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Abstract
The “Golden Apple”: Gold Catalysis in the Synthesis of Caged Indole Alkaloids,

Strictamine and Arborisidine, and Harziane Diterpenes

Chapter 1 Gold Catalysis: Strategic Advantages in the Total Syntheses of Complex
Natural Products

Since its early use in the late 1980 and 1990, homogeneous gold catalysis has
emerged as a powerful tool in the field of natural product synthesis. Herein, we
illustrated with recent examples that the incorporation of gold catalysis in total
synthesis has benefited tremendously in the rapid construction of challenging all-carbon

quaternary centers and medium-sized ring.

Chapter 2 Formal Synthesis of (+)-Strictamine

Strictamine is a pentacyclic Akuammiline alkaloid isolated in 1966 bearing a
unique methanoguinolizidine core and its total synthesis puzzle has not been solved for
50 years. While a number of total and formal syntheses of strictamine were discloses
by other labs in recent years, all of them required no less than 14 steps of chemical
transformations. We developed a gold-catalyzed 6-endo-dig cyclization with
“protonation as traceless protection” strategy to access the key intermediate towards
strictamine and accomplished a concise formal synthesis of strictamine (6 step racemic,

7 step asymmetric). The application of an enantioselective propargylation developed

Xviii



during the course of our research was also demonstrated in the catalytic asymmetric

synthesis of other indole alkaloids.

Chapter 3 Total Synthesis of (+)-Arborisidine

Arborisidine is a pentacyclic indole alkaloid isolated in 2016 containing a rare
fully substituted cyclohexanone moiety, with promising in vitro inhibition activity of
gastric cancer in combination of pimelautide. The presence of aza-quaternary center
and dense substitutions raised significant synthetic challenges. Herein, we discussed
our elaborations of 6-endo-dig cyclization reactions and detours to access the intriguing
core of arborisidine, and additional efforts in the regioselective functionalization of
dienes as well as late-stage one-pot redox manipulations, which ultimately led to the
first total synthesis of arborisidine (7 steps racemic, 9 steps asymmetric). The
development of chemoselective decyanation reaction also provided alternative entry to

the enantioenriched 1-acyl tetrahydro-B-carboline building blocks.

Chapter 4 Studies toward Total Synthesis of Harziane Diterpenes

Harziane diterpenes, mostly isolated from Trichoderma fungi species,
constitute of a considerable number of members sharing a complicated tetracyclic
scaffold with four-, five-, six- and seven membered rings, at least five stereocenters and
three all-carbon quaternary centers, in which two are vicinal. We designed a unified
approach taking advantage of the gold-catalyzed [2+2] cycloaddition reaction to access

the unique 7-4 fused bicyclic system with different types of ring tethers. A ring

XiX



reorganization strategy was also devised, complementary to the innate selectivity of
Favorskii-type ring contraction. These establishments allowed access to a key
ketoaldehyde intermediate in 10 steps that contains the major stereocenters in the right
half of harziane diterpenes. With the aid of versatile diene functionalizations, we would
hopefully complete the collective total synthesis of harziane diterpene natural products

in the near future.
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Chapter 1 Gold Catalysis: Strategic Advantages in the Total

Syntheses of Complex Natural Products



1.1 Introductions

Gold (Au, a.u. = 196.97, electron configuration [Xe]4f*5d'%s?) is the 79™
element in the periodic table, belonging to Group VIII. It was also the first elemental
metal utilized in human society and played an essential role in the ancient times, mainly
used in currency, upper class decorations and as the symbol of intrinsic worth and
perfection, owing to its bright, shining color as well as eternal stability. The unique
color of gold among most other metals, however, is now explained via the relativistic
effect!y] of heavy atoms contracting its 6s orbital and expanding its 5d orbitals. This
same effect also armors cationic gold complexes with extraordinary w-acidity and good
capacity to stabilize the neighboring carbocation through backbonding, making the
“stable” gold species a powerful catalyst in organic synthesis.

Gold was first used in homogeneous catalysis in 1986 in an enantioselective
[3+2] cycloaddition reaction between aldehydes (1) and isocyanoacetates (2) to
generate oxazoline (3)1?; the first example of alkyne activation emerged in 1998
(Scheme 1.1). The field has been quickly expanding since early 2000 and the mode of
gold catalysis has been broadened to a significant level, including classical activating
alkynet and other unsaturated functionalities, asymmetric catalysis®®, carbenoid

reactions®, cross coupling[7], photocatalysis[8] and other reactionst®l.



Scheme 1.1 Early examples of homogeneous gold catalyzed organic reactions
Ito & Hayashi, 1986

Me me
(°HexNC),AuBF4/4 Ph CO,Me !
CO,Me (1 mol%), CH,Cl, - 2 N
PhCHO + J - I\ PPhz NMe,
CN 96%, 8:1 dr, 96% ee Nz £ PPh,
1 2 3 4
Teles, 1998
Me PhsPAuMe MeO OMe
R —
M
Me  MeOH e\)vMe
5 6

The continuous elucidations of various mechanisms!‘® in gold catalysis has
also driven the discoveries of new reactions that were ultimately reflected in the
efficient syntheses of natural products*l and other complex molecules. In this chapter,
we would like to demonstrate such strategic advantages of gold catalysis in the total
syntheses of complex natural products with selected recent examples from numerous
impressive works in the past two decades. Through meticulous design and orchestration,
the gold-catalyzed alkyne activation has tremendously accelerated the key C-C bond
formation events toward building all-carbon quaternary stereocenters and medium-

sized carbo-/heterocycles within natural product targets.

1.2 Gold Catalysis Enables Rapid Construction of All-Carbon Quaternary
Stereocenters

One of the most widely used reactions in total syntheses employing gold
catalysis is the cycloisomerization of 1,n-enyne substratesi'® (including Conia-ene*?l
reactions). The highly active gold(l) species allows for the effective and stereoselective
formation of all-carbon quaternary stereocenters, which often present significant

challenges*® throughout the synthesis. In 2017, Barriault and coworkers disclosed an



elegant synthesis of magellanine (9)1**! in which the key step involved a formal [4+2]
cycloaddition reaction of 7. This event was triggered by the cyclization of the silyl enol
ether, followed by ring opening of the three-membered ring of 10 with subsequent

elimination. Such design has enabled an 11-step synthesis of (-9.

Scheme 1.2 Barriault’s total synthesis of magellanine (9)

Me
TIPSO [12-:Au(NCMe)]SbFg
| | (1 mol%) TIPSO...

v

toluene, 20 °C;
then CSA; 91%

TsN !
EtO,C CO,Et CO,Et

pr
OMe

1 12: Ar= 3,5-(CF3)2CGH2

Another way to implement gold-catalyzed cycloisomerization includes the
combination of semi-pinacol rearrangement to terminate the carbocation and generate
quaternary centers stereoselectively. In 2010, Overman and coworkers completed the

first total synthesis of (+)-sieboldine A (15, Scheme 1.3) using such a strategy™®.

Scheme 1.3 Overman'’s total synthesis of (+)-sieboldine A (15)

xn H Me..,

Me: B oph, JohnPhosAuCI (5 mol%) Me... A~ 10 steps

2 AgSbFg (5 mol%) o

TESO , > i~/ g
IPFOH, CH2C|2 A "'_oph
23 °C; 78% o
OTBDPS OTBDPS ‘OH
13 14 (+)-sieboldine A (15)
l [Au]* T
— : [Au] H [Alu]+
Me:

17 OTBDPS-




Carreira and coworkers took advantage of gold catalyst to promote the Claisen
rearrangement of propargyl ether®l (also known as Saucy-Marbet rearrangement),
generating the desired quaternary stereocenter in intermediate 19 towards their first
total synthesis of indoxamycin B[*"1(21, Scheme 1.4) in 2012. The employment of gold
catalysis allowed for complete stereocontrol and high yield, while simple thermal
conditions failed to give the desired product. The resultant allenyl group in 19 also
participated in the subsequent hydroalkoxylation with a different gold catalyst to form

the tetrahydrofuran moiety in 20.

Scheme 1.4 Carreira’s total synthesis of indoxamycin B (21)

o Me lo) Me
//_ 2 [(PhsPAU);OIBF,  Me 0
Me oTBS (1 mol%), DCE oTBs 1. LIBHEt3; 80%
Me —0> Me
o 75 °C; 84% 2. JohnPhosAuCl
o (10 mol%)
Me Me AgOTs (10 mol%)

18 19 toluene, 60 °C

72%, dr 3.2:1

indoxamycin B (21)

1.3 Gold Catalysis Allows Facile Medium-Size Ring Synthesis

Gold catalysis also exhibits great potential in the efficient synthesis of
medium-sized rings (typically 7- and 8-memebered rings). An impressive cascade
cyclization developed by Echavarren and coworkers has enabled a concise entry into
various diterpene scaffolds!*®l, which was applied by both the Echavarren lab [*% and
Ma lab 1*°°1'in their asymmetric total syntheses of (—)-englerin A (24) in 2010 (Scheme

1.5).



Scheme 1.5 Echavarren’s and Ma’s total syntheses of (-)-englerin A (24)

Echavarren, 2010 [IPrAU(NCPh)SbFs Me
A C;’H o (3 mol%)
N N Me >
* CH,Cl,; 58%
Me OTES Me Me
22 Me
Ma, 2010 Ve Me 7 o
OH O Me 10 ste 0—<_
H AuCI (1 19 ps
WME —UC (10 mo /0)) — Me OH
= CH,Cly; 48% . > (-)-englerin A (24)
Me Me Me K o
25 Me 56

Mechanistically, this cascade reaction (Scheme 1.6) was postulated through an
enyne cyclization followed by an intramolecular nucleophilic attack of carbonyl group
onto the cyclopropane of 27 and a sebsequent Prins-type cyclization of 28 to form the

bridged bicyclic moiety.

Scheme 1.6 Proposed mechanism of cascade cyclization in the total synthesis of (-)-englerin A 24

.
OH O ve rIAM
X : me [Aul" [~ Ve,
4 N —_— ~" Me
Me R Me Me H
HO Me
22 or 25 27

23 or 26 28

More recently (2016 and 2018), the Echavarren lab has published their
systematic studies on the asymmetric total syntheses of pyrroloazocine indole alkaloids,
including lundurine A-C (33-35)2% lapidilectine A-B (38, 36) (2, isolapidilectine (41)
(21 lapidilectam (39) Y and grandilodine A-C (40, 42, 37)[?!1 (Scheme 1.7). The
unified synthetic routes relied heavily on the gold-catalyzed 8-endo-dig cyclization of

intermediates 29 and 31 to build the key 8-membered ring fusion.



Scheme 1.7 Echavarren’s total synthesis of pyrroloazocine alkaloids

AUCI (5 mol%) N
MeO CH2C|2 790/0 MeO
\ N~
N 6% after N
H

crystalllzatlon

H CO,Me
29: R = °CgHy; 30 (-)-Lundurine A-C (33-35)
o
N
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HOAc, CHyCly; 71%
N ¢ Mz LT N N (36-42)
R
31: R_CCGH13 32
X
14
15
MeO
N \
COzMe COzMe
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(-)-Lundurine C (35): X = H, X X
N COzMe
COzMe C02Me
(-)-Lapidilectine A (38): A'*1% X = H, (*)-Isolapidilectine A (41): X = H,
(-)-Lapidilectam (39): A™1% X = O (+)-Grandilodine B (42): X = O

(+)-Grandilodine A (40): X = H,

In 2020, Yang, Chen and coworkers accomplished the asymmetric total
synthesis of pre-schisanartanin C (47)[??1, a schisandra nortriterpenoid natural product.
After tremendous efforts to build up the polycyclic skeleton, a gold-catalyzed
propargylic ester rearrangement with subsequent intramolecular cyclopropanation of
the thus-formed gold carbenoid 45 was successfully incorporated to establish the 8-
member ring junction. The protecting group choice of 4-fluorobenzyl (°"Bn) in place

of benzyl in 43 effectively prevented the complexation caused by hydride shift of



benzylic protons onto the vinyl gold carbenoid in 45. The successful execution of this
transformation in such a highly complicated system also demonstrated the mildness and

versatility of gold catalysis in complex natural product synthesis.
Scheme 1.8 Yang and Chen'’s total synthesis of pre-schisanartanin C (47)

tBu\ i,tBu Me
o 0

AuCl (2.5 mol% x 7)
DCE, 25 °C

L

52% 44 + 35% 46

Me”:

AuCl, DCE
OrFBz 27%;

pre-schisanartanin C (47)
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Chapter 2 Formal Synthesis of (+)-Strictamine
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2.1 Isolation, Structure Feature and Bioactivity of Strictamine

Strictamine (1) is an akuammiline alkaloid isolated in 1966 from Rhazya
stricta decaisnet. In 1977, the X-ray crystallographic analysis of its monohydrate
revealed 2! the structure of 1 as a caged pentacyclic molecule bearing a rare, constrained
methanoquinolizidine moiety (2), in which both piperidine rings reside in boat-like
conformation (highlighted in red, Figure 2.1). This unusual scaffold contributes to the

most of ring strain in 1.

Figure 2.1 Structure of strictamine (1) and methanoquinolizidine (2) moiety
C02Me

E @
N N
strictamine (1) methanoquinolizidine (2)

Later investigations of 1 have revealed various biological activities™, including
monoamine oxidase antagonist activity!®, antiviral activity against herpes simplex
virus (HVP) and adenovirus (Adv)®! and inhibition activity of neuron factor kB (NF-
kB)E, a protein complex that plays an essential role in the transcription of DNA and

immune response to infection.

2.2 Efforts on Total and Formal Syntheses of Strictamine in recent years

The unique pentacyclic structure as well as potential biological activities of
strictamine (1) have made it a hot target in the synthetic community. However, the
intriguing and highly strained ring system with the presence of two basic nitrogen atoms
rendered considerable challenges itself and there had been no total syntheses reported

before we launched our project. Nevertheless, the first total synthesis of (+)-strictamine
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(1) was completed in early 2016, by Garg and coworkers® (Scheme 2.1). Starting from
asymmetric material 3, a gold-catalyzed 6-exo-dig Conia-ene reaction was employed,
delivering the desired bicyclic intermediate 4 as the major regioisomer, which could be
converted into the corresponding B-hydroxyl enal 5 in a modest overall yield. Through
another 7-step sequence, tricyclic intermediate 6 could be obtained which was used in
the following Fisher indole synthesis and subsequent reduction of the imine in the same
pot to form indoline 7. Although 7 contains almost all the carbon skeleton and oxidation
states, another 9-step chemical transformations were required to achieve the final target,

(+)-1 (Scheme 4.1), with a total step count of 24 steps.

Scheme 2.1 Garg's enantioselective total synthesis of (+)-strictamine (1)

Garg, 2016
TBDPSO CHO
Au(PMe3)CI (10 mol%) 1. NaBO3 Me
AgOTf (15 mol%) THF, 60 °C S
> _—
Me ‘BUOH, toluene, 40 °C; 2. PhsP=CHOMe

49% for
3 steps

\/NNS then pTsOH

3: (4 step from
commercial material)

PhNHNH,, TFA
DCE, 40 °C
-
then Et3SiH
TFA, DCE, 23 °C
83%

(+)-1

Almost at the same time, Zhu and coworkers also published their own effort
in the total synthesis of (8-strictaminel® (Scheme 2.2). It is also the shortest total
synthesis to date. Using known intermediate 8%, an a-bromination was conducted
followed by an intramolecular S substitution and demethylation of 9 to generate the
bicyclic compound 10, which could be further transformed into 11 in three steps. The

installation of the vinyl iodide side chain (12) and subsequent Ni-catalyzed reductive
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cyclization would deliver (-1 albeit low yield in the last step. This work also revealed
a common intermediate, 11, the same intermediate we were pursuing at the timel”, and

all the subsequent formal syntheses were based upon 11 and 13.

Scheme 2.2 Zhu's total synthesis of (z)-strictamine (1)

Zhu, 2016
TfO
Tio pTsOH, NBS Nal, DMSO o
CH20|2 Z 140 °C =
NO o NO,
2 then workup; 40% for (o) NO,
NMe, 50 °C Me-N" Br 2 steps N
M Me—
(7 steps from 9 10
commermal material) l3 steps
. | l
Ni(COD),
Et;SiH ¢OzMe Br. A Me oM
MeCN Me | =~ 12 z
- -
5-10% =N Co200s SN
N HN
13 73% 11

In 2017, Zu and coworkers reported a unified strategy in the syntheses of (-
strictamine (1) and other members of the akuammiline alkaloidst® (Scheme 2.3).
Starting from the advanced tetracyclic intermediate 14 developed by the same lab!],
they were able to prepare the corresponding alkene substrate 15 that underwent a Ni(0)-
catalyzed Heck-type carbonylation reaction to generate 16. With two more steps
involving oxidation state adjustment, the common intermediate 17 was obtained and
subjected to excess samarium (1) diiodide which facilitated a reductive rearrangement,

generating 18. Finally, additional oxidation state manipulations led to (#-1.
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Scheme 2.3 Zu's total synthesis of ()-strictamine (1)

Zu, 2017
o Ni(COD),
3 steps Mi P Et;N, MeOH
N —
IN _> .,'N
Co.M ‘ MeCN/DMF, CO
NsN 2ife N CO,Me 83%
14 (11 steps from 15
commercial material)
COZMe H COzMe
L 2 st .
Me - P Me . Sml, (15eq.) M
A -~
THF/MeOH

‘.—
(_I)'I 18

In 2018, Tang, Qin and coworkers reported an enantioselective total synthesis
of (+)-strictaminet*® (Scheme 2.4), based on their intermediate 191%l. The key
transformation included a Johnson-Claisen rearrangement between 20 and orthoester
21 to circumvent the low-yielding problem in the final ring-closure step in Zhu’s
synthesis (Scheme 2.2). However, this reaction suffered from poor diastereoselectivity
with desired 23 being only 30% (and 60% the other diastereomer). With 23 in hand, the

subsequent reactions went smoothly to give (+)-1 in 10 steps.

Scheme 2.4 Tang & Qin's asymmetric total synthesis of (+)-strictamine (1)

i O O
Tang & Qin, 2018 Ho NE’Me
CO,Et
DIBAL H Y P|vOH
0,
90%7 toluene, 110 °C
BocN” " Ts BocN
19 (17 steps from
commercial material)
Me Oy _Me
10 st
Steps NaBH,
~— MeOC = MeO,C
MeOH N
BocN” M Ts 30% for BocN” H Ts
23 2 steps 22
1:1.2 Z/IE

Qin and coworkers have further devised a second-generation synthesis of (-)-

strictamine in 20191*Y (Scheme 2.5). From enantiopure material 2412, an efficient
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photoredox cascade cyclization/conjugate addition reaction was employed with good
diastereoselectivity, followed by a one-pot Grignard addition and p-tosyl deprotection,
to generate the tricyclic compound 25. With two more steps, the resultant allylic
carbonate 26 underwent a dearomative allylation to produce 27 containing the core of
strictamine. Given previous challenges with the final ring closure in the presence of the
bridged lactam moiety in 27, they decided to open up the lactam to facilitate the late-
stage Ni-catalyzed Heck-type coupling (28 to 29), which required an additional 15 steps

to reach the final target, (-)-1.

Scheme 2.5 Qin's 2nd-generation total synthesis of (-)-strictamine (1)

Qin, 2019 Z>CHo
[Ir(dtbpy)(ppy)2lPFe H
KHCOj;, THF : (o) (0]
Q\Cf blue LED; ‘Qj(j( 2 steps ]
xNPMB > A_NPMB —> Y NPMB
NH then? ~MgBr ; H g i H
then Na/Naphthalene X
24 (6 steps from 47% 25 j\/ 26 j\/
commercial material) HO MeO,CO
Pd(PPh3),
62%
=z
Me  Ni(coD), Me
Et;N X 9 steps
B E— Z - NT
DMSO/MeCN
61% (o} NPMB
27

Besides these elegant works on the total synthesis, there were also other reports,
besides ours, on the formal synthesis of strictaminel*®®*3l through the synthesis of

intermediate 13, which are summarized in Scheme 2.6. Among these, Fuji, Ohno and
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coworker published the first formal synthesis!*3 in which a similar gold-catalyzed 6-

endo-dig cyclization of 30 was incorporated.

Scheme 2.6 Other formal syntheses of strictamine targeting 13
Fuji & Ohno, 2016

SPhosAuCl OH CO,Me
AgNTf, 9 steps Me
EtOH 60°C —_ | %
76% ~
N

\\ OH sN

30 (10 steps from 31 13
commercial material)

Gaich, 2016
MeO,C Me ~ I MeO,C CO,Me
2 steps
AgOTf Me , y, ZSePS Me e 17
0, proton
sponge
42%
32 (32 steps from Stevens 13
commermal material)  [2,3]-sigmatropic
rearrangement
Zhang & Qin, 2017
EtO,C CO.Et
o Br CuCN 2 16 stops CO,Me
B K2003 Me P2
’ —
TN DMEDA ) =N
BnO,C \ BnO,C N L
NocBoC 61% NocBoc N
34 (5 steps from 35 (+)-13

commercial material)

Takayama, 2017

TESO COMe
TESO O3, CH,Cly; 10 steps
_thenPPhy Me | Z
NO,
b 50% o NO,
o

36: (7 steps from 37 13
commercial material)

2.3 Our Initial Approach of 6-Endo-Dig Cyclization
In collaboration with Dr. Myles Smith and Dr. Alison Gao, our goal was to

pursue a concise and asymmetric synthesis of strictamine (1) via a 6-endo-dig
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cyclization of alkyne 38 (Table 2.1). Initially, we found that stoichiometric AgBF4
could serve as an effective promoterl” for the electron-neutral alkyne substrates (38a),
but gave low yield with electron-deficient ynoate substrates (38b or 38c) which are
structurally more similar to 1 or 11. Switching the protecting group to Alloc (38d) could
partially solve this problem, but at the price of overall efficiency, as extra protection
and deprotection steps were required to prepare 38d. A better solution that could restore

the reactivity as well as maintain the conciseness of the route was thus demanded.

Table 2.1 Initial condition for 6-endo-dig cyclization

X substrate 38 yield of 39
. AgBF, 38a: X = H, CH,OH 50-66%
N
; —_—

DCE, 23 °C <N 38b: X = CO,Me, Y =CO,Me  15%

H
]
\x YN 38c: X = COMe, Y = Ns 37%

38 39
38d: X = CO,Me, Y = Alloc 62%

2.4 Protonation as Traceless Protection and Formal Synthesis of ()-Strictamine
During the progress of seeking appropriate protecting groups, we proposed the
use of a protonated ammonium salt as a traceless and “transient” protecting group
(Scheme 2.7), since it would also shield the nucleophilic secondary amine in substrates
like 38e against potential deactivation of cationic metal Lewis acids. However, the
isolation of free amine 42 had failed (Scheme 2.7), possibly due to the intermolecular
aza-Michael addition/ oligomerization between the free amine and electrophilic ynoate
moiety. Thus, we decided to use its TFA salt 41 for further screening of the 6-endo-dig

cyclization.
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Scheme 2.7 General design of “protonation as traceless protection” strategy

Plan: X
' aag [
+ u
H,N oo - <\
*H,N
A
X
38e 39%e
| TFA | |
BocN H,N workup yN
N > 2 N + N
H H H
CH,Cl,
A X =
COzMe CF3C°2- C°2Me COZMe
40 41 42 (not isolable)

The desired reaction did not occur with 1 equivalent of AgBF4 (Table 2.2, entry
1), but showed trace product in the presence of 5 mol% PhsPAuNTf; and 2 equivalents
of methanesulfonic acid (MsOH, Table 2.2, entry 2); other Brensted acid (CSA, HBF4,
HOTT, etc.) did not provide even trace product 11. Interestingly, stoichiometric amount
of AgBF4 and catalytic PhsPAuUCI (Table 2.2, entry 3) turned out to give a significant
amount of desired product 11, while control experiment indicated that either merely
AgBF4 (Table 2.2, entry 4) or both catalytic PhsPAuUCI and AgBF4 (Table 2.2, entry 5)
resulted in trace product formation. Replacing AgBF4 to AgSbFs (Table 2.2, entry 7)
further improved the yield to 58%. The role of excess silver salt was not completely
clear, but it might serve as a sacrificial agent to prevent coordinative deactivation of the
active gold(l) catalyst from the potential nucleophilic species, such as the free amine,

imine, and/or trifluoacetate anion in the reaction mixture.
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Table 2.2 Screening of reaction conditions of 6-endo-dig cyclization with ammonium salt 11

CO,Me
*H,N | N conditions %
H DCE, 23 °C S
X
A HN
CF3COZ- COzMe
41 1"
entry? catalyst (Y%omol) additive results
1 AgBF,4 (100) - decomposition
2 Ph3PAUNTf, (5) MsOH (2) trace product
3 PhsPAuCI (5), AgBF, (100) MsOH (2) 37% 11
4 AgBF,4 (100) MsOH (2) decomposition
5 PhsPAuCI (5), AgBF, (5) MsOH (2) trace 11
6 PhsPAuUNTf, (5), AgBF, (100) MsOH (2) 23% 11b
7 PhsPAuUCI (5), AgSbFg (100) MsOH (2) 58% 11

a. Reaction run at 0.1-0.5 mmol scale in DCE (0.05 M); b. isolated yield from Boc-
amide 40.
Such protonation strategy could also be used in the 6-endo-dig cyclization of
the more electron-deficient trifluoroethyl (TFE) ynoate substrate 43, although a harsher

condition with 10 mol% PhsPAuCI and elevated temperature was required, and the

yield of 44 was lower (Scheme 2.8).

Scheme 2.8 6-endo-dig cyclization with ammonium salt 43

PhsPAUCI (10 mol%) 1T EONZO
*H,N I y AgBF, or AgSbF (1 eq.)
H MsOH, DCE, 50 °C; <\
X then Boc,0, EtzN
CF.CO. “CO,TFE BocN
32 23% for AgBF, a4

43 24% for AGSbFy

This method provided a rapid and scalable solution for the formal synthesis of
(B-strictamine (1), reaching intermediate 1151 in only 4 steps™™¥ (Scheme 2.9). Starting
from inexpensive tryptamine (45), a one-pot Bischler—Napieralski reaction!*® could
generate cyclic imine 46, which then underwent a one-pot propargylation (with
allenylBPin 47) and Boc-protection to give 48. Subsequent oxidative carboxylation[*!

delivered the desired ynoate 40; all the transformations up to this point were performed
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on gram scale. After Boc deprotection, the in situ formed 41 was subjected to the 6-
endo-dig cyclization condition as discussed above to deliver the desired intermediate
11 on up to 450 mg scale (Scheme 2.9), which was only 2 more steps away from

strictamine (1), as reported by Zhu and coworkers®.

