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Abstract

Thermal homolysis is one of the most fundamental reactions in organic chemistry. Free
radical reactions are generally initiated by light or a radical initiator to generate the first radical,
which can then propagate or terminate the reaction. Direct thermal homolysis requires no
chemical initiators, just an increase in temperature depending on the homolysis energy.
There are few studies of direct radical homolysis in complex systems or under mild conditions.
The reactions involving C-N homolysis under mild conditions are reported in Chapter 1. Though
the authors do not all propose a radical mechanism, we believe they can all be explained by a
radical mechanism similar to our own chemistry reported in the later chapters. These all involve
an electron rich alkene intermediate, which we believe to be especially prone to homolysis based
on DFT calculations and our own research presented in this work.

We have uncovered multiple C-N homolysis reactions from electron rich alkenes. The
first, is a Breslow intermediate that undergoes facile rearrangement from the enolate when a
benzyl group is installed on the azolium nitrogen atom. This reaction leads to products consistent
with a radical mechanism, and those previously reported by our group. Second, is a reaction that
generates 2-alkyl pyridines from an electron rich enamine. This C-N homolysis requires heat, but
the products are also consistent with a radical mechanism. Currently efforts are underway to

expand the scope of this chemistry to include heterocycles with fused rings.
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Chapter 1: Low Temperature C-N homolysis
1.1 Introduction
Thermal homolysis is a fundamental reaction in organic chemistry and it only requires heat
to generate the two radicals. The general homolysis reaction mechanism is shown in Figure 1a,
where the bond between two atoms is broken homolytically to generate two radicals. Some
common examples of homolysis reactions are shown in Figure 1b and 1c as allylic bromination
and radical halogenation!. Common features of these reactions include high temperatures and/or

chemical/photo initiators such as, peroxides and Azo compounds like AIBN. The initiator will

~\ ° °
(a) A-B —>»> A + B

J

CHgHC=CH, + Br ——> CH;CHCHyBr

(b)
CH3CHCHgBrH  + HBr  ——=  CH3CHCHBr  + g,
Cl . Cl, .
(c) CHC|3 W CC|3 — CC|4 + Cl

Figure 1: (a) general homolysis reaction (b) allylic bromination. (c) radical halogenation

generate the first radical which can then create a second radical and propagate the reaction until
termination occurs. Since, radicals are high energy species they are generally have very strong
bonds. Breaking a C-C, C-N or C-O bond homolytically requires exceedingly high temperatures
of greater than 300 °C, since the bond dissociation energies of these strong bonds are around 75-
85 kcal/mol or even higher. However, there are reports in literature of low temperature homolysis

of C-N bonds.



Additionally, the mechanism of more complex radical reactions is not as well understood,
most computational studies are of very simple structures or of reactions that involve initiators. In
the context of this work there are two main reactions, homolysis followed by recombination, or a
homolysis followed by disproportionation. This review will focus on generating radicals at low
temperatures via C-N homolysis of some electron rich alkenes that can then undergo
recombination or disproportionation. Through the course of these reactions, we would also like to

look at what influences these reactions to better understand the mechanism.

1.2 Oka: Studies on vitamin Biand related compounds

In 1970 Oka? et al. reported a cleavage of thiamine and homologs by reacting them with
benzaldehydes in methanol at reflux to give an alcohol 3, aromatic ketone 2, a pyrimidine

product 1, and Benzoin 4 (Scheme 1).

_ N=
Cl *HCI PhCHO OH
\WN\ NHZH/S NEt, /Qlj/\m
N_ _—~ N Y > N >
OH
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Thiamine
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NH
NH, Ph 0 z Ph on o
~ + + NS + Fh
N l N\ ; )l\ i~ Ph
)\\ — N N S o}
N _
"considerable"
12% o !
1 30% ca. 40% 4
2 3 OH

Scheme 1: Oka fragmentation products



They proposed a polar mechanism for this fragmentation process by way of an a-
hydroxybenzylthiamin (HBzT) intermediate and postulated the 4-amino group in the pyrimidine
to be necessary for the rearrangement like product 3 and ketone product 2, since in the absence
of the amino group they did not see either product. This mechanism seems unlikely since it does
not go through a Breslow intermediate and in our lab, other functional groups besides
pyrimidine, have given us the analogous products.
1.3  Hemmerich: Studies in the Flavin series Alkylation and rearrangement reactions of
dihydroalloxazines
Hemmerich® and coworkers described the rearrangement of dihydroalloxazines in 1971.
They found N(5), N(10), and C(4a) to be the possible alkylating spots for their reactions
(Scheme 2A). They also found the position of alkylation was dependent on the

alkylating reagent, whether it is activated by pi-orbitals or has a saturated alkyl group.

CHj
|
R1X-K,CO3-Me,N+ CHO Hs C N 0
A o \f 2L03-Me, j@[ :([(\I? + \f
33[ g
N CHs
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(0]

5a 7a

R
HsC N N o
B :@:10 \( CHyX-K;CO5-Me;N-CHO - ° :@: | hd
- N
N HaC N “CHy

4a |
CH; O
6b

i

HsC N._N__O
R'X-K,CO3-Me,N- CHO

j@[“’ \f = ]@[ \f ~ XIYr

N

N 4a “CH, R'= allyl or benzyl HaC H ) “CH,
(0]
7c

Scheme 2: (A) possible products after alkylation. (B) Methyl lodide alkylation after removal
of the N(5) acetyl group. (C) alkylation with allyl or benzyl after removal of N(5) acetyl



Reagents such as dimethyl sulfate, ethyl iodide, and isopropyl iodide gave exclusively the N(10)
alkylated product (6a), while benzyl, allyl, and methyl gave a mixture of N(10) and C(4a)
alkylated products (6a and 7a), albeit very small in the case of methyl iodide (Scheme 2A).
Based on the product ratios, and sizes of the substituents the reaction did not seem to be
controlled by sterics. Removal of the acetyl group at N(5) resulted in a greater difference
between the alkylating reagents, with methyl iodide giving exclusively N(5) alkylation (Scheme
2B) and benzyl and allyl giving exclusively C(4a) alkylation, which was confirmed by NMR
(Scheme 2C). Based on these results Hemmerich and co-workers proposed that the position of
alkylation depended on the nature of substituents on the molecule before alkylation and therefore
the planarity of the dihydroisoalloxazines. Thus, when N(10) is acetylated the
dihydroisoalloxazines are less planar and that changes the reaction from frontier molecular
orbital controlled to charge controlled. The bending of the C-N bond is something our group has
hypothesized to lower the radical homolysis energy and it appears this that this supports that
hypothesis similar to what was seen in the previous section. This is one reason why the
alkylation with methyl iodide gives exclusive alkylation at N(5) and the allyl and benzyl groups
gave exclusively C(4a) alkylation when the acetyl group was removed. In addition to this
observation, the difference in products we believe could be explained by the radical stability of
the group on the nitrogen. Methyl is a far less radical stabilizing group than allyl or benzyl and
therefore would not undergo homolysis to give a product like 8d when the acetyl group is
removed (Scheme 3). The removal of the acetyl group also makes the molecule more electron
rich which is consistent with our observation that the more electron rich the compound the more

likely homolysis is (see chapters 2 and 3).
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Scheme 3: Proposed C-N homolysis when Rt is benzy!l

1.4 Baldwin: Reactions of N,N,S,S substituted ethylenes
In 1974 Baldwin* reported the formation of N,N,S,S substituted ethylenes that were
found to undergo a radical [1,3] or a concerted [3,3] rearrangement depending on the

temperature and nitrogen substituent (Scheme 4).

/ B
{0 D @[ a0
@“} KU‘ o2 |
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Scheme 4: Degree of [1,3] vs [3,3] rearrangement with different N-substituents



They found that simple allyl groups preferentially underwent [3,3] rearrangement (11a),
while substituted allyl and benzyl substituents preferentially underwent [1,3] rearrangement
especially at elevated temperatures (up to 100 °C). Benzyl groups only provided the [1,3]
rearrangement product 10b and none of the [3,3]. Baldwin argues for a radical mechanism for
the formation of the [1,3] rearrangement product. Further mechanistic studies involving a
crossover reaction with deuterium labeled benzyl groups supported a radical mechanism.® The
authors used a mixture of benzothiazolium salts and subjected them to the reaction conditions,
which resulted in the formation of a cross over product. The stable dideutoerio dimer was

confirmed by Mass Spectrometry as 28 + 2% of the total (Scheme 5 inset).

R
|
S Et3N s N
90 °C s R N
—_— — » 4
O e =0 =2 OO0
h k :

0,
128 R=CH,Ph 13a R=CH,Ph 14a+14b 57%

12b R=CD,Ph 13b R=CD,Ph

Ph\ Ph
s CD2N S N
0 =GRS
N s N s
|
D,C
I\Ph >pp

28%

Scheme 5: Deuterium labeling mechanistic study

They speculated that the low yield of the intermolecular cross over products produced, was due
to a solvent cage effect. They also obtained 57 + 2% of the intramolecular rearrangement
products 14a and 14b which they propose is due to a fast recombination of the two radicals
within the solvent cage. The reversibility of the formation of the dimer was ruled out after the
monomethylated dimer was not detected by Mass spectrometry in a crossover reaction between
the monomethylated and non-methylated dimers (Scheme 6). The last piece of evidence for a

radical mechanism was the detection of bibenzyl in the Mass spectrometer.
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T Uy — Iy - O

| monomethylated dimers |

not observed

Scheme 6: Synthesis of benzothiazolium dimer cross over products

1.5  Lown: Sterochemistry and mechanism of thermal [1,3] alkyl shift of stable

dihydropyrazines

Around the same time as Baldwin, Lown and coworkers® reported on the thermal reaction

Ry
m o ]
JI ]\ 40-80 °C N N R,
Ph"™ N7 “Ph i /:[
| Ph” "N~ “Ph
R

Scheme 7: Dihydropyridine rearrangement

mechanisms of 1,4-Dialkyl-1,4-dihydropyridines. The general reaction conditions show a
pyrazine undergoing rearrangement with heat (Scheme 7). They found evidence of the [1,3]-
alkyl shift being a radical mechanism. Crossover reactions done by changing the hydrogens to
deuterium in pyrazine 15, gave rearrangement product 19 with the deuterated part unchanged
(Scheme 8). When the benzylic position was deuterated (16) instead the analogous product 20
resulted. These deuterated starting materials were heated until the rearrangement was completed
and the crossover product percentage of 12 indicated the reaction was mainly intramolecular
(Scheme 8). This is the amount of radicals that escape the solvent cage, and when changing to
hexanes, a lower viscosity solvent for the crossover experiment, 14% of the crossover product

was observed. The same mixture was reacted under the rearrangement conditions with a radical



scavenger, butanethiol, which resulted in no crossover product and the formation of butane
disulfide 21 (Scheme 8). This supports that the mechanism is not free radical, but instead a caged

radical process.

