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Abstract of the Dissertation
Total Synthesis of Bisabosqual A
by
Christopher William am Ende
Doctor of Philosophy
in

Chemistry

Stony Brook University

2013

An efficient total synthesis of the novel squalene synthase inhibitor, bisabosqual A, is
presented herein. The key step, a 5-exo, 6-exo tandem radical cyclization assembles the fully
functionalized bisabosqual core, providing two rings and setting three stereogenic centers (two
with complete specificity) in one step. Additional effective transformations include a
regioselective deoxygentation reaction utilizing the Trost-Hutchins reducing system and a
chemo- and diastereoselective addition of trimethylaluminum to an advanced ketone
intermediate in the presence of esters. The doubly convergent synthesis requires 14 steps

(longest linear sequence) from commercially available starting materials.
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Chapter 1

Bisabosqual A Isolation and Previous Synthetic Strategies

1.1 Isolation and Structure Determination

Bisabosquals A - D (1.1 - 1.4, Figure 1) are Stachybotrys metabolites that were isolated
by Minagawa and coworkers in 2001 from the culture broth of the fungal strains Stachybotrys
sp. RF-7260 (bisabosqual A) and Stachybotrys ruwenzoriensis RF-6853 (bisabosquals B-D)." ?
The fungi were collected from unidentified decaying broad-leaved tree leaves from the Amami-
oshima, Kagoshima Prefecture and Sanda, Hyogo Prefecture regions of Japan. Subsequently,
the bisabosquals were identified to be inhibitors of the microsomal squalene synthases from

Saccharomyces cerevisiae, Candida albicans, HepG2 and rat liver cells suggesting potential

antifungal and antihypercholesteremic properties (vide infra).



Bisabosqual C (1.3) Bisabosqual D (1.4)

Figure 1.1. The bisabosquals A-D.

The structures of bisabosquals A - D were determined by 2D NMR experiments (COSY,
NOESY and HMBC) and the relative stereochemistry confirmed by the X-ray crystal structure of
bisabosqual B (1.2, Figure 1.2).> Absolute stereochemistry was determined by single crystal X-
ray analysis of a brominated analogue (1.5) of bisabosqual D (Figure 1.2). The structures of the
bisabosquals are unique among natural products in that they contain the
hexahydrobenzofurobenzopyran ring system, which was only known previously in a synthetic
cannabinoid derivative.® In addition, the phthalaldehyde moiety contained in bisabosquals A, C
and D is a rare structural motif found in only a few natural products.*® Many of these natural
products, including the K-76 complement inhibitor* and stachybotrydial,” were also isolated as

metabolites from Stachybotrys organisms (Figure 1.3). The bisabosquals are of further interest



as synthetic targets as a result of the novel cis, cis-fused tetracyclic ring system which contains

five contiguous stereocenters, two of which are quaternary.

Figure 1.2. X-ray crystal structures of bisabosqual B and brominated analogue 1.5.



CHO

CHO

K-76 Stachybotrydial Sch 65676
CHO
CHO CHO
CHO
HO OH

| OH

y-acaridial

Kampanol C 3,5-dihydroxy-4-(3-methylbut-

2-enyl)phthalaldehyde

Figure 1.3. Natural products containing the phthalaldehyde moiety.

1.2 Antihypercholesteremic and Antifungal Activity

Elevated levels of plasma low-density lipoprotein cholesterol (LDL-C) are associated with
an increased risk of cardiovascular disease.™ Currently, inhibitors of HMG-CoA reductase (i.e.
statins) are the primary treatment used to lower cholesterol levels. However, in some patients,
statins have been shown to have adverse side effects such as myophathies, hepatotoxicity and

rabdomyolysis.** 3

The suppression of mevalonate production may be the cause of these
undesired effects (see Figure 1.4 for the biosynthetic pathway of cholesterol).’ > The
decrease in mevalonate can affect production of many downstream products that are essential
for cell energy, growth and viability. Statins have also been associated with lack of efficacy and

. . . 11
as a result, do not produce the desired outcomes in some patients.”~ Therefore, squalene

synthase, the enzyme responsible for the first committed step in the biosynthesis of



cholesterol, has emerged as an attractive target for the treatment of high LDL-C without

affecting other critical processes. **2
Acetyl CoA
HMG-CoA
Statins I l HMG-CoA reductase

OH OH O Mevalonate

O Mevalonate
O pyrophosphate

_I.I
I I

ESOEAstatin (LI pltor) Isopentenyl Dimethylallyl PP

pyrophosphate

|

Geranyl Prenylation of
pyrophosphate proteins

|

Farnesyl Ubiquinone

Squalene Synthase
Inhibitors

pyrophosphate

l ‘ Squalene Synthase

lu

Bisabosqual A

Figure 1.4. Biosynthesis of cholesterol.



The bisabosquals were found to inhibit fungal squalene synthases from Saccharomyces
cerevisiae and Candida albicans. Additionally, they were shown to be active against mammalian
squalene synthases from HepG2 and rat liver cells with low micromolar activity (Table 1.1).
Therefore, the bisabosquals are a unique structural class that offers a potential lead for the

1621 |y addition, the inhibition of fungal

development of antihypercholesteremic agents.
squalene synthases suggests bisabosqual A may have potential utility as an antifungal agent.

The antimicrobial activities were also examined across a variety of yeast and filamentous fungal

species as shown in Table 1.2.

Table 1.1. Squalene synthase in vitro inhibitory activities of the bisabosquals.*

ICso (ng/mL)
Squalene Synthase Bisabosqual A Bisabosqual B Bisabosqual C Bisabosqual D
S. Cerevisiae 0.43 315 1.0 18.5
C. albicans 0.25 50 1.0 12
HepG2 0.95 12 0.9 5.1
Rat Liver 2.5 >100 5.8 37




Table 1.2. Antimicrobial activities of the bisabosquals.!

MICs, (ng/mL)

Fungal Species Bisabosqual A Bisabosqual B  Bisabosqual C  Bisabosqual D
Candida albicans 25 > 100 > 100 > 100
Candida kurusei 12.5 >100 >100 >100
Candida glabrata 25 > 100 > 100 > 100

Saccharomyces cerevisiae 25 > 100 > 100 > 100
Cryptococcus neoformans 3.13 > 100 > 100 > 100
Aspergillus fumigatus 25 50 > 100 > 100
Trichophyton asteroides >100 >100 >100 >100

1.3 Previous Approaches Toward the Bisabosqual Ring System
1.3.1 Razden’s Synthesis of the Hexahydrobenzofurobenzopyran Ring System

The first synthesis of the bisabosqual hexahydrobenzofurobenzopyran ring system was
reported by Razden and coworkers in 1977 in an effort to access cis-tetrahydrocannabinols
(Scheme 1.1). Their approach relies on a stereoselective epoxidation of the cis-THC derivative
1.6 with mCPBA from the less-hindered a-face of the olefin to provide epoxide 1.7 as a single
diastereomer. Subsequent basic hydrolysis of the acetate (1.7) affords a phenolate anion which
undergoes intramolecular addition to the epoxide to give tetracycle 1.8 in excellent yield. This
synthesis forms the bisabosqual ring system; however, it imparts the incorrect stereochemistry
at the tertiary alcohol. Inspired by this approach, the Snider group utilized a similar strategy in

their synthesis of the bisabosqual stereochemical array.



NaOH, MeOH
rt, 2h

90%

1.6 1.7

Scheme 1.1. Razden’s synthesis of the hexahydrobenzofurobenzopyran ring system.

1.3.2 Snider’s Synthesis of the Bisabosqual Tetracyclic Core and Stereochemical Array

The Snider group envisioned using an inverse electron demand Diels-Alder reaction of a
quinine methide to form a cis-fused THF derivative analogous to compound 1.6. > 2> This
intermediate could then be subjected to chemistry similar to that described by Razden and
coworkers to access the bisabosqual core (vide supra). Toward this end, their synthesis
commenced with deprotonation of the MOM-protected orcinol 1.9 followed by addition of 6E-
farnesal to yield alcohol 1.10 as a mixture of E/Z isomers (Scheme 1.2). Subjecting alcohol 1.10
to aqueous HCl in methanol afforded the desired cis-fused tricycle 1.11 in moderate yield after
formation of acetate 1.12 (48% over three steps). A subsequent epoxidation of the less
hindered a-face of the cyclohexene with mCPBA was stereoselective; however, concurrent
epoxidation of the side chain also took place, resulting in a 1:1 mixture of diastereomers (1.13).
This initially undesired epoxidation of the side chain turned out to be beneficial because it could
be exploited as a method for protection of the olefin during a subsequent oxidative cleavage.
As expected, hydrolysis of the acetate resulted in cyclization to the undesired diastereomer
1.14. Preliminary attempts to circumvent this inversion route were unsuccessful and therefore,

a four step sequence to invert the stereochemistry at this position was developed.?*



Me

Me
nBuLi, THF, 25 °C 3M ag. HCI, MeOH
/@\ then 6E-farnesal MOMO OMOM 60 °C, 3h
MOMO OMOM 73% HO™
1.9 |
110 F
Me
Ac0, py K,CO3, MeOH
rt, 12h ' OAC 1 45 min a o
48% (3steps) | Y "0 54% (2 Steps) [ ) "H
o |||OH
| o)
113 1.14

Scheme 1.2. Snider and coworkers’ approach to the bisabosqual tetracycle.

Dehydration of tertiary alcohol 1.14 with Martin’s sulfurane reagent yielded an
inseparable mixture (2:1) of the exo and endocyclic olefin isomers 1.15 and 1.16 (Scheme 1.3).
Ozonolysis of the mixture followed by zinc reduction provided ketone 1.17 in 43% yield over
two steps. Next, a reductive deoxygenation of the side chain epoxide of ketone 1.17 by
Cornforth’s procedure® afforded the requisite prenyl side chain (1.18). Capitalizing on the rigid
bisabosqual core, a diastereoselective addition of methyl magnesium bromide occurred from
the less hindered a-face to yield the desired tertiary alcohol 1.19 in good yield. This completed
the synthesis of the bisabosqual core along with the five contiguous stereocenters; however,

despite additional efforts, it did not provide access to the phthalaldehyde motif. 26,27



Os, py.

Martin Sulfurane CH,Cl,, - 78 °C

CH,Cly, rt, 3h then Zn, rt, 3h
2:1 mixture 43% (2 steps)
(1.15:1.16)

Zn(Cu), Nal MeMgBr, THF

NaOAc, AcOH, rt rt, 5h

53% 78%

Scheme 1.3. Synthesis of the bisabosqual stereochemical array by Snider and coworkers.

The strength of this approach was the rapid assembly of the cis-tetracyclic core of
bisabosqual in only five steps utilizing a presumably biomimetic intramolecular inverse electron
Diels-Alder cyclization of a quinine methide.”® Unfortunately, to access the necessary
stereochemistry at C-3, this synthesis required a multi-step inversion strategy to afford the
desired tertiary alcohol 1.19 in low overall yield for the sequence. More importantly, this
approach did not incorporate the required substitution to provide the phthalaldehyde motif
present in bisabosqual A. Efforts focused on incorporation of the aldehydes proved
problematic and to date, no further progress towards the synthesis of bisabosqual A has been
reported.ZG' 27
1.4 Conclusions

The squalene synthase activity along with the structural complexity of the bisabosquals

makes these natural products interesting and challenging targets for total synthesis. However,

10



only Snider and coworkers have published an approach to the bisabosqual stereochemical
array. Herein, we describe the first total synthesis of bisabosqual A via a tandem radical
cyclization. Other effective transformations include a chemo- and diastereoselective addition
of trimethylaluminum to a ketone in the presence of esters as well as a regioselective

deoxygenation of an advanced enone intermediate.

11



1.5 References

1. Minagawa, K.; Kouzuki, S.; Nomura, K.; Yamaguchi, T.; Kawamura, Y.; Matsushima, K.; Tani,
H.; Ishii, K.; Tanimoto, T.; Kamigauchi, T., Bisabosquals, novel squalene synthase inhibitors. I.
Taxonomy, fermentation, isolation and biological activities. The Journal of Antibiotics 2001, 54,
890-5.

2. Minagawa, K.; Kouzuki, S.; Nomura, K.; Kawamura, Y.; Tani, H.; Terui, Y.; Nakai, H.;
Kamigauchi, T., Bisabosquals, novel squalene synthase inhibitors. Il. Physico-chemical
properties and structure elucidation. The Journal of Antibiotics 2001, 54, 896-903.

3. Uliss, D. B.; Razdan, R. K.; Dalzell, H. C.; Handrick, G. R., Synthesis of racemic and optically
active Al- and A6-3,4-cis-tetrahydrocannabinols. Tetrahedron 1977, 33, 2055-2059.

4. Larghi, E. L.; Kaufman, T. S., Isolation, synthesis and complement inhibiting activity of the
naturally occurring K-76, its analogues and derivatives. ARKIVOC 2011, 7, 49-102.

5. Ayer, W. A,; Miao, S., Secondary metabolites of the aspen fungus Stachybotrys cylindrospora.
Canadian Journal of Chemistry 1993, 71, 487-493.

6. Li, G. H.; Li, L.; Duan, M.; Zhang, K. Q., The chemical constituents of the fungus Stereum sp.
Chemistry & Biodiversity 2006, 3, 210-6.

7. Min, C.; Mierzwa, R.; Truumees, I.; King, A.; Patel, M.; Pichardo, J.; Hart, A.; Dasmahapatra,
B.; Das, P. R.; Puar, M. S., Sch 65676: A Novel Fungal Metabolite with the Inhibitory Activity
Against the Cytomegalovirus Protease. Tetrahedron Letters 1996, 37, 3943-3946.

8. Sakata, T.; Kuwahara, Y., Structural elucidation and synthesis of 3-hydroxybenzene-1,2-
dicarbaldehyde from astigmatid mites. Bioscience, Biotechnology, and Biochemistry 2001, 65,
2315-7.

9. Singh, S. B.; Zink, D. L.; Williams, M.; Polishook, J. D.; Sanchez, M.; Silverman, K. C.; Lingham,
R. B., Kampanols: novel Ras farnesyl-protein transferase inhibitors from Stachybotrys
kampalensis. Bioorganic & Medicinal Chemistry Letters 1998, 8, 2071-6.

10. Expert Panel on Detection, E.; Treatment of High Blood Cholesterol in, A., EXecutive
summary of the third report of the national cholesterol education program (ncep) expert panel
on detection, evaluation, and treatment of high blood cholesterol in adults (adult treatment
panel iii). JAMA 2001, 285, 2486-2497.

11. Harchaoui, K.; Akdim, F.; Stroes, E. G.; Trip, M.; Kastelein, J. P., Current and Future
Pharmacologic Options for the Management of Patients Unable to Achieve Low-Density
Lipoprotein-Cholesterol Goals with Statins. American Journal of Cardiovascular Drugs 2008, 8,
233-242.

12



12. Vaughan, C. J.; Gotto, A. M., Update on Statins: 2003. Circulation 2004, 110, 886-892.

13. Masters, B. A.; Palmoski, M. J.; Flint, O. P.; Gregg, R. E.; Wangiverson, D.; Durham, S. K., In
Vitro Myotoxicity of the 3-Hydroxy-3-methylglutaryl Coenzyme A Reductase Inhibitors,
Pravastatin, Lovastatin, and Simvastatin, Using Neonatal Rat Skeletal Myocytes. Toxicology and
Applied Pharmacology 1995, 131, 163-174.

14. Flint, O. P.; Masters, B. A.; Gregg, R. E.; Durham, S. K., HMG CoA Reductase Inhibitor-
Induced Myotoxicity: Pravastatin and Lovastatin Inhibit the Geranylgeranylation of Low-
Molecular-Weight Proteins in Neonatal Rat Muscle Cell Culture. Toxicology and Applied

Pharmacology 1997, 145, 99-110.

15. Bliznakov, E. G., Lipid-lowering drugs (statins), cholesterol, and coenzyme Q10. The Baycol
case —a modern Pandora’s box. Biomedicine & Pharmacotherapy 2002, 56, 56-59.

16. Davidson, M. H., Squalene synthase inhibition: a novel target for the management of
dyslipidemia. Current Atherosclerosis Reports 2007, 9, 78-80.

17. El Harchaoui, K.; Akdim, F.; Stroes, E. S.; Trip, M. D.; Kastelein, J. J., Current and future
pharmacologic options for the management of patients unable to achieve low-density
lipoprotein-cholesterol goals with statins. American Journal of Cardiovascular Drugs : Drugs,
Devices, and Other Interventions 2008, 8, 233-42.

18. Tavridou, A.; Manolopoulos, V. G., Novel molecules targeting dyslipidemia and
atherosclerosis. Current Medicinal Chemistry 2008, 15, 792-802.

19. Tavridou, A.; Manolopoulos, V. G., EP2300 compounds: focusing on the antiatherosclerotic
properties of squalene synthase inhibitors. Current Pharmaceutical Design 2009, 15, 3167-78.

20. Kourounakis, A. P.; Katselou, M. G.; Matralis, A. N.; Ladopoulou, E. M.; Bavavea, E., Squalene
synthase inhibitors: An update on the search for new antihyperlipidemic and
antiatherosclerotic agents. Current Medicinal Chemistry 2011, 18, 4418-39.

21. Charlton-Menys, V.; Durrington, P., Squalene Synthase Inhibitors. Drugs 2007, 67, 11-16.

22. Snider, B. B.; Lobera, M., Synthesis of the tetracyclic core of the bisabosquals. Tetrahedron
Letters 2004, 45, 5015-5018.

23.Zhou, J.; Lobera, M.; Neubert-Langille, B. J.; Snider, B. B., Synthesis of the alkenyl-
substituted tetracyclic core of the bisabosquals. Tetrahedron 2007, 63, 10018-10024.

24.70u, Y.; Lobera, M.; Snider, B. B., Synthesis of 2,3-dihydro-3-hydroxy-2-
hydroxylalkylbenzofurans from epoxy aldehydes. One-step syntheses of brosimacutin G,
vaginidiol, vaginol, smyrindiol, xanthoarnol, and Avicenol A. Biomimetic syntheses of angelicin
and psoralen. The Journal of Organic Chemistry 2005, 70, 1761-70.

13



25. Cornforth, J. W.; Cornforth, R. H.; Mathew, K. K., 24. A general stereoselective synthesis of
olefins. Journal of the Chemical Society (Resumed) 1959, 0, 112-127.

26. Lobera, M. Total synthesis of salacinol. Ephedrine as a chiral auxiliary. Stereocontrol in the
ethyl aluminum dichloride-induced cyclization of chiral gamma,delta-unsaturated methyl
ketones to form cyclopentanones: Approaches toward the synthesis of bisabosqual A. Ph.D.,
Brandeis University, Ann Arbor, 2004.

27. Zhou, J. Studies of solid-state reactivity of alpha,beta-unsaturated carbonyl compounds.
Total syntheses of lanopylin B1 and Sch 642305. Synthesis of the alkenyl substituted tetracyclic
core of the bisabosquals. Approaches to the synthesis of berkelic acid. Ph.D., Brandeis
University, Ann Arbor, 2007.

28. Beaudry, C. M.; Malerich, J. P.; Trauner, D., Biosynthetic and biomimetic electrocyclizations.
Chemical Reviews 2005, 105, 4757-78.

14



Chapter 2

Synthetic Strategy

2.1 Introduction

Our synthetic strategy began with the recognition of the utility of tandem radical
cyclizations for the efficient construction of cis, cis-fused ring systems. This was exemplified in
the formal synthesis of morphine by the Parker laboratory which shares a similar topology to
the bisabosqual tetracyclic core (Figure 2.1)."> Their synthesis incorporated a tandem 5-exo, 6-
endo radical cyclization to establish the cis-fused octahydrophenanthrofuran core (vide infra).
It was postulated that the bisabosqual tetracyclic core could result from a similar radical

cascade approach and therefore, we sought to investigate this hypothesis.

OH

Morphine (2.1) Bisabosqual A (1.1)

Figure 2.1. Structures of bisabosqual A and morphine.

2.2 Radical Cyclization to Form Five- and Six-Membered Rings

Radical reactions are commonly used in the synthesis of five and six-membered ring
systems via 5-exo-trig and 6-exo-trig cyclizations, respectively.s'9 For example, formation of the
thermodynamically less stable 5-exo-trig primary radical product is much faster than the 6-

endo-trig cyclization indicating a kinetically controlled process (Figure 2.2).°%2  This bias
15



towards 5-exo cyclization can be attributed to the premise that the incoming singly occupied
orbital of the radical approaches the preferential angle of attack and therefore possesses a
more favorable overlap with the m*-orbital of the internal olefin carbon. The preference of a 5-
hexenyl radical for 5-exo cyclization has been used extensively in radical chemistry to form five-
membered rings. However, despite the almost 50-fold difference in rates for 5-exo vs. 6-endo
cyclization, this corresponds to only a 1.7 kcal mol™* difference in the activation energy.
Therefore, the rates of cyclization can be altered by factors such as geometric constraint, steric
hindrance or incorporation of heteroatoms into the structure. Such contributions can
occasionally lead to preference for the 6-endo mode of cyclization as observed by the Parker
laboratory in the synthesis of morphine.****

In a similar manner, six-membered rings can be synthesized through a 6-exo-trig
cyclization of a 6-heptenyl radical, albeit at a slower rate than the corresponding 5-exo

1 1 1 . .
0.1 16 The observed reduction in rate can be

cyclization described above (Figure 2.2).
attributed to entropic factors and therefore geometric constraints can be important in affecting
the preference for exo vs. endo cyclizations. This process can be complicated by competing
1,5-hydrogen atom abstraction vyielding stabilized allylic radicals.'” Fortunately, our system

possesses an oxygen at the 5-position with respect to the incoming radical and therefore this

competing reaction is not expected to be a concern (vide infra).
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exo product endo product

Kexo = 2.3 x 105 &
Lf Kendo = 4.1 x 103 57" :< O

Q/ 98% 2%

Kexo = 5.4 x 10 5™

(f Kendo = 7.5 X 102 5" O/ O
&\ 89% 11%

Figure 2.2. Preference for 5-exo and 6-exo radical cyclizations over the corresponding endo

. . 1
cyclization.™

2.3 Stereoselectivity of Radical Cyclizations in Fused Systems

Radical cyclization has a propensity to form cis-fused ring systems as a result of
geometric constraint. This penchant for high cis-selectivity has been exploited in the synthesis
of 5,5-,'® 6,5-* and 6,6-° ring systems; however, for larger ring systems, additional factors

21, 22

begin to dictate selectivity. In the seminal series of publications highlighting the total

synthesis of hirsutene, Curran and coworkers describe a tandem radical cyclization approach to

723,24 The reaction begins by

construct two 5,5-cis-fused ring systems in one step (Scheme 2.1).
formation of the sp® radical 2.4 which cyclizes to the five-membered ring in a 5-exo fashion to
afford tertiary radical 2.5. An additional 5-exo cyclization to the tethered alkyne installs the
required cis-fused ring system vyielding hirsutene in a single step from precursor 2.2. This

synthesis illustrates that cis-selectivity predominates regardless of whether the radical or olefin

is contained in the ring.
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(+)-Hirsutene
(2.3)

\B\ nBuzSnH, AIBN
""" 65%

2.2

-
,/\‘ g \>\ 5exo C:H g \/& 5-ex0
1y H‘ I’l,
2.4 2.5

Scheme 2.1. Curran’s tandem radical cyclization for the synthesis of hirsutene.

Another classic example of cis-selectivity in natural product synthesis was demonstrated
by Parker and coworkers for the synthesis of morphine.>> The key step in their synthesis relied
on a tandem radical cyclization to construct the cis, cis-fused tetracycle and install an all-carbon
guaternary center (Scheme 2.2). Subjecting substrate 2.7 to standard radical conditions
(nBusSnH, AIBN) generates aryl radical 2.9 which upon a 5-exo-trig cyclization affords a
dihydrobenzofuran that contains the quaternary center. Radical 2.10 was then in position to
undergo a 6-endo-trig addition to the B-carbon of the styrene to afford the resonance stabilized
radical 2.11. Subsequent elimination of the thiophenol radical completed the cascade, resulting
in the desired tetracycle 2.8. The six-membered ring formation was preferential over the
kinetically favored 5-exo cyclization as a result of geometrical constraints. This synthesis
showcased the power of a tandem radical cyclization approach for the synthesis of the cis-fused

tetracyclic core similar to that found in the bisabosquals.

18



nBuzSnH, AIBN
benzene, 130 °C

35%

(-)-Morphine (2.1)

Me
N
Ts"~) sph
MeO O
210 OH 211 Ts

Scheme 2.2. The Parker synthesis of morphine via a 5-exo, 6-endo tandem radical cyclization.

2.4 Retrosynthesis of the Bisabosqual Tetracyclic Core

We became intrigued by the possibility of utilizing a regio- and stereoselective 5-exo, 6-
exo tandem radical cyclization to generate the cis-fused core of bisabosqual A (Scheme 2.3).
This cascade would construct two rings and introduce three stereogenic centers in one step
from a relatively simple substrate. Toward this end, our synthetic planning began with diester
synthon 2.12, a likely precursor of bisabosqual A. In turn, tetracycle 2.12 could be accessed by
a radical cascade of cyclization substrate 2.13. The proposed cyclization would proceed
through formation of the sp” carbon-based radical, Rad-1. A 5-exo closure of Rad-1 would
afford the tricyclic Rad-2 with the required cis junction as a result of geometric constraint. Rad-
2 can participate in a 6-exo addition to the enol ether double bond from either of the two
accessible reactive conformations (A and B). The radical center is available for this interaction
only on the concave surface of the ring system. However, a priori, it was difficult to predict

whether attack on one face of the enol ether double bond would be favored. Thus, closure to
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the tetracyclic Rad-3 and subsequent reductive trapping was expected to afford the tetracycle

2.12 with the cis, cis ring system but it would not necessarily control stereochemistry at C-7

Conformation A

CO,Me
CO,Me
(0] (0]
X R =
o —Ro LG
| Y X
213

Y=HHorO

215

Rad-2
Conformation B

CO,Me
COzMe

OH

216

Scheme 2.3. Retrosynthetic analysis of bisabosqual A and conformational analysis of the radical
intermediates in the key cyclization.

The assembly of structure 2.13 would be available through a doubly convergent scheme

based on readily available pentasubstituted resorcinol 2.14 and a suitably substituted side chain

precursor 2.15 and cyclohexenol 2.16. The choice of side chains considered includes simple

20

enol ethers as well as vinylogous esters. Although, the use of a vinylogous ester would require




the eventual removal of the oxygen functionality at C-9, this option is expected to offer greater
stability of intermediates and a more efficient Rad-2 to Rad-3 step. In addition, the
cyclohexenol appendage 2.16 required the tertiary center at C-3 in bisabosqual A to be present
prior to cyclization or contain a functional group that would provide a handle to install the
stereocenter following the radical cascade. Chapter 4 details the investigation into the choice
of appropriate substitution of both side chain precursor 2.15 and cyclohexenol 2.16.
Furthermore, in order to gain a better understanding of the proposed radical cyclization, a

series of model systems was explored (see Chapter 3 for details).
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Chapter 3

Tandem Radical Cyclization Model Systems

3.1 Introduction

In an effort to understand the viability of the tandem 5-exo, 6-exo radical cyclization
approach to access the cis-fused bisabosqual core, a series of model systems were explored
(Scheme 3.1). Relative to the fully elaborated substrate 2.13, these compounds are more easily
accessed. They would also allow for a simplified analysis of the newly formed stereocenters as
well as exploration of radical cyclization conditions. Furthermore, additional model system
studies were previously performed in the Parker laboratory. For details of these systems, refer

to the thesis of Zhou Zhou.!

Tetracyclic Core Simplified Model System
Bisabosqual A (1.1) 31-Ry=H,R,=H, X=Br
3.2- R4 = COzMe, R, = COzEt, X=1
Scheme 3.1. Bisabosqual model system design.
3.2 Parker’s Morphine Model System
The Parker group had previously synthesized model system 3.3 for a 5-exo, 6-exo

cyclization during their studies toward the synthesis of (-)-morphine (Scheme 3.2).>* The

cyclization, initiated by aryl radical formation, proceeded in 71% yield affording a mixture of C-9
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diastereomers 3.4 and 3.5. This reaction showcased the efficient construction of both the five
and six-membered rings, forming the desired cis, cis-fused tetracycle. However, due to the lack
of stereochemical control at the C-9 center, an alternative approach was integrated into the
formal synthesis of morphine.”> While this model system provided confidence in our approach
towards bisabosqual A, it lacked the required oxygen center in place of the C-10 carbon and the
guaternary center at C-9 of bisabosqual A. Therefore, our initial efforts focused on generating a

model system that more closely resembled the bisabosqual core.

MeO
nBuzSnH, AIBN
O benzene, 140 °C
,},/ Br 71%
OMe
3.3 3.4-40% 3.5-31%

Scheme 3.2. Morphine model systems studies from Parker and coworkers.

3.3 Bisabosqual Model Systems
3.3.1 Enol Ether Model System

We decided to pursue the relatively simple radical cyclization substrate 3.1 as shown in
Scheme 3.3. This substrate is expected to result in a single diastereomer upon cyclization as a
result of the lack of chirality at the C-7 position, thus imparting a potentially simplified analysis
of the reaction mixture. The synthesis commenced by tribromination of resorcinol (3.6)
followed by dehalogenation with a sodium sulfite and sodium hydroxide mixture to afford 2-

6, 7

bromoresorcinol 3.7 in 52% vyield (two steps from resorcinol 3.6). Mitsunobu reaction®

installed the cyclohexene in low yield due, in part, to the expected mixture of starting material,
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mono- and bis-cyclohexenyl products.® Acetylation of phenol 3.9 with acetyl chloride and
triethylamine provided acetate 3.10 in 93% yield. The acetate was then converted to the
corresponding enol ether by treatment with Tebbe reagent in THF to generate enol ether 3.1 in
81% yield after purification on a basic alumina.’ This unoptimized short sequence provided the

desired radical cyclization substrate 3.1 in five steps.

OH
1. Br2, CH2CI2, rt
2. NaOH, Nast3
@\ H,0, MeOH, rt 3.8 HO 0
HO OH 52% (2 steps) HO OH DIAD, PPh; Br
Br THF, rt
3.6 21% 3.9

3.7

AcCl, TEA, Tebbe reagent
CH,Cl,, rt 0 o) THF, 0°C 0 o)
93% /&o Br 81% AN B @
3.10 3.1
Scheme 3.3. Synthesis of enol ether model system 3.1.

Preliminary analysis of the radical cyclization of enol ether 3.1 under several reaction
conditions (temperature, solvent and radical initiator) indicated that the reaction was not
selective for a single product (Scheme 3.4). Examination of the crude "H NMR and mass spectra
suggests the desired tetracycle was forming; however, the presence of a complex mixture of
products made isolation of the desired product challenging. It is noteworthy that intermediate
3.9 (see Scheme 3.3) was observed in each of the conditions attempted, suggesting that the

enol ether was not stable to the radical cyclization conditions. Moreover, additional challenges

were encountered synthesizing a more elaborated enol ether system as shown in Chapter 4
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(see Table 4.1 and Scheme 4.7). Therefore, an alternative model system that would integrate a

stabilizing electron-withdrawing group on the side-chain was investigated.

(0] ; (0] Conditions (@]

Cyclization Conditions

0 - Et3B, (TMS);SiH, EtOH, rt

Y - Et3B, (TMS);SiH, Toluene, rt

- AIBN, (TMS)3SIH, Toluene, 80 °C

3.1 3.1
+ side products

Scheme 3.4. Preliminary cyclization attempts on enol ether substrate 3.1.
3.3.2 Vinylogous Carbonate Model System

We sought a model system that would have improved stability compared to enol ether
3.1 and would provide a stabilized terminal radical to prevent possible undesired side reactions.
Therefore, vinylogous carbonate 3.2 was considered as a model system substrate. The ester
substituent would not only provide a more robust side chain, but the 6-exo cyclization event
would also result in a stabilized a-keto radical. Furthermore, incorporation of the aryl ester at
C-3’ would differentiate the resorcinol alcohols, providing a higher yielding and consequently,
more scalable synthesis. This substrate is also electronically similar to the fully elaborated
substrate as a result of the ester moiety.

Assembly of the model system commenced with iodination of resorcinol 3.12 utilizing
iodine and NaHCOs in THF/H,0 to afford tetrasubstituted resorcinol 3.13 in an unoptimized 46%
yield (Scheme 3.5)."° A DABCO-catalyzed, regioselective 1,4 addition of resorcinol 3.13 to
commercially available ethyl 2,3-butadienoate provided vinylogous carbonate 3.15 in 82%

yield."" > The regioselectivity that was observed in this reaction is presumably due to an
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intramolecular hydrogen bond between the C-2’ alcohol and the aryl ester.”® A Mitsunobu
reaction® of phenol 3.15 and 2-cyclohexenol was achieved under standard conditions (DIAD,
PPh3) to furnish the desired radical cyclization substrate in a rapid, scalable three-step
sequence. A crystal structure of cyclization synbstrate 3.2 was obtained, revealing the side

chain olefin configuration and confirming the structure (Scheme 3.5).

o} o 0
I,, NaHCOs M 3.14
OMe Hy0, rt, 3h OMe OEt
HO OH 46% HO OH DABCO
i THF, rt, 22h
3.12 3.13 82%
o) OH 0
OMe @ OMe
3.8 /
o} OH - o} 0 —
S DIAD, PPh, S ) o
THF, rt, 3h
Et0” SO 94% Et0” SO
3.15 3.2
[X-ray]

Scheme 3.5. Synthesis and X-ray crystal structure of model system 3.2. Non-hydrogen atoms
are displayed at a 50% probability level.

With access to cyclization substrate 3.2, we were poised to examine the key tandem 5-
exo, 6-exo radical cyclization. We were gratified to find that exposure of substrate 3.2 to
tributyltin hydride and AIBN at elevated temperature provided the desired tetracycle in 35%
yield (Scheme 3.6). The tandem radical cyclization formed the desired cis,cis-junction with

complete specificity; however, the stereocenter at C-7 was obtained as a 3:2 mixture of
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epimers, favoring the desired isomer 3.16. Multiple side products were also produced, some of

which are described in subsequent sections (vide infra).

0 (0] (0]
OMe nBusSnH, AIBN OMe OMe
o o toluene, 100 °C, 48 h 0
AN I 35% ‘\\\7 7
dr=3:2 /g
EtO” SO (3.16:C-7-epi-3.16) EtO” ~O EtO” ~O
3.2 3.16 C-7-epi-3.16

major diastereomer minor diastereomer

Scheme 3.6. Tandem radical cyclization with nBuszSnH and AIBN.

The stereochemistry of the newly formed tetracyclic products was assigned by NOE
analysis (Figure 3.1). Irradiation of the benzylic proton signal of both diastereomers revealed a
distinct correlation to the protons on both C-5 and C-6, indicative of the convex nature of these
tetracycles. The assignment of the two compounds was established on the observation that,
for the major diastereomer 3.16, the C-5 proton was correlated to the protons alpha to the
ester. Whereas with the epimer C-7-epi-3.16, the benzylic proton was in proximity to the
methyl group, thus consistent with the undesired stereochemistry. The NOE experiments were
validated by the X-ray crystal structure of the minor diastereomer (Figure 3.1). During
assignment of the 'H NMR, it was observed that in place of the expected doublet for the
aromatic proton at C-4’, a doublet of doublets (J = 1, 8.8 Hz) was observed. Analysis of the
COSY spectrum readily established the doublet of doublet to be a result of a long range
coupling to the benzylic proton on C-5, as well as to the adjacent aromatic proton. This initial

model system cyclization result confirmed our ability to construct the tetracyclic core of
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bisabosqual A through a tandem radical cyclization; however, because the reaction suffered

16, 17

from a low yield and use of toxic tin reagents, we decided to pursue alternative radical

reducing reagents.

3.16 C-7-epi-3.16
Major Diastereomer Minor Diastereomer [X-ray]

Figure 3.1. NOE analysis of diastereomers 3.16 and C-7-epi-3.16 and X-ray crystal structure of C-
7-epi-3.16. Non-hydrogen atoms are displayed at a 50% probability level.

3.3.2.1 Replacing Toxic Tin Reagents

The use of tributyltin hydride as a reducing agent has been prevalent in the field of free
radical chemistry and thus has been utilized in a wide range of synthetic transformations.**™*’
Unfortunately, many obstacles plague the utility of tin reagents such as toxicity and tedious

removal of organotin byproducts.'® *°

Therefore, there has been extensive effort to develop
catalytic tin hydride procedures, as well as, identify new radical reducing reagents as
alternatives to the toxic tin species. For example, Chatgilialoglu and coworkers reported the

use of tris(trimethylsilyl)silane as an effective radical reducing reagent.?®??

This reagent has a
relatively low toxicity (NFPA Health Hazard Rating: 1) and is not burdened by difficult
purifications. The Si-H bond in (TMS)sSiH is 5 kcal mol™ stronger than the Sn-H bond (nBusSnH),

and thus the rate of hydrogen-abstraction is slightly reduced (Figure 3.2).% It is of note that
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when a single TMS group is replaced with a methyl group (i.e. (TMS),MeSiH), there is a 10-fold
reduction in rate. Whereas, the combination of (TMS)sSiH with alkyl and aryl thiols, greatly

increases the hydrogen atom abstraction rate of this reducing system.

nBu;GeH nBuzSnH
5 6 7 8
1|0 1|0 1|0 1|0 kM s71]
(TMS),SiHMe  (TMS)3SiH (TMS)3SiH/RSH

Figure 3.2. Hydrogen atom abstraction rates for a variety of radical reducing systems. Figure
adapted from Chatgilialoglu and coworkers.?

The slightly stronger bond dissociation energy of (TMS)sSiH over nBusSnH can be
exploited for cyclization reactions to prevent premature reduction side products. For example,
relative to nBusSnH, (TMS)sSiH provides an increased amount of the desired 5-exo-trig
cyclization product 3.18 from alkyl halide 3.17.% Therefore, incorporation of (TMS);SiH into our

cyclization procedure may help prevent premature reduction products.

