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Abstract

Three different asymmetric hydroformylation (AHF) tandem reactions have been
developed in the context of the total syntheses of (+)-patulolide C, (-)-pyrenophorol, (+)-
decarestrictine L and (+)-Prelog-Djerassi lactone. Specifically, a synthesis of (+)-patulolide C
has been accomplished in 3 steps utilizing a Rh(I)-catalyzed Z-selective anti-Markovnikov
hydroacetoxylation of a known alkyne to give a Z-enol acetate with excellent selectivity (97%
Z). A Rh(I)-catalyzed AHF/ intramolecular Wittig olefination cascade was utilized to set the C4-
hydroxyl stereochemistry, E-olefin geometry, and form the macrolactone. Also, both (-)-
pyrenophorol and (+)-decarestrictine L have been synthesized from the enantiomeric (4R) and
(4S) 4-tert-butyldimethylsiloxy-1-pentyne in five and four steps, respectively. These syntheses
feature Ru(ll)-catalyzed Z-selective anti-Markovnikov hydroacetoxylation of the terminal
alkynes followed by AHF/ Wittig olefination sequences to rapidly establish functionality and
stereogenicity. A synthesis of (+)-Prelog-Djerassi lactone has been accomplished in 3 isolations
from the known 1-vinyl-4-methyl-2,6,7-trioxabicyclo[2.2.2]octane ortho ester (vinyl-OBO). A
Rh(I)-catalyzed AHF/crotylation tandem sequence has been developed and used to set the C2-C4
stereochemistry. A Rh(I)-catalyzed asymmetric hydrogenation was employed to set the C6
stereochemistry, resulting in an unusually short and efficient enantioselective synthesis of this
touchstone molecule from achiral starting material. Overall, the strategic application of the
Rh(I)- and Ru(Il)-Z-selective hydroacetoxylation, Rh(I)-catalyzed AHF with the Landis
bisdiazaphospholane ligands, and the Rh(I)-catalyzed asymmetric hydrogenation have greatly
improved the overall efficiency of these syntheses in terms of atom-economy, catalytic

stereoselective transformations, inexpensive reagents, step counts and overall yield.
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Chapter 1: Asymmetric Hydroformylation with the

Landis’ Bisdiazaphospholane Ligands



Chapter 1a: Landis’ development of the (S,S,S)/(R,R,S)-Bisdiazaphospholane Ligands
Rhodium(I)-catalyzed asymmetric hydroformylation' is a reaction that converts alkenes
into aldehydes with the addition of a hydride to one carbon and a formyl group to the other
carbon of the alkene (Scheme 1a). The two possible regioisomers formed are the branched (B)

and linear (L). The branched aldehyde has an asymmetric center and since the aldehyde is one

Scheme 1a
talyst, CO, H OHO
cata ys H ’ 2 - H
R R*Me g > CHO
B L

of the most versatile functional groups in organic synthesis,” enantioenriched products could
serve as highly valuable intermediates in the realm of pharmaceuticals, agrochemicals and
materials manufacturing. Asymmetric hydroformylation (AHF) is done with a chiral ligand,’
usually a bidentate phosphine, on the rhodium center in order to induce asymmetry on the
branched chiral aldehyde product.

Hydroformylation is a reaction with many attributes that make it appealing to synthetic
chemists. First it uses cheap reagents, hydrogen gas and carbon monoxide, which make it
economically feasible. Second it has excellent atom-economy, i.e. all the atoms in the alkene,
hydrogen gas and carbon monoxide are incorporated into the aldehyde product. Reactions with
high atom-economy produce less waste, which makes them more environmentally friendly and
amenable to large-scale application.* Since billions of pounds of achiral aldehyde are made each
year, there is no doubt that AHF has high potential for industrial applications. Furthermore, the
ever-increasing demands for scarce resources necessitate the use of catalytic reactions in

industrial processes.



Another attribute of AHF is functional group tolerance. The reaction is done under
neutral conditions so the newly formed aldehyde as well as any other sensitive functionality in
the molecule is relatively safe from epimerization or degradation. Since the aldehyde is such a
versatile functional group,” it can be used for a variety of subsequent transformations making the
formyl group an ideal lynchpin for building molecular complexity efficiently. Once the AHF is
complete, the reagents (CO and H;) are easily removed from solution by venting the reaction
vessel. The aldehyde product left in solution is essentially pure, aside from the small amount of
catalyst that is generally inert to subsequent transformations, and ready to use without
purification. These qualities make the AHF an ideal reaction for developing subsequent tandem
transformations. From an industrial perspective, this is highly advantageous, because each step
with purification requires time and expensive effort, and generates waste. Therefore eliminating
a purification step while building stereochemistry and functionality into the molecule is of great
value.

With all these features in mind much research has been done in the field of AHF.” When
performing an AHF reaction the catalyst must exert both regio- and enantioselectivity in
transforming the substrate. Many of the catalyst systems developed for this purpose still suffer
from slow rates, especially on internal alkenes, and low regio- and enantioselectivity for a broad

range of substrates.’



Figure 1a
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In 2005, the Landis group published a new, highly active AHF ligand,’ the bis-3,4-
diazaphospholanes shown in Figure la. Rhodium-catalyzed AHF with the (S,S,S)/(R,R,S)-
bisdiazaphospholanes (BDPs) exhibit exceptional reactivity toward a variety of olefins. These
state-of-the-art ligands exhibit high turn-over-numbers (TONs), high turn-over-frequency
(TOFs) and excellent regio- and enantioselectivity. Vinyl acetate has long been a standard
hydroformylation substrate and the Landis group has demonstrated a large scale Rh(I)-catalyzed
AHF with the (S,S,5)-BDP ligand on vinyl acetate generating the chiral (2S-acetyloxy)-propanal
with excellent regio- and enantioselectivity (41:1 B:L, 92-96 % ee).” This catalyst system
exhibits outstanding reactivity with the substrate to catalyst ratio of up to 150,000:1 and TOFs
averaging 19,400. They have shown that the chirality of the branched aldehyde is determined by
the stereochemistry of the phospholane ring, where the rhodium is bound and not the chiral
amide moieties.

The Landis group has also demonstrated that these highly enantioenriched aldehydes

could be transformed into other functional groups without loss of stereochemical integrity.® As

shown in Scheme 1b, (2R-acetyloxy)-propanal 1b2 was produced via AHF of vinyl acetate 1b1



with (R,R,S)-BDP / Rh(acac)(CO), catalyst system. The newly formed chiral aldehyde (94 % ee)
was then condensed with NH,OH and then chlorinated with NaOCI to yield hydroximoyl
chloride 1b4. Coupling with allylbenzyl amine gave 1b5 followed by esterification with
pentafluorobenzoyl chloride to give 1b6. An amino Heck reaction produced the desired chiral

imidazole 1b7 (94 % ee) without any loss in ee.®

Scheme 1b:
(I)H
Rh(acac)(CO),, Cl._~N
(R,R,S)-BDP, GHO NHOH-HCI [ NaOCI
Z0Ac ~ ve SOA
1b1  THF 150 psi COMH, ° c Me™ "OAc
1b2 1b4
i i Me
allylbenzyl OH OCOCeF5 Ph [
amine _N CSFSCOC| Ph_ Pd(PPhg)s,  N~N__N
. amne _ Ph ¥
65% t TEN t EtsN (
Me® "OAc
92% 63%
1b5 1b6 1b7

Terminal olefins undergo AHF more readily than 1,2- or 1,1-disubstituted alkenes. The
Rh-catalyzed AHF with the BDP ligands has shown a broad substrate scope, even on 1,2- or 1,1-
disubstituted alkenes, albeit with decreased selectivity. Several examples of 1-alkenes and 1,2-
disubstituted alkenes are shown in Table 1a. The BDP ligands have displayed supreme regio-
and enantioselectivity as well as high TONs and TOFs on a broad range of substrates.” These
alkenes are just a few examples of low-cost substrates that can be transformed into high value

enantioenriched chiral aldehydes in a single step with the Rh-BDP system.



Table 1a:
time (h)  temp (°C) conv (%) B:L % ee
o)
12 40 99 33:1 99
A NJ\Ot-Bu
H
o)
NN J\CFS 6 40 99 >50:1 99
H
_~_-0TBS 4 40 99 2:1 96

0
/\(J 4 40 99 421 92

“~ "NHAc 20 70 99 32:1 90

OTMS
KV 15 40 99 2.8:1 94

Conditions: 140 psi syngas (CO/H, 1:1),
0.5 mol% Rh/0.55% (S,S,S)-BDP,0.75 M in toluene

The mechanism for rhodium-catalyzed AHF is depicted in Scheme 1c.’ The catalyst
resting state is the 18 e complex rhodium(I) hydrido dicarbonyl 1¢1. Upon dissociation of CO,
the active catalyst 1¢2 is formed. Alkene coordination yields the m-olefin complex 1¢3 that leads
(reversibly, vide infra) to the alkyl rhodium specie 1¢4. Another molecule of CO binds to make
the pentacoordinate rhodium alkyl specie 1¢S5 followed by alkyl migration to generate the
rhodium-acyl specie 1¢6. Insertion of dihydrogen yields the octahedral rhodium (III) species 1¢7.
Finally reductive elimination, for a net hydrogenolysis of 1¢6 gives the aldehyde product 1¢8 and

regenerates the active catalyst 1¢2.



Scheme 1c:
!
L.,
1c1 ( 'Rh-CO
L/ | Me
cO 0
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1c8 H
(of0]
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 Rh— L., H / 1c6
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LL I H |
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Me R
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e (Lo T TN N
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Experiments were conducted probing both the partial pressures of CO and H; along with
*H-labelling studies on the AHF of styrene with (S,S,5)-BDP.° They discovered that the regio-
and enantioselectivity of the AHF of styrene is dependent and proportional to changes in CO
partial pressure from 40 to 120 psi CO and basically unaffected by changes in the H, partial
pressure. It was also found that at higher CO pressures (> 80 psi CO) a slight inhibition of rate
occurred, probably due to the need for CO dissociation from the catalyst resting state to generate
the active catalyst (Scheme 1c). They concluded based on extensive incorporation of *H into the
recovered styrene that rhodium-alkyl formation is reversible. Over a broad range of CO pressures

the kinetics of the reaction are too complex to identify a single an enantiodetermining step.



Recently Landis and Wong published an account of iterative AHF/ Wittig olefinations'’
to demonstrate the robustness of the catalyst and the ability of stabilized phosphorus ylides to
reacts with chiral aldehydes without erosion of enantiopurity at the newly formed asymmetric
center. The Wittig olefination of a-chiral aldehydes (as generated by AHF) with carbonyl
stabilized phosphorus ylides was shown to proceed in good yield and without loss of
stereochemical integrity. As shown in Scheme 1d, vinyl benzoate 1d1 undergoes AHF with very
low catalyst loading to afford (2R-benzoyloxy)-propanal 1d2, which is then reacted with ylide
1d3 to generate the Wittig olefination product containing a new vinyl ester, which undergoes a
second AHF to yield 1d4. A second Wittig olefination was done followed by a third AHF to give
aldehyde 1dS. Finally a third Wittig olefination was done with ylide 1d6 to afford the trimer 1d7
in 17 % yield from vinyl benzoate 1d1 without isolation of intermediate products.

Scheme 1d

THF, 2.5 h, 60 °C,
1d1

1. 0.5 mol % Rh(acac)(CO),,
BzO™ X 0.5 mol % (S,S,S)-BDP, J\
BzO CHO

140 psi CO/M, 1d2

2 (0]
nBu)3P.
(nBu)sP o o X
1d3 B20” 7 O~ CHO
140 psi CO/H,, o
15 h, 60 °C 1d4
3. o)

® o]
(nBu)sP. o 0 J\
07N | g0 N - N"07 ScHo
1d3 o) :
1d5

140 psi CO/H,,
5.5h, 40 °C

4. o O 1de o
(nBu)3P\@)k o o
O/\‘ B0 7 N 0 = “
o] : (0]
1d7

THF
1 h, room temp




These results clearly demonstrate the versatility and robust nature of the [Rh-BDP]
catalyst system for AHF. With these outstanding results in mind, we set out to develop and apply
AHF tandem reactions in the context of natural product total synthesis as illustrated in the
subsequent chapters.
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Chapter 2a: Background and Previous Syntheses of (+)-Patulolide C

(+)-Patulolide C (2a, Figure 2) was first discovered by Yamada and coworkers in 1985
from the culture filtrate of Penicillium urticae S11R59 mutant, along with it’s congeners
patulolide A and B'. (+)-Patulolide C (2a) is a 12 membered ring macrocycle containing an E-
o,B-unsaturated carbonyl, C11 (R)-Me substituent and a C4 (S)-hydroxyl. Exhibiting both
antifungal and antibacterial activities’, the patulolides have been the targets of several total

syntheses. Summaries of those syntheses are presented in the following sections.

Figure 2
Me,,11 Me.,,
(ONY 2\ 2. O s
5 ‘OH OH
(0]
(+)- patulolide C (2a) epipatulolide C (2a'")
Name, year Steps (Longest Overall Yield % Key Reactions
Linear Sequence)
Irie, 1992 13 4.2 Yamaguchi
macrolactonization
Zwanenburg, 1993 18 0.97 Rearrang. of diazo-
methyl ketone
Takano, 1994 19 2.0 C2-symmetric bis-
epoxide
Sabitha, 2010 14 2.1 a-aminooxylation/
HWE tandem
Thomas, 2012* 15 3.8 Diastereoselective
aldehyde allylation
Hase, 1999%* 8 10 Mitsunobu
cyclization
Shibasaki, 2003 9 38 Asymm. cyanation-
ethoxycarbonylation
Sharma, 2008 16 34 Grubbs I RCM
Mori, 1988 9 21 Yamaguchi
macrolactonization

* racemic synthesis
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Chapter 2b: Irie’s Synthesis of (+)-Patulolide C

Irie’s® synthesis of (+)-Patulolide C (2a) starts with the known ester 2b1* (Scheme 2b),
readily available from Vitamin C. Reduction of the ester with LAH gave the primary alcohol 2b2
followed by Mitsunobu reaction with DIAD and PhsP to afforded epoxide 2b3. Ring opening of
the epoxide with heptenylmagnesium bromide gave alcohol 2b4 along with protection as the
TBDPS-ether to give the fully protected alkene 2b5 and epoxidation with m-CPBA to give
epoxide 2b6. Reductive ring opening with LAH and protection with Ac,O gave the
diastereomeric acetates 2b7 folowed by hydrolysis of the acetonide with AcOH/H,0 to give diol
2b8. Oxidative cleavage of the diol afforded aldehyde 2b9 with subsequent Wittig olefination to
produce o,p-unsaturated ester 2b10. A double hydrolysis of both esters gave hydroxy acid 2b11
followed by Yamaguchi macrolactonization and TBAF mediated desilylation to give (+)-

patulolide C (2a) and the 11(S) isomer 2b12 as a 1:1 mixture.
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Scheme 2b: Irie’s Synthesis of (+)-Patulolide C

S AN S S

O 0 O heptenylMgBr, 0
HO',,HV LAH, THE o DIAD, PhgP, J)\/ ptenyMgBr, -
9 (oN THF, Cul
CO,Me 92 % o 20 PhH - " ~
o (3 5
2b1 58 %
o] 0] 0
imi O - O 1.LAH, THF o)
TBDPSCI, imid. TBDPSO.,, m-CPBA TBDPSO., S TBDPSO.,
pyr. 100 °C DCM 2 2. Ac,O, DMAP Me
b6
98 % 205 5> 9% s DCM 2b7 A
86 % over 2 steps OAc
CO,Et

ACOH, so., Hsl0g (Et0),P(O)CHCO,EY, |
oo P “The 'BDPSO., > TBDPSO
Hzo, 60 °C 2b8 Me NaH, THF "
2b10 Me
A

92 % 88 % from 2b8
OAc
CO.H  1.24,6-ClaCeHCOCI, DMAP

NaOH, H,0 2 EtgN, THF, PhCHs, reflux _
— |

EtOH  TBDPSO., L 2TBARTHE

e
62 % 2b11 f 25 % over 2 steps

OH

(11S)-isomer of
(+)-Patulolide C (2a) patulollde C 2b12

Chapter 2c: Zwanenburg’s Synthesis of (+)-Patulolide C

Zwanenburg’s’ synthesis of (+)-patulolide C (2a) begins with ring opening of (R)-
propylene oxide 2c¢l (Scheme 2c) with the lithium anion of THP-protected 5-hexyn-1-ol to
afford the internal alkyne 2¢2. Next the THP ether was removed, the alcohol oxidized followed
by HWE olefination and DIBAL-H reduction to produce allylic alcohol 2¢3. Sharpless
asymmetric epoxidation® afforded 2¢4 followed by protection of the alcohol as the TBS ether,
hydrogenation of the alkyne with simultaneous Bn ether cleavage then reprotection of the
hydroxyl as the acetate 2¢5. The TBS ether was then removed with TBAF and the alcohol was
oxidized to the acid 2¢6. Formation of the mixed anhydride using isobutyl chloroformate

preceded the reaction with CH;N, to afford a-diazomethyl ketone 2¢7. Their key photoinduced

rearrangement of ketone 2¢7 with subsequent TBS silyl ether formation produced the desired v-
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siloxy-o,3-unsaturated ester 2¢8 followed by double hydrolysis of both esters gave hydroxy acid

2¢9. Finally Yamaguchi macrolactonization followed by disilylation afforded (+)-patulolide C

(2a).
Scheme 2¢: Zwanenburg’s Synthesis of (+)-Patulolide C
, 1. PTSA, MeOH
o | hCOQHOTHE  OBn OTHP 2. (COCi);, DMSOEtoN WOH
_— > = =
Me—<1 M /'\/\/\/ 3. (EtO),P(0)CH,CO.Et  Me
2.BnBr, NaH, TBAI  Me 2¢2 DIEALiCl. MeCN 2c3
2ct 62 % over 2 steps 4. DIBAL-H, Et,0
57 % over 3 steps
imi 1. TBAF, THF
L-(+)-DIPT, TBHP, 1. TBSCI, imid., DCM )
s e oBn W DN OH 2. Hy, PAIC, EEN Qhc o 2. Gr0s, pyr., DCM
: , DCM = S e . ~N-OTBS
20°C Me 2c4 3. Ac,0, pyr., DMAP 2¢5 3. NaClOg, NaH,PO4-H,0
80 % 67 % over 2 steps 58 % over 3 steps
)Oic/\/\/ o CICO,i-Bu, EtN;  OAc o EtOH/ hv; QA
Me “INcom o Me)\/\/\/"'. NN, TREA i e Me)\/\/\/\_/\/COZEt
2c6 CH,N, > TBSCI, imid. DMF 28 rms
40 % 2c7 °© 48%
OH 1. 2,4,6-Cl3C¢H,COCI, DMAP
NaOH, EtOH EtsN, THF, PhCHg, reflux  Me.,
—_— > Me)\/v\/\/\/COQH ‘
o, H B
98 % 29 OTBS 2. TBAF, THF NN

47 % over 2 steps 0

(+)-Patulolide C (2a)
Chapter 2d: Takano’s Synthesis of (+)-Patulolide C

In 1994, Takano’ and coworkers reported a 19 step synthesis of (+)-patulolide C (2a)
from (R)-O-benzylglycidol 2d1® (Scheme 2d). Ring opening of the epoxide was affected with
lithium acetylide diethylamine complex to give the homopropargylic alcohol 2d2 followed by a
Pd(I) catalyzed alkyne dimerization to produce the C2-symmetric bis-alkyne 2d3. Platinum
catalyzed hydrogenation of the alkynes gave the fully saturated diol 2d4 with subsequent
hydrogenolysis of the Bn ethers then bis-acetal formation of the tetra-ol to give the C2-
symmetric bis-benzylidene acetal 2dS. Reaction with NBS in CCly oxidatively opens the acetal
while brominating the terminal carbon to give dibromide 2d6. Basic methanolysis cleaves the

esters and the intermediate alkoxide displaces the bromide to give the C2-symmetric bis-epoxide
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2d7. Careful desymmetrization with LAH followed by PMB protection of the alcohol gave PMB
ether 2d8. Another epoxide opening with lithium acetylide diethylamine complex gave alkyne
2d9 followed by isomerization to the internal alkyne 2d10. Partial reduction of the alkyne with
LAH gave E-olefin 2d11. Ozonolytic cleavage of the alkene followed by Wittig olefination of
the aldehyde gave o,p-unsaturated ester 2d12. Protection of the y-hydroxy as the SEM ether
followed by DDQ mediated deprotection of the C11 hydroxyl and saponification of the methyl
ester gave hydroxy acid 2d13. A Yamaguchi macrocyclization was used to form the 12-
membered ring followed by removal of the SEM ether to give (+)-patulolide C (2a).

Scheme 2d: Takano’s Synthesis of (+)-Patulolide C

Lithium acetylide

ethylene c:iamine (PPh3)PdCly, Cul
complex EtsN, O,, DMF ==
(')>/\OBn Z OBn 3l Do > B0 Y T~ T Yy oen
DMSO OH room temp OH 2d3 OH
(R)-O-benzylglycidol 2d1 89 % 2d2 83 %
Hy, PO, OH 1. Hp, Pd(OH),/Carbon O/<o NBS, CCly
- > A S ~-0Bn NN
phH ~ BnO™ CHCl, HCI (conc) O ) room temp
OH  o2qa 2. PhCHO, TsOH-H,0 >/o 2d5
PhH, reflux
75 % from 2d3
OBz o
" pr KeCOs, D LLAHTHR 20°C  Me o~~~
Br TN TS SN BE T 6\/\/\/\/ :
OBz 2d6 MeOH 2d7 2. PMBCI, NaH, DMF OPMB 2d8
64 % from 2d5
Lithium acetylide H OH
ethylene diamine O = -BuOK : LAH,
complex Me\/\/\/\/\// - Me . —
—_— DMSO, 0 °C 2410 X THE,
DMSO OPMB  2d9 80 % OPMB Me  refiux
30 % from 2d7 93 %
OH OH 1. SEMCI, DIEA, TBAI DCM
3 1. O3, MeOH, -78 °C; Me,S - 2. DDQ, DCM/ H,O
MQWMG 3 2 MBWCOZMG _
OPMB 2d11 2. PhsPCHCO,Me, DCM OPMB 2d12 3. LiOH, H,0, THF
81 % over 2 steps 84 % over 3 steps
OSEM M
Me . 2,4,6-Cl3CgH,COCI, Et;N  Me.,, BF3 Et,0,DCM Me,
TN TS TSNS
. CO,H > O
OH 2d13 DMAP, PhCHj, reflux OSEM "OH
48 % O 2d14 78 % o}

(+)-Patulolide C (2a)
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Chapter 2e: Sabitha’s Synthesis of (+)-Patulolide C

In 2010 Sabitha’ and coworkers published a synthesis of (+)-patulolide C (2a) from 9-
decene-1-ol 2el (Scheme 2e). Protecting the alcohol as the Bn ether then epoxidizing the alkene
followed by a Jacobsen hydrolytic kinetic resolution'® afforded chiral epoxide 2e2 in 98% ee.
Reductive opening of the epoxide with LAH and protection of the hydroxyl as the TBS ether
gave 2e3 followed by removal of the Bn ether then IBX oxidation of the alcohol to the aldehyde
2e4. Next they affected a D-proline catalyzed a-aminooxylation followed by an HWE olefination
to give the y-aminooxy-o,-unsaturated ester 2eS with equally high de (98%). Cleavage of the N,
O-bond was affected with Cu(OAc), in EtOH to give y-hydroxy-o,p-unsaturated ester 2e6.
Protection of the C4 hydroxyl as the MOM ether followed by saponification of the ester and
acidic hydrolysis of the TBS ether gave hydroxy acid 2e7. A Yamaguchi macrocyclization was
used to form the 12-membered ring lactone 2e8. Finally CeCl;*7H,O mediated cleavage of the
MOM ether afforded (+)-patulolide C (2a).

Scheme 2e: Sabitha’s Synthesis of (+)-Patulolide C

1. BnBr, NaH THF (l))\/\/\/\/\ 1. LAH, THF
WOH - OBn —
2¢e1 2. m-CPBA, DCM 2e2 2. TBSCI, imid. DCM
3. 21.250/0 (S,5)-Salen-Co-(OAc) 80 % over 2 steps
% t y %
OTBS 38 % over 3 steps, 98% ee oTBS oD e -
- )\/\/\/\/\ , D-proline (40 mol %
Me 0Bn 1. Li, lig. NHg, THF‘ Me 0 . -
2e3 2e4 triethyl phosphonoacetate,
2. 1BX, DCM, DMSO Cs,CO5 DMSO
78 % over 2 steps 85%, 98 % de
OTBS Cu(OAG) OTBS 1. MOMCI, DIEA, DCM
u(OAc i
Me N COzEt 2 Vo S COZEt 2. LIOH, Hgo, MeOH _
2e5 ONHPh EtOH 26 O 3. PPTS, H;0, THF
48 % from 2e4 52 % over 3 steps
OH Me.,
2,4,6-Cl3CgH,COCI, Et3N, CeCIa 7H20
MGWCOQH 3LgM2 3 o S OMOM
2e7 OMOM DMAP, PhCHg, reflux MeCN/ MeOH
(0] reflux

70 % 2e8 60 % )-Patulolide C (2a)
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Chapter 2f: Thomas’ Synthesis of Patulolide C

Recently Thomas'' published a racemic synthesis of patulolide C (2a) featuring a
diastereoselective aldehyde allylation with allylic tributylstannanes. Beginning with known
allylic sulfone 2f1'* (Scheme 2f), radical initiated allylic displacement of the sulfone with
trapping by the tributyltin radical gave allylic tributylstannane 2f2 after hydroxyl protection as
the SEM ether. Next with SnCly they affected an allylation of acrolein with great
diastereocontrol at -78 °C to give allylic alcohol 2f3 with >96:4 1,5-syn: 1,5-anti. Esterification
with benzyloxyacetyl chloride gave ester 2f4 followed by an Ireland-Claisen rearrangement, via
deprotonation with LIHMDS and trapping of the enolate as the TMS ketene acetal then [3,3]-
sigmatropic rearrangement. Aqueous work-up followed by reaction of the carboxylic acid with
TMSCH:N, in MeOH gave a-benzyloxy methyl ester 2f5. Next a diimide reduction of the olefin
followed by a protecting group exchange of the Bn ether to the TBDPS ether gave methyl ester
2f6. Reduction of the ester to alcohol 2f7 followed by Swern oxidation and Wittig olefination
gave o,B-unsaturated ester 2f8. Removal of the SEM ether and hydrolysis of the methyl ester
gave hydroxy acid 2f9 along with Yamaguchi macrocyclization and TBAF-mediated desilylation

to afford racemic patulolide C (2a).
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Scheme 2f: Thomas’ Synthesis of Patulolide C

1. BuzSnH, AIBN OH benvioxvacetyl
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OSEM 1 BuSH, K,COs, OH  4.2,6-Cl,C4H5COCI, THF;
MeOzCW Me  MgBryEt0, Et;0 HOZCWME} PhCH,, DMAP, reflux
OTBDPS 2f8 2. LIOH+H,0, MeOH OTBDPS 2f9 2. TBAF, THF

25 % over 2 steps
81 % over 2 steps

Me.,,

o A “'OH

o
racemic patulolide C (2a)

Chapter 2g: Hase’s Synthesis of Patulolide C

In 1999 Hase" ef. al. accomplished a racemic synthesis of patulolide C (2a) and
epipatulolide C (2a’ Scheme 2g). Beginning with commercially available methyl 10-undecenoate
2g1, dehydrogenation via the selenoxide, a.k.a. the Reich reaction'* was affected with LDA,
PhSeBr, and H,0,. The a,p-unsaturated ester was then deconjugated with LDA and HMPA to
give the y,B-unsaturated ester 2g2 as a mixture of olefins (1:3 E:Z). Hydroboration / oxidation
with BH,CleSMe, and PCC gave aldehyde 2g3 follwed by nucleophilic addition with
MeTi(OiPr)4 to install the C11-Me group. Saponification of the ester along with a Mitsunobu

reaction gave Yy,B-unsaturated lactone 2g5. Epoxidation with m-CPBA gave epoxide 2g6
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followed by a-deprotonation with LDA and concomitant f3,y-epoxide opening to afford a mixture
of racemic patulolide C (2a) and epipatulolide C (2a’).

