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Synthesis of α-lactams, their stability, in situ 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 α-lactams.    

The first in situ generation of α-lactams was reported by Baumgarten and 

coworkers in 1961.16  N-tert-butyl-N-chlorophenylacetamide (2) treated with potassium t-

butoxide generated N-tert-butyl-phenylaziridinone (3) in situ which subsequently reacted 

with t-BuO- nucleophile to afford two distinct ring opening products of the α-lactam 3 

(Scheme 1.1).  In addition, they used IR spectroscopy for the first time to characterize the 

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

cm-1 is in accord with the theoretically predicted frequency (1790-1840 cm-1).17  

 

Scheme 1.1 First in situ generated N-tert-butyl-phenylaziridinone (3) and its ring 
opening reactions  
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The same research group reported the first isolated α-lactam in 1962.18 

Cyclization of intermediate 2 with t-BuOK afforded α-lactam 3 with 31% isolated yield 

(Scheme 1.2).18  The purified 3 appeared to be moderately stable and could be stored in a 

freezer for several weeks. 

 

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

 

 α-lactams can be prepared by either using α-haloamides or N-haloamides as 

starting materials.  Sheehan and coworkers reported the using of α-haloamides as starting 

material for synthesis of α-lactams (Scheme 1.3, path (a)) were better than the using of N-

haloamides (Scheme 1.3, path (b)) for two reasons.17,19  (1) It is easier to separate the α-

lactam formed from α-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 α-carbon atom.17 
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Scheme 1.3 Synthesis of α-lactams from α-haloamides and N-haloamides 

 

Later, Sheehan and co-workers reported a high yield preparation of 1,3-di-tert-

butylaziridinone (8) using α-haloamide 6 and t-BuOK (Scheme 1.4).20  The α-lactam 8 

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

pressure and purified by column chromatography.17,20  

 

Scheme 1.4 Synthesis of 1,3-di-tert-butylaziridinone (8) 
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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).20  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.  

 

Scheme 1.5 Attempted synthesis of 8 using dichlorocarbene 

 

Another method for synthesis of α-lactam was reported by Miyoshi in 1970.21  

Dehydration of N-carbobenzoxy amino acid (11) using phosgene (COCl2) afforded 1-

carbobenzoxy-3-benzylaziridinone as crystalline materials (12, Scheme 1.6).  

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

 

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

 

Currently, there are two practical methods used to synthesize α-lactams.7  
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1.1.1 (1) Cyclization by dehydrohalogentaion of α-haloamides.  

The most common approach to the synthesis of α-lactam is the base-induced 

cyclization of α-haloamides by bases like t-BuOK, t-BuONa, KOH and NaH.  The 

corresponding α-lactams are formed by an abstraction of the acidic hydrogen from the 

nitrogen of α-haloamide and subsequent displacement of α-halide (Scheme 1.7).7,9,17 22 

 

Scheme 1.7 The base induced cyclization of α-haloamides 

 

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

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

by base promoted 1,3 elimination (Scheme 1.8).11,23,24 

 

Scheme 1.8 Base promoted 1,3 elimination of N-sulfonyloxyamide 
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1.2 Stability of α-lactams  

The carbonyl group of α-lactams adds additional strain to the α-lactam ring as 

compared to aziridines and epoxides, making them highly reactive.25  The calculated 

strain energy of α-lactam is approximately 41 kcal mol-1.26,27  Most of the known α-

lactams have been stabilized by bulky groups such as tert-butyl or 1-adamantyl on 

nitrogen atom and C-3 position.9  α-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.17  The higher the steric hindrance of the 

substituent group on both the nitrogen atom and α-carbon atom, the greater the thermal 

stability of α-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 β-hydrogen in the alkyl 

group at the C-3 position.  α-lactams with at least one β-hydrogen such as 1-tert-butyl-

3,3-dimethylaziridinone (13) decompose quickly in refluxing ether, producing α-β 

unsaturated amides 14 via β-hydrogen elimination (Scheme 1.9).17  In contrast, α-lactam 

8 that does not have any β-hydrogen atoms stabilized by two bulky tert-butyl groups, 

starts decomposing at ca.140 °C (Scheme 1.10).   



 

8 

                         

Scheme 1.9 Thermal decomposition of 13  

 

 

Scheme 1.10 Thermal decomposition of 8 

 

In addition, α-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).17  
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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 α-lactam 22 (Figure 1.2) because the steric congestion in these 

two compounds is not very different.  In fact, α-lactam 22 could not be prepared, but a 

moderately stable α-lactam 3 can be isolated.  Hence, the other factors such as electronic 

effects also influence the stability of α-lactams.17  

Only a few α-lactams with aryl groups on C-3 were reported up to date.7,8,17,26,28-34  

Some of those were isolated in low yields even with the fast workup procedures.  In 

addition to the  synthesis of α-lactam 3, Baumgarten and coworkers reported other phenyl 

substituted α-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 α-chloroamide only in 

impure form, because it was not stable enough to be purified under usual conditions.  In 