R M-H
AIBN, 70 °C
" O NN
3.17 3.18 3.19 3.20
(TMS)3SiH 93% 2.0% 4.1%
nBusSiH 83% 1.2% 15%

Figure 3.3. Direct comparison of (TMS)3SiH and nBusSnH in the cyclization of aryl halide 3.17.%

3.3.2.2 Tris(trimethylsilyl)silane Radical Cyclization (Chatgilialoglu’s Reagent)
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Application of tris(trimethylsilyl)silane in place of tin reagents for our model substrate
cyclization is outlined in Table 3.1. Running the reaction at 80 °C resulted in an improved yield
of the cyclized products as compared to the nBusSnH conditions (Entry 3). However, no
noticeable change in diastereoselectivity was observed with (TMS)sSiH over the range of
temperatures investigated, with all reactions affording the same 3:2 mixture of isomers. While
a slight improvement in yield (10%) was realized by utilizing a different reducing agent and
lower temperature, we sought to further optimize the reaction by turning our attention to a

radical initiator.

Table 3.1. Tris(trimethylsilyl)silane radical cyclization results.

o)
OMe
0 0 _Conditions
.0
Et0” SO EtO
3.2 3.16 C-7-6pi-3.16

major diastereomer minor diastereomer

Entry Reducing Agent Initiator Solvent  Temperature Time Yield®

1 nBusSnH AIBN Benzene 100 °C 48 h 35%
2 (TMS);SiH AIBN Toluene 60 °C 20 h 37%
3 (TMS);SiH AIBN Toluene 80 °C 20 h 45%
4 (TMS);SiH AIBN Toluene 120 °C 4h 25%

dr = 3:2 (3.16:C-7-epi-3.16) across all conditions.

3.3.2.3 Trialkylboranes: Low Temperature Radical Initiators
One of the most common methods for initiation of free radical reactions is the

decomposition of azo compounds. Specifically, 2,2-azobis(2-methylpropionitrile) has been
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2324 ynder thermal conditions, AIBN homolytically

used for a wide variety of transformations.
cleaves, liberating nitrogen, to produce two alkyl radicals which function as a radical initiator

(Figure 3.4). As a result of the elevated temperatures required for initiation, alternative

reagents have been developed that can operate at reduced temperatures.

\ (‘N\K _A 2;/)'\ +N,
Z

t4)2 (toluene) = 1h at 81 °C

Figure 3.4 Mechanism of thermally induced AIBN radical initiation.

In particular, trialkylboranes have emerged as tremendously effective low temperature
radical initiators as a result of their ability to be autooxidized by molecular oxygen (Figure
3.5).242¢ Consequently, reagents such as triethylborane are able to function at temperatures as
low as -78 °C across a wide variety of solvents. This characteristic has attracted significant

27,28 Therefore, we

interest in trialkylboranes particularly for stereoselective radical processes.
decided to integrate this radical initiator into the 5-exo, 6-exo tandem radical cyclization

procedure.
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Initiation:

R
SH2 —I(\°+
R:B + 0Oy —— R—IIBBO—O- R,00: + R°
(R
Propogation:
R + 0O, ROO-
ROO- + R3B (ROO)BR, + R-
Additional Reactions:
(ROO)BR, + 0O, (ROO),BR
(ROO)BR, + RzB —— 2 (RO)BR,
(RO)BR, + O [(RO)(ROO)BR] (RO)3B

Figure 3.5. Trialkylborane initiation occurs through a homolytic substitution (Sy2) reaction with
triplet oxygen to generate an alkyl radical. This radical can react with an additional
oxygen molecule to form the peroxyl radical which can further propagate the chain
through an additional Sy2 reaction. Additional processes that follow include
reaction of the monoperoxyborane with oxygen to form the diperoxyborane which
is inert towards further reactions with oxygen. The monoperoxyborane can also
react with the trialkyborane to afford a dialkylboronate which upon addition of
oxygen goes on to produce a trialkylborate. Figure adapted from Renaud and
coworkers.** 2

3.3.2.4 Tandem Cyclization Promoted by Trialkylboranes

Incorporation of trialkylboranes into the radical cyclization procedure is shown in Table
3.2. Entries 1 and 2 illustrate the ability of triethyborane to initiate the tandem cyclization at
room temperature in both ethanol and methylene chloride with improved yields over the AIBN
conditions. In addition, the reaction time was considerably reduced from several hours to just
30 minutes. It was also shown that sBusB can function as an effective initiator producing the

desired tetracycle in 49% vyield. To our knowledge, this is the first example of
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(TMS)5SiH/sBusB/0, system being used for radical initiation and reduction. Furthermore, entry
4 showcases the use of triphenylgermanium hydride as an alternative to (TMS)sSiH affording
product in a comparable yield.29 Despite the reduced temperature, all reactions investigated

generated identical diastereomeric ratios to that previously observed (dr = 3:2, 3.16:C-7-epi-

3.16).

Table 3.2. Trialkylborane initiated radical cyclizations.

0 0] 0]

OMe
0 o) Conditions

—_— O
0, O £
EtO” YO EtO" ~O

’,
’
’
P

H |5

EtO” ~O
3.2 3.16 C-7-epi-3.16
major diastereomer minor diastereomer

Entry Reducing Agent Initiator Solvent Temperature Time Yield®

1 (TMS),SiH EtsB/air EtOH rt 30m  52%°
2 (TMS),SiH EtsB/air CH,Cl, rt 30m  61%
3 (TMS),SiH sBusB/air  2-MeTHF rt 30m  49%
4 PhsGeH EtsB/air CH,Cl, rt 30m  50%

8dr =3:2 (3.16:C-7-epi-3.16) across all conditions.
®Reaction performed on 1.5 gram scale.

3.3.2.5 Analysis of Side Products — Optimizing the Cyclization

Initial attempts to improve product formation focused on optimizing concentration,
temperature and choice of solvent. It was observed that concentration had an effect on the
side product profile. For example, at a high concentration of cyclization substrate 3.2, the side

product of premature reduction, tricycle 3.21, was observed (Figure 3.6). This result suggested
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reduction of the intermediate radical after 5-exo cyclization. This undesired pathway was
readily avoided by application of dilute reactions conditions for the cyclization (< 0.025 M). It is
noteworthy that performing the reaction at high temperature with AIBN and (TMS)3SiH resulted
in the proposed ketal side product 3.22. Formation of this product was easily suppressed by
application of room temperature trialkylborane initiated conditions. Attempts at decreasing
the temperature to -78 °C did not appear to influence the diastereoselectivity at C-7 and
generally lower conversion to desired product was observed as a result of competing formation
of phenol 3.23. It is notable that phenol 3.23 was observed in all cyclizations regardless of
temperature. The origin of this side product will be discussed in the subsequent section. After
examining a wide range of solvents such as benzene, toluene, tetrahydrofuran, 2-
methyltetrahydrofuran, ethanol, ethyl acetate, trifluoroethanol, acetonitrile and water, we

observed that methylene chloride generally resulted in the cleanest conversion.

3.21 3.22 3.23

Figure 3.6. Side products observed in the radical cyclization of model system 3.2.

3.3.2.6 Source of Phenol Side Product — Deuterium Labeling Experiments

Intramolecular hydrogen transfer is often observed in radical reactions and can be
exploited for desirable processes; however, typically the resulting shift is a source of
unexpected outcomes. We suspected side product 3.23 could be a product of 1,4-hydrogen
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abstraction by the aryl radical. There is a strong preference for 1,5 hydrogen shifts which

proceed through a 6-membered transition state and have the lowest activation energy based

14, 30

on ab initio calculations on a simple alkyl system (Figure 3.7). Nevertheless, 1,4 hydrogen

shifts are possible if geometric and steric constraints permit proper orientation to be

achieved.33

Figure 3.7 shows the activation energies for various 1, n hydrogen migrations. In
general, determination of the presence of a hydrogen atom transfer is facilitated by deuterium

labeling experiments.

H
I
~_-H \)
1,2- 1,3- 1,4- 1,5-  H-atom transfer
41.1 41.6 24.6 17.2  kcal/mol

Figure 3.7. Activation energies for hydrogen atom transfer.*

To investigate the source of phenol 3.23, we prepared the corresponding deuterium
labeled radical cyclization substrate 3.26 (Scheme 3.7). This was accomplished by reduction of
cyclohexenone 3.24 with sodium borodeuteride, thus providing access to the deuterium
labeled alcohol 3.25 with greater than 90% deuterium incorporation (as determined by 'H
NMR). A Mitsunobu reaction® with phenol 3.15 furnished the requisite labeled product 3.26 in
excellent yield. This material was subjected to the EtsB and (TMS)sSiH radical cyclization
conditions, affording the expected mixture of deuterium labeled diastereomers (3.27 and C-7-
epi-3.27). Notably, aryl labeled product 3.28 was also identified, confirming our speculation

that 1,4-hydrogen abstraction is responsible for side product formation. However,
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incorporation of deuterium into the aryl ring (C-1’) was observed to be only ~65%, conceivably

signifying the presence of multiple pathways to phenol 3.23.

OMe

|

X

Q' NaBD,, CeCly*7H,0 o )l 315 ove
@ MeOH, -78 °C - 0 °C @ SeNe) o o

".D

94% DIAD, PPh, )1' @

THF, rt, 30 min
3.24 3.25 96% EtO" ~O
3.26

O

Et3B, (TMS);SiH OMe

air, EtOH, 45 min
OH

62% N
dr=3:2 v
(3.27:C-7-epi-3.27) /g
EtO” ~O
3.27 C-7-epi-3.27 3.28
Major Diastereomer Minor Diastereomer 1,4-Hydrogen Abstraction

Scheme 3.7. Synthesis of a deuterium labeled cyclization substrate and identification of the
source of side product formation.

3.4 5-Endo-trig Cyclization

In an attempt to gain a better understanding of potential side products that could be
formed in the cyclization reaction, we synthesized substrate 3.29. This would allow analysis of
competing cyclizations onto the side chain since the ability for 5-exo cyclization would be
eliminated. It is noteworthy that when substrate 3.29 was subjected to radical conditions, the
benzofuran product 3.30 was obtained in 25% vyield. A proposed mechanism for this
transformation begins with the expected aryl radical 3.31 formation which can undergo a 5-

endo cyclization to afford radical 3.32. A subsequent oxidation of an intermediate
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dihydrobenzofuran would yield the isolated benzofuran 3.30. While 5-endo-trig cyclizations are
disfavored according to Baldwin’s rules,® Chatgilialoglu and coworkers have demonstrated 5-
endo-trig radical cyclizations to be both thermodynamically and kinetically favored.*®
Nevertheless, benzofuran compounds of this type were not isolated in the fully elaborated
model system, presumably this is a result of the increased rate of 5-exo-trig cyclization onto the

cyclohexene as compared to 5-endo-trig cyclization onto the side chain.

0 0 0
OMe  \el, K,CO4 OMe  AIBN, (TMS),SiH OMe
0 OH DMF, 60 °C 0 OMe toluene, 105 °C 0 OMe
)\ll 96% /il 25% =_o
Et0” S0 Et0” S0 EtO
3.15 3.29 3.30
J [O]
r o r 0
dOMe OMe
0~ Y "OMe 5-endo o OMe
)“1) °
oo 331 | EO 332 |

Scheme 3.8. Possible 5-endo-trig cyclization to access benzofuran 3.30.

3.5 Conclusion

A model system was developed that could be rapidly accessed (3 steps) on a multi-gram
scale, providing a method to evaluate the proposed tandem 5-exo, 6-exo radical cyclization.
The cyclization proceeded with complete specificity at C-5 and C-6 to form the cis,cis-fused

tetracycle while affording a 3:2 mixture of epimers at C-7 (3.16:C-7-epi-3.16). It was identified
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that subjecting cyclization substrate 3.2 to the trialkylborane/tris(trimethylsilyl)silane/oxygen
reducing system afforded the desired teteracycle in good yield. This provided a method to
avoid the use of toxic tin reagents, as well as the elevated temperature required with AIBN.
Furthermore, deuterium labeling experiments revealed a 1,4-hydrogen atom transfer as a
culprit in the side product formation of phenol 3.23. These results gave us confidence to
extend this methodology to the fully elaborated substrate en route to the synthesis of

bisabosqual A.
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3.6 Experimental Section

General Methods

Unless otherwise stated, all air and moisture-sensitive reactions were performed in
oven-dried glassware under nitrogen. Unless otherwise stated, all commercially available
chemicals, reagents and solvents were used as received. Reactions were monitored by thin
layer chromatography (TLC) performed on Analtech, Inc. silica gel GF 250 um plates and were
visualized with ultraviolet (UV) light (254 nm) and/or KMnQy staining or by UPLC-MS (Waters
Acquity, ESCI (ESI +/-, APCI +/-)). Gas chromatography — mass spectrometry (GC-MS) was
performed with an Agilent 5890 GC Oven and an Agilent 5973 Mass Selective Detector. Silica
gel flash chromatography was performed with RediSep®Rf normal phase silica flash columns on
a CombiFlash Rf system from Teledyne Isco, Inc. *H and *3C nuclear magnetic resonance (NMR)
spectra were recorded on a Varian-Inova 400 (400 MHz and 101 MHz, respectively), a Bruker
400 (400 MHz and 101 MHz, respectively), or a Bruker 500 (500 MHz and 126 MHz,
respectively) spectrometer. Chemical shifts are reported in ppm relative to CHCl; (*H, & = 7.26
and ®*C NMR & = 77.0). The peak shapes are denoted as follows: s, singlet; d, doublet; t, triplet;
g, quartet; spt, septet; m, multiplet; br s, broad singlet. Melting points are uncorrected.
Infrared (IR) spectra were recorded with a Thermo-Nicolet Avatar 360 FT-IR. High-resolution

mass spectra (HRMS) were acquired on an Agilent model 6220 MS(TOF).
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NaOH, NaQSO3

@\ Br,, CH,Cl, Br B H,0, MeOH, rt
HO OH HO OH 52% HO OH
3.6

Br (2 steps) Br

3.33 3.7

2-bromobenzene-1,3-diol (3.7):

To a stirred solution of 3.6 (6.0 g, 54.5 mmol) in CH,Cl, (100 mL) was added bromine
(26.1 g, 164 mmol, 3 equiv.) over a period of 45 minutes and then the mixture was
concentrated under reduced pressure to yield a crude orange solid 3.33. To the crude residue
was added MeOH (20 mL) followed by a solution of NaOH (4.36 g, 109 mmol, 2 equiv.) and
Na,S03 (13.7 g, 109 mmol, 2 equiv.) in water (100 mL) over a period of 30 minutes. An
exotherm was observed and therefore, care should be taken on large scales. The mixture was
acidified to pH 7 with HCl and extracted with CH,Cl, (4x). The combined organic fraction was
dried with anhydrous MgS0O, and concentrated under reduced pressure. The crude residue was
purified by silica gel flash chromatography to afford 3.7 (5.35 g, 52% vyield) as a light pink solid.
The spectroscopic data are in full agreement with that reported previously.®’
'H NMR (400MHz, CDCl3) § 7.10 (t, J=8.1 Hz, 1H), 6.61 (d, J=8.2 Hz, 2H), 5.45 (s, 2H)

13C NMR (101MHz, CDCl5) 6 152.90, 129.02, 108.11, 99.30

2,4,6-tribromobenzene-1,3-diol (3.33):
'H NMR (400MHz, CDCl5) 6 7.59 (s, 1H), 5.91 (br. s., 2H)

13C NMR (101MHz, CDCl5) 6 149.74, 132.95, 100.35, 98.26

42



OH

HO OH DIAD, PPh; Br @

Br THF, rt
21% 3.9

3.7

2-bromo-3-(cyclohex-2-enyloxy)phenol (3.9):

To a stirred solution of 3.7 (2.73 g, 14.4 mmol), 3.8 (1.28g, 13.0 mmol, 0.9 equiv.) and
PPhs (5.67 g, 21.6 mmol, 1.5 equiv.) in THF (100 mL) at 0 °C was added DIAD (4.37 g, 21.6 mmol|,
1.5 equiv.) dropwise over a period of 20 minutes. The mixture was warmed to room
temperature and stirred for 12 hours. The mixture was poured over water and extracted with
EtOAc (2x). The combined organic fraction was dried with anhydrous MgS0O,4 and concentrated
under reduced pressure. The crude residue was purified by silica gel flash chromatography
(EtOAc/Heptane) to afford 3.9 (820 mg, 21% yield) as a light yellow oil.
'H NMR (400MHz, CDCl3) & 7.13 (t, J=8.2 Hz, 1H), 6.66 (dd, J=1.2, 8.2 Hz, 1H), 6.54 (dd, J=1.1, 8.5
Hz, 1H), 6.04 - 5.94 (m, 1H), 5.94 - 5.82 (m, 1H), 5.71 (br. s., 1H), 4.85-4.72 (m, 1H), 2.22 - 2.10

(m, 1H), 2.10 - 1.99 (m, 1H), 1.98 - 1.84 (m, 3H), 1.72 - 1.56 (m, 1H)

AcCl, TEA,
HO 0 CH,Cl,, rt o) 0

3.9 3.10

2-bromo-3-(cyclohex-2-enyloxy)phenyl acetate (3.10):
To a stirred solution of 3.9 (750 mg, 2.8 mmol) in CH,Cl, (20 mL) was added TEA (847
mg, 8.4 mmol, 3 equiv.) followed by AcCl (437 mg, 5.6 mmol, 2 equiv.) dropwise over a period

of 5 minutes. The mixture was stirred at room temperature for 1h and then poured over water.
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The mixture was extracted with EtOAc (2x) and the combined organic fractions were washed
with brine (1x), dried with anhydrous MgS0,4 and concentrated under reduced pressure. The
crude residue was purified by silica gel flash chromatography (EtOAc/Heptane) to afford 3.10
(834 mg, 93% yield) as a colorless oil.

'H NMR (400MHz, CDCl5) 6 7.24 (t, J=8.0 Hz, 1H), 6.85 (dd, J=1.1, 8.7 Hz, 1H), 6.74 (dd, J=1.3, 8.1
Hz, 1H), 6.05 - 5.94 (m, 1H), 5.94 - 5.80 (m, 1H), 4.85 - 4.70 (m, 1H), 2.35 (s, 3H), 2.20 - 2.11 (m,
1H), 2.08 - 1.98 (m, 1H), 1.98 - 1.85 (m, 3H), 1.71 - 1.60 (m, 1H)

BC NMR (101MHz, CDCI5) & 168.53, 156.03, 149.66, 132.80, 127.94, 125.57, 115.65, 112.45,
108.14, 73.05, 28.33, 25.07, 20.83, 18.85

FTIR (cm™) = 2937, 1768, 1589, 1461, 1270, 1190, 1033

HRMS (ESI) calculated for C14H15BrNaOs; [M+Na]* 333.0097, found 333.0098.

Tebbe reagent
O o THF,0°C O O

Ao B @ 1% A B @

3.10 3.1

2-bromo-1-(cyclohex-2-enyloxy)-3-(prop-1-en-2-yloxy)benzene (3.1):

To a stirred solution of 3.10 (0.10 g, 0.32 mmol) in THF (2 mL) at 0 °C was added Tebbe
reagent (1.28 mL, 0.5M in toluene, 0.64 mmol, 2 equiv.) dropwise over a period of 10 minutes.
The mixture was stirred at 0 °C for 1 hour upon which TLC indicated consumption of starting
material. The mixture was carefully quenched with 0.5 N NaOH (2mL) and extracted with Et,O

(3x). The combined organic fraction was dried with anhydrous MgSO, and concentrated under
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reduced pressure. The crude residue was purified by basic alumina flash chromatography to
afford 3.1 (80 mg, 81% yield) as a yellow oil.

'H NMR (400MHz, CDCl3) § 7.20 (t, J=8.2 Hz, 1H), 6.80 - 6.68 (m, 2H), 6.03 - 5.95 (m, 1H), 5.95 -
5.83 (m, 1H), 4.83 - 4.76 (m, 1H), 4.15 — 4.13 (m, 1H), 3.84 (s, 1H), 2.21 - 2.10 (m, 1H), 2.03 (s,
3H), 2.08 - 1.98 (m, 1H), 1.98 - 1.90 (m, 3H), 1.72 - 1.59 (m, 1H)

BCNMR (101MHz, CDCIs) & 158.66, 156.22, 153.65, 132.68, 127.86, 125.76, 114.95, 111.18,
108.03, 88.91, 73.07, 28.41, 25.11, 19.85, 18.91

GCMS (FID) calculated for C;5H17BrO, [M, Br isotopes] 308.0, 310.0, found 308, 310.

o) o)
|2, NaHCO3
dOMe H,0, rt, 3h OMe
HO OH 46% HO OH
|
3.12 3.13

Methyl 2,4-dihydroxy-3-iodobenzoate (3.13):

To a stirred solution of 3.12 (20.0 g, 0.119 mol) in THF (150 mL) and water (150 mL) at O
°C was added |, (30.2 g, 0.119 mol, 1 equiv.) in one portion followed by NaHCO3 (11.0g, 0.131
mol, 1.1 equiv.) portionwise over a period of 30 minutes. The mixture was allowed to warm to
room temperature and stirred at this temperature for 3 hours. The mixture was extracted with
Et,0 (2x). The combined organic solution was dried with anhydrous MgS0O,4 and concentrated
under reduced pressure. The crude residue was purified by recrystallization from
EtOAc/Heptane to afford 3.13 (16.1g, 46% vyield) as a light pink crystals.
'H NMR (400MHz, CDCl3) 6 11.93 (s, 1H), 7.76 (d, J=8.8 Hz, 1H), 6.59 (d, J=8.8 Hz, 1H), 5.92 (br.

s., 1H), 3.94 (s, 3H)
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3C NMR (101MHz, CDCl3) 6 169.87, 162.02, 161.03, 131.54, 106.85, 105.74, 76.64, 52.47
FTIR (cm™) = 3285, 1635, 1434, 1412, 1271, 1017
mp =141-143°C

HRMS (ESI) calculated for CgHglO4 [M+H]" 294.9462, found 294.9458.

0
0 0
M OMe
OMe OEt o OH
HO OH DABCO S
i THF, rt, 22h
313 82% Et0” SO 3.5

(E)-methyl 4-(4-ethoxy-4-oxobut-2-en-2-yloxy)-2-hydroxy-3-iodobenzoate (3.15):

To a stirred solution of 3.13 (2.6 g, 8.8 mmol) in THF (90 mL) was added 4 A molecular
sieves (500 mg) and DABCO (200 mg, 1.8 mmol, 0.2 equiv.) followed by ethyl buta-2,3-dienoate
(1.0 g, 8.8 mmol, 1 equiv.) in one portion. The mixture was stirred at room temperature for 22
hours. The mixture was poured over water and extracted with Et,0 (2x). The combined organic
fractions was washed with brine (1x), dried over anhydrous MgS0O, and concentrated under
reduced pressure. The crude residue was purified by silica gel flash chromatography
(EtOAc/Heptane) to afford 3.15 (2.95 g, 82% yield) as a white solid.

'H NMR (400MHz, CDCl5) 6 11.89 (br. s., 1H), 7.88 (d, J=8.6 Hz, 1H), 6.63 (d, J=8.6 Hz, 1H), 4.82
(s, 1H), 4.09 (q, J=7.2 Hz, 2H), 3.98 (s, 3H), 2.53 (s, 3H), 1.21 (t, J=7.1 Hz, 3H)

3C NMR (101MHz, CDCl3) 6 169.96, 169.57, 166.94, 162.79, 159.42, 131.25, 113.39, 109.83,
97.66, 82.17,59.77,52.86, 18.13, 14.23

FTIR (cm'l) =2981, 1712, 1675, 1640, 1437, 1319, 1256, 1204, 1126, 1035

mp =95-96°C
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HRMS (ESI) calculated for C14H1610¢ [M+H]" 406.9986, found 406.9984.

o]
@ OMe
0 0]
\ DIAD, PPh3 S
THF, rt, 3h
EtO o) 94% Et0” SO

3.15 3.2

(E)-methyl 2-(cyclohex-2-enyloxy)-4-(4-ethoxy-4-oxobut-2-en-2-yloxy)-3-iodobenzoate (3.2):

To a stirred solution of 3.15 (1.50 g, 3.69 mmol), cyclohexenol (0.435 g, 4.43 mmol, 1.2
equiv.) and PPh3 (1.55 g, 5.90 mmol, 1.6 equiv.) in THF (40 mL) at room temperature was added
DIAD (1.19 g, 5.90 mmol, 1.6 equiv.) dropwise over a period of five minutes. After stirring an
additional 19 hours, the reaction mixture was concentrated under reduced pressure. Et,0 was
added and washed with 0.5 N HCI (1x), saturated NaHCOs (1x) and brine (1x). The organic
fraction was dried with anhydrous MgS0O, and concentrated under reduced pressure. The
crude residue was purified by silica gel flash chromatography (EtOAc/Heptane) to afford 3.2
(1.67 g, 95% yield) of a white crystalline solid.
'H NMR (400MHz, CDCl5) 6 7.78 (d, J=8.4 Hz, 1H), 6.86 (d, J=8.4 Hz, 1H), 6.00 - 5.93 (m, 1H), 5.86
-5.79 (m, 1H), 4.76 (s, 1H), 4.60 - 4.54 (m, 1H), 4.09 (q, J=7.2 Hz, 2H), 3.90 (s, 3H), 2.53 (s, 3H),
2.23-2.10 (m, 1H), 2.10 - 1.93 (m, 3H), 1.83 - 1.72 (m, 1H), 1.66 - 1.54 (m, 1H), 1.22 (t, J=7.1 Hz,
3H)
BC NMR (101MHz, CDCl5) 6 170.17, 166.89, 165.86, 159.23, 157.31, 132.85, 132.40, 125.83,
123.46,117.24,97.17,92.55, 79.35, 59.64, 52.37, 28.67, 25.06, 18.73, 18.09, 14.16

FTIR (cm™) = 2946, 1713, 1640, 1581, 1393, 1281, 1243, 1212, 1127, 1039
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mp =84.5-85 °C

HRMS (ESI) calculated for CyoH,3INaOg [M+Na]* 509.0432, found 509.0432.

0 O O
OMe nBusSnH, AIBN OMe OMe
o o toluene, 100 °C, 48 h 0
S 35% SN
dr=3:2 /g
EtO” SO (3.16:C-7-epi-3.16) EtO” ~O EtO” ~O
3.2 3.16 C-7-epi-3.16

major diastereomer minor diastereomer

(£)-(2S,2aR,2a1S,5aS)-methyl 2-(2-ethoxy-2-oxoethyl)-2-methyl-2a,2a1,3,4,5,5a-hexahydro-
2H-benzofuro[4,3,2-cde]chromene-7-carboxylate (3.16):

Nitrogen was bubbled through a stirred solution of 3.2 (102 mg, 0.210 mmol) in CH,Cl,
(8 mL) for 5 minutes, followed by addition of EtsB (0.42 mL, 1M in hexanes, 0.42 mmol, 2
equiv.) and (TMS)sSiH (78 mg, 0.315 mmol, 1.5 equiv.). Next, air was added via syringe (10 mL)
over a period of 15 minutes. The mixture was stirred an additional 30 minutes at room
temperature and then concentrated under reduced pressure. The crude 'H NMR spectrum
indicated a 3:2 mixture of diastereomers about C-7, favoring 3.16. The crude residue was
purified by silica gel flash chromatography (EtOAc/Heptane) to afford 3.16 and C-7-epi-3.16 (46
mg, 61% yield) as a 3:2 mixture of diastereomers. The isomers were separated by chiral HPLC
(Phenomenex Luna (2) C18 150 x 21.2 mm 5y, 5 to 95% 0.1% formic acid in water to 0.1%
formic acid in methanol, flow = 28 mL/min)
'H NMR (400MHz, CDCl5) 6 7.65 (dd, J=1.0, 8.8 Hz, 1H), 6.34 (d, J=8.6 Hz, 1H), 5.20 (td, J=7.6, 9.1

Hz, 1H), 4.17 - 4.08 (m, 2H), 3.84 (s, 3H), 3.60 (t, J=7.0 Hz, 1H), 2.69 - 2.52 (m, 2H), 2.32 - 2.22
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(m, 1H), 2.07 - 1.98 (m, 1H), 1.75 - 1.66 (m, 1H), 1.64 - 1.56 (m, 1H), 1.54 (s, 3H), 1.23 (t, J=7.1
Hz, 3H), 1.09 - 0.91 (m, 2H), 0.84 - 0.71 (m, 1H)

3C NMR (101MHz, CDCls) 6 169.77, 165.53, 160.76, 155.56, 131.97, 110.79, 107.99, 107.47,
87.75, 80.25, 60.62, 51.58, 42.99, 35.91, 33.75, 27.64, 23.43, 21.44, 20.64, 14.09

FTIR (cm™) = 2943, 1706, 1628, 1609, 1431, 1257, 1188

HRMS (ESI) calculated for CyoH2506 [M+H]* 361.1645, found 361.1634

(x)-(2R,2aR,2a1S,5aS)-methyl 2-(2-ethoxy-2-oxoethyl)-2-methyl-2a,2a1,3,4,5,5a-hexahydro-
2H-benzofuro[4,3,2-cde]chromene-7-carboxylate (C-7-epi-3.16):

'H NMR (400MHz, CDCl;) 6 7.67 (dd, J=1.0, 8.8 Hz, 1H), 6.36 (d, J=8.8 Hz, 1H), 5.22 (td, J=7.6, 9.0
Hz, 1H), 4.18 (q, J=7.2 Hz, 2H), 3.87 (s, 3H), 3.56 (t, J=7.0 Hz, 1H), 2.87 - 2.74 (m, 2H), 2.38 - 2.31
(m, 1H), 2.09 - 2.01 (m, 1H), 1.77 - 1.71 (m, 1H), 1.64 - 1.57 (m, 1H), 1.45 (s, 3H), 1.29 (t, J=7.1
Hz, 3H), 1.10 - 0.95 (m, 2H), 0.83 - 0.70 (m, 1H)

3C NMR (101MHz, CDCl3) & 169.85, 165.66, 160.73, 155.39, 131.93, 111.20, 108.17, 107.40,
87.81, 80.61, 60.65, 51.66, 42.90, 36.18, 33.51, 27.73, 23.91, 21.78, 20.66, 14.18

FTIR (cm™) = 2943, 1706, 1628, 1609, 1431, 1257, 1188

HRMS (ESI) calculated for CagH2506 [M+H]* 361.1645, found 361.1634

(E)-methyl 4-(4-ethoxy-4-oxobut-2-en-2-yloxy)-2-hydroxybenzoate (3.23)
'H NMR (400MHz, CDCl3) § 10.93 (s, 1H), 7.85 (d, J=8.6 Hz, 1H), 6.63 (d, J=2.1 Hz, 1H), 6.55 (dd,
J=2.2, 8.7 Hz, 1H), 5.04 (s, 1H), 4.10 (g, J=7.0 Hz, 2H), 3.95 (s, 3H), 2.45 (s, 3H), 1.22 (t, J=7.1 Hz,

3H)
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3C NMR (101MHz, CDCl3) 6 170.77, 169.97, 167.16, 163.31, 159.35, 131.73, 112.51, 109.76,

109.74, 98.61, 59.74, 52.36, 18.14, 14.26

(E)-ethyl 3-(4-ox0-4H-spiro[benzo[d][1,3]dioxine-2,1'-cyclohexane]-7-yloxy)but-2-enoate
(3.22)

'H NMR (400MHz, CDCl3) & 7.95 (d, J=8.6 Hz, 1H), 6.75 (dd, J=2.1, 8.6 Hz, 1H), 6.64 (d, J=2.1 Hz,
1H), 5.08 (s, 1H), 4.11 (g, J=7.1 Hz, 2H), 2.45 (s, 3H), 2.08 - 1.89 (m, 4H), 1.79 - 1.58 (m, 4H), 1.55
-1.43 (m, 2H), 1.23 (t, J=7.1 Hz, 3H)

BC NMR (101MHz, CDCI5) 6 170.24, 166.87, 160.26, 160.08, 157.25, 131.57, 115.50, 110.98,
109.33, 107.40, 99.52, 59.87, 34.48, 24.45, 22.12,18.05, 14.24

LRMS (AP+) calculated for CigH»306 [M+H]* 347.4, found 347.0

O OH

NaBDy, CeC|3'7H20 D
b MeOH, -78 °C - 0 °C @
94%

3.24 3.25

[*H] - cyclohex-2-enol (3.25):

To a stirred solution of 3.24 (1.0 g, 0.010 mol) and CeCl5-7H,0 (4.6 g, 0.012 mol, 1.2
equiv.) in MeOH at -78 °C was added NaBD,4 (0.65 g, 0.016 mol, 1.5 equiv.) in portions over 5
minutes. The mixture warmed to 0 °C and stirred until TLC indicated consumption of SM (1 h).
The mixture was poured over water and extracted with EtOAc (4x). The combined organic
solution was washed with brine, dried with anhydrous MgS0,4 and concentrated under reduced
pressure to afford 3.25 (0.94g, 94% yield) as a light beige oil and used directly in the next step

without additional purification.
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'H NMR (400MHz , CDCl3) & 5.88 - 5.78 (m, 1 H), 5.76 - 5.70 (m, 1 H), 2.09 - 1.90 (m, 2 H), 1.90 -
1.79 (m, 1 H), 1.79 - 1.65 (m, 2 H), 1.65 - 1.50 (m, 2 H)

3C NMR (100MHz, CDCl3) 6 130.58, 129.74, 65.44, 31.81, 25.01, 18.85

0
/@L @ OMe
325
DIAD, PPh, )O\l' EjD
THF, rt, 30 min
EtO o] 96% Et0” SO
3.15 3.26

[’H] - (E)-methyl 2-(cyclohex-2-enyloxy)-4-(4-ethoxy-4-oxobut-2-en-2-yloxy)-3-iodobenzoate
(3.26):

To a stirred solution of 3.15 (1.02 g, 2.51 mmol), cyclohexenol 3.25 (348 mg, 3.52 mmol,
1.4 equiv.) and PPhs (988 mg, 3.77 mmol, 1.5 equiv.) in THF (10 mL) at room temperature was
added DIAD (761 mg, 3.77 mmol, 1.5 equiv.) dropwise over a period of two minutes. After
stirring an additional 30 minutes, the reaction mixture was concentrated under reduced
pressure. The crude residue was purified by silica gel flash chromatography (EtOAc/Heptane)
to afford 3.26 (1.17 g, 96% yield) of a white solid.
'H NMR (400MHz, CDCl3) § 7.78 (d, J=8.6 Hz, 1H), 6.86 (d, J=8.6 Hz, 1H), 5.97 (td, J=3.5, 10.1 Hz,
1H), 5.83 —=5.81 (m, 1H), 4.76 (s, 1H), 4.09 (q, J/=7.3 Hz, 2H), 3.90 (s, 3H), 2.53 (s, 3H), 2.21 - 2.11
(m, 1H), 2.08 - 1.94 (m, 3H), 1.81 - 1.73 (m, 1H), 1.66 - 1.58 (m, 1H), 1.22 (t, J=7.2 Hz, 3H)
3C NMR (100MHz, CDCls) & 170.49, 167.25, 166.23, 159.54, 157.65, 133.27, 132.72, 126.04,
123.75, 117.53, 97.52, 92.85, 59.97, 52.68, 28.99, 28.86, 25.37, 19.02, 18.41, 14.46
FTIR (cm™) = 2945, 1712, 1639, 1580, 1432, 1389, 1281, 1242, 1212, 1126

HRMS (ESI) calculated for CyoH»3DI0gs [M+H]" 488.0675, found 488.0678.
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OMe e, (TMS)sSiH OMe OMe
0 0 air, EtOH, 45 min e} OH
«D
N, 62% 3 Xy P
dr=3:2 /K 0
Et0” SO (3-27:C-7-epi-3.27) g Et0” SO
3.26
3.27 3.28
Major Diastereomer 1,4-Hydrogen Abstraction

[*H] - Methyl-2-(2-ethoxy-2-oxoethyl)-2-methyl-2a,2a1,3,4,5,5a-hexahydro-2H-
benzofuro[4,3,2-cde] chromene-7-carboxylate (3.27):

To a stirred solution of 3.26 (1.08 g, 2.22 mmol) and (TMS)3SiH (828 mg, 3.33 mmol, 1.5
equiv.) in EtOH (90 mL) at room temperature was simultaneously added Et3B (2.22 mL, 1M in
hexanes, 2.22 mmol, 1 equiv.) and air via a syringe (10 mL). The addition procedure took place
over a period of 30 minutes. The mixture was stirred an additional 30 minutes at room
temperature and then concentrated under reduced pressure. The crude 'H NMR spectrum
indicated a 3:2 mixture of diastereomers about C-7, favoring 3.27. The crude residue was
subjected to silica gel flash chromatography (EtOAc/Heptane) to afford a mixture (402 mg, 50%
yield) of a 3:2 (3.27:C-7-epi-3.27) mixture of diastereomers as a colorless oil. Additionally, 3.28
(125 mg, 20% yield) was obtained.

Tetracycle HNMR (3.27): *H NMR (400MHz, CDCl5) 6 7.68 (dd, J=0.9, 8.7 Hz, 1H), 6.37 (d, J=8.6
Hz, 1H), 4.20 - 4.10 (m, 2H), 3.88 (s, 3H), 3.62 (d, J=6.2 Hz, 1H), 2.73 - 2.57 (m, 2H), 2.34 - 2.25
(m, 1H), 2.08 - 2.01 (m, 1H), 1.78 - 1.69 (m, 1H), 1.66 - 1.60 (m, 1H), 1.57 (s, 3H), 1.26 (t, J=7.1

Hz, 3H), 1.11 - 0.94 (m, 2H), 0.89 - 0.75 (m, 1H)
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CNMR: *C NMR (100MHz, CDCl5) § 169.90, 165.66, 160.85, 155.66, 132.08, 110.89, 108.09,
107.58, 99.78, 80.35, 60.73, 51.69, 43.09, 36.01, 33.74, 27.61, 23.52, 21.53, 20.75, 14.17

FTIR (cm'l) = 2945, 1706, 1629, 1609, 1429, 1254, 1188

HRMS (ESI) calculated for Cy0H24D0g [M+H]" 362.1708, found 362.1716.

