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Chapter 1: Introduction to imine chemistry

1.1 Introduction and history of imine chemistry

The imine functional group is characterized by the presence of a double bond (Figure 1.1)
between the carbon and nitrogen atoms. Substituent groups, R and Ro, on the carbon atom may
be alkyl, aromatic, heteroaryl, or a hydrogen atom. Substituents on the nitrogen atom, R3, may be

alkyl, aryl, heteroaryl, hydrogen, nitrogen, oxygen, or a metal (usually Si, Al, B, Sn).!8

S SR U
N, R N NOR,
RS R3 OH NH2

Ketimine Aldimine Oxime  Hydrazone

Figure 1.1. General structures and categories of imines.

Based on the substituents of the carbon atom, imines are sub-categorized as ketimines (R
= R, = alkyl, aryl) or aldimines (R or R» = H). When heteroatoms appear on the nitrogen atom,
oximes (R3 = OH or OR) and hydrazones (R3 = NH; or NR») result. Ketimines and aldimines are
called Schiff bases when R3 is not hydrogen to honor professor Hugo Schiff who reported them in
1864.! Schiff’s original method for preparing imines involved the condensation reaction between
an aldehyde or a ketone with primary amine.!>*-!! The process involves the elimination of one

molecule of water (Scheme 1.1).

O -H,0 R

Rz)L R +H,0 Rz)\\ N

1.1 1.2 1.3 14

Ry
HO
+ Rg—NH, ——> R
1 3 2 Rzﬂ\u, 3

Scheme 1.1. General scheme of imine formation. R; and R, can be H-atom, alkyl, aryl, and
aromatic groups. R3 can be H-atom, alkyl, and aryl groups.

Reaction between 1.1 and 1.2 leads to the formation of a relatively unstable tetrahedral
intermediate (1.3) called a hemiaminal or carbinolamine. The reversible removal of a water

molecule forms the imine. Removing water from the reaction mixture speeds up the formation of

1



imines and also avoids the reverse reaction from 1.4 to 1.3. Schiff used a Dean-Stark trap for
azeotropic distillation of water whenever the boiling point of the aldehyde or ketone and amine
used was higher than water. Since then, the use of dehydrating agents such as MgSOa, molecular
sieves, or tetramethyl orthosilicate have been reported.'?!* The reactions have been found to be
accelerated by the presence of a small amount of acid. The use of H>SO4, HCI, acidic resins, or
Lewis acids such as ZnCl,, TiCls, SnClys etc. have been reported.!>2! The efficiency of these
methods is actually dependent on the use of a highly electrophilic carbonyl group and strongly
nucleophilic amine.!®

In addition to the original method developed by Schiff, still the most commonly used, many
other methods have been developed for the preparation of imines. Aldehydes and ketones are
generally obtained from the oxidation of primary and secondary alcohols, respectively. Hence, a
straightforward method for the synthesis of imines has been developed from amines and alcohols
(Scheme 1.2) through a tandem oxidation process.?*-?° This process entails the oxidation of alcohol
to aldehyde or ketone which is trapped in situ by a nucleophile to make a variety of useful synthetic
compounds including imines. Alcohols with aromatic groups can be converted to imines in
excellent yields by using manganese octahedral sieves (K-OMS-2).2” Yields are inferior when
aliphatic alcohols were used. Aliphatic alcohols can be converted to imines in quantitative yields
by using Pd/ZrO, in KOH at 30 °C.?® The synthesis of imines has been carried out using a polymer
with incarcerated gold and palladium alloy nanoparticles and molecular oxygen as oxidizing

agent.?¢



Scheme 1.2. Oxidative synthesis of imines from alcohols and amines. R, R», and R3 may be H,
alkyl, or aryl groups.

Imines can also be prepared by the reaction of Grignard or organolithium reagents with an

3032 Tn addition, phenols and aromatic

aryl cyanide (Scheme 1.3 (A)) under acidic conditions.
ethers can also react with alkyl and aryl cyanides (scheme 1.3 (B)) to make imines in the presence

of acid catalyst.>**> Imines can also be synthesized by reacting aryl ketone diethyl ketals with

arylamines and alkylamines (Scheme 1.3 (C)).36-%7
Ar )
)\ ii R
Ar——=N ——» z —_—
nooR HN)\Ar
M
M=MgXorLi l (A)
i iii
R
OZ\Ar
OH OH NH

N,R
(0] O\/ | c
©)< + I:{,NHz — > ()

Scheme 1.3. Various methods of forming imines. A) Addition of organometallic reagents to
cyanides. i) RMgX or RLi; ii) HCI, -15 °C then NH4OHj iii) hydrolysis. B) Synthesis of ketimines
from phenols and nitriles. C) Synthesis of ketimines from ketals and amines.

In addition, alkenes and tertiary alcohols (Scheme 1.4) can be converted to ketimines by reacting

with hydrazoic acid in sulfuric acid.*® Furthermore, amino acids can be converted to imines with



sodium hypochlorite. This reaction involves the formation of the chloramine intermediate followed

by the elimination of carbon dioxide and sodium chloride.*

Ra HN
3 Ri__N__R
R _— 1 3
1\H\R4 > \(/ \l/ A
Ry R, Ry
Ry
2 OH  HN; Ry _N.
nrl —> 7 R (B)
2 Ry Rz

Scheme 1.4. Reaction of olefins (A) and tertiary alcohols (B) with hydrazoic acid.

Furthermore, in the past decade, a number of new techniques have been developed to
synthesize imines including solid-state synthesis, K-10/microwave irradiation, water suspension
medium, solvent free-microwave irradiation and silica-ultrasound irradiation.**-** Among them
microwave irradiation is extensively used due to its simplicity, reaction rates, greater selectively,

and high efficiency.*8

1.2 Mechanism of imine formation

Imine formations are usually done under slightly acidic or neutral conditions.
Mechanistically, the addition of an amine to a carbonyl group of an aldehyde or ketone proceeds
through the formation of a short lived tetrahedral intermediate 1.7 (Scheme 1.5) called a
hemiaminal. Cordes and Jencks extensively studied the mechanism of formation of imines at 25
°C by using semicarbazone with substituted benzaldehydes and concluded that nucleophilic attack
at the carbonyl carbon takes place without protonating the oxygen atom.*-> Instead, nucleophilic
attack of semicarbazone on to the carbonyl carbon along with proton transfer takes place in a single

step. Under acidic conditions (Mechanism 1.1 (A)) nucleophilic attack of semicarbazone becomes



the rate determining step.’> Under neutral conditions, general acid catalysis of the dehydration of

hemiaminal addition product (Mechanism 1.1 (B)) is the rate determining step.

O H

R—NHy + L —= g N (A)
H™ R,
HO R,

15 1.6 1.7

H H*
R1/N><H _— R1/N\\(H + HO (B)

HO R, R,

1.7 1.8

Scheme 1.5. Rate determining steps under acidic (A) and neutral (B) conditions.

Cordes and Jencks proposed that in general acid catalysis, nucleophilic attack on the
carbonyl carbon may proceed via any of the four kinetically different mechanisms having four
transition states (Figure 1.2). Transition states 1.9 and 1.10 result from general acid catalysis, but
differ from one another in the timing of proton transfer. In transition state 1.9, nucleophilic attack
is concerted with proton transfer making the carbonyl carbon more electrophilic. As a result, the
nitrogen atom of the amine has only partial positive charge. In transition state 1.10, however,
proton transfer takes place in the pre-equilibrium step after addition of nucleophile to the carbonyl.

After nucleophilic attack, the nitrogen atom is fully charged before the proton transfer takes place.

|a+|32 - |T|+ 32 o o
Ri—N-C=0--H-B  R—N-C—O--H-B
H Rs H Ry
1.9 1.10
5 '31 32 o* o F|{25+F.{2
B--H--N--G=OH B--H--N"-C—OH
H Ry H Rs
1.1 1.12

Figure 1.2. Possible four transition states. General acid catalysis (1.9 and 1.10). General acid-
general base catalysis (1.11 and 1.12).



Transition states 1.11 and 1.12 evolve from specific acid-general base catalysis and are
mechanistically different from transition states 1.9 and 1.10. In 1.11, nucleophilic attack on the
carbonyl carbon is aided by both the pre-equilibrium protonation of carbonyl oxygen atom and by
conversion of the amine into an amide ion by partial removal of a proton. In 1.12, proton removal
occurs after a pre-equilibrium formation of the protonated addition product derived from
nucleophilic addition to the carbonyl.

To explore these mechanism, Jencks calculated the second-order rate constant, ki, for the
attack of semicarbazide on the conjugate acid of p-nitrobenzaldehyde (Scheme 1.5). It was found
to be larger than the rate constant of diffusion-controlled reaction of aqueous solution. As a result,
Jencks concluded that general acid catalysis of the attack of semi-carbazide on the benzaldehyde
involves true general acid catalysis with proton transfer concerted with attack of nucleophilic
reagent (1.9). Jencks ruled out the possibilities of forming other transition states 1.10, 1.11, and

1.12 on the basis of rate constants.

H_,O
LO._H H -
H S HO +\NJ\NH2

0 K H
)k NH, + —
. 2 =
HeNT N K,

N02 N02

Scheme 1.6. Second order attack of semicarbazide and protonated p-nitrobenzaldehyde.

In summary, N-C bond formation in the transition state accompanies some movement of
the hydrogen atom toward oxygen atom. The complete transfer of proton to oxygen is believed to
be very fast after the formation of N-C bond followed by diffusion-controlled separation of the
products. The reactions occur via a pre-equilibrium proton transfer and do not involve proton

transfer in the transition state. They were found to be more rapid in D>O than H>O due to increased



basicity. This observation indicates that proton-catalyzed reaction involves general rather than

specific acid catalysis.

1.3 Mechanism of imine hydrolysis

Imine hydrolysis is relatively fast in aqueous acidic conditions or in the presence of Lewis
acid catalysts and slower under neutral or basic conditions. The mechanism involves the
protonation of nitrogen atom (N1) of C=N under acidic conditions making C1 more electrophilic
(Mechanism 1.1) to yield 1.14. Nucleophilic attack of water on the carbon, C1, of the C=N group
forms tetrahedral intermediate 1.15. A thermodynamically favorable proton transfer takes place
from protonated oxygen atom (pKa = -2.2) to N1 (pKa =~ 10) making it a good leaving group in
intermediate 1.16. The lone pair on the oxygen atom creates a double bond while pushing out

amine 1.17 in a concerted step and eventually forms a carbonyl compound 1.18 after losing H*.%°

N1

0 H H

H,O \
Ri~..N; _R, H* Ri<,.N.__Ro 2 Ri~,.N__Ro
X2 Nt = X"y X W<6H2
C1 Rj Rj
1.13 1.14 1.15 R, = alkyl; aromatic; triazine
R» and Rz = H; alkyl; aromatic

Prot H H -H* R R X = C (ketemine, aldimine)

roton N _ X 3 2 N (hydrazone)

—— R\ N_R =—pyn"Rm* T ¥

2 1
Transfer X+ \FfOH (0] O (oxime)
3
1.16 1.17 1.18

Mechanism 1.1. Mechanism of hydrolysis of imine.

Imines used in prodrugs can be slowly hydrolyzed in the blood (slightly basic) or inside
the cells (slightly acidic) in order to release the active drug. Hydrolysis can be halted either by
keeping imines away from the water or maintaining basic conditions. One of the ways to increase
the stability of imines is by having long hydrophobic side chains or groups on the carbon or

nitrogen atoms.



Stability of the imines can also be increased by incorporating oxygen (oximes) or nitrogen
(hydrazones) atoms adjacent to the nitrogen atom of the -N=C bond. Oximes have a general
structure of RO-N=CRR> . A NR-N=CRR> group is called a hydrazone. Hydrazones and oximes
are more stable toward hydrolysis than regular imines. Raines and Kalia reasoned the greater
stability of hydrazones and oximes was due to the ability of N or O atoms to resist the protonation
of the nitrogen atom of C=N group and as a result decreases the electrophilicity of the carbon atom

61-62 However, they found that oximes are relatively more stable than

of the imine group.
hydrazones. Protonation of the second nitrogen atom (N2) (Scheme 1.7 (1.20)) in case of

hydrazones resists the hydrolysis.

C1 N2

7

H
S )
RN R, == Ry SN

I

N1
1.19 1.20

Scheme 1.7. Major resonance structures of hydrazone conjugates.

1.4 Imines as starting material in organic reactions

Imines and Schiff bases are used in as starting material and intermediates in organic
synthesis. In an oversimplification,%-7® there are four different types of reactions in which Schiff
bases are used (Scheme 1.8 (A-D)). Reaction of ortho-hydroxybenzaldehyde with ethylene
diamine forms a bis-imine tetradentate ligand. The ligand is used to make coordination compounds
with various metal cations (Co**, Mn?*, Cr?* etc.) also called salen complexes (Scheme 1.8 (A)).

Imines can be used as non-symmetrical dienophiles in Diels-Alder reactions (Scheme 1.8
(B)) to furnish nitrogen containing heterocycles. In addition, the Staudinger reaction of imines

with ketenes (Scheme 1.8 (D)) yields biologically important beta-lactam rings present in many
8



antibiotics such as penicillin. Electronegativity difference between carbon and nitrogen makes
imines behave similar to carbonyl groups of ketones and aldehydes. As a result, imine functional
groups undergo nucleophilic addition reactions with organometallic reagents or hydrides to form
tetrahedral products (Scheme 1.8 (C)). In addition, imines are used as intermediates in organic

chemistry, pigments and dyes, catalysts, and also as polymer stabilizers.”’

R R
/O | R | R
NH, HO EN OH Metal ions [N\M,\o )
HN N OH N~ o
| R | R
R R

_ Rs Ry
( + R1 _N > | R2 (B)
A Y N.
R2 Rs
R3 33
! Nu_ .NH ()
NuH + R1\fN R,
R, Ro
R Ry
.0 N 4 _aRp (D)
Ry C*~ + R1YN s N
Ry o Rs

Scheme 1.8. Application of Schiff bases in organic synthesis. A) Chiral salen metal complex
synthesis; B) Hetero Diels-Alder reaction; C) Addition reactions; D) Staudinger reaction with
ketenes.
1.5 Biological relevance

Schiff bases are also found to have biological activities including anti-inflammatory,

antibacterial, anti-fungal, anti-proliferative, and antipyretic properties.””’® In addition, imines are

also present in various natural, semi-synthetic, and synthetic compounds and have been

9



demonstrated to be essential for their biological activities.”%! Below are some of the examples of

the biological active Schiff bases.

1.5.1 Antimalarial activity

Malaria is currently found in more than 100 countries. About 500 million people world-
wide are afflicted by this disease, of whom 1-3 million die annually.®? Researchers around the
globe are always in search of new drugs, vaccines, and insecticides to prevent and treat malaria.®?
Schiff bases have been shown to be biologically active against some of the species of Plasmodium.
Ancistrocladidine (Figure 1.3 (1.21)), a natural product produced from the families of
Ancistrocladaceae and Dioncophyllacease, has an imine scaffold in the molecule.”® The imine
group has been shown to be significant in conferring the antimalarial activity against P.
falciparum. The minimum inhibitory concentrations (MIC) of ancistrocladidine necessary to
completely abolish P. falciparum K1 and 3D7 growth were 0.3 and 1.9 ug/mL, respectively.’® In
addition, commercially synthesized 5-nitroisoquinoline derivatives (Figure 1.3 (1.22)) that contain
an imine have also found to be effective antimalarial agents and showed ICso of 0.7 pg/mL against

P. falciparum.®

NO,
NS
N CF3
1.21. Ancistrocladidine 1.22. 5-Nitroisoquinoline derivatives

Figure 1.3. Antimalarial Schiff bases.
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1.5.2 Antibacterial activity

Antibiotics either kill bacteria or inhibit their growth and multiplication. However, bacteria
develop resistance toward antibiotics making them ineffective. There is always a need for new and
more effective antibiotics.’*%7 Schiff’s bases have been identified as promising antimicrobial
agents. A series of Schiff bases (Figure 1.4) with promising antimicrobial activity have been
synthesized from the condensation of 5-chlorosalicylaldehyde and primary amines.®®
Pseudomonas fluorescence, Escherichia coli, and Staphylocococcus aureus were some of most
sensitive strains to these compounds.’” Pseudomonas fluorescence was most sensitive to
compounds 1.24 to 1.33 with MIC values ranging from 2.5-5.2 pg/mL. The MIC value for the
reference drug kanamycin against the same bacterial strain was 3.9 pg/mL.%” Panneerselvam et al.
also described the synthesis of eleven morpholine-derived imines that have also shown
antimicrobial activity.%® Staphylocococcus aureus and Micrococcus luteus were the bacteria most
sensitive to the morpholine-derived Schiff bases with MIC 20 pg/mL and 32 pg/mL,

respectively.®
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F OH O
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NN
Ry = N
1.31 1.32 1.33

Figure 1.4. Series of 5-chlorosalicylaldehyde and primary amines derivatives as potential
antimicrobial compounds.
1.5.3 Antifungal activity

Fungal infection is usually more frequent in elderly patients after major surgery, during
immunosuppressive therapy, with acquired immunodeficiency syndrome, during cancer treatment
or solid-organ transplant.®-°! Schiff’s bases of chitosan (Figure 1.5) have shown antifungal
activities against Botrytis cinereal and Colletotrichum lagenarium.’' They inhibited the growth of
Botrytis cinereal and Colletotrichum lagenarium by 26-33% and 35-38% when used at 1000 ppm,
respectively.’! In addition, imines with 2,4-dichloro-5-fluorophenyl moieties (Figure 1.5) inhibit
the growth of fungi of clinical interest such as Aspergillus funigatus, Aspergillus flavus,
Trichophyton ment-agrophytes and Penicillin marneffei.®* The MIC values of these compounds
were in the range of 6.3-12.5 pg/mL, indicating that they are as potent as the reference
fluconazole.”? Piperonyl derived imine compounds have been found active against some fungi

even at micromolar concentration.”®> These compounds inhibited the growth of Trichophyton
12



rubrum and Epidermophyton floccosum with the MIC value of 820-980 uM and 200-930 uM,

respectively.”

Rs
HO NH
N /I
o) (@) O N,N 1.36: R2 = 4-F- CGH4, RS = 4'C|'CGH4
N [ S 1.37 R2 = 3 Cl 4 F CGH4, R3 = 4‘C|'C6H4
HO | F N 1.38: R; = 4-F-CgH,; Rg = Piperonyl
g\ 1.39: R, = 3-Cl, 4-F-CgH,;;  R3 = Piperonyl
Cl Cl
R Ro
Ry =H (1.34) or OH (1.35)
1.34-1.35. Chitosan derivatives 1.36-1.39. 2,4-Dichloro-5-fluorophenyl derivative

Figure 1.5. Antifungal Schiff bases.

1.5.4 Antiviral activity

Vaccines have helped eradicate many diseases resulting from the viral pathogens smallpox,
polio, and rubella. However, viral diseases such as hepatitis C, HIV virus, and other
immunodeficiency illnesses require antiviral agents.”* There are many therapeutic options for the
viral infections, however the need for new and more effective drugs is always there. Schiff bases
derived from 1-amino-3-hydroxyguanidine tosylate have been a good platform to design new
antiviral agents.”* Sriram and colleagues reported the synthesis and antiviral activity of the
abacavir-derived Schiff bases (Figure 1.6) which can be used as abacavir prodrugs.”> Abacavir
inhibits the activity of reverse transcriptase and used to treat human immunodeficiency virus (HIV)
and acquired immunodeficiency syndrome (AIDS). The effective concentration of these
derivatives necessary to achieve 50% protection of human leukemic cells against the cytopathic

effect of HIV-1 was lower than 6 uM.%
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BPP an
NTINTINTR, N/)\N/ NH

Y D i
HO HO
1.40 1.41

R1 =H, CH3, Ph, 0'N02'Ph,

p-NO,-Ph, p-tolyl, R=H, F, CHj
p-MeO-Ph, p-Me-N-Ph

R, = p-OH-Ph, p-Br-Ph

Figure 1.6. Antiviral Schiff bases.
1.6 Triazinyl hydrazines

Two subcategories of imine functional groups, hydrazones and oximes, have been
extensively studied. Among those, acid-labile property can be utilized to control hydrolysis rates
under different pH conditions. As described earlier, regular imines hydrolyze under acidic or
neutral conditions faster than oximes (X= O) and hydrazones (X = N). However, the hydrolysis
of hydrazones has been found to be 100 to 1000 times faster than oximes.®® The electronegativity
of the oxygen atom in the oxime reduces the electron density on the nitrogen atom making it less
likely to get protonated than in the case of hydrazones.®® The protonated N1 relatively enhances
the electrophilicity of C1 making it more susceptible to nucleophilic attack by water and results in

hydrolysis.
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H,0 OH, ¢ OH
( - Proton ®
NS X +H+ ) @ X H+ - )\ /X\
‘) -H* Y +H* i Transfer e
142 N1 1.43 1.44 1.45
SH* [ +H* “H
X =0 (Oxime) o
| X
XX X =N (Hydrazone) + R
Ry N"® R, Y R1)J\H 2 M
1.46 1.47 1.48

Mechanism 1.2. Hydrolysis of hydrazones and oximes under acidic conditions.

Hence, the pH-sensitive nature of hydrazones has allowed their use in various fields from
materials science to medical science. Poor water solubility can reduce the likelihood that a
molecule can be used as an oral drug.”® In such situations, labile functional groups can carry the

active drug in the form of prodrugs, inactive compounds that carries the actual drugs, and release

96-98

it at the site of injury or illness by either chemical or enzymatic actions. An ideal prodrug

should be soluble in water and plasma, relatively non-toxic, induce minimum irritation along the
digestive tract, have the ability to travel through the blood stream without breaking down and able

to release the active drug at the site of injury.”-1%° Labile groups such as esters, ethers, acetals,

101-108

oximes, hydrazones, and acetyls have been used to control the release of drugs. The carbon-

nitrogen double bond in the case of hydrazones has been found to be fairly stable at neutral pH.

However, the same functional group hydrolyzes relatively quickly in acidic medium such as the

9

environments afforded by lysosomes and hypoxic, cancerous tumors.!” Two prodrugs with

hydrazone functional groups carrying anti-cancer drugs, now-abandoned due to cost, are

0 111

mylotarg'!'? and kadcyla.!'! Drugs including doxorubicin,!'?!'3 (Figure 1.7) calicheamicin,!'

9

paclitaxel,!'>-!16 docetaxel,!'” mitomycin C,''® dexamethasone,!' and cisplatin'?® have been

conjugated to nanocarriers using hydrazones. Hydrazones have also been used in creating dynamic

15



121-122° Tnterestingly, hydrazone

combinatorial libraries and as reagents in organic synthesis.
chemistry has also been used to anchor aldehydes and ketones in colognes.!?® In addition,

hydrazones have been used in molecular switches, metallo-assemblies, and sensors.'?* Finally,

hydrazones based on coupling methods have been used in medical biotechnology to attach drugs

125-128

to target antibodies.

1.49. Doxorubicin 1.50. Mylotarg

§/NH2
o) O/ ov
N N /N
5 W

1.52. Mitomycin C

1.51. Docetaxel

Figure 1.7. Chemotherapeutic agents with hydrazone functionalities with carrier.
The Simanek laboratory’s longstanding interest in triazine chemistry led us to explore the
stability of hydrazones made by the condensation of various triazinyl hydrazines with aldehydes

and ketones. The starting material cyanuric chloride is used to create triazinyl hydrazines. It
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provides a versatile platform for the incorporation of different groups. The selective reactivity
toward aromatic nucleophilic substitution reactions provides stepwise substitution of the first,
second, and third chlorine atoms makes it possible to install a variety of amines and other
nucleophiles. First substitution takes place at 0 °C to yield 1.54, the second substitution
commences at room temperature to yield 1.55 and the third substitution sometimes requires

elevated temperature depending on the reactivity of the nucleophile to yield 1.56.

R R
cl HN P HN %\1\
N ANH, 09GN Ay RNH 612 NS R-NH,, reflux )N|\ N )N\

' | 20 min - 12 h z
e L o Nl o N NH HN™ N NH
R R R
1.53 1.54 1.55 1.56

Scheme 1.9. Ease of substitution of triazine ring.

Various polar groups such as polyethylene glycol, 2-(2-aminoethoxy)-ethanol can be
installed on to the triazine ring to enhance the solubility of the molecule in water. As a result, non-
polar drug can be attached via acid labile hydrazone bond to a triazine ring substituted with highly
polar groups. Pyrimidine-2,4,6-triones (barbiturates) possess biological activities ranging from
mild sedation to anesthesia. Two heterocycles of triazinyl hydrazines and barbiturates have been
joined together through a hydrazone functional group. These derivatives of pyrimidine-2,4,6-
triaone have been found to exhibit growth inhibition with low cell toxicity.!?*-!3! They inhibit the

growth of cells by 50-84% at 2.6-3.3 uM concentrations.!3!
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Y A 1.57. R = R4 = morpholine
Nl N 1.58. R = R, = piperidine
Y 1.59. R = benzyl, Ry = piperidine
NH 1.60. R = benzyl, Ry = morpholine
O N’ 1.61. R = morpholine, Ry = piperidine

| 1.62. R = diethylamine, Ry = morpholine

>N 1.63. R = diethylamine, R, = piperidine
&J\ 1.64. R = OMe, Ry = morpholine

O ITI O

Figure 1.8. Various triazinyl hydrazone derivatives of barbiturates.

Triazine based hydrazines have been developed and applied for the titration of aldehydes
in water. The carbonyl compounds, especially short chain aldehydes are some of the most common
pollutants in the liquid samples. Triazinyl hydrazines compounds react with these carbonyl to
afford hydrazones at high yields. Reverse phase liquid chromatography with binary gradients of
acetonitrile and water is used to separate the triazinyl hydrazine and carbonyl compounds. UV-vis

spectroscopy as well as fluorescence detection can be used to quantify the hydrazones.!*

b
_N /NYN\N/ R
I R =Ry =H, alkyl, aryl
N~ _N
O\
1.65

Figure 1.9. Triazinyl hydrazones made during the analysis of water.
Amir et. al used 1,2,4-triazinyl hydrazine to create hydrazones in the development of

various anticonvulsant agents with effective dose varied from 30 mg/Kg to 300 mg/Kg.!'*3
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Figure 1.10. 1,2,4-Triazinyl hydrazones as anticonvulsant agents.
Previously, our research group compared the hydrolysis rates between acyl-hydrazones and
triazinyl hydrazones made by condensation of various aldehydes and ketones with respective
hydrazines.'?! Triazinyl hydrazones are observed to be more stable at acidic pH than acyl

hydrazones.!?!

Hydrolysis studies were limited to only one type of triazinyl hydrazine and
monocarbonyl compounds of ketones and aldehyde. We continued the previous work by
synthesizing and studying the hydrolysis rates of various triazinyl hydrazones occupying different
alkyl groups at the nitrogen atom vicinal to triazine ring described in the chapter 2. During the
synthesis of hydrazones with diketones, we also made some stable hemiaminals under acidic
conditions that have been isolated only under neutral conditions and steered us to studied the effect
of H-bonds and strong electron withdrawing groups to their stability described in the chapter 3.
Finally, we used substituted triazine rings to make macrocycles of ring sizes 22-28 by spontaneous

condensation of amine and aldehyde groups in the presence of strong acid and will be discussed

in chapter 4.
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Chapter 2: The effect of pH on the hydrolysis rates of triazinyl

hydrazones with different groups at N>

2.1 Introduction and previous work

A change in pH is one of the most studied triggers for the release of a drug from a
formulation. There are significant changes in the pH across tissues in the body from stomach to
gastrointestinal track to blood stream. Some cellular compartments have considerable differences
in pH than other compartments. As examples, the pH values of the cytosol, Golgi apparatus,
endosomes, and lysosomes are 7.4, 6.4, 5.5-6.0, and 4.5-5.0 respectively.!3* In addition, tumor
cells over-produce lactic acid due to their high metabolic activities and as a result, the pH of
cancerous tissues is lowered to pH 6.5-7.0 from pH 7.4.!%

In general, the rate of hydrolysis of hydrazones has been found to increase with decreasing
pH. Previously our group compared the hydrolysis of acetyl hydrazones with triazinyl hydrazones
and found that at low pH triazinyl hydrazones are more stable than acyl hydrazones.!?! During
these preliminary studies, 1,3-diketones were not examined as they can form stable pyrazole rings
following a second dehydration event.

One way to avoid the formation of pyrazole rings is by replacing H-atom of nitrogen (N2)
with a methyl (—CH3) or phenyl (—CsHs) group (Chart 2.1). Not only the pyrazole formation
prevented, but the hydrolysis rate might be tuned due to the inductive and resonance effect

communicated by these groups.
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Rq =-H(1); -CeHs(2); -CH3(3) a
Chart 2.1. List of triazinyl hydrazines and carbonyl compounds used.

In this chapter, the synthesis of twelve hydrazones from the condensation of three different
triazinyl hydrazines hydrochloride salts, 1-3, and aldehydes or ketones, a-d, (Chart 2.1) is
described. Hydrazones formed from triazinyl hydrazine 1 with aldehyde a will be referred to as
hydrazone 1a and so on. Hydrolysis rates are studied using HPLC under different pH conditions

(4.0, 5.0, and 7.0). A ten equivalent excess formaldehyde was used to trap the released hydrazine.

2.2 Results and discussions

Triazinyl hydrazines 1, 2, and 3 with -H, -CsHs, and CH3 at N2 respectively were
synthesized by adapting three schemes each with slightly different steps. In each synthetic method,
two chlorine atoms of starting material cyanuric chloride were replaced by 2-(2-aminoethoxy)-
ethanol substituents to enhance the solubility of the final product in water. The intermediates and

final products were characterized by mass and NMR-spectroscopy.

2.2.1 General synthetic route of triazinyl hydrazine hydrogen chloride salt 1

The most successful synthetic strategy to synthesize triazinyl hydrazine hydrogen chloride
salt as 1 (Scheme 2.1) involved three steps with an overall yield of 65% with the formation of two
intermediate compounds 2.1 and 2.2. Sequential additions of fert-butyl carbazate at low
temperature to the mixture of cyanuric chloride and N, N-diisopropylethylamine (DIPEA) followed

by the addition of 2-(2-aminoethoxy)-ethanol at room temperature yields compound 2.1.
21



Compound 2.1 was characterized by the presence of a singlet at 1.49 ppm (9H) of tert-butyl group
and a multiptet between 3.50-3.78 ppm (8H) of 2-(2-aminoethoxy)-ethanol group. Introduction of
2-(2-aminoethoxy)-ethanol in the first step resulted in the desired product along with un-identified
impurities which could not be separated by chromatography. The substitution of the third chlorine
atom by 2-(2-aminoethoxy)-ethanol was done using microwave irradiations at 95 °C to afford
compound 2.2. Finally, the deprotection of tert-butyl carbazate group with 4M HCI to afforded
triazinyl hydrazine hydrochloride salt 1. Detailed description of synthetic procedure is provided in

experimental section.

