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ABSTRACT OF THE DISSERTATION

Advancing Methods to Synthesize Nitrogen-Containing Small Molecules for
Catalysis and as Potential Therapeutics

by
Zachary Lawrence Palchak
Doctor of Philosophy, Graduate Program in Chemistry

University of California, Riverside, June 2018
Dr. Catharine H. Larsen, Chairperson

Analysis of the current top grossing pharmaceuticals finds that a vast number of
them contain amines. As a result, the development of methodologies for the
formation of amine-containing compounds is of high value and great importance.
With the ability to treat: cancer, HIV, malaria, diabetes, and depression, as well
as other ailments, increased efforts have been made to optimize the production
of these compounds to increase yield while decreasing the environmental impact.
This work is ongoing, and is a culmination of the fields of organic synthesis,
catalysis, green chemistry, and biochemistry. The work in the Larsen group
revolves largely around the use of copper-based catalysis to access hindered
amine scaffolds through single-step, multicomponent reactions. Further
functionalization of these compounds allows for the synthesis of previously
unknown, biologically active, a-amino triazoles. Preparation and analysis of

electronically diverse pyridyl triazoles allows for the development of new



complexes with platinum and palladium. These pyridyl triazole palladium
complexes are highly reactive under mild aerobic conditions when used in
Suzuki-Miyaura cross-coupling reactions. Pyridyl pyrazoles are another class of
compounds that show promise in the field of catalysis. Utilization of electronically
diverse ligands allows for fine-tuning of the resulting complex for both classes of
ligands. With further investigation, this may allow for the discovery of new

reactivity in organic transformations.
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Chapter One: Nitrogen Containing Small Molecules

1.1 Introduction:

The ability to readily access therapeutic targets and their intermediates has
kept the field of small-molecule methodology at the forefront of academic and
industrial research. The vast number of amine containing compounds that are
currently top grossing pharmaceuticals demonstrates their inherent bioactivity
and importance as synthetic targets. The development of methodologies for the
formation of amine-containing compounds is of high value. With the ability to
treat cancer,’ HIV,> malaria,® diabetes," and depression,® as well as other
ailments, increased efforts have been made to optimize the production of these
compounds to increase yield while decreasing the environmental impact.

The prime focus of the research discussed herein has been the development
and analysis of novel routes to access complex amine scaffolds, and
development of new heteroaromatic based catalysts for organic transformations.
An important factor that must be considered when determining research targets
is the bioavailability of the desired compounds. Many of the compounds
generated during the development and assessment of small-molecule
methodologies possess high bioavailability. The rules and limitations that govern
this field are discussed in the following sections of this chapter.

1.2 Definition of “Small Molecules”:
A number of factors contribute to the bioavailability of small molecules. One

factor that is dominant is the ability of the target compound to engage in the



critical process of protein-protein interactions.® These processes are responsible
on the fundamental level for many ailments in the human body. In some cases, it
is desirable for a target compound to encourage this interaction, while in others
the disruption of the protein-protein interface is important. As a result of diversity,
the shape of the typical protein interface varies, this adds to the difficulty of
identifying drug targets.

On average, there is approximately 750-1500 A? of surface area inside a
protein cluster, and X-ray structures of proteins do not always show the small,
deep, cavities that are the small molecule binding sites.” It is however, often not
necessary for a small molecule to cover the entire surface of the binding site.
Rather, by binding to a much smaller portion of the protein, the interaction
necessary to achieve the desired activation/deactivation can occur.®"! Further,
for many protein-protein interactions the two surfaces involved often have a
significant degree of flexibility.'"® Thus, there might be conformations of the
active site that are preferable for small molecule binding that are not visible in the
solid state single crystal structure.'*®

In order for the target compound to enter the pocket created in a protein-
protein cluster and make it to the active site, the molecule must be of an
appropriate size. In general, the definition of what can be considered a small
molecule is given in relation to its molecular weight. Through experimental

observation, coupled with chemical computation, the optimal range for the



molecular weight of drug targets has been determined to be around 160 to 500
AMU with a polar surface area no greater than 140 A28
1.3 Lipinski’s Rule of Five for Biologically Active Molecules:

In addition to the limitation with regards to the molecular weight of a target
drug, other attributes of drug-like compounds have been studied.'®*' From this a
general rule of thumb has been determined to evaluate the “drug likeness” of a
particular compound with regards to its pharmacological activity. Many of these
attributes are based on the chemical or physical properties that come into play
when determining whether a compound will be an orally active drug in humans.
These rules were first formulated and compiled by Christopher Lipinski in 1997,
based on an observation that many orally administered drugs are small lipophilic
molecules.™

In his report, Lipinski states that in order for a candidate drug to have the
best chance to reach the market, and have the lowest possible rates of attrition
during clinical trials it should not violate more than one of the following criteria:
(1) there should be no more than 5 hydrogen bond donors present in the
molecule, (2) there should be no more than 10 hydrogen bond acceptors, (3) the
compound should have a molecular weight less than 500 Daltons, and (4) that
the compound is sufficiently lipophilic enough to pass through the cell wall. The
lipophilicity is measured using an octanol-water mixture and the partition

coefficient (log P) for an optimal compound should not be greater than 5.92°



While a drug target must be lipophilic enough to enter a cell, it must first
be administered. The most common method for administering pharmaceuticals is
though oral or intravenous pathways, which require that the compound be
soluble in an aqueous environment. The best way to insure this solubility is met
is through the utilization of hydrogen donating (NH or OH) and hydrogen
accepting (N or O) groups. These motifs can interact with water through
hydrogen bonding which allows for solvation of the compound in aqueous media.
While this interaction is critical to allow the compound to enter the biological
environment, if an excess of polar groups are present, the ability to enter and
interact with the largely non-polar protein active site will be decreased. Thus,
while their inclusion is necessary, a limitation to the polarity of a particular drug
target is critical to its success as a biologically active compound.

1.4 Examples of Biologically Active Nitrogen Containing Small Molecules:
There exists a wide range of natural products and biologically active
compounds that contain tetrasubstituted carbons bearing amines. A few
examples of which are shown in figure 1.1."%?* Compounds such as the
antitumor agent, salinosporamide A, the anesthetic, carfentanil, the lycopodium
alkaloid, (-)-lycodine, and the enzyme inhibitor, (R)-a-methylphenylalanine, all

contain the important tetrasubstituted a-amino core highlighted in red.
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Figure 1.1: Examples of biologically active a-tetrasubstituted amines

An example of a highly important tetrasubstituted propargylamine is the
HIV reverse transcriptase inhibitor shown in figure 1.2. This compound and
additional derivatives are formed through the stoichiometric addition of a
premade metal acetylide to an isolated ketimine intermediate.? While this is an
effective method for the preparation of these compounds, the need to synthesize
and isolate the intermediates, as well as the caution that must be used when
generating metal acetylides, creates a need for the development of further
methodology that allows for the bypassing of these wasteful and potentially

hazardous steps.

7
=N
HIV reverse
transcriptase
Inhibitor
Cl SN = |
A SN
N"~0 Z
H Li

synthesis of ketimine + stoichiometric metal

Figure 1.2: Preparation of an anti-HIV transcription
drug through stoichiometic addition of nucleophile
to premade ketimine.



Such strategies have been developed,®?’ and the analysis of these
methods is discussed in the following chapters. Additionally, the preparation and
use of highly active, heteroaromatic-based catalysts are disclosed. These
compounds have demonstrated significant promise in the fields of catalysis and
organometallics. Further work with these compounds will show whether their

development will allow for the discovery of new organic transformations.
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Chapter Two: Kinetic Analysis of Propargylamine Formation Through
Condensation-Alkynylation
2.1 Introduction:

t1-5

The multi-component ™ reaction of aldehydes, amines, and alkynes is the

most efficient method for the synthesis of trisubstituted propargylamines. These
building blocks allow for rapid access to valuable, biologically active targets.®’
This one-pot method avoids the labor intensive synthesis and isolation of imine
intermediates for subsequent alkynylation.'®?* These multi-component reactions
are of further value, as they decrease chemical waste.*®*' However, much of the
precedent for these reactions has been optimized for the conversion of
aldehydes to trisubstituted propargylamines. When a ketone is exchanged for the
aldehyde, the reaction fails to proceed and the corresponding tetrasubstituted
propargylamine is not observed.®'® This results because the ketimine, which is
formed in situ, is a significantly less reactive electrophile for the nucleophilic
attack than its aldimine counterpart.**** A ketone that has especially high
reactivity is cyclohexanone, due to the strain released upon attack and
conversion of the sp? carbon to sp®.***" As such, there is precedent for the

reaction of cyclohexanones under catalytic conditions that were developed for

aldehydes (Scheme 2.1).%8
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€ 2 X
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Me n-Hex
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1.1 equiv. 1.0 equiv. 1.5 equiv. 80°C,72h 94% yield

) o
HN
_ 10 mol % \©
ij HoN \© \\\n—HeX Cu(OTf), (j\
> n-Hex
toluene
1.1 equiv. 1.0equiv.  1.5equiv. 110°C,22h 80% yield

Scheme 2.1: Similar conditions allow for the three-component coupling
of an aldehyde or of cyclohexanone.

2.2 Background on Propargylamine Formation via Copper(ll) Catalyzed
Condensation-Alkynylation:

Use of copper(ll) triflate (Cu(OTf),) as a catalyst for the three-component
coupling of an aldehyde, amine, and alkyl alkyne, furnishes the trisubstituted
propargylamine in high yield (Scheme 2.1b). By replacing the aldehyde with
cyclohexanone, the tetrasubstituted propargylamine may be prepared in high
yield under the same conditions. The first method developed specifically for the
formation of propargylamines from cyclohexanone was reported by Van der
Eycken (Scheme 2.2a).*° In this report, the reaction is activated using microwave
irradiation, for the coupling of primary benzylamines with cyclohexanone and
phenyl acetylene with catalytic amounts of copper iodide (Cul) (20 mol%) at 100
°C.

A subsequent report by Ji et al. published a year later, showed that using

a gold(lll) bromide (AuBrs;) catalyst at decreased loading (4 mol%) allowed for a
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similar reaction to proceed using cyclic secondary amines at 60°C (Scheme

2.2b).%°
a) Van der Eycken 20 m0| % HN/\©\
Cul O\ OMe
=
L iﬁ S ?
OMe 00 °C R = Ph, 76%
1.0 equiv 1.2 equiv 1.2 equiv n-Hex, 31%
b) Ji

O
4 mol % Bn\
R / ij AuBr3 (j\

1. 0 equiv 1.5 equiv 1.5 equiv
R = Ph, 89% R =Ph, 29%

n-Bu, 45%
Scheme 2.2: The first three-component couplings designed for cyclohexanones.

As both of these reported methods were solvent free, they produced
significantly less waste than the previous methods using toluene for the formation
of trisubstituted propargylamines.*®*° When discussing the atom economy of a

reaction, the solvent, almost always, represents the largest amount of “auxiliary

» 51 » 52

waste”.”" While many reports highlight their use of “greener solvents”,” solvent-

free reactions leave a smaller environmental impact and thus should be pursued
more frequently when developing methodology.®%*°

While methods for the use of cyclohexanone have been developed, the
substrate scope of these reactions have been largely limited to either primary or
secondary cyclic amines with aryl terminal alkynes. When alkyl alkynes were
used, significant drop in reactivity and subsequent yield was observed.***° The

reaction of an electron-rich benzylamines with cyclohexanone and

phenylacetylene affords the product in 76% yield, whereas the comparable
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reaction using 1-octyne proceeds to give the product in 31% yield (Scheme
2.2a).* Further, when a secondary acyclic amine is used with phenylacetylene
under the conditions reported by Ji, a three-fold decrease is reactivity is observed
(Scheme 2.2b).*° Additionally, while some secondary amines can be utilized
under AuBr; catalysis, this catalyst is 100-times more expensive than Cul.*®
The analysis of methods for the purpose of decreasing catalyst loadings is
a major focus in the development of green chemistry.***' However, reducing
waste from the use of excess starting materials receives little attention.®? If a
developed method is to be applied in total synthesis, the waste of precious
starting materials, derived from multiple synthetic steps, must be considered. All
of the methods discussed previously waste between 0.4-1.0 equivalents of the
starting materials.*®*° Therefore, in addition to developing methods that allow for
solvent free reactions, another condition must be to discover ways to use only
one equivalent of each reactant and avoid wasteful use of starting materials. This
would allow for the formation of water to be the sole by-product of the reaction of
cyclohexanone with an amine and an alkyne.
@ copper N
O 0 S et (ol
B n-Hex

no solvent 2a
1.0 equiv. 1.0 equiv. 1.0 equiv.  or additives?

Scheme 2.3: The basis for developing a green ketone-amine-alkyne reaction
with broader substrate scope.

Thus, work was undertaken to combine the different advantages of each

of the previously discussed methods*®**° to develop one synthetic protocol that
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allowed for no solvent, decreased loadings of an inexpensive catalyst, no
additional additives, high reactivity of both primary and secondary amines with
both aryl and non-aryl alkynes, and use of equimolar amounts of all three starting
materials (Scheme 2.3). All of these objectives were met when the first copper(ll)
chloride (CuCly) catalyzed reaction to produced tetrasubstituted propargylic
amines was reported by members of the Larsen research group.’” The objective
of developing this reaction using a green chemistry platform was likely a the key
to its discovery.
23 Determining Conditions for Kinetic Analysis of Propargylamine
Formation:

The first step to developing this “green” methodology was the removal of
the solvent, toluene. When solvent is used, the high reactivity of Cu(OTf), as a
catalyst for the reaction of cyclohexanone with a primary benzylamine and alkyl
alkyne affords the desired product. However, when the solvent is removed from
this reaction, large amounts of side products are observed. Thus, it was
necessary to screen a wide range of copper catalysts to determine which would
best be suited to operate under the desired solvent free conditions with
equimolar amounts of the ketone, amine, and alkyne starting materials (Table
2.1).°" Copper(l) and copper(ll) sources were tested at 5 mol% loading and
compared to a control reaction, which was performed in the absence of copper.
Unsurprisingly, with the control, no propargylamine was observed after stirring for

over 3 days therefore confirming the need for a copper catalyst. Also, when
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solvent free conditions are used, the catalytic activity does not relate to the

oxidation state of the copper source.

5 mol %

9 e e

ﬁj Hw@ \\\n-Hex o O\
110 °C n-Hex
18 h 2a
Entry Copper Source GC Yield (%)

1 Cu(ll) triflate 59

2 Cu(ll) acetate 72

3 Cu(ll) bromide 72

4 Cu(ll) chloride 99

5 Cu(ll) perchlorate hexahydrate 50

6 Cu(ll) sulfate 38

7 Cu(ll) ethoxide 52

8 Cu(ll) bis(hexafluoroacetoacetonato) hydrate 27

9 Cu(ll) hydroxide 32
10 Cu(l) triflate tetrakisacetonitrile 45

11 Cu(l) acetate 56
12 Cu(l) bromide 72
13 Cu(l) chloride 89
14 Cu(l) bromide dimethylsulfide 94
15 Cu(l) thiophene-2-carboxylate 70

16 Cu(l) iodide 81

17 Cu(l) hexafluorophosphate tetrakisacetonitrile 46

Table 2.1: Copper screen shows that copper halides are superior to triflates
under solvent free conditions.

Both Cu(ll) bromide and Cu(l) bromide give identical conversion when the
reaction is analyzed by gas chromatography (GC), with 72% conversion
observed in both cases. However when Cu(ll) chloride is used, the catalyst
demonstrates superior reactivity compared to Cu(l) chloride as nearly

quantitative conversion is observed. Additionally, it is observed that both
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copper(l) and copper(ll) halides demonstrate higher reactivity for the production
of propargylamine (2a) than any of the other copper sources that were tested.
While both CuCl,; and CuBreMe,S demonstrate exceptional reactivity, CuCl, was
observed to provide a faster initial rate of product formation.”” Comparison of
entries 1 vs. 4 shows the superior catalytic activity of CuCl, compared to the
previously reported Cu(OTf),, towards the formation of propargylamine (2a).
Here, CuCl, provides 99% GC yield of the fully-substituted propargylamine
whereas Cu(OTf), only produces 59% of the product during the 18 h time frame.
When the reaction of cyclohexanone, benzylamines, and 1-octyne is performed
with 5 mol% CuCl, under solvent free conditions at 110 °C, the tetrasubstituted
propargylamine (2a) is isolated in 91% yield after only 6 h (Scheme 2.4).
Additionally, no preference was observed for the reactivity of the copper catalyst
under an inert atmosphere of either argon or nitrogen. However, while the
reaction proceeds cleanly under air, an 18% decrease in conversion to

propargylamine (2a) was observed.

0) 5 mol % -
. CuCl, HIN \©
HoN AN
n-Hex — .~ A
110 °C n-Hex
1.0 equiv. 1.0 equiv. 1.0 equiv. 6h 2a.
91% yield

Scheme 2.4: No solvent and less catalyst produce a faster reaction with
higher yield.

While the previous examples of propargylamine formation with
cyclohexanone were limited to either primary*® or secondary®® amines with

predominately phenylacetylene as the alkyne, determination of the amine
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substrate scope began by assessing amines that were reactive with 1-octyne
under these solvent-free, CuCl, catalyzed conditions (Table 2.2).°" It was
observed that primary amines were reactive and able to produce the
corresponding propargylamines in good yield.

The coupling of 4-methoxybenzyl amine with cyclohexanone and 1-octyne
proceeded efficiently and the product was isolated in 87% yield, an almost three-
fold increase compared to the previous report which utilized quadruple the
catalyst loading.*® Additionally, acyclic secondary amines could be utilized and
the product with N-methylbenzylamine could be isolated in comparable yields to
those obtained when cyclic secondary amines were used. Under identical
conditions, 2 equivalents of 1-octyne with 2 equivalents of cyclohexanone
afforded a bis-propargylamine when piperazine was used.

A survey of alkynes showed that this methodology had a broad tolerance
with regards to this component (Table 2.3).>” Whereas previous reports
demonstrated that use of alkyl alkynes resulted in nearly half the yield compared
to the use of phenylacetylene, under solvent free conditions, these products
could be isolated in nearly identical yields (entries 1-2). Propargylamines from
other alkyl alkynes also form in good yield (entries 3-5). Further, silyl-protect
alkynes and those bearing silyl-protected alcohols also react and the products
can be isolated in 91% and 84% yield respectively. This is the first report where
silyl and silyloxy tetrasubstituted propargylamines were obtained from a direct,

catalytic, reaction with cyclohexanone.® *’
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RL _R?

0 5 mol % CuCl “N
R1 2 mol 70 CuCl,
\N/R \\\
H n-Hex \\\
110 °C n-Hex
2
Entry Amine time (h) Product Yield (%)
HN”
1 HAN S 6 (j\ 91
Pz n-Hex
2a
HN” B
HoN~ F
2 L, f O o
OMe n-Hex
HN” B
HoN™ P
3 H \©\ 5 C Q cF, 74
S
CF3 n-Hex
2b
Me., -~
Me_ N
4 N 4 88
H X
n-Hex
(@)
0 ()
L) N
5 N 3 92
H N
n-Hex
6 N 2 88
H AN
n-Hex
n-Hex
N
H
N N
7 [N] 16 N 68"
N N
n-Hex

b (2.0 mmol) cyclohexanone and (2.0 mmol) 1-octyne were used.

Table 2.2: Range of amines for the ketone-amine-alkyne reaction with
cyclohexanone and 1-octyne.
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X Xj
ioj ENj \\R3 5 mol % CuCl, [N
H

\
o \
110 °C dz\m

Entry Alkyne time (h) Product Yield (%)
)
1 =

n-Hex 3 (j\ 90
X
n-Hex

89

92

()
o D,

0
G

\Me N

5 2 81
Me

Me d\\l\ﬂe

Me

o)

_ e CJ
e O\
E]

\/\o Si—t- Bu
7 84
OTBS

Table 2.3: Mild copper catalysis cleanly converts alkyl, aryl, silyl, and
siloxyl alkynes.
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2.4 Kinetic Analysis of the Condensation-Alkynylation Pathway to Form
Propargylamines:

The mechanism for the CuCl, catalyzed reaction of cyclohexanone, an
amine, and a terminal alkyne, begins with the activation of the alkyne (Scheme
2.5). Here the terminal alkyne proton is acidified though the binding of the -
system to copper and subsequent deprotonation by base (B) forms the
nucleophilic copper acetylide. The electrophilic ketimine is formed through the
condensation of the amine with cyclohexanone. Coordination of the ketimine to
the copper acetylide precedes the nucleophilic attack on the imine.®'®2* Addition
of the acetylide to the ketimine forms the tetrasubstituted propargylamine. The

copper is released and re-enters the catalytic cycle for further reaction.

Ho R S\, Alkyne Activation
B
O\ CC s s
2 R TR
BH / [Cu] CopperAcetyIlde
/[Cu]
(j\ Condensation to Imine
[C“]\ R-NH, o

1,2-Addition

to Imine H,0 ij

Imine Coordmatlon

Scheme 2.5: Catalytic cycle for the cyclohexanone-amine-alkyne coupling reaction.

Ketimine formation through condensation of the amine on cyclohexanone

is reversible, and a steady-state concentration of the ketimine is observed when
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benzylamines is used. The formation of ketimine from primary amines is
detectible by GC analysis and correlates to samples of ketimine that were
synthesized separately and confirmed by proton NMR.?*° The addition of one to
three equivalents of water is observed to have little effect of the reaction.
However, when five to ten equivalents of water are added, product formation is
reduced. The additional water is believed to shift the equilibrium from favoring
ketimine formation to favoring the hydrolysis of the ketimine back to starting
materials. While primary amines form ketimine intermediates, secondary amines
form ketiminium when condensation with cyclohexanone occurs. This cationic
intermediate is not observable by GC analysis. Attempts were made to detect the
positively-charged ketiminium in the crude reaction mixture by NMR but this was
hampered by the paramagnetic nature of the copper(ll) catalyst.

As cyclohexanone and the amine are incorporated into the ketimine, which
is attacked by the copper acetylide, if addition of the acetylide to the ketimine is
the rate-determining step, the overall reaction should be first order in copper
catalyst, cyclohexanone, amine, and alkyne.

To confirm the order of reaction for each component, the rate of formation
of propargylamine product (2a) is measured while the concentration of each
reagent or reactant is varied. The catalyst operates best under solvent-free
conditions; it was shown that CuCl, becomes inactive when significant dilution
with solvent is used. However, it was necessary to decrease the reaction rate

slightly for reasonable sampling intervals during the first 10% of product
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formation. While diluting the system with 0.1 M or 1.0 M acetonitrile shuts down
the catalyst, using toluene was ideal as the reaction rate was observed to be cut

in half at 1.0 M concentration.

o)
. 1-10 mol % HN@
ij HoN \@ A N CuCl, O\

n-Hex [
n-Hex
toluene (1 M) 2a
1 equiv. 1 equiv. 1 equiv. 10°C,1.5h
=1.894x
©10% Cu y=
160 7.5% Cu R#=0.999
’5% Cu =
2.5% Cu Lo :6533;
=120 ®1% Cu )
2 y = 1.111x
= R2=0.998
S
3 80 y = 0.742x
k= R2=0.994
40 y= 0.441x
R2z=0.991
0
0 20 40 60 80 100

time (min)

Figure 2.1: The formation of product over time at catalyst loadings from
1-10 mol% CuCl, each provide a linear plot with RZ> 0.99.

The initial rate of reaction (i.e. the rate of product formation) is measured
during the first 10% of product formation, and can be measured using GC
analysis for each set of reaction parameters. By comparing to a dodecane
internal standard, the concentration of propargylamine can be calculated for a
given reaction time. The product formation over time for 1, 2.5, 5, 7.5, and 10
mol% CuCl, was measured and plotted in Figure 2.1. To measure the order of
each reaction component, a set of identical reactions is started at the same time
such that each data point represents the sole sample taken from one reaction.

The plot of the data with a linear R? value > 0.99 at each catalyst loading
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demonstrates that the data is reliable and that reactions run in parallel are
uniform and reproducible. When the initial rate of reaction (V) is plotted against
the corresponding concentration of CuCly, a straight line with R? = 0.998 is

observed and demonstrates that the reaction is first order with respect to the

copper catalyst (Figure 2.2).

o)
) 1-10 mol % HN@
HoN N CuCl,
n-Hex DN
n-Hex

toluene (1 M) 2a
110°C,1.5h

1 equiv. 1 equiv. 1 equiv.

1.5
<
é ] y = 0.0044x + 0.3109
= R2=0.998
>o

0.5

0
0 100 200 300 400

[CuCl,] (mM)

Figure 2.2: A linear plot of reaction rate indicates a first order dependence
on copper(ll) chloride.

The same procedure was used to determine the order of reaction for each
of the remaining three reaction components. The formation of product over time
is plotted with respect to varying concentrations of cyclohexanone (Figure 2.3a),

benzylamine (Figure 2.3b) and 1-octyne (Figure 2.3c).
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(0]
HoN" \ 5 mol %
2 A
SIS

5

S
_—
n-Hex
0.5-2.5 0.25-1.0 0.5-2.5 toluene (1 M) 2a
v, ©F v, o i 110°C,1.5h
equiv. equiv. equiv. » 1
A B Cc
180 | ®Cyclohexanone (2.5 equiv.) y = 1.794x
A Cyclohexanone (2 equiv.) R*=0.999
iv. -
150 Y a y = 1.489x
# Cyclohexanone (1.5 equiv.) R? =0.996
% 120 | MCyclohexanone (1 equiv.) M é;: Ozggz
= ® Cyclohexanone (0.5 equiv.) y =1.11x
3% R2 = 0.998
o y = 0.830x
2 60 Rz =0.998
30
0
0 20 40 60 80 100
A time (min)
120
®Benzylamine (1 equiv.) y = 1.111x
A Benzylamine (0.75 equiv.) R2=0.998
B Benzylamine (0.5 equiv.)
< 80 ®Benzylamine (0.25 equiv.) >F,{2:=009$1)g;
£
5 y =0.678x
3 Rz=0.997
<
240 y = 0.369x
R?=0.999
0
B 0 20 40 60 80 100
time (min)
180 ’ =1.712x
®Octyne (2.5 equiv. y
ctyne (| ec?uw) .R2=O.995
150 - AOctyne (2 equiv.) y = 1.480x
#Octyne (1.5 equiv.) R*=0.998
. . y = 1.268x
% 120 - MOctyne (1 equiv.) R2 = 0.998
= ® Octyne (0.5 equiv.) y=1.111x
'g' 90 Rz =0.998
3 y = 0.832x
Z 60 Rz =0.995

0 20 40 60
C - .
time (min)

80 100

Each component is varied one at a time while the others are held at 1

equivalent.

Figure 2.3: The formation of product over time at variable equivalents
of ketone/amine/alkyne, each provide a linear plot with RZ> 0.99.
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A graph of the initial rate of product formation (Vo) at each concentration of
cyclohexanone shows a linear plot, with an R?> = 0.991. This confirms that the
reaction is first order with respect to the ketone starting material (Figure 2.4).

(@) 5 mol % HN
HoN S CuCl [ j
ij ? \© \\n-Hex o, O\ H
n-rex

toluene (1 M)

0.5-2.5equiv. 1 equiv. 1equiv. 110°C,1.5h 2a

2

1.5

B
£
% 1 y = 0.0006x + 0.6093
= R?=0.991
>

05

0
1500 2000

0 500 1000
[Cyclohexanone] (mM)

Figure 2.4: A linear plot of reaction rate indicates a first order dependence
on cyclohexanone.

When the rate of product formation at varying concentrations of
benzylamine is graphed, a linear plot is observed with an R? = 0.996, indicating

that the reaction is first order with respect to the primary amine (Figure 2.5).

Finally, when the initial rate of product formation is graphed for each
concentration of 1-octyne, a linear plot with R? = 0.994 indicates that this three-

component reaction is indeed first order with respect to the terminal alkyne

(Figure 2.6).
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Q P 5 mol % |
H2N A CuCl _
@ \© \n-Hex T, O\\
n-Hex

toluene (1 M)

1 equiv. 0.25-1.0 equiv. 1 equiv. 110°C,1.5h 2a
2
15
£
£
s 1
E
>0
0.5 y = 0.0014x + 0.1281
R?=0.996
0
400 600 800

0 200

[Benzylamine] (mM)

Figure 2.5: A linear plot of reaction rate indicates a first order dependence

Q . 5 mol % HN\©
H2N A CuCl
@ \© \n-Hex ;» \\\
n-Hex

toluene (1 M)
1.0 equiv.  0.5-2.5equiv. 110°C,1.5h 2a

on amine.

1 equiv.
2
1.5
£
§ ; y = 0.0006x + 0.6419
£ R? = 0.994
>0
0.5
0
0 500 1000 1500 2000

[Octyne] (mM)

Figure 2.6: A linear plot of reaction rate indicates a first order dependence

on alkyne.

The rate-determining step of the multicomponent reaction of ketones,

amines, and alkynes is generally believed to be the nucleophilic attack of the
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metal acetylide on the imine electrophile.”®>” For this to be true, the
nucleophilicity of the acetylide should be most important. It is reasonable to
expect that some difference in rate would be observed between an alkyl acetylide
and one bearing aryl substitution. For terminal alkynes, a stronger base should
accelerate the formation of the copper acetylide. In the case of the reaction to
form tetrasubstituted propargylamine, it would be expected that electron-donating
substituents on the benzylamine would increase the rate of reaction and a
decrease in reaction rate would be observed with electron-withdrawn
benzylamines are used.

To experimentally determine the rate-limiting step, the formation of
propargylamine over time for the CuCl; catalyzed reaction of cyclohexanone and
1-octyne with electronically diverse para-substituted benzylamines was analyzed.
Analysis of aliquots by GC, taken over the first 90 min of the reaction run in
toluene, provides the relative rates of product formation when 4-
methoxybenzylamine, 4-methylbenzylamine, 4-chlorobenzylamine, and 4-
(trifluoromethyl)benzylamine are used. Contrary to what was expected, a reaction
rate that was an order of magnitude faster was observed for the most electron-
poor 4-CFsz-benzylamine compared to the most electron-rich 4-MeO-
benzylamine. Further, 4-Cl-benzylamine reacts nearly four times faster and 4-

Me-benzylamine over twice as fast as 4-MeO-benzylamine (Figure 2.7).
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0 P 5 mol %
HoN \©\ \\\ CuCl, HN \[ j
X n-Hex (j\ X

N
toluene o n-Hex
OMe, Me, CI, CF4 1(110'\{,')0 2
1 equiv. 1 equiv. 1 equiv. 15h
L H,O N/\Q [C J
u]
SR
R
150 ) o
® 4-(CF3)-benzylamine y = 1.598x
4-Cl-benzylamine R? =0.994
B 4-Me-benzylamine
100 1 ®4-(MeO)-benzylamine
s
£ y = 0.564x
3 R2=0.997
8% y = 0.361x
= R2 =0.993
y = 0.152x
0 R2=0.998
0 20 40 60 80 100

time (min)

Figure 2.7: Electron-poor 4-CF3-benzylamine reacts 10.5-times faster than
electron-rich 4-MeO-benzylamine, this confirms that alkynylation is the rate-
limiting step.

Closer examination of the GC data showed that a greater steady-state
concentration of the cyclohexyl-derived ketimine was observed using 4-MeO-
benzylamine compared to 4-CFs-benzylamine. This can be explained as during
the course of the reaction, the ketimine intermediate is stabilized by the electron-
donating methoxy group. This is observed as a 30% increase in the
concentration of this intermediate compared to the destabilized ketimine resulting
from the electron-withdrawn 4-CFs-benzylamine. The more stable, electron-rich
ketimine (X = OMe) forms in a higher concentration but is less electrophilic and

thus less susceptible to nucleophilic attack by the copper acetylide. In contrast,
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the less stable, electron-poor ketimine (X = CF3) forms in a lower concentration
but is much more electrophilic and thus reacts with the copper acetylide much
more rapidly.
2.5 Synthetically Useful Silyl-Protected Propargylamines Though
Utilization of TIPS-Acetylene:

The utility of tetrasubstituted propargylamines can be increased through
the use of silyl alkynes. The resulting product is readily deprotectable and a
terminal alkyne can be obtained. Treatment of the silyl-protected propargylamine
with a nucleophilic fluoride source allows for the unmasking of the alkyne which
can allow for further use in alkyne based chemistry.®” A wide range of reactions
beyond the addition of a terminal alkyne to an imine or other electrophile are
possible.'® One of the best known reactions with terminal alkynes is the 1,3-
dipolar reaction known as the Huisgen cycloaddition. Here, the terminal alkyne
can react with an organic azide to form an aromatic triazole ring via “click”
chemistry.®>®* Previously reported conditions for the formation of trisubstituted
propargylamines using Cu(OTf), as a catalyst required equimolar amounts of
base, compared to catalyst, to prevent protodesilylation when trialkylsilyl alkynes
were used.”® However, when the aforementioned, solvent-free CuCl, conditions
are used,”’ a variety of TIPS-protected tetrasubstituted propargylamines can be

prepared without the need for additional additives or base (Table 2.4).
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R, _R?

RLN/R2 S 5 mol % CuCl, N
H TIPS 0°c. 18h A
' , TIPS

Entry Amine Product Yield (%)
HN™
HAN S (j\ CF
= e 3
1 CFs S1ips 80
2c
HN™
H2N/\©
N
X
2 S ips S
d
Me.
Me\N/\© N/\©
H ™
AN
3 TIPS 76
2e
o)
0 (]
4 [Nj N 73P
H (j\
TIPS
Me
N 0
5 ﬁNj N 98
H (j\
TIPS
2f
Me

M

6 [ll\l; [Nj 70

b Reaction was complete in 6 hours.

Table 2.4: Silyl alkynes react readily with cyclohexanone and a range of amines.
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The reaction of cyclohexanone, (triisopropylsilyl)-acetylene, and a primary
or secondary benzylamine cleanly affords the protected propargylamines 2c-2e
in high yield (75-80%). Secondary cyclic amines are also reactive and the
resulting tetrasubstituted products 2f-2h can be formed in high to near
quantitative yield. Thus, in addition to the ability to manipulate the amines and
alkynes used in this solvent-free, copper catalyzed system, these new silyl-
protected alkynes allow for even further functionalization of the tetrasubstituted

propargylamines.
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2.7 Supporting Information:

General reagent information

All reactions were set up in the air and carried out in oven-dried screw-cap test-
tubes with Teflon seals under an atmosphere of nitrogen. Flash column
chromatography was performed using silica gel purchased from Silicycle. CuCl;
was purchased from Acros and used as supplied. Amines were purchased from
Acros Organics, Alfa Aesar, or Aldrich and distilled before use. All ketones and
alkynes were purchased from Acros Organics, Alfa Aesar or TCl America and
were purified by distillation before use.

General analytical information

'H and "*C NMR spectra were measured on a Varian Inova 400 (400 MHz)
spectrometer using CDCI; as a solvent and trimethylsilane as an internal
standard. The following abbreviations are used singularly or in combination to
indicate the multiplicity of signals: s - singlet, d - doublet, t - triplet, q - quartet, m -
multiplet and br - broad. NMR spectra were acquired at 300 K. Gas
chromatography (GC) was carried out on an Agilent Technologies 6850 Network
GC System, and dodecane was used as the internal standard. IR spectra were
recorded on Perkin Elmer Spectrum One FT-IR Spectrometer. Attenuated total
reflection infrared (ATR-IR) was used for analysis with selected absorption
maxima reported in wavenumbers (cm™). Mass spectrometric data was collected

on a HP 5989A GC/MS quadrupole instrument. Exact masses were recorded on
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a Waters GCT Premier ToF instrument using direct injection of samples in
acetonitrile into the electrospray source.

General procedure for the synthesis of tetrasubstituted progargylamines:
An oven-dried test tube equipped with a magnetic stir bar was charged with 5
mol % CuCl,, capped with a septum, and purged with argon for 5 min.
Cyclohexanone (1.0 equiv), alkyne (1.0 equiv.), and amine (1.0 equiv) were
added, and the septum under Argon pressure was then quickly replaced with a
Teflon-seal screw cap. The reaction was stirred at 110 °C for the indicated time.
Upon reaction completion as confirmed by GC analysis, the mixture was cooled
to room temperature and loaded directly atop a silica gel column.
Chromatography with the solvent system indicated as the eluent afforded the
desired product.

N-benzyl-1-(oct-1-yn-1-yl)cyclohexanamine (2a):

Prepared according to the general procedure: Benzylamine (110 L, 1.0 mmol),
cyclohexanone (104 pL, 1.0 mmol), 1-octyne (148 pL, 1.0 mmol), CuCI2 (6.7 mg,
0.05 mmol) afford the title compound as a clear light yellow oil in 90% yield
(0.268 g, 0.90 mmol) after chromatography on silica gel (20% EtOAc/hexanes).
Characterization of this propargylamine matches that published in: Pierce, C. J.;
Larsen, C. H. Green Chem. 2012, 14, 2627 .
1-(oct-1-yn-1-yl)-N-(4-(trifluoromethyl)benzyl)cyclohexanamine (2b):
Prepared according to the general procedure: 4-(trifluoromethyl)benzylamine

(142 pL, 1.0 mmol), cyclohexanone (103 pL, 1.0 mmol), octyne (147 pL, 1.2
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mmol), and CuCl; (6.7 mg, 0.05 mmol) afford the title compound as a yellow oil in
74% yield (0.270 g, 0.74 mmol) after chromatography on silica gel (20% EtOAc in
hexanes). IR (film) 2946, 2853, 2155, 1460, 1325, 1174 cm™. "H NMR (400 MHz,
CDCl3) 6 7.47 (d, J= 8 Hz, 2H), 7.40 (d, J = 8 Hz, 2H), 3.86 (s, 2H), 217 (t, J =
6.8 Hz, 2H), 1.75 (d, J = 12 Hz, 2H), 1.60-1.12 (m, 17H), 0.81 (t, J= 6.8 Hz,
3H)."*C NMR (100 MHz, CDCl3) 5 145.8, 128.8, 128.7 (2 overlapping carbons),
125.3 (J= 4.0 Hz), 123.15, 84.9, 83.81, 55.0, 47.6, 38.7, 31.5, 29.3, 28.7, 26.1,
23.1, 22.8, 18.9, 14.2. HRMS (ESI) m/z calcd for [M+H]" requires 366.2403,
found 366.2420.

4-N-(4-(trifluoromethyl)benzyl)-1-((triisopropylsilyl)ethynyl)
cyclohexanamine (2c):

Prepared according to the general procedure: 4-(trifluoromethyl)-benzylamine
(142 pL, 1.0 mmol), cyclohexanone (103 pL, 1.0 mmol), (triisopropylsilyl)
acetylene (269 pL, 1.2 mmol), and CuCl, (6.7 mg, 0.05 mmol) afford the title
compound as a yellow oil in 80% vyield (0.350 g, 0.80 mmol) after
chromatography on silica gel (20% EtOAc in hexanes). IR (film) 2936, 2863,
2155, 1462, 1323, 1163 cm™. "H NMR (400 MHz, CDCl3, 25 °C) 5 7.46 (d, J= 8
Hz, 2H), 7.39 (d, J = 8 Hz, 2H), 3.90 (s, 2H), 1.78 (d, J = 12 Hz, 3H), 1.58 (m,
6H), 1.33 (m, 2H), 1.13 (m, 2H) 1.02 (d, J= 4 Hz, 18H)."”*C NMR (100 MHz,
CDCl3, 25 °C) & 145.5, 128.8 (2 overlapping carbons), 125.3 (J= 4.0 Hz) (2
carbons overlapped), 112.1, 84.4, 55.8, 47.8, 38.4, 26.0, 23.1, 18.8, 11.4. HRMS

(ESI) m/z calcd for [M+H]" requires 438.2798, found 438.2775.
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N-benzyl-1-((triisopropylsilyl)ethynyl)cyclohexanamine (2d):

Prepared according to the general procedure: benzylamine (109 uL, 1.0 mmol),
cyclohexanone (103 pL, 1.0 mmol), (triisopropylsilyl) acetylene (269 pL, 1.2
mmol), and CuCl; (6.7 mg, 0.05 mmol) afford the title compound as a yellow oil in
75% yield (0.277 g, 0.75 mmol) after chromatography on silica gel (10% EtOAc in
hexanes). IR (film) 2931, 2862, 2154, 1461, 1279 cm™. '"H NMR (400 MHz,
CDCl3, 25 °C) 6 7.27 (d, J=7.2 Hz, 2H), 7.21 (t, J = 7.2 Hz, 2H), 7.13 (t, J= 7.2
Hz, 1H), 3.84 (s, 2H), 1.80 (d, J = 16 Hz, 3H), 1.59 (m, 6H), 1.34 (m, 2H), 1.17
(m, 2H) 1.03 (d, J= 4 Hz, 18H). ®*C NMR (100 MHz, CDCls, 25 °C) & 141.2,
128.8, 128.6, 127.0, 112.5, 84.2, 55.9, 48.4, 38.4, 26.1, 23.3, 18.9, 11.5. HRMS
(ESI) m/z calcd for [M+H]" requires 370.2925, found 370.2936.
N-benzyl-N-methyl-1-((triisopropylsilyl)ethynyl) cyclohexanamine (2e):
Prepared according to the general procedure: N-methyl-benzylamine (129 uL,
1.0 mmol), cyclohexanone (103 uL, 1.0 mmol), (triisopropylsilyl) acetylene (269
uL, 1.2 mmol), and CuCl; (6.7 mg, 0.05 mmol) afford the title compound as a
yellow oil in 76% vyield (0.291 g, 0.76 mmol) after chromatography on silica gel
(10% EtOAc in hexanes). IR (film) 2932, 2863, 2153, 1462, 1058 cm™. "H NMR
(400 MHz, CDCls, 25 °C) & 7.24 (d, J= 8 Hz, 2H), 7.20 (t, J = 8 Hz, 2H), 7.11 (t,
J= 8 Hz, 1H), 3.53 (s, 2H), 2.06 (s, 3H), 1.96 (d, J = 12 Hz, 3H), 1.64 (m, 2H),
1.54 (t, J= 9.6 Hz, 2H), 1.45 (t, J= 12 Hz, 2H), 1.18 (m, 4H) 1.03 (d, J= 4 Hz,

18H). "*C NMR (100 MHz, CDCls, 25 °C) 5 141.2, 128.9, 128.2, 126.6, 109.0,
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84.7, 59.6, 56.0, 36.98, 35.3, 25.9, 23.1, 18.9, 11.4. HRMS (ESI) m/z calcd for
[M+H]" requires 384.3081, found 384.3089.
4-methyl-1-(1-((triisopropylsilyl)ethynyl)cyclohexyl) piperidine (2f):

Prepared according to the general procedure: 4-methyl-piperidine (117 uL, 1.0
mmol), cyclohexanone (103 uL, 1.0 mmol), (triisopropylsilyl) acetylene (269 pL,
1.2 mmol), and CuCl; (6.7 mg, 0.05 mmol) afford the title compound as a yellow
oil in 98% vyield (0.354 g, 0.98 mmol) after chromatography on silica gel (20%
EtOAc in hexanes). IR (film) 2926, 2863, 2154, 1462, 1258 cm™. "H NMR (400
MHz, CDCls, 25 °C) 8 2.96 (d, J= 16 Hz, 2H), 2.14 (t, J = 12 Hz, 2H), 1.96 (d, J=
16 Hz, 3H), 1.58 (m, 7H), 1.30 (t, J = 12.4 Hz, 3H), 1.13 (m, 5H), 1.01 (d, J=4
Hz,18H). "*C NMR (100 MHz, CDCls;, 25 °C) & 108.9, 85.19, 59.4, 46.4, 36.3,
35.0, 31.1, 25.8, 23.2, 21.8, 18.8, 11.4. HRMS (ESI) m/z calcd for [M+H]"
requires 362.3238, found 362.3226.
1-methyl-4-(1-((triisopropylsilyl)ethynyl)cyclohexyl) piperazine (2g):
Prepared according to the general procedure: 1-methyl-piperazine (110 pL, 1.0
mmol), cyclohexanone (103 uL, 1.0 mmol), (triisopropylsilyl) acetylene (269 pL,
1.2 mmol), and CuCl; (6.7 mg, 0.05 mmol) afford the title compound as a yellow
oil in 70% yield (0.253 g, 0.70 mmol) after column chromatography on silica gel
(25% methanol in CH,Cl,). IR (film) 2932, 2863, 2155, 1456, 1283 cm™. "H NMR
(400 MHz, CDCl3, 25 °C) d 2.65 (bs, 4H), 2.46 (bs, 4H), 2.22 (s, 3H), 1.91 (d, J=
16 Hz, 3H), 1.56 (m, 6H), 1.32 (t, J= 12 Hz, 2H), 1.12 (m, 2H), 1.00 (d, J= 4

Hz,18H). *C NMR (100 MHz, CDCl;, 25 °C) 5 108.0, 86.2, 58.9, 55.6, 45.8, 45.7,
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35.9, 25.6, 22.9, 18.7, 11.3. HRMS (ESI) m/z calcd for [M+H]" requires 363.3190,
found 363.3203.

Concentrated solvent screen study:
Carried out under the general procedure except with an added 1 mL solvent as

indicated in entries 2-4: benzylamine (110 uL, 1.0 mmol), cyclohexanone (104
pL, 1.0 mmol), 1-octyne (148 uL, 1.0 mmol), CuCI2 (6.8 mg, 0.05 mmol), and
dodecane internal standard (20 pL). GC aliquots were flushed through a silica gel

pipette plug with diethyl ether.

? e N
HoN~ N 2
n-Hex > N

110 °C n-Hex
1.0 equiv. 1.0 equiv. 1.0 equiv. 6h 2a
Entry Solvent GC yield (%)
1 none 90
2 hexanes 5
3 toluene 52
4 acetonitrile 18

Catalyst (CuCl;) loading study:
At each catalyst loading, a set of identical reactions was set up; each data point

represents the sole sample taken from a reaction. An oven-dried test tube
equipped with a magnetic stir bar was charged with CuCl, (1-10 mol %, 1.3 mg—
13.4 mg), capped with a septum, and purged with argon for 5 min.
Cyclohexanone (103 pL, 1.0 mmol), octyne (147 pL, 1.0 mmol), benzylamine
(109 pL, 1.0 mmol), dodecane internal standard (20 ml), and toluene (1 mL) were

added via syringe. Under argon pressure, the septum was then quickly replaced
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with a Teflon-seal screw cap. The reaction was stirred at 110 °C for 90 min. GC

aliquots at each time point were flushed through a silica gel pipette plug with

diethyl ether.

0]
HoN~ _
ij \© \n-Hex

1 equiv. 1 equiv. 1 equiv.

®10% Cu
160 7.5% Cu
*5% Cu
®2.5% Cu
®1% Cu

[product] (mM)
@ S
o o

N
o

o

0 20 40 60 80 100
time (min)

Cyclohexanone Concentration Study:

1-10 mol %

B —

toluene (1 M)
110°C,1.5h

V, (mM/min)

S

n-Hex

2a

y =0.0044x + 0.3109
R?=0.998

100 200 300 400
[CuCl,] (mM)

At each concentration of cyclohexanone, a set of identical reactions was set up;

each data point represents the sole sample taken from a reaction. An oven-dried

test tube equipped with a magnetic stir bar was charged with CuCl; (5 mol %, 6.7

mg), capped with a septum, and purged with argon for 5 min. Toluene (1051 pL -

846 uL) was added such that the total reaction volume remained constant. The

dodecane internal standard (20 pyL) was added, followed by cyclohexanone (51

uL — 257 pL, 0.5 — 2.5 mmol), benzylamine (109 pL, 1.0 mmol) and octyne (147

bL, 1.0 mmol). Under argon pressure, the septum was then quickly replaced with

a Teflon-seal screw cap. The reaction was stirred at 110 °C for 90 min. GC
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aliquots at each time point were flushed through a silica gel pipette plug with

diethyl ether.

& w0

0.5-2.5 equiv. 1 equiv.

180 | @Cyclohexanone (2.5 equiv.)

Cyclohexanone (2 equiv.)

(

(

4 Cyclohexanone (1.5 equiv.)

120 - ECyclohexanone (1 equiv.)
(

® Cyclohexanone (0.5 equiv.)

[product] (mM)
©
o

0 20 40 60 80
time (min)

5 mol %
Y CUC|2
A
\n-Hex ——
toluene (1 M)
1equiv. 110°C,1.5h
y =1.794x 2

<
]
N
g
y
<
V, (mM/min)

0.5

100 0 500

Benzylamine Concentration Study:

y = 0.0006x + 0.6093
R?=0.991

1000
[Cyclohexanone] (mM)

1500 2000

At each concentration of benzylamine, a set of identical reactions was set up;

each data point represents the sole sample taken from a reaction. An oven-dried

test tube equipped with a magnetic stir bar was charged with CuCl; (5 mol %, 6.7

mg), capped with a septum, and purged with argon for 5 min. Toluene (1081 pL -

837 uL) was added such that the overall concentration was kept constant. The

dodecane internal standard (20 pL) was added, followed by cyclohexanone (103

uL, 1.0 mmol), benzylamine (27 yL — 272 pL, 0.25 — 2.5 mmol), and octyne (147

bL, 1.0 mmol). Under argon pressure, the septum was then quickly replaced with

a Teflon-seal screw cap. The reaction was stirred at 110 °C for 90 min. GC

aliquots at each time point were flushed through a silica gel pipette plug with

diethyl ether.
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n-Hex —— — »

S
. . _ toluene (1 M) n-Hex
1 equiv. 0.25-1.0 equiv. 1 equiv. 110°C,1.5h 2a

0 5 mol % HN
ij HzN\© %\ CuCl, O\
X

120 ®Benzylamine (1 equiv.) y = 1.111x

Benzylamine (0.75 equiv.) R2?=0.998

M Benzylamine (0.5 equiv.)

