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ABSTRACT
This dissertation covers two projects utilizing organodiol catalyzed conjugate addition. The

first project uses BINOL-derived organocatalysts to synthesize indolyl-propylene glycol natural
products. The second project covers reactivity of organodiol catalyzed conjugate addition with
vinylogous ester and amide electrophiles alongside the development of relay catalysis.

Organocatalyzed conjugate addition has been used in the pursuit of the synthesis of natural
products, primarily mucronatins A and B. These natural products are challenging to synthesize due
to the need for stereoselective synthesis in the presence of sensitive diindole cores. Previously
developed methods allow for the conjugate addition of heteroaryl trifluoroborate salt nucleophiles
to electron-rich electrophiles containing indoles. Mucronatins A and B are only two examples of
these types of structures, and similar structures have also been targeted.

The reactivity of the diol catalysts previously utilized by our group and intriguing results
from mechanistic studies led us to consider using very electron-rich electrophiles as conjugate
addition partners. Vinylogous esters and amides were tested as electrophiles and were found to
undergo conjugate addition, followed by elimination of the B-leaving group. This reactivity was
optimized for the synthesis of polyunsaturated ketones and ene/ynones with a simplified
organodiol catalyst.

This reactivity was further explored to synthesize the dienones from the alkyne precursors
of vinylogous esters and amides directly. Using catalytic amounts of methyl aniline, the reaction
could be performed in one step without the need to isolate vinylogous esters and amides. This relay
catalytic process was optimized for a faster reaction rate and superior yields when compared to the

sequence of two individual steps.
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CHAPTER 1: CONJUGATE ADDITION REACTIONS
1.1 Origins of Conjugate Addition

Carbon-carbon bond forming reactions have been highly sought after in synthetic organic
chemistry since the inception of the field. The formation of such bonds allows for the combination
of molecular building blocks and increase of structural complexity. Many researchers focus
extensively on developing novel ways to form carbon-carbon bonds, including using transition
metal catalysis,12 photochemistry,*® and organocatalysis.”1° Particularly desirable are those
variants of such reactions which allow for enantioselective synthesis, as many natural products are
a single enantiomer, and drug molecules can have vastly different modes of activity based on their
absolute stereochemistry.

Conjugate addition reactions have been known since the 1880s when these reactions were first
studied in detail by Arthur Michael (Figure 1.1). 1 Michael reactions are 1,4-conjugate additions
which form a bond at an electron deficient carbon 3 to a carbonyl. In the most common form of

this reaction, an enolate acts as the nucleophile to attack the electron deficient B-position of an

o,pB-unsaturated carbonyl compound, forming a new carbon—carbon bond. This reactivity is
incorporated into the Robinson annulation, where it’s combined with another name reaction, the

Aldol condensation, to create novel cyclic structures.

-

Figure 1.1. Conjugate additions - Michael reaction

Nu

While enolates generated in situ were the original nucleophile in the Michael addition, many

other nucleophiles have been employed to enact 1,4-conjugate addition. Organometallic reagents



such as Grignard reagents are a popular choice of nucleophile in conjugate addition.12 These
nucleophiles have been extensively studied and are commercially available or readily synthesized
from common building blocks.

The main drawback of organometallic reagents and enolate nucleophiles, while they are highly
reactive and effective in conjugate additions, is their incompatibility with certain labile functional
groups such as amines and hydroxyls. Another drawback is the competition with 1,2-addition for
regioselectivity of addition, as these reactions can be difficult to control.

1.2 Development of Non-Transition Metal Catalyzed Conjugate Additions with Boron

Nucleophiles

1.2.1 Organoboronate Nucleophiles

In the pursuit of highly tolerant and versatile conjugate addition nucleophiles, Herbert
Brown developed a protocol for the syntheses of y,6—unsaturated ketones using 9-BBN derived
organoboronate nucleophiles 2 to enact conjugate addition (Figure 1.2).13 The organoboronates
could be generated by reaction of acetylenes 1 with 9-BBN, followed by conjugate addition,
mainly to methyl vinyl ketone (MVK, 3). Hydrolysis of the resulting structures provided the
unsaturated ketones 4 in yields up to 93%. This work, preformed in 1976, was the first report of

conjugate additions using organoboronate nucleophiles.

(0]
(o]
. 1 X 3
R! BN R\/\B —>\)]\ R1WI\

X
N » 66 - 93% yield

1 2 4

Figure 1.2. First report of organoboronate conjugate addition

Following Brown’s work, Akira Suzuki further used organoboronates to enact Michael-

type reactions.2#15 It was found that when using a halogenated variant of 9-BBN (6) the halogen



and borane added to alkynes in a trans-fashion (Figure 1.3). After this, conjugate addition of the
resulting species 7 to methyl vinyl ketone (3) gives the resulting halo-alkene (8). This reaction
allowed for a simple route to linear chain natural products, as well as more complicated
syntheses,1® and set further precedent for the application of organoboronates in conjugate

additions.

X

~

B
X (o)
N =L NS |
5 7 8

52 - 92% yield

Figure 1.3. First use of organoboronates by Suzuki

Suzuki continued to explore the reactivity of organoboronate compounds (Figure 1.4),
expanding the nucleophile scope to boronic esters (and one example of a boronic acid).” The
nucleophiles derived from 9-BBN were occasionally difficult to synthesize and not as stable as
boronic esters. The discovery of conditions for the use of triisopropyl borates and boronic acids in
1990 allowed for an expansion of nucleophiles while maintaining high yields and regioselectivity.
The inherent lower reactivity was mediated by using Lewis acid catalysis. Otherwise, the overall
reactivity remained the same, with an organoboronate nucleophile 10 adding regioselectively to

an unsaturated carbonyl in 9.

R® 11
63 - 84% yield

Figure 1.4. Organoboronate expansion by Suzuki



1.3 Transition Metal Catalyzed Enantioselective Conjugate Additions

Michael additions often form stereocenters. Classically, stereocontrol could be achieved
only by the stereochemical preference of the starting materials due to existing stereochemistry.
One such approach is to enact conjugate additions on chiral substrates and then removing the chiral
directing group, resulting in a selective C-C bond formation.!® However, other methods to allow
for enantioselective reactions have been developed, including a great amount of work into catalytic
methods. Both transition metal and organocatalysis have been employed in pursuit of this goal.

1.3.1 Copper-Catalyzed Enantioselective Conjugate Additions

A variety of chiral ligands have been utilized in copper catalysis to enact enantioselective
conjugate additions. These ligands include oxazoline ligands as well as TADDOL and BINOL
derived species as notable examples.’? These ligands tend to be rather large, allowing for
enantioinduction in the C-C bond forming step, and the reaction conditions rely on nucleophiles
which are unreactive except in the presence of a copper catalyst, such as organozinc compounds.

A key example is the use of chiral phosphorous amidite 13 by Feringa in 1996 (Figure 1.5).14

o o}

Etzzn
Cu(OTf), (3 mol %
(OTf), ( 0)>
Et

14

12
00 78% yield
o 63% ee

o:P—NiPrZ

OO 6.5 mol %

13

Figure 1.5. Copper catalysis for enantioselective conjugate addition.

There are some interesting exceptions to the BINOL/TADDOL derivatives, especially with
oxazoline ligands. As an example, the stereoselective reaction developed by Sammakia in 1997

features chiral ferrocene ligand 15 as well as Grignard nucleophiles (Figure 1.6).1°
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1) Cul (10 mol %)
Ligand (12 mol %)
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2) n-BuMgCl 16 “'Bu
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N . 82% ee
o '9\(/_7/"” 80% yield
(Ph)s Fe O

ligand

15

Figure 1.6. Sammakia's work with chiral ferrocene ligands.

Generally, copper catalyzed reactions have been well-developed and explored, both in
terms of ligands and nucleophiles. These methods often rely on organometallic nucleophiles,
which suffer from lack of stability as well as high reactivity, leading to the inability to use such
methods to synthesize compounds containing labile functional groups.

1.2.1 Other Transition Metal Catalyzed Enantioselective Conjugate Additions

Other metals used in enantioselective conjugate additions include cobalt and nickel.20
These metals are less common for these transformations, likely due to the lack of stereoselectivity
reported with these catalysts. These catalysts also tend to be limited with electrophile and
nucleophile scopes, making them less appealing than copper or rhodium in the realm of transition
metal catalysis. This chemistry also typically relies on the use of organozinc nucleophiles.

1.2.2 Rhodium-Catalyzed Enantioselective Conjugate Additions

Rhodium has been a popular metal in conjugate addition reactions.?! Rhodium catalysis
with organoboronate nucleophiles was used to enact conjugate additions by Miyaura in 1997

(Figure 1.7).22 While this reaction excelled with unsubstituted ketones, such as methyl vinyl ketone

3, B-substitution led to decreased yields. This led to further work with rhodium catalyzed methods

and exploration into the use of organoboronates for such additions with transition metal catalysts.2!



(acac)Rh(CO),

(o} doob o
pp
\)j\ . _B(OH) ij\
3 R~ 2 4
17
74% yield

Figure 1.7. Original rhodium catalyzed conjugate addition with organoboronates

Rhodium catalysis was first used to catalyze enantioselective conjugate additions in 1998.23
Chiral biphosphine (binap) ligands, when used with rhodium (1) catalysts, allowed for the synthesis

of highly enantiopure conjugate addition adducts (18, Figure 1.8).

o Rh(acac)(C;H,); (3 mol %) O

(S)-binap (3 mol %)
_——
B(OH
Ph” (OH),
12 18 Ph

97% ee
93% yield

Figure 1.8. Asymmetric conjugate addition with rhodium catalysts

Following this work, other ligands were explored, with many successful variants developed
in subsequent years. Organoboronates are popular nucleophiles in these reactions, with boronic
acids, esters, and pinacolboranes represented. Trifluoroborate salt nucleophiles were also shown

to be effective in such reactions, providing high yields and high enantioselectivities.?42>

[Rh(cod),][PFe]
(3 mol %)
(R)-binap (3.3 mol %)

o toluene/H,0 (4/1) Ar or %
105-110°C /\)I\ . /\)I\ .

ArBF;K

>90% ee

or 70 - 99% yield

BF;K

Figure 1.9. Enantioselective rhodium catalysis with trifluoroborate salt nucleophiles



Rhodium-catalyzed conjugate addition of organoboronates is proposed to proceed through
transmetalation of the organoboronate, and then coordination to the double bond of the o,p-
unsaturated compound. The enantioselectivity in this case is imparted by the location of the open

coordination site which the o,p-unsaturated ketone enters. An example is the original Miyaura

RB(OH \P)Q é
T
(S)-binap y N‘
o R
R Pi., .\\PQ
RE
S0
=
Pl: ‘\‘P /
SMY O
\
@\ P, ‘\‘P
RH
N SN
0

Figure 1.10. Stereoselective rhodium conjugate addition catalytic cycle

work with boronic acids (Figure 1.9).23

o

1.2.3 Lewis Acid Catalysis

Following Suzuki’s work with organoboronates, J. Michael Chong recognized the potential
for developing an enantioselective transformation without the use of transition metals.?6 He
recognized that an alternate way to activate the organoboronate is potentially through the
esterification of the organoboronate with an organodiol.

Using a large BINOL-derived stoichiometric ligand (19), the Chong group was able to

enact conjugate additions of alkynyl boronates enantioselectively using Lewis acid catalysis



(Figure 1.11). The initial step of the reaction relied on a different method of boron nucleophile
activation than that featured in transition metal catalysis. In the initial step, the trialkoxy ate
complex undergoes transesterification with the BINOL-derived ligand. The resulting nucleophile
was able to perform conjugate additions enantioselectively at the B-position of an o, 3-unsaturated
ketone with ee exceeding 80%.

Both enantioselectivity and yields of this reaction were high, but the necessity of a large

enantiopure ligand in stoichiometric quantities was a considerable drawback.

Ph ®
e I
1) R—==—B(0iPr); o I
OH THF, 0 °C to RT )I\/\
—> Ar R’
OH 5 o 21
)]\/\ >70% ee
P Ar R' 81 -99% yield

h
19 BF3 o 0Et2 20
DCM

Figure 1.11. Enantioselective Lewis-acid catalyzed conjugate addition

1.3 Organocatalyzed Enantioselective Conjugate Additions with Organoboronates

1.3.1 First Report — J. Michael Chong

Building on their Lewis acid catalyzed approach, the Chong group presented a
methodology that relied on the same method of activation of organoboronate nucleophiles in
2007.27 They were able to use BINOL-derived organodiols as catalysts, with the carbon—carbon
bond formation proceeding enantioselectively in a similar manner to that achieved in the Lewis
acid catalyzed work.

Their proposed catalytic cycle was initiated by transesterification as in the Lewis acid
catalyzed approach (Figure 1.12). Following activation of the boronic ester 23 by the organodiol

22 to complex I, conjugate addition would allow the formation of a carbon-carbon bond

enantioselectively at the B-position (11). The BINOL complex could potentially be transesterified



with another equivalent of the boronic ester (111), and then hydrolyzed to the final conjugate

addition product, and re-entered into the cycle.

X

oeszf~<f

OH 0
X
22
/l

(RO)Z R R

Figure 1.12. Catalytic pathway with organodiols and organoboronate nucleophiles proposed by

Chong

The Chong group found that BINOL and BINOL-derived compounds featuring electron
withdrawing groups, such as halogens, at the 3 and 3' positions specifically (such as 25), were
effective at enacting this esterification and facilitating the conjugate addition as predicted (Figure
1.13). The electron withdrawing groups likely make the formation of complex | more favorable
by providing a stronger binding in the ate complex. Furthermore, Chong found these BINOL
derived reagents could turn over catalytically, and therefore be used in catalytic amounts. In this
chemistry, methyl boronate esters were most commonly used as nucleophiles. A few examples of
boronic acids and triisopropyl boronate esters were also effective. This was the first report of

enantioselective conjugate addition not requiring a transition metal or Lewis acid.
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) 94¢¢ )uf)
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R R /R R R 27
24 (MeO)zB—/— 26 82 — 98% ee
DCM, 4 A MS 81 — 98% yield
40 °C

Figure 1.13. First report of enantioselective organocatalyzed conjugate addition.

There were some drawbacks to Chong’s work. The nucleophile scope was limited to
alkenylboronates, with no examples of aryl or heteroaryl organoboronates. The reactions were
slow, with some nucleophiles requiring up to 96 hours for reaction completion. However, this
methodology was highly promising, tolerated a wide range of nucleophile modifications, and
featured very mild conditions. The nucleophiles, similar to the organozinc compounds used in
some transition metal catalysis, were not reactive without catalyst, which is desirable in reactions
useful to the building of complex structures such as drugs and natural products that contain many
labile functional groups. Such reactions tend to be considerably more regioselective and
chemoselective in complex molecule synthesis.

1.3.2 Further Developments — David MacMillan

In 2007, MacMillan reported the use of trifluoroborate salt nucleophiles in conjugate
additions with imidazolidinone catalysts (Figure 1.14).28 Trifluoroborates 29 had been
demonstrated to be viable nucleophiles in transition metal catalysis, but not as partners in
organocatalyzed reactions. This methodology allowed for the use of aldehyde 28 as an electrophile

with good yields and enantioselectivities.
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KF3B—-//—R'

29

DCM, RT, 24 h

>91% ee
o 79% - 96% yield

30 catalyst,
as HClI salt

Figure 1.14. MacMillan's iminium catalyzed conjugate addition with trifluoroborate salts

The MacMillan group screened two iminium catalysts, but the one shown (30, Figure 1.13)
provided higher conversions and enantioselectivities. They were also able to show reactivity with
nucleophiles beyond the vinyl boronates shown by Chong. Furan and indole trifluoroborates were
reactive under the iminium catalyzed conditions. Also, boronic acid nucleophiles were effective

(see 32h-j), but with limited electrophile scope and lower enantioselectivity.

R’
™ BXn 32 ;
R/\/§0 - R/\AO
DCM, RT, 24 h
28 catalyst 30, as HCI salt 31
BF;K B(OH),
/—< }X Y _//_Q
BF;K
KF;B / \E/)_ 3 (HO),B
X = H, OMe, Ph 32f if R = Me (32h), no reaction
32a, 32b, 32¢ if R = CH,0OBn (32i), 60% ee
’ b Boc
Z N (o)
) BF:K - | )—BFK )—B(OH),
X X = H, OMe 32g o 32
32d, 32e 51% yield, 92% ee

87, 96% yield, >87% ee

Figure 1.15. Nucleophile scope for Macmillan imminum catalysis
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The mode of activation in this methodology is different than either Chong’s work or
transition metal catalysis. It involved activation of the electrophile rather than of the boronate
complex as in Chong’s work and rather than the transmetallation required with transition metal
catalysis. This allows for catalyst control by blocking one face of the w-system of the formed

iminium intermediate with the large substitutents of the catalyst, leading to Re-face attack (Figure

1.16).
_ o _
o
o N/
74 l @N 7
— ,N 7 — A,
7 Bn ’
R | L. N R
33 . R 35
! BF,K
AT 34

Figure 1.16. Organocatalytic activation with iminium catalysts
The MacMillan group utilized this methodology in a total synthesis of (+)-frondosin B after
deriving a method to allow for the use of aryl trifluoroborate nucleophiles (i.e., 37) more
effectively (Figure 1.17).2° They were able to add an acid co-catalyst (dichloroacetic acid, DCA)
and change the solvents to allow for increased reactivity. From those results, they found they could
use the commercially available boronic acid 37 and transform it to a reactive species in situ by

using HF as an acid additive. This allowed for the synthesis of the natural product (41) in 3 steps.
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Figure 1.17. Total synthesis of (+)-frondosin B by the MacMillan group

1.3.3 Thiourea Organocatalysts — Yoshiji Takemoto

The thiourea catalyzed reactions developed by Takemoto use boronic acids as nucleophiles
(Figure 1.18).3° This methodology featured the use of unprotected hydroxyls in the electrophiles
(42) as a necessary tether for the catalyst (44) to promote reactivity. Without the presence of the

hydroxyl, the catalysts were not reactive, limiting the electrophile scope considerably.

-
Ve 7
(HO)ZB—/_“ )

O > RTNX,

PhMe
ﬁ 42 45
>91% ee
necessary :
for reactivity O\N/ OMe 64 - 99% yield
SaNH /D/
HO

Fs;C NH
catalyst
44

CF;

Figure 1.18. Takemoto's conjugate addition with thiourea catalysts
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1.3.4 Tartrate Catalysts — Masharu Sugiura, Kazuaki Kudo

In a mechanism of action similar to that of BINOL-derived organocatalysts, tartaric acids
were able to catalyze conjugate additions of boronic acids to variously substituted a,-unsaturated
ketones (46, Figure 1.19).31 A tert-butyl substituted benzoate ester of the tartrate provided the
highest enantioselectivity (47), which tended to be lower than reactions with organodiol catalysts.
Effective nucleophiles included furan and benzofuran boronic acids.

The Sugiura group was also able to expand this methodology to the synthesis of
cyclopentenones containing a stereocenter (50) in an unconventional manner (Figure 1.19).32
Starting from dienones, they were able to follow conjugate addition with cyclization, preserving

the stereochemistry as set by the tartrate catalyst.

R-B(OH), 0
(o] MeOH (2.0 equiv)

: 1) B(OH
PhMe T /\)l\/\ talyst 47 (10 mol %
R1JI\/\R2 > R1JI\/\R2: RN g =2 (10 mol %) >
48 : 49

2) Hoveyda-Grubbs Il (10 mol %) /
46 1,6-hepadiene (20 mol %) =

>68% ee . toluene, 80 °C, 24 h R
fo) CO,H 48 - 92% yield : 50
. >86% ee
t-B CO,H
“ 0 2 48 - 76% yield

OH

(10 mol %)

t-Bu

47

Figure 1.19. Sugiura group chemistry with tartaric acid catalysts

The Sugiura group followed their work in tartaric acid catalysis with a mechanistic study
in partnership with Silvina Pellegrinet.3® Using DFT calculations, they were able to propose a
mechanism that explained the selectivity and necessity of the free hydroxyl in the catalyst. In their
proposed mechanism, the free hydroxyl and the hydroxyl of the carboxylic acid adjacent to it
coordinate to the boron (I, Figure 1.20), while the other hydroxyl of the other carboxylic acid is

able to form a hydrogen bond. It was also proposed, based on DFT calculations, that there is

14



hydrogen bonding interaction between the two hydrogens shown in Il to the benzoate carbonyl

(Figure 1.20). In general, the mechanism of activation is quite similar to BINOL catalysis.

o.
Ar ~H
ﬁ QRe face to Re face attack

non-classical hydrogen bonding

Figure 1.20. Pellegrinet and Sugiura mechanism study.

Kudo and coworkers were able to utilize tartrate catalysts similar to Takemoto’s (Figure
1.21).34 The presence of the y-free hydroxyl in the electrophile was necessary for reactivity, but
the method excelled in the ability to use unsaturated aldehydes 53 as electrophiles. The products
resulting from conjugate addition could easily be further modified into synthetically useful
structures (54). Most nucleophiles were familiar alkenyl compounds (55), with a few examples of

heteroaryls that disappointingly gave decreased yields and selectivities (56, 57).
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Figure 1.21. Peptide catalyzed conjugate addition/cyclization

1.4 Organocatalyzed Enantioselective Conjugate Additions in the May Laboratory

( )

Natural Product
Total Synthesis

Development of
Novel Methodologies
\_ J

Figure 1.22. “Catalytic cycle”

Commonly, methodological development inspires synthesis, and challenges in complex
molecule synthesis inspire the development of novel methodologies (Figure 1.22).3> Some of the
May laboratory’s first work revolved around using existing methods in total synthesis.
Organocatalytic methods subsequently developed in the lab were also utilized in synthesis of
complex natural products, completing the cycle.

1.4.1 Synthesis of Flinderole-Class Compounds

The structures of the flinderoles (61, 62, 64, Figure 1.23) include a stereogenic center next
to an indole ring. The biomimetic synthesis of these compounds was originally reported from

borrerine 58.36 This synthesis was not enantioselective, affording a mixture of diasteromers.
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synthetically
challenging
stereocenter

R= R'=
Flinderole A H a-Me 61
FlinderoleB Me o-Me 62
DesmethylflinderoleC H p-Me 63

Flinderole C Me B-Me 64
Isoborreverine: R = H, 59

Dimethylisoborreverine: R = Me, 60

Figure 1.23. The flinderole family of compounds

While the flinderoles could be synthesized biomimetically from borrerine upon addition of
TFA, the stereocenter indicated in Figure 1.23 presented a synthetically interesting challenge.
Based on reported enantioselective conjugate additions, it was hypothesized that it would be
possible to form the key stereocenter via enantioselective conjugate addition.

1.4.2 Development of Conjugate Addition Methodology Compatible with Indoles

The key synthetic challenge to be addressed was the conjugate addition to electrophiles
with a (3 indole ring. Indole rings are quite electron-rich heterocycles, causing the 3 position to be
weakly electrophilic for conjugate addition. Organocatalysis by BINOL derived catalysts provided
a promising precedent to the development of novel methodology.

Chong and others showed that there was a strong correlation between electron withdrawing
groups at the 3 and 3' positions of BINOL-derived organocatalysts and their reactivity.27:37
Therefore, 3,3'-diiodo-BINOL and 3,3'-bispentafluorophenyl-BINOL (67) were selected for

screening.
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Figure 1.24. Conjugate addition to electron rich heterocycles

Satisfyingly, this mode of catalysis gave high yields and enantioselectivities (Figure 1.24).
It also allowed for the use of unprotected indole electrophiles (65), setting it apart from other
methods of conjugate addition, especially those utilizing organometallic reagents. The reaction
was quite tolerant of different ketone substitution (see R group variation, Figure 1.24).

Boronic acid nucleophiles were used, and alkenyl and alkynyl nucleophiles proved to be
effective. Aryl and heteroaryl boronic acids were not stable in the reaction conditions (Figure

1.25). One example of a boronic ester (73) was also shown. In the case of alkenyl boronic acids,

both a- and B-substitution was well tolerated, providing somewhat less enantiopure products.
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Figure 1.25. Conjugate addition to indole electrophiles

1.4.3 General Method Development

The general challenge of utilizing heterocycle-appended enones was addressed by our
group in 2012.38 By expanding on the methodology developed for indole-appended enones, the
reaction was made more general.

The modifications were made to the BINOL-derived organocatalyst. Chong’s reports used
electron withdrawing halogens or trifluoromethyl groups, and previous efforts by our group used
pentafluorophenyl groups at the 3 and 3' positions. Changing the pentafluorophenyl (67) groups
for those derived from perfluorotoluene (76) allowed for an increase in reactivity as well as
maintaining the high ee’s, likely due to the increased electron withdrawing nature compared to the

pentafluorophenyl substituents.
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Figure 1.26. Expanded methodology

A variety of furan, thiophene, pyridine, quinoline and pyrazine electrophiles were shown
to be effective in the transformation with high yields and high ee’s (Figure 1.26). Magnesium tert-
butoxide was hypothesized to be effective due to its ability to facilitate proton transfer between
the intermediates. While the nucleophile scope was still limited to alkenyl and alkynyl
nucleophiles, reactivity and selectivity were increased.

1.4.4 Mechanistic Study

Following the development of this chemistry, a study was performed to determine
reactivity trends and elucidate the mechanism.3? Mechanisms proposed by Suzuki and Chong for
the conjugate addition of organoboronates, as well as Pellegrinet and Goodman’s work with DFT

calculations, formed the basis for the mechanistic study?26.27.33,37,40-42
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Figure 1.27. Proposed catalytic cycle

The proposed mechanism involved the formation of complex I between the BINOL derived
catalyst 78 and the boronic acid nucleophile 79 (Figure 1.27), explaining the increase in reactivity
of electron-deficient BINOL complexes, as the more electron-deficient catalytic complexes can
bind more tightly to the carbonyl. The rate-determining step was proposed to be either
complexation of the boron with the carbonyl oxygen, forming Il or carbon-carbon bond formation
(111). If the rate determining step was formation of the zwitterionic complex 11, stabilization of the
positive charge by electron donating groups would increase stability, and therefore reaction rate,
and electron withdrawing groups would decrease reaction rate.

Hammett plot analysis was used to confirm this hypothesis. By using a variety of -
substituents of the unsaturated carbonyl and tracking the relative rates of product formation, it was

found that stronger electron-withdrawing substituents para to the B-position accelerated the
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reaction rate. It was concluded that stabilization of cationic charge at the p position increased the

reaction rate.

EDG |:> R" R"

reaction rates

a 83

O R B
B(OH), ;
e g : - 0
reaction rates 82 Mg(Ot-Bu), (10 mol %)
ﬁ 4AMS R 84 R'
EDG d PhMe, reflux, 1h
reaction rates ¢ e BINOL (20 mol %)

Figure 1.28. Trends in reactivity

The carbonyl-adjacent group was also varied. It was found that more electron-donating
groups in the para position decreased the reaction rate (Figure 1.28). This implies that stabilization
of the charge at the oxygen-bearing carbon decreases reaction rate, meaning the formation of the
boron-oxygen bond is likely not involved in the rate determining step.

Nucleophile trends were also tested. It was found that more electron-rich nucleophiles
increased reaction rates. This unusual trend: electron-rich electrophiles increase reaction rates,
while electron-rich nucleophiles are also more reactive, was attributed to the zwitterionic ate
complex formed in the reaction mechanism.

1.4.5. Expansion to Aromatic Nucleophiles

As mentioned previously, aromatic nucleophiles were not effective in the organocatalyzed
transformations described. In 2015, our group was able to overcome this drawback by making
several key modifications to the methodology as described.43

First, as introduced in the discussion of organometallic approaches, trifluoroborate salts
(86) are often desirable nucleophiles due to their stability. In fact, in some previous efforts, major

setbacks were due to the instability of the boronic acid nucleophiles. It was hypothesized that
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trifluoroborate salts should also be effective nucleophiles, as the reactive species is a catalyst-
combined ate complex that could form from the trifluoroborate salt as well. It was found that with
the inclusion of molecular sieves as a fluoride scavenger, the more stable and crystalline

trifluoroborate salts could be used.
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67% - 99% yield
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Figure 1.29. Aromatic nucleophile expansion

With confirmation of the effectiveness of trifluoroborate nucleophiles, nucleophile
expansion studies were performed (see scope, Figure 1.29). Generally, the reaction was highly
tolerant of a variety of heteroaryl nucleophiles, with exceptional enantioselectivity in most cases.
In the case of aromatic nucleophiles, LiBr (and in some cases, LiCl or Lil) was necessary as an
additive. Generally, this methodology overcame the largest challenge found previously — the

inability to use aryl and heteroaryl nucleophiles.
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1.4.6 Application to the Total Synthesis of Discoipyrrole D
With this development, the indole-containing natural product Discoipyrrole D was targeted
for total synthesis.*® The indole-bearing stereocenter in the natural product provided a perfect

opportunity to show the utility of the developed conjugate addition chemistry.

HO Discoipyrrole D

Figure 1.30. Structure of natural product, discoipyrrole D

The synthesis began with a three-component coupling between 88, 89, and 90, which was
followed by a Heck reaction to add the unsaturated aldehyde (Figure 1.31). A commercially
available indole 3-boronic acid (93) was successfully incorporated using the developed conditions
in high yield with outstanding enantioselectivity (94). Following this, a proline-controlled
hydroxylation allowed for the diastereoselective addition of the hydroxyl. Reduction gave the

protected product 95 in fair yield.
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Figure 1.31. Synthetic approach to discoipyrrole D.

There were key issues with completion of the synthesis. The hydroxyls were
protected as methoxy groups, but all attempts at demethylation fragmented the fragile core. The
indole boronic acid precursor to 93 was commercially available only with a benzenesulfonyl

group, which also could not be removed.
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1.4.7 Banwell Approach to Discoipyrrole D

While the May group did not complete the synthesis of discoipyrrole D in the initial report,
the total synthesis of the molecule has since been completed by the Banwell group (Figure 1.32).4
While relying on a different, molybdenum catalyzed approach to synthesize the core of the
structure, they nonetheless utilized May group chemistry to complete the synthesis. There were
two key differences in their approach which allowed for the successful synthesis of the natural
product. First, while considerably longer in step count, their synthesis of the core of discoipyrrole
allowed for the use of TMS protecting groups for the hydroxyls. Second, they used Boc-indole
trifluoroborate for the conjugate addition, which was easier to de-protect than the benzenesulfonyl

used in our approach. Their synthesis provided the natural product in 2.3% yield over 13 steps.

(R)-CF; BINOL . .
» Discoipyrrole D

14 steps total
Using May conditions for

4AMS
o PhMe, 80 °C

conjugate addition

Synthesized in 10 steps X N 80% yield
Key step - Boc
MoOPH-Mediated Cyclization

Figure 1.32. Banwell synthesis of discoipyrrole D

1.4.8. Current Studies

The work presented henceforth revolves around conjugate addition reactions from two
perspectives. The first is expanding previous work by the May group in the use of organocatalyzed
conjugate addition to compounds structurally similar to discoipyrrole D. The second is using the

knowledge gained from the mechanistic study to explore new reactivity with different
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nucleophiles. These projects rely on the extensive studies presented by our group and others that
have provided a wealth of knowledge applicable to future projects.

Work on conjugate addition in the May lab is constantly ongoing, with efforts focused on
novel applications of the methodologies, creative substrate design, and natural product total
synthesis. Each project inspires other branches of the chemistry, and the methodology/total

synthesis cycle continues.
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CHAPTER 2: ORGANOCATALYZED CONJUGATE ADDITION FOR
THE SYNTHESIS OF MUCRONATINS A AND B

2.1 Background

2.1.1 Mucronatin A and B Isolation and Biological Activity

Natural products isolated from psychotropic plants are quite often able to cross the blood
brain barrier, making them intriguing targets for isolation and study.*>#¢ Mucronatins A and B
were isolated as secondary metabolites from the bark of Tetrapterys mucronata, a plant found in
Brazil that is used recreationally as part of a cocktail of psychotropic plants called “Ayahuasca”.
A hypothesis was proposed that acetylcholinesterase (AChE) inhibitors may be found in this
variety of plants, and indeed the mucronatins showed such biological activity.

The structures of mucronatin A and B differ only by the substitution of the free amine
(Figure 2.1). While the connectivity of the molecules was successfully determined, the relative
stereochemistry is unknown, although the absolute stereochemistry of a single sterocenter was
proposed. There are two chiral centers in the molecule, meaning there are 4 diastereomers possible

that could be the naturally occurring variant.

mucronatin A R=H

R mucronatin B R = Me
N—R
H
N

s
N
HHO

OH
1
Figure 2.1. Mucronatin A and B

As mentioned, these compounds were hypothesized to have AChE inhibitory properties,
and when tested, they showed successful in inhibition with ICsp values of 11.7 uM (mucronatin
A) and 12.7 uM (mucronatin B). Acetylcholinesterase is a target for the treatment of Alzheimer’s
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and Parkinson’s diseases. As these diseases suffer from a lack of treatment options, novel natural
product-derived sources for potential treatment are very desirable.

These natural compounds have also never been synthesized previously, which along with
their potential utility makes them attractive targets for synthesis.

