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Abstract

Many known synthetic methods enable the hydrolysis of alkynes with Markovnikov
regioselectivity. In contrast, the synthetic chemist’s toolbox lacks broadly effective processes for
the hydrolysis of alkynes with anti-Markovnikov regioselectivity. This thesis describes the
development of new synthetic method that will help address this deficiency.

This document begins with a review of the concepts of Markovnikov and anti-
Markovnikov regioselectivity and an explanation of the broad extension of this terminology that
is applied throughout the remainder of this thesis to encompass all alkyne substrates. Next, a
review of the published methods of alkyne hydrolysis is presented, with emphasis on the internal
alkyne substrates.

The remainder, and bulk, of this thesis details the development of a new synthetic
methodology that leverages regioselective radical thiolation chemistry to achieve anti-
Markovnikov hydrolysis of alkynes. Internal alkynes are first converted to oxathiolanes or vinyl
sulfides with anti-Markovnikov regioselectivity followed by hydrolysis of these moieties to the
corresponding anti-Markovnikov ketones. In the case of aryl-alkyl alkyne substrates, complete
anti-Markovnikov selectivity is demonstrated with a broad range of examples. Aryl-aryl alkyne
substrates offer a mixture of regioisomers favoring anti-Markovnikov products.

Finally, the utility of this methodology is demonstrated with its application to the

successful first total synthesis of the bioactive natural product isomeranzin.
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1.0 Introduction
1.1 Markovnikov and Anti-Markovnikov Terminology in the Context of this Thesis
Vladimir Markovnikov (1838-1904) was a Russian organic chemist whose name has
become associated with the regiochemical outcomes of addition reactions to unsymmetrical
olefins. A common version of “Markovnikov’s rule” is as follows: when an unsymmetric alkene
reacts with a hydrogen halide to give an alkyl halide, the hydrogen adds to the carbon of the alkene
that has a greater number of hydrogen substituents, and the halogen to the carbon of the alkene
with the fewer number of hydrogen substituents’’®. This rule was based on the observation that
addition of hydrobromic acid (HBr) to alkenes (1) results in formation of bromoalkanes 3 and not
bromoalkanes 5 (Figure 1A). The mechanistic explanation for this regioselectivity is as follows:
the olefin (1) is protonated to yield one of two possible carbocations, 2 or 4, one of which is more
stable than the other. The more stable carbocation (2) dictates the site of bromination and thus
regiochemical outcome of this reaction. Product 3, resulting in bromination of 2, is the observed
product and thus the halogen atom has added to “the carbon of the alkene with the fewer number

of hydrogen substituents”.

NA
R /‘ H-Br R /7 \ .-B® Br :
I h )Q’<H r R H Markovnikov
R . R IH R H Product
4 H | 2 3
more stable observed
: carbocation product
: H
. y e O H
X Rj\G’a/H Br R Br  anti-Markovnikov
R e X--= R H Product
H H .
4 5 5 Viadimir Markovniko

less staple not formed : 1838-1904
carbocation !

Figure 1. A. Markovnikov and anti-Markovnikov products of alkene hydrohalogenation; B.

Picture Vladimir Markovnikov (source: Wikipedia)
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Bromoalkane 3 is referred to as the “Markovnikov” product and the regioisomeric
bromoalkane (5, not formed under these reaction conditions) is called the “anti-Markovnikov”
product. Anti-Markovnikov addition to alkenes requires alternative reaction conditions such as
radical bromination with HBr in the presence of a radical initiator?.

The Markovnikov terminology has also been routinely extended to describe
regioselectivity in the hydrolysis of terminal alkynes (Scheme 1). In this case, one can envision
that addition of a water molecule across one of the = bonds of an alkyne (6) results in two potential
regioisomeric enols (7 & 9) which would exist as their corresponding carbonyl tautomers (8 &
10). Accordingly, when a terminal alkyne is hydrolyzed the Markovnikov product is a methyl

ketone (8) and the anti-Markovnikov product is an aldehyde (10).

OH 0
H,SO4, HO R)ﬁ/H R&H Markovnikov
HgSO, H D H H Product
! 8
R———-~H
6 " H H
1) BH3, THF S _H H . .
2) H,0,, NaOH R - R)S( anti-Markovnikov
OH o) Product
9 10

Scheme 1. Regioselective hydrolysis of terminal alkynes to ketones and aldehydes®®

Classical Markovnikov-selective alkyne hydrolysis procedures use strong acids like
sulfuric acid (H2S04) paired with mercury salts (Scheme 1)*°. The rate of reaction is enhanced in
the presence of salts like HgSO4 due to alkyne activation through the formation of a mercurinium
ion which is followed by nucleophilic attack of water on the more substituted carbon atom?. Such
hydrolysis conditions are no longer commonly used due to low functional group compatibility and
toxicity of mercury salts®. Instead, many alternative Markovnikov hydrolysis methods for terminal

alkynes have been reported that rely on transition metals. Gold catalysis appears to be the modern
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standard for this transformation’, but many examples are also reported with other metals
including cobalt®, platinum®®*2, indium®3, hafnium*2, rhodium®#, iron'®, and silver'®.

Anti-Markovnikov hydrolysis of terminal alkynes to aldehydes is traditionally
accomplished via a two-step hydroboration oxidation procedure (Scheme 1).2° For the
hydroboration reaction, typically 9-borabicyclo[3.3.1]Jnonane (9-BBN) or disiamylborane
(Sia;BH) are employed but other organoboron complexes have also been used®” 8, The reaction
proceeds through a concerted process in which borane adds to the terminal carbon of the alkyne,
due to a steric preference for the less substituted site, to yield a vinylic borane. Bulky borane
compounds like 9-BBN are used to enhance the steric effect®. The vinylic borane can then be
oxidized, commonly with hydrogen peroxide (H202) in the presence of sodium hydroxide (NaOH),
to yield an enol (9) which undergoes tautomerization to yield aldehyde (10) which is the anti-
Markovnikov hydrolysis product (Scheme 1)*°. More recently, ruthenium catalysis has also been
shown to accomplish the hydrolysis of terminal alkynes with high anti-Markovnikov
regioselectivity®-2L,

At the core of the “Markovnikov” and “anti-Markovnikov” terminology lies the concept of
stabilization of positive charge density in a cationic intermediate generated under acid catalyzed

hydrolysis conditions (Figure 2).



MSc. Thesis — Paul Saliba — McMaster University — Chemistry and Chemical Biology

A. "Markovnikov" terminology is most commonly applied to terminal alkynes

: ' Example:
+ Ability to stabilize adjacent positive charge: \ o
R (alkyl or aryl) > H ' H H
! hydrolysis >_( >j
' =——H —_
(Hg i > o

I R——=—H — &= !
| ) R H ‘ 11 12 13
. terminal H,0 ' ) . )
i alkyne ' Markovnikov anti-Markovnikov

A e iiiolo- ! Product Product

B. "Markovnikov" terminology can be extended to internal alkynes. A red/blue colour code will be applied thorughout this document.

R . Example 1 (aryl-alkyl alkyne):

Ability to stabilize adjacent positive charge: ‘ )
: R (red) > R (blue) 1 aromatic alkyl

1 substituent substituent Q
(,H 9 ‘ — hydrolysis ®_<—<
N ' 0
15 16

Re=—R — 8@

3 it I alk R R 3
| internal alkyne Hzo\/ ! 14

Markovnikov anti-Markovnikov
””””””””””””””””””””” Product Product
Example 2 (unsymmetrical aryl-aryl alkyne):
e dor?ating e” withdrawing
substituent substituent
/ * W )
| v
MeON02 hydrolysis MeO MeO
e}
orion /* 17 \ e poor 18 19
arene arene
Markovnikov anti-Markovnikov
Product Product

Figure 2. lllustration of how Markovnikov terminology will be used in this thesis

Relative to hydrogen atoms, alkyl substituents stabilize carbocations inductively, via more
donation of ¢ bond electrons into the empty p orbital of a cation®°. With respect to acidic
hydrolysis of terminal (monosubstituted) alkynes (Figure 2A), the Markovnikov product is
rationalized by invoking this same principle: partial positive charge at the more substituted carbon
atom of the alkyne is more stabilized than partial positive charge at the terminal (unsubstituted)
position. Therefore, the Markovnikov product of acidic hydrolysis of alkyne 11 is the methyl

ketone 12, and not aldehyde 13.
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The work described in this thesis concerns the regioselective hydrolysis of internal (or di-
substituted) alkynes (Figure 2B). Just like terminal alkynes, Markovnikov and anti-Markovnikov
terminology can be extended to internal alkynes, as has been done by other authors, by using the
same general principle of positive-charge stabilization. For each internal alkyne substrate, the
relative ability of its two substituents to stabilize positive charge density will determine which of
the two possible product ketones is referred to as Markovnikov and which is anti-Markovnikov.
Throughout this thesis, a red and blue colour scheme will be used to differentiate these substituents
as illustrated in Figure 2. For example, in the case of phenyl isopropyl alkyne 14, the Markovnikov
hydrolysis product is the benzylic ketone (15) because the 7 system of the benzene ring (red) is
better able to stabilize positive charge density on an adjacent atom than the isopropyl substituent
(blue). The logic can be applied to unsymmetrical aryl-aryl alkynes. In the case of substrate 15,
the Markovnikov hydrolysis product is ketone 18 which has the carbonyl on the carbon nearest to
the more electron rich arene (red) while the anti-Markovnikov product is ketone 19 in which the

carbonyl is on the more electron-deficient arene (blue).
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1.1.2. Preparation of Alkynes via Cross-Coupling

The alkyne is a fundamentally important functional group in organic molecules suitable for
a wide range of reactions including cycloadditions, oxidative cleavage, carbon—carbon (C-C)
couplings, electrophilic additions, hydrolysis to carbonyls, and Sonogashira cross-coupling
reactions®. A diverse range of alkynes can now be prepared easily via versatile palladium-catalyzed
cross-coupling chemistry, as demonstrated by Dieck??, Cassar?, Sonogashira®* and others. This
reliable alkyne synthesis technology has enabled access to a vast scope of alkynes. This work is
illustrated in Scheme 2, which shows the palladium-catalyzed couplings of aryl or alkenyl halides

or triflates with terminal alkynes in the presence of a copper(l) cocatalyst?.

RU-X . H—— R? [Pd] cat., [Cu] cat.‘ RI_=— R2

R' = aryl, hetaryl, vinyl
R? = aryl, hetaryl, alkenyl, alkyl, SiR5
X =1, Br, Cl, OTf

Scheme 2. Alkyne synthesis via palladium catalyzed cross-coupling®

This method is very effective at forming carbon—carbon bonds and has become the most
important method to prepare arylalkynes and enynes, which are precursors for natural products
and pharmaceuticals?®®. Some examples of pharmaceutical compounds containing this functional

group are illustrated in Figure 3.



MSc. Thesis — Paul Saliba — McMaster University — Chemistry and Chemical Biology

Linaglipti (21)
diabetes mellitus type 2

Efavirenz (23)
antiretroviral: HIV/AIDS

T b
s

HN\©/
Erlotinib (22)
Lung/pancreatic cancer

Tazarotene (24)
psoriasis/acne

Figure 3. Pharmaceutical compounds containing an alkyne functional group

Notably, preparation of alkynes encompassed under palladium-catalyzed couplings was
acknowledged as a significant contribution to the field of synthetic organic chemistry and was thus
awarded a Nobel Prize?®. With this powerful methodology now available to the synthetic
community, a wide range of alkynes are available for use as substrates for subsequent reactions.

Accordingly, the development of useful reactions of alkynes continues to thrive in the organic

synthetic methods community.
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1.1.3. Known Methods for Markovnikov Hydrolysis of Internal Alkynes

Classical Markovnikov-selective alkyne hydrolysis conditions employ strong acids like
sulfuric acid, together with mercury salt catalysts like mercury (I1) sulfate. When such conditions
are applied to internal alkynes, poor selectivity is often observed, with a mixture of the
Markovnikov and anti-Markovnikov ketone regioisomers generated®>?’. However, several
authors have demonstrated reactions with high selectivity for Markovnikov products. For example,
a report by Liu, W, et al. demonstrates the use of trifluoromethanesulfonic acid (TfOH) in

trifluoroethanol as an efficient system to achieve Markovnikov-selective hydrolysis of internal

alkynes (Scheme 3)%.
(Markovnikov) (Anti-Markovnikov)
0

o CF3S03H 20 mol%

h— +
¢ \ H20  CF,CH,OH, 25 °C, 45 h ©/\g/\

. 26 27
25 2 equiv. 92% yield 0% yield

Scheme 3. Markovnikov hydrolysis of an internal alkyne using TfOH and trifluoroethanol?®

In recent years, a powerful new class of transition metal-catalyzed alkyne hydrolysis
reactions has emerged that has enabled the hydrolysis of aryl-alkyl alkynes with complete
Markovnikov selectivity. A range of transition metals have been utilized including iron®,

copper3?, gold®? 33, hafnium?2, indium3*, and silver® (Scheme 4).
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/N ©)V 1o0he
__ ! o |
28 29 30
(Markovnikov) (Anti-Markovnikov)
e iiioiioiiieiiiiiiiiiiiiiiiiiiiiiiiiieiiiiiiiieiiiiooooo
Reference Conditions Markovnikov Anti-Markovnikov
. [Fe(NTf2)3]
Antonlno-feafb;;ro, J. 2013 dioxane/H,0 98% 0%
’ 80°C,20 h
FeCl,-4H,0
Park, J. 2013 MeSO5H 91% 0%
ref. 30 DCE, 60 °C, 18 h
Cu(OTf),
Hassam, M. 2015 EtOAc/H,0 94% 0%
ref. 31 100 °C, 24 h
Wu, G. 2015 Wi;l‘ggn‘;jA;C' 93% 0%
ref. 32 et
25°C,8h
Rostamizadeh, S. 2014  (a-Fe203)-MCM-41-SH-Au 93% 0%
ref. 33 H,0, 80 °C, 1.5 h
Hf(OTf)4 . .
Suta,;(.1§018 H,0/S0, 82% 0%
ret. 70°C, 16-18 h
In(OTf)3/PTSA
Gao, )(3.31013 DCE/H,0 83% 0%
ret. 85°C, 12 h
AgBF,
Chen, Z. 2013 ACOH/H,0 84% 0%
ref. 35 110 °C, 10 h

Scheme 4. Metal-catalyzed Markovnikov hydrolysis of internal alkynes®*2%-3

Numerous methods are now available to achieve this transformation in high yields with
complete regioselectivity. Notable among these methods are the recent techniques that use
inexpensive catalysts like copper (1) triflate and iron (I1) chloride tetrahydrate to accomplish this
transformation in 94% and 91% vyield, respectively.

In addition to the effective methods listed above (Scheme 4) that achieve Markovnikov
hydrolysis of aryl-alkyl alkynes, additional studies have exhibited selective Markovnikov

hydrolysis of bis-aryl alkyne systems (Scheme 5)2 36-39,
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R. R.
A=
(e}
R1 R1
32 33

31
(Markovnikov) (Anti-Markovnikov)
Reference Substituents Conditions Markovnikov Anti-Markovnikov Selectivity
Mei, Q. 2017 Ry =OMe CuBr, H,0 63(55%) 35%* 1.7:1
ref. 36 R, = Et p-fluoroaniline
120 °C, 16 h
Weerasiri, K. 2016 Rq=H (NHC)Au(l) 82%* 18%* 4.5:1
ref. 37 Rz = C(=0)CH3 dioxane/H,0O
80 °C, 18 h
- _ PtO,/PTSA
Hsm-Plnfg,1I2.. 2018 Ry : OH MeOZH/HZO 90% 0% >9:1
et Rp =H 130 °C, 5 h
= PTSA
Le Bras, G. 2006 21 B ’\OAMe Ethanol, 120 °C (MW) 97% 0% >30:1
ref. 38 2=Ne 30 mins
PTSA
Jacubert, M. 2010 R;=0OMe Ethanol, 120 °C (MW) o) * o *
ref. 39 R, = Me 30 mins 87% 10% 9:1
NOTE: An asterisk* Indicates a crude NMR yield. Isolated yields may be indicated in parantheses.

Scheme 5. Markovnikov hydrolysis of bis-aryl alkynes!? %63

With the techniques summarized above in Schemes 4 and 5, obtaining Markovnikov
hydrolysis of various internal alkynes can be easily achieved. Therefore, additional methods aimed

at achieving Markovnikov selective hydrolysis of internal alkynes are unnecessary.

10
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1.1.4. Known Methods for anti-Markovnikov Hydrolysis of Internal Alkynes

The established strategies for the hydrolysis of alkynes with anti-Markovnikov selectivity
are outlined in the following three sub sections: 1) hydroboration, 2) gold catalysis, and 3)
hydroamination.
1.1.4.1. Anti-Markovnikov Hydrolysis via Hydroboration

Examples of hydroboration of internal alkynes have been investigated in the literature.
While there are several literature reports that obtain a mixture of hydroboration regioisomers under
their conditions*®*, notable are reports that demonstrate complete regioselective anti-

Markovnikov hydroboration of internal alkynes (Scheme 6)*6-0,

R.__R
R B
B
7 N\ — m R ®
28 35 34
(Anti-Markovnikov) (Markovnikov)
Reference Conditions Anti-Markovnikov Markovnikov Selectivity
; t

Yan, Q. 2020 CuCl, PPh3, B°2P|n2, N.aO Bu 81% 0% >99%

ref. 46 THF, 25 °C, 30 min

2) MeOH, THF, 25°C, 4 h
Lawson, J. 2017 2,4,6-BAr"g/HBPIn 96% 0% ~99%

ref. 47 DCM, 60 °C, 18 h
Li, JJ. 2020 B,Pin,, Cu

ref. 48 NaOMe, EtOH, 25 °C, 24 h 61% 0% >99%

Shimoi, M. 2018 NHC-borane, DTBP

ref. 49 Benzene, 120 °C, 5 h 70% 0% >99%
Wen,K. 2013* B,Piny,

ref. 50 DBU, MeOH, 70 °C, 24 h 84% 0% 99:1
NOTE: An asterisk* Indicates the alkyne contains an ethyl substituent instead of a methyl

Scheme 6. Regioselective anti-Markovnikov hydroboration of internal alkynes*¢-*°

11
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Remarkably, with these findings reported in literature, hydroboration as a general method to

achieve alkyne hydrolysis remains very scarce and examples are rare (Scheme 7)1 %2,

g o
N|CI2 dppe), HBcat N H202 KOH, H,0O Q)V m
THF, 25 C 6 h m

Ratio 1:2.7
29

(Markovnikov) (Anti-| Markovnlkov)
Zaidlewicz, M. 2000 24% 64%
ref. 51

\—( \4)\ % 5
n-BuyNBH,/I, C4Hg C4Hg C4Hg C4Hg
L Activated carbon_ j/ \[ \[ AcONa
PhMe 25°C,4h THF, 25°C,4 h o]
Cy4Hg

Ratio 1.5:1 M 42
(Markovnikov) (Anti-Markovnikov)
Periasamy, M. 2017. 39% 26%

ref. 52

Scheme 7. The use of hydroboration-oxidation to achieve internal alkyne hydrolysis®® 52

Of the examples documented in literature (Scheme 7), the conditions presented in these
papers tend to generate both regioisomers (37-40). Notably, one of the two reports suggests a
preference toward the Markovnikov product as the main isomer (39, 41). With such limited
examples, perhaps the use of hydroboration as a general method to achieve anti-Markovnikov
hydrolysis of alkynes has been overlooked. Some possibilities for the lack of research conducted
in this area could pertain to use of metal catalysts needed for the reaction as seen in several cases**
43,45,46,48,51 WWhile the latter is not likely the cause, a more plausible explanation could relate to
the use of the borane compounds. These compounds are required in non-catalytic amounts (at least
1 equiv.) and are usually air and water sensitive, which could hinder reproducibility. Additionally,
these borane compounds are generally sterically hindered, resulting in the formation of
regioisomers on larger and more complex alkyne substrates as seen in Scheme 7.

In addition to hydroboration as a method to achieve anti-Markovnikov hydrolysis of

alkynes, two other methods may be used to achieve this transformation. These methods employ
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either a metal-catalyzed hydroamination reaction or a gold-catalyzed hydrolysis technique. The
latter of the two techniques should be excluded and the reasons will be provided below.
1.1.4.2. Anti-Markovnikov Hydrolysis via Gold Catalysis

Hydrolysis of terminal alkynes is mainly accomplished using gold catalysis. While this
technique generally produces Markovnikov products, there are substrates that generate the anti-
Markovnikov product as the preferred isomer. An example of this is seen in a report by Marion et
al® (Figure 4). The authors, who focus on Markovnikov hydrolysis of terminal alkynes, observe

the anti-Markovnikov product when an internal alkyne is employed (26/27).

_____________________________________________________________________________________________

i ref. 9 :

0 0 .
| _ [(IPr)AUCIY AgSbFs :
| Ar—="R  Dioxane/H,0, 120 °C, 18 h aR A A |
| M AM |

' 12 examples
| 72-100% yield

Representative examples:

i MeO ©\N/p}\/ i

5 F T 5

' 0 0 o) 0 o !
43 44 45 46

| © |
| 26/27 ;
 Selectivity: >99% Selectivity: >99%  Selectivity: >99%  Selectivity: >99%  Selectivity: 1:4.4 |
\ Yield: 85% Yield: 43% Yield: 91% Yield: 97% Yield: 15% : 66% .

_____________________________________________________________________________________________

Figure 4. Gold/silver-catalyzed hydrolysis of alkynes®

Although this observation is present in their report, this procedure should not be relied on
as a general method to achieve anti-Markovnikov hydrolysis of internal alkynes. This observation
is indicative of a method that is inconsistent and highly substrate-dependent and using conditions
tuned for Markovnikov hydrolysis to achieve anti-Markovnikov hydrolysis would be

counterintuitive.
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In addition, a report by Riihling et al®® shows a similar finding (Figure 5). Employing a
gold catalyst like the one above allowed them to achieve Markovnikov selective hydrolysis of
terminal and internal bis-aryl alkynes. However, in one example using an aryl-alkyl alkyne, the
selectivity switches to favor the anti-Markovnikov product (49/50). Though this is observed, this
should not provide reason to use this strategy as this technique is not designed to achieve anti-

Markovnikov hydrolysis products.

