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Palladium-catalyzed carbon-carbon bond formatioonnie of the most widely used
reactions for the synthesis of biologically actisiebstances. The DeShong group has
demonstrated that hypervalent silicates can be ayagl for allyl-aryl carbon-carbon
bond couplings in the presence of a Pd(0) catalyst.goals of this dissertation are (1) to
demonstrate application of palladium-catalyzed ligHgrylation coupling to the total
synthesis of £)-7-deoxypancratistatin and its analogues, anda2fudy the mechanism
of allyl-aryl cross coupling reactions.

In spite of the potent antitumor and antiviral @ity of (+)-7-deoxypancratistatin, the
use of this compound is limited in clinical apptioas because of its low natural
abundance and lack of a practical scalable sywthetite. In order to test the feasibility
of siloxane-based coupling in the synthesis of @xgipancratistatin, a simplified

analogue of£)-7-deoxypancratistatin was synthesized. The kagtren in the synthesis



involved stereoselective construction of a carbarban bond between A and C ringa
coupling of an aryl siloxane with an allylic carlzde.

While siloxane methodology was successfully applied the synthesis of a
(x)-7-deoxypancratistatin analogue, application ois tinethodology to the natural
product ¢)-7-deoxypancratistatin proved to be a significaimllenge. To understand the
causes of the failure of the coupling reaction, etailed mechanistic study was
undertaken. Hammett analysis of the allyl-aryl dowypreaction demonstrated that the
rate of the coupling reaction was enhanced by releatithdrawing groups on the aryl
siloxane. The positive slope of the Hammett plalicated a charged transition state in
which negative charge on the aryl ring was staddimductively. Furthermore, this study
provided useful information regarding the naturdigdnds on the palladium. Based on
this study, a new family of Pd(0) olefin catalystas developed. These catalysts were
found to be highly efficient and formed carbon-@arbond even at ambient temperature.

Novel Pd(0) olefin complexes were successfully eyed in the synthesis of
(x)-7-deoxypancratistatin. The key coupling reactioh allylic carbonate with aryl
siloxane produced Hudlicky's intermediate, thusstituting formal total synthesis of the
actual product. Though the reaction required higtaalytic loading and proceeded in
moderate yields, the ability of the reaction to kvoat ambient temperature is
advantageous for practical synthesis of the nafuradluct. Future studies shall aim at
optimization of the key coupling reaction and aggtion of this methodology to the

synthesis of pancratistatin and related derivatives
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If we knew what it was we were doing, it wouldlm®talled research, would it?
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CHAPTER 1
PALLADIUM -CATALYZED ALLYLIC -ARYLATION

NTRODUCTION

Palladium-catalyzed carbon-carbon bond formation oise of the most
synthetically important and versatile reactionshia chemist's repertoifé. The two most
commonly used metal derivatives used in couplirduitie boror{Suzuki coupling)and
tin (Stille coupling} (Scheme 1.1). The limitations associated with bhoreagents
include synthesis of the boronic acid derivativeanocoupling and incompatibility with
Lewis basic functions. While Stille coupling offefanctional group tolerance, it is
limited in pharmaceutical applications due to ttedity of tin reagents and the removal

of the trace tin byproducts.

Scheme 1.1

Ph—Si(OEt)
Hiyama-like Coupling

Pd(0) Ph-B(OH),
Suzuki Coupling

OMe OMe
Ph—SnBu;

Stille Coupling

In contrast, silicon-based coupling (Hiyama cougfifi offers a viable alternative
to other coupling technologies because of the lmst,clow toxicity and chemical
stability of silicon-derived compound$!* Hiyama demonstrated that the coupling of

aryl fluorosilanes with aryl iodides and bromidesqeeded in moderate to good yields.



Recently, the DeShong group developed siloxane adetbgy, which utilizes
hypervalent siloxane derivatives in the presencea gfalladium catalyst to form an
aryl-aryl carbon bon&**Subsequently, an efficient cross-coupling of argimbides and
chlorides with aryl siloxanes using the palladiumdazolium catalytic system was
reported by Leé’ Aryl siloxanes have also been used in aqueousmgsby Wolf®
More recently, Clarke reported the first microwaczelerated Hiyama-like coupling of
aryl siloxanes with aryl halidés.Not only are siloxanes less toxic than Stille s,
they are also quite stable, easily prepared andiguif®?' Recently, the use of aryl
silanols and aryl silanolates as efficient couplpagtners has emerged as reported by

Denmark???®

ALLYLIC -ARYLATION

In addition to aryl-aryl cross-coupling reactionfganometallic reagents of
silicon, boron and tin can be used to constructathg-aryl bond (Scheme 1.2). In most
cases, allyl halides or allyl carboxylates, preddrem the corresponding alcohols, are

used as allylating agents.

Scheme 1.2

Ph-Si(OEt),
Hiyama-like Coupling

OR Ph

Pd(0) Ph—B(OH),
Suzuki Coupling

Ph—SnBus;
Stille Coupling




Organometallic reagents are unstabilized nucleeph(pk;, > 25) and follow the
general mechanism outlined in the Scheme®®Alyl benzoatel reacts with Pd(0) to
give ther-allyl Pd intermediat@, with inversion of configuration. Next, the arylogip is
transferred from the organometallic spe@emnto the Pdria transmetalation to form the
Pd(ll) intermediate4. Subsequent reductive elimination from the sanwe fas the
palladium generates with overall inversion at the reaction center. Ntitat ther-allyl
Pd intermediatd is a meso compound. Therefore, reductive elimamatiould also result

in formation ofent5.

Scheme 1.3

Ph" BzO
Pd(0)

Pd—Ph "Pd-0Bz

4 Ph-M 5
3

Hiyama-like Coupling

Palladium-catalyzed coupling of allylic carbonateithw aryl and vinyl
fluorosilanes was reported by Hiyama and Hatangkehéme 1.4)" This reaction

proceeded without fluoride ion activation; howevbe reaction suffered from poor



yields.Moreover, the synthesis of fluorosilanes involvedtiple steps and fluorosilanes
are hydrolytically unstable. Subsequently, Hiyanxareined the coupling reaction of
allylic and benzylic carbonate with an organo[2dioxymethyl)phenyl]dimethylsilane
in the absence of any activator (Scheme £Bpon treatment with a mild base ABOs),
the proximal hydroxyl group gets converted to &oxide and coordinates to the nearby
silicon atom to produce a five-membered penta-doatdd silicate species. In

comparison to fluorosilanes, this tetraorganosiliogagent is highly stable.

Scheme 1.4

PPhs, 60 T, 40% ‘

OCO,Et SIEtF, O

Scheme 1.5

OCO,t-Bu OH O
M_62

Pd,(dba)s, P(2-thienyl)s

Si
s ©/ CUOAC, 70 C, 75% ‘

In an effort to extend the viability of silicon-k&s coupling, the DeShong group
developed the palladium-catalyzed allylic-arylatiomethodology as depicted in the
Scheme 1.6°3* Phenyltriethoxysilan® when treated with tetrabutylammonium fluoride
(TBAF), generatedn situ hypervalent specieg This hypervalent reageiitreacted with
allylic benzoate to give cyclohexen@. This methodology has been shown to efficiently

transfer a wide variety of aryl groups to allylisters in excellent yields (70-95%).



In more complex systems such as allylic benz@8te¢here are regiochemical as
well as a stereochemical issues (Scheme 1.6). 8dwtion of aryl siloxané with allylic
carbonate 10 forms two regioisomersll and 12 with an overall inversion of
stereochemistry. The origin of regioselectivity astdreoselectivity can be understood
from the mechanism shown in the Scheme 1.7.

When allylic benzoaté0 reacts with palladium, the benzoate group is disgd
by palladium from the opposite face (inversion)fdom =w-allyl intermediatel3. Next,
the aryl group is transferred from the hypervalsilicate species/ onto Pdvia
transmetalation to give-allyl intermediatel4. The resultingr-allyl intermediatel4 is
“‘unsymmetrical” since palladium is pushed away frdm methyl group to minimize
steric interactions. Reductive elimination therefoccurs predominantly on C1 from the
same face (retention) as palladium to obtiras the major product with a net inversion

of configuration at the allylic carbon.

Scheme 1.6
OBz
2
OEt 95% Ph 9
. 0
Ph-Si(OEt); TBAF_ op, OL~OEt _PdO |

[
I|:\OEt O/Me Me
OB +
6 7 2>7 Ph



Scheme 1.7

Major Minor Pd(0)

Recently, Pd(0) nanoparticle (generateditu) catalyzed cross-coupling of allyl
acetates and aryl and vinyl siloxane has been tep¢8cheme 1.85. 1t is postulated that
Pd(ll) is reduced to Pd(0) by allyl acetate and BBAetrabutylammonium bromide)
stabilizes Pd(0) nanoparticles. The reaction idiegiple to a variety of unactivated and
activated allyl acetates (Baylis-Hillman acetatedwsds) and organosiloxanes. This
reaction is highly regioselective providing strdigiain olefins through coupling from
the less substituted carbon. Moreover, the nanicfeatcan be recovered after reaction
and remain appreciably active through three catabytcles. However, this reaction has
not been applied to cyclic allylic substrates.

Activated allyl acetates (Baylis-Hillman acetatedacts derived from methyl
acrylate, acrylonitrile, acyclic and cyclig,-unsaturated ketones) have also shown to

couple with aryl siloxane in poly(ethylene glyc@PEG) by Kabalk&d®



Scheme 1.8

. Si(OMe),
©/\/\OAC PdCl,, TBAB
+
TBAF, THF, 65 T, 75%
OAC Si(OMe);
CoMe 4 PdCl,, TBAB

TBAF, THF, 65 C, 80% CO,Me

Suzuki Coupling

The coupling of sodium tetraphenylborate with atlydcetate (Scheme 1.9) was
demonstrated by Fiaud and Legfé$iowever, the reaction was limited to the transfer

phenyl groups.

Scheme 1.9

OAc Ph

NaBPh,
Pd(dba),, PPhs
60 T, 80%

A breakthrough in this field of boron-based couglinvas achieved by

Moreno-Mafias who reported coupling of aryl boroamids with allyl bromides in
refluxing benzene using Pd(dbads catalyst (58-91% yieff)and by Hayashi who
coupled aryl boronic acids with allyl acetates gsanresin-supported palladium catalyst
under basic conditions in water (45-99% yieft).

A practical and stereoselective synthesisGaérylglycosides by coupling of
arylboronic acid and peracetylated glycols in tmespnce of catalytic Pd(OAc)was

reported by Maddaford (Scheme 1.10)in this case, the regioselectivity is governed by



the electronic effect of the oxygen functionalitydais limited to this specific substrate

apparently since the galacto analogue did not @udeoupling.

Scheme 1.10
AcO PhB(OH),

| ACO O._.Ph
ACO\“ Pd(OAC)Z, MeCN o pZ
rt, 82% AcO'

OAc

Balme and co-workers have developed a novel catadytstem [PAG(TFP)]
(TFP = tri-2-furylphosphine) of allyl acetates with a varietfyaryl boronic acids in the
presence of fluoride (Scheme 1.#4Yhe reaction displays excellent regioselectivitgd a
stereoselectivity as evident by the formation ofsiagle coupling product with
E-geometry. The reaction also works well with cydityl acetates. [Pd@ITFP)] has
been shown to also couple pinacol aryl and vinybhates to allyl acetates in moderate

to good yields by Ortar (Scheme 1.12).

Scheme 1.11

©/\/\OAC B(OH),
N % [PACIy(TFP),], KF

MeOH, rt, 86%

OAc B(OH), O
+ [PACIy(TFP),], KF
MeOH, rt, 78% ‘




Scheme 1.12
N"onc O\B/O N ‘
. [PACI,(TFP),], KF O O
MeOH, rt, 82%

Mino and co-workers reported palladium-catalyzedptimg of allylic acetates
with boronic acids at room temperature in the preseof Pd(OAG) and phosphine-free

hydrazone ligand to produce allyl benzene deriestin good yields (Scheme 1.13).

Scheme 1.13

R\ /R
N—N

N-N
B(OH 7/
N"oac ©OHz 7 N R ~
+ @ R =(CHy)s

Pd(OAC),, K,CO3
DMF-H,0, rt, 94%

Scheme 1.14
X
| ©
~ N\ /SbFS
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OAC B(OH), = |N OAC
< + z
/\/\ N R

1, 2-dichloroethane
60 C, 65%, 97% ee
y/a 100:0, E/Z>20

Air-tolerable allyl-aryl coupling reaction in thegsence of palladium catalyst was
reported by Sawamura recentfyThe reaction of optically active allyl acetatesthwi

phenylboronic acid in the presence of Pd(QA&)10-phenanthroline and AgSp&ave



coupling product in good yields. The reaction tagkse with excelleni to y chirality
transfer angynselectivity (Scheme 1.14).

Some of the other catalysts developed for coupbhallylic substrates with
arylboron derivatives are shown in Figure 1’ N-Heterocyclic carbene palladium
complex! is able to catalyze reaction of activated allybcides with arylboronic acid at
room temperatur& Despite the presence @thydrogens in the allylic substrate, the
coupling of allylic substrates proceeded to giveedhent yields of coupling products.
Najera introduced a thermally stable catalyst, -g¥#dyl)methylamine-based Pd(ll)
complexIl which can function in aqueous conditidfighe coupling reaction of allylic
substrates (allylic chlorides, allylic acetatedylal carbonates) with arylboronic acids
occurred in refluxing water or at room temperatimeaqueous acetone to provide
coupling products in good yields. Recently, Najaral co-workers cross-coupled allyl
chlorides with potassium aryltrifluoroborates usarg oxime-derived palladacyclg in
aqueous acetone at room temperature or 58 fCcomparison to toxic and pyrophoric
phosphines, the coupling protocol employed by thes¢alysts (Figure 1.1) is

user-friendly and environmentally benign.

(OAC)2
| NHCONHCy
Pd {
N)\N CH\@ /@j{N—OH
_N_ N~ HO JPdy)
\—/ /\Pdi Me 2
cl” ¢l
| 1 1

Figure 1.1: Catalysts for coupling of allylic substrates witlylaboronic acid derivatives

Recently, cross-coupling of allylic alcohol withybind vinyl boronic acids in

organic as well as aqueous solvents have eméfgédAlso, microwave assisted
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allylic-arylations have been reportédf® Apart from palladium-catalyzed
allylic-arylation using boron reagents, nickel-¢gad®*>° and rhodium-catalyzé&f

coupling reactions are also known in the literature

Stille Coupling

Stille performed palladium-catalyzed reaction dilal acetates with aryl and
vinyl stannanes (Scheme 1.P5}owever, the reaction gave poor yields when used f
cyclic allyl acetates. Later, Echavarren reportelagium-catalyzed cross-coupling

reaction of allylic carbonates with organostannafies

Scheme 1.15

CO,Me CO,Me
PhSnMe;

Pd(dba),, PPh;
OAC  55¢,47% “Ph

In an effort to improve the yield of these coupfinthe effect of polarity of the
solvent on stereoselective coupling reaction oyl athlorides and aryl stannane was
reported by Kurosawa (Scheme 1.1%)n the presence of weakly coordinating solvents
such as benzene, acetone,,CH or THF retention of configuratiof5 was observed.
However, nearly complete inversidib was observed in coordinating solvents such as
DMSO or MeCN indicating a change of mechanism & pinesence of strongly donor

ligands on the metal.
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Fairlamb has reported a new bromosuccinimido-Pdlysttl7 synthesized from
Pd(dball@HCI; for the coupling of allylic and benzylic bromidesth vinyl stannanes

(Scheme 1.17°

Scheme 1.16
CO,Me SnBuj CO,Me CO,Me
Q*fj . O
cl Ph “Ph
15 16
Benzene 96 4
Acetonitrile 0 100
Scheme 1.17

? Fl’Ph3
I:‘IEN_Pld_PPh:‘;
Br COZEt
)\/\/k/\ " Bussn\ /COzEt ° L )\/\/w
A A Br _ NS NS =

62%

Due to high tolerance towards most functional gepwadlyl-aryl Stille coupling
reaction has been employed in the construction wéréety of ring systems in highly
functionalized molecule%:%? Although the Stille coupling is tolerated by many
functional groups, the reaction suffers from selvinaitations. The tin (IV) derivatives
are toxic, the removal of tin byproducts is difficand the coupling exhibits moderate
stereoselectivities For example, the coupling of allylic benzodi® with hypervalent
silicate (TBAT) resulted in the stereoselectivenfation of regioisomerd9 and 20.

Moreover, high regioselectivity was observed, emntdey the formation of the major

12



regioisomerl9. However, coupling of allylic benzoald using Stille reaction conditions

gave mixture of several products (Scheme 1.18).

Scheme 1.18

Ph
TBAT @-\Me @\‘Me
OBz /" Pd(0), 65% O S
\Me 19 20

19:20 =15:1

o) PhSnMe p
LiCl :

\ h Ph
Me Me Me Me
18 72N N Za N
Pd(0), 65% C\O . @) N /@O . @
= Ph
19 20 21 22

19:20:21:22 =15:4:1:2

CONCLUSION

Palladium-catalyzed cross-couplings utilizing hyadent silicate anions have
several advantages compared to Stille and Suzukiliewy reactions. These include mild
reaction conditions, stability, low toxicity andseaof preparation of silicon reagents.
Moreover, allyl-aryl cross-coupling reaction inviolg siloxane methodology results in
stereospecific arylation with net inversion of dgofation. The succeeding chapters will
demonstrate how palladium-catalyzed allylic-argati methodology involving
hypervalent silicates has been applied to the egdh of natural product

7-deoxypancratistatin and its derivatives.
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CHAPTER 2
TOTAL SYNTHESIS OF
(£)-7-DEOXYPANCRATISTATIN ANALOGUE

INTRODUCTION
OH
HO,,
O WY
SOE
o N
23, pancratistatin, R = OH 25, narciclasine, R = OH 27, lycorine
24, 7-deoxypancratistatin, R = H 26, 7-deoxynarciclasine, R = H

Figure 2.1: Structure ofAmaryllidaceaealkaloids

Isolation and Biological Activity

Amaryllidaceaealkaloids (Figure 2.1) have been recognized fdoreg time
because of their medicinal value. Among various\laikis isolated fronrAmaryllidaceae
species, (+)-pancratistatin23) shows the most promising biological activity.
Pancratistatin was first isolated and extractedmfrthe Hawaiian daffodil bulb
Pancratium littorale(also known aslymenocallis littoralg¢ in a low yield of 0.014% dry
weight?® Since, many related analogues have been isoladding the less toxic
analogue, (+)-7-deoxypancratistatid).®* This deoxygenated analog(®1) was isolated
from the roots of the bulbdaemanthus kalbreyeand is eight to thirty-two times less
toxic®® and about ten fold less potent than pancratis(agn®®

The U.S. National Cancer Institute identified thetgmt anticancer activity of

(+)-pancratistating3) in early 19808/°® Pancratistatind3) was shown to inhibit growth
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of numerous cell lines including leukemia and caarsarcoma. Recently, Pandey and
co-workers have shown that pancratistagectivelyinduces apoptosis in various types
of cancer cell lines (breast, colon, prostrate rolglastoma, melanoma and leukemia) at
micro molar concentratiorts.”*

Apoptosis (programmed cell death) can be activitezligh intrinsic or extrinsic
pathway (Figure 2.2)>"? In intrinsic pathway, disruption of mitochondrialembrane
followed by release of cytochrome activates caspase-3. The extrinsic pathway is
initiated by receptor/ligand binding that ultimatdeads to an activation of caspase-3.
Caspase-3 activates deoxyribonuclease to cause ffnentation and consequently
apoptosis. Conventional anticancer therapies (chieerapy and radiotherapy) trigger
intrinsic pathway by inducing DNA damage. Howevélrese treatments carry risk of

DNA damage and mutations in non-cancerous cells.

Intrinsic

Apoptotic stimulus
(chemotherapy, UV)

Mitochondrion \l
+ (APAFL

Extrinsic

Death
Ligand

I\

BID

Death
Receptor
-

|

0—=0==10

Caspase 8 Caspase 3 T Caspase 9

</

Cell Death

Figure 2.2: Signaling pathways to apoptosis. Redrawn from 2ef 7
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To understand the selectivity of (+)-pancratistd28), Pandey and co-workers
studied the mechanism of the action of pancraiistat human leukemia cell ling.
These studies suggested a possible interactionebatwancratistatin, caspase-3 and Fas
receptor within the plasma membrane to induce aysigt It is postulated that high
expression of Fas receptors or the presence ofasasd in the plasma membrane in
leukemia cells might be responsible for the selectiargeting of cancer cells.
Additionally, an early increase in caspase-3 dtignd intact mitochondrial membrane
potential upon treatment with pancratistatin inthda involvement of an extrinsic
pathway in apoptosis. Interestingly, DNA fragmeiatatdid not occur prior to caspase-3
activation, indicating that pancratistatin's tangaton-genomic.

Apart from potent antitumor activity, (+)-pancragéisn (23) and
(+)-7-deoxypancratistatin24) also possess antiviral activity.Antiviral activity was
observed against RNA flaviviruses (Japanese entigphgellow fever and dengue) and
bunya viruses (Punta Toro and Rift Valley viruses).

In spite of its interesting biological profile, )¢épancratistatin 43) and
(+)-7-deoxypancratistatin2f) have found limited clinical application becaudetleeir
low natural abundance and lack of practical symtheiute. Therefore, there is a need to
design a practical scalable route for the prepamadif multigram quantities of antitumor
alkaloids @3) and @4). Several unnatural derivatives and analogues haea subjected
to SAR (structure activity relationship) to idegtifhe pharmacore. However, none of
these are as potent as natural products (+)-pastatat @3) and

(+)-7-deoxypancratistatir2d), indicating the necessity of the entire strucfiré
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Synthetic Strategies

In addition to interesting biological activity, (pancratistatin Z3) and
(+)-7-deoxypancratisatir28) natural products have drawn considerable atterterause
of their structural complexity. The structure a23( and @4) involves a highly
functionalized cyclohexyl ring (C ring) with six siguous stereocenters coupled through
a carbon-carbon bond to a flat aromatic (A ring}hvatrans-fused lactam forming the B
ring of the molecule (Figure 2.1).