Ph

Phw w
Ph Ph
b._N.__D N 55 °C N o p D

:[ I + i ]\ — BN ph* N Ph

Ph N Ph Ph N Ph Benzene I P D JI _
k /N\ P >N Ph P N7 “Ph

0" >ph

17

Ph

D 18
15 16
12%
F>hw Phj
Ph Ph
D _N_ _D N j j D D
TL - L e Do
P N7 ph T > D + BuS—SBu
Ph” N7 ph _ P
L D4\Ph Ph” N7 ph Ph” N7 Ph 21
Ph i 19 ”
15 16

Scheme 8: Crossover experiments with radical scavenger

The stereochemical consequences of this probable intracage process were investigated by
heating a deuterium labeled starting material in the S conformation. The idea was that a
completely free radical reaction would result in racemization, and overall inversion would
signify the involvement of the sigmatropic mechanism inside the cage. If the reaction was

stepwise loss of optical activity would occur only if the radical pair that forms from C-N-

Phw
N \ Phw ] oh
L, ==
Ph N Ph JI _
Dir: Ph N Ph
H)\Ph
(S)-16a (-)-(R)-20a

Scheme 9: Reaction investigating stereochemistry



homolysis has a long enough lifetime to permit reorientation of the radicals. The resulting
product (-)-(R)-20a (Scheme 9) was optically active with inversion. This confirms the
involvement of the sigmatropic pathway inside the solvent cage. The degree to which the
inversion occurs was assessed by heating up 16a with the butanethiol scavenger used previously.
This reaction showed a rearrangement product with increased specific rotation indicating that the
racemized rearranged product was forming outside the solvent cage. Therefore it was concluded
that the rearrangement was going by both a sigmatropic and a radical dissociative mechanism
depending on the migrating group and the reaction temperature. Additional details on the
regiospecificity of the rearrangement were examined as well. It was determined that the stability
is established by the geometry of the heterocycle which is controlled by the position of the
substituents on the ring and the ability of the nitrogen lone pair to be in conjugation with the rest
of the system. The authors conclude that a nonplanar structure is likely for the dihydropyrazine
system studied here, where one nitrogen is out of plan. This is consistent with our own
experimental and computational work that suggests radical C-N homolysis occurs more easily
when the nitrogen substituent is bent out of plane. Figure 2 illustrates this phenomenon with

methyl groups instead of the N-benzyl and neighboring phenyl groups.

H3C

2
§’\ /CH3
Nw
3C 23°
66°

WA

Figure 2: DFT computations showing the difference in dihedral angles for N-substituents



1.6 Lappert: Synthesis of 1,3,1°,3’-tetrabenzyl-2,2’-biimidazolidinylidines

Ph Ph Ph Ph

jﬂH CH(NMe,)(OMe), N N hv, Et,0 N r

N - [ =] - [/%j
NH MeCgH 4 N N 20°C,18h N
P 110 °C, k
Ph 3h Ph” 59  Ph
22

M62C6H4 PhMe

6 h 3h

Ph

( CH,Ph
N N N K\ph
Ph(\Ph + [N\>_<\Nj 2 [/> b

26
Ph) . 25 26

Scheme 10: Synthesis and radical homolysis products of enetetramine 23

In 1998 Lappert’ and his group studied the degradation reactions of different
enetetramines (N-benzyl variation is shown in (Scheme 10). They were able to synthesize 23, as
well as the N-CH>.CH=CH> and N-ethyl analogs and studied their thermal and photochemical
reaction products. Under photochemical conditions 23 gave rearrangement product 24, and
under thermal conditions biimidazoline 27 and bibenzyl 26 were obtained. The reactions to form
25 and 27 are proposed to be radical since they both formed bibenzyl (26). After full
characterization Lappert and co-workers attempted to obtain the tetrabenzyl compound 28
(Scheme 11). The tetrabenzyl compound was not able to be confirmed using any of the

conditions and instead each reaction underwent debenzylation to give 31. Notably, product 31 is

10



analogous to the previously formed enetetramine 27, which was proposed to go by a radical

mechanism because of the bibenzyl biproduct.

M6206H4
140 °C,2h

CL~<10 .

CHZPh
NaH, THF

20 °C, 8 h
(|3H2Ph
EHzPh CHZPh @NH
\_ O
>@ Cl >|< NH

1. CH(NMe,),(OBu!) 30 bupr
2

29 2. PhMe 110 °C, 2h
CH(NMez)(OMe)z
NaH. THF on on PhMe, 110 °C, 2 h
20°C,8h
L~ 10
N N
Ph Ph
28

Scheme 11: Synthesis of enetetramine 28 resulting in the formation of 31

The crystal structure of the methyl analog® shows the two ends of the molecule are twisted by ca.

21° about the C=C bond to reduce the steric strain between the adjacent methyl groups (Figure 3

11



right). The crystal structure of the benzyl analog which was previously synthesized®, shows the
NCN’ planes are twisted by ca. 17° about the C=C bond as seem in the X-ray crystallographic
data (Figure 3 left). They attribute the difference in stability between the tetrabenzylene-
tetramine and the other tetraaminoethylenes to be because of the steric interactions between the

two methyl groups which causes the C=C bond to twist.

Figure 3: Left: tetrabenzylenetetramine. Right: tetramethylenetetramine

1.7  Hahn: Rearrangement of electron-rich N-allyldibenzotetraazofulvalenes

Bn
CH Ph CH Ph N N
@HD 2 Q=D e G0
56% Bn "
Scheme 12: Mechanism of double dealkylation

Hahn and coworkers'® in 2006 studied the mechanism of rearrangement (Scheme 12) and the

degradation of electron rich N-substituted dibenzotetraazafulvalenes. They found that they could
not isolate a dibenzotetraazofulvalenes by deprotonation of C2, instead it formed compound 36a
or 36b (Scheme 13) where you get cleavage of two N-R bonds, depending on the N-substituent.

To investigate the reaction mechanism, they performed DFT calculations for the formation of the

12



rearrangement type prodcuts. There are at least two options for mechanism, a radical
homolysis/recombination or a sigmatropic rearrangement. When comparing the energies of the
radical pairs and the transition state energies of the sigmatropic rearrangements, it was found that

the 3-aza-cope rearrangement adopts a chair like structure in the transition state 37- (Scheme

14).
R R R'
N 2NaH NN
e — =1 <=
i o
R' R R
33 34
_ - . _
Q=T = (<10
— - \—
Fo Fo
ROOR ROOR
- 35a 35b -
l _Ro l +Ro
: v
<10 LT
N\ A\
\
o o
R' R' R
homolysis rearrangement
36a 36b
Scheme 13: Two pathways to products 21a and 21b by a radical mechanism
T AF | T
NN N, "IN N Nj@
_ - . N\
QLI — | T 10| = QO
R' R R' R R' R
34 37 36b

Scheme 14: Mechanism for the 3-aza-cope rearrangement with transition state
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For the structures with 2 or 4 allyl groups as the N-substituents there was not much difference in
the activation energy for the transition states (less than 1 kcal/mol). However, for the bulkier
allyl and the benzyl substituents the transition states could not be identified. Overall, the
energies for the radical path were much lower for the dibenzotetraazafulvalenes than the 3-aza-
Cope rearrangements, or in the case of the bulkier groups the only energy that could be
calculated. The other possible pathways result in the loss of a second R group to give a
homolysis product 36a or the loss of one R group to give a rearranged product 36b. DFT
calculations done for the R==R’=allyl and the R=allyl and R’=methyl showed a difference of 30
kcal/mol or more between the rearrangement and homolysis pathways, however both products
are observed experimentally. This indicates that once the products 36a and 36b are formed the
back reaction to the radicals is slow under the reaction conditions so there are some Kinetic
factors to consider, in addition to the thermodynamics. Additionally, DFT calculations were done
on the N-allyl-N’-benzyldibenzotetraazafulvalene which has 3 potential reactions: double
deallylation, double debenzylation (36a, R=R’=CH2Ph), or mixed deallylation-benzylation. They
found no significant differences in the energies, though experimentally only the debenzylation
product was found, indicating that other factors not considered were important.

To gain more insight into the kinetic effects on the radical reactions of these types of
electron rich double bonds, DFT calculations were done on the N-3-methylbut-2-enyl substituted
dibenzotetraazafulvalene. They found that the first homolysis from 38 to give 39 (Scheme 15)
was 6.8 kcal/mol indicating a radical pathway was likely. After the formation of 39’ there are
two possible pathways one is a recombination type product 40/40” or a second C-N homolysis
can occur to give a homolysis type product 41. The recombination product as two possibilities

due to resonance structure you can draw for the 3-methylbut-2-enyl radical. Experimentally,

14



recombination at the tertiary carbon atom of the radical to give 40 did not occur, which is
supported by the calculated reaction energies that showed this reaction to be the least exothermic

at -7.1 kcal/mol. A steric effect is suggested to be hindering this rearrangement reaction.

o0 o 5 -

R=CH,CH=C(CH3), L 39 39’ _
38 A |

40 40’

Scheme 15: Possible reaction pathways for 39 and 39’

Computationally the reaction energies to form 40° or 41 from 38 were more exothermic
at -26.9 and -60.8 kal/mol respectively. From a thermodynamic perspective these two reactions
could both occur, but experimentally only 41 was observed. They conclude this is likely due to a

difference in reaction rates so thermodynamics alone cannot accurately predict the product.
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1.8 Tsoleridis: Synthesis of 2-keto-imidazoles utilizing N-arylamino-substituted NHCs

CH, HsC CH,
; ( © Base / THF N;_N:
Me\ e \?(_D\CH ) \ \CH3
Ith Ph-CHO, rt
42 85% o
43

Base = NaH/1h
or DBU/4hr

43ac, Y=CgH,-Br-4, 94%
43ah, 2-Furyl, 79%

43aj, 3-Thienyl, 72%

43ak, CH,CHCHCgH5, 82%
43am, CH,CHCHCgzH5-Cl, 87%

Nao N Nao N
43cf, 92% 43ca, 90%

Scheme 16: Scope of 2-keto-imidazole formation reaction

Tsoleridis and coworkers*! developed a synthesis for 2-aroyl, 2-heteroaroyl-, and 2-
cinnamoyl-substituted imidazoles. They found they could functionalize C2 of the imidazoles by
formation of an NHC and then trapping with an aldehyde. The reaction proceeded smoothly with
various substituted aromatic aldehydes and alpha, beta-unsaturated aldehydes. (Scheme 16).
Additionally, some bisaldehydes were found to undergo the reaction successfully. An ionic
mechanism was proposed that goes through Breslow intermediate 45 that is tautomerized to the

keto form 46, followed by loss of the 3-aryl amino group to re aromatize the imidazole and to

16



generate ketone 47 (Scheme 17). Recently, Sunoj*? and coworkers published a review on
Breslow intermediates with computational work showing that a 1,2 hydride shift like what is

shown in 44 is too high in energy, and a more likely pathway is a base assisted mechanism.