®Benzylamine (0.25 equiv.) y =0.918x

R?=0.997

®
S

y =0.678x
R?=0.997

V, (mM/min)

[product] (mM)

N
o

y = 0.369x 05
R2=0.999

y =0.0014x + 0.1281
R?=0.996

0 200 400 600 800

1] 20 40 60 80 100 [Benzylamine] (mM)
time (min)

1-Octyne Concentration Study:
At each concentration of 1-octyne, a set of identical reactions was set up; each

data point represents the sole sample taken from a reaction. An oven-dried test
tube equipped with a magnetic stir bar was charged with CuCl, (5 mol %, 6.7
mg), capped with a septum, and purged with argon for 5 min. Toluene (1073 pL -
780 pL) was added such that the total volume was kept constant. The dodecane
internal standard (20 pL) was added, followed by cyclohexanone (103 pL, 1.0
mmol), benzylamine (109 uL, 1.0 mmol), and octyne (73 yL — 367 uL, 0.5 - 2.5
mmol). Under argon pressure, the septum was then quickly replaced with a
Teflon-seal screw cap. The reaction was stirred at 110 °C for 90 min. GC aliquots
at each time point were flushed through a silica gel pipette plug with diethyl ether.
T N 5 mol % HN/\©
ij 2 \© SN CuCl, O\

n-Hex ——— — »

N
. . ~ toluene (1 M) n-Hex
1 equiv. 1.0 equiv. 0.5-2.5 equiv. 110°C,1.5h 2a
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®Octyne (2.5 equiv.)
150 Octyne (2 equiv.)

@ Octyne (1.5 equiv.)

120 - ®Octyne (1 equiv.)

s R2=0998 T
E - = €
= ®Octyne (0.5 equiv.) y=1.111x s y = 0.0006x + 0.6419
S 90 R?=0.998  F R2 = 0.994
H y=0832x | >
£ 60 R2=0.995

0.5

30
0
0 0 500 1000 1500 2000
0 20 40 60 80 100 [Octyne] (mM)

time (min)

Relative rates of para-substituted benzylamines (X = OMe, Me, ClI, or CF3):

For each substituted benzylamine, a set of identical reactions was set up; each
data point represents the sole sample taken from a reaction. An oven-dried test
tube equipped with a magnetic stir bar was charged with CuCl, (5 mol %, 6.7
mg), capped with a septum, and purged with argon for 5 min. Toluene (A: 979
uL, B: 982 L, C: 987 uL D: 967 pL) was added such that the overall
concentration was kept constant. The dodecane internal standard (20 yL) was
added, followed by cyclohexanone (103 pL, 1.0 mmol), then either 4-
methoxybenzylamine (A, 130 pL, 1.0 mmol), 4-methylbenzylamine (B, 127 pL,
1.0 mmol), 4-chlorobenzylamine (C, 122 L, 1.0 mmol), or 4-
(trifluoromethyl)benzylamine (D, 142 pL, 1.0 mmol) was added followed by
octyne (147 uL, 1.0 mmol). Under argon pressure the septum was then quickly
replaced with a Teflon-seal screw cap. The reaction was stirred at 110 °C for 90
min. GC aliquots at each time point were flushed through a silica gel pipette plug

with diethyl ether.
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0 P 5 mol %
X n-Hex ——— X
X -_—

X
- toluene N n-Hex
OMe, Me, Cl, CF5 1(110“{")0 2
1 equiv. 1 equiv. 1 equiv. 15h
H,0 N@ c
u]
SR
R
150 o
® 4-(CF3)-benzylamine y = 1.598x
4-Cl-benzylamine R? =0.994
B 4-Me-benzylamine
100 | ®4-(MeO)-benzylamine
s
‘E’ y = 0.564x
g R2 = 0.997
8% y = 0.361x
& R? =0.993
y = 0.152x
0 R2=0.998
0 20 40 60 80 100
time (min)

Characterization of additional tetrasubstituted propargylamines including
'H and "*C NMR Spectra is available at:

http://dx.doi.org/10.1039/C2GC35713E
and

http://dx.doi.org/10.1039/C4GC02318H
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Chapter Three: Kinetic Analysis of Propargylamine Formation Through

Hydroamination-Alkynylation

3.1 Introduction:
One method for incorporating amines into organic compounds that is
attractive in its atom economy’ is hydroamination.?® Compared to the

condensation of an amine on a ketone to form a ketimine, the splitting of an N-H
bond across the pi-system of an alkyne results in the conversion of all atoms in
the starting material into the product.”® If the hydroamination on the alkyne
generates an enamine with Markovnikov regioselectivity, the subsequent

tautomerization to ketimine and reduction with a hydride source yields an a-

amino trisubstituted carbon as shown in scheme 3.1a.%°

(a) Markovnikov Type A
R
J[ML;] BN R R N,R' NaBH, HN
N 2 —_—
N Me‘i\’\H
R R& R e
alkyne as hydride as trisubstituted

enamine ketimine

electrophile nucleophile central carbon

(b) anti-Markovnikov Type B
[Cu] R
Lea R R NR \R.. HIN
%\ 2 ’J:k -y F/(/’H\QR"
alkyne as acetylide as trisubstituted
electrophile enamine aldimine nucleophile central carbon
(c) Markovnikov
[LaM] .R
ML R R R ™\ HN
,,,,,,,,,,, > —= 1]
R R Me _ R
alkyne as ne ketimi acetylide as tetrasubstituted
electrophile enamine ketimine nucleophile central carbon

Scheme 3.1: Comparing trisubstituted products A & B with tetrasubstituted

propargylic amine C.

46



This was first accomplished with the use of Cd/Zn based catalysis, ' then
Zr,"" Ti," and lanthanides'® were found to be active in imine formation from the
intermolecular hydroamination of terminal alkynes. The highest degree of
regioselectivity is observed when organometallic catalysts containing bridging or
bulky ligands are used.?® Utilization of carbon-based nucleophiles in tandem with
hydroamination allows for broadened synthetic utility of the ketimine
intermediates.''°

In contrast to other catalyst systems, when copper catalysis has been
used in tandem hydroamination reactions, the formation of product has
proceeded through an anti-Markovnikov mechanism and formation of aldimine is
observed. Subsequent reaction of the aldimine with in situ generated copper
acetylide forms the less-hindered trisubstituted propargylamine product (Scheme
3.1b)."%" To produce the tetrasubstituted product, Markovnikov hydroamination
to form the ketimine must be directly followed by the addition of an acetylide
nucleophile (Scheme 3.1c).® Prior to work towards this objective, no such
reaction had been reported in the 50 years since the discovery of intermolecular
hydroamination of an alkyne.”® In fact, dual Cu/Ti catalysis was required for the
first example of direct synthesis of the tetrasubstituted propargylamine shown in
3.1c using an unactivated ketone, and amine followed by alkynylation.?’

As a result of the high-energy barrier to ketimine formation and
subsequent attack, compared to aldimines,?* examples of the multicomponent

reaction of an amine, ketone and carbon based nucleophile are quite rare.?"*
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However, these tetrasubstituted amines derivatives have a wide range of
medicinal applications. With use ranging from radiological imaging to therapeutic
treatments for HIV, cancer, and malaria, as well as activity as potent antivirals,
development of methods for the formation of hindered amines and addition of
nucleophiles to ketimines is of high importance.?*%’

3.2 Propargylamine Formation via Hydroamination-Alkynylation:

Use of hydroamination is an attractive alternative to circumvent the large
barrier to in situ ketimine formation.?' Additionally, hydroamination in combination
with ketimine alkynylation would provide a one-step method for the preparation of
tetrasubstituted progargylamines. However, there are difficulties associated with
this methodology, 1) an alkyne must be activated as the electrophile in order for
hydroamination with the amine to occur, and 2) a subsequent equivalent of the
alkyne must be able to be activated to form the nucleophilic acetylide to attack
the resultant ketimine. Further, achieving this tandem reaction is complicated as
the catalyst that best activates the alkyne for hydroamination is unlikely to be
optimal for the formation of the necessary acetylide nucleophile.

While use of gold catalysis is well-precedented for the alkynylation of
imines,?®*° the ketimine that results from gold-catalyzed intermolecular
hydroamination of alkynes is not alkynylated.®®*® An example of such, is the
(SPhos)Au(NTf), catalyzed hydroamination reaction with both terminal alkynes

and the less-reactive, internal alkynes.?® Heating the reaction to 100°C does not
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result in alkynylation, rather, two sequential hydroaminations occur and produce
the N,N-divinyl derivative with p-toluidine.

Additionally, while examples of copper catalysts are widespread for the
alkynylation of imines,?* use in Markovnikov hydroamination is restricted to a few
solid-supported compounds.*®** The anti-Markovnikov hydroamination with ethyl
propiolate, catalyzed by CuBr, in toluene, produces an aldimine that is attacked
by the acetylide to give a trisubstituted propargylamine.'®'® Similarly, a reaction
catalyzed by CuBr, in the solvent dioxane, occurs with diethylamine and octyne.®

Previous reports discussed in chapter 2 have demonstrated that the use of
green, solvent-free conditions** can be critical for the catalytic formation of
ketimine intermediates.?’** As such, removal of solvent should allow for
development of a copper-catalyzed method for a tandem hydroamination-
alkynylation that does not produce aldiminium and rather, produces ketiminium to
give the tetrasubstituted product. Satisfyingly, the solvent-free reaction of
morpholine and 1-octyne with 5 mol% copper(ll) chloride produces the
tetrasubstituted propargylamine as the sole product after a 24 h reaction time

(Scheme 3.2).%¢

49



o Cu o ]
1N O
®N R N
R R
) 5 mol % \)kH not = .
[ j R CuCl, observed H
H R W aldiminium trisubstituted
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Scheme 3.2: Tandem hydroamination—alkynylation under solvent-free
conditions produces solely the tetrasubstituted product shown in the bottom
right.

The first step to optimize the tandem hydroamination-alkynylation reaction
was to screen a variety of copper(l) and copper(ll) salts for their catalytic activity
under solvent-free conditions (Table 3.1).° It was observed that while copper(l)
and copper(ll) acetate, along with copper(l) iodide were inactive, many of the
other copper sources were able to catalyze the formation of tetrasubstituted
propargylamine. Further,

while copper(ll) bromide is known to produce

trisubstituted propargylamine,’®'®

small amounts of tetrasubstituted product are
observed when solvent-free conditions are used. When copper salts containing
triflate (OTf) counter anions were used, both Cu(OTf), and Cu(OTf) « (MeCN)4
provided high reactivity and the formation of product was observed as a 94%
corrected GC yield (Table 3.1, entries 3 and 7).*® Additionally, when 1-octyne is

used the tetrasubstituted propargylamine is the observed as the dominant

product under these solvent-free conditions.
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()

10 mol % Copper N

[O]
\\\
N -
H n-HeX 140 °c, 20 min, Ar ”'Hexj}n_Hex

1 equiv. 2.2 equiv.

Entry Copper source GC yield [%]*]
1 CuCl, 15
2 CuBr, 12
3 Cu(OTf), 94
4 CuCl 53
5 CuBr 53
6 CuBreSMe, 43
7 CuOTfe(MeCN), 94

[b] GC yield of product by comparison to dodecane internal standard and
correction for GC burn ratio.

Table 3.1: Copper triflates are superior catalysts for tandem hydroamination-
alkynylation.

Use of an inert argon atmosphere allowed the reaction to proceed cleanly.
When an atmosphere of nitrogen or air was used it was observed that the
conversion to product decreased by 15%. While alkyne hydration can occur
when exposed to water, adding up to 10 mol% is tolerated when alkyl alkynes
are used. When additional water is added at amounts greater that 50 mol% the
rate of propargylamine formation decreases dramatically.

When terminal alkynes carrying bulky substituents are used, one would
predict that the high selectivity for the Markovnikov product would decrease.*’
This should be particularly evident when secondary amines are used, as there
should be a limit to the steric demand of the alkyne as this leads to greater allylic
strain between the amine and alkyne substituents on the initially formed

enamine.®® Comparably, as anti-Markovnikov hydroamination proceeds though a
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1,2-trans-disubstituted enamine, Markovnikov hydroamination proceeds via a
1,1-disubstituted enamine (Scheme 3.3). As the substituents (R', R?, and R®)
adjacent to the triple bond change from hydrogen atoms to alkyl groups, a
decrease in the number of lower energy confirmations, in which an H atom can

sit in the plane of the enamine, will occur.

10 mol % {} (3

o}
R! Cu(OTf), N
[ j =R 5 / 3:
N =3 R R R
H 110 °C R1R2 R1R2

anti-Markovnikov  Markovnikov
enamine enamine

Scheme 3.3: Markovnikov hydroamination with bulky alkynes leads to
greater allylic strain between the secondary amine and alkyne substituents.

Analysis of product distribution between tetrasubstituted propargylamine
and the trisubstituted product was performed using GC (Table 3.2).“° When the
steric bulk of the alkyne is increased from 1-hexyne to cyclohexylacetylene and
further to fert-butyl acetylene, the ratio of tetrasubstituted product to trisubstituted
product decreases substantially. With tert-butyl acetylene, the reaction actually
formed twice as much of the undesired trisubstituted propargylamine compared
to the desired product. This was confirmed using 'H NMR analysis as a
diagnostic a-amino peak at ~3.3 ppm could be measured and correlated with GC

retention times.
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(0) 10 mol %
N Cu(OTf), tri- tetra-
[Hj \\R ———> substituted + substituted
110 °C product product

1 equiv. 2.2 equiv. 30 min

anti-Markovnikov ratio@ Markovnikov
trisubstituted product tetrasubstituted product

@) @)

) )
\/\/*\A 1:>20 Et/\/N*\A
I Et o Et
3a

Et

) ®

N N
1:6
= { ﬁ\Q
H Me\O
O (@]

@ Ratio determined by GC analysis.

Table 3.2: Increasing steric bulk of alkyne partitions tandem reaction
away from favoring ketimine-derived tetrasubstituted products towards
aldimine-derived trisubstituted products.

The sole product of the tandem reaction with 1-hexyne is the
tetrasubstituted propargylamine (3a). Increasing the size of the steric bulk to the
tertiary carbon of cyclohexylacetylene results in a 6:1 ratio of tetrasubstituted to
trisubstituted product. The quaternary carbon on fert-butylacetylene is of
sufficient size to override the selectivity for the Markovnikov product, from the
solvent-free Cu(OTf), catalysis, and favor the formation the trisubstituted

propargylamine. When the copper catalysis is applied in the presence of solvent,
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formation of the trisubstituted products is favored even when less bulky alkynes
are used.'®"®

The range of amines and alkynes that can be incorporated into the
tetrasubstituted propargylamine is demonstrated in table 3.3. A variety of alkynes
can be used bearing alkyl, aryl, or nitrile groups, and all react efficiently with
morpholine.*® In 25-45 min this method produces compounds were the alkyl (R)
group can be linear, cyclic, branched, or aryl. Even a dinitrile-containing product
can be formed selectively in 1 h in 80% yield. In addition to morpholine,
piperidine and pyrrolidine also react with 1-hexyne in 20 min to form product in
76% and 85% yield respectively. While various other groups have commented on
the limited success of alkyl amines in hydroamination using coinage metal
catalysts,>®*%*’ the ability of this methodology to efficiently form product with
reaction of non-aniline substrates is highly advantageous. N-methylaniline reacts
efficiently as does N-methylbenzylamine. However, while secondary N-
methylbenzylamine proceeds in 30 min in a 76% yield, primary benzylamine
requires a 10 h reaction time to obtain the product in 72% yield. Additionally,
para-methoxybenzylamine provides product in good yield but also requires a
substantially increased reaction time as complete consumption of amine requires

12 h.46
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R _R? 10 mol % Cu(OTf),
N/

R1\ _R2
\\ N
H R® 110 °C Rjj\
1 equiv. 2.2 equiv. 20-60 min e
: [ &

) .
N N
nBUTTSs g, MRS ey =
e e Me
3a

O

75% 88% 60%
) )
Me N Ph N
y ~ Me \/\/JMPh
e
e Me e
76% 83%

() ()
NC N N
== CN -
\/\/N(M n BUFﬂ—BU
e e

80% 76%

<N> Me\NO
n-Buj}n_Bu n-Bude&n_Bu

85% 73%
Me\N/\© HN/\©\ HN/\©
n-Bu S8 n-Bud\ OMe ,»,_Buj\
e n-Bu e n-Bu e n-Bu
76% 68%[b] 72%!c]

b 12 hours. ¢ 10 hours

Table 3.3: Range of amines and alkynes in the copper(ll)-catalyzed
tandem hydroamination—alkynylation reaction.

Thus, in contrast with secondary amines, which proceed to completion in
20-60 min, the reaction with primary amines converts at a rate 20-times more
slowly. An explanation can be obtained by looking at the key intermediate. A

secondary amine must react via formation of a ketiminium (Scheme 3.4a), and as
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this is a charged intermediate, it cannot be observed by GC during the course of
the reaction. In contrast, the reaction with primary amines such as benzylamine
with 1-hexyne, a 1:3 ratio of ketimine to benzylamine is observed by GC when an

aliquot of the reaction is taken after 1 h (Scheme 3.4b).*®

(a)

Bn\N/Me _ B
H 10mol% | Bn. Me [cy]
N Me.
“ 110 °C Me” "R n-Bu n-BUj\
\\n-Bu 45min | yetiminium  acetylide e n-Bu
2.2 equiv electrophile nucleophile
b
(b) Bn. B .
NHz 10 mol% Bn\N (Cul
1.0 equiv. CU(OTh): I N . HN@
110 °C n-Bu” "Me n-Bu n-Bu -
N 10h S
n-Bu ketimine acetylide e n-Bu
2.2 equiv. electrophile  nucleophile

Scheme 3.4: Increased rate of reaction for secondary amines compared to primary
amines could be explained as a result of differing imine intermediates.

3.3 Kinetic Analysis of the Copper(ll) Catalyzed Hydroamination-
Alkynylation Pathway to Form Propargylamines:

In an attempt to increase the reaction rate of the hydroamination-
alkynylation reaction with benzylamine, various reaction conditions were
assessed. Diluting the reaction with the addition of solvent slowed or arrested the
formation of propargylamine. This was not unexpected as previous attempts to
form propargylamine with morpholine in acetonitrile, dichloroethane, 1,4-dioxane,
DMF, DMSO, ethyl acetate, THF, or toluene provided the product in half the yield

as is formed in one h under solvent-free conditions.
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Increasing the reaction temperature was also observed to not increase the
reaction rate or the yield of the product with benzylamine. The addition of 10
mol% acetic acid or triflic acid did not result in an increase in product formation,
and the addition of 10 mol% of hydrochloric or sulfuric acid prevented the
reaction from proceeding entirely. Similarly, the addition of 20 mol% of base
including potassium tert-butoxide, pyridine, triethylamine, or cesium carbonate
did not result in an increased reaction rate. Thus the analysis of the rate of
reaction with benzylamines was performed without any additives. While the
reaction rate was slow compared to that observed when secondary amines are
used, reliable data could be obtained by analyzing reaction aliquots taken every
60 min over the course of 4 h.

When determining the rate-limiting step of the hydroamination-alkylation
reaction with benzylamines, it is reasonable to expect that if hydroamination is
the limiting step that a more electron-rich nucleophilic amine should react faster
than one that is electron-poor. If the reverse is observed and use of a more
electron-poor amine results in an increased rate, then that suggests that the
alkynylation of the resulting ketimine is rate-determining. This can be explained
as a result of the fact that a more electron-poor ketimine intermediate is more
electrophilic and will undergo the reaction with a common nucleophile more
rapidly.

To observe this experimentally, the initial rate of product formation was

analyzed for different primary benzylamines (Figure 3.1). A plot showing the
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increase in concentration of the product over time for the tandem reaction of 1-
hexyne  with  either  4-methoxybenzylamine, benzylamine or 4-
(trifluoromethyl)benzylamine is shown. It is observed the initial rate of reaction
when 4-CF3-benzylamine is used is 1.5 times faster than that with benzylamine
and more than an order of magnitude faster than the observed rate with 4-MeO-
benzylamine. Detection of the ketimine intermediate also suggests that the rate-

determining step for primary benzylamines must be the alkynylation of the

ketimine.
10 mol %
= NH, N Cu(OTf),
| \\ — > n-Bu
Pz n-Bu N
R ~90°C,4h B
1 equiv. 2.2 equiv. n u
R = OMe, H, CF;
®4-CF3-Benzylamine y = 0.815x
R ) R2 = 0.998
Benzylamine
160 - M4-MeO-Benzylamine
s y = 0.553x
2o
E 120 R? = 0.997
©
=]
3
E 80
40 y =0.071x
R2 = 0.995
0
0 50 100 150 200 250

time (min)

Figure 3.1: Plot of concentration of benzylamine-derived product (mM)
versus time, shows that 4-(trifluoromethyl) benzylamine reacts fastest.

In order for this hydroamination-alkynylation reaction to form
propargylamine, two separate catalytic cycles involving alkyne activation must
merge into one symbiotic process (Scheme 3.5). The hydroamination cycle

begins with the activation of the alkyne through m-coordination with copper to
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form an electrophile and then subsequent attack by the by the secondary
amine.®?4%*3 Markovnikov hydroamination then frees the catalyst to re-enter the
cycle and forms the 1,1-disubstituted enamine. This initial intermediate then
undergoes reversible tautomerization to form the desired ketiminium. At the
same time, the alkynylation cycle begins in a similar fashion with the activation of
the alkyne through m-coordination with copper. However, here the alkyne is
deprotonated and forms the copper acetylide nucleophile.?* These two cycles
intersect when the copper acetylide attacks the alkyne-derived ketiminium and
produces the tetrasubstituted propargylamine and the copper catalyst is

regenerated.

L[Cu] N 1
RE RS \ cuy R
B
H \(hydroamination alkynylation
B-H
2 3 X
) R\ R \R1 acetylide
enamine o w3 acetylide nucleophile
REG-R? aqdition ,
R 3
%” - b
ketlm/n/um R 4\Q R
electrophile Me

Scheme 3.5: Proposed dual catalytic cycle for tandem Markovnikov
hydroamination—alkynylation.

Previous work published in the literature has demonstrated that enamines
are capable bases for the formation of copper acetylides from terminal alkynes.48

If the enamine formed through hydroamination of the alkyne by a secondary
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amine, deprotonates another equivalent of terminal alkyne, then the resulting
ketiminium electrophile and required copper acetylide nucleophile are formed
concurrently. These two species would be in proximity to each other and the
rapid formation of propargylamine would occur. When primary amines are used,
tautomerization to form ketimine occurs. However, the neutral ketimine is not as
electrophilic as the ketiminium generated with secondary amines and thus a
slower reaction rate is expected and observed.

Deuteration of the starting alkyne allows for analysis of the mechanism for
product formation. By observing where the deuterium results in the final product
a more precise picture of the proceeding reaction can be obtained.®*®
Markovnikov hydroamination of deuterium-labeled 5-hexynenitrile  with
morpholine results in the incorporation of deuterium at the methyl group of the
propargylamine.*® Analysis of the '"H NMR of the deuterated product shows
dideuteration of the methyl group attached to the fully substituted center.*® The
first deuterium present in the alkyne must be located at the enamine terminus
upon Markovnikov hydroamination.35 The second deuterium in obtained if the
mono-deuterated enamine deprotonates the deuterated 5-hexynenitrile during
tautomerization and formation of the copper acetylide.*®

To aid in the determination of the roles each reactant plays during the
course of the tandem hydroamination alkynylation reaction, the order in copper
catalyst, alkyne, and secondary amine were assessed. The concentration of

product vs. time was measured during the first tenth of the reaction to obtain the
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initial rate of reaction (Vo) under each set of conditions. Due to the fact that the
reaction of morpholine with 1-hexyne to product propargylamine (3a) is rapid and
reaches completion in 45 min, the reaction temperature was lowered by 20 °C to
a temperature of 90 °C so that GC samples could be taken at reasonably spaced
time points.

To further decrease the reaction rate while ensuring the reliability of the
acquired data the effect of dilution with solvent was analyzed. The use of
acetonitrile as solvent at 110 °C slows the reaction substantially and at 90°C only
trace product is observed. When toluene is used, and the reaction is heated to 90
°C the formation of product is cut in half compared to when the reaction is
performed using solvent-free conditions at the same temperature.®® Thus, to
adequately monitor the production of the tetrasubstituted propargylamine (3a) the
method of combining morpholine, 1-hexyne, and Cu(OTf), at 90 °C in toluene
(1.0M) under argon atmosphere, was utilized.

The catalytic cycle shown in scheme 3.5 demonstrates that copper(ll)
triflate should activate the alkyne for both hydroamination and for deprotonation
to form the copper acetylide. If either the hydroamination to form the ketiminium
electrophile or the deprotonation to form the acetylide nucleophile is rate-limiting,
then a first order dependence on the copper catalyst would be observed. A plot
of the initial reaction rate (Vo) for the tandem reaction of morpholine with 1-
hexyne to form product (3a) at varying concentration of copper(ll) triflate (2.5-20

mol%) resulted in a straight line with R? = 0.9989 (Figure 3.2).*° This indicates a
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first order dependence on catalyst. This does not imply that the copper catalyst is
not involved in more than step, as both the hydroamination and formation of the
acetylide require the participation of the copper catalyst. However, it does justify
the notion that these steps are not of equal rate and that the first of them must be

rate-determining.

o 2.5-25 mol% [O]
) Cu(OTf),
N n-Bu 90 °C, 75 min 5 .
H 1.0 M toluene  "PY . ==~n-Bu

1 equiv. 2.2 equiv.

35

3

N
3]

N

y =0.0215x - 0.1026
R?=0.998

V,(mM/min)
o

-

et
3]

0 30 60 90 120 150
[Cu(OTf), ] (mM)

Figure 3.2: The initial rate of product formation (Vg, mM/min)
versus the concentration of copper(ll) triflate catalyst (mM).

If hydroamination is the rate-limiting step, then the overall reaction would
be first order in catalyst, amine, and alkyne as only one equivalent of each is
required to form the product of this individual step. If alkynylation is rate-limiting,
then the reaction should be first order in catalyst and amine but second order in
alkyne. This is further explained from the fact that enamine has been
demonstrated to be the active base in the deprotonation to form acetylide. Thus

in order to form the product of this step, the propargylamine (3a), one equivalent
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of amine and two equivalents of alkyne must be consumed during the copper
catalysis. The order, with respect to the alkyne, was determined by measuring
the initial rate of product formation at 1.1-5.5 equivalents of 1-hexyne in the
reaction with morpholine (Figure 3.3). A straight line with R? = 0.9975 was
obtained, and indicates a first order dependence on the concentration of 1-
hexyne.®® This suggests that there is one critical role for the alkyne in the rate-
limiting step and that this step much be the hydroamination by the amine to form

the ketiminium intermediate.

10 mol% [ ]

[Oj « _CuOTh,
S
N N8y 90°C. 75min
H 1.0 M toluene \
1 equiv. 1.1-5.5
equiv.
45
4 *
35 .
- 3
£
£ 25 *
s y = 0.0011x + 0.152
E 2 R? = 0.997
° ?
= 15
1 -
05
0
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Hexyne (mM)

Figure 3.3: The initial reaction rate Vy (mM/min) versus the
concentration of 1-hexyne (mM).

When the equivalents of the amine, morpholine, were varied, it was
observed that the reaction becomes saturated above 1.5 equivalents.*® The initial
rate of reaction at 1.5, 2, and 2.5 equivalents of the amine with 1-hexyne are

nearly identical and thus, a limit to the effect of this component towards reaction
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rate exists. A plot of the initial reaction rate from 0.5 to 1.5 equivalents of
morpholine result in a straight line with R? = 0.9996 (Figure 3.4).50 This confirms
that the tandem Markovnikov hydroamination-alkynylation to form

tetrasubstituted propargylamine is also first order in amine.

o 10 mol% [O]
Cu(OTf),
\\\ — > N
N n-Bu 90 °C, 75 min \
H 1.0 M toluene  "PY | == g,
0.5-2.0 2.2 equiv. e
equiv. 3a
3
25
E 2
£ y = 0.0026x - 0.2214
g5 R? = 0.999
=
0.5
0
0 200 400 600 800 1000 1200

Morpholine (mM)

Figure 3.4: The initial reaction rate Vo (mM/min) versus the
concentration of morpholine (mM).

3.4 Synthesis of 1-Aminodienes Through Hydroamination-
Hydrovinylation:
While a variety of steps and divergent reaction pathways are possible with

amines and alkynes upon activation,®®%"%?

a single, hindered, propargylamine is
produced in a matter of min with alkyl alkynes. Aryl alkynes, can be converted
into a wide range of compounds due to the propensity for hydroarylation and

other types of arene-based mechanisms.**>® In the reaction of phenylacetylene

with morpholine under the standard conditions for propargylamine formation, 1-
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aminodiene (3b) is formed rather than the expected tetrasubstituted product.
Instead of the enamine tautomerization to give the ketiminium electrophile, attack

of the nucleophilic enamine®'?

on the copper activated phenylacetylene
electrophile is postulated to lead to the observed formation of 1-amino-1,3-
butadiene (3b) (Scheme 3.6). The proposed mechanism is analogous to the
hydrovinylation reactions that have been used to prepare other various dienes.’*
%2 Such as, the ruthenium-catalyzed codimerization of alkynes with electron-poor
alkenes to produce substituted 1,3-butadienes as was reported in 1999.>
Catalysts such as rhodium, cobalt, nickel, and ruthenium remain the most
popular catalyst for the formation of these product through what has been

commonly termed alkyne hydrovinylation.’*®? Previous to our report, copper had

not been reported as a catalyst for this alkyne transformation.

o o
[ ) \\\© 10 mol % Cu(OTf), [ ]
N N
H 110 °C, 30 min “ \Q
1.0 equiv. 2.2 equiv. 67% yield ©)\A3 :

o} @)
[ j [Cu] tetrasub. [ ] [Cu]
ND \Ph —» propargylic N SN —> 3b
i Ph
Ph)kMe amine Bh
electrophile nucleophile nucleophile  electrophile

Scheme 3.6: Phenylacetylene undergoes unprecedented tandem hydroamination—
hydrovinylation to 1-aminodiene.

The critical difference in this methodology, is that the enamine supplies
the reactive vinyl species rather than previously used electron-poor acrylates or

styrene derivatives. 1-Amino-1,3-butadienes are difficult to prepare in high
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yield®*®® and the most successful methods go about synthesizing these
compounds through cross coupling reactions. Further, it was surprising that the
product (3b) is stable under conditions adequate for hydroamination as dienes
are well-precedented to undergo this type of chemistry.®*"? Through a review of
the literature, this represents the first synthesis of a 1-aminodiene via
hydroamination.” Despite the fact that simple dienes are common substrates for
amine addition,®*®° this unique hydroamination-hydrovinylation sequence cleanly
prepares 1-amino-1,3-butadiene in one step from simple commercially available
starting materials. This reaction to form 1-morpholinyl-1,4-diphenyl-1,3-butadiene
(3b) is unprecedented as it represents: 1) a previously unknown copper
catalyzed alkyne hydrovinylation, 2) a tandem process of hydroamination-
hydrovinylation, and 3) a one-step method for the synthesis of 1-amino-1,3-

butadiene with no byproducts.
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3.6 Supporting Information:

4-(5-methylundec-6-yn-5-yl)morpholine (3a):

Morpholine (88 uL, 1.0 mmol), 1-hexyne (256 pL, 2.2 mmol), Cu(OTf)2 (36.2 mg,
0.1 mmol), was stirred at 110 °C for 45 min to afford the title compound as an
orange liquid in 72% yield (0.181 g, 0.72 mmol) after column chromatography on
silica gel (10% EtOAc/hexanes). Characterization of this propargylamine
matches that published in: Pierce, C. J.; Yoo, H.; Larsen, C. H. Adv. Synth. Catal.
2013, 355, 3586.

4-[(1Z,3E)-1,4-Diphenylbuta-1,3-dien-1-yllmorpholine (3b): Morpholine (88 pL,
1.0 mmol), phenylacetylene (242 yL, 2.2 mmol), and Cu(OTf); (36.2 mg, 0.1
mmol) were stirred at 110 °C for 30 min to afford the title compound as an orange
oil after column chromatography on silica gel (10% EtOAc/hexanes); yield: 67%
as an average of two runs (0.230 g, 0.79 mmol) and (0.160 g, 0.55 mmol). 'H
NMR (400 MHz, CDCl3): 6 7.50-7.32 (m, 5H), 7.26-7.16 (m, 4 H), 7.15-7.03 (m,
1H), 6.70 (dd, J=15.5, 10.8 Hz, 1H), 6.42 (d, J=15.5Hz, 1H), 5.64 (d, J=10.7
Hz, 1H), 3.85-3.63 (m, 4H), 3.00-2.84 (m, 4H);"*CNMR (100 MHz,
CDCl3): 6=152.7, 143.4, 138.9, 137.0, 130.5, 128.7, 128.6, 128.0, 126.6, 126.2,
125.8, 106.8, 67.2, 49.7; HRMS: m/z=292.1705, calculated for [M+H]": 292.1696.
General Procedure for Rate Studies

Each time point was run as a separate side-by-side experiment under one set of
conditions (varying catalyst, amine, or alkyne) such that earlier sampling would

not alter the data collected at later time points. After the tests below showed that
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conversion of morpholine and 1-hexyne into product 3a after 2h without solvent
(entry 1) is double that in toluene (entry 3), kinetic experiments were carried out
in toluene (1.0 M). As with most other solvents, the reaction in acetonitrile (entry

2, MeCN) at 90 °C results in trace product formation.

o O
[ 10 mol % Cu(OTf), [ j
A
Nj \n-Bu N
N 90 °C, 2h ,,_Bud\
. . ~=™n-Bu
1 equiv. 2.2 equiv. e
3a
Entry Solvent GC yield [%]
1 none 76
2 MeCN (1.0 M) <1
3 toluene (1.0 M) 32

Relative rates of para-substituted benzylamines (R = OMe, H, or CF3):

For each substituted benzylamine, to an oven-dried test tube equipped with
magnetic stir bar and Teflon-seal screw cap 10 mol% Cu(OTf), was added. The
tube is purged with argon for 5 min. 1-Hexyne (2.2 mmol), 4-substituted
benzylamine (1.0 mmol), toluene (1 mL), and dodecane internal standard (20 pL)
are added, and the reaction is stirred at 90 °C for the indicated time. Aliquots are

flushed through a silica gel pipette plug with diethyl ether for GC analysis.

10 mol % HN
NH: S Cu(OT, L
n-Bu > n-Bu [ R
R _ . 90°C,4h e NB
1 equiv. 2.2 equiv. n-cu

R = OMe, H, CF5

72



200 ~
®4-CF3-Benzylamine y =0.815x

2 =
ABenzylamine R?=0.998
160 - M4-MeO-Benzylamine

s y = 0.553x

§ 120 R2 =0.997
k]
=]
°

g 80
40 y = 0.071x
R2 = 0.995
0 //
0 50 100 150 200 250

time (min)
Catalyst (Cu(OTf);) loading study:

For each time point in the catalyst loading study, to an oven-dried test tube
equipped with magnetic stir bar and Teflon-seal screw cap 2.5, 5, 10, or 20 mol%
Cu(OTf), was added. The tube is purged with argon for 5 min. 1-Hexyne (2.2
mmol), morpholine (1.0 mmol), toluene (1 mL), and dodecane internal standard
(20 pL) are added, and the reaction is stirred at 90 °C for the indicated time.

Aliquots are flushed through a silica gel pipette plug with diethyl ether for GC

analysis.
o 2.5-25 mol% [O]
Cu(OTf),
\\\ _—— N
N n-Bu 90 °C, 75 min 5 _
H 1.0 M toluene NP ~~~n-Bu
1 i 2.2 i e
equiv. .2 equiv.
3a
200 ~ - 35
180 { L Cu25% ke —36233;
*Cu 20% e 3
160 |1 ®Cu10% y =3.018x
__140 1 ACu5% R? =0.998 _ 25
2 50| ®Cu25% " £,
= y=1696x | = _
=100 - . = y = 0.0215x - 0.1026
EN RIZ099 | E 15 R?=0.998
g 80 =
£ 60 y = 0.662x 1
2 =
0 1 R? = 0.963 os
20 y =0.251x :
] R? = 0.985 o
0
0 20 0 60 20 0 30 60 9 120 150
time (min) [Cu(OTf), ] (mM)
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1-Hexyne Concentration Study:

For each time point in the alkyne loading study, to an oven-dried test tube
equipped with magnetic stir bar and Teflon-seal screw cap 10 mol% Cu(OTf),
was added. The tube is purged with argon for 5 min. 1-Hexyne (1.1, 2.2, 3.3, 4.4,
5.5 mmol), morpholine (1.0 mmol), and dodecane internal standard (20 L) are
added, and the reaction is stirred at 90 °C for the indicated time. Aliquots are

flushed through a silica gel pipette plug with diethyl ether for GC analysis.

o 10 mol% [O]
[ ] “ Cu(OTf), N
\ .
N \n-Bu 90 °C, 75 min B _
H 1.0 Mtoluene "PY | =B,
1 equiv. 1.1-56.5 € 3
equiv. a
250 45
Hexyne 5.5 mmol y =4.022x
#Hexyne 4.4 mmol R2 = 0.998 4 *
200 Hexyne 3.3 mmol _ 35
- A Hexyne 2.2 mmol y;_3'306X ’ >
= ®Hexyne 1.1 mmol R?=0.999 = 3
< 150 y=2606x |E ,5 .
2 R®=0997 |3 y =0.0011x + 0.152
B 100 E 2 . R?=0.997
= Ay=169x |5 15
i R? = 0.996
50 — 1 -
/ /./’ b iy 05
- R2=0.971 :
0= 2 e— 0
0 20 40 60 80 0 1000 2000 3000 4000
time (min) Hexyne (mM)

Morpholine Concentration Study:

For each time point in the amine loading study, to an oven-dried test tube
equipped with magnetic stir bar and Teflon-seal screw cap 10 mol% Cu(OTf),
was added. The tube is purged with argon for 5 min. 1-Hexyne (2.2 mmol),
morpholine (0.5, 0.75, 1.0, or 1.5 mmol), toluene (1 mL), and dodecane internal

standard (20 pL) are added, and the reaction is stirred at 90 °C for the indicated
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time. Aliquots are flushed through a silica gel pipette plug with diethyl ether for

GC analysis.
o 10 mol% [O]
j Cu(OTf),
S e N
N n-Bu 90 °C, 75 min B —
H 1.0 Mtoluene "PY | =g,
0.5-20 2.2 equiv. e
equiv. 3a
160 y = 2.749x 3

Morpholine 2 mmol
140 # Morpholine 1.5 mmol
Morpholine 1.0 mmol
120 - A Morpholine .75 mmol
® Morpholine .5 mmol

R?=0.995

y =2.647x
R?=0.994

y = 1.696x
R2=0.996

y =1.201x
R?=0.988

-
o
o

y =0.0026x - 0.2214
R?=0.999

[product] (mM)
8
V, (mM/min)
o

(=2}
o

40 e V= 0.671x
20 e R?=0.978 0.5
P
0 . — 0
0 20 40 60 80 0 200 400 600 800 1000 1200
time (min) Morpholine (mM)

Characterization of tetrasubstituted propargylamines including
'H and "*C NMR spectra is available at:
http://dx.doi.org/10.1002/adsc.201300937

'H and *C NMR spectra for 1-aminodiene (3b) is available at:

https://doi.org/10.1002/adsc.201401037
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Chapter Four: a-Tetrasubstituted Triazoles for Biological Testing
4.1 Introduction:

The utility of 1,2,3-triazoles is widespread with applications in biological
systems and drug development."? The ability of the copper-catalyzed azide-
alkyne cycloaddition reaction (CuAAC) to regioselectively introduce a wide
variety of substituents on 1,4-disubstituted 1,2,3-triazoles makes this system an
excellent method to facilitate rapid drug screening and exploration of structure-
activity relationships.’®'*'® These Huisgen reactions'® of organic azides with
terminal alkynes'? allow for tracking in biological systems and development of

lead compounds by identifying key motifs.

HO
MMP7 inhibitor
X = —
O
Me H
Me ™ &7/\ AN
¢ NN 4 0@ Me NN _Me
F
cruzain inhibitor F cathepsin S inhibitor

Figure 4.1: A sampling of propargylamine-derived triazoles with therapeutic effects
includes alpha-tetrasubstituted triazoles as cruzain and cathepsin inhibitors.

The use of propargylamines as the terminal alkyne component has
precedent in the synthesis of highly selective inhibitors (Figure 4.1).? With the

difficulty in forming tetrasubstituted propargylamines, examples of the
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incorporation of deprotectable variants for the formation of triazoles is extremely
rare.’® Thus, development of reliable methods for the preparation of these
deprotectable propargylamines and subsequent reactions to directly convert
them into 1,2,3-triazoles is of high value. These methods should be robust and
allow for utilization of a wide range of substrates. From here, a library of
compounds could be generated using high throughput screening to determine
their inherent biological activity.

4.2 Background on Biologically Active a-Tetrasubstituted Triazoles:

The Ellman group has demonstrated the ability of their chiral sulfinylimine
protocol to synthesize propargylamine-derived a-tetrasubstituted triazoles (Figure
4.1). Of the compounds they prepared, one triazole showed activity as a cruzain
inhibitor with activity against the parasite Trypanosoma cruzi, which is known to
cause Chagas’ disease.® Additionally, another of the a-tetrasubstituted triazoles
they prepared demonstrated the ability to inhibit cathepsin S. Inhibition of this
protein has been shown to potentially treat ailments ranging from inflammation,
to autoimmune disorders such as rheumatoid arthritis.”® The relevant core of the
cathepsin S inhibitor is highlighted in red and was synthesized in six steps.
Formation of isolation of the N-sulfinyl ketimine is followed by the stoichiometric
addition of a trimethylsilyl-protected alkynyllithium reagent. Removal of the silyl
and sulfinyl protecting groups then permits the CuAAC reaction with a resin-
bound azide. Acylation of the amine and subsequent dehydration yields the final

active a-tetrasubstituted triazole.”
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The often-lengthy synthesis of tetrasubstituted propargylamine precursors
limits their use in the preparation of compounds like a-tetrasubstituted triazoles.
The majority of three-component couplings produce trisubstituted
propargylamines. In these reactions, copper remains as the most popular
catalyst for the multicomponent coupling of an aldehyde, an amine, and an
alkyne.?"? Methods for the corresponding reaction with ketones rather than
aldehydes are rare due to the lower electrophilicity and greater steric
hindrance.?®?% As a release of torsional strain occurs when the sp? center in the
six-membered ring is attacked, cyclohexanone has been shown to be a special
case of cyclic ketone that is nearly as reactive as an aldehyde.”® When this
ketone is used in amination reactions the resulting tetrasubstituted (red)
cyclohexylamine can be found in natural alkaloids such as (-)-lycodine? (Figure
4.2), as well as highly active drugs likes ketamine and phencyclidine (1-(1-

phenylcyclohexyl)piperidine, PCP).%

0 NHMe
—)-lycodine ketamlne phencyclidine
O _Ph O Ph
O
N N
H
Me/>( Me/>/fqowIe
trisubstituted N tetrasubstituted N
fentanyl carfentanil \
Ph Ph

Figure 4.2: A tetrasubstituted carbon bearing an amine (red)
can provide increased in activity compared to the trisubstituted
carbon bearing an amine (blue).
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Compared to the corresponding trisubstituted variants, tetrasubstituted
carbons bearing amines can provide much higher levels of biological activity. As
an example, fentanyl (blue, Figure 4.2), an anesthetic that is 100 times the
strength of morphine.29 Comparison to the tetrasubstituted variant carfentanil
(red, Figure 4.2), shows that for the tetrasubstituted variant, the activity is
increased two orders of magnitude as carfentanil is over 10,000 times as active
as morphine.

4.3 Formation of Structurally Diverse a-Tetrasubstituted Triazoles:

A method to streamline the synthesis of alpha-tetrasubstituted triazoles
would be a two-step/three reaction sequence as shown in scheme 4.1. The first
step utilizes the solvent-free copper-catalyzed three-component coupling of

cyclohexanone with and amines and silyl-protected alkynes to produce protected

propargylamines.?® 2°
2 R R & 5 mol% CuCl NR2 flugridetscl)urtg)e? NR2
N7 mol Lu R u catalyst? .
10°C SiR; conditions? N=N
4

Scheme 4.1: Ketone-amine-alkyne coupling followed by tandem silyl deprotection and triazole formation.

Trimethylsilyl (TMS) acetylene was found to be unstable in the presence
of the copper(ll) chloride catalyst. Triethylsilyl (TES) acetylene also did not
convert efficiently to product and multiple side products were observed.
Triisopropylsilyl (TIPS) acetylene was found to be superior as higher conversion

to product was observed compared to tert-butyldimethylsilyl (TBDMS) acetylene
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and was chosen as the alkyne source for the formation of the silylated tetra-
substituted propargylamines.

While there is precedent for the use of TMS-protected alkynes in the
conversion to triazoles via the one-pot silyl deprotection CUAAC reaction,**?
there are no previous reports for this conversion with TIPS-protected alkynes. As
the removal of the triisopropylsilyl protecting group is more difficult compared to
the less hindered trimethylsilyl, conditions for the removal of TIPS include 1.5
equivalents of AgF or Cu(OAc), combined with the addition of
tetrabutylammonium fluoride (TBAF).>*** Additionally, the o-tetrasubstituted
triazoles synthesized by the Ellman group using the CuAAC reaction were
prepared with desilylated, purified tetrasubstituted propargylamine.s'8 Therefore,
the goal in developing the second portion of the reaction sequence was to design
a method that enables a tandem deprotection-cycloaddition with tetrasubstituted,
TIPS-protected, progargylamines that would allow for a reaction in situ with
various azides to give the hindered triazole products.

As a copper(l) catalyst is needed for the azide-alkyne cycloaddition
reaction the development of the methodology for the one-pot deprotection-
cyclization began with use of 5 mol% Cu(l) chloride with 1.5 equivalents of TBAF
in THF/MeOH at reflux with benzyl azide and a 4-methylpiperidine derived

propargylamine (2f) (Scheme 4.2). This procedure was able to produce the

desired a-tetrasubstituted triazole (4c) in 35% yield with minimal side products.
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fj 5 mol% CuCl (ﬁ
N N3A© 1.5 equiv. TBAF N p
O\ 0.25 M THF/MeOH O\@N

Si(i-Pr)3 reflux 18 h N=N

Scheme 4.2: Inital conditions for the tandem deprotection-CuAAC to form
alpha tetrasubstituted triazole.

In order to optimize the reaction, an analysis of solvents reported for triazole
formation? was performed (Table 4.1). Aqueous solvent mixtures produce only
trace amounts of product at 1 h and no increase in product formation was
observed after 18 h. Methanol and tert-butanol both provide around two-thirds
conversion to triazole (4c) after allowing the reaction to proceed for 18 h. While
tetrahydrofuran also provides similar conversion to product in 18 h a significant
amount of side products were observed and alcohol based solvents were chosen
for further optimization studies. Use of an inert atmosphere of argon resulted in a
significant increase in conversion to product (4c) to 85% in MeOH, EtOH, or /-
PrOH (Table 4.1).

To increase the rate of reaction and obtain complete conversion of
propargylamine to triazole, copper(l) and copper(ll) sources with an equal
amount of sodium ascorbate as a reducing agent were tested with MeOH as
solvent (Table 4.2). All of the combinations of Cu(ll) salts with the reductant,
gave higher GC yields compared to any of the Cu(l) salts tested. This is inline
with other reports that CUAACs often perform better with copper(l) salts that are

generated in situ from reduction of the corresponding copper(ll) source.?
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fj 5 mol% CuCl fj
1.5 eq TBAF
N
\ 3/\@ \
i Solvent (1 M)
\\\ y 1.0 equiv. 65 °C, Air “N
Si(i-Pr)3 =N

N
4c
Entry Solvent GC yield (%): at 1h at18h
1 MeOH 13 65
2 -BuOH 6 62
3 THF 5 68
4 -BuOH/H,0 1:1 21 2
5 DMSO/H,0 2:1 0 0
6 DMF/H,0 1:2 0 0
7 THF/MeOH 1:1 4 34a
Under Argon
Entry Solvent GC yield (%): at 1h at18 h
1 MeOH 32 86°
2 EtOH 51 87v
3 i-PrOH 66 85P

2@ Significant side product was observed
b GC Yield at 5h is the same as 18 h with 84, 83, and 85% respectively.

Table 4.1: Solvent screen for optimization of triazole formation shows that
alcohols are superior and result in no unreacted deprotected propargylamine.

