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Abstract

Soft sea corals generate a plethora of naturalystedincluding steroids and
metabolites. As such, they have been of keendstdo biologists and synthetic organic
chemists. Recently the soft coraBarcophyton trocheliophorum and Lithophyton
arboretum, which were isolated from the Gulf of Agaba in RRed Sea, have been found
to produce six butenolide lipids and butenolidesthwunusual substitution and
unsaturation patterns. The purpose of this resaartthachieve the total synthesis of the
gamma-lactone€l, Trocheliophorolide A, one of the six butenolidatural products.
Trocheliophorolide A is composed of a lactone ramgl a unique unsaturated side chain.
This thesis will describe the previous successyutlesis of the lactone ring portion of
Trocheliophorolide A, followed by the previously@ared routes for synthesizing the
unsaturated side chain that were not successfliis thesis specifically discusses the
successful synthesis of the acid chloride sidercimia five-step, efficient route with
satisfactory overall yields. Additionally, both n&dstudy cross-coupling reactions and

the actual final cross-coupling reaction are exgdoaind discussed.
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TLC et thin layer chromatography
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1.0 Isolation and Biological Activity

Soft sea corals are known for the production of ynaatural products of interest
to synthetic organic chemists and biologists. Mustable are the diverse groups of
steroids and steroid derivativeS.Two particular soft sea coraBterogorgia anceps and
Pterogoria guadalupensis, produced the first isolated butenolides in th69 and since
then these butenolides have been sought aftem 2001 Rezankat al isolated and
characterized six different butenolides now knownTaocheliophorolides A-F (Figure
1). These butenolides are characterized by thaisual substitution and unsaturation
patterns and were isolated fro®arcophyton trocheliophorum and Lithophyton
arboretum, located in the Gulf of Agaba in the Red $&everal natural products contain

these butenolide elemenfd,

_ OH o]
__ N
= /\/\/\Eéo

A1) B (2) cE
~ OH 0
H =~ o} — OH
== = S o X X
e X
D(4 3 E (5) F (6)

Figure 1. Trocheliophorolides A-K1-6). Trocheliophorolides A-X1-4) are isolated
from Sarcophyton trocheliophorum, whereas Trocheliophorolides E{b-6) are isolated
from Lithophyton arboretum.

Biological assays confirm that TrocheliophoroliddsF show evidence of
considerable inhibition of bacterial cell growth Stephylococcus aureus and Bacillus
subtilis and toxicity toward the brine shrinfgtemia salina. Since bothS. aureus andB.
subtilis are problematic resistant strains of bacteria, jBmg new antibiotic targets are
very valuable. Further analysis showed that tHagenolides were only biologically

active against gram-positive strains of bact@ria.
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In Table 1, the zones of inhibition of bacterialogth in millimeters for
Trocheliophorolides A-F (1-6) are shown. Each loése values is representative of
impregnated wafers of the Trocheliophorolide oferest, which are placed into an
incubation chamber with the bacteria of intered§the bacteria are allowed to grow
overnight and the bacteria closest to the diskkdked while the surviving bacteria can
still be seen proliferating. The size of the edgtaht circle of inhibited bacteria growth
around the impregnated wafer is a measure of hdectefe that species is at killing

those particular bacterial strains.

Tablel: The zones of inhibition for TrocheliophorolidesFA1-6) measured in

millimeterswith respect t& aureus andB. subtilis.

Bacteria | A (1) B (2) C (3 D (4) E (5) F (6)
S aureus 11.5 13.2 8.5 10.3 7.8 18.6
B. subtilis 13.0 14.9 7.6 13.9 5.6 14.7

Given the zone of inhibition for TrocheliophorolideagainstS. aureus and the
appealing structure of the novel unsaturated didén¢ butenolidd became the synthetic
focus of the Collison group. Development of a sgiithstrategy for Trocheliophorolide
A would also provide an entry toward the rest @& frocheliophorolide family. Lastly,
since onlyug quantities of Trocheliophorolide A can be extealctrom 500g wet coral, it

is important that we find a more sustainable sytitheay of making this compourtd.

11



1.1 Retrosynthetic Analysis

We envisioned that Trocheliophorolide Al)(would be assembled via a

convergent synthesis using a palladium-catalyzedplotg reaction between acid

chloride 7 and §-p- lactone8 (Scheme 1). The synthesis of acid chlorilevas

envisioned to come frortosylate9 which could be achieved via a series of reactions

starting with commercially available 3-methyl-2-bntl-ol (11). The synthesis of the

(9-p- lactone8 was envisioned to come fromosylate 10 which could be could be

achieved via a series of reactions starting witmmmercially available 9-ethyl lactate

12. The desired stereocenter in the product is eoiewntly obtained from the starting

material since §-ethyl lactate(12) is derived from a natural amino acid. We decided to

turn our attention to theS|-p- lactone8 first.

m

N

&— o

Y\/

Bu,Sn

Scheme 1. Retrosynthetic analysis of Trocheliophorolid€1).
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1. 2 Previous Syntheses of (S)-f- Lactones

(9-p- lactones are a common structural motif in manturah products and as
such, have been synthesized via several rotA®villiam T. Spencer, a former graduate
student in the Collison Group, did an extensivaemevof the literature with respect to

previous syntheses oB)(- lactonegFigure 2)™

A H

Tl

13 14 15 16 17

Figure2: (9--Angelica lactone syntheses reviewed by Spetcer

The Himbacine derivativ82 synthesis by Hofmast al was utilized as a partial
model for our synthesis of stannylfurandhim Trocheliophorolide A (Scheme 2).The
Hofman group began their synthesis by means of centially available $)-ethyl lactate
(12) and protecting it using TBSCI and imidazole NkN-dimethylformamide to form
silyl ether18. Silyl etherl8 was then reduced with DIBAL-H to form aldehyti¢ in a
72% yield over two steps. Next a Corey-Fuchs @&fon was run on aldehyd® to
form dibromide specie®0 in a 75% vyield. Dibromide€0 then underwent a double
elimination reaction followed by a lithium-halogemrchange where the resultant anion
was quenched with ethylchloroformate. The silyeesvas then deprotected using a mild
reflux with acetic acid to form alcoh@l in an 80% overall yield. Alcohadtl then
underwent a hydrostannation reaction using tetfamgbenylphosphine)palladium(0)
and tributyltin hydride to form stannylfuranoBen 80% yield. The chief shortcoming of
this synthesis is that dibromide spe@8ss both light sensitive and thermally unstable to
a large temperature range thereby requiring qusekar else suffer rapid decomposition.
Given Hofman’s work in synthesizing stannylfuran@eve pursued a similar pathway

while avoiding the synthesis of the dibromide sps20.