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

was unsuccessful.  
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Figure 1.2 Phenyl substituted α-lactams 

 

Therefore, some α-lactams which contain phenyl group at the C-3 position are 

less stable and nonisolable.7,31  Nevertheless, many α-lactams can be generated in situ and 

react without the need for isolation. 8,10,22  

1.3 Nucleophilic ring opening reactions of α-lactams 

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

reductions35, reaction with Grignard reagent36 and tert-butyl lithium37, alkylation38, 

pyrolysis39, nucleophilic ring opening8 etc.  Among the reported reactions, nucleophilic 

ring opening reactions of α-lactams with various nucleophiles containing N, O, and S 

heteroatoms have been studied extensively.8-10  Nucleophile can attack α-lactams either 

on the sp3 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).8,11,22  In particular, various 

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

of α-lactams. 
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Scheme 1.12 Two paths of nucleophilic ring opening of α-lactams 

 

In 1968, Sheehan and coworkers reported that selectivity of the ring opening 

mainly depends on the nature of the incoming nucleophile.17  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 α-lactams.10  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.10  Soft 

nucleophiles like iodide ion attack the soft alkyl carbon of α-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 α-lactams. 
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1.4  Transition metal catalyzed ring expansion of α-lactams 

Transition metal catalyzed reactions like cycloaddition40, cyclization41, 

coupling42, ring expansion43, isomerization44, free radical additions45, electrophilic 

addition46 and nucleophilic ring opening reactions47 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 α-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 α-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.48  The treatment of 8 with CO in the presence of 

catalytic amount of [Rh(CO)2Cl]2  in dry benzene afforded azetidine-2,4-dione (28) in 

quantitative yield (Scheme 1.12) 

 

Scheme 1.13 Rhodium catalyzed ring expansion of 1,3-di-tert-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 
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migration to yield 30.  The addition of CO to 30 followed by reductive elimination of 

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

 

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

 

In addition, treatment of α-lactam 8 with an equimolar amount of Co2(CO)8 in 

benzene overnight at 65 °C under nitrogen afforded 28 in 90% yield.48  The proposed 

reaction pathway is outlined in Scheme 1.14.  The α-lactam 8 induced the 

disproportionation of Co2(CO)8 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)8 and 8 would give product 28 

with CO and complex 35 as by-products. 
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Scheme 1.15 Possible reaction pathway for the ring expansion of 8 with Co2(CO)8 

 

1.5 Ring expansions of aza-oxyallyl cation 

 In addition to the metal catalyzed ring expansion of α-lactams, ring expansion of 

aza-oxyallyl cation was also reported.  Aza-oxyallyl cation is one of the proposed 

intermediates in α-lactam chemistry.8,49,50  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 
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Most recently DiPoto and co-workers reported indole (3+2) dearomative 

annulation reactions involving aza-oxyallyl cation (Scheme 1.16).54  

 

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).55-57  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 N-

functionalization.58-62  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.63-65   
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Figure 1.3 Examples of biological active N-functionalized indole derivatives 

 

In this introduction, we have reviewed several methods of α-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 α-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-tert-butylaziridinone and 3-(tert-butyl)-1-tritylaziridinone with indole 

derivatives to construct the new class of compounds which possessed C-N bond and the 
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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 α-lactams.66   

 

Figure 1.4 Reaction of 1,3-di-tert-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 α-lactams with indoles.  All the phenyl substituted α-

lactams were generated in situ 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 α-amino amides with good to excellent 

yields.   

Chapter II discuss the synthesis of α-bromoamides, optimizations of reaction 

conditions, the scope of indole derivatives, the scope of α-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 α-lactams with 

indoles has been published in Tetrahedron 2014, 70, 9709-9717.66 



 

18 

CHAPTER II 

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 α-lactams and the nitrogen atom of indole derivatives, we 

turned our attention to the less stable phenyl substituted α-lactams to expand the scope of 

this methodology.  As mentioned in the Introduction, in situ generation is a useful tool for 

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

2.1 Synthesis of α-bromoamides 

In this work, all α-lactams were generated in situ by α-bromoamides as a starting 

material.  All the α-bromoamides reported herein were prepared using a modified 

procedure reported by Baumgarten and coworkers in 1985 (Scheme 2.1).29 

 

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

 

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

reaction.  Phenylacetic acid derivatives (35-42, Table 2.1) treated with PCl3 or SOCl2 in 
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the presence of Br2 to afford corresponding α-bromophenylacetyl chlorides.  The α-

bromophenylacetyl chlorides were then treated with tert-butylamine and 

diisopropylethylamine in DCM to yield α-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 α-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 α-

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 α-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 α-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 

 

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 NaI and 

74 µL (0.580 mmol) of TMSCl 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-1; HRMS (APPI) m/z calculated for [M]+; 

C50H22: 622.1722 found: 622.1721.  Very low solubility of 137 in common deuterated 

solvents prevented its characterization by NMR. 

7.7 Synthesis of 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. Mg2SO4 and solvent removed under reduced pressure.  