There are numerous reports towards the total sgathef this compounds
(Table 2.1)"*°3 The first total synthesis of racemic pancratistd#3) was reported by
Danishefsky in 1989, followed by the first asymmetric synthesis of gatistatin by
Hudlicky in 19958 Moreover, Pettit has developed synthesis of (Hepatistatin from
(+)-narciclasine because of higher natural abunelaimarciclasine in plant extras.
There have been attempts to synthesize simplifiedlogues and derivatives of
pancratistatin as weff "> Despite these efforts, none of these approacleesudable for
commercially viable synthesis of pancratista@il)(@and 7-deoxypancratistati@4). The
majority of the synthetic routes that have beerorieg to date are too long or low
yielding for practical preparations of the natupabduct (Table 2.1). Besides a short
10-step relay synthesis of (+)-pancratistatin frGgr-narciclasine by Pettit, only three
other syntheses (Hudlicky, Madsen, Li) involve l&#san 15 steps (a number suggested
by Hudlicky for synthetic practical applicationsfhough the syntheses of Hudlicky
(entries 2, 11 and 12) and Madsen (entry 13) amgpeoatively short, they are rather low
yielding. The shortest synthesis so far is thatoreg by Li's group (entry 9). The

synthesis proceeds in 13 steps with 9% overaltlyiebwever, uses expensive (+)-pinitol

17



as the starting material. Based on these criterome of the reported strategies are

efficient for practical applications.

Entry Isocarbostyril Year Author no. of step$ | Yield (%)
1 (¥)-pancratistatin 1989 | Danishefsky 27 0.16
(+)-pancratistatin 1995 Hudlicky 14 2
3 (+)-pancratistatin 1995 Trdst 19 8
4 (+)-pancratistatin 1997 Haseltine 24 0.97
5 (+)-pancratistatin 1998 Magnus 22 1.2
6 (+)-pancratistatin 2000 Rigby 23 0.35
7 (+)-pancratistatin 2001 Pettit 10 3.6
8 (x)-pancratistatin 2002 Kim 21 4
9 (+)-pancratistatin 2006 Li 13 9
10 (+)-7-deoxypancratistatin 1995 Keck 22 4
11 (+)-7-deoxypancratistatin 1995 Hudlicky 12 2.6
12 (+)-7-deoxypancratistatin 1995 Hudlicky 10 3
13 (+)-7-deoxypancratistatin 1996 Chida 29 0.03
14 | (+)-7-deoxypancratistatin 1998 Keck 15 12
15 (+)-7-deoxypancratistatin 2000 Plumet 21 3
16 (+)-7-deoxypancratistatin 2006 Madsen 13 1.4
17 (+)-7-deoxypancratistatin 2006 Madsen 15 4.3
18 | (x)-7-deoxypancratistatin 2006 Padwa 23 3

#Number of steps and overall yield from commercialilable starting material for the
longest linear sequence. One-pot procedures argemas one stepFull procedures
have not been disclose€Relay synthesis from (+)-narciclasine.
Table 2.1:Reported total syntheses of thmaryllidaceadsocarbostyrils. Adapted from
ref 76.

The most common strategy towards synthesis of péstatin 23) and
7-deoxypancratistatin2é) involve formation of a bond between aromatic r{gring)
and more or less functionalized cyclohexane (C)rimgg. The approaches used for

coupling of A and C rings includ&lichael addition(Plumet), nucleophilic addition

(Magnus), electrophilic aromatic substitution(Haseltine), §y2/S\2' coupling reaction
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(Hudlicky, Trost and Li), palladium-catalyzed coupling reactio{Chida) and
photocyclization(Rigby). These synthetic strategies are discussed belownésioned
earlier, these strategies are not viable for pratfproduction of pancratistati23) and
7-deoxypancratistatir@) (vide infrg. Alternatively, there are less common approaches
where the ring C is constructed after linkage efdnomatic ring to suitable precursor of

ring C as reported by DanishfdkyKim®, Keck® > Madsef? and Padwa’

(i) Michael Addition

Heathcock was the first to construct ABC networkdshon the coupling of aryl
ring with cyclohexyl ring®® Aromatic anion 28 underwent 1,4-addition with
nitrocyclohexene to give a mixture of thes and trans aryl nitrocyclohexane9
(Scheme 2.1). Theig/trans mixture was equilibrated to obtain thrans isomer, which

was used to generate lact&min three subsequent steps.

Scheme 2.1
O,N O,N

ey YO L0

< 1 O \\" O

o) CONEt, _2.HOAc { { NH
OTBS 70% o CONEt, o

OTBS OH O

28 29 30

Plumet devised synthesis of (+)-7-deoxypancrairsté#4) via ring opening of
vinyl sulfone32 (Scheme 2.23* 1,4-addition of aromatic anio81 to vinyl sulfone32
gave cyclohexenol33 with the correct configuration at 1§ Epoxidation of

cyclohexenoB3, followed by oxirane opening with concomitant arrolecular

19



lactonization completed the synthesis of (+)-7-dg@ncratistatin Z4). Plumet's

synthesis is fairly long (21 steps) as well as joglding (3%).

Scheme 2.2

Branchaud and Friestad proposed a palladium-ca&alyantramolecular
1,4-addition of aryl iodide on an chiral enone tnstruct bond between A and C
rings>>% However, this route has not been extended to péstatin 23) and

7-deoxypancratistatir2d) to date.

(i) Nucleophilic Addition

Magnus reported the total synthesis of (+)-panstatin @3) via intermolecular
coupling of an aromatic aniadd¥ with the cyclohexanone derivatias to form 10a-10b
carbon-carbon bond (Scheme Z3)Nucleophilic addition of anion34 to the
cyclohexanone&5 gave alcohoB6. Benzylic alcohol36 was converted to ketor in
three steps. The treatment of ket@Yewith the chiral amide&8 in the presence of LiCl
gave asymmetric lithium enolate, which was trappéith TIPSOTf to form silyl enol
ether 39. Further manipulations completed the synthesis(i9fpancratistatin 43)

(22 steps) in a low yield of 1.2%.
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Scheme 2.3

<O Me Me
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OH
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e OH @I
<O 10a
OH _=—— 4 O
OMe

39

(ii1) Electrophilic Aromatic Substitution

Haseltine accomplished a formal total synthesig#Qfpancratistatin Z3) via
Danishfesky's intermedia#2.®' The key bond between A and C rings was constructed
using an intramolecular electrophilic aromatic gitbson (Scheme 2.4). Triflation of
alcohol40in the presence of 2,6-lutidine gave the expeci@tized productdl. Several
protection and deprotection steps provided Dans#tyfe lactone intermediatd?2
constituting a formal total synthesis (24 step87% vyield). It is interesting to note that
when a donor substituent (OBn) is present on tbmatic ring (on carbon 7), the desired
cyclized adduct was obtained in very low yield (8% ¥stead, a major regioisomer arising
from an undesired rearrangement was observed.r&pdalic aromatic substitution has
also been applied to construct 7-deoxynarciclagi® analoguevia episelenonium

ion%’
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Scheme 2.4
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23
(+)-pancratistatin

(iv) §y2 and S\2' Coupling

Hudlicky's Approach

The first asymmetric synthesis of (+)-pancratistg3) by Hudlicky involved
opening of aziridine ringd4 by aromatic cuprate reagedB (Scheme 2.5%° The
regioselective & ring opening of aziridind4 led to inversion at gy, establishing the
desired stereochemistry. Subsequent key stepdedtlunstallation otransdiol and the
formation of lactam to complete the synthesis 28).( However, the presence of
benzamide moiety led to lengthy manipulations téedfthe lactamization and the
functionalization of the double bond.

To overcome problems associated with the manimratiof benzamide, the
amide was introduced in (+)-7-deoxypancratista2id) @s the last step after the coupling
reaction (Scheme 2.6) in the second-generatiorhegis>®’ However, the coupling of
cuprate46 with aziridine44 produced compound55 in lower yield. The low yield might
be due to the instability of the organolithium caupd and the corresponding cuprate

compared to the compouda.
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Scheme 2.5
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To save the number of functional group interconeersteps, aziriding8 was
prepared where the amide carbon was also usedeaprtitecting group of aziridine
(Scheme 2.6§” The ring opening of aziridiné8 by cuprate46 produced carbama#9.
Similar synthetic sequence (using enantiomer afdiae 48) was used to synthesize an
enantiomer of 7-deoxypancratistatfhHudlicky has also made considerable efforts
towards the synthesis of analogues of pancratis{a) and 7-deoxypancratistati24)
using a similar approach (Scheme Z%}

Though short (10 steps), the synthesis by Hudlickyather low yielding (3%)
and arduous. The key steps that reduce the yiedd aziridination and aziridine
ring-opening. The aziridine ring-opening requirestremely low temperature, thus
making this synthesis unsuitable for practical aapilons. Furthermore, both coupling

partnersd6 and48 are moderately unstable, entailing a difficultytheir preparation.
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Scheme 2.6
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Trost's Approach

In the asymmetric synthesis of (+)-pancratista@}) (by Trost, carbon-carbon
bond between A and C rings was constructed byi@alggbstitution of the carbonafd
via Sy2’ chemistry (Scheme 2.7J.Reaction of allylic carbonat®&l with mixed cuprate
50 resulted in inversion of configuration to providéyléc-arylated systenb2. This type
of mixed cuprateb0 is unstable and significant optimization was reegiifor this step.
Due to the difficulty associated with purificatiom the azide, azid62 was not isolated.

Additionally, full procedures have not been diseldgor this synthesis.
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Scheme 2.7

Li's Approach

Li's synthetic approach towards (+)-pancratista(i8) is outlined in the
Scheme 2.8. Intramolecular nucleophilic openingyflic sulfate53 using aryl cerium
reagent constructed the key bond to genesaf® In comparison to organomagnesium
and organolithium reagents, organocerium reagergsnauch milder to avoid side
reactions. Though the synthesis represents theeshqil3 steps) and the most high

yielding (9%) route, the starting material (+)-patiis relatively expensive ($1,027 per

10 g)”®
Scheme 2.8
o OMe
O:S\ Z
S5-0 HO3SO (0]
o, ~OMe ><
Br t-BuLi, CeCl3 O @)
. M _ 23
<o 2\ ( o 78 72 0;;; toN, NR (+)-pancratistatin
orR OR O
53 R=MOM >4
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(iv) Palladium-Catalyzed Coupling

Heck Reaction

Ogawa synthesized (+)-7-deoxypancratistitiftom the key intermediat&6
produced in the synthesis (+)-7-deoxynarciclasing Intramolecular Heck reaction of
aryl bromide55 generated intermediaf (Scheme 2.9). Interestingly this Heck reaction
proceedsvia anti elimination instead of generally obsen®thelimination. The desired
stereochemistry at g, for the synthesis of (+)-7-deoxypancratista@d)(was achieved
via hydrogenation of alkeng6. The synthetic route toward24) is the longest reported

to date (29 steps) and is also extremely low ygdD.03%).

Scheme 2.9
OR OR 24
o Br Pd(OAc),, DIPHOS (+)-7-deoxypancratistatin
{ > OR"110ac, 140 T, 68% <O v YORT —— -
(0] NPMB o NPMB (+)-7-deoxynarciclasine
o 0
55 R=MOM 56

Suzuki Coupling

Hudlicky employed palladium-catalyzed Suzuki conglito construct the bond
between A and C rings in narciclasirgs) (Scheme 2.10% The reaction of arylboronic
acid57 with vinyl bromide58 formed alkené&9. Analogous approach has also been used

by Banwell to construct an enantiomer of narciclage5).**°
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Scheme 2.10
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Recently, Pandey and co-workers formegi7-deoxypancratistatin3 via
cross-coupling of arylboronic aci@0 with iodo enones1 (Scheme 2.11%°* This was

followed by intramolecular aza-Michael additiongeneratecis-fused lactam ring i63.

Scheme 2.11

o NHCBz QR Ho, - oH

" o OR
Pd(0 ’ o WIS
) 845/0) <O O orR ——, ¢ NH
OR o NHCBz o
Ox~_OR o)
I:( 62 63
! OR
R=MOM
61

(v) Photocyclization

Rigby's synthetic approach is based on a hydrogex lbontrolled aryl enamide
photocyclization (Scheme 2.1%).Irradiation of enamides4 at 254 nm in benzene
established desired stereochemistry at @ compounds5 in 30% yield (60% based on

recovered starting material). Further functiondl@a of C ring completed the synthesis
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of (+)-pancratistatin 43). This synthesis is fairly long (23 steps) and remmusly low

yielding (0.35%) as well.

Scheme 2.12
Neo)

TBSO, ~ =
o hv, PhH
< 30%
o | NPMB

o_ O y

64 65 23

Analogous photocyclization approach was adapted the synthesis of
7-deoxypancratistatin  analogué8 by Pandey (Scheme 2.18}. Irradiation of

carbamaté&6 at 280 nm gave the cyclized prod6@tas single isomer.

Scheme 2.13
RO OR HO OH
<Oj©;CEOR hv, DCN <o -~ ~OH
z 0 Z
o NCOMe — ©8% g NH
R=TBS o}
66 67 68

RESEARCH GOAL

The purpose of this work is to design an efficisphthetic route to antitumor
alkaloids pancratistatin2@) and 7-deoxypancratistatir?4) using palladium-catalyzed
allylic-arylation coupling methodology, thus proiid multi-gram quantities of these

compounds for clinical evaluations.
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In order to test the feasibility of aryl-allyl coium, (x)-7-deoxypancratistatin
analogue69 was first synthesizedThe retrosynthetic approach to the synthesis of
7-deoxypancratistatianalogueg9 is outlined in the Scheme 2.14. Ttrans diol in 69
will be generated from the alkef@@ via opening of epoxide. The B ring of the alkefte
will be obtained from the carbamaté by Friedel-Crafts cyclization. The allyl-aryl bond
between the A and C rings in carbamatewill be constructed from palladium-mediated
coupling of the aryl siloxané2 and allylic carbonat&3.

The synthetic route to aryl siloxa@ and allyl carbonat&3 had already been
established in the DeShong grolipAlso, the synthesis of carbamald had been
accomplished by the coupling reaction between sitygkane72 and allylic carbonat&3.
However, the subsequent steps to form the B riryiastallation oftransdiol had not
been optimized. Provided with carbamatke the goal of my research project was to
optimize these subsequent steps and complete thtbesys of 7-deoxypancratistatin

analogues9.

Scheme 2.14

Si(OEt)3

72
+
@] O OCO,Et
69 70 1 @
7-deoxypancratistatin analogue NHCO,Et
73

29



RESULTS AND DISCUSSION

Synthesis of Coupling Partners: Allylic Carbonate ad Aryl
Siloxane

Allylic carbonate 73 was synthesized as outlined in the Scheme 2.15. The
synthesis of carbonate73 commenced from the commercially available
cyclohexadien@4. Diels-Alder reaction of cyclohexadien& with the acyl nitroso
dienophile(generatedn situ) formed hydroxamat&5.2°®* The cleavage of N-O bond in
hydroxamate75 using molybdenum hexacarbonyl! yielded allylic &lab76.1%* Finally,
acylation of76 with ethyl chloroformate afforded allylic carboed®.

Aryl siloxane 72 was synthesized as shown in the Scheme %.IBne
commercially available aryl bromidé7 underwent a Grignard reaction to generate the
organomagnesium species which was quenched bettegtarthosilicate (Si(OEf) to

form aryl siloxaner2.

Scheme 2.15
© EtOCONHOH, N* BuylO, L@\ Mo(CO)g, reflux , 82
0
CHCI3/DMF, 71% NN MeCN/H,0, 62%
|
CO,Et
74 75
OH OCO,Et
CICO,Et, pyridine
CH,Cls, rt, 83%
NHCO,Et NHCO,Et
76 73
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Scheme 2.16

(i) Mg(0), THF, 75 C

0 Br Si(OEt);
{ :©/ (i) SI(OEY),, THF, 78 Ttort ¢ :©/
o

61%
77

Coupling of Allylic Carbonate with Aryl Siloxane

The coupling of allylic carbonaté3 with electron-rich aryl siloxan&2 in the
presence of TBAF and Pd(dbajatalyst gave the allylic arylated coupling promgut3

and79, respectively, as 1:1.6 ratio of diastereome&lith yield (Scheme 2.17).

Scheme 2.17

OCOZEt D/SI(OEDS Ar\

: Pd(dba),, TBAF ¥

NHCOZEt 65 C, THF 71

73 81% 78 3

71:79=1.0:1.6 Y

NHCO,Et
79

The low regioselectivity in the products is coremtwith the previously proposed
model for regioselectivity in cyclohexenyl systerdsing the model developed in our
lab, thetrallyl Pd complex78 derived from allylic carbonat&3 formed on the face
opposite from the departing carbonate. This “symicedt Pd-complex78 does not have
substituents on the face of thecomplex which has Pd attached. Accordingly,
subsequent reductive elimination of the aryl grénom silicon is equally probable at the

1 and 3 positions and therefore, a modest regicthaty was observed. The role of
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electronic factors on the regioselectivity of theugling reaction was unknown.
However, the results from SzdBdindicated that the coupling reaction would favor
carbamate@9, as observed in the experiment. Surprisingly, wiemzyl carbamate (CBz)
analogue of7f3 was used as the coupling partner with the arykaie 72, the yield of

coupling products (CBz analogues7df79) decreased (33-50%) dramatically.

Scheme 2.18

©/Si(OEt)3

Pd,dbaz-CHCl;, TBAF
55 C, THF

OCO,Et ©/Sn5u3

NHCO,Et ‘
Pd,(dba)s, AsPhs, LiCl 80 81 ™~

NHCO,Et 50 C, NMP NHCO,Et

67%, 80:81 =1.0:1.7
©/B(OH)2

PdCI, TFP,, KF
rt, MeOH

51%, 80:81 =1.0:1.0

73

80%, 80:81 = 1.0:3.0

Similar allyl-aryl coupling reaction can also beamplishedvia Stille”® (tin) and
Suzukf* (boron) reaction (Scheme 2.18). Both Stille andukiireaction worked well to
produce regioisomer80 and 81. However, the undesired coupling prodi&t was
obtained in much greater amount in the Suzuki reaacompared to Stille and Hiyama

coupling reaction.

32



Generation of B ring and Installation of diol

With carbamate71 in hand, the next goal was to construct the B nim
Friedel-Crafts acylation. When both ethyl carbamé&teand CBz analogue afl were
subjected to Bischler-Napieralski cyclization usDiIAP/Tf,0, the yield of lactam was
very low (15-20%). Therefore, an alternative rowtes investigated.

The mixture of regioisomeric carbamatedl and 79 was subjected to
Friedel-Crafts acylation using®s and POGJMe;SiOSiMe (1:1) (Scheme 2.19f°The
cyclization reaction was completely regioselectiteere only regioisomerl underwent
cyclization to form the lactan20 in good yield (55-65%). Attempts to optimize the
reaction conditions indicated that reaction workeell as indicated in the literature.
However, when mixture of CBz analogu&4/79 was subjected to similar reaction
conditions, the lactan70 was obtained in low yield (15%) comparable to thaing
Tf,O/DMAP reagent. We decided to change the sequefcgeps by forming the
epoxide first and then perform the cyclization (&de 2.19). While the epoxidation of
alkenes71/79 proceeded in moderate yield to give epoxi8@83, the cyclization of
82/83 using POGJ/P,Os showed decomposition. This route was abandonedfte.

Having optimized the yield of lactai#D, the next goal was to instathnsdiol via
epoxidation. Previous work in DeShong group hadwshthat the epoxidation of the
double bond usingr-CPBA'" gave a mixture of diastereomeric epoxi8dsn low yield
(15-30%) (Scheme 2.20). Attempts to improve thédytd epoxides using more reactive
epoxidation reagents led to extensive decomposifaime alkene. The subsequent step

of epoxide opening @4 gave poor yield of didb9 as well.
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Scheme 2.19

POCIy/Me;SiOSiMe,

P,Os, 85 T, 56% <O
o}
/=0
o o!
m-CPBA, NaHCO, 0 +
40 T, 51% < H
o NHCOzEt
POCI;/Me3SiOSiMes NHCOzEt
P,Os, 85 C
Scheme 2.20
0
m-CPBA, o
NaHCOg, 1t < :
NH
15-30% 0
84 0O
] < 30% l
OH
, HOW_~
|) Hzoz, HCOZH, rt
i) NaOH, 90 C 0
51% { :
0 NH
69 O

A more direct method of introducing tiwansdiol functionality was used for the

synthesis of diob9 (Scheme 2.20). According to this one-p@ins-dihydroxylation, the
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reaction of alken&0 with hydrogen peroxide in formic acid generateastéreomeric
epoxides84a/84b(Scheme 2.21%°® Under acidic conditions (formic acid), the epoxide
are protonated and then opened by formic acid herigee a mixture of alcohol formates
85a/85h Because oftrans-diaxial opening of epoxide to avoid intermediateab
conformation, only the desirddans relationship will be installed. Therefore, hydraiy

of mono-formates provides the desired dé® with a single stereoconfiguration. In
principle, the stereoselectivity in the epoxidati@action was of no consequence since

the diaxial opening of each epoxide should be sgEgoific and give onlyrans-diol 69.

Scheme 2.21

OH

HOL _~

o 1. H,0,, HCOOH , 1t

<o 2.NaOH, 90 T <o NH
O 69

H,0,, HCOOH NaOH

I NU (:)H J—
; OHCO. -~
H!
. < i
H ©0
H 85a >
o QCHO
HoH HO\_~
. o® ___

: ~ -
< NH H ; < NH

84b O Nu 85 O

- Nu = HCOOH T
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Much optimization was required for the isolationdibl 69 because of difficulty
while working with such a polar compound, whichpigorly soluble in most organic
solvents (ethyl acetate, acetone, methanol). Aetsanf normal or reverse-phase methods
led to an extensive loss of product. The most ieffic purification method ultimately
involved an extraction-precipitation regime, whidave trans diol in 51% yield
(Scheme 2.20). Attempts to acylate hydroxyl graigosnprove the solubilty of did9 in
organic solvents failed, presumably because oficsleinterference caused byeri
hydrogen on & of aromatic A ring (Figure 2.1).