Me Me
5 mol% Cu Source fj
N N3A© 1.5 eq TBAF N
10 ) MeOH (1 M)
SN y U equiv. 65 °C, Ar “N
Si(i-Pr)3 { 4c

*N
Entry Cu Source GC yield (%) at 1 h GC yield (%) at5 h GC yield (%) at 18 h
1 Cu(ll) triflate 39 99 99
2 Cu(ll) acetate monohydrate 46 60 82
3 Cu(ll) bromide 65 73 86
4 Cu(ll) chloride 72 89 90
5  Cu(ll) fluoride dihydrate 69 83 88
6 Cu(ll) sulfate pentahydrate 49 64 79
7 Cu Powder 24 38 24
8 Cu(l) bromide 62 75 63
9 Cu(l) chloride 46 60 76

a All Cu(ll) sources required 5 mol% Na-Ascorbate as an additive

Table 4.2: Catalyst screen shows that copper(ll) triflate is a superior catalyst, giving full conversion
after 5 h.

82



After an 18 h reaction time copper(ll) chloride produces triazole (4c) in
90% GC yield. However, copper(ll) triflate demonstrated superior reactivity with
the ability to produce triazole (4¢c) in quantitative GC yield. This catalyst is rare in
CuAAC reactions, copper(ll) triflate is known to product protic acid in solution.
While formation of acid could result in proto-desilation of the protected
propargylamine,*® this is not observed. A range of alcohol solvents®” were tested
with the most active catalyst, in situ reduced Cu(OTf),. Isopropanol was observed
to provide better conversion compared to methanol, ethanol, and tert-butanol
after 1 h. A control reaction showed that in isopropanol with copper(ll) triflate the

reaction reached full conversion in 6 h.

Me 5 mol% Cu(OTf), Me
5 mol% NasAsc

fj 1.5 equiv. TBAF fj

. i-PrOH (conc.) =
O\ 1-1.5 equiv. 65 OC, Atm O\K\N
Si(i-Pr)3

N=N 4c¢

Entry Atmosphere  Azide equiv.  Concentration  GC yield (%) at1h GC yield (%) at 18 h

1 Air 1.0 1.0M 17 41
2 Argon 1.0 1.0M 25 55
3 Nitrogen 1.0 1.0M 28 65
4 Nitrogen 1.5 1.0M 42 49
5 Nitrogen 1.5 0.5M 53 43
6 Nitrogen 1.5 20M 65 87

Table 4.3: Tandem reaction procceds best under nitrogen atmosphere with 1.5 equivalents of azide at a
concentration of 2.0 M.

The effect of ambient atmosphere was compared to inert atmosphere with
isopropanol as solvent. Argon was found to be not necessary, and an
atmosphere of nitrogen provided 24% higher GC yield than air (Table 4.3). Tests

of the effect of reactant concentration found no significant difference between 0.5
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M and 1.0 M but increasing the concentration to 2.0 M nearly doubled the GC
yield after 18 h (Table 4.3). To finish reaction optimization, the loading of the
copper(ll) catalyst was varied from 2.5 mol% to 25 mol% copper(ll) triflate with
an equimolar amount of sodium ascorbate. The highest isolated yields were
obtained with 10 mol% of Cu(OTf), with 10 mol% of Na<Asc as the in situ
reductant.

With the optimized reaction conditions determined, selected
triisopropylsilyl protected propargylamines from chapter 2, as well as two
additional propargylamines (4a) and (4b) were cleanly converted to triazoles (4c-
4h) through CuAAC with benzyl azide (Table 4.4). The substrate used during
optimization (4c) is isolated in 66% yield after 6 h under these standard
conditions: 10 mol% Cu(OTf),, 10 mol% Na<Asc, and 1.5 equivalents of TBAF in
isopropanol (2.0 M) at 65 °C. The readily deprotectable,® N,N-diallyl variant (4d)
was obtained in 67% yield after recrystallization in hexanes. This allows for
further functionalization in a similar fashion to the synthesis of the cathepsin S
inhibitor in figure 4.1. Deprotection of the nitrogen followed by acylation would
allow for the formation of the triazole amide.®® The morpholinyl triazole (4e) and
N-4-(trifluoromethyl)benzyl triazole (4f) are isolated in 72% and 76% yield
respectively. The triazole (4g) derived from cyclopentylamine and N-

methylpiperazine-derived (4h) were obtained in 65% and 73%.
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10 mol% Cu(OTf 1
RUF AL R
O\ 1.5 equiv. TBAF
S 1.2 equiv. (j\/\N/\
A - Ph
. Si(i-Pr)3 N3/\Ph N=
1.0 equiv. i-PrOH
65°C,6h
Me
) ’
N \/\N/\/ [Nj
(jV\N« N d\%N
N=N Ph N= Ph N:N Ph
c 4d de
66% 67% 72%

OY\N’\
N Ph

*N
4h
73%

Table 4.4: Tetrasubstituted silyl protected propargylamines form hindered
triazole products in good yield through tandem deprotection-cyclization.

Additional organic azides were synthesized according to known
procedures.***! 4-Methylbenzyl azide forms triazole (4i) in a comparable yield to
(4c), but electron-poor 4-(trifluoromethyl)benzyl azide forms triazole (4j) in
decreased yield (Table 4.5). Aryl and alkyl azides display similar reactivity in the
formation of triazoles (4k) and (4l), and the HCI salt of lipophilic triazole (4l) is

isolated in 56% vyield. As the 4-methylpiperidine derived TIPS-protected
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propargylamine is utilized throughout table 4.5, the lower yields observed in

some cases can be attributed to the intrinsic efficiency of the reacting azide.

Me Me
fj 10 mol% Cu(OTf), (ﬁ
N 10 mol% Na-Asc N
1.5 equiv. TBAF
(j\ 12 equiv. (j\/\’N/R
Si(i-Pr)3 N3/\Ph N=N
1.0 equiv. i-PrOH
65°C,6h
Me Me Me
Chewn . e I
o b NN N N<N
4c 4i = 4j
66% 57% Me 29% CF3
fMUe .
N fNj HCI
d\/\NOOMe d\%\N/n-Oct
N=N N=N
4k 4
50% 56%

Table 4.5: Assorted azides for formation of alpha-tetrasubstituted triazoles.

Control reactions were performed to determine whether these conditions
developed for the in situ silyl deprotection would otherwise affect the reaction
when an azide was combined with a simpler non-silyl protected alkyne. The
CuAAC reaction of benzyl azide and tert-butylacetylene proceeds in 92% yield,
thus, decomposition of the benzyl azide or the non-silyl alkyne is unlikely
(Scheme 4.3). Further, this reaction proceeds to give 92% isolated yield with or

without TBAF in the presence of Cu(OTf), under standard conditions. This

86



indicates that the sensitivity of the silyl-protected propargylamine is likely behind
the lower yields of the propargylamine-derived triazoles as these react with
benzyl azide under identical conditions.

Lo Me U0 molt Nacase? e )'°

sz\\\ N3/\© 1.5 equiv. TBAF Mej\Ni\NNb

i-PrOH (2 M)
1.0 equiv. 1.2 equiv. 65°C,6h 92%

Scheme 4.3: Silyl deprotection/click conditions applied to tert-butylacetylene.
An identical yield is observed without TBAF.

This two-step sequence is able to convert commercially available starting
materials into valuable, complex, a-tetrasubstituted triazoles in only three
reactions. Triazole (4c) is isolated in 65% overall yield across these two steps
(Scheme 4.4). The first step requires heating 5 mol% CuCl, with equimolar
amounts of cyclohexanone, 4-methylpiperidine, and TIPS-acetylene. This
reaction uses no added ligands, solvents, additives or excess starting materials,
the sole byproduct for the formation of the silyl-protected propargylamines is one
equivalent of water.?® The second step to form the a-tetrasubstituted triazole,
combines the silyl-deprotection with an azide-alkyne cycloaddition to produce the
complex product in only 6 h. This tandem reaction is optimal with copper(ll)
triflate and sodium ascorbate as a mild reductant. The ability of copper(ll) triflate
to act as a highly functioning catalyst for this reaction was unexpected, as there

are no reports for its use as a catalyst in the CUAAC reaction.?
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Me Me

e
o) 10 mol% Cu(OTf
5 mol% fj R AW ﬁj 65%
ij CuCl, N3~ "Ph 1.5 equiv. TBAF overall yield

-
N
Nsiipr, — 2w N

M
N . 1.2 equiv. i
H 110°C X ! Gflsf’)éogh “°N
18 h ... ’ "
Si(i-Pr)3 N=N

1.0 equiv. each

4c

Scheme 4.4: High overall yield of 1,2,3-triazoles fully-substituted at the alpha position after a two step
reaction sequence.

4.4 New Found Biological Activity of Some a-Tetrasubstituted Triazoles:

With a library of a-tetrasubstituted triazoles prepared, it was desirable to
determine if any of these compounds possessed biological activity. Through
collaboration with the UCR School of Medicine a select number of substrates
with varying amines and azide components were tested against the A549 lung
cancer cell line (Figure 4.3). Of those tested, the cyclopentylamine substrate,
coupled with benzyl azide, demonstrated activity with an 1Csy at 35 uM.
Additionally, the 4-methylpiperidine substrate that was coupled with 4-
(trifluoromethyl)benzyl azide had even greater activity at suppressing the growth
of this type of cancer cells with an ICsg at 25 uM.

As these a-tetrasubstituted triazoles derived from propargylamines were
unknown to have anticancer activity, this discovery was exciting and called for
the synthesis of additional compounds for testing. As the most active compound
(4j) bearing the 4-(trifluoromethyl)benzyl substituted triazole could be compared
to other triazoles derived from the same 4-methylpiperidine substituted
propargylamine it was clear that the inherent biological activity lay in the azide

component. Similarly, as the cyclopentylamine derived triazole (4g) was the only
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other active compound of those tested, and it shared the same triazole
substitution derived from benzyl azide as other inactive substrates, the activity of

this compound was likely inherent to the amine.

Me

A549 A549 A549
IC50 = not active IC50 = not active IC50 = ~35 uM

Me Me

0 0
dﬁb dﬁ@

A549 A549
ICs9 = ~25 uM IC5g = not active

Figure 4.3: Biological activity of some alpha tetrasubstituted triazoles against
the A549 lung cancer cell line.

These two factors were used to develop additional a-tetrasubstituted
triazoles for further biological testing. In addition to cyclopentylamine, a motif that
is commonly seen in pharmaceuticals and biological agents is the
cyclopropylmethyl group. Thus, cyclopropylmethyl amine was also a desirable
substrate to incorporate into the o-tetrasubstituted triazoles being used for
additional testing. Since the most active compound was derived from a 4-

(trifluoromethyl)benzyl azide, the use of a further fluorinated amine was also of

interest.
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~ 10 mol% Cu(OTf R!
NH 10 018 NaAe? “NH
N;—R3 1.5 equiv. TBAF
g -PrOH, 65 °C, 6 h AIN-R?
Si(i-Pr)3 i-PrOH, , -
1.2 equiv.

R' = cyclopentyl, cyclopropylmethyl (4m), 3,5-(CF3)benzyl (4n)
lung cancer /O /O /O
cell line A549 HN HN HN

O\ |C50 =~35mM
INH “°N “°N “ N
e R TR RS

N, b
N=N 40 4 4
ag 53% F 60% CFs 65% OMe
v ONH HN HN HN
d\%mph Ay (j\m d\@N
T Ry MRy MR
4r 4s 4t 4u
50% 57% F 57% CFs 63% OMe
F3C F3C F3C
\QANH D/\NH D/\NH
FaC N, FsC N FaC (j\%\"\‘
N=N Ph N=N /@ N=N /D
78% 76% F 73% CF3

4 oM
80% ©

Table 4.6: Additional alpha-tetrasubstituted triazole for biological testing through the Eli Lilly OIDD program.

The three propargylamines that were used for the preparation of additional
substrates for testing were the prepared using either: cyclopentylamine,

cyclopropylmethylamine (4m), or 3,5-(trifluoromethyl)benzylamine (4n). These



three were each reacted with four different azides to produce: benzyl, 4-
fluorobenzyl, 4-(trifluoromethyl)benzyl and 4-(methoxy)benzyl substituted
triazoles (40-4y) (Table 4.6). These along with the originally prepared triazoles
were then submitted to the Eli Lilly Open Innovation Drug Discovery (OIDD)
program, where they were tested for activity against a wide range of proprietary
assays. Two of these compounds (4p) and (4w) demonstrated significant
biological activity. The cyclopentylamine derived, 4-(trifluoromethyl)benzylated
triazole (4p), which was a result of the combination of the two previously active
components from the lung cancer cell line test, possessed an ICsy of 2.2 uM
against hNav1.7 and an ICsp of 1.1 uM against hNav 1.5. Inhibition of the hNav1
receptor protein is known to decrease the activity of the associated voltage-gated
sodium ion channels. hNav1.7 is expressed in both pain and sympathetic
neurons in the spine and its inhibition is being looked at as a potential chronic
pain treatment for ailments such as neurodegenerative diseases.*** The
counterpart, hNav1.5 is found primarily in cardiac muscle and plays a major role
in impulse propagation. Inhibition of hNav1.5 is being investigated as a possible
treatment for irregular heart beat or other irregular heart events.*>*® While it is
promising that triazole (4p) demonstrates a high activity towards hNav1-type
proteins, in order for a drug to be viable as a candidate it should also be
selective. As this a-tetrasubstituted triazole is highly active towards both hNav1.5
and hNav1.7 it is an unlikely candidate for future trials but is a good model for the

development of additional compounds.
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The triazole (4w) also possessed notable activity in the OIDD study. The
combination of the 3,5-(trifluoromethyl)benzylamine derived propargylamine with
4-fluorobenzyl azide produced a triazole with an ECsy of 4.1 uM towards
glucagon-like peptide 1 (GLP-1). This peptide is produced via the proglucagon
gene located in ileal L-cells and is a response to nutrient intake in the small
intestine.*” GLP-1 is known to stimulate glucose-dependent insulin release from
the pancreas.*® As such, secretion of GLP-1 has been shown to be decreased in
patients with type-2 diabetes. In clinical trials, upregulating secretion of GLP-1 is
effective regardless of the duration or severity of the diabetes. Thus, increasing
the secretion of GLP-1 in the body and controlling its activity, has become a
major focus of investigation for developing treatments of type-2 diabetes over the
past decade.*

Development of methodology to streamline the process of preparing o-
tetrasubstituted triazoles, it has become possible to obtain large libraries of these
compounds from low-cost starting materials. This in turn allows for the study of
the inherent activity of these compounds through structure-activity-relationship
analysis. Rather than needing to prepare and isolate all of the intermediates for
the synthesis of these compounds this method allows for preparation in only two
steps with minimal column chromatography. The final triazoles are isolated via
recrystallization, are prepared in good yield, with minimal side products. The first
step of this procedure is solvent free and the second final step uses a “green”

alcohol based solvent in small amounts. This procedure is largely atom efficient,
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as such, this method is scalable, and large quantities of product could be
produced in a single run. This method was developed for the preparation of
compounds for biological testing, the typical synthesis of the discussed a-
tetrasubstituted triazoles prepared enough material for thousands of biological
assays. Further work on this research is ongoing, and additional compounds with
unprecedented biological activity are likely to be discovered as a result of this

work.
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4.6 Supporting Information:

General reagent information:

All reactions were set up under ambient atmosphere and carried out in oven-
dried screw-cap test-tubes with Teflon seals under an atmosphere of nitrogen.
Flash column chromatography was performed using silica gel purchased from
Silicycle. Cu(OTf), and CuCl, was purchased from Strem and Acros respectively
and used as supplied. Amines were purchased from Acros Organics, Alfa Aesar,
or Aldrich and distilled before use. All ketones and alkynes were purchased from
Acros Organics, Alfa Aesar or TCl America and were purified by distillation
before use. Silyl-protected progargylamines were prepared according to the
published literature (Palchak, Z. L.; Lussier, D. J.; Pierce, C. J.; Larsen, C. H.
Green Chem. 2015, 17, 1802). Azides were purchased from Alfa Aesar, or
Enamine and used as supplied. Additional azides were prepared in accordance
with the published literature (Asano, K.; Matsubara, S. Org. Lett. 2010, 12, 4988).
General analytical information:

'H and "*C NMR spectra were measured on a Varian Inova (400 MHz or 500
MHz) or a Bruker (600 MHz) spectrometer using CDCl; or DMSO-ds as solvent
and trimethylsilane as an internal standard. The following abbreviations are used
singularly or in combination to indicate the multiplicity of signals: s - singlet, d -
doublet, t - triplet, q - quartet, gn - quintet, m - multiplet and br - broad. NMR
spectra were acquired at 300 K. Gas chromatography (GC) was carried out on

an Agilent Technologies 6850 Network GC System, and dodecane was used as
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the internal standard. ATR-IR spectra were taken on a Bruker:ALPHA FTIR
Spectrometer. Attenuated total reflection infrared (ATR-IR) was used and the
spectra was analyzed using the OPUS software with selected absorption maxima
reported in wavenumbers (cm™). Mass spectrometric data was collected on a HP
5989A GC/MS quadrupole instrument. Exact masses were recorded on a Waters
GCT Premier TOF instrument using direct injection of samples in acetonitrile into
the electrospray source.

General procedure for the synthesis of a-tetrasubstituted triazoles:

An oven-dried test tube equipped with a magnetic stir bar was charged with 10
mol% Cu(OTf), and 10 mol % sodium ascorbate (Na<Asc), capped with a
septum, and vacuum purged with nitrogen. Isopropanol was added followed by
the silyl-protected propargylamine (1.0 equiv), azide (1.2 equiv),
tetrabutylammonium fluoride (TBAF), 1 M in THF (1.5 equiv), and the internal
standard dodecane (20 pL). The septum was then replaced under nitrogen
pressure with a Teflon-seal screw cap. The reaction was stirred at 65 °C for the
indicated time. Upon reaction completion as confirmed by GC analysis, the
mixture was cooled to room temperature and the reaction was quenched with ~5
mL H»O. The reaction was then extracted into diethyl ether, dried over sodium
sulfate and concentrated. The resulting oil was placed under high vacuum to
remove trace solvent and the resulting product was a brown crude solid. The
crude solid was then recrystallized in hexanes to obtain pure triazole product as

an off-white solid.
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N,N-diallyl-1-((triisopropylsilyl)ethynyl)cyclohexanamine (4a):

Prepared according to the general procedure outline in chapter 2: diallylamine
(309 pL, 2.5 mmol), cyclohexanone (258 uL, 2.5 mmol), (triisopropylsilyl)
acetylene (673 pL, 3 mmol), and CuCl; (16.75 mg, 0.13 mmol) afford the title
compound as a yellow oil in 61% vyield (0.548 g, 1.52 mmol) after gradient
chromatography on silica gel (100% hexanes -> 5% EtOAc in hexanes). ATR-IR
(film) 2934, 2863, 2152, 1462, 915 cm™. 'H NMR (500 MHz, CDCl3, 25 °C) &
5.95 (m, 2H), 5.12 (dd, J = 15.5 Hz, J = 2 Hz, 2H), 5.03 (dd, J = 9 Hz, J = 1 Hz,
2H), 3.31 (d, J= 6 Hz, 4H), 2.01 (d, J = 12 Hz, 2H), 1.63 (m, 5H), 1.40 (td, J =8
Hz, J = 3.5 Hz, 2H), 1.15 (m, 18H), 1.08 (d, J= 5 Hz, 21H). "*C NMR (125 MHz,
CDCls, 25 °C) & 138.0, 115.9, 110.8, 85.2, 59.5, 52.0, 37.6, 25.8, 23.3, 18.9,
11.5. HRMS (ESI) m/z calcd for [M+H]" requires 360.3081, found 360.3033.
N-cyclopentyl-1-((triisopropylsilyl)ethynyl)cyclohexanamine (4b):

Prepared according to the general procedure outline in chapter 2:
cyclopentylamine (248 pL, 2.5 mmol), cyclohexanone (258 pL, 2.5 mmol),
(triisopropylsilyl) acetylene (673 pL, 3 mmol), and CuCl; (16.75 mg, 0.13 mmol)
afford the title compound as a yellow oil in 67% yield (0.580 g, 1.68 mmol) after
gradient chromatography on silica gel (100% hexanes -> 20% EtOAc in
hexanes). ATR-IR (film) 2932, 2862, 2153, 1449, 882 cm™. "H NMR (400 MHz,
CDCls, 25 °C) 6 3.45 (gn, J= 7.6 Hz, 1H), 1.82 (m, 4H), 1.62 (m, 7H), 1.48 (m,

2H), 1.30 (m, 5H), 1.05 (m, 21H). C NMR (100 MHz, CDCls, 25 °C) & 113.3,
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83.7, 55.9, 55.6, 39.4, 35.8, 26.0, 24.3, 23.4, 18.9, 11.5. HRMS (ESI) m/z calcd
for [M+H]" requires 348.3081, found 348.3045.
1-(1-(1-benzyl-1H-1,2,3-triazol-4-yl)cyclohexyl)-4-methylpiperidine (4c):
Prepared according to the general procedure: The corresponding silyl-protected
propargylamine (360 mg, 1.0 mmol), benzyl azide (158 pL, 1.2 mmol), TBAF 1M
in THF (1500 pL, 1.5 mmol), Cu(OTf), (35 mg, 0.1 mmol), and Na<Asc (21 mg,
0.1 mmol) afford the title compound as an off white solid in 66% yield (0.224 g,
0.66 mmol) after two recrystallizations from hexanes. ATR-IR: 3122, 2913, 1455
cm™. 1H NMR (400 MHz, CDCls, 25 °C) & 7.34 (m, 3H), 7.18 (d, J = 7.6 Hz, 2H),
7.15 (s, 1H), 5.51 (s, 2H), 2.99 (d, J = 10.8 Hz, 2H), 2.11 (m, 2H), 1.88 (t, J = 10
Hz, 2H), 1.67 (t, J = 4 Hz, 2H) 1.53 (m, 4H), 1.37 (p, J = 5.2 Hz, 2H) 1.15 (m,
5H), 0.81 (d, J = 4.8 Hz, 3H) *C NMR (100 MHz, CDCls, 25 °C) & 149.0, 135.4,
129.2, 128.7, 127.8, 121.3, 57.7, 54.0, 45.9, 35.3, 34.5, 31.3, 26.2, 22.4, 22.0.
HRMS (ESI) m/z calcd for [M+H]" requires 339.2548, found 339.2571.
N,N-diallyl-1-(1-benzyl-1H-1,2,3-triazol-4-yl)cyclohexanamine (4d):

Prepared according to the general procedure: The corresponding silyl-protected
propargylamine (360 mg, 1.0 mmol), benzyl azide (158 pL, 1.2 mmol), TBAF 1M
in THF (1500 pL, 1.5 mmol), Cu(OTf); (35 mg, 0.1 mmol), and Na<Asc (21 mg,
0.1 mmol) afford the title compound as a yellow waxy solid in 67% yield (0.225 g,
0.67 mmol) after chromatography on silica gel (Solvent gradient: 100% hexanes,
10%, 20%, 50% EtOAc in hexanes). ATR-IR: 3132, 2932, 1453 cm™. '"H NMR

(400 MHz, CDCls, 25 °C) & 7.29 (m, 3H), 7.14 (m, 3H), 5.66 (m, 2H), 5.46 (s,
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2H), 4.93 (d, J = 17.2 Hz, 2H), 4.82 (d, J = 10.4 Hz, 2H), 3.06 (d, J = 6.0 Hz, 4H),
2.06 (m, 2H) 1.83 (t, J= 10Hz, 2H), 1.62 (m, 2H), 1.32 (m, 2H), 1.17 (m, 2H). °C
NMR (100 MHz, CDCls, 25 °C) 6 151.4, 139.1, 135.3, 129.2, 128.7, 127.9, 121.4,
114.9, 58.7, 54.1, 51.9, 45.4, 26.1, 22.6. HRMS (ESI) m/z calcd for [M+H]
requires 337.2387, found 337.2370.
4-(1-(1-benzyl-1H-1,2,3-triazol-4-yl)cyclohexyl)morpholine (4e):

Prepared according to the general procedure: The corresponding silyl-protected
propargylamine (349 mg, 1.0 mmol), benzyl azide (158 pL, 1.2 mmol), TBAF 1M
in THF (1500 pL, 1.5 mmol), Cu(OTf)2 (35 mg, 0.1 mmol), and Na<Asc (21 mg,
0.1 mmol) afford the title compound as a white solid in 72% vyield (0.234 g, 0.72
mmol) after two recrystallizations from hexanes. ATR-IR: 3125, 2928, 1449 cm™.
'H NMR (400 MHz, CDCl3, 25 °C) & 7.34 (m, 3H), 7.20 (dd, J= 7.6 Hz, 2 Hz, 2H),
7.16 (s, 1H), 5.51 (s, 2H), 3.62 (t, J = 4.4 Hz, 4H), 2.34 (m, 4H), 2.04 (m, 2H),
1.90 (t, J = 10 Hz, 2H) 1.68 (m, 2H), 1.40 (t, J = 5.6 Hz, 2H) 1.23 (m, 2H). **C
NMR (100 MHz, CDCls, 25 °C) d 148.5, 135.1, 129.3, 128.8, 127.9, 121.3, 67.8,
57.4, 54.1, 46.1, 33.7, 26.1, 22.1. HRMS (ESI) m/z calcd for [M+H]" requires
327.2179, found 327.2187.
1-(1-benzyl-1H-1,2,3-triazol-4-yl)-N-(4-(trifluoromethyl)benzyl)
cyclohexanamine (4f):

Prepared according to the general procedure: The corresponding silyl-protected
propargylamine (437 mg, 1.0 mmol), benzyl azide (158 pL, 1.2 mmol), TBAF 1M

in THF (1500 pL, 1.5 mmol), Cu(OTf). (35 mg, 0.1 mmol), and Na*Asc (21 mg,
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0.1 mmol) afford the title compound as an off white solid in 76% vyield (0.316 g,
0.76 mmol) after two recrystallizations from hexanes. ATR-IR: 3149, 2938, 1456
cm™. "H NMR (400 MHz, CDCls, 25 °C) & 7.48 (d, J= 8 Hz, 2H), 7.35 (d, J = 6.4
Hz, 2H), 7.31 (d, J= 8 Hz, 2H), 7.21 (s, 1H), 7.18 (d, J = 6.4 Hz, 2H), 5.46 (s, 2H),
3.39 (s, 2H), 1.91 (t, J = 9.6 Hz, 2H), 1.79 (m, 2H), 1.64 (m, 2H), 1.45 (m, 1H)
1.33 (m, 3H), 1.20 (m, 1H). '*C NMR (100 MHz, CDCls, 25 °C) & 154.6, 145.6,
135.1, 129.3(2 overlapped peaks), 128.8, 128.5, 128.0, 125.3(2 overlapped
peaks), 120.8, 54.7, 54.2, 46.5, 36.3, 26.0, 22.1. HRMS (ESI) m/z calcd for
[M+H]" requires 415.2104, found 415.2115.

1-(1-benzyl-1H-1,2,3-triazol-4-yl)-N-cyclopentylcyclohexanamine (49):
Prepared according to the general procedure: The corresponding silyl-protected
propargylamine (348 mg, 1.0 mmol), benzyl azide (158 pL, 1.2 mmol), TBAF 1M
in THF (1500 pL, 1.5 mmol), Cu(OTf), (35 mg, 0.1 mmol), and Na<Asc (21 mg,
0.1 mmol) afford the title compound as an off white solid in 65% vyield (0.316 g,
0.76 mmol) after chromatography on silica gel (Solvent gradient: 100% hexanes,
10%, 20%, 50% EtOAc in hexanes) and finally recrystallized out of hexanes.
ATR-IR: 3124, 2940, 1445 cm™. "H NMR (400 MHz, CDCls, 25 °C) 5 7.34 (m,
3H), 7.25 (s, 1H), 7.20 (dd, J= 7.6 Hz, 2 Hz, 2H), 5.51 (s, 2H), 2.72 (p, J = 8.4
Hz, 2H), 2.07 (m, 2H), 1.67 (m, 4H), 1.51 (m, 4H) 1.38 (m, 2H), 1.30 (m, 4H) 1.05
(m, 2H). *C NMR (100 MHz, CDCls, 25 °C) 5 154.8, 135.3, 129.2, 128.7, 127.9,
121.2, 54.9, 54.5, 54.1, 37.1, 35.4, 26.1, 23.9, 22.6. HRMS (ESI) m/z calcd for

[M+H]" requires 325.2387, found 325.2400.
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1-(1-(1-benzyl-1H-1,2,3-triazol-4-yl)cyclohexyl)-4-methylpiperazine (4h):
Prepared according to the general procedure: The corresponding silyl-protected
propargylamine (362 mg, 1.0 mmol), benzyl azide (158 pL, 1.2 mmol), TBAF 1M
in THF (1500 pL, 1.5 mmol), Cu(OTf), (35 mg, 0.1 mmol), and Na<Asc (21 mg,
0.1 mmol) afford the title compound as an off white solid in 73% vyield (0.250 g,
0.73 mmol) after two recrystallizations from hexanes. ATR-IR: 3124, 2929, 1452
cm™. "H NMR (500 MHz, CDCl3, 25 °C) & 7.37 (m, 3H), 7.24 (d, J = 7.0 Hz, 2H),
7.18 (s, 1H), 5.50 (s, 2H), 2.4 (m, 4H), 2.21 (s, 3H), 2.11 (m, 2H), 1.93 (t, J= 10
Hz, 2H) 1.70 (m, 2H), 1.42 (p, J = 5.5 Hz, 2H) 1.25 (m, 2H). *C NMR (125 MHz,
CDCls, 25 °C) 6 148.1, 134.8, 129.0, 128.5, 127.9, 121.0, 57.1, 55.8, 53.9, 45.9,
45.1, 33.9, 26.0, 22.0. HRMS (ESI) m/z calcd for [M+H]" requires 340.2496,
found 340.2493.
4-methyl-1-(1-(1-(4-methylbenzyl)-1H-1,2,3-triazol-4-yl)cyclohexyl)

piperidine (4i):

Prepared according to the general procedure: The corresponding silyl-protected
propargylamine (360 mg, 1.0 mmol), 4-methyl benzyl azide (176 mg, 1.2 mmol),
TBAF 1M in THF (1500 pL, 1.5 mmol), Cu(OTf), (35 mg, 0.1 mmol), and Na*Asc
(21 mg, 0.1 mmol) afford the title compound as an off white solid in 57% yield
(0.201 g, 0.57 mmol) after two recrystallizations from hexanes. ATR-IR: 3119,
2915, 1458 cm™. "H NMR (400 MHz, CDCl3, 25 °C) 8 7.15 (d, J= 8 Hz, 2H), 7.13
(s, 1H), 7.09 (d, J= 8 Hz, 2H), 5.47 (s, 2H), 2.99 (d, J = 10.8 Hz, 2H), 2.33 (s,

3H), 2.11 (m, 2H), 1.88 (t, J = 12.4 Hz, 2H) 1.69 (m, 2H), 1.54 (m, 2H), 1.37 (p, J
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= 5.6 Hz, 2H), 1.20 (m, 2H), 1.19 (m, 3H), 0.81 (d, J = 5.2 Hz, 3H). '*C NMR (100
MHz, CDCls, 25 °C) & 148.9, 138.5, 132.3, 129.9, 127.9, 121.2, 57.7, 53.9, 46.0,
35.4, 34.5, 31.2, 26.2, 22.4, 22.0, 21.3. HRMS (ESI) m/z calcd for [M+H]"
requires 353.2700, found 353.2689.
4-methyl-1-(1-(1-(4-(trifluoromethyl)benzyl)-1H-1,2,3-triazol-4-yl)cyclohexyl)
piperidine (4j):

Prepared according to the general procedure: The corresponding silyl-protected
propargylamine (360 mg, 1.0 mmol), 4-(trifluoromethyl)benzyl azide (210 mg, 1.2
mmol), TBAF 1M in THF (1500 pL, 1.5 mmol), Cu(OTf), (35 mg, 0.1 mmol), and
Na+Asc (21 mg, 0.1 mmol) afford the title compound as an off white solid in 29%
yield (0.117 g, 0.29 mmol) after two recrystallizations from hexanes. ATR-IR:
3118, 2939, 1456 cm™. 'H NMR (500 MHz, CDCls, 25 °C) & 7.64 (d, J= 8 Hz,
2H), 7.32 (d, J = 8 Hz, 2H), 7.24 (s, 1H), 5.61 (s, 2H), 3.04 (d, J = 10 Hz, 2H),
2.14 (m, 2H), 1.95 (t, J = 11 Hz, 2H), 1.72 (m, 2H) 1.58 (t, J= 9.5 Hz, 4H), 1.42 {(t,
J= 6 Hz, 2H) 1.24 (m, 2H), 1.15 (m, 2H), 0.85 (d, J= 4.5 Hz, 3H). *C NMR (125
MHz, CDCls;, 25 °C) 8 149.2, 139.1, 130.6, 127.7, 126.0, 121.2, 57.5, 53.2, 45.8,
35.1, 34.2, 31.1, 26.0, 22.1, 21.8. HRMS (ESI) m/z calcd for [M+H]" requires
407.2417, found 407.2391.
1-(1-(1-(4-methoxyphenyl)-1H-1,2,3-triazol-4-yl)cyclohexyl)-4-methyl
piperidine (4k):

Prepared according to the general procedure: The corresponding silyl-protected

propargylamine (360 mg, 1.0 mmol), 1-azido-4-methoxy benzene (179 mg, 1.2
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mmol), TBAF 1M in THF (1500 pL, 1.5 mmol), Cu(OTf), (35 mg, 0.1 mmol), and
NacAsc (21 mg, 0.1 mmol) afford the title compound as an off white beige solid in
50% vyield (0.177 g, 0.50 mmol) after two recrystallizations from hexanes. ATR-
IR: 3132, 2922, 1513 cm™. "H NMR (400 MHz, CDCl3, 25 °C) & 7.64 (d, J=78.8
Hz, 2H), 7.62 (s, 1H), 6.99 (d, J= 9.2 Hz, 2H), 3.85 (s, 3H), 3.08 (d, J = 10.4 Hz,
2H), 2.24 (m, 2H), 1.96 (t, J = 10.8 Hz, 2H), 1.70 (m, 4H) 1.57 (m, 2H), 1.43 (m,
2H) 1.28 (m, 3H), 1.16 (m, 2H), 0.82 (d, J = 5.6 Hz, 3H). *C NMR (100 MHz,
CDCls, 25 °C) 6 159.7, 149.0, 131.0, 122.1, 119.5, 114.8, 57.7, 55.8, 46.0, 35.4,
34.5,31.2,26.2,22.4, 22.1. HRMS (ESI) m/z calcd for [M+H]" requires 355.2492,
found 355.2505.
4-methyl-1-(1-(1-octyl-1H-1,2,3-triazol-4-yl)cyclohexyl)piperidin-1-ium
chloride (4l):

Prepared according to the general procedure: The corresponding silyl-protected
propargylamine (360 mg, 1.0 mmol), 1-azido-octane (186 mg, 1.2 mmol), TBAF
1M in THF (1500 pL, 1.5 mmol), Cu(OTf), (35 mg, 0.1 mmol), and Na<Asc (21
mg, 0.1 mmol) afford the title compound as an off white solid in 56% yield (0.201
g, 0.56 mmol) after chromatography on silica gel (solvent gradient: 100%
hexanes, 10%, 20%, 50%, 100% EtOAc in hexanes) and finally precipitated out
of diethyl ether as the HCI salt. ATR-IR: 3152, 2925, 2465, 1450 cm™. '"H NMR
(500 MHz, CDCl3, 25 °C) & 11.48 (s, 1H), 8.01 (s, 1H), 4.41 (t, J= 7 Hz, 2H), 3.60
(d, J= 11 Hz, 2H), 2.84 (d, J = 12 Hz, 2H), 2.50 (d, J = 10.5 Hz, 2H), 2.34 (t, J =

11.5 Hz, 2H), 2.13 (q, J = 12.5 Hz, 2H), 1.95 (m, 2H), 1.83 (d, J = 13 Hz, 2H),
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1.72 (d, J = 14 Hz, 2H), 1.57 (d, J = 11 Hz, 1H), 1.29 (m, 14H), 1.17 (d, J = 11
Hz, 1H), 0.96 (d, J = 6 Hz, 3H) 0.87 (t, J= 6.5 Hz, 3H). *C NMR (125 MHz,
CDCls, 25 °C) 5 142.2, 125.6, 67.0, 50.8, 47.2, 31.6, 30.9, 30.5, 30.1, 29.8, 29.0,
28.8, 26.5, 24.4, 22.9, 22.5, 20.8, 14.0. HRMS (ESI) m/z calcd for [M+H]+
requires 361.3326, found 361.3316.
N-(cyclopropylmethyl)-1-((triisopropylsilyl)ethynyl)cyclohexanamine (4m):
Prepared according to the general procedure outline in chapter 2:
cyclopropylmethylamine (215 pL, 2.5 mmol), cyclohexanone (258 L, 2.5 mmol),
(triisopropylsilyl) acetylene (673 pL, 3 mmol), and CuCl; (16.75 mg, 0.13 mmol)
afford the title compound as a yellow oil in 60% yield (0.500 g, 1.50 mmol) after
gradient chromatography on silica gel (100% hexanes -> 50% EtOAc in
hexanes). ATR-IR (film) 2932, 2863, 2154, 1461, 882 cm™. "H NMR (500 MHz,
CDCls, 25 °C) & 2.60 (d, J=7 Hz, 2H), 1.83 (d, J = 12 Hz, 2H), 1.63 (m, 5H), 1.35
(m, 2H), 1.20 (m, 2H), 1.05 (m, 21H), 0.95 (gn, J=7 Hz, 1H), 0.47 (d, J = 7.5 Hz,
2H), 0.12 (d, J = 4.5 Hz, 2H). "*C NMR (125 MHz, CDCl3, 25 °C) & 112.2, 83.7,
55.3, 48.7, 38.3, 25.9, 23.1, 18.7, 11.5, 11.3, 3.5. HRMS (ESI) m/z calcd for
[M+H]" requires 334.2925, found 334.2943.
N-(3,5-bis(trifluoromethyl)benzyl)-1-((triisopropylsilyl)ethynyl)
cyclohexanamine (4n):

Prepared according to the general procedure outline in chapter 2: 3,5-
bis(trifluoromethyl)benzylamine (608 mg, 2.5 mmol), cyclohexanone (258 L, 2.5

mmol), (triisopropylsilyl) acetylene (673 pyL, 3 mmol), and CuCl; (16.75 mg, 0.13
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mmol) afford the title compound as a yellow oil in 57% yield (0.723 g, 1.43 mmol)
after gradient chromatography on silica gel (100% hexanes -> 20% EtOAc in
hexanes). ATR-IR (film) 2938, 2864, 2154, 1462, 1275 cm™. "H NMR (400 MHz,
CDCls, 25 °C) 6 7.83 (s, 2H), 7.75 (s, 1H), 4.06 (s, 2H), 1.87 (d, J= 12 Hz, 2H),
1.67 (m, 5H), 1.41 (m, 3H), 1.22 (m, 1H), 1.10 (m, 21H). *C NMR (125 MHz,
CDCls, 25 °C) 6 144.0, 131.4, 128.5, 123.5, 120.8, 111.5, 84.6, 55.9, 47.3, 38.3,
25.8, 23.0, 18.7, 11.2. HRMS (ESI) m/z calcd for [M+H]" requires 506.2672,
found 506.2699.
N-cyclopentyl-1-(1-(4-fluorobenzyl)-1H-1,2,3-triazol-4-yl)cyclohexanamine
(40):

Prepared according to the general procedure: The corresponding silyl-protected
propargylamine (348 mg, 1.0 mmol), 4-fluorobenzyl azide (181 mg, 1.2 mmol),
TBAF 1M in THF (1500 pL, 1.5 mmol), Cu(OTf), (35 mg, 0.1 mmol), and Na*Asc
(21 mg, 0.1 mmol) afford the title compound as an off white solid in 53% yield
(0.180 g, 0.53 mmol) after two recrystallizations from hexanes. ATR-IR: 3130,
2941, 1447 cm™. "H NMR (500 MHz, DMSO-dg) & 7.95 (s, 1H), 7.31 (t, J = 8.0
Hz, 2H), 7.19 (t, J = 9.0 Hz, 2H), 5.55 (s, 2H), 2.66 (gn, J = 8.0 Hz, 1H), 1.93 (m,
2H), 1.63 (m, 4H), 1.45 (m, 2H), 1.36 (m, 4H), 1.24 (m, 4H), 1.01 (q, J = 9.0 Hz,
2H). *C NMR (150 MHz, CDCl;) & 163.7, 162.1, 131.1, 129.8, 121.0, 116.3,
54.8, 54.4, 53.4, 37.0, 35.4, 26.0, 23.8, 22.5. HRMS (ESI) m/z calcd for [M+H]"

requires 343.2253, found 343.2236.
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N-cyclopentyl-1-(1-(4-(trifluoromethyl)benzyl)-1H-1,2,3-triazol-4-
yl)cyclohexanamine (4p):

Prepared according to the general procedure: The corresponding silyl-protected
propargylamine (348 mg, 1.0 mmol), 4-(trifluoromethyl)benzyl azide (210 mg, 1.2
mmol), TBAF 1M in THF (1500 pL, 1.5 mmol), Cu(OTf),; (35 mg, 0.1 mmol), and
Na+Asc (21 mg, 0.1 mmol) afford the title compound as an off white solid in 60%
yield (0.236 g, 0.60 mmol) after two recrystallizations from hexanes. ATR-IR:
3115, 2200, 1423 cm™. "H NMR (600 MHz, CDCls) & 7.56 (d, J = 8.0 Hz, 2H),
7.26 (d, J = 8.0 Hz, 2H), 7.19 (s, 1H), 5.53 (s, 2H), 2.70 (m, 1H), 2.04 (s, 2H),
1.68 (m, 2H), 1.59 (m, 3H), 1.49 (m, 4H), 1.35 (m, 2H), 1.25 (m, 4H), 1.02 (m,
2H). *C NMR (125 MHz, DMSO-ds) 5 160.6, 141.2, 128.6, 128.4, 128.3, 125.6,
122.4, 54.0, 53.8, 52.0, 36.4, 34.7, 25.6, 23.2, 21.8. HRMS (ESI) m/z calcd for
[M+H]" requires 393.2221, found 393.2228.
N-cyclopentyl-1-(1-(4-methoxybenzyl)-1H-1,2,3-triazol-4-yl)cyclohexanamine
(49):

Prepared according to the general procedure: The corresponding silyl-protected
propargylamine (348 mg, 1.0 mmol), 1-(azidomethyl)-4-methoxy benzene (196
mg, 1.2 mmol), TBAF 1M in THF (1500 pL, 1.5 mmol), Cu(OTf), (35 mg, 0.1
mmol), and Na<Asc (21 mg, 0.1 mmol) afford the title compound as an off white
solid in 65% vyield (0.232 g, 0.65 mmol) after two recrystallizations from hexanes
ATR-IR: 3125, 2192, 1442 cm™. "H NMR (600 MHz, CDCl3) 5 7.22 (s, 1H), 7.18

(dd, J = 7.0, 5.0 Hz, 2H), 6.88 (dd, J = 7.0, 5.0 Hz, 2H), 5.45 (s, 2H), 3.80 (s, 3H),
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2.72 (p, J = 8.0 Hz, 1H), 2.07 (s, 2H), 1.70 (m, 2H), 1.62 (m, 3H), 1.52 (m, 4H),
1.42 (m, 2H), 1.29 (m, 4H), 1.05 (m, 2H). *C NMR (150 MHz, CDCl;) 5 159.9,
154.7, 129.5, 127.3, 120.9, 114.5, 55.5, 54.9, 54.4, 53.7, 37.1, 35.5, 26.1, 23.9,
22.5. HRMS (ESI) m/z calcd for [M+H]" requires 355.2453, found 355.2449.
1-(1-benzyl-1H-1,2,3-triazol-4-yl)-N-(cyclopropylmethyl)cyclohexanamine
(4r):

Prepared according to the general procedure: The corresponding silyl-protected
propargylamine (333 mg, 1.0 mmol), benzyl azide (158 pL, 1.2 mmol), TBAF 1M
in THF (1500 pL, 1.5 mmol), Cu(OTf), (35.0 mg, 0.1 mmol), and Na+Asc (21.0
mg, 0.1 mmol) afford the title compound as an off white solid in 50 % yield (0.154
g, 0.5 mmol) after two recrystallizations from hexanes. ATR-IR: 3119, 2191, 1436
cm™.'"H NMR (500 MHz, DMSO-ds) 5 7.94 (s, 1H), 7.36 (t, J = 7.5 Hz, 2H), 7.31
(t, J=7.0 Hz, 1H), 7.22 (d, J = 7.0 Hz, 2H), 5.56 (s, 2H), 1.99 (d, J = 7.0 Hz, 2H),
1.87 (m, 2H), 1.64 (m, 4H), 1.57 (m, 1H), 1.41 (m, 1H), 1.28 (m, 4H), 0.29 (q, J =
6.5 Hz, 2H), -0.14 (q, J = 4.5 Hz, 2H). "*C NMR (125 MHz, DMSO-ds) & 153.3,
136.5, 128.7, 127.9, 127.5, 121.9, 53.5, 52.6, 46.7, 35.6, 25.6, 21.5, 11.5, 3.2.
HRMS (ESI) m/z calcd for [M+H]" requires 311.2191, found 311.2157.
N-(cyclopropylmethyl)-1-(1-(4-fluorobenzyl)-1H-1,2,3-triazol-4-yl)
cyclohexanamine (4s):

Prepared according to the general procedure: The corresponding silyl-protected
propargylamine (333 mg, 1.0 mmol), 4-fluorobenzyl azide (181 mg, 1.2 mmol),

TBAF 1M in THF (1500 pL, 1.5 mmol), Cu(OTf), (35 mg, 0.1 mmol), and Na-Asc
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(21 mg, 0.1 mmol) afford the title compound as an off white solid in 57% yield
(0.188 g, 0.57 mmol) after two recrystallizations from hexanes. ATR-IR: 3106,
2191, 1513 cm™. "H NMR (500 MHz, DMSO-ds) 5 7.93 (s, 1H), 7.31 (dd, J = 9.0,
3.0 Hz, 2H), 7.19 (t, J = 9.0 Hz, 2H), 5.54 (s, 2H), 1.98 (d, J = 7.0 Hz, 2H), 1.85
(m, 2H), 1.64 (m, 4H), 1.51 (m, 1H), 1.41 (m, 1H), 1.28 (m, 3H), 0.71 (m, 1H),
0.29 (q, J = 5.5 Hz, 2H), -0.15 (q, J = 4.5 Hz, 2H). "*C NMR (125 MHz, DMSO-ds)
o 162.2, 153.9, 133.1, 130.3, 122.3, 115.9, 53.9, 52.3, 47.1, 36.1, 26.1, 22.0,
12.0, 3.7. HRMS (ESI) m/z calcd for [M+H]" requires 329.2097, found 329.1984.
N-(cyclopropylmethyl)-1-(1-(4-(trifluoromethyl)benzyl)-1H-1,2,3-triazol-4-yl)
cyclohexanamine (4t):

Prepared according to the general procedure: The corresponding silyl-protected
propargylamine (333 mg, 1.0 mmol), 4-(trifluoromethyl)benzyl azide (210 mg, 1.2
mmol), TBAF 1M in THF (1500 pL, 1.5 mmol), Cu(OTf), (35 mg, 0.1 mmol), and
Na+Asc (21 mg, 0.1 mmol) afford the title compound as an off white solid in 57%
yield (0.217 g, 0.57 mmol) after two recrystallizations from hexanes. ATR-IR:
3125, 2942, 1428 cm™. "H NMR (500 MHz, DMSO-ds) 5 7.98 (s, 2H), 7.74 (d, J =
8.0 Hz, 2H), 7.42 (d, J = 8.0 Hz, 2H), 5.68 (s, 2H), 1.99 (d, J = 7.0 Hz, 2H), 1.87
(m, 2H), 1.65 (m, 4H), 1.53 (m, 1H), 1.42 (m, 1H), 1.29 (m, 3H), 0.72 (gn, J =7
Hz, 1H), 0.29 (d, J = 7.5 Hz, 2H), -0.14 (d, J = 5 Hz, 2H). "*C NMR (125 MHz,
DMSO-ds) 6 160.6, 153.5, 141.1, 128.4, 128.3, 125.6, 122.2, 53.5, 52.0, 46.7,
35.6, 25.6, 21.5, 11.5, 3.2. HRMS (ESI) m/z calcd for [M+H]" requires 379.2065,

found 379.2030.
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N-(cyclopropylmethyl)-1-(1-(4-methoxybenzyl)-1H-1,2,3-triazol-4-
yl)cyclohexanamine (4u):

