
Mississippi State University Mississippi State University 

Scholars Junction Scholars Junction 

Theses and Dissertations Theses and Dissertations 

5-6-2017 

Novel One-Pot Syntheses of Uracils and Arylidenehydantoins, and Novel One-Pot Syntheses of Uracils and Arylidenehydantoins, and 

Analysis of Xylitol in Chewing Gum by Gc-Ms Analysis of Xylitol in Chewing Gum by Gc-Ms 

RM Suranga Mahesh Rajapaksha 

Follow this and additional works at: https://scholarsjunction.msstate.edu/td 

Recommended Citation Recommended Citation 
Rajapaksha, RM Suranga Mahesh, "Novel One-Pot Syntheses of Uracils and Arylidenehydantoins, and 
Analysis of Xylitol in Chewing Gum by Gc-Ms" (2017). Theses and Dissertations. 3316. 
https://scholarsjunction.msstate.edu/td/3316 

This Dissertation - Open Access is brought to you for free and open access by the Theses and Dissertations at 
Scholars Junction. It has been accepted for inclusion in Theses and Dissertations by an authorized administrator of 
Scholars Junction. For more information, please contact scholcomm@msstate.libanswers.com. 

https://scholarsjunction.msstate.edu/
https://scholarsjunction.msstate.edu/td
https://scholarsjunction.msstate.edu/theses-dissertations
https://scholarsjunction.msstate.edu/td?utm_source=scholarsjunction.msstate.edu%2Ftd%2F3316&utm_medium=PDF&utm_campaign=PDFCoverPages
https://scholarsjunction.msstate.edu/td/3316?utm_source=scholarsjunction.msstate.edu%2Ftd%2F3316&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:scholcomm@msstate.libanswers.com


 

 

  

 
 

 

 
 

 
 

  
 

 

 

Template C with Schemes v3.0 (beta): Created by J. Nail 06/2015  

TITLE PAGE

Novel one-pot syntheses of uracils and arylidenehydantoins, and

 analysis of xylitol in chewing gum by GC-MS 

By 

R.M. Suranga Mahesh Rajapaksha 

A Dissertation 
Submitted to the Faculty of 
Mississippi State University 

in Partial Fulfillment of the Requirements 
for the Degree of Doctor of Philosophy 

in Chemistry 
in the Department of Chemistry 

Mississippi State, Mississippi 

May 2017 



 

 

 
 

 
COPYRIGHT PAGE

Copyright by 

R.M. Suranga Mahesh Rajapaksha 

2017 



 

 

 

  

 
 

 

 

 
 

 
 

 

 
 

 
 

 
 

APPROVAL PAGE

Novel one-pot syntheses of uracils and arylidenehydantoins, and

 analysis of xylitol in chewing gum by GC-MS 

By 

R.M. Suranga Mahesh Rajapaksha 

Approved: 

____________________________________ 
Todd E. Mlsna 

(Major Professor)

 ____________________________________ 
Charles U. Pittman, Jr 
(Co-Major Professor)

 ____________________________________ 
Andrzej Sygula 

(Committee Member)

 ____________________________________ 
David O. Wipf 

(Committee Member)

 ____________________________________ 
Colleen N. Scott 

(Committee Member)

 ____________________________________ 
Joseph P. Emerson 

(Graduate Coordinator)

 ____________________________________ 
Rick Travis 

Interim Dean 
College of Arts & Sciences 



 

 

 

 

 

 
  

 

 

 

 

 

 

 

ABSTRACT 
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Pages in Study 167 
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The first section of this dissertation (Chapter I-III) describes the development of 

new methodologies to prepare uracil and arylidenehydantoin derivatives. A regioselective 

synthesis of 6-alkyl- and 6-aryluracils was developed by the dimerization of 3-alkyl- and 

3-aryl-2-propynamides promoted by either Cs2CO3 or K3PO4. A range of 3-aryl-2-

propynamides, with both electron-deficient and electron-rich 3-aryl substituents, were 

successfully reacted in high yields. A synthetic route to prepare arylidenehydantoins was 

developed using the Pd-catalyzed dimerization of 3-aryl-2-propynamides. Both electron 

rich and electron deficient 3-aryl-2-propynamides were dimerized successfully to 

produce the desired arylidenehydantoins in moderate to excellent yields. 

The second section of this dissertation (Chapter IV and V) describes the 

development of a reliable low-cost method to determine amounts of xylitol in sugar free 

gum samples to predict dangerous exposure levels for dogs. Xylitol is generally 

considered safe for human consumption and is frequently used in sugar free gum, 

however, it is extremely toxic to dogs. It is unknown if partially consumed chewing gum 

is also dangerous. A method to determine xylitol content of these sugar free gum samples 



 

 

 

 

 

employing GC-MS with direct aqueous injection (DAI) is presented. This method was 

successfully applied to over 120 samples including, fresh gum, 5 min, 15 min, and 30 

min chewed gum samples. Further extension of this work resulted in the development of 

an undergraduate laboratory experiment for upper-level undergraduate chemistry students 

which teaches calibration methods, xylitol extraction, sample preparation for GC-MS 

analysis, and data analysis.  
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CHAPTER I 

A REGIOSELECTIVE SYNTHESIS OF 6-ALKYL- AND 6-ARYLURACILS BY 

CS2CO3- OR K3PO4-PROMOTED DIMERIZATION OF 3-ALKYL-

AND 3-ARYL-2-PROPYNAMIDES.  

1.1 Abstract 

A regioselective synthesis of 6-alkyl- and 6-aryluracils was developed by the 

dimerization of 3-alkyl- and 3-aryl-2-propynamides promoted by either Cs2CO3 or 

K3PO4. A range of 3-aryl-2-propynamides, with both electron-deficient and electron-rich 

3-aryl substituents, were successfully reacted in high yields. Cs+ acts as a soft Lewis acid 

to polarize the carbon-carbon triple bond and solid K3PO4 interacts with carbonyl oxygen 

promoting intermolecular nucleophilic attack by the only weakly nucleophilic amide 

nitrogen. Experiments were conducted to support the proposed mechanism. 

Figure 1.1 Cs2CO3 or K3PO4 promoted dimerization of 3-alkyl- and 3-aryl-2-
propynamides.  
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1.2 Introduction 

Nitrogen heterocycles with the pyrimidinone motif have long been known as 

important scaffolds in drug discovery exhibiting a wide range of biological activities.1-3 

C-aryl-substituted uracils, a class of pyrimidinones, have gained significant attention.4-20 

Recently, 6-aryluracils have been widely studied as hepatitis C viral NS5B inhibitors,14 

GnRH antagonists,5,6 sirtuin inhibitors,7 dipeptidyl peptidase IV inhibitors,8 Epstein-Barr 

virus early antigen inhibitors,21 HIV-1 reverse transcriptase inhibitors,9 and also as 

antimicrobial and anticancer agents.10 Herein, we report a new and unexpected route to 6-

alkyl- and 6-aryluracils from readily prepared secondary propynylamide. 

The C5- and C6-aryl-substituted uracils are usually prepared by palladium-

promoted cross-coupling reactions from the corresponding C-halouracils.2,19,20,22-28 

However, the syntheses of C-halouracils are challenging due to such limitations as harsh 

conditions and lower yields.28-30 Direct C-H31-36 and C-O37 bond activation have also 

been reported to prepare 6-aryluracils. Both cross-coupling and many direct arylation 

reactions use transition metals catalysis. The Stille cross coupling20,22,25 uses 

arylstannanes with C-halouracils. Trace amounts of these toxic stannane and palladium 

impurities should be avoided in biological and pharmacological applications. 

Photochemical38 and heterocyclization reactions (HCRs)39-47 have also been reported as 

tools to construct C-substituted uracils. Classic heterocyclization  condensation reactions 

by Davidson et al39 and Schwartz et al40 have long been used to construct certain uracil 

skeletons. 

C-alkyl-substituted uracil syntheses have continually been pursued for potential 

biological and pharmacological applications.48-52 The following methods have been used 
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to synthesize 6-alkyl-substituted uracils: (1) lithiation followed by reaction with an 

electrophile,30,52,53 (2) heterocyclization reactions,41,43,46,47,49 and (3) direct nucleophilic 

substitution with alkyl Grignard reagents54 on 6-cyanouracil, derived from 6-halouracil.55 

However, 6-alkyluracil syntheses are often limited by low yields and harsh reaction 

conditions. Thus, this proposed new synthetic approach should be of interest. 

In this study, a simple and efficient method for the regioselective synthesis of 6-

alkyl- and 6-aryluracil derivatives was discovered employing the Cs2CO3- or K3PO4-

promoted dimerization of secondary 3-alkyl- and 3-aryl-2-propyanamides. The “Cesium 

Effect” is known to produce advantageous yields and improved reaction conditions 

compared to analogous routes without cesium ion.56,57 Various cesium bases have 

previously been reported to catalyze syntheses with alkynes.58-62 On the other hand, 

successful use of the less expensive K3PO4 in place of Cs2CO3 in Buchwald’s amination 

and amidation reactions63 inspired us to also test scope of the regioselective dimerization 

of 3-substituted-2-propynamides using K3PO4 as a dimerization catalyst. To the best of 

our knowledge, the first dimerization reactions of 3-alkyl- and 3-aryl-2-propynamides to 

6-alkyl- and 6-aryluracils are demonstrated herein. This reaction is promoted by either 

Cs2CO3 or K3PO4. 
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1.3 Results and discussion 

While attempting to construct the oxindole skeleton using sequential reactions in 

a one-pot process that employed a [Pd(allyl)Cl]2 and JackiePhos catalyst for N-

arylation64 followed by Pd(OAc)2 and bis-1,1´-diphenylphosphinoferrocene (DPPF) to 

catalyze ring closure,65 the dimerization of 1a was observed. Although this oxindole 

synthesis failed, further investigation of this palladium catalyzed dimerization of 1a, 

surprisingly found that a 73% yield of 3a and a 25% yield of (Z)-2a were produced 

(Scheme 1.1). While we were extending these findings to a novel synthetic route to 

arylidenehydantoins by the palladium-catalyzed dimerization of N-alkyl-3-aryl-2-

phenylpropynamides (Chapter II), we serendipitously discovered the dimerization of 1a, 

using only Cs2CO3 with no palladium and no DPPF ligand present, gave a 96% yield of 

3a (Figure 1.2) and only a 4% yield of (Z)-2a (Scheme 1.1 and Table 1.1, entry 9). Here, 

we now describe development of a new synthetic route to construct 6-substituted uracils 

by the dimerization of N-alkyl-3-subtituted-2-proynamides.  

Scheme 1.1  (a) Palladium-catalyzed, (b) Cs2CO3-promoted dimerization of 1a 
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Figure 1.2 Molecular structure of 1,3-dimethyl-6-phenylpyrimidine-2,4(1H,3H)-dione, 
3a. Thermal ellipsoids are shown at 50% probability. 

A variety of bases, cesium salts, and solvents were then tested with 1a to prepare 

uracil 3a (Table 1.1). Neither (Z)-2a nor 3a formed in the absence of base in both polar 

and non-polar solvents (Table 1.1, entries 1 and 2). A small amount of 3a was formed 

when either K2CO3 or CaCO3 was used in toluene (Table 1.1, entries 3 and 4). Employing 

either KOH or KtOBu as the base, gave conversions of 1a of over 97%. However, KOH 

gave only 70% of 3a while KtOBu gave 80% of 3a (Table 1.1, entries 5 and 6). In both 

entries a large number of other byproducts were also observed by GC-MS. Apparently, 

strong bases like KOH and KtOBu can also induce side reactions along the path to 

uracils. Cs2CO3 in sharp contrast to the other bases provided very high yields and high 

selectivity to uracil derivative 3a (Table 1.1, entries 7-13). Varying the amount of 
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Cs2CO3 from 0.1 to 1.0 equivalents increased the yields of 3a from 89% to 96% (Table 

1.1, entries 7-9). In contrast, when the amounts of Cs2CO3 used were increased from 1.0 

to 2.0 equivalents, no further increase in 3a formation occurred (Table 1.1, entry 9 vs 10). 

Hence 1.0 equivalent of Cs2CO3 was used as the standard amount. 

Reactions employing Cs2CO3 always proceeded smoothly and in high yields in 

both non-polar (Table 1.1, entries 7-11) and polar aprotic (Table 1.1, entries 12-13) 

organic solvents. After 100% conversion of 1a within 6 h in the polar protic solvent, 

ethanol, only a 14% yield of 3a was achieved (Table 1.1, entry 14). A variety of cesium 

salts were also tested for the 1a dimerizations in toluene (Table 1.1, entries 15-18). No 3a 

was formed with CsNO3. CsOAc gave poor yields of 3a, while CsF gave a fair yield 

(67%) (Table 1.1, entries 16 and 17). When CsOH was used (Table 1.1, entry 18), 

complete conversion of 1a generated only a 56 % yield of 3a because hydroxide also 

attacked uracil 3a. Hydroxide opened the 3a ring by nucleophilic attack on the C-2 

carbonyl carbon, followed by decarboxylation to produce (Z)-N-methyl-3-(methylamino)-

3-phenylacrylamide, 6 (Scheme 1.2). High yields of 3a were given by Cs2CO3 because 

both cesium and carbonate ions play crucial acid and base roles. Likewise, acetate, 

fluoride, and hydroxide act as bases in entries 16, 17, and 18. Surprisingly, when K3PO4 

was used as a base, complete consumption of 1a gave a 96% yield of 3a (Table 1.1, entry 

19) and reaction composition was similar to that of the Cs2CO3-promoted reaction (Table 

1.1, entry 19 vs 9). Therefore, to further examine the reaction scope, both K3PO4 and 

Cs2CO3 were selected to test with a variety of substrates (Tables 1.2 and 1.3). 
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Scheme 1.2 Dimerization of 1a with CsOH. aGC yield. 

bThe structure of 6 was assigned based on the molecular ion and its fragmentation pattern 
obtained using GC-MS.  
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Table 1.1 Optimization of reaction conditions for the dimerization of N-methyl-3-
phenyl-2-propynamide to N, N-dimethyl-6-phenyluracil.a 

Conversion of Yield (%)b 

Entry Base (1.0 equiv) Solvent 1a (%)b (Z)-2a 3a 
1 No base Toluene 0 0 0 
2 No base THF 0 0 0 
3 K2CO3 Toluene 7 2 5 
4 CaCO3 Toluene 3 1 2 
5 KOH Toluene 97 1 70 
6 KtOBu Toluene 98 1 80 
7 Cs2CO3 (0.1 equiv) Toluene 100 10 89 
8 Cs2CO3 (0.5 equiv) Toluene 100 9 90 
9 Cs2CO3 (1.0 equiv) Toluene 100 4 96 
10 Cs2CO3 (2.0 equiv) Toluene 100 6 94 
11 Cs2CO3 Benzene 100 6 94 
12 Cs2CO3 1,4-Dioxane 100 6 94 
13 Cs2CO3 THF 100 4 96 
14 Cs2CO3 EtOH 100 0 14c 

15 CsNO3 Toluene 0 0 0 
16 CsOAc Toluene 38 4 34 
17 CsF Toluene 73 6 67 
18 CsOH Toluene 100 0 56 
19 K3PO4 Toluene 100 4 96 

aReaction conditions: 1a (0.4 mmol, 1.0 equiv), base (0.4 mmol, 1.0 equiv), solvent (2.5 
mL), at 115 °C for 120 h. bGC Yield. cReaction time 6 h. 

Although there was no difference in 3a yields in either THF and toluene after 

complete consumption of 1a (Table 1.1, entries 9 and 13), the reaction rates were 

different (Figure 1.3). About 90% conversion of 1a was observed within 12 h and 1a was 
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totally consumed after 50 h in THF at 115 ºC. This compared to 80% conversion within 

12 h and complete conversion within 96 h in toluene. 

Figure 1.3 Reaction composition verses time in THF and toluene.a 

aReaction conditions: N-methyl-3-phenyl-2-propynamide (1.0 equiv), Cs2CO3 (1.0 
equiv), 115 °C, solvent (2.0 mL), time (h). 

A variety of N-R1-3-R2-2-propynamides, 1a-m, were used to explore this 

reaction’s scope with both Cs2CO3 and K3PO4. Substituents R2 included both electron-

rich and electron-deficient 3-aryl substrates and an alkyl example (R2 = propyl). In 

addition, the N-methyl, ethyl, and hydrogen substituents were selected as R1. Each 

substrate 1a-m was reacted under the selected conditions mentioned above to prepare 6-

aryl or 6-propyluracil derivatives (Table 1.2). Excellent yields were achieved using both 

electron-rich and electron-deficient aryl substrates when R1 was -CH3 (Table 1.2, entries 

1-6). The N-ethyl examples again favored the 6-aryluracil over the benzylidene-

hydantoin but in lower selectivity than the corresponding N-methyl analogs (Table 1.2, 

entries 7 and 8 vs 1 and 2, respectively). Unfortunately, the reaction failed to give either 
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the corresponding uracil or hydantoin derivatives when R1 was -H. Instead, a large 

number of byproducts were observed by GC-MS after complete consumption of the 

starting amide (Table 1.2, entries 9-12). These complex product mixtures were not further 

characterized. The use of a primary amide allows side reactions limiting the scope of this 

dimerization/cyclization reaction of secondary 3-substituted-2-propynamides. 

Surprisingly, when R2 was the alkyl group, n-propyl, all starting amide was consumed, 

generating 6-propyluracil derivative 3m in only 40 % yield while substituted hydantoin 

(Z)-2m was not observed by GC-MS (Table 1.2, entry 13). 
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Table 1.2 Cs2CO3-promoted dimerizations of 1a-m under optimized conditionsa 

aReaction conditions: Amide 1 (1.0 equiv), Cs2CO3 (1.0 equiv), dry toluene, at 115 °C for 
96 h. 1a was also converted to 3a in 96% GC yield and (Z)-2a in 4% GC yield when 
refluxed at 110.6 °C at 1 atm with exposure to air. bIsolated yield. cGC Yield. dProduct 
was not isolated. eReaction time 120 h. fProduct was not observed by GC-MS.  

The synthesis of the desired dimerization reagent, N-methyl-3-(4-nitrophenyl)-2-

propynamide 8, was unsuccessful due to a side reaction (Scheme 1.3). Nucleophilic 
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addition across the triple bond by OH- present in aqueous methylamine, followed by 

keto-enol tautomerization gave 7 as the only product from the reaction and no 8 was 

observed as a product. 

Scheme 1.3 Unsuccessful attempt to synthesize of 8. aIsolated yield. 