The relative stereochemistry of dié® was confirmed by the COSY experiment
and by correlation to the publishetH NMR data of the benzoate of the
7-deoxypancratistatin derivative6 (Figure 2.3)%%® The coupling constant of 2 Hz
between H and Hop of 69 is diagnostic of ais relationship between the two protons.
Protons H,and Hop of 69 exhibit a 13 Hz coupling constant which is indieatiof a
trans diaxial relationship. These coupling constant galare in accord with the coupling
observed [ = 2 Hz) for protons Hand Ho, and ( = 13 Hz) for protons i and Hgyp

respectively irg86.

(@) OH (@) OR OR
( H4a H ( H4a H
o} Hy o) Hy
| "/ oR
H OH g OR
© Hiop © Hiop
JJ_’J_ODZZHZ lelObZZHZ
J 4a, 100 = 13 Hz J 4a, 100 = 13 Hz
69 86

Figure 2.3: Relative stereochemistry confirmed from correlatidgth *H NMR coupling
constants
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CONCLUSION

The synthesis of (x)-7-deoxypancratistatin analogas been accomplisheth
palladium-catalyzed allylic-arylation. The key rgan in the synthesis involves the
stereoselective formation of a carbon-carbon boetvéen the A and C rings by
coupling of aryl siloxane with allylic carbonateut$sequent steps include generation of B
ring by Friedel-Crafts acylation and installation of thrans diol. The key coupling
reaction is advantageous compared to Stille reatterause it avoids the use of toxic tin
reagents. Additionally, the coupling is superiorthe Suzuki reaction which results in
formation of undesired regioisomer predominantly ch@ne 2.18). Our
palladium-catalyzed allylic-arylation coupling mettology is also superior to allyl-aryl
coupling by Hudlicky and Trost because of the e#sgreparation of coupling partners,

aryl siloxane and allyl carbonate as well as tretfibe coupling reaction.
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EXPERIMENTAL DETAILS

General Methods

All reactions were run under an atmosphere of argoless otherwise noted.
Glassware used in the reactions was dried for @mm of 12 h in an oven at 120 °C or
flame dried prior to use. Tetrahydrofuran was testifrom sodium/benzophenone ketyl,
while methylene chloride, pyridine, methanol anandthyl-2-pyrrolidone were distilled
from calcium hydride. Phosphorous oxychloride wiasilted from RBOs.

Thin-layer chromatography (TLC) was performed oR50mm silica gel coated
plates treated with a UV-active binder with compadsibeing identified by one or more
of the following methods: UV (254 nm), vanillin/éutic acid charring, or KMn@®
charring. Flash chromatography was performed ugtags columns and medium
pressure silica gel (Sorbent Technologies, 4570

Infrared spectra were recorded on a Nicolet 560IRTspectrophotometer.
Samples used for obtaining infrared spectra weteedissolved in carbon tetrachloride
or taken neat. IR band positions are reporteddiprecal centimeters (cf) and relative
intensities are listed as br (broad), s (strongfmadium), or w (weak). Nuclear magnetic
resonance'f, 1*C NMR) spectra were recorded on a 400 MHz spectrem€hemical
shifts are reported in parts per milliod) @nd coupling J values) are reported in hertz
(Hz). Spin multiplicities are indicated by the falNling symbols: s (singlet), d (doublet), t
(triplet), g (quartet), m (multiplet), br s (broanglet), br d (broad doublet). Low
resolution mass spectrometry (LRMS) and high regmiumass spectrometry (HRMS)

were obtained on a JEOL SX-02A instrument.
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Aryl Siloxane 72

<0:©/Br 1. Mg(0), 75 °C <o:©/3i(0Et)3
o 2.Si(OEf, 1t O
77

61% 72

To 811 mg (33.8 mmol, 2.00 equiv.) of washed maigmesurnings was added 10.0 mL
of anhydrous THF. After heating the reaction migtat 75 °C, 2.00 mL (16.9 mmol,
1.00 equiv.) of the aryl bromidé7 was added dropwise under argon and reaction was
allowed to stir for 45 min. This was followed byditibn of 10.0 mL of anhydrous THF
to the reaction mixture. After 4 h, the Grignardxtare was cannulated into 9.55 mL
(42.3 mmol, 2.50 equiv.) of Si(OEtjn 20.0 mL anhydrous THF. The reaction was
allowed to stir for 3 h under argon at room tempem The black solution was extracted
with 3 x 200 mL EfO and the organic layers were washed with 200 mO.Hl'he
combined organic extracts were dried over MgS3{Dered and concentrated vacuoto
give a brown olil. Purification by column chromataghy (2% EtOAc/98% hexane; R
0.26) yielded 2.94 g (61%) of aryl siloxar2as a colorless oil: IR (CQI2970 (s), 2926
(m), 2885 (m), 2780 (w), 2739 (w), 1611 (w), 148 (1234 (s), 1169 (s), 1095 (s) &M
'H NMR (400 MHz, CDC}) § 7.16 (ddJ = 1, 8 Hz, 1H), 7.09 (d] = 1 Hz, 1H), 6.84 (d,
J=8Hz, 1H), 5.93 (s, 2H), 3.83 (@= 7 Hz, 6H), 1.20 (t) = 7 Hz, 9H);"*C NMR (100
MHz, CDCk) 6 149.3, 147.3, 129.2, 123.6, 113.8, 108.5, 108%,9.8.1; LRMS (FAB)
284.4 (M, 100), 283.4 (42), 239 (80), 161 (65); HRMS (FABjicd 284.1080 (),

found 284.1080.
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Hydroxamate 75

© EtOCONHOH, N'BuslO, "0
CHCI5/DMF, 0 °C to rt N
71% CO,Et
74 75

To 6.29 g (14.5 mmol, 1.40 equiv.) of NBLD,4 (tetrabutylammonium periodate) under
argon was added chloroform (12.0 mL) and DMF (4l0Q. The reaction mixture was
cooled to 0 °C and then 0.990 mL (104 mmol, 1.00iey of cyclohexadiengd4 was
added. Finally, 1.09 g (104 mmol, 1.00 equiv.) gfioxamic acid (EtOCONHOH)
dissolved in chloroform (6.00 mL) and DMF (2.00 mkas addedia addition funnel.
The reaction mixture was stirred at 0 °C to roomgerature for 17 h. The product was
extracted with BO (4 x 100 mL), washed with & (100 mL), dried over MgS{)
concentratedn vacuoto give the crude hydroxamai®® as a brown oil. Flash column
chromatography on silica gel (50% EtOAc/50% hex#&he; 0.49) gave 1.36 g (71%) of
hydroxamater5 as a light orange oil: IR (Cg13062 (w), 2984 (m), 2936 (m), 2862 (w),
1706 (s), 1380 (s), 1268 (s), 1081 (s)trtH NMR (400 MHz, CDC}) & 6.55-6.46 (m,
2H) , 4.76 (m, 1H), 4.70 (m, 1H), 4.18-4.07 (m, 2BI)17-2.04 (m, 2H), 1.45 (od,= 2,
12 Hz, 1H), 1.33 (tJ = 12 Hz, 1H), 1.20 (dt) = 2, 7 Hz, 3H);"*C NMR (100 MHz,
CDCl3) 6 158.3, 132.0, 131.6, 71.0, 62.2, 49.9, 23.4, 2D465; EI mass spectrumm/z
(relative intensity) 183 (M 98), 105 (72), 79 (92), 77 (80), 67 (65), 29 (75} (65);

HRMS (ESI) calcd for gH14NOs (M+H)* 184.0974, found 184.0974.
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Alcohol-Carbamate 76

H

ﬁ\p Mo(CO)g @
N

, CH3;CN/H,0, reflux
CO,Et 62%

.|IO

NHCO,Et
75 76

To 7.71 g (42.1 mmol, 1.00 equiv.) of the hydrox&m@5 dissolved in 240 mL
acetonitrile and 15 mL distilled water was added21@ (46.3 mmol, 1.10 equiv.) of
molybdenum hexacarbonyl (Mo(Cgp) The reaction mixture was refluxed at 82 °C for
66 h. The black-brown reaction mixture was vacuulteréd through Celite and the
filtrate was concentrateoh vacuoto give crude alcohol-carbamaié as a yellow oil.
Flash column chromatography on silica gel (75% EtQB% hexane, R= 0.33) gave
4.81 g (62%) of carbamatés as a yellow oil: IR (CG) 3619 (m), 3450-3100 (br s),
3028 (m), 2981 (s), 2940 (s), 1713 (s), 1502 (8),61(s), 1231 (s), 1067 (s) Sm'H
NMR (400 MHz, CDC}) & 5.86 (d,J = 10 Hz, 1H), 5.73 (dd] = 2, 10 Hz, 1H), 4.67 (br
s, 1H), 4.16-4.07 (m, 4H), 1.88-1.80 (m, 2H), 11783 (m, 2H), 1.53 (br s, 1H), 1.22 (t,
J=7 Hz, 3H);13C NMR (100 MHz, CDGJ) 6 156.0, 132.5, 130.9, 64.5, 60.8, 46.2, 28.9,
25.6, 14.6; El mass spectrum/z(relative intensity) 185 (M 4), 157 (100), 141 (92), 96
(76), 68 (87), 55 (99), 39.5 (99.5); HRM®lcd for GH1sNO; (M*) 185.1053, found

185.1052.
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Carbonate-Carbamate 73

OH QCOzEt
: CICO,E O

@ pyridine/ CH,Cl, >
NHCO,Et O NHCO,Et
76 73

To 2.84 g (15.4 mmol, 1.00 equiv.) of alcohol-canaée 76 in 35.0 mL anhydrous
CH.CI; and 1.85 mL (23.0 mmol, 1.50 equiv.) anhydrouddoye was added 2.28 mL
(23.0 mmol, 1.50 equiv.) of ethyl chloroformate phnase via syringe under argon. The
reaction was allowed to stir at room temperatureSfalays. The reaction mixture was
extracted with CBCl, (3 x 50 mL), washed with 40 (50 mL), dried over MgS£and
concentratedn vacua Flash chromatography on silica gel (30% EtOAc//M@98%ane, R

= 0.43 afforded 3.28 g (83%) of the carbonate-cadia73 as a yellow oil: IR (CG)
3450 (m), 3042 (w), 2987 (W), 1747 (s), 1727 (§0A(s), 1265 (s) ch *H NMR (400
MHz, CDCh) 6 5.86 (m, 2H), 5.03 (m, 1H), 4.64 (br s, 1H), 44.94 (m, 3H), 4.08 (g
=7 Hz, 2H), 1.88 (br s, 3H), 1.67-1.63 (m, 1HRA.(t,J = 7 Hz, 3H), 1.21 (tJ = 7 Hz,
3H); °C NMR (100 MHz, CDG)) § 156.2, 155.0, 134.4, 128.3, 127.7, 70.3, 64.22,61.
46.6, 26.2, 25.6, 14.9, 14.5; FAB mass spectmniz,(relative intensity) 258 ((M+H)
2), 168 (100), 90 (40), 62 (46); HRMS (FAB) calat fC;,H100sN (M+H)" 258.1332,

found 258.1342.
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Carbamates 80 and 81

M
OCO,Et ©/

@ M= Si, Sn, B . +
- PdL, NHCO,Et ‘
NHCO,Et

73 80 81 NHCO,Et

Hiyama-like Coupling
The coupling reaction of carbonat8 with PhSi(OEt) had been performed previously by
Bogaczyk in the DeShong grofipTo a solution of 100 mg (0.389 mmol) of allyl

carbonate73 and 20 mg (0.020 mmol) Rdbakl@HCl; in 10 mL dry THF was added

190 uL (0.778 mmol) PhSi(OE}) followed by 778uL (0.778 mmol, 1.0 M solution in
THF) TBAF. The solution was degassed a single freeze-pump-thaw cycle and then
heated to 55 °C. The reaction mixture was quencftnt 48 h with 40 mL KD. The
layers were separated and the agueous phase wastedtwith 3x 40 mL E$O. The
combined organic layers were dried over8la, and concentrateish vacuo Purification
of the residue by flash chromatography (20 mm,®20%% EtOAc/95% hexane) gave 48
mg (51%) of carbamate®0:81 as a white solid. The ratio of carbama88sto 81 was
1.0:1.0. The pure regioisomers were separated ugnrgparative HPLC (3:1
hexane:EtOAc)Carbamate 80: TLC Rr = 0.35 (3:1 hexane:EtOAc); IR (C{13447
(w), 3029 (w), 2933 (w), 1729 (s), 1552 (s)tmH NMR (CDCh) & 7.21-7.29 (m, 5H),
5.89 (dddJ = 2, 4, 10 Hz, 1H), 5.62 (ddd,= 2, 4, 10 Hz, 1H), 4.80 (br s, 1H), 4.01 {q,
= 7 Hz, 2H), 3.78-3.83 (m, 1H), 3.29-3.33 (m, 18)14-2.24 (m, 2H), 1.87-1.92 (m,

1H), 1.58-1.62 (m, 1H), 1.16 @,= 7 Hz, 3H);**C NMR (CDC}) & 156.0, 142.6, 128.4
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(2C), 128.3, 127.9, 126.7, 60.6, 52.6, 48.0, 23%K0, 14.5; FAB mass spectrum’z
(relative intensity) 246 (M + H), 17), 102 (10®1 (25); HRMS (FAB) calcd for
CisH200oN (M+H) 246.1494, found 246.149Tarbamate 81: TLC Ry = 0.35 (3:1
hexane:EtOAc); IR (CG) 3454 (w), 3026 (w), 2943 (w), 1728 (s), 1500 ¢&*; 'H
NMR (CDCk) & 7.16-7.31 (m, 5H), 5.82 (d, = 10 Hz, 1H), 5.77 (dJ = 10 Hz, 1H),
4.63 (br s, 1H), 4.32-4.34 (m, 1H), 4.12 g 7 Hz, 2H), 3.36-3.38 (m, 1H), 2.07-2.09
(m, 2H), 1.58-1.63 (m, 1H), 1.47-1.52 (m, 1H), 1(8% = 7 Hz, 3H);*3C NMR (CDCE)

0 156.0, 145.2, 133.1, 129.6, 128.4, 127.5, 1263,647.0, 41.8, 31.0, 29.6, 14.6; FAB
mass spectrum'z (relative intensity) 246 ((M + H), 17), 157 (66)1 9100); HRMS
(FAB) calcd for GsH200:N (M+H) 246.1494, found 246.1491.

Suzuki Coupling

To 60.2 mg (0.234 mmol, 1.00 equiv.) of allyl canbte73 under argon was added 13.6
mg (0.0234 mmol, 0.100 equiv.) PATFP.. This was followed by addition of 57.1 mg
(0.468 mmol, 2.00 equiv.) PhB(O%)57.4 mg (0.936 mmol, 4.00 equiv.) KF and 4.00
mL dry MeOH. The reaction mixture was stirred abnotemperature for 24 h. The
product was extracted with J& (5 x 20 mL), washed with 4@ (20 mL), dried over
MgSQ,, concentratedin vacuo to give the crude as a yellow oil. Flash column
chromatography on silica gel (10% EtOAc/90% hexdhes; 0.14) gave 46.0 mg (80%)
of carbamate80and81, respectivelyin a 1.0:3.0 ratio as a yellow solid.

Stille Coupling

To 70.4 mg (0.274 mmol, 1.00 equiv.) carbon@Band 201 mg (0.548 mmol, 2.00
equiv.) PhSnBgiin 10 mL dry NMP was added 25.2 mg (0.0822 mmd)03equiv.)

AsPh, 75.3 mg (0.0822 mmol, 3.00 equiv.)Rtbay and 69.7 mg (1.64 mmol, 6.00
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equiv.) LICl. The reaction mixture was stirred @ 3C for 24 h. The product was
extracted with EO (5 x 20 mL), washed with 4@ (20 mL), dried over MgS§g)
concentratedh vacuoto give the crude as a yellow oil. Flash columroamatography on
silica gel (20% EtOAc/80% hexane, R0.33) gave 45.0 mg (67%) chrbamate80 and

81, respectivelyin a 1.0:1.7 ratio as a yellow solid.

Carbamates 71 and 79

/=0
OCOE Si(OEt) o o 0 O
@ < :[j NHCO,Et
Pd(dba),, TBAF =
NHCO,Et 65 C, THF ‘
73 81% 71:79=1.0116 79

NHCO,Et

To 338 mg (1.19 mmol, 2.00 equiv.) of aryl siloxafend 153 mg (0.595 mmol, 1.00
equiv.) of carbonate-carbamat8d dissolved in 15.0 mL anhydrous Thi¥as added 1.19
mL (1.19 mmol, 2.00 equiv.) TBAF under argon. Thias followed by addition of 68.4
mg (0.119 mmol, 0.100 equiv.) Pd(dpaJhe reaction mixture was subjected to one
freeze pump thaw cycle and then heated at 65 °C24oh. The reaction was then
guenched by addition of 30 mL,8. The product was extracted with 3 x 25 and washed
with H,O. The combined organic extracts were dried overS®g filtered and
concentratedn vacuoto give a brown oil. Flash column chromatograpinysdica gel
(15% EtOAc/85% hexane,;R 0.20) gave 140 mg (81%) afarbamates’1 and 79,
respectivelyjn a 1.0:1.6 ratio as a yellow solid. The two régponers were inseparable

using column chromatography and were thus carrseechixture through the next step.
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The regioisomers however, are separable by HBIXCsmall amount of the mixture was
separated on preparative HPLC (25% EtOAc/75% hexdae spectral analysis.
Carbamate 71: mp 111-113 °C; IR (CG) 3443 (w), 2930 (w), 2858 (w), 1727 (m),
1550 (s), 1502 (m), 1485 (m), 1251 (m)&mH NMR (400 MHz, CDC} $ 6.73-6.67 (m,
3H), 5.90 (s, 2H), 5.87 (dd,= 2, 10 Hz, 1H), 5.58 (dd} = 2, 10 Hz, 1H) 4.72 (br s,
1H), 4.03 (qJ = 7 Hz, 2H), 3.72 (br s, 1H), 3.22 (s, 1H), 2.25@(m, 2H), 1.91-1.88
(m, 1H), 1.58 (sextet] = 7 Hz, 1H) 1.18 (tJ = 7 Hz, 3H);**C NMR (100 MHz, CDGJ)

0 156.0, 147.6, 146.2, 136.5, 128.0, 127.9, 12108,7, 108.0, 100.9, 60.6, 52.7, 47.6,
25.5, 22.9, 14.5; FAB mass spectruniz (relative intensity) 290 ((M+H) 21), 201
(100), 174 (31), 135 (81), 73 (90); HRMS (FAB) ahfor CigH200:N (M+H)" 290.1392,
found 290.1379Carbamate 79:mp 90-92 °C; IR (CG) 3446 (w), 3028 (w), 2943(w),
1727 (s), 1547 (s), 1489 (s) ¢nTH NMR (400 MHz, CDCJ) § 6.72 (d,J = 8 Hz, 1H),
6.64-6.59 (m, 2H), 5.90 (m, 2H), 5.75 (m, 2H), 4(BBs, 1H), 4.29 (br s, 1H), 4.10 (@,

= 7 Hz, 2H), 3.29-3.28 (m, 1H), 2.07-2.01 (m, 2H)B4-1.41 (m, 2H), 1.23 (§, = 7 Hz,
3H); °C NMR (100 MHz, CDGJ) & 156.1, 147.6, 146.0, 139.2, 133.2, 129.6, 120.4,
108.1, 108.0, 100.8, 60.7, 46.9, 41.4, 31.1, 2D455; FAB mass spectrum/z(relative
intensity) 290 ((M+HjJ, 46), 201 (100), 174 (24), 135 (60), 73 (48); HRIFAB) calcd

for CigH2004N (M+H)+ 290.1392, found 290.1390.
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Lactam 70

/0 POClI3, P,Ox
o . O Me3SiOSiMes
<o ﬁchozEt O 85 T, 56%
71 79 ‘
IiIHCOZEt

To 294 mg (1.02 mmol, 1.00 equiv.) of coupling prodmixture71/79 was added s
(3.13 g, 21.6 equiv.) and then 5.00 mL (23.0 equiexamethyldisiloxane under argon.
This was followed by dropwise addition of PQ@b.00 mL)via syringe. The reaction
mixture was stirred at 85 °C for 19 h. The purgaation mixture was quenched with
100 mL ice water and was stirred for 5.5 h at rommperature. The product was
extracted with EtOAc (7 x 75 mL), dried over Mg&@oncentratedn vacuoto give
crude as a yellow solid. Flash column chromatogyamh silica gel (75% EtOAc/25%
hexane, R= 0.23) gave 48 mg (56%, based on the amount bhoaater 1 in the original
mixture) of alken&’0 as a white solid: mp >300 °C; IR (Neat) 3185 (2920 (m), 1665
(s), 1612 (m), 1451 (s), 1254 (s), 1036 (w)’crtH NMR (400 MHz, CDC}) & 7.55 (s,
1H), 6.85 (s, 1H), 6.09-6.07 (m, 2H 1H), 6.00 (&),25.88-5.86 (m, 1H), 3.46-3.44 (m,
1H), 2.26 (m, 2 H), 1.94-1.93 (m, 1H), 1.86-1.82 (H); **C NMR (100 MHz, CDGJ) &
166.0, 151.2, 146.4, 136.6, 128.8, 123.7, 122.8,710103.6, 101.6, 53.5, 41.1, 28.1,

24.5; HRMS (FAB) calcd for GH13NO3 244.0973, found 244.0974.

