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Synthesis of a-lactams, their stability, in sifu generation, ring opening and
expansion reactions are discussed in this introduction. C-N bond formation and N-

functionalization of indoles are also discussed briefly.

1.1 Synthesis of a-lactams.

The first in situ generation of a-lactams was reported by Baumgarten and
coworkers in 1961.'® N-tert-butyl-N-chlorophenylacetamide (2) treated with potassium -
butoxide generated N-tert-butyl-phenylaziridinone (3) in situ which subsequently reacted
with ~-BuO nucleophile to afford two distinct ring opening products of the a-lactam 3
(Scheme 1.1). In addition, they used IR spectroscopy for the first time to characterize the

a-lactams. The carbonyl stretching frequency of a-lactam which was observed at 1847

cm! is in accord with the theoretically predicted frequency (1790-1840 cm™).!”
o} 0 o
.Bu-t t- _Bu-t t-BuOK
'T‘ u-t t-BuOCI ll\l u N
H H H Cl Bu-t
1 2 |3
£ BUOH t-BuOH
t-BuOK
O O
-Bu-t OBu-t
|
tBuo H tBu
4 5

Scheme 1.1  First in situ generated N-tert-butyl-phenylaziridinone (3) and its ring
opening reactions



The same research group reported the first isolated o-lactam in 1962.'8
Cyclization of intermediate 2 with -BuOK afforded a-lactam 3 with 31% isolated yield
(Scheme 1.2).'"® The purified 3 appeared to be moderately stable and could be stored in a

freezer for several weeks.

o)
t-BuOCI @ Bu-t| tBUOK
t-BuOK N

H Cl

2

Scheme 1.2 Synthesis of N-fert-butyl-phenylaziridinone (3)

a-lactams can be prepared by either using a-haloamides or N-haloamides as
starting materials. Sheehan and coworkers reported the using of a-haloamides as starting
material for synthesis of a-lactams (Scheme 1.3, path (a)) were better than the using of N-
haloamides (Scheme 1.3, path (b)) for two reasons.!”!? (1) It is easier to separate the a-
lactam formed from a-haloamide than N-haloamide due to the solubility difference
between the starting materials and products (2) the anion formation is more favored when

the negative charge is situated on the nitrogen atom than when it is on a-carbon atom.!”



R,

Scheme 1.3 Synthesis of a-lactams from a-haloamides and N-haloamides

Later, Sheehan and co-workers reported a high yield preparation of 1,3-di-tert-
butylaziridinone (8) using a-haloamide 6 and +-BuOK (Scheme 1.4).2° The a-lactam 8

exhibit higher stability than the a-lactam 3. As a result, 8 can be distilled under reduced

pressure and purified by column chromatography.!”-*
O o o
t-Bu W)k But tBUOK | t-Bu 7_<\N—Bu—t - /AN
B E - Br 0] t-Bu “Bu-t
"
6 - .

Scheme 1.4  Synthesis of 1,3-di-tert-butylaziridinone (8)



Besides above methods, Sheehan and co-workers reported another approach to the
preparation of 8 using dichlorocarbene and N-neopentylidene-tert-butylamine (9)
(Scheme 1.5).2° However, this method gave only the very low yield of 8 (1%) which was

rationalized by the strong steric hindrance of the C-N double bond in 9.

Cl Cl 0]

[ ce ] H,O
P _Bu-t + |: |2 N.
t-Bu N t-Bu Bu-t NaHCO; t-Bu N\Bu—t
9 10 8
(trace)

Scheme 1.5  Attempted synthesis of 8 using dichlorocarbene

Another method for synthesis of a-lactam was reported by Miyoshi in 1970.%!
Dehydration of N-carbobenzoxy amino acid (11) using phosgene (COCl.) afforded 1-
carbobenzoxy-3-benzylaziridinone as crystalline materials (12, Scheme 1.6).

Unfortunately, they did not provide the yield of the a-lactam.