13



O (0] O

HOQJ\ TBSCI, E4N TBSM DIBAL-H TBSO\)L
" Sot — %, OEt " H

H DMAP, THF : hexanes, -7 :
12 18 2 steps, 72% 19
Br i. n-BuLi, THF, -76C 0
ii. CICO,Et
TBSO 2
PPh, CBI, \\/)\ Br HO/J\OB
CH,Cl,, ¢°C to RT S iii. ACOH, H,0, THF, 60-76C ;
20 H 21
75% 80%
H H 9
e e
Pd(PPH), BusSh EN
BusSnH, THF E— 7
0 Boc.
80% 8 N 22

Himbacine Derivative

Scheme 2: Synthetic pathway of Hofmaet al for stannylfuranon®.

1.2.1 Synthesisof the Lactone Moiety - Previous Work in the Collison
Group

William Spencer of the Collison lab began work todgastannylfuranon8. The
major modification to Hofman’s synthesis of stariugdnone8 was the avoidance of the
sensitive dibromo speci@ (Scheme 3). Spencer’s synthesis began with aqtiateof
(9-ethyl lactate (12) using tert-butyldimethylsilyl chloride and imidazole iMN,N-
dimethylformamide to give silyl estdB in a 90% yield. Next estdi8 was reduced with
diisobutylaluminum hydride (DIBAL-H) yielding aldgle 19 in a 68% vyield. These
first two steps being identical to the synthesis Hyffman et al.® Next Spencer
elegantly utilized a procedure by Marshetllal to avoid production of dibromo species
20.2%% This was done by reacting Aldehyd® with a dichloromethane anion and
further quenching wittp-toluenesulfonyl chloride generating tosylatin a 62% yield

Since tosylatd0 was silica sensitive it was used in the next reaatvithout purification

14



to avoid any decomposition. Theude tosylate 10 underwent a double elimination
reaction followed by a lithium-halogen exchangengsin-butyllithium. The resultant
anion was quenched with ethylchloroformate genegatilkynoate23. Removal of the
silyl protecting group from alkynoa8 with HF pyridine gave alcohd@l in a 57% vyield
after purification over the two steps. During optiation it was noted that no
detrimental effects were incurred by not purifyitige silyl protected alcohol before
deprotection.  Finally, purified alkyn€l was reacted in a palladium-catalyzed
hydrostannation using tributyltin hydride and tkisériphenylphosphine)palladium(0)

affording stannylfuranon&in a 68% yield*

o) o)
HO\)k TBSCI, DMF, Imidazole TBSUJ\ DIBAL-H, Hexanes, -78C
: OEt ; OEt
: 90% : 68%
12 T 18
o) ) OTs
i. LDA, CH,Cl, TBS i. n-BuLi, THF, -78C
TBS cl L
Sy i p-TsCl Il CICOEL
62% = d
19 10
o)
o)
0o BugSn
" COEt  HE-Py ~ OEt  BusSnH, Pd(PPY, 0
72 HO
TBS _
: THF, 0C to rt THF
: 2 steps, 57% 68%
23 21 8

Scheme 3: Spencer’s synthesis of stannylfuran@¥

One of the minor products Spencer obtained was pHs¢éannylated lactone. He
discovered that if the Pd-catalyst was generategitinbefore the tributyltin hydride and
alkyne 21 were added that the yields of the desired propgliehmeted to 12%. It is
postulated that during the hydrostannation mechanakyne2l coordinates with the

palladium to form a complex. In this complex, geatially positive palladium is paired

with the partial negative-carbon of alkyn€1 and the partially negative hydrido ligand

is paired with the partially positiygcarbon of alkyn@1 (Figure 3)"*

15



SnBus

S
§
S
N
~

Figure3: Spencer’s postulated configuration of alcobhnd Pd-catalyst compléx.

OEt

1.2.2 Synthesis of the L actone Moiety - Optimization

As an undergraduate student in the Collison lalva$ tasked with optimizing
Spencer’s synthesis of stannylfurano® Spencer completed the synthesis of
stannylfuranond with an initial 68% pure yield but each time tlaction was run, the
yields diminished and the original result was natis$actorily reproduced. Another
limitation with Spencer’s synthesis was that HFigiyre is a toxic reagent. In an effort
to circumvent the use of HF pyridine, we electedirid an alternative route to deprotect
silyl ether 23. Since Spencer had stockpiled well over 75 grarhgosylate 10,

optimization studies began from this intermedi&eheme 4).

(e}
OTs
AcOH, H,0, THF
TBSO i. n-BuLi, THF, -78C i
cl " “OEt
; ii. CICO.ET TBS 7
: ; 60-70°C
= CI H
B 86-94% over two steps
10 23
o 0]
BusSn
// OEt BU3SnH, Pd(PP&‘)zCIZ [e)
HO.
; THF
21 73% 8

Scheme 4: Optimized synthesis of stannylfuranohe>

In the optimized synthesis, removal of the silybtercting group from silyl ether
23 was accomplished vimild acetic acid reflux to give alcoh@l in 86-94% yield after
purification over the two steps. Finally, purifiattohol21 was reacted in a palladium-

catalyzed hydrostannation via dichlordbighenylphosphingalladiunll) and

16



tributyltin hydride affording stannylfuranor@in a 73% yield. Stannylfurano@proved
to be storage stable. Epimerization was not dedeafeer many months in the freezer.
Optical rotation was used to assess the fidelityhef stereocenter both pre- and post-
storage. The optical rotation results for our sydfiuiranone8 in chloroform at 20°C and
using a sodium D line were +22.7° before and afterage. The known literature value
for stannylfuranon® is +27.9° in chloroform at 23°C and using a sodiDrfine!® The
differences in temperature between the experimesdaiple and the literature value
sample may be the reason for the lack of precifetween the two optical rotation
values.  Additionally, there was a small concerdrat difference between the
experimental sample and the literature sample. r€belts and experimentals for these
optimizations were previously published in Stephdborn’s thesig®

With vinyl stannane8 in hand, work commenced on the new coupling partne
acid chloride7. The unsaturated side chain, although vacanteoéstenters, has proven
to be the most challenging portion of the totaltegsis of Trocheliophorolide A. The
following sections address the strategies develofpedards acid chloride coupling
partner’.