Surprisingly, substrates 1a-h were successfully dimerized to its corresponding 

uracil analogues, similar to Cs2CO3 promoted dimerization, when K3PO4 was used as the 

catalyst. Similarly, no uracil products were observed with substrates in which R1 is -H 

(Table 1.3). Dimerization of 1m with K3PO4 was not successful as it was with Cs2CO3. 

The dimerization of 1a was also performed in a round bottom flask equipped with a 

condenser under toluene reflux and exposure to air. No change in reaction composition 

was observed compared to performing the reaction in air tight culture tubes at 115 °C. 
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Table 1.3 K3PO4-promoted dimerizations of 1a-m under optimized conditionsa 

aReaction conditions: Amide 1 (1.0 equiv), K3PO4 (1.0 equiv), dry toluene, at 115 °C for 
96 h. bGC Yield. cProduct was not observed by GC-MS. dReaction was also performed in 
refluxing toluene (110.6 °C) in a 25 mL round bottomed flask connected to a water 
cooling condenser for 120 h. 
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1.3.1  Insights into the dimerization mechanism: 

Two mechanisms were proposed based on the dimerization results (Scheme 1.4a, 

b). Intermolecular nucleophilic attack by secondary amide nitrogen should occur on (β)-

carbon (C-3) followed by intramolecular ring-closing nucleophilic attack on the carbonyl 

carbon to generate the six-membered uracil ring (Scheme 1.4a). Similarly, if nucleophilic 

amide nitrogen attack took place on the (α)-carbon (C-2) was followed by ring-closing 

intramolecular nucleophilic attack on the carbonyl carbon, this would produce the five-

membered hydantoin ring (Scheme 1.4b). Cyclization of the R1-substituted amide 

nitrogen at alkynyl amide carbonyl, as shown in 11 (Scheme 1.4a), is also represented 

here as promoted by Cs+. Displacement of the relatively good aryl acetylene leaving 

group 15 must occur from 13 and this corresponding terminal acetylene was detected 

during each GC-MS analysis of the products. This route is further suggested based on 

related literature reports.56,60,62,66 
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Scheme 1.4 Proposed mechanism for the regioselective synthesis of (a) 6-alkyl and 6-
aryluracils and (b) (Z)-5-benzylidene-hydantoins promoted by Cs2CO3. 

1.3.1.1 Evidence to support the proposed reaction mechanism (Scheme 1.4a).  

Important clues regarding the reaction mechanism were collected when the 

dimerization of 1a was performed using ethanol as a solvent. Two ethanol adducts were 

collected, including a 54% yield of (Z)-21 and 25% yield of (E)-21 (Scheme 1.5). Since 

ethanol is a competing nucleophile, major products of the reaction were (Z)-21 and (E)-

21. Self- dimerization of 1a gave 3a as only a minor product because amide 1a is a 

weaker nucleophile than ethanol. A 93% overall predominance C-3 addition was 
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observed with nucleophilic attack on amide 1a, when comparing the sum of products (Z)-

21, (E)-21, and 3a verses (E)-22 and (Z)-22 (Scheme 1.5). 

Scheme 1.5 Conversion of 1a to (Z)-21 and (E)-21 in ethanol 

aGC yield. bNeither (E)-22 nor (Z)-22 was isolated and fully characterized by 1H NMR 
and 13C NMR. However, 22 were identified by their mass spectra obtained using GC-
MS. 

In order to provide strong experimental evidence to proof the proposed 

mechanism, synthesis of uracil 3d was proposed via isolating intermediates and 

converting them in to uracil 3d (Scheme 1.6). 
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Scheme 1.6 Proposed synthesis of 3d via intermediates.  

The crucial role of the Cs2CO3 was investigated while trying to construct 

intermediate 23 (Scheme 1.7). No intermolecular nucleophilic addition was observed 

when the reaction was performed with K2CO3 (Scheme 1.7a). On the other hand, the 

reaction proceeded to the expected intermediate 23 in a 65% yield, to 3a in 32% yield, 

and to (Z)-2a in 3% yield using Cs2CO3 (Scheme 1.7b). These results support 

coordination of the “soft” Lewis acid Cs+ to the triple bond, activating it to nucleophilic 

attack by the amide nitrogen of a second molecule of 1a. During the dimerization to 3a-h, 

m and to (Z)-2a-h, this same Cs+ coordination also activates the triple bond to 

intermolecular nucleophilic attack by the amide nitrogen of a second secondary amide. 

Since secondary amide nitrogens are such weak nucleophiles, Cs+ activation of the triple 
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bond must occur (Scheme 1.7a vs 1.7b). The carbonyl group of the amide also polarizes 

the triple bond leaving C-3 (β-carbon) as the most electrophilic carbon. 

Scheme 1.7 Synthesis of intermediate 23. aIsolated yield. 

Synthesis of 11d from intermediate 23 was attempted by reacting intermediate 23 

with aqueous methyl amine solution at room temperature. Surprisingly, 100% conversion 

of intermediate 23 within 24 h was observed by GC-MS analysis, but no 11d was 

detected. Instead, uracil 3d was isolated in 95% yield, and 1-ethynylbenzene 10a was 

formed (Scheme 1.8). Formation of 3d at room temperature supports the rapid facile 

cyclization of 11d as proposed in Scheme 1.4. This cyclization could be catalyzed by Cs+ 

(see 11 in Scheme 1.4). The formation of 23 (Scheme 1.7) supports Cs+ activation of the 

triple bond to nucleophilic attack by the amide nitrogen of a second secondary amide, as 

proposed in Scheme 1.4. The intramolecular cyclization step of the 11d secondary amide 

nitrogen at the amide carbonyl carbon (Scheme 1.8) occurred without any Cs+ present. 

Since Cs+ polarization of the carbonyl oxygen is not required for the cyclization, it’s role 

in cyclization of 11 in Scheme 1.4 and 1.8 may not be required. Alternatively carbonate 
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deprotonation of the amide function of 11 and 18 may occur instead to facilitate the 

cyclization. 

Scheme 1.8 Attempted synthesis of 11d via intermediate 23 

Since neither intermediate 11 nor 18 were ever observed in samples taken during 

the course of these reactions, step one (bimolecular nucleophilic attack at C-2 or C-3) 

should be rate determining (Scheme 1.9). 
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Scheme 1.9 Possible rate determining steps for dimerization of secondary 3-alkyl- and 
3-aryl-2-propynamides, (a) to 3, and (b) to (Z)-2 

Since significant amounts of Cs2CO3 dissolve in toluene at 115 °C, Cs+ is 

available as a soft Lewis acid in the solution to promote the dimerization reactions. On 

the other hand, K3PO4 solubility was very low (940 ppm) in toluene at ~115 °C. The 

behavior of K3PO4 verses Cs2CO3 catalysis was investigated during Buchwald’s CuI-

promoted amidation of aryl halides.67  The particle size of K3PO4 was found to be a 

critical factor. These amidations proceeded best when granular K3PO4 was used, but they 

were inhibited when powdered form K3PO4 was used. These results were explained in the 

following words “We believe that these observations are best explained by variable 

kinetic basicity of different K3PO4 samples, which should be heavily influenced by the 

particle size of this heterogeneous base”.67 

In our study, the role of K3PO4 does not simply act as a base, but it plays a critical 

role of determining the regioselectivity. We suggest that K3PO4 might serve as a solid 

phase heterogeneous catalyst, where K+ ions are influenced by PO4
3- ions in the solid’s 
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lattice structure. If dissolved K3PO4 is the actual catalyst, PO4
3- ions in the toluene 

solution might be expected to be closely associated with K+, thereby weakening its hard 

Lewis acid character. Therefore, no change of reaction product composition would be 

expected upon switching from granular K3PO4 to powder K3PO4. To test this hypothesis, 

since the granular form K3PO4 was also used in our experiments, granular K3PO4 was 

ground to a fine powder with a mortar and pestle. Then, this powdered K3PO4 was used 

in the 1a dimerization and the product composition was determined (Scheme 1.10). 

Granular K3PO4 use gave 96% of 3a with 4% of (Z)-2a (Scheme 1.10a), while powdered 

K3PO4 gave 98% of 3a and 2% of (Z)-2a (Scheme 1.10b). Neither reaction inhibition nor 

lower product yields were observed using powdered K3PO4. In fact, the 3a yield was 

slightly increased from 96% to 98% when powdered K3PO4 was used. These 

observations are consistent with similar reactivity displayed by such bifunctional solids 

such as CePO4, which acts both as a base and also as a heterogeneous catalyst.68 

Scheme 1.10 Dimerization of 1a with, (a) granular K3PO4, (b) powdered K3PO4. 

The possible interconversion of (Z)-2a into 3a or, alternatively 3a into (Z)-2a, was 

investigated at 115 °C in the presence of Cs2CO3 to determine whether the proposed 

mechanisms (Scheme 1.4a, b) might involve ring-opening of 6-substituted uracils 3 or 
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(Z)-5-arylidenehydantoins like 11 or 18 (Scheme 1.4). If this occurred the reaction could 

be under thermodynamic control. However, absolutely no conversion of (Z)-2a to 3a or 

3a to (Z)2a occurred, ruling out any equilibrium occurring between 2 and 3. These results 

confirm the formation of (Z)-2a and 3a are kinetically controlled under these reaction 

conditions (Scheme 1.11).  

Scheme 1.11 Attempted interconversion of, (Z)-2a to 3a and 3a to (Z)-2a. 

1.4 Conclusions  

This study reports a novel one-pot synthesis of 6-substituted uracil derivatives 

from readily available N-substituted-3-alkyl- and 3-aryl-2-propynamides. Both Cs2CO3 

and K3PO4 successfully promoted the regioselective syntheis of 6-aryl- and 6-alkyl-

substituted uracils. The starting substituted 2-propynamide are easily constructed with a 

wide structural diversity. The scope of reactions can be further extended to obtain many 

uracil analogs. The atom efficiency is reduced by the displacement of one aryl (or alkyl) 

acetylide function from one of the two dimerizing N-substituted-3-substituted-2-

propynamides. The observation that Cs2CO3 can catalyze the addition of alcohols to C-2 

or C-3 of 2-propynamides, in addition to secondary amide nitrogens, suggests a host of 

other such additions might be successful. Thus, additions of alcohols, phenols, thiols, 

22 



 

 

 

  

amines, hydroxyl amines, etc to electron-deficient alkynes should be explored. The facile 

syntheses herein of 21, and 23 suggest other useful synthetic procedures could result from 

extensions of this work. 
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CHAPTER II 

A SYNTHESIS OF ARYLIDENEHYDANTOINS BY PALLADIUM-CATALYZED 

DIMERIZATION OF 3-ARYL-2-PROPYNAMIDES 

2.1 Abstract 

A synthetic route to prepare arylidenehydantoins was developed using the Pd-

catalyzed dimerization of 3-aryl-2-propynamides. Both electron rich and electron 

deficient 3-aryl-2-propynamides were dimerized successfully to produce the desired 

arylidenehydantoins in moderate to excellent yields. When either Cs2CO3 or K3PO4 was 

the base, the reaction proceeded to give the corresponding dimerized products with Z-

selectivity. Conversely, using K2CO3 as the base cause this dimerization to proceed with 

E-selectivity.   

Figure 2.1 Pd-catalyzed dimerizations of 3-aryl-2-propynamides 
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2.2 Introduction 

Synthesis of arylidenehydantoin skeletons is of a great interest because this 

important class of heterocycles exhibits diverse biological activities.1-16 Many have 

antimicrobial,1-4 anticonvulsant,5 antiproliferative,6-10 and antidiabetic activities.11 

Recently, arylidenehydantoins were reported to be molecular photo-switches.17 Several 

arylidenehydantoin photoactivated molecular switches can be completely turned on or 

off.17 Herein, we report a novel strategy to synthesize arylidenehydantoins from readily 

prepared secondary 3-aryl-2-propynamides in single step. 

A variety of synthetic methods are already known to prepare hydantoin 

derivatives. Palladium-catalyzed carbonylation of aldehydes with urea derivatives,18 

condensation of unsaturated ketoacids with urea derivatives,19 reacting N-substituted 

amino acids or their esters with isocynates,20-22 transition metal catalyzed reactions with 

isocyanates,23-26 multicomponent condensation reactions,27,28 the reaction of carboxylic 

acids with carbodiimide,29,30 and the reaction of imidazolidine-2,4-dione with aldehyde 

are known.1-3,5,17,31 Recently, the reaction of imidazolidine-2,4-diones with aldehydes has 

been successfully used to prepare arylidenehydantoin derivatives to use as molecular 

photoswitches.17 

However, these synthetic routes required more than three steps to prepare 

arylidenehydantoins. In this study, palladium-catalyzed dimerizations of 3-aryl-2-

propyanamides are described, providing a new strategy to prepare arylidenehydantoin 

derivatives on one step. The application of phosphine ligands in palladium-catalyzed 

aminations were described by Buchwald.32 Herein, to the best of our knowledge, 
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application of these phosphine ligands to the first Pd-catalyzed dimerization of secondary 

3-aryl-2-propynamides to prepare arylidenehydantoin derivatives is now described. 

2.3 Results and discussion 

The dimerization of N-methyl-3-(4-methoxyphenyl)-2-propynamide 1b to 

benzylidene hydantoin 2b was surprisingly observed while attempting to construct the 

oxindole skeleton 24 in a one-pot reaction. In this one pot reaction, [Pd(allyl)Cl]2 and 

JackiePhos system was employed for N-arylation33, while Pd(OAc)2 and DPPF system 

was used for ring closing reaction (Scheme 2.1).34 Although none of the desired oxindole 

24 was detected, the major product of this one-pot reaction was (Z)-5-(4-

methoxybenzylidene)-1,3-dimethylimidazolidine-2,4-dione (Z)-2b17 while the minor 

product was 6-(4-methoxyphenyl)-1,3-dimethylpyrimidine-2,4-dione (3b)35,36 (Scheme 

2.1). The geometry of (Z)-2b was established by X-ray crystallography (Figure 2.2). 

Herein, we extended this finding to a new synthetic route to construct arylidenehydantoin 

derivatives. 
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Scheme 2.1 Unsuccessful attempt to prepare oxindole derivative 24. 

Reagents and conditions: 1b (2.0 equiv), 4-chlorobenzene (1.0 equiv), [Pd(allyl)Cl]2 (1.0 
mol%), JackiePhos (5.0 mol%), Pd(OAc)2 (5.0 mol%), DPPF (5.0 mol%), Cs2CO3 (2.0 
equiv), toluene, 115  C, 112 h. 

Figure 2.2 Molecular structure of (Z)-5-(4-methoxybenzylidene)-1,3-
dimethylimidazolidine-2,4-dione, (Z)-2b. 

The hydrogens are omitted for clarity. Thermal ellipsoids are shown at 50% probability. 
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Various phosphine ligands (Figure 2.3), Pd sources, and bases were screened in 

model dimerizations of N-methyl-3-phenyl-2-propynamide 1a (Table 2.1). First, 

[Pd(allyl)Cl]2 was used with ligands from L1 to L13 (Table 2.1, entries 1-13). 

Dimerizations of 1a were observed with all ligands from L1 to L13. However, only the 

sterically crowded phosphine tBuXPhos, L4, was able to give desired (Z)-2a in high 

yields when either Cs2CO3 or K3PO4 was the base (Table 2.1, entries 4A and 4B). When 

the base was changed to K2CO3 using tBuXPhos, the selectivity of the reaction switched 

from (Z)-2a towards (E)-2a (Table 2.1, entry 4C). Surprisingly, when the highly sterically 

crowded phosphines, L5-L7, and L9, were employed with either Cs2CO3 or K3PO4, uracil 

formation was favored due to either Cs2CO3- or K3PO4-promoted dimerization of 1a to 

uracil 3a. These results indicate the importance of L4 in efficiently forming the active 

catalyst.  

Possible reasons for the selectivity change when base was switched from either 

Cs2CO3 or K3PO4 to K2CO3 are considered to propose a possible reaction mechanism. 

Employing Pd(0) sources such as Pd2(dba)3 and Pd(PPh3)4 in this dimerization led to loss 

of activity (Table 2.1, entries 14 and 15). However, using Pd(OAc)2 with L4 and either 

Cs2CO3 or K3PO4 gave the expected hydantoin products in excellent yields with higher 

(Z)- to (E)-selectivity compared to that of with [Pd(allyl)Cl]2 (Table 2.1, entry 4 vs 16). 

Employing Pd(OAc)2 with K2CO3 and L4 again favored high (E) vs (Z) selectivity and 

this (E)-selectivity was higher than with [Pd(allyl)Cl]2 (Table 2.1, entry 16). 

Triphenylphospine L14 with Pd(OAc)2 gave complete consumption of 1a and the 

expected hydantoins in moderate yield (Table 2.1, entry 17). When no Pd catalyst or 

phosphine ligand was present, 1a still dimerized to give uracil 3a as the major product in 
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excellent yields (Table 2.1 entry 18), when dimerization was promoted by C2CO3 or 

K3PO4 (Z)-2a was formed only in trace amounts (Table 2.1, entries 18A and18B). This 

finding was further extended to develop the new synthetic route to uracils from 3-aryl-2-

propynamides, which is described in Chapter one. 

Figure 2.3 Phosphine ligands employed 
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Table 2.1 Screening palladium sources, ligands, and bases for the synthesis of 
hydantoin derivatives (Z)-2a and (E)-2a. 

aGC yield. bConversion of 1a. cProduct was not detected. dReaction was not performed. 

The Pd(OAc)2/ L4 catalyst system was selected to further investigate the 

preparation of arylidenehydantoins. Product distribution as a function of conversion was 

determined using each of the three bases, K3PO4, Cs2CO3 and K2CO3. Using either 

Cs2CO3 or K3PO4 as the base gave 100% conversion of reactant within 12 h (Figures 

2.4A and 2.4B). However, using K2CO3 as the base required about 72 h to achieve 100% 

conversion (Figure 2.4C). 
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Figure 2.4 Product distribution in the dimerization of 1a catalyzed by Pd(OAc)2/L4 

system in toluene at 115 ºC with (A). Cs2CO3, (B). K3PO4 and (C). K2CO3. 