3.28: 'H NMR (400MHz, CDCl3) & 10.92 (s, 1H), 7.85 (d, J=8.8 Hz, 2H), 6.57 - 6.53 (m, 1H), 5.04 -
5.03 (m, 1H), 4.10 (g, J=7.0 Hz, 2H), 3.95 (s, 3H), 2.45 (s, 3H), 1.22 (t, J=7.0 Hz, 3H)

BC NMR (101MHz, CDCI5) 6 170.76, 169.96, 167.14, 163.27, 159.34, 131.71, 112.50, 109.75,
109.73, 98.59, 59.73, 52.36, 18.13, 14.26

FTIR (cm'l) = 2956, 1712, 1676, 1639, 1609, 1440, 1334, 1255, 1125

HRMS (ESI) calculated for C14H1¢DOg [M+H]" 282.1082, found 282.1079.

o) o)
OMe Mel, K,CO5 OMe
o OH DMF, 60 °C o OMe
Et0” O Et0” O
3.15 3.29

(E)-methyl 4-(4-ethoxy-4-oxobut-2-en-2-yloxy)-3-iodo-2-methoxybenzoate (3.29):

To a stirred solution of 3.15 (0.30 g, 0.74 mmol), K,CO3 (0.20 g, 1.5 mmol, 2 equiv.) in
DMF (5 mL) was added Mel (0.13 g, 0.89 mmol, 1.2 equiv.). The mixture was heated to 60 °C
for 2 hours and then poured over water. The mixture was extracted with CH,Cl; (2x). The
combined organic fraction was washed with 0.5N KOH (1x) and brine (1x). The organic fraction

was dried with anhydrous MgS0O, and concentrated under reduced pressure. The crude residue
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was purified by silica gel flash chromatography (EtOAc/Heptane) to afford 3.29 (297 mg, 96%
yield) as a colorless oil.

'H NMR (400MHz, CDCl;) & 7.86 (d, J=8.6 Hz, 1H), 6.88 (d, J=8.6 Hz, 1H), 4.78 (s, 1H), 4.09 (d,
J=7.1 Hz, 2H), 3.93 (s, 3H), 3.92 (s, 3H), 2.53 (s, 3H), 1.22 (d, J=7.1 Hz, 3H)

B¢ NMR (101MHz, CDCl3) & 170.22, 166.94, 164.85, 161.80, 157.72, 132.86, 122.55, 117.88,
97.42,91.40, 62.52, 59.79, 52.52, 18.17, 14.23

FTIR (cm'l) = 2950, 1710, 1638, 1580, 1464, 1432, 1382, 1123, 1044

HRMS (ESI) calculated for Cy5H1g106 [M+H]" 421.0143, found 421.0157.

o) 0
OMe  AIBN, (TMS),SiH OMe
0 OMe toluene, 105 °C 0 OMe
/i| 25% =_o
Et0” SO EtO
3.29 3.30

3-ethyl 5-methyl 4-methoxy-2-methylbenzofuran-3,5-dicarboxylate (3.30):

Nitrogen was bubbled through a stirred solution of 3.29 (130 mg, 0.31 mmol) in toluene
(10 mL) for 30 minutes followed by addition of AIBN (5.1 mg, 0.031 mmol, 0.1 equiv.) and
(TMS)3SiH (92mg, 0.37 mmol, 1.2 equiv.). The mixture was heated to 60 °C and stirred at this
temperature for 18 hours. Water was added and the mixture was extracted with EtOAc (2x).
The combined organic fraction was washed with water (1x) and brine (1x), dried with
anhydrous MgS0O,4 and concentrated under reduced pressure. The crude residue was purified
by silica gel flash chromatography (EtOAc/Heptane) to afford 3.30 (23 mg, 25% vyield) as a white

solid.
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'H NMR (400MHz, CDCls) 6 7.76 (d, J=8.6 Hz, 1H), 7.22 (d, J=8.8 Hz, 1H), 4.42 (q, J=7.1 Hz, 2H),
3.93 (s, 3H), 3.90 (s, 3H), 2.67 (s, 3H), 1.43 (t, J=7.1 Hz, 3H)

3C NMR (101MHz CDCls) 6 166.77, 163.79, 162.25, 157.07, 154.83, 127.80, 120.31, 120.14,
110.10, 107.08, 63.25, 60.95, 52.17, 14.37, 14.35

LRMS (ES+) calculated for C1sH17,07 [M+H]" 293.3, found 293.1
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Chapter 4

Total Synthesis of Bisabosqual A

4.1 Introduction

As outlined in Chapter 3, the 5-exo, 6-exo radical cyclization on model system 3.2
indicated the validity of this approach to construct the bisabosqual tetracyclic core. However,
the fully elaborated system differed in several key respects from the model system. The
differences include an additional electron withdrawing group on the aromatic system, the
presence of substitution on the cyclohexenol ring and a modified side chain (Scheme 4.1).
Furthermore, a priori, it was difficult to predict whether the diastereoselectivity at the C-7
center would be different in the fully elaborated substrate as compared to the model system.
However, the principles of the cyclization, as described in the retrosynthetic analysis, should be
comparable (See Chapter 2 for a detailed description of the cyclization strategy). In order to
access the desired cyclization substrate 2.13, we required syntheses of the pentasubstituted
resorcinol 2.14, a suitably substituted side chain precursor 2.15 and cyclohexenol 2.16.

Considerations for the side chain precursor and cyclohexenol moieties are also shown.
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Scheme 4.1. Analysis of the cyclization substrate and considerations for side chain precursors
and cyclohexenol appendages.

4.2 Synthesis of the Aromatic Core

We were intrigued by the rapid synthesis of the well-known diester 4.11, as described
by Tsuji and coworkers.® This would provide a tetrasubstituted resorcinol which could be
further elaborated to provide the aromatic core required for the cyclization substrate. Toward
this end, commercially available methyl 3-trimethylsiloxy-2-butenoate (4.8) was treated with
LDA and TMSCI in tetrahydrofuran to afford diene 4.9 in quantitative yield (Scheme 4.2).
Treatment of diene 4.9 with dimethyl acetylenedicarboxylate underwent a [4+2] cycloaddition
to afford silylated intermediate 4.10, which upon exposure to acid was converted to desired

resorcinol 4.11 in 50% yield. In our hands, a cleaner conversion to resorcinol 4.11 was achieved
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when the cycloaddition was run without solvent and then was subjected to an acidic workup.
This mild procedure is an improvement to the originally described method which required
elevated temperatures and challenging chromatography. While not necessary for structure
determination, a crystal structure displaying the expected internal hydrogen bond between the

phenol and ester groups was obtained.

LDA, TMSCI DMAD
)\/(Q/Ie -78°C -1t, 3h Me -15°C - rt
™SO "0 TMSO™ > NOTMS
4.8 4.9
CO,Me CO,Me
COMe | Etoac, 1N Hel coMe
OMe 50% —
TMSO OTMS o HO OH
410 4.11

[X-ray]

Scheme 4.2. [4+2] cycloaddition for the synthesis of resorcinol 4.11 and X-ray crystal structure.
Non-hydrogen atoms are displayed at a 50% probability level.

lodination by modification of the iodine/periodic acid procedure of Hathaway provided
the pentasubstituted resorcinol 4.12 in 84% vyield similar to what was observed previously in
the Parker laboratory (Scheme 4.3).>3 A minor amount of the undesired regiosiomer as well as
bis-iodinated products were also observed; however, these side products were easily removed
by recrystallization from a methylene chloride/heptane mixture. As a result, the crystal
structure of resorcinol 4.12 was also obtained, confirming iodination regiochemistry.
Conversely, the use of Hathaway’s iodine/silver nitrate conditions to iodinate 4.11 yielded a
near statistical mixture of starting material to iodinated products. Despite a moderate
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cycloaddition vyield, this three-step procedure was run on a multigram scale to produce the

pentasubstituted resorcinol product 4.12.

/
\\
CO,Me b, HelOg CO,Me
COMe  EtoH, H,0, rt COMe
HO OH 84% HO OH
|
4.1 412
[X-ray]

Scheme 4.3. Synthesis of pentasubstituted resorcinol 4.12 and X-ray crystal structure. Non-
hydrogen atoms are displayed at a 50% probability level.

4.3 Side Chain Determination

The side chain of bisabosqual A is not part of the tetracyclic core and therefore, in
principle, could be introduced after formation of the tetracycle. While this was a valid strategy,
we decided to pursue approaches that would include the carbon backbone (C-8 to C-14) of the
side chain in the cyclization, in an attempt to reduce the number of linear steps. Several of the
options considered for the side chain included: a) direct coupling of vinyl bromide 4.1, b) an
acylation/olefination approach with acyl chloride 4.2, or c) a 1,4 addition with the enynone 4.3
or allene 4.4 (Scheme 4.4). Each of these strategies would utilize the same pentasubstituted
resorcinol 4.12; however, the side chain substitution, as well as, the chemistry required to

introduce these substituents is different.
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Scheme 4.4. Side chain synthetic strategies.

4.3.1 Direct Coupling Strategy

Initially we investigated the preparation of 1,4 diene substrate 4.13 which could be
accessed by direct coupling of vinyl bromide 4.1 to resorcinol 4.12 (Scheme 4.4a). The bromide
was previously synthesized in the Parker laboratory by application of the Shapiro reaction in a
one-pot procedure from trisyl hydrazone 4.17 as described by Sorenson (Scheme 4.5).>"* This
procedure provided the desired vinyl bromide in good yield, albeit as a mixture of isomers. To
avoid this mixture, Mulzer and coworkers developed an alternative route to access vinyl

bromide 4.1 as a single isomer in a high yielding, six step sequence (not shown).” Although it
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would add several steps to the overall sequence, the Mulzer route could be employed if a single

isomer of vinyl bromide was required.

1. sBuLi

. 2. prenyl bromide

iPrQ 0 3. sBuLi

S. ,N\ 4. dibromoethane Br Br
” T/ A/\)\ + M
76%
iPr iPr
4.1 418
4.17

Scheme 4.5. Synthesis of vinyl bromide 4.1 by the Parker group.?

The Parker laboratory previously demonstrated that a copper mediated coupling of the
vinyl bromide 4.1 with simple phenols and resorcinols (4.19) afforded desired product 4.20 in
good vyield (Table 4.1, Entries 1 and 2).2 Unfortunately, when 4.19 contained electron
withdrawing substituents and possibility for competing reactions from the aryl halide, no
desired product 4.20 was observed (Entries 3 and 4). Therefore, this route did not appear to be
a viable approach. Furthermore, unsatisfactory cyclization results and stability problems
observed with the enol ether model system 3.1 (Refer to Chapter 3 for details), along with a
lengthy synthesis of a single isomer of the vinyl bromide 4.1, led us to pursue alternative

strategies.
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Table 4.1. Direct coupling of vinyl bromide 4.1 with phenols and resorcinols as previously
described by the Parker laboratory.?

Br
T )\/\)\ R
R, N = 2
4.1
(0] Rj
HO Rs CuCl, Cs,CO4 X
X toluene, reflux N
419 | 4.20
Entry R; R, Rs X Yield
1 H H H H 78%
2 H H OH H 70%
3 CO,Me H OH Br 0%
4 Me CO,Et OH Br 0%

® Table adapted from the thesis of Zhou Zhou.?

4.3.2 Acylation/Olefination Approach

As a result of the difficulty accessing 1,4-diene substrate 4.13, our focus was placed on
enol ether 4.14. This intermediate could be assembled by olefination of the corresponding
ester as described in the retrosynthetic analysis (Scheme 4.4b). The known acid chloride 4.2
was obtained in a three step approach shown in Scheme 4.6. A Johnson-Claisen rearrangement
of 2-methyl-3-buten-2-ol (4.21) followed by hydrolysis produced carboxylic acid 4.22.%2
Treatment with oxalyl chloride gave the corresponding acid chloride 4.2 which was used

directly without additional purification.
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1. MeC(OEt)s, ArOH 0 o)

135 °C, 20h (COCl),
/XOH 2. KOH, EtOH, rt OH  CH.Cly, i, 1h Cl
49% | quant. |
4.21
4.22 4.2

Scheme 4.6. Johnson-Claisen rearrangement to access acid chloride 4.2.

Acylation was achieved on both ester 3.13 and diester 4.12 by treatment with acid
chloride 4.2 and TEA to give both acyl products 4.23 and 4.24 in moderate yields (Scheme 4.7).
Next, a Mitsunobu® reaction (DIAD, PPhs) installed the cyclohexenyl group; however, the diester
product 4.26 was only isolated in 17% vyield along with the product of addition of two
cyclohexene groups, suggesting cleavage of the acyl side chain under the reaction conditions.
In addition, the ester product 4.25 was isolated in low yield as an inseparable mixture of
desired product and the corresponding deacylated product. These results suggested the acyl

group was not stable to the Mitsunobu reaction conditions.

OH

~oRe
Cl @ <
R //I\/\)\ R !
! o = ! 3.8 (Ry=H)

CO,M
CO,Me 4.2 CO,Me 4.6 (R, = OTBS) H»Me
HO OH TEA, CH,Cl, o) OH DIAD, PPh; o] o)
| I THF, rt I Ry
80% (Rq = H) o) ND (R, = H) o) '
0, = 1~
343 (Ry=H) 65% (Rq = COzMe) 17% (R; = CO,Me)
4.12 (R, = CO,Me) |
4.23 (R; = H) 4.25 (R; =R, = H)
4.24 (R, = CO,Me) 4.26 (R; = CO,Me, R, = OTBS)

Scheme 4.7. Resorcinol acylation followed by Mitsunobu reaction.
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Alternative coupling strategies to introduce the cyclohexenol were not explored
because of concern that the enol ether was not an suitable radical cyclization substrate as a
result of previous model compound studies (See Chapter 3 for details). Moreover, we were
concerned this system had the potential for an additional 5-exo-trig cyclization event to form a

more stable tertiary radical as shown in Scheme 4.8.

COMe CH,O,Me
COzMe
5-exo, 6-exo
0 % tandem cyclization L0 H
| LOTBS ~~---m e = \LONE
= :
|
4.27 4.28 4.29

Scheme 4.8. Potential 5-exo cyclization of radical 4.28.

4.3.3 Vinylogous Ester Approach

Considering the aforementioned challenges and concerns with enol ethers 4.13 and
4.14, we sought an alternative strategy that would utilize a vinylogous ester side chain (Figure
4.4c). Although the use of a vinylogous ester would require the eventual removal of the C-9
oxygen, we decided to pursue this approach because of the expected convenience of
substituent introduction, improved stability of intermediates and anticipated efficiency of the
6-exo radical cyclization step. Both enynone 4.3 and the corresponding allene 4.4 were
synthesized previously in the Parker laboratory and were shown to afford the same vinylogous
ester side chain.®> We chose to pursue enynone 4.3 because it appeared operationally easier to
synthesize, especially on scale. Toward this end, enynone 4.3 was synthesized by modification

of the method of Jacobi and coworkers and similar to that previously described in the Parker
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310 Formation of Weinreb amide 4.31 was accomplished by a CDI coupling of 3,3-

laboratory.
dimethylacrylic acid with N,O-dimethylhydroxylamine. Subsequent treatment with

commercially available 1-propynylmagnesium bromide afforded desired enynone 4.3 in 76%

yield (two steps from acid 4.30).

H
)\)CL N~ u o =——MgBr Q
X N o, — > N
OH  ¢pi, cHyCl, N THF, rt X
76% (2 steps)
430 4.31 43

Scheme 4.9. Synthesis of enynone 4.3 by modification of the method of Jacobi et al.’?

Installation of the vinylogous ester side chain was achieved by a DABCO-catalyzed 1,4
addition of acetylenic ketone 4.3 with resorcinol 4.12 to give the desired product 4.32 in 70%
yield (Scheme 4.10).*" *2 This reaction affords the E-isomer 4.32 exclusively as determined by
X-ray crystallography. Differentiation of the two phenol groups is presumably a result of the
intramolecular hydrogen bonding to the C-2’ alcohol as observed in the crystal structure.
Attempts to circumvent the long reaction time by heating the mixture or utilizing stoichiometric
DABCO typically resulted in lower yields as a result of formation of the des-iodo side product
4.11. Exploration of reaction conditions using alternative bases (K,COs, PPhs, or PTA) and
solvents (THF, toluene, CH,Cl,) proved unsuccessful, providing little or no yield of the desired
product. Alternatively, vinylogous ester 4.32 was previously synthesized in the Parker group by

reaction with the corresponding allene 4.4 affording product in 59% yield.3
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CO,Me CO,Me

CO,Me 4.3, DABCO CO,Me
THF, rt, 80 h
HO OH 70% o) OH =—
I Sl
412 4.32

[X-ray]

Scheme 4.10. DABCO catalyzed 1,4-addition and X-ray crystal structure of vinylogous ester
4.32. Non-hydrogen atoms are displayed at a 50% probability level.

4.4 Synthesis of the Cyclohexenol Moiety

The stereochemistry at C-4 is responsible for establishing the stereochemistry of the
tetracycle and thus the enantiomeric series. This is because our tandem radical cyclization
strategy relies upon geometric constraints to impart the stereochemistry at the C-5 and C-6
centers. An asymmetric synthesis would therefore hinge on establishing the C-4 stereocenter
(Scheme 4.11). We considered incorporation of the C-3 quaternary center prior to phenol
coupling (see alcohol 4.5); however, concerns over a competing Sy2’ reaction due to steric
hindrance (vide infra) and proposed multistep reaction sequences led us to focus on alternative
strategies. Therefore, we sought a synthesis of cyclohexenol substrates 4.6 or 4.7 which would

provide the necessary handle for the eventual construction of the C-3 quaternary center.

COzMe
 Me - _.OTBS . _OTBS
T, — O O™ O
| R
X R,
45 46 a7
o
433

Scheme 4.11. Considerations for cyclohexenol substrates.
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4.4.1 Racemic Synthesis

Initially, we focused on a racemic synthesis of both the cis and trans monoprotected
cyclohexenediols 4.6 and 4.7. Toward this end, treatment of cyclohexenone with TEA and
TBSOTf provided silyl enol ether 4.34 which was used directly without purification (Scheme
4.12)."* A Rubottom oxidation with mCPBA installed the silyl protected a-hydoxy group in 45%
yield over two steps.”> An asymmetric Rubottom oxidation would provide a method to access
enone 4.36 in an enantioselective fashion. However, attempts to employ a Jacobson
epoxidation or Sharpless dihydroxylation did not appear to provide desired product.

Investigation into alternative asymmetric oxidations has yet to be explored.*® !’

Q  TBSOT, TEA QTBS  mceBA, CH,Cl, | TBSQ o 0
CH,Clp, 0°C 0°C-rt NE .OTBS
45%

(2 steps)
3.24 4.34 4.35 4.36

Scheme 4.12 Silyl enol ether formation and Rubottom oxidation.

To obtain the protected diol, traditional Luche conditions®® using CeCl3-7H,0 and NaBH4
in methanol were explored. This reaction provided the desired reduction product as a 2:1
mixture of diastereomers, favoring cis (4.6), regardless of temperature (Table 4.2, Entries 1 and
2). Lanthanum chloride in place of cerium had no effect on selectivity (Entry 3). However,
when lanthanide salts were omitted from the reaction, a slight increase in diastereoselectivity
was observed (Entry 4). Attempts to alter the hydride source proved detrimental with DIBAL-H
yielding a ~1:1 mixture of diastereomers and L-selectride affording the product of 1,4 addition

(Entries 5 and 6). Analysis of the literature led us to pursue calcium chloride/sodium
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borohydride reducing conditions described by Utimoto and coworkers.® While Utimoto’s
system had been optimized for trans reduction of a, B-epoxy ketones, when 4.36 was subjected
to CaCl, and NaBH4 in methanol at 0 °C, a preference for the cis-reduction product was
observed (Entry 7). Further cooling of the mixture to -78 °C was beneficial, providing the
desired product 4.6 in excellent yield and adequate diastereoselectivity (3.5:1, Entry 8). The
diastereomers were readily separated by silica gel flash chromatography, resulting in a 68%
isolated vyield of cis-diol 4.6. The procedure was easily scaled (6.0 g, 26.5 mmol scale) to
provide multi-gram quantities of cis-diol 4.6 and therefore, additional efforts focused on

improving diastereoselectivity were not performed.

Table 4.2. Reduction of ketone 4.36.

0 OH OH
b\\\OTBS Conditions - _OTBS ) @\\\OTBS
4.36 4.6 4.7
Entry Hydride Additive Temperature Solvent  Yield dr®
1 NaBH, CeCl; 0°C MeOH 94% 2:1
2 NaBH, CeCls -78°C MeOH 92% 2:1
3 NaBH, LaCl; -78°C MeOH N.D.. 21
4 NaBH, -78°C MeOH N.D.  2.5:1
5 L-Selectride - -78°C THF 0%"
6° DIBAL-H 0°C CH,Cl, 76% 1:1
7 NaBH, CaCl, 0°C MeOH N.D.  25:1
8 NaBH, CaCl, -78 °C MeOH 90%  3.5:1

dr — cis:trans (4.6:4.7) diastereoselectivity.
°N.D. - Yield not determined.
‘Major product was 1,4 addition.

dReaction from the thesis of Zhou Zhou.?
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4.4.2 Enantioselective Synthesis
4.4.2.1 Prior Art in the Parker Group

An enantioselective route to access a single isomer of cyclohexenol 4.6 was desired in
order to develop an asymmetric synthesis of bisabosqual A. Previously in the Parker laboratory,
an enantioselective synthesis of substrate 4.6 was performed in an eight step sequence as

shown in Scheme 4.13.> %

The key step in this route was an enzymatic lipase resolution of the
diacetate 4.40, which after hydrolysis provided an enantioenriched diol 4.43. While this

approach provided access to the requisite diol 4.6, the lengthy synthesis provided only

milligram quantities and therefore, alterative tactics were explored.

oH Ac,0, DMAP Ohc
@ Bry, CHCly @ _2NKOH _ OH  pyridine, rt @OAC
98% e 76%
4.37 43 4.39 4.40
Lipase AK OAc NaOMe OH PCC 0
pH 7,38 °C @ OAc @ MeOH, rt @wOH CH,Cly, rt b\oOH
42% 86% 65%
4.43 4.44
o OH OH
TBSCI DIBAL, CH,Cl, =
m. DMF b‘\\OTBS 7850 050 @\\\OTBS @\\\OTBS
89% 76%
dr~1:1
4.36 46 47

Scheme 4.13. Enantioselective synthesis of cis and trans diols 4.6 and 4.7.
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4.4.2.2 Hoveyda-Snapper Enantioselective Silylation

During the course of our research, the Hoveyda and Snapper laboratories published a
regiodivergent silyation of diols producing enantioenriched, regioisomeric monosilylated
products.21 The commercially available amino-acid-based organocatalyst 4.46 was used to
distinguish between hydroxyl groups that have only subtle steric and electronic differences.
The authors describe a regiodivergent reaction of a racemic mixture (RRRM) providing a
method to access monosilyated products with high levels of enantioselectivity. In addition, a
regiodivergent reaction of an enantioenriched mixture (RREM) was also reported. This RREM
sequence provides a method to increase the yield of the desired enantioenriched substrate as
compared to the RRRM process. Toward this end, a Sharpless asymmetric dihydroxylation with
AD-mix B was performed, affording diol 4.45 in 26% ee from 1,3-cyclohexadiene as shown in
Scheme 4.14°% # A selective silylation was achieved using the Hoveyda-Snapper
organocatalyst 4.46 to give the desired monosilylated material (-)-4.6 in 88% ee and 60% yield.
The two isomers, 4.6 and 4.47, were easily separable by silica gel flash chromatography. It is
noteworthy that this two-step enantioselective sequence is shorter and higher yielding than the
corresponding three-step synthesis of racemic material that was previously described (Scheme

4.12 and Table 4.2).
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446 tBu

N%H&(NYtBU

OH
AD-mix 3 z OH <\/N\ O Me
@ tBUOH, H,0 @ Me 30 mol%
68% TBSCI, DIPEA, toluene
(ee=26%) -30°C,7d
4.37 (+) -4.45

QH OTBS
@\\\OTBS OH
(-)-4.6 (+) - 4.47
60%
ee = 88%

Scheme 4.14. Snapper-Hoveyda enantioselective silylation to access cis-diol (-)-4.6.

The source of enantioenrichment

enantiomers by Hoveyda-Snapper catalyst 4.46 (Figure 4.1

substrate to the chiral catalyst provides a mechanism to distinguish the two enantiomers, while

).24

is a result of the differentiation of the two

Hydrogen-bonding of the

the imidazole moiety functions to increase the electophilicity of the silyl group, as well as

deliver the protecting group to the desired alcohol.

The ability of this catalyst to discriminate

between two sterically similar hydroxyl groups is a remarkable example of organocatalysis.

tBu tBu
SNH  Bu SNH  Bu
Me Y H Me 7\ H
H--O N (Me H-O N Me
6 W N 6 H N
0 /\S/N\/ . \\\o//\S/Nf
() wes~a () wefiza
tBU Me tBU Me

e)

H

(-)-46 (+) - 4.47

O\\\OTBS

Figure 4.1. Subtle differences required for enantioselective silylation. Figure adapted from the

thesis of Rodrigo.**
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4.5 Assembly of Cyclization Substrate

Installation of the monosilylated cyclohexenol appendage was required to access the
radical cyclization substrate. The stereocenter at C-4 of bisabosqual A would require the
opposite configuration at the allylic alcohol of diol 4.6 and as a result, inversion of this center
was necessary for the asymmetric synthesis.25 However, we did not initially recognize whether
there would be a preference for the cis 4.6 or trans 4.7 diols in the subsequent radical
cyclization. Toward this end, a Mitsunobu® reaction on the monoester model system 3.15 and
cis-diol 4.6 with DIAD and PPhs afforded 4.48 in 87% vyield with the anticipated inversion of
stereochemistry. It is noteworthy that when the trans-isomer 4.7 was subjected to identical
Mitsunobu conditions on the monoester model system 3.15, the major product was not the
expected inversion product. Instead, reaction at the allylic center (Sy2’) took place, affording

the substrate 4.50 in 85% yield.
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OH o)

.OTBS OMe
46 Et;B, (TMS);SiH
: o) 0 EtOH, rt
DIAD, PPh, X | wOTBS
THF, rt, 30 h
(0] 87% EtO" O EtO
OMe 4.48
o) OH

Sl
)l 3.15 OH
Et3B, (TMS);SiH

0
EtO” SO OOTBS OMe
4.7
0 0 EtOH it/
I 7\ \
DIAD, PPhg X
THF, 1t, 30 h /K
Et0” SO

85% EtO” O
oTBS

4.50 4.51

Scheme 4.15. Mitsunobu reactions of cis 4.6 and trans 4.7 diols and subsequent radical
cyclization.

The regiochemistry of 4.50 was established by analysis of 2-D COSY and HMBC NMR
spectra and the stereochemistry was tentatively assigned as drawn on account of the large J-
coupling values of the two allylic hydrogens. Presumably the steric bulk of the trans-OTBS
group prevents direct displacement of the alcohol, thus resulting in reaction at the allylic
center. The observed Sy2’ displacement under Mitsunobu coupling conditions is similar to what
was observed by Koreeda and coworkers on related cyclohexenol substrates.?® It is noteworthy
that substrate 4.50 did not undergo radical cyclization to afford the desired tetracycle.
However, substrate 4.48 provided cyclization product as expected (yield not determined). The
inability of substrate 4.50 to form the tetracycle is presumably a result of the steric bulk of the

silyl ether group impeding the desired cyclization. Furthermore, the identification of the Sy2’
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pathway with trans-diol 4.7 led us away from pursuing a cyclohexenol substrate that
incorporated the bulky C-3 tertiary center prior to cyclization (see 4.5, Scheme 4.11).

As a result of the observations described in Scheme 4.15, we decided to pursue the cis-
cycohexenol substrate 4.6 for the synthesis of bisabosqual A. Coupling of cis-diol 4.6 with
phenol 4.32 was accomplished via Mitsunobu® reaction (DIAD, PPhs) to afford the radical
cyclization substrate 4.52 in excellent yield (scheme 4.16). The doubly convergent, short
synthesis of this key intermediate could be carried out on multigram scale. Therefore, we next
turned our attention to the tandem 5-exo, 6-exo radical cyclization step to construct the
bisabosqual tetracyclic core.

COZMe OH COzMe
COQMe : .OTBS COZMe

o) OH @ 4.6 o) o)
| .OTBS
N | DIAD, PPh; = '
THF, rt, 6h o

| © 96% |

4.32 4.52
Scheme 4.16. Synthesis of the cyclization substrate 4.52.
4.6 Tandem Radical Cyclization
Having developed an efficient synthesis of the cyclization substrate, we sought
conditions for the key radical cyclization step. We were pleased to find that heating substrate
4.52 with AIBN and (TMS)5SiH in toluene provided the desired cis, cis-fused tetracyclic core in
51% vyield as a mixture of C-7 epimers, favoring the desired tetracycle 4.53, over its

diastereomer C-7-epi-4.53 (Scheme 4.17). Analysis of the 'H NMR of the crude product
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indicated the cyclization afforded complete selectivity at C-5 and C-6 while imparting a 3:2

mixture of epimers at the C-7 quaternary center.

COzMe
COZMe

AIBN, (TMS);SiH
0 o toluene, 70 °C, 3h

| ~OTBS
A ' 51%
dr=3:2
0

| 4.53:C-7-epi-4.53

4.52 4.53 C-7-epi-4.53

Scheme 4.17. Synthesis of the bisabosqual tetracyclic core via a tandem radical cyclization.

The stereochemistry of each isomer was confirmed by NOE analysis (Figure 4.2).
Irradiation of the benzylic proton provided clear evidence for the formation of the cis, cis-fused
tetracycle in both epimers (arrows A and B). The NOE between the benzylic proton and the a-
keto hydrogens of the side chain in the major diastereomer indicated desired product 4.53
(arrow C). Conversely, an NOE to the methyl hydrogens in the minor isomer signified the
diastereomer (C-7-epi-4.53) with the non-natural stereochemistry (arrow C). The observed
diastereoselectivity along with results from the NOE analysis is consistent with that described
for the model system (Refer to Chapter 3 for details).

The diastereomers 4.53 and C-7-epi-4.53 could be separated by silica gel flash
chromatography. However, despite surveying a wide variety of solvent combinations, the
separation was challenging and the purification often required multiple columns to obtain

desired product. It was identified that preparative HPLC using a chiral polysaccharide column
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gave excellent resolution and therefore this method was used to separate the diastereomers on

scale (see Chapter 4 Experimental for additional details).

(0]
Mn“

/y

c A’'OTBS P A'OTBS
4.53 C-7-epi-4.53
NOE: 3.61 ppm NOE: 3.63 ppm

Figure 4.2. NOE analyses of the C-7 diastereomers.

The major side product isolated in the tandem radical cyclization is phenol 4.54 (Figure
4.3). This is analogous to the side product phenol 3.23 observed with the model system and
therefore, can be attributed to a 1,4-hydrogen abstraction process (see Chapter 3, Figure 3.6).
The proposed mechanism of side product formation was confirmed by deuterium labeling
experiments on a model substrate (see Chapter 3, Scheme 3.7). Furthermore, a crystal
structure of this side product was obtained, unambiguously confirming the structure. Without
alteration of the structure of the cyclization substrate, it is not immediately clear how to

prevent this common side product.
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COzMe
COzMe

0 OH ./q

4.54 [X-ray]

Figure 4.3. X-ray structure of the 1,4-hydrogen abstraction product 4.54. Non-hydrogen atoms
are displayed at a 50% probability level.

The key radical cyclization was studied in some detail as described in Table 4.3. On a
model system, triethylborane initiation had been shown to afford desired product in higher
yield than traditional AIBN initiation (see Chapter 3, Table 3.2).” Therefore, we attempted to
utilize these reaction conditions on the fully elaborated substrate. However, when cyclization
substrate 4.52 was subjected to identical triethylborane initiated radical cyclization conditions,
the yield was only 31% and significant side product formation was observed (Scheme 4.18 and
Table 4.3, Entry 2). This was a considerable reduction in yield compared to the 51% yield
obtained from the AIBN conditions (Entry 1). Furthermore, a change in diastereoselectivity was
also observed with the undesired diastereomer C-7-epi-4.53 now favored under the
triethylborane conditions. This result was notable since this was the first instance in which the
diastereoselectivity at C-7 was altered to favor the undesired C-7-epi-4.53 epimer over the
desired tetracycle 4.53. A similar result was also observed when tributylborane was used as a
radical initiator (yield not determined). When, a coordinating solvent such as acetonitrile was
employed with triethylborane, the diastereoselectivity was restored to the usual 3:2 (4.53:C-7-

epi-4.53) mixture of isomers with only a slight improvement in yield (Scheme 4.18 and Table
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4.3, Entry 3). It was observed that in addition to the expected 1,4-hydrogen abstraction
product (4.54), we observe the formation of the retro-Michael product 4.55 regardless of
solvent. This side product was only observed in triethylborane and tributylborane initiated
reactions, suggesting a specific interaction between the radical initiator and the starting
material, product and/or intermediate. It was also discovered that retro-Michael product 4.55
converts to a 3:1 mixture of 4.53:C7-epi-4.53 in a CDCl; solution (NMR tube), potentially
revealing a useful method to epimerize the undesired diastereomer. Therefore, the observed
difference in diastereoselectivity between solvents could be a result of this epimerization event
being sensitive to changes in solvent or potentially other factors that are affected by the Lewis
acidity of triethylborane.”® Efforts towards understanding these observations are currently

being pursued.

COzMe
COgMe
Et,B, (TMS),SiH
e} 0 Solvent, rt, 30 m
o @\\\OTBS
| 6]
4.52
Solvent Yield dr* 4.53 C7-epi-4.53 4.55
CH,Cl, 31% 2:3 ! T

CH;CN  39% 32 CDCl; (in NMR tube)

dr = 3:1 (4.53:C7-epi-4.53)

Scheme 4.18. Triethylborane initiated tandem radical cyclization.

Our hypothesis of triethylborane functioning as a Lewis acid and making interactions
with the cyclization substrate is supported by the results obtained using tri-sec-butylborane as a

radical initiator (Table 4.3, Entries 4-8). We observed that the desired diastereomer is favored
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in all instances, with improved yields and we did not detect retro-Michael product 4.55. This
suggested that the more sterically-encumbered Lewis acid does not participate in interactions
similar to those that occur with triethylborane. However, an alternative explanation of this
observation is the retro-Michael product is forming in the sBusB reactions and converting to the
desired tetracycle in situ.

We were pleased to find that treatment of 4.52 with sBusB and (TMS)sSiH in
dichloromethane afforded the 5-exo, 6-exo cyclization in 72% yield on a multigram scale (Entry
4). This high yielding result further showcases the differences between tri-sec-butylborane and
triethylborane initiated radical cyclizations. Experiments with additional solvents and increased
temperatures resulted in slightly lower yields (Entries 5-7). Investigation of the cyclization at
reduced temperature showed a modest improvement in diastereoselectivity, albeit with a
reduced vyield of 46% (Entry 8). Additional low temperature cyclizations have yet to be
explored. Moreover, attempts to influence the diastereoselectivity at C-7 through addition of
exogenous Lewis and Brgnsted acids and bases did not result in significant differences. (e.g.
Mgl,, ZnCl,, DABAL-Me;s, InCls, CuCl, BF3-OEt,, B(OMe)s, HCI, pyrrolidine, etc.)

We are not aware of any previous examples in which the sBusB/(TMS);SiH/O, conditions
have been used for reductive radical cyclizations. Accordingly, this is the first instance in which
a difference in reaction profiles between triethylborane and tri-sec-butylborane has been
observed in radical cyclizations. Therefore, while not yet fully understood, these conditions
have implications for a variety of radical reactions in which triethylborane may be affecting the

reaction outcome.
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Table 4.3. Key tandem radical cyclization.

CO,Me
CO,Me
o 0 atent, .
| @\\\OTBS
| O O
4.52 4.53 C-7-epi-4.53
Entry Reducing Agent Initiator Solvent  Temperature Time Yield® dr’
1 (TMS)5SiH AIBN Toluene 70°C 3h 51% 3:2
2 (TMS)5SiH Et;B CH,Cl, rt 30m 31% 2:3
3 (TMS),SiH Et;B CH5CN rt 30m 39% 3:2
4 (TMS)5SiH sBusB CH,Cl, rt 30m 72%° 3:2
5 (TMS);5SiH sBusB Toluene rt 30m 60% 3:2
6 (TMS)sSiH sBusB CH,Cl, 40 °C 15m 58% 3:2
7 (TMS)5SiH sBusB 2-MeTHF 50 °C 15m 62% 3:2
8 (TMS)sSiH sBusB CH,Cl, -40 °C 4h 46% 5:2

Yield is reported for the mixture of diastereomers.
®dr — 4.53:C7-epi-4.53.

“Reaction run on gram scale.