Scheme 2g: Hase’s Synthesis of Patulolide C

W/\/\/COQMG 1. LDA, PhSeBr, H,0, W\/COZMe BH,Cl-SMe,, PCC
—_— >
2g1 2. LDA, HMPA 292 84 %
50 % over 2 steps 18 EZ
1. MeTi(Oi-Pr), _ COH  DEAD, Phyp
O\/\/\/\/_\/COZMe #, 2 DEAD, PhsP
293 2. LiOH, H,O OH 294 7%
92 %
42 %
0 2 racemic Patulollde C (2a) racemic epipatulolide C (2a')

Chapter 2h: Shibasaki’s Synthesis of (+)-Patulolide C

In 2003 Shibasaki'> and coworkers accomplished a short synthesis of (+)-patulolide C
(2a) featuring a conversion of an o,f-unsaturated aldehyde to a chiral y-oxy-a,f-unsaturated
nitrile. Beginning with unsaturated aldehyde 2h1, an asymmetric cyanation-ethoxycarbonylation
using a chiral yttrium catalyst and ethyl cyanoformate produced the chiral allylic cyanohydrin
carbonate 2h2. Next a thermal [3,3]-sigmatropic rearrangement proceeded with chirality transfer
to give y-oxy-a,B-unsaturated nitrile 2h3, with out any loss of enantiopurity. Methanolysis of the
carbonate and protection as the TBS ether followed by CBS reduction of the ketone gave alcohol
2h4. DIBAL-H reduction of the nitrile to the aldehyde followed by oxidation gave o,p-
unsaturated acid 2hS. Macrocyclization with 2-methyl-6-nitrobenzoic anhydride and DMAP with

subsequent desilylation afforded (+)-patulolide C (2a) in 9 steps from the commercial aldehyde.
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Scheme 2h: Shibaski’s Synthesis of (+)-Patulolide C
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Chapter 2i: Sharma’s Synthesis of (+)-Patulolide C

Sharma'® and coworkers accomplished a 16 step synthesis of (+)-patulolide C (2a) from
1,8-octanediol 2il (Scheme 2i). First monoprotection as the THP ether followed by Swern
oxidation gave aldehyde 2i2 followed by Wittig olefination to extend the chain then DIBAL-H
reduction of the ester to give allylic alcohol 2i3. A Sharpless asymmetric epoxidation® was done
next followed by conversion of the hydroxyl to the chloride 2i4 with PhsP, NaHCO; and CCls.
Sodium metal mediated reductive cleavage of the carbon chlorine bond with concomitant
epoxide opening gave allylic alcohol 2i5. Protection as MOM ether 2i6 followed by removal of
the TBS ether, Swern oxidation and reaction with the trimethylsulfonium ylide afforded epoxide
2i7. A Jacobsen hydrolytic kinetic resolution'’ was used to obtain the diastereomerically
enriched epoxide 2i8 followed by reductive opening of the epoxide with LAH then esterification
with acryloyl chloride produced acrylate ester 2i9. Acidic cleavage of the MOM ether followed

by ring closing metathesis with Grubbs 2™ generation catalyst'’ produced (+)-patulolide C (2a).
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Scheme 2i: Sharma’s Synthesis of (+)-Patulolide C
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Chapter 2j: Mori’s Synthesis of (+)-Patulolide C

In 1998 Mori” et. al. published a synthesis of (+)-patulolide C (2a) and epipatulolide C
(2a’ Scheme 2j). Beginning with known iodide 2j1 they append a carbon chain with Grignard
reagent 2j2 affording alcohol 2j3. Oxidation with PCC gave aldehyde 2j4, followed by
alkynylation of the aldehyde to the propargylic alcohol, which was protected as the MEM ether.
Acidic cleavage of the THP ether and a partial reduction of the alkyne followed by hydrolysis of
the ester gave Z-a,B-unsaturated acid 2j5. Macrocyclization under Yamaguchi conditions with
DMAP promoted olefin isomerization gave E-a,fB-unsaturated lactone 2j6. Finally cleavage of

the MEM ether with TiCly afforded a mixture of (+)-patulolide C (2a) and epipatulolide C (2a°).
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Scheme 2j: Mori’s Synthesis of (+)-Patulolide C
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Figure 3a:
Ph__.
(S)
o O N o
HN O NH
Ph/K “““ Ph
(R,R,S)-BDP (5,5,5)-BDP

Our research program is engaged in exploring the potential uses of AHF/ Olefination
tandem reactions in natural product total synthesis. With the high value chiral aldehydes easily
accessed via AHF with the BDP ligands (Figure 3a), we set out to develop and apply AHF/
Wittig olefination tandem reactions in the context of natural product total synthesis. Since the
Landis ligands worked so well with vinyl acetate (Chapter 1, Scheme 1b) and it was shown that
the Wittig olefination with stabilized phosphorus ylides does not erode enantiopurity (Table 3a),’
we sought to extend this line of research. Landis and Wong have shown that AHF / Wittig
olefination produces Yy-chiral-a, f-unsaturated carbonyl compounds with high enantiopurity

(Table 3a).'
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Table 3a

0.1 mol %
[RhH(CO)4(S,S,S)-BDP]

R
140 psi Ho/CO (1:1), J\/C
AcO™X: +PhgPCRiR, AcO” ~PNR

1

CHCl3, 60 °C
-PhsPO
Entry Product t (h) E/Z Yield % ee %

1 J\/\ 18 >95:5 79 99
AcO CO,Et

2 J\/\ 15 >95:5 46 99
AcO CO,Bn

3 J\/L 18 >95:5 68 90
AcO CO,Et

4 J\/A 21 >95:5 71 97
AcO C(O)Me

5 AcO >95:5 67 98

g
o
e}

Reaction conditions: Pre-activation of [Rh(acac)(CO),] and (S,S,S)-BDP with
140 psi (1:1) Ho/CO for 0.5 h at 40 °C with subsequent injection of the vinyl
acetate/ Wittig ylide solution in CHClg_

Natural product total synthesis is a mature, yet still growing field of research in the
chemical sciences. One can peruse the literature and surmise that with enough material and skill
just about any molecule imaginable can be synthesized. One of the greater challenges facing
synthetic chemists today is the daunting task of improving the efficiency of complex molecule
synthesis. The ever-increasing cost of health care and the diminishing supply of natural resources
demand that we innovate the way in which we synthesize complex molecules. Atom-economy
describes the overall efficiency of a reaction in terms of the atoms involved.” If most of the
atoms in the reagents are incorporated into the product then the reaction is highly atom-
economical. The hydroformylation reaction is a reaction of perfect atom economy. All the atoms
in the reagents, H,, CO and the alkene, are incorporated into the product. In this respect the AHF

is an extremely powerful reaction because of its catalytic nature, perfect atom-economy, and
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inexpensive reagents. Because of its versatility in synthesis,’ the newly formed chiral aldehyde is
of extreme value to the synthetic chemist.

The y-hydroxy-a, pB-unsaturated carbonyl motif is common in many natural products. In
light of this (+)-patulolide C (Scheme 3a) seemed like a worthy target, wherein the AHF/ Wittig
olefination tandem could result in a dramatic improvement in efficiency. Our goal was to
efficiently build molecular complexity while keeping the synthetic sequence short. With the
success of the AHF/ Wittig olefination of vinyl acetate (Table 3a), we sought to extend this
tandem reaction to 1,2-disubstituted Z-enol esters for application in the synthesis of natural
products, such as (+)-patulolide C. Our rational was that the carbon substituent on the olefin
would be in backbone of the target and the acetoxy group would be a masked hydroxyl (Scheme
3a).

Scheme 3a:

2

R/\ 1 AHF/ W|tt|g WJ\ deacetylatlon WJ\
OAc

(+)-Patulolide C (3a)

Access to 1,2-disubstituted Z-enol acetates would be done via the Rh(I) catalyzed
hydroacetoxylation reaction developed by Breit and coworkers.” They have shown that this
catalyst system affects an anti-Markovnikov hydrocarboxylation of terminal alkynes under Rh(I)
catalysis with excellent Z-selectivity and substrate scope (Table 3b). With just 1 mol %

[(COD)RICI], and 2 mol % 2-pyridyl-diphenylphosphine in THF, the hydrocarboxylation of 1-



30

hexyne was affected in a sealed tube at 110 °C. Both alkyl (such as acetic acid) and aryl (benzoic
and 4-methoxybenzoic acids) carboxylic acids reacted well to give the anti-Markovnikov Z-enol
carboxylates with excellent regio- and stereoselectivity and good yields. Since all the atoms of
the acid and alkyne are incorporated into the product, hydroacetoxylation is a reaction with

perfect atom economy also.”

Table 3b:
o o
1 % [(COD)RNCl],, 2% 2-pyrPPhy,
P )k 1.5 eq acid, THF, 110 °C, sealed tube . Rz~ O
Z Ry OH
&/R1
Alkyne Acid Z-enol acetate Selectivity Yield %

o)
PhCO,H O)Lo 94% Z-AM 83
L N
o}

/\/\

/\/\ AcOH )ko 97% Z-AM 70
W

/\/\

o)
4-MeOPhCO,H /©)J\o 96% Z-AM 9
MeO W

Their proposed mechanism,* which accounts for the double contrathermodynamic
addition, is shown in Scheme 3b. The ligand bound catalyst 3b1 undergoes oxidative addition
into the OH bond of the carboxylic acid to give Rh(III) hydride 3b2. Next the alkyne coordinates
in m* fashion to produce 3b3. Then the alkyne undergoes an 1” to v)' rearrangement to give the
Rh(IIT) vinylidene 3b4. At this point the carboxylate anion attacks at the most electrophilic
carbon, the terminal carbon bound to the rhodium to give Rh (III) vinyl ester 3b5. Finally
reductive elimination to produce the Z-enol carboxylate and regenerate the active Rh(I) catalyst
3bl. It is proposed that the facial selectivity of carboxylate attack on the vinylidene is dictated by

the bulky diphenylphosphino moiety on the rhodium.
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Scheme 3b:
Ho o
H%O/z( 3b6
R
Ry
=
3bs [ © o J
> | reductive 'l\‘ | RCOH
ll\l elimination  ph,P— [Rh]( ) 2
PhoP— [Rh]—H | oxidative
cl” 0 Cl  addition
®
Hw)\o/QR = | o
R4 \N RCO;
(1
carboxylate PhoP—[Rhj—H | 3b2
attack |
Cl
= @ 2. inati
SbP:E n coordm%
N ) = @® H——R;
| RCO
thp_/[Rh]—H 2 3b3 \N| 5
cl” || | RCO.
JL N PhoP— [Rh)—H 2
H™ R, rearrangement (o] |
H—=—R,
n'-vinylidene

The synthetic strategy of our first approach to (+)-patulolide C is shown in Scheme 3c.
We envisioned (+)-patulolide C (3a) coming from a macrolactonization of seco-acid 3cl. The
C4-OH stereochemistry would be set via an AHF of Z-enol benzoate 3¢2 followed by Wittig
olefination to bring in the o,p-unsaturated carbonyl moiety and a double hydrolysis would
unmask both the C4-hydroxyl and C1 carboxylic acid in 3cl. We planned to access Z-enol

benzoate 3¢2 from a Rh(I)-catalyzed hydrocarboxylation of known alkyne 3¢3 with benzoic acid.
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Scheme 3¢
Me.,
(0]
\ ‘, z
OH HO
O 3c1
(+)-patulolide C (3a)
Me
Me B20 e~
 — : | — HO
HO 3c3
3c2 (2R)-8-nonyn-2-o0l >98%ee

Our first approach began with the known synthesis’ of (2R)-8-nonyn-2-ol (3¢3) as shown
in Scheme 3d. Ring opening of (R)-propylene oxide (3d1) with the lithium anion of 1-hexyne in
THF afforded the internal alkyne 3d2 in 62 % yield. Next the internal alkyne was isomerized via
a ‘zipper’ reaction to the terminal alkyne 3d3. Using KH in 1,3-diaminopropane, the
isomerization produced (2R)-8-nonyne-2-ol (3¢3) in 76 % yield, on par with the literature

results.” With access to this material we began exploring a route to (+)-patulolide C.

Scheme 3d
M
Me’" ///\/\ Me = KH, HZN/\/\NHZ /i/\/\///
> - 5 /\/\/\ > HOR
o BuLi, THF  HO 3d2 40 °C 33
3d1 BF4-OEt, 76 9%
98 % ee 0.1M °
62 %

In a forward sense, alkyne 3¢3 was subjected to the standard hydrocarboxylation
conditions developed by Breit (Scheme 3e).* After 24 h, all of the alkyne had been consumed
and Z-enol benzoate 3¢2 was isolated in 60 % yield after chromatography. Without protecting

the hydroxyl, Z-enol benzoate 3¢2 underwent AHF with 0.5 mol % [Rh (S,S,S)-BDP] at 50 °C to
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produce a-benzoyloxy aldehyde 3el as the sole product by 'H NMR. Methyl
(triphenylphosphoranylidene) acetate (3e2) was then added to affect the Wittig olefination to
yield y-benzoyloxy-a,-unsaturated methyl ester 3e3 in 67 % isolated yield with excellent E-
selectivity (96 % E). A global hydrolysis was affected with LiOH to give seco-acid 3¢l in 69 %
yield. Dihydroxy acid 3¢l was then slowly added to a stirring DCM solution of MNBA and
DMAP via syringe pump to affect the macrolactonization. We were surprised to find that the
olefin had isomerized and the 5-membered ring y-lactone 3e4 was the only product isolated. As
evident by this thwarted experiment, the C4-hydroxyl must be protected and enone E/Z

isomerization had to be avoided in order to affect macrocyclization cleanly.

Scheme 3e
i
PPh, BzO . RO.
o, Me 0.5 % Rh(acac)(CO)s, M .
/\/\/\/ 2= | /\/\/\j 9% 8.6 6.80P, Ve
HO THE, 50° C, 150psi COH, o
3c3 1% [RhCI(COD)]2 201
THF, 110°C, 24h 100 % conv. e
60 %
0 O
Q
PhsPs.-COMe I%OH MNBA o, M
T HO.,
3e2 DMAP, DCM OH  3e4

67 %

HO isomerized and

3e3 3ci isolated 99% yield

To circumvent these challenges we decided to use the olefination reaction to close the
macrocycle and deprotect the OH after cyclization. A new strategy is shown in Scheme 3f. We
planned to access (+)-patulolide C from a deacetylation of acetate 3f1, which would arise from
an intramolecular HWE of a-acetoxy aldehyde 3f2. This aldehyde would be the AHF product
from Z-enol acetate 3f3 that would be derived from alkyne 3f4 with the p-phosphonate ester

already in place.
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Scheme 3f
(+ )pa}ulo)hdeC |:{> H/Tj —
3a
"OAc (Et0) 2P
O 3f1 3f2
H/\5 ’/rw\ 3
(EtO) 2P (EtO), ——— (2R)-8-nonyn-2-ol
>98%e¢ee
3f3 o) 3f4

We began by esterifying alkyne 3¢3 with diethylphosphonoacetic acid to afford
phosphonoate ester 3f4 (Scheme 3g). Since we could only access Z-enol esters via the
hydrocarboxylation chemistry the y-oxygen in the AHF/ Wittig olefination product would always
be protected as an ester. This approach required an ester protecting group on the C4-OH that
could be removed in the presence of the lactone. The acetate was an obvious choice. Therefore
the Rh(I)-catalyzed hydroacetoxylation of alkyne 3f4 gave Z-enol acetate 3f3 with great
selectivity albeit low yield. With the B-phosphonate ester in place the Z-enol acetate 3f3 was
subjected to AHF conditions to give a-acetoxy aldehyde 3f2 as the only aldehyde observed by
'H-NMR. The crude solution of aldehyde was then diluted and added slowly to a flask with
reagents to affect the intramolecular HWE. Several conditions were attempted and the results are

summarized in Table 3g. Using KOz-Bu in THF afforded the macrolactone in quantitative yield,
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Scheme 3g
Me T3P 0 0 Me 2%= @NAPF’hz o
Ho /\/\/\/ ethyl acetate (EtO)zﬁ\)J\O/:\/\/\/// P 0 0 /Mi/\/\J
3c3 80°C, 2h ata 1% [RhCI(COD)],, (EtO)zp\)ko
o o THF, 110°C, 24h 313
63%
Eo),P._JL on 27 %
0.5 % Rh(acac)(CO),, Ao Q
1% S,5,5-BDP, co, S
THF, 50°C, 150psi CO/H, Q@ Q Me Table 3g o \OAC
(Eto),P. I s O A
Y for conditions OAc Me" ™0 =
312 o}
361 394

but the reaction was completely Z-selective (Entry 1, Table 3g). The HWE was attempted with
18-crown-6, K,COj3 in toluene but the selectivity was only 1.8:1 E:Z (Entry 2). Even switching to

the bulky isopropyl phosphonate ester only gave a modest increase in E-selectivity, 3:1 E:Z

(Entry 3).
Table 3g
Entry Reagents Solvent Temp. % yield E:Z
1 KO#-Bu THF 25°C 99 0:1
2 18-C-6, K,CO3 Toluene 65 °C 75 1.8:1
3* 18-C-6, K»CO; Toluene 95 °C 60 3:1

*note: i-Pr vs Et on the phosphonate ester

Not satisfied with these results we reexamined our strategy once again. Knowing that the
Wittig olefination gave better E-selectivity (96:4 E:Z), we decided to examine an intramolecular
Wittig olefination to close the macrocycle. It turns out Bestmann and coworkers affected a
similar Wittig olefination in their synthesis of patulolide A (Scheme 3h).° Using ketenylidene

triphenylphosphorane to react with the hydroxyl of w-hydroxyaldehdye 3h1 to generate the
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stabilized ylide 3h2 in situ; which in turn reacted with the tethered aldehyde to produce the o,3-

unsaturated lactone 3h3 with great E-selectivity (96:4 E:Z) and good yield (63 %).°

Scheme 3h
3 ' -PhsPO
PhsP=C=C=0 o OH/O:5 3PO
o v - - 5 -~ 0 A
OH X toluene, reflux _ 63 % yield
3h1 PhsP 3h2 © .
L _ (+)-patulolide A (3h3)

Inspired by Bestmann we decided to use the ketenylidene triphenylphosphorane, also
known as the Bestmann ylide in our synthesis of (+)-patulolide C (3a). Beginning with alkyne
3¢3 (Scheme 3i), hydroacetoxylation afforded hydroxy Z-enol acetate 3il in 82 % yield. The
AHF proceeded with supreme regioselectivity to give a-acetoxyaldehyde 3i2 as the sole product
by 'H-NMR along with its hemiacetal. The crude AHF reaction was diluted and added slowly via
syringe pump to a refluxing solution of the Bestmann ylide. The ketene carbon was attacked by
the hydroxyl to generate stabilized ylide 3i3 in situ followed by an intramolecular Wittig
olefination to close the macrocycle and give patulolide C acetate 3i4 in 62 % yield from Z-enol
acetate 3il. Typical macrolactonization methods require carboxylic acid activation and a net
dehydration; these features are built into the Bestmann ylide and allow the incorporation of the
Cl-carbonyl and C2-carbon with greater efficiency while setting the FE-olefin with great
selectivity (only E-olefin observed).’

Several chemical methods (K,CO3/MeOH, Et;N/MeOH, LiOH/H,O/THF,
guanidine/guanidinium acetate/EtOH) were attempted to remove the acetate while leaving the
lactone intact, however all of these methods showed poor selectivity between the two esters. On

the final step of the synthesis we decide to attempt an enzymatic hydrolysis of the acetate in
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hopes of attaining the requisite selectivity. Gratifyingly, lipase from Pseudomonas fluorescens
catalyzed the hydrolysis of the acetate while leaving the lactone untouched, producing (+)-
patulolide C (3a) in quantitative yield (Summary Scheme 3i). The diastereomeric ratio of the
final product was measured via HPLC and determined to be 96.6:3.4 dr, indicating a highly
diastereoselective AHF and no substantial deterioration of dr in subsequent transformations.”

Summary Scheme 3i

AN
@ PPhy 1 mol% Rh(acac)(CO)s,
ve.. s N vo., 2mol% (SSS)-BDP, THF, | e,
11 x4 1 eq. acetic acid, i 150psi CO/H,, 50°C, 24h
OH 1% [RhCI(COD)]., OH AcO4| P 2 OH Ox o
(2R)-8-nonyn-2-ol (3¢3) [1M] THF, 110°C, 24h 31 100% conversion 3i2
98%
> o€ 82%
o= é _ é —_pph Me Pseudomonas
3 1 fluorescens
Me.,, — o134 lipase
toluene, reflux Oﬁ 0.34 -PhsPO 2X""0Ac He7
0.1 mM el pri=
[ 62% ] PhsPﬁf _ OAc o phosphate buffer
0 3i3 patulolide C acetate (3f1) 99%
Me.,,
11 )
3 ’
O xS 'OH
(0]
(+)-patulolide C (3a)
96.6:3.4 dr
49% overall yield

In summary, a short, highly efficient synthesis of (+)-patulolide C (3a, Summary Scheme
3j) has been accomplished in 3 steps from the known alkyne 3¢3 with a 49 % overall yield. Two
Rh(I)—catalyzed reactions were employed in this synthesis. The first reaction is a Rh(I)—
catalyzed hydroacetoxylation of alkyne 3e¢3 to afford Z-enol acetate 3il. Second, a Rh(I)-
catalyzed AHF with (S,S,5)-BDP afforded a-acetoxy aldehyde 3i2, which was subsequently
reacted with the Bestmann ylide® to generate a stabilized ylide 3i3 in situ followed by

intramolecular Wittig olefination to give patulolide C acetate (3f1) in 62 % yield. Finally an
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enzymatic hydrolysis with lipase from Pseudomonas fluorescens of the acetate gave (+)-

patulolide C (3a) in quantitative yield.” This represents the shortest and highest yielding

enantioselective synthesis of (+)-patulolide C (3a) reported to date when compared to previous
enantioselective syntheses (9-19 steps LLS, 2-38 % overall yield). These results validate the
hydroacetoxylation/AHF/Wittig olefination sequence as a viable strategy to dramatically
increase the efficiency of the synthesis of y-hydroxy-a,f-unsaturated carbonyl containing natural
products.
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Chapter 4a: Isolation and Biological Activity

(-)-Pyrenophorol (4a) was first isolated from a plant fungus Byssachlamys nivea in
1969'* and from culture filtrates of Stemphylium radicinum two years later.'® This natural
product is a 16-membered C2-symmetric macrodiolide containing four stereocenters and two
a,B-unsaturated esters. It has been shown to have anti-fungal and anthelmintic properties,'® and
is the subject of a recent Canadian patent application for potential herbicidal use.'* Due to its
biological activity and interesting functionality, (-)-pyrenophorol (4a) has been the target of
several total syntheses summarized below.

Figure 4: (-)-Pyrenophorol

2 oH 6
O 1 \3 f, - Me
O O
MGWO
OH
4a
Name, year Steps (Longest Overall Yield % Key Reactions
Linear Sequence)
Ohshiro, 1986* 8 steps 3.4 % Mitsunobu
esterification
Zwanenburg, 1991 11 steps 9.8% Asymmetric
epoxidation
Kibayashi, 1993 14 steps 10.7 % Sulfoxide pyrolysis
Le Floc’h, 1997 14 steps 4.5 % CBS reduction,
Wittig olefination
Yadav, 2009 15 steps 3.8% Jacobsen kinetic
resolution
Kang, 2011 11 steps 1.6 % Yamaguchi
esterification
Yadav, 2012 16 steps 8.2 % Asym. epoxidation,
olefin metathesis

* racemic synthesis, ** enantiomer (+)-pyrenophorol
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Chapter 4b: Ohshiro’s Synthesis of Racemic Pyrenophorol (4a)

Ohshiro™ and coworkers published the first racemic synthesis of pyrenophorol in 1986.
The synthesis began with the Baeyer-Villager oxidation of 2-methylcyclohexanone 4b1 (Scheme
4b) to yield heptanolide 4b2. Next enolization with LDA and trapping with TMSCI gave
trimethylsilyl ketene acetal 4b3 which was then reacted with the dibromocarbene generated in
situ from bromoform and KOz-Bu to effect another ring expansion to give the 8-membered ring
lactone 4b4. The reductive deconjugation of a-bromo-o,B-unsaturated lactone 4b4 was done
with diethyl phosphonate and Et;N to give the f,y-unsaturated lactone 4b5 followed by
saponification to give hydroxy acid 4b6. Mitsunobu dimerization according to the Gerlach®
procedure gave dilactone 4b7 followed by a double epoxidation with m-CPBA to give bis-
epoxide 4b8. Finally, LDA mediated epoxide opening installed the o,p-unsaturation and the
required C4-hydroxyl in racemic pyrenophorol (4a).

Scheme 4b: Ohshiro’s Synthesis of Racemic Pyrenophorol (4a)

0 TMSO
Me mCPBA, LDA, TMSCI, __ CHBrg, KOt-Bu
—_— (@) _—
DCM 0°C THF, -78 °C 23 % from 4b1
Me
4b1 b3
0 OH
Me O\ Br HOP(OEN, Me_ O KOH A~
| —_— — Me COLH
EtsN / MeOH/ H,0 4b6
% 79%
4b4 00% 4bs
OH
) Q Me OMMe
DEAD, PPh, Y\/\/\( _ mCPBA, g LDA

o} O
50 % )\/\M DCM 0°C W THF, -78°C W
Me O o Me N O
37 % 50 %
4b7 a08° OH

racemic 4a
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Chapter 4c: Zwanenburg’s Synthesis of (-)-Pyrenophorol (4a)
The first asymmetric synthesis of (-)-pyrenophorol (4a) was published by Zwanenburg™

et. al. in 1991. Beginning with known allylic alcohol™

4c1 (Scheme 4c¢), a Sharpless asymmetric
epoxidation with L-(+)-DIPT installed the epoxide followed by RuO4 oxidation of the alcohol to
the acid and trapping as a mixed anhydride with isobutyl chloroformate and nucleophilic acyl
substitution with CH,N; to afford a-diazomethyl ketone 4¢2. This key substrate was subjected to
a photoinduced rearrangement in MeOH to afford ters-butylsiloxy a,f-unsaturated ester 4¢3 at
which point the synthetic route diverged from this common intermediate. Methyl ester 4¢3
underwent alcoholysis with allyl alcohol and K,COj3 along with simultaneous acetate cleavage to
give allyl ester 4c4. Methanolysis of 4¢3 with NaOMe in MeOH removed the acetate while
maintaining the methyl ester functionality, then protection of the C7-hydroxyl as the ethoxy ethyl
ether followed by saponification gave the coupling partner 4c5. Carboxylic acid 4¢5 and alcohol
4c4 underwent DCC mediated condensation to give the fully protected ester 4¢6, followed by
unmasking of the terminal hydroxyl with MgBr; and then the carboxylic acid with Pd(PPhs)4 and
morpholine to give hydroxy acid 4¢7. A Yamaguchi macrolactonization was then performed to
give bis-TBS ether 4¢8, along with TBAF mediated desilylation to give (-)-pyrenophorol (4a) in

excellent yield.
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Scheme 4¢: Zwanenburg’s Synthesis of (-)-Pyrenophorol (4a)

1. L-(+)-DIPT,
OAc t-BUOOH, Ti(OiPr),, A
X _~_on _ molec.sieves, DCM Qhc . hv, MeOH, TBSCI, )oic/ T
Me > Me ~N - ~ Me X OMe
4ci 2. RuQy, (SN0 2 imid., DMF
MeCN/CCl,/H,0; O 60 % oTBS
CI(0)CO#-Bu, Et5N, 4c2 4c3
ChyN,
49 % over 2 steps
KoCOs3, OH o)
4¢3 —— . oTBS
allyl alcohol Me Oallyl o Me
AN
66 % OTBS  4¢4 DCC, DMAP j)/\ Oep - MgBra. EtO
> >
1. NaOMe, MeOH DCM CO,allyl 2. Pd(PPhg),,
2. ethyl vinyl ether, OEE 0 . Me morphollne THF
4c3 PPTS, DCM - v )\/ o 5% 4c6 OTBS 72 % over 2 steps
e
3. LiOH, THF/ HyO (1/1) 4c5 OTBS

83 % over 3 steps

oTBS OTBS

OH
ON/YMG LGOI Y\)\/\( TBAF OMMG
o OH ,6-ClCeH3C(0)C, 5 5
THE
MGJ\/WCOQH NEts, DMAP, toluene, A )\/M
4¢7 OTBS 95 %

79 % 4c8 OTBS

Chapter 4d:Kibayahsi’s Synthesis of (-)-Pyrenophorol (4a)

Kibayashi’s™ synthesis of (-)-pyrenophorol (4a) began with the reductive
desymmetrization of C2-symmetric bis-epoxide® 4d1 (Scheme 4d) by careful addition of one
equivalent of Vitride® to open one epoxide, followed by TBDPS protection to give mono-
epoxide 4d2. Opening of the remaining epoixide with allyl MgCl in the presence of Cul gave
homoallylic alcohol 4d3, followed by protection as the mesylate then RuO4 oxidation of the
alkene to give carboxylic acid 4c4. An intramolecular Mitsunobu reaction was done to form
lactone 4d5 with complete inversion at C4. Lactone 4dS underwent enolization with trapping by
diphenyl disulfide to give 4d6, followed by hydrolysis of the lactone to the acid then CH,N;
mediated esterification to give methyl ester 4d7. Oxidation of the sulfide followed by pyrolysis

installed the o,p-unsaturation in ester 4d8, along with protection of the hydroxyl as the THP
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ether followed by saponification and TBAF desilylation to give hydroxy acid 4d9. The
dimerization was done with a Mitsunobu reaction to give bis-THP pyrenophorol 4d10, which
upon deprotection with TsOH+*H,O in MeOH gave (-)-pyrenophorol (4a).

Scheme 4d: Kibayahsi’s Synthesis of (-)-Pyrenophorol (4a)

OH MsCl, EtsN,
M 1. Vitride®, THF e O allyMgCl, Cul, e . bem,0°C;
—_— —_— —_—
O a1 2. TBDPSCI, OTBDPS THF, -15°C OTBDPS 4d3 RuOy CCl/
DMAP, DCM 4d2 76 % 20, r.t.
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Chapter 4e: Le Floc’h’s Synthesis of Enantiomeric (+)-Pyrenophorol (4e8)

The first synthesis of the enantiomer of (-)-pyrenophorol (4a) was published by Le
Floc’h™ et. al. using a sequential intermolecular / intramolecular Wittig olefination strategy for
macrocycle formation. They had previously synthesized a-bromo ester™ 4e2 (Scheme 4e) from
(S)-ethyl lactate 4el in 9 steps. This key material was used to make the 2 coupling pieces of the
symmetrical molecule. With a divergent approach the bromine was displaced with Phs;P to give

phosphonium bromide 4e3, while ester 4e2 was also subjected to acidic cleavage of the acetal to
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unmask aldehyde 4e4. The first of the sequential Wittig olefinations was done with Et;N in
MeCN at 70 °C to give the fully protected o,p-unsaturated ester 4e5, followed by unveiling of
the aldehyde with formic acid gave a-bromo ester 4e6. The phosphonium salt was made in
similar manner as before and intramolecular Wittig olefination afforded bis-PMB ether 4e7,
which was deprotected to give the enantiomer (+)-pyrenophorol (4e8).

Scheme 4e: Le Floc’h’s Synthesis of Enantiomeric (+)-Pyrenophorol (4e8)

0
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Chapter 4f: Yadav’s First Synthesis of (-)-Pyrenophorol (4a)

In 2009 Yadav® and coworkers published their first synthesis of (-)-pyrenophorol (4a),
beginning with the C2-symmetric 1,6-hexanediol 4f1 (Scheme 4f), mono-benzyl ether protection
was done followed by iodination of the other alcohol to give iodide 4f3. Elimination was effected
with KO#-Bu to make the terminal olefin 4f4 followed by m-CPBA epoxidation to give 4f5. A
Jacobsen hydrolytic kinetic resolution was done to obtain enantiomerically enriched epoxide 4f6.
Reductive ring opening with LAH gave 4f7 followed by TBS protection of the alcohol,

debenzylation and Swern oxidation to give aldehyde 4f8. A proline catalyzed MacMillan o-

hydroxylation followed by HWE olefination gave 8-hydroxy o,pf-unsaturated ethyl ester 419.



47

Protection of the C4-hydroxyl as the THP ether followed by saponification and desilylation gave
hydroxy acid 4f10. A Mitsunobu dimerization was used to give 4f11 followed by acidic cleavage
of the THP ethers to give (-)-pyrenophorol (4a).

Scheme 4f: Yadav’s First Synthesis of (-)-Pyrenophorol (4a)
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Chapter 4g: Kang’s Synthesis of (-)-Pyrenophorol (4a)

Kang’s"®

synthesis of (-)-pyrenophorol (4a) used the chiral pool for starting material,

namely a-(D)-glucospyranoside (4gl) (Scheme 4g). With removal of some of the functionality

via 4 known steps,7b

glucose 4g1 was converted to epoxide 4g2. Reductive ring opening with

LAH gave alcohol 4g3, followed by protection as the Bn ether then acidic hydrolysis of the

methyl acetal to give the hemiacetal 4g5. Opening of the hemiacetal was done with a Wittig

olefination followed by hydrolysis of the generated ester to give hydroxy acid 4g6. A Yamaguchi

esterification was used to form the macrodiolide 4g7 then removal of the Bn ethers with TiCly

gave (-)-pyrenophorol (4a).