! 2. NEt,

HO N)?\O/\Q 1. COCl, @NTOQ
o

11 12

Scheme 1.6  Synthesis of 1-carbobenzoxy-3-benzylaziridinone (12)

Currently, there are two practical methods used to synthesize a-lactams.’



1.1.1 (1) Cyclization by dehydrohalogentaion of a-haloamides.

The most common approach to the synthesis of a-lactam is the base-induced
cyclization of a-haloamides by bases like -BuOK, -BuONa, KOH and NaH. The
corresponding a-lactams are formed by an abstraction of the acidic hydrogen from the

nitrogen of o-haloamide and subsequent displacement of a-halide (Scheme 1.7).7%17 22

N_R3 R1

2
iv
~ (@)
z
Z
Ve
0]
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Z

Scheme 1.7  The base induced cyclization of a-haloamides

1.1.2 (2) Cycloelimination of N-sulfonyloxy substituted amides.

In this method, N-sulfonyloxyamides are converted to the corresponding a-lactam

by base promoted 1,3 elimination (Scheme 1.8).!12324

o 0
Ri [
R &L
R, %N/OSOZR VA
<H Rs R,
B

Scheme 1.8  Base promoted 1,3 elimination of N-sulfonyloxyamide



1.2 Stability of a-lactams

The carbonyl group of a-lactams adds additional strain to the a-lactam ring as
compared to aziridines and epoxides, making them highly reactive.?> The calculated
strain energy of a-lactam is approximately 41 kcal mol!.2%?” Most of the known a-
lactams have been stabilized by bulky groups such as tert-butyl or 1-adamantyl on
nitrogen atom and C-3 position.” a-lactams with two bulky groups have shown more
stability than their analogs with one bulky group. The enhanced stability may be due to
the steric hindrance at the usual reaction sites.!” The higher the steric hindrance of the
substituent group on both the nitrogen atom and a-carbon atom, the greater the thermal
stability of a-lactam. However, the ease of thermal decomposition does not only depend
on steric effect but also on the presence or absence of at least one B-hydrogen in the alkyl
group at the C-3 position. a-lactams with at least one B-hydrogen such as 1-tert-butyl-
3,3-dimethylaziridinone (13) decompose quickly in refluxing ether, producing a-f3
unsaturated amides 14 via B-hydrogen elimination (Scheme 1.9).!7 In contrast, a-lactam
8 that does not have any B-hydrogen atoms stabilized by two bulky zers-butyl groups,

starts decomposing at ca.140 °C (Scheme 1.10).
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Scheme 1.9  Thermal decomposition of 13
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Scheme 1.10 Thermal decomposition of 8

In addition, a-lactam 3 starts to decompose at 105 °C and produces benzaldehyde
(20), tert-butyl isocyanide (15) and trace amounts of N-benzylidene-tert-butylamine (21)

and carbon monoxide (Scheme 1.10)."”
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Scheme 1.11 Thermal decomposition of 3

Nonetheless, if stability depends only on steric effect, 3 would be expected to
have similar stability as a-lactam 22 (Figure 1.2) because the steric congestion in these
two compounds is not very different. In fact, a-lactam 22 could not be prepared, but a
moderately stable a-lactam 3 can be isolated. Hence, the other factors such as electronic
effects also influence the stability of o-lactams.!’

Only a few o-lactams with aryl groups on C-3 were reported up to date.”-17-26:28-34
Some of those were isolated in low yields even with the fast workup procedures. In
addition to the synthesis of a-lactam 3, Baumgarten and coworkers reported other phenyl
substituted a-lactams at C-3 such as 3-p-chlorophenyl (23), 3-p-bromophenyl (24) and 1-
tert-butyl-3,3-diphenylaziridinones (25, Figure 1.2 ). Also, 1-tert-butyl-3(4-
biphenyllyl)aziridinone (26) was prepared via the corresponding a-chloroamide only in
impure form, because it was not stable enough to be purified under usual conditions. In

addition, an attempted synthesis of a-lactam 27 from N-tert-butyl-p-nitrophenylacetamide

was unsuccessful.