4.6.1 Visible Light Photoredox Catalysis

Visible light photoredox catalysis has emerged as a valuable tool for initiating single

29, 30

electron, radical processes. Recently, several groups have showcased this methodology for

313 The source of this reactivity is a result of

a diverse assortment of chemical transformations.
the ability of metal complexes such as tris(2,2’-bipyridyl)dichlororuthenium (I1) (Ru(bpy)s>*) or

fac-tris[2-phenylpyridinato-C% NJiridium(Ill) (fac-Ir(ppy)s) to undergo photoexcitation upon
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exposure to visible light. Remarkably, the photoredox catalyst can function either as a
reductant or oxidant through either oxidative or reductive quenching cycles, respectively
(Figure 4.4). Upon excitation with visible-light from a household lightbulb, Ru(bpy)s®* is
converted to a high energy photoexcited species. In the oxidative quenching cycle, an electron
acceptor (A) is reduced to afford a radical anion along with the oxidized metal center.
Ru(bpy)s>* can then oxidize a donor (D) to yield the radical cation along with the regenerated
catalyst. In the reductive quenching cycle, the excited-state catalyst can oxidize D, thus
reducing the catalyst, which can then function as a reductant and give an electron to A, to
restore the ground state ruthenium species. The redox potentials of the various segments of

the catalytic cycles can thus be exploited in single electron processes.
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D Ru(bpy);** A

Eq""=+1.20V Eq""=-0.81V
o+

OXIDATIVE
QUENCHING CYCLE

| X
N
= Amax = 452 nm
AN
*Ru(bpy)s?*
. REDUCTIVE
A QUENCHING CYCLE D
Eqp'=-1.33V Eqyx"'=+0.77V
o+
A Ru(bpy);* D

Figure 4.4. The oxidative and reductive quenching cycles of the Ru(bpy)32+ catalyst. Figure
adapted from MacMillan and coworkers.*

The Stephenson laboratory developed conditions to effectively reduce aryl iodides using
the fac-Ir(ppy)s photocatalyst along with tributylamine and formic acid.*! Encouraged by their
intramolecular cyclization results, we set out to test this chemistry on the bisabosqual
cyclization substrate 4.52. Toward this end, we were pleased to find that subjecting a solution
of 4.52, fac-Ir(ppy)s, nBusN and HCO,H in acetonitrile to visible light resulted in formation of
desired product in 60% yield (Scheme 4.19. see experimental for a picture of the reaction set
up). The diastereoselectivity was similar to that was previously observed in the tri-sec-

butylborane reactions, favoring the desired tetracycle 4.53 (dr = 2:1, 4.53:C-7-epi-4.53).
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H02CH'BU2N Pr
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fac-Ir(ppy);* nBuzN, HCOOH HO,CH+Bu,N” ~Pr

CO,Me CO,Me
0”0 5-ex0 o O 6-exo
N OTBS A .

"OTBS
0) (e}
| |
4.56 4.57

Scheme 4.19. Visible light photoredox radical cyclization.

The reaction is expected to proceed through the oxidative quenching cycle of the
iridium catalyst because of studies performed by Stephenson and coworkers (scheme 4.19).*
Irradiation with a household light bulb affords the excited state catalyst which upon reductive
cleavage can generate the sp2 radical 4.56. This aryl radical can then undergo the expected 5-
exo, 6-exo tandem cyclization. The oxidized catalyst is then regenerated by oxidation of a
tributylamine/formic acid to form a radical cation, thus completing the catalytic cycle. A
hydrogen atom abstraction by the a—keto radical species 4.58 from the aminium radical cation

generates an iminium species along with the desired product.
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4.7 Recycling the Minor Diastereomer

It was envisioned that the minor diastereomer could be epimerized via a retro-Michael
reaction to form intermediate 4.55 (Scheme 4.20), which could then reform the tetracycle
similar to what was observed in the triethylborane reactions shown previously (see Scheme
4.18). |Initially, we were pleased to find on small scale that treatment of C7-epi-4.53 with
KHMDS in tetrahydrofuran produced a mixture of 4.53 and C7-epi-4.53 albeit with side product
formation. Upon further experimentation, it was found that treatment of C7-epi-4.53 with the
guanidine base, 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD) followed by stirring with NaHCO3
cleanly afforded a 2:1 (4.53:C7-epi-4.53) mixture of diastereomers (Scheme 4.20).
Incorporation of this procedure into the synthetic sequence helps contribute to the overall

efficiency.

TBD, THF, rt
then NaHCO3

94%, dr = 2:1
(4.53:C7-6pi-4.53)

4.53 C7-epi-4.53

Scheme 4.20. Conversion of the minor epimer C-7-epi-4.53 into a 2:1 mixture of diastereomers
4.53 and C-7-epi-4.53.
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4.8 Reduction of the C-9 Ketone
Having developed an effective, doubly convergent synthesis of tetracyclic ketone 4.53,
we sought a method for removing the oxygen functionality at C-9 which would leave the prenyl

group unaffected. Classical methods for reduction of a ketone to an alkane include the Wolff-

34, 35 36-39

Kishner and Clemmenson reductions. Unfortunately, the harsh reaction conditions
required for these reactions are typically incompatible with many functional groups.
Furthermore, modifications of the Wolf-Kishner reduction which utilize tosylhydrazone are
known to afford the olefin migration product through a 1,5 sigmatropic rearrangement.*

41,42 \was also

Alternatively, the reduction of the corresponding thioketal (Mozingo reduction)
considered; however, preliminary efforts on a model system resulted in significant olefin

migration as well as hydrogenation of the olefin.*?

4.8.1 Model System Studies

In order to investigate additional reduction conditions, a straightforward model system
was synthesized that would allow analysis of reduction on the a,B-unsaturated ketone 4.61 as
well as on the allylic acetate 4.63. Consequently, a CDI coupling of 4.59 with N,N-
dimethylhydroxylamine afforded the Weinreb amide 4.60, which upon addition of 2-methyl-1-
propenylmagnesium bromide yielded the requisite a,B-unsaturated ketone 4.61. A Luche
reduction® with CeCl3-7H,0 gave alcohol 4.62, which was treated with acetyl chloride and

pyridine to supply the allylic acetate 4.63 in 90% yield over two steps.
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H
oo~ o RN N oo P

CDI, CH,Cl,, rt N THF, 0 °C - rt
99% O 8%
459 4.60 4.61

NaBH,, CeCl3*7H,0 AcCl, pyridine

MeOH., 78 °C - 0 °C A/({)\ CH,Cly, 0°C /\/91;&
PhO PhO

90% (2 steps)
4.62 4.63

Scheme 4.21. Synthesis of model systems for ketone and allylic acetate reduction studies.

Initially, attempts to reduce the ketone 4.61 directly with a Lewis acid and hydride
source were examined. For example, the use of NaCNBHs; and BF3-OEt, in tetraydrofuran
afforded a mixture of the desired reduction product 4.64 and the isomer 4.65 as a 3:2 mixture
(Scheme 4.22, yield not determined).** Investigation of additional Lewis acid/hydride/solvent
combinations proved futile, providing only reduced selectivity or multiple side products.

Therefore, alternative methods for reduction of the C-9 ketone to methylene were explored.

NaCNBH;, BF3+OEt,

0
M THF, rt, 18h M N\/k
PhO PhO +  PhO

3:2 (4.63:4.64)
4.61 4.64 4.65

Scheme 4.22. Direct reduction of enone 4.61 to prenyl substrate 4.64.

We investigated the Tsuji-Trost palladium-catalyzed regioselective deoxygenation of

430 Analysis of the literature suggested two different pathways resulting in

allylic acetate 4.63.
either the product of olefin migration 4.65 or the desired retention product 4.64 are possible.*’
Both pathways would begin by coordination of the allylic acetate to palladium followed by

oxidative addition to form the n® m-allyl complex 4.66. Treatment with a formate source
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delivers the hydride at the more substituted carbon by a proposed concerted mechanism as
shown in path A. Alternatively, various hydride sources, such as L-selectride, react as ‘hard’
nucleophiles and directly attack the metal center forming the palladium hydride 4.69.
Reductive elimination then delivers the hydride to the less hindered carbon forming 4.64 as the
major product. The regioselectivity of each of these pathways has been shown to be sensitive

to reaction conditions (e.g. choice of ligand).

0]
/)
Path A HCOQ\ /O‘<
-Coz /\/\)\
/ HCOZ_ W< - R\)\/< PhO X
ACO. 4.67 4.68 4.65 (major)
OAc P4 Pd”
R\)\)\ - RM\J|/<
4.63 4.66
H._ L Reductive
Path B Pld n Elimination /\/\)\
R N _—
M-H -Pd PhO 7
4.69 4.64 (major)

Scheme 4.23. Regioselectivity in the Tsuji-Trost reaction.

We were drawn to the mild conditions described by Trost and coworkers for the
regioselective deoxygenation of an allylic carbonate with a similar substitution pattern.50
Toward this end, treatment of model system 4.63 with allylpalladium (ll) chloride dimer,
phosphite ligand 4.70 and L-selectride resulted in a clean conversion to a 9:1 mixture of desired
product 4.64 and the isomerized product 4.65 in 77% yield. Several attempts to vary reaction
parameters such as the hydride source, ligand, palladium species or solvent, typically resulted
in reduced regioselectivity and/or side product formation. For example, phosphine ligands such
as SPhos, XantPhos and PCys proved detrimental, resulting in greater than 5-fold reduction in

regioselectivity. When a large excess of phosphite ligand 4.70 (> 6 equivalents) was used,

91



formation of alcohol 4.62 was the only product observed, suggesting excess phosphite could be
preventing the formation of the m-allyl complex. We observed that rapid addition of L-
selectride appeared to be beneficial for regioselectivity. While this addition protocol was
incorporated into the synthesis of bisabosqual A, a reverse addition of a mixture of 4.63,
allylpalladium (ll) chloride dimer and ligand 4.70 to a solution of L-selectride appears to offer

similar benefits and operationally may be more straightforward, especially on larger scales.

o | Et
o[FI’\O 4.70
[PdCl(allyl)],, L-selectride

/\ﬁ(:)\ THF o OC 1 5 i /\/\)\ /\/\)\
y y min
PhO = PhO 7 +  PhO X

77%
9:1 (4.64:4.65)
4.63 4.64 4.65

Scheme 4.24. Application of Trost-Hutchins conditions for allylic deoxygenation on a model
system.

4.8.2 Application of the Trost-Hutchins Reducing Conditions

In order to access the allylic acetate required for our synthesis, we performed a Luche
reduction®® of ketone 4.53 with CeCl;3-7H,0 and NaBH, to obtain alcohol 4.71 as an 8:1 mixture
of diastereomers (Scheme 4.25). Treatment of alcohol 4.71 with acetyl chloride and pyridine in
methylene chloride cleanly provided allylic acetate 4.72 without the need for purification.
Utilization of triethylamine rather than pyridine resulted in significant side product formation.
A similar result was also observed in the synthesis of the model system substrate 4.63. Next,
we were gratified to find that addition of L-selectride in one portion to a mixture of allylic

acetate 4.72, [PdCl(allyl)], and phosphite 4.70 at O °C afforded the desired product 4.73 in 86%
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yield (three steps from ketone 4.53) with only trace amounts of the olefin migration product

observed.
CeCly*7H,0,
NaBH,4, MeOH AcCl, pyridine
-78°C-0°C,1h CH,Cl,, 0°C, 30 m
0
4.53 4.7

oj%it
|
/ 4.70

o-P~o
[PdClI(allyl)],, L-selectride
THF, 0 °C, 15 min

86%
(3 steps)

4.72 4.73

Scheme 4.25. Application of Trost-Hutchins conditions for the allylic deoxygenation of acetate
4.72.

When excess L-selectride and extended reaction times were employed, lactone 4.74 was
isolated as a minor side product (Figure 4.5). A benefit of obtaining lactone 4.74 was that it was
readily crystallized from EtOAc/heptane, thus allowing determination of the structure by single
crystal X-ray analysis. Not surprisingly, the more electron-deficient ester was reduced, forming
lactone 4.74 upon intramolecular cyclization. Identification of the structure was also
advantageous since it was the first crystal structure obtained of the tetracycle. This validated
our previous NOE analysis (Figure 4.2) and confirmed the stereochemistry of the cyclohexenol

starting material 4.6.
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[X-ray]

Figure 4.5. X-ray crystal structure of lactone side 4.74. Non-hydrogen atoms are displayed at a
50% probability level.

4.9 Synthesis of the C-3 Quaternary Center
4.9.1 Addition of Methylmagnesium Bromide — The Snider Approach

We were now poised to install the quaternary center at C-3. Our approach focused on
addition of a methyl nucleophile to ketone 4.75 (Scheme 4.26). We envisioned exploiting the
rigid tetracyclic core to direct a methyl nucleophile from the less hindered face, thus, installing
the methyl group on the convex side of the ring system. This is a tactic similar to that described

by Snider and coworkers in their synthesis of the bisabosqual stereochemical array (see Chapter

1) .51, 52
COZMe
COZMe COZMe
COzMe CO,Me
Me B O OH
Me
4.75 4.76

Scheme 4.26. Strategy for addition of a methyl nucleophile.
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The synthesis of ketone 4.75 commenced with liberation of the secondary alcohol at C-3
of substrate 4.73 through treatment with TBAF in tetrahydrofuran. Deprotection under acidic
conditions generally resulted in degradation and desired product was not isolated. A Dess-
Martin periodinane53 oxidation in methylene chloride afforded the requisite ketone in 88%
yield (two steps from substrate 4.73). Exploratory attempts to add methylmagnesium bromide
to the keto group gave multiple spots by TLC suggesting that this reagent would not be
selective for a single product. This result was discouraging since the Snider substrate (1.18)
proceeded in high yield and diastereoselectivity, however, their system lacked the diester
moiety found in our system.”® Therefore, alternative methods for methyl addition were

examined.

COQMe
COzMe
TBAF, THF DMP, CHCl,
0 rt, 1h rt, 1h
iH 88%
“OTBS (2 steps)
4.73 4.77

MeMgBr

4.75 4.76

Scheme 4.27. Formation of ketone 4.75 and attempts at MeMgBr addition.

4.9.2 Model System Studies for Methyl Addition
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We decided to use a dual substrate model system shown in Table 4.4 to investigate
chemoselective methyl additions to a ketone (4.78) in the presence of esters (4.79). We
determined that, in this system, methylmagnesium bromide effectively added to ketone 4.78
without significant reaction of the esters only at -78 °C. However, no reaction was observed
with tetracyclic ketone 4.75 at -78 °C and attempts at warming resulted in side product
formation. Next, we explored the addition of sulfur ylides to ketone 4.78.>* While we were
pleased to find that both trimethylsulfoxonium iodide and trimethylsulfonium iodide affectively
added to ketone without affecting the esters, the epoxide would require eventual opening to
provide the desired product. Furthermore, there is evidence on related systems that suggests
the stereochemical outcome of these reactions is not straightforward.”® Efforts to add reagents
such as MeTi(iPrO)g,56 DABAL-Me;”’ and AlMe;>® in tetrahydrofuran all resulted in side product
formation or recovery of starting material. However, when the dual model system (ketone 4.78
and diester 4.79) was subjected to trimethylaluminum in a non-coordinating solvent such as
toluene, the reaction proceeded cleanly, forming the desired tertiary alcohol 4.80 with no

evidence of degradation of the esters even upon heating.
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Table 4.4. Analysis of methyl addition chemistry on a model system. Reactions analyzed by GC-
MS and/or NMR of the crude reaction mixture.

MeO MeO
o /©/002Me o

H’fjo Conditions 'bg'i
MeO
4.79
4.78 4.80
Conditions Selective for Ketone® ®
MeMgBr * (-78 °C only)
Me;S(0)'I * (Requires epoxide opening)

MesS'T * (Requires epoxide opening)
MeTi(iPrO)s; (Side Product Observed)
DABAL-Me; (Recovered SM)

AlMe;/THF (Recovered SM)
AlMes/toluene * (rt)

? Asterisks indicates selectivity for ketone over esters
® (conditions and observations)

4.9.3 Chemo- and Diastereoselective Addition of Trimethylaluminum
Treatment of ketone 4.75 with trimethylaluminum in toluene cleanly provided the

anticipated tertiary alcohol 4.76 as a single diastereomer in excellent yieId.SS'61

The protons of
the newly introduced methyl group had a chemical shift of & 1.27 ppm, similar to the protons at
6 1.31 ppm observed in the 'H NMR of authentic bisabosqual A (Figure 4.6).” Snider and

coworkers showed that the epimer on their model system (1.14) was shifted upfield to 6 0.87

ppm, thus, providing evidence that the desired diastereomer was prepared.
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COzMe
AlMe;, toluene
0 °C -rt, 30 min
O
f\H 90%
(0]
4.75 4.76

Dray]

Scheme 4.28. Chemo- and diastereoselective methyl addition with trimethylaluminum and X-
ray crystal structure of 4.76. Non-hydrogen atoms are displayed at a 50%
probability level.

A clear NOE signal was also observed between the methyl group and the C-4 hydrogen;
this signifies that these protons are on the same face of the ring system (Scheme 4.28).
Furthermore, unambiguous assignment of the five contiguous stereocenters was confirmed by
X-ray crystallography of this diester (4.76). The C-3’ ester is almost in plane with the aryl ring,
presumably because of electron density in conjugation with the ortho and para oxygen

substituents; on the other hand, the C-4’ ester sits perpendicular to the ring.

CHO CO,Me Me
CHO CO,Me 5 0.87 ppm
0 OOH 7 o OOH o) 0 Me
Me Me OH
Bisabosqual A (1.1) 4.76 Snider Diastereomer (1.14)

Figure 4.6. Comparison of the methyl group shifts.
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4.10 Synthesis of Bisabosqual A

All that remained for the completion of bisabosqual A was elaboration of the
phthalaldehyde functionality at C-7’ and C-8’. Initial examination into the direct conversion
from the diesters to the dialdehyde suggested a reduction to the diol and subsequent oxidation
might be a superior approach. A survey of a small subset of reducing agents on a simple model
system indicated lithium aluminum hydride to be a suitable reagent for this conversion (not
shown, see experimental for details). Toward this end, reduction of diester 4.76 was achieved
with LAH in tetrahydrofuran at 0 °C to give diol 4.81 (Scheme 4.29). However, attempts to
chromatograph this material on silica gel resulted in degradation, thus indicating this
compound was not stable to purification conditions. Consequently, after filtering through

Celite, diol 4.81 was used directly in the next step.

COzMe
COzMe
LAH, THF DMP, CH,Cl,

0 0 °C, 45 min 0°C-rt,1h

d |H 81 %

||||| (2 steps)

OH

4.81 Bisabosqual A (1.1)

Scheme 4.29. Synthesis of bisabosqual A.

Next, we were pleased to find that when diol 4.81 was subjected to Dess-Martin
periodinane in methylene chloride, bisabosqual A was isolated in 81% vyield (two steps from
diester 4.76). Dess-Martin reagent was found to be superior to both Swern and barium

manganate oxidation conditions.®> The *H NMR and *C NMR spectroscopic data of this product
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was indistinguishable from that reported for the originally isolated (+)-bisabosqual A.
Moreover, the structure of our synthetic (+)-bisabosqual A was further confirmed by X-ray

crystallographic analysis (Figure 4.7).

[X-ray]

Figure 4.7. X-ray crystal structure of bisabosqual A. Non-hydrogen atoms are displayed at a
50% probability level.

4.11 Conclusions:

This total synthesis of (+)-bisabosqual A (1.1) is the first synthesis of a bisabosqual.®® The
key step, a 5-exo, 6-exo radical cyclization, establishes two rings and sets three of the five
stereogenic centers (two of them with complete specificity) in the product. This strategy
showcases the utility of radical cyclizations to access complex cis-fused polycyclic ring systems.
It also highlights the functional group selectivity of the trimethylaluminum reagent and the high
regioselectivity of the Trost-Hutchins reductive deoxygenation. The doubly convergent
synthesis requires 14 steps (longest linear sequence) from commercially available materials
(Scheme 4.30). Additionally, the enantioselective synthesis of cyclohexenol 4.6 (Scheme 4.14),

offers entry to an asymmetric synthesis of bisabosqual A.
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Scheme 4.30. The doubly convergent synthesis of bisabosqual A.

Bisabosqual A
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4.12 Experimental Section

General Methods

Unless otherwise stated, all air and moisture-sensitive reactions were performed in
oven-dried glassware under nitrogen. Unless otherwise stated, all commercially available
chemicals, reagents and solvents were used as received. Triethylborane and tri-sec-
butylborane were purchased from Sigma-Aldrich as solutions in THF or hexanes. Reactions were
monitored by thin layer chromatography (TLC) performed on Analtech, Inc. silica gel GF 250 um
plates and were visualized with ultraviolet (UV) light (254 nm) and/or KMnQ, staining or by
UPLC-MS (Waters Acquity, ESCI (ESI +/-, APCI +/-)). Gas chromatography — mass spectrometry
(GC-MS) was performed with an Agilent 5890 GC Oven and an Agilent 5973 Mass Selective
Detector. Silica gel flash chromatography was performed with RediSep®Rf normal phase silica
flash columns on a CombiFlash Rf system from Teledyne Isco, Inc. *H and **C nuclear magnetic
resonance (NMR) spectra were recorded on a Varian-Inova 400 (400 MHz and 101 MHz,
respectively), a Bruker 400 (400 MHz and 101 MHz, respectively), or a Bruker 500 (500 MHz and
126 MHz, respectively) spectrometer. Chemical shifts are reported in ppm relative to CHCl; (*H,
&=7.26 and >*C NMR & = 77.0). The peak shapes are denoted as follows: s, singlet; d, doublet;
t, triplet; g, quartet; spt, septet; m, multiplet; br s, broad singlet. Melting points are
uncorrected. Infrared (IR) spectra were recorded with a Thermo-Nicolet Avatar 360 FT-IR. High-

resolution mass spectra (HRMS) were acquired on an Agilent model 6220 MS(TOF).
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LDA, TMSCI
)\/ﬂ’le -78°C-t, 3h J\)O\'Vb
™SO "0 TMSO™ > NOTMS

4.8 4.9
4-methoxy-2,2,8,8-tetramethyl-6-methylene-3,7-dioxa-2,8-disilanon-4-ene (4.9):

To a stirred solution of diisopropyl amine (10.4 g, 103 mmol, 1.3 equiv.) in THF (100 mL)
at -78 °C was added nBuli (38.0 mL, 2.5 M in hexanes, 94.8 mmol, 1.2 equiv.) over a period of
10 minutes. The mixture was warmed to 0 °C and stirred for 15 minutes then cooled back down
to -78 °C and 4.8 (15.0 g, 79 mmol, 1 equiv.) was added over a period of 5 minutes. After
stirring for 30 minutes, TMSCI (12.9 g, 119 mmol, 1.5 equiv.) was added over a period of 10
minutes and then the mixture was warmed to room temperature and stirred an additional 3
hours. The mixture was concentrated under reduced pressure and filtered through celite,
washing with hexanes to rid of a white precipitate. The mixture was concentrated under
reduced pressure again to afford 4.9 (20.5 g, 100%) as an amber oil which was used directly in
the cycloaddition without additional purification. The spectroscopic data is consistent with that
previously reported.’

'H NMR (400MHz, CDCls) & 4.47 (s, 1H), 4.14 (d, J=1.4 Hz, 1H), 3.94 (d, J=1.4 Hz, 1H), 3.55 (s,
3H), 0.24 (s, 9H), 0.21 (s, 9H)

3C NMR (101MHz, CDCl3) 6 158.7, 153.5, 89.4, 77.8, 55.1, 0.6, 0.4 ppm
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DMAD, -15 °C - rt CO,Me

uﬂe then EtOAc, 1N HCI CO,Me
TMSO™ > “OTMS

50%
(2 steps) HO OH

4.9 411

Dimethyl 3,5-dihydroxyphthalate (4.11):

To a round bottom flask containing DMAD (5.09 g, 35.8 mmol, 1.5 equiv.) at an internal
temperature of -15 °C was added 4.9 (6.23 g, 23.9 mmol, 1 equiv.) over a period of 30 minutes,
while maintaining the internal temperature between -15 °C and -20 °C. The mixture was
warmed to room temperature and stirred for 1 hour until crude NMR indicated consumption of
diene. The mixture was poured over EtOAc (150 mL) and washed with 0.1N HCI. The organic
fraction was transferred to an Erlenmeyer flask and 1N HCl| (150 mL) was added and the
biphasic mixture was stirred vigorously at room temperature for 2 hours. The organic phase
was dried with anhydrous MgSO,4 and concentrated under reduced pressure to yield a crude
amber oil. The crude residue was purified by silica gel flash chromatography (EtOAc/Heptane)
to afford 4.11 (2.7 g, 50 % yield) as a pale yellow solid. Recrystallization was performed from
CH,Cl,/Heptane to obtain the X-ray crystal structure. The spectroscopic data is consistent with
that previously reported.’

'H NMR (500MHz, CDCl3) & 10.97 (s, 1H), 7.25 (s, 1H), 6.46 (d, J=2.4 Hz, 1H), 6.41 (d, J=2.4 Hz,
1H), 3.89 (s, 3H), 3.87 ppm (s, 3H)

BC NMR (101MHz, CDCl5) 6 170.3, 169.0, 163.6, 161.4, 137.1, 108.1, 104.9, 102.7, 53.0, 52.7
FTIR (cm™) = 3349, 2955, 1709, 1668, 1618, 1590, 1463.

mp =125-126.5°C

HRMS (ESI) calculated for C1gH1106 [M+H]* 227.0550, found 227.0555.
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COMe  EtOH, H,0, rt. CO,Me
HO OH 84% HO OH
4.11 ' a2

Dimethyl 3,5-dihydroxy-4-iodophthalate (4.12):

To a stirred solution of 4.11 (5.2 g, 0.023 mol) in EtOH (150 mL) was added I, (3.5 g,
0.0138 mol, 0.6 equiv.) in one portion followed by HsIO¢ (1.05 g, 4.6 mmol, 0.2 equiv.) as a
solution in water (4 mL). The reaction mixture was stirred at room temperature for 6 hours and
then it was concentrated under reduced pressure. EtOAc was added and the resulting mixture
was washed with 10% aqueous Na,S,03 and brine. The organic layer was dried with anhydrous
MgSQ, and concentrated under reduced pressure. The crude product was purified by silica gel
chromatography (EtOAc/Heptane) to afford 4.12 (6.8 g, 84% vyield) as a white solid. A
recrystallization from CH,Cl,/Heptane was performed to obtain an X-ray crystal structure. The
spectroscopic data is consistent with that previously reported in the Parker laboratory.?

'H NMR (400MHz, CDCl3) & 12.00 (s, 1H), 6.63 (s, 1H), 6.19 (s, 1H), 3.91 (s, 3H), 3.88 ppm (s, 3H).
3C NMR (126 MHz, CDCl3) & 168.8, 168.8, 162.1, 160.4, 137.3, 106.7, 102.7, 78.3, 53.1, 52.9.
FTIR (cm'l) = 3219, 1691, 1665, 1595, 1438, 1409, 1331, 1251 cm™.

mp =153 -155°C

HRMS (ESI) calculated for CigH10l0¢ [M+H]* 352.9515, found 352.9517.
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OH
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49% l

4.21
4.22

5-methylhex-4-enoic acid (4.22):

To a stirred solution of 4.21 (5.0 g, 0.058 mol) and 2,3-difluorophenol (0.45 g, 0.0035
mol, 0.06 equiv.) in triethyl orthoacetate (84.7 g, 0.52 mol, 9 equiv.) was heated to reflux (145
°C) for 20 hours. The mixture was allowed to cool to room temperature and Et,O was added
and then washed with 0.5N HCI and brine. The organic fraction was dried with anhydrous
MgSQO, and concentrated under reduced pressure. The crude residue was added to a stirred
solution of KOH (10 mL, 5N solution) in ethanol (100 mL) and the mixture was heated to 70 °C
for 6 hours. The mixture was allowed to cool to room temperature, poured over water and
acidified to pH 3 with concentrated HCl. The mixture was extracted with Et,O (3x) and the
combined organic fraction was washed with 0.5N HCI, then dried with anhydrous MgSO, and
concentrated under reduced pressure to yield a crude orange oil. The crude residue was
purified by silica gel flash chromatography (EtOAc/Heptane) to afford 4.22 (3.6 g, 49% vyield) as
a pale yellow oil. The spectroscopic data is consistent with that previously reported.ﬁ' ’
'H NMR (400MHz, CDCls) & 10.26 (br. s., 1H), 5.16 - 5.05 (m, 1H), 2.40 - 2.35 (m, 2H), 2.35 - 2.28
(m, 2H), 1.69 (d, J=1.2 Hz, 3H), 1.62 (d, J=0.8 Hz, 3H)
BC NMR (101MHz, CDCI5) 6 180.02, 133.36, 122.03, 34.28, 25.63, 23.30, 17.62

FTIR (cm™) = 2970, 2917, 1706, 1412, 1281
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0 o)
(COCl),
OH  CH,Cl,, rt, 1h Cl

| quant.
4.22 4.2
5-methylhex-4-enoyl chloride (4.2):

To a stirred solution of 4.22 (256 mg, 2.0 mmol) in CH,Cl, (4 mL) was added oxalyl
chloride (305 mg, 2.4 mmol, 1.2 equiv.) over a period of 10 minutes. The mixture was stirred at
room temperature for 1 hour and then the mixture was concentrated under reduced pressure
to yield a crude yellow oil. The crude residue was used directly in following steps without

additional purification.
jl\/\)\
o =

COzMe COzMe
4.2
HO OH TEA, CH,Cl, 0 OH

I 80% o I

3.13 4.23

Methyl 2-hydroxy-3-iodo-4-(5-methylhex-4-enoyloxy)benzoate (4.23):

To a stirred solution of 3.13 (167 mg, 0.570 mmol) in CH,Cl, (5 mL) at 0 °C was added
TEA (69 mg, 0.68 mmol, 1.2 equiv.) followed by 4.2 (83 mg, 0.57 mmol, 1 equiv.) over a period
of 5 minutes. The mixture was allowed to warm to room temperature and stir for 1 hour. The
mixture was poured over saturated NH4Cl and extracted with CH,Cl, (3x). The combined
organic fraction was washed with brine, dried with anhydrous MgSQO,4 and concentrated under
reduced pressure. The crude residue was purified by flash chromatography (EtOAc/Heptane) to

afford 4.23 (183 mg, 80% yield) as a white solid.
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'H NMR (400MHz, CDCl3) 6 11.86 (s, 1H), 7.87 (d, J=8.6 Hz, 1H), 6.69 (d, J=8.8 Hz, 1H), 5.20 (tdt,
J=1.4,2.8,7.1 Hz, 1H), 3.97 (s, 3H), 2.70 - 2.64 (m, 2H), 2.52 - 2.44 (m, 2H), 1.72 (d, J=1.0 Hz,
3H), 1.67 (d, J=0.6 Hz, 3H)

3C NMR (101MHz, CDCl3) 6 170.32, 169.65, 162.28, 157.30, 133.69, 130.72, 121.89, 114.23,
110.12, 82.66, 52.83, 34.70, 25.72, 23.47, 17.78

LRMS (ES+) calculated for C15H15105s [M+H]" 405.2, found 405.1

Cl
CO,Me . W\ COMe

CO,Me CO,Me
2 42 2
HO OH TEA, CH,Cl, o) OH
| 65% o |
412 4.24

Dimethyl 3-hydroxy-4-iodo-5-(5-methylhex-4-enoyloxy)phthalate (4.24):

To a stirred solution of 4.12 (200 mg, 0.57 mmol) in CH,Cl, (5 mL) at 0 °C was added TEA
(69 mg, 0.68 mmol, 1.2 equiv.) followed by 4.2 (83 mg, 0.57 mmol, 1 equiv.) over a period of 5
minutes. The mixture was allowed to warm to room temperature and stir for 1 hour. The
mixture was poured over saturated NH4Cl and extracted with CH,Cl, (3x). The combined
organic fraction was washed with brine, dried with anhydrous MgSQO, and concentrated under
reduced pressure. The crude residue was purified by flash chromatography (EtOAc/Heptane) to
afford 4.24 (172 mg, 65% yield) as a white solid.
'H NMR (400MHz, CDCl5) 6 11.62 (br. s., 1H), 6.80 (s, 1H), 5.27 - 5.07 (m, 1H), 3.94 (s, 3H), 3.88

(s, 3H), 2.69 - 2.63 (m, 2H), 2.47 (q, J=7.4 Hz, 2H), 1.72 (d, J=0.8 Hz, 3H), 1.66 (s, 3H)
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3C NMR (101MHz, CDCl3) 6 169.98, 168.72, 167.91, 161.85, 156.37, 136.32, 133.84, 121.76,
114.21, 107.77, 85.42, 53.40, 52.82, 34.64, 25.72, 23.42, 17.79

LRMS (ES+) calculated for C3sH3gl,NaO14 [2M+Na]* 947.4, found 947.2

OH

CO,Me @ CO,Me CO,Me
AL, w S L
o ' DIAD, PPh, o I @ | @
THF, rt

4.23 4.25 4.82

Methyl 2-(cyclohex-2-enyloxy)-3-iodo-4-(5-methylhex-4-enoyloxy)benzoate (4.25):
To a stirred solution of 4.23 (180 mg, 0.45 mmol) in THF (5 mL) was added 3.8 (52 mg,
0.53 mmol, 1.2 equiv.) and PPhs (187 mg, 0.712 mmol, 1.6 equiv.) followed by DIAD (144 mg,
0.712 mmol, 1.6 equiv.) over a period of 15 minutes. The reaction mixture was stirred at room
temperature for 17 hours then poured over water. The mixture was extracted with EtOAc (3x)
and then dried with anhydrous MgSQ,4 and concentrated under reduced pressure. The crude
residue was purified by flash chromatography (EtOAc/Heptane) to afford 4.25 and 4.82 (80 mg)
as a 2:1 mixture (4.25:4.82). Attempts at separation by TLC were not successful. The *H NMR

was extracted from the major isomer.