Scheme 4g: Kang’s Synthesis of (-)-Pyrenophorol (4a)
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Chapter 4h: Yadav’s Second Synthesis of (-)-Pyrenophorol (4a)

Yadav’s® second synthesis of (-)-pyrenophorol (4a) began with (S)-methyl lactate 4h1
(Scheme 4h). Protection of the hydroxyl as the TBDPS ether followed by DIBAL-H reduction to
the aldehyde and Wittig olefination gave a,f3-unsaturated ester 4h2. Reduction of the alkene with
NiCl,*H,0O and NaBH4 gave 4h3, followed by chain extension with a similar sequence, DIBAL-
H reduction to the aldehyde and Wittig olefination gave a,f-unsaturated ester 4h4. Reduction to
alcohol 4hS followed by Sharpless asymmetric epoxidation afforded epoxide 4hé6. Iodination of
the primary alcohol followed by epoxide opening with Zn dust in refluxing MeOH gave allylic
alcohol 4h7. The olefin of (-)-pyrenophorol (4a) was uniquely made via a cross metathesis of
4h7 and methyl acrylate with Grubb’s 2™ generation catalyst to give 4h8. Their endgame
strategy was similar to that of their first synthesis of (-)-pyrenophorol (4a).

Scheme 4h: Yadav’s Second Synthesis of (-)-Pyrenophorol (4a)
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Chapter 5a: Isolation and Biological Activity of (+)-Decarestrictine L

(+)-Decarestrictine L (5a, Figure 5) is a member of the decarestrictine family of natural
products. Originally isolated in 1992' from the culture broth of Penicillium simplicissimum, (+)-
decarestrictine L (5a) has a trisubstituted tetrahydropyran (THP) core that sets it apart
structurally from its congeners that have a 10-member ring lactone. It has been shown to inhibit
cholesterol biosynthesis as an inhibitor of HMG-CoA reductase.” (+)-Decarestrictine L (5a)
consist of a THP ring moderately decorated with a 2’-oxopropyl side chain at C2 in the (R)
configuration, a C3 (S)-hydroxyl and a C6 (R)-Me stereocenter. The relative and absolute
configuration was first confirmed by Kibayashi’ e. al. in the first total synthesis of the natural
product. Due to its biological activity and interesting structure there have been several total
syntheses have been published to date and are summarized as follows.

Figure 5: (+)-Decarestrictine L (5a)

(+)-Decarestrictine L (5a)




Name, year Steps (Longest Overall yield % Key Reactions
Linear Sequence)
Kibayashi, 1993 10 steps 23 % TBAF oxa-Michael
Clark, 1994* 9 steps 55% Carbenoid insertion
ylide rearrangement
Nokami, 1995 7 steps 11 % Sulfinyl anion
addition to aldehyde
Carreno, 1998 18 steps 16 % Intramolecular Sx2
for THP ring
Hatakeyama, 2000 20 steps 10 % Sharpless
dihydroxylation
Donaldson, 2003 13 steps 6.3 % Stereoselective axial
methylation of tri-
O-acetyl-D-glucal
Clark, 2006 10 steps 10 % Oxonium ylide
rearrangement for
THP ring
Fall, 2006 12 steps 21 % Singlet oxygen
furan oxidation
Sudalai, 2009 7 steps 22 % D-Proline catalyzed
o-aminooxylation
Fall, 2010 10 steps 4.8 % Stereoselective
Michael addition to
tri-O-acetyl-D-
glucal

* = racemic synthesis

54
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Chapter 5b: Kibayashi’s Synthesis of (+)-Decarestrictine L

In 1993 Kibayashi® et. al. published the first total synthesis of (+)-decarestrictine L (5a,
Scheme 5b). This synthesis began with the C2-symmetric bis-epoxide Sb1, one equivalent of
Vitride” affects desymmetrization followed by TBDPS protection to afford the mono-epoxide
5b2. Ring opening of the epoxide was affected with the lithium dianion of phenylthioacetic acid
to give methyl ester 5b3 upon methylation with CH,N,. The thioether was then oxidized with m-
CPBA and pyrolyzed to install the a,B-unsaturation. Next the C3 hydroxyl was protected as the
BOM ether followed by TBAF deprotection to give the C6 alcohol 5bS. Intramolecular oxa-
Michael was affected with K,COs in refluxing THF to give the ester substituted tetrahydropyran
5b6 followed by a reduction/ oxidation sequence to afford aldehyde Sb7. Finally nucleophilic
attack on the aldehyde with MeMgBr and PDC oxidation of the resultant secondary alcohol
followed by hydrogenolysis of the BOM ether produced (+)-decarestrictine L (5a) in 12 steps.

Scheme Sb: Kibayashi’s Synthesis of (+)-Decarestrictine L

0 o PhSCH,CO-H, OH SPh m-CPBA, DCM,
1. Vitride®, THF 2@ DA THF,  Me _~_ A -30 °C;
é\\/\/\] Me\:/\/\l , ; E COMe
5b1 2. TBDPSCI, OTBDPS CH,N, OTBDPS  5b3 pyr. PﬂhCHs,
DMAP, DCM 5b2 64 % reflux
62 % over 2 steps 87 %
OH 1. BOMCI, DIEA, OBOM _.OBOM
Me\/\/\/\ DCM Me\/\/:\/\ KoCOs, THF
cCO,Me ————» - CO,Me ——— .
OTBDPS  5b4 2. TBAF, THF OH 5b5 reflux Me® O
60 % over 3 steps 5b6 O~ “OMe
1 MeM Br, THF
1 LAH ~0OBOM gDMF OH
2. (COCl),, DMSO Me" 3. Pd/C, H2 Me" O
EtsN, DCM HCI, MeOH
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Chapter 5c: Clark’s Synthesis of (+)-Decarestrictine L

Clark® and coworkers first published a racemic synthesis of decarestrictine L (5a) in
1994. Beginning with the racemic alcohol 5¢1 (Scheme 5c), allylation was affected with NaH
and allyl bromide followed by TBS removal with TBAF to give allyl ether 5¢2. A two step
oxidation, first to the carboxylic acid and then to the acid chloride followed by attack with
CH;N, generated the a-diazomethyl ketone S¢3. Using a catalytic amount of Cu(tfacac),, the
copper carbenoid was first generated followed by insertion into the oxygen lone pair forming an
intermediate oxonium species which undergoes rearrangement to the 2,6-dialkyl
tetrahydropyran-3-one 5c4. Ketone reduction with L-Selectride® produced alcohol 5¢5 as a
single diastereomer followed by Mitsunobu reaction with 4-nitrobenzoic acid with complete
inversion of the C3 stereocenter to give S¢6. The terminal olefin was then subjected to a Wacker
oxidation to install the methyl ketone moiety in decarestrictine L (5a) along with hydrolysis of
the 4-nitrobenzoate ester to give the natural product as a racemate.

Scheme Sc: Clark’s Synthesis of (+)-Decarestrictine L
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Chapter 5d: Nokami’s Synthesis of (+)-Decarestrictine L
In 1995 Nokami® published a seven-step synthesis of (+)-decarestrictine L (5a) from the
THP protected propynyl ether Sd1 (Scheme 5d). Lithiation of the alkyne with n-BuLi followed
by attack on (R)-propylene oxide produced silyl ether 5d2 after protection with TBSCI.
Complete hydrogenation of the internal alkyne with Pd/BaSO, afforded the fully saturated TBS
ether 5d3 followed by removal of the THP ether with Me,AlICI then PCC oxidation to give
aldehyde 5d4. Now poised to perform their key 3 carbon elongation reaction, aldehyde 5d4 was
reacted with sulfoxide 5d5 in the presence of EttNH in MeCN at 50 °C to generate aldol-type
product with concomitant rearrangement to give the o,-unsaturated ketone 5bé as a 1:1 mixture
of diasteromers. With all of the atoms in the natural product installed, they affected a TBAF-
mediated desilylation oxa-Michael addition to form the THP core of (+)-decarestrictine L (5a),
completing the synthesis. Interestingly they also reported isolation of the (3R)-diastereomer as
the open chain diol, not as the cyclized THP.
Scheme 5d: Nokami’s Synthesis of (+)-Decarestrictine L
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Chapter Se: Carreiio’s Synthesis of (+)-Decarestrictine L

Carrefio’s’ synthesis of (+)-decarestrictine L (5a, Scheme 5e) utilized the chiral pool for
two out of the three stereocenters. The C6-methyl stereocenter was brought in through (R)-
isobutyl lactate Sel. Protection of the hydroxyl as the Bn ether furnished Se2 followed by
DIBAL-H reduction to afford aldehyde 5e3. The C2-stereochemistry would be attained via
inversion of a mesylate derived from the hydroxyl of (S)-malic acid Se4. Selective methyl ester
formation was affected with TFAA and then MeOH to attain ester 5eS followed by reduction of
the acid with BH3*SMe, to the primary alcohol and then protection as the acetonide Se6. Attack
with the lithium anion of dimethyl methylphosphonate produced Se7; which was reacted with
aldehyde Se3 in a HWE olefination. The C3-hydroxy stereochemistry was obtained via L-
Selectride” reduction of ketone 5e8. Protection as the MOM ether 5e10 and cleavage of the
acetonide gave diol Sell followed by selective silyl ether formation at the primary hydroxyl to
give Sel2. Hydrogenation of the alkene and simultaneous cleavage of the Bn ether afforded
Sel4, the key substrate for the Sx2 cyclization. The intramolecular Sy2 displacement of the
mesylate was affected with NaH in a refluxing mixture of PhH/ DMSO to give tetrahydropyran
SelS. The primary alcohol was then deprotected, oxidized, methylated and oxidized again to
install the methyl ketone moiety over 4 steps. Final deprotection of the MOM ether unmasks the

C3-OH in (+)-decarestrictine L (5a) completing the synthesis.
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Scheme Se: Carreiio’s Synthesis of (+)-Decarestrictine L
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Chapter 5f: Hatakeyama’s Synthesis of (+)-Decarestrictine L
Hatakeyama’s’ synthesis of (+)-decarestrictine L (5a, Scheme 5f) features a
desymmetrization of the C2-symmetric bis-allylic alcohol 5f1 with a Sharpless asymmetric
epoxidation. The epoxide was reductively opened with DIBAL-H followed by a Red-Al”

mediated reductive debenzylation to give diol 5f2. Birch reduction of the Bn ether gave a 1,3-
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diol that was then protected as the benzylidene acetal. The remaining hydroxyl was then
protected as the Bn ether 5f7. Hydroboration/ oxidation of the terminal alkene gave the primary
alcohol 5f4 then oxidation to the aldehyde and methanolic removal of the acetonide followed by
acid catalyzed intramolecular acetalization gave the (1R,5R,6S5)-6-benzyloxy-2,9-dioxabicyclo
[3.3.1] nonane 5f5. Methylative cleavage with Me,AlCI installed the C6-methyl stereocenter in
5f6 as an 80:20 mixture of diastereomers. Primary alcohol 5f6 was then subjected to a three-step
oxidation/ methylation/ oxidation sequence to install the methyl ketone moiety. Lastly
hydrogenolysis of the Bn ether unveiled (+)-decarestrictine L (5a) as the final target.

Scheme 5f: Hatakeyama’s Synthesis of (+)-Decarestrictine L
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Chapter 5g: Donaldson’s Synthesis of (+)-Decarestrictine L

Another synthesis that used the chiral pool was Donaldson’s® synthesis of (+)-
decarestrictine L (5a, Scheme 5g). Beginning with the commercially available triacetyl-D-glucal
S5¢1, an axial methylation with Me,AlICl and BF3¢Et,O installed the C6-methyl as an 87:13
mixture, favoring the desired product. The diastereomers were readily separated after
hydrogenation of the olefin. Methanolysis of the acetates gave diol 5g3. Acetalization to 5g4
followed by DIBAL-H reductive opening gave 5g5. One carbon chain extension was affected
with tosylation followed by displacement with NaCN to give 5g6 followed by hydrolysis of the
nitrile with KOH to give carboxylic acid 5g7. In order to install the methyl ketone moiety they
first reduced the acid with LAH, followed by oxidation to the aldehyde 5g8 then attack with
MeMgBr and oxidation with PDC of the resultant alcohol installed the ketone. They completed
the synthesis by unmasking the C3-hydroxyl to give (+)-decarestrictine L (5a) in 13 steps.

Scheme Sg: Donaldson’s Synthesis of (+)-Decarestrictine L
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Chapter 5h: Clark’s Second Synthesis of (+)-Decarestrictine L

In 2006 Clark® et. al. published a second synthesis of (+)-decarestrictine L (5a, Scheme
5h). They used ethyl (R)-3-hydroxybutyrate Sh1 as a commercial starting material in a 10 step
asymmetric synthesis. Installation of an allyl ether was affected with allyl trichloroacetimidate to
give allyl ether Sh2 followed by reduction of the ester with LAH then conversion of the alcohol
to bromide 5h3. One carbon homologation to carboxylic acid 5Sh4 was accomplished via CO(s)
trapping of the Grignard reagent derived from Sh3. Oxidation to the acid chloride with oxalyl
chloride followed by attack with CH,N, generated a-diazomethyl ketone ShS. With ketone ShS
in hand, the Cu(tfacac), catalyzed carbenoid insertion and rearrangement gave tetrahydropyran-
3-one 5h6. Reduction of the ketone with L-Selectride™ gave alcohol 5h7, followed by Mitsunobu
inversion to the 4-nitrobenzoate ester Sh8 then Wacker oxidation smoothly installed the methyl

ketone in 5h9 and hydrolysis of the 4-nitrobenzoate ester produced (+)-decarestrictine L (5a).
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Scheme Sh: Clark’s Second Synthesis of (+)-Decarestrictine L
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Chapter 5i: Fall’s Synthesis of (+)-Decarestrictine L

Fall’s'® synthesis of (+)-decarestrictine L (5a, Scheme 5i) features a 'O, oxidation of a
furan. Beginning with (3R)-hydroxy-ethyl butyrate Sil, DIBAL-H reduction and TBS protection
afforded primary alcohol 5i2 followed by conversion to iodide 5i3 with Ph;P and I,. Alkylation
of lithiated furan with iodide 5i3 afforded the key oxidation substrate 5i4 in quantitative yield.
Singlet oxygen mediated oxidation with Rose Bengal then treatment with Ac,O / pyridine
afforded the key butenolide Si5 followed by TBAF-mediated oxa-Michael addition to give
bicyclic lactone 5i6. Reductive opening of the lactone with LAH produced diol 5i7 along with
protection of the primary alcohol as the TBS ether then TPAP/NMO oxidation to give ketone
5i8. Reduction with NaBH,4 produced a mixture of diasterecomers 5i9: 5i10 (55:45 respectively),

which were separated by chromatography. Protection of the C3-hydroxyl as the TBDPS ether
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followed by removal of the TBS ether gave primary alcohol Sill. Oxidation to the aldehyde,
nucleophilic attack with MeLi followed by TPAP/NMO oxidation installed the methyl ketone
moiety of Sil2 in 3 steps. Final desilylation of the C3-hydroxyl with TBAF produced (+)-
decarestrictine L (5a) in 17 steps.

Scheme Si: Fall’s Synthesis of (+)-Decarestrictine L
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Chapter 5j: Sudalai’s Synthesis of (+)-Decarestrictine L
Sudalai’s'' synthesis of (+)-decarestrictine L (5a, Scheme 5j) features an -
aminooxylation and HWE olefination sequence to install the C3-hydroxyl stereochemistry and

an o,B-unsaturated ketone that was used for intramolecular oxa-Michael addition to form the
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tetrahydropyran (THP) core. Beginning with ethyl acetoacetate 5j1 (Scheme 6j), Sudalai used a
Noyori hydrogenation followed by TBS protection to access 3-siloxy ester 5j2. Reduction of the
ester with DIBAL-H to aldehyde 5j3 followed by Wittig olefination proceeded smoothly to
afford ethyl ester 5j4. The two-carbon homologation was completed by palladium-catalyzed
hydrogenation of the olefin and DIBAL-H reduction of the ester to afford the saturated aldehyde
5j5. Now poised for their key reaction, aldehyde 5j5 was subjected to the a-aminooxylation and
HWE sequence with nitrosobenzene and D-proline, aldehyde 5j5 was converted to the o-
nitrosoaldehyde, which was immediately reacted with diethyl (2-oxopropyl)-phosphonate 5j6
and Cs,COs to yield a,p-unsaturated ketone 5j7. A one pot deprotection of the C3-hydroxyl with
Cu(OAc); in EtOH followed by TBAF desilylation of the Co6-silylether affected the
intramolecular oxa-Michael cyclization to form the THP core and complete the synthesis of (+)-

decarestrictine L (5j8).
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Scheme 5j: Sudalai’s Synthesis of (+)-Decarestrictine L
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Chapter 5k: Fall’s Second Synthesis of (+)-Decarestrictine L

In 2010 Fall'? et. al. published a second synthesis of (+)-decarestrictine L (5a, Scheme
5k) also from triacetyl-D-glucal 5k1. First removing the acetates and then protecting the
unmasked 1,3-diol as the bis-silyl ether gave 5k2. Oxidation to the ketone 5k3 was accomplished
with PDC followed by a conjugate addition of the Gillman reagent derived from MeLi/CuLi to
afford a 90:10 mixture of diastereomers Sk4: 5k5. Ketone 5k4 was subjected to a Wolf-Kishner
reduction with p-toluenesulfonyl hydrazine followed by NaBH3CN reduction of the intermediate
hydrazine to give tetrahydropyran Sk6. Desilylation with HF afforded Sk7 followed by a two-
step chain extension of the primary alcohol via NaCN displacement of the tosylate. Reduction of
the nitrile to the aldehyde with DIBAL-H followed by Wittig olefination gave alkene Sk10. A
Wacker oxidation was then used to install the methyl ketone completing their synthesis of (+)-

decarestrictine L (5a) 12 steps.
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Scheme Sk: Fall’s Second Synthesis of (+)-Decarestrictine L
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With the successful application of the hydroacetoxylation/ AHF/ Wittig olefination
sequence to the synthesis of (+)-patulolide C (Chapter 3),' we sought out other targets to
demonstrate this powerful chemistry. (-)-Pyrenophorol (6al, Scheme 6a) is a 16-membered
macrodiolide natural product containing two y-hydroxy-a,-unsaturated ester subunits, making it
an excellent target to display the hydroacetoxylation/ AHF/ Wittig olefination sequence. Another
small molecule natural product that seemed amenable to this strategy is (+)-decarestrictine L
(6a2), which contained a trisubstituted tetrahydropyran ring with a masked y-hydroxy-a,p-
unsaturated ketone. With easy access to the (4S5) and (4R)-fert-butyldimethylsiloxy-1-pentyne
enantiomers 6a3 and 6a4,>* we hoped to develop efficient routes to (-)-pyrenophorol (6al) and

(+)-decarestrictine L (6a2) respectively.

Scheme 6a
, OH ‘
(0] Me !
X4 Me  Me.
1 7 N | “ 4 steps
o ¢ 0o ﬂ = (9 ; RS P
32 % overall OTBS | TBSO 47 % overall
Me 0 yield 6a3 ! 6a4 yield
OH
(-)-Pyrenophorol (6a1) (+)-decarestrictine L (6a2)

Landis and Wong have demonstrated the iterative AHF/Wittig olefination/ AHF/ Wittig
olefination in a recent publication.” We thought the application of this type of iteration could
result in an extremely short synthesis of (-)-pyrenophorol (6al). Our synthetic strategy is
outlined in Scheme 6b. In our initial approach we envisioned using the Wittig olefination of a-
acetoxy aldehyde 6b1 as the dimerization step to access 6al after deacetylation. The a-acetoxy
aldehyde 6bl could be accessed via AHF of Z-enol acetate 6b2, which would arise via

esterification of hydroxy Z-enol acetate 6b3 with ketenylidene triphenylphosphorane 6b4."
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Alcohol 6b3 would be attained from desilylation of TBS ether 6b5; which would be made via a
Z-selective hydroacetoxylation of (4R)-tert-butyldimethylsiloxyl-1-pentyne (6a4). Alkyne 6a4 is
available in 2 steps from commercially available (R)-propylene oxide (> 98 % ee) via literature

protocol.*

Scheme 6b
o 2 OH y OAc OAc
T 7 ¢ O%)\/\rMe X Me
o) 0 | — o) | —
(e}
Me X PhsP Ph.P
© b1 \/&o ob2 2 \/&o
6al OH
OAc OAc
xn Me x Me Me
6b3 Oy 6b5 1ps oTBS
PhsP=C=C=0 (4R)-t-butyldimethylsiloxy-1-pentyne (6a4)
6b4

Synthesis of alkyne 6a4 began with ring opening of (R)-propylene oxide 6¢1 by lithium
acetylide diethylamine complex to furnish alcohol 6¢2 in 67 % yield (Scheme 6c). Protection of
the hydroxyl as the TBS ether proceeded smoothly to afford known alkyne 6a4 in 57 % yield.
Our previous successful application of the Rh (I)-catalyzed hydroacetoxylation chemistry in our
synthesis of (+)-patulolide C' (Chapter 3) prompted us to try it on alkyne 6a4 in order to access
Z-enol acetate 6b5. Several attempts were made but only resulted in complex mixtures. The

Scheme 6¢

lithium acetylide

67 %

57 %

(R) diethylamine Me i Me hydroacetoxylation e
O,\/ Me complex ) TBSCI, imid. /m Y 777777777 y 77777 . N 5 Me
o OH OTBS
61 DMSO, 0 °C to r.t. 6c2 DCM 6ad 6b5 OTBS

higher temperature seemed to be too harsh for this substrate. Searching the literature we found

the Ru(Il)-catalyzed hydroacetoxylation developed by Dixneuf' with equally high anti-
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Markovnikov Z-selectivity at much milder temperatures (ca. 55 °C). They demonstrated the
hydroacetoxylation of terminal alkynes with Ru(2-Me-allyl),dppb, AcOH in toluene and several

examples are shown in Table 6a.

Table 6a
o] 1% Ru(2-Me-allyl),(dppb) 0
% Ru(2-Me-
J§ re” S o
Ry "OH toluene K/Rz
R, R» temp. °C time, h % yield % Z
Ph Bu 65 25 95 98
Ph Bu 100 1.7 95 20
Ph Ph 100 3 97 96
Ph Ph 60 18 92 98
Me Ph 60 4 90 76
Me Ph 45 4 90 99

As shown in Table 6a the hydrocarboxylations of hexyne and phenylacetylene that
proceeded at lower temperatures were in fact more Z-selective in most cases. They propose a
similar mechanism to the one put forth by Breit*™ as shown in Scheme 3b of Chapter 3. The
milder conditions prompted us to explore the use of this catalyst system to access Z-enol acetate
6b5. Application of this Ru(Il) catalyzed hydroacetoxylation to alkyne 6a4 did form the desired
Z-enol acetate 6bS, but some optimization of catalyst loading, time and temperature were
required. Indeed with 5 % Ru(2-Me-allyl)dppb, AcOH in toluene at 55 °C, alkyne 6a4 was

transformed into Z-enol acetate 6bS in 89 % yield with 97 % Z-selectivity (Scheme 6d).
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Scheme 6d
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When performing a macrocyclization, concentration is a crucial factor to promote the

intramolecular reaction and avoiding the intermolecular reaction. Submillimolar concentrations

of substrate are usually necessary for medium sized rings (10-12). One way in which these low

concentrations of substrate can be attained is by a slow addition of a solution of the substrate to a

dilute solution of reagents as shown in the example of patulolide C acetate in Scheme 6e. As a

drop of the hydroxy aldehyde 6el is added to the reaction vessel containing Bestmann ylide 6e2

(6 equivalents),3b the alcohol 6el encounters molecules of 6e2 and the stabilized yilde 6e3 is

formed. Since the dropwise addition of substrate 6el is slow, the concentration of 6e2 generated

in solution is very low (<< 0.1 mM) and the intramolecular Wittig olefination is much faster than

a competing intermolecular Wittig olefination. With this method the 12-membered ring

macrocycle 6e4 was cleanly formed with the avoidance of dimerization.

Scheme 6e
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Q}
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N

patulolide C acetate 6e4

In the case of (-)-pyrenophorol (6al), we needed to effect a dimerization involving one

intermolecular reaction followed by an intramolecular reaction. To accomplish this the rate of
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addition and reaction concentration had to be finely tuned in order to favor one intermolecular
reaction as soon as the substrate was added to the reaction vessel followed by an intramolucular
reaction to effect macrodiolide formation. The concentration should be low enough that the first
intermolecular reaction is relatively fast and a second intermolecular reaction (between substrate
molecules) would be very slow compared to intramolecular cyclization, thus attaining
dimerization and avoiding higher oligomers.

In order to elucidate this narrow window of concentration and rate addition we thought it
would be wise to have an authentic sample of the bisacetoxy pyrenophorol 6f8 (Scheme 6f) in
hand so as to have key analytical signatures (R on TLC plate, 'H-NMR and a mass spectrometry
data) to compare with when conducting dimerization experiments. Therefore we synthesized the
macrodiolide 6f8 according to the route in Scheme 6f with sequential intermolecular
esterification followed by an intramolecular lactonization.

The TBS-protected Z-enol acetate 6bS was subjected to AHF conditions with
Rh(acac)(CO), and (S,S,S)-BDP in THF under 150 psi CO/H,. It was found that the reaction
required heating to 67 °C in order to affect complete conversion while maintaining
regioselectivity. o-Acetoxy aldehyde 6fl is the only product observed by 'H-NMR. From
aldehyde 6f1 we were able to access carboxylic acid 6f5 and alcohol 6f3 via two different
olefination reactions. Wittig olefination with #-butoxycarbonylmethylene triphenylphosphorane
gave the fully protected o,p-unsaturated #-Bu ester 6f2 in 98 % yield (> 95 % E) and an HWE
olefination with phosphonate ester 6f4 afforded a,p-unsaturated carboxylic acid 6fS in 70 %
yield (> 95 % E) upon aqueous workup. The TBS ether of 6f2 was hydrolyzed to yield alcohol
613 in 99 % yield. An intermolecular esterification between alcohol 6f3 and acid 6f5 was done

under Shiina’> (MNBA, DMAP in DCM) conditions to afford the open chain fully protected
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dimer 6f6, albeit in low yield. After a variety of cleavage conditions were screened, it was found
that reacting substrate 6f6 with Montmorillonite K-10 acidic clay in MeCN at 80 °C affected a
simultaneous cleavage of both the -Bu ester and TBS ether to give open chain hydroxy acid 6f7
in 90 % yield with the acetates intact. Slow addition of 6f7 over 23 h to a flask containing 6
equivalents of both MNBA and DMAP in DCM (1.8 mM) cleanly affected macrocyclization to
give the bis-acetoxy pyrenophorol 68 in 62 % yield with confirmation by mass spectrometry.
With an authentic sample in hand, we were able to obtain key analytical signatures such as Ry
(for TLC analysis), 'H-NMR, “C-NMR and mass spectrometry (m.s.) data for comparison in
subsequent experiments. The sequential esterification approach (2 steps) to form the macrocycle
(Scheme 6f) was sub-optimal considering that several® of the previous syntheses of (-)-
pyrenophorol (6al) formed the macrodiolide via a head-to-tail dimerization of a hydroxy acid in
one step. This route did however provide an authentic sample to reference in the exploration of

more efficient routes.
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Scheme 6f
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With access to Z-enol acetate 6bS and confirmed bis acetoxypyrenophorol 6f8 in hand,

we proceeded to explore the iterative AHF/ Wittig olefination dimerization route (Scheme 6g).

The TBS ether of 6b5 was removed via AcOH mediated hydrolysis to give hydroxy Z-enol

acetate 6b3 in 70 % yield. The key AHF/ Wittig dimerization was attempted next. Hydroxy Z-

enol acetate 6b3 was stirred with one equivalent of the Bestmann ylide 6b4 in toluene at 80 °C to

cleanly generate stabilized ylide 6b2 in quantitative yield (NMR yield, not isolated). This Z-enol

acetate derived stabilized ylide 6b2 was then injected into a solution of pre-reacted

[RhH(CO),(S,S,S)-BDP] under syngas and reacted at 50 °C in hopes to affect the iterative AHF/

Wittig olefination dimerization. Indeed the AHF catalyst completely consumed all of the alkene,

however no dimer 6f8 was detected by TLC, 'H-NMR or mass spectrometry, and only higher
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polymers resulted as observed by mass spectrometry. The dimerization reaction needed to be
conducted at a much lower concentration (ca. 1 mM in substrate) in order to avoid higher
oligomers. The dilute conditions for dimerization proved incompatible with the necessary higher

concentration for AHF, thus we had to revise our strategy.

Scheme 6g
6b4
Me 5 9, Ru (2-Me-allyl)»(dppb) Qhe 3:1:1 Qhe PhsP=C=C=0
& (R) y 2 pp ) S Me s . Me -
. o (R) . . (R) toluene, 80 °C
6ad toluene: AcOH, 55 °C 6b5  OTBS AcOH: H,O: THF 6b3  OH
89 %, 97 % Z 70 %
OAc
OAc OAc o. 2 Me
\/\(Me 1 % [RhH(S,S,S)-BDP] OMMG X ) N g
o THF, 50 °C, 0o
PhaP: 150 psi 1:1 CO:H, PhgPs. Me A (0]
6b2  ° \V&o 6b1 \/go 68 OAc
100 % conv. by TH NMR not observed

Knowing that the ester bond was used frequently as the disconnection bond for
dimerization in previous syntheses,’ we decided to follow precedent. As shown in Scheme 6h,
we planned to access (-)-pyrenophorol (6al) from a double deacetylation of bis-acetate 6f8;
which would come from a dimerization of methyl ester 6h1l. This ester would be accessed from
the desilylation of TBS-ether 6h2; which would come from an AHF/ Wittig olefination of Z-enol

acetate 6b5.
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Scheme 6h
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The AHF of Z-enol acetate 6bS (Scheme 61) proceeded smoothly with 0.5 % catalyst at
67 °C, 150 psi CO/H; to give a-acetoxy aldehyde (not shown) as the only observable product by
'H NMR. The temperature range necessary for the reaction to go to completion and still maintain
selectivity was 67—70 °C. Wittig olefination with methoxy acetyl triphenylphosphorane afforded
y-acetoxy-o,B-unsaturated methyl ester 6h2 in 80 % yield. Acidic hydrolysis of the TBS ether
produced C7-hydroxy ester 6hl in 39 % yield (unoptimized). We attempted to affect the
dimerization via a neutral transesterification with Otera’s catalyst.” The transesterification
reaction only produced a mixture of acetates 6il and 6hl from partial acetyl transfer and no
dimer was detected by TLC or m.s.. Neutral transesterification with Otera’s catalyst’ as a means
of dimerization was not a viable option. No other transesterifications were attempted; at this

point an esterification reaction, being closer to the precedent, seemed more likely to work.
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Looking to the preceding syntheses, we knew the dimerization would work with the

hydroxy acid. The ester moiety incorporated from the stabilized ylide in the Wittig olefination

needed to be cleaved to the carboxylic acid in the presence of the acetate; the #-Bu ester was an

obvious choice. AHF/ Wittig olefination of Z-enol acetate 6b5 (Scheme 6j) proceeded smoothly

to afford the o-acetoxy aldehyde (not shown) which was reacted directly with

(tert-

butoxycarbonylmethylene) triphenylphosphorane to afford y-acetoxy-o,p-unsaturated #-butyl

ester 6f2 in 54 % yield (unoptimized). Once again refluxing #-butyl ester 6f2 in MeCN with

Montmorillonite K-10 acidic clay produced C7-hydroxy acid 6j1 in quantitative yield while

leaving the acetate untouched.
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Scheme 6
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Now poised for the macrodiolide formation, hydroxy acid 6j1 was slowly added to the
reagents in the flask to affect either the Shiina’ or Yamaguchi® esterification. A range of
concentrations from 1 mM to 100 mM was screened, but none resulted in dimerization, only
complex mixtures of inseparable products. None of the dimer was detected by TLC, "H-NMR or
m.s. when compared to the authentic sample previously prepared. Yamaguchi esterification
didn’t afford the desired bis-acetate dimer 6el, but gave a mixture of polymeric products even at
low concentrations. Likewise esterification with the Shiina conditions using MNBA/ DMAP in
DCM gave only intramolecular Michael addition products and higher oligomers. None of the
reported syntheses that used an esterification for the dimerization step had an ester protecting
group on the C4 hydroxyl, it is possible that the acetate activated the -position of the alkene
toward Michael addition.