Scheme 2.9 Formal synthesis of (+)-strictamine (1) targeting 11

A BPin
47
HCO,Et, reflux; THF |
(\E@ —_— N | ———— 3 BocN
NH; then POCl; g

N
N N then Boc,0 H
H CHZCN, 0 °C H Et;N X
48
45 46 86% for
2 steps Pd(OAc)2
86% | PPh,, CO/O,
DMF/MeOH
CO,Me
iw route Y :i. TFA, CH,CI, BocN N
....... < H
—~ N ii. PhsPAUCI (5 mol%)
2steps i AgSbFg (1.0 eq.)
MsOH (2.0 eq.) COZ
(£)-1 1 DCE, 23 °C; 58%

2.5 Enantioselective Propargylation and Its Application in the Total Synthesis of
(+)-Strictamine and (-)-Decarbomethoxydihydrogambirtannine

After completing the formal synthesis of racemic strictamine (1), our next goal
was to achieve an asymmetric formal synthesis, which would require the development
of asymmetric propargylation of cyclic imine 46, a method that remained blank at the
timel’l. The most similar cases includes enantioselective propargylation between
allenylBPin (47) and aldehydes, ketones or activated imines®l, in which either chiral
phosphoric acid catalysist*®<l or transition metal catalysis, such as copper*®€l or

silver!*8d complexes, were employed (Scheme 2.10).
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Scheme 2.10 Previous examples on allenylBPin (47) mediated enantioselective propargylation reactions

CuOAc, 50 OH Shibasaki, 2010
—_— > /k/// 65-94%
LioPr, ‘ProH R'& 42-98% ee
CH,Cly, -75 °C 51
52, toluene? OH P 2Antilla, 2012 "Reddy, 2012
- : = 89-96% 92-98%
4A MS, -20 °C; R/\/ 77-94% ee 84-99% ee
)Xj\ BPin  Or 52, °CgHy,°, 10 °C 53
+
R” R
AgF, 54, MeOH; NHTs Jarvo, 2013
49 a7 > S 40-99%
/ (]
KOtBU tBUOH RJ\/ 74-98% ee
THF, -20 °C 55

CuCly2H,0, 56 POPh,  Hoveyda, 2017

— P 65-98%
NaO'Bu, MeOH R 84-94% ee
THF, -78 °C 57

MeO PAr,

o OO Ar Ph :Ph
- ’ ©FQ/PAQ N__N*
P e i Ar-N\os ﬁ
4 i
H @ Me Ar

MeO PAr,

o (@)
P-4
\/l\(
[e o]
A7
o -~

50: Ar = 4-F-CgH4 (R)-TRIP (52): Walphos 1 (54): 56: Ar = 2,4,6-Me3CgH,
Ar=246-PryCeH, AT 39 (CFakCels

There were a few other examples of catalytic asymmetric propargylation and
allylation of unactivated, cyclic imines”%. Itoh and coworkers developed™® and
optimized*®! a copper-biphosphine catalyzed asymmetric allylation of cyclic imines
58 using allylsilane 59 with acceptable enantioselectivity (Scheme 2.11). During the
time of our research, Fandrick and coworkers reported another copper-biphosphine
catalyst system enabling the asymmetric propargylation of cyclic iminesi*™ (including
46) with good yield and enantioselectivity, although in the case of 46, a relatively high

catalyst loading (20 mol%) was required (Scheme 2.11).
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Scheme 2.11 Previous examples on enantioselective addition of cyclic imines

CuCl, 60 MeO

L

o NH  itoh, 2006

Meom TBAT, 'BUOH, THF, 23°C  MeO 91%, 71% ee
61

N

MeO Z

58
+
CuF,, 62 MeO
_~_Si(OMe); il .
)  MeO NH Itoh, 2011
59 TBAT, ‘BuOH, THF, reflux 85%, 81% ee
61
Cu(ll) Isobutyrate, 64
| + BPin > NH .
N N At N Fandrick, 2016
e \\ LiO'Bu, toluene/THF H 68%, 90% ee
0°C
T™S 65 A
46 63 T™MS

9% CIC
PAr2 o PAI'z (o) :0
PAr, o PAr, £ 7
<0 OMe BuBu  OMe

(R)-tol-BINAP (60): (R)-DTBM-SEGPHOS (62): MeO-BIBOP (64)
Ar = 4-MeCgH, Ar = 3,5-Bu,-4-MeOCgH,

Based on known precedence, my coworker, Dr. Alison Gao, a senior grad
student in our lab, started the reaction screening with TRIP catalyst (52) and various
biphosphine ligands. She ultimately identified the optimal condition to be the
combination of CuCl, NaO'Bu and (R)-DTBM-SEGPHOS (62)1*4. With such condition
in hand, a 63% yield and 86% ee value could be obtained on 136 mg scale to afford
chiral Boc-amide 48. The successful installment of such chiral center in 48 let us
accomplish the asymmetric formal synthesis of (+)-strictamine [(+)-1], following the

same route (Scheme 2.12).
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Scheme 2.12 Enantioselective propargylation enabled formal synthesis of (+)-strictamine [(+)-1]

1. AllenylBPin (47) CO,Me
CuCl/NaO'Bu/62 | _
« BocN N —_—
| > ; —
Na N
H

H o~
THF/MeOH, -78 to -30 °C : H N
2. Boc,0, EtzN, DCM \\\ HN
46 (+)-48 ()1
63%, 86% ee (136 mg scale) )
65%, 75% ee (1.5 g scale) ' Zhu et al.
! 2 steps
o Y
{ Q CO,Me
o PAI'Z Me' .
<o O PAI"Z
o N
(R)-DTBM-SEGPHOS (62): (+)-1

Ar = 3,5-Bu,-4-MeOCgH,

To further expand the utility of this catalytic enantioselective method, we also
completed the total synthesis of (S)-(—)-decarbomethoxydihydrogambirtannine (67)
through a rapid, three-step sequence starting from (+)-48 (Scheme 2.13). The synthetic
route of racemic 67 was previously scouted by my coworker, Dr. Takuya Shimbayashi,
a visiting graduate student in our lab. Thus, a pyrone containing side chain 6512° was
installed after Boc-removal of 48, and an intramolecular thermal Diels-Alder/retro
Diels-Alder reaction took place smoothly to give the target molecule 67. Though this
simple alkaloid has been prepared ten times[?Y, there is only one asymmetric synthesis
of 67 through resolution?® and our approach provided the first catalytic
enantioseletive solution. Furthermore, the versatility of the alkyne functional group
would create great opportunities in the fast, asymmetric synthesis of other indole
alkaloids (Scheme 2.13) such as dihydrogambirtannine (68)1?? and arborescidine C
(69)2%1. The comparison of the optical rotation value of 67 also allowed us to determine

the absolute configuration of starting material 48.
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Scheme 2.13 Enantioselective synthesis of 67 and other potential targets

o . 1. TFA, CHZCIZ; N 9 N
¢ H 2. K,CO3, TBAI
\\\ valF, 380 °C 70 Ny
Br A (o)
48 (78% ee) 66 decarbomethoxy-
Z>0 65 dihydrogambirtannine (67)
S (74% ee)
o

CO,Me
dihydrogambirtannine (68) desbromoarborescidines C (69)

2.6 Conclusion

In this chapter, we have accomplished a concise formal synthesis of
strictamine (6-step racemic and 7-step asymmetric). The highly efficient synthesis was
realized through the minimization of protecting group usage and functional group
manipulations, featuring a 6-endo-dig cyclization of a rare protonated ammonium salt
serving as a traceless protecting group. Such strategy exhibits tremendous potential in
the rapid construction of the core skeleton in a wide range of Akuammiline alkaloids.
The development of asymmetric propargylation reaction by my coworker, Dr. Alison
Gao, also opened up additional avenues towards the enantioselective synthesis of

various indole alkaloids.

2.7 Experimental Details
General Procedures. All reactions were carried out under an argon

atmosphere with dry solvents under anhydrous conditions, unless otherwise noted. Dry
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tetrahydrofuran (THF), toluene, acetonitrile, and dichloromethane (CH2Cl2) were
obtained by passing commercially available pre-dried, oxygen-free formulations
through activated alumina columns. Yields refer to chromatographically and
spectroscopically (*H and *C NMR) homogeneous materials, unless otherwise stated.
Reagents were purchased at the highest commercial quality and used without further
purification, unless otherwise stated. Reactions were magnetically stirred and
monitored by thin-layer chromatography (TLC) carried out on 0.25 mm E. Merck silica
gel plates (60F-254) using UV light as visualizing agent, and an ethanolic solution of
phosphomolybdic acid and cerium sulfate, and heat as developing agents. Macherey-
Nagel® silica gel (60, academic grade, particle size 0.040-0.063 mm) was used for flash
column chromatography. The lactam formation reaction was performed using a Biotage
microwave tube. Preparative thin-layer chromatography separations were carried out
on 0.50 mm E. Merck silica gel plates (60F-254). NMR spectra were recorded on
Bruker 500 MHz instruments and calibrated using residual undeuterated solvent as an
internal reference. The following abbreviations were used to explain the multiplicities:
s =singlet, d = doublet, t = triplet, br = broad, app = apparent. IR spectra were recorded
on a Perkin-Elmer 1000 series FT-IR spectrometer. High-resolution mass spectra
(HRMS) were recorded on a Waters Synapt G2-Si mass spectrometer using ESI
(Electrospray lonization) at the University of Chicago Mass Spectrometry Laboratory,
and Agilent 6244 Tof-MS using ESI (Electrospray lonization) at the University of

Chicago Mass Spectroscopy Core Facility. High-pressure liquid chromatography
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(HPLC) was performed on a Shimadzu Prominence UFLC System, using column

ChiralPak® AD-H (0.46 cm %25 cm).

3,4-dihydro-g-carboline (46). Prepared using a slightly modified procedure
from that reported in the literature.[*® A 100 mL round-bottom flask was charged with
tryptamine (45, 7.99 g, 49.9 mmol, 1.0 equiv) and ethyl formate (50 mL), and the
resulting mixture was heated at reflux for 10 h under argon atmosphere. Upon
completion, the reaction contents were cooled to 23 <C, the solvent was removed under
reduced pressure, and the residue was then re-dissolved in MeCN (50 mL) and cooled
to 0 <C. To this new solution was added a solution of POCls (7.44 mL, 79.8 mmol, 1.6
equiv) in MeCN (10 mL) dropwise at 0 <C over 45 min. The resultant reaction mixture
was then stirred at 0 <C for an additional 3 h. Upon completion, the reaction contents
were poured into 1 M HCI (200 mL) and then transferred to a separatory funnel, washing
with Et2O (3 <30 mL). The aqueous phase was then transferred into an Erlenmeyer
flask and neutralized with saturated NaOH solution at 0 <C with vigorous stirring until
a pH of 10 was reached. The resultant aqueous layer was then re-extracted with CH,Cl;
(3 <200 mL). The combined organic layers were then dried (MgSOs), filtered, and
concentrated to give 9 (8.03 g, 95% vyield) as an orange solid that was used in
subsequent steps without any further purification. All spectroscopic data matched that

reported in Ref. 15.
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t-Butyl Carbamate 48. To a solution of freshly-made 3,4-dihydro-f-carboline
[46, 3.18 g, prepared from tryptamine (3.01 g, 18.8 mmol, 1.0 equiv)] in THF (180 mL)
at 23 <C was slowly added allenylboronic acid pinacol ester (47, 3.55 mL, 19.7 mmol,
1.05 equiv). After stirring the reaction contents at 23 <C for 8 h, EtzN (4 mL, 37.6 mmol,
2.0 equiv) and Boc20 (6.15 g, 28.8 mmol, 1.5 equiv) were added sequentially and the
mixture was stirred at 23 T for an additional 1 h. Upon completion, the reaction
contents were quenched by the addition of saturated aqueous NaHCO3 (50 mL) and
then were transferred to a separatory funnel, diluting with CH2Cl> (100 mL). The layers
were separated and the aqueous layer was extracted with CH2Cl, (3 %150 mL). The
combined organic layers were then dried (MgSOa), filtered, and concentrated. The
resultant crude product was purified by flash chromatography (silica gel,
EtOAc/hexanes, 1:10—1:3) to give t-butyl carbamate 48 (5.02 g, 86% yield over two
steps from tryptamine) as a light yellow foam. 48: R¢ = 0.67 (silica gel, EtOAc/hexanes,
1/2); IR (film) vmax 3307, 2975, 2927, 2852, 1671, 1415, 1367, 1253, 1233, 1166, 1114,
1103, 742 cm™*; *H NMR (500 MHz, CDCls3) § 8.41-8.36 (m, 1 H), 7.50 (d, J = 7.7 Hz,
1H),7.35(d, J=8.0Hz, 1 H), 7.18 (t, I = 7.5 Hz, 1 H), 7.11 (t, J = 7.4 Hz, 1 H), 5.43—
5.27 (m, 1 H, two rotamers), 4.52-4.33 (m, 1 H, two rotamers), 3.15-3.07 (m, 1 H, two
rotamers), 2.82-2.64 (m, 4 H), 2.26-2.25 (m, 1 H, two rotamers), 1.51 and 1.48 (s, 9 H,
two rotamers); 13C NMR (125 MHz, CDCls) 154.6 (154.2), 136.0, 133.1 (132.7), 126.3,
121.8,119.3,118.1,111.0, 109.5 (108.8), 81.4, 80.3, 71.4,50.3 (49.4), 39.3 (38.0), 28.4,
24.2 (23.9), 21.5 (21.2); HRMS (ESI) calcd for C1oH23N202* [M + H*] 311.1754, found

311.1743.
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Ynoate Ester 40. Using a procedure modified from Kim and co-workers,¢l a
solution of alkyne 48 (3.10 g, 10.0 mmol, 1.0 equiv 0.103 g, 0.382 mmol, 1.0 equiv) in
MeOH (40 mL) was added to a stirred suspension of Pd(OAc). (0.670 g, 3.00 mmol,
0.3 equiv) and PhsP (1.57 g, 6.00 mmol, 0.6 equiv) in DMF (80 mL) at 23 <C. The
resultant mixture was then placed under an atmosphere of CO and Oz (~1:1) and stirred
at 23 C for 16 h. Upon completion, the reaction contents were quenched by the addition
of water (10 mL) and then transferred to a separatory funnel, diluting with Et,O (200
mL) and water (50 mL). The layers were separated and the aqueous layer was extracted
with Et2O (3 <150 mL). The combined organic layers were then washed with water (5
x50 mL) and brine (50 mL), dried (MgSOs), filtered, and concentrated. The resultant
crude product was purified by flash chromatography (silica gel, EtOAc/hexanes,
1:10—-1:5—1:3) to give ynoate ester 40 (3.15 g, 86% yield) as a light yellow gum. 40:
Rf=0.54 (silica gel, EtOAc/hexanes, 1/2); IR (film) vmax 3334, 2979, 2240, 1699, 1436,
1413, 1368, 1264, 1164, 1077, 738 cm™*; *H NMR (500 MHz, CDCls) & 8.38 and 8.27
(brs, 1 H), 7.50 (brs, 1 H), 7.36 (d, J = 8.1 Hz, 1 H), 7.20 (t, J = 7.5 Hz, 1 H), 7.12 (t,
J=7.3Hz, 1H),551-5.34 (brs, 1 H), 4.54 (d, J = 10.2 Hz) and 4.35 (d, J = 9.1 Hz, 1
H, two rotamers), 3.84 and 3.81 (s, 3 H, two rotamers), 3.21-3.05 (m, 1 H), 2.95-2.74
(m, 4 H), 1.51 (s, 9 H); 13C NMR (125 MHz, CDCl3) § 154.6 (154.0), 153.8, 136.2,
132.1 (131.7), 126.3, 122.3 (122.1), 119.7 (119.5), 118.4 (118.2), 111.1, 110.1, 109.4,
86.4, 80.8 (80.6), 75.3, 52.7, 50.0 (49.0), 39.3 (37.8), 28.4, 24.5 (24.2), 21.5 (21.2);

HRMS (ESI) calcd for C21H24N204Na* [M + Na*] 391.1628, found 391.1630.
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Tetracyclic Amine 11. To a solution of compound 40 (0.450 g, 1.22 mmol, 1.0
equiv) in CH2Cl2 (54 mL) at 0 <C was added TFA (6 mL). The reaction contents were
then warmed to 23 <C and after further stirring at 23 <C for 45 min, the reaction contents
were evaporated directly under reduced pressure. The resultant residue of 41 was then
re-dissolved in 1,2-dichloroethane (6 mL) and MsOH (0.160 mL, 2.44 mmol, 2.0 equiv)
was added at 23 <C. Meanwhile, in a separate flask, to a solution of PhsPAuUCI (30.2
mg, 0.061 mmol, 0.05 equiv) in 1,2-dichloroethane (6 mL) was added AgSbFs (0.420
g, 1.22 mmol, 1.0 equiv) and the resultant mixture was stirred at 23 <C for 15 min, at
which point the solution of the deprotected substrate described above was added and
the resultant mixture was stirred at 23 T for 12 h. Upon completion, the reaction
contents were quenched by the addition of a 50% aqueous solution of NH4OH (50 mL)
and the resulting slurry was stirred at 23 <C for 1 h. The reaction contents were then
transferred to a separatory funnel, diluting with CH2Cl> (100 mL). The layers were
separated and the aqueous layer was extracted with CH2Cl, (3 < 100 mL). The
combined organic layers were then dried (MgSOa), filtered, and concentrated. The
resultant crude product was purified by flash chromatography (silica gel,
MeOH/EtsN/CHCl2, 2:1:100—5:1:100) to give amine 11 (0.189 g, 58% yield) as a
brownish yellow foam. Of note, further scaling leads to a decrease in yield, as starting
from 40 (0.985 g, 2.68 mmol), following the same procedure mentioned above, 11
could be obtained as a brownish yellow foam (0.166 g, 23% yield) after flash

chromatography. 11: R = 0.57 (silica gel, MeOH/CH2Clz, 1/10); IR (film) vmax 3298,
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3052, 2951, 1715, 1632, 1598, 1437, 1349, 1282, 1199, 1124, 1074, 911, 831, 774, 748

cm L IH NMR (500 MHz, CDCls) 8 7.91 (d, J = 7.2 Hz, 1 H), 7.63 (d, J = 7.7 Hz, 1 H),

7.36 (td, J = 7.6, 1.2 Hz, 1 H), 7.22 (td, J = 7.5, 1.0 Hz, 1 H), 7.07 (t, J = 3.6 Hz, 1 H),

4.20 (d, J = 6.2 Hz, 1 H), 3.75 (s, 3 H), 3.07-3.02 (m, 1 H), 2.92-2.85 (m, 4 H), 2.33

(brs, 1 H), 1.40-1.34 (m, 1 H); 3C NMR (125 MHz, CDCls3) & 184.9, 165.7, 155.8,

141.5, 140.2, 128.3, 129.6, 126.2, 125.4, 120.7, 55.1, 51.6, 50.8, 41.9, 37.9, 36.7,

HRMS (ESI) calcd for CisHi7N202* [M + H*] 269.1285, found 269.1280. All

spectroscopic data matched that reported by Zhu and co-workerst®! as denoted below in

Table 2.3 and 2.4.

Table 2.3 'H NMR data comparison of synthetic 11 with reported intermediate from Zhu

IH NMR (in CDCl3)

Our intermediate 11 (500 MHz)

Zhu’s intermediate (400 MHz)

7.91(d, J=7.2 Hz, 1 H)

7.93(d, J=7.5Hz, 1 H)

7.63(d, J=7.7 Hz, 1 H)

7.66 (d,J=7.7 Hz, 1 H)

7.36 (td, J=7.6, 1.2 Hz, 1 H)

7.39-7.36 (m, 1 H)

7.22 (td, J = 7.5, 1.0 Hz, 1 H)

7.25-7.21 (m, 1 H)

7.07 (t, 3= 3.6 Hz, 1 H)

7.09-7.07 (m, 1 H)

4.20 (d, J = 6.2 Hz, 1 H)

4.21(d,J=6.2 Hz, 1 H)

3.75 (s, 3 H)

3.76 (s, 3 H)

3.07-3.02 (m, 1 H)

3.09-3.02 (m, 1 H)

2.92-2.85 (m, 4 H)

2.98-2.80 (M, 4 H)

2.33 (brs, 1 H)

2.00 (brs, 1 H)

1.40-1.34 (m, 1 H)

1.41-1.34 (m, 1 H)
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Table 2.4 3C NMR data comparison of synthetic 11 with reported intermediate from Zhu

13C NMR (in CDCly)

Our intermediate 11 (125 MHz) Zhu’s intermediate (101 MHz)
184.9 185.1
165.7 165.9
155.8 156.1
141.5 141.7
140.2 140.4
129.6 129.9
128.3 128.5
126.2 126.4
125.4 125.6
120.7 120.9
55.1 55.3
51.6 51.8
50.8 51.0
41.9 42.2
37.9 38.1
36.7 37.0

77.0 (t, CDClg) 77.2 (t, CDClg)

TFE Ynoate Ester 43. Performed as described above for compound 40 using
48 (0.500 g, 1.61 mmol, 1.0 equiv), Pd(OAc). (0.108 g, 0.48 mmol, 0.3 equiv), PhsP
(0.254 g, 0.97 mmol, 0.6 equiv) in a solvent mixture comprised of 2,2,2-trifluoroethanol
(5 mL) and DMF (10 mL). Following initial work-up, the resultant crude product was
purified by flash chromatography (silica gel, EtOAc/hexanes, 1:10—1:5) to give ynoate
ester 43 (0.262 g, 37% yield) as a brownish yellow gum. 43: Rf = 0.38 (silica gel,

EtOAc/hexanes, 1/4); IR (film) vmax 3324, 2978, 2931, 2242, 1732, 1692, 1670, 1452,
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1413, 1368, 1294, 1233, 1168, 1086, 988, 966, 942, 852, 743 cm™*; *H NMR (500 MHz,
CDCI3) 6 8.72 and 8.26 (br s, 1H, two rotamers), 7.50 (d, J =7.5Hz, 1 H), 7.33 (d, J =
75Hz,1H),7.21-7.18 (m, 1 H), 7.14-7.11 (m, 1 H), 5.65-5.42 (m, 1 H, two rotamers),
4.58-4.39 (m, 3 H), 3.27 (t, J = 10.7 Hz) and 3.11 (t, J = 10.6 Hz, 1 H, two rotamers),
2.98-2.75 (m, 4 H), 1.57 and 1.54 (s, 9 H, two rotamers); **C NMR (125 MHz, CDCls)
8 154.8 (154.0), 151.3, 136.2, 131.8 (131.4), 126.3, 122.5 (q, J = 277.3 Hz), 122.5
(122.2), 119.8 (119.6), 118.4 (118.2), 111.2, 110.3 (109.4), 89.2, 80.9 (80.8), 73.9
(73.7), 61.2 (q, J = 36.7 Hz) [61.0 (q, J = 36.7 Hz)], 49.8 (48.9), 39.2 (37.8), 28.4, 24.7
(24.4), 21.4 (21.1); HRMS (ESI) calcd for CooH24F3N204" [M + H*] 437.1683, found

437.1670.

Compound 44. To a solution of compound 43 (40.0 mg, 0.09 mmol, 1.0 equiv)
in CH2Cl2 (4.5 mL) at 0 <C was added TFA (0.5 mL). The reaction contents were then
warmed to 23 <C and after further stirring at that temperature for 45 min, the reaction
contents were evaporated directly under reduced pressure. The resultant residue was
then redissolved in 1,2-dichloroethane (1.5 mL) and methanesulfonic acid (12 pL, 0.18
mmol, 2.0 equiv) was added at 23 <C. Meanwhile, in a separate flask, to a solution of
PhsPAUCI (4.6 mg, 0.009 mmol, 0.10 equiv) in 1,2-dichloroethane (1 mL) was added
AgBF4 (18.0 mg, 0.09 mmol, 1.0 equiv) or AgSbFe (31.6 mg, 0.09 mmol, 1.0 equiv)
and the resultant mixture was stirred at 23 <C for 15 min, at which point the solution of
the deprotected substrate described above was added and the resultant mixture was

stirred at 50 <C for 3 h. The reaction mixture was then cooled to 23 <C and EtsN (0.13
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mL, 0.92 mmol, 10 equiv) and Boc2O (40.0 mg, 0.18 mmol, 2.0 equiv) was added
successively. The reaction mixture was then stirred at 23 <C for 1 h. Upon completion,
the reaction mixture was quenched by the addition of saturated aqueous NaHCO3 (5
mL) and then were transferred to a separatory funnel, diluting with CH2Cl> (20 mL).
The layers were separated and the aqueous layer was extracted with CH2Cl, (3 %20
mL). The combined organic layers were then dried (MgSQOa), filtered, and concentrated.
The resultant crude product was purified by flash chromatography (silica gel,
EtOAc/hexanes, 1:10—1:2) to give compound 44 (9.7 mg, 24% yield with AgBFs; 9.1
mg, 23% vyield with AgSbFe) as a light yellow oil. 44: Rf = 0.60 (silica gel, EtOAc/
hexanes, 1/2); IR (film) vmax 2977, 2931, 1734, 1696, 1456, 1395, 1367, 1292, 1220,
1167, 1120, 1073, 982, 918, 773, 750, 734 cm*; 'H NMR (500 MHz, CDCls) & 7.89
(d,J=7.5Hz, 1 H), 7.67 (d, J= 7.5 Hz, 1 H), 7.41 (td, J = 7.6, 0.9 Hz, 1 H), 7.28-7.25
(m, 1 H), 7.22 (s, 1 H), 5.54-5.41 (m, 1H, two rotamers), 4.64— 4.60 (m, 1 H), 4.48 (br
s, 1H), 4.14-4.01 (m, 1 H, two rotamers), 3.21-3.16 (m, 1 H), 2.95-2.77 (m, 3 H), 1.48
(s, 9 H), 1.41-1.39 (m, 1 H); 3C NMR (125 MHz, CDCl3) § 181.0, 163.0, 155.6, 154.1,
143.4,142.8, 138.8, 128.9, 128.6, 126.2, 122.9 (q, J = 275.6 Hz), 121.2, 80.9, 60.6 (q,
J = 36.7 Hz), 54.6, 50.3 (49.2), 37.1 (38.1), 34.4 (34.7), 28.3; HRMS (ESI) calcd for

for C22H24F3sN204" [M + H*] 437.1683, found 437.1681.

Alkaloid (-)-67. To a solution of chiral 48 (0.146 g, 0.47 mmol, 1.0 equiv,
ee = 78%, obtained from Alison) in CH2Cl2 (5 mL) at 0 <C was added TFA (2.5 mL).

The reaction contents were then warmed to 23 <C and after further stirring at 23 <C for
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30 min, the reaction contents were evaporated directly under reduced pressure. The
residue was dissolved in CH2Cl> (50 mL) and washed with saturated aqueous NaHCOs3
(3 <10 mL). The organic layer was then dried (MgSQa.), filtered, and concentrated.
The residue was re-dissolved in DMF (5 mL) and 6-bromomethyl-2-pyrone (65, 0.098
g, 0.52 mmol, 1.1 equiv) %, K,CO3 (0.130 g, 0.94 mmol, 2.0 equiv) and TBAI (34.7
mg, 0.09 mmol, 0.20 equiv) was added under argon. The reaction mixture was heated
to 80 T and stirred for 8 h. After cooling down to 23 <C, the reaction mixture was
diluted with Et2O (25 mL) and water (10 mL). The layers were separated and the
aqueous layer was extracted with Et2O (3 %25 mL). The combined organic layers were
then washed with water (5 <15 mL) and brine (15 mL), dried (MgSOQ.), filtered, and
concentrated. The resultant crude 66 (0.150 g) was transferred to a microwave tube and
0-DCB (6 mL) was added. The resulting solution was bubbled with argon for 1 h and
then the vial was capped. The reaction mixture was then stirred at 220 <C for 2 h under
microwave irradiation. Upon completion, the reaction mixture was loaded on column
and purified by flash chromatography (silica gel, EtOAc/hexanes, 0:1—1:10—1:5) to
give (-)-67 (61.2 mg, 41% yield over three steps) as a light orange oil. (-)-67: Rf=0.25
(silica gel, EtOAc/hexanes, 1/2); IR (film) vmax 3408, 3052, 2905, 2801, 1494, 1451,
1346, 1321, 1272, 1161, 1106, 982, 743 cm*; *H NMR (500 MHz, CDCl3) & 7.89 (br.
s, 1H), 7.53 (d, J = 7.6 Hz, 1H), 7.34 (d, J = 7.9 Hz, 1H), 7.20-7.10 (m, 6H), 4.12 (d, J
=14.9 Hz, 1H), 3.80 (d, J = 14.9 Hz, 1H), 3.72 (d, J = 11.4 Hz, 1H), 3.31 (dd, J = 11.1,
5.0 Hz, 1H), 3.21 (dd, J = 15.7, 3.7 Hz, 1H), 3.11-3.01 (m, 2H), 2.85-2.81 (m, 1H),

2.76 (td, J = 11.4, 4.0 Hz, 1H); 3C NMR (125 MHz, CDCls) 5 136.33, 134.56, 134.39,
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133.16, 128.63, 127.18, 126.43, 126.34, 126.11, 121.61, 119.53, 118.24, 110.80,
108.77, 57.78, 56.32, 52.38, 34.80, 21.49; HRMS (ESI) calcd for C1gH19N2" [M + H']
275.1543, found 275.1544; the enantiopurity was determined using chiral HPLC (AD-
H column, 9:1 hexanes/i-PrOH, 1 mL/min) and found to be 74% ee; [o]p® = —132°(c

= 0.1, CHCl5).
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2.9 NMR Spectra of Selected Intermediates
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Chiral 48 as starting material (78% ee):

2.10 HPLC Traces of Selected Intermediates
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(—)-67 (74% ee)
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mAU
8 PDA Multi 1
, I
[l
1500+ I
4 |
I
1 I
: A
1000 I
] R
] B
500 o | \
] @ [
hs ‘ \
] N N
0 . A ,\_4L i — &,K — ]
——— T T T
0 5 10 15 20 25 30 35
min
1 PDA Multi 1/215nm 4nm
PeakTable
PDA Chl 215nm 4nm
Peak# Ret. Time Area Height Area % Height %
1 11.362 17772109 266990 12.831 13.504
2 27.353 120734102 1710165 87.169 86.496
Totall 138506211 1977155 100.000 100.000

51



Chapter 3 Total Synthesis of (+)-Arborisidine
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3.1 Isolation, Proposed Biosynthesis and Biological Activity

Arborisidine (1) is a monoterpenoid indole alkaloid isolated in 2016 from
Kopsia Arborea blume, by Kam and coworkers (Figure 3.1)1. Its structure was
assigned via 1D and 2D NMR spectra, which revealed a novel pentacyclic caged
scaffold containing an indolizidine and a fully substituted cyclohexanone moiety. The
specific caged polycyclic structure quickly drew our attention, as our lab has been
continuously interested in related indole alkaloid natural products with such complexity,
including strictamine (2)!?! and arboridinine (3)F, the latter being isolated from the
same species and by the same group!l. Of notes, the densely substituted cyclohexanone
core (Figure 3.1) as well as the presence of an aza-quaternary stereocenter can pose

considerable synthetic challenges, as is discussed below in our own exploration.

