.2, 125.9, 52.0; HRMS (ES") calc’d for C;3H 2053 239.0684 (M +
Na); found 239.0668 m/z.

/\)CJ)\Oj/OMe Preparation of Z104: Method D. Alumina chromatography (20 %
nPre X = EtOAc in hexanes) afforded Z104 (23.8 mg, 52 %) as a yellow oil; Ry

0.42 (30 % EtOAc in hexanes); IR (film) 2959, 2931, 2874, 1731 (C=0), 1665 (C=0), 1636,
1437, 1214, 1167, 979 cm™; 'TH NMR (300 MHz, 293 K, CDCl3), & 6.80 (dt, 1H, J = 16.0, 6.9
Hz), 6.62 (d, 1H, J = 12.1 Hz), 6.22 (dt, 1H, J = 16.0, 1.5 Hz), 6.15 (d, 1H, J = 12.1 Hz), 3.72
(s, 3H), 2.25 (qd, 2H, J = 7.4, 1.5 Hz), 1.51 (sextet, 2H, J = 7.4 Hz), 0.94 (t, 3H, J = 7.4 Hz);
3C NMR (125 MHz, 293 K, CDCls) § 193.7, 165.4, 151.0, 140.6, 130.5, 125.5, 51.9, 34.6, 21.2,

13.6; HRMS (EI") calc’d for CoH ;405 182.0943 (M"); found 182.0944 m/z.
o Ox-OFt Preparation of Z25: Method D. Silica gel chromatography (5 — 20 %
Z EtOAc in hexanes) afforded Z25 (28.2 mg, 55 %) as a yellow oil; Spectral
data were in agreement with the reference: Lin, C. C., Wu, H. J., J. Org.

Chem. 1996, 61, 3820-3828.

Me 9 Preparation of 141a and 141b: mCPBA (70 % purity, 147.9 mg, 0.6000 mmol)
Oﬁ\gzﬂe was added to a solution of 143 (51.9 mg, 0.1907 mmol) in CH,Cl, (1.0 mL) at -
Me

o 50 °C. The solution was allowed to warm to 23 °C over 21.0 h and then was
quenched with 2-methyl-2-butene (85 pL, 0.8000 mmol). 1,4 dioxane (2 mL) and concentrated
NaHCO; (2 mL) were then added to the solution and the resulting mixture was stirred overnight.
1,4-dioxane was then removed under reduced pressure and the aqueous layer was extracted with
EtOAc (4.0 mL x 1). The organic layer were washed with water (2 mL x 2), brine (2 mL x 2),
dried over Na,SOQy, filtered, and concentrated under reduced pressure. The resulting residue was
purified by medium-pressure silica gel chromatography (0 — 30 % EtOAc in hexanes) to afford
the corresponding 141a and 141b as pale yellow oils; 141a R 0.35 (30 % EtOAc in hexanes); IR

69



(film) 2924, 2852, 1735 (C=0), 1682 (C=0), 1448, 1196, 1173, 708 cm™; '"H NMR (300 MHz,
293K, CDCl3) § 7.99-7.96 (m, 2H), 7.58 (tt, 1H, J = 7.4, 1.3 Hz), 7.50-7.45 (m, 2H), 3.89 (ddd,
1H, J = 11.6, 9.9, 4.5 Hz), 3.58 (s, 3H), 2.92 (ddd, 1H, J = 11.6, 10.7, 6.3 Hz), 2.30-2.21 (m,
2H), 2.10 (dd, 1H, J=15.2, 11.6 Hz), 1.71 (dd, 1H, J = 14.7, 11.6 Hz) 1.38 (s, 3H), 1.33 (s, 3H);
C NMR (75 MHz, 293 K, CDCl3) § 202.9, 174.5, 135.9, 133.2, 128.7, 128.5, 77.2, 62.5, 61.1,
51.8,41.2,40.5, 34.9, 32,9, 20.8, 19.1; HRMS (ES") calc’d for C;7H,0OsNa (M Na) 327.1208;
found 327.1212 m/z. 141b R; 029 (30 % EtOAc in hexanes); IR (film) 2954, 2923, 2851, 1734
(C=0), 1681 (C=0), 1448, 1435, 1195, 1173, 714 cm™; '"H NMR (300 MHz, 293K, CDCls) &
7.95-7.92 (m, 2H), 7.57 (tt, 1H, J = 7.3, 1.3 Hz), 7.50-7.45 (m, 2H), 3.70-3.60 (m, 1H), 3.59 (s,
3H), 3.10 (ddd, 1H, J = 12.5, 11.6, 4.4 Hz), 2.44 (dd, 1H, J = 14.5, 4.4 Hz), 2.12 (dd, 1H, J =
15.3, 6.8 Hz), 1.94-1.82 (m, 2H) 1.38 (s, 3H), 1.33 (s, 3H); °C NMR (75 MHz, 293 K, CDCl;) &
202.0, 175.7, 136.2, 133.1, 128.7, 128.3, 62.3, 60.8, 51.8, 43.1, 39.0, 34.7, 33.9, 21.0, 19.0;
HRMS (ES") calc’d for C17H2004Na (M Na) 311.1259; found 311.1251 m/z.

Me

Q Preparation of 143: 2 3-dimethyl-1,3-butadiene (2.1 mL, 18.40 mmol) was
I;d;o,vle added to a solution of Z43 (350.1 mg, 1.840 mmol) in CH,Cl, (18.5 mL) at 23

Me
o °C under a nitrogen atmosphere. The solution was cooled to -78 °C followed

by the addition AICl; (49.1 mg, 0.3680 mmol). The solution was allowed to warm to -74 °C
over 2.0 h then was quenched with 3 M HCI (2 mL). The layers were separated and the aqueous
layer was extracted with CH,Cl, (25 mL x 2). The combined organic layers were then washed
with water (25 mL x1) and then stirred with 1M Na,” K, tartrate (1 mL) for 30 min at 23 °C.
The layers were then separated and the organic layer was washed with water (25 mL x 1), brine
(25 mL x 1), dried over Na,SQO,, filtered, and concentrated under reduced pressure. The
resulting oil was purified by silica gel (6 mL) chromatography (5 — 20 % EtOAc in hexanes) to
afford 143 (431 mg, 86 % yield) as a yellow oil; Rt 0.34 (15 % EtOAc in hexanes); IR (film)
3059, 2917, 2856 1735 (C=0), 1683 (C=0), 1596, 1579, 1445, 1379, 1356, 1288, 1221, 1118,
1021, 969, 762, 698 cm™'; '"H NMR (300 MHz, 293K, CDCls) & 7.85 (m, 2H), 7.55 (tt, 1H, J =
7.3, 1.4 Hz), 7.45 (m, 2H), 3.90 (dt, 1H, J = 3.9, 6.5 Hz), 3.62 (s, 3H), 3.00 (dt, 1H, J = 3.9, 6.6
Hz), 2.67-2.60 (m, 1H), 2.41-2.38 (m, 3H), 1.66 (br s, 3H), 1.58 (br s, 3H); °C NMR (75 MHz,
293 K, CDCl3) 6 201.7, 174.1, 136.9, 132.5, 128.5, 128.2, 124.3, 123.0, 51.6, 42.6, 40.6, 32.5,
32.2,18.9, 18.9; HRMS (ES+) calc'd for Cy7H,0O3Na (M+Na) 295.1310; found 295.1316 m/z.