The scope of this Pd(OAc)2/L4 catalyzed dimerization was explored (Table 2.2 

and Table 2.3). Both electron-neutral and electron-rich N-methyl-3-aryl-2-propynamides 

were completely consumed in 12 h at 115 ºC in toluene to give desired (Z)-hydantoins in 

excellent yields when either Cs2CO3 or K3PO4 was used as the base (Table 2.2, entries 1-

6). (E)-Hydantoins were produced in high yields (65-91 % yields) when K2CO3 was the 

base (Table 2.3, entries 1-6). Electron-deficient N-methyl-3-(3-nitrophenyl)-2-

propynamide 1f also proved to be an efficient substrate in this reaction with the same (Z) 

vs (E) selectivities as the base was varied from Cs2CO3 or K3PO4 to K2CO3 (Table 2.2 vs 

Table 2.3, entry 6). N-Ethyl-3-aryl-2-propynamides were also efficiently dimerized into 

corresponding (Z)-hydantoins in excellent yields with Cs2CO3 and K3PO4 (Table 2.2, 

entries 7 and 8) and (E)-hydantoins in moderate yields using K2CO3 (Table 2.3, entries 7 

and 8). The corresponding uracil derivatives 3a-3h were obtained in very small amounts 

using either Cs2CO3 or K3PO4 as the base in this 3-aryl-2-propynamide dimerization 
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(Table 2.2, entries 1-8). No uracil products 3a-3h were detected when K2CO3 was 

employed as the base (Table 2.3, entries 1-8). 

Table 2.2 Pd(OAc)2/L4-catalyzed dimerization of N-methyl- and N-ethyl-3-aryl-2-
propynamides promoted by either Cs2CO3 or K3PO4. 

aGC yield. bBase = Cs2CO3. cBase = K3PO4. dReaction time = 18 h. eReaction time = 24 h 
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Table 2.3 Pd(OAc)2/L4-catalyzed dimerization of N-methyl- and N-ethyl-3-aryl-2-
propynamides promoted by K2CO3. 

aGC yield. 
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The dimerization of electron rich versus electron deficient primary 3-aryl-2-

propynamides were also explored. Unfortunately, none of these primary amides 

dimerized into the corresponding hydantoins or to uracils with Pd(OAc)2/L4 using any of 

the three bases. These primary amides were completely consumed in this process giving a 

variety of products via GC which were not further explored (Table 2.4, entries 1-3). 

Table 2.4 Pd-catalyzed self-dimerization of primary 3-aryl-2-propynamides 

aGC yield. bBase = Cs2CO3. cBase = K3PO4. dBase = K2CO3. 
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Two possible mechanisms are proposed for this arylidenehydantoin synthesis 

considering these results and literature34,37-46 evidence (Schemes 2.3 and 2.4). An 

important clue regarding crucial role of the palladium-catalyst was that Cs2CO3- or 

K3PO4-promoted dimerization of 1a in the absence of palladium to give uracil derivative 

3a as the major product (Table 2.1, entry 18A and B). When 1a dimerizes into uracil 3b, 

the triple bond became sufficiently activated for the secondary amide nitrogen, a poor 

nucleophile, to attack β-carbon of amide 1a as the first step to produce six-membered 

uracil ring 3b (Scheme 2.2). However, to generate the five-membered hydantoin ring, the 

intermolecular nucleophilic amide attack on α-carbon must occur. The palladium catalyst 

plays a crucial role determining this regioselectivity in the arylidenehydantoin synthesis.  

Scheme 2.2 Cs2CO3 promoted dimerization of 1a to prepare uracil 3a 

As reported in the literature, palladium can coordinate with the triple bond.37,40-46 

The large, soft cesium cation may also be interacting with the carbonyl oxygen (Scheme 

2.3, 24). Intermolecular attack by the amide nitrogen from the opposite side of where 

palladium and cesium interact might form transition state TS1, where the Pd-C bond is 

trans to the new N-C bond that is forming (Scheme 2.3, 25). The “Cesium Effect” is 

known to produce advantageous yields and improved reaction conditions compared to 

analogous routes without cesium ion.47-53 Amide attack at the α-position is in accord with 
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both experimental and relative energy calculations previously been reported39 for 

palladium-catalysts where Pd might bond to either the α- or β-carbons of 3-phenyl-2-

propynal. Such studies show that palladium catalysts insert on the β-carbons of 3-phenyl-

2-propynal instead of α-carbon.39 3-Aryl-2-propynamides closely resemble 3-phenyl-2-

propynal, so palladium should favor binding to the β-carbon of 3-aryl-2-propynamides, 

thereby directing the intermolecular amide nitrogen nucleophlic attack to the α-carbon 

(Scheme 2.3). Cyclization then occurs by an intramolecular secondary amide nitrogen 

nucleophilic acyl substitution at the second amide carbonyl carbon, possible promoted by 

Cs+ activation. This displaces the sp-hybridized anion 14, a relatively good leaving 

group, and generates the five-membered hydantoin ring 27 (Scheme 2.3).  Protonation of 

14 gives terminal aryl-acetylene 15, which was detected during each GC-MS analysis of 

the products. Protonolysis generates arylidenehydantoin (Z)-2 and acetate re-coordinates 

with palladium, regenerating the active palladium species (Scheme 2.3). 
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Scheme 2.3 Proposed mechanism for palladium-catalyzed dimerization of N-methyl-
and N-ethyl-3-aryl-2-propynamides to produce hydantoins with (Z)-
selectivity in the presence of Cs2CO3. 

When K2CO3 was used as the base versus Cs2CO3 or K3PO4, the regieoselectivity 

switched from (Z) to (E). Since K+ is not as bulky as Cs+, the nucleophilic amide attacks 

α-carbon on the same side of the palladium-catalyst interaction and from the opposite 

side of the carbonyl oxygen to generate possible transition state TS2, which gives (E)-

selectivity (Scheme 2.4, TS2). Intramolecular cyclization of 32 creates the five-

membered hydantoin ring 33 with E-selectivity. This cyclization generates same leaving 

group 14, which produce the corresponding terminal aryl-acetylene 15 (Scheme 2.4). 

Similarly, the acetate ligand re-coordinates with palladium catalyst to regenerate the 

active palladium species and the major product arylidenehyantoin (E)-2. 
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Scheme 2.4 Possible mechanism for palladium-catalyzed dimerization of N-methyl-
and N-ethyl-3-aryl-2-propynamides to produce with E-selectivity. 

A possible reason for K3PO4 behaving similar it to Cs2CO3 was provided in 

Chapter I. The same behavior of K3PO4 is expected in this synthesis. 

2.4 Conclusion 

A novel simple synthesis of (Z)-5-arylidenehydantoin derivatives by dimerization 

of 3-aryl-2-propynamides catalyzed by Pd(OAc)2/ tBuXPhos was demonstrated. This 

system allows dimerization of secondary electron-rich, electron-deficient N-methyl and 

N-ethyl-3-aryl-2-propynamides to (Z)-5-arylidenehydantoins in good yields. 

Dimerization of primary 3-aryl-2-propynamides were unsuccessful limiting the scope of 

the reaction to secondary 3-aryl-2-propynamides. Changing the base to K2CO3 resulted in 

the major product changing from the (Z)-geometry to give, instead, (E)-5-

arylidenehydantoins. The starting substituted 2-propynamides can be easily constructed 

with a wide structural diversity. This should allow the scope of this dimerization reaction 

to be expanded.   
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CHAPTER III 

ONE POT SYNTHESIS OF URACILS AND HYDANTOINS: EXPERIMENTAL 

3.1 General Information 

All commercial materials and solvents were used directly without further 

purification. Melting points were determined in open glass capillaries and were 

uncorrected (heating rates: 5 °C min-1 from RT to 80 °C and 1-2 °C min-1 above 80 °C). 

1H NMR chemical shifts (in ppm) were referenced to tetramethylsilane (δ = 0 ppm) in 

CDCl3 as an internal standard at room temperature. 13C NMR spectra were calibrated 

with CDCl3 (δ = 77.16 ppm). The IR spectra were recorded with a FT-IR 

spectrophotometer, and only major peaks were reported in cm−1. A high-resolution mass 

spectrometer equipped with an ESI source (positive mode) and a TOF detector was used 

to obtain spectra (HRMS). Column chromatography was performed on silica gel (70−230 

mesh ASTM) using the reported eluents. Thin layer chromatography (TLC) was carried 

out on plates with a layer thickness of 250 μm (silica gel 60 F254). Gas chromatography 

coupled with a mass detector was used to performed GC-MS analysis, employing a 60 m 

× 320 μm × 1 μm, 100 % dimethylpolysiloxane capillary column. Unless otherwise 

noted, reactions were carried out with constant stirring in oven-dried glassware. 

Methyl 3-aryl-2-propynoates were prepared according to the method reported by 

Negishi et al.1 A procedure reported by Strübing et al.2 was modified to prepare N-

substituted-3-alkyl and 3-aryl-2-propynamides 1a-m. A methyl or ethyl amine solution 
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(4.0 equiv) was added to a methyl arylpropiolate solution (1.0 equiv in THF) at room 

temperature. The reaction mixture was stirred for 15-90 min at room temperature. Then, 

the reaction mixture was concentrated under reduced pressure to remove remaining 

volatile amines. The product was collected by the flash column chromatography using a 

silica gel column with ethyl acetate and hexane as eluting solvents. It should be noted that 

these syntheses went smoothly except in the case of the desired reagent, N-methyl-3-(4-

nitrophenyl)-2-propynamide. Repeated attempts were unsuccessful due to a side reaction 

in which hydroxide nucleophilic addition occurred across the triple bond of the desired 

N-methyl-3-(4-nitrophenyl)-2-propynamide. Hydroxyl addition was followed by keto-

enol tautomerization, which generated 90% isolated yields of N-methyl-3-(4-

nitrophenyl)-3-oxopropanamide as the only observed product.66 

3.2 General Procedure for the Cs2CO3-promoted dimerizations of 1a-h, m to 6-
substituted-uracils  

All reactions were performed under air in airtight screw head reaction tubes with 

constant stirring on a Cole-Parmer aluminum metal block on a hot plate at 115 °C for 96-

120 h. N-R1-3-R2-2-propynamides 1a-h, m (0.4 mmol, 1.0 equiv), Cs2CO3 (0.4 mmol, 1.0 

equiv), and anhydrous toluene (2.5 mL) were placed in the reaction tube. After the 

reaction, the contents were cooled to room temperature, and solvent was removed under 

reduced pressure. This crude product was then purified by flash column chromatography 

using a silica gel column with ethyl acetate and hexane as eluting solvents. 

5,6 3e,Uracils 3a,3-7 3b,6,7 3c,6,7 3d, 5,6 and 3g3 are known, and their characterization 

data (1H NMR, 13C NMR, HRMS, IR and mp) matched those reported in the literature. 
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Complete analytical characterization data for the uracil analogues 3a-h, and 3m are 

reported below. 

Scheme 3.1 Synthesis of 1,3-dimethyl-6-phenylpyrimidine-2,4(1H,3H)-dione (3a) 

1,3-Dimethyl-6-phenylpyrimidine-2,4(1H,3H)-dione (3a).3-7 Purification was 

carried out by flash column chromatography to obtain 3a as a white solid (40 mg, 93% 

isolated yield); mp 98-100 oC; 1H NMR (CDCl3, 300 MHz) δ 7.51-7.47 (m, 3H), 7.35-

7.32 (m, 2H), 5.70 (s, 1H), 3.41 (s, 3H), 2.23 (s, 3H); 13C NMR (CDCl3, 150 MHz) δ 

162.5, 154.7, 152.7, 133.4, 130.2, 129.0, 127.8, 102.5, 34.6, 28.1; FT-IR was recorded 

using the solid: 3103, 3057, 2930, 1689, 1637, 1602, 1447, 1429 cm-1; HRMS (ESI) m/z; 

calcd for C12H12N2NaO2 [M+Na]+ 239.0791, found 239.0792. 

Scheme 3.2 Synthesis of 6-(4-methoxyphenyl)-1,3-dimethylpyrimidine-2,4 (1H,3H)-
dione (3b) 

6-(4-Methoxyphenyl)-1,3-dimethylpyrimidine-2,4 (1H,3H)-dione (3b).6,7 

Purification was carried out by flash column chromatography to obtain 3b as a white 

solid (46 mg, 94% isolated yield); mp 105-107 oC; 1H NMR (CDCl3, 600 MHz) δ 7.27-
48 
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2.26 (m, 2H), 6.99 (d, 2H, J = 9.0 Hz), 5.68 (s, 1H), 3.87 (s, 3H), 3.40 (s, 3H), 3.25 (s, 

3H); 13C NMR (CDCl3, 150 MHz) δ 162.7, 161.1, 154.7, 153.0, 129.4, 125.7, 114.5, 

102.5, 55.6, 34.8, 28.2; FT-IR was recorded using the solid: 3074, 3010, 2942, 2840, 

1688, 1643, 1603, 1430, 1251,1027 cm-1; HRMS (ESI) m/z; calcd for C13H14N2NaO3 

[M+Na]+ 269.0897, found 269.0898. 

Scheme 3.3 Synthesis of 6-(4-methylphenyl)-1,3-dimethylpyrimidine-2,4(1H,3H)-
dione (3c) 

6-(4-Methylphenyl)-1,3-dimethylpyrimidine-2,4(1H,3H)-dione (3c).6,7 Purification 

was carried out by flash column chromatography to obtain 3c as a white solid (43 mg, 

93% isolated yield); mp 108-110 oC; 1H NMR (CDCl3, 600 MHz) δ 7.28 (d, 2H, J = 7.2 

Hz), 7.21 (d, 2H, J = 7.2 Hz), 5.68 (s, 1H), 3.41 (s, 3H), 3.23 (s, 3H), 1.54 (s, 3H); 13C 

NMR (CDCl3, 150 MHz) δ 162.7, 154.9, 152.9, 140.6, 130.7, 129.8, 127.8, 102.5, 34.7, 

28.2, 21.5; FT-IR was recorded using the solid: 3094, 2947, 2923, 1697, 1648, 1618, 

1430 cm-1; HRMS (ESI) m/z; calcd for C13H14N2NaO2 [M+Na]+ 253.0947, found 

253.0948. 
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Scheme 3.4 Synthesis of 6-(3,5-dimethylphenyl)-1,3-dimethylpyrimidine-2,4(1H,3H)-
dione (3d) 

6-(3,5-Dimethylphenyl)-1,3-dimethylpyrimidine-2,4(1H,3H)-dione (3d).5,6 

Purification was carried out by flash column chromatography to obtain 3d as a white 

solid (46 mg, 94% isolated yield); mp 174-176 oC; 1H NMR (CDCl3, 600 MHz) δ 7.12 

(s, 1H), 6.93 (s, 2H), 5.67 (s, 1H), 3.40 (s, 3H), 3.22 (s, 3H), 2.37 (s, 6H); 13C NMR 

(CDCl3, 150 MHz) δ 162.6, 155.1, 152.8, 138.8, 133.4, 131.8, 125.4, 102.2, 34.6, 28.0, 

21.3; FT-IR was recorded using the solid: 2956, 2919, 1698, 1647, 1614, 1433 cm-1; 

HRMS (ESI) m/z; calcd for C14H16N2NaO2 [M+Na]+ 267.1104, found 267.1106. 

Scheme 3.5 Synthesis of 6-(3,4-dimethylphenyl)-1,3-dimethylpyrimidine-2,4(1H,3H)-
dione (3e) 

6-(3,4-Dimethylphenyl)-1,3-dimethylpyrimidine-2,4(1H,3H)-dione (3e).5,6 

Purification was carried out by flash column chromatography to obtain 3e as a white solid 

(46 mg, 94% isolated yield); mp 112-114 oC; 1H NMR (CDCl3, 600 MHz) δ 7.23 (d, 1H, 

J = 7.2 Hz), 7.09 (s, 1H), 7.05 (d, 1H, J = 7.2 Hz), 5.67 (s, 1H), 3.40 (s, 3H), 3.23 (s, 3H), 
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2.32 (s, 6H, broad singlet overlap of 2CH3 signals); 13C NMR (CDCl3, 150 MHz) δ 

162.6, 155.0, 152.8, 139.1, 137.5, 131.0, 130.1, 128.8, 125.2, 102.3, 34.6, 28.0, 19.9, 

19.7; FT-IR was recorded using the solid: 3053, 2944, 1698, 1644, 1617, 1478, 1433 cm-

1; HRMS (ESI) m/z; calcd for C14H16N2NaO2 [M+Na]+ 267.1104, found 267.1105. 

Scheme 3.6 Synthesis of 1,3-dimethyl-6-(3-nitrophenyl)pyrimidine-2,4(1H,3H)-dione 
(3f) 

1,3-Dimethyl-6-(3-nitrophenyl)pyrimidine-2,4(1H,3H)-dione (3f). Purification 

was carried out by flash column chromatography to obtained 3f as a yellow solid (50 mg, 

96% isolated yield); mp 161-162 oC; 1H NMR (CDCl3, 600 MHz) δ 8.39 (d, 1H, J = 7.8 

Hz), 8.26 (s, 1H), 7.76-7.70 (m, 2H), 5.74 (s, 1H), 3.42 (s, 3H), 3.24 (s, 3H); 13C NMR 

(CDCl3, 150 MHz) δ 162.0, 152.4, 151.9, 148.5, 134.9, 133.8, 130.6, 125.2, 123.1, 103.5, 

34.7, 28.3; FT-IR was recorded using the solid: 3069, 2959, 1693, 1651, 1623, 1525, 

1430, 1349 cm-1; HRMS (ESI) m/z; calcd for C12H11N3NaO4 [M+Na]+ 284.0642, found 

284.0643. 
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Scheme 3.7 Synthesis of 1,3-diethyl-6-phenylpyrimidine-2,4(1H,3H)-dione (3g) 

1,3-Diethyl-6-phenylpyrimidine-2,4(1H,3H)-dione (3g).3 Purification was carried 

out by flash column chromatography to obtain 3g as a white solid (39 mg, 80 % isolated 

yield); mp 119-121 oC; 1H NMR (CDCl3, 300 MHz) δ 7.51-7.46 (m, 3H), 7.36-7.32 (m, 

2H), 5.62 (s, 1H), 4.07 (q, 2H, J = 6.9 Hz), 3.73 (q, 2H, J = 7.2 Hz), 1.29 (t, 3H, J = 7.2 

Hz), 1.11 (t, 3H, J = 6.9 Hz); 13C NMR (CDCl3, 75 MHz) δ 162.1, 154.5, 151.7, 133.6, 

130.0, 128.9, 127.8, 103.2, 41.7, 36.6, 14.3, 12.9; FT-IR was recorded using the solid: 

3094, 3077, 2973, 2931, 2871, 1695, 1646, 1619, 1447, 1423 cm-1; HRMS (ESI) m/z; 

calcd for C14H16N2NaO2 [M+Na]+ 267.1104, found 267.1106. 