Figure 3.1 Arborisidne, its structural feature, and related natural products

A CO,Me Me
Cc H :
(o) B Me - HO,, ~
G D A 5N
F E N VvV 'Me
arborisidine (1) fully substituted strictamine (2) arboridinine (3)
cyclohexanone

The isolation team proposed a biosynthesis pathway of arborisidine, starting
from pericine (4, Scheme 3.1)[!. They first proposed the epoxidation of alkene, which
then triggers a transannular Friedel-Crafts type cyclization to generate the caged
precursor 6. A subsequent oxidative fragmentation is initiated by oxidation of the
tertiary amine, followed by the hydrolysis of iminium 8 to give intermediate 9. An
intramolecular hydroamination then sets the ultimate ring junction, and an

epimerization of 11 would provide 1, presumably driven by thermaldynamics.
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Scheme 3.1 Proposed biosynthesis pathway of arborisidine (1)

N (o I\_Ile
A 0] e HO. -
Me | 3 Me —_—
e
N A
pericine (4) 5 6

N—
H Me 49 arborisidine (1)

Although the authors didn’t observe any appreciable cytotoxicity of 1 when it
was tested against KB, PC-3, A549, HCT116, and HT-29 cells, there was a patent

describing the in vivo antitumor activity of 1 against gastric cancer in a mice model, in

combination with pimelautidel®!.

3.2 Previous Work on the Synthetic Study of Arborisidine

To date, there has been only one synthetic study of arborisidine published in
2018, from Qin and coworkers!®l. Their synthetic route started with compound 12, the
same intermediate in their own strictamine synthesist™. In 11 steps they could access
the enone substrate 13 which was then deprotected to release the free primary amine
14, which underwent an aza-Michael addition in pure CH2Cl> and could further be
trapped in the same pot as the chloroacetamide 16. However, the late-stage
intramolecular alkylation was fruitless, with the only product being the retro-aza-

Michael addition, a phenomenon we have also observed in our early studiest®l.
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Scheme 3.2 Previous synthetic study of arborisidine (1)

Qin, 2018
CO,Et
HO ~
N
N Al
Boc Boc
12 (8 steps from
commercial material) 4 CH,Cl,
aza-Michael
only retro-
aza-Michael

~X—
., K2CO3, 082003,
(o) N— ‘Me DBU, tBuOK,

17 LDA, LiHMDS

3.3 Early Approach with Late-Stage C-C Bond Formation

Based on our previous success in the concise formal synthesis of strictaminel?,
we designed a similar strategy in our first generation retrosynthetic analysis (Scheme
3.3). Following an intramolecular alkylation disconnection (similar to Scheme 3.2), we
proposed a 2-chloroethyl amine substrate 18, which could be further traced back to the
protected amine 19. The hydroxyl moiety in 19 could be introduced via regioselective
hydroboration of 20, which could in turn be synthesized through a similar 6-endo-dig
cyclization of the corresponding amine/amide 21 that was accessible from the propargyl

addition to ketimine 22.

Scheme 3.3 Initial retrosynthetic analysis

intramolecular
alkylation . N
"MeH
R
18 19
Uhydroboration
Me
propargyl! | )
addition N 6-endo-dig
N N ——— R N :
H Me cyclization NZ‘Me
M .
e \\ R
22 21 Me 20
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In the forward sense, we commenced to probe the reactivity of ketimine 22.
Due to the low reactivity of 22 against nucleophilic additions, we finally used Grignard
reagent 23, as well as BF3 OEt, as promoter to achieve the desired 24 after protection
with TFAA in a scalable manner, albeit in low yield. The subsequent 6-endo-dig
cyclization of amide 24 was first discovered by my coworker, Alison Gao, using
catalytic PhsPAUCI and 1 equivalent AgBF4 in methanol®. Considering the weak
Lewis basicity of the TFA-amide, the loading of both gold (1) and AgBF4 were adjusted
to 10 mol% without significant change in yield. Alison had further established a concise

route, after numerous failures, to access the unstable 2-chloroethyl amine 28!#1 (Scheme

3.4).
Scheme 3.4 Preparation of chloroethyl amine 28
1. Me
23
MgBr
BF;-OEt, I PhsPAuUCI
THF AgBF
N 2. TFAA, EtsN Me MeOH, 40 °C
Me CH,Cl, A 60-70%
35% for Me
22 (2 steps from 2 steps 24
tryptamine)
Me Me
o 1. BH3; NaBO4
~15% z
B E———
c'ﬁ\ ” N 2. DMP ” N
N H 41% N~ H
Me CI/\n/ Me
28 (o)
27 75% for

explored by Alison 3 steps

Inspired by a recent example of a formal [3+2] cycloaddition between 2-
chloroethyl amide 29 and Michael acceptor 30 using KO'Bu in DMF (Scheme 3.5,
top)®), we were hoping to achieve enhanced reactivity for the final intramolecular

alkylation step with this condition, but only observed Sn. product, 33. The rapid
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formation of 33 (within one hour) might imply a fast equilibrium of aziridinium (34)
formation in solution, which would preclude the intramolecular alkylation due to the
mismatched orientation of the o* orbital of aziridium C-N bond and the lone pair of the
enolate anion (if formed). Other base screening didn’t provide any trace of desired
product, although there have been a few reports on similar types of intramolecular
cyclizationsl*l, On the other hand, Alison had also attempted intermolecular alkylations
for 28 and other related substrates without any success, possibly because of steric
hindrance and lability of the substrates themselves, as retro-aza-Michael products were

commonly seen in those casest®l.

Scheme 3.5 Failed intramolecular alkylation of 28 indicating the formation of aziridium intermediate

Marcoux, 2017

t
E Ph 0 C cl
NH T\ I «Ph [ [ N.uph
: 57%
Boc

Boc ‘
Ph dr>19:1 Boc
29 30 31 32
Me Me
o KO'Bu, DMF (o) Other attempted conditions:
cI —— > gu0 KO™Bu/'BBUOH: no reaction;
R 0°C: 43% LIHMDS or KHMDS, THF:
N iVIe 28 decomposition.
aziridium
formatlon
cr
We 28

Given the instability of this type of B-aminoketone substrates, we decided to
revise our retrosynthesis and introduce the ketone moiety after the formation of
pyrrolidine through hydroboration of the corresponding alkene 35. Intermediate 35

could be formed via an intramolecular allylic C—H insertion of a metal-carbene complex
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generated from its diazo precursor 36, which would ultimately be traced back to the

same tetracyclic intermediate 20 (Scheme 3.6).

Scheme 3.6 Revised retrosynthetic analysis

Me intramolecular
C-H insertion

hydroboration

reduction

While the direct coupling between amine 26 and activated ester 381! gave a
messy mixture, a diazo-transfer protocol*? worked perfectly with the corresponding
methyl malonyl amide 40 to give the desired diazo amide 41. To our delight, the
subsequent Rhodium-catalyzed carbene C—H insertion of 41 took place smoothly with
Rh2[(S)-DOSP]41*%! as catalyst, providing the product that was initially assigned as 42
with high yield. It is noteworthy that although the chiral Rh2[(S)-DOSP]4 was used with
racemic starting material, its enantiomer worked equally efficiently and there seemed
to be no kinetic resolution based on the full conversion of starting material. However,
a later X-ray single crystal diffraction analysis of 42 revealed its actual structure as -
lactam 43, indicating that instead of the desired allylic C—H insertion, the reaction of
41 proceeded exclusively at the a-position of the amide, a preference that was

previously observed in various diazoacetoacetamide analoguest*l,
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Scheme 3.7 Installation of diazo side chain and Rh-catalyzed carbene C-H insertion

Nz (o]
(ON
o
(0]
38 O
—
H
1. KzCO3 o Me Me
MeOH
p-ABSA
EtsN, DCM - < N2 ‘
3N, " .
N— Me MeCN N~ '‘Me
69% for MeO-,C M
2 steps 2 /\([)r 40 79% Me0,C o 41

Rh,[(S)-DOSP],
Benzene; 88%

H OT—Rh
(] ]
'l‘ 07, Rh

S0,C¢H4C12H25
Rh,[(S)-DOSP],

The formation of highly strained -lactam 43 could be rationalized via its
conformational restraint (Figure 3.2). Due to the planar, sp?-hybridized nature of the
amide, the Rhodium carbene complex in intermediate 44 would be pointed away from
the desired allylic C-H bond, which made it impossible to form the four-membered
transition state set for o-metathesis and C—H insertion at such position. The presence of
the aza-quaternary carbon would further lock its trans-configuration**°l, making the
reactive site closer to the a-amide proton, thus facilitating the f-lactam formation. Such

rigidity could be further validated via the crystal structure of 43.

Figure 3.2 Conformation analysis of Rh-carbene complex 44 and crystal structure of 43

44 43
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3.4 Late-Stage C-N Bond Formation and Total Synthesis of Racemic Arborisidine
3.4.1 Initial Attempts of Diastereoselective Additions to Ketimines

The global failures regarding late-stage C-C bond formation had prompted us
to find a different solution to the construction of the pyrrolidine ring. We turned our
attention to a late-stage C-N bond formation, which would allow for the alignment of
both reactive centers in close proximity and would potentially have a greater chance to
succeed. The challenger, however, was to find the suitable intermediate 45 with the

right pre-installed substituent (Scheme 3.8).

Scheme 3.8 3 generation retrosynthetic analysis

late-stage 6-endo-dig N Nx N
H

p—
= Me 22
R X
/47\Me

We first proposed to access 45 through the corresponding 6-endo-dig

C-N bond

) cyclization
formation

cyclization of 46 bearing vicinal stereocenters, which could be introduced via a
diastereoselective propargylation of ketimine 22. Considering the relatively low
reactivity and limited studies of propargylic nucleophiles (47) compared to allylic
nucleophiles, we decided to explore the diastereoselective allylation of 22 instead
(Scheme 3.9). There was a promising precedent reported by Szabo and coworkers
employing 3-substituted allyl boronic acid 50 as nucleophile!®. However, trace
products were formed during our trials with either allyl boronic acid 52 or BPin 5311,
We also attempted a direct Grignard addition given our previous experience with 24,

but due to the fast E/Z isomerization of Grignard reagent 5418 and their similarly low
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reactivity, the allylated product 55 was isolated in low yield and essentially no

diastereoselectivity.

Scheme 3.9 Model study: diastereoselective allylation of 48

Szabo, 2014
“ 50
'\ PhX"B(OH),
Na 2
CH,Cl, 4A MS
Me 23 °C; 65%
49
model substrate
54
Et/\/\B(OH)z 1. Me""\/\Mgm |
trace product : N _N
N
Me/\/\Bpm BF;-OEt,, THF " TFA MeH
THF, 23 to 50 °Cc 53 2. TPAA; EGN Me” NF
15%; ~1:1 dr 55

Although there might be room for further optimizations, extra steps would still
be required to introduce the alkyne moiety, impairing the overall step-economy of the
synthesis. The replacement of the sp® stereocenter in 46 to a sp? carbon, however, would
potentially solve such problems (Scheme 3.10), by both avoiding the puzzling
diastereoselectivity issue and offering versatile routes to access the enyne-type
intermediate 56 (direct addition to ketimine with alkenyl lithium, cross coupling,

dehydration, etc.).

Scheme 3.10 Evolution of intermediate 46 into 56

N
MeH
X
Me
56
limitied methods to access various methods to access
hard to control diastereoselectivity no diastereoselectivity bias

3.4.2 6-Endo-Dig Cyclization of 1,1-Enyne
Based on our analysis above, a 4™ generation retrosynthetic analysis was

proposed (Scheme 3.11). The pyrrolidine ring would be formed through either N-
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tethered cyclization or intermolecular one-carbon elongation of 57. Diene 57 could be
prepared via a similar 6-endo-dig cyclization of the corresponding enyne 58.
Particularly, the methylene moiety in enyne 58 could come from the methyl ketone in
59, which would lead us to a Pictet-Spengler product of tryptamine (60) and

symmetrical 2,3-butadione (61) with no regioselectivity bias.

Scheme 3.11 4™ generation retrosynthetic analysis

regioselective
functionalization 6-endo-dig N |
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IZ

or tethered Me

cyclization

cyclization

4

58 Me

U

Pictet-
O. Me Spengler |
(\EQ &—— HN N
NH; Sy
Me”™ ~O H
Me
61 60

MeH

o
59

Aminoketone 59 was easily available through a Pictet-Spengler reaction of 60
and 61 in MeOH with 1 equivalent of TFAI. In the presence of excessive 1-propynl
lithium, the nucleophilic addition occurred rapidly producing the tertiary propargyl
alcohol 62, which could be then converted into the corresponding enyne 63 with TFAA
as both a dehydrating reagent and a protecting reagent for the free amine. The enyne 63
was then subjected to the 6-endo-dig cyclization condition we developed before and a
10 mol% loading of gold catalyst/silver salt was found to be beneficial to such a
substrate, producing the desired diene 64 in >70% yield (Scheme 3.12). All the steps

here could be performed on gram scale, ensuring a good quantity of material supply.
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Scheme 3.12 Preparation of diene 64 through 6-endo-dig cyclization

o}
Me)k[rMe
(\EQ 61 O i [ Me——Li
—_— _—
NH, TFA, MeOH N THF, -78 °C
N 60 °C MeH
0, Me (o]
60 50% 59
TFAA, pyridine
CH,Cl,
780 23 °C

53% for 2 steps

Ph;PAUCI i
AgBF, N
~«—— TFA” " N
MeOH, 40 °C e 63
N 74% X
Cd
TFA 64 A Ve

3.4.3 Intramolecular, Tethered Cyclization Strategy

With the diene 64 in hand, we were eager to try the tethered, intramolecular
cyclization since it took advantage of proximity between the amine nitrogen and the
exocyclic alkene and also dictated the regio- and facial selectivity of the cyclization. A
recent publication from Baskaran and coworkers using nitro group as nitrile-N-oxide
precursor to perform intramolecular [3+2] cycloaddition®® (Scheme 3.13, top) came
into our mind, since it provided the desired ring size as we pursued, and the nitro-
containing side chain should be easily installed via Michael addition. Indeed, the
Michael addition worked beautifully after deprotection of 64, with 2-acetoxyl
nitroethane (67)?Y serving as the precursor for the highly reactive nitroethylene. The
product 68 could be then trapped in the same pot with the addition of excessive Boc.O
and catalytic DMAP, forging the dehydration and subsequent [3+2] cycloaddition of
69, between the in situ formed nitrone moiety and terminal alkene. Unexpectedly, the

resultant isoxazoline 70 was further converted, in the presence of DMAP, to the
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corresponding Boc enamide 71 and acetyl enamide 72, in which the acetyl group came

from retro-Michael addition of 67.

Scheme 3.13 Intramolecular [3+2] cycloaddition of 68
Baskaran, 2018

A Boc,0

N
Lf”oz DMAP (cat.)
HO\‘ < e,

: toluene, 28 °C goco™
O—~Me 76%
65 Me 66

(o)

1. Ko,CO3
MeOH then Boc,O
—eeee —_—
2. E3N, THF DMAP
AcO dehydrati
c ~"“NO ydration
67 69
[3+2]
cycloaddition
ex. Boc,O
and HOAc
-
DMAP
77% for
2 steps
A:B=1:23

The next task would be the cleavage of the N-O bond in 71 (or 72), removal
of the pendant hydroxymethyl group via deformylation or decarboxylation, and a few
oxidation state adjustments. However, the N-O cleavage within the complicate, densely
functionalized skeleton of 71 turned out to be challenging, as most conventional
methods (Table 3.1, entry 1-6)12?] failed to generate any desired product. Fortunately,
Mo(CO)s lworked to convert 71 cleanly into a product which we thought to be 73.
The condition was further improved by a more reactive pre-formed Mo(CO)3(MeCN)s3
complex! (Table 3.1, entry 9), giving 73 in a modest yield. Such condition also
worked well with acetyl enamide 72 with similar yield. However, again, the actual
structure of “73” turned out to be the rearranged product 74, which was confirmed by

X-ray diffraction analysis.
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Table 3.1 Screening of the conditions for N-O cleavage in 71 and unexpected rearrangement

..............................

conditions HO—
—_— .,
Boc . -

o 1SN
NZ "Me
4 ~ 73: proposed product 74: rearranged product
entry conditions results ”l

1 Zn, HOAc, 23 °C messy mixture
2 Zn, TFA, 23 °C messy mixture
3 Sml,, THF, 0 to 23 °C messy mixture
4 Raney Ni, THF, 23 °C alkene reduction
5 RuCls, Zn-Cu, EtOH, 100 °C no reaction
6 Fe, NH4CI, EtOH/H,0, 80 °C decomposition
7 Mo(CO)e, MeOH, 85 °C decomposition
8 Mo(CO)g, MeCN/H,0, 85 °C 38% 73 (74)
9 Mo(CO)3(MeCN)3 59% 73 (74)

MeCN/H,0/CH,Cly, 23 °C

The mechanism for the formation of 74 is proposed in Scheme 3.14. The first
step would be oxidative addition to the N-O bond by Mo(0) species, as expected; a
partial hydrolysis of resultant 75 would then follow to form the alkoxyl Mo(11) complex
76. A subsequent Wagner-Meerwein rearrangement of 76 would take place, possibly
triggered by the Lewis acidity of the Mo(l1) species[?®, to generate a more stable tertiary
allylic carbocation 77, which could be ultimately terminated by water to give 74. Based
on this mechanism, we also attempted to add thiophenol to trap the carbocation 77, but
only observed full decomposition. Further elaborations on the rearranged product 74

regarding protection of tertiary alcohol or ring contraction have been unsuccessful.
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Scheme 3.14 Proposed mechanism of rearrangement

H,0

—_—
partial
hydrolysis

3.4.4 Intermolecular Regio- & Diastereoselective Functionalization Strategy
Bearing in mind the unexpected rearrangement in the tethered cyclization route,
we then turned our attention to the intermolecular regioselective functionalization of
diene 64, noting that the terminal position should be the least hindered and most
electron-rich. We first attempted radical addition to 64 with electrophilic, carbon-
centered radical species!?®! (Table 3.2), which ideally would attach the one carbon unit
directly onto the molecule at the desired position. These efforts were met with
frustration, as decomposition was prevalent under most conditions, probably due to an
uncontrolled termination of the radical adduct and intolerance of sensitive functional

groups (such as TFA-amide or indolenine) under harsh conditions.
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Table 3.2 Attempted radical addition of diene 64

NZ"Me

TFA’N TFA” 79
entry reagents solvents temperature R= results

1 H,NNHCO,Me, FePc, air THF 65 °C CO,Me decomposition

2 H,NNHCO,Me, FePc, air CH,ClI, 23°C CO,Me  no reaction

3 H,NNHCO,Me, FePc, TBHP MeCN 23°C CO,Me epoxide formation

4 TMSCH,MgCl, O, Et,0 23°C CH,TMS decomposition

5 CI3CCN, CuCl, dppf dioxane 100 °C CCI,CN  decomposition

6 CI3CCN, Et3B, TTMSS CH,Cl, 23°C CCI,CN  unknown product;
<10% vyield

We then turned to a more indirect method through bromination of 64 and
subsequent carbonylation or Sk reaction with cyanide. Luckily, when the bromination
of 64 was tested with bromine and pyridine, we could obtain the corresponding vinyl
bromide 80 in 30% yield as a single regio- and diastereomer (Table 3.4, entry 1). Such
reaction had shown strong reactivity-dependence on the accompanying base, as EtsN
failed to deliver any product (Table 3.3, entry 2) and stronger base as DBU likely
favored the formation of a 1,4-addition product 81 (X could be bromide or hydroxyl
group, not determined, Table 3.3, entry 3). Since the addition of bromine might not be
accurate and excess bromine might impair the reaction, we chose a structurally well-
defined bromonium complex, bis(2,4,6-trimethylpyridine)bromonium hexafluoro-
phosphatel?’! {[Br(coll)2]PFs, Table 3.3, entry 4} as the brominating source and that
indeed improved the yield to 50%. The detailed role of pyridine bases was not fully
understood, but based on the observations of different behaviors across various organic
bases, we hypothesized that it might serve as a ligand to mitigate the reactivity of the

bromonium species, as well as controlling the regioselective deprotonation producing
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the vinyl bromide 80, through transition state 82 (see Table 3.3) in which the weak
pyridine-bromonium association had oriented the base closer to the exocyclic

methylene proton.

Table 3.3 Screening of conditions for bromination of diene 80

[Br']
. CH,CI,, -78 °C
_N
TFA” ¢4
entry [Br*] reagents results ¥
1 Bry, pyridine 30% 80
2 Bry, EtzN no reaction
3 Br,, DBU 81 (tentative)
4 [Br(coll),]PFg 50% 80

82 (R = H, Me)
proposed transition state

We further performed a one-pot bromination/carbonylation sequence
employing the optimized condition reported by Buchwald and coworkers which would
be tolerant to different heterocycles!?® (Scheme 3.15). We were delighted to achieve an
even higher yield compared to the single bromination step, indicating the potential of
this one-pot process in transforming both the vinyl bromide 80 and possibly the minor,

elusive, unstable allyl bromide 84 into the desired dienoate 83.

Scheme 3.15 One-pot bromination/carbonylation to produce ester 83

then Pd(OAc), Me
Xantphos

Et;N/MeOH
—_——
MeO,C
dioxane el F

CO, 70 °C N—
56% 83

N ~"Me
TFA”

84 (not isolable)
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After obtaining the dienoate 83, we then sought to explore the regio- and
diastereoselective 1,4-reduction. The diastereoselectivity would likely be well-
controlled since the Re-face of the diene in 83 was shielded by the 2-ethyleneamino
bridge on top (Figure 3.3, left). The regioselectivity, on the other hand, was proposed
by carefully comparing the difference in steric environments between the - and -
position (Figure 3.3, right) of 83: More sp® substituents (2 versus 1) at the §-position

might make it more sterically hindered compared to its 3-position.

Figure 3.3 Selectivity analysis of 1,4-reduction of 83

H

H
Re-attack Me, CF; Me\)ﬁCFg,
H —& H —& sp? substituent
o \\ Q o, X 9 3 ;
sp* substituent
MeO MeN MeO H \QGN

H \
d-attack

Si-attack p-attack
diastereoselectivity regioselectivity
analysis analysis

Although such analysis seemed promising, the desired selectivity (along with
reactivity) was hard to achieve in practice. The presence of the reduction-sensitive
trifluoroacetamide had precluded the use of harsh reduction conditions such as Birch
reduction, while M2B?2®! (metal boride alloy, Table 3.4, entry 1), Mg metal®® (Table
3.4, entry 4) and CuH complex®! (Table 3.4, entry 5) simply didn’t give any conversion
regarding conjugate reduction of 83; Traditional heterogeneous hydrogenation (Table
3.4, entry 3) provided non-selective mixtures along with imine reduction. Interestingly,
when 83 was subjected to Raney Ni reduction!®? (Table 3.4, entry 2), the 1,6-reduction
product 86 (structure confirmed by X-ray crystallography) predominated owing to the
single-electron transfer (SET) mechanismB2. We then turned our attention to the

hydrogen-atom-transfer (HAT) reduction pioneered by Magnust®2P and Shenvil33,
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While the TBHP-activation condition (Table 3.4 entry 6) failed to provide any product

except epoxide formation, we were able to fish out a trace amount of desired product

85 (Table 3.5, entry 1) without other identifiable region- and diastereoisomers.

Table 3.4 Initial screening for the 1,4- over 1,6-reduction of 83

entry reagents solvents

1 NaBH, MCl, (M= Co, Ni, Cu)  EtOH

2 Raney Ni THF

3 H,, Pd/C MeOH
or Pd(OH),/C or EtOAc

4 Mg MeOH

5 Cu(OAc),, dppbz, PMHS, ‘BUOH toluene
6  Mn(dpm)s (5%), PhSiHs, TBHP'  PrOH

temperature

23t0 60 °C
23°C
23°C

23t0 60 °C

23t0 60 °C
23°C

results
no reaction
86% (25:26 = 10:1)

mixture of 25 and 26
with imine reduction

no reaction
no reaction

low coversion;
epoxide formation

Although the initial hint was appealing, subsequent optimization (Table 3.5)

revealed that it was a considerably sluggish process. Importantly, trace air was found

to be crucial to the reaction, as a strict air-free condition (Table 3.5, entry 3) resulted in

even lower yield and much slower reaction rate, as compared to a non-degassed

protocol (Table 3.5, entry 2). We reasoned that the role of trace air might be as an

activator of the manganese (111) complex, as similar reactivity enhancement has been

observed by Magnus%!. Methyl-diethoxylsilanel*3dl showed superior yield (Table 3.5,

entry 7) than phenylsilane (Table 3.5, entry 6) at lower catalyst loading, but the reaction
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rate in the former case was significantly slower and the yield could not be further
improved by increasing catalyst loading, so we returned to phenysilane. Other
alkoyxIsilanes, such as (PhSiH2).0 or PhSiH2(O'Pr)%! (used crude) gave comparable
or lower yields than phenylsilane. Heating was detrimental to the reaction (Table 3.5,
entry 4) as it also promoted the alcoholysis of phenylsilane into inactive siloxane
species. Ultimately a 50 mol% catalyst loading (Table 3.5, entry 10) was introduced to
realize a reasonable yield. Importantly, phenylsilane needed to be added iteratively to

promote full conversion of starting material 83, especially on large scale.

Table 3.5 Screening of the conditions in regioselective 1,4-reduction of 85

Mn(dpm);
silane
—_—
solvents
83 85
entry? catalyst (%mol) silane solvents temperature  yield (%)
1 5 PhSiH, DCE/PrOH (3:1) 23°C trace
2 20 PhSiH, DCE/PrOH (3:1) 23°C 20
3¢ 20 PhSiH4 DCE/'PrOH (3:1) 23°C <20%
4 20 PhSiH, DCE/PrOH (3:1) 60 °C no reaction
5 20 PhSiH, DCE/PrOH (1:1) 23°C 25
6 20 PhSiH;  CH,Cl,/MeOH (1:1) 23°C no reaction
7 20 Me(Et0),SiH  DCE/PrOH (1:1) 23°C 31
8 20 Me(Et0),SiH  DCE/PrOH (1:1) 60 °C 43
50 Me(Et0),SiH  DCE/PrOH (1:1) 60 °C 42
10 50 PhSiH, DCE/PrOH (1:1) 23°C 53
1 100 PhSiH, DCE/PrOH (1:1) 23°C 50

@ Conditions: substrate (0.05 mmol), Mn(dpm)s, silane (3 equiv), solvents (0.05 M),
temperature as shown, 12-48 h; ? isolated yield; ° thorough degas and reaction run
in argon atmosphere; d extremely slow (>72 h).

After achieving an effective and selective 1,4-reduction, the TFA group was
easily removed under methanolic NaBH4 with partial imine reduction (Scheme 3.16).

The subsequent lactam formation didn’t occur in THF at elevated temperature, but we
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observed a partial conversion of free amine 87 in heated methanol (near reflux). Further

increasing the temperature resulted in full conversion of 87 (Scheme 3.16, entry 3).

Scheme 3.16 Deprotection and lactam formation of 85

NaBH,
—_—
MeOH  MeO,C
23°C

entry conditions results?

1 THF, 60 °C No reaction

2 MeOH, 60 °C incomplete conversion
3 MeOH, 100 °C full conversion

(sealed tube)

@ Judged by TLC analysis

This reaction sequence was further modified into a one-pot process (Scheme
3.17), taking care that excessive NaBH4 had to be fully consumed by MeOH before
raising to higher temperature in sealed tube. If not, the remaining NaBH4 would react
with MeOH fiercely at elevated temperature leading to rapid Hz evolution, which
ultimately would cause explosion. The one-pot process maintained a similar yield of 83
as the single 1,4-reduction step and also simplified the purification, as excess silane and
byproduct siloxane would always contaminate the rather non-polar 85, but could be

easily removed from more polar lactam 88.

Scheme 3.17 One-pot 1,4-reduction/deprotection/lactam formation sequence

Mn(dpm)s NaBH,, MeOH,
PhSiH; 230 100 °C
—_—

DCE/PrOH [MeO,C
23°C

50%

(imine:amine = 1:2)

Having established the framework of arborisidine, we then set to execute the
final-stage hydroboration as well as reduction of lactam 88, both of which could be

realized through the treatment with BHs -THF complex. After oxidative quench with
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basic H20., the crude 90 was further oxidized with iodosobenzene (Ph10)34 to generate
89 in 50% vyield. Dess-Martin oxidationof 89 gave arborisidine (1) cleanly in good yield:;
indeed, the crude reaction mixture was clean enough to exhibit almost every signal of

natural arborisidine in the *H NMR spectrum.

Scheme 3.18 Late-stage transformation to arborisidine (1) and design of one-pot operation

1. BH3, THF
then H202
NaOH .

—_— H..

2. PhlO .
50% for N= “Me
2 steps 89

Me

arborisidine (1)

A

PhlO; DMP

.........................................