Several syntheses’ of 6al used the Mitsunobu reaction of a C7-hydroxy acid to form the

macrodiolide. Since the carboxylate is the nucleophile and the C7-carbon bearing the hydroxyl is
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the electrophile in the Mitsunobu reaction, we thought this role reversal
(nucleophile/electrophile) from the esterification reaction would avoid the Michael addition. The
alternative Mitsunobu reaction strategy required the C7-OH stereocenter to be in the (S)-
configuration since the Mitsunobu reaction is an Sny2, which proceeds with inversion, and the
stereochemistry in (-)-pyrenophorol (6al) is the (R) configuration. Therefore a similar route was
pursued beginning with (S)-propylene oxide to make the enantiomeric (4S)-tert-
butyldimethylsiloxy-1-pentyne* (6a3, Scheme 6h).

The known alkyne 6a3 (Scheme 6k) was prepared in an identical manner to its
enantiomer 6a4. The Ru(Il)-catalyzed hydroacetoxylation of alkyne 6a3 afforded Z-enol acetate
6kl in 92 % yield ( 97 % Z). It was found that both the hydroacetoxylation and AHF/ Wittig
olefination reactions worked especially well on a large scale. A 589 mmol scale
hydroacetoxylation afforded plenty of material (14.05 g) to finish the synthesis of (-)-
pyrenophorol (6al). The AHF of Z-enol acetate 6k1 proceeded smoothly with 0.28 % catalyst at
67 °C, 150 psi syngas (1:1 CO/H;) on a 10.6 mmole scale to give a-acetoxy aldehyde 6k2 as the
sole product. Wittig olefination with (fert-butoxycarbonylmethylene) triphenylphosphorane
produced (C7-S)-tert-butyldimethylsiloxy-y-acetoxy-o,-unsaturated terz-butyl ester 6k3 in 98 %

yield with excellent E-selectivity (95 % E).
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Double deprotection of the TBS ether and #-Bu ester was done with Montmorillonite K-
10 in refluxing acetonitrile to yield C7-hydroxy acid 6k4 in 97 % yield, leaving the acetate in
place. The key Mitsunobu dimerization was attempted next with diethylazodicarboxylate (not
shown). Hydroxy acid 6k4 was added slowly to a THF/toluene solution of Ph;P and DEAD at -
20 °C over 16 h. The bis-acetate dimer 6f8 was formed, however purification proved
troublesome and the product was not isolated from the byproducts. Mitsunobu reactions are
notorious for difficult purification of products and the literature showed some research done in
order to improve this reaction.'” The reagent di-tert-butylazodicarboxylate (DBAD) was shown
by Kiankarimi'® to facilitate purification the Mitsunobu reaction at room temperature and easily
decompose to gaseous byproducts (isobutene, CO,, and N;) upon acidic work up. For relatively
simple substrates they report mostly pure product after acidic work up and aqueous extraction,
however we found that bis-acetate 6f8 still required careful chromatography to attain product of

analytical purity. The Mitsunobu reaction was done on hydroxy acid 6k4 with DBAD and Phs;P
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in THF at room temperature and cleanly afforded the bis-acetate dimer 68 in 48 % yield after
work up and careful chromatography. It was found that the total reaction concentration could be
as a high as 5 mM in substrate and the production of trimer or higher oligomers could be
avoided. The Mitsunobu reaction was quite fast and the addition could be done over a minimum
of 6 h so long as the DBAD and Ph;P were used in a minimum of 5 equivalents. When the
reaction was done at higher concentrations (> 5 mM) or the addition done faster than 6 h, trimer

was formed and confirmed by m.s.

Table 6b

OAc OH

OY\)\/\( Me o b OY\)\/\( Me
conditions belo
0 0 " . o 0
MGJ\/NO MGWO
6f8 OAc 6al OH
Entry Reagent Solvent Time (d) Temp. (°C) % Yield
1 KCN EtOH 1 50 44
2 EtsN MeOH 3 25 25
3 EtsN MeOH 10 25 69
4 TsOH-H,O MeOH 10 25 0
Pseudomonas
5 fluorescens pH 7 buffer 14 25 77
lipase

With a successful dimerization in hand, deacetylation was all that was left to finish (-)-
pyrenophorol (6al). Several conditions were screened and the results are shown in Table 6b.
Mild removal with KCN/ EtOH did produce (-)-pyrenophorol (6al) albeit in only 44 % yield.
Methanolysis with Et;N did affect the deacetylation but was slow (3 d, 25 %; 10 d, 69 %) and

competitive lactone opening was observed. Acidic cleavage with TsOH*H,O in MeOH did
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remove the acetates, but very slowly and decomposition dominated. Once again enzymatic
deacetylation was done in hopes to maintain selectivity and avoid decomposition. Lipase from
Pseudomonas fluorescens cleanly removed both acetates under neutral conditions without
hydrolyzing the lactones. The reaction was slow (14 d), but cleanly and selectively gave the final
target (-)-pyrenophorol (6al) in 77 % yield. HPLC analysis of both desilylated t-butyl ester 6k3
and 6al showed a diastereomeric ratio of 95:5 indicating excellent selectivity for the AHF as
well as no deterioration in the subsequent reactions.

With the successful completion of (-)-pyrenophorol (6al) we had sought to use the
hydroacetoxylation/ AHF/ Wittig olefination sequence developed for the (R)-enantiomeric
alkyne (6a4) in a short synthesis of decarestrictine L (6a2, scheme 6l). (+)-Decarestrictine L
(6a2) is a trisubstituted tetrahydropyran (THP) from the decarestrictine family of natural
products. With access to Z-enol acetate 6bS we proposed an AHF/Wittig olefination/
deacetylation sequence to produce y-hydroxy-a,B-unsaturated ketone 611. With all the carbons of
the natural product in place the final step would be a TBAF-mediated desilylation/oxa-Michael

cyclization via transition state 612 to afford decarestrictine L (6a2) in a very short synthesis.

Scheme 61

F

1 i
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TBSO — Me 2 9
Me Me OH 1 611 OH
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Me Me
: 2
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The large scale (38.7 mmol) hydroacetoxylation of 6a4 (Scheme 6m) proceeded well to
afford Z-enol acetate 6bS in 92 % yield (97 % Z). Next the AHF of Z-enol acetate 6bS was
conducted with 0.28 mol % [RhH(S,S,S)-BDP(CO),] in THF at 67 °C with 150 psi of syngas
(1:1 CO/H;) followed by Wittig olefination at room temperature with 1-
triphenylphosphoranylidene-2-propanone to afford y-acetoxy-o,-unsaturated ketone 6m1 in 93
% yield (> 95 % E). Several chemical methods were attempted to affect deacetylation, the results
were low yield of product and complex mixtures of side reactions. Enzymatic deacetylation with
Pseudomonas fluorescens lipase in pH 7 buffer resulted in slow conversion and low yields.
However, hydrolysis was better affected with lipase from Candida rugosa at a slightly elevated
temperature (45 °C) to give y-hydroxy-a,B-unsaturated ketone 611 in 77 % yield. Finally the
formation of the THP ring was affected by a TBAF-mediated desilylation/ oxa-Michael cascade
to afford (+)-decarestrictine L (6a2) in 71 % as a single diastereomer after chromatography. It
should be noted that the TBAF-mediated desilylation oxa-Michael cascade was done with the
acetate in place and produced C3-acetoxy decarestrictine L (not shown) but only as a 4:1 mixture
of diastereomers. All characteristic data for synthetic 6a2 closely matched the data reported in
the literature, however the 4-bromobenzoate ester (6m2) of decarestrictine L was made and both

the relative and absolute stereochemistry were confirmed by X-ray crystallography.
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In summary (-)-pyrenophorol (6al, Summary Scheme 6n) was synthesized in 5 steps
from the known alkyne 6a3 (7 steps from commercial material) in 32 % overall yield. A Ru(Il)-
catalyzed hydroacetoxylation of alkyne 6a3 yielded Z-enol acetate 6k1 in 92 % yield (58.9 mmol
scale) with 97 % Z-selectivity. The AHF of 6k1 with the Landis ligand (S,S,S)-BDP produced o-
acetoxy aldehyde 6k2 as the sole product by 'H-NMR and subsequent Wittig olefination
afforded o,p-unsaturated 7-Bu ester 6k3 in 98 % yield (10.6 mmol scale, 95 % E). Simultaneous
cleavage of both the TBS ether and #-Bu ester were cleanly affected by Montmorillonite K-10 to
give hydroxy acid 6k4 in 97 % yield. A head-to-tail Mitsunobu dimerization of hydroxy acid 6k4
was accomplished using DBAD, Phs;P in THF at 5 mM substrate concentration to produce bis-
acetoxy pyrenophorol 6f8 in 48 % yield. Finally enzymatic deacetylation using lipase from
Pseudomonas fluorescens furnished (-)-pyrenophorol (6al) in 77 %. The relative and absolute
configuration of (-)-pyrenophorol (6al) was confirmed by X-ray crystallography and matched
the reported crystal structure. Our synthesis of (-)-pyrenophorol (6al, 5 steps LLS, 32 % overall
yield) compares very favorably with previous enantioselective syntheses (11-16 steps (LLS), and

1.6-10.7 % overall yield).
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Summary Scheme 6n: (-)-Pyrenophorol
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Also, (+)-decarestrictine L (6a2, Summary Scheme 60) was synthesized in 4 steps from
known alkyne 6a4 (6 steps from commercial material) in 47 % overall yield. A large scale Ru(Il)
catalyzed hydroacetoxylation of known alkyne 6a4 proceeded with excellent regio- and
stereoselectivity (97 % Z) to afford Z-enol acetate 6b5 in 92 % yield. The AHF/ Wittig
olefination tandem reaction of Z-enol acetae 6b5 produced y-acetoxy-o,p-unsaturated ketone
6m1 in 93 % yield (95 % E). An enzymatic hydrolysis of the C3-acetate with lipase from
Candida rugosa afforded y-hydroxy-o,p-unsaturated ketone 611 in 77 % yield (91:9 dr by
HPLC). Finally a TBAF-mediated desilylation/ oxa-Michael cascade was used to form the THP
ring and produce (+)-decarestrictine L (6a2) in 71 % yield, and the relative and absolute
configuration confirmed by X-ray crystallography of the 4-bromobenzoate ester 6m2. Our
synthesis of (+)-decarestrictine L (6a2, 4 steps LLS, 47 % overall yield) compares very favorably
with previous enantioselective syntheses (7-20 steps (LLS), and 2.3-22 % overall yield). These

two syntheses uniquely demonstrate the dramatic increase in overall efficiency from judicious
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incorporation of Rh(I)-catalyzed AHF/ Wittig olefination tandem reactions with the Landis BDP
ligands and stabilized phosphorus ylides into the synthetic strategy in terms of step counts and
overall yields relative to previous efforts.

Summary Scheme 60: (+)-Decarestrictine L

Me P 5% (dppb)Ru Me 0.28 mol % Rh(acac)(CO),, Me (0]
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+)-decarestrictine L (6a2) 6m2, X-ray crystal
structure
47 % overall yield from
alkyne 6a4
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Chapter7a: Background and Previous Syntheses of (+)-Prelog-Djerassi Lactone (Since the
1990 Martin Review)

The Prelog-Djerassi lactone (7a) (Figure 7a) was originally isolated in 1956 by Prelog
and Djerassi as an oxidative degradation product from neomethymycin, methymycin,
narbomycin, and picromycin."* The full stereochemistry was elucidated by Rickards and Smith
in 1970.>* Since then, the PD lactone (7a) and the PD lactonic acid 7a’ (Figure 7a) have served

as benchmark molecules to showcase synthetic methodologies. An instructive variety of

5a-b

strategies have been used to synthesize 7a including two non-stereoselective approaches,” the

6-15 16-20

use of architecturally biased scaffolds,” ~ and carbohydrate-based syntheses. Many methods

have been employed to construct this stereochemically rich lactone, including aldol reactions,” *

21-26 27-31

carbonyl crotylations, and assorted pericyclic reactions including [4+2] cycloaddition,*”

34, 35

ene reaction,” and Claisen-, [2,3] Wittig-,36’ 37 and Ireland-Claisen rearrangements.38

Electrophilic additions to alkenes have also been used including mercuric ion induced

42,43 and

cyclization,” acyclic 1,5-diene hydroboration,*” *! Sharpless asymmetric epoxidation,
phenyldimethylsilylcuprate 1,4-addition to an o,B-unsaturated ester.** Of the previous syntheses,
14 of them were racemic and required between 5 and 19 steps in the longest linear sequence

(LLS).014-1828.2932.373941 Tywenty of the previous syntheses relied on the chiral pool to make

7a with synthetic steps ranging anywhere from 7 to 22 (LLS),3010:12.16-19:21.24.26.27.30.31.34-36.38.43
Among the 9 enantioselective syntheses, the shortest ones took 8 steps and the longest 28 steps
(LLS).3o0:1421-23254044 Clearly the PD lactone (7a) has provided a context to display many
methods and strategies for polypropionate natural product synthesis. Martin*® published a
comprehensive review of all the syntheses up to 1990. Summaries of the syntheses of the Prelog-

Djerassi lactone (7a) and PD lactonic acid (7a’) since 1990 are presented in the following

chapters.
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Figure 7a:

(+)-Prelog-Djerassi (+)-Prelog-Djerassi

Lactone 7a Lactonic acid 7a'
Name/Year Steps (Longest Linear Yield % Key Reactions
Sequence)
Santelli/ 1994* 10 9.1 Diastereoselective
ketone crotylation
Irie/ 1992 6 40 Methylation of v,0-
epoxy acrylate
Pilli/ 1996 8 30 Evans aldol
Campagne/ 2001 4 16 Asymmetric
vinylogous aldol
Santelli/ 1990 8 41 Baeyer-Villager
Oppolzer/ 1997 8 17 Chiral sultam
boron aldol
Parsons/ 1998 14 12 Ireland-Claisen
Rearrangement
Fleming/ 1998* 27 0.98 Silyl cuprate Sn2°
Santelli/ 1993 6 56 Dienolate Carroll
rearrangement

* racemic synthesis
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Chapter 8b: Santelli’s Racemic Synthesis of the Prelog-Djerassi Lactone

Several syntheses of the Prelog-Djerassi lactone (PD lactone 8a) have been published by
Santelli"> and coworkers. They published a racemic synthesis of the PD lactone 8a from the 2-
propanylidene cyclopentanone 8b1 (Scheme 2b). Methylation at the 2-position was effected with
LDA, THF and Mel. A diastereoselective crotylation of the ketone was done with
crotylmagnesium chloride affording the tertiary alcohol 8b3 with good facial selectivity and
decent (85:15 syn: anti) selectivity for the new methyl stereocenter. An acid catalyzed
dehydration gave the 1,3,6-triene 8b4, followed by a 1,4-reduction with Li/NH3 to give the 1,6-
diene 8b5 as a 1:1 mixture of diastereomers. Ozonolytic cleavage of the 2 alkenes followed by
acid catalyzed dimethyl acetal formation gave 8b6 as a single diastereomer. A Baeyer-Villager
oxidative ring expansion afforded lactone 8b7. A common method to install the C6-Me has been
enolization of the unsubstituted lactone with LDA and quenching with Mel to give a mixture of
diastereomers that is then equilibrated to the desired (6R)-Me stereocenter with -BuOK/ #-
BuOH.** Methylation at the C6-position was done in this manner. The mixture of diastereomers
was then equilibrated to the desired diastercomer 8b8 with -BuOK/ #-BuOH.* Finally

ozonolysis of the dimethyl acetal gave the PD lactone 8a as a racemate.
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Scheme 8b: Santelli’s Racemic Synthesis of the Prelog-Djerassi Lactone
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Chapter 8c: Irie’s Synthesis of the Prelog-Djerassi Lactonic Acid 8a’

Irie’s? synthesis of the PD lactonic acid 8a’ began with the known chiral epoxide
8c1*’(Scheme 2c¢). Swern oxidation of the primary alcohol followed by Wittig olefination gave
o,P-unsaturated ester 8c2. Their strategic methylative epoxide opening with Mes;Al gave a
mixture of alcohols 8¢3, 8c4, 8¢5, and 8¢6 (78:3:3:15 respectively). Alcohols 8¢3 and 8c4 could
be separated from 8¢5 and 8¢6 but not from each other. Using a hydroxyl directed Rh-catalyzed
asymmetric hydrogenation according to the Evan’s procedure™ the olefin was reduced to set the
C6 stereocenter. The separable diastereomeric lactones 8¢7 and 8¢8 were obtained after Bn ether

cleavage. Finally a Jones oxidation of the primary alcohol gave the PD lactonic acid 8a’.
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Scheme 8c: Irie’s Synthesis of the Prelog-Djerassi Lactonic Acid 8a’

OBn 1.(COCI,, DMSO ~ oBn Me3Al, DCM
WOH DCM, -60 °C; Et;N MCOZB Ho0. -45 °C
8ci 2. PhsPCMeCO,Et, 8c2 2
THE 93 %

80 % over 2 steps

OBn OH OBn : OBn OH
OH
8c3 8c4 8ch
(78:3:3:15)

@)

1. 100 atm H,, DCM

b

CrO3, aq HQSO4,

> HO
acetone, 0 °C

[Rh(nbd)(DIPHOS-4)]BF,
2.1 atm H,, Raney-Ni

EtOH 8c7 - 8c8 Prelog-Djerassi
Lactonic acid 8a'

Chapter 8d: Pilli’s Synthesis of the Prelog-Djerassi Lactone Known Precursor

In 1996 Pilli** and coworkers made a known precursor 8d8'’(Scheme 2d) of the PD
lactone 8a. Beginning with Roche ester 8d1, the hydroxyl was protected as the tosylate 8d2 and
the ester was reduced with DIBAL-H to give aldehyde 8d3. Next they did an Evan’s chiral
auxiliary mediated boron aldol* with oxazolidinone 8d3 to give secondary alcohol 8d5 with the
desired 2,3-syn 3,4-anti stereochemistry. Cleavage of the chiral auxiliary was affected with
LiBH,4 followed by TBS protection of the primary alcohol to afford TBS ether 8d6. Esterification
of the remaining hydroxyl propionic anhydride gave ester 8d7. Enolization with KO#Bu affected
an intramolecular alkylation with displacement of the tosylate and after equilibration of the C6-

stereocenter with KO#-Bu/ --BuOH gave the known PD lactone precursor 8d8.
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Scheme 8d: Pilli’s Synthesis of the Prelog-Djerassi Lactone Known Precursor
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Chapter 8e: Campagne’s Synthesis of the Prelog-Djerassi Lactone Known Precursor

Campagne’s>® synthesis of the known PD lactone precursor 8¢5°° (Scheme 2¢) began

form the TBDPS protected Roche aldehyde 8el. They developed an asymmetric vinylogous

aldol reaction with the silyl dienylacetal 8e2.”' With catalytic CuF+(S)-tolBINAP in THF, they

affected the aldol reaction to afford the o,f-unsaturated lactone 8e3 directly. Reduction of the

alkene gave the saturated lactone 8e4. Methylation/ equilibration according to known methods

gave a 4:1 mixture (desired diasteromer favored) of the known precursor 8eS.
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Scheme 8e: Campagne’s Synthesis of the Prelog-Djerassi Lactone Known Precursor
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Chapter 8f: Santelli’s Synthesis of the Prelog-Djerassi Lactone 8a

Santelli'* also published an asymmetric synthesis of the PD lactone 8a from (2R, 6S)-
pulegenic acid 8f1 (Scheme 2f). Beginning with an alkylation of the carboxylic acid with MeLi,
they obtained the methyl ketone 8f2 in good yield. Wittig olefination fo the ketone gave a 4:1
E:Z mixture of methyl enol ether 8f3. Exposure of the aldehyde with HCl in MeOH and
protonation at the a-stereocenter gave a 7:3 mixture of diastereomeric dimethyl acetals 8f3
(favoring the desired diastereomer). Ozonolysis of the alkene gave ketone 8f4. After Baeyer-
Villager oxidation the lactones 8f5 and 8f6 were obtained as separable diastereomers. The
desired lactone 8f5 converted to the a-methyl lactone 8f7 via the known protocol.** Finally

ozonolytic cleavage of the dimethyl acetal gave the methyl ester, completing the synthesis of the

PD lactone 8a.
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Scheme 8f: Santelli’s Synthesis of the Prelog-Djerassi Lactone 8a
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Chapter 8g: Oppolzer’s Synthesis of the Prelog-Djerassi Lactonic Acid 8a’

In 1997 Oppolzer® and coworkers published a synthesis of the PD lactonic acid 8a’
starting from the known meso-dialdehyde 8g4>> (Scheme 2g), which is available in 5 steps from
methyl dimethylmalonate 8gl. Their synthesis began with a boron aldol reaction of N-
propionylsultam 8g5 with the meso-dialdehyde 8g4 effectively breaking symmetry to give the
hemiacetal 8g6 as an inseparable mixture. Oxidation with TPAP/NMO gave the separable
lactones 8g7 and 8g8. Lastly lithium hydroperoxide mediated cleavage of the chiral auxiliary

gave the PD lactonic acid 2a’.
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Scheme 8g: Oppolzer’s Synthesis of the Prelog-Djerassi Lactonic Acid 8a’
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Chapter 8h: Parson’s Synthesis of the Prelog-Djerassi Lactonic Acid

Parsons’® and coworkers accomplished a synthesis of the PD lactonic acid 8a’ featuring
an Ireland-Claisen rearrangement™ and a key fragmentation of a silyl allylic acetal. Beginning
with the known aldehyde 8h1>* (Scheme 2h), nucleophilic addition with 1-trimethylsilyl-2-
propenylmagnesium bromide 8h2 gave the mixture of syn and anti alcohols 8h3 and 8h4. Both
alcohols were converted to their corresponding propionate esters 8hS ands 8h6, respectively.
With these diastereomeric esters in hand, they were able to develop conditions to convert both to
the desired diastereomeric carboxylic acid 8h7. Ester 8hS was first deprotonated with LDA and
trapped as the E-silyl ketene acetal before the stereospecific Ireland-Claisen rearrangement to
give 8h7. Meanwhile with a slight alteration of conditions, ester 8h6 was enolized then

isomerized before trapping as the Z-silyl ketene acetal in order to converge on the same acid 8h7
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via the Ireland-Claisen rearrangement. Reduction of the acid with RedAl” to the primary alcohol
and TBDPS protection gave silyl ether 8h8. Next they affected a BF3*Et,O mediated desilylation
with concomitant fragmentation of the acetal to afford alcohol 8h9. Sharpless asymmetric
epoxidation®® with L- (+)-DET gave epoxide 8h10. A copper mediated diastercoselective diimide
reduction of the remaining alkene gave the last Me-stereocenter in 8h11. Reductive opening of
the epoxide followed by the acetalization of both alcohols gave diacetate 8h12. Desilylation with
TBAF gave alcohol 8h13 followed by oxidation to the acid 8h14. Saponification of the acetates
gave the 6-membered ring lactone with the appended primary alcohol, which was oxidized to

give PD lactonic acid 8a.
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Scheme 8h: Parson’s Synthesis of the Prelog-Djerassi Lactonic Acid
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Chapter 8i: Fleming’s Synthesis of Racemic Prelog-Djerassi Lactonic Acid
In 1998 Fleming’® ez. al. published a racemic synthesis of the PD lactonic acid 8a’. They
started with ethyl crotanoate 8il (Scheme 2i) and affected an a-mehtylation with LDA/ Mel
followed by another dieneolate formation with trapping as the tert-butyldimethylsilyl
dieneylacetal 8i2. Reaction with trimethyl orthoformate under Lewis acid catalysis affected a y-
selective vinylogous aldol to afford ethyl ester 8i3. Next a conjugate addition with
phenyldimethylsilylcuprate gave the B-silane 8i4 with good syn selectivity. Reduction of the

ester with LAH followed by TBS protection gave 8i5. Exposure of the aldehyde with TsOH
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followed by oxidation to the acid and CH);N, methylation gave methyl ester 8i6. A
diastereoselective a-methylation was done under substrate control to install the a-methyl group
anti to the silicon stereocenter. Reduction of the ester followed by tosylation gave primary
tosylate 8i7. Next they affected a silyl to hydroxyl conversion via protodesilylation of the phenyl
group followed by oxidation with m-CPBA and fluoride mediated desilylation to give diol 8i8.
The 1,3-diol was protected as the dimethyl acetal and the tosylate displaced by NaCN to give the
primary nitrile 8i9. Conversion of the nitrile to the methyl ketone was affected with MeMgI to
give ketone 8i10. Nucleophilic attack on the carbonyl with lithiophenylacetylide gave a mixture
of the tertiary alcohols 8il11 and 8i12. Cleavage of the acetal and protection of all three hydroxyls
with acetic anhydride gave the triacetates 8i13 and 8il4. At this point the acetates were displaced
via a stereospecific Sy2’ with phenyldimethylsilylcuprate to give the £ and Z olefins 8il5 and
8i16 which converged on a single diastereomer 8i17 upon protodesilylation with BF;*2AcOH. A
final sequence of transformations was done to reach the target. First an ozonolysis of the alkene
to the aldehyde was followed by Jones oxidation to the acid. Then the acetates were cleaved and
TsOH catalyzed lactonization followed by a PDC oxidation of the primary alcohol to the acid

8a’ completing the racemic synthesis.
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Scheme 8i: Fleming’s Synthesis of Racemic Prelog-Djerassi Lactonic Acid
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Chapter 8j: Santelli’s Synthesis of the Prelog-Djerassi Lactonic Acid

Santelli’s”’ third synthesis was of the PD lactonic acid 8a’, features a dieneolate Carroll*®
rearrangement of the known p-keto ester 8j1'*(Scheme 2j). The P-keto ester 8j1 was
deprotonated with LDA to affect the rearrangement to the p-carboxylic acid 8j2 that underwent
decarboxylation to give ketone 8j3 as a mixture of diastereomers. Epimerization with DBU in
wet ether affected equilibration of the a-stereocenter to give the favored diastereomer 8j4. This
ketone was reacted with m-CPBA to affect the Baeyer-Villager oxidation affording lactone 8j5.
Methylation and equilibration via the known protocol®® gave 8j6. Finally, RuO, mediated

oxidation of the alkene gave PD lactonic acid 8a’ in quantitative yield.



106

Scheme 8j: Santelli’s Synthesis of the Prelog-Djerassi Lactonic Acid
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Chapter 8: The Total Synthesis of (+)-Prelog-Djerassi Lactone via
Asymmetric Hydroformylation/

Crotylation
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Figure 8a

C:)Me (:)H etnangien

Polypropionates'® are the characteristic structural subunit in polyketide natural products
and pharmaceuticals that bear the sequences of methyl- and hydroxyl-bearing stereocenters in the
carbon chain. Two examples, erythromycin A and etnangien are shown in Figure 8a with the
signature polypropionate segments highlighted. Nature prepares these polypropionate segments
via the condensation of propionyl subunits as depicted in Figure 8b. Nature’s catalytic system for
erythromycin biosynthesis consists of three multifunctional proteins, DEBS 1, DEBS 2, and
DEBS 3, each with smaller subunits that perform the specific transformations along the
assembly-line style synthetic pathway.lb Each of the arrows in Figure 8b represents a
condensation cycle containing some or all of the following chemical transformations:
transacylation by the acyltransferase enzyme (AT) onto an acyl carrier protein (ACP),
ketosynthase (KS) catalyzed p-keto thioester formation, ketoreduction by ketoreductase (KR),
dehydration (enoyl dehydratase, DH) and enoyl reduction (enoyl reductase, ER) producing either
keto, hydroxy, alkene or methylene centers, respectively. This chain building process is

terminated by a thioesterase (TE) that closes the macrocycle yielding 6-deoxyerythronolide B
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(not shown), which undergoes glycosylation or oxidation to produce various erythromycin
antibiotics.'® Nature produces these polypropionate antibiotics with great efficiency and exquisite
selectivity.