H H
HN/NTO\K HNINW/O\K OH Hn-NHs CF
a )§ 0 c )\ @] d )\
C.NaCla —— N =N N™ N NN Hoﬁ
3N3Ul3 L L o L 5
K/O\/\ K/O A K/ H
OH " 0H O "~0H
2.1 2.2 1

Scheme 2.1. Synthesis of triazinyl hydrazine hydrogen chloride salt 1. Reagents and conditions:
(a) tert-butyl carbazate, THF, DIPEA, 0 °C, 1 h. (b) 1 equiv. 2-(2-aminoethoxy)-ethanol, THF,
DIPEA, rt, 12 h, 88%. (c¢) 1 equiv. 2-(2-aminoethoxy)-ethanol, dioxane, Cs2CO3, microwave
irradiation, 95 °C, 1 h, 74%. (d) 4M HCI, CH:Cl, rt, 12 h, 99%.

2.2.2 General synthetic route of N-phenyl triazinyl hydrazine hydrogen chloride salt 2

N-Phenyl-tert-butyl carbazate, 2.3, was prepared by refluxing phenyl hydrazine in THF

with di-tert-butyl carbonate for three hours in the presence of triethyl amine (Scheme 2.2).

H a

N. = .
Ph” "NH, Ph”

N, .8
“N° ocC

H
2.3

Scheme 2.2. Synthesis of N-phenyl-tert-butyl carbazate a) Di-fert-butyl carbonate, THF, reflux, 3
h, 61%.
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The synthesis of triazinyl hydrazine 2 involved similar steps (Scheme 2.3) as the synthesis

of triazinyl hydrazine 1 with an overall yield of 23%.

H
Ph. NYO\K Ph\N,N\n/Oj< oH Ph.,-NHg*CI
o, B0 NTNO e Ny O 4 Ay HO™™
T PPN M 0 I o
HN™ "N” ~Cl HN™ N7 N7 HN” NN
K/O\/\ K/O A K/ H
OH " 0H Oon
2.4 2.5 2

Scheme 2.3. Synthesis of N-phenyl triazinyl hydrazine hydrogen chloride salt 2. Reagents and
conditions: (a) Compound 2.3, THF, DIPEA, 0 °C, 1 h. (b) 1 equiv. 2-(2-aminoethoxy)-ethanol,
THF, DIPEA, rt, 12 h, 58%. (¢) 1 equiv. 2-(2-aminoethoxy)-ethanol, dioxane, Cs2CO3, microwave
irradiation, 95 °C, 1 h, 69%. (d) 4M HCI, CH:Cl, rt, 12 h, 99%.
2.2.3 General synthetic route of N-methyl triazinyl hydrazine hydrogen chloride salt 3
The synthesis of hydrazine 3 relied on the synthesis of dichlorotriazine intermediate 2.6.
Methyl iodide was used to alkylate at N2 in the presence of DIPEA. While DIPEA also reacted
with methyl iodide to make the methylated DIPEA salt, resulted in low yield of 2.6. However,
obtained 2.6 was sufficient to continue the next steps. A singlet at 3.35 ppm (3H) suggested the
formation of compound 2.6. The other two chlorine atoms are substituted by 2-(2-aminoethoxy)-

ethanol in one container at elevated temperature followed by the deprotection with 4M HCl yielded

3 with an overall percent yield of 24% (Scheme 2.4).
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Scheme 2.4. Synthesis of N-methyl triazinyl hydrazine hydrogen chloride salt 3. Reagents and
conditions: (a) tert-butyl carbazate, THF, DIPEA, 0°C, 1 h. (b) Methyl iodide, DIPEA, RT, 12 h.
28% (c) 2 equiv. 2-(2-aminoethoxy)-ethanol, Cs2COs3, dioxane, 95°C, microwave, 1h. 88% (d) 4M
HCI, CH2Cl2, RT, 12 h. 97%
2.2.4 Synthesis of hydrazones

Condensation of carbonyl a-d was most efficiently accomplished by reacting excess of
each one with each triazinyl hydrazine hydrogen chloride, 1-3, in anhydrous methanol at room
temperature for 12 hours. General purification steps included removing the excess solvent under
vacuum, dissolving the residue in dichloromethane, and column chromatography using either silica
or alumina.

The reaction of benzaldehyde a and acetophenone d with triazinyl hydrazines (1-3) yields

regular hydrazones. The summary of these hydrazones is provided in Table 2.1.
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Table 2.1. Summary of hydrazones synthesized from a and d. R = -NH(CH2CH20):H. Solvent:
CH;0OH/CH3CN. Conditions: 12 hours at room temperature.

Hydrazines
g NHCF Ph. ,,-NHs*CI ~ - NHaCr
NIJ*N N|)§N N)*N
R)\N/ R R)\N/ R R)l\N/ R
Carbonyls 1 2 3
R R R

=N )

N, )—NH N, )N \

N N= N NS N NS

Ph R Ph R Ph R Ph
1a, 82% 2a, 85% 3a, 83%

R R R
=N ,
0 N, )—NH N, )N N )—N
o N N= Y N n=( YN N=(
Ph R Ph R Ph R Ph
d 1d, 30% 2d, 25% 3d, 29%

The reactions of triazinyl hydrazines (1-3) with diketones b and ¢ yielded interesting
hydrazone products. Obtained products ranges from the pyrazole and hemiaminal rings to open
chain hydrazones containing enol functional group. The summary of various hydrazones made

from the reaction of triazinyl hydrazine 1-3 with diketones b and ¢ is provided in Table 2.2.
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Table 2.2. Summary of hydrazones synthesized from b and c.

Hydrazines
Ly NHs*CT Ph. ,,-NHs*Cr < -NHs*Cr
R)\N/ R R)\N/ R R)\N/ R
Carbonyls 1 2 3
R>\N \N,Nj/\rOH \N,NWoH
O O N>\\ =N N*\N NrgN
N A —_—
b 1b, 59% 2b, 38% 3b, 62%
Ph. N~ -OH <N~ -OH
. N)§N CF; Ph N/QN CF; Ph
OH
PN FsC RJ\N/)\R RJ\N/ R
7 7 ’i\\)\ N\ﬁ <N OH
FCMPh gV NS Phoy-Nepx-OH e g
8 Ph Jo Ph CF
¢ 1c, 58% NKN Ph  CF3 N| SN 3
RJ\N/)\R R)\N/ R
oc. 50°% 3¢, 62%, 4.3:1

R = -NH(CH2CH:0):H. Solvent: CH3OH/CH3CN. Conditions: 12 hours at room temperature.
Reaction of 1 with b results in the formation of pyrazole derivative after second
dehydration event. The 'H and '3C NMR suggest the formation of aromatic pyrazole derivative. A

characteristics singlet at 5.98 ppm corresponds to the only aromatic proton of the pyrazole ring

(Figure 2.1).
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Figure 2.1. '"H NMR of 1b in CDCls.
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Figure 2.2. 3C NMR of 1b in CDCls.

27



The '*C NMR of 1b (Figure 2.2) also indicates the formation of pyrazole ring. The
hydrazone carbon (C=N), unsaturated carbon atom of the pyrazole ring, and carbon atom attached
to nitrogen (C-N) of pyrazole ring appear at 110.7, 143.6, and 151.4 respectively.

Diketone ¢ (1,1,1-trifluoro-4-phenyl-2,4-butanone) is non-symmetrical. Its condensation
with 1 can result in the formation of two regioisomers depending on the site of formation of
hydrazone bond with respect to carbonyl group. If carbonyl group next to phenyl makes hydrazone
bond, 1cresults. On the other hand, if the carbonyl next to CF3 group makes hydrazone bond, 1¢’
results. Surprisingly hydrazone 1¢ did not make the pyrazole ring. Mass spectrum of the product
was 18 a.m.u. unit higher than the pyrazole derivatives. It suggested that second dehydration step
did not take place and indicated the formation of five membered hemiaminal ring.

The 'H and C NMR corroborate the formation of five membered hemiaminal ring. A
singlet at 7.37 ppm is the hydroxyl proton (Figure 2.3). The unsaturated proton of the pyrazole
ring was observed at 5.99 ppm in 1b. An enol proton would appear much further downfield. In
addition, the signal between 3.62-3.75 integrated to more than 16 protons and suggested the signal
of methylene group of hemiaminal ring was hidden in there. Formation of the hemiaminal was
totally unexpected as hemiaminals had been obtained only under neutral conditions previously.
The 'H-NMR also indicated the formation of only one regioisomer but was not enough to identify
the particular regioisomer made. As a result, need to grow the crystal structure became crucial in
order to determine particular regioisomer that was made. A crystal structure would also support
the hypothesis that H-bond formation is responsible for the signal at 8.93 ppm. However, presence
of polar groups on the triazine ring made it difficult to grow the crystal structures. As a result, we

decided to explore this hemiaminal chemistry by using a rigid morpholine on the triazine ring.
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Figure 2.3. '"H-NMR of 1¢ in CDCls.

The reaction of 2 with b forms hydrazone compound that contains enol functional group.
The chromatographic purifications were done using alumina column instead of silica due to
instability of the hydrazone. The characteristics signal at 11.93 ppm corresponds to the enol proton
(Figure 2.4). In addition, a signal at 196.9 ppm in the '*C NMR corresponds to the enol carbon
atom.

The reaction of 2 with ¢ can form two different open chain enol regioisomers depending
on the position of carbonyl that makes the hydrazone bond. However, the 'H NMR suggests the

formation of one regioisomer as the signal at 12.27 ppm suggests one enol proton (Figure 2.5)
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Figure 2.5. 'H-NMR of 2¢ in CDCls.
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The reaction of 3 with b makes open chain hydrazone with enol functional group similar
to 2b. The reaction of 3 with ¢ makes both regioisomers were made in the ratio of 4.28:1 as
indicated by the presence of two signals 11.83 ppm and 11.29 ppm correspond to two enol protons

(Figure 2.6).
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Figure 2.6. 'H-NMR of 3¢ in CDCls.

o

2.2.5 Hydrolysis studies

Hydrolysis rates were measured by high performance liquid chromatography (HPLC)
using an established competitive exchange reaction relying on the presence of a 10-fold excess of
formaldehyde. Upon hydrolysis, triazinyl hydrazine makes a new hydrazone with formaldehyde
and release the carbonyl compound (Scheme 2.5). The change in the concentrations can be

followed by HPLC.
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Scheme 2.5. Hydrolysis of hydrazones.

Hydrazones 1b and 1¢ do not hydrolyze based on HPLC and mass spectrometry studies.
Hydrazone 1b made a stable pyrazole ring. Hydrazone 1¢, unexpectedly, made a five membered
hemiaminal ring and was found to be stable to hydrolysis. Hydrazones 2b, 2d, 3b, and 3d were
relatively unstable and did survive the HPLC column. As a result, their half-lives were estimated
by collecting mass spectra after every 10 minutes. As an example, the molar mass of 3b is 413.3
amu. Figure 2.8 shows the mass spectrum of hydrazone 3b. Hydrazone 3b hydrolyses within ten
minutes once placed in buffer solution of pH 4.0. The released hydrazine is trapped with
formaldehyde. The line at 414.32 corresponds to the hydrazone 3b. The triazinyl hydrazine 3 has
a molar mass of 332.26 a.m.u. After 10 minutes, mass spectrum shows no peak at 414.32 a.m.u.
Instead, a new peak at 344.42 a.m.u. dominates which represents the new hydrazone formed after
the condensation reaction of 3 and formaldehyde.

The hydrolysis of all other hydrazones were studied by recording a HPLC chromatogram
every 60 minutes. In general, the concentration of the hydrazone decreased over time and measured
by integrating the area underneath the curve. The concentration of new hydrazone formed from
formaldehyde and released carbonyl was increased. The hydrolysis rate of hydrazones 1a, 2a, 3a,

1d, 2¢, and 3¢ (Table 2.3) was measured using HPLC. A percent decrease of all the hydrazone is
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plotted with respect to time as shown in Figure 2.7. Hydrazones 1b and 1e¢ did not hydrolyze.
Hydrazones 2b, 2¢, 3b, and 3d hydrolyzed too quickly and as a result are not shown in Figure 2.7.

Table 2.3. List of hydrazones hydrolyzed using HPLC. R = -NH(CH2CH20)-H.

R R R
=N =N Ph =N,
Ny )—NH N N No )N
N N= N N/ N N=
Ph R Ph
1a 2a R 3 eh
R Ph. N~ -OH \N,NWOH
N_N>_NH .. Ph CFy A Ph CF
e i
. R™ N R RN R
2c 3c
Percent hydrolysis of hydrazones at pH 4.0
120
100
280
=
=
=
2 60
=
Q
5
S 40
2c \Za
20 3c
, 3a
a
0 1d
0 100 200 300 400

Time (mins)

Figure 2.7. HPLC percent hydrolysis of all the hydrazones at pH 4.0.
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As an example, the hydrolysis of 3a is shown as a function of time in Figure 2.8.
Hydrazone 3a was eluted with a retention time of 2.9 min. The formaldehyde-trapped hydrazone
and benzaldehyde eluted at retention times of 2.4 and 6.4 minutes respectively. The relative area
under the peak at 2.9 decreased while those of peaks at 2.3 and 6.4 minutes were increased. The
decrease in the percent concentration of 3a was observed to be exponential and was plotted as
shown in Figure 2.9. In addition, pseudo-first order kinetics plot (Figure 2.10) was also made
(In[3a] and time (minutes)) to calculate the pseudo-first order rate constant and half-life of 3a. The

rate constant and half-lives of hydrolysis of all the hydrazones are shown in Table 2.4.
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Figure 2.8. Time-dependent hydrolysis profile of hydrazone 3a at pH 4.0. The peaks at 2.4, 2.9,
and 6.4 correspond to formaldehyde-trapped hydrazone, 3a, and benzaldehyde, respectively.
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Figure 2.9. Change in percent concentration of 3a at pH 4.0.
Pseudo First-order Kinetics of 3a at 4.0

y =-0.0053x +4.5695
R?=0.99806
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Figure 2.10. Pseudo first-order kinetics of 3a at pH 4.0.
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Hydrazones 2¢ and 3¢ showed multiple peaks indicating the formation of unknown side

products upon hydrolysis. The mass spectrum of one of the side products was determined to be 18

a.m.u. less than that of starting hydrazone. Loss of water is not easily explained. Similarly,

hydrolysis studies of all hydrazones were performed to measure the half-lives and rate constant at

pH 4.0, 5.0 and 7.0. The calculated half-lives and rate constants are summarized in Table 2.4. All

other percent hydrolysis and pseudo first-order kinetics graphs are provided in the supplementary

information.

Table 2.4. Half-lives and rate constants of hydrazones.

Hydrazones Carbonyl compounds Half-life ti» Rate Constant
(N-subs.) (mins)+10 10 (mins™)+ 1.0
pH4 | pHS | pH7 | pH4 | pHS | pH7
1a (H) 82 86 | 3500 | 8.5 8.1 0.2
™
2a (Ph) Ph 144 | 210 | 3500 | 4.8 33 0.2
a
3a (Me) 131 | 224 | 3465 | 53 3.1 0.2
1b (H) - - - - - -
2b (Ph) M <20 | <20 | <20 | NA | NA | NA
3b (Me) b <10 | <10 | <10 | NA | NA | NA
1c (H) - - - - - -
O O
2c (Ph) Foo A 113 | 147 | 115 | 61 | 47 | 60
c
3c (Me) 99 177 151 7.0 3.9 7.3
1d (H) 28 47 1386 | 249 | 149 | 0.5
YO
2d (Ph) Ph <10 | <20 | <90 | NA | NA | NA
d
3d (Me) <10 | <10 | <90 | NA | NA | NA
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2.2.6 Effect of N2 substituents on hydrazone stability to hydrolysis

Hydrolysis of hydrazones involves (Mechanism 2.1) protonation of imine nitrogen (N1) to
yield 2.9. The next step is the nucleophilic addition of a water molecule to the carbon (Ci) atom
of imine to yields carbinolamine intermediate 2.10. Proton transfer to N1 from C1 gives 2.11 and
eventually leads to C—N bond cleavage to form the carbonyl compound 2.13 and the hydrazine

2.14. Hydrolysis of hydrazones mechanism is consistent with imine hydrolysis observed in acid

conditions.!%!!
C1 N2
X H j + Hzo) H + gHz H Proton (jo\H@ H
/N\ +H @/N\ -H _— /N
R SN R, RN R, R1)\N/N\R2 Ri™ CNT TR,
-H+ [ +H* I Transfer H H
x H H
2.8 N1 2.9 2.10 2.11
-H* [ +H* -H*
H X =0 (Oxime) o H
I H N
X N2 X =N (Hydrazone * RS
212 2.13 2.14

Mechanism 2.1. Proposed mechanism of acid catalyzed hydrolysis of hydrazones (R = acetyl or
triazinyl)

Based on the mechanism, hydrolysis can be enhanced if the proton affinity of NI is
increased. By having an electron donating group at N2, the electron density at N1 can be increased
and consequently, will be more susceptible to accept the proton. The opposite would be true if
there was an electron withdrawing group at N2.

The alkylation of N2 has a significant effect on the hydrolysis rate of hydrazones derived
from benzaldehyde and acetophenone. The main outliers are the proton affinity values of 2a and
3a. Hydrazone 1a (N-H) is found to be less stable than hydrazones 2a (N-Ph) and 3a (N-CHs).

However, based on the proton affinity values (Figure 2.11) 1a should be more stable that 2a and
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3a. Experimentally, the stability of 2a and 3a appear to be similar. Higher proton affinity of 3a
agrees with the electron donating nature of methyl (N-CH3). However, the electron withdrawing
nature of phenyl via inductive and resonance effects should have decreased proton affinity. A
possible explanation of phenyl for not behaving as electron withdrawing via resonance is the out
of plane position of phenyl with respect to the lone pair of nitrogen. To further validate the
experiment results, a different solvent system can be used to create acidic pH solution. The
concentration of aliquots used to run HPLC can be increased to see the effect of ionic strength.
The hydrolytic stability of hydrazone 1d is greater than hydrazones 2d and 3d. The
experimental findings agree with the computed proton affinity (Figure 2.11). The proton affinity
of 2d and 3d is greater than the proton affinity of 1d. The presence of alkyl group on the N2

appears to increase the hydrolysis rate.

bt
o 14 3b 2b
512
5. 2 3d
g 2a
25 1d
S . 3a
___- - 2¢
? . 0 la 0.02 0.04 0.06 0.0 0.1 0.12
= 3¢ ) -
Experimental 1/Half-Life

Figure 2.11. Computed proton affinity relative to 1a.
Hydrazone 2b and 3b contain an enol functional group as opposed to 1b which is a pyrazole
ring. The proton affinity values of hydrazones 2b and 3b are 13.9 and 14.0 respectively and as a

result hydrolyzed quickly in acidic conditions. Hydrazones 2b and 3b has the largest proton
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affinities as intramolecular H-bond donor is also acting as intramolecular H-bond acceptor

providing extra stability to the protonated form (Figure 2.12).

Figure 2.12. Computed geometry of protonated 2b has proton hydrogen-bound by the OH group.

The presence of phenyl and strong electron withdrawing group in the diketone, ¢, appears
to stabilize the hydrazone (2¢ and 3c¢). Similar to hydrazones 2b and 3b, hydrazones 2¢ and 3¢
contain the enol group. However, the proton affinity of 2¢ and 3¢ is lower than the proton affinities
of 2b and 3b. The effect of intramolecular H-bond in not prominent in hydrazones 2¢ and 3¢
compare to 2b and 3b. The presence of the electron withdrawing groups on the diketones seems
to play an role in stabilizing the hydrazone. In addition, the change in pH does not appear to make
any difference in the hydrolysis rate of 2¢ and 3¢. As an example, the half-lives of 2¢ at pH of 4.0
and 7.0 are calculated to be 113 and 115 minutes, respectively. Similarly, half-lives of 3¢ at pH of

4.0 and 7.0 are calculated to be 99 and 151 minutes, respectively.
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2.3 Conclusion

Previously, it was found that triazinyl hydrazones showed increased stability to hydrolysis
at pH <5 compared to a corresponding acetyl hydrazone, which showed greater stability to
hydrolysis at pH >5. While this model is can be used in drug delivery by bonding an active drug
through an acid labile hydrazone bond, it would fail if the active drug contains 1,3-diketone group.
The use of diketones makes stable pyrazole or hemiaminal ring. The presence of an alkyl group
on the N2 precludes the formation of pyrazole or hemiaminal ring. In this project, the presence of
methyl and phenyl group results in the formation of hydrazones with enol functional group.

The presence of methyl or phenyl at N2 also increases the hydrolysis rate of regular
hydrazones. The increase in experimental hydrolysis rate of 2d and 3d compare to 1d is in
agreement with the calculated proton affinities. We see a general experimental and computational

stability of hydrazones formed from hydrazines 1>2~3 except the series a-hydrazones.
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2.4 Experimental Section
2.4.1 Materials and methods

All solvents used were of ACS reagent grade and were used without further purification.
All chemicals were purchased from Sigma Aldrich, Chemimpex, Acros etc. and used without
further purification. NMR spectra were recorded on a Bruker Ascend 400 MHz spectrometer in
CDCl3, D20, and ds-DMSO. All the HPLC data were collected using an Agilent technologies 1260
Infinity system. All ESI spectral data were carried out by an Agilent technology 6224 TOF MS

system.

2.4.2 Synthesis of compound 2.1

H
Cl N__O
Py a. Boc-NH-NH, , DIPEA HN™ j<

N’
NTSN THF 0 °C-rt, 1 h NSy ©
C|)|\N/ cl b. 2-(2-aminoethoxy)-ethanol )|\ o~ O~
DIPEA, rt, 12 h Cl N H OH
2.1

Scheme 2.6. Preparation of monochlorotriazine intermediate 2.1.

Cyanuric chloride (10.06 g, 54.7 mmol) was dissolved in 100 ml THF in a round bottom
flask equipped with stirring bar and purged with argon. Tert-butyl carbazate (7.22 g, 54.2 mmol)
and DIPEA 7.00 g, 54.3 mmol) dissolved in 25 ml THF were added to the flask dropwise at 0 °C.
Produced solution was brought to room temperature slowly and stirred for 1 hour. The reaction
progress was monitored by TLC. Then, 2-(2-aminoethoxy)-ethanol (5.78 g, 55.0 mmol) and
DIPEA (7.00 g, 54.3 mmol) were added to the flask. Resulting reaction mixture was left to stir at

room temperature for 12 hours. The excess solvent was removed under vacuum, residues were
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dissolved in 40 ml DCM (x2), washed with 20 ml water, dried over Na>xSOa, and concentrated
under vacuum. Crude product was then purified by column chromatography using DCM: MeOH
(25:1) to afford intermediate 2.1 (16.80 g, 88%) as white solid. 'H NMR (400 MHz, CDCl;) &
3.70-3.56 (8H, m), 1.50 (9H, s). 13C NMR (400 MHz, CDCl3) & 168.4, 167.6, 166.0, 156.7, 80.5,

72.0, 68.9, 60.8, 40.3, 27.3. MS (ESI-TOF) calculated for C12H21CINsO4: 348.13; Found 349.14.

2.4.3 Synthesis of Intermediate 2.2

H N_ o
H NTOK 2-(2-aminoethoxy)-ethanol N j<
-(2-aminoetnoxy)-ethano
0 A0

N
N)QN DIPEA, 95°C, 2 h NN
| ! 0
CIJ\N/ NSO 0on HN)\N/)\H/\/ " 0OH
H
2.1 OH
2.2

Scheme 2.7. Preparation of trisubstituted triazine intermediate 2.2.

Intermediate 2.1 (5.00 g, 14.3 mmol) was dissolved in 10 ml dioxane in a microwave test
tube equipped with stirring bar. Cs2CO3 (5.13 g, 13.9 mmol) and 2-(2-aminoethoxy)-ethanol (2.25
g, 21.4 mmol) were added to the test tube. Produced solution was stirred in the microwave at 95
°C for 1 hour. Cs>CO3 was filtered out, dioxane was removed under vacuum, residue was dissolved
in 20 ml DCM (x2), washed with 10 ml water, dried over Na>xSO4, and concentrated under vacuum.
The crude product was then purified by column chromatography using DCM: MeOH (15:1) to
afford 2.2 (4.40 g, 74%) as white solid. '"H NMR (400 MHz, CDCl;3) & 3.74-3.62 (16H, m) , 1.47

(9H, s). MS (ESI-TOF) calculated for CisH31N70s: 417.23; found 418.24.
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2.4.4 Synthesis of triazinyl hydrazine hydrochloride salt, 1

H
HN,NYOK HN,NH3+CI‘
NN o) 4M HCI, MeOH, rt, N)§N HO
AL o 12 Ao
H
O K/o
2.2 1

Scheme 2.8. Deprotection of trisubstituted triazine intermediate 2.2 to make 1.

Intermediate 2.2 (4.3 g, 10.3 mmol) was dissolved in a mixture of 6 ml methanol and 3 ml
4M HClI in a round bottom flask equipped with stirring bar. Resulting solution was left to stir at
room temperature for 12 hours. The excess solvent was removed under vacuum and dried to
recover 1 (3.6 g, 99%) as white solid. '"H NMR (400 MHz, CDs;OD) & 5.07 (2H, bs), 3.71-3.61
(16H, m). 1*C NMR (400 MHz, CD;0D) & 163.8, 163.5, 72.1, 68.4, 60.8, 40.9. MS (ESI-TOF)

calculated for C11H24N704: 317.18; found 318.19.

2.4.5 Synthesis of N-Phenyl-fert-butylcarbazate, 2.3

H Di-tert-butyl dicarbonate, H 0
©/ "NH, TEA, THF, reflux, 3 h ©/N‘N)J\O
H

2.3

Scheme 2.9. Protection of phenyl hydrazine, synthesis of 2.3.
Phenylhydrazine (5.0 g, 46.2 mmol) was dissolved in 30 ml THF in a small flask equipped
with stirring bar. Triethylamine (5.15 g, 51.0 mmol) and di-tert-butyl dicarbonate (11.13 g, 51.1

mmol) were added to the flask. Produced solution was refluxed for 3 hours. Excess solvent was
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removed and residue was dissolved in 20 ml DCM. Reaction mixture was extracted with 10 ml
H>0 and collected in 20 ml DCM (x2). Organic layer was dried over Na;SO4 and concentrated
under vacuum. The crude product was then purified by column chromatography using 60:1
DCM:Methanol to afford 2.3 (5.58 g, 58%). 'H NMR (400 MHz, CDCls) & 7.27-7.23 (2H, dd),
6.92-6.89 (1H, dd), 6.84-6.82 (2H, dd), 6.51 (1H, bs), 5.83 (1H, bs), 1.49 (9H, s). 3C NMR (400
MHz, CDCl3) & 156.3, 148.4, 129.2, 120.8, 113.0, 81.2, 28.3. MS (ESI-TOF) calculated for

C11H16N202: 208.12; found 209.16.

2.4.6 Synthesis of intermediate 2.4

NN THF 0°C-rt, 2 h o)

H
cl Ph...N__O
a. 2.3, DIPEA, i g j<
NN

N
— .
Cl N~ ¢ b- 2-(2-aminoethoxy)-ethanol |
DIPEA, t, 12 h oW N/\/O\/\OH
24

Scheme 2.10. Preparation of monochlorotriazine intermediate 2.4.

Cyanuric chloride (4.30 g, 23.4 mmol) was dissolved in 60 ml THF in a flask equipped
with stirring bar. Intermediate 2.3 (4.8 g, 23.1 mmol) and DIPEA (4.5 g, 34.5 mmol) were
dissolved in 20 ml THF and added dropwise to flask at 0 °C. Produced solution was brought to the
room temperature slowly and stirred for 2 hours. The reaction progress was monitored using TLC.
2-(2-aminoethoxy)-ethanol (2.7 g, 25.7 mmol) was then added to the reaction mixture and stirred
at room temperature for 12 hours. Excess solvent was removed under vacuum and residue was
dissolved in 25 ml DCM. The solution was extracted with 20 ml H>O and product was recovered
in 25 ml DCM (x2). Organic layer was dried over Na;SO4 and concentrated under vacuum. Crude
product was then purified by column chromatography using DCM:Methanol (20:1) to afford 2.4

(5.7 g, 58%) as white solid. 'H NMR (400 MHz, CDCls) § 7.47-7.42 (2H, dd), 7.36-7.28 (2H, dd),
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7.23-7.19 (1H, dd), 6.91 (1H, bs), 3.68-3.51 (8H, m), 1.48 (9H, s). 1*C NMR (400 MHz, CDCls)
5 170.7, 169.6, 165.7, 155.9, 141.8, 128.5, 126.5, 125.3, 81.9, 72.3, 69.1, 61.4, 40.5, 28.2.MS
(ESI-TOF) calculated for CisH25CINgO4: 424.16; found 425.25.

2.4.7 Synthesis of intermediate 2.5

H Ph H O
Ph N\H/O N 7<
2-(2-aminoethoxy)-ethanol
< ( y) P

N\
0
N)*NO DIPEA, 95°C, 2 h )Nl\ /)N\ .
Cl)'\N/ NSO on HN” ONT N> ""0H
H _o. "
~\
2.4 25 OH

Scheme 2.11. Preparation of trisubstituted triazine intermediate 2.5.

Intermediate 2.4 (1.5 g, 3.55 mmol) was dissolved in 6 ml dioxane in a microwave test tube
equipped with stirring bar. 2-(2-aminoethoxy)-ethanol (0.700 g, 6.7 mmol) and Cs,CO3 (2.0 g, 6.1
mmol) were added to the test tube. Produced mixture was stirred at 95 °C in the microwave for
one hour. Solution was filtered and dioxane was removed under reduced pressure. The residue was
dissolved in 20 ml DCM, washed with 10 ml water, dried over Na>SOs, and concentrated under
reduced pressure. Crude product was purified by column chromatography using DCM:Methanol
(15:1) to afford 2.5 (1.3 g, 69%) as white solid. 'H NMR (400 MHz, CDCI3) & 7.53 (2H, s), 7.33
(2H, dd), 7.17 (1H, dd), 3.71-3.52 (16H, m), 1.50 (9H, s). 1*C NMR (400 MHz, CDCl;3) § 165.9,
156.3,142.6, 128.0, 125.2, 81.1, 72.6, 70.1, 61.3, 40.3, 28.3. MS (ESI-TOF) calculated for

C21H28N70s: 493.26; found 494.22.
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2.4.8 Synthesis of triazinyl hydrazine 2

H
Ph., NYO\K Ph. .NH4*ClI
NJ%N © NN HO
| /)\ 0 4M HCI, MeOH, rt, 12 h /l )\ o
HN” N7 N> ""0H HNTONT SN

Scheme 2.12. Deprotection of trisubstituted triazine intermediate 2.5 to form 2.