ROH to quench BH3
nonaqueous [O]

We then thought about further improving this late-stage transformation
through the design of a one-pot process (Scheme 3.18), which would minimize the loss
in workup and purification of the highly polar intermediate 90. To achieve this, the
excess borane would need to be quenched by either an alcohol or water; a non-aqueous
oxidant would be necessary for the oxidation of the alkylborane species; the “quenching”
reagent had to be compatible with the following oxidant (PhlO and DMP).
Trimethylamine N-oxide (MesNO) was the first oxidant of choice®!. Since we were
using the dihydrate adduct of MesNO, water was used as the quenching reagent of
borane in exact stoichiometry, as excessive water would also hydrolyze DMP and
thwart the oxidation. The sequential addition of PhlO and DMP/NaHCO3 was proven
to be critical; although excess DMP could slowly oxidize the amine into the imine, it
gave a much lower yield due to the potential decomposition of the product or reaction

intermediate with longer reaction time.
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By combining all of these observations, we finally devised a one-pot operation
(Scheme 3.19): After treating with excess BHz-THF (5 equivalent), water and
MesNO 2H0 was added successively and the reaction mixture was then heated to
effect the oxidation of alkylborane 91 into 90. The solvent was then removed and
replaced by CH2Cl, and iodosobenzene was added followed by Dess-Martin periodane
to give the natural product, arborisidine (1), along with recovered alcohol 89, in a
combined yield of >70%. The recovered 89 could then be oxidized back to 1 as
described in Scheme 3.18. We also collected the crystal of 1 thanks to the accumulated
quantities of synthetic sample (around 40 mg in total) and its structure was further
confirmed via X-ray crystallography (Scheme 3.19). At this point, we completed a 7-

step total synthesis of (8-arborisidine (1)1,

Scheme 3.19 One-pot operation of hydroboration/sequential oxidation to obtain arborisidine (1)

then H,0;

then Me3NO-2H,0
65 °C;

then
DMP [HO.,

34%
+40% A

arborisidine (1)

7 steps from
tryptamine

3.5 Asymmetric Total Synthesis of (+)-Arborisidine
With the route of racemic arborisidine secured, we started to work on the

asymmetric total synthesis of (+)-arborisidine [(+)-1], which would be accessed from
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asymmetric aminoketone 59. The methods of asymmetric synthesis of 59 were
summarized in Scheme 3.20: the most efficient way would be the direct asymmetric
Pictet-Spengler reaction between tryptamine (60) and 2,3-butadione (61), which could
also be the most challenging choice, given few examples on asymmetric Pictet-
Spengler reactions of ketones in a general sense; On the other side, placing additional
stereocenters in the tryptamine moiety (either chiral auxiliaries on the amine or
tryptophan derivatives, 62) could induce certain levels of diastereoselectivity. Besides,
the specific enantiomer might also be accessible via chemical resolution (Kinetic

resolution or separation of diastereomers from racemic 59 or its derivatives).

Scheme 3.20 General plan for the asymmetric synthesis of 59

( )\

o ]/\I\/@ catalyst |
Me | ——| un
\[])Lme NHy ~\ asymmetric N
H

H
o Pictet-Spengler Me
61 60 Me™ ~O

L chiral 59 ) 92
chiral auxillary
Ureso/ution or chiral pool

3.5.1 Initial Attempts on Asymmetric Pictet-Spengler Reaction on Tryptamine
Derivatives

Because of the significantly lower reactivity of ketones versus aldehydes in the
Pictet-Spengler reaction, along with increased Z/E isomeric bias regarding their
corresponding imine formation, there were only limited examples in the asymmetric

Pictet-Spengler reactions of tryptamine (60) with ketonest®6*" (Scheme 3.21). Besides
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early examples using chiral hydrogen-bonding thiourea catalyst 9916 or stoichiometric
silicon-based Lewis acid 100 7, the chiral phosphoric acids (101-103) were most
commonly used in those cases. It is worthy pointing out that all the substrates involved
here were “well-engineered” as either tethered ketones (93, 94)B% that could form
cyclic acyl iminium species or electron-deficient o-keto amides (95-98)1"); there was

no studies with other types of ketones, such as a-diketones.

Scheme 3.21 Previous cases of asymmetric Pictet-Spengler reaction between tryptamine and ketones

Leighton, 2009
100 (1.5 eq.)
toluene, 50 °C

Jacobsen, 2007
99 (10 mol%), TMSCI

TBME, -78 °C 0 )
o N N 94%, 96% c6 78%, 89% ee

Dixon, 2009

102 (10 mol%),

toluene, 110 °C OMe

99%, 84% ee Franz, 2011
101 (10 mol%)

You, 2012 CH,Cl,, 23 °C

102 (5 mol%), HG-II (5 mol%
toluene, 110 °C
82%, 74% ee

99%, 88% ee

Bernardi & Bencivenni, 2011
101 (10 mol%)
Dixon, 2013 DMF, 40 °C

05/ [JohnphosAu(MeCN)]SbFg HN 97 85%, 92% ee
o (1 mol%)
102 (10 mol%), toluene, 110 °C

85%, 88% ee

Shi, 2014
103 (10 mol%)

(CI,CH),, 3A MS, 25 °C
61%, >19:1 dr, 92% ee

Me ‘Bu S

"CsHqi” \H/\N
o

99

\ /

OH H
CI o o 0

101: R = 2,4,6-PryCgH, 103: R = 9-Anthracyl
102: R = SiPh;

In a recent total synthesis of (+)-penganumine A (104)B8 from Zhu and
coworkers, the last step was a daunting Pictet-Spengler/hydroamination cascade
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reaction (Scheme 3.22) using 4-methoxyl tryptamine (105) and a-keto lactam 106 in

the presence chiral thiourea catalyst 107 providing good enantioselectivity.

Scheme 3.22 Asymmetric total synthesis of (+)-penganumine A (104)
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With all of these precedent in mind, we first tried to develop the catalytic
Pictet-Spengler reaction using different achiral Brensted acids and Lewis acids
(Scheme 3.23). Low yield (<10%) was observed as tryptamine was poorly soluble in
most solvents and likely formed insoluble oligomers over time if the reaction didn’t
proceed. Switching to methanol as solvent, however, would likely be detrimental for
the asymmetric catalysis, due to its Lewis basicity (deactivating Lewis acid catalysts)
and the peripheral hydrogen bonds. On the other hand, the use of stoichiometric chiral
“catalysts” would not be practical since it was the first step of the synthesis. Since the
de novo development of a catalytic solution was not our priority, we started seeking

other methods to achieve an asymmetric synthesis of 59.

Scheme 3.23 Attempts in catalytic Pictet-Spengler reaction of 60 and 61

M e, acid (cat ) |
HN N
< 1 0% conversion

MeH
Me o
61 60 59
Brensted acid: HOBz, TFA, HOPO(OPh),
Lewis acid: InCl3, Ni(ClO4)»
Solvent: toluene, DCE, THF
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The chiral auxiliary strategy was then tested. We chose the traditional a-N-
phenylethyl substitution in 108 for chiral induction®®. However, the presence of this
bulky auxiliary had significantly impaired its reactivity towards Pictet-Spengler
reaction with 61, as no reaction occurred under identical condition that worked on

tryptamine.

Scheme 3.24 Attempts in Pictet-Spengler reaction of 108 and 61

o (\EQTFA, MeOH |
M +
Me)l\n/ € + Ph\rNH N PhYN N

60 °C MeH
Me no reaction Me o

61 108 109

An alternative method to obtain chiral 59 would be a CBS reduction[*®! of
racemic 110 via kinetic resolution®®l, since the two substituents of the ketone in 110
exhibited considerably different sizes and the two enantiomers would potentially be
reduced at different rates. However, the racemic TFA-amide 110 reacted extremely
slowly with Me-CBS catalyst 111 even at room temperature (23 <C) with 20% catalyst

loading and the ee value of the remaining ketone 110 was found to be <5%.

Scheme 3.25 Attempts in kinetic resolution of rac-110

111 (20%) w Ph
| BH3, THF i C;/‘vph
N  —— N o
TR CmeH 78t023°C  TFA” MeH N-g
Me” N0 p :M ele‘t_ Me” S0 Me
rac-110 O odction 110 111: (S)-Me-CBS

3.5.2 Asymmetric Pictet-Spengler Reaction on Tryptophan Derivatives and
Attempted Decarboxylation

Realizing the difficulties in the asymmetric Pictet-Spengler reaction of
tryptamine (60, and its derivatives), we quickly turned to tryptophan derivatives as

starting materialsi*Y, since the o-ester group could be wiped out through
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decarboxylation, thus serving as a traceless chiral auxiliary. The reaction between D-
tryptophan methyl ester hydrochloride 112 and 2,3-butadione (61) worked nicely,
giving an excellent yield and modest dr value of 1.9 : 1 on decagram scale and the major
diastereomer 113 (structure confirmed via X-ray diffraction analysis of its enantiomer)
could be easily collected via the combination of crystallization and column
chromatography. 113 was promptly hydrolyzed into the corresponding carboxylate 115,
but attempts to protect 113 as 116 with excess Boc,O and DMAP failed to give any
conversion, which might be rationalized by the existence of neighboring ketone and
ester groups being both electron-withdrawing and sterically hindered, thus diminishing
the nucleophilicity and accessibility of the amine. Thus, we decided to explore the

decarboxylation process on the derivatives of 115 with free amine moiety.

Scheme 3.26 Diastereoselective Pictet-Spengler reaction of tryptophan derivative 112 and 61

MeOZC . H02C
MeO,C 2,3-butadione (61) | LiOH |
: < > HN N —>  HN N
CIH;N N MeOH, 65 °C MeH THF/H,0 MeH
95%, 1.9:1 dr Me” o e o
D-Trp-OMe-HCI (112) 62% 113 113 Boc,O, EtsN

DMAP, THF 15
+

MeO,C

Photoredox decarboxylation conditions were first explored, but we didn't
observe the formation of 59 with either oxidation®?%® of carboxylate 115 with 4CzIPN
(119)%21 or reduction of redox-ester 117 with Ru(bpy)s?*1“?¥: instead, the aromatized
compound harmalane 120 was the only identifiable product in the reaction mixture. We

also tried to perform the Ni-catalyzed decarboxylation*] of redox ester 117 as reported
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by Baran and coworkers recently, but didn’t see any conversion of the starting material.
An ultimate backup plan of Barton decarboxylation was then executed and the light-
sensitive crude 118 was directly subjected to the decarboxylation reaction with UV light
irradiation*!! and tert-dodecyl thiol as the hydride source. We could isolate up to 19%
of the desired decarboxylation product 59 but it was contaminated with unknown

impurities and the reaction had poor reproducibility.

Scheme 3.27 Attempts in decarboxylation of 115 and its derivatives

- S (o]
N\
Y o |
HN HN N
Me MeH MeH
Me o Me o
117 118
119, DIPEA Ru(bpy)sCl, 120 'DodecylSH
(PhS),, TFE, blue LED: DIPEA, blue LED: hv (UV):
Only 121 Only 121; <17%, impure,
[Ni], Zn, PhSiH3: irreproducible
No reaction
N
NC CN
N N EtO,C CO,Et
IS
4CzIPN (119) Hantzsch ester (120) harmalane (121)

The puzzling, ubiquitous failure in the decarboxylation of 115 and its
derivatives had led to a more detailed analysis of the mechanism (Scheme 3.28). When
the carboxyl radical 122 was generated, the decarboxylation would generate an a-amino
alkyl radical 123. While the desired hydrogen abstraction (or hydrogen atom transfer,
HAT) of radical 123 might be slow, a much faster single electron transfer (SET) could
also occur owing to the fact that such types of radicals are prone to oxidation (E12 = -

1.03 V vs. SCE for Me2NCH: 1) in the presence of potential oxidants such as disulfide
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(in the case of Barton decarboxylation) or photocatalysts (Ru(bpy)s** or 119) in the
reaction mixture. Such irreversible oxidation would form the protonated iminium 124,
which could tautomerize into enamine 125 and further trigger the following deacylation

and finally lead to the full aromatization into harmalane 121.

Scheme 3.28 Mechanism of decarboxylation and aromatization of 115 and its derivatives

(0]
Radical H
RO | Initiation *O | |
HN N — > HN N HN N
MeH MeH MeH
Me™ ~O Me” >0 Me” 0
115, 117 or 118 122 59
SET: fast| RSSRor
photocat.
H
% | ~ H,, |
N
Y N “Meco. N
Me _ H+ MeH
(o)
121 125 124

3.5.3 Exploration on Chemoselective Reductive Decyanation

As the direct decarboxylation proved to be problematic, we took a further
detour of reductive decyanation“® through a retro-Strecker process. The preparation of
a-amino nitrile 127 was rather straightforward using a one-pot transamidation/
dehydration sequence” in excellent yield. The following reductive decyanation,
however, had to take place with the ketone moiety intact, as early attempts to oxidize
the alcohol 128 back to 59 had never succeeded, likely due to the existing, oxidant-
sensitive free amine and free indole. Such a prerequisite would perclude the use of

strong reductants, even NaBHa.
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Scheme 3.29 Preparation of a-amino nitrile 127

MeO,C H,NOC NC
| NH3 | then TFAA |
HN — > HN —> HN
N N N
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Me o Me o % Me o
113 126 127
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decyanation g H]
Y
| NaBH,4 |
HN N « HN N
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Me~ "OH Me” ~O
128 59

Our first strategy was to combine reductive amination reagents with acid
additives that activates nitrile groups. Gratifyingly, with ZnCl, and NaBH3CN/ e, the
desired product 59 could be obtained in 29% yield (Table 3.6, entry 1). However,
prolonging reaction time resulted in the emergence of over-reduction product 128; as
did the use of methanol as solvent (Table 3.6, entry 2). Other Lewis acid/Brensted
acid™! or reductant®! combinations (Table 3.6, entry 3-6) were less effective and 121
was a commonly seen byproduct. We also attempted several other conditions that were
claimed to selectively cleave the nitrile group in a-amino nitriles (Table 3.6, entry 8-
10) and the results were not satisfactory, except for entry 851 with only desired 59 (in
low yield), byproduct 121 and full consumption of starting material 127 without over-
reduction. The use of Meerwein’s salt to activate the nitrile group® (Table 3.6, entry
13) had also failed. Alternatively, a chemoselective reductant, NaBH(HFIP)sP®! (Table
3.6, entry 14), which was reported to reduce only aldehydes in the presence of ketones,

gave only ketone-reduction product 129.
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Table 3.6 Initial screening for conditions of reductive decyanation of 127

NC
| conditions | =~ |
HN N ———> HN N N N
MeH MeH H
Me” Y0 Me” SO Me
127 59 121
NC
| I
HN N HN N
MeH MeH
Me OH Me OH
129 128
entry reagents solvents temperature results
1 ZnCl,, NaBH;CN THF 23°C 29% 59; mainly 128 after 48 h
2 ZnCl,, NaBH;CN MeOH 23°C 128
3 Cu(OAc),, NaBH;CN THF 23°C trace 59; mainly 121 and 127
4 FeSO,4, NaBH;CN THF 23°C trace 59; mainly 121 and 127
5 AgNO3, NaBH;CN THF 23 °C trace 59; mainly 121 and 127
6 HOAc, NaBH3;CN THF 23 °C trace 59; mainly 121 and 127
7 HOAc, NaBH3;CN THF or MeOH 65 °C 128
8 NaBH3;CN THF/MeOH 65 °C <20% 59, mainly 121
Raney Ni THF 65 °C decomposition
10 BH3, w or w/o NaBH, (cat.) THF 23°C 59 + 128
11 9-BBN THF 23 °C trace 59; mainly 127
12 9-BBN THF 65 °C trace 59; mainly 121 and 127
13 Et3SiH, Me;O*BF, CH,Cl, 23 °C No reaction
14 NaBH(HFIP)3 THF 23°C 129

Encouraged by the initial result of NaBH3CN (see also Table 3.7, entry 1) in
heated MeOH, we sought to figure out the ways to hamper the byproduct formation. A
thorough degas of the reaction system along with additional BHT as a radical scavenger
(Table 3.7, entry 2), however, didn’t suppress the formation of 121, which implied that
the aromatization went through a redox-neutral pathway. Inspired by the mechanism of
retro-Benzoin coupling™, we wondered if the free cyanide anion, expelled from 127,
could catalyze a similar retro-aza-Benzoin coupling through the formation of a

transient ketone-cyanohydrin intermediate 130.
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Table 3.7 Optimization of Conditions for reductive decyanation of 127

NC NaBH;CN,
> =z
| additive | | | |
HN N ————— HN NNy N y
MeH MeOH/THF MeH N el
Me (o) 65°C Me (o} Me
Me OH
CN
127 59 121 130
entry? additive reaction time (h) yield (%)?
1 none 8 <20°
2 BHT 8 ND¢
3 CgHsCHO 3 50
4 CgHsCHO 8 56
5 4-MeOCgH,CHO 8 42
6 4-CICgH4CHO 8 46
7 4-CF4CgH,CHO 8 69
8 4-CF4CgH,CHO® 8 71
9 4-NO,CgH,CHO 8 0°
10 BnOH 8 13¢

@ Conditions: substrate (0.2 to 0.3 mmol), NaBH3CN (2.0 equiv, 1.0 M in THF),
additive (3.0 equiv), MeOH (0.1 M), 65 °C; ? isolated yield; ¢ the major product
is 121; 4 performed on 5 mmol scale; ¢ 2.6 equiv of aldehyde was used.

With this assumption in mind, a “cyanide scavenger” would be demanded to
inhibit the formation of ketone-cyanohydrin 130. Aromatic aldehydes were then
selected as the “scavenger”, considering their higher reactivity compared to ketones
during the cyanohydrin formation equilibrium, and that they would not be entangled
with other reactants in the system or undergo self-aldol reaction. Pleasingly, by simply
adding benzaldehyde (Table 3.7, entry 3), we could boost the yield of 59 to 50% and
saw a further increase in yield with prolonged reaction time. Further screening of
aldehydes revealed that a more electron-deficient 4-trifluoromethylbenzaldehyde
(Table 3.7, entry 7, 8) provided an optimal yield that was reproducible on gram scale.
Moving forward in that direction, 4-nitrobenzaldehyde (Table 3.7, entry 9), however,
gave no desired product, possibly due to the fact that this aldehyde was rapidly reduced

by NaBH3CN and thus not able to quench the cyanide. It is noteworthy that although
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the aldehydes were partially reduced at the end of the reaction, the control experiment
using benzyl alcohol (Table 3.7, entry 10) showed no yield improvement, which served
as an indirect evidence for the “cyanide scavenger” effect of such aldehydes.

This chemoselective reductive decyanation allowed for a scalable access to the
asymmetric aminoketone 59 in only 3 steps from D-tryptophan derivative 112 (Scheme
3.30) and we were able to complete the asymmetric total synthesis of (+)-arborisidine

in another 6 stepst® with the same route shown before.

Scheme 3.30 Asymmetric total synthesis of (+)-arborisidine [(+)-1]

3 steps 6 steps
MeOZC 3 I > (o)
i + — > HN N —» H.,
CIH;3;N

N MeH :
H
Me o N
112 59 (+)-arborisidine [(+)-1]

Me

To further understand and validate such “cyanide scavenger” effect and the
mechanism of aromatization into 121, we conducted two experiments: with a large
excess of benzaldehyde as additive, we could observe the signal of the benzaldehyde
cyanohydrin 131 in the *H NMR of the crude mixture (Scheme 3.31, left); merely
heating nitrile 127 in CD3OD without any reductant gave a mixture of the starting
material, the aromatized 121 and a trace of lactonitrile 132 (2-hydroxylpropionitrile) as

indicated by the *H NMR spectrum (Scheme 3.31, right).

Scheme 3.31 Mechanistic evidence of “cyanide scavenger” effect

NaBH;CN NC ,
OH  PhCHO (10eq) pn. d*-MeOH oD
MeH
Ph” “CN MeOH/THF 65 °C Me™ 5 CN
65 °C Me™ ~O
131 127 132
crude "H NMR crude "H NMR

Based on these data, we have proposed the mechanisms of reductive

decyanation and competing aromatization in Scheme 3.32: the intermediate iminium
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133 could be effectively trapped by BH3CN to give the desired product 59, but the
wandering CN™ could also attack the ketone in 133 to form the elusive intermediate 130
which would undergo a retro-aza-Benzoin condensation with aromatization as driving
force and extrude the lactonitrile 136. The aldehyde additive 134, indeed, would form
the cyanohydrin 135 much more facile than the ketone 133, thus preventing the

aromatization pathway and favor the desired reduction to 59.

Scheme 3.32 Proposed mechanism for reductive decyanation and competing aromatization

NC
! | MeOH +|.|NI BH,;CN- |
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MeH 65°C eH Me”
M
Me (o) e 133 Me o
127 Ar 59

|
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i N
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134 ‘CN l slow

OH

Ar—< fast »—~ BH
CN H
135
N T ~
N) N T’ Na N
MeH OH H
Me )\ Me
OHXN Me” ™ CN 121
130 136

3.6 Conclusion

In this chapter, we have accomplished the first total synthesis of (+)-
arborisidine (1) within 10 steps (7-step racemic, 9-step asymmetric), after considerable
efforts and detours, based on a series of unique transformations, including the gold-
catalyzed 6-endo-dig cyclization, the regio- and diastereoselective functionalization of
diene, and the one-pot hydroboration/sequential oxidation. The asymmetric Pictet-
Spengler reaction of tryptophan derivatives in combination with “cyanide scavenger”

strategy in the chemoselective decyanation had also allowed for easy access to
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asymmetric 1,1-disubstituted 3,4-dihydro B-carboline, which could benefit us in the
asymmetric synthesis of other indole alkaloids and pharmaceutically important

molecules.

3.7 Experimental Details

General Procedures. All reactions were carried out under an argon
atmosphere with dry solvents under anhydrous conditions, unless otherwise noted. Dry
tetrahydrofuran (THF), toluene, acetonitrile, and dichloromethane (CH2Cl2) were
obtained by passing commercially available pre-dried, oxygen-free formulations
through activated alumina columns. Yields refer to chromatographically and
spectroscopically (*H and *C NMR) homogeneous materials, unless otherwise stated.
Reagents were purchased at the highest commercial quality and used without further
purification, unless otherwise stated. Reactions were magnetically stirred and
monitored by thin-layer chromatography (TLC) carried out on 0.25 mm E. Merck silica
gel plates (60F-254) using UV light as visualizing agent, and an ethanolic solution of
phosphomolybdic acid and cerium sulfate, and heat as developing agents. Macherey-
Nagel® silica gel (60, academic grade, particle size 0.040-0.063 mm) was used for flash
column chromatography. The lactam formation reaction was performed using a Biotage
microwave tube. Preparative thin-layer chromatography separations were carried out
on 0.50 mm E. Merck silica gel plates (60F-254). NMR spectra were recorded on
Bruker 500 MHz instruments and calibrated using residual undeuterated solvent as an

internal reference. The following abbreviations were used to explain the multiplicities:
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s =singlet, d = doublet, t = triplet, br = broad, app = apparent. IR spectra were recorded
on a Perkin-Elmer 1000 series FT-IR spectrometer. High-resolution mass spectra
(HRMS) were recorded on a Waters Synapt G2-Si mass spectrometer using ESI
(Electrospray lonization) at the University of Chicago Mass Spectrometry Laboratory,
and Agilent 6244 Tof-MS using ESI (Electrospray lonization) at the University of
Chicago Mass Spectroscopy Core Facility. High-pressure liquid chromatography
(HPLC) was performed on a Shimadzu Prominence UFLC System, using column

ChiralPak® AD-H (0.46 cm %25 cm).

Amide 24: To a solution containing carboline 22 (1.88 g, 10.2 mmol, 1.0 equiv)
in THF (70 mL) was added BF3*OEt> (2.36 mL, 15.3 mmol, 1.5 equiv) and a freshly
prepared solution of Grignard reagent 23 (30.6 mL, freshly prepared from 2-butnyl
bromide and magnesium, 1 M in diethyl ether, 3.0 equiv) successively at 0 <C. The
reaction was then allowed to warm to 23 <C and stirred for 12 h. Upon completion, the
reaction contents were quenched with saturated potassium sodium tartrate (100 mL)
and CH2Cl> (100 mL) and stirred at 23 <C for 1 h. The layers were separated and the
aqueous layer was extracted with CH2Cl> (3 100 mL). The combined organic layers
were then dried (Na2SOa), filtered, and concentrated to give the crude product that was
further dissolved in CH2Cl, (100 mL). To this solution was added EtsN (1.24 mL, 15.3
mmol, 1.5 equiv) and TFAA (1.70 mL, 29.012.2 mmol, 1.2 equiv) successively at 23 <C
and reaction mixture was stirred at 23 <C for 1 h. Upon completion, the reaction

contents were quenched by the addition of saturated aqueous NaHCO3 (50 mL) and the
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contents were transferred to a separatory funnel, diluting with CH2Cl> (100 mL). The
layers were separated and the aqueous layer was extracted with CH2Cl (3 <100 mL).
The combined organic layers were dried (Na2SOa), filtered, and concentrated. The
resultant crude product was purified by flash chromatography (silica gel,
EtOAc/hexanes, 1:20—1:15—1:10) to give amide 24 (1.19 g, 35% yield over two steps)
as a yellow solid. 24: Ry = 0.56 (silica gel, EtOAc/hexanes, 1/4); *H NMR (500 MHz,
CDCl3) & 8.22 (br, s, 1 H), 7.52 (d, J = 7.8 Hz, 1 H), 7.38 (d, J = 8.1 Hz, 1 H), 7.24—
7.21 (m, 1 H), 7.15 (t, J = 7.0 Hz, 1 H), 3.88-3.78 (m, 2 H), 3.27 (dd, J = 16.3, 2.3 Hz,
1 H), 3.11 (dd, J = 16.4, 2.4 Hz, 1 H), 2.91 — 2.87 (m, 2 H), 1.91 (s, 3 H), 1.77 (t, J =

2.4 Hz, 3 H).

Alkene 25: To a flask charged with PhsPAuUCI (49.5 mg, 0.10 mmol, 0.10
equiv) and silver(l) tetrafluoroborate (34.4 mg, 0.10 mmol, 0.10 equiv) was added
MeOH (6 mL) and the resultant mixture was stirred at 23 <C for 15 min. The suspension
was then transferred to a solution of 24 (0.341 g, 1.02 mmol, 1.0 equiv) in MeOH (10
mL) at 23 <C. The resultant mixture was then warmed to 40 <C and stirred at that
temperature for 7.5 h. Upon completion, the reaction mixture was quenched by the
addition of saturated aqueous NaHCO3 (20 mL) and the contents were transferred to a
separatory funnel, diluting with CH2Cl> (50 mL). The layers were separated and the
aqueous layer was extracted with CH2Cl> (3 <25 mL). The combined organic layers
were then dried (Na>S0s), filtered, and concentrated. The resulting crude product was

purified by flash chromatography (silica gel, EtOAc/hexanes, 1:15—1:10) to give diene
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25 (0.210 g, 62% yield) as a yellow solid. The yield ranged from 60% to 70% depending
on the scale and purity of starting material 24. 25: R¢ = 0.61 (silica gel, EtOAc/hexanes,
1/4); *H NMR (500 MHz, CDCls) & 7.68 (d, J = 7.7 Hz, 1 H), 7.49 (d, J = 7.4 Hz, 1 H),
7.39 (td, J=7.7, 1.1 Hz, 1 H), 7.28-7.24 (m, 1 H), 5.25 (dd, J = 3.1, 1.4 Hz, 1 H), 4.02
(dd, J = 18.2, 4.0 Hz, 1 H), 3.91 (dd, J = 14.7, 5.9 Hz, 1 H), 2.90 (td, J = 14.2, 4.8 Hz,
1 H), 2.48 (td, J = 13.2, 6.0 Hz, 1 H), 2.26-2.21 (m, 1 H), 1.99 (dd, J = 13.1, 4.8 Hz, 1

H), 1.96 (s, 6 H).

Ether 33. To a solution of substrate 28 (5.0 mg, 0.016 mmol, 1.0 equiv,
obtained from Alison) in DMF (0.5 mL) was added KO'Bu (1.0 M in THF, 0.03 mL,
0.03 mmol, 1.9 equiv) at 0 <C. The reaction mixture was stirred at 0 <C for 1 h. Upon
completion, the reaction contents were quenched by the addition of saturated aqueous
NaHCOs (5 mL) and the contents were transferred to a separatory funnel, diluting with
EtOAc (10 mL). The layers were separated and the aqueous layer was extracted with
EtOAc (3 x5 mL). The combined organic layers were then washed with water (5 %5
mL), dried (NaxSOs), filtered, and concentrated. The resultant crude product was
purified by preparative TLC (silica gel deactivated with EtsN, EtOAc/hexanes, 1:1,) to
give 33 (2.4 mg, 43%) as a colorless oil. 33: *H NMR (500 MHz, CDCls3) § 7.11-7.04
(m, 2 H), 6.85-6.80 (M, 2 H), 4.06 (d, J = 12.1 Hz, 1 H), 3.94 (d, J = 12.2 Hz, 1 H),
3.85 (s, 1 H), 3.70-3.66 (m, 1 H), 3.64 (s, 1H), 3.48-3.38 (m, 1 H), 3.12 (dd, J = 12.4,

3.4 Hz, 1 H), 2.33 (ddd, J = 14.0, 11.8, 7.7 Hz, 1 H), 2.00 (dd, J = 14.2, 5.8 Hz, 1 H),
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1.74-1.69 (m, 1 H), 1.61 (5, 1 H), 1.55 (s, 3 H), 1.42-1.37 (m, 1 H), 0.97 (d, J = 6.7 Hz,

3 H).

Amide 40: To a solution of 25 (0.576 g, 1.72 mmol, 1.0 equiv) in MeOH (8
mL) at 23 <C was added solid K2COs (0.700 g, 5.07 mmol, 2.9 equiv). The resultant
suspension was then heated to 60 <C and stirred at that temperature for 4 h. Upon
completion, the reaction contents were quenched by the addition of saturated aqueous
NaHCOs (10 mL) and the resultant mixture was transferred to a separatory funnel,
diluting with CH2Cl> (50 mL). The layers were separated and the aqueous layer was
extracted with CH>Cl> (3 <50 mL). The combined organic layers were then dried
(Na2S0a.), filtered, and concentrated to give the crude amine 26 (0.417 g,) as a yellow
solid that was used directly in the next step without further purification. To a solution
of crude 26 (0.207 g, 0.85 mmol assuming 100% pure, 1.0 equiv) in CH2Cl> (6 mL)
was added EtsN (0.18 mL, 1.27 mmol, 1.5 equiv) and methyl malonyl chloride (0.091
mL, 0.85 mmol, 1.0 equiv) at 23 <C. The reaction mixture was stirred at 23 <C for 1.5
h. Upon completion, the reaction contents were quenched by the addition of saturated
aqueous NaHCO3 (20 mL) and the contents were transferred to a separatory funnel,
diluting with CH2Cl, (20 mL). The layers were separated and the aqueous layer was
extracted with CH2Cl> (3 <20 mL). The combined organic layers were then dried
(Na2S0a4), filtered, and concentrated. The resultant crude product was purified by flash
chromatography (silica gel, EtOAc/hexanes, 1:5—1:3—1:1) to give 40 (0.202 g, 69%

for 2 steps from 25) as a light yellow oil. 40: R = 0.10 (silica gel, EtOAc/hexanes, 1/2);
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IH NMR (500 MHz, CDCl3) § 7.67 (d, J = 7.8 Hz, 1 H), 7.47 (d, J = 7.3 Hz, 1 H), 7.36
(t, J=75Hz, 1 H), 7.23 (t, J = 7.5 Hz, 1 H), 5.26 (d, J = 2.8 Hz, 1 H), 4.12 (dd, J =
18.0, 4.4 Hz, 1 H), 3.76 (s, 3 H), 3.61 (dd, J = 14.4, 5.9 Hz, 1 H), 3.48 (s, 2 H), 2.92 (td,
J=13.8,4.9 Hz, 1 H), 2.46 (td, J = 13.0, 6.1 Hz, 1 H), 2.18 (d, J = 18.0 Hz, 1 H), 1.95

(s, 3 H), 1.94 (s, 3 H), 1.91-1.90 (m, 1 H).