70



Preparation of 145: mCPBA (70 % purity, 310 mg, 1.250 mmol) dissolved in

oMe CH,Cl; (3.0 mL) was added in 1.0 equiv increments, to a solution of 143 (64.9

o mg, 0.2500 mmol) in CH,Cl, (0.5 mL) at 0 °C. until the epoxide intermediate

was consumed. The solution was allowed to warm to 16 °C over 51.0 h and then was quenched
with 2-methyl-2-butene (140 pL, 1.300 mmol). 1,4 dioxane (3 mL) and concentrated NaHCOs (3
mL) were then added to the solution and the resulting mixture was stirred overnight. 1,4-dioxane
was then removed under reduced pressure and the aqueous layer was extracted with Et,O (4 mL
x 3) and EtOAc (4.0 mL x 1). The combined organic layers were washed with water (4 mL x 1),
brine (4 mL X 1), dried over Na,SOys, filtered, and concentrated under reduced pressure. The
resulting residue was purified by medium-pressure silica gel chromatography (0 — 80 % EtOAc
in hexanes) to afford the corresponding 145 as a pale yellow oil; Ry 0.33 (60 % EtOAc in
hexanes); IR (film) 3500, 2953, 2853, 1782 (C=0), 1759 (C=0), 1736 (C=0), 1456, 1255, 1202,
1146, 1086, 927 cm™; "H NMR (300 MHz, 293K, CDCls) & 3.73 (s 3H), 3.13-3.10 (m, 1H), 2.92
(dddd, 1HJ=11.6, 8.1, 6.3, 1.8 Hz), 2.55 (d, 1H, J = 12.1 Hz), 2.03—-1.94 (m, 3H), 1.43, (s, 3H),
1.32 (s, 3H); >C NMR (75 MHz, 293 K, CDCls) & 175.9, 172.1, 87.2, 77.2, 52.2, 42.6, 40.0,
38.7,37.1,25.1, 18.9; HRMS (ES") calc’d for C;;H1605 (M Na) 251.0895; found 251.0898 m/z.

Preparation of 147: Enyne 63 (324.7 mg, 1.41 mmol) in degassed (CH,Cl); (8.1

mL) was added to a solution of [RhCI(CO);], (6.2 mg 0.0141 mmol) in degassed
0]

MeO (CH,ClI); (6.0 mL) at 23°C under a CO atmosphere. The reaction mixture is then

0] O

Ph

stirred at 80°C for 15 h, then cooled to 23°C, and concentrated under reduced pressure. The
resulting oil was purified by silica gel (30 mL) chromatography (15 — 60 % EtOAc in hexanes)
to afford 147 (106.0 mg, 24 % yield) as a yellow solid. Further purification was performed via
preparative HPLC (Cjs-reverse phase, tg = 17.8 min 5 — 95 % CH3CN in water) for biological
testing; Rf 0.29 (60 % EtOAc in hexanes); IR (film) 2923, 2853, 1716 (C=0), 1650 (C=0), 1453,
1322, 1224, 1018, 698 cm™'; "H NMR (300 MHz, 293K, CD3CN) & 7.47-7.33 (m, 5H), 5.89 (br s,
1H), 4.48 (brt, 1H,J =0.9, 8.1, 8.1 Hz), 3.68 (s, 3H), 3.68-3.60 (m, 1H), 3.43 (dd, 1H, J=7.9,
11.1 Hz), 2.69 (dd, 1H, J = 6.6, 17.7 Hz), 2.34 (ddd, 1H, J = 0.7, 3.8, 17.7 Hz); °C NMR (75
MHz, 293 K, CD3;CN) 6 203.3, 194.2, 162.6, 139.6, 129.5, 129.4, 129.3, 128.4, 79.6, 71.3, 52.0,
44.4, 41.0; HRMS (ES") calc’d for C17H003 (M" Na) 281.0790; found 281.0779 m/z.
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5.0 'H AND *C NMR SPECTRA

"H NMR spectrum of 93: CDCls, 293 K, 300 MHz
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BC NMR of 93: CDCl;, 293 K, 75 MHz

JPS2092 in cdcl3 1h 78mhz rt 301 October 21 2005
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"H NMR spectrum of 95: CDCls, 293 K, 500 MHz
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CDCls, 293 K, 125 MHz

C NMR spectrum of 95
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"H NMR spectrum of 97: CDCls, 293 K, 300 MHz

JPS2135 in cdcl3 th 300mhz rt 301 October 21 2005
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BC NMR spectrum of 97: CDCls, 293 K, 75 MHz

JPS2135 in cdcl3 13c 78mhz rt 301 October 21 2005
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"H NMR spectrum of 103: CDCls, 293 K, 300 MHz
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BC NMR spectrum of 103: CDCls, 293 K, 75 MHz

13 43¢ 75mhz rt 200 October 20 2005
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"H NMR spectrum of 111: CDCls, 293 K, 300 MHz

December 6 2005
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3C NMR spectrum of 111: CDCls, 293 K, 75 MHz

JPS2189 in cdcl3 13c 75mhz rt 301 December 6-7 2005
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"H NMR spectrum of 115: CDCl3, 293 K, 300 MHz

JPS2161 in cdcl3 1h 300mhz rt 301 December 6 2005
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C NMR spectrum of 115: CDCls, 293 K, 125 MHz
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HMBC of E43: CDCl;s, 293 K, 500 MHz.
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HMBC of E43: CDCl;s, 293 K, 500 MHz.
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"H NMR of 3d-E43: CDCls, 293 K, 300 MHz.

JP52077 in cdcl3 1h 300mhz rt 301 July 23 2005
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'"H NMR of 3d-E43: CDCl;, 293 K, 300 MHz.