1.3 Previous Literature Syntheses of Similar Unsaturated Side Chain

The unique unsaturated side chéigdiscussed in the retrosynthesis is not a known
compound; although compounds with similar unsatgraide chain motifs exist (Figure
4).

\’/\(Q

7 O
Figure4: Unsaturated side chaf

An example is that of Taxifolial 29 which was synthesized via Commeighsl
in 2001 (Scheme 3f. Commeiras’ synthesis began using commerciallgilable
aldehyde24 in a Corey-Fuchs olefination yieldingem-dibromide 25 in an 83% vyield.
Next, gem-dibromide 25 underwent a double elimination followed by a litm-halogen

17



exchange via the use ofBuLi. The resultant anion was quenched with trimgin
chloride affording stannar6 in an 88% yield. Stannar@é was then reacted with vinyl
iodine 27 in a Stille Cross Coupling reaction by means of a
dichlorobigacetonitrilgpalladiun{ll) catalyst to afford trien@8 in a 99% yield. After

several more steps Taxifolial 20 was achieved.

o0 CBr, PPh, Zn

Yv >
CH,Cl,, RT

i. n-Buli, THF, -5° \(\
ii. MegSnCl, -5°C to RT SnMeg

g% 8g%0

OTBS OAC
2N PACHMeCN), =
Y\ \‘/\)\Ev § _ __omss
SnMe; " DMERT
26 28
several steps Y\/\)\(\/

Scheme5: Partial synthesis of Taxifolial 25 by Commeirast al. %

9g% OAc

1.3.1 Synthesis of the Unsaturated Side Chain - Previous Work in the

Collison Group

The successful synthesis of the unsaturated sidm ¢ttas been undoubtedly the
main hurdle in the complete synthesis of Trochdiaplide A (1). Several students in
the Collison Group have undertaken this task, itts¢ &f whom were Olukorede Agusto
and William Spencer IIt" # They originally started the side chain with thealgof
synthesizing vinyl chlorid&0 (Figure 5).

J == <C|
30

Figure5: Original vinyl chloride coupling partn&0.** %
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There were several stumbling blocks along the wagyhthesizing vinyl chloride
30 (Scheme 6§ % First, the terminal alkyne generated in theirtegsis was not able to
be isolated due to volatility problems and as ailteshis route required am-situ
Sonagashira Cross-Coupling to circumvent isolatibthe terminal alkyne. This route

was not reproducible and had a poor yield of o@%1

CBr,, PPhy

Br
CH2C|2 RT / Br
( /
25

J\ 32
i. c1”cl =
A\
Cul, PA(PPH)4, cl
toluene, RT

15% 30

Scheme 6: Synthetic route of Spencer and Agusto for viehloride 30 coupling

partner:” 3!

Due to the problems associated with the previomsh&gis of the vinyl chloride
30 coupling partner, Spencer attempted to synthesiag triflate 32 as a more robust
coupling partner (Figure 6). Unfortunately thisit® resulted in low yields of 25-35%,

with rapid decomposition of the product and colualmomatography resulted in poor

purity. ™
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oTf
f 32

Figure6: Vinyl triflate 32 synthesized by Spencer as alternative couplingneafor

lactones8.

Given the limitations in constructing the vinyl ohtde 30, Stephanie Dorn
attempted to synthesize a new coupling partned elaioride?. It's been shown in the
literature that acid chlorides have been usedilte &ross-Coupling$® Acid chloride?

was chosen as the new coupling target.

Dorn tried three different approaches to synthegiacid chloride7. Only the
first route will be discussed since the intermegBan this route are the same as the ones
used in this thesis in synthesizing acid chlorfdeDorn’s Corey Fuchs method began
with commercially available 3-methyl-2-buten-1-¢11), which was oxidized via
pyridinium chlorochromate to yield aldehy@d (Scheme 7) Due to volatility issues,
aldehyde?4 wasfiltered through a Celite plug under argon, andttiee dichloromethane
was carefully distilled away from aldehy@4 as opposed to concentrating the ioil
vacuo. Aldehyde 24 was then reacted in a Corey-Fuchs olefinationdyigl gem-
dibromide?25 in a 30% pure yield over two steps. Neggin-dibromide25 underwent a
double elimination followed by a lithium-halogenclange via the use ofBuLi. The
resultant anion31 was quenched with ethylchloroformate giving esB& in a
disappointing 20% pure yieldShe attempted the subsequent saponificationtef &%
but 'H-NMR showed the disappearance of starting matewial no desired carboxylic
acid 35. It was suspected that instability of dibromig® was the cause for future
problems with this route as it was sensitive t@ajlmaking purification difficult, and it

readily decomposed lending to storage probléns.
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Br i. n-BuLi, THF

OH pCC o PPh, CBr, -78°C to -16C
W/\/ . W hy 4 = = .
CH.Cl, CH,Cl,, 0°C ii. EtCOCI

11 24 25 -78°Cto RT
30% over 2 steps 20%
o NaOH 0 cocl O
J — J = ()2* =
H,0, THF PhH
34 OEt 35 OH 7 Cl

Scheme 7: Corey-Fuchs method towards acid chlofid&

2.0 Results and Discussion

As the project has evolved, it is now envisionedt thirocheliophorolide A1)
will be assembled via a palladium-catalyzed couplieaction between acid chloride
and ©-p- lactone8 (Scheme 8). Acid chlorides are common couplingngeas in Stille

reactions®

O
—_— o BusSn
/ — +
O
Cl
7 8

Scheme 8: Final Stille Coupling reaction as envisioned fliSon group.

The newly proposed synthetic route for acid chiefidis shown in Scheme 9.
Considering the fact that the tosylation methotzatil in the lactone synthesis worked so
well, this same tosylation method is being appliedthe acid chloride route of the
synthesis. The benefits to this route are thawdids both unstable terminal alky@#

and dibromo speciezb that were so problematic in the previous routgdard. Once
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the coupling is accomplished, a Wittig reaction daa used to complete the total

synthesis of Trocheliophorolide A.