22 23 24

25 26 27

Figure 1.2 Phenyl substituted a-lactams

Therefore, some a-lactams which contain phenyl group at the C-3 position are
less stable and nonisolable.”>! Nevertheless, many o-lactams can be generated in situ and

react without the need for isolation. %1922

1.3  Nucleophilic ring opening reactions of a-lactams

Various types of reactions of a-lactams were reported in literature such as

reductions*®, reaction with Grignard reagent*®

and tert-butyl lithium®’, alkylation®,
pyrolysis®, nucleophilic ring opening® etc. Among the reported reactions, nucleophilic
ring opening reactions of a-lactams with various nucleophiles containing N, O, and S
heteroatoms have been studied extensively.®!” Nucleophile can attack a-lactams either
on the sp® hybridized carbon (C-3) to give secondary amide as a product or on the acyl
carbon (C-2) to give 2-amino acid derivatives (Scheme 1.11).5!122 In particular, various

generalizations were stated for the regioselectivity of a nucleophilic ring opening reaction

of a-lactams.
10
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Scheme 1.12 Two paths of nucleophilic ring opening of a-lactams

In 1968, Sheehan and coworkers reported that selectivity of the ring opening
mainly depends on the nature of the incoming nucleophile.!” Reactions with neutral
protic nucleophiles such as water, alcohols, thiols, amines and mineral acids formed
amides resulting from the alkyl-nitrogen (C-3-N) bond cleavage. On the other hand,
anionic aprotic nucleophiles cause a rupture of the acyl-nitrogen (C-2-N) bond to give
amino acid derivatives as the major product. However, in 1998, Yusoff and coworkers
reported that steric factors also play a significant role in the regioselectivity of the
nucleophilic ring opening of a-lactams.'® Strong, unhindered nitrogen nucleophiles tend
to rupture the C-2-N bond, whereas sterically hindered, weaker nucleophiles favor a
scission of the C-3-N bond. However, aprotic nucleophiles containing O and S exhibit
considerable variation in regioselectivity. In addition, hardness/softness of the
nucleophile also effects the regioselectivity of the ring opening reactions.!® Soft
nucleophiles like iodide ion attack the soft alkyl carbon of a-lactam and hard
nucleophiles such as alkoxide prefer to attack the harder acyl carbon. Clearly, the

generalization was not established for the regioselective ring opening of a-lactams.

11



1.4 Transition metal catalyzed ring expansion of a-lactams

Transition metal catalyzed reactions like cycloaddition®, cyclization*!,
coupling®?, ring expansion®®, isomerization**, free radical additions**, electrophilic
addition*® and nucleophilic ring opening reactions*’ have been studied recently. These
reactions exhibit a much higher stereo-, regio- and chemo selectivity than the alternative
metal free synthetic methodology.

Transition metal catalyzed ring expansion reactions of a-lactams have not been
reported widely and to the best of our knowledge, only one example is available in the
literature. Roberto and co-workers reported that a-lactam 8 was converted to azetidine-
2,4-dione using Rh(I) and Co(0) complexes. Ring expansion of 8 with Rh(I) was
catalytic and with Co(0) stoichiometric.*® The treatment of 8 with CO in the presence of
catalytic amount of [Rh(CO),Cl]. in dry benzene afforded azetidine-2,4-dione (28) in

quantitative yield (Scheme 1.12)

O
CcO
t-Bu N—Bu-t
[Rh(CO),Cl],
or o
Coy(CO)g
28

Scheme 1.13 Rhodium catalyzed ring expansion of 1,3-di-fert-butylaziridinone

A proposed mechanism for the ring expansion reaction of 8 is outlined in Scheme

1.13. Insertion of Rh(I) into the C-3-N bond of 8 gives 29 which undergo ligand

12



migration to yield 30. The addition of CO to 30 followed by reductive elimination of

[Rh(CO)Cl] of 31 affords the azetine-2,4-dione 28.