'Ruhling, A. 2015 E

ref. 53 o o '
' . AuBr-NHC-complex '
| — R A .
; Ar R AgBF., SDS Ar)K/ + ,\)J\R ;
! H,0, 50 °C, 24 h M AM !

: 12 examples |
‘ 30-94% yield -

E Representative examples:

! B .

i n !

' 0 0 o) o) o) '
43 47 45 48

49/50

Selectivity: >99% Selectivity: >99%  Selectivity: >99%  Selectivity: >99%  Selectivity: 1:4 !
Yield: 59% Yield: 43% Yield: 30% Yield: 89% Yield: 16% : 62% .

51/52 o 53/54 5
Selectivity: 3 : 1 Selectivity: 3 : 1 ,
' Yield: 46% : 15% Yield: 64% : 21% -

i 48 h reaction times

Figure 5. Gold-catalyzed hydrolysis of alkynes>

Likewise, there are a several reports that have a similar outcome when an internal alkyne
is used, that is it favors the anti-Markovnikov product®” >+’ However, these techniques lack data
that would suggest a broader application of this transformation to other internal alkyne substrates.

Nevertheless, an exception to the use of gold catalysts as a technique to favor anti-
Markovnikov selectivity has been reported by Endo et al®®. Endo et al developed a strategy that
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utilizes a large gold catalyst to achieve some examples of selective anti-Markovnikov hydrolysis
of alkynes (Figure 6). While successful at accomplishing this transformation, there are several
drawbacks to this approach. For one, the gold catalyst reported in this study is not commercially
available. If available however (through synthesis), the use of this large gold cavity to catalyze the
reaction comes with disadvantages. For instance, this procedure is very substrate dependent,
indicated by the lack of reaction obtained with terminal and bis-aryl alkyne systems (43/55, 56/57,

58/59, 60/61).

' Endo, N. 2018
o AgOTf/AuCI-C d i i
J— g uCl-Cavitan Ar + R
Ar——"R Toluene /H,0 R Ar)K/
50°C,1h AM M

14 examples 3
0-100% yield

7777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777

3 Representative examples:

29/30 26/27 49/50 41/42
Selectivity: 1:49 Selectivity: 1 : 49 Selectivity: 1:2 Selectivity: 3.3 : 1
Yield: 2% : 98% Yield: 2% : 98% Yield: 16% : 33% Yield: 10% : 3%

3 Failed examples:

Ot O, T
7 H 7 CrHis N O 6 13\“/KH
(@] (e} (0]

O
43/55 56/57 58/59 60/61
Selectivity: N/A Selectivity: N/A Selectivity: N/A Selectivity: N/A
Yield: 0% Yield: 0% Yield: 0% Yield: 0%

Figure 6. Gold catalyzed hydrolysis of alkynes®®

Though the yields and selectivity may be good for certain aryl-alkyl alkynes, increasing
the alkyl chain length has severe effects on the yield and selectivity which diminish rapidly, as
seen in two of the four representative examples (49/50, 41/42). Notably, as the alkyl chains grow
in length, the selectivity switches to favor the Markovnikov product (41/42) and as the chain length

exceeds four carbons (butyl group) the yields drop to 0% (56/57).
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With the several drawbacks listed above, the use of this technique as a general method to
achieve anti-Markovnikov hydrolysis of alkynes is unlikely. Therefore, the use of gold catalysts
to achieve selective anti-Markovnikov hydrolysis of alkynes should be avoided as studies utilizing
these catalysts have tuned their conditions to do the opposite. In the odd case of the literature
reported by Endo et al®®, there are several disadvantages that come with this technique and other
methods should therefore be used.
1.1.4.3. Anti-Markovnikov Hydrolysis via Hydroamination

Metal-catalyzed hydroamination of internal alkynes has been reported in the literature as a
method to achieve selective anti-Markovnikov hydrolysis. Several literature reports have
illustrated this technique as an effective method. However, like with many techniques, numerous
inconsistencies and disadvantages are apparent.

A report by Haak and colleagues were able to demonstrate three examples of anti-
Markovnikov selective hydrolysis of alkynes. This was accomplished through their procedure in

which they utilize dimethyltitanocene as their catalyst (Figure 7).

________________________________________________________________________________________________

! Haak, E. 1999

5 ref. 59 PhNH ;)l[cpsz%]f’c 72 h 9
: o 2, Toluene, ,
Ri—R; , R1\)J\ -
2) Si0,, DCM, 25 °C, 2 h Ro 5 examples !

E 35-99% vyield

Representative examples:

1Y '
63 30 27 50 :

| 62
' 92% 30%* 99% (40 h) 73%* 35%*

E NOTE: An asterisk* Indicates incomplete reaction.

________________________________________________________________________________________________

Figure 7. Dimethyltitanocene catalyzed hydroamination/hydrolysis of alkynes®®
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While able to achieve their desired transformation, they lack an in-depth substrate scope.
Nevertheless, of the examples provided, we observe several shortcomings with this procedure. For
one, we observe a sharp decrease in product yield as the authors increase the alkyl chain length
from methyl, to ethyl, to propyl (30, 27, 50). As well, the reaction times increase with increasing
chain length (27, 50). However, even with the increase in reaction time, two of three internal
alkynes do not produce a complete reaction (27, 50). While this methodology has potential to
become a general method to achieve anti-Markovnikov hydrolysis, the lack of experimental work
and an in-depth substrate scope weaken confidence in this procedure.

A hydroamination procedure developed by Mei et al*® uses copper bromide as a catalyst
(Figure 8). The authors illustrate several examples of anti-Markovnikov hydroamination and

hydrolysis of alkynes with high yields and regioselectivity.

E Mei, Q. 2017 :

: ref. 36 CuBr, o-Fluoroaniline \)(i L :
! Ar—=——R 3 Ar * R !
f H,0, 120 °C, 12-32 h R Ar 15 examples :

AM M 57-99% selectivity |

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

| 8 5 5 5 6 |
E 29/30 26/27 49/50 64/65 66/67 !
E Selectivity: 1:13.1 Selectivity: 1:10.7 Selectivity: 1:12.5 Selectivity: 1: 3.7 Selectivity: 1:3.0 |
v Yield: 7% : 92% Yield: 9% : 88(80)% Yield: 7% : 89(82)% Yield: 21% : 78% Yield: 13% : 39% -

68/69 (@) 70/71 72/73 i

Selectivity: 4.0 : 1 Selectivity: 13.2 : 1 Selectivity: 1.7 : 1 ,
Yield: 80(71)% : 20% Yield: 79(70)% : 6% Yield: 63(55)% : 37% .

\ NOTE: Yields are obtained through crude NMR. Isolated yields are indicated in parantheses. .

Figure 8. Copper bromide catalyzed hydroamination/hydrolysis of alkynes®
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Though several alkynes produce high yields and regioselectivity, a significant reduction in
regioselectivity is observed in more complex alkynes like those containing a methoxy group
(64/65) or a thiophene (66/67). This is accompanied by a considerable drop in product yield
observed for the thiophene alkyne (66/67). Furthermore, when attempted on bis-aryl alkyne
systems, we observe a complete reversal of regioselectivity in favor of the Markovnikov hydrolysis
product (68/69, 70/71, 72/73).

While this method is useful, is it evident that this technique comes with limitations. To
summarize, this technique produces high yields and good regioselectivity for simple aryl-alkyl
alkynes. Yet, it is apparent that this procedure is not entirely regioselective and this observation is
more noticeable in complex alkynes that show a reduction in selectivity towards the anti-
Markovnikov product. Likewise, the reaction is substrate dependent and this is further
demonstrated through bis-aryl alkyne systems as they prefer the Markovnikov product.

Lastly, a report by Ackermann, L et al®® brilliantly strengthens the use of a titanium
catalyzed hydroamination reaction to achieve regioselective anti-Markovnikov hydrolysis of

internal alkynes. Figure 9 illustrates this technique as both high-yielding and highly regioselective.
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Ackermann, L. 2007
ref. 60 1) TiCly, t-BuNH,

o o
PhMe, 105 °C, R;NHy, 22 h
Ar———R 22 Ar\)L * )K/R
2) Si0,, DCM, 20 °C or R A 14 examples
HCI (2 N), 20 °C AM M 65-95% yield

Representitive examples:

: B B
3 T CeHis i i T CeHis T CaHo
; o o 0 o o

74/75 76177 78179 80/81 82/83
Selectivity: 1:49 Selectivity: 1:4.5 ivity: 49 - 1 Selectivity: 1: 99 Selectivity: 1:11.5
Yield: 82% Yield: 91% Selectivity: 49 : Yield: 90% Yield: 92%

Yield: 78%, 150 °C

CaHo 7N CH ZNCH,  FoC 7 CiHo
6 6 0

(e}
84/85 86/87 88/89 90/91
Selectivity: 1:11.5 Selectivity: 1: 99 Selectivity: 1:99 Selectivity: 1: 99
Yield: 95% Yield: 75% Yield: 90% Yield: 87%

92/93 94/95 96/97 98/99
Selectivity: 4 : 1 Selectivity: 6.1 : 1 Selectivity: 32 : 1 Selectivity: 32 : 1
Yield: 80% Yield: 79% Yield: 91% Yield: 86%

Figure 9. Titanium tetrachloride-catalyzed hydroamination/hydrolysis of alkynes®°

While remarkable, there are some alkynes that are problematic. For instance, when varying

the alkyl chain to an isopropyl group (76/77), a significant decrease in regioselectivity is observed
when compared to other examples. Likewise varying the alkyl chain to a tert-butyl group causes

the selectivity to change in favor of the Markovnikov product (78/79). Nevertheless, the selectivity

and product yield observed for most aryl-alkyl alkynes is impressive overall.

Furthermore, the Markovnikov product is preferred when bis aryl alkynes are subjected to

these reaction conditions (92-99). This finding is comparable to the findings seen in the Mei et al
paper above. Thus, while useful for aryl-alkyl alkyne systems, their conditions become
inconsistent when aryl-aryl alkynes are used. Other disadvantages include the use of mostly ortho-

substituted phenyl systems, which could be one reason for their high selectivity, though there are
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a few examples without this substitution pattern. Lastly, they require the use of a harsh Lewis acid
(TiCls) which is both air- and water-sensitive.
1.1.5. A Methodology Gap and our Proposed Contribution

A comprehensive review of alkyne hydrolysis literature indicates that while a wealth of
options exist for Markovnikov-selective hydrolysis of alkynes, the synthetic chemist’s toolbox still
lacks a reliable general methodology for the anti-Markovnikov hydrolysis of alkynes that works
for a diverse range of substrates. In this light, we recognized an opportunity to leverage our
expertise in organosulfur chemistry to develop a new methodology that achieves regioselective
alkyne hydrolysis through organosulfur intermediates generated by regioselective hydrothiolation.

A wealth of synthetic chemistry literature is available concerning the regioselective
thiolation of alkynes. Thiolation with Markovnikov selectivity has been accomplished with metal
catalysts like rhodium®:-63 iridium®:, thorium and uranium®, palladium®®, and nickel®. Similarly,
anti-Markovnikov thiolation can be done with transition metal catalysis using rhodium®®,
palladium®’, gold®, nickel®®, and other metals, but is also readily achieved using simple radical
initiators like triethylborane (BEts)™ and azobisisobutyronitrile (AIBN)"*". While radical
thiolation of alkynes is most commonly observed with terminal alkyne substrates, some examples

also show general applicability to internal alkynes (Scheme 8)7>7".
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A. Regioselective radical thiolation of alkynes:

HS-R TN
SR
7< R-SH X H, SR
H S — QS*R
Radical or hv H H

100 101 102
Favored Intermediate Anti-Markovnikov Product
SR
©/§/H
i 103

B. lllustrative examples with internal alkyne substrates

Meindertsma, A. 2007. Ref 76 Anti-Markonikov Markovnikov

0 o : o
< >_{: HS—Bn : :
ABN 15h 70°C N 0Bt 1 Bns® N Ot |

OEt AIBN, 1.5h,70°C

SBn not formed
104 105 . 106
74 %yield ~ TTTTTTTTTTTTTTIC
(E:Z1:12.5)
Montevecchi, P. 1998. Ref 77 N )
s : ?/\/ |
) HS—Ph 3 Nt
¢ = - N | Bns™ N 3
— AIBN, PhF, 85 °C, 3 h SPh ; not formed |
107 108 i 109
72 % yield ~ c--mmmemmemoo--- '
(E:Z1:6.7)

Scheme 8. Radical induced thiolation of internal alkynes’ "’

Cognizant of this literature, we wondered whether hydrothiolation of alkynes (110) with
2-mercaptoethanol would result in the formation of vinyl sulfides (111) or oxathiolanes (113)

which could also potentially form under the reaction conditions as shown in Scheme 9.

/\/OH /\/OH ©) /\/OH . \
——R '-_|-S- -------- > &S ---------- > A\S| ----_H----> ©\S)<O
=1 R R R

110 e’ 111 H 112 13,
) Oxathiolane
5 Hydrolysis !
5 ¥
5 Vinyl Sulfide hydrolysis ©\/ﬁ\
... VinylSulfide hydrolysis .
R
114

Scheme 9. Proposed alkyne hydrolysis via vinyl sulfide or oxathiolane intermediates
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In either case, hydrolysis to the corresponding ketone (114) would be possible and would constitute

a convenient new strategy for the overall transformation: an anti-Markovnikov alkyne hydrolysis.
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2.0 Results and Discussion
2.1 Radical Thiolation of Alkynes with 2-Mercaptoethanol

We began this work by investigating the reaction of alkyne 25 with 2-mercaptoethanol in
the presence of varying reaction conditions (Table 1).

Table 1. Optimization of radical thiolation of alkynes with 2-mercaptoethanol

J\ __ / Hhs ~_0 H._ H“ Smo A S ~_OH
25 PS-368 115
Entry {:j;_))l Radical Initiator Solvent  Temp. (°C) T(i}l:;e C(f;?; (e:rlfs'_;(;n I;ﬁ SY_ ;:612 N?g,i lYli;ld
1 4 AIBN 10% Toluene Rt 16 <1 - -
2 4 BEt:10% Toluene Rt 16 70 32 8
3 4 BPO 10% Toluene Rt 16 <1 - -
4 4 AIBN 10% Toluene 110 ‘5 =99 76(72) -
5 4 BEt:10% Toluene 110 5 =90 68 -
6 4 BPO 10% Toluene 110 5 58 32 -
7 4 AIBN 10% Benzene 80 5 =99 76 -
8 4 ATIBN 10% DCE 85 5 68 50 -
9 1 AIBN 10% Toluene 110 5 80 51 -
10 2 AIBN 10% Toluene 110 5 90 68 -
11 8 AIBN 10% Toluene 110 5 =99 75 -

We initiated our preliminary tests with toluene, a commonly used solvent for this
chemistry, four equivalents of 2-mercaptopethanol, and 10 mol% of our radical initiator. Initially,
we tested three radical initiators and the results are depicted in entries 1-3 of Table 1. When
attempting this reaction at room temperature with AIBN and benzoy!| peroxide (BPO) no reaction
was detected by thin-layer chromatography (TLC), an observation that was not surprising. As
anticipated AIBN and BPO would require higher temperatures to initiate radical decomposition.
However, we were pleased to see that at room temperature the use of triethylborane generated the
oxathiolane (PS-368) as the main product. While we observe a low yield and an incomplete
reaction, the formation of oxathiolane (PS-368) over vinyl sulfide (115) was validated.
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We repeated the reaction with the same radical initiators as above but at an increased
temperature (110 °C, toluene, reflux) to initiate swift radical decomposition to produce a reaction.
These results are summarized in table 1 (entries 4-6). We were delighted to obtain a complete
reaction in a short time (5 hours) when using AIBN (entry 4). Crude *H NMR analysis of entry 4
with dibromomethane as the internal standard resulted in the following observations: complete
anti-Markovnikov selectivity favoring oxathiolane (PS-368) formation over vinyl sulfide (115),
and a good reaction yield (Figure 10). However, we observed an incomplete reaction when
employing triethylborane and BPO (entry 5-6).

CH;BR;
Dibromomethane

T — —T T Y L T T L p— T T T T T T
9.0 B85 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 35 3.0 2.5 20 1.5 1.0 0.5 0.0
f1 (ppm)

Figure 10. *H NMR depicting the crude spectra of entry 4 with the standard dibromomethane

We continued forward with AIBN as our initiator of choice. In attempts to further enhance
the product yield, a solvent screen was initiated. Entries 7 and 8 illustrate these results. When
switching to benzene (entry 7) as the solvent, we observe comparable results to when toluene was
employed (entry 4). This result is not surprising due to the structural similarities and non-polar
nature of both solvents. On the other hand, when using a polar solvent like DCE, we observe a

decrease in the product yield. Consequently, this solvent was insufficient in producing a complete
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reaction after 5 hours. From this information, we opted to continue with toluene over benzene due
to benzene being categorized as a carcinogen.

Lastly, we varied the equivalents of 2-mercaptoethanol (entry 9-11). We found that using
one or two equivalence was insufficient in producing a complete reaction after 5 hours. Moreover,
using eight equivalence of 2-mercaptoethanol proved to be adequate in obtaining a complete
reaction (entry 11). Using eight equivalence of thiol had comparable results to when four
equivalence of thiol was used. Therefore, with the data summarized in Table 1, we chose entry 4
as our optimal conditions. This granted us access to oxathiolane PS-368 in 72% vyield (isolated
yield).

2.2 A Comparisons of Oxathiolanes with Dioxolanes and Dithiolanes

To our knowledge, this transformation of alkynes to oxathiolanes has not been reported in
literature to date. Having a new way to access this functional group prompted us to investigate the
relationship of this group with respect to other carbonyl protecting groups. A review by Derek et
al’® categorized this functional group with a stability that lies between an acetal and a dithioacetal

(Figure 11).

o_0 <« S_O0 < S.__S

R1\)<R2 R1\)<R2

116 117 118

Hydrolysis Stability

L Derek, P. 1990. Ref 78

Figure 11. Relative hydrolytic stability of acetals, thioacetals, and dithioacetals

Recognizing the hydrolysis stability of this functional group with respect to other carbonyl
protecting groups remains important. For instance, the benefits of this functional group with
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respect to an acetal is clear, O,0O-acetals (116) are not stable and can be hydrolyzed easily under
mild conditions’. On the other hand, dithioacetals (118) are very stable and require harsh
hydrolysis conditions’. That said, S,0-acetals (117) make the ideal protecting group as they are
not too stable or unstable and consequently require moderate hydrolysis conditions. This finding
led us to design a competition experiment to determine whether selective hydrolysis of 1,3-

dioxolanes in the presence of 1,3-oxathiolanes could be achieved (Scheme 10).

Hydrolysis Competition Experiment

rt, 20 h

PS-440 PS-368 P$S-332 PS-368

1:1 95% 98% recovered

Scheme 10. Competition experiment illustrating selective hydrolysis of a dioxolane

We placed equimolar amounts of both PS-440 and PS-368 into one reaction flask and
subjected them to mild hydrolysis conditions. After 20 hours at room temperature using a 5%
aqueous HCI solution, we were successful in selectively cleaving a 1,3-dioxolane (giving PS-332)
in the presence of a 1,3-oxathiolane (PS-368). Not only does this support the finding of Derek et
al’®, it facilitates the possibility of having multiple distinct acetals present on a single molecule

and being able to selectively cleave one over the other (Scheme 11).

R
P
Lo / RN R LT R
O %S RGO\
R\ N R~ /3
oﬁ\/*——‘ o%\/*-f’ P
@0 119 @O 120 0 121

Scheme 11. Selective hydrolysis of a dioxolane in the presence of an oxathiolane
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This technique is extremely valuable, enabling the chemist the option of selective acetal
cleavage granting access to carbonyl counterparts when desired. For instance, selective cleavage
of 120 delivers molecule 121 generating a free carbonyl group capable of undergoing reactions
like a Wittig or Grignard that will not impact the oxathiolane.

This technique can also be expanded to incorporate cleavage of oxathiolanes over
dioxolanes as examples of this have been reported by Du et al®®. Scheme 12 demonstrates base-

assisted deprotection of a 1,3-oxathiolane in the presence of a 1,3-dioxolane (122).

- d s
. S__0O O :
A LTMP )W :
: O O THF, 0°C, 25 mins o~ "0
122 123 /]
' Du, B. 2013. Ref 80 74% |

_______________________________________________________

Scheme 12. Base catalyzed deprotection of a 1,3-oxathiolane over a 1,3-dioxolane

Using lithium tetramethylpiperidine in THF at 0 °C for 25 minutes was sufficient to cleave
a 1,3-oxathiolane (122) in the presence of a 1,3-dioxolane (123). Furthermore, if desired, global
deprotection of both 1,3-dioxolanes and a 1,3-oxathiolanes is achievable’. Thus, with access to a
new method to convert alkynes into 1,3-oxathiolanes, we may see an increase in exploiting the

strategies outlined in Schemes 10 and 11.
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2.3 Synthesis of a Library of Oxathiolanes

We began to synthesize a variety of alkynes that would be used to generate oxathiolanes.
These alkynes contained various alkyl chains, phenyl substitution patterns including EDGs and
EWGs, and several heterocyclic and heteroaromatic groups. The synthesis of fourteen internal

alkynes was accomplished utilizing the Sonogashira cross-coupling reaction (Figure 12).