Scheme 3.8 Synthesis of 1,3-diethyl-6-(4-methoxyphenyl)pyrimidine-2,4(1H,3H)-
dione (3h) 

1,3-Diethyl-6-(4-methoxyphenyl)pyrimidine-2,4(1H,3H)-dione (3h). Purification 

was carried out by flash column chromatography to obtain 3h as a white solid (40 mg, 

73% isolated yield); mp135-136 oC; 1H NMR (CDCl3, 600 MHz) δ 7.27-7.26 (m, 2H), 

6.98 (d, 2H, J = 8.4 Hz), 5.60 (s, 1H), 4.06 (q, 2H, J = 7.2 Hz), 3.87 (s, 3H), 3.75 (q, 2H, 

J = 7.2 Hz), 1.28 (t, 3H, J = 7.2 Hz), 1.11 (t, 3H, J = 7.2 Hz); 13C NMR (CDCl3, 150 
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MHz) δ 162.2, 160.8, 154.5, 151.9, 129.3, 125.8, 114.3, 103.3, 55.5, 41.7, 36.6, 14.3, 

13.0; FT-IR was recorded using the solid: 3095, 3008, 2982, 2938, 1696, 1647, 1618, 

1604,1432, 1250, 1027 cm-1; HRMS (ESI) m/z; calcd for C15H18N2NaO3 [M+Na]+ 

297.1210, found 297.1211. 

Scheme 3.9 Synthesis of 1,3-dimethyl-6-propylpyrimidine-2,4(1H,3H)-dione (3m) 

1,3-Dimethyl-6-propylpyrimidine-2,4(1H,3H)-dione (3m). Purification was 

carried out by flash column chromatography to obtain 3m as a white solid (12 mg, 32% 

isolated yield); mp (heating rate: 1-2 °C min-1) 52-53 °C; 1H NMR (CDCl3, 600 MHz) δ 

5.61 (s, 1H), 3.41 (s, 3H), 3.34 (s, 3H), 2.45 (t, 2H, J = 7.8 Hz), 1.65 (sextet, 2H, J = 7.8 

Hz), 1.05 (t, 3H, J = 7.8 Hz); 13C NMR (CDCl3, 150 MHz) δ 162.7, 154.9, 152.9, 100.3, 

34.6, 31.4, 28.0, 20.5, 13.7; FT-IR was recorded using solid: 3117, 2967, 2938, 

2880,1692, 1651, 1626, 1435 cm-1; HRMS (ESI) m/z; calcd for C9H14N2NaO2 [M+Na]+ 

205.0947, found 205.0950. 

3.3 General Procedure for the K3PO4-promoted dimerizations of 1a-m to 6-
substituted-uracils.  

All reactions were performed under air in airtight screw head reaction tubes with 

constant stirring on a Cole-Parmer Aluminum metal block on a hot plate at 115 °C for 96 

hrs. N-R1-3-R2-2-propynamides 1a-m (0.1 mmol, 1.0 equiv), K3PO4 (0.1 mmol, 1.0 

equiv), and anhydrous toluene (2.0 mL) were placed in the reaction tube. The reaction 
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under reflux was performed in a 25 mL round bottomed flask connected to a water 

cooling condenser. 1a (0.6 mmol, 1.0 equiv), K3PO4 (0.6 mmol, 1.0 equiv), and 

anhydrous toluene (10.0 mL) at 115 °C for 120 h were used.   

3.4 General procedure for Pd(OAc)2/tBuXPhos-catalyzed dimerization of N-
methyl- and N-ethyl-3-aryl-2-propynamides promoted by either Cs2CO3 or 
K3PO4. 

All reactions were performed under the Ar gas in airtight screw head reaction 

tubes with constant stirring on a Cole-Parmer aluminum metal block on a hot plate at 115 

°C for 12-18 h. 3-Aryl-2-propynamides (0.4 mmol, 1.0 equiv) and K3PO4 or Cs2CO3 (0.4 

mmol, 1.0 equiv) were placed in the reaction tubes. Reaction tubes were evacuated and 

refilled with Ar gas. Finally, 1.0 mL of 0.01 M Pd(OAc)2 (2.5 mol%), 1.0 mL of 0.02 M 

tBuXPhos (5.0 mol%), and 2 mL of anhydrous toluene were added to reaction tubes 

under Ar gas. After the reaction time, reactions were filtered through a plug of silica gel 

and solution were prepared for GC-MS analysis. Finally, products were purified by flash 

column chromatography using a silica gel column with ethyl acetate and hexane as 

eluting solvents. All hydantoins, (Z) and (E)-2a-h were isolated and characterized by 1H 

NMR, 13C-NMR, HRMS, and NOESY. Characterization data for the uracil analogues 

(Z)-2a-h are reported below. 
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Scheme 3.10 Synthesis of (Z)-5-benzylidene-1,3-dimethylimidazolidine-2,4-dione [(Z)-
2a] 

(Z)-5-Benzylidene-1,3-dimethylimidazolidine-2,4-dione [(Z)-2a]. Purification was 

carried out by flash column chromatography to obtain 2a as a pale yellow color 

amorphous solid (36 mg, 83% isolated yield); 1H NMR (CDCl3, 600 MHz) δ 7.39-7.29 

(m, 5H), 6.95 (s, 1H), 3.14 (s, 3H), 2.95 (s, 3H); 13C-NMR (CDCl3, 150 MHz) δ 163.9, 

156.1, 132.8, 129.9, 129.6, 128.5, 128.4, 112.5, 30.5, 25.2; HRMS (ESI) m/z; calcd for 

C12H12N2NaO2 [M+Na]+ 239.0791, found 239.0794. 

Scheme 3.11 Synthesis of (Z)-5-(4-methoxybenzylidene)-1,3-dimethylimidazolidine-
2,4-dione [(Z)-2b]. 

(Z)-5-(4-Methoxybenzylidene)-1,3-dimethylimidazolidine-2,4-dione [(Z)-2b].8 

Purification was carried out by flash column chromatography to obtain 2b as a pale 

yellow color amorphous solid (43 mg, 87% isolated yield); 1H NMR (CDCl3, 600 MHz) 

δ 7.24 (d, 2H, J = 8.4 Hz), 6.92 (d, 2H, J = 8.4 Hz), 6.90 (s, 1H), 3.84 (s, 3H), 3.14 (s, 

3H), 3.00 (s, 3H); 13C NMR (CDCl3, 150 MHz) δ 164.0, 159.8, 156.2, 131.1, 128.8, 

124.8, 113.8, 112.8, 55.4, 30.7, 25.2; HRMS (ESI) m/z; calcd for C13H14N2NaO3 

[M+Na]+ 269.0897, found 269.0895. 
55 

http:7.39-7.29


 

 

 
 

  

 

 

 

 

 

 

 

Scheme 3.12 Synthesis of (Z)-5-(4-methylbenzylidene)-1,3-dimethylimidazolidine-2,4-
dione [(Z)-2c] 

(Z)-5-(4-Methylbenzylidene)-1,3-dimethylimidazolidine-2,4-dione [(Z)-2c]. 

Purification was carried out by flash column chromatography to obtain 2c as a pale 

yellow color amorphous solid (32 mg, 70% isolated yield); 1H NMR (CDCl3, 600 MHz) 

δ 7.21-7.19 (m, 4H), 6.92 (s, 1H), 3.13 (s, 3H), 2.97 (s, 3H), 2.38 (s, 3H); 13C NMR 

(CDCl3, 150 MHz) δ 164.0, 156.1, 138.6, 129.8, 129.6, 129.5, 129.1, 112.8, 30.6, 25.2, 

21.5; HRMS (ESI) m/z; calcd for C13H14N2NaO2 [M+Na]+ 253.0947, found 253.0946. 

Scheme 3.13 Synthesis of (Z)-5-(3,5-dimethylbenzylidene)-1,3-dimethylimidazolidine-
2,4-dione [(Z)-2d] 

(Z)-5-(3,5-Dimethylbenzylidene)-1,3-dimethylimidazolidine-2,4-dione [(Z)-2d]. 

Purification was carried out by flash column chromatography to obtain 2d as a pale 

yellow color amorphous solid (44 mg, 90% isolated yield); 1H NMR (CDCl3, 600 MHz) 

δ 6.97 (s, 1H), 6.90 (m, 3H), 3.14 (s, 3H), 2.96 (s, 3H), 2.33 (s, 6H); 13C NMR (CDCl3, 

150 MHz) δ 164.0, 156.1, 137.9, 132.6, 130.2, 129.6, 127.4, 113.0, 30.6, 25.2, 21.4; 

HRMS (ESI) m/z; calcd for C14H16N2NaO2 [M+Na]+ 267.1104, found 267.1103. 
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Scheme 3.14 Synthesis of(Z)-5-(3,4-dimethylbenzylidene)-1,3-dimethylimidazolidine-
2,4-dione [(Z)-2e] 

(Z)-5-(3,4-Dimethylbenzylidene)-1,3-dimethylimidazolidine-2,4-dione [(Z)-2e]. 

Purification was carried out by flash column chromatography to obtain 2e as a pale 

yellow color amorphous solid (41 mg, 84% isolated yield); 1H NMR (CDCl3, 600 MHz) 

δ 7.14 (d, 1H, J = 7.2 Hz), 7.06-7.02 (m, 2H), 6.91 (s, 1H), 3.13 (s, 3H), 2.98 (s, 3H), 

2.28 (s, 6H); 13C NMR (CDCl3, 150 MHz) δ 164.1, 156.2, 137.4, 136.6, 130.8, 130.2, 

129.6, 129.3, 127.1, 113.1, 30.6, 25.2, 19.9, 19.8; MS (EI) m/z; 244.2, 229.1, 159.1, 

144.1, 129.1, 115.1; HRMS (ESI) m/z; calcd for C14H16N2NaO2 [M+Na]+ 267.1104, 

found 267.1102. 

Scheme 3.15 Synthesis of (Z)-5-(3-nitrophenyl)-1,3-dimethylimidazolidine-2,4-dione 
[(Z)-2f] 

(Z)-5-(3-Nitrophenyl)-1,3-dimethylimidazolidine-2,4-dione [(Z)-2f]. Purification 

was carried out by flash column chromatography to obtain 2f as a pale yellow color 
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amorphous solid (41 mg, 78% isolated yield); 1H NMR (CDCl3, 600 MHz) δ 8.20 (d, 1H, 

J = 9 Hz), 8.16 (s, 1H), 7.63-7.57 (m, 2H), 6.88 (s, 1H), 3.16 (s, 3H), 2.96 (s, 3H); 13C 

NMR (CDCl3, 150 MHz) δ 163.4, 155.8, 148.3, 135.3, 134.8, 131.6, 129.5, 124.3, 123.2, 

108.5, 30.6, 25.4; MS (EI) m/z; 161, 215, 176, 130, 103, 89; HRMS (ESI) m/z; calcd for 

C12H11N3NaO4 [M+Na]+ 284.0642, found 284.0641. 

Scheme 3.16 Synthesis of (Z)-5-benzylidene-1,3-diethylimidazolidine-2,4-dione [(Z)-
2g] 

(Z)-5-Benzylidene-1,3-diethylimidazolidine-2,4-dione [(Z)-2g]; Purification was 

carried out by flash column chromatography to obtain 2g as a pale yellow color 

amorphous solid (39 mg, 80% isolated yield); 1H NMR (CDCl3, 600 MHz) δ 7.40-7.30 

(m, 5H), 6.94 (s, 1H), 3.68 (q, 2H, J = 7.2 Hz), 3.58 (q, 2H, J = 7.2 Hz), 1.28 (t, 3H, J = 

7.2 Hz), 0.77 (t, 3H, J = 7.2 Hz); 13C NMR (CDCl3, 150 MHz) δ 164.0, 155.4, 133.2, 

129.2, 128.5, 128.4, 128.4, 112.1, 36.8, 34.3, 13.7, 13.0; MS (EI) m/z; 244, 215, 158, 

130, 177; HRMS (ESI) m/z; calcd for C14H16N2NaO2 [M+Na]+ 267.1104, found 

267.1102. 
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Scheme 3.17 Synthesis of (Z)-5-(4-methoxybenzylidene)-1,3-diethylimidazolidine-2,4 
dione [(Z)-2h]. 

(Z)-5-(4-Methoxybenzylidene)-1,3-diethylimidazolidine-2,4-dione [(Z)-2h]. 

Purification was carried out by flash column chromatography to obtain 2h as a pale 

yellow color amorphous solid (50 mg, 91% isolated yield); 1H NMR (CDCl3, 600 MHz) 

δ 7.24 (d, 2H, J = 8.4 Hz), 6.92-6.89 (m, 3H), 3.84 (s,3H), 3.69-3.61 (m, 4H), 1.27 (t, 3H, 

J = 7.2 Hz), 0.80 (t, 3H, J = 7.2 Hz); 13C NMR (CDCl3, 150 MHz) δ 164.1, 159.8, 155.6, 

130.7, 127.6, 125.4, 113.9, 112.5, 55.5, 36.9, 34.2, 13.7, 13.0; HRMS (ESI) m/z; calcd 

for C15H18N2NaO3 [M+Na]+ 297.1210, found 297.1208. 

3.5 General procedure for Pd(OAc)2/tBuXPhos-catalyzed dimerization of N-
methyl- and N-ethyl-3-aryl-2-propynamides promoted by K2CO3. 

The synthesis procedure was exactly to similar to the Pd(OAc)2/tBuXPhos-

catalyzed dimerization of N-methyl- and N-ethyl-3-aryl-2-propynamides promoted by 

either Cs2CO3 or K3PO4. K2CO3 was used instead of Cs2CO3 or K3PO4. Reactions were 

performed for at least 72 h. The E-hydantoins, (E)-2a-c, e-g were isolated and 

characterized by 1H NMR, 13C-NMR, HRMS, and NOESY. Characterization data for 

the uracil analogues (E)-2a-h are reported below. 
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Scheme 3.18 Synthesis of (E)-5-benzylidene-1,3-dimethylimidazolidine-2,4-dione [(E)-
2a] 

(E)-5-Benzylidene-1,3-dimethylimidazolidine-2,4-dione [(E)-2a]. Purification was 

carried out by flash column chromatography to obtain 2a as a pale yellow color 

amorphous solid (37 mg, 85% isolated yield); 1H NMR (CDCl3, 600 MHz) δ 7.89 (s, 3H, 

J =7.2 Hz), 7.40-7.33 (m, 3H), 6.24 (s, 1H), 3.25 (s, 3H), 3.12 (s, 3H); 13C-NMR 

(CDCl3, 150 MHz) δ 161.8, 153.9, 132.5, 130.3, 129.4, 129.1, 128.4, 117.2, 26.5, 24.8; 

HRMS (ESI) m/z; calcd for C12H12N2NaO2 [M+Na]+ 239.0791, found 239.0789. 

Scheme 3.19 Synthesis of (E)-5-(4-methoxybenzylidene)-1,3-dimethylimidazolidine-
2,4-dione [(E)-2b]. 

(E)-5-(4-Methoxybenzylidene)-1,3-dimethylimidazolidine-2,4-dione [(E)-2b].8 

Purification was carried out by flash column chromatography to obtain 2b as a pale 

yellow color amorphous solid (42 mg, 85% isolated yield); 1H NMR (CDCl3, 600 MHz) 

δ 7.94 (d, 2H, J = 8.4 Hz), 6.91 (d, 2H, J = 8.4 Hz), 6.19 (s, 1H), 3.84 (s, 3H), 3.22 (s, 

3H), 3.12 (s, 3H); 13C NMR (CDCl3, 150 MHz) δ 162.0, 160.4, 153.8, 132.2, 127.7, 

125.3, 117.6, 113.8, 55.4, 26.5, 24.8; HRMS (ESI) m/z; calcd for C13H14N2NaO3 

[M+Na]+ 269.0897, found 269.0896. 
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Scheme 3.20 Synthesis of (E)-5-(4-methylbenzylidene)-1,3-dimethylimidazolidine-2,4-
dione [(E)-2c] 

(E)-5-(4-Methylbenzylidene)-1,3-dimethylimidazolidine-2,4-dione [(E)-2c]. 

Purification was carried out by flash column chromatography to obtain 2c as a pale 

yellow color amorphous solid (27 mg, 58% isolated yield); 1H NMR (CDCl3, 600 MHz) 

δ 7.82 (d, 2H, J = 8.4 Hz), 7.19 (d, 2H, J = 8.4 Hz), 6.22 (s, 1H), 3.23 (s, 3H), 3.12 (s, 

3H), 2.37 (s, 3H); 13C NMR (CDCl3, 150 MHz) δ 161.9, 153.8, 139.5, 130.4, 129.8, 

129.2, 128.7, 117.6, 26.5, 24.5, 21.6; HRMS (ESI) m/z; calcd for C13H14N2NaO2 

[M+Na]+ 253.0947, found 253.0945. 

Scheme 3.21 Synthesis of (E)-5-(3,5-dimethylbenzylidene)-1,3-dimethylimidazolidine-
2,4-dione [(Z)-2d] 

(E)-5-(3,5-Dimethylbenzylidene)-1,3-dimethylimidazolidine-2,4-dione [(E)-2d]. 

Purification was carried out by flash column chromatography to obtain 2d as a pale 

yellow color amorphous solid (34 mg, 70% isolated yield); 1H NMR (CDCl3, 600 MHz) 

δ 7.55 (s, 2H), 6.99 (s, 1H), 6.19 (s, 1H), 3.22 (s, 3H), 3.12 (s, 3H), 2.37 (s, 3H); MS (EI) 
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m/z; 244.2, 229.1, 159.1, 144.1, 129.1, 115.1, 91.0, 77.1; HRMS (ESI) m/z; calcd for 

C14H16N2NaO2 [M+Na]+ 267.1104, found 267.1110. 

Scheme 3.22 Synthesis of(E)-5-(3,4-dimethylbenzylidene)-1,3-dimethylimidazolidine-
2,4-dione [(E)-2e] 

(E)-5-(3,4-Dimethylbenzylidene)-1,3-dimethylimidazolidine-2,4-dione [(E)-2e]. 