(o) o) Bu-t Q
[Rh(CO),Cl]» \\‘Ce—\ ligand Cl~RH Bu-t addition of
J-LN insertion CI-Rh O Mmigration oc Cco
/ —
t-Bu “Bu-t oc N ted 0
Bu-t

8 29 30

0]
oc reductive Q
CI-RH Bu-t elimination B N—Bu.t

Gy —_— -Bu —Bu-

ocC N
t-Bu O 0

31 28

Scheme 1.14 Possible mechanism for the ring expansion of 1,3-di-fert-butylaziridinone
with [Rh(CO):Cl]2

In addition, treatment of a-lactam 8 with an equimolar amount of Co2(CO)s in
benzene overnight at 65 °C under nitrogen afforded 28 in 90% yield.** The proposed
reaction pathway is outlined in Scheme 1.14. The a-lactam 8 induced the
disproportionation of Co2(CO)s to yield complex 32. The cationic portion of 32
rearrange to the metallacycle 33 and undergo ligand migration to afford complex 34.
Afterward, the reaction of 34 with an excess of Co2(CO)g and 8 would give product 28

with CO and complex 35 as by-products.

13
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t-Bu o 12 JN 0
t-Bu “Bu-t
0=k N-But || cocop| —————= 28+ 7CO + 2(Co( /Y, elICO(COML
(CO); 2 Co,(CO)g t-Bu Bu-t
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Scheme 1.15 Possible reaction pathway for the ring expansion of 8 with Co2(CO)g

1.5  Ring expansions of aza-oxyallyl cation

In addition to the metal catalyzed ring expansion of a-lactams, ring expansion of
aza-oxyallyl cation was also reported. Aza-oxyallyl cation is one of the proposed
intermediates in a-lactam chemistry.®#*>? Jeffery and co-workers reported the first
example of [4+3] cycloaddition of aza-oxyallyl cation with cyclic dienes (Scheme

1.15).51-53

Scheme 1.16 [4+3] cycloaddition of aza-oxyallyl cation

14



Most recently DiPoto and co-workers reported indole (3+2) dearomative

annulation reactions involving aza-oxyallyl cation (Scheme 1.16).3

;?4
R
? > Reen 3 @S
Br N-OBn OB wRZ — o
I © Z N NTEN
R R Reppn

Scheme 1.17 (3+2) dearomative annulation of aza-oxyallyl cation

1.6 N-Functionalization of Indoles and C-N bond formation

Indole framework is found in a variety of biologically active compounds (Figure
1.3).5%7 Therefore, development of novel methods for selective functionalization of
indole has drawn much attention. While most of the research has focused on C-3
functionalization, several methods have also been developed for the V-
functionalization.®%? Since initial publications of Buchwald-Hartwig amination reaction,
transition metal catalyzed C-N bond formation has been one of the most utilized

transformation in organic synthesis.%*-%
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Figure 1.3 Examples of biological active N-functionalized indole derivatives

In this introduction, we have reviewed several methods of a-lactams preparation,
their stability, nucleophilic ring opening reactions, transition metal catalyzed ring
expansions and C-N bond formation. We have incorporated some of these concepts to
develop a new methodology for transition metal catalyzed regioselective C-N bond

formation between a-lactams and indoles.