The residue was chromatographed on silica gel with DCM.  Yield 52%; 15 mg; Light 

yellow solid; 1H NMR (600 MHz, CDCl3) δ 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); 13C DEPT-Q135 (600 

MHz, CDCl3) δ 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-1 

HRMS (APPI) m/z calculated for [M]+; C54H24O3: 720.1725; found: 720.1715 

7.8 1H NMR titration experiment of clip 149 with C60 in chlorobenzene-d5 

A stock solution of 149 was prepared by dissolving 0.25 mg of the clip 139 in 

1.00 mL of chlorobenzene-d5 (3.47 × 10-4 M).  600 µL of the above solution was 

subsequently titrated with 10, 20, 30, 40, 50, 60, 70, 80, 100, 150, 200, 300, 400, 500 and 

1500 µL of 1.37 × 10-3 M solution of C60 in chlorobenzene-d5 and 1H NMR spectra were 

recorded after each addition.  Association constants K1 and K2 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 1H NMR titration data for C60@149 in chlorobenzene-d5 

C60 added (μl) [10] M [C60] M 

0 0.000347 0 

10 0.000341 0.0000225 

20 0.000336 0.0000442 

30 0.000330 0.0000652 

40 0.000325 0.0000856 

50 0.000320 0.0001054 

60 0.000315 0.0001245 

70 0.000311 0.0001431 

80 0.000306 0.0001611 

100 0.000297 0.0001957 

150 0.000277 0.0002740 

200 0.000260 0.0003425 

300 0.000231 0.0004567 

400 0.000208 0.0005480 

500 0.000189 0.0006227 

1500 0.000099 0.0009786 
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Table 7.1 (Continued) 

Proton A 
(ppm) 

Δδ of A 
(Hz) 

Proton B 
(ppm) 

Δδ of B 
(Hz) 

Proton C 
(ppm) 

Δδ of C 
(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 
(ppm) 

Δδ of D 
(Hz) 

Proton E 
(ppm) 

Δδ of E 
(Hz) 

Proton F 
(ppm) 

Δδ of E 
(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 5.314 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 × Δδ (Hz) of A MR × Δδ of B MR × Δδ 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 4.911 1.986 
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Table 7.1 (Continued) 

Mole fraction (MR) MR × Δδ of D MR × Δδ of E MR × Δδ of f 

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 HCl (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-1(νSi-O-Si bending), 1100 cm-1 (νSi-O-Si streching), 3700-3000 cm-1(νSi-OH and νH2O) 
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7.10 Modification of silica surface with APTES linker 

 

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.158  The 

mixture was then sonicated for 20 min, filtered, washed with toluene, DCM, DMF, 

acetone, CH3OH, 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-1 (νC-H bending), 1560 cm-1 (νN-H bending), 2850-3000 cm-1 (νC-H 

stretching), 3299 cm-1 and 3367 cm-1 (νNH2 ) 
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7.11 Synthesis of cycloadduct 151 

 

Scheme 7.8 Synthesis of model compound 151 

 

Cycloadduct 151 was synthesized using previously reported procedure.156 

7.12 Immobilization of adduct 151 on APTES modified silica 

 

Scheme 7.9 Immobilization of model compound on APTES modified silica 

 

50 mg of APTES modified silica, cycloadduct 151 (20 mg) and triethylamine (50 

μL) was stirred in anhydrous toluene (20 mL) under reflux for 24 h.158  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-1 and 1770 cm-1 (νC=O imide), 2900-

3000 cm-1 (νaliphatic C-H stretching), 3000-3100 cm-1 (νaromatic C-H stretching). 

7.13 Immobilization of clip 149 on APTES modified silica 

 

Scheme 7.10 Immobilization of molecular receptor on APTES modified silica 

 

35 mg of APTES modified silica, clip 149 (22 mg) and triethylamine (50 μL) 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-1 and 1776 cm-1 (νC=O imide), 2900-3000 cm-1 

(νaliphatic C-H stretching), 3000-3100 cm-1 (νaromatic C-H stretching). 



 

130 

REFERENCES 

 (1) Ohno, H. Chem. Rev. 2014, 114, 7784-7814. 

 (2) Feng, J.-J.; Lin, T.-Y.; Zhu, C.-Z.; Wang, H.; Wu, H.-H.; Zhang, J. J. Am. 
Chem. Soc. 2016, 138, 2178-2181. 

 (3) Chawla, R.; Singh, A. K.; Yadav, L. D. S. RSC Adv. 2013, 3, 11385-
11403. 

 (4) Lu, P. Tetrahedron 2010, 66, 2549-2560. 

 (5) Rotstein, B. H.; Zaretsky, S.; Rai, V.; Yudin, A. K. Chem. Rev. 2014, 114, 
8323-8359. 

 (6) Sheehan, J. C.; Izzo, P. T. J. Am. Chem. Soc. 1949, 71, 4059-4062. 

 (7) Cesare, V.; Lyons, T. M.; Lengyel, I. Synthesis 2002, 2002, 1716-1720. 