47



Epoxides 82 and 83

/~Q o) /]
o} o}
0 ®
{ : * m-CPBA, NaHCO; O *
o NHCO,Et Y
CH,Cl,, 40T, 51% o NHCO,Et
o)
n ‘ 82
NHCO,Et NHCO,Et
79 83

To 209 mg (0.723 mmol, 1.00 equiv.) of mixture ajupling products7l and 79
dissolved in anhydrous GBI, was added 243 mg (2.89 mmol, 4.00 equiv.) of sadiu
bicarbonate (NaHC§¢), followed by addition of 375 mg (2.17 mmol, 3.equiv.) of
m-CPBA. The reaction mixture was stirred at 40 °CZb6rh and was quenched with 25.0
mL of saturated NaHC£and 25 mL of saturated p&O3 (sodium thiosulfate) solution.
The product was extracted with 4 x 50 mL EtOAc arashed with 50 mL water. The
combine organic layers were dried over Mg®@d concentrateish vacuoto give crude
as a yellow solid. Flash chromatography on siliea(§0% EtOAc/70% hexane) yielded
41 mg of epoxide82 (R; = 0.25) and 72 mg of epoxid&8 (R; = 0.34) as white solids
(51% combined yield)Epoxide 82:mp 178-181 °C; IR (Neat) 3314 (m), 2979 (w), 2921
(W), 2845 (w), 1684 (s), 1540 (s), 1473 (s), 1289, (1238 (s), 1051 (s) ch*H NMR
(400 MHz, CDC}) § 6.77-6.69 (m, 3H), 5.93 (s, 2H), 4.87 (br s, 18189 (q,J = 7 Hz,
2H), 3.60 (br s, 1H), 3.31 (m, 1H), 3.17 (d= 4 Hz, 1H), 2.96 (dJ = 7 Hz, 1H), 2.21-
2.16 (m, 1H), 2.06-2.00 (m, 1H), 1.69-1.65 (m, 1H%6-1.38 (m, 1H) , 1.15 (@,= 7 Hz,
3H); 3¢ NMR (100 MHz, CDGJ) 6 155.7, 147.9, 146.6, 134.3, 121.4, 108.5, 108.4,
101.0, 60.6, 56.0, 52.4, 51.9, 46.8, 22.6, 22.45.MRMS (ESI) calcd for gH200sN

(M+H)* 306.1342, found 306.131E&poxide 83: mp 157-160 °CjR (Neat) 3295 (m),
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2988 (w), 2936 (w), 2859 (W), 1675 (s), 1531 ()34 (s), 1440 (m), 1243 (s), 1042 (s)
cm®; 'H NMR (400 MHz, CDCJ) & 6.76-6.65 (m, 3H), 5.93 (s, 2H), 4.91 (d= 8 Hz,
1H), 4.15-4.10 (m, 3H), 3.36 (m, 1H), 3.25 Jc5 4 Hz, 1H), 2.97 (dd] = 6, 4 Hz, 1H),
1.87-1.81 (m, 1H), 1.72-1.67 (m, 1H), 1.37-1.31 @hi), 1.24 (t,J = 7 Hz, 3H);*C
NMR (100 MHz, CDCY) & 156.1, 147.8, 146.2, 137.1, 120.6, 108.4, 10801,Q, 60.9,
59.1, 55.0, 48.0, 40.2, 30.0, 24.6, 14.6. HRMS YESllcd for GgHz00sN (M+H)*

306.1342, found 306.1310.

Epoxides 84a, 84b

o)
m-CPBA <O -
NaHCOs, CH.Cl, O NH
rt 5

To a solution of the lactamO (59 mg, 0.24 mmol, 1.0 equiv.) in dichloromethaed (
mL), was added sodium bicarbonate (41 mg, 0.48 m®0lequiv.), followed by purified
m-CPBA(63 mg, 0.36 mmol, 1.5 equiv.). The two phase reachixture was vigorously
stirred for 24 h at room temperature, before dilgitivith water (2.0 mL) and stirring for
another 30 min. The two phases were separatedhandextracted with dichloromethane
(3 x 5 mL). The combined organics were washed wattadl. aq. sodium bicarbonate (2 x
3 mL), dried over MgS@and concentrateith vacuo Flash chromatography on silica gel
(gradient elution 75%-100% EtOAc/hexane) gave fasiating 84 (3 mg, 5%) and
slower eluting84 (6 mg, 9%), both as white solids. Faster eluitdg TLC Rr = 0.37

(80% EtOAC/20% hexane): mp >300 °C: IR (QC2957 (w), 2930 (s), 2851 (m), 1720
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(s), 1360 (w), 1217 (w), 909 (m) ém*H NMR (400 MHz, CDCY) & 7.56 (s, 1H), 7.00
(s, 1H), 6.03 (s, 2H), 3.54 (d,= 4 Hz, 1H), 3.44 (br s, 1H), 3.29 (diiz 2, 2 Hz, 1H),
3.23 (dd,J = 4, 12 Hz, 1H), 3.00 (d] = 12 Hz, 1H), 1.95-1.90 (m, 1H), 1.65-1.59 (m,
3H); HRMS (FAB) calcd for @Hi13NO, 260.0924 (M+H), found 260.0923. Slower
eluting84: TLC R; = 0.21 (80% EtOAc/20% hexane); mp >300 *B;:NMR (400 MHz,
CDCl) & 7.51 (s, 1H), 6.97 (s, 1H), 6.02 (s, 2H), 5.97gptH), 3.72 (s, 1H), 3.51 (dt,
=3, 12 Hz, 1H), 3.36 (] = 3 Hz, 1H), 3.11 (dJ = 12 Hz, 1H), 2.20-2.16 (m, 1H), 2.07-

2.02 (m, 1H), 1.69-1.59 (m, 2H).

Diol 69

HO
1. Hzoz, HCOZH, rt @)

2. 1M NaOH, 90 T <o NH
51%

To a solution of alken&0 (68 mg, 0.28 mmol, 1.0 equiv.) in formic acid (L) was
added 0.15 mL of 30% aqueous hydrogen peroxides J&llow solution was stirred for
14 h at room temperature and then volatile materés removed on rotary evaporator to
obtain 90 mg white solid. Aqueous sodium hydroxitievl, 0.35 mL, pH = 9) and 2.0
mL MeOH was then added and reaction mixture watedest 90 °C for 3 h. The reaction
mixture was cooled and solvents were evaporatebtain a light brown solid. Washing
the crude product with copious amount of hot etiggtate (30 x 30 mL) gave 60 mg
light yellow solid. An attempt to recrystallize tloeude solid using acetone/methanol

failed because of poor solubility of the productiost organic solvents as well as water.
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Instead, white solid precipitated when the acetoe#ianol solution was cooled at 0 °C
for a week. The solution was vacuum filtered toaobtproduct as a white solid. The
filtrate was cooled at 0 °C and the process wasate two additional times to obtain 40
mg (51%) of diol69 as a white solid: mp 232-234 °C; IR (Neat) 33583B{br s), 2938
(W), 2892 (w), 1629 (s), 1601 (s), 1469 (s), 126)1 {040 (s) ci; *H NMR (400 MHz,
DMSO) § 7.64 (s, 1H), 7.28 (s, 1H), 6.89 (s, 1H), 6.05X¢, 2 Hz, 2H), 4.86 (d) = 5
Hz, 1H), 4.81 (dJ = 4 Hz, 1H), 4.21 (m, 1H), 3.76 (m, 1H), 3.48 (ddd; 8, 8, 12 Hz,
1H), 2.85 (ddJ = 2, 13 Hz, 1H), 1.79-1.74 (m, 1H), 1.65-1.60 (rh}),11.53 (dd, J = 2,
13 Hz, 1H);™*C NMR (100 MHz, DMSO) 163.8, 150.2, 145.6, 136.1, 124.3, 106.7,
104.9, 101.3, 68.2, 67.3, 49.0, 40.6, 25.5, 25.BM3 (FAB) calcd for G4H1sNOs

(M+H)* 278.1029, found 278.1028.
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CHAPTER 3
FORMAL TOTAL SYNTHESIS OF
(£)-7-DEOXYPANCRATISTATIN

NTRODUCTION

We have successfully applied palladium-catalyzet/li@arylation to the
synthesis of ()-7-deoxypancratistatin analogs@® (see Chapter 2) by coupling an aryl
siloxane 72 with allylic carbonate73 (Scheme 3.13° The reaction proceedsia
formation of a “symmetrical’z-allyl palladium complex78 (Scheme 3.2). In this
instance, reductive elimination from complé&is equally probable onto either carbon 1

and 3, resulting in formation of two regioisom&tsand79.

Scheme 3.1
OCO,Et
<O Si(OEt), @ Pd(0) 0O
+
‘@ TBAF @
0 : <o
NHCO,Et
72 73
Scheme 3.2
OCozEt j@/SI(OEt)?’ Ar<
: Pd(dba),, TBAF Y
NHCO,Et 65 T, THF -
73 81% 78 ‘
3

71:79=1.0:1.6

NHCO,Et
79
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Having demonstrated that this coupling reaction l@ecur, the next goal was to
extend siloxane methodology to the synthesis of7¢teoxypancratistatin2d). As
shown in the retrosynthesis presented in Schemetl33coupling of aryl siloxan&2
with allylic carbonate87 would form the desired bond between A and C riegsroduce
carbamatet9. In comparison to allyl carbona#3 (Scheme 3.1), allyl carbona8 has
large isopropylidene protected diol portion. We i@pate the coupling of allylic
carbonate87 will result in formation of “unsymmetrical%-allyl palladium complex88
(Scheme 3.4). Due to steric bulk provided by ispplidene group, palladium would
predominantly reside toward carbon 3 in compl88 Subsequently, reductive
elimination would preferentially result in formatioof carbamate49, the desired

regioisomer required for the synthesis 24)(

Scheme 3.3
OCO,Et
o) o
O>< o Si(OEt)3 @E ><
=< e
o NHE
72 87 E = Ester

Scheme 3.4

Lnﬁ
OCO,Et Ph.\

Si(OEY) @E o d(0) Fi: o

o) I 3 Pd(0 —1

< j@/ + >< 3

- N0 O TBAF

NHE

72 87 88 49

NHE
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RESULTS AND DISCUSSION

Synthesis of Coupling Partners: Allylic Carbonate ad Aryl
Siloxane

Allylic carbonate 87 was synthesized using strategy similar to thatd ufee
carbonate/3 (see Chapter 2) from 1,4-cyclohexadiene. DieBavas synthesized from
commercially available 1,4-cyclohexadie®®)(using Yang's procedure (Scheme 3%).
Dibromination of dieneB9 at low temperaturafforded dibromoalken®0, which was
dihydroxylated to obtairtis-diol 91. Protection of diol91 with 2,2-dimethoxypropane

gave acetonid®2. Subsequent dehydrobromination9@with DBU provided diené®3.

Scheme 3.5
@ Brp, CHClg Bf\@ 0s0,4, NMO BV\C{OH Meo><OMe
-78 C, 82% Br acetone, rt, 93% B OH p-TsOH, CH,Cl,, rt, 82%
89 90 91

Br\CEO>< DBU, benzene CEO><
Br (o) reflux, 49% (0]
92 93

Diene 93 was used to prepare allyl carbon&@ (Scheme 3.6) using the
methodology developed for the model system (seg€h&). Diels-Alder reaction of
diene93 with acyl nitroso dienophile (generatedsitu) provided racemic hydroxamate
94.1% Reduction of N-O bond to generated allylic alcot@®'® and subsequent

protection of alcohol with chloroformate providdt/ic carbonate87.
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Scheme 3.6
’ o
6)

O>< HO/N\E NBU4+|O4- MO(CO)G, MeCN/Hzo
7 NE
o] CHCI5/DMF, 0 T to rt reflux
93

/

o

94
E = CO,Me, 31%
E = CO,Et, 57%

OH OCO,Et
(IO>< CICO,Et, pyridine @:O><
- O CH2C|2, rt ~ o
NHE NHE
95 87
E = CO,Me, 79% E = CO,Me, 86%
E = CO,Et, 67% E = CO,Et, 93%

Aryl siloxane 72 was synthesized as shown in the Scheme?°3The
commercially available aryl bromidé7 underwent a Grignard reaction to generate the
organomagnesium species which was quenched bettegtarthosilicate (Si(OEf) to

form aryl siloxaner2.

Scheme 3.7

(i) Mg(0), THF, 75 C

Si(OE
<O:©/Br (ii) Si(OEt),, THF, -78 Tto 1t <O:©/ i(OEt)3
° 0

72

61%
77
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Coupling of Allylic Carbonate with Aryl Siloxane

Preliminary Attempts

It was anticipated that palladium-catalyzed coupli allylic carbonate37 with
aryl siloxane72 would yield the coupling produdt9 with high regioselectivity based on
the formation of “unsymmetricatt-allyl palladium complex88 (Scheme 3.8). However,
repeated attempts to couple allylic carboréteand aryl siloxan&2 were unsuccessful
and no traces of carbamat@ were detected. The use of a more active catalyst as
n-allyl palladium chloride dimer did not form carbate49, but interestingly gave arene

ether96.*

Scheme 3.8

CE >< (allylPdCl),, PPhj

TBAF, THF, 60 T
10 % NHE

QCO,Et 03@/ SI(OEYs Ly \p(
Ph.\
o)
Pd
D=3
1

E= COzEt
87

The plausible mechanism for the formation of aretieer96 is outlined in the
Scheme 3.9. Upon reaction of palladium with allybarbonate87, the carbonate
rearranged to form carbona®/, which underwent hydrolysis under the coupling
conditions to give allylic alcoho®8. Alcohol 98 reacted with aryl siloxan&2 in the
presence of palladium to generate arene €beilhis mechanism is supported by the

isolation of allylic alcohol98 (18-32%) under various reaction conditions. Thghlyi
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regioselective formation of etheéd6 is in accordance with our proposed model in
Scheme 3.4. The regiochemistry of compo@dwas confirmed usingH-‘H COSY
experiment. The crystal structure of arene eth@rfurther verified regiochemistry,
stereochemistry as well as ether functionaffty.

Since the coupling of siloxan® and carbonat87 failed under all conditions, it
was decided that the coupling of carbon@fausingarylboronic acid (Suzuki coupling)
and aryl stannane (Stille coupling) would be inigged. While traces of coupled
product (7% vyield) were detected in the Stille coupling, no couplingswseen in the
Suzuki reaction. The coupling of carbonaii¢h aryl siloxane in the presence of Pd(dba)

was unsuccessful under microwave irradiation as wel

Scheme 3.9
OCO,Et
CE >< Pd(0) CE >< hydrolysis CE ><
EtO,CO"
NHE
E—COZEt 97
87

<oj©/ 7o | TBAF
L LK
(0] o : (0]
NHE

96

| nvestigation of Problems

The failure of allylic carbonat87 to undergo allylic-arylation reaction can be

attributed to the steric bulk of isopropylidene gpahat blocks th@ face of the alkene,
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the face on which the palladium metal must resgghéme 3.8). We wanted to know if
the steric bulk is blocking the formation ofallyl intermediated9 or if it is blocking the
subsequent transmetalation step (Scharh@). To test if the-allyl intermediate99 was
formed, we decided to couple malonate anion (a saftleophile) with allylic
carbonate7. Since the Tsuiji-Trost coupliijof malonate anion with allylic carbonate
87 will occur via the samen-allyl intermediate9d9, the success of this coupling reaction

will infer that formation ofr-allyl intermediated9 is possible.

Scheme 3.10
L
Ph n 7(
Lo \8\7( P|d Ph\l\:’d\g\oo
o] }\
CEK — | TELX =
v ~ (@]
NHE NHE NHE NHE
— teallyl intermediate transmetalation -

99

88

Coupling of malonate aniod00 was first attempted with the model allylic

carbonate73 (Scheme 3.11). Unfortunately, Pd(dband Pd(dbajCHCI; catalysts

which were used for the coupling of carbonaBewith aryl siloxaner2 were ineffective

(see Chapter 2), and showed predominance of gammaterial 73 even with

stoichiometric catalyst loading. However, the Pd¢RAPh system gave diestdi01in

56% yield. The success of this coupling reactios wat surprising. Since we had already

demonstrated that coupling of aryl siloxan2 with allylic carbonate73 proceedsvia

n-allyl intermediatel02 to form carbamate$l/79 (Scheme 3.11), it was expected that



coupling of carbonat&3 with malonate aniorl00 would proceed through the same
n-allyl intermediatel02and generate diest201 with equal feasibility.

The observance of single regioisom&0]) in the coupling was consistent with
the model developed in our group (Scheme 3.12krAfte formation oft-allyl adduct
102 the malonate anioh00 attacked from the face opposite to the palladiume §ame
face as the leaving group) to retain the stereodtgmHowever, because the carbamate
moiety (NHE) is on the same face of attacking malenanion100, the nucleophile
attacks at ¢ further away from the carbamate moiety: resultinghe formation of

regioisomerl01with an overall retention of stereochemistry.

Scheme 3.11
0 Si(OEt)s
CT T
) ) TBAF <O
b 81%
OF od,
. Pa) |© @
§ g ©
NHE NHE E”E 100
73(E=COE) 102 56%

Having accomplished the coupling of malonate anl®® with model allylic
carbonate73 (Scheme 3.11), we investigated whether thallyl intermediate 99
(Scheme 3.10) is formed in the coupling of more gl@x allylic carbonate87 with

malonate system. The coupling of allylic carbon&®@ with malonate anion100
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proceeded in a good yield to give regioisomericsigiess 102 and 103 in 4.8:1.0 ratio

(Scheme 3.13). The ratio of two regioisomers wagrdened from the integration of

methyl groups of isopropylidene moiety. The majegioisomer was identified as

diesterl02 using a‘*H-'H COSY experiment (see Experimental Section foaittebf the

COSY analysis).

Scheme 3.12

Pd(0)

73 (E = CO,EY)

Scheme 3.13

OE
o>< e
NHE

87 (E = CO,E) 100

Ln L
®Pd "
@ Pd
H I _H _ \@-
3
H NHE B
H H NHE
102

favored disfavored

Pd(OAC)Z, PPh3

THF, 65 °C, 70%

102

E._E

~
.0
NHE
101

E_E
e :
- O

NHE

NHE
103

102:103 = 4.8:1.0

The regioselectivity of the malonate coupling reacwith allyl carbonate 02 is

rationalized in Scheme 3.14. It was anticipated tha reaction of carbonat&7 will

result in formation of "unsymmetricali-allyl palladium complex99 as previously

discussed. Since palladium resides more towakddu€ to steric compression with the
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isopropylidene group, malonate anib®0was expected to attack af ©© produce diester
103 as the major regioisomer. Furthermore, since tledeophile attacks from the bottom
face, attack further away from the carbamate moi®HE) would be preferred.
However, diested02 was observed as the predominant regioisomer. diraation of
diester 102 suggests preferential attack of malonate arii6f at G termini. This is
attributed to possible palladium-oxygen coordinatiwith the isopropylidene moiety

which pushes palladium away from,@referring attack of nucleophile at.C

Scheme 3.14
. \p( E._E
by 0 H
@}\30 Predicted 2 0
1 o LXK
E/\E - o
NHE 100 NHE
- 99 - 103
L, ,
\ o
1
F Observed EW\\\‘ . o
' 2 E  RNHE
ETE
NHE 100 Major
L 99 h 102

The success of this coupling reaction proves tha #-allyl palladium
intermediated9 from the allylic carbonat®&7 is formed during the Tsuji-Trost coupling.
However, when the same reaction is conducted withsdoxane72, the undesired arene
ether96 as well as rearrangement prod@8twas obtained (Scheme 3.9). This suggests

either transmetalation or subsequent reductive ieditton must be the cause for the
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failure of coupling reaction between aryl siloxaf@ and allylic carbonate87
(Scheme 3.8). However, since reductive eliminabbmryl systems is known to be fast
(ary-aryl > alkyl-aryl > alkyl-alkylf, it was more likely that transmetalation was tbetr
of the problem.

In order to wunderstand the failure of allyl-aryl upting in the
7-deoxypancratistatin2@) synthesis (Scheme 3.8) mechanistic study on tlozase
reaction was performed. The details of this studlyraported in Chapter 4. This study
had indicated that the best catalyst system fot-atlyl cross-coupling reaction would
consist of palladium bonded to sterically demangdimg weaklys-bonding ligands. This
set of ligand requirements is not found in mostOpa@talysts since Pd(0) is stabilized

typically by strongoc-donating ligand systems (phosphines). However, esdtd(0)

112 113,114
\ ,

catalysts have been prepared that have these tdvashcs (V- and

Figure 3.1)

A
\ / Pd
Y |
o) 0
O/A[O_\A\o
Pd(NBD)(MAH) Pd(COD)(NQ)
\Y %

Figure 3.1: Pd(NBD)(MAH) and Pd(COD)(NQ) complexes
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Successful Coupling

Pd(NBD)(MAH) IV and Pd(COD)(NQ)V were employed in the coupling
reaction of complex allyl carbona8 and aryl siloxane32 and6 (Scheme 3.15). The
coupling reaction catalyzed by Pd(NBD)(MAH) resulted in lower vyield of
carbamatd. 04 However, the reaction in the presence of Pd(CQQR)(V worked
reasonably well, even at ambient temperatureswe goupled productd49 and 104 in
30-40% vyield. As anticipated the coupling reactxelusively produced regioisomet9
and 104, respectively. Carbamat® is the much desired regioisomer for the synthekis

natural product 7-deoxypancratistatidl).

Scheme 3.15

Si(OEt);
o,

Pd(NBD)(MAH)

TBAF, rtor 55 C
11-19%

OCO,Et

Si(OEt)5
° 9
(LX ;

(e}
= Pd(COD)(NQ)
NHE TBAF, rtor 55 €
E = CO,Me 30-40%

87
0 Si(OEt)
S
Pd(COD)(NQ)

TBAF, rtor55 C
30-40%
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Scheme 3.16

. Ho NH,E
Observed Not observed
88 E =CO,Me 49 49'
vinyl protons
L Fio
NHa Hc Hd
i ppm
# b f 35
i ¢ \6
AV
4.0
4 ©p W
4.5
r.
—_— (\\J;«JJU 1]
5.0
55
5 i
Fio {0
il 6.0
: 06D

6.4 62 60 58 56 54 52 50 48 46 44 42 40 3.8 3.6 3.4 ppm

Figure 3.2:*H-'H COSY of carbamat49 (Hudlicky's intermediate)
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The observed regiochemistry is consistent withrtiwelel proposed by DeShong
(Scheme 3.16). Due to steric bulk arising fromdhetonide moiety, an “unsymmetrical”
palladium complex is formed where palladium resitéegther from the acetonide group.
The regioselectivity of carbamati® was established usingi-'H COSY (Figure 3.2).
Having identified the NEproton ats 6.18 using HSQC spectroscopy, it was possible to
locate H, proton adjacent to the NHSince H proton is not coupled to adjacent olefinic
proton, the regioisomer was determined to4®e If product49' (Scheme 3.16) had
formed, H, proton would show correlation with the neighboraigfinic proton.