Figure 8b

DEBS 1 DEBS 2 DEBS 3
[ [
S S
o =0

\\q OH
AT = acyltransferase DH = dihydratase K/

ACP = acyl carrier protein ER = enoylreductase
KS = B-ketoacyl-ACP synthase TE = thioesterase
KR = B-ketoreductase

Many methods for the construction of these polypropionate segments have been
developed over the years by synthetic chemists to effect similar transformations as Nature’s
approach to the alternating methyl-, hydroxyl-, methyl- stereotriads (and higher iterations)
including propionate aldol reactions, allenylation, crotylations and epoxide openings to name a
few. With the AHF of terminal olefins a new chiral Me-bearing stereocenter is enantioselectively
set adjacent to an aldehyde (8al to 8a2, Scheme 8a). The crotylation of a-methyl chiral
aldehydes with crotylboronates has been widely used in polypropionate synthesis” (8a2 to 8a3)
to generate homoallylic alcohols with 3 stereocenters, as such we sought to develop an AHF /
crotylation tandem reaction of masked acrylates (8al) to be used in the context of polypropionate
natural product total synthesis. Many asymmetric crotylations have been developed using a
chiral crotylating reagent as the source of asymmetry.” We sought however to combine the high
regio- and enantioselectivity of the Rh-BDP AHF catalyst system with a substrate controlled

crotylation to telescope the influence of the chiral catalyst from the a-methyl bearing
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Scheme 8a
AHF/ Crotylation Approach to Polypropionate Synthesis
Io ORs ¥ OH
ROCS AHF Re ~NBORy), H B Raz ey
| | Me/J=oR, | —— :
H &Ry Me Me

8a1 8a2 Me 8a3

masked acrylates Ra = C(ORy)s Zimmerman-Traxler TS 8a4

as AHF substrates

stereocenter (8a2) to the other two stereocenters in the homoallylic alcohol (8a3) as well. E-
Crotylboronates are known to react with a-chiral aldehydes with Felkin-Anh selectivity via
Zimmerman-Traxler transition state 8a4 to produce the 2,3-syn-3,4-anti-homoallylic alcohol
8a3." The facial selectivity is dictated by the large group (R vs Me) being oriented away from the
approaching nucleophilic carbon of the E-crotylboronate while the a-Me group is oriented to
avoid a syn-pentane interaction with the methyl group on the E-crotylboronate.” For the AHF/
crotylation tandem reaction to work well, an AHF-substrate had to be chosen judiciously such
that it would undergo AHF with sufficient regio- and enantioselectivity favoring the branched
aldehyde as well as having the proper influence on the crotylation reaction.

Batey and coworkers have described diastereoselective substrate controlled allylation and
crotylation of a-chiral aldehydes,” with representative results shown in Table 8a. Using the
potassium allyl- and crotyltrifluoroborate salt as their crotylating reagent they could generate the
active crotyl-BF, species in situ with 5 mol % BF3*Et;0 in DCM or 10 mol % TBAI in
DCM/H,0. The first two entries show that the allylation only displayed modest
diastereoselectivity while the crotylations displayed a higher degree of diastereoselectivity
(entries 3-6). The Z-crotyl trifluoroborate salt showed excellent 2,3-anti-selectivity (entry 3)
while the E-crotyl trifluoroborate salt only displayed modest 2,3-syn-selectivity (entry 4). When

R3; on the aldehyde was Ph (entries 5 and 6), both crotylating reagents favored the anti-
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diastereomer with similar selectivity (90:10 anti:syn) in agreement with a non-chairlike

transition state, but rather a Cram-chelate transition state.’

Table 8a
R ﬁ R1 5 mol % BF3'OEt2 R \l)O;/\ R OH
3 > 32 42 3@»4/\
Rz)\/\Bst DCM, r.t,, 6 h e s
OTBS TBSO RiR2 TBSO RiR2
syn anti
Entry Ry Ro Rs syn:anti Yield (%)
1 Me 30:70 69
2 Ph 35:65 91
3 Me H Me 5:95 73
4 H Me Me 75:25 72
5 Me H Ph 10:90 85
6 H Me Ph 10:90 82

Saikawa® and coworkers also showed that the crotylation of M-branched -
methylaldehydes proceeds with good to excellent stereoselectivity (Table 8b). Their data is in
agreement with Roush’s assessment’ that having a sufficiently large a-substituent in addition to
the a-methyl group increases Felkin-Anh diastereoselectivity. They demonstrated that the
bulkier the group in the p-position is, the higher the Felkin-Anh selectivity (entry 1 vs 2). The
acetal and thioacetal are sufficiently larger than the o-Me group and increase the
diastereoselectivity via avoidance of destabilizing gauche pentane interactions in the chair like
transition state. They also demonstrated that having another degree of branching (entry 3 vs 2

and 1) significantly increases the diastereoselectivity; producing only one diastereomer.
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Table 8b
o} OH OH
| A~ BFgK* :
R\I) . RZ oo R\i/s\l/\
Me TBAI, DCM/ H,0 Me Me Me Me
2,3-syn 2,3-anti

Yield (%) ratio (2,3-syn: 2,3-anti)

R
1 A(\O 85 11:1
o)\;r‘

2 Cs)s\ﬁ 97 24:1

.
3 /\S/)Dﬁ“r 95 2,3-syn only
TBDPS

OAc

Our strategy toward a successful AHF/ crotylation tandem reaction began with choosing
an appropriate olefin that would react with good regioselectivity in the AHF and exhibit good
diastereoselectivity with the potassium crotyltrifluoroborate developed by Batey. Landis’ ef. al.
have reported the AHF of 2-vinyl-1,3-dioxolane (8bl, Scheme 8b) proceeds with good
regioselectivity and enantioselectivity (4.2:1 B:L, 92 % ee). With the understanding that the {3-
branching was necessary to affect good Felkin-Anh diastereoselectivity in the crotylation, we
chose 2-vinyl-1,3-dioxolane (8b1) as our first AHF/ crotylation substrate. In our hands, the AHF
of the 2-vinyl-1,3-dioxolane (8b1) proceeded with good regioselectivity (3.6:1 B:L), albeit a
little lower than reported, to produce the a-Me chiral aldehyde which was then subjected to
crotylation with potassium crotyl trifluoroborate to give homoallylic alcohol 8b2 as a mixture of
diastereomers (7.3:1 dr) in favor of the Felkin-Anh product (2,3-syn-3,4-anti). Desiring a higher

diastereoselectivity for the crotylation, the bulkier dioxane 8b3 was used. The AHF proceeded
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similarly to that of 8b1 however the diastereoselectivity of the crotylation was much greater
(19:1) when the crotylation was done at low temperature. Still convinced we could do better, we
switched from an acetal to an ortho ester incorporating an extra point of branching. A perusal of
the literature of ortho esters of acrylic acid led us to the 4-methyl-1-vinyl-2,6,7-
trioxabicyclo[2.2.2]octane ortho ester (vinyl-OBO 8b5, Scheme 8b) developed by Corey and

10
coworkers.

Scheme 8b
0.5% Rh(acac)(CO),
0.55% (R,R,S)-BDP
140psi (1:1) CO/H,
<\O toluene, 40°C <\O OH AHF = 3.64 BIL
o % O)\l)\_A\ HF = 3.6:1 B:
10% TBAI, DCM:H,0O : 65% isolated yield
| rt 2 Me Me dr=7.3:1
1 2
8b Me/\/\BF3K 8b! . N
H g
Z2nglng
0.1 % Rh(acac)(CO), MeHT./'\ =0 F
Me 0.2 % (R,R,S)-BDP, Me
Me (e} 160psi (3:1) CO/H,  Me O OH AHF =3.1:1 BiL Me
THF, 45°C 31% yield
(o) o) IR dr=19:1 Zimmerman/ Traxler
| BF3-OEt,, DCM, -78°C Me l\:/Ie transition state
8b3 Me™ " BF.K 8b4
0.1 % Rh(acac)(CO),
Me o 0.2% (R,R,S)-BDP, Me o oH O OH
\@ 160psi (3:1) COMM, \@ HO AHF 9-12:1 BiL
o THF, 40°C o’l\(l\/\ | O%/\O A 999
| : Me Me only one diastereomer observed
) BF3-OEt,, DCM, -78°C Me Me
vinyl-OBO 8b5 " PN 8b6 8b7
e BF5K
desired alcohol hydrolyzed ortho ester obtained

The AHF of vinyl-OBO 8b5 proceeded well with low catalyst loading (0.1 %) and good
regio- and enantioselectivity (9-12:1 B:L, 93 % ee). The crotylation with potassium
crotyltrifluoroborate gave only the hydrolyzed diol ester 8b7, but as a single diastereomer.
Several attempts were made to prevent the decomposition, but failed to keep the ortho ester
intact. Searching for another crotyl boronate that would operate under substrate control we chose

trans-crotyl pinacolato boronic ester'' 8¢2 (Scheme 8c). The crotylation with 8¢2 proceeded
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without any decomposition of the ortho ester and with excellent diastereoselectivity, even at
room temperature (Scheme 8c).

AHF of vinyl-OBO 8bS5 proved to be quite sensitive to both temperature and CO-pressure
effects. If the temperature was less than 40 °C, the reaction was too slow and if the temperature
was higher than 40 °C, the regioselectivity decreased. It was also found that the ideal CO/H,
ratio was 120/40 CO/H; in order to maintain the highest regioselectivity (12:1 B:L). If the total
pressure of the reaction lessened during the reaction via consumption of syngas then the
regioselectivity would decrease. Therefore a limited amount of vinyl-OBO 8bS could be reacted
in a given vessel so as to maximize regioselectivity. The optimized conditions (40 °C, 120/40 psi
CO/H2) afforded the aldehyde 8¢1 with maximized regio- and enantioselectivity (12:1 B:L, 93 %
ee). Once the AHF was complete, the syngas was vented and frans-crotyl pinacolato boronic
ester 8¢2 was added to the reaction vessel at room temperature to affect the substrate controlled
crotylation. After separation via chromatography from the minor linear isomer, the 2,3-syn-3,4-
anti-homoallylic alcohol 8b6 was isolated as a single diastereomer in 83 % yield. The
enantioselectivity of the AHF was 93 % ee, as determined via chiral SFC analysis of the PMB

ether of the reduced aldehyde.

Scheme 8¢
one-pot sequential addition
o 8c2 O
Me 0.5 mol % [Rh-(R,R,S)-BDP], | e ! Me
\@o THF, 40°C, 120/40psi CO/H; \@o O |~ Byg \@O OH
O)W room temp, argon o)\l) g 0)\('\/\
| 8c1 Me Me Me
8b5 8b6
AHF : 100% conv. 93%ee crotylation: 1 diastereomer TH-NMR
BiL=12:1 83% isolated yield




121

Many methods for polypropionate synthesis have been showcased in the synthesis of the
Prelog-Djerassi lactone 8d1 (Scheme 8d), as shown by some of the previous syntheses (Chapter
7). With a successful AHF/ crotylation in hand we sought to apply this to a novel synthesis of
8d1. As shown by our strategy in Scheme 8d, we saw the AHF/ crotylation tandem reaction as
providing the requisite functionality and stereochemistry in C1-C4 positions (PD lactone
numbering). The OBO ortho ester would bring in C1 at the proper oxidation state (masked
carboxylic acid), avoiding any oxidation step later in the synthesis. The AHF would set the C2-
Me stereochemistry with appropriate BDP ligand choice, and the substrate controlled
diastereoselective crotylation with frans-crotyl boronic acid pinacol ester 8¢2 would install the
C2 hydroxyl and C3 methyl with the correct stereochemistry as well as a terminal olefin at C4-
C5. We envisioned a one-step chain homologation from 8b6 to 8d2 via alkene metathesis,
incorporating the C6-Me bearing carbon and the C7-Me ester in a single step. Since d-hydroxy
o,B-unsaturated esters such as 8d2 have been shown to undergo hydroxyl directed asymmetric
hydrogenation with transfer of stereogenicity,'> we thought this was an excellent way to set the
C6 stereochemistry. In order to access ester 8d2, we tried a couple of strategies for the
incorporation of C6-Me bearing carbon and C7-carbonyl moiety and they are summarized as

follows.
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Scheme 8d
Prelog-Djerassi
0 M
Lactone (8d1) ‘ . S e O OH o
h directed 0. o L4 56
hydrogenation/ 0] 3NNy 7 0OMe
lactonization/ -
OBO cleavage Me Me Me
~—_ 8d2
M
© O OH
— OW
ozonolysis/ O AHF/crotylation
Wittig Me Me tandem
8b6 ~— 7 vinyl-OBO (8b5)

With homoallylic alcohol 8b6 in hand several attempts were made at a cross-metathesis
with methyl methacrylate 8el but they all failed (Scheme 8e). When the cross metathesis of
alcohol 8b6 and allyl acetate 8e2 was done, the cross metathesis product 8e3 was produced albeit
in low yield. This difference in reactivity is probably due to steric hindrance of the OBO-ortho
ester along with branching at every carbon on the chain disfavoring Ru-alkylidene formation at
the hindered olefin 8b6. These results suggest that catalyst initiation does not happen at olefin
8b6. The Ru-alkylidene generated from methyl methacrylate 8el is unstable and cross metathesis
with the very hindered olefin 8b6 does not proceed. The low yielding (13% yield) cross
metathesis with allyl acetate 8e2 suggest that the Ru-alkylidene generated from 8e2 can produce
the cross product with 8b6, just not very well. Convinced that cross metathesis of alcohol 8b6
and methyl methacrylate 8el wouldn’t proceed successfully, we revised our strategy to a more

precedented ozonolysis/ Wittig olefination sequence.
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Scheme 8e

Meﬁo OH Me.__CO,Me Mefo\o OH
W 891V WCOZMG

0 : VAN 0 :
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Grubbs I, Grubbs lIl, no product detected

Piers-Grubbs, Stewart-Grubbs

[Ru] CO,Me R = methyl methacrylate
Me
M R
°o  oH
0., [Ru] [Ru]=
O

8ed Me Me \_/

R = allyl acetate

Me Me
\ﬁao OH N NoAc \@o OH

Ruls~onc

o) 7N > o) : OAc
Me Me  Grubbsll, DCM, 40 °C Me Me

8b6 13 % 8e3

A common method for the conversion of terminal olefins into o,f-unsatruated carbonyl
moieties is the ozonolysis/ Wittig olefination sequence with stabilized phosphorus ylides. As
shown in Scheme 8f, the ozonolysis of alkene 8b6 proceeds without incident to generate [(3-
hydroxy aldehyde 8f1 after workup with PhsP. Without isolation of aldehyde 8f1, Wittig
olefination with ylide 8f2 was discovered to require elevated temperatures to proceed. An
optimized temperature of 70 °C was found to affect complete conversion while maintaining E/Z
selectivity (3.79 mmol scale, 91 % yield, 97 % E, not shown). This chemistry was found to work

even better on a larger scale, alcohol 8b6 (30.95 mmole) was ozonolyzed to the aldehyde 8f1 and
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reacted with 2 equivalents of ylide 8f2 to give the desired 6-hydroxy-o,B-unsaturated ester 8d2

in 99 % isolated yield (97 % E).

Scheme 8f

M M PhsPy_CO.Me M
© O OH e O OH s 2 © O OH
0. O3, DCM, -78 °C; 0. 8f2 0.
; Sy ' S Me ' CO,Me
0 a _— 0 ) 0 2
Me Me s Me Me PhCHg, 70 °C Me Me Me
8b6 8f1 8d2

99 % isolated yield, 97 % E

With access to methyl ester 8d2, we proceeded to explore hydrogenation catalysts to set
the C6-methyl stereocenter. Evans'? and coworkers reported the hydroxyl-directed cationic
Rh(I)-catalyzed hydrogenation of 8-hydroxy-a,f-unsaturated ester 8gl to give fully saturated
ester 8g2 (Scheme 8g) with transfer of stereogenicity. With a non-chiral ligand (1,4-
diphenylphosphino)-butane (entry 1) they observed a modest diastereoselectivity (83:15 dr).
When they incorporated the chiral bisphosphine ligand (R)-(+)-BINAP (entry 2) the
diastereoselectivity increased dramatically (98:2 dr), however using (S)-(-)-BINAP (entry 3)
afforded 8g2 at a much lower diastereomeric ratio (67:33) indicating a matched [(+)-BINAP]/
mismatched [(-)-BINAP] case.

Scheme 8g

OH

Me
Me Me
8g1

OH

CO,Et i
Sy OO 1000psiHp o

DCM

Me Me

8g2
catalyst dr

1. Rh(dppb)*  83:15
2. Rh((+)-BINAP+ 98:2
3. Rh((-)-BINAP+ 67:33

CO,Et
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When the hydrogenation was conducted on methyl ester 8d2, a mixture of lactone 8hl
open chain ester 8h2 was produced (Scheme 8h). Upon completion of the hydrogenation the
crude reaction was diluted with THF/H,O and a catalytic amount of AcOH was added to
hydrolyze the OBO ortho esters to diol esters 8h3 and 8h4. Next the reaction pH was adjusted to
9 with 1M LiOH (aq) to affect saponification to the PD lactonic acid 8hS and the open chain acid
8h6, after acidification to pH 2 with 1M HCI (aq). Without isolation this mixture of acids was
stirred in MeOH with TMSCHN; to form the mixture of methyl esters that was heated at reflux
in toluene with Otera’s transesterification catalyst to converge the mixture of esters to the Prelog-
Djerassi lactone 8d1. At this point 'H-NMR analysis of the PD lactone 8d1 and its C6 epimer
8h7 revealed that the diastereomeric mixture (at C6) showed 2 well-resolved signals for the C3
methine (Scheme 8h). Since the 'H-NMR spectrum of 8d1 is known, we were able to compare
our synthetic 8dl. This method of analysis proved effective for measuring the
diastereoselectivity of the hydrogenation of ester 8d2. Several catalysts were screened in this

manner and the results are summarized in Table 8c.
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We explored several catalyst systems for the hydrogenation (Table 8c) followed by a
one-pot conversion of the hydrogenation product to the targeted PD lactone (8d1), in which the
hydrogenation diastereoselectivity (a-Me desired) was determined. Hydrogenation with Pd/C
(entry 1) imparted no diastereoselectivity while [Rh(nbd)(dppb)]BF4 (entry 2) gave 2.5:1 mixture
of products favoring the desired diastereomer. Crabtree’s cationic Ir(I)-catalyst (entry 3) gave
slightly better selectivity (3:1) and the Burgess catalyst'® (entry 4) gave lower selectivity (1.6:1).
Coupling a chiral ligand with the hydroxyl-directed Rh(I)-catalyzed hydrogenation has been
shown to increase the diastereoselectivity via double stereodifferentiation.'”” Using
[Rh(COD)]BF4/(S)-BINAP (entry 5) afforded a 5:1 mixture in favor of the PD lactone (8d1) C6-
stereochemistry. Superior results were obtained when the non-coordinating counter ion ClO4

(entry 6) was incorporated into the catalyst, affording a much higher diastereoselectivity (>31:1).



Table 8c

(S)-BINAP]CIO,

Me hydrogenation (0]
O OH O catalyst, DCM, Me
o, 1000 psi H; O O
0] 7N OMe >
Me Me Me AcOH, THF/H,0; MeO :
8d2 1M LiOH; 1M HCI; Me Me
TMSCHN,, MeOH; 8d1
Otera's cat., PhCHj3
reflux
Entry Catalyst % Yield dr (a:p) for C6-Me
1 10 % Pd/C 39 1:1
15 % [Rh(norbornadiene) .
2 61 2.5:1
(dppb)]BF,
3 0.9 % [Ir(pyr)(CysP)IPFg 66 3:1
4 3 % Burgess catalyst 63 1.6:1
5 % [Rh(COD)]BF,/ )
5 (S)-BINAP 30 5:1
6 1% [Rh(COD) 76 >31:1

The diastereoselectivity of

hydroxyl-directed Rh(I)-catalyzed

127

asymmetric

hydrogenation can be explained via the proposed mechanism in Scheme 8i.' Initial coordination

of the hydroxyl and the alkene to the Rh(I)-catalyst would put both the C4-Me and the bulky

OBO ortho ester in equatorial positions on the chair-like complex 8il. Insertion of dihydrogen

would generate Rh(III)-complex 8i2 followed by hydrogen transfer to the coordinated olefin to

give 8i3. Lastly, reductive elimination would afford saturated ester 8h2, some of which would

spontaneously lactonize to 8hl.
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Scheme 8i
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(0) X OMe DCM, 1000 psi H,
Me Me Me -
8d2
Me H
H
\@O Me. ,L . 0 Me O Me
MH_(S_Rh OMe Rh H “ OMe reductive
° L/Il—|\ll\-fe ]\ Me elimination
8i2 8i3
O
M
© O OH o) Me o0 o ~Me
o, — o,
0) ; =~ “OMe o -
Me Me Me Me Me
8h2 OBO-lactone 8h1

In summary a very short and efficient synthesis of the (+)-Prelog-Djerassi lactone (8d1,
Summary Scheme 8j) has been accomplished.' This synthesis features an AHF/ crotylation
tandem reaction of vinyl OBO 8b5 with the Landis (R,R,S)-BDP ligand and trans-crotyl boronic
acid pinacol ester 8¢2 to produce homoallylic alcohol 8b6 in 83 % yield (> 95 % dr) setting 3 of
the 4 required stereocenters in a single pot. Ozonolysis/ Wittig homologation with ylide 8f2
afforded d-hydroxy-a,B-unsaturated methyl ester 8d2 in 99 % yield (97 % E). The C6-Me
stereocenter was set via a hydroxyl-directed Rh(I)-catalyzed asymmetric hydrogenation with
[Rh(COD)(S)-BINAP]CIO4 with excellent diastereoselectivity (>31:1 dr). A one-pot sequence
was developed to convert OBO ortho esters 8h1l and 8h2 to the PD lactone (8d1). After the
hydrogenation was complete the crude mixture was diluted in THF/H,O and a catalytic amount
of AcOH was added to catalyze the hydrolysis of the OBO ortho esters 8h1 and 8h2 to the diol

esters 8h3 and 8h4. Once hydrolysis was complete the pH was adjusted to 9 with IM LiOH to
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affect saponification of the esters followed by acidification to pH 2 in order to protonate the
carboxylates and generate a mixture of acids 8h5 and 8hé6. Esterification with TMSCHN,;
followed by neutral transesterification with Otera’s catalyst in refluxing toluene converged the
mixture of esters to the PD lactone (8d1) in 76 % yield from o,B-unsaturated ester 8d2. In light
of the brevity of this synthesis and comparison of overall yield (3 isolations and 62 % overall
yield from vinyl-OBO 8b5) with previous syntheses of the PD lactone (8d1) from achiral starting
material (8-27 steps LLS, 0.98-17 % overall yield), the AHF / crotylation tandem reaction has
greatly improved the efficiency of the synthesis of 2,3-syn-3,4-anti stereotriads for
polypropionate synthesis.

Summary Scheme 8j: (+)-Prelog-Djerassi Lactone

one-pot sequential addition
0.5 mol % [Rh-(R,R,S)-BDP],

Me , Me O3, DCM, -78°C; Me
o ) 3, s )
\@ THF, 40°C, 120/40psi COIHy: % PPy s \@o OH o
P P > !
- AN W

one-pot sequential addition

(0) | room temp, argon (0) : toluene. 70°C (0) TN OMe
Me Me !O Me Me Me
vinyl OBO 8b5 82 O
; 8b6 Ph.P 8d2
Me. _~_-B-g 8 OMe

AHF : 100% conv. 93%ee Me  8f2

B:L=12:1
crotylation: 1 diastereomer TH-NMR
83 %

99% (97 % E)

(e}
1% [Rh(COD)(S)-BINAP]CIO,
i M M AcOH, H,0,
DCM, 1000psi e o O ~Me Me O OH 0 THE
o, + o, EE——
one-pot sequential addition O : 0 H : OMe
Me Me Me Me Me
8h1 8h2
0}
o o Ve O OH 0 _ ,
) )H)\/\)}\ pH 9 with 1M LiOH (aq);
v + HO v -
HO%/\O Lo /%AO | OMe  en pH 2 with 1M HCI (aq)
HO e Me HO e Me Me
8h3 8h4
0 o
o O)H‘\‘Me X )O OH o TMSCHN,, MeOH; o o Me (+)-Prelog-Djerassi lactone (8d1)
Otera's cat. tol. 3h 62 % overall yield
HO H HO : H OH reflux MeO Y 3 isolations
Me Me Me Me Me 76 % Me Me
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Selected Experimental Procedures:
A. General Methods:

For moisture-sensitive reactions, toluene and tetrahydrofuran (THF) were distilled from
sodium benzophenone ketyl. THF was also subjected to 3 freeze, pump, thaw cycles and stored
in a nitrogen filled glove-box prior to use. Trans-2-butenyl pinacolato boronic ester (6)," Methyl
2-(triphenylphosphoranylidene)propionate,”  Otera’s  catalyst,’ the Burgess catalyst,®
[Rh(COD)(S)-BINAP]CIO4,”  (2R)-8-Nonyn-2-0l.°  2-[(Diphenylphosphino)methyl]pyridine,’
(1,4-Bis(diphenylphosphino)butane)Ru(n’*-CH,MeCH,)," and (4R) and (49)-tert-
butyldimethylsiloxy-1-pentyne’ were synthesized according to the reported methods.
Dicarbonylacetylacetonato rhodium(I), (99%) was purchased from Strem Chemicals Inc. and
used as received. (S) and (R)-Propylene oxide >98% ee were purchased from TCI America and
used as received. All other chemicals were purchased from Sigma-Aldrich and used as received.

All moisture-sensitive reactions were performed in flame-dried and/or oven-dried
glassware under a positive pressure of nitrogen unless otherwise noted. “Concentrated” refers to
the removal of volatile solvents via distillation using a rotary evaporator at water aspirator
pressure. “Dried” refers to addition of ~Ig/mmol anhydrous sodium sulfate followed by
filtration.

Analytical thin layer chromatography (TLC) was carried out on TLC plates precoated
with silica gel 60 Fas4 (0.25 mm layer thickness). Visualization was accomplished using UV light
and/or a p-anisaldehyde (PAA) or KMnO, charring solution. Flash column chromatography
(FCC) was performed on silica gel 60 (230-400 mesh, 60 A pore size) Solvent mixtures for FCC
are reported as Vi/Viear X 100%. Before all compounds containing the OBO ortho ester were

subjected to flash column chromatography, the silica gel was deactivated with a 5-10%
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triethylamine/hexanes; followed by 100 % ethyl acetate, then equilibrated with the desired eluent
for separation before loading the column with the crude material.

Optical rotations were measured on an Autopol III automatic polarimeter. Concentrations
(c) are reported in g/100 mL. Infrared spectra (IR) were obtained on a Tensor 27 FT-IR. 'H and
BC NMR spectroscopy were recorded at 300 (‘H) or 75 (°C) MHz (NSF Grant CHE-9208463),
500 (‘H) or 125 (**C) and 600 ('H) or 150 (*C) MHz (NIH Grants P41RR02301 and
P41GM66326) as indicated. CDCl; used for samples containing the OBO ortho ester was flushed
through a plug of basic alumina first to remove trace acid. First order proton NMR splitting
patterns are designated as singlet (s), doublet (d), triplet (t), quartet (q), quintet (quint), sextet
(sext), septet (sept), multiplet (m), apparent (ap), and broad (br). Second order proton NMR
splitting patterns are designated as AB quartet (ABq), ABX pattern (ABX), etc. All coupling
constants were rounded to the nearest 0.1 hertz (Hz). High-resolution mass spectra (HRMS) were
obtained on a Waters LCT® (NSF Award #CHE9974839) electrospray ionization time-of-flight
(ESI-TOF) mass spectrometer. Exact mass measurements were obtained for all isolated
compounds. Super-critical fluid chromatography (SFC) was used with a chiral column (Chiralcel
OJ-H) in order to determine enantiomeric excess or Shimadzu UFLC with chiral columns

(Chiralcel OJ-H and Chiracel AD-H) in order to determine diastereomeric excess.



135

A. The Total Synthesis of (+)-Patulolide C via Asymmetric Hydroformylation/ Wittig

Olefination
AN
@N/\ PPhy 1 mol% Rh(acac)(CO)s,
ve., s ~ Me., 2 mol% (SSS)-BDP, THF, | e,
11 4 i ac 11 :
X 1 eq. acetic acid, 150psi CO/H,, 50°C, 24h
OH 1% [RhCI(COD)],, OH AcO4| P 2 OH _O\ “OAc
(2R)-8-nonyn-2-ol (3j1) [1M] THF, 110°C, 24h 32 100% conversion 3j3
98%
> o€ 829%
o- é _ é —pph Me Pseudomonas
3 1 fluorescens
Me.,, — 0.4 34 lipase
toluene, reflux Oﬁ 0.34 -PhsPO 2" 0Ac 7
0.1 mM Ny p
: 62% : PheP” [ _ OAc 0 phosphate buffer
0 3j4 patulolide C acetate (3j5) 99%
Me.,,
11 .
34,
(O A “OH
o
(+)-patulolide C (3j6)
96.6:3.4 dr
49% overall yield
from alkyne 3j1

Me N Me |

/:\/\/\/ . :
HO HO

1 eq. acetic acid, .
3c3 1% [RhCI(COD)],, 3i
(2R)-8-nonyn-2-ol >98%ee [1M] THF, 110°C, 24h

82%

All reagents were combined in a nitrogen-filled glove-box. To a 15 mL pressure tube (25.4 mm
OD x 10.2 cm long rated to 150 psi from Ace Glass Inc.) equipped with a stir bar was added
alkyne 3¢3 (250 mg, 1.78 mmol), [Rh(COD)CIl], (8.8 mg, 0.0178 mmol), 2-
[(diphenylphosphino)methyl]pyridine (10 mg, 0.0356 mmol), acetic acid (103 mL, 1.78 mmol),
and 1.78 mL of THF (degassed). The pressure tube was then fitted with a septum and removed

from the glove-box and purged with Argon (outlet needle equipped). After 1 to 2 min of purging
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the septum was quickly replaced with a Teflon screw cap fitted with a front-seal O-ring, and
tightened by hand. The pressure tube was then placed in a 110 °C oil-bath with stirring and the
temperature maintained for 24 h. The tube was then removed from the oil bath and allowed to
cool to ambient temperature. The mixture was then filtered through a 1-inch silica plug and
rinsed thoroughly with ethyl acetate. The filtrate was concentrated to give a crude oil, which was
purified by silica gel flash column chromatography (10% ethyl acetate: hexanes) to yield 292.3
mg of hydroxy-Z-enol acetate 3il as a yellow oil (82% yield). Kugelrohr distillation (0.1 mm Hg,
120 °C) provided a clear, colorless oil; IR (neat) v 1062, 1221, 1369, 1671, 1757, 2858, 2931,
3386 cm™'; '"H-NMR (300 MHz, CDCl;) § 1.19 (d, J=6 Hz, 3H), 1.26-1.49 (m, 9H), 2.11-2.17
(m, 2H), 2.15 (s, 3H), 3.75-3.85 (m, 1H), 4.86 (ABq, J=8, 6 Hz, 1H), 7.00 (dt, J=6, 2 Hz, 1H);
BC-NMR (75 MHz, CDCl;) § 21.0, 23.8, 24.5, 25.7, 29.3, 29.3, 39.5, 68.3, 114.4, 134.3, 168.5;
ESI-MS m/z calculated:[M+Na]'= 223.1305, measured [M+Na]'= 223.1303; [a]p> -3.14 (c

1.02, CHCIl3)(98% ee from epoxide).

o] P
M AcO 1 mol% Rh(acac)(CO)s, AcO | PhgP=C=C=0 Me,,,
vie | 2mol% (S,S,9)-BDP, THF, Me — [
: ; S
HO 150psi COM,, 50°C, 24h | HO tolusne, reflux OAc
3it 2 ’ 3i2 [0.1 mM] o 3f1

100% conversion o
62% patulolide C acetate

All reagents were combined in a nitrogen filled glove-box. To a 48 mL pressure tube (38.1 mm
OD x 10.2 cm long rated to 150 psi from Ace Glass Inc.) equipped with a stir bar was added 3il
(203 mg, 1.01 mmol), Rh(acac)(CO), (3 mg, 0.01 mmol), (S,S,S)-BDP (26 mg, 0.02 mmol) and
1 mL of THF. The pressure tube was then connected to a gauged pressure reactor assembly and
removed from the glove-box. The pressure tube was purged five times with syngas (1:1 CO/H,)
and then charged to 150 psi. A blast shield was placed in front of the reactor for safety. The

reaction tube was submerged in a 50 °C oil bath with stirring and allowed to react for 24 h. The
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pressure tube was removed form the oil bath and allowed to reach ambient temperature and the
pressure was vented to 20 psi. The reactor was equipped with an argon inlet and the remaining
syngas was vented through the Schlenk line. A small aliquot was removed from the reaction to
confirm 100% consumption of 3il by 'H-NMR.