JP52077 in cdel3 th 300mhz rt 304 July 23 20085
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3C NMR spectrum of 3d-E43: CDCls, 293 K, 125 MHz

JPS20TT IR cdell 13c TSmhz rt 3040 Septenber 19-20 2005
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3C NMR spectrum of 3d-E43: CDCls, 293 K, 125 MHz

JFS20TT in edel3d 13c TSahz rt 3040 September 19-20 205
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CDCl;, 293 K, 500 MHz

"H NMR of 2d-E43
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"H NMR of 2d-E43: CDCl;, 293 K, 500 MHz

JP52121 pure in cdcl3 1h 500mhz rt August 25 2005
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C NMR of 2d-E43: CDCls, 293 K, 125 MHz

JPSD ester trang in cdeld 13c 7Swhz rt 30{b Soptember 2{-22 2005
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3C NMR of 2d-E43: CDCl;, 293 K, 125 MHz

JP30 ester trang in cocld 13c FEmhe rt 30ib September 21=27 2005
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"H NMR spectrum of E92: CDCls, 293 K, 300 MHz

JPS2087 in cdcl3 1h 300mhz rt 301b July 28 2005
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: CDCls, 293 K, 125 MHz

BC NMR spectrum of E92
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"H NMR spectrum of E94: CDCls, 293 K, 300 MHz

JPSEU'S*in cdcl3 1h 300mhz rt 301b August 5 2005
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CDCls, 293 K, 75 MHz

C NMR spectrum of E94
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"H NMR spectrum of E96: CDCls, 293 K, 300 MHz

JPS2129 in cdcl3 1h 300mhz rt 301 August 31 2005
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: CDCls, 293 K, 125 MHz

C NMR spectrum of E96
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"H NMR spectrum of E98: CDCls, 293 K, 300 MHz

JP52136 pure in cdcl3 1h 300mhz rt 30ib September 8 2005

F000°0-

FPEB”
9588”
clBs”
c968”
c6Ge”
TeEY”
C9EY

OO OO

NI

06ce'e

856G °
6r59°
c099”
499"
§L49°
POOL"
GOTL"
GI9L”
BILL”
L9LL
068L°
rros’
r608°
LEPB”
00868°
c608"
6980°

TOOMOMmMMMOMOMOMOOMOMMmMMmMEmMmMmmm

JAs 7
v9iB’
602B°
£89B°
gciB’
064%"
Gele’
FGic”
L182"
¢S’
£
8Llic”
e0se”
celE”
g80E "
ceEL”
warL”
FLBL”
VBEL”
LyeB’
0IEB”

= N N A T S N A e A - == s I o]

(=3
[=%

= | |

B

OMe

100

BBEL'Q
— Ly92’¥
—_LPSF"T

6SKO° T
0Ler’ T
—_E3r3°0

;

TeJBajul

—
ppm



BC NMR spectrum of E98: CDCls, 293 K, 75 MHz

-15 2005

4
4

JPS52136 in cdcl3 13c 78mhz rt 301 Novemher
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"H NMR spectrum of E100: CDCls, 293 K, 300 MHz
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BC NMR spectrum of E100: CDCls, 293 K, 75 MHz

JPS2099 in cdcl3 13c 785mhz rt 301 August 16 2005
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'H NMR spectrum of E112: CDCl;, 293 K, 300 MHz
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"H NMR spectrum of E116: CDCls, 293 K, 300 MHz

JPS2168 in cdcl3 1h 300mhz rt 301 Ocotber 26 2005
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3C NMR spectrum of E116
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HMBC of Z43: CDCls, 293 K, 500 MHz
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"H NMR spectrum of 3d-Z43: CDCl;, 293 K, 300 MHz
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"H NMR spectrum of 3d-Z43: CDCl;, 293 K, 300 MHz
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"H NMR spectrum of 2d-Z43: CDCls, 293 K, 300 MHz
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"H NMR spectrum of 2d-Z43: CDCls, 293 K, 300 MHz

b February 16 2006

JP52235 pure? in edcld ik 300Rh et 3D

pogEz g—r—
fofes 3——

BER0E " B
CHEFE R

fEBLE f—

2O6GF" [
BOEQE" =)
SoelkF L \-
EQLBF L

SkIBk f——=

BELOE L
T T

Paug'if
Hmr:'f_/_
02ens” L

udd

112

T
ATEYF' 0
T

h_

Fa2E°0

|

Fil1 e

EFET" T

FEELT

)

A AA{L&J I
|

[afau]

wr

7

7.5

ppn



"H NMR spectrum of Z92: CDCls, 293 K, 300 MHz

JPS2088 in cdcl3 1h 300mhz rt 301b July 28 2005
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CDClIs, 293 K, 125 MHz

BC NMR spectrum of 292
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"H NMR spectrum of Z94: CDCl;, 293 K, 300 MHz

JPS2096 in cdcl3 1h 300mhz rt 301b August 5 2005
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CDClIs, 293 K, 125 MHz

3C NMR spectrum of Z94
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"H NMR spectrum of Z98: CDCl;, 293 K, 300 MHz

JPS2138 in cdcl3d 1h 300mhz rt 301b September 10 2005
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BC NMR spectrum of Z98: CDCl3;, 293 K, 75 MHz

JPS2438 in cdcl3 13c 75mhz rt 301b February 8-9 2006
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"H NMR spectrum of Z100: CDCls, 293 K, 300 MHz

JPS2106 in cdcl3 1h 300mhz rt 301 August 11 2005
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BC NMR spectrum of Z100: CDCls, 293 K, 75 MHz
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'H NMR spectrum of Z102: CDCls, 293 K, 300 MHz

JPS2107 in cdcl3 th 300mhz rt 301b August 12 2005
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3C NMR spectrum of Z102: CDCls, 293 K, 75 MHz

JPS2107 in cdcl3 13c 75mhz rt 301 August 17 2005
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"H NMR spectrum of Z104: CDCls, 293 K, 300 MHz

JP52227 proton check in cdcl3 1h 300mhz rt 301b February 6 2006
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C NMR spectrum of Z104: CDCls, 293 K, 75 MHz

JPS2227pure in cdcll 13c 75mhz rt 301b February 6-7 2006
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Mixture of trans methyl ester and trans ethyl ester

JPS trans methyl and ethyl esters in dmso 1h 300mhz rt 301 October 31 2005
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H-D crossover experiment before DABCO addition

JPS2185 before dabco in dmso ih 300mhz rt 301b November 11 2005
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H-D crossover experiment sometime after the DABCO addition

JPS2185 in dmso 1h 300mhz rt 30ib November 11 2005
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H-D crossover experiment after the redox isomerization

JPS2185 after particulate filtration 500mhz rt November 12 2005
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"H NMR spectrum of 141a: CDCls, 293 K, 300 MHz

JP52239a in cdcld fh 300mhz rt 3040 March 4 2006
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3C NMR spectrum of 141a: CDCls, 293 K, 75 MHz
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"H NMR spectrum of 141b: CDCls, 293 K, 300 MHz

JPS2239b in cdcl3 1h 300mhz rt 301 March 1 2006
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BC NMR spectrum of 141b: CDCl;, 293 K, 125 MHz
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'H NMR spectrum of 143: CDCls, 293 K, 300 MHz
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BC NMR spectrum of 143: CDCl;, 293 K, 75 MHz
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"H NMR spectrum of 145: CDCl3, 293 K, 300 MHz
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BC NMR spectrum of 145: CDCl;, 293 K, 75 MHz
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"H NMR spectrum of 147: CDCl3, 293 K, 300 MHz
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BC NMR spectrum of 147: CDCl;, 293 K, 75 MHz
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6.0 ENE-DIENE CROSS METATHESIS

6.1 INTRODUCTION

Olefin metathesis has become a useful transformation in synthetic organic chemistry. This was
due to Robert Grubbs’ ruthenium alkylidene catalyst, Grubbs I (Figure 12, 200).°" This catalyst
was the basis for the next generation catalyst Grubbs II (201)** in which the phosphine ligand
was replaced for a 1,3-dimesityl-4,5-dihydroimidazol-2-ylidene ligand increased catalyst
stability and reactivity. Others then increased the reactivity by developing phosphine-free
catalysts such as the Hoyveda-Grubbs catalyst (202)** and the nitro substituted Grela-Hoyveda-
Grubbs catalyst (203).%

cl, Feys

Mes/N\rN\Mes
CIleu; Cl,. Ru=

pcy. Ph yRU=\ clr

Y3 CIV Ph
Grubbs | Grubbs Il 4<

(200) (201)

N_ _N
Mes™ ~Mes
a

R=H, Hoyveda-Grubbs - (202)
R=NO,, Grela-Hoyveda-Grubbs - (203)

Figure 13. Ruthenium catalysts for olefin metatheses.