The formation of carbamatel9 via palladium-catalyzed allylic-arylation
constitutes the formal total synthesis of 7-deoxygpatistatin 24). Carbamatel9 is an
intermediate reported in Hudlicky's synthesis afebxypancratistatin. The spectrad®
were identical to those reported by HudliéRy.

Allylic-arylation using Hudlicky's approach (ScherBel7) involves coupling of
aziridine 48 with cuprate46 via Sy2 proces$®®’ The yield of the key reaction is
comparable to our palladium-catalyzed allylic-atigla using siloxane methodology.
However, the use of extremely low temperature (/&80 °C) in Hudlicky's procedure,
limits its application for large-scale synthesisa Gther hand, our allyl-aryl coupling
reaction can be performed at ambient temperatucbef8e 3.15), and is suitable for
large-scale industrial production.

Allylic-arylation approach has also been used byosTrto synthesize
(+)-pancratistatin 23) (Scheme 3.18) Reaction of allylic carbonatél with mixed
cuprate 50 provide allylic-arylated systenb2 via S\2' reaction. However, Trost's

synthesis used complex reaction conditions and kvaged to small quantities of
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material. Moreover, preparation of mixed cupratanduous due to its instability, thus

making this synthesis unsuitable for practical egapilons.

Scheme 3.17

CE >< { ﬁCUCNLIZ

BF;-Et,0, THF <
-78 10 -30 T, 34%

E = CO,Me
48

Scheme 3.18

According to Hudlicky's procedure, the key steqerahe formation of carbamate
include installation ofrans-diol via allylic-alcohol 52 directed epoxidation and Friedel-
Crafts acylation to generate B ring (Scheme 3.F@jlowing Hudlicky's procedure,
carbamate49 was deprotected to generate allylic alcoddl5 (not isolated). The
subsequent step of epoxidation of allyl alcob@bwas performed in benzene as reported
by Hudlicky. However, the poor solubility of did05in benzene led to longer reaction

times and in consequence extensive decompositiwiicl8ng to acetonitrile as solvent
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improved solubility of the dioll05 and NMR analysis of the crude product indicated
formation of epoxidel06. However, the yield ofl06 has not been optimized.
Nonetheless, the formation of carbamé®eby siloxane methodology constitutes formal
total synthesis of#)-7-deoxypacratistatin2d). In future, this allylic-arylation approach

shall be extended to the synthesis of pancratis{aB) (Scheme 3.20).

Scheme 3.19

t-BuOOH
VO(acac),

benzene, 80 €

Scheme 3.20
0 Si(OEt)3 ‘ o><
NHE — 0
ocos Pd(COD)(NQ) o .

O
o><— 0 Si(OEt);
NHE <oj©/ 107 <o ‘
87 |O :
OMe . 0

Pd(COD)(NQ) OMe
108
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CONCLUSION

Palladium-catalyzed allylic-arylation involving goling of allylic carbonate and
aryl siloxane has been applied to produte7-deoxypancratistatin2@) via Hudlicky's
intermediate. The key reaction involves the useaofhovel Pd(0) olefin complex
(Pd(COD)(NQ)) and results in stereospecific arglatio form single regioisomer. This is
a first example of application of palladium-catagzallylic arylation to the synthesis of
7-deoxypancratistatir@). Though the yield for the key reaction is moderahe ability
of the coupling to work at ambient temperature i advantage compared to
allylic-arylation methodology by Hudlicky and Tro#tlso, due to the ease of preparation
of coupling partners, aryl siloxane and allyl carht® compared to unstable aryl cuprate
and aziridine, the siloxane coupling methodologypaticularly well-suited for the
synthesis of these materials. We believe our syictregpproach is short as well as
efficient and thus has potential of getting comnatized. Future goals aim at
development of olefin based palladium catalyst®ptimize the key reaction with the
goal of obtaining multigram quantities &4) and application of this methodology to the

synthesis of pancratistati@3) derivatives.
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EXPERIMENTAL DETAILS

General Methods

All reactions were run under an atmosphere of argoless otherwise noted.
Glassware used in the reactions was dried for @mm of 12 h in an oven at 120 °C or
flame dried prior to use. Tetrahydrofuran was Hestifrom sodium/benzophenone ketyl,
while methylene chloride and pyridine were distlifeom calcium hydride.

Thin-layer chromatography (TLC) was performed oR50mm silica gel coated
plates treated with a UV-active binder with compadsibeing identified by one or more
of the following methods: UV (254 nm), vanillin/éutic acid charring, or KMn®
charring. Flash chromatography was performed ugtags columns and medium
pressure silica gel (Sorbent Technologies, 4570

Infrared spectra were recorded on a Nicolet 560IRTspectrophotometer.
Samples used for obtaining infrared spectra weteedissolved in carbon tetrachloride
or taken neat. IR band positions are reporteddiprecal centimeters (cf) and relative
intensities are listed as br (broad), s (strongfmadium), or w (weak). Nuclear magnetic
resonance't, *C NMR) spectra were recorded on a 400 or 500 MHztspmeter.
Chemicalshifts are reported in parts per milliod) @nd coupling J values) are reported
in hertz (Hz). Spin multiplicities are indicated Hye following symbols: s (singlet), d
(doublet), t (triplet), g (quartet), m (multiplet)r s (broad singlet), br d (broad doublet).
Low resolution mass spectrometry (LRMS) and higeohgtion mass spectrometry

(HRMS) were obtained on a JEOL SX-02A instrument.
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Dibromoalkene 90

@ Br,, CHCl, Bf\@
-78 T, 82% B
89 920

The dibromoalken®0 was prepared from 1,4-cyclohexadieB@ according to Yang's
proceduré To 15.0 mL (159 mmol, 1.00 equiv.) of 1,4-cylcohdiene89 dissolved in
35.0 mL of CHC} at -78 °C was added 8.15 mL (159 mmol, 1.00 eyoivBr, dropwise
over 2 h. The reaction mixture was stirred for &ddal 2 h, and then quenched by the
addition of 75.0 mL 0.1 M aqueous sodium thioselfftlaS,03) solution. The product
was extracted with 5 x 100 mL GEl, and washed with 100 mL of B&Os solution.
The combined organic layers were dried over MgSidered and concentrated vacuo
to afford 31.0 g (82%) of dibromoalke®® as a white solid, mp 33-37 °C (it 34-37
°C) which was used without further purificationR (CClL) 3037 (w), 2937 (w), 2882
(w), 2819 (w), 1660 (w), 1421 (s), 1325 (m), 12&), (187 (m), 1159 (m) cfm*H NMR
(400 MHz, CDCH4) & 5.65 (s, 2H), 4.50 (s, 2H), 3.17 @= 19 Hz, 2H), 2.59 (d) = 19
Hz, 2H):**C NMR (100 MHz, CDGJ) § 122.3, 48.7, 31.2; LRMS (BIm/z240 (M 25),

161 (23), 159 (25), 79 (100), 77 (38). The spectath was identical to the literature.

Dibromodiol 91

Br\@ 0s0,, NMO Br OH
Bt acetone, rt, 93% B i: :OH
90 91
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To 16.0 g (66.9 mmol, 1.00 equiv.) of dibromoalk&@edissolved in 170 mL of acetone
and 25.0 mL of KO was added 11.8 g (100 mmol, 1.50 equiv.) of NM@ar argon.
This was followed by addition of 100 mg of Qshe reaction was allowed to stir for 3
days at room temperature and was then quenchdeeddition of 28.5 g of (150 mmol,
2.24 equiv.) sodium metabisulfite. The product wawacted with 5 x 200 mL G&l,
and washed with 200 mL . The combined organic extracts were dried over MgSO
filtered and concentrated vacuoto give 17.0 g (93%) of dibromodi8ll as a creamy
solid, mp 103-104 °C (It 103-105 °C), which was used without further puaefion.
IR (CCly) 3491-2953 (br s), 2951 (w), 2889 (w), 1685 (w)triH NMR (400 MHz,
pyridine -ds) § 6.11 (br s, 2H), 4.86 (ddd,= 12, 11, 4 Hz, 1H), 4.40 (ddd= 12, 11, 4
Hz, 1H), 4.26 (m, 1H), 3.98 (ddd= 12, 4, 3 Hz, 1H), 2.94 (ddd= 12, 12, 11 Hz, 1H),
2.84 (ddd,] = 15, 4, 3 Hz, 1H), 2.71 (dddd= 12, 4, 4, 1 Hz, 1H), 2.15 (dddi= 15, 12,

2 Hz, 1H);**C NMR (100 MHz, pyridine €s) 5 71.5, 70.9, 56.5, 55.6, 43.7, 42LRMS
(EI") m/iz274 (M, 5), 195 (90), 193 (95), 177 (78), 175 (98), 128)( 95 (100), 67 (94),

55 (51). The spectral data was identical to theediure'**

Acetonide 92

Br\O:OH 2,2-dimethoxypropane Br\O:O><
B OH p-TSOH, CH,Cly, 1t, 82% gy o
91 92

To 17.0 g (62.1 mmol, 1.00 equiv.) of dibromodddlin 400 mL CHCI, was added 87.7
mL (621 mmol, 10.0 equiv.) of 2,2-dimethoxypropafedipowed by the addition of 2.10 g

(11.0 mmol, 0.177 equiv.p-TsOH. The reaction was allowed to stir for 64 theT
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reaction mixture was extracted with 3 x 300 mL,CH and washed with 300 mL, 9.
The combined organlayers were dried over MgSCfiltered and concentratad vacuo
to obtain 15.9 g (82%) of acetoni@@ as a yellow oil, which was used without further
purification. IR (CC}) 2990 (m), 2932 (m), 2877 (m), 2827 (w), 1720 (W456 (m)
cm™; 'H NMR (400 MHz, CDCJ) & 4.39-4.44 (dtJ = 4, 8, Hz, 1H), 4.28 (q] = 5 Hz,
1H), 4.14-4.22 (m, 2H), 2.70-2.77 (m, 2H), 2.32@(#, 1H), 2.17-2.25 (m, 1H), 1.51
(s, 3H), 1.32 (s, 3H)*C NMR (100 MHz, CDG)) § 109.4, 73.0, 72.6, 51.6, 49.4, 36.5,

35.0, 28.7, 26.5. The spectral data was identictie literaturé*

Diene 93

Br\O:O>< DBU, benzene, ©:O><
Br" (@) reflux, 49% (o]
93

92

To 16.3 g (52.0 mmol, 1.00 equiv.) of aceton@i®in 58.0 mL benzene was added 18.7
mL (187 mmol, 3.6 equiv.) of DBU dropwis@a an addition funnel. The reaction
mixture was heated at reflux (80 °C) for 24 h. THBr was removed by vacuum
filtration and the filtrate was extracted with $80 mL pentane and washed with 500 mL
H,O. The combined organic extracts were dried oveBMgfiltered and concentrated
vacuo to afford a yellow oil. Purification by column amatography (60%
CH.Cl,/pentane; R= 0.22) rendered 3.87 g (49%) of diedeas a yellow oil. IR (CG)
3049 (m), 2986 (M), 2928 (m), 2862 (M), 2792 (VL (W), 1472 (w), 1441 (m), 1383
(m), 1351 (m), 1243 (m), 1216 (m) &m'H NMR (400 MHz, CDCJ) § 5.96-5.99 (m,

2H), 5.85-5.89 (m, 2H), 4.63 (s, 2H), 1.40 (s, 3HB8 (s, 3H)*C NMR (100 MHz,
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CDClg) 6 126.7, 123.7, 104.5, 70.2, 27.8, 25.2. The spledata was identical to the

literature!*!

Hydroxamate 94

H Aro
©:O>< Ho~ g NBU;IO 02?\ c
o CHCI5/DMF, 0 T to rt a O/N/
93 94

E = CO,Me, 31%
E = CO,Et, 57%

Hydroxamate (E = COEt): To 23.6 g (54.6 mmol, 1.40 equiv.) of NBID,
(tetrabutylammonium periodate) under argon was éatioroform (80.0 mL) and DMF
(26.0 mL). The reaction mixture was cooled to O&i@ then 5.93 g (39.0 mmol, 1.00
equiv.) of diene93 was added. Finally, 4.10 g (39.0 mmol, 1.00 equo¥.hydroxamic
acid (HONHCQEt) dissolved in chloroform (40.0 mL) and DMF (13r.) was added
via addition funnel. The reaction mixture was stiregd °C to room temperature for 50
h. The product was extracted with@t(5 x 100 mL), washed with 8 (100 mL), dried
over MgSQ, concentratedn vacuoto give the crude hydroxama® as a brown oil.
Flash column chromatography on silica gel (30% EtGJBR% hexane, R= 0.26) gave
5.72 g (57%) of hydroxama®t as a creamy solid, mp 126-128 °C; IR (@994 (m),
2933 (m), 1717 (s), 1373 (s), 1254 (s), 1210 (8B11(s) cm; 'H NMR (400 MHz,
CDCl) & 6.47-6.38 (m, 2H), 5.06-5.03 (m, 1H), 4.90-4.87 (tHl), 4.55-4.49 (m, 2H),
4.25-4.12 (m, 2H), 1.30-1.25 (m, 9HC NMR (100 MHz, CDGJ) 5 158.1, 130.6,

129.5, 111.0, 73.1, 72.6, 71.3, 62.8, 52.9, 25%4,214.4; El mass spectrum/z
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(relative intensity) 255 (M 37), 240 (100), 95 (78), 85 (50), 29 (47); HRMS)(calcd
for C12H17NOs (M)* 255.1107, found 255.1112.

Hydroxamate (E = COMe): light yellow solid. mp 146-148 °C; IR (CgI3087 (w),
2999 (m), 2985 (m), 2935 (m), 1719 (s), 1440 (8){A(s), 1336 (s), 1250 (s), 1215 (s)
cm™; *H NMR (400 MHz, CDCJ) § 6.45-6.35 (m, 2H), 5.03-5.00 (m, 1H), 4.87-4.84 (m
1H), 4.53-4.46 (m, 2H), 3.72 (s, 3H), 1.27 (s, 3HR6 (s, 3H)*C NMR (100 MHz,
CDCl) & 158.4, 130.6, 129.4, 110.9, 73.0, 72.5, 71.3,, 326, 25.5, 25.3; HRMS (ESI)

calcd for GiH160sN (M+H)* 242.1029, found 242.1016.

Alcohol-Carbamate 95

OH
Avo ~x0
0 Mo(CO)s, MeCN/H,0 @: ><
N-E - 70
AQ

g reflux IilHE

94 95
E = CO,Me, 31% E = CO,Me, 79%
E = COZEt, 57% E= COZEt, 67%

Alcohol-Carbamate (E = CQEt): To 572 g (22.4 mmol, 1.00 equiv.) of the
hydroxamate94 dissolved in 240 mL acetonitrile and 12.0 mL distlwater was added
7.10 g (26.9 mmol, 1.20 equiv.) of molybdenum hexbonyl (Mo(CQOj}). The reaction
mixture was refluxed at 82 °C for 15 h. The blac&vn reaction mixture was vacuum
fillered through celite and the filtrate was cortcated in vacuo to give crude
alcohol-arbamat®5 as a black solid. Flash column chromatographyilcaggel (50%
EtOAc/50% hexane, R= 0.44) gave 3.85 g (67%) of carbam@geas a white solid, mp

124-127 °C; IR (CG) 3617 (w), 3451 (w), 2988 (w), 2902 (w), 1735 (EJ45 (m), 1210
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(m) cm®. *H NMR (400 MHz, CDCY) § 5.94-5.90 (m, 1H), 5.81-5.78 (m, 1H), 5.12 (br s,
1H), 4.24-4.18 (m, 3H), 4.14-4.09 (m, 3H), 2.42 $briH), 1.43 (s, 3H), 1.33 (s, 3H),
1.23 (t,J = 7 Hz, 3H);**C NMR (100 MHz,ds- DMSO) § 155.9, 132.6, 129.5, 107.9,
79.8, 75.9, 69.2, 59.7, 51.5, 27.2, 25.0, 14.6; ISRAAB) m/z258 (M+1T", 42), 240 (66),
182 (70), 154 (63), 110 (100); HRMS calcd 258.134and 258.1341.
Alcohol-Carbamate (E = CO:Me): white solid. mp 86-88 °C; IR (CQI3617 (m), 3449
(m), 3414 (w), 3049 (w), 2995 (m), 2942 (m), 2908),(1730 (s), 1551 (m) cm *H
NMR (400 MHz, CDC}) & 5.91-5.88 (m, 1H), 5.78-5.74 (m, 1H), 5.35 (brJ&s 8Hz,
1H), 4.21-4.18 (m, 3H), 4.08-4.06 (m, 1H), 3.653kl), 3.12 (br s, 1H), 1.41 (s, 3H),
1.31 (s, 3H);*C NMR (100 MHz, CDGJ) § 156.6, 131.1, 129.7, 109.1, 79.2, 76.8, 68.9,
52.2, 51.1, 26.9, 24.6; HRMS (ESI) calcd fogiigOsN (M+H)* 244.1185, found

244.1180.

Carbonate-Carbamate 87

OH OCO,Et
©:O>< CICO,Et, pyridine @:O><
- (@] CH2C|2, r - O
NHE NHE
95 87
E = CO,Me, 79% E = CO,Me, 86%
E = CO,Et, 67% E = CO,Et, 93%

Carbonate-Carbamate (E = CQEt): To 1.11 g (4.32 mmol, 1.00 equiv.) of alcohol-
carbamated5 in 15 mL anhydrous C}l, and 0.522 mL (6.48 mmol, 1.50 equiv.)
anhydrous pyridine was added 0.642 mL (6.48 mm&0) &quiv.) of ethyl chloroformate

dropwisevia syringe under argon. The reaction was allowed itcastroom temperature
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for 5 days. The reaction mixture was extracted W@tCl, (5 x 25 mL), washed with
H,O (25 mL), dried over MgS£and concentratesh vacua Flash chromatography on
silica gel (75% EtOAc/25% hexane; R0.75 afforded 1.32 g (93%) of the carbonate-
carbamate87 as a white solid, mp 82-84 °C; IR (GLB446 (m), 2984 (m), 2933 (m),
2912 (m), 1754 (s), 1730 (s), 1506 (s), 1370 (Bp41(s), 1224 (s), 1064 (s), 1040 (s) cm
14 NMR (400 MHz, CDCY)  5.93-5.86 (m, 2H), 5.11 (br s, 1H), 4.93 (br s),1436-
4.33 (m, 1H), 4.21 (q) = 7 Hz, 4H), 4.12 (¢ = 7 Hz, 2H), 1.44 (s, 3H), 1.33-1.29 (m,
6H), 1.24 (t,J = 7 Hz, 3H);**C NMR (100 MHz, CDGJ) & 156.0, 154.3, 131.5, 127.1,
109.3, 76.1, 75.9, 73.9, 64.4, 61.1, 50.2, 26.99,284.6, 14.2; LRMS (FABJn/z 330
(M+1", 6), 154 (38), 136 (40), 73 (48); HRMS (FAB) calgd + 1) 330.1553, found
330.1553.