Cl
LDQ), CHZé:lz,
OH PCC, DCM o -7€Cto °C
/ ! / G / o
silica, 3h thenp-TsCl, C to rt
OTs

1 24 9

n-BuLi, THF, -78C to °C
= T NaOH, MeOH, DCM Z
AN 0 % o
then EtCQCI, -78°C to 1t 30 min
34 35
OEt OH

F
SOCh, DCM % 0
—_—
reflux, 16h 7
cl

Scheme 9: Synthetic pathway toward acid chloride

This synthetic pathway begins with commerciallgitable 3-methyl-2-buten-1-ol
(11), which can be oxidized via pyridinium chlorochramé#o yield aldehyd@4. Next,
aldehyde?4 can be reacted with dichloromethane anion and further quenched péth
toluenesulfonyl chloride to generate tosyl8te Tosylate9 can then undergo a double
elimination reaction followed by a lithium-halogemchange using n-butyllithium. The
resultant anion can then be quenched with ethylofdomate to generate alkynoaé.
Saponification of alkynoat40 can easily be done to afford carboxylic a8 which can

then be refluxed with thionyl chloride to affordicdchloride?.
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2.1 Synthesis of Aldehyde 24

OH PCC, DCM, °

silica, 3 h

47-72%

Scheme 10: Synthesis of aldehydzi.

The synthesis of acid chloridebegins with commercially available 3-methyl-2-
buten-1-ol (11), which was oxidized via pyridinium chlorochroma@CC) to yield
aldehyde24 in a 47-72% pure yiel@Scheme 10) Due to the volatility of aldehyd®4,
its isolation and purification have presented aan&urdle by all students who have

worked on this project.

Aldehyde 24 was first synthesized by Augsto in an 89% yieldlofeing
precedented work by Lét al.*® ** She synthesized aldehy@é using PCC in DCM at
room temperature. After three hours she ran thetimraflask contents through a silica
plug and concentrated aldehy2#in vacuo. Since Agusto’s attempts, both Spencer and
Dorn followed her work and were never able to rdpae the high yields she reported.
Following Agusto’s same reaction conditions, therage yields for Dorn and Spencer
were 40-70%. The differences in the yields coteelavith the variations in their work

up and purification condition- %

Spencer experimented with Celite, silica and Hiofts purification followed by
concentration of aldehyd#! in vacuo and was able to achieve higher purity, but sals
very low yields. Spencer postulated that aldetBtieas likely volatile which is why his

yields were so low.

In an effort to circumvent the volatility probler®orn altered the work up by
running the reaction flask contents through a €giug followed by distillation of the

DCM away from aldehyd24. This way she would avoid the rotary evaporatitap that
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she suspected was causing so much of aldeP4de be lost. She did see higher yields

but lower purity?

It was noted that aldehyd24, which should be pale yellow oil, was often
obtained as a brown, gritty tar. It was suspedted one of the reasons that some of the
routes previously attempted were not working was ttuchromium salt impurities that
may not have been apparent’®*NMR. In an effort to increase the yields, andwe
that the chromium salts were removed from the prgdan experimental protocol
investigation for this oxidation was pursued (Tabje

Table2: Experimental protocol optimizations utilized foethynthesis of aldehy@4.

Method Yield Purity
Florisil and silica gel plug purification LOW HIGH
Extraction purification HIGH LOW
Grind PCC & silica gel together to run reactiorerth GOOD HIGH
Florisil and silica gel Plug Purification

First a plug of florisil and silica gel was utiliden purifying the aldehyde after
the reaction was complete. Once the solvent wstdleld away from the aldehyde, this

technique gave excellent purity but the yields wexg low (Table 2).

Next an extraction technique was tried in purifyitng aldehyde instead of the
traditional silica, florisil or Celite plug. It v&ahypothesized that since PCC salts were
water soluble, this would allow for successful resdoof all the chromium salts
achieving better purity. Once the solvent wasiltigt away from the aldehyde, this

technique gave good purity, but once again thelgielere very low (Table 2).

In a final attempt to optimize the reaction corah8 precedent work by Luzzeb

al was used® This time the PCC was ground with silica gel usingortar and pestle and
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added to the reaction flask along with the dichtoethane solvent and alcoHdl. This
method proved to be the highest yielding and gheehighest level of purity as seen by
both'H-NMR and visual characteristics of the productt€a2).

2.2 Synthesisof Tosylate 9

Cl

0 LDA, CH,Cl, THF, -78C - #C
\‘/\/ thenp-TsCl, 6C to 1t Z al
40 - 81% crude yield
OTs

24 9

Scheme 11: Synthesis of tosylat@

With the procedure to synthesize aldehygie in hand, the next step in the
synthesis was attempted, again using precedent lyokkarshallet al.>*% (Scheme 11).
Tosylate9 proved to be silica sensitive and therefore wasezhon without purification

to the next reaction.

This tosylation step was attempted using fouled#t methods of addition. The
first method involved adding the LDA solution droyise to a solution of aldehyde
dissolved in dichloromethane and THF (LDA into &lgde, Table 3). The second
method involved adding the aldehyde, dichloromethamd THF solution drop-wise to a
solution of LDA (Aldehyde into LDA, Table 3). Thhird and fourth methods involved
generating the dichloromethane anion via the LDAtfand then either adding it to the
aldehyde and THF solution (DCM Anion into Aldehydeaple 3), or adding the aldehyde
and THF solution to it (Aldehyde into DCM Anion, Gla 3).
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Table 3: Reaction condition results for tosylation reawti

Method of Addition Crude Yied Purity by *H-NMR
LDA into Aldehyde 65% Very Good
Aldehyde into LDA 63% Fair
DCM Anion into Aldehyde 70% Very Poor
Aldehyde into DCM Anion 59% Poor

Although the method of generating the DCM anion #meh adding that to the
aldehyde and THF solution gives a greater crudesptas method of adding the LDA
into the aldehyde has much greater purity for tuele material byH-NMR. Each of the
respective products was taken onto the next reaatigheir crude form to see if better
information could be obtained by this experimemhose results will be discussed in the

next section.