Prepared according to the general procedure: The corresponding silyl-protected
propargylamine (333 mg, 1.0 mmol), 1-(azidomethyl)-4-methoxybenzene (196
mg, 1.2 mmol), TBAF 1M in THF (1500 pL, 1.5 mmol), Cu(OTf), (35 mg, 0.1
mmol), and Na<Asc (21 mg, 0.1 mmol) afford the title compound as an off white
solid in 63% vyield (0.214 g, 0.63 mmol) after two recrystallizations from hexanes
ATR-IR: 3119, 2214, 1457 cm™."H NMR (400 MHz, CDCl3) 5 7.20 (s, 1H), 7.18
(d, J =9.0 Hz, 2H), 6.89 (d, J = 9.0 Hz, 2H), 5.44 (s, 2H), 3.81 (s, 3H), 2.07 (d, J
= 7.0 Hz, 2H), 2.01 (m, 2H), 1.73 (m, 2H), 1.62 (m, 4H), 1.42 (m, 2H), 1.33 (m,
2H), 0.79 (m, 1H), 0.37 (q, J = 8.5 Hz, 2H), -0.10 (q, J = 6.0 Hz, 2H). *C NMR
(100 MHz, CDCl3) & 160.0, 154.1, 129.5, 127.1, 120.7, 114.6, 55.5, 54.3, 53.7,
47.5, 36.1, 26.0, 22.3, 11.7, 3.5. HRMS (ESI) m/z calcd for [M+H]" requires
341.2297, found 341.2262.
1-(1-benzyl-1H-1,2,3-triazol-4-yl)-N-(3,5-bis(trifluoromethyl)benzyl)
cyclohexanamine (4v):

Prepared according to the general procedure: The corresponding silyl-protected
propargylamine (505 mg, 1.0 mmol), benzyl azide (158 pL, 1.2 mmol), TBAF 1M
in THF (1500 pL, 1.5 mmol), Cu(OTf); (35 mg, 0.1 mmol), and Na<Asc (21 mg,
0.1 mmol) afford the title compound as an off white solid in 78% vyield (0.378 g,
0.78 mmol) after two recrystallizations from hexanes. ATR-IR: 3112, 2191, 1385

cm™."H NMR (600 MHz, CDCls) & 7.65 (s, 2H), 7.64 (s, 1H), 7.32 (m, 3H), 7.20
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(m, 3H), 5.46 (s, 2H), 3.47 (s, 2H), 1.92 (m, 2H), 1.79 (m, 2H), 1.63 (m, 4H), 1.46
(m, 1H), 1.34 (m, 3H). *C NMR (150 MHz, CDCl3) 5 154.3, 144.2, 135.0, 131.6,
129.3, 128.9, 128.3, 128.1, 124.9, 122.2, 120.7, 54.7, 54.2, 46.2, 36.3, 26.0,
22.1. HRMS (ESI) m/z calcd for [M+H]" requires 483.1939, found 483.1943.
N-(3,5-bis(trifluoromethyl)benzyl)-1-(1-(4-fluorobenzyl)-1H-1,2,3-triazol-4-
yl)cyclohexanamine (4w):

Prepared according to the general procedure: The corresponding silyl-protected
propargylamine (505 mg, 1.0 mmol), 4-fluorobenzyl azide (181 mg, 1.2 mmol),
TBAF 1M in THF (1500 pL, 1.5 mmol), Cu(OTf), (35 mg, 0.1 mmol), and Na<Asc
(21 mg, 0.1 mmol) afford the title compound as an off white solid in 79% yield
(0.393 g, 0.79 mmol) after two recrystallizations from hexanes. ATR-IR: 3095,
2191, 1513 cm™."HNMR (500 MHz, DMSO-ds) & 7.99 (s, 1H), 7.91 (s, 2H), 7.88
(s, 1H), 7.31 (t, J = 9.0 Hz, 2H), 7.17 (t, J = 9.0 Hz, 2H), 5.54 (s, 2H), 3.56 (s,
2H), 1.99 (m, 2H), 1.75 (m, 2H), 1.65 (m, 2H), 1.43 (m, 1H), 1.31 (m, 3H). '°C
NMR (125 MHz, CDCl;) & 163.0, 154.4, 144.2, 131.3, 130.8, 130.0, 128.3, 123.5,
120.8, 120.5, 116.3, 54.7, 53.5, 46.1, 36.3, 26.0, 22.1. HRMS (ESI) m/z calcd for
[M+H]" requires 501.1844, found 501.1777.
N-(3,5-bis(trifluoromethyl)benzyl)-1-(1-(4-(trifluoromethyl)benzyl)-1H-1,2,3-
triazol-4-yl)cyclohexanamine (4x):

Prepared according to the general procedure: The corresponding silyl-protected
propargylamine (505 mg, 1.0 mmol), 4-(trifluoromethyl)benzyl azide (210 mg, 1.2

mmol), TBAF 1M in THF (1500 pL, 1.5 mmol), Cu(OTf) (35 mg, 0.1 mmol), and
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Na+Asc (21 mg, 0.1 mmol) afford the title compound as an off white solid in 73%
yield (0.401 g, 0.73 mmol) after two recrystallizations from hexanes ATR-IR:
3113, 2942, 1385 cm™.'"H NMR (500 MHz, DMSO-ds) d 8.05 (s, 1H), 7.91 (s,
2H), 7.85 (s, 1H), 7.70 (d, J = 8.0 Hz, 2H), 7.41 (d, J = 8.0 Hz, 2H), 5.69 (s, 2H),
3.57 (s, 2H), 2.63 (s, 1H), 2.01 (m, 2H), 1.77 (m, 2H), 1.65 (m, 2H), 1.42 (m, 1H),
1.32 (m, 3H). ®C NMR (100 MHz, DMSO-ds) & 153.1, 145.9, 141.0, 129.6,
128.3, 128.2, 125.6, 125.1, 124.5, 122.5, 122.4, 119.8, 54.1, 52.0, 44.9, 35.8,
25.6, 21.7. HRMS (ESI) m/z calcd for [M+H]" requires 551.1813 found 551.1700.
N-(3,5-bis(trifluoromethyl)benzyl)-1-(1-(4-methoxybenzyl)-1H-1,2,3-triazol-4-
yl)cyclohexanamine (4y):

Prepared according to the general procedure: The corresponding silyl-protected
propargylamine (505 mg, 1.0 mmol), 1-(azidomethyl)-4-methoxybenzene (196
mg, 1.2 mmol), TBAF 1M in THF (1500 pL, 1.5 mmol), Cu(OTf), (35 mg, 0.1
mmol), and Na<Asc (21 mg, 0.1 mmol) afford the title compound as an off white
solid in 80% yield (0.413 g, 0.80 mmol) after two recrystallizations from hexanes.
ATR-IR: 3110, 2294, 1445 cm™. "H NMR (600 MHz, CDCl3) 5 7.72 (s, 2H), 7.70
(s, 1H), 7.24 (s, 1H), 7.22 (d, J = 9.0 Hz, 2H), 6.90 (d, J = 9.0 Hz, 2H), 5.46 (s,
2H), 3.81 (s, 3H), 3.54 (s, 2H), 1.98 (m, 2H), 1.85 (m, 2H), 1.71 (m, 2H), 1.65 (b,
1H), 1.53 (m, 1H), 1.40 (m, 3H). *C NMR (150 MHz, CDCls) & 160.0, 154.1,
144.2, 131.5, 129.7, 128.3, 126.8, 123.5, 120.8, 120.4, 114.6, 55.4, 54.7, 53.8,
46.1, 36.3, 26.0, 22.1. HRMS (ESI) m/z calcd for [M+H]" requires 513.2044,

found 513.201.
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'H and "*C NMR Spectra for compounds 4c — 4l is available at:

http://dx.doi.org/10.3762/bjoc.11.154

L/

Si(i-Pr)3

4a

114

A

J

=17

\

W

=

0'1c
0T
L0'C

- STST

20|

co'¢

el

i 90'¢C

4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

4.5

10.0 9.5 9.0 8.5 8.0 75 7.0 6.5 6.0 5.5

0.5

f1 (ppm)



ST1—
681
€€
g5z~

9LE—

0Z5—

S'65—

Z'S8—

80TT—
6'STT—

0'8ET—

Si(i-Pr)s

115

WWJJJWW

T

T T T T
170 150 130 110

190

210

-10

100 90 80 70 60 50 40 30 20 10

f1 (ppm)

200 180 160 140 120

220



O\NH

Si(i-Pr)3

/ a

4

1012

90'¢C

B A LN

148074

cosp

SO'Z|

= = 001

116

10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 25 2.0 1.5 1.0 0.5 0.0 -0.5
f1 (ppm)

0.5



L'E8—

EETT—

O\NH

Si(i-Pr)3

7 a

117

T
110

120

140

T

T

T T
190 180

200

210

-10

90 80 70 60 50 40 30 20 10

100

f1 (ppm)

150 130

160

170

220



E9gT|

=061

v NH

Si(i-Pr)3

4

4m

118

s o]

R
—in

A zos|
— 5 s07]

%:— OO'Z__

T

15

0.5 0.0 -0.5

1.0

10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 25 2.0
f1 (ppm)

0.5



L'E8—

ZerT—

4

v NH

Si(i-Pr)3

4m

119

T

T T T T T T T
180 170 160 150 140 130 120

190

200

-10

100 90 80 70 60 50 40 30 20 10

f1 (ppm)

110

210

220



Si(i-Pr)3

/.

NH
CF3
4

FsC

120

sy

o€

l{{

4

— = €0¢

—
N 66T|

el
or'If
€18l
orz|

3.0 2.5 2.0 15 1.0 0.5 0.0 -0.5

3.5

9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0
f1 (ppm)

10.0



1T
£'8T~
0E€T~
852~
£8e—
VA

655—

98—

STIT—
80ZT~
SE€TT—
S'8eT—
pIET

O'bpT—

SNH

FsC

Si(i-Pr)3

y/a

CF4

121

-’

|

|

m

|

T

T T T T T T T
180 170 160 150 140 130 120

190

210

-10

100 90 80 70 60 50 40 30 20 10

f1 (ppm)

110

200

220



Foot |

FIT2
el |
96'€
96T
I\LO'b -
reoz
——
_
=

N

“ N
40

HNQ

=£0¢C

I

) 00¢

j ®toc |

== =007

122

7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0
f1 (ppm)

8.0

8.5




S22\
g€z

b'GE~
o’

b'ES\
85

€911 —
01Z1—
8'6cl

TTET—

1291~
LET

123

-10

120 110 100 90 80 70 60 50 40 30 20 10

130

190 180 170 160 150

200

230 220

240

f1 (ppm)



——p0¢C

—'-C0'T}|

HNQ
“°N

N=N

CF3

ap

124

o0t

S +00¢

8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0 -0.5
f1 (ppm)

8.5



p'eet
9'921%
€81
17'821%
9'8¢T
ZTpT—

9'09T—

CF4

HNQ
N
N=N
ap

125

WWMWMWMNIJLM Mvmmwm

-10

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

220

f1 (ppm)



s1Te

}[26'2 L

b0

20

[40)4

——ELTT

HNQ

~ N

OMe

4q

—~60¢

126

— [40)4

ooz |

267 |

?[26'1
00T 1

9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0
f1 (ppm)

9.5

10.0



S22\
6£2—
1oz’
S'GE~
127

L'ES
b'vS
6'vS
§'SS

SHIT—
6021~
€221
62T~

LPST—
6'65T—

OMe

HNQ
=
N=
4q

127

R | N1 .

-10

210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
f1 (ppm)

220



L

k861

Freet

20Tl

F00v

soz|

LET

L | , . u,L

10¢

128

— =007

Fest|

<F00Z

_Jyooz|
%00'1'

6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0 -0.5
f1 (ppm)

6.5

7.0



.

'E—
STl

S'T—

95—

. Jrl_

95E—

L9~
96\

SEST

6121~
SLTTA

".ll_.l

"

Vv,

"
My

bk

6L2TT
'8¢
G9ET

€'E€ST—

129

aaual

o

RN

-10

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

220

f1 (ppm)



00

% *H'T |
/) 66T

130

Jroor |

6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0
f1 (ppm)

6.5



L'E—
0cT—

0cz—
19—

T'9E—

T~
€25~
6'ES

65117
£721—
£0ET

I'ss&

6'EST—
Z'eor—

C'SLT—

131

-10

210 200 190 180 170 160 150 140 130 120 110 100 Q0 80 70 60 50 40 30 20 10
f1 (ppm)

220



HNA\y
“°N

N=N

CF3

— Feoz |

ijz

) 00T

132

r8'T ¢

3.0 2.5 2.0 1.5 1.0 0.5 0.0

3.5

5.0 4.5 4.0
f1 (ppm)

5.5

6.0

6.5



'E—
STl

ST~
9S5Z—

95E—

L'9p~
028~
SEST

zzel
9'92&
€821

vaz1/

T'ThT—

SEST—
9'09T—

CF4

133

Ww Aeondmtiin

-10

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

220

f1 (ppm)



OMe

4u

134

L

Feoz|

FS0'C

Ferag
E/ZO'Z L

»00'C

Lref

90'¢

coct

=S0'€

=90'C

»00Z|

456'1

10T

6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0 -0.5
f1 (ppm)

6.5



SE—
11—
€22~
09—
T9E—
S
€S

Epo
555/

ObTT—
L'0ZT~
42T
S'6ZT~

TPST—
0091~

OMe

135

WMW WWWWMNWMMWM

-10

210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
f1 (ppm)

220



I

NH
N=N

F3C

F3C

4v

136

*,)JUL

JSEOET

+€0'T
Feop

ozl
Aoz

=00'¢

=00'¢

6|

65'C
{bL'O

B'Tr

1.0 0.5

1.5

T T
5.0 4.5 4.0 3.5
f1 (ppm)

5.5

6.0

7.0

7.5

8.5




e
0oz—
£9%€E—
22917‘-
el

£021
Z'eet
Sh7a!
1'8¢T
€81
6'8¢T
g'ect,
9'IEI%
0'SET
Zhbl—

EpST—

NH

F3C

Ph

/\,N/\
N=N

FsC

4v

Ll

137

-10

210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
f1 (ppm)

220



N

L
zF
T Yz oz
= =
o
[sel
Lo

FsC

138

—

—

-

4

¥20Et

=0T

0Z|

Aoz

Rpoz

=z0Z[

=g0el

67|

Moz

i960—

102
oot

3.0 2.5 2.0 1.5 1.0 0.5 0.0

3.5

5.5 5.0 4.5 4.0
f1 (ppm)

6.0

6.5



1T'ee—
0oz—

€%
9
S€S
L5\

“NH

F3C

“°N
N=N

FsC

4w

139

-10

120 110 100 90 80 70 60 50 40 30 20 10

130

190 180 170 160 150

200

230 220

240

f1 (ppm)



FEO'T

£0'€

S0'T

€07

b0

hpoz
jﬂ

Fzoz

e
o J 267
S ) es
(60
% ag8'T
—™00'T
4P
T Z
=z
(@)
[se]
L

F3C

140

3.0 2.5 2.0 1.5 1.0 0.5 0.0

3.5

5.0 4.5 4.0
f1 (ppm)

5.5

6.0

6.5



L1~
95—

85E—

6'vr—
0Cs~
T'pS—

8611
peet
§'cet
Sl
1'SCT
9'scT
'8t
€8T
9'6cT
0TpT
6'SPT-
T'EST~.

NH

F3C

FsC

N=N
4x

CF4

141

10—

-10

210 200 190 180 170 160 150 140 130 120 110 100 Q0 80 70 60 50 40 30 20 10
f1 (ppm)

220



1?\170'2

—L0'C

o

—60'€

—=-20¢

[}
=
®)

z?
\ >

- z <

z

)
™
[

F3C

142

R

10|
jZooz I

66'0f
]‘(bO'I I

o'z

3.0 2.5 2.0 1.5 1.0 0.5 0.0

3.5

7.0 6.5 6.0 5.5 5.0 4.5 4.0
f1 (ppm)

7.5



122~
09—
£9E—
19,
8¢€s

NI W o ooty

9PIT
b'OZI\
8'021\
S'€CT

89T~
€817
L'SZI/
STET

Chbl—

T'PST—
0'09T—

NH

FsC

FsC

N=N

OMe

4y

143

TN |

-10

120 110 100 90 80 70 60 50 40 30 20 10

130

190 180 170 160 150

200

230 220

240

f1 (ppm)



Chapter Five: Pyridine Triazoles as Biologically Active Compounds
5.1 Introduction:

The robustness of the copper-catalyzed azide-alkyne cycloaddition
(CuAAC) or “click” reaction to provide 1,2,3-disubstituted triazoles makes it an
excellent method for the preparation of compound libraries for biological analysis.
Through simple derivatization of the azide, synthesis of triazoles with minute
differences can be achieved. This, in combination with the terminal alkyne, 2-
ethynyl pyridine, allows this method to afford pyridyl triazoles that can be tuned
electronically and sterically to meet a particular demand.

5.2 Background on Pyridyl Triazoles as Biologically Active Compounds:

Generation of libraries of substituted pyridyl triazoles for analysis of
biological activity has resulted in discoveries of activity as a potent nicotinamide
phosphoribosyltransferase (NMPRTase) inhibitor,” and as an inhibitor of the
tautomerase activity of human macrophage migration inhibitory factor (MIF).?

In the first report it was investigated whether inhibition of NAD synthesis or
salvage pathways could be a viable combatant to the growth and spread of
cancerous cells. It was proposed that interfering with NAD(P) levels might lead to
cell death in cells that have a high usage rate of this pyridine nucleotide, mainly,
tumoral cells.®> Eukaryotic cells have several mechanisms for replenishing NAD
levels.*® The most dominant pathways relies on the enzyme NMPRTase, which
converts nicotinamide into nicotinamide mononucleotide which is then converted

to NAD." This has prompted investigation in NMPRTase as a target for potential
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antitumor drugs. Based on initial results,® 185 pyridyl triazole derivatives were
prepared and tested as NMPRTase inhibitors. Of those tested, five compounds
demonstrated an 1Cso at nanomolar concentrations (Figure 5.1). The most active
compound, a 3-pyridyl triazole bearing a 2-aminobiphenyl aromatic group was
found to be an excellent inhibitor of NMPRTase with an ICsg of 3.0 nM. While this
did not out compete the parent compound that prompted the study with regards
to the 1Cso, the pyridyl-triazole did demonstrate increased metabolic stability
which is believed to be one of the main problems with the inhibitors of

NMPRTase that are currently in clinical trials.”

N N=N
MNM JK/ é
IC50=3.0 nM IC50=5.7 nM

N )
H — NN O
(0]

IC50 =49.2 n\M IC59 =84.4 nM
Figure 5.1: Pyridyl triazoles as inhibitors of nicotinamide phosphoribosyltransferase (NMPRTase).

The second example of the utility of the CuAAC reaction for analysis of
pyridyl triazoles for biological activity comes from a report on the inhibition of
tautomerase activity of human macrophage migration inhibitory factor (MIF).2
This proinflammatory cytokine associated with numerous inflammatory diseases
as well as cancer and is an obvious target for inhibition studies. MIF is widely

expressed in many types of cells including macrophages, endothelial cells, and
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T-cells.®"® When activated, the cells release MIF, which promotes the release of
other inflammatory cytokines. Excessive inflammatory response has been
associated with tissue damage and autoimmune diseases such as rheumatoid
arthritis, lupus erythematosus, and Crohn’s disease. The connection between
inflammatory disease and cancer is also well established,’ and MIF has been
shown to enhance cell growth by inhibiting the tumor suppressor gene p53. MIF
is overexpressed in many cancer cells and can serve as a marker for disease
progression.

A combined approach of synthesis and molecular modeling was
employed to develop compounds with inhibitory activity towards MIF. Of the 34
compounds that were prepared in the report those bearing the 2-pyridyl or 2-
quinolinyl moiety were found to demonstrate the highest levels of activity towards
inhibition of MIF (Figure 5.2). The ICso of the 2-pyridyl triazole is reported at 8.8
micromolar and 2-quinolinyl at 0.6 micromolar. Additional substitution on the
pyridyl/quinolinyl ring as well as the pendant phenyl ring on the triazole was
investigated. However, a systematic approach to this substitution by varying only
the electronic density on the corresponding ring system though subtle changes in
substitution was not performed. This vacancy in the understanding of these
compounds warrants further inquiry and a systematic approach to substitution

should be adopted.
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ICsq = 0.59 uM ICso = 8.8 uM ICso = 37 uM

Figure 5.2: Pyridyl triazoles as inhibitors of human macrophage migration inhibitory
factor (MIF).

5.3 Formation of Structurally Diverse Aryl Substituted Pyridyl Triazoles:
The facile synthesis of 1,4-triazoles though utilization of the CuAAC
reaction allows for systematic substitution of a desired system through
derivatization of the azide or alkyne components. For the study of 2-pyridyl
triazoles (PyTri), substitution of the utilized azide allows for preparation of
compounds with differences in the electronic nature of the aromatic system. The
systematic design of these compounds with specific structural and physical
properties is crucial for the development and analysis of new functional materials
such as pharmaceuticals, and catalysts.? Utilization of aryl substituted azides in
combination with aryl alkyne results in a system that is fully conjugated. This is
highly desirable as the electronic nature of the compounds can be tuned via
substitution on the azide or alkyne and this modification will be felt by the entire
conjugated system. As such, it was important to prepare a series of aryl azides
that ranged in substitution from electron rich compounds bearing electron
donating groups such as methoxy and methyl, to those with electron poor
character, incorporating electron withdrawing substituents such as halogens and

trifluoromethyl groups.
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Synthesis of the desired azides was relatively straight forward starting
from anilines with the desired substitution.’®™ In order to convert the aniline
moiety to the necessary azide the original amine must be first converted to a
diazonium intermediate. This can be done by first preparing a cold acidic
aqueous solution of 6 molar hydrochloric acid and sodium nitrite in an ice/brine
bath. It is important to note that significantly higher conversion to the diazonium
intermediate was obtained when the nitrite salt was added dropwise in an
aqueous medium rather than neat addition of the solid. If done correctly the
acidic solution should take on a dark blue/green color and minimal production of
gaseous nitric acid as an orange gas is observed. After the aqueous acidic
solution is prepared, the aniline, bearing the desired substitution, is added
dropwise with vigorous stirring. Upon addition of the aniline, the reaction solution
will turn orange to dark red depending on the substitution with the electron rich
compounds being darker in color. Post addition of aniline, the reaction is allowed
to proceed for a period of 30 min for the formation of the diazonium to take place.

In order to obtain azide clean of other impurities, it is important to isolate
the diazonium away from unreacted aniline. This can be achieved through
formation of a diazonium salt that is largely insoluble in acidic aqueous media.
The addition of sodium tetrafluoroborate to the reaction mixture cleanly forms the
tetrafluoroborate diazonium salt in 30 min with vigorous stirring. This salt
precipitates from the acidic solution and can be isolated via filtration as a cream

colored solid. It should be noted that diazonium salts, when dried, can become
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dangerously unstable through spontaneous fissure of the carbon-N2 bond. With
this in mind, the filtration of the diazonium salt should be done with care and the
solid should not be taken to complete dryness and should be immediately used
to generate the desired azide. This can be accomplished by preparing an
aqueous solution of sodium azide and cooling this solution down to near 0 °C via
an ice/brine bath. Once this cold azide solution is prepared, slow addition of the
diazonium salt can take place by adding the solid directly using a plastic spatula.
Preparation of the azide solution and addition of the diazonium salt should be
done using non-metal utensils, as formation of only small amounts of metal
azides and diazoniums can be dangerous and potentially explosive. After
addition of the diazonium salt to the azide solution the reaction is allowed to
warm to ambient temperature over the course of 18 h. After which the desired
azide may be isolated via extraction with diethyl ether and slow concentration in
an ambient water bath without further purification. As organic azides are known
to be unstable when concentrated, the isolated compounds should be used
quickly, or, if long-term storage is desired, the azides should be diluted in an
organic solvent that is compatible with triazole formation such as tetrahydrofuran
or alcoholic solvents such as ethanol or isopropanol.

Preparation of a wide range of aryl azides (5a-5e) bearing electronically
diverse substitution was achieved using the method described above (Table 5.1).
These compounds were obtained in relatively high yield with a high degree of

purity as evident by thin layer chromatography. Further characterization of these
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organic azides was not performed as they were immediately used for triazole

formation.
NH, 1.6 MHCI _ Ng
2. 1.2 equiv NaNO, in H,O * NaN; (2.5 equiv.)
X
© 3. Addition of R-Aniline P H,O ©
R 4. 2.2 equiv. NaBF, R
DO NOT DRY No purification
COMPLETELY used immediately
N3 N3 N3 N3 N3
OMe Me H Br CF3
5a 5b 5c 5d 5e

Table 5.1: Synthesis of electronically diverse aryl azides as precursors to pyridyl triazoles.

Synthesis of the electronically diverse 2-pyridyl triazoles was initially
attempted under conditions that were optimized for triazole formation from silyl-
protected propargylamines.’ Utilization of catalytic copper(ll) triflate (Cu(OTf)y)
in the presence of sodium ascorbate in dry isopropanol proved to be an
inadequate system for preparation of phenyl pyridyl triazole (5h) as low yields

were observed (Scheme 5.1).

Ns Cu(OTf), (10 mol%)
N Na+Asc (10 mol%)
@ /O TN N
= "N i-PrOH (0.5 M) .
- Ar, 65 °C, 18 h Nay~ N7

2.5 equiv. 5h
14%

Scheme 5.1: Initial conditions for the synthesis of pyridiyl triazoles are successful
but low yielding.
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When a more traditional system was used, consisting of copper(ll) sulfate
pentahydrate with sodium ascorbate in aqueous ethanol, conversion to the
desired compounds greatly improved. Thus preparation of 2-pyridyl triazoles (5f-

5j) bearing electronically diverse phenyl substitution was achieved (Table 5.2).

N3 CuS0,45 H,0 (10 mol%) R
SN Na-Asc (50 mol%) Q
| ) N N=
P EtOH/H,O 7:3 (0.1 M) . w
R Ar, 1t, 18 h N<N
2.5 equiv.
MeO Me

| & 2
= N= = N=
N N7
| Ny L) N

5¢ 5g 5h
97% 98% 90%

63% 73%
Table 5.2: Synthesis of electronically diverse pyridy! triazoles.

These compounds could be isolated in good to high yields via the CUAAC
reaction of substituted phenyl azides and 2-ethynyl pyridine. The compounds
were obtained with a high degree of purity, which allowed for facile
characterization. Additionally this system was scalable, and gram quantities
could be prepared in a single run.

With the objective of preparing 2-pyridyl triazoles with systematic
electronically diverse substitution accomplished, analysis of this class of

compounds was undertaken through comparison of the corresponding 'H NMR
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spectra. Satisfyingly, the diagnostic proton on the triazole ring could be tracked
as the electronic character of the system changed. As the substitution on the
phenyl ring varied from electron donating (5f) to the electron withdrawn (5j) the
diagnostic singlet, representative of the electronic nature of the system, was
observed to move stepwise downfield (Figure 5.3).

One characteristic that was notable was the relative solubility of the
compounds in organic solvents. As the substitution on the phenyl ring became
more electron withdrawn, the relative solubility of the compounds decreased. To
further investigate whether this trend could be countered, further functionalization

of these pyridyl triazoles was necessary.
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5.4 Functionalization of Pyridyl Triazoles Through Halogenation:

In order to further functionalize the desired electronically diverse pyridyl
triazoles, it was necessary to install a reactive group on the triazole ring. This
approach should have little impact on the electronic nature of the system and
allow the variability of the compounds to remain intact. Halogenation of the
system should be a straightforward method to install the reactive group at the
desired location on the triazole ring while allowing the formation of the pyridyl
triazole to proceed. Literature on the synthesis of 5-halo-triazoles focuses largely
on the formation of substituted iodo-triazoles and further functionalization of
these compounds is reported to be facile.'®"® It should be noted however, that
previous reports on the synthesis of iodo-pyridyl triazoles were scarce and only
examples where comparable compounds were formed on minute scale could be
located.® Following the available literature, methods for preparing iodo-pyridyl
triazoles in one step from aryl azides and terminal alkynes were attempted. This
method utilized stoichiometric amounts of copper(ll) perchlorate in combination
with four equivalents of sodium iodide in order to generate the active copper(l)
species as well as the iodinating reagent I3 in situ. In order to encourage
deprotonation and subsequent formation of the copper acetylide, triethylamine
was included as a base. While the report claims this system is tolerant and able
to afford the desired 5-iodo-pyridyl triazoles in high vyields, utilization of this

procedure with phenyl azide and 2-ethynylpyridine provided only trace amounts
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of the desired product. Rather, what was observed was formation of large

amounts of a pyridyl triazole dimer (Scheme 5.2).
Cu(ClOy4), * 6 H,0O (1 equiv.)

Nal (4 equiv.)
(rg ~ TEA (4 equiv.) /”

N THF (0.15 M)
-~ Arrt18h

2.5 equiv.

major product

Scheme 5.2: Attempt at preparation of iodo-triazole through in situ iodination results in formation of pyridyl
triazole dimer.

While it is unfortunate that the desired compounds could not be obtained via this
one pot method, it is interesting that formation of these products is not discussed
in the corresponding literature. Additionally, if 3-ethnylpyridine were utilized in
this method, the dimerized product would have high potential as an interesting
ligand class.

Further review of the literature showed that a different approach may be
capable of furnishing the desired 5-iodo-pyridyl triazoles. If the iodo-ethynyl
pyridine (5k) was prepared and isolated this could be used in the CuUAAC with
copper(l) iodide in the presence of an amine ligand to obtain the desired
compounds.?’ The mechanism for this reaction has the potential to differ slightly
from that of the standard CuUAAC (Scheme 5.3). One possible route that is similar
to that of the standard CuAAC proceeds through the formation of the standard
copper acetylide complex after oxidative addition into the C-I bond of the

iodoalkyne. Subsequent coordination of the azide to the copper center through
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the nitrogen adjacent to the substitution allows for cyclization to occur and the
product is a cupric triazolide. Exchange of the copper through reaction with a
subsequent equivalent of the iodoalkyne completes the cycle and produces the
desired iodo-triazole.

Alternatively, the process may begin through activation of the iodoalkyne
through the formation of a m-complex intermediate. This intermediate can then
react with the azide as before through coordination of the substituted nitrogen
bearing the negative charge. This brings the azide and alkyne into proximity and
allows for the cyclization to proceed via a vinylidene-type transition state to
furnish the desired compound 5-iodo-pyridyl triazole. The distinctive feature of
this reaction pathway is that the C-I bond in the alkyne is not severed during the

catalysis.

Scheme 5.3: Two pathways for the catalytic cycle to form iodo pyridyl triazoles.

Current literature reports have deemed the second pathway as more likely

based on a number of observations. First the main support comes from the fact
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that the iodo-triazole is reported as the exclusive product from this reaction even
when the reaction is carried out in protic solvents. If this cupric triazole
intermediate is formed, as it would be in pathway 1 then protonation of the
intermediate should occur rapidly and proto-triazole should be observed. The
complete absence of this product determines that pathway 1 cannot be the
dominant route for this reaction.

With this strategy in mind the halogenated ethynylpyridines were
prepared. These compounds could be synthesized rapidly though the reaction of
electrophilic halogenating reagents with the terminal alkyne when exposed to
sufficient base.?’ By combining the alkyne with N-halosuccinimides bearing the
desired halogen in tetrahydrofuran and activating the system with the base 1,8-
diazabicyclo[5.4.0Jundec-7-ene (DBU) the desired haloalkyne could be obtained.
A possible mechanism for this reaction is shown in scheme 5.4 and involves the
generation of a highly electrophilic halogen species through the reaction of the
halogenated succinimide with DBU to generate a halogen bond adduct.?*?* This
species then reacts with the terminal alkyne to form a m-complex that

subsequently undergoes deprotonation by DBU to generate the haloalkyne.
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O o NS 0 O
NXS —N
—N i‘éN-x—N )

N ) x=LBrcl

(0]
R—=—-X - succinimide H
RiliH
0] 0
Q - );\(1 R—=H Q _ Q
N 4+ N X-N+
i o
(0] 0]

Scheme 5.4: Proposed mechanism for the formation of iodo-alkynes
using N-halosuccinimides and DBU.

While this reaction is reported to work well at room temperature, initial
results were low yielding and the reaction appeared significantly more sluggish
than reported. However, it was observed that upon addition of the DBU a large
exotherm occurred. Thus, it was practical to try to counteract this by running the
reaction in an ice bath as a heat sink. This modification allowed the reaction to
proceed rapidly and high yields were obtained when N-iodosuccinimide and N-
bromosuccinimide were used. It is reported that use of N-chlorosuccinimide is
incapable of furnishing chlorinated alkynes via this process.?' However, when the
reaction was performed in combination with an ice bath, the desired chlorinated

ethynylpyridines were obtained in low yields (Table 5.3).
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NXS (1.5 equiv.)
X =1, Br, Cl

. X
/I\/j DBU (1.5 equiv.) N =
= N MeCN, 0 °C, 3 h. U
| Br cl
g g Q |
5k 51 5m
87% 99% 23%

Table 5.3: Synthesis of halogenated 2-ethynylpyridines.

With the halogenated alkynes (5k-5m) in hand, work began on the
synthesis of halogenated pyridyl triazoles. As there was literature precedent for
the preparation of the iodo-triazoles it was logical to begin with the utilization of
the iodoalkyne. Initial results using the alkyne as the limiting reagent with a slight
excess of azide in tetrahydrofuran with a 10 mol% loading of copper(l) iodide and
two equivalents of the amine ligand, triethylamine, the reaction was run at
ambient temperature and the desired 5-iodotriazoles (5n-5q) could be isolated in
low vyields (Table 5.4). The exception to this was when the azide, 4-
trifluoromethyl phenyl azide was used. Here no desired product was formed after
24 h when the reaction was run at room temperature. Additionally, what was

observed was formation of the trifluoromethylated dimer compound.
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N3
|\
=z N
R I

1.2 equiv.

Cul (20 mol%)
NasAsc (50 mol%) R
TEA (2 equiv.) @

Ar,rt, 18 h

MeO

21%
B

[& N
| | O,

N= N= = N=
! A 2D
Nw Nw Noy \ 7

5n 50

|
(O
N=
N
5q

|
N NT
THF (0.2 M) Ney \_/
|

24% 26%

R
|
N=
N7
Nm

product not
observed

Table 5.4: Synthesis of iodo pyridyl triazoles.

In an attempt to prevent the dimerization, which was rationalized to occur
from the reaction of the cupric triazolide with an equivalent of the desired iodo-
triazole, the reaction was run in an ice/brine bath and the reaction was not
allowed to warm to ambient temperature. In addition to the decreased reaction
temperature, the amount of copper catalyst was increased in order to achieve full
consumption of the iodo-alkyne. Satisfyingly, under these conditions, the
dimerization of the product did not occur and the desired compound (5r) could be
isolated in low yields (Scheme 5.5). While the desired products could only be
isolated in small quantities, the consumption of the starting material did occur.
The loss of product was then attributed to decomposition during purification.

Unfortunately, this has occured regardless of the solid phase used during the

purification.
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Cul (1 equiv.)

N3 NarAsc (50 mol%) F.C
© S TEA (2 equiv.) 3 \@ |
A N THF (0.2 M) Nw
CF, 0°C, 18h Nay N\ 7
1.2 equiv. 5r

23%

Scheme 5.5: Decreased reaction tempterature and increased catalyst loading
prevents dimerization of trifluoromethylated iodo pyridyl triazole.

While decreased temperatures allowed for increased yields of the
trifluoromethylated iodo-triazole, the same approach when utilizing other aryl
azides prevented the reaction from progressing altogether. Additionally, as the
dimerized product was observed in all cases, it is proposed that when aryl azides
are used in combination with 2-ethynylpyridine the mechanism for product
formation cannot solely be that involving the vinylidene-type transition state and
likely both pathways are occurring simultaneously.

Further analysis was performed in an attempt to prevent dimerization and
to increase isolated yields. A search in the literature resulted in determining that if
a more bulky amine type ligand was utilized, perhaps the nucleophilic attack of
the cupric triazolide on the iodo-triazole could be prevented. It was reported that
utilization of a tris-triazoleamine ligand such as tris((1-tert-butyl-1H-1,2,3-
triazolyl)methyl)amine (TTTA) resulted in significantly increased reaction rates for
the formation of iodo-triazoles as well as prevention of unwanted side products
including the dimerized triazole.?®

Preparation of the tris-triazoleamine is relatively straightforward and

occurs through the CUAAC reaction of tripropargylamine with tert-butyl azide.?’
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As tert-butyl azide is highly reactive due to its low molecular weight and high
nitrogen to carbon ratio its synthesis should be undertaken with caution and any
azide formed should be used immediately or properly disposed of. Tert-butyl
azide (5s) was successfully prepared though the reaction of tert-butanol in highly
acidic media with sodium azide (Scheme 5.6). This reaction proceeds through
the formation of a tertiary carbocation from the loss of water from tert-butanol and
subsequent attack of the azide anion. Fortunately the desired azide is highly
hydrophobic and when the reaction is poured into a separatory funnel and
allowed to settle, the desired product forms as a distinct layer on top of the
aqueous acidic solution. This can then be easily separated and the azide was

dried over sodium sulphate for immediate use.?

OH NaN3 N3

_—
MecMe H,0/H,S0, (5 equiv.) Mefi,,;'\/'e
(1:1) by weight
5s
0°C->rt,18 h 66%

Scheme 5.6: Synthesis of highly reactive tert-
butyl azide.

The synthesis of the ligand, TTTA (5t), from tert-butyl azide and
tripropargylamine proceeds efficiently, albeit with long reaction times. When the
reaction is catalyzed with 5 mol% copper(l) tetrakis(acetonitrile)
hexafluorophosphate in acetonitrile at ambient temperature and allowed to run
for 3 d the tris-triazole product can be isolated via filtration and is obtained as a

white solid (Scheme 5.7).
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Me Me

I Cu(MeCN),PF (5 mol%) NN Me
J N3 2,6-lutidine (1 equiv.) N
/N Me/i\Me = Me
MeCN (0.66 M
\ Me 5 °C( ot ) Meﬁ\N/ﬁ/\N
N 4 equiv. Me  N-=N K(\ Me
: 3d AN—LMe

5t N=N Me
74%

Scheme 5.7: Synthesis of the TTTA ligand from tert-butyl azide and tripropargylamine.
Satisfyingly, utilization of an equimolar amount of TTTA compared to the

copper catalyst for the CuAAC reaction to form iodo-pyridyl triazoles, allowed the

reaction to proceed without the formation of the undesired dimer and with

increased yield of (5p) compared to the previous method using TEA (Scheme

5.8).
Cul (10 mol%)
N TTTA (10 mol%) |

3 B Na+Asc (50 mol%) N
v O
A THF (0.2 M) Ny \ 7

rt, 18 h 5p
1.2 equiv. 35%

Scheme 5.8: Utilization of TTTA instead of TEA prevents dimerization and increases
yield of iodo pyridyl triazole.

With the iodo-triazoles prepared, investigation began into whether the
corresponding brominated and chlorinated compounds could be prepared using
the same method from the brominated and chlorinated alkynes. Unfortunately,
when these reaction were run using the corresponding halogenated copper(l)
salts the reaction did not progress and only the starting azides and alkynes were

observed. When the reactions were run utilizing copper(l) iodide only trace
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amounts of the iodo-triazole were formed as evident by mass spectrometry and
none of the desired bromo- or chloro-triazoles were formed. Future work on the
synthesis of these compounds will be performed, when and if their preparation is
deemed necessary. For now, focus remains on the synthesis of iodo-triazoles
and their further functionalization.

5.5 Derivatization of lodo-Pyridyl Triazoles:

When considering methods for the functionalization of iodo-triazoles one
reaction that has precedent, and is ubiquitous with aryl iodides, is the Suzuki-
Miyaura cross-coupling reaction.'® This method utilizes a catalytic amount of a
palladium(ll) source which forms the active palladium(0) catalyst in situ. The
functionalization comes as a result of the coupling of the aryl iodide with an aryl
boronic acid and the resulting product is one that contains a covalent bond
between the two aryl groups. The mechanism for this reaction is shown in
scheme 5.9. The reaction proceeds by the reduction of the palladium(ll) source
to the active palladium(0) through loss of the anionic ligands. Oxidative addition
of the palladium occurs through the insertion of the metal into the C-I bond of the
aryl iodide. Following this, transmetalation occurs with the boronic acid via the
exchange the iodide on palladium with the aryl group of the boronic acid. Once
both aryl groups are coordinated to the metal center, reductive elimination can
occur. This generates the desired product and regenerates the active

palladium(0) to restart the catalytic cycle.
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Pd(OAC),

| .

Pd(0)

reductive oxidative
elimination addition

R—Pd(I)—R’ R—Pd(Il)—I

transmetalation

R'-B(OH),

Scheme 5.9: Catalytic cycle for the palladium catalyzed
cross coupling of aryl iodides with aryl boronic acids.

Unfortunately, when the iodo-pyridyl triazoles were utilized in this process
with phenyl boronic acid and palladium(ll) acetate in dry THF with the base
potassium carbonate the production of the desired aryl substituted pyridyl triazole
did not take place and only starting materials were observed. When ethanol was
used as the solvent, production of the ethoxylated pyridyl triazole (5w) occurred

(Scheme 5.10).

B(OH)2  Pd(OAc), (5 mol%) Ot
@ ! 5 equiv. K,COs3 .
N = N\ / EtOH (0.1 M) Nay' N\ /
NN
OMe 70°C, 18 h 5w
2 equiv. major product

Scheme 5.10: Attempt at Suzuki cross coupling with iodo pyridyl triazole and 4-methoxyboronic acid
furnishes alkyoxylated triazole as the major product.
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Further experimentation showed that this resulted from a simple
substitution mechanism and not through palladium-catalyzed cross-coupling.
Simply dissolving the iodo-triazole in ethanol and exposing the system to base
while heating produces the ethoxy substituted compound (5w) in good yield. To
determine if there are limitations to this method, alcoholic solvents of increasing
steric bulk were utilized. Satisfyingly, alkoxylated pyridyl triazoles bearing
methoxy (5v), ethoxy (5w), isopropoxy (5x) substitution could be prepared using
this method (Table 5.5). When tert-butanol was used as solvent the reaction
failed to proceed and the starting iodo-triazole was obtained and the steric
limitation of the system was determined. Additionally, hydroxylated pyridyl
triazole (5u) was prepared by using DI-H;O dissolved in tert-butanol as solvent.
These substituted compounds demonstrated a significant increase in solubility in
organic solvents compared to proto-triazoles. Further work is being done to
optimize this system and to determine if the method allows for incorporation of

other types of nucleophiles including alkylated thiols and amines.

K>CO3 (5 equiv.)

SN DR
: ROH N
Nay N/ 60 °C, 18 h Ney™ N/
@ OH @ OMe Q OEt @ Oi-Pr
N . S N
. N
5

N=
N \_/ N:N \ 7
w 5x
90% 38% 33% 71%

Table 5.5: Synthesis of hydroxylated and alkoxylated pyridyl triazoles from iodo pyridyl triazoles.
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5.7 Supporting Information:

General Reagent Information

All reactions were set up on the benchtop in oven-dried glassware or dried
scintillation vials. Flash column chromatography was performed using silica
purchased from Silicycle. Solvents for chromatography were purchased from
Fisher Chemicals and used as obtained. HPLC grade Tetrahydrofuran and
Acetonitrile was purchased from Fisher Chemicals and dried via passage through
activated alumina in a commercial solvent purification system (Pure Process
Technologies, Inc.). NMR solvents were purchased from Acros Organics or
Cambridge Isotope Laboratories and used as obtained. Anilines were purchased
from Oakwood Chemicals, Chem-Impex International, and Acros Organics and
distilled before use. 2-ethynylpyridinewas purchased from Ark Pharm Inc. and
distilled before use. Sodium azide was purchased from Fisher Chemicals and
used as obtained. Sodium nitrite was purchased from Wards Science and used
as obtained. Sodium tetrafluoroborate was purchased from Strem Chemicals and
used as obtained. Copper(l) iodide was purchased from Sigma Aldrich, stored in
a glove box under Nitrogen and used as obtained. N-iodosuccinimide was
purchased from Oakwood Chemicals and used as obtained. N-bromosuccinimide
and N-chlorosuccinimide was purchased from Acros Organics and used as
obtained. Triethylamine was purchased from Fisher Chemicals and distilled
before use. Tert-butanol was purchased from Acros Organics and used as

obtained.
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General analytical information

'H and *C NMR spectra were measured on a Varian Inova 500 (500 MHz)
spectrometer using acetone-ds or CDCl3; as solvents and tetramethylsilane as an
internal standard. The following abbreviations are used singularly or in
combination to indicate the multiplicity of signals: s - singlet, d - doublet, t - triplet,
g - quartet, gn - quintet, sx - sextet, sp - septet, m - multiplet and br - broad. NMR
spectra were acquired at 300 K. Gas chromatography (GC) was carried out on
an Agilent Technologies 6850 Network GC System, and dodecane was used as
the internal standard. ATR-IR spectra were taken on a Bruker:ALPHA FTIR
Spectrometer. Attenuated total reflection infrared (ATR-IR) was used and the
spectra was analyzed using the OPUS software with selected absorption maxima
reported in wavenumbers (cm™). Mass spectrometric data was collected on a HP
5989A GC/MS quadrupole instrument. Exact masses were recorded on a Waters
GCT Premier TOF instrument wusing direct injection of samples in
methanol/acetonitrile into the electrospray source.

General procedure for the production of aryl azides:

To a 100 mL round-bottom flask equipped with a magnetic stir bar was added an
equal portion of concentrated hydrochloric acid (HCI) and deionized water (DlI-
H20). This solution was then cooled in an ice/brine bath and allowed to stir for
10-15 min. Sodium nitrite was dissolved in minimal DI-H,O and this solution was
added dropwise to the surface of the aqueous acidic solution. The solution

should gradually change in color until it reaches greenish-blue. The aniline
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bearing the desired substitution was then added dropwise and the solution
becomes red-orange in color. This solution was allowed to stir for 30 min to allow
the formation of the diazonium to take place. Sodium tetrafluoroborate was then
added slowly so that mixing of the system was not disrupted. Precipitation of a
cream colored solid occured after 30 min and was isolated by filtration. An
aqueous solution of sodium azide was prepared in a separate round-bottom flask
equipped with a magnetic stir bar and was placed in an ice/brine bath to cool.
The isolated diazonium salt was then added slowly and evolution of nitrogen gas
was observed. Formation of the aryl azide occured and was observed as a
yellow oil dispersed in the aqueous solution. The azide was extracted from the
solution in diethyl ether and the organic extract was washed with brine and dried
over sodium sulfate. The extract was then concentrated to obtained the desired
azide. The azide was either used immediately without further purification or
characterization or was dissolved in an appropriate organic solvent for long-term
storage.

Synthesis of 1-azido-4-methoxybenzene (5a):

Concentrated HCI (20 mL, 240 mmol), and deionized H,O (20 mL) were
combined in a round-bottom flask and cooled on an ice/brine bath. Sodium nitrite
(1.65 g, 24 mmol) was dissolved in minimal DI-H,O (< 5mL) and added dropwise
to the aqueous acidic solution. p-Anisidine (2.46 g, 20 mmol) was added and
stirred for 30 min. Sodium tetrafluoroborate (4.8 g, 44 mmol) was added and

precipitation of 4-methoxybenzenediazonium tetrafluoroborate occured. This salt
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was isolated by filtration and not taken to complete dryness. Sodium azide (4.2 g,
64 mmol) was added to DI-H,O (50 mL) in a separate round-bottom flask and
stirred in an ice/brine bath. The diazonium salt was then added to the azide
solution and the reaction was allowed to occur and warm to ambient temperature
over the course of 18 h. The title compound was isolated via extraction in diethyl
ether from the aqueous azide solution and after drying was concentrated to yield
1.65 g, 55% vyield of the crude azide.

Synthesis of 1-azido-4-methylbenzene (5b):

Concentrated HCI (20 mL, 240 mmol), and deionized H,O (20 mL) were
combined in a round-bottom flask and cooled on an ice/brine bath. Sodium nitrite
(1.65 g, 24 mmol) was dissolved in minimal DI-H,O (< 5mL) and added dropwise
to the aqueous acidic solution. p-Toluidine (2.14 g, 20 mmol) was added and
stirred for 30 min. Sodium tetrafluoroborate (4.8 g, 44 mmol) was added and
precipitation of 4-methylbenzenediazonium tetrafluoroborate occurs. This salt
was isolated by filtration and not taken to complete dryness. Sodium azide (4.2 g,
64 mmol) was added to DI-H,O (50 mL) in a separate round-bottom flask and
stirred in an ice/brine bath. The diazonium salt was then added to the azide
solution and the reaction was allowed to occur and warm to ambient temperature
over the course of 18 h. The title compound was isolated via extraction in diethyl
ether from the aqueous azide solution and after drying was concentrated to yield

1.86 g, 70% yield of the crude azide.
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Synthesis of 1-azidobenzene (5c):

Concentrated HCI (20 mL, 240 mmol), and deionized H,O (20 mL) were
combined in a round-bottom flask and cooled on an ice/brine bath. Sodium nitrite
(1.65 g, 24 mmol) was dissolved in minimal DI-H,O (< 5mL) and added dropwise
to the aqueous acidic solution. Aniline (1.8 mL, 20 mmol) was added and stirred
for 30 min. Sodium tetrafluoroborate (4.8 g, 44 mmol) was added and
precipitation of benzenediazonium tetrafluoroborate occurs. This salt was
isolated by filtration and not taken to complete dryness. Sodium azide (4.2 g, 64
mmol) was added to DI-H,O (50 mL) in a separate round-bottom flask and stirred
in an ice/brine bath. The diazonium salt was then added to the azide solution and
the reaction was allowed to occur and warm to ambient temperature over the
course of 18 h. The title compound was isolated via extraction in diethyl ether
from the aqueous azide solution and after drying was concentrated to yield 1.55
g, 65% vyield of the crude azide.

