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ABSTRACT

This dissertation covers two projects: 1,4—conjugate addition on pyrrole and indole
enones, and propargylic substitution using boronic acid as nucleophiles and silver/gallium
catalysts.

B-(2-indole)-enones and B-(2-pyrrole)-enones, both historically problematic substrate
types with 1,4—conjugate addition reactions, were extensively examined. Analysis of isomer-
related reaction-rate trends showed that proximity of a heteroatom to the enone -carbon was
favorable to reaction rate and increased resonance electron donation also increased reaction
rate. These enantioselective conjugate addition reactions were ultimately enhanced by using a
less electron deficient catalyst and a base additive, ammonium carbonate. After many
reactions and substrates were studied, this base was shown to have an advantage effect on
enhancing the conjugate addition reaction but had an adverse effect on the starting material,
which lead to other side reactions with this conflicted system.

For the second project, three methods have been developed for nucleophilic
propargylic  substitutions that have been wuseful in forming tertiary carbons:
(IPr)GaCls/AgSbF¢ with boronic acid at 23 °C, AgSbF with boronic acid at 40 °C, and GaCls
with boronic acid at -78 °C. A combination of AgSbFy and IPrGaCl; along with boronic acids
at lower temperatures have been shown to decrease reaction times for the formation of
nucleophilic substitution through the displacement of propargylic alcohols. GaCls with
boronic acid at -78 °C proved to be the best conditions for the formation of the quaternary
carbon centers. An expanded substrate scope and nucleophile scope have been developed for
the formation of the tertiary carbon centers and quaternary carbon centers using these three

method
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CHAPTER 1: CONJUGATE ADDITION REACTIONS AND PYRROLES

1.1 Importance of Pyrroles and Indoles

1.1.1 Pyrroles and Indoles in Pharmaceutical Drugs

Among the thousands of pharmaceutical drugs that are on the market today,
many possess heterocycles; specifically a significant percentage have pyrroles and
indoles in the cores of their structures.! In fact most of the top 200 grossing
pharmaceutical drugs of 2019 contain at least one heterocycle. Currently, the second
most prescribed pharmaceutical drug is Lipitor®. This compound helps to lower
cholesterol levels, has a revenue of $2.096 billion dollars, and has a highly substituted
pyrrole (Figure 1.1). Cialis and Lupron earn $891 and $887 million a year,

respectively. Both contain multiple heterocycles, including an indole motif.

NH
™
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fo o]
N OH N
/ HN
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Lo ¢

Figure 1.1. Examples of pyrroles & indoles from the top 200 pharmaceutical drugs
Pyrroles appear in a wide variety of drugs with many applications. For
example, Sunitinib is a treatment for gastrointestinal stromal tumors (Figure 1.2).
Toradol and Tolmetin are both nonsteroidal anti-inflammatory drugs, while pyrvinium

is a treatment for pinworms.



1.1.2

H
N._oO o
HN H »
MN\/\N\;\ N oH
F o °

| (0]
HO N \ -
L) Ni\\NQ
o |
=

Figure 1.2. Pharmaceutical drugs with pyrroles in their cores

Pyrroles are such useful building blocks for pharmacology that they appear in
the active compounds of antitumor, antimalaria, antifungal, antidepressant, antivirus,
antiulcer, and insecticidal agents among many other pharmacologically active
compounds.? These pyrrole motifs are thus valuable to our health and society, and the
ability to synthetically access a variety of pyrrole motifs from various methods is
important in new drug developments and discoveries. The ability to control
stereocenter formation and synthesize heteroaromatic systems has become
increasingly important, as the need and desire for greater three-dimensionality in

compounds has increased in more recent years.>

Pyrroles and Indoles in Natural Products

Natural products or analogs of natural products are often sources for drugs.!'”
From the years of 1981-2014, 320 of the 1211 new approved drugs were derived from
natural products. Often, natural products are isolated from plants or other natural
sources in very small quantities; however, many problems arise from the isolation.
These problems include: high cost associated with collecting samples, purity of

isolation (especially when trying to collect large quantities), long resupply times, as
2



well as difficulty obtaining large quantities without disrupting or destroying
ecosystems.!!

Once natural product candidates are tested in a variety of assays to see if they
have any potential for the treatment of diseases or conditions, it is the job of chemists
to find a reasonable synthetic route to make useful quantities of these compounds.
Having access to different methods to make compounds can be extremely helpful
when one runs into a roadblock in the practical nature of a synthesis.

In Figure 1.3, there are four different retrosynthesis for different natural
products that contain a pyrrole in their core structure. The first natural product,
rhazinicine, has been shown to mimic the cellular effects of Pacitaxel, a chemotherapy
drug.!? In the first total synthesis of rhazincine, the Gaunt group utilized a strategy of
metal catalyzed C-H bond functionalization.!? In this 11-step synthesis from

commercially available starting materials, the overall yield was 9.3%.



rhazinicine
yield = 9.3%
/N MeOOC
= /N o
= MeOOC

|

N —— o

° (¢]
rhazinilam |

yield = 4.7%

rhazinal
yield = <1%

didehydrotuberostemonine
yield =<1%

Figure 1.3. Examples of natural products retrosynthesis

The next natural product, rhazinilam, was been made by the Sames lab'? and
the Bowie lab!4. The Sames lab was the first to publish a synthesis in 2002, and then
in 2005 the Bowie lab publish a more concise synthesis of rhazilam. The Sames lab
based their synthesis around an intramolecular platinum mediated C—H activation.
Although they were able to get fairly good enantioselectivity within their reactions,

their overall yields remain low. The Bowie lab was able to complete their total



synthesis in seven steps with a completely different route but the overall yield was
similarly low.

The Trauner group published a synthesis of Rhazinal. They utilized a novel
oxidative Heck cyclization and palladium-catalyzed direct couplings. Although new
methods of synthesis were utilized, the overall yield was extremely low: less than 1%
overall. The synthesis of didehydrotuberostemonine was completed by the Spencer
group. Their yield was extremely low, however, because they encountered many
unstable intermediates. !>

In each of these synthesizes for pyrrole containing natural products, there are
improvements that can still be made. Either new methods to make these structures or
different synthetic routes could potentially improve the overall yields. Without the
ability to obtain high yields, these natural products are unlikely to be used in
applications, such as the large-scale production of drugs, even though they are
potentially useful.

Indole based natural products are plentiful. In Figure 1.4, there are examples of
terpenoid type natural products with indole cores.!® Natural products with biological

components or activity often include an indole motif.

| / 0 o
O -
H X z N
S &5 -
H OH |:| (o) H

emindole SB paspaline OH tubingensin A
Figure 1.4. Indole based natural products
Natural products also have a lot of value to the chemical community by

challenging current synthesis methods which leads to new methodology



developments. They also provide rewards, such as ideas for pharmaceutical drugs
targets.
1.2 Origins of Conjugate Addition Reactions
Conjugate addition reactions are a large and diverse class of reactions. In
general, they consist of a nucleophilic addition. 1,2 addition is a direct nucleophilic
attack to the carbonyl, while a 1,4—addition, or 1,4—conjugate addition, is the
nucleophilic attack to an alkene in conjugation with the carbonyl. Depending on the

reaction conditions, they can be thermodynamically or kinetically controlled.

1,2 addition
0]

o
1,4 addition
R

Figure 1.5. 1,2 vs. 1,4-addition

HO R

The first reports of conjugate addition reactions date back to 1880 when Arthur
Michael started to extensively study them.!” Arthur Michael, whom discovered the
“Michael Addition”, determined that a C—C bond could be formed at the electron
deficient S-carbon position of a ketone. The enolate serves as a nucleophile to attack
the f-position of an «, - unsaturated ketone compound (Figure 1.6). This results in an

1,4—conjugate addition reaction and a new C—C bond.

e
< H'/\_ O@ C OJ 0
-~ :B Y H + | o] -
R%H "HB U ) R)KF‘(\[O(
R 8>

Figure 1.6. Michael reaction
6




1,4—conjugate addition is a larger category of reactions, in which a nucleophile
attacks an «, f-unsaturated carbonyl compound. The nucleophile does not have to be
an enolate, like in the Michael Reaction. Grignards and organoboronates are also
commonly used as nucleophiles. Although commercially available, Grignards have a
few drawbacks as nucleophiles for 1,4—conjugate addition. They are usually more
selective for 1,2—addition over 1,4—conjugate addition. They often are difficult to work
with since they can be flammable and are often not shelf stable.

1.2.1 Organoboronates as Nucleophiles Without Transition Metal Catalysis

Nearly a hundred years later in 1976, Herbert Brown reported the first
conjugate addition with an organoboronate, 9-BBN (Figure 1.7).!® This reaction
provided a practical synthetic route to attach vinyl nucleophiles to methyl vinyl
ketones regioselectivity and resulted in a y, §-unsaturated ketone. Brown started with
an acetylene then reacted it with 9-BBN to generate the organoboronate, then the
methyl vinyl ketone was added and the final products were obtained in 66-93% yields
overall.

R—= (BN R/\/Bf L R/WOK
Figure 1.7. Brown’s conjugate addition reaction
1.2.2 Enantioselective Conjugate Addition Reactions with Transition Metal Catalysis

Copper-based catalysts with a variety of chiral ligands have been able to
promote the 1,4—conjugate addition reactions enantioselectively. Some common types
of ligands include oxazoline, TADDOL, and BINOL derivatives.!” Organozinc

nucleophiles, which are unreactive without a copper catalyst, are almost always
7



required for this reaction system to proceed effectively since they coordinate to the
oxygen in the reaction mechanism (Figure 1.8).2° The large ligands control
enantioselectivity in the C-C bond forming step. Only moderate yields of the 1,4—

addition products are produced, but the enantioselectivity is very high.

0]

o 1 ligand:

Cu(OTf), (2%) i !

¢ Rpzn — 2% ; :
ligand (4%) ! o. 3

CyHg, -30°C R oP N

e O

1 2

yield: 64-88%
ee: 91-99%

RoZn
2

N

L,CuR
Lo,CuX +
or L,CuX, RZnX

OZnR

L 0
L-Cur~--
R )
|
o)

xzn 1
R
4

Figure 1.8. Enantioselective copper catalyzed reaction and mechanism

In 1997, Miyaura published the first 1,4—conjugate addition with aryl and
alkenyl boronic acids on a, f-unsaturated ketones with a rhodium complex (Figure
1.9).2! Then shortly thereafter, Miyaura’s group developed an asymmetric version of
the rhodium complex.?? They used BINAP as a ligand and a mixed solvent system of
dioxane/water heated to reflux temperatures. They were able to get high
enantioselectivity, but the yields varied quite a bit from 50-90%. Since then,
significant improvements have been made to asymmetric rhodium-catalyzed 1,4—

conjugate additions with boronic acids. Many ligands have been developed for



rhodium-catalysis with a variety of nucleophiles as well as on a large scope of

substrates.?

, RN/ (S)-binap 3 OO 3
RZ PPh,!

H‘\/\[(R (1-3 mol%) R!

0 +  RB(OH), m OO Pth%
Ri= alkyl (91-99% ee) |

Figure 1.9. First enantioselective rhodium catalyst 1,4-conjugate addition
There are a few other examples of enantioselective conjugate addition
reactions with cobalt and nickel based catalysts. These reactions also depend on
organozinc nucleophiles instead of boron based nucleophiles. They are also typically
limited in substrate and nucleophile scopes, so they are not as powerful of a reaction
like the ruthenium or copper catalyzed conjugate addition reactions.
1.3 Conjugate Addition Mechanistic Studies
1.3.1 Early Work with Transition Metal Free and Lewis Acid Free 1,4-Conjugate
Additions
Chong’s group reported the first transition metal free and Lewis acid free
enantioselective 1,4—conjugate addition reaction (Figure 1.10).2* They were able to
catalyze the conjugate addition with a BINOL-derived catalyst. During the C-C bond
forming step, they were able to induce enantioselectivity in the product formation.
They used boronic esters as the nucleophiles. Through testing various BINOL
derivatives, their group found that if the 3 and 3' positions were electron withdrawing
groups like iodine, the boron transesterification was facilitated (Figure 1.10). The
electron withdrawing groups on the BINOL are most likely affording a more strongly

binding “ate” complex formed between the boron and the carbonyl. The BINOL
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1.3.2

derived catalysts were both efficient in promoting the enantioenriched product and

they have a high turnover, so they are used in catalytic amounts.

cat. (20 mol%) R 3 |
R :
o 7 MeOp8— o ¥ } OO oH
A DoM 4Ams 40°C L . ‘ =

OH
‘ s " )
ee: 82-98% : |

yield: 81-98% ol :

OH RO ) R
( + \BJ/_ R Bf
OH RO 7 8

10 N R

C;Lf

o

RO,/ R RONR

RO 9
7

Figure 1.10. An early example of enantioselective organocatalyzed conjugate addition
and mechanism

There were a few limitations to this work. First, only alkenyl organoboronates
were used as nucleophiles; no alkyl, aryl, or heteroaryl organoboronates were used.
The reaction was also slow to complete, with reaction times reported up to about 96 h
depending on the nucleophile. However, these reaction conditions were promising
since they were fairly mild and were transition metal free. Mild conditions are often
sought after for highly complex compounds such as natural products.
May Lab Mechanistic Insights

A mechanism for BINOL-catalyzed conjugate addition reactions with
organoboronates was first proposed by Chong.?*?> Then, Pellegrinet and Goodman

worked with DFT calculations to improve the mechanistic understanding.?6-2
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Following all this mechanistic insight, the May group published mechanistic
experiements.?’ The 1,4—conjugate addition mechanism starts with the boronate ester
13 forming with the diol of the BINOL-derived catalyst. When the BINOL has
electron withdrawing groups in the 3 and 3' locations (the R group), the reactivity is
increased because the more electron deficient catalytic complex is able to more tightly
bind to the carbonyl of the starting enone. The rate determining step has been
proposed to be the C-C bond forming step to get 17. The stabilization of the
developing positive charge by electron donating group would increase stability in the
transition state thus lowering the transition state energy which would increase the rate.
By contrast, if there was electron withdrawing group then the rate would be decreased.

Hammett plot analysis in the May Group confirmed this hypothesis.

N\
o)
a— R
°B %
0" R Het/AryI/\)\
¢ :
R

13
x R Ry
R=I . o0
OH
OH

R F ~ R ‘/f\)\
? (HO)B” Het/Aryl
R=s CFs 12 OO 18
R
FF 1

Figure 1.11. Proposed catalytic cycle
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1.3.3 Reactivity Trends

In 2015, the May lab looked at reaction rates for the enantioselective conjugate

addition with BINOL derived catalyst for the 1,4—conjugate addition reactions with

aryl enones.?” With an electron donating group as X on the aryl ring, 18, para to the

enone, the reactivity is accelerated. If an electron withdrawing group was the X

attached to the aryl ring, 18, then the reaction rate was decelerated. This is unusual

since one would predict that substrates with electron donating groups would be less

electrophilic. Instead, the effects of rate acceleration are likely related to the cationic

charge that is developed in this reaction being stabilized at the benzylic position

(Figure 1.12).
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' N N -— ® e 3
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X '
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1 Gor e GeT
3 \_7 — — !
; N ° NN ad
i H NH =NH
SO 20 = cre
Reacts qgck/y O‘O‘ O‘O‘
R\ 2.0 rR\ 2.0
—— g~ B’
B\O@ B o
N D A Z
) Qi -
22 H HN 23a HN 23b

Figure 1.12. May lab mechanistic studies

Now with this insight from these aryl substrates, one would expect that the 3-

indole enone 20 to react quicker and the 2-indole enone 22 to react slower. This trend

12



is confirmed in the Hammett Plot studies. In order for the 2-indole enone to stabilize
the cationic charge, the aromaticity of the indole has to be broken. Thus the reaction
reacts quickly with the 3-indole enone since the charge can be stabilized without
breaking the aromaticity of the indole ring.

1.4 Pyrrole Reactivity

1.4.1 Pyrrole Reactivity Issues

Pyrroles motif have a wide number of applications. Pyrroles are in polymers,
natural products, and also pharmaceuticals. Although extremely useful motifs, they are
not easy to handle.

Pyrrole itself is a colorless liquid that grows darker in color when exposed to
air and it polymerizes when exposed to light. Pyrroles have a lower basicity than
amines or pyridines since the lone pair of electrons on nitrogen are delocalized.
Pyrroles are very electron rich, which makes them more easily oxidized, even with just
atmospheric oxygen. If an electron withdrawing group is added to the ring though, the
ring becomes less electron rich and less prone to oxidation. If an electron donating
group is added to the ring, the pyrrole becomes even more suspectable to oxidation.
The NH and CH protons of pyrrole are somewhat acidic in nature, and when
deprotonated with a strong base the pyrrole ring becomes more nucleophilic. Pyrroles
are susceptible to electrophile attack. They also can react with countless biomolecules
through hydrogen bonding and  — 7 stacking. 2

To combat light-promoted decomposition in synthesis, reaction vessels with
pyrroles are covered in aluminum foil to shield them from ambient light. And if being

oxygen and light sensitive was not enough, pyrroles are also acid sensitive. In the
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presence of acid pyrroles polymerize. The benzannulated counterpart, the indole, is
often much more stable because of the stabilizing effects of the aromatic ring fused to
pyrrole core. With the added stabilization, indoles tend not to be as light, oxygen, or
acid sensitive as the pyrroles.
1.4.2 Potential Side Reactions

The Temelli group developed a copper catalyzed regioselective Friedel-Crafts
alkylation of pyrroles (Figure 1.13).3° Once the alkylation occurred, they could simply
do a solvent switch to carbon tetrachloride and heat the reaction mixture to 75 °C.
After heating, an intramolecular self-cyclization could occur. The alkylated pyrrole
had complete conversion to the hemiacetal 27. This is evidence for how reactive and
nucleophilic the nitrogen of the pyrrole can be, and how easy it is for the pyrrole to

react.
0]

10% Cu(OTf),
. NScoMe ———— 2o N
N rt., THF, 12h N

H

24 25 26 CO.Me

heat

I\
N
HO
MeO,C
27

Figure 1.13. Temelli addition reaction
1.4.3 Substitution Trends for Pyrrole
In 2018, the Qui group published an intramolecular Friedel-Craft reaction that

was catalyzed by a chiral Brensted acid to produce six membered spirooxindoles.?!
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Their yields were relativity high for most of the substrates (up to 99%) even when they
changed the substituent groups on the aryl ring of the isatin 28 (Figure 1.14).
However, when the substituents were changed on the pyrrole of the isatin, they saw
that as each substituent was added, the reactivity went down and the yield decreased
correspondingly (Figure 1.14, 31-33). They also observed that the regioselectivity of
the reaction decreased significantly. They attribute this poor regioselectivity to be a
result of steric hinderance between the chiral phosphoric acid catalyst and the methyl
or ethyl substituents. They hypothesized that the low yields are a result of steric

hinderance in the proximity of the reactive site as well.
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o * | 7 -
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31 32 33
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Figure 1.14. Select examples of acid catalyzed asymmetric intramolecular Friedel-

Craft reaction
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1.5 Conclusion
1,4-Conjugate addition reactions are powerful C—C bond forming reactions.
The ability to utilize this reaction on difficult nitrogen bearing heterocycles enones has
the potential to help access a variety of complex. Despite the reactive natural of
pyrroles motifs they have had valuable applications in the pharmaceutical industry.
The study of pyrroles and enantioselective reactions is particularly important, and
ability to overcome difficult reactivity issues associated with pyrroles hopefully will

lead the ability to access new compounds.
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CHAPTER 2: 1,4 CONJUGATE ADDITION WITH PYRROLES AND INDOLES??

2.1 Identifying Effective Reaction Conditions
The use of boronate esters and boronic acids as nucleophiles in conjugate
additions to enones dates to Suzuki.’*% More recent efforts have led to transition
metal-catalyzed and organocatalyzed enantioselective versions of this reaction . For

the latter cases, examples exist of BINOL-based ligands pioneered by Chong 2, a-

434527 and thiourea catalysts from Takemoto.*®

hydroxy acids reported by Sugiura
Those reports, however, have primarily dealt with aryl-substituted stereocenter
formation, and so they offered little information on how to address heterocycle
incorporation and the problematic 2-indole and 2-pyrrole substrates.