Pd(PPh;)Cl,, Cul
NEts, 60 °C, 16 h

1eq. 1.5eq.
@%/7 @—/—/ 7\ — 7\ —
PS-332 PS-323 PS-317 PS-335
86% Yield 88% Yield 76% Yield 55% Yield
= = NC — =
s MeO
PS-340 PS-352 PS-390 PS-388
84% Yield 92% Yield 90% Yield 85% Yield
rO
PS-386 Cl PS-394 PS-395 PS-336
50% Yield 40% Yield 55% Yield 60% Yield
=
o = o} =
PS-412 0 PS-405
75% Yield 70% Yield

Figure 12. Synthesis of internal alkynes via palladium catalyzed cross-coupling

These alkynes were synthesized in moderate to high yields and information regarding these
compounds can be found in the experimental section. A few other commercially available internal
alkynes were likewise used in this study (refer to experimental section). Moreover, subjecting these
internal alkynes to our optimized thiolation conditions provided us with 15 different oxathiolane
products (Figure 13). These were obtained in moderate to high yields while maintaining complete

regioselectivity.
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AIBN (10 mol%)

A== Alk] mercaptoethanol (4 equiv.) S/ O\
=" PhMe, 110 °C AN <
yl
s__0O s__0O s_ 0O s__0O
PS-368 PS-363 PS-372 PS-373
73 % (5 h) 72 % (5 h) 70 % (5 h) 66 % (5 h)
\ MeS \ WO \ \
§_0O §_0O S__0O §_0O
OH )
PS-351 PS-400 PS-414 €l ps.401
28 % (5 h) 80 % (3 h) 77 % (5 h) 72 % (24 h)
0
s__0O s_0O s§_0O \ s§_0O
PS-399 PS-398 PS-397 PS-413
61 % (24 h)* 55 % (24 h)* 42 % (24 h)* 85% (3 h)
. s__0O ° S
<o S s._0O L Lso.0
PS-396 PS-371 PS-369
83% (3 h) 75 % (5 h) 68 % (5 h)

NOTE: An asterisk* indicates the reaction was incomplete but stopped at 24 hours.

Figure 13. Substrate scope of oxathiolanes from internal alkynes

Thiolation of internal alkynes was compatible with a variety of substrates. For example,
alkynes with differing alkyl chain lengths which include methyl, ethyl, propyl, and butyl groups
were tolerated well and delivered good yields (368, 363, 372, 373). When attempted with a
propargyl alcohol derivative the yield was significantly lower (351). However, the presence of an
a-alcohol under high temperatures and radical conditions could promote side reactions (i.e.
elimination) which would impact the yield. Moving forward, two alkynes containing para-electron
donating groups (EDGs) were subject to our thiolation conditions (395, 405). These examples
afforded good yields, providing 80% for the para-methyl sulfide and 77% for the para-acetate

(400, 414). This includes a decrease in reaction time from 5 hours to 3 hours as witnessed with the
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methy| sulfide alkyne (400). Additional substrates were tested which included alkynes containing
electron withdrawing groups (EWG). For example, oxathiolane formation was achieved in good
yield when an alkyne containing an ortho-chlorine (394) was employed. Though compatible, a
reaction time of 24 hours was required (401). Furthermore, additional alkynes containing EWG’s
like a para-trifluoro, para-ester, and para-nitrile group were tested (336, 388, 390). These alkynes
were tolerated but with varying degree that indicated the para-trifluoro (399) with the best yield
followed by the para-ester (398) and lastly the para-nitrile alkyne (397). However, in all three
examples the reaction did not go to completion but was halted after 24 hours as the reaction
frequently becomes stagnant after this period. Therefore, it appears that thiolation of alkynes
bearing EWG’s require longer reaction times and may produce lower product yields in comparison
to alkynes that contain EDG’s or unsubstituted phenyls. This is not surprising as electron-
withdrawing groups could destabilize the radical intermediate that is generated during the reaction
(refer to Scheme 8)"°77. Nonetheless, these alkyne systems were demonstrated to be compatible
with this chemistry (401, 399, 398, 397).

Lastly, four heterocyclic and heteroaromatic alkyne systems containing a benzofuran, a
benzo-dioxolane, a benzothiophene, and a thiophene (412, 386, 340, 352) were tested. These
alkyne systems proved to be compatible with our chemistry and exhibited good to high oxathiolane
yields (413, 396, 371, 369). Alkynes bearing a benzofuran or a benzo-dioxolane produced the
highest yields, 85% and 83% respectively, while requiring a shortened reaction time (413, 396).
Alkynes containing a benzothiophene or a thiophene delivered good yields but required the

standard 5 hours to complete (371, 369).
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Having generated 15 distinct oxathiolane products from alkynes, we demonstrate the
feasibility of this approach and illustrate that a range of substrates are compatible with this
procedure. This includes substrates with various alkyl chain lengths, varying phenyl substitution
patterns including EDG’s and EWG’s, and several heterocyclic and heteroaromatic alkynes.
Lastly, this approach establishes a way to generate oxathiolanes in a completely regioselective
manner paving the way toward a 2-step alkyne hydrolysis procedure that surpasses the selectivity
witnessed in other existing methods (section 1.1.2).

2.4 Anti-Markovnikov Hydrolysis via Oxathiolanes

As was anticipated, hydrolysis of the oxathiolanes synthesized above yields ketones that
correspond to the anti-Markovnikov hydrolysis products of the parent alkynes. After briefly
evaluating hydrolysis conditions, we found that treatment of oxathiolanes with toluene sulfonic
acid in refluxing dichloroethane for two hours offered the corresponding ketones in good yields.
Hydrolysis to the corresponding ketone was achieved in two steps through hydrolysis of the crude
oxathiolane. Through this technique we constructed a substrate scope that encompasses 10 various

ketones. These ketones were generated from alkynes previously synthesized above (Figure 14).

AIBN (10 mol%) /—\
_  _mercaptoethanol (4 equiv.) s. 0 TsOH-Hy0 (1 equiv.) o

PhMe, 110 °C,324h  A~_><p  DCE 85°C.2n  A~_Jug

PS-332 PS-255 PS-328 PS-329
66 % (5 h) 62 % (5 h) 63 % (5 h) 60 % (5 h)
PS-327 PS-410 PS-342 PS-415

53 % (24 h) 75 % (3 h) 73% (5 h) 52 % (24 h)
S o} S 1©
\ A
PS-348 PS-374
72 % (5 h) 66 % (5 h)

Figure 14. Substrate scope relating to anti-Markovnikov hydrolysis of internal alkynes
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We began our study on alkynes containing different alkyl chains ranging from methyl to
isopropyl (28, 332, 323, 317). When tested, these alkynes were well tolerated and delivered good
ketone yields (332, 255, 328, 329, 327). Even when a bulky isopropyl group is present, the yield
was only slightly lower compared to other alkyl groups. However, an increase in reaction time (24
hours) was required to achieve 327. Moreover, three para-substituted phenyl ketones were added
to the substrate scope in good to moderate yields (410, 342, 415). The alkyne containing a para-
methyl sulfide produced the best yield in the shortest reaction time (410), followed by the para-
tert-butyl alkyne (342), and lastly the electron-withdrawing para-trifluoro alkyne (415). Finally,
two heteroaromatic alkynes were taken forward and subjected to our conditions to produce the
corresponding ketone products (348, 374). Both a benzothiophene and a thiophene were tolerated
well with this chemistry and produced good yields.

2.5 A Gram-Scale Alkyne Hydrolysis

With several examples illustrated above showing regioselective anti-Markovnikov
hydrolysis of internal alkynes, we initiated a large-scale reaction to demonstrate the efficiency of
this method. Scheme 13 reveals a multi-gram reaction that generates the corresponding
oxathiolane (PS-368) from alkyne 28 in good yield. This was accomplished using 5 mol% of AIBN

instead of 10 mol%.

AIBN (5 mol%) —/\
7 N\ mercaptoethanol (4 equiv.) ©\S><) TsOH- H,0 (1 equiv.) ©\/ﬁ\
—/ PhMe, 110 °C, 5 h DCE, 85°C, 2 h
28 PS-368 PS-332
(2.00g 17.2 mmol) Crude (74 % NMR) (1.57g, 11.7 mmol, 68 %)

Scheme 13. Gram scale reaction of the two-step anti-Markovnikov hydrolysis of alkynes

32



MSc. Thesis — Paul Saliba — McMaster University — Chemistry and Chemical Biology

After achieving the corresponding oxathiolane, we subjected the crude product (after work-
up) to our hydrolysis conditions (Scheme 13). This generated the corresponding anti-Markovnikov
ketone in good yield using p-toluenesulfonic acid and DCE (332).

2.6 Hydrolysis of Aryl-Aryl Alkynes

We then shifted our focus toward bis-aryl alkyne systems and whether our chemistry would
be suitable on these substrates. We learnt from previous literature (section 1.1.2) how difficult it
is to achieve selective anti-Markovnikov hydrolysis of bis-aryl alkyne systems. When attempted
by the methods described in section 1.1.2, we observe a selectivity that favors the Markovnikov
product. This observation drew us toward accomplishing this feat. Therefore, we initiated our

investigation by synthesizing an internal bis-aryl alkyne (Scheme 14).

4:% @ e srogen™ Mo )=+
NEt3 60°C, 16h  ° —

PS-182

Scheme 14. Bis-aryl alkyne synthesis via palladium catalyzed cross-coupling

We started by synthesizing a bis-aryl alkyne system that contains a para-methoxy group
on one phenyl ring while leaving the other unsubstituted (PS-182). We anticipated that when
subjecting this alkyne system to our 2-step hydrolysis procedure the anti-Markovnikov ketone
would be the major product. This approach was rationalized by acknowledging that electron-
donating groups increase the electron-density around the corresponding arene system which
enhances stability of the radical intermediate that is formed on the adjacent carbon center (Scheme
8). Therefore, the radical would be placed on the carbon center adjacent to the electron-rich arene

and the thiol would add to the carbon adjacent to the unsubstituted arene.
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Following the synthesis of PS-182, bis-aryl alkyne thiolation was attempted. TLC analysis
indicated a complete reaction after 24 hours. Subsequent work-up and crude *H NMR analysis

revealed the presence of vinyl sulfide regio and stereoisomers (Scheme 15).

HO
\/\S
AIBN (10 mol%)
mercaptoethanol (4 equiv.) A AN
MeO — O PhMe, 110 °C, 24 h O : g
’ ’ MeO \/\OH

MeO 126 127
PS-182 E/Z E/Z
Markovnikov anti-Markovnikov

Scheme 15. Radical thiolation of bis-aryl alkyne yielding regio and stereoisomers

While one side of PS-182 contains an EDG that enhances radical stabilization,
unsubstituted phenyl rings are strong radical stabilizers as well. Therefore, we believe that radical
stabilization occurred on both sides of the bis-aryl alkyne producing regioisomers (126, 127).
Though, both Markovnikov and anti-Markovnikov vinyl sulfide products were synthesized
accompanied by their stereoisomers, it was difficult to designate the major product. Consequently,
we determined that it would be simpler to take the crude mixture and subject it to hydrolysis.
Hydrolysis was accomplished using p-toluenesulfonic acid and DCE to yield a mixture of ketones
favoring the anti-Markovnikov product by 2:1 (Scheme 16). The use of HSQC and HMBC NMR

experiments facilitated the assignment of regioisomers.

J

S

PS-192b

Markovnikov
S
AIBN (10 mol%)  MeO ‘ 126

: R
. MeO
MeO Q — O 2-mercaptoethanol TsOH-H,0 (1 equiv.)
PhMe, 110 °C, 24 h O DCE, 85°C, 2h
P ()
PS-182
MeO S MeO ©
HO

j1 27 PS-192a

o
O F

anti-Markovnikov
Crude: 84% (1: 2)
Isolated: 22% (M), 54% (AM)

Scheme 16. Bis-aryl alkyne thiolation and vinyl sulfide hydrolysis yielding ketones
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Though the selectivity is low in comparison to the selectivity seen with aryl-alkyl alkynes,
we were pleased to discover consistency for both aryl-alkyl and bis-aryl alkyne systems. This
cannot be said about the methods discussed in section 1.1.2 as the selectivity favors the
Markovnikov product for bis-aryl alkyne systems. With this information, we attempted to increase
the selectivity toward the anti-Markovnikov product by modifying our reaction conditions. This is
summarized in Table 2.

Table 2. Optimization of radical thiolation and hydrolysis of bis-aryl alkynes

[e] = =
weo—? N — /— R-SH m/*x\{m TsOH-H;0 A 2 ﬂ + o g
O T N\ Radical SR DCE. 85 °C, 2h I U ’m
Initiatior mixture of four inseperable MeD™ ™ MeQ™ ™~
PS-182 regio- and sereaisomers PS-192b PS-192a
Markovnikov anfi-Markovnikov
. . Cornversion -
Entry Thiol . ; L. . o Time o 2 step NMR Ratio of
(eq) Thiol Radical Imitiator Solvent Temp. (°C) (b (%) of 1a Yield (%) M-AM
1 4 HS=C1oHzs ATBN 10% Toluene 110 24 50% - -
N-n
4
2 4 HS_<N A ATBN 10% Toluene 110 48 <1% - -
PH
3 4 Hg~~-OH AIBN 10% Toluene 110 24 =99% 84 1:2
4 4 Hg~~-CH BEt; 10% Toluene 110 24 50% - -
5 4 Hs M BPO 10% Toluene 110 24 <5% - -
& 4 Hg~~~CH ATBN 10% CyHex 83 72 <5% - -
7 4 Hg~~CH AIBN 10% Benzene 85 24 >95% 78 1:2
8 4 Hs~-H AIBN 10% Xylene 110 24 =99% 84 1:1.9
9 4 Hg~ -0t AIBN 10% Toluene 110 72 =99% 69 1:1.88
10 4 Hg~~~-OH AIBN 10% Toluene 65 24 <10% - -

After trying various thiols (entry 1-2), radical initiators (entry 4-5), and solvents (entry 6-
8), our initial conditions remained superior, delivering the highest yield and selectivity (entry 3).
Therefore, we were satisfied with the results which led us to synthesize more bis-aryl alkynes.

These were produced using the Sonogashira cross-coupling procedure (Figure 15).
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Pd(PPhj3)Cls,, Cul
Ar—X + Ar > r————Ar
NEt3, 60 °C, 16 h
1 eq. 1.2 eq.
OMe
OMe (0]
o =) (=4 O—=
@)
PS-304 PS-194 PS-258
93% Yield 50% Yield 66% Yield

Figure 15. Synthesis of additional bis-aryl alkynes via palladium catalyzed cross-coupling

These bis-aryl alkyne substrates were synthesized in good yields and were subsequently

used to generate the corresponding ketones via our two-step hydrolysis procedure (Figure 16)

Markovnikov

i

R R
| N N

R4 R

AIBN (10 mol%) Z

R/< \ — mercaptoethanol (4 equiv.)

TsOH-H,0 (1 equiv.)
7R PhMe, 110 °C, 24-72 h

R DCE, 85°C,2h O R
R | \ \ O
T R
i
= S\/\OH O

anti-Markovnikov

PS-192b PS-192a B PS-238b PS-238a
Meo/‘/k/‘ Meo/‘/Y‘ MeO OMe MeO OMe
Crude: 84% (1: 2) Crude: 92% (1 : 6.7)
Isolated: 22% (M), 54% (AM) B B Isolated: 7% (M ) 75% (AM)

PS-296b PS-296a B

PS-295b PS-295a

w‘*.«’*

Crude: 90% (1 : 1.25) Crude: 75% (1 : 1.2)
- Isolated: 37% (M), 46% (AM) . - Isolated: 28% (M), 39% (AM)

Note: An asterisk* indicates the reaction took 72 h to complete

Figure 16. Substrate scope relating to anti-Markovnikov hydrolysis of bis-aryl alkynes
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We were pleased to observe that all three examples remained consistent and afforded the
anti-Markovnikov ketone as the major product (with varying selectivity). We noticed that by
adding two electron-donating methoxy groups on one phenyl ring (PS-304), we were able to
improve the selectivity to favor the anti-Markovnikov product by 6.7:1 (PS-238a, PS-238b) while
maintaining a high yield. However, when an EWG is present on one side of the alkyne system
(PS-194, PS-258), we observe a decrease in selectivity toward the anti-Markovnikov product and
an increase in reaction time (PS-296a/b, PS-295a/b). We anticipated the opposite effect would
occur for EWGs than for EDGs; that is the side that contains the EWG would decrease the electron-
density around the corresponding arene and would thus destabilize the radical intermediate formed
on the adjacent carbon. This would force the radical to be placed on the carbon adjacent to the
unsubstituted arene as it has more electron-density relative to the other arene. This would
predictably favor the anti-Markovnikov product as the thiol would add to the carbon center
adjacent to the electron-deficient arene system. This is in fact what we observed, but in a less
drastic degree in comparison to when an EDG was utilized. This result suggests that introducing
an EWG may prevent the reaction from occurring due to destabilization of the radical species at
the adjacent carbon. Nonetheless, these four examples demonstrate that selective anti-
Markovnikov thiolation and subsequent hydrolysis of bis-aryl alkynes can be achieved. This
hydrolysis method remains consistent for both aryl-alkyl and bis-aryl alkyne systems, unlike those

seen in section 1.1.2.
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2.7 Total Synthesis of Isomeranzin

To further solidify this as a general and effective method to achieve regioselective
hydrolysis of alkynes, we decided to synthesize the coumarin natural product isomeranzin.
Isomeranzin has previously been isolated from numerous members of the Rutaceae family
including the small tree Murraya panculata®'83, the fruit Citrus grandis®*%® (pomelo fruit), and

from the small shrub Clausena anisata®’ (Figure 17).

(@)
MeO 0] (0]
=
PS-432
isomeranzin

Figure 17. Structure of the coumarin natural product isomeranzin

Like many natural products, the bioactivity of isomeranzin and coumarins in general has
been evaluated. Studies establish isomeranzin along with other coumarin natural products as
harnessing anti-inflammatory®.-88" and neuroprotective®’ activity, hepatoprotective®* activity, and
anti-fungal® activity. Encompassing a variety of bioactive properties and discovering the absence
of a chemical synthesis, isomeranzin arose as a suitable target to attempt our chemistry on.

Starting from the commercially available coumarin umbelliferone (128), selective

iodination was achieved using the procedure outlined by Deviji et al®® (Scheme 17).
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HO
2/K| K2003 Mel
NHOH (CH3),CO, 60 °C, 5 h PA(PPhy),Cl, | PPh3 ,Cl,
PPhj, Cul
128 . PS-411 . PS-429 3 .
80% 8% NEt/DMF (4:1) 027
80°C, 12 h
HO\/\ | |
0 X
TsOH'H,0 S Hs >OH
MeO 00 =~—01n"2- MeO 0 ~———— MeO._A_O._O
DCE, 85 °C, 2 h AIBN 10 mol% |
_ _ PhMe, 110 °C, 6 h A
609 2 st
PS-432 % over 2 steps 129 PS-430

isomeranzin

Scheme 17. Total synthesis of the coumarin natural product Isomeranzin

Utilizing iodine, potassium iodide, and ammonium hydroxide afforded 8-
iodoumbelliferone (PS-411) in 80% yield. Furthermore, the procedure of Gillmore et al*® was
followed to achieve alkylation of the free hydroxyl group. Employing methyl iodide and potassium
carbonate in acetone afforded the methylated product 8-iodo-7-methoxychromen-2-one (PS-429)
in 78% yield. Next, the procedure of Guthertz et al®* was used to attain an isopropyl alkyne.
Subjecting 8-iodo-7-methoxychromen-2-one (PS-429) to bis(triphenylphosphine)palladium(ll)
dichloride, copper(l) iodide, triphenylphosphine, and 3-methyl-1-butyne in triethylamine and
dimethylformamide provided the corresponding alkyne 7-methoxy-8-(3-methylbut-1-yn-1-yl)-
2H-chromen-2-one (PS-430) in 82%. This is the first literature report of this product.

With PS-430 in hand, we were eager to attempt our 2-step hydrolysis procedure. We started
by subjecting 7-methoxy-8-(3-methylbut-1-yn-1-yl)-2H-chromen-2-one (PS-430) to our
thiolation conditions. We were thrilled to observe the disappearance of PS-430 by TLC after 6
hours. Interestingly, based on crude *H NMR analysis the vinyl sulfide product (129) was preferred
over formation of oxathiolane. Next, we took the crude material forward and treated it with our

hydrolysis conditions. After 2 hours, vinyl sulfide hydrolysis was accomplished using p-
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toluenesulfonic acid and DCE. Generally, vinyl sulfide hydrolysis is achieved using toxic and
harsh Lewis acids like mercury(l1) chloride (HgCl2)®% * and titanium tetrachloride (TiCls)%. Thus,
p-toluenesulfonic acid and DCE remains sufficient in hydrolyzing both oxathiolanes and vinyl
sulfides. This procedure granted us access to a fast 2-step anti-Markovnikov hydrolysis of PS-430
in 60% (PS-432). Consequently, we were able to accomplish the first reported total synthesis of
isomeranzin (PS-432) in just 5 steps with an overall yield of 31%. Synthetic isomeranzin was then
compared to *H and *3C NMR spectra of naturally isolated samples and is consistent with these

literature reports (Table 3)8 %'
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Table 3. Table comparing *H and **C spectra between synthetic and natural isomeranzin

O
=
Synthetic isomeranzin Natural isomeranzin8®8s
Position H ppm 13C ppm H ppm® 13C ppm®
2 - 161.12 - 161.20
3 (= S.ﬁg 1H) 113.24 (= S.'§3F|S, 1H) 113.00
4 3= ;§3HS 1H) 143.88 3= 97)563HS 1H) 143.50
S 0= ;.ISBHS, 1H) 127.62 0= ;§8HS 1H) 127.30
: o-sermamy 1073 O=sstmawy 10680
7 - 160.59 - 160.30
8 - 112.16 - 111.30
9 - 153.37 - 154.10
10 - 113.07 - 112.90
11 4.01, s (2H) 34.83 4.01, s (2H) 34.90
12 - 210.89 - 211.00
13 (0=63 Hia, 1H) 41.05 (=68 Hz, 1H) 4070
s AL mw B s
16 3.86, s (3H) 56.26 3.86, s (3H) 56.10
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2.8 Summary
This thesis has described our development of an operationally simple procedure that
employs radical induced thiol-yne chemistry to obtain regioselective hydrolysis of both aryl-alkyl

and bis-aryl alkyne systems (Figure 18).