Purification was carried out by flash column chromatography to obtain 2e as a pale 

yellow color amorphous solid (32 mg, 65% isolated yield); 1H NMR (CDCl3, 600 MHz) 

δ 7.70-7.69 (m, 2H), 7.16-7.14 (m, 1H), 6.20 (s, 1H), 3.22 (s, 3H), 3.12 (s, 3H), 2.29 (s, 

6H); 13C NMR (CDCl3, 150 MHz) δ 161.9, 153.9, 138.3, 136.6, 131.6, 130.1, 129.8, 

128.0, 128.6, 117.8, 26.5, 24.8, 19.9; HRMS (ESI) m/z; calcd for C14H16N2NaO2 

[M+Na]+ 267.1104, found 267.1107.  
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Scheme 3.23 Synthesis of (E)-5-(3-nitrophenyl)-1,3-dimethylimidazolidine-2,4-dione 
[(E)-2f] 

(E)-5-(3-Nitrophenyl)-1,3-dimethylimidazolidine-2,4-dione [(E)-2f]. Purification 

was carried out by flash column chromatography to obtain 2f as a pale yellow color 

amorphous solid (30 mg, 57% isolated yield); 1H NMR (CDCl3, 600 MHz) δ 8.72 (s, 

1H), 8.20-8.15 (m, 2H), 7.54 (t, 1H, J = 7.8 Hz), 6.21 (s, 1H), 3.26 (s, 3H), 3.13 (s, 3H); 

13C NMR (CDCl3, 150 MHz) δ 161.7, 153.8, 148.4, 135.8, 134.3, 131.6, 129.2, 125.1, 

123.4, 113.3, 26.6, 25.0; calcd for C12H11N3NaO4 [M+Na]+ 284.0642, found 284.0639.  

Scheme 3.24 Synthesis of (E)-5-benzylidene-1,3-diethylimidazolidine-2,4-dione [(E)-
2g] 

(E)-5-Benzylidene-1,3-diethylimidazolidine-2,4-dione [(E)-2g]; Purification was 

carried out by flash column chromatography to obtain 2g as a pale yellow color 

amorphous solid (26 mg, 53% isolated yield); 1H NMR (CDCl3, 600 MHz) δ 7.87 (d, 2H, 

J = 7.8 Hz), 7.38 (d, 2H, J = 7.8 Hz), 7.33 (d, 1H, J = 7.8 Hz), 6.27 (s, 1H), 3.79 (q, 2H, J 

= 7.2 Hz), 3.66 (q, 2H, J = 7.2 Hz), 1.30-1.22 (m, 6H); 13C NMR (CDCl3, 150 MHz) δ 
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161.7, 153.3, 132.6, 130.3, 129.0, 128.3, 128.0, 116.6, 34.7, 33.9, 13.7, 12.9; HRMS 

(ESI) m/z; calcd for C14H16N2NaO2 [M+Na]+ 267.1104, found 267.1102.  

Scheme 3.25 Synthesis of (E)-5-(4-methoxybenzylidene)-1,3-diethylimidazolidine-2,4 
dione [(E)-2h] 

(E)-5-(4-Methoxybenzylidene)-1,3-diethylimidazolidine-2,4-dione [(E)-2h]. 

Purification was carried out by flash column chromatography to obtain 2h as a pale 

yellow color amorphous solid (32 mg, 58% isolated yield); 1H NMR (CDCl3, 600 MHz) 

δ 7.93 (d, 2H, J = 8.4 Hz), 6.91 (d, 2H, J = 8.4 Hz), 6.22 (s, 1H), 3.84 (s,3H), 3.77 (q, 2H, 

J = 7.8 Hz), 3.66 (q, 2H, J = 7.2 Hz), 1.29-1.25 (m, 6H); 13C NMR (CDCl3, 150 MHz) δ 

161.9, 160.3, 153.2, 132.2, 126.3, 125.4, 117.1, 113.8, 55.5, 34.6, 33.8, 13.7, 13.0; 

HRMS (ESI) m/z; calcd for C15H18N2NaO3 [M+Na]+ 297.1210, found 297.1215. 

3.6 General procedure for the dimerization of 1a in ethanol 

This reaction was conducted under air in airtight screw head reaction tube with 

constant stirring on a Cole-Parmer aluminum metal block on a hot plate at 115 °C for 6 h. 

1a (0.4 mmol, 1.0 equiv) and Cs2CO3 (0.4 mmol, 1.0 equiv) in ethanol (2.5 mL) were 

placed in the reaction tube. After 6 h, the reaction mixture was cooled to room 

temperature, and solvent was removed under reduced pressure to give a crude mixture. 

This crude reaction mixture could not be successfully separated by column 

chromatography after several tries, so the products were purified by TLC separation and 
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removing silica from the TLC plates. Analytical characterization data for the uracil 

analogues (Z)-21 and (E)-21 are reported below.  

Scheme 3.26 Synthesis of (Z)-3-ethoxy-N-methyl-3-phenyl-2-propenamide [(Z)-21]. 

(Z)-3-Ethoxy-N-methyl-3-phenyl-2-propenamide [(Z)-21]. The compound was 

isolated by removing silica from TLC plates after development to obtain (Z)-21 as a 

colorless liquid (33 mg, 40 % isolated yield); Rf= 0.63 (ethyl acetate/hexane 99:1); 1H 

NMR (CDCl3, 600 MHz) δ 7.54 (s, 1H, N-H), 7.45-7.40 (m, 5H), 5.52 (s, 1H), 3.89 (q, 

2H, J = 7.2 Hz), 2.93 (d, 3H), 1.31 (t, 3H, J = 7.2 Hz); 13C NMR (CDCl3, 150 MHz) δ 

166.8, 161.8, 134.4, 130.0, 128.8, 127.5, 108.8, 67.2, 26.1, 15.4; FT-IR recorded in 

DCM: 3419, 3056, 2982, 1653, 1611, 1265, 1054 cm-1; HRMS (ESI) m/z; calcd for 

C12H15N1NaO2 [M+Na]+ 228.0995, found 228.0996. 

Scheme 3.27 Synthesis of (E)-3-ethoxy-N-methyl-3-phenyl-2-propenamide [(E)-21]. 

(E)-3-Ethoxy-N-methyl-3-phenyl-2-propenamide [(E)-21]. The compound was 

isolated by removing silica from TLC plates after development to obtain (E)-21 as a 
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colorless liquid (15 mg, 18 % isolated yield); Rf= 0.54 (ethyl acetate/hexane 99:1); 1H 

NMR (CDCl3, 600 MHz) δ 7.46-7.38 (m, 5H), 5.23 (s, 1H), 5.03 (s, 1H, N-H), 3.93 (q, 

2H, J = 7.2 Hz), 2.63 (d, 3H), 1.40 (t, 3H, J = 7.2 Hz); 13C NMR (CDCl3, 150 MHz) δ 

168.0, 164.1, 135.3, 129.9, 128.8, 128.4, 97.6, 64.4, 26.4, 14.5; FT-IR recorded in DCM: 

3457, 3056, 2984, 1645, 1619, 1264, 1076 cm-1; HRMS (ESI) m/z; calcd for 

C12H15N1NaO2 [M+Na]+ 228.0995, found 228.0993. 

3.7 General procedure for the synthesis of intermediate 23  

Reaction was conducted under air in airtight screw head reaction tube with 

constant stirring on a Cole-Parmer aluminum metal block on a hot plate at 115 °C for 72 

hrs. Methyl 3-(3,5-dimethylphenyl)-2-propynate (0.75 mmol, 1.5 equiv), N-methyl-3-

phenyl-2-proynamide 1a (0.5 mmol, 1.0 equiv), Cs2CO3 (0.75 mmol, 1.5 equiv), and 5 

mL of toluene were placed in the reaction tube. Crude mixture was purified using a silica 

gel column using hexane and ethyl acetate (1:1) as eluting solvent mixture. Analytical 

characterization data are given below. 

Scheme 3.28 (Z)-Methyl 3-(3,5-dimethylphenyl)-3-(N-methyl-3-phenyl-2-
propynamido)acrylate, 23 

(Z)-Methyl 3-(3,5-dimethylphenyl)-3-(N-methyl-3-phenyl-2-

propynamido)acrylate, 23. Purification was carried out by flash column chromatography 
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to obtain 23 as a pale yellow color liquid (108 mg, 65% isolated yield); 1H NMR (CDCl3, 

600 MHz) δ 7.35-7.27 (m, 5H), 7.13-7.10 (m, 3H), 6.35 (s,1H), 3.77 (s, 3H), 3.14 (s, 3H), 

2.35 (s, 3H); 13C NMR (CDCl3, 150 MHz) δ 165.1, 154.4, 152.8, 140.0, 135.2, 132.9, 

132.6, 130.1, 128.5, 125.3, 120.6, 115.8, 88.9, 82.0, 52.0, 34.5, 21.4; HRMS (ESI) m/z; 

calcd for C22H21NNaO3 [M+Na]+ 370.1414, found 370.1410. 

3.8 Determination of concentration of the K3PO4 in toluene at 115 °C. 

K3PO4 (0.5198 g) was added to 5 mL of toluene in screwhead cultural tube. It was 

stirred for 1 h at 115 °C. After 1 h, the solution was immediately filtered hot and the 

K3PO4 solid on the filter was dried before recording the mass (0.5151 g). The 

concentration of K3PO4 in toluene at 115 oC was back-calculated to be 940 ppm.   
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CHAPTER IV 

EXTRACTION AND QUANTIFICATION OF XYLITOL IN SUGAR FREE GUM 

SAMPLES BY DIRECT AQUEOUS INJECTION GC-MS  

4.1 Abstract 

A reliable low-cost method to determine amounts of xylitol in sugar free gum 

samples has been developed to predict dangerous exposure levels for dogs. Xylitol is 

generally considered safe for human consumption and is frequently used in sugar free 

gum, however, it is extremely toxic to dogs. It is unknown if partially consumed chewing 

gum is also dangerous. A method to determine xylitol content of these sugar free gum 

samples employing GC-MS with direct aqueous injection (DAI) is presented. This 

method was successfully applied to over 120 samples including, fresh gum, 5 min, 15 

min, and 30 min chewed gum samples. An average of 179.2 mg, 7.8 mg, and 1.1 mg was 

of xylitol found in the fresh, 5 min and 15 min chewed samples while the 30 min samples 

were below limits of detection. These results indicate that there is very little danger of 

xylitol poisoning, even for the smallest of dogs, who consume discarded gum that has 

been chewed for at least five minutes. Further extension of this work resulted in the 

development of an undergraduate laboratory experiment (Chapter 5) for upper-level 

undergraduate chemistry students which teaches calibration methods, xylitol extraction, 

sample preparation for GC-MS analysis, and data analysis. 
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4.2 Introduction 

Xylitol can be found naturally in low concentrations in fruits, vegetables, 

mushrooms and sugar cane. It is a sugar alcohol,1 commonly used as an artificial 

sweetener or sugar substitute in many “reduced-calorie” foods. D-xylitol is industrially 

produced in large scale from D-xylose, which is derived from hemicellulose, by either 

chemical reduction or biosynthesis (Figure 4.1).2 The chemical reduction of D-xylose to 

D-xylitol involves catalytic hydrogenation in the presence of a nickel catalyst at high 

temperature and pressure. D-xylitol can also be biosynthesized through the microbial 

conversion of D-xylose by various bacteria, fungi, and yeasts.3 

Figure 4.1 Commercial production of xylitol 

In food, the primary role of artificial sugar alcohols are to act as sweeteners, but 

they also influence product texture, preservation, moisture maintenance, and the cooling 

sensations in the mouth upon consumption.1 For these many reasons xylitol is extensively 

utilized in chewing gum and consumers favor xylitol-containing products because of 

perceived reduction in energy intake which can produce weight loss.4,5 Xylitol is safe for 

diabetics because it stimulates much less insulin release than a comparable quantity of 

table sugar.1 Xylitol also helps to prevent dental caries.6-10 Diet is a major etiological 

factor in dental health and limiting the consumption of fermentable carbohydrates and 

sugars is an effective strategy to control dental caries. Therefore, there is interest in 
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replacing sucrose in chewing gum with non-fermentable sugars such as xylitol, which 

prevent the lactic acid production that can result in cavities.6-10 

Xylitol has a varied safety margin in mammals. The LD50 of xylitol in mice is 20g 

of xylitol per kilogram11 while it is nontoxic for both cats and humans. While xylitol 

consumption has been proven to be beneficial to humans, it can be fatal to dogs.  Xylitol 

is rapidly absorbed in dogs, increasing insulin levels within 15 min of ingestion.12 

Hypoglycemia occurs when intracellular transfer of potassium ions is activated by 

insulin.13 A dose of 0.1 g of xylitol per kg of dog has been reported to cause 

hypoglycemia in dogs within 30-60 minutes of ingestion and some veterinary clinicians 

have reported liver failure in dogs after 8-12 h.12 Generally, xylitol ingestion by dogs 

causes hyperinsulinemia, which can result in vomiting, ataxia, lethargy, weakness, 

seizures, hypoglycemia, hepatotoxicity, coma, and death.11-16 Thus, ingestion of xylitol 

containing products such as chewing gum can result in xylitol poisoning in dogs if 

enough of the product is consumed. Table 4.1 shows the minimum number of gum sticks 

to provide a toxic dose of xylitol (0.1g of xylitol per kilogram of dog) to cause 

hypoglycemia.15,17,18 
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Table 4.1 The amount of xylitol and number of fresh gum sticks that can cause 
hypoglycemia in dogs.15,17,18 

Xylitol’s presence in chewing gum and other consumer products makes it readily 

available to dogs with detrimental effects often requiring veterinary care. This study was 

inspired by many such incidences including this comment posted on the Mother Nature 

Network (MNN):19 

Direct Quote:19 “Please listen, this warning is not nearly as urgent as it needs to 

be! I never buy low calorie chewing gum, but one day, on a whim, I did. The gum was 

individually wrapped, inside their box, inside my purse, which I put on my bedroom night 

table. I went to my home office, and an hour later, when I went back to my bedroom, I 

found that my lovely girl Sandy (a rescue), had smelled the gum, gotten on top of the bed, 

then the night table, then taken the pack out of my purse, and eaten at least four pieces of 

gum. Not knowing anything about Xylitol, I did nothing. She died in my arms a little over 

24 hours later. Four pieces of chiclet-sized gum killed my 30lb dog. A week later, I come 

to find information on Xylitol, and I checked the package, and sure enough, it was an 
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ingredient. Had this information been widespread, I would not have bought the gum, or if 

I had, and she had eaten it, I would have immediately taken her to the vet to have her 

stomach pumped, which is the ONLY way to save the pup once the Xylitol has been 

ingested. Please spread this information, so your beloved pet does not die like mine did.” 

Today, many dog-owning customers are aware of the risks associate with xylitol 

containing chewing gums. However, there remains some uncertainty as to whether or not 

these chewing gums are still dangerous to dogs after they have been partially consumed. 

The primary goal of this study was to provide conclusive evidence of the toxicity of 

xylitol containing chewing gums after partial consumption. 

Numerous methods are commonly employed for the analysis of polyols20,21 

including those that utilize HPLC,22-24 GC-MS25 with sample derivatization, Over-

Pressured Layer Chromatography (OPLC),26 and High Performance Anion-exchange 

Chromatography (HPAEC).27 HPLC seems to be the obvious choice in this analysis, 

however, separation can be complicated because gum samples often have multiple 

polyols with overlapping retention times. Consequently, HPLC separation often requires 

specialty, high cost columns that may not be available in many analytical laboratories. 

Herein, a reliable low-cost method to determine amounts of xylitol in sugar free gum 

samples has been developed.  

A direct aqueous injection GC-MS method utilizing an Agilent 7890A GC/5975C 

MS has been developed. Direct aqueous injection (DAI) is key to this analysis because 

polyols are more soluble in water than any other common solvent.28 Employing DAI with 

GC-MS analysis has important advantages including high speed analysis, simplicity, and 

the elimination of the lengthy sample derivatization steps that are often required.29,30 
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Direct aqueous GC injection has been successfully used to analyze polar compounds such 

as carboxylic acids, ethers, fuel oxygenates and other fuel components.31-35 To the best of 

our knowledge, the method described here is the first to explore the use of GC-MS direct 

aqueous injection to determine xylitol content of chewing gum samples. An 

undergraduate teaching laboratory experiment was also developed as an extension of this 

work. 

4.3 Materials and Method 

4.3.1 Reagents and Materials 

Glycerol (CAS-56-81-5, assay 99.5%, MW-92.09 g mol-1), xylitol (CAS-87-99-0, 

assay 99%, MW- 152.15 g mol-1), DL-threitol (CAS-7493-90-5, assay-97%, MW- 122.12 

g mol-1), and sorbitol (CAS-50-70-4, assay 99%, MW-182.17 g mol-1) were purchased 

from Sigma Aldrich. Xylitol containing Trident sugar free gum was purchased from 

Walmart (regular 0.17-0.20 mg of xylitol/piece). DI-water was used to prepare all 

samples and standard stock solutions. Similar weight gum pieces were chosen for 

analysis.   

4.3.2 GC-MS Analysis 

An Agilent 7890A-5975C gas chromatograph with a mass detector (GC-MS) was 

used with a water resistant 60 m × 320 μm × 1 μm, 100 % dimethylpolysiloxane, Agilent 

J&W DB-1 column.36 The GC oven was programmed to heat as follows; temperature at 

injection was 216 ºC, followed by heating from 216 to 230 ºC at 1 ºC min-1, from 230 to 

290 ºC at 30 ºC min-1, and then holding at 290 ºC for 3 min. The total program time is 20 

min. The carrier gas was He at a pressure of 60 kPa. Using a 10 μL syringe, 1 μL 
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injections were done in split mode (30:1) at 280 ºC. The Agilent 5975C mass 

spectrometer was operated under scan mode with an electron impact ion source operated 

at 70 eV. The ion source temperature was 250 ºC and the interface temperature was 280 

ºC. 

4.3.3 Method overview 

A flow diagram of the method is shown in Figure 4.2 which includes sample 

collection, xylitol extractions by grinding gum pieces using a mortar and pestle, and 

centrifugation to remove any particulates before preparing solutions for GC-MS analysis. 

A fresh sample contains a large quantity of xylitol, so sample concentration before 

analysis was not required (Figure 4.2, a). However, the chewed gum samples contain 

very small amounts of xylitol and extracts must be concentrated for accurate GC-MS 

analysis (Figure 4.2, b). Typically, a nitrogen evaporator is used to concentrate samples. 

However, in this study, a large amount of water needed to be evaporated which required 

2-3 h per sample using the nitrogen evaporator with a bath temperature of 60-70 ºC. The 

rotary evaporator proved to be more efficient. With a bath temperature of 40 oC, the 

vacuum (water aspirator) rotary evaporator shortened the concentration step from hours 

to minutes (maximum 30 min).  
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Figure 4.2 A flow diagram of xylitol analysis method. 

4.3.3.1 Extraction of xylitol from Fresh Gum samples 

Sample collection: 4 gum packs, each containing 18 gum sticks, were randomly 

selected from a commercial package containing 14 packs. A total of 12 fresh gum sticks 

were collected from the gum packs including the 1st, 9th, and 18th gum sticks of each pack 

to determine xylitol content.  