Intermediate 2.5 (1.00 g, 2.03 mmol) was dissolved in a mixture of 4 ml methanol and 2

ml 4 M HCl in a small flask. Reaction mixture was left to stir overnight at room temperature. The

excess HCl was removed under vacuum and dried under pressure to recover 0.86 g (99%) of

compound 2. 'H NMR (400 MHz, CDCls) & 7.38-7.64 (SH, m), 3.56-3.63 (16H, m). 3C NMR

(400 MHz, CDClL3) 6 129.7, 127.3, 125.9, 71.5, 68.6, 60.4, 40.3. MS (ESI-TOF) calculated for

C21H2sN70s: 393.21; found 394.28.

2.4.9 Synthesis of intermediate 2.6

)\ a. Boc-NH-NH,, DIPEA
N™ SN THF 0°C-rt, 2 h

|
CI/kN/)\Cl b. Methy! lodide, DIPEA
rt, 12 h

Scheme 2.13. Synthesis of dichlorotriazine intermediate 2.6.

Cyanuric chloride (10.06 g, 55 mmol) was dissolved in 100 ml THF in a flask equipped

with stirring bar. 7ert-butyl carbazate (7.2 g, 55 mmol) and DIPEA (7.0 g, 55 mmol) were

dissolved in 30 ml THF and added dropwise to flask at 0 °C. The reaction mixture was warmed to

room temperature slowly and stirred for two hours. Methyl iodide (9.91 g, 70.2 mmol) and DIPEA
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(7.0 g, 53 mmol) were added to the solution. Produced solution was left to stir at room temperature
for 12 hours. Excess solvent was removed under vacuum, residue was dissolved in 30 ml DCM
(x2), washed with 10 ml water, dried over Na;SOs, and concentrated under vacuum. The crude
product was further purified by column chromatography using 30:1 DCM:MeOH to recover 2.6
(3.0 g, 19%) as white solid. "H NMR (400 MHz, CDCl3) 6 6.78 (1H, s) , 3.48 (3H, s), 1.52 (9H,
s). BC NMR (400 MHz, CDCl3) & 171.0, 170.6, 167.2, 154.6, 82.8, 38.8, 28.1. MS (ESI-TOF)
calculated for CoH13CIbN5O2: 293.04; found 294.04.

2.4.10 Synthesis of intermediate 2.7

H
N

N_ O N TO
SN \[( T< ex. 2-(2-aminoethoxy)-ethanol )\ o T<
)\ 0 DIPEA, 95°C, 2 h N™ >N
N"=N I /)\ 0]
Cl)'\N/ N HN” N N/\/ " 0H
2.6 27 OH

Scheme 2.14. Synthesis of trisubstituted triazine intermediate 2.7.

Intermediate 2.6 (0.89 g, 3.2 mmol) was dissolved in 5 ml dioxane in a microwave test tube
equipped with stirring bar. To this, 2-(2-aminoethoxy)ethanol (0.67 g, 6.4 mmol) and Cs2COs (2.1
g, 6.2 mmol) were added. The reaction mixture was stirred at 95 °C in the microwave for one hour.
Solution was filtered to remove traces of Cs2COs. Solvent was removed under vacuum and residue
was dissolved in 20 ml DCM. The solution was washed with 10 ml brine, dried over Na>SO4, and
concentrated under vacuum. The crude product was purified by column chromatography using
25:1 DCM:MeOH to recover 2.7 (1.21 g, 88%) as white solid. 'H NMR (400 MHz, CDCls) & 3.72-
3.58 (16H, m), 3.31 (3H, s), 1.47 (9H, s). 3*C NMR (400 MHz, CDCl3) § 166.9, 80.9, 72.7, 70.2,

61.4,40.4, 37.6, 28.3. MS (ESI-TOF) calculated for C17H33N70¢: 431.25; found 432.26
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2.4.11 Synthesis of triazinyl hydrazine 3

ZT

AINE \|(07< \N,NH3+CI'
N)*N ° N)*N HO™™
)I\ /)\ o 4M HCI, MeOH, rt, 12 h | )\

o e
0] @)
27 3

Scheme 2.15. Deprotection of trisubstituted triazine intermediate 2.7 to make 3.

Intermediate 2.7 (1.1 g, 2.6 mmol) was dissolved in 5 ml DCM in a small flask and 3 ml
of concentrated HCl was added. Produced solution was left to stir at room temperature for 12
hours. Excess solvent was removed under reduced pressure to afford 3 (0.93 g, 97%) as white
solid. "TH NMR (400 MHz, D-0) & 3.65-3.56 (16H, m), 3.23 (3H, s). 1*C NMR (400 MHz, D-0) §
162.6,155.5,71.6,68.3,60.4,40.4,35.1. MS (ESI-TOF) calculated for C12H25N704: 331.21; found

332.20.

2.4.12 Synthesis of 1a

Benzaldehyde,

NH*N HO MeOH, rt, 12 h N|)§N Ho/\
HN)\N)\N/\/O HN)\N/)\N/\/O
Oon OoH
1 1a

Scheme 2.16. Preparation of hydrazone 1a.
In a small flask, 140 mg (0.40 mmol) of 1 and 110 mg (1.0 mmol) of benzaldehyde were
dissolved in 4 ml of anhydrous along with 2 mg of molecular sieves were added. Produced solution

was left to stir at room temperature for 12 hours. The reaction solution was filtered, methanol was
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removed under vacuum and crude product was purified by column chromatography using
DCM:MeOH (25:1) to recover 1a (132 mg, 82%) as white solid. 'H NMR (400 MHz, CDCls) &
7.85 (1H, s), 7.71 (2H, dd), 7.36 (3H, m), 3.77-3.64 (16H, m). *C NMR (400 MHz, CDCl3) &
164.7, 145.9, 134.0, 129.9, 128.4, 127.2, 72.1, 69.0, 60.9, 40.5. MS (ESI-TOF) calculated for

Ci1sH27N704: 405.21; found 406.28

2.4.13 Synthesis of 1b

- NHsC /N}N
NS o PRI N o
HN)\N)\N/\/O HN)l\N)\N/\/O
O on On"onH
1 1b

Scheme 2.17. Preparation of hydrazone 1b.

Triazinyl hydrazine 2 (20 mg, 0.057 mmol) and 2,4-pentandione (9mg, 0.089 mmol) were
dissolved in 2 ml of anhydrous methanol in a small flask equipped with stirring bar. To the flask,
1 mg of molecular sieves were added. Produced solution was left to stir at room temperature for
12 hours. The reaction solution was filtered, methanol was removed under vacuum, and crude
product was the purified by column chromatography using DCM:MeOH (25:1) to afford 1b (12.8
mg, 59%) as white solid. '"H NMR (400 MHz, CDCl3) & 6.07 (2H, bs), 5.99 (1H, s), 3.76-3.61
(16H, m), 2.63 (3H, s), 2.29 (3H, s). *C NMR (400 MHz, CDCl3) & 166.4, 151.4, 143.6, 110.7,

72.6,69.6,61.7,40.7, 16.0, 13.8. MS (ESI-TOF) calculated for CisH27N704: 381.21; found 382.23
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2.4.14 Synthesis of 1¢

Ph
_NHg*CI" Ho-/ N
HN fo N
PY 4,4,4-Trifluoro-1-phenyl-1,3,-butandione, "3
)Nl\\)N\ HO MeOH, rt, 12h NN HO
|
HN™ N7 H/\/O HN)\N/)\N/\/O
0 H
~"0OH K/O\/\OH
1 ic

Scheme 2.18. Preparation of hydrazone 1e¢.

Triazinyl hydrazine 1 (100 mg, 0.28 mmol) and 4,4,4-trifluoro-1-phenyl-1,3-butanedione
(120 mg, 0.56 mmol) was dissolved in 3 ml of anhydrous methanol in a small flask equipped with
stirring bar. To this, 3 mg of molecular sieves were added. Produced solution was stirred at 40 °C
for 12 hours. Reaction mixture was filtered, methanol was removed under vacuum and the crude
product was further purified by column chromatography using DCM:MeOH (25:1) to recover 1¢
(84 mg, 58%) as white solid. 'H NMR (400 MHz, CDCl3) & 8.93 (1H, s), 7.99 (1H, s), 7.79 (1H,
dd), 7.53-7.37 (4H, m), 3.82-3.64 (16H, m). 3C NMR (400 MHz, CDCl3) § 164.7, 145.9, 134.0,
129.9, 128.1, 127.2, 72.1, 69.0, 60.9, 53.5, 40.5. MS (ESI-TOF) calculated for Ca1H2s F3N7Os:

515.21; found 516.22

2.4.15 Synthesis of 1d

- NHsCr an-Ns
NTSN HO™ ™ Aﬁﬁggﬁhﬁn?geh N|)§N HO™ ™
HN)\N/)\N/\/O HN)\N/)\N/\/O
O"on K/O\/H\OH
1 1d

Scheme 2.19. Preparation of hydrazone 1d.
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Triazinyl hydrazine 1 (150 mg, 0.42 mmol) and acetophenone (101 mg, 0.84 mmol) were
dissolved in 4 ml anhydrous methanol in a small flask equipped with stirring bar. To this, 4 mg of
dry molecular sieves were added. Resulting reaction mixture was left to stir at room temperature
for 12 hours. Solution was filtered, methanol was removed under vacuum, and crude product was
purified by aluminum column chromatography using DCM:MeOH (9:1) to afford 52 mg (30%) of
1d as white solid. 'H NMR (400 MHz, CDCls) 6 7.80 (2H, dd), 7.36-7.38 (3H, m), 3.62-3.75 (16H,
m), 2.27 (3H, s). *C NMR (400 MHz, CDCl3) & 165.9, 138.9, 129.6, 128.3, 126.4, 72.7, 70.1,

61.5,40.5, 13.0. MS (ESI-TOF) calculated for C19H290N4O7: 419.23; found 420.32.

2.4.16 Synthesis of 2a

N N
Benzaldehyde,
NH*N HO MeOH, rt, 12 h NH*N Ho/\
HNJ\NJ\H/\/O HN)\N)\N/\/O
2 2a

Scheme 2.20. Preparation of hydrazone 2a.

Triazinyl hydrazine 2 (75 mg, 0.17 mmol) and benzaldehyde (55 mg, 0.52 mmol) were
dissolved in 2 ml of anhydrous methanol in a small flask equipped with stirring bar. To this, 2 mg
of dry molecular sieves were added and reaction mixture was left to stir at room temperature for
12 hours. The solvent was removed under vacuum and crude product was purified by column
chromatography using DCM:Methanol (10:1) to afford 2a (72 mg, 85%) as white solid. 'H NMR
(400 MHz, CDCI3) & 7.52 (2H, dd), 7.47 (2H, s), 7.45 (1H, s), 7.37-7.31 (4H, m), 7.25 (2H, dd),

3.70-3.56 (16H, m). C NMR (400 MHz, CDCl3) 8 165.9, 142.3, 138.7, 134.6, 129.8, 129.4,
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128.5, 127.4, 72.4, 69.8, 61.6, 40.5. MS (ESI-TOF) calculated for C24H31N704: 481.24; found

482.34

2.4.17 Synthesis of 2b

Ph. -NHa"Cr Ph\N,Nj/\(OH
NH*N HO™ ™ 2’|\‘}|_epgﬂt,ar?,d1|%nr? ’ N)§N HO
HN)\N)\N/\/O HN)l\N)\N/\/O
O oH O oH
2 2b

Scheme 2.21. Preparation of hydrazone 2b.

Triazinyl hydrazine 2 (75 mg, 0.17 mmol) and 2,4-Pentandione (37.5 mg, 0.38 mmol) were
dissolved in 2 ml of anhydrous methanol in a small flask. After adding 2 mg of molecular sieves,
reaction mixture was left to stir at room temperature for 12 hours. Solution was filtered, excess
methanol was removed under reduced pressure, and crude product was purified by column
chromatography using DCM:Methanol (10:1) to afford 2b (30 mg, 36%) as white solid. 'H NMR
(400 MHz, CDCl3) 6 11.93 (1H, s), 7.56 (2H, s), 7.34-7.28 (2H, dd), 7.17-7.13 (1H, dd), 6.68 (1H,
bs), 5.16 (1H, s), 3.70-347 (16H, m), 2.11 (3H, s), 1.86 (3H, s). 13C NMR (400 MHz, CDCl;) &
196.9, 166.2, 165.9, 142.6, 128.2, 124.9, 123.6, 96.7, 72.8, 70.1, 61.4, 40.6, 29.2, 18.2. MS (ESI-

TOF) calculated for C22H33N70s: 474.25; found 476.34
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2.4.18 Synthesis of 2¢

Ph CF
AN 3
Ph._NHg*CI Y

N Ph. N OH
)\ 4,4,4-Trifluoro-1-phenyl-1,3,-butandione,
N“SN HO™ ™Y MeOH, 1, 12 h N)%N HO™™
M~ 0 L
HN- N= N HN™ N NSO
0 H
~"0H K/O\/\OH
2 2c

Scheme 2.22. Preparation of hydrazone 2e¢.

Triazinyl hydrazine 2 (100 mg, 0.23 mmol) and 1,1,1-Trifluoro-4-phenyl-1,3-butandione
(150 mg, 0.70 mmol) were dissolved in 2 ml of anhydrous methanol in a small flask. After adding
2 mg of molecular sieves, resulting solution was left to stir at room temperature for 12 hours. The
solvent was removed under reduced pressure and crude product was purified by column
chromatography using DCM:Methanol (10:1) to afford 2¢ (60 mg, 50%) as white solid. '"H NMR
(400 MHz, CDCl3) 6 7.27-7.23 (2H, dd), 6.92-6.89 (1H, dd), 6.84-6.82 (2H, dd), 6.51 (1H, bs),
5.83 (1H, bs), 1.49 (9H, s). *C NMR (400 MHz, CDCl3)  156.3, 148.4, 129.2, 120.8, 113.0, 81.2,

28.3. MS (ESI-TOF) calculated for C21H2sN7Os: 515.21; found 516.22

2.4.19 Synthesis of 2d

Ph.,,.NH3*Cl Ph. _N
N
Acetophenone, )\
)Nl\\)N\ HO MeOH, rt, 12 h NN Ho/\
[
HN N N/\/o HN)\N/)\N/\/O
2 2d

Scheme 2.23. Preparation of hydrazone 2d.
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Triazinyl hydrazine 2 (100 mg, 0.23 mmol) and acetophenone (61 mg, 0.51 mmol) were
dissolved in 3 ml of anhydrous methanol. To this, 3 mg of molecular sieves were added and
Produced solution was left to stir at room temperature for 12 hours. The solvent was removed
under reduced pressure and crude product was purified by column chromatography using
DCM:Methanol (10:1) to afford 2d (29 mg, 25%) as white solid. '"H NMR (400 MHz, CDCls) &
7.91 (2H, dd), 7.48-7.44 (5H, m), 7.37-7.28 (2H, m), 7.19 (1H, dd), 3.68-3.54 (21H, m), 2.27 (3H,

s). MS (ESI-TOF) calculated for C21HagN7Os: 495.42; found 496.55.

2.4.20 Synthesis of 3a

P Benzaldehyde,
)NI\ \)N\ HO MeOH, rt, 12 h N| ~N HO
K/O\/\OH o\/\OH
3 3a

Scheme 2.24. Preparation of hydrazone 3a.

Triazinyl hydrazine 3 (68 mg, 0.18 mmol) and benzaldehyde (39 mg, 0.36 mmol) were
dissolved in 2 ml anhydrous methanol in a small flask. After adding 2 mg of dry molecular sieves,
produced solution was left to stir at room temperature for 12 hours. Methanol was removed under
reduced pressure and crude product was purified by column chromatography using DCM:MeOH
(25:1) to recover 3a (63 mg, 83%) as white solid. '"H NMR (400 MHz, CDCl;) & 8.80-7.78 (3H,
m), 7.41-7.34 (3H, m), 3.77-3.62 (19H, m). 3C NMR (400 MHz, CDCl3) § 166.2, 165.0, 139.0,
135.5,129.1, 128.6, 127.2,72.5,70.0, 61.6, 40.6, 30.3. MS (ESI-TOF) calculated for C19H29N704:

419.23; found: 420.29.
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2.4.21 Synthesis of 3b

\N’NH3+CI- \N’NW
2,4-Pentanedione,
A

N“SN HO MeOH, rt, 12 h NTSN HO™™
3 3b

Scheme 2.25. Preparation of hydrazone 3b.

Compound 3 (30 mg, 0.08 mmol) and 2,4-pentanedione (18 mg, 0.18 mmol) were
dissolved in 2 ml anhydrous methanol in a small flask. After adding 1 mg of molecular sieves, the
reaction mixture was left to stir at room temperature for 12 hours. Methanol was removed under
reduced pressure and crude product was purified by alumina column chromatography using
DCM:MeOH (25:1) to recover 3b (21 mg, 62%) as white solid. 'H NMR (400 MHz, CDCl;) &
11.46 (1H, s), 5.11 (1H, s), 3.73-3.54 (16H, m), 3.33 (3H, s), 2.09 (3H, s), 1.87 (3H, s). *C NMR
(400 MHz, CDCl3) 6 196.6, 167.3, 165.9, 165.1, 95.9, 72.7, 70.1, 61.5, 40.5, 38.3, 29.1,17.8. MS

(ESI-TOF) calculated for C17H31N7Os: 413.24; found: 414.33

2.4.22 Synthesis of 3¢

~,,-NH3*CI - OH
N
4,4, 4-Trifluoro-1-phenyl-1,3,-butanedione,
|
HN” N7 NSO HN)\N)\N/\/O
0 H
~"0H k/o\/\OH
3 3c

Scheme 2.26. Preparation of hydrazone 3ec.
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Compound 3 (30 mg, 0.08 mmol) and 4,4,4-trifluoro-1-phenyl-1,3-butanedione (39 mg,
0.18 mmol) were dissolved in 3 ml anhydrous methanol. After adding 1 mg of dry molecular
sieves, produced solution was left to stir at overnight. Solution was filtered, excess solvent was
removed under vacuum, and crude product was purified by column chromatography using
DCM:MeOH (25:1) to recover 3¢ (23 mg, 62%) as white solid. '"H NMR (400 MHz, CDCl;) &
11.82 (1H, s), 7.43 (5H, s), 5.69 (1H, s), 3.72-3.37 (1H, m), 3.16 (3H, s). 3C NMR (400 MHz,
CDCl3) 6 191.2, 167.3, 166.0 ,165.6, 133.1, 130.7, 128.5, 127.6, 112.6-121.6 (q), 90.2, 72.6, 69.8,

61.4,40.52, 38.4. MS (ESI-TOF) calculated for C22H30F3N70s: 529.23; found: 530.23

2.4.23 Synthesis of 3d

~-NHs'Cl NWLR
P Acetophenone, PR
)NI\ \J\l\ HO MeOH, rt, 12 h NN HO
|
HN N SN0 HN)\N/)\N/\/O
Oon O on
3 3d

Scheme 2.27. Preparation of hydrazone 3d.

Compound 3 (125 mg, 0.34 mmol) and acetophenone (81 mg, 0.68 mmol) were dissolved
in 3 ml anhydrous methanol in a small round bottom flask equipped with stirring bar. After adding
3 mg of dry molecular sieves, produced solution was left to stir at room temperature for 12 hours.
Excess solvent was removed under reduced pressure and crude product was purified by alumina
column chromatography using DCM:MeOH (15:1) to afford 3d (42 mg, 29%) as white solid. 'H
NMR (400 MHz, CDCls) 6 7.87-7.89 (2H, dd), 7.43-7.45 (3H, m), 3.56-3.69 (16H, m), 3.41 (3H,

s), 2.26 (3H, s). *C NMR (400 MHz, CDCls) & 172.0, 164.9, 164.4, 137.7, 133.1, 130.4, 128.4,
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127.1, 72.7, 70.1, 61.5, 40.4, 37.3, 17.5. MS (ESI-TOF) calculated for C22H30F3N7Os: 433.23;

found: 434.27
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Chapter 3: A hydrogen bond and strong electron withdrawing group help in

the formation of stable cyclic hemiaminals

3.1 Introduction and history of hemiaminal

The accepted mechanism of the addition of an amine nucleophile to a carbonyl group
proceeds through the formation of a short-lived tetrahedral intermediate called a hemiaminal or
carbinolamine. Some hemiaminals have been obtained, isolated, and/or characterized using very
sophisticated methods, i.e. polarography,'*¢ FTIR liquid cell spectroscopy,'*’ or low temperature
NMR spectroscopy. '8

The 'H NMR measurements taken within 2 minutes of mixing a cavitand made of
anthracene dialdehyde and various amines shows the short lived intermediates.!3*-14° The hydroxyl
peak of hemiaminal observed in the 'H-NMR disappeared gradually as dehydration of hemiaminal
results in the formation of imine. In addition, density functional (DFT) calculations confirmed
that the stability of the hemiaminals in the cavitand is in part due to the formation of H-bonds.!*!
Kawamichi et al. captured hemiaminals inside the pore of a coordination network during

post-synthetic modifications of porous metal-organic frameworks (MOFs).!42

A crystal structure
of a MOF with a short-lived hemiaminal trapped inside was taken at low temperature, 215 K. The
hemiaminal converted to the imine as the temperature was increased to 270 K.'** Morris et al. used
solid-state !N’ NMR measurements and showed that a zirconium containing metal-organic
framework with amino-functionalized links is composed of a mixture of hemiaminals, the

thermodynamic product (aziridine), and the protonated amine salt with an approximate ratio of

5:2:3, respectively.!4
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3.5. Final product imine obtained after heating hemiaminal to 270 K.
Figure 3.1. A metal-organic framework with amino-functionalized links. 3.1) hemiaminal
product. 3.2) aziridine product. 3.3) protonated amine salt. 3.4) X-ray crystal structure of
hemiaminal intermediate at 215K. 3.5) X-ray crystal structure of imine,Adapted from ref. 143
In addition, Dolotko studied the mechanically-induced, solvent-free reaction between o-
vanillin and p-toluidine (Scheme 3.1) that formed a liquid eutectic upon grinding while below 263

K.!** The 'H NMR of 3.6 taken at low temperature shows the presence of hydroxyl group of o-

vanillin at 10.0 ppm, the amine of p-toluidine at 8.5 ppm, the C-H of final product imine at 11.0
59



ppm, and the hydroxyl of hemiaminal at 13.8 ppm. The hydroxyl peak of hemiaminal at 13.8 ppm
appeared between 50-64 seconds from the insertion and indicated their short life.!** Furthermore,
Yufit and Howard obtained a crystal structure of the hemiaminal 3.8 formed from the reaction
between diethylamine and cyclobutanone at 210 K.!* At room temperature, no hemiaminal
intermediate was observed. This observation suggests that dehydration is slower than the

hemiaminal rate formation.!%

-H,O
OH HN _2> | (A)
0 I OH
| 2 OH OH
o-v p-t O (ONQ
3.6 3.7
o) OH,— ,\L (B)
1+ N g
3.8 3.9

Scheme 3.1. Solvent-free reactions to create hemiaminals A) o-Vanillin and p-toluidine forms
hemiaminal (I) formed only at low temperature. B) Reaction of cyclobutanone and diethylamine
makes hemiaminal (III) at low temperature.

Stable hemiaminal obtained at relatively high temperature and characterized by "H-NMR
spectroscopy and x-ray crystallography, was the result of the reaction between the 4-cyclohexyl-
3-thiosemicarbazide and di-2-pyridyl ketone.!#® In this case, the crystal structure and 'H-NMR of

hemiaminal 3.10 confirmed the presence of intramolecular H-bond between the OH of the

hemiaminal and the nitrogen atom of pyridyl ring.'46
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MeOH

50 °C HN\\<

Scheme 3.2. First stable hemiaminal obtained at room temperature.

Stable hemiaminals from 4-amino-1,2,4-triazole and nitro-substituted benzaldehyde
(Scheme 3.3) were obtained under neutral conditions.!*” The stability of these compounds was
attributed to both electron-withdrawing groups on the phenyl ring and the presence of an electron-
rich 1,2,4-triazole ring. Seven stable hemiaminals were made and characterized by NMR
spectroscopy and crystal structures of five of them were obtained.!'*’ Consistent with Sayer and
Jencks discovery, hemiaminal formation equilibrium constants increase with the presence of
electron-withdrawing groups on the benzaldehyde.!*® The presence of intramolecular hydrogen

bonds have been observed in some the crystal structures of hemiaminals.

NC
N
MeCN ‘N/\\N
N

Q NH, oH =

| |
N 3.11
/©) * E i acid
NC -N
EtOH NC@
_’_—>
acid /N\N/\\

N
./

3.12 N

Scheme 3.3. Hemiaminal and Schiff base synthesis from 4-amino-1,2,4-triazole and nitro-
substituted benzaldehyde.

Kweicien et. al ruled out the importance of H-bonds.!#? Stable hemiaminals can be obtained
when 2-aminopyrimidine and nitrobenzaldehyde derivatives are reacted. The molecular stability

of the hemiaminals results from the presence of strong electron withdrawing groups on both the
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phenyl and pyrimidine ring. According to them, strong electron withdrawing nitro group enhances
the stability of hemiaminal and extra intramolecular interactions are not required.

Synthesis of several stable cyclic hemiaminals have been reported. Zelenin et. al isolated
the cyclic hemiaminals by reacting hydrazines with dicarbonyl compounds under neutral
conditions in CHCI3 and DMSO as solvents.!>® They suggested the presence of strong electron
withdrawing group on the dicarbonyl compound is crucial to make cyclic stable hemiaminal.
Zelenin used combination of various groups ranging from electron donating alkyl groups to
electron withdrawing groups such as fluoroalkyl and nitrobenzene. They suggested the formation
of stable hemiaminal 3.15 required the presence of fluoroalkyl substituent as R;. Other R
substituents failed to make respective hemiaminal derivatives 3.15 but instead pyrazole derivatives

3.16 were made.

R R
R

O o H  CHCl; o DMSO 2 N ZIQN

A e, N By

R, HO R, R,

3.13 3.14 3.15 3.16

R = CH3, CGH5, t‘C4H9

R1 = CH3, CF3, t'C4H9, CBH4OCH3'4, CGH4C|'4, CsF7, CBH5, CGH4N02'4
R2 = H, CH3

RS = H, CGH4N02'4, CGH3(N02)2'2,4

Scheme 3.4. Reaction of various diketones and hydrazines to yield hemiaminals.
Lyga et. al isolated pyrazole 3.18 and hemiaminal 3.19 derivatives when reacting
arylhydrazines 3.17 with trifluoromethyl-/-diketones in THF at -25 °C in the ratio of 5 to 1,

respectively.!®!

62



sk

M THF, 25°C
CF, © [ j
R=H, Cl

3.17 3.18 3.19
Scheme 3.5. Synthesis of both hemiaminal and pyrazole derivative at low temperature.
Threadgill et. al used various hydrazines, 3.20, and 1,1,1,5,5,5-hexafluropentan-2,4-diones
in ethanol under refluxing conditions to create hemiaminal derivatives, 3.21. Along with the
presence of electron withdrawing groups, an aromatic group on the hydrazine was crucial to make

hemiaminal.'>? The reaction of hydrazine with diketones yielded pyrazole derivative, 3.22.!52

FsC
O O EtOH, Reflux FSCWCFS EtOH, Reflux W CF,
HNT "R+ - > \ OH  “onyR=H N-N
2 FsC CF; N-N -
R
3.20 3.21 3.22

R =H, PhCO, CgHs, CgH4(NO,)-4, CgH5(NO,),-2,4
Scheme 3.6. Synthesis of hemiaminal at from various hydrazines at high temperature.
Bonacorso et. al designed an efficient method (Scheme 3.7) with mild conditions to
dehydrate the cyclic hemiaminals prepared from 3.23 and 3.24. They used diethylaminosulfur
trifluroride (DAST), a known fluorinating agent, for the dehydration of hemiaminal at low to room

temperature. !>

CF R
H M EtOH, RefluX R1\(¥Oﬁ| DCM’ PASS 1\WCF3
SN Y
HN" R+ — N-
? Ry CF;  20h NN 0-25 °C, NR

3.23 3.24 3.25 3.26

R = 2-Foranoyl, CgF5
R1 = CH2CH(OMG)2, CH3, C6H5

Scheme 3.7. Synthesis of stable hemiaminals and their dehydration by using DAST.
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Martins et. al synthesized hemiaminals under microwave irradiation at 100 °C in solvent
free conditions (Scheme 3.8). They synthesized various hemiaminals from cyclocondensation

reaction of pentafluorophenyl hydrazine and 4-alkoxy-1,1,1-trihalo-3-alken-2-ones.!>*

R
\
Xscﬂ
.NH N’
HN 2 Solvent-free, MW HFO E
F F ORy O 100 °C, 6 min, (70-95%)
ﬂ
+ RTNSCx,
F F
F F E
F
3.27 3.28
R = CH3, C2H5
R1 = H, CH3, Csz, C3H7, CsH5, CsH4B|"4, 06H4F'4, C4H9, CGH4Br'4, C5H11
X=F, CI

Scheme 3.8. Solvent-free synthesis of hemiaminals by using microwave irradiation.

In addition, the solvent-free reaction of phenyl hydrazine and various 4-alkoxy-1,1,1-
trihalo-3-alken-2-ones in microwave at higher temperature resulted in the formation of pyrazole
derivatives instead of hemiaminal derivatives (Scheme 3.9). At 50 °C, hemiaminal derivative 3.30
was observed all the cases. At 100 °C a mixture of hemiaminal 3.30 and pyrazole 3.31 derivatives
were observed in various ratio with pyrazole derivatives being the major product. At 150 °C and

higher, other regioisomer of pyrazole derivative 3.32 was also made along with 3.31.!%

Solvent-free, MW R R _(/\(CFS
_NH, OR; O 50.200°C, 6 min, (70-95%) FaC/ ] FSCW . R [
HN + R ™ CF —_— HO N’N + N’N J\l’
i ’ PH Ph Ph
3.29 3.30 3.31 3.32
R = CH3, C2H5

R1 = H, CH3, CSH5

Scheme 3.9. Solvent-free synthesis of hemiaminal and pyrazole derivatives at high temperatures.
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Weinheim et. al selectively made one regioisomer of pyrazole in solvent-free conditions

by mixing arylhydrazines and 1,3-diketones in the presence of alumina with yields ranging from

63-88%.16
Ar
HN’NH2+ o 1 0 L N0 '}“/N o n
Ar R, C [ —_— RW 1
3.33 3.34 3.35
R = CHj, CF,
Ry =H, CH,

Ar = CgH5, CgH,OCH5-4
Scheme 3.10. Selective synthesis of pyrazole regioisomer by using silica.
The reaction of 3.36 with phenylhydrazine in ethanol gave pyrazole regioisomers 3.37 and
hemiaminal 3.38. The reaction of 3.38 with sodium carbonate in methanol yielded other

regioisomer of pyrazole 3.39.15

Ph
O O N’
-NH; EtOH rt o_ NN
e \ CF
! CF3 / 3
Ph \ \ / OH
3.36 3.37, (74%) 3.38
NaQCO3
MeOH/H,0
0 Ny
7/
L
CF3
3.39, 25%

Scheme 3.11. Synthesis of both regioisomers of pyrazole derivatives.