A Known: Highly selective Markovnikov hydrolysis B Known: Less selective anti-Markovnikov hydrolysis
Fe, Cu, Au, Hf, In o hydroboration; Au-cat; hydro-
Pt, Ag-cat, or TsOH amination; Cu-cat; Ti-cat R
Ary———R Aryl———R Aryl
Y Schemes 4, 5 Aryl)J\/R Y Schemes 6-7, Fig 4-9 v /\g/
R = alkyl, aryl R = alkyl, aryl

C This Work: anti-Markovnikov-selective alkyne hydrolysis via vinyl sulfide or oxathiolane intermediates

Highly selective thiol addition Mild hydrolysis
TsOH+H,0,
/\/OH °
RO\ ag S R s o DCE,85°C g o
— AIBN, PhMe alkyl Figures 13-14 alkyl
Figures 13-14 oxathiolane anti-Markovnikov

products

Moderately selective thiol addition

— OH

EDGZ N\ ® Hs™ TsOH-H,0.. £pe
— ZEWG AIBN, PhMe DCE, 85 °C
EWG
anti-Markovnikov
products
D This Work: Total synthesis of isomeranzin
& OH
Il HS™ N

steps MeO o o AIBN PhMe

Scheme 17 b. TsOH DCE
=

60% (2 steps)

432: isomeranzin

Figure 18. Summary of our work in the context of existing literature

This procedure converts aryl-alkyl alkynes to oxathiolanes in a completely regioselective
manner (15 examples) and is the first ever report to do so. This transformation is high yielding and
hydrolysis to the corresponding ketone is achieved easily and in good yields (10 examples). This
method facilitated the only total synthesis of isomeranzin, a coumarin natural product with several

bioactive properties. The synthesis of isomeranzin was accomplished in five steps with an overall
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yield of 31%. Additionally, unsymmetrical bis-aryl alkynes, which form vinyl sulfides, are
hydrolyzed to ketones to give an unprecedented degree of anti-Markovnikov regioselectivity (up

to 6.7:1, 4 examples).
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3.0 Experimental Section

[General Information]

Substrates, solvents, and reagents were purchased from commercial suppliers. Reaction progress
was monitored by analytical thin-layer chromatography, which was precoated with aluminum-
backed plates (silica gel F254; SiliCycle Inc.) and visualized under UV light. Purification of
reaction products was carried out on Teledyne CombiFlash® Rf 200 automated flash
chromatography systems on silica gel cartridges (Teledyne, Inc. or SiliCycle Inc.). *H NMR and
13C NMR spectra were acquired at 700 MHz with a default digital resolution (Briiker parameter:
FIDRES) of 0.18 and 0.15 Hz/point, respectively. Coupling constants reported herein therefore
have uncertainties of £0.4 Hz and +0.3 Hz, respectively. All assignments of protons and carbons
relied on data from 2-dimensional NMR experiments including HSQC and HMBC. Chemical
shifts pertaining to *H NMR and **C NMR spectra are reported in parts per million (ppm) with
respect to tetramethylsilane (TMS), with calibration of the residual solvent peaks according to
values reported by Gottlieb et al (CDCls: 8y 7.26, 8¢ 77.16, MeOH-ds: Sn 3.31, ¢ 49.00)*. The
13C NMR (DEPTQ) spectra provided herein show CH and CHs carbon signals below the baseline
and C and CH> carbons above the baseline. Peak multiplicities are abbreviated as follows: s,
singlet; d, doublet; t, triplet; g, quartet; dd, doublet of doublets; dt, doublet of triplets; ddd, doublet
of doublets of doublets; gpp, quartet of doublets of doublets; m, multiplet. Melting points (mp)
were obtained using the Stuart SMP30 melting point apparatus. Melting points (mp) are
uncorrected. High resolution mass analysis (HRMS) was performed on quadruple-time of flight
(Q-Tof) mass spectrometer (Micromass, USA) using electrospray ionization (ESI) in positive

mode.
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[Solvents]

Hexanes was purchased from Fisher chemical, catalogue # 188434.
Dichloromethane (DCM) was purchased from Fisher chemical, catalogue # 192705.
Ethyl acetate (EtOAc) was purchased from Fisher chemical, catalogue # 174768.
CDCls was purchased from Fisher chemical, catalogue # AC166251000.

MeOH-d4 was purchased from Fisher chemical, catalogue # AC320750075.

Acetone was purchased from Fisher chemical, catalogue # 190175.

Diethyl ether was purchased from Fisher chemical, catalogue # 189548.

Toluene was purchased from Anachemia, catalogue # 92368540.
Dimethylformamide (DMF) was purchased from Fisher chemical, catalogue # D119-1
Triethylamine (NEts) was purchased from Fisher chemical, catalogue # 04884500

Dichloroethane (DCE) was purchased from Fisher chemical, catalogue # AA39121K7
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[Reagents]

Anhydrous sodium sulfate (Na2SOa4) was purchased from Fisher Scientific.
2,2’-Azobis(2-methylpropionitrile) (AIBN) was purchased from Sigma-Aldrich.
2-Mercaptoethanol was purchased from Sigma-Aldrich.

p-toluenesulfonic acid monohydrate (TsOH-H20) was purchased from Oakwood chemicals.
Ammonium Chloride (NH4Cl) was purchased from Fisher Scientific

Potassium lodide (K1) was purchased from Fisher Scientific

lodine (12) was purchased from Sigma-Aldrich.

Sulfuric acid (H2SOa) was purchased from Sigma-Aldrich.

lodomethane (Mel) was purchased from Sigma-Aldrich.

Umbelliferone was purchased from AKScientific.

Potassium carbonate (K2COz) was purchased from Sigma-Aldrich.

Hydrochloric acid (HCI) was purchased from Sigma-Aldrich.

Sodium Hydroxide (NaOH) was purchased from Fisher Scientific

Ammonium Hydroxide (NH4OH) was purchased from Sigma-Aldrich.

Copper(l) lodide (Cul) was purchased from Sigma-Aldrich.
Bis(triphenylphosphine)palladium(0) Chloride (Pd(PPhs).Cl2) was purchased from Sigma-
Aldrich.

Triphenylphosphine (PPhs) was purchased from Sigma-Aldrich.
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[General Procedure and Characterization Data]

General procedure for the synthesis of oxathiolanes from alkynes

) AIBN N I S/ O\
— -mercaptoethano

Ar———R Ar

PhMe, 110 °C, 3-24 h \><R

General Procedure 1: To a solution of alkyne (0.60 mmol) in toluene (10 mL) was added
azobisisobutyronitrile (AIBN, 10 mg, 0.060 mmol, 0.10 equiv.) followed by 2-mercaptoethanol
(187.5 mg/170puL, 2.40 mmol) in one portion. The reaction flask was equipped with a reflux
condenser and heated at 110 °C until disappearance of the alkyne was observed by thin-layer
chromatography (TLC, 3-24 hours). The mixture was then diluted with diethyl ether (Et2O) and
washed with NaOH (2M, approximately 20 mL) twice, to remove excess 2-mercaptoethanol. The
organic layer was washed once with brine, dried over anhydrous sodium sulfate, and concentrated
under reduced pressure to yield the crude product. Chromatography over silica gel using gradient
elution with EtOAc and hexanes offered the corresponding oxathiolane.

PS-368 (2-benzyl-2-methyl-1,3-oxathiolane)

AIBN

- [\
72\ — 2-mercaptoethanol s 0
— PhMe, 110 °C, 5 h

General Procedure 1 was followed using 1-phenyl-1-propyne (70 mg, 0.60 mmol), toluene (10

mL), azobisisobutyronitrile (AIBN, 10 mg, 0.060 mmol, 0.10 equiv.), and 2-mercaptoethanol
(187.5 mg/170puL, 2.40 mmol). The reaction was heated at 110 °C for 5 hours. Workup and
purification offered PS-368 (1-phenyl-1-propyne, 85 mg, 0.44 mmol, 73% vyield) as a light-
yellow oil. 'H NMR (700 MHz, CDCls): & (ppm) 7.30, m (4H), 7.25, m (1H), 4.18, dt (3= 9.2, 5.6
Hz, 1H), 4.16, ddd (J = 9.2, 6.5, 5.7 Hz, 1H), 3.17, d (J = 13.7 Hz, 1H), 3.08, d (J = 13.7 Hz, 1H),

3.06, dt (J = 10.2, 6.1 Hz, 1H), 2.91, dt (J = 10.1, 6.2 Hz, 1H), 1.56, s (3H). *C NMR DEPTQ
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(176 MHz, CDCI3): & (ppm) 137.46, 130.75, 128.02, 126.71, 95.07, 70.75, 49.39, 34.24, 29.04.
LCMS (ESI) m/z 195.08381 calculated for C11H1s0S™ ([M + H]"); 195.08324 observed.
PS-363 (2-benzyl-2-ethyl-1,3-oxathiolane)
AIBN
o 2-mercaptoethanol S/_\O
<:> o PhMe, 110 °C, 5 h

General procedure 1 was followed using 1-phenyl-1-butyne (78 mg, 0.60 mmol), toluene (10

mL), azobisisobutyronitrile (AIBN, 10 mg, 0.060 mmol, 0.10 equiv.), and 2-mercaptoethanol
(187.5 mg/170pL, 2.40 mmol). The reaction was heated at 110 °C for 5 hours. Workup and
purification offered PS-363 (2-benzyl-2-ethyl-1,3-oxathiolane, 90 mg, 0.43 mmol, 72% yield) as
a light-yellow oil. *H NMR (700 MHz, CDCls): & (ppm) 7.29, d (J = 6.8 Hz, 2H), 7.28,t (J=7.5
Hz, 1H), 7.23, t (J = 7.1 Hz, 1H), 4.17, dt (J = 9.0, 5.6 Hz, 1H), 4.08, ddd (J = 9.0, 6.5, 5.5 Hz,
1H), 3.17, d (J = 13.9 Hz, 1H), 3.06, d (J = 13.9 Hz, 1H), 2.93, m (1H), 2.79, m (1H), 1.80, q (J =
7.3 Hz, 2H), 1.03, t (J = 7.3 Hz, 3H). 3C NMR DEPTQ (176 MHz, CDCI3): & (ppm) 137.39,
130.85, 127.94, 126.58, 99.16, 71.29, 47.02, 34.05, 33.68, 9.50. LCMS (ESI) m/z: 209.09946
calculated for C12H170S™ ([M + H]"); 209.09830 observed.

PS-372 (2-benzyl-2-propyl-1,3-oxathiolane)

7 N\ — yan 2—merc':IpE’:oNethanol‘ ©\S)/_\<O/\
— PhMe, 110 °C, 5 h

General procedure 1 was followed using 1-phenyl-1-pentyne (87 mg, 0.60 mmol), toluene (10

mL), azobisisobutyronitrile (AIBN, 10 mg, 0.060 mmol, 0.10 equiv.), and 2-mercaptoethanol
(187.5 mg/170uL, 2.40 mmol). The reaction was heated at 110 °C for 5 hours. Workup and
purification offered PS-372 (2-benzyl-2-propyl-1,3-oxathiolane, 93 mg, 0.42 mmol, 70% vyield)

as a light-yellow oil. *H NMR (700 MHz, CDCls): § (ppm) 7.28, m (4H), 7.23, m (1H), 4.15, dt (J
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=9.0, 5.6 Hz, 1H), 4.08, ddd (J = 9.1, 6.4, 5.5 Hz, 1H), 3.15, d (J = 13.9 Hz, 1H), 3.05,d (J = 13.9
Hz, 1H), 2.92, m (1H), 2.77, m (1H), 1.74, m (2H), 1.57, m (1H), 1.47, m (1H), 0.91, t J = 7.4
Hz, 3H). 3C NMR DEPTQ (176 MHz, CDCI3): § (ppm) 137.41, 130.88, 127.95, 126.59, 98.56,
71.22, 47.37, 43.30, 34.07, 18.57, 14.36. LCMS (ESI) m/z: 223.11511 calculated for C13H190S"
(M + H]"); 223.11480 observed.

PS-373 (2-benzyl-2-butyl-1,3-oxathiolane)

: —/ AIBN —\
- 2-mercaptoethanol S 0
PhMe, 110 °C, 5 h

General procedure 1 was followed using 1-phenyl-1-hexyne (95 mg, 0.60 mmol), toluene (10

mL), azobisisobutyronitrile (AIBN, 10 mg, 0.060 mmol, 0.10 equiv.), and 2-mercaptoethanol
(187.5 mg/170puL, 2.40 mmol). The reaction was heated at 110 °C for 5 hours. Workup and
purification offered PS-373 (2-benyl-2-butyl-1,3-oxathiolane, 94 mg, 0.40 mmol, 66% yield) as
a light-yellow oil. *H NMR (700 MHz, CDCls): & (ppm) 7.28, m (4H), 7.23, t (J = 6.9 Hz, 1H),
4.15, dt (3 = 9.0, 5.7 Hz, 1H), 4.08, ddd (J = 9.0, 6.3, 5.6 Hz, 1H), 3.16, d (J = 13.9 Hz, 1H), 3.05,
d (J = 13.9 Hz, 1H), 2.93, dt (J = 10.1, 6.0 Hz, 1H), 2.76, dt (J = 10.2, 5.6 Hz, 1H), 1.76, qdd (J =
13.8, 11.3, 4.9 Hz, 2H), 1.52, m (1H), 1.43, m (1H), 1.31, m (2H), 0.90, t (J = 7.4 Hz, 3H). 1°C
NMR DEPTQ (176 MHz, CDCI3): & (ppm) 137.40, 130.89, 127.94, 126.58, 98.63, 71.20, 47.31,
40.84, 34.05, 27.47, 23.02, 14.22. LCMS (ESI) m/z: 237.13076 calculated for C14H210S* ([M +

H]*); 237.12994 observed.
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PS-351 (2-benzyl-1,3-oxathiolan-2-yl)methanol

OH 5 mercaptoethanol OH
7 \_— / -mercaptoethanol _ ©/S>(O\
__ PhMe, 110 °C, 5h _/

General procedure 1 was followed using 3-phenylprop-2-yn-1-ol (79 mg, 0.60 mmol), toluene

(10 mL), azobisisobutyronitrile (AIBN, 10 mg, 0.060 mmol, 0.10 equiv.), and 2-mercaptoethanol
(187.5 mg/170pL, 2.40 mmol). The reaction was heated at 110 °C for 5 hours. Workup and
purification offered PS-351 (2-benzyl-1,3-oxathiolan-2-yl)methanol, 35 mg, 0.17 mmol, 28%
yield) as a light-yellow oil. *H NMR (700 MHz, CDCls): & (ppm) 7.34, d (J = 7.1 Hz, 2H), 7.29, t
(J = 7.4 Hz, 2H), 7.24 (J = 7.3 Hz, 1H), 4.16, dt (J = 9.1, 5.8 Hz, 1H), 4.09, dt (J = 9.1, 5.8 Hz,
1H), 3.64, d (J = 11.9 Hz, 1H), 3.55, d (J = 11.9 Hz, 1H), 3.24, d (J = 13.7 Hz, 1H), 3.13,d (J =
13.7 Hz, 1H), 2.96, dt (J = 11.4, 5.8 Hz, 1H), 2.84, dt (J = 11.4, 5.6 Hz, 1H). 1*C NMR DEPTQ
(176 MHz, CDCI3): 6 (ppm) 136.47, 130.95, 128.12, 126.87, 71.65, 67.16, 43.88, 33.87. LCMS
(ESI) m/z: 211.07873 calculated for C11H150.S™ ([M + H]*); 211.07750 observed.

PS-400 (2-butyl-2-(4-(methylthio)benzyl)-1,3-oxathiolane)

AIBN
_ 2-mercaptoethanol MeS /o
MeS — > s__0O
PhMe, 110 °C, 3 h

General procedure 1 was followed using 1-(hex-1-yn-1-yl)-4-(methylsulfanyl)benzene (123 mg,

0.60 mmol), toluene (10 mL), azobisisobutyronitrile (AIBN, 10 mg, 0.060 mmol, 0.10 equiv.), and
2-mercaptoethanol (187.5 mg/170uL, 2.40 mmol). The reaction was heated at 110 °C for 3 hours.
Workup and purification offered PS-400 (2-butyl-2-(4-(methylthio)benzyl)-1,3-oxathiolane,
136 mg, 0.48 mmol, 80% vyield) as a clear oil. *H NMR (700 MHz, CDCls): § (ppm) 7.22, d (J =
8.3 Hz, 2H), 7.18, d (J = 8.4 Hz, 2H), 4.14, dt (J = 9.1, 5.7 Hz, 1H), 4.07, ddd (J = 9.0, 6.1, 5.6,

Hz, 1H), 3.09, d (J = 14.0 Hz, 1H), 3.01, d (J = 14.0 Hz, 1H), 2.92, dt (J = 10.2, 5.9 Hz, 1H), 2.75,
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dt (J = 10.2, 5.7 Hz, 1H), 2.47, s (3H), 1.74, qdd (J = 13.7, 11.3, 4.9 Hz, 2H), 1.51, m (1H), 1.42,
m (1H), 1.31, m (1H), 0.90, t (J = 7.3 Hz, 3H). 3C NMR DEPTQ (176 MHz, CDCI3): & (ppm)
136.31, 134.36, 131.37, 126.35, 98.59, 71.24, 46.72, 40.91, 34.08, 27.45, 23.01, 16.14, 14.23.
LCMS (ESI) m/z: 283.11848 calculated for C15H230S," ([M + H]"); 283.11791 observed.

PS-414 (4-((2-butyl-1,3-oxathiolan-2-yl)methyl)phenyl acetate)

o < > — / 2-mercaptoethanol Y d b
PhMe, 110 °C, 5 h (0]

General procedure 1 was followed using 4-(hex-1-yn-1-yl)phenyl acetate (130 mg, 0.60 mmol),

toluene (10 mL), azobisisobutyronitrile (AIBN, 10 mg, 0.060 mmol, 0.10 equiv.), and 2-
mercaptoethanol (187.5 mg/170uL, 2.40 mmol). The reaction was heated at 110 °C for 5 hours.
Workup and purification offered PS-414 (4-((2-butyl-1,3-oxathiolan-2-yl)methyl)phenyl
acetate, 136 mg, 0.46 mmol, 77% yield) as a clear oil. tH NMR (700 MHz, CDCls): § (ppm) 7.30,
d (J = 8.5 Hz, 2H), 7.00, d (J = 8.5, 2H), 4.13, dt (J = 9.0, 5.7 Hz, 1H), 4.05, dt (J = 9.0, 5.7 Hz,
1H), 3.11, d (J = 14.0 Hz, 1H), 3.04, d (J = 14.0 Hz, 1H), 2.91, dt (J = 10.2, 5.8 Hz, 1H), 2.72, dt
(J=10.2, 5.7 Hz, 1H), 2.28, s (3H), 1.76, qdd (J = 13.6, 11.2, 5.1 Hz, 2H), 1.51, m (1H), 1.42, m
(1H), 1.31, m (2H), 0.90, t (J = 7.3 Hz, 3H). 3C NMR DEPTQ (176 MHz, CDCI3): & (ppm)
169.65, 149.49, 134.96, 131.86, 120.92, 98.46, 71.29, 46.63, 41.00, 34.08, 27.45, 23.00, 21.30,
14.22. LCMS (ESI) m/z: 295.13624 calculated for C16H230sS™ ([M + H]*); m/z: 235.13287

calculated for ketone C14H1003" ([M + H]"). 235.13156 observed.
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PS-401 (2-butyl-2-(2-chlorobenzyl)-1,3-oxathiolane)

AIBN \
_ 2-mercaptoethanol )
- PhMe, 110 °C, 24 h

Cl Cl

General procedure 1 was followed using 1-(2-Chlorophenyl)-1-hexyne (116 mg, 0.60 mmol),
toluene (10 mL), azobisisobutyronitrile (AIBN, 10 mg, 0.060 mmol, 0.10 equiv.), and 2-
mercaptoethanol (187.5 mg/170pL, 2.40 mmol). The reaction was heated at 110 °C for 24 hours.
Workup and purification offered PS-401 (2-butyl-2-(2-chlorobenzyl)-1,3-oxathiolane, 117 mg,
0.43 mmol, 72% yield) as a light-yellow oil. *tH NMR (700 MHz, CDCls): & (ppm) 7.44, dd (J =
7.2,2.2 Hz, 1H), 7.35, dd (J = 7.4, 1.8 Hz, 1H), 7.17, pd (J = 7.3, 1.9 Hz, 2H), 4.14, dt (J = 9.0,
5.6 Hz, 1H), 4.07, ddd (J = 9.0, 6.3, 5.5 Hz, 1H), 3.35, d (J = 14.3 Hz, 1H), 3.26, d (J =14.3 Hz,
1H), 2.91, dt (J = 10.3, 5.8 Hz, 1H), 2.73, dt (J = 10.3, 5.6 Hz, 1H), 1.83, qdd, (J =13.9, 11.6, 4.7
Hz, 2H), 1.55, m (1H), 1.43, m (1H), 1.32, m (2H), 0.90, t (J = 7.4 Hz, 3H). *C NMR DEPTQ
(176 MHz, CDCI3): 6 (ppm) 135.53, 135.43, 132.82, 129.48, 127.95, 126.20, 98.77, 71.35, 43.44,
41.29,34.24,27.27, 23.03, 14.22. LCMS (ESI) m/z: 271.09179 calculated for C14H20CIOS* ([M +
H]"); 271.09190 observed.