1.7 Research goals

Nitrogen-containing heterocyclic compounds are extremely important due to their
abundance in natural products and synthetic organic compounds that show biological
activities. The construction of the C-N bond containing aromatic compounds is
particularly important in areas of biologically active compounds. Initially, Rowland’s
group has developed a methodology for rhodium-catalyzed regioselective coupling of
highly stable 1,3-di-fert-butylaziridinone and 3-(tert-butyl)-1-tritylaziridinone with indole

derivatives to construct the new class of compounds which possessed C-N bond and the

16



amino amide function (Figure 1.4). Based on the success of this methodology, we turned

our attention to utilize this concept to less stable phenyl substituted a-lactams.®

H 0
= t—Bu\Hk R
R1©L/’\/>R2 N

(0]
N H
N. 2
t-Bu R [Rh(COD)CIl, 1{ \ 7R?
benzene R~
MW, 160 °C
25 min

R = t-butyl or trityl

Figure 1.4  Reaction of 1,3-di-fert-butylaziridinone and 3-(tert-butyl)-1-
tritylaziridinone with indoles

Herein we report a new method development for the rhodium catalyzed coupling
of less stable phenyl substituted a-lactams with indoles. All the phenyl substituted a-
lactams were generated in sifu and subsequently reacted with the indoles in the presence
of rhodium catalyst. The developed method provides an atom-economical approach for
the formation of C-N bond containing substituted a-amino amides with good to excellent
yields.

Chapter II discuss the synthesis of a-bromoamides, optimizations of reaction
conditions, the scope of indole derivatives, the scope of a-lactams and the proposed
catalytic cycle.

Chapter III focuses on experimental procedures and characterization of newly
synthesized compounds.

NOTE: This work and the rhodium catalyzed coupling of stable a-lactams with

indoles has been published in Tetrahedron 2014, 70, 9709-9717.5
17



CHAPTER 1II

RHODIUM CATALYZED COUPLING OF IN SITU GENERATED ALPHA-

LACTAMS WITH INDOLES: RESULTS AND DISCUSSION

After the initial findings of the rhodium catalyzed C-N bond formation between
the C-3 carbon atom of stable a-lactams and the nitrogen atom of indole derivatives, we
turned our attention to the less stable phenyl substituted a-lactams to expand the scope of
this methodology. As mentioned in the Introduction, in sifu generation is a useful tool for

utilization of the less stable a-lactams in nucleophilic ring opening reactions.

2.1 Synthesis of a-bromoamides

In this work, all a-lactams were generated in situ by a-bromoamides as a starting
material. All the a-bromoamides reported herein were prepared using a modified

procedure reported by Baumgarten and coworkers in 1985 (Scheme 2.1).%

Rz Rig PCl; / SOCI, R, Rig
Ly Ba m DIPEA, t-BuNH, m s
- .bu
R " 790cisn K CHCl1t,35h RS I N
]
35-42 43 - 50

Scheme 2.1  Synthesis of a-bromoamides (43-50)

Synthesis of a-bromoamides begins with well-known Hell-Volhard-Zelinsky

reaction. Phenylacetic acid derivatives (35-42, Table 2.1) treated with PCl3 or SOCl; in
18



the presence of Br; to afford corresponding a-bromophenylacetyl chlorides. The a-
bromophenylacetyl chlorides were then treated with fert-butylamine and
diisopropylethylamine in DCM to yield a-bromoamides (43-50) in low to moderate
yields (Table 2.1). The unsubstituted phenylacetic acid (35, entry 1), and m-CF3
substituted phenylacetic acid (41, entry 7) provided the highest yields of a-bromoamides.
A drop in yield was noted for the m-chloro-substituted compound (47, entry 5).
However, p-chloro-substituted phenylacetic acid (37) provided the higher yield of a-
bromoamide (45) than the m-chloro analogs (entry 3). p-fluoro and o-iodo substituted
compounds (36 and 42 respectively) provided moderately high yields of a-bromoamides
(44 and 50 respectively, entry 2 and 8). In addition, p-bromo and p-methyl phenylacetic
acid (38 and 40 respectively) provided the lowest yields of a-bromoamides (46 and 48
respectively) when comparing to other para-substituted phenylacetic acid derivatives
(entry 4 and 6). The reactions seem to be not very sensitive to the structure and/or

electronic properties of the substituents.
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7.6 Synthesis of 137