The f-indolyl- and f-pyrroyl-enone substrates have historically been
problematic substrates. The [-indolyl-enones have deficient reactivity and the S-

pyrroyl-enones have hyper reactivity. The goal of this project is maximize the amount

of conjugate addition product produced for these difficult substrates.

potential reaction
in presence of acid

([ EWG makes pyrrole less |
‘quc/enph///c and less reactive|

N
. )

potential reaction —
in presence of acid

NnA—r-vvvo
| electron-rich pyrrole|

'/'/g/d o/e‘fmw \ flexible cha/'n:\

Figure 2.1. - pyrroyl-enone problems
2.1.1 Synthesis of Catalyst and Starting Materials
Most of the enone substrates are able to be synthesized directly from

commercially available starting materials. The pyrrole and indole enones are
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synthesized using a classic Wittig reaction with a ketone and an ylide, and the yields

are generally high and selective for the trans-alkene enone.

PheP”
(0] 0 /
N toluene, reflux N
H H
82.7%
O
~ Y
F\g_% L ° 7% N—"%
N N
N H H N
H
91.1% 83.2%

91.0% 56.2%

Figure 2.2. Pyrrole Wittig reaction
The catalyst can be made in a 3 step synthesis. Starting with BINOL, the
MOM protecting group is used to protect the diols. After protection, n-Buli is used to
lithiate the 3 and 3' positions and then incorporate iodine. Which is then followed by a

deprotection to yield the active electron deficient catalyst.

OH  MOM-Br OMOM n-Buli, I, OMOM Amberlyst 15 OH
OH "NaH, THF, OMOM ™ THF, OMOM MeOH/THF 1:1 OH
sl iiss i Nee o0
I I

Figure 2.3. BINOL derivated catalyst synthesis

2.2 Results

2.2.1 Reaction Rates

In looking at data collected from the many heteroaromatic substrates that our
group has examined, patterns emerged for how the point of enone attachment on furan,
pyridine, and imidazole rings affected the reaction rate (Figure 2.1). In the furanyl
enone 1, where the enone is attached at the furan 2-position, the conjugate addition

reaction occurs in only 8 h while its counterpart, 2, which is attached at the 3- position,
18



does not react completely until after 24 h. Pellegrinet and Goodman established that
the initial step in the organocatalyzed conjugate addition mechanism is the formation
of a discreet Lewis acid/base adduct between the enone and the catalyst ligated
boronate ester. 2628 One may draw equally viable resonance structures that stabilize
the putative Lewis acid/base interaction for the 2- and 3-furan isomers (8 and 9, Figure
2.1). 262847 Since the difference in reaction rates was not readily correlated to
resonance stabilization, we considered the possibility that proximity to the furan
oxygen played a role. Similarly, in S-pyridyl-enones, the reactivity does not correlate
to any typical resonance effects in that the 2-pyridine and 4-pyridine substrates do not
exhibit similar rates. Rather, the trend also appears correlated with the proximity of the
heteroatom to the reacting site, with 2-pyridyl 3 being formed within 3 h and 4-pyridyl
5 taking 21 h for complete reaction. These rates again implicates inductive electronic
effects. Recruitment of the Lewis acidic nucleophile by the pyridyl nitrogen in a
similar manner to Takemoto’s work cannot be fully ruled out, either. For the imidazole
substrates 6 and 7, similar resonance structures may be drawn for either isomer as seen
for the furans, so resonance effects did not explain the reactivity difference. Again,
having more nitrogens closer to the site of reactivity as seen in the 2-imidizole isomer
gave a faster reaction than for the 4-imidazole isomer. Taken together, these substrates
suggest that proximity to the inductively electron-withdrawing heteroatom in a
heteroaromatic substituent accelerates this conjugate addition. They also exhibited

high levels of enantioselectivity.
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Figure 2.5. Resonance stabilization of Lewis Acid/Base interactions
2.2.2 Reaction Trends with Indoles

However, the trend described in the previous section is opposite that for the
indole-substituted enones, where the high-performing 3-indole substrates bear the
nitrogen further from the enone B-carbon than the poor-performing 2-indolo-enones
(Figure 2.6). Moreover, inconsistent and unpredictable yields of the product of the
latter, 11 were routinely obtained. An early explanation for the discrepancy was that
the enone 10 has substitution at both the 2- and 3-positions, which would increase
steric repulsion at the reactive site. However, control experiments with 12-15 in Figure
6 dispelled that notion since the indole with only 2 substitution worked similarly, 12,

to the indole with both substitution at the 2- and 3- positions, 13. The inferior
20



reactivity of the enone 10 was clearly due to the indole position of substitution and
therefore more likely to be due to the system’s electronics. We reasoned that for these
substrates, resonance effects might have played a larger role than the inductive effects
seen in Figure 2.4. A relationship study for resonance effects and reaction rates using a
Hammett plot analysis of aryl-substituted enones shed some mechanistic insight on
what may have been occurring for the indole substrates. ¥ In that study, a clear
Hammett parameter correlation was seen for electron-donating substituents on the [3-
aromatic ring accelerating the reaction, which suggested that the stabilization of
benzylic cationic charge in 17b increased the reaction rate, likely because the
formation of zwitterionic intermediate 17a is necessary for the reaction (Figure 2.7).
Whereas for the 2/3-furan and 2/4-imidazole substrates the resonance structures for
charge stabilization were similar, those for the indoles 12 and 14 are quite different in
relative energy because of the additional fused aromatic ring. The 3-indoloenone can
stabilize charge with the resonance structure 19b, which maintains the aromaticity in
the fused benzene ring, but similar resonance stabilization in the 2-indoloenone 19b
would require the loss of aromaticity. This phenomenon is the reason behind the well-
established Friedel-Crafts reactivity patterns seen for indoles, where electrophilic
substitution preferentially occurs at the 3-position. To compensate for this energy
difference, we proposed that we needed to make the 2-indoles more electron rich for

the key Lewis acid/base interaction illustrated in 21a.
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Figure 2.7. Stabilization of the Zwitterionic intermediate
2.2.3 Reaction Trends with Pyrroles
We also looked more closely at the problems with pyrrole substrates. Control
experiments showed that the issues stemmed both from the high reactivity found in the
starting materials and the even greater instability of the products. As evidence of the

latter, when pure ketone 23 was reintroduced to the reaction conditions, it readily
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decomposed. When the starting material alone was stirred with base and no other
reactants, it also formed a new unstable product which could not be isolated or fully
characterized. After the conjugate addition, the pyrrole in 23 is electron rich and
nucleophilic, has no protecting group, and bears no steric blocking groups. Various side
reactions were consequently seen, such as the pyrrole nitrogen attacking the ketone
carbonyl to form a cyclized product that could be observed in the NMR of the crude
reaction mixture but was not stable enough to isolate.*>>® The Lewis acidic catalyst
complex was thought to be promoting the side reactions, and so a less electron deficient

BINOL catalyst was sought.
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Figure 2.8. Pyrrole problems

2.2.4 Base Additive Hypothesis and Control Experiments
Initially, we thought that a base additive could deprotonate the hydrogen of the
pyrrole or indole substituent, at least partially, which would result in greater electron
density in the ring. 3'%2 That electron density would stabilize benzylic cation
development and activate the enone as in Figure 2.7. As a result, we evaluated a variety
of bases to test this theory (Table 1). Note that in the original conditions reported for
boronic acid nucleophiles (see Figures 2.2 and 2.3), Mg(z-BuO); is used only in sufficient
quantities to deprotonate the catalyst. Moreover, -BuOH replicated its effects, suggesting

that the additives function was most likely to serve as a proton transfer agent. The Mg
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salt was usually slightly better, so metal coordination or pH adjustment may have played
a role in those conditions. Regardless, Mg(#-BuO): did not provide useful reactivity for 2-
indole substrates (12 and 13, Figure 2.6). The carbonate bases generally outperformed the
other bases in 24 h of reaction (entries 2—6). More soluble bases, such as CsxCO3; and
NaxCOs3, produced less of the conjugate addition product compared to a less soluble base,
such as (NH4)>COs (entries 3—6). It usually took several h for the (NH4)2COs to dissolve
in the solution. Bases that were stronger also resulted in a significant decrease in yield
(entry 8, 9, and 17). Overall, the use of a full equivalent of the (NH4)>CO3 and 3,3"-
diiodo-BINOL 26 as a catalyst significantly addressed the deficient reactivity of the

indole substrates and the hyper reactivity of the pyrrole compounds.
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Table 1 Optimizations of additives with 2-pyrrolyl enone

oo

catalyst 26 (20 mol %)
additive (1 equiv.)

Ph
HOB—Z " 2 equiv)

4 AMS, PhMe, 24 h

Entry Additive Yield
1 Mg(O-tBu)  10.2%
2 (NH4)2COs3 63.5%
3 K>COs 53.0%
4 Cs2CO03 35.3%
5 Li>CO3 29.0%
6 NaxCOs 4.1%
7 K3POq4 34.4%
8 NaHMDS 12.7%
9 LiHMDS 5.9%
10 KOH 4.9%
11 NaOH 4.1%
12 KOtBu 4.0%
13 NaOtBu 2.9%
14 LiOtBu 0%

15 NH4Cl 1.5%
16 NHs+HSO4 0%

17 DBU 2.8%

2.2.5 Conjugation Addition Reaction on Pyrrole and Indole Substrates

Since (NH4)>CO3 showed much better outcomes for the pyrrole substrate, we
tested those conditions on a variety of indole and pyrrole appendid enones, which
provided a variety of interesting results (Figure 2.6). We found that when we protected
the unsubstituted 2-pyrrolyl-enone 35 we obtained nearly identical results as the
unprotected version (32). This outcome invalidated our initial hypothesis for the role
of a base in deprotonating an indole or pyrrole nitrogen. We also found that as more

substituents were incorporated onto the pyrrole, the conjugate addition faltered (36-
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39). That trend led us to consider other roles that the base might have been playing in

reactivity as well as the nature of the problems associated with additional substituents.
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38 by NMR yield 39
Figure 2.9. Pyrrole substrates

Based on Hammett Plot studies from our group*, we would expect higher
yields for the conjugate addition product for the more substituted pyrroles, since the
pyrrole is then more electron rich, which typically results in faster reaction rates. We
hypothesize that the lower yields are due to higher reactivity found in the products,
which results in the products reacting further. In a control experiment, when the
purified products were reintroduced into the reaction conditions, they correspondingly
decomposed. Another indication of the reactivity of these substituted pyrrole
substrates is that they decompose in ambient lighting more quickly than the
unsubstituted starting material 32. Due to this high reactivity, the most substituted
products are not stable enough to be isolated in useful yield. Another possibility for
lower yields of the conjugate addition products could be that the extra substituents are

causing allylic strain-induced twisting between the ring and the enone, thus breaking
26



the conjugation and decreasing resonance donation into the enone. With an
unactivated enone, the conjugate addition reaction would be less favored over
alternative side reactions. Another possibility for decreased conjugate addition yields
could be a result of sterics. As more substituents are added to the ring, especially at the
3-position of the pyrrole, greater steric interference could be inhibiting the conjugate
addition reaction and allowing more time for side reactions and decomposition to
occur. A similar trend with pyrroles has been observed by the Qiu group™.

Another control experiment was stirring the pyrrolyl-enone with only
(NH4)2CO3 in toluene without light at 90 °C without a catalyst or organoboron
nucleophile; this resulted in an unwanted reaction that produced a side product too
unstable to isolate. This indicated to us that the base has both an advantageous effect
on the conjugate addition and an adverse effect on the starting material stability,
creating a conflicted system. In an effort to avoid starting material decomposition, we
tried to premix the catalyst, organoboronate, and the base and then add the pyrrole
dropwise, but it resulted in similarly low yields.

Typically, trifluoroborate salts work better in conjugate addition reactions
because of their greater stability over their boronic acid counterparts®>>3. Interestingly
though, in all of the pyrrole substrates (Figure 2.6) and some of the indole substrates
(Figure 2.7) the boronic acids resulted in higher yields than their trifluoroborate
counterparts. These findings led us to believe the base, (NH4)2COs, could also be
helping to promote boroxine formation from the boronic acid or maintain a favorable

pKa for the conjugate addition reaction to occur.
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For the indole substrates in Figure 2.7, (NH4)2COs3 also improved the yield for
the conjugate addition product. The unsubstituted indoles 30 and 42 resulted in
moderate yields with both the boronic acid and trifluoroborate salt. The mono-
substituted indoles 41 and 43 resulted in better yields when the trifluoroborate salt
nucleophile was used than if the boronic acid was used. Both the pyrrole and indole

products were formed with excellent enantioselectivity (Figure 2.6 and 2.7).
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Figure 2.10. Indole substrates
A variety of alkenyl boronic acids also show compatibility with these reaction
conditions with the problematic 2-pyrroyl-enone (Figure 2.8). In most cases, the
products that were formed in fair to good yields show excellent enantioselectivity (46-

50).
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Figure 2.11. 2-pyrrolyl-enone with boronic acids

2.3 Conclusions

Two problematic series of substrates, [-(2-indole)-enones and f-(2-pyrrole)-
enones, were thoroughly examined in the enantioselective organocatalyzed conjugate
addition of alkenyl boronic acids or trifluoroborates. Analysis of isomer-related
reaction rate trends showed that (1) proximity of a heteroatom to the enone f-carbon
was favorable to reaction rate and (2) increased resonance clectron donation also
increased reaction rate. The use of (NH4).COs promoted the conjugate addition
reaction better than Mg(Oz-Bu), or other additives. The use of a less electron deficient
catalyst in conjunction with the new base minimized side product formation and
provided the most advantageous environment for the conjugate addition to sensitive

substrates to date.

29



2.4 Experimental Section
2.4.1 Materials and Methods
Commercially available compounds were purchased from Aldrich, Acros, Alfa

Aesar, Ark Pharm, and Combi-block and were used without further purification. All
reactions were carried out in flame- or oven-dried glassware. THF, toluene and
CH:Clawere purged with argon and dried over activated alumina columns. Flash
chromatography was performed on 60 A silica gel (EMD Chemicals Inc). Preparative
plate chromatography was performed on EMD silica gel plates, 60 A, with UV-254
indicator. Chemical names were generated using Cambridge Soft ChemBioDraw Ultra
12.0. Analysis by HPLC was performed on a Shimadzu Prominence LC (LC-20AB)
equipped with an SPD-20A UV-Vis detector and a Chiralpak or Chiralcel (250 mm x
4.6 mm) column (see below for column details). Analytical thin layer chromatography

was performed on EMD silica gel/TLC plates with fluorescent detector 254 nm. The

1 13
Hand C NMR spectra were recorded on a JEOL ECA-600, JEOL ECA-500 or

ECX- 400P spectrometer using residual solvent peak as an internal standard (CDCl;:

7.26 ppm for H NMR and 77.00 ppm for C NMR).

HPLC Columns for Separation of Enantiomers:
Chiralpak AY-3: Amylose tris-(5-chloro-2-methylphenylcarbamate) coated on 3 um
silica gel, Chiralpak AD-H: Amylose tris-(3,5-dimethylphenylcarbamate) coated on 5
um silica gel, Chiralpak ID: Amylose tris-(3-chlorophenylcarbamate) immobilized on
5 um silica gel, Chiralcel OJ-H: Cellulose tris-(4-methylbenzoate) coated on 5 um

silica gel, Chiralcel OD-H: Cellulose tris-(3,5-dimethylphenylcarbamate) coated on 5
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um silica gel, Chiralpak AS-H: Amylose tris-[(S)-a-methylbenzylcarbamate) coated

on 5 um silica gel

2.4.2 General Procedure for the Synthesis of Starting Materials (enone)
To a flask equipped with a stir bar and a condenser was added carboxaldehyde
(2 mmol), 1-(triphenylphosphoranylidene)-2-propanone (1.2 equiv, 764 mg), and
toluene (4 ml). The reaction mixture was refluxed for 10 h. After completion, the
reaction mixture was concentrated via rotary evaporation. The crude mixture was

purified via flash column chromatography with an appropriate eluent on silica gel.

(E)-4-(1H-indol-3-yl)but-3-en-2-one

0
=0 —
N PheP” Y~
N o) A\
H N
PhMe, 100 °C, 12 h H

The title compound was synthesized following a procedure reported in literature.
The title compound was purified by silica gel column chromatography using 10-30%
Ethyl acetate/Hexane and obtained as a pale yellow solid. All spectral data were

identical to those reported in literature.
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benzyl (S,E)-(2-(2-(5-0xo0-1-phenylhex-1-en-3-yl)-1H-indol-3-yl)ethyl)carbamate

NHCbz

A\
GRS \
\ o)
N o \

Iz

The title compound was synthesized following a procedure reported in literature.
The title compound was purified by silica gel column chromatography using 10-30%
Ethyl acetate/Hexane and obtained as a pale yellow solid. All spectral data were

identical to those reported in literature.

Benzyl (E)-(2-(2-(3-oxobut-1-en-1-yl)-1H-indol-3-yl)ethyl)carbamate

NHCbz
: \>
A\
N \o \ \ O
H H

The title compound was synthesized following a procedure reported in literature.
The title compound was purified by silica gel column chromatography using 10-30%
Ethyl acetate/Hexane and obtained as a pale yellow solid. All spectral data were

identical to those reported in literature.
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(E)-4-(1H-indol-2-yl)but-3-en-2-one

N\
H \o 0] H

30

PhMe, 100 °C, 12 h

The title compound was synthesized following a procedure reported in literature.
The title compound was purified by silica gel column chromatography using 10-30%
Ethyl acetate/Hexane and obtained as a pale yellow solid. All spectral data were

identical to those reported in literature.

(S,E)-4-(1H-indol-3-yl)-6-phenylhex-5-en-2-one

0
/O _—
{ PheP”
N @) N
N N

PhMe, 100 °C, 12 h

The title compound was synthesized following a procedure reported in literature.
The title compound was purified by silica gel column chromatography using 10-30%
Ethyl acetate/Hexane and obtained as a pale yellow solid. All spectral data were

identical to those reported in literature.
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(E)-4-(1H-pyrrol-3-yl)but-3-en-2-one

PheP” Y _
—
HD_\\ > L W
O PhMe, 100°C, 12 h

The title compound was synthesized following a procedure reported in literature.

The title compound was purified by silica gel column chromatography using 10-30%
Ethyl acetate/Hexane and obtained as a white solid. All spectral data were identical to

those reported in literature.

(E)-4-(1-benzyl-1H-pyrrol-2-yl)but-3-en-2-one

PheP” Y
0 B

R v N\
NBn O PnMe, 100°C, 12 h Bn

The title compound was synthesized following a procedure reported in literature.
The title compound was purified by silica gel column chromatography using 10-20%
Ethyl acetate/Hexane and obtained as a pale yellow solid. All spectral data were

identical to those reported in literature.

(E)-4-(5-methyl-1H-pyrrol-2-yl)but-3-en-2-one

PheP” Y~
R 2
N o

H PhMe, 100 °C, 12 h

Iz _
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See the general procedure for enone formation above, in addition the reaction
was shielded from light by covering reaction and product with aluminum foil. The
product will decompose in prolonged exposure to light. 1g of 5-methyl-1H-pyrrole-2-
carbaldehyde was used. The crude reaction mixture was purified via flash column
chromatography with a 10 — 20% gradient of ethyl acetate in hexanes as eluent on
silica gel. Yield: 56%.

'"H-NMR (600 MHz, Benzene-D6) & 7.18 (s, 2H), 6.39 (s, 1H), 6.34 (s, 1H), 5.93 (s,
1H), 1.96 (s, 3H), 1.33(s, 3H).

BC-NMR (126 MHz, chloroform-d) & 198.6, 133.6, 121.4, 119.1, 117.6 113.3, 110.8,
110.0,31.3,13.9

IR(neat): 3283, 1613, 1560, 1477, 1423, 1358, 1263, 959, 764, 700, 489 cm!

HRMS-ESI m/z Calculated for CoH11NO [M + H]" 150.0913, found 150.0916.