Villanova et. al studied the reaction of N-methyl and N-phenylhydrazine with 1,3-
dicarbonyl derivatives in ethanol, trifluoroethanol (TFE), and 1,1,1,3,3,3-hexafluoro-2-propanol
(HFIP). The use of ethanol provided a mixture hemiaminal, 3.43, and pyrazole, 3.42, derivatives

(Scheme 3.12). However, they reported that the use of TFE and HFIP improved the regioselectivity
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of the pyrazole derivatives, 3.42. When HFIP was used as solvent, the ratio of pyrazole 3.42 to
hemiaminal 3.43 derivative varied ranging from 80:1 to be 99:1. The conversion of hemiaminals

3.43 to their respective pyrazole derivatives was accomplished by refluxing them in aqueous HCI

solution.® 157
H O O solvent, rt, 45 min RZWR R1WR2
_N. P | 1+
H,N" "R +RMR — > N-N N-p/ ©OH
1 2 A o
3.40 3.41 3.42 3.43
R = CH3, CGHS

R1 = 2'Fury|, CGH5, CH3, p‘CICGH4’ 2,4'C|206H3
R2 = CF3, CFQCF3, COzEt

Scheme 3.12. Selective synthesis of pyrazole derivatives by using different solvents.

Min-Tsang Hsieh et. al performed [3+2] cyclocondensation of trifluoromethyl-¢, f-ynones
with hydrazines. The product distribution depended on the reaction conditions. Their reaction in
DMSO made one type of pyrazole regioisomers. However, other pyrazole regioisomers were made
when DCM and various catalysts Cu(OAc), were used. As an example, the reaction of
phenylhydrazine with 3.44 gives three products under different conditions. As a summary,
pyrazole 3.45 was the major product with yield ranges from 70-98% when refluxed in DCM in the
presence of catalysts such as AuCl, AgOTf, AgNOs, Cul, CuCl, CuSO4, Cu(OAc)2, Pd(OAc).,
Znl,, or FeCls. In the absence of catalyst, all three products 3.45, 3.46, and 3.47 were obtained
when refluxed in THF, dioxane, or DMF. Only pyrazole regioisomers 3.45 and 3.47 were reported
when refluxed in ethanol. The use of phenylhydrazine hydrogen chloride salt resulted in the
inferior yields. The reaction conditions (DCM, 2.0 mol% Cu(OAc),, reflux) were considered to be

optimal and was used as a general procedure.!>®
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Scheme 3.13. Selective synthesis of pyrazole regioisomers in different solvents.
The reaction of 3.44 with 2-hydrazinopyridine in DCM and 2 mol% Cu(OAc). yielded

hemiaminal 3.48 with 90% yield (Scheme 3.14).!8

Ph
0 HoN. HO>(\|(
NH  DCM, Cu(OAc), ¢ N-N
= CFs + 7 — >
Ph “ | N=
N/
3.44 3.48

Scheme 3.14. Synthesis of hemiaminal derivative from ynone and 2-hydrazinopyridine.

Singh et. al synthesized numerous cyclic hemiaminals by using various hydrazines and
diketones shown in Scheme 3.15. The reaction conditions involved the use of ethanol or diethyl
ether to yield 3.51. The dehydration of 3.51 to yield 3.52 derivatives was done by refluxing them
in ethanol and various acids such as acetic acid, conc. HCI, and conc. H2SO4."%° According to
them, the second dehydration step is slower in the presence of -CF3 group resulting in stable

hemiaminals.
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Scheme 3.15. Synthesis of various hemiaminals in ethanol or diethyl ether.
In another set of experiments, Singh et. al created numerous hemiaminals by using various
aromatic hydrazines and diketones (Scheme 3.16). They enforced the importance of strong

electron withdrawing groups in the formation of stable hemiaminal.!°

R'I R1
O O
N N EtOH or Et,0 CF,
H.N" R CFg — > \ + =\ _CF,
N‘N‘ OH /
R R
3.53 3.54

3.55 3.56

N S
R = CgHs, CgHsNO-4, ©: >-- H*, heat
S N/ A

R, = H, F, CI, Br, OCHg, NO,

Scheme 3.16. Synthesis of various combination of hemiaminal and pyrazole derivatives.
Aggarwal et. al used 2-hydrazino-4,6-dimethylpyrimidine and various diketones to create

numerous hemiaminals (Scheme 3.17). Reaction of hydrazine with 3.58 (R = CH3, CF3, 2-thienyl)

in ethanol yielded exclusively 3.59 derivatives. Reaction of hydrazine with 3.58 (R = CeHs,

CsH4CH3s-p, CsH4OCH3-p, C¢H4F-p, CsH4Cl-p) yielded both hemiaminal 3.59 (major product) and
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pyrazole 3.60 (minor product) derivatives. Conversion of hemiaminal derivatives 3.59 to pyrazole
derivatives was done by refluxing them in ethanol and concentrated H>SO4 or aqueous acetic

anhydride solution.!6!

R CF4
HN. FsC ﬂ ﬂ
. R .
A o 0 eon MO N

3.58 3.59 3.60

EtOH/H,SO0,
R = CHg, CF3, 2-thienyl, CgHs, CeH4CHg-p, Reflux

CGH4F'p, CGH4C|'p, C6H4OCH3'p, R
T
F3C ’

N

N)§N
AN

3.61

z

Scheme 3.17. Condensation reaction of 2-hydrazino-4,6-dimethylpyrimidine and diketones.
Bonacorso et. al studied the reactions between 2 mole equivalent of various 4-alkoxy-1,1,1-

trihalo-3-alken-2-ones and 1 mole equivalent of amino guanidine bicarbonate in ethanol that

yielded cyclic hemiaminal derivatives 3.63 (Scheme 3.18). Concentrated H2SO4 in DCM under

refluxing conditions were used to convert 3.63 derivatives to pyrazole derivatives 3.64.'6
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Scheme 3.18. Synthesis of hemiaminals from amino guanidine and 4-alkoxy-1,1,1-trihalo-3-
alken-2-ones

Martin et. al synthesized various derivatives of hemiaminal 3.67 by reacting 3.65
derivatives with 3.66 hydrazine derivatives (Scheme 3.19).!%* The dehydration of hemiaminals

3.67 was achieved in 95% H2SO4 at 40 °C after stirring for 4 hours.

O—
@) [(\(
~ H MeOHH,0 F,c /% O
MO + HNNeP o 5065°C 18N o\ N
¥ NT N
X3C OMe Y %\
Y”R
3.65 3.66 3.67
X =F,Cl
Y=0,S
R = NH,, OMe

Scheme 3.19. Synthesis of hemiaminal from aliphatic hydrazine.

3.2 Biological relevance

Some stable, naturally existing cyclic hemiaminals has also been reported. Mulundocandin
3.70 belongs to an echinocandins class of antifungal lipopeptides.!®+19 Echinocandins possess a
reactive hemiaminal group at the ornithine-5-position. They inhibit the synthesis of A-D-glucan

which is an essential component of cell wall of fungi and is absent in mammalian cells.!*’ Naturally
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occurring echinocandins possess a reactive hemiaminal that can undergo ring opening and
rearrangement to form linear peptides with diminished biologically activity.'®6-167 Semisynthetic
modifications at ornithine-5-position of mulundocandin were carried out to improve its chemical
stability.!6®

Two natural products with hemiaminal functional groups have been isolated from
neothiobinupharidine family.!'® Isomer 1, 6-dihydroxythiobinupharidine, 3.68 and 2, 6’-
dihydroxythiobinupharidine, 3.69 were isolated from the extract of Nuphar luteum of Polish origin
and possess activities against human pathogenic fungi. Deuterium labeled hemiaminals 3 from 1
and 4 from 2 (Figure 3.3) have been also recovered after reducing the hydroxyl groups of
respective neothiobinupharidine by using sodium borodeuteride.!”®
Some other hemiaminals are also obtained as fluoroacyl and N-acylpyrrole derivatives.!”!

173 Tn some cases, coordination of metal ions with O or N donor ligands of hemiaminal provide

stability.!”*

Figure 3.2. Examples of hemiaminals. Natural products, 3.68 and 3.69, isolated from
neothiobinupharidine family. 3.70) Echinocandins. 3.71) Chemically synthesized polycyclic
cages.
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Another interesting and biologically active class of hemiaminals are polycyclic cages.

175-180

Modified hydrocarbon polycyclic cages 3.71 such as thrishomocubane derivatives are known

175 ;

to modulate cocaine-induced effects,!” inhibition of nitric oxide synthase,!”” and have been shown

to improve the blood-brain barrier permeability of some non-steroidal anti-inflammatory drugs.!”®

3.3 Our work on hemiaminals

Triazinyl hydrazines and 2-hydrazinopyridine were used to create library of stable
hemiaminals. These cyclic hemiaminals that are stable both in the solution (neutral and acidic) and
in the solid state using four aromatic hydrazines (1-4) and four diketones (a-d). Here, some of
aromatic hydrazones contains hydrogen bond acceptor (2-4) and some diketones contains electron
withdrawing groups (b-d). The studies focuses on the use of three commercially available aromatic
hydrazines (1,3,4) phenylhydrazine (1), 2-hydrazinylpyridine (3),!5> 137 and 2-hydrazinyl-4,6-
dimethylpyrimidine (4)'¢! and one readily synthetically made triazinyl hydrazine (2) as shown in

Chart 3.1.

N N__N
| ~
N_N T
NHNH, he NHNH, NHNH,
NHNH,
1 2 3 4

Chart 3.1. List of aromatic hydrazines used.

Four commercially available diketones used in this study are 2,4-pentanedione (a), 1,1,1-
trifluoro-2,4-pentandione (b), 4,4,4-trifluoro-1-phenyl-1,3-butanedione (¢) and 1,1,1,5,5,5-
hexafluoro-2,4-pentanedione (d) as shown in Chart 3.2. Diketone a has no electron withdrawing
group. Other diketones b, ¢, and d contain at least one electron withdrawing group. The stabilities

of the hemiaminals synthesized were examined as a function of temperature and pH.
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Chart 3.2. List of diketones used.

3.4 Results and Discussions:
3.4.1 Synthesis of aromatic hydrazine 2

Aromatic hydrazines 1, 3 and 4 are commercially available. The triazine derivative, 2, was
synthesized in two steps by reacting cyanuric chloride with two equivalents of morpholine at low
temperature to yield 3.72 followed by an excess of hydrazine monohydrate at elevated temperature

with an overall yield of 87% as shown in Scheme 3.20.

e ECTNS:

O N_C o LK_UN_NO NS K/N\(N\ N
W — W — l
NN NYN NN
cl HN.
Cl NH,
3.72 2

Scheme 3.20. Synthesis scheme of triazinyl hydrazine 2. a) 2 equiv. morpholine, DIPEA, THF, 0
°C-rt, 12 h, 94%. b) excess hydrazine, DIPEA, dioxane, 95°, 15 mins, 92%.

3.4.2 General reaction conditions for the synthesis of hemiaminals and pyrazoles
The neutral conditions relied on the use of absolute ethanol, methanol, or acetonitrile as a
solvent. In some cases, a few drops of acetonitrile were added along with absolute ethanol to

improve the solubility. Acidic conditions relied on either neat glacial acetic acid or absolute
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ethanol in the presence of catalytic concentrated HCI. To compare the stability of the stable
hemiaminals, reactions mixtures were refluxed in glacial acetic acid. Pyrazoles did not form using
a catalytic amount of HCI in absolute ethanol at elevated temperature. Both conditions could be

described as ‘dehydrating’, presumably favoring pyrazole formation.

3.4.3 Nomenclature

To facilitate discussion, compounds are named to reflect whether a hemiaminal, H, or
pyrazole, P, derivative forms from the respective starting materials. That is, 2 and a could yield
hemiaminal H-2a and/or a pyrazole P-2a. Because two of the diketones (b-c) are non-symmetrical,
two different regioisomers can result. Accordingly, reaction with diketone b yields molecules
designated with a b or b’. A similar convention is adopted for c. In the cases of b and ¢ (and not
b’ and ¢’), the CF3-group is geminal to the hydroxyl group of the hemiaminal. Similar numbering

system was adopted for the rest of the b and ¢-series hemiaminals and pyrazoles (Figure 3.3).

R
Ri R, R A
F3C [\j HO 2 N F3C N\ R2 N\
y N / / /)
R, CF; R CFs
H-(1-4)(b-c) H-(1-4)(b-c)  P-(1-8)(b-c) P-(1-4)(b-c)’

Figure 3.3. Representation of different regioisomers of hemiaminals and pyrazole derivatives. R
is the aromatic ring (2-4). R» is methyl (b) and phenyl (¢).

The numbering system employed for the diketones reflects the relative stability of the
resulting hemiaminals (a<b<c<d). Compared with 1, hemiaminals from 2, 3, and 4 hydrazines are
more stable. The relative stability of hemiaminals derived from 2, 3, and 4 and the diketones is not

rigorously established in these studies.
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3.4.4 Distinguishing fingerprints for characterization

Hemiaminal and pyrazole derivatives are easily distinguished using mass spectrometry and
'H and *C NMR. The mass spectroscopy of hemiaminal derivatives is 18 a.m.u. higher than
respective pyrazole derivatives. The 'TH NMR of a hemiaminal is different than that of pyrazole by
two diagnostic peaks. The methylene protons of the five membered ring of hemiaminal appear as
diastereotopic doublets between 2.8-3.8 ppm with a coupling constant of around 18 Hz. In
addition, the hydroxyl proton of the hemiaminal appears as a broad singlet at two different position.
In some hemiaminals, it appears between 8.0 and 9.0 ppm indicative of a strong hydrogen bond,
while in other cases, it appears between 3.0 and 4.0 ppm, indicative of a weak hydrogen bond. The
aromatic proton of the pyrazole appears further downfield between 6.0 and 7.3 ppm as expected.
As an example, Figure 3.4 shows the '"H NMR of H-3b. The doublet of doublets between 3.13-
3.36 ppm correspond to the methylene protons of the five membered hemiaminal ring and singlet
at 8.76 ppm corresponds to the hydroxyl proton. The downfield shift suggests a formation of strong
hydrogen bond. The signals between 3.13-3.36 ppm and at 8.76 ppm disappears when H-3b was
converted to P-3b. A singlet at 6.69 ppm corresponds to the only aromatic proton of the pyrazole
ring (Figure 3.5).

The *C NMR spectra can also be used to differentiate between hemiaminal and pyrazole
(Figure 3.6 and 3.7). The carbon atom of a hemiaminal appears between 90 and 95 ppm as a
diagnostic quartet with coupling constant, 2/r.c, between 35 and 40 Hz. In contrast, the same C-
atom in pyrazole derivatives appears downfield between 130 and 145 ppm as quartet with same
coupling constant between 35 and 40 Hz. As an example, *C NMR of H-3b shows two
characteristics signals. A quartet between 92.3-93.3 ppm corresponds to the hemiaminal carbon
atom. A signal at 47.9 ppm corresponds to the methylene carbon atom of the five membered

hemiaminal ring.
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Figure 3.5. '"H NMR of P-3b in CDCls.
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Figure 3.7. 3°C NMR of P-3b in CDCls.
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The '3C NMR of P-3b shows a significant change in the chemical shift among two
characteristics signals. The quartet downfield shift between 132.3-133.4 ppm suggests the
formation of double bond. A new signal at 123.9 ppm corresponds to the unsaturated carbon atom

of the pyrazole ring.

3.4.5 Hemiaminal or pyrazole products

Table 3.1 summarizes the results of our studies wherein a ‘+’ indicates formation of the
corresponding product and a ‘-’ indicates that the product was not observed. Quick inspection of
the table reveals a host of stable hemiaminals (green) that are stable in neutral solutions indefinitely
and in neat glacial acetic acid at room temperature. At higher temperatures as indicated by
increasing shades of red—these stable hemiaminals do form the expected pyrazole products in the
presence of acid. In some cases, hemiaminals (blue) are observed, but not considered stable (even
if isolable as are H-1¢ and H-1d) because they dehydrate to the corresponding pyrazole over time
at room temperature. Elaboration is provided in the following paragraphs. The notable absence of
stable hemiaminals when a CF3-group is absent (a-series) and when the hydrazine donor does not
provide a hydrogen-bond acceptor (products of 1) underscore the importance of both features as
design criteria. Hemiaminals H-1¢,'>15¢ H-1d,'5>157 H-4b,'®! H-4¢,'®! and H-4d'¢! have been
synthesized before and same synthetic approach was adopted in this project. Hemiaminal H-3¢

was also synthesized before by using different synthetic method, however.!®
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Table 3.1. Summary of all the hemiaminals and pyrazole derivatives synthesized.
‘+* Product observed. ‘-> Product not observed. ‘t” minor product. ‘Green’ stable hemiaminals.

‘Blue’ unstable hemiaminals. ‘Red’ Observed under acidic condition when heated. ‘H’
hemiaminals. ‘P’ pyrazoles.

H-1 H-2 H-3 H-4
R R R R
, \
, \ Rﬂ R \ Rﬂ
RHX(ID/\‘ HO /'\t nd N HO i
NZON N7 NN
MJ\\NJ\M X l ~/

Conditions: | Neut | Acid | Neut | Acid | Neut | Acid | Neut | Acid

Product: fH| P |H|PJH|P | H H{ P H/P{H|P | H|P

a | R=R’=Me -+ -+ -+ -1+ -1+] -1+

b | R=Me; R’=CF; -+ -+ + | -0+ -1+]-0+]-1T+]-

b’ | R=CF3; R’=Me -l - - Ty -1-1-1-1-0-|-|-|-

R=Ph; R’=CF; SN+ - T+ -0+ -1+ -0+ -1T+1-

¢’ | R=CF;; R’=Me - --1-1-1-0-1¢t!l-]-04-|-]-1-
d | R=R’=CF;

3.4.6 Reactions of phenylhydrazine, 1, with diketones (a-d) yield primarily pyrazoles'>%

Table 3.1 reveals that pyrazoles are the predominant product of condensations of 1 with a,
b, ¢, and d. Reaction of a with 1 at room temperature under neutral or acidic conditions exclusive
yields one pyrazole, P-1a. For reactions of 1 and b, acidic conditions yield P-1b. Under neutral
conditions, however, an inseparable mixture of two pyrazoles results. 'H-NMR spectroscopy
reveals regioisomers in 1.7:1 ratio for P-1b: P-1b’. We conclude that under neutral conditions,
attack at either sp? center occurs. Under acidic conditions, we hypothesize (with corroborating

DFT calculations) that protonation/activation of the carbonyl distant from the CF3-group occurs

before attack at this carbon.
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The first observable hemiaminals come from reactions of 1 with ¢ and d. Like b, ¢ is non-
symmetrical and offers an electron withdrawing CF3-group and a phenyl ring. Neutral conditions
yield a mixture of the H-l¢ and P-1¢’ which is separable by conventional silica gel
chromatography. The product distribution reflects attack of the hydrazine at both sp? carbons. The
hemiaminal corresponding to H-1¢’ is not observed, presumably, because the CF3-group is not
positioned to stabilize it, and accordingly, dehydration is facile. H-1¢ is marginally stable, but by
extending the reaction time from 12 hours to 30 days, hemiaminal H-1¢ is completely converted
to P-1c. Hemiaminal H-1c¢ was characterized by the presence of two doublets between 3.48-3.74
ppm (1J = 18.0 Hz) and a hydroxyl proton at 3.18 ppm. The upfield chemical shift and broad shape
of the hydroxyl proton signal is not consistent with a strong hydrogen bond. Solid state structure
does not show the formation of any hydrogen bond (Figure 3.8). Not surprisingly, the addition of
a catalytic amount of HCI converts H-1¢ to its pyrazole derivative P-1c at room temperature
(indicated with a ‘d’ in Table 3.1) in less than hours. Under neutral conditions at room temperature,
the same reaction (H-1c to P-1c) requires 4 weeks. Under acidic conditions, reaction of
phenylhydrazine 1 and ¢ exclusively yields P-1c.

For reactions of 1 and d, a mixture H-1d and P-1d is observed. Hemiaminal H-1d is found
to be more stable than H-1c¢ based on the time required for conversion to the respective pyrazole
derivative. In a solution of CDCls, after 4 weeks, the ratio of H-1d: P-1d was 6.6:1. Addition of
catalytic 1M HCI converted H-1d to P-1d in 2 hours. This suggests that H-1d is more stable than

H-1c¢ under neutral conditions.
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Figure 3.8. Crystal structure of hemiaminal H-1¢. The thermal ellipsoids are drawn at 30%
probability.
3.4.7 Reactions of triazinylhydrazine, 2

The addition of a hydrogen-bond acceptor group in 2 leads to the appearance of stable
hemiaminals. However, the importance of the CF3-group is underscored by reactions of 2 with a.
While P-2a is observed under acidic conditions, after 12 hours under neutral conditions an
inseparable mixture of H-2a and P-2a is obtained. The ratio of P-2a:H-2a is 1.6:1. The 'H NMR
shows five membered methylene protons as doublet of doublets between 2.78-3.09 ppm (!Ju.u =
18.17 Hz) and proton attached to Csp? as singlet at 6.00 ppm evident the formation of both
hemiaminal and pyrazole respectively. In addition, a broad singlet at 5.90 ppm suggests the
presence of a weak hydrogen bond derived from the OH group and heterocyclic N-acceptor.
Hemiaminal H-2a can be converted to P-2a with time or by the addition of a small amount of HCI.
Diketones with a CF3 group (b-d) exclusively yield stable hemiaminals under acidic and neutral

conditions at room temperature. Reaction of 2 with b under acidic conditions yield a stable
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hemiaminal, H-2b while isomer H-2b’ (which is not stabilized by a CF3-group) is not observed
for the reason previously advanced (selective protonation).

The 'H-NMR of H-2b reveals the hydroxyl proton downfield at 8.16 ppm, a value
indicative of the formation of a hydrogen bond. This peak disappears upon addition of D>O. The
methylene protons of five-membered ring appear as a doublet of doublets between 3.16-3.33 ppm
(!Jun=18.9 Hz). In 3C-NMR, both fluorinated and hemiaminal carbon atoms couple with the
fluorine atoms and appear as a quartet at 119.4-128.1 ppm with coupling constant 'Jc.r=288.1 Hz,
and at 91.9-92.9 ppm with coupling constant 2Jc.;=33.6 Hz, respectively. One bond and two bond
coupling constants of C-F agree with the range of coupling constants ranges in literature.!”

The reaction of 2 with ¢ results in hemiaminal H-2¢ as evident from 'H-NMR, 3C-NMR
and X-ray crystallography. Again, a strong hydrogen bond is observed from the presence of a
hydroxyl proton at 8.21 ppm. The methylene protons of five membered ring appear at 3.59-3.65
ppm as doublet of doublets due to the diastereotopic environments created by the hemiaminal, 2Ji.
1=18.9 Hz obscured by signals from the morpholine groups. The hemiaminal carbon appeared as
a quartet at 91.4-92.4 ppm, 2Jc.r=33.6 Hz. The fluorinated carbon appeared as quartet at 119.1-
122.1 ppm, 'Jc.r=288.7 Hz. The crystal structure obtained for H-2¢ reveals a hydrogen bond
between the triazine and OH of the hemiaminal (Figure 3.9).

Reaction of 2 with d under neutral and acidic conditions resulted in the formation of
hemiaminal H-2d. When H-2d was refluxed in glacial acetic acid for about 24 hours, a mixture of
P-2d and H-2d in the ratio of 3.5:1 was obtained. The stability trends of all the hemiaminals of

this series increases from H-2b < H-2¢ < H-2d.
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Figure 3.9. Crystal structure of hemiaminal H-2¢ showing a hydrogen-bond implicated in stability.
The thermal ellipsoids are drawn at 30% probability.
3.4.8 Reactions of 2-hydrazinylpyridine, 3.

Like triazinylhydrazine 2, reactions of 3 yield similar results. H-3a was not observed in

158 and H-3d were observed under

either neutral or acidic conditions. Hemiaminals H-3b, H-3c,
both neutral and acidic condition. Hydrogen bonds between of OH group with the nitrogen atom
of the pyridine ring was seen in crystal structures (Figure 3.10) and by 'H-NMR with a peak for
H-3b, H-3c, and H-3d appearing at 8.75, 8.73, and 8.47 ppm, respectively. Similar to series 2
hydrazones, stability of the hemiaminals increase from H3-b < H3-¢ < H3-d. The stability of
hemiaminals was determined by measuring the amount of time hemiaminals took to convert to
pyrazole derivative. That is, in refluxing glacial acetic acid, H-3b undergoes complete conversion

in 2-3 hours while H-3¢ requires 10-12 hours. After refluxing H-3d in glacial acetic acid for 20 h,

the ratio of P-3d:H-3d was 2.7:1.
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Figure 3.10. Crystal structure of hemiaminal H-3¢ showing a hydrogen-bond implicated in
stability. The thermal ellipsoids are drawn at 30% probability.

A bis-hemiaminal along with H-3d was observed in the NMR spectrum of crude product made
from 3 and d under neutral conditions. However, during chromatographic purification, the bis-
hemiaminal was converted to hemiaminal H-3d. This observation also confirms that dehydration

step in the formation of hydrazone is indeed the rate determining step.

3.4.9 Reactions of 4-hydrazino-2,6-dimethylpyrimidine, 4 with diketones'®!

As with 2 and 3, a similar product distribution was obtained when 4-hydrazino-2,6-
dimethylpyrimidine, 4, was employed.'®! The stabilities of the hemiaminals was H-4b ~ H4-¢ <
H4-d. Pyrazoles were obtained from the first two hemiaminals after refluxing in glacial acetic
acid for 12h. Refluxing a solution of H-4d in glacial acetic acid for 72 hours yielded a ratio of H-
4d: P-4d of 1:1.8. Hydrogen bonds between of OH group with the nitrogen atom of the pyridine
ring were seen in the NMR spectra of H-4b, H-4¢, and H-4d at 8.19, 8.48, and 8.16 ppm,

respectively.
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Figure 3.11. Crystal structure of hemiaminal H-4¢. The thermal ellipsoids are drawn at 30%
probability.
3.4.10 A summary of hemiaminal stability and hydrogen bond data.

Data for the hydrogen bonds obtained from crystal structures as well as the stability data
for the hemiaminals appears in Table 3.2. Relative stability of hemiaminal was determined by the
amount of time taken and conditions they required including the pH conditions and elevated
temperature for their conversion to the respective pyrazole derivatives. The data shows a trend for
both the hydrazine donor and the 1,3-diketone. In summary, hemiaminal stability increase from
those derived a <b < ¢ <d. Using the d series, we are led to hypothesize that stability increases

with hemiaminals derived from 1 <2 <3 <4,
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Table 3.2. Hydrogen bond characteristics and conversion of hemiaminals to pyrazole derivatives.

H-# OH OH--N O-H-N | Conditions | Time Temp. | % conversion to
(ppm) | bond bond ©C) pyrazole
Length angle
le |3.25 2.17 174 neutral 30 days | 25 100
cat. HCI1 2h 25 100
1d |3.48 neutral 30 days | 25 87
cat. HCI1 2h 25 100
2a | 590 NA
2b | 8.16 gl. AcOH |3 118 100
2¢ | 8.21 2.03 135 gl. AcOH 10 118 100
2d | 7.95 gl. AcOH |24 118 85
3b |8.75 gl. AcOH |3 118 100
3¢ | 873 1.96 137 gl. AcOH 12 118 100
3d | 8.47 gl. AcOH |24 118 73
4b |8.19 gl. AcOH 12 118 100
4c | 848 2.28 112 gl. AcOH 12 118 100
4d | 8.18 1.98 142 gl. AcOH |72 118 65

3.4.11 Computational Studies

For computational studies, the relative stability of the hemiaminals were compared to that
of H-1a (Figure 3.8). Relative energy difference was measured between the stable hemiaminals
such as H-1b and reference hemiaminal H-1a (Scheme 3.21). Isodesmic reactions were used for
all other stable hemiaminals to determine the relative stability. When compared with 1,
hemiaminals from 2, 3 and 4 exhibit higher stability due to the presence of a hydrogen bond
acceptor. For each parent hydrazine, the location of CF3 groups significantly affected the
hemiaminal stability where the regioisomer with CF3 group not located on hydroxyl carbon shows

lower stability (e.g. H-2b > H-2b’, H-3¢ > H-3¢’ and H-4b > H-4b’ etc.). This factor is more
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pronounced for H-1b’ and H-1¢’ which additionally lack the stability due to the absence of the
hydrogen-bond. In addition, the products which does not contains CF3 group (H-2a, H-3a and H-
4a) have lower stability compared to their counterparts which contains CF3; group. Arshad
Mehmood from Dr. Benjamin Janesko group determined the relative stability calculations of all
hemiaminals with respect to H-1a. Relative stabilities of all hemiaminals from Density function
theory (DFT) shown in Figure 3.12 confirm the hypothesis that the presence of both CF3 group

and hydrogen bond acceptors are essential for the stability of hemiaminals.

Q. 9, ©.C

HO. N

Fsc>(_k ( /N FSCK_Q )(_&

P-1b

Scheme 3.21. Illustration of an isodesmic reaction for H-1b used to calculate the reaction energy
mentioned in Figure 3.12.
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Figure 3.12. Hemiaminal stability relative to H-1a. More positive value corresponds to the more
stable hemiaminal

Figure 3.13 presents the calculated energy of OH:--N hydrogen bond for 5 hemiaminals at

MO06-2X/6-311++g(2d,2p) level. The hydrogen bonds in hemiaminals obtained from 2,4-
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pentanedione (a) are ~ 3.5 kcal/mol lower in energy compared to those obtained from other 1,3-

diketones, which establishes that fundamental role CF3 group in stabilizing the hydrogen bond.
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T T

OH:--N Bond Energy (kcal/mol)

Figure 3.13. Calculated energies of OH:--N bond for selected hemiaminals.

3.4.12 Design criteria for the preparation of stable hemiaminals.

The studies performed suggest two design criteria for the preparation of stable
hemiaminals; a hydrogen bond involving an OH acceptor, and a CF3 group vicinal to that OH
group. The literature provides examples wherein hemiaminal stability is attributed to
intramolecular hydrogen bonds in solution as well as intramolecular hydrogen bonds in the solid
state. Hydrogen-bonding in our system is observed in the x-ray crystal structures determined
wherein the hydroxyl proton forms a hydrogen bond to the nitrogen in the aromatic ring hydrazine
donor (pyridine, pyrimidine, or triazine). Table 3.2 summarizes the characteristics of these
hydrogen bonds as well as the chemical shifts observed for the OH groups in CDCl;. We
hypothesize that the downfield chemical shifts reported for the OH in the 'H NMR are consistent
with a similar hydrogen bond forming in solution. Indeed, there are no other hydrogen-bond

donors available to assign these shifts to, although the magnitude of the effect that the CF3 group
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has could be considerable. In our studies, resistance to conversion to the pyrazole derivative from
the requisite hemiaminal reveals the critical role of the CF; group. In the absence of a CF3 group,
conversion to the pyrazole happens rapidly at room temperature. Hemiaminals with a single CF3

group (derived from b or ¢) convert more rapidly to the pyrazole than those with two CF3 groups

(d).