Carbonate-Carbamate (E = CQMe): creamy solid. mp 63-65 °C. IR (C{£B442 (m),
2992 (m), 2956 (m), 2906 (m), 1751 (s), 1733 (5854L(m), 1508 (s) cih *H NMR (400
MHz, CDCL) & 5.86-5.80 (m, 2H), 5.21 (br s, 1H), 5.1 (s, 1HR044.27 (m, 1H), 4.19-
4.14 (9,J = 8 Hz 4H), 1.40 (s, 3H), 1.28-1.24 (m, 6} NMR (100 MHz, CDG)) §
156.4, 154.2, 131.3, 127.0, 109.2, 75.9, 75.8,,768493, 52.1, 50.3, 26.8, 24.7, 14.1,

HRMS (ESI) calcd for @H,,0:N (M+H)* 316.1396, found 316.1383.
Arene Ether 96
OE
o) Si(OEt)3 ~ =0 (allylPdCl),, PPh O O
STy LXK e CIX
o ~0 TBAF, THF, 60 C O oV "0
- 10% -
NHE NHE

72 87 E = CO,Et 96
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To a solution of 245 mg (0.900 mmol, 2.00 equiv.)stoxane72 in anhydrous THF
(10.0 mL) was added 154 mg (0.468 mmol, 1.00 ek carbonate87, 8 mg (0.021
mmol, 5 mol %) of (allylPdC}) 16.0 mg (0.063 mmol, 15 mol %) of PRind 0.900 mL
(0.900 mmol, 1 M in THF, 2.00 equiv.) of TBAF. Theaction mixture was heated to
60 °C and after 10 min, the color changed fromoyelto amber. After 18 h, the reaction
mixture was quenched by addition of brine (30 maytracted with ether (3 x 30 mL),
dried over MgS@ and concentrateth vacuo Flash chromatography on silica gel (10%
EtOAc/90% hexane) gave 18 mg (10%) of arene @Bers a white solid: recrystallized
from CHCly/hexane, mp 126-127 °C; TLC;R 0.27 (25% EtOAc/75% hexane); IR
(CCly) 3444 (m), 2963 (m), 2928 (m), 1724 (s), 1558 em*; *H NMR (400 MHz,
CDCl;) 6 6.69 (d,J = 8 Hz, 1H), 6.49 (dJ = 2 Hz, 1H), 6.34 (dd] = 2, 8 Hz, 1H), 6.08
(dd,J = 4, 10 Hz, 1H), 6.01 (dd} = 4, 10 Hz, 1H), 5.95 (s, 2H), 5.01 @z 6 Hz, 1H),
4.72-4.70 (m, 1H), 4.66-4.64 (m, 1H), 4.45-4.42 {H), 4.22-4.19 (m, 1H), 4.10 (4=

7 Hz, 2H), 1.48 (s, 3H), 1.38 (s, 3H), 1.27J( 7 Hz, 3H);**C NMR (400 MHz, CDGJ)

0 156.9, 154.1, 148.8, 143.0, 129.2, 128.7, 108)8.4], 101.8, 100.3, 76.1, 75.3, 73.0,
71.7, 52.7, 28.4, 26.2, 14.5. FAB mass spectmin(relative intensity) 378, 320, 240,
180, 119, 85. X-ray crystal confirmed regiochenyisstereochemistry as well as ether

functionality>*

Diester 101
OCO,Et EtOZC\:/COZEt
' o Pd(OAC),, PPh;, '
+ PN
g EtO,C~ "CO,Et  THF, 65 <, 56% .
NHCO,Et NHCO,Et
73 100 101
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Sodium hydride (33 mg of 60% dispersion in oil, ®®mol, 3.0 equiv.) was washed
with 3 x 2 mL of hexane and 2 x 3 mL of anhydrol#~T To a suspension of the oil-free
sodium hydride in 2 mL THF was added 0.13 mL (On8&ol, 3.2 equiv.) of diethyl
malonate and stirred for 10 minutes. The diethylomate aniorl00was then added to a
solution of 71 mg (0.28 mmol, 1.0 equiv.) of allghrbonate73 dissolved in 1 mL
anhydrous THF. This was followed by addition of 8 (0.14 mmol, 0.50 equiv.)
triphenyl phosphine and 6.2 mg (0.028 mmol, 0.10iwey of palladium acetate. The
reaction mixture was allowed to stir at 65 °C f@rt2 The solution was filtered through
Celite and the filtrate was extracted with 5 x 2b Bt,O and washed with 25 mL,B.
The combined organic layers were dried over MgS&ncentrated in vacuo to give
crude diesterlO1 as a brown oil. Flash column chromatography oitasibel (20%
EtOAc/80% hexane, {R= 0.15) gave 50 mg (56%) of diested1 as a colorless oil; IR
(CCly) 3450 (w), 2987 (m), 2936 (m), 2872 (w), 1730 15p2 (m), 1214 (m) cth 'H
NMR (400 MHz, CDC}) § 5.71 (s, 2H), 4.74 (d] = 8 Hz, 1H), 4.21-4.11 (m, 5H), 4.06
(q,J = 7 Hz, 2H), 3.26 (d) = 8 Hz, 1H), 2.83-2.79 (m, 1H), 1.74-1.67 (m, 3HK0-1.44
(m, 1H), 1.25-1.17 (m, 9H)-*C NMR (100 MHz, CDGCJ) & 168.2, 168.1, 155.7, 131.5,
128.8, 61.4, 60.7, 56.1, 44.7, 35.0, 27.7, 22.26,144.0; FAB mass spectrum/z
(relative intensity) 328 ((M+H), 9), 239 (28), 16100), 79 (38); HRMS (FAB) calcd for
C1eH2606N (M+H)* 328.1760, found 328.1773.

The regiochemistry of carbamat®1 was established usingd-'H COSY (400 MHz,
CDCls) (see page 79). NHbroton identified using HSQC spectroscopy is cedpnly to
Hy, proton. Since, klproton is coupled to vinyl proton; the regioisom&rs determined to

be 101 (If 101" had formed, Ewould not couple to vinyl proton.)
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Diesters 102 and 103

THF, 65 °C, 70% NHE

OE . E_E
O o Pd(OAC),, PPh; . (I >< 0
g\ T ETE N © ><
_ o
: E ;
NHE NHE

87 100 102 103

E= COzEt
102:103 =4.8:1.0

Sodium hydride (37.9 mg of 60% dispersion in 0i§48 mmol, 3.00 equiv.) was washed
with 3 x 3 mL of hexane and 3 x 3 mL of anhydrolt#~T To a suspension of the oil-free
sodium hydride in 2 mL THF was added 0.152 mL (Infrbol, 3.20 equiv.) of diethyl
malonate and stirred for 10 minutes. The diethylomate aniorl00was then added to a
solution of 104 mg (0.316 mmol, 1.00 equiv.) ofyatarbonate87 dissolved in 2 mL
anhydrous THF. This was followed by addition of#ing (0.158 mmol, 0.500 equiv.)
triphenyl phosphine and 7.09 mg (0.0316 mmol, 0.4Q0iv.) of palladium acetate. The
reaction mixture was allowed to stir at 65 °C fdrt2 The solution was filtered through
celite and the filtrate was extracted with 5 x 2b Bt,0O and washed with 25 mL,B.
The combined organic layers were dried over MgSe&ncentrated in vacuo to give
crude as brown oil. Flash column chromatographysdica gel (20% EtOAc/80%
hexane, R= 0.29) gave 88 mg (70%) of diest&32and103(102103= 4.8:1.0) as light
yellow oil; The ratio of regioisomers was deterntintom the'H NMR. The major
regioisomer was established to @2 based on COSY (400 MHz, CD{IDiesters102
and103: IR (CClL) 3439 (w), 2984 (m), 2936 (w), 2913 (w), 173715P6 (s), 1373 (m),
1220 (s) crit; Diester102 *H NMR (400 MHz, CDCJ) 5.82-5.72 (m, 2H), 4.77 (br s,

1H), 4.52 (s, 1H), 4.28 (s, 1H), 4.24-4.13 (m, 586 (q,J = 7 Hz, 2H), 3.45 (s, 2H),
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1.39 (s, 3H), 1.34 (s, 3H), 1.27-1.19 (m, 9H); Dees102and103 FAB mass spectrum
m/z (relative intensity) 532 ((M+C%) 75), 342 (32), 179 (22), 133 (100); HRMS (FAB)
calcd for (M+Li)" 406.2053, found 406.2056.

'H NMR spectrum of diesterd02 and 103 indicated predominantly one
regioisomer. The ratio of two regioisomers was weteed from the integration of
methyl groups of isopropylidene moiety. DiestBd2 was established as the major
regioisomer by COSY (400 MHz, CD4}l H, proton (NH, proton identified using HSQC
spectroscopy) is coupled only tg, Hroton. However, kproton is not coupled to vinyl
proton (which is the case only for regioisomid2). Therefore, the predominant
regioisomer was determined to be died@2

COSY of diesters 102 and 103

@:O>< rvinyl protons er

ET : O
H =
£~ NH.E U\
102 H, m—
major regioisomer ppm
i 0 Q@
3.0
= S = 35
& |
Er 4.0
I o
e— ﬁ Eoﬂ, i
= o o 4.5
o 5.0
=}
5.5
_— &) a 0 E
6.0
- - 6.5
6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 ppm
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Carbamate 104

OCO,Et
©/Si(OEt)3 @:O>< Pd(COD)(NQ)
’ G TBAF, THF, 55 C
H 30-40%
NHE
6 87 104

Carbamate (E = COMe): To 97.0 mg (0.404 mmol, 2.00 equiv.) of aryl sdoe6 and
66.5 mg (0.202 mmol, 1.00 equiv.) of carbonate-aarite87 dissolved in 4.00 mL
anhydrous THRvas added 0.404 mL (0.404 mmol, 2.00 equiv.) TBAHar argon. This
was followed by addition of 37.6 mg (0.101 mmok@ equiv.) Pd(COD)(NQ). The
reaction mixture was heated at 55 °C for 24 h. Témction was then quenched by
addition of 25.0 mL HO. The product was extracted with 3 x 25 ml,CH and washed
with H,O. The combined organic extracts were dried overS®g filtered and
concentratedn vacuoto give a brown oil. Flash column chromatograpinysdica gel
(20% EtOACc/80% hexane,R 0.15) gave 24 mg (38%) oarbamatd 04 as pale yellow
solid, mp 148-150 °C; IR (CQ) 3469 (w), 3448 (w), 2987 (w), 1730 (s), 1507 (s),
1246(s), 1221 (s) ch *H NMR (400 MHz, (CR),CO) § 7.30-7.27 (m, 2H), 7.22-7.18
(m, 3H), 6.22 (br dJ = 8 Hz, 1H), 5.99-5.95 (m, 1H), 5.87 (= 10 Hz, 1H), 4.68 (] =

5 Hz, 1H), 4.26 (m, 1H), 3.69 (d,= 10 Hz, 1H), 3.51 (br d} = 10 Hz, 1H), 3.38 (s, 3H),
1.45 (s, 3H), 1.33 (s, 3H}°C NMR (100 MHz, (CR),CO)$ 157.3, 142.7, 136.8, 129.3,
129.1, 127.5, 124.8, 109.8, 77.9, 73.3, 56.7, 5764, 28.7, 26.5; HRMS (ESI) calcd for
C17H2:04N (M+H)" 304.1549, found 304.1563.

Carbamate (E = CGEL): light yellow solid. mp 109-112 °C. IR (C£I13469 (w), 3452

(W), 3032 (W), 2987 (m), 2929 (w), 2876 (w), 1728, (1548 (s), 1511 (s), 1381 (m),
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1246 (s), 1221(s) ch *H NMR (400 MHz, (CR),CO) & 7.30-7.26 (m, 2H), 7.22-7.18
(m, 3H), 6.23 (br dJ = 8 Hz, 1H), 5.99-5.96 (M, 1H), 5.87 (M= 12 Hz, 1H), 4.68 (1] =

4 Hz, 1H), 4.28 (dd) = 4 Hz,J = 8 Hz, 1H), 3.81 (qJ = 4 Hz, 2H), 3.69 (dd] = 8 Hz,J

= 12 Hz, 1H), 3.53 (br d] = 8 Hz, 1H), 1.45 (s, 3H), 1.33 (s, 3H), 1.01J(t 8 Hz, 3H);
13C NMR (100 MHz, (CR),C0) 5 156.9, 142.8, 136.8, 129.3, 129.1, 127.5, 12409,8]
77.9, 73.4, 60.3, 56.7, 47.5, 28.7, 26.5, 15.0; HRMESI) calcd for GH»4O0uN (M+H)*
318.1705, found 318.1674. The regiochemistry obaarate104 was established using
'H-'H COSY (400 MHz, (CH)-CO) in a manner similar to carbamaté (page 64,
Figure 3.2)

COSY of carbamate 104

vinyl protons He

- T
- o
-— T
o

e
2

ppm

3.6

&
o

3.8

4.0

4.2

8
8
@

4.4

- 46
@ o - =) o
48

5.0

5.2

5.4

5.6

5.8

i

6.0

2] &a) 6.2
6.4

64 62 60 58 56 54 52 50 48 46 44 42 40 3.8 3.6 ppm

83



Carbamate 49 (Hudlicky's Intermediate)

OCO,Et
<o Si(OEt)3 @:O>< Pd(COD)(NQ)
o ' o N TBAF, THF,55C
: 30-40%
NHE
72 87 49

Carbamate (E = COMe): To 462 mg (1.63 mmol, 2.00 equiv.) of aryl silogat? and
256 mg (0.813 mmol, 1.00 equiv.) of carbonate-caudie 87 dissolved in 15.0 mL
anhydrous THRvas added 1.63 mL (1.63 mmol, 2.00 equiv.) TBAFamargon. This
was followed by addition of 152 mg (0.407 mmol, @M5equiv.) Pd(COD)(NQ). The
reaction mixture was heated at 55 °C for 24 h. Tdwction was then quenched by
addition of 30.0 mL HO. The product was extracted with 3 x 50 ml,CH and washed
with H,O. The combined organic extracts were dried overSMg filtered and
concentratedn vacuoto give brown oil. Flash column chromatography silica gel
(30% EtOAc/70% hexane,;R 0.17) gave 98 mg (35%) carbamatel9 as pale yellow
solid, mp 177-179 °C ((lif® 190-191 °C); IR (CG) 3467 (w), 3442 (w), 3042 (w), 2995
(w), 2881 (w), 1730 (s), 1504 (s), 1486 (s), 125) ¢m’; *H NMR (500 MHz,
(CD3),CO) § 6.75 (d,J = 8 Hz, 1H), 6.68-6.65 (m, 2H), 6.18 (brd= 8 Hz, 1H), 5.97-
5.93 (m, 3H), 5.85 (d] = 10 Hz, 1H), 4.66 (t) = 5 Hz, 1H), 4.25-4.22 (m, 1H), 3.62 (q,
J = 10 Hz, 1H), 3.46 (br d] = 10 Hz, 1H), 3.42 (s, 3H), 1.45 (s, 3H), 1.333H); °C
NMR (125 MHz, (CR),CO) & 157.4, 148.6, 147.4, 136.9, 136.6, 124.8, 12208.9,
109.4, 108.8, 101.9, 77.9, 73.3, 56.9, 51.6, 4287, 26.6; HRMS (ESI) calcd for

CigH2006N (M+H)* 348.1447, found 348.1448H and*C NMR spectra in CDGlare
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identical with that reported by Hudlicky. The regiochemistry of carbama#® was
established usintH-'H COSY (500 MHz, (CB),CO), provided on page 64, Figure 3.2.
Carbamate (E = COEL): light yellow solid. mp 151-153 °C; IR (CgI3467 (w), 3446
(W), 3042 (w), 2995 (W), 2935 (W), 2874 (w), 1729, (1547 (s), 1511 (s), 1486 (s), 1250
(s) cm*; 'H NMR (500 MHz, (CR),CO) & 6.75 (d,J = 8 Hz, 1H), 6.68-6.65 (m, 2H),
6.11 (br d,J = 8 Hz, 1H), 5.97-5.94 (m, 3H), 5.86 @@= 10 Hz, 1H), 4.66 (t) = 5 Hz,
1H), 4.25-4.22 (m, 1H), 3.86 (4,= 5 Hz, 2H), 3.62 () = 10 Hz, 1H), 3.46 (br dl = 10
Hz, 1H), 1.45 (s, 3H), 1.33 (s, 3H), 1.05 Jt= 5 Hz, 3H);**C NMR (125 MHz,
(CD»),CO) 6 157.0, 148.7, 147.4, 136.8, 136.7, 124.9, 12206,9, 109.5, 108.8, 102.0,
77.9, 73.4, 60.5, 57.0, 47.3, 28.8, 26.6, 15.0; FRMSI) calcd for GH»40sN (M+H)*

362.1604, found 362.1563.
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CHAPTER 4
M ECHANISTIC STUDIES ON
PALLADIUM -CATALYZED ALLYLIC -ARYLATION

NTRODUCTION

The DeShong group has developed palladium-catalgrgdtion of allylic esters
via coupling of aryl siloxanes (see Chaptef®3? This methodology has been shown to
be both highly regio- and stereoselective and hesnbsuccessfully applied to the
synthesis of a (z)-7-deoxypancratistatin analo@®e(Scheme 4.1) (see Chapter 2).
However, repeated attempts to effect coupling betwsarbonat87 and siloxane&’2 for
the synthesis of 7-deoxypancratistg®4) were unsuccessful and no trace of the desired

adduct49was detected.

Scheme 4.1
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It was hypothesized initially that failure of allghrbonate37 to undergo arylation
was the result of the steric bulk of the isoproggtie group that blocked tBeface of the
alkene and prevented formation of the requisialyl intermediate99 (Scheme 4.2).
However, the successful coupling of allylic carbten87 with malonate aniorl00
demonstrated that formation afallyl intermediate99 had been produced since it
underwent Tsuji-Trost coupling. This result ledtasnfer that either transmetalation or
the subsequent reductive elimination step, lattepss in the mechanism, must be
responsible for failure of the coupling reactiontvieen aryl siloxaner2 and allyl
carbonate87 (Scheme 4.3). Since both transmetalation and teguelimination involve
transfer of an aryl group during the catalytic eycle anticipated that altering
substituents on the aryl ring would affect the treéa rates of these processes.
Accordingly, we chose to investigate the role obsiluents on aryl siloxane in

controlling the rate of the coupling reactiaa Hammett analysis.

Scheme 4.2

OE L
Crx = =
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° : LK, ¢
Z S
N E” "E 100 ‘ >< 0
e Ll e LK
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87 (E = CO,EY) 99 70% NHE

102 103
102:103 = 4.8:1.0

87



Scheme 4.3

Pd(0) NHE
87

substitution/
1 - allyl formation

o W3
©] Pﬁ\ o)
NHE
transmetalation
Transmetalation

Transmetalation of organometallic compounds widmsition metal complexes is
one of the key steps in carbon-carbon bond formatitowever, mechanistic details of
the transmetalation process are not well understmonhost of these catalytic processes.
Among many useful coupling variants, the Stillectezn is the most extensively studied
system with regard to the mechanism of transmé&ala®ne of the earliest studies is that
of palladium-catalyzed coupling of benzoyl chlorideth benzyltin reagents by
Stille }*>*® Subsequently, Farina reported a kinetic analysithe effect of palladium
ligands on the Stille reactibH and Hartwig investigated the mechanism of
transmetalation of tin amides and tin thioldt®sMore recently, Amatore and Jutand

have studied the mechanism of Stille reaction engresence of AsRligated palladium
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catalyst, and confirmed Farina's proposal that Asitreased the efficiency of the Stille
reaction compared to PPH® An extensive kinetic study of the transmetalatieaction

in Stille coupling has been carried out recently Bgpinet, who has proposed an
associative transmetalation model for the key stgp also investigated the nature of the
transition state (Figure 4.13°*2%Studies on internal-coordination driven transnaiah
are also known in literaturé?*?® Transmetalation studies on palladium-catalyzegsro
couplings of alkynyl stannanes with aryl iodidesl dhat with metal-halides have been
reported by Crociahi’ and Lo Sterz§® respectively. Additionally, Wentff and
Clarkeé"®® have reported studies on transmetalation of orgfanaanes and organozincs,
respectively, with platinum complexes. More recgnttheoretical calculations on

transmetalation of Stille reaction have appear&d™

|
Sn——R? 5y

~ | s| re--2PL,— R
. | n—R2- - -PdL,—
X——PdL,—R? 75 "
Sg2 (cyclic) Sg2 (open)

Figure 4.1: Espinet's model for transmetalation in Stille react

Transmetalation in the Suzuki-Miyaura and Hiyametgeols have been studied
less extensively. Transmetalation processes forssetoupling of organoboron
compounds in alkaline solution have been studied Miyaura’®*® Three possible
pathways for transmetalation process have beeropeap(Scheme 4.4). In Path A, the
addition of sodium hydroxide generates tetravalmrbnate aniori10 which enhances
nucleophilicity of organic group and thus accelesatransmetalation. Alternatively,

ligand exchange between R-Pd-X and a ba% &enerates oxo palladium(ll) complex
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111 in situ (Path B). The high bascity of the Pd-OR specieswa$f as the high
oxophilicity of boron results in enhanced reacyiwf the oxo palladium complex. On the
other hand, reaction of allyl acetate can procewteuneutral conditions since oxidative
addition directly yieldszn-allylpalladium acetate completll (Path C). These three
pathways are highly dependent on the combinatidrasés and organoboron reagents, as

well as organic electrophiles.

Scheme 4.4
of"
R'=B-OH
OH
R-Pd-X 110 R-Pd-R'
Path A
Path B R"oe
(HO),B—R’
Path C R'-B(OH), @)
R-OR" + Pd(0) R-Pd-OR" R'O—Pd—R
111
- -1
H
/O\
rRLPd B
2 \\\ /// \

Sg2 (cyclic)
112

Figure 4.2: Transmetalation of alkyl boranes

Woerpel and Soderquiststudied transmetalation of primary alkyl borane
derivatives to palladium and proposed a hydroxdded $2 (cyclic) transition staté12

(Figure 4.2 }:*"**®More recently, theoretical studies on mechanisnSuguki-Miyaura
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reaction catalyzed by diphosphine palladium comgdelrave been reported. According
to these studies arylboronic acid is activated hyeaternal base, which attacks the
palladium center as an boronate arfior**

The use of organosilanes rather than boranes as-coupling partners has been
less studied and mechanistic knowledge for Hiymaplting is scarce. Because the Si-C
bond is less polarized than the corresponding Ba@dp Hiyama introduced use of a
nucleophilic fluoride source to polarize Si-C bomik formation of a reactive
pentacoordinate silicate and enhance transmetafdfid*® Hiyama showed that the
stereochemistry of transmetalation can be infludrimethe reaction temperature and the
solvent used***” For example, the cross-coupling reaction of ariflates 113 with
chiral alkylsilanes114 (Scheme 4.5) in THF at low temperatures proceeddd
retention of configuration, whereas reaction atbigtemperatures or in polar solvents
(HMPA) resulted in inversion of configuration. Reten of configuration is attributed to
fluorine-bridged $2 (cyclic) transition staté15 in the transmetalation (Scheme 4.6). At
higher temperature or in polar solvents, a fluosilieon bridge is cleaved resulting in
Se2 (open) transition statél6 and thus inversion of configuration. Stereochemyist
cross-coupling of allyltrifluorosilanes with aryiftates was shown also to be influenced

by temperature and fluoride sour¢&.

Scheme 4.5
3 g £ '
F3Si
N OSO,CF3 3 i Pd(PPhs), AN
Me TBAF Me
Y = H, 3-CHO, 4-COMe X = H, OMe 50-100 €
113 114
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Scheme 4.6

~.
| Pd(ANL,
Lo S
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115
_ e
F4S|\\<Ph Ph\<Pd(Ar)Ln Ph Ar
Mé H [ ~Pd(AnFIL, Me H Mé H
Sg2(open) Inv inversion
116

Recently, Sakaki reported a theoretical study & transmetalation between
palldium(ll)-vinyl complex and vinyl silan¥® The study indicated a very large
activation barrier for transmetalation processhe absence of fluoride anion. In the
presence of fluoride anion, transmetalation is lecated by the formation of a very
strong Si-F bond and the stabilization of the ttéos state by hypervalent Si center
induced by the fluoride anion.