Diazoamide 41: To a solution of 40 (0.173 g, 0.50 mmol, 1.0 equiv) in MeCN
(4 mL) was added DBU (0.15 mL, 1.0 mmol, 2.0 equiv) and p-ABSA (0.144 g, 0.6
mmol, 1.2 equiv) at 23 <C. The reaction mixture was stirred at 23 <C for 14 h. Upon
completion, the reaction contents were quenched by the addition of saturated aqueous
NaHCOs (10 mL) and the contents were transferred to a separatory funnel, diluting with
CHCI> (20 mL). The layers were separated and the aqueous layer was extracted with
CHClI; (3 <20 mL). The combined organic layers were then dried (NazSOa.), filtered,
and concentrated. The resultant crude product was purified by flash chromatography
(silica gel, EtOAc/hexanes, 1:10—1:5—1:4) to give 41 (0.143 g, 79%) as a light yellow
solid. 41: Rf = 0.42 (silica gel, EtOAc/hexanes, 1/2); 'H NMR (500 MHz, CDCls3) §
7.68(d, J=7.8 Hz, 1 H), 7.48 (d, J = 7.3 Hz, 1 H), 7.37 (td, J = 7.6, 0.9 Hz, 1 H), 7.23
(td, J= 7.5, 0.9 Hz, 1 H), 5.32-5.31 (m, 1 H), 3.83-3.78 (m, 1 H), 3.78 (s, 3 H), 3.63
(ddd, J =14.0,5.8, 2.9 Hz, 1 H), 3.05 (ddd, J = 14.0, 11.0, 5.0 Hz, 1 H), 2.89-2.84 (m,
1H), 2.28-2.23 (m, 1 H), 2.01 (s, 3 H), 1.98 (s, 3 H), 1.76 (ddd, J = 12.7, 4.9, 2.9 Hz, 1

H).

92



Lactam 43: To a solution of 41 (0.161 g, 0.44 mmol, 1.0 equiv) in dry,
degassed benzene (8 mL) was added Rh2[(S)-DOSP]4 (16.8 mg, 0.0088 mmol, 0.02
equiv) at 23 <C under argon atmosphere. The reaction was stirred at 23 <C for 8 h. Upon
completion, the reaction contents were concentrated and the resultant crude product
was purified by flash chromatography (silica gel, EtOAc/hexanes, 1:10—»1:5—-1:2) to
give 43 (0.132 g, 88%) as a white solid. 43: Rs = 0.22 (silica gel, EtOAc/hexanes, 1/2);
IH NMR (500 MHz, CDCl3) § 7.72 (d, J = 7.8 Hz, 1 H), 7.47 (d, J = 7.5 Hz, 1 H), 7.41
(t,J=7.2 Hz, 1 H), 7.29-7.26 (m, 1 H), 5.61 (s, 1 H), 4.25 (ddd, J = 10.8, 4.3, 2.1 Hz,
1 H), 3.79 (s, 3 H), 3.56 (d, J = 2.0 Hz, 1 H), 2.93-2.88 (m, 1 H), 2.86 (dd, J = 12.9,

4.3 Hz, 1 H), 2.05 (s, 3 H), 1.94 (5, 3 H), 1.33 (dd, J = 12.7, 11.1 Hz, 1 H).

Aminoketone 59. Prepared using a modified procedure from that reported in
the literature by Kuehne.[**! A 100 mL round-bottom flask was charged with tryptamine
60 (9.60 g, 60.0 mmol, 1.0 equiv) and anhydrous methanol (200 mL). Upon dissolution,
TFA (4.50 mL, 60.0 mmol, 1.0 equiv) and 2,3-butadione 61 (5.80 mL, 66.0 mmol, 1.1
equiv) were added sequentially and the solution was stirred at 60 <C for 20 h. The
reaction contents were then cooled to 23 <C, the solvent was removed under reduced
pressure, and the residue was partitioned between saturated aqgueous NaHCO3 (200 mL)
and CH2Cl, (400 mL). The layers were separated and the aqueous layer was extracted
with CH2Cl, (3 <200 mL). The combined organic layers were then dried (Na2SOa),
filtered, and concentrated. The resultant crude product was purified by flash

chromatography (silica gel, CH2Cl,/MeOH, 1:0—-50:1—20:1) to give aminoketone 59
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(6.90 g, 50%) as a brown foam. All spectroscopic data matched that reported in the
literature™™®. 59: Rf = 0.44 (silica gel, acetone/hexanes, 1/1); IR (film) vmax 3328, 2924,
1706, 1453, 1350, 1298, 742 cm™; 'H NMR (500 MHz, CDCls) § 8.24 (s, 1 H), 7.49
(d,J=7.8Hz,1H),7.35(d, J=8.1Hz, 1 H), 7.17 (t, J= 7.5 Hz, 1 H), 7.10 (t, J = 7.3
Hz, 1 H), 3.34-3.31 (m, 1 H), 3.02 (dt, J = 12.8, 6.3 Hz, 1 H), 2.79-2.71 (m, 1 H), 2.35
(s, 3H), 1.57 (s, 3 H); 3C NMR (125 MHz, CDCls) § 213.2, 136.2, 133.6, 126.8, 122.0,
119.3, 118.3, 111.0, 109.9, 63.5, 41.2, 25.6, 25.4, 22.5; HRMS (ESI) calcd for

C14H17N20" [M + H*] 229.1335, found 229.1336.

Enyne 63. To a solution of 1-bromo-1-propene (both cis and trans isomers, 4.50
mL, 52.6 mmol, 4.0 equiv) in THF (100 mL) at —78 <C was slowly added n-BuL.i (42.0
mL, 105 mmol, 8.0 equiv). The reaction contents were then stirred at —78 <C for another
1.5 h.%%1 To this freshly prepared 1-propynyl lithium solution at —78 <C was added a
solution of 59 (3.00 g, 13.2 mmol, 1.0 equiv) in THF (100 mL) over 20 min via cannula.
Once the addition was complete, the reaction contents were then stirred at —78 <C for
an additional 2 h. Upon completion, the reaction contents were quenched by the
addition of saturated aqueous NaHCO3 (100 mL) and the contents were transferred to
a separatory funnel, diluting with CH2Cl> (100 mL). The layers were separated and the
aqueous layer was extracted with CH2Cl> (3 100 mL). The combined organic layers
were then dried (Na2SQa), filtered, and concentrated to give 62 (3.50 g) as a crude red
oil which was carried forward without any additional purification. Pressing forward, to
so-obtained 62 (3.50 g) was dissolved in CH2Cl> (100 mL), cooled to —78 <C, and

pyridine (3.72 mL, 46.0 mmol, 3.5 equiv) and TFAA (4.03 mL, 29.0 mmol, 2.2 equiv)
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were added sequentially dropwise, with the color of the original red-orange solution
darkening during the process. The resultant solution was then allowed to warm to 23 <C
over 2 h. Upon completion, the reaction contents were quenched by the addition of 0.5
M HCI (50 mL) and the contents were transferred to a separatory funnel, diluting with
CHCI> (100 mL). The layers were separated and the aqueous layer was extracted with
CH2Cl2 (3 <100 mL). The combined organic layers were then washed with NaHCO3
(2 x50 mL) and then dried (Na2S0Oa4), filtered, and concentrated. The resultant crude
product was purified by flash chromatography (silica gel, EtOAc/hexanes,
1:20—1:15—1:13) to give enyne 63 (2.43 g, 53% vyield over two steps) as a yellow
solid. 63: Rf = 0.41 (silica gel, EtOAc/hexanes, 1/4); IR (film) vmax 3366, 2919, 2232,
1688, 1439, 1202, 1148, 744 cm; *H NMR (500 MHz, CDCls) § 7.75 (s, 1 H), 7.53
(d,J=7.8Hz,1H),7.35(d, J=8.1Hz, 1 H), 7.21 (t, J=7.6 Hz, 1 H), 7.15 (t, I = 7.3
Hz, 1 H), 5.59 (s, 1 H), 5.55 (s, 1 H), 4.05 (dt, J = 13.1, 4.8 Hz, 1 H), 3.82-3.79 (m, 1
H), 3.00 (ddd, J = 15.2, 8.0, 4.0 Hz, 1 H), 2.90 (ddd, J = 15.3, 5.8, 3.8 Hz, 1 H), 1.97
(s, 3 H), 1.81 (s, 3 H); 3C NMR (125 MHz, CDCls) §156.5 (q, J = 35.3 Hz), 136.1,
135.0, 134.5, 126.4, 122.5, 119.9, 118.5, 118.4, 114.5 (q, J = 287.5 Hz), 111.3, 109.2,
88.0, 63.6, 43.4 (d, J = 3.8 Hz), 22.9, 21.2, 4.0; HRMS (ESI) calcd for C19H1gF3N20O"

[M + H*] 347.1366, found 347.1378.

Diene 64. To a flask charged with PhsPAuUCI (0.198 g, 0.40 mmol, 0.10 equiv)
and silver(l) tetrafluoroborate (77.9 mg, 0.40 mmol, 0.10 equiv) was added MeOH (10
mL) and the resultant mixture was stirred at 23 <C for 15 min. The suspension was then

transferred to a solution of 63 (1.38 g, 3.98 mmol, 1.0 equiv) in MeOH (70 mL) at 23 <C.
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The resultant mixture was then warmed to 40 <C and stirred at that temperature for 17
h. Upon completion, the reaction mixture was quenched by the addition of saturated
aqueous NaHCOz (100 mL) and the contents were transferred to a separatory funnel,
diluting with CH2Cl> (200 mL). The layers were separated and the aqueous layer was
extracted with CH2Cl, (3 <150 mL). The combined organic layers were then dried
(Na2S0s), filtered, and concentrated. The resulting crude product was purified by flash
chromatography (silica gel, EtOAc/hexanes, 1:20—1:15) to give diene 64 (1.02 g, 74%
yield) as a yellow solid. 64: R = 0.44 (silica gel, EtOAc/hexanes, 1/4); IR (film) Vmax
2940, 1700, 1436, 1199, 1140 cm™%; *H NMR (500 MHz, CDCls) § 7.67 (d, J = 7.7 Hz,
1H),7.49 (d,J=7.4Hz, 1 H), 7.38 (t, J = 7.6 Hz, 1 H), 7.26 (t, J = 7.5 Hz, 1 H), 5.87
(s, 1 H), 5.52 (s, 1 H), 5.29 (s, 1 H), 3.90 (dd, J = 14.7, 5.4 Hz, 1 H), 3.08-3.02 (m, 1
H), 2.49 (td, J = 12.8, 5.8 Hz, 1 H), 2.11 (s, 3 H), 2.02 (s, 3 H), 1.99 (ddd, J = 13.1,
4.7,15Hz, 1 H).; 3C NMR (125 MHz, CDCls) & 185.6, 155.4 (q, J = 35.5 Hz), 154.9,
1425, 142.0, 137.4, 128.5, 126.1, 125.7, 123.6, 121.8, 116.8, 116.0 (q, J = 289.4 Hz),
65.3,57.3,43.3 (d, J = 3.8 Hz), 33.7, 19.2, 14.2; HRMS (ESI) calcd for C19H18F3N>0"

[M + H*] 347.1366, found 347.1379.

Isoxazolines 71 and 72. To a solution of 64 (0.417 mg, 1.2 mmol, 1.0 equiv) in
MeOH (5 mL) at 23 <C was added solid K2COz (0.670 g, 4.8 mmol, 4.0 equiv). The
resultant suspension was then heated to 60 <C and stirred at that temperature for 4 h.
Upon completion, the reaction contents were quenched by the addition of saturated
aqueous NaHCOs (10 mL) and the resultant mixture was transferred to a separatory

funnel, diluting with CH.Cl> (50 mL). The layers were separated and the aqueous layer
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was extracted with CH2Cl2 (3 <50 mL). The combined organic layers were then dried
(Na2S0sa), filtered, and concentrated to give the crude amine which was dissolved in
THF (20 mL). To this solution was added EtsN (0.83 mL, 6.0 mmol, 5.0 equiv) and 2-
acetoxy nitroethane?! (0.176 g, 1.3 mmol, 1.1 equiv) sequentially at 23 <C. The
reaction contents were then stirred at 23 <C for 2 h. Upon completion as indicated by
TLC analysis, 4-DMAP (29.0 mg, 0.24 mmol, 0.2 equiv) and Boc20 (0.523 g, 2.4 mmol,
2.0 equiv) were added sequentially at 23 <C. The reaction contents were then stirred at
23 T for 20 h, at which time a second portion of 4-DMAP (30.0 mg, 0.24 mmol, 0.2
equiv) and Boc20 (0.670 g, 3.1 mmol, 2.6 equiv) were added sequentially. The reaction
contents were stirred at 23 <C for a further 7 h. Upon completion, the reaction contents
were guenched by the addition of saturated aqueous NaHCOs3 (10 mL) and transferred
to a separatory funnel, diluting with CH2Cl> (50 mL). The layers were then separated,
and the aqueous layer was then extracted with CH2Cl> (3 <50 mL). The combined
organic layers were dried (Na2SOa), filtered, and concentrated. The resultant residue
was purified by flash chromatography (silica gel, acetone/hexanes, 1/10 —1/5—1/2) to
afford t-butyl carbamate 71 (0.261 g, 54% vyield) as a yellow solid and acetamide 72
(0.095 g, 23% yield) as a brown solid. 71: Rt = 0.54 (silica gel, acetone/hexanes, 1/1);
IR (film) vmax 2980, 2936, 1770, 1738, 1370, 1238, 1150, 1051 cm™*; 'H NMR (500
MHz, CDCls) § 7.73 (d, J = 7.8 Hz, 1H), 7.47 (d, J = 7.3 Hz, 1H), 7.40 (t, J = 7.6 Hz,
1H), 7.27-7.24 (m, 1H, overlap with CDCls), 6.47 (s, 1H), 6.37 (s, 1H), 4.20 (d, J =
18.0 Hz, 1H), 3.44 (d, J = 18.2 Hz, 1H), 2.59-2.45 (m, 3H), 2.01 (s, 3H), 1.80 (s, 3H),

1.56 (s, 9H), 1.52 (dd, J = 13.7, 6.5 Hz, 1H): 13C NMR (125 MHz, CDCl3) § 184.6,
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155.6, 155.4, 153.0, 152.1, 140.4, 140.1, 130.1, 128.6, 125.4, 124.1, 121.6, 108.7, 83.8,
58.2,57.5,49.8, 47.7, 38.7, 27.8, 21.8, 20.2; HRMS (ESI) calcd for C24H28N303" [M +
H*] 406.2125, found 406.2132.

72: Rf=0.42 (silica gel, acetone/hexanes, 1/1); IR (film) vmax 2923, 2850, 1764,
1596, 1437, 1366, 1197 cmL; 'H NMR (500 MHz, CDCl3) § 7.69 (d, J = 7.9 Hz, 1H),
7.44 (d,J=7.3 Hz, 1H), 7.37 (t, J = 7.5 Hz, 1H), 7.23 (t, J = 7.3 Hz, 1H), 6.46 (s, 1H),
6.31 (s, 1H), 4.17 (d, J = 18.0 Hz, 1H), 3.41 (d, J = 18.0 Hz, 1H), 2.56- 2.52 (m, 1H),
2.49-2.42 (m, 2H), 2.19 (s, 3H), 1.99 (s, 3H), 1.78 (s, 3H), 1.53-1.47 (m, 1H); *C
NMR (125 MHz, CDCl3) 6184.3, 168.3, 156.1, 155.4, 153.3, 140.7, 139.8, 130.0, 129.9,
128.5, 125.4, 124.0, 121.5, 108.4, 58.0, 57.3, 49.6, 47.6, 38.5, 21.7, 20.1, 19.5; HRMS

(ESI) calcd for Ca1H2sNsO2* [M + H*] 348.1707, found 348.1713.

Rearrangement product 74. A suspension of Mo(CO)s (0.264 g, 1.0 mmol,
4.0 equiv) in MeCN (3 mL) was heated to 85 <C and stirred at that temperature for 3 h,
during which time the reaction mixture solution color turned to blackish-yellow. The
resultant Mo-containing solution was then cooled to 23 <C and a solution of 71 (0.100
g, 0.25 mmol, 1.0 equiv) in CH2Cl> (1 mL) and water (0.4 mL) was added concurrently.
The resultant solution immediately turned to dark red. The reaction contents were
further stirred at 23 <C for 1 h. Upon completion, the reaction contents were quenched
by the addition of water (10 mL) and then transferred to a separatory funnel, diluting
with CH2Cl, (50 mL). The layers were separated and the aqueous layer was extracted
with CH2Cl, (3 <50 mL). The combined organic layers were dried (Na>SOa), filtered,

and concentrated. The resultant crude residue was purified by flash chromatography
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(silica gel, acetone/hexanes, 1/5 —1/3—1/1) to give rearrangement product 74 (45.1
mg, 59% vyield) as a brown foam. 74: Ry = 0.31 (silica gel, acetone/hexanes, 1/1); IR
(film) vmax 3357, 1719, 1594, 1447, 1377, 1194 cm™*; *H NMR (500 MHz, CDCls) &
7.74(d,J=7.6 Hz, 1 H), 7.48 (d, J= 7.3 Hz, 1 H), 7.42 (t, J = 7.6 Hz, 1 H), 7.29 — 7.26
(m, 1 H), 5.66 (s, 1 H), 3.88 (d, J = 15.7 Hz, 1 H), 3.08 (d, J = 15.7 Hz, 1 H), 2.96-2.89
(m, 1 H), 2.88 (d, J = 15.3 Hz, 1 H), 2.80-2.74 (m, 2 H), 2.21 (d, J = 12.7 Hz, 1 H),
1.94 (s, 6 H), 1.56 (d, J = 20.0 Hz, 1 H), 1.35 (td, J = 13.0, 4.7 Hz, 1 H); 3C NMR (125
MHz, CDCls) 6 206.8, 185.1, 155.1, 139.8, 136.0, 132.4, 128.6, 125.6, 123.9, 121.6,
80.0, 62.0, 58.3, 57.0, 50.3, 47.1, 30.9, 19.6, 16.2; HRMS (ESI) calcd for C1gH21N20-"

[M + H*] 309.1598, found 309.1599.

Dienoate 83 and bromide 80. To a solution of 64 (0.155 g, 0.45 mmol, 1.0
equiv) in CHxCl> (4.5 mL) was added Br(coll)2PFe (0.214 g, 0.46 mmol, 1.02 equiv) at
—78 <C. The resulting solution was stirred at —78 <C for 30 min and then was allowed
to warm to 23 <C over 30 min. Upon completion, the reaction contents were
concentrated directly and Pd(OAc). (2.0 mg, 0.009 mmol, 0.02 equiv) and Xantphos
(10.4 mg, 0.018 mmol, 0.04 equiv) were added. The entire mixture was then dissolved
in a combination of 1,4-dioxane (2 mL), MeOH (1 mL), and EtzN (1 mL). The solution
was sparged with CO (bubbled using a needle and balloon) for 5 min and then heated
to 70 <C and stirred at that temperature for 13 h under a CO atmosphere. Upon
completion, the reaction contents were concentrated directly and the resulting crude
product was purified by flash chromatography (silica gel, EtOAc/hexanes,

1:15—-1:12—1:10). The co-eluting collidine (2,4,6-trimethylpyridine) in the desired
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fractions was further removed by re-dissolving the mixture in EtOAc, washing with 0.5
M HCI and saturated aqueous NaHCOgz sequentially, drying (Na:SOs), and
concentrating to give pure 83 (0.101 g, 56% yield) as a white solid. 83: Rf = 0.29 (silica
gel, EtOAc/hexanes, 1/4); IR (film) vmax 2949, 1737, 1701, 1631, 1437, 1208, 113, 1143
cmL; 'H NMR (500 MHz, CDCl3) & 7.67 (d, J = 7.7 Hz, 1 H), 7.51 (d, J = 7.4 Hz, 1
H), 7.40 (dd, J = 11.1, 4.2 Hz, 1 H), 7.29 (t, J = 7.5 Hz, 1 H), 7.14 (s, 1 H), 6.13 (s, 1
H), 3.97 (dd, J = 14.8, 6.0 Hz, 1 H), 3.68 (s, 3 H), 3.10-3.04 (m, 1 H), 2.56 (td, J = 13.0,
6.2 Hz, 1 H), 2.16 (s, 3 H), 2.08 (s, 3 H), 2.00 (dd, J = 13.3, 4.1 Hz, 1 H); 3C NMR
(125 MHz, CDCls) 5183.8, 166.4, 155.6 (q, J = 35.9 Hz), 154.9, 149.9, 144.3, 141.7,
128.8, 126.5, 123.6, 122.0, 121.8, 121.7, 116.7, 115.9 (g, J = 289.0 Hz), 66.0, 57.5,
51.4, 43.5(d, J = 3.6 Hz), 33.1, 19.8, 13.9; HRMS (ESI) calcd for C21H20F3N203" [M +
H*] 405.1421, found 405.1433.

The vinyl bromide 80 could also be isolated upon removal of CH2Cl> after first
step, and purified via flash chromatography (silica gel, EtOAc/hexanes, 1:20—1:15),
with its appearance being that of a white solid. 80: Rs = 0.42 (silica gel, EtOAc/hexanes,
1/4); IR (film) vmax 2940, 1701, 1438, 1200, 11431129, 1062 cm™*; *H NMR (500 MHz,
CDCl3) 6 7.68 (d, = 7.7 Hz, 1 H), 7.51 (d, J = 7.3 Hz, 1 H), 7.40 (t, J = 7.6 Hz, 1 H),
7.31-7.26 (M, 1 H), 6.63 (5, 1 H), 6.24 (s, 1 H), 3.91 (dd, J = 14.4, 5.2 Hz, 1 H), 3.05
(td, J=14.5, 4.4 Hz, 1 H), 2.51 (td, J = 13.0, 5.9 Hz, 1 H), 2.10 (s, 6 H), 2.03-2.00 (m,
1 H).; *C NMR (125 MHz, CDCl3) § 184.4, 155.6 (q, J = 35.7 Hz), 154.8, 141.7, 141.0,

137.8, 128.8, 126.4, 123.7, 122.1, 122.0, 115.9 (q, J = 289.2 Hz), 110.2, 65.5, 57.2,
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43.3 (d, J = 3.5 Hz), 33.4, 19.8, 14.2; HRMS (ESI) calcd for C1eH17BrFsN,0* [M + H*]

425.0471, found 425.0485.

1,6-Reduction Product 86. To a solution of 83 (0.040 g, 0.10 mmol, 1.0 equiv)
in THF (2.5 mL) was added a suspension of Raney Nickel (0.200 g, washed three times
with deionized water and three times with THF and then weighed) in THF (1 mL).
The resultant reaction mixture was then stirred at 23 <C for 1.5 h under a H2 atmosphere
maintained by a standard balloon. Upon completion, the suspension was filtered
through Celite® and the filtrate was concentrated. The resulting crude product was
purified by flash chromatography (silica gel, EtOAc/hexanes, 1:15—1:10—1:8) to give
86 and 85 (34.4 mg, 86% combined yield, 10:1 ratio of 86 and 85 as indicated by 'H
NMR analysis) as a colorless oil. 86: Rt = 0.34 (silica gel, EtOAc/hexanes, 1/4); IR
(film) vmax 2929, 2854, 1721, 1699, 1437, 1195, 1170, 1141 cm™*; *H NMR (500 MHz,
CDCl3) 6 7.67 (4, =7.7 Hz, 1 H), 7.44 (d, J = 7.4 Hz, 1 H), 7.39 (t, J = 7.6 Hz, 1 H),
7.28-7.26 (M, 1 H), 6.11 (s, 1 H), 3.99 (dd, J = 14.4, 4.0 Hz, 1 H), 3.91 (dd, J = 14.1,
3.4 Hz, 1 H), 3.67 (s, 3 H), 2.80 (td, J = 14.1, 3.1 Hz, 1 H), 2.58 (td, J = 13.8, 4.9 Hz,
1 H), 2.05-2.03 (m, 4 H), 1.93 (t, J = 13.5 Hz, 1 H), 1.32 (d, J = 6.6 Hz, 3 H), 1.23—
1.18 (m, 1 H); 3C NMR (125 MHz, CDCl3) & 185.8, 166.4, 157.0, 155.1 (g, J = 35.7
Hz), 154.3, 145.8, 128.5, 126.3, 122.8, 122.0, 117.0, 116.0 (q, J = 288.8 Hz), 68.4, 57.3,
51.4, 434 (d, J = 3.4 Hz), 41.8, 29.0, 27.9, 15.6, 14.8; HRMS (ESI) calcd for

C21H22F3N203" [M + H*] 407.1577, found 407.1571.
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Lactam 88 and ester 85. To a microwave reaction tube containing 83 (0.182 g,
0.45 mmol, 1.0 equiv) and Mn(dpm)z (0.136 g, 0.22 mmol, 0.5 equiv) was added i-
PrOH (2.3 mL) and 1,2-dichloroethane (2.3 mL) sequentially at 23 <C. Once full
dissolution had occurred, PhSiHz (0.086 mL, 0.90 mmol, 2.0 equiv) was added, at
which point the reaction mixture turned into bright yellow after 5 min. The resultant
reaction mixture was stirred at 23 <C with the addition of further aliquots of PhSiH3
(0.043 mL, 0.45 mmol, 1.0 equiv) after 10 h and 17 h to promote conversion. In total 3
portion of PhSiH3 (0.17 mL, 1.80 mmol, 4.0 equiv) were added. After being stirring for
22 h from the beginning, the reaction had reached to full conversion as indicated by
TLC analysis, and the reaction contents were concentrated directly and re-dissolved in
MeOH (4 mL). Solid NaBH34 (0.171 g, 4.52 mmol, 10 equiv) was then added and the
reaction mixture was stirred at 23 <C for 1 h. The microwave reaction tube was then
sealed with microwave cap and the reaction mixture was heated to 100 <C in an oil bath
and stirred for 9 h at that temperature. Upon completion, the reaction contents were
cooled down to 23 <T and quenched by the sequential addition of saturated aqueous
NaHCOs (10 mL), 1 M aqueous Rochelle’s salt solution (10 mL) and saturated NaCl
(10 mL). The reaction contents were then transferred to a separatory funnel, diluting
with CH2Cl, (50 mL). The layers were separated and the aqueous layer was extracted
with CHCl; (3 x50 mL). The combined organic layers were then dried (Na2SOa),
filtered, and concentrated. The resulting crude product was purified by flash
chromatography (silica gel, EtOAc/hexanes, 1:3—1:1—1:2, then EtOAc/acetone/

hexanes, 1:1:1) to give a mixture of compound 88 (62.5 mg, 50% combined yield, 1:2
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ratio of 88-imine and 88-amine as indicated by *H NMR analysis) as a light yellow
solid. The mixture of 88 was normal subjected to the next step directly without further
separation. The ratio of imine/amine varied from ~7:1 to 1:2 depending on the scale
and reaction time at 100 <C. 88-imine: Rf = 0.45 (silica gel, acetone/hexanes, 1/1); IR
(film) vmax 2927, 1687, 1389, 1378, 1133, 1077, 745 cm™*; *H NMR (500 MHz, CDCl5)
§7.67(d, J=7.7Hz, 1H), 7.45 (d, J = 7.4 Hz, 1 H), 7.37 (t, J = 7.3 Hz, 1 H), 7.26—
7.23 (M, 1 H), 5.04 (s, 1 H), 4.12-4.05 (m, 1 H), 3.05 (br s, 1 H), 2.97 (dd, J = 15.9, 6.0
Hz, 1 H), 2.64-2.53 (m, 2 H), 2.17 (d, J = 15.9 Hz, 1 H), 1.93-1.90 (m, 4 H), 1.74 (s, 3
H); 3C NMR (125 MHz, CDCls) & 188.1, 176.6, 155.2, 142.4, 139.0, 128.3, 125.8,
124.2, 124.2, 121.3, 63.2, 56.2, 50.8, 36.9, 36.3, 36.2, 20.2, 17.6; HRMS (ESI) calcd
for C1gH1sN2O" [M + H™] 279.1492, found 279.1503.