 (8) Hoffman, R. V.; Zhao, Z.; Costales, A.; Clarke, D. J. Org. Chem. 2002, 
67, 5284-5294. 

 (9) Lengyel, I.; Cesare, V.; Karram, H.; Taldone, T. J. Heterocycl. Chem. 
2001, 38, 997-1002. 

 (10) R. Talaty, E.; M. Yusoff, M. Chem. Commun. 1998, 985-986. 

 (11) Tantillo, D. J.; Houk, K. N.; Hoffman, R. V.; Tao, J. J. Org. Chem. 1999, 
64, 3830-3837. 

 (12) Golub, T.; Becker, J. Y. Org. Biomol. Chem. 2012, 10, 3906-3912. 

 (13) Liu, N.; Cao, S.; Wu, J.; Shen, L.; Yu, J.; Zhang, J.; Li, H.; Qian, X. Mol. 
Diversity 2009, 14, 501-506. 

 (14) Lengyel, I.; Cesare, V.; Taldone, T. Tetrahedron 2004, 60, 1107-1124. 

 (15) Lengyel, I.; Cesare, V.; Taldone, T.; Uliss, D. Synth. Commun. 2001, 31, 
3671-3683. 



 

131 

 (16) Baumgarten, H. E.; Zey, R. L.; Krolls, U. J. Am. Chem. Soc. 1961, 83, 
4469-4470. 

 (17) Lengyel, I.; Sheehan, J. C. Angew. Chem., Int. Ed. Engl. 1968, 7, 25-36. 

 (18) Baumgarten, H. E. J. Am. Chem. Soc. 1962, 84, 4975-4976. 

 (19) Sheehan, J. C.; Lengyel, I. J. Am. Chem. Soc. 1964, 86, 1356-1359. 

 (20) Sheehan, J. C.; Beeson, J. H. J. Am. Chem. Soc. 1967, 89, 362-366. 

 (21) Miyoshi, M. Bull. Chem. Soc. Jpn. 1970, 43, 3321-3321. 

 (22) Sheehan, J. C.; Lengyel, I. J. Am. Chem. Soc. 1964, 86, 1356-1359. 

 (23) Hoffman, R. V.; Nayyar, N. K. J. Org. Chem. 1995, 60, 5992-5994. 

 (24) Hoffman, R. V.; Nayyar, N. K. J. Org. Chem. 1995, 60, 7043-7046. 

 (25) Bach, R. D.; Dmitrenko, O. J. Am. Chem. Soc. 2006, 128, 4598-4611. 

 (26) Weinreb, S. M. Product Class 8: α-Lactams; 2005 ed.; Georg Thieme 
Verlag: Stuttgart, 2005; Vol. 21. 

 (27) Greenberg, A.; Hsing, H.-J.; Liebman, J. F. J. Mol. Struct. (Theochem.) 
1995, 338, 83-100. 

 (28) Lengyel, I.; Cesare, V.; Chen, S.; Taldone, T. Heterocycles 2002, 57, 677-
695. 

 (29) Baumgarten, H. E.; Chiang, N. C. R.; Elia, V. J.; Beum, P. V. J. Org. 
Chem. 1985, 50, 5507-5512. 

 (30) Sheehan, J. C.; Kurtz, R. R. J. Am. Chem. Soc. 1973, 95, 3415-3416. 

 (31) Talaty, E. R.; Utermoehlen, C. M.; Stekoll, L. H. Synthesis 1971, 1971, 
543-544. 

 (32) Talaty, E. R.; Utermoehlen, C. M. Tetrahedron Lett. 1970, 11, 3321-3324. 

 (33) Talaty, E. R.; Utermoehlen, C. M. J. Chem. Soc. D 1970, 473-474. 

 (34) Baumgarten, H. E.; Clark, R. D.; Endres, L. S.; Hagemeier, L. D.; Elia, V. 
J. Tetrahedron Lett. 1967, 8, 5033-5037. 

 (35) Sheehan, J. C.; Lengyel, I. J. Org. Chem. 1966, 31, 4244-4246. 



 

132 

 (36) Talaty, E. R.; Dupuy, A. E.; Johnson, C. K.; Pirotte, T. P.; Fletcher, W. A.; 
Thompson, R. E. Tetrahedron Lett. 1970, 11, 4435-4438. 

 (37) Talaty, E. R.; Utermoehlen, C. M. J. Chem. Soc., Chem. Commun. 1974, 
204-205. 

 (38) Sheehan, J. C.; Nafissi-Varchei, M. M. J. Am. Chem. Soc. 1969, 91, 4596-
4597. 

 (39) Sheehan, J. C.; Beeson, J. H. J. Am. Chem. Soc. 1967, 89, 366-370. 

 (40) Feng, J.-J.; Lin, T.-Y.; Wu, H.-H.; Zhang, J. J. Am. Chem. Soc. 2015, 137, 
3787-3790. 

 (41) Wang, X.; Liu, Y.; Martin, R. J. Am. Chem. Soc. 2015, 137, 6476-6479. 