A fresh gum stick was carefully cut into about 6-7 small pieces. Gum pieces were 

ground for 5 min with 10 mL of DI-water. This extraction step was repeated 9 times 

requiring a total of 90 mL DI-water and 45 min to extract xylitol completely from a 

single gum piece (Figure 4.3). Nine extractions are recommended to account for 

differences in an extractor’s grinding technique. Gum extracts were centrifuged to 

remove any particulate and the supernatant was transferred to a 100 mL volumetric flask. 

DI-water was then added to the 100 mL mark. Exactly 20.0 mL from the gum extraction 

was transferred to a 50 mL volumetric flask along with 5.0 mL of 5.0 mg mL-1 of DL-

theritol solution as an internal standard. 1 μL from the solution was injected to the GC 

inlet. Another, 10th extraction (10 mL × 5 min) was performed to confirm that no xylitol 
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was still trapped in the gum. This extraction was centrifuged and concentrated into 1 mL 

before 1 uL was injected for GCMS analysis. 

Figure 4.3 Amount of xylitol extracted after each extraction. 

4.3.3.2 Extraction of xylitol from 5 min chewed gum samples 

Sample collection: 12 volunteers, between 20 to 40 years old participated in this 

study. Participants were asked to wash their mouth with water before they chewed a gum 

stick. Participants chewed their gum pieces with similar starting masses (1.724 g ± 0.008) 

for 5 min before placing the chewed gum into a sterilized container. Three gum samples 

from each participant were collected within a 2-day interval (a total of 36 gum samples). 

The xylitol content of each 5 min chewed gum piece was determined as follows. 

The gum stick was ground using a mortar and pestle for 5 min with 10 mL of DI-

water. This extraction step was repeated 8 times for a total of 80 mL of DI-water and 40 
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min to extract xylitol completely from the gum piece. The reduced xylitol content in the 

chewed samples required fewer extraction steps than the fresh gum. Gum extracts were 

centrifuged to remove any particulate and then the supernatant was carefully transferred 

to a 100 mL evaporation flask. The combined extract was concentrated down to 5 mL 

under reduced pressure using a water aspirated rotary evaporator with a water bath 

temperature of 40 ºC. The concentrated sample was carefully transferred into the 10 mL 

volumetric flask. To ensure complete transfer, the evaporation flask was washed with 

another 3 mL of DI water. This washing was then transferred to the same 10 mL 

volumetric flask. 1.0 mL of a 5.0 mg mL-1 of DL-theritol solution was added as an 

internal standard to the flask which was then filled to the 10 mL mark with DI-water. 1 

μL from the solution was injected to the GC inlet for analysis. Another, 9th extraction (10 

mL × 5 min) was performed using the same gum piece to confirm that no xylitol was still 

trapped in the gum. This extraction was centrifuged and concentrated into 1 mL, followed 

by a 1 μL injection into the GC-MS.  

4.3.3.3 Extraction of xylitol from 15 min chewed gum samples 

Sample collection: the same 12 volunteers who participated in the 5 min chewed 

gum sampling also participated in this study. A similar procedure was used as above.  

Participants washed their mouth with water before chewing gum pieces with almost 

identical masses (1.724 g ± 0.008), for 15 min. The chewed gum pieces were collected 

into sterilized containers before extraction. Three replicates were performed by each 

participant (total 36 gum samples). 

A similar extraction method was used as above with the 5 min samples. However, 

with these 15 min samples, the 10 mL extraction step was repeated 6 times with a total of 
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60 mL of DI-water and required 30 min to completely extract xylitol from the gum piece. 

As with the 5 min samples, the gum extracts were then centrifuged to remove any 

particulate and the supernatant was carefully transferred to 100 mL evaporation flask, and 

water was evaporated to dryness, under reduced pressure using a rotary evaporator. To 

the evaporation flask, 900 μL of DI water and 100 μL of 5.0 mg mL-1 DL-theritol 

solution was added and mixed. Then 1 μL of the solution was analyzed by DAI GC-MS. 

A final 7th extraction (10 mL × 5 min) was performed using the same gum pieces to 

determine if xylitol remained in the extracted gum pieces. This extract was also 

centrifuged and concentrated to 1 mL. Then, 1 μL was injected to the GC-MS.  

4.3.3.4 Extraction of xylitol from 30 min chewed gum samples  

Sample collection: the same 12 volunteers who participated for both the 5 and 15 

min chewed samples also participated in this study. An identical method was used with 

the exception being 30 min of chewing before extraction. Xylitol was then extracted and 

analyzed using an identical method as above for the 15 min samples.     

4.4 Results and Discussion 

4.4.1 GC-MS method development 

Water is considered to be a poor solvent in GC analysis due to problems with 

backflash and chemical reactivity. Common GC solvents such as hexane, ethyl acetate, 

acetone, and dichloromethane have vapor-to-liquid volume ratios between 100-300.36 

However, the water vapor-to-liquid volume ratio is 1000. Hence, injecting 1 μL of liquid 

water into the GC liner creates 1000 μL of water vapor.36 A typical volume of a liner is 

between 200-900 μL, solvent vapor that expands beyond the liner volume results in 

79 

http:vapor.36
http:100-300.36


 

 

 

 

 

          

 

     

 

 

 

 

backflash which can cause both sample and solvent to contaminate purge lines and the 

GC inlet. A laminar cup splitter (Figure 4.4), used in this study, is suitable for large 

volume injections of low volatile compounds. With a laminar cup inlet, liquid can trap at 

the liner base until vaporized ensuring complete vaporization. Chemical damage to the 

stationary phase is another problem associated with water injection GC. In order to avoid 

stationary phase degradation and enable high temperature analysis, a water resistant, 100 

% dimethylpolysiloxane, low-bleed, cross-linked, and water rinsable column was used.36 

Figure 4.4 Laminar cup splitter design 

Analysis of xylitol (boiling point 216 ºC) in a complex mixture requires both high 

temperature injection and temperature programing to ensure chromatographic separation. 

The GC oven was programed with an initial temperature at the boiling point of xylitol to 

facilitate high temperature analysis, while reducing column bleed and improving limits of 

detection (Figure 4.5). The mass detector was programmed to analyze mass fragments 

between 35-350 m/z from 4.5 min to 15 min in order to avoid detector saturation caused 

by volatile components of gum extracts which elute before 4.5 min. After 15 min, the GC 

was baked out for 5 min (a 2 min heating ramp from 230 ºC to 290 ºC followed by 

holding for 3 min at 290 ºC) to remove residual sorbitol still trapped in the column. 

Following the fresh gum (high xylitol concentration) analysis, a blank run was performed 

to confirm no sorbitol remained trapped in the GC system before further analysis.    
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Figure 4.5 GC oven program 

The effect of injection temperature was studied to facilitate complete vaporization 

of xylitol in the GC inlet. Raising the injection temperature from 200 ºC to 280 ºC 

increased xylitol peak area by a factor of 5. However, only a 5% increase was observed 

when the inlet temperature was increased from 280 ºC to 300 ºC (Figure 4.6). Operating 

the inlet at 300 ºC may accelerate septum failure, therefore, 280 ºC was selected as the 

optimum injection temperature. 
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Figure 4.6 Effect of injection temperature on xylitol peak area. Note: Error bars 
indicate standard deviation (n = 3). 

4.4.2 Selection of internal standard 

Choosing a correct internal standard (IS) can improve a method’s accuracy and 

precision. Method development for GC-MS often utilizes an internal standard to account 

for routine variation of the instrument response and injection volumes. An internal 

standard should be chemically similar to the analyte but it should not be naturally present 

in any of the samples to be analyzed. A Trident spearmint flavor gum piece contains three 

polyols in large quantities, xylitol, glycerol, and sorbitol. Mannitol is also present but at 

low concentrations compared to the xylitol and sorbitol content of the gum piece (Figure 

4.7). 
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Figure 4.7 Total ion chromatogram (TIC) of Trident gum extract. 

Various chemicals were tested as an internal standard for this study including, 

ethylene glycol, 3,5-dimethoxyphenol, 2-methoxyphenol, terpineol, 2-nonanol, and DL-

threitol. Both 2-methoxyphenol and DL-threitol were found to be suitable for analysis in 

the terms of retention times, since they did not overlap with any peaks of the trident gum 

extract. However, DL-threitol was picked as the better internal standard because it has the 

same functional groups as xylitol. More importantly, glycerol, threitol, xylitol, and 

sorbitol are members of a series of compounds in which any two members in a sequence 

differ by one carbon atom, two hydrogen atoms, and one oxygen atom, CH–OH unit 

(Figure 4.8). Therefore, DL-threitol is a suitable internal standard in this analysis. 
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Figure 4.8 Total ion chromatogram (TIC) of Trident gum extract with internal 
standard. 

4.4.3 Recovery 

Recovery tests were performed to evaluate extraction efficiency. Gum base left 

after the 10th extraction was spiked with a known amount of solid xylitol (180.0 mg). The 

xylitol was thoroughly ground into the gum base using a mortar and pestle before 

extraction and DAI GC-MS analysis using the fresh gum method described above. This 

procedure was repeated for five gum-base samples (GB-1 through GB-5). Recovery 

values (Table 4.2) using the fresh gum extraction method were 95-99% with relative 

standard deviations of less than 1%. Acceptable recovery values and low standard 

deviations indicate high accuracy and precision of the method; thus reliable 

quantification is expected using this method.   
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Table 4.2 Precision and recovery of fresh gum analysis method (n = 3) 

4.4.4 Detection limit 

Limit of Detection (LOD) and Limit of Quantification (LOQ) were determined. 

An internal standard calibration graph was plotted using the ratio of peak areas of the 

internal standard (DL-threitol) versus the concentration of xylitol. Good linearity was 

observed, with a square of the correlation coefficient (r2) of 0.9995 in the range of 0.7 to 

2.0 mg mL-1 xylitol. A signal-to-noise approach was selected to determine limits of 

detection and quantification. LOD was determined to be 0.1 mg/mL using a signal-to-

noise (S/N) ratio of 3, while the LOQ was determined to be 0.7 mg/mL using a S/N 

approximately of 10. 

4.4.5 Statistical analysis 

Analysis of Variance with Tukey’s honestly significant difference test (P < 0.05, 

IBM SPSS Statistics, Version 24) was performed to determine the significant differences 

in xylitol contents in fresh and chewed gums. 
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4.4.6 Determination effect of chewing rate on xylitol release from gum base 

Effect of chewing rate on xylitol release was studied. Four volunteers were 

randomly selected for this experiment. Each participant was given three gum sticks with 

similar masses (1.724 g ± 0.008). Chewing rates were selected after considering general 

chewing habits. We observed, a person starts chewing a gum piece at a rate between 30 

and 120 chews per minute for the first two-minutes due to the sugar taste. Chewing rates 

then decrease with time due to decreased sugar content of the gum. Three chewing rates 

30, 60 and 120 chews per minute were selected. Participants were asked to chew gum 

pieces at the selected rates for 2 minutes. The method, which was used for the Fresh gum 

analysis, was used to determine the xylitol content of chewed gum samples in this 

experiment (Figure 4.9).   

Results show that chewing rate had no significant effect on the remaining xylitol 

content in the 2 min chewed gums (P<0.05). It should be noted that there appears to be a 

trend that more xylitol is released with more rapid chewing, however a larger sample size 

is required for proof. 
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Figure 4.9 Amount of xylitol remaining in a gum piece chewed by four participants at 
three different rates. 

Numbers sharing similar lower case letters indicate no significant difference.  

4.4.7 Sample analysis 

Trident spearmint flavor gum pieces were selected for this study. In order to 

determine the range of xylitol content in a gum stick, 4 gum packs were chosen 

randomly, each with 18 gum sticks. The 1st, 9th, and 18th sticks of each pack were selected 

for analysis. The amount of xylitol in the fresh gum pieces were determined using the 

fresh gum analysis method established above. Each sample was analyzed by DAI GC-MS 

three times and the results are summarized in Table 4.3 (P1-4 represent gum pack 

number, ST 1, 9, and 18 represent gum stick number). The xylitol content of the fresh 

gum samples ranged from 170.7 to 193.0 mg with average 179.2 mg of xylitol per piece. 
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There were no significant differences in the xylitol contents in fresh gum packs, which 

were used in this study (P<0.05). 

Table 4.3 Determination xylitol content of Trident spearmint gum flavor (regular 
care) 

A total of 36 samples (3 each for the 12 participants) were analyzed to determine 

the amount of xylitol in 5 min chewed gum samples and results are summarized in Figure 

4.10. The mass of xylitol ranged from 5.3 to 10.3 mg with an average of 7.8 mg per 

piece. Although there were significant differences among the xylitol content in gum 

samples, samples collected from a single participant were not significantly different (P < 

0.05) (Table 4.4). On average, the 5 min chewed gum samples retain about 4% of the 

original xylitol in a fresh gum stick. 
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Figure 4.10 Determination of xylitol content in 5 min chewed gum samples 

A total of 36 (3 from each participant) of the 15 minutes chewed gum samples 

were also analyzed (Figure 4.11). The amount of xylitol found in these samples ranged 

from 0.7 mg to 1.8 mg with an average of 1.1 mg per piece. This represents about 0.6% 

of the original xylitol. As shown in Figure 4.11, the amount of xylitol remaining in gum 

after 15 min of chewing varies significantly from person to person (P < 0.05) (Table 4.4).  

Figure 4.11 Determination of xylitol content in 15 min chewed gum samples 
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There was no xylitol above the LOD in any of the 36 samples collected after a 30 

min chewing period. Approximately 99.4% of xylitol is removed from the gum within the 

first 15 min, another 15 min of chewing time reduced the xylitol content below the 

method limits to detect. 

Table 4.4 Statistical analysis of xylitol content of chewed gum samples 

Numbers in the same column sharing similar lowercase letters or mean values sharing 
similar uppercase letters are not significantly different. ND = Not Detected 
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Table 4.5 was generated to demonstrate the number of gum sticks (fresh, 5 and 15 

min chewed) required to deliver a toxic dose to each dog size resulting in hypoglycemia. 

Although a large number of 5 and 15 min chewed gum pieces are required to cause 

hyperglycemia in a 2 kg Chihuahua, chewed gum samples should not be neglected 

because they still pose a threat, particularly to smaller dogs. In general, a dog’s size 

affects its tolerance to xylitol poisoning: the smaller the dog, the less tolerant and vice 

versa. While a large dog may have little to fear after eating 5 min chewed samples, a 

small dog is very much at risk to the dangers of ingesting xylitol. Eating several 30 min 

chewed gum sticks are not likely to result in xylitol poisoning, however, digestion issues 

could occur. 

Table 4.5 Amount of gum sticks required to supply toxic dose to make a dog sick 

4.5 Conclusions 

A method for the determination of xylitol in sugar gum samples was successfully 

developed using GC-MS with direct aqueous injection. Additional cleanup steps and 

sample derivatization were not required for the analysis, resulting in short analysis times. 

Spiked recoveries of the sample ranged from 95 to 99% while RSD ranged from 0.17 to 
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0.72% (n=3) supporting that this is a reliable quantification method, with high accuracy 

and precision. Thus, this method possesses advantages in terms of efficiency, selectivity, 

and accuracy. 
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CHAPTER V 

ANALYSIS OF XYLITOL IN SUGAR FREE GUM BY GC-MS WITH DIRECT 

AQUEOUS INJECTION: A LABORATORY EXPERIMENT FOR 

CHEMISTRY STUDENTS 

5.1 Abstract 

Proficiency with GC-MS instrumental analysis is an important skill for chemistry 

students. The application of analytical techniques and fundamental theoretical principles 

to real world problems can be valuable learning exercises for undergraduates while 

improving their analytical thinking skills. Xylitol is generally considered safe for human 

consumption and is frequently used in sugar free gum, however, it is extremely toxic to 

dogs. In this laboratory experiment, upper-level undergraduate chemistry students extract 

xylitol from both fresh and chewed gum sticks followed by direct aqueous injection GC-

MS analysis. Students learn the proper steps and techniques required for sample 

extraction and preparation, GC-MS analysis, and compute levels of xylitol present in gum 

samples. Identification of the chemical components in gum extract occurs via GC-MS 

peak areas with students comparing external and internal standard calibration methods for 

xylitol quantification.  Upon quantification of xylitol in chewed and unchewed gum 

samples, students are able to calculate the level of hazard for dogs upon ingestion. 
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5.2 Introduction 

Xylitol is a sugar alcohol, commonly used as an artificial sweetener or sugar 

substitute in many “reduced-calorie” foods (Figure 5.1). Xylitol is extensively utilized in 

chewing gum because it helps prevent dental caries.1-5 Although xylitol consumption has 

proven beneficial to humans, dogs find it hazardous. Xylitol ingestion by dogs causes 

vomiting, ataxia, seizures, hypoglycemia, and hepatotoxicity in the animal.6-11 

Figure 5.1 Xylitol 

Ingestion of xylitol containing products such as chewing gum can result in xylitol 

poisoning for dogs if enough product is consumed (Table 5.1).7,12,13 This undergraduate 

experiment uses a reliable low-cost method to determine amounts of xylitol in sugar free 

gum sticks to predict dangerous exposure levels for dogs. An aqueous extraction 

technique and water-based GC-MS analysis method allows students to calculate levels of 

hazardous xylitol in selected gum samples. 
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Table 5.1 Amounts of xylitol required to cause hypoglycemia in dogs. 

Learning objectives for this experiment include sample injection techniques, 

quantification of xylitol using GC-MS and a comparison of external versus internal 

standard techniques while allowing students to explore a topic that has direct impact to 

animal safety. Previous undergraduate laboratory experiments have been developed 

which utilize GC-MS to analyze and quantify components of diverse samples including 

gasoline, plasticizers, food, water, urine, perfume, beverages and others.14-28 GC-MS 

experiments have also been utilized within the organic chemistry curriculum, since it 

provides a great opportunity for students to analyze organic reactions such as 

nucleophilic substitution29 and elimination reactions.30 This experiment is designed for 

upper level undergraduate students enrolled in organic or instrumental analysis courses. 

Fundamental theoretical principles and practical quantification techniques underlying this 

experiment present opportunities for undergraduates to apply textbook information to a 

real world situation. 
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5.3 Experimental overview 

Figure 5.2 Overview of xylitol analysis laboratory procedure 

(a). Fresh gum and 1 minute chewed gum extractions require no sample concentration, 
(b). Five minute chewed gum extractions require concentration. 

The procedure of this experiment has four parts, including preparation of DL- 

threitol standard solutions to generate a calibration curve, extractions of xylitol from 

fresh, 1 minute chewed, and 5 minutes chewed gum sticks, sample preparation of each 

extract for GC-MS analysis, and analysis of samples (Figure 5.2). Students were directed 

to chew gum sticks outside of the laboratory environment due to safety concerns. 