88-amine: Ri=0.41 (silica gel, acetone/hexanes, 1/1); IR (film) vmax 2927, 1676,
1464, 1399, 1133, 1080, 744 cm™*; 'H NMR (500 MHz, CDCl3) § 7.13 (d, J = 7.3 Hz,
1 H),7.09 (t, J=7.8 Hz, 1 H), 6.85 (t, J = 7.3 Hz, 1 H), 6.77 (d, J = 7.8 Hz, 1 H), 5.12
(s, 1 H), 4.11 (dd, J = 14.0, 9.2 Hz, 1 H), 3.90 (s, 1 H), 3.79 (s, 1 H), 3.00-2.93 (m, 1
H), 2.87-2.80 (m, 2 H), 2.33 (dd, J = 22.4, 9.5 Hz, 1 H), 2.02-1.95 (m, 2 H), 1.46 (s, 3
H), 1.44 (s, 3 H); 13C NMR (125 MHz, CDCls) §176.4, 149.9, 134.0, 133.8, 127.8,
1245, 123.1, 120.2, 111.7, 68.1, 60.4, 46.4, 41.3, 36.4, 32.8, 30.3, 22.2, 18.2; HRMS
(ESI) calcd for C1gH21N20* [M + H*] 281.1648, found 281.1660.

The 1,4-reduction intermediate 85 could also be isolated using the same workup
protocol and purified via flash chromatography (silica gel, EtOAc/hexanes,

1:15—-1:12—1:10), with its appearance being that of a colorless oil. 85: Rt =0.34 (silica
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gel, EtOAc/hexanes, 1/4); IR (film) vimax 2952, 1736, 1702, 1438, 1200, 1143 cm™; 'H
NMR (500 MHz, CDCl3) § 7.76 (d, J = 7.7 Hz, 1 H), 7.51 (d, J = 7.4 Hz, 1 H), 7.43 (t,
J=7.2Hz,1H),7.29 (t, J=7.1 Hz, 1 H), 5.58 (s, 1 H), 3.85 (d, J = 13.6 Hz, 1 H), 3.74
(s, 3 H), 3.68-3.62 (m, 1 H), 3.13 (dd, J = 16.0, 2.8 Hz, 1 H), 3.03 (d, J = 11.3 Hz, 1
H), 2.39 (dd, J = 16.0, 11.5 Hz, 1 H), 2.32 (d, J = 13.4 Hz, 1 H), 2.22 (s, 3 H), 1.92 (s,
3 H), 1.42 (td, J = 13.1, 4.4 Hz, 1 H); 3C NMR (125 MHz, CDCls) & 183.6, 172.3,
157.9 (q, J = 34.6 Hz), 154.5, 140.3, 131.4, 128.7, 128.1, 125.9, 123.8, 122.0, 116.5 (q,
J=289.4 Hz), 64.2,56.5,52.0, 48.4, 41.2 (d, J = 4.2 Hz), 34.9, 32.5, 21.0, 19.8; HRMS

(ESI) calcd for Ca1H2oFsN20s* [M + H*] 407.1577, found 407.1575.

Alcohol 89. To a flask charged with 27 (mixture of amine and imine, 15.2 mg,
0.054 mmol, 1.0 equiv) was added BHz*THF (1.08 mL, 1.0 M in THF, 1.08 mmol, 20.0
equiv) at 23 <TC. After stirring the resultant reaction mixture at 23 <C for 12 h, the
reaction was quenched by the addition of 1 M NaOH (2 mL) and 10% H20> (2 mL) and
further stirred for 1 h. The mixture was then were transferred to a separatory funnel,
diluting with CH2Cl> (10 mL). The layers were separated and the aqueous layer was
extracted with CH2Cl, (3 <5 mL). The combined organic layers were then dried
(NazS0.), filtered, and concentrated to give crude 90 that was dissolved in CH2Cl> (2
mL). To this solution was added iodosobenzene (15.0 mg, 0.068 mmol, 1.3 equiv) at
23 <T. The reaction mixture was then stirred at 23 <C for 2 h, filtered through Celite®,
and concentrated. The resulting crude product was purified by flash chromatography
(silica gel, CH.CIl>/MeOH, 20:1—10:1) to give 89 (7.7 mg, 50% yield) as a yellow oil.
89: Rr = 0.10 (silica gel, CH2Cl/MeOH, 10/1); IR (film) vmax 3347, 2929, 1587, 1453,
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1374, 1038, 1014, 748 cmt; *H NMR (500 MHz, CDCls) § 7.71 (d, J = 7.6 Hz, 1 H),
7.40-7.35 (M, 2 H), 7.20 (t, J = 7.4 Hz, 1 H), 3.56 (t, J = 8.9 Hz, 1 H), 3.48 (t, J = 9.4
Hz, 1 H), 3.03 (dd, J = 18.0, 10.2 Hz, 1 H), 2.71-2.65 (m, 1 H), 2.55 (dt, J = 14.2, 8.5
Hz, 2 H), 2.46-2.37 (m, 1 H), 2.14 (dd, J = 12.9, 7.1 Hz, 1 H), 2.06 (t, J = 6.1 Hz, 1 H),
1.75 (d, J = 14.2 Hz, 1 H), 1.55 (s, 3 H), 1.34 (d, J = 6.4 Hz, 3 H), 1.18-1.12 (m, 1 H);
13C NMR (125 MHz, CDCl3) § 191.9, 155.2, 146.2, 128.0, 125.0, 123.4, 121.4, 76.0,
64.2, 58.4, 56.2, 51.7, 48.6, 47.5, 31.7, 27.9, 24.0, 13.8; HRMS (ESI) calcd for

C1sH23N20" [M + H*] 283.1805, found 283.1814.

One-pot procedure to prepare arborisidine (1). To a flask charged with a
mixture of imine and amine variants of 88 (imine/amine = 1:2, 57.1 mg, 0.20 mmol,
1.0 equiv) was added BHs*THF (1.03 mL, 1.0 M in THF, 1.03 mmol, 5.0 equiv) at
23 °C. After stirring the resultant reaction mixture at 23 °C for 12 h, water (7 pL, 0.41
mmol, 2.0 equiv) in THF (0.5 mL) and Me3NO<2H>0 (25.0 mg, 0.22 mmol, 1.1 equiv)
were added sequentially. The reaction contents were then heated to 65 <C and stirred
for 2 h. Upon completion, the reaction contents were then concentrated directly to
dryness, re-dissolved in CH2Cl> (2 mL) and PhIO (67.5 mg, 0.31 mmol, 1.5 equiv) was
added at 23 <C. The reaction mixture was then stirred at 23 <C for 2.5 h, after which
solid NaHCOs3 (86.5 mg, 1.03 mmol, 5.0 equiv) and Dess—Martin periodinane (0.130 g,
0.31 mmol, 1.5 equiv) were added sequentially. The reaction mixture was stirred at
23 <C for 1 h. Upon completion, the reaction contents were quenched by the addition

of saturated aqueous NaHCO3z (5 mL) and saturated aqueous Na.S:0Os (5 mL) and
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stirred at 23 <C for 15 min. The mixture was then were transferred to a separatory funnel,
diluting with CH2Cl> (20 mL). The layers were separated and the aqueous layer was
extracted with CH2Cl> (3 <20 mL). The combined organic layers were then dried
(Na2S0sa), filtered, and concentrated. The resulting crude product was purified by flash
chromatography (silica gel, acetone/EtOAc/hexanes, 0:1:1—1:0:1—2:0:1, then
CH:Cl2/MeOH, 20:1—10:1) to give arborisidine (1, 19.7 mg, 34% vyield) as a yellow
oil and alcohol 89 (23.0 mg, 40% vyield) as a brown foam. 1: Rf = 0.44 (silica gel,
CH2CI2/MeOH, 10/1); IR (film) vmax 2979, 2938, 1699, 1591, 1452, 1374, 1273, 1207,
1020, 767, 749 cm%; *H NMR (500 MHz, CDCl3) § 7.80 (d, J = 7.8 Hz, 1 H), 7.46—
7.42 (m, 2 H), 7.27-7.24 (m, 1 H), 3.31-3.25 (m, 1 H), 2.90-2.81 (m, 3 H), 2.67 (d, J
= 8.7 Hz, 1 H), 2.43 (d, J = 14.2 Hz, 1 H), 2.36-2.30 (m, 1 H), 2.18 (t, J = 12.6 Hz, 1
H), 2.07 (g, J = 6.4 Hz, 1 H), 1.63 (s, 3 H), 1.50 (d, J = 4.0 Hz, 1 H), 1.45 (d, J = 6.7
Hz, 3 H); 13C NMR (125 MHz, CDCls) & 210.5, 186.2, 154.9, 144.3, 128.5, 125.5,
122.9, 121.7, 65.5, 57.5, 56.3, 52.2, 52.0, 47.9, 30.0, 27.6, 21.1, 10.2; HRMS (ESI)
calcd for Ci1sH21N20" [M + H*] 281.1648, found 281.1657. All spectroscopic data
matched the natural sample reported by the isolation team™ as denoted below in Table

3.8 and 3.9.

Oxidation of 89 to 1. To a vial charged with 89 (8.3 mg, 0.029 mmol, 1.0
equiv) was added CH2Cl, (1 mL). Upon dissolution, solid NaHCO3 (12.4 mg, 0.148
mmol, 5.0 equiv) and Dess—Martin periodinane (12.5 mg, 0.029 mmol, 1.0 equiv) were

added sequentially at 23 <C. The reaction mixture was then stirred at 23 <C for 1 h.
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Upon completion, the reaction contents were quenched by the addition of saturated
aqueous NaHCOsz (1 mL) and saturated aqueous Na2S;Os (1 mL) and then were
transferred to a separatory funnel, diluting with CH2Cl> (10 mL). The layers were
separated and the aqueous layer was extracted with CH2Cl> (3 <10 mL). The combined
organic layers were then dried (Na2SOs), filtered, and concentrated. The resulting
crude product was purified by flash chromatography (silica gel, acetone/EtOAc/hexane,
0:1:0—1:0:1) to give arborisidine (1, 6.1 mg, 74% yield) as a yellow oil, identical in all

respects to the sample characterized above.

Table 3.8 *H NMR data comparison of synthetic arborisidine (1) with natural 1

IH NMR (in CDCl3)

Synthetic 1 (500 MHz) Natural 1 (600 MHz)
7.80 (d, J=7.8 Hz, 1 H) 7.80 (d, J =8 Hz, 1 H)
7.45 (m, 1 H)
7.46-7.42 (m, 2 H)
7.43 (m, 1 H)
7.27-7.24 (m, 1 H) 7.26 (m, 1 H)
3.31-3.25 (m, 1 H) 3.29 (m, 1 H)
2.90-2.81 (m, 3 H) 2.86 (M, 3 H)
2.67(d, J=8.7Hz, 1 H) 2.67 (d, J=9 Hz, 1 H)
2.43(d, J = 14.2 Hz, 1 H) 2.43 (dt, J = 14, 4 Hz, 1 H)
2.36-2.30 (M, 1 H) 2.35 (m, 1 H)
2.18 (t, J = 12.6 Hz, 1 H) 2.18 (ddd, J = 14, 12, 4 Hz, 1 H)
2.07(q, J=6.4 Hz, 1 H) 2.08(q, J=7Hz, 1 H)
1.63 (s, 3 H) 1.63 (s, 3 H)
1.50 (d, J = 4.0 Hz, 1 H)* 1.48 (ddd, J = 14, 12, 5 Hz, 1 H)
1.45 (d, J = 6.7 Hz, 3 H) 1.45 (d, J =7 Hz, 3 H)

* the rest of the peak was on the shoulder of peak 1.45.
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Table 3.9 3C NMR data comparison of synthetic arborisidine (1) with natural 1

13C NMR (in CDCls)

Synthetic 1 (125 MHz) Natural 1 (150 MHz)
210.5 210.5
186.2 186.2
154.9 155.0
144.3 144.3
128.5 128.6
1255 1255
122.9 122.9
121.7 121.7
65.5 65.6
57.5 57.6
56.3 56.3
52.2 52.2
52.0 52.1
479 48.0
30.0 30.0
27.6 271.7
21.1 21.2
10.2 10.2

77.0 (t, CDCls) N/A (t, CDCls)

Ester 113 and 114. A 250 mL round-bottom flask was charged with D-
tryptophan methyl ester hydrochloride (112, 10.0 g, 39.0 mmol, 1.0 equiv) and
anhydrous MeOH (130 mL). Upon dissolution, 2,3-butadione (61, 8.50 mL, 96 mmol,
2.5 equiv) was added and the solution was stirred at 65 <C for 20 h. The reaction

contents were then cooled to 23 <C and the reaction contents were partitioned between
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saturated aqueous NaHCO3 (100 mL) and CH2Cl> (100 mL). The layers were separated
and the aqueous layer was extracted with CH2Cl2 (3 %150 mL). The combined organic
layers were then dried (Na2SOs), filtered, and concentrated. A portion of the major
diastereomer 113 was collected (0.77 g) as white crystalline solid via trituration and
washing with EtOAc. The remaining solution was concentrated again and the residue
was purified by flash chromatography (silica gel, EtOAc/hexanes, 1:9—1:3—1:1) to
give 114 (as minor diastereomer, 3.73 g, 33% yield) as a yellow solid and 113 (6.00 g,
6.77 g in combination of sample obtained above, 62% vyield) as a light-yellow solid.
113: Rf = 0.37 (silica gel, EtOAc/hexanes, 1/1); [a]p® = -17.1=(c = 0.39, CHCIs); IR
(film) vmax 3329, 1726, 1709, 1432, 1355, 745 cm*; 'H NMR (500 MHz, CDCls) & 8.42
(s, 1 H),7.49 (d, J=7.8 Hz, 1 H), 7.35 (d, J = 8.1 Hz, 1 H), 7.19 (t, J = 7.6 Hz, 1 H),
7.11 (t, J = 7.4 Hz, 1 H), 3.86 (s, 3 H), 3.73 (dd, J = 11.0, 4.1 Hz, 1 H), 3.13 (dd, J =
15.3, 4.1 Hz, 1 H), 2.79 (dd, J = 15.3, 11.0 Hz, 1 H), 2.38 (s, 3 H), 1.60 (s, 3 H); 13C
NMR (125 MHz, CDCl3) 6213.1, 173.4, 136.6, 133.3, 126.5, 122.3,119.6, 118.2, 111.2,
108.7,63.2, 54.5, 52.3, 26.7, 26.2, 25.3; HRMS (ESI) calcd for C16H19N203" [M + H*]
287.1390, found 287.1396. The relative configuration of major diastereomer 113 was
confirmed by single crystal X-ray diffraction analysis of its enantiomer (obtained as
major diastereomer from L-tryptophan methyl ester hydrochloride with comparable
yield and d.r.).
114: Rs = 0.63 (silica gel, EtOAc/hexanes, 1/1); [a]o® = —65.3 (c = 0.56,

CHCls); IR (film) vmax 3374, 1735, 1710, 1437, 1350, 1225, 745 cm™*; *H NMR (500

MHz, CDCls) § 8.19 (s, 1 H), 7.51 (d, J = 7.8 Hz, 1 H), 7.32 (d, J = 8.1 Hz, 1 H), 7.19
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(t,J=7.5Hz, 1 H),7.12 (t,J = 7.4 Hz, 1 H), 3.95 (d, J = 10.5 Hz, 1 H), 3.85 (s, 3 H),
3.21 (dd, J =15.0, 2.4 Hz, 1 H), 2.90 (dd, J = 14.7, 11.1 Hz, 1 H), 2.36 (br, s, 1 H),
2.29 (s, 3 H), 1.64 (s, 3 H); 3C NMR (125 MHz, CDCl3) § 211.7, 173.3, 136.4, 133.0,
126.7,122.4,119.7, 118.3, 111.2, 108.7, 64.1, 52.7, 52.3, 25.5, 25.5, 24.3; HRMS

(ESI) calcd for C16H18N203Na* [M + Na*] 309.1210, found 309.1219.

Nitrile 127. To a flask containing 113 (6.00 g, 21.0 mmol, 1.0 equiv) at 23 C
was added a solution of NHz in MeOH (7 M, 150 mL) and the resulting solution was
stirred at 23 <C for 15 h. Upon completion, the reaction contents were concentrated to
dryness and connected to a vacuum line for 5 min to remove trace NHs, after which
time the resultant residual 126 was dissolved in THF (200 mL). To this solution was
added EtsN (6.19 mL, 42.0 mmol, 2.0 equiv) and TFAA (2.92 mL, 21.0 mmol, 1.0
equiv) at 23 <T and the resultant solution was stirred for 1 h at that temperature. At that
time, a second portion of EtzN (3.09 mL, 21.0 mmol, 1.0 equiv) and TFAA (1.46 mL,
10.5 mmol, 0.5 equiv) was added and the solution was further stirred at 23 <C for 1.5 h.
Upon completion, the reaction was quenched by the addition of 0.5 M HCI (100 mL)
and the contents were transferred to a separatory funnel, diluting with EtOAc (100 mL).
The layers were separated and the organic layer was washed with saturated aqueous
NaHCO3 (2 <100 mL), dried (Na2S0a), filtered, and concentrated. The resultant crude
product was purified by flash chromatography (silica gel, EtOAc/hexanes,
1:10—1:7—1:3) to give nitrile 127 (5.11 g, 96% yield) as a yellow solid. 127: Rf=0.45
(silica gel, EtOAc/hexanes, 1/1); [o]p?® = —14.9°(c = 0.49, CHCI5); IR (film) vimax 3347,
1709, 154, 1375, 1354, 1305 1253, 744 cm™t; *H NMR (500 MHz, CDCl3) § 8.20 (s,
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1H), 7.49 (d, J = 7.8 Hz, 2 H), 7.37 (d, J = 8.1 Hz, 1 H), 7.22 (t, J = 7.7 Hz, 2 H), 7.14
(t, J=7.4Hz, 1H), 4.13 (d, J = 4.1 Hz, 1 H), 3.21 (dd, J = 15.3, 4.5 Hz, 1 H), 3.12 (dd,
J=153,7.6 Hz, 1 H), 2.31 (s, 3 H), 2.13 (d, J = 6.0 Hz, 1 H), 1.71 (s, 3 H); *C NMR
(125 MHz, CDCls) § 211.0, 136.6, 132.0, 126.2, 122.9, 120.2, 120.1, 118.3, 111.3,
107.0, 63.6, 42.7, 27.1, 25.4, 25.0; HRMS (ESI) calcd for CisH1gNsO* [M + H']

254.1288, found 2554.1287.

Aminoketone (-)-59. To a flask containing 127 (1.41 g, 5.57 mmol, 1.0 equiv)
and 4-trifluoromethyl benzaldehyde (2.50 g, 14.4 mmol, 2.6 equiv) was added MeOH
(56 mL). Upon dissolution, a solution of NaBH3CN (1.0 M in THF, 11.2 mL, 11.2 mmol,
2.0 equiv) was added and the solution was then warmed to 65 <C and stirred at that
temperature for 8 h. Upon completion, the reaction contents were cooled to 23 <C and
transferred to a separatory funnel, diluting with saturated aqueous NaHCO3 (50 mL)
and CH2Cl, (100 mL). The layers were separated and the aqueous layer was extracted
with CH2Cl, (3 <100 mL). The combined organic layers were then dried (Na2SOa),
filtered, and concentrated. The resultant crude product was purified by flash
chromatography (silica gel, EtOAc/hexanes, 1:3—1:1) to give aminoketone (-)-59
(0.91 g, 71% vyield) as a brown foam. All spectroscopic data were in full agreement

with the racemic compound. (-)-59: [a]p? = -19.1°(c = 0.12, CHCl5).

Chiral 110. To a solution of (-)-59 (0.346 g, 1.52 mmol, 1.0 equiv) in CH2Cl;
(7 mL) were added pyridine (0.15 mL, 1.82 mmol, 1.5 equiv) and TFAA (0.21 mL,

1.52 mmol, 1.0 equiv) sequentially. The resultant solution was stirred at 23 <C for 40
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min. Upon completion, the reaction contents were quenched by the addition of 0.5 M
HCI (5 mL) and the contents were transferred to a separatory funnel, diluting with
CHCI> (10 mL). The layers were separated and the aqueous layer was extracted with
CH2Cl> (3 <10 mL). The combined organic layers were then washed with NaHCO3 (2
x5 mL) and then dried (Na:SOg), filtered, and concentrated. The resultant crude
product was purified by flash chromatography (silica gel, EtOAc/hexanes, 1:20—1:15)
to give 110 (0.395 g, 75% vyield) as a light yellow solid. 110: R = 0.48 (silica gel,
EtOAc/hexanes, 1/4); *H NMR (500 MHz, CDCls) §7.87 (s, 1 H), 7.53 (d, J = 7.8 Hz,
1H),7.34(d, J=8.2 Hz, 1 H), 7.26-7.23 (m, 1 H), 7.16 (t, J = 7.4 Hz, 1 H), 4.43 (d, J
=13.3 Hz, 1 H), 3.54-3.49 (m, 1 H), 3.12-3.04 (m, 2 H), 1.87 (s, 3 H), 1.84 (s, 3 H).
The chiral material was prepared as described above using (-)-59 (4.6 mg, 0.020 mmol,
1.0 equiv) to afford chiral 110 (4.9 mg, 70%) with its appearance being a light yellow
solid. All spectroscopic data were in full agreement with the racemic compound. The
enantiopurity was determined using chiral HPLC (AD-H column, 9:1 hexanes/i-PrOH,

1 mL/min) and found to be 99% ee.

Enyne (+)-63. Prepared as described above using (—)-59 (1.50 g, 6.59 mmol)
to afford (+)-63 (1.21 g, 53% yield) as a yellow solid. All spectroscopic data were in

full agreement with the racemic compound. (+)-63: [o]p?® = +26.3°(c = 0.07, CHCl3).

Diene (+)-64. Prepared as described above using chiral 63 (0.311 g, 0.90

mmol) to afford chiral (+)-64 (0.264 g, 74% vyield) as a light yellow foam. All
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spectroscopic data were in full agreement with the racemic compound. (+)-64: [a]p® =

+144°(c = 0.24, CHCls).

Dienoate (+)-83. Prepared as described above using (+)-64 (0.177 g, 0.51
mmol) to afford (+)-83 (0.129 g, 62% yield) as a light yellow solid. All spectroscopic
data were in full agreement with the racemic compound. (+)-83: [o]po®® = +11.8°(c =

0.23, CHCls).

Lactam (+)-88. Prepared as described above using chiral (+)-83 (81.1 mg,
0.20 mmol) to afford (+)-88-imine (20.1 mg, 36% yield) as a yellow oil and (+)-88-
amine(13.7 mg, 24% yield) as a light yellow solid. All spectroscopic data were in full
agreement with the racemic compounds. (+)-88-imine: [o]p?* = +27.4°(c = 0.20,

CHCls). (+)-88-amine: [0]o? = +40.1°(c = 0.34, CHCls).

Arborisidine (+)-1 and alcohol (+)-89. Prepared as described above using (+)-
88 (imine/amine = 1.5:1, 9.0 mg, 0.032 mmol, 1.0 equiv) to afford arborisidine (+)-1
(3.3 mg, 36% yield) as a yellow oil and alcohol (+)-89 (1.0 mg, 11% yield) as a brown
oil. All spectroscopic data were in full agreement with the racemic compounds. (+)-1:
[0]o® = +14.2°(c = 0.08, CHCls). (+)-89: [a]o® = +18.9c = 0.05, CHCls). Note:
lower combined yields have also been observed alone with small-scale racemic material
experiments, presumably due to the inefficient PhlO oxidation, since the precipitated
boronic acid and insoluble PhIO would stick onto the inner wall of reaction tubes and

thus might prevent sufficient contact with substrates.
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3.9 NMR Spectra of Selected Intermediates
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3.10 HPLC traces of Selected Intermediates

rac-110:
mAU
1 | © 2 PDA Multi 1
500+ i <
4 ‘\ I"\
i | i
, [—
| | |
250 | ‘I | ‘l
7 \
] “ .
| [
| [ [
] A
o S S N A -
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
0 1 2 3 4 6 7 8 9
min
1PDA Multi 1/254nm,4nm
PDAChI 254nm
Peals Ret. Time Area | Area% |
1 6.078 4277499 20043
2 6.920 4287321 50.057
Total \ $364820 100.000
chiral 110:
mAU
B ﬁ ° PDA Multi 5 254nm 4nm
1 \‘l.?
1 l
500+ ‘I
1 \
, |
| |
i
1 ‘ I
250 \
] | \
|
] \
f |
> [
J © [
G — ld — \ —
‘ . . ‘ . . ‘ . . T .
00 25 50 75 10.0
min
PDA Ch5 254nm
Peak# Ret. Time Area Area%
1 5.891 15918 0.233
2 7.045 6826440 99.767
Tota 6842358 100.000

158



Chapter 4 Studies toward Total Synthesis of Harziane

Diterpenes
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4.1 Isolation, Structural Feature and Bioactivity of Harziane Diterpenes
Harziandione (1), the first member of harziane diterpene family, was isolated
in 1992 from Trichoderma harzianum (a biocontrol agent in agriculture) by Ghisalberti
and coworkers™ and its structure was elucidated via NMR and X-ray diffraction
studies, disclosing a novel tetracyclic scaffold that contains 4, 5, 6 and 7-membered
rings. The absolute stereochemistry of 1 has not been resolved until 2012, when
Harzianone (2) was isolated from Trichoderma longibrachiatum by Ji and coworkerst*cl,
The absolution configuration of 2 was identified by the comparison of its DFT-
calculated electronic circular dichroism (ECD) spectrum as well as computational
optical rotation value with experimental datal'®!; the absolute configuration of 1 was
further extrapolated from 2 and computational evidences in its own optical rotation.
Since then, there have been other few members in this family[!! isolated from different
Trichoderma spp. sharing the unique harziane skeleton (Figure 4.1) with at least five
stereocenters, three all-carbon quaternary centers, two of which are vicinal, and diverse
ring sizes of four, five, six and seven. Although their oxidation state patterns vary in a
wide range at the left-half, the right-half of most harziane diterpenes is rather conserved,
with either conjugated enone (such as 1, 2, alone with its reduced forms 15, 16, 17 or
y-hydroxyl enone 18) or tertiary alcohol together with saturated cyclobutane (such as

harzianol F, 11).
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Figure 4.1 Currently isolated harziane diterpene natural products
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Besides structures shown above, people have also isolated other harziane
diterpenes [14TkM(Figure 4.2) in the past few years that contain a butyrolactone instead
of cyclobutanone, which was proposed to form biosynthetically through the Bayer-

Villager oxidation of the latter moiety.
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Figure 4.2 Other harziane diterpenes with lactone moiety

Me
Me
Me
H: o
Me
o
harzianelactone (25) trichodermaerin (26) deoxytrichodermaerin (27)
Me Me
Ho.Me HoO.Me
Me Me
o
o
(o}
harzianelactone A (28) harzianelactone B (29)

The biosynthesis of harziane diterpenes has also been studied via isotope
feeding experiments by Dickschat and coworkers?l(Scheme 4.1), starting from
geranylgeranyl pyrophosphate (GGPP, 32), which undergoes a series of cyclization and
1,2-hydride migration to generate carbocation 36. Hydration of 36 would give harzianol
| (14) and related compounds, while elimination followed by allylic oxidation would
result in harzianone (2), and subsequent hierarchical oxidations would provide other

members, such as harzianedione (1).

Scheme 4.1 Proposed biosynthesis pathway of selected harziane diterpenes
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Because most harziane diterpenes were originated from Trichoderma spp.
which had been used as plant biocontrol agents, it is not surprising that some of the
them exhibit growth inhibition activities of marine phytoplankton speciesi*'™. |n
addition, a few members in this family, such as harzianol 1 (14), also exhibit
antibacterial activities™, cytotoxicity™®""l  anti-HIV activity™ and potent

phytotoxicity against seedling growth of amaranth and lettuce,

4.2 Previous Work on the Total Syntheses of Harziane Diterpenes

The total synthesis of harziane diterpenes has not been accomplished for
decades until recently, when the first total synthesis of racemic harzianol | (14) was
reported in late 2019 by Carreira and coworkerst®! (Scheme 4.2). Their synthesis started
with a readily available ester 38. Enyne 39 could be prepared in 9 steps, which
underwent a gold-catalyzed cycloisomerization/ring expansion®®! to generate 40
containing the desired cyclobutane moiety with good stereocontrol. In another 7 steps,
the corresponding silyl enol ether 41 was obtained which went through a one-pot
reduction/hydrolysis/aldol condensation reaction to forge the left-hand bicyclic scaffold
in 42. Additional 7 steps including a formal ring expansion and Mukaiyama hydration
finally gave rise to 14 which matched the isolated sample regarding their NMR spectra
and they further revised the stereochemistry of 14 at the tertiary alcohol carbon position

(highlighted in Scheme 4.2).
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Scheme 4.2 Carreira’'s total synthesis of (x)-harzianol | (14)
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This elegant work represented a delicate implementation of gold-catalysis
methodology in the realm of total synthesis. However, this method only allows for
access to the saturated family of harziane diterpenes (i.e. harzianol F-I, 11-14). Herein,
we would like to present our efforts in pursuing a unified strategy with a late-stage
diversification of cyclobutene moiety to achieve the syntheses of different types of

harziane diterpene natural products.