Nal, TMSCI
rt, 24h

148b = anti

Scheme 7.5  Synthesis of bis-corannulenoanthracene (137)

38 mg (0.058 mmol) of a mixture of 148a/148b, 87 mg (0.580 mmol) of Nal and
74 puL (0.580 mmol) of TMSCI in 12 mL of degassed CH3CN: DCM (1:1) was stirred for
24 h at room temperature under nitrogen. The bright red color suspension was filtered
through filter paper, washed several times with degassed DCM and dried under vacuum
and directly used for the next step; Yield 83%, 30 mg; Red solid; IR: 3024, 1615, 1417,
1396, 1286, 1209, 913, 825, 790, 675, 637 cm™'; HRMS (APPI) m/z calculated for [M]";
CsoH22: 622.1722 found: 622.1721. Very low solubility of 137 in common deuterated

solvents prevented its characterization by NMR.

7.7 Synthesis of 149

Xylene
reflux, 24h

149

Scheme 7.6 ~ Synthesis of molecular receptor 149
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A suspension of 25 mg of bis-corannulenoanthracene 137 with ca.10 fold excess
of maleic anhydride was heated under reflux in 20 mL of degassed xylene for 24 h. After
this time reaction mixture was cooled, washed with water and brine solution (3 times).
The organic layer dried with anh. Mg>SO4 and solvent removed under reduced pressure.
The residue was chromatographed on silica gel with DCM. Yield 52%; 15 mg; Light
yellow solid; "H NMR (600 MHz, CDCls) & 3.82 (s, 2H), 5.41 (s, 2H), 7.75-7.79 (m, 4H),
7.80 (q, J = 8.4 Hz, 4H), 7.85 (d, J = 8.4 Hz, 2H), 7.93 (d, J = 8.4 Hz, 2H), 8.15 (d, J =
8.4 Hz, 2H), 8.21 (d, J = 8.4 Hz, 2H), 8.69 (s, 2H), 8.74 (s, 2H); '*C DEPT-Q135 (600
MHz, CDCl3) 6 45.9, 48.3, 121.0, 121.9, 124.0, 124.2, 127.1, 127.1, 127.2, 127.2, 127.2,
127.6, 127.8, 128.3, 128.3,128.4, 130.5, 130.5, 130.7, 130.8, 132.3, 132.7, 134.7, 135.2,
135.3, 136.6, 137.4, 139.1, 170.3; IR: 3040, 2961, 2923, 2851, 1867, 1778, 1440, 1260,
1223, 1073, 1020, 918, 830, 802, 674 cm’!

HRMS (APPI) m/z calculated for [M]"; CssH2403: 720.1725; found: 720.1715

7.8 "H NMR titration experiment of clip 149 with Ceo in chlorobenzene-ds

A stock solution of 149 was prepared by dissolving 0.25 mg of the clip 139 in
1.00 mL of chlorobenzene-ds (3.47 x 10* M). 600 uL of the above solution was
subsequently titrated with 10, 20, 30, 40, 50, 60, 70, 80, 100, 150, 200, 300, 400, 500 and
1500 pL of 1.37 x 107 M solution of Ceo in chlorobenzene-ds and 'H NMR spectra were
recorded after each addition. Association constants K; and K> were estimated from the

changes in chemical shifts using the non-linear curve fitting tool in Origin 8.0.
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Table 7.1

Ceo added (ul)

'H NMR titration data for C¢o@149 in chlorobenzene-ds

0

10

20

30

40

50

60

70

80

100

150

200

300

400

500

1500

[10] M
0.000347
0.000341
0.000336
0.000330
0.000325
0.000320
0.000315
0.000311
0.000306
0.000297
0.000277
0.000260
0.000231
0.000208
0.000189