Multiple extractions were performed for each gum sample by grinding chewed or fresh 

gum pieces with 10 mL of DI-water for 5 minutes, three times, using a mortar and pestle. 

All extractions were centrifuged to remove any particulates before preparing solutions for 

GC-MS analysis. Both fresh and 1 minute chewed gum samples contained a large 

quantity of xylitol, so sample concentration before the analysis was not required. The 5-

minutes chewed gum samples contained very small amounts of xylitol and were 

concentrated via Roto-vap before GC-MS analysis. Sample preparation included addition 

of an internal standard (DL-threitol) for quantification of xylitol. 
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Students were given detailed instructions on GC-MS including the instrument 

operation and proper injection technique. The instrument, an Agilent 7890A-5975C gas 

chromatograph with a mass detector (GC-MS) and helium carrier gas was used with a 

water resistant 60 m × 320 μm × 1 μm, 100 % dimethylpolysiloxane column with a 

temperature profile that includes oven programing starting at 216 ºC, followed by thermal 

ramp and 3 min bake out. The total program time was 20 min. Using a 10 μL syringe, 1 

μL injections were done in split mode (30:1) at 280 ºC. The Agilent 5975C mass 

spectrometer was operated under scan mode with an electron impact ion source operated 

at 70 eV. While the GC was running the first gum sample, students were given 

instruction on data processing steps to record the mass spectrum of each polyol and to 

determine peak areas. In addition, students use mass fragmentation patterns and the mass 

spectral data base to match each peak with the correct polyol structure. 

5.4 Safety hazards 

Gum sticks are weighed on a food scale in a clean, non-chemical environment 

prior to the lab experiment. Gum chewing should occur outside the laboratory 

environment before putting on any personal protective equipment or gloves.  Students 

should wash hands with soap and water and carefully transfer chewed gum pieces back to 

the gum wrapper for transfer into the laboratory, or use a clean weighing boat to retain 

chewed samples.  DI water is used for extraction in this experiment. Discarded gum 

pieces can be safely disposed in the trash can. 
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5.5 Results and discussion 

A Trident gum sample has three polyols in large quantities, glycerol, xylitol, and 

sorbitol. Figure 5.3 illustrates a gas chromatograph of trident gum extraction after adding 

the internal standard DL-threitol for the analysis.  

Figure 5.3 Total ion chromatogram (TIC) of Trident gum extraction with internal 
standard. 

A G-C coupled to a mass analyzer operating under electron ionization (EI) mode, 

will produce a fragmentation pattern that plays a key role in compound identification. 

Glycerol, threitol, xylitol, and sorbitol are members of a series of compounds in which 

any two members in a sequence differ by one carbon atom, two hydrogen atoms, and one 

oxygen atom (CH–OH unit) (Figure 5.3). The molecular ion peaks of these polyols are 

extremely weak or not visible because cleavage of the C–C bond next to the oxygen atom 
100 



 

 

 

 

 

  

is common. Glycerol has a base peak of m/z 61 resulting from the loss of CH and H2O. 

Loss of hydrogen atoms from hydroxyl groups, loss of multiple H2O molecules, and 

multiple C–C bond cleavages result in peaks at m/z 61, 91, 103, and 117 common for 

threitol, xylitol and sorbitol, while peaks m/z 129 and 147 are common for both xylitol 

and sorbitol. A representative fragmentation pattern for xylitol is shown in Figure 5.4. 

Students use both retention time and mass spectra when identifying components of the 

gum extractions. 

Figure 5.4 Low resolution mass spectrum collected from GC-MS for the xylitol peak. 

Calibration methods can improve the accuracy and precision of GC-MS results. 

External standard calibration is commonly used to establish a linear relationship between 

signal magnitude and sample concentration. However, this method does not account for 

sample matrix chemicals, inconsistent injection volumes or instrument drift. An internal 

standard calibration method can be used to reduce these potential sources of error. When 

using an internal standard, a known substance is added to both gum samples and 
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calibration standards, and a calibration curve is produced by plotting the ratio of the 

analyte signal to the internal standard signal as a function of the analyte concentration. In 

this experiment, data from the standard xylitol samples is provided to the students to 

generate two calibration curves. One graph is produced according to the external 

calibration method and another created using the internal standard method. Students are 

tasked to compare the square of the correlation coefficient (r2) for each method in order 

to determine the best calibration curve to analyze xylitol in the gum samples. A near 

perfect linear calibration curve is often obtained using the internal standard method 

providing high accuracy and precision (r2=0.9992) (Figure 5.5). Conversely, poor 

linearity (Figure 5.6) is often observed with the external standard calibration (r2=0.9808). 

Upon quantification of xylitol in samples, students calculate the xylitol concentration that 

causes hypoglycemia in dogs, with emphasis on determining the quantity of gum stick 

that would cause toxicity for dogs of varying weights. 
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Figure 5.5 Calibration plot with internal standard. 

Figure 5.6 Calibration plot without internal standard 

Where, PA = Peak Area and IS = Internal Standard 
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5.6 Evaluation of learning outcomes 

This laboratory exercise was initially placed in front of 31 students in a second-

semester organic laboratory course.  Students were excited to find gum-chewing a part of 

the planned exercise and enthusiastically engaged in the extraction and analysis of xylitol 

from samples.  Over 77% of surveyed students with this lab identified it as their favorite 

laboratory experiment of the semester. 

Learning objectives included the comparison of internal versus external 

calibration techniques and the correct calculation of xylitol concentrations within each 

gum sample extract.  We found that only 55% of our students could correctly calculate 

xylitol concentrations. Revised experimental protocol for the student procedure allowed 

us to clarify the extraction volumes for students to fix this difficulty. The revised 

procedure supported a second group of students (9 students; instrumental analysis course) 

to successfully calculate the xylitol concentrations (89%). 

Laboratory reports for the experiment allowed students to practice mass spectral 

interpretation for peak identification in each chromatogram and encouraged students to 

understand splitting patterns for MS.  The data analysis for each chromatogram honed 

student skills in critical thinking and supported their knowledge in spectral interpretation. 

Students enjoyed the real- world application of identifying toxic concentrations of 

xylitol in sugar-free gums.  In addition, the laboratory exercise allowed for analysis of 

organic compounds using water as the only extraction solvent and a method that avoided 

derivatives for GC-MS analysis.  The laboratory experiment supports several of the 12 

Principles of Green Chemistry31 including the use of safer solvents, the reduction of 

derivatives and the safer chemistry for accident prevention initiatives.  
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5.7 Conclusions 

This laboratory experiment is excellent vehicle to explore the topics of extraction, 

solution preparation, calibration, and identification of components by mass spectrometry. 

The topic allows students to apply textbook knowledge as they work to address a real 

world situation. Challenging the students to choose a suitable calibration method for the 

analysis helps develop critical thinking while supporting a safe and green chemistry 

approach in the laboratory. 
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 1H NMR, 13C NMR AND 2D-NOESY OF ALL NEW COMPOUNDS 
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1,3-dimethyl-6-phenylpyrimidine-2,4(1H,3H)-dione (3a). 
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6-(4-Methoxyphenyl)-1,3-dimethylpyrimidine-2,4 (1H,3H)-dione (3b). 
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6-(4-Methylphenyl)-1,3-dimethylpyrimidine-2,4(1H,3H)-dione (3c). 
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6-(3,5-Dimethylphenyl)-1,3-dimethylpyrimidine-2,4(1H,3H)-dione (3d). 
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6-(3,4-Dimethylphenyl)-1,3-dimethylpyrimidine-2,4(1H,3H)-dione (3e). 
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1,3-Dimethyl-6-(3-nitrophenyl)pyrimidine-2,4(1H,3H)-dione (3f). 
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1,3-Diethyl-6-phenylpyrimidine-2,4(1H,3H)-dione (3g). 
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6-(4-Methoxyphenyl)-1,3-diethylpyrimidine-2,4(1H,3H)-dione (3h). 
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1,3-Dimethyl-6-propylpyrimidine-2,4(1H,3H)-dione (3m). 
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(Z)-5-Benzylidene-1,3-dimethylimidazolidine-2,4-dione [(Z)-2a]. 
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(Z)-5-(4-Methoxybenzylidene)-1,3-dimethylimidazolidine-2,4-dione [(Z)-2b]. 
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(Z)-5-(4-Methylbenzylidene)-1,3-dimethylimidazolidine-2,4-dione [(Z)-2c]. 
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(Z)-5-(3,5-Dimethylbenzylidene)-1,3-dimethylimidazolidine-2,4-dione [(Z)-2d]. 
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(Z)-5-(3,4-Dimethylbenzylidene)-1,3-dimethylimidazolidine-2,4-dione [(Z)-2e].  
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(Z)-5-(3-Nitrophenyl)-1,3-dimethylimidazolidine-2,4-dione [(Z)-2f].  
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(Z)-5-Benzylidene-1,3-diethylimidazolidine-2,4-dione [(Z)-2g]. 
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(Z)-5-(4-Methoxybenzylidene)-1,3-diethylimidazolidine-2,4-dione [(Z)-2h]. 
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(E)-5-Benzylidene-1,3-dimethylimidazolidine-2,4-dione [(E)-2a].  
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(E)-5-(4-Methoxybenzylidene)-1,3-dimethylimidazolidine-2,4-dione [(E)-2b]. 

136 



 

 

 
 
 

 

 

 

 

137 



 

 

 

 

(E)-5-(4-Methylbenzylidene)-1,3-dimethylimidazolidine-2,4-dione [(E)-2c]. 
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(E)-5-(3,5-Dimethylbenzylidene)-1,3-dimethylimidazolidine-2,4-dione [(E)-2d]. 
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(E)-5-(3,4-Dimethylbenzylidene)-1,3-dimethylimidazolidine-2,4-dione [(E)-2e].  
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(E)-5-(3-Nitrophenyl)-1,3-dimethylimidazolidine-2,4-dione [(E)-2f].  
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 (E)-5-Benzylidene-1,3-diethylimidazolidine-2,4-dione [(E)-2g]. 
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 (E)-5-(4-Methoxybenzylidene)-1,3-diethylimidazolidine-2,4-dione [(E)-2h]. 
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(Z)-N-methyl-3-(methylamino)-3-phenyl-2-propenamide (6). 
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N-methyl-3-(4-nitrophenyl)-3-oxopropanamide (7). 
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(Z)-3-Ethoxy-N-methyl-3-phenyl-2-propenamide [(Z)-21]. 
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(E)-3-Ethoxy-N-methyl-3-phenyl-2-propenamide [(E)-21]. 
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(Z)-methyl 3-(3,5-dimethylphenyl)-3-(N-methyl-3-phenyl-2-propynamido)acrylate, 23. 
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  X-RAY CRYSTAL STRUCTURES 
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Table 1 Crystal data and structure refinement for 3a. 
Identification code MSU008D8 
Empirical formula C12H12N2O2 

Formula weight 216.24 
Temperature/K 100.02 
Crystal system orthorhombic 
Space group Pna21 

a/Å 12.1357(6) 
b/Å 7.3640(4) 
c/Å 11.6257(6) 
α/° 90 
β/° 90 
γ/° 90 
Volume/Å3 1038.96(9) 
Z 4 
ρcalcg/cm3 1.382 
μ/mm-1 0.096 
F(000) 456.0 
Crystal size/mm3 0.277 × 0.15 × 0.107 
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Radiation MoKα (λ = 0.71073) 
2Θ range for data collection/° 6.55 to 54.304 
Index ranges -15 ≤ h ≤ 15, -9 ≤ k ≤ 9, -14 ≤ l ≤ 14 
Reflections collected 30672 
Independent reflections 2298 [Rint = 0.0325, Rsigma = 0.0138] 
Data/restraints/parameters 2298/1/147 
Goodness-of-fit on F2 1.078 
Final R indexes [I>=2σ (I)] R1 = 0.0267, wR2 = 0.0689 
Final R indexes [all data] R1 = 0.0288, wR2 = 0.0699 
Largest diff. peak/hole / e Å-3 0.14/-0.19 
Flack parameter -0.1(2) 

Table 2 Fractional Atomic Coordinates (×104) and Equivalent Isotropic 
Displacement Parameters (Å2×103) for MSU008D8. Ueq is defined as 1/3 of of the 
trace of the orthogonalised UIJ tensor. 
Atom x y z U(eq) 
O2 6224.6(10) 3282.5(16) 3125.5(10) 18.3(3) 
O1 5364.4(10) 8124.4(15) 5394.5(11) 18.2(3) 
N1 5769.0(11) 5750.1(19) 4217.4(12) 13.4(3) 
N2 4641.5(11) 3143.7(17) 4172.8(12) 12.9(3) 
C2 5594.1(13) 4005(2) 3805.1(14) 13.2(3) 
C1 5117.4(13) 6603(2) 5043.2(15) 13.4(3) 
C3 3985.5(13) 3878(2) 5031.3(14) 11.6(3) 
C7 3099.8(13) 2769(2) 5571.7(14) 12.3(3) 
C8 3302.6(13) 1000(2) 5960.0(13) 13.5(3) 
C9 2515.0(14) 94(2) 6611.5(14) 15.5(3) 
C12 2087.9(13) 3596(2) 5822.3(14) 14.2(3) 
C4 4196.0(13) 5555(2) 5446.6(14) 13.7(3) 
C10 1517.0(14) 932(2) 6866.7(14) 16.5(4) 
C11 1302.5(13) 2673(2) 6464.5(15) 16.3(3) 
C6 4337.7(15) 1488(2) 3532.0(15) 18.0(4) 
C5 6739.6(14) 6744(2) 3799.0(15) 17.1(4) 
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Table 3 Anisotropic Displacement Parameters (Å2×103) for MSU008D8. The 
Anisotropic displacement factor exponent takes the form: -
2π2[h2a*2U11+2hka*b*U12+…]. 
Atom U11 U22 U33 U23 U13 U12 

O2 20.2(6) 19.6(6) 15.1(6) -0.9(5) 5.1(5) 3.1(5) 
O1 18.9(6) 12.0(5) 23.8(7) -2.2(5) 1.8(5) -2.4(4) 
N1 13.6(6) 13.7(6) 13.0(6) 2.2(5) 1.7(5) -0.8(5) 
N2 15.4(7) 11.7(7) 11.5(7) -1.3(5) -0.1(6) -0.3(5) 
C2 15.3(8) 14.3(8) 9.9(8) 1.9(6) -1.2(6) 2.9(6) 
C1 13.9(7) 12.7(7) 13.7(8) 1.9(6) -0.9(6) 2.1(6) 
C3 11.0(7) 13.6(7) 10.3(7) 1.2(6) -1.7(6) 3.2(6) 
C7 12.9(7) 13.4(7) 10.6(7) -0.5(6) -2.1(6) -1.2(6) 
C8 13.0(7) 13.7(8) 13.9(8) -1.9(6) -1.3(6) 0.7(6) 
C9 20.1(8) 12.1(7) 14.4(8) 0.2(6) -3.0(6) -2.2(6) 
C12 14.1(8) 13.8(7) 14.5(8) -0.9(7) -2.0(6) 0.9(6) 
C4 13.8(7) 13.1(7) 14.3(7) -0.2(6) 1.7(6) 2.2(6) 
C10 15.6(8) 20.4(9) 13.6(8) -0.6(6) 0.6(6) -6.8(6) 
C11 11.4(7) 20.5(8) 17.0(8) -3.0(7) -2.8(6) 0.1(6) 
C6 24.9(9) 14.6(8) 14.6(8) -4.1(6) 1.4(7) -2.9(6) 
C5 16.2(8) 18.4(8) 16.6(8) 2.5(7) 4.5(6) -2.6(6) 

Table 4 Bond Lengths for MSU008D8. 
Atom Atom Length/Å Atom Atom Length/Å 
O2 C2 1.222(2) C3 C7 1.489(2) 
O1 C1 1.230(2) C3 C4 1.351(2) 
N1 C2 1.388(2) C7 C8 1.401(2) 
N1 C1 1.393(2) C7 C12 1.401(2) 
N1 C5 1.469(2) C8 C9 1.390(2) 
N2 C2 1.386(2) C9 C10 1.391(2) 
N2 C3 1.386(2) C12 C11 1.389(2) 
N2 C6 1.476(2) C10 C11 1.389(3) 
C1 C4 1.437(2) 
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Table 5 Bond Angles for MSU008D8. 
Atom Atom Atom Angle/û Atom Atom Atom Angle/û 

C2 N1 C1 124.65(13) N2 C3 C7 120.32(14) 
C2 N1 C5 117.99(13) C4 C3 N2 120.35(14) 
C1 N1 C5 117.29(13) C4 C3 C7 119.15(15) 
C2 N2 C3 121.52(13) C8 C7 C3 121.27(14) 
C2 N2 C6 115.51(13) C8 C7 C12 119.41(15) 
C3 N2 C6 122.82(13) C12 C7 C3 118.84(14) 
O2 C2 N1 122.04(14) C9 C8 C7 120.09(15) 
O2 C2 N2 121.52(15) C8 C9 C10 120.10(14) 
N2 C2 N1 116.39(14) C11 C12 C7 120.04(15) 
O1 C1 N1 120.08(15) C3 C4 C1 121.44(15) 
O1 C1 C4 124.79(16) C11 C10 C9 120.06(15) 
N1 C1 C4 115.10(14) C12 C11 C10 120.28(15) 
Table 6 Torsion Angles for MSU008D8. 

A B C D Angle/û A B C D Angle/û 

O1 C1 C4 C3 -178.98(15) C7 C8 C9 C10 0.9(2) 

N1 C1 C4 C3 -0.8(2) C7 C12 C11 C10 0.4(2) 
N2 C3 C7 C8 48.0(2) C8 C7 C12 C11 0.9(2) 

N2 C3 C7 C12 -139.95(16) C8 C9 C10 C11 0.4(2) 

N2 C3 C4 C1 -1.9(2) C9 C10 C11 C12 -1.0(2) 
C2 N1 C1 O1 176.74(14) C12 C7 C8 C9 -1.5(2) 

-C2 N1 C1 C4 -1.5(2) C4 C3 C7 C8 127.01(16) 

C2 N2 C3 C7 -167.80(14) C4 C3 C7 C12 45.0(2) 

C2 N2 C3 C4 7.2(2) C6 N2 C2 O2 -11.2(2) 

C1 N1 C2 O2 -175.98(16) C6 N2 C2 N1 166.53(13) 

C1 N1 C2 N2 6.3(2) C6 N2 C3 C7 16.9(2) 
-C3 N2 C2 O2 173.23(15) C6 N2 C3 C4 168.08(15) 

C3 N2 C2 N1 -9.1(2) C5 N1 C2 O2 0.9(2) 
-C3 C7 C8 C9 170.46(15) C5 N1 C2 N2 176.82(14) 

C3 C7 C12 C11 -171.26(15) C5 N1 C1 O1 -0.1(2) 

-C7 C3 C4 C1 173.09(14) C5 N1 C1 C4 178.38(14) 
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Table 7 Hydrogen Atom Coordinates (Å×104) and Isotropic Displacement Parameters 
(Å2×103) for MSU008D8. 