 (42) Xie, M.; Wang, S.; Wang, J.; Fang, K.; Liu, C.; Zha, C.; Jia, J. J. Org. 
Chem. 2016, 81, 3329-3334. 

 (43) Mack, D. J.; Njardarson, J. T. ACS Catal. 2013, 3, 272-286. 

 (44) Crossley, S. W. M.; Barabé, F.; Shenvi, R. A. J. Am. Chem. Soc. 2014, 
136, 16788-16791. 

 (45) Oderinde, M. S.; Frenette, M.; Robbins, D. W.; Aquila, B.; Johannes, J. 
W. J. Am. Chem. Soc. 2016, 138, 1760-1763. 

 (46) Cheng, Q.-Q.; Yedoyan, J.; Arman, H.; Doyle, M. P. J. Am. Chem. Soc. 
2016, 138, 44-47. 

 (47) Wang, C.; Luo, L.; Yamamoto, H. Acc. Chem. Res. 2016, 49, 193-204. 

 (48) Roberto, D.; Alper, H. Organometallics 1984, 3, 1767-1769. 

 (49) Hoffman, R. V.; Nayyar, N. K.; Chen, W. J. Am. Chem. Soc. 1993, 115, 
5031-5034. 

 (50) Cohen, A. D.; Showalter, B. M.; Toscano, J. P. Org. Lett. 2004, 6, 401-
403. 

 (51) Acharya, A.; Eickhoff, J. A.; Jeffrey, C. S. Synthesis 2013, 45, 1825-1836. 

 (52) Jeffrey, C. S.; Anumandla, D.; Carson, C. R. Org. Lett. 2012, 14, 5764-
5767. 

 (53) Jeffrey, C. S.; Barnes, K. L.; Eickhoff, J. A.; Carson, C. R. J. Am. Chem. 
Soc. 2011, 133, 7688-7691. 



 

133 

 (54) DiPoto, M. C.; Hughes, R. P.; Wu, J. J. Am. Chem. Soc. 2015, 137, 14861-
14864. 

 (55) Kaushik, N.; Kaushik, N.; Attri, P.; Kumar, N.; Kim, C.; Verma, A.; Choi, 
E. Molecules 2013, 18, 6620. 

 (56) de Sa Alves, F. R.; Barreiro, E. J.; Manssour Fraga, C. A. Mini-Rev. Med. 
Chem. 2009, 9, 782-793. 

 (57) Sharma, V.; Kumar, P.; Pathak, D. J. Heterocycl. Chem. 2010, 47, 491-
502. 

 (58) Sevov, C. S.; Zhou, J.; Hartwig, J. F. J. Am. Chem. Soc. 2014, 136, 3200-
3207. 

 (59) Antilla, J. C.; Klapars, A.; Buchwald, S. L. J. Am. Chem. Soc. 2002, 124, 
11684-11688. 

 (60) Cui, H.-L.; Feng, X.; Peng, J.; Lei, J.; Jiang, K.; Chen, Y.-C. Angew. 
Chem. Int. Ed. 2009, 48, 5737-5740. 

 (61) Carey, J. S.; Laffan, D.; Thomson, C.; Williams, M. T. Org. Biomol. 
Chem. 2006, 4, 2337-2347. 

 (62) Bariwal, J.; Van der Eycken, E. Chem. Soc. Rev. 2013, 42, 9283-9303. 

 (63) Hartwig, J. F. Acc. Chem. Res. 2008, 41, 1534-1544. 

 (64) Hartwig, J. F. Nature 2008, 455, 314-322. 

 (65) Buchwald, S. L.; Mauger, C.; Mignani, G.; Scholz, U. Adv. Synth. Catal. 
2006, 348, 23-39. 

 (66) Box, H. K.; Kumarasinghe, K. G. U. R.; Nareddy, R. R.; Akurathi, G.; 
Chakraborty, A.; Raji, B.; Rowland, G. B. Tetrahedron 2014, 70, 9709-9717. 

 (67) Morimoto, K.; Hirano, K.; Satoh, T.; Miura, M. Org. Lett. 2010, 12, 2068-
2071. 

 (68) Lautens, M.; Fagnou, K. PNAS 2004, 101, 5455-5460. 

 (69) Desiraju, G. R. Nature 2001, 412, 397-400. 

 (70) Lehn, J.-M. Angew. Chem. Int. Ed. 1988, 27, 89-112. 

 (71) Fischer, E. Ber 1894, 27, 2985-2993. 



 

134 

 (72) Cram, D. J.; Tanner, M. E.; Thomas, R. Angew. Chem. Int. Ed. 1991, 30, 
1024-1027. 

 (73) Hosseini, M. W.; Lehn, J. M. J. Am. Chem. Soc. 1987, 109, 7047-7058. 

 (74) Pedersen, C. J. J. Am. Chem. Soc. 1967, 89, 7017-7036. 

 (75) Dietrich, B.; Lehn, J. M.; Sauvage, J. P. Tetrahedron Lett. 1969, 10, 2885-
2888. 