3.5 Conclusion

The work described expands the number of examples of stable hemiaminals and reinforces
design criteria that have emerged from different reports. The literature shows that hemiaminal
formation is favored primarily by neutral conditions as well as apolar aprotic solvents. Here,
however, hemiaminals are obtained from reactions in ethanol under acidic conditions. This
observation underscores the influence of adopting both a strong electron withdrawing group and a
hydrogen bond acceptor as design criteria.

Hemiaminals H-4b, H-4¢, H-4d, and H-3¢ have been synthesized before and have been
found stable under acidic conditions.!®® 6! Their conversion to pyrazole required elevated
temperature. In addition to the synthesis of some known hemiaminals, new library of stable
hemiaminals H-2b, H-2¢, H-3d, H-3b, and H-3d were synthesized and were found to be stable at
room temperature in acidic ethanolic solutions (HCI, glacial acetic acid, pTSA, and H2SOj).
Refluxing for three hours hemiaminals in solutions of diisopropylethylamine or pyridine led to no
change. A noticeable difference in stability was found between hemiaminals derived from either 1
or a which lack a hydrogen-bond acceptor and CF3 group, respectively. As these hemiaminals were
converted to pyrazole derivatives in neutral conditions over the course of time or quickly in acidic

conditions even at room temperature. However, the hemiaminals containing hydrogen-bond
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acceptor and CF; required acid and elevated temperature to convert to respective pyrazole
derivatives.

The experimental findings are in agreement with computational data. The hypothesis can
be further tested by replacing the nitrogen atom of the rings (2, 3, 4) by a different hydrogen bond
donors atoms such as oxygen and fluorine, and other electronegative non-hydrogen bond donor
atoms such as sulfur. It would be interesting to compare the stability of these hemiaminals with
already synthesized hemiaminals. Stability at room temperature across a range of pH values as
well is in neat glacial acetic acid suggests that these structures might have general utility in a range

of applications.

3.6 Experimental procedures

3.6.1 Synthesis of P-1a

Scheme 3.22. Synthesis of P-1a.!5!: 153

Hydrazine 1 (300 mg, 2.8 mmol) and diketone a (550 mg, 5.6 mmol) were mixed in 5 ml
CH;CN and stirred at room temperature for 12 hours. The solvent was removed under reduced
pressure and column chromatography was performed with 5% ethyl acetate in hexanes to afford
P-1a as light-yellow liquid (406 mg; 85%). H-1a was not observed. "H NMR (400 MHz, CDCls)
8 7.37-7.35 (4H, m), 7.35-7.34 (1H, m), 6.01 (1H, s). 2.32 (3H, s), 2.32 (3H, s). 1*C NMR (400
MHz NMR) & 149.0, 140.0, 139.4, 129.0, 127.2, 124.8, 106.9, 13.5, 12.4. MS (ESI/Q-TOF) m/z:
[M+H]" Caled for C11H12N> 172.10; Found 173.01.
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3.6.2 Synthesis of P-1b

L Gy @

N CHSCN

rt, 12 h F3C

1 P-1b P-1b’

Scheme 3.23. Synthesis of P-1b and P-1b’.131: 15

Hydrazine 1 (245 mg, 2.3 mmol) and diketone b (385 mg, 2.5 mmol) were dissolved in 4
ml of CH3CN and stirred at room temperature for 12 hours. The solvent was removed under
reduced pressure and chromatography was performed with 5% ethyl acetate in hexanes to afford
a mixture of P-1b and P-1b’ as slightly yellow liquid (247 mg, 48%). H-1b was not observed.

When hydrazine 1 (100 mg, 0.93 mmol) and diketone b (154 mg, 1.0 mmol) mixed in 4 ml
of absolute ethanol along with 0.5 ml concentrated HCI. Upon purification only P-1b (112 mg,
54%) was obtained. P-1b and P-1b’. 'H NMR (400 MHz, CDCl3) & 7.48-7.46 (5H, m), 6.21 &
6.49 (1H, s), 2.38-2.38 (3H, s). 3*C NMR (400 MHz CDCls) & 149.0, 143.6-142.5 (q, *Jcr = 33.4
Hz), 139.2, 138.9, 133.6-132.5 (2Jcr =33.4 Hz), 129.3, 129.0, 129.03, 128.7, 125.6, 125.3, 126.5-
118.5(q, 'Jc.r =288.1 Hz), 125.4-117.4, (q, 'Jcr= 288.1 Hz), 104.8, 13.3, 12.3. MS (ESI/Q-TOF)

m/z: [M+H]" Calcd for Ci1HoF3N> 226.07; Found 226.98.
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3.6.3 Synthesis of H-1c and P-1¢’

Scheme 3.24. Synthesis of H-1¢ and P-1¢’.!%7- 158

Hydrazine 1 (200 mg, 1.85 mmol) and diketone ¢ (600 mg, 2.77 mmol) were dissolved in
5 ml of CH3CN and stirred at room temperature for 12 hours. After evaporation of the solvent,
column chromatography using 5% ethyl acetate in hexanes afford two products; H-1¢ (255 mg,
45%) as a slightly yellow solid (mp 79-80 °C) and P-1¢’ (23 mg, 4%) as a slightly yellow solid
(mp 52-54 °C). H-1¢. '"H NMR (400 MHz, CDCl3) 6 7.73-7.71 (2H, m), 7.46-7.40 (7H, m), 7.25-
7.23 (1H, m), 3.74-3.48 (2H, dd, Ju.z = 17.99 Hz), 3.25 (1H, s). *C NMR (400 MHz NMR
CDCl3) & 148.7, 140.8, 131.3, 129.6, 128.9, 128.7, 126.1, 126.0, 124.6, 127.3-119.3 (q, 'Jcr =
271.0 Hz), 94.1-93.1 (q, 2Jcr= 31.7 Hz), 44.2. MS (ESI/Q-TOF) m/z: [M+H]" Calcd for
Ci6H13F3N20 306.10; Found 306.98. P-1¢’. 'H NMR (400 MHz, CDCl3) & 7.38-7.35 (8H, m),
7.28-7.26 (2H, m), 6.81 (1H, s).1*C NMR (400 MHz CDCls) & 144.8, 143.8-142.7 ( 2Jcr = 33.4
Hz), 139.3, 129.2, 129.1, 129.0, 128.8, 128.7, 128.5, 125.5, 125.9-117.4, (q, 'Jcr= 288.1 Hz),

105.6. MS (ESI/Q-TOF) m/z: [M+H]" Calcd for CisH;1F3N2 288.09; Found 289.04.
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3.6.4 Synthesis of P-1c

Sl an. Oy,

i 02 sOH, cat. HCI
H rt, 12 h FSC

P-1c

Scheme 3.25. Synthesis of P-1¢.!5% 157

H-1c was spontaneously converted into P-1¢ when left in CDCIl3 for 4 weeks. H-1¢ was
also quantitatively converted to P-1¢ (mp 84-85 °C) as white solid in 3 hours in 200 proof ethanol
solution in 0.5 ml 1M HCI solution. P-1¢ was also exclusively synthesized by reacting the
substrates in the presence of catalytic amount HCI. P-1¢” was not observed. '"H NMR (400 MHz,
CDCl3) 6 7.93-7.90 (2H, m), 7.48-7.35 (8H, m), 7.13 (1H, s). *C NMR (400 MHz CDCl3) § 151.6,
139.2, 134.3-133.4 (q, 2Jcr= 39.4 Hz), 131.8, 129.3, 129.1, 128.8, 128.7, 125.9, 125.7, 122.8-
116.0 (q, 'Jer = 269.2 Hz), 106.1. MS (ESI/Q-TOF) m/z: [M+H]" Caled for CisHi1F3N> 288.09;

Found 289.04.

3.6.5 Synthesis of H-1d and P-1d

O

F3C [ j
FsC N, FaC
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3
1 H-1 P-1d

Scheme 3.26. Synthesis of H-1¢ and P-1d."%% 157
Hydrazine 1 (290 mg, 2.6 mmol) and diketone d (274 mg, 1.3 mmol) were dissolved in 4

ml absolute ethanol and stirred overnight at room temperature. The solvent was removed under
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vacuum, the residue re-dissolved in dichloromethane, washed with water, and dried over Na;SOa.
Column chromatography was performed using 10% ethyl acetate in hexane to afford P-1d (20mg,
5%) and H-1d (80mg, 21%) as pale-yellow liquids in the mass ratio of 1:4 respectively. Addition
of catalytic HCI in a solution of H-1d formed P-1d after 2 hours. H-1d. 'H NMR (400 MHz,
CDCl3) & 7.41-7.37 (5H, m), 3.35 (1H, s), 3.60-3.29 (2H, dd, 'Ju.xz =19.1 Hz ). *C NMR (400
MHz CDCl3) & 138.8-137.9 (q, 2Jcr= 40.3 Hz), 129.1, 127.5, 125.3, 124.0, 124.5--116.4 (q, 'Jcr
=269.5 Hz), 124.7-116.0 (q, 'Jcr = 287.1 Hz), 95.0-94.0 (q, >Jcr= 39.6_Hz), 41.5. MS (ESI/Q-
TOF) m/z: [M+H]* Calcd for C1HsFsN2O 298.05; Found 299.20. P-1d. 'H NMR (400 MHz,
CDCl3) 6 7.41-7.37 (5H, m), 7.10 (1H, s). 3*C NMR (400 MHz CDCl3) 6 143.3-142.3.9 (q, *Jcr=
40.3 Hz), 138.2, 134.8-133.8 (q, 2Jc.,= 39.6 Hz), 130.3, 129.3, 125.7, 124.7-116.2 (q, 'Jcr = 288.0
Hz), 122.5-115.8 (q, 'Jc-r=269.1 Hz), 107.1. MS (ESI/Q-TOF) m/z: [M+H]" Calcd for C11HsFsN>

280.04; Found 281.07.

3.6.6 Synthesis of hydrazine 2

0™ o
CI\WN\ Cl' 2 Equiv. morpholine@\, N O 10 Equiv. hydrazine K/N\WN\ NJ

4>
NN THF, DIPEA M i NN
) ) N.__N dioxane, DIPEA, 2
cl -10°C-rt, 12 h 95 °C, 15 mins H\N(
Cl “NH,
3.72 2

Scheme 3.27. Synthesis of hydrazine 2.

In a three neck round bottom flask purged with argon, cyanuric chloride (4.01 g, 21.8
mmol) was dissolved in 80 ml of tetrahydrofuran and the solution was chilled to -10 °C. A solution
of morpholine (3.79 g, 43.5 mmol) and diisopropylethylamine (5.7 g, 44 mmol) of DIPEA in 30
ml THF were added dropwise. The reaction mixture was warmed to room temperature and stirred

overnight at room temperature. The reaction mixture was filtered to remove salts before the
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solvent was removed under vacuum. After dissolving the residue in 30 ml dichloromethane (x2)
and washing the organic phase with 20 ml water, the organic layer was dried over MgSO4. Upon
removal of the solvent, column chromatography using 5% methanol in dichloromethane afforded
dimorpholinomonochlorotriazine intermediate 3.72 (5.90 g, 95%, mp 170-171 °C) as a white solid.
'"H NMR (400 MHz, CDCl3) 8 'H NMR 3.81-3.72 (16H, m). 13C NMR (400 MHz, CDCl3) &
169.7, 164.5, 66.7, 43.9. MS (ESI/Q-TOF) m/z: [M+H]" Calcd for C11H19N70,: 285.10, found:
286.04.

Subsequently, intermediate 3.72 (2.00 g, 7.00 mmol), diisopropylethylamine (1.00 g, 3.5
g) and hydrazine monohydrate (70 mmol, 10 equivalents) were dissolved in 5 ml of dioxane and
the solution was subjected to microwave irradiation at 95 °C for 15 minutes. The solvent was
removed under vacuum. The residues were dissolved in 25 ml dichloromethane (x2) and washed
with 15 ml water. The organic layer was dried over MgSO4 and the solvent was removed under
vacuum. Crude product was further purified by column chromatography using 10:1 hexanes: ethyl
acetate to afford 2 (1.8 g, 91%, mp 184-185 °C) as a white solid. '"H NMR (400 MHz, CDCls) &
6.09 (1H, s), 3.91 (2H, s), 3.79-3.71 (16H, m). 13C NMR (400 MHz, CDCl3) 5 168.8, 165,1, 66.8,

43.6. MS (ESU/Q-TOF) m/z: [M+H]* Calcd for C11H1sN70; 281.16; Found 282.07.

3.6.7 Synthesis of H-2a and P-2a

0 ﬁooooﬁNNNﬁoo/\ o
K/NYN\ NS I K/\I(\ S K/N\WN\ N

| —_—

N__N
N__N Z + N__N
N GHaCN/CH4OH T Y
r, 12 h N, HO. N
HN. : N .
NH2 M )(_/2
2 P-2a H-2a

Scheme 3.28. Synthesis of hydrazine H-2a and P-2a.
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Hydrazine 2 (88 mg, 0.31 mmol) and diketone a (63 mg, 0.62 mmol) of a were dissolved
in 3 ml CH3CN and 0.5 ml CH30H and stirred at room temperature for 12 hours. The solvent was
removed under reduced pressure and purified by column chromatography using equal volumes of
ethyl acetate and hexane to afford a white solid comprising an inseparable mixture of P-2a : H-2a
(108 mg, 98%) in 1.6:1 ratio respectively. H-2a. "H NMR (400 MHz, CDCls) & 5.90 (1H, s), 3.87-
3.73 (16H, m), 3.13-3.09 (1H, d, 2Ju.u: 18.0 Hz), 2.86-2.81 (1H, d, Ju.u: 18.0 Hz), 2.10 (3H, s),
1.87 (3H, s). 1*C NMR (400 MHz, CDCl3) & 164.5, 162.4, 153.8,92.1, 66.7, 43.7, 27.5, 16.5. MS
(ESI/Q-TOF) m/z: [M+H]" Calcd for Ci16H25N703 363.30; Found 364.26. P-2a. 'H NMR (400
MHz, CDCl3) 8 6.01 (1H, s), 3.87-3.73 (16H, m), 2.62 (3H, s), 2.32 (3H, s). *C NMR (400 MHz,
CDCl3) 6 165.4,163.3, 151.4, 143.1, 110.4, 66.8, 43.9, 16.1, 14.1. MS (ESI/Q-TOF) m/z: [M+H]"

Calcd for C16H23N702 345.19; Found 346.13.

3.6.8 Synthesis of P-2a
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Scheme 3.29. Synthesis of hydrazine P-2a.

Hydrazine 2 (100 mg, 0.36 mmol) and diketone a (71 mg, 0.71 mmol) were dissolved in 4
ml of absolute ethanol and 1 ml of 1 M HCI was added before stirring the solution overnight at
room temperature. After removing the excess solvent under vacuum, the residue was dissolved in
10 ml dichloromethane (x2) and washed with 10 ml water. Excess solvent was removed under

reduced pressure and further purified by column chromatography using 15:1 DCM:MeOH to
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afford P-2a (97 mg, 78%, mp 169-170 °C) as a white solid. 'H NMR (400 MHz, CDCl;3) 8 6.01
(1H, s), 3.87-3.75 (16H, m), 2.64 (3H, s), 2.32 (3H, s). *C NMR (400 MHz, CDCls3) & 165.4,
163.3, 151.4, 143.2, 110.5, 66.8, 43.9, 16.1, 14.1. MS (ESI/Q-TOF) m/z: [M+H]" Calcd for

Ci16H23N702 345.19; Found 346.13.

3.6.9 Synthesis of H-2b
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Scheme 3.30. Synthesis of hemiaminal H-2b.

Hydrazine 2 (110 mg, 0.39 mmol) and diketone b (121 mg, 0.78 mmol) were dissolved in
5 ml of C;HsOH and 0.3 ml of 1M HCI and stirred at room temperature for 12 hours. After the
solvent was removed under vacuum, column chromatography using 2% methanol in
dichloromethane afforded H-2b (113 mg, 69%, mp 178-179 °C) as a white solid.

Under neutral conditions, hydrazine 2 (74 mg, 0.26 mmol) and diketone b (150 mg, 0.97
mmol) were mixed in 2 ml absolute ethanol and 1 ml acetonitrile. Resulting solution was left to
stir at room temperature for 12 hours. Excess solvent was removed and crude product was purified
by column chromatography using 2% methanol in dichloromethane to afford H-2b (85 mg, 77%)
as white solid. 'H NMR (400 MHz NMR) & 8.16 (1H, s), 3.76-3.74 (16H, m), 3.33-3.28 (1H, d,
2Jun; 18.9 Hz), 3.20-3.15 (1H, d, 2Jun; 18.9 Hz), 2.12 (3H, s). 3C NMR (400 MHz NMR) &
164.0, 163.6, 153.6, 128.1-119.5 (q, 'Jc-r = 288.1 Hz), 92.4-91.3 (q, 2Jcr= 33.6 Hz), 66.7, 47.5,

43.7,16.0. MS (ESI/Q-TOF) m/z: [M+H]* Caled for C16H2:F3N703 417.17; Found 418.08.
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3.6.10 Synthesis of P-2b
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Scheme 3.31. Synthesis of pyrazole P-2b from hemiaminal H-2b.

H-2b (23 mg, 0.055 mmol) of was refluxed in 3 ml of glacial acetic acid. After removal
of the solvent, P-2b (22 mg, 100 %, mp 163-164°C) was obtained without further purification as
a white solid. 'H NMR (400 MHz, CDCl3) 8 6.70 (1H, s), 3.89-3.75 (16H, m), 2.40 (3H, s). 1°C
NMR (400 MHz NMR) & 165.3, 162.1, 150.6, 134.5-133.5 (q, 2Jc.r= 33.6 Hz), 123.9-115.9 (q,
1Jcr=288.1 Hz), 112.9, 66.8, 43.9, 13.8. MS (ESI/Q-TOF) m/z: [M+H]* Caled for C16H20F3N70;

399.16; Found 400.09.

3.6.11 Synthesis of H-2¢
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Scheme 3.32. Synthesis of hemiaminal H-2c.
Hydrazine 2 (100 mg, 0.36 mmol) and diketone ¢ (154 mg, 0.71 mmol) were dissolved in

5 ml of CoHsOH and 0.5 ml of 1M HCI (or in glacial acetic acid) and stirred at room temperature
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for 12 hours. After removal of the solvent under reduced pressure, column chromatography using
a 3:1 ratio of hexanes:ethyl acetate afforded H-2¢ (160 mg, 94%, mp 231-234 °C) as a white solid.

Alternatively, when hydrazine 2 (73 mg, 0.26 mmol) and diketone ¢ (100 mg, 0.46 mmol)
were mixed in absolute ethanol in the absence of acid, H-2¢ (109 mg 87%) as white solid was
recovered after chromatography purifications using a 3:1 ratio of hexanes:ethyl acetate. 'H NMR
(400 MHz, CDCls) 6 8.20 (1H, s), 7.80-7.77 (2H, m) , 7.45 (3H, m), 3.80-3.73 (17H, m), 3.65-
3.60 (1H, d 2Ju.u = 17.9 Hz). 3C NMR (400 MHz NMR) 6 163.9, 163.7, 152.1, 128.1-119.5 (q,
UJcr = 288.7 Hz), 92.9-91.9 (q, Jcr= 33.4 Hz), 66.7, 44.4, 43.7. MS (ESI/Q-TOF) m/z: [M+H]"

Calcd for C21H24F3N703 479.19; Found 480.08.

3.6.12 Synthesis of P-2¢
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Scheme 3.33. Synthesis of pyrazole P-2¢ from hemiaminal H-2c.
H-2c¢ (10 mg, 0.021 mmol) was dissolved in 2 ml glacial acetic acid and refluxed for 12
hours to obtain P-2¢ (9.5 mg, 100%, mp 161-162 °C) after removing of the solvent under vacuum.
Alternatively, hydrazine 2 (100 mg, 0.36 mmol) and diketone ¢ (154 mg, 0.71 mmol) were
dissolved in 3 ml of glacial acetic acid and refluxed for 12 hours. After removal of the solvent,
column chromatography using 5% of methanol in dichloromethane afforded P-2¢ (132 mg, 80%)
as a white solid. '"H NMR (400 MHz, CDCls) & 7.94-7.92 (2H, m), 7.48-7.41 (3H, m) , 7.22 (1H,

s), 3.95-3.78 (16H, m). '*C NMR (400 MHz NMR) & 165.3, 162.3, 152.1, 135.2-134.0 (q, 2Jc.r=
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40.5 Hz), 131.2, 129.7, 129.2, 128.7, 126.3, 128.1-119.5 (q, 'Jcr = 268.5 Hz), 110.1, 66.7, 43.9.

MS (ESI/Q-TOF) m/z: [NH‘H]+ Calcd for C21H22F3N702 461 18; Found 462.08.

3.6.13 Synthesis of H-2d
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Scheme 3.34. Synthesis of hemiaminal H-2d.

Hydrazine 2 (93 mg, 0.33 mmol) was dissolved in 3 ml of absolute ethanol before diketone
d (71 mg, 0.34 mmol) and 0.5 ml 1M HCI were added. After stirring at room temperature
overnight, the solvent was removed under vacuum. The residue was dissolved in 5 ml
dichloromethane (x2) and washed with 5 ml water. After drying the organic phase with MgSO4
and evaporating the solvent, column chromatography using 2:1 hexanes:ethyl acetate afforded H-
2d (112 mg, 72%, mp 155-158 °C) as a white solid.

Hydrazine 2 (100 mg, 0.36 mmol) and diketone d (150 mg, 0.72 mmol) were mixed in
absolute ethanol and solution was left to stir at room temperature for 12 hours. After
chromatographic purifications using 2:1 hexanes:ethyl acetate, H-2d (126 mg 75%) was recovered
as white solid. "H NMR (400 MHz, CDCI3) & 7.95 (1H, s), 3.75-3.70 (16H, m), 3.58-3.37 (2H, dd,
2Jun = 18.2 Hz). 13C NMR (400 MHz NMR) & 163.8, 142.7-141.5 (q, 2Jc-r = 39.4 Hz), 127.4-
118.9 (q, 'Jer =287.7 Hz), 123.6-115.5 (q, 'Jc.r = 270.8 Hz), 93.4-92.4 (q, Jc-r = 34.3 Hz), 66.6,

43.9, 41.8. MS (ESI/Q-TOF) m/z: [M+H]* Caled for C16H1oFsN703 471.15; Found 472.27.
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3.6.14 Synthesis of H-2d and P-2d.

@“ AN @F;;CMCFs K/NTN\ S bNWI/N\ N

b N__N N__N
N__N > e + h
Gla. Acetic acid FsC N“N FaC N‘N
AN\, rt, 20 h HO><_/< M
CF4 CF,
2 H-2d P-2d

Scheme 3.35. Synthesis of hemiaminal H-2¢ and P-2e¢.

Hydrazine 2 (142 mg, 0.505 mmol) and diketone d (95 mg, 0.45 mmol) were dissolved in
5 ml glacial acetic acid and refluxed for 20 hours. After removing the excess solvent, the residue
was dissolved in 10 ml dichloromethane (x2) and washed with 5 ml water. After evaporating the
organic layer, chromatographic purification using 20:1 hexanes:ethyl acetate afforded a 5.9:1
mixture of P-2d (45%):H-2d (7%) (108 mg). P-2d: 'H NMR (400 MHz, CDCl3) & 7.11 (1H, s),
3.75-3.70 (16H, m). '*C NMR (400 MHz NMR) & 163.8, 144.0-143.0 (q, Jcr = 39.4 Hz), 134.0-
133.0 (q, 2Jc-r = 34.3 Hz), 127.4-118.9 (q, 'Jc.r = 287.7 Hz), 123.6-115.5 (q, 'Jc.r = 270.8 Hz),

66.6, 43.9. MS (ESI/Q-TOF) m/z: [M+H]* Calcd for C16H17FeN-02 453.01; Found 454.27.

3.6.15 Synthesis of P-3a

(0] (0]
—>
NP NHe N7 NN

H Abs. EtOH
rt, 12 h

3 P-3a

—

Scheme 3.36. Synthesis of pyrazole P-3a.
Hydrazine 3 (227 mg, 2.08 mmol) was dissolved in 4 ml absolute ethanol before diketone

a (212 mg, 2.12 mmol) was added. After stirring at room temperature for 12 hours, the solvent
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was removed under reduced pressure. The residues were dissolved in 15 ml dichloromethane (x2),
washed with 10 ml water, and dried over MgSQO4. The crude product was further purified by
column chromatography using 2:1 hexanes:ethyl acetate to afford P-3a (345 mg, 96%) as a clear
oil. "H NMR (400 MHz, CDCl3) & 8.41 (1H, s), 7.85-7.77 (1H, m), 7.75-7.72 (1H, m), 7.13-7.10
(1H, m), 5.99 (1H, s), 2.63 (3H, s), 2.30 (3H, s). *C NMR (400 MHz CDCl3) & 153.6, 149.8,
147.5, 141.5, 138.1, 120.7, 115.7, 109.0, 14.4, 13.6. MS (ESI/Q-TOF) m/z: [M+H]" Calcd for

CioH11N3 173.10; Found 174.10.

3.6.16 Synthesis of H-3b

o (L
N/ H CZH5OH cat. HCI HO
rt, 12 h, FoC
3 H-3b
Scheme 3.37. Synthesis of hemiaminal H-3b.
Hydrazine 3 (265 mg, 2.43 mmol) and diketone b (140 mg, 0.9 mmol) were dissolved in 5
ml absolute ethanol before 0.5 ml 1M HCI was added. After stirring the reaction mixture at room
temperature for 12 hours, solvent was removed under reduced pressure. Upon dissolving the
residues in in 15 ml dichloromethane (x2), the organic layer was washed with 10 ml water, and
dried over Na;SO4. Excess solvent was removed under vacuum, crude product was purified by
column chromatography using 2:1 hexanes:ethyl acetate to afford H-3b (201 mg, 91%) as clear
liquid.
Under neutral conditions, hydrazine 3 (220 mg, 2.0 mmol) and diketone b (146 mg, 0.948
mmol) were mixed in 3 ml absolute ethanol and the resulting solution was left to stir at room

temperature for 12 hours. Excess solvent was removed under reduced pressure and crude product
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was purified using chromatographic purifications by using a 2:1 mixture of hexanes:ethyl acetate
to recover H-3b (185 mg 80%) as clear liquid. "H NMR (400 MHz, CDCl3) § 8.75 (1H, s), 8.08-
8.06 (1H, m), 7.64-7.60 (1H, m), 7.35-7.32 (1H, m), 6.83-6.80 (1H, m), 3.36-3.13 (2H, dd, *Ju-u:
18.7Hz), 2.09 (3H, s). *C NMR (400 MHz CDCl3) 8 157.0, 151.0, 145.3, 138.4, 128.2-119.7 (q,
Jcr: 287.2 Hz), 115.7, 111.9, 93.3-92.3 (q, 2Jcr: 33.1 Hz), 47.9, 15.6. MS (ESI/Q-TOF) m/z:

[M+H]" Calcd for C10H10F3N30 248.08; Found 247.07.

3.6.17 Synthesis of P-3b

| N Gla. AcOH | X
— Reflux, 2 h

N N Tty N7 NN
HOS ) S
FsC FsC
H-3b P-3b

Scheme 3.38. Synthesis of pyrazole P-3b from H-3b.

H-3b (130 mg, 0.56 mmol) was dissolved in 4 ml glacial acetic acid and refluxed for 2
hours. After removing the excess solvent under vacuum, the residue was dissolved in 15 ml
dichloromethane (x2), washed with 10 ml water, and dried over MgSO4. After removing the
solvent under vacuum P-3b (113 mg, 89 %) was recovered as clear oil. 'H NMR (400 MHz,
CDCls) 6 8.51 (1H, s), 7.87-7.83 (1H, m) , 7.78-7.76 (1H, m), 7.32-7.29 (1H, m), 6.97-6.77 (1H,
m), 6.69 (1H, s), 2.39 (3H, s). 3*C NMR (400 MHz NMR) & 151.4, 149.7, 148.1, 138.5, 134.7-
131.1 (q, *Jcr: 33.0 Hz), 122.9, 128.2-119.7 (q, 'Jcr: 287.0 Hz), 116.5, 111.0, 13.5. MS (ESI/Q-

TOF) m/z: [M+H]" Calcd for C1oHgF3N3 227.07; Found 228.13.

103



3.6.18 Synthesis of H-3¢ and P-3¢’

Ol Gl
—_— -
_NH, N
N’ EtOH, cat. HCI )JCFs + M
rt, 12 h
Ph FSC
3 P-3c¢’ H-3¢

Scheme 3.39. Synthesis of hemiaminal H-3¢ and pyrazole P-3¢’.!%8

Hydrazine 3 (350 mg, 3.20 mmol) and diketone ¢ (900 mg, 3.84 mmol) were dissolved in
3 ml 200 proof ethanol followed by the addition of 0.5 ml 1M HCI. After stirring at room
temperature for 12 hours, excess solvent was removed under vacuum, extracted and collected in
10 ml DCM (x2). The organic layer was dried over Na>xSO4 and crude product was further purified
using 2:1 hexanes:ethyl acetate to afford two separate products H-3¢ (630 mg, 64%, mp 62-64 °C)
and P-3¢’ (24 mg, 3%, mp 72-74 °C ) as white solids.

Alternatively, when hydrazine 3 (200 mg, 1.45 mmol) and diketone ¢ (102 mg, 0.47 mmol)
were mixed in absolute ethanol in the absence of acid, H-3¢ (132 mg 91%) as white solid was
recovered after stirring for 12 hours followed by chromatographic purifications using 2:1
hexanes:ethyl acetate. 'H NMR (400 MHz, CDCl3) & 8.73 (1H, s), 8.14-8.12 (1H, m), 7.74-7.67
(3H, m), 7.54-7.44 (4H, m), 6.90-6.87 (1H, m), 3.79-3.58 (2H, dd, 2Ju.u: 18.3 Hz). 3*C NMR (400
MHz NMR CDCls) § 156.7, 149.8, 145.5, 138.5, 131.1, 130.0, 128.8, 126.1, 128.2-119.7 (q, 'Jc
r: 288.4 Hz), 116.3, 111.9, 93.3-92.7 (q, 2Jcr: 33.1 Hz), 44.1. MS (ESI/Q-TOF) m/z: [M+H]"
Calcd for CisH12F3N30 307.09; Found 308.10. P-3¢’. 'H NMR (400 MHz, CDCl3) & 8.14-8.13
(1H, m), 7.98-7.97 (2H, m), 7.74-7.71 (1H, m), 7.56-7.45 (4H, m), 6.96-6.94 (1H, m), 5.35 (1H,

s). °C NMR (400 MHz NMR) & 156.8, 152.1, 145.5, 138.5, 131.1, 130.0, 128.8, 126.9, 128.2-
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119.7 (q, Jer: 279.3 Hz), 117.1, 112.0, 91.3-89.7 (q, 2Jcr: 38.7 Hz). MS (ESI/Q-TOF) m/z:

[M+H]* Caled for CisH10F3N3 289.09; Found 290.08.