2.1.2 Retrosynthetic Analysis

We envisioned two possible disconnections of the mucronatins. In both cases, the key step
would be accomplished by the organocatalyzed conjugate addition developed by our group. As
this chemistry was effective at using heterocyclic trifluoroborate nucleophiles, we were confident

this would be an effective approach to synthesize the challenging bis-indole core (Figure 2.2).

OR

Mucronatin A/B /

1A; R" = Me,

2B;R'=H NR', 74
N
H

Acetylcholinesterase BF;K
inhibition

* Halogenation

« Lithiation/Boronation R?
Organometalllc Catalysis

Organocatalyzed
Conjugate
Addition

NR 7R?=H

H
N
H Tryptamine
2_
o gR . =OH /
RO / / erotonin N

KF;B 10
N +
5 R 4
* Bromination/Heck Reaction N
+ Double Michael Addition, R 6
Ring Opening

Figure 2.2. Retrosynthetic analysis of the mucronatins

In the first approach, we hypothesized that it may be possible to use a tryptamine-derived
nucleophile with the trifluoroborate salt at the 2-position of the indole 3. The corresponding
electrophile (4) is a known compound that was used as part of an alternate synthetic route to

discoipyrrole D.*3 Borylations are known at the indole 2-position by lithiation/borylation, but not
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with tryptamine or serotonin derived substrates, which were necessary in this case. Nonetheless,
we hypothesized lithiation/borylation as a potential route to the requisite nucleophiles.

In case lithiation/boronation were unsuccessful, we considered the possibility of
halogenation followed by Miyaura borylation to form the carbon-boron bond at the 2-position.
The difficulty with this approach would be finding a reagent that would accomplish selective
halogenation in high yields. The last approach would be to use transition metal catalysis, such as
Hartwig’s well developed iridium chemistry.

On the other hand, in the May group’s approach to discoipyrrole D, commercially available
protected 3-BF3K indole 6 was used. The Banwell group also used the same structure type, but
with a different protecting group in their synthesis.** The proposed synthesis of the electrophile
5 in this disconnection was originally halogenation (as in the previous disconnection), with a
subsequent Heck reaction. Precedent from the synthesis of the flinderoles3® also led us to consider
the possibility of using a propargyl aldehyde in a double Michael addition, followed by ring-
opening to give the unsaturated aldehyde necessary for the conjugate addition.

Both routes would start with commercially available starting materials (tryptamine,
serotonin, indole) and would be completed with reactions already developed in our synthetic
effort to synthesize discoipyrrole D. For example, proline-controlled hydroxylation followed by
reduction set the alcohol stereocenter, allowing for the synthesis of a single diastereomer, and the
same approach could be used in the synthesis of the mucronatins in the conversion of the aldehyde

11 to diol 12 (Figure 2.3).
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RO
""2)Na(OAc);BH,
THF
3) PhNO

Figure 2.3. Proline controlled oxidation and subsequent reduction

In both synthetic routes, the stereochemistry is fully controlled by the catalysts used. In the
conjugate addition, the selection of (R)- or (S)-C7F7 BINOL sets the benzylic stereocenter in
generally high ee’s. The second stereocenter is controlled by the proline catalyst (D- or L-proline)
again with usually quite high selectivity. Ideally, the protecting groups chosen could be removed
in this step as well. These disconnections would allow for the synthesis of any of the four possible
diastereomers of the natural product and allow for the determination of the configuration of the
naturally occurring molecule. Furthermore, this will allow for greater breadth of biological
testing, as it is possible a non-natural diastereomer will have even tighter binding to AChE, giving
higher biological activities.

2.2 Disconnection A: Tryptamine/Serotonin-Derived Nucleophile

2.2.1 Synthesis of the Zincke Aldehyde Electrophile

During development of the synthetic route for discoipyrrole D, our group found a well-
precedented strategy to synthesize the aldehyde at the indole 3-position (17).48 While cyanogen
bromide is not an ideal reagent due to safety concerns, this synthesis is robust and scaleable
(Figure 2.4). It begins with the synthesis of the boroxine 14, followed by a Suzuki coupling to
give 16. The ring opening of the pyridine with cyanogen bromide gave the Zincke aldehyde 17
in high yield. Having synthesized the electrophile, we turned our attention to developing a

synthetic route to the corresponding tryptamine/serotonin derived nucleophile.
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Figure 2.4. Synthesis of Zincke aldehyde electrophile

2.2.2 Lithiation/Borylation

To confirm the viability of the proposed approach, several lithiation/borylation reactions
were tested with conditions reported in literature (Figure 5).4%50 Skatole (18) could be smoothly
converted to the corresponding boronic acid (20) by lithiation/borylation with n-butyllithium as

base and triisopropyl borate as the boron source.

Me R
1) n-BulLi (1.1 equiv)
A\ 15 min A\
t o
N 2) B(Oi-Pr); (3 equiv) \ B(OH),
Boc THF1 h8 . Boc
, -78°
18 20

56%

Figure 2.5. Known lithiation/borylation of indole compounds

Tryptamine (7) was chosen as a model system for the synthesis of the mucronatins, as
tryptamine is considerably more cost-effective as a starting material for reaction development.
Serotonin is commercially available as the HCI salt; however, its relative rarity increases its price.
Protection of both tryptamine and serotonin with a variety of protecting groups is well
documented in literature.>>* For lithiation, both the free amine and indole nitrogen were

protected with Cbz and Boc groups, respectively (Figure 2.6).
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NH, NHCBz NHCBz

CbzCl Boc,0
A\ Hunig's Base A\ DMAP AN
DCM TEA, DCM
N 0°C-23°C N 23°C Boc
7 98% 97%
22 23

Figure 2.6. Protection of tryptamine

When the same lithiation/borylation conditions in Figure 2.5 were applied to protected
tryptamine compounds, no lithiation-borylation was observed (Figure 2.7). We considered several
possible reasons why no lithiation/borylation occurred. First, it’s possible the protecting groups
chosen were incompatible with this method. We switched to several different protecting groups
for both the indole nitrogen and the free amine. Among those tested were Boc, Cbz, and MOM
groups. In the interest of atom economy and decreased steric bulk, we also attempted the lithiation
chemistry with smaller ether protecting groups, such as the methyl ether. Regardless of the choice
of protecting group, lithiation/borylation was ineffective. Furthermore, the initial choice of Chz
as the preferred protecting group was very intentional, as this would allow for facile deprotection

in the final steps of the proposed synthesis.

NHR? NHR2
1) Lithiation Conditions
N ) """ N B(OR3),
NR! 2) B(OMe); or B(OiPr); NR!
R' = Boc, Bn, MOM
R2 = Boc, Bn, Cbz 24

23

Figure 2.7. Lithiation of tryptamine derived compounds

Second, we attempted to use a variety of lithium sources for this reaction, and we changed
the equivalents thereof to provide a higher effective concentration of butyllithium to facilitate the

lithiation step (Figure 2.8). Neither proved effective, even with quite strong bases such as sec-
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butyllithium. In fact, stronger bases contributed to the decomposition of the indole core of

compound 24.

NHCBz Lithiation NHCBz
Conditions (2.2 eq)
> T B(owPn, () S—s(on,
N N
Boc Time for lithiation: 5 min - 12 h Boc
24 Time for borylation: 1 h-24 h 25
Bases:

n-BulLi, s-BulLi, LITMEDA, LiTMP, LDA

Figure 2.8. Lithiation screening

Third, reaction time was investigated. Generally, lithiation/borylation reactions can be
quite fast, with a shorter time necessary for the carbon-lithium bond formation and a longer time
for the borylation to complete.> Increasing the time for both lithiation or borylation did not
provide the boronated compound 25, leading to decomposition or recovery of starting material
24.

2.2.3 Miyaura Borylation

We moved on from these experiments to attempt to halogenate the indole at the 2-position,
envisioning the use of Miyaura borylation to form the carbon-boron bond following the halogen
integration. A variety of bases were screened with oxidant and tryptamine-derived compound 22,
which was left unprotected at the indole nitrogen (Table 1). Regardless of the choice of base,
solvent, or halogen source, halogenation was not observed in these conditions. Some halogenating
reagents caused decomposition of the indole core. Initially, the indole nitrogen was left
unprotected, but we also attempted strongly basic conditions with protected indoles, though with
no observed product formation. In similar conditions, the methyl ester 19 gave iodination

selectively at the 2-position in fair yields as reported in literature. 5
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Table 1. Halogenation of tryptamine-derived compounds

NHCbz Base NHCbz
Solvent
> Halogen Source > H—x
N N
H 24h H
22 26
Entry Base Halogen Source Solvent Result
a K2CO;3 (aq) I (in THF) acetone deprotection
b Na,CO; (aq) I, (in THF) acetone deprotection
c K2CQOs3 (s) I, (in THF) acetone no reaction
d Na,CO;s (s) I, (in THF) acetone no reaction
e K2CQOs3 (s) ICI acetone decomposition
f K2COs (s) NIS (in THF) acetone deprotection
g K2COs (s) NBS (in THF) acetone decomposition
h n-BuLi NBS THF decomposition

Previous work showed that using phthalimide-protected tryptamine with pyridinium
tribromide as the halogenation reagent gave selective bromination (Figure 2.9).57 These
conditions provided high yields of the brominated indole 30. However, the product of the Miyaura
borylation (31) could not be purified. The crude compound was used in salt formation conditions
with methanol and aqueous potassium hydrogen bifluoride in an attempt to synthesize the
trifluoroborate salt 32, which could then be purified by recrystallization. However, the salt could

also not be purified, and only protodeboronation of the pinacolborane was observed.

NPhth NPhth NPhth
phthalic anhydride B(pin),
toluene Pyr-HBr; Pd(dppf)Cl, N
T reflux CHCI,/THF (111 v/v) KOAc Bpin
1,4-dioxane N
Up to 92% Yleld Up to 96% Yield 31,
29 30 NPhth .~ KHF,
" MeOH
N BF;K
N 32

Figure 2.9. Halogenation of phthalimide-protected tryptamine and subsequent synthetic path
We considered that the phthalimide protecting group used may be causing the issue in the

Miyaura borylation. The bromination with pyridinium tribromide was attempted with Chz-
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protected tryptamine 22, but the reaction provided considerably lower yields when compared to
the phthalimide-protected 36 (Figure 2.10). The product of the Miyaura borylation (36) could be

purified in decent yields, however. Boc-protected tryptamine 33 did not provide the brominated

compound.
NHR NHR NHR
Pyr-HBr-B By(pin),, Pd(dppf)Cl,
yr-nbr-brp KOAc .
CHCI,/THF (1/1 viv) > N Br S adioxane > N Bpin
N ’ N
H H H
22R=Cbz 34R=Cbz 38% Yield 36R=Cbz 72% Yield
33R =Boc 35R=Boc 0% Yield

Figure 2.10. Bromination of Cbz-protected indole

Therefore, with the brominated phthalimide-protected tryptamine 30 in hand, hydrazine
was used to remove the phthalimide group (37, Figure 2.11). The compound was re-protected
with Cbz (38), and the Miyaura borylation was performed. The Miyaura borylation was effective
on small scale, giving 39 selectively, but attempting to increase the scale to synthetically useful
amounts of compound reduced the yield considerably. Again, the trifluoroborate salt formation
was not successful, this time because of protodeboronation. There were other drawbacks with this
approach, even if the conversion to the salt were successful. The protecting group switch
necessary for effective reactivity in the Miyaura borylation was not ideal, as it added two steps to
make the nucleophile. Pinacolboranes can also be difficult to convert to trifluoroborate salts,

giving byproducts that are difficult to remove from the desired borate salts.
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92% 96% 45% 37
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Bpin,
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| N BF ;K € ""mron N Bpin % KOAc N Br
Z N N 1,4-dioxane N
H H H
79%
40 39 38

Figure 2.11. Synthesis of trifluoroborate salt from phthalimide-protected tryptamine

2.2.3 Hartwig Iridium-Catalyzed Borylation

The synthesis was re-evaluated. Hartwig iridium chemistry is known to be a highly
regioselective method to borylate indoles.58-63 Conditions were reported for selectively borylating
indoles and other heterocycles at various positions, but those useful in this synthesis would

selectively borylate the 2-position of substituted indoles (Figure 2.12).

[I(COD)CI],
R dtbpy R

|\\ A B,pin, |\\ N\ goi
P HBpin P pin
H THF H
41 Hartwig Conditions 42

Figure 2.12. Hartwig iridium catalyzed borylation of indoles

Using [Ir(OMe)(COD)]. with a simple bipyridyl ligand as the catalyst, the first attempt at
borylation allowed for the addition of boron to the 2-position of Chz-protected tryptamine (entry a,

Table 2). The resulting compound could be purified by column chromatography. After optimization of
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the reaction conditions via solvent variation (entries a-c) and concentration/time screening (entries d-f),

the catalysis was able to provide the borylated compound in nearly quantitative yields (entry f).

Table 2. Iridium-catalyzed borylation of protected tryptamine
NHCbz NHCBz

[Ir(OMe)(COD)],

A\ bpy > A\ Bpin
N Bopin, N
THF, 65 °C H
22 39
Entry Time Concentration Solvent Yield
a 24 h 0.2M DCE No reaction
b 24 h 02M DCM No reaction
c 3h 0.2M THF 81%
d 3 h (scale up) 02M THF 76%
e 35h 0.2M THF 93%
f 35h 01M THF 99%

This route was a considerable improvement on the 6-step synthesis necessary to form the
same indole using halogenation/Miyaura borylation (Figure 2.13). The resulting pinacolborane
could be converted to the trifluoroborate salt on small scale, with 68% overall yield (Figure 2.14).
Disappointingly, attempts to increase the scale of the conversion of the pinacolborane to the
trifluoroborate salt were unsuccessful, with a large percentage of the compound
protodeboronating during recrystallization. Attempts to use the crude trifluoroborate salt in the

conjugate addition conditions with the aldehyde were unsuccessful.

NHCbz NHCbz
_KHF, 72% yield (1 mmol scale)
N\ MeOH A\ oy :
Bpin | BF;K protodeboronation
N Z~N on scale up
H
39 40

Figure 2.13. Conversion of pinacolborane to trifluoroborate salt.
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We considered the possibility that the serotonin-derived trifluoroborate salt 43 may be less
prone to protodeboronation due to the increased electron density of the indole ring. Indeed, the
same synthetic pathway provided the trifluoroborate salt 43 when applied to serotonin (Figure
2.14). While it could not be recrystallized due to its solubility in most typical crystallization

solvents it was possible to obtain indole 43 as a relatively pure solid.

NH;CI NHCBz NHCBz
HO pyridine HO [Ir(OMe)(COD)], HO
\ CiCBz \ bpy - \
CH,CI, » B,pin, - Bpin
H 0°C -RT N THF N
H reflux, 3 h H
86% 78%
8 41 2
KHF, (4.5 M, aq)
MeOH
NHCBz
HO
N BF3;K
N

H
55%
43

Figure 2.14. Serotonin-derived nucleophile synthesis

2.2.4 Attempts at the Conjugate Addition Step

Disappointingly, when compound 43 is used in conjugate addition conditions,
protodeboronation was observed even with the serotonin derived trifluoroborate (Table 3). While
the reaction conditions for conjugate addition are very mild, they do nonetheless involve heating
the reaction in toluene. For heterocyclic nucleophiles, this reaction can take a considerable
amount of time. Following the reaction, all compounds observed by TLC were characterized, and
it was found that the aldehyde and protodeboronated serotonin nucleophile had a nearly identical

Rt. No conjugate addition product 44 was observed by NMR in the crude reaction mixture.
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Table 3. Conjugate addition attempts, disconnection A

NR'R?
X
N BF,Kk
N (R)-C7F7-BINOL (20 mol%)
40X =H H 4 =~ ....4AMS.PhMe .
43X =OH — Reflux, 12 h

C7F7
\ O

OH
N OH
H 3

C:F7

Catalyst

Entry | R R? X Result
a H Chz H Decomposition both SM
b H Cbz | OH Protodeboronation
c Phth OH Decomposition of nucleophile

Therefore, even if the trifluoroborate salt could be synthesized, conjugate addition
conditions were found to cause protodeboronation or decomposition. Phthalimide-protected
nucleophiles were not compatible with conjugate addition. Serotonin and tryptamine derived
nucleophiles with other protecting groups were found to be unstable to conjugate addition
conditions or recrystallization. This synthetic route was found to be an ineffective way to
approach the synthesis of the mucronatins.

2.3 Disconnection B: Tryptamine/Serotonin Derived Electrophile

The major problem with the previous synthetic route is likely due to the choice of position

of the carbon-boron bond. The 2-position of indole compounds is particularly susceptible to

protodeboronation (Figure 2.15).

HfaH2

R
R_J ® i (OHZ ) ®@oH
A\ = . =\0) 1 2 A\
Bpin = - Bpin —3 ~ Bé,in H
N o\ H oy H S N
H

LH [$
HOBpin

Figure 2.15. Protodeboronation of indoles
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2.3.1 Synthesis of the Nucleophile
In the second disconnection proposed for the synthesis of the mucronatins (Figure 2.16),
the trifluoroborate salt would instead be at the 3-position of a protected indole. These compounds

are not only known, the boronic acids of some variants are commercially available.

NPG
M tin A/B NH,
ucronatin NR
A; R = Me, 2 /0
B;R=H RO R2
7R?=H
OH O i A .
HO Tryptamine
N 8R%=0OH
e Bromination, Serotonin

then Heck Reaction
e Double Michael

Organocatalyzed
Conjugate
Addition

Figure 2.16. Disconnection B for the synthesis of mucronatins A and B

The 3-position trifluoroborate salts 48 and 51 (Figure 2.17) could also be very easily
accessed from Boc-protected indole 46 in good yields, even with a difficult purification of the
resulting salt 48. When Cbz was used as a protecting group for the indole nitrogen (49), the

synthetic route gave slightly higher yields, even on a larger scale.

1) Boc,0, DMAP HE B(OH), BF;K
\\ _ TEA DCM (:tg _n-Buli; @E\g KHF, (4.5 M, aq) | A\
B(Ol Pr)3 MeOH
N 2) NBS, DCM N RT N
H 12 hours Boc thenH,0 Boc Boc
73% (2 steps) 42% (2 steps)
45 46 47 48
1) Hunig's Base
CICbz, CHCI, HE B(OH), BF;K
0 °C - RT, 3 hours
\ _n-Buli; o -BulLi; A\ KHF, (4.5 M, aq) N\
N 2) NBS, DCM B(Ol-Pr)3 N MeOH N
H )12 hours then Hz0 Cbz RT Cbz
65% (2 Steps) 52% (2 steps)
45 49 50 51

Figure 2.17. Synthesis of 3-BFzK nucleophiles
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2.3.2 Synthesis of Electrophile: Halogenation/Heck Reaction

The synthetic challenge then becomes the formation of the 2-position unsaturated aldehyde
tryptamine/serotonin derived electrophile. Recalling our work on the previous disconnection, we
considered the possibility of synthesizing this compound from the brominated compound 30 via a
Heck reaction (Figure 2.18). Phthalimide protection of tryptamine as before proceeding in high
yield (7 to 29). Pyridinium tribromide was again used as the brominating reagent, and a subsequent
Boc-protection gave the heck precursor 52 in 73% over three steps, with no purification until the
last step. A Heck reaction, utilizing the same conditions developed for the synthesis of

discoipyrrole D, gave the resulting unsaturated aldehyde 53 in 60% yield without optimization.

NH, NPhth NPhth NPhth
phthalic anhydride Pyr-HBr; Boc,0
A\ toluene CHCI3/THF DMAP A\
reflux > N (11 viv) N—er DCM, 2 h Br
N N N N
H H H Boc
7 used crude NPhth 73% (3 steps)
29 30 52
Heck Reaction
K,CO;3 OEt
A\ Kel /Y
N \ Pd(OAc), OEt
Boc I\ (n-Bu);NOAc

60% o DMF (degassed)

53

Figure 2.18. Halogenation/Heck reaction approach

Utilizing this compound in conjugate addition conditions proved difficult, however.
Attempting the conjugate addition with Boc-protected indole salt 48 afforded no product. Instead,
considerable degradation of the electrophile was observed by NMR. This confirmed that
phthalimides are generally unstable to conjugate addition conditions. As previously noted,
bromination with the preferred protecting group, Cbz, did not afford sufficient product. This led
us to consider other approaches, even though it is possible to halogenate tryptamines with other

protecting groups at the free amine.%*
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2.3.3 Synthesis of Electrophile: Double Michael Addition/Ring Opening

We were inspired by a highly convergent synthesis of an unsaturated indoloketone first
published in 198455 and used in the synthetic studies of the flinderoles36.66 and May lab conjugate
addition chemistry (Figure 2.19).38 This synthesis relied on a double-Michael addition in which
the first step was addition of 3-butyn-2-one to the amine of tryptamine (7), and the second was a
ring-closing promoted by TFA. The resulting structure 55 could be protected with Cbz (56), and
base could be used to open the ring, providing the desired 4-carbon unsaturated ketone at the 2-
position (57).

NH,
o]

54
”/l\, DCM NH  CICbz
A\ Z N\ _TEA 5
\ 2TFA DCM
H N
55 °

NCbz
A\
N
56 o
lNaH

NHCbz
>\
N
H (o}
57

Figure 2.19. Double-Michael addition to form unsaturated ketone

In the synthesis of the mucronatins, instead of a ketone, an aldehyde would be required.

We assumed a similar approach would be successful with propargyl aldehyde 60 (Figure 2.20).

NHR NHR

RO
A\
NG
H

:I:Z/

58 59 60

Figure 2.20. Disconnection for the mucronatins.
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This proposal would create an intriguing practical challenge, as even though the synthesis
of propargyl aldehyde can easily be accomplished by the oxidation of commercially available
propargyl alcohol 61, the aldehyde is highly volatile with a boiling point of 54-57 °C.

Purification of this volatile, highly reactive compound can be very difficult (Table 4).

Table 4. Synthesis of propargyl aldehyde

OH cr03/stO4

(o)
e )
4 FZ

61 60
Entry Conditions Result
a 2 M Jones reagent (Sigma-Aldrich) Product formed, used crude
acetone
b CrQOsz in 2:3 H2S04/H,0 Distilled from crude, 0.5 M with SM
2-propanol
c CrQOsz in 2:3 H2S04/H,0 Crude 0.02 M solution in DCM
DCM
d CrQOsz in 2:3 H2S04/H,0 Distillation afforded no product
DCM
e CrO3 in H2S04/H,0 47% yield (pure)
H,S04/H,0 400 mmol scale
Reduced pressure oxidation

Several attempts were made with traditional oxidations, using Jones reagent to oxidize
propargyl alcohol and using distillation to purify the resulting aldehyde (Table 4, entries a-d).
However, upon application of heat the aldehyde decomposed quickly due to its reactive nature.
Also, there was a paradox — a solvent that was effective for the oxidation could not be effectively
purified from the resulting aldehyde. Consequently, a classical synthesis and purification of the
aldehyde published in 1964 was utilized with some modification.5’

A solution of chromium trioxide in water and sulfuric acid was added to a flask containing
propargyl aldehyde connected to two traps in sequence. The oxidizing solution was added
dropwise, under reduced pressure. The two traps, both at -78 °C, effectively condensed the

propargyl aldehyde as it formed and was immediately volatilized by the vacuum applied to the
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system. Propargyl aldehyde, as it formed, was immediately volatilized by the vacuum applied to
the system and was effectively condensed by the two cold traps, both at -78 °C. This resulted in
high purity propargyl aldehyde at a very large scale, without further need for distillation (entry e,
Table 4).

Aldehyde 60 was used in the proposed double Michael reaction (Figure 2.21). The second
Michael reaction gave inconsistent results, and optimation of this synthetic route is still ongoing.
However, we were able to observe the formation of the cyclized structure 62 by NMR. Due to the
likely instability of this compound, it was immediately Boc-protected. In contrast to ketone 57,
protection resulted in the formation of the unsaturated aldehyde directly without the need for

additional base. Unfortunately, low overall yields of 63 were observed for the two steps.

(l:) Boc,0
1) DMAP
NH, / » DCM NH DCM, TEA

A Z 60 A \ NHR

—»
N 2) TFA N C'Cbz \
N TEA N
DCM fo)

7 62

63 R =Boc 9% (2 steps)
64R=Cbz 56% (2 steps)
(from tryptamine)

Figure 2.21. Double Michael Addition with propargyl aldehyde

This was not the case when Cbz was used as the protecting group, as a 56% yield from
tryptamine (64) was obtained while maintaining the reactivity and undergoing ring-opening
without the use of sodium hydride. This synthetic route was highly preferable to the
bromination/Heck coupling described previously, as it required only two steps to synthesize the
electrophilic enal, which reduced the overall synthesis by 3 steps. Furthermore, both

transformations had short reaction times, with neither exceeding 4 hours. There was also no need
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for transition metal catalysts. The preferred Cbz protecting group could also be used more
effectively.

2.3.4 Conjugate Addition, Route B

A variety of protected nucleophiles and electrophiles were tested under conjugate addition
reaction conditions (Table 5). While no reaction was observed with Boc protection at either
position, the conjugate addition afforded 20% yield in 12 hours when both the indole nucleophile
and the electrophile were Cbz-protected (entry c). This highly promising result is being
investigated further — conjugate additions with aromatic nucleophiles can be quite slow, as shown
in our previous work.*® In order to utilize this reaction on a larger scale, conditions to form the
trifluoroborate salt formation needed to be perfected and a method of purification needed to be
determined. The boronic acid was somewhat stable to silica, so current work focuses on purifying
after carbon-boron bond formation, followed by transformation to the trifluoroborate salt.

Table 5. Conjugate addition reactions with varied nucleophiles and electrophiles

NHR'

63 R'=Boc
64R'=Chbz
Dan\
(R)-C;F;-BINOL (20 mol%)
N A\ 4 A MS, PhMe
i+ 0 >
BF;K reflux, 12 h

| N \ C/F;
PR CL,
OH

48 R? = Boc OO
C/F7

51R%2=Cbz

Catalyst

Entry R! R? Result
a Boc Boc 0% (and protodeboronation)
b Chz Boc 0% (and protodeboronation)
C Chz Chz ~20% (not to completion)

The double-Michael reaction needs to be made consistent. Our hypothesis is that the purity

of the propargyl aldehyde greatly affects its reactivity. While working on this interesting synthetic
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challenge, we are continuing to explore the possibility of synthesizing a similar structure with an
alternate protecting group by Heck reaction (Figure 2.23). It seems that the identity of the
protecting group has a great impact on reactivity in the conjugate addition, so it may be possible
that an alternate route would provide a more reactive compound, such as the tosyl-protected enal

68 (Figure 2.22).

NH, TEA NHTs NHTs
p-TsClI pyr ¢ HBr

A\ A\ 3 N N\ Br

N DCM N . . N

N 0°C. RT H THF:CHCI; (1:1) H . .

1h (mixture with
7 2h 66 > 67 double bromination)
,’ ‘ Heck Reaction
Pd(OAc),

# K,CO;, KCl, (n-Bu),NOAc
DMF (degassed)

NHTs OEt
A\ Y

\ OEt
68

Figure 2.22. Alternate synthesis of electrophile

The conditions developed need to be applied to serotonin as well as tryptamine. In our
experience, the double Michael/protection sequence works on serotonin similarly to tryptamine
but provides a greater challenge for purification due to the increased polarity of the compound

(Figure 2.23).

(o]
NH R ) DCM
HO 2 ’ NH CICbz
\ Z 0 HO A TEA  HO NHCbz
—Z = —_— A\
N 2) TFA N A DCM N \
H
o H \O
serotonin 69 70

8

Figure 2.23. Serotonin-derived electrophile synthesis
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Unprotected hydroxyls have been accommodated in conjugate addition conditions before,

so the presence of serotonin’s hydroxyl is not likely to interfere with the key step.

NPG NPhth
N KHF, (4.5 M, aq)
BF3;K ~—MeOH AN .
N RT \ Bpin
3 H H
31 o o
Highly prone to 45% yield
KHF, (4.5 M, aq) protodeboronation
MeOH Phthalimide PG unstable to cojugate Miyaura Coupling
RT addition conditions B,(pin),
Pd(dppf)Cl,
1) tecti KOAc
+ 1) protection g
: 2) lithiation/boronation 1,2-dioxane
NHCBz ( ) NPhth
1) Hunig's Base NH, 1) phthalimide formation
CICBz, CHCI; 2) Pyr-HBr-Br,
0 °C - RT, 3 hours CHCI3/THF (1/1 viv)
N B in: X —_— A\
P 2) [Ir(OMe)(COD)],, bpy N\ Br
N B,pin,, THF N
H Rz:ﬂuzx 3h N 30 H
39 g5y : H 80% (2 steps)
yield 7 Tryptamine, X=H
(2 steps) 8 Serotonin, X = OH
N J K,CO3, KCI
Pd(OAc),, (n-Bu)yNOAc
DMF (degassed
¢ ) ) NPhth
/Y
OEt
60% yield
OH Reduced pressure o N \ °y
/ Jones oxidation 60) 63 N
FZ vz |V ; H %
CHCI3 N . .
61 ii) TFA . Protecting group switch
V N adds 2 steps,
V not attractive
" Hiinig's Base
NH CICBz, CHCl; NHCE
0 °C - RT, 8 hours z
N = A\ \
N N N N
62 H o 64 H o)
56% yield

(2 steps, unoptimized)

Figure 2.24. Summary of electrophiles and nucleophiles derived from tryptamine and serotonin
2.4 Future Work

The completion of the synthesis will rely on well-developed chemistry as reported
previously for similar structures for the synthesis of discoipyrrole D. A D-proline controlled

oxidation will give the alcohol enantioselectively followed by reduction of the carbonyl to an
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alcohol (71, Figure 2.25). The Cbz groups will be deprotected by Pd/C reduction with hydrogen
gas, giving mucronatin A. The dimethylation of mucronatin B with formaldehyde and sodium

cyanoborohydride will provide mucronatin A.

NHCbz NHCbz
H
o 1) D-proline, PANO
SN /0 ... DMSQO_ .y
N " 2) Na(OAc);BH,
Z N THF
H 3) PhNO
N
65 7 Cbz
5 H, (1 atm)
Pd/C
NH, Y MeOH, RT
\N/
1) CH,0
HO OH .. NaCNBH,
2) THF/H,0
A\ Base
N
H
des-hydroxy N des-hydroxy
mucronatin A H mucronatin B

Figure 2.25. Completion of synthesis

In summary, we’ve shown the effectiveness of conjugate addition as a key step in the
synthesis of diindole natural products, mucronatins A and B. The completion of the total syntheses
of both molecules soon is anticipated. The knowledge gained from this synthetic effort is
applicable to other molecules, including syntheses of disoipyrrole D and cytoblastin.

2.5 Experimental

2.5.1 General Considerations

All reactions were carried out in flame-dried glassware under an argon atmosphere. THF,
Et20, toluene, and CH>Cl> were purged with argon and dried over activated alumina columns.
Flash chromatography was performed on 60 A silica gel (EMD Chemicals Inc.). Analytical thin

layer chromatography was performed on EMD silica gel/TLC plates and imaged by fluorescence
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at 254 nm, p-anisaldehyde or potassium permanganate stain. The 1H, 13C and 1°F NMR spectra
were recorded on a JEOL ECA-600, 500, ECZ-400 or ECX-400P spectrometer using the residual
solvent peak as an internal standard (CDCls: 7.26 ppm for 1H NMR and 77.2 ppm for 13C NMR).
NMR vyields were determined by the addition of 1.0 equivalent of methyl 4-nitrobenzoate as an
internal standard to the crude reaction mixture and comparing the integration of the standard’s
peaks to those of the starting material and product (16 scans, 30 second relaxation delay). IR
spectra were obtained using a ThermoNicolet Avatar 370 FT-IR instrument. HRMS analyses were
performed under contract by University of Houston’s mass spectrometric facility via an nESI
method and a Thermo Exactive + Advion Nanomate instrument. Analysis by HPLC was performed
on a Shimadzu Prominence LC (LC-20AB) equipped with a SPD-20A UV-Vis detector and a
Chiralpak or Chiralcel (250 mm x 4.6 mm) column (column details provided for specific
compounds). Commercially available compounds were purchased from Aldrich, Acros, Ark
Pharm, Alfa Aesar, Beantown Chemical, TCI, and Combi-Blocks and were used without further
purification. IUPAC chemical names were generated using Cambridgesoft ChemBioDraw Ultra

12.0.
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2.5.2 Synthesis of Aldehyde 17

2,4,6-tri(pyridin-3-yl)-1,3,5,2,4,6-trioxatriborinane (14)

N
I
P4
1) n-BulLi
Br B(OiPr); B
| N THF, -78 °C ?’ \CI’
—_—
2) 2 NHCI, -20 °C B B
N7 N“XY S0~ | X
|
p/
Z N
75% Yield
10 g scale

14
Compound 14 was prepared following a procedure described in literature.58 The title
compound was obtained in 75% yield (7.9765 g). All spectral data were identical to those reported
in literature.