— H NN o
NN N —— NN N N~
pr \y ~ Ph Ci@
/=0 2
Ph

pa
)=
j

N No N

Nao N—_ /N\X-«(
/\\( + PhNHMe - P o
Ph” N0 Ph »

Scheme 17: Tsoleridis proposed mechanism for the 2-keto-imidazoles

Based on this, and our own work, we propose that these 2-keto-imidazoles are being
formed by the mechanism shown in Scheme 18. Formation of 44 occurs the same way with
carbene addition to the electrophilic carbon of the aldehyde, but from there the oxygen is
protonated by DBU to form 44a which is then deprotonated by DBU at the carbon adjacent to
the alcohol to give the Breslow intermediate 45. At this point we propose an N-N homolysis to

give 45a/45b which undergoes disproportionation to form 47.
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Scheme 18: McIntosh proposed mechanism for 2-keto-imidazoles

1.9  Mclntosh: Radical [1,3] rearrangements of Breslow intermediates

Ph Ph
| PhCHO |
DBU

N® © MeOH N OH N HO pp
L5 | Q| — O

S rtto 60 °C s Ph S \

51 Ph
49

48

Ph ,:l OH N OH
L I, — O
1. S Ph S Ph

50a

50b

Scheme 19: Proposed radical mechanism

While capturing Breslow intermediates derived from N-allyl benzothiazolium bromide
48 and aromatic aldehydes via a Claisen rearrangement a [1,3] rearrangement product was

discovered.'® The scope of this reaction was investigated with various benzothiazoles and
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thiazoles reacting with different aldehydes. The [1,3] rearrangement product 48 was proposed to
be formed by a radical mechanism (Scheme 19). Upon generation of the Breslow intermediate
49, the C-N bond could undergo homolysis to form 50a and then through resonance form 50b
where the radical has moved from the nitrogen to the carbon of the alcohol. Then 50b can
recombine with the N-substituent radical to form the final product 51. The [1,3] rearrangement
product mechanism was supported by DFT calculations that showed a low enthalpy of homolysis
for several of the N-substituents on the Breslow intermediates. The enthalpies of homolysis were
as low as 6.6 kcal/mol for di-(4-F-phenyl)methyl 53 and only as high as 20 kcal/mol for benzyl.
This is consistent with the lab results that showed benzyl being a lower yielding reaction and the
di-(4-F-phenyl)methyl reaction (Figure 4) proceeding at room temperature. Trapping with
2,2,6,6-tetramethylpiperidine N-oxide (TEMPO) did not provide any isolable products most
likely due to the reaction being a highly caged process. Additionally, EPR experiments done on
the di-(4-F-phenyl)methyl thiazole with 2-methyl-2-nitrosopropane (MNP) provided hyperfine
coupling constants consistent with the trapped radicals (Figure 4 inset). The proposed radical
mechanism is shown in Figure 4, with Breslow intermediate 53 undergoing homolysis to give
radicals 54 and 54 which if combined with an MNP radical would produce 58 and 60. This

supports our proposed radical mechanism.
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Figure 4: di-(4-F-phenyl)methyl reaction studied with EPR. (inset: EPR trapped radicals)
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Chapter 2: Oka Fragmentation of the Breslow Intermediate is a Radical Process
2.1 Introduction

As you may remember from Chapter 1 (Scheme 19) the Mclntosh group developed a
new strategy to form [1,3] rearrangement products from Breslow intermediates. We propose that
upon formation of the Breslow intermediates C-N homolysis occurs followed by rearrangement.
This type of fragmentation was called the Oka fragmentation, by Kluger who discovered this
reaction after Oka first observed this phenomenon discussed in Section 1.2. Thiamine reactions
with aldehydes are known to form Breslow intermediates, just like the reactions we do in our lab
with azoles. However, it is not known what mechanism Thiamine undergoes under non-
enzymatic conditions. We propose that Thiamine shares a common radical mechanism via a

Breslow intermediate just as with our azole chemistry (Figure 5).
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Figure 5: Proposed radical mechanism for products observed by Oka

2.2  Background and Significance

Thiamine (vitamin B1) was first identified and characterized in the 1930s.1 It is
synthesized by plants, bacteria, and fungi, but not animals. Animals do not bio synthesize
thiamine and must obtain it from their diet. Thiamine is essential for the carbohydrate, fat, and
protein metabolisms in the body. It is active in its phosphorylated forms of which there are five
known to date; thiamine mono phosphate, thiamine di phosphate (thiamine pyrophosphate),
thiamine triphosphate, adenosine thiamine diphosphate, and adenosine triphosphate. The major
biological roles have been attributed to thiamine diphosphate only.*® Biological systems can be
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understood in terms of well-known organic reactions, for example, thiamine serves as a catalyst
in decarboxylation to reduce the energy of the transition state in the enzyme. Thiamine in all its
active forms is well known as a co factor in pathways such as ethanol fermentation, synthesis of
acetyl-CoA, carbon-assimilation reactions, the citric acid cycle, and the pentose phosphate
pathway.
2.2.1 The Oka Fragmentation
Thiamine can also be used to catalyze the formation of benzoin from benzaldehyde via
the Breslow-intermediate.*® In 1958 Ronald Breslow proposed an enaminol and an N-
heterocyclic carbene as the intermediates in thiamine catalyzed enzymatic pathways. The
heterocyclic enaminols came to be called Breslow intermediates. In 1970 Oka et al. reported a
cleavage of thiamine and homologs upon reaction with aldehydes in methanol at reflux to give
a rearranged alcohol along with ketone and pyrimidine products which would result from
cleavage of the benzylic C-N bond (vide supra) as well as the expected benzoin product. This
indicated that thiamine served as a benzoin catalyst but ultimately underwent fragmentation to
an inactive form.
2.2.2 Kluger’s Studies
Kluger et al. have studied thiamine and its reactions for many years.”-?° They
rediscovered the thiamine decomposition first reported by Oka and named it the Oka
fragmentation. They noted that enzymes produce Breslow intermediates that do not fragment,
and this process is competitive in the enzyme with the pathway that preserves the co factor and
involves no fragmentation or rearrangement. They reported that the fragmentation products
occurred in solutions with an alkaline pH, while no fragmentation occurred in acidic

solutions.?! Interestingly, they only recently reported the isolation of the rearrangement
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product. Over the years, Kluger et al proposed several variations on an anionic polar
mechanism?? for the fragmentation leading to the products observed by our own group
(Scheme 20). While we are confident that that Oka fragmentation in fact proceeds via a radical
pathway (vide infra), Kluger’s postulate led us to investigate whether the enolate version of the

Breslow intermediate would be more prone to undergo fragmentation (Scheme 20).
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Scheme 20: Kluger’s recently proposed ionic mechanism

2.3  Reaction Optimization and Scope
Several N-substituted benzothiazole and thiazole salts were synthesized to make the
ketones for rearrangement (Table 1). Benzothiazole salts were prepared in the usual way to give

generally high yields.
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Table 1: Benzothiazole reaction scope with different alkyl halides

S
SO N RX
g - UL«

NN Neat
Temperature R
Entry Azole RX Temperature °C % Yield
1 Benzothiazole Benzyl Bromide 60 92
2 Benzothiazole Cinnamyl Bromide 60 78
3 Benzothiazole Bromodiphenylmethane 65 85
4 Benzothiazole 2-bromopropane 120 88
5* Benzothiazole lodomethane 70 90
6 Benzothiazole 9-bromofluorene 85 68
7 Thiazole Benzyl Bromide 70 100
8 Thiazole Cinnamyl Bromide 60 100
9 Thiazole lodomethane 60 100
10 Thiazole Bromodiphenylmethane 50 98

*Reaction done in acetonitrile

N-Benzylbenzothiazolium ketone was chosen as a model substrate to optimize the
reaction conditions due to it being easily prepared via commercially available starting materials.
The benzyl group on the nitrogen was chosen as the radical stabilizing group. The best solvent
screened was DMSO with the other solvents resulting in no product or biproducts (Table 2). The
optimum base was LHMDS which gave the cleanest reaction with the best yield at one hour
(entry 5). This is consistent with computations by DFT that show the lithium enolate as the
lowest energy when compared to other cations or even the bare enolate. The reaction was
subjected to catalytic amounts of base to determine if it was catalytic, but the reaction was not
successful when catalytic amounts of base was used (entry 6). Oxygen did not hinder the reaction
since degassing had no effect on the yield (entry 7). A weaker base (DBU) did not provide any of
the desired product and changing the solvent to DMPU did not offer any increase in yield or

decrease in biproducts.
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Table 2: Reaction optimization for enolate rearrangement

S o Base Ph
©: Solvent W o ©i8 Ph
N O N O — />—(
) e [ e
h

Ph S P
Entry Base Solvent Temperature °C  Time Yield
1 LHMDS THF -78-r1t 1-7h 0-6%
2 KOtBu THF -78-rt 1-7h 0-6%
3 LHMDS DMSO rt 5min 35-38%
4 KOtBu THF rt 5 min 35-38 %
5 LHMDS DMSO rt 1h 51-80%
6 LHMDS** DMSO rt 19h 0%
7 LHMDS* DMSO rt 5 min 36%
8 LHMDS DMSO/THF rt 1h 0%
9 DBU DMSO rt 1h 0%
10 KHMDS DMSO rt 1h 0%
11 LHMDS DMPU rt 1h 0%
12 LHMDS* DMPU rt 1h 0%

* reactions were degassed, **reaction uses 0.2 equivalents of base and degassed

Table 3: Ketone formation with different Nitrogen substituents

s S (0]
[::I: ) Et;N, PhCHO [::I:

/

N® > N

| .© MeOH )
R X rt
Entry R % Yield
1 Benzyl 91
2 Diphenyl methyl 15
3 Cinnamyl 24
4* Methyl 10
5* Isopropyl 22
6** Fluourene 22

*Reactions carried out at 70 °C, **Methyl
formyl-4-benzoate used as aldehyde
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After successful synthesis of the thiazole salts, the scope of the ketone formation from the salts
was investigated (Table 3). The benzyl salt gave the best yield of the ketone (entry 1) with all
other analogs giving significantly less ketone product. Cinnamyl, isopropyl, and methyl were the
next best with 24, 22, and 22, percent yield, respectively. The methyl ketone was only able to be
synthesized with a 10% yield even with heat (entry 4). It is unclear why they yield for entry 4

was not higher.