(E)-4-(3,5-dimethyl-1H-pyrrol-2-yl)but-3-en-2-one

PhsP™”
| \
\ N
N (@) H

H PhMe, 100 °C, 12 h

See the general procedure for enone formation above, in addition the reaction was
shielded from light by covering reaction and product with aluminum foil. The product
will decompose in prolonged exposure to light. 1 g of 3,5-dimethyl-1H-pyrrole-2-
carbaldehyde was used. The crude reaction mixture was purified via flash column
chromatography with a 10 — 20% gradient of ethyl acetate in hexanes as eluent on

silica gel. Yield: 70%
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"H-NMR (400 MHz, chloroform-D) & 8.53 (s, 1H), 7.41 (d, J = 15.6 Hz, 1H), 6.16 (d,
J=16.0 Hz, 1H), 5.89 (d, J = 17.8 Hz, 1H), 2.29 (d, ] = 11.2 Hz, 6H), 2.18 (s, 3H),
1.80 (s, 2H)

BC-NMR (101 MHz, chloroform-D) & 198.4, 131.1, 130.6, 127.2, 112.3, 111.2, 31.1,
13.8,13.5,11.5

IR (neat): 3292, 3246, 1600, 1559, 1433, 1358, 1258, 953, 839, 785, 711, 668 cm™!

HRMS-ESI m/z Calculated for C1oHi3NO [M + Na]*" 290.1515, found 290.1525.

(E)-4-(4-ethyl-3,5-dimethyl-1H-pyrrol-2-yl)but-3-en-2-one

PheP” |
0

PhMe, 100 °C, 12 h

\

Iz _

A\
N
See the general procedure for enone formation above, in addition the reaction was
shielded from light by covering reaction and product with aluminum foil. The product
will decompose in prolonged exposure to light. 1 g of 4-ethyl-3,5-dimethyl-1H-
pyrrole-2-carbaldehyde was used. The crude reaction mixture was purified via flash
column chromatography with a 10 — 20% gradient of ethyl acetate in hexanes as eluent
on silica gel. Yield: 55%

IR(neat): 3254, 2961, 2912, 2855, 1612, 1570, 1444, 1253, 950 cm™ .

HRMS-ESI m/z Calculated for C12Hi;7NO [M + H]" 192.1383, found 192.1386
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(E)-4-(3-methyl-1H-indol-2-yl)but-3-en-2-one

§ PheP”
\ 0 N 0
N © \

PhMe, 100 °C, 12 h

Iz

A mixture of 3-methyl-1H-indole-2-carbaldehyde (0.1 mmol), but-3-yn-2-one (0.15
mmol), and Sc(OTf); (10 mol%) in MeCN (0.5 mL) was stirred at 21 °C for the
appropriate time. After complete conversion, as indicated by TLC, the reaction
mixture was diluted with H,O and extracted with EtOAc. The combined organic layers
were dried over MgSO,, concentrated in vacuo, and purified by column
chromatography with a 5 — 30% gradient of ethyl acetate in hexanes as eluent on silica

gel.

"H NMR (500 MHz, chloroform-D): & 8.60 (brs, NH), 7.66 (d, J = 16.5 Hz, 1H), 7.58
(d,J=8.0Hz, 1H), 7.35 (d, J = 8.0 Hz, 1H) 7.29 — 7.25 (m, 1H), 7.11 (t, ] = 8.0 Hz,
1H), 6.50 (d, J = 16.5 Hz, 1H), 2.44 (s, 3H), 2.41 (s, 3H).

3C NMR (125 MHz, chloroform-D): 8 198.1, 137.7, 131.1, 129.9, 129.0, 125.4,
122.8,119.9,119.9,119.9, 111.1, 27.4, 9.0.

IR(neat): 3299, 1634, 1598, 1257, 1235, 953, 747, 622, 459 cm .

HRMS-ESI m/z Calculated for C13Hi3sNO [M + H]" 200.1070, found 200.1072

37



2.4.3 Procedure for Boronic Acid Synthesis: 2-methylprop-1-enylboronic acid

To a 250 ml-flask was added LiCl (1.008 g, 24 mmol, 1.2 equiv) and the flask
was flamed-dried under high vacuum. The flask was then back-filled with Argon. 0.5
M 2-Methyl-1- propenyl magnesium bromide in THF (40 mL, 20 mmol, 1.0 equiv)
and Et,O (50ml) were added. The solution was cooled to -78 °C. Trimethyl borate (2.5
mL, 22 mmol, 1.1 equiv) was added dropwise and the reaction was allowed to slowly
warm to room temperature and stir overnight. The next day it was quenched with 1 M
HCI (30 ml) until the reaction mixture became clear and then stirred for 1 h. It was
then extracted with Et,O (3 times), and washed with sat. aqueous NaHCO; and Brine
solution. The organic layer was dried with Na,SO, and then concentrated via rotary
evaporation. The crude solid was purified via column chromatography with a 20-30%
gradient of ethyl acetate in hexanes as eluent on silica gel to afford a white solid
(1.105 g, 11.06 mmol, 55% yield). All spectral properties were identical to those
reported in the literature.
2.4.4 General Procedure for 1,4—Conjugate Addition (Mg(t-BuO); as an additive)

To a flask equipped with a stir bar and a condenser was added 4 A powdered
molecular sieves (100mg) and the flask was flamed-dried under high vacuum. The
flask was then back- filled with Argon. The heterocycle-appended enone (0.2 mmol,
1.0 equiv), Mg(t-BuO), (3.4 mg, 0.02 mmol, 0.1 equiv), boronic acid (3 equiv), and
BINOL catalyst (0.04 mmol, 0.2 equiv) were then added. Freshly dried toluene (4 mL)
was added and the reaction was heated to reflux in a 70 — 78 °C oil bath and allowed
to stir at this temperature (see each product for specific reaction times). After

completion, methanol was added and the reaction mixture was concentrated via rotary
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evaporation. The crude reaction mixture was then dry-loaded onto silica gel and
purified via flash column chromatography on silica gel with appropriate eluents. All

spectral properties.

2.4.5 General Procedure for 1,4—Conjugate Addition ((NH4):COs as an additive)

To a flask equipped with a stir bar and a condenser was added 4 A powdered
molecular sieves (100 mg) and the flask was flamed-dried under high vacuum. The
flask was then back- filled with Argon. The heterocycle-appended enone (0.2 mmol,
1.0 equiv), (NH4)2COs (38 mg, 0.4 mmol, 2.0 equiv), boronic acid (2 equiv), and
BINOL catalyst (0.04 mmol, 0.2 equiv) were then added. Freshly dried toluene (4 mL)
was added and the reaction was heated to 90 °C in an oil bath and allowed to stir at
this temperature for 24 h. After completion the reaction mixture was concentrated via
rotary evaporation. The crude reaction mixture was then dry-loaded onto silica gel and
purified via flash column chromatography on silica gel with eluents of 10-30% ethyl

acetate in hexanes.

benzyl (S,E)-(2-(2-(5-0x0-1-phenylhex-1-en-3-yl)-1H-indol-3-yl)ethyl)carbamate

Ph g« _ NHCbz
NHCbz or o (2equiv)
Ph_~

B(OH). (2 equiv)

N 0
\ diiodo catalyst 34 (20 mol %)

N
H (NH,4)>CO4 (2 equiv)

4 AMS, PhMe, 90 °C
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The title compound was synthesized following a procedure reported in
literature. The title compound was purified by silica gel column chromatography using
10-20% ethyl acetate/hexane. All spectral data were identical to those reported in

literature.

tert-butyl(S,E)-3-(2-(((benzyloxy)carbonyl)amino)ethyl)-2-(5-oxo-1-phenylhex-1-

en-3-yl)-1H-indole-1- carboxylate

Ph A~ NHCbz
BF3K .
NHCbz or 3 (2 GQUIV)
Ph~
B(OH). (2 equiv)
A\ \ O
N diiodo catalyst 34 (20 mol %)

Boc (NH,),COj3 (2 equiv)
4 A MS, PhMe, 90 °C

The title compound was synthesized following a procedure reported in
literature. The title compound was purified by silica gel column chromatography using
10-20% ethyl acetate/hexane. All spectral data were identical to those reported in

literature.

(S,E)-6-phenyl-4-(1H-pyrrol-2-yl)hex-5-en-2-one

Ph A~
BF;K .
or > (2 equiv)
Ph
Pho_~
B(OH). (2 equiv) \<

diiodo catalyst 34 (20 mol %)
(NH,4)>CO4 (2 equiv)
32 4 A MS, PhMe, 90 °C 33

Iz _
=
@]

Iz _
@]
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The title compound was synthesized following a procedure reported in
literature. The title compound was purified by silica gel column chromatography using
10-20% ethyl acetate/hexane. All spectral data were identical to those reported in

literature.

(S,E)-4-(1H-indol-2-yl)-6-phenylhex-5-en-2-one

Ph A~
BFgK .
or ° (2 equiv)
Pho_~ Ph
B(OH), .
(2 equiv) N\
N\ N\
©\/I\>_\\_<O diiodo catalyst 34 (20 mol %) ©\/I\>_\_<O
H (NH,4)>CO4 (2 equiv) H
30 4 AMS, PhMe, 90 °C 40

The title compound was synthesized following a procedure reported in
literature. The title compound was purified by silica gel column chromatography using
10-20% ethyl acetate/hexane. All spectral data were identical to those reported in

literature.

(S,E)-4-(3-methyl-1H-indol-2-yl)-6-phenylhex-5-en-2-one

Ph. =
\/\BF3K (2 equiv)
or
Ph -~
\/\B(OH)Z (2 equiv)
A\ \ 0
H diiodo catalyst 34 (20 mol %)

(NH,4)>CO4 (2 equiv)
4 A MS, PhMe, 90 °C
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See the general procedure for enone formation above. The crude reaction mixture
was purified via flash column chromatography with a 10 — 30% gradient of ethyl
acetate in hexanes as eluent on silica gel.

"H-NMR (500 MHz, chloroform-D) & 8.31 (s, 1H), 7.67 (d, J = 16.0 Hz, 1H), 7.59 (d,
J=28.0 Hz, 1H), 7.35-7.27 (m, 2H), 7.12 (t,J = 7.4 Hz, 1H), 6.45 (d, ] = 16.0 Hz, 1H),
3.50 (s, 1H), 2.45 (s, 3H), 2.41 (s, 3H), 1.36-1.25 (m, 1H)

BC-NMR (101 MHz, chloroform-D) & 184.5, 138.9, 128.6, 128.4, 127.6, 126.5, 125.8,
124.9, 124.3,122.9, 121.2, 110.6, 108.7, 74.5, 35.5, 19.0, 13.3

IR(neat): 3090, 3070, 3035, 1477, 1034, 669 cm ™.

HRMS-ESI m/z Calculated for C21H21NO [M + Na]* 326.1515, found 326.1518.

(S,E)-4-(2-methyl-1H-indol-3-yl)-6-phenylhex-5-en-2-one

Ph._~
BF;K
o) or 2 (2 equiv)
Ph A~
= B(OH). (2 equiv)
N diiodo catalyst 34 (20 mol %)
” (NH4),COj3 (2 equiv)

4 AMS, PhMe, 90 °C
See the general procedure for enone formation above. The crude reaction mixture
was purified via flash column chromatography with a 10 — 30% gradient of ethyl
acetate in hexanes as eluent on silica gel.
"H-NMR (400 MHz, chloroform-D) & 7.79 (s, 1H), 7.59 (d, J = 7.5 Hz, 1H), 7.30 (d, J
= 6.6 Hz, 3H), 7.18-7.03 (m, 3H), 6.56-6.36 (m, 2H), 4.35 (t, ] = 6.5 Hz, 1H), 3.20-

3.04 (m, 2H), 2.45 (s, 3H), 2.02 (s, 3H).
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BC-NMR (101 MHz, chloroform-D) & 208.0, 135.5, 132.2, 129.3, 128.5, 128 4, 127.1,
126.3,121.0, 119.3, 119.2, 110.6, 48.2, 35.1, 30.9, 12.2.
IR(neat): 3091, 3071, 3035, 1477, 1035, 668 cm .

HRMS-ESI m/z Calculated for C21H21NO [M + H]" 326.1515, found 326.1520.

(S,E)-4-(5-methyl-1H-pyrrol-2-yl)-6-phenylhex-5-en-2-one

Ph. o~ Ph
orBF3K (2 equiv) <
| \ ° (OH)2 (2 equiv) | O
N N
H H

diiodo catalyst 34 (20 mol %)
(NH,)2CO; (2 equiv) 36
4 A MS, PhMe, 90 °C
See the general procedure for enone formation above. The crude reaction mixture

was purified via flash column chromatography with a 10 — 30% gradient of ethyl
acetate in hexanes as eluent on silica gel.
'"H-NMR (400 MHz, chloroform-D) & 8.04 (s, 1H), 7.36-7.28 (m, 4H), 7.23 (d, ] = 6.6
Hz, 1H), 6.48 (d, J = 16.2 Hz, 1H), 6.30 (q, J = 7.9 Hz, 1H), 5.78 (d, J = 11.4 Hz, 2H),
4.05-4.01 (m, 1H), 3.03-2.89 (m, 2H), 2.22 (s, 3H), 2.17 (s, 3H)
BC-NMR (101 MHz, chloroform-D) & 208.2, 131.8, 130.8, 130.5, 128.7, 128.4, 127.6,
127.3, 126.4, 105.7, 104.7, 48.9, 37.0, 30.8, 13.1.

IR(neat): 3090, 3070, 3035, 1959, 1814, 1477, 1034, 668 cm .

HRMS-ESI m/z Calculated for Ci7Hi9NO [M + Na]* 276.1359, found 276.1358.
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(S,E)-4-(3,5-dimethyl-1H-pyrrol-2-yl)-6-phenylhex-5-en-2-one

Iz

diiodo catalyst 34 (20 mol %)
(NH4)>CO3 (2 equiv)
4 A MS, PhMe, 90 °C

See the general procedure for enone formation above. The crude reaction mixture

was purified via flash column chromatography with a 10 — 30% gradient of ethyl

acetate in hexanes as eluent on silica gel.

'H-NMR (400 MHz, chloroform-D) 8 7.86 (s, 1H), 7.36-7.28 (m, 5H), 7.22-7.18 (m,

1H), 6.36 (d, ] = 2.3 Hz, 1H), 5.65 (s, 1H), 4.07 (dd, J = 11.5, 6.3 Hz, 1H), 2.94 (d, ] =

6.4 Hz, 2H), 2.19 (s, 3H), 2.13 (s, 3H), 2.02 (s, 3H).

BC-NMR (101 MHz, chloroform-D) & 208.2, 137.1, 130.8, 129.7, 128.6, 127.4, 126.3,

126.0, 114.6, 108.2, 48.5, 35.5,30.7,29.8, 13.1, 11.2

IR(neat): 3090, 3070, 3035, 1959, 1814, 1477, 1034, 668 cm .

HRMS-ESI m/z Calculated for CisH2i1NO [M + Na]* 290.1515, found 290.1525.

(S,E)-4-(4-ethyl-3,5-dimethyl-1H-pyrrol-2-yl)-6-phenylhex-5-en-2-one

Iz _

Ph\/\BFSK

Ph>Bion),

or (2 equiv)

(2 equiv)

diiodo catalyst 34 (20 mol %)
(NH4)>CO3 (2 equiv)
4 A MS, PhMe, 90 °C
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See the general procedure for enone formation above. The crude reaction mixture
could not be purified, so an NMR standard, 4-methylnitrobenzoate, was used to obtain
the yield. All reactants were added to the reaction mixture along with 0.1 mmol of 4-
methylnitrobenzoate. The aryl peaks for the 4-methylnitrobenzoate were compared
with the typical quartet around 4.0-4.4 ppm indicating that the beta-bond formed

during the conjugate addition reaction.
(S,E)-6-phenyl-4-(1H-pyrrol-3-yl)hex-5-en-2-one

\/\ \
- 0 B(OH). (2 equiv) = S
HN—  \ HN -/
diiodo catalyst 34 (20 mol %)

(NH,4)>CO5 (2 equiv)
4 AMS, PhMe, 90 °C 39

See the general procedure for enone formation above. The crude reaction mixture
was purified via flash column chromatography with a 10 — 30% gradient of ethyl

acetate in hexanes as eluent on silica gel.

"HNMR (500 MHz, chloroform-D) 6 8.08 (s, 1H), 7.34 (d, J = 7.4 Hz, 2H), 7.28 (d,
J=7.4Hz, 2H), 7.18 (t,J = 7.2 Hz, 1H), 6.75 (s, 1H), 6.62 (s, 1H), 6.42 (d, ] = 15.5
Hz, 1H), 6.30 (q, J = 7.8 Hz, 1H), 6.13 (s, 1H), 4.03 (q, J = 7.3 Hz, 1H), 2.86 (qd, J =

15.8, 7.2 Hz, 2H), 2.12 (s, 3H).
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BC-NMR (151 MHz, Benzene-d) & 204.4, 138.7, 137.3, 133.6, 132.1, 129.9, 128.5,
128.4, 128.3, 128.0, 127.9, 127.8, 127.6, 127.3, 127.2, 126.6, 126.3, 121.7, 107.6,
106.1, 50.1, 48.3, 35.3, 29.7

IR(neat): 3090, 3080, 3035, 1959, 1814, 1477, 1034, 668 cm .

HRMS-ESI m/z Calculated for CisHi7NO [M + Na]™ 262.1202, found 262.1208.

(S,E)-4-(1H-pyrrol-2-yl)-6-(p-tolyl)hex-5-en-2-one

R~

B(OH). (2 equiv)
A\
W diiodo catalyst 34 (20 mol %) \
H (NH,),COg (2 €q) | > 0
32 4 AMS, PhMe, 90 °C N

See the general procedure for enone formation above. The crude reaction mixture
was purified via flash column chromatography with a 10 — 20% gradient of ethyl

acetate in hexanes as eluent on silica gel.

'"H-NMR (600 MHz, Benzene-d) § 7.52 (s, 1H), 7.29-7.22 (m, 2H), 7.12 (t,J= 7.6
Hz, 2H), 7.06-7.03 (m, 1H), 6.38-6.23 (m, 2H), 5.98 (d, J= 2.7 Hz, 2H), 3.95 (q, J =
6.9 Hz, 1H), 2.53-2.34 (m, 2H), 1.93 (t, J = 15.5 Hz, 3H), 1.58 (s, 3H)

3C-NMR (151 MHz, Benzene-d) & 206.0, 134.7, 132.9, 130.2, 129.3, 128.3, 127.9,
127.8, 127.6, 126.4, 116.9, 108.2, 104.9, 48.6, 36.8

IR(neat): 3380, 3022, 2920, 1706, 1512, 1358, 967, 794, 720 cm .
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HRMS-ESI m/z Calculated for C17Hi9NO [M + Na]* 276.1359, found 276.1361.

(S,E)-6-([1,1'-biphenyl]-4-yl)-4-(1H-pyrrol-2-yl)hex-5-en-2-one

R~
7 B(OH), (2 equiv) O

A\
W diiodo catalyst 34 (20 mol %) \
H (NH,)2CO5 (2 eq) [ Y= o
32 4 AMS, PhMe, 90 °C N
47

See the general procedure for enone formation above. The crude reaction mixture
was purified via flash column chromatography with a 10 — 20% gradient of ethyl

acetate in hexanes as eluent on silica gel.

'H-NMR (600 MHz, Benzene-d) & 7.72 (s, 1H), 7.47 (dd, J= 23.7, 7.9 Hz, 4H), 7.27
(d,J= 8.2 Hz, 2H), 7.23 (t,J= 7.6 Hz, 2H), 7.14 (d, J= 6.9 Hz, 1H), 6.41-6.24 (m,
4H), 6.09 (s, 1H), 3.97 (q, J = 6.9 Hz, 1H), 2.48 (q, J = 8.2 Hz, 1H), 2.35 (dd, J= 17.2,
6.2 Hz, 1H), 1.56 (s, 3H)

I3C-NMR (151 MHz, chloroform-d) 208.2, 130.7, 128.9, 127.4, 127.0, 126.8, 117.3,
108.2, 104.7, 100.0, 77.3, 77.1, 76.9, 74.8, 49.0, 36.9, 11.3

IR(neat): 3334, 3027, 2925, 1697, 964, 720, 691 cm .
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HRMS-ESI m/z Calculated for C22H21NO [M + Na]* 338.1515, found 338.1520.