2-(pyridin-3-yl)aniline (16)

B B Pd(PPh3)2C|2
N o7 | X Na,CO,
| _ P 1,4-dioxane NS N

N
75% Yield 85% Yield

10 g scale
14

Compound 16 was synthesized following a procedure described in literature.®® Compound 15 was
purchased from Sigma Aldrich and used in the reaction without further purification. The product

was obtained in 85% yield (1.1437 g). All spectral data were identical to those reported in

literature.
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(E)-3-(1H-indol-3-yl)acrylaldehyde (17)

—0
p——
BrCN
NH, EtOH A
—
z N
IN H
X 70% Yield
16 17

Compound 17 was synthesized following a procedure described in literature.*® The product was

obtained in 70% yield (0.5286 g). All spectral data were identical to those reported in literature.

2.5.3 Lithiation Control Experiments

General Procedure for Boc Protection

The starting material was added to a flame-dried round bottom flask equipped with stir bar under
argon atmosphere. To this flask, anhydrous dichloromethane (0.2 M) was added, and the solution
was stirred until the starting material was fully dissolved. The solution was cooled to 0 °C and
TEA (1.2 equiv) was added, slowly, as one portion. The solution was allowed to stir for 5 minutes,
after which, DMAP (0.2 equiv) was added, followed by addition of Boc2O (3 equiv) as one portion.
The reaction was stirred at room temperature for 3 hours, or until to be complete by TLC. The
reaction was quenched by water, extracted thrice with CH2Cl,, and washed with brine. The
combined organic layers were dried over MgSO4 and the solvent removed by rotary evaporation.

The resulting product was purified by column chromatography.
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tert-butyl 3-methyl-1H-indole-1-carboxylate (18)

Me Boc,0 Me
DMAP, TEA
0 - OO
N CH,Cl, N
H 0°C -RT Boc
18

The title compound was synthesized following the general procedure for Boc protection. The title
compound was purified by silica gel chromatography using 10% ethyl acetate/hexanes as eluent
and obtained in 99% vyield (1.0124 g). All spectral data were identical to those reported in

literature.®°

General Procedure for Lithiation

The starting material was added to a flame dried round-bottom flask equipped with stir bar, under
Ar (g). The flask was evacuated and backfilled with argon three times. THF (0.2 M) was added to
the flask, and while stirring, the resulting solution was cooled to -78 °C in a dry ice/acetone bath.
The lithiation reagent (2.2 equiv) was added dropwise to the reaction mixture. The resulting
solution was stirred for the indicated time, after which, triisopropyl borate (1.2 equiv) was added
as one portion. The solution was stirred for the indicated time. The solution was warmed to room
temperature, then quenched with water, and allowed to stir for 5 minutes. The reaction was
extracted three times with ethyl acetate. The combined organic layers were washed with brine and
dried over MgSOa. The solvents were removed by rotary evaporation, and the product was purified

by silica gel chromatography.
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(1-(tert-butoxycarbonyl)-3-methyl-1H-indol-2-yl)boronic acid (20)

e Me
1) n-BulLi (1.1 equiv)
N 15 min N
N 2) B(0i-Pr); (3 equiv) \ B(OH),
Boc 1h Noc
THF, -78 °C 2

18
The title compound was prepared following the general procedure for lithiation. The title
compound was purified by silica gel chromatography using 10-50% ethyl acetate/hexanes and

obtained in 56% yield (143.5 mg). All spectral data were identical to those reported in literature. "

2.5.4 Protection of Tryptamine for Lithiation

(2-indol-3-yl-ethyl)-carbamic acid benzyl ester (22a)

NH, NHCBz
CBz-Cl
A\ Hunig's Base A\
N DCM N
H 0°C-23°C H
7 22a

The title compound was prepared following a procedure reported in literature.”* The compound
was purified by silica gel chromatography using 10-50% ethyl acetate/hexanes as eluent. The
product was obtained in 98% yield (1.8001 g, 6.12 mmol). All spectral data match those reported

in literature.”®
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(2-indol-3-yl-ethyl)-carbamic acid methyl ester (22b)

(o)
NH, o HN ’(O/
C|)I\o/
A\ Hunig's Base A\
DCM N
ﬂ 0°C-23°C H
7 22b

The title compound was prepared following a procedure reported in literature. The compound
was purified by silica gel chromatography using 50% ethyl acetate/hexanes as eluent. The
product was obtained as a pale-yellow oil in 97% yield (0.3390 g). All spectral data were

identical to those reported in literature.”

(2-indol-3-yl-ethyl)-carbamic acid ethyl ester (22b)

(o)
NH, o HN o0—
CI)J\O/
A\ Hunig's Base A\
DCM
H 0°c-23°C H
7 22b

The title compound was prepared following a procedure reported in literature. The compound was
purified by silica gel chromatography using 50% ethyl acetate/hexanes as eluent. The product was

obtained as a pale-yellow oil in 81% vyield (0.3012 g). All spectral data were identical to those

reported in literature.”
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tert-butyl 3-(2-(((benzyloxy)carbonyl)amino)ethyl)-1H-indole-1-carboxylate (23a)

NHCbz NHCbz
Boc,0
N\ DMAP N
_—
TEA, DCM
H 23°C Eoc
22 23a

The title compound was prepared following a procedure reported in literature. The compound was
purified by silica gel chromatography using 5-20% ethyl acetate/hexanes as eluent. The product

was obtained in 81% vyield (0.3012 g). All spectral data were identical to those reported in

literature.”

3-(2-tert-butoxycarbonylamino-ethyl)-indole-1-carboxylic acid tert-butyl ester (23b)

NH, NHBoc
Boc,0
A\ DMAP A\
—_————
N TEA, DCM N
H 23°C Boc
22 23b

The title compound was synthesized following a procedure reported in literature.” The compound
was purified by silica gel chromatography using 5-30% ethyl acetate/hexanes as eluent. The

product was obtained in 26% yield (0.6221 g). All spectral data were identical to those reported in

literature.
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N-benzyl-2-(1-benzyl-1H-indol-3-yl)ethanamine (23c)

NHz Nan
BnBr
\ K,CO3 N\
—_—
N MeOH N
H Bn
7 23c

In a round-bottom flask, starting material (300 mg, 1.9 mmol) was dissolved in THF. NaH (374
mg, 9.4 mmol, 60% in mineral oil, 5 equiv) was added as two portions to the reaction mixture. The
reaction was stirred at room temperature for 10 minutes, after which, BnBr was added, dropwise
(0.90 mL, 7.6 mmol, 4 equiv). The reaction was stirred overnight at room temperature, after which,
it was quenched with water and extracted with ethyl acetate three times. The combined organic
layers were dried over MgSO4 and the solvents removed by rotary evaporation. The compound
was purified by silica gel flash column chromatography using 1% ethyl acetate/hexanes as eluent.
The product was obtained as a yellow oil in 38% yield (310.5 mg, 0.72 mmol).

IH-NMR (400 MHz, chloroform-D) 6 7.45 (t,J = 7.1 Hz, 5H), 7.36-7.25 (m, 12H), 7.21-7.09 (m,
4H), 6.89 (s, 1H), 5.26 (s, 2H), 3.75 (s, 4H), 3.05 (t, J = 7.6 Hz, 2H), 2.88 (t, J = 7.8 Hz, 2H) 13C-
NMR (101 MHz, chloroform-D) 6 138.4, 136.4, 135.1, 129.0, 127.3, 127.2, 127.0, 126.9, 126.7,
126.5, 126.0, 125.6, 125.3, 125.3, 124.3, 120.1, 117.6, 117.3, 112.2, 108.1, 56.9, 52.5, 48.3, 21.6
IR 3059, 3026, 2924, 2794, 2360, 1739, 1603, 1481, 1466, 1356, 1330, 1129 HRMS-ESI m/z

Calculated for Ca1Hs1N2 [M + H]* 431.2487, found 431.2466

2.5.5 Lithiation Experiments
The starting material was added to a flame dried round-bottom flask equipped with stir bar, under

Ar (g). The flask was evacuated and backfilled with argon three times. THF (0.2 M) was added to

the flask, and while stirring, the resulting solution was cooled to -78 °C in a dry ice/acetone bath.
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The resulting solution was stirred for the indicated time, after which, the boron source was added
as one portion. The solution was stirred for the indicated time. The solution was warmed to room
temperature, then quenched with water, and allowed to stir for 5 minutes. The reaction was
extracted three times with ethyl acetate. The combined organic layers were washed with brine and
dried over MgSOas. The solvents were removed by rotary evaporation, and the crude reaction

mixture was analyzed by 'H and 1B NMR.

NHCBz Lithiation NHCBz
Y e i D—siom,
EOC EOC
Lithium Source | Lithium Time | Boron Source | Boron Time Result
n-BuLi 15 min B(QiPr)3 3h recovery SM
n-BuLi 1h B(OiPr)s 3h recovery SM
n-BuLi 3h B(OiPr)s 3h decomposition SM
n-BuLi 1h B(QiPr)s 3h recovery SM
n-BuLi 12 h B(OiPr)s 12 h decomposition SM
n-BuLi 2h B(OiPr)3 3h recovery SM
allowed to
warm to RT
n-BuLi 1h B(QiPr)s 12 h recovery SM
n-BuLi 1h B(OiPr)s 24 h recovery SM
LiTMP 1h B(QiPr)s 12 h recovery SM
LiTMEDA 1h B(QiPr)s 12 h recovery SM
s-BulLi 1h B(OiPr)s 12 h decomposition SM
n-BuLi 1h B(OMe)3 12 h recovery SM
n-BuLi 15 min B(OMe)3 3h recovery SM

General procedure for lithiation as above was followed. No formation of carbon-boron bond was
observed by 'B NMR. Decomposition of starting material refers to the inability to recover starting
material from crude reaction mixture. Starting material is an oil, and was weighed directly into
tared vials, and extensively dried under vacuum (at least 2 hours). Alternately, azeotropically dried

starting material was dissolved in toluene and used as a solution (0.5 M).
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All protected versions of tryptamine tested failed to provide the boronated products.

NHBoc NHBoc
1) n-BuLi, 1 h
-78 °C, THF
N ¥ N
N i N
Boc 2) B;glol:;h’;rh Boc
23b ) )
Nan Nan
1) n-BuLi, 1 h
-78 °C, THF
N e Ko N
N 2) B(OiPr)3, 3h N
Bn -78°C -RT Bn
23c
NHCBz NHCBz
1) n-BuLi, 1 h
-78 °C, THF
N - A\
N 2) B(OiPr)3, 3h N
MOM -78°C -RT MOM
23d

2.5.6 Halogenation Experiments

General Procedure for Halogenation

In a flame dried 4-dram vial equipped with stir bar, starting material was dissolved in the solvent
(0.2 M). The base (5 equiv) was added to the reaction mixture and allowed to stir for 10 minutes.
The halogen source (2 equiv) was then added in the manner indicated in the table. The resulting
solution was allowed to stir for the indicated time. The solution was quenched with water and
extracted with ethyl acetate 3 times. The combined organic layers were washed with brine and
dried over MgSQas. The solvents were removed by rotary evaporation. The crude reaction mixture
was analyzed by IH NMR. In some cases, purification was attempted, but no halogenated product
was observed.

Note: if aqueous base or water as a solvent were used, the reaction vessel was not flame dried.
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NHCBz
S—x
N

24h H
22 26
Base/Solvent Halogenation Conditions Time Result
Acetone/K,CO, (aq) I in THF 6h No reaction
3/1 viv
Acetone/K,CO, (aq) I> in THF 4h No reaction
3/1 viv
Acetone/K,CO, (aq) I in THF 12h No reaction
3/1 v/v (slow addition, 1 h)
Acetone/K,CO, (aq) I in THF 12h No reaction
3/1 v/ (100 mg/1 mL) added
dropwise until color persisted
Acetone/K2COz3 (aq) I, in THF No stirring, | No reaction
3/1viv 12 h
Acetone/K,COz3 (aq) I, in THF No stirring, | Decomposed
3/1viv not
protected
from light,
12 h
Acetone/Na.,COz (aq) | I in THF 10 min Decomposed
3/1viv
Acetone/K,COs3 (aq) I, in THF 45 min No SM, no desired
3/1viv product
Acetone/Na,CO3 (aq) | I in THF 45 min No SM, no desired
3/1viv product
Acetone/K,COz3 (aq) I, in THF 24 h Deprotection to
3/1viv tryptamine
Acetone/K2COs (S) I, in THF 24 h No reaction
Acetone/K>COs (s) I, in acetone 24 h No reaction
Acetone/K2CO:s (S) ICl in acetone 24 h Deprotection to
tryptamine
n-BuLi/THF I>in THF -78 °C — Deprotected
23°C, 12 h
n-BuLi/THF I in THF -78 °C — Decomposed
23°C, 12 h
Acetone/K2COz3 () I> as a solid 2 hr No reaction
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Base/Solvent

NHCbz NHCbz
1) Base/Solvent
2) X source
\ > N\
N N
Boc Boc
X Source Conditions

Result

Acetone/K2CO:s (S)

NIS (in 1 mL acetone)

30 min with K2COz3

Boc deprotection

12 h with NIS

Acetone/K,COs (s) | NBS (in 1 mL acetone) | 30 min with K>COs No product
12 h with NBS

Acetone/K,COs (s) | ICI (in 1 mL acetone) 30 min with K>CO3 No product
12 h with ICI

Acetone/K2COs3 (s) | I2 (in 1 mL acetone) 30 min with KoCOs No product
12 h with I,

THF/K2CO:s (s) NIS 30 min with K>CO3 No product
24 h with NIS

THF/K2COs3 (s) NBS 30 min with K2COs Decomposed
24 h with NBS

THF/K2COs3 (s) ICI 30 min with K2COs No reaction
24 h with Icl

Acetone/K2COz (s) | NBS 30 min with K2COs Decomposed
Added 2 mL acetone
after 2 h reaction, 12 h

THF/n-BuLi NIS (neat) 30 min n-BuLi No reaction
12 h NIS

THF/n-BuLi NBS (neat) 30 min n-BuLi No reaction
12 h NBS

THF/n-BuLi ICI (in 1 mL THF) 30 min n-BuLi No reaction
12 hICI

THF/n-BuLi Io(in 1 mL THF) 30 min n-BuLi No reaction
12h 1,

THF/LDA Io(in 1 mL THF) 30 min n-BuLi No reaction
12h 1l

THF/LITMP Io (in 1 mL THF) 30 min n-BuLi No reaction
24 h |z
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2-(2-(1H-indol-3-yl)ethyl)isoindoline-1,3-dione (29)
NH, NPhth

phthalic anhydride

A\ toluene N
reflux
N N
H H
7 29

The title compound was synthesized following a procedure reported in literature. The compound
was purified by washing with toluene and obtained as an off-white solid in 86% yield (4.6597 g)

All spectral data were identical to those reported in literature.”

2-(2-(2-bromo-1H-indol-3-yl)ethyl)isoindoline-1,3-dione (30)

NPhth NPhth
Pyr-HBr.
y 3 A\ Br
CHCI5/THF (1/1 viv) N
H

29 30

The title compound was synthesized following a procedure reported in literature. The title
compound was purified by silica gel column chromatography using 1-10% MeOH/DCM and
obtained as a pale yellow solid in 95% yield (119.2 mg). All spectral data were identical to those

reported in literature.”™
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2-(2-(2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-indol-3-yl)ethyl)isoindoline-1,3-

dione (31)
NPhth
NPhth
Ba(pin);

A\ Br Pd(dppf)ClI N
N KOAc Bpin

H 1,4-dioxane N

31 H

30

Procedure was modified from literature reports.’® To a vial containing starting material (100.0 mg,
0.27 mmol), added B2pinz (82.5 mg, 0.33 mmol, 1.2 equiv), Pd(dppf)Cl> (10.0 mg, 0.014 mmol, 5
mol %) and KOAc (79.8 mg, 0.81 mmol, 3 equiv). The vial was evacuated and backfilled with
argon three times. To the vial, added 1,4-dioxane (1.5 mL, 0.2 M). The resulting mixture was
degassed for 30 minutes with N2 gas. The vial was sealed and heated to 80 °C. The solution was
stirred for 24 hours. After the reaction was complete, the mixture was diluted with
dichloromethane and washed with saturated Na,COz. The aqueous layer was extracted with DCM.
The combined organics were dried over MgSOs, and the solvents were removed by rotary
evaporation. The product was purified by column chromatography, using 5-30% ethyl
acetate/hexanes as an eluent. The product was obtained as a pale yellow oil in 82% vyield (92.4

mg). All spectral data matched those reported in literature.”’

63



benzyl (2-(2-bromo-1H-indol-3-yl)ethyl)carbamate (34)

NHCbz NHCbz
Pyr-HBr
y 3 A\ Br
CHCI5/THF (1/1 viv) N
H H
2 34

The product was prepared following the procedure described in literature for compound 30. The
starting material was added to a flame dried 4-dram vial equipped with stir bar. The solvent mixture
was added (3.4 mL, 0.1 M), and the resulting mixture was cooled to 0 °C, after which pyridinium
tribromide (141.4 mg, 0.44 mmol, 1.3 equiv) was added. The reaction was allowed to warm to
room temperature and stirred for 14 hours. The reaction was quenched with Na>S;03 (5 mL) and
extracted 3 times with ethyl acetate. The combined organic layers were washed with brine and
dried over MgSOas. The solvents were removed by rotary evaporation. The title compound was
purified by silica gel column chromatography using 50% ethyl acetate/hexanes as eluent. The
product was obtained as a brown oil in 39% yield (49.5 mg).

Note: On scale up, the reaction failed to provide the brominated compound in greater than 8%
yield.

IH-NMR (600 MHz, chloroform-D) & 8.17 (s, 1H), 7.59 (d, J = 8.2 Hz, 1H), 7.31 (d, J = 43.3

Hz, 8H), 7.19 (t, J = 7.2 Hz, 1H), 7.11 (t, J = 7.2 Hz, 1H), 6.98 (s, 1H), 5.11 (d, J = 21.3 Hz, 2H),
3.53(q, J = 6.2 Hz, 2H), 2.97 (t, J = 6.2 Hz, 2H) 3C-NMR (151 MHz, chloroform-D) § 156.5,
136.7, 136.5, 128.6, 128.2, 127.4, 122.2,119.5, 118.8, 112.8, 111.4, 77.4,77.2, 77.0, 66.7, 41.4,

25.8 IR 3325, 2927, 1696, 1519, 1456, 1356, 1226, 1134, 1082, 1044 cm*!
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tert-butyl (2-(2-bromo-1H-indol-3-yl)ethyl)carbamate (34)

NHBoc NHBoc
\ ....PyrHBry A\
CHCI3/THF (11 v/v)> Br
N N
H H

The product synthesis was attempted following the procedure described for 34 above. However,

no brominated product was observed in the crude reaction mixture.

2.5.7 Miyaura Borylation

benzyl (2-(2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-indol-3-yl)ethyl)carbamate

(36)
NHCbz NHCbz
Ba(pin);
N\ B R D—Bpin
H 1,4-dioxane H
34 36

Procedure was modified from literature reports.”® To a vial containing starting material (50.0 mg,
0.13 mmol), added Bpinz (40.8 mg, 0.16 mmol, 1.2 equiv), Pd(dppf)Cl2 (4.9 mg, 0.007 mmol, 5
mol %) and KOAc (39.5 mg, 0.40 mmol, 3 equiv). The vial was evacuated and backfilled with
argon three times. To the vial, added 1,4-dioxane (1.5 mL, 0.1 M). The resulting mixture was
degassed for 30 minutes with N2 gas. The vial was sealed and heated to 80 °C. The solution was
stirred for 24 hours. After the reaction was complete, the mixture was diluted with
dichloromethane and washed with saturated Na.COz. The aqueous layer was extracted with DCM.
The combined organics were dried over MgSOs, and the solvents were removed by rotary

evaporation. The product was purified by column chromatography, using 5-30% ethyl
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acetate/hexanes as an eluent. The product was obtained as a pale-yellow oil in 72% yield (40.56

mg). Spectral data matched those obtained by Hartwig iridium borylation, see below.

(3-(2-(((benzyloxy)carbonyl)amino)ethyl)-1H-indol-2-yl)potassium trifluoroborate salt (32)

NPhth NPhth
N Bpin |\I/|(:(l):|2-|> N BF;K
N N
H H
31 32

Despite repeated attempts to synthesize and purify compound 32 following established procedures,

the only observed outcome was protodeboronation.3

2.5.8 Hartwig Iridium-Catalyzed Borylation
2-(2-(2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-indol-3-yl)ethyl)isoindoline-1,3-

dione (SUPPLEMENTARY-1)

NPhth NPhth
[Ir(OMe)(COD)],
bpy
------------------ b

N BaPin, N—Bpin
CHCl,, 65 °C P

N N

H H

Procedure was modified from literature reports.6%78 Chloroform was dried over activated 4 A MS
overnight prior to use. Added starting material (100 mg, 0.35 mmol), iridium catalyst (3.4 mg,
0.05 mmol, 1.5 mol %), bpy (27.9 mg, 0.18 mmol, 0.5 equiv), and Bzpin, (177 mg, 0.69 mmol, 2
equiv) to a flame dried vial equipped with stir bar. The vial was evacuated and backfilled with
argon, three times. Chloroform was added to the vial (2.2 mL, 0.15 M), which was then well sealed
and heated to 65 °C. The crude reaction mixture was rotovaped and analyzed by *H and !B NMR.

The product was not obtained, and carbon-boron bond formation was not observed in crude 1B
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NMR. The reaction was also attempted using THF and dichloromethane as a solvent, giving no

result.

benzyl (2-(2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-indol-3-yl)ethyl)carbamate

(39)
NHCbz NHCbz

[Ir(OMe)(COD)],

b

A\ = p_y > N Bpin
2Pin;

H time, solvent, 65 °C H

Procedure was modified from literature reports.®0.78 Added starting material (200 mg, 0.70 mmol),
iridium catalyst (13.3 mg, 0.03 mmol, 1.5 mol %), bpy (54.7 mg, 0.35 mmol, 0.5 equiv), and B2pin:
(356 mg, 1.4 mmol, 2 equiv) to a flame dried vial equipped with stir bar. The vial was evacuated
and backfilled with argon, three times. Solvent was added to the vial (1.4 mL, 0.5 M), which was
then well sealed and heated to 65 °C. The solvents from the crude reaction mixture were removed

by rotary evaporation and the crude mixture was analyzed by 'H and 1B NMR.

Solvent Time Result

CHCl3 24 h recovery SM (twice)
DCE 24 h no C-B bond formation
DCM 24 h no C-B bond formation
THF 3h 81% vyield (0.7 mmol scale)
DCM 3h no C-B bond formation
THF 3h 76% yield (trial 1)

67% yield (trial 2)

THF 3.5 h, reflux | 93% yield (3.5 mmol scale)
THF 3.5h, reflux | 99% yield (7 mmol scale)

The title compound was purified by silica gel column chromatography using 20% ethyl
acetate/hexanes as eluent. The product was obtained as a clear, colorless oil (2.7493 g, last entry

in table above).
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IH-NMR (500 MHz, acetone-D6) § 9.90-10.29 (1H), 7.66 (d, J = 8.0 Hz, 1H), 7.46 (d, J = 8.0 Hz,
1H), 7.32-7.27 (m, 3H), 7.15 (t,J = 7.2 Hz, 1H), 7.00 (d, J = 6.9 Hz, 1H), 6.11-6.35 (1H), 5.01 (d,
J=2.3 Hz, 2H), 3.40 (g, = 6.5 Hz, 2H), 3.22-3.19 (m, 2H), 1.33 (d, J = 13.2 Hz, 12H) 3C-NMR
(126 MHz, acetone-D6) & 156.2, 139.0, 137.7, 128.3, 127.8, 127.8, 127.7, 125.3, 123.3, 123.2,
119.4, 118.8, 111.9, 84.0, 83.9, 83.8, 65.5, 42.6, 24.3, 20.0 1B-NMR (160 MHz, methanol-D4) &
28.3 IR 3452, 2978, 1708, 1546, 1454, 1372, 1324, 1263, 1137 HRMS-ESI m/z Calculated for

[M + H]* 412.2299, found 421.2313

2.5.9 Trifluoroborate Salt Formation

(3-(2-(((benzyloxy)carbonyl)amino)ethyl)-1H-indol-2-yl)potassium trifluoroborate salt (40)

NHCbz NHCbz
KHF,
MeOH
N Bpin N BF3;K
N N
H H
39 40

The procedure was modified from literature reports. The starting material was added to a vial,
equipped with stir bar, and dissolved in MeOH. The solution was stirred until the starting material
fully dissolved. After this, KHF2 (aqueous, 4.5 M, 2.8 equiv) was added to the reaction mixture
dropwise, causing the solution to become cloudy. The resulting mixture was allowed to stir at room
temperature for 1 hour. After the reaction was complete, the solvents were fully removed by rotary
evaporation, after which, the residual solids were dried under high vacuum for an hour. The solids
were re-dissolved in acetone, and the solution was filtered to remove excess inorganic salt. The
solvents were evaporated by rotary evaporation. The residual solids were re-dissolved in methanol

and the solvent removed by rotary evaporation twice more. The resulting solid was dried under
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high vacuum overnight and stored at 0 °C under argon. The title compound was obtained as an off-
white solid in 62% yield (224.3 mg).

IH-NMR (600 MHz, DMSO-D6) & 10.77 (s, 1H), 7.47 (d, J = 8.2 Hz, 1H), 7.43-7.27 (m, 6H),
7.10 (s, 1H), 7.02 (t, J = 7.6 Hz, 1H), 6.93 (t, J = 7.6 Hz, 1H), 5.00 (t, J = 8.6 Hz, 2H), 3.23(q, J =
6.9 Hz, 2H), 2.78 (t, J = 7.6 Hz, 2H) B-NMR (193 MHz, acetone-D6) 6 -0.6 IR 3418, 2970,

2363, 1700, 1528, 1455, 1365, 1239, 1217, 1140 cm™

2.5.10 Serotonin Derived Nucleophile
benzyl (2-(5-hydroxy-1H-indol-3-yl)ethyl)carbamate (41)

NH;CI NHCBz

pyridine

HO
ICB
\ CiCBz \
N
H

HO

CH,CI,
0°C -RT N
H

86%
8 41

The title compound was prepared following procedures described in literature. All spectral data

were identical to those found in literature.?””

benzyl (2-(5-hydroxy-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-indol-3-

yl)ethyl)carbamate (42)

NHCBz NHCBz
HO ["’(OM;)(COD)]z HO
#
N B,pin, N Bpin
N THF N
H reflux, 3 h H

41 42

Procedure was modified from literature reports.6%.’8 Added starting material (0.650 g, 2.1 mmol),

iridium catalyst (20.8 mg, 0.03 mmol, 1.5 mol %), bpy (0.160 g, 1.1 mmol, 0.5 equiv), and Bzpin;
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(1.070 g, 1.4 mmol, 2 equiv) to a flame dried round bottom flask equipped with stir bar. The flask
was evacuated and backfilled with argon, three times. Solvent was added to the round bottom flask
(21 mL, 0.1 M), which was then well sealed and heated to 65 °C. The title compound was purified
by silica gel column chromatography using 40% ethyl acetate/hexanes as eluent. The product was
obtained as a mixture with starting material and used as this mixture in the transformation to the
trifluoroborate salt.

1H-NMR (500 MHz, chloroform-D) & 7.98-8.16 (1H), 7.27-7.52 (5H), 7.06-7.20 (1H), 6.93-7.06
(1H), 6.82-6.93 (1H), 6.67-6.82 (1H), 5.22-5.36 (1H), 5.02-5.16 (2H), 3.38-3.50 (2H), 2.70-2.93
(2H), 1.20-1.27 (12H) 3C-NMR (126 MHz, chloroform-D) & 149.9, 131.6, 128.6, 128.3, 123.3,
112.2,112.0,103.3,83.2, 77.4,77.2, 76.9, 75.4, 66.8, 60.6, 53.6, 41.3, 25.9, 24.9, 24.6, 21.2, 14.3,

1.11 1B-NMR (160 MHz, chloroform-D) & 21.5

(3-(2-(((benzyloxy)carbonyl)amino)ethyl)-5-hydroxy-1H-indol-2-yl)potassium
trifluoroborate salt (43)

NHCBz NHCBz
HO KHF,(4.5M,aq) HO
\ Bpin MeOH > \ BF;K
RT N
N
H H
42 43

The procedure was modified from literature reports. The starting material was added to a vial,
equipped with stir bar, and dissolved in MeOH. The solution was stirred until the starting material
fully dissolved. After this, KHF2 (aqueous, 4.5 M) was added to the reaction mixture dropwise,
causing the solution to become cloudy. The resulting mixture was allowed to stir at room
temperature for 1 hour. After the reaction was complete, the solvents were fully removed by rotary
evaporation, after which, the residual solids were dried under high vacuum for an hour. The solids
were re-dissolved in acetone, and the solution was filtered to remove excess inorganic salt. The
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solvents were evaporated by rotary evaporation. The residual solids were re-dissolved in methanol
and the solvent removed by rotary evaporation twice more. The resulting solid was dried under
high vacuum overnight and stored at 0 °C under argon. The product was obtained as a yellow solid

in 55% yield and used without further purification.

2.5.11 Synthesis of 3-BF3K Indole Nucleophiles

tert-butyl 3-bromo-1H-indole-1-carboxylate (46)

1) Boc,0, DMAP Br
TEA, DCM
CD 22 o
N 2)NBS,DCM N
H 12 hours Boc
45 46

The title compound was synthesized following a procedure reported in literature. The title
compound was purified by silica gel column chromatography using 1-5% ethyl acetate/hexanes
as eluent and obtained in 62% yield (7.6342 g). All spectral data were identical to those reported

in literature.”™

(1-(tert-butoxycarbonyl)-1H-indol-3-yl)boronic acid (47)

Br B(OH),
THF
A\ n-BuLi; A\
\ B(Oi-Pr); N
Boc then H,0 Boc
46 47

A round bottom flask, equipped with stir bar, was flame dried and placed under an argon
atmosphere. The starting material was added and dissolved in THF. The resulting solution was
cooled to -78 °C and n-BuLi was added with a syringe pump over 1 hour. The resulting solution
was stirred at -78 °C for an hour more, after which, triisopropyl borate was added as one portion.

The reaction was allowed to warm to room temperature and allowed to stir for 2 hours. After this,
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H>O was added to the reaction mixture. The solution was allowed to stir for 20 minutes, after
which it was extracted three times with ethyl acetate. The combined organic portions were washed
with NH4Cl, then with brine. The organic layers were dried over MgSQO4 and the solvents removed
by rotary evaporation. The title compound was purified by silica gel chromatography, using 20%
ethyl acetate/hexanes as eluent and obtained in 14% yield (1.3427 g). The spectra matched those

of a pure sample of the title compound purchased from Sigma Aldrich.

(1-(tert-butoxycarbonyl)-1H-indol-3-yl)potassium trifluoroborate salt (47)

B(OH), BF;K
N\ KHF, (4.5 M, aq) A\
—_—
N MeOH
N
Boc RT Boc
42% (2 steps)
47 48

The procedure was modified from literature reports. All spectral data were identical to those

reported in literature.**

benzyl 3-bromo-1H-indole-1-carboxylate (49)

1) NaH, THF B
CICbz r
©\/\> 0 °C - RT, 3 hours (jf\g
H 2) NBS, DCM N
12 hours Cbz
45 49

To a flame dried flask, equipped with stir bar, added starting material. The starting material was
dissolved in THF and cooled to 0 °C in an ice bath. While stirring, NaH was added to the reaction,
which was allowed to stir for 30 minutes. After the 30 minute stir, CICbz was slowly added to the
reaction mixture. The mixture was allowed to warm to room temperature and stirred for 3 hours,

after which time it was quenched with water and diluted with ethyl acetate. The organic layer was
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washed thrice with water, after which the organics were dried over Na>SO4. The solvents were
removed by rotary evaporation.

The resulting crude was re-dissolved in DCM in the same round bottom flask. To the solution,
NBS was added as one portion. The solution was stirred for 12 hours at room temperature, then
quenched with water and extracted three times with DCM. The combined organic phases were
dried over MgSO4 and the solvents were removed by rotary evaporation. The compound was
purified by silica gel chromatography using 1-40% ethyl acetate/hexanes as eluent. The title

compound was obtained as an orange oil in 46% yield (13.0213 g).