2.3 Synthesisof Ester 34

Cl

n-BuLi, THF, -78C to rt
Z Cl = X
then EtCO,CI NN 0
OTs

50-85% over two steps OEt
9 34

Scheme 12: Synthesis of esté4.

With the optimized synthesis of tosyl&e&omplete, my attention was focused on
synthesizing este34. In this reaction, much like the tosylation séerthe synthesis of

lactone 8, crude tosylate 9 underwent a double elimination reaction followeyd &

26



lithium-halogen exchange using n-butyllithium. Tiesultant anion was quenched with
ethylchloroformate generating esg&¥in a 50% initial yield. As the reaction conditions
were optimized, pure yields in the 80-85% rangeehla@en achieved over the two steps
from aldehyde24 to ester34.

As a continuation of my experiment in section ¥nthesis of Tosylaté),
results were compiled as to the purified yieldghaf resultant ester products for each of
the methods of addition (Table 4). Since the ttgylis silica sensitive, the crude
products of those reactions were carried on to té&ction step without purification.
Looking solely at the purified yields, it can beesehat the method of adding the LDA
solution into the solution of aldehyd®l, DCM and THF is the superior method of
addition. Resultant spectra for the purified prtduall had equally pure results upti
NMR analysis.

Table 4. Results for the synthesis of estt based on different tosylation routes

examined.
Method of Addition Pure Yield
LDA into Aldehyde 74%
Aldehyde into LDA 54%
DCM Anion into Aldehyde 0%
Aldehyde into DCM Anion 17%
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2.4 Synthesis of Carboxylic Acid 35

= =
X O  NaOH, MeOH, DCM X 0
30 min
34 OEt 43-95% 35 OH

Scheme 13: Synthesis of carboxylic acib.

With ester34 in hand, the saponification reaction was attempisidg precedent
work by Theodorowet al.*® Ester34 was dissolved in a 9:1 DCM:MeOH solvent pair and
enough 3.0 N methanolic NaOH was added to bringdta concentration to about 0.1N
NaOH. After 30 minutes the reaction generally sadwompletion via TLC. Initially
the yield was a mere 43%, but after optimizingwleek up, the yields rose to the 90-95%

semi-purified range.

Carboxylic acid35 is commercially available through select companfesNMR
spectral results are equivalent to what is repontethe literature. Carboxylic acigb
was purified as well as was able by extraction; ésv some impurities were still visible

by 'H-NMR. IR analysis was used to confirm the carbimxgcid functionality.

Since carboxylic acid35 is isolated as an oil with some solid crystalline
particulate, additional purification by column chratography was attempted.
Unfortunately, no matter the polarity of the solvear whether flash column
chromatography was used, none of the carboxylid pobduct was able to be isolated.
Two-dimensional TLC techniques confirmed its decosiion on silica (Figure 7). A
two-dimensional TLC without decomposition would kaadl of the spots on the diagonal

line.
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Figure7: A) The two-dimensional TLC of carboxylic acd (left). B) An example of a

two-dimensional TLC without decomposition (right).

2.5 Synthesisof Acid Chloride 7

/
\ o SOChL DCM \ o
\ reflux, 16 h \
35 7

quantitative yield

OH Cl

Scheme 14: Synthesis of acid chloridé

Using precedent work by Beckerral, extraction purified carboxylic aci8b was
refluxed with thionyl chloride in DCM for 16 houraffording acid chloride7 in
quantitative yield® The beauty of this reaction is two-fold; firstpth the thionyl
chloride and the DCM were used straight from thdtléorequiring no previous
purification. Secondly, the work up consists ofrehg cooling the reaction flask and then
concentrating the produeh vacuo. Since DCM and thionyl chloride are low boiling,
they come off in the concentration process. Thprdgucts of this reaction, sulfur
dioxide and HCI are gaseous so they escape frome#wtion via the argon out line. The

'H-NMR spectra of the crude reaction product showsdgpurity. Absence of the
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carboxylic acid functionality was quickly confirmeth IR since théH-NMR spectra are

nearly identical.

2.6 Model Reactionsfor Final Stille Coupling

In an effort to prepare for the coupling of ourttae8 and soon to be completed
acid chloride7, some model conditions were examined. The syrgh@smodel vinyl
stannanel9 was performed to be used in the model couplingti@ato follow in section
(2.6.2) using precedent work by Nielsenal (Scheme 15} Model vinyl stannand9
was chosen because it had an analogous structuoeirtdactone8, it was readily
synthesized in high yield from methyl propiold#8), which is an inexpensive starting

material.

o

% PA(PPH),Cl,, THF, rt to 6C
SnB
then BySnH, 0C to rt, 10 min rt N new
\o N O
49

48 41-98%

Scheme 15: Synthesis of model vinyl stanna#@

In this reaction methyl propiolate (48) was mixed with
dichlorobis(triphenylphosphine)palladium(ll) in THE 0°C, then tributyltin hydride was
added dropwise. In approximately ten minutes reactompletion was seen via TLC
and the reaction was worked up. Initial pure ygelkre in the 40-50% range, but with
optimization, a new bottle for tributyltin hydridend less humid lab conditions, pure

yields were generally in the range of 85-98%.
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2.6.2 Model Coupling Reaction Between Crotonyl Chloride (50) and
Vinyl Stannane 54.

With model vinyl stannand9 in hand, the model coupling reaction between
commercially available crotonyl chlorid@l8) and vinyl stannane49 was attempted
(Scheme 16). Crotonyl chlorid&0) was chosen as the model coupling partner because
it has a similar structure to our unsaturated sitiain and it is inexpensive and

commercially available.

(@] o) o o
/\)k SnB Pd(PPH),Cl,, toluene
nobw
—_——
\ al + \O \O /
11¢°C, 16 hrs
50 49 51

Scheme 16: Model coupling reaction between commercially &lde acid chlorid€48)
vinyl stannan&9.

Using precedented work by Chemtyal crotonyl chloridg50) andvinyl stannane
49  were dissolved in toluene  with a  catalytic amountof
dichlorobis(triphenylphosphine)palladium(ll) andfluged for 16 hours at 110°&. It
appeared that there could be some product by trde¢H-NMR, but after purification
the diagnostic protons were absent in'tHeNMR spectra. Some starting materials were

recovered along with ditin speci2 (Figures 8 and 9).