(S,E)-4-(1H-pyrrol-2-yl)-6-(4-(trifluoromethyl)phenyl)hex-5-en-2-one

CFs
R\/\B(OH)
2 (2 equiv)
| \ 0O \\
N \ diiodo catalyst 34 (20 mol %) || N 0
H (NH4)2CO3 (2 eq) N
32 4 A MS, PhMe, 90 °C H

48
See the general procedure for enone formation above. The crude reaction mixture
was purified via flash column chromatography with a 10 — 20% gradient of ethyl

acetate in hexanes as eluent on silica gel.

'H-NMR (600 MHz, Benzene-d) & 7.72 (s, 1H), 7.47 (dd, J= 23.7, 7.9 Hz, 4H), 7.27
(d,J= 8.2 Hz, 2H), 7.23 (t,J= 7.6 Hz, 2H), 7.14 (d, J= 6.9 Hz, 1H), 6.41-6.24 (m,
4H), 6.09 (s, 1H), 3.97 (q, J = 6.9 Hz, 1H), 2.48 (q, J = 8.2 Hz, 1H), 2.35 (dd, J= 17.2,
6.2 Hz, 1H), 1.56 (s, 3H)

I3C-NMR (151 MHz, chloroform-d) § 208.0, 133.4, 132.7, 129.4, 126.5, 125.6, 117.4,
108.2, 104.9, 77.3, 77.1, 76.9, 76.8, 48.9, 36.8, 30.7

IR (neat): 3407, 2924, 1704, 1363, 1325, 1222, 529 cm™!

HRMS-ESI m/z Calculated for C17Hi6F3NO [M + H]" 308.1257, found 308.1254.

48



(S,E)-4-(1H-pyrrol-2-yl)non-5-en-2-one

R\/\

B(OH), (2 equiv) \ \
N \ P diiodo catal 0 | \_¢
N yst 34 (20 mol %) N
H (NH4)2COg3 (2 eq)
32 4 AMS, PhMe, 90 °C 49

See the general procedure for enone formation above. The crude reaction mixture
was purified via flash column chromatography with a 10 — 20% gradient of ethyl

acetate in hexanes as eluent on silica gel.

'HNMR (600 MHz, chloroform-D)3 8.38 (s, 1H), 6.68 (q, J = 2.3 Hz, 1H), 6.11 (q,J =
3.0 Hz, 1H), 5.88 (s, 1H), 5.55-5.54 (m, 2H), 3.87 (q, J = 6.6 Hz, 1H), 2.90-2.72 (m,
2H), 2.16 (d, J = 20.6 Hz, 3H), 2.02-1.99 (m, 2H), 1.42-1.36 (m, 2H), 0.90-0.87 (m,
3H)

13C-NMR (151 MHz, chloroform-D) & 208.7, 134.1, 131.8, 130.6, 116.9, 108.0, 104.3,
77.3,77.1,76.9, 49.4, 36.7, 34.6, 30.7, 22.6, 13.8

IR(neat): 3378.22, 2957.56, 2927.91, 1704.69, 1357.83, 966.90, 712.07 cm’.

HRMS-ESI m/z Calculated for Ci3sHjoNO [M + Na]* 228.1359, found 228.1359.
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APPENDIX - CHAPTER TWO

Spectra Relevant to Chapter Two
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CHAPTER 3: PROPARGYLIC ALCOHOL SUBSTITUTION
3.1 Utility of Propargylic Alcohols
Propargylic alcohols are very versatile substrates for organic chemistry
reactions. They can transform into allenes, be used for C-C bond formations, undergo
cyclizations, and much more. In Figure 3.1, there are a few common and useful types
of transformations. Propargylic substitution reactions are a very powerful
transformation to add a nucleophile adjacent to an alkyne. Once this substituted
product is formed, the alkyne can be used to synthesize other compounds that are more
complex, such as natural products. Most propargylic substitution reactions result in
tertiary carbon formation. There are only a limited number of examples of quaternary
carbon center formation and even fewer examples of complex quaternary carbons

where R3 is not a methyl or R, and R3 are not forming a carbocycle.
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Figure 3.1. Propargylic substitution transformation



3.2 Origins of Propargylic Substitution Reactions
Propargylic alcohols have been used as substrates for a variety of chemical
reactions, in which the alcohol is replaced with a nucleophile. The m-system of the
alkyne offers a potential for a variety of synthetic transformations as well.
3.2.1 Nicholas Reaction
One of the earliest propargylic substitution reactions is the Nicholas
Reaction.>* In 1977, Nicholas published a four-step sequence that begins with a
propargylic alcohol coordinating a cobalt catalyst, Co2(CO)g (Figure 3.2). Cox(CO)s
helps to promote the nucleophilic addition by stabilizing intermediate cationic charge.
With the addition of acid, the hydroxyl group is used as the leaving group for an Sn1
reaction. This strategy has a few major drawbacks though. The first is the need for
stoichiometric amounts of the cobalt catalyst, which then requires additional steps to
remove the catalyst. Ideally, this transformation can be accomplished in a single step

more efficiently.

OH Rttt ; "3 ; Y oxidative pal\Y
R3 Co,(CO)g o R Acid @ R NuH R! decomplexation 5
R?\ R ~/. R R2 L RTON
N (00)5Cd“=Co(CO)s (00),cdE=Co(CO)s (00),0dECo(CO)s R!

*Nu = aromatics, ketones,
enol ethers, etc.

Figure 3.2. Nicholas Reaction
3.2.2 Metal Catalyzed
In 1994, Murahashi’s group published the first copper catalyzed propargylic
substitution.>® It used propargylic acetates with a terminal alkynes as the substrates
and amines as the nucleophiles. This provided moderate amounts of the substituted
propargylic product, around 75% yield. After this catalysis was established,

asymmetric versions were developed (Figure 3.3).°°° The copper catalyst systems
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tend to only work well with amines as nucleophiles and acetates as leaving groups.
They also go through an allenylidene intermediate with copper similar to ruthenium
catalyzed propargylic substitution reactions. Because of this allenylidene intermediate,

the substrates that work well with these catalysts bear a terminal alkyne.

Cul/Pybox
_ MeOH, -20°C
Ar% +  RoNH ProNEt Ar\/
or H
OAc CuOTH/BIPHEP NR,
MeOH, -20°C ee: 80-89%
PrNEt yield: 92-99%
N
o} ; O :
NEt, [CU(CH3CN),ICIO, (5 mol%) } !
OAc /1\2 ligand (5 mol%) R ! MeO PPhy;
. :
Ar)\\ R A ' MeO. PPhg:
N Pr,NEt (4 equiv) N ‘ |
MeOH, -15°C : ‘
ee: 67-91% Lo ;
yield: 55-95%  ....._ligand_______ :
Cu (10 mol%) NH 3 ‘ o ‘
OAc ligand (12 mol%) P ! e} NG 0 }
- . i Ph | | Ph:
Ph N ProNEt (4 equiv) i N N '
N MeOH, -20°C Ph | ‘
SOH, -20° R ‘
indole A Ph ligand P
ee: 94%
yield:71%

Figure 3.3. Enantioselective copper catalyzed propargylic substitution

Diruthenium catalysts have been used to catalytically mediate propargylic
substitution reactions on propargylic substrates using a variety of nucleophiles. Studies
of the mechanism have shown that the key intermediate of this reaction is a ruthenium
allenylidene 2 (Figure 3.4).%° A proposed mechanistic pathway is shown in Figure 3.4.
The first step of this mechanism is the formation of a vinylidene complex 1 (Figure
3.4) from the reaction of the propargylic alcohol with the ruthenium catalyst. Next, the
complex is dehydrated and the allenylidene complex 2 (Figure 3.4) is formed. Which
is then followed by an attack of the nucleophile at the y-carbon, which then leads to
another vinylidene complex 3 (Figure 3.4). Then, the vinylidene complex is
transformed into the m — alkyne complex 4 (Figure 3.4), and finally the substituted

propargylic product is liberated.
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Figure 3.4. Proposed ruthenium catalyzed propargylic substitution reaction pathway
Nishibayashi’s group has shown that the diruthenium complex catalyzes the
propargylic reaction quite well and that the reaction is tolerant to a variety of

functional groups on the nucleophile.®'-¢7

In Figure 3.5, there is an overview of a
variety of substrates and nucleophiles that have worked in fairly good yields.
Unfortunately, there are only a limited number of examples that produce quaternary
centers, and virtually none that have chiral centers. Another major limitation of
ruthenium catalyzed propargylic alcohol substitution reaction is that the alkyne must

be a terminal alkyne because of the formation of the vinylidene complex that is

formed during the reaction. This limits the utility of this type of reaction for
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transformations needed in more complex structures, such as those used in total

synthesizes of natural products or in the synthesis of pharmaceutical targets.

cat. (5 mol%) : cat: « 8 "

R = NH,BF, (10 mol%) R! 2 ; e\ cp
R? e + RO AN
OH rt. to 60°C Nu ; C NsTye ©

OFt OFt OEt NHPh
95% 62% 75% 89%
Ph/ ph. _F Ph. Z Ph_Z . F
HNY o
o) o) o) o
79% 85% 74% 52% 75%

Figure 3.5. Ruthenium catalyzed propargylic substitution

Nishibayashi and co-workers have also developed an enantioselective version
of the diruthenium catalyst.®® They found that if the methyl groups on the sulfurs
were replaced with phenyl groups and the propargylic alcohol substrate also possessed
a phenyl group as one of the “R” groups, the product would be enantioenriched. This
is a result of edge to face aromatic m — m interactions with the phenyl ligand of the
catalyst and the phenyl group of the propargylic alcohol.

3.2.3 Acid Catalyzed

In general, both Lewis acids and Brensted acids can help mediate propargylic
substitution reactions with internal alkynes. Unlike the metal mediated propargylic
substitution reactions, the Lewis and Brensted acids are not constrained to metal-
allenylidene intermediates so they can be utilized with internal alkynes. That mediates
one of the biggest drawbacks of the metal-catalyzed propargylic alcohol/acetate

substitution reactions.
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The Champagne group used a gold-based Brensted acid to catalyze
nucleophilic addition to an aryl propargylic alcohol. These conditions were compatible
with a variety of nucleophiles such as thiols, alcohols, aromatics and allylsilanes.
However, this reaction appeared to go through a Sx1 type reaction. They started with
an enantioenriched starting material, but the product had 0% ee’s since a carbocation
is presumably formed during the reaction, so the stereochemical control was lost
(Figure 3.6, Eq. 1).7° Use of p-toluenesulfonic acid monohydrate, another common
Brensted acid, also promoted propargylic alcohol substitution (Figure 3.6, Eq. 2).7! It
was compatible with a variety of nucleophiles but the yields varied greatly from 52-

90%.
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Figure 3.6. Examples of Lewis and Brensted acid catalyzed propargylic

substitution
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Mild Lewis acids, such as iodine, can promote propargylic substitution
reactions when the leaving group in an acetate (Figure 3.6, Eq. 3).”> These
substitutions work with a few heterocycles as nucleophiles. Unfortunately, iodine is
not compatible with many substrates depending on the functional groups present.

Cozzi’s group greatly improved the diastereoselectivity of the nucleophilic
addition to the propargylic alcohols. They used a Lewis acid InBrs catalyst as an
activator of the propargylic alcohol that had an internal alkyne (Figure 3.4, Eq. 4).3
By using an amine as an organocatalyst and water as a solvent they were able to obtain
high enantioselectivity and increase the diasteroselectivity of the reaction.

Lewis and Brensted acids tend to work well for propargylic hydroxyls that are
also benzylic. This is likely due to the aryl substituent offering increased stabilization
of the carbocation formed in a Syl type reactions. These reactions tend to result in
racemic products. Although there have been significant advances in enantioselective
and diastereoselective Lewis acid catalyzed propargylic alcohol substitution reactions,
the conditions are often not tolerant of a wide variety of substrates or nucleophiles.

3.2.4 Propargylic Substitution Reactions with Boronic Acids

Propargylic nucleophilic substitutions using boronic acids are still
underexplored. In 2005, the Thara group developed a synthesis with propargylic
alcohols and a common cross coupling catalyst, Pd(PPhs)4, to replace the hydroxyl
group with an aryl group.” If the R? group in alcohol 5 was just a hydrogen (Figure
3.7), they isolated mostly the allene product 6. If the R was larger like an isopropyl

group or phenyl, they saw a mixture of products, 6 and 7 (Figure 3.7). While this
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reaction is the first of its kind, it is limited by requiring an aryl boronic acid and offers

limited regioselectivity depending on the substrate.

 Ihara Group:
3 HO ArB(OH), R Ar Ar :
Co() RID—=— PR3 S=e=( + RI>—=R° |
3 R2 5 cat. Pd(0) R2 R3 R2 '
} R'/R2= H,Me, or Ph 6 7
' R3=allyl, TMS, or Ph
e
» Grandon Group: Ca(NTfy), (5 mol%)
‘ R . Ph
AN (HO)B™ N
(2) OH -, X~ Ph
Ar CH,Cl, Ar
s 50-87%
9

3 Ueda Group;
3 Ph A AR Ph
' e (HO),B
3 (3) \rOAC —*2 \(\/Arz
3 Ar! 1,2-DCE, 90°C Art
: 70-80%
10 "

Figure 3.7. Nucleophilic propargylic substitution with boronic acids

Nearly a decade later, Grandon’s group came back to this problem and were
able to develop a more regioselective reaction (Figure 3.7, Eq. 2).”” They took a
transition metal free approach, and utilized a calcium based catalyst in order to
activate the hydroxyl group by forming a six member transition state with the
hydroxyl, calcium, and boronic acid. Although this reaction was regioselective, it’s
boronic acid scope was limited to just (E)—styrylboronic acid. In order to exhibit good
yields, the hydroxyl group also had to be adjacent to an aryl group.

Ueda’s group also utilized boronic acids for nucleophilic propargylic
substitution (Figure 3.7, Eq. 3).7® They did not need to use a metal catalyst for the

nucleophilic boronic acid to replace the acetate. Unlike the other two reactions from
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the Grandon and the Thara groups, this reaction takes advantage of using acetate as a
leaving group instead of a hydroxyl group. Since they used a better leaving group,
OAc, there was not a need for an additional catalyst or additive; however, they did
need to heat the reaction to fairly high temperatures for the reaction to proceed. Their
reaction conditions only work with aryl propargylic acetate substates and alkenyl
boronic acid nucleophiles, since the aryl groups are needed to stabilize the developing
cationic charge from the acetate group leaving.

Although these three groups have made significant advancements to
nucleophilic propargylic substitution reactions with boronic acids, there are still areas
that need improvement. Firstly, none of these conditions with boronic acids are
compatible with aliphatic propargylic alcohol substates. They are also not compatible
with a wide variety of boronic acids, and all of them depend on the boronic acids
having an aryl group.

3.3 Quaternary Carbon Center Construction

In natural product synthesis, one of the fundamental challenges of building
more complex structures is the ability to form quaternary carbons. All-carbon
quaternary centers are difficult to synthesize because of the steric hinderance of the
fully substituted tetrahedral geometry of the carbon. Examples of recently discovered
natural products can be seen in Figure 3.8, each of them have been found to have
biological activity such as anti-inflammatory (12),”” inhibitory effects on
lipopolysaccharide induced nitric oxide production (13),”® anticancer effects (14),”
and opioid receptor agonist (15).8° In the past, carbon bond center formation have

come from the strategies where the carbon center acts as a nucleophile, electrophile, or
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radical to strategically construct quaternary centers. Unfortunately, there is not a
universal method to form these quaternary carbon centers in highly complex natural
products. The ability to construct the carbon center depends on each unique case. With
the complexity present, and the ability to form quaternary carbon centers by different
methods is particularly useful to help solve these problems that arise during multistep

synthesizes.

o

/

=
O,
SO0D
oL
@
Glc
1C50=2.6 uM IC50=1.1-69.4 M 1C50=0.013 uM Cso= 13.9-23.3 uM

12 13 14 15

Figure 3.8. Recent published natural product with quaternary carbons’’-788!
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CHAPTER 4: PROPARGYLIC SUBSTITUTION USING GALLIUM AND SILVER

CATLAYSTS AND BORONIC ACIDS

4.1 Limitations and Research Goals

Propargylic substitutions are difficult to achieve with aliphatic alcohols, since
the hydroxyl group is a poor leaving group, the intermediates are unstable, and 2
electrophilic sites can lead to an alkyne or allene. Additionally, ruthenium catalyzed
nucleophilic substitution with propargylic alcohols have been limited to terminal
alkyne substrates. Similarly, copper catalysis only worked well with terminal alkynes
because of the allenylidene intermediate that is formed during the reaction. Copper
catalyzed nucleophilic substitutions also require a good leaving group such as an
acetate. In both ruthenium and copper catalysis, chiral quaternary carbon formations
have been virtually non-existent in propargylic nucleophilic substitutions. There are
also a very limited number of examples of any type of aliphatic substituents, most
examples only work with an aryl substituent next to the propargylic alcohol or acetate.
Propargylic alcohols with aliphatic substituents are usually not very productive
substrates for nucleophilic substitution reactions because of the competitive
elimination pathway.

This project was focused on developing effective reaction conditions to allow
for nucleophilic propargylic substitutions with boronic acids, then utilizing these
conditions on a variety of substrates with a diverse scope of boronic acid nucleophiles.
Another goal of this project was to develop a more “universal” method for arriving at
the nucleophilic substitution products. Up to this point, aliphatic propargylic alcohols

were not compatible with boronic acids as nucleophiles, since they do not offer
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intrinsic stabilization of the cation in the substrate, like aryl propargylic alcohols offer.

4.2 Results
4.2.1 Optimization of Tertiary Carbon Center Formation Reaction Conditions
A co-worker in the May Lab, Dr. Truong Nguyen, optimized the reaction
conditions for tertiary carbon formation from secondary aliphatic propargylic alcohols.
He started with conditions that had been developed in the May group to facilitate the
formation of carbocations from donor/acceptor cyclopropanes.®’? He found that
Bronsted acids were ineffective in catalyzing the nucleophilic substitution reaction;
the elimination product was formed instead (Table 4.1, entry 1). However, when the
catalyst was switched out for a mixed gallium/silver catalyst system (entry 2), the
reaction proceeded in just 2 h with 90% yield. In entry 3, that same mixed catalyst
system was used but an aryl trifluoroborate salt was used instead of a boronic acid, but
the conversion to the product was very low. The AgSbFs was initially added to
generate an active cationic Gallium catalyst. However when AgSbFs was used alone,
the reaction still generated the product in similarly high yield if the reaction was
heated slightly to 40 °C and ran for 12 h (Table 4.1, entries 4 and 5). The higher
reactivity of the mixed system indicated that Lewis acidity of cationic gallium
complex played a major role in the reaction’s outcome. GaCl; was also examined but

maximized at 72% yield after 5 h (Table 4.1, entry 6).
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Table 4.1 Reaction condition evaluation

B(OH),

o N Ph CH,Cly, catalyst, temp., time, additives " = Ph

entry  catalyst (mol%) temp. (°C)  additive time (h) yield?
1° Bronsted acids (10-50%) r.t. - 24-48 -

2 [PrGaCl3(10%) Otor.t. AgSbFe (10%) 2 90
3¢ IPrGaCl3(10%) Otor.t. AgSbFe (10%) - -

4 AgSbFs(10%) 23 - 12 15
5 AgSbFs(10%) 40 - 12 91
6 GaCl3(50%) 0 - 5 72

3 NMR yields. ® Bronsted acids = (n-Bu)sNHSOs, pTSA, TFA. °Aryl trifluoroborate
used instead of aryl boronic acid.
4.2.2 Mechanistic Considerations of Propargylic Substitution Reaction in the May
Group with Silver and Gallium Catalysts
Two different mechanistic pathways for the silver and gallium catalyzed
propargylic substitution reaction were postulated in Figure 4.1. Two reaction
conditions initially worked well for the propargylic substitution reaction were boronic
acid nucleophile and AgSbFe or (IPr)GaCls/AgSbFs catalyst. It was thought that the
metal could coordinate with the alkyne and hydroxyl to form the first intermediate 2.
From this intermediate, two mechanistic pathways are plausible. The first is a Sn2 type

attack of the nucleophile, which would result in optically active product 3 with an
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inversion of stereochemistry. The second possible pathway is a Sx1 type attack, which
would pass through carbocation 4 and form the racemic product as a result. In order to
test this hypothesis, a co-worker, Dr. Po-An Chen, started with an enantioenriched
propargylic alcohol, 1. Upon completion of the reaction he determined that the final
product was racemic, suggesting that the mechanistic pathway goes through the Sn1

type reaction or that the starting material is able to racemize.