(1-((benzyloxy)carbonyl)-1H-indol-3-yl)boronic acid (50)

Br B(OH),
THF
n-BulLi;
Cbz thenH;0 Cbz
65% (2 steps)
49 50

A round bottom flask, equipped with stir bar, was flame dried and placed under an argon
atmosphere. The starting material was added and dissolved in THF. The resulting solution was
cooled to -78 °C and n-BuLi was added with a syringe pump over 1 hour. The resulting solution
was stirred at -78 °C for an hour more, after which, triisopropyl borate was added as one portion.
The reaction was allowed to warm to room temperature and allowed to stir for 2 hours. After this,
H>O was added to the reaction mixture. The solution was allowed to stir for 20 minutes, after
which it was extracted three times with ethyl acetate. The combined organic portions were washed
with NH4Cl, then with brine. The organic layers were dried over MgSO4 and the solvents removed
by rotary evaporation. IR 3034, 1717, 1484, 1453, 1396, 1343, 1327, 1240, 1211, 1119, 1080,

1027 cm*HRMS-ESI m/z Calculated for C16H13BrNO2 [M + H]* 330.0130, found 330.0967.
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(1-((benzyloxy)carbonyl)-1H-indol-3-yl)potassium trifluoroborate salt (51)

B(OH), BF,K
N\ KHF, (4.5 M, aq) N
Lo T ad)
MeOH
N N
Cbz RT Cbz

52% (2 steps)
50 51

The procedure was modified from literature reports. The starting material was added to a vial,
equipped with stir bar, and dissolved in MeOH. The solution was stirred until the starting material
fully dissolved. After this, KHF, (aqueous, 4.5 M) was added to the reaction mixture dropwise,
causing the solution to become cloudy. The resulting mixture was allowed to stir at room
temperature for 1 hour. After the reaction was complete, the solvents were fully removed by rotary
evaporation, after which, the residual solids were dried under high vacuum for an hour. The solids
were re-dissolved in acetone, and the solution was filtered to remove excess inorganic salt. The
solvents were evaporated by rotary evaporation. The residual solids were re-dissolved in methanol
and the solvent removed by rotary evaporation twice more. The resulting solid was dried under
high vacuum overnight and stored at 0 °C under argon. The product was obtained as an off white

solid in 55% yield and used without further purification.
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2.5.12 Heck Reaction

tert-butyl 2-bromo-3-(2-(1,3-dioxoisoindolin-2-yl)ethyl)-1H-indole-1-carboxylate (52)

NPhth NPhth
Boc,0
N DMAP A
Br  “bcwm,2n Br
N N
H Boc
30 52

The title compound was prepared following a procedure reported in literature. The title
compound was purified by silica gel column chromatography using 5-15% ethyl acetate/hexanes
as eluent and obtained in 25% yield (over 2 steps, 239.6 mg). All spectral data were identical to

those reported in literature.

(E)-tert-butyl 3-(2-(1,3-dioxoisoindolin-2-yl)ethyl)-2-(3-oxoprop-1-en-1-yl)-1H-indole-1-

carboxylatecarboxylate (53)

NPhth NPhth
Heck Reaction
K,CO;
KCI
N—sr Pd(OAc), \
N (n-Bu),NOAG N \
Boc DMF (degassed) Boc A\
OEt 60%
52 Y 53
OEt

The title compound was prepared following a modification of a procedure described in literature.*
To a flame dried round bottom flask equipped with stir bar, added starting material (1 equiv),
K2COs, KCI, Pd(OACc)2 and (n-Bu)sNOAc. The flask was evacuated and backfilled with argon
three times. Degassed DMF (xx mL) was added to the flask, followed by acrolein diethyl acetal.
The reaction flask was sealed and heated to 80 °C for 16 hours. After 16 hours, the flask was cooled

and 3 M HCI was added to the reaction mixture. The reaction was allowed to stir for 30 minutes,
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after which it was extracted with ethyl acetate. The organic phase was washed with brine, then
dried over MgSOs. The solvents were removed by rotary evaporation, after which the reaction
mixture was purified by silica gel column chromatography using 10-30% ethyl acetate/hexanes as
the eluent. The title compound was obtained as an orange oil in 60% yield (0.5321 g). tH-NMR
(600 MHz, chloroform-D) & 9.72 (d, J = 7.2 Hz, 1H), 8.09 (d, J = 8.2 Hz, 1H), 7.95 (d, J = 15.8
Hz, 1H), 7.84 (g, J = 2.7 Hz, 3H), 7.80 (d, J = 5.5 Hz, 1H), 7.75 (d, J = 7.6 Hz, 1H), 7.71 (g, J =
2.7 Hz, 3H), 7.37 (t, J = 7.9 Hz, 1H), 7.28 (t, J = 7.4 Hz, 1H), 6.68 (g, J = 8.0 Hz, 1H), 3.93 (t, J =
7.9 Hz, 2H), 3.19 (t, J = 7.9 Hz, 2H), 1.67 (d, J = 8.2 Hz, 9H) 13C-NMR (151 MHz, chloroform-
D) 6 193.7, 168.2, 150.3, 143.0, 136.9, 134.2, 132.1, 130.4, 129.5, 126.8, 123.6, 123.5, 123.4,
121.8,119.7,115.9,85.2,77.3,77.1,76.9, 37.4, 28.3,24.4 IR 2979, 1711, 1684, 1455, 1396, 1362,
1327, 1253, 1148, 1107 HRMS-ESI m/z Calculated for C1gH21NOsz [M + H]* 445.1763, found

445.1751.

2.5.13 Synthesis of Propargyl Aldehyde

propiolaldehyde (61)
OH Cr0,/H,S0, 0
H,0 |
—»
Z Z
Conditions Result
2 M Jones reagent (Sigma-Aldrich), acetone Product formed, used crude
CrQs in 2:3 H,S04/H,0, 2-propanol Distilled from crude, 0.5 M with SM
CrOs in 2:3 H2S04/H,0, DCM Crude 0.02 M solution in DCM
CrQs in 2:3 H,SO4/H,0, DCM Distillation afforded no product
CrOs in HS04/H,0 47% yield (pure)
H2S04/H,0 400 mmol scale
Reduced pressure oxidation
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Conditions for oxidation/distillation

In a flame dried flask, added propargy! alcohol and reaction solvent (61). A two-neck flask was
equipped with an addition funnel and cooled to -20 °C in a salt water bath. Jones reagent was added
to the funnel and added dropwise at a rate that ensured the internal temperature of the reaction
mixture did not rise above -20 °C. After addition of all the Jones reagent, the product was either
distilled from the crude reaction mixture or extracted with DCM (when DCM was used as the
reaction solvent) and then distilled from the solvent mixture. Product formation was observed by
NMR, but pure product could not be obtained, as heating the solution led to polymerization of the
product.

Conditions for reduced pressure oxidation

The title compound was prepared following a modification of literature procedures.®” To a three-
necked round bottom flask, added propargyl alcohol, sulfuric acid, and water. The center neck of
the flask was equipped with an addition funnel and filled with a pre-mixed solution of chromium
trioxide in water/sulfuric acid. A septum was placed into one of the other two necks, with a line
connected to a low pressure of N2 gas through the septum, with a sufficiently long needle that the
nitrogen would bubble through the reaction solution. To the other neck of the round bottom flask,
added a U-shaped glass tube with ground glass joints on either side. The other end of the tube was
connected to a 3 neck round bottom flask (trap 1), with the middle neck sealed, and the other side
connected to a second U-shaped tube. The other end was connected to a two-neck round bottom
flask (trap 2). The unoccupied neck was connected to a variable pressure vacuum pump. The
reaction vessel was cooled to -20 °C in an ice/salt mixture. The two traps were then cooled to -78
°C in dry ice/acetone baths. The pressure in the system was reduced to 40-60 mm Hg, and the

oxidizing solution in the addition funnel was added dropwise to the reaction vessel, while stirring,
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over the course of about 3 hours. The pressure was then reduced to 14-20 mm Hg, and the reaction
mixture was allowed to warm to room temperature stirred for an additional 20 minutes. The traps
were disconnected, sealed, and allowed to warm to room temperature. The combined contents of
the traps were analyzed and found to be analytically nearly pure propargyl aldehyde. The aldehyde

was used without further purification.

0°C

-

w

: (
10 g combined
47%
(400 mmol)

2.5.14 Double Michael Addition for Electrophile Synthesis

(E)-tert-butyl (2-(2-(3-oxoprop-1-en-1-yl)-1H-indol-3-yl)ethyl)carbamate (63)

Boc,0
NH, 1)/ beM " DMAP
\ & e { DCM, TEA NHBoc
\
N 2) TFA N N\

7 0

To a flame dried vial, equipped with stir bar, added starting material and dichloromethane. The
resulting slurry was cooled to 0 °C in an ice bath, and propargyl aldehyde was added, dropwise.
The reaction was stirred for 5 minutes, after which TFA was added, slowly. The reaction was

removed from the cooling bath and allowed to stir for 15 minutes. The reaction mixture was
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quenched with H20, then washed with Na>COsz and brine, extracting with DCM each time. The
combined organics were dried over MgSQOs, and the solvent removed by rotary evaporation.

The crude was immediately used in the next reaction without further purification.

The crude residue was dried under high vacuum for at least 1 hour, after which, a stir bar was
added to the roundbottom flask. Dichloromethane was added to the flask, and the solution was
stirred until the starting material fully dissolved. The reaction vessel was cooled to 0 °C, and TEA
was added as one portion, followed by Boc:0, then DMAP. The solution changed color after
addition of DMAP. The reaction was allowed to warm to room temperature and stirred for 4 hours.
The reaction was quenched with NH4Cl, and washed with water, then brine. The combined organic
extracts were dried over MgSOs, then the solvents were removed by rotary evaporation. The title
compound was purified by column chromatography using 40-70% ethyl acetate/hexanes as eluent
and obtained in 9% yield (2 steps, 173.2 mg).

1H-NMR (600 MHz, chloroform-D) § 9.20 (d, J = 7.6 Hz, 1H), 8.20 (s, 1H), 7.44 (d, J = 7.6 Hz,
1H), 7.35 (t, J = 7.9 Hz, 1H), 7.26 (t, J = 7.9 Hz, 2H), 7.16 (d, J = 8.2 Hz, 1H), 5.81 (s, 1H), 5.45
(dd, J = 12.7, 7.9 Hz, 1H), 3.72 (s, 2H), 2.97-2.82 (m, 2H), 2.42 (s, 1H), 1.72 (s, 9H) 3C-NMR
(151 MHz, chloroform-D) ¢ 190.3, 149.5, 136.3, 128.0, 125.4, 123.2, 118.5, 115.9, 115.3, 85.3,
77.6,77.3,77.1,76.9, 45.0, 43.6, 28.2 IR 3368, 2970, 2360, 1734, 1706, 1606, 1454, 1419, 1365,

1220, 1141, 1115, 1045 cm™
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(E)-benzyl (2-(2-(3-oxoprop-1-en-1-yl)-1H-indol-3-yl)ethyl)carbamate (64)

(o)
NH g /ll DCM
) ,
A\ Z 0 NH NHCbz
—_— N\ —_— N\

N 2) TFA CiCbz \

N N N TEA N A
, O pcm H o

62 64

To a flame dried vial, equipped with stir bar, added starting material and dichloromethane. The
resulting slurry was cooled to 0 °C in an ice bath, and propargyl aldehyde was added, dropwise.
The reaction was stirred for 5 minutes, after which TFA was added, slowly. The reaction was
removed from the cooling bath and allowed to stir for 15 minutes. The reaction mixture was
quenched with H-0, then washed with Na,COz and brine, extracting with DCM each time. The
combined organics were dried over MgSQOs, and the solvent removed by rotary evaporation.

The crude was immediately used in the next reaction without further purification.

The crude residue was dried under high vacuum for at least 1 hour, after which, a stir bar was
added to the roundbottom flask. Dichloromethane was added to the flask, and the solution was
stirred until the starting material fully dissolved. The reaction vessel was cooled to 0 °C, and TEA
was added as one portion, followed by dropwise addition of CICbz. The reaction was allowed to
warm to room temperature and stirred for 5 hours. The reaction was quenched with NH4Cl, and
washed with water, then brine. The combined organic extracts were dried over MgSQOa, then the
solvents were removed by rotary evaporation. The title compound was purified by column
chromatography using 40-70% ethyl acetate/hexanes as eluent and obtained as an orange solid in
58% yield (2 steps, 124.8 mg).

IH-NMR (500 MHz, chloroform-D) § 9.42 (d, J = 7.4 Hz, 1H), 8.16-8.03 (m, 2H), 7.43 (d, J =
28.1 Hz, 4H), 7.35 (d, J = 8.0 Hz, 3H), 7.19 (t, J = 7.4 Hz, 1H), 7.06 (s, 1H), 6.97 (s, 1H), 5.72 (q,

J = 7.3 Hz, 1H), 5.19 (s, 2H), 3.88 (t, J = 7.7 Hz, 2H), 3.02 (t, J = 7.7 Hz, 2H) 13C-NMR (126
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MHz, chloroform-D) & 192.1, 150.4, 136.3, 134.8, 129.0, 128.9, 128.8, 128.6, 127.2,122.3, 119.8,
118.6,111.7,111.4,111.2, 77.4,77.2, 76.9, 69.6, 46.1, 36.7, 29.8, 24.8, 23.0, 14.3 IR 3390, 2959,
1704, 1619, 1456, 1414, 1358, 1221, 1185, 1143, 1092 cm HRMS-ESI m/z Calculated for

C21H21N203 [M + H]*349.1552, found 349.1539.

2.5.15 Conjugate Addition

NHR?

63R"'=Boc
64R'=Cbz
N \ .
(R)-C;F7-BINOL (20 mol%)
u A 4 AMS, PhMe

+ 0 »>

BF3;K reflux, 12 h

R \ C/F;
o [cx
OH

48 R? = Boc OO
C/F7

51 R2=Cbz

Catalyst

Entry R! R? Result
a Boc Boc 0% (and protodeboronation)
b Chz Boc 0% (and protodeboronation)
c Chz Cbz ~20% (not to completion)

To a 4-dram vial equipped with a stir bar, added 4 A MS (250 mg/0.2 mmol). The vial was flame
dried under high vacuum. The vial was cooled to room temperature and placed under an argon
atmosphere. The starting material, indole trifluoroborate salt, and catalyst were added to the vial.
Toluene was added to the vial, which was then well sealed and heated to 80 °C for the indicated
time. Following reaction completion, the reaction mixture was filtered through celite, washing

well with ethyl acetate. The solvents were removed by rotary evaporation.
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(R)-benzyl 3-(1-(3-(2-(((benzyloxy)carbonyl)amino)ethyl)-1H-indol-2-yl)-3-oxopropyl)-1H-

indole-1-carboxylate (65)

The product was purified by silica gel column chromatography, using 1-10% ethyl acetate/hexanes
as eluent. The title compound was obtained as a colorless oil in 17% yield (6.8 mg). tH-NMR (500
MHz, chloroform-D) & 9.20-9.33 (OH), 7.30-7.71 (10H), 6.89-7.22 (6H), 6.56-6.80 (1H), 5.15-
5.32 (2H), 3.87-3.97 (1H), 3.31-3.59 (1H), 3.11-3.31 (1H), 2.89-3.05 (1H), 1.10-1.32 (3H),

preliminary result

2.5.16 Alternate Electrophile

N-(2-(1H-indol-3-yl)ethyl)-4-methylbenzenesulfonamide (66)

NH, TEA NHTs
\ p-TsCl N\
N DCM N

H 0°C -RT H
7 2h 66

The title compound was prepared following a procedure reported in literature. Spectral data were

identical to those reported in literature.%*
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N-(2-(2-bromo-1H-indol-3-yl)ethyl)-4-methylbenzenesulfonamide (66)

NHTs NHTs
r* HBr
N\ py 3 N\_g,
N THF:CHClI; (1:1) N
66 Th 67

The title compound was prepared following a procedure reported in literature. Spectral data were

identical to those reported in literature.5
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APPENDIX - CHAPTER TWO

Spectra Relevant to Chapter Two

Organocatalyzed Conjugate Addition for the Synthesis of

Mucronatins A and B

84



smry wotyTiadsy
ssuyg

[=]1ZS6S9E8T €
‘08T ‘08T ‘0Lz ‘06 ‘0}

=11 = ITEM TETITUT

HSTHE = 3usazg syueg

330 = spof_TI,

330 = spo IIT

[sn]1g 9 = ssTng ¥
[aple = Y X

[B=plss = =TEuy ¥
[=]1ZS6S9ERT T = =Ty Boy ¥
[snlze 2T = TIPTM 06 X
[oPlE- 9T = =g dmsg,

¥Z = TTey ZADSY

[51T = JvT=g woTiwweTsy

aT suwos TEICL

8T SURSS

E5TEd paddry

[=dd]g 395330 TEL

[HH] E£R6 TZEL 66€ Baxg_txg,
uojoxg uremog T

[mdd] g 35330 =1

[3mi] ece6 TZOL 66€ baxg zx1
nmogoxg wrwmeg zTT

[=E%]196 0052009 peddrry desmg ¥
[SEX]ZT00E0S L

[ZE]SESFELSR 0

dasng ¥
TOTINTOSIY W

T suwossxg ¥

FREST s3uTrog X

[=dd]g-g I=SIF0 K

[EH] 8ER6TZEL 66€ Bazg ¥
HT uTwmog ¥

uotyerng boy ¥
wbwsays pTSTI

[=lzsesseet ¢
([=Elook) [L199LEEE 6

W TELTHD = a3qsmoTyoeds
00FJHES = TS
W= SUCTSUIWTO

[=dd] = syt wrg
uwojoxg = STITL wrg
uolexg = oTwmog X
LOTET = =3T3 wWig
X&'TdRDD aF = FumTog wyRg

SWTL WOTSTaAT
swrp 3aeyg [en3aw

TEZLF 60 OTOT-HEd-0T
FE-GS-0Z OT0C-HEd-6T

O-WECE0H0IED = JmeaTos

THE 3ZT-Ia-05 = PL =Tdmeg
dxl-uwojozd = JusmTIsdrg

Aup = Toqzmy

-Z-MOI0¥d THE 9TT-IA-0S = SEEUSTTEL

OJDWﬁ-

n0101g : BoTAL Jad sured | Y
== | £ L0 L Lt L AR e e e e B e e
g = EE23 o2 5 ECEREEZHEZESES
— ) b et o - s =] ] dm fad B OO e LA e == WD Y LA
Vo Vo Vo — :
N 7 J_ _i I 7
o._ I c_._m o._m _o._v o._m o._o o._h o._w o._.m
" .,.WJ\IE nm j__\.;la_l_..l_qqu — ¥ .|_._|3___ﬁ * i =
=
_\ i — ' = f __ _. .
[ g ||l
_ | i !
= £ ( -
&l | =_| _ | =
. _
i
= |
) =1
by _
3
2¢Z 7 -
ug L
4 |
) |
tugN =

aourpunge

IH NMR of N-benzyl-2-(1-benzyl-1H-indol-3-yl)ethanamine (23c)

85



[=]19T9EZZ0° T
=1t

EET

=1t

E0EL
[==1STT O
TITEM

[arlze
arlzz
[=nlgez &
[arls
[B=ploe
[=]19T8EZZ0°T
[=mlgse 2T
[aPl% 9T

95

=1t

66T
66T

E5TRE

[=dd]g
[=HH]SE26 TZBL 66E
wojoxg
[=E¥]+95T0TES 52
[=E%]20T8ZTS0° 2E
[=E]SLZTELE O

4}

BRLIE

[wdd]g zzT

[=HH] EEE0ESES 00T

€T

[=19T9EZZ0° T
([=EH]100%) [L199L60E°6

W ZYITHD
D0FIHEE

X

[=dd]
gruoqTey
mogqEey
FIZOE
YETIR0T Ot

EZ 6F 60 0ZOZ-OHd-0T
TO0-TS-0Z OZTOT-EEd-6T
O-HE0d0E0TED

ZHE 9ZT-IA-0S

dx( -wogzes

fepy

-T-HOTH¥D ZHA 9ZT-IA-OF =

swry woT3TiSdey

IWTI =oH

=oR
ITEM TRTITUI
Surrdnosag
HIPTMI_ZIT
sstog xxT
=op_u3y 3T

osg w3y xIT
asTng X

=R

SThwy ¥

s=Tr koY X
TIPTE 06 X

32g dmeg

uTes TaDwH
fuT=0 woTIwKRT=E

smeag Te3ef
suwog

paddrTy

3=sFFQ =TI

bexg zxT

urwmog XIT
paddtry dsens ¥
dasng %
woTInTes=E I

wotyerng oy ¥
wbusls PTSTd

zajamozzoads
31g
STOTSUSWT(Q
=yTun wrg
2T3TL =Ig
uremeg X
ssT5 mrg
Femrsg 3wl

SmTr woTsTASy
SWLL 3INIS TWOIIT
FusaTog

pI =rdmeg
JusmTredxg

zomyny

smwusTTg

Fo _ 8191¢

Fo
L=

(o]
F o
EF

66CEL
0796l
IF6'EL

. I 0J¢~ 0°0Z1 ojv~

Qmma oJm_ 000C 00T ojvm

gTuoqre) : uomL 32d sired @

|

7 zam

OJDWQ_

tugN

1

oee

L0

co

&0

ro

]

a0

Lo

80

60

ol

asumpunge

13C NMR of N-benzyl-2-(1-benzyl-1H-indol-3-yl)ethanamine (23c)

86



[=1Z668F5F°S
‘0BT ‘08T ‘oLz ‘o6 ‘ol
[=11

ST

330

330

[=n]L ¥
[arls
[B=F]5F
[=1Z668FSF T
[=n]% 6
[9P1%° LT

43

[=1¥

#3
3

5TV

[mdd]g
[=ER19F0EZLT 009
wozeIg

[mdd]g
[=ER19¥0EZLT 003
aue30I1g

(=241 106006006
[=EA192TSZTS2 11
[SE]$BTEELES 0

T

FIE9T

[wdd]g
[SERIS¥0EZLT 009
=T

[s1ZE68FSF T
=EH1005) [E]19265E560° %1

WHH EWaTI0
00934ES

x

[=dd]
nezozz
mo3oIg
LOTET
XFITDI @1

SE8Z10T 0ZO0Z-HLd-02
ET:9F39T 0Z0T-GZI-9T
0-HE0J0H0TED

1q =ge 3din

dxi -wozoxd

A

z-T-RDIDEE T =q2 3din

suty woTiTisdey
F5ugg

ITRY TRTITOI
Iwsazg sameg
SPOR_TIL

spoy TIT
=2TRI_X

=Y X

sthuy 3

v by
WETM 06 X

329 dmag

wreg Taoeg

AuTag woTiwwRTsg

smeag TwIOL
suwog

paddiry

325330 T35
bazg TI3
urwmog TIZ
I@EFF0 IIT
basxg TIT
uTemog IIL
peddrTy dewas X
dazag §
woTInTosEd X
suwosszg ¥
syoTog ¥
IITIFO_X

Bazg ¥
=TERS X
woTywIng bay ¥
qabusIas praTd

33smoriosdy
23T
SUOTSUSET]
s3iTog Wrg
STaTg wrg
wTEmog ¥
sstg Wrg
wmzog wiwg

Ty moTsTAZY
JWTL 3IEIF [ERISY
ITIATOS

PI =Tdmeg
ansmrIadeg

ToqIny

FEETSTT

)

nojord : wony Fad sued  x

OJDWﬁ.

W R 555 z s
] n & o b = >
| \ |
| N ¢
01 0c LR 09 0L 08 0a
TR SRR SRS TN FE TR T FE TS T N T S EE T S
|2~ )d\\l./.\\ufxtle..,_‘\r..].\ |J_ faina W I¢..|..|.1,I|J_,__1 _.\..\.l. — __\c —=
_ T ikl | L
=
~ -~ 14 i~ r
[ N I
_ _ =) L
[ Bl I
[ &
=
Ve I
H -
N L
19 / L
[
=
ZqDJHN - H
..u.nh__ L

aouRpUNgE

IH NMR of benzyl (2-(2-bromo-1H-indol-3-yl)ethyl)carbamate (34)

87



[=15T090263 2
[=1z

FiitA ]

[=11

TUEL

[sn]los

FETVM
leplL-zz
[grlz 61
[=n]%

[arle

[E=rlot
[515T0S0T63°0
[=n]z1

[oP15 LT

s

[=1z

TLF
1L

ISTRd

[mdd]g
[SERISFCEZLT 009
ao3oI1g
[SEA19eLELELE LE
[=EAISEFEFEFE LF
[=E]60TIEFFF T

0

BSLIE

[wdd]pnT

[SEH] 6E0EFETE OST
2T

[515T090263 0

=ER1005) [T19TEIES60 FT

W ZYITE0
VLRS-

X

[=dd]
ETuogTEy
naqIeg
FTZST
XFTIOD AT

TS TE-0T OTO0T-g24d-0T
BT Z5°9T 0T0ZT-9EI-31

O-RE0I0E0TED
Iq =go 3dizy
dx[ -mogres
!

z-T-HDEE¥D Tq sqo 3din

sury woraTaadsyg
SWTL SoR

a0

ITER TRTITOI
Eutydnoosg
wpHg TI1
ssTOof ITIT

sof w3y TIT

a3 Wy TII
ss1md X

my X

15wy %

==Ty Bay x
WPTH 06 X

sy dmsg

TTRS TaDeg

Aueg woTivKRTay

sweog TwI0L
sumog

peddTID
395330 _TI1
bazg TIT
orvmog TIT
peddrTy deses X
desug ¥
woTanyosey X
sowossIg X
saurog X
335330 X

baag x
wrEmog ¥
R
qabusaas pratd

Tzasmozaswds
sa1g
smoTsTSELQ
s3TUp WEg
ST3TL wrg
wTTmo X
25TS WIg
Iwmzoy wIEg

SWIL TWOTSTATY
swTg 3TRag TERITY
ITIATOS

PI =7dmeg
ansmrradg

Toqamy

SERTeTIg

— SIS

0 00t

. A |

0or

009

RS\v

oozt 0ort

,,é

0ng 0root

R

009t

guoqrey - oty 1=ad sied -y

0081 0ooT 00TT

QJUW?

-

ve

ig

7 “zzx

ZqJHN

M

o 0

0L 60 80 L0 90 €0 0 €0 T0

'l

£1

1 #1

61 81 L1 91

T Tt re ot

o
4

T T T A T A O T
Tl

L

aauBpunge

13C NMR of benzyl (2-(2-bromo-1H-indol-3-yl)ethyl)carbamate (34)

88



[51%06LBSFL T
[=11

ST

F30

F30
[sn]lcEea 9
larls

[B=plc®
[=1¥06LBSFL T
[=n]l6LL ET
[oPl6T

¥F

[s11

91
91

ST

[=dd]g

[*EH] S£8266T0 005
mo3oTg

[=dd]g

[FER] SE8Z66TO 005
aojoIxg

[SEAITSLOGLOS "L
[TEA1REHICHEE "6
[SHILELLLZLS O

1

FREOT

[=dd]g-3

[FER] SE4ZTE5TO 005

BT

[=1506LBSFL T
([=ERlo0S) [Z1LO¥%L TT

HHH ZYEATIO
X

[=3d]
aojoIxg
aojoIxg
LOTET
XTTEADD OT

L¥:ZTF0T QZ0T-GAi-0T
1S:0T:2Z LIOZ-HOC-E
90-ZHDETIY

952-1-08

dxl -mojoxd

ey

#pC- L-T-ROZOMT 95E-I-0%

suty mor3iTiedsy
ITRY [WIITUL
awsazg s3uR(
PoH_TIE

Fpof 331
asTn3 X

LV

aThuy ¥

suTg boy X
TIFTH_06 X

32g dmeg

UTes) Iaosyg
EwTsg moTIwXRTSY

suwog w30l

32=3F0_T3g
bazg T3g
oTemog TIE
395330 331
baxgy I3T
oTemoqg IIT
paddiry deans ¥
daang ¥
TOTINTOSIH X
smwoseIg X
symTog X
II5II0 X

baxg x

aTemog ¥
woTIwIng boy
busIag PTITE

sl

Tz3smoTiseds
=713
SUSTSUSWT(]
syTag wrg
sT3T3 =g
oTemog ¥
ssTg g
IwmTog wIRg

WL WOTSTARY
WL 3IWAF [RITY
Jmsatog

PI sTdmeg
yoswrrIsdrg

ToyEany

SWRTITTI

O 103r

wojorg © wory sod sped @ ¥
it e L e o o R =
—— o e B DD Wk SO0 = = = PR P PUR T N A A Y =1
52362888 ZEGEX BEE  §£8 5 3585E22323 :

) 0 I YO G B o

crﬂ o._m o._m Dr._n. _“_rw _n_rm _ _ o._m o.““_—

I N L oun e = WL T ¥ s H

i ] A ﬂ v d-: ﬁ.— | :

= [f rr f = 2 __. ..%. [ = __.| m

=) | 2 2 }Hg) ok

[ <3 o »

WW\_ o) E

| [

w | C

z) C

6€ :

H [

N C

uidg \ T

= 2 E

s "OHN -

ol

e

oy

9

L

s

asuepunge

IH NMR of benzyl (2-(2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-indol-3-

yl)ethyl)carbamate (39)

89



[51e080ZI0 T
=1t

[=1¥989ZT0°0
[=mli 1T
[OPle- 6T

895
=1t

[=dd] g
[=HH]SE£8Z66T0°00S
uojoxg

[=E%] Z3#30852° €
[=E]5908SZEE 06
[THITSLESDEZ T

0
BOLTE

[=dd]5-zzT
[TEH]196LE0DEL ST

JET

[S1¥959ZT8 0
([=Erl00s) [E1L0FFPL-TT

ZgrmmmaY
[=dd]
£TTOgTR]
uogaug

FEIEH0D Ot

BE-ZT-ZT 0Z0Z-HM¥H-TT
FESOS 6T LEODE-TOC-9T

9T-II-0S
dxl -wogasa

FpL- €-T-ROEHVD 9T-II-0S

85T
:3-14
ESTHE

HAH ZYETHO

X

FIZST

SO-EMOIEIY

Augy

swry woryTisdsy
swry =on

son

ITEM TRTITUI
Eutrdnoseg
YIPTME TIT
ssTo =T

= n-z'ﬂ—u—.ﬁlﬂ I
o n—lﬂ.ﬁlﬂ xT
=25 .ﬂn-mluﬂ
=W R
=rhwy x

smry Boy ¥
TAPTH 06 X
35p dwer
wreg Tassy

AeTeg woTywEETIH

SURSS [RICD
sweog
peddrT]
3=s330 =TI
Baxg =T

suURSsSREd ¥

wremog ¥
T T
m3busTis PISTE

x333mox3oeds
=375
suoTswewIg
s3TEg =g
ST3TL wrIg
=75 @

SWTI TOTSTATE

Swry 3TeRs TenIoy

Jusatog
PI =Tdmeg
FusmTsedeg
Touzmy
sTERUS T

I

B0
S L0

WroTr
8 J— Y ]

Fe —
- —

8T
8E
LIT'9E1

00F1 0091 008t
________ TP I TP I I P TR P B I I R B PO

gruoqre) © vory Jad spred @ X

c.c__om o.mmm 00FC

Q 103r

6€

uidg \

ZdOHN

|

[0

aouBpUNgE

yl)ethyl)carbamate (39)
90

13C NMR of benzyl (2-(2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-indol-3-




[S1#0SELERR T smry woriTisdeg

=11 = ITRN TRTITOI

ISTRd = IwsITg sImEQ

330 = SPOR_TIL

FI0 = =PoR III
[=nls30F 5 = =g ¥
[arls = ™Y X

[B=plsy = sty 3y
[s]1FOSELERF T = smry boy ¥
[FR]ETE 0T = WPTH_06 X
[IPI6T = asg dmeg

ZF = In.mdw Iaowg

[=1T = 4&wT=2Q =moTawxeIag

¥ smeag TEIoL

¥ smeog

ISTVA peddry

[mdd] g 3=s330_TT3

[=HR] ETETHIZF " 0IT Bezg TIi
Truazog cremog TIL
[wdd]g asszzg_Tal

[=HR] ETETHIZF " 0IT Bazg TI1
TrReIsg oTEmog TIT

paddtry desms ¥
dasag ¥
TOTINTOSFE X

[SEA]9TTTEEEE B
[SEAICez0FIF0 1T
[SEIBLFLEELI O

/] SUW2SIIg X

FEEST =3uTeg X

[=d3] 986k L 3FSFF0_K
[=EH] ETETFIZF 09T Be3g
1T wTEES X

moTIwING Boy ¥
qafusa3g praTy

[s1#0SELERF T
([=EHloos) [E1L0F%L 1T

WHN Z¥I1E0 = z33smozoads
FoTmmmSTE = =118

X = STOTSTSWT]

[mdd] = saTug wIg
Truozog = ST3TI =Ig
[uozog = oTvmog ¥
LOTET = =3T5 WIQ
XTIEH0D 0T = awmIng wIEg
ssTnd stburs = msumon

IJWTL WOTSTATH
swrg 3avlg TwmIoY

00 %¥F-0T OZ0C-9Id-0T
TSTLO-ZZ LTOCS-HOC-Z

90-IHOIIIY ausaTeg
95Z-I-0% PI 21dmws
gxe-esnd srbuts JusErTedag

A
[ Hoz-o3=ddce 1T 552-I-08

Togamy
Bl 1

TBolog : ORIy sad spred -y

SFH

oor- 1] 001 00T oot

QJ_UWH-

oor-

ool

00z

o

oy

(suypuesnoy)

1B NMR Spectrum of benzyl (2-(2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-indol-