Synthesis of 1-azido-4-bromobenzene (5d):

Concentrated HCI (20 mL, 240 mmol), and deionized H,O (20 mL) were
combined in a round-bottom flask and cooled on an ice/brine bath. Sodium nitrite
(1.65 g, 24 mmol) was dissolved in minimal DI-H,O (< 5mL) and added dropwise
to the aqueous acidic solution. 4-Bromoaniline (3.45 g, 20 mmol) was added and
stirred for 30 min. Sodium tetrafluoroborate (4.8 g, 44 mmol) was added and
precipitation of 4-bromobenzenediazonium tetrafluoroborate occurs. This salt

was isolated by filtration and not taken to complete dryness. Sodium azide (4.2 g,
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64 mmol) was added to DI-H,O (50 mL) in a separate round-bottom flask and
stirred in an ice/brine bath. The diazonium salt was then added to the azide
solution and the reaction was allowed to occur and warm to ambient temperature
over the course of 18 h. The title compound was isolated via extraction in diethyl
ether from the aqueous azide solution and after drying was concentrated to yield
2.60 g, 65% vyield of the crude azide.

1-azido-4-(trifluoromethyl)benzene (5e):

Concentrated HCI (20 mL, 240 mmol), and deionized H,O (20 mL) were
combined in a round-bottom flask and cooled on an ice/brine bath. Sodium nitrite
(1.65 g, 24 mmol) was dissolved in minimal DI-H,O (< 5mL) and added dropwise
to the aqueous acidic solution. 4-trifluoromethylaniline (2.51 mL, 20 mmol) was
added and stirred for 30 min. Sodium tetrafluoroborate (4.8 g, 44 mmol) was
added and precipitation of 4-(trifluoromethyl)benzenediazonium tetrafluoroborate
occurs. This salt was isolated by filtration and not taken to complete dryness.
Sodium azide (4.2 g, 64 mmol) was added to DI-H,O (50 mL) in a separate
round-bottom flask and stirred in an ice/brine bath. The diazonium salt was then
added to the azide solution and the reaction was allowed to occur and warm to
ambient temperature over the course of 18 h. The title compound was isolated
via extraction in diethyl ether from the aqueous azide solution and after drying

was concentrated to yield 2.84 g, 75% yield of the crude azide.
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General procedure for the production of pyridyl triazoles (PyTri):

To a 20 mL scintillation vial equipped with a magnetic stir bar and PTFE coated
screw cap was added copper(ll) sulfate pentahydrate (CuSO4 ¢ 5 H20) and the
vial was purged with argon for 5 min. Ethanol (EtOH) was added followed by DI-
H2O in a ratio 2/3 EtOH and 1/3 DI-H,0. Sodium ascorbate (Na*Asc) was added
and the solution turns a dark brown color. Phenyl azide bearing the desired
substitution was added dropwise followed by dropwise addition of 2-ethynyl
pyridine. The reaction was allowed to run at ambient temperature for 18 h. Upon
completion the reaction was diluted with H,O and the product was extracted with
ethyl acetate (EtOAc). The organic extracts were combined, washed with brine,
and dried over sodium sulfate. Column chromatography was performed on silica
using EtOAc/Hexanes as an eluent. The desired pyridyl triazoles were obtained
as solids.

2-(1-(4-methoxyphenyl)-1H-1,2,3-triazol-4-yl)pyridine (MeOPyTri) (5f):

CuSO4 * 5 H20 (50 mg, 0.2 mmol) was added to a scintillation vial and purged
with argon for 5 min. EtOH (14 mL) and DI-H>O (7 mL) were added followed by
NasAsc (198 mg, 1 mmol). 1-azido-4-methoxybenzene (745 mg, 5 mmol) was
added dropwise, followed by dropwise addition of 2-ethynylpyridine (222 uL, 2.2
mmol). The reaction was run at ambient temperature for 18 h to afford the title
compound as a white solid in 97% yield (536 mg, 2.1 mmol) after a gradient
column chromatography on silica gel (20% EtOAc/Hexanes up to 50%

EtOAc/Hexanes). ATR-IR: 3142, 3004, 2924, 2841, 1591, 1514, 1258, 1023,
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824, 777, 716, 515 cm™. "H NMR (500 MHz, acetone-ds) 5 8.85 (s, 1H), 8.62 (d,
J =4 Hz, 1H), 8.18 (d, J = 8 Hz, 1H), 7.92 (d, J = 8.5 Hz, 2H), 7.90 (t, J = 6 Hz,
1H), 7.34 (t, J = 6 Hz, 1H), 7.17 (d, J = 9 Hz, 2H), 3.90 (s, 3H). *C NMR (125
MHz, acetone-ds) & 160.9, 151.4, 150.6, 149.6, 137.7, 131.5, 123.8, 122.8,
121.4, 120.5, 115.7, 56.0. HRMS calculated requires [M+H]": 253.1084. Found
m/z: 253.0975.

2-(1-(4-methylphenyl)-1H-1,2,3-triazol-4-yl)pyridine (MePyTri) (5g):

CuSO4 * 5 H20 (50 mg, 0.2 mmol) was added to a scintillation vial and purged
with argon for 5 min. EtOH (14 mL) and DI-H>O (7 mL) were added followed by
NasAsc (198 mg, 1 mmol). 1-azido-4-methylbenzene (665 mg, 5 mmol) was
added dropwise, followed by dropwise addition of 2-ethynylpyridine (222 uL, 2.2
mmol). The reaction was run at ambient temperature for 18 h to afford the title
compound as a white solid in 98% yield (509 mg, 2.2 mmol) after column
chromatography on silica gel (30% EtOAc/Hexanes). ATR-IR: 3118, 2999, 2921,
1591, 1517, 1400, 1232, 1035, 814, 792, 533, 471 cm™. "H NMR (500 MHz,
acetone-dg) 6 8.91 (s, 1H), 8.62 (d, J = 4 Hz, 1H), 8.19 (d, J = 8 Hz, 1H), 7.90 (m,
3H), 7.44 (d, J = 8 Hz, 2H), 7.35 (t, J = 6 Hz, 1H), 2.34 (s, 3H). *C NMR (125
MHz, acetone-ds) & 151.3, 150.6, 149.7, 139.7, 137.7, 135.9, 131.1, 123.8,
121.3, 121.1, 120.6, 21.0. HRMS calculated requires [M+H]": 237.1135. Found
m/z: 237.1055.

2-(1-phenyl)-1H-1,2,3-triazol-4-yl)pyridine (PyTri) (5h):

CuSOg4+ 5 H,O (175 mg, 0.5 mmol) was added to a scintillation vial and purged
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with argon for 5 min. EtOH (40 mL) and DI-H20 (20 mL) were added followed by
NasAsc (693 mg, 3.5 mmol). 1-azido-benzene (1.55 g, 13 mmol) was added
dropwise, followed by dropwise addition of 2-ethynylpyridine (707 uL, 7 mmol).
The reaction was run at ambient temperature for 18 h to afford the title
compound as an orange solid in 90% yield (1.4 g, 6.3 mmol) after column
chromatography on silica gel (30% EtOAc/Hexanes). ATR-IR: 3118, 3051, 1592,
1502, 1403, 1236, 1035, 756, 684, 533 cm™. "H NMR (500 MHz, acetone-ds) &
8.97 (s, 1H), 8.63 (d, J = 4.5 Hz, 1H), 8.20 (d, J = 7.5 Hz, 1H), 8.04 (d, J = 8 Hz,
2H), 792 (t, J=7.5,1H), 7.66 (t, J =7 Hz, 2H), 7.54 (t, J =7 Hz, 1H), 7.36 (t, J =
6.5 Hz, 1H). ®C NMR (125 MHz, acetone-ds) 5 151.2, 150.6, 149.8, 138.1,
137.7, 130.7, 129.6, 123.9, 121.4, 121.2, 120.6. HRMS calculated requires
[M+H]": 223.0978. Found m/z: 223.0895.
2-(1-(4-bromophenyl)-1H-1,2,3-triazol-4-yl)pyridine (BrPyTri) (5i):

CuSO4 * 5 H20 (50 mg, 0.2 mmol) was added to a scintillation vial and purged
with argon for 5 min. EtOH (14 mL) and DI-H>O (7 mL) were added followed by
NasAsc (198 mg, 1 mmol). 1-azido-4-bromobenzene (990 mg, 5 mmol) was
added dropwise, followed by dropwise addition of 2-ethynylpyridine (202 uL, 2.0
mmol). The reaction was run at ambient temperature for 18 h to afford the title
compound as a off white solid in 63% vyield (377 mg, 1.3 mmol) after column
chromatography on silica gel (30% EtOAc/Hexanes). ATR-IR: 3128, 3097, 3054,
2919, 1600, 1495, 1396, 1235, 1009, 817, 779, 494 cm™. "H NMR (500 MHz,

acetone-ds) & 9.01 (s, 1H), 8.64 (d, J =4 Hz, 1H), 8.18 (d, J = 8 Hz, 1H), 8.02 (d,
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J =9 Hz 2H),7.92 (t, J = 8 Hz, 1H), 7.83 (d, J = 8.5 Hz, 2H), 7.36 (t, J = 5.5 Hz,
1H). *C NMR (125 MHz, acetone-ds) & 151.0, 150.6, 150.0, 137.8, 137.3, 133.8,
124.0, 123.0, 122.6, 121.5, 120.6. HRMS calculated requires [M+H]": 301.0083.
Found m/z: 300.9958.
2-(1-(4-(trifluoromethyl)phenyl)-1H-1,2,3-triazol-4-yl)pyridine (CF3;PyTri) (5j):
CuSO4 + 5 H,0O (200 mg, 0.8 mmol) was added to a scintillation vial and purged
with argon for 5 min. EtOH (40 mL) and DI-H20 (20 mL) were added followed by
Na+Asc (792 mg, 4 mmol). 1-azido-4-(trifluoromethyl)benzene (2.84 g, 15 mmol)
was added dropwise, followed by dropwise addition of 2-ethynylpyridine (808 uL,
8 mmol). The reaction was run at ambient temperature for 18 h to afford the title
compound as a white solid in 73% vyield (1.69 g, 5.8 mmol) after column
chromatography on silica gel (30% EtOAc/Hexanes). ATR-IR: 3121, 3092, 3060,
1570, 1409, 1322, 1159, 1105, 1066, 846, 785, 596, 496 cm™'. "H NMR (500
MHz, acetone-ds) & 9.13 (s, 1H), 8.65 (d, J = 4.5 Hz, 1H), 8.32 (d, J = 8.5 Hz,
2H), 8.20 (d, J = 8 Hz, 1H), 8.01 (d, J = 8.5 Hz, 2H), 7.93 (td, J =15 Hz, J =8
Hz, 1H), 7.37 (td, J = 1.5 Hz, J = 4.5 Hz, 1H). >*C NMR (125 MHz, acetone-ds) &
150.8, 150.7, 150.1, 140.8, 137.8, 130.7, 128.0, 126.0, 124.1, 123.8, 121.6,
120.7. HRMS calculated requires [M+H]": 291.0852. Found m/z: 291.0768.
General procedure for the production of halogenated 2-ethynylpyridines:

To a 50 mL roundbottom flask equipped with a magnetic stir bar was added N-
halogenated succinimide. Dry acetonitriie was added and the reaction was

placed in an ice/brine bath and allowed to cool. 2-Ethynylpyridine was added
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dropwise. Lastly, 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU) was added and the
reaction was stirred for the indicated amount of time. Once the reaction has
reached it end point as determined by TLC the reaction was diluted with DI-H,O
and extracted with EtOAc. The organic extracts were combined, washed with
brine, and dried over sodium sulfate. The halogenated alkynes were purified over
silica using EtOAc/Hexanes as the eluent.

2-(iodoethynyl)pyridine (5k):

N-iodosuccinimide (3.35 g, 15 mmol) was added to a 50 mL roundbottom flask
followed by dry acetonitrile (20 mL). The reaction was cooled while stirring in an
ice/brine bath. 2-Ethynylpyridine (1.1 mL, 10 mmol) was added dropwise. DBU
(2.24 mL, 15 mmol) was added dropwise and the reaction was allowed to run for
3 h. The title compound was obtained as a gray solid in 87% vyield (1.98 g, 8.6
mmol) after gradient column chromatography on silica gel (5% EtOAc/Hexanes
up to 20% EtOAc/Hexanes). ATR-IR: 2161, 1581, 1460, 1423, 996, 768, 735 cm’
' "H NMR (500 MHz, acetone-ds) & 8.55 (dt, J = 0.5 Hz, J = 4 Hz, 1H), 7.80 (td, J
=1.5Hz, J=6Hz, 1H),7.49 (dt, J=1Hz, J=7.5Hz, 1H), 7.37 (td, J =1 Hz, J =
3.5 Hz, 1H). *C NMR (125 MHz, acetone-ds) 5 150.8, 144.0, 137.2, 128.5,
124.4, 94.6, 13.6. HRMS calculated requires [M+H]": 229.9461. Found m/z:
229.9452.

2-(bromoethynyl)pyridine (5I):

N-bromosuccinimide (2.7 g, 15 mmol) was added to a 50 mL roundbottom flask

followed by dry acetonitrile (20 mL). The reaction was cooled while stirring in an
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ice/brine bath. 2-Ethynylpyridine (1.1 mL, 10 mmol) was added dropwise. DBU
(2.24 mL, 15 mmol) was added dropwise and the reaction was allowed to run for
3 h. The title compound was obtained as a black solid in 99% yield (1.78 g, 9.9
mmol) after gradient column chromatography on silica gel (5% EtOAc/Hexanes
up to 20% EtOAc/Hexanes). ATR-IR: 2193, 1580, 1460, 1425, 993, 769, 735 cm’
' "H NMR (500 MHz, acetone-ds) & 8.56 (d, J = 5 Hz, 1H), 7.80 (td, J = 2 Hz, J =
5.5 Hz, 1H), 7.53 (d, J = 8 Hz, 1H), 7.39 (td, J = 1 Hz, J = 4 Hz, 1H). *C NMR
(125 MHz, acetone-ds) & 151.0, 143.4, 137.3, 128.3, 124.5, 80.8, 51.9. HRMS
calculated requires [M+H]": 181.9600. Found m/z: 181.9544.
2-(chloroethynyl)pyridine (5m):

N-chlorosuccinimide (2.0 g, 15 mmol) was added to a 50 mL roundbottom flask
followed by dry acetonitrile (20 mL). The reaction was cooled while stirring in an
ice/brine bath. 2-Ethynylpyridine (1.1 mL, 10 mmol) was added dropwise. DBU
(2.24 mL, 15 mmol) was added dropwise and the reaction was allowed to run for
3 h. The title compound was obtained as a brown oil in 23% yield (320 mg, 2.3
mmol) after gradient column chromatography on silica gel (5% EtOAc/Hexanes
up to 20% EtOAc/Hexanes). ATR-IR: 3052, 2226, 1580, 1462, 1427, 990, 773,
677, 625, 528 cm™. "H NMR (500 MHz, acetone-ds) & 8.55 (dt, J = 0.5 Hz, J = 4
Hz, 1H), 7.81 (td, J = 1.5 Hz, J = 6 Hz, 1H), 7.50 (dt, J = 1 Hz, J = 6 Hz, 1H), 7.40
(td, J = 1 Hz, J = 4 Hz, 1H). ®C NMR (125 MHz, acetone-ds) 5 151.0, 142.8,
137.4, 128.4, 124.6, 70.1, 68.2. HRMS calculated requires [M+H]": 138.0105.

Found m/z: 138.0080.
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General procedure for the production of pyridyl iodo-triazoles:

To a 20 mL scintillation vial equipped with a magnetic stir bar and PTFE coated
screw cap was added copper(l) iodide (Cul) and the vial was purged with argon
for 5 min. THF was added followed by sodium ascorbate (Na<Asc). Triethylamine
(TEA) was added dropwise and if necessary the reaction was cooled on an
ice/brine bath. Phenyl azide bearing the desired substitution was added
dropwise. 2-iodoethynylpyridine was dissolved in minimal THF and this solution
was added dropwise to the reaction. The reaction was allowed to run at ambient
temperature for 18 h. Upon completion the reaction was diluted with H,O and the
product was extracted with ethyl acetate (EtOAc). The organic extracts were
combined, washed with brine, and dried over sodium sulfate. Column
chromatography was performed on silica using EtOAc/Hexanes as an eluent.
The desired pyridyl iodo-triazoles were obtained as solids.
2-(5-iodo-1-(4-methoxyphenyl)-1H-1,2,3-triazol-4-yl)pyridine  (I-(MeOPyTri))
(5n):

Cul (38 mg, 0.2 mmol) was added to a scintillation vial and purged with argon for
5 min. THF (5 mL) was added followed by Na*Asc (99 mg, 0.5 mmol). TEA (280
uL, 2 mmol) was added dropwise and the solution was stirred for 5 min. 1-azido-
4-(methoxy)benzene (179 mg, 1.2 mmol) was added dropwise. 2-
iodoethynylpyridine (229 mg, 1 mmol) was dissolved in THF (1 mL) and this

solution was added dropwise. The reaction was run at ambient temperature for
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18 h to afford the title compound as a orange-brown solid in 21% yield (80 mg,
0.21 mmol) after gradient column chromatography on silica gel (10%
EtOAc/Hexanes up to 30% EtOAc/Hexanes). ATR-IR: 2922, 2846, 1590, 1514,
1422, 1240, 1017, 992, 827, 791, 708, 566, 514 cm™. '"H NMR (500 MHz,
acetone-ds) 6 8.70 (d, J = 4 Hz, 1H), 8.19 (d, J = 8 Hz, 1H), 7.94 (td, J = 1.5 Hz,
J =6 Hz, 1H), 7.56 (d, J = 8.5 Hz, 2H), 7.40 (td, = 1 Hz, J = 4 Hz, 1H), 7.20 (d,
J = 9 Hz, 2H), 3.94 (s, 3H). *C NMR (125 MHz, acetone-ds) 5 161.9, 151.2,
149.9, 148.7, 137.6, 131.1, 129.2, 124.0, 122.3, 115.3, 81.5, 56.1. HRMS
calculated requires [M+H]": 379.0050. Found m/z: 379.0020.

2-(5-iodo-1-(4-methylphenyl)-1H-1,2,3-triazol-4-yl)pyridine (I-(MePyTri)) (50):
Cul (38 mg, 0.2 mmol) was added to a scintillation vial and purged with argon for
5 min. THF (5 mL) was added followed by Na*Asc (99 mg, 0.5 mmol). TEA (280
uL, 2 mmol) was added dropwise and the solution was stirred for 5 min. 1-azido-
4-(methyl)benzene (160 mg, 1.2 mmol) was added dropwise. 2-
iodoethynylpyridine (229 mg, 1 mmol) was dissolved in THF (1 mL) and this
solution was added dropwise. The reaction was run at ambient temperature for
18 h to afford the title compound as a tan solid in 24% vyield (87 mg, 0.24 mmol)
after gradient column chromatography on silica gel (10% EtOAc/Hexanes up to
20% EtOAc/Hexanes). ATR-IR: 3065, 2917, 1592, 1514, 1399, 1237, 995, 821,
787, 712, 570, 525 cm™. 'H NMR (500 MHz, acetone-ds) & 8.70 (ddd, J = 4.8,
1.7, 0.9 Hz, 1H), 8.19 (dt, J = 7.9, 1.0 Hz, 1H), 7.94 (td, J = 7.8, 1.8 Hz, 1H), 7.52

(m, 4H), 7.40 (ddd, J = 7.6, 4.8, 1.1 Hz, 1H), 2.49 (s, 3H). ®C NMR (125 MHz,
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acetone-ds) & 151.2, 149.9, 149.0, 141.4, 137.6, 135.9, 130.7, 127.6, 124.0,
122.3, 80.9, 21.3. HRMS calculated requires [M+H]": 363.0101. Found m/z:
363.0115.

2-(5-iodo-1-phenyl-1H-1,2,3-triazol-4-yl)pyridine (I-(PyTri)) (5p):

Cul (19 mg, 0.1 mmol) was added to a scintillation vial and purged with argon for
5 min. THF (5 mL) was added followed by Na*Asc (99 mg, 0.5 mmol). TTTA (43
mg, 0.1 mmol) was added and the solution was stirred for 5 min. 1-azido-
benzene (143 mg, 1.2 mmol) was added dropwise. 2-iodoethynylpyridine (229
mg, 1 mmol) was dissolved in THF (1 mL) and this solution was added dropwise.
The reaction was run at ambient temperature for 18 h to afford the title
compound as a tan solid in 35% yield (122 mg, 0.35 mmol) after gradient column
chromatography on silica gel (10% EtOAc/Hexanes up to 20% EtOAc/Hexanes).
ATR-IR: 3051, 3018, 1591, 1499, 1418, 1245, 995, 785, 763, 734, 692, 570 cm™.
'H NMR (500 MHz, acetone-dg) 5 8.71 (d, J = 4.4 Hz, 1H), 8.20 (d, J = 8.0 Hz,
1H), 7.95 (td, d = 7.8, 1.7 Hz, 1H), 7.73 — 7.65 (m, 5H), 7.41 (dd, J = 7.1, 5.3 Hz,
1H). *C NMR (125 MHz, acetone-ds) 5 151.1, 149.9, 149.0, 138.3, 137.6, 131.1,
130.3, 127.8, 124.0, 122.4, 80.8. HRMS calculated requires [M+H]": 348.9945.
Found m/z: 348.9955.
2-(5-iodo-1-(4-bromophenyl)-1H-1,2,3-triazol-4-yl)pyridine (I-(BrPyTri)) (5q):
Cul (38 mg, 0.2 mmol) was added to a scintillation vial and purged with argon for
5 min. THF (5 mL) was added followed by Na*Asc (99 mg, 0.5 mmol). TEA (280

uL, 2 mmol) was added dropwise and the solution was stirred for 5 min. 1-azido-
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4-(bromo)benzene (238 mg, 1.2 mmol) was added dropwise. 2-
iodoethynylpyridine (229 mg, 1 mmol) was dissolved in THF (1 mL) and this
solution was added dropwise. The reaction was run at ambient temperature for
18 h to afford the title compound as a dark tan solid in 24% vyield (74 mg, 0.17
mmol) after gradient column chromatography on silica gel (10% EtOAc/Hexanes
up to 20% EtOAc/Hexanes). ATR-IR: 3086, 3061, 2923, 2844, 1592, 1488, 1241,
1056, 985, 834, 783, 739, 623, 520 cm™. "H NMR (500 MHz, acetone-ds) & 8.71
(d, d = 3.5 Hz, 1H), 8.19 (d, J = 8 Hz, 1H), 7.95 (td, J = 2 Hz, J = 6 Hz, 1H), 7.90
(d, J = 8.5 Hz, 2H), 7.67 (d, J = 8.5 Hz, 2H), 7.41 (td, J = 1 Hz, J = 3.5 Hz, 1H).
C NMR (125 MHz, acetone-ds) & 150.9, 149.9, 149.1, 137.7, 137.5, 133.5,
129.8, 124.7, 124.1, 122.4, 80.9. HRMS calculated requires [M+H]": 426.9050.
Found m/z: 426.9055.
2-(5-iodo-1-(4-(trifluoromethyl)phenyl)-1H-1,2,3-triazol-4-yl)pyridine
(I-(CF3PyTri)) (5r):

Cul (190 mg, 1 mmol) was added to a scintillation vial and purged with argon for
5 min. THF (5 mL) was added followed by Na*Asc (99 mg, 0.5 mmol). TEA (280
uL, 2 mmol) was added dropwise and the solution was stirred for 5 min. 1-azido-
4-(trifluoromethyl)benzene (225 mg, 1.2 mmol) was added dropwise. 2-
iodoethynylpyridine (229 mg, 1 mmol) was dissolved in THF (1 mL) and this
solution was added dropwise. The reaction was placed in an ice/brine bath
located in a cold room at ~4 °C and run for 18 h to afford the title compound as a

tan solid in 23% yield (96 mg, 0.23 mmol) after gradient column chromatography
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on silica gel (5% EtOAc/Hexanes up to 20% EtOAc/Hexanes). ATR-IR: 3081,
1614, 1321, 1162, 1109, 1072, 1007, 853, 786, 742, 511 cm™. '"H NMR (500
MHz, acetone-ds) & 8.72 (d, J = 4 Hz, 1H), 8.21 (dt, J = 1 Hz, J = 8 Hz, 1H), 8.09
(d, J = 8.5 Hz, 2H), 7.99 (d, J = 8.5 Hz, 2H), 7.96 (td, J = 2 Hz, J = 6 Hz, 1H),
7.43 (ddd, J =1 Hz, J=1.5Hz, J = 3.5 Hz, 1H). "*C NMR (125 MHz, acetone-ds)
0 150.8, 149.9, 149.4, 141.3, 137.7, 132.5, 132.2, 128.7, 127.6, 124.2, 122 .4,
80.6. HRMS calculated requires [M+H]": 416.9819. Found m/z: 426.9055.
2-azido-2-methylpropane (5s):

Sulfuric acid (9.8 g, 100 mmol) was added to a 50 mL roundbottom flask
equipped with a magnetic stir bar and the flask was placed an ice/brine bath. DI-
H2O (10 mL) was added followed by sodium azide (1.63 g, 25 mmol). Once the
azide was dissolved tert-butanol (1.9 mL, 20 mmol) was added dropwise and the
solution was stirred for 15 min and then removed from stirring and allow to stand
for 18 h. The title compound was obtained as a colorless oil in 66% yield (1.31 g,
13 mmol) after separating the neat oil away from the acidic aqueous solution
using a separatory funnel and dried over sodium sulfate. '"H NMR (500 MHz,
CDCl3) 5 1.28 (s, 9H).

tris((1-(tert-butyl)-1H-1,2,3-triazol-4-yl)methyl)amine (TTTA) (5t):

Copper(l) tetrakis(acetonitrile) hexafluorophosphate (56 mg, 0.15 mmol) was
added to a scintillation vial and purged with argon for 5 min. MeCN (5 mL) was

added followed by 2,6-lutidine (350 uL, 3 mmol) and the solution was placed in

an ice/brine bath and stirred for 5 min. 1-azido-2-methylpropane (1.31 g, 13
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mmol) was added dropwise. Tripropargylamine (425 ulL, 3 mmol) was added to
the solution dropwise. The reaction was run and allowed to warm to ambient
temperature over 3 days to afford the titte compound as a white solid in 74%
yield (950 mg, 2.2 mmol) after filtration and washing the solid with cold MeCN.
ATR-IR: 3146, 2982, 1374, 1207, 1109, 1047, 847, 819 cm™. '"H NMR (500 MHz,
CDCl3) 5 7.88 (s, 1H), 3.77 (s, 2H), 1.68 (s, 9H). *C NMR (125 MHz, CDCl3) &
143.3, 121.3, 59.3, 47.1, 30.2. HRMS calculated requires [M+H]": 429.3197.
Found m/z: 429.3091.

General procedure for the production of substituted pyridyl triazoles:

To an 8 mL scintillation vial equipped with a magnetic stir bar and Teflon-seal
screw cap was added iodo-PhPyTri. The alkyl alcohol/water solution bearing the
desired substitution was added as solvent. Potassium carbonate in excess was
added as base. The reaction was placed on a hot block at 60 °C and allowed to
run for 18 h. Upon completion the reaction was diluted with DI-H,O and the
product was extracted with EtOAc. The organic extracts were combined, washed
with brine and dried over sodium sulfate. Column chromatography was
performed on silica using EtOAc/Hexanes as an eluent. The desired substituted
pyridyl triazoles were obtained as solids.
1-phenyl-4-(pyridin-2-yl)-1H-1,2,3-triazol-5-ol (OH-(PyTri)) (5u):
5-lodo-PhPyTri (87 mg, 0.25 mmol), was added to a dried 8 mL scintillation vial.
Tert-butanol (5 mL) and DI-H,O (1 mL) was added followed by K,CO3 (173 mg,

1.25 mmol) The reaction was run at ambient temperature for 60 °C for 18 h to

186



afford the title compound as a white solid in 90% yield (54 mg, 0.23 mmol) after
gradient column chromatography on silica gel (5% EtOAc/Hexanes up to 20%
EtOAc/Hexanes). ATR-IR: 3310, 3089, 3039, 1661, 1598, 1530, 1498, 1435,
1311, 1061, 879, 748, 688, 656, 506 cm™. '"H NMR (500 MHz, acetone-ds) d
9.64 (br, 1H), 9.08 (d, J = 7 Hz, 1H), 8.40 (d, J = 9 Hz, 1H), 8.00 (d, J = 8 Hz,
2H), 7.71 (td, J = 1.5 Hz, J = 6.5 Hz, 1H), 7.38 (m, 3H), 7.13 (t, J = 7 Hz, 1H). "°C
NMR (125 MHz, acetone-ds) 6 160.0, 139.8, 135.1, 132.7, 130.0, 129.6, 127.1,
124.5, 120.7, 120.1, 117.8 HRMS calculated requires [M+H]": 239.0927. Found
m/z: 239.0848.

2-(5-methoxy-1-phenyl-1H-1,2,3-triazol-4-yl)pyridine (MeO-(PyTri)) (5v):
5-lodo-PhPyTri (87 mg, 0.25 mmol), was added to a dried 8 mL scintillation vial.
Dry methanol (5 mL) was added followed by K,CO3 (173 mg, 1.25 mmol) The
reaction was run at ambient temperature for 60 °C for 18 h to afford the title
compound as a yellow solid in 38% vyield (24 mg, 0.10 mmol) after gradient
column chromatography on silica gel (5% EtOAc/Hexanes up to 20%
EtOAc/Hexanes). ATR-IR: 2923, 1598, 1494, 1367, 1297, 973, 767, 687, 604,
512 cm™. "H NMR (500 MHz, acetone-ds) & 8.69 (d, J = 5 Hz, 1H), 8.16 (d, J = 8
Hz, 1H), 7.90 (td, J = 2 Hz, J = 6 Hz, 1H), 7.78 (d, J = 7.5 Hz, 2H), 7.64 (t, J = 7.5
Hz, 2H), 7.56 (i, J = 2 Hz, J = 7.5 Hz, 1H), 7.33 (td, J = 1 Hz, J = 3.5 Hz, 1H),
4.21 (s, 3H). C NMR (125 MHz, acetone-ds) 5 151.8, 150.5, 150.1, 137.5,
136.4, 132.5, 130.3, 129.9, 124.3, 122.9, 121.8, 63.2. HRMS calculated requires

[M+H]": 253.1084. Found m/z: 253.1099.
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2-(5-ethoxy-1-phenyl-1H-1,2,3-triazol-4-yl)pyridine (EtO-(PyTri)) (5w):
5-lodo-PhPyTri (87 mg, 0.25 mmol), was added to a dried 8 mL scintillation vial.
Dry ethanol (5 mL) was added followed by K,CO3 (173 mg, 1.25 mmol) The
reaction was run at ambient temperature for 60 °C for 18 h to afford the title
compound as a yellow solid in 33% yield (22 mg, 0.083 mmol) after gradient
column chromatography on silica gel (5% EtOAc/Hexanes up to 20%
EtOAc/Hexanes). ATR-IR: 3055, 2980, 1595, 1492, 1374, 1197, 1013, 981, 888,
761, 688, 602 cm™. '"H NMR (500 MHz, acetone-ds) 5 8.67 (d, J = 4.5 Hz, 1H),
8.16 (d, J = 8 Hz, 1H), 7.89 (td, J = 1.5 Hz, J = 6 Hz, 1H), 7.78 (d, J = 7.5 Hz,
2H), 7.64 (t, J = 7.5 Hz, 2H), 7.56 (tt, J = 1.5 Hz, J = 7.5 Hz, 1H), 7.31 (td, J = 1
Hz, J = 4 Hz, 1H), 4.54 (q, J = 7 Hz, 2H), 1.28 (t, J = 7 Hz, 3H). *C NMR (125
MHz, acetone-ds) & 151.9, 150.1, 149.5, 137.5, 136.5, 132.6, 130.3, 129.8,
124.4, 122.9, 121.6, 72.6, 15.3. HRMS calculated requires [M+H]": 267.1240.
Found m/z: 267.1709.

2-(5-isopropoxy-1-phenyl-1H-1,2,3-triazol-4-yl)pyridine (iPrO-(PyTri)) (5x):
5-lodo-PhPyTri (87 mg, 0.25 mmol), was added to a dried 8 mL scintillation vial.
Dry isopropanol (5 mL) was added followed by K,CO3 (173 mg, 1.25 mmol) The
reaction was run at ambient temperature for 60 °C for 18 h to afford the title
compound as a yellow solid in 71% yield (50 mg, 0.18 mmol) after gradient
column chromatography on silica gel (5% EtOAc/Hexanes up to 20%
EtOAc/Hexanes). ATR-IR: 3058, 2970, 1595, 1486, 1375, 1259, 1096, 912, 765,

692, 604 cm™. "H NMR (500 MHz, acetone-ds) 5 8.67 (d, J = 5 Hz, 1H), 8.17 (d,
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J=8Hz, 1H), 7.89 (td, J = 2 Hz, J = 6 Hz, 1H), 7.80 (d, J = 7.5 Hz, 2H), 7.64 (t, J
= 7.5 Hz, 2H), 7.55 (t, J = 7.5 Hz, 1H), 7.31 (td, J = 1 Hz, J = 4 Hz, 1H), 5.16 (sp,
J =6 Hz, 1H), 1.18 (d, J = 6 Hz, 6H). *C NMR (125 MHz, acetone-ds) 5 152.1,
150.1, 148.6, 137.5, 136.7, 132.8, 130.2, 129.7, 124.6, 122.8, 121.5, 80.4, 22.3.

HRMS calculated requires [M+H]": 281.1397. Found m/z: 281.1363
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Chapter Six: Pyridyl Triazole Complexes with Platinum and Palladium

6.1 Introduction:

The synthesis and analysis of metal complexes with potential biological
activity continues to be a developing field and one that has received a great deal
of support in recent decades. With the resistance limitations of current
therapeutics such as cisplatin, many complexes have been identified with
different biological behavior and equivalent or higher potential to kill cancerous
cells.”™ This chapter is focused on the utilization of 2-pyridyl triazoles (PyTri) to
form complexes of type ML and ML, where M represents a metal center (Pt or
Pd) and L represents PyTri ligands. In addition to their biological relevance the
complexes containing palladium centers are known to have potential as active
catalysts in organic transformations. The synthesis of these PyTri complexes and
their activity as catalysts are discussed herein.

6.2 Background on Pyridyl Triazoles as Ligands for Metal Complexes:

The design and synthesis of heterocyclic ligands continues to be at the

cutting edge of modern coordination chemistry and is of high importance in the

615 and catalysis.'®*® However, there still exists

fields of metallo-pharmaceuticals,
very few modular, facile, and high yielding methods for accessing these
functionalized ligand scaffolds.?

The CuAAC reaction of terminal alkynes with organic azides is an

excellent method in this regard. As such it has become a favored methodology

for the synthesis of functional ligands due to its mild reaction conditions,
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substrate tolerability, and its reliability with regards to high yields of the desired
triazole product.®>?’ Additionally, due to the fact that the 1,4-functionalized
triazoles generated via this method have the ability to act as N or C type donor
ligands there has been tremendous amount of interest in their use as a ligand
architecture in the past decade. This work has resulted in the utilization of these
ligands to form mono-, bis-, tris-, and polydentate scaffolds with a variety of metal
ions, and the resulting coordination properties have been examined.?**?

The use of the CUAAC method for the preparation of 2-pyridyl triazoles is
an excellent example of the utility of this reaction. These compounds are highly
desirable as their synthesis is facile, highly modifiable and the resulting
compounds have been shown to be an excellent class of ligands with the N type
donor ability of the pyridyl component and the N or C type donor of the triazole.

There is a plethora of examples of the use of PyTri’s in metal complexes

with a variety of metal centers. These include copper(ll),%* silver(l),**°°

24,29,68-72 70-73

ruthenium(ll),%® rhenium(1),%” palladium(l), platinum(Il),”>" and iridium.”
While these complexes have been extensively studied, a systematic approach to
analyze electronically diverse complexes, through the simple derivatization of the
PyTri ligand, could not be found.

Thus in this chapter it is reported the synthesis of electronically diverse
mono- and bis-PyTri complexes with platinum(ll) and palladium(ll). Additionally,
further analysis of the palladium(ll) complexes with regards to their activity in

Suzuki-Miyaura cross-coupling reactions is discussed.
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6.3 Platinum Complexes with Electronically Diverse Pyridyl Triazole
Ligands:

Using the previously prepared PyTri’s, as discussed in chapter 5, it was
proposed that preparation of mono- and bis-platinum(ll) (Pt) complexes bearing
these electronically diverse ligands would be an important step towards studying
the biological activity of these cisplatin analogs. While some studies have
reported the preparation of these PyTriPt(Il) complexes the some reports go on
to further functionalize these complexes through the displacement of the initial
halogen groups from the metal center.” This displacement is often involving NH-
type ligands so that the resulting complexes have increased solubility and
stability compared to cisplatin. While these complexes are biologically interesting
and certainly worthy of study, the analysis of the initially formed PyTriPt(ll)
dichloride complexes where the PyTri ligand is derivatized in an systematic,
electronically diverse, fashion is a notable vacancy in the literature. Thus the goal
of preparing of these compounds bearing the full range of electronically diverse
PyTri ligands was set, and the advancements to satisfy this objective are
reported herein.

The formation of these complexes began with the analysis of suitable Pt
precursors for complex formation. Of those that are commercially available,
potassium tetrachloroplatinate (KoPtCls), platinum dichloride (PtClz) and platinum
cis-dichlorobis(dimethyl sulfoxide) (PtCl,(DMSO),) was used in initial testing for

complex formation. Surprisingly, KoPtCls, which is reported to be the most soluble
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of the platinum precursors mentioned, was unable to form the desired complex
when the complexation was run in acetonitrile (MeCN). Fully dissolving the
platinum precursor in trace amounts of DI-H,O followed by the addition of MeCN
and PyTri ligand also furnished none of the desired complex, and only free ligand
was observed by 'H NMR. Utilization of a halide abstracting agent, silver
tetrafluoroborate (AgBF.) to help generate an unhindered and more electrophilic
platinum source in situ was also unsuccessful and this platinum precursor was
thus deemed incapable at furnishing the desired PyTriPt(ll) complexes despite
literature precedent suggesting otherwise.”

Work then began on the use of PtCl, as the metal precursor. When the
complexation was attempted in MeCN at 65 °C, formation of a species that is
inconsistent with free PyTri ligand was observed. However, complete conversion
did not occur and multiple species were evident by '"H NMR. To encourage
conversion to a single species, two equivalents of the halide-abstracting agent
AgBF4 was added. Under these conditions the reaction cleanly formed a single
complex as evident by 'H NMR. Further analysis of the product determined the
species to be an ML, type complex where two PyTri ligands surround the
platinum center. Additionally, the dicationic complex is stabilized by two non-
coordinating BF4 anions. This method was robust and able to furnish bis-
PyTriPt(Il)(BF4), complexes (6a-6e) across the entire series of electronically

diverse PyTri ligands (Table 6.1). Analysis of this series of complexes by 'H NMR
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showed a similar trend to the free ligands where the diagnostic triazole singlet

could be tracked as it moved downfield in a stepwise fashion (Figure 6.1).

R B " ]2BF;°
R ZON,__ /N
N= 1. PtCl, (1 equiv.) N
Nw 2. AgBF, (2 equiv.) N’Pt\N
Noy' \ / . AgBF, (2 equiv. = N
MeCN, air, 65 °C, =N
2.5 equiv. 18 h @R

88% 92%

Table 6.1: Electronically diverse bis-PyTriPt(ll) complexes with stabilizing BF4 anions

In order to confirm the absolute configuration of these complexes, X-ray quality
crystals were grown from a saturated sample of complex in MeCN. Upon
standing for 7 days colorless crystals of very high quality were obtained for the
trifluoromethylated complex (6e). X-ray crystallography was performed and the
predicted structure of the complex was confirmed and was obtained as a

solvated structure with MeCN (Table 6.2).
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The (MePyTri),Pt(BF4), complex (6b) was chosen as a representative sample of
this class of complexes and elemental analysis was performed. The experimental

data was in agreement with the calculated values.

FaCC ~]2BF;
FsC

1. PtCl, (1 equiv.) N

N N=
Nm 2. AgBF,4 (2 equiv.) C’\}—QN:N
NV N\

MeCN, air, 65 °C,

2.5 equiv. 18 h 6e @

Pt;-Ny: 2.048 A Qym\a

Pt;-Ny: 2.000 A
N1-Pt1-N2: 79.41°
N1-Pt1-N1Z 180.00°
N;-Pt;-N,: 100.59°

Table 6.2: X-ray crystal structure of bis-CF3;PyTriPt(BF,), as a solvated complex with MeCN.

With the success of preparing the bis-PyTriPt(ll) complexes additional
work to develop a method to prepare and isolate mono-ligated complexes was
undertaken. As KyPtCls, and PtCl; had demonstrated an inability to cleanly form
mono-complex the platinum precursor PtCl;(DMSO), was used. This precursor
also has literature precedent for the formation of mono-complexes with N,N

heterocyclic Iigands.70 When this platinum source was used in slight excess with
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1 equivalent of PyTri ligand, dissolved in MeCN, complexation occurred at
ambient temperature. The desired mono-complex (ML) precipitated from solution
over the course of 18 h and was isolated using a centrifuge.

Satisfyingly, the desired mono-PyTriPt(Il)Cl, complexes (6f-6j) could be
prepared using this methodology and the entire series of electronically diverse

PyTri ligands could be utilized (Table 6.3).

R PCl,(DMSO), @
\O\ (1.1 equiv.)
w MeCN, rt, air, 18 h N“N\ N=

N:N

1.0 equiv. c’

Pt /Pt\ Pt
CcI Ci Cl  Cl Cl  Cl
6f 6g 6h
94% 84% 90%
Br. F3C

N:N N= N:N N=
AN A

/ /
Pt Pf
c’ ‘¢l c’ ‘¢l
6i 6j
85% 88%

Table 6.3: Electronically diverse PyTriPtCl, complexes as cis-platin analogues

These complexes were found to be very soluble in DMSO-ds and this solvent
was initially chosen for characterization. '"H NMR showed that in this solution a

DMSO adduct formed with the complex and small duplicate peaks were
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observed. To confirm these peaks came from adduct formation and not an
impurity in the sample, NMR in MeNO,-d; was taken. In this solvent, no adduct
formation was observed. However, the complexes were significantly less soluble
in MeNO,-d3 and much longer acquisition times were necessary. Due to the
decreased solubility in MeNO»-d3, NMR characterization was performed using
DMSO-ds, despite small amounts of adduct formation.

In order to confirm the absolute orientation of the complexes, X-ray quality
crystals were grown of the PyTriPtCl, complex (6h). These crystals were
obtained from slow evaporation of a dilute MeNO, solution of the complex and
appeared yellow in color. X-ray crystallography confirmed the predicted structure
of the complex and was obtained as a solvated structure with MeNO, (Table 6.4).
The PyTriPtCl, complex (6h) was again chosen as a representative sample of
this class of complexes and elemental analysis was performed. The experimental
data was in agreement with the calculated values.

With the series of both mono- and bis-PyTriPt(Il) complexes prepared,
future work to assess their biological activity and utility against cisplatin resistant

cancer cells will be performed at a later date.
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PtCl,(DMSO), @
@ (1.1 equiv.) N/
Nw MeCN, rt or 60 °C, NeN™ N=

NN air, 18 h o
1.0 equiv. c’
6h

Pt;-Cly: 2.2900 A
Pt1-N1: 2.035 A
Pt;-N,: 1.989 A
N1-Pt1-N2: 7984o

Table 6.4: X-ray crystal structure of PyTriPtCl, as a solvated complex with
MeN02_

6.4 Palladium Complexes with Diverse Pyridyl Triazole Ligands:
Synthesis of cis-dichloro- and bis-ligated PyTri-palladium(ll) complexes is

2989 and metallo-

especially important to the fields of organo-catalysis,
pharmaceuticals’® and as such, methods for the preparation of these complexes
using highly tune-able ligands is of high value. With derivatized PyTri ligands on
hand, work on determining a robust method for the preparation of these
complexes was performed.

Utilization of bis(acetonitrile)dichloropalladium(ll) (PdClz(MeCN),)

was used as the palladium precursor for complexation reactions to form ML type

mono-PyTriPdCl,. The complexation reactions were set up by measuring
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PdCIl,(MeCN); into the reaction vial followed by the addition of dichloromethane
(DCM) as solvent. Once the palladium precursor had dissolved, addition of the
PyTri ligand bearing the desired substitution, dissolved in minimal DCM,
occurred. The desired substituted PyTriPdCl, complex precipitated from solution
at ambient temperature over the course of 18 h. The solid was collected using a
centrifuge and washed with additional DCM to remove remaining metal and free
ligand. This method allowed for the preparation of the desired series of mono-
PyTriPdCl, complexes (6k-60) bearing substitution ranging from electron

donating (OMe) to electron withdrawn (CF3) (Table 6.5).

R

R PdCl,(MeCN), @
N (1.2 equiv.) N\\_@
Nay N7 CH,Cly, rt, air N/
. 18h N
1.0 equiv. Cl Cl
MeO Me

Pd Pd_ Pd
c’ c’ c’ i
6k 6l 6m
93% 83% 91%

Br FaC

Pd Pd
cl” ¢l c’ ¢l
6n 60
99% 98%

Table 6.5: Electronically diverse PyTriPdCl, complexes as potential catalysts for cross-
coupling reactions
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Analysis of this series of substituted PyTriPdCl, complexes by "H NMR showed a
similar trend to the previous complexes where the diagnostic triazole singlet
could be tracked as it moved downfield in a stepwise fashion (Figure 6.2). In
order to confirm the absolute orientation of the complexes, X-ray quality crystals
were grown of the MePyTriPdCl, complex (6l). These crystals were obtained
from slow evaporation of a dilute MeNO, solution of the complex and appeared
red in color. X-ray crystallography confirmed the predicted structure of the
complex and was obtained (Table 6.6). The BrPyTriPdCl, complex (6n) was
chosen as a representative sample of this class of complexes and elemental
analysis was performed. The experimental data was in agreement with the
calculated values.

For the synthesis of bis-PyTriPd(ll) complexes two different approaches
could be utilized. The bis-complex could be prepared directly if the palladium
precursor tetrakis(acetonitrile)palladium(ll) tetrafluoroborate (Pd(MeCN)4(BF2)2)
is used. This method requires dissolving the precursor in MeCN followed by
addition of 2.5 equivalents of the PyTri ligand dissolved in minimal MeCN.
Precipitation of the bis-PyTriPd(ll)(BF4). complex (6p) occurred after stirring at

ambient temperature for 18 h (Scheme 6.1).
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Q1

N

N

Me

Me@ PACI,(MeCN), @
\ N (1.2 equiv.) Nm
Ney N\ 7 CH,Cly, tt, air N
) 18 h Pd
1.0 equiv. Ccl Cl
6l

Pd;-Cly: 2.2744 A
Pdy-Ny: 2.055 A
Pd1-N2: 2.012 A
N1-Pd1-N2: 80.33°

Table 6.6: X-ray crystal structure of the PyTriPdCl, complex.

e
R o
Pd(MeCN)4(BF4)2 N N 7 N
O\Nw (1 equiv.) Nw
R Pd
N S MeCN, rt, air CHN
2.2 equiv. 18 h N\ 7 XN

Scheme 6.1: One step synthesis of bis-PyTriPd(BF,4), complex is high yielding from
Pd(BF,), precursor

R S

N N\
N N= AgBF, (2.5 equiv.) N

4
N
N=
L Nw Pd,
N\

cl’

ol MeCN, air, 65 °C, Q—Q/N

18 h
1.0 equiv. 1.0 equiv. 6p @

Scheme 6.2: Two step synthesis of bis-PyTriPd(BF,4), complex from PyTriPdCl, precursor
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Additionally, the bis-complex can be prepared using the PyTriPdCl,
complex as the starting precursor. Adding an additional equivalent of PyTri ligand
in acetonitrile to the precursor followed by addition of 2.5 equivalents of the
halide-abstracting agent AgBF., furnishes the bis-complex (6p) in 90% yield after
refluxing for 18 h (Scheme 6.2). Characterization of this complex matches that
published in the literature.?* If further analysis of this class of bis-PyTriPd(ll)
complexes is required the entire series of bis-complexes can be synthesized
using this methodology.