0.000099

122

[Ceo] M
0
0.0000225
0.0000442
0.0000652
0.0000856
0.0001054
0.0001245
0.0001431
0.0001611
0.0001957
0.0002740
0.0003425
0.0004567
0.0005480
0.0006227

0.0009786



Table 7.1 (Continued)

Proton A Ad of A Proton B Ad of B Proton C Ad of C

(ppm) (Hz) (ppm) (Hz) (ppm) (Hz)
8.62 0.00 8.62 0.00 8.175 0.00
8.616 2.40 8.616 2.40 8.173 1.20
8.611 5.40 8.611 5.40 8.171 2.40
8.607 7.80 8.607 7.80 8.169 3.60
8.603 10.2 8.603 10.2 8.167 4.80

8.6 12.0 8.6 12.0 8.1655 5.70
8.597 13.8 8.597 13.8 8.164 6.60
8.593 16.2 8.593 16.2 8.163 7.20
8.591 17.4 8.591 17.4 8.161 8.40
8.586 20.4 8.586 20.4 8.16 9.00
8.577 25.8 8.577 25.8 8.156 11.4
8.57 30.0 8.57 30.0 8.153 13.2
8.562 34.8 8.559 36.6 8.149 15.6
8.558 37.2 8.552 40.8 8.146 17.4
8.554 39.6 8.547 43.8 8.144 18.6
8.54 48.0 8.531 53.4 8.139 21.6
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Table 7.1 (Continued)

Proton D Ad of D Proton E Ad of E Proton F Ad of E
(ppm) (Hz) (ppm) (Hz) (ppm) (Hz)
7.847 0.00 5.323 0.00 3.550 0.00
7.845 1.08 5.321 1.20 3.556 3.60
7.844 1.74 5.317 3.60 3.563 7.80
7.843 2.40 5314 5.40 3.568 10.8
7.841 3.60 5.311 7.20 3.573 13.8

7.84 4.20 5.308 9.00 3.578 16.8
7.839 4.80 5.306 10.2 3.583 19.8
7.838 5.40 5.304 11.4 3.587 22.2
7.837 6.00 5.303 13.2 3.591 24.6
7.836 6.60 5.299 14.4 3.598 28.8
7.833 8.40 5.293 18.0 3.610 36.0
7.831 9.60 5.288 21.0 3.620 42.0
7.828 11.4 5.281 25.2 3.635 51.0
7.826 12.6 5.276 28.2 3.644 56.4
7.825 13.2 5.273 30.0 3.652 61.2
7.821 15.6 5.263 36.0 3.675 75.0
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Table 7.1 (Continued)

Mole fraction (MR) MR X Ad (Hz) of A MR x Ad of B MR x Ad of C

1.000 0.000 0.000 0.000
0.9382 2.258 2.252 1.126
0.8836 4.772 4.772 2.121
0.8351 6.514 6.514 3.006
0.7916 8.074 8.074 3.800
0.7523 9.028 9.028 4.288
0.7169 9.893 9.893 4.731
0.6846 11.09 11.09 4.929
0.6550 11.40 11.40 5.502
0.6030 12.30 12.30 5.427
0.5032 12.98 12.98 5.736
0.4317 12.95 12.95 5.698
0.3361 11.70 12.30 5.244
0.2752 10.24 11.23 4.789
0.2330 9.228 10.21 4.334
0.0920 4.414 4911 1.986
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Table 7.1 (Continued)

Mole fraction (MR) MR x Ad of D MR x Ad of E MR x Ad of £

1.000 0.000 0.000 0.000
0.9382 1.013 1.126 3.378
0.8836 1.538 3.181 6.893
0.8351 2.004 4.509 9.019
0.7916 2.850 5.699 10.92
0.7523 3.160 6.771 12.64
0.7169 3.441 7.312 14.19
0.6846 3.697 7.804 15.20
0.6550 3.930 8.646 16.11
0.6030 3.980 8.683 17.38
0.5032 4.226 9.057 18.11
0.4317 4.144 9.065 18.13
0.3361 3.832 8.471 17.14
0.2752 3.468 7.762 15.52
0.2330 3.076 6.990 14.26
0.0920 1.435 3.310 6.899

7.9  Preparation of silica

Cab-O-Sil (5 g) was refluxed with concentrated HC1 (100 mL) for 6 h. After this
time, silica was filtered, washed with water and dried at 150 °C under vacuum for 24 h.