OH = HO...,
0 M] ﬁ\%or Ga 0oy .2 type Nu
m\R R/\R e R/\
. 2 2 Rz
ee: 27% ) Optically active

3

TN Nu
N© RN
- 1 N

S\ 1 type

racemic
ee: 0%

4 3
Figure 4.1. Proposed Sx1 vs. Sx2 mechanistic pathways
Interestingly, the trifluoroborate salts did not serve as good nucleophiles in this
reaction and did not form the propargylic substitution product. This indicates that the
hydroxyl group of the boronic acid might be playing a role in the reaction mechanism.
Therefore we propose a different mechanistic pathway, where the metal recruits the

acid to produce adduct 9 (Figure 4.2).
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Orginal Proposed Mechanism: @
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Ry -§\®
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Updated Proposed Mechanism:

OH [M] =Ag or Ga B-Ar HO. /
M] =

M-g
o
H1/\ Ar—B(OH) @ ® )\
S 2 R A
Ry - . R1)\ Fh/\ E—— TN

Figure 4.2. Proposed mechanistic pathways

Later, a few control experiments were conducted to further understand the
reaction conditions. One of these experiments was replacing the catalyst with HCI to
ensure that the GaCls is playing a significant role in the reaction and not adventitious
acids formed in situ. With HCI in the reaction instead of a gallium or silver catalyst,
no nucleophilic substitution was observed. Another control experiment involved
replacing the 4-methoxylphenylboronic acid with anisole to see if nucleophilic
substitution would still occur. However, no nucleophilic substitution was observed.
These experiments further support that the catalysts and the boronic acid play a
significant role in the success of the controlled nucleophilic substitution.

4.2.3 Tertiary Carbon Reaction Scope

Most metal catalyzed propargylic substitution reactions require a terminal
alkyne in order for the reaction to proceed because of the formation of the vinylidene
complex during the reaction. Since (IPr)GaCls, AgSbFe, and GaCls catalysts do not
proceed through a similar mechanistic pathway as the ruthenium or copper catalyzed

propargylic substitution reactions, they are not constrained to these typical terminal
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alkyne substrate systems and are able to react with internal alkynes instead. More

recently, a few limited examples of boronic acids as nucleophiles have been used in

propargylic substitution reactions to form tertiary carbons, but they typically require

Ri to be a methyl group or an electron rich aryl ring and mainly utilized styrene

boronic acid as the nucleophile.”> However, we have been able to utilize an internal

alkyne in the propargylic substitution reaction along with boronic acids in systems

where R; is a variety of groups, such as bulky groups, aryl groups, alkyl, and alkenyl

groups (Figure 4.2). In addition to utilizing a variety of substrates, we have also been

able to vary the boronic acids as the nucleophile to form new C-C bonds to access

unique tertiary carbon centers (Figure 4.3).

Method A: (IPr)GaCls(10 mol %), AgSbFe(10 mol %)

OH MeO—QB(OH)g DCM, 0°C-23°Cfor2h

Fh)\ Or
R, Method B: AgSbFg(10 mol %),
MEO—Q—B(OH)Z DCM, 40 °C for 12 h

OMe

o~ o~ o~
Ph Ph Ph
10 A:85% 1 A 71% 12 A: 86%

B:89% B: 85%

o
H J\\\
Ph
14

A: 35% at 40°C for 18h
B: 7% at 40°C for 24h

o/
X
Ph

A 77%
18 B: 85%

B: 75%

B: 65%
at 60°C

O/
A
Ph
o\
19
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Figure 4.3. Substrate scope

OH Method A: (IPr)GaCls(10 mol %), AgSbFg(10 mol %)
R-B(OH),, DCM, 0 °C-23 °C R
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Ph/\/\ r Ph /\)\
Ph Method B: AgSbF(10 mol %) Ph
R-B(OH),, DCM, 40 °C
Method C: GaClg, -78 °C, DCE
NO,
NO,
NO,
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A Ph _ Ph N
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Figure 4.4. Nucleophile scope

Two catalytic conditions, (IPr)GaCls/AgSbFs and AgSbFs, were examined
with a variety of tertiary propargylic alcohols. Both catalytic conditions were
generally compatible with alkyl substituted substrates (Figure 4.3, 11,12, and 18) and
resulted in moderate yields of the propargylated products. When the substituents on
the alkyne groups were varied, an electron-poor substrate resulted in a moderate yield
when the temperature of the reaction was increased (see Figure 4.3, 15). When the
substrate was electron rich, the corresponding product 16 (Figure 4.3) was not
formed, presumably due to the competitive isomerization of the alkyne group to the
allene product. The use of a primary propargylic alcohol resulted in a poor yield (see

14), and substrates bearing a terminal alkyne did not afford any product (see 17).
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Reaction conditions of method A, (IPr)GaCls/AgSbFe¢ with boronic acid at 0-23 °C,
chemoselectively reacted with the tertiary propargylic alcohol over another hydroxyl
present in the same structure (see 21).

We then began looking into the nucleophile scope. Here we found that electron
rich boronic acids, such as those used to form products 26 and 28 (Figure 4.4),
resulted in moderate yields by utilizing the (IPr)GaCls;/AgSbFe system from method A.
The heterocyclic boronic acids tended to result in higher yields ( Figure 4.4, 27 and
29) by implementing method B, AgSbFs with boronic acid at 40 °C, over method A.
For more problematic nucleophiles such as 2-nitrophenyl and 3-nitrophenyl boronic
acids, we found that method A and B did not work well since these electron poor
boronic acids, tended to be beat out by the competitive elimination pathway.
Consequently, we employed a third method, C which was GaCls with boronic acid at -
78 °C, and were able to improve the reaction which resulted in more of the
nucleophilic tertiary substitution products (Figure 4.4, 22 and 23) than the other two

reactions conditions.

4.2.4 Optimization of Quaternary Carbon Center Formation Reaction Conditions
We found out that the above reaction conditions did not carry over well to
form quaternary carbon centers. The conditions with (IPr)GaCl3/AgSbFs as the
catalyst no longer worked well with the more hindered tertiary propargylic alcohol, so
that the product would be an all carbon center. The yield for this reaction was 14%,
and the remaining mass was mostly the elimination product. From here, many other

additives and catalysts were examined to improve the yield, including a wide array of
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Lewis acids and silver salts, although most resulted in no reaction or elimination.
(IPr)GaCls was originally analyzed since it was bench stable and was not sensitive to
water. Although its precursor, GaCls;, was eventually found to be a better catalyst for
quaternary center formation using boronic acid. GaCls is very hydroscopic so it cannot
be weighed outside of the glovebox without generating hydrochloric acid and quickly.
After completing a solvent screen, dichloroethane proved to be a better solvent than
the original conditions using dichloromethane.

Table 4.2 Optimization of reaction conditions

OMe

(jOH\ MeOQB(OH)Z

e e
T
Ph
entry catalyst (mol%) temp. (°C) additive time (h) yield(%)?
1 [PrGaCl3(10%) 0to 23 AgSbFs(10%) 8 14
2 [PrGaCl3(10%) 0to 23 NaBArF# 18 40
3 IPrGaBr3(10%) 0 to 23 NaBArF?* 16 51
4 GaCl3(30%) -78 - 2 66
5b GaCl3(30%) -78 - 2 71

aNMR yields. ® DCE instead of DCM
4.2.5 Quaternary Carbon Reaction Scope
With the new set of reaction conditions in hand, we started to explore the
nucleophile scope. Electron rich boronic acid nucleophiles reacted to form a variety of
new quaternary carbon centers, while electron poor nucleophiles, such as 2-nitro

phenylboronic acid, only resulted in elimination product and not nucleophilic
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substitution. Heteroaryl boronic acid nucleophiles also resulted in some nucleophilic
addition but the mass balance was the elimination product. Although these yields are
not high, the ability to construct all carbon quaternary centers adjacent to an alkyne is

unique to this point.

Ph Boronic acid Ph

Ho. & GaCls, -78°C, DCE R =

| P Ph
o) Ph
Ph / s/
=
71% 7% 35%

Ph

/

0 Ph //
O.N

-0 R

42% 0%, only elimination product

Figure 4.5. Nucleophile scope for quaternary carbon centers

When varying the substrates for quaternary carbon centers, three different
products formed. The desired product with a quaternary carbon center, the elimination
product, and allene from the nucleophile attacking the alkyne with the m-bond
migration. When the starting material has phenyl rings for the R groups instead of a
alkyl groups, the elimination product is more difficult to form so we see more
formation of the quaternary carbon product. While if one of the R groups is a alkyl
group, the elimination product is favored along with the allene derived product. When
methoxy groups or halogenated groups are added to the aryl ring, the quaternary

product is not produced, and only the elimination and the allene products are observed.
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Figure 4.6. Substrate scope
4.3 Conclusions
We have developed a novel method using three different catalyst systems to
accomplish the first propargylic substitution reaction between propargylic alcohols
that bear alkyl substituents and aryl boronic acids. (IPr)GaCls/AgSbFs, AgSbFs, and
GaClz have been used successfully on tertiary propargylic alcohol substrates, while

GaCl; showed to be the best catalyst to date for forming quaternary carbon centers.
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This was also the first propargylic substitution reaction between propargylic alcohols

and boronic acids to form quaternary carbon centers.
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4.4 Experimental Section

4.4.1 Materials and Methods

Catalyst screens:

NMR yield and ratio calculation:

To the crude product was added methyl-4-nitro-benzoate (9.1 mg, 0.05 mmol, 0.5 equiv) and
CDCI3 (0.7 mL). The yield of B was calculated based on 'H NMR peak integration of the
proton (6 = 5.81 ppm, t, ] = 7.2 Hz, 1H) relative to the methyl group of methyl-4- nitro-
benzoate (6 = 3.98 ppm, s, 3H). NMR data was collected using a relaxation delay of 30 s
[Experiments were conducted to show that RD (relaxation delay) = 30 s was sufficient to
achieve quantitative information.]

Table 4.3 Screen with secondary alcohols
OMe

(HO),B
OH \©\ (2 eq)
OMe
Ph/\)\ >
X Ph \\

Ph cat., temp., solvent, time, additive

Ph

entry catalyst mol  additive solvent temp. time yield® (%)
% (h)
1 iPrGaCl; 10 AgSbFs(10 mol %) DCM -10°C 2 90
2b iPrGaCl; 10 AgSbFs(10 mol %) DCM -10°C 24 0
3 iPrGaCl; 10 none DCM 23°C 24 0
4 AgSbFs 10 none DCM 23°C 12 15
5 AgSbFs 10 none DCM 40°C 5 91
6 GaCl; 50 none DCM -78to 5 72
23 °C
7 AgTFA 10 none DCM 40°C 24  no reaction
8 AgOTf 10 none DCM 40°C 24  no reaction
9 AgF 10 none DCM 40°C 24  no reaction
10 AgSbFs 10 none DCE 40°C 5 85
11 AgSbFs 10 none PhCl 40°C 5 no reaction

12 AgSbFs 10 3Aor4dAor5AMS DCM  40°C 24  no reaction

13 AgSbFs 20 iPr-PyBox (40 mol  DCM 40°C 24  no reaction
)

14 AgSbFs 20 BINAP(20 mol %) DCM 40°C 24  no reaction
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“Determined by crude NMR and TLC; Ppotassium trifluoroborate salt was used instead of

boronic acid

Table 4.4 Screening of Lewis Acids and Bronsted Acids for secondary alcohols

B(OH),

Ph/\)\

]

Ph

Z
) UL N

Ph CH,Cl,, catalyst, temp., time Ph c Ph
A B
entry cat. (10 mol %) additive Time temp. yield?
(h)
1 Gd(OTf)3 none 48 0°Cto24°C no reaction
2 CuSOq4 none 36 0°Cto40 °C no reaction
3 LiOTf none 48 0 °C to 40 °C no reaction
4 LiClO4 none 48 0 °C to 40 °C no reaction
5 LiClO4 (n-Bu)sNHSO4 48 0 °C to 40 °C no reaction
6 Bi(OTf)3 none 10 0 °C to 24 °C C:72%
7 Cu(OTF)2 Pybox (10 mol %) 24 0 °C to 40 °C major: C
8 Yb(OTHf)3 none 36 0 °C to 40 °C C:91%
9 Sb(OTf)3 none 42 0°Cto40°C No reaction
10 Sc(pybox)(OTH)3 4A MS 42 0 °C to 40 °C no reaction
11 La(OTf)3 none 42 0°Cto40°C no reaction
12 InCl3 none 42 0°Cto40°C major: C
13 In(OTH)3 none 42 0°Cto24°C major: C
14 InBr3 none 42 0°Cto40°C major: C
15 (n-Bu)saNHSO4 (30 none 48 24 °Cto 40 °C  no reaction
%)

16 PTSA none 48 24°Cto40°C major: C
17 TFA (10-50%) none 48 24°Cto40°C major: C

“Determined by crude NMR and TLC
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Table 4.5 Screening conditions for tertiary alcohols by using reported methods

catalyst OMe Ph
Ph Ph | |

(HO),B
N\ on \©\ (2eq) N
OMe _

time, additive, solvent

A B c

entry  cat. (10 mol %) Solvent temp. yield?

1 FeCl;. H2O DCM 0°Cto40-°C no reaction

2 ZnCl, DCM 0°Cto40-°C no reaction

3 CuBrn; MeNO; 0 °C to 40 °C no reaction

4 CuOTf. % benzene DCM 0°Cto40°C major: C

5 BiCls DCM 0°Cto24°C major: C

6 BiCl3 MeCN 0°Cto40°C B+C

7° BiCl; MeCN 0 °C to 80 °C no reaction

8 Ca(NTf2)2/n-BusPFs DCM 0°Cto 24 °C B: 8%, C: 85%°

“Determined by crude NMR and TLC; *BF;K salt was used instead of boronic acid; Isolated
yield
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Table 4.6 Screening of Lewis Acid and Bronsted Acid for propargylic substitution of tertiary

alcohol
catalyst o OMe Ph
Ph
\\ o (HO)zB\©\ 2eq) \\ | |
OMe _
time, additive, solvent -
A B c
entry cat. (10 mol %) additive Time temp. yield?
(h)
1 Gd(OTf)3 none 29 0°Cto24°C noreaction
2 CuSOq4 none 36 0°Cto40°C noreaction
3 LiOTf none 69 0°Cto40°C noreaction
4 LiClO4 none 39 0°Cto40°C noreaction
5 LiClO4 (n-Bu)sNHSO4 39 0°Cto40°C noreaction
6 Bi(OTf)3 none 15 0°Cto24°C major: C
7 Cu(OTF). Pybox (10 mol %) 17 0°Cto40°C major: C
8 Yb(OTf)3 50 0°Cto40°C C:85%
9 Sb(OTHf)3 none 24 0°Cto40°C C:66%
10 Sc(pybox)(OTH)3 4A MS 40 0°Cto40°C noreaction
11 La(OTf); none 52 0°Cto40°C  B:6%; C: 19%"
12 InCl3 none 59 0°Cto40°C major: C
13 In(OTf)3 none 20 0°Cto24°C major: C
14 InBr; none 27 0°Cto40°C B: 14%°
15 Ga(OT1)3 none 15 0°Cto24°C major: C
16 iPrGaCl3(17 mol %) AgSbFs (10 mol %) 9 0°Cto24°C B:17%"°
17 iPrGaCl3 AgSbFs (17 mol %) 24 0°Cto24°C B:14%; C:25%
18 GacCls (50 mol %) none 2 -78 °C C:42%
19¢ GaClz ( 50 mol %) none 2 -78 °C C: 66%
20 TFA none 48 24 °C to 40 no reaction
°C
21 (n-Bu)saNHSO4 (30 none 48 24 °C to 40 no reaction
%) °C
22 PTSA none 48 24 °C to 40 no reaction
°C

“Determined by crude NMR and TLC; PIsolated yields;® starting material added dropwise.

113



Table 4.7 Silver salts screen for tertiary alcohols

Ph

Ag salt (cat.)
Ph

(HO),B
A\ OH \©\ (2eq) N
OMe

L

>

CH,Cl,, additive, temp.

OMe

B
entry  cat. Time (h) temp. yield?

1 AgSbFs (10 mol %) 6 0 °C to 24 °C B: 14%; C: 25%
2b AgSbFs (10 mol %) 40 0 °C to 40 °C no reaction

3¢ AgSbF¢ (10 mol %) 12 0 °C to 24 °C B: 26%; C: 33%
44 AgSbFs (15 mol %) 12 0 °C to 24 °C B: 15%

5 AgNO; (15 mol %) 18 0 °C to 40 °C no reaction

6 AgTFA (15 mol %) 24 0 °C to 40 °C no reaction

7 AgOTf (10 mol %) 24 0°Cto24°C no reaction

8 Ag>0 (10 mol %) 18 0°Cto40°C no reaction

9 AgPFs (20 mol %) 24 0 °C to 40 °C no reaction

10 AgNTHf; (10 mol %) 18 0°Cto24°C major: C

11 AgBF4(20 mol %) 13 0 °C to 40 °C B: 12%

Isolated yield; "3A MS as additive; “NH4PFs (10 mol %) as additive; YAgSbFs (15 mol %),
yield 15% of product, and no reaction when THF and MeCN were solvents.

Table 4.8 NHC- gallium complexes and additive screen

Ph

OMe Ph
Ph
(HO),B | | F3C,
N\ N
N\ oH \©\0 Ni eq) N B N
CH,Cl,, additive, temp. > F3;C
A IPrGaX; (10 mol %) 4
X=Cl B c NaBArFy,
X =Br
entry X additive temp. time yield?
(h)
1 Cl AgPFs (15 mol %) 0°Cto24°C 17 B: 18% C: 54%
2 Cl NaBArF24 (12 mol %) 0°Cto24°C 18 B: 40%
3 Cl NaBArF24 (20 mol %) 0°Cto24°C 40 B: 30%; C: 13%
4 Br NaBPhs4 (20 mol %) 0°Cto40°C 24 no reaction
5 Br NaBArF24 (20 mol %) 0°Cto24°C 15 B: 51%; C: 5%
6° Br NaBArF24 (20 mol %) 0°Cto24°C 12 B+C

“Determined by crude NMR and TLC; ®MeCN as solvent and potassium trifluoroborate salt
was used instead of boronic acid
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Mechanism Chromatograms:

Figure 4.7. At start of reaction:
mAU

3 PDA Multi 1
4 o
1500 |
1000 |
500 |
| 0
‘ &
~
0 | - -
5 6 7 8 10
min
1 PDA Multi 1/254nm 4nm
PeakTable
PDA Chl 254nm 4nm
Peak# | Ret.Time | Area Height Area % Height %
1 5.130 15379390 1696473 97.714 98.530
2 7.235 359783 25304 2.286 1.470
Total 15739174 1721778 100.000 100.000
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Figure 4.8. After reaction occurred:

] PDA Multi 1
750 0
S
500 -
~
250
O |
5 6 7 8 9 10
min

1 PDA Multi 1/254nm 4nm

PeakTable
PDA Chl 254nm 4nm
Peak# | Ret. Time | Area | Height | Area% | Height%
1| 5.133 | 7172623 | 799808 | 50.511 | 64.225
2| 7.124 | 7027607 | 445506 | 49.489 | 35.775
Total 14200230 1245314 100.000 100.000

General Materials and Methods: All reactions were carried out in flame- or oven-dried
glassware. THF, toluene, dichloroethane 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 or Silacel). Preparative plate chromatography was performed on EMD silica
gel plates, 60 A, with UV-254 indicator. Chemical names were generated using
CambridgeSoft ChemDraw Professional 14.0. 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 (see below for column details). Analytical
thin-layer chromatography was performed on EMD silica gel/TLC plates with fluorescent
detector 254 nm. The ' H, 3C ("H-broadband decoupled) and '°F NMR spectra were recorded

on a JEOL ECA-500 or ECX-400P spectrometer using residual solvent peak as an internal
116



standard (CDCls: 7.26 ppm for ' H NMR and 77.2 ppm for 3C NMR; acetone-d6: 2.05 ppm
for ' H NMR and 29.8 ppm and 206.3 ppm for '*C NMR). HRMS analyses were performed
under contract by University of Houston’s mass spectrometric facility ( Thermo Exactive +
Advion NanoMate, High-resolution Orbitrap MS equipped with a TriVersa NanoMate nano-
electrospray (nESI) source) or A&M University via ESI method and using a high-resolution
Orbitrap Fusion Tribrid mass spectrometer. Commercially available compounds were
purchased from Aldrich, Acros, Alfa Aesar, and Oakwood Chemical, and they were used

without further purification.