6.5 Activity of Pyridyl Triazole Pd(ll) Complexes in Suzuki Cross Coupling:
Palladium-catalyzed cross-coupling is currently considered one of the most
important reactions in organic synthesis.”” Of the many types of cross-coupling
reactions, the Suzuki-Miyaura coupling of an aryl halide and aryl boronic acid is
the most widely used due to its high catalytic efficiency, commercially available
starting materials and the low toxicity of the catalyst. The catalytic cycle for this
reaction was discussed in chapter 5 and is shown again in scheme 6.3 for clarity.
Many of the most prominent catalysts for this cross coupling reaction contain

ligands based on electron rich phosphane,’®®2

or N-heterocyclic carbene
ligands.®*®° While these catalysts are highly reactive, their sensitivity to oxygen
and subsequent degradation in storage requires use and storage under an inert
atmosphere. As such, recent progress in the development of palladium based

catalysts using nitrogen based chelates such as porphyrin,® diketimines,?" and

pyridine based ligands®*° has been made.
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CF3PyTriPdCl,

L

R-R Pd(0)

reductive oxidative
elimination addition

R—Pd(I)—R’ R—Pd(I)—I

transmetalation

R'-B(OH),

Scheme 6.3: Catalytic cycle for the palladium catalyzed
cross coupling of aryl iodides with aryl boronic acids.

The rigidity and high stability of these nitrogen ligands in air has lead to
increased stability of the resulting catalysts. This allows the cross coupling
reactions to be performed at higher temperatures and in some circumstances
under aerobic conditions.?®*” While there are many examples of palladium based
catalysts for the Suzuki reaction, development of highly active catalysts that allow
for reduced catalysts loading, while also allowing for mild reaction conditions and
large substrate scope is still an area of great importance.

Based on this need for further investigation, 2-pyridyl triazoles have
emerged as a ligand class with great potential in catalysis. With the successful
synthesis of the electronically diverse PyTri compounds discussed in chapter 5

and the use of these ligands to make highly stable palladium dichloride
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complexes discussed above, work to determine the reactivity of these
compounds towards this highly valuable cross coupling reaction was undertaken.

Precedent in the literature®® showed that the simple phenyl substituted
PyTri complex (6m) was active in the Suzuki cross coupling reaction and 590
catalytic turnovers were observed for the reaction of 4-methoxy-bromo-benzene
with phenylboronic acid. While this demonstrated the ability of this complex class
to perform the desired cross coupling reaction, it was hypothesized that tuning
the complex electronically would allow for increased catalytic turnovers and
higher substrate scope. Thus work began on the study of this reaction using the
electronically diverse PyTriPdCIl, complexes discuss previously.

Analysis began using conditions similar to that reported in the literature
precedent. When 4-iodoanisole was reacted with excess phenylboronic acid in a
1 to 1 solution of N,N-dimethylformamide (DMF) and DI-H,O using an equivalent
of potassium carbonate (K,CO3) as base and the system was loaded with 1
mol% of the PyTriPdCl, complex complete conversion to 4-methoxy-biphenyl
(6q) occurred after 18 h and 100 catalytic turnovers were observed (Scheme
6.4).

To determine the limit for decreasing catalyst loading under these
conditions the amount of catalyst added was decreased by 10-fold and 100-fold
and the reaction was monitored by GC for 1 h. At ambient temperature the
necessary catalyst loading matched that in the literature precedent at 0.1 mol%

and the reaction containing 0.01 mol% failed to proceed.
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| 1 mol% bq
B(OH), © ° CI/Pd\CI O
© 1 equiv. K,CO4 O OMe

OMe DMF:H,0 (1:1)
20 . 1 . rt, air 6q
-J equiv. equiv. quantitavive conversion
1 mmol scale by GC

Scheme 6.4: Initial conditions for successful Suzuki cross-coupling with PyTriPdCl,
complex.

However when the reaction temperature was increased to 80 °C, the reaction
containing the 0.01 mol% of catalyst, the catalyst was activated and 7400
catalytic turnovers were observed for the production of the methoxylated biphenyl
product. Further decreases of catalyst loading at this elevated temperature were
incapable at furnishing the desired product. Thus the limit to catalyst loading was

determined to be 0.01 mol% (Table 6.7).
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' Pd
B(OH), o ol
C - ¢
1 equiv. K,CO3 ¥
OMe DMF:H,0 (1:1) OMe
. . rt or 80 °C, air 69
2.0 equiv. 1 equiv.
1 mmol scale
Catalyst Loading temp (°C) time (min) GC Yield (%)
1 mol% rt 60 58
0.1 mol% rt 60 34
0.01 mol% rt 60 <2
0.01 mol% 80 60 74
0.001 mol% 80 60 <2
0.0001 mol% 80 60 <1

@ All uncorrected GC yields.

Table 6.7: Assessing optimal catalyst loading of PyTriPdCl, complex for Suzuki cross-
coupling.

The step in the optimization of this system was to perform a temperature
screen to determine the temperature at which the catalyst becomes inactive.
Side by side trials were performed at 80 °C, 60 °C, 40 °C and ambient
temperature (Table 6.8). It was determined that a reaction temperature less than
40 °C rendered the catalyst largely inactive and thus this was the temperature

chosen for further optimization.
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D
N= —
' N\Pd/N
B(OH), © o o O
© 1 equiv. K2CO3 O OMe

OMe DMF:H,0 (1:1) 6q
2.0 equiv. 1 equiv. ar
1 mmol scale
Catalyst Loading temp (°C) time (min) GC Yield (%)
0.01 mol% 80 60 74
0.01 mol% 60 60 77
0.01 mol% 40 60 30
0.01 mol% rt 60 <2

@ All uncorrected GC yields.

Table 6.8: Determining temperature limitations of the PyTriPdCl, catalyzed Suzuki cross-
coupling.

A base screen was performed to find one that was optimal for this system.
Those tested were carbonates, hydroxide, alkoxides, and amine type bases
(Table 6.9). Of those tested carbonates demonstrated much higher reactivity with
these catalysts and continued use of K,CO3 was chosen due to its decreased

cost and ease of use compared to Cs,COs.
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N/ N

| )
B(OH), 0.01 mol% C|/Pd\C|
@ i 1 equiv. Base |

> X
OMe DMF:H,0 (1:1) Z>0OMe
2.0 equiv. 1 equiv. 40 °C, air 6q
1 mmol scale
Base temp (°C) time (min) GC Yield (%)
K2COs 40 180 25
Cs,CO5 40 180 ’e
NaOH 40 180 0
NaOEt 40 180 1
EtzN 40 180 19

@ All uncorrected GC yields.

Table 6.9: Base screen shows carbonate salts are optimal with PyTriPdClI, for Suzuki
cross-coupling.

The next objective was to decrease the amount of DI-H,O used as
solvent. This was a concern as potential hydrolysis of the dichloride catalyst and
subsequent loss of ligand could occur. The ratio of organic solvent to DI-H,0 was
varied from 9:1 to 1:9 in a stepwise fashion and it was determined that when the
organic solvent was DMF a 50/50 mixture was required to get optimal conversion
to the desired product (Table 6.10). Further optimization by assessing additional

organic solvents was performed.
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N/ N\

|
B(OH), 0.01 mol% C|/Pd\C| N
A > = x
| > 1 equiv. K,CO3 | =

OMe solvent OMe
2.0equiv. 1 equiv. 40 °C, air 6q
1 mmol scale
DMF:H,O temp (°C) time (min) GC Yield (%)
9:1 40 180 <1
8:2 40 180 5
7:3 40 180 10
6:4 40 180 19
5:5 40 180 25
4:6 40 180 19
3.7 40 180 i3
2:8 40 180 2
1:9 40 180 5

@ All uncorrected GC yields.

Table 6.10: Assessing optimal ratio of solvent to H,O shows that 50:50 gives highest
conversion when DMF is solvent.

Those tested included DMF as a control, MeOH, EtOH, MeCN, and dioxane. Of
those tested, EtOH and dioxane demonstrated were optimal with dioxane giving

the highest conversion (Table 6.11).
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NN/ N\

| ) P
| A
1 equiv. K,CO3 O OMe

OMe Solvent:H,0 (1:1) 6q
2.0 equiv. 1 equiv. ar
1 mmol scale

Y

=

Solvent  temp (°C) time (min) GC Yield (%) GC Yield @ 16 h (%)

DMF 40 180 20 42
MeOH 40 180 15 38
EtOH 40 180 25 68
MeCN 40 180 23 57
Dioxane 40 180 47 80

@ All uncorrected GC yields.

Table 6.11: Solvent screen demonstrates that EtOH and dioxane are prefered with 50:50
H,O compared to DMF.

When EtOH and dioxane were used with decreased amounts of DI-H,O, EtOH
was observed to be the superior solvent (Table 6.12). Further, when EtOH is
used as solvent, DI-H,0 can be removed completely as was initially desired, and

a high percent conversion to product was observed after 16 h. (Table 6.13).
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N/ N\
|

0,
B(OH)2 0.01 mol% CI/Pd\CI O
© 1 equiv. K2CO3 O OMe

OMe Solvent:H,0 (8:2)

Y

. 6q
2.0 equiv. 1 equiv. ar

1 mmol scale

Solvent temp (°C) time (h) GC Yield (%)
DMF 40 18 7

Dioxane 40 18 31
EtOH 40 18 69

@ All uncorrected GC yields.

Table 6.12: When the ratio of solvent is increased to 80:20 with H,O, EtOH stands
out as optimal solvent.

With the water removed from the system the amount of organic solvent
necessary to achieve optimal conversion was assessed. Increasing the
concentration by decreasing the volume of solvent used was assessed at 0.1,
0.2, and 0.5 M (Table 6.14). The highest conversion was observed for the

reaction run at 0.2 M concentration.

250



N __/ \

|
0.01mol% Pd
B(OH), o cl O
1 equiv. KQCO3 O
OMe Solvent OMe
. . No H,0 6q
2.0 equiv. 1 equiv. air
1 mmol scale
Solvent temp (°C) time (h) GC Yield (%)
Dioxane 40 16 4
EtOH 40 16 72

@ All uncorrected GC yields.

Table 6.13: When EtOH is used as solvent, removal of all H,O leads to increased
conversion to product.

N7 N

|
0.01 mol% Pd
B(OH ;
(OH) c’
> | X
1 equiv. K,CO5 =
OMe EtOH OMe
air 6q
2.0 equiv. 1 equiv.
1 mmol scale
Concentration (M) temp (°C) time (h) GC Yield (%)
0.1 40 16 58
0.2 40 16 75
0.5 40 16 63

@ All uncorrected GC yields.

Table 6.14: Concentration screen shows that 0.2 mmol/milliliter gives highest conversion.
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With the reaction parameters determined, the final step to optimizing the
reaction was to assess which of the electronically diverse PyTriPdCl, complexes
was most active towards Suzuki cross coupling. Analysis of the electron-rich
(6k), neutral (6m), and electron-poor (60) complexes at 0.01 mol% catalyst
loading showed that the CF3;PyTriPdCIl, was the most active after 18 h (Table
6.15). This led to the hypothesis that the oxidative addition step of the reaction
was likely rate determining as the rate of this step would increase as the catalytic
complex became more electrophilic. If reductive elimination of the di-aryl product
was rate determining it is proposed that use of a more electron-rich catalyst

should have the highest conversion within a set amount of time.

|
B(OH), © o g O
© 1 equiv. K,CO3 O OMe

OMe EtOH (0.2 M) 6q
2.0 equiv. 1 equiv. ar
1 mmol scale

R Catalyst Loading temp (°C) time (h) GC Yield (%)
OMe 0.01 mol% 40 18 68

H 0.01 mol% 40 18 70
CF3 0.01 mol% 40 18 76

@ All uncorrected GC yields.

Table 6.15: Screen of diverse PyTriPdCl, catalysts shows that electron withdrawn
CF3PyTriPdCl, has increased reactivity.
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Final optimization occurred with a base equivalents screen. The amount of
Ko.COj3 was varied from 0.5 equivalents to 5 equivalents as shown in table 6.16.
The use of 5 equivalents of base allowed the reaction to go to complete
conversion in only 8 h. With the optimized conditions determined, work to assess

the substrate scope of the system was performed.

N:N N=
N/

FsC

B(OH),

\J

| 001mol% Pd
© ¢’ ol
K,CO3

! OMe

OMe EtOH (0.2 M) 6q
2.0 equiv. 1 equiv. ar
1 mmol scale
Equiv. K,CO3 temp (°C) time (h) GC Yield (%)

0.5 40 3 38
1 40 3 44
2 40 3 57
3 40 3 65
4 40 3 75
5 40 3 80
8 >99

@ All uncorrected GC yields.

Table 6.16: Base equivalents screen shows 5 equivalents allows for full conversion to
product in 8 h.

Through the optimization experiments it was observed that aryl iodides
reacted rapidly and 10,000 catalytic turnovers occurred. To assess the reactivity
bromides,

of aryl electron-rich to electron-poor substrates were tested.
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Satisfyingly, all substrates converted efficiently, and the products (6g-6s) could
be isolated in good to high yields.

To assess whether aryl chlorides would react with this catalyst, an aryl
halide consisting of both a bromide and chloride substitution was tested. Here
when the reaction was performed in the presence of 2 equivalents of the aryl
boronic acid, coupling occurred only at the site of the bromide substitution
leading to compound (6t) where the chloride was left untouched (Table 6.17).
Thus, aryl chlorides were deemed unreactive with this catalyst system. While this
is an unfortunate limitation to these catalysts, it allows for further functionalization
of the diaryl products using a different catalytic system if additional

functionalization is desired.
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FsC

N/ N
0

1/Br
B(OH), 0.01 mol% C|’Pd\C| O
R

5 equiv. K,CO3 O R

EtOH (0.2 M)
2.0 equiv. 1 equiv. ar
1 mmol scale
R-Ar-1/Br temp (°C) time (h) Yield (%)
MeO
@\ 40 8 98  6q
I
MeO
@\ 40 8 80 6q
Br
Me
\©\ 40 8 68  6r
Br
FsC
@\ 40 8 98 6s
Br

Cl
\Q 40 8 90 6t
Br

Table 6.17: Substrate scope of aryl halides shows that high yields are obtained for aryl
iodides and aryl bromides, aryl chlorides are unreactive.

To determine if there were steric limitations to the system, aryl bromides
with methoxy substitution at the para-, meta-, or ortho- position were tested. It
was observed that as the substitution got closer to the active site of catalysis,
(i.e. the position bearing the bromide substituent) the reaction became more

sluggish and the yield of the desired product (6u) decreased (Table 6.18).
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0.01 mol% Pd

Br
BOH), N c’ al
@ | - N
& \

/
MeO 5 equiv. K,CO3 X
EtOH (0.2 M) OMe
2.0equiv. 1 equiv. ar

1 mmol scale

R-Ar-Br temp (°C) time (h) Yield (%)
MeO

Q 40 8 80  6q

Br

@\ 40 8 60 6u
Br
C[OMG 40 8 138

Br

@ Measured as an uncorrected GC yield.

Table 6.18: As the substitution approaches the active site on the aryl halide, reactivity
is decreased due to steric interactions.

To determine whether heteroaromatic bromides could be utilized, a series
these compounds were tested. Initial results showed that reaction with these
substrates was sluggish when the reaction was run at 40 °C. When the reaction
temperature was increased the 80 °C the reaction proceeded efficiently and the
coupled diaryl products (6v-6y) could be isolated in good to exceptional yields
(Table 6.19). This result was very satisfying as previous reports using PyTriPdCl,
complexes as catalysts were only able to achieve poor conversion when
heteroaryl halides were used and their compounds were not isolated for further

characterization.®®
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FsC

N/ N\
g

B(OH), 0.02mol% Pd,
cl’ ¢ MeO
Het-Br > \Q
5 equiv. K,CO3 Heterocycle
OMe t-BuOH (0.2 M)

2.0 equiv. 1 equiv. ar
1 mmol scale

Het-Br temp (°C) time (h) Yield (%)

B
AN 80 8 53 6v
N
o Br 80 8 99 6w
SN

X AN
EI]\ 80 8 89  6x
Z >SN Br

\ 80 8 99 ey
T,

Table 6.19: CF3PyTriPdCl, sets a new precedent and remains highly reactive with
heteroaryl bromide substrates.

Initially, NMR characterization of these heteroaryl products was
challenging. It was observed that these compounds degraded when the products
were exposed to light or heat during concentration after column chromatography.
This was surprising as this degradation was not reported in the literature but was
consistent across the series of products containing the heteroaryl groups.
However, when the purification and subsequent concentration of these reactions
were performed with minimal exposure to light and heat the products could be

obtained in a pure state and characterization could be performed.
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The final goal for this project was to assess if there were limitations to the
types of arylboronic acids that could be used. To determine this, bromobenzene
was use as the common aryl halide and aryl boronic acids bearing electron-rich
to electron-poor substitution were tested. It was observed that electron rich
boronic acids reacted rapidly and the diaryl products (6q, 6aa) could be isolated
in near quantitative yields. As the electron density of the boronic acid decreased,
the cross coupling to give the diaryl products (6r, 6z) became more sluggish.
Further while the most electron-poor boronic acid did react, the desired product
(6s) could only be isolated in a 60% yield (Table 6.20).

Additionally, use of the heteroaromatic boronic acid, 3-furanylboronic acid,
failed to proceed at either 40 °C or 80 °C using this system and only starting
materials were observed after 24 h in both cases.

Satisfyingly, all of the initial goals of this project were met. Optimization of
the reaction conditions, as well as assessing the effect of the electronic nature of
the PyTriPdCl, catalyst, resulted in environmentally friendly reaction conditions,
decreased catalyst loading, increased substrate tolerability, and increased yields

of the desired products.
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FsC

N:N N=
N/

B(OH), g, 0.01mol% Pd_
o )
; 5oquiv. KxCO; ‘R
R quiv. KoCO3
EtOH (0.2 M)
2.0 equiv. 1 equiv. ar
1 mmol scale
R-Ar-B(OH), temp (°C) time (h) Yield (%)
X
I/ 40 8 73 6z
B(OH),
MeO
@\ 40 8 98  6q
B(OH),
Me Me
Me*@ 40 8 99 6aa
B(OH),
Me@ 40 8 70 6r
B(OH),
F4C
@\ 40 8 60 6s

B(CH),

Table 6.20: Substrate scope of substituted aryl boronic acids shows that electron-rich

to electron-poor substrates react efficiently.
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6.7 Supporting Information:

General Reagent Information

All reactions were set up on the benchtop in oven-dried glassware or dried
scintillation vials. Flash column chromatography was performed using silica
purchased from Silicycle. Solvents for chromatography were purchased from
Fisher Chemicals and used as obtained. HPLC grade Acetonitrile (MeCN),
Dichloromethane (DCM), and N,N-Dimethylformamide (DMF) was purchased
from Fisher Chemicals and dried via passage through activated alumina in a
commercial solvent purification system (Pure Process Technologies, Inc.). All
other organic solvents were obtained from Fisher Chemicals or Acros Organics
and dried over either sodium sulfate or molecular sieves (4A). NMR solvents
were purchased from Acros Organics or Cambridge Isotope Laboratories and
used as obtained. The platinum precursors were stored in a glove box under
nitrogen. Potassium tetrachloroplatinate (KyPtCls), was purchased from Alfa
Aesar and was used as obtained. Platinum dichloride (PtCl,) was purchased
from Ark Pharm Inc. and was used as obtained. Platinum cis-dichlorobis(dimethyl
sulfoxide) (PtCl,(DMSO),) was purchased from Sigma Aldrich and was used as
obtained. Bis(acetonitrile)dichloropalladium(ll) (PdCIl,(MeCN),) was purchased
from Chem Impex Intl Inc and was used as obtained.

Tetrakis(acetonitrile)palladium(ll)  tetrafluoroborate  (Pd(MeCN)4(BF4);) was
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purchased from Sigma Aldrich was used as obtained. Silver tetrafluoroborate
was purchased from Matrix Scientific and was used as obtained. Potassium
carbonate (K2COs3), and other bases were purchased from Fisher Chemicals or
Alfa Aesar and were used as obtained.

General analytical information

'H and "*C NMR spectra were measured on a Varian Inova 500 (500 MHz)
spectrometer using DMSO-ds, MeCN-ds, acetone-ds, or CDCI3 as solvents and
tetramethylsilane as an internal standard. The following abbreviations are used
singularly or in combination to indicate the multiplicity of signals: s - singlet, d -
doublet, t - triplet, q - quartet, gn - quintet, sx - sextet, sp - septet, m - multiplet
and br - broad. NMR spectra were acquired at 300 K. Gas chromatography (GC)
was carried out on an Agilent Technologies 6850 Network GC System, and
dodecane was used as the internal standard. ATR-IR spectra were taken on a
Bruker:ALPHA FTIR Spectrometer. Attenuated total reflection infrared (ATR-IR)
was used and the spectra was analyzed using the OPUS software with selected
absorption maxima reported in wavenumbers (cm™). X-ray diffraction data was
obtained using a suitable crystal on a 'Bruker APEX-Il CCD' diffractometer. The
crystal was kept at 100.0 K during data collection. Using Olex2, the structure was
solved with the ShelXT structure solution program using Intrinsic Phasing and
refined with the XL refinement package using Least Squares minimization.
Elemental analysis was performed by Midwest Microlab on samples that were

recrystallized 3 times and extensively dried under vacuum with heat.
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General procedure for the production of (PyTri).Pt(BF4). complexes:

To an 8 mL scintillation vial equipped with a magnetic stir bar and Teflon-seal
screw cap was added PtCl,. MeCN was added as solvent followed by the PyTri
ligand bearing the desired substitution dissolved in minimal MeCN. The reaction
was heated to 65 °C and allowed to run for 30 min. The reaction was removed
from heat and AgBF4, dissolved in minimal MeCN was added dropwise. The
reaction was placed back on the heating block at 65 °C and allowed to proceed
for 18 h. During this time, precipitation of the bis-complex occured. This solid was
collected using a centrifuge and washed 3 times with cold MeCN to remove
impurities. The bis-complex was obtained as a tan solid and was recrystallized
out of boiling MeCN.

Synthesis of (MeOPyTri),Pt(BF4), (6a):

PtCl, (26 mg, 0.1 mmol) was added to an 8 mL scintillation vial equipped with a
magnetic stir bar and Teflon-seal screw cap. MeCN (5 mL) was added as
solvent. MeOPyTri ligand (62 mg, 0.25 mmol) was dissolved in minimal MeCN
and added dropwise. The reaction was placed on a heating block at 65 °C and
allowed to stir for 30 min. The reaction was removed from heat and AgBF, (38
mg, 0.2 mmol) dissolved in minimal MeCN was added dropwise. The reaction
was placed back on the heating block and stirred for 18 h at 65 °C during which

time the desired complex precipitated out of solution. The title compound was
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obtained as a tan solid in 95% yield (83 mg, 0.095 mmol). ATR-IR: 3101, 1599,
1515, 1259, 1051, 1017, 834, 514, 451 cm™. 'H NMR (500 MHz, DMSO-ds) &
10.13 (s, 1H), 9.89 (d, J = 5 Hz, 1H), 8.68 (t, = 7.5 Hz, 1H), 8.46 (d, J = 7.5 Hz,
1H), 8.15 (d, J = 9 Hz, 2H), 8.10 (t, = 6.5 Hz, 1H), 7.35 (d, J = 8.5 Hz, 2H), 3.93
(s, 3H). *C NMR (125 MHz, DMSO-ds) 5 161.3, 152.4, 149.8, 147.9, 143.8,
128.7,127.9, 125.8, 123.2, 122.9, 115.5, 56.0.

Synthesis of (MePyTri),Pt(BF,). (6b):

PtCl, (26 mg, 0.1 mmol) was added to an 8 mL scintillation vial equipped with a
magnetic stir bar and Teflon-seal screw cap. MeCN (5 mL) was added as
solvent. MePyTri ligand (59 mg, 0.25 mmol) was dissolved in minimal MeCN and
added dropwise. The reaction was placed on a heating block at 65 °C and
allowed to stir for 30 min. The reaction was removed from heat and AgBF, (38
mg, 0.2 mmol) dissolved in minimal MeCN was added dropwise. The reaction
was placed back on the heating block and stirred for 18 h at 65 °C during which
time the desired complex precipitated out of solution. The title compound was
obtained as a tan solid in 83% yield (70 mg, 0.083 mmol). ATR-IR: 3129, 1637,
1517, 1465, 1029, 821, 775, 500, 450 cm™. "H NMR (500 MHz, MeCN-d3) & 9.95
(d, J = 6 Hz, 1H), 9.29 (s, 1H), 8.50 (td, J =1 Hz, J =7 Hz, 1H),8.32 (d,J=7.5
Hz, 1H), 7.95 (m, 3H), 7.59 (d, J = 8.5 Hz, 2H), 2.53 (s, 3H). ">*C NMR (125 MHz,
DMSO-ds) & 152.3, 149.8, 147.6, 143.9, 141.7, 133.1, 130.8, 128.0, 125.7,
123.0, 121.1, 20.8. Elemental analysis for (MePyTri),Pt(BFs), * 4 MeCN

(CssH3sB2FsN12Pt) 1 Calculated — C: 43.00, H: 3.61, N: 16.72. Found — C: 43.77,
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H: 3.59, N: 16.66.

Synthesis of (PyTri).Pt(BF,). (6¢):

PtCl, (26 mg, 0.1 mmol) was added to an 8 mL scintillation vial equipped with a
magnetic stir bar and Teflon-seal screw cap. MeCN (5 mL) was added as
solvent. PyTri ligand (56 mg, 0.25 mmol) was dissolved in minimal MeCN and
added dropwise. The reaction was placed on a heating block at 65 °C and
allowed to stir for 30 min. The reaction was removed from heat and AgBF, (38
mg, 0.2 mmol) dissolved in minimal MeCN was added dropwise. The reaction
was placed back on the heating block and stirred for 18 h at 65 °C during which
time the desired complex precipitated out of solution. The title compound was
obtained as a tan solid in 91% yield (74 mg, 0.091 mmol). ATR-IR: 3132, 1604,
1499, 1470, 1022, 786, 768, 684, 521, 493, 448 cm™. '"H NMR (500 MHz,
DMSO-ds) & 10.24 (s, 1H), 9.92 (d, J = 6 Hz, 1H), 8.70 (td, J = 1 Hz, J = 7 Hz,
1H), 8.49 (d, J = 7.5 Hz, 1H), 8.24 (d, J = 7.5 Hz, 2H), 8.14 (td, J=1Hz, J =6.5
Hz, 1H), 7.85 (t, J = 6.5 Hz, 2H), 7.79 (t, J = 7 Hz, 1H). *C NMR (125 MHz,
DMSO-ds) & 152.4, 150.0, 147.8, 143.9, 135.5, 131.5, 130.6, 128.0, 126.0,
123.0, 121.5.

Synthesis of (BrPyTri),Pt(BF4). (6d):

PtCl, (26 mg, 0.1 mmol) was added to an 8 mL scintillation vial equipped with a
magnetic stir bar and Teflon-seal screw cap. MeCN (5 mL) was added as

solvent. BrPyTri ligand (75 mg, 0.25 mmol) was dissolved in minimal MeCN and
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added dropwise. The reaction was placed on a heating block at 65 °C and
allowed to stir for 30 min. The reaction was removed from heat and AgBF, (38
mg, 0.2 mmol) dissolved in minimal MeCN was added dropwise. The reaction
was placed back on the heating block and stirred for 18 h at 65 °C during which
time the desired complex precipitated out of solution. The title compound was
obtained as a tan solid in 88% yield (85 mg, 0.088 mmol). ATR-IR: 3156, 1637,
1604, 1478, 1047, 824, 784, 499, 452 cm™. "H NMR (500 MHz, DMSO-ds) &
10.24 (s, 1H), 9.88 (d, J = 5.5 Hz, 1H), 8.69 (t, J = 8 Hz, 1H), 8.47 (d, J = 7.5 Hz,
1H), 8.20 (d, J = 8.5 Hz, 2H), 8.10 (t, J = 6.5 Hz, 1H), 8.06 (d, J = 8.5 Hz, 2H).
3C NMR (125 MHz, DMSO-ds) 5 152.5, 150.0, 147.6, 143.9, 134.8, 133.4,
128.1, 126.2, 124.6, 123.6, 123.0.

Synthesis of (CF3PyTri),Pt(BF,). (6e):

PtCl, (26 mg, 0.1 mmol) was added to an 8 mL scintillation vial equipped with a
magnetic stir bar and Teflon-seal screw cap. MeCN (5 mL) was added as
solvent. CF3PyTri ligand (72 mg, 0.25 mmol) was dissolved in minimal MeCN and
added dropwise. The reaction was placed on a heating block at 65 °C and
allowed to stir for 30 min. The reaction was removed from heat and AgBF, (38
mg, 0.2 mmol) dissolved in minimal MeCN was added dropwise. The reaction
was placed back on the heating block and stirred for 18 h at 65 °C during which
time the desired complex precipitated out of solution. The title compound was
obtained as a tan solid in 92% yield (87 mg, 0.092 mmol). ATR-IR: 3111, 1608,

1326, 1061, 846, 781, 518, 452 cm™. '"H NMR (500 MHz, DMSO-ds) 5 10.36 (s,
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1H), 9.94 (d, J = 6 Hz, 1H), 8.72 (td, J = 1 Hz, J = 7 Hz, 1H), 8.51 (m, 3H), 8.26
(d, J = 8.5 Hz, 2H), 8.13 (td, J = 1 Hz, J = 6.5 Hz, 2H). *C NMR (125 MHz,
DMSO-ds) & 152.5, 150.1, 147.6, 144.0, 138.4, 128.1, 127.8, 126.6, 124.9,
123.1,122.6, 118.1.

General procedure for the production of PyTriPtCl, complexes:

To an 8 mL scintillation vial equipped with a magnetic stir bar and Teflon-seal
screw cap was added PtClx(DMSO),. MeCN was added as solvent followed by
the PyTri ligand bearing the desired substitution dissolved in minimal MeCN. The
reaction was stirred at ambient temperature for 18 h. Once completed, the
reaction solution was passed though a plug of celite and concentrated until a
saturated solution was obtained. Upon standing, the PyTriPtCl, complex
precipitated as a microcrystalline powder. Recrystallization of these complexes
occured in MeNOs.

Synthesis of MeOPyTriPtClI; (6f):

PtCI»(DMSQO),; (46 mg, 0.11 mmol) was added to an 8 mL scintillation vial
equipped with a magnetic stir bar and Teflon-seal screw cap. MeCN (5 mL) was
added as solvent. MeOPyTri ligand (25 mg, 0.1 mmol) was dissolved in minimal
MeCN and added dropwise. The reaction was stirred at ambient temperature for
18 h. During this time the desired complex precipitated out of solution. The title
compound was obtained as a tan solid in 94% vyield (49 mg, 0.094 mmol). ATR-
IR: 3108, 2925, 1726, 1511, 1464, 1249, 1013, 828, 770, 512, 433 cm™. "H NMR

(500 MHz, DMSO-ds) & 9.79 (s, 1H), 9.36 (d, J = 5.5 Hz, 1H), 8.41 (, J = 7.5 Hz,
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1H), 8.17 (d, J = 7.5 Hz, 1H), 7.85 (d, J = 9 Hz, 2H), 7.76 (t, J = 6.5 Hz, 1H), 7.24
(d, J = 9 Hz, 2H), 3.87 (s, 3H). *C NMR (125 MHz, DMSO-ds) d 160.6, 149.1,
148.8, 148.6, 141.0, 129.3, 126.1, 124.8, 122.9, 122.1, 115.2, 55.8.

Synthesis of MePyTriPtCl, (6g):

PtCI»(DMSQO),; (46 mg, 0.11 mmol) was added to an 8 mL scintillation vial
equipped with a magnetic stir bar and Teflon-seal screw cap. MeCN (5 mL) was
added as solvent. MePyTri ligand (24 mg, 0.1 mmol) was dissolved in minimal
MeCN and added dropwise. The reaction was stirred at ambient temperature for
18 h. During this time the desired complex precipitated out of solution. The title
compound was obtained as a tan solid in 84% vyield (42 mg, 0.084 mmol). ATR-
IR: 2925, 1725, 1511, 1461, 1276, 1111, 832, 772, 503, 430 cm™. "H NMR (500
MHz, DMSO-ds) & 9.86 (s, 1H), 9.38 (d, J = 6 Hz, 1H), 8.42 (t, J = 8 Hz, 1H),
8.18 (d, J =8 Hz, 1H), 7.82 (d, = 8.5 Hz, 2H), 7.77 (t, J = 6.5 Hz, 1H), 7.52 (d, J
= 8.5 Hz, 2H), 2.43 (s, 3H). *C NMR (125 MHz, DMSO-ds) & 149.0, 148.9,
148.6, 141.0, 140.5, 133.8, 130.6, 126.2, 124.7, 122.1, 120.9, 20.7.

Synthesis of PyTriPtCl, (6h):

PtCI»(DMSQO),; (46 mg, 0.11 mmol) was added to an 8 mL scintillation vial
equipped with a magnetic stir bar and Teflon-seal screw cap. MeCN (5 mL) was
added as solvent. PyTri ligand (22 mg, 0.1 mmol) was dissolved in minimal
MeCN and added dropwise. The reaction was stirred at ambient temperature for
18 h. During this time the desired complex precipitated out of solution. The title

compound was obtained as a tan solid in 90% yield (44 mg, 0.09 mmol). ATR-IR:
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3147, 3057, 1628, 1594, 1500, 1464, 1285, 1074, 768, 695, 497, 431 cm™. 'H
NMR (500 MHz, DMSO-dg) 6 9.91 (s, 1H), 9.35 (d, J = 6.5 Hz, 1H), 8.41 (td, J =
1.5 Hz, J = 6.5 Hz, 1H), 8.19 (d, J = 8 Hz, 1H), 7.93 (d, J = 7.5 Hz, 2H), 7.76 (td,
J=1Hz,J=45Hz 1H), 7.72 (t, = 8 Hz, 2H), 7.67 (tt, J = 2 Hz, J = 7 Hz, 1H).
C NMR (125 MHz, DMSO-ds) 5 149.0, 148.9, 148.6, 141.0, 136.1, 130.6,
130.3, 126.2, 1249, 1222, 121.1. Elemental analysis for PyTriPtCl,
(C13H10CI2N4Pt) : Calculated — C: 31.98, H: 2.06, N: 11.48. Found — C: 31.57, H:
1.98, N: 11.26.

Synthesis of BrPyTriPtCl, (6i):

PtCI»(DMSQO),; (46 mg, 0.11 mmol) was added to an 8 mL scintillation vial
equipped with a magnetic stir bar and Teflon-seal screw cap. MeCN (5 mL) was
added as solvent. BrPyTri ligand (30 mg, 0.1 mmol) was dissolved in minimal
MeCN and added dropwise. The reaction was stirred at ambient temperature for
18 h. During this time the desired complex precipitated out of solution. The title
compound was obtained as a tan solid in 85% vyield (48 mg, 0.085 mmol). ATR-
IR: 3078, 1626, 1493, 1468, 1065, 1009, 827, 767, 519, 488, 428 cm™. "H NMR
(500 MHz, DMSO-dg) d 9.93 (s, 1H), 9.38 (d, J = 5.5 Hz, 1H), 8.43 (t, J = 7.5 Hz,
1H), 8.18 (d, J = 8 Hz, 1H), 7.95 (d, J = 9 Hz, 2H), 7.91 (d, J = 9 Hz, 2H), 7.78 (t,
J = 7 Hz, 1H). *C NMR (125 MHz, DMSO-ds) 5 149.0, 148.8, 148.6, 141.0,
135.3, 133.2, 126.3, 124.9, 123.4, 123.0, 122.2.

Synthesis of CF;PyTriPtCl. (6j):
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PtCI»(DMSQO),; (46 mg, 0.11 mmol) was added to an 8 mL scintillation vial
equipped with a magnetic stir bar and Teflon-seal screw cap. MeCN (5 mL) was
added as solvent. CF3PyTri ligand (29 mg, 0.1 mmol) was dissolved in minimal
MeCN and added dropwise. The reaction was stirred at ambient temperature for
18 h. During this time the desired complex precipitated out of solution. The title
compound was obtained as a tan solid in 88% vyield (49 mg, 0.088 mmol). ATR-
IR: 3080, 1615, 1327, 1162, 1124, 1057, 843, 769, 602, 520, 494, 433 cm™. 'H
NMR (500 MHz, DMSO-dg) & 10.06 (s, 1H), 9.36 (d, J = 6 Hz, 1H), 8.43 (td, J = 1
Hz, J = 6.5 Hz, 1H), 8.19 (m, 3H), 8.13 (d, J = 8.5 Hz, 2H), 7.78 (t, J = 6 Hz, 1H).
C NMR (125 MHz, DMSO-ds) 5 149.2, 148.7, 148.6, 141.1, 138.9, 130.2,
127.6, 126.4, 125.1, 122.3, 121.7, 120.7.

General procedure for the production of PyTriPdCl, complexes:

To an 8 mL scintillation vial equipped with a magnetic stir bar and Teflon-seal
screw cap was added PdCIl;(MeCN),. DCM was added as solvent followed by the
PyTri ligand bearing the desired substitution dissolved in minimal DCM. The
reaction was stirred at ambient temperature for 18 h during which, precipitation of
the complex occured. The solid was collected via a centrifuge and washed 5
times with DCM to remove impurities. Recrystallization of these complexes
occured in DMF or MeNOs.

Synthesis of MeOPyTriPdClI; (6k):

PdCIx(MeCN), (39 mg, 0.15 mmol) was added to an 8 mL scintillation vial

equipped with a magnetic stir bar and Teflon-seal screw cap. DCM (5 mL) was
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added as solvent. MeOPyTri ligand (25 mg, 0.1 mmol) was dissolved in minimal
DCM and added dropwise. The reaction was stirred at ambient temperature for
18 h. During this time the desired complex precipitated out of solution. The solid
was collected in a centrifuge tube and washed 5 times with DCM. The title
compound was obtained as an orange solid in 93% yield (40 mg, 0.093 mmol).
ATR-IR: 3110, 1602, 1511, 1463, 1255, 1014, 830, 773, 631, 510, 425 cm™. 'H
NMR (500 MHz, DMSO-ds) & 9.76 (s, 1H), 9.01 (d, J = 5.5 Hz, 1H), 8.36 (t, J =
7.5 Hz, 1H), 8.16 (d, J = 8 Hz, 1H), 7.84 (d, J = 8.5 Hz, 2H), 7.74 (t, J = 6.5 Hz,
1H), 7.24 (d, J = 8.5 Hz, 2H), 3.87 (s, 3H). *C NMR (125 MHz, DMSO-ds) d
160.6, 149.6, 148.2, 148.1, 141.6, 129.0, 125.8, 124.2, 122.9, 122.0, 115.2, 55.8.
Synthesis of MePyTriPdClI; (6l):

PdCIx(MeCN), (39 mg, 0.15 mmol) was added to an 8 mL scintillation vial
equipped with a magnetic stir bar and Teflon-seal screw cap. DCM (5 mL) was
added as solvent. MePyTri ligand (23 mg, 0.1 mmol) was dissolved in minimal
DCM and added dropwise. The reaction was stirred at ambient temperature for
18 h. During this time the desired complex precipitated out of solution. The solid
was collected in a centrifuge tube and washed 5 times with DCM. The title
compound was obtained as an orange solid in 83% yield (34 mg, 0.083 mmol).
ATR-IR: 3095, 1623, 1514, 1462, 1283, 813, 774, 499, 419 cm™. "H NMR (500
MHz, DMSO-ds) 6 9.83 (s, 1H), 9.01 (d, J = 5.5 Hz, 1H), 8.37 (t, J = 7.5 Hz, 1H),
8.16 (d, J = 7.5 Hz, 1H), 7.80 (d, J = 8 Hz, 2H), 7.75 (t, J= 6.5 Hz, 1H), 7.51 (d, J

= 8 Hz, 2H), 2.43 (s, 3H). "*C NMR (125 MHz, DMSO-ds) 5 149.6, 148.2, 148.1,
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141.6, 140.6, 133.6, 130.6, 125.8, 124.1, 122.0, 120.9 20.7.

Synthesis of PyTriPdCl; (6m):

PdCIx(MeCN), (39 mg, 0.15 mmol) was added to an 8 mL scintillation vial
equipped with a magnetic stir bar and Teflon-seal screw cap. DCM (5 mL) was
added as solvent. PyTri ligand (22 mg, 0.1 mmol) was dissolved in minimal DCM
and added dropwise. The reaction was stirred at ambient temperature for 18 h.
During this time the desired complex precipitated out of solution. The solid was
collected in a centrifuge tube and washed 5 times with DCM. The title compound
was obtained as an orange solid in 91% vyield (36 mg, 0.091 mmol). ATR-IR:
3145, 1584, 1461, 1284, 1072, 768, 684, 494, 426 cm™. '"H NMR (500 MHz,
DMSO-ds) 6 9.88 (s, 1H), 9.02 (d, J = 5.5 Hz, 1H), 8.37 (t, J = 7.5 Hz, 1H), 8.18
(d, J = 7.5 Hz, 1H), 7.92 (d, J = 7.5 Hz, 2H), 7.70 (m, 5H). "*C NMR (125 MHz,
DMSO-ds) & 149.6, 148.1, 141.6, 140.1, 133.6, 130.6, 130.2, 125.9, 124.3,
122.0, 121.2.

Synthesis of BrPyTriPdClI; (6n):

PdCIx(MeCN), (39 mg, 0.15 mmol) was added to an 8 mL scintillation vial
equipped with a magnetic stir bar and Teflon-seal screw cap. DCM (5 mL) was
added as solvent. BrPyTri ligand (30 mg, 0.1 mmol) was dissolved in minimal
DCM and added dropwise. The reaction was stirred at ambient temperature for
18 h. During this time the desired complex precipitated out of solution. The solid
was collected in a centrifuge tube and washed 5 times with DCM. The title

compound was obtained as a yellow solid in 99% vyield (47 mg, 0.099 mmol).
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ATR-IR: 3099, 1595, 1493, 1460, 1284, 1066, 830, 775, 498, 425 cm™. "H NMR
(500 MHz, DMSO-dg) d 9.91 (s, 1H), 9.02 (d, J = 5.5 Hz, 1H), 8.37 (t, J = 7.5 Hz,
1H), 8.16 (d, J = 8 Hz, 1H), 7.95 (d, J = 8.5 Hz, 2H), 7.89 (d, J = 8.5 Hz, 2H),
7.76 (t, J = 6.5 Hz). *C NMR (125 MHz, DMSO-ds) 5 149.6, 148.3, 147.9, 141.6,
135.1, 133.2, 125.9, 1243, 123.5, 123.1, 122.1. Elemental analysis for
BrPyTriPdCl, (C13HoBrClNsPd) :  Calculated — C: 32.63, H: 1.90, N: 11.71.
Found — C: 32.68, H: 1.90, N: 11.54.

Synthesis of CF3;PyTriPdClI; (60):

PdCI,(MeCN), (39 mg, 0.15 mmol) was added to an 8 mL scintillation vial
equipped with a magnetic stir bar and Teflon-seal screw cap. DCM (5 mL) was
added as solvent. CF3;PyTri ligand (28 mg, 0.1 mmol) was dissolved in minimal
DCM and added dropwise. The reaction was stirred at ambient temperature for
18 h. During this time the desired complex precipitated out of solution. The solid
was collected in a centrifuge tube and washed 5 times with DCM. The title
compound was obtained as a yellow solid in 98% vyield (46 mg, 0.098 mmol).
ATR-IR: 3074, 1615, 1327, 1161, 1124, 1064, 844, 771, 602, 489, 421 cm™. 'H
NMR (500 MHz, DMSO-ds) 6 10.03 (s, 1H), 9.01 (d, J = 5 Hz, 1H), 8.38 (t, J = 8
Hz, 1H), 8.16 (m, 5H), 7.76 (d, J = 6.5 Hz, 1H). *C NMR (125 MHz, DMSO-d) 5
149.7, 148.5, 147.8, 141.7, 138.6, 130.4, 127.6, 126.0, 124.7, 124.6, 122.2,
121.8.

General procedure for the production of (PyTri),Pd(BF4). complexes:
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To an 8 mL scintillation vial equipped with a magnetic stir bar and Teflon-seal
screw cap was added Pd(BF4),(MeCN)s. MeCN was added as solvent followed
by the PyTri ligand dissolved in minimal MeCN. The reaction was stirred at
ambient temperature for 18 h during which, precipitation of the complex occured.
The solid was collected via a centrifuge and washed 3 times with MeCN to
remove impurities.

Synthesis of (PyTri).Pd(BF,). (6p):

Pd(MeCN)4(BF4)2 (44 mg, 0.1 mmol) was added to an 8 mL scintillation vial
equipped with a magnetic stir bar and Teflon-seal screw cap. MeCN (5 mL) was
added as solvent. PyTri ligand (52 mg, 0.22 mmol) was dissolved in minimal
MeCN and added dropwise. The reaction was stirred at ambient temperature for
18 h during which time the desired complex precipitated out of solution. The solid
was collected via a centrifuge and washed 3 times with MeCN to remove
impurities. The title compound was obtained as a white solid in 96% yield (69 mg,
0.096 mmol).

or

PyTriPdCl, (40 mg, 0.1 mmol) was added to an 8 mL scintillation vial equipped
with a magnetic stir bar and Teflon-seal screw cap. MeCN (5 mL) was added as
solvent.

PyTri ligand (22 mg, 0.1 mmol) was dissolved in minimal MeCN and added
dropwise. AgBF4 (48 mg, 0.25 mmol) was dissolved in minimal MeCN and added

dropwise. The reaction was heated to 65 °C and stirred for 18 h during which

279



time the desired complex precipitated out of solution. The solid was collected via
a centrifuge and washed 3 times with MeCN to remove impurities. The title
compound was obtained as a white solid in 90% yield (65 mg, 0.09 mmol).
Characterization of this complex matches that published by: Kilpin, K. J.; Gavey,
E. L.; McAdam, C. J.; Anderson, C. B.; Lind, S. J.; Keep, C. C.; Gordon, K. C,;
Crowley, J. D. Inorg. Chem. 2011, 50, 6334.

General procedure for the preparation of stock solutions of RPyTriPdCl,
complexes:

0.01 M (1 mol%) RPyTriPdCl; in DMF: To an 8 mL scintillation vial equipped
with a Teflon-seal screw cap was added PyTriPdCl; (7.98 mg, 0.02 mmol) or
MeOPyTriPdCl; (8.60 mg, 0.02 mmol) or CF3PyTriPdCl, (9.35 mg, 0.02 mmol).
Dry DMF (2 mL) was added and the solution was mixed until the catalyst was
completely dissolved. The solution was a pale yellow color. 1 mL of solution
contained 1 mol% of the PyTriPdCl, catalyst (3.99 mg) or MeOPyTriPdCl;
catalyst (4.30 mg) or CF3PyTriPdCl, catalyst (4.68 mg). 0.1 mL of solution
contained 0.1 mol% of the PyTriPdCl, catalyst (0.39 mg) or MeOPyTriPdCl;
catalyst (0.43 mg) or CF3PyTriPdCI; catalyst (0.47 mg).

0.001 M (0.1 mol%) RPyTriPdCI; in DMF: To an 8 mL scintillation vial equipped
with a Teflon-seal screw cap was added 0.1 mL of the 0.01M PyTriPdCl; solution.
Dry DMF (0.9 mL) was added and the solution was stirred for 5 min. The solution

was a very pale yellow color and 0.1 mL of solution contained 0.01 mol% of the
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PyTriPdCl, catalyst (0.039 mg) or MeOPyTriPdCl, catalyst (0.043 mg) or
CF3PyTriPdCI; catalyst (0.047 mg).

General procedure for the optimization of RPyTriPdCl, complexes for
Suzuki-Miyaura Cross-Coupling:

To a 20 mL scintillation vial equipped with a magnetic stir bar and PTFE coated
screw cap was added phenylboronic acid followed by base, typically KoCOs.
Solvent was added followed by 4-iodoanisole. The desired amount of PyTriPdCl,
complex was added via a stock solution in DMF. The reaction was stirred at the
desired temperature and the reaction was monitored using gas chromatography
(GC) with dodecane as an internal standard to measure product formation.
Synthesis of 4-Methoxy-biphenyl (6q):

To a 20 mL scintillation vial equipped with a magnetic stir bar and PTFE coated
screw cap was added phenylboronic acid (244 mg, 2 mmol) followed by K,COs3;
(690 mg, 5 mmol). EtOH (5 mL) was added followed by 4-iodoanisole (234 mg, 1
mmol). CF3;PyTriPdCl, complex (0.047 mg, 0.0001 mmol) was added via 0.1 mL
of a 0.001 M stock solution in DMF. The reaction was stirred at 40 °C for 8 h. The
titte compound was obtained as a white solid in 98% yield (180 mg, 0.98 mmol)
after column chromatography on silica gel using 100% hexanes as the eluent.

or

To a 20 mL scintillation vial equipped with a magnetic stir bar and PTFE coated
screw cap was added phenylboronic acid (244 mg, 2 mmol) followed by K,CO3;

(690 mg, 5 mmol). EtOH (5 mL) was added followed by 4-bromoanisole (125 ulL,
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1 mmol). CF3PyTriPdCl, complex (0.047 mg, 0.0001 mmol) was added via a 0.1
mL of a 0.001 M stock solution in DMF. The reaction was stirred at 40 °C for 8 h.
The title compound was obtained as a white solid in 80% yield (148 mg, 0.80
mmol) after column chromatography on silica gel using 100% hexanes as the
eluent.

or

To a 20 mL scintillation vial equipped with a magnetic stir bar and PTFE coated
screw cap was added 4-methoxybenzeneboronic acid (304 mg, 2 mmol) followed
by K,CO3 (690 mg, 5 mmol). EtOH (5 mL) was added followed by bromobenzene
(107 uL, 1 mmol). CF3PyTriPdCl, complex (0.047 mg, 0.0001 mmol) was added
via a 0.1 mL of a 0.001 M stock solution in DMF. The reaction was stirred at 40
°C for 8 h. The title compound was obtained in 98% vyield (181 mg, 0.98 mmol)
after column chromatography on silica gel using 100% hexanes as the eluent.
Characterization of these samples of 4-Methoxy-biphenyl matches that published
by: Wang, S. M.; Wang, X. Y.; Qin, H. L.; Zhang, C. P. Chem. Eur. J. 2016, 22.
6542.