4.3 Model Studies of Gold-Catalyzed [2+2] Cycloaddition

While the intriguing skeleton of harziane diterpenes could potentially inspire
disconnections from various angles, we were initially more interested in the rapid build-
up of the right half 7-4 fused bicyclic unit in harzianedione (1). Intuitively, we proposed
a ketene [2+2] cycloaddition to generate such ring junction, but the tethering 7-
membered ring had raised significant concerns since there was no precedent for such a
transformation; the closest examples only involved the formation of 6-4 and 5-4 fused

bicyclic compounds®.
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Scheme 4.3 General disconnection and related example of gold-catalyzed [2+2] cycloaddition
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We then turned our attention into metal-catalyzed [2+2] cycloaddition of 1,n-
enynes, with the early examples disclosed by Trost and coworkers in 1988 using Pd(11)
catalyst’®. A number of other n-acids, including Pt(I1), Au(l), Ga(lll) and Ru(ll), were
later exploited in such type of reactionsl”). Of particular notes, Gagosz and coworkers
have discovered that the cis-enyne could rapidly undergo the [2+2] cycloaddition in the
presence of catalytic XPhosAuNTf, [l(Scheme 4.3); the high resemblance of
intermediate 45 and 48 offered an opportunity for us to incorporate this reaction into
our retrosynthesis.

The left-hand bicyclic [3.2.1] scaffold of 1 and 11 could thus be disconnected
through an aldol condensation (similar to the Carreira synthesis of 1481), which would
lead us to a monocyclic intermediate 50 (Scheme 4.4) with both the isopropenyl group

and the enyne side chain pended to a 5-membered ring in a 1,2-trans-manner.
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Scheme 4.4 Retrosynthetic analysis of 1 and 11 with proposed model substrates
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Considering the potential challenges of synthesizing intermediate 50 bearing

three stereocenters and two adjacent quaternary carbons on the same ring, we decided
to probe the reactivity through two model substrates, 51 and 52 to test the feasibility of
enyne [2+2] cycloaddition bearing an additional ring junction with different ring sizes
(Scheme 4.4). 51 and 52 could be prepared via a’-alkylation of carvone or a-alkylation
of readily available 2-isopropenyl cyclopentane carboxylate 56!°! with known enyne
541101 hoth of which would establish the key trans-1,2-disubstitution stereochemistry.
The syntheses of these two model substrates are shown in Scheme 4.5; note
that the reduction of 52 was performed to separate it from the starting material 56. All
the reactions went smoothly with moderate to good yield. With model 51, under the
identical condition reported by Gagosz and coworkerst®! using 4 mol% XPhosAuCl and
AgNTf, MeCN, we could observed a new product in 22% yield with recovered 51. Its

structure was confirmed via *H NMR with the signature signals of the conjugated
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cyclobutene (6=5.79, 5.57) as compared with the literature report®®, thus we would

tentatively assign the structure as 55.

Scheme 4.5 Synthesis of model substrates 51 and 57 and initial result of [2+2] cycloaddition

Me
T\, 54
1. Br
0 irvps N\ 2, XPhosAuCI
Me 75% TMS Me \ AgNTf,"MeCN
> Me ————————>
Me 2 K,CO, CH,Cly, 23 °C
MeOH; 79% Me™\ \\ 17% 55 +
53 Me 51 22% 51
1.Br 54
co,Me  LDA \ CO,Me AcO

then TBAF  TMS : \ 1. DIBAL-H; 98% \
Me > Me — > Me
51% 2. Ac,0, Et;N
Me™\) W\ DMAP; 82% MeY\ [\

56 52 57
(1 step) inseparable from 56

Given this encouraging result, we quickly turned our attention to enyne 57
which was more similar to the real substrate 50. Unfortunately, in the presence of
XPhosAuCl and AgNTf, MeCN (Table 4.1, entry 1), no conversion was observed;
switching to a more bulky ligand, 'BuXPhos*!l, on the gold (I) complex, resulted in a
full conversion. *H NMR analysis of the purified sample revealed that it was actually a
mixture of cyclobutene 58 and triene 59, resulting from a retro-4n-electrocyclization
of 58. The formation of trienes like 59 was also documented in Gagosz’s report!® with
longer reaction time. Another study from Echavarren and coworkers*? indicated that
the counterion was important in the gold-catalyzed intermolecular [2+2] cycloaddition
and their best catalyst was [‘BuXPhosAu(MeCN)]BARF. Indeed, we have also
performed a brief screening of the catalyst bearing different counterions (SbFe¢ and
BARF") and the results were inferior to NTf,". We ultimately decided to stick to

‘BuXPhosAuCl and AgNTf,MeCN as our optimal catalyst combination. The
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inevitable partial formation of 59 might be due to the increased ring strain of 5-7-4

fused tricyclic 58, which led to a slower rate of [2+2] and faster rate of ring-opening to

release the ring strain.

Table 4.1 Screening of reaction conditions for intramolecular [2+2] of 57

AcO\

A\ M conditions
€ AcO__
Me/\\ \\

57

catalyst (5 mol%) solvent temp.

59

XPhosAuCl, AgNTf,-MeCN CH,Cl, 23 °C

'BuXPhosAuClI, AgNTf,-MeCN CH,Cl, 23 °C

‘BuXPhosAuCl, AgNTf,-MeCN DCE
XPhosAuNTf, DCE
[‘BuXPhosAu(MeCN)]SbFg DCE
['BuXPhosAu(MeCN)]BARF DCE

50 °C
50 °C
50 °C
50 °C

time
12 h
12h
2h
25h
>12h
25h

BuXPhos

results

no reaction

66%; 58:57:59=3.3:23:1
44%; 58:59 =25 : 1

36%; 58:59=2:1

trace 58

35%; 58:57:59=5:1:2

At the same time, my coworker Phil Gemmel, a grad student in our lab, also

attempted the optimal 'BuXPhosAuCI/AgNTf, MeCN condition on 51 and we

observed a full conversion into 55 (judged by crude NMR, estimate yield >70%).

Realizing the nuance of reactivity regarding ring-size difference, we decided to pursue

the 6-membered-ring tethered intermediate 60 (Scheme 4.6) via [2+2] cycloaddition of

61, and further converted 60 into our desired 49 through ring contraction. Intermediate

61 could thus be synthesized from conjugate addition of enone 62, which came from

alkylation and reduction/elimination of dimedone derivative 63!*%l,
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Scheme 4.6 Revised retrosynthetic analysis with ring-contraction strategy
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4.4 Synthesis of 6-7-4 Fused Tricyclic Intermediate

The starting material 63 could be easily accessed through a-carboxylation of
dimedone methyl ether with Mander’s reagent. Here, a large-scale, environmentally
benevolent route was developed using condensation between methyl malonate (66) and
mesityl oxide (65)(**] followed by one-pot acid-catalyzed etherification (Scheme 4.7).
The subsequent a-alkylation followed by one-pot desilylation gave 64. We then sought
to perform a reduction/ hydrolysis/elimination sequence of 64, which was found to be
quite tricky: the selective 1,2-reduction could only be achieved effectively with
DIBAL-H at high concentration, while other common reductant (NaBH4/CeCls or
LiAlIH4) failed to provide the desired reactivity and/or selectivity. Moreover, the
product bearing a B-methoxyl allylic alcohol group, was unexpectedly stable upon

neutral workup and column chromatography, and could only be hydrolyzed via the
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direct quench after DIBAL-H reduction by pure MsOH and subsequent concentrated
HCI (ag.); the limited equivalents of water, excess acid and homogeneity of the solution
were all critical to the reproducibility of this reaction. Nevertheless, we were able to
accumulate the desired enone 62 in good quantities and the conjugate addition
promoted by CuBr SMe> took place cleanly to give a single diastereomer of 61. The
[2+2] cycloaddition of 61 took place in 85% yield with the aid of '‘BuXPhosAuCl/
AgNTf, MeCN (Scheme 4.7), and the structure of 60 was determined unambiguously

via X-ray diffraction analysis.

Scheme 4.7 Access to 6-7-4 tricyclic intermediate 60
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4.5 Attempted Ring Contraction and Detour

With 60 in hand, our next task was the ring contraction to generate the desired
5-membered ring. Wolff rearrangement was abandoned due to the concern of photo-
lability of the cyclobutene moiety in 60; the classic Favorskii rearrangement would
involve a separate a-bromination of ketone which the reactive cyclobutene might not

survive. We finally picked the PIDA-mediated Favorskii-type rearrangement(l. The
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reaction was completed within 1 hour in the presence of PIDA and KOH/MeOH
(Scheme 4.8, left) to generate a single isomer 65, but COSY and NOESY experiments
of 65 suggested its structure as the undesired regioisomer. We postulated that other ring
contraction method relying on a-functionalization of ketone would probably give the
same regioselectivity outcome, and such selectivtiy might stem from the substantial

steric difference between the two a-position of the ketone.

Scheme 4.8 Attempted ring contraction of 60 and detour of a-oxygenation
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68 67
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This unwanted result, however, led us to detour and exploit the existing
regiospecificity. We then designed a different ring-contraction strategy involving a C-
C bond cleavage and reconstruction (Scheme 4.8, right). Although the detour might
take more steps, most reactions employed were orthogonal to the sensitive cyclobutene.
We first attempted the a-benzoylation employing LIHMDS and benzoyl peroxide™! as
electrophile and the reaction was rather sluggish, although most unreacted starting
material could be recovered. Other oxygenation reagents (Davis oxaziridine! or
nitrosobenzene®™ with proline catalysts) failed to give any conversion, and screening

of other bases, including reversible bases such as KO'Bu or DBU, had not been

171



successful; the high temperature (23 <C) was necessary for deprotonation, since lower
temperature resulted in lower conversion. Nevertheless, ketone 66 was further
converted into diol 67 through Grignard addition and one-pot deprotection with
DIBAL-H, although the yield was not high. Importantly, the bridgehead ester group
was totally inert towards DIBAL-H reduction. The diol cleavage of 67 was then
performed with PIDA8 while common oxidants such as NalOs was inactive to 67. As
the slight excess of PIDA had decomposed the resultant 68 by reacting with either the
carbonyls or the cyclobutenes upon concentration of crude material, ethylene glycol
was used as the quenching reagent; aqueous Na>S>03 was found ineffective.

68 was then ready for the intramolecular aldol condensation. Due to the low
yields in the preceeding steps, we couldn’t accumulate enough amount of 68 through
this route and had to go back and optimize the a-oxygenation reaction of 60.
Conformation analysis of 60 based on its crystal structure (here drawn in its
enantiomeric conformation, Figure 4.3) would provide additional hints: the presence of
bridgehead ester group, bridgehead methyl group (introduced by [2+2] cycloaddition)
and methylene group in the four-membered ring had created an extremely congested
environment that would be hard for bases to approach and deprotonate at the ketone a-
position; a pre-[2+2] intermediate with more flexible conformation of the “bridgehead”

methyl group might reduce the steric constraint of such a-position.
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Figure 4.3 Conformation analysis of 60

Given this hypothesis, my coworker Phil Gemmel had first tried the Rubottom
oxidation of the corresponding TMS enol ether 69 and we were delighted to see full
conversion of starting material upon treatment with slight excess m-CPBA. Further

treatment with TBAF gave the desired a-hydroxy ketone 70 (Scheme 4.9).

Scheme 4.9 Pre-[2+2] a-oxygenation enabled scalable synthesis of 68

Phil
Me Meco me
2\ 1. mCPBA
2. TBAF
TMSO "
Me/\\ \\
69
M
) MgBr mcrea;  MeMeco,me
A then EtsN; 2
Me ————> — = Me
CuBrSMe; Tms then TBAF 0
TMSCI, THF Me™\) W Hd Me™\\ W\
62 -78 to -40 to 23 °C 69 70
75% 50% for | MeMgBr
2 steps | CeCl3

Me
Me, /" °cO,Me BuXPhosAuCl
Me Me AgNTf,-MeCN . (MeBO); Me
o H CH,Cl,
B-0  mé
Me
73 71
g7 |KF ‘BuXPhosAuCl
? |H,0/MeOH AgNTf,-MeCN
CH,Cl,
Me Megozme >18 h
5 PIDA, CH,Cl,
Me Me ——M» incomplete conversion;
HO then (CH,OH), Me retro-4 r-electrocyclization

H:
Me

67 68

HO 51% occured

We further optimized the route by adding TMSCI at the conjugate addition of

62 to trap the thus-formed enolate as 69, which also increased the yield™¥ at the same
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time. The stable TMS enol ether 69 was further taken into a one-pot Rubottom
oxidation/desilylation reaction to give the desired a-hydroxyl ketone 70, which could
be transformed into diol 71 as a single diastereomer with the aid of CeCl3?% and methyl
Grignard reagent. We then conducted the [2+2] cycloaddition with the naked diol
moiety presented in 71 and the reaction resulted in slow and incomplete conversion,
likely due to the inhibition of highly reactive cationic Au () by the Lewis basic alcohol
(Scheme 4.9). To solve this problem, we developed a one-pot protection/cycloaddition/
deprotection sequence using (MeBO)s?* as the in situ, transient protecting agent; the
cyclic boronate 73 was formed smoothly and could be purified separately by column
chromatography, but it could be removed by homogenous KHF; solution to give 67 as
the spectrum was identical to the product obtain from route shown in Scheme 4.8.
Further treatment of 67 with PIDA would give the ketoaldehyde 68 cleanly.

The quick access of ketoaldehyde 68 had opened up great opportunities for the
ring reorganization leading to the desired bicyclic[3.2.1] skeleton in our target natural
products. Upon exposure to KOH/MeOH??, 68 would be fully converted into acetal 74
instead of the aldol condensation product. Similarly, treatment of 68 with excess
NaBH4/MeOH resulted in the formation of the lactone moiety in 75 (Scheme 4.10).
These implied that once the cyclohexane ring was cleaved, the 5-membered lactone
formation was almost spontaneous under suitable conditions. On the other hand, we
observed a nearly complete consumption of 68 when heated in the presence of DBU in
THF, and the product was tentatively assigned as 76 (Scheme 4.10). The further

validation and transformation of these intermediates are still ongoing.
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Scheme 4.10 Preliminary exploration of final ring reorganization in 68

DBU, THF
60 °C

4.6 Preliminary Attempts on Diene Functionalization

We were also looking for effective transformations from the cyclobutene 45 to
the functional groups presented in harziane diterpenes. This could be further separated
into two types of reaction sequences based on their disparage oxidation states (Scheme
4.11): a) a regioselective 1,2-reduction of cyclobutene, followed by a formal hydration
to 78, which had been demonstrated in Carreira’s synthesis®® through Mukaiyama
hydration; b) a formal anti-Markovnikov hydration of cyclobutene to 79, followed by

alkene migration and oxidation to generate enone 43.

Scheme 4.11 Diversified functionalization of cyclobutene 45

harzianol F (11)

Mé Me Me
45
b : [H,0] Me [O]; Me O Me
beeeenas -~ 4 - »
N base R H:
Me OH Me o) Me o}
79 43 harziandione (1)
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We first attempted the regioselective diene hydrogenation with 60, considering
that the hydrogenation of highly strained cyclobutene (AHnydro = -28.5 kcal/mol for 1-
methyl cyclobutenel®) should be more favored than the cycloheptene (AHnydro = -25.8
kcal/mol for cycloheptenel?l). However, my coworker, Phil Gemmel has found that
Pd/C simply showed no selectivity with EtOAc or EtOH. Switching to other solvent
(Table 4.2, entry 1) or other supported heterogeneous catalysts (Table 4.2, entry 2, 4)
didn’t improve the situation; other types of catalysts, such as Raney Nil®! (Table 4.2,
entry 3) or Co2BI?8! (Table 4.2, entry 5) appeared to be more reactive in the ketone
reduction. Pleasingly, Phil was screening some homogeneous catalysts at the same time
and RhCI(PPhz)3 in mixed solvent of toluene/MeOH (Table 4.2, entry 6) gave 82 as a
single regio- and diastereoisomer in 86% yield. Unexpectedly, such condition somehow
could not be steadily reproduced especially on larger scale (>20 mg) even with
increased catalyst loading for unknown reasons. On the other hand, the conventional
Birch reduction (Table 4.2, entry 7) gave 83 in 52% vyield alone with concomitant
ketone reduction. Interestingly, the ester group in 60 remained intact even with Birch
reduction, further validating a highly sterically encumbered environment at the

bridgehead position.
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Table 4.2 Screening of reaction conditions for 1,2-hydrogenation of 60

entry

6

7

Me Meco,me

conditions
Me 3

Me Me

QOzMe

Me Meco. me

H:

Me‘: Meé
60 80 81: undesired isomers
Me Meco. me Me Meco. me
Me Me
HO B HO X \"H
Meé Me
82: ketone reduction 83
conditions? results
Pd/C, Hy, CH,Cl, 80 + 81
Rh/C, H,, toluene/EtOAc (1:2) 60 + 80 + 81
Raney Ni, /PrOH, 23 to 50 °C 60 + 82

Pd/BaSO,, H,, EtOAc or EtOH
NaBH,, CoCl,-6H,0, EtOH
RhCI(PPh3)s, Ho, toluene/MeOH

Li, NH5(1), THF/'BUuOH, -78 °C

60 + 82 + cyclobutene opening
82
80 (86% yield)?

83 (52% yield)?

a. Reaction run at 23 °C unless specified; b. isolated yield

We also explored the anti-Markovnikov hydration of cyclobutene in 60. The
first choice would be hydroboration. However, treating 60 with BHs -THF complex
gave a complex mixture, and a RhCI(PPhs)s catalyzed hydroboration!?”! with HBPin
gave no reaction at all. Upon exposure of 1 equivalent mCPBA, 60 could offer a single
diastereomer which was not stable on silica gel, and the structure was tentatively
assigned as epoxide 84, based on its crude *H NMR spectrum. The existence of a vinyl
epoxide scaffold led us to examine the Tsuji-Trost type reductions with Pd>dbas, PBus
and formic acid as hydride sourcel?® (Scheme 4.12, entry 1), but no reaction occurred
at ambient temperature; heating to 60 <C only resulted in slow decomposition. Other
conditions, including Cp.Ti(lll)-mediated epoxide opening® and Sml; reduction%,

were unsatisfactory. Given the facile full hydrogenation of diene 60, we also designed
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a one-pot hydrogenation/elimination procedure®l (Scheme 4.12, entry 4), but a
rearrangement product, 86, was observed instead, implying that the first-step

hydrogenation did not occur.

Scheme 4.12 Attempts in formal hydration of 60 and epoxide opening of 84

Me Meco me
RhCI(PPh3)3 7 BHj, THF;
no reaction Me — 3& 3 messy mixture
HBPin, THF QO then NaOH
oo Mé H20;
C on 60
(\'\G\)\{LO

conditjons
Me % Me
(o}
OH
84 85 86
entry conditions? results
16 Pd,dbas, P"Bus, no reaction at 23 °C;
HCO,H/Et3N, dioxane decomposition at 60 °C

2 Cp4TiCly, Mn, THF/H,0O messy mixture
3 Sml,, THF decomposition
4 Pd/C, H,, EtOAc; then pTsOH  86°

a. Reaction run at 23 °C unless specified; b. Run by Phil; c. judged from crude "H
NMR.

4.7 Conclusion and Future Plan

With a fast access to ketoaldehyde 68 in 10 steps (from commercially availale
materials) featuring a diastereoselective conjugate addition, a regioselective Rubottom
oxidation and a [2+2] cycloaddition reaction, we have secured the key framework of a
7-4 fused common intermediate with all the desired stereochemistry presented that
could potentially lead to a concise and collective synthesis of a variety of harziane
diterpenes, a puzzle wandering for decades and only one solution in recent time. Our

next goal is to engage different condensation reactions to build up the final

178



bicyclo[3.2.1] skeleton in 89 (Scheme 4.13), either through a Claisen condensation of
lactone 87 (or aldol condensation of its lactol) to construct the spirocycle 88, or through
aldol condensation/conjugate reduction to form the five-membered ring 90.
Considering the spatial proximity of these functional groups, the final C-C bond

formation should be promising.

Scheme 4.13 Future direction on construction of bicyclic[3.2.1]Jmoiety from 68

The regioselective diene reduction conditions on model 60 could then be
transplanted here at 89 to access harzianol F (11) and related natural products. We will
also test the feasibility of other reductions such as Birch reduction in the opening of
epoxides (such as 84) to generate the desired cyclobutanol functionality and access
harzianone (2) and harziandione (1). Such strategy would also expand the utility of
cyclic conjugated dienes as useful synthons towards the synthesis of other polycyclic

natural products.
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4.8 Experimental Section

General Procedures. All reactions were carried out under an argon
atmosphere with dry solvents under anhydrous conditions, unless otherwise noted. Dry
tetrahydrofuran (THF), toluene, acetonitrile, and dichloromethane (CH2Clz2) were
obtained by passing commercially available pre-dried, oxygen-free formulations
through activated alumina columns. Yields refer to chromatographically and
spectroscopically (*H and *C NMR) homogeneous materials, unless otherwise stated.
Reagents were purchased at the highest commercial quality and used without further
purification, unless otherwise stated. Reactions were magnetically stirred and
monitored by thin-layer chromatography (TLC) carried out on 0.25 mm E. Merck silica
gel plates (60F-254) using UV light as visualizing agent, and an ethanolic solution of
phosphomolybdic acid and cerium sulfate, and heat as developing agents. Macherey-
Nagel® silica gel (60, academic grade, particle size 0.040-0.063 mm) was used for flash
column chromatography. The lactam formation reaction was performed using a Biotage
microwave tube. Preparative thin-layer chromatography separations were carried out
on 0.50 mm E. Merck silica gel plates (60F-254). NMR spectra were recorded on
Bruker 500 MHz instruments and calibrated using residual undeuterated solvent as an
internal reference. The following abbreviations were used to explain the multiplicities:
s =singlet, d = doublet, t = triplet, br = broad, app = apparent. IR spectra were recorded
on a Perkin-Elmer 1000 series FT-IR spectrometer. High-resolution mass spectra
(HRMS) were recorded on a Waters Synapt G2-Si mass spectrometer using ESI

(Electrospray lonization) at the University of Chicago Mass Spectrometry Laboratory,
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and Agilent 6244 Tof-MS using ESI (Electrospray lonization) at the University of

Chicago Mass Spectroscopy Core Facility.

Enyne 51: To a solution of (S)-carvone (0.211 mL, 1.35 mmol, 1.1 equiv) in
THF (6 mL) was added LiIHMDS (1.0 M in THF, 1.35 mL, 1.1 equiv) at —78 <C. The
reaction contents were then stirred at —78 <C for 30 min before a solution of freshly
made (Z)-5-trimethylsilyl-3-methyl-1-bromo-2-penten-4-ynel’® (54, 0.284 g, 1.23
mmol, 1.0 equiv) in THF (6 mL) was added dropwise. The reaction mixture was slowly
warmed to 23 <T over 8 h while stirring was continued. Upon completion, the reaction
contents were quenched by the addition of saturated aqueous NH4Cl (20 mL) and the
contents were transferred to a separatory funnel, diluting with CH2Cl> (20 mL). The
layers were separated and the aqueous layer was extracted with CH2Cl (3 %20 mL).
The combined organic layers were then dried (Na2SOs), filtered, and concentrated and
the resultant crude product was purified by flash chromatography (silica gel,
EtOAc/hexanes, 1:50—1:40) to give alkylated product (0.277 g, 75% yield) as a light
yellow oil with Rs = 0.54 (silica gel, EtOAc/hexanes, 1/10). To a solution of such
product (0.135 g, 0.45 mmol, 1.0 equiv) in MeOH (5 mL) at 23 <C was added solid
K>CO3 (0.150 g, 1.09 mmol, 2.4 equiv). The resultant suspension was stirred for 1.5 h.
Upon completion, the reaction contents were quenched by the addition of water (5 mL)
and saturated aqueous NaCl (5 mL) and the resultant mixture was transferred to a
separatory funnel, diluting with EtOAc (20 mL). The layers were separated and the

aqueous layer was extracted with EtOAc (3 > 20 mL). The combined organic layers

181



were then dried (Na2SOa), filtered, and concentrated. The resultant crude product was
purified by flash chromatography (silica gel, EtOAc/hexanes, 1:70) to give enyne 51
(81.5 mg, 79% yield) as a colorless oil. 51: Rf = 0.48 (silica gel, EtOAc/hexanes, 1/10);
IH NMR (500 MHz, CDCl3) § 6.65 (dd, J = 3.2, 1.7 Hz, 1 H), 5.83 (t, J = 7.0 Hz, 1 H),
4.84-4.83 (m, 1 H), 4.78 (s, 1 H), 3.08 (s, 1 H), 2.68-2.50 (m, 2 H), 2.50-2.46 (m, 1H),

2.44-2.38 (m, 3H), 1.83 (d, J = 1.1 Hz, 3 H), 1.77 (d, J = 1.4 Hz, 3 H), 1.73 (s, 3 H).

Cyclobutene 55: To a microwave tube containing XPhosAuCl (2.0 mg, 0.003
mmol, 0.04 equiv) was added CH2Cl> (0.8 mL) and AgNTf, MeCN (1.4 mg, 0.003 mg,
0.04 equiv) at 23 <T. The resultant suspension was stirred for 15 min before a solution
of 51 (18.7 mg, 0.082 mmol, 1.0 equiv) in CH2Cl> (0.2 mL) was added at 23 <C. The
reaction mixture was then stirred at 23 <C for 12 h and quenched with EtzN (0.01 mL).
The reaction contents were concentrated and the crude material was purified via
preparative TLC (EtOAc/hexanes, 1:4) to give 55 (3.2 mg, 17% vyield, 22% brsm) as a
colorless oil and recovered starting material 51 (4.1 mg). 55: Rf = 0.49 (silica gel,
EtOAc/hexanes, 1/10); *H NMR (500 MHz, CDCls)  6.75 (d, J = 5.3 Hz, 1 H), 5.79
(s, 1 H), 5.57 (s, 1 H), 2.96 (ddd, J = 16.0, 7.2, 4.2 Hz, 1 H), 2.40 (ddd, J = 12.5, 8.7,
3.9 Hz, 1 H), 2.29-2.25 (m, 2 H), 2.22-2.11 (m, 4 H), 1.76-1.75 (m, 6 H), 1.20 (s, 3

H).

Acetate 57: To a solution of freshly distilled diisopropyl amine (0.168 mL, 1.15

mmol, 1.15 equiv) in THF (4 mL) was added n-BuLi (1.6 M in hexane, 0.72 mL, 1.2
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mmol, 1.2 equiv) dropwise at -78 <C. The solution was warmed to 0 <C and stirred for
30 min before it was cooled down to -78 <C. To such solution was added ester 56 (0.185
g, 1.10 mmol, 1.1 equiv) in THF (2 mL) at —78 <C. The reaction contents were then
stirred at —78 <C for 1 h before a solution of freshly made (Z)-5-trimethylsilyl-3-methyl-
1-bromo-2-penten-4-ynel!? (54, 0.231 g, 1.0 mmol, 1.0 equiv) in THF (4 mL) was
added dropwise. The reaction mixture was slowly warmed to 23 <C over 6 h while
stirring was continued. Upon completion, TBAF (1.0 M in THF, 1.5 mL, 1.5 mmol, 1.5
equiv) was added at 23 <C and the reaction mixture was further stirred for 1 h. Then the
reaction contents were quenched by the addition of saturated aqueous NaHCO3 (10 mL)
and the contents were transferred to a separatory funnel, diluting with CH2Cl, (15 mL).
The layers were separated and the aqueous layer was extracted with CH2Cl, (3 <15
mL). The combined organic layers were then dried (Na2S0O.), filtered, and concentrated
and the resultant crude product was purified by flash chromatography (silica gel,
EtOAc/hexanes, 1:60) to give a mixture of alkylated product 52 and starting material
56 (0.184 g, 3:2 ratio as judged by 'H NMR, 51% yield counting pure product 52) as a
light yellow oil. To a solution of such mixture (0.166 g) in CH2Cl, (6 mL) was added
DIBAL-H (1.0 M in CH2Cl>, 2.20 mL, 2.20 mmol, 2.6 equiv per ester group) at -78 <C.
The reaction mixture was slowly warmed to 23 <C over 3 h while stirring was continued.
Upon completion, the reaction contents were quenched by the addition of 1 M
Rochelle’s salt (5 mL) and the resultant mixture was transferred to a separatory funnel,
diluting with CHxCl, (15 mL). The layers were separated and the aqueous layer was

extracted with CH2Cl> (3 < 15 mL). The combined organic layers were then dried
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(Na2S0s.), filtered, and concentrated. The resultant crude product was purified by flash
chromatography (silica gel, EtOAc/hexanes, 1:40—1:25) to give an alcohol (0.109 g,
98% yield) as a colorless oil with Rf = 0.38 (silica gel, EtOAc/hexanes, 1/4). To a
solution of such alcohol (0.109 g, 0.50 mmol, 1.0 equiv) in CH2ClI, (5 mL) was added
EtsN (0.10 mL, 0.75 mmol, 1.5 equiv), 4-DMAP (6.0 mg, 0.05 mmol, 0.1 equiv) and
Ac20 (0.06 mL, 0.60 mmol, 1.2 equiv) at 23 <C. The reaction mixture was stirred at
23 T for 1 h. Upon completion, the reaction contents were quenched by the addition
of saturated NaHCO3 (5 mL) and the resultant mixture was transferred to a separatory
funnel, diluting with CH.Cl> (15 mL). The layers were separated and the aqueous layer
was extracted with CH2Cl> (3 > 15 mL). The combined organic layers were then dried
(Na2S0.), filtered, and concentrated. The resultant crude product was purified by flash
chromatography (silica gel, EtOAc/hexanes, 1:40) to give acetate 57 (0.107 g, 82%
yield) as a colorless oil. 57: Ry = 0.47 (silica gel, EtOAc/hexanes, 1/10); *H NMR (500
MHz, CDCl3) § 5.79 (t, J = 7.3 Hz, 1 H), 4.83 (t, J = 1.5 Hz, 1 H), 4.74 (d, J = 0.8 Hz,
1H), 3.87 (d, J = 11.1 Hz, 1 H), 3.79 (d, J = 11.1 Hz, 1 H), 3.09 (s, 1 H), 2.58 (dd, J =
14.4,7.4Hz,1H),2.39(dd, J=14.4,7.9 Hz, 1 H), 2.33(dd, J =9.2, 7.2 Hz, 1 H), 2.02
(s, 3 H), 1.89 (d, J = 1.1 Hz, 3 H), 1.83-1.80 (m, 1 H), 1.79 (s, 3 H), 1.76-1.63 (m, 3

H), 1.57-1.51 (m, 2 H).