Table 4: Scope of the enolate rearrangement reaction

S
©i _ tHmDs ©i _
N
Solvent \
R

SROH

RT, 1h

Entry Solvent R Yield
1 DMSO Fluorene 0%
2 DMSO Cinnamyl 6-15%
3 DMSO Diphenyl 0%
4* DMSO Methyl 0%
5 DMSO Methyl (3)
6 DMSO Isopropyl (3)
7 DMPU Isopropyl (3)
8 THF Isopropyl 0%

*RT-45°C

With the optimized conditions in hand the scope was examined by varying groups on the
nitrogen for enolate rearrangement (Table 4). The only other substrate to give rearrangement
product under the optimized conditions was cinnamyl (entry 2). The other benzothiazolium salts
gave no product or biproduct even when changing the temperature or solvent (entry 4 and 8).
Thiazole ketones were synthesized, to attempt to expand the scope but unfortunately gave none
of the desired ketone product (Table 5). In addition to the limited scope the ketones that were

synthesized were not high yielding. In comparison to the previously used conditions for
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rearrangement (vide supra) the enolate conditions are completed at ambient temperature and in a
shorter time (7 days vs 1 hour). There were no fragmentation products observed in these
reactions which is further evidence that this is radical and not ionic as suggested by Kluger.
Based on these observations it seems that an enolate intermediate in the rearrangement is a viable
reaction pathway, but the conditions were not applicable to a broad range of reactants (Figure 6).

However, this still supports the hypothesis that electron rich systems are more prone to

homolysis.
Table 5: Thiazole ketone formation scope
s 0
[S> EtsN, PhCHO [
N/® > N
| X@ MeOH I|?
R RT
Entry R Product
1 Benzyl None
2 Diphenyl methyl Benzoin
3 Cinnamyl Benzoin
4 Methyl Benzoin
Ph o CH,Ph
o N oLi

>,
o
Vm
:
\
,
~

N OH ® N OLi .
©: N H E): N CH,Ph N\ OLi
S S e S S

Figure 6: Proposed Radical mechanism
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Figure 7: Deuterium exchange experiment: (1) in Methanol and (2) in Methanol-d1

If our proposed radical mechanism were correct, exchanging a hydrogen on the Breslow

intermediate oxygen with a deuterium should result in a slower disproportionation relative to

combination since deuterium atom abstraction would be expected to be slower. We tested this by

comparing two reactions, one in methanol and one in methanol-d1 (Figure 7). Both reactions

were run at the same temperature and under the same conditions. The result was that the reaction

performed in methanol contained only disproportionation product, while the reaction performed

in methanol-d1 reactions yielded both recombination and disproportionation. This supports that

the deuterated solvent slowed down the formation of the disproportionation product, allowing the

recombination product to appear (Figure 8). These results were confirmed by LC/MS. The

results have the opposite ka/ke result gained by other lab members and needs to be explored

further (Taylor Burnett Thesis).
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Figure 8: Proposed radical mechanism with hydrogen or deuterium

DFT calculations in water using b3lyp-631g* show that the change in energy from the Breslow
intermediate of thiamine 54 to the radical fragmentation products is +16.6 kcal/mol, whereas the
same difference in energy for the anionic polar mechanism proposed is +53.8 kcal/mol.
Additionally, the proposed tautomer 55 of the Breslow like structure is +19.4 kcal/mol energy
higher than the normal Breslow intermediate of thiamine 54 (Figure 9).

In addition to these calculations, Oka’s reported procedure was repeated and his results
were confirmed reproducible. I also subjected Thiamine to Oka’s conditions using methanol-d1
to see if there would be any changes in the product ratios (Scheme 21). Unfortunately, the
deuterated methanol reaction did not provide any conclusive results. More work needs to be done

to determine why nothing conclusive came from this reaction.
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Scheme 21: Oka’s procedure in methanol or methanol-d1
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2.3.2 DFT Calculations

To predict what substrates would undergo homolysis, we looked at the effect of different R
groups on the thiazole and calculated the energy of homolysis versus the HOMO energy
(Scheme 22). The 4 position did not seem to show any trend in the electron richness of the R
group and the energy of homolysis versus the HOMO energy, so we investigated the 5 position.
This looked promising until further R groups were added (Figure 10).

Ph
QP .
RU_N s RN s .
L= — L= - (S
S N S N
| |
Ph
QP .
B N S N S -
S~ — =1 -
R S N R S N
| |
Scheme 22: Homolysis with substitution at the 4 (A) or 5 (B) positions

energy of homolysis(kcal/mol) vs HOMO (eV) (5)
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Figure 10: Energy of homolysis (kcal/mol) plotted versus the HOMO (eV)
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The next attempt at predicting homolysis was the energy of homolysis versus the energy of
electron transfer. This showed somewhat of a trend but fell apart with more groups added just
like the previous attempt. This resulted in a new approach which was to look at the electrostatic

charge on the atoms involved in the homolysis. The idea was that if the mechanism were radical

Energy of Homolysis (kcal/mol) vs Enthalpy of Electron Transfer

130
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° W OMe 2
110 o
COOH
NMe2
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13 135 14 14.5 15 15.5 16 16.5 17 17.5

Figure 11: Energy of homolysis (kcal/mol) versus the enthalpy of electron transfer

there would be little to no charge on the atoms in the homolysis, whereas if the mechanism were
ionic, you would see a charge

Our next attempt at predicting homolysis involved the same R groups, but this time
comparing the energy of homolysis to the enthalpy of electron transfer (Figure 11). This like the
previous attempt did not show any specific trend in the electron withdrawing or electron
donating ability of the R groups.
The next hypothesis was that if we calculated the electrostatic charge of each of the red Carbons
and Nitrogen’s for the radical pathway and the ionic pathway and compared both to the
electrostatic charge if you stretch the bond by 1 Angstrom, the difference could tell us if one was

favored (Figure 12). If the difference between the radical electrostatic charge and the stretched
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bond were small that would indicate the stretched bond most likely going by a radical
mechanism as opposed to an ionic one. There was a small difference between the radical and the

stretched bond electrostatic charges, supporting our radical mechanism (Figure 13).
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Figure 12: (A) homolysis of equilibrium C-N bond. (B) lonic breaking of C-N bond. (C)
Stretched C-N bond homolysis
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Figure 13: Calculated electrostatic charges for carbon and nitrogen for various N-
substituents
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Chapter 3: Synthesis of Pyridine analogs by C-N sigma bond homolysis and recombination
3.1 Introduction
Only a few examples of low temperature C-N homolysis have been discussed in Chapter
1 (vide supra). Beyond those examples there are very few in the literature. Yet,
substituted pyridines can form Breslow-like intermediates or enamines that serve as
electron rich alkenes and could undergo rearrangement. This represents an underexplored

area that could be exploited to undergo the same [1,3] rearrangement reaction.

3.2  Background and significance

(0] HO
\ H
=N S N MeO,C CO,Et
\ \\« HO |\ oH 2 I\ 2
. N
MeO N/ N/ CFs
OMe

Esomeprazole Vitamin B6 Herbicide

Ph Br |
- CO2H N
» 0
N N ’
| A
. NN

Fatty acid
binding Bromopheniramine Abiraterone Acetate
inhibitor

Figure 14: Selected examples of pyridine applications

Pyridine motifs are found in many biologically active molecules.?® Pyridines are the most
commonly used aromatic heterocycle among the FDA approved pharmaceuticals with most of
them being C2 substituted.?* Some of the classes of drugs containing pyridines include
antihistamines such as bromopheniramine, anti-cancer drugs like the prostate cancer treatment

prodrug abiraterone acetate, vitamin B6, proton pump inhibitors that treat excess stomach acid
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(Esomeprazole), fatty acid binding inhibitors, and herbicides (Figure 14). Substituted pyridines
are generally synthesized via Grignards,? alky! lithiums,?®?" using transition metal catalysts?® or
from the N-oxide by using boryl alkanes.?® These often employ harsh conditions and cryogenic

temperatures (Figure 15).
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B | - 7
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| y 7
NZ B BuLi, THF N
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N Br CuCN N
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Figure 15: Different examples of how to make 2-substituted pyridines
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3.3 Results and discussion

Table 6: Enamine optimization

| N Base | N ]
& CD4CN X
—_—

@ ” @
Base Enamiﬁe B
DBU No
K2CO3 No
NaH Yes

Given that an enamine is an electron rich double bond, just like a Breslow intermediate, we
wanted to see if the same type of rearrangement could occur. Computations showed that the
homolysis of the C-N bond after enamine formation (Table 6) was +29 kcal/mol. This is higher
than previously published Breslow intermediate rearrangements by about 16 kcal/mol. The
higher enthalpy of homolysis made the possibility of observing the enamine intermediate by
NMR a possibility, since this reaction would need a higher temperature in order to rearrange.
Based on the computational evidence we decided to pursue this reaction to potentially expend
the scope of motifs that undergo [1,3] rearrangements, and determine if the enamine could be
observed in situ.

N-benzyl alkylated 2-ethyl pyridine was chosen as a model substrate to optimize the reaction
conditions. Benzyl is a well-known radical stabilizing group and therefore was an appropriate
choice to start the alkyl isopyridine homolysis optimization. The enamine needs to be formed
first before any rearrangement could occur. Sodium hydride turned out to work the best with the
enamine forming in 30 minutes, while the other bases did not result in any formation even with

heat (Table 6). Once the enamine could be formed, we looked at optimizing the rearrangement
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(Table 7). Lower temperatures did not generate any rearrangement product, so higher boiling
solvents such as like DMF and Toluene were used. Toluene produced the product but only in
modest yield (entries 3-5), while DMF gave a much higher yield of 35% at 4 hours (entry 7).
Increasing the reaction scale to 0.5 g (of salt) did not cause a decrease in yield (entry 8). Oxygen
seemed to inhibit the reaction because degassing improved the yield (entry 9 vs 10). The
optimized conditions seemed to be 16 hours and degassed giving the best yield of 56% (entry

10).

Table 7: Pyridine rearrangement optimization

X X
| o NaH »
o N - = N
Br k Solvent
Ph Time Ph
T°C

Entry Solvent T (°C) Time (h) Degassed Yield (%)
1 MeCN 65 5h No 0%
2 MeCN 100 0.5h « 0%
3 Toluene 165 1h « Trace
4 Toluene 165 4h « 12%
5* Toluene 165 4h « 11%
6 DMF 165 1h « Trace
7 DMF 165 4h « 35%
8** DMF 165 4h “« 48%
9 DMF 165 16 h « 14%
10 DMF 165 16 h Yes 56%

*different workup. **0.5g scale

With the optimized reaction conditions, many salts were synthesized using a previously
published procedure® to expand the scope of the rearrangement (Figure 16). Many functional
groups were tolerated in the salt formation, including halogens, nitro substituents, aromatics and
heteroatomatics. Both ortho and para substitution on the aromatic ring was tolerated. Many

different N-heterocycles were functionalized, including pyridine, pyrazine (56j), methyl
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pyridines (56i, 56k, 56p), tetrahydroquinoline (56z), and ones with unprotected alcohols (560,

56x, 56ab) with modest to good yields.
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Figure 16: Scope of salt formation
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Figure 16 Cont.: Scope of salt formation

Next, the scope of the enamine formation was examined since the enamine is the intermediate
precursor to the rearrangement (Table 8). Sodium hydride in deuterated acetonitrile was used to
observe the enamines in situ by proton NMR. Some substrates required the addition of DBU (1
equivalent) and the sodium hydride for the enamine to form completely in a reasonable amount

of time. Some substrates did not exhibit any enamine formation by 1H-NMR analysis even with
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the addition of the additive. The N-fluorenyl structures have acidic protons at C9 of the fluorene,
which potentially interfered with the formation of the enamine since deprotonation at C9 would
result in an ylide and none of the desired enamine precursor (56x, 56ad). Oddly, the N-propargyl
structure showed nothing interpretable in the 1H-NMR and subjecting the reaction to the
rearrangement conditions did not result in any product (56ac). The N-cinnamyl salt did not form
an enamine, but instead the benzylic position next to the Nitrogen was deprotonated to form the
ylide (56¢). The N-cinnamyl ylide was purified from the crude reaction mixture and identified by

1H-NMR.