3-yl)ethyl)carbamate (39)
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1H-IH COSY NMR Spectrum of benzyl (2-(2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-
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IH NMR of benzyl (2-(5-hydroxy-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-indol-
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13C NMR of benzyl (2-(5-hydroxy-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-indol-
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1B NMR Spectrum of benzyl (2-(5-hydroxy-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
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IH NMR of (E)-tert-butyl 3-(2-(1,3-dioxoisoindolin-2-yl)ethyl)-2-(3-oxoprop-1-en-1-yl)-1H-
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13C NMR of (E)-tert-butyl 3-(2-(1,3-dioxoisoindolin-2-yl)ethyl)-2-(3-oxoprop-1-en-1-yl)-1H-

indole-1-carboxylatecarboxylate (53)
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IH NMR of (E)-tert-butyl (2-(2-(3-oxoprop-1-en-1-yl)-1H-indol-3-yl)ethyl)carbamate (63)
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13C NMR of (E)-tert-butyl (2-(2-(3-oxoprop-1-en-1-yl)-1H-indol-3-yl)ethyl)carbamate (63)
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IH NMR of (R)-benzyl 3-(1-(3-(2-(((benzyloxy)carbonyl)amino)ethyl)-1H-indol-2-yl)-3-

oxopropyl)-1H-indole-1-carboxylate (65)
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1H-indol-2-yl)-3-oxopropyl)-1H-indole-1-carboxylate (65)

101

_ aouBpUNqE wojosg © worpy sad swed 1 X
[=15°T = sty Eeyaqg | . . . . . . . . .. . .
I5Ted = awsazg =aweg [E0 T0 T0O 01 0T 0E or o< 0o oL g s
130 = apogg rzg Pl v b b e e e e e B e L L
730 = spoR 331 Eo=
[=2]30LFF €T = =Ty Boy 1 F =
[sn]l§ 2T = =smog x| ] ‘L 2
laele = my x| 500 Zq) G9 e @
[=18965L8T 0 = Ty BOv X N [=®
[=81%° 2T = TETH_06 X I =
[pls-aT = 3eg dmeg H =
ag = |.Hﬂﬂ.ﬂ. Iaowg z H m
[515°T = d&wyag woTawxwiayg 1 r (=3
_ Es wn ] A
S60F = Sumag TWIOL / e L =]
ZE = suwog ] o 3
F5TEd = peddirn / _ I =
[mdd]g = 325330 1T |refs - o [ =
[=EH] E#50Z TS0 005 = baxg txg | ) = F o
noiorg = oremog TIT .._w_ u H L=
[mdd]g = 3es3zgTTr | < u
[SEH] E%50ZTZ0 005 = bazg 11 it Z4OHN L
noiorg = wremog TIT | Y- L
[SEA19ZTTT6SE & = dasng 1 # r
[SH]16990E653 Th = ToTanTosed L [
o= sowosazg I | [ =
g8zT = sautog | F
[=3d16EZTEELD 5 = IFEFIO_A L F
[=EH] E¥S0ZTE0 005 = baxg x ) — r
T = sreweq x (. J .
[=E¥lezsTsesy 5 = paddry daasg x N | =
[SEA] T¥TEZE 9 = desng y | I
[SEIEETES0EE 'S = ToTaaTessy X ] [
P o= sowossIz ¥ ! L
0821 = s3uTeg ¥ i I
[=dd] gEZTEELD S = ISEII0 X — L] F o4
[SER] £3S0ZTZ0 005 = Baag x| __ | - . . [=
o = wrvmagy | 1970 | : E
[F18965LET'C =  ©oTawImg boy x | d . g r
([SERIQ0S) [TITs6L TT =  wabuszagprama| .A ”
LL a s o
WHN ZYATI0 = F@3FwerIadg mu.mw - & a .IM
005JHIS = =TS | 001 | N. »
LY = smersasmETg \ F
[edd] [wdd] = zaTun Wrg _ r
T030I3 WOISIZ = ST3ITT =Eg | X F
uojoxg = aTwmog 5 1 .‘ Fis
uzierg = TTEES] n o5 M=
FEOT “HEOT = sty wrg _Jd Rt. F
Tvad TeEd 0 = wmzog wiwg — ' =
- u
TS 6T 2T 0ZOZ-ELI-0Z = SwTy woTSTASY r R—— . o
0T:007ET STOT-TAC-HT = WTL 3TWaF TEmady [ oqop F —
O-HE0J0E0TED = ITIATOS M & F=
z 3ods IpaIn wo-pA-OS = pI =rdmeg __ r
dxl- fsoo = Insmrrsdry — —— — — = — =
f |(IJ.|i L A - E
_ Ael = Toqamy 4\IJ¢|iJ__A 4_.1. j ____z. Au = .m.
j0o 7 30ds spnis wo-p-0S = o uﬂ\ __ m|.|. mr
= =
- = = 2E 8 v == SEe 8
. = o3 . = 3o A o F
) 10317 o Al 3
L i/ Eo
- ! =

IH-1H COSY NMR Spectrum of (R)-benzyl 3-(1-(3-(2-(((benzyloxy)carbonyl)amino)ethyl)-



CHAPTER 3: OTHER INDOLYL-PROPYLENE GLYCOL NATURAL PRODUCTS
In addition to the total syntheses of mucronatin A and B, we are working on completing

the total synthesis of discoipyrrole D by modifying the approach proposed originally*® but relying
on different protecting groups (Figure 3.1). A third target, cytoblastin!, has been synthesized (and
the natural diastereomer identified) by the Kishi group,8° but with a high step count and low overall
yields. We anticipate that our key conjugate addition step will allow for the synthesis of both

discoipyrrole D and cytoblastin in high yields, with high selectivity, and a lower step count.

Mucronatin A/B Cytoblastin Discoipyrrole D
2

1a/1b 3

Figure 3.1. Indolyl-propylene glycol natural products.

3.1. Cytoblastin

3.1.1. Isolation and Activity

Cytoblastin was isolated from bacterial cultures of Streptoveticillium eurocidicum in 1991
and was found to be a promising biologically active compound.8! The compound was isolated
along with two corresponding structures, triacetylcytoblastin (4), a structural analogue, and
indolactam V (5),82 presumably a precursor. Extensive NMR studies were performed to determine
the connectivity of the discovered compound. Structural similarities were drawn to indolactam V

and the teleocidin class of compounds,®38 both of which are known tumor-promoters and

1 Cytoblastin shares a name with a commercial drug used in the treatment of cancer, in which the active ingredient is
vinblastine. The structures both contain diindole cores, but vinblastine is related to vincristine, not cytoblastin or
indolactam V.
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inflammatory agents. However, cytoblastin did not exhibit either of these properties, but did

increase proliferation of T cells. These promising results led to synthetic interest in the molecule.

cytoblastin indolactam v

3 R=H
4 R=0Ac triactylcytoblasin 5

Figure 3.2. Cytoblastin and associated isolated compounds

3.1.2 Kishi’s Synthesis and Stereochemical Determination
Due to similarities in structure to indolactam V (5), the Kishi group proposed that the

corresponding portion of cytoblastin (2) should have the same stereochemistry (Figure 3.3).80.85

2 R=H cytoblastin 74
4 R=0Ac triactylcytoblasin N
SES

Figure 3.3. Retrosynthetic analysis of cytoblastin by the Kishi group

Based on a comparison of NMR spectra from indolactam V and cytoblastin, the relative
stereochemistry was determined to be the same, leading to the choice to begin the synthesis of
cytoblastin from indolactam V. Indolactam V was synthesized following a published procedure

that required 10 steps with a 17% overall yield (Figure 3.4, 10 steps reported by authors, 11 step

longest linear sequence).8?
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Figure 3.4. The Kagan group's synthetic route to (-)-indolactam V

The bromination of indolactam V by Kishi required a four-step sequence (Figure 3.5). The
hydroxyl was protected first, followed by protection of the indole nitrogen. The bromination at the
indole 4-position was accomplished by the use of NBS. The hydroxyl was then deprotected using
TBAF, giving brominated and protected product 19. While no intermediate purifications were

necessary, this was nonetheless a 4-step sequence not reported in the main text of the article.
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0 0
/g/\\\NH w1 TBSCI, imidazole /g/“\NH .
OH  TBAI DMF OH

—N —N
2) NaH, SEMCI, THF
>
N 3) NBS, DMF, — 15 °C N
N 4) TBAF, THF N
H SEM
5 Br 19

80% yield

Figure 3.5. Bromination of indolactam V

The tributyltin reagent for the Heck reaction also needed to be synthesized, with protection
of 20 with SES followed by the in-situ synthesis of the two-carbon tetrabutyltin Wittig reagent and
then addition to the aldehyde. This allowed access to structure 9 in 50-60% yield over two steps.

0= 1) SESCI BusSn—/

NaOH, DCM

4 —_— 4
H3C\ /CH3

N

H

N
H;C“@® “CH,(CH,)14CH; SES

20 S 9
Cl 50-60% yield
2) LDA, THF

n-Bu;Sn
/5¢
Ph;P”

Figure 3.6. Synthesis of tributyltin reagent necessary for Kishi synthesis.

Addition of 9 to the brominated indolactam V 19 via Heck reaction was performed under
catalysis by palladium to provide 21 in 80% yield of mainly one diastereomer (Figure 3.7).
Oxidation of the resulting structure gave 22. The subsequent removal of the protecting groups
under increased pressure provided cytoblastin in 90% vyield, as the only diastereomer. While
overall a nice synthetic effort, it is quite involved as it required a 10-step synthesis of indolactam,
a 4-step bromination, and a 3-step conversion to the natural product requiring a synthesized

nucleophile. Overall, from indolactam, the synthesis is 7 steps with a 40% overall yield. If the
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synthetic pathway needed to synthesize indolactam is included, the synthesis is 17 steps, with a

7% yield if the optimal yield reported by the Kagan group is achieved.

—N
Pd(PPh3),
N TBAI
N 3
SEM PhH
Br
19
BusSn =
/ 80% yield 70% yleld
N 21 TBAF
SES 0.1 mm Hg
9
cytoblastin

90% yield

Figure 3.7. Synthesis of cytoblastin

3.1.3 Improvement of the Synthetic Route to Indolactam V

Since Kishi’s publication of the synthesis of cytoblastin, several groups have synthesized
indolactam V in pathways preferable to the Kagan approach, due to simplicity, reagent appeal,
step count, and yields. While multiple syntheses have been shown to be effective,®-°0 the
Billingsley group’s synthesis is highly effective, approachable, and high yielding.®! This approach

is the one we chose to adapt for the scale-up of the synthesis of cytoblastin.
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indolactam V 29 28 27

5

Figure 3.8. Billingsley synthesis of indolactam V

The reported synthesis begins with tosylation commercially available 5-bromoindole 23.
The resulting brominated compound undergoes C—N bond formation with L-valine (25), is
methylated (26), and coupled with serine methyl ester to give structure 27 without purification
until the last step, with a 55% yield over three steps. The reduction with magnesium was reported
to be quite sensitive, but when optimized, provides the double bond necessary for the coupling in
structure 28. Previously, Neil Garg reported the cyclization of 28 to 29 with the use of ZrCl, and
the same conditions were used here. The conversion of the methyl ester gave 50% yield of
indolactam V.

The overall synthesis is 8-steps and requires only easily accessible, commercially available
starting materials. While the overall yield is 9% (compared to 17% over 10 steps reported by the
Kagan group) the shorter synthesis and accessibility of the coupling partners led us to choose this

method for synthesis and scale-up.
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3.1.4 Work to Scale Up Billingsley Synthesis

As our intention is to use indolactam V as a starting material for a synthetic effort towards
cytoblastin, there is a need to increase the scale of the synthesis of the natural product compared
to the small scale of the Billingsley group reports. We’ve made some efforts in this in the beginning
stage of the synthesis of cytoblastin (Figure 3.9).

The protection of the indole was performed in aqueous conditions with a phase transfer
catalyst to avoid large-scale column chromatography, as the resulting product is quite pure after
an aqueous wash. The subsequent three-step sequence, carried out without purification as reported,
is considerably less robust on scale. Furthermore, the conversion of 27 to 28 was reported as being
very sensitive to variation in conditions, especially to the equivalents of magnesium employed. In
our efforts, we suspect the amount of magnesium oxide on the surface of the magnesium changes
the reactivity considerably, especially on large scale. We have achieved the synthesis of 28 as an

inseparable mixture with side products.

p-TsCl I

Br HN CO,H
n-BuNHBr Cul
NaOH (16% Cs,CO;3
\ —— \
PhMe N L-valine N

60°C,2h Ts DMSO Ts
60% 90 °C, 24 h 25

10 g scale formaldehyde

NaBH;CN, AcOH
pure aftze‘{ workup MeCN, RT, 1 h

A\
N
H
\ / \ MeSer \NICOZH
EDC, HOBt
o (o] NEt
\ < A - N
N
N MeOH DCM Ts
Ts (55% reported)

mix of products 14%
28 27 26

Figure 3.9. Efforts towards scale up of Billingsley synthesis
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Work continues on the scale up of this synthesis, with screening of conditions for the
dehydration (conversion of 27 to 28) as well as determination of the low yielding step of the three-
step sequence. It is also possible to use a different synthetic route, for example the Garg approach8®
or the Kagan approach used by Kishi, though the latter is longer and involves more expensive and
dangerous reagents (such as thalium (111) trifluoroacetate).

3.2 Proposed Synthetic Route to Cytoblastin

After a scaleable route to indolactam is found, the total synthesis of cytoblastin should be
quite accessible by the use of our conjugate addition methodology as developed for the
mucronatins and as in our original approach to discoipyrrole D (Figure 3.10). There are two

possible disconnections, as in the mucronatins.

to act as nucleophile
Bpin

\
N
';( NH
(o}
HN
29 \N
OH )l,,,. NH
to act as electrophile ==
o
HN

Br

\
N
o
HN

Indolactam V

Cytoblastin 5
2
OH
R=H 30
R=SEM 19

Figure 3.10. Two routes to cytoblastin.

Hartwig iridium chemistry has been used to borylate the 7-position of the indole.8061,92,93
Conditions have been reported for selective 7-borylation with a variety of substituted indoles with

high functional group tolerance and selectivity, making it possible to synthesize compound 29
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from indolactam V without protection of the indole nitrogen. On the other hand, it was possible to
brominate at the 7-position, as in the Kishi synthesis of cytoblastin (compound 19). As this would
require a four-step sequence, we are considering other possibilities for halogenation. For example,
the Garg synthesis accomplishes the bromination of TBS protected cytoblastin in one step with
NBS.86

From 19 or 30, a Heck reaction could provide the three-carbon aldehyde needed for
conjugate addition with a 3-BFsK indole, as in mucronatins and discoipyrrole. We are quite
interested in using the indole as an electrophile, and it is our hypothesis that the 7-position C-B
bond will be considerably more resistant to protodeboronation than a 2- or 3- position C-B bond.
3.3 Compiletion of the Synthesis of Discoipyrrole D

The completion of the synthesis of discoipyrrole D is the final target in the indolyl-
propylene glycol class. In the May group’s original study, the molecule could not be successfully

deprotected (Figure 3.11).
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Figure 3.11. Original route to protected discoipyrrole D.

Two potential revisions to the initial approach#3 are reversal of the synthetic steps and

modification of the protecting groups in the three-component coupling (Figure 3.12). John

MacMillan, who first reported the structure of discoipyrrole D showed that it is possible to perform

the three-component coupling with free hydroxyls (40 and 41) instead of the methoxy groups

present in 31 and 32. Furthermore, adding DMAP to the reaction conditions has been shown by

111



the MacMillan group to improve coupling yields.%* It should also be possible to perform the Heck
reaction prior to the three-component coupling, using 33 to synthesize unsaturated aldehyde 39,

which could then be used in the coupling to synthesize 42, with free hydroxyls.

™
o
H2N 39 a
OEt AN
HO o o H
DMAP
Br | OEt TFA, DMSO
—— HO
> 60°C,20 h
H;N Pd(OAc), KCI, K,CO; HO 40 o
(n-Bu);NOAc

(¢]
HO o then HCI (aq)
33
o
HO

41

Figure 3.12. Step reversal approach

The other revision simply relies on utilizing a protecting group other than methyl to ensure
discoipyrrole D can be deprotected late in the synthesis, avoiding the problem in the original
approach. One possibility with some precedent, including by Kishi in the studies of cytoblastin®®
is using long-chain tethered protecting groups (Figure 3.13). It is possible this would increase the
yield of the three-component coupling, as it would render part of the synthesis intramolecular.

Furthermore, the resulting compounds would be easier to purify, allowing for ease of synthesis.

/©)‘\ DMSO, TFA | n
60 °C o
three component

coupling

Figure 3.13. Alternate long-chain protecting group

Br
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3.4 Conclusion

All three natural products discussed in this chapter have intriguing biological activities,
making them synthetically interesting. Furthermore, they not only come from different biological
sources, but they have differing biological activities. We hope to complete all three syntheses
shortly. Our methodology allows for a modular synthesis, with the capability of modification of
electrophiles and nucleophiles. Also, our conjugate addition methods are quite tolerant of many
functional groups. This method could be used to synthesize not only these natural products, but
their analogues, allowing for structure-activity relationship and medicinal chemistry studies of the

structures.
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CHAPTER 4: CONJUGATE ADDITION FOR VINYLOGOUS SUBSTITUTION WITH
ORGANOBORATES?

4.1 Mechanistic Studies of Organocatalyzed Conjugate Addition

Our group, among others, has studied the mechanism of conjugate addition with BINOL -
derived organocatalysts.3® Among those who have studied the mechanism of conjugate addition,
Goodman and Pellegrinet presented several computation-backed studies of such conjugate
additions.?>97 The Schaus group has also proposed mechanisms for similar allylboration of
ketones.?89 |n the conjugate addition of organoboronates with modified BINOL catalysts, Chong
has proposed a possible mechanism.2” Our group has recently collaborated with Steven Wheeler’s
computational group to evaluate the reaction and develop more effective catalysts.1%

4.1.2 Chong’s Suggested Mechanistic Pathway

Upon publication of conditions for the conjugate addition of organoboronate esters, the
Chong group proposed a possible mechanistic pathway for this reaction.26:27.37.101 Ag described in
Chapter 1, they hypothesized that the catalyst would facilitate trans-esterification of the boron,
giving I, which could then react with 3 in a conjugate addition reaction. The enantioselectivity of
the reaction was proposed to be determined by the identity of the BINOL derivative. In the original
proposal, Chong suggested that the selectivity may be due to the reaction proceeding through a
chair-like transition state. If this was the case, one of the transition states where the attack would
be pseudo-equatorial is destabilized by a steric interaction with the catalyst (see Figure 3.2).

In the Chong group’s initial screen, BINOL was found to catalyze the reaction when it was
unfunctionalized, leading to high enantioselectivities in product formation, but in low yields.

Therefore, the catalyst was modified with electron-withdrawing groups at the 3,3'-positions. The

2 The research described in this chapter has been published in part in Organic Letters (Org. Lett. 2020, 22, 4, 1355-
1359).
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Chong group hypothesized that this was due to the increased Lewis acidity of the trans-esterified

complex 1 which made the complex more reactive (Figure 4.1).

O 2 L

OH
CaC
X
1
/I

(RO)z
1

Figure 4.1. Chong's mechanistic proposal

4.1.3 Pellegrinet and Goodman’s Mechanistic Studies

Pellegrinet and Goodman were able to computationally elucidate the mechanism as
proposed by Chong.#! The group chose the iodo-BINOL 1 (X = 1) for computational analysis. They
analyzed the reactivity with alkynyl boronate esters rather than the vinyl nucleophiles (2).

They were able to show computationally that Chong’s proposed mechanistic pathway was
likely, with confirmation that 2 is unlikely to react with 3 without catalyst involvement. They also
showed that the complex I is indeed a viable intermediate.

In a later paper, Pellegrinet and Goodman showed that the proposed chair-like transition
state was unlikely (5a and 5b, Figure 4.2), with the molecules adopting a sofa-like conformation
in the transition states (6). They were able to confirm that the BINOL-derived catalyst and boronate

ester complex is highly Lewis acidic. The conjugate addition was found to be irreversible. This
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computational analysis confirmed many of the proposals from Chong et. al. and led to greater

understanding of the reaction pathways.

3 S

0 Vo ﬁ\/ﬁ
(RO),B

R1JI\/1\R2 3,31, BINOL R ;R

>
R cy?}“—w 8

Jé o= XR i . »
R2 i R! H o~

5a 5b i | 6

. [ 1 = 2
favored disfavored Y R R :
i 1 calculated TS, bond forms from the !
back to the front

not found in DFT calculations ! 'attack from front is blocked by iodine E

o
o
2

proposed chair-like TS of conversion of | to Il

Figure 4.2. Pellegrinet and Goodman analysis of transition states and rationale for

enantioselectivity

4.1.4 May Group Mechanistic Study

The May group performed Hammett plot analysis of the conjugate addition reaction for
conditions developed by our group (Figure 4.3). Rather than querying the reasons behind the
stereochemical outcome, our group focused on the electronics of the reaction by varying the
substitution of the a,B-unsaturated ketone (R and R? in 7) and the organoboronate nucleophile

(R3in 8).
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R3

8
o S

X B(OH),
‘ O Mg(Ot-Bu), (10 mol %)
R1 7 R2

4 A MS
PhMe, reflux, 1h
C,F; BINOL (20 mol %)
reaction rate is increased if R! or R® are electron donating
reaction rate is decreased if R® is electron donating

Figure 4.3. May group conjugate addition study

Contrary to expectation, it was found that if R was electron donating, the reaction rate was
increased. The increased rate is likely due to stabilization of the forming partial cationic charge in
Ilas seenin I’ (Figure 4.4). 1t’s likely that electron donating groups can stabilize this charge by

resonance (Figure 4.5) and induction.

Figure 4.4. Catalytic cycle
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For example, para-methoxy electrophile 10 can be shown as the resonance structure 10°.
This increases stability of Il, ensuring the reaction can proceed to the carbon-carbon bond

formation necessary to form I11.

(o} o

=
w e S =~
~o 10 o 10°
C)

Figure 4.5. Resonance stabilization of the electrophiles for conjugate addition

This ability to use electron-rich electrophiles inspired the use of heterocycle-appended
enones, which was covered in chapters 2 and 3. Related work was proposed after the results of the
mechanistic study were obtained that would utilize stronger 3-donating groups.

4.2 Vinylogous Esters and Amides

In light of rate acceleration by electron rich B-substituents, we proposed the possibility of
using a rarely used class of electrophiles — vinylogous esters and amides. These are not viable
electrophiles for traditional conjugate additions due to being overly electron rich. However, in the
case of the organocatalyzed conjugate addition of organoboronate nucleophiles, the stabilization
of positive charge developing in the transition state would increase reaction rate. This led us to
believe the conjugate additions may be quite robust with these electrophiles due to their ability to

directly contribute to resonance stabilization (11 and 11', Figure 4.6).

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

€ > ° o E 12 (R)-C7F7 B|N0L, organocatalyzed
.R )\A .R ' (o) BF.K conjugate addition?
MX X X : Ph/\/ 3

. 11’ ® ; - N/R

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

|
13 R

Figure 4.6. Proposal for organocatalyzed conjugate addition with vinylogous esters and amides
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4.2.1 Palladium Catalyzed Conjugate Additions to Vinylogous Amides

There have been two examples of conjugate addition to vinylogous esters and amides,
reported by the Wan%2 and Wu® groups. These examples both rely on palladium catalysis.

4.2.1.1 Wan Group

In the case of the Wan group,1°? the use of palladium was necessary for the synthesis of the
products (Figure 4.7). When using dimethyl vinylogous amide 14 they observed conjugate addition
followed by the elimination of the dimethyl amine anion. However, with palladium catalysis the
structure resulting from single addition is more reactive to conjugate addition than the initial

vinylogous amide; therefore, only double addition products were isolated from the reactions.

o] Pd(OAc), o O

= P bpy >

N DMF/H,0
| 90 °C
14 B(OH), 16
©/15 65-75%

Figure 4.7. Conjugate addition of organoboronates to vinylogous amides by the Wan group

Furthermore, this reaction was very limited in nucleophile scope, thus offering limited
utility. The palladium catalysis was also not ideal, as it utilized a toxic transition metal and a costly
ligand.

4.2.1.2 Wu Group
The Wu group was able to catalyze conjugate additions without elimination using

palladium (Figure 4.8).19 They observed elimination (17) and double addition (16) products as
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impurities. They were able to optimize conditions and solvents to synthesize structures 18

enantioselectively, with aims to use the oxazolidinones as directing groups.

Sk e 1S ol

bpy

o _m o J i
\\< DMF/H,0 N
17

B(OH), 18 0 E 17
R : 16
15 - :

20-100% conversion, up to 99:1 dr

J=o
)

Figure 4.8. Conjugate addition of organoboronates by the Wu group

4.3 Organocatalyzed Conjugate Addition to Vinylogous Esters and Amides

In 2015, we began studies of conjugate additions with vinylogous amide and ester
electrophiles. We were able to show that conjugate addition was possible with several examples
of these. The addition was followed by elimination of the B-amine or alkoxy anion (19), resulting
in formation of polyene 20 (Figure 4.9). When using a BINOL-derived catalyst, the reaction
worked best with the vinylogous phenyl ester 18b. The use of trifluoroborate salt nucleophiles and
catalyst 24 was based on previous work with electron-rich heterocycle appended enones and was

predicted to give the best reactivity.

(+)-C;F; BINOL
4 A mol sieves

Ph o
" X BFK éf) n
Ph ) 07 o /\/\)J\
R‘x/\)l\ VT el & — Y
R
19

18 DCE or PhMe 20
R-X = | o]
o N
~O5¢ < - N
73% 86% 65% Bé
18a 18b 18¢c 0O 0%
18d

Figure 4.9. Organodiol catalyzed conjugate addition to vinylogous esters and amides,

preliminary results
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4.3.1 Catalyst Evaluation and Screening

However, as the products thus formed are not chiral, a chiral catalyst is unnecessary. While
our synthesis of the catalyst is well developed and requires only one purification in the final step,
it is nonetheless a three-step synthesis requiring a large excess of perfluorotoluene in the
conversion of 23 to 24 and the somewhat costly BINOL as a starting material (Figure 4.10). The
C7F7 groups are exceptionally effective at increasing catalyst activity due to their electron
withdrawing nature, and the BINOL-derived diol is able to effectively control stereochemistry of

the forming bond, resulting in high enantioselectivities.

C;F; C/F;
O |OO 1) n-BulLi OO Amberlyst 15H OO
‘ on MOMS omMOM  THF 0°C

> OMOM resin OH
OH THF 0°C OMOM  2)c;F, OMOM MeOH/THF (1:1) OH
(7 equiv)
C:F7 C;F7
21 22 23

66% Overall Yield
24

Figure 4.10. C7F7-BINOL catalyst synthesis

We hypothesized that it was possible to simplify the catalyst for the reaction (Table 1). We
screened a variety of organodiols, finding that unfunctionalized BINOL and biphenol were able to
catalyze the reaction (entry 3 and entry 4, respectively), but with decreased yields when compared
to bis-C7F7-BINOL (entry 1). In particular, 2,2'-biphenol, which is attractive due to cost and small
size, had comparable conversion, but required a longer reaction time than bis-C;F-BINOL (entry

4).
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Table 1. Catalyst screen.

BF;K
o 24 Ph/\/ (23equiv) o
Catalyst (20 mol %) /\/\)j\
o \0/\)1\ ZANS, PhMe > Ph N
18b 100 °C, Time 20
entry catalyst time yield
1 (1)-C7F7-BINOL 24 hours 86P
2 (£)-10DO-BINOL 24 hours 852
3 (£)-BINOL 24 hours 81p
4 2,2 -biphenol 48 hours 82>
5 TBBol 18 hours 82>
6 (L)-tartaric acid 72 hours 772
7 (L)-tartramide 48 hours 62
8 1,4-butanediol 48 hours 423
9 none 48 hours 612
R Br Br
C L, g oo
OH OH

‘_ _N(Bn
HO (Bn),

OH OH i
99 ¢ o
R Br Br

(L)-tartramide

R =1; 10DO BINOL (25) TBBol 27
R = C;F7; C;F; BINOL (24) (TetraBromoBiphenol)
26

aNMR vyield. PIsolated yield, average of 3 trials.

TetraBromoBiphenol (TBBol), synthesized in one step from biphenol (Figure 4.11), was
able to perform the reaction in a comparable time to C7F7-BINOL with similar yields. A tartramide
catalyst as used by the Schaus group® for organodiol catalyzed Petasis reactions decreased yield
considerably (entry 7), as did unmodified tartaric acid itself (entry 6). The reaction does show a
considerable reactivity even when uncatalyzed (entry 9); however, organodiol catalysts

considerably increased the rate of reaction.
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Br. Br
O AcOH, Br, O
5-30 minutes
OH >

OH
l OH l OH
Br Br
28 26
92% yield

Figure 4.11. Synthesis of TBBol

4.3.3. Leaving Group Effects

In the interest of assessing the effect of the leaving group on the reactivity of vinylogous
esters and amides, a variety of leaving groups was screened (Figure 4.12). Vinylogous esters and
amides were synthesized by reaction of the alcohol or amine with 3-butyn-2-one (27), which
occasionally required DABCO catalysis for high yields. A commercially available B-chloroenone
(18p) was also tested. It was determined that vinylogous esters were quite effective in the reaction,
with 4-phenoxy-but-3-en-one (18b), providing the polyene in the greatest yield (82%).
Disubstituted vinylogous amides were even more reactive, with the best-case amide, 18j, providing
the polyene product in 92% yield. Most vinylogous esters and amides provided the polyene product
in high yields, except for phthalimide leaving group (18p) that provided no polyene. It instead
showed a great deal of decomposition in the NMR spectrum. Primary amines (i.e. 18i, 18l) gave
decreased yields of the polyene structures, possibly due to the high reactivity of the leaving group.

In all cases, no addition without elimination was observed, even for less stable leaving groups.
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X-H
(1.1 equiv)

X X
\\n/
DCM

O (pABCO)
27 33 929

Oy 186 H  82%°
©/ 18¢ CN  74%
Y 18f NO» 26%

18g Cl  32%

R R = Nt
/ﬁ;{ 181 H  11% Nz/
18¢c Me 62% 18m 72%

/\/BF:»,K
(2 equiv)

/ TBBol (20 mol %) Ph_ 2~_.=
—>
18 o 4AMS,Solvent? 20 o
100 °C, 24 h vinylogous substitution
product
O}i o R= ©/\
Me” & 18i H 55%°¢ N}é
18a 76%° 18 Me 92%° 18k 55%
18h 64%
o™ o Ph
N-—$-
K,N},{ y o
18n 55% 180 0% O 28 bh
double addition
product

minor

Figure 4.12. Conjugate addition to various vinylogous esters and amides

4.3.4. Additive Effects

A variety of additives were screened with the goal of increasing reaction rate and/or

preventing elimination of the leaving group. Regardless of additive, no conjugate addition without

elimination was observed. In most cases, reactivity was not increased. A side product observed in

these reactions was the symmetrical disubstituted product 28, the result of a second conjugate

addition. This second conjugate addition is considerably slower, reversing the reactivity for

palladium catalyzed reactions. It is possible to increase the rate of formation and synthesize the

double addition product by using ammonium carbonate as an additive and C7F7-BINOL as the

(Figure 4.13). To confirm the generality of this effect, the additive was tested in a known reaction

with B-indole unsaturated ketone 29 and was found to increase reaction rate, allowing for

conversion to product in half the time required without the additive.
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(£)-C,F; BINOL

H A
No = 4 AMS, (NH,),CO,
\/\n/ PhMe - PhF
181 o 100 °C o
18 hours z
BF3;K
ph N 5 sauiv Ph 28
24 71 1%
o] Ph o
—— -
(+)-C,F; BINOL
PhMe
N TA WS > )
N 80 °C N 30
H . _BF:K H
29 ph/\/2 eqziv without additive: 28 hours, 87%

with (NH,),CO5: 14 hours, 88%
Figure 4.13. Effects of ammonium carbonate on reaction rates

4.3.5 Nucleophile Evaluation

A variety of organoboronates were tested in vinylogous substitution using the B-methyl
aniline electrophile due to its high reactivity. Boronic acids were not as effective as trifluoroborate
salts, but a variety of nucleophiles were reactive in the conditions. Aromatic nucleophiles gave
decreased yields, likely due to the need for dearomatization during carbon-carbon bond formation
in the reaction mechanism. Increasing reaction times for less reactive nucleophiles allowed for
higher conversions. Generally, diene and ene/yne structures could be synthesized effectively by

this methodology.
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BF ;K
o BOH): o o -BF
o (2 equiv) o
o /\)I\ TBBol (20 mol %) /\)j\
N 4AMS,PhMe R
| 18 100 °C, 24 h 20
o O 20c x=ph o
NP PN BF;K 32% ~
20a 20b X=CF3 20
B(OH), 86% X B(OH), 24% 20d X =0OMe B OHe 13%
(48 hours) BF;K 85% B(OH), 64% (BF }2 IS
BF;K 86% (C,F, BINOL catalyst)  BF3K 88% 3K 20%
o)
PN O 209 R=Ph | S o
BF ;K 82%
20f /\)k (48 hours) 7\
B(OH), 24% 20
R 20h R=TMS
BF3K 40% B(OH), 49%
BF;K 0% (OH), 49%
BF ;K 6%
© N
| 7/ \ (o]
Ny N
20j 20k
B(OH), 15% 0
BFAE 437 BF ;K 24%

Figure 4.14. Nucleophile screen

4.3.6 Electrophile Expansion

Expanding the scope and utility of this reaction required the synthesis of differently
substituted esters and amides. While the methyl ketone vinylogous esters and amides were readily
synthesized from the corresponding alkyne, differently substituted carbonyl derivatives were
difficult to synthesize and purify, giving low yields (Figure 4.15). These esters and amides were
reactive to conjugate addition; however, the low yields to form starting materials were prohibitive

to a wide-ranging application of this methodology.
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1) BrMg

0 (0] PhNHMe (o}
| THF \\ DCM
- Z _Ph
R RN\ —> R N
2) PCC 3 12-72 h |
31 or Jones 32 33
up to 99% yield (DABCO)
(2 steps)

S (o}
31b OMe 9%, 32%" /@X \ \
31c NO; 9%,54%° 31e 31f

31d CN 0% 29% <5% by NMR

Figure 4.15. Varied vinylogous esters and amides

4.3.7 Other Substrates

We considered the possibility of using other vinylogous esters and amides, with particular
effort made to synthesize tetrasubstituted carbon centers. We hypothesized using cyclic vinylogous
esters and amides to synthesize such structures. Several examples were synthesized and examined

in this methodology (Figure 4.16).