3.6.19 Synthesis of P-3c

B N
2Ny-N o
N° N7\ —ph Gla.Acetic Acid N N- N
Reflux, 8 h S»—Ph
HO » —
F3C F3C
H-3c P-3c

Scheme 3.40. Synthesis of pyrazole P-3¢ from hemiaminal H-3¢.!>8

H-3c (164 mg, 0.53 mmol) was refluxed in 4 ml glacial acetic acid for 8 hours. Excess
solvent was removed under vacuum and residue was dissolved in 10 ml DCM. The organic layer
was washed with 10 ml water and dried over MgSOa. Excess solvent was removed under reduced
pressure to recover P-3¢ (132 mg, 86%, mp 66-68°C) as white solid. "H NMR (400 MHz, CDCl5)
8 8.55-8.54 (1H, m), 7.97-7.87 (4H, m), 7.51-7.43 (3H, m), 7.33-7.31 (1H, m), 7.23 (1H, s). 13C
NMR (400 MHzNMR) & 151.9, 151.5, 148.0, 138.6, 134.2-133.0 (q, 'Jcr: 40.8 Hz), 131.6, 128.9,
126.0, 122.9, 124.0-116.0 (q, *Jc-r: 268.6 Hz), 116.4, 108.61. 108.58. MS (ESI/Q-TOF) m/z:
[M+H]" Calcd for C15H10F3N3 289.09; Found 290.08.

3.6.20 Synthesis of H-3d

0O O
X
| X =
H
N
= EtOH, cat. HCI PO N
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“NH,
CF,
3 H-3d

Scheme 3.41. Synthesis of hemiaminal H-3d
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Hydrazine 3 (115 mg, 1.06 mmol) and diketone d (110 mg, 0.52 mmol) were dissolved in
4 ml 200 proof ethanol and 0.5 ml 1M HCI was added. The resulting reaction mixture was left to
stir at room temperature for 12 hours. Excess solvent was removed under vacuum, residue was
dissolved in 10 ml DCM (x2), washed with 10 ml water, and dried over Na;SO4. Crude product
was further purified by column chromatography using 2:1 hexanes:ethyl acetate to afford H-3d
(65 mg, 40%) as light yellow liquid.

Alternatively, when hydrazine 3 (135 mg, 1.23 mmol) and diketone d (200 mg, 0.96 mmol)
were mixed in absolute ethanol in the absence of acid. After chromatographic purifications using
2:1 hexanes:ethyl acetate, H-3d (160 mg 56 %) was recovered as slightly yellow liquid.

A Bis-hemiaminal along with hemiaminal was observed in the NMR spectrum of crude
product made from 3 and d under neutral conditions. However, during chromatographic
purification the bis-hemiaminal was converted to hemiaminal H-3d. '"H NMR (400 MHz, CDCl5)
5 8.47 (1H, s), 8.17-8.15 (1H, m), 7.75-7.73 (1H, m), 7.43-7.41 (1H, m), 7.01-7.00 (1H, m), 3.61-
3.38 (2H, dd, 2Juu = 19.2 Hz ). *C NMR (400 MHz NMR) & 155.7, 145.6, 140.4-139.3 (q, 'Jc-r:
39.3 Hz), 139.0, 127.5-119.0 (q, 'Jc-r: 287.5 Hz), 123.8-115.7 (q, 'Jcr: 270.1 Hz), 118.4, 112.5,
94.8-93.8 (q, 2Jcr: 33.9 Hz) , 41.9. MS (ESI/Q-TOF) m/z: [M+H]* Caled for C1oH7FsN30 299.05;

Found 300.03.
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3.6.21 Synthesis of mixture of H-3d and P-3d

0 © N
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3 H-3 P-3d

Scheme 3.42. Synthesis of hemiaminal H-3d and P-3d.

Hydrazine 3 (150 mg, 1.3 mmol) and diketone d (150 mg, 0.7 mmol) were dissolved in 5
ml glacial acetic acid. After refluxing the resulting solution for 20 hours, the mixture was dissolved
in 10 ml DCM (x2), washed with 10 ml water, and further purified by column chromatography
using 9:1 hexane: ethyl acetate to afford an inseparable mixture (65 mg) of P-3d (23%) and H-3d
(8%) as light yellow liquid in the ratio of 2.7 to 1 in favor of P-3d. H-3d: '"H NMR (400 MHz,
CDCls) 6 8.17-8.15 (0.36H, m), 7.72-7.71 (0.36H, m), 7.43-7.41 (0.36H, m), 7.00-6.98 (0.35H,
m), 3.61-3.37 (0.74H, dd, *Juu = 19.2 Hz ). *C NMR (400 MHz NMR) & 155.7, 145.6, 140.4-
139.3 (q, 'Jer: 39.3 Hz), 139.0, 127.5-119.0 (q, 'Jc.r: 287.5 Hz), 123.8-115.7 (q, 'Jc-r: 270.1 Hz),
118.4,116.4, 112.5, 94.8-93.8 (q, 2Jcr: 33.9 Hz), 41.9. MS (ESI/Q-TOF) m/z: [M+H]" Calcd for
C10H7F6N30 299.05; Found 300.03. P-3d; 'H NMR (400 MHz, CDCl3) & 8.52 (1H, m), 7.92-7.85
(2H, m), 7.43-7.41 (1H, m), 7.14 (1H, s). 3*C NMR (400 MHz NMR) & 151.1, 148.6, 143.7-142.5
(q, °Jcr: 39.3 Hz), 138.7, 127.5-119.0 (q, 'Jcr: 287.5 Hz), 124.1, 123.8-115.7 (q, 'Jcr: 270.1 Hz),
118.4,116.4, 112.5, 134.7-133.4 (q, *Jcr: 33.9 Hz), 108.9. MS (ESI/Q-TOF) m/z: [M+H]" Calcd

for CioHsFsN3 281.04; Found 282.00.
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3.6.22 Synthesis of P-4a

oo Y

N N

Sy AN Y

N /N N\
N

EtOH/DCM \

HN

‘NH2 rt, 12h \<_<
4 P-4a

Scheme 3.43. Synthesis of pyrazole P-4a.

Hydrazine 4 (143 mg, 1.03 mmol) and diketone a (106 mg, 1.06 mmol) were dissolved in
total of 4 ml of equal volumes of 200 proof ethanol and dichloromethane. After stirring the
resulting solution at room temperature for 12 hours, excess solvent was removed under vacuum.
The residue was dissolved in 10 ml DCM (x2), washed with water, dried over Na>SQOas, and further
purified by column chromatography using 9:1 hexanes: ethyl acetate to afford P-4a (199 mg, 96%,
mp 57-58°C) as light yellow solid. '"H NMR (400 MHz, CDCls) § 6.74 (1H, s), 5.88 (1H, s), 2.51
(3H, s), 2.39 (6H, s), 2.21 (3H, s). 3*C NMR (400 MHz CDCl3) 8 168.4, 157.0, 150.7, 142.6, 116.8,

109.8,23.9, 15.2, 13.8. MS (ESI/Q-TOF) m/z: [M+H]" Calcd for C11H14N4 202.12; Found 203.13.

3.6.23 Synthesis of H-4b
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Scheme 3.44. Synthesis of hemiaminal H-4b. ¢!
Hydrazine 4 (150 mg, 1.08 mmol) and diketone b (139 mg, 0.90 mmol) were dissolved in

4 ml 200 proof ethanol and 0.5 ml 1M HCI. After stirring resulting solution at room temperature
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for 12 hours, excess solvent was removed under vacuum. The crude product was dissolved in 10
ml DCM (x2), washed with 5 ml water, and dried over Na>xSO4. Crude product was further purified
by column chromatography using 9:1 hexane: ethyl acetate to afford H-4b (217 mg, 88%, mp 123-
124 °C) as white solid.

Alternatively, when hydrazine 4 (42 mg, 0.18 mmol) and diketone b (100 mg, 0.65 mmol)
were mixed in absolute ethanol in the absence of acid. After stirring the resulting solutions for 12
hours, H-4b (42 mg, 82%) was recovered as white solid after chromatography purifications using
9:1 hexane: ethyl acetate. '"H NMR (400 MHz, CDCl3) & 8.19 (1H, s), 6.44 (1H, s), 3.22-3.03 (2H,
dd, 'Ju.n = 18.8 Hz), 2.26 (6H, s), 1.99 (3H, s). 1*C NMR (400 MHz CDCl3) 8 167.6, 159.0, 152.9,
128.0-119.3 (q, 2Jcr = 288.4 Hz ), 112.9, 92.3-91.3 (q, 2Jc-r = 33.2 Hz ), 47.3, 23.8, 15.6. MS
(ESI/Q-TOF) m/z: [M+H]" Caled for C11H3F3N40 274.10; Found 275.07.

3.6.24 Synthesis of P-4b
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Scheme 3.45. Synthesis of pyrazole P-4b from hemiaminal H-4b. ¢!

H-4b (85 mg, 0.31 mmol) was dissolved in 4 ml of glacial acetic acid and resulting
reaction mixture was refluxed for 4 hours. Crude product was dissolved in 10 ml DCM, washed
with 10 ml water, and dried over Na;SOs. Excess solvent was removed to afford P-4b (77 mg,
97%, mp 58-60 °C) as white solid. "H NMR (400 MHz, CDCl3) § 6.97 (1H, s), 6.68 (1H, s), 2.53

(6H, s), 2.39 (3H, s). '*C NMR (400 MHz CDCls) § 169.1, 155.3, 150.7, 134.7-133.3 (q, 2Jcr =
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332 Hz ), 121.2, 123.9-115.9 (q, 2Jcr = 288.4 Hz ), 112.3, 23.8, 13.7. MS (ESI/Q-TOF) m/z:

[M+H]" Caled for C11H11F3N4 256.09; Found 257.13.

3.6.25 Synthesis of H-4¢
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Scheme 3.46. Synthesis of hemiaminal H-4c.'¢!

Hydrazine 4 (115 mg, 0.833 mmol) and diketone ¢ (163 mg, 0.757 mmol) and 0.5 ml of 1
M HCI were mixed with 4 ml 200 proof ethanol. After stirring the resulting solution at room
temperature for 12 hours, excess solvent was removed under vacuum. The residues were dissolved
in 15 ml DCM (x2), washed with 10 ml water, dried over Na,SOs4, and further purified by column
chromatography using 2:1 hexanes:ethyl acetate to recover H-4¢ (123 mg, 48%, mp 158-160 °C)
as white solid.

Alternatively, hydrazine 4 (25 mg, 0.18 mmol) and diketone ¢ (33 mg, 0.15 mmol) were
left to stir at room temperature in absolute ethanol for 12 hours. H-4¢ (39 mg, 78%) was recovered
as white solid after chromatographic purifications using 2:1 hexanes:ethyl acetate. 'H NMR (400
MHz, CDCl3) 6 8.48 (1H, s), 7.84-7.81 (2H, m), 7.44-7.43 (3H, m), 6.66 (1H, s), 3.82-3.64 (2H,
dd, 2Jun = 18.35 Hz), 2.47 (6H, s). *C NMR (400 MHz CDCl3) § 167.8, 159.2, 151.5, 130.6,
130.3, 128.6, 126.7, 128.2-119.6 (q, 'Jc-r =288.4 Hz ), 113.6,92.7-91.7 (q, 2Jc-r = 33.2 Hz), 44.02,

24.1. MS (ESIQ-TOF) m/z: [M+H]* Calcd for C16HisFsN4O 336.12; Found 337.07.
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3.6.26 Synthesis of P-4c
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Scheme 3.47. Synthesis of pyrazole P-4¢ from hemiaminal H-4¢.'®!

H-4c¢ (60 mg, 0.18 mmol) was dissolved in 4 ml glacial acetic acid and the solution mixture
was refluxed for 12 hours. Reaction mixture was dissolved in 10 ml DCM, washed with 10 ml
water, and dried over Na;SO4. Excess solvent was removed to afford P-4¢ (55 mg, 98%, mp 109-
112 °C) as white solid. 'H NMR (400 MHz, CDCl3) § 7.94-7.92 (2H, m), 7.45-7.39 (3H, m), 7.23
(1H, s), 7.07 (1H, s), 3.82-3.64, 2.60 (6H, s). *C NMR (400 MHz CDCls) & 169.3, 155.6, 152.8,
134.7-133.3 (q, 2Jcr = 33.2 Hz ), 131.2, 129.1, 128.7, 126.3, 131.1-123.1 (q, 'Jcr = 288.4 Hz ),

119.1, 109.5, 22.7. MS (ESI/Q-TOF) m/z: [M+H]" Calcd for Ci¢H13F3N4 318.11; Found 319.08.

3.6.27 Synthesis of H-4d
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Scheme 3.48. Synthesis of hemiaminal H-4d.'¢!
Hydrazine 4 (150 mg, 1.09 mmol) and diketone d (187 mg, 0.90 mmol) were dissolved in
4 ml 200 proof ethanol and 0.5 ml of 1M HCIl was added. After stirring the reaction mixture

overnight at room temperature, excess solvent was removed under vacuum. The residue was
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dissolved in 10 ml DCM (x2), washed in 10 ml water, dried over Na>xSOs, and further purified by
column chromatography using 2:1 hexanes:ethyl acetate to afford H-4d (70 mg, 25%, mp 57-59
°C) as a white solid.

Under neutral conditions, hydrazine 4 (19 mg, 0.14 mmol) and diketone d (50 mg, 0.24
mmol) were mixed in 2 ml absolute ethanol and left to stir overnight at room temperature. H-4d
(31 mg 69%) was recovered as white solid after chromatographic purifications using 2:1
hexanes:ethyl acetate. 'H NMR (400 MHz, CDCls) § 8.16 (1H, s), 6.76 (1H, s), 3.62-3.40 (2H, dd,
2Jun = 19.29 Hz), 2.46 (6H, s). 1*C NMR (400 MHz CDCls) & 168.3, 158.6, 142.0-140.8 (q, 2Jc-
rF=39.2Hz), 127.4-118.3 (q, 'Jc-r = 270.4 Hz ), 124.9-115.3 (q, 'Jcr = 288.4 Hz ), 115.6, 94.0-
93.0 (q, 2Jcr = 33.2 Hz ), 41.8, 23.9. MS (ESI/Q-TOF) m/z: [M+H]" Calcd for Ci1HioFsN4O

328.08; Found 329.13.

3.6.28 Synthesis of mixture of H-4d and P-4d
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Scheme 3.49. Synthesis of pyrazole P-4¢ from hemiaminal H-4¢.'®!

Hydrazine 4 (110 mg, 0.79 mmol) and diketone d (140 mg, 0.67 mmol) were dissolved in
5 ml glacial acetic acid and resulting reaction mixture was refluxed for 72 hours. Excess solvent
was removed under vacuum, the residue was dissolved in 10 ml DCM (x2), washed with 10 ml
water, dried over NaxSOs, and further purified by column chromatography using 9:1 hexanes:ethyl
acetate to afford isolable mixture of H-4d and P-4d (175 mg, 84%) in the ratio of 2.7:1 in favor of
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P-4d. P-4d: 'H NMR (400 MHz, CDCl5) § 7.15 (2H, m), 2.61 (6H, s). '*C NMR (400 MHz CDCls)
8 169.7, 155.0, 144.3-143.2 (q, 2Jcr = 33.2 Hz ), 135.7-134.4 (q, 2JJer = 39.2 Hz ), 127.4-118.3

(q, 'Jor = 270.4 Hz ), 124.9-115.3 (q, 'Jor = 288.4 Hz ), 109.4, 115.0, 23.9. MS (ESI/Q-TOF)

m/z: [M+H]" Calcd for Ci11H7FsN4 310.08; Found 311.13.
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Chapter 4: Efficient synthesis of macrocycles of sizes ranging 22 to 28

4.1 Introduction of macrocycles

A compound is considered a macrocycle when it contains a cyclic framework of at least
twelve atoms. Various macrocycles with sizes up to 50+ atoms have been naturally found.
However, macrocycles with 14, 16, and 18 members frameworks are the most common.'®! Over
the years, numerous macrocycles have been isolated from natural sources or/and synthesized.!'®?
Some useful natural macrocycles are erythromycin, nisin, rapamycin, vancomycin, cyclosporin,
and epothilone.!83-186

Erythromycin 4.1, the first natural macrolide ever discovered, is widely prescribed in
patients allergic to penicillin (Figure 4.1). Some other widely used derivatives of this macrolide
are azithromycin, clarithromycin, clindamycin, and roxithromycin.!¥’-1%0 Azithromycin and
clarithromycin are derived (Figure 4.1) from erythromycin to improve the absorption of the drug

in the body and decrease side effects.!?!-19?

4.1. Erythromycin 4.2. Azithromycin 4.3. Clarithromycin

Figure 4.1. Structures of common macrolides.
Biological activity is not limited to these compounds. The 16 membered macrolide

antibiotics e.g. tylosin A, spiramycin, and josamycin have similar antibacterial profiles and
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activities against different genotypes of erythromycin-susceptible and erythromycin-resistant
bacteria.!”3-1* Another category of macrolides that are used to treat respiratory tract infection are
called ketolides. Telithromycin, cethromycin, and solithromycin are some of the known ketolides.
Telithromycin, sold under the brand name Ketek, is also a semi-synthetic derivative of
erythromycin and the first and only FDA-approved ketolide.!?>-19

Macrocycles with bigger ring sizes such as daptomycin (30 atoms), polymyxin (20 atoms),
and bacitracin (25 atoms) are also used as antimicrobial drugs.!*’-2%° A well-known naturally food
preservative nisin is produced by Lactococcus lactis through bacterial expression. It contains five
macrocycles of various sizes (13, 16, and 22 atoms) and has shown biological activity against

various microbes including vancomycin-resistant bacteria.?0!-292
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Figure 4.2. Different variants of nisin.

In addition, some macrocycles are used as cancer chemotherapeutic agents. Examples
include naturally isolated dactinomycin (Figure 4.3) which contains two rings of 16 atoms each
and a chemically synthesized epothilone with ring size of 16 atoms.?’>2%5 The natural product
cyclosporine (Figure 4.3) is a 33 membered macrocycles that lowers the activity of T-cells and has
been approved to be used as immunosuppressant. It has also been approved in the US for
rheumatoid arthritis psoriasis. It is used as eye drops for treating dry eyes caused by Sjogren’s

syndrome and meibomian gland dysfunction.206-207
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4.4. Dactinomycin 4.5. Cyclosporine

Figure 4.3. Structures of chemotherapeutic and immunosuppressant agents.
4.2 Synthetic methodologies of macrocycles

Developing general strategies for the synthesis of macrocycles is limited and challenging.
Ring closure of the linear precursor relies on end groups with complementary reactivity including
esterification, amidation, disulfide bond formation, or the formation of imines?*®!°, While
macrocycles of all sizes have fallen to synthetic conquest, general routes to their synthesis remain
an attractive pursuit. Multiple methodologies have been employed to these ends including
reversible/dynamic assembly.?!!214 Macrocyclization usually faces the most difficult challenge as
reactions do not favor the formation of large rings. Instead, oligomers or polymers are usually
formed. Polymer formation can be avoided and intramolecular reactions can be favored by running
these reactions at high dilution. The rate of ring formation (intramolecular/intermolecular) for
different types of reactions such as formation of lactones, monoethers, diethers, cyclic ammonium

ions, and Szwarc reaction (polymerization of styrene with an alkali metal) is shown in Figure

4.4 215-216
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Figure 4.4. EM profiles vs. ring size for different cyclization reaction series,2dapted from 215-216

Peptide macrocycles are popular targets. Cyclic peptides restrict peptide conformation,
reduce polarity, increase proteolytic stability, and improved efficacy.?!’??! A wide variety of
coupling reagents are available to do macrolactamization.??>2?> These reagents can be used on
solid or in solution phase. To complement these methods, Sn2 and SnAr reactions are also used
for the synthesis of simple and complex macrocyclic structures.??4223

Olefin metathesis has been explored. Second generation of ruthenium Grubbs’ catalyst has
emerged as a popular choice for ring-closing metathesis for the synthesis of macrocyclic
structures.??6-228 This versatile method has high tolerance toward other chemical functionalities
and employs mild reaction conditions. Multiple catalysts of varying reactivity and selectivity of

this methods are readily available and adaptable to many ring sizes. Limitations of this methods

include the production of mixtures of products, unreliable yields, and difficulty in removing

Grubb’s catalyst.
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“Click chemistry” is another method for making macrocycles. Cycloaddition reactions
between alkynes and azides have been used to synthesize many different macrocyclic structures
including peptidomimetics, S-turn mimics and some non-peptide.??¢ However, this method can
yield dimers, oligomers, and unreacted monomers. Numerous bioactive macrocyclic structures
have been made using click chemistry.??¢ Click chemistry has also been shown to be tolerant to
variety of functional groups.

The template approach developed by Sauvage and coworkers is highly effective at making
catenanes, rotaxanes and knots.??” Cu(I) coordinates with the ligands of precursor holding them in
a specific orientation to direct the macrocyclization and/or stoppering reactions to afford
interlocked systems.??” Tons, molecules, and surfaces can act as templates to binds and pre-
organize molecules to favor the formation of particular size rings. For example, the crown ethers

cyclize in the presence of alkali metal cations.??8

4.3 Previous work

Our studies rely on the dimerization of a monomer containing a triazine ring displaying
both a tethered acetal and BOC-protected hydrazine group. Akop Yepremyan was able to
synthesize macrocycles with rings containing 24 atoms, through self-assembly of two units
through two hydrazone bond formation.??° The process involves the condensation of two triazine
substituted monomer units 4.6 and 4.7 to yield macrocycle 4.8 in equal volumes of

dichloromethane (DCM) and trifluoracetic acid (TFA) as shown in Scheme 4.1.
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Scheme 4.1. Self-assembly of two monomer units.

A total of three macrocycles (two homodimers and one heterodimer) were synthesized
(Figure 4.5).2!2 All three macrocycles consist of rings with 24 atoms. An isopropyl group and
benzyl group was used to alkylate boc-hydrazide (Figure 4.5). Upon mixing equal moles of

monomer units containing isopropyl and benzyl group, heterodimer was also observed.

O/\ R‘1 H
LN N NN~ NS
m/ Y 0] NN 4.9. Ry = Ry, = -CH,CgHs (Homodimer)

o L 4.10. R = R, = -CH(CHg), (Homodimer) _
)\N/ N/\ 4.11. Ry = -CH,CgHs, R, = -CH(CHs), (Heterodimer)

H R, _o
Figure 4.5. Structure of homodimers and heterodimer synthesized.

To explore the generality of this result, macrocycles with ring cycles of 22 to 28 atoms
were designed and synthesized. The size of macrocycles is manipulated by varying the amino acid
and amino acetal. Even numbered macrocycles are derived from homodimerization of same
monomer units. Odd number rings are derived from heterodimerization of two different monomer
units. In this case, the reaction mixture is a mixture of three macrocycles. Two different amino
acids (B-alanine and glycine) and various length acetal linkers including the 2-carbon aminoethyl
acetal, the 3-carbon aminopropyl acetal, and the 4-carbon aminobutyl acetal are used to increase

the ring sizes of macrocycles (Chart 4.1).
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Chart 4.1. Various acetal linkers and amino acids used.
4.4 Results and discussions
4.4.1 Nomenclature

A total of six monomers M(1-6) were synthesized. The homodimeric macrocycle made
from monomer 1 is called 1e1, from monomer 2 is called 2e2 and so on. Heterodimeric macrocycle
made from monomers 1 and 2 is called 12 and so on. In addition, model macrocycle 707 is made
from monomer M7 that is similar in size as that of 4e4 but has methyl group at the nitrogen atom
(=N-NCH3) of the hydrazine group.
4.4.2 General synthetic routes

The monomers are readily accessible synthetically by stepwise substitution of chlorine
atoms on the triazine ring. The general route relies on the addition of the glycine ethyl ester acid
at 0 °C followed by the addition of BocNHNH> at room temperature and finally morpholine at

elevated temperature to yield 4.12. Saponification of 4.12 followed by acid-work up yields 4.13.

Clu _N__C  apc O\, NN )LOJ< d K/NW/N\\(N\NJKOk
B ————— H
N

NN N

:<
_/<
4<
4

N Nz
ﬁ? o) 0
cl HN\)kO/\ HN\)kOH
4.12 4.13

Scheme 4.2. Synthesis of 4.13. a) Glycine ethyl ester. HCI, DIPEA, THF, 0 °C-RT, 12h. b)
BocNHNH,, DIPEA 0 °C-RT, 12h. c) Morpholine, DIPEA, reflux, 20 minutes (72%). d)
MeOH/5% NaOH, 60 °C, 2 h, acid work-up (98%).
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The use of beta-alanine ethyl ester instead of glycine ethyl ester with similar steps yields

acid 4.15 (Scheme 4.3).

o9 M v

O MO ab Cl\,\,'rN\N N. )LO)< cd S \N'er/ . )koj<

P U S
\/ﬁ(])/ I

414 4.15

I

Scheme 4.3. Synthesis of 4.15. a) beta-alanine ethyl ester. HCI, DIPEA, THF, 0 °C-RT, 12 h. b)
BocNHNH;, DIPEA 0 °C-RT, 12 h, (94%). ¢) Morpholine, DIPEA, reflux, 20 mins. d) MeOH/5%
NaOH, 60 °C, 2 h, acid work-up (92%).

Compound 4.13 is then coupled with different acetal linkers to create monomers M1, M2,

and M4 with the help of coupling reagent HOBT and additive EDC.HCI (Scheme 4.4)

1 N )CJ)\)< HOBT, EDC.HCI O‘ N Hj\k

h N o._ THF,0°C-t, 12-48 h NN
N__N * HZN% R Z" o M1, m =1
0 0 50-60% I M2 m = 2
~ HN b

i R N%/O\R M4 m =3

OH Homl

"R
413 M1, M2, M4

Scheme 4.4. General synthesis of monomers M1, M2, and M4 from 4.13.
Similarly, compound 4.15 is used to create monomer units M3, M5, and M6 using 2-carbon, 3-
carbon, and 4-carbon linkers, respectively. The summary of all the monomers synthesized is

provided in Table 4.1.
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Table 4.1. Summary of monomers synthesized by using 4.13 and 4.15.

Monomers Starting Compound Value of m Percent yield
M1 4.13 1 51%
M2 4.13 2 50%
M4 4.13 3 40%
M3 4.15 1 56%
M5 4.15 2 55%
M6 4.15 3 42%

4.4.3 Synthesis of macrocycles

In general, monomers M1-M6 with acid labile protecting groups were mixed in equal
volume of dichloromethane (DCM) and trifluoroacetic acid (TFA) at room temperature (Scheme
4.5).

o) 0
H /k 0/\
bN\I(N\\(N\”J\O Do oo 2" K/NY N N/\H’ \H/H\NH
N__N
Y

(0]
HN%H%O\R HNVL ANy s * NN
R Lo

M(1-6) 1e1-696

Scheme 4.5. General synthetic schemes of six macrocycles. R = methyl or ethyl group. n =1 and
2.m=1,2,and 3.

The concentration of the monomer in equal volume of TFA and DCM varies from 0.005
mg/mL to 0.03 mg/mL. It appears that the formation of dimers is independent of concentration,
however. Homodimer formation does not require high dilution conditions. The mixture of DCM

and TFA was allowed to evaporate slowly which took anywhere between 24 to 72 hours. After 72
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hours, if the reaction mixture was not dried, another 2 ml of DCM was added and the resulting
mixture was left to stir and dry at room temperature.

The proton NMR of the crude product shows undesired peaks when solvents were removed
under reduced pressure. A mixture of products was observed including possibly unprotected
monomers and homodimers. In some cases, the solid crude product was washed with small volume
of dichloromethane and methanol to remove the colored impurities. However, the 'H NMR of the
crude product was as good as after washing it with DCM and methanol. In that case, the formation
of desired macrocycles appeared to be quantitative. This method led to the synthesis of six
homodimers of macrocycles with even numbered atoms ranging from 22 to 28 atoms with yields
ranging between 80-95% (Table 4.2). Homodimer macrocycle 707 (26 atom) containing a N-
methyl group at the hydrazine nitrogen atom (=N-NCH3) was synthesized to distinguish the
hydrogen atoms attached to heteroatoms. All the macrocycles were characterized by mass
spectrometry, 'H-NMR and '3C-NMR spectroscopy, and x-ray crystallography.

Table 4.2. List of homodimers synthesized.

Macrocycles | n m Size | Percent Yield
lel 1 1 22 93%
202 1 2 24 93%
3e3 2 1 24 95%
404 1 3 26 80%
Se5 2 2 26 80%
66 2 3 28 83%
Te7 1 3 26 88%
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4.4.4 Solid State Structures

X-ray crystal structures were obtained for five out of the six macrocycles. We divide the
structures into two different morphologies as shown in Figure 4.6 and 4.7. All the macrocycles co-
crystallize with a trifluoroacetate ion and protonates the nitrogen atom of the triazine ring opposite
to morpholine ring. This protonated hydrogen atom engages in hydrogen bonding with the
counterion (1e1, 22, and 3e3) or carbonyl group of the juxtaposed monomer (4e4 and 6¢6).

As an example of two different morphologies, the x-ray structure of 4e4 and 6e6 are
reminiscent of S-sheets. The x-ray structures of 22 and 3e3 are folded in the shape of a taco. The

structure of 1e1 appeared to be flat.
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Figure 4.6. Morphology of bigger macrocycles: x-ray structures of 44 comprising 26 atom and
6¢6 comprising 28 atoms.
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Figure 4.7. Morphology of smaller macrocycles: x-ray structure of 1e1 comprising 22 atoms, 2e2
containing 24 atoms, and 3e3 containing 24 atoms).

4.4.5 One dimensional "H NMR of macrocycles

All of the NMR studies were done in DMSO-ds and CD30D. The summary of the signals is
provided in Table 4.3. In DMSO-dj, the imine protons of 1e1, 202, 363, 4e4, 5e5 and 66 appear
at 7.63, 7.51, 7.55, 7.62, 7.57, and 7.60 ppm respectively. There appears to be no correlation
between the chemical shift of imine proton and the ring size of macrocycles. In the 'H NMR spectra
of all the macrocycles, the four H-bond donor protons are shifted significantly downfield. The
proton NMR of all the macrocycles are compared to an open model hydrazones 8 as shown in

Figure 4.8.