PS-399 (2-butyl-2-(4-(trifluoromethyl)benzyl)-1,3-oxathiolane)

AIBN F.C
- 2-mercaptoethanol 3 [\
FsC — S sS_ 0O
PhMe, 110 °C, 24 h

General procedure 1 was followed using 1-(hex-1-yn-1-yl)-4-(trifluoromethyl)benzene (136 mg,

0.60 mmol), toluene (10 mL), azobisisobutyronitrile (AIBN, 10 mg, 0.060 mmol, 0.10 equiv.), and
2-mercaptoethanol (187.5 mg/170uL, 2.40 mmol). The reaction was heated at 110 °C for 24 hours.

Workup and purification offered PS-399 (2-butyl-2-(4-(trifluoromethyl)benzyl)-1,3-
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oxathiolane, 112 mg, 0.37 mmol, 61% yield) as a light-yellow oil. *H NMR (700 MHz, CDCls):
& (ppm) 7.53, d (J = 8.0 Hz, 2H), 7.41, d (J = 8.0 Hz, 2H), 4.12, ddd (J = 9.1, 6.2, 5.5 Hz, 1H),
4.06, dt (J = 9.1, 5.7 Hz, 1H), 3.17, d (J = 13.8 Hz, 1H), 3.11, d (J = 13.9 Hz, 1H), 2.91, dt (J =
10.4, 5.6 Hz, 1H), 2.67, dt (J = 10.2, 5.9 Hz, 1H), 1.76, qdd (J = 13.6, 11.2, 5.1 Hz, 2H), 1.51, m
(1H), 1.43, m (1H), 1.32, m (2H), 0.90, t (J = 7.3 Hz, 3H). 3C NMR DEPTQ (176 MHz, CDCI3):
§ (ppm) 141.47, 131.29, 129.14-128.59, (q, J = 32.4 Hz), 126.85-122.22, (q, J = 271.9 Hz), 124.78-
124.72, (g, J = 3.7 Hz), 98.11, 71.38, 46.98, 41.31, 34.15, 27.46, 23.00, 14.22. LCMS (ESI) m/z:
305.11815 calculated for C1sH20F30S™ ([M + H]*); 305.11961 observed.

PS-398 (Methyl 4-((2-butyl-1,3-oxathiolan-2-yl)methyl)benzoate)

o]

0 : — AIBN —
— 2-mercaptoethanol ~ MeO S 0
MeO PhMe, 110 °C, 24 h

General procedure 1 was followed using Methyl 4-(hex-1-yn-1-yl)benzoate (130 mg, 0.60

mmol), toluene (10 mL), azobisisobutyronitrile (AIBN, 10 mg, 0.060 mmol, 0.10 equiv.), and 2-
mercaptoethanol (187.5 mg/170uL, 2.40 mmol). The reaction was heated at 110 °C for 24 hours.
Workup and purification offered PS-398 (methyl 4-((2-butyl-1,3-oxathiolan-2-
yl)methyl)benzoate, 97 mg, 0.33 mmol, 55% vyield) as a light-yellow oil. *H NMR (700 MHz,
CDCls): & (ppm) 7.95, d (J = 8.3 Hz, 2H), 7.37, d (J = 8.3 Hz, 2H), 4.12, dt (J = 9.1, 5.7 Hz, 1H),
4.05, dt (J = 9.1, 5.7 Hz, 1H), 3.90, s (3H), 3.17, d (J = 13.8 Hz, 1H), 3.11, d (J = 13.8 Hz, 1H),
2.90, dt (J = 10.3, 5.7 Hz, 1H), 2.67, dt (J = 10.2, 5.8 Hz, 1H), 1.75, qdd (J = 13.7, 11.3, 5.0 Hz,
2H), 1.51, m (1H), 1.42, m (1H), 1.30, m (2H), 0.89, t (J = 7.3 Hz, 3H). 3C NMR DEPTQ (176
MHz, CDCI3): & (ppm) 167.36, 142.85, 131.03, 129.15, 128.48, 98.23, 71.35, 52.16, 47.23, 41.31,
34.11, 27.44, 22.98, 14.19. LCMS (ESI) m/z: 295.13624 calculated for C16H2303S™ ([M + H]");

295.13620 observed.
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PS-397 (4-((2-butyl-1,3-oxathiolan-2-yl)methyl)benzonitrile)

AIBN
- 2-mercaptoethanol NC /o
NC — > S (0]
PhMe, 110 °C, 24 h

General procedure 1 was followed using 4-(hex-1-yn-1-yl)benzonitrile (110 mg, 0.60 mmol),

toluene (10 mL), azobisisobutyronitrile (AIBN, 10 mg, 0.060 mmol, 0.10 equiv.), and 2-
mercaptoethanol (187.5 mg/170pL, 2.40 mmol). The reaction was heated at 110 °C for 24 hours.
Workup and purification offered PS-397 (4-((2-butyl-1,3-oxathiolan-2-yl)methyl)benzonitrile,
66 mg, 0.25 mmol, 42% yield) as a clear oil. *H NMR (700 MHz, CDCls): & (ppm) 7.57,d (J =
8.3 Hz, 2H), 7.41, d (J = 8.3 Hz, 2H), 4.09, ddd (J = 9.1, 6.5, 5.4 Hz, 1H), 4.03, dt (J = 9.1, 5.6
Hz, 1H), 3.14, d (J = 13.8 Hz, 1H), 3.11, d (J = 13.8 Hz, 1H), 2.90, dt (J = 10.7, 5.5 Hz, 1H), 2.62,
ddd (J = 10.3, 6.4, 5.7 Hz, 1H), 1.76, qdd (J = 13.8, 11.4, 4.8 Hz, 2H), 1.49, m (1H), 1.41, m (1H),
1.31, m (2H), 0.90, t (J = 7.3 Hz, 3H). 13C NMR DEPTQ (176 MHz, CDCI3): & (ppm) 142.99,
131.81, 131.59, 119.25, 110.46, 97.91, 71.42, 47.16, 41.55, 34.17, 27.42, 22.97, 14.19. LCMS
(ESI) m/z: 262.12601 calculated for C1sH20NOS™ ([M + H]¥); 262.12531 observed.

PS-413 (5-((2-butyl-1,3-oxathiolan-2-yl)methyl)benzofuran)

= AIBN —\
0 2-mercaptoethanol 0o S 0
— \
PhMe, 110 °C, 3 h

General procedure 1 was followed using 5-(hex-1-yn-1-yl)benzofuran (119 mg, 0.60 mmol),

toluene (10 mL), azobisisobutyronitrile (AIBN, 10 mg, 0.060 mmol, 0.10 equiv.), and 2-
mercaptoethanol (187.5 mg/170uL, 2.40 mmol). The reaction was heated at 110 °C for 3 hours.
Workup and purification offered PS-413 (5-((2-butyl-1,3-oxathiolan-2-yl)methyl)benzofuran,
141 mg, 0.51 mmol, 85% yield) as a clear oil. 'H NMR (700 MHz, CDCls): § (ppm) 7.59, d (J =

2.2 Hz, 1H), 7.52,d (J = 1.4 Hz, 1H), 7.41, d (J = 8.4 Hz, 1H), 7.24, dd (J = 8.4, 1.7 Hz, 1H), 6.74,
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dd (J = 2.1, 0.9 Hz, 1H), 4.16, dt (J = 9.0, 5.6 Hz, 1H), 4.08, ddd (J = 9.0, 6.4, 5.6 Hz, 1H), 3.25,
d (J = 14.1 Hz, 1H), 3.15, (J = 14.1 Hz, 1H), 2.93, dt (J = 10.4, 5.7 Hz, 1H), 2.76, dt (J = 10.2, 5.6
Hz, 1H), 1.77, qdd (J = 13.5, 11.1, 5.0 Hz, 2H), 1.54, m (1H), 1.44, m (1H), 1.31, m (2H), 0.90, t
(J = 7.4 Hz, 3H).13C NMR DEPTQ (176 MHz, CDCI3): § (ppm) 154.11, 145.07, 131.81, 127.29,
127.23, 123.17, 110.61, 106.72, 98.86, 71.21, 47.13, 40.78, 34.07, 27.47, 23.03, 14.24. LCMS
(ESI) m/z: 277.12568 calculated for C16H2102S* ([M + H]*); 277.12557 observed.

PS-396 (5-((2-butyl-1,3-oxathiolan-2-yl)methyl)benzo[d][1,3]dioxole)

o
AIBN
C C — . 0 =
0 — 2-mercaptoethanol < S 0
PhMe, 110 °C, 3 h 0

General procedure 1 was followed using 5-(hex-1-yn-1-yl)benzo[d][1,3]dioxole (121 mg, 0.60

mmol), ), toluene (10 mL), azobisisobutyronitrile (AIBN, 10 mg, 0.060 mmol, 0.10 equiv.), and
2-mercaptoethanol (187.5 mg/170uL, 2.40 mmol). The reaction was heated at 110 °C for 3 hours.
Workup and purification offered PS-396 (5-((2-butyl-1,3-oxathiolan-2-
yl)methyl)benzo[d][1,3]dioxole, 140 mg, 0.50 mmol, 83% vyield) as a clear oil. *tH NMR (700
MHz, CDCls): & (ppm) 6.82, s (1H), 6.72, m (2H), 5.93, d (J = 1.5 Hz, 1H), 5.92, d (J = 1.5 Hz,
1H), 4.15, dt (J = 9.1, 5.7 Hz, 1H), 4.08, ddd, (J = 9.1, 6.3, 5.6 Hz, 1H), 3.07, d (J = 14.1 Hz, 1H),
2.96,d (J = 14.1 Hz, 1H), 2.94, dt (J = 10.2, 5.9 Hz, 1H), 2.82, dt (J = 10.3, 5.6 Hz, 1H), 1.74, qdd
(J = 13.8, 11.4, 4.9 Hz, 2H), 1.50, m (1H), 1.40, m (1H), 1.30, m (2H), 0.90, t (J = 7.4 Hz, 3H).
13C NMR DEPTQ (176 MHz, CDCI3): & (ppm) 147.22, 146.28, 131.14, 123.86, 111.22, 107.82,
100.90, 98.69, 71.16, 46.92, 40.66, 34.07, 27.45, 23.03, 14.23. LCMS (ESI) m/z: 281.12059

calculated for C1sH2103S™ ([M + H]*); 281.11970 observed.
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PS-371 (2-(benzo[b]thiophen-5-ylmethyl)-2-butyl-1,3-oxathiolane)

= AIBN
S _ 2-mercaptoethanol S /N
— . \ S_ O
PhMe, 110 °C, 5 h

General procedure 1 was followed using 5-(hex-1-ynyl)benzo[b]thiophene (129 mg, 0.60 mmol),
toluene (10 mL), azobisisobutyronitrile (AIBN, 10 mg, 0.060 mmol, 0.10 equiv.), and 2-
mercaptoethanol (187.5 mg/170uL, 2.40 mmol). The reaction was heated at 110 °C for 5 hours.
Workup and purification offered PS-371 (2-(benzo[b]thiophen-5-ylmethyl)-2-butyl-1,3-
oxathiolane, 132 mg, 0.45 mmol, 75% yield) as a light-yellow oil. *H NMR (700 MHz, CDCl5):
8 (ppm) 7.79, d (J = 8.2 Hz, 1H), 7.74, s (1H), 7.41, d (J = 5.4 Hz, 1H), 7.32, d (J = 5.0 Hz, 1H),
7.30, s (1H), 4.17, dt (J = 9.0, 5.6 Hz, 1H), 4.09, dt (J = 9.0, 5.6 Hz, 1H), 3.27, d (J = 14.0 Hz,
1H), 3.17, d (J = 14.0 Hz, 1H), 2.93, dt (J = 10.2, 6.0 Hz, 1H), 2.76, dt (J = 10.1, 6.2 Hz, 1H),
1.79, qdd (J = 13.8, 11.3, 5.0 Hz, 2H), 1.55, m (1H), 1.45, m (1H), 1.31, m (1H), 0.90, t (J = 7.4
Hz, 3H). C NMR DEPTQ (176 MHz, CDCI3): & (ppm) 139.66, 138.13, 133.47, 127.52, 126.36,
125.70, 123.99, 121.78, 98.77, 71.25, 47.20, 40.90, 34.11, 27.47, 23.02, 14.24. LCMS (ESI) m/z:
293.10283 calculated for C16H210S2" ([M + H]*); m/z: 233.09946 calculated for ketone C14H170S*
([M + HJ"). 233.10069 observed.

PS-369 2-butyl-2-(thiophen-3-ylmethyl)-1,3-oxathiolane

AIBN
= 2-mercaptoethanol S [\

s/ PhMe, 110 °C, 5 h g

General procedure 1 was followed using 3-(hex-1-yn-1-yl)thiophene (99 mg, 0.60 mmol), toluene
(10 mL), azobisisobutyronitrile (AIBN, 10 mg, 0.060 mmol, 0.10 equiv.), and 2-mercaptoethanol
(187.5 mg/170uL, 2.40 mmol). The reaction was heated at 110 °C for 5 hours. Workup and

purification offered PS-369 (2-butyl-2-(thiophen-3-ylmethyl)-1,3-oxathiolane, 99 mg, 0.41
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mmol, 68% yield) as a light-yellow oil. *H NMR (700 MHz, CDCls): § (ppm) 7.22, dd (J = 4.9,
3.0 Hz, 1H), 7.10, d (J = 2.5 Hz, 1H), 7.06, dd (J = 4.9, 1.0 Hz, 1H), 4.16, dt (J = 9.1, 5.7 Hz, 1H),
4.10, dt (J = 9.1, 5.9 Hz, 1H), 3.17, d (J = 14.4 Hz, 1H), 3.10, d (J = 14.4 Hz, 1H), 2.96, dt (J =
10.2, 5.9 Hz, 1H), 2.84, dt (J = 10.1, 6.0 Hz, 1H), 1.75, qdd (J = 13.8, 11.4, 4.9 Hz, 2H), 1.49, m
(1H), 1.41, m (1H), 1.30, m (1H), 0.89, t (J = 7.3 Hz, 3H). 3C NMR DEPTQ (176 MHz, CDCI3):
d (ppm) 137.59, 130.07, 124.55, 123.33, 98.37, 71.17, 41.84, 40.71, 34.04, 27.49, 23.02, 14.21.

LCMS (ESI) m/z: 243.08718 calculated for C12H190S>* ([M + H]"); 243.08737 observed.
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Hydrolysis Competition Experiment
~rt,20h
C B

A modified procedure of Grieco et al was employed®. To a solution of PS-440 (2-benzyl-2-
methyl-1,3-oxathiolane) (58 mg, 0.30 mmol) and PS-368 (2-benzyl-2-methyl-1,3-dioxolane)
(54 mg, 0.30 mmol) in THF (3 mL) was added 5% HCI (750 uL). The reaction was stirred at room
temperature until disappearance of 2-benzyl-2-methyl-1,3-dioxolane was observed by thin-layer
chromatography (TLC, 20 hours). The mixture was then diluted with diethyl ether (Et.O) and
washed with NaOH (1M) once. The organic layer was washed once with brine, dried over
anhydrous sodium sulfate, and concentrated under reduced pressure to yield the crude products.
Chromatography over silica gel using gradient elution with EtOAc and hexanes offered PS-332
(1-phenylpropan-2-one, 38 mg, 0.29 mmol, 95% vyield) as a clear oil and PS-368 (1-phenyl-1-

propyne, 56 mg, 0.29 mmol, 96% yield) as a light-yellow oil (NMR data previously presented).
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PS-440 (2-benzyl-2-methyl-1,3-dioxolane)

S. O ethylene glycol o_ .0
NBS, DCM, r.t., 5 mins

The Procedure of Karimi et al was followed®’. To a stirred solution of PS-368 (2-benzyl-2-methyl-

1,3-dioxolane) (389 mg, 2.00 mmol) and ethylene glycol (372 mg, 336 uL, 6 mmol, 3 equiv.) in
dry DCM (15 mL) was added N-bromosuccinimide (NBS, 427 mg, 2.4 mmol, 1.2 equiv.). The
resulting mixture was stirred at room temperature until disappearance of 2-benzyl-2-methyl-1,3-
dioxolane was observed by thin-layer chromatography (TLC, 5 mins). After completion of the
reaction, the mixture was diluted with NaOH and extracted with DCM (3x). The combined organic
layers were washed once with 10% NaOH, once with brine, dried over anhydrous sodium sulfate,
and concentrated under reduced pressure to yield the crude product. Chromatography over silica
gel using gradient elution with EtOAc and hexanes offered PS-440 (2-benzyl-2-methyl-1,3-
dioxolane, 285 mg, 1.6 mmol, 80% yield) as a clear oil. *H NMR (700 MHz, CDCls): & (ppm)
7.28, m (4H), 7.23, m (1H), 3.91, m (2H), 3.76, m (2H), 2.93, s (2H), 1.31, s (3H). 3C NMR
DEPTQ (176 MHz, CDCI3): & (ppm) 137.07, 130.61, 128.09, 126.50, 64.97, 45.48, 24.47. This

spectral data is consistent with a previous literature report®,
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General procedure for the synthesis of aryl-alkyl ketones:

2-mercamiosthanol S. 0 TsOH-H,0 0

- -mercaptoetnano S .

Ar—= P - Ar X< . Ar\)J\
PhMe, 110 °C, 3-24 h R DCE, 85°C.2h R

General Procedure 2: To a solution of alkyne (0.60 mmol) in toluene (10 mL) was added
azobisisobutyronitrile (AIBN, 10 mg, 0.060 mmol, 0.10 equiv.) followed by 2-mercaptoethanol
(187.5 mg/170pL, 2.40 mmol) in one portion. The reaction flask was equipped with a reflux
condenser and heated at 110 °C until disappearance of the alkyne was observed by thin-layer
chromatography (TLC, 3-24 hours). The mixture was then diluted with diethyl ether (Et2O) and
washed with NaOH (2M, approximately 20 mL) twice, to remove excess 2-mercaptoethanol. The
organic layer was washed once with brine, dried over anhydrous sodium sulfate, and concentrated
under reduced pressure to yield the crude product. Without any further purification, this crude
product was diluted with dichloroethane (DCE, 10 mL) followed by addition of p-toluenesulfonic
acid monohydrate (TsOH-H2O, 115 mg, 0.6 mmol, 1.0 equiv.). The reaction flask was then
equipped with a reflux condenser and heated at 85 °C for 2 hours. The reaction mixture was then
diluted with dichloromethane (DCM) and washed twice with NaOH (2M). The organic layer was
washed once with brine, dried over anhydrous sodium sulfate, and evaporated under reduced
pressure to yield the crude product. Chromatography over silica gel using gradient elution with
EtOAc and hexanes offered the corresponding ketone.

PS-332 1-phenylpropan-2-one

AIBN \
< > — 2-mercaptoethanol ©\S><O TsOH-H,O0 ©\)OJ\
PhMe, 110 °C, 5 h DCE, 85°C,2h

General procedure 2 was followed using 1-phenyl-1-propyne (70 mg, 0.60 mmol), toluene (10

mL), azobisisobutyronitrile (AIBN, 10 mg, 0.060 mmol, 0.10 equiv.), and 2-mercaptoethanol

(187.5mg/170puL, 2.40 mmol). The reaction was heated at 110 °C for 5 hours. The reaction mixture
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was worked up, and to the crude mixture was added dichloroethane (DCE, 10 mL) and p-
toluenesulfonic acid monohydrate (TsOH-H20, 115 mg, 0.6 mmol). The reaction flask was then
equipped with a reflux condenser and heated to 85 °C for 2 hours. Workup and purification offered
PS-332 (1-phenylpropan-2-one, 53 mg, 0.40 mmol, 66% yield) as a clear oil. *H NMR (700 MHz,
CDCl3): & (ppm) 7.34, t (J = 7.3 Hz, 2H), 7.27, t (J = 7.3 Hz, 1H), 7.21, d (J = 7.4 Hz, 2H), 3.70,
s (2H), 2.15, s (3H). 1*C NMR DEPTQ (176 MHz, CDCI3): & (ppm) 206.57, 134.40, 129.54,
128.92, 127.22, 51.20, 29.41. This spectral data is consistent with a previous literature report®.

PS-255 1-phenylbutan-2-one

AIBN ™\
720 - / 2-mercaptoethanol ©\S)<O/ TsOH-H,0 ©\/ﬁ\/
— PhMe, 110 °C, 5 h DCE, 85°C,2h

General procedure 2 was followed using 1-phenyl-1-butyne (78 mg, 0.60 mmol), toluene (10

mL), azobisisobutyronitrile (AIBN, 10 mg, 0.060 mmol, 0.10 equiv.), and 2-mercaptoethanol
(187.5mg/170uL, 2.40 mmol). The reaction was heated at 110 °C for 5 hours. The reaction mixture
was worked up, and to the crude mixture was added dichloroethane (DCE, 10 mL) and p-
toluenesulfonic acid monohydrate (TsOH-H20, 115 mg, 0.6 mmol). The reaction flask was then
equipped with a reflux condenser and heated to 85 °C for 2 hours. Workup and purification offered
PS-255 (1-phenylbutan-2-one, 55 mg, 0.37 mmol, 62% yield) as a clear oil. tH NMR (700 MHz,
CDCls): & (ppm) 7.33, t (J = 7.3 Hz, 2H), 7.26, t (J = 7.3 Hz, 1H), 7.21, d (J = 7.5 Hz, 2H), 3.69,
s (2H), 2.47, q (J = 7.3 Hz, 2H), 1.03, t (J = 7.3 Hz, 3H). 3C NMR DEPTQ (176 MHz, CDCI3):
d (ppm) 209.12, 134.62, 129.51, 128.83, 127.08, 49.97, 35.34, 7.90. This spectral data is consistent

with a previous literature report®,
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PS-328 1-phenylpentan-2-one

AIBN )\
< > _ / 2-mercaptoethanol - ©\S)<O/\ TsOH-H,0 ©\/ﬁ\/\
PhMe, 110 °C, 5 h DCE, 85°C,2h

General procedure 2 was followed using 1-phenyl-1-pentyne (87 mg, 0.60 mmol), toluene (10

mL), azobisisobutyronitrile (AIBN, 10 mg, 0.060 mmol, 0.10 equiv.), and 2-mercaptoethanol
(187.5mg/170puL, 2.40 mmol). The reaction was heated at 110 °C for 5 hours. The reaction mixture
was worked up, and to the crude mixture was added dichloroethane (DCE, 10 mL) and p-
toluenesulfonic acid monohydrate (TsOH-H20, 115 mg, 0.6 mmol). The reaction flask was then
equipped with a reflux condenser and heated to 85 °C for 2 hours. Workup and purification offered
PS-328 (1-phenylpentan-2-one, 61 mg, 0.38 mmol, 63% yield) as a clear oil. tH NMR (700 MHz,
CDCls): & (ppm) 7.33, t (J = 7.5 Hz, 2H), 7.26, t (J = 7.4 Hz, 1H), 7.21, d (J = 7.0 Hz, 2H), 3.68,
s (2H), 2.43,t (3 = 7.3 Hz, 2H), 1.59, h (J = 7.4 Hz, 3H), 0.87, t (J = 7.4 Hz, 3H). 3C NMR DEPTQ
(176 MHz, CDCI3): 5 (ppm) 208.61, 134.52, 129.54, 128.83, 127.08, 50.31, 44.03, 17.31, 13.77.
This spectral data is consistent with a previous literature report°?.