Table 8: Enamine formed with 2-ethylpyridines

Additive
X X
| NaH |
N~ > NS
X A CD3CN \

R R
Entry R Additive
1 Benzyl
2 Diphenyl methyl
3 (2-napthyl)benzyl
4 4-bromobenzyl
5 dimethylallyl
6 2-phenylbenzyl
7 alpha-methylbenzyl DBU
8 2-chlorothiazole DBU
9 pentafluorobenzyl DBU
10 2-cyanobenzyl DBU
11 4-cyanobenzyl DBU
12 2-bromobenzyl
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Table 9: Rearrangement reaction scope with 2-ethyl pyridines

NaH, Additive
| ~N DMF | ~N | ~N
@ - J — =
N rt-165 °C N N
Degassed R
Entry R Additive Yield
1* Cinnamyl - 0%
2 Diphenyl methyl - 33%
3 4-bromobenzyl - 52%
4 2-phenylbenzyl - 74%
5 alpha-methylbenzyl - 7%
6 (2-napthyl)benzyl - 37%
7 2-bromobenzyl - 45%
8 pentafluorobenzyl DBU 4%
9 2-chlorothiazole DBU 0%
10 2-cyanobenyl DBU 23%
11** 4-cyanobenzyl DBU 17%
12%** benzyl - 51%

*product was ylide only, **120 °C. ***NaOH instead of NaH was used.
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The cinnamyl substituent gave the ylide as the only isolated product (Table 9 entry 1). A
phenyl substitution was easily tolerated giving the best yield of 74% (entry 4). The alpha-methyl
benzyl derivative gave a poor yield along with the pentafluorobenzyl which needed the addition
of DBU to form the enamine. The thiazole derivative 56h did not give any rearrangement
product (entry 9), while the cyano-substituted benzyls gave a modest yield of 17% and 23% for
the para (56m) and ortho (561) substituted, respectively. Both bromo-substituted benzyls were
tolerated well, with the ortho substituted (56n) giving a 45% yield, and the para substituted (56f)
giving a 52% yield. The diphenyl and napthyl substituents gave only modest yields (entry 2 and
entry 6). Sodium hydroxide was also explored as a potential base option and gave 51% yield
(entry 12), but further work is needed to optimize these conditions. Further optimization with
other pyridines showed that the [1,3] rearrangement reaction was tolerated well my many
functional groups (Table 10). Notably, the 4-propanolpyridine derivative with an unprotected
alcohol smoothly afforded the product in 47% yield ( entry 13). Pyridine derivatives with a
benzyl substituted in the 2-position needed DBU added to the reaction for better product yield.
Degassing increased the yield by 15% for the 2-bromobenzyl derivative (entry 1 and 2). The
methy| substituted pyridines both worked smoothly with good yield in the 2-methylpyridine and
modest yield for the disubstituted pyridine (entries 10 and 11). The 2,4-dimethylpyridine gave an
overall yield of 56%, but that is of 2 products. One where the rearrangement occurred on the 2
position, and the other rearranged at the 4 position (entry 12). Tetrahydroquinoline gave a good
yield of 65% (entry 9). The isoquinonline isomer resulted in 20% of the expected rearranged
product, but with 11% of the dibenzyl substituted product (entry 8). This is most likely due to

radicals escaping from the solvent cage.
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Table 10: Rearrangement scope with other substituted pyridines

Entry

1**

2*

4**

Pyridine Salt

v
3
s
Q

z
\

Br

/

\

Br

/

N/ A/ \

/

\

hY
>

Ph

Ph

Ph

Ph

Ph

Ph

Additive

DBU

DBU

Yield
36%

21%

45%

25%

32%

26%

51%

Enamine
Yes

Yes

Yes

Yes

Yes

Yes

Yes



Table 10 Cont.: Rearrangement scope with other substituted pyridines

g*** XX Ph 20% Yes
| = g‘)\/Ph
©

XX
Br | /N
9 AN X 65% Yes
| @ | ~
N N
e
Br kF>h Ph
10 AN X 45% Yes
| ﬁ)/ N/
B k
Ph Ph
11 |\ /Ei/\ 29%  Yes
ﬁ/ NT Ph
1
12%*** 56% Yes
[ D
,Ct,)/ N/ Ph
Q
Br k

13 NS NS 0% Cc_)mplex
| o [ P mixture
N N
P

14 HO HO 47%  Yes

/\ Ph

—N
®
*not degassed/4h **4h instead of overnight. ***11% disubstituted product.

****combined yield with rearrangement at the 4 position.

3.4 Mechanistic studies
To gain more evidence for a radical mechanism the N-methyl 2-ethylpyridine was

synthesized and taken on to see if rearrangement occurred. An anionic mechanism should have
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no problem with methyl as the nitrogen substituent, but a radical mechanism would not be as

likely (Figure 17).

The reaction was run under the standard conditions after confirming the formation of the

enamine, and no rearrangement product was observed (Scheme 23). This is supportive of the

proposed radical mechanism.

S (s @Y
—_— ~
N
CH3

.
| =
N

@.\,/

A
CHs CH3

AN
N » X
| N > N s —_— —
NJ C f\\ \) N
CCH3 SHa CH,

Figure 17: (A) anionic mechanism. (B) radical mechanism
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96%

Scheme 23: Methyl rearrangement reaction

In addition to the N-methyl salt, the N-dimethylallyl salt was synthesized, since it would provide

unique products for both a [1,3] and a [3,3]-rearrangement (Scheme 24). After confirmation that

the enamine can form, the reaction was subjected to the standard rearrangement conditions which

afforded both the [1,3] and the [3,3] products by crude 1H NMR in a 2:1 ratio. This seems to

support a radical mechanism, since both products were observed instead of just the [3,3] product
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which could have been from an ionic mechanism. Given this result, more work is needed to
determine if more than just a radical mechanism is responsible for the products.

X NaH
| @/ _owF
N

MeCN
70 °C

74% |

//ﬂ:f rt - 165 °C

L — [1,3] [3,3]

Scheme 24: Dimethylallyl rearrangement reaction

We attempted to trap any radicals with TEMPO with the N-Benzyl 2-ethyl pyridine salt under
the standard rearrangement conditions, but nothing productive was observed. Additionally, the
acidity of the protons in the salt was investigated using a deuterium exchange experiment
(Scheme 25). The proton at the carbon of the ethyl pyridine was found to exchange at about the
same rate as the aromatic hydrogen ortho to the Nitrogen of the ring, and none of the benzylic

hydrogens adjacent to the Nitrogen exchanged in this case. This suggests that deprotonation is

possible based on acidity.

| N N
D
Ch?/ DBU 5 (h?/
—>
Bn CD,0D Bn

Scheme 25: Deuterium exchange experiment
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35 Other directions

Many different conditions were tried to rearrange a benzyl group a second time to

increase product diversity (Table 11). The addition of DBU to NaH did not form the enamine,

nor did the addition of heat (entries 2 and 3). Different base combinations including,

NaOH/TBACI and t-BuOH/NaH (entries 4 and 5) did not result in the formation of the enamine

either. LHMDS was tried on a preparatory scale with heat and degassed to see if rearrangement

product could be observed, but there was no evidence in the crude reaction mixture or after

purification of the enamine or any rearrangement product. Computational work showed that the

lowest energy conformation puts the desired hydrogen for deprotonation under allylic strain, so

this along with experimental evidence suggests a potential reason for the lack of enamine

formation.

Table 11: Reaction optimization for enamine formation of second rearrangement

B B

@

,}l Base ,}l AN
JE— .

Bn CD4CN Bn

Entry Conditions

NaH

NaH, DBU

NaH, rt-60 °C

NaH, t-BuOH

NaOH, TBACI, rt — 80 °C

6* LHMDS, Tol, 0 - 115 °C, degassed

O~ WwN -

Enamine
No
No
No
No
No

No

*no rearranged product observed.

Computational work shows that the addition of a Lewis Acid coordinating to the Nitrogen of the

pyridine would lower the energy of homolysis significantly. This led to the investigation of

adding Lewis acids into the rearrangement reaction conditions to see if the rearrangement could
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be done at a lower temperature (Table 12). Entry 1 shows that no reaction occurs without the
base. Trimethylborate took the reaction back to the salt after the enamine formed with sodium
hydride, indicating the moisture sensitivity of the enamine (entries 2 and 3). Titanium
isopropoxide did not afford any product even with heat (entry 3). The borane morpholine

complex did not result in any rearrangement even with heat (entry 3).

Table 12: Lewis Acid rearrangement optimization

| AN | \ L \
NaH ewis
ﬁ/ Solvent Acid N
- — —
© T°C K@ LA ©

Entry Solvent Lewis Acid Product
1* CD3CN B(OCHa)s3 rt No reaction
2 CDsCN B(OCHa)z (distilled) rt- 70 Salt
3 CDsCN Ti(Oi-Pr)4 rt - 65 No
4 CD3CN 30 ,BHs rt Borane + enamine
5 CD3CN % rt - 60 No
EO]
6 CH3CN BF:OEt rt - 50 No
7** CH3CN BFsOEt; rt- 50 Isomer

*reaction done with out NaH as control. **reaction degassed and identified by LCMS
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Table 13: DFT calculations of homolysis enthalpy
with Lewis Acid coordination

X XX
BN »
/N N

R \@
Entry R Homolysis Enthalpy
1 - 29 kcal/mol
2 H* 15 kcal/mol
3 BH; 4.1 kcal/mol

(DFT B3lyp- 631g* polar solvent)

Borane 4-methyl-morpholine complex only gave the starting material borane and enamine when
added at room temperature (entry 4), and none of the desired product when heated (entry 5).
Boron trifluoride dietherate gave an unknown oxidation product (entry 6). Degassing the boron
trifluoride dietherate gave an unknown isomer of the desired product based on 1H NMR and
Mass spectrometry (Entry 7). The product formation at a lower temperature aligns with the
computations done in DFT, in which a coordinating acid lowered the homolysis enthalpy by
about 10-25 kcal/mol (Table 13).