K (R)-C,F BINOL : (R)-C,F, BINOL
: 4AMS
DJ """ e =/ T Hime s ™
PhMe, 80 °C N , P onl

. \ 0
Ph BF3;K
Ph/\/BF?’K H . 33 Ph/\/ 3 34 Ph
31 24 32 24

Iz

Figure 4.16. Attempts to form tetrasubstituted carbon centers

The cyclic vinylogous amide 31 and the cyclic ester 33 were used as electrophiles in test
reactions. We were hopeful these substrates would be reactive to conjugate addition and form
tetrasubstituted centers B-to the carbonyl. Unfortunately, no conjugate addition was observed in
either case, regardless of additives or reaction conditions.

Another test substrate was the cyclic vinylogous ester 35 (Figure 4.17). In this case,
conjugate addition was observed, but the diastereoselectivity could not be determined. When

vinylogous ester 37 was used, elimination of the hydroxyl led to the formation of compound 38.
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This reaction was not enantioselective, even with a chiral catalyst. This has led us to consider
future work with substrates bearing sacrificial leaving groups. Careful substrate design could

potentially allow for the synthesis of difficult to access products.

(R)- C F7 BINOL
PhMe reflux ]
48 hours
BF3
38

(R)-C,F; BINOL
4 AMS
PhMe, reflux
48 hours

BF3

62% Yield

Figure 4.17. Cyclic vinylogous esters

4.4 Conclusion

Conjugate additions with organodiol catalysts were shown for the first time to be effective with
vinylogous ester and amide nucleophiles. The nucleophile scope made this an intriguing method
of synthesizing polyenes and ene/ynes. However, the synthesis of certain esters and amides was
prohibitive, making the methodology less general and applicable. It would be difficult to compete
with existing synthesis methodologies with these limitations. After consideration, we were able to

reformulate the methodology to enact the same transformation in a relay catalytic approach.
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4.5 Experimental

General considerations

All reactions were carried out in flame-dried glassware under an argon atmosphere. THF, Et:0,
toluene, and CH2Cl> were purged with argon and dried over activated alumina columns. Flash
chromatography was performed on 60 A silica gel (EMD Chemicals Inc.). Analytical thin layer
chromatography was performed on EMD silica gel/TLC plates and imaged by fluorescence at 254
nm or p-anisaldehyde stain. The 1H, 13C and 1°F NMR spectra were recorded on a JEOL ECA-600,
500, ECZ-400 or ECX-400P spectrometer using the residual solvent peak as an internal standard
(CDCl3: 7.26 ppm for IH NMR and 77.2 ppm for 13C NMR). NMR vyields were determined by the
addition of 1.0 equivalent of methyl 4-nitrobenzoate as an internal standard to the crude reaction
mixture and comparing the integration of the standard’s peaks to those of the starting material and
product (16 scans, 30 second relaxation delay). IR spectra were obtained using a ThermoNicolet
Avatar 370 FT-IR instrument. HRMS analyses were performed under contract by University of
Houston’s mass spectrometric facility via an nESI method and a Thermo Exactive + Advion
Nanomate instrument. Analysis by HPLC was performed on a Shimadzu Prominence LC (LC-
20AB) equipped with a SPD-20A UV-Vis detector and a Chiralpak or Chiralcel (250 mm x 4.6
mm) column (column details provided for specific compounds).  Commercially available
compounds were purchased from Aldrich, Acros, Ark Pharm, Alfa Aesar, Beantown Chemical,
TCI, and Combi-Blocks and were used without further purification. [IUPAC chemical names were

generated using Cambridgesoft ChemBioDraw Ultra 12.0.
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4.5.2 Vinylogous Substitution Optimization

Procedures in section 4.5.6.

Initial Studies
(o]
oy Ty AN
O (¥)-C;F; BINOL (15 mol %)
Additive
Solvent
entry | BXn equiv | temp time solvent | additives yield (%0)
() (h)
1 B(OH): 1.2 70 24 DCE SiO, Decomposition
2 BFsK 1.2 70 24 DCE 4 AMS 73
3 BFsK 1.2 70 24 DCE LiBr 71
4 BFsK 1/2 110 24 PhMe |4 A MS 69
Starting material was purchased from Sigma Aldrich.
Phenoxide Leaving Group; Optimization Studies
o
\/\H/ﬂ»ph/\/\)l\
catalyst (20 mol %
additive
solvent, time
entry | catalyst BXn equiv | temp | time | solvent | additives yield (%0)
cC [ (h)
Catalyst and Salt Loading: Initial Screen
1 (£)-C7F7 BFRK | 1.2 70 18 DCE 4 AMS 81 (average of
BINOL 7)
2 (+)-C7F7 BF:K |2 70 24 | DCE 4 AMS 83, 75
BINOL
3 (£)-C7F7 BFRK |2 70 24 DCE 4 AMS 67
BINOL (10
mol %)
4 ()-12 BFsK |2 70 24 DCE 4AMS 70 (average of
BINOL 3)
Additive Screening
5 (£)-C7F7 BFK |2 70 24 DCE 4 AMS 57 (average of
BINOL t-BuOH (1 equiv) | 3)
6 (£)-C7F7 BFRK |2 70 24 DCE 4AMS 32
BINOL TEA (0.1 equiv)
7 (£)-C7F7 BFRK |2 70 24 DCE 4 AMS Decomp
BINOL TEA (0.5 equiv)
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(o}

AXBXn
\/\n/ WP“WI\
additive
solvent, time
entry | catalyst BXn equiv | temp | time | solvent | additives yield (%)
cC) [(h

Additive Screening

8 (+)-C7F7 BFsK |2 70 24 | DCE 4 AMS 53.7
BINOL TFA (0.1 equiv)

9 (£)-C7F7 BFRK |2 70 24 DCE 4 AMS Decomp
BINOL TFA (0.5 equiv)

10 (£)-C7F7 BFRK |2 70 24 DCE 4 AMS 0
BINOL BClz (1 equiv)

11 (+)-C7F7 BFsK |2 70 24 | DCE 4 AMS 0
BINOL BH3*THF (1

equiv)

12 (+)-C7F7 BFsK |2 70 24 | DCE 4 AMS 53
BINOL BFs+OEt (1 equiv)

13 (+)-C7F7 BFsK |2 70 24 | DCE 4 AMS 40
BINOL AIClI3 (1 equiv)

14 (£)-C7F7 BFRK |2 70 24 DCE 4 AMS 0
BINOL BBrs3 (1 equiv)

15 (£)-C7F7 BFK |2 70 24 DCE 4 AMS Decomposition
BINOL Brz (1 equiv)

16 (+)-C7F7 BFsK |2 70 24 | DCE 4 AMS 0
BINOL AlMes (1 equiv)

17 (£)-C7F7 BFRK |2 70 24 DCE 4 AMS Decomposition
BINOL TiCl4 (1 equiv)

18 (£)-C7F7 BFRK |2 70 24 DCE None 0 (70 % SM
BINOL recovered)

19 (£)-C7F7 BFRK |2 70 24 DCE LiBr (3 equiv) 47
BINOL

Expanded Organodiol Catalyst Screen

20 (%)- BFsK |2 70 24 DCE 4 AMS 69 (average of
BINOL 3)

21 2,2°- BFRK |2 70 24 DCE 4 AMS 75
Biphenol

22 1,4- BF:K |2 70 48 | DCE 4 AMS 49
Butanediol

23 2,2°- BFR:K |2 70 12 | DCE 4 AMS 19
Biphenol

24 2,2°- BFRK |2 70 24 DCE 4 AMsS 80
Biphenol

25 2,2°- B(OH) | 2 70 24 DCE 4 AMS 76
Biphenol 2

131



(o}

BX,,
\/\n/ Ph N~ > Ph/\/\)l\
catalyst (20 mol %)
additive
solvent, time
entry | catalyst BXn equiv | temp | time | solvent | additives yield (%)
cC) [(h
Expanded Organodiol Catalyst Screen
26 2,2’ BF:K |2 70 48 | DCE 4 AMS 61
Biphenol
27 None BFK |2 70 24 DCE Phenol (2 equiv) 18
28 None BFsK |2 70 24 DCE Phenol (0.2 equiv) | 34
29 None BFsK |2 70 24 | DCE 4 AMS 38
30 2,2°- BFRK |2 80 48 DCE 4 AMS 82
Biphenol
31 TBBol BFsK |2 80 24 DCE 4 AMS 79
32 Schaus BFsK |2 100 24 | 1,4 4 AMS 8
tartramide Dioxane
33 L-tartaric BFK |2 75 14 1,4- 4 AMS 0, 54% SM
acid Dioxane recovered
34 L-tartaric BFRK |2 100 24 1,4- 4 AMS 77
acid Dioxane
TBBol Catalyst Solvent Screen
35 TBBol BFRK |2 80 28 DCE 4 AMS 68
36 TBBol BFK |2 75 14 1,4- 4 AMS 96
Dioxane
37 TBBol BFsK |2 75 14 DCE 4 AMS 80
38 TBBol BFR:K |2 75 14 |DCM | 4AMS 89
39 TBBol BFsK |2 75 14 THF 4 AMS 64
40 TBBol BFRK |2 75 14 PhMe 4AMS 82
41 TBBol BFK |2 75 14 MeCN | 4 AMS 43
42 TBBol BFRK |2 75 14 Et.0 4 AMS 95
43 TBBol BFs:K 2 75 14 Benzene | 4 AMS 0
44 TBBol BFRK |2 75 14 Acetone | 4 AMS 43
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(o}

N ph 2% PN
P \/\([)]/ catalyst (20 mol %) Ph/\/\)l\
additive
solvent, time
TBBol Catalyst Solvent Screen
entry | catalyst BXn equiv | temp | time | solvent | additives yield (%)
¢S ()
46 TBBol BFK |2 75 14 DMA 4 AMS 0
47 TBBol BFK |2 75 14 TBME | 4AMS 88
48 TBBol BFsK |2 75 14 | CHClz |4AMS 87
49 TBBol BFK |2 75 14 1,4- 4 AMS 78
Dioxane (ISOLATED)
50 TBBol BF:K 2 75 4 CHCls |4AMS Full conversion
(NH4)2COs by GC
TBBol Catalyst Temperature Screen
51 TBBol BFK |2 reflux | 18 1,4- 4 AMS 92
Dioxane
52 TBBol BFRK |2 80 18 1,4- 4 AMS 33
Dioxane
53 TBBol BF:K |2 70 18 1,4- 4 AMS 30
Dioxane
54 TBBol BF:K |2 60 18 1,4- 4 AMS 37
Dioxane
55 TBBol BFK |2 50 18 1,4- 4 AMS 43
Dioxane
56 TBBol BFK |2 40 18 1,4- 4 AMS 34
Dioxane
57 TBBol BFK |2 RT 18 1,4- 4 AMS 5
Dioxane
Avoiding Double Addition Side Product
58 TBBol BFsK |2 100 24 1,4- 4 AMS 71 (average of
Dioxane 3 Trials,
isolated)
59 TBBol BF:K 2 100 24 1,4- 4 AMS 69 (30%
Dioxane double
addition)
71 (27 double
addition)
60 TBBol BF:K 1 100 24 1,4- 4 AMS 14
Dioxane
61 TBBol BF:K | 1.2 100 24 | 1,4- 4 AMS 68
Dioxane
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62 TBBol BF:K |2 100 14 | 1,4- 4 AMS 50
Dioxane
63 TBBol BFsK |2 100 15 | 1,4- 4 AMS 63
Dioxane
64 TBBol BFK |2 100 16 1,4- 4 AMS 67
Dioxane
o
N ph 2% PN
o \/\([)I/catalyst(.z(.)mol%) Ph/\/\)l\
additive
solvent, time
Avoiding Double Addition Side Product
entry | catalyst BXn equiv | temp | time | solvent | additives yield (%)
¢S ()
65 TBBol BFRK |2 100 18 1,4- 4 AMS 77
Dioxane SM consumed,
no double
addition
Water Sensitivity
66 2,2’- BF:K |2 70 24 | DCE 4 AMS 78
Biphenol Water (1 equiv)
67 2,2°- BF:K |2 70 48 | DCE 4 AMS 0
Biphenol Water (10 equiv)
Phenylamine Leaving Group
/ﬂ P e e _ PN I
o \/\g/ Catalyst (20 mol %)' Ph/\/\)l\
Additive
Solvent
entry | catalyst BXn equiv | temp | time | solvent | additives yield (%0)
(C) | (h)
1 TBBol BF:K |2 80 24 DCE 4 AMS 42
2 TBBol BF:K 2 80 24 PhMe |4 A MS 50
3 (x)-C7F7 BF:K 2 80 24 PhMe |4 AMS 55
BINOL
4 (+)-C7F7 | BFsK |2 80 16 PhMe | 4AMS 28
BINOL
5 (#)-C7/F7 | BFsK |2 80 16 MeCN |4 AMS 5
BINOL
Additive Screen
6 ()-C7F7 | BFsK |2 80 16 PhMe | 4AMS 31
BINOL LiBr
7 (x)-C7F7 BF:K 2 80 16 PhMe LiBr (3 55
BINOL equiv)
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8 (x)-C7F7 | BFsK |2 80 16 PhMe | 4AMS 24
BINOL NaOtBu
9 (x)-C;F7 | BRsK |2 80 16 PhMe | 4AMS 76
BINOL KOtBu
10 (#)-C/F7 | BRK |2 80 16 PhMe | 4AMS decomposition
BINOL NaHMDS
11 (¥)-C/F7 | BFsK |2 80 16 PhMe |4AMS decomposition
BINOL KHMDS
(o]

H o BXn
Ph’N\/\n/ i ;Phwl\

o Catalyst (20 mol %)
Additive
Solvent

Additive Screen

entry | catalyst BXn equiv | temp | time | solvent | additives yield (%0)
CC) | (h)
12 (+)-C/F7 | BFsK |2 80 16 PhMe | LiBr (1 0
BINOL equiv)
13 (3)-C/F7 | BFRsK |2 110 | 16 PhMe | 4AMS 16
BINOL LiClO4
14 (3)-C/F7 | BRsK |2 110 | 16 PhMe | 4AMS 44
BINOL LiOtBu
15 (3)-C/F7 | BFRsK |2 110 |16 PhMe | 4AMS 71 double
BINOL (NH4).CO3 addition product
16 ()-C7F7 | BFsK |2 110 |16 PhMe | 4AMS 28
BINOL NHsHCOs
17 (3)-C/F7 | BFsK |2 110 | 16 PhMe | 4AMS 30
BINOL KHMDS (0.2
equiv)
18 (x)-C:F7 | BFRsK |2 110 |16 PhMe | 4AMS 7
BINOL KHMDS (0.5
equiv)
19 (+)-C7F7 | BFsK |2 110 |16 PhMe | 4AMS 0
BINOL KHMDS (1
equiv)
20 ()-C7F7 | BFsK |2 110 |16 PhMe | 4AMS 25
BINOL n-BuLi (1
equiv)
21 (x)-C7F7 | BFsK |2 110 |16 PhMe | 4AMS 42
BINOL NaH (0.2
equiv)
22 ()-C;F7 | BFsK |2 110 |16 PhMe | 4AMS 39
BINOL NaH (0.5
equiv)
23 (1)-C/F7 | BFRsK |2 110 |16 PhMe | 4AMS 55
BINOL NaH (1
equiv)
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Catalyst Evaluation

24 (3)- BFRK |2 100 |24 PhMe |4AMS 14
BINOL

25 Schaus B(OH), | 2 100 |16 EtOAc | Yt(OTf)3 0
tartramide

26 TBBol BFRK [ 1.1 110 |4 PhMe |4AMS 21

(NH4).CO3

27 TBBol BFK |2 110 |4 PhMe | 4AMS 17
(10 (NH4).CO3
mol%)

28 TBBol (5 | BFsK |2 110 |4 PhMe | 4AMS 12
mol%) (NH4)2CO3

Methyl Phenyl Amine Leaving Group

X BXn
Ph/N\/\n/ i ‘Phwl\

o Catalyst (20 mol %)
Additive
Solvent

entry | catalyst | BXn | equiv | temp | time | solvent | additives yield (%)P
Q) | (h

1 TBBol BFsK | 2 80 24 DCE 4 AMS 71 (average of 2)
3 (+)-C7/F7 | BFsK | 2 80 |24 |PhMe 4 AMS 55

BINOL
Solvent Screen
5 TBBol BFK | 2 75 14 DCE 4 AMS 52
6 TBBol BF:K |2 75 14 | 1,4- 4 AMS 79

Dioxane

7 TBBol BF:K | 2 75 14 DCE 4 AMS 46
8 TBBol BFsK |2 75 14 | DCM 4 AMS 63
9 TBBol BF:K | 2 75 14 THF 4 AMS 32

TBBol BFsK |2 75 14 | PhMe 4 AMS 32

TBBol BF:K | 2 75 14 MeCN 4 AMS 68

TBBol BF:K | 2 75 14 | Et,0 4 AMS 16

TBBol BFK | 2 75 14 Benzene | 4 A MS 52
Avoiding Double Addition

TBBol BFK | 2 100 | 18 PhMe 4 AMS 37 (31% Double

Addition)
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TBBol BF:K |2 100 |24 | Benzene | 4AMS 93 (Average of 3
Trials)

TBBol BFsK |2 100 |18 | PhMe 4 AMs 89

None BFsK |2 100 |48 | PhMe 4 AMS 29

TBBol BF:K | 2 100 | 48 PhMe 4 AMsS 70 (Average of 3
Trials)

L-Tartaric | BFsK | 2 75 |18 | PhMe 4 AMS 0 (60% SM

acid recovered)

L-Tartaric | BFsK | 2 75 |18 | PhMe 4 AMS 29

acid Yt(OTf)3

4.5.3 Synthesis of Alkynes
but-3-yn-2-one (27)

o}

e

The title compound was purchased from Matrix Scientific and used without further purification.

Stored at -20 °C.

1-phenylprop-2-yn-1-one (SUPPLEMENTARY-1)

: 4 4
Jones reagent 3
OH acetone e}

Prepared following literature procedures.1% Spectral data were identical to those found in

literature.106

1-(thiophen-2-yl)prop-2-yn-1-one (SUPPLEMENTARY-2)

MgBr l)_/ //
O_\\ THF 0°C '\Ell)g?/l / o)

30 min 16 h

Prepared following literature procedures,0” all spectral data match literature reports.108
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1-(furan-2-yl)prop-2-yn-1-one (SUPPLEMENTARY-3)

N e U

30 min
1-(furan-2-yl)prop-2-yn-1-one

Prepared following literature procedures, all spectral data match literature reports.10°

1-(4-methoxyphenyl)prop-2-yn-1-one (SUPPLEMENTARY-4)

MgBr
Jones reagent O
THF 0°C acetone

Prepared following literature procedures,!10 all spectral data match literature reports.%®

1-(4-nitrophenyl)prop-2-yn-1-one (SUPPLEMENTARY-5)

MgBr //
AO—\ Jones reagent o O,N
THF, 0 C acetone O

Prepared following literature procedures, 1° all spectral data match literature reports.11!

4-propioloylbenzonitrile (SUPPLEMENTARY-6)

MgBr //
AQ—\ Jones reagent o NC
THF, 0 C acetone O

Prepared following literature procedures,!12 all spectral data match literature reports.113
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4.5.4 Synthesis of Vinylogous Esters and Amides

General Procedure for the Addition of Alcohols/Amines to Alkynes:

Procedure A

The procedure was modified from literature reports.14 In a round bottom flask or vial equipped
with stir bar, under atmospheric conditions, the alcohol or amine starting material was dissolved
in 95% ethanol (0.5 M). While stirring, the alkyne (1.1 equiv) was added dropwise to the reaction
mixture. Following this addition, DABCO (0.5 equiv) was slowly added to the reaction mixture
while stirring, usually eliciting a considerable color change of the reaction mixture (pale yellow or
colorless reaction mixtures changed to a darker yellow or brown). The reaction was allowed to stir
at room temperature until the alcohol or amine starting material was shown to be consumed by
TLC chromatography (p-anisaldehyde stain was used to visualize the plates). The solvent was
removed by rotary evaporation. The products were purified by silica gel flash chromatography

using a gradient of ethyl acetate/hexanes as the eluent.

Procedure B

The procedure was modified from literature reports.115 In a flame dried round bottom flask or vial
equipped with stir bar, under Ar(g), the alcohol or amine starting material was dissolved in
anhydrous DCM (0.5 M). While stirring, the alkyne (1.1 equiv) was added dropwise to the reaction
mixture. Following this addition, DABCO (0.5 equiv) was slowly added to the reaction mixture,
usually eliciting a considerable color change of the reaction mixture (pale yellow or colorless
reaction mixtures changed to a darker yellow or brown). The reaction was allowed to stir at room

temperature until complete by TLC (p-anisaldehyde stain was used to visualize plates). Following
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completion, the solvent was removed by rotary evaporation. The products were purified by silica
gel flash chromatography using a gradient of ethyl acetate/hexanes as eluent. CDCl3
Note: Products were isolated as a thermodynamic E/Z mixture of stereoisomers and used without

further purification.

(E)-4-phenoxybut-3-en-2-one (18b)

/K1 1 equiv
O\ DABCO (0.5 equiv) O\ /\)]\
DCM

12h

Prepared following Procedure B. Product was purified by silica gel flash column chromatography,
using 1-20% ethyl acetate/hexanes as eluent to yield the title compound in quantitative yield as a
nearly colorless oil (0.819 g, 5.05 mmol).

Note: Atmospheric conditions with ethanol for 48 hours were not as effective, providing the
product in only 53% vyield (2.731 g, 16.85 mmol).

IH-NMR (400 MHz, chloroform-D) 6 7.72 (d, J = 12.0 Hz, 1H), 7.37 (t, J = 7.7 Hz, 2H), 7.19 (t,
J=7.4 Hz, 1H), 7.05 (d, J = 8.6 Hz, 2H), 5.89 (d, J = 12.6 Hz, 1H), 2.21 (s, 3H) 3C-NMR (101
MHz, chloroform-D) 6 197.5, 159.2, 155.9, 130.1, 125.3, 118.3, 111.8, 28.5, IR (neat) 3016, 2969,
1737, 1605, 1365, 1217, 756, 693, 587 cmt HRMS-ESI m/z Calculated for C1gH1002 [M + H]*

163.0759, found 163.0756
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(E)-4-((3-oxobut-1-en-1-yl)oxy)benzonitrile (18e)

0}

1 1 equiv

NC
&
DABCO (0.5 equiv) /\)]\
OH DCM

24 h

Prepared following Procedure B. The product was purified by silica gel flash column
chromatography, using 1-20% ethyl acetate/hexanes as eluent to yield the title compound in 88%
yield as a light brown solid (average of 2 trials, trial 1: 330 mg, 1.76 mmol, 84% yield; trial 2: 357
mg, 1.91 mmol, 91% vyield).

IH-NMR (600 MHz, chloroform-D) & 7.67-7.70 (m, 3H), 7.15-7.17 (m, 2H), 6.04 (d, J = 12.4 Hz,
1H), 2.24 (s, 3H) 13C-NMR (151 MHz, chloroform-D) § 197.2, 158.6, 158.5, 158. 4, 158.4, 156 4,
154.3, 140.4, 130.6, 130.1, 119.6, 112.1, 112.0, 111.7, 111.7, 81.9, 81.9, 77.4, 77.2, 76.9, 28.7,
28.7, 28.6 IR (neat) 3016, 2970, 1738, 1486, 1365, 1227, 1217 cmt HRMS-ESI m/z Calculated

for C11HoNO, [M + H]* 188.0712, found 188.0708

(E)-3-(methyl(phenyl)amino)-1-(4-nitrophenyl)prop-2-en-1-one (18f)

(0]

1 1 equiv

O5N
2 4
DABCO (0.5 equiv) > /\)I\
OH DCM

Prepared following Procedure B. The product was purified by silica gel flash column

chromatography, using 1-20% ethyl acetate/hexanes as eluent to yield the title compound in 72%

yield as a pale brown solid (267 mg, 1.29 mmol).

1H-NMR (600 MHz, chloroform-D) § 8.23 (dd, J = 8.8, 2.2 Hz, 2H), 7.69 (g, J = 6.0 Hz, 1H), 7.15

(td, J = 5.8, 2.5 Hz, 2H), 6.04 (dd, J = 12.0, 1.7 Hz, 1H), 2.22 (d, J = 2.7 Hz, 3H) 3C-NMR (151
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MHz, chloroform-D) § 197.0, 160.2, 155.7, 155.5, 144.5, 126.3, 126.2, 126.0, 117.9, 113.8, 77.3,
77.1,76.9,29.1 IR 3068, 2998, 1653, 1565, 1490, 1343, 1214, 1132, 1114, 947, 851, 750, 495 cm"

L HRMS-ESI m/z Calculated for C1o0HgNO4 [M+H]* 208.0610, found 208.0607

(E)-4-(4-chlorophenoxy)but-3-en-2-one (189)

o)
cl /1\1.1 equiv o .
: “OH EtoH g \O\O/\)k

12h

Prepared following Procedure A. Product was purified by silica gel flash column chromatography,
using 1-20% ethyl acetate/hexanes as eluent to yield the title compound in 32% yield as a colorless

oil (321 mg, 1.63 mmol).

IH-NMR (600 MHz, chloroform-D) & 7.65 (d, J = 12.4 Hz, 1H), 7.32 (d, J = 8.9 Hz, 2H), 6.99 (d,
J =89 Hz, 2H), 5.88 (d, J = 11.7 Hz, 1H), 2.20 (d, J = 5.5 Hz, 3H) C-NMR (151 MHz,
chloroform-D) 6 197.2, 158.6, 158.5, 158.4, 158.4, 156.5, 154.3, 140.4, 130.6, 130.1, 119.6, 112.1,
112.0, 111.7, 111.7, 81.9, 81.9, 28.7, 28.7, 28.6 IR 3072, 2990, 2228, 1740, 1688, 1593, 1503,
1362, 1229, 962, 720, 553, 545 cm-1 HRMS-ESI m/z Calculated for C10H10CIO2 [M + H]*

197.0369, found 197.0368
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(E)-4-(2,4-di-tert-butylphenoxy)but-3-en-2-one (18h)

0]
_ _ 1.1 equiv
t-Bu t-Bu /l\ t-Bu t-Bu
DABCO (0.5 equiv) Q
OH EtOH /\)J\

12h O
Prepared following procedure A. Product was purified by silica flash column chromatography,
using 10-20% ethyl acetate/hexanes as eluent to yield the title compound in 92% yield as a pale

yellow gelatinous solid (606 mg, 2.21 mmol).

1H-NMR (600 MHz, chloroform-D) & 7.71-7.56 (1H), 7.40-7.29 (1H), 7.20-7.14 (1H), 6.89-6.80
(1H), 5.99-5.85 (1H), 2.25-2.16 (3H), 1.33-1.29 (9H), 1.29-1.26 (9H) C-NMR (151 MHz,
chloroform-D) & 197.5, 160.3, 153.0, 147.9, 139.5, 124.4, 124.3, 118.8, 111.8, 35.0, 34.7, 31.5,
30.3, 28.2 IR 2956, 2868, 1738, 1636, 1391, 1362, 1216, 1120, 954, 819 cm HRMS-ESI m/z

Calculated for C1gH2602 [M + H]* 275.2011, found 275.2006

(E)-4-methoxybut-3-en-2-one (18a)

o~

The title compound was purchased from Sigma Aldrich and used without further purification.
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(E)-4-(phenylamino)but-3-en-2-one (18i)

0]
/KLZ equiv
& o
DABCO (0.5 equiv)
EtOH - /\)I\
NH; 12h N

H

Prepared following Procedure A. The product was purified by silica gel flash column
chromatography, using 10-30% ethyl acetate/hexanes as eluent, and the title compound was
obtained in 89% yield (3.147 g, 19.52 mmol). Spectral data were identical to those reported in

literature.116

(E)-4-(methyl(phenyl)amino)but-3-en-2-one (18j)
(0]

1.2 equiv
&
DABCO (0.5 equiv) ©\ o)
NH EtOH N/\)I\

| 12h
I

Prepared following Procedure A. The product was purified by silica gel flash column
chromatography, using 5-10% ethyl acetate/hexanes as eluent, and the title compound was
obtained in 84% yield (2.685 g, 15.32 mmol). Spectral data were identical to those reported in

literature.17
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(E)-4-(dibenzylamino)but-3-en-2-one (18k)
O
////JL\\LZeqMV
DA?O 0.5 iv) 0
Sequiv) o
EtOH N/A§§/JL\

0%
o

Prepared following Procedure A. The product was purified by silica gel flash column

chromatography, using 1-5% ethyl acetate in hexanes as eluent, and the title compound was
obtained in 76% yield (2.097 g, 7.90 mmol). Spectral data were identical to those reported in

literature.118

(E)-4-(methyl(phenyl)amino)but-3-en-2-one (18l)

SN o 0
MeNH, /,\\//ﬂ\\
HC
o
\\O 3 \N N
MeOH H
RT, 16 h

Prepared following procedure modified from literature. 17 To a vial containing a stir bar, added
the starting material. The starting material was dissolved in methanol. Methylamine was added as
one portion, and the reaction was stirred at room temperature for 16 hours, after which the stir bar
was removed, and the solvent removed by rotary evaporation. The product was purified by silica
gel flash column chromatography, using 30-100% ethyl acetate in hexanes, and the title compound
was obtained in 70% yield (263 mg, 2.65 mmol). Spectral data were identical to those reported in

literature. 1’
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(E)-4-(dimethylamino)but-3-en-2-one (18c)

\N/\)I\

The title compound was purchased from Sigma Aldrich and used without further purification.

(E)-4-(1H-imidazol-1-yl)but-3-en-2-one (18m)
O

/1\1.1 equiv o)

N¢\NH
> N
~ DCM (reflux)
</ A re o/

—

Prepared following Procedure B, without inclusion of DABCO and at reflux in DCM. The product
was purified by silica gel flash column chromatography, using 5-30% ethyl acetate/hexanes, and
the title compound was obtained in 84% yield (688 mg, 5.06 mmol). Spectral data were identical

to those reported in literature.118

(E)-4-morpholinobut-3-en-2-one (18n)

o

/1\1.1 equiv 0
Z
OH DCM, reflux - Q

30 min (o)

Molecular Weight:
155.19700

Prepared following Procedure B, without inclusion of DABCO and at reflux in DCM. The product
was purified by silica gel flash column chromatography, using 5-30% ethyl acetate in hexanes,
and the title compound was obtained in 78% yield (1.210 g, 7.80 mmol). Spectral data were

identical to those reported in literature.118

146



(E)-2-(3-oxobut-1-en-1-yl)isoindoline-1,3-dione (180)

o)

1.1 equiv
. /k ] )

DABCO (0.5 equiv) /\)j\
NH DCM > N
12h

0] (¢}

Prepared following Procedure B. Purified by silica gel flash chromatography using 20% ethyl
acetate/hexanes as eluent. The title compound was obtained in 72% yield as an orange powder
(773 mg, 3.59 mmol).

IH-NMR (500 MHz, chloroform-D) 6 7.94 (q, J = 2.9 Hz, 1H), 7.80-7.83 (m, 2H), 7.28 (d, J =
14.9 Hz, 1H), 2.34 (s, 2H) 8C-NMR (151 MHz, chloroform-D) & 198.2, 168.0, 165.7, 135.5,
135.3, 134.6, 134.3, 132.7, 131.5, 130.3, 130.0, 124.6, 124.5, 124.3, 123.8, 123.6, 116.7, 28.7 IR
3026, 1772, 1723, 1613, 1465, 1307, 1244, 1176, 168, 669, 582, 520, 451 cm* HRMS-ESI m/z

Calculated for C12H9NOs [M + H]* 216.0661, found 216.0657.