'H NMR (400MHz, CDCl5) 6 7.73 (d, J=8.6 Hz, 1H), 6.86 (d, J=8.4 Hz, 1H), 6.01 - 5.65 (m, 2H), 5.22
-5.09 (m, 1H), 4.57 - 4.46 (m, 1H), 3.84 (s, 3H), 2.64 - 2.59 (m, 2H), 2.43 (q, J=7.3 Hz, 2H), 2.16 -
2.04 (m, 1H), 2.03 - 1.87 (m, 3H), 1.77 - 1.69 (m, 1H), 1.67 (d, J=0.8 Hz, 3H), 1.62 (s, 3H), 1.59 -

1.49 (m, 1H)
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CO,Me OH CO,Me

CO,Me @mOTBS CO,Me
46

0) (@)

0TB
0 ' DIAD, PPh; o I ~OTBS
THF, rt

4.24 4.26

(x)-Dimethyl-3-((1S,6R)-6-(tert-butyldimethylsilyloxy)cyclohex-2-enyloxy)-4-iodo-5-(5-
methylhex-4-enoyloxy)phthalate (4.26):

To a stirred solution of 4.24 (167 mg, 0.35 mmol) in THF (5 mL) was added 4.6 (120mg,
0.53 mmol, 1.5 equiv.) and PPhs (138 mg, 0.53 mmol, 1.5 equiv.) followed by DIAD (106 mg,
0.53 mmol, 1.5 equiv.) over a period of 5 minutes. The mixture was stirred at room
temperature for 3 hours and then poured over water. The mixture was extracted with CH,Cl,
(3x). The combined organic fraction was dried with anhydrous MgS0O, and concentrated under
reduced pressure. The crude residue was purified by silica gel flash chromatography
(EtOAc/Heptane) to afford 4.26 (40 mg, 17% yield) as a colorless oil.
'H NMR (400MHz, CDCls) & 7.45 (s, 1H), 5.95 (td, J=3.4, 9.9 Hz, 1H), 5.61 - 5.55 (m, 1H), 5.24 -
5.15 (m, 1H), 4.73 - 4.66 (m, 1H), 4.22 (td, J=3.0, 6.6 Hz, 1H), 3.89 (s, 3H), 3.87 (s, 3H), 2.69 -
2.63 (m, 2H), 2.48 (q, J=7.4 Hz, 2H), 2.28 - 2.14 (m, 1H), 2.11 - 2.01 (m, 1H), 2.01 - 1.91 (m, 1H),
1.72 (s, 3H), 1.67 (s, 3H), 0.84 (s, 9H), 0.03 (s, 3H), 0.01 (s, 3H)
B3¢ NMR (101MHz, CDCl3) & 170.34, 166.17, 164.62, 156.28, 152.99, 133.74, 133.38, 129.78,
128.06, 122.43, 121.84, 119.38, 97.00, 81.48, 68.88, 52.79, 52.77, 34.59, 26.80, 25.75, 25.70,
23.45,21.93,18.08, 17.77,-4.76, -4.86
FTIR (cm'l) = 2951, 2929, 2856, 1771, 1731, 1252, 1230, 1085

HRMS (ESI) calculated for CogHa1INaOgSi [M+Na]* 696.1536, found 696.1535.
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MOH CDI, CH,Cl, M'}'/O\

N-methoxy-N,3-dimethylbut-2-enamide (4.31):

To a stirred solution of 4.30 (10.0 g, 99.9 mmol) in CH,Cl, at 0 °C was added CDI (19.4 g,
120 mmol, 1.2 equiv.) over a period of 15 minutes. The mixture was allowed to warm to room
temperature and stir for 1 hour. Then, N,0-Dimethylhydroxylamine hydrochloride (11.7 g, 120
mmol, 1.2 equiv.) was added in portions over a period of 15 minutes and stirred at room
temperature for 6 hours. The mixture was washed with 1N HCl and brine, then dried with
anhydrous MgSQO,4 and concentrated under reduced pressure to yield 4.31 (14.2g) as a light
yellow oil. The crude residue was used directly in the next step without additional purification.
The spectroscopic data is consistent with that previously reported.* *°
'H NMR (400MHz, CDCl3) 6 6.02 (br. s., 1H), 3.58 (s, 3H), 3.10 (s, 3H), 2.04 (d, J=1.4 Hz, 2H), 1.81
(d, J=1.4 Hz, 2H)
13C NMR (101MHz, CDCl5) 6 167.8, 152.8, 114.1, 61.1, 35.9, 27.3, 19.9 ppm

FTIR (cm™) = 2972, 2937, 1652, 1445, 1366

HRMS (ESI) calculated for C;H14NO, [M+H]" 144.1019, found 144.1023.
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4

2-methylhept-2-en-5-yn-4-one (4.3):

To a stirred solution of 4.31 (4.0 g, 28 mmol) in THF (50 mL) at -78 °C was added 1-
propynylmagnesium bromide (55.8 mL, 0.5M in THF, 55.8 mmol, 2 equiv.) over a period of 30
minutes. The mixture was warmed to room temperature and stirred for 18 hours. The mixture
was cooled to 0 °C and saturated NH4Cl was added and then was poured over water. The
mixture was extracted with Et,0 (4x) and the combined organic fraction was washed with 0.1N
HCl (2x) and brine (1x). The Et,0O layer was dried with anhydrous MgS0O, and concentrated
under reduced pressure. The mixture was passed through a plug of silica gel (Et,0/pentane) to
afford 4.3 (2.59 g, 76% yield) as a pale yellow oil. The spectroscopic data is consistent with that
previously reported.> *°
'H NMR (500MHz, CDCls) & 6.13 (spt, J=1.3 Hz, 1H), 2.20 (d, J=1.5 Hz, 3H), 2.01 (s, 3H), 1.92 (d,
J=1.2 Hz, 3H)
13C NMR (101MHz, CDCl5) 6 176.8, 157.5, 126.0, 88.3, 82.5, 27.8, 21.0, 4.1 ppm

FTIR (cm™) = 2978, 2213, 1650, 1607, 1440, 1378

HRMS (ESI) calculated for CgH1,0 [M+H]" 123.0804, found 123.0807
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4.12 4.32

(E)-dimethyl 3-hydroxy-4-iodo-5-(6-methyl-4-oxohepta-2,5-dien-2-yloxy)phthalate (4.32):

To a stirred solution of 4.12 (8.00 g, 22.7 mmol) and 4.3 (4.2 g, 34 mmol, 1.5 equiv.) in
THF (150 mL) was added DABCO (0.51g, 4.5 mmol, 0.2 equiv.) in one portion at room
temperature. The mixture was stirred at room temperature for 80 hours and then CH,Cl, was
added followed by water. The aqueous layer was carefully adjusted to pH 3 with a 1N aqueous
solution of KHSO,4 and extracted with CH,Cl, (2x). The organic layer was dried over anhydrous
MgSQO, and then concentrated under reduced pressure. The crude product was purified by
silica gel chromatography (EtOAc/Heptane) to afford 4.32 (7.52 g, 70% vyield, 84% yield based
on recovered starting material) of a white solid. A portion was recrystallized from
EtOAc/Heptane to obtain an X-ray crystal structure. The spectroscopic data is consistent with
that previously reported in the Parker laboratory.?
'H NMR (400 MHz, CDCl3) & ppm 11.70 (s, 1 H), 6.70 (s, 1 H), 5.83-5.80 (m, 1 H), 5.30 (s, 1 H),
3.95 (s, 3 H), 3.89 (s, 3 H), 2.52 (s, 3 H), 2.14 (d, J=1.2 Hz, 3 H), 1.83 (d, , J=1.2 Hz, 3 H)
B3C NMR (101MHz, CDCl5) 6 189.5, 168.6, 168.5, 167.9, 162.4, 158.8, 154.9, 136.9, 126.3, 112.8,
108.4, 107.1, 84.5, 53.4, 52.9, 27.7, 20.6, 18.4 ppm
FTIR (cm'l) = 2953, 1737, 1675, 1621, 1584, 1438, 1390, 1323, 1252, 1191, 1161, 1100, 1056
mp=116.5-119°C

HRMS (ESI) calculated for CigH,0107 [M+H]" 475.0248, found 475.0238.
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(E)-methyl 2-hydroxy-3-iodo-4-(6-methyl-4-oxohepta-2,5-dien-2-yloxy)benzoate (4.83):

A solution of 3.13 (150mg, 0.51 mmol), 4.3 (74 mg, 0.61 mmol, 1.2 equiv.) and DABCO
(12 mg, 0.10 mmol, 0.2 equiv.) in THF (2.5 mL) was stirred at room temperature for 48 hours.
The mixture was concentrated under reduced pressure. The crude residue was purified by silica
gel flash chromatography (EtOAc/Heptane) to afford 4.83 (190 mg, 90% yield) as a white solid.
A single crystal was obtained by recrystallization from Et,0. The crystal structure confirmed the
side chain olefin to be the E isomer.
'H NMR (400MHz, CDCl5) 6 11.91 (s, 1H), 7.89 (d, J=8.6 Hz, 1H), 6.63 (d, J=8.6 Hz, 1H), 5.83 -
5.79 (m, 1H), 5.25 (d, J=0.6 Hz, 1H), 3.99 (s, 3H), 2.54 (s, 3H), 2.13 (d, J=1.2 Hz, 3H), 1.81 (d,
J=1.2 Hz, 3H)
BC NMR (101MHz, CDCl5) 6 189.70, 169.62, 169.14, 162.79, 159.67, 154.42, 131.18, 126.37,

113.29, 109.68, 107.60, 82.09, 52.86, 27.64, 20.58, 18.53

LRMS (ES+) calculated for C1H17105 [M+H]* 417.0, found 416.9.
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3.24 4.34 4.36

(x)- 6-(tert-butyldimethylsilyloxy)cyclohex-2-enone (4.36):

To a stirred solution of 3.24 (1.45 g, 15.1 mmol) in CH,Cl, (80 mL) and TEA (2.44 g, 24.1
mmol, 1.6 equiv.) at 0 °C was added TBSOTf (5.0 g, 18.9 mmol, 1.25 equiv.) over a period of 20
minutes and the mixture was stirred at 0 °C for 1 hour. The mixture was poured over ice-cold
saturated NaHCO; and extracted with hexanes (2x). The combined organic fraction was dried
with anhydrous MgSO, and concentrated under reduced pressure to afford 4.34 as a light
yellow oil which was used directly without additional purification. To a stirred solution of crude
4.34 in CH,Cl, (100 mL) at 0 °C was added mCPBA (3.13 g, 18.1 mmol, 1.2 equiv.) over a period
of 30 minutes. The mixture was warmed to room temperature and stirred for an additional 45
minutes (as determined by TLC). The mixture was washed with saturated NaHCO3 and brine,
then dried with anhydrous MgSO, and concentrated under reduced pressure. The crude
residue was purified by silica gel flash chromatography (EtOAc/Heptane) to afford 4.36 (1.54 g,
45% yield) as a colorless oil. The reaction was also run on a 45 mmol scale to afford 4.36 (4.11
g, 40% yield). The spectroscopic data is consistent with that previously reported.**
'H NMR (400MHz, CDCl5) & 6.91 - 6.85 (m, 1H), 6.01 - 5.94 (m, 1H), 4.16 (dd, J=4.9, 11.3 Hz, 1H),
2.57 - 2.35 (m, 2H), 2.20 - 2.11 (m, 1H), 2.11 - 1.97 (m, 1H), 0.90 (s, 9H), 0.15 (s, 3H), 0.08 (s, 3H)

3C NMR (101MHz, CDCls) 6 198.6, 149.4, 128.4, 74.1, 32.4, 25.7, 25.2, 18.4, -4.5, -5.4 ppm.
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4.36 d.r.=3.5: 4.6 47
major diastereomer minor diastereomer

(£)- (1S,6R)-6-(tert-butyldimethylsilyloxy)cyclohex-2-enol (4.6):

To a stirred solution of 4.36 (6.00 g, 26.5 mmol) in MeOH (150 mL) was added CaCl,
(4.40 g, 39.8 mmol, 1.5 equiv.). The mixture was cooled to -78 °C and NaBH,4 (1.20 g, 31.8 mmol,
1.2 equiv.) was added in portions over a period of 20 minutes. The mixture was stirred at -78 °C
for 6 hours and then the mixture was allowed to slowly warm to 0 °C and stirred for 1 hour.
Saturated aqueous NaHCO; was added and the resulting mixture was extracted with CH,Cl,
(4x). The combined organic solution was dried with anhydrous MgSO, and concentrated under
reduced pressure. The 'H NMR spectrum of the crude product indicated a 3.5:1 mixture of
diastereomers favoring 4.6. The mixture was purified via silica gel flash chromatography
(EtOAc/Heptane) to afford 4.6 (4.11 g, 68% vyield) as a colorless oil and 4.7 (1.34 g, 22% yield) as
a colorless oil. The spectroscopic data is consistent with that previously reported.3
'H NMR (400MHz, CDCl3) 6 5.88 - 5.81 (m, 1H), 5.75 - 5.69 (m, 1H), 4.05 - 3.97 (m, 1H), 3.89 -
3.82 (m, 1H), 2.54 (br s, 1H), 2.25 - 2.13 (m, 1H), 2.06 - 1.94 (m, 1H), 1.89 - 1.77 (m, 1H), 1.64 -
1.53 (m, 1H), 0.91 (s, 9H), 0.11 (s, 6H).
13C NMR (101MHz, CDCl5): § 130.8, 127.0, 70.3, 66.5, 26.1, 25.8, 23.8, 18.1, -4.5, -4.9 ppm.
FTIR (cm™) = 3559, 3029, 2952, 2929, 2886, 2857, 1463, 1252, 1094.

HRMS (ESI) calculated for C1,H,40,SiNa [M+Na]* 251.1438, found 251.1444.
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(x)- (1R,6R)-6-(tert-butyldimethylsilyloxy)cyclohex-2-enol (4.7):

'H NMR (400MHz, CDCl3) & 5.74 - 5.66 (m, 1H), 5.62 - 5.56 (m, 1H), 4.07 - 3.99 (m, 1H), 3.64
(ddd, J=3.5, 7.0, 10.8 Hz, 1H), 2.17 - 2.08 (m, 2H), 2.06 (d, J=3.7 Hz, 1H), 1.86 - 1.77 (m, 1H), 1.69
-1.57 (m, 1H), 0.90 (s, 9H), 0.11 (s, 3H), 0.10 (s, 3H)

BCNMR (101MHz, CDCl5) 6 128.8,127.8, 74.2,73.1, 29.1, 25.8, 24.6, 18.1, -4.3, -4.6 ppm

FTIR (cm'l) = 3364, 3028, 2929, 2890, 2856, 1463

HRMS (ESI) calculated for C1,H,40,SiNa [M+Na]" 251.1438, found 251.1443.

AD-mix B OH on
{BUOH, H,O
68%
4.37 (ee=26%) (+) - 4.45

(+)-(1R,2S)-cyclohex-3-ene-1,2-diol (4.45):

To a stirred solution of and AD-mix B (20g) and MeSO;NH, (2.38 g, 25 mmol) in a t-BuOH
(30 mL) and water (30 mL) at 0 °C was added 4.37 (2.0 g, 25 mmol) over 5 minutes. The mixture
was stirred at 0 °C for 8 hours followed addition of Na,SOsz (20g) and then the mixture was
warmed to room temperature and stirred for 1 hour. The mixture was poured over water and
extracted with CH,Cl, (5x). The combined organic fraction was dried with anhydrous MgSO,4
and concentrated under reduced pressure. The crude residue was purified by silica gel flash
chromatography (EtOAc/hexanes) to afford 4.45 (1.94 g, 68% yield, 26% ee) of a colorless oil.
The enantiomeric purity was determined by supercritical fluid chromatography (Chiralpak IC,
4.6 mm x 25 cm, CO,/Propanol (85/15), Flowrate = 2.5 mL/min). The spectroscopic data is

consistent with that previously reported.22
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'H NMR (400MHz, CDCl3) & 5.84 - 5.78 (m, 1H), 5.67 (ddt, J=2.0, 4.1, 10.0 Hz, 1H), 4.11 - 4.06 (m,
1H), 3.77 (td, J=3.6, 9.6 Hz, 1H), 3.51 (br. s., 1H), 3.05 (s, 1H), 2.24 - 2.10 (m, 1H), 2.06 - 1.92 (m,
1H), 1.81 - 1.60 (m, 2H)

3C NMR (101MHz, CDCl3) 6 131.04, 126.83, 68.79, 66.37, 25.57, 23.48

446 Bu |,

N\ )\[(N tBu
OH &%H Y OH
= N. (0] Me =
@\\\OH Me 30 mol% @\\\OTBS
TBSCI, DIPEA, toluene
(+)-4.45 -30°C, 7d (-)-4.6
60%
ee = 88%

(-)-(1S,6R)-6-(tert-butyldimethylsilyloxy)cyclohex-2-enol (4.6):

To a stirred solution of 4.45 (502 mg, 4.40 mmol) and (-)-(S)-N-((R)-3,3-Dimethylbutan-
2-yl)-3,3-dimethyl-2-((1-methyl-1H-imidazol-2-yl)methylamino)butanamide 4.46 (407 mg, 1.32
mmol, 0.3 equiv.) in THF (3 mL) at -78 °C was added DIPEA (569 mg, 4.40 mmol, 1 equiv.)
followed by TBSCI (829 mg, 5.50 mmol, 1.25 equiv.) over a period of 10 minutes. The mixture
was warmed to -30 °C and stirred at this temperature for 7 days using a cryocool apparatus
(reaction monitored by TLC). The mixture was cooled to -78 °C and quenched by addition of
MeOH (1 mL) and DIPEA (1 mL) and allowed to warm to room temperature. Next, 0.1N KHSO,
was added and the mixture was extracted with EtOAc (4x). The combined organic fraction was
dried with anhydrous MgS0O, and concentrated under reduced pressure. The crude residue was
purified by silica gel flash chromatography (EtOAc/Hexanes) to afford 4.6 (603 mg, 60% vyield,
88% ee) as a colorless oil. The enantiomeric purity was determined by chiral GC analysis

(Supelco Beta Dex 120, 30 m X 0.25 mm X 0.25 um. Temperature starts at 80 °C, ramp to 140 °C
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at 10 °C/min, hold at 140 °C for 90 min, then ramp again to 180 °C at 5 °C/min and hold at 180
°C for 10 min.) The *H NMR and *CNMR are in full agreement with racemic 4.6 (vide supra) and

to that previously reported.”

0 oH 0

~OTBS
OMe OMe
4.6

OH _— @) (0]

o)

I DIAD, PPh3 | .OTBS

)\l THF, 1t, 30 h A ‘

87%

Et0” Y0 3.45 ° Et0” YO
4.48

(x)- methyl 2-((1R,6R)-6-(tert-butyldimethylsilyloxy)cyclohex-2-enyloxy)-4-((E)-4-ethoxy-4-
oxobut-2-en-2-yloxy)-3-iodobenzoate (4.48):

To a stirred solution of 3.15 (500 mg, 1.23 mmol) in THF (10 mL) was added 4.6 (421 mg,
1.84 mmol, 1.5 equiv.) and PPh; (482 mg, 1.84 mmol, 1.5 equiv.) followed by DIAD (373 mg,
1.84 mmol, 1.5 equiv.) over a period of 15 minutes. The mixture was stirred at room
temperature for 30 hours. Next, CH,Cl, was added and the mixture was washed with brine.
The organic fraction was dried with anhydrous MgSO,; and concentrated under reduced
pressure. The crude residue was purified by silica gel flash chromatography (EtOAc/Heptane)
to afford 4.48 (662 mg, 87% yield) as a colorless oil.
'H NMR (400MHz, CDCl3) § 7.74 (d, J=8.4 Hz, 1H), 6.83 (d, J=8.6 Hz, 1H), 6.04 - 5.96 (m, 1H), 5.64
-5.55 (m, 1H), 4.73 (s, 1H), 4.32 - 4.26 (m, 1H), 4.20 - 4.14 (m, 1H), 4.06 (q, J=7.2 Hz, 2H), 3.86
(s, 3H), 2.50 (s, 3H), 2.30 - 2.17 (m, 1H), 2.17 - 2.08 (m, 1H), 2.08 - 1.97 (m, 1H), 1.74 - 1.65 (m,

1H), 1.53 (s, 3H), 1.18 (t, J=7.1 Hz, 4H), 0.78 (s, 9H), -0.03 (s, 3H), -0.07 (s, 3H)
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3C NMR (101MHz, CDCl3) 6 170.3, 169.4, 167.0, 165.8, 157.4, 134.1, 132.4, 123.6, 122.4, 117.4,
97.2,92.3,81.8,68.4,59.7,52.5, 26.2, 25.7, 21.3, 18.2, 18.1, 14.3, -4.8, -4.8
FTIR (cm™) = 2951, 1717, 1640, 1582, 1433, 1248, 1128

HRMS (ESI) calculated for Cy6H3710,SiNa [M+Na]* 639.1245, found 639.1237.

0] OH

0
OMe @’ OTBS OMe
0 OH 47 0 0
Xy DIAD, PPhs S
THF, rt, 30 h
3.15 Et0” YO

85%

OTBS
4.50

(x)- methyl 2-((1S,4R)-4-(tert-butyldimethylsilyloxy)cyclohex-2-enyloxy)-4-((E)-4-ethoxy-4-
oxobut-2-en-2-yloxy)-3-iodobenzoate (4.50):

To a stirred solution of 3.15 (500 mg, 1.23 mmol) in THF (10 mL) was added 4.7 (421 mg,
1.84 mmol, 1.5 equiv.) and PPh; (482 mg, 1.84 mmol, 1.5 equiv.) followed by DIAD (373 mg,
1.84 mmol, 1.5 equiv.) over a period of 15 minutes. The mixture was stirred at room
temperature for 30 hours. Next, CH,Cl, was added and the mixture was washed with brine.
The organic fraction was dried with anhydrous MgSO,; and concentrated under reduced
pressure. The crude residue was purified by silica gel flash chromatography (EtOAc/Heptane)
to afford 4.50 (646 mg, 85% yield) as a colorless oil.
'H NMR (400MHz, CDCl3) & 7.80 (d, J=8.6 Hz, 1H), 6.86 (d, J=8.6 Hz, 1H), 5.90 - 5.77 (m, 2H), 4.74

(s, 1H), 4.68 - 4.62 (m, 1H), 4.35 - 4.29 (m, 1H), 4.08 (g, J=7.2 Hz, 2H), 3.89 (s, 3H), 2.51 (s, 3H),
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2.17 - 2.03 (m, 2H), 1.99 - 1.87 (m, 1H), 1.57 - 1.47 (m, 1H), 1.20 (t, J=7.1 Hz, 3H), 0.87 (s, 9H),
0.07 (s, 3H), 0.07 (s, 3H)

3C NMR (101MHz, CDCl5) 6 170.21, 166.98, 165.60, 159.15, 157.49, 135.09, 132.69, 127.94,
123.10, 117.47, 97.35, 92.66, 80.46, 66.40, 59.77, 52.52, 30.51, 29.68, 27.17, 25.84, 18.17,
14.24, -4.59, -4.66

FTIR (cm™) = 2951, 2856, 1715, 1640, 1581, 1388, 1245, 1126

HRMS (ESI) calculated for Cy6H37107SiNa [M+Na]* 639.1245, found 639.1240.

COzMe OH COZMe

COzMe : \\OTBS
f0) OH @ 4.6 o O
| | LOTBS
X DIAD, PPh; N
THF, rt, 6h o

| © 96% |

4.32 4.52

(x)- dimethyl 3-((1R,6R)-6-(tert-butyldimethylsilyloxy)cyclohex-2-enyloxy)-4-iodo-5-((E)-6-
methyl-4-oxohepta-2,5-dien-2-yloxy)phthalate (4.52):

To a stirred solution of 4.32 (1.66 g, 3.50 mmol), 4.6 (0.96 g, 4.2 mmol, 1.2 equiv.) and
PPhs (1.38 g, 5.25 mmol, 1.5 equiv.) in THF (35 mL) at room temperature was added DIAD (1.06
g, 5.25 mmol, 1.5 equiv.) dropwise over a period of 10 minutes. After stirring an additional 6
hours, the reaction mixture was quenched by the addition of water and the resulting mixture
was extracted with EtOAc. The combined organic solution was dried with anhydrous MgSO,
and then concentrated under reduced pressure. The crude residue was purified by silica gel

flash chromatography (EtOAc/Heptane) to afford 4.52 (2.30 g, 96% yield) as a colorless gum.

121



'H NMR (400MHz, CDCl3) & 7.41 (s, 1H), 5.98 (dt, J=3.5, 10.0 Hz, 1H), 5.84 - 5.78 (m, 1H), 5.64 -
5.55 (m, 1H), 5.15 (s, 1H), 4.72 - 4.65 (m, 1H), 4.23 (dt, J=2.9, 6.2 Hz, 1H), 3.92 (s, 3H), 3.88 (s,
3H), 2.55 (s, 3H), 2.30 - 2.16 (m, 1H), 2.13 (d, J=0.8 Hz, 3H), 2.11 - 2.02 (m, 1H), 2.01 - 1.92 (m,
1H), 1.82 (d, J=1.0 Hz, 3H), 1.77 - 1.67 (m, 1H), 0.84 (s, 9H), 0.03 (s, 3H), 0.00 (s, 3H)

3C NMR (101MHz, CDCls) & 189.6, 169.6, 166.2, 164.6, 157.0, 155.3, 154.6, 133.8, 130.3, 127.7,
126.4, 122.2, 118.7, 107.0, 96.7, 81.4, 68.7, 52.9, 52.9, 27.6, 26.6, 25.7, 21.7, 20.6, 18.5, 18.1, -
4.7,-4.8 ppm

FTIR (cm™) = 2951, 2855, 1732, 1620, 1572, 1382, 1278, 1250, 1096

HRMS (ES) calculated for C3oHa110gSiNa [M+Na]* 707.1507, found 707.1492.

COgMe
COQMe
s-Bu;B, (TMS);SiH
0 o air, CHyCly, r.t.
Sl ~OTBS R
72%, d.r. = 3:2 (C-7) 7
| ° ° ]
4.52
4.53 C-7-epi-4.53
major diastereomer minor diastereomer

(x)- (2S,2aR,2a1S,5R,5aR)-dimethyl 5-(tert-butyldimethylsilyloxy)-2-methyl-2-(4-methyl-2-
oxopent-3-enyl)-2a,2al1,3,4,5,5a-hexahydro-2H-benzofuro[4,3,2-cde]chromene-7,8-
dicarboxylate (4.53):

To a stirred solution of 4.52 (2.30 g, 3.36 mmol) and (TMS)sSiH (1.25g, 3.36 mmol, 1.5
equiv.) in CH,Cl, at room temperature was simultaneously added s-BusB (3.36 mL, 1M in THF,
3.36 mmol, 1 equiv.) and air via a syringe (10 mL). The addition procedure took place over a

period of 30 min. The mixture was stirred an additional 15 minutes at room temperature and
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then the mixture was concentrated under reduced pressure. The crude 'H NMR spectrum
indicated a 3:2 mixture of diastereomers about C-7, favoring 4.53. The crude residue was
subjected to silica gel flash chromatography (EtOAc/Heptane) to afford 1.36 g (72% vyield) of a
3:2 (4.53:C-7-epi-4.53) mixture of diastereomers as a pale yellow foam. Separation of
diastereomers was performed by preparative HPLC (5-100% EtOH in Heptane, Phenomenex
Cellulose-2, 250 x 21.2mm 5y, Flow = 28 mL/min) to afford 4.53 (0.79 g, 42%) as a white solid
and C-7-epi-4.53 (0.41 g, 22%) as a pale yellow solid.

'H NMR (400MHz, CDCl3) 6 6.69 (s, 1H), 6.01 (s, 1H), 4.90-4.84 (m, 1H), 3.87 (s, 3H), 3.85 (s, 3H),
3.61 (t, J=7.3 Hz, 1H), 3.25-3.17 (m, 1H), 2.77-2.62 (m, 2H), 2.47-2.39 (m, 1H), 2.15 (s, 3H), 1.88
(s, 3H), 1.80-1.71 (m, 1H), 1.70-1.62 (m, 1H), 1.52 (s, 3H), 1.32-1.19 (m, 1H), 0.85 (s, 9H), 0.92-
0.79 (m, 1H), 0.04 (s, 3H), -0.07 ppm (s, 3H)

3C NMR (100MHz, CDCls) & 197.3, 168.4, 165.4, 159.6, 157.5, 153.0, 135.3, 124.5, 114.5, 109.7,
108.0, 95.9, 81.5, 72.5, 52.7, 52.2, 51.5, 35.6, 35.3, 30.8, 27.9, 25.7, 23.5, 20.9, 20.1, 17.9, -4.9, -
5.2 ppm

FTIR (cm™) = 2950, 1727, 1683, 1622, 1432, 1377

mp =54 -58 °C

HRMS (ESI) calculated for C3gHa30sSi [M+H]" 559.2722, found 559.2718.
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(x)-(2R,2aR,2a1S,5R,5aR)-dimethyl 5-(tert-butyldimethylsilyloxy)-2-methyl-2-(4-methyl-2-
oxopent-3-enyl)-2a,2al,3,4,5,5a-hexahydro-2H-benzofuro[4,3,2-cde]chromene-7,8-
dicarboxylate (C-7-epi-4.53):

'H NMR (500MHz, CDCl3) & 6.66 (s, 1H), 6.15 - 6.13 (m, 1H), 4.86 (dd, J=6.7, 8.2 Hz, 1H), 3.86 (s,
3H), 3.84 (s, 3H), 3.63 (t, J=7.3 Hz, 1H), 3.20 (ddd, J=4.4, 6.8, 11.7 Hz, 1H), 2.98 - 2.81 (m, 2H),
2.52-2.43 (m, 1H), 2.15 (d, J=1.2 Hz, 3H), 1.91 (d, J=1.2 Hz, 3H), 1.65 - 1.54 (m, 2H), 1.41 (s, 3H),
1.30-1.17 (m, 1H), 0.84 (s, 9H), 0.87 - 0.75 (m, 1H), 0.03 (s, 3H), -0.08 (s, 3H)

BC NMR (126 MHz, CDCl3) 6 197.0, 168.5, 165.5, 159.5, 156.9, 152.7, 135.3, 124.3, 114.7, 109.9,
107.7,95.8, 81.8, 72.5, 52.7,52.1, 51.5, 35.6, 34.6, 30.8, 27.9, 25.7, 24.3, 20.9, 20.7, 17.9, -4.9, -
5.2

FTIR (cm™) = 2950, 1725, 1686, 1620, 1433, 1377

HRMS (ESI) calculated for C3gHa305Si [M+H]" 559.2722, found 559.2720.
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COzMe
COzMe

AIBN, (TMS);SiH
0 0 toluene, 70 °C, 3h

| ~OTBS
= ' 51%
dr=3:2
O

| 4.53:C-7-epi-4.53

4.52 4.53 C-7-epi-4.53
(x)- (2S,2aR,2a1S,5R,5aR)-dimethyl 5-(tert-butyldimethylsilyloxy)-2-methyl-2-(4-methyl-2-
oxopent-3-enyl)-2a,2a1,3,4,5,5a-hexahydro-2H-benzofuro[4,3,2-cde]chromene-7,8-
dicarboxylate (4.53):
Nitrogen was bubbled through a stirred solution of 4.52 (304 mg, 0.444 mmol) in toluene (15
mL) for 15 minutes and then, AIBN (7 mg, 0.044 mmol, 0.1 equiv.) and (TMS)sSiH (221 mg,
0.888 mmol, 2 equiv.) were added. The mixture was heated to 70 °C until TLC indicated
consumption of starting material (3 hours). The mixture was poured over water and extracted
with EtOAc (3x). The combined organic fraction was dried with anhydrous MgSO, and
concentrated under reduced pressure. The 'H NMR of the crude product indicated a 3:2
mixture of diastereomers about C-7, favoring 4.53. The crude residue was purified by flash
chromatography (EtOAc/Heptane) to afford a mixture of 4.53 and C-7-epi-4.53 (126 mg, 51%
yield as a 3:2 (4.53:C-7-epi-4.53) mixture of diastereomers) as a colorless gum. The

spectroscopic data are in full agreement with that reported above.
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PNa L N |
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| .OTBS
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CHaCN, 4h, rt
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dr = 2:1 (4.53:C-7-epi-4.53)
4.52

(x)- (2S,2aR,2a1S,5R,5aR)-dimethyl 5-(tert-butyldimethylsilyloxy)-2-methyl-2-(4-methyl-2-
oxopent-3-enyl)-2a,2al,3,4,5,5a-hexahydro-2H-benzofuro[4,3,2-cde]Jchromene-7,8-
dicarboxylate (4.53):

To a stirred solution of 4.52 (99 mg, 0.14 mmol) in MeCN (10 mL) was added
tributylamine (269 mg, 1.45 mmol, 10 equiv.), formic acid (66.7 mg, 1.45 mmol, 10 equiv.) and
fac-Ir(ppy)s (4.8 mg, 0.0072 mmol, 0.05 equiv.) in a 30 mL vial. The bright yellow solution was
degassed by passing nitrogen through the solution for a period of 45 minutes. A household
lightbulb (GE Helical 26 W) was placed ~5 cm from the reaction vial (see Figure 4.8) and the
mixture was stirred at room temperature until TLC indicated consumption of starting material
(4 hours). The mixture was poured over water and extracted with CH,Cl, (4x). The combined
organic fraction was dried with anhydrous MgSO, and concentrated under reduced pressure.
The 'H NMR of the crude product indicated a 2:1 mixture of diastereomers about C-7, favoring
4.53. The crude residue was purified by flash chromatography (EtOAc/Heptane) to afford a
mixture of 4.53 and C-7-epi-4.53 (49 mg, 60% yield as a 2:1 (4.53:C-7-epi-4.53) mixture of
diastereomers) as a colorless gum. The spectroscopic data are in full agreement with that

reported previously for 4.53.
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Figure 4.8. Visible light photocatalysis reaction set-up.
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TBD, THF, rt
then NaHCO3

94%, dr = 2:1
(4.53:C7-epi-4.53)

C7-epi-4.53 4.53 C7-epi-4.53
(x)- (2S,2aR,2a1S,5R,5aR)-dimethyl 5-(tert-butyldimethylsilyloxy)-2-methyl-2-(4-methyl-2-
oxopent-3-enyl)-2a,2al,3,4,5,5a-hexahydro-2H-benzofuro[4,3,2-cde]chromene-7,8-
dicarboxylate (4.53):

To a stirred solution of C-7-epi-4.53 (50 mg, 0.089 mmol) in THF (1 mL) at room
temperature was added 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD) (18.7 mg, 0.13 mmol, 1.5
equiv.) in one portion. The resulting mixture was stirred at room temperature for 20 minutes
and then saturated aqueous NaHCO;3 (1 mL) was added followed by CH,Cl, (1 mL). The mixture
was allowed to stir at room temperature for 2 hours and then it was extracted with CH,Cl, (3x).
The combined organic solution was dried with anhydrous MgSO, and concentrated under
reduced pressure. The *H NMR of the crude product indicated a 2:1 mixture of diastereomers
about C-7, favoring 4.53. The crude residue was purified via flash chromatography
(EtOAc/Heptane) to afford a mixture of 4.53 and C-7-epi-4.53 (47 mg, 94% vyield as a 2:1
(4.53:C-7-epi-4.53) mixture of diastereomers) as a colorless gum. The spectroscopic data are in

full agreement with that reported above.
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99% O
4.59 4.60

N-methoxy-N-methyl-3-phenoxypropanamide (4.60):

To a stirred solution of 4.59 (5.0 g, 30 mmol) in CH,Cl, (100 mL) at O °C was added CDI
(5.8g, 36 mmol, 1.2 equiv.) over a period of 15 minutes. The mixture was allowed to warm to
room temperature and stir for 1 hour. Next, N,0-Dimethylhydroxylamine hydrochloride (3.5 g,
36 mmol, 1.2 equiv.) was added over a period of 15 minutes and the mixture was stirred at
room temperature for 4 hours. The mixture was washed with 0.1 N KHSO, (2x) and brine. The
mixture was dried with anhydrous MgSO, and concentrated under reduced pressure to afford
4.60 (6.25 g, 99% vyield) of a colorless oil. The crude residue was used directly without
additional purification.
'H NMR (400MHz, CDCl3) § 7.31 - 7.21 (m, 2H), 6.99 - 6.84 (m, 3H), 4.30 (t, J=6.6 Hz, 2H), 3.73 (s,
3H), 3.22 (s, 3H), 2.94 (t, J/=6.6 Hz, 2H)

3C NMR (101MHz, CDCl3) 6 177.06, 158.55, 129.36, 120.77, 114.51, 63.43, 61.30, 32.04, 31.85

PhO/\)J\ITI/ PhO =

THF, 0 °C - rt
(ONG 78%
4.60 4.61

5-methyl-1-phenoxyhex-4-en-3-one (4.61):
To a stirred solution of 4.60 (6.25 g, 29.9 mmol) in THF (100 mL) at -78 °C was added 2-
methyl-1-propenylmagnesium bromide (100 mL, 0.5M in THF, 50 mmol, 1.67 equiv.) over a

period of 15 minutes. The mixture was warmed to room temperature and stirred for 3 hours,
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then cooled to 0 °C and quenched with saturated NH4Cl. The mixture was poured over water
and extracted with CH,Cl, (4x). The combined organic fraction was dried with anhydrous
MgS0O, and concentrated under reduced pressure. The crude residue was purified by flash
chromatography (EtOAc/Heptane) to afford 4.61 (4.8 g, 78% yield) as a white solid.

'H NMR (400MHz, CDCl3) 6 7.31 - 7.24 (m, 2H), 6.98 - 6.87 (m, 3H), 6.14 (spt, J=1.3 Hz, 1H), 4.27
(t, J=6.5 Hz, 2H), 2.90 (t, J=6.5 Hz, 2H), 2.18 (d, J=1.2 Hz, 3H), 1.91 (d, J=1.4 Hz, 3H)

BC NMR (100MHz, CDCl5) 6 197.94, 158.67, 156.48, 129.38, 123.67, 120.76, 114.57, 63.17,
43.42,27.72, 20.88

FTIR (cm'l) =3041, 2908, 1681, 1619, 1598, 1497, 1386, 1245, 1013

mp: 53-57 °C

HRMS (ESI) calculated for C13H170, [M+H]* 205.1223, found 205.1221

NaBH,, CeClz*7H,0

0
A/U\)\ MeOH. -78 °C - 0 °C /\E)\
PhO PhO

4.61 4.62

5-methyl-1-phenoxyhex-4-en-3-ol (4.62):

To a stirred solution of 4.61 (2.0 g, 9.8 mmol) and cerium chloride heptahydrate (5.47 g,
14.7 mmol, 1.5 equiv.) in MeOH (50 mL) at -78 °C was added NaBH;4 (444 mg, 11.7 mmol, 1.2
equiv.) in one portion. The mixture was warmed to room temperature and stirred for 1 hour.
The mixture was partially concentrated under reduced pressure and poured over EtOAc. The
mixture was washed with water and brine, dried with anhydrous MgSO, and concentrated
under reduced pressure to afford 4.62 (2 g) as a colorless oil. The crude oil was used directly

without additional purification.
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'H NMR (400MHz, CDCls) § 7.33 - 7.20 (m, 2H), 6.98 - 6.87 (m, 3H), 5.27 - 5.21 (m, 1H), 4.67 (dt,
J=5.3, 8.1 Hz, 1H), 4.16 - 4.09 (m, 1H), 4.06 - 3.99 (m, 1H), 2.06 (dtd, J=5.4, 7.3, 14.3 Hz, 1H),
1.95 - 1.85 (m, 1H), 1.79 (br. s., 1H), 1.73 (d, J=1.2 Hz, 3H), 1.68 (d, J=1.4 Hz, 3H)

3C NMR (101MHz, CDCls) 6 158.78, 135.58, 129.42, 127.34, 120.74, 114.50, 66.49, 65.12,
36.88, 25.76, 18.18

FTIR (cm™) = 3337, 2927, 1597, 1496, 1242, 1078, 1045

HRMS (ESI) calculated for C13H1gsNaO, [M+Na]+ 229.1199, found 229.1195

OH AcCl, pyridine

/\/K)\ —>CH2C|2’ ¢ /\}oic)\
PhO 7 PhO &

99% (2 steps)
4.62 4.63

5-methyl-1-phenoxyhex-4-en-3-yl acetate (4.63):

To a stirred solution of 4.62 (2.0 g, 9.7 mmol) in CH,Cl, (50 mL) at 0 °C was added
pyridine (999 mg, 12.6 mmol, 1.3 equiv.) followed by AcCl (914 mg, 11.6 mmol, 1.2 equiv.) over
a period of 10 minutes. The mixture was stirred at 0 °C for 2 hours until TLC indicated
consumption of starting material. The mixture was washed with 0.1N HCl (2x) and brine. The
organic fraction was dried with anhydrous MgSO,4 and concentrated under reduced pressure.
The crude residue was purified by silica gel flash chromatography (EtOAc/Heptane) to afford
4.63 (2.15 g, 90 % yield for 2 steps) as a colorless oil.

'H NMR (400MHz, CDCl3) § 7.30 - 7.19 (m, 2H), 6.93 - 6.89 (t, J=7.3 Hz, 1H), 6.88 - 6.83 (m, 2H),
5.71 (td, J=6.9, 9.2 Hz, 1H), 5.11 (td, J=1.3, 9.2 Hz, 1H), 4.00 - 3.87 (m, 2H), 2.20 - 2.08 (m, 1H),

2.00 (s, 3H), 1.98-1.88 (m, 1H), 1.72 - 1.68 (m, 6H)
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3C NMR (100MHz, CDCl3) 6 170.24, 158.76, 137.84, 129.37, 122.94, 120.67, 114.49, 69.00,
63.98, 34.49, 25.73, 21.26, 18.34
FTIR (cm™) = 2927, 1731, 1599, 1496, 1471, 1371, 1043, 1017

HRMS (ESI) calculated for Ci5H2003 [M+H]* 271.1305, found 271.1311

oj$Et

/b 4.70
o~"T0

[PdClI(allyl)],, L-selectride

, , 15 min
PhO = PhO 7 +  PhO X

77%
9:1 (4.64:4.65)
4.63 4.64 4.65

(5-methylhex-4-enyloxy)benzene (4.64):

To a stirred solution of 4.63 (150 mg, 0.604 mmol) in THF (10 mL) was added
[PdCl(allyl)], (11 mg, 0.030 mmol, 0.05 equiv.) and phosphite 4.70 (20 mg, 0.12 mmol, 0.2
equiv.). The solution was cooled to 0 °C and L-selectride was added in one portion and stirred
at 0 °C until TLC indicated consumption of starting material (5 minutes). The reaction mixture
was quenched with saturated NH;Cl. The resulting mixture was diluted with water and
extracted with CH,Cl, (4x). The combined organic fraction was dried with anhydrous MgSQ,
and concentrated under reduced pressure. Analysis of the crude *H NMR spectrum revealed a
9:1 mixture of isomers, favoring 4.64. The crude residue was purified by silica gel flash
chromatography (Et,0/pentane) to afford 4.64 (89 mg, 77% yield) as a pale yellow oil. Analysis
of the purified 'H NMR spectrum indicated a 13:1 mixture of isomers, favoring 4.64.