To expand the scope of the rearrangement other reaction conditions were employed to see if a
rearrangement product could be observed, thus potentially expanding the scope of the reaction
(Figure 18 inset). This procedure allows for the generation of the base in situ, so there is no
intermediate step required for synthesizing the salt, and the rearrangement product could be
made in one step. The 2-methylpyridine was reacted with 2-phenyloxirane and heat to generate
the alkylated Nitrogen, with a negatively charged oxygen from the opened epoxide which could
serve as an internal base. The internal base could deprotonate the one of the protons from the
methyl and form the enamine which could then undergo homolysis and recombination like
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previously seen (Figure 18)

OH
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N
o )\ H N/
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Ph HO
Ph

Figure 18: Other potential reaction conditions for radical rearrangement

3.6 Future work

We have strong evidence for our hypothesis that electron rich alkenes undergo homolysis
easier, but more work is needed to be able to predict when homolysis will occur. We will
continue this project to be able to predict C-N homolysis via experimenting with different

computational methods and looking at other factors that could influence homolysis. Optimizing

51



and expanding the scope of this rearrangement to more diverse pyridines and alkyl halides is also
an ongoing effort in the lab. Further work is needed to obtain a successful second rearrangement,
but this would open the door to many more structurally diverse products via a [1,3]
rearrangement reaction. The conditions for Lewis Acid assisted rearrangement are also ongoing.
Currently, mechanistic studies are being done on Thiamine and related compounds to further

support a radical mechanism, and better understand how the enzyme avoids fragmentation.
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5. Appendix

5.1  General procedure for the preparation of pyridine salts

R X Method A: Alkyl pyridine was mixed neat with a slight excess of alky! halide (1.1
eq) in a pressure tube and the mixture maintained at 80 °C until the reaction mixture solidified
(1-14 h). The resulting salt was dissolved in a minimal amount of methanol and triturated with
diethyl ether. The solvent was decanted and the solid dried in vacuo.

Method B: Alkyl pyridine was mixed in acetonitrile with a slight excess of alkyl halide
(1.1 eq) in a pressure tube and the mixture maintained at 80 °C until the starting material was
consumed by TLC (4-16 h). The resulting liquid was poured into a round bottom and triturated
with diethyl ether. The solvent was decanted and the solid dried in vacuo.

5.1.2 General procedure for the preparation of pyridine rearrangements

R Method A: The pyridine salt was placed into a pressure tube followed by DMF
and NaH. The reaction mixture was allowed to stir for 20-45 min and then a vacuum cap was
sealed with a plunger tube cap and degassed three times by the freeze pump thaw method, on the
last pump the pressure tube was sealed under vacuum and the reaction was allowed to come up
to room temperature before being placed in a 165 °C oil bath for 16-20 h. The reaction mixture
was cooled and quenched with saturated ammonium chloride solution, then extracted with DCM
3x, dried with MgSOs, filtered, and concentrated. Reactions were purified by preparatory TLC or
flash chromatography in hexanes/ethyl acetate.

Method B: Same as method A but DBU was added before the NaH.

5.2  Procedure for N-benzyl benzothiazole ketone:

Ph

)
L

A 0.15M methanolic solution of benzothiazole salt was added to a neat
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solution of benzaldehyde (2 eq) and triethylamine (2 eq) dropwise over 20-25 minutes at rt. The
reaction was stirred at room temperature for 4 days and then the reaction was evaporated and
purified by column chromatography. Product was a bright yellow oil. 30% yield.

(3-benzyl-2,3-dihydrobenzo[d]thiazol-2-y1)(phenyl)methanone: *H NMR (400 MHz, CDCI3)
8 4.33 (d, 1H, J=14.98 Hz), 4.82 (d, 1H, J=14.99 Hz ), 6.10 (s, 1H), 6.58 (d, 1H, J=7.91 Hz),
6.71 (t, 1H, J=7.51 Hz), 7.03 (m, 2H), 7.32-7.39 (m, 5H), 7.46 (t, 2H, J=7.88 Hz), 7.59 (t, 1H,
J=7.40 Hz), 7.80 (d, 2H, J=7.42 Hz). 13C NMR (300 MHz, CDCI3) & 29.7, 51.4, 68.8, 107.6,
119.1, 122.1, 126.6, 127.7, 128.1, 128.5, 128.7, 128.8, 133.5, 136.5, 147.4, 190.5.

5.2.1 Procedure for N-benzyl benzothiazole enolate rearrangement:

N Ph
S

The N-benzyl ketone from the previous step was dissolved in dry DMSO
under N2 and then LHMDS (2.2 eq) was syringed in. The reaction turned a dark red and was
stirred for 1 hour under N2 at rt. After one hour the reaction was quenched with acetic acid and
then sodium bicarbonate was added and the solution was extracted with diethyl ether 4 times,
dried over MgSO4, filtered, and evaporated. The crude pale yellow oil was purified by a prep
plate ran in 1:9 ethyl acetate to Hexanes to give a pale yellow solid in 79% yield.
a-phenyl-a-(phenylmethyl)-2-Benzothiazolemethanol: 1H NMR (400 MHz, CDC13) & 3.37 (s,
1H), 3.59 (d, 1H, J=13.6 Hz), 4.13 (d, 1H, J=13.6 Hz), 7.12 (m, 2H), 7.21 (m, 3H), 7.30 (m, 2H),
7.38 (m, 3H), 7.50 (td, 1H, J=1.1 Hz), 7.77 (d, 2H, J=7.36 Hz), 7.83 (d, 1H, J=7.88 Hz), 8.08 (d,
1H, J=8.16 Hz).13C NMR (300 MHz, CDCI3) 6 48.4, 78.7, 121.7, 123.2, 124.9, 125.5, 125.9,
127.3,127.6, 128.3, 128.4, 130.8, 134.9, 135.6, 143.6, 153.1, 178.1.

Matched previously published data: Alwarsh, Sefat et al. Angew. Chem. Int. Ed. 2016, 355-358.

5.3  Alkyl pyridine experimental
X

Lo,
N

2-ethyl-1-(phenylmethyl)-pyridinium bromide: Synthesized using Salt method A.
The product was obtained as a tan solid in 82% yield. *H NMR (400 MHz, CDCls) § 1.36 (t, 3H,
J=8.01), 3.26 (q, 2H, J=8.01) 6.31 (s, 2H), 7.30 (m, 2H), 7.38 (m, 2H), 7.89 (d, 1H, J=8.01 Hz),
7.99 (t, 1H, J=7.20 Hz), 8.472 (t, 1H, J=7.80 Hz), 9.77 (d, 1H, J=6.4 Hz). 3C NMR (400 MHz,
CDCI3) 6 11.8,26.3, 61.2, 125.9, 127.5, 127.8, 129.3, 129.4, 129.5, 129.6, 132.3, 145.8, 147.2,
159.6. Characterized previously by mass spec.
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Br 2-ethyl-1-(4-bromophenylmethyl)-pyridinium bromide: Synthesized using
Salt method A. The product was obtained as a tan solid in 95% yield. *H NMR (400 MHz,
CDCl3) & 1.39 (t, 3H, J=7.24), 3.28 (q, 2H, ]=7.39) 6.41 (s, 2H), 7.30 (m, 2H), 7.51 (d, 2H,
J=7.88 Hz), 7.85 (d, 1H, J=8.02 Hz), 7.97 (t, 1H, J=6.89 Hz), 8.43 (t, 1H, J=7.80 Hz), 9.92 (d,
1H, J=6.15 Hz). 3C NMR (400 MHz, CDCl3) § 11.7, 26.3, 60.5, 123.6, 225.8, 127.4, 129.9,
131.3,132.7, 145.4, 147.7, 160.13.

gzg/

1,2-bis(phenylmethyl)-pyridinium bromide: Synthesized using Salt method
A. The product was obtained as a light white solid in 75% yield. *H NMR (400 MHz, CDCls) &
1.39 (t, 3H, J=7.24), 3.28 (q, 2H, J=7.39) 6.41 (s, 2H), 7.30 (m, 2H), 7.51 (d, 2H, J=7.88 Hz),
7.85 (d, 1H, J=8.02 Hz), 7.97 (t, 1H, J=6.89 Hz), 8.43 (t, 1H, J=7.80 Hz), 9.92 (d, 1H, J=6.15
Hz). 13C NMR (300 MHz, CDCls) § 39.1, 61.5, 126.1, 128.3, 129.4, 129.5, 129.6, 129.7, 131.9,
133.1, 145.2, 147.2, 158.1. Data matched that reported by Qu, Bo et al. Org. Lett. 2016, 4920-
4923.

=L /

1-(diphenylmethyl)-2-ethylpyridinium bromide: Synthesized using Salt
method A. The product was obtained as an off-white solid in 66% yield. *H NMR (400 MHz,
CDCl3) 8 1.35 (t, 3H, J=7.26 HZ), 3.57 (q, 2H, J=7.25 Hz), 7.30 (m, 4H), 7.46 (m, 6H), 7.90 (t,
1H, J=6.71 Hz), 8.04 (s, 1H), 8.12 (d, 1H, J=8.08 Hz), 8.29 (d, 1H, J=6.43 Hz), 8.55 (t, 1H,
J=7.74 Hz). **C NMR (300 MHz, CDCl3) §-11.8, 27.3, 72.9, 125.3, 128.8, 129.2, 129.8, 129.9,
134.9, 142.6, 145.9, 162.1.

N /

o

1-(2-bromophenylmethyl) 2-(phenylmethyl)pyridinium bromide:
Synthesized using Salt method A. The product was obtained as an off-white solid in 88% yield.
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IH NMR (400 MHz, CDCls) & 4.78 (s, 2H), 6.35 (s, 2H), 7.32 (m, 2H), 7.40 (m, 4H), 7.48 (d,
1H, J=), 7.66 (d, 2H, J=), 7.85 (m, 2H), 8.33 (t, 1H, J=7.20 Hz), 8.74 (d, 1H, J=7.62 Hz).2*C
NMR (300 MHz, CDCls) § 39.5, 60.9, 124.8, 125.9, 128.3, 129.6, 129.7, 129.8, 131.9, 132.8,
133.0, 144.8, 145.3, 158.0.

AN

@z
N

Ph 1-([1,1'-biphenyl]-2-ylmethyl)-2-ethylpyridin-1-ium bromide: Synthesized using
Salt method B. The product was obtained as an off-white solid-in 85% yield.-*H NMR (400
MHz, CDCl3) 6 1.09 (t, 3H, J=7.42 Hz), 2.66 (q, 2H, J=7.40 Hz), 6.20 (s, 2H), 7.20 (dd, 2H,
J1=7.44 Hz, J2=5.4 Hz), 7.34 (d, 1H, J=7.12 Hz), 7.42 (m, 6H), 7.67 (d, 1H, J=7.96 Hz), 7.83 ({,
1H, J=6.86 Hz), 8.32 (t, 1H, J=7.78 Hz), 9.54 (d, 1H, J=6.04 Hz). *C NMR (300 MHz, CDCl3) &
11.6, 25.9,59.4, 125.4, 127.4, 128.2, 128.7, 128.8, 128.9, 129.3, 129.6, 129.8, 130.8, 129.1,
142.1, 145.4, 147.1.