These catalysts have been used in ring closing metatheses (RCM), ring opening
metathesis polymerizations (ROMP) and cross metatheses (CM) (Scheme 68). While RCM have
been used in numerous syntheses of natural products,” CM have rarely been used, in particular a
CM with an olefin and a 1,3-diene.’® In fact, there were only two known examples of this type
of reaction. The first example involved the coupling of electron-deficient olefins to 1,3-dienes®’
and the second example involved the coupling of 1,3-dienes that contained a sterically-hindered
internal olefin.®® Due to specificity of these two examples, the goal of this project was to

determine the generality of the ene-diene cross metathesis (EDCM).
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Ring opening metathesis
polymerization

Ring closing metathesis [Ru]
R1
RITX Ru RUW
n

Cross metathesis N /\Rz Rul Rl\/\Rz

Scheme 68. Classes of olefin metathesis.

In order to attempt a particular cross metathesis, there are some general guidelines that
have been established. Based on numerous results, Grubbs classifies olefins into four categories
which are dependant on the structure and electronics of the olefin as well as the catalyst used.”
Type I olefins are highly reactive and rapidly homodimerize, but these homodimers can react to
yield the desired CM product (Table 23). Type II olefins are less reactive than Type I and they
homodimerize slowly. Additionally, the homodimers of Type II olefins react slowly to give the
CM product. Type III olefins are even less reactive and do not homodimerize at all. Finally

Type IV olefins are inert to CM but do not deactivate the catalyst.

Table 23. Olefin classes in cross-metathesis.

Type | Rapid homodimerization, homodimers consumable
Type |l Slow homodimerization, homodimers sparingly consumable
Type Il No homodimerization

Type IV Olefins are inert to cross metathesis but do not deactivate the catalyst (spectator)

Based on the above classifications, if two olefins of the same type are coupled, this will
lead to a non-selective metathesis in which many by-products are formed. However, if two
olefins of differing types are coupled, a selective metathesis can be achieved. From this trend,
we hypothesized that EDCM should be feasible and selective. Since most unconjugated terminal
olefins are Type 1, we decided that the ene should be a terminal olefin so that its dimer can
also react to give the desired CM product. Although 1,3-dienes are not classified as any of the

olefin types, olefins that are in conjugation with a carbonyl or aromatic ring are categorized as
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Type II or III. Therefore, we assumed that the terminal olefin of the 1,3-diene should be Type II
due to its conjugation. Likewise, the internal olefin should be less reactive than the terminal one
due to its conjugation and sterics.

Thus, the ideal catalytic cycle should proceed as the following. The loss of the phosphine
ligand from catalyst 204 leads to the activated form of the catalyst (205) which can react with the
olefin of ene 206 to produce metallocycle 207 (Scheme 69). Metallocycle 207 then forms
ruthenium alkylidene 208 and styrene 209. Ruthenium alkylidene 208 can react with the
terminal olefin of 1,3-diene 210 to give metallocycle 211. Metallocycle 211 proceeds to eject
the desired diene 212 and make a third ruthenium alkylidene 213. This subsequently reacts with
another ene 206 to form metallocycle 214 which in turn ejects ethylene gas 215 and makes 208

that continues in the cycle.

205
L PCys b [2+2]  Ru— [2+2]
Cl. ¢ Cl. ¢ Ph
B — e —_— —_— R
e e —— N T BT
Y3 Ry
— R
204 ] Y07 208 209
206 hooh
Ri—— " H_H
,\\_ 215
214 /‘\ H 210
R
Ry
Tf“\-ﬁ 206 208 j“\./|
213 |
R
210
Ru
RN R2
1 R{ /
212

211
Scheme 69. Ideal catalytic cycle for EDCM.

If the catalytic cycle precedes in this pathway, the coupling of commercially available 5-

hexene-1-ol 215 and diene 216, which can be prepared in four steps from
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dihydrocinnamaldehyde, should yield 4 possible by-products along with the desired CM product
220. Since the diene or the ene could react with the styrene ligand, products 217 and 218 could
be formed (Scheme 70). However, these should not be major products since because of the
overall amount of catalyst present. Additionally, these products along with the dimer of the ene
(219) should also be able to react to yield 220. The only by-product that could be troublesome is
the dimer of the diene 221. Since the triene is more conjugated, it may not react as fast and

conditions that lead to this product should be avoided.

217 \\

218 ©\/\/\/\
7 OH
SN Ru
/\/\/\
©/\/\/\ . oy _[Rul 29 o N OH

216 215
OH
220 ©/\/\/\/\/\/
221 O N e

Scheme 70. Anticipated products from EDCM.

6.2 RESULTS AND DISCUSSION

Preliminary Couplings: Although it was theorized that these couplings should precede,

experimentally an approximate 1:1 mixture of ene and diene with 7.4 mol% of Grubbs II in 1,2
dichloroethane (Scheme 67, Reaction A) yielded a complex mixture. Likewise, the
homocoupling control experiments (Reactions B and C) also yielded complex mixtures. The ene
homocoupling yielded an aldehyde in which the structure could not be determined. Therefore to
prevent this, 5-hexen-1-ol was protected as the triphenylmethyl (or trityl ether). These results

appeared successful and the homocoupling control (Reaction D) of the trityl-protected ene 222
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proceeded to form the dimer 223 in 75 % yield by 'H NMR spectroscopy, but did not prevent the

formation of a complex mixture in the EDCM reaction (Reaction E).

Grubbs 1 (7.4 mol%)

0
A X X (CH,C);, 40°C, 9.0h Complex Mixture
NN .
Z OH 1,05 equiv
216 215
Grubbs 11 (5.0 mol%) .
AV
B =z OH (CH,Cl),, 23°C, 7.0 h Complex Mixture
215
c NN Grubbs Il (5.0 mol%) Comblox Mixt
(CH,Cl),, 23 °C, 85 h omplex Mixture
216
D o~~~ Grubbs 11 (6.0 mol%) THO P~
= oTrt (CH,Cl),, 23 °C, 9.5 h ' & oTrt
222 223

75 % yield

Grubbs II (5.0 mol%)
(CH,CI),, 40 °C, 9.0 h

E ©/\/\/\ Complex Mixture
" 0o1r¢ 1.05 equiv

216
222

Scheme 71. Preliminary EDCM.