 (76) Moran, J. R.; Karbach, S.; Cram, D. J. J. Am. Chem. Soc. 1982, 104, 5826-
5828. 

 (77) Cram, D. J.; Karbach, S.; Kim, Y. H.; Baczynskyj, L.; Kallemeyn, G. W. 
J. Am. Chem. Soc. 1985, 107, 2575-2576. 

 (78) Kroto, H. W.; Heath, J. R.; O'Brien, S. C.; Curl, R. F.; Smalley, R. E. 
Nature 1985, 318, 162-163. 

 (79) Perez, E. M.; Martin, N. Chem. Soc. Rev. 2008, 37, 1512-1519. 

 (80) Effing, J.; Jonas, U.; Jullien, L.; Plesnivy, T.; Ringsdorf, H.; Diederich, F.; 
Thilgen, C.; Weinstein, D. Angew. Chem. Int. Ed. 1992, 31, 1599-1602. 

 (81) Ikeda, A.; Shinkai, S. Chem. Rev. 1997, 97, 1713-1734. 

 (82) Haino, T.; Yanase, M.; Fukunaga, C.; Fukazawa, Y. Tetrahedron 2006, 
62, 2025-2035. 

 (83) Haino, T.; Yanase, M.; Fukazawa, Y. Angew. Chem. Int. Ed. 1998, 37, 
997-998. 

 (84) Boyd, P. D. W.; Hodgson, M. C.; Rickard, C. E. F.; Oliver, A. G.; Chaker, 
L.; Brothers, P. J.; Bolskar, R. D.; Tham, F. S.; Reed, C. A. J. Am. Chem. Soc. 1999, 121, 
10487-10495. 

 (85) Pérez, E. M.; Sánchez, L.; Fernández, G.; Martín, N. J. Am. Chem. Soc. 
2006, 128, 7172-7173. 

 (86) Zachary, R. O.; Dorjderem, N.; Richard, C. H.; Daniel, P. B. 
Nanotechnology 2011, 22, 275611. 

 (87) Mizyed, S.; Georghiou, P. E.; Bancu, M.; Cuadra, B.; Rai, A. K.; Cheng, 
P.; Scott, L. T. J. Am. Chem. Soc. 2001, 123, 12770-12774. 

 (88) Georghiou, P. E.; Tran, A. H.; Mizyed, S.; Bancu, M.; Scott, L. T. J. Org. 
Chem. 2005, 70, 6158-6163. 



 

135 

 (89) Sygula, A.; Sygula, R.; Ellern, A.; Rabideau, P. W. Org. Lett. 2003, 5, 
2595-2597. 

 (90) Sygula, A.; Fronczek, F. R.; Sygula, R.; Rabideau, P. W.; Olmstead, M. 
M. J. Am. Chem. Soc. 2007, 129, 3842-3843. 

 (91) Le, V. H.; Yanney, M.; McGuire, M.; Sygula, A.; Lewis, E. A. J. Phys. 
Chem. B 2014, 118, 11956-11964. 

 (92) Yanney, M.; Sygula, A. Tetrahedron Lett. 2013, 54, 2604-2607. 

 (93) Alvarez, C. M.; Garcia-Escudero, L. A.; Garcia-Rodriguez, R.; Martin-
Alvarez, J. M.; Miguel, D.; Rayon, V. M. Dalton Trans. 2014, 43, 15693-15696. 

 (94) Álvarez, C. M.; Aullón, G.; Barbero, H.; García-Escudero, L. A.; 
Martínez-Pérez, C.; Martín-Álvarez, J. M.; Miguel, D. Org. Lett. 2015, 17, 2578-2581. 

 (95) Yanney, M.; Fronczek, F. R.; Sygula, A. Angew. Chem. Int. Ed. 2015, 54, 
11153-11156. 

 (96) Abeyratne Kuragama, P. L.; Fronczek, F. R.; Sygula, A. Org. Lett. 2015, 
17, 5292-5295. 

 (97) Pascal, R. A. Chem. Rev. 2006, 106, 4809-4819. 

 (98) Anthony, J. E. Angew. Chem. Int. Ed. 2008, 47, 452-483. 

 (99) Clar, E. Polycyclic Hydrocarbons; Academic press: London, 1964; Vol. 2. 

 (100) Clar, E.; Kelly, W.; Niven, W. G. J. Chem. Soc. 1956, 1833-1836. 

 (101) Boggiano, B.; Clar, E. J. Chem. Soc. 1957, 2681-2689. 

 (102) Biermann, D.; Schmidt, W. J. Am. Chem. Soc. 1980, 102, 3163-3173. 

 (103) Duong, H. M.; Bendikov, M.; Steiger, D.; Zhang, Q.; Sonmez, G.; 
Yamada, J.; Wudl, F. Org. Lett. 2003, 5, 4433-4436. 

 (104) Lu, J.; Ho, D. M.; Vogelaar, N. J.; Kraml, C. M.; Bernhard, S.; Byrne, N.; 
Kim, L. R.; Pascal, R. A. J. Am. Chem. Soc. 2006, 128, 17043-17050. 