Atom x y z U(eq) 
H8 3979 419 5778 16 
H9 2658 -1100 6883 19 
H12 1939 4789 5553 17 
H4 3725 6053 6018 16 
H10 982 314 7316 20 
H11 616 3234 6629 20 
H6A 4526 1642 2718 27 
H6B 3544 1274 3607 27 
H6C 4742 447 3845 27 
H5A 7330 6671 4372 26 
H5B 6544 8019 3671 26 
H5C 6992 6204 3075 26 

. 
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Table 1 Crystal data and structure refinement for (Z)-2b.  
Identification code MSU0012 
Empirical formula C26H28N4O6 

Formula weight 492.52 
Temperature/K  100.0 
Crystal system monoclinic 
Space group  P21/n 
a/Å 12.6530(3) 
b/Å 7.2868(2) 
c/Å 25.8912(7) 
α/° 90 
β/° 100.3798(12) 
γ/° 90 
Volume/Å3 2348.10(11) 
Z 4 
ρcalcg/cm3 1.393 
μ/mm-1 0.100 
F(000) 1040.0 
Crystal size/mm3 0.2 × 0.2 × 0.2 
Radiation MoKα (λ = 0.71073) 
2Θ range for data collection/° 3.198 to 50.932 
Index ranges -15 ≤ h ≤ 15, -8 ≤ k ≤ 8, -31 ≤ l ≤ 25 
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Reflections collected 27139 
Independent reflections  4350 [Rint = 0.0233, Rsigma = 0.0141] 
Data/restraints/parameters 4350/0/332 
Goodness-of-fit on F2 1.055 
Final R indexes [I>=2σ (I)] R1 = 0.0305, wR2 = 0.0809  
Final R indexes [all data] R1 = 0.0327, wR2 = 0.0829  
Largest diff. peak/hole / e Å-3 0.24/-0.18 

Table 2 Fractional Atomic Coordinates (×104) and Equivalent Isotropic 
Displacement Parameters (Å2×103) for MSU0012. Ueq is defined as 1/3 of of the 
trace of the orthogonalised UIJ tensor. 
Atom x y z U(eq) 
O1 1792.4(7) 8015.6(13) -429.7(3) 26.1(2) 
O2 1238.6(7) 6149.8(15) 1183.3(3) 35.0(2) 
O3 8360.9(6) 6355.2(12) 962.2(3) 26.1(2) 
N1 1217.8(8) 6986.3(15) 315.8(4) 23.5(2) 
N2 2796.7(8) 6529.7(14) 843.8(4) 21.1(2) 
C1 1975.6(9) 7446.7(16) 19.1(4) 20.3(2) 
C2 1702.3(9) 6502.0(18) 822.4(5) 24.4(3) 
C3 3037.6(9) 7079.2(15) 359.1(4) 18.4(2) 
C4 3948.5(9) 7273.7(15) 167.0(4) 18.5(2) 
C5 5077.4(9) 6909.2(15) 382.5(4) 17.5(2) 
C6 5437.5(9) 5617.8(15) 772.9(4) 18.5(2) 
C7 6521.5(9) 5381.9(16) 975.0(4) 19.0(2) 
C8 7281.5(9) 6433.4(16) 780.2(4) 19.4(2) 
C9 6949.7(9) 7652.3(16) 367.1(4) 20.7(2) 
C10 5866.8(9) 7870.6(16) 172.5(4) 19.3(2) 
C11 66.3(10) 7264(2) 151.9(5) 30.6(3) 
C12 3504.4(9) 6479.3(17) 1356.2(4) 21.5(3) 
C13 8734.4(9) 5084.1(18) 1376.0(5) 26.1(3) 
O1' 1845.1(6) 1083.7(14) 739.3(3) 28.6(2) 
O2' 1357.2(6) 226.7(12) 2427.8(3) 24.6(2) 
O3' 8456.5(6) 1472.4(11) 2160.1(3) 18.79(18) 
N1' 1300.4(7) 692.7(14) 1537.7(4) 20.8(2) 
N2' 2888.1(7) 824.6(13) 2078.7(4) 17.9(2) 
C1' 2036.6(9) 982.8(16) 1215.5(4) 20.2(2) 
C2' 1802.3(9) 547.9(16) 2059.1(4) 18.7(2) 
C3' 3103.8(9) 1107.2(15) 1573.0(4) 16.9(2) 
C4' 4001.2(9) 1342.0(15) 1373.7(4) 17.9(2) 
C5' 5146.8(9) 1471.2(15) 1608.4(4) 16.7(2) 
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C6' 5559.2(9) 2420.3(15) 2069.6(4) 17.2(2) 
C7' 6659.6(9) 2456.2(15) 2267.3(4) 17.3(2) 
C8' 7367.2(8) 1562.0(15) 1998.2(4) 16.0(2) 
C9' 6977.7(9) 678.7(15) 1524.3(4) 17.7(2) 
C10' 5887.2(9) 643.8(15) 1334.8(4) 17.6(2) 
C11' 151.9(9) 375(2) 1359.1(5) 27.9(3) 
C12' 3651.8(9) 481.9(17) 2561.5(4) 21.2(3) 
C13' 8903.0(9) 2246.8(16) 2659.1(4) 20.6(2) 

Table 3 Anisotropic Displacement Parameters (Å2×103) for MSU0012. The 
Anisotropic displacement factor exponent takes the form: -
2π2[h2a*2U11+2hka*b*U12+…]. 
Atom U11 U22 U33 U23 U13 U12 

O1 24.6(4) 35.1(5) 16.9(4) 3.5(4) -0.7(3) 0.3(4) 
O2 24.3(5) 56.1(6) 25.7(5) 12.7(4) 7.8(4) 2.1(4) 
O3 17.9(4) 30.8(5) 29.0(5) 7.3(4) 2.7(3) -1.7(3) 
N1 17.3(5) 31.3(6) 20.9(5) 3.5(4) 0.4(4) -0.7(4) 
N2 18.7(5) 28.1(5) 15.8(5) 3.5(4) 1.6(4) 0.0(4) 
C1 21.8(6) 20.2(6) 18.0(6) -1.3(5) 1.2(4) -0.9(4) 
C2 21.7(6) 30.0(7) 21.3(6) 3.6(5) 3.4(5) 0.0(5) 
C3 21.6(6) 17.7(6) 15.0(5) 0.0(4) 0.8(4) -0.7(4) 
C4 23.2(6) 17.3(6) 14.5(5) -0.8(4) 1.6(4) -0.5(4) 
C5 20.8(6) 16.6(5) 15.1(5) -3.8(4) 3.7(4) -0.4(4) 
C6 20.9(5) 16.6(5) 18.6(6) -1.4(4) 5.8(4) -2.3(4) 
C7 22.4(6) 17.6(6) 17.3(5) 0.6(4) 4.3(4) 1.0(4) 
C8 18.4(5) 20.8(6) 19.3(6) -3.1(5) 4.5(4) 0.1(4) 
C9 23.6(6) 19.9(6) 20.9(6) 0.3(5) 9.7(5) -1.8(5) 
C10 25.4(6) 18.3(6) 14.8(5) 0.3(4) 5.8(4) 1.2(4) 
C11 18.6(6) 42.2(8) 29.5(7) 4.9(6) 0.5(5) 1.1(5) 
C12 22.5(6) 25.1(6) 16.0(6) 2.0(5) 0.9(4) 2.6(5) 
C13 20.3(6) 34.0(7) 23.1(6) 4.1(5) 1.4(5) 1.5(5) 
O1' 20.8(4) 47.8(6) 16.5(4) 2.9(4) 1.6(3) 1.2(4) 
O2' 20.6(4) 34.7(5) 19.8(4) 1.1(4) 7.3(3) -0.7(4) 
O3' 14.9(4) 22.3(4) 19.1(4) -2.2(3) 2.7(3) -0.2(3) 
N1' 14.5(5) 29.8(6) 17.9(5) 1.2(4) 2.4(4) 0.8(4) 
N2' 15.9(4) 22.7(5) 15.0(5) 0.5(4) 2.5(4) 0.1(4) 
C1' 18.7(6) 23.3(6) 18.5(6) 0.6(5) 3.4(4) 2.1(4) 
C2' 18.3(5) 19.4(6) 18.8(6) -0.9(5) 4.4(4) 1.2(4) 
C3' 18.5(5) 16.6(5) 15.2(5) 0.1(4) 2.1(4) 1.5(4) 
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C4' 19.8(6) 18.4(6) 15.3(5) 1.1(4) 2.5(4) 0.5(4) 
C5' 17.8(5) 15.2(5) 17.3(5) 3.4(4) 4.1(4) -1.1(4) 
C6' 18.6(5) 15.1(5) 19.2(5) 0.6(4) 6.8(4) 0.5(4) 
C7' 20.4(5) 14.9(5) 16.6(5) -1.1(4) 3.6(4) -2.2(4) 
C8' 15.3(5) 14.3(5) 18.4(5) 3.4(4) 3.1(4) -1.7(4) 
C9' 19.2(5) 17.2(5) 18.4(5) 0.2(4) 7.7(4) 0.2(4) 
C10' 20.8(5) 18.0(6) 14.3(5) 0.0(4) 3.6(4) -2.5(4) 
C11' 14.1(5) 45.4(8) 23.7(6) 0.3(6) 2.4(5) 1.5(5) 
C12' 19.2(5) 28.1(6) 15.5(5) 2.2(5) 1.2(4) 0.4(5) 
C13' 17.8(5) 22.1(6) 20.7(6) -2.0(5) 0.0(4) -1.8(4) 

Table 4 Bond Lengths for MSU0012. 
Atom Atom Length/Å Atom Atom Length/Å 
O1 C1 1.2160(14) O1' C1' 1.2151(14) 
O2 C2 1.2168(15) O2' C2' 1.2152(14) 
O3 C8 1.3633(13) O3' C8' 1.3680(13) 
O3 C13 1.4306(15) O3' C13' 1.4296(13) 
N1 C1 1.3740(15) N1' C1' 1.3741(15) 
N1 C2 1.3896(15) N1' C2' 1.3886(14) 
N1 C11 1.4564(15) N1' C11' 1.4619(14) 
N2 C2 1.3759(15) N2' C2' 1.3805(14) 
N2 C3 1.4023(15) N2' C3' 1.3998(14) 
N2 C12 1.4611(14) N2' C12' 1.4572(14) 
C1 C3 1.4920(15) C1' C3' 1.4961(15) 
C3 C4 1.3425(16) C3' C4' 1.3402(16) 
C4 C5 1.4612(15) C4' C5' 1.4703(15) 
C5 C6 1.3960(16) C5' C6' 1.3971(16) 
C5 C10 1.4070(16) C5' C10' 1.4080(16) 
C6 C7 1.3879(16) C6' C7' 1.3944(15) 
C7 C8 1.3932(16) C7' C8' 1.3916(16) 
C8 C9 1.3955(16) C8' C9' 1.3945(15) 
C9 C10 1.3812(16) C9' C10' 1.3789(15) 
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Table 5 Bond Angles for MSU0012. 
Atom Atom Atom Angle/û Atom Atom Atom Angle/û 
C8 O3 C13 117.45(9) C8' O3' C13' 118.07(8) 
C1 N1 C2 110.87(9) C1' N1' C2' 111.14(9) 
C1 N1 C11 124.43(10) C1' N1' C11' 125.19(10) 
C2 N1 C11 123.94(10) C2' N1' C11' 123.35(9) 
C2 N2 C3 110.34(9) C2' N2' C3' 110.35(9) 
C2 N2 C12 118.94(9) C2' N2' C12' 120.54(9) 
C3 N2 C12 128.55(9) C3' N2' C12' 128.07(9) 
O1 C1 N1 125.84(10) O1' C1' N1' 126.31(10) 
O1 C1 C3 128.41(11) O1' C1' C3' 128.09(10) 
N1 C1 C3 105.74(9) N1' C1' C3' 105.59(9) 
O2 C2 N1 125.92(11) O2' C2' N1' 125.66(10) 
O2 C2 N2 126.38(11) O2' C2' N2' 126.75(10) 
N2 C2 N1 107.70(10) N2' C2' N1' 107.59(9) 
N2 C3 C1 105.15(9) N2' C3' C1' 105.28(9) 
C4 C3 N2 134.53(10) C4' C3' N2' 134.46(10) 
C4 C3 C1 120.30(10) C4' C3' C1' 120.15(10) 
C3 C4 C5 133.22(10) C3' C4' C5' 133.59(10) 
C6 C5 C4 124.62(10) C6' C5' C4' 125.00(10) 
C6 C5 C10 116.98(10) C6' C5' C10' 117.52(10) 
C10 C5 C4 118.37(10) C10' C5' C4' 117.41(10) 
C7 C6 C5 121.87(10) C7' C6' C5' 121.16(10) 
C6 C7 C8 119.68(10) C8' C7' C6' 119.83(10) 
O3 C8 C7 124.46(10) O3' C8' C7' 124.92(10) 
O3 C8 C9 115.83(10) O3' C8' C9' 115.12(9) 
C7 C8 C9 119.71(10) C7' C8' C9' 119.96(10) 
C10 C9 C8 119.64(10) C10' C9' C8' 119.61(10) 
C9 C10 C5 121.89(10) C9' C10' C5' 121.80(10) 

Table 6 Torsion Angles for MSU0012. 
A B C D Angle/û A B C D Angle/û 

O1 C1 C3 N2 177.25(12) O1' C1' C3' N2' -177.41(12) 
O1 C1 C3 C4 -3.96(19) O1' C1' C3' C4' -0.68(19) 
O3 C8 C9 C10 -177.49(10) O3' C8' C9' C10' 178.11(9) 
N1 C1 C3 N2 -3.46(12) N1' C1' C3' N2' 1.52(12) 
N1 C1 C3 C4 175.34(11) N1' C1' C3' C4' 178.24(10) 
N2 C3 C4 C5 3.2(2) N2' C3' C4' C5' -2.8(2) 
C1 N1 C2 O2 174.74(13) C1' N1' C2' O2' -177.27(11) 
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C1 N1 C2 N2 -4.07(14) C1' N1' C2' N2' 2.43(13) 
C1 C3 C4 C5 -175.21(11) C1' C3' C4' C5' -178.32(11) 
C2 N1 C1 O1 -176.04(12) C2' N1' C1' O1' 176.52(12) 
C2 N1 C1 C3 4.64(13) C2' N1' C1' C3' -2.43(13) 
C2 N2 C3 C1 1.11(13) C2' N2' C3' C1' -0.10(12) 
C2 N2 C3 C4 -177.44(13) C2' N2' C3' C4' -176.13(13) 
C3 N2 C2 O2 -177.14(13) C3' N2' C2' O2' 178.34(11) 
C3 N2 C2 N1 1.66(14) C3' N2' C2' N1' -1.36(13) 
C3 C4 C5 C6 26.1(2) C3' C4' C5' C6' -40.74(19) 
C3 C4 C5 C10 -156.26(12) C3' C4' C5' C10' 142.26(13) 
C4 C5 C6 C7 -177.62(10) C4' C5' C6' C7' 179.38(10) 
C4 C5 C10 C9 177.66(10) C4' C5' C10' C9' -179.53(10) 
C5 C6 C7 C8 -1.09(17) C5' C6' C7' C8' 1.15(16) 
C6 C5 C10 C9 -4.54(16) C6' C5' C10' C9' 3.24(16) 
C6 C7 C8 O3 177.74(10) C6' C7' C8' O3' -178.54(10) 
C6 C7 C8 C9 -2.97(17) C6' C7' C8' C9' 1.86(16) 
C7 C8 C9 C10 3.17(17) C7' C8' C9' C10' -2.25(16) 
C8 C9 C10 C5 0.68(17) C8' C9' C10' C5' -0.35(16) 
C10 C5 C6 C7 4.75(16) C10' C5' C6' C7' -3.62(16) 
C11 N1 C1 O1 -5.7(2) C11' N1' C1' O1' 2.7(2) 
C11 N1 C1 C3 174.99(11) C11' N1' C1' C3' -176.21(11) 
C11 N1 C2 O2 4.3(2) C11' N1' C2' O2' -3.36(19) 
C11 N1 C2 N2 -174.47(11) C11' N1' C2' N2' 176.34(11) 
C12 N2 C2 O2 -12.44(19) C12' N2' C2' O2' 9.13(18) 
C12 N2 C2 N1 166.37(10) C12' N2' C2' N1' -170.57(10) 
C12 N2 C3 C1 -161.72(11) C12' N2' C3' C1' 168.08(11) 
C12 N2 C3 C4 19.7(2) C12' N2' C3' C4' -7.9(2) 
C13 O3 C8 C7 0.99(16) C13' O3' C8' C7' 4.33(15) 
C13 O3 C8 C9 -178.32(10) C13' O3' C8' C9' -176.05(9) 
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Table 7 Hydrogen Atom Coordinates (Å×104) and Isotropic Displacement 
Parameters (Å2×103) for MSU0012. 
Atom x y z U(eq) 
H4 3836 7746 -181 22 
H6 4926 4879 904 22 
H7 6744 4508 1245 23 
H9 7466 8328 221 25 
H10 5649 8693 -111 23 
H11A -107 8561 194 46 
H11B -322 6508 369 46 
H11C -147 6912 -217 46 
H12A 3105 6871 1628 32 
H12B 4114 7308 1354 32 
H12C 3769 5226 1430 32 
H13A 8433 5410 1687 39 
H13B 9520 5130 1462 39 
H13C 8505 3841 1262 39 
H4' 3869 1447 1002 22 
H6' 5082 3052 2252 21 
H7' 6925 3090 2585 21 
H9' 7461 104 1333 21 
H10' 5628 45 1011 21 
H11D -96 1081 1038 42 
H11E -244 765 1633 42 
H11F 25 -935 1287 42 
H12D 3277 -73 2822 32 
H12E 3979 1644 2698 32 
H12F 4213 -355 2489 32 
H13D 8785 3576 2649 31 
H13E 9676 1994 2739 31 
H13F 8554 1701 2931 31 
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