The above solution of aldehyde 3i2 was diluted with toluene (9 mL) and a 0.5 mL (0.05
mmol) sample was removed and diluted with toluene (to 50 mL). This solution was slowly added
via  syringe pump to a  refluxing toluene  solution (450 mL) of
(triphenylphosphoranylidene)ketene (91 mg, 0.3 mmol) over 20 h. The reaction was allowed to
reflux for an additional 1 h and then cooled to ambient temperature. The crude reaction was
concentrated and purified via silica gel flash column chromatography (5% ethyl acetate:
hexanes) to yield patulolide C acetate (3f1) as a yellow oil (7.9 mg, 62%); IR (neat) v 1462,
1651, 1722, 1743, 2863, 2937 cm™'; '"H-NMR (300 MHz, CDCl3) § 1.06-1.82 (m, 12H), 1.29 (d,
J=T7 Hz, 3H), 2.08 (s, 3H), 5.08 (m, 1H), 5.41 (m, 1H), 6.06 (dd, J=16, 1 Hz, 1H), 6.83 (dd, J=16,
7 Hz, 1H); “C-NMR (75 MHz, CDCl;) & 19.4, 21.1, 21.3, 22.3, 27.7, 28.1, 32.9, 33.1, 72.8,
73.2, 122.6, 145.6, 167.2, 169.9; ESI-MS m/z calculated:[M+Na]'= 277.1411, measured

[M+Na]'=277.1406; [a]p> -5.3 (¢ 0.57 EtOH).
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Me., prL,  Mew.
O pH7 . 0N S
‘OAc OH
I 3f1 phosphate buffer O 3a
99% 96.6:3.4 d.r.

patulolide C acetate
(+)-patulolide C

To a 15 mL round bottom flask equipped with a magnetic stir bar was added patulolide C acetate
(3f1) (16.9 mg, 0.066 mmol), Pseudomonas Fluorescens lipase (8.3 mg), and pH 7 aqueous
phosphate buffer (0.7 mL). The reaction was allowed to stir at ambient temperature for 3 d,
during which it was monitored by TLC. Upon completion, the product was extracted with diethyl
ether (3x), dried and concentrated. The crude oil was purified via silica gel flash column
chromatography to yield (+)-patulolide C (3a) as a yellow oil (14.0 mg, 99%); IR (neat) v 1462,
1647, 1718, 2857, 2932, 3426 cm™; 'TH-NMR (500 MHz, CDCl3) d 1.0-1.8 (m, 12H), 1.29 (d,
J=T7 Hz, 3H), 4.51 (m, 1H), 5.08 (m, 1H), 6.10 (dd, J=16, 1 Hz, 1H), 6.85 (dd, J=16, 7 Hz, 1H);
BC-NMR (125 MHz, CDCls) § 19.3, 20.7, 22.1, 27.8, 28.3, 32.8, 35.9, 70.9, 73.1, 121.5, 149.6,
168.1; ESI-MS m/z calculated: [M+H] "= 213.1486, measured [M+H] "= 213.1480; [a]p> +4.1 (c

0.29 EtOH), lit. [a]p® +5.0 (¢ 0.32 EtOH).'
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B. The Total Synthesis of (-)-Pyrenophorol and (+)-Decarestrictine L via Asymmetric

Hydroformylation/ Wittig Olefination.

o e 0.28 mol % Rh(acac)(CO),, OAc
/\ e 5.3 % (dppb)Ru(2-Me aIIyI)2‘ OAc L _037mol% (5S.51BDP. | O Ve
Z S) h . o o )
OTBS 150 psi CO/M,, 67 °C, 47 h 6k2
6a3 92 % yield, 97 % Z 6ki
58.9 mmol scale
OAc OAc
OY\DPhS OW\/\«MG Montmarilonite K-10, OY\)\/\\\‘MG
MeCN, reflux
t+BuO tBuO  gk3  OTBS ., HO oka OH
98 % yield (95 % E) 97 %
10.6 mmol scale
OAc OH
0 Me Pseudomonas OY\)\/\( Me
DBATDH, FPh3P M F’Ufi’g escens > (-)-Pyrenophorol (6a1)
—_— Q 0 - 9 ? 32 % overall yield
5mM PH 7 buffer Me)\/ X from alkyne 6n1
Me X (0] (@]
48 % 6f8 OAc 77% OH
" 5.3 % (dppb)Ru(CH,CMeCH,), OAc
Me -
= ©®) . . 0 X «Me
AcOH: tol. (1.1:1), 55 °C, 40 h
OTBS OTBS
6a3 92% yield, 97% Z 6k1
58.9 mmol scale

In a nitrogen filled glove box, (4S)-tert-butyldimethylsiloxy-1-pentyne (6a3) (11.7 g, 58.9 mmol)

was added to a 50 mL pressure tube containing a stir bar. To the same flask was added (1,4-

bis(diphenylphosphino)butane)Ru(n’-CH,MeCH,), (2.00 g, 3.14 mmol), acetic acid (10 mL) and

toluene (9 mL). The tube was fitted with a rubber septum and removed from the glove box. The

headspace of the tube was flushed with Argon for 3 minutes; the septum was replaced with a

threaded Teflon stopper and heated in an oil bath for 40 h. The reaction was cooled to ambient

temperature and concentrated. The residue was purified via flash column chromatography (2-5%

diethylether: hexane) to afford 6kl as clear colorless oil (14.1 g, 92%, 97% Z selectivity by 'H-

NMR), R¢ = 0.5 (10 % diethylether: hexane); IR (neat) 1056, 1087, 1134, 1221, 1368, 1473,
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1673, 1761, 2858, 2896, 2930, 2958 cm™; "H NMR (500 MHz, CDCl3) & 7.07 (dt, J = 6.5, 1.5
Hz, 1H), 4.93 (td, J = 7.6, 6.5 Hz, 1H), 3.85 (h, J = 6.1 Hz, 1H), 2.34 — 2.21 (m, 2H), 2.14 (s,
3H), 1.14 (d, J = 6.1 Hz, 3H), 0.89 (s, 9H), 0.05 (s, 3H), 0.04 (s, 3H); °C NMR (126 MHz,
CDCly) & -4.77, -4.56, 18.15, 20.75, 23.41, 25.85, 34.62, 68.04, 110.43, 135.02, 168.05; ESI-MS
m/z calculated [M+NH,4]" = 276.1990, measured [M+NH,]" = 276.1980, opt. rot. [a]p> = -2.2 (¢

1.0 chloroform).

(@)
OAc 0.28 mol % Rh(acac)(CO)s, OAc N Pph, OAc
“ Me 0.37 mol % (S,S5,5)-BDP, | O Me t-BuO Oﬁ/\ ~Me
\“ > A —_—
OTBS .THF, MeCN 6k2 OTBS tBuO 6k3 oTBS
6k1 150 psi CO/HQ, 67 °C, 47 h 98 % yield (95 % E)
10.6 mmole scale

In a nitrogen filled glove box, a 300 mL pressure tube with a stir bar was charged with Z-enol
acetate 6kl (2.74 g, 10.6 mmol), (acetylacetonato)dicarbonylrhodium (7.2 mg, 0.028 mmol),
(S,8,5)-bisdiazaphospholane (61 mg, 0.047 mmol), acetonitrile (1.3 mL) and tetrahydrofuran (1.5
mL). The reaction vessel was fitted with a pressure head and removed from the glove box. It was
filled/ purged 5 times with syngas (150 to 40 psi) and then pressurized to 150 psi and placed in a
67 °C oil bath with vigorous stirring behind a blast shield. After 24 h 10 psi of syngas had been
consumed, the vessel was pressurized to 150 psi and allowed to react another 23 h. The vessel
was then cooled to ambient temperature and the pressure vented down to 20 psi. An aliquot was
removed via syringe through the top septum and concentrated for NMR analysis. This aliquot
showed complete conversion to the branched aldehyde, it was then purified via flash column
chromatography (10% ethyl acetate: hexanes) for full characterization. The data are presented
below. The remaining reaction mixture was then fully vented through an Argon Schlenk line, the
pressure head removed and replaced with a rubber stopper and Argon needle. To the reaction

vessel was added fert-butyl 2-(triphenylphosphoranylidene) acetate (6 g, 15.9 mmol) and
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dichloromethane (6 mL) and stirred for 3 h. The reaction was monitored by TLC and when
complete (3 h), it was concentrated and purified via flash column chromatography (3-5%
diethylether: hexane) to afford 6k3 as clear colorless oil (4.02 g, 98 %, 96% E); IR (neat) 1155,
1314, 1369, 1463, 1472, 1662, 1719, 1746, 2858, 2931 cm™'; 'H NMR (500 MHz, CDCl3) § 6.72
(dd, J=15.7, 5.6 Hz, 1H), 5.85 (dd, J = 15.7, 1.5 Hz, 1H), 5.37 (q, J = 5.6Hz, 1H), 3.79 (h, J =
6.1 Hz, 1H), 2.09 (s, 3H), 1.83 — 1.71 (m, 1H), 1.70 — 1.58 (m, 1H), 1.48 (s, 9H), 1.44 (m, 2H),
1.12 (d, J= 6.1 Hz, 3H), 0.88 (s, 9H), 0.05 (s, 3H), 0.04 (s, 3H); °C NMR (126 MHz, CDCl;) § -
4.75, -4.39, 18.10, 21.06, 23.68, 25.87, 28.09, 29.91, 34.66, 68.05, 72.60, 80.70, 123.45, 144.05,
165.33, 170.11; ESI-MS m/z calculated [M+NH,]" = 404.2827, measured [M+NH,]" =

404.2827, opt. rot. [a]p> = -3.5 (¢ 1.04 chloroform).

OAc
O\ \\‘Me

eko OTBS

(28,5S)-5-(tert-butyldimethylsilyloxy)-2-acetoxy-hexanal (6k2); IR (neat) 776, 836, 897, 1055,
1251, 1374, 1469, 1744, 2855, 2929, 2957, 3465 cm™; '"H NMR (500 MHz, CDCl3) § 9.51 (s,
1H), 4.99 (dd, J = 8.4, 4.7 Hz, 1H), 3.82 (h, J = 6.0 Hz, 1H), 2.18 (s, 3H), 1.97 (m, 1H), 1.76 —
1.65 (m, 1H), 1.52 (m, 2H), 1.14 (d, J= 6.1 Hz, 3H), 0.88 (s, 9H), 0.05 (s, 3H), 0.04 (s, 3H); °C
NMR (126 MHz, CDCly) & -4.79, -4.36, 18.08, 20.60, 23.64, 24.86, 25.84, 34.60, 67.90, 78.41,
170.58, 198.16; ESI-MS m/z calculated [M+H]" = 289.1830, measured [M+H]" = 289.1836, opt.

rot. [o]p> = -4.2 (¢ 0.48 chloroform).
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OAc OAc

Montmorillonite K-10,
OWM“\MG - OY\M\\\MG
MeCN, reflux 6k4

+BuO 6k3 OTBS HO OH

97%

To a 100 mL round bottom flask was added 6k3 (268 mg, 0.69 mmol), Montmorillonite K-10
(138 mg) and acetonitrile (69 mL). The flask was fitted with a reflux condenser and refluxed for
24 h. The reaction was cooled to ambient temperature, filtered through a pad of Celite and the
solids were washed with ethyl acetate. The filtrate was concentrated to give viscous oil, which
was purified via flash column chromatography (5 % methanol: 94% dichloromethane: 1% acetic
acid) to afford the hydroxy acid 6k4 as viscous oil (145 mg, 97%) IR (neat) 982, 1027, 1237,
1375, 1662, 1718, 2930, 2967, 3421(broad) cm™'; "H NMR (400 MHz, Methanol-d4) & 6.84 (dd,
J=15.7,5.3 Hz, 1H), 591 (dd, J = 15.8, 1.6 Hz, 1H), 5.40 (dtd, J="7.1, 5.4, 1.6 Hz, 1H), 3.77 —
3.67 (m, 1H), 2.10 (s, 3H), 1.91 — 1.80 (m, 1H), 1.69 (m, 1H), 1.55 — 1.38 (m, 2H), 1.16 (d, J =
6.2 Hz, 3H); >C NMR (101 MHz, Methanol-ds) & 20.84, 23.48, 31.19, 35.31, 49.00, 68.19,
73.96, 122.83, 147.10, 169.24, 171.83; ESI-MS m/z calculated [M-H]" = 215.0924, measured

[M-H]=215.0919, opt. rot. [a]p>> =-3.2 (¢ 0.5 methanol).

OAc DBAD, PhgP OY\)\/\(MG
OY\)\/\\\\Me THF )O\/\l/\/i

HO  6k4  on 5 mM

48 % OAc
6f8

To a 100 mL round bottom flask was added hydroxy acid 6k4 (282 mg, 1.31 mmol) and this oil
was azeotropically dried with toluene 7 times then placed under argon. To an oven dried 500 mL

round bottom flask under argon was added THF (234 mL), triphenylphosphine (1.72 g, 6.55
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mmol), and di-tert-butyl azodicarboxylate (1.51 g, 6.55 mmol). Hydroxy acid 6k4 was dissolved
in 28 mL of THF and added to the reaction flask slowly via syringe pump over 6 h. The reaction
was stirred for an additional 1 h, and then concentrated on a rotovap. The residue was dissolved
in dichloromethane (50 mL) and trifluoroacetic acid (5 mL) was added and stirred for 3 h. The
reaction mixture was then extracted with sodium bicarbonate, washed with brine and dried with
MgSO, filtered and concentrated. The residue was purified via flash column chromatography
(15% ethyl acetate: hexane) to afford 6f8 a clear oil which solidified upon standing (126 mg,
48%); IR (neat) 1021, 1233, 1281, 1376, 1653, 1709, 1740, 2876, 2956, 2992 cm™'; 'H NMR
(400 MHz, CDCls) & 6.78 (dd, J = 15.8, 6.8 Hz, 1H), 5.98 (dd, J = 15.8, 1.1 Hz, 1H), 5.22 (m,
1H), 5.10 (m, 1H), 2.08 (s, 3H), 1.93 — 1.79 (m, 2H), 1.79 — 1.68 (m, 1H), 1.67 — 1.57 (m, 1H),
1.26 (d, J = 6.5 Hz, 3H); °C NMR (101 MHz, CDCl3) & 18.52, 21.12, 27.86, 28.73, 69.78,
72.07, 124.23, 143.73, 164.76, 169.76; ESI-MS m/z calculated [M+H]" = 419.1677, measured

[M+H]" = 419.1677, opt. rot. [a]p> = -33.2 (¢ 0.47 chloroform), m.p. 119-120°C.

OAc ) OH .
Pseudomonas
OY\)\/\( Me " Fluorescens OWMe
(e} O 0] O

lipase
Me)\/N o pH 7 buffer Me)\/NO
OAc 77 % OH
618 (-)-pyrenophorol (6al)

In a 25 mL round bottom flask containing diacetoxypyrenophorol 6f8 (24 mg, 0.0605 mmol) was
added lipase from Pseudomonas fluorescens (185 mg) and 10 mL of phosphate buffer (pH 7).
The reaction was stirred at ambient temperature for 14 days and monitored by TLC. Once
complete the mixture was extracted with ethyl acetate, the organic layer was washed with brine
and dried over sodium sulfate, filtered and concentrated. The residue was purified via flash

column chromatography (40-50 % ethyl acetate: hexane) to yield (-)-pyrenophorol (6al) as clear
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oil, which solidified on standing (14.6 mg, 77 %) IR (neat) 1281, 1647, 2849, 2917, 3442 cm'l;
'H NMR (500 MHz, CDCl3) § 6.92 (dd, J = 15.7, 5.1 Hz, 1H), 6.00 (dd, J = 15.7, 1.6 Hz, 1H),
5.20 - 5.12 (m, 1H), 4.36 — 4.29 (m, 1H), 2.16 (d, J = 6.5 Hz, 1H), 1.96 m, 1H), 1.86 (m, 1H),
1.77 = 1.61 (m, 2H), 1.29 (d, J = 6.5 Hz, 3H); °C NMR (126 MHz, CDCl;) & 18.20, 28.95,
30.45, 69.76, 70.40, 122.12, 149.47, 164.94; ESI-MS m/z calculated [M+Na] = 335.1466,
measured [M+Na]" = 335.1461, opt. rot. [a]p> = -4.0 (¢ 0.25 acetone), m.p. 131-133 °C; lit."!
[a]p™ = -3.2 (¢ 0.25 acetone), m.p. 136-138 °C, A sample of the white solid was recrystallized
from Et,O/CHCI; for X-ray analysis.'?

HPLC data for (-)-Pyrenophorol (6al)

The following HPLC data was obtained on the AHF/Wittig product following desilylation
(AcOH/H,O/THF) to measure the diastereoselectivity of the AHF and to determine if any
erosion of the newly formed stereocenter occurred during any of the following reactions.

HPLC 5% isopropanol/hexane Chiracel OJ-H
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Racemic AHF/Wittig for pyrenophorol
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AHF/ Wittig with (S,S,S)-BDP

HPLC 5% isopropanol/hexane Chiracel OJ-H
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(-)-pyrenophorol (6al)

OH
OY\)\/\(MG
0] (0]
MeWC
OH

Chiracel OJ-H 20% isopropanol/hexane

mvV
_Detector A Ch2:215nm

5173

4.827
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8.994
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Synthesis of (+)-Decarestrictine L (6a2)
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Me P 5% (dppb)Ru Me 0.28 mol % Rh(acac)(CO),, Me o)

- = (2-Me-allyl), 2 0.35 mol % (S,S,S)-BDP, :
8BS0~ TBSO X TBSO e

AcOH: PhMe, 55 °C 6b5 OAc THF, 150 psi CO/H,, 67 °C;
6a4 then, r.t. DCM 6m1OAc
92 % (97 % 2) 0
38.7 mmol scale 93 %
PhaPy Me (>95% E)
Br
lipase from Me O\HQ/
Candida Rugosa, : \ TBAF 4- BrBzCI DMAP

— > TBSO Me Me™ S0 o
pH =7 buffer, 45 °C 61 OH THF DCM EtsN

7% dr=91:9 A 62 % 0" "Me

+)-decarestrictine L (6a2) 6m2, X-ray crystal
structure
47 % overall yield from
alkyne 6a4
Me 5% (dppb)Ru Me
> = (2-Me-allyl) :
2
8BS0~ > TBSO X
6a4 AcOH: PhMe, 55 °C 6b5  OAc
92 %, 38.7 mmol scale, 97 % Z

In a nitrogen filled glove box, (4R)-fert-butyldimethylsiloxy-1-pentyne (6a4) (7.68 g, 38.7

mmol) was added to a 100 mL round bottom flask containing a stir bar. To the same flask was

added (1,4- bis(diphenylphosphino)butane)Ru(n’-2-Me-allyl), (1.23 g, 1.96 mmol), acetic acid

(9 mL) and toluene (8 mL). The flask was fitted with a rubber septum and removed from the

glove box, placed under N, and heated in an oil bath for 16 h. The reaction was cooled to

ambient temperature, diluted with ethyl acetate and washed with NaHCOs. The organic layer

was dried with MgSQO,, filtered and concentrated. The residue was purified via flash column

chromatography (2-5% diethyl ether: hexane) to afford 6b5 as clear colorless oil (9.23 g, 92%,

97% Z selectivity by NMR), R¢ = 0.5 (10 % diethyl ether: hexane); IR (neat) 1056, 1220, 1368,

1463, 1473, 1674, 1761, 2858, 2896, 2958 cm™; 'H NMR (500 MHz, CDCls) & 7.07 (dt, J = 6.5,

1.5 Hz, 1H), 4.93 (td, J = 7.6, 6.5 Hz, 1H), 3.85 (h, J = 6.1 Hz, 1H), 2.28 (m, 2H), 2.14 (s, 3H),
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1.14 (d, J = 6.1 Hz, 3H), 0.89 (s, 9H), 0.06 (s, 3H), 0.05 (s, 3H); ESI-MS m/z calculated

[M+Na]" = 281.1544, measured [M+Na]" = 281.1544, opt. rot. [a]p> = +2.6 (c 1.0 chloroform).

Me 0.28 mol % Rh(acac)(CO)s,, Me O
- 0.35 mol % (S,S,S)-BDP, -
TBSO™ TN (559-80P, TBSOW Me
6bS  OAc  THF, 150 psi CO/MH,, 67 °C; 6m1 OAc
then, r.t. DCM

93 %, >95% E

O
PhSP\)I\Me dr=91:9

In a nitrogen filled glove box, a 50 mL pressure tube with a stir bar was charged with Z-enol
acetate 6b5 (2.69 g, 10.4 mmol), (acetylacetonato)dicarbonylrhodium (7.5 mg, 0.029 mmol),
(S,S,5)-bisdiazaphospholane (48 mg, 0.035 mmol), and tetrahydrofuran (2.5 mL). The reaction
vessel was fitted with a pressure head and removed from the glove box. It was purged 5 times
with syngas (150 to 40 psi) and then pressurized to 150 psi and placed in a 67 °C oil bath with
vigorous stirring behind a blast shield. After 7 h 40 psi of syngas had been consumed, the vessel
was pressurized to 150 psi and allowed to react another 40 h. The vessel was then cooled to
ambient temperature and the pressure vented down to 20 psi. The reaction mixture was then fully
vented through an argon Schlenk line, the pressure head removed and replaced with a rubber
stopper and argon needle. To the crude reaction was added 1-(triphenylphosphoranylidene)-2-
propanone (5.00 g, 15.7 mmol), dichloromethane (2 mL) and the reaction was stirred overnight.
The crude reaction was diluted with ether and flushed through a silica plug, concentrated and
purified via flash column chromatography (5-8 % ethyl acetate: hexane) to afford 6m1 as clear
colorless oil (3.18 g, 93 %, >95 % E); IR (neat) 1140, 1233, 1373, 1473, 1636, 1683, 1704, 1743,
2857, 2930, 2957 cm™; "H NMR (500 MHz, CDCl3) § 6.65 (dd, J = 16.1, 5.3 Hz, 1H), 6.17 (dd,

J=16.1, 1.5 Hz, 1H), 5.42 (dtd, J = 7.0, 5.4, 1.5 Hz, 1H), 3.86 — 3.75 (m, 1H), 2.27 (s, 3H), 2.10
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(s, 3H), 1.79 (m, 1H), 1.70 (m, 1H), 1.52 — 1.37 (m, 2H), 1.12 (d, J = 6.0 Hz, 3H), 0.88 (s, 9H),
0.05 (s, 3H), 0.04 (s, 3H). °C NMR (126 MHz, CDCl;) & -4.75, -4.32, 18.09, 21.02, 23.72,
25.85,27.42,29.78, 34.51, 67.79, 72.40, 130.21, 144.06, 170.12, 197.98; ESI-MS m/= calculated
[M+NH,]" = 346.2409, measured [M+NH4]" = 346.2411, opt. rot. [a]p” = -12 (¢ 0.2

chloroform).

lipase from Me 0
I\E/Ie @) Candida Rugosa, W
PN Fa N > A
TBSO'®) Me pH 7 buffer, 45 °C TBSO'®) Me
6m10Ac 611 OH
77 %
dr=91:9

To a 100 mL round bottom flask containing ketone 6m1 (1.416 g, 4.31 mmol) was added lipase
from Candida Rugosa (6 g) and pH = 7 phosphate buffer (30 mL, 0.1 M). The flask was
stoppered with plastic cap and placed in a 45 °C oil bath. The reaction was stirred for 32 h and
shown to be complete by TLC. The water was removed in vacuo, the brown residue was
triturated with ethyl acetate and filtered through Celite, concentrated and purified via flash
column chromatography (30 % ethyl acetate: hexane) to afford 611 as clear colorless oil (959 mg,
77 %); IR (neat) 775, 835, 1050, 1139, 1254, 1362, 1677, 2930, 3427 (broad OH) cm™'; "H NMR
(500 MHz, CDCl3) 6 6.76 (dd, J = 16.0, 4.8 Hz, 1H), 6.30 (dd, /= 16.0, 1.7 Hz, 1H), 4.38 —4.32
(m, 1H), 3.90 (m 1H), 2.68 (d, /= 5.1 Hz, 1H), 2.28 (s, 3H), 1.84 — 1.73 (m, 1H), 1.71 — 1.51 (m,
3H), 1.16 (d, J = 6.1 Hz, 3H), 0.90 (s, 9H), 0.08 (s, 3H), 0.07 (s, 3H); °C NMR (126 MHz,
CDCl;) & -4.65, -4.42, 18.13, 23.23, 25.89, 27.55, 31.94, 34.30, 68.29, 70.82, 129.15, 148.95,
198.43; ESI-MS m/z calculated [M+H]" = 287.2037, measured [M+H]" = 287.2045, opt. rot.

[a]p™ = -6 (c 0.5 chloroform).
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Me
: S TBAF, THF ‘
TBSO® Me —————— Me
0,
611 OH 1%
dr=91:9 (+)-decarestrictine L (6a2)

To a 100 mL round bottom flask containing ketone 611 (952 mg, 3.32 mmol), in THF (30 mL)
under nitrogen was added TBAF (10 mL, 1 M THF) via an addition funnel dropwise over 10
min. After 30 min. of stirring at ambient temperature, the reaction was complete as confirmed by
TLC. The reaction was then diluted with ethyl acetate and extracted with NH4Cl, dried with
MgSO; filtered and concentrated. The residue was purified via flash column chromatography (50
% ethyl acetate: hexane) to yield (+)-decarestrictine L (6a2) as clear colorless oil (404 mg, 71
%); IR (neat) 1107, 1543, 1577, 1710, 2970, 3675 (broad OH) cm™'; 'H NMR (500 MHz, CDCl;)
04.02 (q, J = 6.4 Hz, 1H), 3.99 —3.92 (m, 1H), 3.46 — 3.36 (m, 1H), 2.74 (d, J = 6.4 Hz, 2H),
2.21 (s, 3H), 2.00 (d, J = 6.6 Hz, 1H), 1.93 — 1.82 (m, 1H), 1.78 — 1.66 (m, 2H), 1.63 — 1.51 (m,
1H), 1.22 (d, J = 6.6 Hz, 3H); °C NMR (126 MHz, CDCl;) § 18.46, 27.07, 28.22, 30.53, 46.33,
67.42, 69.41, 72.04, 207.58; ESI-MS m/z calculated [M+NH,]" = 190.1438, measured
[M+NH,]" = 190.1437, opt. rot. [a]p® = +30.8 (¢ 0.5 chloroform), lit."* [a]p> = +28.8 (¢ 0.5

chloroform).
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\OH
4-BrBzCl, Et,N,
DCM, DMAP
Me 63 %

(+)-Decarestrictine L (6a2)

To a 50 mL round bottom flask with 6a2 (310 mg, 1.8 mmol) in dichloromethane (20 mL) under
nitrogen was added DMAP (22 mg, 0.18 mmol), Et;N (0.8 mL, 5.4 mmol) and 4-bromobenzoyl
chloride (1.7 g, 7.74 mmol). The reaction was stirred at ambient temperature overnight. Once
complete the reaction was washed with saturated NaHCO3, dried and concentrated. The crude
residue was purified via flash column chromatography (20 % ethyl acetate/ hexane) to give the
4-bromobenzoate ester of decarestrictine L 6m2 (406 mg, 63%) as a white solid which was
recrystallized from hexane as white needles; IR (solid) 540, 668, 757, 848, 972, 1012, 1069,
1102, 1173, 1270, 1398, 1484, 1540, 1590, 1718, 2361, 2849, 2917 cm™'; 'H NMR (500 MHz,
Chloroform-d) & 7.91 (d, J = 8.5 Hz, 2H), 7.59 (d, J = 8.5 Hz, 2H), 4.85 — 4.80 (m, 1H), 4.42 (dt,
J=9.6,5.0 Hz, 1H), 3.97 (pd, /= 6.5, 4.0 Hz, 1H), 2.81 (dd, J=15.4,9.2 Hz, 1H), 2.61 (dd, J =
15.4, 4.6 Hz, 1H), 2.19 (s, 3H), 2.08 — 1.98 (m, 1H), 1.97 — 1.88 (m, 1H), 1.82 — 1.72 (m, 1H),
1.69 — 1.59 (m, 1H), 1.26 (d, J = 6.4 Hz, 3H); >°C NMR (126 MHz, CDCl;) & 0.00, 19.22, 24.01,
28.16, 30.45, 45.36, 67.12, 69.92, 71.36, 128.31, 129.00, 131.20, 131.76, 165.13, 206.10; ESI-
MS m/z calculated [M+H]" = 355.0540, measured [M+H]" = 355.0545, opt. rot. [a]p> = +14.8

(c 0.5 chloroform).
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C. The Total Synthesis of

Hydroformylation/ Crotylation

(+)-Prelog-Djerassi

155

Lactone via Asymmetric

one-pot sequential addition
0.5 mol % [Rh-(R,R,S)-BDP],

1% [Rh(COD)(S)-BINAP]CIO,
DCM, 1000psi

one-pot sequential addition

o}
)O o ~Me 0
HO%/\O :
HO Me Me HO
8h3
o}
o o ~yMe 0 OH 0
.
HO - HO " 0H
Me Me Me Me Me
8h5 8h6

one-pot sequential addition

Me . Me 03, DCM, -78°C; Me
o . 3, f 5
\@9 THF, 40°C, 120/40psi CO/H,: \ﬁ;)o\l/c')i/\ PPha 11 \fgo OH o
r— N W
(0) | room temp, argon (0) : toluene, 70°C O : OMe
Me Me o) Me Me Me
vinyl OBO 8b5 8c2 9 b6 PP 8d2
Me _~_ B.q 8 OMe
AHF : 100% conv. 93%ee Me  8f2
B:L=12:1 o o
crotylation: 1 diastereomer 'H-NMR 9% (7% E)
83 %

OH o}

pH 9 with 1M LiOH (aq);

+ Ho/a/\oJ WOMe ,
Me Me HMe then pH 2 with 1M HCI (aq)

8h4

(e}
TMSCHN,, MeOH; Me (+)-Prelog-Drassi lactone (8d1)
—_— O O
Otera's cat. tol. 3h 62 % overall yield
reflux MeO Y 3 isolations
76 % Me li/le

Synthesis of vinyl-OBO (8b5):

0
Q;>(”\0H BrJLT/Br
Me Me

Et;N, DCM

LEL LU Qg I
Me

@)

Me
SI-1

To a dry 100 mL round bottom flask equipped with a stir bar was added 3-methyl-3-

oxetanemethanol (1.95 mL, 19.58 mmol), triethylamine (3.3 mL, 23.5 mmol), N, N-

dimethylaminopyridine (240 mg, 1.96 mmol), and dichloromethane (40 mL). The flask was
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cooled to 0 °C and 2-bromopropionyl bromide (2.5 mL, 23.5 mmol) was added slowly over 10
min. The flask was allowed to stir and gradually warm to ambient temperature overnight. The
reaction mixture was then poured onto 100 mL of NaHCO; (sat. aq.) in a 250 mL separatory
funnel. The layers were separated and the aqueous layer was extracted 3 times with
dichloromethane. The organics were combined, dried, and concentrated. The residue was
purified via FCC (10% ethyl acetate: hexanes) to obtain SI-1 a clear colorless oil (3.52g, 76%),
R;=0.39, 30% ethyl acetate/ hexanes; IR (neat) 833, 981, 1062, 1098, 1157, 1225, 1259, 1338,
1378, 1447, 1743, 2873, 2935, 2965 cm™; "H NMR (300 MHz, CDCls) & 4.54 (dd, J = 6.1, 2.3
Hz, 2H), 4.47 — 4.37 (m, 3H), 4.27 (ABq, J = 11.1 Hz, 2H), 1.85 (d, J = 6.9 Hz, 2H), 1.37 (s,
3H), "C-NMR (75 MHz, CDCl3) d 170.2, 79.3, 69.8, 39.7, 39.2, 21.5, 21.0; EI-MS m/z

calculated: [M-CH,0]'= 205.9937, measured [M-CH,0]"= 205.9939.