H
K/NTN\YN\NM\ A
N /IE\i-l)\H ’ .CF,CO0O"
N~

@)

Figure 4.8. Structure of model compound 8.
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As an example, in the "TH-NMR of 66, H9 and H10 appear at 8.27 and 8.45 ppm, corresponding
to the amine proton of beta-alanine and amide proton of the four carbon linker, respectively (Figure
4.9). The triplet at 7.59-7.61 (H8) corresponds to imine proton. The 'H COSY NMR is used to
unambiguously assign the imine (H8), the amino acid (H9), and the amide (H10) protons. When a
drop of CD30OD was added, amide proton appears to be the slowest to exchange, an observation
consistent in all the macrocycles. The other two signals at 11.33 ppm (H11) and 12.42 ppm (H12)
correspond to protonated nitrogen of triazine ring (Ar-H) and hydrazine proton (N-NH)
respectively. The COSY NMR, however, is not helpful in confirming the identity of last two
signals at 11.33 ppm and 12.42 ppm as Ar-H or N-NH.

Table 4.3. Selected 'H data. When n=1, glycine. When n=2, B-alanine. Ar-H' corresponds to the
protonated triazine.

# 1.1 22 33 44 5¢5 66 7e7 8
n 1 1 2 1 2 2 2 2
m 1 2 1 3 2 3 2 2

Size 22 24 24 26 26 28 26 NA
HC=N 7.63 7.51 7.55 7.62 7.57 7.60 7.55 7.60
=NNH 1237 1237 1237 1258 1243 1242 1236 NA

Ar-H™ 12.15 1221 12.00 1145 1143 1133 11.55 11.53
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Figure 4.9. 'H-NMR of 6¢6 in DMSO-ds.

To support the identification of last two signals as the hydrogen atom of protonated triazine
ring (Ar-H) or hydrogen of hydrazine (=N-NH), a model macrocycle 7¢7 was synthesized. The
hydrazine nitrogen atom is methylated (=N-NCH3) in model macrocycle 77 and has the same size
as that of macrocycle 4e4. The last two signals of macrocycle 44 (Figure 4.10) at 11.45 ppm and
12.58 ppm represents hydrazine proton (=NNH) and triazine ring proton (Ar-H). When compared
to the 'H-NMR of N-methyl substituted macrocycle 77, the signal at 12.58 disappeared (Figure
4.11). The conserved position of peak at 11.53 ppm suggests that it corresponds to the proton on
the triazine ring (Ar-H). In addition, the NOESY spectrum of 44 also confirmed that the signal
at 12.58 ppm corresponds to hydrogen atom of hydrazine group (=NNH) as it shows nOe with
imine proton (N=CH). Whereas, N-methyl proton (=NNCH3) of 77 show nOe signal with the

imine proton (N=CH).
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Figure 4.11. '"H-NMR of 77 in DMSO-ds.
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There was no significant difference in the chemical shift of hydrazine proton (=NNH) of
all the macrocycles as they appeared in the narrow range between 12.00 to 12.50 ppm. In addition,
the chemical shift of amine (-CH2-NH) proton of amino acid and amide (C-NH) proton do not vary
among macrocycles. However, the chemical shift of the protonated nitrogen of triazine ring (Ar-
H) appeared in the range of 11.33 to 12.21 ppm. The proton on the nitrogen atom of triazine ring
of the smaller macrocycles 1e1 (22), 202 (24), and 33 (24) appears at 12.15 ppm, 12.21 ppm, and
11.94 ppm, respectively. The same proton of larger macrocycles 44 (26), 505 (26), and 66 (28)
appears at 11.45 ppm, 11.43 ppm, and 11.33 ppm, respectively.

4.4.6 One dimensional 3C NMR of macrocycles

The '3C NMRs show trends that are indicative of formation and conformation of

macrocycles. A summary of some of the important signals of 3*C NMR is shown in Table 4.4.

Table 4.4. Selected 3C NMR data. T1-T3 refer to unassigned lines of the '*C atoms of the triazine
ring. When n=1, glycine. When n=2, S-alanine.

# 1.1 22 33 44 5¢5 66 7e7 8
n 1 1 2 1 2 2 1 2
m 1 2 1 3 2 3 3 2

Size 22 24 24 26 26 28 26 NA
Tl 161.7 1613 1613 161.6 161.7 161.7 161.6 161.0
T2 155.0 154.6 1553 1545 1547 1547 15477 154.7
T3 154.8 154.0 1543 1541 154.6 1543 1543 1542

HC=N 147.5 1479 146.6 150.5 150.7 150.6 151.8 149.1
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The chemical shift of imine (HC=N) varies with the size of the macrocycles. The imine
chemical shifts for smaller macrocycles (1e1, 22, and 33) range from 146-148 ppm. For larger
macrocycles (4e4, Se5, and 6#6), the range spans from 150 to 152 ppm. Some other interesting
differences in the '*C-NMR signals of triazine carbon atoms were observed in the macrocycles
from their precursors. The carbon atoms of triazine ring with chlorine as substituents usually
appear between 168-169 ppm. However, after replacing chlorine atom with nitrogen atom
nucleophiles, the chemical shift decreases to between 164-169 ppm. As an example, Figure 4.12

shows the triazine carbon atoms of monomer M2 with at 164.7, 165.9, and 167.6 ppm
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Figure 4.12. 3C-NMR of M2 in CDCls.

However, the 1*C-NMR of the 2¢2 macrocycle shows a significant shift of triazine carbon
atoms to 161.3, 154.6, and 154.0 ppm (Figure 4.13). Two of the triazine carbon atoms show a shift
of more than 10 ppm. 'H-NMR and crystal structure showed that nitrogen atom opposite to the

morpholine of the triazine ring is protonated and as a result has positive charge on it. A positive
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charge on the nitrogen should make nearby carbon atoms more deshielded and as a result, shift
further downfield. However, they show upfield chemical shift. The shift of more than 10 ppm is
unusually high for triazine carbon considering they are not directly involved in any sort of bond
formation during macrocyclization step. This trend is consistent with the 3C-NMR of all the
macrocycles synthesized. One explanation is the stacking of two monomers units on the top of the
one another in the macrocycle providing extra electron density. This possibly indicates a specific
conformation of the macrocycles that is relatively favored. Stacking of two monomer units has
been observed in the X-ray crystal structures of 1e1, 22, and 3e3. However, the stacking of

triazine rings was not observed in bigger macrocycles such as 4e4 and 6#6.

=
<o e
S oo

66.2
66.1

©
=
- <
—- -

—147.9

——161.7
T—161.3
——154.6
T—~154.0

V /]
0™ H H
LN N NN~ N NH
YO 5
N /NO N N
h b RPN
N .
cJH a g-i o)
d
e
J ' g’hf € C,dba

T T T T T T T T T
180 170 160 150 140 130 120 110 100 920 80 70 60 50 40 30 20 10 p

Figure 4.13. 3C-NMR of 2e2 in CD;0D.
To test the hypothesis of stacking of two monomer units to justify the drop in the chemical

shift in 13C NMR, a model compound 8 was prepared by mixing equal moles of compounds 4.16

and 4.17 in DCM and TFA (Scheme 4.6). The 'H and '*C NMR of 8 was taken without any
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purification. The model was used to compare the chemical shifts of the triazine carbon atoms. The
chemical shift of triazine ring carbon atoms in 8 and all other macrocycles appears at similar
positions indicating there might be something else making triazine carbon atoms shielded. The

reasoning behind unusual drop in chemical shift is still under investigations.
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Scheme 4.6. General synthesis reaction of model compound 8 from 4.16 and 4.17.

4.4.7 Two dimensional "TH COSY and NOESY

Two-dimensional NMR experiments (COSY and NOESY) were used to investigate
whether the solid state structure is conserved in solution. COSY NMR spectra allow unambiguous
assignment of the protons based on two bond coupling of hydrogen atoms. Macrocycles can adopt
four different possible conformations (I-IV) around the triazine ring as shown in Figure 4.14. Each
can be distinguished by the pattern of nOes that results. Macrocycles with conformation I show
one nOe signal between the hydrazine proton (=N-NH) and imine proton (-N=CH) as indicated by
purple arrow. Conformation I also shows an nOe signal between protonated triazine hydrogen
atom (Ar-H) is in close proximity with proton of the amino acid (C-NH) as shown with red arrow.
Conformation II should show three nOe signals as indicated. In this conformation, triazine
hydrogen atom (Ar-H) is in close proximity to proton bonded to nitrogen atom of hydrazine (=N-
NH) and amino acid (C-NH) as indicated by green and red arrows respectively. In addition,

hydrazine proton (=N-NH) also show nOe signal with imine proton (-N=CH) indicated by purple
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arrow. In conformation III, the amine proton of amino acid (C-NH) does not show any nOe signal
with protonated triazine ring (Ar-H). Two other noe signals are seen, however. Conformation I'V

shows only one nOe signal between hydrazine proton (=N-NH) and imine proton (-N=CH).
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Figure 4.14. Possible rotational isomers of the macrocycles. ‘M’ represents morpholine
substituent. Different color arrows show potential noe signals.

NOESY spectra of all the macrocycles shows an signal between the hydrazine proton (=N-
NH) and imine proton (-N=CH) indicated by purple arrow. As an example, the COSY (Figure
4.15) and NOESY (Figure 4.16) NMR spectra of 4e4 can be compared to study the nOe patterns.
The NOESY spectrum of 4e4 shows all three signals indicated by conformation II. Two other
bigger macrocycles S5e5 and 6¢6 do not show the nOe signal indicated by red arrow. As a result,
these two macrocycles appear to have the conformation of III in solution. However, solid state
structures of 4e4 (Figure 4.6) and 66 (Figure 4.6) do not seem to form conformation III

suggesting that multiple conformations are possible.
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Figure 4.15. '"H COSY of 4e4 in DMSO-ds.
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Figure 4.16. '"H NOESY of 4e4 in DMSO-ds.
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Small macrocycles 11, 2¢2, and 33 do not show noe between the triazine proton (Ar-H)
and the hydrazine proton (=N-NH). In addition, 1e1 and 33 do not show nOe signals between the
triazine proton (Ar-H) and the amino acid proton (C-NH) which suggests that 1e1 and 3e3 adopt
conformation IV while 2e2 adopts conformation I. Crystal structures of smaller macrocycles
shown in Figure 4.3 (A-C) suggest that macrocycles 1e1, 2e2, and 33 adopt conformation I. We
conclude that multiple conformations can be adopted by these macrocycles. Table 4.5 summarizes

the nOe signals seen in NOESY NMR and those expected from the x-ray structure

Table 4.5. Comparison of solution state and expected solid state nOe signals.

Solution structure Solid state
nOe Conf. Exp. nOe Conf.
lel Purple v Purple, Red I
2e2 Purple, Red I Purple, Red I
3e3 Purple v Purple, Red I

404 Purple, Red, Green I Purple, Red I

5e5 Purple, Green I NA NA

696 Purple, Green I Purple, Red I

707 Purple(CHs- I NA NA
N=CH=), Red
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4.4.8 Assessing the purity of macrocycles with HPLC

The purity of macrocycles was established using HPLC. An Agilent 1200 series HPLC
with column Eclipse XDB-C18, 5 um, 4.6 x 150 mm was used for all detection analysis. The
macrocycles were dissolved in an aqueous solution of methanol and were diluted to 0.5 mM. The

eluting solvents were A 60:40 ratio of water:acetonitrile mixture with 0.1% TFA dissolved. was

used as mobile system. The gradient

before it was increased to 1.0 ml/min.

flow rate of 0.5 ml/min for the first 12 minutes was used
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Figure 4.17. HPLC chromatograms of 1e1, 22, 33, and Se5.

The elution times of the macrocycles fall roughly into two categories (short and long)
which correlates with the incorporation of the 4-carbon acetal (m=3). That is, macrocycles 1e1
(5.01 min), 262 (4.03 min), 33 (4.42 min) and 5e5 (6.44 min) elution times are markedly shorter
(Figure 4.17) than the elution times of macrocycles 4.4 (16.9 min) and 66 (each at 16.1 min) as

shown in Figure 4.18. This suggests that four carbon linker makes the macrocycles relatively more
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non-polar than two and three carbon linkers. The chain of glycine or f-alanine appeared to have
little effect on the overall elution time of the macrocycles. Although not as pronounced,

unexpectedly 1e1 elutes slightly later than 2e2. However, 303 (m=1) elute rapidly then Se5 (m=2).

DAD1 A, Sig=254,4 Ref=360,100 (VISHAL\VRS_V_56_3_3053019.D)

mAU -

2000 404 (26)

1000

O 7:
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Figure 4.18. HPLC chromatograms of 4e4 and 66.

4.4.9 HPLC studies of heterodimers

We further investigated the selective pairing of some of the macrocycles by mixing equal
mole ratios of different monomers. When equal moles of compounds 1 and 2 were mixed, HPLC
shows the formation of three macrocycles 1e1, 102, and 2e2 in the ratio of 0.29:0.35:0.37
respectively (Figure 4.19). The formation of three macrocycles 1e1, 12, and 2e2 was also
confirmed by mass spectroscopy with molar masses of 583.5 a.m.u., 597.5 a.m.u., and 612 a.m.u.,
respectively (Figure 4.20). In addition, when equal mole ratio of monomers 3 and § were mixed,
three macrocycles 3e3, 3e5, and 55 were made (Figure 4.21). However, in either case, the

macrocycles made could not be separated using regular column chromatography.
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Figure 4.19. HPLC chromatograms of 1e1, 12, and 2e2.
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Figure 4.20. Mass spectrum of mixture of 1e1, 12, and 2e2.
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Figure 4.21. HPLC chromatograms of 33, 3e5, and Se5.

Other equimolar combination of monomers were also mixed to form heterodimers. A
summary of products observed when equimolar amounts of different monomers were mixed is
shown in Table 4.6.

Table 4.6. Products observed based on HPLC after mixing equal mole of precursors.

Reactants Macrocycles observed
1+2 1e1 (29%) 102 (35%) 202 (37%)
1+4 le1 (25%) 104 (29%) 404 (45%)
1+5 lel (11%) 105 (26%) 55 (47%)
1+6 le1 (25%) 106 (47%) 606 (18%)
2+6 202 (31%) 206 (30%) 606 (33%)
3+5 303 (52%) 3¢5 (27%) 55 (21%)

After mixing equal moles of all the compounds (1-6) in equal volume of DCM and TFA,

at least fourteen out of theoretically possible twenty one macrocycles (1*1, 1*%2, 1*3, 1%4, 1*5,
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1*6, 2*2, 2*3...) were observed using liquid chromatography-mass spectrometry (LC-MS) as

shown in Figure 4.22.

(x1,000,000)
TIC(+)

5.335

Figure 4.22. LC-MS of mixture of possible 21 macrocycles. Mixture obtained after mixing equal
moles of compounds 1-6. Data collected at Shimatzu Center of UTA.

Many combinations of macrocycles share a common molecular mass making an
unambiguous assignment difficult. However, the appearance of at least 14 different species with
molecular weights corresponding to dimeric products is satisfying. Macrocycles 1e1 and 606 with
molecular masses 583 and 669 a.m.u. respectively are the only two out of twenty one macrocycles
with unique molecular masses and, interestingly enough, appear to be absent in the mixture of
products. They also represent the smallest (22-atoms) and largest (28-atoms) macrocycles
respectively. The absence of 1e1 and 66 and possibly some other species is suggestive that
selective pairing may be occurring. Some of the macrocycles on the LC-MS were identified and

their summary is provided in Table 4.7.
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Table 4.7. LC-MS molar mass of mixture of possible 21 products.

Elution Molar Mass Possible Macrocycle
Time
3.8 613.3 404
4.1 613.3 103, 105, 2¢4
4.5 102
4.8 613.3 202
627.3 405
5.3 613.3 103, 105, 2¢4
5.6 627.3 106, 205, 203, 304
5.8 641.3 200, 306, 406
6.9 641.3 5e5
7.5 627.3 106, 205, 203, 304
8.2 655.3 5e6
9.1 641.3 200, 305, 406
11.4 655.3 306
12.6 641.3 3e3

4.4.10 Solubility of macrocycles

All of the macrocycles are insoluble in dichloromethane, chloroform, and other non-polar
organic solvents. Macrocycles dissolve in DMSO. All of the macrocycles dissolve in mixture of
methanol and water. Macrocycles 1e1 and 44 are completely insoluble in water. Solubility of all
the macrocycles was determined qualitatively by dissolving about 1 mg of each macrocycle in
increasing volumes of water, methanol, and dichloromethane (Table 4.8). To increase the
solubility of macrocycles in future, the morpholine substituent of the triazine ring could be
replaced. Incorporation of dimethyl amine is already under consideration. The solubility results

are summarized in Table 4.8.
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Table 4.8. Solubility of macrocycles in H2O, CH30H, and CH2Cl. I= insoluble, SS = slightly
soluble, S = soluble.

H>0O (ml) CH3;0H (ml) | CH2Cl, (ml)
Macrocycles
0.2 1.0 0.2 1.0 0.2 1.0
I I I S I 1
el
SS S I S I I
202
S S I I
3e3
| I S I I
4e4
S S I I
565
S S I SS
606

4.5 Conclusion

The work demonstrates the generality of the macrocyclization strategy for the preparation of
rings of 22-28 atoms. These targets are synthesized with high yield and purity. The chemistry
presented provides rapid access to dimeric products of varied ring sizes in high yields. Solution
and solid state structural data suggests a range of morphologies can be adopted. Mixtures of
homodimers and heterodimers can be obtained readily by mixing the desired protected monomers
to yield odd-membered rings as well. However, the use of methylene groups to increase the size
of the macrocycles generate flexibility in the ring. One of the future projects might include the

incorporation of the rigidity by replacing the linear aliphatic acetals with cyclohexane, benzene,
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and other rings. The self-condensation method of creating macrocycles can be used to create
combinatory library of macrocycles containing triazine scaffolds with different ring sizes, amino
acids, and N-alkyl groups. Incorporation of the more hindered amino acids than glycine is already

being pursued.

4.6 Experimental Procedure

4.6.1 Synthesis of compound 4.12 from cyanuric chloride

1. 1 equiv. Glycine ethyl ester.HCI O/\ H o
Cl._N__Cl oC. j<
~s DIPEA, THF, 0°C-RT, 12h. K/N\WN\ N\NJ\O
N.zN 2. 1 equiv. Boc-hydrazide, N__N
i 0°C-RT, 12h. T 9
_ , AN L
3. 1.8 equiv. Morpholine, (0]

reflux, 20 mins.
4.12

Scheme 4.7. Synthesis of compound 4.12.

Cyanuric chloride (5.0 g, 0.027 moles) was dissolved in 40 ml dry THF in a three neck
round bottom flask equipped with stirring bar and purged with argon. Glycine ethyl ester
hydrochloride salt (3.8 g, 0.027 moles) and DIPEA (14 g, 0.10 moles) dissolved in a mixture of
2.0 ml MeOH and 5.0 ml THF were added dropwise at -20 °C. Temperature of the reaction mixture
was raised slowly to room temperature and left to stir overnight. The reaction progress was
monitored via TLC. Boc-hydrazide (3.6 g, 0.027 moles) was dissolved in 5 ml THF and then added
dropwise to the reaction mixture at 0 °C. Resulting solution was warmed slowly to room
temperature and left to stir over night. Morpholine (4.3 g, 0.05 moles) was added to the reaction
mixture and refluxed for 20 minutes. Excess solvent was removed under vacuum and crude product
was dissolved in 30 ml DCM (x2) and washed with H>O. After removing excess solvent under
vacuum, crude product was purified by column chromatography using 1:1 mixture of Hexane and

ethyl acetate to afford 4.12 (7.7 g, 72%) as white solid. '"H-NMR, CDCls, 6 4.21 (2H, 2), 4.12-4.06
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(2H, q), 3.73-3.65 (8H, m), 1.44 (9H, s), 1.27-1.23 (3H, t). *C-NMR, CDCls, & 170.8, 167.8,

165.8, 164.9, 156.5, 81.0, 66.8, 61.1, 43.5, 43.0, 28.2, 14.2.

4.6.2 Synthesis of compound 4.13 (ester hydrolysis)

Oﬁ H © MeOH/5%NaOH O e
K/NYN\ N g 60°C, 2h. NN R J\OJ<
NN N Acid work-up 7\}/ !
Y0 “N o

N AL g~ N
4.12 413

Scheme 4.8. Synthesis of compound 4.13.

Compound 4.12 (6.5 g, 0.016 moles) was dissolved in 20 ml MeOH and 10 ml 5% NaOH.
The resulting mixture was stirred at 50 °C for 2 hours. Methanol was removed under vacuum and
resulting solution was extracted with 25 ml DCM to retrieve any impurities and unreacted ester in
organic layer. Aqueous Layer was acidified using 1 M HCl to pH 4.0-5.0 to precipitate the product.
Solution was filtered to retrieve compound 4.13 (5.9 g, 98%) as white solid. 'H-NMR, CDCls, §

4.15 (2H, 2), 3.85-3.72 (8H, m), 1.47 (9H, s).

4.6.3 Synthesis of 4.14 from cyanuric chloride

)
1.1 equiv. Beta-alanine ethyl ester.HCl N H )J\ J<
) )

-20°C- . X N

CIYN\ o] DIPEA, THF, -20°C-RT, 12h i N
l —_— N__N

NYN 2. 1 equiv. Boc-hydrazide,
0°C-RT, 12h. HN 0
Cl W ~
o}
4.14

Scheme 4.9. Synthesis of compound 4.14.

146



In a three neck round bottom flask equipped with stirring bar and purged with argon,
cyanuric chloride (3.0 g, 0.016 moles) and 40 ml dry THF were added. f-alanine ethyl ester
hydrochloride salt (2.5 g, 0.016 moles) and DIPEA (4.3 g, 0.03 moles) were dissolved in a mixture
of 2 ml MeOH and 5 ml THF. The mixture was then added to flask at -20 °C. Reaction mixture
was brought to room temperature slowly and left to stir overnight. The reaction progress was
monitored by TLC. Boc-hydrazide (2.1 g, 0.016 moles) dissolved in 5 ml THF was then added to
the reaction mixture at 0 °C. The resulting solution was raised slowly to room temperature and left
to stir over night. After confirming the completion of reaction via TLC, excess solvent was
removed under vacuum, crude product was dissolved in 20 ml DCM, extracted with 20 ml H>O
and collected in DCM (x3). Crude product was further purified by column chromatography using
1:1 mixture of hexanes:ethyl acetate to afford 4.14 (5.4 g, 94%) as white solid. 'H-NMR, CDCls,
8 4.16-4.11 (2H, q), 3.69-3.68 (2H, m), 2.62-2.60 (2H, t), 1.45 (9H, s), 1.27-1.22 (3H, t). 3C-

NMR, CDCL;, 6 172.0, 168.4, 167.5, 165.7, 159.5, 81.7, 60.8, 36.6, 33.6, 28.1, 14.2.

4.6.4 Synthesis of 4.15 from 4.14

H i J< 1. Morpholine, MeOH, DIPEA OK/ H j’\ J<
I _N_ _N. -60° ins. N_ _N_ N.
CW N N 0 RT-60°C, 20 mins m/ N N o
NN M NN M
Y 2. 5%NaOH W7
HN\/\[(O\/ 60°C, 1h. Acid work-up HN\/YOH
0o o}
4.14 4.15

Scheme 4.10. Synthesis of compound 4.15.
Compound 4.14 (2.8 g, 0.0078 moles) was dissolved in methanol in a small flask equipped

with stirring bar. Morpholine (0.81 g, 0.0093 moles) and DIPEA (1.0 g) were added to flask.

Reaction mixture was heated to 60 °C and left to stir for 15 minutes. Reaction progress was
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monitored via TLC. After the completion of reaction 5 ml of 5% NaOH was added to reaction
mixture and stirred for one hour at 60 °C. Methanol was removed under vacuum and crude was
extracted with 30 ml DCM to remove any impurities and unreacted ester. Aqueous layer was
acidified by adding 1 M HCI until precipitates appeared. Solution was filtered, washed with cold
water, and dried under vacuum to retrieve 4.15 (2.75 g, 92%) as white solid. 'H-NMR,
CDCIl3/CD;0D, & 3.77-3.57 (10H, m), 2.44 (2H, m), 1.39 (9H, s). *C-NMR, CDCIl3/CDsOD, &

179.3,163.0, 158.0, 155.6, 81.3, 66.5, 43.9, 36.5, 34.7, 28.0.

4.6.5 Synthesis of model compound 4.16

0 0

0 0 ™

O\J NN L J< NN N H\N)koj<
A N~ "0 CH3NH, A H

N__N — N\(N

I-m\l/ @] HN ~

W ~ W
O O
4.21 4.16

ZT

Scheme 4.11. Synthesis of model compound 4.16.

Compound 4.21 (200 mg, 0.52 mmol) was dissolved in 10 ml methanol in small three neck
flask equipped with stirring bar and purged with argon. Methyl amine (40 mg, 1.3 mmol) was
added to the reaction flask. Resulting solution was stirred overnight at room temperature for 4
days. Excess solvent was removed, residue was dissolved in 5 ml DCM (x2), and washed with 5
ml water. Crude product was further purified by column chromatography using dichloromethane
and methanol (25:1) to recover compound 4.16 (128 mg, 62%) as white solid. "H-NMR, CDCls; &

3.85-3.69 (10H, m), 3.33 (3H, s), 2.55 (2H, m), 1.46 (9H, s).
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4.6.6 Synthesis of model compound 4.17

PR SRR TR D

0 P —_— o

Scheme 4.12. Synthesis of model compound 4.17.
Acetic anhydride (10 ml) and amino propionaldehyde diethyl acetal (1.1 g, 7.4 mmol) was

mixed in a small flask equipped with stirring bar. Triethylamine(0.5 ml) was added to the flask
and resulting solution was stirred at room temperature for 12 hours. Reaction progress was
measured by TLC. 5 ml of 10% NaOH was added to the reaction mixture and refluxed for 30
minutes. Reaction mixture was extracted using 15 ml ethyl acetate (x2) and 5 ml water. Product
was recovered in ethyl acetate and purified by column chromatography using 2:1 hexanes:ethyl
acetate to afford 4.17 (1.26 g, 89%) as slightly yellow liquid. "H-NMR, CDCls; & 6.23 (1H, s),

4.59-4.57 (2H, q), 3.73-3.67 (2H, d), 3.66-3.50 (2H, m), 3.38-3.35 (2H, t), 2.08 (3H, s), 1.97-1.85

(2H, q), 1.25-1.22 (6H, t). *C-NMR, CDCls; & 170.0, 102.6, 62.0, 35.7, 32.7, 23.3, 20.8, 15.4

4.6.7 Synthesis of 4.18 from cyanuric chloride

NN )Ok J<
Cl N Cl 1.1 equiv. Boc-hydrazide, .
/

g 0°C-RT, 12h.
N N —
\f 2. 1 equiv. Morpholine, \(
Cl 0°C-RT, 12h. [Nj
0]
4.18
Scheme 4.13. Synthesis of compound 4.18.

In a small three neck flask equipped with stirring bar and purged with argon, cyanuric

chloride (1.0 g, 5.4 mmol) and 30 ml THF were added. Two equivalent DIPEA (1.40 g, 10.8 mmol)
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was added to the solution. One equivalent fert-butyl carbazate (0.72 g, 5.4 mmol) dissolved in 10
ml THF was added to reaction mixture at 0 °C. The resulting solution was brought to room
temperature slowly and left to stir overnight at room temperature. Reaction progress was
monitored by TLC. Once the reaction was complete, one equivalent morpholine (0.473 g, 5.4
mmol) dissolved in 10 ml was added dropwise to reaction solution at -30 °C. Resulting solution
was brought to room temperature and left to stir overnight. Excess solvent was removed under
vacuum, re-dissolved in 20 ml DCM (x2), washed with 10 ml water, dried over brine, and finally
chromatographic purifications were done using 2:1 hexane: ethyl acetate solution to afford 4.18
(1.61 g, 91%) as white solid. 'H-NMR, CDCls; 8 7.97 (1H, s), 6.55 (1H, s), 3.82-3.71 (8H, m),

1.47 (9H, s). 1*C-NMR, CDCls; 169.3, 167.3, 155.4, 81.6, 66.5, 44.0, 39.2, 28.2.

4.6.8 Synthesis of 4.19 from 4.18

Cl N lll Jk J<
Methyl iodid , ~

H
C'\WN\\(N\N NaH, THF, RT, 3h N
¥ T
“ ()
) :

4.18 4.19

Scheme 4.14. Synthesis of compound 4.19.

In a small round bottom flask purged with nitrogen, compound 4.18 (50 mg, 0.15 mmol)
was dissolved in dry THF. One equivalent sodium hydride (3.7 mg, 0.15 mmol) was added to flask
at 0 °C. After about 10 minutes, methyl iodide (43 mg, 0.30 mmol) was added to the solution.
Reaction mixture was brought to room temperature and left to stir for 2 hours. Excess solvent was
removed, the residue was dissolved in 5 ml DCM (x2), washed with 5 ml water, and further

purified by column chromatography using 2:1 hexanes:ethyl acetate solvent system to afford 4.19
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(31 mg, 60%) as white solid. 'TH-NMR, CDCls; § 3.82-3.71 (8H, m), 3.40-3.36 (3H, s), 1.47 (9H,

s). *C-NMR, CDCls; 8 164.5, 81.9, 66.6, 43.9, 38.1, 28.2.

4.6.9 Synthesis of 4.20 from 4.19

0o 0™ | i J<
J< Glycine ethyl ester k/N\ﬁN\ N. 0]

(N N
Y Y N N H
ZN Dioxane, DIPEA, reflux Yo
E "12h ’ HN\)J\O/\

419 4.20

Scheme 4.15. Synthesis of compound 4.20.

Compound 4.19 (30 mg, 0.087 mmol) was dissolved in 2 ml dioxane in a 5 ml round bottom flask.
DIPEA (0.5 ml) and glycine ethyl ester (24 mg, 0.17 mmol) were added to reaction mixture and
was refluxed for 12 hours. Excess solvent was removed under vacuum and purified by column
chromatography using 1:1 hexanes:ethyl acetate solution mixture to yield 4.20 (26 mg, 74%) as
white solid. "TH-NMR, CDCl;3; 6 5.51 (1H, m), 4.23-4.18 (2H, q), 4.13-4.10 (2H, d), 3.74-3.67 (8H,
m), 3.30 (3H, s), 1.47 (9H, s), 1.29-1.26 (3H, t). *C-NMR, CDCls; 170.7, 167.2, 166.0, 165.0,

156.2, 81.0, 66.8, 61.1, 43.5, 43.0, 37.5, 28.2, 14.2.