(E)-3-chloro-1-phenylprop-2-en-1-one (18p)

0]

The title compound was purchased from Sigma Aldrich and used without further purification.
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4.5.6 Optimized Double Addition and Utility of Additive
(E)-6-phenyl-4-((E)-styryl)hex-5-en-2-one (28)

(+)-C,F, BINOL

H

No = 4 AMS, (NH,),CO5 Phe 2
PhMe -

0 100 °C
18 hours Z 0o
BF K
P~ 23 . Ph 28
equiv

24
A vial was equipped with 4 A MS (25 mg) and a stir bar and flame dried. The starting material
(16.12 mg, 0.1 mmol) was added, under argon, followed by PhMe (1 mL). To the reaction mixture,
added catalyst (14.4 mg, 0.02 mmol, 0.2 equiv), (NH4).COz (9.6 mg, 0.1 mmol, 1 equiv), and
trifluoroborate salt 24 (42 mg, 0.2 mmol, 2 equiv). The vial was well sealed with Teflon tape and
heated to reflux. After 18 hours, the reaction was diluted with ethyl acetate and filtered through a
celite plug, washing with ethyl acetate. The solvents were removed by rotary evaporation. The title
compound was purified by silica gel column chromatography using 1% EtOAc/Hexanes in 71%
yield (19.6 mg). White solid.
IH-NMR (500 MHz, chloroform-D) & 7.22-7.30 (m, 8H), 7.15 (t, J = 7.2 Hz, 2H), 6.39 (d, J = 16.0
Hz, 2H), 6.14 (g, J = 7.6 Hz, 2H), 3.56-3.62 (m, 1H), 2.68 (d, J = 6.9 Hz, 2H), 2.11 (s, 3H) 13C-
NMR (151 MHgz, chloroform-D) ¢ 207.1, 137.2, 131.1, 130.8, 130.6, 128.6, 127.5, 126.3, 123.7,
48.7, 41.5, 36.7, 30.9 IR 2924, 2854, 2360, 1718, 1494, 1482, 1450, 1340, 1149, 990, 967, 748,

720, 694 HRMS-ESI m/z Calculated for C20H200 [M + Na]*299.1412, found 299.1409
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(E)-4-(1H-indol-3-yl)-6-phenylhex-5-en-2-one (30)

o Ph 0
— ool
(+)-C,F; BINOL
PhMe
N ZAMS > N
N 80 °C N 30
H X _BFiK H
29 Ph/\/2 3 without additive: 28 hours, 87%
equiv with (NH,),COg3: 14 hours, 88%

A vial was equipped with 4 A MS (25 mg) and a stir bar and flame dried. The starting material
(50.0 mg, 0.3 mmol) was added, under argon, followed by PhMe (3 mL). To the reaction mixture,
added catalyst (43 mg, 0.06 mmol, 0.2 equiv), (if added) (NH4)2COs (29 mg, 0.3 mmol, 1 equiv),
and trifluoroborate salt 24 (42 mg, 0.6 mmol, 2 equiv). The vial was well sealed with Teflon tape
and heated to reflux, and monitored by TLC. After 18 hours, the reaction containing additive was
found to be complete by TLC (starting material was fully consumed), and the quantitative NMR
yield was found to be 88%. Without additive, starting material was not consumed until 28 hours,
after which time quantitative NMR yield was found to be 87% yield. All spectral data matched

those reported in literature.%6

MgBr

? 1) = o) PhNHMe 0
THF bem
R e ——— R)\ R 7 N/
2) PCC or Jones % 12-72 h I

4 (DABCO) 5¢  Ph

S, 0]
50 H10%
5q OMe 16%, 33%" D_% E}_é

5r NO, 9%, 54%" 5t 5u
55 CN 0% 29% <5% by NMR

Summary of synthesis of vinylogous esters and amides.
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(E)-3-(methyl(phenyl)amino)-1-phenylprop-2-en-1-one (31a)

7 N—
PhNHMe J—
DABCO (0.5 equiv) .
DCM -
© 0

12h

Prepared following Procedure B. The product was purified by silica gel flash column
chromatography, using 5-15% ethyl acetate/hexanes as eluent and the title compound was obtained

in 10% vyield (101 mg, 0.42 mmol). Spectral data were identical to those found in literature.1°

(E)-1-(4-methoxyphenyl)-3-(methyl(phenyl)amino)prop-2-en-1-one (31b)

Ph
\

// PhNHMe ),
\ DABCO (0.1 equiv) .\
(© DCM 0
O 12h o)

Molecular Weight: 267.32800

Prepared following Procedure B. The product was purified by silica gel flash column
chromatography, using 5-20% ethyl acetate/hexanes as eluent. The product was obtained in 16%
yield (without DABCO, 27 mg, 0.10 mmol) and 33% yield (with 0.1 equivalents of DABCO, 23

mg, 0.09 mmol). Spectral data were identical to those found in literature, Error! Bookmark not defined.

(E)-3-(methyl(phenyl)amino)-1-(4-nitrophenyl)prop-2-en-1-one (31c)

Ph
\

4 .
PhNHMe —
DABCO (0.5 equiv)
OZNO_( 0 02N4©_<_/
o) 12 h o)

Molecular Weight: 282.29900

Prepared following Procedure B. The product was purified by silica gel flash chromatography with

1-15% ethyl acetate/hexanes as eluent. The product was obtained in 9% yield (15 mg, 0.05 mmol,
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without DABCO) and 54% yield (206 mg, 0.73 mmol, with 0.5 equivalents of DABCO) as an
orange solid.

IH-NMR (600 MHz, chloroform-D) & 8.26 (d, J = 8.2 Hz, 3H), 8.04 (d,J = 7.6 Hz, 2H), 7.40 (t, ]
= 7.9 Hz, 2H), 7.21 (d, J = 8.2 Hz, 3H), 6.16-5.93 (1H), 3.43 (s, 3H) 13C-NMR (126 MHz,
chloroform-D) 6 187.1, 151.4, 149.4, 145.5, 129.8, 128.6, 125.8, 123.7, 120.8, 96.4, 37.4 IR 3050,
1641, 1610, 1589, 1514, 1490, 1343, 1172, 1114, 1006, 856, 659, 572 cmt HRMS-ESI m/z

Calculated for C16H15N203 [M + H]* 283.1083, found 283.1079

(E)-4-(3-(methyl(phenyl)amino)acryloyl)benzonitrile (31d)

Ph
\

Vi N
/ PhNHMe —_—
DABCO (0.5 i
NC -PABCO(0.2 20N) o o
o) 0

Attempted with both anhydrous and atmospheric reaction conditions, only starting materials were

recovered from the reaction mixture, even after 48 hours.

(E)-3-(methyl(phenyl)amino)-1-(thiophen-2-yl)prop-2-en-1-one (31e)

Ph
\
y. N
/ PhNHMe —_—
DABCO (0.5 equiv)
B st [
S (o) 12 hours S (0]

Prepared following Procedure B. Purified using silica gel flash chromatography with 20% ethyl
acetate/hexanes as eluent. The product was obtained in 29% yield as a yellow-brown solid (52 mg,

0.21 mmol).
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IH-NMR (600 MHz, chloroform-D) § 8.12 (d, J = 13.1 Hz, 1H), 7.60 (s, 1H), 7.43 (d, J = 4.8 Hz,
1H), 7.29 (t, J = 7.6 Hz, 2H), 7.07-7.12 (m, 3H), 7.02 (t, J = 4.1 Hz, 1H), 5.91 (d, J = 12.4 Hz, 1H),
3.30 (s, 3H) 8C-NMR (151 MHz, chloroform-D) & 181.6, 149.4, 147.1, 146.4, 135.6, 131.2,
129.6, 129.3, 127.9, 125.1, 120.5, 112.5, 96.6, 77.4, 77.2, 77.0, 37.5, 30.9 IR 2970, 1739, 1628,
1531, 1490, 1217, 1120, 1080, 1063, 803, 757, 567, 528 cm" HRMS-ESI m/z Calculated for

C14H13NOS [M + H]* 244.0796, found 244.0791

(E)-1-(furan-2-yl)-3-(methyl(phenyl)amino)prop-2-en-1-one (31f)

Ph
\N—
// PhNHMe —
| A - PAB_Q%icQV? equiv) o | A
(0] o] o 0

Attempted with both anhydrous and atmospheric reaction conditions, only starting materials were

recovered from the reaction mixture, even after 48 hours.

4.5.7 Unsaturated Products of Vinylogous Substitution/Relay Catalysis

General Procedures for Vinylogous Substitution

-B(OH),

R
or BFK

(0]

] (2 equiv)
Ph\N/\)I\ TBBol (20 mol %) R/\)I\

4AMS, Phiie
| 100 °C, 24 h

For Solid Starting Materials
A 2 or 4 dram vial was equipped with 4 A MS (250 mg/mmol) and a stir bar, then flame dried,
activating the mol sieves.® Under argon, the trifluoroborate salt (or acid) (2 equiv), organodiol

catalyst (20 mol %), and starting material were added to the vial. The solvent (0.2 M) was then

3 Pre-activating molecular sieves and using oven-dried glassware reduces the yield.
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added. If additional additives were included, they were added to the reaction mixture after the
solvent. The vial was sealed well with Teflon tape and heated to reaction temperature in an
aluminum bead bath, oil bath, or aluminum block. After the reaction was complete, the reaction
mixture was diluted with ethyl acetate and filtered through celite. The celite pad was washed with
ethyl acetate. The combined solvents were removed by rotary evaporation. Products were purified

by silica gel flash chromatography using ethyl acetate/hexanes as the eluent.

For Oil or Liquid Starting Materials
A 100 mg/mL stock solution of starting material was prepared with corresponding solvent in a

flame dried vial. The stock solution was added after the solvent in the same procedure as above.

(3E,5E)-6-phenylhexa-3,5-dien-2-one (20a)

O
W
The title compound was synthesized from (E)-styrylboronic acid in 86% yield after 48 hours (74.0
mg, 0.43 mmol). It was also synthesized from the (E)-styryltrifluoroborate salt in 88% yield after
24 hours (76 mg, 0.44 mmol). The product was purified by silica gel flash column chromatography,

using 1% ethyl acetate/hexanes as eluent. Spectral data were identical to those reported in

literature.120
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(3E,5E)-6-(4-(trifluoromethyl)phenyl)hexa-3,5-dien-2-one (20b)

o

/OW
Fs;C

3

The title compound was synthesized from (E)-(4-(trifluoromethyl)styryl)boronic acid in 24% yield
(12 mg, 0.05 mmol) and from the (E)-(4-(trifluoromethyl)styryl)trifluoroborate salt in 85% yield
(102 mg, 0.43 mmol). For the trifluoroborate salt reaction, C7F7-BINOL catalyst was used. The
product was purified by silica gel flash column chromatography, using 1% ethyl acetate/hexanes

as eluent. Spectral data were identical to those reported in literature.1?

(3E,5E)-6-([1,1'-biphenyl]-4-yl)hexa-3,5-dien-2-one (20c)

@W
Ph

The title compound was synthesized from (E)-(2-([1,1'-biphenyl]-4-yl)vinyl)trifluoroborate salt in
32% vyield and purified by silica flash chromatography using 1% ethyl acetate/hexanes as eluent
(40 mg, 0.16 mmol). White solid.

IH-NMR (500 MHz, chloroform-D) § 7.59 (d, J = 7.4 Hz, 4H), 7.54 (d, J = 8.0 Hz, 2H), 7.44 (t, ]
= 7.2 Hz, 2H), 7.33-7.36 (m, 1H), 7.29 (d, J = 13.2 Hz, 1H), 6.89-6.99 (m, 2H), 6.26 (d, J = 15.5
Hz, 1H), 2.31 (s, 3H) 3C-NMR (126 MHz, chloroform-D) & 198.6, 143.6, 142.1, 140.9, 140.4,
135.0, 130.5, 129.0, 127.8, 127.8, 127.6, 127.1, 126.7, 27.5 IR 2922, 2852, 1653, 1616, 1488,
1184, 1150, 997, 844, 721, 692, 562 cm HRMS-ESI m/z Calculated for C1sH160 [M + H]*

calculated 249.1279, found 249.1277
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(3E,5E)-6-(4-methoxyphenyl)hexa-3,5-dien-2-one (20d)

/@/\/\)\
O

|
The title compound was synthesized from (E)-(4-methoxystyryl)boronic acid in 64% yield (26 mg,
0.13 mmol) and from (E)-(4-methoxystyryl)trifluoroborate salt in 88% yield (89 mg, 0.44 mmol).
The product was purified by silica gel flash column chromatography, using 1-5% ethyl

acetate/hexanes as eluent. Spectral data were identical to those reported in literature. Error! Bookmark n

ot defined.

(E)-4-phenylbut-3-en-2-one (20e)

w
The title compound was synthesized from phenyl boronic acid in 13% yield (11 mg, 0.07 mmol)
and from phenyl trifluoroborate salt in 20% yield (17 mg, 0.11 mmol). The product was purified

by silica gel flash column chromatography, using 1-10% ethyl acetate/hexanes as eluent. Spectral

data were identical to those reported in literature.*3

(E)-6-methylhepta-3,5-dien-2-one (20f)

O
)\/\/”\

The title compound was synthesized from (E)-(4-methylpenta-1,3-dien-1-yl)boronic acid in 24%

yield (17 mg, 0.14 mmol) and from (E)-(4-methylpenta-1,3-dien-1-yl)trifluoroborate salt in 40%
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yield (28 mg, 0.23 mmol). The product was purified by silica gel flash column chromatography,
using 1-5% ethyl acetate/hexanes as eluent. Spectral data were identical to those reported in

literature.122

(E)-6-phenylhex-3-en-5-yn-2-one (209)

~
e
Ph

The title compound was synthesized from (phenylethynyl)trifluoroborate salt in 82% yield after
48 hours (56.0 mg, 0.33 mmol). The product was purified by silica gel flash column
chromatography, using 1-15% ethyl acetate/hexanes as eluent. Spectral data were identical to those

reported in |iterature.Err0r! Bookmark not defined.

(E)-4-(thiophen-2-yl)but-3-en-2-one (20i)

Se Ny

\
The title compound was synthesized from thiophen-2-ylboronic acid in 49% yield (14.9 mg, 0.10
mmol) and from thiophen-2-yltrifluoroborate salt in 6% yield (1.7 mg, 0.01 mmol). The product
was purified by silica gel flash column chromatography, using 5-20% ethyl acetate/hexanes as

eluent. Spectral data were identical to those reported in literature.*?
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(E)-4-(furan-2-yl)but-3-en-2-one (20})

Oy

\
The title compound was synthesized from thiophen-2-ylboronic acid in 15% yield (4.1 mg, 0.03
mmol) and from thiophen-2-yltrifluoroborate salt in 43% yield (11.8 mg, 0.09 mmol). The product
was purified by silica gel flash column chromatography, using 5-15% ethyl acetate/hexanes as

eluent. Spectral data were identical to those reported in literature.123

(E)-4-(1H-indol-2-yl)but-3-en-2-one (20k)

The title compound was synthesized from (1-(tert-butoxycarbonyl)-1H-indol-2-yl)trifluoroborate
salt in 24% yield (11.0 mg, 0.06 mmol). The Boc-group protecting the indole nitrogen was found
to have been removed in the product. The product was purified by silica gel flash column
chromatography, using 1-20% ethyl acetate/hexanes as eluent. Spectral data were consistent with
those found in literature.1?4

4.5.8 Other Electrophiles

1-(2-styrylchroman-3-yl)ethanone (36)

+)-C;F; BINOL
4 A MS
DCE reflux

KF3B P ~p,
A 4-dram vial was equipped with 4 A MS (250 mg/mmol) and a stir bar, then flame dried,

activating the mol sieves. Under argon, the trifluoroborate salt (143 mg, 0.68 mmol, 2 equiv),
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organodiol catalyst (79 mg, 0.11 mmol, 20 mol %), and starting material2> (100 mg, 0.57 mmol)
were added to the vial. DCE (6 mL, 0.1 M) was then added. The vial was sealed well with Teflon
tape and heated to reflux in an aluminum block. After the reaction was complete, the reaction
mixture was diluted with ethyl acetate and filtered through celite. The celite pad was washed with
ethyl acetate. The combined solvents were removed by rotary evaporation. Products were purified

by silica gel flash chromatography using 25 — 40% ethyl acetate/hexanes as the eluent.

1-(4-hydroxy-4H-chromen-3-yl)ethanone (37)

(0]
/j\ OH O
o = w
—_— |
DABCO
OH O

1,4-dioxane/H,0
Added 1,4-dioxane/H20 to a 50 mL round bottom flask (20 mL each, 1:1 v/v). While stirring,
added starting material (3.2 mL, 30 mmol, 3 equiv) and 3-butyn-2-one (0.8 mL, 10 mmol, 1 equiv).
Added DABCO (0.224 g, 2 mmol, 0.2 equiv) to the reaction mixture and allowed to stir for 12
hours. After the reaction time was complete, added 40 mL saturated NaHCO3 and allowed to stir
for 10 minutes. Neutralized with 1 M HCI (to pH of 7) and extracted with DCM. Washed with
water, then with brine. The organic phase was dried over MgSO4 and the solvents removed by
rotary evaporation. The title compound was purified by silica gel column chromatography using
5-40% ethyl acetate/hexanes as eluent. The title compound was obtained as a yellow solid in 40.3%

yield (767 mg). All spectral data matched those reported in literature.126
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1-(2-styryl-2H-chromen-3-yl)ethanone (38)

+)-C,F; BINOL
4 AMS
DCE reflux

KFsB A ~p,
A 4-dram vial was equipped with 4 A MS (250 mg/mmol) and a stir bar, then flame dried,
activating the mol sieves. Under argon, the trifluoroborate salt (143 mg, 0.68 mmol, 2 equiv),
organodiol catalyst (79 mg, 0.11 mmol, 20 mol %), and starting material (100 mg, 0.57 mmol)
were added to the vial. DCE (6 mL, 0.1 M) was then added. The vial was sealed well with Teflon
tape and heated to reflux in an aluminum block. After the reaction was complete, the reaction
mixture was diluted with ethyl acetate and filtered through celite. The celite pad was washed with
ethyl acetate. The combined solvents were removed by rotary evaporation. Products were purified
by silica gel flash chromatography using 25 — 40% ethyl acetate/hexanes as the eluent. ITH-NMR
(600 MHz, chloroform-D) & 7.39 (s, 1H), 7.31-7.28 (m, 3H), 7.25-7.19 (m, 4H), 6.95 (t, J = 6.9
Hz, 2H), 6.63 (d, J = 15.8 Hz, 1H), 6.21 (dd, J = 15.6, 6.4 Hz, 1H), 6.00 (d, J = 6.2 Hz, 1H), 2.44
(s, 3H) BBC-NMR (151 MHz, chloroform-D) & 195.9, 154.2, 136.3, 133.6, 133.6, 133.0, 132.2,
132.1, 1295, 129.4, 128.6, 128.1, 126.8, 125.4, 121.8, 120.4, 117.1, 73.4, 73.3, 25.4 HRMS-ESI

m/z Calculated for C19H170, [M+H] 277.1229, found 277.1217
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4.5.9 Additional Control Experiments

0 TBBol 0
4 AMS
Solvent

0 48 hours o
BF4K |
PR N
Ph

B83% starting material recovered

Even after a considerable reaction time, no product was observed, and starting material was

recovered. In this case, likely the s-trans-conformation does not allow for reactivity.

TBBol
4AMS
/O\n/\/o ----- Solvent . /O\"/\/Ph
100 °C
o 48 hours o
BF;K
P N8

Even after a considerable reaction time, no product was observed, and starting material was

recovered. Esters are likely not reactive in vinylogous substitution reactions.

<-BOH)
or _BF3;K
R o)
0 (2 equiv)
TBBol (20 mol %) /\)I\
%" TTYAMS, Phve T PR

100 °C, 1 week
Even after extended reaction time, the alkyne is not reactive without the presence of methyl aniline

to initiate relay catalysis.

O O

)\ PhNHMe, )I\/\N/Ph
X

A) TBBol (0.5 eq) I
B) no catalyst A: 57% yield
B: 56% yield

In the case of methyl aniline, the presence of TBBol did not increase the yield of vinylogous amide
when compared to the uncatalyzed reaction.
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0} o}

)\ PhOH, )I\/\O/Ph
% -

A) TBBol (0.5 eq)
B) no catalyst

A: 0%
B: 0%

In the case of phenol, the presence of TBBol did not allow for formation of the vinylogous ester,

which is consistent with the uncatalyzed reaction.

4.5.10 Catalyst Synthesis
2,2’-biphenol, L-tartaric acid, 1,4-butanediol and (x)-BINOL were purchased from Sigma Aldrich

and used without further purification as catalysts.

C7F7-BINOL, 1I0DO-BINOL
(3r)-3,3'-bis(2,3,5,6-tetrafluoro-4-(trifluoromethyl)phenyl)-[1,1'-binaphthalene]-2,2'-diol,
3,3'-diiodo-[1,1'-binaphthalene]-2,2'-diol

Prepared as previously reported.?

(L)-tartramide

(2R,3R)-4-(dibenzylamino)-2,3-dihydroxy-4-oxobutanoic acid

Prepared following literature procedures.t?’
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TBBol
3,3',5,5'-tetrabromo-[1,1'-biphenyl]-2,2'-diol

Br Br
OH OH

Br,
OH atmospheric

conditions OH
‘ 5-30 min O
Br Br

The procedure was modified from literature reports.1?® In a round bottom flask equipped with a
large stir bar, under atmospheric conditions, 2,2’-biphenol (2.0 g, 12.4 mmol) was added. Acetic
acid was slowly added (25 mL, 0.2 M). The reaction mixture was stirred until the starting material
was fully dissolved, approximately 1 minute. Bromine (3.1 mL, 62 mmol, 5 equiv) was slowly
added to the reaction mixture. The reaction mixture was stirred vigorously until a yellow solid
precipitated out of solution (5-30 min, depending on the scale). The reaction was quenched with
excess Na»S»03, then extracted with DCM (3 times). The combined organic layers were washed
with water and extracted with 50 mL of DCM (3 times), then again washed with brine, extracting
with 50 mL of DCM (3 times). The combined DCM portions were dried over Na,SOa. The solvent
was removed by rotary evaporation. The solid obtained was usually >96% pure (by NMR), but it
could be crystallized from ethanol if required (if color considerably deviates from pale orange to
white).
The spectral data were identical to those reported in literature.12
IH-NMR (600 MHz, chloroform-D) & 7.66 (d, J = 2.1 Hz, 2H), 7.33 (d, J = 2.7 Hz, 2H), 5.85 (s,
2H) 13C-NMR (151 MHz, chloroform-D) & 148.90, 134.64, 134.59, 133.55, 125.83, 112.97,

112.05
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4.5.11 Functional Group Screen
Functional group screens were adapted from protocols developed by the Glorius group.130-132
Quantitative NMR was used to analyze yields. Reactions were set up in tandem with the same
batch of starting materials and catalyst(s). All reaction vials were equipped with stir bars and mol
sieves, then flame dried. The trifluoroborate salt was added as a solid, as it is not soluble in the
reaction mixture. The remaining components, including standards, were pre-mixed as a stock
solution and added to the vials containing mol sieves and trifluoroborate salt. After the reaction
time, the reaction mixtures were filtered through celite plugs (in pipettes) and solvent was removed
by rotary evaporation. NMR yields were determined by the addition of 1.0 equivalent of methyl
4-nitrobenzoate as an internal standard to the crude reaction mixture and comparing the integration
of the standard’s peaks to those of the starting material, additive, and product (16 scans, 30 second

relaxation delay, JEOL ECZ-400 spectrometer, by autosampler).

163



o X BFaK

(0]

(0]
©\N/\)I\ TAMS P > Phwl\
| 100 °C, 18 hours Polyene
0,

Ent Additi % R % Recg?/ery

ntry 1Hve Yield Aedcc(j)i\':?vrg Starting

Material
1 None - Control 77 control 1
2 1-undecene 74 22
3 1-octyne 73 0 22
4 tridecanenitrile 82 92 1
5 chloroheptane 72 1 11
6 decylamine 11 99 48
7 6-undecanone 71 91 26
8 nonanol 70 76 30
9 acetanilide 74 88 18
10 methyl benzoate 78 100 17
11 2-vinynaphthalene 72 100 23
12 4-octyne 76 0 18
13 benzonitrile 55 42
14 benzylamine 0 0 0
15 benzaldehyde 49 70 29
16 phenol 42 100 44
17 1-benzylpyrrole 77 93 0
18 1-methylimidazole 12 87 62
19 2-n-butylfuran 76 0 0
20 2-chloroquinoline 74 100 0
21 benzoxazole 76 75 0
22 chromone 42 77 0
23 3,5-lutidine 62 0
24 4-methylthiazole 74 0 0
25 2-n-butylthiophene 73 0
26 2,3-benzofuran 68 77 0
27 n-methylacetanilide 69 100 1
28 2-chloropyridine 81 100 0
29 benzothiazole 100 0
30 24

2-picoline-N-oxide
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APPENDIX - CHAPTER FOUR

Spectra Relevant to Chapter Four

Conjugate Addition for Vinylogous Substitution with

Organoborates
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IH NMR spectrum of (E)-3-(methyl(phenyl)amino)-1-(4-nitrophenyl)prop-2-en-1-one (18f)
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13C NMR spectrum of (E)-3-(methyl(phenyl)amino)-1-(4-nitrophenyl)prop-2-en-1-one (18f)
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13C NMR spectrum of compound (E)-4-(4-chlorophenoxy)but-3-en-2-one (18g)
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CHAPTER 5: ORGANOCATALYZED VINYLOGOUS SUBSTITUTION
FOR RELAY CATALYSIS*

5.1 Synthesis of Polyenes and Ene/Yne Structures

Polyenes have been synthesized by a variety of synthetic strategies, including various
transition metal cross-couplings (Stille,133 Sonogashira,’3* Suzuki,135136 and Negishil37.138
couplings) and Wittig13°:140 olefination, as well as the Horner-Wadsworth-Emmons!41.142 reaction
(Figure 5.1).13 These strategies are very effective for the synthesis of such structures, but

nonetheless, some drawbacks exist.

Common Strategies
0
Transition Metal Catalysis . \'4' Wittig Olefination
Stille, Sonogashira, RN, 7 Horner-Wadsworth-Evans
Suzuki, Negishi couplings R’ Reaction
Figure 5.1. Strategies for the synthesis of polyene structures

Transition metal cross-couplings have limitations in functional group tolerance and often
require harsh conditions in order to provide high yields. Such catalysts are often difficult to
recover, expensive, and toxic. There are also considerable environmental concerns when transition
metal catalysts are used on large scale in industrial settings.144

Both Wittig and Horner-Wadsworth-Evans reactions require specialty reagents which are
not always commercially available, especially for more complex synthetic targets. The synthesis
of such reagents can be time consuming and increases material cost.

The synthetic strategy described in Chapter 4 has certain advantages over these synthetic
approaches — the strategy utilizes quite mild conditions, the catalyst is very facile to synthesize

and recover, and the reaction is not sensitive to various functional groups. The difficulty of

4 The research described in this chapter has been published in part in Organic Letters (Org. Lett. 2020, 22, 4, 1355-
1359).
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synthesizing and corresponding vinylogous esters and amides with varied ketone substituents,
however, makes substitution of vinylogous esters and amides a poor competitor to these robust
and well-established approaches. This led us to consider possible modifications and expansions of
the methodology.
5.2 Relay Catalysis

Relay catalysis, while a relatively new term, has been used by many groups. The concept
relies on using two catalysts in a combined catalytic cycle to perform one overall transformation
(Figure 5.2). Most examples of relay catalysis utilize two metal catalysts to enact the chemical
change.'5-149 An example of the utility of such transformations is the use of one metal for
generation of radicals in situ and subsequent reaction of the reactive radical by means of a second

metal . 148,145

catalyst 1 catalyst 2

startlng + SM
material
(SM) @
catalyst 2

catalyst 1
Figure 5.2. General diagram of relay catalysis

Beyond the use of two metals in relay catalysis, organocatalysis and metal catalysis have
been combined in the development of robust reactions.150-155 A variety of reactions have exploited
transition metal activation of starting materials, followed by the use of organocatalysis to intercept
the transient structures in a second catalytic step. Chiral transformations have been enacted by
using chiral organocatalysts with achiral metals and chiral organometallic complexes with achiral

organocatalysts, allowing for a great breadth of possible reactivity.153
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5.2 Doubly Organocatalytic Relay Catalysis for Synthesis of Polyenes and Ene/Ynes

5.2.1 Original Concept

When evaluating the possible applications of the vinylogous substitution of vinylogous
esters and amides, we considered the flaws in the vinylogous substitution methodology. The
difficulty in synthesis of the problematic vinylogous esters and amides, shown in Figure 5.3, was
particularly discouraging. Like Morita-Baylis-Hilman reactions, these syntheses can be catalyzed
by DABCO or triphenylphosphine. Nevertheless, the synthesis of most vinylogous esters and
amides does not require base catalysis, as the alcohols and amines can spontaneously add to the
alkynes. These reactions take longer and provide lower yields than when they are base catalyzed,

but spontaneous addition is observed in most cases.

1) BrMg

o) A 0 PhNHMe o)
J mE N DoM J o
R ™ R — > R N“
X
, 2) PCj: ) A 12-72 h 3 |
or Jones
up to 99% yield (DABCO)
(2 steps)
X=

338 H 10% S @X
a o
3b OMe 9%, 32%? /@X <\j( \_/
3c NOz 9%,54%% 3e 3f

3d CN 0% 29% <5% by NMR

Figure 5.3. Vinylogous esters and amides which are difficult to synthesize. 2With DABCO

catalysis, 24 hour reaction time

5.2.2 Preliminary Results

We attempted conjugate additions directly to alkynes 2, but they did not react as
electrophiles in conjugate addition, likely due to the geometry of the n-system being too distal for

attack (Figure 5.4).
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B\/\Ph
*@?
Figure 5.4. Geometry of alkyne electrophile

This, combined with the reactivity of these species in conjugate addition conditions,
inspired us to consider relay catalysis for the synthesis of polyene structures differing in ketone
substitution. This would not only allow access to these polyenes, but it would also expand the
applicability of our developed methodology. Our proposed synthesis would allow for the use of
substoichiometric quantities of an amine or alcohol (e.g., methylaniline), which could then
spontaneously add to the desired alkyne 2 to form the vinylogous amide or ester 3 needed for
conjugate addition (Figure 5.5). Unlike the alkynes, this amide or ester would be able to undergo
conjugate addition, as shown in 11, followed by possible Lewis acid complexation as in 1V and
elimination to provide the desired polyene structures 4. The Lewis acid complex could then re-
enter the catalytic cycle, with the organocatalyst activating another equivalent of trifluoroborate

salt, 5, and the methylaniline forming another equivalent of the vinylogous amide 3.
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p [ J

Co\gfph lPhNHMe
0.4 equiv O
I (0.4 equiv) \BJ—Ph
Oe ,
l0) 1

P

Figure 5.5. Proposed catalytic cycle for organocatalyzed relay catalysis

We tested phenol and methylamine, the two most effective leaving groups we found in
studies of vinylogous substitution. No formation of the polyene was observed when phenol was
used; however, with a stoichiometric quantity of methylaniline, the polyene 4 was formed in 27%

yield (Figure 5.6).

BF;K 9
Ph N~ (2 equiv)

(o) TBBol
additive (1 equiv (o)
/]\ ( ) >
F 4 AMS, PhMe X
2 100 °C, 24 h

4

with PhOH: 0% yield
with PhNHMe: 27% yield

Figure 5.6. Relay catalysis — initial results

5.3.3 Control Experiments and Optimization
Optimization of reaction conditions allowed an improved yield of 96% with substoichiometric

methylaniline (40 mol %, entry 1, Table 1) in only 6 hours rather than the 24 needed for
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vinylogous substitution. With only TBBol, no vinylogous amide 3 or polyene 4 was observed

(entry 2). With methylaniline only, the product ratios were consistent with the previously

observed rates of background reaction (entry 3). With DABCO, neither product was observed,

and phosphine was also not an effective catalyst (entries 4-6 and 7-9, respectively). Combined,

these results support the relay catalytic cycle as proposed and exclude the possibility of C-C

bond formation by a Morita-Baylis-Hilman reaction.