'H NMR (400MHz, CDCl3) § 7.32 - 7.24 (m, 2 H), 6.97 - 6.86 (m, 3 H), 5.20 - 5.12 (m, 1 H), 3.96 (t,
J=6.4Hz,2H),2.18(q,/=7.3Hz, 2 H), 1.83 (quin, J=6.9 Hz, 2 H), 1.71 (d, J = 0.7 Hz, 3 H), 1.62

(s,3H)
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3C NMR (100MHz , CDCl3) 6 159.1, 132.4, 129.4, 123.5, 120.4, 114.5, 67.1, 29.4, 25.7, 24.4,17.6
FTIR (cm™) = 2927, 1600, 1496, 1470, 1242, 1040

HRMS (ESI) calculated for Cy3H190 [M+H]" 191.1430, found 191.1426.

SAIM
o MesAls” > Ves \
/\/U\)\ 484 ° S/
PhO PhO
DCE, 60 °C
4.61 73% 4.85

2-(2-methylprop-1-enyl)-2-(2-phenoxyethyl)-1,3-dithiolane (4.85):

To a vial containing CH,Cl, (2 mL) at -78 °C was added AlMe; (1.0 mL, 2M in hexanes, 2
mmol, 2 equiv.) followed by dithioethane (94 mg, 1.0 mmol, 1 equiv.) over a period of 5
minutes and then allowed to warm to 0 °C. The mixture was concentrated under reduced
pressure to yield 4.84 as a free-flowing white solid which was used directly. To a stirred
solution of 4.61 (50 mg, 0.25 mmol) in DCE (8 mL) was added 4.84 (177 mg, 0.75 mmol, 3
equiv.) and the mixture was heated to 60 °C for 30 minutes. The mixture was cooled to room
temperature and the mixture was quenched with TEA (0.2 mL), poured over saturated NaHCO3
and extracted with CH,Cl, (2x). The combined organic fraction was dried with anhydrous
MgSQ, and concentrated under reduced pressure. The crude residue was purified by silica gel
flash chromatography (EtOAc/Heptane) to afford 4.85 (50 mg, 73% vyield) as a colorless oil.
'H NMR (400MHz, CDCl5) & 7.32 - 7.17 (m, 2H), 6.97 - 6.77 (m, 3H), 5.68 - 5.63 (m, 1H), 4.18 -
4.07 (m, 2H), 3.42 - 3.24 (m, 4H), 2.60 - 2.50 (m, 2H), 1.86 (d, J=1.2 Hz, 3H), 1.71 (d, J=1.6 Hz,
3H)

GCMS (FID) calculated for C15H,00S, [M] 280.4, found 280.
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CeCI3-7H20,
NaBH,4, MeOH
-78°C-0°C,1h

4.53

(x)- (2S,2aR,2a1S,5R,5aR)-dimethyl 5-(tert-butyldimethylsilyloxy)-2-(2-hydroxy-4-
methylpent-3-enyl)-2-methyl-2a,2a1,3,4,5,5a-hexahydro-2H-benzofuro[4,3,2-cde]chromene-
7,8-dicarboxylate (4.71):

To a stirred solution of 4.53 (250 mg, 0.45 mmol) and cerium chloride heptahydrate
(333 mg, 0.89 mmol, 2 equiv.) in MeOH (10 mL) at -78 °C was added NaBH4 (25 mg, 0.67 mmol,
1.5 equiv.) in one portion. The mixture was allowed to warm to 0 °C. After stirring for 1h, the
mixture was quenched with saturated agqueous NH4Cl and extracted with CH,Cl, (3x). The
combined organic solution was dried with anhydrous MgSO, and concentrated under reduced
pressure to provide 4.71 (250 mg) as a white foam as a mixture of diastereomers at C-9 (~8:1).
The crude residue was used directly in the next step. Crude NMR data was extracted from the
major diastereomer.
'H NMR (400MHz, CDCl3) § 6.71 (s, 1H), 5.17-5.10 (m, 1H), 4.87 (dd, J=8.2, 6.7 Hz, 1H), 4.75-4.67
(m, 1H), 3.86 (s, 3H), 3.84 (s, 3H), 3.67-3.61 (m, 1H), 3.23 (ddd, J=11.8, 6.7, 4.7 Hz, 1H), 2.08-
1.99 (m, 1H), 1.98-1.90 (m, 2H), 1.80-1.72 (m, 1H), 1.69 (s, 3H), 1.69 (s, 3H), 1.60 (s, 1H), 1.53 (s,
3H), 1.55-1.49 (m, 1H), 1.31-1.17 (m, 1H) 0.94-0.80 ppm (m, 1H), 0.85 (s, 9H), 0.84-0.86 (m, 1H),
0.04 (s, 3H), -0.06 ppm (s, 3H).

HRMS (ES) calculated for C3oHas05Si [M+H]" 561.2878, found 561.2876.
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AcCl, pyridine
CH,Cl,, 0 °C, 30 m

(£)- (2S,2aR,2a1S,5R,5aR)-dimethyl 2-(2-acetoxy-4-methylpent-3-enyl)-5-(tert-
butyldimethylsilyloxy)-2-methyl-2a,2a1,3,4,5,5a-hexahydro-2H-benzofuro[4,3,2-
cde]chromene-7,8-dicarboxylate (4.72):

To a stirred solution of 4.71 (250 mg) in CH,Cl, (8 mL) at O °C was added pyridine (72 pL,
0.89 mmol, 2 equiv.) followed by acetyl chloride (38 uL, 0.54 mmol, 1.2 equiv.) dropwise over a
period of 5 minutes. The mixture was stirred at 0 °C for 30 minutes after which TLC indicated
the consumption of starting material. The reaction mixture was quenched with saturated
aqueous NH4Cl (5 mL) and extracted with CH,Cl, (3x). The combined organic solution was
washed with 0.1 N aqueous KHSO,, dried over anhydrous MgSO, and concentrated under
reduced pressure to provide 4.72 (268 mg, 99% crude yield) of a white solid as a mixture of
diastereomers at C-9. Crude NMR data was extracted from the major diastereomer.
'H NMR (400MHz, CDCl3) & 6.65 (s, 1H), 5.77 (dt, J=3.5, 8.9 Hz, 1H), 5.10 - 5.03 (m, 1H), 4.87 (dd,
J=6.6, 8.3 Hz, 1H), 3.86 (s, 3H), 3.85 (s, 3H), 3.64 - 3.57 (m, 1H), 3.22 (ddd, J=4.6, 6.7, 11.8 Hz,
1H), 2.13 - 2.05 (m, 1H), 2.04 - 1.96 (m, 1H), 1.96 (s, 3H), 1.76 (d, J=1.2 Hz, 3H), 1.69 (d, J=1.2 Hz,
3H), 1.68 - 1.63 (m, 2H), 1.44 (s, 3H), 1.47 - 1.40 (m, 1H), 1.32 - 1.18 (m, 1H), 0.86 (s, 9H), 0.91 -
0.79 (m, 1H), 0.04 (s, 3H), -0.06 (s, 3H).

HRMS (ESI) calculated for C3;H1604Si Na [M+Na]* 625.2803, found 625.2797.
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o | Et
|
&P-g 470

[PdClI(allyl)],, L-selectride
THF, 0 °C, 15 min

86%
(3 steps)

(£)-(2S,2aR,2a1S,5R,5aR)-dimethyl 5-(tert-butyldimethylsilyloxy)-2-methyl-2-(4-methylpent-3-
enyl)-2a,2a1,3,4,5,5a-hexahydro-2H-benzofuro[4,3,2-cde]chromene-7,8-dicarboxylate (4.73):
To a stirred solution of 4.72 (180 mg, 0.30 mmol) in THF (15mL) at room temperature
was added allylpalladium (Il) chloride dimer (5.5 mg, 0.015 mmol, 0.05 equiv.) and phosphite
4.70 (9.7 mg, 0.06 mmol, 0.2 equiv.). The solution was cooled to 0 °C and L-selectride (0.6 mL,
1.0 M in THF, 0.6 mmol, 2 equiv.) was added in one portion and stirred at 0 °C until TLC
indicated consumption of starting material (15 min). The reaction mixture was quenched with
saturated aqueous NH;Cl (5 mL) and the resulting mixture was diluted with water and then
extracted with CH,Cl, (3x). The combined organic solution was dried over anhydrous MgSO,4
and concentrated under reduced pressure. The crude residue was subjected to silica gel flash
chromatography (EtOAc/Heptane) to afford 4.73 (140 mg, 86% vyield for 3 steps) as a colorless
gum.
'H NMR (400MHz, CDCl5) 6 6.66 (s, 1H), 5.05 - 4.96 (m, 1H), 4.85 (dd, J=6.8, 7.8 Hz, 1H), 3.85 (s,
3H), 3.83 (s, 3H), 3.61 (t, J/=7.3 Hz, 1H), 3.26 - 3.16 (m, 1H), 2.10 - 1.93 (m, 3H), 1.77 - 1.66 (m,
1H), 1.63 (s, 3H), 1.65 - 1.57 (m, 1H), 1.55 (s, 3H), 1.53 - 1.44 (m, 1H), 1.39 (s, 3H), 1.29 - 1.18

(m, 2H), 0.84 (s, 9H), 0.88 - 0.81 (m, 1H), 0.04 (s, 3H), -0.06 - -0.09 (m, 3H)
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3C NMR (101MHz, CDCl3): 6 168.5, 165.5, 159.4, 153.5, 135.2, 132.3, 123.1, 114.3, 109.8, 107.4,
95.6, 82.6, 72.5, 52.6, 52.1, 38.4, 36.5, 35.1, 30.9, 25.7, 25.6, 22.3, 22.2, 20.4, 17.9, 17.6, -4.9, -
5.3 ppm

FTIR (cm™) = 2951, 1723, 1624, 1432, 1377

HRMS (ESI) calculated for C3gHas05Si [M+H]" 545.2929, found 545.2940.

TBAF, THF
rt, 1Th

4.77

(£)- (2S,2aR,2a1S,5R,5aR)-dimethyl 5-hydroxy-2-methyl-2-(4-methylpent-3-enyl)-
23,2a1,3,4,5,5a-hexahydro-2H-benzofuro[4,3,2-cde]chromene-7,8-dicarboxylate (4.77):

To a stirred solution of 4.73 (80 mg, 0.15 mmol) in THF (3 mL) at 0 °C was added TBAF
(0.49 mL, 1.0 M in THF, 0.49 mmol, 1.5 equiv.) dropwise over a period of 5 minutes. The
reaction mixture was warmed to room temperature and stirred until TLC indicated
consumption of starting material (1 h). The reaction mixture was diluted with CH,Cl, and the
resulting solution was washed with water (3x) and brine (2x) and then dried over anhydrous
MgSO, and concentrated under reduced pressure to yield 4.77 as white solid (62mg). The
crude residue was used directly in the next step without additional purification.
'H NMR (400MHz, CDCl3) & 6.69 (s, 1H), 5.04 - 4.98 (m, 1H), 4.90 (dd, J=7.0, 8.2 Hz, 1H), 3.87 (s,

3H), 3.86 (s, 3H), 3.65 (t, J=7.2 Hz, 1H), 3.33 (ddd, J=4.3, 7.1, 12.0 Hz, 1H), 2.12 - 2.00 (m, 3H),
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1.86 - 1.75 (m, 2H), 1.65 (s, 3H), 1.68 - 1.59 (m, 1H), 1.57 (s, 3H), 1.55 - 1.47 (m, 1H), 1.41 (s,
3H), 1.32 - 1.18 (m, 1H), 0.98 (s, 1H), 0.95 - 0.84 (m, 1H)

3C NMR (100 MHz, CDCl3) 6 168.2, 165.7, 159.3, 153.5, 134.9, 132.4, 123.1, 114.3, 110.0, 107.6,
95.4,82.7,71.7, 52.6, 52.4, 38.5, 36.4, 35.0, 29.1, 25.6, 22.3, 22.2, 20.6, 17.6

FTIR (cm™) = 3394, 2952, 1715, 1623, 1433, 1377

HRMS (ESI) calculated for C,4H3107 [M+H]" 431.2070, found 431.2073.

DMP, CH,Cl,
rt, 1Th

88%
(2 steps)

4.75

(%)- (2S,2aR,2a1S,5aR)-dimethyl 2-methyl-2-(4-methylpent-3-enyl)-5-ox0-2a,2a1,3,4,5,5a-
hexahydro-2H-benzofuro[4,3,2-cde]chromene-7,8-dicarboxylateF (4.75):

To a stirred solution of 4.77 (62 mg, 0.14 mmol) in CH,Cl, (3 mL) at room temperature
was added Dess-Martin periodinane (91 mg, 0.21 mmol, 1.5 equiv.) in one portion. The
reaction mixture was stirred at room temperature until TLC indicated consumption of starting
material (20 min). A 1:1 mixture of saturated agueous NaHCOsz and 10% aqueous Na,S,03 (3
mL) was added and the resulting mixture was stirred at room temperature for 15 minutes and
then extracted with CH,Cl;, (3x). The combined organic solution was washed with a 1:1 mixture
of saturated aqueous NaHCO3; and 10% aqueous Na;S,03, dried over anhydrous MgSQO,, and

concentrated under reduced pressure. The residue was subjected to silica gel flash
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chromatography (EtOAc/Heptane) to afford 4.75 (54 mg, 88% yield over 2 steps) as a white
solid.

'H NMR (400MHz, CDCl3) & 6.68 (s, 1H), 5.22 (d, J=8.6 Hz, 1H), 5.03 (t, J=7.0 Hz, 1H), 4.08 (t,
J=6.8 Hz, 1H), 3.89 (s, 3H), 3.84 (s, 3H), 2.47 - 2.25 (m, 3H), 2.16 - 2.02 (m, 3H), 1.65 (s, 3H), 1.73
-1.62 (m, 1H), 1.59 (s, 3H), 1.44 (s, 3H), 1.30 - 1.16 (m, 2H)

BCNMR (101MHz, CDCI5): & 205.4, 168.0, 165.0, 159.9, 153.4, 135.6, 132.6, 122.8, 111.1, 110.1,
107.4, 88.3, 82.4,52.6, 52.5, 38.5, 38.5, 38.5, 36.3, 25.6, 22.6, 22.5, 22.2, 17.6 ppm

FTIR (cm'l) =2951, 1722, 1621, 1432, 1375

HRMS calculated for CosH2907 [M+H]* 429.1908, found 429.1914.

COZMe

AlMes, toluene
0°C-rt, 30 min

fH 90%

4.75 4.76
(£)- (2S,2aR,2a1S,5S,5aR)-dimethyl 5-hydroxy-2,5-dimethyl-2-(4-methylpent-3-enyl)-
23,2a1,3,4,5,5a-hexahydro-2H-benzofuro[4,3,2-cde]chromene-7,8-dicarboxylate (4.76):
To a stirred solution of 4.75 (52 mg, 0.12 mmol) in toluene (3 mL) at 0 °C was added
AlMe;3 (0.09 mL, 2.0 M in heptane, 0.18 mmol, 1.5 equiv.) dropwise over a period of 5 minutes.
The reaction mixture was allowed to warm to room temperature and then stir until TLC
indicated consumption of starting material (30 min). The reaction mixture was quenched with

saturated aqueous NaHCO; and the resulting mixture was extracted with CH,Cl, (4x). The
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combined organic solution was filtered through Celite and concentrated under reduced
pressure. The residue was subjected to silica gel flash chromatography (EtOAc/Heptane) to
afford 4.76 (49 mg, 90% yield) as a white solid.

'H NMR (400 MHz, CDCl3) 6 6.73 (s, 1H), 4.99-5.06 (m, 1H), 4.86 (d, J=8.98 Hz, 1H), 3.89 (s, 3H),
3.85 (s, 3H), 3.62-3.69 (m, 1H), 2.02-2.11 (m, 2H), 1.93-2.01 (m, 1H), 1.73-1.81 (m, 1H), 1.65 (s,
3H), 1.61-1.71 (m, 1H), 1.58 (s, 3H), 1.56 (br. s., 1H), 1.47-1.55 (m, 2H), 1.42 (s, 3H), 1.27 (s, 3H),
1.25-1.33 (m, 1H), 1.12-1.24 (m, 1H)

BC NMR (101MHz, CDCI5) 6 168.0, 166.1, 161.0, 153.3, 133.6, 132.3, 123.3, 114.7, 110.3, 106.1,
92.0, 82.5,69.1, 52.5,52.3, 38.5, 36.2, 34.8, 33.7, 29.8, 25.6, 22.2, 22.2, 17.6, 16.3 ppm

FTIR (cm™) = 2956, 1627, 1433, 1376, 1289, 1263

HRMS (ESI) calculated for Co5H3307 [M+H]" 445.2221, found 445.2224.

OH
CO,Me LAH, THF
-78 °Cto 0°C
COzMe OH
90%
MeO MeO
4.79 4.86

(4-methoxy-1,2-phenylene)dimethanol (4.86):

To a stirred solution of 4.79 (150 mg, 0.67 mmol) in THF (3 mL) at -78 °C was added LAH
(1.34 mL, 1 M in THF, 1.34 mmol, 2 equiv.) over a period of 5 minutes. The mixture was
warmed to 0 °C and stirred at this temperature for 1 hour. The mixture was carefully quenched
with saturated NaHCOs; and filtered through Celite, washing with CH,Cl,. The mixture was

concentrated under reduced pressure to afford 4.86 (135 mg, 90% yield) as a colorless oil.
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'H NMR (400MHz, CDCls) 6 7.27 - 7.23 (m, 1H), 6.92 (d, J=2.7 Hz, 1H), 6.81 (dd, J=2.7, 8.2 Hz,
1H), 4.68 (s, 2H), 4.66 (s, 2H), 3.81 (s, 3H), 2.80 (s, 2H)

3C NMR (101MHz, CDCl3) 6 159.63, 141.11, 131.43, 131.18, 115.56, 112.93, 64.25, 63.66, 55.32

COzMe
COzMe
LAH, THF DMP, CH,Cl,
o) 0 °C, 45 min 0°C-rt,1h H
' H 81% N .
||||| (2 steps)
OH |
4.76 4.81 Bisabosqual A (1.1)

Bisabosqual A (1.1):

To a stirred solution of 4.76 (25.1 mg, 0.0565 mmol) in THF (3 mL) at -78 °C was added
LAH (0.14 mL, 1.0 M in THF, 0.14 mmol, 2.5 equiv.) dropwise over a period of 10 minutes. The
reaction mixture was allowed to warm to 0 °C and stirred at this temperature until TLC analysis
indicated the reaction to be complete (30 min). The reaction mixture was carefully quenched
with Na;S0O4:10H,0 and the resulting mixture was filtered through Celite and then concentrated
under reduced pressure. The crude residue was used immediately in the subsequent step
without purification. To a stirred solution of crude 4.81 (from above) in CH,Cl, (3 mL) at 0 °C
was added Dess-Martin periodinane (59 mg, 0.14 mmol, 2.5 equiv.) in one portion. The
reaction mixture was warmed to room temperature and then stirred until TLC indicated
consumption of starting material (45 min). Then a 1:1 mixture of saturated aqueous NaHCO3
and 10% aqueous Na,S,03 (3 mL) was added and the resulting mixture was stirred at room
temperature for 30 minutes. The reaction mixture was extracted with CH,Cl,, (3x). The

combined organic solution was washed with a 1:1 mixture of saturated aqueous NaHCO; and
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10% aqueous Na,S,0s3, dried over anhydrous Na,SO,4 and concentrated under reduced pressure.
The residue was subjected to silica gel flash chromatography (EtOAc/Heptane) to afford 1.1
(17.5 mg, 81% yield over 2 steps) as a white solid.

'H NMR (400MHz, CDCl5) 6 10.47 (s, 1H), 10.37 (s, 1H), 6.93 (s, 1H), 5.03 (tdt, J=1.4, 2.9, 7.1 Hz,
1H), 4.97 (d, J=8.8 Hz, 1H), 3.69 - 3.63 (m, 1H), 2.13 - 2.05 (m, 2H), 2.09 - 2.00 (m, 1H), 1.83 -
1.76 (m, 1H), 1.72 - 1.64 (m, 1H), 1.65 (s, 3H), 1.59 (s, 3H), 1.59 - 1.56 (m, 1H), 1.57 (br. s, 1H),
1.56 - 1.53 (m, 1H), 1.46 (s, 3H), 1.32 (s, 3H), 1.32 - 1.26 (m, 1H), 1.25 - 1.17 (m, 1H)

BC NMR (101MHz, CDCl5): 6 192.2, 188.1, 165.5, 155.7, 139.3, 132.5, 123.1, 117.3, 113.8, 112.4,
92.7,83.5,69.2, 38.7, 36.0, 34.9, 33.3, 29.6, 25.6, 22.2, 22.1, 17.7, 16.4

FTIR (cm™) = 3469, 2967, 1685, 1618, 1382

HRMS (ESI) calculated for Co3H2905 [M+H]* 385.2010, found 385.2007.
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Appendix 1. Comparison of Natural and Synthetic Bisabosqual A.

Table A1.1. Comparison of ‘HNMR and BCNMR spectra.

Position  Authentic (*H) Synthetic (*H) Authentic (*C)  Synthetic (**C)
1 1.55 (m, 1H), 1.28 (m, 1H) 1.55 (m, 1H), 1.29 (m, 1H) 16.33 16.4
2 1.79 (m, 1H), 1.21 (m, 1H) 1.80 (m, 1H), 1.21 (m, 1H) 34.93 34.9
3 - - 69.14 69.2
4 4.97 (d, J=8.8 Hz, 1H) 4.97 (d, J=8.8 Hz, 1H) 92.77 92.7
5 3.66 (dd, J=8.8, 6.6 Hz, 1H) 3.66 (m, 1H) 33.27 33.3
6 2.05 (m, 1H) 2.05 (m, 1H) 35.94 36.0
7 - - 83.52 83.5
8 1.67 (m, 1H), 1.57 (m, 1H) 1.68 (m, 1H), 1.58 (m, 1H) 38.71 38.7
9 2.08 (m, 2H) 2.09 (m, 2H) 22.21 22.2
10 5.03 (m, 1H) 5.03 (tdt, J=7.1,2.9,1.4, 1H)  123.08 123.1
11 - - 132.47 132.5
12 1.65 (br. s, 3H) 1.65 (s, 3H) 25.57 25.6
13 1.59 (br. s, 3H) 1.59 (s, 3H) 17.63 17.7
14 1.46 (s, 3H) 1.46 (s, 3H) 22.11 22.1
15 1.31 (s, 3H) 1.32 (s, 3H) 29.53 29.6
1 - - 117.31 117.3
2 - - 165.69 165.5
3 - - 112.08 112.4
4 - - 139.26 139.3
5 6.93 (s, 1H) 6.93 (s, 1H) 113.67 113.8
6’ - - 155.71 155.7
7 10.46 (s, 1H) 10.47 (s, 1H) 188.27 188.1
8 10.36 (s, 1H) 10.37 (s, 1H) 192.24 192.2
3-OH 1.55 (br. s, 1H) 1.57 (br. s, 1H) - -
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Appendix 2. Bisabosqual Synthetic Schemes.

Scheme A2.1. Total synthesis of bisabosqual A.
CO,Me CO,Me
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Scheme A2.2. Synthesis of the aromatic core
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Appendix 3. X-Ray Crystal Structure of Bisabosqual A.

Bisabosqual A (1.1)

[X-ray]

Figure A3.1. Bisabosqual A crystal structure. Non-hydrogen atoms are displayed at a 50%
probability level.
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Table A3.1. Crystal data and structure refinement for bisabosqual A.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume
z

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 70.05°
Absorption correction

Max. and min. transmission

Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigmal(l)]

R indices (all data)

Largest diff. peak and hole

bisabosqual A
C23 H28 05
384.45

100(2) K
1.54178 A
Triclinic

P-1
a=5.4428(3) A
b=9.2903(5) A
c=19.7811(10) A
992.75(9) A3

2

1.286 Mg/m3

0.726 mm-1
412

0.35x 0.03 x 0.01 mm3

4,49 to 70.05°

-5<=h<=6, -11<=k<=11, -24<=I<=24
23571

3725 [R(int) = 0.0375]

98.6 %

Semi-empirical from equivalents
0.9928 and 0.7851

o = 87.538(2)°.
B = 85.332(2)".
v = 85.189(2)°.

Full-matrix least-squares on F2
3725/1/260

1.062
R1=0.0526, wR2 = 0.1506
R1=0.0565, wR2 = 0.1550

0.448 and -0.348 e.A-3
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Table A3.2. Atomic coordinates (x104) and equivalent isotropic displacement parameters (A2x

103) for bisabosqual A. U(eq) is defined as one third of the trace of the orthogonalized Ui}

tensor.

X y z U(eq)
0(1) 10219(2) 9754(1) 6879(1) 26(1)
0(2) 5858(2) 9170(1) 8938(1) 29(1)
0(3) 9792(2) 7166(1) 8773(1) 28(1)
0(4) 9836(3) 11986(2) 9908(1) 53(1)
o(5) 13981(3) 13213(2) 8294(1) 58(1)
c(1) 8463(3) 8821(2) 6620(1) 25(1)
c(2) 7347(3) 7764(2) 7174(1) 24(1)
C(3) 9159(3) 6564(2) 7430(1) 27(1)
C(4) 7921(3) 5741(2) 8033(1) 31(1)
C(5) 7442(3) 6680(2) 8654(1) 27(1)
c(6) 5611(3) 7970(2) 8480(1) 26(1)
C(7) 6084(3) 8656(2) 7764(1) 23(1)
c(8) 7728(3) 9780(2) 7919(1) 23(1)
c(9) 7458(3) 10058(2) 8599(1) 26(1)
C(10) 8853(3) 11049(2) 8882(1) 29(1)
c(11) 10658(3) 11687(2) 8423(1) 29(1)
C(12) 11054(3) 11310(2) 7753(1) 28(1)
C(13) 9621(3) 10289(2) 7502(1) 24(1)
C(14) 6415(3) 9828(2) 6328(1) 28(1)
C(15) 7287(4) 10940(2) 5789(1) 39(1)
C(16) 5213(4) 11973(2) 5579(1) 37(1)
c(17) 4451(4) 13249(2) 5843(1) 35(1)
C(18) 5578(5) 13885(3) 6414(1) 53(1)
C(19) 2300(4) 14160(2) 5580(1) 46(1)
C(20) 10036(3) 7983(2) 6072(1) 30(1)
c(21) 6391(4) 5841(2) 9273(1) 36(1)
C(22) 8509(4) 11287(2) 9604(1) 34(1)
C(23) 12265(4) 12791(2) 8637(1) 41(1)
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Table A3.3. Bond lengths [A] and angles [°] for bisabosqual A.

0(1)-C(13)
0(1)-C(1)
0(2)-C(9)
0(2)-C(6)
0(3)-C(5)
0(3)-H(3)
0(4)-C(22)
0(5)-C(23)
C(1)-C(20)
C(1)-C(14)
C(1)-C(2)
C(2)-C(3)
C(2)-C(7)
C(2)-H(2)
C(3)-C(4)
C(3)-H(3A)
C(3)-H(3B)
C(4)-C(5)
C(4)-H(4A)
C(4)-H(4B)
C(5)-C(21)
C(5)-C(6)
C(6)-C(7)
C(6)-H(6)
C(7)-C(8)
C(7)-H(7)
C(8)-C(13)
C(8)-C(9)
C(9)-C(10)
C(10)-C(11)
C(10)-C(22)
C(11)-C(12)
C(11)-C(23)
C(12)-C(13)
C(12)-H(12)

1.353(2)
1.4779(19)
1.366(2)
1.4879(19)
1.4315(19)
0.827(16)
1.221(2)
1.193(3)
1.524(2)
1.528(2)
1.561(2)
1.523(2)
1.542(2)
1.0000
1.529(2)
0.9900
0.9900
1.531(2)
0.9900
0.9900
1.520(2)
1.539(2)
1.539(2)
1.0000
1.488(2)
1.0000
1.369(2)
1.375(2)
1.403(2)
1.431(3)
1.448(2)
1.382(2)
1.498(2)
1.408(2)
0.9500

170



C(14)-C(15)
C(14)-H(14A)
C(14)-H(14B)
C(15)-C(16)
C(15)-H(15A)
C(15)-H(15B)
C(16)-C(17)
C(16)-H(16)
C(17)-C(18)
C(17)-C(19)
C(18)-H(18A)
C(18)-H(18B)
C(18)-H(18C)
C(19)-H(19A)
C(19)-H(19B)
C(19)-H(19C)
C(20)-H(20A)
C(20)-H(20B)
C(20)-H(20C)
C(21)-H(21A)
C(21)-H(21B)
C(21)-H(21C)
C(22)-H(22)
C(23)-H(23)

C(13)-0(1)-C(1)
C(9)-0(2)-C(e)
C(5)-0(3)-H(3)
0(1)-C(1)-C(20)
0(1)-C(1)-C(14)
C(20)-C(1)-C(14)
0(1)-C(1)-C(2)
C(20)-C(1)-C(2)
C(14)-C(1)-C(2)
C(3)-C(2)-C(7)
C(3)-C(2)-C(2)
C(7)-C(2)-C(2)

1.527(2)
0.9900
0.9900
1.493(3)
0.9900
0.9900
1.336(3)
0.9500
1.494(3)
1.501(3)
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9500
0.9500

116.97(11)
106.46(11)
109.1(15)

103.29(12)
106.69(12)
112.31(14)
113.29(12)
110.59(13)
110.46(13)
111.29(13)
115.27(13)
108.64(12)
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C(3)-C(2)-H(2)
C(7)-C(2)-H(2)
C(1)-C(2)-H(2)
C(2)-C(3)-C(4)
C(2)-C(3)-H(3A)
C(4)-C(3)-H(3A)
C(2)-C(3)-H(3B)
C(4)-C(3)-H(3B)
H(3A)-C(3)-H(3B)
C(3)-C(4)-C(5)
C(3)-C(4)-H(4A)
C(5)-C(4)-H(4A)
C(3)-C(4)-H(4B)
C(5)-C(4)-H(4B)
H(4A)-C(4)-H(4B)
0(3)-C(5)-C(21)
0(3)-C(5)-C(4)
C(21)-C(5)-C(4)
0(3)-C(5)-C(6)
C(21)-C(5)-C(6)
C(4)-C(5)-C(6)
0(2)-C(6)-C(5)
0(2)-C(6)-C(7)
C(5)-C(6)-C(7)
0(2)-C(6)-H(6)
C(5)-C(6)-H(6)
C(7)-C(6)-H(6)
C(8)-C(7)-C(6)
C(8)-C(7)-C(2)
C(6)-C(7)-C(2)
C(8)-C(7)-H(7)
C(6)-C(7)-H(7)
C(2)-C(7)-H(7)
C(13)-C(8)-C(9)
C(13)-C(8)-C(7)
C(9)-C(8)-C(7)
0(2)-C(9)-C(8)

107.1
107.1
107.1
109.67(14)
109.7
109.7
109.7
109.7
108.2
111.43(13)
109.3
109.3
109.3
109.3
108.0
110.75(14)
105.54(13)
111.97(14)
110.53(13)
109.65(14)
108.31(14)
109.48(13)
103.81(12)
114.78(13)
109.5
109.5
109.5
99.59(12)
108.80(12)
121.37(13)
108.8
108.8
108.8
121.43(15)
126.95(14)
110.42(14)
110.76(14)
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0(2)-C(9)-C(10)
C(8)-C(9)-C(10)
C(9)-C(10)-C(11)
C(9)-C(10)-C(22)
C(11)-C(10)-C(22)
C(12)-C(11)-C(10)
C(12)-C(11)-C(23)
C(10)-C(11)-C(23)
C(11)-C(12)-C(13)
C(11)-C(12)-H(12)
C(13)-C(12)-H(12)
0(1)-C(13)-C(8)
0(1)-C(13)-C(12)
C(8)-C(13)-C(12)
C(15)-C(14)-C(1)
C(15)-C(14)-H(14A)
C(1)-C(14)-H(14A)
C(15)-C(14)-H(14B)
C(1)-C(14)-H(14B)
H(14A)-C(14)-H(14B)
C(16)-C(15)-C(14)
C(16)-C(15)-H(15A)
C(14)-C(15)-H(15A)
C(16)-C(15)-H(15B)
C(14)-C(15)-H(15B)
H(15A)-C(15)-H(15B)
C(17)-C(16)-C(15)
C(17)-C(16)-H(16)
C(15)-C(16)-H(16)
C(16)-C(17)-C(18)
C(16)-C(17)-C(19)
C(18)-C(17)-C(19)
C(17)-C(18)-H(18A)
C(17)-C(18)-H(18B)
H(18A)-C(18)-H(18B)
C(17)-C(18)-H(18C)
H(18A)-C(18)-H(18C)

127.06(15)
121.98(15)
115.46(15)
119.58(16)
124.83(16)
122.02(15)
115.48(16)
122.49(16)
119.74(15)
120.1
120.1
120.95(14)
120.33(14)
118.56(15)
115.34(14)
108.4
108.4
108.4
108.4
107.5
112.13(16)
109.2
109.2
109.2
109.2
107.9
127.28(19)
116.4
116.4
124.7(2)
120.94(18)
114.36(18)
109.5
109.5
109.5
109.5
109.5
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H(18B)-C(18)-H(18C)  109.5

C(17)-C(19)-H(19A) 109.5
C(17)-C(19)-H(19B) 109.5
H(19A)-C(19)-H(19B)  109.5
C(17)-C(19)-H(19C) 109.5

H(19A)-C(19)-H(19C)  109.5
H(19B)-C(19)-H(19C) 109.5

C(1)-C(20)-H(20A) 109.5
C(1)-C(20)-H(20B) 109.5
H(20A)-C(20)-H(20B)  109.5
C(1)-C(20)-H(20C) 109.5

H(20A)-C(20)-H(20C)  109.5
H(20B)-C(20)-H(20C) ~ 109.5

C(5)-C(21)-H(21A) 109.5
C(5)-C(21)-H(21B) 109.5
H(21A)-C(21)-H(21B)  109.5
C(5)-C(21)-H(21C) 109.5

H(21A)-C(21)-H(21C)  109.5
H(21B)-C(21)-H(21C) 109.5

0(4)-C(22)-C(10) 124.14(18)
0(4)-C(22)-H(22) 117.9
C(10)-C(22)-H(22) 117.9
0(5)-C(23)-C(11) 124.11(19)
0(5)-C(23)-H(23) 117.9
C(11)-C(23)-H(23) 117.9

Symmetry transformations used to generate equivalent atoms:
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Table A3.4. Anisotropic displacement parameters (A2x 103) for bisabosqual A. The anisotropic

displacement factor exponent takes the form: -2n2[ h2 a*2ull + .+ 2 h ka* b* U12].

yll u22 u33 u23 ul3 ul2
0(1) 23(1) 26(1) 27(1) -1(1) 4(1) -6(1)
0(2) 27(1) 35(1) 24(1) -5(1) 4(1) -6(1)
0(3) 24(1) 37(1) 25(1) -3(1) -2(1) -7(1)
0O(4) 74(1) 56(1) 35(1) -9(1) -13(12) -24(1)
0O(5) 49(1) 52(1) 75(1) -12(1) 2(1) -26(1)
C(1) 25(1) 26(1) 23(1) -1(1) 2(1) -5(1)
C(2) 24(1) 27(1) 21(1) -2(1) 0(1) -8(1)
C(3) 33(1) 25(1) 24(1) -3(1) 1(1) -3(1)
C(4) 40(1) 25(1) 28(1) 1(1) -3(1) -9(1)
C(5) 27(1) 30(1) 24(1) 1(1) 0(1) -11(1)
C(6) 21(1) 33(1) 24(1) -3(1) 2(1) -9(1)
C(7) 18(1) 26(1) 24(1) 0(1) 1(1) -4(1)
C(8) 20(1) 23(1) 27(1) -2(1) -1(1) -2(1)
C(9) 23(1) 26(1) 28(1) -3(1) 2(1) -1(2)
C(10) 31(1) 25(1) 32(1) -5(1) -6(1) 1(1)
C(11) 27(1) 23(1) 38(1) -3(1) -6(1) -1(1)
C(12) 23(1) 23(1) 38(1) 0(1) 0(1) -4(1)
C(13) 21(1) 21(1) 28(1) 0(1) -1(1) 0(1)
C(14) 27(1) 32(1) 24(1) 0(1) 1(1) -2(1)
C(15) 40(1) 38(1) 37(1) 9(1) 5(1) 4(1)
C(16) 43(1) 35(1) 30(1) 2(1) -2(1) 1(1)
C(17) 40(1) 33(1) 31(1) 0(1) 1(1) -5(1)
C(18) 56(1) 56(1) 51(1) -12(1) -7(1) -15(1)
C(19) 52(1) 36(1) 48(1) -1(1) -4(1) 6(1)
C(20) 34(1) 31(1) 25(1) -2(1) 4(1) -1(2)
C(21) 41(1) 39(1) 29(1) 6(1) 2(1) -13(1)
C(22) 41(1) 29(1) 31(1) -3(1) -5(1) -4(1)
C(23) 42(1) 36(1) 46(1) -5(1) -4(1) -12(1)
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Table A3.5. Hydrogen coordinates (x 104) and isotropic displacement parameters (A2x 103)
for bisabosqual A.