Denmark has also performed mechanistic studiesrganosilanesvia kinetic
analysis under both fluoride-mediated and fluofige conditiong®**** In an effort to
study transmetalation process, stable transmeinlatiermediates in Stille, Suzuki and

Hiyama cross-coupling have also been isolatéd
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Hammett Analysis

Hiyama Coupling

Mechanistic studies of transmetalation of an argbug in metal-catalyzed
couplings of organosilanes using Hammett analysisehbeen reported previously
(Scheme 4.7). For example, Hatanaka and Hiyama khawen that electron-donating
groups (EDG) enhance the rate of transmetalatiodiarylfluorosilicates with an aryl-
palladium complex (Figure 4.33° The negative slope is indicative of the electrbphi
character of the transmetalation. The presence G Eon diarylfluorosilicate117
increases the nucleophilicity of the aryl-silicoanls, which aids in electrophilic attack
of arylpalladium(ll) complext18 via a Si-Pd binulclear intermediafiel 9 formed by a

fluoride bridge (Scheme 4.8).

Scheme 4.7
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|
(n3-C3HsPdCI), O O
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| | L &_,«F | Ar
117 119

Ar-Ar + Pd°L,
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loglkey / kil

e 4-CF3

Figure 4.3: Hammett analysis of the reaction of diaryl(difluymitanes with iodobenzene.
Taken from ref 156.

Suzuki Coupling

The reactivity of various arylboronic acid for tbeupling of E)-bromostilbene in
the presence of Pd(OAHPPh was evaluated by competitive experiments (Scheme
4.9)" Arylbornic acids containing an electron-donatinppup (EDG) in the para
position were found to be more reactive £ -0.71) (Figure 4.4). EDG increases
nucleophilicity of the aryl group, promoting traesfof aryl group to the electron
deficient palladium. This result is analogous te ttesults from the Pd(OAZPPh
catalyzed cross-coupling reaction of arylboronic amith vinyl bromide, generateth
situ from 1,2-dibromoethane (= -1.26)**® On the other hand, nickel-catalyzed Suzuki
coupling of an arylboronic acid and an aryl tosylgave the opposite result: electron-

withdrawing groups (EWG) on the aryl boronic acadifitated transmetalation and gave

a slope op = 0.81**°
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Scheme 4.9

Br.
— R
N @B“’H” W :
Pd(OAc),/PPh3, KOH - -
" W W

R = OMe, Me, CI, CF3

0.4 -
+ OMe =-0.7148x - 0.0098
0.2 - R? = 0.9205
< 04
=3
3 -0.2 -
-0.4
-06 T T T T 1
0.4 -0.2 0 0.2 0.4 0.6

Figure 4.4: Hammett analysis of the reaction of arylboronidagith E-bromostilbene.
Taken from ref 157.

Additionally, Hammett analysis has also been emgidiotp study the mechanism
of the reaction of aryl bromides and arylboroni@azatalyzed by palladacycles (Figure
4.5). It was found that aryl bromides bearing EWs8ederated the rate of reaction and
gave correlation values pf= 0.48,p = 0.66, anc = 0.99for palladacycled/1*?° vii 0
andVIll *** respectively. Transmetalation processes havebalsn studied for the cross-
coupling of phenyl boronates with propargylic carates = 0.73}°%% y-selective cross-
coupling of potassium allyltrifluoroborates withyaibromides ¢ = -1.1}*% and 1,4-

addition of arylboronic acids to enongs<(-0.54)*%*
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N cCl N cl ,N4<
Pd/\ /Pd\ /Pd\/
N\
A P" “PCy, F;0CO >
2

VI Vil VI

Figure 4.5: Palladacycles used in Hammett analysis of arylboracid with aryl
bromides

Stille Coupling

Farina studied the electronic influence of aryhsne on the transmetalation step
by competitive experiment of vinyl triflate with fraus para-substituted aryl stannanes
(Scheme 4.10%° In the absence of lithium chloride, EDG on the asyannane
accelerated transmetalatign< -0.89), indicating development of positive dein the
transition state (Figure 4.6). However, in the pree of LIiCl, the linear relationship
could not be obtained (Figure 4.7). This indicai®d mechanistically different pathways
for the transmetalation process in the presencalbf Farina's results are in contrast to

that by Stille employing acid chlorides and benzgliannanes(= 1.2)°

Scheme 4.10

t-Bu
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Figure 4.6: Hammett analysis of Stille Figure 4.7: Hammett analysis of Stille
coupling reaction in absence of LiCl. Takepoupling reaction in presence of LiCl.
from ref 165. Taken from ref 165.

In summary (Table 4.1), Hammett studies of crosgling reactions have
indicated that transmetalation is a complex proéesshich the rates of coupling are
strongly influenced by substituents on the ringnedl as the catalyst and/or ligand. In
light of the failure of ouraryl-allyl coupling reaction in the 7-deoxypancratistatv)
synthesis (Scheme 4.1), we chose to investigateaniehanism of the siloxane-based
coupling reaction in detail.

The goal of this project was to perform a Hammeittlg of the coupling reaction
utilizing palladium-catalyzed siloxane derivativ8$e study reported below is the first
mechanistic investigation of aallyl-aryl coupling process involving silicon-based

reagents.
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SnBus

Organometallic Partner | Electrophilic Partner Catalyst P
R@Sin
© 'O (1°-CgHsPdCl); | 15
Br
ROB (OH), i ; Pd(OAc),/PPhs | -0.71
ROB(OH)Z TSQ@ NICIL,(PCys), | 0.81
O By | Pdadbag, AsPhy | -0.89

o

Table 4.1: Summary of Hammett studies

RESULTS AND DISCUSSION

Hammett Analysis
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The proposed mechanism for the allyl-aryl couplregction is summarized in
Scheme 4.11. The relative rates for each individtegg of the coupling will be discussed
below. Cyclohexenyl carbonat&20) was chosen as the coupling partner for the silexa
study because it was known to undergo facile aliyl- coupling with siloxane
derivatives under established protocols. Theragsifecant literature precedent for the
rapid and reversibldormation ofz-allyl palladium complexes from allylic derivatives

with both phosphine and dibenzylideneacetone (tigahds. (The reversibility of




the reaction is diminished with carbonates sinag ¢hArbonate anion decomposes to

carbon dioxide and alkoxide under the typical cingptonditions)-°®

Scheme 4.11
R R
TBAF
fast
Si(OEt)s F—Si(OEt);
121 © t T R 7]
122 C R 7] R
OCO,Et Ln
Pd(0) P(Ij transmetalation L
P ———— _— > n — —
fast ®Y 15
%5 Pd P
F—Si(OE); @ bn O ‘
120 123 - 124 N - 125 - 126

However, it was important to conclusively demortstthat this step was not rate-
determining in this coupling system, and that resah be inferred from the subsequent
Hammett analysis reported below. If formation oé thkrallyl intermediate123 were
rate-determining, then a correlation of rates viiBimmett parameters on the siloxane
moiety would not be observed because the siloxanddanot appear in the rate equation
for formation of ther-allyl complex. Accordingly, the Hammett correlati@mbserved
(vide infrg) is consistent with the formation of theallyl palladium complex being a fast
process.

Formation of the hypercoordinate silicdt22 from the reaction of fluoride anion
(TBAF) with the siloxane derivativel21 is not rate-determining either. This was
demonstrated by’F NMR spectroscopy of the reaction of TBAF and piisiloxane

derivatives12l In the key experiment, a hypercoordinate silicgiecies 121, R = H)
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was generatedn situ by reaction with fluoride source (TBAF) (Scheme 24.and
Figure 4.8). The formation of hypercoordinate siles was observed usifgc NMR
where the fluorine signal of TBARS (-114)°® disappeared rapidly (10 mimt room
temperatureon addition of phenylsiloxane to give two new fluer signals: a sharp
singlet at6 -121, and a broad resonance centered ab €427, respectively, as shown in
Figure 4.8. The signals at -121 and d -127, respectively, are consistent with chemical
shifts of hypercoordinate fluorosilicate specieshsasl22 and127, respectively reported
by this and other groug&>*"’Upon cooling (-29 °C), th&F signal at5 -121 sharpened,
showing silicon satellitesl§.r = 207 Hz). Additonally?°Si NMR also indicated coupling
of 207 Hz at 6 -129 confirming the formation of hypervalent siie species (see

Experimental Section, Figure 4.15).

Scheme 4.12
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a) TBAF at 2¢°C

11 A2 18 114 115 116 117 118 119 120 121 122 128 124 125 126 127 128 129 130 131 132  -133 134 ppm

b) TBAF and Triethoxyphenylsilane (1:1) at 29 °C

T ‘]Si-F =207 Hz

—— —121.048
—— —127.221

-121.0

o -28°C

T T T T T T T T T T T T T T T T T T T T T T T T J
11 12 118 114 115 116 117 118 119 120 121 122 123 24 125 126 127 128 129 130 131 132 133 134 ppm

Figure 4.8: ®F NMR spectra of silicate formation (a) TBAF in TH#E 29 °C (b)'F
NMR spectrum of silicate complexes resulting froml Imixture of TBAF and
Triethoxyphenylsilane at 29 °C. Insert'{ signal ab -121 after cooling to -28 °C.

The broad signals in thEF NMR spectrum are consistent with formation of
hypercoordinate complex(es) that undergo dynanmocesses including ligand exchange
and pseudorotation. The equilibrium between theouar silicates is dependent on
stoichiometry of fluoride:siloxane and other elenic factors. Thé’F NMR spectra are
also temperature dependent, indicating a dynanocgss (see Experimental Section).
Preliminary studies of silicate formation indicatbédt the electronic effects of the groups
attached to the aryl ring had an effect on thetikgaguantities of each component, but
additional studies have to be undertaken to deterrthe relative importance of each

silicate to the overall coupling reaction. None#issl the conclusion drawn from this
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study is thatat room temperature, the siloxane reacted with ritleo ion to provide
hypercoordinate silicates rapidly, much more rapithan coupling occurred.

Analogously, when TBAF (2 equiv.) was added to atore of phenylsiloxane (1
equiv.) and itg-methoxy congener (1 equiv.), the signal for TBApIdly disappeared
and was replaced by a series of resonances indgicai hypercoordinate silicate
formation. This experiment conclusively demonstiateat formation of the silicate from
the reaction of fluoride ion and the siloxane datilves was fast and could not be the
rate-determining step in the coupling reaction.

We had proposed initially that either transmetalatof silicate122 to r-allyl
palladium complex123 or subsequent reductive elimination was the raterdhining
step in the coupling reaction (Scheme 4.11). B #@sumption were correct, then the rate
of the allyl-aryl coupling should be influenced by electronic characteristics of the
substituent present on the aryl ring of siloxa24, and substituents in the para-position
would stabilize (or destabilize) transition std4 resulting in a rate enhancement (or
diminution). Competition experiments betwegihenyltriethoxysilane6 and para-
substituted aryl siloxanel21 (R = OMe, Me, Cl, CGEt) were performed and the results
are summarized in Figure 4.9. The relative ratdrafismetalation was enhanced by
electron-withdrawing groups (EWG). Electron-withdiag groups are better at
stabilizing the developing negative charge on ifpg-carbon in transition staté24

through inductive effects.
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OCO,Et
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Figure 4.9: Summary of relative rates of coupling reactionswgitoxane derivatives

More importantly, the excellent correlation obsenme the Hammett analysis is
consistent with the proposal that the rate-detengistep is either the transmetalation or
reductive elimination reaction. As was noted abaker-allyl formation were the slow
step, then no difference in the relative rates wobave been observed since the
substituents on the aryl ring would not be ablemanifest their influence in the rate
determining step of the coupling reaction.

Having established the nature of the substitueieicefor the siloxane coupling
protocol, the magnitude of the stabilization thatwred in the transition state for the
coupling was determined from the Hammett corretattdammett plots were obtained by

plotting log (k/k) against substituent parametess o, and ¢*.*”® The plot of log (k/k)
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against o, gave the best linear correlation to the experialedéta (Figure 4.10) with
slopep = 1.4. The linear regression with, value indicated that an inductive effect was
chiefly responsible for stabilization of the traimsi state.

The positive slopep(= 1.4) of the line indicated that coupling wassseve to the
electronic effects of substituents and that a figant amoung of negative charge was to
be found on the aromatic ring in the transitionteste?4 (Scheme 4.11). Contrast the
magnitude of thep value (+1.4) with the values obtained in studiésborates and
stannanes, respectively (described above) wjpgre 0.7-1.1 (Table 4.1). The positive
slope ofp = 1.4 is in sharp contrast with the studies regmbity Hiyama g = -1.5)°°,
Monteiro ¢ =-0.71}*" and Farina { = -0.89}°° using silicon, boron and stannane
derivatives, respectively, in the presence of palia catalyst, where EWG retarded the

rates of coupling reaction (Table 4.1).

log(k/k o)

0.4 -0.3 -0.2 0.1 0 0.1 0.2 0.3 0.4 0.5

Op

Figure 4.10:Hammett analysis of allyl-aryl coupling reaction

It is noteworthy to reiterate the significance betHammett correlation: the
observed substituent effects are consistent witmdtion of ther-allyl complex being a

fast and reversible reaction as was noted abovee#hdr the transmetalation or the
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reductive elimination is rate-determining (SchemkLy If formation ofr-allyl complex
were rate-determining, then the Hammett plot shdwade had a slope of zero because
the aryl siloxane was not involved in that stephaf mechanistic cycle.

It is worth emphasizing that the term “rate-determgy step” in the discussion
above is not precise. Rate-determining and prodet#rmining have been used
interchangably, although this is not valid in aicstinterpretation. We know that
formation ofreallyl intermediatel23is fast and reversible step (Scheme 4.13). Assgimin
transmetalation and reductive elimination is irmsuge, if reductive elimination is slow,
the product-determining step is transmetalationesinh is the first irreversible step. This
may not be the rate-determining step, but it isstie that leads to selective formation of
one coupling product over the alternative. On ttieeiohand, if transmetalation is slower
than reductive elimination, transmetalation isl giloduct-determining as well as rate-
determining. In this study, relative rates of ieesible steps were measured and not the
absolute rates. Nonetheless, regardless of whielp & slow (rate-determining),

transmetalation is the product determining step.

Scheme 4.13
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From the data provided it is not possible to ungonusly determine which of
these two steps is rate-determining. For this aogpleaction, however, we propose that
the rate-determining step is transmetalation, ratiien reductive elimination, based on
several lines of circumstantial evidence.

First, since no coupled produt® was obtained in the 7-deoxypancratistatdd) (
synthesis, it is reasonable to assume that therratalation had not occurred to give
palladium complex88 (Scheme 4.3). Although the rationale for this dosion is
complex, the analysis is important for the mechanstudy in question. Formation of
Trallyl complex 99 (Scheme 4.3) was fast and reversible; thus thesrarpntally
observed rearrangement of the cyclohexenyl carleowas observed as a byproduct in
this coupling (see Chapter 3). If the rate-detemgrstep was transmetalation, then a
slow transmetalation reaction would provide greaigportunity for rearrangement and
decomposition of the cyclohexenyl starting matenwdhout leading to coupled product.
If, on the other hand, reductive elimination wehe trate-determining stegoupled
product, even if only trace amounts, would havenbaatained since it is unlikely that
transmetalation was reversibleReductive elimination must result in formation of
coupled product or reduced arenga(beta-hydride elimination followed by reductive
elimination). No trace of either coupled productreduced arene was observed under
these conditions.

A second piece of evidence supporting the conalusiat transmetalation was
rate-determining was derived from the study of Ksawwa on the reductive elimination of
diorganopalladium complexé& % Kurosawa was able to prepare allyl-aryl palladium

complexes (utilizing an alternative methodology) ameasured the rate of reductive
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elimination at 0 °C. If extrapolated to 55 °C, asaur coupling protocol, the rates of
reductive elimination would be much faster than thte of coupling observed, thus
suggesting that transmetalation, and not reducliraination, is rate-determining step
for the allyl-aryl coupling reaction reported inrostudy. Admittedly, the evidence is
circumstantial, since the Kurosawa system involdifrent ligands on the metal center
than our coupling protocol.

Even more significant is that Kurosawa demonstrateat electron-deficient
alkenespromotednot retardedthe reductive elimination in his system. This olkagon
is particularly germane to our coupling system ihicki the electron-deficient dba
(dibenzylideneacetone) is a ligand on the catathist functions for this coupling.
Assuming that the silicate system behaves analbgdasthe Kurosawa analog, we
would anticipate that the reductive eliminationpsteould be facilitated by the presence
of electron-deficient ligand as was observed bydsamwa:’®*%

As has been noted by Denmark in his mechanistdiefuof analogous silanol-
based aryl-aryl coupling reactions, there is no mimguous evidence for the
intermediacy of a diorganopalladium (II) compleatthindergoes reductive elimination to
produce the product (Scheme 4.Y1)In the allyl-aryl system described herein, it is
possible thatr-allyl complex123reacted with the activated silical2 via a substitution
reaction to yield the product directly. NonetheJesse would observe that this step
would be rate-determining.

Further support for our hypothesis that the ratemening step in the coupling
reaction is transmetalation, and not reductive ieltion comes from Hartwig's lab.

Hartwig has reported several mechanistic studiespafadium-catalyzed coupling
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reactions in which reductive elimination is theeratetermining steff“% In each of
these studies, however, an isolable palladium ¢timplex was prepared and then
decomposed thermaliya reductive elimination to provide product. Hamneetalyses of
these systems have shown significant substitueiectsf but the results are not as
straightforward as is observed in our system. F& Bond formation, the substituent
effect wasqualitatively similar to those observed in our study, namelyefagtes with
electron-withdrawing substituents, but there wascoaelation with Hammett sigma
values. They were able to correlate the rates aiiateve elimination only with a mixed
Hammett value that included both inductive and mesee contribution®* Analogous

situations were observed for C-N and C-C coupleagtions, respectivefy>%°

Role of Ligands

The studies summarized above have establishedHaatmett analysis is an
excellent method for gathering mechanistic infoioratregarding the transition state
(124 for the transmetalation step of the mechanismh€8e 4.11)Furthermore, this
Hammett methodology can be employed for investigatihe roles of catalyst-ligand
combinations in the coupling reactiofypically, the development of an "optimized"
catalyst system for a coupling reaction involves ¢émpirical development of conditions
and reagents using various ligand-metal ratios iandased on vyield or turnover of
product. The actual role that the ligand (i 124, Scheme 4.11) plays in transmetalation
cannot be assessed except in a qualitative semseaeaction yield was high or low.
Adding ligand or substituting a new metal may cletite yield of the reaction, but does

not provide precise mechanistic information abcg tate-determining step in the
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catalytic process. However, once the relative rédesvarious substituents had been
measuredinder standardized conditionge were able to extend our Hammett study to
include various catalyst-ligand combinations. Inrtigalar, we were interested in
determining whether the rate of transmetalationdtde enhanced by changing ligands
on the palladium. Ligands with different electroaied steric properti€d might be able
to stabilize the transition stal24 (Scheme 4.11) differently and hence affect the ot
transmetalation. By measuring the relative ratés/éen two aryl siloxanes, it should be
possible to investigate the role that electronatdes play in the coupling reaction.

As shown in the Table 4.2, entry 1, the best catdlyr the coupling of siloxanes
and cyclohexenyl carbonat&20) is Pd(dba). Changing the catalyst to either,Ritba}
or Pd(dbak-CHCE resulted in a considerable decrease in the yiklkcbopled product.
Why the yield is diminished is less clear since thliee of these Pd-complexes are
thought to behave comparably as Pd(0) sourcesh®wther hand, the relative rates of
p-anisoylsiloxane/phenylsiloxan@Z16) with all three catalyst systems, it was observed
that the ratio of 0.42 + 0.02 was maintained. Tdmult clearly demonstrated that the rate-
determining step in the coupling reaction was igahtwith all three catalysts systems
and that another step in the mechanism must bemsgype for the diminished yields of
product. The effect of various added ligands ondinwapling reaction was evaluated and

the results are summarized in the Table 4.2.
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OCO,Et

Si(OEt); Si(OEt), 120
Pd(0), 55 T
' Ligand
H OMe THF, TBAF
6 121
Entry Pd (0) Source Ligand Relative | Yield
(20 mol %) (20 mol %) | Rate (%)?
1 Pd(dba), - 0.4z 80
2 Pcy(dbas - 0.4z 63 H
3 Pcy(dbasCHC; - 0.40 61
4 Pd(dba; AsPl; 0.3¢ 53
5 Pd(dba PPI(CsFs) | 0.4z 32
6 Pd(dba PCys 0.4z 55
7 Pd(dba P(o-tolyl)s | 0.4% 48 H
8 Pd(dba; PPl; 0.2t | <2C’ P
9 Pd(dba; | 03z | <2 ’
10 Pd(dba; [ - NA 129
11 Pd(dba 1 - NA
12 Pd(dba P(z-Fu) - NA Q
13 Pd(dbi), - 0.4F 79
14 Pd(dbay - 03¢ | 64 QP\Q
15 Pd(OAC, PCys 0.3¢ | <2¢° P
16 Pd(OAC> AsPr3 0.4¢ | <2C° @ \®
17 Pd(OAC3 PPl; - NA
18 Pd(OAC) P(z-Fu) - NA
19 Pcy(dbe-4,4-OMe); - 0.3¢ 55
20 | Pd(dba-4,4'-CE,H,0 - 0.41 51

2 Yield determined by gas chromatography using adstal.” Yield determined
by column chromatograph§ DMF was used as a solvefiDioxane was used
as a solvent. Note: relative rates and yields tnyehare averages of three runs,
entries 2-9, 15-16 and 19-20 are averages of twos.rP(2-Fu) is
tri-2-furylphosphine (TFP).