Synthesis of 4-Methyl-biphenyl (6r):

To a 20 mL scintillation vial equipped with a magnetic stir bar and PTFE coated
screw cap was added phenylboronic acid (244 mg, 2 mmol) followed by K,COs3;
(690 mg, 5 mmol). EtOH (5 mL) was added followed by 4-bromotoluene (171 mg,
1 mmol). CF3PyTriPdCl, complex (0.047 mg, 0.0001 mmol) was added via a 0.1

mL of a 0.001 M stock solution in DMF. The reaction was stirred at 40 °C for 8 h.
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The title compound was obtained as a white solid in 68% yield (114 mg, 0.68
mmol) after column chromatography on silica gel using 100% hexanes as the
eluent.

or

To a 20 mL scintillation vial equipped with a magnetic stir bar and PTFE coated
screw cap was added 4-methylbenzeneboronic acid (272 mg, 2 mmol) followed
by K,CO3 (690 mg, 5 mmol). EtOH (5 mL) was added followed by bromobenzene
(107 uL, 1 mmol). CF3PyTriPdCl, complex (0.047 mg, 0.0001 mmol) was added
via a 0.1 mL of a 0.001 M stock solution in DMF. The reaction was stirred at 40
°C for 8 h. The title compound was obtained in 70% vyield (118 mg, 0.70 mmol)
after column chromatography on silica gel using 100% hexanes as the eluent.
Characterization of these samples of 4-Methyl-biphenyl matches that published
by: Wang, S. M.; Wang, X. Y.; Qin, H. L.; Zhang, C. P. Chem. Eur. J. 2016, 22.
6542.

Synthesis of 4-(Trifluoromethyl)-biphenyl (6s):

To a 20 mL scintillation vial equipped with a magnetic stir bar and PTFE coated
screw cap was added phenylboronic acid (244 mg, 2 mmol) followed by K,COs3
(690 mg, 5 mmol). EtOH (5 mL) was added followed by 4-bromobenzotrifluoride
(140 uL, 1 mmol). CF3PyTriPdCl, complex (0.047 mg, 0.0001 mmol) was added
via a 0.1 mL of a 0.001 M stock solution in DMF. The reaction was stirred at 40

°C for 8 h. The title compound was obtained as a white solid in 98% yield (218
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mg, 0.98 mmol) after column chromatography on silica gel using 100% pentane
as the eluent.

or

To a 20 mL scintillation vial equipped with a magnetic stir bar and PTFE coated
screw cap was added 4-(trifluoromethyl)benzeneboronic acid (380 mg, 2 mmol)
followed by K,COs3; (690 mg, 5 mmol). EtOH (5 mL) was added followed by
bromobenzene (107 uL, 1 mmol). CF3;PyTriPdCIl, complex (0.047 mg, 0.0001
mmol) was added via a 0.1 mL of a 0.001 M stock solution in DMF. The reaction
was stirred at 40 °C for 8 h. The title compound was obtained in 60% vyield (133
mg, 0.60 mmol) after column chromatography on silica gel using 100% pentanes
as the eluent.

Characterization of these samples of 4-(Trifluoromethy)-biphenyl matches that
published by: Asghar, S.; Tailor, S. B.; Elorriaga, D.; Bedford, R. B. Angew.
Chem. Int. Ed. 2017, 56, 16367 .

Synthesis of 4-chloro-biphenyl (6t):

To a 20 mL scintillation vial equipped with a magnetic stir bar and PTFE coated
screw cap was added phenylboronic acid (244 mg, 2 mmol) followed by K,COs3
(690 mg, 5 mmol). EtOH (5 mL) was added followed by 1-bromo-4-
chlorobenzene (191 mg, 1 mmol). CF3;PyTriPdCl, complex (0.047 mg, 0.0001
mmol) was added via a 0.1 mL of a 0.001 M stock solution in DMF. The reaction

was stirred at 40 °C for 8 h. The title compound was obtained as a white solid in
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90% yield (170 mg, 0.90 mmol) after column chromatography on silica gel using
100% hexanes as the eluent.

Characterization of this sample of 4-chloro-biphenyl matches that published by:
Wang, S. M.; Wang, X. Y.; Qin, H. L.; Zhang, C. P. Chem. Eur. J. 2016, 22. 6542.
Synthesis of 3-Methoxy-biphenyl (6u):

To a 20 mL scintillation vial equipped with a magnetic stir bar and PTFE coated
screw cap was added phenylboronic acid (244 mg, 2 mmol) followed by K,COs3
(690 mg, 5 mmol). EtOH (5 mL) was added followed by 3-bromoanisole (127 ulL,
1 mmol). CF3PyTriPdCl, complex (0.047 mg, 0.0001 mmol) was added via a 0.1
mL of a 0.001 M stock solution in DMF. The reaction was stirred at 40 °C for 8 h.
The title compound was obtained as a white solid in 60% yield (111 mg, 0.60
mmol) after column chromatography on silica gel using 100% hexanes as the
eluent.

Characterization of this sample of 3-methoxy-biphenyl matches that published
by: Wang, S. M.; Wang, X. Y.; Qin, H. L.; Zhang, C. P. Chem. Eur. J. 2016, 22.
6542.

Synthesis of 2-(4-Methoxyphenyl)pyridine (6v):

To a 20 mL scintillation vial equipped with a magnetic stir bar and PTFE coated
screw cap was added 4-methoxybenzeneboronic acid (302 mg, 2 mmol) followed
by K,CO3; (690 mg, 5 mmol). t-BuOH (5 mL) was added followed by 2-
bromopyridine (95 uL, 1 mmol). CF3;PyTriPdCIl, complex (0.094 mg, 0.0002

mmol) was added via a 0.2 mL of a 0.001 M stock solution in DMF. The reaction
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was stirred at 80 °C for 8 h. The title compound was obtained as a white solid in
53% yield (98 mg, 0.53 mmol) after column chromatography on silica gel using a
5% diethyl/hexanes solution as the eluent. ATR-IR: 2961, 1579, 1512, 1430,
1243, 1018, 776 cm™. "H NMR (500 MHz, acetone-ds) 5 8.61 (d, J = 4 Hz, 1H),
8.08 (d, J =9 Hz, 2H), 7.85 (d, J = 8 Hz, 1H), 7.80 (td, J = 1.5 Hz, J = 6 Hz, 1H),
7.23 (t, J =6 Hz, 1H), 7.03 (d, J = 8.5 Hz, 2H), 3.86 (s, 3H). '*C NMR (125 MHz,
acetone-ds) & 161.6, 157.4, 150.3, 137.6, 132.7, 128.8, 122.4, 120.0, 114.8,
55.7. HRMS calculated requires [M+H]": 186.0913. Found m/z: 186.0815.
Synthesis of 3-(4-Methoxyphenyl)pyridine (6w):

To a 20 mL scintillation vial equipped with a magnetic stir bar and PTFE coated
screw cap was added 4-methoxybenzeneboronic acid (302 mg, 2 mmol) followed
by K,CO3; (690 mg, 5 mmol). t-BuOH (5 mL) was added followed by 3-
bromopyridine (95 uL, 1 mmol). CF3;PyTriPdCIl, complex (0.094 mg, 0.0002
mmol) was added via a 0.2 mL of a 0.001 M stock solution in DMF. The reaction
was stirred at 80 °C for 8 h. The title compound was obtained as a white solid in
99% vyield (183 mg, 0.99 mmol) after gradient column chromatography on silica
gel using (5% Et;O/Hexanes up to 20% Et,O/Hexanes) as the eluent. ATR-IR:
2918, 1605, 1517, 1281, 1250, 1021, 801, 705 cm”. 'H NMR (500 MHz,
acetone-ds) 0 8.83 (t, J = 1.5 Hz, 1H), 8.51 (dt, J = 1 Hz, J = 4.5 Hz, 1H), 7.97
(dq,J=1.5Hz, J=8Hz, 1H), 7.64 (dd, J = 1 Hz, J = 7.5 Hz, 2H), 7.40 (ddt, J = 1
Hz, J = 3 Hz, J = 5 Hz, 1H), 7.07 (dd, J = 1 Hz, J = 8 Hz, 2H), 3.86 (s, 3H). *C

NMR (125 MHz, acetone-ds) & 160.9, 148.8, 148.6, 136.8, 134.2, 131.0, 129.0,
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124.4, 115.4, 55.7. HRMS calculated requires [M+H]": 186.0913. Found m/z:
186.0795.

Synthesis of 2-(4-Methoxyphenyl)quinoline (6x):

To a 20 mL scintillation vial equipped with a magnetic stir bar and PTFE coated
screw cap was added 4-methoxybenzeneboronic acid (302 mg, 2 mmol) followed
by K,CO3; (690 mg, 5 mmol). t-BuOH (5 mL) was added followed by 2-
bromoquinoline (208 mg, 1 mmol). CF3;PyTriPdCl, complex (0.094 mg, 0.0002
mmol) was added via a 0.2 mL of a 0.001 M stock solution in DMF. The reaction
was stirred at 80 °C for 8 h. The title compound was obtained as a white solid in
89% yield (209 mg, 0.89 mmol) after column chromatography on silica gel using
a 5% diethyl/hexanes solution as the eluent. ATR-IR: 2959, 1595, 1496, 1248,
1027, 816, 748 cm™. "H NMR (500 MHz, acetone-ds) & 8.34 (d, J = 8.5 Hz, 1H),
8.29 (dt, J =2 Hz, J = 9 Hz, 2H), 8.06 (dd, J = 7.5 Hz, J = 8.5 Hz, 2H), 7.92 (dd, J
=1Hz,J=7Hz, 1H), 7.74 (td, J =1.5Hz, J=5Hz, 1H), 7.54 (td, J=1Hz, J=6
Hz, 1H), 7.10 (dt, J = 2.5 Hz, J = 9 Hz, 2H), 3.89 (s, 3H). *C NMR (125 MHz,
acetone-dg) & 162.0, 157.1, 149.2, 137.6, 132.7, 130.4, 130.2, 129.6, 128.5,
127.9, 126.8, 119.0, 115.0, 55.7. HRMS calculated requires [M+H]": 236.1070.
Found m/z: 236.1074.

Synthesis of 2-(4-Methoxyphenyl)benzofuran (6y):

To a 20 mL scintillation vial equipped with a magnetic stir bar and PTFE coated
screw cap was added 4-methoxybenzeneboronic acid (302 mg, 2 mmol) followed

by K,COs; (690 mg, 5 mmol). t-BuOH (5 mL) was added followed by 2-
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bromobenzofuran (197 mg, 1 mmol). CF3;PyTriPdCl, complex (0.094 mg, 0.0002
mmol) was added via a 0.2 mL of a 0.001 M stock solution in DMF. The reaction
was stirred at 80 °C for 8 h. The title compound was obtained as a white solid in
99% vyield (223 mg, 0.99 mmol) after column chromatography on silica gel using
100% hexanes as the eluent. ATR-IR: 1608, 1503, 1439, 1247, 1022, 799, 742
522 cm™. "H NMR (500 MHz, acetone-ds) & 7.87 (dt, J = 2 Hz, J = 9 Hz, 2H),
7.60 (dq, J =1Hz,J=7Hz, 1H), 7.53 (dd, J =1 Hz, J = 7.5 Hz, 1H), 7.28 (td, J =
1.5 Hz, J =6 Hz, 1H), 7.22 (td, J = 1 Hz, J = 6.5 Hz, 1H), 7.13 (s, 1H), 7.06 (dt, J
= 2 Hz, J = 9 Hz, 2H), 3.87 (s, 3H). >*C NMR (125 MHz, acetone-ds) 5 161.3,
156.9, 155.5, 130.5, 127.2, 124.8, 123.9, 123.9, 121.6, 115.3, 111.6, 100.7, 55.7.
HRMS calculated requires [M+H]": 225.0910. Found m/z: 225.0721.

Synthesis of 1,1-biphenyl (6z):

To a 20 mL scintillation vial equipped with a magnetic stir bar and PTFE coated
screw cap was added phenylboronic acid (244 mg, 2 mmol) followed by K,COs3
(690 mg, 5 mmol). EtOH (5 mL) was added followed by bromobenzene (107 ulL,
1 mmol). CF3PyTriPdCl, complex (0.047 mg, 0.0001 mmol) was added via a 0.1
mL of a 0.001 M stock solution in DMF. The reaction was stirred at 40 °C for 8 h.
The title compound was obtained in 73% yield (113 mg, 0.73 mmol) after column
chromatography on silica gel using 100% hexanes as the eluent.
Characterization of this sample of 1,1-biphenyl matches that published by: Wang,
Q.; Jing, X.; Han, J.; Yu, L.; Xu, Q. Mater. Lett. 2018, 215, 65.

Synthesis of 4-(tert-Butyl)-biphenyl (6aa):
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To a 20 mL scintillation vial equipped with a magnetic stir bar and PTFE coated
screw cap was added 4-(tert-butyl)benzeneboronic acid (356 mg, 2 mmol)
followed by K,COs3; (690 mg, 5 mmol). EtOH (5 mL) was added followed by
bromobenzene (107 uL, 1 mmol). CF3;PyTriPdCIl, complex (0.047 mg, 0.0001
mmol) was added via a 0.1 mL of a 0.001 M stock solution in DMF. The reaction
was stirred at 40 °C for 8 h. The title compound was obtained in 99% yield (208
mg, 0.99 mmol) after column chromatography on silica gel using 100% hexanes
as the eluent.

Characterization of this sample of 4-(tert-Butyl)-biphenyl matches that published
by: Wang, S. M.; Wang, X. Y.; Qin, H. L.; Zhang, C. P. Chem. Eur. J. 2016, 22.
6542.

X-ray crystallography for (PyTri),Pt(BF4). complexes:

To obtain a suitable crystal of (CF3PyTri),Pt(BF4)2, a saturated solution of the
complex was prepared in MeCN. This solution was left to stand in a vial equipped
with a PTFE coated screw cap at ambient temperature for 14 days. Clear

colorless crystals formed and were of high enough quality for analysis.
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Table 1. Crystal data and structure refinement for (CF3PyTri),Pt(BF,).

Empirical formula
Formula weight
Temperature
Wavelength, A
Crystal system
space group

a A

b, A

c, A

o

>R

Y, °

Volume

Z,z7

Calculated density, mg/m?3
Absorption coefficient, mm™"
F(000)

Crystal size, mm

Theta range for data collection, °
Index ranges

Reflections collected / unique
Completeness to 6 = 25.242°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters

CaoH24B2F 14N1oPt

1031.32

100.0 K

0.71073

Triclinic

P-1

7.2410(3)

11.1823(5)

11.4006(5)

81.682(2)

89.9830(10)

74.1850(10)

878.09(7) A3

1,0.5

1.950

4113

500

0.26 x 0.24 x 0.22

1.807 to 28.286
9<h<9,-14<k<14,-15<]<14
15454 ] 4368 [Ri, = 0.0334]
100.0 %

Semi-empirical from equivalents
0.5633 and 0.4870

Full-matrix least-squares on F2
4368 /0 /269
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Goodness-of-fit on F2 1.053

Final R indices [I>20(1)] R1=0.0169, wR2 = 0.0410
R indices (all data) R1=0.0169, wR2 = 0.0410
Extinction coefficient n/a

Largest diff. peak and hole, eA-3 0.762 and -0.400

Table 2. Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (A2x 103)
for (CF3PyTri),Pt(BF,),. U(eq) is defined as one third of the trace of the orthogonalized U’ tensor.

X y z U(eq)
Pt(1) 10000 10000 5000 10(1)
F(2) -488(2) 5837(1) 3452(1) 31(1)
F(4) 13697(2) 6156(1) 8226(1) 36(1)
F(6) 13015(2) 8258(1) 8228(1) 36(1)
F(1) 1253(2) 5642(2) 1942(1) 33(1)
F(3) 1862(2) 4199(1) 3462(2) 37(1)
F(5) 11803(3) 7052(2) 9627(1) 50(1)
N(1) 9192(2) 10259(2) 6687(1) 11(1)
N(3) 7288(2) 8445(2) 4506(1) 12(1)
F(7) 10707(2) 7384(2) 7702(2) 44(1)
C(2) 9283(3) 10997(2) 8546(2) 15(1)
N(4) 5918(2) 8076(2) 5128(1) 11(1)
C(10) 2420(3) 6267(2) 4832(2) 19(1)
c(11) 2615(3) 6088(2) 3655(2) 14(1)
C(12) 3960(3) 6514(2) 2968(2) 15(1)
N(2) 7981(2) 9080(1) 5194(1) 11(1)
c(1) 9957(3) 10854(2) 7421(2) 14(1)
N(5) 3176(3) 1851(2) -959(2) 25(1)
C(4) 7008(3) 9886(2) 8200(2) 14(1)
C(3) 7787(3) 10516(2) 8941(2) 15(1)
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1330(3)
3534(3)
5077(3)
7738(3)
4834(3)
2881(3)
5734(3)
7079(3)
2489(4)

)

12282(4

5442(2)
6899(2)
7162(2)
9772(2)
7355(2)
2683(2)
8471(2)
9120(2)
3737(2)
7209(2)

3120(2)
5333(2)
3460(2)
7089(2)
4631(2)
-454(2)
6204(2)
6241(2)
214(3)
8462(2)

Table 3. Bond lengths [A] and angles [°] for (CF3PyTri),Pt(BF,)..

#1
F(2)-C(00L)
F(4)-B(1)
F(6)-B(1)
F(1)-C(00L)
F(3)-C(00L)

2.0475(15)
2.0475(15)
2.0000(16)
2.0000(16)
1.342(2)
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1.367(3)

180.00(2)
79.41(6)
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100.59(6)

100.59(6)

180.0

126.41(13)

117.90(16)

115.69(12)

105.03(14)

119.87(18)

120.11(15)

112.21(15)

127.69(16)

120.29(19)

120.83(18)

119.09(18)

120.07(18)

119.34(18)

133.50(12)

111.25(15)

115.24(12)

121.90(18)

118.90(18)

118.71(17)

111.69(17)

106.17(17)

107.32(17)

113.17(17)

105.53(17)

112.46(16)

118.53(18)

118.99(18)

122.71(18)

112.90(16)

124.39(18)

118.73(17)

119.27(17)

121.98(18)

179.0(2)

104.53(16

116.67(16

106.98(16

136.33(17

~ ~— ~— ~—
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F(4)-B(1)-F(6) 108.1(2)
F(5)-B(1)-F(4) 110.3(2)
F(5)-B(1)-F(6) 109.6(2)
F(5)-B(1)-F(7) 111.4(2)
F(7)-B(1)-F(4) 108.3(2)
F(7)-B(1)-F(6) 109.0(2)

Symmetry transformations used to generate equivalent atoms:
#1 -x+2,-y+2,-z+1

Table 4. Anisotropic displacement parameters (A2x 103) for (CF3PyTri),Pt(BF4),. The anisotropic
displacement factor exponent takes the form: -2n2[ h2 a*2U' + ... + 2 hk a* b* U'2]

U11 U22 U33 U23 U13 U12
Pt(1) 10(1) 10(1) 9(1) -2(1) 2(1) 3(1)
F(2) 14(1) 38(1) 44(1) -17(1) 3(1) 10(1)
F(4) 34(1) 35(1) 28(1) -11(1) -4(1) 12(1)
F(6) 37(1) 33(1) 38(1) 1(1) 17(1) 14(1)
F(1) 41(1) 53(1) 18(1) -7(1) 0(1) 32(1)
F(3) 36(1) 12(1) 61(1) 2(1) -23(1) -8(1)
F(5) 91(1) 37(1) 30(1) -13(1) 37(1) -29(1)
N(1) 11(1) 11(1) 11(1) -1(1) 2(1) -2(1)
N(3) 12(1) 12(1) 12(1) -1(1) 1(1) -4(1)
F(7) 25(1) 38(1) 62(1) 2(1) -6(1) 0(1)
C(2) 16(1) 15(1) 13(1) -3(1) 1(1) -3(1)
N(4) 10(1) 11(1) 12(1) -1(1) 2(1) -3(1)
C(10) 19(1) 22(1) 17(1) 1(1) 4(1) 12(1)
c(11) 13(1) 12(1) 18(1) -1(1) -1(1) -4(1)
C(12) 16(1) 17(1) 14(1) -3(1) 2(1) -6(1)
N(2) 11(1) 11(1) 11(1) -1(1) 2(1) -2(1)
Cc(1) 13(1) 14(1) 14(1) 2(1) 1(1) -3(1)
N(5) 22(1) 32(1) 23(1) -4(1) 6(1) 10(1)
C4) 13(1) 16(1) 13(1) -1(1) 2(1) -3(1)
C(3) 16(1) 18(1) 11(1) -3(1) 3(1) -2(1)
c(ooL) 15(1) 16(1) 19(1) 0(1) -1(1) -5(1)
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C(9) 21(1) 23(1) 13(1) -2(1) 4(1) 10(1)
C(13) 13(1) 15(1) 15(1) -2(1) 3(1) -4(1)
C(5) 11(1) 11(1) 12(1) 0(1) 0(1) -1(1)
C(8) 11(1) 10(1) 14(1) -1(1) 0(1) -3(1)
C(15) 14(1) 26(1) 19(1) 2(1) 1(1) -6(1)
C(7) 14(1) 12(1) 12(1) -1(1) 2(1) 3(1)
C(6) 11(1) 10(1) 12(1) 0(1) 2(1) -1(1)
C(14) 26(1) 30(1) 49(2) -16(1) 0(1) -6(1)
B(1) 26(1) 21(1) 21(1) -1(1) 11(1) -2(1)

Table 5. Hydrogen coordinates ( x 104) and isotropic displacement parameters (A2x 10 3)
for (CF3PyTrI)2Pt(BF4)2

x y z U(eq)
H(2) 9848 11424 9044 18
H(10) 1516 5953 5295 23
H(12) 4114 6364 2169 18
H(1) 10989 11186 7161 16
H(4) 5988 9538 8450 17
H(3) 7304 10615 9706 18
H(9) 3414 7020 6140 22
H(13) 5992 7469 3001 17
H(7) 4866 8329 6798 16
H(14A) 2199 4528 -339 51
H(14B) 3618 3670 719 51
H(14C) 1387 3723 709 51

X-ray crystallography for PyTriPtCl, complexes:
To obtain a suitable crystal of PyTriPtCl,, a saturated solution of the complex

was prepared in MeNO.. This solution was left to stand in a vial equipped with a

295



screw cap that had been made to contain a small hole. The top of the vial was

covered with a kim-wipe to prevent unwanted particles from entering the vial. The

solution was allowed to slowly evaporate at ambient temperature for 14 days.

Clear yellow crystals formed and were of high enough quality for analysis.

Table 1. Crystal data and structure refinement for PyTriPtCl,.

Empirical formula
Formula weight
Temperature
Wavelength, A
Crystal system
Space group

a,

b, A

c, A

o

>R

Y, °

Volume

Z

Calculated density, mg/m?3
Absorption coefficient, mm™"
F(000)

Crystal size, mm

Theta range for data collection, °
Index ranges

Reflections collected / unique
Completeness to 6 = 25.242°
Absorption correction

Max. and min. transmission
Refinement method

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

C14H13C|2N502Pt
549.28
100.0 K
0.71073
Triclinic

P-1
8.5992(5)
9.9079(6)
11.2482(7)
108.356(2)
109.596(2)
99.715(2)
815.56(9) A3
2

2.237

8.948

520

0.26 x0.24 x 0.2

2.097 to 28.380
-“11<h<11,-13<k<11,-14<[<15
12634 / 4066 [Ri,; = 0.0442]
100.0 %

Semi-empirical from equivalents
0.4920 and 0.3611

Full-matrix least-squares on F2
4066/0/212

1.026
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Final R indices [I>20(1)] R1=0.0269, wR2 = 0.0615

R indices (all data) R1=0.0290, wR2 = 0.0624
Extinction coefficient n/a
Largest diff. peak and hole, eA-3 1.827 and -1.412

Table 2. Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (A2x 103)
for PyTriPtCl,. U(eq) is defined as one third of the trace of the orthogonalized Ui tensor.

X y z U(eq)
Pt(1) 3158(1) 8452(1) 6002(1) 9(1)
Cl(2) 2478(1) 9050(1) 7861(1) 14(1)
cI(1) 269(1) 7582(1) 4555(1) 16(1)
0(2) 4269(3) 4499(3) 3387(3) 24(1)
N(2) 3961(4) 7945(3) 4498(3) 10(1)
o(1) 1896(4) 2904(3) 1707(3) 26(1)
N(1) 5771(4) 9291(3) 7126(3) 10(1)
N(3) 3128(4) 7259(3) 3152(3) 12(1)
N(4) 4396(4) 7239(3) 2698(3) 11(1)
N(5) 2716(4) 3826(3) 2898(3) 15(1)
C(5) 6744(4) 9182(4) 6381(4) 10(1)
C(7) 5990(4) 7907(4) 3741(4) 12(1)
C(12) 1840(5) 4958(4) -1029(4) 16(1)
c(1) 6578(5) 10043(4) 8503(4) 13(1)
C(6) 5708(4) 8372(4) 4905(4) 10(1)
C(10) 4529(5) 6535(4) -688(4) 16(1)
C(3) 9338(5) 10639(4) 8412(4) 16(1)
C(8) 3901(5) 6585(4) 1238(4) 11(1)
C(4) 8527(5) 9831(4) 6994(4) 13(1)
C(2) 8343(5) 10739(4) 9164(4) 16(1)
C(13) 2314(5) 5510(4) 377(4) 14(1)
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C(9) 5034(5) 7104(4) 724(4) 14(1)
c(11) 2937(5) 5467(4) -1554(4) 16(1)
C(14) 1775(5) 4153(4) 3788(4) 19(1)

Table 3. Bond lengths [A] and angles [°] for PyTriPtCl,.

Pt(1)-CI(2) 2.2854(9)
Pt(1)-CI(1) 2.2900(9)
Pt(1)-N(2) 1.989(3)
Pt(1)-N(1) 2.035(3)
0(2)-N(5) 1.227(4)
N(2)-N(3) 1.314(4)
N(2)-C(6) 1.359(4)
O(1)-N(5) 1.227(4)
N(1)-C(5) 1.363(4)
N(1)-C(1) 1.347(5)
N(3)-N(4) 1.351(4)
N(4)-C(7) 1.349(4)
N(4)-C(8) 1.437(4)
N(5)-C(14) 1.480(5)
C(5)-C(6) 1.456(5)
C(5)-C(4) 1.385(5)
C(7)-H(7) 0.9500
C(7)-C(6) 1.363(5)
C(12)-H(12) 0.9500
C(12)-C(13) 1.384(5)
C(12)-C(11) 1.376(5)
C(1)-H(1) 0.9500
C(1)-C(2) 1.378(5)
C(10)-H(10) 0.9500
C(10)-C(9) 1.385(5)
C(10)-C(11) 1.382(5)
C(3)-H(3) 0.9500
C(3)-C(4) 1.390(5)
C(3)-C(2) 1.385(5)
C(8)-C(13) 1.381(5)
C(8)-C(9) 1.394(5)
C(4)-H(4) 0.9500
C(2)-H(2) 0.9500
C(13)-H(13) 0.9500
C(9)-H(9) 0.9500
C(11)-H(11) 0.9500
C(14)-H(14A) 0.9800
C(14)-H(14B) 0.9800
C(14)-H(14C) 0.9800
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1
1
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C(7)-H(7

C(1)-H(1)

)-C(2)
)-H(1)
C(6)-C(5)
C(6)-C(7)
C(6)-C(5)

(3)-H(@)
3)-H(3)
3)-C(4)
C(8)-N(4)
C(8)-C(9)
8)-N(4)
4)-C(3)
4)-H(4)

)-C(12)-H(12)
)-C(12)-H(12)
)-C(12)-C(13)

C(10)-H(10)
)-C(10)-H(10)
)-C(10)-C(9)

90.06(3)
174.82(8)
94.90(9)
79.84(12)
95.30(9)
173.67(8)
132.6(2)
111.7(3)
115.7(2)
115.5(2)
125.5(2)
118.7(3)
104.3(3)
118.2(3)
112.1(3)
129.7(3)
118.3(3)
123.6(3)
118.1(3)
113.0(3)
122.1(3)
124.8(3)
127.4
105.1(3)
127.4
119.8
119.8
120.4(4)
119.2
121.7(3)
119.2
115.8(3)
106.7(3)
137.5(3)
120.0
120.0
120.0(4)
120.5
120.5
118.9(3)
120.1(3)
121.6(3)
118.2(3)
118.6(3)
120.7
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C(3)-C(4)-H(4) 120.7
C(1)-C(2)-C(3) 119.9(4)
C(1)-C(2)-H(2) 120.0
C(3)-C(2)-H(2) 120.0
C(12)-C(13)-H(13) 120.6
C(8)-C(13)-C(12) 118.7(3)
C(8)-C(13)-H(13) 120.6
C(10)-C(9)-C(8) 118.6(4)
C(10)-C(9)-H(9) 120.7
C(8)-C(9)-H(9) 120.7
C(12)-C(11)-C(10) 120.7(4)
C(12)-C(11)-H(11) 119.7
C(10)-C(11)-H(11) 119.7
N(5)-C(14)-H(14A) 109.5
N(5)-C(14)-H(14B) 109.5
N(5)-C(14)-H(14C) 109.5
H(14A)-C(14)-H(14B) 109.5
H(14A)-C(14)-H(14C) 109.5
H(14B)-C(14)-H(14C) 109.5

Table 4. Anisotropic displacement parameters (A2x 103) for PyTriPtCl,. The anisotropic
displacement factor exponent takes the form: -2x?[ h2 a*2U"" + ... + 2 hk a* b* U12]

U11 U22 U33 U23 U13 U12
Pt(1) 6(1) 11(1) 9(1) 3(1) 4(1) 3(1)
Cl(2) 11(1) 18(1) 11(1) 3(1) 6(1) 3(1)
CI(1) 8(1) 23(1) 13(1) 4(1) 4(1) 4(1)
0(2) 14(1) 28(2) 25(2) 8(1) 7(1) 3(1)
N(2) 7(1) 11(1) 13(1) 5(1) 3(1) 4(1)
o(1) 24(2) 24(2) 17(2) 2(1) 5(1) -2(1)
N(1) 9(1) 11(1) 12(2) 5(1) 5(1) 3(1)
N(3) 11(1) 16(2) 10(2) 5(1) 6(1) 5(1)
N(4) 10(1) 15(2) 11(2) 6(1) 7(1) 7(1)
N(5) 19(2) 13(2) 14(2) 7(1) 7(1) 5(1)
C(5) 8(2) 12(2) 13(2) 6(1) 5(1) 5(1)
C(7) 8(2) 15(2) 13(2) 6(2) 4(1) 4(1)
C(12) 10(2) 20(2) 13(2) 5(2) 2(2) 4(1)
Cc(1) 10(2) 16(2) 14(2) 6(2) 5(2) 6(1)
C(6) 7(1) 11(1) 13(1) 5(1) 3(1) 4(1)
C(10) 19(2) 19(2) 16(2) 9(2) 11(2) 7(2)
C(3) 11(2) 17(2) 16(2) 6(2) 2(2) 4(1)
C(8) 12(2) 15(2) 9(2) 5(1) 5(1) 8(1)
C4) 7(2) 19(2) 15(2) 9(2) 4(2) 5(1)
C(2) 15(2) 14(2) 16(2) 4(2) 6(2) 7(1)
C(13) 12(2) 19(2) 16(2) 8(2) 8(2) 7(1)
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C(9) 16(2) 13(2) 16(2) 7(2) 8(2) 4(1)
C(11)  20(2) 21(2) 9(2) 5(2) 6(2) 9(2)
c(14)  17(2) 21(2) 24(2) 8(2) 14(2) 6(2)

Table 5. Hydrogen coordinates ( x 104) and isotropic displacement parameters (A2x 10 3)
for PyTriPtCl,.

X y z U(eq)
H(7) 7075 8028 3677 14
H(12) 750 4222 -1636 19
H(1) 5913 10094 9033 15
H(10) 5276 6879 -1061 19
H(3) 10556 11114 8859 19
H(4) 9182 9725 6457 16
H(2) 8876 11288 10134 19
H(13) 1564 5156 744 17
H(9) 6130 7831 1330 17
H(11) 2596 5080 -2521 20
H(14A) 2603 4589 4757 29
H(14B) 936 3226 3599 29
H(14C) 1162 4862 3596 29

X-ray crystallography for PyTriPdCl, complexes:
To obtain a suitable crystal of MePyTriPdCl,, a saturated solution of the complex

was prepared in MeNO.. This solution was left to stand in a vial equipped with a
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screw cap that had been made to contain a small hole. The top of the vial was
covered with a kim-wipe to prevent unwanted particles from entering the vial. The
solution was allowed to slowly evaporate at ambient temperature for 14 days.

Clear red crystals formed and were of high enough quality for analysis.

Table 1. Crystal data and structure refinement for MePyTriPdCl..

Empirical formula
Formula weight
Temperature
Wavelength, A
Crystal system
Space group

a,

b, A

c, A

o

>R

Y, °

Volume

Z

Calculated density, mg/m?3
Absorption coefficient, mm™"
F(000)

Crystal size, mm

Theta range for data collection, °
Index ranges

Reflections collected / unique
Completeness to 6 = 25.242°
Absorption correction

Max. and min. transmission
Refinement method

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

Final R indices [I>20(])]

C14H12CIoN4Pd

417.58

100.0 K

0.71073

Monoclinic

P21/c

11.0752(4)

7.1960(3)

18.7616(7)

90

94.668(2)

90

1490.29(10) A3

4

1.861

1.603

824

0.3x0.28x0.24

1.845 to 28.277
-14<h<14,-9<k<5,-25<[<25
17077 / 3697 [Ri = 0.0674]
99.9 %

Semi-empirical from equivalents
0.2541 and 0.2102

Full-matrix least-squares on F2
3697 /0 /191

1.103

R1=0.0451, wR2 =0.1166
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R indices (all data) R1=0.0487, wR2 =0.1194
Extinction coefficient n/a
Largest diff. peak and hole, eA-3 2.671 and -0.758

Table 2. Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (A2x 103)
for MePyTriPdCl,. U(eq) is defined as one third of the trace of the orthogonalized Ui tensor.

X y z U(eq)
Pd(1) 5970(1) 3108(1) 5195(1) 11(1)
cI(1) 6572(1) 4033(1) 6328(1) 15(1)
Cl(2) 7857(1) 3718(1) 4833(1) 19(1)
N(1) 5272(3) 2246(4) 4201(2) 13(1)
N(2) 4289(3) 2394(4) 5426(2) 12(1)
N(3) 3702(3) 2436(4) 6004(2) 14(1)
N(4) 2596(3) 1740(4) 5795(2) 14(1)
c(1) 5839(3) 2336(6) 3594(2) 18(1)
C(2) 5273(4) 1765(6) 2947(2) 22(1)
C(3) 4104(4) 1067(6) 2918(2) 21(1)
C(4) 3512(3) 987(5) 3539(2) 17(1)
C(5) 4121(3) 1610(5) 4172(2) 14(1)
C(6) 3589(3) 1686(5) 4855(2) 13(1)
C(7) 2481(3) 1260(5) 5097(2) 15(1)
C(8) 1676(3) 1650(5) 6293(2) 15(1)
C(9) 480(3) 2036(5) 6048(2) 19(1)
C(10) -408(3) 1955(5) 6530(2) 20(1)
c(11) -116(3) 1531(5) 7249(2) 18(1)
C(12) 1097(3) 1188(5) 7483(2) 18(1)
C(13) 1992(3) 1229(5) 7008(2) 16(1)
C(14) -1089(4) 1452(6) 7771(2) 23(1)
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Table 3. Bond lengths [A] and angles [°] for MePyTriPdCl,.

Pd(1)-CI(1)
Pd(1)-Cl(2)
Pd(1)-N(1)
Pd(1)-N(2)
N(1)-C(1)

I(1)-Pd(1)-CI(2)
(1)-Pd(1)-CI(1
(1)-Pd(1)-CI(2
(2)-Pd(1)-CI(1
(2)-Pd(1)-
(2)-Pd(1)-

~— ~— ~— ~—

Pd(1)-CI(2

c
N
N
N
N
N(2)-Pd(1)-N(1)

2.2744(8)
2.2921(8)
2.055(3)

1.383(6)
0.9500
1.385(6)
0.9500
1.383(5)
0.9500
1.392(5)
1.454(5)
1.376(5)
0.9500
1.395(5)
1.392(5)
0.9500
1.390(6)
0.9500
1.395(6)
1.401(5)
1.514(5)
0.9500
1.386(5)
0.9500
0.9800
0.9800
0.9800

90.88(3)
174.85(9)
94.25(9)
94.57(9)
174.10(9)
80.33(12)
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) ()N(4)
-C(9)-H(9)
-C(9)-C(10)
)-C(9)-H(9)
-C(10)-H(10)
C(10) C(11)
-C(10)-H(10)
-C(11)-C(12)
-C(11)-C(14)
-C(11)-C(14)
-C(12)-H(12)
-C(12)-C(11)
-C(12)-H(12)

OOOHHHO

125.9(3)
119.0(3)
115.0(2)
134.6(2)
111.6(3)
113.7(2)
104.5(3)
120.1(3)
112.8(3)
127.0(3)
119.4
121.3(4)
119.4
120.1
119.8(4)
120.1
120.4
119.2(3)
120.4
120.8
118.4(4)
120.8
122.2(3)
113.6(3)
124.2(3)
117.3(3)
106.8(3)
135.9(3)
104.3(3)
127.9
127.9
118.8(3)
121.2(3)
120.0(3)
120.7
118.7(4)
120.7
119.4
121.2(4)
119.4
118.8(3)
120.8(3)
120.4(3)
119.6
120.9(3)
119.6
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C(8)-C(13)-H(13) 120.4
C(12)-C(13)-C(8) 119.2(3)
C(12)-C(13)-H(13) 120.4
C(11)-C(14)-H(14A) 109.5
C(11)-C(14)-H(14B) 109.5
C(11)-C(14)-H(14C) 109.5
H(14A)-C(14)-H(14B) 109.5
H(14A)-C(14)-H(14C) 109.5
H(14B)-C(14)-H(14C) 109.5

Table 4. Anisotropic displacement parameters (A2x 103) for MePyTriPdCl,. The anisotropic
displacement factor exponent takes the form: -2n?[ h2 a*2U"" + ... + 2 hk a* b* U12]

U11 U22 U33 U23 U13 U12
Pd(1) 10(1) 11(1) 12(1) 2(1) 2(1) 1(1)
CI(1) 14(1) 18(1) 14(1) 0(1) 0(1) 0(1)
Cl(2) 12(1) 24(1) 21(1) 4(1) 4(1) 0(1)
N(1) 14(1) 12(2) 13(1) 2(1) 1(1) 5(1)
N(2) 12(1) 12(2) 13(1) 1(1) 2(1) 0(1)
N(3) 13(1) 12(1) 17(1) 2(1) 4(1) 1(1)
N(4) 10(1) 14(2) 18(2) 1(1) 3(1) -1(1)
Cc(1) 22(2) 16(2) 17(2) 5(2) 7(1) 6(1)
C(2) 28(2) 23(2) 15(2) 1(1) 5(2) 8(2)
C(3) 29(2) 20(2) 12(2) -3(1) -3(1) 8(2)
C4) 21(2) 14(2) 16(2) 0(1) -1(1) 2(1)
C(5) 18(2) 10(2) 15(2) 0(1) 2(1) 6(1)
C(6) 13(2) 10(2) 16(2) -1(1) 1(1) 1(1)
C(7) 14(2) 14(2) 18(2) -1(1) 1(1) -1(1)
C(8) 13(2) 11(2) 21(2) -1(1) 6(1) -1(1)
C(9) 15(2) 19(2) 24(2) 4(1) 1(1) 1(1)
C(10) 11(2) 21(2) 29(2) 2(2) 2(1) 1(1)
c(11) 18(2) 12(2) 26(2) 2(2) 8(1) 1(1)
C(12) 19(2) 14(2) 20(2) 2(1) 6(1) 0(1)
C(13) 14(2) 12(2) 21(2) 1(1) 5(1) 2(1)
C(14) 19(2) 17(2) 33(2) 4(2) 10(2) 3(2)
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Table 5. Hydrogen coordinates ( x 104) and isotropic displacement parameters (A2x 10 3)
for MePyTriPdCl,.

X y z U(eq)
H(1) 6644 2800 3610 22
H(2) 5684 1852 2523 26
H(3) 3714 648 2478 25
H(4) 2710 519 3533 21
H(7) 1793 747 4832 18
H(9) 275 2348 5561 23
H(10) -1228 2193 6367 24
H(12) 1309 924 7973 21
H(13) 2811 972 7169 19
H(14A) -1188 166 7928 34
H(14B) -1856 1902 7536 34
H(14C) -853 2237 8186 34
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Chapter Seven: Pyridine Pyrazoles as Ligands and Complexation with
Palladium
7.1 Introduction:

Pyrazoles and subsequent derivatives are a class of nitrogen-containing
heterocycles, of which many posses biological and pharmaceutical activity.'
Additionally, there are many examples of these compounds as synthetic building
blocks and as ligands for important metal complexes.*"" As such, there has
recently been increased efforts on the synthesis of pyrazoles and their use to
form functionalized materials.

Of the methods that have been developed for the preparation of
pyrazoles, the most widely used involves the reaction of hydrazines with 1,3-
difunctional ketones or similar derivatives.'>"® Unfortunately, this condensation
reaction also leads to the formation of undesired isomers as side products.
Another method to access these compounds is through the reaction of chalcones
with hydrazine hydrate.'® However, due to the structural limitations of chalcones,
this method cannot be widely used to produce highly derivatized pyrazoles in an
efficient manner. One method that is amenable to the synthesis of diverse
pyrazoles is the 1,3-dipolar cycloaddition reaction between diazo compounds
onto triple bonds."” While these nitrile imines are known to be highly versatile
building blocks, they have been shown to be highly toxic and potentially
explosive.'®® Additionally, this cycloaddition reaction has been shown to

typically afford mixtures of 4- and 5- substituted pyrazoles.?'* Synthesis of 3,5-
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disubstituted pyrazoles using a one pot methodology employing cheap and
readily available starting materials represents a more simple and highly efficient
method.

A new procedure for generating aryl diazomethanes in situ from stabilized
tosylhydrazone derivatives was reported in 2003.?* The authors of this report
showed that this approach could be utilized in the facile, one-pot synthesis of
pyrazoles and excellent regioselectivity for the 3,5-disubstituted pyrazole was
observed. Additionally, as the diazo compound is generated in situ, this method
is a significantly safer alternative to handling purified aryl diazomethanes.? While
this system has been proved to be highly useful and optimization of reaction
parameters have been reported, only a select handful of substrates have been
studied.?® Adaptation of this system for the preparation of pyridyl pyrazoles
(PyPyrs) is of high importance as this class of compounds have been shown to
be highly useful in the synthesis of complexes with varying metal centers.
Utilization of this method, if controlled, should allow for the direct synthesis and
isolation of the 3-substituted pyrazole pyridine isomer. Complexes with this
isomer are a notable vacancy in the analysis of these types of complexes and a
direct route to their synthesis is of high value.

7.2 Synthesis of Electronically Diverse Pyridine Pyrazoles:

Methods for the preparation of PyPyrs have traditionally used the

aforementioned strategy of reacting a 1,3-diketone with hydrazine hydrate to

afford the desired heterocycle (Scheme 7.1).2*° While this has been effective at
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preparing these compounds in high yield, the purchase of the diketone precursor
is costly and its synthesis requires additional time and materials. Additionally as
there is no stereocontrol to this reaction formation of both isomers, the 3-

substituted and 5-substituted pyrazole can occur.

NaOEt (1 equiv.) O O

) O
A e X A
E))J\ @ toluene, No, rt, 18 h | P l\ll P

1.3 equiv. 1.1 equiv.

o) 0 N2H4 M Hzo I

—
o toluene, reflux, 18 h R \_/
N__~» ’ ’ N\N N
H

Scheme 7.1: Synthesis of pyridyl pyrazoles from 1,3 diketones and hydrazine hydrate.

A similar method for preparation of these pyrazoles, that is much more
stereoselective, requires reacting a preformed amino-enone with hydrazine
hydrate (Scheme 7.2).*' The amino-enones required for this method were
obtained by reacting N-hydroxy-benzenecarboximidoly chloride withd2-
ethynylpyridineand 5 mol% of a copper-iron bimetallic catalyst. While this was
effective at providing both isomers of the pyridyl pyrazole stereoselectively, it did
so in moderately low yields (~46%). Further the fact that this method requires
previous synthesis and isolation of the copper-iron catalyst as well as the amino-
enones renders this not ideal for the preparation of further derivatized

compounds.
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.OH

N NH, O
| 2 o, 0, 2
o \@ 5 mol % (5 wt%) Cu/Fe “ N,
(j N~ DMF, 100 °C, 3 h P
1.0 equiv. 1.0 equiv.

NH,O 5 eq. NoH, * H,0
M B}
| DMF, 100 °C, 2 h TN
= N~H N /

Scheme 7.2: Synthesis of pyridyl pyrazoles from amino-enones and hydrazine hydrate.

Synthesis of pyridyl pyrazoles through the in situ generated aryl
diazomethane and subsequent 1,3 cyclization with 2-ethynylpyridine is an
attractive methodology. Here, the aryl diazomethane can be easily derivatized
though use of substituted benzaldehydes, which are of low cost through
commercially available sources. This will allow for the preparation of diverse
PyPyrs where the electronic conditions can be varied.

Through the reaction of a benzaldehyde with tosylhydrazine the aryl
tosylhydrazone bearing the desired substitution can be prepared. Reaction of this
hydrazone with sufficient base allows for the formation of the substituted aryl
diazomethane in situ. Upon treatment with 2-ethynylpyridine the desired pyridyl
pyrazoles (7a-7e) can be generated and after recrystallization in MeCN can be
isolated for further study (Table 7.1). While these compounds are currently
isolated in low yield this method allows for the direct synthesis of a series of
electronically diverse compounds in one pot from cheap, commercially available

starting materials.
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7

X R
1) TsNHNH, (1.0 equiv.) \\ENJ Q
O 523 ey, NaOES, t, 30 mi )2 o Ay
J 2) 2.5 equiv. NaOEt, rt, 30 min ! 1.0 equiv. N-N \_/
> o H
. Rij THF, 75°C, 18 h

MeO _ | Me _ I
b o W h N pWas
N-N N\ / N-N N\ / Noy N\
H H H
7a 7b Tc
35% 34% 54%
Br. _ F5;C
N W Y,
H H
7d Te
28% 21%

Table 7.1: Synthesis of electronically diverse pyridyl pyrazoles (PyPyrs) in one pot though 1,3-cyclization
with ethynyl pyridine.

Characterization of these compounds with "HNMR was challenging. When
the compounds were dissolved in deuterated solvents that contained trace
amounts of H,O, intermediate states of protonation were observed. As a result
significant broadening of the proton resonances associated with the pyrazole and
pyridine rings occurred. Many deuterated organic solvents were tried and
significant broadening was observed in most all of them. To over come this
challenge a deuterated solvent was needed that would allow for adequate
characterization of the entire series of PyPyr compounds. It was proposed that
using a highly acidic solvent would allow for full protonation and this should lock

the system in one orientation. This hypothesis was proved correct when the NMR
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characterization was taken using deuterated trifluoroacetic acid as solvent. Here
no broadening of the peaks were observed and comparison of the NMR spectra

across the series of electronically diverse PyPyr ligands could be performed.

1) TsNHNH, (1.0 equiv.) \\\[/Nj
0 2);%2;3\:01\'15(;1& rt, 30 min 2 | = o Wia
@) : : o X 1.0 equiv. N-N \ 7
H
Tc

& THF, 75°C, 18 h

N1-H1 =20%
N2-H1 =80%
N2-H1: 0.880 A
N3-H1: 2.454 A
N2-H1-N3: 98.59°

Table 7.2: X-ray crystal structure of the PyPyr ligand.