Me
0]
g, BFsEtz0, DCM \@,O 5
Me

Me si1 si2 Me

To a dry 100 mL round bottom flask equipped with a stir bar containing 3-methyl-3-
oxetanemethyl (2’-bromo) propionate (3.52¢g, 14.85 mmol) was added dichloromethane (38 mL)
and BF;Et,0 (0.55 mL, 4.46 mmol) at 0 °C. The reaction was allowed to slowly warm up to
ambient temperature overnight. Once the disappearance of starting material was confirmed by
TLC analysis, EtsN (0.64 mL, 4.60 mmol) was added. The mixture was concentrated; the crude
residue was triturated with Et,O and filtered through a plug of Celite and concentrated again.
This process was repeated twice to afford a white solid, which was recrystallized from hexanes
(3.27g, 93%) Ry = 0.52, 30% ethyl acetate/ hexanes; IR 691, 877, 952, 986, 1082, 1188, 1213,

1268, 1343, 1398, 1471, 1742, 2330, 2357, 2879, 2932, 3005 cm™'; "H NMR (300 MHz, CDCl5)
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5 4.00 (g, J= 7.0 Hz, 1H), 3.96 (s, 6H), 1.69 (d, J = 7.0 Hz, 3H), 0.83 (s, 3H), "C-NMR (75
MHz, CDCl5) & 108.1, 73.0, 47.4, 30.5, 20.3, 14.1; EI-MS m/z calculated: [M-CH,0]'=

205.9937, measured [M-CH,0]"= 205.9935, m.p. 87-89 °C.

KOmBu, THF Ve o
)\r reflux 2h O}W

o)
s12 Me

vinyl OBO (8b5)

To a dry 500 mL flask equipped with a stir bar containing OBO-bromide SI-2 (26.95g, 113.7
mmol) was added KO#Bu (30.6g, 274 mmol) and dry THF (280 mL). The flask was fitted with a
reflux condenser and the reaction was heated to reflux for 16 h. The reaction was monitored by
TLC. Once complete, it was cooled to ambient temperature and diluted with Et,O to precipitate
salts. The suspension was filtered through a plug of Celite and washed 3 times with Et;O. The
filtrate was concentrated to give a crude orange solid. The crude product was purified via
Kugelrohr distillation (b.p. 100-110 °C, 1 mTorr) to afford vinyl-OBO 8b5 as a white solid,
which was recrystallized from hexanes (12.11g, 68%) R,= 0.46, 30% ethyl acetate/ hexanes; IR
663, 758, 883, 1065, 1190, 1301, 1356, 1422, 1470, 1660, 1894, 2707, 2741, 2885, 2961, 3044,
3111 em™; '"H NMR (500 MHz, CDCls)  5.81 (dd, J = 17.4, 10.7 Hz, 1H), 5.65 (dd, J = 17.4,
1.5 Hz, 1H), 5.31 (dd, J = 10.7, 1.5 Hz, 1H), 3.98 (s, 6H), 0.83 (s, 3H); >C-NMR (125 MHz,
CDCl3) & 133.1, 118.7, 105.9, 72.9, 30.5, 14.5; EI-MS m/z calculated: [M]'= 156.0781,

measured [M] = 156.0784, m.p. 54-56 °C.



158

Synthesis of Prelog-Djerassi Lactone:

one-pot sequential addition
Me 0.5 mol % [Rh-(R,R,S)-BDP], [ Me 8c2 9J§< Me
\ﬁ;,o THF, 40°C, 120/40psi CO/, \@,O 0 B \@Io OH
(@) (0) (o) X
| AHF : 100% conv. 93%ee 8c1 Me 1 diastereomer 'H-NMR Me Me
. B:L=12:1 83%
vinyl-OBO 8b5 8b6

All reagents for the AHF were combined in a nitrogen filled glove box. To a 300 mL pressure
tube (Ace Glass #8648-196) equipped with a stir bar was added vinyl-OBO 8b5 (610 mg, 3.90
mmol), Rh(acac)(CO), (5 mg, 0.0194 mmol), (R,R,S)-BDP (Bis[(R,R,S)-DiazaPhos-SPE]
Aldrich # 685232) (51 mg, 0.0388 mmol) and 1.94 mL THF. The pressure tube was then
connected to a gauged pressure reactor assembly and removed from the glove box. A blast shield
was placed in front of the vessel for safety. It was filled/ purged 5 times with CO (120 psi to 40
psi) and then pressurized to 80 psi CO. Then it was charged with 80 psi syngas (1:1 CO: H,) for
a total pressure of 160 psi (3:1 CO: H,). The vessel was then placed in a 40 °C oil bath and
stirred for 43 h during which time the pressure dropped to 155 psi. The reaction vessel was then
vented in the fume hood down to 20 psi, removed from the oil bath and allowed to cool to
ambient temperature. The remaining pressure was vented into an argon Schlenk line in a fume
hood. The pressure head was removed and replaced with a septum. A small aliquot was removed
and analyzed by 'H-NMR to confirm completion and obtain an accurate B:L ratio (B:L = 12:1 by
'H-NMR in C¢Dg RD = 10, 64 scans). Once under argon, the reaction was then transferred to a
nitrogen line and trans-2-butenyl pinacolato boronic ester (8¢2) (1.6 mL, 7.8 mmol) was added
at rt. The reaction was allowed to stir at ambient temperature for 24 h, transferred to a 100 mL
round bottom flask with methanol, then concentrated and purified via FCC (3-20% ethyl acetate:
hexanes) to yield 8d2 as a clear colorless oil which solidified upon standing (786 mg, 83 %) Ry=

0.30, 30% ethyl acetate/ hexanes; IR (neat) 1088, 1269, 1310, 1359, 1377, 1411, 1457, 1639,
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2885, 2940, 3082, 3539 (broad stretch) cm™; '"H NMR (500 MHz, CDCl3) § 5.91 (ddd, J = 17.3,
10.3, 7.8 Hz, 1H), 5.08 (ddd, J = 17.2, 1.8, 1.0 Hz, 1H), 5.03 (ddd, J = 10.3, 1.8, 0.7 Hz, 1H),
3.91 (s, 6H), 3.84 (d, J = 9.4 Hz, 1H), 3.06 (s, 1H), 2.22 (sext, J = 7.6 Hz, 1H), 1.96 (qd, J= 7.1,
1.1 Hz, 1H), 0.99 (d, J = 7.2 Hz, 3H), 0.91 (d, J = 6.9 Hz, 3H), 0.81 (s, 3H); "C-NMR (125
MHz, CDCl3) § 142.8, 114.1, 110.9, 73.4, 72.9, 41.0, 40.8, 30.5, 16.7, 14.7, 6.4; ESI-MS m/z
calculated: [M+H]" = 243.1591, measured [M+H]" = 243.1598; m.p. 41-42 °C, opt. rot. [a]p> = -

29.6 (c 0.5 ethyl acetate).
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one-pot sequential addition

Me 05, DCM, -78°C; Me
\ﬁ;o OH PPha, rt.; \ﬁ;o OH O
)\l/lv\ > W

AN
O : toluene, 70°C 0 : OMe
Me Me 0 Me Me Me
8d2
Ph;P
8b6 3 OMe
Me 8f2

99% (97% E)

To a 100 mL round bottom flask equipped with a stir bar was added homoallylic alcohol 8b6
(7.5 g, 30.95 mmol) and DCM (100 mL). The flask was cooled to -78 °C. The solution was then
sparged with a stream of ozone until a blue color persisted (about 15 min). Then oxygen was
bubbled through the solution until the blue color disappeared. The flask was then charged with
triphenylphosphine (16.24 g, 61.9 mmol) and allowed to warm to ambient temperature and
stirred overnight. The solvent was removed in vacuo and replaced with toluene (100 mL) and
ylide 8f2 (23.9 g, 68.6 mmol) was added. The mixture was brought to 70 °C and allowed to stir
for 16 h. The flask was cooled to ambient temperature and concentrated. The residue was
purified via FCC (5-30% ethyl acetate: hexanes) to give 8d2 as a clear colorless oil which
solidified upon standing (9.62 g, 91%, >95% E isomer) Ry= 0.20, 30% ethyl acetate/ hexanes; IR
947, 1011, 1055, 1092, 1130, 1190, 1227, 1267, 1318, 1360, 1431, 1457, 1649, 1713, 2338,
2362, 2879, 2929, 3509 cm™'; "H NMR (500 MHz, CDCl3) § 6.79 (dq, J = 9.6, 1.4 Hz, 1H), 3.97
(d, J=9.1 Hz, 1H), 3.90 (s, 6H), 3.70 (s, 3H), 3.03 (s, 1H), 2.59 (tq, J = 9.3, 6.9 Hz, 1H), 1.97
(qd, J=7.2,1.2 Hz, 1H), 1.87 (d, /= 1.4 Hz, 3H), 0.99 (d, /= 7.2 Hz, 3H), 0.90 (d, J = 6.9 Hz,
3H), 0.80 (s, 3H); "C-NMR (125 MHz, CDCl3) § 168.7, 146.2, 127.2, 110.5, 73.5, 72.6, 51.6,
40.6, 36.3, 30.3, 16.0, 14.4, 12.7, 6.3; ESI-MS m/z calculated: [M+H]" = 315.1803, measured

[M+H]" = 315.1805; m.p. 98-99 °C, opt. rot. [a]p> = -8.4 (¢ 0.5 ethyl acetate).
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1% [Rh(COD)(S)-BINAP]CIO,,

Me o0 OH o DCM, 1000 psi Hy; 0
o., Me
o XN “OMe AcOH (aq), THF; o o7y

: LIOH; 1M HCI;
Me Me Me TMSCHN,, MeOH; MeO :
8d2 Otera's cat., toluene Me Me
reflux 8d1

In a nitrogen filled glove box, a,B-unsaturated methyl ester 8d2 (200 mg, 0.636 mmol) was
added to a 1.5 dram vial equipped with a magnetic stir bar. To the vial was added [Rh(COD)(S)-
BINAP]CIO4 (6 mg, 0.0064 mmol) and DCM (0.636 mL). The vial was then placed in a 100 mL
Parr Bomb stainless steel reactor. The reactor was sealed and placed behind a blast shield on top
of a stir plate. The reactor was charged with 1000 psi H, and stirred for 48 h. The pressure was
vented to atmosphere and the vial removed from the Parr bomb. The reaction was concentrated
and then dissolved in THF: H,O (7.7: 1.3 mL) and 2 drops of AcOH was added. The mixture
was stirred for 1 h then basified with 1 M LiOH to a pH = 10 and stirred for 1 h. Then the
reaction was acidified to pH = 2 with 1M HCI and extracted five times with ethyl acetate, dried
and concentrated. The residue was then dissolved in methanol and TMSCHN, (6 mL, 2.0 M
Et,0) was added. The mixture was stirred for 30 min and concentrated. The residue was then
dissolved in toluene (5 mL) and Otera’s catalyst (14 mg, 0.013 mmol) was added. The flask was
fitted with a reflux condenser and heated to reflux for 4 h, cooled to ambient temperature and
concentrated. The residue was purified via FCC (1:1 Et,O: pentane) to obtain 8d1 as a white
solid (103.4 mg, 76 %) which was recrystallized from pentane to white needles, Ry = 0.22, 50%
diethyl ether/ hexanes; IR 1180, 1209, 1446, 1730, 2877, 2932, 3004, 3427, 3456 cm™; '"H NMR
(600 MHz, CDCls) 6 4.54 (dd, J=10.5, 2.9 Hz, 1H), 3.73 (s, 3H), 2.73 (qd, J= 7.1, 2.6 Hz, 1H),
2.50 (ddq, (ap. sept.) J =13.6, 7.0, 7.0, 1H), 1.99 — 1.86 (m, 2H), 1.42 (td, (ap. q.) J = 13.1, 12.1

Hz, 1H), 1.29 (d, J= 7.1 Hz, 3H), 1.20 (d, J = 7.0 Hz, 3H), 1.01 (d, J = 6.5 Hz, 3H); "C-NMR
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(150 MHz, CDCl3) & 173.7, 173.3, 86.2, 52.2, 41.3, 37.3, 36.2, 30.9, 17.2, 17.0, 8.7; ESI-MS m/2
calculated: [M+Na]"= 237.1098, measured [M+Na]"= 237.1096; m.p. 76-77 °C (lit."* 77.0-77.5

°C); opt. rot. [a]p> = +39.0 (¢ 0.2 CHCL)[lit."* [a]p® = +39.0 (¢ 0.2 CHCL3)].
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Synthesis of OBO-PMB ether SI-2 for enantiomeric excess determination:

1 % cat. Rh-(R,R,S)-BDP,
40°C, THF, 1M,
Me 160 psi Me
o] (80/80 psi CO/syngas) O O
o, = O, I
@) | @)
M

vinyl-OBO 2 8c1 Me

All reagents for the AHF were combined in a nitrogen filled glove box. To a 300 mL pressure
tube (Ace Glass #8648-196) equipped with a stir bar was added vinyl-OBO 8b5 (547 mg, 3.5
mmol), Rh(acac)(CO), (9 mg, 0.035 mmol), (R,R,S)-BDP (Bis[(R,R,S)-DiazaPhos-SPE] Alrich #
685232) (51 mg, 0.039 mmol) and 3.5 mL THF. The pressure tube was then connected to a
gauged pressure reactor assembly and removed from the glove box. A blast shield was placed in
front of the vessel for safety. It was filled/ purged 5 times with CO (120 psi to 40 psi) and then
pressurized to 80 psi CO. Then it was charged with 80 psi syngas (1:1 CO: H;) for a total
pressure of 160 psi (3:1 CO: H,). The vessel was then placed in a 40 °C oil bath and stirred for
24 h during which time the pressure dropped to 155 psi. The vessel was vented to atmosphere in
the fume hood and the crude reaction mixture was concentrated and purified via FCC (30% ethyl
acetate: hexanes) to yield 8¢l as a white solid (468 mg, 72%) Ry = 0.39, 30% ethyl acetate/
hexanes; IR 1190, 1246, 1300, 1328, 1361, 1391, 1460, 1652, 1725, 2360, 2745, 2852, 2919,
3426 cm™; 'H NMR (300 MHz, C¢Ds) & 10.13 (d, J = 1.6 Hz, 1H), 3.47 (s, 6H), 2.78 (qd, J =
7.1, 1.6 Hz, 1H), 1.38 (d, J = 7.1 Hz, 3H), -0.03 (s, 3H); "C-NMR (75 MHz, CsD¢)  200.1,
109.3, 72.8, 53.0, 30.4, 14.0, 9.0; ESI-MS m/z calculated: [M+H]" = 187.0965, measured

[M+H]" = 187.0965; m.p. 54-56 °C; opt. rot. [a]p> = +38.8 (c 0.5 ethyl acetate).
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0]

Me Me
8c1 SI-1

Me Me
o o
\@\l) NaBH,, MeOH \@ﬁ\l)OH
0

To a 25 mL round bottom flask equipped with a stir bar containing OBO-aldehdye 8¢l (437 mg,
2.35 mmol) was added MeOH (5 mL) and NaBHy4 (107 mg, 2.81 mmol). The reaction was stir
for 30 min and concentrated. The residue was purified via FCC (30% ethyl acetate: hexanes) to
yield SI-1 as a clear, colorless oil (168 mg, 38%), Ry=0.18, 30% ethyl acetate/ hexanes; IR 916,
950, 990, 1045, 1085, 1118, 1194, 1264, 1352, 1398, 1466, 2362, 2880, 2931, 3447 (broad) cm';
'H NMR (500 MHz, CDCl3) § 3.92 (s, 6H), 3.65 (ddd, J = 11.9, 7.6, 4.5 Hz, 1H), 3.56 (ddd, J =
11.1, 7.6, 3.3 Hz, 1H), 2.83 (dd, J = 7.6, 4.5 Hz, 1H), 2.00 (pd, J= 7.2, 3.3 Hz, 1H), 0.95 (d, J =
7.2 Hz, 3H), 0.82 (s, 3H); "C-NMR (125 MHz, CDCL) & 110.6, 72.5, 64.2, 41.3, 30.3, 14.4,
11.2; ESI-MS m/z calculated: [M+H]"= 189.1122, measured [M+H]" = 189.1117; opt. rot. [a]p>

=-1.2 (¢ 0.5 ethyl acetate).

Me NaH, PMBCI, Me
\fo\o OH THF, reflux \fO\O O/\©\
@) - ) OMe
si.1 Me si-2 Me

To a 25 mL round bottom flask was added OBO-alcohol SI-1 (80 mg, 0.43 mmol) and THF (2.1
mL). This solution was added via syringe to a flask containing NaH (24 mg, 1 mmol), which was
washed with hexanes to remove mineral oil, in THF (2 mL). The flask was fitted with a reflux
condenser and heated to 70 °C for 1 h. Then 4-methoxybenzyl chloride (0.14 mL, 1 mmol) was
added via syringe and the reaction was stirred at 70 °C for 16 h. The reaction was cooled to

ambient temperature and poured onto 50 mL NaHCOs (sat. aq.) and extracted three times, dried
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and concentrated. The crude residue was purified via FCC (5-20% ethyl acetate: hexanes) to
yield OBO-PMB SI-2 (87 mg, 28 %) as oil that solidified upon standing, R = 0.41, 30% ethyl
acetate/ hexanes; IR 814, 948, 1039, 1086, 1240, 1370, 1399, 1464, 1510, 1612, 2358, 2835,
2858, 2879, 2931, 2977, 3002 cm™; "H NMR (300 MHz, CDCl3) § 7.29 — 7.23 (m, 2H), 6.89 —
6.84 (m, 2H), 4.46 (d, J = 11.7 Hz, 1H), 4.39 (d, J = 11.7 Hz, 1H), 3.86 (s, 6H), 3.80 (s, 3H),
3.71(dd, J=9.2,3.7 Hz, 1H), 3.21 (t, /= 9.4 Hz, 1H), 2.10 (dqd, J=9.4, 6.9, 3.7 Hz, 1H), 1.05
(d, J = 6.9 Hz, 3H), 0.78 (s, 3H); "C-NMR (75 MHz, CDCl3) & 159.0, 131.9, 129.1, 113.7,
109.5, 72.5, 72.5, 71.0, 55.2, 40.2, 30.1, 14.5, 12.1; ESI-MS m/z calculated: [M+H] = 309.1697,
measured [M+H]" = 309.1689; m.p. 57-59 °C; opt. rot. [a]p> = +18.4 (¢ 0.5 ethyl acetate); SFC
93% ee (Chiracel OJ-H, 10% MeOH, 2 mL/min, see chromatogram below).

PD Lactone dr experiment:

The determination of the diastereomeric ratio via 'H NMR analysis of the PD Lactone (8d1)
obtained from the asymmetric hydrogenation / lactonization/ OBO cleavage/ esterification
sequence was performed according to the method of Davies."” The sample was purified via FCC,
which did not separate the diastereomers from each other (or enhance the ratio). The '"H NMR
was recorded on a 600 MHz spectrometer (no spinning to avoid “spinning sidebands”) the
sample in C¢Dg in order to resolve (with baseline separation) the diastereomer peaks as shown in
spectra on pages 217 and 218. The pulse delay was set to 17 s (>5T;, T;= 3 s) to ensure complete
(>99%) relaxation of all nuclei observed. The number of scans taken was increased to 64 in order
to obtain acceptable signal-to-noise ratio (>10:1) for the smallest peak. The diastereomer ratio
was calculated with integrations of the C-'H (satellite of major diastereomer 4.43 ppm) and the
2C-"H (minor diastereomer 4.24 ppm) according to the equation below. The integrations are

divided by 0.0055 (0.01108/2 = 0.0055) in order to account for the '*C natural abundance (1.1%)
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and using only one of the satellites. The same analysis was performed on the crystals obtained

(pages 219 and 220).

(C-"'H satellite major)/(**C-"H minor)/0.0055 = diast. ratio
1.00/ 5.82/0.0055 =31.2 : 1 (before recrystallization pg. 218)
1.00/ 1.29/ 0.0055 = 140.9 : 1 (after recrystallization pg. 220)

After recrystallization, both 'H (pg.215) and C NMR (pg. 216) were recorded in CDCl; (600

MHz) in order to match the reported data (pg. 229).”
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Synthesis of (R,R,S)/(S,S,S5)-BDP ligands

o
OH HO
§4 it
HoP  PH, Ny 00 00
si-3 ,.\l THF.01025°C 48@
(s

oy S E R

Tetrahydrofuran (1.1 L) was distilled from sodium/ benzophenone into an oven-dried 2 L round

bottom flask under argon. To this flask was added 2,2’-(azinodimethylidyne)bis-benzoic acid SI-
5 (20.86 g, 70.4 mmol). This suspension was stirred at 0 °C. An ampoule with 1,2-
bis(phosphino)benzene SI-3 (5 g, 35.2 mmol from Strem) was opened and immediately fitted
with a septum and argon needle. The liquid was transferred to the reaction flask under argon via
syringe and the ampoule rinsed with 5 mL of THF to ensure complete transfer. Succinyl chloride
SI-4 (11.7 mL, 106 mmol) was added to the reaction and stirred for 1 h at 0 °C, then at ambient
temperature for 24 h. The solid was then collected by filtration and washed with 50 mL of THF
before drying under vacuum to afford 16.26 g of racemic tetra acid SI-6 as white solid (51 %).

MS-ESI: calc. (M-H) = 897.1733, meas 897.1733; m.p. = 250-252 °C (decomp.).

'"H NMR (500 MHz, DMSO-d6) & 12.54 (s, 4H), 8.02 (d, 2H), 7.69 — 7.59 (m, 2H), 7.48 (t, J =
7.6 Hz, 2H), 7.44 — 7.37 (m, 2H), 7.31 — 7.19 (m, 4H), 7.16 (s, 2H), 7.13 — 7.07 (m, 2H), 7.05 (d,
J=17.8 Hz, 2H), 6.93 — 6.84 (m, 4H), 6.54 — 6.45 (m, 2H), 2.93 — 2.78 (m, 2H), 2.44 — 2.23 (m,
6H).

BC NMR (126 MHz, DMSO) & 25.18, 29.05, 39.52, 54.38, 57.46, 57.62 (t, J = 19.5 Hz), 57.77,
67.07, 125.72, 126.33, 126.55, 126.78, 127.61, 129.06, 129.78, 130.78, 130.90, 130.99, 131.13,
132.89, 138.66, 139.64, 140.65, 140.73 (t, J= 10.5 Hz), 140.82, 164.78, 166.97, 167.20, 167.56.

3P NMR (162 MHz, DMSO) & 4.73.
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(R,R,S)/(S,S,S)-BDP synthesis and purification procedure

H H H
HO OH Ph__N s _Ph F’h N N._-Ph
% Me 7/ Me ‘—
o0 OO0 Me o O (X6} Me (e)6) OO Me
N /N HzNJ\© N/\ >_<
P P
N/ N N \/N N\/
’__ —_—
00 = Q0 EDC, DMAP,
DCM, DIEA
SI-6 racemic (S,5,5)-BDP (R,R,S)-BDP

To a 250 mL round bottom flask under nitrogen containing the racemic tetra acid SI-6 (2.7 g, 3.0
mmol) was added N-(3-Dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (2.88 g, 15
mmol, 5 eq.), dichloromethane (150 mL distilled from CaH,), N, N-dimethylaminopyridine (1.83
g, 15 mmol, 5 eq.) and diisopropylethylamine (6.3 mL, 36 mmol, 12 eq.). Next was added (S)-(-
)-a-methylbenzylamine (1.9 mL, 15 mmol, 5 eq.) and the reaction was stirred for 16 h. The
crude reaction mixture was then extracted with 5% HCI (aq.), NaHCO;, H,O (100 mL each);
dried with MgSQ,, filtered and concentrated. The crude mixture (4.149g) was dry loaded onto
silica gel (5.2g, 122 % of crude mass) and purified via flash column chromatography (column
size¢ 70 mm x 8 inches, Silica Gel Spherical Aldrich # 80442, 40-75 mm, 110A). The
diastereomers were separated using dichloromethane: isopropanol: acetic acid (97:2.5:0.5) as an
eluent with 14-15 psi of air pressure. The (R,R,S) diastereomer eluted first, followed by the
(S,S,S) diastereomer. Some mixed fractions were obtained and repurified (3 x). The column was
monitored with TLC using dichloromethane: isopropanol: acetic acid (95:4:1) and stained with
PAA. The (R,R,S) diastereomer has an Rf = 0.21 and the (§,S,S) diastereomer has an Rf = 0.07.
The (R,R,S) diastercomer was obtained as a white solid (249 mg, 13 %) and the (S,S,S)
diastereomer was obtained as a white solid (845 mg, 43 %). No oxidation was detected by °'P

NMR or mass spectrometry.
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(S,S,5)-BDP

H ¥
PhTNYO - Ph
10

Me OO oo Me
NMSQ

Meso
Y “\b @N Ph

Chemical Formula: C78H72N808P2
Molecular Weight: 1311.40

IR 1103.5, 1188.6, 1421.7, 1452.7, 1540.4, 1652.0, 2364.2, 2850.6, 2919.5, 3446.3 cm’';

MS-ESI: calc. (M+Na)" = 1333.4841, meas 1333.4672; [a] +26.0 (c 0.5 CHCl3), m.p. = 165-168
°C

"H NMR (500 MHz, MeOD) § 9.27 (d, J = 7.9 Hz, 2H), 7.98 (d, J = 8.2 Hz, 2H), 7.53 — 7.48 (m,
2H), 7.47 — 7.43 (m, 4H), 7.35 (t, J = 7.5 Hz, 2H), 7.31 — 7.06 (m, 20H), 6.84 (m, 2H), 6.80 (m,
2H), 6.66 (m, 2H), 6.62 — 6.57 (m, 2H), 6.53 (s, 2H), 6.42 — 6.37 (m, 2H), 6.12 — 6.05 (m, 4H),
5.25 (p, J= 7.1 Hz, 2H), 4.86 (m, 2H), 2.74 (dt, J = 16.0, 10.4 Hz, 2H), 2.52 — 2.42 (m, 2H), 2.42
—2.33 (m, 2H), 1.82 — 1.75 (m, 2H), 1.48 (d, J= 7.1 Hz, 6H), 1.12 - 1.04 (d, J= 6.8 Hz , 6H).

C NMR (126 MHz, MeOD) & 22.68, 23.04, 27.33, 27.40, 29.97, 30.76, 33.10, 47.36, 47.40,
49.00, 50.65, 51.22, 56.78, 59.18, 126.49, 127.44, 127.65, 128.16, 128.54, 128.80, 129.57,
129.72, 129.80, 130.13, 130.49, 131.71, 132.10, 132.45, 134.39, 135.34, 137.42, 139.26, 144.71,
145.36, 167.63, 168.89, 169.71, 169.82.

3P NMR (162 MHz, MeOD) § 6.85.
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"H NMR (500 MHz, THF-d8) § 9.26 (d, J = 7.6 Hz, 2H), 7.62 — 7.56 (m, 2H), 7.55 — 7.49 (m,
4H), 7.44 — 7.35 (m, 2H), 7.35 — 7.11 (m, 20H), 6.90 (m, 8H), 6.62 (t, J = 7.5 Hz, 4H), 6.16 (m,
2H), 6.07 (m, 4H), 5.37 (m, 2H), 5.02 (m, 2H), 2.57 — 2.28 (m, 8H), 1.55 (d, J = 7.0 Hz, 6H),
1.15 (d, J = 6.9 Hz, 6H).

C NMR (126 MHz, THF-d8) & 22.34, 23.48, 30.06, 30.27, 30.81, 30.90, 49.52, 49.64, 50.62,
50.72, 56.98, 59.38, 67.57, 79.63, 114.81, 126.22, 127.36, 127.46, 127.81, 128.08, 128.80,
129.19, 129.45, 130.81, 131.65, 132.07, 134.96, 135.33, 137.13, 137.76, 140.69, 145.67, 145.88,
166.80, 168.11.

3P NMR (162 MHz, THF-d8) & 5.44.

(R,R,S)-BDP
H
PhTN H Ph
S
Me(é Oo Me
N (RQ
N\/(R
Me so
() N Ph
P

Chemical Formula: C;gH75NgOgP5
Molecular Weight: 1311.40

IR 698.9, 1188.2, 1375.8, 1447.1, 1534.8, 1643.7, 2849.4, 2918.0, 2969.6, 3061.0, 3275.4 cm™";
MS-ESI: calc. (M+Na)" = 1333.4841, meas 1333.4806; [a] -92.4 (¢ 0.5 CHCl;), m.p. = 165-168
°C.

'"H NMR (500 MHz, MeOD) § 9.16 (d, J = 8.2 Hz, 2H), 8.27 (d, J = 8.0 Hz, 2H), 7.56 — 7.48 (m,
4H), 7.40 (m, 4H), 7.32 — 7.14 (m, 20H), 7.13 — 7.06 (m, 4H), 6.88 — 6.73 (m, 6H), 6.52 — 6.42
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(m, 4H), 6.42 — 6.34 (m, 2H), 5.27 (m, 2H), 4.76 (m, 2H), 2.76 — 2.59 (m, 4H), 2.56 — 2.32 (m,
4H), 1.47 (d, J= 7.0 Hz, 6H), 1.41 (d, J= 7.0 Hz, 6H).