Table 4.2:Role of ligands in the allyl-aryl coupling reaction
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Strongly electron-donating ligands (PCGand P¢-tolyl)s, entries 6 and 7) with cone
angles significantly greater than triphenylphosghigave higher yields of coupled
products than triphenylphosphine, respectively, gt not alter the relative rate of
arylated products. The larger cone angle of thdsasghines would be expected to
provide am-allyl complex with a low coordination number due steric bulk, thus
facilitating transfer of aryl group from the flude-activated siloxane. More electron-
withdrawing ligands (entries 5 and 12) significgnteduced the vyields of coupled
product also, but had no effect on the relativegafsPh (entry 4) gave a better yield of
coupled products when compared with PRimtry 8). Since, the As-Pd bond is longer
than the P-Pd bond; the As-Pd complex might be reapang less steric hindrance from
phenyl groups. With stannane derivatives, Farind aBso shown that AsRHigand
dissociates more readily from palladium intermesBatompared to PEhhus enhancing
the rate of transmetalation (*}@ompared to PRH!’ Large deviations from the relative
rate ratios were observed for the addition of lgdgmsuch as PRhand the Buchwald
ligand 128'%®¥%(entries 8 and 9). Unfortunately, the yields of gling products in these
systems were so low that it is inappropriate tomdrnaeaningful conclusions about the
coupling reactions.

The study of ligand effects on allyl-aryl couplingaction revealed that Pd(dpa)
in absence of any phosphine ligands is the beatytiatsystem (Table 4.2, entry 1). It is
known that electronic and steric properties of pidge ligands can be tuned to achieve
desired catalytic reactivity. We wondered if thansaidea can be applied to design
metal-olefin catalysts for our allyl-aryl couplimgaction. As seen in the Figure 4.11, the

metal-olefin bond is described as a combination ®donation from a filled olefin
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n-orbital to an empty metal orbital ameback donation from a filled metal orbital to an
empty olefine* orbital.****** For an electron rich'&configuration such as Pdr-back
donation from palladium center to olefin is impaoitaStrongerr-back donation results in
stronger palladium-olefin bond, thus increasing skability of palladium complex, but
reducing the lability of the olefin ligand. Bothetlelectronic and steric nature of olefins
plays an important role in determining the bindiaffinity to palladium. Electron
deficient alkenes are bound more tightly to pallatdibecause of increasedback-
donation. Additionally, strained olefins such ashwnene possess high binding affinity

to palladium because of relief of ring strain upanbon rehybridization and reduction of

C

M O<—O || O o donation
C
I

QO

| | Ttdonation

IO

™

steric hindrancé®

Figure 4.11:Donor-Acceptor model for transition-metal-olefiongplexes. Redrawn
from ref 190.

The catalytic activity as well as stability of mietdefin complex can be tuned by
adjusting the electronics and sterics of the oléfjand. It is believed that for most
transmetalations an open coordination site is reddi’° We envisioned that an olefin
ligand lacking an electron withdrawing group thahaeadily dissociate from palladium
would facilitate transmetalation of the aryl grofspm silicon to palladium. However,

such olefins may also reduce the stability of mhllen complex. For example, palladium
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complexes such as Pd(norborngnéyd(COD) and Pd(etheng)are stable only at
extremely low temperature&>*%3

First, effect of electronic nature of dba (dibemtgheacetone) ligands
(Figure 4.12) on the relative rate of allyl-arylupbing reaction was studied (Table 4.2,
entries 19 and 20). It was anticipated that electtonating groups (OMe) on the dba
ligand will destabilizen-back donation compared to more electron withdrgwgnoups
(H, CR). This would promote dissocation of dba from thalggium and faciliate
transmetaltion. Accordingly, [Bftlba-4,4'-OMej] and [Pd(dba-4,4'-Cj»-H,O] catalysts
were prepared according to Fairlamb's procedtiemd a competition experiment of allyl
carbonatel20 was performed. The change of electronic charastahe dba ligands,
respectively, did not change the relative rate; évmv the yield of coupled product
decreased (entries 19 and 20, Table 4.2). In cstntiwaour coupling results, the Suzuki
coupling of aryl chlorides with arylboronic aciderformed by Fairlamb showed that
electron donating groups on Pd(dbajcreased the rate of the cross-coupling reaction,
relatively to unsubstituted dbd 31 R = H)** Very recently, Fairlamb has reported
palladium(0) complexes containing thienyl analog(i&? 133 of dibenzylideneacetone

(dba) and evaluated their reactivity in oxidatiafuition reaction with iodobenzer&.

0] 0] O

NN s. AN S NS
O O \ \ | |
R dba R
R = OMe, H, CF,
131 132 133

Figure 4.12:Various alkenyl ligands
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Pd(dba)} serve as an important precursor for the synthe$iszevovalent
palladium complexes bearing additional ligands sashphosphines, nitrogen, sulfur as
well as olefing?11419628 Tha stability of these complexes is governed biptlsu
interplay between electron-donating and electrothd@wing properties of the ligand.
Our intial attempts involved preparation of mixekfm complexes according to the
procedure reported by Itoh and co-workEfsltoh prepared mixed olefin complexes of
Pd(0) by a ligand substitution of Rithay CHCIl;. By an appropriate combination of
electron-donating and electron-withdrawing olefgahds it was possible to isolate three-
coordinate mixed olefin complexel®d/(, I1X, X, Figure 4.13). Catalyst¥, IX andXwere

prepared and used in the aryl-allyl coupling reac(iTable 4.3, entries 1-3).

O&[Ol o O/A/: olo NC% :<CN

Pd(NBD)(MAH) Pd(COD)(MAH)  Pd(COD)(TCNE)
\Y IX X

Figure 4.13: Pd(NBD)(MAH), Pd(COD)(MAH) and Pd(COD)(TCNE) comples

As seen in Table 4.3, replacing olefin MAH (maleinhydride) with TCNE
(tetracyanoethylene), but retaining COD (cycloosad) as diene, reduced the yield of
coupled product dramatically (entries 2 and 3). @her hand, by subsituting COD
(cyclooctadiene) with NBD (norbornadiene) but neitag MAH improved yield (entries 2

and 4). Interestingly, the catalytic activity of (RdBD)(MAH) IV and Pd(COD)(MAH)
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IX does not correlate to the strain energy of NBD @aD. One would anticpate NBD
having larger strain energy compared to COD to higidter to the palladium due to the
relief of strain and thus be less labile. Howevegher yields with Pd(NBD)(MAH)V
compared to Pd(COD)(MAHIX suggested NBD to be more labile olefin. This resul
constistent with that of Orchad and Weiss who slibdespite higher strain energy, NBD
bings less strongly to metal (copper or silver) pamed to COD and pointed to
significance of steric factof8%%1°

It is important to note that both Pd(NBD)(MAHY and Pd(COD)(MAH) IX
catalyzed allyl-aryl coupling reaction even at aembitemperature, which is not the case
with Pd(dba). This suggests that these catalysts are far neaetive than Pd(dba)
However they produce lower yields compared to Paldable 4.3, entry 1). This can
be attributed to instability of these complexesatution compared to Pd(dbapuring
coupling reaction precipitation of palladium blaskobserved within 2-3 hrs when using
Pd(NBD)(MAH) IV and Pd(COD)(MAH)XI, but this is not the case with Pd(dbha)
While the preparation of Pd(NBD)(MAH)IV was easy, the preparation of
Pd(COD)(MAH) XI and Pd(COD)(TCNEX was tedious and required careful handling
due to their instability (precipitation of palladiublack) when exposed to air and ambient
temperature. This was also the case with catalf&igcyclopentene)(MAH) and
Pd(norbornene)MAK which could not be isolated due to extensive deuusiion to

palladium black.
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OCO,Et Si(OEt)s O
Pd(0)
' TBAF ‘
120 6
9
: . . Yield
Entry | Pd(0) (25 mol%) | TBAF equiv. | Siloxane equiv. (%)
1 Pd(dba) 2.0 2.0 70
2 Pd(COD)(MAH) 2.0 2.0 38
3 Pd(COD)(TCNE) 2.0 2.0 17
4 Pd(NBD)(MAH)? 2.0 2.0 54
5 Pd(COD)(NQ) 2.0 2.0 48
6 Pd(COD)(DQ) 2.0 2.0 23
7 Pd(COD)(NQ) 2.0 2.0 £
8 Pd(COD)(NQ) 8.0 8.0 45
9 Pd(COD)(BQ) 2.0 2.0 20
10 Pd(NBE)(BQ)2 2.0 2.0 21

All reactions were performed at 55 °C for 24'h2 mol% of catalyst used.

P Reaction in entry 6 was performed in DMF.

Table 4.3:Optimization of Pd(0)-olefin catalyzed allyl-arybapling reaction

The instability of mixed olefin complexes preparég Itoh limited their
application in the allyl-aryl coupling reaction. Wext chose to examine Pd(0)-triolefin
complexes containing quinones prepared frontPa-CHCL; (Figure 4.14)**These
catalysts are stable at ambient temperature amelftine easy to prepare. When employed
in the allyl-aryl coupling reaction, Pd(COD)N® gave superior yields in comparison to
palladium complexes formed using Pd(COD)B®@ and Pd(COD)DXII, indicating a
strong electronic influence on the catalyst's pemnce. It is interesting to note that
subtle changes such as inclusion of aromatic iN@ € naphthoquinone) in the catalyst

dramatically improve the yield compared to BQ (lmqunone) and DQ (duroquinone).
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Optimization of reaction conditions using Pd(COD\V showed no improvements in
yield. Dinuclear Pd(0) complex possessing BQ adridging ligand and NBE
(norbornene) as a monodentate ligand was also @b however, this catalystil|

resulted in poor yield (Table 3, entry 10).

LD

\Pd AN 7NN Nl
\ / \ / 0 0
| Pd Pd \/
0 0 | \ \ : /
— —l-|= —I=|= \ /
(0] I o (0] I o
O O
Pd(COD)(NQ) Pd(COD)(BQ) Pd(COD)(DQ) Pd,(NBE),(BQ),
\% XI Xl XMl

Figure 4.14:Pd(COD)(NQ), Pd(COD)(BQ), Pd(COD)(DQ), #NBE),(BQ), complexes

From the results summarized in Table 4.3, Pd(NBN IV and
Pd(COD)(NQ)V were identified as appropriate cataysts for akyll coupling reaction
using cyclohexenyl carbonate as substi&t@ Next, these catalysts were applied in the
coupling of more complex carbona®& with aryl siloxane6 and siloxaner2 (Scheme
4.14). It was observed that even stoichiometric @ame of Pd(NBD)(MAH)IV gave
worse yields (11-13%) compared to Pd(COD)(NQfor the coupling reaction (Scheme
4.13). Thus, Pd(COD)(NQY is the best catalyst as of now for the reactiawshin the

Scheme 4.14.
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Scheme 4.14

Si(OEt),
o,

Pd(NBD)(MAH)
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NHE TBAF, rtor 55 C
E = CO,Me 30-40%
87
o) Si(OEt)3
CIJ
Pd(COD)(NQ)

TBAF, rtor 55 C
30-40%

Though Pd(dba)works well (70% vyield, Table 4.3) with the simpdlyl-aryl
coupling reaction it does not function in the canglof complex allyl carbonat&7 with
aryl siloxane72. This might be because electron withdrawing dbssdticiates less
readily from the palladium compared to COD, hindgriransfer of aryl group to the
palladium center. However, Pd(COD)(NQ) resultsaweér yields compared to Pd(dba)
in case of cyclohexenyl carbonate (Table 4.3) presly because of its decompostion to
palladium black.

The coupling product9 is the desired compound for the synthesis of aatur
product 7-deoxypancratistati?4) (see Chapter 3). The moderate yield of the cagpli
reaction is one of the drawbacks of this reactirure goals would aim at application of
different kinds olefin-based catalysts in palladioatalyzed allylic arylation to optimize

the key reaction.
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CONCLUSION

Mechanistic studies on coupling reaction of allgtlonate and aryl siloxane has
offered several useful insights;

1. On the basis of Hammett analaysis of allyl-aryl glowg of para-substituted
siloxane derivatives with cylcohexenyl carbonate, tate-determining step of the
coupling reaction was identified as either transiaion or reductive elimination.
Furthermore, it was observed that the rate of égogplkaction was enhanced by
electron-withdrawing substituents, indicating dgu@ent of negative charge on
the aromatic ring in the transition state of the+@determining step.

2. Competition studies as a function of ligand typeeeded that electronic as well as
the steric nature of phosphine ligands on the ns#ialdramatically affect yield of
coupled product, but rarely affect the relativeesabf the coupling reaction. This
idea was used to explore steric and electronicreatfl olefin-based palladium
catalyst on allyl-aryl coupling reaction.

3. A new family of catalysts for the siloxane couplipgocess that overcomes the
limitations have been developed. These catalystrame reactive than Pd(dba)
which is apparent from their ability to catalyzeethreaction at ambient
temperature.

4. Tri-olefin-based Pd(0) catalyst, Pd(COD)(NQ) hasrbsuccesfully applied in the
coupling reaction of complex allyl carbonai®/ with aryl siloxane 72
(Scheme 4.14)to produce much needed coupling produ@ (Hudlicky's

intermediate) for the synthesis of natural prodi#deoxypancratistatir2d).
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EXPERIMENTAL DETAILS

General Methods

All reactions were run under an atmosphere of argoless otherwise noted.
Glassware used in the reactions was dried for anmaim of 12 h in an oven at 120 °C.
Tetrahydrofuran was distilled from sodium/benzomren ketyl, while methylene
chloride, pyridine, dimethylformamide and dioxanerevdistilled from calcium hydride.
PPh, PCy, and 2-(dicyclohexylphosphino)biphenyl were retalfized from hexanes
prior to use. Ri-tolyl)3 and P(2-Fwwere recrystallized from ethanol. AsPRPh(CgFs)
and 2-(dit-butylphosphino)biphenyl were used as received(fibé-4,4'-OMej] and
[Pd(dba-4,4'-Ck),-H,0O] catalysts were prepared using the procedure rtegboby
Fairlamb®* Pd(COD)(TCNEJ}*? Pd(COD)(MAH)}*? Pd(NBD)(MAH)**?
Pd(COD)(NQ¥*3, Pd(COD)(BQ}*, Pd(COD)(DQJ*® P&(NBE)»(BQ),'** were prepared
as reported in the literature.

Y NMR and #Si NMR were recorded on a high field 500 MHz NMR
spectrometerF and?Si chemical shifts are referenced to external stehd@FA and
TMS respectively. Gas chromatography was perfororeé Hewlett Packard 5890 GC

equipped with a flame ionization detector usingpmanethyl silicon column.
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Allyl carbonate 120

OH OCO,Et

CICO,Et, pyridine
CH,Cl, rt, 64%

To 2.09 g (21.3 mmol, 1.00 equiv.) of commercialiailable 2-cyclohexen-1-ol in 20.0

120

mL anhydrous CbkLCl, and 2.57 mL (31.9 mmol, 1.50 equiv.) anhydroudsdaye was
added 3.17 mL (31.9 mmol, 1.50 equiv.) of ethylocbformate dropwiseia syringe
under argon. The reaction was allowed to stir anraemperature for 7 days. The
reaction mixture was extracted with &, (3 x 50 mL), washed with 4@ (50 mL),
dried over MgS@ and concentratesh vacua Flash chromatography on silica gel (5%
EtOAc/95% hexane, /R= 0.51) afforded 2.32 g (64%) of the allyl carb@df0 as a
colorless oil; IR (CCJ)) 3042 (w), 2981 (w), 2947 (m), 2875 (w), 2838 (A),37 (s),
1373 (s), 1265 (s), 1017 (s) ¢ptH NMR (400 MHz, CDGY) $ 5.97-5.93 (m, 1H), 5.77-
5.73 (m, 1H), 5.10-5.09 (m, 1H), 4.16 (= 7 Hz, 2H), 2.05 (m, 1H), 2.05-1.98 (m, 1H),
1.88-1.80 (m, 3H), 1.62 (m, 1H), 1.28 Jt= 7 Hz, 3H);**C NMR (100 MHz, CDGJ) &
154.8, 133.2, 125.0, 71.5, 63.6, 28.2, 24.8, 1B4x. The spectral datdH{ NMR) were

identical to that reported in the literatdre.

121



General procedure for competition experiments for dyl-aryl coupling
reaction (Table 4.2)

OCOzEt
Si(OEt); Si(OEt)s 120 ‘ ‘
Pd(dba)2 55 C .
THF, TBAF O O
H R
6 121 9 126

R = OMe, Me, Cl, CO,Et

To 121 mg (0.712 mmol, 1.00 equiv.) of allyl caratel20, 342 mg (1.42 mmol, 2.00
equiv.) of aryl siloxan® and 383 mg (1.42 mmol, 2.00 equiv.)ménisoylsiloxanel21
(R = OMe) dissolved in 4.00 mL of anhydrous THF veasled 40.9 mg (0.0712 mmol,
0.100 equiv.) of Pd(dbaunder an atmosphere of argon. This was followeadxition
of 2.84 mL (2.84 mmol, 4.00 equiv.) of 1 M TBAF sbbn in THF and the reaction
mixture was stirred at 55 °C for 24 h. The prodwes extracted with 5 x 20 mL &
and washed with 20 mL J@. The combined organic layers were dried over Mg&al
concentratedn vacuoto give coupling product8 (R = H) and126 (R = OMe). The
crude product was filtered through a short silitagp The relative quantity of 0.44 for
p-anisoylsiloxane 121 (R = OMe) was determined from the amount of
methoxyphenylcyclohexen&26 (R = OMe) obtained relative to phenylcyclohexeéhe
using GC (gas chromatography). The same experitngnmtzcedure was used to
determine relative rates of different aryl siloxard21 Moreover, effects of different

catalysts, ligands and solvents on the relative wdttransmetalation were examined
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(Table 4.2), using analogous competition experisienwhere yields were determined by

GC using standard unless otherwise noted.

Aryl siloxanes 121

Ny W

121
R = OMe, Me, Cl, CO,Et

p-anisoylsiloxane (R = OMep-tolylsiloxane (R = Me), an@-chlorophenylsiloxane (R =
Cl) were prepared from commercially availalgoromoansiole p-bromotoluene and
p-chloroiodobenzene respectively according to thecgdure previously reported by
DeShong and Manos8%*? p-Carboethoxyphenylsiloxane (R = G8) was prepared
from ethyl-4-iodobenozate by Masuda's procedtit@he 'H NMR spectral data of aryl
siloxanes121 (R = OMé&*?, R = M&*? R = CF°, R = CQEf™) were identical to that

reported in the literature.

Alkene (9, 126)

~ )=

9 R=H
126 R = OMe, Me, CI, CO,Et

The spectral data of phenylcyclohex8fied, methoxyphenylcyclohexerfd?® (126,
R = OMe), methylphenylcyclohexet?é® (126, R = Me), chlorophenylcyclohexeite®
(126, R = Cl) and carboethoxyphenylcyclohex&26 (R = CQEt) matched to those

previously reported in the DeShong group.
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General procedure for allyl-aryl coupling using Tri-olefin-based Pd(0)
catalysts (Table 4.3)

OCO,Et Si(OEt)5 O
Pd(0)
TBAF

120 6

9

To 76.5 mg (0.450 mmol, 1.00 equiv.) of allyl canate120, 216 mg (0.900 mmol, 2.00
equiv.) of aryl siloxan® in 4.00 mL of anhydrous THF was added 41.9 mgl®rhmol,
0.250 equiv.) of Pd(COD)(NQ) under an atmospherargbn. This was followed by
addition of 0.900 mL (0.900 mmol, 2.00 equiv.) oMLTBAF solution in THF and the
reaction mixture was stirred at 55 °C for 24 h. pheduct was extracted with 5 x 25 mL
Et,O and washed with 25 mL,B®. The combined organic layers were dried over MgSO
and concentratedn vacuo to give crude cyclohexen®. Purification by column
chromatography (100% pentang;R0.65) rendered 37.0 mg (52%) of cyclohex8ras

a colorless oil'H NMR (400 MHz, CDC}) & 7.31-7.27 (m, 2H), 7.22-7.18 (m, 3H),
5.89-5.86 (m, 1H), 5.72-5.69 (m, 1H), 3.41-3.38 (thl), 2.08-1.99 (m, 3H), 1.74-1.71

(m, 1H), 1.61-1.53 (m, 2H); The NMR spectrum wasnititcal to the literaturé*
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Formation of hypercoordinate silicates

Triethoxyphenylsilane (0.18 mmol, 43 mg) was mixedh 1 M TBAF (0.18
mmol, 0.18 mL) in 0.50 mL THF andF NMR spectrum was recorded after 10 minutes
at 29 °C'°F spectrum indicated two major resonances at21 and -127 and two minor
resonances ab -113 and -128 (see Figure 1, (b)). After 1 h, TB#&# siloxane mixture
was cooled to -28 °C. Upon cooling, th€ signal at$ -121 sharpened, showing silicon
satellites Jsi.r = 207 Hz)."*F NMR spectrum of hypercoordinate silicates is pied in
Chapter 4, Figure 4.8. WhilEF NMR was obtained at 0.36 mM concentratibigi
NMR required higher concentration (3 x 0.36 mM) émuger time (18 h). The chemical

shift of triplet at 6 -129 ppm indicates hypercoordinate silicate anig;= 207 Hz.

—— 69.6378
— -70.7108
— 72,6747

__~78.6229
—— -79.2789
—— 79,5683
108.634(
—— -126.589¢
— -128.6709
— -130.7542

15
1

10
I

Jsip= 207 Hz

T T T T T T T T T T T T T
-60 -80 -100 -120 -140 [ppm]

Figure 4.15:%°Si NMR spectrum of silicate formation at -28 °C.
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Based ort°F and®®Si NMR, we have tentatively assigned conformatitynstiable
bis-fluorosilicate derivativel35 or 136 as the hypercoordinate arylfluorosilicate which
arises from conformationally mobile mono-fluorosilie134 (Scheme 4.15). TheF and
29Si NMR spectra and coupling constant are consisigifit that of TBAT, previously
characterized by the DeShong group. Additionatlyyas observed that bis-fluorosilicate

when reacted with allyl carbonat@0, gave coupled product in 60% yield.
Scheme 4.15

OEt
@|”\\\\‘F
Si ]
F i y | e OCO,Et
_ : | 135 OEt
SIOBY)s o ©sioEy, o Si(OEt),
120

E OEt
Pd(dba),, 55 C ‘
134 \ F
o
F F © | WOEt 60%
| P o
F

TBAT 29 shift = 5 -106
19F shift = 5-96
J Si-F = 252 Hz
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