From these reactions, we deduced that both olefins of the diene must have reacted, which
is demonstrated in Scheme 71. Once the more reactive ene coupled with the catalyst 208 it could
reacted with either 2-C or 1-C of another ene 206 to regenerate the ene 206 or the ene-dimer 224
(Scheme 72). That pathway was effective because those two products were able to react again.
However, 208 most likely reacted with 1-C, 2-C, 3-C or 4-C of the diene. If 208 reacted with 1-
C or 2-C, it will generate the desired CM product 212 or the starting ene respectively.
Experimentally, 208 most likely reacted with 4-C and 3-C of the diene to yield an unwanted
diene 225 and an unwanted ene 226. Both those products re-entered the catalytic cycle to lead to

even more unwanted products.
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/‘§§: — = R

Rl/\/Rl RS

1

224 206 206

226 210 206
R
Rf/ﬁ§y/4§§ Ri/Q§y/4§§/ 1

225 212

Scheme 72. Reason for complex mixture in EDCM.

To minimize by-products, a new diene with a more hindered internal olefin 227 was
prepared. The internal olefin was now trisubstituted (Scheme 73), less reactive, and should
prevent pathways leading to the unwanted diene 228 and ene 229. Thus, the remaining pathways

should only lead to the desired CM-product 230 and the starting ene and ene-dimer.

2,
Rf/Q§Y’R1 — RS - R,
1
224 206 206

) 208

4 2,
Rz/\/Rl <«~3%— Ry R "\1 - /\R
229 22

7
X \Rl
RI/Q§T/Q§> Ri/“\T/A\v/
228 230

Scheme 73. Diene 227 minimizing unwanted by-products.

The new diene 235 was prepared in four steps from dihydrocinnamaldehyde (Scheme

74). Even though the internal olefin should not react, the external olefin could react with another
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external olefin of the diene to yield the diene-dimer, a triene (not shown). This extra conjugation
should prevent this product from reacting, so conditions that yield the diene-dimer should be

avoided.

O

= ' Y “OH
©/\/\O _DBU_LiBr , MOB DIBAL-H, QW
O

231 \)koa 232 233
_PCOEt PCC J

0" “oEt
XX _PhsPCHgBr XN
KOtBu
235 234

Scheme 74. Preparation of diene 235.

Solvent Effects Studies: Solvent effects were studied to determine the best yield. A 1:1

mixture of 235 and 222 was treated with 4.0 mol% of Grubbs II in a given solvent for 5 h at 23
°C. After 5 h, the reaction was halted and the crude reaction mixture was analyzed using 'H
NMR spectroscopy. Acetonitrile (Table 24, Entry 1) appeared to decompose the catalyst and
only starting materials were isolated. Likewise dimethoxyethane, dimethylformamide, and
acetone (Entries 2, 3, and 4) gave low yields of 236 in 19 %, 10 %, and 20 % respectively.
Ethanol (EtOH), toluene, and CH,Cl, (Entries 5, 6, and 7), gave yields of 25 %, 48 %, and 27 %
of the CM product respectively but yielded diene-dimer in 19 %, 22 %, and 13 % yields. The
two promising solvents were EtOAc and THF (Table 24, Entries 8 and 9) with 236 yields of 40
% and 24 % respectively. On a side note, these EDCM reactions caused a faster catalyst

degradation than other types of metatheses for no appreciable conversion was observed between

4 and 5 h.
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Table 24. Different solvents in EDCM.

Grubbs I (4.0 mol%),

solvent, 23 °C, 5.0 h

m
NS0Tt 1.01 equiv

T

OTrt

235 236
222
Entry Solvent Diene Result Ene Result
1 CHLCN 100 % SM 100 % SM
2 dimethoxyethane 19 % Product 16 % Product
81 % SM 71 % SM
0 % Dimer 13 % Dimer
3 dimethylformamide 10 % Product 10 % Product
90 % SM 67 % SM
0 % Dimer 23 % Dimer
4 acetone 20 % Product 22 % Product
80 % SM 66 % SM
0 % Dimer 11 % Dimer
5 EtOH 25 % Product 27 % Product
56 % SM 52 % SM
19 % Dimer 21 % Dimer
6 toluene 48 % Product 44 % Product
30 % SM 30 % SM
22 % Dimer 26 % Dimer
7 CH,CI, 27 % Product 44 % Product
60 % SM 30 % SM
13 % Dimer 26 % Dimer
8 EtOAc 40 % Product 40 % Product
46 % SM 36 % SM
14 % Dimer 24 % Dimer
9 THF 24 % Product 24 % Product
76 % SM 53 % SM
0 % Dimer 23 % Dimer
Substrate Concentration Studies: Once the solvents were chosen,

concentrations were studied.

substrate

Since the reaction involved the coupling of two molecules,

increasing the initial concentration of the substrates should increase the reaction rate. This faster

reaction rate may also yield more product before the catalyst decomposed. Therefore, the

reaction was repeated with the same conditions as the solvent studies using EtOAc, but the initial

substrate concentration was increased to 0.5 M and 1.0 M (Table 25). Apparently, increasing the

initial substrate concentration of 0.5 M and 1.0 M (Table 25, Entries 1 and 2) gave 236 yields of

34 % and 42 %. However, increasing the concentration caused an increase in the diene-dimer
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formation with yields of 16 % for 0.5 M and 21% for 1.0 M. From these studies, we concluded

that the best initial substrate concentration was 0.3 M (Entry 3).

Table 25. EDCM: substrate concentration studies.

W Grubbs Il (4.0 mol%), EtOAc, 23 °C, 5.0 h QNWOTH
N1t 1.01 equiv

235 222 236
Entry  [Dien€linitial Diene Result Ene Result
1 0.5 34 % Product 38 % Product
50 % SM 47 % SM

16 % Dimer 15 % Dimer

2 1.0 42 % Product 51 % Product
37 % SM 33 % SM
21 % Dimer 16 % Dimer

3 0.3 40 % Product 40 % Product
46 % SM 36 % SM
14 % Dimer 24 % Dimer

Table 26. EDCM: temperature studies.