 (105) Rodríguez-Lojo, D.; Peña, D.; Pérez, D.; Guitián, E. Synlett 2015, 26, 
1633-1637. 

 (106) Schuler, B.; Collazos, S.; Gross, L.; Meyer, G.; Pérez, D.; Guitián, E.; 
Peña, D. Angew. Chem. 2014, 126, 9150-9152. 

 (107) Tadross, P. M.; Stoltz, B. M. Chem. Rev. 2012, 112, 3550-3577. 



 

136 

 (108) Sygula, A.; Sygula, R.; Kobryn, L. Org. Lett. 2008, 10, 3927-3929. 

 (109) Yanney, M.; Fronczek, F. R.; Henry, W. P.; Beard, D. J.; Sygula, A. Eur. 
J. Org. Chem. 2011, 2011, 6636-6639. 

 (110) Yanney, M.; Fronczek, F. R.; Sygula, A. Org. Lett. 2012, 14, 4942-4945. 

 (111) Himeshima, Y.; Sonoda, T.; Kobayashi, H. Chem. Lett. 1983, 12, 1211-
1214. 

 (112) Kumarasinghe, K. G. U. R.; Fronczek, F. R.; Valle, H. U.; Sygula, A. Org. 
Lett. 2016, 18, 3054-3057. 

 (113) Engelhart, J. U.; Tverskoy, O.; Bunz, U. H. F. J. Am. Chem. Soc. 2014, 
136, 15166-15169. 

 (114) Haneda, H.; Eda, S.; Aratani, M.; Hamura, T. Org. Lett. 2014, 16, 286-
289. 

 (115) Sygula, A.; Sygula, R.; Rabideau, P. W. Org. Lett. 2006, 8, 5909-5911. 

 (116) Biedermann, P. U.; Pogodin, S.; Agranat, I. J. Org. Chem. 1999, 64, 3655-
3662. 

 (117) Scott, L. T.; Hashemi, M. M.; Bratcher, M. S. J. Am. Chem. Soc. 1992, 
114, 1920-1921. 

 (118) Motulsky, H.; Christopoulos, A. Fitting Models to Biological Data Using 
Linear and Nonlinear Regression; Oxford University Press: New York, 2004. 

 (119) Wackerly, D. D.; Mendenhall III, W.; Scheaffer, R. L. Mathematical 
Statistics with Applications; Duxbury Press: Belmont  1996, Ch. 11.14, p.536. 

 (120) Sygula, A.; Collier, W. E. Molecular Clips and Tweezers with 
Corannulene Pincers. In Fragments of Fullerenes and Carbon Nanotubes; John Wiley & 
Sons, Inc, 2011, pp 1-40. 

 (121) Hawkins, J. M.; Lewis, T. A.; Loren, S. D.; Meyer, A.; Heath, J. R.; 
Shibato, Y.; Saykally, R. J. J. Org. Chem. 1990, 55, 6250-6252. 

 (122) Stalling, D. L.; Kuo, K. C.; Guo, C. Y.; Saim, S. J. Liq. Chromatogr. 
1993, 16, 699-722. 

 (123) Yu, Q.-W.; Shi, Z.-G.; Lin, B.; Wu, Y.; Feng, Y.-Q. J. Sep. Sci. 2006, 29, 
837-843. 

 (124) Xiao, J.; Meyerhoff, M. E. J. Chromatogr. A 1995, 715, 19-29. 



 

137 

 (125) Kibbey, C. E.; Meyerhoff, M. E. Anal. Chem. 1993, 65, 2189-2196. 

 (126) Balamurugan, S. S.; Soto-Cantu, E.; Cueto, R.; Russo, P. S. 
Macromolecules 2010, 43, 62-70. 

 (127) Jal, P. K.; Patel, S.; Mishra, B. K. Talanta 2004, 62, 1005-1028. 

 (128) Feifel, S. C.; Lisdat, F. J. Nanobiotechnology 2011, 9, 1-12. 

 (129) Shimada, T.; Aoki, K.; Shinoda, Y.; Nakamura, T.; Tokunaga, N.; Inagaki, 
S.; Hayashi, T. J. Am. Chem. Soc. 2003, 125, 4688-4689. 

 (130) Silva, C. R.; Jardim, I. C. S. F.; Airoldi, C. J. High Resolut. Chromatogr. 
1999, 22, 103-108. 

 (131) Erdem, A.; Shahwan, T.; Çağır, A.; Eroğlu, A. E. Chem. Eng. J. 2011, 
174, 76-85. 

 (132) Prado, A. G. S.; Airoldi, C. Anal. Chim. Acta 2001, 432, 201-211. 

 (133) Pasternack, R. M.; Rivillon Amy, S.; Chabal, Y. J. Langmuir 2008, 24, 
12963-12971. 

 (134) Acres, R. G.; Ellis, A. V.; Alvino, J.; Lenahan, C. E.; Khodakov, D. A.; 
Metha, G. F.; Andersson, G. G. J. Phys. Chem. C 2012, 116, 6289-6297. 