Cyclobutene 58 and triene 59: To a microwave tube containing
'BuXPhosAuCl (1.7 mg, 0.003 mmol, 0.05 equiv) was added DCE (0.8 mL) and

AgNTf, MeCN (1.3 mg, 0.003 mg, 0.05 equiv) at 23 <C. The resultant suspension was
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stirred for 15 min before a solution of 57 (16.0 mg, 0.082 mmol, 1.0 equiv) in DCE (0.2
mL) was added at 23 <C. The reaction mixture was then stirred at 50 <C for 2 h and
quenched with EtsN (0.01 mL). The resultant crude product was purified by flash
chromatography (silica gel, EtOAc/hexanes, 1:60) to give the product (7.0 mg, 44%
yield, mixture of 58 and 59) as a colorless oil. 58 and 59: Rf = 0.49 (silica gel,
EtOAc/hexanes, 1/10); *H NMR (500 MHz, CDClIs, only showing the region above 3.0)
8 6.55 (dd, J = 17.5, 11.0 Hz, 0.4 H, 59), 5.88-5.85 (m, 0.4 H, 59), 5.80 (s, 1 H, 58),
5.35(d, J = 7.0 Hz, 2 H, 58), 5.15 (dd, J = 10.9, 1.4 Hz, 0.4 H, 59), 4.96 (dd, J = 17.6,
1.4 Hz, 0.4 H, 59), 4.18 (d, J = 10.5 Hz, 1 H, 58), 3.88 (d, J = 9.6 Hz, 1.4 H, 58 and 59),

3.70 (d, J = 10.5 Hz, 0.4 H, 59).

Ester 63: To a flask containing Na (2.3 g, 100 mmol, 1.0 equiv) was added
anhydrous MeOH (30 mL) at 0 <C. The suspension was stirred at 23 <T until all the
sodium chuck had dissolved. To such solution was added mesityl oxide (65, 10.0 g, 100
mmol, 1.0 equiv) and methyl malonate (66, 13.2 g, 100 mmol, 1.0 equiv) successively
at 23 <C and the reaction mixture was heated to 60 <TC and stirred at such temperature
for 8 h. The reaction contents were then cooled back to 23 <C and TMSCI (13.3 mL,
105 mmol, 1.05 equiv) and toluene (30 mL) was added. The white precipitates from
cooling down was rapidly dissolved upon addition of TMSCI. The reaction mixture was
then heated to 60 <C and stirred at such temperature for 4 h. Upon completion, the
reaction contents were quenched by the addition of saturated NaHCO3 (100 mL) and

the resultant mixture was transferred to a separatory funnel, diluting with CH2Cl, (200
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mL). The layers were separated and the aqueous layer was extracted with CH.Cl, (3 x
100 mL). The combined organic layers were then dried (Na;SOa), filtered, and
concentrated. The resultant crude product was purified by flash chromatography (silica
gel, EtOAc/hexanes, 1:20—1:10—1:6) to give alcohol 63 (10.7 g, 50% vyield) as a
colorless oil. 63: Rf = 0.17 (silica gel, EtOAc/hexanes, 1/4); all spectroscopic data

matched that reported in Ref. 32.

Enyne 64: To a solution of ketoester 63 (1.30 g, 6.13 mmol, 1.03 equiv) in
THF (30 mL) was added NaH (60% dispersion in mineral oil, 260 mg, 6.5 mmol, 1.09
equiv) at 0 <C. The reaction contents were then stirred at 0 <C for 30 min before a
solution of freshly made (Z)-5-trimethylsilyl-3-methyl-1-bromo-2-penten-4-ynel® (54,
1.37 g, 5.94 mmol, 1.0 equiv) in THF (30 mL) was added dropwise. The reaction
mixture was slowly warmed to 23 <C over 8 h while stirring was continued. Upon
completion, the most of solvent was removed under reduced pressure and MeOH (50
mL) was added into the flask, followed by K>COs (2.46 g, 17.8mmol, 3.0 equiv). The
reaction mixture was stirred at 23 <C for additional 1 h. Upon completion, the reaction
contents were quenched by the addition of water (15 mL) and saturated aqueous NacCl
(15 mL) and the contents were transferred to a separatory funnel, diluting with CH2Cl.
(100 mL). The layers were separated and the aqueous layer was extracted with CH2Cl.
(3 x50 mL). The combined organic layers were then dried (Na.SO.), filtered, and
concentrated and the resultant crude product was purified by flash chromatography

(silica gel, EtOAc/hexanes, 1:50—1:40) to give alkylated enyne 64 (1.20 g, 70% yield)
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as a light yellow solid. 64: Rt = 0.22 (silica gel, EtOAc/hexanes, 1/4); *H NMR (500
MHz, CDCl3) 6 5.85 (t,J =7.2 Hz, 1 H), 5.38 (s, 1 H), 3.70 (s, 3 H), 3.69 (s, 3 H), 3.08
(s, 1 H), 2,93 (dd, J =15.4, 7.3 Hz, 2 H), 2.83 (dd, J = 14.6, 7.1 Hz, 2 H), 2.46 (d, J =

17.4 Hz, 1 H), 2.35 (d, J = 16.8 Hz, 1 H), 1.82 (s, 3 H), 1.21 (s, 3 H), 1.08 (s, 3 H).

Enone 62: To a solution of 64 (1.09 g, 3.76 mmol, 1.0 equiv) in THF (18 mL)
was added DIBAL-H (1.0 M in CH2Cl, 11.3 mL, 11.3 mmol, 3.0 equiv) at -78 <C. The
reaction mixture was stirred at -78 <C for 30 min and warmed to 23 <C over 15 min.
The reaction mixture was then cooled down to -78 <C and carefully quenched with
dropwise addition of MsOH (0.73 mL, 11.3 mmol, 3.0 equiv). The reaction mixture
was then warmed to 23 <C and concentrated HCI (ca. 11 M, 2 mL) was added. The
reaction contents were stirred at 23 <C for additional 30 min before it was poured into
a separatory funnel, diluting with CH>Cl> (100 mL) and water (50 mL). The layers were
separated and the aqueous layer was extracted with CH2Cl> (3 x50 mL). The combined
organic layers were then dried (Na>SO.), filtered, and concentrated and the resultant
crude product was purified by flash chromatography (silica gel, EtOAc/hexanes,
1:40—1:25—1:20) to give enone 62 (0.562 g, 57% yield) as a light yellow solid. 62: Rt
= 0.41 (silica gel, EtOAc/hexanes, 1/4); *H NMR (500 MHz, CDCl3) § 6.91 (d, J=10.4
Hz, 1 H), 6.06 (d, J = 10.4 Hz, 1 H), 5.64-5.62 (m, 1 H), 3.76 (s, 3 H), 3.10 (s, 1 H),
2.95 (dd, J =13.7,4.8 Hz, 1 H), 2.80 (dd, J = 13.7, 9.4 Hz, 1 H), 2.54 (d, J = 16.6 Hz,

1 H), 2.24 (d, J = 16.6 Hz, 1 H), 1.86 (s, 3 H), 1.20 (s, 3 H), 0.96 (s, 3 H).
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Ketone 61: A flask of CuBrDMS (0.210 g, 1.02 mmol, 1.2 equiv) was
evacuated and refilled with argon for three times. To such flask was added THF (2 mL)
and the suspension was cooled down to -78 <C before a solution of isopropenyl
magnesium bromide (0.5 M in THF, 4.25 mL, 2.12 mmol, 2.5 equiv) was added slowly.
The thus obtained orange solution was stirred at -78 <C for 30 min before a solution of
substrate 62 (0.220 g, 0.85 mmol, 1.0 equiv) in THF (4 mL) was added at -78 <C. The
reaction mixture was then transferred into a -40 <C cold bath and stirred at such
temperature for 1 h. Upon completion, the reaction contents were quenched by the
addition of saturated NH4ClI (15 mL) and the contents were transferred to a separatory
funnel, diluting with CH.Cl> (20 mL). The layers were separated and the aqueous layer
was extracted with CH2Cl> (3 <20 mL). The combined organic layers were then dried
(Na2S0.), filtered, and concentrate. The resultant crude product was purified by flash
chromatography (silica gel, EtOAc/hexanes, 1:25—1:20) to give ketone 61 (0.149 g,
58% vyield) as a light yellow solid. 61: R = 0.46 (silica gel, EtOAc/hexanes, 1/4); *H
NMR (500 MHz, CDCl3) 6 6.09 (dd, J = 7.7, 5.7 Hz, 1 H), 4.86 (s, 1 H), 4.80 (s, 1 H),
3.77 (s, 3 H), 3.20 (dd, J = 14.1, 6.0 Hz, 2 H), 3.14 (s, 1 H), 2.79-2.71 (m, 2 H), 2.56
(dd, J = 15.8, 9.2 Hz, 1 H), 2.15 (ddd, J = 14.3, 4.4, 2.1 Hz, 1 H), 1.89 (dd, J = 14.2,

2.0 Hz, 1 H), 1.85 (s, 3 H), 1.62 (s, 3 H), 1.05 (s, 3 H), 0.96 (s, 3 H).

Cyclobutene 60: To a test tube containing ‘BuXPhosAuCl (17.3 mg, 0.026
mmol, 0.04 equiv) and AgNTf, MeCN (11.3 mg, 0.026 mg, 0.04 equiv) was added

CH2Cl2 (2 mL) at 23 <C. The resultant suspension was stirred for 15 min and then
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transferred into a solution of ketone 61 (0.200 g, 0.66 mmol, 1.0 equiv) in CHCl, (8
mL). The reaction mixture was then stirred at 23 <C for 1 h before it was quenched by
the addition of EtsN (5 drops, ca. 0.05 mL). The solvent was removed under reduced
pressure and the resultant crude product was purified by flash chromatography (silica
gel, EtOAc/hexanes, 1:25—1:20) to give alcohol 60 (0.170 g, 85% vyield) as a colorless
oil. 60: Rs = 0.47 (silica gel, EtOAc/hexanes, 1/4); *H NMR (500 MHz, CDCls3) § 5.78
(s, 1 H), 5.71-5.69 (m, 1H), 3.70 (s, 3 H), 3.22 (t, J = 13.9 Hz, 1 H), 3.01 (d, J = 13.7
Hz, 1 H), 2.49 (dd, J = 14.2, 8.9 Hz, 1 H), 2.29 (dd, J = 13.8, 4.2 Hz, 1 H), 2.19 (d, J =
13.6 Hz, 1 H), 2.16-2.14 (m, 1 H), 2.07 (d, J = 13.4 Hz, 1 H), 1.93-1.88 (m, 2 H), 1.77

(s, 3 H), 0.98 (s, 3 H), 0.96 (s, 3 H), 0.90 (s, 3 H).

Rearranged product 65: A flask containing 60 (24.0 mg, 0.079 mmol, 1.0
equiv) and PIDA (30.6 mg, 0.095 mmol, 1.2 equiv) was degassed with argon (three
times) and to this flash was added a solution of KOH (0.133 g, 2.37 mmol, 30.0 equiv)
in MeOH (3 mL) at 23 <C. The resultant suspension was stirred for 1 h. Upon
completion, the reaction contents were quenched by the addition of saturated NH4Cl
(15 mL) and the contents were transferred to a separatory funnel, diluting with CH2Cl.
(20 mL). The layers were separated and the aqueous layer was extracted with CH2Cl.
(3 <20 mL). The combined organic layers were then dried (Na.SO.), filtered, and
concentrate. The resultant crude product was purified by flash chromatography (silica
gel, EtOAc/hexanes, 1:20—1:15) to give 65 (17.0 mg, 64% yield) as a colorless oil. xx:

R¢ = 0.64 (silica gel, EtOAc/hexanes, 1/4); *H NMR (500 MHz, CDCls) § 5.73 (s, 1 H),
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5.63 (d, J=8.2 Hz, 1H), 3.67 (s, 3 H), 3.61 (5, 3 H), 2.77 (d, J = 11.4 Hz, 1 H), 2.34
(dd, J = 14.4, 8.6 Hz, 1 H), 2.17 (t, J = 12.5 Hz, 1 H), 2.09 (d, J = 13.4 Hz, 1 H), 1.97
(d,J=13.4Hz, 1 H),1.91(d, J = 14.3 Hz, 1 H), 1.74 (t, J = 1.8 Hz, 3 H), 1.71 (dd, J =
13.4, 4.7 Hz, 1 H), 1.43 (d, J = 15.4 Hz, 1 H), 1.37 (dd, J = 15.7, 7.2 Hz, 1 H), 1.09 (s,

3 H), 1.06 (s, 3 H), 0.82 (s, 3 H).

Benzoate 66: To a solution of 60 (22.6 mg, 0.075 mmol, 1.0 equiv) in THF (1
mL) was added LIHMDS (1.3 M in THF, 0.086 mL, 0.112 mmol, 1.5 equiv) at -78 <C.
The reaction mixture was warmed to 23 <C and stirred at such temperature of 1 h before
cooling down to -78 <C. To the solution was added a solution of benzoyl peroxide
[(BzO),, 27.0 mg, 0.112 mmol, 1.5 equiv] in THF (0.2 mL) at -78 <C. The reaction
mixture was then slowly warmed to 23 <C over 1 h. Upon completion, the reaction
contents were quenched by the addition of saturated NaHCO3 (15 mL) and the contents
were transferred to a separatory funnel, diluting with CH2Cl> (20 mL). The layers were
separated and the aqueous layer was extracted with CH2Cl> (3 <20 mL). The combined
organic layers were then dried (Na2SOa), filtered, and concentrate. The resultant crude
product was purified by flash chromatography (silica gel, EtOAc/hexanes, 1:20—1:15)
to give recovered 60 (14.1mg, 62% recovered) and alcohol 66 (11.4 mg, 36% yield) as
a colorless oil. 66: Ry = 0.22 (silica gel, EtOAc/hexanes, 1/4); *H NMR (500 MHz,
CDCl3) 8 8.12 (d, J = 7.2 Hz, 2 H), 7.58 (t, J = 7.5 Hz, 1 H), 7.47 (t, J = 7.7 Hz, 2 H),
6.55 (d, J = 12.5 Hz, 1 H), 5.81 (s, 1 H), 5.71 (d, J = 6.1 Hz, 1 H), 3.77 (s, 3 H), 3.13

(d,J=13.3Hz,1H),2.75(dd, J=23.1, 13.0 Hz, 1 H), 2.50 (dd, J = 14.3, 8.6 Hz, 1 H),
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2.10 (dd, J = 13.6, 2.3 Hz, 1 H), 2.00 (d, J = 12.1 Hz, 1 H), 1.7 (s, 3 H), 1.07 (s, 3 H),

1.03 (5, 3 H), 0.97 (s, 3 H).

TMS enol ether 69: A flask of CuBr DMS (0.154 g, 0.75 mmol, 1.1 equiv)
was evacuated and refilled with argon for three times. To such flask was added THF (1
mL) and the suspension was cooled down to -78 <C before a solution of isopropenyl
magnesium bromide (0.5 M in THF, 3.12 mL, 1.56 mmol, 2.3 equiv) was added slowly.
The thus obtained orange solution was stirred at -78 <C for 30 min before TMSCI (0.104
mL, 0.82 mmol, 1.2 equiv) and a solution of substrate 62 (0.177 g, 0.68 mmol, 1.0 equiv)
in THF (2 mL) was added at -78 <C. The reaction mixture was then transferred into a -
40 <C cold bath and stirred at such temperature for 1 h, before it was further warmed to
23 <C and stirred for additional 1 h. Upon completion, the reaction contents were
quenched by the addition of ammonium hydroxide (15 mL) and the contents were
transferred to a separatory funnel, diluting with hexane (20 mL). The layers were
separated and the aqueous layer was extracted with hexane (3 <20 mL). The combined
organic layers were then dried (Na2SOa), filtered through a short pad of silica and
washed with hexane (10 mL), and concentrated to give TMS enol ether 69 (0.190 g,
75% vyield) as a light yellow solid. 69: Rr = 0.69 (silica gel, EtOAc/hexanes, 1/4); *H
NMR (500 MHz, CDCl3) § 6.01 (dd, J = 8.6, 3.8 Hz, 1 H), 4.90 (s, 1 H), 4.84 (s, 1 H),
4.57 (s, 1 H), 3.63 (s, 3 H), 3.13 (s, 1 H), 3.05 (s, 1 H), 2.94 (d, J = 15.6 Hz, 1 H), 2.70—
2.62 (M, 2 H), 1.83 (s, 3 H), 1.78 (d, J = 13.4 Hz, 1 H), 1.56 (s, 3 H), 1.10 (s, 3 H), 0.91

(s, 3 H),0.21 (s, 9 H).
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Diol 71: To a solution of 69 (98.1 mg, 0.26 mmol, 1.0 equiv) in CH2Cl, (3 mL)
was added m-CPBA (<77%, 72.0 mg, 0.32 mmol, 1.2 equiv) at 0 <C. The reaction
mixture was stirred at 0 <C for 1 h before EtsN (0.09 mL, 0.655 mmol, 2.5 equiv) and
TBAF (1.0 M in THF, 0.27 mL, 0.27 mmol, 1.03 equiv) was added at 23 <C
successively. The reaction mixture was then stirred at 23 <C for 8 h. Upon completion,
the reaction contents were quenched by the addition of saturated NaHCO3 (10 mL) and
the resultant mixture was transferred to a separatory funnel, diluting with CH2Cl, (20
mL). The layers were separated and the aqueous layer was extracted with CH.Cl, (3 x
10 mL). The combined organic layers were then dried (NaSOa), filtered, and
concentrated. The resultant crude product 70 was obtained as a yellow oil and used
directly without further purification. 70: Rf = 0.17 (silica gel, EtOAc/hexanes, 1/4).
Pressing forward, to a flask containing anhydrous CeCl3z (64.6 mg, 0.262 mmol, 1.0
equiv) was added THF (1 mL) and methylmagnesium bromide (3.0 M in ether, 0.26
mL, 0.79 mmol, 3.0 equiv) at 0 <C. The white suspension was stirred at 0 <C for 10 min
before a solution of crude 70 in THF (2 mL) was added. The reaction mixture was
warmed to 23 <C and stirred for 10 min before a second portion of methylmagnesium
bromide (3.0 M in ether, 0.09 mL, 0.26 mmol, 1.0 equiv) was added and the reaction
was further stirred for 10 min. Upon completion, the reaction contents were quenched
by the addition of saturated Rochelle’s salt (5 mL) and saturated NH4Cl (5 mL) and the
mixture was further stirred for 1h. It was then was transferred to a separatory funnel,

diluting with CH2Cl, (20 mL). The layers were separated and the aqueous layer was
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extracted with CHxCl> (3 > 10 mL). The combined organic layers were then dried
(Na2S0s.), filtered, and concentrated. The resultant crude product was purified by flash
chromatography (silica gel, EtOAc/hexanes, 1:15—1:10—1:6) to give alcohol 71 (44.0
mg, 50% yield) as a colorless oil. 71: Rf = 0.10 (silica gel, EtOAc/hexanes, 1/4); H
NMR (500 MHz, CDCls, overlap with trace EtOAc) 6 6.11 (dd, J = 6.7, 6.3 Hz, 1 H),
5.05 (s, 1 H), 4.93 (s, 1 H), 4.12 (d, J = 11.7 Hz, 1 H), 3.69 (s, 3 H), 3.14 (s, 1 H), 2.61—
2.54 (m, 3 H), 2.29 (br, s, 1 H), 2.07 (d, J = 15.3 Hz, 1 H), 1.83 (s, 3 H), 1.56 (s, 3 H),

1.44 (d, J = 15.0 Hz, 1 H), 1.29 (5, 3 H), 1.23 (5, 3 H), 0.79 (s, 3 H).

Cyclobutene 67: To a solution of diol 71 (22.0 mg, 0.066 mmol, 1.0 equiv) in
CHCI (0.5 mL) was added trimethyl boroxine (2.8 mg, 0.022 mmol, 0.34 equiv) at
23 <C. The solution was stirred for 5 min and TLC analysis indicated full conversion
of 71 into 72. At the same time, to a test tube containing '‘BuXPhosAuCl (1.7 mg, 0.0026
mmol, 0.04 equiv) and AgNTf, MeCN (1.1 mg, 0.0026 mg, 0.04 equiv) was added
CHCI> (0.5 mL) at 23 <C. The resultant suspension was stirred for 15 min and then
transferred into the solution of 72. The reaction mixture was then stirred at 23 <C for
30 min before it was quenched by the addition of EtsN (1 drop, ca. 0.01 mL). The
solvent was removed under reduced pressure and the residual 73 was re-dissolved in
MeOH (2 mL) and a solution of aqueous KF (1.0 M, 1 mL, 1 mmol, 15.2 equiv) was
added. The homogenous mixture was stirred at 23 <C for 1 h and quenched by the
addition of CH2Cl, (10 mL) and saturated aqueous NaHCO3 (10 mL). The reaction

contents were transferred to a separatory funnel, the layers were separated and the
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aqueous layer was extracted with CH2Cl, (3 %10 mL). The combined organic layers
were then dried (Na2S0O.), filtered, and concentrated. The resultant crude product was
purified by flash chromatography (silica gel, EtOAc/hexanes, 1:15—1:10—1:6) to give
alcohol 67 (19.1 mg, 87% vyield) as a colorless oil. 67: Rf = 0.11 (silica gel,
EtOAc/hexanes, 1/4); *H NMR (500 MHz, CDCls, identical to the product obtained
from 66) § 5.78 (s, 1 H), 5.65 (d, J = 6.6 Hz, 1 H), 4.54 (dd, J = 11.1, 7.4 Hz, 1 H), 3.61
(s, 3 H), 2.63 (d, J = 13.7 Hz, 1 H), 2.33 (dd, J = 14.6, 9.6 Hz, 1 H), 2.24 (d, J = 13.7
Hz, 1 H), 1.95 (dd, J = 13.9, 1.4 Hz, 1 H), 1.89-1.85 (m, 2 H)., 1.75 (s, 3 H), 1.67 (d, J
= 7.3 Hz, 1 H), 1.56 (s, 3 H), 1.44 (d, J = 14.8 Hz, 1 H), 1.27 (s, 3 H), 1.16 (s, 3 H),

1.09 (s, 3 H).

Ketoaldehyde 68: To a solution of 67 (19.1 mg, 0.058 mmol, 1.0 equiv) in
CH2CI> (1 mL) was added PIDA (22.4 mg, 0.070 mmol, 1.2 equiv) at 23 <C. The
reaction mixture was stirred at 23 <C for 1 h and ethylene glycol (1 drop, ca. 0.01 mL)
was added to quench excessive PIDA. The reaction mixture was further stirred for 15
min and the solvent and other volatiles were removed under reduced pressure. The
resultant crude product was purified by flash chromatography (silica gel,
EtOAc/hexanes, 1:20—1:15) to give ketoaldehyde 68 (9.6 mg, 51% yield) as a colorless
oil. 68: Rr = 0.34 (silica gel, EtOAc/hexanes, 1/4); *H NMR (500 MHz, CDCls) § 9.74
(d, J=3.8 Hz, 1 H), 5.79 (s, 1 H), 5.41-5.39 (m, 1 H), 3.70 (s, 3 H), 3.20 (d, J = 16.5
Hz, 1 H), 2.85 (d, J = 3.7 Hz, 1 H), 2.60 (s, 2 H), 2.45-2.39 (m, 2 H), 2.26 (d, J = 14.3

Hz, 1 H), 2.13 (s, 3 H), 1.69 (s, 3 H), 1.55 (s, 3 H), 1.15 (s, 3 H), 1.13 (s, 3 H).
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Ketone 80: To a flask of 60 (4.6 mg, 0.015 mmol, 1.0 equiv) was added
toluene (0.2 mL) and RhCI(PPhs)3 (0.7 mg, 0.00075 mmol, 0.05 equiv) at 23 <C under
hydrogen atmosphere. The reaction mixture was stirred at 23 <C for 30 min before
MeOH (0.2 mL) was added. The reaction was further stirred 23 <C for 8 h under
hydrogen atmosphere. Upon completion, the reaction mixture was concentrated and the
residue was purified by flash chromatography (silica gel, EtOAc/hexanes, 1:25—1:20)
to give ketone 80 (4.0 mg, 86% yield). 80: R = 0.47 (silica gel, EtOAc/hexanes, 1/4);
IH NMR (500 MHz, CDCl3) & 5.55 (s, 1 H), 3.67 (s, 3 H), 3.16 (t, J = 14.1 Hz, 1 H),
2.96 (t, J = 9.5 Hz, 1 H), 2.88 (d, J = 14.2 Hz, 1 H), 2.47 (dd, J = 13.9, 8.2 Hz, 1 H),
2.23 (dd, J = 14.4, 4.2 Hz, 1 H), 2.03-1.98 (m, 3 H), 1.91 (dd, J = 14.2, 1.8 Hz, 1 H),
1.81(dd, J=17.9, 8.1 Hz, 1 H), 1.65 (s, 3 H), 1.61 (d, J=8.2 Hz, 1 H), 1.54 (d, J = 8.1

Hz, 1 H), 1.00 (s, 3 H), 0.88 (s, 3 H), 0.75 (s, 3 H).

Alcohol 83: To a two-neck flask containing liquid NH3 (ca. 5 mL) was added
lithium metal (64.5 mg, 9.29 mmol, 52 equiv) at -78 <C. The resultant suspension was
stirred at -78 <C until it turned deep blue and most lithium had dissolved. To such
solution was added a solution of sub 60 (54.4 mg, 0.18 mmol, 1.0 equiv) in THF (2 mL)
and 'BUOH (0.2 mL) at -78 <C. The reaction mixture was then stirred at -78 <C for 1 h
and the cold bath was removed. The reaction mixture was then quenched by the addition
of saturated NH4Cl (15 mL) and the contents were transferred to a separatory funnel,

diluting with CH2Cl> (20 mL). The layers were separated and the aqueous layer was
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extracted with CHxCl> (3 <20 mL). The combined organic layers were then dried
(Na2S0s), filtered, and concentrate. The resultant crude product was purified by flash
chromatography (silica gel, EtOAc/hexanes, 1:20—1:10) to give saturated alcohol 83
(28.6 mg, 52% yield) as a light yellow solid. 83: Rf = 0.10 (silica gel, EtOAc/hexanes,
1/4); *H NMR (500 MHz, CDCls, overlap with trace EtOAc) § 5.32 (t, J = 6.6 Hz, 1 H),
3.79-3.73 (m, 1 H), 3.64 (s, 3 H), 2.57 (d, J = 9.5 Hz, 1 H), 2.37 (dd, J = 14.9, 6.9 Hz,
1 H), 2.13-2.09 (m, 2 H), 2.01 (t, J = 11.1 Hz, 1 H), 1.92 (dd, J = 13.5, 2.8 Hz, 1 H),
1.88-1.83 (m, 2 H), 1.77 (d, J = 1.4 Hz, 3 H), 1.56-1.54 (m, 2 H), 1.45 (dd, J = 12.7,

3.4 Hz, 1 H), 1.14 (d, J = 13.6 Hz, 1 H), 1.01 (s, 3 H), 0.97 (s, 3 H), 0.76 (s, 3 H).
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4.10 NMR Spectra of Selected Intermediates
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