Grubbs II (4.0 mol%)

m THF, temperature, time WOT”
ASoTre 1.01 equiv

236
235 222
Entry Temperature (°C)  Time (h) Diene Result Ene Result
1 45 1.5 5 % Product 4 % Product
95 % SM 89 % SM
0 % Dimer 7 % Dimer
2 23 5.0 24 % Product 24 % Product
75 % SM 53 % SM
0 % Dimer 23 % Dimer
3 60 4.0 27 % Product 36 % Product
52 % SM 0% SM
0 % Dimer 36 % Dimer
21 % Isomer 28 % Isomer
4 78 (EtOAC) 8.5 0% SM 0% SM

Mostly by-products ~ Mostly by-products
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Temperature Effects Studies: Temperature effects were the next studied parameters. A

1:1 mixture of 235 and 222 was treated with 4.0 mol% of Grubbs II in THF and the reaction was
heated to the given temperature for the specified time. Heating the reaction to 45 °C (Table 26,
Entry 1) did not reduce the yield (5 % in 1.5 h ) when compared to 23 °C (24 %, Entry 2).
However, heating the reaction to 65 (Entry 3) and 78 °C (Entry 4) caused the formation of other
by-products instead of 236 (mostly by-products at 78 °C). On a side note the reaction at 65 °C
appeared to yield the Z-isomer of 236 (Entry 3) in 21 % yield. Therefore increasing the
temperature above 65 °C using Grubbs II was detrimental to the yield of 236.

Table 27. EDCM: solvent studies using Grela-Hoyveda-Grubbs 203.

Q/M WOTH

203 (4.0 mol%),
solvent, temperature, time

AN o1re 1.01 equiv
235 222 236
Entry Solvent  Temperature (°C) Time (h) Diene Result Ene Result

1 THF 65 6.5 8 % Product 7 % Product
92 % SM 83 % SM
0 % Dimer 10 % Dimer

2 (CICH,), 80 8.3 10 % Product 12 % Product
82 % SM 77 % SM
8 % Dimer 11 % Dimer

3 benzene 80 6.0 20 % Product 22 % Product
65 % SM 67 % SM
15 % Dimer 11 % Dimer

4 CH,Cl, 23 6.0 21 % Product 23 % Product
62 % SM 66 % SM
17 % Dimer 11 % Dimer

5 CH,Cl, 40 6.0 41 % Product 48 % Product
36 % SM 34 % SM
22 % Dimer 18 % Dimer

Other Catalyst Studies: Since the Grela-Hoyveda-Grubbs catalyst 203 was reported to

be more active than Grubbs II, using it might prove fruitful. A 1:1 mixture of 235 and 222 was
treated with 4.0 mol% of 203 in the given solvent and the reaction was heated to the given
temperature for the specified time. THF, (Table 27, Entry 1) 1,2 dichloroethane (Entry 2), and
benzene (Entry 3) heated to their reflux temperatures gave yields of 8 %, 10 %, and 20 %
respectively. The low product and by-product yields were due to catalyst decomposition at the

elevated temperatures. Finally, using CH,Cl, at 23 °C (Entry 4) and 40 °C (Entry 5) gave better
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yields of 21 % and 41 % respectively. However, these yields were not as high as those with
Grubbs I1.

Since 203 was not useful, other ruthenium catalysts were pursued. A 1:1 mixture of 235
and 222 was treated with 4.0 mol% of the specified catalyst in the given solvent and the reaction
was heated to the given temperature for 6 h. Not surprisingly, the less reactive Grubbs I in THF
at 23 °C (Table 28, Entry 1) and 50 °C (Table 28, Entry 2) gave 236 yields of 11 % and 13 %
respectively, even when the amount of catalyst was doubled. Likewise, the more active 202 in
CH,Cl, at 23 °C (Entry 3) and 40 °C (Entry 4) gave 236 yields of 26 % and 44 % respectively.
Grubbs reported that benzoquinone, may prevent the formation of ruthenium hydrides leading to
to olefin migration in the substrates.”” Therefore, 8 mol% of benzoquinone was added to the
reaction mixture before the catalyst addition and the reaction was heated to 50 °C in THF (Entry
5). This reaction yielded 236 in 41 % with 3 % formation of the diene-dimer. Therefore, using

catalyst 202 or Grubbs II with or without benzoquinone resulted similarly.

Table 28. EDCM: different catalyst studies.

W Ru catalyst, solvent, 6.0 h E>/\/ﬁ/\/\/\/om
A 01r 1.01 equiv

235 236
222
Entry Catalyst Catalyst Solvent  Temperature (°C) Diene Result Ene Result
Amount
1 Grubbs | 8.0 mol% THF 23 11 % Product 13 % Product
89 % SM 63 % SM
0 % Dimer 24 % Dimer
2 Grubbs | 8.0 mol% THF 50 13 % Product 16 % Product
87 % SM 53 % SM
0 % Dimer 31 % Dimer
3 Hoyveda Grubbs 4.0 mol% CH,Cl, 23 26 % Product 27 % Product
59 % SM 60 % SM
15 % Dimer 13 % Dimer
4 Hoyveda Grubbs 4.0 mol% CH,Cl, 40 44 % Product 44 % Product
5 Grubbs II 4.0 mol% THF 50 41 % Product 42 % Product
benzoquinone 8.0 mol% 56 % SM 40 % SM
3 % Dimer 18 % Dimer
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Catalyst Amount Studies: Although the three catalyst systems were found successful,

the yield of these reactions could be improved. Since the catalyst was important, increasing the
amount of catalyst might increase the yield. However, doubling the amount of Grubbs II in
EtOAc at 23 °C (Table 29, Entry 1) gave a 40 % yield of 236, identical to when 4.0 mol% of
Grubbs II was used(Entry 2). When benzoquinone was added, doubling the amounts of Grubbs
I and benzoquinone (Table 30, Entry 1) yielded 236 in 51 %, while the original catalysts’
quantities (Entry 2) yielded 236 in 41 %. However, the amount of diene-dimer increased

substantially. To conclude, doubling the amount of catalyst increased the yield.

Table 29. EDCM: catalyst amount studies using Grubbs II.

m Grubbs II, EtOAc, 23°C, 5.0 h WOTH
WOT” 1.01 eqUiV
235 222 236

Entry  Catalyst Amount Diene Result Ene Result

1 8.0 mol% 40 % Product 40 % Product
41 % SM 41 % SM
19 % Dimer 19 % Dimer

2 4.0 mol% 40 % Product 40 % Product
46 % SM 36 % SM
14 % Dimer 24 % Dimer

Table 30. EDCM: catalyst amount studies using Grubbs II and benzoquinone.

N Grubbs II, benzoquinone, NN OTrt
w THE, 50 OC’ 6.0h ©/\/Y\/\/\/
NS0Tt 1.01 equiv

235 236

222

Entry Catalysts Amounts  Diene Result  Ene Result

1 8.0 mol%, 16.0 mol% 51 % Product 80 % Product
20 % SM 0% SM
29 % Dimer 20 % Dimer

2 4.0 mol%, 8.0 mol% 41 % Product 42 % Product
56 % SM 40 % SM
3 % Dimer 18 % Dimer
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Ene-Diene Ratio Studies: Although varying the catalyst amount proved useful, one final

way was sought to improve the yield. If one of the substrates was not entirely stable to the
reaction, increasing the amount of one substrate over the other might increase the yield of 236.
Therefore, treatment of 235 and 222 in varying ratios was treated with Grubbs II in CH,Cl, at 23
°C for 5 h. This time product was isolated to determine an isolated yield and not a '"H NMR
yield. As expected, tripling either the diene (Table 31, Entry 1) or the ene (Entry 2) gave 236
yields of 34 % and 29 % respectively which was higher than the first run of the 1:1 ratio of
ene/diene (23 %, Entry 3). However, tripling the diene gave only a slightly better yield than
tripling the ene. On a side note, the overall yield (40 % Entry 3) can be increased by isolating

the product and re-subjecting the reaction mixture to the reaction conditions.