_\/\S"_S"_\/\

Figure8: Ditin Specieb2
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Figure9: *H-NMR (300 MHz, CDC}J) of ditin specie$2.

BusSn

o
/\)}\ +
Cl
50

O —_———

A

Pd(PPH),Cl,, toluene

110°C, 24 hrs

Scheme 17: Model coupling between crotonyl clori¢g0) and lactone.

When success was not encountered using the medetion in last section

(2.6.2), it was tried with our lactor&to see if it might work with less volatile and reor

robust systems (Scheme 17).

Unfortunately, sinmdmults to our model study were
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obtained using lacton& When the reaction did not show progression \li& &fter 16
hours, the reflux time was increased to 24 hourt more catalyst was added to the

reaction, but all that was recovered was unreastt@ting materials.

2.7 Coupling of Lactone 8 and Acid Chloride 7

1h, rt

(0]
\(\( , Bussn 1:1 Pd(OAc):(n-Bu)sP, Ph, CO °
cl | o o —
\
8

Scheme 18: Stille coupling of lacton8 and acid chloridé.

Since the previous coupling reaction was not waykia new procedure was
attempted using precedented work by Ichigeal.®® This new procedure involves
bubbling CO gas through the reaction vessel togiredecarbonylation from occurring
in the final product. This reaction was attemptesing acid chloride 7 which was
dissolved in dry benzene and degassed with CO. n T&e0.1M solution of 1:1
Pd(OAc):(n-Bu)sP (0.1 mole %) in dry benzene was added in onagootd the flask.
The flask was left to stir at room temperature uradl€0O atmosphere for one hour. After
one hour, no new product spots were seen via TLdC tlag starting material spot was of
the same intensity. At that time another 0.5 m¥eof the 0.1M solution of 1:1
Pd(OAc):(n-Bu)sP in dry benzene was added in one portion to thekfand the flask
was allowed to stir at room temperature under aa@@sphere for another hour. When
another TLC was done, it showed that there washarrece of starting material and two
new spots; one UV-active and one just a yellow .sg@dth of the resultant compounds

were purified and analyzed via NMR but no identifeaproducts were seen. The only
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thing seen in the NMR for one of the isolated coomuts (the yellow spot) was tri-n-
butylphosphine.

3.0 FutureWork

Future studies toward the total synthesis of Trbopkorolide A will focus on
the cross-coupling reaction between lact8nend acid chloride and then on the final
Wittig reaction (Scheme 19). The final Wittig reaat that will complete the total
synthesis of Trocheliophorolide Al) is a classic reaction with well-established
precedent chemistry. Other major advantages iecling excellent regioselectivity, mild
reaction conditions associated with the reacti@ck |of byproducts and consistent
yields*

Due to the lack of success so far with the Stideping reaction the following
considerations are suggested: exploration of ofercatalysts such as Jfdba,
PdCZL(CHsCN),, (dppf)PdC% and Pd(PP{),, exploration of ligands, co-catalysts and
additives such as Cul, CsF, LiCl, AsRdnd other phosphine compounds, exploration of
different solvents such as tetrahydrofuran, dimiéihypamide, N-methylpyrrolidinone

or N,N-dimethylacetamide and alteration of reaction terapee conditions® *

Scheme 19: The End Game.
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Another consideration would be to utilize boron rol&ry as opposed to the tin
chemistry currently being employed in lactoBgScheme 20¥° This would require
slight modification to the synthesis of lacto8ebut since the metal is not introduced
until the last step in the lactone synthesis, inWeequire modification of the entire
route. Further, tin compounds tend to be toxicusiog boron would present a pathway
to ‘greener’ chemistry in this new route. Since have had limited success with Stille
couplings, this would provide an alternate and psamg synthetic route without having
to change the synthesis of acid chloridevhich we have completed and optimized
already. The reaction conditions that we haveadlyeoptimized for lacton8 may work

for the new boron containing lactobé too. .

o}
RqB
 Tom R4BH, Pd(PPH),Cl, o
HO.
7 THF
21 54

Scheme 20: Proposed synthetic route for boron containingdae54.

4.0 Conclusions

This research toward the total synthesis of traopabrolide (1) A has been
significantly advanced. Thus far both the acid dde side chair/ and the lactond&
have been successfully synthesized and optimi&gkcifically the research captured in
this thesis describes the synthesis of the acioricld side chair? in a five-step, efficient
route with satisfactory overall yields. Additiongllmodel cross-couplings and actual
cross-coupling reactions were attempted. Trochkboolide A (1) has never been
synthesized and once it is completed it will be oh¢he first reported syntheses of the
members of the trocheliophorolide family of biologlly active (S-p-lactone natural

products.
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General Procedures

Each non-aqueous reaction was run in flame-driagsgvare under an inert argon
atmosphere. All reagents were added eitharsyringe or cannula. All non-room
temperature reactions have their respective terypesawithin their respective schemes.
Each distillation was done under an inert argonoaphere. Rotary evaporation was
completed using a Biichi rotary-evaporator undeeduced pressure of approximately
10-20 mm Hg.

Chromatography

All chromatographic purifications were carried @ut EM reagent silica gel 60
(230-400 mesh). Thin layer chromatography wasiedmut on EM silica gel 60 F-254
pre-coated glass plates or TLC Silica gel 60 F-pbg&coated plastic sheets. Eluent
systems are noted in the respective experimentalsTLC plates were visualized via
short-wave UV illumination (254 nm) or by develogiwith potassium permanganate
stain and heat. Potassium permanganate stain vegmrpd by diluting potassium
permanganate (6 g), potassium carbonate (40 g)s@sidm hydroxide (5%, 10 mL) to 1

L with water.
Reagents and Solvents

Solvents were obtained commercially and were wsigabut purification unless
otherwise noted in experimentals. Distilled wateas utilized for every aqueous
reaction, work-up procedure, and in the preparatiogvery aqueous solution used in the
work-up.  Tetrahydrofuran (THF) distilled after drg with sodium metal and

benzophenone. Dichloromethane was distilled alitging with calcium hydride.

Spectroscopic M easur ements

Proton {H) nuclear magnetic resonance (NMR) spectra wetaimdd via Bruker
DRX-300. The chemical shifts in tH&l-NMR spectra are stated with respect to the
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resonance of residual CHCAt & 7.26 ppm. Infrared (IR) spectra were recordedavia
Shimadzu IRAffinity-1 FTIR.