X y z U(eq)
H(3) 9770(40) 7400(20) 9172(8) 34
H(2) 6021 7288 6968 29
H(3A) 10643 6984 7570 33
H(3B) 9691 5892 7061 33
H(4A) 8996 4867 8147 37
H(4B) 6333 5426 7905 37
H(6) 3884 7667 8540 31
H(7) 4495 9144 7619 28
H(12) 12289 11739 7462 33
H(14A) 5256 9232 6128 34
H(14B) 5481 10350 6706 34
H(15A) 8558 11487 5971 47
H(15B) 8062 10430 5387 47
H(16) 4337 11692 5216 44
H(18A) 6963 13231 6556 80
H(18B) 4331 14022 6797 80
H(18C) 6178 14821 6263 80
H(19A) 2860 15076 5387 69
H(198B) 1033 14352 5953 69
H(19C) 1602 13645 5228 69
H(20A) 10711 8663 5727 46
H(20B) 9012 7339 5860 46
H(20C) 11397 7410 6276 46
H(21A) 7594 5047 9395 54
H(21B) 4856 5447 9168 54
H(21C) 6047 6487 9653 54
H(22) 7167 10872 9856 40
H(23) 11894 13179 9074 49
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Table A3.6. Hydrogen bonds for bisabosqual A [A and °].

D-H...A d(D-H) d(H...A) d(D...A) <(DHA)

O(3)-H(3)...0(4)#1 0.827(16) 1.964(16) 2.7852(18) 172(2)

Symmetry transformations used to generate equivalent atoms:
H#1 -x+2,-y+2,-z+2
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Appendix 4. Relevant Spectra
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Compound 4.64
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Acquisition Time (sec) 3.6815

Date Aug 25 2010 | Date Stamp

Aug 25 2010
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Number of Transients 16 Original Points Count 23552 Points Count 32768 Pulse Sequence s2pul
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Acquisition Time (sec) 3.6815 Date Sep 52010 | Date Stamp Sep 52010

File Name \UNITYF.PFIZER.COM\SAMBA\100905\0101.FID\FID | Frequency (MHz) 399.83 Nucleus 1H
Number of Transients 16 Original Points Count 23552 Points Count 32768 Pulse Sequence s2pul
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Acquisition Time (sec) 1.3582 Date Sep 52010 | Date Stamp Sep 52010
File Name \WUNITYF.PFIZER.COM\SAMBA\100905\0102.FID\FID | Frequency (MHz) 100.55 Nucleus 13C
Number of Transients 256 Original Points Count 32768 Points Count 32768 Pulse Sequence s2pul
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Acquisition Time (sec) 3.6815 Date Oct 19 2010 | Date Stamp Oct 19 2010
File Name \UNITYF.PFIZER.COM\SAMBA\101019\3001.FID\FID | Frequency (MHz) 399.83 Nucleus 1H
Number of Transients 16 Original Points Count 23552 Points Count 32768 Pulse Sequence s2pul
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Acquisition Time (sec) 1.3582 Date Oct 19 2010 | Date Stamp Oct 19 2010
File Name \WUNITYF.PFIZER.COM\SAMBA\101019\9002.FID\FID | Frequency (MHz) 100.55 Nucleus 13C
Number of Transients 2048 Original Points Count 32768 Points Count 32768 Pulse Sequence s2pul
Receiver Gain 60.00 Solvent CHLOROFORM-d Spectrum Offset (Hz)  10033.0625
Sweep Width (Hz) 24125.45 Temperature (degree C) 25.000 ‘
@) (0]
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Acquisition Time (sec) 5.1118 Comment 00701217-C229-1234 Date Sep 15 2010
Date Stamp Sep 15 2010 File Name WUNITYJ.PFIZER.COM\AUTO\2010\20100915\00701217-C229-1234_20100915_01\PROTON_01.FID\FID
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Acquisition Time (sec) 1.2788 Comment 00701217-C227-pure Date Sep 152010
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Acquisition Time (sec) 3.6815 Date Nov 52009 | Date Stamp Nov 52009
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Acquisition Time (sec) 1.3582 Date Nov 52009 | Date Stamp Nov 52009
File Name \WUNITYF.PFIZER.COM\SAMBA\091105\1002.FID\FID | Frequency (MHz) 100.55 Nucleus 13C
Number of Transients 512 Original Points Count 32768 Points Count 32768 Pulse Sequence s2pul
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Acquisition Time (sec) 5.1220 Date Aug 25 2010 | Date Stamp Aug 25 2010
File Name \WUNITYF.PFIZER.COM\SAMBA\100825\1001.FID\FID | Frequency (MHz) 399.83 Nucleus 1H
Number of Transients 64 Original Points Count 32768 Points Count 32768 Pulse Sequence s2pul
Receiver Gain 48.00 Solvent CHLOROFORM-d Spectrum Offset (Hz) 2411.4619
Sweep Width (Hz) 6397.44 Temperature (degree C) 25.000
(0]
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0] (0]
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LHNMR (400 MHz) in CDCI,
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Chemical Shift (ppm)
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Acquisition Time (sec) 1.3582 Date Nov 6 2009 | Date Stamp Nov 6 2009
File Name \WUNITYF.PFIZER.COM\SAMBA\091106\2802.FID\FID | Frequency (MHz) 100.55 Nucleus 13C
Number of Transients 512 Original Points Count 32768 Points Count 32768 Pulse Sequence s2pul
Receiver Gain 60.00 Solvent CHLOROFORM-d Spectrum Offset (Hz)  10025.6992
Sweep Width (Hz) 24125.45 Temperature (degree C) 25.000 ‘
0]
OMe
0] 0]
I
X
EtO” ~O
13CNMR (100 MHz)
in CDCI,
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Acquisition Time (sec) 5.1118 Co 1t 00701217-C257-desired_long Date Oct 9 2010

Date Stamp Oct 92010 File Name \UNITYJ.PFIZER.COM\AUTO\2010\20101009\00701217-C257-DESIRED_LONG_20101009_01\PROTON_01.FID\FID
Frequency (MHz) 399.65 Nucleus 1H Number of Transients 192 Original Points Count 32768

Points Count 32768 Pulse Sequence s2pul Receiver Gain 22.00 Solvent CHLOROFORM-d
Spectrum Offset (Hz)  2405.0547 Sweep Width (Hz) 6410.26 Temperature (degree C) 25.000

3.16
LHNMR (400 MHz) in CDCI,
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Chemical Shift (ppm)
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Acquisition Time (sec) 1.2788

Comment

00701217-C257-desired_long

Date

Oct 92010

Date Stamp Oct 9 2010 File Name \WNITYJ.PFIZER.COM\AUTO\2010\20101009\00701217-C257-DESIRED_LONG_20101009_01\CARBON_01.FID\FID
Frequency (MHz) 100.50 Nucleus 13C Number of Transients 13312 Original Points Count 33301
Points Count 65536 Pulse Sequence s2pul Receiver Gain 60.00 Solvent CHLOROFORM-d
Spectrum Offset (Hz)  10798.6523 Sweep Width (Hz) 26041.67 Temperature (degree C) 25.000
13CNMR (100 MHz) in CDCl,
'1 . Al ILJ:\ Vi
L B o e A L e T I L A B B LA L  L A L ALAN RO S O SR S
240 220 200 180 160 140 120 100 80 60 40 20 0 -20

Chemical Shift (ppm)
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Acquisition Time (sec) 2.5623 Comment 00701217-C35-NOE-3.6 Date Jun 25 2010
Date Stamp Jun 25 2010

File Name C:\DOCUME~1\AMENDCO1\LOCALS~T\TEMP\GAINS4520.TMP\PRODUCTION\UNITYJAMENDC01\00701217-C35-NOE-3.6.2010176104641.FID\FID

Frequency (MHz) 399.65 Nucleus 1H Number of Transients 64 Original Points Count 16384

Points Count 16384 Pulse Sequence NOESY1D Receiver Gain 60.00 Solvent CHLOROFORM-d
Spectrum Offset (Hz)  2397.8594 Spectrum Type STANDARD Sweep Width (Hz) 6394.37 Temperature (degree C) 25.000
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NOE 3.60 ppm
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Acquisition Time (sec) 5.1118 Comment 00701217-C257-other-pure Date Nov 2 2010

Date Stamp Nov 22010 File Name \WUNITYJ.PFIZER.COM\AUTO\2010\20101102\00701217-C257-OTHER-PURE_20101102_01\PROTON_01.FID\FID
Frequency (MHz) 399.65 Nucleus 1H Number of Transients 16 Original Points Count 32768

Points Count 32768 Pulse Sequence s2pul Receiver Gain 30.00 Solvent CHLOROFORM-d
Spectrum Offset (Hz)  2404.8589 Sweep Width (Hz) 6410.26 Temperature (degree C) 25.000
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Acquisition Time (sec) 1.2780 Comment 00701217-C257-other-pure Date Nov 22010

Date Stamp Nov 2 2010 File Name WUNITYJ.PFIZER.COM\AUTO\2010\20101102\00701217-C257-OTHER-PURE_20101102_01\CARBON_01.FID\FID
Frequency (MHz) 100.50 Nucleus 13C Number of Transients 512 Original Points Count 33280

Points Count 65536 Pulse Sequence s2pul Receiver Gain 60.00 Solvent CHLOROFORM-d
Spectrum Offset (Hz)  10803.8193 Sweep Width (Hz) 26041.67 Temperature (degree C) 25.000
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NOE 3.52 ppm
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Acquisition Time (sec) 2.5610 Date Nov 32010 Date Stamp Nov 32010

File Name \WUNITYF.PFIZER.COM\SAMBA\101103\3402.FID\FID = Frequency (MHz) 399.83 Nucleus 1H
Number of Transients 64 Original Points Count 16384 Points Count 16384 Pulse Sequence NOESY1D
Receiver Gain 52.00 Solvent CHLOROFORM-d Spectrum Offset (Hz)  2398.9565
Sweep Width (Hz, 6397.44 Temperature (degree C) 25.000
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Acquisition Time (sec) 3.6815 Date Nov 28 2009 | Date Stamp Nov 28 2009
File Name \UNITYF.PFIZER.COM\SAMBA\091128\0301.FID\FID | Frequency (MHz) 399.83 Nucleus 1H
Number of Transients 16 Original Points Count 23552 Points Count 32768 Pulse Sequence s2pul
Receiver Gain 38.00 Solvent CHLOROFORM-d Spectrum Offset (Hz)  2413.2190
Sweep Width (Hz) 6397.44 Temperature (degree C) 25.000
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Acquisition Time (sec) 1.3582 Date Nov 28 2009 | Date Stamp Nov 28 2009
File Name \WUNITYF.PFIZER.COM\SAMBA\091128\0302.FID\FID | Frequency (MHz) 100.55 Nucleus 13C
Number of Transients 512 Original Points Count 32768 Points Count 32768 Pulse Sequence s2pul
Receiver Gain 60.00 Solvent CHLOROFORM-d Spectrum Offset (Hz)  10031.5898
Sweep Width (Hz) 24125.45 Temperature (degree C) 25.000
(0]
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@) (6]
X
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13CNMR (100 MHz) in CDCl,
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Chemical Shift (ppm)
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Acquisition Time (sec) 5.1220 Date Dec 42009 | Date Stamp Dec 4 2009
File Name \\UNITYF.PFIZER.COM\SAMBA\091204\2101.FID\FID | Frequency (MHz) 399.83 Nucleus 1H
Number of Transients 64 Original Points Count 32768 Points Count 32768 Pulse Sequence s2pul
Receiver Gain 54.00 Solvent CHLOROFORM-d Spectrum Offset (Hz)  2412.4380
Sweep Width (Hz) 6397.44 Temperature (degree C) 25.000
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Acquisition Time (sec) 1.3586 Date Nov 28 2009 | Date Stamp Nov 28 2009
File Name \UNITYJ.PFIZER.COM\SAMBA\091128\0302.FID\FID | Frequency (MHz) 100.50 Nucleus 13C
Number of Transients 256 Original Points Count 32768 Points Count 32768 Pulse Sequence s2pul
Receiver Gain 60.00 Solvent CHLOROFORM-d Spectrum Offset (Hz)  10028.1289
Sweep Width (Hz) 24118.18 Temperature (degree C) 25.000 ‘
0]
OMe
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13CNMR (100 MHz) in CDCl,

(TMS),SiH
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Acquisition Time (sec) 2.5625

Comment

NMR System BNMR_319-1 400 10025582 Pfizer Confidential proton CDCI3 {C:\Bruker\TopSpin3.0pl4} amendc01 58

Date 25 Jan 2013 17:06:56 Date Stamp 25 Jan 2013 17:06:56
File Name \WAMRGROB10025582.AMER.PFIZER.COM\BKDATA". DATA\AMENDCO01\NMR\00701217-C245\3\PDATA\1\1r
Frequency (MHz) 399.54 Nucleus 1H Number of Transients 16
Origin spect Original Points Count 16384 Owner FCNGRO-BRKOA
Points Count 65536 Pulse Sequence zg30 Receiver Gain 71.80
SW(cyclical) (Hz) 6393.86 Solvent CHLOROFORM-d Spectrum Offset (Hz)  2385.9692
Spectrum Type STANDARD Sweep Width (Hz) 6393.76 Temperature (degree C) 25.150
OH
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Acquisition Time (sec) 1.3631 Co 1t NMR System BNMR_319-1 400 10025582 Pfizer Confidential carbon_320 CDCI3 {C:\Bruker\TopSpin3.0pl4} amendc01 4i
Date 26 Jan 2013 05:48:32 Date Stamp 26 Jan 2013 05:48:32
File Name \\AMRGROB10025582.AMER.PFIZER.COM\BKDATA".DATA\AMENDCO01\NMR\00701217-C245-CARBON\1\PDATA\1\1r
Frequency (MHz) 100.46 Nucleus 13C Number of Transients 8192
Origin spect Original Points Count 32768 Owner FCNGRO-BRKOA
Points Count 65536 Pulse Sequence zgpg30 Receiver Gain 362.00
SW(cyclical) (Hz) 24038.46 Solvent CHLOROFORM-d Spectrum Offset (Hz)  10046.7695
Spectrum Type STANDARD Sweep Width (Hz) 24038.09 Temperature (degree C) 25.147
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Acquisition Time (sec) 3.6815 Date Sep 24 2010 | Date Stamp Sep 24 2010
File Name \WUNITYF.PFIZER.COM\SAMBA\100924\0401.FID\FID | Frequency (MHz) 399.83 Nucleus 1H
Number of Transients 16 Original Points Count 23552 Points Count 32768 Pulse Sequence s2pul
Receiver Gain 48.00 Solvent CHLOROFORM-d Spectrum Offset (Hz)  2411.4619
Sweep Width (Hz) 6397.44 Temperature (degree C) 25.000
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Acquisition Time (sec) 1.3591 ‘Date Sep 24 2010 | Date Stamp Sep 24 2010
File Name \WUNITYG.PFIZER.COM\SAMBA\100924\9002.FID\FID | Frequency (MHz) 100.47 Nucleus 13C
Number of Transients 8192 Original Points Count 32768 Points Count 32768 Pulse Sequence s2pul
Receiver Gain 60.00 Solvent CHLOROFORM-d Spectrum Offset (Hz)  10023.8232
Sweep Width (Hz) 24110.91 Temperature (degree C) 25.000 ‘
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13CNMR (100 MHz) in CDCl,
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Acquisition Time (sec) 5.1257 Date Sep 28 2010 | Date Stamp Sep 28 2010

File Name \WUNITYG.PFIZER.COM\SAMBA\100928\9001.FID\FID | Frequency (MHz) 399.54 Nucleus 1H
Number of Transients 64 Original Points Count 32768 Points Count 32768 Pulse Sequence s2pul
Receiver Gain 50.00 Solvent CHLOROFORM-d Spectrum Offset (Hz)  2402.0876
Sweep Width (Hz) 6392.84 Temperature (degree C) 25.000 ‘

3.27
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207



Acquisition Time (sec) 1.3591 ‘Date Sep 28 2010 | Date Stamp Sep 28 2010
File Name \WUNITYG.PFIZER.COM\SAMBA\100928\9002.FID\FID | Frequency (MHz) 100.47 Nucleus 13C
Number of Transients 2048 Original Points Count 32768 Points Count 32768 Pulse Sequence s2pul
Receiver Gain 60.00 Solvent CHLOROFORM-d Spectrum Offset (Hz)  10024.5586
Sweep Width (Hz) 24110.91 Temperature (degree C) 25.000 ‘
0]
OMe
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13CNMR (100 MHz) in CDCl,
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210 200 190 180 170 160 150 140 130 120 110 100 90 10 0 -10

Chemical Shift (ppm)
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Acquisition Time (sec) 5.1118 Comment 00701217-F135-18N Date Jan 29 2013
Date Stamp Jan 29 2013 File Name \WUNITYH.PFIZER.COM\AUTO\2013\20130129\00701217-F135-18N_20130129_01\PROTON_01.FID\FID
Frequency (MHz) 400.20 Nucleus 1H Number of Transients 16 Original Points Count 32768
Points Count 32768 Pulse Sequence s2pul Receiver Gain 30.00 Solvent CHLOROFORM-d
Spectrum Offset (Hz)  2401.8123 Spectrum Type STANDARD Sweep Width (Hz) 6410.26 Temperature (degree C) 25.000
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Acquisition Time (sec) 1.4680 Co 1t 00701217-F135-18N Date Jan 29 2013
Date Stamp Jan 292013 File Name WUNITYH.PFIZER.COM\AUTO\2013\20130129\00701217-F135-18N_20130129_01\CARBON_01.FID\FID
Frequency (MHz) 100.64 Nucleus 13C Number of Transients 512 Original Points Count 32768
Points Count 32768 Pulse Sequence s2pul Receiver Gain 40.00 Solvent CHLOROFORM-d
Spectrum Offset (Hz)  10063.0557 Spectrum Type STANDARD Sweep Width (Hz) 22321.43 Temperature (degree C) 25.000
O
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13CNMR (100 MHz) in CDCl,
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Acquisition Time (sec) 3.6815 Date Nov 23 2009 | Date Stamp Nov 23 2009
File Name \UNITYF.PFIZER.COM\SAMBA\091123\0501.FID\FID | Frequency (MHz) 399.83 Nucleus 1H
Number of Transients 16 Original Points Count 23552 Points Count 32768 Pulse Sequence s2pul
Receiver Gain 44.00 Solvent CHLOROFORM-d Spectrum Offset (Hz)  2412.8286
Sweep Width (Hz) 6397.44 Temperature (degree C) 25.000 ‘
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'HNMR (400 MHz) in CDCl,
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Chemical Shift (ppm)
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Acquisition Time (sec) 1.3582 Date Nov 23 2009 | Date Stamp Nov 23 2009
File Name \WUNITYF.PFIZER.COM\SAMBA\091123\0502.FID\FID | Frequency (MHz) 100.55 Nucleus 13C
Number of Transients 512 Original Points Count 32768 Points Count 32768 Pulse Sequence s2pul
Receiver Gain 60.00 Solvent CHLOROFORM-d Spectrum Offset (Hz)  10032.3262
Sweep Width (Hz) 24125.45 Temperature (degree C) 25.000
0]
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13CNMR (100 MHz) in CDCl,
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Acquisition Time (sec) 3.6815

Date

Dec 32009 | Date Stamp Dec 32009
File Name \UNITYF.PFIZER.COM\SAMBA\091203\2301.FID\FID | Frequency (MHz) 399.83 Nucleus 1H
Number of Transients 16 Original Points Count 23552 Points Count 32768 Pulse Sequence s2pul
Receiver Gain 44.00 Solvent CHLOROFORM-d Spectrum Offset (Hz)  2413.2190
Sweep Width (Hz) 6397.44 Temperature (degree C) 25.000
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Acquisition Time (sec) 1.3582 Date Dec 32009 | Date Stamp Dec 32009
File Name \WUNITYF.PFIZER.COM\SAMBA\091203\2302.FID\FID | Frequency (MHz) 100.55 Nucleus 13C
Number of Transients 512 Original Points Count 32768 Points Count 32768 Pulse Sequence s2pul
Receiver Gain 60.00 Solvent CHLOROFORM-d Spectrum Offset (Hz)  10032.3262
Sweep Width (Hz) 2412545 Temperature (degree C) 25.000
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13CNMR (100 MHz) in CDCI,
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Acquisition Time (sec) 3.6832 Comment 00701217-B103-pure Date Feb 20 2010
Date Stamp Feb 20 2010 | File Name \UNITYJ.PFIZER.COM\SAMBA\100220\0101.FID\FID | Frequency (MHz) 399.65
Nucleus 1H Number of Transients 16 Original Points Count 23552 Points Count 32768
Pulse Sequence s2pul Receiver Gain 44.00 Solvent CHLOROFORM-d
Spectrum Offset (Hz)  2407.8457 Spectrum Type STANDARD | Sweep Width (Hz) 6394.37 ‘ Temperature (degree C) 25.000
0]
OMe
(0] OH
I
0]
IHNMR (400 MHz) in CDCl,
|
|
I |
J | !
|
| I \
,,,,, Mo ST W B | - L e A/JL,.,J ﬂt. — ,,M,‘;H\uk., e —
I 1 1
0.86 1.00 1.00 0.97 3.12 212214 3.103.00
4 J d 4 i Uood g
T T T T T T T T T T T T T T T T T T T T T T T T T T I T T T T I T
120 115 110 105 100 95 9.0 8.5 8.0 75 7.0 6.5 6.0 55 5.0 45 4.0 35 3.0 25 20 1.5 1.0 0.5 -05 -1.0

Chemical Shift (ppm)

215



Acquisition Time (sec) 1.3586 Comment 00701217-B103-pure] | | | Quick C-13 for concentrated sample Date Feb 20 2010

Date Stamp Feb 20 2010 File Name \WUNITYJ.PFIZER.COM\SAMBA\100220\0102.FID\FID Frequency (MHz) 100.50

Nucleus 13C Number of Transients 256 Original Points Count 32768 Points Count 32768

Pulse Sequence s2pul Receiver Gain 60.00 Solvent CHLOROFORM-d

Spectrum Offset (Hz)  10027.3936 Spectrum Type STANDARD Sweep Width (Hz) 24118.18 ‘ Temperature (degree C) 25.000
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Acquisition Time (sec) 3.6815 Comment 00701217-B101-pure Date Feb 20 2010
Date Stamp Feb 20 2010 | File Name \WUNITYF.PFIZER.COM\SAMBA\100220\0101.FID\FID | Frequency (MHz) 399.83
Nucleus 1H Number of Transients 16 Original Points Count 23552 Points Count 32768
Pulse Sequence s2pul Receiver Gain 48.00 Solvent CHLOROFORM-d
Spectrum Offset (Hz)  2411.2666 Spectrum Type STANDARD | Sweep Width (Hz) 6397.44 ‘ Temperature (degree C) 25.000
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Acquisition Time (sec) 1.3582 Comment 00701217-B101-pure] | | | Medium C-13 for moderate concentration
Date Feb 20 2010 Date Stamp Feb 20 2010 File Name \WUNITYF.PFIZER.COM\SAMBA\100220\0102.FID\FID
Frequency (MHz) 100.55 Nucleus 13C Number of Transients 512 Original Points Count 32768
Points Count 32768 Pulse Sequence s2pul Receiver Gain 60.00 Solvent CHLOROFORM-d
Spectrum Offset (Hz)  10033.7988 Spectrum Type STANDARD Sweep Width (Hz) 24125.45 Temperature (degree C) 25.000

MeO.__0O

O
OMe
@) OH
I
0]

13CNMR (100 MHz) in CDCl,

210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 -10
Chemical Shift (ppm)
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Acquisition Time (sec) 5.1118 Comment 00701217-C63-p | Date Jan 31 2013 Date Stamp Jan 31 2013
File Name \UNITYH.PFIZER.COM\AUT0\2013\20130131\00701217-C63-P_20130131_01\PROTON_01.FID\FID Frequency (MHz) 400.20
Nucleus 1H Number of Transients 16 Original Points Count 32768 Points Count 32768
Pulse Sequence s2pul Receiver Gain 30.00 Solvent CHLOROFORM-d
Spectrum Offset (Hz)  2401.8123 Spectrum Type STANDARD Sweep Width (Hz) 6410.26 Temperature (degree C) 25.000
MeO.__0O
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@) (0]
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‘,
[/
| | |
. ‘ ‘
Iy .‘\ ‘) A ‘ fl I/ | \( 1‘4{“ | )IL
O VO N N AR Wl
’ ' ' ' [ 1T e
0.94 104 104 102 100 099270278 1.9014'921.‘211.171)193.652.99 8.68 547
H =] =] = = Hood H d BH dH H BH J Y =
T T T T T T T T T T T T T T T T T [T T T T T T T T T T I T T T T
105 100 95 9.0 8.5 8.0 75 7.0 6.5 6.0 55 5.0 45 4.0 35 3.0 25 20 1.5 1.0 0 -0.5 -1.0
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Acquisition Time (sec) 1.4680 Comment 00701217-C63-p | Date Jan 31 2013 Date Stamp Jan 31 2013
File Name WUNITYH.PFIZER.COM\AUT0\2013\20130131\00701217-C63-P_20130131_01\CARBON_01.FID\FID Frequency (MHz) 100.64
Nucleus 13C Number of Transients 512 Original Points Count 32768 Points Count 32768
Pulse Sequence s2pul Receiver Gain 40.00 Solvent CHLOROFORM-d
Spectrum Offset (Hz)  10062.3750 Spectrum Type STANDARD Sweep Width (Hz) 22321.43 ‘ Temperature (degree C) 25.000
MeO.__0O
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13CNMR (100 MHz) in CDCl,
TR OR———
T T T T T T e e
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Chemical Shift (ppm)
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Acquisition Time (sec) 2.9464 Comment 00701217-E293-P Date Jun 17 2012
Date Stamp Jun 17 2012 | File Name WUNITYI.PFIZER.COM\SAMBA\120617\0201.FID\FID | Frequency (MHz) 499.58
Nucleus 1H Number of Transients 16 Original Points Count 23552 Points Count 32768
Pulse Sequence s2pul Receiver Gain 44 .00 Solvent CHLOROFORM-d
Spectrum Offset (Hz) 2992.8242 Spectrum Type STANDARD | Sweep Width (Hz) 7993.60 Temperature (deqree C) 25.000
O
/
Z

LHNMR (500 MHz) in CDCI,
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Chemical Shift (ppm)
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Acquisition Time (sec)

1.4680

Comment

00701217-E-293 | Date Jun 17 2012 Date Stamp Jun 17 2012
File Name WUNITYH.PFIZER.COMMAUTO\2012\20120617\00701217-E-293 20120617 03\CARBON_01.FID\FID Frequency (MHz) 100.64
Nucleus 13C Number of Transients 512 Original Points Count 32768 Points Count 32768
Puise Sequence s2pul Receiver Gain 40.00 Solvent CHLOROFORM-d
Spectrum Offset (Hz) 10061.6934 Spectrum Type STANDARD Sweep Width (Hz) 22321.43 Temperature (degree C) 25.000
O
Z |
13CNMR (100 MHz) in CDCl,
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Acquisition Time (sec) 2.5625 Comment

Date 05 Aug 2012 14:20:48 | Date Stamp 05 Aug 2012 14:20:48

File Name

Frequency (MHz) 399.54 Nucleus 1H Number of Transients 16

Origin spect Original Points Count 16384 Owner FCNGRO-BRKOA
Points Count 16384 Pulse Sequence zg30 Receiver Gain 57.00
SW(cyclical) (Hz) 6393.86 Solvent CHLOROFORM-d Spectrum Offset (Hz)  2384.9451
Spectrum Type STANDARD Sweep Width (Hz) 6393.47 Temperature (degree C) 25.148

Chiral GC — ee determination

50.004

~ Peak2-13.217

- Peak 1-12.945
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1 .
PeakName Resuitld T'?'iezﬁl":) Aea Heght RRF TPV calc HNMR (400 MHZ) In CDC|3
1 Peak1 37404 69 13 1.000 590  Area% Total
2 | Peak2 37404 13217 1109 208 1.000 9410 Area% Total
Sum 10000
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Acquisition Time (sec) 1.4680 Comment 00701217-D-161 | Date Jun 17 2012 Date Stamp Jun 17 2012
File Name Frequency (MHz) 100.64
Nucleus 13C Number of Transients 512 Original Points Count 32768 Points Count 32768
Pulse Sequence s2pul Receiver Gain 40.00 Solvent CHLOROFORM-d

Spectrum Offset (Hz) 10063.0557 Spectrum Type STANDARD Sweep Width (Hz) 22321.43 | Temperature (degree C) 25.000

OH
\\\O\Sii’<
4.6

13CNMR (100 MHz) in CDCI,

200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 -10
Chemical Shift (ppm)
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Acquisition Time (sec) 5.1220 Date Sep 22 2010 | Date Stamp Sep 22 2010
File Name WUNITYF.PFIZER.COM\SAMBA\100922\9001.FID\FID | Frequency (MHz) 399.83 Nucleus 1H
Number of Transients 64 Original Points Count 32768 Points Count 32768 Pulse Sequence s2pul
Receiver Gain 48.00 Solvent CHLOROFORM-d Spectrum Offset (Hz)  2411.8523
Sweep Width (Hz) 6397.44 Temperature (degree C) 25.000 ‘
0]
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IHNMR (400 MHz) in CDCI,
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Acquisition Time (sec) 1.3582 ‘ Date Sep 22 2010 | Date Stamp Sep 22 2010
File Name \UNITYF.PFIZER.COM\SAMBA\100922\9002.FID\FID | Frequency (MHz) 100.55 Nucleus 13C
Number of Transients 2048 Original Points Count 32768 Points Count 32768 Pulse Sequence s2pul
Receiver Gain 60.00 Solvent CHLOROFORM-d Spectrum Offset (Hz)  10033.7988
Sweep Width (Hz) 24125.45 Temperature (degree C) 25.000
0]
OMe
@) (0]
SOl OTBS
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13CNMR (100 MHz) in CDCl,
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Acquisition Time (sec) 1.7039 Comment 00701217-c239-600 | Date Feb 12013 Date Stamp Feb 12013
File Name C:\DOCUME~1\AMENDCO1\LOCALS~1\TEMP\GAINS4570.TMP\DLDA-GLDA\OPENLAB\UNITYNAMENDC01\00701217-C239-600_2013032091127.FID\FID
Frequency (MHz) 599.82 Nucleus 1H Number of Transients 256 Original Points Count 16384
Points Count 16384 Pulse Sequence s2pul Receiver Gain 30.00 Solvent CHLOROFORM-d
Spectrum Offset (Hz)  3598.9031 Spectrum Type STANDARD Sweep Width (Hz) 9615.38 Temperature (degree C) 25.000
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IHNMR (600 MHz) in CDCI,
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Acquisition Time (sec) 1.2788 Comment 00701217-C239-long Date Feb 22013
Date Stamp Feb 22013 File Name \WUNITYH.PFIZER.COM\AUTO\2013\20130202\00701217-C239-LONG_20130202_01\CARBON_01.FID\FID
Frequency (MHz) 100.64 Nucleus 13C Number of Transients 16384 Original Points Count 28544
Points Count 32768 Pulse Sequence s2pul Receiver Gain 40.00 Solvent CHLOROFORM-d
Spectrum Offset (Hz)  10063.0557 Spectrum Type STANDARD Sweep Width (Hz) 22321.43 Temperature (degree C) 25.000
0]
OMe
0) (0]
I
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13CNMR (100 MHz) in CDCl,
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Acquisition Time (sec) 2.9464 Comment 00701217-E215-P Date Jun 17 2012
Date Stamp Jun 17 2012 | File Name \WUNITYI.PFIZER.COM\SAMBA\120617\0101.FID\FID | Frequency (MHz) 499.58
Nucleus 1H Number of Transients 16 Original Points Count 23552 Points Count 32768
Pulse Sequence s2pul Receiver Gain 42.00 Solvent CHLOROFORM-d
Spectrum Offset (Hz) 2993.0684 Spectrum Type STANDARD | Sweep Width (Hz) 7993.60 Temperature (degree C) 25.000
CO,Me
COzMe
HO OH
IHNMR (500 MHz) in CDCl,
' e
r 1 I 1
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Acquisition Time (sec) 1.4680 Comment 00701217-E-215 | Date Jun 17 2012 Date Stamp Jun 17 2012
File Name WUNITYH.PFIZER.COMMAUTO\2012\20120617\00701217-E-215 20120617 _02\CARBON_01.FID\FID Frequency (MHz) 100.64
Nucleus 13C Number of Transients 512 Original Points Count Points Count 32768
Pulse Sequence s2pul Receiver Gain 40.00 Solvent CHLOROFORM-d

Spectrum Offset (Hz) 10061.0127 Spectrum Type STANDARD Sweep Width (Hz) 22321.43 Temperature (degree C) 25.000
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Acquisition Time (sec) 3.6815

Date Aug 22 2010 | Date Stamp Aug 22 2010
File Name WUNITYF.PFIZER.COM\SAMBA\100822\0401.FID\FID | Frequency (MHz) 399.83 Nucleus 1H
Number of Transients 16 Original Points Count 23552 Points Count 32768 Puise Sequence s2pul
Receiver Gain 48.00 Solvent CHLOROFORM-d Spectrum Offset (Hz) 2411.4619
Sweep Width (Hz) 6397.44 Temperature (degree C) 25.000
CO,Me
CO,Me
HO OH
I
IHNMR (400 MHz) in CDCl,
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Acquisition Time (sec) 1.0871 Comment 00701217-C139 | Very long C-13 for dilute sample Date Jul 52012
Date Stamp Jul 52012 File Name WUNITYI.PFIZER.COM\SAMBA\120705\4002.FID\FID Frequency (MHz) 125.63
Nucleus 13C Number of Transients 8192 Original Points Count 32768 Points Count 32768
Pulse Sequence s2pul Receiver Gain 60.00 Solvent CHLOROFORM-d
Spectrum Offset (Hz) 12529.5928 Spectrum Type STANDARD Sweep Width (Hz) 30143.18 Temperature (degree C) 25.000
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Acquisition Time (sec) 3.6815 Comment 00701217-D159 Date Mar 18 2011
Date Stamp Mar 18 2011 | File Name WUNITYF.PFIZER.COM\SAMBA\110318\1601.FID\FID | Frequency (MHz) 399.83
Nucleus 1H Number of Transients 16 Original Points Count 23552 Points Count 32768
Pulse Sequence s2pul Receiver Gain 48.00 Solvent CHLOROFORM-d
Spectrum Offset (Hz) 2411.8523 Spectrum Type STANDARD | Sweep Width (Hz) 6397.44 Temperature (degree C) 25.000
CO,Me
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O OH
I
X
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IHNMR (400 MHz) in CDCl,
. ) ) - M| .
T hl
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Acquisition Time (sec) 1.3582 Comment 00701217-D159_| Longer C-13 for more dilute sample Date Mar 18 2011
Date Stamp Mar 18 2011 File Name \WUNITYF.PFIZER.COM\SAMBA\110318\9002.FID\FID Frequency (MHz) 100.55
Nucleus 13C Number of Transients 2048 Original Points Count 32768 Points Count 32768
Pulse Sequence s2pul Receiver Gain 60.00 Solvent CHLOROFORM-d
Spectrum Offset (Hz) 10033.0625 Spectrum Type STANDARD Sweep Width (Hz) 24125.45 Temperature (degree C) 25.000
CO,Me
CO,Me
O OH
I
X
| @]
13CNMR (100 MHz) in CDCl,
T [ T [ T [
220 210 200 190 180 170 160 150 140 130 120 110 100 90 10 0 -10 -20
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Acquisition Time (sec) 3.6815 Date Nov 22 2010 | Date Stamp Nov 22 2010

File Name WUNITYF.PFIZER.COM\SAMBA\101122\1601.FID\FID | Frequency (MHz) 399.83 Nucleus 1H
Number of Transients 16 Original Points Count 23552 Points Count 32768 Pulse Sequence s2pul
Receiver Gain 42.00 Solvent CHLOROFORM-d Spectrum Offset (Hz)  2411.6570
Sweep Width (Hz) 6397.44 Temperature (degree C) 25.000
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LHNMR (400 MHz) in CDCI,
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Acquisition Time (sec) 1.3582 Date

COzMe
COQMG
O O
| OTBS
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|
4.52

13CNMR (100 MHz) in CDCI,

JRR—————

Nov 23 2010 | Date Stamp Nov 23 2010
File Name WUNITYF.PFIZER.COM\SAMBA\101122\9102.FID\FID | Frequency (MHz) 100.55 Nucleus 13C
Number of Transients 2048 Original Points Count 32768 Points Count 32768 Pulse Sequence s2pul
Receiver Gain 60.00 Solvent CHLOROFORM-d Spectrum Offset (Hz) 10517.7051
Sweep Width (Hz) 24125.45 Temperature (degree C) 25.000
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Acquisition Time (sec) 2.5625

Comment

Date 13 Apr 2012 09:52:00 Date Stamp 13 Apr 2012 09:52:00
File Name WAMRGROB10025582.AMER.PFIZER.COM\BKDATA". DATA\AMENDCO1\NMR\00701217-E239\2\PDATA\1\1r
Frequency (MHz) 399.54 Nucleus 1H Number of Transients 16
Origin spect Original Points Count 16384 Owner FCNGRO-BRKOA
Points Count 65536 Pulse Sequence zg30 Receiver Gain 114.00
SW(cyclical) (Hz) 6393.86 Solvent CHLOROFORM-d Spectrum Offset (Hz)  2385.2864
Spectrum Type STANDARD Sweep Width (Hz) 6393.76 Temperature (degree C) 25.152
0]
IHNMR (400 MHz) in CDCl,
‘ 1 ) ’ ’ p \ Il I
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Acquisition Time (sec) 1.2788 Comment 00701217-E-239 | Date Sep 20 2012 Date Stamp Sep 20 2012

File Name WUNITYH.PFIZER.COMVAUTO\2012\20120920\00701217-E-239_20120920_01\CARBON_01.FID\FID Frequency (MHz) 100.64

Nucleus 13C Number of Transients 16384 Original Points Count 28544 Points Count 32768

Pulse Sequence s2pul Receiver Gain 40.00 Solvent CHLOROFORM-d

Spectrum Offset (Hz) 10063.0029 Spectrum Type STANDARD Sweep Width (Hz) 2232143 Temperature (degree C) 25.000
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13CNMR (100 MHz) in CDCl,
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Acquisition Time (se¢) 2.5559 { Comment 00701217-E239-361 | Date Jun 19 2012 | Date Stamp Jun 19 2012