4.4.2 STARTING MATERIALS SYNTHESIS:

To an oven-dried round-bottom flask equipped with a stir bar was added the corresponding
acetylene (1.1 equiv) in THF (0.2 M) under an argon atmosphere. The solution was cooled to
-78 °C, and n-butyllithium (2.5 M in hexanes, 1.1 equiv) was added dropwise. The resulting
mixture was stirred at the same temperature for at least 1 h followed by the addition of the
corresponding aldehyde (1.0 equiv). The reaction mixture was allowed to warm up to 24 °C
and stirred for 12 h. Once the starting material was consumed as observed by TLC, the
reaction was quenched with saturated NH4Cl and water, and the mixture was extracted with
ethyl acetate (20 mL x 3). The organic layers were combined and washed with brine, dried
over anhydrous MgSOg, and filtered. The solvent was removed by rotary evaporation under
reduced pressure, and the crude product was purified by column chromatography on silica gel
with an appropriate concentration of ethyl acetate in hexanes as eluent to give the desired

product.
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(¥)-1,5-Diphenylpent-1-yn-3-ol

éw -

SI-1
From dihydrocinnamaldehyde (1.30 mL, 10.00 mmol, 1.0 equiv) and phenylacetylene (1.20
mL, 11.00 mmol, 1.1 equiv), the title compound was synthesized by following General
Procedure A. The crude material was purified by column chromatography on silica gel with
10% ethyl acetate in hexanes as eluent. The product was obtained in 55% yield (1.299 g) as a
colorless oil. R¢: 0.35 in 20% ethyl acetate in hexanes. All data were consistent with that

presented in the literature.?

1-Cyclohexyl-3-phenylprop-2-yn-1-ol
OH

=

SI-2
From cyclohexanecarboxaldehyde (0.7130 g, 6.39 mmol, 1.0 equiv) and phenylacetylene
(0.77 mL, 7.03 mmol, 1.1 equiv), the title compound was synthesized by following General
Procedure A. The crude material was purified by column chromatography on silica gel with
7% ethyl acetate in hexanes as eluent. The product was obtained in 67% yield (0.9175 g) as a
yellow oil. '"H NMR (500 MHz, CDCl3): 7.44-7.42 (m, 2H), 7.31-7.29 (m, 3H), 4.38 (s, 1H),
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1.91 (d, J = 12.2 Hz, 1H), 1.80 (d, J = 13.2 Hz, 2H), 1.74-1.60 (m, 1H), 1.35-1.06 (m, 3H).
Ry 0.6 in 20% ethyl acetate in hexanes. All data were consistent with that presented in the
literature.®*

4,4-Dimethyl-1-phenylpent-1-yn-3-ol

OH

FZ

SI-3

From trimethylacetaldehyde (0.69 mL, 6.39 mmol, 1.0 equiv) and phenylacetylene (0.77 mL,
7.03 mmol, 1.1 equiv), the title compound was synthesized by following General Procedure
A. The crude material was purified by column chromatography on silica gel with 3-4% ethyl
acetate in hexanes as eluent. The product was obtained in 61% yield (0.7383 g) as a yellow
oil. 'TH NMR (500 MHz, CDCl3): § 7.44-7.42 (m, 2H), 7.32-7.29 (m, 3H), 4.23 (t, ] = 3.0 Hz,
1H), 1.80 (d, J = 6.1 Hz, 1H), 1.06 (s, 9H). Rs: 0.30 in 10% ethyl acetate in hexanes. All data
were consistent with that presented in the literature.®

1-Phenylhept-1-yn-3-ol
OH

=

SI-4
From valeraldehyde (0.61 mL, 5.00 mmol, 1.0 equiv) and phenylacetylene (0.60 mL, 5.50
mmol, 1.1 equiv), the title compound was synthesized by following General Procedure A. The
crude material was purified by column chromatography on silica gel with 5-7% ethyl acetate

in hexanes as eluent. The product was obtained in 76% yield (0.7721 g) as a colorless oil. 'H
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NMR (400 MHz, CDCl3): & 7.43-7.31 (m, 2H), 7.32-7.25 (m, 3H), 4.59 (q, J = 6.4 Hz, 1H),
1.85-1.76 (m, 3H), 1.55-1.48 (m, 2H), 1.36-1.32 (m, 4H), 0.90 (t, J = 6.8, 2H). 3C NMR
(100 MHz, CDCl3): 6 131.7, 128.5, 128.4, 122.7,90.3, 84.9, 63.1, 38.0, 31.6, 25.0, 22.7, 14.1.
Ry 0.23 in 10% ethyl acetate in hexanes. All data were consistent with that presented in the
literature. %6

1-Phenyltridec-12-en-1-yn-3-ol

OH

AN

SI-5
From 10-undecenal (1.00 mL, 5.00 mmol, 1.0 equiv) and phenylacetylene (0.60 mL, 5.50
mmol, 1.1 equiv), the title compound was synthesized by following General Procedure A. The
crude material was purified by column chromatography on silica gel with 5% ethyl acetate in
hexanes as eluent. The product was obtained in 20% yield (0.1738 g) as a brown oil. 'H NMR
(500 MHz, CDCls): & 7.43-7.40 (m, 2H), 7.31-7.28 (m, 3H), 5.80 (ddt, J = 16.9, 10.2, 6.7 Hz,
1H), 5.00-4.91 (m, 2H), 4.59 (t, J = 6.6 Hz, 1H), 2.05-2.00 (m, 3H), 1.81-1.76 (m, 2H),
1.53-1.47 (m, 2H), 1.36-1.24 (m, 10H). 3C NMR (126 MHz, CDCI3): & 139.3, 131.8, 128.4,
128.4, 122.7, 114.2, 90.3, 84.9, 63.1, 38.0, 33.9, 29.6, 29.5, 29.3, 29.2, 29.0, 25.3. R¢: 0.23 in

10% ethyl acetate in hexanes. All data were consistent with that presented in the literature.®’

1-(3-Fluorophenyl)-5-phenylpent-1-yn-3-ol

F¢°H -
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SI-6
From dihydrocinnamaldehyde (0.53 mL, 4.00 mmol, 1.0 equiv) and 1-ethynyl-3-
fluorobenzene (0.51 mL, 4.4 mmol, 1.1 equiv), the title compound was synthesized by
following General Procedure A. The crude material was purified by column chromatography
on silica gel with 7-10% ethyl acetate in hexanes as eluent. The product was obtained in 20%
yield (0.5237 g) as a brown oil. "H NMR (400 MHz, CDCls): 8 7.33— 7.19 (m, 7H), 7.13 (ddd,
J=94,25,1.4Hz, 1H), 7.03 (tdd, J = 8.6, 2.6, 1.2 Hz, 1H), 4.59 (q, ] = 6.5 Hz, 1H), 2.86 (t,
J =7.8 Hz, 2H), 2.17 — 2.109 (m, 3H). 3C NMR (101 MHz, CDCl): & 162.4 (d, J = 246.5
Hz), 141.2, 130.0 (d, J = 8.7 Hz), 128.6, 128.6, 127.6 (d, J = 3.2 Hz), 126.1, 124.4 (d,J =9.4
Hz), 118.6 (d, J =22.9 Hz), 115.9 (d, J = 21.1 Hz), 90.8, 84.1 (d, J = 3.4 Hz), 62.2, 39.2, 31.5.

R 0.16 in 10% ethyl acetate in hexanes.

1-(4-Methoxyphenyl)-5-phenylpent-1-yn-3-ol

OH

o C

SI-7
From hydrocinnamaldehyde (0.66 mL, 5.00 mmol, 1.0 equiv) and 4-ethynylanisole (0.72 mL,
5.50 mmol, 1.1 equiv), the title compound was synthesized by following General Procedure
A. The crude material was purified by column chromatography on silica gel with 10% ethyl

acetate in hexanes as eluent. The product was obtained in 58% yield (0.7760 g) as a pale
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yellow solid. Rs: 0.33 in 20% ethyl acetate in hexanes. All data were consistent with that
presented in the literature.3®

5-Phenyl-1-(triisopropylsilyl)pent-1-yn-3-ol
OH
~ =
Y-
SI-8

From hydrocinnamaldehyde (0.53 mL, 4.00 mmol, 1.0 equiv) and (triisopropylsilyl)acetylene
(0.99 mL, 4.40 mmol, 1.1 equiv), the title compound was synthesized by following General
Procedure A. The crude material was purified by column chromatography on silica gel with 5-
7% ethyl acetate in hexanes as eluent. The product was obtained in 56% yield (0.7128 g) as a
colorless oil. "H NMR (400 MHz, CDCls): & 7.31-7.26 (m, 2H), 7.21-7.17 (m, 3H), 4.39 (q, J
= 6.4 Hz, 1H), 2.81 (t, ] = 7.9 Hz, 2H), 2.07-1.96 (m, 2H), 1.76 (d, ] = 5.2 Hz, 1H), 1.08 (s,
21H). BC NMR (101 MHz, CDCls): 8 141.5, 128.6, 128.5, 362 126.1, 108.5, 86.2, 62.4, 39.7,
31.6, 18.7, 11.2. R¢: 0.33 in 10% ethyl acetate in hexanes. All data were consistent with that
presented in the literature.®’

1-Cyclopropyl-5-phenylpent-1-yn-3-ol

OH
/\/\Q
SI-9
From hydrocinnamaldehyde (0.53 mL, 4.00 mmol, 1.0 equiv) and cyclopropylacetylene (0.37

mL, 4.40 mmol, 1.1 equiv), the title compound was synthesized by following General

Procedure A. The crude material was purified by column chromatography on silica gel with 5-
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10% ethyl acetate in hexanes as eluent. The product was obtained in 48% yield (0.3828 g) as a
colorless oil. '"H NMR (400 MHz, CDCl3): § 7.33-7.29 (m, 2H), 7.25-7.20 (m, 3H), 4.35 (t,J
= 6.5 Hz, 1H), 2.80 (t, ] = 7.9 Hz, 2H), 2.09 (br, 1H), 2.06-1.95 (m, 2H), 1.33-1.26 (m, 1H),
0.820.78 (m, 2H), 0.73-0.69 (m, 2H). 3*C NMR (101 MHz, CDCls): § 141.5, 128.5, 128.4,
125.9, 89.0, 76.2, 62.0, 39.6, 31.5, 8.3, -0.5. R¢: 0.46 in 20% ethyl acetate in hexanes. All data
were consistent with that presented in the literature.”®

5-Phenylpent-1-yn-3-ol

OH
o™
SI-10
To an oven-dried round-bottom flask equipped with a stir bar was added
hydrocinnamaldehyde (2.60 mL, 20.00 mmol, 1.0 equiv) and Et:O (50 mL, 0.4 M) under an
argon atmosphere. The solution was cooled to 0 °C, and ethynylmagnesium chloride (0.5 M
in THF, 1.5 equiv) was added dropwise. The resulting mixture was stirred for 15 h and
allowed to warm up to 24 °C. Once the starting material was consumed, the reaction was
quenched with saturated NH4Cl and water, and the mixture was extracted with ethyl acetate
(20 mL x 3). The organic layers were combined and washed with brine, dried over anhydrous
MgSOs, and filtered. The solvent was removed by rotary evaporation under reduced pressure,
and the crude product was purified by column chromatography on silica gel with an 10%
ethyl acetate in hexanes as eluent to give the title compound in 61% yield (1.970 g) as a
colorless oil. "H NMR (400 MHz, CDCl3): § 7.31- 7.27 (m, 2H), 7.21-7.18 (m, 3H), 4.37 (td,
J=6.6, 2.1 Hz, 1H), 2.80 (t, J] = 7.8 Hz, 2H), 2.50 (d, J = 2.1 Hz, 1H), 2.08-2.00 (m, 2H),
1.87 (br, 1H). 3C NMR (101 MHz, CDCl3): & 141.2, 128.6, 126.2, 84.7, 73.5, 61.7, 39.1,
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31.3. R¢: 0.33 in 20% ethyl acetate in hexanes. All data were consistent with that presented in
the literature.”!

Methyl 4-(3-hydroxy-5-phenylpent-1-yn-1-yl)benzoate

OH

SI-11
From 5-phenylpent-1-yn-3-ol (0.3200 g, 2.00 mmol, 1.0 equiv) and methyl 4-iodobenzoate
(0.6290 g, 2.40 mmol, 1.2 equiv), the title compound was synthesized by following General
Procedure B. The crude material was purified by column chromatography on silica gel with
10% ethyl acetate in hexanes as eluent. The product was obtained in 61% yield (0.3640 g) as a
brown oil. 'TH NMR (400 MHz, CDCls): § 7.98 (d, J = 8.2 Hz, 2H), 7.48 (d, J = 8.6 Hz, 2H),
7.31-7.28 (m, 2H), 7.25-7.18 (m, 3H), 4.60 (q, J = 6.4 Hz, 1H), 3.91 (s, 3H), 2.86 (t, ] = 7.8
Hz, 2H), 2.16-2.10 (m, 2H), 1.93 (dd, J = 19.4, 5.5 Hz, 1H). 13C NMR (126 MHz, CDCl;): §
166.6, 141.2, 131.7, 129.8, 129.6, 128.6, 127.3, 126.2, 92.8, 84.6, 62.3, 52.4, 39.2, 31.5. R¢:

0.27 in 20% ethyl acetate in hexanes.

5-Phenyl-1-(thiophen-2-yl)pent-1-yn-3-ol
OH

s. F
\ |

SI-12
From 5-phenylpent-1-yn-3-ol (0.3200 g, 2.00 mmol, 1.0 equiv) and 2-iodothiophene (0.5041

g, 2.40 mmol, 1.2 equiv), the title compound was synthesized by following General Procedure
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B. The crude material was purified by column chromatography on silica gel with 10% ethyl
acetate in hexanes as eluent. The product was obtained in 50% yield (0.2400 g) as a brown
oil. 'TH NMR (500 MHz, CDCl3): § 7.31-7.18 (m, 7H), 6.97 (dd, J = 5.2, 3.6 Hz, 1H), 4.60 (q,
J = 6.5 Hz, 1H), 2.85 (t, J = 7.8 Hz, 2H), 2.15-2.09 (m, 2H), 1.90 (d, J = 5.5 Hz, 1H). 13C
NMR (126 MHz, CDCl3): 6 141.2, 132.4, 128.6, 128.57, 127.4, 127.1, 126.1, 93.7, 78.7, 62.4,
39.2, 31.5. Rs: 0.46 in 20% ethyl acetate in hexanes.

1-(phenylethynyl)cyclohexan-1-ol

AN

HO

SI-13
From cyclohexane (0.86 mL, 8.00 mmol, 1.0 equiv) and cyclopropylacetylene (0.74 mL, 8.80
mmol, 1.1 equiv), the title compound was synthesized by following General Procedure A. The
crude material was purified by column chromatography on silica gel with 5-10% ethyl acetate
in hexanes as eluent. The product was obtained in 81% yield (1.280 g) as a yellowish oil. All

data were consistent with that presented in the literature.”?

2-Methyl-4-phenylbut-3-ny-2-ol

: OH
SI-14
To an oven-dried round-bottom flask equipped with a stir bar was added phenylacetylene

(2.14 mL, 19.5 mmol, 1.1 equiv) in THF (38 mL, 0.4 M) under an argon atmosphere, the title

compound was synthesized by following General Procedure A. The solution was cooled to -
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78 °C, and n-butyllithium (2.5 M in hexanes, 1.1 equiv) was added dropwise. The resulting
mixture was stirred at the same temperature for at least 1 hfollowed by the addition of acetone
(1.4 mL, 19.0 mmol, 1.0 equiv). The reaction mixture was allowed to warm up to 24 °C and
stirred for 12 h. Once the starting material was consumed, the reaction was quenched with
saturated NH4Cl and water, and the mixture was extracted with ethyl acetate (30 mL x 3). The
organic layers were combined and washed with brine, dried over anhydrous MgSQO4, and
filtered. The solvent was removed by rotary evaporation under reduced pressure, and the
crude product was purified by column chromatography on silica gel with 10% ethyl acetate in
hexanes as eluent to give the title compound 4.35 in 94% yield (2.870 g) as a low melting

point solid. All data were consistent with that presented in the literature.”?

1-(3-methoxyphenyl)-3-phenylprop-2-yn-1-ol

OH
e o
0
SI-15
From 3-methoxybenzaldehyde (0.870 g, 6.39 mmol, 1.0 equiv) and phenylacetylene (0.77
mL, 7.03 mmol, 1.1 equiv), the title compound was synthesized by following General
Procedure A. The crude reaction mixture was purified via flash column chromatography with
a 5-20% gradient of DCM in hexanes as eluent on silica gel to produce 78% yield (1.19g). All

data were consistent with that presented in literature.*

1-(2-nitrophenyl)-3-phenylprop-2-yn-1-ol
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OH

S

O,N

SI-16
From 2-nitrobenzaldehyde (0.966 g, 6.39 mmol, 1.0 equiv) and phenylacetylene (0.77 mL,
7.03 mmol, 1.1 equiv), the title compound was synthesized by following General Procedure
A. The crude reaction mixture was purified via flash column chromatography with a 5-20%
gradient of DCM in hexanes as eluent on silica gel to produce 63% yield (1.02g). All data
were consistent with that presented in literature.*

5-phenylpent-4-yne-1,3-diol

OH

HO \\
SI-27
This compound was synthesized using literature procedures to form the propargylic alcohol
above. The crude reaction mixture was purified via flash column chromatography with a 5—
20% gradient of DCM in hexanes as eluent on silica gel to produce 23% yield. All data were

consistent with that presented in literature.”®
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SYNTHESIS OF PRODUCTS:

4.4.3 General Procedure A: Nucleophilic Substitution for Tertiary Carbons with Ag/Ga
To a flame-dried 7 mL vial was added IPrGaCl; (12.0 mg, 0.02 mmol, 10 mol %), AgSbF¢
(8.0 mg, 0.02 mmol, 10 mol %), and an aryl boronic acid (0.4 mmol, 2 equiv) under an argon
atmosphere. The vial was sealed and cooled to 0 °C (ice bath). A solution of a propargylic
alcohol (0.2 mmol, 1 equiv) in CH,Cl, (3 mL) was then added dropwise via a syringe. After
the reaction completed as monitored by TLC, the crude mixture was absorbed onto silica gel
via rotary evaporation under reduced pressure. The product was purified via flash column
chromatography on silica gel with a gradient of 0—10% CH,Cl, in hexanes as eluent.