Table 31. EDCM: ene/diene ratio studies using Grubbs II.

Grubbs Il (4.0 mol%),

N S OTrt
[:::r/\\//\T//\\ CHZCb,23°C,50f] [::j//\V/A\T/A\V/\\//\\/
N0

235 236
222

Entry  Ene/Diene Ratio % Yield

1 1:3 29

2 3:1 34

3 1:1 15t 23
2nd 17
Overall 40

Interestingly, the trend seemed to vary when the catalyst was switched to Hoyveda-
Grubbs 202. Tripling either the diene (Table 32, Entry 1) or ene (Entry 2) did increase the yield
of 236 to 47 % and 52 % respectively when compared to the 1:1 ratio (44 %, Table 32, Entry 3).
The more active 202 catalyst gave higher isolated yields (Table 32) than with Grubbs II (Table
31). The highest isolated yield of 236 was obtained with the tripled amount of ene (Entry 2)

using 202, and this was the best conditions thus far.
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Table 32. EDCM: ene/diene ratio studies using catalyst 202.

Hoyveda Grubbs (4.0mol%),

A X OTrt
©/\/Y\ CH,Cl,, 40°C, 5.0 h ©/\/Y\/\/\/ r
/\/\/\
= OTrt

235 222 236

Entry Ene/Diene Ratio % Yield

1 1:3 47
2 31 52
3 1:1 44

Control Experiments: During these experiments, some control experiments were

pursued in order to gain insight into EDCM. One important issue with the metathesis reaction
was the stability of the desired CM product 236. Therefore, the product was treated with 8 mol%
of Grubbs II in THF and the mixture was heated until a reaction was observed (Scheme 75).
From the reaction, it appeared that the product was inert to the conditions at 23 and 42 °C.
However once the reaction reached 65 °C, a small amount of ene-dimer was formed after 2.0 h.
Since the '"H NMR spectrum did not show any diene fragment, the fragment that contained the
diene probably decomposed or was evaporated away. This showed that the product was stable at
low temperature, so the metathesis must be performed at a lower temperature to prevent the

product from reacting.

NN OTrt Grubbs Il (8.0 mol%) , THF, N, 91% SM
23°C (2.5 h), 42 °C (1.0 h), 65 °C (2.0 h) 9% Ene dimer

236

Scheme 75. EDCM: CM-product stability.

Another issue with the EDCM reaction was the low yield, which was from presence of
remaining starting materials and dimers. Therefore, we hypothesized that the CM-product could
be isolated and the remaining mixture could be further reacted to yield more CM-product. 235
and 222 in a 1:1 ratio were treated with 4.0 mol% of Grubbs II in CH,Cl, at 23 °C until no
appreciable conversion occurred (between the 4 and 5 h mark) (Scheme 76). After 5 h, 236 (23

% yield) was isolated and the reaction mixture was treated with another 4.0 mol% of Grubbs II in
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CH,Cl,. After another 5 h, 236 was isolated (17 % yield) to give an overall yield of 40 %.
Although the yield was lower due to the lower temperature, this showed that the mixture can be

used again to yield more 236.

Grubbs 11 (4.0 mol%),

©/\/\(\ CH,Cl,, 23°C, 5.0 h Wom
N0t 1.01 equiv

235 236

222
1st 27.3mg 23%
2nd 20.2mg 17%
Overall 47.5mg 40%

Scheme 76. EDCM: re-metathesis experiment.

One issue of metathesis is that the ruthenium catalyst will sometimes react at 2-C of a
terminal olefin to produce a methylidene on the ruthenium center leading to the decomposition of

the catalyst.”" "

To prevent this catalyst decomposition, the ene-dimer can be used in lieu of the
ene. Diene 235 was reacted with 223 in the presence of 4 mol% of Grubbs II in THF (Scheme
77) (this reaction was done before the 202 was found to be the best catalyst) from 23 to 50 °C.
The reaction proceeded slowly at the lower temperature so heating was used to expedite the
reaction. Although the reaction yielded the Z-isomer of the desired CM-product, this reaction

demonstrated that the ene-dimer can facilitate the CM-product formation.

N Grubbs 11 (4.0mol%)
w THF, N, NN oTrt
23°C 30 °C 40 °C 50 °C ©/\/Y\/\/\/

235

30 min at each temperature . 236
P Diene Result Dimer Result
11O X N NOTT 23% Product ~ 29% Product
56% SM 45% SM
223 . 19% Isomer 26% Isomer
1.00 equiv 2% Dimer

Scheme 77. EDCM: Ene-dimer reaction.
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6.3 CONCLUSION

202 (4.0 mol%)
NN CH,Cl,, N, 5.0 h WOT”
A" o1rt 3.0 equiv
235 236
1.0 equiv 222 52 % vyield

Scheme 78. Most promising conditions from EDCM.

From the experiments shown, good conditions to yield the CM-product were using an initial
ene/diene ratio of 3:1 in presence of 4 mol% of catalyst 202 in refluxing dichloromethane
(Scheme 78). Also, from the re-metathesis experiment, the yield can be increased by isolating
the product and subjecting the remaining reaction mixture to the reaction conditions. Finally,
since the ene and the diene did not contain any functionality, using any method to increase
selectivity of the reaction, such as using coupling olefins that belong to different olefin types or
increasing the sterics on the internal olefin of 1,3-diene, should help increase the yield of the

CM-product substantially.
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7.0 EXPERIMENTAL AND 'H AND *C NMR SPECTRA

General Techniques All reactions were carried out with dry, freshly distilled solvents
under anhydrous conditions, unless otherwise noted. Tetrahydrofuran (THF) was distilled from
sodium-benzophenone, and methylene chloride (CH,Cl,) was distilled from calcium hydride.
Yields refer to chromatographically and spectroscopically ('"H NMR) homogenous materials,
unless otherwise stated.

All reactions were monitored by thin-layer chromatography (TLC) carried out on 0.25-
mm E. Merck silica gel plates (60F-254) using UV-light (254 nm) with anisaldehyde in ethanol
and heat as developing agents. TSI silica gel (230—400 mesh) was used for flash column
chromatography. Merck silica gel (60 PF,s4) was used to make preparative TLC (prep-TLC)
plates for further purification of select compounds in which the prep-TLC plates were prepared
as specified by the silica gel manufacturer. NMR spectra were recorded on AM300 or AM500
(Bruker) instruments and calibrated using the solvent or tetramethylsilane as an internal
reference. The following abbreviations are used to indicate the multiplicities; app, apparent; s,
singlet; d, doublet; t, triplet; g, quartet; sex, sextet; m, multiplet; br, broad. High-resolution mass

spectra were obtained by using EBE geometry.
O ‘ Preparation of 222: Using the procedure from Ren, T., Liu, D., Biorg.
NN Med. Chem. Lett. 1999, 9, 1247-1250. Silica gel chromatography (0 —

¢ ) 15 % EtOAc in hexanes) afforded 222 (2.724 g, 85 %) as a colorless oil;
HRMS (EI") calc’d for CysHy60 (M") 342.1984; found 342.1980 m/z.