File Name CA\DOCUME~1\AMENDCO1\LOCALS~N\TEMP\GAINS9192 TMP\PRODUCTION\UNITYH\AMENDCO01100701217-E239-361 2012171110916.FID\FID

Frequency (MHz) 400.20 Nucleus 1H Number of Transients 64 QOriginal Points Count 16384

Points Count 16384 Pulse Sequence NOESY1D Receiver Gain 30.00 Solvent CHLOROFORM-d
Spectrum Offset (Hz) 2401.1633 Spectrum Type STANDARD Sweep Width (Hz) 6410.26 Temperature (degree C) 25.000
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NMR System BNMR 319-1 400 10025582
Pfizer Confidential
hsge CDC13 {C:\Bruker\TopSpin3.0pl4} amendc0l 53

i

I

l l J ppm Current

NAME

EXPNO
PROCNO

F2 - Ac
Date
' B — 20 Time”
' } INSTRUM
L L PROBHD
PULPROG
TD
— 40 soLVENT
NS
DS
SWH
FIDRES

- 60 20

RG

100 bis

4.53

NUC2
—160 ceperat

P3

P4

PCPD2

PLW2

L D D A e 180 rrwi2

7 6 5 4 3

2 1 0 ppm ======

Data Parameters
00701217-E239

5

1

quisition Parameters
20120710
0.51
spect
5 mm PABBO BB/
hsqgcedetgp
4096
CDC13
4
16
3164 .557 Hz
0.772597 Hz
0.6471680 sec
2050
158.000 usec
6.50 usec
298.3 K
145.0000000
0.00000300 sec
.97313923 sec
.00172414 sec
.03000000 sec
.00000400 sec
.00020000 sec
.00345000 sec
.00002760 sec

Ooooooo

= CHANNEL f1 ========
399.5413088 MHz
1H
15.00 usec
30.00 usecc
1000.00 usec
13.50000000 W

= CHANNEL f2
100.4734607 MHz
13¢C
2 garp

9.75 usec

19.50 usec

80.00 usec
65.00000000 W
0.96548003 W

GRADIENT CHANNEL =====



GAINS SAMPLE REFERENCE: 00701217-E47-peak2
GAINS USER ID: amendcOl
GAINS_INSTRUMENT: unityf
GAINS_EXPERIMENT TIME: 08/18/2011 20:42:12
GAINS_END_TIME: 08/18/2011 20:50:28

00701217 -E47-peak2
H-H CORRELATION

Automation directory: /auto/Automation data/110818

Experiment Type: 2D-COSY (H1)
Pulse Sequence: gDQCOSY

Solvent: cdcl3

Temp. 25.0 C / 298.1 K
Sample #90, user christopher.amende@pfizer.com
File: 9003
INOVA-400 "unityf"

Relax. delay 0.700 sec
Acqg. time 0.183 sec
width 5597.5 Hz
2D Width 5597.5 Hz
2 repetitions
2 x 128 increments
OBSERVE H1, 399.8301174 MHz
DATA PROCESSING
Sq. sine bell 0.137 sec
Shifted by -0.091 sec
F1 DATA PROCESSING
Sq. sine bell 0.069 sec
Shifted by -0.046 sec
FT size 2048 x 2048
Total time 8 min, 18 sec

L u H ! HMULJ

~

el =

g
=B

[

[ )

w
\‘\\\\‘\\\\‘\\\\‘\\

1

[y
o

[
=

[
N

[
w

13

12

11 10

9

8

7

F2

6

(ppm)

5

4

3

2

1

-0

241



NMR System BNMR 319-1 400 10025582

Pfizer Confidential

hmbc CDC13 {C:\Bruker\TopSpin3.0pl4} amendc0l 53

I

ppm Current Data Parameters
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NAME 00701217-E239
EXPNO 6
L PROCNO 1
F2 - Acquisition Parameters
[ Date_ 20120710
Time 1.08
- 20 INSTRUM spect
PROBHD 5 mm PABBO BB/
+ PULPROG hmbcgplpndgf
TD 4096
— 40 SOLVENT CDC13
NS 16
L DS 16
SWH 3164.557 Hz
FIDRES 0.772597 Hz
— 60 JNe) 0.6471680 sec
RG 2050
[ DW 158.000 usec
DE 6.50 usec
-~ 80 TE 298.2 K
CNST2 145.0000000
F CNST13 8.0000000
DO 0.00000300 sec
_100 D1 1.00283206 sec
D2 0.00344828 sec
L D6 0.06250000 sec
D16 0.00020000 sec
120 INO 0.00002260 sec
======== CHANNEL f1l ========
I SFO1 399.5413088 MHz
NUC1 1H
Pl 15.00 usec
P2 30.00 usec
PLW1 13.50000000 W
======== CHANNEL f2 ========
SFO2 100.4744660 MHz
NUC2 13C
P3 9.75 usec
PLW2 65.00000000 W
= == GRADIENT CHANNEL
GPNAM [1] SMSQ10.100
GPNAM [2] SMSQ10.100
GPNAM [3] SMSQ10.100
GPZ1 50.00 %
GPZ2 30.00 %
GPZ3 40.10 %
ppm Ple 1000.00 usec
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GAINS SAMPLE_REFERENCE:
GAINS_USER_ID:
GAINS_INSTRUMENT :
GAINS_ EXPERIMENT TIME:
GAINS_END_TIME:

00701217-E47-peak2
amendc01

unityf

08/18/2011 22:56:33
08/18/2011 23:56:37

00701217-E47-peak2
H-H THROUGH-SPACE CORRELATION

Automation directory: /auto/Automation data/110818

Experiment Type: 2D-NOESY (H1)
Pulee Sequence: NOESY

Solvent: cdcl3
Temp. 25.0 C / 298.1 K

Sample #90, user christopher.amende@pfizer.com

File: 9006

INOVA-400 "unityf"

Relax. delay 1.000 sec
Mixing 0.500 sec

Acq. time 0.213 sec

Width 4797.9 Hz

2D Width 4797.9 Hz

8 repetitions

2 x 128 increments
OBSERVE H1, 399.8301174 MHz
DATA PROCESSING

Gauss apodization 0.099 sec
F1 DATA PROCESSING

Gauss apodization 0.049 sec
FT size 2048 x 2048
Total time 1 hr, 19 sec

N

11
11

10

9

8

7

\‘\\
6

F2

5

(ppm)

4

3 2 1 -0
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Acquisition Time (sec) 2.9464 Comment 00701217-E239-364 Date Jul 28 2012
Date Stamp Jul 28 2012 File Name WUNITYI.PFIZER.COM\SAMBA\120728\0401.FID\FID | Frequency (MHz) 499.58
Nucleus 1H Number of Transients 16 Original Points Count 23552 Points Count 32768
Pulse Sequence s2pul Receiver Gain 42.00 Solvent CHLOROFORM-d

Spectrum Offset (Hz) 2992.8242 Spectrum Type STANDARD | Sweep Width (Hz) 7993.60 Temperature (degree C) 25.000

C-7-epi-4.53
'HNMR (500 MHz) in CDCl,

\. /
| | M Ll AR T
~ ™ ( " It 1 ST IO
0.86 1.00 1.06 3.113.131.07 1.08 2.11 1.042.99 3.052.252961.359.541.14 2.802.79
d 4 H I ] U H ool = = Ui
BB L o O o B A R R e R ey AR R R NERRA ARA AR Ra
11.0 10.5 10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0 -05 -1.0

Chemical Shift (ppm)
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Acquisition Time (sec)

1.3631

Comment

5

Date

01 Aug 2012 00:22:24

Date Stamp

01 Aug 2012 00:22:24

File Name \WAMRGROB10025582. AMER.PFIZER.COM\BKDATA".DATA\AMENDCO01\NMR\00701217-E239-CNMR\1\FID

Frequency (MHz) 100.46 Nucleus 13C Number of Transients 8192

Origin spect Original Points Count 32768 Owner FCNGRO-BRKOA

Points Count 32768 Pulse Sequence zgpg30 Receiver Gain 228.00

SW(cyeclical) (Hz) 24038.46 Solvent CHLOROFORM-d Spectrum Offset (Hz) 10046.9531

Spectrum Type STANDARD Sweep Width (Hz) 24037.73 Temperature (degree C) 25.152

C-7-epi-4.53
13CNMR (100 MHz) in CDCl,
T e J I +
T T T [ T
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 -10

Chemical Shift (ppm)
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C-7-epi-4.53
NOE 3.63 ppm

( Acquisition Time (sec) 25559

Comment 00701217-E239-363 | Date Jul 31 2012 ‘ Date Stamp Jul 312012
File Name CADOCUME~TAMENDCO\LOCALS~I\TEMP\GAINS19712. TMP\PRODUCTION\UNITYH\AMENDCO01\00701217-E239-363 2012213110542 FID\FID
| Frequency (MHz) 400.20 Nucleus 1H Number of Transients 64 QOriginal Points Count 16384
| Points Count 16384 Pulse Sequence NOESY1D Receiver Gain 30.00 Solvent CHLOROFORM-d
Spectrum Offset (Hz)  2401.1633 Spectrum Type STANDARD Sweep Width (Hz) 6410.26 Temp (deg C) 25.000
|
| | |
. i ebsied | N it S N S o
i e I‘ uy "'a‘ { b A i i d A
w !
|
I |
! LI’ | I P . \ i |
i | |
e JL M - v ‘\._.LL,JJM - J'"L ,;‘?lJL\,W JJ"\_ oA \‘\LJ‘\_J” AW ‘JJL
T T T T T T T T T T T T T T T T T T T T T
75 7.0 6.5 6.0 55 5.0 45 4.0 35 3.0 25 20 1.5 1.0 0.5 0 -0.5

Chemical Shift (ppm)




Data:Q:\081211B\BRADOW 2011-08-12 13-40-54\1147E1-2.D

Sample:00701217-E239

Method:C:\Chem32\1\DATA\081211B\BRADOW 2011-08-12 13-40-54\COLUMN2.M

data acquired by:

on: 8/12/2011
location: Vial 1
Injection Vol: 5.000
Injection Date: 8/12/2011

Data:X:\110612A\00701217-E239-62.D
Method:C:\CHEM32\1\METHODS\COLUMN 6 METHANOL.M

data acquired by:

on: 11/6/2012
location: Vvial 1
Injection Vol: Actual Injection Volume not ->
Injection Date: 11/6/2012

DAD1 B, Sig=254 4 Ref=off (Q:\081211B\BRADOW 2011-08-12 13-40-54\1147E1-2.D)
mAU

500

[ (+)-4.53

] H /
400 ‘

300 |

(-)-C-7-epi-4.53 | | (+)-C-7-epi-4.53

i E e

100+ R [l

6411

_3.994

L 6
Spectra below are for the intergrated MS peaks from above.
See Spetra header for details.
# Meas. R Area Area % Signal Desc.

DAD1 A, Sig=210,16 Ref=360,100 (X:\110612A\00701217-E239-62.D)

mAU
250 4

200

150 o

100

50

=}
©

S
=l

6.943

0 2
Spectra below are

See Spetra header
# Meas. R Area

T T T T T T
4 6
for the intergrated MS peaks

for details.
Area % Signal Desc.

il 3.994 2.269e3
2 4.785 8.293e3

17.809 DADI1 B,
65.099

sig=25

1 4.960 1.135e3

51.606 DAD1 A, Sig=210

3 6,111 2.177e3 17.092

Separation of Diastereomers

4.53 and C-7-epi-4.53

2 6.943 1.064e3 48.394

Separation of Enantiomers (4.53)

from above.

min
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Acquisition Time (sec) 2.5625

Comment

NMR System BNMR_319-1 400 10025582 Pfizer Confidential proton CDCI3 {C:\Bruker\TopSpin3.0pl4} amendc01 43

Date 25 Jan 2013 17:00:32 | Date Stamp 25 Jan 2013 17:00:32
File Name \AMRGROB10025582. AMER.PFIZER.COM\BKDATA".DATA\AMENDCO01\NMR\00701217-D155\1\FID
Frequency (MHz) 399.54 Nucleus 1H Number of Transients 16
Origin spect Original Points Count 16384 Owner FCNGRO-BRKOA
Points Count 16384 Pulse Sequence zg30 Receiver Gain 362.00
SW(cyclical) (Hz) 6393.86 Solvent CHLOROFORM-d Spectrum Offset (Hz)  2385.7258
Spectrum Type STANDARD Sweep Width (Hz) 6393.47 Temperature (degree C) 25.154
CO,Me
CO,Me
@) OH
X

LHNMR (400 MHz) in CDCI,

I

[

1 I

M

f

J | j I VR0 AN A

1.00 O.é20.90 1.03 1.02 2.'953.03 2.993.002.99

[ [E [ i H =
T T [ [ T T T T
120 115 11.0 105 10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 55 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0 05 -1.0

Chemical Shift (ppm)
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Acquisition Time (sec)

1.3631

Comment

NMR System BNMR_319-1 400 10025582 Pfizer Confidential carbon_320 CDCI3 {C:\Bruker\TopSpin3.0pl4} amendc01 41

Date

26 Jan 2013 00:26:24

Date Stamp

26 Jan 2013 00:26:24

File Name \\AMRGROB10025582.AMER.PFIZER.COM\BKDATA".DATA\AMENDCO01\NMR\00701217-D155-CARBON\1\FID
Frequency (MHz) 100.46 Nucleus 13C Number of Transients 8192
Origin spect Original Points Count 32768 Owner FCNGRO-BRKOA
Points Count 32768 Pulse Sequence zgpg30 Receiver Gain 322.00
SW(cyclical) (Hz) 24038.46 Solvent CHLOROFORM-d Spectrum Offset (Hz)  10049.1533
Spectrum Type STANDARD Sweep Width (Hz) 24037.73 Temperature (degree C) 25.159
CO,Me
CO,Me
@) OH
X

13CNMR (100 MHz) in CDCI,

210 200 190 180

170

160 150 140 130 120

110 100
Chemical Shift (ppm)

90

80

70

60

50

40

30

20

10

0

-10
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Acquisition Time (sec) 3.6815 Date Jul 22 2010 | Date Stamp Jul 22 2010

File Name \WUNITYF.PFIZER.COM\SAMBA\100722\1801.FID\FID | Frequency (MHz) 399.83 Nucleus 1H
Number of Transients 16 Original Points Count 23552 Points Count 32768 Pulse Sequence s2pul
Receiver Gain 36.00 Solvent CHLOROFORM-d Spectrum Offset (Hz)  2398.9565
Sweep Width (Hz) 6397.44 Temperature (degree C) 25.000 ‘

QL A,

~

4.60
'HNMR (400 MHz) in CDCl,

LJ_ J l L L,'J\l

1.97 2.83 2.09 3.00 292200
H Y H H H Y

105 100 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 55 5.0 4.5 4.0 3.5 3.0 25 2.0 1.5 1.0 0.5 0 -0.5 -1.0
Chemical Shift (ppm)
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Acquisition Time (sec) 1.3582 Date Jul 22 2010 | Date Stamp Jul 22 2010

File Name \\UNITYF.PFIZER.COM\SAMBA\100722\1802.FID\FID | Frequency (MHz) 100.55 Nucleus 13C
Number of Transients 512 Original Points Count 32768 Points Count 32768 Pulse Sequence s2pul
Receiver Gain 60.00 Solvent CHLOROFORM-d Spectrum Offset (Hz)  10027.1719
Sweep Width (Hz) 24125.45 Temperature (degree C) 25.000 ‘

QA

4.60

13CNMR (100 MHz) in CDCI,

-

i

wwmmwmm

mwwﬂwmwmww\mmwmwmwwmm

210 200 190 180

170

160 150 140 130 1

20 110 100

90 80

Chemical Shift (ppm)

70

60

50

10

0

-10
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Acquisition Time (sec) 3.6815 Comment 00701217-E15 Date Jul 12011
Date Stamp Jul 12011 File Name \WNITYF.PFIZER.COM\SAMBA\110701\0901.FID\FID | Frequency (MHz) 399.83
Nucleus 1H Number of Transients 16 Original Points Count 23552 Points Count 32768
Pulse Sequence s2pul Receiver Gain 48.00 Solvent CHLOROFORM-d

Spectrum Offset (Hz)  2411.4619 Spectrum Type STANDARD | Sweep Width (Hz) 6397.44 ‘ Temperature (degree C) 25.000

WS PN

4.61
IHNMR (400 MHz) in CDCl,

I
I )

| -
. J . ramiand S i/

2.54 3.00 1.03 2.21 2.22 3.013.14
= H H H i

11.0 105 100 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 55 5.0 45 4.0 3.5 3.0 25 2.0 1.5 1.0 0.5 0 -05 -1.0
Chemical Shift (ppm)
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Acquisition Time (sec) 1.3631

Comment

NMR System BNMR_319-1 400 10025582 Pfizer Confidential carbon CDCI3 {C:\Bruker\TopSpin3.0pl4} amendc01 23

Date 11 Nov 2012 12:38:08 Date Stamp 11 Nov 2012 12:38:08
File Name \\AMRGROB10025582.AMER.PFIZER.COM\BKDATA".DATA\AMENDCO01\NMR\00701217-E15-CNMR\1\PDATA\1\1r
Frequency (MHz) 100.46 Nucleus 13C Number of Transients 512
Origin spect Original Points Count 32768 Owner FCNGRO-BRKOA
Points Count 65536 Pulse Sequence zgpg30 Receiver Gain 322.00
SW(cyclical) (Hz) 24038.46 Solvent CHLOROFORM-d Spectrum Offset (Hz)  10046.0361
Spectrum Type STANDARD Sweep Width (Hz) 24038.09 Temperature (degree C) 25.153
/\)(L)\
[ :L 7
(0]
13CNMR (100 MHz) in CDCl,
Ll ) L ‘ .

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T

210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 -10

Chemical Shift (ppm)
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Acquisition Time (sec) 3.6815 Comment 00701217-e29 Date Jul 11 2011
Date Stamp Jul 112011 | File Name \WUNITYF.PFIZER.COM\SAMBA\110711\1601.FID\FID | Frequency (MHz) 399.83
Nucleus 1H Number of Transients 16 Original Points Count 23552 Points Count 32768
Pulse Sequence s2pul Receiver Gain 48.00 Solvent CHLOROFORM-d
Spectrum Offset (Hz) 2411.0713 Spectrum Type STANDARD | Sweep Width (Hz) 6397.44 ‘ Temperature (degree C) 25.000
©\ /\)Oi)\
_—
(0]
IHNMR (400 MHz) in CDCl,
I | ﬁ Ll
o I
I . LI I
J - /KA | e
230 292 1.00 1.06 1.131.14 1.191.24 0.84 3.20 3.01
5] B = =] S [
T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
11.0 105 100 9.5 9.0 55 5.0 15 1.0 0.5 -0.5 -1.0

Chemical Shift (ppm)
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Acquisition Time (sec) 1.3582 Comment 00701217-e29 | Quick C-13 for concentrated sample Date Jul 112011
Date Stamp Jul 11 2011 File Name \UNITYF.PFIZER.COM\SAMBA\110711\1602.FID\FID Frequency (MHz) 100.55
Nucleus 13C Number of Transients 256 Original Points Count 32768 Points Count 32768
Pulse Sequence s2pul Receiver Gain 60.00 Solvent CHLOROFORM-d

Spectrum Offset (Hz)  10033.0625 Spectrum Type STANDARD Sweep Width (Hz) 24125.45 ‘ Temperature (degree C) 25.000

S IN

4.62
13CNMR (100 MHz) in CDCI,

200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 -10
Chemical Shift (ppm)
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Acquisition Time (sec) 2.5625 Comment NMR System BNMR_319-1 400 10025582 Pfizer Confidential proton CDCI3 {C:\Bruken\TopSpin3.0pl4} youngj35 36
Date 12 Nov 2012 16:56:16 | Date Stamp 12 Nov 2012 16:56:16

File Name \\AMRGROB10025582.AMER.PFIZER.COM\BKDATA".DATA\Y OUNGJ35\NMR\00702112-F79-P\1\PDATA\1\1r

Frequency (MHz) 399.54 Nucleus 1H Number of Transients 16

Origin spect Original Points Count 16384 Owner FCNGRO-BRKOA

Points Count 65536 Pulse Sequence zg30 Receiver Gain 57.00

SW(cyclical) (Hz) 6393.86 Solvent CHLOROFORM-d Spectrum Offset (Hz)  2373.3835

Spectrum Type STANDARD Sweep Width (Hz) 6393.76 Temperature (degree C) 25.148

(@]
L3
o =
4.63
IHNMR (400 MHz) in CDCI3

| [

|

| L«\ \ \ ‘
|| \ | |
L i " .
209 3.00 100 1.00 211 108297 1.166.15
o o (i L A VR e
SO USRS S SN SURORIE S SNNRTUINRUE S L SN SN
105 100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 0 -05 -10

Chemical Shift (ppm)
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Acquisition Time (sec) 1.3631 Comment NMR System BNMR_319-1 400 10025582 Pfizer Confidential carbon CDCI3 {C:\Bruker\TopSpin3.0pl4} amendc01 49
Date 12 Nov 2012 17:30:24 Date Stamp 12 Nov 2012 17:30:24
File Name \\AMRGROB10025582.AMER.PFIZER.COM\BKDATA".DATA\AMENDCO01\NMR\00701217-F79-P\1\PDATA\1\1r
Frequency (MHz) 100.46 Nucleus 13C Number of Transients 512
Origin spect Original Points Count 32768 Owner FCNGRO-BRKOA
Points Count 65536 Pulse Sequence zgpg30 Receiver Gain 322.00
SW(cyclical) (Hz) 24038.46 Solvent CHLOROFORM-d Spectrum Offset (Hz)  10046.0361
Spectrum Type STANDARD Sweep Width (Hz) 24038.09 Temperature (degree C) 25.150
(0]
©\ /)\];?\)\
7
(0]
13CNMR (100 MHz) in CDCl,

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T

210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 -10

Chemical Shift (ppm)
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Acquisition Time (sec) 2.5625

Comment NMR System BNMR_319-1 400 10025582 Pfizer Confidential proton CDCI3 {C:\Bruken\TopSpin3.0pl4} amendc01 40

Date 14 Nov 2012 18:00:16 Date Stamp 14 Nov 2012 18:00:16

File Name \\AMRGROB10025582.AMER.PFIZER.COM\BKDATA".DATA\AMENDCO01\NMR\00701217-F81-PURE\4\PDATA\1\1r
Frequency (MHz) 399.54 Nucleus 1H Number of Transients 16

Origin spect Original Points Count 16384 Owner FCNGRO-BRKOA
Points Count 65536 Pulse Sequence zg30 Receiver Gain 64.00
SW(cyclical) (Hz) 6393.86 Solvent CHLOROFORM-d Spectrum Offset (Hz)  2369.0908
Spectrum Type STANDARD Sweep Width (Hz) 6393.76 Temperature (degree C) 25.153

SN

4.64

IHNMR (400 MHz) in CDCl,

| \

227 3.21
H B

I
w

J
)

P VGV ' N, W

0.92

hj 1
213 2.b0 2.113.042.97
H H H H Y

105 10.0

9.5

6.0 55

5.0

-0.5

Chemical Shift (ppm)

-1.0
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Acquisition Time (sec) 1.3631 Comment NMR System BNMR_319-1 400 10025582 Pfizer Confidential carbon CDCI3 {C:\Bruker\TopSpin3.0pl4} amendc01 40
Date 14 Nov 2012 17:58:08 Date Stamp 14 Nov 2012 17:58:08
File Name \\AMRGROB10025582.AMER.PFIZER.COM\BKDATA".DATA\AMENDCO01\NMR\00701217-F81-PURE\5\PDATA\1\1r
Frequency (MHz) 100.46 Nucleus 13C Number of Transients 512
Origin spect Original Points Count 32768 Owner FCNGRO-BRKOA
Points Count 65536 Pulse Sequence zgpg30 Receiver Gain 287.00
SW(cyclical) (Hz) 24038.46 Solvent CHLOROFORM-d Spectrum Offset (Hz)  10047.5029
Spectrum Type STANDARD Sweep Width (Hz) 24038.09 Temperature (degree C) 25.146
: :\ /\/\)\
(0]
13CNMR (100 MHz) in CDCl,
| J o ST e

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T

210 200 190 180 170 160 150 140 130 120 110 100 90 40 -10

Chemical Shift (ppm)

259



Acquisition Time (sec) 5.1118 Comment 00701217-F53-long Date Sep 17 2012
Date Stamp Sep 17 2012 File Name WUNITYH.PFIZER.COM\AUTO\2012\20120917\00701217-F53-LONG_20120917_01\PROTON_01.FID\FID
Frequency (MHz) 400.20 Nucleus 1H Number of Transients 80 Original Points Count 32768
Points Count 32768 Pulse Sequence s2pul Receiver Gain 30.00 Solvent CHLOROFORM-d
Spectrum Offset (Hz) 2401.1633 Spectrum Type STANDARD Sweep Width (Hz) 6410.26 Temperature (degree C) 25.000
(crude NMR)
IHNMR (400 MHz) in CDCl, major

diasteromer

minor
diasteromer

b

0.86
H

1041 091 11

1

N S r.L W

L

273274100115 1.081.901.152.892.531.043.711379.92 287285
= H H H O = =y | oY

10.5 10.0

9.5

Chemical Shift (ppm)

3.5

3.0

25 2.0 1.5 1.0 0.5

0

-0.5

-1.0
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Acquisition Time (sec) 5.1118 Comment 00701217-E-83 | Date Sep 28 2011 Date Stamp Sep 28 2011
File Name WUNITYH.PFIZER.COM\AUTO\2011120110928\00701217-E-83 20110928 01\PROTON_01.FID\FID Frequency (MHz) 400.20
Nucleus 1H Number of Transients 192 Original Points Count 32768 Points Count 32768
Puise Sequence s2pul Receiver Gain 30.00 Solvent CHLOROFORM-d

Spectrum Offset (Hz) 2401.6167 Spectrum Type STANDARD Sweep Width (Hz) 6410.26 Temperature (degree C) 25.000

4.72
(crude NMR)
IHNMR (400 MHz) in CDCl,

_— ] lh.. M l.,“Lth:iJ MMJJM ‘JJ)[T{/VML._L“JJ‘LVHA U

L i A LT L 1L
f ! r 1 — T f 1 R - r )l
0.82 1.05 0.991.14 2.872.861.00 1.26 1.201.412.622.873.032.273.601.5110.28 3.063.08
I = g d I g d bl g d &4 Ui

11.0 105 100 9.5 9.0 8.5 8.0 75 7.0 6.5 6.0 55 5.0 4.5 4.0 35 3.0 25 2.0 15 1.0 0.5 0 -05 1.0
Chemical Shift (ppm)
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Acquisition Time (sec) 3.6841 Comment 00701217-E91-pure Date Oct 12011
Date Stamp Oct 12011 File Name WUNITYG.PFIZER.COM\SAMBA\111001\0201.FID\FID | Frequency (MHz) 399.54
Nucleus 1H Number of Transients 16 Original Points Count 23552 Points Count 32768
Pulse Sequence s2pul Receiver Gain 26.00 Solvent CHLORQOFORM-d
Spectrum Offset (Hz) 2401.5022 Spectrum Type STANDARD Sweep Width (Hz) 6392.84 ‘ Temperature (degree C) 25.000
IHNMR (400 MHz) in CDCl,
J_Jh 1 J }’j' ‘..__AM h ‘UNLLN_JJ J‘L ‘)“J\.
PERN - S R
0.78 1.001.05 308306111 1073121483470932971092991961075300 3.03
I H U e L L e T | S e
T T T T [T T T T e T
10.5 10.0 9.5 75 5.0 4.5 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0 05 -1.0

Chemical Shift (ppm)
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Acquisition Time (sec) 1.4680 Comment 00701217-E91-pure Date Oct 1 2011

Date Stamp Oct 12011 File Name \WUNITYH.PFIZER.COM\AUTO\2011\20111001\00701217-E91-PURE_20111001_01\CARBON_01.FID\FID

Frequency (MHz) 100.64 Nucleus 13C Number of Transients 512 Original Points Count 32768

Points Count 32768 Pulse Sequence s2pul Receiver Gain 40.00 Solvent CHLOROFORM-d

Spectrum Offset (Hz) 10555.1309 Spectrum Type STANDARD Sweep Width (Hz) 22321.43 Temperature (degree C) 25.000
13CNMR (100 MHz) in CDCl,

T T T T T T e T T T
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0

Chemical Shift (ppm)
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Acquisition Time (sec) 2.5625

Contment

Date 09 Jul 2012 19:04.32 Date Stamp 09 Jul 2012 19:04:32
File Name WAMRGROB10025582. AMER.PFIZER.COM\BKDATA.DATA\AMENDCO1\NMR\00701217-E97-NOE\2\FID
Frequency (MHz) 399.54 Nucleus 1H Number of Transients 16
Origin spect Original Points Count 16384 Owner FCNGRO-BRKOA
Points Count 16384 Pulse Sequence zg30 Receiver Gain 203.00
SW(eyclical) (Hz) 6393.86 Solvent CHLOROFORM-d Spectrum Offset (Hz)  2384.5544
Spectrum Type STANDARD Sweep Width (Hz) 6393.47 Temperature (degree C) 25.146
IHNMR (400 MHz) in CDCl,
| /
.
."Ll - MMJ‘]\ J M‘\‘ H]UCUU'IL
[ r"' il N e e e s B |
0.81 0.94 1.01 3.05 3.031.031.03 3.302.302.920.912.651.132.891.391.15

S I I U 4 [ = ==
T T T [ T T
11.0 10.5 10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0 05 -1.0

Chemical Shift (ppm)
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Acquisition Time (sec)

1.3631

Comment

Date

09 Jul 2012 20:27:44

Date Stamp

09 Jul 2012 20:27:44

File Name WAMRGROB10025582.AMER.PFIZER.COM\BKDATA". DATA\AMENDCO1\NMR\00701217-E97-NOE\3\FID
Frequency (MHz) 100.46 Nucleus 13C Number of Transients 2048
Origin spect Original Points Count 32768 Owner FCNGRO-BRKOA
Points Count 32768 Pulse Sequence zgpg30 Receiver Gain 362.00
SW(cyeclical) (Hz) 24038.46 Soivent CHLOROFORM-d Spectrum Offset (Hz) 10048.4209
Spectrum Type STANDARD Sweep Width (Hz) 24037.73 Temperature (degree C) 25.149
COzMe
CO,Me
O
|||H
’
OH
13CNMR (100 MHz) in CDCl,
T T T [T [ T [ [
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 -10 -20

Chemical Shift (ppm)
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Acquisition Time (sec) 3.6841 Comment 00701217-E109-pure Date Oct 20 2011
Date Stamp Oct 20 2011 File Name WUNITYG.PFIZER.COM\SAMBA\111020\0201.FID\FID | Frequency (MHz) 399.54
Nucleus 1H Number of Transients 16 Original Points Count 23552 Points Count 32768
Pulse Sequence s2pul Receiver Gain 36.00 Solvent CHLOROFORM-d

Spectrum Offset (Hz)  2397.1536 Spectrum Type STANDARD Sweep Width (Hz) 6392.84 Temperature (degree C) 25.000

4.75
LHNMR (400 MHz) in CDCI,

| ! | |
y‘ A I Rl /| * J
- BTN B | W — MMJ\JLH_.‘.;L.-\_. — A_J"‘ul{l‘LAL“V.._ - ,hJ.-"J]'ILJ‘-‘ H‘*-JJ’.‘ -“Il-"lh FUM_,.., O —
f bl r" T f IR
0.90 1.010.99 1.053.143.16 3.32 3.124.28 3.94 3.07 1.27
H H 4 H H H = Hdd d B d
T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
105 10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 25 2.0 1.5 1.0 0.5 0 -0.5 -1.0

Chemical Shift (ppm)
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Acquisition Time (sec) 1.3591 Comment 00701217-E109-pure. | Quick C-13 for concentrated sample | Date Oct 20 2011

Date Stamp Oct 20 2011 File Name WUNITYG.PFIZER.COM\SAMBA\111020\0202.FID\FID Frequency (MHz) 10047

Nucleus 13C Number of Transients 256 Original Points Count 32768 Points Count 32768

Puise Sequence s2pul Receiver Gain 60.00 Solvent CHLOROFORM-d

Spectrum Offset (Hz) 10046.3643 Spectrum Type STANDARD Sweep Width (Hz) 24110.91 Temperature (degree C) 25.000

13CNMR (100 MHz) in CDCl,

T T [ T T T T T T A T T T
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 -10 -20

Chemical Shift (ppm)
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Acquisition Time (sec) 2.5625 Comment

Date 12 Jul 2012 13:44:32 Date Stamp 12 Jul 2012 13:44:32

File Name WAMRGROB10025582.AMER.PFIZER.COM\BKDATA". DATA\AMENDCO01\NMR\00701217-E281-3\2\FID

Frequency (MHz) 399.54 Nucleus 1H Number of Transients 16

Origin spect Original Points Count 16384 Owner FCNGRO-BRKOA
Points Count 16384 Pulse Sequence zg30 Receiver Gain 256.00
SW(cyeclical) (Hz) 6393.86 Solvent CHLOROFORM-d Spectrum Offset (Hz) 2384.5544
Spectrum Type STANDARD Sweep Width (Hz) 6393.47 Temperature (degree C) 25.152

4.76
LHNMR (400 MHz) in CDCI,

J I\

‘”‘L‘.J ", ‘WJI\I r‘:\\“

0.89
[

J I 1

r 1 — hl
0.930.98 2.97 2.96 1.00
H o4 H 8 H

R .
— T T
1.881.121.083.792.891.402.082.85
H 4 8 H 8 4 H ¥

— T
4.061.30
E=!

11.0 105 10.0

9.5 9.0 8.5

8.0 7.5 7.0

6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0

Chemical Shift (ppm)

1.0 0.5 0 056 1.0
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Acquisition Time (sec)

1.3631

Comment

Date

07 Jul 2012 17:17:52

Date Stamp

07 Jul 2012 17:17:52

File Name WAMRGROB10025582. AMER.PFIZER.COM\BKDATA". DATA\AMENDCO1\NMR\00701217-E281-NOE\3\FID
Frequency (MHz) 100.46 Nucleus 13C Number of Transients 2048
Origin spect Original Points Count 32768 Owner FCNGRO-BRKOA
Points Count 32768 Pulse Sequence zgpg30 Receiver Gain 144.00
SW(cyclical) (Hz) 24038.46 Solvent CHLOROFORM-d Spectrum Offset (Hz) 10047.6865
Spectrum Type STANDARD Sweep Width (Hz) 24037.73 Temperature (degree C) 25.149
13CNMR (100 MHz) in CDCl,
T T [ P [ [ [ [ T T T
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 10 -20

Chemical Shift (ppm)
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Acquisition Time (sec) 2.5559 Comment 00701217-E281-485 | Date Jul 82012 ‘ Date Stamp Jul 8 2012

File Name C:DOCUME~T\AMENDCO1\LOCALS~\TEMP\GAINS9193. TMP\PRODUCTION\UNITYH\AMENDCQ1100701217-E281-485_2012190115707.FID\FID

Frequency (MHz) 400.20 Nucleus 1H Number of Transients 64 Original Points Count 16384

Points Count 16384 Puise NOESY 1D Receiver Gain 30.00 Solvent CHLOROFORM-d
Spectrum Offset (Hz, 2401.1633 Spectrum Type STANDARD Sweep Width (Hz) 6410.26 Temperature (degree C) 25.000

4.76 |
NOE 4.85 ppm FEUSUPURPUNAUIPTRII [ " S PRSPV DUUDATINURUPIRY WP FYOROPRII

I I Mo,

75 7.0 6.5 6.0 55 5.0 45 4.0 35 3.0 25 20 1.5 10 05 0
Chemical Shift (ppm)
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Acquisition Time (sec) 2.5625 Comment
Date 18 Sep 2012 14:12:16 Date Stamp 18 Sep 2012 14:12:16
File Name WAMRGROB10025582. AMER.PFIZER.COM\BKDATA".DATA\AMENDCO1\NMR\00701217-BISABOSQUAL\1\FID
Frequency (MHz) 399.54 Nucleus 1H Number of Transients 256
Origin spect Original Points Count 16384 Owner FCNGRO-BRKOA
Points Count 16384 Pulse Sequence zg30 Receiver Gain 322.00
SW(cyclical) (Hz) 6393.86 Solvent CHLOROFORM-d Spectrum Offset (Hz)  2385.7253
Spectrum Type STANDARD Sweep Width (Hz) 6393.47 Temperature (degree C) 25.150
Bisabosqual A (1.1)
'HNMR (400 MHz) in CDCl;
1y ) 1Jx M M

T 1
0.870.91
H i

,U HIJ lH

r h
0.93 0.950.95 0.99 195101101088301325211157296300095105
H H H = 5 B B H B 4 1 ¢ B H H H

11.0 10.5 10.0

95

8.0 7.5 7.0 6.5 6.0 55 5.0 45 4.0 3.5 3.0 25

Chemical Shift (ppm)

1.5 1.0 0.5 0 05 -1.0
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Acquisition Time (sec) 1.2788 Comment 00701217-Bis-pure Date Sep 18 2012
Date Stamp Sep 18 2012 File Name WUNITYH.PFIZER.COM\AUTO\2012\20120918\00701217-BIS-PURE_20120918 01\CARBON_01.FID\FID
Frequency (MHz) 100.64 Nucleus 13C Number of Transients 16384 Original Points Count 28544

Points Count 32768 Pulse Sequence s2pul Receiver Gain 40.00 Solvent CHLOROFORM-d
Spectrum Offset (Hz) 10063.7373 Spectrum Type STANDARD Sweep Width (Hz) 22321.43 Temperature (degree C) 25.000

Bisabosqual A (1.1)

13CNMR (100 MHz) in CDCl,

200

190

180 170 160 150 140

130 120

110 100 90

Chemical Shift (ppm)
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