4.4.4 General Procedure B: Nucleophilic Substitution for Tertiary Carbons with Ag

To a flame-dried 7 mL vial was added AgSbFy (8.0 mg, 0.02 mmol, 10 mol %) and an aryl
boronic acid (0.4 mmol, 2 equiv) under an argon atmosphere. A solution of a propargylic
alcohol (0.2 mmol, 1 equiv) in CH,Cl, (2 mL) was then added dropwise via a syringe. The
reaction was sealed and stirred at 40 °C for about 12 h. After the reaction completed as
monitored by TLC, the crude mixture was absorbed onto silica gel via rotary evaporation
under reduced pressure. The product was purified via flash column chromatography on silica
gel with a gradient of 0-10% CH,Cl, in hexanes as eluent.

4.4.5 General Procedure C: Nucleophilic Substitution for Tertiary and Quaternary
Carbons with GaClz

To a flame-dried 7 mL vial was added GaCl; (8.0 mg, 0.02 mmol, 10 mol %) in the glove
box, then vial was removed, and then a boronic acid was added (0.4 mmol, 2 equiv) under an
argon atmosphere, then DCE (2 mL) was added. The reaction was sealed and stirred at -78

°C. A solution of a propargylic alcohol (0.2 mmol, 1 equiv) in DCE (2 mL) was then added
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dropwise via a syringe. The reaction was sealed and stirred at -78 °C for about 12 h. After the
reaction completed as monitored by TLC, the crude mixture was absorbed onto silica gel via
rotary evaporation under reduced pressure. The product was purified via flash column

chromatography on silica gel with a gradient of 0—10% ethyl acetate in hexanes as eluent.

(3-(4-methoxyphenyl)pent-1-yne-1,5-diyl)dibenzene

o

»
San NS

SI-18
The title compound was synthesized from SI-1 (47.2 mg, 0.2 mmol, 1 equiv) and 4-methoxyl
boronic acid (60.0 mg, 0.4 mmol, 2 equiv). After purification via flash column
chromatography with a gradient of 0—10% CH:Cl; in hexanes as eluent, the product was
obtained in 90% (58.8 mg) yield with procedure A and 92% (60.1 mg) with procedure B as a
colorless oil. '"H NMR: (400 MHz, CDCI3) & 7.51 — 7.44 (m, 2H), 7.37 — 7.27 (m, 7H), 7.27 —
7.16 (m, 3H), 6.93 — 6.86 (m, 2 H), 3.86 — 3.76 (m, 1H), 3.81 (s, 3H), 2.91 — 2.75 (m, 2H),
2.23 —2.04 (m, 2H). 3C NMR: (101 MHz, CDCls) & 158.5, 529 141.8, 134.0, 131.8, 128.6,
128.6, 128.5, 128.4, 127.9, 126.0, 123.9, 114.0, 91.6, 83.7, 55.4, 40.3, 37.02, 33.7. IR: 2931,

1599, 1509, 1245, 1174, 1029, 830, 754, 692 cm''. HRMS-ESI m/z Calculated for C,,H,,0

[M + H]* 327.17, found 327.1743.
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1-methoxy-4-(1-phenyldodec-11-en-1-yn-3-yl)benzene

o

J
y X
(J
SI-19

The title compound was synthesized from 1-phenyltridec-12-en-1-yn-3-ol (54 mg, 0.2 mmol,
1 equiv) and 4-methoxyl boronic acid (60.0 mg, 0.4 mmol, 2 equiv). After purification via
flash column chromatography with a gradient of 0-10% dichloromethane in hexanes as
eluent, the product was obtained in 85% (58.9 mg) yield with procedure A and 89% (61.7 mg)
yield with procedure B as a colorless oil. 'H NMR: (600 MHz, CDCls) & 7.43 (d, J = 6.6 Hz,
2H), 7.32 (d, J = 8.0 Hz, 2H), 7.29 — 7.28 (m, 3H), 6.87 (d, J = 8.0 Hz, 2H), 5.84 — 5.77 (m,
1H), 4.95 (dd, J = 16.5, 9.6 Hz, 2H), 3.89 — 3.73 (m, 4H), 2.08 — 1.95 (m, 2H), 1.83 — 1.74
(m, 1H), 1.53 — 1.11 (m, 13H), 3C NMR: (151 MHz, CDCl3) & 158.4, 139.3, 134.6, 131.7,
128.5, 128.3, 127.7, 124.0, 114.2, 113.9, 92.2, 83.1, 55.4, 38.9, 37.7, 33.9, 29.6, 29.62 — 29.16
(m), 29.0, 27.5.

1-(4,4-dimethyl-1-phenylpent-1-yn-3-yl)-4-methoxybenzene

SI-20
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The title compound was synthesized from 4,4-dimethyl-1-phenylpent-1-yn-3-ol (37 mg, 0.2
mmol, 1 equiv) and 4-methoxyl boronic acid (60.0 mg, 0.4 mmol, 2 equiv). After purification
via flash column chromatography with a gradient of 0—10% dichloromethane in hexanes as
eluent, the product was obtained in 71% (39.5 mg) yield with procedure A and 75% (41.8 mg)
yield with procedure B as a colorless oil. 1H NMR: (500 MHz, CDCI3) & 7.47— 7.44 (m, 2H),
7.33 —7.26 (m, 5H), 6.89 — 6.84 (m, 2H), 3.81 (s, 3H), 3.59 (s, 1H), 1.03 (s, 9H). *C NMR:
(126 MHz, CDCl3) & 158.5, 131.7, 131.6, 130.7, 128.3, 127.7, 124.2, 113.1, 91.7, 83.7, 55.4,
49.6, 35.6, 27.8.

1-methoxy-4-(1-phenyloct-1-yn-3-yl)benzene

o

<

4

@

SI-21
The title compound was synthesized from 1-phenyloct-1-yn-3-ol (40 mg, 0.2 mmol, 1 equiv)
and 4-methoxyl boronic acid (60.0 mg, 0.4 mmol, 2 equiv). After purification via flash
column chromatography with a gradient of 0—10% dichloromethane in hexanes as eluent, the
product was obtained in 86% (50.3 mg) yield with procedure A and 85% yield (49.7 mg) with
procedure B as a colorless oil. '"H NMR: (500 MHz, CDCl3) 8 7.46 — 7.42 (m, 2H), 7.31 —
7.30 (m, 2H), 7.31 — 7.27 (m, 3H), 6.92 — 6.86 (m, 2H), 3.85 — 3.76 (m, 1H), 3.84 (s, 3H),
1.86 — 1.73 (m, 2H), 1.60 — 1.40 (m, 2H), 527 1.38 — 1.26 (m, 4H), 0.91- 0.84 (m, 3H) *C
NMR: (126 MHz, CDCl3) 6 158.4, 134.6, 131.7, 128.5, 128.3, 127.8, 124.0, 113.9, 92.2, 83.0,

55.4,38.8,37.7,31.6,27.2,22.7, 14.2.
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1-methoxy-4-(1-phenylnon-4-yn-3-yl)benzene & (E)-non-2-en-4-yn-1-ylbenzene

O N n-Bu Mmsu
SI-22 SI1-23

See the general procedure for nucleophilic substitution reactions above. The crude reaction
mixture was purified via flash column chromatography with a 5-10% gradient of DCM in
hexanes, SI-22 was observed in trace amounts (<5%) by NMR and the elimination product
SI-23 was observed in 84% (33.3 mg) yield . All data for SI-23 were consistent with that
presented in literature.”’

1-methoxy-4-(3-phenylprop-2-yn-1-yl)benzene

o

(]

()

SI-24
The title compound was synthesized from 3-phenylprop-2-yn-1-ol (26 mg, 0.2 mmol, 1 equiv)
and 4-methoxyl boronic acid (60.0 mg, 0.4 mmol, 2 equiv). After purification via flash
column chromatography with 5% Et2O in hexanes as eluent, the product was obtained in 35%
(15.6 mg) yield with procedure A as a colorless oil. '"H NMR: (500 MHz, CDCl3) & 7.47 —

7.40 (m, 2H), 7.32 — 7.29 (m, 5H), 6.90 — 6.84 (m, 2H), 3.80 (s, 3H), 3.77 (s, 2H). HRMS-
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ESI m/z Calculated for C;(H;4,O [M + H]" 223.11, found 223.1117.Spectra data were

consistent to those reported in the literature.”®

methyl 4-(3-(4-methoxyphenyl)-5-phenylpent-1-yn-1-yl)benzoate

SI-25
The title compound was synthesized from methyl 4-(3-hydroxy-5-phenylpent-1-yn-1-
yl)benzoate (60 mg, 0.2 mmol, 1 equiv) and 4-methoxyl boronic acid (60.0 mg, 0.4 mmol, 2
equiv). After purification via flash column chromatography with a gradient of 0-5% Et2O in
hexanes as eluent, the product was obtained in 65% (50.0 mg) yield with procedure B as a
colorless oil. "H NMR: (500 MHz, CDCl3) & 8.00 — 7.96 (d, J = 8.6 Hz, 2H), 7.51 (d, ] = 6.9
Hz, 1H), 7.35 — 7.27 (m, 4H), 7.22 — 7.18 (m, 3H), 6.91 — 6.86 (m, 2H), 3.92 (s, 3H), 3.83 —
3.77 (m, 4H), 2.88 — 2.70 (m, 2H), 2.24 — 1.91 (m, 2H). 3C NMR: (101 MHz, CDCl3) §
166.8, 158.6, 141.6, 133.5, 131.7, 129.5, 129.2, 128.6, 128.6, 128.5, 126.1, 114. 1, 95.1, 83.0,
55.4, 52.3, 40.0, 37.1, 33.6. IR: 2950, 1722, 1603,1511, 1276, 1108, 698 cm’'. HRMS-

ESI m/z Calculated for C,4H,,05 [M + H]" 385.17, found 385.1798.
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4,4'-(5-phenylpent-1-yne-1,3-diyl)bis(methoxybenzene) & (E)-1-methoxy-4-(5-

phenylpent-3-en-1-yn-1-yl)benzene

SI-26 SI-27
See the general procedure for nucleophilic substitution reactions above. The crude reaction
mixture was purified via flash column chromatography with a 5-10% gradient of DCM in
hexanes, SI-26 was not observed and the elimination product SI-27 was observed in 88%
(49.2 mg) yield . All data for SI-27 were consistent with that presented in literature.*
1-methoxy-4-(5-phenylpent-1-yn-3-yl)benzene & (E)-pent-2-en-4-yn-1-ylbenzene

o/

74
%
7

SI1-28 SI1-29
See the general procedure for nucleophilic substitution reactions above. The crude reaction
mixture was purified via flash column chromatography with a 1-10% gradient of DCM in
hexanes, SI-28 was not observed and the elimination product SI-29 was observed in 91%

(25.9 mg) yield . All data for SI-29 were consistent with that presented in literature.'°
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1-(1-cyclohexyl-3-phenylprop-2-yn-1-yl)-4-methoxybenzene

S

SI-30

The title compound was synthesized from 1-cyclohexyl-3-phenylprop-2-yn-1-ol (40.8 mg, 0.2
mmol, 1 equiv) and 4-methoxyl boronic acid (60.0 mg, 0.4 mmol, 2 equiv). After purification
via flash column chromatography with a gradient of 5-10% dichloromethane in hexanes as
eluent, the product was obtained in 77% (46.9 mg) yield with procedure A and 85%(51.7 mg)
yield with procedure B as a colorless oil. 'H NMR: (500 MHz, CDCls) & 7.48 — 7.42 (m, 2H),
7.33 —7.26 (m, 5H), 6.91 — 6.82 (m, 2H), 3.87 (s, 3H), 3.65 (d, J = 6.7 Hz, 1H), 1.88 — 1.86
(m, 1H), 1.73 — 1.71 (m, 2H), 1.68 — 526 1.61 (m, 3H) 1.28 — 1.04 (m, 5H). 13C NMR: (126
MHz, CDCl3) & 158.4, 133.0, 131.7, 129.3, 128.3, 127.7, 124.1, 113.6, 91.2, 83.9, 55.4, 44.8,
443, 31.7 , 29.7, 26.5, 26.5, 26.4. All data for SI-30 were consistent with that presented in
literature. '°!

1-methoxy-3-(1-(4-methoxyphenyl)-3-phenylprop-2-yn-1-yl)benzene

SI-31

See the general procedure for nucleophilic substitution reactions above. The crude reaction

mixture was purified via flash column chromatography with a 5-20% gradient of DCM in
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hexanes as eluent on silica gel to yield 87% (57.1 mg) with procedure A and 69% (43.2 mg)
with procedure B. All data were consistent with that presented in literature.!%?

1-(1-(4-methoxyphenyl)-3-phenylprop-2-yn-1-yl)-2-nitrobenzene

SI-32

See the general procedure for nucleophilic substitution reactions above. The crude reaction
mixture was purified via flash column chromatography with a 5-20% gradient of DCM in
hexanes as eluent on silica gel to yield 16% (10.5 mg) with method A. All data were
consistent with that presented in literature.!%2

3-(4-methoxyphenyl)-5-phenylpent-4-yn-1-ol

HO \\

@

SI-33
See the general procedure for nucleophilic substitution reactions above. The crude reaction
mixture was purified via flash column chromatography with a 5-20% gradient of DCM in
hexanes as eluent on silica gel to yield 37% (19.6 mg) with procedure A. 'H-NMR (600 MHz,
CHLOROFORM-D) ¢ 7.76 (d, J = 8.2 Hz, 2H), 7.46-7.45 (m, 2H), 7.34-7.31 (m, 3H), 6.88
(d, J = 8.2 Hz, 2H), 5.16 (t, J = 5.2 Hz, 1H), 4.41 (s, 1H), 4.18 (d, ] = 6.2 Hz, 1H), 3.82 (s,

3H), 2.36-2.17 (m, 2H). 3C-NMR (151 MHz, chloroform-D) & 161.9, 135.7, 131.9, 128.7,
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128.4, 122.4, 113.2, 88.1, 84.9, 77.3, 77.1, 76.9, 61.8, 59.9, 55.2, 33.2, 29.8 IR: 2926, 2250,

1603, 1302, 1245, 1141, 905, 690, 663 cm™' HRMS-ESI m/z Calculated for C;gH1802 [M +

H]" 267.13, found 267.1373.

(3-(2-nitrophenyl)pent-1-yne-1,5-diyl)dibenzene

SI-34

See the general procedure for nucleophilic substitution reactions above. The crude reaction
mixture was purified via flash column chromatography with a 5-20% gradient of DCM in
hexanes as eluenton silica gel to yield 26% (17.6 mg) with method A and 27% (17.8 mg) with
method C . '"H-NMR (600 MHz, chloroform-D) § 7.41-7.26 (m, 10H), 7.19 (dt, J = 43.8, 7.0
Hz, 4H), 4.73 (t, ] = 6.5 Hz, 1H), 2.90 (t, J = 7.6 Hz, 2H), 2.19 (dtd, ] = 37.9, 14.0, 7.7 Hz,
2H). *C-NMR (151 MHz, acetone-D6) & 141.6, 131.7, 131.7, 128.7, 128.6, 128.6, 128.5,
128.5, 128.5, 128.4, 128.4, 128.3, 126.0, 125.9, 122.9, 122.6, 88.9, 87.9, 86.0, 66.7, 37.7,

31.3. IR: 2924, 1489, 1070, 1047, 754, 690 cm™'. HRMS-ESI m/z Calculated for C,3H,oNO,

[M + H]* 342.14, found 342.1452.

Table 4.9 Screen of solvents

entry  cat. solvent temp. yield (%)?

1 GaCl3(10 mol%) DCE =78 °C 48

2 GaCls(10 mol%) MeCN -78 °C 0, 92%
elimination

3 GaCl3(10 mol%) DCM -78 °C to 0°C 3, 88%
elimination

4 GaCl3(10 mol%) PhMe  -78 °Cto 0°C no reaction

5 GaCl3(10 mol%) MeOH -78 °C to 0°C no reaction
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“Determined by crude NMR and TLC

(3-(3-nitrophenyl)pent-1-yne-1,5-diyl)dibenzene

O,N

SI-35

See the general procedure for nucleophilic substitution reactions above. The crude reaction
mixture was purified via flash column chromatography with a 5-20% gradient of DCM in
hexanes as eluent on silica gel to yield 20% (13.6 mg) with procedure A, 7% (4.8 mg) with
procedure B, and 34% (25.2 mg) with procedure C. 'H-NMR (600 MHz, chloroform-D) &
7.45-7.28 (m, 10H), 7.25-7.15 (m, 4H), 4.74 (t, ] = 6.5 Hz, 1H), 2.91 (t, J = 7.9 Hz, 2H), 2.26-
2.13 (m, 2H). BC-NMR (151 MHz, chloroform-D) & 141.7, 131.9, 128.8, 128.7, 128.7, 128.6,
128.6, 128.5, 128.4, 128.3, 125.9, 122.8, 109.8, 88.1, 86.1, 77.3, 77.1, 76.9, 67.1, 67.0, 37.6,
31.6, 29.8 IR: 2923, 2853, 2358, 1599, 1490, 1454, 1071, 1044, 905, 728, 698 cm™!. HRMS-
ESI m/z Calculated for C,3H gNO, [M + H]" 342.14, found 342.1452.

(3-(4-nitrophenyl)pent-1-yne-1,5-diyl)dibenzene

¢
sl

SI-36
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See the general procedure for nucleophilic substitution reactions above. The crude reaction
mixture was purified via flash column chromatography with a 5-20% gradient of DCM in
hexanes as eluent on silica gel to yield 37% (25.2 mg) with procedure A and 10% (6.8 mg)
with procedure B. All data were consistent with that presented in literature.!%

(3-(2-(bromomethyl)phenyl)pent-1-yne-1,5-diyl)dibenzene

. C
sl

SI-37
See the general procedure for nucleophilic substitution reactions above. The crude reaction
mixture was purified via flash column chromatography with a 5-20% gradient of DCM in
hexanes as eluent on silica gel to yield 27% (21.1 mg) with method A and 27% (20.0 mg)with
method B. '"H-NMR (600 MHz, chloroform-D) & 7.48-7.47 (m, 2H), 7.31 (td, J = 14.9, 7.3
Hz, 7H), 7.24-7.19 (m, 3H), 6.89 (d, J = 8.2 Hz, 2H), 5.30 (s, 1H), 3.81 (s, 2H), 2.83 (q, J =
7.3 Hz, 2H), 2.18-2.09 (m, 2H). 3C-NMR (151 MHz, chloroform-D) & 158.5, 141.8, 134.0,
131.8, 128.6, 128.6, 128.5, 128.3, 127.9, 126.0, 123.8, 114.0, 91.6, 83.7, 55.4, 55.4, 40.3,
37.0, 33.7, 29.8 IR: 3027, 2925, 2855, 2360, 1692, 1599, 1510, 1246, 1175, 1030, 906, 728,

691 cm’!. HRMS-ESI m/z Calculated for C,4,H,,Br [M + H]* 390.08, found 390.0811.

(3-(2,6-dimethoxyphenyl)pent-1-yne-1,5-diyl)dibenzene
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SI-38
See the general procedure for nucleophilic substitution reactions above. The crude reaction
mixture was purified via flash column chromatography with a 5-20% gradient of DCM in
hexanes as eluent on silica gel to yield 85% (60.6 mg) with procedure A, and 47%(24.2 mg) (
with procedure B. 'H-NMR (400 MHz, chloroform-D) § 7.52-7.46 (m, 3H), 7.29 (m, 3H),
7.23-7.17 (m, 7H), 6.45 (d, J = 14.3 Hz, 2H), 4.23 (s, 1H), 3.79 (s, 6H), 2.85 (d, J = 27.5 Hz,
2H), 2.06 (d, J = 44.7 Hz, 2H). *C-NMR (126 MHz, chloroform-D) § 160.9, 157.2, 142.2,
131.8, 130.0, 129.0, 128.6, 128.3, 127.7, 125.8, 122.7, 106.2, 104.2, 100.5, 98.5, 82.9, 55.5,
55.4, 38.3, 33.8, 30.9. IR: 2945, 1596, 1475, 1320, 1234, 1100, 788, 692 cm''. HRMS-

ESI m/z Calculated for Co5H»407 [M + H]" 357.18, found 357.1849.