In order to confirm the absolute configuration of these ligands, X-ray quality
crystals were grown from a dilute sample of ligand in MeCN. Upon standing for 3
days at decreased temperature (~4 °C) colorless crystals of very high quality
were obtained for the phenyl substituted PyPyr ligand (7¢). X-ray crystallography
was performed and the predicted structure of the compound as the 3-substituted
pyrazole pyridine was confirmed (Table 7.2).

7.3 Pyridine Pyrazoles as Ligands for Metal Complexes:

Since work first began on the formation of complexes with pyrazole ligands the

study of their coordination chemistry has developed substantially over the last
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four decades.’*® It has been suggested that the nucleophilicity of the sp?
hybridized nitrogen of the pyrazole and the acidity of the NH may be utilized
when there is appropriate substitution at the 3, 4, or 5 position on the pyrazole
ring.>”*® When the ring is substituted at the 3, or 5 position with pyridine there is
the ability for the pyrazole to act as either a anionic, X-type donor ligand (3
position) or as a neutral L-type donor (5 position). Previous reports have
traditionally made use of PyPyrs in their neutral form as the resulting complexes
are more stable and their preparation is facile. Additionally, these ligands are
amenable to complexation with a wide range of metal centers. These include
Ni,39-41 Fe,‘“ CO,39'42 Cu,39,43-45 Ag,45 |r’46,47 Pb, 46 Rh,47 OS,47 MO,48 Pd,49-52 Pt,49
Ru,**3% B %" and small metal ions including Li, Mg, Ca, and Zn.*®*° While the
precedent for the use of these pyridyl pyrazoles in complex formation is
substantial the analysis of the electronic conditions of the complexes when subtle
changes are made to the ligands has not been studied. Thus, it was desirable to
analyze whether complexes could be formed with the series of electronically
diverse PyPyr ligands and what effect the electronics of the free ligand would
have on the resulting complex.
7.4 Palladium Complexes with Diverse Pyridine Pyrazole Ligands:
Development of methodology for the formation of complexes with these
derivatized PyPyr ligands began with the preparation of palladium complexes

using PdCIly,(MeCN),. This allows for direct comparison of the reactivity of these
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complexes with the previously discussed PyTriPdCl, complexes in Suzuki-
Miyaura cross coupling reactions.

Formation of these complexes beings by dissolving the palladium
precursor PdCIl;(MeCN),, in dry DCM at ambient temperature. The PyPyr ligands
are measured out and placed in DCM, and typically required modest heating at
40-60 °C for 10 min to fully dissolve. Once dissolved, the ligand solution is added
to the solution of metal and the complexation is stirred at ambient temperature for
18 h. When the complex is formed, precipitation of the complex occurs from the
solution and the solid is isolated using a centrifuge. Satisfyingly, this method
allows for the formation of PyPyrPdCl, complexes (7f-fj) with the entire series of
electronically diverse PyPyr ligands (Table 7.3). Analysis of the series of
substituted PyPyrPdCl, complexes by "H NMR showed a similar trend to previous
complexes where the diagnostic pyrazole singlet could be tracked as it moved
downfield in a stepwise fashion (Figure 7.1). In order to confirm the absolute
orientation of the complexes, X-ray quality crystals were grown of the
PyPyrPdCl, complex (7h). These crystals were obtained from slow evaporation
of a dilute MeNO, solution of the complex and appeared orange in color. X-ray

crystallography confirmed the predicted structure of the complex (Table 7.4).
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R 1O
R PACIl,(MeCN),
W (2equiv) A/
Noy e
N
Pd

TN\
N-Ny N/ CH,Cly, tt, air /
H 3h VAN
1.0 equiv Cl Cl
MeO 1O Me LS 1@
N-N° N= N-N° N= N-N N=
A4 N / N/
Pd_ Pd_ Pd_
cl” ¢l c” ¢l cl” ¢l
7f 79 7h
91% 82% 86%
Br. 10 FsC 1O
N/ %
N~N N— N\N N_
N\ / N\ /
Pd_ Pd_
c” ¢l c” “cl
7i 7j
85% 99%

Table 7.3: Unique anionic PyPyrPdCl, complexes as potential catalysts for palladium catalyzed
reactions.
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T PdCl,(MeCN),

AN (1.2 equiv.) S
N /) N- -
NN N CH,Cly, rt, air NN
H 3h /Pd\
1.0 equiv Cl 7h Cl

Pd;-Cly: 2.288 A
Pd4-N: 2.053 A
Pd4-Ny: 2.014 A
N;-Pd4-N2: 79.1°

Table 7.4: X-ray crystal structure of the PyPyrPdCl, complex.

Analysis of the reactivity of these PyPyrPdCl, complexes in Suzuki cross-
coupling reactions was performed using the conditions that were previously
optimized for the PyTriPdCl, complexes. When the electron-rich (7f), neutral (7h),
and electron-poor (7j) complexes were tested under these conditions they all
demonstrated significantly decreased reactivity compared to the PyTri complexes
(Table 7.5). Future work on this project will determine whether a re-optimization
of reaction conditions will allow for increased reactivity of these complexes.
Additionally, it may be that while these complexes are not highly activity towards
Suzuki cross-coupling, it should be explored whether they may be active in other

types of palladium-catalyzed reactions.
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TN\ 7
N-N N=
\Pd/
B(OH), or ¢l O
5 equiv. K2C03 O
OMe EtOH (0.2 M) 6 OMe
2.0 equiv. 1 equiv. ar
1 mmol scale
R Catalyst Loading temp (°C) time (h) GC Yield (%)
OMe 0.01 mol% 40 18 5
H 0.01 mol% 40 18 8
CF; 0.01 mol% 40 18 10

@ All uncorrected GC yields.

Table 7.5: Screen of diverse PyPyrPdCl, catalysts shows decreased activity compared to

PyTriPdCl,.
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7.6 Supporting Information:

General Reagent Information

All reactions were set up on the benchtop in oven-dried glassware or dried
scintillation vials. HPLC grade Acetonitrile (MeCN), Dichloromethane (DCM), and
Tetrahydrofuran (THF) was purchased from Fisher Chemicals and dried via
passage through activated alumina in a commercial solvent purification system
(Pure Process Technologies, Inc.). All other organic solvents were obtained from
Fisher Chemicals or Acros Organics and dried over either sodium sulfate or
molecular sieves (4A). NMR solvents were purchased from Acros Organics or
Cambridge Isotope Laboratories and used as obtained. The palladium precursors
were stored in a glove box under nitrogen. Bis(acetonitrile)dichloropalladium(ll)
(PdCIx(MeCN)z) was purchased from Chem Impex Intl Inc and was used as
obtained.

General analytical information

'H and "*C NMR spectra were measured on a Varian Inova 500 (500 MHz) or a
Bruker Avance NEO 400 (400 MHz) spectrometer using CF;COOD or DMSO-ds
as solvents and tetramethylsilane as an internal standard. The following
abbreviations are used singularly or in combination to indicate the multiplicity of
signals: s - singlet, d - doublet, t - triplet, g - quartet, gn - quintet, sx - sextet, sp -
septet, m - multiplet and br - broad. NMR spectra were acquired at 300 K. Gas
chromatography (GC) was carried out on an Agilent Technologies 6850 Network

GC System, and dodecane was used as the internal standard. ATR-IR spectra
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were taken on a Bruker:ALPHA FTIR Spectrometer. Attenuated total reflection
infrared (ATR-IR) was used and the spectra was analyzed using the OPUS
software with selected absorption maxima reported in wavenumbers (cm'1). X-ray
diffraction data was obtained using a suitable crystal on a 'Bruker APEX-II
CCD' diffractometer. The crystal was kept at 100.0 K during data collection.
Using Olex2, the structure was solved with the ShelXT structure solution program
using Intrinsic Phasing and refined with the XL refinement package using Least
Squares minimization.

General procedure for the production of pyridine pyrazole (PyPyr) ligands.
To an oven dried 250 mL round bottom flask equipped with a magnetic stir bar
and reflux condenser was added tosyl hydrazine followed by THF. The solution
was stirred at ambient temperature until the hydrazine dissolves. Benzaldehyde
bearing the desired substitution was added drop wise and the reaction was
heated to 70 °C and stirred for 2 h. The reaction was then cooled to ambient
temperature and 2.5 equivalents of sodium ethoxide (NaOEt) were added. The
solution was stirred for 30 min during which the generation of the diazo
intermediate occurred. The solution was then diluted with additional THF and 2-
ethynylpyridine was added dropwise. The reaction was heated to reflux for 18 h.
Upon completion, the reaction was quenched with DI-H,O and the product was
extracted with diethyl ether. After the organic extracts are combined and dried
over sodium sulfate the solvent was removed to yield a crude oil. This oil was

taken up in MeCN and the solution was placed in a beaker located in the freezer.
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The desired substituted PyPyr ligand crystalized out of solution over the course
of 48 h. Subsequent recrystalizations in MeCN yield pure PyPyr ligand as white /
off-white crystalline solids.

2-(3-(4-methoxyphenyl)-1H-pyrazol-5-yl)pyridine (7a):

To an oven dried 250 mL round bottom flask equipped with a magnetic stir bar
and reflux condenser was added tosyl hydrazine (930 mg, 5 mmol) followed by
THF (60 mL). After all solids are dissolved, p-anisaldehyde (607 uL, 5 mmol) was
added dropwise. The solution was heated to 70 °C and stirred for 2 h. The
reaction was then cooled to ambient temperature and NaOEt (850 mg, 12.5
mmol) was added). After 30 min of stirring the solution was diluted with additional
THF (40 mL), and 2-ethynylpyridine (507 uL, 5 mmol) was added dropwise. The
reaction was then heated to reflux and stirred for 18 h. Upon completion the
reaction was quenched with DI-H,O (100 mL) and extracted with diethyl ether.
After drying the organic extract was concentrated to yield an orange oil that was
taken up in MeCN and the solution was left standing in the freezer for 48 h. After
additional recrystalizations in MeCN the title compound was obtained as a white
solid in 35% vyield (443 mg, 1.75 mmol). ATR-IR: 3257, 2959, 2837, 1313, 1247,
1153, 1031, 776, 526, 479 cm™. 1H NMR (400 MHz, CF;COOD) & 8.71 (d, J =
5.5 Hz, 1H), 8.59 (t, J = 8.5 Hz, 1H), 8.37 (d, J = 8 Hz, 1H), 7.96 (t, J = 7 Hz, 1H),
7.59 (d, J = 8.5 Hz, 2H), 7.32 (s, 1H), 7.00 (d, J = 8.5 Hz, 2H), 3.83 (s, 3H). "*C

NMR (100 MHz, CF3;COOD) & 144.44, 143.94, 137.62, 137.30, 136.44, 123.48,
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122.84, 121.51, 114.27, 110.82, 107.96, 99.60, 50.66. HRMS calculated requires
[M+H]": 252.1131. Found m/z: 252.1236.
2-(3-(4-methylphenyl)-1H-pyrazol-5-yl)pyridine (7b):

To an oven dried 250 mL round bottom flask equipped with a magnetic stir bar
and reflux condenser was added tosyl hydrazine (930 mg, 5 mmol) followed by
THF (60 mL). After all solids are dissolved, p-tolualdehyde (589 uL, 5 mmol) was
added dropwise. The solution was heated to 70 °C and stirred for 2 h. The
reaction was then cooled to ambient temperature and NaOEt (850 mg, 12.5
mmol) was added). After 30 min of stirring the solution was diluted with additional
THF (40 mL), and 2-ethynylpyridine (507 uL, 5 mmol) was added dropwise. The
reaction was then heated to reflux and stirred for 18 h. Upon completion the
reaction was quenched with DI-H,O (100 mL) and extracted with diethyl ether.
After drying the organic extract was concentrated to yield an orange oil that was
taken up in MeCN and the solution was left standing in the freezer for 48 h. After
additional recrystalizations in MeCN the title compound was obtained as a white
solid in 34% vyield (405 mg, 1.7 mmol). ATR-IR: 3029, 2916, 1596, 1563, 1452,
1152, 771, 493 cm™. 1H NMR (400 MHz, CF3COOD) & 8.70 (d, J = 5.5 Hz, 1H),
8.58 (t, J=7.5Hz, 1H), 8.36 (d, J =8 Hz, 1H), 7.95 (t, J = 7 Hz, 1H), 7.45 (d, J =
8.5 Hz, 2H), 7.33 (s, 1H), 7.17 (d, J = 8 Hz, 2H), 2.22 (s, 3H). *C NMR (100
MHz, CF;COOD) & 145.24, 143.94, 138.86, 137.35, 136.18, 125.66, 122.91,
121.59, 121.40, 117.19, 108.68, 99.81, 15.09. HRMS calculated requires [M+H]":

236.1182. Found m/z: 236.1467.
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2-(3-phenyl-1H-pyrazol-5-yl)pyridine (7c):

To an oven dried 250 mL round bottom flask equipped with a magnetic stir bar
and reflux condenser was added tosyl hydrazine (930 mg, 5 mmol) followed by
THF (60 mL). After all solids are dissolved, benzaldehyde (508 uL, 5 mmol) was
added dropwise. The solution was heated to 70 °C and stirred for 2 h. The
reaction was then cooled to ambient temperature and NaOEt (850 mg, 12.5
mmol) was added). After 30 min of stirring the solution was diluted with additional
THF (40 mL), and 2-ethynylpyridine (507 uL, 5 mmol) was added dropwise. The
reaction was then heated to reflux and stirred for 18 h. Upon completion the
reaction was quenched with DI-H,O (100 mL) and extracted with diethyl ether.
After drying the organic extract was concentrated to yield an orange oil that was
taken up in MeCN and the solution was left standing in the freezer for 48 h. After
additional recrystalizations in MeCN the title compound was obtained as a white
solid in 54% vyield (598 mg, 2.7 mmol). ATR-IR: 3235, 3059, 1596, 1468, 756,
657, 484, 419 cm™. 1H NMR (400 MHz, CF;COQD) 5 8.65 (d, J = 5.5 Hz, 1H),
8.55 (t, = 6.8 Hz, 1H), 8.33 (d, J = 8 Hz, 1H), 7.91 (t, J = 6.8 Hz, 1H), 7.53 (m,
2H), 7.33 (m, 4H). '*C NMR (100 MHz, CF3COOD) & 144.81, 143.87, 138.08,
137.10, 136.77, 126.90, 124.91, 122.59, 121.37, 121.29, 120.49, 99.80. HRMS
calculated requires [M+H]": 222.1026. Found m/z: 222.1548.
2-(3-(4-bromophenyl)-1H-pyrazol-5-yl)pyridine (7d):

To an oven dried 250 mL round bottom flask equipped with a magnetic stir bar

and reflux condenser was added tosyl hydrazine (930 mg, 5 mmol) followed by
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THF (60 mL). After all solids are dissolved, 4-bromobenzaldehyde (925 mg, 5
mmol) was added dropwise. The solution was heated to 70 °C and stirred for 2 h.
The reaction was then cooled to ambient temperature and NaOEt (850 mg, 12.5
mmol) was added). After 30 min of stirring the solution was diluted with additional
THF (40 mL), and 2-ethynylpyridine (507 uL, 5 mmol) was added dropwise. The
reaction was then heated to reflux and stirred for 18 h. Upon completion the
reaction was quenched with DI-H,O (100 mL) and extracted with diethyl ether.
After drying the organic extract was concentrated to yield an orange oil that was
taken up in MeCN and the solution was left standing in the freezer for 48 h. After
additional recrystalizations in MeCN the title compound was obtained as a white
solid in 28% vyield (415 mg, 1.4 mmol). ATR-IR: 3206, 1593, 1560, 1372, 1006,
954, 774, 511, 490, 468 cm™. 1H NMR (400 MHz, CF3COOD) & 8.70 (d, J = 6
Hz, 1H), 8.60 (t, J = 8 Hz, 1H), 8.36 (d, J = 8 Hz, 1H), 7.95 (t, J = 7.2 Hz, 1H),
7.53 (d, J = 8.5 Hz, 2H), 7.46 (d, J = 8.5 Hz, 2H), 7.32 (s, 1H). *C NMR (100
MHz, CF;COOD) 5143.86, 143.47, 138.85, 137.53, 136.93, 128.30, 122.71,
122.33, 121.22, 120.99, 119.95, 99.59. HRMS calculated requires [M+H]":
300.0131. Found m/z: 300.0230.
2-(3-(4-(trifluoromethyl)phenyl)-1H-pyrazol-5-yl)pyridine (7e):

To an oven dried 250 mL round bottom flask equipped with a magnetic stir bar
and reflux condenser was added tosyl hydrazine (930 mg, 5 mmol) followed by
THF (60 mL). After all solids are dissolved, 4-trifluoromethylbenzaldehyde (670

uL, 5 mmol) was added dropwise. The solution was heated to 70 °C and stirred
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for 2 h. The reaction was then cooled to ambient temperature and NaOEt (850
mg, 12.5 mmol) was added). After 30 min of stirring the solution was diluted with
additional THF (40 mL), and 2-ethynylpyridine (507 uL, 5 mmol) was added
dropwise. The reaction was then heated to reflux and stirred for 18 h. Upon
completion the reaction was quenched with DI-H,O (100 mL) and extracted with
diethyl ether. After drying the organic extract was concentrated to yield an orange
oil that was taken up in MeCN and the solution was left standing in the freezer for
48 h. After additional recrystalizations in MeCN the title compound was obtained
as a white solid in 21% yield (297 mg, 1.05 mmol). ATR-IR: 3232, 1616, 1566,
1454, 1301, 1104, 776, 595, 474, 408 cm™. 1H NMR (400 MHz, CF;COOD) 5
8.62 (d, J = 6 Hz, 1H), 8.53 (t, = 8 Hz, 1H), 8.29 (d, J = 8 Hz, 1H), 7.88 (t, J =
6.8 Hz, 1H), 7.67 (d, J = 8.5 Hz, 2H), 7.59 (d, J = 8.5 Hz, 2H), 7.31 (s, 1H). ©*C
NMR (100 MHz, CF;COOD) & 143.80, 142.64, 139.27, 137.95, 136.70, 128.50,
124.75, 122.06, 121.70, 120.70, 120.37, 117.67, 99.89. HRMS calculated
requires [M+H]": 290.0900. Found m/z: 290.1012.

General procedure for the production of pyridine pyrazole palladium
dichloride complexes:

In an oven dried 8 mL scintillation vial equipped with a magnetic stir bar was
added palladium dichloride bisacetonitrile. The vial was purged with argon for 5
min. Dry dichloromethane (DCM) was added and the solution was stirred for 5
min to allow the initial palladium complex to dissolve. The pyridine pyrazole

(PyPyr) ligand bearing the desired substitution was dissolved in minimal DCM
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and added to the reaction dropwise. The complexation was allowed to proceed at
ambient temperature for 18 h. During this time precipitation of the PyPyr
palladium dichloride complex occurred. This solid was isolated via centrifuge and
washed 5 times with additional DCM. The complex was isolated as a solid and
was recrystallized via slow evaporation in MeNO..
2-(3-(4-methoxyphenyl)-pyrazol-5-yl)pyridine palladium dichloride (7f):
PdCl,(MeCN), (26 mg, 0.1 mmol) was added to an 8 mL scintillation vial and
flushed with argon for 5 min. Dry DCM (5 mL) was added and the solution was
stirred until all solids are dissolved. The solution takes on a dark orange color.
MeOPyPyr ligand (25 mg. 0.1 mmol) dissolved in DCM (~1 mL) was added
dropwise. Complexation occurred at ambient temperature over 18 h. The title
compound was isolated as a yellow solid in 91% yield (39 mg, 0.091 mmol).
ATR-IR: 3283, 3136, 3118, 3091, 2842, 1610, 1582, 1501, 1466, 606, 427 cm™.
1H NMR (500 MHz, DMSO-dg) 6 8.93 (d, J = 5.5 Hz, 1H), 8.30 (t, J = 7.5 Hz,
1H), 8.18 (d, J = 8 Hz, 1H), 7.86 (d, J = 8.5 Hz, 2H), 7.68 (t, J = 6 Hz, 1H), 7.63
(s, 1H), 7.08 (d, J = 8.5 Hz, 2H), 3.83 (s, 3H). *C NMR (100 MHz, DMSO-ds) &
160.5, 152.3, 150.8, 149.4, 147.0, 141.3, 128.8, 125.3, 122.4, 119.5, 114.3,
102.2, 55.4.

2-(3-(4-methylphenyl)-pyrazol-5-yl)pyridine palladium dichloride (79):
PdCl,(MeCN), (26 mg, 0.1 mmol) was added to an 8 mL scintillation vial and
flushed with argon for 5 min. Dry DCM (5 mL) was added and the solution was

stirred until all solids are dissolved. The solution takes on a dark orange color.
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MePyPyr ligand (24 mg. 0.1 mmol) dissolved in DCM (~1 mL) was added
dropwise. Complexation occurred at ambient temperature over 18 h. The title
compound was isolated as a yellow solid in 82% yield (34 mg, 0.082 mmol).
ATR-IR: 3247, 3141, 1617, 1565, 1501, 1466, 1370, 742, 496, 428 cm™. "H NMR
(500 MHz, DMSO-ds) 6 8.93 (d, J = 6 Hz, 1H), 8.30 (t, J =7 Hz, 1H), 8.19 (d, J =
8 Hz, 1H), 7.81 (d, J = 8 Hz, 2H), 7.68 (m, 2H), 7.34 (d, J = 8 Hz, 2H), 2.37 (s,
3H). "*C NMR (125 MHz, DMSO-ds) 5 152.7, 151.1, 149.8, 147.5, 141.7, 140.2,
129.8, 127.6, 125.7, 124.7, 122.8, 103.1, 21.4.
2-(3-phenyl-pyrazol-5-yl)pyridine palladium dichloride (7h):

PdCl,(MeCN), (26 mg, 0.1 mmol) was added to an 8 mL scintillation vial and
flushed with argon for 5 min. Dry DCM (5 mL) was added and the solution was
stirred until all solids are dissolved. The solution takes on a dark orange color.
PyPyr ligand (22 mg. 0.1 mmol) dissolved in DCM (~1 mL) was added dropwise.
Complexation occurred at ambient temperature over 18 h. The title compound
was isolated as a yellow solid in 86% yield (34 mg, 0.086 mmol). ATR-IR: 3236,
3136, 1617, 1561, 1492, 1466, 1444, 812, 764, 487, 424 cm™. "H NMR (500
MHz, DMSO-ds) 6 8.93 (d, J = 5.5 Hz, 1H), 8.31 (t, J=8 Hz, 1H), 8.20 (d,J=7.5
Hz, 1H), 7.90 (d, J = 7 Hz, 2H), 7.72 (s, 1H), 7.68 (t, J = 6.5 Hz, 1H), 7.52 (m,
3H). "*C NMR (100 MHz, DMSO-ds) 5 152.9, 151.2, 149.9, 147.5, 141.8, 130.5,

129.3, 127.8, 127.6, 125.9, 122.9, 103.6.
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2-(3-(4-bromophenyl)-pyrazol-5-yl)pyridine palladium dichloride (7i):
PdCl,(MeCN), (26 mg, 0.1 mmol) was added to an 8 mL scintillation vial and
flushed with argon for 5 min. Dry DCM (5 mL) was added and the solution was
stirred until all solids are dissolved. The solution takes on a dark orange color.
BrPyPyr ligand (30 mg. 0.1 mmol) dissolved in DCM (~1 mL) was added
dropwise. Complexation occurred at ambient temperature over 18 h. The title
compound was isolated as a yellow solid in 85% yield (40 mg, 0.085 mmol).
ATR-IR: 3311, 3119, 3080, 3024, 1600, 1458, 813, 778, 582, 424 cm™. "H NMR
(500 MHz, DMSO-ds) 6 8.93 (d, J = 5.5 Hz, 1H), 8.31 (t, J = 7.5 Hz, 1H), 8.18 (d,
J =8 Hz, 1H), 7.87 (d, J = 8.5 Hz, 2H), 7.75 (m, 3H), 7.68 (t, J = 6.5 Hz, 1H), '*C
NMR (100 MHz, DMSO-ds) d 152.4, 150.6, 149.5, 145.9, 141.4, 131.9, 129.3,
126.3, 125.5, 123.5, 122.5, 103.4.
2-(3-(4-(trifluoromethyl)phenyl)-pyrazol-5-yl)pyridine palladium dichloride
(7):

PdCl,(MeCN), (26 mg, 0.1 mmol) was added to an 8 mL scintillation vial and
flushed with argon for 5 min. Dry DCM (5 mL) was added and the solution was
stirred until all solids are dissolved. The solution takes on a dark orange color.
CF3PyPyr ligand (29 mg. 0.1 mmol) dissolved in DCM (~1 mL) was added
dropwise. Complexation occurred at ambient temperature over 18 h. The title
compound was isolated as a yellow solid in 99% yield (46 mg, 0.099 mmol).
ATR-IR: 3209, 3090, 1617, 1464, 1444, 1325, 1122, 775, 623, 439 cm™. "H NMR

(500 MHz, DMSO-ds) & 8.94 (d, J = 5 Hz, 1H), 8.32 (t, J = 7.5 Hz, 1H), 8.21 (d, J
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= 7.5 Hz, 1H), 8.14 (d, J = 8 Hz, 2H), 7.91 (d, J = 8 Hz, 1H), 7.86 (s, 1H), 7.69 (t,
J = 6.5 Hz, 1H), *C NMR (100 MHz, DMSO-ds) & 152.9, 150.9, 149.9, 145.8,

141.8, 131.4, 130.2, 128.5, 126.2, 126.0, 124.5, 123.0, 104.6.

X-ray crystallography for PyPyr ligands:

To obtain a suitable crystal of PyPyr ligand, a dilute solution of the ligand was
prepared in MeCN. This solution was left to stand in a vial equipped with a screw
cap at decreased temperature (~ 4 °C) for 48 h. Clear colorless crystals formed

and were of high enough quality for analysis.
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Table 1. Crystal data and structure refinement for PyPyr ligand.

Empirical formula C1aHq1N3

Formula weight 221.26

Temperature 100.0 K

Wavelength, A 1.54178

Crystal system Monoclinic

Space group P21/n

a, 5.6346(5)

b, A 10.3767(13)

c, A 18.5130(15)

a,’ 90

B, ° 90.897(4)

Y, ° 90

Volume 1082.30(19) A3

Z 4

Calculated density, mg/m?3 1.358

Absorption coefficient, mm-! 0.660

F(000) 464

Crystal size, mm 0.29 x 0.27 x 0.22

Theta range for data collection, ° 4.778 to 68.366

Index ranges 6<h<6,-10<k<12,-19<[<22
Reflections collected / unique 6666 / 1967 [Rint= 0.0299]
Completeness to 6 = 67.679° 99.1 %

Absorption correction Semi-empirical from equivalents
Max. and min. transmission 0.7531 and 0.6645
Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 1967 /0/ 154
Goodness-of-fit on F2 1.074

Final R indices [I>20(1)] R1=0.0361, wR2 = 0.0928
R indices (all data) R1=0.0384, wR2 = 0.0953
Extinction coefficient n/a

Largest diff. peak and hole, eA-3 0.260 and -0.144
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Table 2. Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (A2x 103)

for PyPyr ligand. U(eq) is defined as one third of the trace of the orthogonalized Ul tensor.

X y z U(eq)
N(1) 1723(2) 4940(1) 5698(1) 19(1)
N(2) 2042(2) 3999(1) 5205(1) 19(1)
N(3) 3183(2) 2064(1) 4275(1) 23(1)
C(8) 5220(2) 3917(1) 5899(1) 19(1)
C(6) 3878(2) 5767(1) 6758(1) 18(1)
C(9) 4124(2) 3367(1) 5299(1) 18(1)
C(7) 3659(2) 4890(1) 6131(1) 18(1)
C(10 4796(2) 2328(1) 4800(1) 19(1)
C(4) 6071(2) 6559(1) 7800(1) 24(1)
c(1) 2061(2) 6642(1) 6911(1) 21(1)
C(3) 4257(2) 7418(1) 7953(1) 23(1)
C(11 6954(2) 1676(1) 4864(1) 22(1)
C(5) 5886(2) 5738(1) 7208(1) 21(1)
c(12 7463(2) 716(1) 4368(1) 26(1)
c(14 3727(2) 1140(1) 3800(1) 25(1)
c(13 5826(2) 440(1) 3823(1) 26(1)
C(2) 2258(2) 7459(1) 7503(1) 23(1)

Table 3. Bond lengths [A] and angles [°] for PyPyr ligand.

N(1)-H(001) 0.8800
N(1)-N(2) 1.3516(13)
N(1)-C(7) 1.3438(15)
N(2)-H(2) 0.8800

N(2)-C(9) 1.3526(15)
N(3)-C(10) 1.3484(16)
N(3)-C(14) 1.3389(16)
C(8)-H(8) 0.9500

C(8)-C(9) 1.3857(16)
C(8)-C(7) 1.4107(16)
C(6)-C(7) 1.4781(16)
C(6)-C(1) 1.4011(17)
C(6)-C(5) 1.3955(16)
C(9)-C(10) 1.4726(16)
C(10)-C(11) 1.3949(17)
C(4)-H(4) 0.9500

C(4)-C(3) 1.3880(18)
C(4)-C(5) 1.3912(17)
C(1)-H(1) 0.9500
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QO0000000000Q

N(1

)-NE3 )C(10)

C(8)-H(8)
C(8)-C(7

N(2)-

C(7)-

C(7)-

N(1)-

N(1)-

C(9)-

Cc(14
C(9)-C(8)-
C(9)-C(8)-C(7)
C(7)-C(8)-H(8)
C(1)-C(6)-C(7)
C(5)-C(6)-C(7)
C(5)-C(6)-C(1)
N(2)-C(9)-C(8)
N(2)-C(9)-C(10)
C(8)-C(9)-C(10)
N(1)-C(7)-C(8)
N(1)-C(7)-C(6)
C(8)-C(7)-C(6)
N(3)-C(10)-C(9)
N(3)-
c(11
C@3)-
C@3)-
C(5)-
C(6)-
C(2)-
C(2)-
C(4)-
C(4)-
C(2)-
Cc(10
c(12

C(10)-C(11)
)-C(10)-C(9)

C(4)-H(4)
C(4)-C(5)
C(4)-H(4)
C(1)-H(1)
C(1)-C(6)
C(1)-H(1)
C(3)-H(3)
C(3)-C(2)
C(3)-H(3)

)-C(11)-H(11)
)-C(11)-C(10)

1.3881(17)
0.9500
1.3913(18)
0.9500
1.3882(18)
0.9500
0.9500
1.3858(19)
0.9500
1.3883(19)
0.9500
0.9500

127.5
127.5
105.05(9)
123.6
112.82(9)
123.6
117.35(11)
127.3
105.48(10)
127.3
120.40(10
120.85(11
118.75(11
106.14(10
120.35(10
133.51(11
110.50(10
120.07(10
129.41(10
115.06(11
122.68(11
122.26(11
119.8
120.48(11)
119.8
119.8
120.44(11)
119.8
120.3
119.35(11)
120.3
120.6
118.70(11)

~— N O — ' — — ' ~— ~—
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C(12)-C(11)-H(11) 120.6
C(6)-C(5)-H(5) 119.7
C(4)-C(5)-C(8) 120.50(11)
C(4)-C(5)-H(5) 119.7
C(11)-C(12)-H(12) 120.4
C(13)-C(12)-C(11) 119.21(12)
C(13)-C(12)-H(12) 120.4
N(3)-C(14)-H(14) 118.0
N(3)-C(14)-C(13) 123.97(12)
C(13)-C(14)-H(14) 118.0
C(12)-C(13)-C(14) 118.08(12)
C(12)-C(13)-H(13) 121.0
C(14)-C(13)-H(13) 121.0
C(1)-C(2)-C(3) 120.48(11)
C(1)-C(2)-H(2A) 119.8
C(3)-C(2)-H(2A) 119.8

Symmetry transformations used to generate equivalent atoms:

Table 4. Anisotropic displacement parameters (A2x 103) for PyPyr ligand. The anisotropic
displacement factor exponent takes the form: -2x?[ h2 a*2U"" + ... + 2 hk a* b* U12]

U11 U22 U33 U23 U13 U12
N(1) 19(1) 19(1) 19(1) -1(1) -1(1) 1(1)
N(2) 19(1) 20(1) 18(1) -1(1) -3(1) 0(1)
N(3) 23(1) 22(1) 22(1) -1(1) 1(1) -2(1)
C(8) 18(1) 20(1) 19(1) 2(1) -2(1) 0(1)
C(6) 19(1) 17(1) 18(1) 3(1) 1(1) -3(1)
C(9) 18(1) 18(1) 19(1) 4(1) 1(1) -1(1)
C(7) 18(1) 18(1) 18(1) 4(1) 0(1) 2(1)
C(10) 21(1) 17(1) 19(1) 3(1) 2(1) -3(1)
C4) 22(1) 25(1) 24(1) -1(1) -6(1) 0(1)
Cc(1) 19(1) 23(1) 20(1) 1(1) -2(1) 0(1)
C(3) 26(1) 22(1) 22(1) -4(1) 0(1) -2(1)
c(11) 21(1) 23(1) 24(1) 1(1) -1(1) 0(1)
C(5) 20(1) 20(1) 24(1) 0(1) -2(1) 2(1)
C(12) 23(1) 23(1) 32(1) 1(1) 5(1) 2(1)
C(14) 28(1) 26(1) 23(1) -3(1) -2(1) -4(1)
C(13) 30(1) 22(1) 27(1) -5(1) 6(1) 3(1)
C(2) 22(1) 23(1) 25(1) -1(1) 2(1) 3(1)
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Table 5. Hydrogen coordinates ( x 104) and isotropic displacement parameters (A2x 10 3)
for PyPyr ligand.

X y z U(eq)
H(001) 510 5470 5730 23
H(2) 1006 3816 4859 23
H(8) 6709 3687 6109 22
H(4) 7448 6532 8103 29
H(1) 684 6676 6609 25
H(3) 4381 7972 8360 28
H(11) 8054 1886 5240 27
H(5) 7137 5153 7109 26
H(12) 8916 254 4401 31
H(14) 2609 953 3426 30
H(13) 6131 -211 3476 32
H(2A) 1018 8052 7601 28

X-ray crystallography for PyPyrPdCl;:

To obtain a suitable crystal of PyPyrPdCl, complex, a dilute solution of the
complex was prepared in MeNO,. This solution was left to stand in a vial
equipped with a screw cap that had been made to contain a small hole. The top
of the vial was covered with a kim-wipe to prevent unwanted particles from
entering the vial. The solution was allowed to slowly evaporate at ambient
temperature for 14 days. Clear red-orange crystals formed and were of high

enough quality for analysis.
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Table 1. Crystal data and structure refinement for PyPyrPdCl..

Empirical formula
Formula weight
Temperature
Wavelength, A
Crystal system
Space group

a,

b, A

c, A

o

>R

Y, °

Volume

Z

Calculated density, mg/m?3
Absorption coefficient, mm™"
F(000)

Crystal size, mm

Theta range for data collection, °
Index ranges

Reflections collected / unique
Completeness to 6 = 58.964°
Absorption correction

Max. and min. transmission
Refinement method

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

Final R indices [I>20(1)]

R indices (all data)

Extinction coefficient

Largest diff. peak and hole, eA-3

C14H10CI2N3Pd

397.55

100.0 K

1.54178

Monoclinic

P21/c

8.448(2)

21.242(5)

8.7304(17)

90

117.669(15)

90

1387.5(6) A3

4

1.903

14.260

780

0.16 x 0.09 x 0.04

4.162 to 58.964
-9<h<8,-23<k<23,0</<9
6364 / 6364 [Ri, = 0.077]
99.8 %

Semi-empirical from equivalents
0.1665 and 0.0488
Full-matrix least-squares on F2
6364 /0/170

1.059

R1=0.0857, wR2 = 0.2151
R1=0.1075, wR2 = 0.2305
n/a

1.299 and -1.066
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Table 2. Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (A2x 103)

for PyPyrPdCl,. U(eq) is defined as one third of the trace of the orthogonalized U tensor.

X y z U(eq)
Pd(1) 1543(2) 4168(1) 7482(2) 25(1)
cI(1) 2931(5) 4746(2) 9970(5) 31(1)
Cl(2) 566(5) 3435(2) 8769(6) 32(1)
N(1) 242(17) 3776(7) 5060(19) 25(3)
N(2) 2311(17) 4752(7) 6134(19) 24(3)
N(3) 3373(18) 5264(8) 6480(20) 29(3)
c(1) -790(20) 3254(9) 4610(30) 33(4)
C(2) -1650(20) 3045(9) 2930(20) 33(4)
C(3) -1420(20) 3371(10) 1660(20) 34(4)
C(4) -360(20) 3896(9) 2120(20) 28(4)
C(5) 460(20) 4095(9) 3810(20) 28(4)
C(6) 1630(20) 4642(9) 4470(20) 26(4)
C(7) 2220(20) 5095(9) 3660(20) 27(4)
C(8) 3350(20) 5476(8) 5000(20) 25(4)
C(9) 4386(13) 6033(4) 4956(13) 27(4)
C(10) 4260(13) 6214(5) 3372(11) 28(4)
C(11) 5191(14) 6738(5) 3271(11) 34(4)
C(12) 6249(14) 7082(5) 4752(14) 31(4)
C(13) 6375(13) 6901(5) 6336(11) 33(4)
C(14) 5444(14) 6377(5) 6438(11) 29(4)

Table 3. Bond lengths [A] and angles [°] for PyPyrPdCl,.

Pd(1)-CI(1) 2.288(5)
Pd(1)-CI(2) 2.286(4)
Pd(1)-N(1) 2.053(15)
Pd(1)-N(2) 2.014(14)
N(1)-C(1) 1.35(2)
N(1)-C(5) 1.37(2)
N(2)-N(3) 1.35(2)
N(2)-C(6) 1.31(2)
N(3)-C(8) 1.36(2)
C(1)-H(1) 0.9500
C(1)-C(2) 1.37(3)
C(2)-H(2) 0.9500
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CI(2)-Pd(1)-CI(1)
Pd(1)-CI(1
1)-Pd(1)-CI(2

)-

N )-
2)-Pd(1)-CI(1

)-

)-

N
N
N(2)-Pd(1)-N(1)

N(1 )
( )
( )
( )
(

c\
(
(
(
(
(

2)-Pd(1)-CI(2

N(1)-Pd(1)
C(1)-N(1)-C(5)
C(5)-N(1)-Pd(1)
N(3)-N(2)-
C(6)-N(2)-

)

C(6

N(2)-Pd(1)
(2)-Pd(1)

)-
)-
)-
)-
)-
)-
)-
)-
)-
)-
)-N(2)-N(3)

1.39(3)
0.9500
1.37(3)
0.9500
1.37(3)
1.46(3)
1.41(3)
0.9500
1.38(3)
1.482(18)
1.3900
1.3900
0.9500
1.3900
0.9500
1.3900
0.9500
1.3900
0.9500
1.3900
0.9500

92.38(17)
171.4(4)
95.0(4
93.6(4
174.0(4
79.1(6
126.7(13)
118.7(16)
114.6(12)
)
)
)

)
)
)
)

136.4(12
116.2(12
107.3(14
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N(2)-N(3)-C(8) 109.8(15)
N(1)-C(1)-H(1) 119.1
N(1)-C(1)-C(2) 121.8(18)
C(2)-C(1)-H(1) 119.1
C(1)-C(2)-H(2) 120.3
C(1)-C(2)-C(3) 119.3(18)
C(3)-C(2)-H(2) 120.3
C(2)-C(3)-H(3) 120.5
C(4)-C(3)-C(2) 119.0(18)
C(4)-C(3)-H(3) 120.5
C(3)-C(4)-H(4) 120.0
C(3)-C(4)-C(5) 120.0(17)
C(5)-C(4)-H(4) 120.0
N(1)-C(5)-C(4) 121.2(17)
N(1)-C(5)-C(6) 113.3(15)
C(4)-C(5)-C(6) 125.5(17)
N(2)-C(6)-C(5) 116.6(16)
N(2)-C(6)-C(7) 110.6(16)
C(7)-C(6)-C(5) 132.7(16)
C(6)-C(7)-H(7) 127.9
C(8)-C(7)-C(6) 104.3(15)
C(8)-C(7)-H(7) 127.9
N(3)-C(8)-C(7) 107.9(15)
N(3)-C(8)-C(9) 122.9(15)
C(7)-C(8)-C(9) 129.2(15)
C(10)-C(9)-C(8) 118.2(10)
C(10)-C(9)-C(14) 120.0
C(14)-C(9)-C(8) 121.7(10)
C(9)-C(10)-H(10) 120.0
C(9)-C(10)-C(11) 120.0
C(11)-C(10)-H(10) 120.0
C(10)-C(11)-H(11) 120.0
C(12)-C(11)-C(10) 120.0
C(12)-C(11)-H(11) 120.0
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C(11)-C(12)-H(12) 120.0
C(13)-C(12)-C(11) 120.0
C(13)-C(12)-H(12) 120.0
C(12)-C(13)-H(13) 120.0
C(14)-C(13)-C(12) 120.0
C(14)-C(13)-H(13) 120.0
C(9)-C(14)-H(14) 120.0
C(13)-C(14)-C(9) 120.0
C(13)-C(14)-H(14) 120.0

Symmetry transformations used to generate equivalent atoms:

Table 4. Anisotropic displacement parameters (A2x 103) for PyPyrPdCl,. The anisotropic
displacement factor exponent takes the form: -2n2[ h2 a*2U' + ... + 2 hk a* b* U'2]

U11 U22 U33 U23 U13 U12
Pd(1) 30(1) 24(1) 21(1) 1(1) 12(1) 2(1)
CI(1) 36(2) 33(3) 19(2) -4(2) 10(2) -2(2)
Cl(2) 42(2) 27(3) 28(2) 7(2) 18(2) -1(2)
N(1) 31(7) 23(9) 19(8) 1(6) 11(6) 2(6)
N(2) 32(7) 20(8) 23(9) A(7) 16(6) 6(6)
N(3) 34(7) 25(9) 32(9) -2(7) 17(6) 2(6)
c(1) 41(9) 21(11) 42(13) 1(9) 24(9) 6(8)
C(2) 39(9) 25(11) 27(11) -1(9) 8(8) 3(8)
C(3) 34(9) 35(12) 25(10) -8(9) 8(8) -4(8)
C(4) 35(8) 20(10) 28(11) 8(8) 14(8) 11(7)
C(5) 26(8) 27(11) 30(10) -4(9) 14(7) 7(7)
C(6) 24(7) 25(10) 26(11) -1(8) 9(7) 12(7)
C(7) 27(8) 37(11) 15(9) 2(8) 9(7) A(7)
C(8) 30(8) 17(10) 34(11) -3(8) 20(8) -2(7)
C(9) 27(8) 26(11) 31(10) 4(8) 15(7) 9(7)
C(10)  32(8) 24(11) 28(10) 5(8) 13(7) 0(7)
c(11) 34(9) 39(13) 27(10) 1(9) 12(8) 2(8)
C(12)  35(9) 30(11) 24(11) 2(8) 12(8) 4(8)
C(13)  36(9) 25(11) 36(12) -5(9) 15(8) 0(8)
C(14)  43(9) 20(10) 23(10) 3(8) 15(8) 8(8)
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Table 5. Hydrogen coordinates ( x 10) and isotropic displacement parameters (A2x 10 3)
for PyPyrPdCl,.

X y z U(eq)
H(1) -925 3026 5475 39
H(2) -2389 2682 2637 39
H(3) -1997 3231 493 40
H(4) -198 4123 1266 34
H(7) 1910 5129 2473 32
H(10) 3537 5979 2360 34
H(11) 5105 6861 2188 41
H(12) 6886 7440 4683 37
H(13) 7098 7136 7349 40
H(14) 5530 6254 7520 34

383



MeO

AN
Z -
/;IE
==

) oot

~E0T |

o001

107 |
JSO'I

384

JU

< =01E |

1) ooz |

11.0 105 100 95 9.0 85 80 Z5 Z0 6.5 6.f0( 5.;5 50 45 40 35 30 25 20 15 1.0 05 0.0 -05
1 (ppm

11.5



£'05—

966~
0801
8'OII§
EPTIN
S12t
822&
Szt
p'OET
£L€1
se1/
o
bbT

110

L

130

140

T

150

MeO

385

T

T T T
180 170 160

200

T

210

-10

70 60 50 40 30 20 10

80

100

f1 (ppm)

120

190

220



Me

J

386

J10¢

=00'T [
102

=107

i[IO'I 3

=207 |

11.0 105 100 95 9.0 85 80 Z5 Z0 6.5 6.f0( 5.;5 50 45 40 35 30 25 20 15 1.0 05 0.0 -05
1 (ppm

11.5



T'ST—

866~
£'80T

AN

b'IZI\
9'121\
6221~
L'S2T—
29T

wsxl
6'8517
6'EPT-7
Z'swf

387

T

T T T T T T T T
180 170 160 150 140 130 120 110

200

T

210

-10

90 80 70 60 50 40 30 20 10

100

f1 (ppm)

190

220



388

.
—) zov

oz |
660 |
[T

8.5

7.5 7.0 6.5 6.0 5.5 5.0 45 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0 -0.5
f1 (ppm)

8.0

11.0 105 100 9.5 9.0

11.5



866—
5021
€121
A
9zz1~t
621 —
691/
89ET
TIE1F
1'8ET
6EbT
8bbT
l ~
Z -
74 ?:]:
=Z

389

T

T T T T T T T
180 170 160 150 140 130 120 110

200

T

210

-10

90 80 70 60 50 40 30 20 10

100

f1 (ppm)

190

220



390

=00'T [

a0y

AZ0'T

/60t

/101

=850 |

11.0 105 100 95 9.0 85 80 Z5 Z0 6.5 6.f0( 5.;5 50 45 40 35 30 25 20 15 1.0 05 0.0 -05
1 (ppm

11.5



966—

[SIS1A N

012t
212l
€721
721
ege1/
696 T~
szsrf
ggeT
SEpT
6EbT

L4

el

L

391

T T T T T T T T
180 170 160 150 140 130 120 110

200

T

210

-10

90 80 70 60 50 40 30 20 10

100

f1 (ppm)

190

220



F5;C

392

=007 [

oz

AZ0'1

ST L

/€01

=207 |

11.0 105 100 95 9.0 85 8.0 7.5 7.0 6.5 e.fo( 5.)5 50 45 40 35 30 25 20 15 1.0 05 00 -0
1 (ppm

11.5



666—
LLTT
roct
L'0CT
L'1eT
I'ZZI}
8'1721/
§'8¢T
L'9ET-7
O'SEIf
€'6ET
a4
2472

F5;C

393

T

T T T T T T T
180 170 160 150 140 130 120 110

200

T

210

-10

90 80 70 60 50 40 30 20 10

100

f1 (ppm)

190

220



i

mle)

MeO

/5
N
PN

O

394

JL/L J

FZ0'€

T T
15 1.0 0.5 0.0 -0.5

T
2.0

2.5

3.5

T
5.0 4.5 4.0
f1 (ppm)

5.5

6.0

7.0

7.5

9.5

T
10.0

T
0.5



P'SS—

Z'e0T—

EPTT~
SBTTA
b'Z2T~
€621~
88217

€T~
0LbT~
bEpT~
8051
£25T-

5091~

MeO

395

T

130

T

160

190

210

-10

110 100 90 80 70 60 50 40 30 20 10
f1 (ppm)

120

140

150

170

200 180

220



D

Me

/5
Ngp
AR

O

396

=662

o0z |

»10'C

=66'T |

107
{vox

=00'T

10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 25 2.0 15 1.0 0.5 0.0 -0.5
f1 (ppm)

0.5



P1g—

Me

397

T

T T T
150 140 120

160

170

-10

100 90 80 70 60 50 40 30 20 10

f1 (ppm)

110

130

210 200 190 180

220



e

398

JL...JM&M\LA

A

I/ZO'E L

i{SO 1

donl

ooz
=201
Az0'1

=00'T

10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 25 2.0 15 1.0 0.5 0.0 -0.5
f1 (ppm)

0.5



9€0T—

Syaa)
6'scT
9Lt

81\
Ty
s
6'6H>
st/

399

T

T T T T T T T
180 170 160 150 140 130 120 110

200

T

210

-10

90 80 70 60 50 40 30 20 10

100

f1 (ppm)

190

220



I

Br.

&)
%
Ng
/Q'\_
(@]

400

10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 25 2.0 15 1.0 0.5 0.0 -0.5
f1 (ppm)

0.5



Pe0T—

5221
9‘521%
an
ot
€621
611/
PIbT
ESbT
S6bT~
9051+
pyest/

-0

Br.

(&)
~
o
/n'\_
(@]

401

-10

210 200 190 180 170 160 150 140 130 120 11f0( 10)0 90 80 70 60 50 40 30 20 10
1 (ppm

220



F3C

/C)
N
PN

O

402

W

01

00Tt

=00'C
%66'0
107

=00'T

10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 25 2.0 15 1.0 0.5 0.0 -0.5
f1 (ppm)

0.5



9HOT—
o€zt
S'vzﬂ
0%zt
z'oeT
AN
20T~
vier/
STbT
8SkI~
66b1~
6051
6251/

FsC

T ——

403

T

120

T

T
160 140

T

170

100 90

f1 (ppm)

130 110

150

210 200 190 180

220