IR: 810 cm™ (Vsi-0-si bending), 1100 cm™! (Vsi-0-si streching), 3700-3000 cm™! (vsi-on and vi20)
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7.10 Modification of silica surface with APTES linker

NH NH NH
NH, ? 2 > 2 2
> Si Si Si
i SN
OH OH OH Et0" 1Ot 0 5N 070 ot EO7 0 okt
[ | OEt L 1 |
| silica | Toluene silica
80 °C
overnight

Scheme 7.7 Modification of silica surface with APTES linker

The dried Cab-O-Sil (2 g) was suspended in 100 mL anhydrous toluene and 6 mL
of (3-aminopropyl)triethoxysilane (APTES) under nitrogen at 80 °C overnight.'*® The
mixture was then sonicated for 20 min, filtered, washed with toluene, DCM, DMF,
acetone, CH30H, cyclohexane, again with DCM and dried at 60 °C under vacuum for 24
h. The dried APTES modified silica was characterized by DRIFT, TGA, and elemental
analysis. IR: 1488 cm™ (Vc-H bending), 1560 cm-1 (VN-H bending), 2850-3000 cm™! (v

stretching), 3299 cm™! and 3367 cm™ (vnm2)
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7.11  Synthesis of cycloadduct 151

0]
o 0]
REa
reflux
103 24 h 151

Scheme 7.8  Synthesis of model compound 151

Cycloadduct 151 was synthesized using previously reported procedure. !>

7.12 Immobilization of adduct 151 on APTES modified silica

NH, N
> ; ’
Si Si
2N
0700 0”60
[ 1] L1
| silica l Toluene | silica |
NEt,
reflux, 24 h

Scheme 7.9  Immobilization of model compound on APTES modified silica

50 mg of APTES modified silica, cycloadduct 151 (20 mg) and triethylamine (50
pL) was stirred in anhydrous toluene (20 mL) under reflux for 24 h.!3® After this time

mixtue was sonicated for 20 min, filtered and the silica was washed with toluene, DCM,
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acetone, MeOH and again with DCM. The adduct 151 immobilized silica was dried
under vacuum at 60 °C for 24 h. The dried 151 grafted silica was characterized by
DRIFT, TGA and elemental analysis. IR: 1697 cm™ and 1770 cm™ (vc=0 imide), 2900-

3000 Cm-l (Valiphatic C-H stretching), 3000-3100 Cm-l (Varomatic C-H stretching)-

7.13 Immobilization of clip 149 on APTES modified silica

NH,
N Ve
00 Clip 149 N
L NE, [ 1]
silica Toluene | silica I
reflux

Scheme 7.10 Immobilization of molecular receptor on APTES modified silica

35 mg of APTES modified silica, clip 149 (22 mg) and triethylamine (50 pL) was
stirred in anhydrous toluene (15 mL) under reflux for 24 h. After this time mixtue was
sonicated for 20 min, filtered and the silica was washed with toluene, DCM, acetone,
MeOH and again with DCM. The receptor 149 immobilized silica was dried under
vacuum at 60 °C for 24 h. The dried clip 149 grafted silica was characterized by DRIFT,
TGA and elemental analysis. IR: 1695 cm™ and 1776 cm™ (vc=0 imide), 2900-3000 cm!

-1
(Valiphatic C-H stretching), 3000-3100 cm (Varomatic C-H stretching)~
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APPENDIX A

'"H NMR AND 3C/'3C DEPTQ135 NMR OF ALL NEW COMPOUNDS
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