PS-329 1-phenylhexan-2-one

AIBN [\
< > _ / 2-mercaptoethanol ©\S><)/\/ TsOH-H ,0 ©\/ﬁ\/\/
PhMe, 110 °C, 5 h DCE, 85°C,2h

General procedure 2 was followed using 1-phenyl-1-hexyne (95 mg, 0.60 mmol), toluene (10

mL), azobisisobutyronitrile (AIBN, 10 mg, 0.060 mmol, 0.10 equiv.), and 2-mercaptoethanol
(187.5mg/170puL, 2.40 mmol). The reaction was heated at 110 °C for 5 hours. The reaction mixture
was worked up, and to the crude mixture was added dichloroethane (DCE, 10 mL) and p-
toluenesulfonic acid monohydrate (TsOH-H20O, 115 mg, 0.6 mmol). The reaction flask was then

equipped with a reflux condenser and heated to 85 °C for 2 hours. Workup and purification offered
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PS-329 (1-phenylhexan-2-one, 63 mg, 0.36 mmol, 60% yield) as a clear oil. *H NMR (700 MHz,
CDCl3): & (ppm) 7.33,t (J = 7.5 Hz, 2H), 7.26, t (J = 7.4 Hz, 1H), 7.21, d (J = 7.5 Hz, 2H), 3.68,
s (2H), 2.44, t (J = 7.4 Hz, 2H), 1.54, dt (J = 14.8, 7.4 Hz, 2H), 1.27, dt (J = 14.9, 7.5 Hz, 2H),
0.86, t (J = 7.4 Hz, 3H). 3C NMR DEPTQ (176 MHz, CDCI3): & (ppm) 208.74, 134.55, 129.54,
128.83, 127.08, 50.28, 41.85, 25.97, 22.37, 13.95. This spectral data is consistent with a previous
literature report©2,

PS-327 3-methyl-1-phenylbutan-2-one

AIBN
/7 N\ _ / 2-mercaptoethanol S 0 TsOH-H,0 o
— \ PhMe, 110 °C, 24 h DCE, 85°C, 2 h

General procedure 2 was followed using 1-phenyl-3-methyl-1-butyne (87 mg, 0.60 mmol),
toluene (10 mL), azobisisobutyronitrile (AIBN, 10 mg, 0.060 mmol, 0.10 equiv.), and 2-
mercaptoethanol (187.5 mg/170pL, 2.40 mmol). The reaction was heated at 110 °C for 24 hours.
The reaction mixture was worked up, and to the crude mixture was added dichloroethane (DCE,
10 mL) and p-toluenesulfonic acid monohydrate (TsSOH-H-O, 115 mg, 0.6 mmol). The reaction
flask was then equipped with a reflux condenser and heated to 85 °C for 2 hours. Workup and
purification offered PS-327 (3-methyl-1-phenylbutan-2-one, 52 mg, 0.32 mmol, 53% yield) as a
clear oil. 'H NMR (700 MHz, CDCls): & (ppm) 7.32, t (J = 7.5 Hz, 2H), 7.25, t (J = 7.4 Hz, 1H),
7.20,d (3= 7.0 Hz, 2H), 3.74, s (2H), 2.73, h (J = 6.9 Hz, 1H), 1.11, d (J = 6.9 Hz, 2H). 3C NMR
DEPTQ (176 MHz, CDCI3): 6 (ppm) 212.10, 134.59, 129.59, 128.75, 127.00, 47.84, 40.23, 18.47.

This spectral data is consistent with a previous literature report,
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PS-410 1-(4-(methylthio)phenyl)hexan-2-one)

AIBN MeS — MeS
MeS—@ = 2-mercaptoethanol \©\S><)/\/ TsOH-H,0 \©\/ﬁ\/\/
— PhMe, 110 °C, 3 h DCE, 85°C, 2 h

General procedure 2 was followed using 1-(hex-1-yn-1-yl)-4-(methylsulfanyl)benzene (123 mg,

0.60 mmol), toluene (10 mL), azobisisobutyronitrile (AIBN, 10 mg, 0.060 mmol, 0.10 equiv.), and
2-mercaptoethanol (187.5 mg/170uL, 2.40 mmol). The reaction was heated at 110 °C for 3 hours.
The reaction mixture was worked up, and to the crude mixture was added dichloroethane (DCE,
10 mL) and p-toluenesulfonic acid monohydrate (TsOH-H20O, 115 mg, 0.6 mmol). The reaction
flask was then equipped with a reflux condenser and heated to 85 °C for 2 hours. Workup and
purification offered PS-401 (1-(4-(methylthio)phenyl)hexan-2-one, 100 mg, 0.45 mmol, 75%
yield) as a light yellow oil. *H NMR (700 MHz, CDCls): & (ppm) 7.15, d (J = 8.3 Hz, 2H), 7.05, d
(J = 8.3 Hz, 2H), 3.56, s (2H), 2.40, s (3H), 2.36, t (J = 7.4 Hz, 2H), 1.46, dt (J = 15.1, 7.5 Hz,
2H), 1.20, m (2H), 0.80, t (J = 7.4 Hz, 3H). 3C NMR DEPTQ (176 MHz, CDCI3): & (ppm) 208.59,
137.15, 131.34, 129.99, 127.13, 49.60, 41.87, 25.95, 22.36, 16.08, 13.95. LCMS (ESI) m/z:
223.11511 calculated for C13H100S* ([M + H]"); 223.11431 observed.

PS-342 1-(4-(tert-butyl)phenyl)hexan-2-one

AIBN
/= 2mercaptoethanol b TSOHH0 _ m
— PhMe, 110 °C, 5 h DCE, 85°C,2h

General procedure 2 was followed using 1-tert-butyl-4-(hex-1-ynyl)benzene (129 mg, 0.60

mmol), toluene (10 mL), azobisisobutyronitrile (AIBN, 10 mg, 0.060 mmol, 0.10 equiv.), and 2-
mercaptoethanol (187.5 mg/170uL, 2.40 mmol). The reaction was heated at 110 °C for 5 hours.
The reaction mixture was worked up, and to the crude mixture was added dichloroethane (DCE,
10 mL) and p-toluenesulfonic acid monohydrate (TsOH-H»O, 115 mg, 0.6 mmol). The reaction
flask was then equipped with a reflux condenser and heated to 85 °C for 2 hours. Workup and

64



MSc. Thesis — Paul Saliba — McMaster University — Chemistry and Chemical Biology

purification offered PS-342 (1-(4-(tert-butyl)phenyl)hexan-2-one, 102 mg, 0.44 mmol, 73%
yield) as a light yellow oil. tH NMR (700 MHz, CDCls): § (ppm) 7.35, d (J = 8.2 Hz, 2H), 7.14,d
(J = 8.0 Hz, 2H), 3.65, s (2H), 2.45, t (J = 7.4 Hz, 2H), 1.54, dt (J = 15.0, 7.6 Hz, 2H), 1.27, dt (J
=14.8, 7.5 Hz, 2H), 1.31, s (9H), 0.86, t (J = 7.4 Hz, 3H). 3C NMR DEPTQ (176 MHz, CDCI3):
d (ppm) 209.10, 149.94, 131.46, 129.19, 125.76, 49.74, 41.87, 31.48, 31.25, 26.01, 22.39, 13.97.
LCMS (ESI) m/z: 233.18999 calculated for C16H2s0" ([M + H]"); 233.18916 observed.

PS-415 1-(4-(trifluoromethyl)phenyl)hexan-2-one

AIBN FsC — FsC
F C@ — 2-mercaptoethanol ° \©\S><)/\/ TsOH-H,0 : \©\)Oj\/\/
8 — PhMe, 110 °C, 24 h DCE, 85°C, 2 h

General procedure 2 was followed using 1-(hex-1-yn-1-yl)-4-(trifluoromethyl)benzene (136 mg,

0.60 mmol), toluene (10 mL), azobisisobutyronitrile (AIBN, 10 mg, 0.060 mmol, 0.10 equiv.), and
2-mercaptoethanol (187.5 mg/170uL, 2.40 mmol). The reaction was heated at 110 °C for 24 hours.
The reaction mixture was worked up, and to the crude mixture was added dichloroethane (DCE,
10 mL) and p-toluenesulfonic acid monohydrate (TsSOH-H-O, 115 mg, 0.6 mmol). The reaction
flask was then equipped with a reflux condenser and heated to 85 °C for 2 hours. Workup and
purification offered PS-415 (1-(4-(trifluoromethyl)phenyl)hexan-2-one, 76 mg, 0.31 mmol,
52% yield) as a clear oil. tH NMR (700 MHz, CDCls): & (ppm) 7.59, d (J = 8.0 Hz, 2H), 7.32, d
(J = 8.0 Hz, 2H), 3.75, s (2H), 2.48, t (J = 7.4 Hz, 2H), 1.56, dt (J = 14.9, 7.6 Hz, 2H), 1.29, m
(2H), 0.88, t (J = 7.4 Hz, 3H).13C NMR DEPTQ (176 MHz, CDCI3): § (ppm) 207.49, 138.41,
129.96, 129.96-129.19, q (J = 32.6 Hz), 126.61-121.98, q (J = 271.9 Hz), 125.73-125.67, q (J =
3.7 Hz), 49.63, 42.37, 25.93, 22.37, 13.95. LCMS (ESI) m/z: 245.11478 calculated for C13H16F30*
(M + H]"); 245.11544 observed. This spectral data is consistent with a previous literature

report®4,
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PS-348 1-(benzo[b]thiophen-5-yl)hexan-2-one

=

s/ \___ 2-merclgg3tglethanol m TsOH-H,0 m
-/ PhMe, 110 °C, 5 h \ DCE, 85°C, 2 h \

General procedure 2 was followed using 5-(hex-1-ynyl)benzo[b]thiophene (129 mg, 0.60 mmol),

toluene (10 mL), azobisisobutyronitrile (AIBN, 10 mg, 0.060 mmol, 0.10 equiv.), and 2-
mercaptoethanol (187.5 mg/170pL, 2.40 mmol). The reaction was heated at 110 °C for 5 hours.
The reaction mixture was worked up, and to the crude mixture was added dichloroethane (DCE,
10 mL) and p-toluenesulfonic acid monohydrate (TsSOH-H-O, 115 mg, 0.6 mmol). The reaction
flask was then equipped with a reflux condenser and heated to 85 °C for 2 hours. Workup and
purification offered PS-348 (1-(benzo[b]thiophen-5-yl)hexan-2-one, 100 mg, 0.43 mmol, 72%
yield) as a light yellow oil. *H NMR (700 MHz, CDCls): & (ppm) 7.84, d (J = 8.2 Hz, 1H), 7.66, d
(J=0.9 Hz, 1H), 7.45, d (J = 5.4 Hz, 1H), 7.30, dd (J = 5.4, 1.0 Hz, 1H), 7.19, dd (J = 8.2, 1.2 Hz,
1H), 3.79, s (2H), 2.47, t (J = 7.4 Hz, 2H), 1.55, dt (J = 15.1, 7.5 Hz, 2H), 1.27, dt (J = 14.8, 7.4
Hz, 2H), 0.86, t (J = 7.4 Hz, 3H). 3C NMR DEPTQ (176 MHz, CDCI3): & (ppm) 208.92, 140.21,
138.59, 130.63, 127.11, 125.90, 124.39, 123.79, 122.81, 50.15, 41.87, 26.00, 23.39, 13.97. LCMS

(ESI) m/z: 233.09946 calculated for C14H170S™ ([M + H]"); 233.10016 observed.
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PS-374 1-(thiophen-3-yl)hexan-2-one

AIBN \
= - 2-mercaptoethanol s | s_ o TsOH-H,0 @\/ﬁ\/\/
S PhMe, 110 °C, 5 h N\ DCE, 85°C, 2 h N

General procedure 2 was followed using 3-(hex-1-yn-1-yl)thiophene (99 mg, 0.60 mmol), toluene

(10 mL), azobisisobutyronitrile (AIBN, 10 mg, 0.060 mmol, 0.10 equiv.), and 2-mercaptoethanol
(187.5mg/170puL, 2.40 mmol). The reaction was heated at 110 °C for 5 hours. The reaction mixture
was worked up, and to the crude mixture was added dichloroethane (DCE, 10 mL) and p-
toluenesulfonic acid monohydrate (TsOH-H20, 115 mg, 0.6 mmol). The reaction flask was then
equipped with a reflux condenser and heated to 85 °C for 2 hours. Workup and purification offered
PS-374 (1-(thiophen-3-yl)hexan-2-one, 72 mg, 0.40 mmol, 66% yield) as a light yellow oil. *H
NMR (700 MHz, CDCls): 8 (ppm) 7.30, dd (J = 4.9, 3.0 Hz, 1H), 7.09, dd (J = 2.8, 1.0 Hz, 1H),
6.97, dd (J = 4.9, 1.2 Hz, 1H), 3.71, s (2H), 2.45, t (J = 7.4 Hz, 2H), 1.54, dt (J = 15.1, 7.5 Hz,
2H), 1.28, dt (J = 14.8, 7.4 Hz, 2H), 0.87, t (J = 7.4 Hz, 3H). *°C NMR DEPTQ (176 MHz, CDCI3):
d (ppm) 208.29, 134.24, 128.70, 126.03, 122.94, 44.49, 41.84, 25.98, 22.38, 13.96. LCMS (ESI)

m/z: 183.08381 calculated for C10H150S™ ([M + H]"); 183.08316 observed.
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Synthesis of isomeranzin

HO
KL \@/\j K2CO3, Mel \©/\j
"NHOH (CH3),CO, 60 °C, 5 h Pd(PPh3),Cl, |

80% 78 PPh, Cul 625
? ° NEty/DMF (4:1) °
80°C, 12 h
HO_~ | |
(0] ST
TsOHH,0 Hs ~OH
MeO 0_0 —~——"—~—2"_ MeO 0_0| =—————— MeO_A_O_O
DCE, 85 °C, 2 h AIBN 10 mol% |
= _ PhMe, 110 °C, 6 h P

. i 60% over 2 steps
isomeranzin

PS-426 (8-iodoumbelliferone)

HO 0_0
~  NH, OH,rt,2h

The procedure of Deviji et al was followed®. Umbelliferone (400 mg, 2.46 mmol) was dissolved

in a 20% NH4OH solution (10 mL) to which a solution of iodine (l2, 626 mg, 2.46 mmol)
dissolved in aqueous potassium iodide (KI, 5%, 20 mL) was added slowly. After 2 hours, the
reaction was quenched with H.SO4 (2.5 M) until acidic and precipitation occurred. The solid was
filtered and purified using chromatography over silica gel using gradient elution with EtOAc and
DCM to offer PS-411 (8-iodoumbelliferone, 567 mg, 1.97 mmol, 80% yield) as a yellow solid.
IH NMR (700 MHz, CDCls): & (ppm) 7.81, d (J = 9.4 Hz, 1H), 7.47, d (J = 8.5 Hz, 1H), 6.87, d
(J=8.4Hz, 1H), 6.22, d (J = 9.4 Hz, 1H). 3C NMR DEPTQ (176 MHz, CDCI3): & (ppm)
163.10, 162.88, 156.80, 145.82, 130.49, 113.84, 112.92, 112.86, 74.15. This spectral data is

consistent with a previous literature report®®,
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PS-429 (8-iodo-7-methoxychromen-2-one)

| |
HO 0.__0 MeO 0.__0
2 (CH3),CO, 60 °C, 5 h =

The procedure of Gillmore et al was followed®. A mixture of 8-iodoumbelliferone (547 mg, 1.9

mmol), methyl iodide (539 mg, 237 uL, 3.8 mmol, 2 equiv.), and anhydrous potassium carbonate
(525 mg, 3.8 mmol, 2 equiv.) in anhydrous acetone (20 mL) was refluxed for 5 hours. The mixture
was then diluted with aqueous HCI (1 M) and extracted with DCM (3x). The combined organic
extracts were washed with brine (1x), dried over anhydrous sodium sulfate, and evaporated under
reduced pressure to yield the crude product. Chromatography over silica gel using gradient elution
with EtOAc and hexanes offered PS-429 (8-iodo-7-methoxychromen-2-one, 448 mg, 1.48 mmol,
78% yield) as a light-yellow solid. *H NMR (700 MHz, CDCls): & (ppm) 7.58, d (J = 9.5 Hz, 1H),
7.44,d (J= 8.5 Hz, 1H), 6.81, d (J = 8.6 Hz, 1H), 6.27, d (J = 9.4 Hz, 1H), 3.99, s (3H). 3C NMR
DEPTQ (176 MHz, CDCI3): 6 (ppm) 161.83, 160.66, 155.20, 143.21, 129.20, 114.09, 113.88,

107.54, 76.20 57.15. This spectral data is consistent with a previous literature report®® 10,
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PS-430 (7-methoxy-8-(3-methylbut-1-yn-1-yl)-2H-chromen-2-one)

Meo\©/\0;/|/0 >E MeO o0_.0O
= Pd(PPh3)2C|2, PPhg, Cul =

NEts/DMF (4:1), 80 °C, 12 h

The procedure of Guthertz et al was followed®. To a dry two neck flask was added
bis(triphenylphosphine)palladium(1l) dichloride (Pd(PPh3)2Cl2, 19.7 mg, 0.028 mmol, 2 mol%),
copper(l) iodide (Cul, 5.3 mg, 0.028 mmol, 2 mol%), triphenylphosphine (PPhs, 14.7 mg, 0.056
mmol, 4 mol%), 8-iodo-7-methoxychromen-2-one (423 mg, 1.40 mmol, 1 equiv.) and 3-methyl-
1-butyne (114 mg, 171 puL 1.68 mmol, 1.2 equiv.) in triethylamine (NEts, 10 mL) and
dimethylformamide (DMF, 2.5 mL). The mixture was vacuumed and flushed with Argon for 15
minutes. The mixture was then stirred at 80 °C for 12 hours. The reaction was quenched with
saturated ammonium chloride and the aqueous phase was extracted with EtOAc (3x). The
combined organic layers were washed with brine (1x), dried over anhydrous sodium sulfate, and
concentrated under reduced pressure to yield the crude product. Chromatography over silica gel
using gradient elution with EtOAc and hexanes offered PS-430 (7-methoxy-8-(3-methylbut-1-
yn-1-yl)-2H-chromen-2-one, 278 mg, 1.15 mmol, 82% yield) as a white solid. Mp: 136.5-138°C.
IH NMR (700 MHz, CDCls): § (ppm) 7.59, d (J = 9.5 Hz, 1H), 7.33, d (J = 8.6 Hz, 1H), 6.82, d (J
= 8.7 Hz, 1H), 6.27, d (J = 9.5 Hz, 1H), 3.96, s (3H), 2.93, h (J = 6.9 Hz, 1H), 1.35, d (J = 6.9 Hz,
6H). 13C NMR DEPTQ (176 MHz, CDCI3): § (ppm) 163.02, 160.83, 155.73, 143.27, 127.60,
113.86, 113.02, 107.65, 107.28, 102.51, 69.05, 56.66, 23.07, 21.92. LCMS (ESI) m/z 243.10157

calculated for C1sH1503" ([M + H]™); 243.10103 observed.
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PS-432 (isomeranzin)

HO
| AIBN TSN 0
MeO O~ 2-mercaptoethanol MeO 0.0 TsOH-H,0  MeO 0.0
0 .
7 PhMe, 110 °C, 6 h = DCE, 85°C,2h %

General procedure 2 was followed using 7-methoxy-8-(3-methylbut-1-yn-1-yl)-2H-chromen-2-
one (145 mg, 0.6 mmol), toluene (10 mL), azobisisobutyronitrile (AIBN, 10 mg, 0.060 mmol, 0.10
equiv.), and 2-mercaptoethanol (187.5 mg/170puL, 2.40 mmol). The reaction was heated at 110 °C
for 6 hours. The reaction mixture was worked up, and to the crude mixture was added
dichloroethane (DCE, 10 mL) and p-toluenesulfonic acid monohydrate (TsSOH-H20, 115 mg, 0.6
mmol). The reaction flask was then equipped with a reflux condenser and heated to 85 °C for 2
hours. Workup and purification offered PS-432 (Isomeranzin, 94 mg, 0.36 mmol, 60% vyield) as
a clear oil. *H NMR (700 MHz, CDCls): & (ppm) 7.63, d (J = 9.5 Hz, 1H), 7.37, d (J = 8.6 Hz,
1H), 6.85, d (J = 8.6 Hz, 1H), 6.23, d (J = 9.4 Hz, 1H), 4.01, s (2H), 3.86, s (3H), 2.82, h (J = 6.9
Hz, 1H), 1.21, d (J = 6.9 Hz, 6H). 13C NMR DEPTQ (176 MHz, CDCI3): & (ppm) 210.89, 161.12,
160.59, 153.37, 143.88, 127.62, 113.24, 113.07, 112.16, 107.36, 56.26, 41.05, 34.83, 18.56. LCMS
(ESI) m/z 261.11214 calculated for C1sH1704" (M + H]"); 261.11175 observed. This spectral data

is consistent with a previous literature report®? &7,
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Synthesis of Aryl-Aryl Ketones