Experimentals

R
1 o 2

PCC (25.65g, 119 mmol) was ground with silica deg) using a mortar and
pestle and added to a flame dried flask along Wwébhly distilled DCM (278mL) and the
flask was argon purged. Alcohdl (6.05mL, 59.5 mmol ) was added all in one portion
via syringe and the once orange suspension imnedygliatrned black. After being stirred
for approximately three hours, the reaction was mlete as monitored by TLC (4:1
Hex:EtOAc, non-fluorescent silica, KMnGstain, developed with heat). The amassed
silica gel and PCC salts were then vacuum filtehedugh a silica and celite pad away
from the mother liquor containing aldehy@4 using DCM as an eluent. The mother
liquor was added to a separatory funnel and wastbitd distilled water and brine to
remove any other chromium salts. Finally the miotlggior was dried with anhydrous
magnesium sulfate, filtered, and aldehydewvas concentrated by distillation. Aldehyde
24 exists as a pale, clear yellow oil. In some casdehyde24 appears to have a
greenish tint post-purification. Attempts at usihg impure aldehyde samples showed
significantly affected yields in the next reactistep (in the cases that the next reaction
even worked). It was noted that although distdlatdoes help to lessen the loss in yield
due to volatility of the aldehyde; the aldehyde wassistently present in the distilled
solvent when analyzed bBY1-NMR. Dichloromethane was used due to its lowlibgi
point to try and circumvent this problem. Thisaiknown compound and the spectral

data agrees with the known data publisfled.

'H-NMR (300 MHz, CDCl3): & =9.96 (d, 1H), 5.89 (d, 1H), 2.17 (s, 3H), 1.883H).
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/ (o] LDA, CH,Cl, THF, -78C - ’C
\‘/\/ thenp-TsCl, OC to rt =4 al
40 - 81% crude yield
OTs

24 9

Two double neck round bottom flasks, a 250mL an@nil0 and two addition
funnels were flame dried and argon purged. ThemlOfbund bottom was charged with
freshly distilled diisopropylamine (5.97mL, 42.3 min and freshly distilled THF
(17.54mL, 216 mmol). The contents of this flaskreveet to stir and submerged in a -
78°C dry ice and acetone bath. Once equilibratedutyllithium solution (1.45M,
17.48mL, 25.4 mmol) was added dropwise via addifiennel. The resultant LDA
solution was left to stir at -78°C for 45 minutes.

While waiting for the LDA to stir the 250mL doubheck round bottom flask was
charged with aldehyd&4 (1.62mL, 169 mmol), freshly distilled THF (35.10m#&33
mmol) and freshly distilled DCM (5.41mL, 845 mmol)his reaction flask was set to
stir, submerged in a 0°C and allowed to equilibrater about 30 minutes. After 30
minutes the flask was submerged in a -78°C dryaice acetone bath and allowed to

equilibrate for another 15 minutes.

The LDA solution, now pale yellow in color, was caated from its own round
bottom flask into the addition funnel attached he 250mL round bottom flask. The
LDA solution was added to the flask at -78°C dragmvover the course of the next 25-30
minutes. Upon complete addition the reaction vedistb stir at -78°C for an additional
30 minutes, at which time it was submerged in a @&bath for 30 minutes. Next, p-
toluenesulfonyl chloride (3.87g, 203 mmol) was atite the flask in one portion, the
addition funnel was replaced by a rubber septurd, tae flask was argon purged and
allowed to stir at 0°C for an additional 10 minutesFinally, the reaction was removed
from the bath and allowed to equilibrate to roomnperature over the next 1.5 hours.
TLC confirmed reaction completion (4:1 Hex:EtOAkjdrescent silica) so the reaction
was quenched with 20mL of distilled water and albdwo stir at room temperature for

15 minutes.
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The contents of the round bottom flask were added separatory funnel with
50mL diethyl ether. The layers were partitioned #me organic layer was then washed
with 50mL of 0.1N HCI followed by 50mL of 1M NaOH.The aqueous layers were
combined and back extracted with 2x10 mL of diethgfter. Finally the combined
organics were washed with 50mL of brine, dried watthydrous magnesium sulfate,
filtered through a celite pad and concentratedacuo to afford tosylated as a dark
brown oil (4.06g, 81% crude yield). Two-dimensibidC as well as trial and error
have shown that tosylageis silica sensitive. As such it is carried orfte hext reaction
without purification. Tosylat® is not a known compound so characterization wa® don

via '"H-NMR and compared to the spectral characteristicsmulatedH-NMR software.

'H-NMR (300 MHz, CDCl3): & = 7.80 (d, 2H), 7.35 (d, 2H), 6.70 (d, 1H), 6.201H),
6.10 (d, 1H), 2.45 (s, 3H), 1.75 (s, 6H).

39



Cl

_ n-BuLi, THF, -78C to rt _
cl
then EtCO,CI N 0
OTs

50-85% over two steps
9 34

OEt

A 250mL double neck round bottom flask and an aacidifunnel were flame
dried and argon purged. The round bottom was eldavgth tosylated (4.174g, 14.1
mmol) and freshly distilled THF (51.46mL, 635 mmol)he contents of this flask were
set to stir and submerged in a -78°C dry ice aretome bath. Once equilibrated, n-
butyllithium solution (1.45M, 32.10mL, 46.5 mmol)aw added dropwise via addition
funnel over the course of approximately 20 minutedpon complete addition, the
reaction flask was left to stir at -78°C for 30 mii@s. Next it was submerged in a 0°C ice
bath for 30 minutes, then resubmerged in the -#830ce and acetone bath and allowed
to equilibrate. Upon temperature equilibratiomygthloroformate (2.02mL, 21.2 mmol)
was added via syringe in a dropwise fashion ovEawaminutes time. Upon complete
addition the reaction flask was removed from th&°c7bath and allowed to stir at room
temperature for 30 minutes. At that time TLC shdweaction completion (4:1
Hex:EtOAc, fluorescent silica) so the solution vedi®wed to continue equilibration to
room temperature over the next 45 minutes and was guenched with a mixture of
25mL ammonium chloride, 20mL of brine and 15mL idest water. The contents of the
flask were then added to a separatory funnel aleitlg 50mL of diethyl ether. The
layers were partitioned and the aqueous layer batifacted with 25mL of diethyl ether
then 25mL DCM. Finally the combined organics wesshed with 50mL of brine, dried
with anhydrous magnesium sulfate, filtered throwgltelite pad and concentrated
vacuo to afford crude esteB4 as a brown oil. EsteB4 was purified by column
chromatography, eluting with 10:1 Hex;Bt yielding a pale yellow oil (1.82g, 85%
yield). EbO was used as the polar eluent instead of EtOAausecthey have about the
same polarity and EtOAc proved problematic to reenovvacuo. This is a known
compound and the spectral data agrees with the tkiiata published.