Table 1. Control experiments of relay catalysis

5
Ph/\/BF3 /\)I\

(2 equiv)

0 catalyst(s 3
addltlve
/I\ 4 AMS, PhMe @/\/\)‘\
2 100 °C, 6 h
catalysts additive yield of 4 Yield of 3
entry TBBol PhNHMe (40 mol %) (%) (%)

1 20 mol % 40 mol % none 96 0
2 20 mol % none none 0 0
3 none 40 mol % none 31 30
4 20 mol % none DABCO 0 0
5 none 40 mol % DABCO 0 31
6 none none DABCO 0 0
7 20 mol % none PBus 0 0
8 none 40 mol % PBus 19 13
9 none none PBus 0 0
I

n the case of a specific reaction, the yields and catalyst loadings could be optimized. For
example, in the case of the methyl alkynyl ketone 3, loadings were decreased to as low as 10%
TBBol/20% methyl aniline (Table 3). The trifluoroborate salt could also be used in a lower
excess, with only 1.5 equivalents necessary. These reactions excelled on scale up. Both TBBol

and methyl aniline could be recovered from the reactions, allowing them to be recycled.
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Table 2. Optimization and scale up of conjugate addition relay catalysis reaction

o Ph/\/BF?’K (1.5 equiv) o
TBBol, PhANHMe SN
/I\ > W
Y 4 4 AMS, PhMe
3 100 °C, time 4
entry scale TBBol PhNHMe | concentration time yield
loading loading
1 2 mmol 20 mol % 40 mol % 0.1M 6h 95%
2 2 mmol 10 mol % 10 mol % 05M 14 h 60%
3 2 mmol 5 mol % 5 mol % 0.5M 14 h 49%
4 5 mmol 10 mol % 20 mol % 05M 6h 55%
5 5 mmol 10 mol % 20 mol % 05M 42 h 88%

5.3.4 Nucleophile and Electrophile Variation

The alkynyl ketone variations that were difficult substrates to synthesize were effective in
the relay catalytic system (Figure 5.7). These substrates allowed for the formation of the
corresponding polyenes in high yields with electron-rich heterocycles (4c, 4d), with lower yields
in the case of substituted phenyl rings (4e, 4f). If the reaction time were increased, the
corresponding polyenes could be synthesized in higher yields (4b).

BF;K
0
(2 equiv)
(o] TBBol (20 mol %) 0

> JI\/\/\
R)I\\ PhNHMe (40 mol %) R a4 Ph

4 A MS, PhMe, 6 h

L OO oL

63% (0.2 mmol) 4b T1%* 4c 1% 4d 67%
96% (2 mmol) 4e 39% 4f 30%

Figure 5.7. Varied ketone substitution in relay catalysis. 224 hours.

A variety of boronic acid and trifluoroborate nucleophiles were screened and compared to
the results from vinylogous substitution (Figure 5.8). Similar trends were observed. Again, aryl

trifluoroborates did not provide high yields, likely due to the need for dearomatization during C—
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C bond formation. Most vinyl (4a, 4g-i) and some alkynyl trifluoroborates (4m) provided fair
yields of polyenes and ene/ynes. The use of naphthalene-derived trifluoroborate salts in the
reaction, with 40 and 4p giving higher yields than phenyl trifluoroborate 4j, supports the idea that
dearomatization is the barrier to high yields as aromaticity in naphthalene is weaker. Boronic acids
generally gave decreased yields when compared to the more stable trifluoroborate salts.*3

BF;K
o BOH: o o -BFs

o > o
TBBol (20 mol %)
/J\ PhNHMe (40 mol %) /\)J\
V5 4 AMS, PhMe R
3 100°C, 6 h 4

3
B(OH); 75%

o) o “

N N BF;K  98% x
4a 4h X=Ph . 4j
B(OH), 58%  x BF;K  70%

i

. BF:K 1%
BF:K  63% 4 X=OMe

B(OH), 64% o

o s BF;K  88% S
)WI\ w Z R = Ph
4] BF:K 0% m= "

R 4
4k B(OH); 12% BF:K 79%
BF;:K 9% o) 4n R=TMS

BF;K 0%
o)

BF;K 11%°

BF;K 11%P

Figure 5.8. Nucleophile screen. P24 hours.

Functional group compatibility was assessed in a screen as developed by the Glorius
group.130.132156 The reaction was found to be highly compatible with most functional groups.
Yields were moderately decreased in the catalytic vinylogous substitution reaction when amides
or alcohols were added, which was consistent with previous experiments where adding excess of
the corresponding leaving group slowed the reaction. However, in the doubly catalytic reaction

lower yields were not observed, likely due to the substoichiometric loading of methyl aniline in
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the reaction. The observed decomposition of some additives was hypothesized to be thermally
driven due to elevated reaction temperatures. This reaction experiences only minor reductions in
yield when the temperature is decreased to as low as 50 °C, and any thermally sensitive groups
could be preserved with an increase in reaction time at the lower temperature.

5.3.4 Applications

This method of synthesizing of ene/yne structures such as 4m was intriguing, as these
substrates can be difficult to synthesize and tend to be quite reactive. We considered the fact that
the polyene structures formed by this methodology are still able to be modified by further
conjugate addition reactions. Few examples exist of stereoselective modifications of such
compounds.157-159

We were able to enact a second conjugate addition with ene/yne 4m, providing the (-
branched ketone 5 in high yield with high enantioselectivity when a chiral diol was used (Figure
5.9). The reaction was comparatively slow, requiring 72 hours for full conversion. It was also
possible to use the thiophene trifluoroborate nucleophile, even though lower yields were observed
(6). We are unaware of any other reports of enantioselective formation of -alkynyl/p-alkenyl

ketones. These structures are highly intriguing for further modification and use in synthesis.
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X o
Z . >
Ph 4m (R)-3,3 -§C7F7)2-BINOL (20 mol %) _
4 AMS, PhMe, 100 °C =
Ph 5
24 h: 22%
72 h: 83%, 94:06 er
(o]
™ o
7 . >
Ph 4m (R)-3,3"-(C;F7),-BINOL (20 mol %) ~
4 A MS, PhMe, 100 °C =z

Ph 6
72 h: 28%, 99:01 er

Figure 5.9. Applications of ene/yne structures synthesized by relay catalysis

5.5 Future Work

We are interested in pursuing competition experiments as depicted in Figure 5.10. It is
likely that both conjugate addition, giving 8, and relay catalysis, giving 9, will proceed under the
reaction conditions, but the ratios and reaction rate will provide valuable information about the

nature of the mechanism.

fo) (2 equiv)

_ organodiol (20 mol %) - S
F PhNHMe (40 mol %)
; 4 A MS, PhMe

Figure 5.10. Conjugate addition versus relay catalysis control experiments

We have considered the possible application of this methodology to the synthesis of

polymers, as well as the synthesis of polyene-containing natural products. Further work is ongoing.
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5.6 Conclusion

Conjugate addition reactions as developed in the May lab were applied in a rationally
designed proposal to a new class of electrophiles, vinylogous esters and amides. These
electrophiles were able to react in conjugate additions with the alcohol or amine acting as a leaving
group, forming the unsaturated ketones. This reactivity was then exploited to develop a relay
catalytic pathway for the synthesis of the same structures, allowing for conversion of alkynes
directly to the polyenes and ene/ynes. This method of synthesizing these structures is mild and
highly functional group tolerant. The resulting structures were also used as starting materials in a
uniquely enantioselective conjugate addition, providing B-alkynyl/B-alkenyl products in high

yields with high enantioselectivities.
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5.8 Experimental
5.8.1 General considerations

All reactions were carried out in flame-dried glassware under an argon atmosphere. THF, Et:0,
toluene, and CH2Cl> were purged with argon and dried over activated alumina columns. Flash
chromatography was performed on 60 A silica gel (EMD Chemicals Inc.). Analytical thin layer
chromatography was performed on EMD silica gel/TLC plates and imaged by fluorescence at 254
nm or p-anisaldehyde stain. The 1H, 13C and 1°F NMR spectra were recorded on a JEOL ECA-600,
500, ECZ-400 or ECX-400P spectrometer using the residual solvent peak as an internal standard
(CDCls: 7.26 ppm for tH NMR and 77.2 ppm for 33C NMR). NMR yields were determined by the
addition of 1.0 equivalent of methyl 4-nitrobenzoate as an internal standard to the crude reaction
mixture and comparing the integration of the standard’s peaks to those of the starting material and
product (16 scans, 30 second relaxation delay). IR spectra were obtained using a ThermoNicolet
Avatar 370 FT-IR instrument. HRMS analyses were performed under contract by University of
Houston’s mass spectrometric facility via an nESI method and a Thermo Exactive + Advion
Nanomate instrument. Analysis by HPLC was performed on a Shimadzu Prominence LC (LC-
20AB) equipped with a SPD-20A UV-Vis detector and a Chiralpak or Chiralcel (250 mm x 4.6
mm) column (column details provided for specific compounds).  Commercially available
compounds were purchased from Aldrich, Acros, Ark Pharm, Alfa Aesar, Beantown Chemical,
TCI, and Combi-Blocks and were used without further purification. [IUPAC chemical names were

generated using Cambridgesoft ChemBioDraw Ultra 12.0.
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5.8.2 Relay Catalysis Optimization

o A\ _-BF3K 5
o} TBBol (20 mol %)
4AMS X
A e
24 hours
Additive | Equivalents | Salt Equivalents | Time | Yield
Initial Screen
PhOH 1 2 24 0
PhNHMe 3 2 24 0
PhNHMe 1 2 24 27
PhNHMe Equivalent Screen
PhNHMe 0.5 2 24 45
PhNHMe 0.2 2 24 26
PhNHMe 0.9 2 24 34
PhNHMe 0.6 2 24 40
PhNHMe 0.4 2 24 50
PhNHMe 0.5 2 24 46
PhNHMe 0.1 2 8 30
Pre-activated MS
PhNHMe 0.2 2 8 46
Pre-activated MS
PhNHMe 0.3 2 8 45
Pre-activated MS
PhNHMe 0.4 2 8 52
Pre-activated MS
PhNHMe 0.5 2 8 43
Pre-activated MS
PhNHMe 0.6 2 8 39
Pre-activated MS
PhNHMe 0.7 2 8 39
Pre-activated MS
PhNHMe 0.8 2 8 43
Pre-activated MS
PhNHMe 0.9 2 8 43
Pre-activated MS
PhNHMe 1.0 2 8 48
Pre-activated MS
PhNHMe 2.0 2 8 31
Pre-activated MS
PhNHMe 3.0 2 8 31
Pre-activated MS
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PhNHMe 4.0 2 8 34

Pre-activated MS

PhNHMe 5.0 2 8 21
Pre-activated MS
PhNHMe 1 2 1 18

Pre-activated MS

BF3K
P N3
O TBBol (20 mol %)

4 A MS, Additive Xy
4 PhMe, 100 °C

24 hours

Additive | Equivalents | Salt Equivalents | Time | Yield
Time Screen

PhNHMe 1 2 2 15
Pre-activated MS

PhNHMe 1 2 3 17
Pre-activated MS

PhNHMe 1 2 4 20
Pre-activated MS

PhNHMe 1 2 5 24
Pre-activated MS

PhNHMe 1 2 6 25
Pre-activated MS

PhNHMe 1 2 24 42
Pre-activated MS

PhNHMe 1 2 28 38

Pre-activated MS

Order of Addition Screen

PhNHMe (added with | 1 2 6 54

SM)

PhNHMe (added with | 1 2 24 55

SM)

PhNHMe 1 2 6 44

(added last)

PhNHMe 1 2 24 45

(added last)

PhNHMe 1 2 8 60

Salt Equivalents Screen

PhNHMe 1 2 8 51

PhNHMe 1 1.2 8 60

PhNHMe 1 3 8 53

PhNHMe 1 4 8 95

PhNHMe 1 0.9 6 45
24 46
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PhNHMe 1 1 6 60
24 65
PhNHMe 1 1.2 6 45
24 69
PhNHMe 1 1.4 6 58
24 78
PhNHMe 1 1.6 6 77
24 80
PhNHMe 1 1.8 6 71
24 73
PhNHMe 1 2.0 6 95
24 99

5.8.3 Unsaturated Products of Vinylogous Substitution/Relay Catalysis

General Procedures for Relay Catalysis

R/B(OH)z
or BFK

(2 equiv) Q

0
/J\ TBBol (20 mol %) ‘R/\)I\
&

PhNHMe (40 mol %) =
4 AMS, PhMe
100°C,24 h

A 2- or 4-dram vial was equipped with 4 A MS (250 mg/mmol) and a stir bar, then flame dried,
activating the mol sieves. Under argon, the trifluoroborate salt (or acid) (2 equiv) and TBBol
catalyst (20 mol %) were added to the vial. The solvent (0.2 M) was then added. To the reaction
mixture, methyl aniline and the alkyne starting material were added as one portion. If additional
additives were included, they were added to the reaction mixture after this step. The vial was sealed
well with Teflon tape and heated to reaction temperature in an aluminum bead bath, oil bath, or
aluminum block. After the reaction was complete, the reaction mixture was diluted with ethyl
acetate and filtered through celite. The celite pad was washed with ethyl acetate. The combined
solvents were removed by rotary evaporation. Products were purified by silica gel flash

chromatography using ethyl acetate/hexanes as the eluent.
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(3E,5E)-6-phenylhexa-3,5-dien-2-one (3a)

0
W

The title compound was synthesized from (E)-styrylboronic acid in 59% yield after 6 hours (40.5

mg, 0.24 mmol). It was also synthesized on 0.4 mmol scale from the (E)-styryltrifluoroborate salt

in 63% yield after 6 hours (43.7 mg, 0.28 mmol). Upon scale up to 5 mmol, the same conditions

provided the title compound in 88% yield (759.5 mg, 4.42 mmol). The product was purified by

silica gel flash column chromatography, using 1% ethyl acetate/hexanes as eluent. Spectral data

were identical to those reported in literature.120

(3E,5E)-6-(4-(trifluoromethyl)phenyl)hexa-3,5-dien-2-one (3b)

DW
FsC

3
The title compound was synthesized from (E)-(4-(trifluoromethyl)styryl)boronic acid in 75% yield
(72 mg, 0.30 mmol) and from the (E)-(4-(trifluoromethyl)styryl)trifluoroborate salt in 98% vyield
(94 mg, 0.39 mmol). The product was purified by silica gel flash column chromatography, using

1% ethyl acetate/hexanes as eluent. Spectral data were identical to those reported in literature. 12
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(3E,5E)-6-([1,1"-biphenyl]-4-yl)hexa-3,5-dien-2-one (3c)

/©/\/\)\
Ph

The title compound was synthesized from (E)-(2-([1,1'-biphenyl]-4-yl)vinyl)trifluoroborate salt in
70% yield and purified by silica flash chromatography 1% ethyl acetate/hexanes as eluent (35 mg,
0.14 mmol). White solid.

IH-NMR (500 MHz, chloroform-D) 6 7.59 (d, J = 7.4 Hz, 4H), 7.54 (d, ] = 8.0 Hz, 2H), 7.44 (t,J
= 7.2 Hz, 2H), 7.33-7.36 (m, 1H), 7.29 (d, J = 13.2 Hz, 1H), 6.89-6.99 (m, 2H), 6.26 (d, J = 15.5
Hz, 1H), 2.31 (s, 3H) 3C-NMR (126 MHz, chloroform-D) & 198.6, 143.6, 142.1, 140.9, 140.4,
135.0, 130.5, 129.0, 127.8, 127.8, 127.6, 127.1, 126.7, 27.5 IR 2922, 2852, 1653, 1616, 1488,
1184, 1150, 997, 844, 721, 692, 562 cm* HRMS-ESI m/z Calculated for C1sH160 [M + H]*

calculated 249.1279, found 249.1277

(3E,5E)-6-(4-methoxyphenyl)hexa-3,5-dien-2-one (3d)

QW
O

I
The title compound was synthesized from (E)-(4-methoxystyryl)boronic acid in 76% yield and
from (E)-(4-methoxystyryl)trifluoroborate salt in 65% yield (23 mg, 0.11 mmol). The product was
purified by silica gel flash column chromatography, using 1-5% ethyl acetate/hexanes as eluent.

Spectral data were identical to those reported in literature, Error! Bookmark not defined.
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(E)-4-phenylbut-3-en-2-one (3e)

©/\)‘\
The title compound was synthesized from phenyl trifluoroborate salt in 11% yield (3 mg, 0.02
mmol), with 1 equivalent of LiBr added to the reaction mixture, and the reaction was allowed to
proceed for 48 hours. The product was purified by silica gel flash column chromatography, using

1-10% ethyl acetate/hexanes as eluent. Spectral data were identical to those reported in

literature.160

(E)-6-methylhepta-3,5-dien-2-one (3f)

e}
/l\/\)]\

The title compound was synthesized from (E)-(4-methylpenta-1,3-dien-1-yl)boronic acid in 9%
yield (4.5 mg, 0.04 mmol) and from (E)-(4-methylpenta-1,3-dien-1-yl)trifluoroborate salt in 12%
yield (6.0 mg, 0.05 mmol). The product was purified by silica gel flash column chromatography,
using 1-5% ethyl acetate/hexanes as eluent. Spectral data were identical to those reported in

literature.161

(E)-6-phenylhex-3-en-5-yn-2-one (3g)

~
Z
Ph

The title compound was synthesized from (phenylethynyl)trifluoroborate salt in 79% yield after

48 hours (55.3 mg, 0.32 mmol). The product was purified by silica gel flash column
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chromatography, using 1-15% ethyl acetate/hexanes as eluent. Spectral data were identical to those

reported in |iterature_Error! Bookmark not defined.

(E)-6-cyclopropylhex-3-en-5-yn-2-one (Supplementary-1)

o]
x

A&

Prepared from (cyclopropylethynyDtrifluoroborate salt in 12% yield (6.5 mg, 0.05 mmol). The
product was purified by silica gel flash column chromatography, using 1-10% ethyl
acetate/hexanes as eluent. Off-white solid. Title compound could not be fully isolated and could
only be obtained with some impurities (catalyst/methyl aniline).

IH-NMR (600 MHz, chloroform-D) & 6.56 (dd, J = 15.8, 2.1 Hz, 1H), 6.35 (d, J = 16.5 Hz, 1H),
2.22 (s, 3H), 1.61 (s, 1H), 1.41 (td, J = 5.3, 2.3 Hz, 1H), 0.90 (td, J = 7.6, 4.6 Hz, 2H), 0.80 (td, J
= 5.8, 3.4 Hz, 2H) 13C-NMR (151 MHz, chloroform-D) 6 197.5, 137.1, 135.8, 125.1, 106.2, 73.9,
27.5,9.4, 0.8 IR 3455, 3016, 2970, 1738, 1454, 1435, 1365, 1229, 1217, 1092, 895, 539, 528 cm-

THRMS-ESI m/z Calculated for CoH100 [M + Na]* 157.0629, found 157.0627

(E)-4-(thiophen-2-yl)but-3-en-2-one (3i)

S\
\

The title compound could not be isolated from the reaction mixture, and only starting materials

and the vinylogous amide catalytic precursor could be recovered.
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(2E,4E)-1,5-diphenylpenta-2,4-dien-1-one (3I)

o)

Ph
Prepared and isolated from the corresponding alkyne and (E)-styryltrifluoroborate salt in 71%

yield (66.5 mg, 0.28 mmol). Spectral data were consistent with those found in literature.62

(2E,4E)-5-phenyl-1-(thiophen-2-yl)penta-2,4-dien-1-one (3m)

S O

W

Ph
Prepared and isolated from the corresponding alkyne and (E)-styryltrifluoroborate salt in 71%

yield (68.5 mg, 0.29 mmol). Spectral data were consistent with those found in literature.163

(2E,4E)-1-(furan-2-yl)-5-phenylpenta-2,4-dien-1-one (3n)

o) o)

)

Ph
Prepared and isolated from the corresponding alkyne and (E)-styryltrifluoroborate salt in 67%

yield (60.4 mg, 0.27 mmol). Spectral data were consistent with those found in literature.164
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(2E,4E)-1-(4-methoxyphenyl)-5-phenylpenta-2,4-dien-1-one (30)

o)

/ _
Ph

Prepared and isolated from the corresponding alkyne and (E)-styryltrifluoroborate salt in 39%

yield (40.8 mg, 0.15 mmol). Spectral data were consistent with those found in literature.1%

(2E,4E)-1-(4-nitrophenyl)-5-phenylpenta-2,4-dien-1-one (3p)

0
O,N

Ph

Prepared and isolated from the corresponding alkyne and (E)-styryltrifluoroborate salt in 30%

yield (33.2 mg, 11.9 mmol). Spectral data were consistent with those found in literature.16¢

(E)-4-(naphthalen-1-yl)but-3-en-2-one (3Qq)

Prepared and isolated from (naphthalen-1-yhtrifluoroborate salt in 78% yield (153.3 mg, 0.78
mmol) after a 48 hour reaction time. (Note: after 6 hours, only a small amount of product was
observed by NMR). The product was purified by silica gel flash column chromatography, using

5% ethyl acetate/hexanes as eluent. Spectral data were consistent with those found in literature. 167
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(E)-4-(naphthalen-1-yl)but-3-en-2-one (3r)

O

Prepared from (naphthalen-2-yl)trifluoroborate salt in 92% vyield after a 48 hour reaction time

o]

(180.4 mg, 0.92 mmol). (Note: after 6 hours, only a small amount of product was observed by
NMR). The product was purified by silica gel flash column chromatography, using 5-10% ethyl

acetate/hexanes as eluent. Spectral data were consistent with those found in literature.?>

(E)-6-cyclopropylhex-3-en-5-yn-2-one (SUPPLEMENTARY-8)

o]
A

&
Relay Catalysis
Prepared from (cyclopropylethynyDtrifluoroborate salt in 12% yield (6.5 mg, 0.05 mmol). The
product was purified by silica gel flash column chromatography, using 1-10% ethyl
acetate/hexanes as eluent. Off-white solid. Title compound could not be fully isolated and could
only be obtained with some impurities (catalyst/methyl aniline).
IH-NMR (600 MHz, chloroform-D) & 6.56 (dd, J = 15.8, 2.1 Hz, 1H), 6.35 (d, J = 16.5 Hz, 1H),
2.22 (s, 3H), 1.61 (s, 1H), 1.41 (td, J = 5.3, 2.3 Hz, 1H), 0.90 (td, J = 7.6, 4.6 Hz, 2H), 0.80 (td, J
= 5.8, 3.4 Hz, 2H) ¥*C-NMR (151 MHz, chloroform-D) 6 197.5, 137.1, 135.8, 125.1, 106.2,
73.9, 27.5, 9.4, 0.8 IR 3455, 3016, 2970, 1738, 1454, 1435, 1365, 1229, 1217, 1092, 895, 539,

528 cmt HRMS-ESI m/z Calculated for CoH100 [M + Na]* 157.0629, found 157.0627

207



(E)-6-phenyl-4-((E)-styryl)hex-5-en-2-one (6)

Minor product observed in reactions with phenyl vinyl trifluoroborate salt. Isolated from reaction
mixture using 1% EtOAc/Hexanes (8.9 mg). White solid.

IH-NMR (500 MHz, chloroform-D) § 7.22-7.30 (m, 8H), 7.15 (t, J = 7.2 Hz, 2H), 6.39 (d, J =
16.0 Hz, 2H), 6.14 (g, J = 7.6 Hz, 2H), 3.56-3.62 (m, 1H), 2.68 (d, J = 6.9 Hz, 2H), 2.11 (s, 3H)
B3C-NMR (151 MHz, chloroform-D) 6 207.1, 137.2, 131.1, 130.8, 130.6, 128.6, 127.5, 126.3,
123.7,48.7,41.5, 36.7, 30.9 IR 2924, 2854, 2360, 1718, 1494, 1482, 1450, 1340, 1149, 990,
967, 748, 720, 694 HRMS-ESI m/z Calculated for C2oH200 [M + Na]*299.1412, found

299.1409
(S,E)-6-phenyl-4-(phenylethynyl)hex-5-en-2-one (8)

(R)-C,F,-BINOL
X 4 MS, PhMe - AN 0
100 °C, 72 h - :

A 4 dram vial was equipped with 4 A MS (250 mg/mmol) and a stir bar, then flame dried, activating

\

the mol sieves.> Under argon, the trifluoroborate salt (2 equiv), chiral diol catalyst (20 mol %), and

starting material were added to the vial. Toluene (0.2 M) was added. The vial was sealed well with

5 Pre-activating molecular sieves and using oven-dried glassware reduces the yield.
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Teflon tape and heated to reaction temperature in an aluminum bead bath. After the reaction was
complete, the reaction mixture was diluted with ethyl acetate and filtered through celite. The celite
pad was washed with ethyl acetate. The combined solvents were removed by rotary evaporation.
The title compound was isolated in 83% yield (33.4 mg, 0.12 mmol) by silica gel flash
chromatography using 1-5% ethyl acetate/hexanes as the eluent. The enantiomeric ratio was
calculated as 94:06, with the major enantiomer determined by analogy to previous work. Yellow
oil. The chiral HPLC column used for the separation of enantiomers was Chiralcel OD-H:
Cellulose tris-(3,5-dimethylphenylcarbamate) coated on 5 um silica gel.

IH-NMR (600 MHz, chloroform-D) & 7.37 (s, 2H), 7.31 (s, 2H), 7.24 (s, 5H), 7.18 (d, J = 8.9 Hz,
1H), 6.70 (d, J = 15.8 Hz, 1H), 6.15 (dd, J = 15.8, 2.7 Hz, 1H), 3.94 (s, 1H), 2.85-2.88 (m, 1H),
2.72-2.75 (m, 1H), 2.17 (s, 3H) 3C-NMR (151 MHz, chloroform-D) § 205.6, 136.5, 131.4, 130.9,
128.3, 128.0, 127.8, 127.3, 126.2, 123.0, 88.9, 83.7, 77.0, 76.8, 76.6, 49.1, 30.4, 30.3 IR 3058,
3029, 2923, 2203, 1711, 1490, 1447, 1357, 1158, 966, 752, 691 cm-t HRMS-ESI m/z Calculated

for C2oH18O [M+H]* 275.1436, found 275.1434.

5.8.4 Functional Group Screen
Functional group screens were adapted from protocols developed by the Glorius group.130-132
GCMS was used to analyze yields. Reactions were set up in tandem with the same batch of starting
materials and catalyst(s). All reaction vials were equipped with stir bars and mol sieves, then flame
dried. The trifluoroborate salt was added as a solid, as it is not soluble in the reaction mixture. The
remaining components, including standards, were pre-mixed as a stock solution and added to the
vials containing mol sieves and trifluoroborate salt. After the reaction time, the reaction mixtures

were filtered through celite plugs (in pipettes) and solvent was removed by rotary evaporation.
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Relay catalysis was evaluated by GC. Calibration curves were generated for product and all
additives. Calibration standards were prepared containing no more than 8 additives. From these
standards, 5 dilute samples were prepared, with mesitylene added to represent concentrations of
additives equivalent to 100%, 80%, 60%, 40%, and 20% compared to standard (i.e., 0.1 mmol of
standard/0.08 mmol additives representing 80% recovery). Curves were generated for the
concentration/GC response for each additive. The best fit line equation of each was used to

calculate recovery of additives in the reaction mixture.
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o X -BFK

o

(o]
TBBol, PhNHMe X
PR e
Entry Additive % Yield Recovery Additive
1 None - Control 73 (average of 3) --
2 1-undecene 80
3 1-octyne 72 70
4 tridecanenitrile 71 59
5 chloroheptane
6 decylamine 73 0
7 6-undecanone 73 71
8 nonanol 73
9 acetanilide 77 60
10 methyl benzoate 75 80
11 2-vinynaphthalene 80
12 4-octyne 93 64
13 benzonitrile 81 81
14 chlorobenzene
15 benzylamine 74 59
16 benzaldehyde
17 phenol 95
18 1-benzylpyrrole
19 1-methylimidazole 74 77
20 2-n-putylfuran 74
21 indole 72 65
22 2-chloroquinoline 68
23 benzoxazole 81 100
24 chromone 85 96
25 3,5-lutidine 75
26 4-methylthiazole
27 2-n-butylthiophene 71 63
28 2,3-benzofuran 93 65
29 n-methylacetanilide 87 81
30 2-chloropyridine 98
31 benzothiazole 71 73
32 2-picoline-N-oxide 80 0
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APPENDIX - CHAPTER FIVE

Spectra Relevant to Chapter Four

Organocatalyzed Vinylogous Substitution for Relay

Catalysis
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CHAPTER 6: CONCLUSIONS - ORGANODIOL CATALYZED
CONJUGATE ADDITIONS FOR TOTAL SYNTHESIS AND
METHODOLOGICAL DEVELOPMENT

6.1 Total Synthesis

Conjugate additions developed in the May lab excel at utilizing electron-rich heterocycle-
appended electrophiles.168 This reactivity was key in the development of a synthetic route to the
mucronatins,*” as well as the planned syntheses of cytoblastin® and completion of discoipyrrole

D*3.169 (Figure 6.1).

R =Me (A)
NR2 R=H (B)

Mucronatin A/B Cytoblastin Discoipyrrole D

Figure 6.1. Indolyl propylene glycol natural products

Two disconnections were proposed and attempted, both with electron-rich heterocycle
appended enones (Figure 6.2). The first approach using tryptamine or serotonin derived
nucleophile 3 required formation of the carbon-boron bond at the 2-position of a tryptamine (7) or
serotonin (8) derived nucleophile, while the electrophile was a known unsaturated aldehyde 4
synthesized by a Zincke aldehyde strategy.*® The synthesis and use of indole boronate 3 in the

conjugate addition proved to be prohibitively challenging.
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Mucronatm A/B /
1A; R = Me, .
2B;R'=H NR', RO 7
Acetylcholinesterase N BF;K N NH;
inhibition N H

3 * Lithiation/Boronation
* Halogenation \

* Organometallic Catalysis

+ O
7R%2=H

NI
H S
N NR N
H Tryptamme +
8R%=
RO Serotonm

KF3B

Organocatalyzed
Conjugate
Addition

« Bromination/Heck Reaction
* Double Michael Addition,

Ring Opening

Figure 6.2. Disconnections in the synthesis of the mucronatins

In the second approach, tryptamine or serotonin derived electrophiles 5 and the 3-position

indolyl trifluoroborate salt (6) were used. The salt, 6 could be easily synthesized, and some variants

are even commercially available. The synthesis of the electrophile 5 can be accomplished by a

double Michael addition without the use of transition metal catalysis, resulting in promising

reactivity that is being optimized currently as it suffers from some inconsistency. The option of

returning to the use of a Heck reaction to synthesize this electrophile remains available should this

route prove difficult to optimize.

Nonetheless, the key conjugate reaction step of the synthesis has been shown to be
effective, and the synthesis is nearly complete (Figure 6.3). The final steps have been well

developed in the synthetic approach to discoipyrrole D.* We anticipate completion of this

synthesis, as well as those of cytoblastin and discoipyrrole D, shortly.
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NHCbz

N N\ (R)-C;F;-BINOL (20 mol %)
N
N \o 4 AMS, PhMe

BF;K Reflux, 12 h

O oo

Cbz OH
12 9¢

C7F7

Catalyst

Figure 6.3. Key conjugate addition of mucronatin A/B total synthesis

6.2 Vinylogous Substitution and Relay Catalysis

As electron-rich electrophiles are effective in conjugate additions developed by our
group,® the use of vinylogous esters and amides as electrophiles in such reactions was attempted.
This resulted in nearly unprecedented reactivity, effectively providing conjugate addition with
subsequent elimination of the alcohol or amine leaving group (Figure 6.4). The resulting polyene
structures were synthesized in good yields.

This methodology was then applied an effective synthesis of polyene structures. Relay
catalysis allowed for the use of substoichiometric quantities of methylaniline to be used to form
the vinylogous amides in situ, and the resulting structures could participate in conjugate addition
reactions with an organodiol catalyst to provide the polyenes in high yields with shorter reaction

times.
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2y BFK
o ° (2 equiv)

alcohol or amine TBBol (20 mol %)
DCM X/\)J\ 4 AMS, PhMe, 100 °C
o (DABCO) X = OR, NRR’ 24 h o
15
///I\R1 Relay Catalysis RZWJ\ R!

14 3,3",5,5"-TetraBromo-2,2"-Biphenol (TBBol) (10 mol %), 16
organoboronate
PhNHMe (20 mol %), 4 A MS, PhMe, 100 °C, 6 h

Figure 6.4. Vinylogous substitution and relay catalysis

One of the products of the relay catalytic reaction, the ene/yne ketone 17, was used in a
second conjugate addition to give the p-alkynyl/B-alkenyl 18 in high yields with high
enantioselectivity. Work continues for the enantioselective conjugate addition to occur in the same
flask as the relay catalysis/vinylogous substitution by relying on the reactivity of the nucleophiles
to provide control in the reaction pathway. Applications of this methodology are anticipated to

provide novel reactivity pathways in future work in methodological development and synthesis.

(o]
N (o]
=7 . Keutl
bh 17 (R)-3,3"-(C;F7),-BINOL (20 mol %) P
4 A MS, PhMe, 100 °C =
Ph 18
24 h: 22%

72 h: 83%, 94:06 er

Figure 6.5. Utility of the products of relay catalysis

6.3 Concluding Remarks

Both projects explored in this dissertation were based on organocatalyzed conjugate
addition reactions developed in the May lab. Both have provided valuable information in the
development of synthetic pathways and methods. The developed synthetic routes excel at setting
stereocenters in an enantioselective fashion, allowing for the synthesis of a variety of product

diastereomers that could be used in SAR and biological activity studies. The methodology
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developed used unusual electrophiles and provided access to promising structures that can be used
for natural product synthesis or new reactions. Synthesis and methodology have been considerably
intertwined, where advances in one contributed to the other, and that is expected to continue in
future work. Both projects have represented a considerable advancement in the methods and

syntheses of our group and generated promising ideas.
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