Q Preparation of 232: See: Browder, C. C., Marmsater, F. P., West, F. G.,
WOEt Org. Lett. 2001, 3, 3033-3035.
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Y~ "OH Preparation of 233: See: Browder, C. C., Marmsater, F. P., West, F. G.,
Org. Lett. 2001, 3, 3033-3035.

mo Preparation of 234: Alcohol 233 (2.331 g, 13.23 mmol) was added to a
suspension of PCC (4.276 g, 1.5 mol%) and celite (8.5 g) in CH,ClI, (45 mL)

at 23 °C. The resulting mixture was stirred for 15 min at the same temperature. The reaction
was then diluted with Et;O (90 mL) and washed thru a plug of silica using Et;O (3 x 100 mL).
The organic layer was then dried over Na;SO,, filtered, and concentrated under reduced pressure.
Silica gel chromatography (0 — 10 % EtOAc in hexanes) afforded 234 (1.908 g, 83 % yield) as a
colorless oil; Spectral data were in agreement with the literature: Browder, C. C., Marmsater, F.

P., West, F. G., Org. Lett. 2001, 3, 3033-3035.

m Preparation of 235: Aldehyde S7 (1.856 g, 10.65 mmol) dissolved in THF

(26 mL), was added in one portion via a cannula to a solution potassium t-
butoxide (1.554 g, 13.85 mmol) and Ph;PCH;Br (5.329 g, 14.91 mmol) in THF (36 mL) at 0 °C.
The resulting mixture was stirred for 2.8 h at the same temperature. The reaction was then
quenched with H,O (77 mL) and hexanes (60 mL) and the mixture was allowed to warm to 23
°C for 14 h with stirring. The resulting mixture was extracted with Et,O (40 mL x 3). The
combined organic layers were then washed with brine (40 mL), dried over Na,SQy, filtered, and
concentrated under reduced pressure. The resulting residue was purified by silica gel
chromatography (0 — 15 % EtOAc in hexanes) to afford 235 (1.304 g 71 % yield) as a colorless
oil; R 0.33 (1 % PhH in hexanes); IR (film) 3086, 3063, 3027, 2980, 2923, 1641, 1605, 1496,
1453, 990, 894, 748, 698 cm™'; '"H NMR (300 MHz, 293K, CDCl3) § 7.30-7.16 (m, 5H), 6.36
(dd, 1H, J=17.4,10.7 Hz), 5.53 (br t, 1H, J = 7.3 Hz), 5.08 (d, 1H, J=17.4 Hz), 4.93 (d, 1H, J
=10.7 Hz), 2.70 (t, 2H, J = 7.3 Hz), 2.45 (app q, 2H, J = 7.7 Hz), 1.70 (s, 3H); °C NMR (125
MHz, 293 K, CDCls) & 141.7, 141.3, 134.5, 131.8, 128.3, 128.2, 125.7, 110.6, 35.6, 30.1, 11.5;
HRMS (EI') calc’d for C13Hjs(M") 172.1252; found 172.1252 m/z.

O Preparation of 236: Catalyst 202 (3.1 mg, 0.004931
WO mmol) was added to 3:1 mixture of 222 (126.6 mg, 0.3698
Q mmol) and 235 (21.2 mg, 1.232 mmol) dissolved in
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CH,ClI; (0.5 mL). The resulting mixture was heated to reflux for 5.0 h. The solvent was then
removed under reduced pressure. The resulting residue was purified by silica gel
chromatography (0 — 30 % PhH in hexanes) to afford 236 (37.0 mg, 52 % yield) as a colorless
oil. R 0.42 (5 % EtOAc in hexanes); IR (film) 3085, 3059, 3024, 2930, 2923, 1598, 1491, 1449,
1073 (C-0), 964, 899, 761, 745, 705, 633 cm™'; '"H NMR (300 MHz, 293K, CDCls) § 7.44 (d,
6H, J =7.3 Hz), 7.31-7.18 (m, 14H), 6.01 (d, 1H, J = 15.5 Hz), 5.53 (dt, 1H, J = 15.5, 6.9 Hz),
5.40 (brt, 1H, J=7.1 Hz), 3.05 (t,2H, J=6.4 Hz), 2.68 (t, 2H, J = 7.1 Hz), 2.43 (app q, 2H, J =
7.7 Hz), 2.05 (app q, 2H, J = 7.1 Hz), 1.68 (s, 3H), 1.66-1.59 (m, 2H), 1.52-1.45 (m, 2H); "°C
NMR (125 MHz, 293 K, CDCls) 6 144.5, 142.0, 134.7, 134.1, 129.2, 128.7, 128.4, 128.2, 127.9,
127.6, 126.7, 125.7, 86.3, 63.4, 35.8, 32.6, 30.1, 29.5, 26.3, 12.4; HRMS (EI") calc’d for
C36H330 (M) 486.2923; found 486.2 m/z.

O O Preparation of 223: Product 223 was isolated as a by-
o _ o O product from the preparation of 236. Silica gel
O Q Q chromatography (0 — 30 % PhH in hexanes) afforded

223 as a colorless oil. Rf 0.38 (5 % EtOAc in hexanes);
IR (film) 3085, 3058, 2927, 2857, 1490, 1448, 1072 (C-0), 762, 745, 705, 633 cm™'; '"H NMR
(300 MHz, 293K, CDCls) & 7.45-7.42 (m, 12H), 7.30-7.18 (m, 18H), 5.34-5.32 (m, 2H), 3.06 (t,
4H, J = 6.5 Hz) 1.96-1.91 (m, 4H), 1.66—1.57 (m, 4H) 1.46-1.38 (m, 4H); °C NMR (125 MHz,
293 K, CDCl3) & 144.5, 130.3, 128.7, 127.9, 127.6, 126.8, 86.2, 63.5, 32.3, 29.5, 26.2; HRMS
(EI") calc’d for Cy4gHys0,Na (M") 679.3552; found 679.3680 m/z.
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'H NMR spectrum of 235: CDCls, 293 K, 300 MHz
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BC NMR spectrum of 235: CDCls, 293 K, 75 MHz
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"H NMR spectrum of 236: CDCls, 293 K, 300 MHz
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BC NMR spectrum of 236: CDCl;, 293 K, 75 MHz
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"H NMR spectrum of 223: CDCls, 293 K, 300 MHz
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BC NMR spectrum of 223: CDCls, 293 K, 75 MHz
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