AN

Y5
N

0 2-ethyl-(2-napthalenylmethyl)pyridinium bromide: Synthesized using Salt
method B. The product was obtained as a brown solid-in 74% yield.*H NMR (400 MHz, CDCls)
8 1.41 (t, 3H, J=7.04 Hz), 3.32 (q, 2H, J=7.38), 6.50 (s, 2H), 7.40 (d, 1H, J=), 7.54 (t, 2H, ]=8.48
Hz), 7.77 (s, 1H), 7.85 (m, 3H), 7.97 (t, 1H, J=6.59 Hz), 8.41 (t, 1H, J=7.57 Hz), 9.81 (d, 1H,

J=5.68 Hz). 3C NMR (300 MHz, CDCls) § 11.8, 26.5, 61.3, 124.7, 125.8, 127.0, 127.1, 127.6,
127.7,128.1, 129.6, 129.7, 133.0, 133.1, 145.7, 146.1, 147.1, 159.9.

5,6,7,8-tetrahydro-1-(phenylmethyl)quinolinium bromide: Synthesized
using Salt method B. The product was obtained as a dark yellow solid in 98% yield.*H NMR
(400 MHz, CDCl3) 6 1.83 (m, 2H), 1.97 (m, 2H), 2.98 (t, 2H, J=6.13 Hz), 3.22 (t, 2H, J=6.32
Hz), 6.22 (s, 2H), 7.29 (m, 2H), 7.37 (m, 3H), 7.86 (t, 1H, J=7.04), 8.15 (d, 1H, J=7.86 Hz), 9.52
(d, 1H, J=6.04 Hz). 3C NMR (400 MHz, CDCl3) 520.4, 21.4, 27.7,29.0, 61.2, 124.7, 127.9,
129.2,129.5, 132.1, 139.6, 145.3, 145.5, 154.6.
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AN
|®/
N

Br 1-(2-bromobenzyl)-2-ethylpyridinium bromide: Synthesized using Salt method
B. The product was obtained as a light tan solid in 86% yield. *H NMR (400 MHz, CDCls3) &
1.50 (t, 1H, J=), 3.33 (m, 2H), 6.30 (s, 2H), 7.36 (d, 1H, J=6.77 Hz), 7.44 (m, 1H), 7.67 (d, 2H,
J=7.84 Hz), 7.93 (m, 2H), 8.48 (m, 1H), 9.03 (m, 1H).1*C NMR (300 MHz, CDCls3) § 11.9, 26.6,
60.4,124.1, 125.8, 127.9, 128.9, 131.1, 131.6, 131.9, 133.6, 145.6, 145.9.

N\

Ph1-benzyl-2-methylpyridinium bromide: Synthesized using Salt method B. The
product was obtained as a light brown solid in 83% yield. *H NMR (400 MHz, CDCl3) § 2.96 (s,
3H), 6.28, (s, 2H), 7.34 (m, 5H), 7.95 (m, 2H), 8.41 (t, 1H, J=7.73 Hz), 9.68, (d, 1H, J=4.81 Hz).
13C NMR (400 MHz, CDCl3) § 21.5, 61.7, 126.0, 128.2, 129.4, 129.6, 130.5, 131.8, 145.4, 146.8,
155.8. Data matched that reported by Qu, Bo et al. Org. Lett. 2016, 4920-4923.

HO
/\/@

\—"Ph 1-benzyl-4-(3-hydroxypropyl)pyridin-1-ium bromide:
Synthesized using Salt method B. The product was obtained as a brown solid in 73% yield. *H
NMR (400 MHz, MeOD-d4) & 1.97 (m, 2H), 3.04 (t, 2H, J=7.6 Hz), 3.63 (t, 2H, J=6.10 Hz),
4.85 (s, 1H), 5.82 (s, 2H), 7.46 (m, 2H), 7.48 (m, 2H), 7.53 (m, 2H), 8.01 (d, 2H, J=6.40 Hz),
8.95 (d, 2H, J=6.55 Hz).*C NMR (300 MHz, MeOD-d4) § 31.8, 60.2, 63.5, 128.1, 128.7, 129.3,
129.5, 133.5, 143.7, 164.1

AN
| @
N
: CN 1-(4-cyanobenzyl)-2-ethylpyridinium bromide: Synthesized using Salt

method B. The product was obtained as a light tan solid in 98% yield. *H NMR (400 MHz,
CDCls) 6 1.35 (t, 2H, J=7.33 Hz), 3.24 (q, 2H, J=7.32), 6.67 (s, 2H), 7.53 (d, 2H, J=8.11 Hz),
7.66 (d, 2H, J=8.16 Hz), 7.90 (d, 1H, J=7.96 Hz), 8.02 (t, 1H, J=6.78 Hz), 8.49 (t, 1H, J=7.75
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Hz), 10.09 (d, 1H J=6.02 Hz). 3C NMR (300 MHz, CDCl3) § 11.8, 26.4, 60.2, 113.0, 117.9,
126.1, 127.8, 128.7, 133.2, 137.8, 146.1, 147.6, 160.3.

AN
| @
N
Ph : 1-([1,1'-biphenyl]-2-ylmethyl)-2-benzylpyridin-1-ium bromide:
Synthesized using Salt method B. The product was obtained as a brown solid in 95% yield. *H
NMR (400 MHz, CDCl3)  *C NMR (300 MHz, CDCls) § 38.6, 59.7, 125.8, 126.9, 128.2,

128.3, 128.5, 128.8, 128.9, 129.1, 129.2, 129.4, 129.5, 129.7, 129.8, 131.1, 132.6, 139.1, 142.2,
145.2, 146.9, 157.4.

X
| @

N

KEj1-benzyl-2,6-dimethylpyridinium bromide: Synthesized using Salt method B.

The product was obtained as an off-white solid in 70% yield. *H NMR (400 MHz, CDCls) § 2.95
(s, 6H), 6.16 (s, 2H), 6.93 (d, 2H, J=5.86 Hz), 7.39 (m, 3H), 7.89 (d, 2H, J=7.90 Hz), 8.34 (t, 1H,
J=7.88 Hz).3C NMR (300 MHz, CDCl3) § 22.3, 57.4, 125.0, 125.1, 128.5, 128.8, 129.7, 131.1,
145.4, 155.5.

X
| ~
N
2-(1-methyl-2-phenylethyl) pyridine: Synthesized using Method A. The

product was obtained as a yellow oil in 56% yield. *H NMR (400 MHz, CDCls) & 1.30 (d, 3H,
J=6.72 Hz), 2.86 (dd, 1H, J=7.72, 7.76 Hz), 3.15 (m, 2H), 7.04 (d, 1H, J=7.84 Hz), 7.10 (d, 3H,
J=7.00 Hz), 7.17 (d, 1H, J=7.20 Hz), 7.24 (m, 2H), 7.54 (td, 1H, J=7.56, 7.60 Hz), 8.59 (d, 1H,
J=4.08 Hz). 13C NMR (300 MHz, CDCls) § 20.0, 43.3, 43.8, 121.2, 121.9, 125.8, 128.1, 129.1,
136.2, 140.6, 149.2, 165.5. Data matched that reported by Hwang, C.; Jo, W.; Cho, S. Chem.
Commum. 2017, 7573-7573.

62



\

Br 2-(1-(4-bromophenyl)propan-2-yl)pyridine: Synthesized using
Method A. The product was obtained as a yellow oil in 52% yield. *H NMR (400 MHz, CDCls)
6 1.29 (d, 3H, J=6.71 Hz), 2.81 (dd, 1H, J=7.33, 7.35 Hz), 3.09 (m, 2H), 6.93 (d, 2H, J=8.16 Hz),
6.98 (d, 1H, J=7.93 Hz), 7.08 (t, 1H, J=6.06 Hz), 7.31 (d, 2H, J=8.17 Hz), 7.52 (t, 1H, J=7.67
Hz), 8.57 (d, 1H J=4.16 Hz).13C NMR (400 MHz, CDCls) § 20.1, 42.6, 43.6, 119.6, 121.3, 122.0,
130.8, 131.2, 136.2, 139.6. Elemental analysis calculated for C14H14BrN: C 60.89; H 5.11; N
5.07 found C 60.87; H 5.16; N 4.99.

~N

~

OZ

O 2-(1,1-diphenylpropan-2-yl)pyridine: Synthesized using Method A. The
product was obtained as a yellow solid in 35% yield. *H NMR (400 MHz, CDCl3) & 1.28 (d, 3H,
J=6.76 Hz), 3.78 (dd, 1H, J=4.83, 11.4 Hz), 4.39 (d, 1H, J=11.53 Hz), 6.95-7.01 (m, 3H), 7.07 (t,
2H, J=7.58 Hz), 7.21 (m, 3H), 7.34 (t, 2H, J=7.60 Hz), 7.41 (m, 1H), 7.46 (d, 2H, J=7.47 HZ),
8.51 (d, 1H, J=4.15 Hz). **C NMR (300 MHz, CDCls) § 20.7, 46.3, 57.8, 121.0, 123.0, 125.7,
126.3, 128.0, 128.1, 128.4, 128.6, 126.0, 143.9, 144.0, 149.1, 164.8. Elemental analysis
calculated for C2oH19N: C 87.87, H 7.01, N 5.12 found C 86.11, H 7.23, N 4.75.

N

=
N

Ph 2-(1-([1,1"-biphenyl]-2-yl)propan-2-yl)pyridine: Synthesized using Method
A. The product was obtained as a yellow-orange oil in 74% yield. *H NMR (400 MHz, CDCls) §
1.18 (d, 3H, J=6.50 Hz), 2.95 (m, 2H), 3.16 (d, 1H, J=6.56 Hz), 6.70 (d, 1H, J=7.87 Hz), 7.04 (t,
1H, J=), 7.19 (t, 1H, J=6.06 Hz), 7.24 (m, 3H), 7.32, (d, 2H, J=6.96 Hz), 7.39 (d, 1H, J=7.00 Hz),
7.44 (m, 3H), 8.52 (d, 1H, J=4.43 Hz).}3C NMR (400 MHz, CDCl3) & 19.8, 40.5, 42.9, 121.1,
122.1,125.9, 126.8, 127.1, 128.1, 129.3, 130.0, 130.2, 136.0, 138.1, 142.1, 124.3, 149.1, 165.4.
Elemental analysis calculated for C2oH19N: C 87.87; H 7.01; N 5.12 found C 87.79; H 6.94; N
5.01.
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J
N

Ph O 2-(2-([1,1'-biphenyl]-2-yl)-1-phenylethyl)pyridine: Synthesized using
Method B. The product was obtained as a yellow oil in 32% yield. *H NMR (400 MHz, CDCls) §
3.43 (dd, 1H, J=7.28, 7.27 Hz), 3.66 (dd, 1H, J=7.99, 7.99 Hz), 4.14 (t, 1H, J=7.58 Hz), 6.88 (d,
1H, J=7.81 Hz), 7.04 (d, 3H, J=6.50 Hz), 7.13 (m, 3H), 7.17 (m, 4H), 7.26 (d, 2H, J=6.77 Hz),
7.41 (m, 4H), 8.55 (d, 1H, J=4.03 Hz).13C NMR (400 MHz, CDCl3)  38.7, 54.3, 121.2, 123.2,
125.9, 126.2, 126.8, 127.0, 128.0, 128.1, 128.2, 129.3, 129.9, 130.2, 136.1, 137.6, 141.9, 142.2,
143.3, 149.1, 162.7. Elemental analysis calculated for CosH2:N: C 89.51, H 6.31, N 4.18 found C
88.53, H 6.38, N 4.05.