2-(1,5-diphenylpent-1-yn-3-yl)thiophene

SI-39
The title compound was synthesized from SI-1 (47.2 mg, 0.2 mmol, 1 equiv) and 2-thiophene
boronic acid (51.0 mg, 0.4 mmol, 2 equiv). After purification via flash column
chromatography with a gradient of 5-10% CH>Cl> in hexanes as eluent, the product was
obtained in 68% (41.1 mg) yield with procedure A and 82% (49.7 mg) with procedure B as a
colorless oil. '"H NMR: (500 MHz, CDCl3) & 7.52 — 7.44 (m, 2H), 7.34 — 7.28 (m, 5H), 7.25 —
7.19 (m, 4H), 7.05 — 7.01 (m, 1H), 6.97 — 6.95 (m, 1H), 4.14 (t,J = 7.1 Hz, 1H), 3.05 — 2.61
(m, 2H), 2.26 — 2.22 (m, 2H). *C NMR: (126 MHz, CDCl3) & 145.5, 141.4, 131.8, 128.7,

128.5, 128.3, 128.1, 126.7, 126.1, 124.5, 124.0, 123.5, 90.4, 83.6, 40.2, 33.4, 33.0. IR: 3026,
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1737, 1724, 1661, 1365, 1230, 1217, 699 cm™'. HRMS-ESI m/z Calculated for C, H S [M +

H]" 303.11, found 303.1202.

(3-mesitylpent-1-yne-1,5-diyl)dibenzene

»
SAR NS

SI-40
The title compound was synthesized from SI-1 (47.2 mg, 0.2 mmol, 1 equiv) and mesitylene
boronic acid (66.0 mg, 0.4 mmol, 2 equiv). After purification via flash column
chromatography with a gradient of 0-10% CH>Cl> in hexanes as eluent, the product was
obtained in 86% (58.2 mg) yield with procedure A and 75% (50.7 mg) with procedure B as a
colorless oil. '"H NMR: (400 MHz, CDCls) & 7.44 (dd, J = 7.3, 2.1 Hz, 2H), 7.35 — 7.18 (m,
8H), 6.84 (s, 2H), 4.20 (dd, J = 10.3, 5.3 Hz, 1H), 3.02 — 2.95 (m, 1H), 2.86 — 2.78 (m, 1H),
2.46 —2.30 (m, 1H), 2.63 — 2.12 (br, 6H), 2.25 (s, 3H), 2.00 — 1.85 (m, 1H). 3C NMR: (101
MHz, CDCl3) & 141.6, 136.1, 134.8, 131.6, 130.1(br), 128.7, 128.5, 128.3, 127.7, 126.1,
124.2, 91.4, 83.0, 36.0, 34.1, 31.8, 20.8. IR: 2917, 1598, 1489, 1452, 850, 523, 495 cm™'.

HRMS-ESI m/z Calculated for C,cH,c[M + H]" 339.21, found 339.2107.
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5-(1,5-diphenylpent-1-yn-3-yl)benzo[d][1,3]dioxole

SI-41

The title compound was synthesized from SI-1 (47.2 mg, 0.2 mmol, 1 equiv) and 3,4-
(methylenedioxy)phenylboronic acid (66.0 mg, 0.4 mmol, 2 equiv). After purification via
flash column chromatography with a gradient of 5-10% CH>Cl, in hexanes as eluent, the
product was obtained in 74% (50.2 mg) yield with procedure A and 75% (51.1 mg) with
procedure B as a colorless oil. '"H NMR: (500 MHz, CDCl3) 8 7.51 — 7.43 (m, 2H), 7.36 —
7.27 (m, 5H), 7.25 — 7.16 (m, 3H), 6.94 (d, J = 1.6 Hz, 1H), 6.85 (dd, J = 8.0, 1.6 Hz, 1H),
6.77 (d, J = 8.0 Hz, 1H), 5.95 (s, 2H), 3.76 (dd, J = 8.5, 530 6.1 Hz, 1H), 2.88 — 2.72 (m, 2H),
2.20 - 2.01 (m, 2H). 3C NMR: (126 MHz, CDCl;3) & 147.8, 146.4, 141.7, 135.9, 131.8, 128.6,
128.5, 128.4, 128.0, 126.0, 123.7, 120.7, 108.3, 108.1, 101.1, 91.3, 83.8, 40.4, 37.5, 33.6. IR:
3025, 2923, 1735, 1485, 1441, 1244, 1038, 933, 755, 691 cm™'. HRMS-ESI m/z Calculated for

C,,H, O, [M + HJ* 341.15, found 341.1536.

247720
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1-Methoxy-4-(1-(phenylethynyl)cyclohexyl)benzene and (cyclohex-1-en-1-

ylethynyl)benzene

SI-42 SI-43

From 1-(phenylethynyl)cyclohexanol (40.0 mg, 0.20 mmol, 1.0 equiv) and 4-
methoxypenylboronic acid (60.0 mg, 0.40 mmol, 2.0 equiv), the title compound as obtained
by following either General Procedure C or D. The crude material was purified by column
chromatography on silica gel with 0.2% ethyl acetate in hexanes as eluent. The product 4.26
was obtained in 50% yield (29.4 mg) as a yellow oil. NMR data for product SI-24: 'H NMR
(500 MHz, CDCl3): 6 7.56-7.54 (m, 2H), 7.47-7.46 (m, 2H), 7.31-7.27 (m, 3H), 6.89-6.87
(m, 2H), 3.80 (s, 3H), 2.00-1.89 (m, 4H), 1.79-1.70 (m, 6H). 1*C NMR (126 MHz, CDCl3): &
158.1, 139.5, 131.7, 128.3, 127.7, 127.12, 124.2, 113.6, 94.5, 85.5, 55.4, 41.7, 39.6, 25.9,
23.9. Re: 0.56 in 10% ethyl acetate in hexanes. NMR data for elimination product SI-25: 'H
NMR (400 MHz, CDCl3): 6 7.43-7.40 (m, 2H), 7.31-7.25 (m, 3H), 6.21 (tt, ] = 3.9, 1.8 Hz,
1H), 2.22 (ddd, J = 8.1, 4.1, 2.4 Hz, 2H), 2.14 (ddt, J = 8.7, 6.0, 2.7 Hz, 2H), 1.71-1.58 (m,
4H). 3C NMR (126 MHz, CDCl3): § 135.3, 131.5, 128.3, 127.8, 123.8, 120.8, 91.3, 86.8,
29.3,25.9,22.4,21.6. All data for the elimination product were consistent with that presented

in the literature. 103

143



Table 4.10 Screen of conditions

Lewis Acids OMe Ph
Ph Ph | |

(HO),B
N\ on \©\ 2eq) A\
OMe

L
Y

time, additive, solvent

A B

c
entry  cat. solvent  temp. yield of B (%)*
1 GaCl3(10 mol%) DCE =78 °C 68

2 GaCl3(20 mol%) DCE =78 °C 66

3 GaCl3(30 mol%) DCE =78 °C 55

4 GaCl3(50 mol%) DCE =78 °C 40

5 GaClz(1 eq.) DCE -78 °C 36

6 GaCl3(10 mol%) DCE 0°C 42

7 GaCl3(10 mol%) DCE 50°C 0, elimination:

93%

8 GaCl3(10 mol%) MeCN  -78 °C 30

9 GaCl;(10 mol%) DCM  -78°Cto 0°C 51

10 GaCl3(10 mol%) PhMe  -78 °C to 0°C no reaction

10 GaCl3(10 mol%) MeOH -78 °C to 0°C no reaction

“Determined by crude NMR and TLC

1,3,5-trimethyl-2-(1-(phenylethynyl)cyclohexyl)benzene

(D
Y7

SI-44

See the general procedure for nucleophilic substitution reactions above. The crude reaction

mixture was purified via flash column chromatography with a 5-20% gradient of DCM in

hexanes as eluent on silica gel to give a yield of 57% (34.2 mg). 'H-NMR (600 MHz,

chloroform-D) & 7.43 (d, J = 7.6 Hz, 1H), 7.23 (t, J = 7.2 Hz, 1H), 7.18 (t, ] = 7.6 Hz, 1H),

6.97 (s, 2H), 6.87 (d, J = 7.9 Hz, 1H), 6.63 (s, 1H), 2.35 (s, 3H), 2.12 (s, 6H), 1.96-1.87 (m,

SH), 1.64 (q, J = 12.4 Hz, 2H), 1.50 (d, J = 13.7 Hz, 2H). '*C-NMR (151 MHz, chloroform-D)
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0 153.9, 143.5, 140.7, 140.5, 136.8, 136.7, 132.4, 128.1, 126.6, 125.1, 121.8, 120.5, 77.3,
77.1, 76.9, 53.4, 34.8, 26.2, 25.0, 21.2, 20.2. IR: 2925, 2855, 1448, 905, 850, 750, 729 cm™!

HRMS-ESI m/z Calculated for Co3Hpg [M + H]" 303.21, found 303.2107.

2-(1-(phenylethynyl)cyclohexyl)thiophene

Ny

SI-45
See the general procedure C for nucleophilic substitution reactions above. The crude reaction
mixture was purified via flash column chromatography with a 5-20% gradient of DCM in
hexanes as eluent on silica gel to give a yield of 35% (18.1 mg). 'H NMR: (500 MHz,
Chloroform-D) & 7.52 — 7.44 (m, 2H), 7.34 — 7.28 (m, SH), 7.25 — 7.19 (m, 4H), 7.05 — 7.01
(m, 1H), 6.97 — 6.95 (m, 1H), 4.14 (t, J = 7.1 Hz, 1H), 3.05 — 2.61 (m, 2H), 2.26 — 2.22 (m,
2H). BC-NMR (151 MHz, Acetone-D6) & 206.3, 205.9, 205.5, 205.5, 205.3, 205.2, 150.2,
134.9, 131.5, 131.2, 128.5, 128.1, 128.0, 123.6, 121.9, 93.5, 91.1, 86.6, 84.5, 40.8, 40.0, 30.1,
29.9, 29.5, 29.4, 29.3, 29.2, 29.0, 28.9, 28.8, 28.6, 28.6, 25.4, 23.5 IR: 2928, 1739, 1442,

1230, 755, 458 cm' HRMS-ESI m/z Calculated for C H S [M + H]"267.12, found

267.1202.
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1,3-dimethoxy-2-(1-(phenylethynyl)cyclohexyl)benzene

SI-46

See the general procedure C for nucleophilic substitution reactions above. The crude reaction
mixture was purified via flash column chromatography with a 5-20% gradient of DCM in
hexanes as eluent on silica gel to give a yield of 30% (19.3 mg). All data were consistent with
that presented in literature. 1%

1-methoxy-4-(2-methyl-4-phenylbut-3-yn-2-yl)benzene

SI-47
See the general procedure C for nucleophilic substitution reactions above. The crude reaction
mixture was purified via flash column chromatography with a 1-10% gradient of DCM in
hexanes as eluent on silica gel to give a yield of 24% (12.0 mg). All data were consistent with

that presented in literature.'%
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5-(1-(phenylethynyl)cyclohexyl)benzo[d][1,3]dioxole

O K
@

SI-48
The title compound was synthesized from SI-13 (47.2 mg, 0.2 mmol, 1 equiv) and 3,4-
(methylenedioxy)phenylboronic acid (66.0 mg, 0.4 mmol, 2 equiv). After purification via
flash column chromatography with a gradient of 5-10% CH>Cl; in hexanes as eluent, the
product was obtained in 74% (50.2 mg) yield with procedure A and 75% (51.1 mg) with
procedure B as a colorless oil. '"H NMR: (500 MHz, CDCl3) 8 7.51 — 7.43 (m, 2H), 7.36 —
7.27 (m, 5H), 7.25 — 7.16 (m, 3H), 6.94 (d, J = 1.6 Hz, 1H), 6.85 (dd, J = 8.0, 1.6 Hz, 1H),
6.77 (d, J = 8.0 Hz, 1H), 5.95 (s, 2H), 3.76 (dd, J = 8.5, 530 6.1 Hz, 1H), 2.88 — 2.72 (m, 2H),
2.20 - 2.01 (m, 2H). 3C NMR: (126 MHz, CDCl;3) & 147.8, 146.4, 141.7, 135.9, 131.8, 128.6,
128.5, 128.4, 128.0, 126.0, 123.7, 120.7, 108.3, 108.1, 101.1, 91.3, 83.8, 40.4, 37.5, 33.6. IR:
3025, 2923, 1735, 1485, 1441, 1244, 1038, 933, 755, 691 cm™'. HRMS-ESI m/z Calculated for

C,,H, O, [M + HJ* 341.15, found 341.1536.

247120
((1-phenylcyclohexyl)ethynyl)benzene

Ph

%

SI1-49
The title compound SI-49 was not synthesized from the procedures A, B, or C, only the

elimination product SI-43 was observed.

147



1-methoxy-4-(2-methyl-4-phenylbut-3-yn-2-yl)benzene

—0
Ph
Qs
SI-50
See the general procedure C for nucleophilic substitution reactions above. The crude reaction
mixture was purified via flash column chromatography with a 1-10% gradient of DCM in
hexanes as eluent on silica gel to give a yield of 24% (12.0 mg). All data were consistent with

that presented in literature.'%

1-methoxy-4-(3-methyl-1-phenylpent-1-yn-3-yl)benzene

SI-51
See the general procedure for nucleophilic substitution reactions above. The crude reaction
mixture was purified via flash column chromatography with a 5-20% gradient of DCM in
hexanes as eluent on silica gel to give a yield of 25% (13.1 mg). 'H-NMR (600 MHz,
acetone-D6) 6 7.53 (d, J = 8.2 Hz, 2H), 7.49 (d, J = 7.6 Hz, 2H), 7.37 (q, ] = 6.6 Hz, 3H), 6.92
(d, J=8.9 Hz, 2H), 3.79 (s, 3H), 1.92-1.88 (m, 2H), 1.61 (s, 3H), 0.91 (t, J = 7.2 Hz, 3H). 13C-
NMR (151 MHz, acetone-D6) 6 158.4, 137.1, 131.5, 128.7, 128.5, 127.9, 127.2, 123.9, 113.5,
95.0, 83.7, 54.6, 40.9, 37.0, 9.5 IR: 2966, 2929, 1874, 1598, 1510, 1249, 756, 691 cm™.

HRMS-ESI m/z Calculated for C1gHpO [M + H]" 265.15, found 265.1587.
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(1-(4-methoxyphenyl)prop-2-yne-1,1,3-triyl)tribenzene

SI-52
See the general procedure C for nucleophilic substitution reactions above. The crude reaction
mixture was purified via flash column chromatography with a 5-20% gradient of DCM in
hexanes as eluent on silica gel to give a yield of 57% (42.8 mg) . All data were consistent with
that presented in literature.'%

(3-(4-methoxyphenyl)but-1-yne-1,3-diyl)dibenzene

SIS

SI-53
See the general procedure for nucleophilic substitution reactions above. The crude reaction

mixture was purified via flash column chromatography with a 5-20% gradient of DCM in
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hexanes as eluent on silica gel to give a yield of 13% (7.9 mg). All data were consistent with
that presented in literature. %’

Table 4.11 Screen of conditions

entry  cat. solvent temp. yield (%)*

1 GaCl3(10 mol%) DCE =78 °C 13

2 GaCl3(10 mol%) MeCN -78 °C 0, elimination: 92%
3 GaCl3(10 mol%) DCM -78 °C to 0°C 0, elimination: 93%
4 GaCl3(10 mol%) PhMe  -78 °C to 0°C no reaction

5 GaCl3(10 mol%) MeOH -78 °C to 0°C no reaction

6 GaCl3(10 mol%) DCE 0°C 0, elimination: 88%
7 GaCl3(10 mol%) DCE 40°C 0, elimination: 92%

“Determined by crude NMR and TLC
2-(2-(4-methoxyphenyl)-4-phenylbut-3-yn-2-yl)-1,3,5-trimethylbenzene

0/

&
S

SI-54

See the general procedure C for nucleophilic substitution reactions above. The crude reaction
mixture was purified via flash column chromatography with a 5-20% gradient of DCM in
hexanes as eluent on silica gel to give a yield of 37% (26.1 mg). 'H-NMR (600 MHz,
acetone-D6) 6 7.65 (d, J = 8.2 Hz, 1H), 7.35 (d, J = 7.6 Hz, 1H), 7.28 (t,J = 7.6 Hz, 1H), 7.25-
7.17 (m, 5H), 7.13 (d, J = 8.9 Hz, 1H), 6.81 (d, J = 8.9 Hz, 1H), 6.49 (s, 1H), 3.75 (s, 3H),
2.86 (s, 3H), 1.40 (s, 9H). 3C-NMR (151 MHz, chloroform-D) & 158.3, 152.4, 150.6, 144.7,
142.8, 137.7, 136.3, 129.5, 128.9, 128.2, 127.8, 126.5, 126.4, 125.5, 125.0, 123.0, 114.0,
113.6, 63.6, 55.3, 33.1, 29.5. IR:3058, 2952, 2867, 2360, 1599, 1392, 1246, 1178, 1033, 612,
748, 539 cm'. HRMS-ESI m/z Calculated for CogHp6O [M + H]* 355.20, found 355.2056.
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1-(2-(4-methoxyphenyl)-4-phenylbut-3-yn-2-yl)-3-nitrobenzene

SI-55
See the general procedure for nucleophilic substitution reactions above. The crude reaction
mixture was purified via flash column chromatography with a 5-20% gradient of DCM in
hexanes as eluent on silica gel to give a yield of 26% (18.5 mg ). 1. 'H-NMR (600 MHz,
acetone-D6) 6 8.31 (d, J = 123.0 Hz, 1H), 8.12 (dd, J = 27.1, 7.9 Hz, 1H), 7.88 (dd, ] = 119.9,
7.9 Hz, 1H), 7.70-7.39 (m, 9H), 6.94 (d, J = 8.2 Hz, 1H), 3.79 (s, 3H), 2.12 (s, 2H), 1.88 (s,
2H). *C-NMR (151 MHz, acetone-D6) & 158.4, 137.1, 131.5, 128.7, 128.5, 127.9, 127.2,
123.9, 113.5, 95.0, 83.7, 54.6, 40.9, 37.0, 9.5. IR: 2932, 2835, 1606, 1526, 1508, 1349, 1249,

1180, 1030, 772, 687 cm™'. HRMS-ESI m/z Calculated for Co3H19NO3 [M + H]" 358.14,

found 358.1438.
1-methoxy-3-(4-phenylbut-1-en-3-yn-2-yl)benzene & 1-methoxy-3-(4-phenylbut-1-en-3-

yn-2-yl)benzene

OMe MeO,

o P

CJ

M
MeO e0

SI- 56 SI- 57
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See the general procedure C for nucleophilic substitution reactions above. The crude reaction
mixture was purified via flash column chromatography with a 5-20% gradient of DCM in
hexanes as eluent on silica gel to give a yield of 65% (30.4 mg) of SI-56 and 28% (12.9 mg)

of SI-57. All data were consistent with that presented in literature. 74108

1-methoxy-4-(4-phenylbut-1-en-3-yn-2-yl)benzene & 4,4'-(1-phenylbuta-1,2-diene-1,3-

diyl)bis(methoxybenzene)

OMe

o

Ph

Ph
MeO

SI- 58 SI-59
See the general procedure for nucleophilic substitution reactions above. The crude reaction
mixture was purified via flash column chromatography with a 5-20% gradient of DCM in
hexanes as eluent on silica gel to give a yield of 70% (32.6 mg) of SI-58 and 26% (17.4 mg)
yield of SI-59. All data were consistent with that presented in literature.”*!%%

1-bromo-4-(4-phenylbut-1-en-3-yn-2-yl)benzene & 1-bromo-4-(4-(4-methoxyphenyl)-4-

phenylbuta-2,3-dien-2-yl)benzene
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OMe

Br
Ph

Ph
Br

SI-60 SI-61
See the general procedure for nucleophilic substitution reactions above. The crude reaction
mixture was purified via flash column chromatography with a 5-20% gradient of DCM in
hexanes as eluent on silica gel to give a yield of 82% (46.2mg) for SI-60 and 15% (8.1%) of

SI-61. All data were consistent with that presented in literature.’!%8
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APPENDIX - CHAPTER FOUR

Spectra Relevant to Chapter Four
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