C NMR (126 MHz, MeOD) & 20.82, 22.84, 23.25, 29.48, 29.94, 49.00, 50.78, 50.89, 51.00,
56.61, 58.05, 126.71, 127.13, 127.63, 128.10, 128.35, 129.15, 129.50, 129.62, 130.26, 130.57,
131.58, 131.64, 131.89, 134.86, 135.92, 136.21, 137.89, 138.77, 145.08, 145.10, 167.72, 168.99,
169.53, 169.61, 170.44, 175.26.

3P NMR (162 MHz, MeOD) & 11.01.

'"H NMR (500 MHz, THF-d8) & 9.20 (s, 2H), 7.93 (d, J = 8.5 Hz, 2H), 7.65 — 7.54 (m, 4H), 7.50
(m, 4H), 7.37 — 7.04 (m, 20H), 6.85 — 6.66 (m, 6H), 6.66 — 6.48 (m, 4H), 6.38 (s, 2H), 5.39 (m,
2H), 5.06 (m, 2H), 2.90 (s, 2H), 2.71 — 2.57 (m, 2H), 2.42 (m, 4H), 1.89 (s, 6H), 1.55 (d, J= 7.0
Hz, 6H), 1.36 (d, J = 6.8 Hz, 6H).

C NMR (126 MHz, THF-d8) & 23.19, 23.34, 29.57, 30.19, 30.81, 49.91, 50.10, 50.21, 56.89,
57.46, 67.57, 126.44, 127.40, 127.44, 127.56, 127.72, 128.00, 128.60, 128.80, 129.15, 129.29,
130.65, 130.79, 130.93, 131.50, 134.77, 136.22, 136.90, 138.75, 139.52, 144.85, 146.34, 166.85,
168.06, 168.25, 168.54.

3P NMR (162 MHz, THF-d8) & 10.2.
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Appendix A: Selected "H and *C NMR Spectra
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Page 1 of 3
Area % Report
Data File: - D:\32Karat\Projects\Rob\Data\RR8282 pat C 410-10-2011 1-34-06 PMRR8280 5% ipa .met
Method: D:\32Karat\Projects\Rob\Method\RR8280 5% ipa data extraction.met
Acquired: 10/10/2011 1:35:30 PM
Printed: 12/9/2011 10:00:24 AM
minor diast. = 7. 283 (+)- patulollde C=8. 517
150‘“““‘“—;—";kg;ﬁ5""25{55""‘”‘, """""""""""""""""""""""""""""""""""""""""""""""""""""" 150
Retentnon Time : ;
PP IS NS S S— 1 N— AU, SN S 1o
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T e g |
jg: " N |
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o2 & e e T T T e
Minutes
Det 168-220nm
Results .
Time Area Area % Height Height %
2.900 127158 5.07 32054 17.13
3.033 67315 2.68 9611 . 5.14
4.083 31564 1.26 3354 1.79
4333 . 3548 0.14 572 0.31
7.283 78193 3.11 4276 229
8.517 2202629 87.74 137259 73.35

Totals , : "[ s
‘ ; 2510407 10000 | 187126 100.00
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Spectroscopic Data Comparison for (+)-Patulolide C (1)

Lit’ '"H-NMR 90 | Meas.” 'H- Lit’ °C- | Meas.” "C-
MHz NMR 500MHz NMR NMR
100MHz 125MHz
168.1 168.1
0.93-2.03ppm, 1.0-1.81ppm,
12H, m 12H, m
121.5 121.5
1.32ppm, 3H, 1.29ppm,3H,
d,J=6.6Hz d,J=7Hz
149.7 149.6
4.33-4.58ppm, 4 51ppm. 1H.m
1H, m > 1P, T
4.85.5.93 70.9 70.9
.85-5.23ppm,
1H, m 5.08ppm,1H,m
35.9 35.9
6.07ppm, 1H, 6.10ppm,
d.J-16.5H IH,dd,
e J=16,1Hz
6.85 20.7 20.7
6.82ppm, 1H, 'al ({)(;n,
dd,J=16.5, 6.3Hz I=16,7Hz
28.3 28.3
27.8 27.8
22.2 22.1
32.8 32.8
73.2 73.1
19.3 19.3
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a. Leemhuis, F. M. C.; Lambertus, T.; Zwanenburg,B. Total Synthesis of Patulolide C and Its

Homo, Nor, and Iso Analogs. J. Org. Chem., 1993, 58, 7170-7179.

b. This work.
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SFC Column Chiracel OJ-H 10% MeOH, 2 mL/min
OBO-PMB ether partially racemic

120

1104

100

907

80

704

60

o N
ISPW 0.20
STH 500.00

i

J

Me

M
e\ﬁ\o O/\©\
0.,
o)\) OMe

£ L

1 2 3

4

6

7

8

9 10 1 12

13 14

15

17 18 19

# Name Start [Min] Time [Min] End [Min] RT Offset [Min] Quantity [%
Area] Height [uV] Area [nV.Min] Area [%]

1 UNKNOWN 1.61 170 1.79 0.00 4.02 168 1.7 4018

2 UNKNOWN 1.79 184 191 0.00 199 9.7 09 1.994

3 UNKNOWN 191 196 2.07 0.00 121 44 05 1.214

4 UNKNOWN 2.07 222 236 000 248 113 1.1 2.480

5 UNKNOWN 593 6.14 6.46 0.00 39.46 106.5 17.0 39.456

6 UNKNOWN 6.87 7.10 7.46 0.00 50.84 116.6 21.9 50.838

Total 100.00 265.3 43.0 100.000

The partially racemic OBO-PMB ether shown above was synthesized in the same manner as SI-2
except the AHF was performed with ~1:1 mixture of the (S,S,S)-BDP: (R,R,S)-BDP ligands
yielding a 39.46:50.84 mixture of enantiomers. This material was made for the purpose of

resolving enantiomers for quantitative enantiomeric excess determination.



SFC Column Chiracel OJ-H 10% MeOH, 2 mL/min
Enantioenriched OBO-PMB ether SI-4

227

954
904
85
80
754
704
65
605
55
50
454

Y
ISPWo0.20 B
SPW 0.20 F
STH 500.00

M
0.
o)\l) OMe

sl-2 Me

# Name Start [Min]  Time [Min]
Area] Height [uV] Area [nV.Min]

1 UNKNOWN 1.55 1.60 1.72
2 UNKNOWN 1.72  1.77 1.90
3 UNKNOWN 2.01 2.12 224
4 UNKNOWN 586 6.00 6.17
5 UNKNOWN 6.71 694 7.29
Total

Calculation:

k

End

0.00
0.00
0.00
0.00
0.00

100.

(84.11-3.19)/(84.11+3.19) x 100% = 92.7%ee

8 9 10 1

13

[Min] RT Offset [Min]
Area [%]

795 172 1.6
339 8.1 0.7
135 38 03
319 44 0.6
84.11 91.0 16.7

7.955
3.392
1.350
3.195
84.108

00124.5 19.9 100.000

14

Quantity [%



'"H NMR Data Comparison Table for (+)-PD Lactone:
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reference’ (200

Carbon MHz) mea;t/llr}elj)(600 Ad ref.” mult/J(Hz) meas. mult/J(Hz)
MeO 3.73 3.73 0.00 s/none s/none
Cl - - - - -
C2 2.73 2.73 0.00 qd/7.1,2.6 qd/7.1,2.6
C3 4.54 4.54 0.00 dd/2.6,10.4 dd/2.9,10.5
C4 1.80-2.05 1.86-1.97 - - -

C5(eq) 1.80-2.05 1.86-1.97 - - -

C5(ax) 1.45 1.42 0.03 dd/12.0,12.0 dt/12.1, 13.1(ap. q)
Cé6 2.49 2.50 -0.01 ddq/12.0,6.0,7.1 ddq/13.6,7.0,7.0 (ap. sept)
C7 - - - - -

C2-Me 1.20 1.20 0.00 d/7.1 d/7.0

C4-Me 1.00 1.01 -0.01 d/6.4 d/6.5

C6-Me 1.29 1.29 0.00 d/7.1 d/6.8

C NMR Data Comparison Table for (+)-PD Lactone:

Carbon reference’ measured Ad

1 173.6 173.7 -0.1
2 173.3 173.3 0.0
3 86.2 86.2 0.0
4 52.2 52.2 0.0
5 41.4 41.3 0.1
6 37.4 37.3 0.1
7 36.3 36.2 0.1
8 31.0 30.9 0.1
9 17.3 17.2 0.1
10 17.0 17.0 0.0
11 8.8 8.7 0.1
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Appendix B: Crystallographic Data
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Crystallographic Experimental Section

Data Collection

A colorless crystal with approximate dimensions 0.395 x 0.041 x 0.04 mm3 was
selected under oil under ambient conditions and attached to the tip of a MiTeGen
MicroMount©. The crystal was mounted in a stream of cold nitrogen at 100(1) K and
centered in the X-ray beam by using a video camera.

The crystal evaluation and data collection were performed on a Bruker Quazar
SMART APEXII diffractometer with Mo Ko (A = 0.71073 A) radiation and the diffractometer
to crystal distance of 4.96 cm.

The initial cell constants were obtained from three series of w scans at different
starting angles. Each series consisted of 12 frames collected at intervals of 0.52 in a 62
range about w with the exposure time of 30 seconds per frame. The reflections were
successfully indexed by an automated indexing routine built in the APEXII program suite.
The final cell constants were calculated from a set of 9917 strong reflections from the
actual data collection.

The data were collected by using the full sphere data collection routine to survey the
reciprocal space to the extent of a full sphere to a resolution of 0.70 A. A total of 35047
data were harvested by collecting 5 sets of frames with 0.52 scans in w and ¢ with exposure
times of 90 sec per frame. These highly redundant datasets were corrected for Lorentz and
polarization effects. The absorption correction was based on fitting a function to the

empirical transmission surface as sampled by multiple equivalent measurements. [1]

Structure Solution and Refinement

The systematic absences in the diffraction data and the E-statistics were consistent
for the space groups €2 and Cm. Only the chiral space group €2 was consistent with the
proposed structure. It was chosen for the refinement and yielded chemically reasonable

and computationally stable results of refinement [2-4].
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A successful solution by the direct methods provided most non-hydrogen atoms
from the E-map. The remaining non-hydrogen atoms were located in an alternating series
of least-squares cycles and difference Fourier maps. All non-hydrogen atoms were refined
with anisotropic displacement coefficients. All hydrogen atoms were included in the
structure factor calculation at idealized positions and were allowed to ride on the
neighboring atoms with relative isotropic displacement coefficients.

There are two chemically equivalent molecules with the same handedness but
slightly different conformations in the asymmetric unit. @ The molecules can be
superimposed with a rms of 0.214 A. The absolute configuration was unequivocally
established by anomalous dispersion as C8(S), C11(R), C13(R).

The final least-squares refinement of 384 parameters against 8541 data resulted in
residuals R (based on F? for [220) and wR (based on F? for all data) of 0.0305 and 0.0616,

respectively. The final difference Fourier map was featureless.

Summary

Crystal Data for CisH1904Br (M =355.22): monoclinic, space group C2 (no. 5), a=
28.650(11) A, b = 4.9547(18) A, c = 22.409(8) &, B=97.901(13)°, V=3151(2) A3, Z=8,T=
100.0 K, p(Mo Ka) = 2.622 mm-1, Dcalc = 1.498 g/mm3, 35047 reflections measured (2.87 <
20 < 58.572), 8541 unique (Rint = 0.0430) which were used in all calculations. The final R:
was 0.0305 (I > 20(I)) and wRz was 0.0616 (all data).

References
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complete structure solution, refinement and analysis program". J. Appl Cryst. (2009) 42,
339-341.
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Figure 1. A molecular drawing of Burke25 shown with 50% probability ellipsoids.
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Figure 2. The two molecules of Burke25 superimposed. Shown with 50%
probability ellipsoids.
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Table 1 Crystal data and structure refinement for Burke25

Identification code Burke25
Empirical formula C16H1904Br
Formula weight 355.22
Temperature/K 100.0

Crystal system monoclinic
Space group C2

a/A 28.650(11)
b/A 4,9547(18)
c/A 22.409(8)

a/° 90

B/° 97.901(13)

v/° 90

Volume/A3 3151(2)

Z 8

Pcalcmg/mm3 1.498

m/mm-1 2.622

F(000) 1456.0

Crystal size/mm?3 0.395 x 0.041 x 0.04
20 range for data collection 2.87 to 58.572°
Index ranges -38<h<38,-6<k<6,-30<1<30
Reflections collected 35047

Independent reflections 8541[R(int) = 0.0430]
Data/restraints/parameters 8541/1/384
Goodness-of-fit on F? 1.021

Final R indexes [[>=20 (I)] R1=0.0305, wRz = 0.0595
Final R indexes [all data] R1=0.0379, wR2 =0.0616
Largest diff. peak/hole / e A3 0.49/-0.32

Flack parameter 0.004(6)

Table 2 Fractional Atomic Coordinates (x104) and Equivalent Isotropic Displacement
Parameters (A2x103) for Burke25. Ueq is defined as 1/3 of of the trace of the orthogonalised
Uy tensor.

Atom X y z U(eq)

Brl 2116.2(2) 9856.8(6) 9542.8(2) 29.20(9)



01
02
03
04
C1

C2

C3
C4
C5
Ccé6
Cc7
C8
Cc9
C10
C11
C12
C13
C14
C15
C16
BriA
01A
02A
03A
04A
C1A
C2A
C3A
C4A
C5A
C6A
C7A
C8A
C9A
C10A
C11A
C12A
C13A

1968.0(7)
1203.4(7)
650.4(7)
1278.4(8)
2203.9(10)
2309.6(12)
1964.1(10)
1509.9(11)
1403.9(10)
1752.7(10)
1663.3(10)
1096.9(10)
639(1)
216.9(10)
216.3(10)
-176.6(11)
1066.6(9)
1108(1)
1093.3(9)
839.8(15)
2207.3(2)
4059.3(8)
3593.8(7)
4207.4(7)
5295.2(8)
3438(1)
3104.7(10)
2676.1(10)
2572.6(10)
2906.3(10)
3344.9(10)
3706.6(10)
3880(1)
3557.7(10)
3462.3(9)
3921.4(10)
3847.6(12)
4320.6(9)

124(5)
493(4)
791(4)
-201(6)
4375(6)
6333(6)
7207(6)
6201(7)
4226(6)
3290(6)
1166(6)
-1757(6)
-2992(6)
-1208(7)
-533(6)
1362(7)
-772(5)
-3143(6)
-2268(7)
-4091(8)
2581.1(6)
10852(5)
11098(4)
10562(4)
11222(5)
6865(6)
5112(7)
4848(7)
6273(6)
8001(6)
8308(6)
10184(6)
13253(6)
14686(7)
12869(6)
11928(6)
9930(8)
12118(6)

7354.5(10)
7472.5(9)
6229.7(9)
5200.5(10)
8176.5(14)
8612.1(15)
8935.2(13)
8825.5(13)
8389.1(13)
8062.1(13)
7595.6(13)
7055.2(13)
7191.7(14)
6966.9(15)
6308.4(14)
6056.8(19)
6403.2(13)
5979.9(13)
5332.0(13)
4866.8(17)
5710.8(2)
6808(1)
7539.1(9)
8716.3(9)
8649.0(12)
6210.5(13)
5914.9(13)
6124.2(12)
6620.7(14)
6915.7(13)
6711.3(13)
7007.2(13)
7837.6(13)
8222.0(13)
8743.8(13)
9102.7(13)
9595.0(13)
8214.6(12)

24.1(5)
16.3(4)
16.4(4)
29.6(5)
20.3(7)
23.5(7)
18.8(6)
20.6(7)
18.3(7)
15.4(6)
17.2(6)
16.4(6)
20.4(7)
21.9(7)
19.8(6)
34.8(9)
13.4(6)
16.9(6)
18.2(6)
38.2(10)
23.12(8)
25.1(5)
17.2(4)
16.3(4)
32.6(6)
19.0(6)
19.9(6)
17.0(5)
18.5(6)
17.6(6)
14.9(6)
17.2(6)
16.3(6)
16.6(6)
17.5(6)
17.7(6)
26.8(7)
15.3(6)

250



C14A
C15A
C16A

4670.6(10)
5124.5(10)
5356.7(13)

14383(6)
13345(6)
15146(9)

8415.4(14)
8769.1(14)
9255.8(17)
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18.4(6)
19.8(7)
39.1(9)

Table 3 Anisotropic Displacement Parameters (A2x103) for Burke25. The Anisotropic
displacement factor exponent takes the form: -2m?[h2a*2U1+...+ 2hkaxbxU12]

Atom
Brl
01
02
03
04
C1
C2
C3
C4
C5
Ccé6
Cc7
C8
Cc9
C10
C11
C12
C13
C14
C15
Cl6
BriA
01A
02A
03A
04A
C1A
C2A
C3A

U1
46.5(2)
16.1(10)
13.1(9)
15(1)
35.1(12)
16.6(14)
25.0(16)
30.1(15)
23.0(15)
15.1(14)
14.3(13)
15.6(14)
18.7(14)
23.7(15)
15.1(14)
13.8(13)
19.1(16)
12.9(13)
16.3(13)
16.5(12)
60(3)
20.91(14)
19.5(11)
16.7(10)
20.2(10)
21.9(12)
15.8(13)
19.0(14)
17.7(13)

U2z
18.13(15)
29.5(13)
18.6(11)
12.5(9)
34.0(13)
22.5(18)
17.2(16)
11.0(14)
26.4(17)
23.0(18)
17.0(15)
20.5(16)
15.9(15)
18.6(17)
21.0(15)
13.8(15)
25.5(18)
12.2(14)
14.3(14)
19.2(14)
26.1(19)
24.43(16)
34.0(13)
20.0(11)
12.4(10)
32.3(14)
24.1(17)
25.5(17)
16.2(13)

Uss
19.32(16)
26.9(12)
16.7(10)
20.6(11)
20.7(11)
21.8(15)
26.6(17)
13.2(13)
11.9(14)
15.9(15)
13.8(14)
14.8(14)
13.9(14)
19.5(15)
31.0(18)
30.1(16)
56(2)
14.9(14)
20.5(15)
19.0(14)
24.2(19)
23.12(16)
22.4(12)
14.6(10)
16.2(10)
42.3(15)
17.4(15)
15.3(14)
15.8(13)

Uzs
12.42(14)
19.0(11)
-1.5(8)
2.5(8)
1.4(12)
0.0(13)
-1.5(13)
L0.1(11)
0.5(13)
1.3(12)
2.0(11)
2.5(12)
L0.1(11)
43(12)
12.9(14)
1.3(13)
1.3(18)
1.5(11)
1.2(11)
13.3(14)
-3.0(15)
-7.52(14)
-3.4(10)
:3.9(9)
.0.2(8)
7.6(12)
10.3(12)
13.6(14)
-0.9(14)

Uis
-8.47(14)
3.9(9)
0.3(8)
1.6(8)
7.1(9)
1.9(12)
2.4(14)
4.6(11)
1.1(12)
.0.7(11)
1.3(11)
-0.3(11)
20.2(11)
49(12)
8.2(13)
13.2(12)
19.3(16)
0.7(11)
4.0(11)
2.5(10)
-8.5(18)
.0.14(11)
5.5(9)
0.2(8)
2.0(8)
0.1(11)
3.4(11)
2.3(11)
-3.1(10)

U1z
3.28(15)
2.7(10)
0.9(8)
.0.8(8)
115.8(12)
0.9(12)
-0.9(13)
2.3(12)
7.7(13)
10.2(12)
2.8(10)
11(11)
1.6(11)
-6.0(12)
-6.4(12)
.0.6(11)
5.8(14)
1.1(10)
-1(1)
0.7(13)
-10.1(18)
-4.33(13)
-6.5(10)
-5.2(8)
2.4(8)
9.8(10)
0.5(11)
5.1(13)
-0.8(12)



C4A
C5A
C6A
C7A
C8A
C9A
C10A
C11A
C12A
C13A
C14A
C15A
C16A

Atom Atom Length/A

Brl
01
02
02
03
03
04
C1
C1
C2
C3
C4
C5
Ccé6
C8
C8
Cc9
C10
C11
C13

12.3(13)
17.6(13)
12.6(13)
15.6(13)
17.4(13)
14.7(12)
18.4(13)
21.6(14)
39.6(18)
17.2(12)
15.7(13)
14.9(14)
35(2)

24.2(16)
19.8(17)
17.5(15)
21.0(16)
14.4(14)
14.1(13)
15.6(14)
15.1(15)
25.5(16)
14.1(15)
15.2(16)
24.6(17)
42(2)

19.4(15)
15.4(14)
13.3(14)
14.3(13)
16.0(14)
20.0(14)
18.8(14)
16.5(14)
15.9(14)
14.4(13)
23.9(16)
19.9(16)
35.2(19)

Table 4 Bond Lengths for Burke?25.

C3
C7
C7
C8
C11
C13
C15
C2
Cé
C3
C4
C5
Cé
C7
Cc9
C13
C10
C11
C12
C14

1.898(3)
1.204(4)
1.350(3)
1.460(3)
1.438(3)
1.430(3)
1.208(4)
1.380(4)
1.391(4)
1.374(4)
1.383(4)
1.387(4)
1.397(4)
1.480(4)
1.517(4)
1.532(4)
1.526(4)
1.513(4)
1.514(4)
1.525(4)

Atom Atom Length/A

Br1A C3A
01A C7A
02A C7A
0Z2A C8A
03A C(C1l1A
03A C(C13A
04A C15A
Cl1A C2A
C1A Co6A
C2A C3A
C3A C4A
C4A C5A
C5A C6A
CeA C7A
C8A C(C9A
C8A C(C13A
C9A C10A
C10A C11A
C11A C12A
C13A C14A

1.893(3)
1.206(4)
1.355(4)
1.452(3)
1.440(3)
1.436(3)
1.206(4)
1.390(4)
1.387(4)
1.380(4)
1.384(4)
1.382(4)
1.404(4)
1.479(4)
1.522(4)
1.526(4)
1.530(4)
1.518(4)
1.518(4)
1.531(4)

-2.5(13)
-2.7(13)
1.1(11)
4.5(12)
-0.1(11)
-0.8(13)
-3.4(13)
-1.8(11)
2.0(15)
-1.5(11)
-0.4(12)
1.5(12)
-11.1(19)

3.8(12)
2.5(11)
-2.5(11)
-0.7(11)
-1.4(11)
-1.5(11)
3.8(11)
3.3(12)
6.0(13)
2.2(10)
0.8(12)
2.8(12)
-13.6(16)
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-0.2(11)
0.6(12)
2(1)
2.3(12)
-3.3(10)
1.8(12)
0.1(12)
0.9(11)
1.8(16)
0.7(11)
-0.3(11)
-0.9(11)
10.6(18)
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Cl4 C15 1.510(4) C14A C15A 1.517(4)
C15 C16 1.491(4) C15A C16A 1.493(5)

Table 5 Bond Angles for Burke25.
Atom Atom Atom Angle/° Atom Atom Atom Angle/°
C7 02 (C8 115.6(2) C7A 02A C(C8A 117.6(2)
C13 03 (C11 115.0(2) C13A 03A C(C11A 115.3(2)
C2 C1 Cé6 120.7(3) C6A C1A C2A 120.8(3)
C3 C2 (C1 1194(3) C3A C2A C1A 118.8(3)
C2 C3 Brl 119.0(2) C2A C3A BrlA 119.6(2)
C2 C3 (C4 121.4(3) C2A C3A C4A 121.6(3)
C4 C3 Brl 119.6(2) C4A C3A BrlA 118.7(2)
C3 C4 C5 1193(3) C5A C4A C3A 119.3(3)
C4 C5 C6 120.1(3) C4A C5A C6A 120.2(3)
Cl C6 C5 119.2(3) Cl1A C6A C5A 119.2(3)
Cil C6 C7 1181(3) Cl1A C6A C7A 119.1(3)
C5 C6 C7 122.6(3) C5A C6A C7A 121.7(3)
01 C7 02 123.3(3) O1A C7A 02A 123.2(3)
01 C7 C6 123.8(3) O1A C7A C6A 125.3(3)
02 C7 C6 1129(2) 02A C7A C6A 111.5(2)
02 (C8 (€9 106.8(2) 02A C8A C(9A 104.8(2)
02 (C8 (C13 110.3(2) 02A (C8A C(C13A 110.8(2)
C9 (€8 (C13 112.6(2) C9A C(C8A C(C13A 112.2(2)
C8 (C9 (C10 111.6(2) C8A C(C9A C(C10A 110.1(3)
Cl11 C10 €9 110.1(2) C11A C10A C9A 110.7(2)
03 C11 C10 109.6(2) 03A C11A C10A 110.4(2)
03 C11 C12 106.4(3) 03A C11A C12A 106.1(2)
C10 C11 C12 113.7(3) C10A C11A C12A 112.8(3)
03 (C13 (€8 111.6(2) 0O3A C13A C8A 111.9(2)
03 (C13 C(C14 112.4(2) 03A C13A C14A 111.9(2)
Cl14 C13 (C8 110.4(2) C8A (C13A C14A 110.5(2)
C15 C14 C13 112.5(2) C15A C14A C13A 112.6(2)
04 C15 C14 121.5(3) 04A C15A C14A 121.6(3)
04 C(C15 C16 122.1(3) 04A C15A C16A 122.1(3)
Cl6 C15 C(C14 116.4(3) C16A C15A C14A 116.3(3)



A B C D Angle/
Brl C3

02
02
02
03
C1
C1
C1
C1
C2
C2
C2
C3
C4
C4
C5
C5
Cé
C7
C7
C8
C8
C8
C8
Cc9
Cc9
Cc9
Cc9

C8
C8
C8

C2
C2
Cé
Cé
C1
C1
C3
C4
C5
C5
Cé
Cé
C1
02
02
02
02
Cc9

C11 03
C11 03
C13 03
C13 03
C13 C8

C4

C5

-178.7(2)

C9 C1073.6(3)
C13 03 -71.7(3)
C13 C14 162.5(2)
C13 C14 C15 56.2(3)

C3
C3
C7
C7
Cé
Cé
C4
C5
Cé
Cé
C7
C7
C2
C8
C8
C7
C7

Brl
C4
01
02
C5
Cc7
C5
Ccé6
C1
Cc7
01
02
C3
Cc9
C13
01
Ccé6

178.9(2)
-1.2(5)
8.1(4)
-172.6(3)
0.7(4)
-179.1(3)
1.4(5)
-0.6(4)
-0.5(4)
179.3(3)
-171.7(3)
7.6(4)
0.1(5)
154.7(2)
-82.7(3)
4.5(4)
-174.8(2)

C10 C11 52.8(3)
C13 C14 C15 -178.4(2)
C8 C13 03 47.5(3)
C8 C13C14-78.3(3)
C10 C11 03 -57.9(3)
C10 C11 C12 -176.8(3)
C13C8 -55.2(3)
C13 C14 69.5(3)
C11 C10 60.9(3)
C11C12 -175.8(3)
C9 C10-47.6(3)
C13 C14 C15 04 37.2(4)
C13 C14 C15 C16 -142.9(3)

A

B

BriA C3A

02A
02A
02A
03A
C1A
C1A
C1A
C1A
C2A
C2A
C2A
C3A
C4A
C4A
C5A
C5A
C6A
C7A
C7A
C8A
C8A
C8A
C8A
C9A
C9A
C9A
C9A

C8A
C8A
C8A

C2A
C2A
C6A
C6A
C1A
C1A
C3A
C4A
C5A
C5A
C6A
C6A
C1A
02A
02A
02A
02A
C9A

C11A 03A
C11A 03A
C13A03A
C13A03A
C13A C8A

C

Table 6 Torsion Angles for Burke25.

D

Angle/®

C4A C5A -178.0(2)
C9A C10A 69.5(3)
C13A 03A -66.9(3)
C13A C14A 167.7(2)
C13A C14A C15A 57.1(3)
BrlA 177.6(2)

C3A
C3A
C7A
C7A
C6A
C6A
C4A
C5A
C6A
C6A
C7A
C7A
C2A
C8A
C8A
C7A
C7A

C4A
01A
02A
C5A
C7A
C5A
C6A
C1A
C7A
01A
02A
C3A
C9A

-0.3(5)
10.0(5)
-170.2(3)
-0.6(5)
-179.1(3)
-0.1(5)
0.2(5)
0.1(4)
178.6(3)
-168.5(3)
11.3(4)
0.6(5)
154.3(2)

C13A-84.5(3)

01A
C6A

8.6(4)
-171.2(2)

C10A C11A 54.2(3)
C13A C14A C15A -177.5(2)
C8A C13A 03A 49.9(3)
C8A C13A C14A-75.5(3)
C10A C11A 03A -56.6(3)
C10A C11A C12A-175.2(3)
C13A C8A -53.9(3)
C13A C14A 70.8(3)
C11A C10A 57.5(3)
C11A C12A-179.9(2)
C9A C10A -50.8(3)
C13A C14A C15A 04A 35.8(4)
C13A C14A C15A C16A -146.6(3)
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Table 7 Hydrogen Atom Coordinates (Ax104) and Isotropic Displacement Parameters
(A2x103) for Burke25.

H1
H2
H4
H5
H8
H9A
H9B
H10A
H10B
H11
H12A
H12B
H12C
H13
H14A
H14B
H16A
H16B
H16C
H1A
H2A
H4A
H5A
H8A
H9AA
H9AB
H10C
H10D
H11A
H12D
H12E
H12F
H13A

Atom

2442
2618
1273
1094
1354
655
596
-78
232
189
-153
-482
-149
1343
1408
847
500
944
909
3733
3171
2275
2839
3974
3256
3708
3276
3276
4097
3688
3654
4154
4475

X

3763
7070
6856
3510
-3133
-3253
-4786
-2159
477
-2243
3038
504
1769
435
-4104
-4423
-3963
-5955
-3553
7077
4113
6066
8982
14532
15148
16385
13875
11282
13530
8320
10764
9416
10874

y

7952
8688
9047
8313
7132
7632
6997
7020
7206
6069
6291
6081
5635
6380
6109
6010
4878
4949
4467
6068
5574
6757
7258
7530
7971
8383
9011
8583
9289
9414
9872
9817
7950

Z

24
28
25
22
20
24
24
26
26
24
52
52
52
16
20
20
57
57
57
23
24
22
21
20
20
20
21
21
21
40
40
40
18

U(eq)



H14C
H14D
H16D
H16E
H16F

4745
4522
5649
5144
5429

15364
15677
14303
15431
16886

8055
8668
9447
9557
9082

22
22
59
59
59
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