'H-NMR (300 MHz, CDCl3): & =5.35 (s, 1H), 4.20 (g, 2H), 1.98 (s, 3H), 1.853H),
1.30 (t, 3H).
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N\ 0 MNeoumeorpeM]T N\ o
30 min

34 OEt 43-95% 35 OH

A 25mL round bottom flask was flame dried, chargeth ester34 (0.324g, 2.13
mmol), 9:1 DCM:MeOH (10mL) and 3M methanolic NaO#h{L) and argon purged.
The reaction flask was stirred at room temperaturder an argon atmosphere for 20
minutes. At this time TLC was done (4:1 Hex@&tfluorescent silica) showing reaction
completion. The contents of the reaction flaskenatlded to a separatory funnel along
with 15mL of EpO and 15mL of distilled water. The layers weretifaned and the
agueous layer was washed four times with10mL pastmf E;O to ensure any unwanted
organics were removed. It is easiest for storagegses to concentrate the sodium salt
from the aqueous lay@n vacuo. It can be carried on to the next reaction aaltarsth no
detrimental effects. If carboxylic acib is desired, simply acidify the aqueous layer to
pH 1-2 (litmus paper turns red) using 3M HCI andraot carboxylic acid5 into 10-
15mL of E$O. The organic layer can then be dried with anbysrmagnesium sulfate,
filtered and concentratad vacuo to afford carboxylic aci®5 (0.252g, 95% vyield) as a
brown oil with solid crystalline particulate. @axylic acid35 was not purified further
before being brought onto the next reaction asovgd to be silica sensitive via 2-D TLC

techniques.
'H-NMR (300 MHz, CDCls3): & =5.39 (s, 1H), 2.05 (s, 3H), 1.95 (s, 3H).

IR (cm™): 3024, 2956.87 - 2736.99, 2150.63, 1649.14, 1276.8893.94.
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= SOCL DCM 7

reflux, 16 h
35 7

% o) % o)

quantitative yield

OH Cl

A 10 mL round bottom flask and reflux condenserevéame dried. The round
bottom flask was charged with carboxylic a8kl(0.01g, 0.0806 mmol), thionyl chloride
(0.03mL, 0.413 mmol) and DCM (5mL), then argon matg The reaction flask was
refluxed for 16 hours, then cooled and the contehthe flask concentrateich vacuo
affording acid chloridd in quantitative yield. Th&H-NMR spectra of the crude reaction
product shows good purity. Absence of the carbioxgtid functionality was quickly
confirmed via IR since thiH-NMR spectra are nearly identical. Acid chloriflés not a
known compound s&H-NMR data was also compared to the spectral cteniatics of

simulated'H-NMR software.
IH-NMR (300 MHz, CDCl3): &= 5.50 (s, 1H), 2.10 (s, 3H), 1.95 (s, 3H).

IR (cm™): 2958.80-2854.65, 2181.49, 1734.01.
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o PA(PPH),Cl,, THF, rtto 6C
SnB
then BySnH, 0C to rt, 10 min rt N nots
\ o
(e) %
49

48 41-98%

A 25mL round bottom flask was flame dried and arganged. To the flask was
added methyl propiolat@t8) (0.25mL, 3.01 mmol), freshly distilled and degak3¢iF
(12.04mL) and freshly prepared Pd(RRGl, (0.65g, 0.926 mmol). The round bottom
flask was submerged in a 0°C ice bath and allowedquilibrate, and then tributyltin
hydride (0.89mL, 3.31 mmol) was added dropwise @eseral minutes. Upon complete
addition the reaction flask was removed from the bath and allowed to stir at room
temperature for 15 minutes. At that time TLC asmywas done (94:6 Pen:EtOAc,
fluorescent silica) showing reaction completion @ contents of the flask were
concentratedn vacuo, then diluted with 20mL of pentane and left tor it room
temperature for about 30 minutes. Finally thedschtalyst was filtered away from the
pentane and the pentane was added to a separatorgl fand washed with 25mL of
distilled water, followed by 25mL of brine. Tharganics were then dried with
anhydrous magnesium sulfate, filtered and concesutran vacuo to afford crude model
vinyl stannanet9. Purification was carried out using column chrémgaaphy on silica
using a gradient elution with a pentane and etbgtate solvent system. This is a known

compound and the spectral data agrees with the tkiiata publishetf.

'H-NMR (300 MHz, CDCl3): & =6.70 (d, 1H), 5.93 (d, 1H), 3.75 (s, 3H), 1.472H),
1.33 (m, 2H), 0.99 (m, 2H), 0.97 (t, 3H).
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Pd(PPh).Cl, Catalyst

LiCl, PPhy

Pd(11)Cl, Pd(PPh),Cl,

MeOH, 86°C

90 %

An oven dried pressure vial was charged with palladil)chloride (0.126g,
0.712 mmol), lithium chloride (0.060g, 1.42mmoljiphenylphosphine (0.410g, 1.57
mmol) and methanol (2 mL). The reaction vial waBluxed in a sand bath and in the
dark due to light sensitivity, at approximately 88°C for 30-40 minutes, then the vial
was cooled to room temperature. The catalyst Wasefd through glass frits under argon
rinsing with freshly distilled and degassed methaand then the solid catalyst was dried
overnight in a septum covered vial under argondyigj Pd(PPh).Cl, as abright yellow
solid (0.452g, 90% vyield). Pd(PPh),Cl, waskept wrapped in aluminum foil in the
desiccator between uses to avoid light and moistypmsure. When black flecks begin
to appear in the catalyst, recrystallization fromtinanol is helpful. If the catalyst is not
recrystallized, it will require the use of excessatyst in reactions to compensate for its

degradatior®
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