General procedure for the synthesis of aryl-aryl ketones:

HO
~"g o)

AIBN Afv/g\Ar ArQJ\Ar

2-mercaptoethanol TsOH-H,0

PhMe, 110 °C, 24-72 h s/\/OH DCE, 85°C,2h o

Ar}\/ Ar Ar)K/Ar

General Procedure 3: To a solution of alkyne (0.60 mmol) in toluene (10 mL) was added

Ar————Ar

+

azobisisobutyronitrile (AIBN, 10 mg, 0.060 mmol, 0.10 equiv.) followed by 2-mercaptoethanol
(187.5 mg/170uL, 2.40 mmol) in one portion. The reaction flask was equipped with a reflux
condenser and heated at 110 °C until disappearance of the alkyne was observed by thin-layer
chromatography (TLC, 24-72 hours). The mixture was then diluted with diethyl ether (Et,O) and
washed with NaOH (2M) twice, to remove excess 2-mercaptoethanol. The organic layer was
washed once with brine, dried over anhydrous sodium sulfate, and concentrated under reduced
pressure to yield the crude product. Without any further purification, this crude product was diluted
with dichloroethane (DCE, 10 mL) followed by addition of p-toluenesulfonic acid monohydrate
(TsOH-H20, 115 mg, 0.6 mmol, 1.0 equiv.). The reaction flask was then equipped with a reflux
condenser and heated at 85 °C for 2 hours. The reaction mixture was then diluted with
dichloromethane (DCM) and washed twice with NaOH (2M). The organic layer was washed once
with brine, dried over anhydrous sodium sulfate, and evaporated under reduced pressure to yield
the crude product. Chromatography over silica gel using gradient elution with EtOAc and hexanes

offered the corresponding ketone.
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PS-192a/b (2-(4-Methoxyphenyl)acetophenone & 4’-Methoxy-2-phenylacetophenone)

Wep o

Me
— 2- mercaptoethanol TsOH'H,O
Meo Q o O PhMe, 110 °C, 72 h J/ DOE 8576 21
Me
General procedure 3 was followed using 1-methoxy-4-(phenylethynyl)benzene (125 mg, 0.60

DCE, 85°C,2h
NS

MeO

mmol), toluene (10 mL), azobisisobutyronitrile (AIBN, 10 mg, 0.060 mmol, 0.10 equiv.), and 2-
mercaptoethanol (187.5 mg/170uL, 2.40 mmol). The reaction was heated at 110 °C for 24 hours.
The reaction mixture was worked up, and to the crude mixture was added dichloroethane (DCE,
10 mL) and p-toluenesulfonic acid monohydrate (TsOH-H20O, 115 mg, 0.6 mmol). The reaction
flask was then equipped with a reflux condenser and heated to 85 °C for 2 hours. Workup and
purification offered PS-192a (2-(4-Methoxyphenyl)acetophenone, 73 mg, 0.32 mmol, 54%

yield) as a beige solid and PS-192b (4’-Methoxy-2-phenylacetophenone, 30 mg, 0.13 mmol, 22%

(1
MeO

PS-192a (2-(4-Methoxyphenyl)acetophenone)

yield) as a beige solid.

PS-192a (2-(4-Methoxyphenyl)acetophenone, 73 mg, 0.32 mmol, 54% yield) as a beige solid.
Mp: 91-92 °C.*H NMR (700 MHz, CDCls): & (ppm) 8.02 (d, J = 7.1 Hz, 2H), 7.55 (t, J = 7.4 Hz,
1H), 7.46 (t, J=7.7 Hz, 2H), 7.20 (d, J = 8.5 Hz, 2H), 6.88 (d, J = 8.6 Hz, 2H), 4.23 (s, CH2, 2H),

3.79 (s, CH3, 3H). 13C NMR DEPTQ (176 MHz, CDCI3): & (ppm) 198.02, 158.64, 136.72, 133.20,
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130.57, 128.72, 128.69, 126.60, 114.25, 55.35, 44.73. This spectral data is consistent with a

IO g
MeO

PS-192b (4-Methoxy-2-phenylacetophenone)

previous literature report,

PS-192b (4’-Methoxy-2-phenylacetophenone, 30 mg, 0.13 mmol, 22% yield) as a beige solid.
Mp: 67-70 °C.*H NMR (700 MHz, CDCls): & (ppm) 8.00 (d, J = 8.8 Hz, 2H), 7.32 (t, J = 7.5 Hz,
2H), 7.27 (d, = 7.1 Hz, 2H), 7.24 (t, J = 7.3 Hz, 1H), 6.93 (d, J = 8.8 Hz, 2H), 4.23 (s, CH2, 2H),
3.86 (s, CH3, 3H). *C NMR DEPTQ (176 MHz, CDCI3): § (ppm) 196.39, 163.66, 135.11, 131.09,
129.78, 129.52, 128.78, 126.62, 113.93, 55.61, 45.51. This spectral data is consistent with a
previous literature report®’,

PS-238 2-(2,4-dimethoxyphenyl)-1-phenylethanone & 1-(2,4-dimethoxyphenyl)-2-

OMe OMe O
o9 ®
MeO S MeO ©

OMe J/

AIBN HO OH

MeO O — O 2-mercaptoethanol J/ TsOH-H,O
PhMe, 110 °C, 72 h OMe S DCE, 85°C,2h OMe O
o8 P
MeO MeO

General procedure 3 was followed using 1,3-dimethoxy-5-(2-phenylethynyl)benzene (143 mg,

phenylethanone

0.60 mmol), toluene (10 mL), azobisisobutyronitrile (AIBN, 10 mg, 0.060 mmol, 0.10 equiv.), and
2-mercaptoethanol (187.5 mg/170uL, 2.40 mmol). The reaction was heated at 110 °C for 24 hours.
The reaction mixture was worked up, and to the crude mixture was added dichloroethane (DCE,

10 mL) and p-toluenesulfonic acid monohydrate (TsSOH-H-O, 115 mg, 0.6 mmol). The reaction
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flask was then equipped with a reflux condenser and heated to 85 °C for 2 hours. Workup and
purification offered PS-238a (2-(2,4-dimethoxyphenyl)-1-phenylethanone, 112 mg, 0.44 mmol,

73% vyield) as a beige solid and PS-238b (1-(2,4-dimethoxyphenyl)-2-phenylethanone, 11 mg,

OMe O
(1
MeO

PS-238a (2-(2,4-dimethoxyphenyl)-1-phenylethanone)

0.04 mmol, 7% vyield) as a beige solid.

PS-238a (2-(2,4-dimethoxyphenyl)-1-phenylethanone, 112 mg, 0.44 mmol, 73% yield) as a
beige solid. Mp: 96-97 °C.*H NMR (700 MHz, CDCls): & (ppm) 8.04, d (J = 7.7 Hz, 2H), 7.54, t
(J = 7.4 Hz, 1H), 7.45, t (J = 7.7 Hz, 2H), 7.08, d (J = 8.1 Hz, 1H), 6.48, s (1H), 6.47, d (J = 8.2
Hz, 1H), 4.12, s (3H), 3.80, s (3H), 3.77, s (3H). 3C NMR DEPTQ (176 MHz, CDCI3): & (ppm)
198.42, 160.23, 158.22, 137.15, 132.96, 131.37, 128.61, 128.55, 116.15, 104.43, 98.88, 55.55,

55.50, 39.45. This spectral data is consistent with a previous literature report®,

OMe O O
MeO I

PS-238b (1-(2,4-dimethoxyphenyl)-2-phenylethanone)
PS-238b (1-(2,4-dimethoxyphenyl)-2-phenylethanone, 11 mg, 0.04 mmol, 7% yield) as a beige
solid. Mp: 40-42 °C.*H NMR (700 MHz, CDCls): & (ppm) 7.81, d (J = 8.7 Hz, 2H), 7.29, t (J =
7.6 Hz, 1H), 7.22,t (J = 7.5 Hz, 3H), 6.52, dd (J = 8.7, 2.1 Hz, 1H), 6.45, d (J = 1.9 Hz, 1H), 4.28,
s (2H), 3.89, s (3H), 3.85, s (3H). 13C NMR DEPTQ (176 MHz, CDCI3): § (ppm) 197.93, 164.65,
160.79, 135.89, 133.30, 129.76, 128.42, 126.55, 121.06, 105.35, 98.50, 55.67, 55.54, 50.13. This

spectral data is consistent with a previous literature report'®.
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PS-296 1-(4-acetylphenyl)-2-phenylethanone & 2-(4-acetylphenyl)-1-phenylethanone

o)

rO=) i .

X \’(‘/k/‘
General procedure 3 was followed using 4-(Phenylethynyl)acetophenone (132 mg, 0.60 mmol),
toluene (10 mL), azobisisobutyronitrile (AIBN, 10 mg, 0.060 mmol, 0.10 equiv.), and 2-
mercaptoethanol (187.5 mg/170pL, 2.40 mmol). The reaction was heated at 110 °C for 72 hours.
The reaction mixture was worked up, and to the crude mixture was added dichloroethane (DCE,
10 mL) and p-toluenesulfonic acid monohydrate (TsOH-H-O, 115 mg, 0.6 mmol). The reaction
flask was then equipped with a reflux condenser and heated to 85 °C for 2 hours. Workup and
purification offered PS-296a (1-(4-acetylphenyl)-2-phenylethanone, 61.5 mg, 0.26 mmol, 43%

yield) as a yellow solid and PS-296b (2-(4-acetylphenyl)-1-phenylethanone, 48.6 mg, 0.20

mmol, 34% yield) as a white solid.

J
(J 1
PS-296a (1-(4-acetylphenyl)-2-phenylethanone)
PS-296a (1-(4-acetylphenyl)-2-phenylethanone, 62 mg, 0.26 mmol, 43% vyield) as a yellow
solid. Mp: 106-108 °C. *H NMR (700 MHz, CDCl3): § (ppm) 8.08-8.07, d (J = 8.1 Hz, 2H), 8.02,
d (J =8.1 Hz, 2H), 7.33, t (J = 7.5 Hz, 2H), 7.26, t (J = 7.5 Hz, 3H), 4.31, s (2H), 2.63, s (3H). 13C

NMR DEPTQ (176 MHz, CDCI3): & (ppm). 197.56, 197.23, 140.29, 139.86, 134.08, 129.56,
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128.95, 128.66, 127.25, 46.04, 27.02. This spectral data is consistent with a previous literature

report*°,

i

PS-296b (2-(4-acetylphenyl)-1-phenylethanone)
PS-296b (2-(4-acetylphenyl)-1-phenylethanone, 49 mg, 0.20 mmol, 34% yield) as a white solid.
Mp: 158-159 °C. 'H NMR (700 MHz, CDCl3): & (ppm) 8.01, d (J = 7.6 Hz, 2H), 7.94, d (J = 8.0
Hz, 2H), 7.58, t (J = 7.3 Hz, 1H), 7.48, t (J = 7.7 Hz, 2H), 7.37, d, (J = 8.0 Hz, 2H) 4.36, s (2H),
2.59, s (3H). 13C NMR DEPTQ (176 MHz, CDCI3): & (ppm). 197.87, 196.88, 140.17, 136.52,
136.03, 133.61, 129.98, 128.91, 128.85, 128.68, 45.49, 26.75. This spectral data is consistent with
a previous literature report'!,

PS-295 Methyl 4-(2-phenylacetyl)benzoate & Methyl 4-(2-oxo-2-phenylethyl)benzoate

MeO
Q — O 2mercaptoethano| TsOH- HZO
o)

PhMe, 110 °C, 72 h DCE, 85°C,2h
2

General procedure 3 was followed using methyl 4-(phenylethynyl)benzoate (142 mg, 0.60
mmol), toluene (10 mL), azobisisobutyronitrile (AIBN, 10 mg, 0.060 mmol, 0.10 equiv.), and 2-
mercaptoethanol (187.5 mg/170uL, 2.40 mmol). The reaction was heated at 110 °C for 72 hours.
The reaction mixture was worked up, and to the crude mixture was added dichloroethane (DCE,

10 mL) and p-toluenesulfonic acid monohydrate (TsSOH-H-O, 115 mg, 0.6 mmol). The reaction
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flask was then equipped with a reflux condenser and heated to 85 °C for 2 hours. Workup and
purification offered PS-295a (Methyl 4-(2-phenylacetyl)benzoate, 60 mg, 0.23 mmol, 39%
yield) as a yellow solid and PS-295b (Methyl 4-(2-oxo-2-phenylethyl)benzoate, 41 mg, 0.16
mmol, 27% yield) as a yellow solid.

o)
OMe
(T

PS-295a (methyl 4-(2-phenylacetyl)benzoate)

PS-295a (Methyl 4-(2-phenylacetyl)benzoate, 60 mg, 0.23 mmol, 39% yield) as a yellow solid.
Mp: 104-106 °C 'H NMR (700 MHz, CDCl3): & (ppm) 8.12, d (J = 8.2 Hz, 2H), 8.05, d (J = 8.2
Hz, 2H), 7.33, t (J = 7.6 Hz, 2H), 7.26, m (3H), 4.31, s (2H), 3.94, s (3H). 3C NMR DEPTQ (176
MHz, CDCI3): & (ppm) 197.28, 166.32, 139.94, 134.11, 134.06, 130.01, 129.59, 128.93, 128.65,

127.24, 52.62, 46.00. This spectral data is consistent with a previous literature report2,

O

OOMe

PS-295b (methyl 4-(2-oxo0-2-phenylethyl)benzoate)

PS-295b (Methyl 4-(2-oxo-2-phenylethyl)benzoate, 41 mg, 0.16 mmol, 27% yield) as a yellow
solid. Mp: 130-131 °C. 'H NMR (700 MHz, CDCls): & (ppm) 8.01, d (J = 7.6 Hz, 4H), 7.58, t (J
= 7.4 Hz, 1H), 7.47,t (J = 7.6 Hz, 2H), 7.35, d (J = 7.8 Hz, 2H), 4.35, s (2H), 3.90, s (3H). 1*C
NMR DEPTQ (176 MHz, CDCI3): § (ppm) 196.94, 167.05, 139.94, 136.55, 133.57, 130.08,
129.76, 129.02, 128.90, 128.69, 52.23, 45.54. This spectral data is consistent with a previous

literature report?2,
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Synthesis of Aryl-Alkyl Alkynes
General procedure for the synthesis of aryl-alkyl alkynes:

Pd(PPhs)Cl,, Cul
NEts, 60 °C, 16 h

Ar=X  *

General Procedure 4: To a dry two neck flask was added aryl halide (2.50 mmol, 1 equiv.),
bis(triphenylphosphine)palladium(I1) dichloride (Pd(PPhs)2Cl2, 88.0 mg, 0.125 mmol, 5 mol%),
copper(l) iodide (Cul, 48.0 mg, 0.25 mmol, 10 mol%), and triethylamine (NEts, 20 mL). The
mixture was vacuumed and flushed with Argon for 15 minutes. Corresponding alkyne (3.00 mmol,
1.2 equiv.) substrate was then added slowly. The mixture was stirred at 60 °C for 16 hours. The
reaction mixture was diluted with ethyl acetate, washed with saturated ammonium chloride (2x)
and brine (1x), dried over anhydrous sodium sulfate, and concentrated under reduced pressure to
yield the crude product. Chromatography over silica gel using gradient elution with EtOAc and
hexanes offered the corresponding alkyne.

PS-322 1-Phenyl-1-pentyne
@I - / Pd(PPh;)Cl,, Cul <> _ /
NEtz, 60 °C, 16 h

General procedure 4 was followed using iodobenzene (510 mg, 2.50 mmol, 1 equiv.),

Pd(PPhs3)2Cl, (88.0 mg, 0.125 mmol, 5 mol%), Cul (48.0 mg, 0.25 mmol, 10 mol%), NEtz (20
mL), and 1-pentyne (204 mg, 3.0 mmol, 1.2 equiv.). The mixture was stirred at 60 °C for 16 hours.
Workup and purification offered PS-322 (1-Phenyl-1-pentyne, 310 mg, 2.15 mmol, 86% yield)
as a clear oil. tH NMR (700 MHz, CDCls): § (ppm) 7.40, dd (J = 7.40, 1.7 Hz, 2H), 7.28, m (3H),
2.39,t(J = 7.1 Hz, 2H), 1.64, h (J = 7.2 Hz, 2H), 1.05, t (J = 7.4 Hz, 3H). 1*C NMR DEPTQ (176
MHz, CDCI3): & (ppm) 131.69, 128.32, 127.61, 124.24, 90.40, 80.85, 22.37, 21.54, 13.70. This

spectral data is consistent with a previous literature report?,
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PS-323 1-Phenyl-1-hexyne

®| L/ Pd(PPh;)Cl,, Cul <> —_— /
_ NEts, 60 °C, 16 h o

General procedure 4 was followed using iodobenzene (510 mg, 2.50 mmol, 1 equiv.),

Pd(PPh3).Cl, (88.0 mg, 0.125 mmol, 5 mol%), Cul (48.0 mg, 0.25 mmol, 10 mol%), NEts (20
mL), and 1-hexyne (246 mg, 3.0 mmol, 1.2 equiv.). The mixture was stirred at 60 °C for 16 hours.
Workup and purification offered PS-322 (1-Phenyl-1-hexyne, 348 mg, 2.20 mmol, 88% yield) as
a clear oil. 'TH NMR (700 MHz, CDCls): & (ppm) 7.39, dd (J = 7.9, 1.7 Hz, 2H), 7.27, m (3H),
2.41,t (3 = 7.1 Hz, 2H), 1.59, dt (J = 14.8, 7.2 Hz, 2H), 1.49, dq (J = 14.5, 7.3 Hz, 2H), 0.95, t (J
= 7.4 Hz, 3H). ®*C NMR DEPTQ (176 MHz, CDCI3): § (ppm) 131.69, 128.32, 127.59, 124.26,
90.56, 80.69, 31.01, 22.17, 19.25, 13.80. This spectral data is consistent with a previous literature
report!3,

PS-317 1-Phenyl-3-methyl-1-butyne

Q' . }< Pd(PPh3)Cl,, Cul ©%<
NEts, 60 °C, 16 h

General procedure 4 was followed using iodobenzene (510 mg, 2.50 mmol, 1 equiv.),

Pd(PPhs3)2Cl, (88.0 mg, 0.125 mmol, 5 mol%), Cul (48.0 mg, 0.25 mmol, 10 mol%), NEts (20
mL), and 3-methyl-1-butyne (204 mg, 3.0 mmol, 1.2 equiv.). The mixture was stirred at 60 °C for
16 hours. Workup and purification offered PS-317 (1-Phenyl-3-methyl-1-butyne, 274 mg, 1.90
mmol, 76% yield) as a clear oil. *H NMR (700 MHz, CDCls): & (ppm) 7.39, dd (J = 7.9, 1.6 Hz,
2H), 7.27, m (3H), 2.79, h (J = 6.9 Hz, 1H), 1.27, d (J = 6.9 Hz, 6H). 1*C NMR DEPTQ (176 MHz,
CDCI3): 5 (ppm) 131.70, 128.29, 127.60, 124.16, 95.92, 79.85, 23.18, 21.27. This spectral data is

consistent with a previous literature report!4,
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PS-335 1-Tert-butyl-4-(hex-1-ynyl)benzene

§_©78r . }/_/ Pd(PPh3)Cl,, Cul J N\

NEtz, 60 °C, 16 h —

General procedure 4 was followed using 1-bromo-4-tert-butylbenzene (533 mg, 2.50 mmol, 1
equiv.), Pd(PPh3).Cl> (88.0 mg, 0.125 mmol, 5 mol%), Cul (48.0 mg, 0.25 mmol, 10 mol%), NEt3
(20 mL), and 1-hexyne (246 mg, 3.0 mmol, 1.2 equiv.). The mixture was stirred at 60 °C for 16
hours. Workup and purification offered PS-335 (1-tert-butyl-4-(hex-1-ynyl)benzene, 295 mg,
1.40 mmol, 55% vyield) as a clear oil. *H NMR (700 MHz, CDCls): & (ppm) 7.34, d (J = 8.5 Hz,
2H), 7.30, d (J = 8.6 Hz, 2H), 2.40, t (J = 7.1 Hz, 2H), 1.59, dt (J = 14.6, 7.3 Hz, 2H), 1.49, dq (J
=145, 7.4 Hz, 2H), 1.30, s (9H), 0.95, t (J = 7.3 Hz, 3H). 1*C NMR DEPTQ (176 MHz, CDCI3):
d (ppm) 150.71, 131.36, 125.29, 121.23, 89.74, 80.66, 34.79, 31.34, 31.07, 22.14, 19.26, 13.79.
This spectral data is consistent with a previous literature report!*®,

PS-340 5-(hex-1-ynyl)benzo[b]thiophene

= =
S B+ — Pd(PPh;)Cl,, Cul S _

NEts;, 60 °C, 16 h

General procedure 4 was followed using 5-bromo-1-benzo[b]thiophene (533 mg, 2.50 mmol, 1
equiv.), Pd(PPh3).Cl> (88.0 mg, 0.125 mmol, 5 mol%), Cul (48.0 mg, 0.25 mmol, 10 mol%), NEt;
(20 mL), and 1-hexyne (246 mg, 3.0 mmol, 1.2 equiv.). The mixture was stirred at 60 °C for 16
hours. Workup and purification offered PS-340 (5-(hex-1-ynyl)benzo[b]thiophene, 451 mg, 2.10
mmol, 84% yield) as a yellow oil. *H NMR (700 MHz, CDCls): & (ppm) 7.87, s (1H), 7.78,d (J =
8.3 Hz, 1H), 7.44,d (J = 5.4 Hz, 1H), 7.36, dd (J = 8.3, 1.4 Hz, 1H), 7.28, d (J = 5.4 Hz, 1H), 2.44,
t (J = 7.1 Hz, 2H), 1.62, dt (J = 14.6, 7.2 Hz, 2H), 1.51, dq (J = 14.5, 7.3 Hz, 2H), 0.97,t (J = 7.3

Hz, 3H). 3C NMR DEPTQ (176 MHz, CDCI3): § (ppm) 139.68, 139.00, 127.63, 127.19, 126.86,
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123.76, 122.37,120.17, 90.01, 80.81, 31.04, 22.19, 19.30, 13.81. LCMS (ESI) m/z: 215.08890 for
C1H1sS" ([M + H]*); 215.08751 observed.