2-(1-(naphthalen-2-yl)propan-2-yl)pyridine: Synthesized using Method
A. The product was obtained as an orange oil in 37% yield. *H NMR (400 MHz, CDCls) § 1.37
(d, 3H, J=6.19 Hz), 3.04 (dd, 1H, J=10.2, 10.32 Hz), 3.32 (m, 2H), 7.06 (d, 1H, J=7.88 HZz), 7.11
(dd, 1H, J=7.33, 6.65 Hz), 7.28 (d, 1H, J=8.40 Hz), 7.44 (t, 2H, J=5.73 Hz), 7.55 (m, 2H), 7.75
(t, 2, J=7.42 Hz), 7.80 (d, 1H, J=8.60 Hz), 8.63 (d, 1H, J=4.42 Hz). 1*C NMR (400 MHz, CDCls)
020.1,43.5,43.8,121.3, 122.0, 125.1, 125.8, 127.4, 127.5, 127.6, 127.7, 127.8, 132.0, 133.5,
136.3, 138.2, 149.3, 165.4. Elemental analysis calculated for C1gH17N: C 87.41, H 6.93, N 5.66
found C 87.17, H 7.07, N 5.43.

N

| =
N

8-benzyl-5,6,7,8-tetrahydroquinoline: Synthesized using Method A. The
product was obtained as a light yellow oil in 65% yield. *H NMR (400 MHz, CDCls) § 1.67 (m,
2H), 1.77 (m, 1H), 1.88 (m, 1H), 2.69 (dd, 1H, J=24.2 ,2.23 Hz), 2.75 (m, 2H), 3.20 (m, 1H),
3.60 (dd, 1H, J=17.3, 9.74 Hz), 7.06 (dd, 1H, J=12.32, 2.88 Hz), 7.23 (m, 1H), 7.31 (m, 4H),
7.37 (d, 1H, J=7.95 Hz), 8.49 (d, 1H, J=4.21 Hz).*C NMR (400 MHz, CDCl3) § 19.5, 26.5, 29.2,
41.2,42.6,121.1,125.9, 128.2, 129.3, 132.4, 136.8, 141.1, 146.9, 159.7. Elemental analysis
calculated for C16H17N: C 86.05, H 7.67, N 6.27 found C 83.86, H 7.67, N 6.07.
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/
NN 4-(1-phenylpropan-2-yl)pyridine: Synthesized using Method A. The
product was obtained as an orange oil in 51% yield. *H NMR (400 MHz, CDCl3) & 1. 1.28 (d,
3H, J=6.84 Hz), 2.92 (d, 1H, J=13.5 Hz), 3.01 (m, 1H), 3.22 (d, 1H, J= 13.3 Hz), 6.83 (m, 1H),
7.08 (m, 2H), 7.15 (m, 3H), 7.25 (m, 1H), 8.50 (d, 1H, J=5.76 Hz), 8.52 (d, 1H, J=5.96 Hz).1*C
NMR (400 MHz, CDCl3) 6 20.5, 21.6,41.3,43.4,44.2,49.2, 122.6, 122.8, 123.2, 126.3, 127.7,

128.3, 129.1, 130.4, 137.4, 139.7, 149.5, 149.7, 155.6, 155.6. Elemental analysis calculated for
C14H1sN: C 85.24, H 7.66, N 7.10 found C 84.82, H 7.48, N 5.84.

N

=
N

Br 2-(1-(2-bromophenyl)propan-2-yl)pyridine: Synthesized using Method A.
The product was obtained as a dark orange oil in 45% yield. *H NMR (400 MHz, CDClz) § 1.34
(d, 3H, J=6.86 Hz), 3.04 (dd, 1H, J=7.6, 13.32 Hz), 3.19 (dd, 1H, J=7.16, 13.32 Hz), 3.32 (m,
1H, J=7.1 Hz), 7.01 (m, 3H), 7.08 (m, 2H), 7.51 (m, 2H), 8.60 (d, 1H, J=4.13 Hz).2*C NMR (400
MHz, CDCl3) 6 19.9, 41.8, 43.2, 121.3, 122.3, 124.8, 126.9, 127.6, 131.4, 132.7, 136.2, 139.9,
149.2, 165.1. Elemental analysis calculated for C14H14BrN: C 60.89, H 5.11, N 5.07 found C
61.43, H 5.28, N 4.96.

N

=
N

2-phenethylpyridine: Synthesized using Method A. The product was
obtained as a yellow-orange oil-in 45% yield. *H NMR (400 MHz, CDCls) & 3.10 (m, 4H), 7.09
(d, 2H, J=7.85 Hz), 7.13 (m, 1H), 7.22 (m, 3H), 7.29 (m, 2H), 7.57 (td, 1H, J=7.63, 1.61 Hz),
8.58 (d, 1H, J=4.27 Hz).3C NMR (400 MHz, CDCls) § 36.0, 40.2, 121.1, 123.0, 125.9, 128.3,
128.5, 136.3, 141.5, 149.3, 161.2. Data matched that published by Loh, Teck-Pent et al. Angew.
Chem. Int. Ed. 2010, 511-514.

AN

=
N

2-methyl-6-phenethylpyridine: Synthesized using Method A. The
product was obtained as a yellow-orange oil in 21% yield. *H NMR (400 MHz, CDCl3) & 2.58 (s,
1H), 3.08 (m, 4H, J=2.56, 8.61, 16.6 Hz), 6.90 (d, 1H, J=7.64 Hz), 6.98 (d, 1H, J=7.63 Hz), 7.23
(m, 3H), 7.29 (m, 2H), 7.46 (t, 1H, J=7.65 Hz).3C NMR (400 MHz, CDCls) § 24.6, 36.2, 40.2,
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119.7, 120.6, 125.8, 128.3, 128.5, 136.4, 141.7, 157.8, 160.6. Data matches that reported by
Selikhov, A; Boronin, E.; Cherkasov, A.; Fukin, G.; Shavyrin, A.; Trifonov, A. Adv. Synth.
Catal. 2020, 5432-5443.

CN 4-(2-(pyridin-2-yl)propyl)benzonitrile: Synthesized using Method B.
The product was obtained as a light yellow oil in 17% yield. *H NMR (400 MHz, CDCls) § 1.31
(d, 3H, J=6.44 Hz), 2.93 (dd, 1H, J=8.00, 16.1), 3.17 (m, 2H), 6.98 (d, 1H, J=7.80 Hz), 7.11 (¢,
1H, J=6.6 Hz), 7.15 (d, 2H, J=8.12 Hz), 7.49 (d, 2H, J=8.16 Hz), 7.54 (td, 1H J=1.70, 7.88, 15.2
Hz), 8.57 (d, 1H, J=4.16 Hz). 13C NMR (300 MHz, CDCls) § 20.3, 43.2, 43.5, 109.7, 119.0,
121.5,122.0, 129.8, 131.9, 136.4, 146.4, 149.3, 164.3.

1
N

Br I 2-(2-(2-bromophenyl)-1-phenylethyl)pyridine: Synthesized using Method
B. The product was obtained as a dark orange oil in 35% yield. *H NMR (400 MHz, CDCl3) &
3.49 (dd, 1H, J=7.21, 13.6 Hz), 3.79 (dd, 1H, J=8.07, 13.6 Hz), 4.52 (t, 1H, J=7.59 Hz), 6.86 (m,
1H), 6.99 (t, 2H, J=), 7.10 (m, 2H), 7.20 (m, 1H), 7.27 (t, 2H, J=7.46 Hz), 7.36 (m, 2H), 7.52 (m,
2H), 8.64 (d, 1H, J=4.38 Hz).13C NMR (400 MHz, CDCl3) 5 41.6, 52.9, 121.4, 123.6, 124.8,

126.5, 126.8, 127.6, 128.1, 128.3, 131.6, 132.6, 136.3, 139.5, 143.2, 149.2, 162.4. Elemental
analysis calculated for C19H16BrN: C 67.47; H 5.01; N 4.14 found C 67.18; H 5.01; N 4.02.

J
~
N
‘ 2-(1,2-diphenylethyl)pyridine: Synthesized using Method B. The product
was obtained as a yellow-orange oil in 45% yield. *H NMR (400 MHz, CDCls) § 3.40 (dd, 1H,
J=7.58, 13.64 Hz), 3.70 (dd, 1H, J=7.98, 13.64 Hz), 4.40 (t, 1H, J=7.73 Hz), 7.10 (m, 3H), 7.14

(m, 1H), 7.20 (m, 3H), 7.29 (t, 2H, J=7.40 Hz), 7.36 (m, 2H), 7.53 (td, 1H, J=7.66, 15.30 Hz),
8.63 (d, 1H, J=4.25 Hz).13C NMR (400 MHz, CDCl3) § 41.3, 55.4, 121.4, 123.2, 125.8, 126.5,

66



126.4, 128.0, 128.2, 128.4, 129.1, 126.3, 140.4, 143.3, 149.2, 163.0. Data match that reported by
Sterckx, H.; Sambiagio, C.; Lemiére, F.; Tehrani, K.; Maes, B. Synlett. 2017, 1564-1569

OH

~N
| ~

N 4-phenyl-3-(pyridin-4-yl)butan-1-ol: Synthesized using Method A. The
product was obtained as an orange oil in 45% yield. *H NMR (400 MHz, CDCl3) & 1.89 (m, 1H),
2.02 (m, 1H), 2.88 (dd, 1H, J=8.20, 13.4 Hz), 2.95 (dd, 1H, J=6.73, 13.5 Hz), 3.08 (m, 1H), 3.42
(m, 1H), 3.57 (m, 1H), 7.02 (d, 2H, J=6.92 Hz), 7.06 (d, 2H, J=4.67 Hz), 7.19 (m, 3H), 8.43 (d,
2H, J=4.68 Hz)'*C NMR (400 MHz, CDCls) § 29.7, 37.6, 42.9, 43.7, 60.3, 123.3, 126.2, 128.2,
129.0, 139.2, 149.6, 153.5

54 Enamine NMR’s

All NMR’s are in CD3CN after base addition and 30 minutes — 1 hour.
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