 (135) Mugica, L. C.; Rodríguez-Molina, B.; Ramos, S.; Kozina, A. Colloids 
Surf., A 2016, 500, 79-87. 

 (136) Vashist, S. K.; Lam, E.; Hrapovic, S.; Male, K. B.; Luong, J. H. T. Chem. 
Rev. 2014, 114, 11083-11130. 

 (137) Aznar, E.; Oroval, M.; Pascual, L.; Murguía, J. R.; Martínez-Máñez, R.; 
Sancenón, F. Chem. Rev. 2016, 116, 561-718. 

 (138) Liu, C. C.; Maciel, G. E. J. Am. Chem. Soc. 1996, 118, 5103-5119. 

 (139) Cabot Corperation. 
http://talasonline.com/photos/instructions/fumed_silica_info.pdf (accessed 05/13/2016). 

 (140) Blitz, J. P.; Murthy, R. S. S.; Leyden, D. E. J. Am. Chem. Soc. 1987, 109, 
7141-7145. 

 (141) Malba, C.; Sudhakaran, U. P.; Borsacchi, S.; Geppi, M.; Enrichi, F.; 
Natile, M. M.; Armelao, L.; Finotto, T.; Marin, R.; Riello, P.; Benedetti, A. Dalton Trans. 
2014, 43, 16183-16196. 

http://talasonline.com/photos/instructions/fumed_silica_info.pdf


 

138 

 (142) Warring, S. L.; Beattie, D. A.; McQuillan, A. J. Langmuir 2016, 32, 1568-
1576. 

 (143) Kawakami, H.; Hasebe, S.; Kimura, T.; U.S Patents US20120270976 A1: 
2012. 

 (144) Gambero, A.; Kubota, L. T.; Gushikem, Y.; Airoldi, C.; Granjeiro, J. M.; 
Taga, E. M.; Alcântara, E. F. C. J. Colloid Interface Sci. 1997, 185, 313-316. 

 (145) De Haan, J. W.; van den Bogaert, H. M.; Ponjeé, J. J.; van de Ven, L. J. 
M. J. Colloid Interface Sci. 1986, 110, 591-600. 

 (146) Loof, D.; Hiller, M.; Oschkinat, H.; Koschek, K. Materials 2016, 9, 415. 

 (147) Li, T. J. Chromatogr. A 2004, 1035, 151-152. 

 (148) Halhalli, M. R.; Sellergren, B. Chem. Commun. 2013, 49, 7111-7113. 

 (149) Jaroniec, C. P.; Gilpin, R. K.; Jaroniec, M. J. Phys. Chem. B 1997, 101, 
6861-6866. 

 (150) Stevenson, S.; U.S. Patents US20070256975 A1: USA, 2007. 

 (151) Shen, G.; Horgan, A.; Levicky, R. Colloids Surf., B 2004, 35, 59-65. 

 (152) Caravajal, G. S.; Leyden, D. E.; Quinting, G. R.; Maciel, G. E. Anal. 
Chem. 1988, 60, 1776-1786. 

 (153) Trens, P.; Denoyel, R. Langmuir 1996, 12, 2781-2784. 

 (154) Du, Z.; Sun, X.; Tai, X.; Wang, G.; Liu, X. RSC Adv. 2015, 5, 17194-
17201. 

 (155) Kim, Y.-J.; Kim, J.-H.; Ha, S.-W.; Kwon, D.; Lee, J.-K. RSC Adv. 2014, 4, 
43371-43377. 

 (156) Marsh, B. J.; Adams, H.; Barker, M. D.; Kutama, I. U.; Jones, S. Org. 
Lett. 2014, 16, 3780-3783. 

 (157) Singh, G.; Saroa, A.; Girdhar, S.; Rani, S.; Sahoo, S.; Choquesillo-
Lazarte, D. Inorg. Chim. Acta 2015, 427, 232-239. 

 (158) Ghosh, S.; Goswami, S. K.; Mathias, L. J. J. Mater. Chem. A 2013, 1, 
6073-6080. 

 (159) Zhang, S.; Li, Y.; Ma, T.; Zhao, J.; Xu, X.; Yang, F.; Xiang, X.-Y. Polym. 
Chem. 2010, 1, 485-493. 



 

139 

 (160) Dong, R.-X.; Shih, P.-T.; Shen, S.-Y.; Lin, J.-J. RSC Adv. 2013, 3, 22436-
22442. 

 (161) Stevenson, S.; Harich, K.; Yu, H.; Stephen, R. R.; Heaps, D.; Coumbe, C.; 
Phillips, J. P. J. Am. Chem. Soc. 2006, 128, 8829-8835. 

 (162) Kitamura, C.; Abe, Y.; Ohara, T.; Yoneda, A.; Kawase, T.; Kobayashi, T.; 
Naito, H.; Komatsu, T. Chem. Eur. J 2010, 16, 890-898. 

 

 



 

140 

 

1H NMR AND 13C/13C DEPTQ135 NMR OF ALL NEW COMPOUNDS 
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