4.6.10 Coupling of 4.13 with amino acetaldehyde dimethyl acetal, synthesis of M1

o) o)
o) o) H J<
NN R e HOBT, EDC.HCI QNTN\ Ny 2o
oY N© 0._THF, 0°C-t, 48 h N N H
HN N
LN N
O\
413 M1

Scheme 4.16. Synthesis of compound M1.
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Compound 4.13 (1.0 g, 2.7 mmol) was dissolved in a mixture of 10 ml DCM and 5 ml dry
DMF in a two-neck flask equipped with stirring bar and purged with Argon. HOBT (0.54 g, 3.5
mmol) and EDC.HCI (0.65 g, 3.6 mmol) were dissolved in 5 ml DMF and added to flask dropwise
at 0 °C. After stirring the reaction mixture for 10 minutes, 0.35 g of DIPEA was added slowly.
After 10 minutes, amino acetaldehyde dimethyl acetal (3.5 mmol, 0.37 g) of was added dropwise
to flask. Resulting solution was brought to room temperature and left to stir for 48 hours at room
temperature. Excess solvent was removed under vacuum and reaction mixture was washed with
10 ml water and collected in 15 ml DCM (x3). Crude product was further purified using column
chromatography with 1:1 solvent ratio of Hexanes:ethyl acetate to remove the side product of
HOBT and then 25:1 solvent ratio of DCM:MeOH to afford M1 (610 mg, 51%) as white solid.
'"H-NMR, CDCls; 8 4.15 (2H, 2), 3.98 (2H, s), 3.85-3.72 (8H, m), 3.35 (6H, s), 1.47 (9H, s). 13C-
NMR, CDCl;; 170.7, 167.8, 166.2, 164.9, 156.5, 102.5, 81.3, 66.7, 54.3, 45.1, 43.6, 40.8, 28.2.

MS (ESI/Q-TOF) m/z: [M+H]" Calcd for Ci1gH32NsOs 456.24; Found 457.15.

4.6.11 Coupling of 4.13 with amino propionaldehyde diethyl acetal, synthesis of M2

S btk
N. N _N. J< HOBT, EDC.HCI N NNy 0J<
Y N o + HZNM\/O\/ THF, 0 °C-t, 48 h M H
NN o o - o o
~
HN\)J\OH HN&J\H/\)\O/\
4.13 .

Scheme 4.17. Synthesis of compound M2.

Compound 8 (1.0 g, 2.7 mmol) was dissolved in a mixture of 10 ml DCM and 5 ml dry
THF in a two-neck flask equipped with stirring bar and purged with Argon. HOBT (0.54 g, 3.5
mmol) and EDC.HCI (0.65 g, 3.6 mmol) dissolved in 5 ml DMF were added to flask dropwise at

0 °C. Reaction mixture was left to stir for 10 minutes and 0.35 g of DIPEA was added slowly.
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After 5 minutes, amino propionaldehyde diethyl acetal (0.52 g, 3.5 mmol) was added dropwise to
flask. Resulting solution was brought to room temperature and left to stir for 48 hours at room
temperature. Excess solvent was removed under vacuum and reaction mixture was washed with
water and crude product collected in DCM (x3). Crude product was further purified using column
chromatography with 1:1 solvent ratio of Hexane: ethyl acetate to remove the side product made
by HOBT and then 25:1 solvent ratio of DCM:MeOH to retrieve 650 mg (50%) of P-2 as white
solid. 'TH-NMR, CDCl3; & 4.48 (2H, s), 3.92-3.91 (2H, d), 3.41-3.70 (10H, m), 3.35 (6H, s), 3.32-
3.39 (2H, q), 3.27-3.32 (2H, q), 1.75-1.78 (2H, m), 1.42 (9H, s), 1.12-1.16 (3H, t). 3C-NMR,
CDCls; 6 170.2, 167.6, 165.9, 164.7, 156.5, 101.7, 81.3, 66.7, 61.6, 45.0, 43.5, 35.3, 33.0, 28.2,

15.2. MS (ESI/Q-TOF) m/z: [M+H]* Caled for C21H34NsOg 498.29; Found 499.11.

4.6.12 Coupling of acid, 4.15, with amino acetaldehyde dimethyl acetal, synthesis of M3

(o) H 0] O H Q
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Scheme 4.18. Synthesis of compound M3.

Compound 4.15 (1.0 g, 2.6 mmol) was dissolved in a mixture of 5 ml DCM and 10 ml dry
THF in a two-neck flask equipped with stirring bar and purged with Argon. HOBT (0.52 g, 3.4
mmol) was added to flask dropwise at 0 °C. Reaction mixture was left to stir for 10 minutes and
EDC.HCI (0.65, 3.4 mmol) was added. After stirring for 10 minutes, amino acetaldehyde dimethyl
acetal (0.33 g, 3.1 mmol) was added dropwise to flask at 0 °C. Resulting solution was brought to

room temperature slowly and stirred for 36 hours. Excess solvent was removed under vacuum and
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reaction mixture was washed with 15 ml 0.5 M acetic acid and crude product was collected in 20
ml DCM (x3). Organic layer was washed with 10 ml saturated NaHCOs3 to remove any acid. Crude
product was further purified using column chromatography with 1:1 solvent ratio of Hexanes:ethyl
acetate to remove the side products and then with 25:1 solvent ratio of DCM:MeOH to afford M3
(580 mg, 56%) as white solid. 'H-NMR, CDCls; 6 4.38 (1H, t), 3.72-3.68 (10H, m), 3.39 (8H, m),
2.50-2.47 (2H, t), 1.47 (9H, s). 3C-NMR, CDCl;3; 171.8, 165.0, 156.5, 102.7, 81.1, 66.8, 54.4,
43.5, 40.9, 36.9, 28.2. MS (ESI/Q-TOF) m/z: [M+H]" Calcd for Ci9H34NgOs 470.26; Found

471.18.

4.6.13 Coupling of 4.13, with 1-amino-4,4-diethoxybutane, synthesis of M4
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Scheme 4.19. Synthesis of compound M4.

Compound 4.13 (1.0 g, 2.7 mmol) was dissolved in a mixture of 5 ml DCM and 5 ml dry
THF in a two-neck flask equipped with stirring bar and purged with Argon. HOBT (0.54 g, 3.5
mmol) and EDC.HCI (0.65 g, 3.6 mmol) were dissolved in 5 ml DMF and added to flask dropwise
at 0 °C. Reaction mixture was stirred for 10 minutes and DIPEA (0.35 g) was added slowly. After
stirring the mixture for 10 minutes, amino propionaldehyde diethyl acetal (0.52 g, 3.5 mmol) was
added dropwise. Resulting solution was warmed to room temperature and stirred for 30 hours.
Excess solvent was removed under vacuum, dissolved in 15 ml DCM, washed with 10 ml 0.5 M
acetic acid, and collected in DCM (x3). Organic layer was washed with 10 ml saturated NaHCO:s.

Crude product was further purified using column chromatography with 1:1 Hexanes:ethyl acetate
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to remove the side product and then with 25:1 DCM:MeOH to retrieve M4 (550 mg, 40%) as white
solid. 'TH-NMR, CDCls; 8 4.46-4.43 (1H, t), 3.72-3.56 (10H, m), 3.59-3.43 (2H, m), 3.24-3.21 (2H,
q), 1.57-1.53 (4H, m), 1.43 (9H, s), 1.18-1.15 (3H, t). *C-NMR, CDCl;3; 8 170.2, 167.6, 166.1,
164.8, 156.8, 102.5, 81.2, 66.7, 61.2, 46.0, 45.0, 39.0, 30.9, 28.2, 24.7, 24.7, 15.3. MS (ESI/Q-

TOF) m/z: [M+H]" Calcd for C22H4oNgOs 512.31; Found 513.15.

4.6.14 Coupling of acid, 4.15, with amino propionaldehyde diethyl acetal, synthesis of M5
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Scheme 4.20. Synthesis of compound MS5.

Compound 4.15 (700 mg, 1.8 mmol) was dissolved in a mixture of 4 ml DCM and 8 ml
dry THF in a two-neck flask equipped with stirring bar and purged with Argon. HOBT (0.29 g,
1.9 mmol) was added to flask dropwise at 0 °C. Reaction mixture was left to stir for 10 minutes
and EDC.HCI (0.36 g, 1.9 mmol) was added. After 10 minutes, amino propionaldehyde diethyl
acetal (0.18g, 1.9 mmol) dissolved in 3 ml THF was added dropwise to flask at 0 °C. Resulting
solution was warmed to room temperature slowly and stirred for 24 hours. Excess solvent was
removed under vacuum, reaction mixture was washed with 10 ml 0.5 M acetic acid and crude
product was collected in 20 ml DCM (x3). Organic layer was washed with 10 ml saturated
NaHCOs to remove acid. Crude product was further purified by column chromatography using 1:1
hexanes:ethyl acetate to remove the side product and then with 25:1 DCM:MeOH to retrieve M5
(510 mg, 55%) as white solid. 'H-NMR, CDCls; 8 4.55 (1H, t), 3.76-3.63 (12H, m), 3.51-3.48 (2H,
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qQ), 3.34-3.31 (2H, q), 2.45-2.42 (2H, t), 1.81-1.80 (2H, q), 1.46 (9H, s), 1.22-1.19 (3H, t). 13C-
NMR, CDCls; 171.3, 165.0, 156.6, 102.2, 81.0, 66.8, 61.8, 43.5, 37.0, 36.3, 35.5, 32.8, 28.2, 15.3.

MS (ESI/Q-TOF) m/z: [M+H]* Calcd for C22HaoNsOg 512.31; Found 513.17.

4.6.15 Coupling of acid, 4.15, with 1-amino-4,4-diethoxybutane, synthesis of M6
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Scheme 4.21. Synthesis of compound M6.

Compound 4.15 (920 mg, 2.4 mmol) was dissolved in a mixture of 5 ml DCM and 5 ml
dry THF in a two-neck flask equipped with stirring bar and purged with Argon. HOBT (0.44 g,
2.8 mmol) was added to flask dropwise at 0 °C and resulting reaction mixture was stirred for 10
minutes. EDC.HCI (2.8 mmol, 0.55 g) was added. After 10 minutes, amino butanaldehyde diethyl
acetal (2.8 mmol, 0.47 g) dissolved in 2 ml THF was added dropwise to flask. Resulting solution
was warmed to room temperature slowly and left to stir for 24 hours at room temperature. Excess
solvent was removed under vacuum and reaction mixture was washed with 0.5 M acetic acid and
crude product collected in DCM (x3). Crude product was then further washed with saturated
NaHCO; to remove any acid. Crude product was further purified using column chromatography
with 1:1 hexanes:ethyl acetate to remove the side product made by HOBT and then with 25:1
DCM:MeOH to retrieve M6 (520 mg, 42%) as white solid. "TH-NMR, CDCls; 6 4.48-4.45 (1H, t),
3.76-3.60 (12H, m), 3.50-3.44 (2H, m), 3.21-3.20 (2H, q), 2.44-2.41 (2H, t), 1.61-1.59 (2H, m),

1.56-1.54 (2H, m), 1.45 (9H, s), 1.21-1.18 (3H, t). BC-NMR, CDCls; 171.7, 167.6, 166.6, 165.7,
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164.9, 156.7, 102.6, 80.8, 66.8, 61.2, 43.5, 39.2, 37.0, 36.3, 31.0, 28.2, 24.5, 15.3. MS (ESI/Q-
TOF) m/z: [M+H]" Calcd for C23H42NgOs 526.31; Found 527.17.

4.6.16 Synthesis of monomer M7 from 4.20 by direct amidation of ester
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Scheme 4.22. Synthesis of monomer M7.

In a small flask equipped with stirring bar and purged with argon, compound 4.20 (21 mg,
0.051 mmol) was dissolved in 2 ml methanol. DIPEA (0.5 ml) and amino butanaldehyde diethyl
acetal (17 mg, 0.12 mmol) were added to reaction mixture. The resulting solution was left to stir
at room temperature for 4 days. Product formation was determined by the TLC. After the
completion of the reaction, excess solvent was removed, and the crude product was further purified
by column chromatography using 25:1 solvent ratio of DCM:MeOH to retrieve 7 (20 mg, 74%) as
white solid. Compound M7 was used to make macrocycle 7.7 without further characterization. Rf

value of M7 was lower than that of 4.20 and taken as the evidence of product formation.

4.6.17 Synthesis of Macrocycle 1¢1 from M1

0™ 0 N__N_ _N. =
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Scheme 4.23. Synthesis of macrocycle 1e1.
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Compound M1 (220 mg, 0.35 mmol) was dissolved in a 3 ml DCM and 3ml TFA in a small
flask equipped with stirring bar. The resulting solution was left to stir at room temperature for 48
hours. Crude product was then washed with 1 ml DCM (x2) and filtered. The precipitates were
washed with 0.5 ml MeOH. Excess MeOH should be avoided as macrocycle is slightly soluble in
MeOH at room temperature. Precipitates were dried under vacuum to afford macrocycle 1e1 (130
mg, 93%) as white solid. All the NH proton disappeared quickly when a drop of CD30D was added
to NMR tube. Protons of Protonated nitrogen of triazine ring and the hydrazine disappeared faster
than the protons of nitrogen of glycine and amide linker. 'TH-NMR, DMSO; & 12.62 (1H, s), 8.44-
8.42 (1H, t), 8.24-8.22 (1H, t), 7.63 (1H, s), 4.21-4.20 (H, d), 4.13-4.12 (2H, d), 3.84-3.66 (8H,
m). 3C-NMR DMSO-ds; 168.3, 161.7, 155.0, 154.0, 147.5, 66.2, 44.6, 44.5, 41.0. MS (ESI/Q-

TOF) m/z: [M+H]" Calcd for C2:H32N 1604 584.28; Found 585.29.

4.6.18 Synthesis of 2¢2 from M2
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Scheme 4.24. Synthesis of macrocycle 2e2.

In a small flask equipped with stirring bar, monomer M2 (350 mg, 0.70 mmol) was
dissolved in a 3 ml DCM and 3 ml TFA. Resulting solution was left to stir at room temperature
for 48 hours. Crude product was then washed with 2 ml DCM and filtered. The precipitates were
washed with 0.5 ml MeOH (x2). Precipitates were dried under vacuum to afford 2e2 (201 mg,
93%) as white solid. 'TH-NMR, DMSO; & 12.37 (1H, s), 9.04 (1H, s), 8.91 (1H, s), 7.51 (1H, s),
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3.89-3.88 (2H, d), 3.71-3.49 (10H, m), 2.56 (2H, m). 3C-NMR, CD;OD; & 171.8, 161.3, 154.6,
154.0, 147.9, 66.2, 44.7, 43.8, 33.6, 31.6. MS (ESU/Q-TOF) m/z: [M+H]" Caled for C24H36N 1604

612.31; Found 613.32.

4.6.19 Synthesis of 33 from M3
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Scheme 4.25. Synthesis of macrocycle 33

Compound M3 (90 mg, 0.19 mmol) was dissolved in a mixture of 2 ml DCM and 2 ml
TFA in a small flask equipped with stirring bar. Reaction mixture and resulting solution was left
to stir at room temperature for 48 hours. Crude product was then washed with 2 ml DCM and
filtered. The precipitates were then washed with 0.5 ml MeOH. Precipitates were air dried to afford
33 (55 mg, 95%) as white solid. 'H-NMR, DMSO; & 12.62 (1H, s), 11.45 (1H, s), 9.09 (1H, 1),
8.35-8.32 (1H, t), 7.62-7.61 (1H, t), 4.30-4.28 (2H, d), 3.86-3.68 (8H, m), 3.28-3.26 (2H, m), 2.39
(2H, m), 1.73-1.72 (2H, m). BC-NMR, CD3OD; & 172.6, 161.3, 155.3, 154.3, 146.6, 66.4, 44.3,

40.0, 37.7, 37.3. M/Z: MS (ESI/Q-TOF) m/z: [M+H]" Calcd for CasH3eN1¢0s 612.31; Found

613.37.
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4.6.20 Synthesis of macrocycle 4¢4 from M4
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Scheme 4.26. Synthesis of macrocycle 44

Compound M4 (220 mg, 0.39 mmol) was dissolved in a mixture of 3 ml DCM and 3 ml
TFA in a small flask equipped with stirring bar. Produced solution was left to stir at room
temperature for 48 hours. Crude product was then washed with 2 ml DCM (x2) and filtered. The
precipitates were then washed with 0.5 ml MeOH. Precipitates were air dried to afford 98 mg
(80%) of 44 as white solid. 'TH-NMR, DMSO; & 12.62 (1H, s), 11.45 (1H, s), 9.09 (1H, t), 8.35-
8.32 (1H, t), 7.62-7.61 (1H, t), 4.30-4.28 (2H, d), 3.86-3.68 (8H, m), 3.28-3.26 (2H, m), 2.39 (2H,
m), 1.73-1.72 (2H, m). 3C-NMR, CD3;OD; & 169.2, 161.6, 154.4, 154.1, 150.5, 66.1, 44.5, 42.6,
37.8, 27.7, 24.5. M/Z: MS (ESI/Q-TOF) m/z: [M+H]" Calcd for Co6H42N1604 640.31; Found

641.40.

4.6.21 Synthesis of Se5 from M5
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Scheme 4.27. Synthesis of macrocycle 5e5.

Compound MS5 (20 mg, 0.039 mmol) was dissolved in a mixture of 1 ml DCM and 1 ml
TFA in a small flask equipped with stirring bar. The resulting solution was left to stir at room
temperature for 48 hours. Crude product was air dried to afford Se5 (12 mg, 100%) as white solid.
No further purification was done, and NMR of crude product was taken. 'H-NMR, DMSO; & 12.62
(1H, s), 11.45 (1H, s), 9.09 (1H, t), 8.35-8.32 (1H, t), 7.62-7.61 (1H, t), 4.30-4.28 (2H, d), 3.86-
3.68 (8H, m), 3.28-3.26 (2H, m), 2.39 (2H, m), 1.73-1.71 (2H, m). 3*C-NMR, DMSO; & 171.5,
161.7, 154.7, 154.6, 150.7, 66.2, 44.6, 36.6, 35.9, 34.4, 33.0. M/Z: MS (ESI/Q-TOF) m/z: [M+H]*

Calcd for C26H40N1604 640.34; Found 641.37.

4.6.22 Synthesis of 6¢6 from M6

0 0 0™
H H H
N N N. J\ /k DCM/TFA N N N = N
K/ T A H (@) f, 24-72 h K/ T \\r N/\/\/ \[]/\/NH
N.__N e N__N. +)\
Y w70 "Hoy © AN 3\ ~
HNWNM\)\O HNWN\/\/\\N\N)QN N\\/O
0 P 0 H
M6 6.6

Scheme 4.28. Synthesis of macrocycle 66.

Monomer M6 (150 mg, 0.29 mmol) was dissolved in a 3 ml DCM and 3 ml TFA in a small
flask equipped with stirring bar. Resulting solution was left to stir at room temperature for 48
hours. Crude product was then washed with 2 ml DCM and filtered. The precipitates were washed
with 0.3 ml MeOH (x2). Precipitates were air dried to afford of 6e6 (85 mg, 86%) as white solid.
"H-NMR, DMSO-ds; 8 12.62 (1H, s), 11.45 (1H, s), 9.09 (1H, t), 8.35-8.32 (1H, t), 7.62-7.61 (1H,

t), 4.30-4.28 (2H, d), 3.86-3.68 (8H, m), 3.28-3.26 (2H, m), 2.39 (2H, m), 1.73-1.72 (2H, m). 13C-
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NMR, CD;0D; 172.5, 161.7, 154.7, 154.3, 150.6, 66.1, 44.4, 37.7, 36.4, 33.3, 27.6, 24.5. M/Z:
MS (ESI/Q-TOF) m/z: [M+H]" Calcd for C23HasN1604 668.37; Found 669.46.
4.6.23 Synthesis of macrocycle 7¢7 from M7
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Scheme 4.29. Synthesis of macrocycle 77.

Compound M7 (20 mg, 0.038 mmol) was dissolved in a 2 ml DCM and 2 ml TFA in a
small flask equipped with stirring bar. Resulting solution was left to stir at room temperature for
48 hours. Crude product was then washed with 1 ml DCM (x2) and filtered. Precipitates were dried
under vacuum to afford macrocycle 707 (11 mg, 87%) as white solid. 'H-NMR, DMSO-dg; 5 11.53
(1H, s), 9.11-9.08 (1H, t), 8.70-8.67 (1H, t), 7.60-7.59 (1H, t), 4.30-4.29 (2H, d), 3.87-3.86 (4H,
m), 3.69-3.67 (4H, m), 3.45 (3H, s), 3.27-3.24 (2H, m), 2.50-2.48 (2H, m), 1.79 (2H, m). *C-

NMR, DMSO-ds; 6 169.6, 161.0, 154.7, 154.2, 149.1, 66.2, 44.8, 43.4,37.7, 29.9, 28.4, 24.5.

4.6.24 Synthesis of model imine 8 from 4.16 and N-acetyl propionaldehyde acetal (4.17)
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Scheme 4.30. Synthesis of imine model compound 8.
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Compound 4.16 (20 mg, 0.049 mmol) and 4.17 (9.3 mg, 0.049 mmol) were dissolved in 2
ml DCM and 2 ml TFA. Resulting reaction mixture was left to stir at room temperature for 24
hours. No purification was done and the NMR of the crude product was taken. 'TH-NMR, DMSO-
de; 8 12.36 (1H, s), 11.55 (1H, s), 8.14-8.13 (1H, t), 8.07-8.04 (1H, t), 7.56-7.55 (1H, t), 3.83-3.57
(10H, m), 3.31-3.26 (2H, q), 2.61-2.59 (3H, d), 2.51-2.41 (4H, m), 1.80 (3H, s). 3 C-NMR, DMSO-

des; 6 171.1, 170.0, 161.6, 154.7, 154.3, 151.8, 66.2, 44.6, 37.0, 36.0, 34.4, 33.2, 25.9, 23.0

4.6.25 Reaction of macrocycles 1e1, 2¢2, and 1e2
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Scheme 4.31. Synthesis of macrocycles 1e1, 202, and 1e2

Compound M2 (95 mg, 0.19 mmol) and compound M1 (87 mg, 0.19 mmol) were dissolved
in a 3 ml DCM and 3 ml TFA in a small flask equipped with stirring bar. Resulting solution was
left to stir at room temperature for 48 hours. Crude product was then washed with 3 ml DCM (x2)
and filtered. The precipitates were washed with 0.5 ml MeOH (x2). Precipitates were dried under
vacuum to afford 121 mg of mixture of 1e1, 102, and 2e2 as white solid. M/Z: MS (ESI/Q-TOF)

m/z (1.2): [M+H]" Caled for Ca3H34N1604 598.29; Found 599.33.

4.6.26 Synthesis of macrocycles 33, 3¢5, and Se5

Compound M3 (90 mg, 0.192 mmol) and compound M5 (98 mg, 0.192 mmol) were

dissolved in equal mixture of 2 ml of DCM and 2 ml of TFA in a small flask. Solution was left to
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stir for 24 hours at room temperature. Mass spectrum of crude product indicate the formation of

303, 3¢5, and Se5. In addition, their formation was confirmed by HPLC analysis.

4.6.27 Synthesis of macrocycles 1e1, 1e4, and 4¢4

Compound M1 (8.5 mg, 0.018 mmol) and compound M4 (9.3 mg, 0.018 mmol) were
dissolved in equal mixture of 1 ml of DCM and 1 ml of TFA in a small flask. Solution was left to
stir for 24 hours at room temperature. Mass spectrum of crude product confirmed the formation of

le1, 164, and 4e4. In addition, their formation was confirmed by HPLC analysis.

4.6.28 Synthesis of macrocycles 11, 16, and 696

Compound M1 (10 mg, 0.02 mmol) and compound M6 (11 mg, 0.02 mmol) were dissolved
in equal mixture of 1 ml of DCM and 1 ml of TFA in a small flask. Solution was left to stir for 24
hours at room temperature. Mass spectrum and HPLC analysis of crude product indicated the

formation of 11, 166, and 6¢6.

4.6.29 Synthesis of macrocycles 1e1, 105, and Se5

Compound M1 (9 mg, 0.019 mmol) and compound M5 (9.8 mg, 0.019 mmol) were
dissolved in equal mixture of 1 ml of DCM and 1 ml of TFA in a small flask. Solution was left to
stir for 24 hours at room temperature. After slow evaporation of solvents, HPLC and mass
spectrum was taken without further purifications. Mass spectrum of crude product indicate the

formation of 1e1, 15, and 5e5. In addition, their formation was confirmed by HPLC analysis
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4.6.30 Synthesis of macrocycles 22, 206, and 606

Compound M2 (22.7 mg, 0.05 mmol) and compound M5 (23.3 mg, 0.05 mmol) were
dissolved in equal mixture of 2 ml of DCM and 2 ml of TFA in a small flask. Solution was left to
stir for 24 hours at room temperature. After slow evaporation of solvents, HPLC and mass
spectrum was taken without further purifications. Mass spectrum of crude product indicate the

formation of 262, 26, and 6#6. In addition, their formation was also confirmed by HPLC analysis.

4.6.31 Synthesis of mixture of 14-21 macrocycles

Compounds M(1-6) in equal moles of M1 (40 mg, 0.09 mmol), M2 (43.7 mg), M3 (41.2
mg), M4 (45 mg), M5 (45 mg), and M6 (46.1 mg))were dissolved in 5 ml DCM and 5 ml TFA.
The resulting solution was left to stir at room temperature for more than 48 hours. No purification
was done and HPLC was run of the crude sample. HPLC chromatogram shows the formation of
at least 14 products. In addition, LC-MS also shows the formation of at least 14 macrocycles based
on the number of peaks and molar masses of macrocycles. However, identification of the peaks is

an undergoing investigation.
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Chapter 5: Conclusions and future work

Triazinyl hydrazones: Triazinyl hydrazones have been found to be more stable at low pH
compare to acyl hydrazones. Hydrazones have been used in drug delivery. However, 1,3-diketones
could not be used as they make stable pyrazole or hemiaminal ring. Our designs N-substituted
triazinyl hydrazines preclude the formation of pyrazole or hemiaminal rings. The reaction of N-
substituted triazinyl hydrazine with 1,3- diketone formed open chain hydrazone that contains enol

functional group.

R>_ R
~N R
N\ />—N: 1 Rj ,\l>/7’\l\>,,\l‘|:‘1 __ a R¢ =H, CHs, CgHs
>N N= »=N ‘N:(_<R4
R R R Rs
5.1 5.2

Figure 5.1. General structure of triazinyl hydrazones synthesized.

The analogy of creating an open chain hydrazone with enol functional group can be used
in future for delivering drugs that contain 1,3-diketones.

Hemiaminal: Literature reports various examples of hemiaminals. Here, we used triazine
chloride as core to create stable cyclic hemiaminals in ethanol under acidic conditions. This
observation underscores the influence of adopting both a strong electron withdrawing group and a
hydrogen bond acceptor as design criteria. We conclude the presence of both a hydrogen bond and
a strong electron withdrawing group produce a stable hemiaminal. Absence of any one of two

requirements will not produce a stable hemiaminal.
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Figure 5.2. General structure of stable hemiaminals synthesized.

Hemiaminals were found to be stable at room temperature in acidic ethanolic solutions
(HCI, glacial acetic acid, pTSA, and H2SOs). Refluxing for three hours hemiaminals in solutions
of diisopropylethylamine or pyridine led to no change. However, the hemiaminals containing
hydrogen-bond acceptor and CF; required acid and elevated temperature to convert to respective
pyrazole derivatives.

The experimental findings are in agreement with computational data recorded by Arshad
Mehmood of Dr. Janesko group. Stability at room temperature across a range of pH values as well
is in neat glacial acetic acid suggests that these structures might have general utility in a range of
applications.

Macrocycles: We designs a synthetic method using triazine chemistry to form macrocycles
of various ring sizes in high yields and purity. Self-assembly of two triazine monomer units
containing an amine and aldehyde functional group promotes the formation of the large
macrocycles of rings 22-28 atoms. Two hydrazone groups are used to connected two monomer
units. The synthesis of macrocycles appears to be independent of the concentration of starting

material.
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Figure 5.3. General structure of macrocycles synthesized. R1 = H, CHs, or other alkyl groups.
Macrocycles made in this project are rather flexible and do not necessarily translate the

size of the core of ring. Flexibility of these macrocycles also makes it challenging to determine the

solution conformation. Macrocycles can be made rigid by incorporating the use of aliphatic and

aromatic rings as linkers.
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Synthesis of Novel Architectures from Triazinyl Hydrazines and
Various Carbonyl Compounds

Abstract

The pH labile nature of hydrazones has made them useful in various fields from material
to medical science.! Here, explorations of triazinyl hydrazones are reported. Three different
projects will be described; the hydrolysis of novel triazinyl hydrazones, the synthesis of
remarkably stable hemiaminals, and the creation of macrocycles derived from hydrazone dimers.

Novel triazinyl hydrazones. Elaborating on previous work,? the role of N-alkylation on
hydrazone hydrolysis was studied using ArNHNH», ArN(CH3)NH> and ArN(Ph)NH> wherein Ar
is a triazine ring. The study relied on four different carbonyl donors. The use of diketones affords
an opportunity to study the effects of intramolecular hydrogen bonding when N-alkylhydrazines
(which preclude pyrazole formation) are employed. Hydrolysis rates were measured by high
performance liquid chromatography (HPLC) using an established competitive exchange reaction
relying the presence of an excess of formaldehyde.? The studies show that the presence of methyl
group increases hydrolysis rates when compared to phenyl (which is similar) and to unalkylated
hydrazones which proceed most slowly.

Stable hemiaminals. During the synthesis of hydrazones, stable cyclic hemiaminals were
observed. Cyclic hemiaminals are obtained from acidic conditions using an aromatic ring
containing hydrogen bond acceptor and diketones with strong electron withdrawing groups.*’
Triazine ring provides three hydrogen bond acceptors and, hence, used to create stable cyclic
hemiaminals under acidic conditions. By surveying a range of 1,3-diketones, stability is attributed
to the effect of hydrogen bonding and the presence of a strong electron withdrawing group
(trifluoromethyl). Using resistance to dehydration as a surrogate for stability, these hemiaminals

survives in ambient, neat glacial acetic acid for long periods of time and requiring reflux for



conversion to the corresponding pyrazole. DFT calculations corroborate design criteria that are
crucial for the stability.

Macrocycles. Finally, an earlier report from the Simanek group identified three
macrocycles that derive from dimerization of a protected triazinyl hydrazine bearing an acetal
when exposed to acid.® The resulting bishydrazone presented 24 atoms in a ring. The simplicity
of monomer preparation and the nearly quantitative yields of product led to the question of whether
rings of varying sizes could be prepared. Ring size is readily manipulated by changing the tether
between the acetal and triazine ring which contains an amino acid and an amino acetal. For these
studies, 6 monomers were prepared using glycine and f-alanine along with acetals including the
2-carbon aminoethyl acetal, the 3-carbon aminopropyl acetal, and the 4-carbon aminobutyl acetal.
Treatment with trifluoroacetic acid and slow evaporation of solvent yielded macrocycles that are
characterized by x-ray diffraction, 'H and '3C NMR spectroscopy, mass spectrometry and HPLC.
Macrocyclic homodimers of ring sizes of 22-28 atoms were obtained in high yield. In addition,
when a 1:1 mole ratio of different monomers were mixed, heterodimeric macrocycles with odd-
numbered ring sizes (23-27 atoms) were also made. Solid state structures and solution state NMR
studies suggest that these macrocycles form networks of hydrogen bonds and might be templated
by protonation.
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