PS-352 3-(hex-1-yn-1-yl)thiophene

(/T'+ _ / Pd(PPh3)Clp, Cul = _
S

NEts, 60°C, 16 h S/

General procedure 4 was followed using 3-iodothiophene (525 mg, 2.50 mmol, 1 equiv.),
Pd(PPh3).Cl, (88.0 mg, 0.125 mmol, 5 mol%), Cul (48.0 mg, 0.25 mmol, 10 mol%), NEts (20
mL), and 1-hexyne (246 mg, 3.0 mmol, 1.2 equiv.). The mixture was stirred at 60 °C for 16 hours.
Workup and purification offered PS-352 (3-(hex-1-yn-1-yl)thiophene, 378 mg, 2.30 mmol, 92%
yield) as a light-yellow oil. *H NMR (700 MHz, CDCls): § (ppm) 7.34, dd (J = 3.0, 1.0 Hz, 1H),
7.23,dd (3 =5.0, 3.0 Hz, 1H), 7.07, dd (J = 5.1, 1.1 Hz, 1H), 2.39, t (J = 7.1 Hz, 2H), 1.58, ddd (J
=12.6, 8.4, 6.3 Hz, 2H), 1.47, m (2H), 0.95, t (J = 7.4 Hz, 3H). *C NMR DEPTQ (176 MHz,
CDCI3): & (ppm) 130.16, 127.60, 125.08, 123.17, 90.03, 75.65, 30.96, 22.17, 19.21, 13.78. This
spectral data is consistent with a previous literature report!*®,

PS-390 4-(hex-1-yn-1-yl)benzonitrile

Pd(PPh3)CI I
NC@BF + :/J d( 3)C 23 CU NC@T/_/
NEts, 60 °C, 16 h

General procedure 4 was followed using 4-bromobenzonitrile (455 mg, 2.50 mmol, 1 equiv.),

Pd(PPh3).Cl, (88.0 mg, 0.125 mmol, 5 mol%), Cul (48.0 mg, 0.25 mmol, 10 mol%), NEts (20
mL), and 1-hexyne (246 mg, 3.0 mmol, 1.2 equiv.). The mixture was stirred at 60 °C for 16 hours.
Workup and purification offered PS-390 (4-(hex-1-yn-1-yl)benzonitrile, 412 mg, 2.25 mmol,
90% yield) as a light-yellow oil. *tH NMR (700 MHz, CDCls): & (ppm) 7.56, d (J = 8.5 Hz, 2H),

7.46,d (J = 8.4 Hz, 2H), 2.43, t (J = 7.1 Hz, 2H), 1.60, dt (J = 14.8, 7.2 Hz, 2H), 1.48, m (2H),

82



MSc. Thesis — Paul Saliba — McMaster University — Chemistry and Chemical Biology

0.95, t (J = 7.4 Hz, 3H). °C NMR DEPTQ (176 MHz, CDCI3): § (ppm) 132.23, 132.05, 129.31,
118.81, 110.91, 95.81, 79.56, 30.64, 22.15, 19.33, 13.73. This spectral data is consistent with a
previous literature report*?’.

PS-388 methyl 4-(hex-1-yn-1-yl)benzoate

O>_©78r L/ Pd(PPh3)Cl,, Cul O>\ <> _/
MG NEts, 60°C, 161 o5

General procedure 4 was followed using methyl 4-bromobenzoate (538 mg, 2.50 mmol, 1

equiv.), Pd(PPh3).Cl; (88.0 mg, 0.125 mmol, 5 mol%), Cul (48.0 mg, 0.25 mmol, 10 mol%), NEt;
(20 mL), and 1-hexyne (246 mg, 3.0 mmol, 1.2 equiv.). The mixture was stirred at 60 °C for 16
hours. Workup and purification offered PS-388 (methyl 4-(hex-1-yn-1-yl)benzoate, 460 mg, 2.13
mmol, 85% yield) as a light-yellow oil. tH NMR (700 MHz, CDCls): § (ppm) 7.95, d (J = 8.5 Hz,
2H), 7.44, d (J = 8.4 Hz, 2H), 3.91, s (3H), 2.43, t (J = 7.1 Hz, 2H), 1.60, m (2H), 1.49, m (2H),
0.95, t (J = 7.4 Hz, 3H). 3C NMR DEPTQ (176 MHz, CDCI3): & (ppm) 166.84, 131.61, 129.53,
129.10, 128.94, 94.11, 80.23, 52.29, 30.79, 22.16, 19.34, 13.76. This spectral data is consistent
with a previous literature report**é,

PS-386 5-(hex-1-yn-1-yl)benzo[d][1,3]dioxole

° ~/ °
0@—& . — Pd(PPh;)Cl,, Cul o _
NEts, 60 °C, 16 h

General procedure 4 was followed using 5-bromo-1,3-benzodioxole (503 mg, 2.50 mmol, 1

equiv.), Pd(PPh3).Cl, (88.0 mg, 0.125 mmol, 5 mol%), Cul (48.0 mg, 0.25 mmol, 10 mol%), NEts
(20 mL), and 1-hexyne (246 mg, 3.0 mmol, 1.2 equiv.). The mixture was stirred at 60 °C for 16
hours. Workup and purification offered PS-386 (5-(hex-1-yn-1-yl)benzo[d][1,3]dioxole, 253 mg,

1.25 mmol, 50% yield) as a light-yellow oil. *tH NMR (700 MHz, CDCls): & (ppm) 6.91, dd (J =
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8.0. 1.6 Hz, 1H), 6.85, d (J = 1.5 Hz, 1H), 6.72, d (J = 8.0 Hz, 1H), 5.94, s (2H), 2.37, t (J = 7.1
Hz, 2H), 1.57, m (2H), 1.47, m (2H), 0.94, t (J = 7.3 Hz, 3H). 3C NMR DEPTQ (176 MHz,
CDCI3): 6 (ppm) 147.42, 147.33, 125.96, 117.56, 111.80, 108.43, 101.26, 88.75, 80.39, 31.03,
22.17,19.20, 13.79. LCMS (ESI) m/z: 203.10666 calculated for C1sH1s0,* ([M + H]*); 203.10629
observed. This spectral data is consistent with a previous literature report!t’.

PS-395 1-(hex-1-yn-1-yl)-4-(methylsulfanyl)benzene

/ Pd(PPh3)Cl,, Cul
MeS Br + =— » MeS —
NEt;, 60 °C, 16 h

General procedure 4 was followed using 4-bromothioanisole (508 mg, 2.50 mmol, 1 equiv.),

Pd(PPh3)2Cl, (88.0 mg, 0.125 mmol, 5 mol%), Cul (48.0 mg, 0.25 mmol, 10 mol%), NEtz (20
mL), and 1-hexyne (246 mg, 3.0 mmol, 1.2 equiv.). The mixture was stirred at 60 °C for 16 hours.
Workup and purification offered PS-395 (1-(hex-1-yn-1-yl)-4-(methylsulfanyl)benzene, 281 mg,
1.38 mmol, 55% yield) as a light-yellow oil. *H NMR (700 MHz, CDCls): & (ppm) 7.30, d (J = 8.4
Hz, 2H), 7.15, d (J = 8.5 Hz, 2H), 2.47, s (3H), 2.40, t (J = 7.1 Hz, 2H), 1.58, dt (J = 14.8, 7.2 Hz,
2H), 1.48, m (2H), 0.95, t (J = 7.4 Hz, 3H). 3C NMR DEPTQ (176 MHz, CDCI3): & (ppm) 138.19,
131.99, 126.18, 120.74, 90.63, 80.34, 31.00, 22.17, 19.29, 15.75, 13.79. LCMS (ESI) m/z:

205.10455 calculated for C13H17S™ ([M + H]*); 205.10538 observed.
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PS-394 1-(2-Chlorophenyl)-1-hexyne

NEts, 60 °C, 16 h
cl Cl

QBr R / Pd(PPh3)Cl,, Cul -

General procedure 4 was followed using 1-bromo-2-chlorobenzene (479 mg, 2.50 mmol, 1
equiv.), Pd(PPh3).Cl> (88.0 mg, 0.125 mmol, 5 mol%), Cul (48.0 mg, 0.25 mmol, 10 mol%), NEt3
(20 mL), and 1-hexyne (246 mg, 3.0 mmol, 1.2 equiv.). The mixture was stirred at 60 °C for 16
hours. Workup and purification offered PS-394 (1-(2-Chlorophenyl)-1-hexyne, 193 mg, 1.00
mmol, 40% yield) as a light-yellow oil. *H NMR (700 MHz, CDCls): § (ppm) 7.43, dd (J = 7.3,
2.0 Hz, 1H), 7.37,dd (J = 7.5, 1.8 Hz, 1H), 7.18, pd (J = 7.4, 1.7 Hz, 2H), 2.48, t (J = 7.1 Hz, 2H),
1.63, dt (J = 14.7, 7.2 Hz, 2H), 1.52, m (2H), 0.96, t (J = 7.4 Hz, 3H). 3C NMR DEPTQ (176
MHz, CDCI3): & (ppm) 135.87, 133.43, 129.25, 128.60, 126.43, 124.04, 96.30, 77.64, 30.82,
22.11,19.43, 13.77. This spectral data is consistent with a previous literature report*°.

PS-336 1-(hex-1-yn-1-yl)-4-(trifluoromethyl)benzene

/ Pd(PPhs)Cl,, Cul
F3C Br + =— F3C —
NEts, 60 °C, 16 h

General procedure 4 was followed using 1-bromo-4-(trifluoromethyl)benzene (563 mg, 2.50

mmol, 1 equiv.), Pd(PPhs)2Cl. (88.0 mg, 0.125 mmol, 5 mol%), Cul (48.0 mg, 0.25 mmol, 10
mol%), NEts (20 mL), and 1-hexyne (246 mg, 3.0 mmol, 1.2 equiv.). The mixture was stirred at
60 °C for 16 hours. Workup and purification offered PS-336 (1-(hex-1-yn-1-yl)-4-
(trifluoromethyl)benzene, 339 mg, 1.50 mmol, 60% yield) as a clear oil. *H NMR (700 MHz,
CDCl3): § (ppm) 7.53, d (J = 8.2 Hz, 2H), 7.47, d (J = 8.1 Hz, 2H), 2.43, t (J = 7.1 Hz, 2H), 1.60,
dt (J = 14.8, 7.2 Hz, 2H), 1.48, m (2H), 0.96, t (J = 7.4 Hz, 3H). 3C NMR DEPTQ (176 MHz,
CDCI3): & (ppm) 131.90, 129.64-129.09, (q, J = 32.7 Hz), 128.13, 126.50-123.41, (q, J = 271.1
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Hz), 125.28-125.22, q (J = 3.4 Hz), 93.46, 79.64, 30.77, 22.17, 19.26, 13.76. This spectral data is
consistent with a previous literature report*?°,
PS-412 5-(hex-1-yn-1-yl)benzofuran

= =
o B — Pd(PPh3)Cl,, Cul o _

NEts, 60 °C, 16 h

General procedure 4 was followed using 5-bromobenzofuran (493 mg, 2.50 mmol, 1 equiv.),
Pd(PPh3)2Cl, (88.0 mg, 0.125 mmol, 5 mol%), Cul (48.0 mg, 0.25 mmol, 10 mol%), NEtz (20
mL), and 1-hexyne (246 mg, 3.0 mmol, 1.2 equiv.). The mixture was stirred at 60 °C for 16 hours.
Workup and purification offered PS-412 (5-(hex-1-yn-1-yl)benzofuran, 372 mg, 1.88 mmol, 75%
yield) as a yellow oil. *H NMR (700 MHz, CDCls): § (ppm) 7.65, d (J = 1.3 Hz, 1H), 7.61,d (J =
2.2 Hz, 1H), 7.41,d (J = 8.5 Hz, 1H), 7.34, dd (J = 8.5, 1.6 Hz, 1H), 6.72, dd (J = 2.2, 0.9 Hz, 1H),
2.42,t(J=7.1Hz, 2H), 1.61, dt (J = 14.8, 7.2 Hz, 2H), 1.51, m (2H), 0.96, t (J = 7.4 Hz, 3H). 1*C
NMR DEPTQ (176 MHz, CDCI3): & (ppm) 154.31, 145.75, 128.15, 127.58, 124.62, 118.77,
111.44, 106.57, 88.92, 80.80, 31.09, 22.20, 19.25, 13.82. LCMS (ESI) m/z: 199.11174 calculated
for C14H1s0* ([M + H]*); 199.11128 observed.

PS-405 4-(hex-1-yn-1-yl)phenyl acetate

O:< / Pd(PPhy)Cly, Cul _ 0=( .
Br + 0 —
NEt;, 60°C, 16 h

General procedure 4 was followed using 4-bromophenyl acetate (538 mg, 2.50 mmol, 1 equiv.),

Pd(PPh3).Cl, (88.0 mg, 0.125 mmol, 5 mol%), Cul (48.0 mg, 0.25 mmol, 10 mol%), NEts (20
mL), and 1-hexyne (246 mg, 3.0 mmol, 1.2 equiv.). The mixture was stirred at 60 °C for 16 hours.
Workup and purification offered PS-405 (4-(hex-1-yn-1-yl)phenyl acetate, 378 mg, 1.75 mmol,

70% yield) as a light-yellow oil. *tH NMR (700 MHz, CDCls): & (ppm) 7.39, d (J = 8.7 Hz, 2H),
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7.01,d (J=8.7 Hz, 2H), 2.40, t (J = 7.1 Hz, 2H), 2.29, s (3H), 1.58, dt (J = 14.7, 7.2 Hz, 2H), 1.48,
m (2H), 0.95, t (J = 7.4 Hz, 3H). 13C NMR DEPTQ (176 MHz, CDCI3): & (ppm) 169.36, 149.99,
132.77, 121.99, 121.61, 90.66, 79.88, 30.93, 22.15, 21.27, 19.21, 13.78. LCMS (ESI) m/z:
217.12231 calculated for C14aH1702" ([M + H]Y); 217.12134 observed. This spectral data is

consistent with a previous literature report'?,

87



MSc. Thesis — Paul Saliba — McMaster University — Chemistry and Chemical Biology

Synthesis of Aryl-Aryl Alkynes
General procedure for the synthesis of aryl-aryl alkynes:

Pd(PPh3)Cl,, Cul -
NEts, 60 °C, 16 h

Ar=X  *

General Procedure 5: To a dry two neck flask was added aryl halide (2.50 mmol, 1 equiv.),
bis(triphenylphosphine)palladium(I1) dichloride (Pd(PPhs)2Cl2, 88.0 mg, 0.125 mmol, 5 mol%),
copper(l) iodide (Cul, 48.0 mg, 0.25 mmol, 10 mol%), and triethylamine (NEts, 20 mL). The
mixture was vacuumed and flushed with Argon for 15 minutes. Corresponding alkyne (3.00 mmol,
1.2 equiv.) substrate was then added slowly. The mixture was stirred at 60 °C for 16 hours. The
reaction mixture was diluted with ethyl acetate, washed with saturated ammonium chloride (2x)
and brine (1x), dried over anhydrous sodium sulfate, and concentrated under reduced pressure to
yield the crude product. Chromatography over silica gel using gradient elution with EtOAc and
hexanes offered the corresponding alkyne.

PS-182 1-methoxy-4-(phenylethynyl)benzene

oo _ . Pd(PPhy)Cly Cul _ Q . O
© - NEts, 60 °C, 16 h © —

General procedure 5 was followed using iodobenzene (510 mg, 2.50 mmol, 1 equiv.),

Pd(PPhs3)2Cl, (88.0 mg, 0.125 mmol, 5 mol%), Cul (48.0 mg, 0.25 mmol, 10 mol%), NEtz (20
mL), and 4-methoxyphenylacetylene (396 mg, 3.0 mmol, 1.2 equiv.). The mixture was stirred at
60 °C for 16 hours. Workup and purification offered PS-182 (1-methoxy-4-
(phenylethynyl)benzene, 375 mg, 1.80 mmol, 72% yield) as a white solid. Mp: 56-57.5 °C. 'H
NMR (700 MHz, CDCl3): & (ppm) 7.53 (d, J = 7.1 Hz, 2H), 7.48 (d, J = 8.5 Hz, 2H), 7.33 (m, 3H),

6.89 (d, J = 8.6 Hz, 2H), 3.83 (s, CH3, 3H). *C NMR DEPTQ (176 MHz, CDCI3): & (ppm) 159.75,
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133.19, 131.58, 128.44, 128.06, 123.73, 115.52, 114.13, 89.50, 88.20, 55.44. This spectral data is
consistent with a previous literature report!?,
PS-304 1,3-dimethoxy-5-(2-phenylethynyl)benzene
OMe OMe
w1+ =) e o (=)

General procedure 5 was followed using 2,4-dimethoxyiodobenzene (660 mg, 2.50 mmol, 1

equiv.), Pd(PPh3).Cl, (88.0 mg, 0.125 mmol, 5 mol%), Cul (48.0 mg, 0.25 mmol, 10 mol%), NEt3
(20 mL), and phenylacetylene (306 mg, 3.0 mmol, 1.2 equiv.). The mixture was stirred at 60 °C
for 16 hours. Workup and purification offered PS-304 (1,3-dimethoxy-5-(2-
phenylethynyl)benzene, 554 mg, 2.33 mmol, 93% yield) as a brown oil. 'H NMR (700 MHz,
CDCI3 (7.26 ppm)): 7.56, d (J = 8.0 Hz, 2H), 7.44, d (J = 8.3 Hz, 1H), 7.33, t (J = 7.5 Hz, 2H),
7.30,t(J = 7.2 Hz, 1H), 6.49, d (J = 8.4 Hz, 1H), 6.47, s (1H), 3.89, s (3H), 3.82, s (3H). 3C NMR
(700 MHz, CDCI3 (77.16 ppm)): 161.31, 161.24, 134.38, 131.57, 128.28, 127.85, 123.97, 105.07,
104.95, 98.54, 92.10, 85.91, 60.44, 55.89, 55.47. This spectral data is consistent with a previous
literature report!?2,

PS-194 4-(phenylethynyl)acetophenone

Q o ¢ — Pd(PPhs)Cly, Cul @ O L O
ro= NEt, 60 °C, 16 h —

General procedure 5 was followed using 4’-bromoacetophenone (498 mg, 2.50 mmol, 1 equiv.),

Pd(PPh3).Cl, (88.0 mg, 0.125 mmol, 5 mol%), Cul (48.0 mg, 0.25 mmol, 10 mol%), NEts (20
mL), and phenylacetylene (306 mg, 3.0 mmol, 1.2 equiv.). The mixture was stirred at 60 °C for 16
hours. Workup and purification offered PS-194 (4-(Phenylethynyl)acetophenone, 363 mg, 1.65
mmol, 66% yield) as a beige solid. Mp: 96-97 °C. *H NMR (700 MHz, CDCI3 (7.26 ppm)): 7.95,
d (J = 8.5 Hz, 2H), 7.62, d (J = 8.5 Hz, 2H), 7.56, m (2H), 7.38, m (3H), 2.62, s (3H). 13C NMR
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(700 MHz, CDCI3 (77.16 ppm)): 197.48, 136.35, 131.90, 131.85, 128.97, 128.60, 128.43, 128.36,
122.80, 92.86, 88.75, 26.78. This spectral data is consistent with a previous literature report°,

PS-258 Methyl 4-(phenylethynyl)benzoate

SO =0 e $-O=0
r — S > —
MeO NEt;, 60 °C, 16 h MeO

General procedure 5 was followed using methyl 4-bromobenzoate (538 mg, 2.50 mmol, 1

equiv.), Pd(PPhz)2Cl (88.0 mg, 0.125 mmol, 5 mol%), Cul (48.0 mg, 0.25 mmol, 10 mol%), NEt3
(20 mL), and phenylacetylene (306 mg, 3.0 mmol, 1.2 equiv.). The mixture was stirred at 60 °C
for 16 hours. Workup and purification offered PS-258 (methyl 4-(phenylethynyl)benzoate, 295
mg, 1.25 mmol, 50% yield) as a beige solid. Mp: 118-119 °C. *H NMR (700 MHz, CDCI3 (7.26
ppm)): 8.03,d (J = 8.3 Hz, 2H), 7.60, d (J = 8.3 Hz, 2H), 7.55, dd (J = 6.5, 2.9 Hz, 2H), 7.37, m
(3H), 3.93, s (3H). 3C NMR (700 MHz, CDCI3 (77.16 ppm)): 166.72, 131.89, 131.66, 129.67,
129.62, 128.91, 128.59, 128.16, 122.85, 92.50, 88.77, 52.38. This spectral data is consistent with

a previous literature report'®®,
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